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DETERMINATION OF THE LIFTING HEIGHT OF DUST PARTICLES AFTER A MASS

EXPLOSION IN AN IRON ORE OPEN PIT
Novikov L.A., Ishchenko K.S., Lohvyna L.O.
M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine

Abstract. Open pit mining is accompanied by emissions of fine dust and hazardous gases into the atmos-
phere. This is related to the operation of open pit transport, drilling and blasting operations. The release of harmful
components into the quarry space and the increase in their concentrations has a negative impact on the health of
working personnel and leads to pollution of the environment. In doing so, the nature of fine dust and gases pollu-
tion depends on the mining technology and meteorological factors.

The problem of reduced effectiveness of dust suppression methods after mass explosions in open pits is re-
late to insufficient research into the formation of dust and gas cloud. Additional theoretical and experimental re-
search into the dust dynamics of blasting operations is therefore need.

The article discusses the stages of formation of the dust and gas cloud after a mass explosion in an iron ore
open pit. The results of experimental studies of the evolution of the dust and gas cloud at different points in time
after the detonation of borehole charges are presented. Relations for determination of density and dynamic viscosi-
ty of gases, gas mixture and gas-dust aerosol are given. A formula for determining the time and height of ascent of
spherical dust particles at the dynamic stage of dust and gas cloud formation is obtain. In this case, the assump-
tion is madid that there is no mutual influence of the dynamic and thermal factors after detonation of the charges.
The elevation of dust particles due to temperature differences during the heat stage of dust and gas cloud for-
mation is determined. Based on the analysis of the calculation results, the duration of the dynamic stage of cloud
formation is determined. It is established that, following the release of solid and gaseous detonation products into
the atmosphere, a height distribution of dust particles is observed as a function of their diameter. That said during,
the dynamic stage of dust and gas cloud formation, the height of dust particle lift is directly proportional to their
diameter, while during the heat stage the inverse relationship is observe. That at the beginning of the thermal
stage the deposition of coarse dust particles takes place are established. In this process, fine dust particles rise to
a maximum height and are then carried outside the open pit by the airflow.

Keywords: dust and gas cloud, formation stage, dust particles, lifting height.

1. Introduction

Open pit mining releases harmful dust fractions and gases into the atmos-
phere. This is cause by the operation of open pit transport, and drilling and blast-
ing operations. In the latter case, there is an intense release of solid and gaseous
detonation products (dust particles and gases) into the atmosphere [1, 2]. In this
case, the intensity of dust emissions and height of the dust and gas cloud (DGC)
rise depend on the strength of the rock, its humidity, drilling methods, type of
explosive, borehole plug design and other factors.

Emissions of harmful dust particles (up to 10 um) and gases pollute the envi-
ronment and reduce worker safety [2, 3, 4, 5].

Reducing dust and gases emissions from a mass explosion in a quarry is
achieve by wetting the rock, using hydraulic irrigation [6], the use of hydraulic
plug and emulsion explosives [7].

In some cases, dust suppression methods do not produce the desired results.
This is due to a lack of information on the mechanism of DGC formation and de-
velopment. Therefore, a study of the formation patterns of DGC after mass ex-
plosions in quarries is an urgent task.
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A mass explosion in an open pit releases detonation products into the atmos-
phere. The quantity and composition of the gases depend on the chemical compo-
sition of the explosive.

During detonation, a chemical reaction produces carbon monoxides (COx), ni-
trogen oxides (NOx), sulphur oxides (SOx) and other gases [1, 8]. The use of
emulsion explosives can minimize the emission of harmful gases.

The purpose of the work is to determination the lifting height of the dust par-
ticles after a mass explosion in an iron ore open pit.

2. Methods

The article uses the results of theoretical and experimental studies of the for-
mation of DGC in quarries, the relations for determining the physical parameters
of gases and gas mixtures, the method of separation of variables.

3. Theoretical and experimental part

In [4] the result of studies of the shape and composition of dust clouds after
mass explosions in the “Taffs Well Quarry” are presented. Sizes of dust particles
that settle outside the open pit are determined.

