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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Introduction. In open-pit mining operations involving the extraction
of sulfide ores prone to spontaneous combustion, the wetting of stockpiles has a
significant impact on their chemical activity and temperature regime. Traditional
dust suppression methods can intensify oxidation processes, leading to increased
temperatures and emissions of sulfur compounds, thereby creating environmental
and operational risks. Methods. This study employs a mathematical modeling
method for the low-temperature oxidation of a blasted ore pile, involving the
solution of a boundary-value problem for the heat conduction equation (Stockwell
et al., 2006). To determine the kinetic parameters, an analysis of steady-state
oxygen diffusion in sorbent particles was conducted, and an analytical relationship
between the oxygen sorption rate constant and particle size was obtained. The
experimental part included laboratory and field studies using complex-action
solutions. Results. It was established that the key factor in the temperature regime
of the stockpile is the density of heat sources, determined by the sum of the oxygen
sorption rate constants of various ore fractions. A dependence of the sorption rate
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on particle size and diffusion parameters was obtained. It was experimentally
confirmed that the use of solutions based on wetting agents reduces the oxidation
rate and temperature rise: under production conditions, the temperature increase
was 4.8 K when using the solution, compared to 9.2 K when moistened with
water. Discussion. A comparison of theoretical and experimental data revealed
a qualitative agreement between them, confirming the adequacy of the proposed
model. It was found that the antioxidant effect of the solutions is due to the blocking
of small pores and a reduction in oxygen access to the reaction-active zones. The
use of complex-action solutions allows for the simultaneous reduction of dust
formation, oxidation intensity, and sulfur dioxide emissions, which improves the
environmental and technological safety of mining operations.

Keywords: hydrodust suppression, mechanism of solution distribution
during the wetting of ore piles, low-temperature oxidation of blasted ore piles,
spontaneous combustion, oxygen sorption rate constant, density of heat sources,
diffusion in the molecular pores of the sorbent
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AHHOTAUMs. O3eKkminizi. AIIBIK Tay-KeH )KYMBICTaphI KaFAalbIH/Ia ©3/1irHeH
XKaHyra OeiliM cynb(UATI KeHIepAl urepy KesiHnae yHIHILIepAl bUIFalJaHIbIpy
OJIap/AbIH XUMHUSIIBIK OCJICeHIUTITT MEH TeMIIepaTypallblK peKUMiHEe alTapIIbIKTal
ocep ereni. Llanapl OacyaplH ASCTYPIIi oicTepi TOTBHIFY MPOLECTEPiH KYIIEHTY1
MYMKiH, OyJ1 TeMIepaTypaHbIH >KOFapbliayblHa JKOHE KYKIPT KOCBUIBICTapBIHBIH
HIBIFApPBUTYBbIHA OKEJIIN COFabl, DKOJOTHSUIBIK JKOHE OHIIPICTIK ToyeKeIaep.i
TyAbIpaabl. ©nictepi. KyMbIcTa KbITy OTKI3TIIITIK TEHACYIHIH IETKI MACeIeciH
hIene OTBIPBIN, KapblUIFaH KeH YHIHAICIHIH TOMEH TeMIlepaTypajibl TOTBHIFYBIH
MaTeMaTUKalIblK Mojenbaey onici koimanbuiasl (Stockwell et al.,, 2006).
Kunerukanslk mapamerpnepai aHbikTay yiriH CoOpOeHT JoHIHJEri OTTEriHiH
CTAI[MOHAPIIBIK AU(PQY3UsIChIHA Taljay JKacalJbl JKOHE OTTETiHIH CcOpOIus
KBUITAMJBIFBl KOHCTAHTACHIHBIH OOJIIEKTEepIiH MOJIIepiHe aHATUTHKAIBIK
TOYEINJIUITT allbIHABI. JKCIIEPUMEHTTIK 06eJiM KemeHAl epiTiHAUIep/ i KoJjaaHa
OTBIPBIT, 3€pTXaHAIBIK JXOHE TAaOWFH 3epTTeynepii KamToabl. Hamuowcenepi
JHcaHe KopuimblHObLAap. Y WiHIHIH TeMIepaTypaiblK PeKUMIHIH HET13T1 (hakTopbl
KeHJEPIiH opTypii (pakuusiapbIMEeH OTTETiHIH COpOLMS KbUIJaMJIBIFBIHBIH
TYPaKThIIAPBIHBIH KUBIHTHIFBIMEH aHBIKTAJAThIH KbUTY KO3AEPiHIH THIFbI3IBIFbI
0o TabbLIaabl. COpOIUs KBUIIAMIBIFEIHBIH OOJIIICKTEPAIH MOJIIIepiHe KOHE
nuddy3us mapameTpiepine Toyeiiri anpiHabl. bliranganaplpreim HeriziHaeri
epiTiHAIEpAl KONJaHy TOTBIFY JKbUILAAMIBIFBIH JKOHE TeMIIepaTypaHblH ecyiH
TOMEHJIETETiHI OSKCIEPUMEHTANAbl TYpIAE pacTajabl: OHJIpic JKarnaiblHAa
TeMIepaTypaHblH JKOFapbliaybl CyMEH bUIFANJaHAbIpbUIFal ke3me 9.2 K-re
Kapchel epiTinaini Konganran keszne 4.8 K kypansl. Tankwsinaynap. Teopusiibik
KOHE DKCIIEPUMEHTTIK JAEPEKTEpi CaNbICTBIPY OJap/blH YCHIHBUIFaH MOACIBIIH
COMKECTIrH pacTalTBIH camaibl COMKECTIrH KepceTTi. EpiTiHainepain TOTbIFyFa
Kapchl acepi ycak TecikTepiH OiTenyiHe jKoHe PeakTHBTI ailMaKTapra OTTETiHiH
KOJI JKETIMJIUTITIHIH TOMeHJIeyiHe OalIaHBICThl €KCeHIIT1 aHbIKTAIbl. KerieHmi
ocep eTeTiH epiTiHAUIepAl KOJNAaHy MIaH TY3ildyiH, TOTBIFY KapKbIHIBUIBIFBIH
KOHE KYKIPTTI ra3 WIbIFapbIHABUIAPEIH Oip Me3riiae a3aiiTyra MYMKIiHIIK Oepeni,
OyJ1 Tay-KeH >KYMBICTAPBIHBIH KOJOTHUSIIBIK KOHE TEXHOJOTHSUIBIK KayilCi3irin
apTTHIPAIbI.

