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ARTICLE INFO ABSTRACT

Keywords: We have conducted numerical simulations of dust dispersion within the NIOSH Rock Dust Dispersion Chamber.
Dust dispersion The apparatus consists of a low-speed background ventilation flow down a long box in which is placed a tray
Dustiness

containing a rock dust powder. A nozzle upstream of the tray introduces a short pulse of a turbulent horizontal jet
flow just above the powder surface. We have utilized an incompressible Reynolds-Averaged Navier-Stokes k-o
model for the turbulent flow; particles are incorporated within a one-way Euler-Lagrangian formalism. The Rock
Dust Dispersion Chamber ventilation flow exhibits a recirculation zone just above the powder-containing tray.
Aerosolization proceeds via the interplay of the jet pulse flow with the background recirculation flow. The air
flow is not well-mixed. The aerosolized dust is convected as a concentration cloud downstream towards the
detection zone. For larger particles, gravitational settling depletes the convected cloud, so the instrument be-
haves as a horizontal elutriator. The instrument is robust with respect to misalignment of the jet nozzle. How-
ever, reduced streamwise drift velocity allows mixing to disperse the optically detected dust cloud concentration
pulse. Our large particle simulation results compare favorably with published experimental results for large,
polydisperse calcium carbonate rock dust.

Explosion prevention
Euler-Lagrangian multiphase
RANS k-0 Turbulence

Nielsen, 1996), agricultural pneumoconiosis (Schenker et al., 2009), and
coal workers’ pneumoconiosis (Castranova and Vallyathan, 2000). For
recent reviews of the influence of dust on respiratory health, see Duffin
et al., (2002, 2007), Sirajuddin & Kanne (2009), Donaldson & Seaton

1. Introduction

1.1. Dust

Dust consists of fine and ultrafine solid particles (typically formed by
the physical disintegration of a parent material) that may become
aerodynamically suspended (Kulkarni et al., 2011). Outdoor dust is
typically generated by natural processes (e.g., aeolian or volcanic). In
the workplace, airborne dust may be suspended by various processes like
spills (Suter et al., 2010), pouring or transferring (Shaw et al. 1998;
Chen et al., 2012; Cheng, 1973; Heitbrink et al., 1992), grinding or
milling (Pensis et al., 2010).

1.1.1. Health effects of dust

Since the Renaissance (da Vinci, Paracelsus, Agricola), mine dust has
been suspected of leading to adverse respiratory effects (Wallace and
Hobbs, 2006; Kelly, 2008; Weber, 2002). Inhalation of industrial dust
can lead to asbestosis (Brody, 1997), silicosis (Leung et al., 2012;
Wagner, 1997; Weisman and Banks, 2003), byssinosis (Breum and
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(2012) and Chen et al., 2021. Hence the accurate measurement of dust
and its control is the subject of extensive interest (CEN 2006).

1.1.2. Explosion hazard of combustible dust

Combustible dust, when it accumulates on surfaces, may pose a po-
tential explosion hazard. The National Fire Protection Association
(NFPA) has established (NFPA, 2020) a critical depth criterion of 0.8
mm * [1200 kg/m>]/p (where p is the bulk density of the dust), which, if
exceeded poses a dust explosion hazard. The Association of German
Engineers (Verein Deutscher Ingenieure—VDI) has a guideline (VDI
2263-9, 2008) to determine the dustiness of material directly related to
dust explosion hazards.

1.1.3. Dustiness
Dustiness is ‘the propensity of material to generate airborne dust
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Fig. 1. Model of dust dispersion simulation: upstream region, 0.31 cm plane, sampling region.

during its handling’ (Liden, 2006; Plinke et al., 1995). It is quantified by
measuring that portion of a finely divided solid (a powder) that becomes
airborne under a controlled mechanical or aerodynamic stimulus.

