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Abstract. Rock mass transloading from bunkers to conveyors or from conveyors to conveyors in quarries is 
accompanied by intense releases of dust into the atmosphere, which is a significant danger to the environment. The 
regularities of the interaction process between dust particles and droplets of a liquid (water) in polluted air flow are 
determined. It is established that when the pressure of compressed air is changed from 0.1 to 0.4 MPa (approximately in 
the range of 1 to 4 atm.), the average size of droplets decreases from 26 to 9 microns. Justification of the localization 
method of dust emissions into the atmosphere, arriving from the units of dust formation in crushing and sorting 
complexes of quarries, is done with the use of air-and-water ejectors − irrigators with highly efficient water use, sprayed 
with separate nozzles. Variants of air-and-water ejectors placement on dust formation sources are grounded. The choice 
of the optimal mode of air-and-water ejectors operation depends on the characteristic sizes of the formed dust particles, 
which are determined by the parameters of the crushing and sorting equipment in the quarry. Reducing dust emissions 
within the sanitary protection zone of the quarries prevents its dispersion in the adjacent zone. 
 

Introduction. Mining enterprises activity leads to the formation of significant 

changes and transformation of environmental objects [1-7]. Open cast mining of 

mineral deposits results in atmospheric air pollution [8-11], violation of the 

geological environment [12-16] and land [17-26], depletion and pollution of water 

resources [27-30], the formation of significant volumes of man-made waste [31-37], 

etc. Such a situation requires the improvement of methodological approaches to the 

comprehensive assessment and forecasting the negative effects of the enterprises’ 

operation [35-39], the development of technological schemes for the disturbed lands 

recultivation and the use of mining waste [29-33], as well as the development of 

environmental programs and strategies for the restoration and further use of industrial 

region territories [33, 39-42]. 

Solid minerals while open cast mining usually are processed at a crushing and 

sorting complex, which is situated stationary on the surface of the quarry (on board a 

quarry or on an industrial site or mine site) [34]. The processing involves crushing the 

rock mass n crushers, its classification and sorting on screens, the transportation of 

rocks by belt conveyors, their reloading from one conveyor to another, storage of 

break-stone goods in piles. These processes are accompanied by a significant release 

of dust, which, together with the dust, periodically formed during drilling and 

blasting works in the very quarry represents a significant danger to the environment. 

In recent times, the use of mobile or transportable crushing and sorting equipment 

has spread. These machineries are located in the quarry at his benches, which reduces 

the dust escape outside the sanitary protection zone of the quarry due to a certain 

localization of the sources of its continuous formation and the dust deposition directly 

in the quarry.  
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Processing complexes, for example, on non-metallic pits, usually carry out one- 

and two-stage crushing of minerals, as well as the sorting of the obtained break-stone 

and sand into 4-5 fractions of grain size on the screens, which are located in the 

quarry in the form of a chain. In this case, the main sources of dust, in particular, on 

mobile systems, are [34, 43-47]: 

− Vibrating disintegrators of rocks (in the case of their use instead of drilling and 

blasting works); 

− Crushing equipment, i.e. crushers (jaw, conical, rotary, etc.); 

− Sorting equipment (screens of various designs); 

− Places of material reloading from crushing mechanisms to conveyors, sorting 

and vice versa; 

− Conveyor belts, which moves material and finished products between 

production units and mechanisms. 

Taking into account the above, the purpose of the work was to substantiate the 

method of localization of dust emissions from the sites of dust formation at the 

crushing and sorting complexes of quarries with the use of hydraulic sprinklers in the 

form of water ejectors. 

State of question and statement of research problem. The places of dust 

formation at the quarry processing complex are located on open areas, points of 

loading and overloading of minerals at short distance from each other and form a 

certain local chain of mobile mining equipment. At the same time, the emission of 

dust along this chain varies with a certain degree of cyclicity as the useful product 

forms and moves. In this case, it is expedient to consider the entire chain as a plane 

object of dust emission, instead of a separate analysis of each of its separate sources. 

