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Ensuring effective ventilation in dead-end chambers is crucial for mine safety and
efficiency. Traditional auxiliary ventilation systems, using low-power fans and ducts,
dominate current practices. However, diffusion-based ventilation offers a viable
alternative for dead-end chambers with a small length-to-cross-sectional area ratio. This
method, driven by turbulent diffusion from airflow in through-ventilated workings, was
first introduced by Voronin but remains underrepresented in regulatory guidance.
Existing standards often limit dead-end lengths (e.g., 10 m) for diffusion-based
ventilation without considering critical factors like cross-sectional area and air velocity.
This study bridges gaps in understanding diffusion-based ventilation, evaluating its
feasibility for longer and larger dead-end chambers. We show that dead-end chambers
up to 70 meters in length can be ventilated effectively by diffusion-based system alone.
An analytical relationship has been developed to estimate gas concentration over time
under varying geometric conditions. These results offer a practical framework for
assessing gas contamination in dead-end chambers at other mining operations where
diffusion-based ventilation is used, contributing to the optimization of mine ventilation

strategies and enhancing overall safety.

1. INTRODUCTION

Ensuring the required air supply to all working areas is a
key task in mine ventilation [1, 2]. Working areas are located
either in open-ended workings, where airflow passes
continuously, or in dead-end chambers, where airflow
terminates at the face. The ventilation of dead-end chambers
presents particular challenges and is of significant interest [3,
4].

Traditionally, the ventilation of dead-end chambers is
carried out using auxiliary ventilation systems, which include
low-power fans and ventilation ducts leading to the dead end
[5, 6]. The main types of auxiliary ventilation are forcing,
exhaust, and overlap systems [7].

For shorter workings, ventilation may be possible without
the use of auxiliary fans. For ex-ample, in Russia, dead-end
chambers up to 10 m in length can be ventilated through
diffusion. In this case, air exchange in the heading is created
by the turbulent influence of the airflow in the adjacent open-
ended working with through ventilation. The primary mass
transfer mechanism here is turbulent diffusion, which is why
this method is often referred to as diffusion-based ventilation
[8]. This term was first introduced by Voronin in his
pioneering work. By contrast, in systems with ventilation
ducts, the dominant mechanism is convective mass transfer
(see Figure 1).

However, as the length of dead-end chambers increases, the
effectiveness of turbulent mixing near the dead-end face
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decreases. This results in insufficient removal of combustible
and toxic gases released from the rock mass and during
technological operations [7, 8].
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Figure 1. Principles of mass transfer in traditional forcing
ventilation systems (a) and in diffusion-based ventilation (b)
of the dead-end chambers

Furthermore, the regulatory limit for diffusion ventilation in
dead-end chambers up to 10 m does not consider important
parameters such as the cross-sectional area of the heading and
the average air velocity in the adjacent open-ended working.
These factors significantly affect the efficiency of pollutant
removal, especially in large cross-section headings, which
may remain effectively ventilated even at lengths exceeding
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10 m. Although the ventilation of large cross-section chambers
has been addressed in previous studies [9], the specific
influence of cross-sectional area on diffusion processes was
only examined when using the forced ventilation system.
Thus, clarification of the conditions under which diffusion-
based ventilation of workings is acceptable is a highly relevant
task.

Diffusion-based ventilation has been investigated in several
studies. In reference [10], the ventilation of dead-end
chambers up to 20 m long and with a cross-sectional area of
up to 18 m? via diffusion processes was analyzed. Using a
mathematical model, the aerodynamic processes in the dead-
end chamber were studied under varying cross-sectional areas
and airflow velocities in the adjacent through-ventilated
working. Simulations conducted in OpenFOAM identified
vortex structure dimensions and flow velocities. It was found
that ventilation efficiency largely depends on the width of the
dead-end chamber, while height has negligible impact.

