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The paper discusses the issues of ventilating in deep quarries caused by the intensification of blasting opera-
tions at great depths, the increased distance of ore truck transportation to the daylight area, constant change in the ge-
ometrical parameters of the quarry, its microrelief and direction of mining, and increased isolation of the mined
space from the environment. We provide a brief analysis of the current tools for forced airflow in deep quarries,
which showed that the use of forced ventilation is often challenging since it leads to high energy consumption,
high level of noise exceeding the permissible parameters, and high speeds of forced air flows may blow the dust
off the quarry surfaces.

The article presents methods and tools developed at the Siberian Federal University for intensifying the natural
airflow in deep quarries by changing the air density at the entrance and exit points of the pit, as well as heating the
shady areas using mirrors and solar energy, which do not interfere with mining and blasting operations.
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Introduction. One of the peculiarities of mining the deep and ultra-deep open pits is the dete-
rioration of working area environment caused by:

» reduction of the influence of wind and heat forces, ventilating the open pit;

* intensification of blasting operations due to increasing rock mass strength occurring at great
depths;

* increased distance of ore truck transportation to the daylight area, which is one of the main
sources of air pollution due to gases and dust;

« intensified gas desorption under the influence of pressure relief and rock failures caused by
mining operations [16].

Meteorological conditions may disturb the air exchange in the quarry since the temperature dif-
ference, less than 1 °C per 100 m of depth, or the temperature inversion distribution that makes it
difficult to lift the air masses from lower benches due to their large specific gravity.

The application of traditional methods of forced ventilation — aircraft and helicopter propellers,
turbines, heating units — in deep and ultra-deep quarries is often troublesome due to high costs, large
size of equipment, obstructions to mining operations, high energy and fuel consumption. The fuel
burned in the units and the high speed of airflow blowing the dust off the benches can worsen the
condition of the quarry air, and the need to place the ventilation units to a safe distance during blast-
ing operations leads to increased operating costs. The fans require continuous maintenance since the
power and performance of the exhaust and draft units directly depend on the inclination angle of the
blades [17].

The article proposes new technical solutions for the intensification of natural airflow in the
quarries using the heat of the sun rays and pit waters removed by the drainage system, as well as
using advanced trenches in the mined rock mass.

Formulation of the problem. In the twentieth century, the open pit development method was
used globally for mining 95 % of construction materials, about 70 % of ores, and 90 % of brown
coal and 20 % of coal. As the development and depletion of shallow mineral reserves advances, the
depth of their extraction increases. With deeper horizons, the degree of isolation of the mined space
from the environment increases, and the air composition in the quarry worsens. The mining in deep
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and ultra-deep quarries with a depth of 500-600 m and more is accompanied by the stimulation of
blasting operations due to higher strength of rocks, an increase in the distance of transportation of
rock mass to the surface, worse conditions for natural airflow and an increase in the volume of the
dead-air areas. As a result, when designing the mining operations, we should pay close attention to
social problems — improving working conditions at the workplace [4, 6, 10].

The application of current forced ventilation units in deep and ultra-deep quarries [2, 5, 7, 11, 13]
is often challenging since, during their operation, the noise level exceeds the permissible values.
High speed of airflow may blow the dust off the benches, which worsens the atmosphere of the
working area. Combustion of aviation fuel in engines, as well as coal dust in a turbine (if it is used
to ventilate coal mines), carries the risk of formation and increase in the concentration of CO and
SO,, acrolein, and formaldehyde in the air. Deterioration of the atmosphere can also be observed
when using thermal installations that form convective currents due to the combustion of diesel fuel.
A common drawback of forced ventilation is the high fuel consumption and the noise level, the
need to remove equipment to a safe distance during blasting operations, which is accompanied by
increased operating costs and unplanned shutdown periods. Even a brief list of the shortcomings of
current forced ventilation units for deep quarries justifies the continuous search for more effective
and safe methods and tools for improving this process in the mining industry.

At the Siberian Federal University, we have developed methods and tools for intensifying the
ventilation of deep and ultra-deep quarries by creating the density difference of the air entering and
leaving the quarry space, as well as more efficient use of solar energy entering the earth's atmos-
phere.

The change in air density 1s provided by passing the wind flow through a water curtain formed
by spraying cold or hot water, as it is shown in Figure 1°. In the warm season, the wind flow enter-
ing the quarry space passes the water curtain formed by spraying cold water on the leeward side of
the quarry; the flow leaves the quarry through a water curtain formed by spraying hot water on the
windward side of quarry (Fig.1, a).

