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Abstract. Estimation of the amount of dust transitioning to the suspended state from the reflected rock mass during
the operation of the roadheader. In this paper, analytical methods are used to determine the amount of dust transitioning
from the reflected rock mass to the suspended state during the operation of the roadheader, taking into account the
peculiarities of the operation of tunnelling machines with a boom-shaped working body and the dynamic characteristics
of the ventilation flow. It has been established that as a result of the interaction of the ventilation flow with the rock mass
broken by the roadheader’s actuator, the dynamic characteristics of the ventilation flow have a significant impact on dust
formation. Based on the analysis of the process of dust generation during the destruction of a rock mass by a roadhead-
er and subsequent transportation of the rock mass, a formula is recommended for determining the amount of dust which
becomes suspended and enters the mine atmosphere. The dependence of the mass of dust formed per unit time on the
capacity of the roadheader and is a constant value (within this capacity), and the mass of dust ‘blown out’ from the destroyed
part of the massif increases with an increase in the air flow velocity. A mathematical model of the transition of dust to the
suspended state and its entry into the mine atmosphere has been developed and theoretically substantiated, which
differs from the known ones in that it takes into account the process of dust rise due to the influence of dynamic charac-
teristics of the ventilation flow. Based on the analysis of the influence of the dynamic characteristics of the ventilation flow on
the intensity of dust inflow into the face space during the operation of the roadheader, an expression for determining the mass
of dust formed as a result of the air flow was obtained. The derived expression provides a predictive tool for estimating the
intensity of dust inflow into the mine atmosphere under specific operational and ventilation parameters. This capability is
indispensable for the proactive design and optimization of integrated dust control strategies, including the strategic
placement of dust suppression systems, local exhaust ventilation, and the determination of optimal airflow rates that
balance the need for gas dilution with the risk of excessive dust suspension. By moving from empirical observation to a
quantifiable model, this work lays a scientific foundation for enhancing air quality and ensuring miner safety in mecha-
nized underground coal mining.

Keywords: amount of dust, dynamic characteristics of the ventilation flow, broken rock mass, suspended dust.

1. Introduction

During the operation of a roadheader, a significant amount of dust entering the
mine atmosphere is generated by the aerogel which is trapped in the broken rock
mass.

The dust contained in the overburden consists of dust present in the seam prior to
mining, dust generated by the destruction of coal by the cutter of the mining machine
and dust deposited by sedimentation processes. The dust present in the seam, com-
monly referred to as ‘shear dust’, is formed as a result of tectonic forces and the re-
distribution of stress in the massif in the area affected by the mine workings. The
largest amount of shear dust is located in areas subjected to increased stress, which
results in the formation of new cracks and the removal of the surrounding seam ele-
ments relative to each other. The intensity of the suspension of this type of aerogel
depends on the dynamic characteristics of the ventilation current, its interaction with
the aerogel during the transportation of the broken rock mass along the length of the
workings, productivity and the nature of the production process.
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In view of the above, the objective of this study is to develop a method for deter-
mining the amount of dust entering the mine atmosphere from the broken rock mass
during the operation of the roadheader.

The amount of dust that becomes suspended depends on both the properties of the
broken rock mass (fineness, moisture content, etc.) and the influence of the external
environment. The greater the dynamic pressure of the air flow is, the more dust parti-
cles are suspended. Under certain conditions, the intensity of the removal of fine par-
ticles can be so significant that an increase in air flow will lead to an increase in dust
concentration in the workings rather than in a decrease.

Whirling-up of dust occurs with ventilation modes changing, when the aerogel is
removed from the surfaces under the dynamic influence of the flow following the air
velocity decrease to a certain critical value. Moreover, relatively large dust particles
formed earlier can be destroyed under the influence of mechanical factors (friction
between pieces of rock mass, etc.) and then enter the air, forming an aerosol.

The change in the cross-section of the workings during the technological process
has a significant impact on the dust entrainment by the air flow, creating an increased
velocity in a narrow cross-section and contributing to its disruption from the surface
of the broken rock mass. In transport workings, when the rock mass moves towards
the ventilation flow, the relative velocity of the air stream increases, which also leads
to dust being dislodged from the surface of the transported mineral.

It is possible to avoid contamination of the air flow by blown dust by creating
such ventilation modes in which the aerodynamic forces acting on previously settled
dust particles would be lower than the intermolecular forces holding them.