In reference [11], the unsteady convective-diffusion
equation was additionally solved for dead-end chamber 20 m
long and with a cross-sectional area of 25 m?. The initial gas
concentration ranged from 15 to 25 times the maximum
permissible concentration (MPC). The simulation results
provided a relationship for estimating ventilation time as a
function of heading length, initial gas concentration, and
airflow rate. However, this relationship is limited to dead-end
chambers up to 20 m long and with gas concentrations not
exceeding 25 MPC.

Ventilation of longer dead-end chambers was examined in
reference [12], where chambers up to 50 m long and with a
cross-sectional area of 132 m? were studied. Enhanced mass
exchange in the dead-end chambers was achieved using a
booster fan installed in the adjacent through-ventilated
workings. The airflow from the booster fan, with a velocity
exceeding 20 m/s, intensified turbulent mixing in the dead-end
chambers and generated stable vortices within them. This
setup ensured sufficient air exchange. Based on the calculated
airflow rates, it was concluded that such a ventilation system,
with one booster fan capable of ventilating three chambers,
can effectively replace polluted air with fresh air.

The use of booster fans is a promising technological
solution for ventilating a large number of consecutive blind
workings with large cross-sections. The air jet emitted from
booster fans, which gradually expands in cross-section,
entrains a significant volume of air, enhancing the average
airflow velocity and intensifying turbulent diffusion in large
cross-section dead-end chambers. In contrast, traditional
auxiliary ventilation layouts relying on ventilation ducts
become less effective in case of substantial difference between
the cross-sectional area of the duct and the dead-end chamber
it ventilates—particularly when the latter exceeds 100 m?.

Booster fans have been the subject of numerous studies in
mine ventilation. Gendrue et al. [13] used CFD modeling to
investigate the impact of booster fans on air distribution in a
branched section of a mine developed using a room-and-pillar
system. The main focus of this work was the investigation of
recirculation loops in a network of through-ventilated
workings. De Souza and Penner [14] employed CFD modeling
to explore the potential use of booster fans in underground
levels to create additional pressure. The authors provided
guidelines for the proper design and placement of booster fans
underground to achieve an economical ventilation system and
ensure safe working conditions. A significant number of
studies also focus on simulating booster and jet fans in tunnels

[15, 16]. However, ventilation of tunnels has specific
characteristics that limit the direct application of conclusions
of the relevant studies to mining operations.

Existing studies on booster fans primarily focus on
workings with through ventilation and rarely address the
diffusion-based ventilation of dead-end chambers. Research
on the diffusion-based ventilation of dead-end chambers using
booster fans primarily concentrates on mass transfer and
overlooks the removal of harmful impurities generated during
mining operations. Furthermore, the influence of cross-
sectional area on the efficiency of impurity removal from
dead-end chambers of various lengths has not been analyzed.
This study aims to fill these gaps by evaluating the feasibility
of ventilating dead-end chambers after blasting operations
through diffusion processes. Additionally, it seeks to develop
an analytical relationship for estimating the time required for
gas concentrations in the heading to reach permissible levels.
Determination of analytical dependences of concentration on
time is important in order to more deeply understand the
physical nature of mass transfer in the face zone of a dead-end
chamber. Using these dependencies, we identify the dominant
mechanisms of mass transfer in large cross-section dead-end
chambers, as well as their intensity. This is done for the first
time and holds significant practical importance.

2. EXPERIMENTAL STUDY

The subject of this study is a gypsum mine located in
Russia. Mineral extraction at the mine is conducted using the
drilling-and-blasting method. According to the blast work
plan, a total of 591.2 kg of explosives is detonated
simultaneously in a single chamber, with the excavation area
having a cross-sectional area of 132 m?. In total, 8 explosions
were conducted in 8 separate chambers. Blasting operations
generate toxic gases, among which carbon monoxide (CO) is
assumed to be the primary harmful component [17-19]. In
addition to carbon monoxide, the detonation of the granular
ammonite explosives ‘6JV’ also produces nitrogen oxides
(NOy) and carbon dioxide (CO:), although in smaller
quantities. Water vapor and hydrogen may also form in trace
amounts. It is assumed that no airborne particulate matter is
produced during the explosion of explosives. The gas yield of
granular ammonite explosives ‘6JV’ is 895 I/kg, as per the
technical specifications, although it may vary depending on
the mineralogical composition of the surrounding rocks and
the conditions of blasting operations.
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Figure 2. Schematic of the investigated mine section and the
locations of measurement points