Thus, the problem solution of the increasing of dust localization efficiency within the 

location of the processing complex prevents its scattering in the adjacent zone and 

creates the prerequisites for further size reduction of sanitary protection zone of the of 

mining enterprises, which is, in particular, important for granite quarries and quarries 

of other non-metallic and building materials, which often operate in proximity to 

residential buildings of cities or villages. 

For effective localization of dust emissions while processing of non-metallic 

mineral raw materials in a quarry, dust suppression means can be used, such as 

irrigators with use of spray water, in which various surface-active substances are 

added, including synthetic surface-active substances (synthetic surfactants). 

However, for reasons of environmental safety, it is unwanted to use humidifiers 

based on or with the addition of synthetic surfactants in a free atmosphere, which are 

used mainly in closed spaces (buildings, mine workings or other ventilation 

channels). In addition, introduced into the dusty air stream, the drip fluid forms, when 

interacting with dust particles, a semi-liquid aerosol with a solid core (a dust particle 

is immersed in a drop and enveloped by a liquid), providing during dust suppression 

in a closed restricted space their rapid deposition due to a significant increase in size 

and mass formed as a result of coagulation of aggregates. In the free atmosphere, 

with the transfer of such particles in the air under the influence of wind and turbulent 

diffusion, their liquid shell will evaporate, or the particles will coagulate when stirred 
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in a turbulent flow. It is obvious that the first process will reduce the rate of dust 

deposition and the second process will increase it. 

Thus, in order to determine the real picture of the dispersion and deposition of the 

aerosol formed during irrigation in a free atmosphere, it is necessary to evaluate the 

interaction of dust particles with the droplets of the liquid spray in the moving flow 

and the transformation degree of disperse composition of the dust and the formed 

aggregates, since, in particular, the standardized method for determining the 

dispersion of pollutants in the atmosphere [48] in addition to the intensity of dust 

emissions, takes into account the indicator associated with the average size of 

particles emitted into the air. 

Methods. We analyse the process of interaction of dust particles with droplets of 

a liquid (water) in a dusty air stream, using the provisions obtained on this subject, 

for wetting coal dust in a closed atmosphere of mine workings of mines [49]. In this 

case, we assume that water droplets are introduced into the stream without significant 

effect on the emitted dust air mixture, and without the counter resistance, which is 

typical for the open atmosphere, and the interaction of particles and droplets will be 

random. 

The probability of meeting the dust particles of radius r with droplets of radius R 

is proportional to their quantities per unit volume, the effective intersection of their 

interaction π(r+R)
2
, and the capture degree of particles by droplets at a certain speed 

of their relative motion. Then for the dust particles of the radius ri, moving relative to 

droplets of the size Rj at a speed vij, the change in the density of particles dvij at the 

capture coefficient Eij, which takes into account the efficiency of the interaction of 

each particle and the droplet, during infinitely small time interval dt is determined by 

the differential equation 
 

  dtEvRrNd ijijjijijij
2

  ,        (1) 

 

where ri is the radius of the dust particles, μm; Rj is the radius of water droplets, μm; 

vij is the velocity of dust particles relative to water droplets, m/s; Eij is the coefficient 

of capture of dust particles by water droplets, particles of unit; υij and Nj are the 

calculated concentrations of dust particles per unit volume, units/dm
3
 interacting with 

the j-size fluid droplets, and these droplets, respectively. 
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Expression (2) determines the probability that a particle of radius ri is not 

captured by drops of radius Rj for time t. Since the process of capturing of dust 

particles by drops of different sizes is independent, the probability that particles of i-

th fraction will not be captured by drop of all sizes will be written as a product of the 

corresponding probabilities 

imiii PPPP  21  

or 
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where Pj is the probability that particles of the i-th fraction will not be trapped by 

droplets of all sizes, particles of unit. 