However, this issue has not been studied sufficiently. The information published
on the air-flow velocity at which whirling-up of dust in mine workings begins is very
controversial; the given relationship between the amount of dust removal from a dust-
laden surface and the air flow velocity lacks sufficient experimental confirmation.

Many works have been devoted to theoretical and experimental studies on pro-
cesses of dust entrainment from surfaces, including those by such prominent scien-
tists as O.0. Skochynskyi, L.I. Baron, V.M. Voroninin, L.D. Voronina, A.D. Bah-
rynovskyi, B.F. Kirin, A.l. Ksenofontova, A.S. Burchakov, V.V. Kudriashov,
K.P. Mednikov, P.I. Mustel, P.M. Petrukhin, S.B. Romanchenko, A.A. Trubitsyn,
N.A. Fuks, V.Ye. Kolesnyk and many others.

The issues of ensuring safe working conditions for miners and determining venti-
lation parameters in mines are discussed in [1, 2].

The analysis of the studies [3, 4] shows that when calculating and organising anti-
dust ventilation mode, it is necessary to know not only the critical velocity at which
dust is dislodged, but also the amount of its whirling-up from the dusty surface, de-
pending on the air-flow velocity. This issue was studied by V.N. Voronin, L.D. Vo-
ronina, and A.D. Bahrynovskyi. Their theoretical conclusions are based on the hy-
pothesis that the amount of dust blown off a unit area of the dust-laden surface is lin-
early dependent on the difference in the air flow velocity and the critical velocity at
which dust particles begin to break off. However, experimental work performed by
other researchers [5, 6, 7] did not confirm this.
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The data on the intensity of the transition of dust to the suspended state, and, con-
sequently, the amount of dust formation associated with this process, allow not only
calculating the optimal ventilation modes, but also determining the rational locations
for the installation of ventilation and dust collection equipment.

2. Methods

As noted in [8], in a ventilated workplace, the process of aerosol formation during
the continuous release of dust is significantly influenced by the dynamic parameters
of the flow.

The increase in dust concentration due to an increase in air flow is associated with
the process of entrainment of previously settled dust.

The processes of dust aerosol particle deposition and entrainment are considered
in close correlation [9, 10]. These include dust settled due to the high drag of the
conglomerate, reduced humidity or neutralisation of binding charges, dust micro-
structures, which have settled and are collapsing, and particles which revert to the
suspended state. Under certain conditions, due to the significant intensity of the re-
moval of fine particles, an increase in air flow can lead to an increase in the concen-
tration of dust in the air rather than to a decrease [9].

The velocity at which dust particles begin to rise is about 0.3 m/s [11, 12]. The
authors of the studies [11, 12, 13] state that the critical air velocity u,,, at which dust
starts to rise, depends on the cross-sectional area S,, of the workings and is deter-
mined by the expression

10.1
Uy 25 (1

Expression (1) defines the permissible lower limit of the flow velocity in the mode of
stable dusting, i.e. it shows that stable dusting is possible if the air velocity is not lower
than shown in (1). At the lower limit of the flow velocity, the deeper-lying particles be-
come compacted and form large conglomerates. [14].
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Figure 1 — Relationship between the critical velocity u.- and the cross-section of the workings Sy
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Therefore, equation (1) gives only the permissible lower limit, not the value of the
critical velocity.

The graphical interpretation of expression (1), shown in Fig. 1, indicates that the rela-
tionship between the critical velocity u., and the cross-section of the working S,, is expo-
nential

To study the dynamics of dust entrainment, it is of interest to use the empirical de-
pendence for taking into account the dust which rises into the air from the broken rock
mass M, which was proposed in [15] and can be used in calculations

m_ 1_[1_%}@ _gta
M M u ) @)

where m is the mass of dust that is carried into the atmosphere from the broken rock
mass by the air flow, kg; M is the mass of dust contained in the broken rock mass, kg;
Mumin 18 the minimum mass of dust rising into the atmosphere at the air flow rate u,=0
(during the interaction of different fractions associated with the movement of rock
mass); u 1s the dust suspension velocity, m/s; u,, is the average air flow rate, m/s; a is
the empirical coefficient.