The broad engineering assessment of this technical solution was performed using the following
dependencies. When passing through a water curtain, the moisture content of air d and the mass of

vapor in moist air increase following the dependence
M
d=—=, (1
Md

where M, — the mass of water vapor in moist air; My — dry mass of moist air.
In this case, the temperature and volume of the gas mixture decrease, and the barometric pres-
sure of the air entering the quarry space increases according to Dalton’s law

a

Fig.1. Diagrams of air flows passing through the water curtains in the warm season (),
in the cold season and during atmospheric inversions (b)
1 — hot water pipeline; 2 — cold water pipeline; 3 — leeward side of the quarry; 4 — quarry space; 5 — windward side of the quarry

* Shakhrai S.G., Godovnikova L.G., Edemskaya K.S. and others. Patent N 2584700. The method of quarry ventilation. Pub-
lished 22.01.2016. Bull. N 4.
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B

Py=Py+ P, (2)

where Py and P, — partial pressure of dry air and water vapor, respectively, determined by the
Clapeyron equation

M .R.T
Py= e 3
4 V 3)
MR T
PPZT. (4)

Besides the higher barometric pressure, as the air humidity increases, its density increases,
which follows from the dependence
_ P,(1+d)
0.28717(1+1.60784)

W 6))
When passing through the hot water curtain, the air temperature rises. In this case, according to
equation (5), there is a decrease in air density.
The estimated water flow for cooling of 1000 m’® of air, according to [12], is determined by the
dependence

0 = p(x2—x1)-1000, (6)

where p — air density; x; and x; — absolute humidity values at the entrance and exit from the water
curtain. For example, if the absolute humidity of the air passing through the water curtain with a
temperature of 25 °C and a density of 1.18 kg/m’ (relative — from 60 to 80 %) changes, the water
consumption will be 2.71 I/h per 1000 m’ of cooled air.

Thus, the increase in the cone angle of the free stream a by an average of 3-6° is provided by
an increase in barometric pressure and air density at the entrance to the quarry space. The intensifi-
cation of convective flows is achieved by increasing internal energy and decreasing air density at
the exit from the quarry space. To reduce operational and energy costs in the warm season, it is ad-
visable to use ~ 1/4 of the perimeter of the cold water supply pipeline on the leeward side of the
quarry, and on the windward ~ 1/4 of the perimeter of the hot water supply pipeline.

In the cold season and during atmospheric inversions with a stable atmosphere, it is necessary
to create convective motion in the quarry and ensure the exchange of air masses with the environ-
ment [10]. Prevention of cold air entering the quarry and the formation of convective flows is en-
sured by spraying hot water around the entire perimeter of the upper edge of the bench (Fig.1, b).

An additional advantage of water spraying is the wetting and suppression of dust particles from
the quarry by air flows on the earth’s surface, which is an absolute advantage in relation to using the
dust-collecting fans and cyclones for cleaning mine air from solid particles [15]. Cooling by nozzle
air-evaporation method, tested at the mines of the Krivoy Rog iron ore basin, made it possible to
reduce the temperature of mine air by 3-8 °C at significantly lower costs compared to air cooling by
refrigeration units [8, 9].

We should not discard the fact that the deposition of dust along the perimeter of the quarry
lowers environmental damage, reducing the formation of wasteland, which following restoration
and rehabilitation requires significant financial investments [3, 14].

To intensify convective flows in the quarry during summer period, it is also advisable to use
solar energy, which is reflected by a one-piece (Fig.2)" or sectional (Fig.3)™ flat mirror mounted on
the upper edge of the northern bench of the quarry.

* Shakhrai S.G., Kosolapov A.I., Korostovenko V.V. and others. Patent for utility model N 139437. The device for quarry
ventilation. Published 20.04.2014. Bull. N 11.

** Shakhrai S.G., Tarasenko A.D., Chuprov M.M. and others. Patent for utility model N 153978. The device for quarry venti-
lation. Published 10.08.2015. Bull. N 22.
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The mirrors are mounted on the frame ar-
ticulation platform 4. The vertical tilt of the
one-piece mirror 2 towards the quarry space 5 2 |\
and in the opposite direction, as well as the rota- \\
tion of the reflective element in the horizontal
plane, is provided by the pole 1 articulated on
the platform 4, sectional mirror 3 and 5 and
hinges 1 are mounted on the pole 2 on the plat-
form 4. The vertical tilt of the mirrors and their
rotation in the horizontal plane provides heating
of the shady benches and pit bottom during day-
light hours. The tilt of the mirrors in rainy 4
weather in the direction opposite to the quarry Fig.2. Warming of the quarry with a one-piece mirror
Space helps to wash the dust off the reflective 1 —hinge; 2 — pole; 3 — mirror; 4 — platform; 5 — quarry space
element.