The dead-end chambers, up to 70 meters in length, are
ventilated by diffusion. This ventilation occurs due to the
interaction of air masses with the high-velocity air jet moving



through the transport-ventilation drift (TVD), which operates
with through ventilation (see Figure 2). The intensification of
mass exchange near the entrances of the dead-end chambers is
facilitated by booster fans installed sequentially every five
chambers. This "blow-out" effect allows fresh air to gradually
enter the dead-end chambers, replacing the contaminated air
containing gases generated during blasting operations.

Experimental research was conducted to determine the
distribution of airflow velocities and the temporal variations in
gas concentrations, specifically carbon monoxide, during the
ventilation process of the chambers. In this study, it is assumed
that the primary harmful gas is CO, as short-term peak
concentration values after blasting operations can reach up to
25 times the MPC, highlighting the need for prioritized control
of this particular gas. This research was essential for a large-
scale quantitative assessment of the ventilation quality using
booster fans. The data obtained were used to parameterize and
validate the mathematical model of air and gas transfer in
considered mine workings system.

Initially, measurements of the air velocity were taken in the
TVD at the fault between chambers C12 and C13 to determine
the total airflow entering the system of the mine workings. A
total of 936 m*/min of air was measured, corresponding to an
air velocity of 0.3 m/s in the TVD with a cross-sectional area
of 52 m?2. For model validation, point measurements of the air
velocity were conducted at the fault between chambers C15
and C16, with each measurement statistically processed. Air
velocity measurements were made by tracing the section,
using a point method with an APR-2M anemometer. The
general layout of the workings is shown in Figure 2.

To measure the concentration of carbon monoxide, a gas
analyzer "Draeger X-am 5600" with continuous recording
functionality [20] was installed in the TVD between chambers
C15 and C16. The gas being analyzed enters the device using
the diffusion method of sampling. The analyzed ambient air
diffuses through capillaries to the measuring electrode, where
an electrochemical reaction occurs. As a result of this reaction,
a corresponding constant potential difference arises between
the measuring electrode and the additional reference electrode,
proportional to the content of the component being
determined. According to the technical specifications
provided in the instrument's manual, the sensor's relative error
limit is no more than 15%, and the measurement range spans
from 0 to 2000 ppm. The gas analyzer was installed at the
junction between the workings due to the impracticality of
placing the device in the dead-end chamber, where blasting
operations were being conducted. Prior to installation, the
device was synchronized with local time using software and
then calibrated in the mine yard under fresh air conditions,
where concentrations of toxic and flammable gases were zero.
The gas analyzer was installed at 22:19, and measurements
were completed at 08:47. Blasting operations in the mine
occurred at 23:50, and a few minutes later, ventilation of the
study area commenced with the activation of booster fans. No
other technological operations were performed during the
blasting.

3. MATHEMATICAL MODELING

For this study, the ANSYS Fluent module, part of the
ANSYS Workbench environment, was used to create a 3D
model. This software is widely recognized for its ability to
deliver accurate and reliable simulations of fluid flows, as
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demonstrated by its extensive application in numerous studies
in mine ventilation [21, 22].