1.1.4. Dustiness testing methods

Various techniques have been developed for dustiness measurement
(CEN, 2006; Davies et al., 1988; Kulkarni et al., 2011; Boundy et al.,
2006; I1SO, 2012; ASTM, 1980; DIN, 1999, 2006). The Venturi instru-
ment has been used to test pharmaceutical powders (Boundy et al.,
2006) and fine and ultrafine powders (Evans et al., 2013). The rotating
drum and continuous drop test methods are included in the European
Standard EN15051 (CEN, 2006) to determine the dustiness in a work-
place environment. Schneider & Jensen (2008) used a smaller Danish
drum for dustiness testing. The Australian standard rotating drum is
used for dustiness measurements of bulk solids (Standards Australia,
2013; Wypych & Mar 1988). The German Standard Heubach dustmeter
(DIN, 2006) has been widely used for occupational dustiness determi-
nation (Heitbrink, Todd, Cooper & O’Brien, 1990).

All of these techniques explore the aerosolization of bulk powders.
However, the aerosolization of a dust layer from surfaces is extremely
important yet has received limited investigation. Lee et al., (2019)
studied particle resuspension from dusty surfaces by spinning the sub-
strate in a centrifuge; orientation of the substrate relative to the cen-
trifugal radius permits a separate estimate of normal (lift) and tangential
resuspension forces. These experiments focus on particle depletion from
the substrate rather than on their aerosolization. The NIOSH rock dust
dispersion chamber (Perera et al., 2016) addresses the aerodynamic

generation of a dust cloud from a dusty surface.

1.1.5. Numerical modeling of dustiness testing

In an effort to evaluate different dustiness testing procedures, we
have initiated a research program using Computational Fluid Dynamics
(CFD) to model various dusting apparatuses. Dubey et al., 2017) used
CFD to investigate the injection into and sampling within the Venturi
dustiness tester. The aerosolization process within the Venturi injection
tube has also been investigated using CFD (Palakurthi, 2017; Sharma
et al., 2020a, 2020b; Palakurthi et al., 2022). CFD is also a common tool
in rotating drum dustiness tester research. Yang et al., 2008) used CFD to
investigate the flow regimes of bulk solids in a rotating drum. (Wangchai
et al., 2013, 2015, 2016), Wangchai (2017) and Ilic et al., 2016 used
CFD-DEM to investigate the aggregation characteristic of bulk solids
tumbling in rotating drum dustiness testers. Chen2021) used CFD to
study the dynamic range and instrument function of the EN15051 and
Danish drums. A similar study (Chen et al., 2023) was conducted on the
smaller, rapidly rotating Heubach drum.

The present study is a first step towards predicting the dispersion of
particles from dust lying on a surface. Simplifications have been made.
The results of the present simulation are directly compared with tests
performed with the NIOSH Dust Dispersibility Chamber (section 1.2.3).

1.2. Dustiness from surfaces—importance for mine hazards

1.2.1. Dust explosion in mines
Coal dust explosions typically occur when a mixture of flammable

Fig. 2. Mesh of dust dispersibility simulation.
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Fig. 3. Side view of the dispersing of 1 ym particles. Particle locations (throughout the domain) in dark blue; color map of velocity magnitude in central axial plane.
Times: 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.1, 0.25, 0.5, 0.75, 1 s. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 3. (continued).

methane and air is ignited in the presence of coal dust. The rapidly
expanding high temperature gases create a pressure wave, that may
steepen into a shock wave as it progresses away from the ignition source.
The wind from the shock wave disperses dust from any exposed surfaces
(roof, walls, floor). The resulting dust cloud is ignited by the propagating
flame front produced by the initial methane explosion. Repeated cycles
of this process may generate multiple dust explosions downstream from
the initial ignition site. A crucial precondition for such explosions to
occur is an extensive surface layer of combustible dust.

1.2.2. Rock dusting in mines

The application of dispersible rock dust (typically, pulverized lime-
stone) is a widely used technique to inert coal dust explosions and
prevent continued flame propagation (Hartman et al., 1954; Cybulski,
1975; Sapko et al., 1987a, b, 1998; NIOSH, 2011; Harris et al., 2015). It
is believed that the rock dust absorbs both thermal and radiant energy
from the heated and combusting gases, thereby reducing the preheating
of unburned coal particles ahead of the flame front.