Tyiiin ce3aep: rumpookmaynay, KeH YHIHIICIH bUIFaIIaHIBIPY Ke3iHAeri
epiTiHAIHIH Tapaly MEXaHU3Mi; JKapblUIFaH KeH YHIHAICIHIH TOMEH TeMIepaTypaibl
TOTBIFYBI, ©3/IITHEH JXaHy, OTTETiHIH COPOIUS KbUIAAMJIBIFBIHBIH TYPAaKTHICHI,
KBUTY KO3JEpPiHIH THIFBI3ABIFE, COPOCHTTIH MOJICKYJalbIK KeyeKTepiHJeri

auddyszust
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AHHOTAUMSA. Axmyanvnocms. B yCIOBUSIX OTKPBITBIX TOPHBIX paboT mpu
pa3paboTke Cyab(UIAHBIX PYI, CKJIOHHBIX K CaMOBO3TOPAaHUIO, YBIIAXKHCHHE
HaBaJIOB OKa3bIBACT CYIICCTBCHHOC BJIMAHUC HAa UX XUMHUYCCKYIO AKTUBHOCTDL
u TeMHCpaTypHBII‘/'I PEIKUM. TpaI[I/IHI/IOHHBIC MCTOAbI NbUICIIOAABIICHUA MOTYT
WHTECHCUUIIMPOBATH TPOILIECCHI OKUCIEHHUSL, YTO IPUBOAMT K POCTY TEMIIEPATyPhI U
BBIOPOCAM CEpPHUCTBIX COSTMHEHUIA, CO3/1aBasi SKOIOTUUECKUE U TIPOU3BOJICTBEHHBIC
pucku. Ifens. OueHHTh M3MEHEHHE TEMIICPATypHOTO pEXUMa HaBajia
CaMOBOCILIAMEHSIOLICICS B30PBAaHHON pyZbl B IIPOU3BOJCTBEHHBIX YCIOBUSX U
000CHOBaTh APPEKTHUBHOCTh MPUMEHEHUSI PACTBOPOB KOMIUIEKCHOTO ACHUCTBUS
JUTSL CHIDKEHUSI UHTCHCHBHOCTH OKUCJIMTEIILHBIX MpolieccoB. Memoodwt. B padore
HCIOJIb30BaAH METOJ MAareMaTu4C€CKOro MOACIMPOBAHUA HUZKOTCMIICPATYPHOIO
OKHUCJICHUSI B30PBAHHOIO HABAJIA PYAbI C PELICHUEM KPAacBOM 3aJaud ypaBHEHUs
TCIJIOMIPOBOAHOCTH. I[.HH OMpEACTICHUSA KHUHCTHUYCCKHUX IapaMETpPOB INPOBCACH
aHaJlu3 CTalMOHApHON IU(Qy3uu KHCIOpoaa B 3epHE COpOEHTAa M TOIydeHa
aQHAJMTUYECKass 3aBHCUMOCTb KOHCTAHTBI CKOPOCTH COPOIIMH KHCIOpPOAa OT
pasMepa 4acTull. OKCIEPUMEHTalbHAash 4YacTh BKJIOYAla JIAOOPATOPHBIC H
HAaTYypHBIC HUCCICAOBAaHUA C NPUMEHCHUCM PACTBOPOB KOMILJICKCHOI'O IleflCTBHSI.
Pe3ynvmamut u 661600b1. YCTAaHOBIICHO, YTO KJIFOYESBBIM (PAKTOPOM TEMIIEPATYPHOTO
pexuMa HaBaJla ABJISICTCA IUIOTHOCTH TCIUIOBBIX HCTOYHUKOB, OIpCAcIsieMas
COBOKYITHOCTBIO ~KOHCTAHT CKOPOCTH COpOIMHM KHCJIOpOJa pa3InYHbIMU
¢bpakuusiMu  pynsl. [lomydeHa 3aBHCUMOCTBh CKOPOCTH COPOLIMH OT pa3Mepa
gactul ¥ mnapamerpoB Auddy3uu. DKCIEepUMEHTAIBHO MOATBEPHKACHO, YTO
NPUMEHEHHE PACTBOPOB HA OCHOBE CMauyMBaTENICH CHIKACT CKOPOCTh OKUCIICHHUS
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M POCT TEMIIEPaTyphl: B TPOM3BOACTBEHHBIX YCIOBHSX MOBBIIICHUE TEMIIEPATYPBI
coctaBmio 4,8 K npu rcionp3oBannu pactBopa npotus 9,2 K npu yBrnaxHeHUN
BozI0i1. CpaBHEHHE TEOPETUUECKUX U IKCIICPUMEHTAIBHBIX JaHHBIX MMOKA3aJ0 UX
KaueCTBEHHOE COBIIAJICHUE, YTO IOJATBEPKAACT aIeKBATHOCTH MPEIIOKCHHOU
MoJie. BBISBICHO, YTO aHTHOKHUCIUTENIBHBIN 3PPEKT pacTBOPOB 00YCIOBIICH
OJIOKMPOBAaHHEM MEJIKUX TI0p M CHW)KEHHEM JIO0CTyIa KUCIOpoJaa K peaKIMOHHO-
aKTUBHBIM 30HaM. [IpuMeHeHHEe pacTBOPOB KOMILICKCHOTO JCHCTBHUS MO3BOJISET
OZIHOBPEMEHHO CHWJKaTh TbUICOOpa30BaHHE, WHTCHCHBHOCTH OKHCICHHS U
BBIOPOCHI CEPHUCTOTO Ta3a, YTO IOBBIIACT SKOJIOTHUECKYIO U TEXHOJIOTHYECKYIO
0€3011acHOCTb TOPHBIX PadoT.

