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Abstract

The search for alternative sources of useful minerals is a pressing issue. One such possible source is the
processing of lean gold-bearing ores, which previously did not seem feasible to exploit for subsoil users,
leading to their disposal in off-balance ore dumps. Processing these resources becomes economically viable
as gold prices rise and processing technologies improve over time. This paper presents the elemental and
mineralogical composition of lean gold-bearing ore dumps from the Golden Pride Project (GPP) mining
operation in Tanzania’s Lihendo district. This area contains an old dump of lean gold-bearing ores, weighing
approximately 1.4 million tons. Extracting valuable components from lean mineral raw materials is a current
priority. Sampling was conducted to study the dumps. Boreholes were drilled to a depth of 1 m, covering
a total sampling area of 20 ha; 18 samples, each averaging 3 kg in weight, were collected. The results of
X-ray fluorescence analysis (XRF) indicated the presence of Fe, S, Si, Ca, Ca, Mn, Cu, Al, Cr, Ti, As, and Ag
in the collected samples. X-ray diffraction (XRD) analysis revealed that the main minerals in the dumps are
muscovite, kaolinite, quartz, montimorillonite, and goethite. The average gold grade in the selected samples
is 0.72 g/t. Studies of the grain-size distribution and gold distribution by grain-size classes after ore grinding
demonstrated that the majority of gold (74%) is in the =75 um class. In the initial mineral material of the dumps,
the share of the +30-50 mm grain-size class is 81%. The paper proposes potential methods for processing lean
dumps of gold-bearing ores. One such methods involves crushing the dump material, separating the -75 um
class, and subjecting it to direct leaching or leaching using “carbon-in-pulp” technique. Heap leaching appears
to be the most promising method for extracting gold from such dumps in terms of technical and economic
feasibility. Positive experience has been reported in applying this process to ores of similar mineralogical type.

Keywords
Golden Pride Project (GPP), X-ray phase analysis, X-ray fluorescence analysis, lean gold-bearing ore, ore
characterization, processing methods
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13 HUX (popmMupoBamCh OTBaIbI 3a6aMaHCOBOI pynbl. [lepepaboTka 3TUX PeCypcoB CTAHOBUTCSI BOCTPe6O-
BaHHOI Ha (hOHE POCTa LieH U YPOBHS TEXHOJIOTHI C TeUeHeM BpeMeHM!. B JaHHO# cTaThe Mpe/CTaBIIeH Jie-
MEHTHBI ¥ MUHEPAIOTMYECKMIA COCTaB GeIHBIX 30JI0TOCOEPSKAIIMX OTBAJIOB TOPHOTO Mpennpusitus Golden
Pride Project (GPP) B TaH3aHumu, B paiioHe «JIuxeH0». B JaHHOM paiioHe HaxXxOAUTCS CTapblil OTBaI GeTHOI
30JI0TOCOMIepIKallleli pyabl (Macca cocTaBsieT MpuMepHo 1,4 MiTH T). M3BneyeHMe 1leHHbIX KOMIIOHEHTOB U3
6eTHOT0 MYHEPAJIBHOTO ChIPbS SIBJISETCS aKTyaJIbHbIM HallpaBjeHMeM B HacTosiiiee BpeMs. I ornpo6oBa-
HMSI OTBAJIOB ObIT TPOM3BEAEH OTOOP Mp0o06. [ITyd1HA GypeHMs CKBaKMH COCTaBMIa 1 M, 061I[ast IUIOMIaab OIpPo-
6oBanust — 20 ra; 66110 0TOO6paHo 18 P06 cpegHelt Maccoit 3 Kr. Pe3ysbTaThl peHTTeHOMIyOPEeCIIeHTHOTO aHa-
nu3a (POA/XRF) mokasaiu, 4To B 0OTOOpAaHHBIX ITPOOAX MPUCYTCTBYIOT TaKue 31eMeHThI, Kak Fe, S, Si, Ca, Mn,
Cu, Al, Cr, Ti, As, Ag. Pe3ynbTaTsl peHTreHO(Ma30Boro aHanan3sa (XRD) mokasasii, YTO OCHOBHbIMM MUHEpaIaMuU
B OTBaJjIax SIBJISIIOTCSI MYCKOBUT, KAOJIMHUT, KBapL,, MOHTUMOPWUIOHUT U reTut. CpelHee comep kaHue 30/10Ta
B OTOOpaHHBIX ITpobax cocrasiseT 0,72 r/T. McoremoBaHus rpaHyJIOMETPUYECKOTO COCTaBa M pacrpemese-
HMS 30J10Ta TI0 KJIaccaM KPYITHOCTM ITOC/Ie M3MeTbueHMsl PYIbl TToKa3aay, YTo 6osbliast yacTb 3070Ta (74 %)
HaxOAUTCS B Kyacce —75 MKM. B MCXOHOI MMUHepaIbHOM Macce OTBAJIOB OIS Kiacca KpymHocTH +30-50 Mm
cocrasiger 81 %. B craThe mpemioskeHbl BOSMOXKHbIE METObI I1epepaboTKy GeqHbIX OTBAJIOB 30J0TOCOIE]-
skamyx pya. OmGHUM 13 BO3MOXKHBIX METOJOB MepepaboTKM OTBAJIOB SIBJSIETCS M3MeJIbYeHe MUHEPaTbHOTO
ChIPbSI, OTHENEeHNe Kaacca —75 MKM M €ro MpsiMoe BbIleaurBaHye 1160 BbIleTauMBaHMeE 110 TEXHOIOTUN
«YTOJIb B Iy/ibIie». Hanbosee mepcrieKTMBHBIM C TOUKM 3PEHMST TEXHUKO-3KOHOMMYECKMX [TOKa3aTesei mpe-
CTaBJISIETCSI METOJ, KYYHOTrO BbllenaunBaHus. iMeeTcs OMIOKUTENbHBIN OMNBIT IPUMEHEHUS JAaHHO TeXHO-
JIOTUY B OTHOLUEHUM PYyJ, aHAJIOTMYHOTO MUHEPAJTbHOTO TUIIA.

