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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 road-
header 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 des-
troyed 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 mechan-
ized underground coal mining.
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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 de-
termining 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
particles are suspended. Under certain conditions, the intensity of the removal of fine
particles 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 scient-
ists as O.0. Skochynskyi, L.I. Baron, V.M. Voroninin, L.D. Voronina, A.D. Bahryn-
ovskyi, B.F. Kirin, A.l. Ksenofontova, A.S. Burchakov, V.V. Kudriashov, K.P. Med-
nikov, 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 ventil-
ation 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.
Voronina, 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 con-
glomerate, reduced humidity or neutralisation of binding charges, dust microstruc-
tures, which have settled and are collapsing, and particles which revert to the sus-
pended state. Under certain conditions, due to the significant intensity of the removal
of fine particles, an increase in air flow can lead to an increase in the concentration 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

y Z10.1

Kp S_
v (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 S,,

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 re-
lationship between the critical velocity u. and the cross-section of the working S, is ex-
ponential

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 m_. u
—zl—(l—ﬂjexp -a— |,
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;
Muin 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, is 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].

2)
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Figure 2 — Schematic dependence of the proportion of dust that passes into the suspended state
m/M on air velocity u,,

The coefficient a can be determined from the expression [11]
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or after simple transformations
4= Mu tga

2

M—m,, 3)

where « 1s the angle of inclination of the tangent to the function m/M=f (uav),

drawn from the point (0; m2,..,/M).
Taking into account (3), expression (2) will take the following form

m M-m_ M
—=1-| —% |exp| —u, g ———
M M M-m_.

4
or
ﬂ _ 1_ 1 min _ avtga
= exp My
M S)

The left-hand side of equation (4) represents the fraction of dust which is suspen-
ded 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 (Mu=M), the ratio m,../M=1.

At u, = 0 expression (4) looks like m=m,., 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 determ-
ined from the right triangle in Fig. 2 as the ratio of the opposite leg to the adjacent
one, i.e.

1 — Mhnin.
1ga = M
U, (6)
from which
1 _ mmin
u, = M .
ga (7)

Substituting (6) into (5), we obtain

m m_. u
—= 1—(1—ﬂjexp(—ﬂj.
M M u, (8)
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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

m =M{1—(1—%jexp(—o,1-ssuw }
M )

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=P1. (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 des-
troyed by cutting follows the statistical law of Weibull distribution

W =1-exp(-1-d*), (11)

where W is the total yield (in fractions of the weight of the whole sample) of the des-
troyed 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 =WPt. (12)
Substituting (11) into (10) and expressing a4 in fractions, we obtain
M =Pt|1-exp(—A-d*
1 1-exp ) 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(i-d”)—l] [exp(—/l-d”)]x

<{1-Lep(-01-8,0,) ]} =y [exp(-0.180,)]
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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

m, Zﬂt[exp(i-d”)_l] [eXp(_’l'dﬂ)] {1_[6Xp(_0’1.swuavﬂ}o (15)

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
1=0.6...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 u; A=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—[6Xp(—1=32'“av)}} kgss. (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

mT = 2,23 {1 —[exp(_la32 °uav ):|} kg/S (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 max-
imum air velocity can be achieved at which the dust will be almost completely blown
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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).

m, kg/s
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12

1.0
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0.6
0.4

0.2

U, /s

0.0
0.0 0.5 L0 L5 2.0

Average air flow rate

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 repres-
ented as spreading from a single source (rock mass destruction and rock mass loading
onto the conveyor) and can be described by the relationship between dust concentra-
tion and the intensity of its formation

S (18)

Substituting (14) into (18), we obtain an expression for determining the dust con-
centration in the face space of the development workings
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_ Pkt[exp(ﬂ-d“)—l] [exp(—/l-d”)]x

Swuav

. —O,I'SW av
x{l—[exp (—O,I-Swuav )]}_ e [eXpé u : )] (19)

CO

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, i.e., as [19, 20]:

C, jL
C= 5 + >
+0'h7/(g+KT7r)L o [1+0'h}/(g+KT7r)Lj
4,5-7uR . .
,d-mURu,, 4,5 -muRu,, ’ (20)
oy (g+K,m)L
where %> Ru, i a parameter which characterises the dust settling along the

length of the workings [8]; oy is 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; yis 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 dy-
namic air viscosity, at a temperature of 20°C £=18.1-10° Pa-s; K7 is the turbulent dif-
fusion coefficient.

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

K,=0,044vRe""”

9

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

where d. 1s a hydraulic diameter of the workings, m:

;8
P

9

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
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C iL
C= 0+
1+¢£ Sw(uav+¢L)
. : 21)

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

Pe[exp(2-d*)-1] [exp(--a")] {1-[exp(-0,1-5,u,,)]} -

C=

S, (u,, +¢L)
_ mmin I:eXp (_0’ 1 ) SWu(JV ):' + mminL
SW (uav + ¢L) SW (uaV + ¢L) . (22)

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

_0.6:10°{1—[exp(-1,321,,) | 6724 1)

CT
S, (1, +¢L) mg/m’, 23)

At u,~=0, the Cr parameter also equals 0, 1.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 equip-
ment 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
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.
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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 AUHAMIYHUX XAPAKTEPUCTMK BEHTUNALMHOrO NOTOKY HA IHTEHCMBHICTb
NEPEXOQOY NNy y 3BAXEHAU CTAH
bedHrrok O., Yebepsiuko FO., Cmonbyerko O., LllegyeHko B., Jlymc I., bonibpyx b.