In [8] empirical formulas for determining the altitude of the DGC ascent un-
der the action of the dynamic impulse and taking into account the thermal strati-
fication of the atmosphere are presented. Time of dynamic ascent of dust parti-
cles is taken as 1 s. It was found that cloud dispersal occurs 55+65 s after the
mass explosion.

In [9], the results of numerical simulation of the development of DGC after
detonation of charges in a quarry are presented. The stages of cloud formation
are considered. Plots of changes in height of dust particles rise in the upper edge
of DGC at the thermal stage are presented.

In [10], a formula for determining the height of ascent of a DGC under the ac-
tion of a dynamic impulse, depending on the initial velocity of the detonation
products, charge mass, borehole depth and rock strength, was derived.

In [11], three stages of DGC formation are considered:

1. In the first (initial) phase, there is a partial filtration of gases through the
plug material and a release of material from the borehole (up to 0.18 s).

2. In the second (dynamic) stage, an intense release of detonation products in-
to the atmosphere occurs (0.18 to 0.8 s).

3. In the third (heat) stage, upward ejection flows occur. This is due to the
temperature difference between the outside and the inside of the cloud (0.8 to 30
S).

The cloud then disperses.

Once the cloud reaches its maximum height, it begins to disperse due to air
currents. This results in the transfer of fine dust fractions by airflow outside the
open pit.

Figure 1 represents the results of video footage opoljf DGC formation after a
mass explosion in a non-metallic open pit.
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Figure 1 — Formation of a DGC in a non-metallic open pit through
0.054 s (a), 0.270 s (b) and 0.864 s (¢)

Each of the stages of DGC formation (Fig. 1) by the following time intervals are
characterized:

1. The initial stage (Fig. 1, a) lasting up to 0.054 s.

2. The dynamic stage (Fig. 1, b) lasting from 0.054 to 0.270 s.

3. Heat stage (Fig. 1, ¢) lasting from 0.270 to 0.864 s.

Detonation residue release velocity and dust particle relaxation time are deter-
mined by the formulas [8, 11]:

1

033+ 11, pope ) .

u, = 0.053ud\/

7= pD* (18 ) " )

where uq1s velocity of detonation of the explosive, m/s; L is borehole plug length, m;
lexp is explosive charge length, m; p-is bulk density of plug material, kg/m?; p. is ex-
plosive substance density, kg/m?; umx is dynamic viscosity of the gas mixture, Pas; p
is the material density of particles, kg/m?; D is dust particle diameter, m.

Accept the following assumption: there is no mutual influence of dynamic and
temperature factors in the formation of the DGC.

Let us consider the dynamic stage of formation of DGC. In this case the dust par-
ticle motion is due to dynamic impulse and is described by differential equation

du pmixU2 7D ’
m-——=-mg— , 3
a TS ©)
where g = 9.81 m/s? is acceleration of gravity; m = 6 'pzD 3 is dust particle mass, kg;
pmix s densities of the gas mixture, kg/m?; & = f{Re) is particle resistance coefficient;
Re is Reynolds number; U is dust particle velocity, m/s; ¢ is time, s.
The Reynolds number for dust particles is determined according by formula
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During the dynamic stage of DGC formation, a transitional and turbulent dust par-
ticle flow around regime is observed (Re > 1). The formula is therefore used to de-
termine the resistance coefficient [11]

&= ’ (5)

where A and n < 1 is numerical coefficients whose values depends on the Reynolds
number.