KnioueBble cnoea
Golden Pride Project (GPP), peHTrenoca3soBblii aHainu3, pPeHTreHO(IyopecieHTHbIi aHanu3, GemHas
30JI0TOCOMIepyKaIast pyia, XapakTepPUCTUKa PYyIbl, METObI ITepepaboTKU
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Introduction

In today’s world, the industrial revolution has led
to an increased demand for minerals such as gold,
cobalt, nickel, rare earth elements, and platinum
group elements like rhodium, osmium, palladium,
ruthenium, and iridium [1, 2]. However, primary re-
serves of these minerals worldwide are limited. The
search for alternative sources of minerals is a perti-
nent issue [3]. One such potential source is the pro-
cessing of lean gold-bearing ores, which were pre-
viously deemed unprofitable by subsoil users and
consequently sent to off-balance ore dumps. The re-
levance of processing these resources becomes more
pronounced as gold prices rise and processing tech-
nologies improve over time. Currently, the costs of
processing lean ores are justified [1]. It is imperative
to employ methods for assessing the cut-off grade of
valuable components and the economic feasibility of
projects to make informed operational and economic
decisions [4].

The extraction of gold from lean mineral raw ma-
terials is relevant in many regions worldwide, driven
by a decline in the gold grade of currently extracted
ores due to the preferential extraction of richer and
more easily processable ores [5]. Examples include the
Ridgway mine in the United States, as well as Simmer-
g0, Ergo, and Crown Sand in South Africa [6].

Despite the utilization of low-grade ore in pro-
cessing at various plants globally, each deposit pre-

sents its unique challenges necessitating specific
feasibility studies [7]. Key to such studies is under-
standing the properties of the ore itself, as they dic-
tate the selection of a processing method, thereby di-
rectly influencing the economics of mineral mining,
such as gold [8, 9].

This paper aims to investigate elemental and mi-
neralogical composition and grain-size distribution
of the lean gold-bearing ore dumps from the Golden
Pride Project (GPP). Additionally, recommendations
on possible methods of processing lean mineral raw
materials from the dumps are provided.

The Golden Pride Project (GPP) was a gold mining
project in the Nzega district of Tanzania, 25 km from
the town of Nzega. The open pit operated from 1998
until its closure in 2013!, extracting 2.589 million tons
of ore and produced 169 thousand ounces of gold. The
deposit reserves are estimated at 5.79 million tons of
ore (2.04 million tons in category A and 3.75 million
tons in category B, with an average grade of 2 g/t).
The deposit was developed using an open-pit meth-
od, with the primary method of gold extraction being
sorption leaching via activated carbon (carbon-in-
pulp (CIP) process).

! Report of the Presidential Mining Review Committee
to Advise the Government on Oversight of the Mining Sector.
2008. URL: https://www.policyforum-tz.org/sites/default/files/
BomaniReport-English_0.pdf [Accessed: January 2023].
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The ore district comprises layers of basic vol-
canites, volcanoclastic rocks, banded ferruginous
formations, and intrusive porphyries intruded by
late granites. The complex structure includes thick
north-striking structures emphasized by late doleri-
te dykes and thinner structures of northwestern and
northeastern strike. Exploration identified two main
types of mineralization: gold-quartz vein mineraliza-
tion with high gold grade and extensive carbonate-si-
liceous alteration and pyrite veinlets, and extensive
low-grade impregnated gold mineralization located
in the northeastern Kanegele shear system.

The Golden Pride Project (GPP) ores belong to the
latter type of mineralization.

Throughout the mine's operational life, the cut-
off grade was approximately 2 g/t gold?. Materials
with a gold grade below this threshold were either
stockpiled for blending or transported to the waste
rock dump, as their processing was deemed unpro-
fitable [10-12]. However, with rising gold prices and
advancements in processing techniques, this material
may become expedient for processing. Of particular
interest are the dumps in Lihendo County, where an
earlier estimation indicated approximately 1.4 mil-
lion tons of gold-bearing ore at a grade of 1.37 g/t
gold, necessitating further evaluation of the ore pro-
cessing potential.

2 Developing the golden opportunity, GPP Annual
Report. 2004. URL:  https://www.annualreports.com/
HostedData/AnnualReportArchive/R/ASX_RSG_2004.pdf
[Accessed: January 2023].
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Materials and Methods

1. Materials

At the first stage of sampling preparation, the
whole Lihendo district in Tanzania (130 ha) was sub-
divided using Expert GPS Pro version 7. Samples were
then collected at the intersections of the vertical and
horizontal grid lines within an area of 20 ha (inside
the area circled by the line in Figure 1 using a Germin
GPS, Montana 680t navigator).