Expression (2) can be represented as a schematic dependence of the transition of a
part of the dust to the suspended state on the air velocity (Fig. 2) [12].
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Figure 2 — Schematic dependence of the proportion of dust that passes into the suspended state
m/M on air velocity uq,

The coefficient a can be determined from the expression [11]

_uJlga
1— mmin

M

or after simple transformations
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3)

g= Mu tga
M _mmin ,
where « is the angle of inclination of the tangent to the function m/M = f(u,,),

drawn from the point (0; m,;,/M).
Taking into account (3), expression (2) will take the following form

- M —my, exp| —u t a—M 4
M M P & M-m_ 4)
or
ﬂ_ _ _mmin _ uavtga
M—l (l NYE jexp —1_%. &)
M

The left-hand side of equation (4) represents the fraction of dust which is sus-
pended due to the dynamic characteristics of the air flow (air velocity and its degree
of turbulence), which can be expressed as the percentage of the total dust content in
the rock mass. At the maximum amount of dust which can be suspended from the
rock mass (m,,..=M), the ratio m,,,/M=1.

At u,, = 0 expression (4) looks like m=m,n, 1.€., the amount of dust released is re-
lated only to the process of rock mass movement.

According to Fig. 2, the critical velocity u. of the entrainment of the main dust
mass is the projection of the tangent to the function m/M=f (U,,) drawn from the
point (0; m,;,,/M) to the point of intersection with the axis m/M=1 and can be deter-
mined from the right triangle in Fig. 2 as the ratio of the opposite leg to the adjacent
one, i.e.

Iga = M (6)
ucr
from which
1
ucr = l‘ga * (7)

Substituting (6) into (5), we obtain

ﬂ—l—(l——mmmjex ] 8
M m )P u, ) ®)

From the obtained expression (8), taking into account (1), we determine the mass
of dust that is lifted into the atmosphere from the broken rock mass by the air flow
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m :M{1—(1—%)exp(—O,l-Sguav)}. (9)

The total amount of broken rock mass (4, t) depends on the productivity of the
roadheader (P;, t per min) and is determined by the amount of broken rock mass (4, t)
per unit of time

A=Pt. (10)
As a result of special studies [16,17], it was found that in the size range from -

0.01 to +100 mm, the distribution of grains by their size in the total mass of coal de-
stroyed by cutting follows the statistical law of Weibull distribution

W =1-exp(-A4-d"), (11)

where W is the total yield (in fractions of the weight of the whole sample) of the de-
stroyed coal which passed through a sieve with holes of d mm; A is the parameter of
the grinding degree, which depends on the adopted methods and cutting modes; wis a
constant parameter for the given coal (seam) which characterises its ability to crush
and does not depend on cutting methods and modes; d is the size of the particles of
the destroyed coal which have passed through the sieve with the pass-through open-
ings for these particles, mm.

On the basis of (10) and taking into account (11), we determine the mass of the
dust contained in the broken rock mass

M =WPst. (12)
Substituting (11) into (10) and expressing ay in fractions, we obtain

M =Pt[1-exp(-A-d")] ke (13)

Substituting (13) into (9), we obtain an expression for determining the mass of dust
released into the atmosphere from the broken rock mass by the air flow during the
time ¢

m =Pst[exp(/1-d”)—l] [exp(—/"t-d”)]x

x(1=[exp (=018, ) Jj =y, [exp(-0.1-5, 1, )] kg (14)

Taking m,,;,;=0 in (14), we obtain an expression for calculating the mass of dust
which rises into the mine atmosphere only due to the dynamic properties of the flow

my = Piexp(2:d”)=1] [exp(-2-d")] {1-[exp(-0.1-5,,)]}.  a13)
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Since the size of the particles capable of passing into the suspended state is equal
to <70 um, we assume d=0.07 mm.

According to the studies conducted [18], the values of indicators of the ability of
coal to grind are in the range from 0.4 to 1.3, with the most common indicators
170.6...0.85.

The parameter of the grinding degree A depends on the adopted methods and
modes of cutting and is determined according to the graph [18], depending on the
value of the parameter z; 4=0.1.

The productivity of the EBZ-160 roadheading machine, which is currently the
most widely used in coal mines, makes 300 tonnes per hour or 5 tonnes per minute.