Substituting (5) into the differential equation (3) presents difficulties in solving
the equation. Therefore, let us assume that there is a laminar flow around the dust
particles at Re < 1. In this case, the drag coefficient of the dust particles is determined
by the Stokes formula

E=24Re". (6)

After dividing both parts of the differential equation (3) by m and substituting (6),
get

a;l_U:_g_l&uTmixU_ (7)
t D p

To solve equation (7) we use the method of separation of variables

[l ®
Uy (_ g D/L;mix U\J 0
P

where U o is initial velocity of the dust particle, m/s.
After integration and transformations we get
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Under the action of gravity, the velocity of a dust particle at some height will be-
come zero. Accept U = 0 and Up = u,. After transformations (9) we obtain the formu-
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las for determining the time and lifting height of dust particle at the dynamic stage of
DGC formation:

2 2
D D
= tgiy =~ ln| —— 5 ; (10)
18:umix gpD” +1 8urzumix
2 2
D D
H i =ttty = el In ng . (11)
18zumix gpD” +1 8urlumix

In [11] the maximum lifting height of dust particles above the surface of the blast-
ed rock block at the end of the DGC formation are determined

o - 0. SuFT_1 +g (12)
e 3g TIPa {pair _ (pmix )O} ’
2,0D PO Tair Tmix

where T4ir1s air temperature in the open pit, K; T is the temperature of the gas mix-
ture in the DGC, K; pa is air density in the open pit, kg/m?®; (pmir)o is density of the
gas mixture at normal conditions, kg/m?®; P, is atmospheric pressure at the bottom of
the open pit, Pa; Po= 101325 Pa is atmospheric air pressure under normal conditions;
T1 = 293 K is the temperature at which 1 mole of gas occupies a volume of 24.04 L
(at pressure Po = 101325 Pa).

From expressions (11) and (12) it follows that the lifting height of the dust parti-
cle ascent at the heat stage of DGC formation is determined by the formula

H ca=H max- H gin . (13)

The initial weighted average mass concentration of dust particles in the DGC is
determined by the experimental formula

co=Cop=32510""¢,N"%%, (14)

where C is initial volume concentration of dust particles in the DGC, %; ¢, is specif-
ic dust quantity after charges detonation, kg/kg; N is total charge capacity, ton.

The density and dynamic viscosity of the gas in the detonation products are de-
termined by formulas:

Pi :(pi)o(PhR)—leOTmix_l); (15)
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where (p;)o is gas density at normal conditions, kg/m?; (u:)ois dynamic gas viscosity at
normal conditions, Pa-s; Z; is sutherland constant for gas, K.

In the absence of reference data on the value of the Z; constant, an approximate
formula can be used Z = 1,501, where Thoir1s boiling point, K.

Density and dynamic viscosity [12] of the gas mixture in detonation products:

K
Pmix = 2, 0019,C; ; (17)
i=1

K K -1

i =219 85 09
i=1 i=1

where i = 1,...,K is gas mixture component number; K is the amount of gas in the gas

mixture; y; 1s molar fraction of gas, mole/mole; M;is gas molecular weight, kg/mole;

uiis dynamic gas viscosity, Pa-s; C; is gas volume concentration, %.

Input data for the calculations: explosive substance is “Anemix”; velocity of det-
onation is us= 4800 m/s; explosive density is p. = 1230 kg/m?; borehole plug material
is boring sludge; bulk density of plug material is p- = 1800 kg/m?; borehole diameter
is d = 0.250 m; charge length is /., = 11 m; borehole plug length is /.= 7 m; open pit
depth 1s H =300 m; air temperature in the open pit is 7,;-= 273 K; the temperature of
the gas mixture in the DGC is Tnix = 550 K; dust particle diameters is D = 10+100
um; material density of particles is p = 3440 kg/m>; mass concentrations of gases in
the DGC is cno2 = eno = 3 mg/m?, cco = 250 mg/m?; specific dust quantity after charg-
es detonation is ¢, = 0,029 kg/kg; rock type is shales (strength factor f =5+6).

4. Results and discussion

Figure 2 shows the results of calculating dust particle lifting heights during the
dynamic and heat stages of DGC formation.

At the dynamic stage of DGC formation (Fig. 2, @) the height of dust particles rise
is directly proportional to their diameter. The minimum lifting height (Hain = 0.79 m)
is reached by dust particles with a diameter of 10 um. The maximum lifting height
(Hain =44.41 m) is reached by dust particles with a diameter of 100 pum.