A total of 18 samples were procured from bore-
holes drilled to a depth of 1 m, amounting to appro-
ximately 54 kg of samples (Table 1). The coordinates
of the sampling points (longitude and latitude in
Arc1960 format) are provided in Table 1.

2. Techniques

2.1. Sample Preparation

Initially, the samples underwent drying in a de-
siccator at 105 °C for 1 h to eliminate moisture.
Three samples were combined into a single metal-
lurgical sample, ground to a fineness of -2 ym, and
then divided into 6 samples using a rotary splitter
(Sepor 040]-001 24), each weighing approximately
9 kg each. The rotary splitter operated at a rotation
speed of 0.5 rps. From each of the these 9-kg sam-
ples, a 0.5-kg subsample was extracted for X-ray dif-
fraction analysis. Additionally, 1-kilogram samples
were set aside for X-ray diffraction and X-ray fluo-
rescence analyses.

9549300 9549400 9549500 9549600 9549700 9549800

9549300 9549400 9549500 9549600 9549700 9549800

522000 522100
0 004 0.09

522200 522300 522400 522500 522600 522700

0.17 Kilometers

Fig. 1. Diagram of sampling points in the Lihendo district (UTM)
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Coordinates of sampling points (in Arc1960 format) fable
Point No. Latitude Longitude Point No. Latitude Longitude
1 4°431” 33°12°0” 10 4°4 ‘24” 33°11°57”
2 4°4°28” 33°12°0” 11 4°4°21” 33°11°57”
3 4°4°24” 33°12°0” 12 4°4°41” 33°11°54”
4 4°421” 33°12°0” 13 4°438” 33°11°54”
5 4°4°41” 33°11°57” 14 4°4°34” 33°11°54”
6 4°4°38” 33°11°57” 15 4°4°31” 33°11°54”
7 4°434” 33°11°57” 16 4°428” 33°11°54”
8 4°431” 33°11°57” 17 4°4°24” 33°11°54”
9 4°4°28” 33°11°57” 18 4°4°21” 33°11°54”

2.2. Chemical and Mineralogical Analysis

It is important to conduct elemental and mine-
ralogical analysis prior to selecting any mineral
processing method, as these analyses directly in-
fluence the economics of a project. In this study, the
elemental composition was determined using X-ray
fluorescence analysis (XRF, HITACHI-X MET 8000
instrument). The MINING LE mode was employed to
measure Si, P, Al and Mg, while the MINING MODE
was used for determining the other elements. Each
analysis had a duration of 120 s per sample.

Mineral phases were identified using a Bruker
AXS D2 PHASER XRD instrument manufactured in
Germany (model A26-X1-A2B0D2C). To identify these
phases, the XRD generator operated at 30 kV and
10 mA current using a copper anode.

2.3. Grain-Size Analysis

Researchers have discovered that the majority of
gold particles are liberated when an ore is milled to
approximately 50-80% of —75 ym size class [13, 14]. In
this study a similar methodology was adopted. A sam-
ple weighing approximately 1 kg was pulverized to
50% of =75 pm class [14]. The dry sample was screened
for approximately 15 min, after which the gold con-
tent of each mesh-screen size (oversize) was analyzed
using an atomic absorption spectrometer (AAS).

Findings

The XRF analysis results of six samples revealed
a relatively uniform elemental composition of the
dumps (Fig. 2). The elemental composition observed
in the studied samples is statistically representative,
with a confidence level of 95%. The results of the el-
emental composition of the dumps are: Fe — 7.61,
S -0.22, Si - 10.74, Ca - 0.61, Mn - 0.04, Cu - 0.01,
Al - 2.69, Cr - 0.025, Ti — 0.49, As — 0.04% (wt), Au -
0.72 g/t, Ag — 0.06 g/t. Among the valuable metals

identified, Ag and Au are notable, while Si predomi-
nates as the major nonmetal. The samples exhibit low
concentrations of sulfur and arsenic, as well as cal-
cium, manganese, copper, chromium, and titanium.

X-ray diffraction (phase) analysis revealed the
presence of the following mineral phases in the sam-
ples: quartz, biotite, kaolinite, montimorillonite,
goethite, cuprite, and muscovite (Fig. 2).

The primary minerals, each constituting more
than 10% of the composition, include muscovite,
kaolinite, and quartz. Biotite, montimorillonite, and
goethite are categorized as minor phases, with their
respective weight share amounting to less than 10%
(Table 2).

Gold distribution was investigated through mesh-
screen analysis using mesh sizes of 75 pm, 106 pm,
125 pm, and 150 pym. The results of this analysis re-
vealed a unimodal distribution of gold in the ore, with
the majority of gold present in the —75 um fine frac-
tion, as outlined in Table 3.

To determine the grain-size distribution of
the initial material from the lean gold-bearing ore
dumps, mesh-screen analysis of the materials was
performed. Screens with mesh sizes ranging from
15 to 50 mm were employed for this analysis. The
resultant grain-size distribution (Fig. 3) indicated
that only 0.4% of the material exhibited a grain size
smaller than 20 mm, while the predominant portion
(81%) possessed a grain size falling within the range
of +30-50 mm.

