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Abstract

Determining the sources of hazardous and toxic substances released into mine air, their gas composition, as
well as providing each such source of pollution with the required amount of fresh air are important issues
in terms of ensuring normal healthy and safe working conditions for miners. This paper studies blasting
as one of the most dangerous sources of mine air pollution. The study was carried out for a long dead-end
exploration working, and a development (preparatory) working of a copper-nickel mine. In accordance with
the federal rules and regulations (FNiP), a number of requirements, including monitoring of gas hazard at
a face, is applied to blasting operations.

The study examined the behavior of gas-air mixture in dead-end mine workings after blasting. The
findings are based on the experimental data obtained in the conditions of two dead-end workings at an
operating copper-nickel mine. A technique for the experimental studies of gas release after blasting in
a dead-end working was developed. The main technical characteristics of the instruments involved in the
in-situ measurements are given. Time dependences of the concentrations of toxic gases after blasting
at the blasted working mouth, at the return ventilation current, and near a booster were established. In
order to assess the reliability of the data obtained, the volume of released carbon oxides was calculated
based on the data of gas analyzers and chemical reactions of explosives decomposition during detonation,
depending on the types and weights of the explosives. A model of gas-air mixture transfer was described,
constructed, and calibrated allowing for longitudinal dispersion. The Voronin model was used to simulate
the gradual removal of toxic gases from the working face and solving the problem of boundary conditions.
Based on experimental data, the coefficients of longitudinal dispersion, ventilation efficiency, and volume
concentration of the considered gas admixture in the mixing zone at initial time were determined for a long
dead-end mine working.

The constructed gas-dynamic model and longitudinal dispersion coefficients obtained as a result of
the analysis enabled the time required for long dead-end mine workings ventilation to be analysed and
estimated. Based on the model, the algorithm for calculating the velocity of spreading the combustion
products in a mine ventilation network in emergency situations is being improved. The value of longitudinal
dispersion coefficient for different operating conditions is also being refined.

Based on the gas distribution simulation within the interval of 1,500 m from a working face, the time required
for the ventilation of a dead-end mine working was determined.
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TEXHOJIOT'M4YECKASA BE3OIMNACHOCTb B MUHEPAJIbHO-CbIPbEBOM KOMIJIEKCE
N OXPAHA OKPY)XAIOLLEW CPEAIbI

Hay4Has cTaTbs

UccnepoBaHne AUHAMUKMN ra3oBoii 06CTaHOBKMW NoA3eMHbIX BbIpa60ToK
nocne npoBefAeHus B3pbIBHbIX paboT

I.B. OnbxoBckuii =14 >4, O.C. ITapmakos %, C.A. Byoank
Topnbiii uHcmumym Ypansckozo omdenenust PAH, 2. [Tepmb, Poccutickas @edepayus

DA< demexez@gmail.com

AHHOTauunA

OmpeneneHye CTOYHMKOB BbIZEIEHMSI OTTACHBIX Y SIOBUTHIX BEIIECTB B PYIHNYHYIO0 aTMOChEpY, X ra30BOTO
COCTaBa, a Takke obecrevueHye KakJI0ro TaKoro MCTOYHMKA 3arpsi3HeHMsI TpeOyeMbIM KOJIMUYECTBOM CBEKEro
BO3/lyXa — BaXKHbIE BOIIPOCHI C TOUKM 3peHMSI 06ecIrieueHysI HOpMaIbHbIX CAHUTAPHO-TUTMEHNYECKNX U 6e3-
OTIaCHBIX YUIOBMIA TpyJa TopHOpabounx. B HacTosieit paboTe Ha MpUMepe MPOTSKEHHO TYIMKOBOI pa3Be-
IIOYHO¥ BBIPAOOTKM U MOATOTOBUTEIBHOM pa3pe3HOii BHIPAOOTKM MeIHO-HMKEIEeBOr0 PYIHMKA ITPOBOAUTCS
MccaeIoBaHye OMHOTO 13 Haubojiee OMacHbIX MCTOUHMKOB 3arpsi3HeHMsT — B3PbIBHBIX PaboT, K KOTOPBIM B CO-
orBeTcTBUMU C PemepasbHbIMK HOpMamu 1 ripasuiaamvu (PHull) npembasisieTcs psi Tpe6oBaHMii, B TOM 4MC/Ie
OCyIIeCTBJIEHVE KOHTPOJIS Ta30BO¥ 06CTaHOBKM B 3a60e€.