Substituting the obtained values of the parameters into (15), we obtain an expres-
sion for determining the mass of dust formed as a result of the action of the air flow,
which, according to research [12], is 63% of the total mass of dust rising into the
mine atmosphere

m, :1,63{1—[exp(—1,32-uav)}} kg, (16)

Since expression (16) determines 63% of the total mass of dust rising into the
mine atmosphere of the dead-end workings mp, the total mass of this dust is therefore
equal to

my =2,23{1-[exp(-1,32-u,,) ]} kes. (17)

Fig. 3 shows a graph of the relationship between the mass of dust entrained by the
air flow from the broken rock mass and the ventilation flow rate.

The graph shows that as the air flow velocity increases, the mass of dust ‘blown’
from the destroyed part of the massif increases, but the activity of this process de-
creases, as indicated by the nature of the curve.

3. Theoretical and experimental parts

The decreasing intensity of the process of ‘blowing’ dust from the destroyed part
of the massif is explained by the fact that the mass of dust generated per unit time
mainly depends on the productivity of the roadheader and is a constant value (within
this capacity), while the mass of dust ‘blown’ from the destroyed part of the massif
increases with an increase in the air flow rate. In this regard, theoretically, the maxi-
mum air velocity can be achieved at which the dust will be almost completely blown
away [15]. However, in practice, this does not occur, because with the increasing in-
fluence of the dynamic characteristics of the air flow, new dust particles are formed
which are prone to being blown away. Therefore, the curve in Fig. 3 is an exponent
which asymptotically approaching 1, i.e. to the position at which the mass of dust
raised into the atmosphere from the broken rock mass by the air flow m is equal to the
mass of dust contained in the broken rock mass M (m=M).
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Figure 3 — Relationship between the mass of dust m, which rises into the mining atmosphere, and
the value of the air flow velocity u., in the development workings carried out
by the EBZ-160 roadheader

According to (14), in a steady-state mode (given a sufficient amount of generated
dust), dust rises along the entire length of the mine workings and depends on the
squared velocity of the air flow.

Dust suspension occurs most intensively in the face space (during the cutting and
loading of rock mass). In this part of the mine workings, the rising dust can be repre-
sented as spreading from a single source (rock mass destruction and rock mass load-
ing onto the conveyor) and can be described by the relationship between dust concen-
tration and the intensity of its formation

C,=—2. (18)

Substituting (14) into (18), we obtain an expression for determining the dust con-
centration in the face space of the development workings

Pkt[exp(}t-d”)—l] [exp(—ﬂ-d“)]
Co= S u *
)]} My, [exp(—O, 1-Su,

S u

wav

% (19)

x{1-[exp(-0,1-8,u

w-av

The dust generated in the face space spreads further along the working face and
can be described by the concentration-length dependence, taking into account its ini-
tial formation Cy and deposition, 1.e., as [19, 20]:
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c .
c-— G + L : (20)
1+0'h7/(g+KT7r)L <. 1+0'h7/(g+KT7r)L
4,5-muRu,, e 4,5-muRu,,
2
o +K,7)L . . . .
where h:(sg RT ) is a parameter which characterises the dust settling along the
2 ﬂ-lu uav

length of the workings [8]; o, 1s standard deviation of the size of protrusions and de-
pressions relative to the plane of the cut, when rock mass particles are destroyed by
interaction; 0;,=3-10%...10-107; y is density of dust particles, kg/m?; L, R are length
and hydraulic radius of the mine workings, m; g is acceleration of free fall, m/s?; u is
dynamic air viscosity, at a temperature of 20°C £=18.1-10° Pa's; Kr is the turbulent
diffusion coefficient.

For mine workings, K7 is determined from the expression [16]

K7 =0,044vRe%7,

where v is kinematic air viscosity, m?/s; v=14.41-10° m?/s [17]; Re is the Reynolds
number; it is determined from the expression [17]:

where S is cross-section of the workings, m?; P is the perimeter of the workings, m.
By specifying the parameter which characterises dust deposition along the length of
the product through ¢, we obtain

C jL
C= ¢+ , (21)
1+ ¢L S, (u,, +¢L)
u

av

where j is a quantity taken into account in the equations to describe the phase shifts
between air velocity and dust concentration.
Substituting (19) into (20), taking into account (21), we obtain

Pst[exp(/l-a”‘)—l] [exp(—l-d”)]
C= S (. +41) {1 —[exp(—O,LSwuav )]} -
My, [exp(—O, 1-S u,, )] M L
S, (u,, +4L) S, (u,, +@L)

(22)
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In a particular case, when the EBZ-160 roadheader operates in dead-end work-
ings, taking into account expressions (17), (21), we obtain

_ 0,610 {1 —[exp(-1,32-u,, ) |

C
! S, (uav + ¢L)

(3,72+ L) mg/m’. (23)

At u,,=0, the Crparameter also equals 0, i.e., it turns out that no dust is released from
the destroyed rock mass during the operation of the roadheader and in the absence of
ventilation.