Discussion
Based on the results of X-ray phase analysis, the
lean gold-bearing dumps predominantly consist of
oxides and silicates. Mineralogical analysis suggests
that the dump material corresponds to the gold-
quartz type, with indication of metasomatism in-
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ferred from the muscovite content. Minor sulfide mi-
nerals present have negligible influence on potential
leaching processes [15, 16]. The XRF results indicate
copper and sulfur contents below 0.05% and 0.5%,
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from cupper are not anticipated in the examined mi-
nerals. The material contains approximately 28%
kaolinite, which may exhibit sorption properties
toward gold-cyanide complexes formed during lea-

respectively. Copper acts as a cyanicide, interfering
with cyanide during gold leaching processes, leading
to increased consumption. However, adverse effects

ching. The high kaolinite content may also adversely
affect filtration properties, which are crucial in heap
and in-situ leaching processes.
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Fig. 2. X-ray phase analysis (XRD) and major mineral phases

Table 2 Table 3
Basic mineralogical composition of the sample Gold grain size distribution
Mineral Weight fraction, % Grain-size Grain-size | Gold grade in Gold
Muscovite 37.66 class, pm classoyield, grain-size class, distrilzution,
% g/t %
Quartz 28.03
— +150 11.49 0.07 3.39
Kaolinite 27.77 PRT p
Biotite 3.89 +125-150 23.41 0.0 4.93
Goethite 144 +106-125 44,21 0.08 14.91
Montmorillonite 0.89 +75-106 6.61 0.10 2.79
Other minerals 0.32 =75 14.27 1.23 73.99
Total 100 Total 100.00 0.24 100.00
40
75 | 35.0
30
X 9c 24.0
.25 22.0
5 20 -
215 13.0
o
101
> 1.0 < 1.0
0 0.2 . 0.2 o . . . . . C mm |
-15 +15-20 +20-25 +25-30 +30-35 +35-40 +40-45 +45-50 +50

Grain size, mm
Fig. 3. Grain-size distribution of lean gold-bearing ore dump material
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Moreover, the average gold grade was deter-
mined to be 0.72 g/t, contrasting with a higher grade
of 1.37 g/t® reported in a historical study. The dis-
parity could be attributed to the limited sampling
points (7) in the historical study, alongside potential
variations in a sampling depths, which can influence
gold grades®.

The heap leaching process emerges as a promi-
sing method for processing this mineralized mate-
rial, given the low gold grades (0.72 g/t) necessitating
lower capital and operating costs for extracting valua-
ble components [17]. The profitability from gold sales
generated by heap leaching may significantly surpass
that of processing plant methods. The grain size of
the dump material (+25 mm) meets heap leaching
requirements, although additional pelletizing opera-
tions may be necessary, necessitating further metal-
lurgical studies.

Positive experience from heap leaching of gold-
quartz ores at the Mayskoe deposit (Khakassia, Russian
Federation) is are documented, achieving recoveries
of 73-86%. The process involved crushing the ores
to —10 mm, pelletized, heaped, and cyanide solution
spraying, followed by gold precipitation from the preg-
nant solutions through electrolit precipitation on zinc
chips. Subsequent acid treatment of the precipitates
and roasting led to the production of base billion [18].

5 Developing the golden opportunity, GPP Annual
Report. 2004. URL:  https://www.annualreports.com/
HostedData/AnnualReportArchive/R/ASX_RSG_2004.pdf
[Accessed: January 2023].

+  Ibid.
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Conclusion

This study examined lean gold-bearing dumps
from the Lihendo area in the Nzega District, Tanza-
nia. The presence of clay minerals, such as kaolinite,
poses challenges to filtration processes in heap lea-
ching method and may also exhibit sorption activity
towards extracted gold cyanide complexes resulting
from leaching.

The minimum required grain size for mineral raw
material in agitation leaching processes is typically
80% of the =75 um size class. However, various design
solutions exist where the grain size of leachable ma-
terial is smaller [19]. Based on the mineralogical and
elemental analysis findings, agitation leaching, inclu-
ding the carbon-in-pulp mode, appears to be the like-
ly hydrometallurgical treatment method. It was es-
tablished that in the minerals from the dump, where
the grain size was reduced to meet the requirements
agitation leaching, 74 % of the gold was found in the
=75 pm fraction. Therefore, crushing, pulverization,
and separation of fine fraction using hydrocyclones
could be a viable approach for material processing.
The -75 pm fraction could be processed via direct
leaching or in the coal-in-pulp mode, reducing the
portion of ore subjected to leaching. This approach is
practical as 74% of the gold is contained in the =75 pm
fraction, yielding approximately 14.27%. Despite the
technical feasibility of agitation leaching, heap lea-
ching of the studied material emerges as a practically
applicable method in terms of economic indicators.
Similar gold-quartz ores have demonstrated gold
recovery rates of about 70-80%.
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Abstract