B pabore nmpoBeneHo MCCie[oBaHNe IMHAMUKY ra30BO3AYIIHOI CMeCH B TYITMKOBBIX TOPHBIX BHIPAOOTKAX ITO-
CJle TIPOBEIEHMS B HX B3PBIBHBIX PaOOT. VIcciemoBaHMSI BBITIOJTHEHBI C YIETOM SKCIIEPUMEHTATbHBIX JaHHbIX,
TTOTyYeHHBIX B YCJIOBUSIX IBYX TYIIMKOBBIX BIPAOOTOK IEVCTBYIOIIEr0 MeIHO-HIKEIeBOro pyaHuKa. Paspa-
60TaHa MeTOIMKa MMPOBEIEHNMSI SKCIIePUMeHTATbHBIX MCCIeI0BaHNI ra30BbIe/IeHN ITOC/Ie B3PbIBHBIX pa0boT
B TYIIMKOBOI BbIpaOOTKe. JIJaHbI OCHOBHbIE TEXHUYECKIME XapaKTEPUCTUKM MHCTPYMEHTAIbHON 6a3bl, 3aeli-
CTBOBAHHOI MPU TIPOBEJIEHNY HATYPHbIX M3MePeHMil. BbISIBJIeHbI 3aBUCMMOCTY M3MEHEHMsT KOHIeHTPaIuii
SIMOBUTBIX T'a30B ITOC/IE B3PBIBHBIX PabOT B YCThe B3PHIBAEMOII BHIPAOOTKM, HA MCXOISINEH CTpye BO3Oyxa
M Y BEHTUJISITOPA MECTHOTO ITPOBETPUBAaHMS. JIJIsT OIIEHKM TOCTOBEPHOCTH ITOTyYeHHbIX JaHHBIX IPOU3BEIEH
pacueT 06’beMa BbIIeJIMBIINXCST OKMCIOB YIJIEPOAA 110 JaHHBIM Ia30aHaIN3aTOPOB U XMMUYECKUM (OopMyJIiaM
pasyioskeHus B3PbIBUATHIX BEIlleCTB P AeTOHALMM B 3aBUCUMOCTY OT TUIIa ¥ MAacChl B3PhIBUAThIX BEIlleCTB.
OmucaHa, MOCTPOeHa U OTKAIMOPOBAaHA MOJIENb IIepeHO0Ca ra30BO3AYIIHON CMeCH C yIeTOM ITPOAOIbHOM IVC-
repcun. JIis MOIEeNMMPOBaHMS MOCTEIIEHHOTO BBIHOCA SIMOBUTHIX Ia30B U3 32601 BLIPAOOTKM U 3amaun rpa-
HUYHOTO YCJIOBUS TIPMMEHSIeTCS Mojeab BopoHnHa. Ha ocHOBe 3KCIEpMMEHTATbHBIX JAHHBIX OIpe/Ie/ieHbl
K03 GUIMEeHThI IPOJOIbHOI aucHepcyun, 3PpGeKTUBHOCTY MPOBETPUBaHMS 1 06beMHast KOHIIeHTpalysl pac-
cMaTpuBaeMoli Ta30BOI IPMMeCH B 30He IepeMelllBaHusI B HAUa/IbHbI/F MOMEHT BpeMeHMU [IJisk TTPOTSKeH-
HOI1 TYMMKOBO BHIPAOOTKM.

[TocTpoeHHas ra3o0gMHAMMUYECKast MOZIEJTb 1 IIOJTyYeHHbBIE B pe3y/IbTaTe aHa/In3a KO3OGUIIMEHTHI TPOIOIbHOM
IVICTIEPCHUY TTO3BOJISIIOT BBITIONHSITh aHA/IN3 BPeMEHY ITPOBETPUBAHMS ITPOTSDKEHHBIX TYIIMKOBBIX BBIPAOOTOK.
Ha ocHOBe IoyueHHOI MOJIeM BeAeTCsI yCOBEPIIeHCTBOBAHMe aJITOPUTMa pacueTa CKOPOCTH pacIpocTpaHe-
HMSI B BEHTU/ISILIMOHHOV CETY PyAHMKA IMPOIYKTOB FOPEHMS TIPY aBapUITHBIX CUTYAIVSIX, @ TAKKE YTOUHEHME
Ko3hduIMeHTa MPogOaLHONM AUCTIEPCUY IJISl PA3/INUHBIX YCIIOBUI BeleHNsT pabor.