The developed model of the mining section was constructed
based on the actual geometric parameters of the mine
workings, including surface roughness. The dead-end chamber
has a cross-sectional area of 132 m? and a length of 70 meters,
while the TVD has a cross-sectional area of 52 m%. A VM-6
booster fan was placed in the TVD and equipped with a mixing
chamber. The latter is a through pipe with a slightly larger
diameter (1.2 m), designed to eject additional air volume and
increase the total mass of air in the jet. The primary parameters
of the ventilation equipment and its location in the TVD are
illustrated in Figure 2.
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Figure 3. Geometry of the investigated section of the mine
and the computational mesh

Table 1. Air velocity values in a dead-end chamber at a
distance of 10 meters from the junction with the TVD, during
the mesh convergence analysis

Distance from the Left Air Velocity (m/s) at Element

Wall Size
(4 m Height) 1m 1.1m 1.2m
1 0.353 0.345 0.344
2 0.154 0.139 0.139
3 -0.150 -0.143 -0.137
4 -0.241 -0.221 -0.234
5 -0.265 -0.258 -0.238
6 -0.264 -0.240 -0.243
7 -0.231 -0.235 -0.238
8 -0.211 -0.206 -0.222
9 -0.188 -0.179 -0.198
10 -0.157 -0.147 -0.167
11 -0.130 -0.123 -0.134

The computational domain was discretized into tetrahedral
finite volumes. The element size was set to 1.1 m on the walls
of the mine workings and 0.05 m on the walls of the fan. A
prismatic boundary layer was applied to all impermeable walls
to enhance accuracy and convergence rate of the iterative
procedure. The total mesh consisted of approximately 731,000
finite volumes. Figure 3 presents the overall geometry and
computational mesh. The mesh parameters were chosen to
satisfy the Y+ condition (30-300) and to ensure solution
convergence and independence from the mesh. Different
element sizes were also considered for the mesh independence
analysis. The results of this analysis are presented in Table 1.
The 11 points shown correspond to point values of air velocity
along a horizontal path at a distance of 10 meters from the
junction with the TVD. Negative values indicate the reverse



air movement directed from the dead-end chamber. Results
shows that, in general, the velocity field does not change
significantly when the size of the tetrahedral cell of the dead-
end chamber wall varies (the average mismatch for 11
considered distances is 6.4%. Thus, a mesh with a cell size of
1.1 m on the chamber wall allows for correct modeling of the
air flow structure and the transport of impurities in the
chamber.

The simulation is performed using a time step of 1 second.
The total number of time steps is set to 28800, which
corresponds to a total simulation duration of 8 hours (since
28800 seconds equals 8 hours). In addition, the maximum
number of iterations is limited to 10, which was necessary to
ensure the stability and convergence of the simulation process.

Air distribution calculations were performed based on the
incompressible Reynolds-averaged Navier-Stokes equations:

Py (pV)=
P (pV)=0 (1)
0
a(pV)JrV-(pVV):
(2)

Vp V| (ut 1)[VV+(VV) ]+ g

where, ¢ is the time, s; p is the air density, kg/m?; V is the air
velocity vector, m/s; p is the pressure, Pa; g is the gravity
acceleration vector, m/s?; u is the molecular viscosity, Pa-s; u;
is the turbulent viscosity, Pa-s.

The Realizable k-¢ turbulence model was used to close the
above equations. This model offers significant improvements
over the Standard k-¢ model. Specifically, the Realizable k-¢
model provides more accurate predictions of the dissipation
velocity in both flat and round jets and de-livers better
predictions for boundary layer characteristics [23-25]. To
simulate the distribution of gas impurities, the Mixture model
was applied. The carrier phase, representing the first
component of the mixture, was air. The second phase in the
mine working's atmosphere was carbon monoxide, produced
in significant quantities during blasting operations. No
additional phases were considered.

The relative velocity of the secondary phase is assumed to
be zero. Generation or mass flux of harmful impurities within
the domain during the simulation process is absent (i.e., all
mass of the harmful impurity is introduced into the system at
the initial moment of time, and it exits the computational
domain only through the exit zone). In this case, the main
equation for the convective transport of air-gas components
can be written in the form:

£ (@,0,) Y (a,0,V) =0 3)

where, a, is the concentration of the impurity p, m*m?; p, is
the density of the impurity p, kg/m®.

To maintain mass balance, the equation is supplemented by
the condition that the sum of the concentrations of air and gas
impurity is equal to one.