However, even in the absence of ventilation, the air environment in any process does
not remain absolutely stationary due to local disturbances caused by the specifics of the
process (movement of the roadheader and its executive body, movement of miners, heat
flows arising from high temperatures during rock cutting, etc.), so u, # 0 and takes on
some minimum values.

4. Results and discussion

The results of the calculations performed based on expression (23) under the condi-
tions of mining with the EBZ-160 roadheader without the use of dust suppression
equipment are shown in Fig. 4.
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Figure 4 — Graph of dust content variation in the air along the length of the development workings de-
pending on the air velocity

The graph in Fig. 4 shows that the highest dust content is found in the bottomhole
space at the working place of the roadheader operator, where the concentration of coal
dust can exceed the critical concentration by 250...800 times.

Outside the face space, the dust content in the air decreases significantly. This is due
to the deposition of coarse dust. Further along the length of the working face, the process
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of dust deposition dies down due to gravitational forces and the amount of dust in the air
is almost constant, which is due to the content of the ventilation stream mainly of fine
dust, which is almost completely removed from the development workings.

5. Conclusions

The intensive increase in the dust concentration in the air of the face space of a dead-
end working face during the operation of the roadheader should be considered as a result
of the rise of a significant amount of fine dust from the broken rock mass due to the in-
fluence of the dynamic characteristics of the ventilation flow, which allows taking this
influence into account when predicting the amount of dust entering the mine atmosphere
during the operation of the roadheader.

It has been established that an important role in the transition of fine dust particles to
the suspended state is played by the air flow velocity, with an increase in which the mass
of dust ‘blown’ from the destroyed part of the massif increases, but the intensity of this
process decreases. This is explained by the dependence of the mass of dust formed per
unit time on the capacity of the roadheader and is a constant value (within this capacity),
and the mass of dust ‘blown out’ from the destroyed part of the massif increases with an
increase in the air flow velocity.

A mathematical model of dust inflow into the mine atmosphere has been developed
and theoretically substantiated, which differs from the known ones in that it takes into
account the process of dust suspension due to the influence of dynamic characteristics of
the ventilation flow.

Based on the analysis of the influence of the dynamic characteristics of the ventila-
tion flow on the intensity of dust inflow into the face space during the operation of the
roadheader, an expression for determining the mass of dust formed as a result of the air
flow was obtained.
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BNNUB OUHAMIYHUX XAPAKTEPUCTUK BEHTUNALUIMHOrO TMOTOKY HA IHTEHCUBHICTb
MEPEXOQY Nuny Yy 3BAXEHWUM CTAH
GedHrok O., Yebepsiuko FO., CmonbyeHko O., LllegueHko B., Jlymc I., bonibpyx b.

