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The diesel particulate matter (DPM) emission from diesel powered equipment in underground mines can
cause health hazards including cancer to the miners. The understanding of the DPM propagation pattern
under realistic mining condition is required for selecting proper DPM control strategies and to improve
working practices in underground mines. In this paper, three dimensional simulations of DPM emission
from the exhaust tail pipe of a load-haul-dump (LHD) vehicle and its subsequent distribution inside an
isolated zone in the typical underground mine are carried out using two different solution models avail-
able in Ansys Fluent. The incoming fresh air into the isolated zone is treated as a continuous phase and
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CF)I/D DPM is treated either as a continuous phase (gas) or as a secondary discrete phase (particle). Species
Dead-end transport model is used when DPM is treated as gas and discrete phase model is used when DPM is
DPM assumed to behave like a particle. The distributions of DPM concentration inside the isolated zone

obtained from each method are presented and compared. From the comparison results, an accurate
and economical solution technique for DPM evaluation can be selected.

Discrete phase model
Species transport model
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1. Introduction

Diesel engine operated LHDs and trucks are widely used in
underground metal/non-metal mines. Although they have better
fuel efficiency, emission from the tail pipe and its subsequent dis-
tribution in the underground mine are of growing concern for min-
ers. DPM is the particulate byproduct of diesel exhaust and it can
exist in different modes with different size distributions (5 nm-
10 pum). 90% of the DPM emitted from the diesel engines have size
distributions in nanometer ranges. Due to its very small size, it will
remain airborne for long duration of time and pollutes the entire
mine environment causing health hazard to the miners. It is estab-
lished that long time exposure to diesel exhaust can lead to cancer,
asthma and other health effects such as eye and nose irritation,
headaches and nausea [1-6].

Many researchers have carried out both experimental and
numerical studies on diesel particle matter emission. For example,
Kim et al. studied formation of DPM inside the turbulent exhaust
plume of a diesel vehicle [7]. They used Ansys Fluent computa-
tional fluid dynamics (CFD) code to determine the formation of die-
sel particulates by nucleation and coagulation. Uhrner et al.
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studied the turbulent diffusion of plume exhaust from the diesel
engine using both experimental and numerical approach [8].
Another interesting study on the deposition of ultra-fine particles
from diesel exhaust aerosol was carried by Desantes et al. [9]. Hen-
rik Strom and Bengt Andersson performed Eulerian-Lagrangian
CFD modeling to simulate trapping of diesel and gasoline particu-
late matter in flow-through devices [10]. They used eight different
types of diesel and gasoline particulate matter (different densities)
in their simulation. Although all these studies are related to the
diesel particulate matter, these are not related to the mine
environment.

In the underground environment, Ray et al. studied NO, distri-
bution for underground passenger railroad tunnel utilizing diesel
locomotives [11]. CFD was used to evaluate the effectiveness of
natural and mechanical ventilation system. Simulation of DPM dis-
persion in underground metal/nonmetal mines was carried out by
Zheng and Tien [12]. In this study, the DPM was considered to
behave like a gas and not as particle. The treatment of DPM as a
gas was later incorporated the buoyancy effect and compared with
a test, in which the simulation agreed with the test at a practical
accuracy [13,14]. Kurnia et al. studied a diesel powered continuous
miner and shuttle car face with CFD to simulate the distribution of
hazardous gases and optimize the local ventilation system [15].

In other mining studies, CFD simulations have been used in
mining research to detect spontaneous combustion and apply
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inertization in gob areas, study airflow patterns and gas concentra-
tions in continuous miner face ventilation configurations, investi-
gate scrubber intake designs and water mist flow for longwall
dust control, and estimate a mine’s ventilation status after a disas-
ter [16-25].