Greenwald (1938), Dawes (1952a, b), Dawes & Wynn (1952), and
Cybulski (1975) conducted experiments to characterize the dis-
persibility relevant to preventing dust explosions. NIOSH developed
(Perera et al., 2016) the rock dust dispersion chamber to study the dis-
persibility of rock dusts for use as a screening device for candidate
inerting materials. Earlier work (Rice et al., 1927; BOM, 1960) utilized a
light brush stroke or a gentle air puff (as from the mouth) as the
dispersing impetus. The NIOSH rock dust dispersion chamber stan-
dardized the blast of air to correspond to realistic winds encountered in
mine explosions (Perera et al., 2016).

1.2.3. NIOSH rock dust dispersion tester

A schematic of the NIOSH rock dust dispersion chamber is provided
in Fig. 1, which details the domain of our simulations. The NIOSH
dispersion chamber is a 15.24cm (6 in) high, 15.24cm (6 in) wide,

152.4cm (60 in) long clear methacrylate plastic box (Perera et al.,
2016). A pressure difference of Ap = 370 Pa (between the five entrance
holes upstream and the single exit hole downstream) establishes a
ventilation flow of 1.52m/s down the length of the chamber; the
ventilation exchange time is thus texeh =1 s (For comparison, a lower
pressure drop of Ap =75 Pa establishes a ventilation flow of 0.67 m/s,
with an exchange time of texeh = 2.27 s; these are the conditions of our
grid-convergence simulations reported in Section 3.7.)

A uniform layer of dust is added to a dust tray (outside dimensions:
14.5 cm wide, 19.25 cm long, 2.54 cm deep), which has a front ledge
(4.6 cm long, 14.5 cm wide). The inside cavity, which contains the dust
is 13.6 cm long, 12.3 cm wide, 1.34 cm deep. The depth of the dust layer
is experimentally 1.3 cm (1/2 in). Experimentally (Perera et al., section
2.1), the tray is loaded by gently spooning the powder into the tray, with
the excess (powder above the surface of the tray) removed by the hor-
izontal sliding of a knife across the tray surface. There is no tamping
down of the powder, which is thus not compressed. For the simulations,
a monolayer of particles is placed at the top plane of the dust tray cavity.
The tray is pre- and post-weighed to obtain a gravimetric measure of the
fraction of dust dispersed. In our simulations, the entire monolayer of
dust is always aerosolized.

Test samples are subjected to a standardized (triangular-shaped)
0.3 s air pulse from a compressed air reservoir. This air pulse is intended
to mimic the winds generated during typical mine dust explosions
(Cashdollar et al., 2010; NIOSH 2011), both in the time-integrated dy-
namic pressure and in the peak dynamic pressure of 0.29 bar (4.2 psi).
The air pulse emerges from a stainless-steel tube (OD =0.32cm=1/8
in, ID =0.14 cm-0.06 in), with the exit hole positioned 3,2 cm (1.25 in)
from the leading edge of the dust layer, and parallel to the top of the dust
layer.

Experimentally, an optical dust probe is positioned downstream
(Fig. 1 ‘Sampling Region’ 129.5cm from the exit of the nozzle and
13.5 cm from the chamber exit); obscuration results from the dispersed
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Fig. 4. Top view of the dispersing of 1 pm particles. Particle locations (throughout the domain) in dark blue. Times: 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.1, 0.25,
0.5, 0.75, 1s. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. (continued).

dust cloud being convected downstream. The optical obscuration is
proportional to the dust concentration in the optical path of the probe. In
the simulation, we measure the dust concentration in a 1cm slab,
located at 129 cm downstream of the nozzle exit.