KaioueBble cjoBa: THIpOOOSCIBUIMBAHUE, MEXAaHHM3M paclpOCTPaHEHHS
pacTBOpa TNpH YBIQKHCHHM HaBajla pyJbl, HU3KOTEMIIEPATYpPHOE OKHCICHHUE
B30PBaHHOTO HaBalla pyJ; CaMOBO3TOpaHWE, KOHCTaHTa CKOPOCTH COpOIHH
KHCJIOPO/Ia, IUIOTHOCTh TEIUIOBBIX HCTOYHHKOB, MH(GQY3Hus B MOIEKYISIPHBIX
nopax copoeHra

Introduction. The moisture content of sulphide ores affects their chemical
activity, which largely determines the temperature regime of a blasted pile. To
investigate the temperature regime of the pile, a mathematical model has been
proposed for the low-temperature oxidation of a blasted pile of ores prone
to spontaneous combustion under open-pit mining conditions (Stockwell et
al., 2006). The solution to the boundary value problem of the heat conduction
equation has been analyzed, and it has been established that the density of heat
sources plays a significant role in the temperature regime of the blasted ore pile.
Its value is determined, primarily, by the sum of the oxygen sorption rate constants
(Un) of the individual ore fractions comprising the blasted pile. To determine the
oxygen sorption rate constant for various ore fractions (Un), a problem concerning
the steady-state diffusion of oxygen within a sorbent particle was formulated
and solved, and an analytical relationship between the oxygen sorption rate and
particle size was derived.

The temperature distribution along the depth of the pile as a function of time
was investigated theoretically. To verify the theoretical conclusions, as well as
the results of experiments conducted under laboratory conditions, a study was
carried out to determine the effect of complex-action solutions on ore stockpiling
under industrial conditions. Analysis of the data obtained showed that the pattern
of temperature changes in the stockpile under field conditions qualitatively
corresponds to the theoretical one. This gives reason to believe that the use of a
complex-action solution reduces the rate of oxidation and the rise in temperature in
heaps of sulphide ores prone to spontaneous combustion, as well as the associated
release of sulphur dioxide into the atmosphere. In open-cast mining operations
involving high-performance mining equipment, one of the main processes
responsible for the intensive release of dust into the atmosphere is the excavation
of rock mass. To reduce dust levels, the blasted ore pile is moistened with water or
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solutions of various chemical reagents (Henglein, 1969). However, when mining
ores prone to spontaneous combustion, this method cannot be applied in the same
way as in quarries operated under normal geological conditions. This is because
water intensifies the oxidation process, which can lead to the ore spontaneously
combusting and releasing sulphurous gas into the environment. This results in
the loss of valuable ore components, a deterioration in beneficiation rates, and
environmental and economic damage. Sulphurous gases, interacting with
atmospheric moisture and under the influence of catalysis and photochemical
reactions, oxidise to form a solution of sulphurous acid (H,SO,). This increases
the danger posed by this compound — sulphurous compounds, moving with the
air mass, spread over considerable distances and are converted into sulphates.
Sulphur compounds have a harmful effect on the respiratory systems of humans
and animals, and destroy chlorophyll in plants, thereby impairing photosynthesis,
slowing their growth, reducing the quality of agricultural crops and diminishing
their productivity (Ukem et al., 2025).

In view of the above, it is necessary under such conditions to use solutions
with a combined action, i.e. those possessing both antioxidant properties and a
dust-suppressing effect. It is also important to ensure that the solutions have low
surface tension, are non-toxic and inexpensive, are simple to prepare, and do not
adversely affect ore beneficiation parameters.

For excavation work in open-cast mining, it is necessary to wet the driest layer
of the ore mass, which contains a large proportion of fine particles and releases the
highest percentage of dust into the atmosphere. Therefore, under such conditions,
it is necessary to use liquids that can penetrate not only the large but, above all,
the small pores of the fine ore particles without accelerating the oxidation process.
Such liquids may include aqueous solutions of wetting agents. For example, adding
0.2% of the wetting agent DB (oxyethylated dibutylphenol) to water reduces the
surface tension of the water from 0.073 N/m to 0.028 N/m (Cybulski et al, 2015).

The rate of ore oxidation is determined by the temperature conditions of the
blasted pile. It follows that the effect of the wetting liquid — selected as a complex-
action solution — on the rate of ore oxidation can be assessed by measuring the
temperature change in the wetted blasted ore pile.

Literary review. In theory, spontaneous combustion is determined by three
physical factors: the chemical reactivity of the oxidizable materials, the flow of
air to them, and the rise in temperature within the mass due to the accumulation of
heat generated by oxidation (Minghe et al., 2017).