OmpemesieHO BpeMs ITIPOBETPUBAHMS TYIIMKOBO BEIPAOOTKY 10 pe3yIbTaTaM MOAEIMPOBAHMS ra3opaciipee-
JIeHUs TIpY yaajaeHun 3a60s1 Bbipa6oTky Ha 1500 M.
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Introduction

Determining the sources of hazardous and toxic
substances released into mine air, their gas composi-
tion, as well as providing each such source of pollution
with the required amount of fresh air are the important
issues in terms of ensuring normal healthy and safe
working conditions for miners [1]. Mine air gas compo-
sition depends on a number of factors (man-made and
natural sources of pollution) [2]:

- rock breaking method,;

- blasting;

— applying mining machinery and equipment;

- rock gas content;

— rock gas-dynamic characteristics.

This paper studies blasting as one of the most
dangerous sources of mine air pollution. The study was
carried out for the case of a long dead-end exploration
mine and a development (preparatory) working of
a copper-nickel mine. In accordance with the federal
rules and regulations (FNiP), a number of requirements,
including monitoring of gas hazard at a face, is applied
to blasting operations®.

The study objectives included:

- in-situ measuring the mine air gas composition
at different distances from a working face over time;

- simulation of gas-dynamic processes in a long
dead-end mine working after blasting;

— determination of the coefficients of longitudinal
dispersion and ventilation efficiency;

— determination of changing the required time
of a long dead-end working ventilation as its driving
proceeds on the basis of the simulation results.

Based on experimental data, the coefficients of
longitudinal dispersion, ventilation efficiency, and
volume concentration of the considered hazardous
gas in the mixing zone at initial time were deter-
mined for a long dead-end working. As a result, the
rate of decreasing toxic gases concentrations was
determined, taking into account the actual parame-
ters of a working ventilation, the flow rate of air
supplied to the face, and the time of its ventilation.
Based on the measurements, the amount of gases
released after blasting was determined. The results
of theoretical studies allowed the performance of
a working ventilation to be assessed, taking into ac-
count the prospective development of mining, on
the basis of the developed and verified gas-dynamic
model of a working.

! Federal norms and rules in the field of industrial
safety “Safety rules for the production, storage and use of
explosive materials for industrial use”: approved by order of the
Federal Service for Environmental, Technological and Nuclear
Supervision dated December 03, 2020 No. 494.
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Experimental studies in a development
(preparatory) working

The general pattern of the measurements was
as follows: prior to blasting in dead-end workings at
predetermined points, portable gas analyzers were
installed in the mode of recording readings, and the
ventilation air flow rates were measured prior to and
after blasting. In most workings the measurement
points were located as follows (Fig. 1):

point 1 — at a booster fan;

point 2 — at the mouth of a working;

point 3 — at the return ventilation current from
a dead end.

The location of a gas analyzer at point 1 enabled
the presence of toxic gases and the degree of influ-
ence of the toxic gases recirculation on the face ven-
tilation to be assessed. The gas analyzer at point 2
enabled the time required to ventilate a dead-end
working, as well as the volume of the released gases
to be determined. The gas analyzer at point 3 ena-
bled the time of removal of the toxic gases and the
degree of dilution of the toxic gases by return venti-
lation current to be assessed, taking into account the
additional fresh air intake.

According to this pattern, the measurements were
carried out in a development (preparatory) working
(Stope drift 26-20-1). Driager X-am 5600 portable
gas analyzers were used for the measurements (their
technical specifications are presented in Table 1).

The volume of air was determined by an APR-2
propeller-type anemometer and a Leica Disto X310
laser rangefinder. The main technical characteristics
of the devices are given in Table 2.

The blasting of any industrial explosive produces
toxic gases in varying quantities [3]. The main
products of industrial explosives blasting are: carbon
oxides CO and CO,, sulfur dioxide SO,, and nitrogen
oxides NO, NO, [4]. The concentration of sulfur
dioxide SO, was not measured in this study, due to
the strong influence on the readings of the nitrogen
dioxide (NO,) gas analyzer sensors.

1

(o —

Fig. 1. Locations of portable gas analyzers
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Processing of the portable gas analyzers data
for each measuring point enabled graphs presenting
the toxic gas concentrations in a working mine to be
constructed as a function of time elapsed. Figs. 2-4
show graphs of carbon monoxide CO and nitrogen
dioxide NO, concentrations as functions of time.

Fig. 5 presents the carbon dioxide CO, concen-
trations as functions of time. No significant changes
in the concentrations of oxygen O, and methane CH,
were recorded (were not shown in the graphs).