It is obvious that the relative fraction of particles of i-th fraction of dust, which is 

numerically equal to Pi, will continue its movement, settling from the stream in 

proportion to the speed of its deposition (levitation) in the air. Caught particles whose 

fraction is 1–Pi, make aggregates with droplets in the form of semi-liquid particles 

with solid core. The speed of their deposition (levitation) in the air is directly 

proportional to the size and mass of the formed particles; therefore, the intensity of 

their levitation is substantially higher. 

Calculated concentrations of dust particles in the formula (3) are usually changed 

by mass concentrations and concentrations of droplets − by volumetric, considering 

them spherical 
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where ni is the final, and ni(0)  is the initial mass concentration of i-th fraction of dust, 

mg/m
3
;  is the dust density, kg/m

3
; Vj  volume of drops of j-th fraction, dm

3
/m

3
. 

Taking into account the dispersed distribution of fractions of dust and drops, 

consider 

   00 nn ii  , and VV jj  .       (4) 
 

where i is the mass fraction of the i-th faction; n(0) is initial total mass concentration 

of dust particles of all sizes, mg/m
3
; ψj is volume fraction of drops of j-th fraction; V 

is total volume concentration of droplets of all sizes, dm
3
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Here, the component   32
jji RRr   determines the degree of dispersion of 

droplets, which affects the capture efficiency, i.e., its encounter with a dust particle, 

and the sum from 1 to m characterizes the specific surface of the spray liquid. 

The mass concentration of dust particles of all fractions, not captured by liquid 

droplets of all sizes, is represented as: 
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Substitution in the last expression of formula (5), taking into account (4), gives 
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In relation to the solvable problem, formula (6) characterizes the relative content 

of the mass of dust particles in unit of air volume, which are not captured by droplets, 

that is, the dust that will remain dry, with the random nature of the interaction of its 

particles with the liquid spray in the stream. It is obvious that the value v will be 

equal to the relative content of the wetted dust. With this in mind, the problem of 

scattering particles in the atmosphere after irrigation of a dusty stream can be 

formally split into two tasks, that is, to solve separately the problem of scattering for 

dry and wetted dust, and the general solution can be presented as a superposition of 

these partial solutions. 

In solving such problems, according to the standardized method of scattering 

aerosols in the atmosphere [49], one source of dust emissions should be replaced by 

two. At the same time, the emission intensity of each of them will be proportional to 

P and 1 – Р and the average particle size should be determined accordingly for dry 

dust and for liquid droplets-aggregates. Moreover, it should be borne in mind that the 

liquid phase only affects the size of the particles and the rate of their deposition, and 

the actual concentration of dust, due to deposition of droplets-aggregates, must be 

calculated only on their solid phase, since the liquid eventually evaporates. 

The practical use of the formulas obtained requires taking into account the total 

concentration of all drops of the spray liquid V, which is determined by the following 

factors: 

- The actual disperse composition of droplets, which depends on the type of 

irrigator and the pressure of the liquid supplied to it; 

- Calculated (mass) concentration of dust particles; 

- Capture coefficient of particles by droplets; 

- The performance of the irrigation system, which depends on its design. 

In turn, we will analyse the following factors for their subsequent consideration. 

Results and discussion. A disperse composition of droplets in a torch of a certain 

irrigation nozzle can be approximately estimated, for example, according to median 

diameters of droplets by calculation, using empirical formulas of their distribution in 
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size. Assessment of a disperse composition of dust particles is possible on the basis of 

a priori data on the dispersion of dust in certain areas of crushing of the rock mass. 

Meanwhile, the size of the particles, both dust and droplets can be estimated 

experimentally directly in the flow according to the known method [50]. The scheme 

of the method is shown in Fig. 1. Its essence lies in the passage of a coherent (laser) 

beam of light through a controlled dispersion environment, and the average size of 

the analysed particles is evaluated by the size of the central light spot of the 

diffraction picture obtained on a screen spaced sufficiently from the laser. The 

scheme of determining the droplets size of a spray liquid, which depends on the 

pressure of water or air, is shown in Fig. 1. 