Complex processing of ash and slag waste is a supported directions for the development of environmental
friendliness and performance in power engineering. The rational use of this waste in large-scale production
processes has now been realized in the construction field. The development of up-to-date beneficiation
technologies raises the possibility of extracting various useful components from ash and slag wastes. This
study aims to investigate the potential for using energy-efficient ash beneficiation to produce a heavy
metal-containing fraction and separate the magnetic fraction. To assess the feasibility of ash beneficiation
and its rational use, the technical documentation of ash and slag dumps of PJSC “Magadanenergo” was
studied, and semi-quantitative analyses of samples collected from these dumps were carried out. The
data on the content of useful components and quantities of ash and slag enabled us to develop complex
beneficiation flow sheets, assess their process efficiency, and evaluate their potential financial viability.
The estimated volume of metals to be recovered includes 785 tons of Ti (me-1), 183 tons of Sr (me-2), and
4,867 tons of Fe (me-3). The performance indicators of the beneficiation and aggregated values of economic
indicators for this project implementation on an industrial scale were calculated. The economic feasibility
of the ash processing project showed good values for two out of three models over a ten-year planning
horizon. Implementing the project also effectively improves the environmental situation by potentially
processing up to 10% of the total volume of ash dumps, fulfilling one-fifth of the Energy Strategy of the
Russian Federation’s requirements until 2035. While investigations of ash from the Magadan Cogeneration
Power Plant (MCPP) are not new, they were not previously carried out within the framework of studying
integrated processing of ash to obtain various useful components.

Keywords
ash, Magadan Cogeneration Power Plant, waste, beneficiation, samples, cost efficiency, ecology, Magadan

For citation

Shipunov L. V., Kuzmenkov M. A., Gaidai N. K. Assessing viability of processing ash and slag dumps for energy-
efficient ash beneficiation at Magadan CPP. Mining Science and Technology (Russia). 2024;9(1):12-20. https://
doi.org/10.17073/2500-0632-2023-05-116

OBOrALLEHUE, MEPEPABOTKA MUHEPAJIbHOIO U TEXHOIMEHHOIO CbIPbA

Hay4Has cTaTbs

OueHKa Lef1ecoobpa3HOCTU NepepaboTKH 30/10LL1aKOBbIX OTBaJIOB
MaraaHCKOW Tenno3IeKTPOoLeHTpanu

JI.B. llluntysos! (2, M. A. Ky3bMeHKOB! , H.K. Tainpgaii! 2 X
L Cesepo-BocmouHstii 2ocydapcmeeHHwlll yHusepcumem, 2. Mazada, Poccuiickas ®@edepayus

2 Cesepo-Bocmoumblii KOMNIEKCHbLU HayuHO-uccnedosamensckuili uHcmumym um. H. A. Iluno
HansHesocmouHozo omdenenus Poccuiickotli akademuu Hayk, 2. Mazadan, Poccutickas @edepauus

< nataly mag@rambler.ru

AHHOTauus

KomMmmiekcHas nepepa60TKa 30JIOIIJIAKOBBIX OTXOOOB fABJISAETCSA OOHMM M3 IMOAOEP>KaHHbIX Hal'IpaBJ'IEHI/Iﬁ
PasBUTHUI 3KOJOTUIHOCTU U 3D GEKTUBHOCTH MPOU3BOACTBA YHEPreTUKN. PalMoHaIbHOE UCIIOIb30BaHMe
MX B MacCOBOM TPOU3BOJICTBE B HACTOSIIEE BPeMs PeajiM30BaHO B 00JIaCTU CTPOUTENbCTBA. PazBuTtue co-
BpEMEHHBIX TeXHOJIOTUM O6OI‘aI.LleHI/I5I IMO3BOJISIET CTABUTDH BOIIPOC O IMOJTYYEHUM U3 30JI0IIJIAKOBBIX OTXO-

© Shipunov L. V., Kuzmenkov M. A, Gaidai N. K., 2024


https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2023-05-116 
https://orcid.org/0000-0002-0840-8209
https://orcid.org/0000-0002-6375-9693
https://www.scopus.com/authid/detail.uri?authorId=58286501200
https://orcid.org/0000-0002-2679-4967
https://www.scopus.com/authid/detail.uri?authorId=6603868070
mailto:nataly_mag@rambler.ru
https://doi.org/10.17073/2500-0632-2023-05-116
https://doi.org/10.17073/2500-0632-2023-05-116
https://orcid.org/0000-0002-0840-8209
https://orcid.org/0000-0002-6375-9693
https://www.scopus.com/authid/detail.uri?authorId=58286501200
https://orcid.org/0000-0002-2679-4967
https://www.scopus.com/authid/detail.uri?authorId=6603868070
mailto:nataly_mag@rambler.ru

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(1):12-20

elSSN 2500-0632

https://mst.misis.ru/

Shipunov L. V. et al. Assessing viability of processing ash and slag dumps for energy-efficient ash beneficiation...