The sectional mirror provides a more inten- /
3 /

sive selective heating of problem areas of the 4 q /
quarry space and eliminates the weakening of ) /
convective flows when they contact the cold

shady areas.

Under the influence of sunlight falling on
the north side of the quarry at an angle close to
90°, in the daytime, the bench surface can heat up
to 50 °C and higher. Solar radiation reflected by
flat mirrors with a reflectivity of 80 to 95 % and
falling on the south side of the quarry at an an-
gle close to 90°, can heat the bench surface to

30-40 °C or more. Thus, the convective flow Fig.3. Warming of the quarry with a sectional mirror
. . . 1 — platform; 2 — pole for mirrors; 3 — hinge for vertical
Speed at the southern side T1S€S, which grows and horizontal movement; 4 — upper section of the mirror;
with increasing temperature of the slope [2] 5 — lower section of the mirror; 6 — quarry space
U=0.55k |gsi Loty 7
=050/ |gsinPB(H —h) ————|, (7)
t, +0.01A1H

where k; — coefficient taking into account the deceleration of the flow due to the influence of
benches; g — gravity acceleration; 3 — slope angle; H — pit depth; # — depth of the point from the sur-
face at which the airflow speed is determined; #; and ¢, — accordingly, the temperature of the bench
surface at the given point located at a depth of /, and the air temperature on the surface of the Earth.

The size of the mirrors depends on the depth and square area of the quarry. According to [1],
with the deepening of mining operations, its total area grows, and the intensity of solar radiation per
the surface unit decreases. For quarries of medium depth, mirrors with an area of 10 to 50 m” seem
to be the most acceptable; for deep pits (up to 100 m?), the area should equal the area covered by
the low-temperature electric heating unit placed on the benches [1].

The solar energy reflected by the mirror will ensure the heating of the shady areas without in-
terfering with mining operations (blasting and excavation). Convective flows that occur during
heating of the quarry with solar energy, as they move from the bottom to the top, carry away harm-
ful substances and dust from the benches and slopes of the quarry.

The intensification of natural airflow in deep pits with the help of a trench is carried out by di-
recting air flows through the ventilation passage created on the leeward side of the pit and made
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Fig.4. Scheme of natural air flow of the quarry: @ — without ventilation passages; b — with ventilation passages
1 — quarry space; 2 — slope; 3 — windshield (confusor); 4 — ventilation passage; 5 — leeward slope

with an inclination of y = 16-20° to the daylight surface entering the pit space to the depth equal to
~ 0.5 of the total depth of the quarry”. The passage at the level of the daylight surface is equipped
with a windshield. The placement of the ventilation passage on the leeward side ensures the intake
of air flows and their direction to the recirculation zone of the quarry (Fig.4).

The efficiency of the suggested method of intensification of natural airflow was verified experi-
mentally on the miniature model of the quarry (Fig.5). When designing the model, the authors kept in
mind that the angle of slope should exceed the cone angle of the free stream (15° on average),
ventilating the quarry. Moreover, the ratio of the size of the quarry at the daylight level in the direc-
tion of the wind flow movement to the depth is below six, which makes it difficult to ventilate the
quarry [2]. As an indicator, we used smoke coming through the passage or from the upper edge of
the bench with the help of an axial flow fan of low power, providing a wind flow speed of 2 to
5 m/s, comparable with the speed of natural wind flows on the daylight surface. During the experi-
ment, it was revealed that the direction of the wind flow along the passage reduces the size of the
recirculation area by 15-20 % of the total quarry area against 60-70 % when there is a natural wind
flow (from the upper edge of the bench).

Conclusions. The proposed technical solutions have several advantages:

* lack of interference with mining and blasting operations;

» spraying cold and hot water intensifies natural airflow in the warm and cold seasons, as well
as during atmospheric inversions, reduces the size of the dead-air area by 3-10 %, and provides the
possibility of utilizing the quarry drainage water;

» intensification of ventilation with heat
supplied to the Earth’s surface by the Sun
does not require energy carriers produced
from non-renewable energy sources;

* it is advisable to intensify natural air-
flow with the help of wind-guiding pas-
sages when the ore body is mined towards
the prevailing wind flows; when the mining
advances this method will reduce the
amount of mined rock mass by the amount
equal to the volume of a previously dug
ventilation passage;

» this research can be continued and in-
volves creating a complex mathematical
model based on the methods of computa-
tional fluid dynamics and experimental
Fig.5. Model of the quarry with ventilation passage verification of the obtained results.

* Shakhrai S.G., Sharova N.A. Patent N 2651666. The method of intensification of natural air exchange in deep quarries. Pub-
lished 23.04.2018. Bull. N 12.
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