2. Numerical methods
2.1. Grid generation

Structured grids were generated within STAR-CCM+; cells are cubes
(‘trimmed cells’) in the bulk of the domain and flattened rectangular
prisms at the boundary surfaces. A trimmed cell mesh (base cell size =
4.0 mm) was generated in the simulation domain with refinement in the
boundary and pulse flow regions, as shown in Fig. 2. Boundary layers are
refined by 5 layers of prism cells with a growth factor of 1.1. Wake
refinement is used (up to 21 cm) downstream of the pulse injection; the
spread angle of the wake refinement region is 30°.

For grid verification, additional meshes with base sizes of 3.0 mm,
5.0 mm, 6.0 mm were generated. These grid verification meshes used
the same refinement recipe as the 4.0 mm mesh.

2.2. Numerical simulation method

2.2.1. Air flow only

With a drift air flow of ugif =1.52m/s, the Reynolds number is
Regrife ~1.6 * 10*. When the jet is turned on, the maximum dynamic
pressure, pmax = 0.29 bar, corresponds to a velocity of ujer ~200 m/s.
Emerging from the jet nozzle (d=0.3175cm), this corresponds to
Repozzte ~ 4.7 * 10%, but this jet sets up flow in the larger dust chamber
corresponding to Rejet/box ~ 2 * 10°.

The CFD simulations were conducted in two stages. Initially, the drift
flow is established with a steady-state simulation; after the drift flow has

converged, the model is switched to transient. Both stages were con-
ducted using incompressible Reynolds-Averaged Navier-Stokes equa-
tions with a Shear-Stress k-w turbulence model (Menter 1994, 2009;
Wilcox, 2006). The equations were solved numerically using the
finite-volume pressure-based solver, STAR-CCM+-. The convection terms
are discretized using a second-order upwind scheme. The discretized
governing equations are solved using the SIMPLE (Semi-Implicit Method
for Pressure-Linked Equations) algorithm for pressure-velocity coupling
(Patankar, 1980). Velocity and pressure under-relaxation factors are 0.9
and 0.5, respectively. For the second, time-dependent URANS (Unsteady
Reynolds-Averaged Navier-Stokes) stage, the temporal discretization is
second-order implicit. The time step is set at At = 2.5 * 10 *s; the
simulation is run for T = 3s. The solution of the equations was consid-
ered to be converged when the scaled residuals for the continuity and
momentum equations decreased to 10> for each time step.

The URANS k-0 turbulence treatment was previously used (Dubey
et al., 2017) to model the jet flow in the Venturi Dustiness Tester.

2.2.2. Justification of incompressible air model

In the NIOSH rock dust dispersion chamber, the highest pulse flow
velocity is 200 m/s, corresponding to a local Mach number of M = 0.61.
Wang & Andreopoulos (2003) have studied the spatial evolution of the
centerline velocity for turbulent, subsonic jets, issuing into still air. They
find that, for nitrogen, at M = 0.6, by a distance x/D ~15, the centerline
velocity has decayed to half of its initial value (i.e., M ~ 0.3). The
diameter of the NIOSH jet nozzle is 1.4 mm, so by 2.1 cm, the flow is
effectively incompressible, and this is still 1.1 cm shy of the tray
depression, where the dust particles are located. This estimate thus
supports our assumption of incompressibility for this study.

2.2.3. Addition of particles—particle tracking—one way coupling
Once the drift flow is established, spherical silica (p =2500 kg/m3)