To simulate ventilation in the dead-end chamber, boundary
conditions were defined for air velocities within the study area.
The performance of the booster fan was specified as an
interface boundary condition on the inner surface of the
computational domain. This condition was defined as a
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pressure difference between two surfaces and the airflow rate
passing through them. According to the technical
documentation for the VM-6 booster fan, with a blade angle of
0°, the boundary condition is expressed numerically by Eq.

“:

VP =2489+132.5U - 7.19U° (4)
where, AP is the pressure difference, Pa; U is the mean air
velocity at the interface, m/s.

The pressure—velocity coupling was handled using the
SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithm, which is widely applied for
incompressible flow simulations. Convection terms were
discretized using the first-order upwind scheme to ensure
numerical stability. To enhance accuracy, particularly in
regions with steep gradients, a second-order upwind scheme
was employed for both momentum and scalar transport.
Pressure was spatially discretized using the PRESTO!
(PREssure STaggering Option) scheme, which is well-suited
for complex flow fields. Pressure gradients were computed
using the Least Squares Cell-Based (LSCB) method, offering
improved accuracy on unstructured meshes. Temporal
discretization for the transient analysis was performed using a
first-order implicit scheme.

4. RESULTS AND DISCUSSION

The results of the experimental study on the temporal
variation of carbon monoxide concentration in the TVD cross
section after chamber C15 are presented in Figure 4 (blue
curve). The time sequence begins at the moment of blasting
operations. The initial peak gas concentration reaches
approximately 0.008%, followed by a decrease. The
experimental curve in Figure 4 reveals a sharp drop in gas
concentration during the first 15 minutes after ventilation
begins, followed by a gradual rise in concentration between 15
minutes and 1 hour 30 minutes.

The rapid initial removal of gas after blasting and the
commencement of ventilation is attributed to the explosive
expansion of gases, which propels them away from the dead-
end face over a certain distance (initial gas zone, as shown in
Figure 2). This effect is further amplified by the collapse of
broken ore immediately after the blast. During this brief initial
phase, when the gas forms a concentrated cloud within the
workings, mass transfer may also be enhanced by convection
driven by minor differences in the densities of gas and air.
Determining the extent of the initial gas zone is inherently
challenging due to its dependence on numerous random
factors.

In the numerical simulation results, represented by the
orange curves in Figure 4, the length of the initial gas zone
from the dead-end face was treated as an adjustable parameter
to achieve optimal agreement with experimental data. Another
critical adjustable parameter in the model is the effective gas
yield, b, of the explosive (in terms of CO) [26]. Combined with
the length of the initial gas zone, which represents the distance
over which gas is ejected during detonation, these parameters
enable the calculation of the initial gas concentration in the
dead-end chamber. This value serves as an important input for
numerical simulations.

The initial gas concentration is calculated using the
following formula:



A-b
1000V ©)
where, 4 is the mass of the explosive being detonated, kg; b is
the gas yield of the explosive, I/kg; V is the volume of the
chamber space filled with gas, m>.

Through model validation, b was determined to be 8.44 1/kg,
and the initial gas dispersion zone length was set at 50 m.
These values were used to achieve the best agreement between
the numerical model and experimental results.

The model successfully replicated the peak gas
concentration (calculated peak concentration: 0.0084%) and
the exponential decay in gas concentration over the 2-8 hour
period. Interestingly, the theoretical curve aligns well with the
experimental data for times exceeding 2 hours only when a
background gas concentration of 0.0013% by volume is
incorporated into the model. Physically, this background
concentration can be attributed to residual gases from
combustion engine equipment in the mine, which results in air
with a non-zero gas concentration—albeit below the
maximum permissible level—entering the working area. For
comparison, the results of the model without accounting for
this background concentration are shown in Figure 4 as a
dashed orange curve.

Additionally, the peak gas concentration in the model is
reached with a slight delay. This delay arises from the
omission of two key factors: the inertia of the gas as it is
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expelled from the dead-end face and the influence of buoyancy
forces. In this study, when calculating the transport of the
harmful impurity, we assumed that the density of the impurity
is approximately equal to the density of air, thereby neglecting
the effect of buoyancy forces.