The present study focuses on the diesel particulate emission
and its diffusion inside the underground mine areas. To the
author’s knowledge, the study of DPM inside the underground
metal/non-metal mines assuming DPM to behave like a particle
than as a gas was not considered and that motivated the present
study. In this paper, a region of an isolated zone at Noranda Inc.-
Brunswick Mine was selected to conduct a CFD study to determine
the DPM distribution pattern and to identify locations with high
DPM concentration [26]. The CFD study was conducted using both
discrete phase model and species transport model available in Flu-
ent. The comparison between these models is made and the results
are presented in this study.

2. Diesel emission evaluation program (DEEP)

The objective of the DEEP field study conducted in an isolated
zone at Noranda Brunswick Mine was to investigate the effective-
ness of the diesel particulate filter (DPF) in the underground mine
environment [26]. They selected LHD vehicles and haulage trucks
fitted with DPF filters to do the study. The section of drift is about
400 m long and the vehicles were operated inside this 400 m zone
by repeating an 8 min production cycle. The layout for this isolated
zone along with the locations of the three DPM sampling stations is
shown in Fig. 1. From this study, the average carbon concentration
at the exhaust sampling station were obtained for different vehi-
cles and the results are shown in Fig. 2. The configuration of this
isolated zone along with the measured results from this study will
be used in the present CFD analysis to predict the DPM distribution
and to identify the regions that exceeds the current regulatory
requirement for DPM concentration (>160 pg/m?) in this isolated
zone.

3. Problem statement

A portion of the isolated zone shown in Fig. 1 (approximately
134 m) with one dead-end is selected for the present computa-
tional study. An LHD vehicle is placed inside this single entry with
its tail pipe emission against the direction as that of the fresh air
flow. Three-dimensional turbulent simulation of diesel particulate
matter is carried out and a schematic of the computational domain
is shown in Fig. 3. The length of the single entry (L) measures
approximately 134 m. The height (H) and width (W) are 4.8 and
4.0 m respectively at the inlet. The physical properties of fresh
air flow are treated as constants and evaluated for inlet tempera-
ture of Tp =27 °C (i.e., specific heat (C,) is 1006 J/(kg K), dynamic
viscosity (u) is 1.789 x 10> kg/(m s), and thermal conductivity
(k) equals to 0.0242 W/(m K)).

The density variation in the fluid due to temperature gradient
that exists between the air intake temperature and the tailpipe
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Fig. 1. Isolated zone layout in DEEP field study [26].
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Fig. 3. Schematic of the single entry with one dead-end.

emission temperature is calculated using the incompressible ideal
gas model available in Fluent. In this model, the flow is assumed to
be incompressible but density change due to temperature is calcu-
lated using ideal gas law. In the presence of gravity, this density
gradient results in buoyancy flow. Numerical simulation of DPM
distribution inside the single entry is performed using the discrete
phase model and species transport model available in Fluent.

In the discrete phase model, particles are assumed to be of inert
type and having constant diameter dj, = 70 nm. The physical prop-
erties of the particle are treated as constants with density
(pa=1000 kg/m?), specific heat (C,=1220]/(kgK)) and thermal
conductivity (k=0.0242 W/(mK)). The thermal conductivity of
particles is assumed to be equal to that of air (i.e. kp = kg;). This
is due to the reduced heat conductivity of nano-sized particles
[27]. In the present study, two-way coupling (the interaction of
the gas phase with particles and vice versa) is considered. So the
particles can exchange heat and momentum with continuous
phase (air). The limitation in this model is that particle-particle
interaction is neglected. The DPM from the tail pipe of LHD is
injected into the simulation domain using surface injection option
available in discrete phase model of Fluent. The DPM is injected
into the computational domain for every fluid flow (continuous
phase) time step. The tailpipe boundary surface is made up of 44
cell faces. In surface injection, one particle packet is released from
each cell face and overall 44 particle packets from the tailpipe sur-
face for each time step. Each particle packet will contain millions of
individual particles and the discrete phase tracks the particle pack-
ets rather than millions of individual particles since it is practically
impossible to track them computationally [28]. The number of
individual particles in each packet will vary depending on the time
step used to satisfy the DPM mass flow rate requirements.