A comprehensive and ideal assessment of spontaneous combustion would
involve determining the quantitative values of all three physical parameters.
However, in most cases, this is not feasible. Therefore, to evaluate the spontaneous
combustion process, it was decided to determine the quantitative value of at least
one of these parameters.

Moistening of sulfide ores affects their chemical activity, which largely
determines the temperature regime of the blasted pile. Therefore, when selecting
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solutions, the chemical activity index of the moistened ore was chosen as the
criterion for evaluating their antioxidant properties. Various methods have been
proposed to determine this index, but the closer the conditions under which the test
is conducted are to those under which spontaneous combustion occurs in natural
conditions, the more accurately the selected method will characterize the tendency
toward spontaneous combustion. Based on these considerations, the method
developed at the A.A. Skochinsky Institute of Geology and Mineral Resources
(Dyadkin et al., 1993) was selected for choosing a complex-action solution under
laboratory conditions. The selected method allows for determining the rate of
oxygen absorption from the air and comparing the experimental results obtained
when studying the influence of various solutions on the chemical activity of sulfide
ores.

The essence of the method is as follows: a sample of ore, ground to a specific
particle size that constitutes a significant portion of the blasted ore pile, is placed
in a vessel. The bottom of the vessel is covered with gauze to prevent the loss of
fine ore particles during liquid drainage. Glass rods are then placed to separate
the damp gauze from the ore sample, which is treated with the solution under
study. After the specified time, air samples are taken from the vessels and analyzed
to determine the rate of oxygen absorption. Since the rate of oxygen absorption
depends on its concentration, which does not remain constant over time, the kinetic
constant of the sorption rate serves as an indicator of chemical activity.

The kinetic constant for the sorption rate is calculated using the following
equation (Rusdiarso et al., 2016):

_ V(B—23,8)1 (1-Co)Ca

U=
Pt 760 Co (1-Ca)’

ml/(g - hr), (1)

where V — volume of air in the vessel, ml;

P — ore sample weight, g;

t — time from the start of sorption to the collection of the air sample from the
vessel;

B — barometric pressure at the start of sorption, mm Hg;

23.8 — vapor pressure of water at T =250 °C, mm Hg;

C,— oxygen concentration in the collected air sample, fractions of a unit;

C,— initial oxygen concentration in the air, fractions of a unit.

The analysis data obtained allow us to determine the chemical activity indices
of ore samples moistened with various solutions and water. The lower the value
of this index for an ore sample, the greater the antioxidant property of the solution
used for moistening. Subsequently, the solutions selected based on their antioxidant
properties will be studied for their dust suppression effectiveness (Peixia Hu et al.,
2024). A study of the patterns of changes in air dustiness and dust suppression
efficiency when moistening blasted ore with a solution at different specific flow
rates is conducted on an experimental setup that simulates the process of hydraulic
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dust suppression during excavation work. For this purpose, a specially designed
setup is used, ensuring the following conditions: similarity of turbulent air flows;
similarity of the motion of solid dust particles relative to air flows; and similarity
of the motion and impact of bulk material against an obstacle (Zhandildinova et
al., 2023).

Solutions possessing both antioxidant and dust-suppressing properties will be
tested under industrial conditions. Following this, the most effective solution will
be selected for practical application.

The rate of oxidation of ores prone to spontaneous combustion under industrial
conditions is characterized by the temperature profile of the pile. Based on this,
the nature of the effect of solutions used for air dedusting on the ore oxidation
process can be assessed by the temperature dynamics of the moistened stockpile
(Bamidele et al., 2019).

The change in the temperature of the stockpile of blasted ore in quarries can
be described by a mathematical model of the form (Hongjiang Wang et al., 2013):

T, = aTyy + 6. (2)

At the initial moment of time (immediately after blasting), the temperature
throughout the entire volume of the ore pile is assumed to be uniformly distributed
and equal to the initial temperature formed as a result of mixing during the
explosion.

At the upper surface of the ore pile, the temperature at any given time is equal
to the ambient or externally specified temperature, which may vary with time
depending on environmental conditions.

At the base of the ore pile, the temperature at any given time is maintained at
a specified value, reflecting the thermal conditions of the underlying ground or
contact layer, which may also be constant or time-dependent.

Materials and methods. Material: self-igniting blasted ore. All samples were
of analytical grade and were used without prior treatment.

Method: mathematical modelling of the low-temperature oxidation process of
a blasted pile of self-igniting ores in open-pit mining conditions.

To solve the equation (2) let us express the function T(y,+) as a sum:

Tyt = w(yr t) + V(y, t)' (3)

The auxiliary temperature function is defined as the solution of a non-
homogeneous heat conduction equation in which the rate of temperature change
with time is determined by the combined effect of thermal diffusion within the ore
pile and internal heat generation due to oxidation processes.

The internal heat generation term is represented as a function that characterizes
the density of heat sources within the ore pile, taking into account the contribution
of oxidation reactions and their spatial distribution.
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At the upper boundary of the pile, the auxiliary function satisfies a prescribed
temperature condition that corresponds to the external thermal regime acting on
the pile surface.

At the lower boundary of the pile, the auxiliary function is constrained by a
specified temperature condition reflecting the thermal interaction between the ore
pile and the underlying base.

At the initial moment of time, the auxiliary function satisfies a condition
consistent with the initial temperature distribution in the ore pile, ensuring
continuity with the physical state immediately after blasting.