H. Chen et al. Journal of Loss Prevention in the Process Industries 83 (2023) 105050

i Velocity (mls)
.1 3( 0.0018235 5.7854 11.569 17.353 23.136 28.920
i
(i Velocity (m/s)
.1 .X 0.00059670 6.0989 12.197 18.295 24.394 30.492
i}
i Velocity (m/s)
.Z_} 0.0024520 6.7107 13.419 20.127 26.835 33.543
i
Solution Time 0.03 (s)
s Velocity (m/s)
_Z__X 0.0038470 7.7018 15.400 23.098 30.796 38.494
I
Solution Time 0.04 (s)
.;‘%
Y o
§ Velocity (m/s)
'Z_’X 0.0025550 9.1619 18.321 27.481 36.640 45.799
il
Solution Time 0.05 (s)
v Velocity (m/s)
.1_3( 0.0011978 10.434 20.867 31.300 41.733 52.166
il
Solution Time 0.06 (s)
‘c
¥
pY Velocity (m/s)
.1_2( 0.00018388 16.259 32.518 48.778 65.037 81.296
il
Solution Time 0.08 (s)
-,
¥
W~ Velocity (m/s)
zx 0.0013008 33618 67.235 100.85 134.47 168.09

i

Solution Time 0.1 (s)

Fig. 5. Side view of the dispersing of 50 pm particles. Particle locations (throughout the domain) in dark blue; color map of velocity magnitude in central axial plane.
Times: 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.1, 0.25, 0.5, 0.75, 1 s. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 5. (continued).

particles (N = 16,605) are injected from rest at t = O (using the STAR-
CCM + Parcel Injector), distributed uniformly on a plane at ledge height
in the tray cavity. Tracking of particles is incorporated via the Euler-
Lagrangian Method with one-way coupling between the air continuum
and the particles; coupling includes Stokes (viscous) drag, Saffman lift
and gravitational forces; rotation of the particles is not included, so there
is no Magnus force. For the largest particles (D , = 100 pm), the volume
fraction occupied in the tray region is ¢ ~ 10~°. Particle-particle in-
teractions are neglected; thus, these simulations cannot address the very
real effect of moisture on inerting rock dusts. Particle agglomeration and
break-up are also neglected since aerodynamic shear forces are insuffi-
cient to break up agglomerates; while particle impact on chamber walls
may induce break-up, this has been neglected. Particle-wall interaction
is modeled as pure elastic collision (i.e., unit coefficient of restitution),
so no particles stick to the chamber walls.

3. Results and discussion

Figs. 3 and 4 show a time sequence of particle locations and flow
velocity magnitude for side and top views for the simulation with 1 pm
particles. In the side view (Fig. 3), the particles are shown throughout
the domain; the magnitude of the flow velocity (color map) is shown on
a vertical plane bisecting the dust chamber down its center. In the top
view (Fig. 4), only the particles are shown throughout the domain. We
discuss these pictures in the following sections.

3.1. Air flow characteristics

We first discuss the air flow in these experiments. This can be seen in
the velocity color map of Fig. 3 (focus on the air flow colormap and
ignore the particles in these figures).

The steady-state background drift flow consists of overall axial flow

down the dust dispersion chamber. At the early time (t = 0.01 s) and late
times (t>0.5s), there is no jet flow (color map velocity
maximum ~ 22 m/s). The inflow (central top entrance hole) and outflow
(single exit hole) are apparent. However, this particular geometry (5
inlet holes at the top of the chamber) supports a recirculation zone above
the tray. This can be seen in the early time (t=0.01s) and late time
(t=1.0s) light blue upstream velocity color maps of Fig. 3. Note that the
recirculation occurs for the background drift, both before and after the
dispersing jet. (Recirculation persists during the jet flow but is not
evident in the figures due to the change in velocity scale to accommo-
date the higher jet velocity.) Similar recirculation occurs for flow over a
backward-facing step (Armaly et al., 1983; Durst and Tropea, 1983;
Adams and Eaton, 1988; Jovic and Driver, 1994; Le et al., 1997; Zajec
et al., 2021). Once the jet is turned on, the velocity scale increases
(velocity maximum ~ 168 m/s at t=0.1s); the jet is apparent, but
because of the change in velocity scale, the inflow and outflow are no
longer resolved in this figure. Aerosolization of the particles in the tray
results from the interplay of the jet flow with the recirculation zone. If it
is desired to study dust dispersion purely from the action of the jet flow,
the apparatus will need to be modified, most easily by moving the dust
tray downstream of the recirculation zone, i.e., by at least 30 cm.