In the species transport model, DPM is treated as gas (continu-
ous phase) and the material that is selected as a representative for
the DPM is n-octane vapor (CgH;g) with density (p = 4.84 kg/m?),
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specific  heat (G, =2467]/(kgK)), thermal conductivity
(k=0.0178 W/(mK)) and dynamic viscosity (u=6.75 x 107> kg/
(ms)). In the species transport model, the two species air and
DPM can diffuse and form a mixture. The mixture properties are
derived using incompressible ideal gas law for density, mixing
law for specific heat, thermal conductivity and viscosity. The mass
diffusivity between air and DPM is assumed to be constant with
D=5 x 10"°m?/s. The chemical reaction between the species is
not considered in this study.

4. Governing equations and boundary conditions

The air flow inside the computational domain is solved in Eule-
rian frame as continuous phase using time averaged three-
dimensional transient Navier-Stokes, energy, and continuity equa-
tions using the finite volume method. In the species transport
model, an additional non reacting two species transport equation
(DPM and Air) is solved in Eulerian reference frame (since both
air and DPM are treated as continuous phase) to determine the
mass fraction of DPM. In the discrete phase model, the DPM is
tracked inside the continuous phase (air) using particle tracking
method (discrete phase model) of Fluent in Lagrangian frame.

The important forces acting on the particle are the drag force,
lift force and the gravity force (buoyancy force). The particle trajec-
tory inside the gas phase is determined by integrating the particle
force balance equation written in Lagrangian reference frame in
the i direction as [28].
du? F p
at = p(Ui —u) +&i(p, — p)/pp + Fi (1)

where u; is the fluid phase velocity; u? the particle velocity; p the
fluid density; and p, the particle density. The term Fp(u; — u?) is
the drag force per unit particle mass and Fp given by Stokes-
Cunningham drag law,

18u

Fp = (2)
prdsCe

where Cc = 14 22/dp(1.257 + 0.4e~(1-19%/2%) js the Cunningham cor-
rection factor for sub-micron particles. Here 1= 6.6 x 108 m is the
mean free path of the molecules of air. The second term on the right
hand side of Eq. (1) is the gravity force and the last term F; includes
all the additional forces that are acting on the particle, namely lift
force, thermophoretic force, Brownian force and pressure gradient
force. The lift force is modeled using Saffman’s lift force equation.

From the dimensions at the inlet, the hydraulic diameter
(D = 4A/P) (here A is the inlet cross-sectional area and P the perime-
ter), is calculated as D =4.38 m. The Reynolds number calculated
based on this hydraulic diameter (D) is Re =2 x 10° and the flow
at this Reynolds number is turbulent. The turbulence in the flow
is modeled using standard k-¢ turbulence model with standard

Table 1
Boundary conditions used for DPM simulation.

Boundary Boundary condition

Air inlet Velocity (normal to boundary) = 0.65 m/s, T=300K,
DPM mass fraction =0 (DPM as gas)
Exit Outflow or fully developed boundary conditions
LHD-tailpipe U=24.1m/s, V=0m/s and W =0 m/s; T=594 K
DPM as particle (assign DPM injection conditions)
U=241m/s,V=0m/s and W=0m/s
T =594 K; mass flow rate: 7.2e—07 kg/s; particle diameter:
(dp) =70 nm
DPM as gas (assign DPM mass fraction)
DPM (CgH;g) mass fraction = 1.73e—06 [29,30]
Wall No slip boundary conditions and adiabatic walls
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Fig. 4. Mesh inside the computational domain.

wall functions for near wall treatment for both particle tracking
and species transport model. The dispersion of particles due to tur-
bulence in the air is predicted using a stochastic tracking model to
include the effect of turbulent velocity fluctuations on the particle
trajectories. Table 1 shows boundary conditions used to determine
the DPM distribution inside the single entry.