Let us choose an auxiliary function w(y, t) T such that f(t) = 0 and T,=0,
for this, it suffices to set

w(y,t) =Ty + 2 [T — u()] @)

In that case, equation (3) reduces to an equation with zero boundary conditions.
The solution to this problem can be expressed as a Fourier series in eigenfunctions

)
v (y,0) = T vp(OsinTry 5)

To find the function v (y, t) we need to determine the functions vy, (t). To do
this, let’s express the function @ (y, t) as a series:

0 (y,) = X1 O (D)sin ="y, 6)
where 6,,(t) = %fOH 0(e,t) sin 7;—“ ede (7
Substituting the proposed solution formula into equation (7), we obtain
Srasin Ty {2} ava(®) + v (08,(1) = 0 ®)
This equation is satisfied if all the expansion coefficients are zero, i.e.

1 mn 2 =
vi(®) + (57) ava(t) = 8a(0) )

The solution to equation (9) will take the form:

_ g, o ()
v,(t) = e \H Jy O-eVH) Tdr + Gy |, (10)
Cn — constant of integration.
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The general solution of the heat conduction problem is represented as a
superposition of several components, including:

(1) a transient term describing the redistribution of temperature within the pile
over time;

(i1) a term accounting for the influence of boundary conditions; and

(iii) a term reflecting internal heat generation associated with oxidation
processes in the ore mass.

The fourth term on the right-hand side of expression (9) accounts for
temperature variations at the top of the pile, while the last term accounts for
heating not associated with ore oxidation. These factors have the same effect on
both the ore pile treated with solutions and the untreated ore pile. Furthermore,
they do not significantly affect the temperature regime of the pile. Therefore, they
can be neglected.

After neglecting secondary effects—such as external temperature fluctuations
at the surface and non-oxidative heat contributions—the temperature distribution
within the ore pile is primarily governed by internal heat generation and thermal
diffusion processes. Under these assumptions, the solution simplifies to a form
where the temperature field is controlled mainly by the density of internal heat
sources.

The density of heat sources is defined as a function of the specific heat released
during oxygen sorption, the average oxygen sorption rate constant of the ore
mass, the current oxygen concentration, and the heat capacity of the ore. This
parameter quantitatively characterizes the intensity of internal heat generation due
to oxidation reactions.

An investigation of how oxygen concentration varies with pile depth (y)
revealed a relationship of the form (Puyuan Liu et al., 2022):

_tHY
C= coe< nvﬂ), (1)

where C, — oxygen concentration in the air, expressed as a fraction of unity;
v — bulk density of the ore, kg/m?;

I1 — ore porosity coefficient, expressed as a fraction of unity;

Vg — air filtration velocity in the pile, m/s.

Taking into account the variation of oxygen concentration with depth in the
pile, the density of heat sources is expressed as a function of the initial oxygen
concentration in air, ore porosity, bulk density, air filtration velocity, and
thermophysical properties of the material. This relationship reflects the coupling
between gas transport and heat generation within the porous medium.

Analysis of equation (11) has shown that the value of (6) is determined primarily
by the value of (U g ), i.e., by the set of oxygen sorption rate constants for the
individual ore fractions comprising the bulk sample.
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Determining the quantitative values of the constants for all ore fractions,
especially the larger ones, poses certain difficulties. This necessitates the theoretical
establishment of the dependence of the ore’s oxygen sorption rate constant on the
size of the grain particles and, based on this, the determination of the average value
of the oxygen sorption rate constant for the ore pile. To this end, the process of
oxygen sorption by a piece of ore was investigated. The sorption rate is governed
by the slowest of the elementary processes constituting sorption—diffusion in the
molecular pores of the sorbent (Huiming Qi et al., 2026). In general, it can be
assumed that within a grain of a porous sorbent, in particular sulfide ore, there
is an equilibrium between the rate of change of oxygen concentration with time
and a quantity defined as the difference between the inflow of oxygen into the
pores via diffusion and its absorption from these pores. This equilibrium, taking
into account the diffusion equation with outflow, is described as (Tulegulov et al.,
2022):

a Uy

Co _ Y
- DV?C, — L Ce., (12)

where C¢ — oxygen concentration at point (X, y, z) of the sorbent particle at
time (t);

D — oxygen diffusion coefficient, m%/s;

u, — oxygen sorption rate constant in the kinetic region at oxygen
concentration, m?/(kg-s);

v, — bulk density of the sorbent, kg/m?;

V2 — Laplace operator;

[1, — sorbent porosity coefficient, fractions of unity.

When solving equation (12), it is assumed that the oxygen concentration

dac
(C,) is independent of time, i.e., —= =0, and that the sorbent particle has the
shape of a porous, spherically symmetric sphere of radius R (Dyussebayev et al.,
2022). Equation (12) then takes the form:

d (2dCc\ _ p2.2
d_.[(T d_t)_BTCC' (13)

For the spherical ore particle, the oxygen concentration satisfies the following
conditions:

- at the outer surface of the particle, the oxygen concentration is equal to that
of the surrounding medium;

- at the center of the particle, the concentration gradient is zero, reflecting
symmetry and the absence of directional flux.

A characteristic parameter is introduced that combines the effects of diffusion,
sorption kinetics, porosity, and particle size. This parameter determines the relative
influence of diffusion resistance and reaction rate within the particle.
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The spatial distribution of oxygen concentration within the particle is described
by an analytical function obtained from solving the steady-state diffusion equation
with a reaction term. This solution includes an integration constant determined
from the imposed boundary conditions.

The average oxygen concentration in the sorbent (ore) is defined as (Yue Zhang
et al., 2025):

= 1 B
C = V—Of;shﬁrdV, (14)

where Vo — the volume of the sphere of radius R;
Q — the region over which the integration is performed.

The average oxygen concentration within the particle is determined by
integrating the local concentration over the entire particle volume and normalizing
it by the particle volume. This value represents the effective concentration
governing the overall reaction rate.