As a source of coherent radiation, the authors used a semiconductor laser with a 

power of about 3 mW with a wavelength λ = 0.75 μm. In this case, the size of the 

light spot of the diffraction picture – X, which is visible on the screen in a darkened 

room, was measured at a distance of L  500 cm, and the estimation of the average 

size of droplets or particles weighed in the air ( d ) was carried out according to the 

formula: 

L
X

d


22.1 , µm.         (7) 

 

where λ – is the radiation wavelength, μm; X – is the size of the light spot of the 

diffraction pattern, cm; L – is the distance to the screen, cm. 
 

 
 

1 − laser emitter; 2 – water irrigator (sprayer); 3 – screen 

Figure 1 – Scheme for determining the droplets size of spray liquid 
 

It was found that when the pressure of compressed air changed from 0.1 to 

0.4 MPa (approximately in the range of 1 to 4 atm.), the average size of droplets 

decreased from 26 to 9 microns. It is noteworthy that the major water mass of natural 

fog, formed in the atmosphere falls on particles of 5-15 microns, with a median 

diameter of about 10 microns. As you can see, it is possible to get an artificial fog, 

which is known to be the most effective trapper of fine (respirable) dust, by use of 

pneumatic nozzle with a relatively small air pressure (about 0.4 MPa) and at the 

opening of the jet nozzle twice as large as is usually recommended for fog generators, 

which does not require special water purification before feeding into the nozzle. 

To determine a disperse composition of dust the sample dust was prepared. At the 

same time, the glass plate was lubricated with a thin layer of Vaseline. The plate thus 
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prepared was placed in a dusty stream for sticking particles for a short time. The 

resulting dust sample was covered with a clean cover glass. Further, in laboratory 

conditions, the test was placed in the path of the laser beam, respectively to the 

scheme shown in Fig. 1, i.e. instead of a water irrigator. 

Note that after evaluating the size of the particles (dust and droplets), the required 

value (ri+Rj)
2
/Rj

3
, which is needed for formula (5) or (6) is calculated in particular, for 

the characteristic size of the dust particles. 

The concentrations of dust particles were determined gravimetrically. It is also 

possible to use modern portable devices to measure dust pollution, taking into 

account the range of concentrations and types of dust. 

Determination of the capture coefficient of dust particles with droplets of water is 

a more complex task. With a number of assumptions, its value is determined from the 

general solution of the equation of flow continuity and the equation of particle motion 

in the coordinate system, which is connected with the streamlined drop. 

Without indicating these equations, as an example, we will map on the three-

dimensional graph (Fig. 2) the values of the capture coefficient of particles Eij by 

drops of water of radius Rj, boundary for typical hydro sprayers, namely: 5 and 300 

μm, at different speeds of their mutual movement. Moreover, values of the efficiency 

of capturing dust particles in the diameter from 2 to 60 microns by drops are selected 

for displaying, which, in particular, are formed in fog generators or in the case of 

action of conical nozzle type KF 7.5-40 with a minimum water pressure at a relative 

speed of particles from 5 to 40 m/s. 
 

 

 
Figure 2 – Dependence of the capture efficiency of particles with different radius ri by drops at 

different relative speed of their motion vij: a, b − respectively for drops of radius Rj = 5 and 300 μm 

(the diameter of droplets 2Rj is respectively 10 and 600 μm) 
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The analysis of dependencies presented in Figure 2 shows that the greatest 

interaction efficiency of particles with droplets is observed in the region of an almost 

horizontal plateau occupying the largest surface of a three-dimensional graph where 

Eij varies within the range of 0.95 - 1. This value is typical for high relative speed, for 

large dust particles and for small droplets. Reducing the speed and particle size from 

the maximum values or increasing the size of the drops leads to the displacement of 

Eij values from this plateau into the left front area of the three-dimensional graph to a 

certain minimum. With an average diameter of 10 μm, the minimum was 0.75 for 

particles with a diameter of 2 μm and a relative speed of 5 m/s. Moreover, the plateau 

occupied about 85% of the graph surface. 