5. Mesh generation and solution procedure

The computational domain is meshed using Gambit as shown in
Fig. 4. In order to ensure the accuracy of the simulation, the mesh
generation is made by ensuring high density near the truck and in
the bounding wall regions where high gradients exist. Both hexa-
hedral and tetrahedral meshes were generated inside the compu-
tational domain as shown in Fig. 4. During mesh generation, the
equi-size skew is monitored and maintained at a value less than
0.8.

Numerical solution of the governing equations and boundary
conditions are performed by utilizing the commercial CFD code
Ansys Fluent 12.0. The SIMPLE algorithm is used for the pressure
velocity coupling. In order to improve the accuracy of simulations,
the momentum, scalar turbulence, energy and species transport
equations are discretized using the second order upwind scheme.
Second order discretization scheme is used for the pressure equa-
tion. Least square cell based method is used to compute gradients
in the governing equations. Detailed descriptions of the CFD code
and the solution procedures may be found in the Ansys Fluent
12.0 documentation [28]. The unsteady flow calculations are made
using time step (At =0.01 s) for the time period of 200 s for both
species and discrete phase model. The convergence criterion
required that the scaled residuals be smaller than 10~ for the
mass, momentum, turbulent and species transport equations and
smaller than 10~° for the energy equation. Calculations were per-
formed on Nic Cluster using 16 processors; and the CPU time for
converged solution for particle tracking method was approxi-
mately 48 h in order to obtain results for 200 s. The CPU time
required for species transport model for the same time period is
only about one-half of that required for particle tracking method.
This difference is because of the large storage space requirement
for storing particle tracking information when DPM is treated as
particle.

6. Results and discussion

Unsteady simulations are carried out to predict DPM distribu-
tions in the single entry that is presented in Fig. 3 using Fluent
CFD code. All the results that are discussed in this section are for
the case (1) designed inlet fresh air velocity of 0.65 m/s and (2) tail
pipe emission against the fresh air flow. The general flow features
that develop in this isolated zone (obtained assuming DPM as a
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Fig. 5. Pathlines colored by x-velocity inside the isolated zone at t = 200 s.

particle) is shown using pathlines colored by x-velocity in Fig. 5.
The emissions from the tailpipe (air and particle streams) start
flowing toward the roof of the mine due to the buoyancy force
caused by the density difference. This, in turn, is caused by the
temperature difference between the fresh intake air and tail pipe
emissions forming a turbulent buoyant plume.

This plume then divides into two unequal branches on the roof
with some emissions flowing upstream toward the inlet and some
flowing downstream toward the exit. A part of the incoming fresh
air interacts with tail pipe flow, gets heated up and is pushed
upward due to the buoyancy force. The air then reverses flow
and starts flowing upstream again. This gives rise to the reversed
flow region in the roof area of the mine upstream of LHD. This com-
plex reversed flow region grows in size with time and causes the
fresh air flow from the inlet to deflect toward the floor region caus-
ing fresh air flow starvation at the upstream ceiling region of the
mine. This effect can be clearly seen in Fig. 5. The inlet ventilation
rate needs to be increased to avoid this kind of reversed flow
behavior in simulation. Similar flow features are obtained assum-
ing species transport approach and hence not shown here due to
space limitations.

The velocity vectors colored by streamwise (x) velocity obtained
from particle modeling approach is shown in Fig. 6 for two dimen-
sional planes that pass approximately through the middle of the
computational domain. The complex reversed flow features devel-
oping upstream of LHD near the roof of the mine can be clearly
seen in Fig. 6. The length of this roof layer or reversed flow region
upstream from the LHD depends on the temperature of the exhaust
gases, time duration (during which injection from the tailpipe
takes place) and on the incoming fresh air flow rate. For a given
tailpipe temperature and duration of injection, this upstream roof
layer reversed flow region will disappear once the fresh air venti-
lation is increased beyond critical ventilation flow rate. The deter-
mination of this critical ventilation flow rate to avoid this reverse
flow condition is beyond the scope of this research paper. The com-
plex flow that develops at the rear side of the LHD due to the inter-
action between tailpipe emissions, inlet fresh air and the vehicle’s
solid surface can also be clearly seen in Fig. 6.