The time of working ventilation required to
achieve a concentration decrease below the Maximum
Permissible Concentration (MPC) was 130 minutes—
much longer than the time permitted by the federal
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rules and regulations (FNiP) (30 minutes)2. The results
of the monitoring of the toxic gases concentrations
after blasting suggest that the booster fan was turned
off prior to blasting and was launched only at 22:50.
This means that the working was not ventilated by
active air current for 110 minutes. This assumption
is supported by the curve in Fig. 3, where the
concentration of toxic gases begins to sharply decrease
after switching on the booster fan. In the return

2 Federal rules and regulations in the field of industrial

safety “Safety rules for mining and processing of minerals”:
approved by Order No. 505 of the Federal Service for
Ecological, Technological and Nuclear Supervision dated
08.12.2020, 524 p.

Table 1

Technical specifications of a Dridger X-am 5600 gas analyzer

Measured gas Measuring range | Sensor lower detection limit | Measurement error | Sensor response time
Methane CH, 0-100 % LEL 0.1 % LEL +5 % LFL Upto15s
Carbon dioxide CO, 0-5vol. % 0.01 vol. % £10% Upto15s
Oxygen O, 0-25vol. % 0.1vol. % £5% 5-90s
Carbon monoxide CO 0-2000 ppm 1 ppm £15% 5-90s
Nitric oxide NO 0-200 ppm 0.1 ppm £10% 5-90s
Nitrogen dioxide NO, 0-50 ppm 0.1 ppm £15% 5-90s

Table 2
Technical specifications of the anemometer and rangefinder
Measured value ‘ Measuring range ‘ Measurement error
APR-2
Airflow velocity ‘ 0.2-40 m/s ‘ £(0.1+0.05V)m/s
Leica Disto X310
Length ‘ 0.05-120 m ‘ *1.0 mm
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Fig. 2. Toxic gas concentrations at the booster fan (point 1) as functions of time
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ventilation current (see Fig. 4), the concentration of
the toxic gases, on the contrary, sharply increased.
This suggested the rapid removal of the toxic gases
from the dead-end working and evidenced the
activation of the booster fan. In 20 minutes after
booster fan activation, the concentration of the toxic
gases reached the background values. This indicated
a sufficient level of ventilation under the condition of
a permanently operating booster fan.

In addition, the experimental data analysis allows
certain conclusions to be drawn. In Figs. 2 and 4, an
increase in the concentrations (in = 21:30) is seen,
indicating the arrival of toxic gases after blasting from
other workings. This is the result of the sequential

1400
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ventilation of working zones causing increased gas
hazard in some workings of a mine due to non-
optimum ventilation. The carbon dioxide concentration
peaks in Fig. 5 after 23:20 are presumably caused by
starting operation of ICE equipment in the workings.
The concentration of nitrogen dioxide at the blasted
working mouth exceeded the effective measuring range
of the portable gas analyzer (50 ppm).

In order to assess the reliability of the data
obtained, the calculation of the volume of the
carbon oxides released was performed based on the
data of gas analyzers and the chemical reactions of
the explosives’ decomposition during detonation,
depending on the types and weights of the explosives.
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Fig. 3. Toxic gas concentrations at the blasted working mouth (point 2) as functions of time
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Fig. 4. Toxic gas concentrations at the return ventilation current (point 3) as functions of time
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Fig. 5. Carbon dioxide concentrations at the booster fan (point 1), at the blasted working mouth (point 2), at the return
ventilation current (point 3) as functions of time

The volumes of the released carbon oxide CO and
dioxide CO,, m* were calculated from the data of gas
analyzers by determining the average concentrations
from the moment of starting the increase in the
concentration to the moment of the decrease to the
background values:

‘/co = ((pav - (pback )Qt’ (1)

(for the case of CO), where ¢, is average gas
concentration from the moment of starting the
increase in the concentration to the moment of the
decrease to the background values, m%/m?®; ¢, is
background gas concentration, m3/m3; Q is air flow
rate in the point, m3/s; t is time from the moment
of starting the increase in the concentration to the
moment of the decrease to the background values, s.

The results of the calculations of the released
volume of carbon monoxide and carbon dioxide
(hereinafter referred to as carbon oxides) are pre-
sented in Table 3.

At point 2, it was impossible to reliably determine
the volume of the carbon oxides due to the fact that
the booster fan was switched off.

Table 3
Results of calculations of the released volume of carbon
oxides after blasting in the development (preparatory)

working
. Volume Volume
Point No. — ﬂo;” of released CO, | of released CO,,
rate, m®/s 3 3
m m
2 23.2 - -
3 35.4 4.78 19.65

52

In addition, the volume of releasing other toxic
gases depending on the types and weights of explo-
sives used has been estimated.