JIOB Pa3JIMYHBIX MOJIE3HbIX KOMIIOHEHTOB. Llesb JaHHOTO MUCC/IeSOBaHUSI — U3yUYeHMe BO3MOXHOCTU IIPU-
MeHeHMS SHepro3gdeKTMBHOIO 000TaleHMs 30JIbI C 1IeJIbI0 ITPOM3BOICTBA TSIKEIOM MeTaIocoaepKalei
dbpaxkuum u oToeneHuss MarHMTHOI Gpakiyu. [IJist OLeHKM BO3MOXKHOCTY OGOTAIeHNS 30JIbl U €€ paljuo-
HaJILHOTO MCIIO/Ib30BaHMs OblJIa MCC/IeNOBAHA TEXHUYECKAS! TOKYMEHTAIMS 30/I0IaKOBbIX O0TBanioB I[TAO
«MaraaHsHepro» u MpoBeIeHbl MMOTyKOMMUEeCTBEHHbIEe aHaIM3bl 0TOOPAHHBIX P06 C 30/I0IIIAKOBOTO OT-
Basa. [losiyyeHHbIe JaHHbIE 110 COLEP)KAaHUSM IT0J€3HBIX KOMIIOHEHTOB U KOJMYECTBY 30JI0LIIaKOB ITO3BO-
JIAIIA Pa3paboTaTh KOMIIIEKCHBIE 0O0TATUTEIbHBIE CXEMBI C OII€HKOI MX TEXHOJIOTUYECKOI 3 GEKTUBHOCTA
Y TIPOU3BECTH OLIEHKY IMOTEHIMATbHO SKOHOMUYECKO 3 dekTBHOCTY. OGbEM METAJIOB, IVIAHMPYEMbIX
K M3BJIEUEHMUIO, TI0 OLleHKaM, cocTaBui: myist Ti(me-1) — 785 T, nyst Sr(me-2) — 183 T u g Fe(me-3) — 4867 T.
PaccuMTaHbl TEXHOJOTMYECKME TTOKa3aTeMy oboramieHust U yKpyIIHeHHble 3HAaUeHUS 9KOHOMUYECKUX T10-
KasaTesei IJig peaau3alyy JaHHOTO MPOEKTa B MPOMBINIIEHHBIX MacHITabax. DKOHOMMUUECKas 1e/1eco0-
6pa3HOCTh MPOEKTA I10 IepepaboTKe 30JIbI B IBYX MOJE/ISIX M3 TPeX ITOKA3bIBaeT XOPOIe 3HaUeHUS B Jie-
CcATUIeTHEeM ropu3oHTe. Peanusaliius npoekra 3 beKTUBHA U C TOUKM 3peHUS YAyULIeHUs SKOI0TUUeCKO
CUTyaluH, T.K. ITI03BOJISIET BOBJIEYH B MepepaboTKy 10 10 % Bcero o6beMa 307I00TBAJIOB, UTO HA ISITYIO YaCTh
BBITOJIHAET TPEOOBaHMs DHepreTu4eckoii crparernu Poccuiickoit @egepanmm go 2035 roga. VicciiemoBaHust
307161 MaragaHckoil TeriosnektpoueHTpanu (MTOIl) He SBASIOTCS HOBBIMM, HO B paMKaxX MCC/IeIOBaHUS
KOMIIJIEKCHOJ ITepepaboTKM 30J1bI C 1e/1bI0 TOYUEHMS Pa3/IMUHbIX [T0JIE3HBIX KOMIIOHEHTOB paHee PaboThl

He ITPpOBOAMNJINCD.
KnioueBble cnoBa

3071a, MT3LI, oTx01b1, O6OTaleHMue, TPOObI, SKOHOMMYEcKast 3¢ HeKTMBHOCTD, 9KOIOTHMs, Maragad
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Shipunov L.V., Kuzmenkov M. A., Gaidai N.K. Assessing viability of processing ash and slag dumps for energy-
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doi.org/10.17073/2500-0632-2023-05-116

Introduction

Ash and slag waste has plagued mankind since
the industrial revolution, posing significant environ-
mental challenges. The complex processing of ash
and slag waste is recognized as a vital approach to
enhancing the environmental friendliness and effi-
ciency of power engineering!.

So far, the rational use of such waste in large-
scale production has been limited to various con-
struction processes [1-3]. However, the development
of up-to-date beneficiation technologies has opened
up opportunities to explore new sources of mine-
rals. One such research avenue is the beneficiation of
ash to extract valuable components, including pre-
cious and rare metals, underburnt coal, and the po-
tential for producing sorbent [4]. Numerous studies
have focused on recovering magnetite [5, 6], precious
and rare metals [7-9], and aluminosilicates [10, 11].
The economic outcomes of these projects have va-
ried across different periods of the Russian market’s
development, with profitability largely depending on
the success in marketing the extracted products.

To date, no extensive research has been conduc-
ted on processing ash and slag waste for the purpose
of extracting titanium concentrate, nor has the eco-
nomic efficiency of such projects been assessed. This
gap may be attributed to the challenges associated
with the material composition of ash and underburnt

1 “Round table” on the topic “Legislative regulation”
regulation of the use of ash and slag waste from coal TPP".
Ministry of Energy of the Russian Federation. URL: https://
minenergo.gov.ru/node/140114 (accessed date: 20.11.22).
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coal pellets. The effectiveness of beneficiation varies
significantly with the composition and ratio of these
materials.

The authors have previously studied and repor-
ted on the compositions and types of coals supplied
to the MCPP over the last 20 years [12]. Briefly, the
coal from the Talda deposit (Kuzbass) is characte-
rized as a typical long-flame steam low-ash coal,
rich in limestone within the mineral particles. Coals
from different mining areas of the deposit were
washed together, resulting in a final blended fraction
delivered to MCPP.