The distribution of DPM in the isolated zone is shown in Fig. 7
for both particle tracking and species transport models.
Fig. 7a and b shows the DPM distribution for particle tracking
model and species transport model. The side view of the isolated
zone near LHD is also shown as an inset in Fig. 7a and b. The side
view clearly shows the influence of the buoyancy force on the tail
pipe emission. The hot diesel exhaust from the tailpipe of LHD
starts flowing upwards due to the buoyancy force creating moving
roof layer both upstream and downstream from the LHD. During
this buoyant motion, DPM will lose heat to the incoming fresh cold
air and will get mixed with air (if DPM behaves like as gas) to form
a mixture; or will follow the air molecules (if DPM behaves like a
sub-micron particle) without mixing due to the Brownian motion

-1.8 -1.0-0.2 0.6 1.4 2.2
X velocity (m/s)

Fig. 6. Velocity vectors at a given spanwise plane in the isolated zone at t =200 s.

of the particles. The comparison of the distribution pattern
between the two models clearly shows that DPM, when treated
as a gas, diffuses more readily with the air and gets diluted. The
roof layer does not have any region far downstream or upstream
from the vehicle that has a DPM level beyond the prescribed regu-
latory limit of 160 pg/m> as shown in Fig. 7b. The high diffusion
and mixing between incoming air and DPM (treated as gas) near
the tailpipe region (forming a diluted homogenous mixture) results
in lower value of DPM concentration. This is not the case for parti-
cle model since a higher DPM concentration level (>160 pg/m?)
occurs on the roof layer both upstream and downstream from
LHD. This is due to less diffusion and non-mixing between air
and particulate DPM to dilute it near the tailpipe region as shown
in Fig. 7a. This non-mixing and less diffusive nature of particle DPM
in air results in accumulation of DPM particles on the roof layer
compared to the gaseous model which results in high DPM
concentration.

This accumulation of DPM particles is not uniform all across the
roof layer and some void regions can also be seen at a few locations
on the roof layer. The red contoured band regions in the particle
DPM distribution show large accumulation of DPM particles in
those locations resulting in high DPM concentration. This particle
accumulation can be clearly seen in the particle traces colored by
particle residence time as shown in Fig. 8. The lack of fresh venti-
lation air to dilute DPM in the reverse flow regions arising due to
the roofing of the exhaust gases upstream of LHD, or to the pres-
ence of dead-end areas, or to the presence of LHD vehicle blocking
the fresh air flow could cause the DPM concentration to increase.

Although the two models predict different DPM distribution
upstream and far downstream from LHD for DPM limit greater
than 160 ug/m3, the results show that for the important region
located around the LHD vehicle, the two models predict approxi-
mately similar distribution (not in magnitude) for DPM;y;; > 160 -
pg/m? as can be evidenced from Fig. 7a and b. In this region, miners
have to use personal protection instruments and enclosed cabs to
protect themselves from the harmful effects of DPM. Some DPM
in the roof downstream from LHD cools due to heat transfer
between the air and DPM particles causes them to lose upward
buoyancy force and, as a result, falling to the floor level as seen
in Fig. 7a. This phenomenon is not seen for species transport model
outcomes in Fig. 7b for the range of DPM concentration considered
for this result.

The purpose of the study is to determine the DPM distribution
in the isolated zone and identify any region in that isolated zone
that exceeds the DPM threshold limit of 160 pg/m?>. It should be
noted in Fig. 7a and b that the two distributions may differ in mag-
nitude at any given location around the LHD region, but the
DPMjimic > 160 ug/m3 signifies the threshold limit and any concen-
tration above that limit is not acceptable, and hence, from that per-
spective, the two models predict approximately the same DPM
affected zone. If the lower limit of DPM is decreased from 160 to
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Fig. 8. Particle traces colored by particle residence time (s) at t =200 s.