A mixture consisting of Granulit AS-7 and
Ammonit 6 ZhV explosives was used for blasting in
the working. The weight of Granulit AS-7 was 280 kg,
and that of Ammonit 6 ZhV, 68 kg. The oxygen balance
of both explosives is positive.

['Granulit AS-7 consists of ammonium nitrate
(~90 %), aluminum powder (~7 %), and mineral oil
(~3 %). When ammonium nitrate detonates, nitrogen
N,, water H,0, and oxygen O, are released, and the
oxygen balance is positive. In addition to the compo-
nents listed above, nitrogen oxides are also generat-
ed during the detonation. Nitrogen oxides (nitrogen
oxide NO and nitrogen dioxide NO,) are released due
to the incomplete reduction of ammonium nitrate
NO,, and also originate at high temperatures. The for-
mula for the decomposition of ammonium nitrate at
detonation is as follows [5]:

2NH,NO, —2N, +0, + 4H,0.

Aluminum powder and oil are added to ammo-
nium nitrate, in order to increase the detonation
energy and compensate for the excess oxidizer. Alu-
minum powders do not release toxic gases during
detonation.

In order to calculate carbon dioxide release, the
chemical formula of mineral oil is taken as C,H,,
according to [5]. Then the chemical reaction of oil
combustion will appear as follows:

2C,,H,, +370,—24C0, +26H,0.



R

The oil combustion produces carbon dioxide CO,
and, in the case of the shortage of oxygen, carbon
monoxide CO. In addition, the oil often contains
sulfur, combustion of which produces sulfur dioxide
SO,. Estimating its quantity is problematic.

Ammonit 6 ZhV consists of ammonium nitrate
(~79%) and TNT (trinitrotoluene), ~21%). The
detonation of TNT produces nitrogen N,, water H,O,
carbon monoxide CO and carbon C.

The formula for the trinitrotoluene decomposi-
tion during detonation is as follows [5]:

2C,H.N,0, — 3N, + 5H,0+7CO+7C.

Trinitrotoluene has a negative oxygen balance,
compensated by the positive balance of ammonium
nitrate. Thus, the main source of carbon monoxide
CO is trinitrotoluene in Ammonit 6 ZhV and oil con-
tained in Granulit AS-7.

With the known weight of an explosive, the
maximum volume of the released carbon oxides (CO,)
m?, is estimated by the following formula:

FOPHbIE HAYKU U TEXHOJ1I0N'MA
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mexpl k

M

where m,,, is the weight of an explosive, g; k is the
weight fraction of the carbon-containing component
in the explosive; My, is molar mass of the carbon-
containing component (TNT), g/mol; mol. is the
number of moles of carbon (including those contained
in CO and CO,) released during detonation; V,,, is the
volume of one mole of gas, 0.0224 m>.

As a result, the detonation of 68 kg of Ammonit
6 ZhV can release 9.86 m® of carbon oxides CO,. When
detonating 280 kg of Granulit AS-7 and the mineral
oil contained in it, the maximum possible volume of
the released carbon oxides amounts to 13.24 m3. Thus,
during blasting of a mixture of 280 kg of Granulit AS-7
and 68 kg of Ammonit 6 ZV, 23.1 m? of carbon oxides
can be released, corresponding to the total volume of
carbon oxides measured by the portable gas analyzers
at point 3 (24.44 m3). This suggests the credibility of
the experimental data measured by the portable gas
analyzers.

mol .V,

mol? (2)

co
TNT
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Experimental studies
in a long dead-end working

RV-1, a long exploration working (more than
800 m long at the time of measurements, with
a mouth close to the ventilation shaft; fresh air was
supplied to the working directly from the surface
through a ventilation pipeline) required corrections
in the measurement techniques. In order to conduct
the field (in-situ) studies after blasting, the sensors
(gas analyzers) were installed along the length of
a long dead-end working at three points. Point 1 was
as close to the blasted face as possible, point 2 was
in the middle of the working, and point 3 was located
at the working’s mouth. The layout of the sensors is
shown in Fig. 6.

The layout of measuring points along the working
length is due to significant air leaks (about 50 %)
along the length of the ventilation duct, laid along
the working. In this case, the degree of dilution of
toxic gases along the length of the long working
and the influence of the longitudinal dispersion of
gas impurities are of interest. In this context, the
installation of the sensors at the booster fan and in
the main return ventilation current is not important
due to the lack of possible recirculation of air and the
delivery of all the return air through the ventilation
shaft directly to the surface.

Fig. 7 shows the experimentally determined time
dependences of the toxic gas concentrations in the
mouth of the working. The mouth of the working is
characterized by the lowest gas concentrations due to
their maximum dilution.