Notably, the model fails to capture the sharp subsequent
decrease in concentration observed in the experimental curve.
This discrepancy is attributed to the influence of the mined-
out space in the panel, which is not accounted for in the current
model. According to our preliminary estimates, the exhausted
space is capable of explaining the local minimum in gas
concentration in the period 0:20-0:30, however, a detailed
analysis of this effect on a large-scale model is beyond the
scope of our study. The focus of this study is the ventilation
dynamics of a single dead-end chamber following blasting
operations. Of greatest interest to us are precisely the long
periods of time (two hours or more), when gas concentrations
decrease to values below the MPC. For these purposes, the
simple model we use is acceptable.

Figure 5 shows the distribution of air velocities in the TVD
cross-section. In a portion of the section, elevated air velocities
are observed, primarily due to the influence of the booster fan
positioned upstream, just before the junction with the dead-
end chamber. The air velocity at the fan outlet reaches
approximately 25 m/s. However, when the air jet reached the
cross-section under study, the peak velocity dropped
significantly due to the jet opening and was about 2.7-3 m/s.
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Figure 4. Comparative analysis of the time dependence of carbon monoxide concentration at the TVD
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Figure 5. Comparative analysis of calculated and measured
air velocities on the TVD at 4.5 meters after pairing with the
camera

Simultaneously, a portion of the air in the studied section of
the TVD recirculates back to the fan's suction area. This
recirculation occurs due to a difference between the amount of
air supplied to the mining section and the performance of the
booster fan. These recirculation zones are highlighted in blue
in the figure. The measured air velocities at specific points,
previously identified during experimental measurements, are
also shown. While the modeled airflow pattern closely aligns
with the experimental observations in terms of direction and
behavior, small discrepancies in absolute air velocity values
are observed. These differences can be attributed to the
movement of self-propelled equipment, technical nuances in
the measurement procedures, and the limitations of the
instruments used. Overall, the model was able to capture very
well both the peak air velocity and the area where the return
flows begin.
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Figure 6. Distribution of volumetric gas concentration in a
dead-end chamber at different moments after the start of
ventilation

The concentration of carbon monoxide in the TVD drops
below the MPC value after 4.5 hours of ventilation, consistent
with the experimental results (see Figure 4). After 8 hours of
ventilation, the CO concentration stabilizes at approximately
0.0013% by volume, which corresponds to the specified
background concentration.

From this observation it follows that one of the promising
measures to reduce the ventilation time of a dead-end chamber
is to decrease the initial concentration of gas entering the
mining section. Technically, this can be achieved by using
electric transport or modern equipment equipped with Tier 4
internal combustion engines [27, 28]. The dotted orange curve
in Figure 4 indicates that the time required for the
concentration in the TVD to decrease to the MPC level is
approximately 2 hours.

Figure 6 presents the calculated distributions of gas
impurities at different time intervals (1, 2, 3, and 4 hours) for
the scenario where the gas concentration at the entrance to the
mine section is zero.

Based on Figure 6, after one hour of ventilation, the MPC is
exceeded in all cross-sections of the chamber, corresponding
to a carbon monoxide concentration exceeding 0.0017%. A
similar situation is observed after 2 hours. However, after 2
hours of ventilation, the concentration of toxic gas in the TVD
reaches safe levels, while the chamber area achieves an
acceptable level of gas content only after 4 hours.

These findings highlight the challenges of ventilating large-
section workings up to 70 meters in length following blasting
operations under the specified conditions (cross-sectional area
and air velocity in the TVD at its junction with the dead-end
chamber). This raises an important question: how do the
geometric parameters of the cross-sections of the mine
workings affect ventilation efficiency?

To address this, a series of numerical calculations were
conducted as part of this study, exploring various ventilation
parameters for the workings. Table 2 presents the geometric
parameters of the analyzed workings, as well as related
quantities, including the air velocity at the entrance to the
calculation area and the amount of explosive material
detonated simultaneously.