3.2. Particle trajectories

We now turn to the behavior of the dust particles. At early times
(t=0.01 s), while the jet is still ramping up, the recirculation zone pulls
back the dust layer and lofts it up towards the upstream (inlet) wall. At
t =0.03s, the jet protrudes through the dust layer. At t = 0.04 s, the dust
layer encounters the upstream (inlet) wall, and at t=0.05s it reaches
the junction of the upstream (inlet) wall and ceiling. At t =0.08s, the
dust cloud is in the upper third of the chamber over the tray; the jet is
blowing into clear air. At t = 0.1 s, the dust cloud is pulled down towards
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Fig. 6. Top view of the dispersing of 50 ym particles. Particle locations (throughout the domain) in dark blue. Times: 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.1,
0.25, 0.5, 0.75, 1s. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6.

the downstream end of the tray. At t = 0.25 s, the dust cloud occupies the
upstream half of the chamber; at t=0.5s, the dust cloud is dispersed
throughout the chamber, with the leading edge in the detection zone; at
t=0.75s, the dust cloud occupies the last sixth of the chamber. How-
ever, throughout (and this is very apparent at t =1.005s), a fraction of
the dust particles continues to recirculate in the volume above the dust
tray.

The top view sequence (Fig. 4) provides another perspective on the
dynamics of the dust layer. At small times (t < 0.05s), the dust layer is
pulled upstream (by the recirculation). As the jet is turned on, a region in
front of the jet is cleared of particles (already evident at t =0.01 s). By
t=0.06s, the layer has rolled up to the top surface and is propelled
forward. The front is spanwise well-defined and uniform at t = 0.1 s but
becomes less well-defined as it is convected downstream (t > 0.25s).

Combining side and top perspectives, for t <0.1s, the dust layer
remains essentially intact as it is pulled upstream and up and then rolls
forward. For t > 0.1s, the dust roll becomes dispersed into a volume,
which is convected downstream, with the preponderance of particles at
the leading edge of the convecting dust cloud. We also note that the dust
cloud is never uniformly distributed throughout the domain, as would
be the case for a well-mixed system. By contrast, at the lower drift ve-
locity (pictures not shown), mixing becomes more competitive, and the
dust cloud is dispersed before the detection zone (section 3.6.2).

3.3. Particle size effects
We have conducted similar simulations with varying particle sizes.

The behavior for 10 pm particles is indistinguishable from that of the
1pm particles. However, differences in particle dispersion become

(continued).

10

apparent at the larger particle sizes. Figs. 5 and 6 show similar side and
top panel views for 50 pm particles. The recirculation is less effective at
drawing up the layer of particles (already evident at t=0.05s); the
downstream edge of the dust layer remains inertially stable. For
0.05s <t<0.1s, the 1 pm particle layer remains intact, but the 50 ym
particles already are dispersed throughout the volume above the dust
tray. As the dust cloud is convected downstream, gravitational settling
becomes apparent for t>0.25s. The rock dust dispersion chamber
essentially acts as a horizontal elutriator. In the Supplemental Material
we have provided side view videos for a sequence of simulations for
multiple particle sizes: 0.1, 0.5, 1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 100 um. As the particle size increases, particles
settle over time, so the rock dust dispersion chamber acts as a horizontal
elutriator.

3.4. Particle detection downstream

Experimentally, dust is detected downstream by optical obscuration
(proportional to the particle concentration, although the cross-section
varies with particle size and material index of refraction). We have
simulated this measurement by calculating the particle concentration in
a volume at this location. This is shown (curve in magenta, scale at right)
in the sequence of Fig. 7. For comparison, the jet flow is shown (curve in
red, scale at left). Also shown (curve in green) is the experimental optical
detection (Perera et al., 2016) of large polydisperse calcium carbonate
rock dust (the peak has been normalized to correspond to the maximum
of the simulated peak in each panel). The magnitude of the detected dust
cloud pulse is relatively constant until d =25 pm, whereupon it drops
precipitously. The onset of particle detection is relatively invariant (at
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Fig. 7. Sampled particle count (magenta curve—scale at right), pressure difference = 370 Pa, aligned pulse flow, particle sizes: 100 nm, 1 pm, 5 pm, 15 pm, 25 pm,
50 pm, 75 pm, 100 pm. Time profile of velocity at nozzle (red curve—scale at left). Experimental optically detected signal from large polydisperse calcium carbonate
rock dust (peak normalized green curve). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