For practical applications, the analytical expression for the average oxygen
concentration can be simplified using a series expansion. In this approximation,
a dimensionless parameter is introduced that characterizes the degree of oxygen
deficiency within the particle: the larger its value, the lower the average oxygen
concentration.

When the value of the dimensionless parameter characterizing oxygen transport
resistance within the particle is sufficiently small, the average oxygen concentration
inside the ore grain can be approximated by a simplified relationship. In this
approximation, the average concentration is directly related to the external oxygen
concentration and is reduced by a factor that accounts for diffusion limitations and
sorption intensity within the particle.

This simplified form reflects the fact that, under weak diffusion resistance,
the oxygen concentration inside the particle remains close to the ambient value,
with only a minor decrease due to consumption in the reaction process.The rate
constant for oxygen sorption by a sorbent is proportional to its kinetic constant and
the average oxygen concentration (Weidong Liu et al., 2025). Therefore, taking
into account certain mathematical transformations, the dependence of the oxygen
sorption rate constant on particle size can be expressed as:

3(BRcthBR-1)
u(R) = w, LR (¢ = 1), as)
where f = lﬁ‘* C, -1
C*

u, — the rate constant for oxygen sorption in the kinetic region at an oxygen

concentration, C_ m*/(kg-s);
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¢ — the bulk density of the sorbent, kg/m?;
IT, - sorbent porosity coefficient, fractions of a unit;
D — oxygen diffusion coefficient, m?/s.

In expression (15), the dimensionless product SR x characterizes the oxygen
deficit in the ore grain; the larger it is, the lower the average oxygen concentration.
Therefore, the value SR is referred to as the outflow parameter. The diffusion and
porosity coefficients are interrelated quantities. They determine the interaction of
oxygen with the ore-liquid complex. Therefore, the product IT D is commonly
referred to as the “interaction coefficient.” As u,_decreases and B3 increases, the
sorption rate u(R) ecreases. This phenomenon occurs when there is limited oxygen
access to the sorbent grains, which can be achieved by blocking the pores with
liquid. It follows that these values are the primary parameters of the antioxidant
action of solutions used to moisten ores prone to spontaneous combustion.

The average value of the oxygen sorption rate constant for a bulk of blasted

ore (U ) is the sum of the sorption rate constants for all fractions comprising the
bulk, i.e. (Ioni et al., 2024):

T = 3 nau(R), m¥(kgs), (16)

where n; — the content of the i-th fraction interval, in fraction units;

u(R;) — the oxygen sorption rate constant for the i-th fraction with radius
R;, m3/(kgs);

— the number of fractions.

Results and discussions. The values of the oxygen sorption rate constants for
small ore pieces are determined experimentally. The constants for large pieces are
determined using equation (15). For this purpose, the values of U, and f, obtained
from the experimental data U(R; ) and R; for small ore fractions (Tables 1 and
2) are used.

Table 1. Dependence of the oxygen sorption rate constant of metacolloidal ore on particle size
and oxidation time (T =298 K, ore from the top layer of the stockpile).

Average |Oxygen sorption rate constant, , m%/(kg-s)

particle | Raw ore DB-0.25% Water

size, (oxyethylated dibutylphenol)

R102m [1.7 days [8-14 [> 14 days [1-7 days |8-14 days[> 14 days[1-7  [8-14 [>14
days days |days |[days

0.038 9.50 2.63 |[6.10 6.83 5.03 5.44 20.31 |23.11 |27.1

0.100 7.44 2.33 14.90 5.22 3.78 4.50 15.86 [10.39 |13.1

0.200 4.64 1.81 [3.20 4.36 3.14 3.75 7.00 [5.72 6.4

0.375 2.94 1.75 [2.30 2.28 2.50 2.39 3.86 [3.42 |3.6

1.000 1.50 1.42 [1.50 1.42 1.97 1.69 1.64 [2.36 |2.0
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To calculate and a system of Gauss normal equations was formulated, which
reduces to a single transcendental equation for and is solved using the method of
proportional parts. The calculated values are given in Table 3.

Table 2. Dependence of the oxygen sorption rate constant on the fractional composition and
type of ore (T =298 K, freshly mined ore with significant natural moisture content).

Ore type | Average particle Oxygen sorption rate constant, , m*/(kg-s)
size, R-10”?m Raw ore Solvents Water
DB-0.25% DB-0.5%

Metacolloidal 0.150 9.31 6.78 7.58 13.33
0.375 5.92 4.42 3.47 7.72

0.750 3.56 2.19 1.89 4.03

1.500 1.94 1.14 1.67 2.14

Crystalline 0.150 1.06 1.00 1.00 1.83
0.375 0.94 0.89 0.86 1.67

0.750 0.94 0.61 0.69 0.92

1.500 0.94 0.53 0.56 0.92

Table 3. Key parameters of the ore oxidation process in a blasted pile.