AHoTauifi. OuiHKa KiNnbKOCTi NIy, WO NEPexoamnTb Y 3BaXeEHUIA CTaH 3 BiBOMTOI ripHUY0i Mack nig vyac poboTu Kom-
BaitHy. Y poboTi BUKOPUCTAHO aHaNITUYHI METOAN - AN1S BU3HAYEHHS! KiNbKOCTI MUY, LLO NEPEXOANTb Y 3BaKEHWUN CTaH 3
BigbuTOI ripHMyoi Mack nig Yac poboTu kombaiiHy 3 ypaxyBaHHAM 0cobnmBocTeN poboTH NPOXIGHWLBEKMX KOMBANHIB 3i
cTpinonogibHum pobounm opraHoM Ta AUHAMIYHIUX XapaKTEPUCTIK BEHTUNALINHOTO NOTOKY. BCTaHOBNEHO, LWO B pesyrb-
TaTi NpoLecy B3aEMOAii BEHTUMALINHONO NOTOKY 3 FPHMYOK MACOH, BiAOMTOK BWUKOHABYMM OpraHOM MPOXiAHMLBKOMO
koMbalHy, 3Ha4YHUI BNIMB HA NUNOYTBOPEHHS MAKOTb AWHAMIYHI XapaKTEPUCTUKM BEHTUNALIMHOMO NOTOKy. Ha nigcTasi
aHanisy npouecy 3aiMMaHHsa NNy Npu PyIHYBaHHI ripCbKOro Macuey KOM6GalHOM 3 NO4AaNbLUMM TPaHCMOPTYBAHHI FipHK-
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4oi Macy, pekoMeHZoBaHa hopMyna Ans BU3HAYEHHS KINbKOCTI Ny, LU0 NEPEXOAUTb Y 3BaXEHWUI CTaH | HaaXoauTb Y
PYOHUKOBY aTMocdhepy. 3anexHiCTb Macu nuny, Lo YTBOPHETLCA 3a OAUHWLIO Yacy, Bif NPOAYKTUBHOCTI NPOXiAHNULBKOI
MaLUMHW € MOCTINHOK BENMYMHO (B MEXaX L€l NpoayKTMBHOCTI), @ Maca nuny, WO «BUAYETLCAY i3 3pYIMHOBAHOI YacTu-
HW MacyBy, 36iNbLUyETHCA 3i 30iNbLUEHHAM LUBUAKOCTI NOBITPSAHOTO NOTOKY. Po3pobneHa Ta TeopeTnyHo 0BrpyHTOBaHA
MatemaTiyHa MoZenb nepexoay nuny y 3BaXEHWN CTaH Ta MOro HaOXOMKEHHS Y PYAHUKOBY aTMOCepy, ska BiapisHs-
€TbCA Bif BiJOMUX TWUM, L0 BPaxoBye NPoLEC 34iIMMaHHS NIy 3a paxyHOK BNIMBY AWHAMIYHUX XapaKTEPUCTUK BEHTU-
NALIMHOro NOTOKy. Ha OCHOBI aHaniy BNNWBY AWHAMIYHUX XapaKTEPUCTUK BEHTWUMALIMHOTO MOTOKY Ha iHTEHCUBHICTL
HaaXomKeHHs nuny B 3abiHKMA NpocTip nig Yac poboTH NPOXiAHULEKOTO kKomBalHa OTPUMaHO BMPa3 Ansl BUSHAYEHHS
Macu nuny, Lo YTBOPIOETLCA B pe3ynbTarTi Aii NOBITPsIHOrO NoToky. OTpUMaHe piBHSHHS Hafae IHCTPYMEHT 4N1s NPOrHo-
3YBaHHS iHTEHCWUBHOCTi HAAXOMKEHHS MUY B LUAXTHY aTMocepy 3a KOHKPETHUX OnepaLiiHX Ta BEHTUNALRHUX napa-
MeTpiB. LI MOXNMBICTb € HE3aMiHHOK AN NPOAKTUBHOIO NPOEKTYBAHHS Ta ONTUMI3aLlii KOMINEKCHWX cTpaTeriin Gopo-
TbOW 3 NMUNOM, BKIIOYAKOYM CTPATEriyHE PO3MILLEHHSI CUCTEM MUIONPUAYLIEHHS, NOKamnbHY BUTSXKHY BEHTUNALO Ta
BM3HAYEHHS ONTUMArbHUX LUBUAKOCTEN MOBITPSHOTO MOTOKY, ki GanaHcyloTb NOTpeby B pO3BEEHHI rasiB i3 PU3NKOM
HagMipHoro nunoniginomy. lNepexogsyn Big eMNIPUYHOrO CNOCTEPEXEHHS A0 KiNbKiCHOI Mogeni, s poboTa 3aknagae
HayKoBY OCHOBY ANS1 NONIMLIEHHS SKOCTI NOBITPSA Ta 3abe3neyeHHs Be3neku ripHMkiB Ha MexaHi30BaHKX Mig3eMHuUX ByTri-
NbHNX LUAXTaXx.

Knto4oBi cnoBa: KinbKicTb nuy, AMHaMIYHI XapakTepUCTUKW BEHTUAALIMHOTO NOTOKY, BigbuTa ripHMya Maca, 3Ba-
KEHWIA .