Annually, PJSC Magadanenergo supplies about
300 000 tons of coal from the aforementioned deposit
(Kemerovo coal basin, Kuzbass)?. Concurrently, during
the autumn-spring heating season and the mainte-
nance of boiler units in the summer, about 33 000 m3
of ash and slag waste are generated. With a density
of 1.2-1.3 t/m?3, this amounts to about 41 000 t of ash
and slag waste per year.

Problem definition
To date, there is no cost-effective, proven techno-
logy for processing ash and slag wastes from the Maga-
dan Cogeneration Power Plant (MCPP), as required by
the Energy Strategy of the Russian Federation.

? Batakova O.G. Magadanenergo will bring more than
300 kt of coal for the heating season of 2021-2022. Website of
PJSC Magadanenergo. 2021; URL: http://www.magadanenergo.
ru/content/magadanenergo-zavezet-bolee-300-tysyach-tonn-
uglya-dlya-otopitelnogo-sezona-2021-2022 (accessed date:
03.05.2021).
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Studies on the use of MCPP ash as a component of
clinkers in cement mixtures for concrete production
have proved unsuccessful due to the high content of
calcium oxide, which adversely affects the strength
properties of the resulting concrete. The grade of
the concrete decreases from B30 to B10, which is
unacceptable for the construction of critical buildings
and structures of the energy industry. Meanwhile,
research on the application of ash and slag wastes
in small-scale construction products (bricks, blocks,
plates) has not been in demand due to the limited
volume of residential construction in Magadan from
2010 to 2022.

On the other hand, the Energy Strategy of the
Russian Federation for the period up to 2035 re-
quires all energy companies using coal in their
energy generation to develop measures to reduce the
environmental impact on the areas where thermal
power plants are located, including taking into ac-
count the involvement of ash and slag waste in pro-
cessing. According to this strategy’s provisions, 15%
of all generated ash and slag waste should be utilized
and neutralized by 2024, and 50% by 20355,

Based on our previous studies and the studies
of other authors in similar areas, we have focused
on the ash and slag dumps of MCPP with the aim of
obtaining a heavy fraction (extremely saturated with
various metal oxides, such as those of titanium, zir-
conium, strontium, rubidium, and sulfides of zinc and
copper), which could be subsequently processed by
various methods to obtain metal concentrates. For ti-
tanium and zirconium oxides, we intended to apply
a technique of alternating magnetic and electric sepa-
ration with a successive increase in the magnetic field
induction of separators, aiming to obtain a separate
magnetic concentrate with a grade of about 53-62 wt.
% (as indicated by preliminary studies), and selective
concentrates of ilmenite, rutile, monazite, and zircon.
For the extraction of strontium and rubidium, we pro-
pose to use a sequential scheme of electric separators
with final acidic dissolution and concentrate separa-
tion in an electrolysis unit.

Research techniques
The primary objective of this work is to study the
yield of the heavy fraction from ash and slag waste
by applying traditional methods of gravity, magne-
tic, and electric beneficiation, as well as to calculate
the economic feasibility of this process. The expec-
ted metal concentrates comprising the heavy fraction

5 Energy Strategy of the Russian Federation for the period
up to 2035. Ministry of Energy of the Russian Federation; 2020.
URL: https://minenergo.gov.ru/node/1026 (accessed date:
20.11.22).
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from the initial gravity beneficiation, which are con-
sidered in further calculations, are listed as previously
mentioned.

To achieve this goal, the following tasks were un-
dertaken:

1) Estimation of ash volumes accumulated in the ash
and slag dumps of MCPP. This analysis was performed
by processing and compiling the statistical informa-
tion provided by MCPP along with field observations
of the ash and slag waste generation and storage pro-
cesses, including pouring into the ash dump [13].

2) Sampling and semi-quantitative analysis of use-
ful components in the ash and slag wastes of MCPP.
This analysis was performed using the energy-dis-
persive X-ray fluorescent spectrometer EDX-800HS2
manufactured by “Shimadzu” (Japan), utilizing
semi-quantitative of energy-dispersive X-ray fluo-
rescent spectroscopy method. Measurement condi-
tions were as follows: Rh anode tube (50-watt po-
wer), voltage settings of 50 kV and 15 kV, a current
of 100 pA (auto), in a helium medium, with a meas-
urement diameter of 5 mm and a measurement time
of 100 s. The samples were measured in the Ti-U
(0.00-40.00 keV), Na-Sc (0.00-4.40 keV), and S-K
(2.1-3.4 keV) bands [13].

The samples were collected at MCPP’s ash and
slag dump, located near Rechnaya Street. The sam-
pling technique involved first identifying the main
zones of the ash disposal area (dump): the safe-
ty berm, hydrotransport outflow zones, ash mixing
zones, net ash hydraulic deposition zones. Samples
were taken from the net ash hydraulic deposition
zones at a depth of about four meters, after remo-
ving the overlaying layers of ash and slag waste,
which were then moved to another dump by PJSC
“Magadanenergo” machinery according to the
schedule of ash and slag relocation. The sam-
ples were taken along the flank using the handful
method. Approximately eight handfuls of material,
each weighing just over 1 kg, constituted one flank
sample. These samples were subsequently mixed
in the mineral processing laboratory of SVSU Po-
lytechnic Institute using the coning and quartering
method three times, then dried and quartered me-
chanically at a classical splitter. One-eighth of the
sample was sent for semi-quantitative analysis [13].
In total, eight flank samples were collected, amoun-
ting to 72.4 kg of initial ash before drying. The weight
of the samples decreased to 58.2 kg after drying.