100 pg/m?, good qualitative agreements between the two distribu-
tions can be seen from Fig. 7c and d. It can also be seen that when
the lower limit is reduced, the DPM is uniformly distributed for
species transport model all along the roof layer compared to parti-
cle tracking model.

Fig. 8 shows the DPM residence time inside this single entry and
different colors indicate the length of the duration in seconds (res-
idence time) for each particle with red color being the maximum
residence time (200 s) and blue being the minimum residence time
(0 s). It is obvious from the plots that particle will have minimum
residence time at the tail pipe location and maximum residence
time at the dead-end entry (the stub entry close to the exit) and
at the exit region. The maximum duration for the particle at the
dead-end is due to the presence of the air recirculation flow region
and any DPM particle caught in that vortex will re-circulate contin-
uously and will rarely escape from that region. The miners working

in that dead-end area for a long duration of time may be subjected
to higher DPM level values as shown in Fig. 7a. Therefore, adequate
protection must be undertaken, such as like auxiliary ventilation
fans before venturing to work in those areas. The plan view of
the particle residence time distribution in the roof region of the
mine is also shown as an inset in Fig. 8 for two locations (1)
upstream of LHD and (2) the dead-end region.

The DPM distribution inside the isolated zone at two given
spanwise planes is shown in Fig. 9 for both particle tracking and
species transport model. Since the isolated zone is not a perfect
straight entry but curves from the inlet to the exhaust, two span-
wise planes that pass approximately through middle of the single
entry were drawn and one of the spanwise planes was also made
to pass approximately through the middle of the tailpipe region.
The distribution identifies the region of DPM concentration greater
than 10 pg/m?. The turbulent plume of the exhaust gases from the
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Fig. 9. Distribution of DPM inside the isolated zone at a given spanwise plane at t =200 s.
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Fig. 10. DPM distribution at different cross sectional planes.

tailpipe and the influence of buoyancy force on DPM distribution
can be clearly seen from Fig. 9. It can be seen that both of the mod-
els give similar DPM affected region although they differ in magni-
tude. Both the models produce roofing effect upstream of the LHD.
Fig. 9 also clearly shows that high concentration DPM (>160 pg/
m?) at this spanwise plane appears around the LHD tailpipe region
for both the models. However, a few patches of high DPM concen-
tration (>160 pg/m?) occur both upstream and downstream from
LHD at the roof region for particle tracking model. The presence
of high DPM concentration at the roof level should not hurt the
miners as it is not at the breathing level unless for high level work-
ing miners, like the manual scaler. The species transport model
does not produce DPM concentration higher than the regulatory
limit at any locations both upstream and downstream of LHD.
The DPM distribution at different cross sectional planes is
shown in Fig. 10a and b respectively. It can be seen again that both
models predict qualitatively similar DPM distribution patterns. The
red colored region in the distribution shows DPM concentration
>160 pg/m>. The plot clearly shows that DPM does not fill all
the portion of the cross-sectional planes and are more concen-
trated toward the roof of the mine due to the buoyancy force
caused by the temperature difference. The distribution also shows
that the species transport model predicts smooth DPM distribution
across the cross sectional planes compared to the particle tracking
model. In addition to the region around LHD vehicle, particle track-
ing model results show that high concentration DPM exists both
upstream and downstream of LHD as small patchy areas and are
mostly located at the roof or near the roof areas throughout the
isolated zone. The species transport model does not show such dis-
tribution due to the thorough mixing and dilution it undergoes
with air. The only location where high concentration DPM is

present is around LHD areas for the species transport model. The
particle tracking model also shows high DPM concentration areas
inside the dead-end at the roof region whereas species transport
model shows those regions are well diluted below the permissible
limits.