The nitrogen dioxide concentrations above
50 ppm were obtained by approximation.

It should be noted that nitrogen dioxide NO, con-
centrations at other points exceeded the measuring
ranges of the instruments, so for other measurement
points, the data is given only for carbon monoxide CO
and carbon dioxide CO,. The plots of the concentra-
tions of carbon monoxide CO at points 1, 2, and 3 and
carbon dioxide CO, at points 1 and 3 as functions of
time are shown in Figs. 8 and 9, respectively.

| 370 m |

Shaft

Fig. 6. Layout of measuring points in RV-1 working

53



MINING SCIENCE AND TECHNOLOGY (RUSSIA)
FOPHbIE HAYKU U TEXHOJIOIMA

According to the data obtained, the concentration
of toxic gases decreases as the air flows along the
working, while the time of exceeding the maximum
permissible concentration increases. This is due to
the leaks in the ventilation duct and longitudinal
dispersion [6, 7] which do not allow simplified
models [8] to be applied.

In Table 4, the data on the distance of the points
from the working face, the time of exceeding MPC
atthem, the air flow rate, and the volume of carbon
monoxide CO passing through them are presented.
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In order to assess the reliability of the obtained
results of the toxic gases concentrations monitoring
in the mine working after blasting, the volume of
the released toxic gases depending on the types and
weights of the explosives used was assessed.

For blasting purposes, a mixture consisting of
Granulit AS-7 and Ammonit 6 ZhV explosives was
used in the working. The weight of Granulit AS-7
was 200 kg, and the weight of Ammonit 6 ZhV was
34 kg. As a result, the detonation of 34 kg of Ammonit
6 ZhV can release 4.92 m3 of carbon oxides COx. When
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Fig. 7. Time dependences of the concentrations of toxic gases after blasting in point 3
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Fig. 8. Time dependences of carbon monoxide CO Fig. 9. Time dependences of carbon dioxide CO,
concentrations in the working after blasting concentrations in the working after blasting
Table 4

Results of the study of the gas hazard in the working after blasting

RV-1 working
40 m 8:06 8:38 m3/s 4.0 m? 9.1m3
410 m 8:20 8:53 63 min - - -
3 810 m 8:32 9:09 m3/s 4.8 m3 10.6 m?
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detonating 200 kg of Granulit AS-7 and the mineral
oil contained in it (6 kg), the maximum possible volu-
me of the released carbon oxides amounts to 9.46 m®.
Thus, blasting of a mixture of 200 kg of Granulit AS-7
and 36 kg of Ammonit 6 ZV can release 14.38 m? of
carbon oxides which corresponds to the total volume
of carbon oxides measured by the portable gas analy-
zers at Points 1 (13.1 m®) and 3 (15.4 m®). This suggests
the reliability of the experimental data obtained with
due consideration of the instrument accuracy and the
sensor response delay in the gas concentration meas-
urements. The resulting volume of the released car-
bon oxides was used for the mathematical simulation
of the gas distribution in the ventilation network of
the mine workings after blasting.

The ventilation time required in the long working,
in order to achieve the concentration decrease below
the Maximum Permissible Concentration (MPC) was
63 minutes — much longer than the time permitted by
the federal rules and regulations (FNiP) (30 minutes)?®.

Theoretical Studies

In order to analyze the temporal dynamics of toxic
gas impurities blow-away from the RV-1 working face
depending on the distance of the face from the mouth,
a non-stationary gas-dynamic model was developed.

The following assumptions were taken in the
model:

- the volumetric concentrations of gases are
small, so the difference in the density of the gas-air
mixture they create in different parts of the dead-end
working cannot result in a significant gas depression
and/or convective stratification of the flows along
aworking cross-section;

—the concentration of toxic gases is uniform in
the cross-section of a mine workings;

— all physical processes are determined only by
time and the longitudinal coordinate of a working.
This assumption allows considering workings
geometrically as one-dimensional objects;

- the Ox coordinate system is selected in such
a way that the longitudinal x-axis is directed in the
direction of air flow in adead-end working, and the
origin of coordinates O is in the face of aworking;

— the zone of irregular vortex air motion near the
face is negligibly small compared to the total length
of aworking;

- the model takes into account the process
of mixing harmful gas impurities with fresh air by
setting the contact boundary of the vortex mixing

5 Federal rules and regulations in the field of industrial
safety “Safety rules for mining and processing of minerals”:
approved by Order No. 505 of the Federal Service for Ecological,
Technological and Nuclear Supervision dated 08.12.2020, 524 p.
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zone with the zone of unidirectional and steady air
movement in the model.