With a diameter of droplets of 2Rj = 600 microns, the mentioned above minimum 

for similar boundary conditions reaches 0.1, that is, the interaction efficiency falls 

almost 10 times, and the horizontal plateau occupies twice smaller area on the graph. 

Its left limit at a speed of 5 m/s corresponds to particles in the size of about 25 

microns. The efficiency of capturing smaller particles with such droplets becomes 

below 0.95 and rapidly decreases to the minimum (Eij = 0.1) mentioned above. 

High values of the relative speed of particles and droplets are observed in a 

sputtering torch of a nozzle when spray water is introducing into a pollinated stream. 

The most efficient interaction between them usually occurs here. At a greater 

distance, the droplets are picked up by the flow, gaining its speed. As a result, the 

relative speeds of particles and droplets in the longitudinal direction of the flow fall 

practically to zero. In this case, the transverse pulsating components of the flow speed 

are essential for the interaction of droplets and particles. Value of such transverse 

pulsating components at high Reynolds numbers is only slightly below the 

longitudinal one. 

To generalize the performed theoretical analysis, the dependences of the particle 

capture rate on the size of the dust particles expected to arise when irrigation of the 

polluted air flow, whose speed is constant (Fig. 3), were calculated. 
 

 
Figure 3 – Dependences of the capture coefficient Eij of particles with drops from the size of 

particles at a relative speed of their movement of 5 m/s: 1, 2, 3, 4 − for the diameters of drops 10; 

40; 100 and 600 microns, respectively 
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These dependences were used to determine the size of the semi-liquid particles-

aggregates and dust particles not captured by droplets, i.e. their disperse composition, as 

an important indicator which is necessary for the calculation of the actual scattering 

fields and dust deposition in the free atmosphere, both according to the standardized 

method [48] and according to the method developed by the authors for polydisperse 

particles, which is implemented in the software package "Scilab". The last method 

allows, by means of a computational experiment, to obtain, on a mathematical model, 

two-dimensional diagrams of scattering and deposition of particles in the wind direction 

at a certain intensity of dust emissions, g/s (at the point with the specified territorial 

coordinates), wind speed, m/s, with the most characteristic diffusion coefficient, m
2
/s, 

and the dispersed composition of particles. 

Comparison of the diagrams of the intensity of dust emissions deposition into the 

atmosphere in the territory surrounding the quarry crushing and sorting complex before 

and after irrigation application to suppress the dust in the most dangerous production 

units can determine the effectiveness of dust emissions localization from the specified 

complex by the degree of area displacement of the highest dust intensity to the direction 

of this complex. 

Note that the problem of scattering the total mass of dust ejected and the atmosphere 

at the nodes of dust formation can be represented as a superposition of partial solutions 

obtained separately - for the scattering of not wet (dry) and wetted parts of dust. The 

qualitative nature of solving the problem of dust dispersion at different distances from 

the dust formation site D before and after hydro irrigation is shown in Figure 4. 

As you can see, the wetted part of the dust can almost completely be deposited at a 

distance of 150 m from its source, but not wetted particles continue to spread further in 

the direction of the wind. However, at a distance of 300 m, which corresponds to the 

typical size of the sanitary protection zone (SPZ) of quarries for the extraction of non-

metallic and building materials, the concentration of non-wetted dust, which is mainly 

fine dust, will decrease (Fig. 4) by about half and will become less than the conditional 

level of MPC of dust. 
 

 
 

Figure 4 – The qualitative nature of the change in the surface concentration Cm of the total dust 

mass released into the atmosphere at the sites of dust formation, and its components - not wet (dry) 

and wetted parts of dust formed in the case of dust hydro irrigation in the direction of wind 
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The performed theoretical analysis showed that the higher the efficiency of the 

interaction of dust particles with water droplets, the smaller the wetted particle of dust 

becomes, which means that less dust will fall outside the SPZ of quarry. Therefore, it is 

necessary to improve the efficiency of hydro irrigation. 