t=0.5s) with particle size until d =50 pm, and thereafter is increas-
ingly delayed. The detected dust cloud pulse is narrow in arrival time,
with a long, delayed tail; at the higher particle sizes, this delayed tail
represents a larger fraction of the detected dust cloud pulse (but, of
course, the overall signal decreases with particle size).

For comparison, we have shown the experimentally detected optical
pulse (Perera et al., 2016) of large, polydisperse calcium carbonate rock
dust; the size distribution of this material is bimodal, with comparable
overlapping peaks centered at 10 pm and 100 pm. This detected pulse is
clearly broader than any of our simulated pulses. Because the optical
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extinction scales with the particle cross-section, ¢ ~ Dlz), the experi-
mental signal is dominated by the larger particles in the distribution. We
thus believe that the experimental results are consistent with the 100 pm
simulations.

Our comparison (Fig. 7) has been made with the large polydisperse
calcium carbonate reference rock dust of Perera et al. (2016). These
authors have studied the effect of moisture on this rock dust; moisture
induces significant caking, rendering the rock dust undispersible. Stea-
rate and hydrophobic spray treatment prevents caking; the spray-treated
rock dust is dispersible, even after exposure to water. It is remarkable
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that the dust profile shape scales (Perera et al., Fig. 9 and discussion in
section 3.1) for these three dusts (reference, spray-treated dry,
spray-treated wet, with peaks in the ratios 3.4:15.2:6.7). In the light of
our simulations, this is understood as reflecting a particle size distri-
bution unchanged by spray treatment, with differing source strengths
resulting from the different dispersibilites of the three powders.

3.5. Dustiness

In these simulations, all the particles are lofted from the dust tray;
this corresponds to a material dustiness of unity (no cohesive in-
teractions have been included in the simulations). As a practical matter,
in order to better characterize this instrument, we define the total
measured dustiness as the fraction of particles that are transported
downstream of the dust tray (plane at x =31 cm) and which remain
above h = 5mm from the floor of the chamber. Fig. 8 displays the total
dustiness as a function of time for different particle sizes. Note that this
definition includes the fraction of particles that are transported out of
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the chamber through the downstream exit hole. For the larger particle
sizes, gravitational settling becomes increasingly important, thereby
making evident the behavior of the rock dust chamber as a horizontal
elutriator.

3.6. Instrument parameter sensitivity

We now examine the sensitivity of this instrument to changes in two
of the operating parameters: jet misalignment, and reduced ventilation
flow.

3.6.1. Jet nozzle direction

We first examine the sensitivity to small misalignments of the jet
nozzle direction with respect to the chamber axis. Fig. 9 displays the
concentration in the detection zone for 1 pm particles, where i) the jet
nozzle is properly aligned (in the axial direction); ii) misaligned by 1°
downward, to the left, upward; iii) misaligned by 5° downward, to the
left, upward. There is no significant change in the detected dust pulse.
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Surprisingly, the rock dust dispersion instrument is remarkably robust to
small misalignments of the dispersing jet.

3.6.2. Reduced chamber flow

We next examine the sensitivity to the drift flow velocity. While we
have not examined this parameter in detail, we have conducted a set of
simulations at reduced drift velocity in order to probe whether control of
this parameter is important. Fig. 10 displays the detected dust pulse for
0.1, 1, 10, 20, 40, 60 pm particles a) at the standard operating drift
velocity (ugrift = 1.52 m/s set up with a pressure difference of 370 Pa),
and b) at a significantly reduced drift velocity (ugrist = 0.67 m/s set up
with a pressure difference of 75 Pa). For the reduced drift velocity, the
particle count in the dust cloud pulse is significantly reduced, and its
shape is significantly broadened.