According to [10] the lifting height of the top edge of the DGC above the surface
of the blasted block (during the dynamic stage) can be up to 60 m. The gas flow rate
from the borehole was considered to be in the range of 820 to 1400 m/s. The duration
of the dynamic stage varied in the range 0.050 to 0.110 s.

The results of calculation according to formula (10) show that at the dynamic
stage of DGC formation the ascent time of dust particles with diameter from 10 to
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100 um changes respectively in the range from 0.007009 to 0.392 s. The exit velocity
of the residual detonation products is 226.5 m/s. As previously mentioned, the dura-
tion of the dynamic stage can vary from 0.18 to 0.8 s [11].
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25,79 A 250 ~
20,79 ~ 200 A
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a) b)
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Figure 2 — Dependencies of dust particle lifting height on particle diameter during the dynamic (a)
and thermal (b) stages of DGC formation

In Fig. 2, a, the directly proportional dependence of the height of dust particles on
the particle diameter is explained by the increase of the dynamic impulse of the body
with increasing mass (at constant velocity).

At the heat stage of formation of DGC (Fig. 2, b) the height of rise of dust parti-
cles is inversely proportional to their diameter. The minimum lifting height (Hca = 0)
is reached by dust particles with diameter from 94 to 100 um. The maximum lifting
height (Heawr = 373.4 m) is reached by dust particles with a diameter of 10 um.

According to [11] maximum lifting height of dust particles with diameter from 1
to 100 um above the surface of the blasted block (at the end of the heat stage of DGC
formation) varies from 603.8 to 6.6 m, respectively.

In fig. 2, b, the inversely proportional relationship between the height of dust par-
ticle lift and the particle diameter is explained by the following factors. During the
thermal stage of DGC formation, upward ejection currents arise. As a result, a lifting
force acts on the dust particle. As the diameter of the particle increases, gravity in-
creases accordingly. This limits the lifting height of the particle. If gravity exceeds
the lifting force, dust particle deposition begins.

Thus, during the dynamic and heat stages of DGC formation (Fig. 2), there is a
fractional separation of dust particles by height. In the dynamic stage, larger dust par-
ticles rise to greater heights, while in the heat stage the opposite process is observed.

For the curve in Figure 2, b, a composite regression relationship is obtained

{5010,8 D108 R2_0.9985 at 0<D<45um; o0

0.0108-D*-2.9835-D+188.86, R> =0.9994 at 45<D <100 um.
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where R?is determination coefficient.

An analysis of the works [9, 10, 11] shows that when determining the height of
dust particle lift, there is a difference in the results obtained. Specifically, a determin-
ing parameter that affects the accuracy of the calculations is the particle resistance
coefficient.

5. Conclusions

The following conclusions can be drawn from the study:

1. In the dynamic stage of DGC formation, the lifting height of dust particles is
directly proportional to their diameter, while in the heat stage the inverse relationship
is observed. Thus, at each stage of DGC development, there is an opposite separation
of dust particles in terms of height of ascent.

2. At the beginning of the heat stage of DGC formation, dust particles with a di-
ameter of 94 to 100 um are deposited. This is due to the predominant influence of the
force of gravity.

3. For the given conditions, the time for the dynamic stage of DGC formation is
0.392 s.
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BU3HAYEHHSA BUCOTU MIAKOMY YACTUHOK NUMY MICNA MACOBOIO BUBYXY
Y 3ANI30OPYOHOMY KAP'EPI
Hosikos J1.A., lweHko K.C., JloesuHa J1.0.

AHorTauis. Bigkputa po3pobka poaoBuLLY KOPUCHUX KOManWH CynpOBOAKYETLCS BUKMAAMM B aTMOCepy ApibHoau-
CMEpPCHOro nuny Ta LKignuewx rasis. Lle nos's3aHo 3 poboTo kap'epHOro TpaHcnopty, 6yposumu i BuGyxoBumMn pobo-
Tamu. BUK1A WKIANMBUX KOMMOHEHTIB Y Kap'epHWA NPOCTIp Ta NIABMLLEHHS iX KOHLEHTPaLiil HEraTMBHO BNNMBae Ha 340-
POB'S MPALIOIYOr0 NEPCoHany Ta Npu3BOAWTb 4O 3abpyAHEHHS HABKOMULLHBOTO cepefosula. Mpu LbOMY Xapaktep
3abpyaHeHHs ApibHOAMCNEPCHAM NMWUMOM Ta ra3amu 3anexuTb Bif TEXHOMOTT FipHWYMX POBIT Ta METEOPONOriYHMX hak-
TOpIB.