To ensure consistent simulation conditions based on the
initial parameters, the following adjustments were made:

*The amount of explosives was reduced proportionally to
the decrease in the cross-sectional area of the dead-end
chamber to achieve the same initial gas concentration in the
chamber.

*The air velocity at the entrance to the calculation area was
increased to maintain the same volume of air supplied to the
system.

Table 2. Simulation parameters

Dead-End Chamber: TVD:
No. Air Velocity at the Inlet Zone (m/s) -I‘-)IZ l::l:lht ((111111)) -I-vl‘;l:;lht ((1:111)) Mass of Explosives (kg)
- Area (m?) - Area (m?)

-12.0 -8.0

1 0.300 -11.0 -6.5 591.2
-132.0 -52.0
-10.0 -6.7

2 0.432 -92 -54 410.7
-91.7 -36.1
-92 -6.2

3 0.507 -85 -5.0 349.8
-78.1 -30.8
-75 -5.0

4 0.768 -6.9 -4.1 231.1
-51.6 -20.3
-6.0 -4.0

5 1.200 -55 -33 147.8
-33.0 -13.0

All other boundary conditions remained unchanged. Figure
7 presents the results of the simulated gas distribution
following blasting operations, showing the conditions after 8
hours of ventilation.

Figure 7 shows that in dead-end chambers with cross-
sectional areas of 91.7 m? and 132 m? no zones with gas
concentrations exceeding the MPC remain after 8 hours of
ventilation. In the chamber with the largest cross-section, there
are virtually no traces of toxic gas. Conversely, in chambers
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with smaller cross-sectional areas (71.8 m? and below), a
portion of the contaminated air volume near the dead-end face
remains largely unaffected, even after 8 hours of ventilation.
The red zone, indicating gas concentrations above the MPC,
extends farther as the cross-section decreases.

This trend is also evident in Figure 8, which illustrates the
time-dependent changes in the average gas concentration
within the chambers. The average gas concentration was
calculated for the entire volume of each dead-end chamber.
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Figure 8. Time dependences of the average gas concentration
in chambers of different cross-sections

Analyzing the curves in Figure 8, it can be concluded that
gas concentration decreases over time during ventilation for
workings with different cross-sections. In all cases, the
relationship follows an exponential trend, as evidenced by the
linearity of the curves plotted on a logarithmic ordinate axis.

The minimum ventilation time for the dead-end chambers is
3 hours for a working with a cross-sectional area of 132.0 m?
and 3 hours 53 minutes for a working with a cross-sectional
area of 91.7 m2 The slope angle of the curves, which
characterizes the rate of decrease in gas concentrations, varies
significantly (by an order of magnitude) among the curves.
Additionally, the smaller the cross-section, the closer the slope
angle approaches zero, indicating a slower rate of gas removal.

The presented curves were approximated using linear

relationships between time ¢ and the logarithm of
concentrations  log(C/Cy). Based on these linear
approximations, the dependence of carbon monoxide

concentration C on ventilation time was determined as
follows:

C=C,-e" (6)

where, Cy is the initial gas concentration (m*/m?), § is a
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dimensionless coefficient that accounts for the cross-sectional
area of the dead-end chamber and is numerically expressed as
f=-0.00466+0.000169-S, S is the cross-sectional area of the
dead-end chamber (m?), and t is the ventilation time from the
moment when the ventilation of the chamber begins (minutes).

The identified exponential relationship (6) indicates that the
ventilation of dead-end chambers can be effectively described
by the ideal mixing model [29, 30]. In this model, the airflow
entering the chamber—caused by the partial opening of the jet
traveling along the TVD at the junction with the chamber—
mixes with the air already present in the chamber.
Simultaneously, an equivalent volume of gas-contaminated
air, characterized by an average concentration C,, is displaced
from the chamber. This process can be mathematically
expressed using the gas mass balance equation:

C,OAt+CV—-C.OAt=(C,+AC,)V (7)
The first term on the left represents the inflow of fresh air
with concentration Cj, over the time interval Az. The second
term on the left accounts for the volume of gas present in the
chamber at time ¢, while the third term represents the
displacement of a portion of the contaminated gas from the
chamber with concentration C,. Here, Q denotes the airflow
rate, and ¥ is the volume of the chamber. The term on the right
describes the reduction AC, in the average gas concentration
in the chamber over the time interval A¢. The solution to Eq.
(7) yields the exponential relationship described in Eq. (6).
The expression for f can be reformulated in a more
universal form using the so-called form factor, which is
numerically equal to the ratio of the working length to the
square root of the working cross-sectional area, as introduced
in reference [25]. This parameter is more convenient as it
comprehensively accounts for the influence of the two primary
geometric dimensions of the chamber on its ventilation
characteristics, where L represents the length of the chamber.

0.8291

L =-0.00466 + T (8)

This formula is valid for the ventilation of dead-end
chambers with a cross-sectional area greater than 28 m? (or f
< 13.2). For chambers with a smaller cross-section, the
removal of harmful impurities will occur over an extended
period, and therefore, the concentration will not decrease
within a single mining shift.

According to the obtained dependence, the time required for
carbon monoxide concentration to reach the MPC level in
headings with cross-sectional areas of 40.7 m? and 33 m?, and
a length of up to 70 meters, should be at least one day. This is
because a portion of the polluted air in the dead-end chambers
remains largely unaffected for a long time due to the slow
diffusion processes.

At the same time, Figure 8 shows that the polluted air
volume in the dead-end chambers, within 20-30 meters from
the junction with the TVD, actively participates in the air
exchange with fresh air from the TVD and decreases to
permissible gas concentration levels. In this area, there is a
large-scale vortex that ventilates the dead-end chamber and
intensifying turbulent diffusion mass transfer in it. However,
its influence does not extend beyond 20-30 meters, and the
zone near the dead-end face remains essentially stagnant.



5. CONCLUSION

In this study, a three-dimensional numerical model was
developed to simulate air and gas distribution in a dead-end
chamber and its adjacent transport-ventilation drift. The model
was parameterized and validated using results from
experimental tests that included both stationary and dynamic
measurements of air flow parameters.

During the model's validation, acceptable agreement was
achieved with experimental data on carbon monoxide
concentration changes over time, specifically within the
interval corresponding to the monotonic decrease in gas
concentration during the ventilation of a dead-end chamber
after blasting operations.

The study experimentally demonstrated and theoretically
confirmed that, under specific conditions, dead-end chambers
with a cross-sectional area of 132 m? and a length of up to 70
meters can be ventilated via diffusion processes, provided
there is a source of airflow turbulence in an adjacent working
with through ventilation.

Simulations were conducted to analyze diffusion-based
ventilation of dead-end chambers with varying geometric
parameters after blasting operations. The analyzed range of
mine working form factors (f = L/+/S ) was between 6.1 and
12.2. For the first time, it was determined that the time-
dependent decrease in ventilation gas concentration follows an
exponential pattern within a specific parameter range. The rate
of gas concentration reduction in a dead-end chamber,
characterized by the coefficient in the exponential decay
equation, was found to depend strongly on the geometric
parameters of the chamber (form factor). An increase in the
cross-sectional area of the chamber, while maintaining its
length, significantly enhances the removal rate of toxic
impurities.

Based on the approximation of the time dependencies, an
analytical expression was derived to calculate the gas
concentration at any given point during ventilation. However,
it should be emphasized that in chambers with a cross-
sectional area of 28 m? or less (corresponding to form factors
of 13.2 or higher), ventilation becomes indefinitely prolonged
due to limitations imposed by diffusion processes. Therefore,
it is recommended that such dead-end chambers be ventilated
using a fan with a duct or by reducing the length of the dead-
end chambers. These conclusions are valid for chambers with
minimal influence from surrounding mined-out spaces, under
conditions where the spread of a passive admixture is
considered. This study may also be applicable to other types
of mines with large cross-section workings ventilated by the
turbulent effect of booster fans.
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