Type and moisture | Condition of the | Days ,
5 8 o | content of the raw ore ore I/m |m’/(kg's)| m¥s |m¥(kgs)
g gz
!
Metacolloidal 1% Raw ore 1-7 0.20 9.08 9.177 2.33
1 8-14 | 0.04 2.28 5.56 1.08
DB-0.25% 1-7 0.12 5.69 15.83 1.89
8-14 | 0.06 4.06 45.00 1.75
Water 1-7 0.40 24.22 6.11 3.86
8-14 | 0.40 23.36 5.83 3.72
Metacolloidal 4.5% Raw ore 1-7 0.09 177.75 | 47.22 3.53
2 DB-0.25% - - 0.15 9.11 16.677 2.75
DB-0.50% - - 0.10 6.78 30.56 2.75
Water -- 0.16 26.00 | 27.78 7.58
Crystalline 4.5% Raw ore 1-7 0.01 1.06 |411.11 0.74
3 DB-0.25% - - 0.03 0.86 38.89 0.49
DB-0.50% - - 0.03 0.97 44.44 0.54
Water - - 0.03 1.69 75.00 0.96

To verify the validity of the theoretical description of the oxygen sorption
mechanism in an ore sample, a graph showing the dependence of the oxygen
sorption rate on the flow rate was plotted using experimental data (Tables 1 and
2) and calculated data (Table 3, Figure 1). It clearly illustrates a satisfactory
agreement between the theoretical curve and the experimental data points. This
indicates the validity of the theoretical description of the mechanism of the oxygen
sorption process in a piece of ore.
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Figure 1. Dependence of the relative value of the oxygen sorption rate constant on the flow rate
parameter.

The graph (Fig. 1) shows that the rate of oxygen sorption decreases as the
flow parameter (SR) increases. The sharpest decrease is observed when the SR
parameter changes from 1 to 10.

Considering that the determining factor in R is the particle size (R), an
increase in the minimum size of ore particles under industrial conditions may have
a positive effect on reducing the oxidation process of sulfide ore aggregates.

A comparison of the values of U_and for metacolloidal ore, as shown in Table
3, indicates that in the first stage (days 1-7), the kinetic constant of the sorption
rate U, and the “oxygen reduction coefficient” B for the initial ore are higher than
in the second stage (days 8—14). This indicates that in the first stage, the ore has
sufficient moisture for intensive electrochemical oxidation, and at the same time,
the moisture, being present in large pores, creates a significant oxygen deficit; in
the second stage, however, due to reduced moisture, the intensity of oxidation
is low and the oxygen deficit is small. These effects are observed, but to a much
lesser extent, in the sample treated with DB solution and are almost absent in the
sample treated with water.

The relatively low value of U, for various ore grades with different moisture
contents (Experiments 1, 2, 3), treated with a DB wetting agent solution does
not indicate that this solution is a chemical inhibitor, since in solid oxidizable
materials, particularly in sulfide ore, radical-mediated reactions play a very minor
role and do not govern the electrochemical reaction. Therefore, the most likely
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explanation for the relatively low value of the sorption rate kinetic constant U, for
the sample treated with the DB solution is that this solution reduces the sorption
capacity in those areas of the ore that have the highest oxygen flux. These areas are
small pycnometric pores, which the DB solution fills (blocks) due to its low surface
tension. This circumstance has a positive aspect in terms of extending the duration
of the antipyrogenic action of the DB wetting solution, since the evaporation of
moisture from small pycnometric pores is highly impeded.

Thus, it can be concluded that the presence of moisture, including in the
form of solutions, influences oxidative processes in the grain, and the nature
(pyrogenic or activating) of this influence depends to a significant extent on the
distribution of this moisture within the sorbent grain: if moisture is distributed in
small pycnometric pores, an antipyrogenic effect occurs; if moisture is distributed
predominantly in large pores, its presence activates the oxidation process due to
the formation of air (oxygen) gaps in the small pycnometric pores.

Theoretical calculations of the temperature distribution along the depth of
the pile as a function of time were performed by substituting the values of the
variables involved. In this process, temperature values corresponding to the
initial and boundary conditions were used, as well as parameters determining the
density of the heat sources. Analysis of the results showed that wetting with the
DB solution leads to an increase in the specific heat capacity of the ore and a
decrease in the rate of oxygen sorption. Both factors contribute to a decrease in
temperature within the pile of blasted ore. It was also established that the depth of
the spontaneous combustion focus is determined by the sorption capacity of the
ore in the pile and its height.

To verify the theoretical conclusions, as well as the results of experiments
conducted under laboratory conditions, studies to determine the effect of complex-
action solutions on the ore pile should be continued under production conditions
(Jianqiu Qin et al., 2026). For this purpose, a block of industrial ore was selected
for drilling, blasting, and excavation. The block consisted of metacolloidal and
crystalline ores. Vertical boreholes with a diameter of 243 mm were drilled to a
depth of 6 m. The distance between the boreholes was 2 m. Boreholes No. 1-13
were drilled through the metacolloidal ore body, and boreholes No. 14-32 through
the crystalline ore body (Figure 2). Prior to the block’s detonation, temperatures
were measured at various depths within the drilled boreholes. The temperature
difference between the upper and lower parts of the borehole is approximately 6
K. The block was blasted 8 days after the completion of drilling operations and the
exposure of the side surface. The height of the resulting pile was about 7 m, and
the volume of the blasted metacolloidal ore was about 900 m*. The bulk density of
the ore was 3500—4000 kg/m?. The loosening coefficient was 1.25-1.30.

The pile of metacolloidal ore was divided into three sections, after which it
was wetted. One section was treated with a DB solution, another with water, and
a control section that was not wetted was left between them. The layout of the
measurement points is shown in Figure 2.
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Figure 2. Layout of blast holes and measurement points in Block.
No. 1-13: holes for metacolloidal ore; No. 14-32: holes for crystalline ore;
area of boreholes 1, 2, 3, 4 — water-treated pile section; area of boreholes 3, 4, 5, 6 — untreated
section; area of boreholes 5, 6, 7, 8 — section treated with DB solution; (+ measurement sections).

The intensification of the oxidation process was assessed based on changes in
temperature within the blasted pile. To monitor the gas temperature conditions
in the pile, 12 perforated pipes were driven into it, with electric thermocouple

sensors lowered to a depth of approximately 2 meters, where the hot spot with the
highest temperature is located.