Analyzing the time dependences of CO concen-
trations in the working (see Fig. 10), one can observe
the concentration dispersion with increasing distance
from the face. This indicates that gas dispersion takes
place in the workings. According to [8], dispersion in-
cludes both “dissipation” of admixtures due to the
airflow velocity non-uniformity across the cross-sec-
tion, and longitudinal turbulent diffusion due to
epyturbulent pulsations of the flow velocity at each
of its points. The molecular diffusion of a dust and air
mixture is generally considered negligible when con-
sidering the turbulent air flows in mine workings. It
correlates with turbulent diffusion in the same way as
molecular viscosity with turbulent, i.e. it is lower than
the latter by one-three orders of magnitude [9, 10].
The main factor that leads to the dispersion of admix-
tures at the straight runs of the working is the nonu-
niform cross-sectional airflow velocity. It is important
to note that the effect of airflow dispersion, caused
by the turbulent diffusion and nonuniformity of the
velocity field across the cross-section, is true primari-
ly for the one-dimensional models of mine workings
within the ventilation network.

The convection-diffusion transfer equation was
solved to describe a gas admixture transfer in mine
workings [11]:

2
dc, o) _poe

a ox o ®)
where ¢ = c(t, x) is volume concentration of the
considered gas impurity, m¥%m?3; v = v(x) is airflow
velocity in a working, m/s; D is longitudinal dispersion
coefficient, m?/s [12, 13]; x is longitudinal coordinate,
m; t is time, s. Taking into account the dependence
of airflow velocity v on the longitudinal coordinate
enables the air leaks in the ventilation duct to be
explicitly calculated.

The contact boundary with the mixing zone and
the mouth of the working are taken as the boundaries
of the calculation area. The following boundary
conditions are set on these boundaries:

Jac

C(t’ Xmixing) = Cmixing; (4)

ac
E(t’ Xmouth) = 0, (5)
where x,,.. is contact boundary with the mixing
zone, m; X,,,., i boundary of the working mouth, m;
Conixing = Cmixing(D) 18 VOlume concentration of gas in the

mixing zone, m3/m>.

The position of the contact boundary with
the mixing zone is determined by the following
formula [14]:



MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0NMA
2023;8(1):47-58

Xmouth = Xp + 4deﬁ” (6)

where x, is distance from the face to the end of the
ventilation duct, m; d,; is equivalent diameter of the
working, m.

The equivalent diameter is calculated using the
following formula:

S

d :45, (7

where S is cross-sectional area of the working, m?;
P is the working perimeter, m.

The Voronin model [15] is used to determine
the volume concentration in the mixing zone ¢

t],

where ¢, is volume concentration of the considered
gas impurity in the mixing zone at the initial time,
m’/m?; k is ventilation efficiency coefficient; Q, is rate
of airflow leaving the duct, m%/m?; V, Xouths S 18
mixing zone volume, m>.

At the initial time, in the calculation area, zero
concentration of a harmful gas impurity is set:

C(O, X)=0. 9)

As a result, equations (2)-(8) constitute a
mathematical gas-dynamic model of harmful gas
admixtures removal from a working during ventilation
after gas release at a face. It is worth noting that the
values of D, ¢, and k for each working and gas must
be determined by backward analysis [16], using the
results of field (experimental) measurements, like
those obtained for CO in Fig. 7.

The numerical solution of the problem of convec-
tion-diffusion transfer of a gas admixture in workings
was sought using finite-difference method by means
of splitting by physical processes, convection and dif-
fusion [17] (if necessary, taking into account the ac-
tion of a mass source of a harmful admixture).

It should be noted that the calculation of gas
concentrations and calibration of the model were
performed based on the carbon monoxide CO con-
centrations measured during the experimental stu-
dies at the time of blasting in three points along the
length of mine workings (see Fig. 10). Of all three
measuring points, the measuring results at point 3
are considered to be the most reliable. This is justi-
fied by the fact that due to the longitudinal disper-
sion, the entire gas volume passes through point 3
without sharp changes in the concentrations. In this
case, the sensitive element of a sensor (gas analyzer)
has time to measure the concentration of gas passing
through it more accurately, i.e. the influence of the
sensor time response decreases.

eff

mixing*

~p

Cmixing = COeXp [_k (8)

mixing

ixing
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However, in order to determine the concentration
in the mixing zone at the initial time ¢, the results
of the measurements at point 1 are required, because
this point is within the mixing zone, therefore, the
maximum CO concentration at point 1 will determine
the value of ¢,.