AHotauif. OuiHka KinbKOCTI MKy, WO NEPEXOanTb Y 3BaXEHWU CTaH 3 BiOWTOI ripHMYOi mMack nig yac pobotu
kombaiHy. Y poBoTi BUKOPUCTAHO aHaniTUYHi METOAM - AN BU3HAYEHHS KIMbKOCTI MMy, LLO NEpexoauTb Y 3BaXeHUN
CTaH 3 BigbwToi ripHMyoi Macu nig vac poboTu kombaiHy 3 ypaxyBaHHAM 0coOnMBOCTEN POGOTM MPOXIGHMLBbKMX
kombaiHiB 3i cTpinonogibHuM pobounm opraHoM Ta AMHAMIYHUX XapaKTEPUCTUK BEHTUNALIMHOIO NOTOKY. BCTaHOBMEHO,
L0 B pe3ynbTaTi NpoLEeCy B3aEMOZii BEHTUNALINHOTO NOTOKY 3 MPHMYOK Macoko, BigOUTOK BUKOHABYMM OpraHoOM npoxi-
AHULBKOTO KOMOAMHy, 3Ha4YHWA BMIMB HA MWNOYTBOPEHHS MatoTb AWHAMIYHI XapaKTepUCTUKA BEHTUNSLIAHOMO NOTOKY.
Ha nigctasi aHanisy npouecy 3aiiMaHHs nuny npu pynHyBaHHI ripcbKoro Macuey kOMBalHOM 3 NoganblUMM TpaHC-
NOPTYBaHHI ripHMYOi Macu, pekoMmeHaoBaHa hopMyna AN BU3HAYEHHS KINbKOCTI MWy, WO NEpexoauTb Y 3BaXeHUM
CTaH i HaOX0AUTb Y PYAHWKOBY aTMOCepy. 3anexHiCTb Macu nuny, Lo yTBOPKOETLCS 3a OAUHWLIO Yacy, Bif NPOLYKTU-
BHOCTI NPOXIGHWLbKOT MaLLMHM € NOCTINHOK BEMUYMHOK (B MEXaXx L€l NpOAYKTUBHOCTI), @ Maca nuny, Lo «BUAYETHCA»
i3 3pyMHOBAHOI YacTWHW MacuBy, 30inblyeTbCs 3i 36INbLIEHHAM LUBWAKOCTI MOBITPSIHOTO NOTOKY. Po3pobneHa Ta
TEOPETUYHO 0BrpyHTOBaHA MaTeMaTU4Ha MOZENb NEpexoay nury Yy 3BaxeHuit CTaH Ta NOro HaaXOMKEHHS Y PYAHWKOBY
aTMocepy, ska Bigpi3HAETLCA Big BiOMUX TUM, LLO BPaxOBYE NPOLLEC 3AIAMaHHSA NNy 3a paxyHOK BMAUBY AUHAMIYHUX
XapaKTepuCTUK BEHTUNALIAHOTO NOTOKY. Ha OCHOBI aHanisy BNNBY AMHAMIYHUX XapakTepPUCTUK BEHTUNALINHOMO NOTOKY
Ha IHTEHCMBHICTb HaAXOMKEHHS Nuny B 3abiHKMiA NpocTip nig Yac poboTi npoxigHMLBKOro kombaiHa 0TpUMaHo Bupa3
ANSt BU3HAYEHHS Macu NuMy, Lo YTBOPIOETECA B Pe3ynbTarti Aii nosiTpsiHOro notoky. OTpuMaHe piBHSIHHA Hapae
IHCTPYMEHT N5 NPOrHO3yBaHHS IHTEHCUBHOCTI HAOXOMKEHHS MUY B LIAXTHY aTMocepy 3a KOHKPETHUX onepavuinHMX
Ta BEHTUNALINHUX napameTpiB. L MOXNMBICTb € HE3aMiHHOW NS NPOAKTUBHOMO NPOEKTYBAHHS Ta ONTUMI3aLii kommne-
KCHWX cTpaTerin 60poTbb1 3 NUIMOM, BKOYaKYW CTpaTeriyHe PO3MILLEHHS CUCTEM NWUMONPUAYLIEHHS, NOKANbHY BUTSX-
HY BEHTWIALK Ta BU3HAYEHHS ONTUMANbHUX LUBMOKOCTEN NOBITPSIHOrO NOTOKY, Siki 6anaHcyoTh NoTpedy B po3BeeHHi
rasis i3 pusuMkoM HagMmipHoro nunonigiomy. Mepexogaum Bifg eMNipUYHOrO CNOCTEPEKEHHS 4O KiNbKICHOI Mogeni, us
poboTa 3aknagae HaykoBy OCHOBY [Nsi MOMIMWEHHs SKOCTi NoBiTps Ta 3abesneyeHHs Ge3neku ripHWKiB Ha Mexa-
Hi30BaHWX Nig3eMHUX BYrifbHWX LWaXTaXx.

KntoyoBi cnoBa: KinbkiCTb nuny, OWHaMiYHi XapaKTEpUCTUKM BEHTUMALIMHOrO NOTOKY, Bigbuta ripHuya maca,
3BaXEHUM nun.
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