Mpobrema 3HWMKeHHs! eheKTUBHOCTI CMOCOBIB NPUTHIYEHHS MMy MiCns MacoBux BUOYXIB Y Kap'epax nos's3aHa 3
HEAO0CTaTHBLOKO BUBYEHICTIO NPOoLECy (hOpMyBaHHS NUNOra3oBoi Xmapu. Y 3B'A3Ky 3 LM HeobXigHi A0AATKOBI TEOPETUYHI
Ta eKCriepUMEHTarbHi JOCTIIKEHHS NMUMOBOI AMHAMiKK Npy BMOYXOBUX poboTax.

Y cTaTTi po3rnsaHyTO CTadii (hopMyBaHHS NMNOra3oBoi XMapu Micns MacoBoro BubyXy y 3anisopyaHomy kap'epi. Ha-
BEJEHO pe3ynbTaTi eKcriepuMeHTanbHUX JOCiMKEHb €BOMIOLIT NiNerasoBoi XmMapy B PisHi MOMEHTM Yacy nicns aeto-
HaLji cBepANOBNHHMX 3apsidiB. HaBedeHo CMiBBIAHOLIEHHS AN BU3HAYEHHS LWNbHOCTI Ta AMHAMIYHOI B'A3KOCTI rasis,
ra3oBoi CyMiLLi Ta rasonunoBoro aepo3onto. OTpumaHo opmyny Ans BU3HAYEHHS Yacy Ta BUCOTU MigiAoMy CepuyHmx
YaCTMHOK MWy Ha AMHAMIYHIN cTagii hopMyBaHHs Miora3osoi xmapu. Mpu LUbOMy poBUTbCS NPUNYLLEHHS NPO BiACYT-
HICTb B3aEMHOTO BMAMBY AWHAMIYHOTO Ta TEMMOBOrO (hakTopiB Micns AeToHalii 3apsais. BusHaueHo BMCOTY nigitomy
YaCTMHOK MWMy Mig Aieto pisHUL TemnepaTyp Ha TEMnoBil cTadii hopMyBaHHS MUNora3oBoi xmapu. Ha 6asi aHanisy
pesynbTaTiB PO3paxyHKy BU3HAYEHO TPUBAMICTb AMHAMIYHOI cTadii (hopMyBaHHS XxmMapu. BussneHo, Wwo nicns Bukuay B
atmMocgepy TBepAWX Ta ra3onoaibHux NpoayKTiB AeToHaLji BinbyBaeTbCs PO3NOAIN YacToK Ny MO BUCOTi 3aneXHo Bif
ix giameTpa. Mpy LbOMY Ha AMHAMIYHIN CTagii (OpMYBaHHS NWMerazoBoi XMapy BUCOTa NIANOMY YaCTWUHKM MUY NPSIMO
nponopuiHa ix AiaMeTpy, a Ha TennoBii cTadil cnocTepiracTbCa 3BOPOTHA 3aNeXHICTb. BCTAHOBMEHO, IO Ha NoYaTKy
TENNOBOI CTafii BiOYBaETLCS OCAMKEHHST BEMMKMX YACTMHOK MMy, B LbOMy npoueci ApiBHOAUCNEPCHI YaCTUHKA MUy
nNigHIMaloTLCS Ha MaKcUMarbHy BUCOTY, a NOTIM NEPEHOCATLCS NMOBITPSHUM NOTOKOM 3a MeXi Kap'epy.

KntoyoBi cnoBa: nunorasosa xmapa, CTagis (hopMyBaHHS, YacTKW Nuny, BUCOTa NigrMoMy.
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