5
3 :

o

00000

Figure 3. Layout of equipment and instruments for determining the gas temperature conditions
in a bulk cargo.
1 — perforated pipe; 2 — temperature measuring device; 3 — temperature sensor; 4 — probe; 5 —
connecting hose; 6 — Zeeger pipette; 7 — three-way valve.
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All pipes were sealed with rubber caps fitted with ports for tubes, through
which air samples were collected daily at the same time using a vacuum pump
and Zeiger pipettes. The air samples were analyzed using a gas analyzer. The
temperature in the pile was measured using an electric thermometer. The sulfur
dioxide content was determined using an aspirator and indicator tubes according
to a well-known method. The layout of the equipment and instruments used to
determine the temperature and gas conditions in the blasted ore pile is shown in
Figure 3 (Manfeng Li et al., 2024). At the same time, microclimatic data for the
area where the block was located were determined and recorded. The average
air temperature during the experiments was 303.8 K, and the relative humidity
was 44%. These microclimate conditions contributed to the intensification of the
oxidation process in the pile of blasted ore.

Depending on the nature of wetting, the temperature in the pile of blasted ore
changed as follows. The temperature at a depth of 1.5 m in the section wetted with
water increased by 9.2 K (from 295.1 to 304.3 K). At the same time, in the section
wetted with the DB solution, the temperature rose by only 4.8 K (from 292.7 to
297.0 K). Moreover, the temperature of this section was lower than that of the
control section (299.9 K). Thus, the antipyrogenic property of the DB solution was
demonstrated here.

The measurement results showed that active oxygen absorption occurs
in the untreated section and the section moistened with water. The average
oxygen concentration in these sections was 17.2% and 16.9%, respectively. In
the section treated with the DB solution, the oxygen concentration was 19.2%.
This demonstrates once again that in the section treated with the DB solution,
the oxidation process proceeds more slowly than in the control and water-treated
sections. Under the conditions under consideration, with the height of the blasted
pile at approximately 7 m, the depth of the fire zone is within the range of 1.5-2.0
m, and the smallest temperature increase in the vicinity of the fire zone is observed
in the pile moistened with DB solution (Figure 4).

T,K

E\ 2

287

0 1,75 35 5,26 Um

Figure 4. Temperature distribution with depth in the pile (13 days).
1 — section treated with water; 2 — control section; 3 — section treated with DB solution.

84



ISSN 2224-5278 3.2026

Figure 5 shows graphs of temperature changes in the ore pile over a 13-day
period at depths of 1.5 and 2.0 m, plotted using calculated and experimental data.
As the analysis shows, the pattern of temperature changes in the stockpile under
field conditions qualitatively corresponds to the theoretical model. This suggests
that the use of a complex-action solution can reduce the rate of oxidation and
temperature rise in stockpiles of sulfide ores prone to spontaneous combustion, as
well as the associated release of sulfur dioxide into the atmosphere.

T,K

303

299 2

295

2901

0 T4 I'g 12 days

Figure 5. Temperature change as a function of the duration of the pile.
1 — with water moistening; 2 — without moistening; 3 — with moistening using a DB solution.

The results obtained make it possible to determine the specific consumption rate
of' a multi-action solution for wetting a pile of blasted ore prior to the onset of self-
heating. This will reduce dust emissions to within the permissible exposure limit,
prevent the intensification of the oxidation process in ores prone to spontaneous
combustion, and reduce sulfur dioxide emissions into the environment.

Conclusion.

1. A mathematical model of the low-temperature oxidation process of a blasted
pile of self-igniting ores in open-pit mining conditions has been developed and
solved.

2. An analytical solution of the heat balance equation under the corresponding
boundary conditions showed that the density of heat sources (8) plays a significant
role in the temperature regime of a pile of blasted ore prone to spontaneous
combustion under open-pit mining conditions. An expression for calculating its
value has been derived. It has been established that this value (0) is primarily
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determined by the sum of the oxygen sorption rate constants of the various ore
pieces comprising the pile.

3. To determine the oxygen sorption rate constant for various ore fractions, a
problem concerning the steady-state diffusion of oxygen in a sorbent particle was
formulated and solved, and an analytical relationship between the oxygen sorption
rate and particle size was derived.

4. The process of oxygen sorption by a piece of ore was investigated, and
the dependence of the oxygen sorption rate constant of the ore on particle size
was obtained. The main parameters of the antioxidant action of solutions used to
moisten ores prone to spontaneous combustion were determined.

It was established that as decreases and B increases, the oxygen sorption rate
decreases. This phenomenon occurs when there is limited oxygen access to the
sorbent grains, which can be achieved by blocking the pores with liquid. It follows
that these values are the main parameters of the antioxidant action of solutions
used to moisten ores prone to spontaneous combustion.

To calculate and a system of Gauss normal equations was formulated, which
was reduced to a single transcendental equation for B and solved using the method
of proportional parts.

5. The temperature distribution with depth in a pile of blasted ore as a function
of time was investigated theoretically.

6. To verify the theoretical conclusions, as well as the results of experiments
conducted under laboratory conditions, studies to determine the effect of complex-
action solutions on the ore pile were continued under production conditions.

Analysis of the obtained data showed that the pattern of temperature changes
in the pile under field conditions qualitatively corresponds to the theoretical one.
This gives reason to believe that the use of a complex-action solution allows for a
reduction in the rate of oxidation and temperature rise in piles of sulfide ores prone
to spontaneous combustion, as well as the associated release of sulfur dioxide into
the atmosphere.
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