The ventilation efficiency coefficient k and the
longitudinal dispersion coefficient D are determined
by backward analysis using the results of the
measurements at point 3 [18]. The backward analysis
consists in the following:

1. Knowing the value of c,, the value of k is se-
lected so that the gas mass balance between point 3
and the boundary of the mixing zone is maintained.

2. Having fully determined the parameters of the
boundary condition on the boundary of the mixing
zone, simulation is carried out with different values of
the longitudinal dispersion coefficient D. Finally the
D value is found by the selection, at which the simu-
lated dispersion of gas (decreasing its concentration)
over time in point 3 coincides with the experimental
measurement data.

The obtained values of parameters ¢, k, and D for
the RV-1 are given in Table 5.

Table 5

Value of longitudinal dispersion coefficient
and parameters in Voronin mixing model

D, m?/s ‘ Co ‘ k
RV-1 working
2.5 | 765 | 0.11

The results of the simulation of gas distribution
in the working at point 3 are shown in Fig. 10.
In addition, the Figure shows the results of the
experimental measurements, the time dependence of
the gas concentration.

Comparative analysis of the results of the
simulation and measurements (Fig. 10) showed that
the developed gas distribution model, when calibrated
by the field (in-situ) measurements, enabled an
acceptable agreement to be obtained with the time
dependence of the measured gas concentrations at
point 3. The existing differences between the simulated
and measured dependences can be explained by
a number of reasons: due to the rapid transfer of CO
through the sensor at point 1 and the sensor time lag
(see Table 1), it is impossible to correctly determine
the time dependence of the gas concentration that
leads to a slight shift of the experimental dependence
to the right and less accurate estimate of ¢ ; value;
the lack of accurate data on the distribution of air
leaks along workings; use of a constant coefficient of
longitudinal dispersion; applying a simplified model
of air mixing at a face. It is important to note that,
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Fig. 10. Comparative analysis of the time dependences of CO
concentration at measuring point 3 in the workin

through selecting the effective simulated airflow
rate in a working, it is possible to achieve almost
perfect coincidence of the theoretical curve and the
measurement point data.

Based on the values of carbon monoxide CO con-
centrations obtained in the model, it was found that
the MPC level at the mouth of the working is achieved
in 18 minutes after blasting. Then, the concentration
of CO at the mouth decreases to the MPC only after
52 minutes of the working ventilation after blasting.

In addition, after the calibration and verification
of the model, the simulation of the working venti-
lation was carried out for the case of increasing its
length up to 1,500 m. It was assumed that the airflow
rate in the working from the mouth to the previous
position of the face corresponds to the previous initial
parameters, and the minimum airflow rate of 9 m3/s
was accepted for the newly driven part of the working.
The simulation results are shown in Fig. 11.

When increasing the working length up to 1,500 m,
it was established that the time after blasting for the
concentration of CO to reach MPC at the mouth in-
creased to 87 min (38 % more than for the shorter
working length).

The constructed gas-dynamic model and the
longitudinal dispersion coefficients obtained as a re-
sult of the analysis enable the time required for long
dead-end mine workings ventilation to be analyzed
and estimated. Based on the model developed, the
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RV-1 working mouth

50t

CO concentration, ppm

MPC =17 ppm

40 60 80
Time, min

20

Fig. 11. Time dependence of CO concentration at the working
mouth at 1500-m distance between the face and the mouth

algorithm for calculating [8] the velocity of sprea-
ding the combustion products in the mine ventila-
tion network in emergency situations is being im-
proved, and the longitudinal dispersion coefficient
for different operating conditions is being refined.

Conclusions

The experimental (measurement) data obtained
from the study of blasting operations in RSH-26-20-1
and RV-1 mine workings enabled the actual time of
ventilation of a dead-end working and the amount
of carbon monoxide CO, released to be determined.
The results obtained were analyzed for the
correspondence to the total amount of gas released
after blasting, depending on the types and weights of
the explosives used.

Based on the obtained graphs of the time de-
pendences of the concentrations of toxic gases along
the length of RV-1 working, a mathematical model of
the dynamics of a gas-air mixture was built and cali-
brated, taking into account the convection-diffusion
transfer. Based on the experimental data, the coef-
ficients of longitudinal dispersion, ventilation effi-
ciency, and the volume concentration of the consid-
ered gas admixture in the mixing zone at initial time
were determined for a long dead-end mine working
(RV-1). The time required for the ventilation of long
dead-end workings since its driving proceeds was
determined on the basis of the simulation results.
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