The comparison of particle and species modeling approaches is
also made by comparing area weighted average DPM values at dif-
ferent cross-sectional planes as shown in Fig. 11a. The cross-
sectional planes inside the single entry are shown in green color
in Fig. 11b. There is an excellent agreement between the two mod-
els, although discrete phase modeling tends to over predict the
DPM concentration upstream and under predict it downstream
from the LHD. The discrepancy between the two models at the
upstream location is due to the accumulation of DPM particles
on the roof layer in the particle tracking approach. The result is
high DPM concentrations as explained in the previous section. This
accumulation also results in extending the length of the roofing
layer upstream of LHD by approximately 5 m for the particle track-
ing model when compared with the species transport model and
can be seen clearly in Figs. 10 and 11a. In other words, the DPM
unaffected region is 5 m longer for species transport results com-
pared to particle tracking results. This high concentration of aver-
aged DPM upstream of LHD requires low concentration of averaged
DPM downstream from LHD to satisfy the mass conservation.
Fig. 11 also shows that maximum averaged DPM occurs at the tail-
pipe location as expected. It drops suddenly from this peak value
and achieves a local minimum value at the bucket region of the
LHD. Thereafter, averaged DPM reaches an approximately constant
value before it encounters the dead-end area located at the down-
stream region to attain a local maximum. At the first plane of the
three cross sectional planes inside the dead-end area shown in
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Fig. 11. Comparison of averaged DPM values at different streamwise planes using particle and species model at t = 200 s.

Fig. 11b, particle model predicts very high averaged DPM concen-
tration due to the accumulation of DPM particles at the left roof
corner of the dead-end as shown in Fig. 8. The species model shows
a drop in the averaged DPM concentration for that location. This is
due to the increase in the cross sectional area for the dead-end
planes and the fact that DPM is already well diluted to be dis-
tributed smoothly for most of the upper section of that cross-
sectional plane as shown in Fig. 10b.

7. Conclusions

Three dimensional simulations of DPM emission and its distri-
bution pattern are studied using Ansys Fluent CFD code for the por-
tion of an isolated zone used for DEEP field study. The DPM is
released from the LHD vehicle operating inside the isolated zone
with its tail pipe emission against the direction of the fresh air
flow.

Both species transport model and particle tracking model
available in Fluent were used for the DPM simulation. In the par-
ticle tracking model, DPM was assumed to behave like a particle;
and in the species transport model, DPM was assumed to behave
like gas. Numerical simulation shows that a strong buoyancy
force develops due to large temperature differences between
the tail pipe and inlet fresh air temperature. This buoyancy force
causes the non-uniform DPM distribution across the cross sec-
tions inside the single entry and seems to be strongly localized
near the ceiling. The simulation results show that both models
can be used to predict DPM distribution pattern inside the iso-
lated zone.

Some difference in the distribution pattern inside the mine may
arise depending on the choice of treatment of DPM as a gas or as a
particle. This difference is due to the ease with which DPM, as a
gas, can diffuse and mix readily with air as opposed to DPM as a
particle.

However, the comparison between the DPM contours around
the important region surrounding the LHD areas shows that both
the models produce similar distribution patterns and can success-
fully identify the regions with high DPM concentrations. The com-
parison between the two models for the area weighted average
DPM values at different cross sectional planes inside the isolated
entry shows very good agreement and further emphasizes the fact
that both models can be used for successful DPM distribution
determination inside the isolated zone.

The results show that the computational time and memory
space requirements reduce when DPM is treated as gas and
increase when DPM is treated as particle. This computational time
and memory space requirements for DPM (as particle) will increase

manifold and may become unmanageable with multiple mining
operations, dynamic operating systems, auxiliary ventilation sys-
tems, and complex underground mine design layout. Since the pre-
sent study shows that both models can be used for DPM
determination, the species transport model will be an ideal choice
to study the DPM distribution pattern inside the underground
mine due to the economic reasons outlined above.
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