Now consider the design of the irrigation system. Perspective, in our opinion, is the 

use of ejector type devices for water spraying and coagulation of dust aerosols in the 

powder-gas environment at the units of dust formation, in particular, on a quarry 

crushing and sorting complex. The air and water ejector (AWE) can be an example of 

such a device, which is a water irrigator with increased efficiency of the use of spray 

water (compared with a separate hydro nozzle), developed with the participation of 

authors for the dust suppression, including dust of non-metallic raw materials extracted 

in quarries, the scheme of which and the principle of action are given in [51]. 

It is a device in which the working fluid is water fed under pressure to the torch of 

the nozzles, at the outlet of which it acquires high speed and is sprayed into small 

droplets. Proceeding from the diffuser, the spray of the water captures (ejects) dusty 

air, which is sucked through the confuser and enters the diffuser, where it interacts with 

the sprayed (dispersed) water, i.e. there is a probabilistic process of interaction of dust 

particles with water droplets. Thus, conditions are formed that at the outlet of the AWE 

leads to intensive coagulation and deposition of the aggregate particles (liquid + dust 

particle). 

Thus, at the outlet of the nozzle a conical water-air jet is formed, the angle of 

opening of which (α) is practically equal to the angle of the cone of the diffuser. This 

creates the conditions necessary for the ejection of dust-contaminated air into the 

receiving chamber, and for the dynamic interaction of dust particles and droplets of the 

spray liquid, which leads to intense coagulation and suppression of enlarged particles-

aggregates (liquid + dust particles) at the outlet of the AWE. 

Experimental studies have shown that it is advisable to use a longer (up to 30-

40 cm) cylindrical chamber between the diffuser and the confuser for single-phase jet 

devices, that is, when using one AWE. This enhances the ejection of dusty air and the 

dynamic interaction of dust particles with droplets. The mode of its operation is 

selected depending on the characteristic concentrations and sizes of dust particles, 

which affect the desired range of the spray torch and water flow. 

The choice of the optimal mode of AWE operation depends on the characteristic 

sizes of the formed dust particles, which are determined by the parameters of the 

crushing and sorting equipment in the quarry, that is, the pressure and water flow of 

AWE are adjusted for each individual production unit. 

As noted, the intensification of dust deposition near the dust formation units will be 

due to their enlargement as a result of water spraying of dust weighed in air and due to 

the coagulation of irrigated particles. 

The use of AWE at the units of dust formation will reduce the spread of dust 

outside the sanitary protection zone under unfavourable meteorological conditions, 

when the convective transfer of atmospheric pollutants is maximal, and under 

favourable conditions will minimize the impact on the territory of the sanitary 

protection zone and, in the end, will reduce its size. Note that the AWE is mobile in 
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design but needs a source of water with a certain pressure. As an option, it is possible 

to arrange tanks with liquid and pumps on a quarry complex. 

Conclusions. Summing up the results of the performed justification of the 

localization method of dust emissions into the atmosphere, coming from the dust 

formation units in mobile crushing and sorting complexes of quarries, the of air-and-

water ejectors − irrigators applying with highly effective use of spray water will reduce 

the spread of dust outside the sanitary protection zone of the quarry, will minimize the 

impact of dust on its territory and, in the long run, reduce the size of the sanitary 

protection zone. 

The practical use of the presented probabilistic assessments of the interaction of 

water droplets with dust particles requires taking into account the disperse composition 

of droplets created by the AWE, the concentration of dust particles released into the 

atmosphere in certain units of the complex, the capture coefficient of particles by drops 

associated with the performance of the AWE and the factors listed, in relation to the 

determination of which specific recommendations and certain methods are given. 

The effectiveness of the emission localization from this complex, which can be 

considered as a plane object of dust release, is recommended to be carried out 

according to the displacement area degree of the greatest concentration or deposition 

intensity outside it towards this complex after the use of irrigators (several air-and-

water ejectors) for the dust suppression. 
____________________________________ 
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