We attribute both effects to upstream trapping of lofted particles in
the recirculation zone above the dust tray, which are then inefficiently
swept downstream by the reduced drift velocity. Fig. 11 displays the
sizeable fraction of particles remaining in the region upstream of the
dust tray for the reduced drift velocity simulations. This should be
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contrasted (Fig. 12) with the reduced fraction of particles remaining in
the region upstream of the dust tray under standard operating drift ve-
locity conditions.

3.7. Grid independence verification

In order to estimate the sensitivity of our simulation results to the
discrete size of the grid (Celik et al., 2008), we have conducted simu-
lations (without particles) on additional grids, with base sizes of 6 mm
and 3 mm. We have monitored the steady-state air mass flow rate (in the
absence of the aerosolizing jet) for the reduced pressure drop
Ap =75Pa: Q3 =18.51455 g/s (for the 3 mm grid), Q4 =18.52817 g/s
(for the 4 mm grid), Q¢ = 18.56208 g/s (for the 6 mm grid); in the limit
of zero grid size, the infinitely refined grid possesses the (unknown)
mass flow rate Qp. Assuming (Richardson scaling (Richardson, 1910))
that the error in the measured quantity (air mass flow rate Q) scales as a
power, p, of the grid size, Qn — Qo = a hP. The scaling exponent, p, may
be extracted from the algebraic relation, (Qg-Q4)/(Q4-Q3) = (6° —
4P) /(4P — 3P); we obtain p = 1.6162. Hence, for our calculations on the
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4mm grid, the relative error in the mass flow rate is an acceptable
0.198%.

4. Conclusion

We have conducted CFD simulations of dust dispersion within the
NIOSH Rock Dust Dispersion Chamber. The apparatus consists of a
uniform background ventilation flow down a long box; a nozzle in-
troduces a short (At~ 0.3s) jet pulse parallel to, and just above, the
surface of a tray containing powder.

We have utilized an incompressible Reynolds-Averaged Navier-
Stokes k- model for the turbulent flow within the Rock Dust Dispersion
Chamber; particles are incorporated within a one-way Euler-Lagrangian
formalism.

The Rock Dust Dispersion Chamber ventilation flow exhibits a
recirculation zone just above the powder-containing tray. Aerosolization
proceeds via the interplay of the jet flow from the nozzle with the
background recirculation flow. If it is desired to study dust dispersion
solely from the action of the jet nozzle flow, we recommend reposi-
tioning the dust-containing tray downstream by at least 30 cm (i.e.,
downstream of the ventilation flow recirculation zone); we also
recommend supplemental CFD simulations to model this revised
configuration.

The air flow is not well-mixed. The aerosolized dust cloud is con-
vected downstream to the detection zone. The lack of mixing ensures
that a dust cloud pulse is detected downstream. For larger particles,
gravitational settling depletes this pulse as it is convected downstream,
so the NIOSH Rock Dust Dispersion Chamber behaves as a horizontal
elutriator.

The instrument is robust with respect to misalignment of the jet
nozzle. However, the background drift velocity appears to be an
important parameter that needs to be controlled; with reduced drift
velocity, mixing broadens and decreases the optically detected con-
centration pulse.

Our large particle (D, =100pm) simulated concentration pulse
compares favorably with the experimentally measured optical pulse
from large, polydisperse (modes at 10 pm and 100 pm) calcium car-
bonate rock dust (Perera et al., 2016).

We have also conducted a grid convergence study (with grids of base
sizes 3, 4, 6 mm). The error in steady-state mass flow rate varies with
grid size, h, as Qy, — Qo ~ hP, with p = 1.6162. The relative error in mass
flow rate, using the 4 mm grid (as we have done for our dispersion
simulations) is 0.198%.
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