3) Development and basic calculation of ratio-
nal beneficiation process flow sheets. The develop-
ment of the flow sheets was based on the classical
flow sheets for the beneficiation of titanium-zirco-
nium sands from alluvial deposits, with subsequent
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magnetic-electric concentration on the appropriate
separators. The recovery of strontium was also cal-
culated [14]. The flow sheets took into account the
equipment fleet in the SVSU beneficiation labora-
tory, which consists mainly of gravity beneficiation
units (high-frequency jigging machine MOL2.5, con-
centration tables SKO-1 and RP-4, screw separator,
fine filling sluice with rubber high-profile stencil,
centrifugal separator) and magnetic and electric
beneficiation units (drum-type magnetic separator,
liquid magnetic separator, dry high-gradient field
magnetic separator, drum-type electric separator).
The classical method of beneficiation theory calcu-
lation was used: product yields and recoveries were
calculated from the grades in the feed, concentrate,
and tailings. From the yields and recoveries, the ex-
pected concentrate volumes were calculated [15].

4) Calculation of basic economic indicators for the
selected process flow sheets to determine feasibility of
further development of the ash processing project. Eco-
nomic indicators were calculated using the refined
NPV method as outlined by Atkinson, 2005 [16]. The
basic rigid model was built based on these calcu-
lations, and additional scenarios were defined ac-
cording to it: pessimistic, realistic, and optimistic
(each of which took into account the possibilities of
achieving the preset values of productivity, recovery,
and sale of marketable products at the preset prices,
according to the scenarios).

Research Findings
The ash volumes were obtained by processing
the total dataset of field observations, which took the
form of statistical information on the ash dumps of
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MCPP, provided by PJSC “Magadanenergo”. The main
values used in further calculations are summarized
in Table 1. Maps of the dumps and the sampling lo-
cations have been given in the previously published
materials by the authors [17].

Semi-quantitative analyses of the ash compo-
sition were conducted on samples collected in July
2022 using the method described above to estimate
the quantities of metals in the MCPP ash. Sampling
was performed on the flanks of the net ash hydraulic
deposition zones to reduce the probability of sample
contamination by surrounding rocks [13, 14].

The semi-quantitative analyses of the ash com-
position were carried out by the specialists from the
Institute of Organic and Physical Chemistry named
after A.E. Arbuzov, which is a separate structural sub-
division of the FITs Kazan Scientific Center of RAS.
The determined percentages of components in MCPP
ash are summarized in Table 2.

Mineralogical studies showed that the composi-
tion of the samples corresponds to the typical com-
position of ash and slag waste. They contain quartz,
silicates, iron oxides, pyrite, carbonate, silicon, pyrr-
hotite, pure iron, brass (Cu + Zn), as well as iron alloys
of various compositions: Fe-Ni-Cr alloy, ferrochro-
mite (Cr + Fe), and iron with chromium and manga-
nese (Fe + Cr and Fe + Mn with manganese content up
to 0.78%), celestine, and traces of carnallite.

The main operational parameters established in
the course of the analysis of rational beneficiation
flow sheets were calculated by analogy with similar
projects for the processing of alluvial titanium-zirco-
nium deposits material [15], and for magnetite, based
on the studies of L.N. Adeeva and V.F. Borbat [18].

Brief technical characteristics of ash dumps at MCPP fable
Designation 1 quarter of 2021 | 2 quarter of 2021 | 3 quarter of 2021 | 4 quarter of 2021

Total disposal, thousand m3 (by quarter) 13.38 3.50 1.94 11.25
ZShO-1% section 1 13.38 0.00 0.00 0.00
ZShO-1, section 2 0.00 3.50 1.94 11.25
Accumulated total at ZShO-1, thousand m? 2,713.20 2,704.70 2,706.70 2,708.10
Accumulated total at ZShO-1, kt 3,255.90 3,245.70 3,248.10 3,249.70
accumulated total at section 1 of ZShO-1, 2,108.50 2,111.50 2,111.50 2,101.70
accumulated total at section 2 of ZShO-1, 604.70 593.30 595.20 606.50
Accumulated total at ZShO-2**, thousand m? 1,781.80 1,796.80 1,796.80 1,806.60
Accumulated total at ZShO-2, kt 2,138.10 2,156.10 2,156.10 2,167.90

*ZShO-1 is ash and slag dump 1, located in the immediate vicinity of Rechnaya Street near Pionerny and Solnechny urban districts.
** ZShO-2 is ash-and-slag dump 2, located over a distance from Rechnaya Street, in the valley of the Balakhapchan River, is

connected by a dirt road with ash-and-slag dump 1.
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The operational parameters of the MCPP ash-
and-slag waste beneficiation, as calculated [19], are
given in Table 3. The initial percentages were taken
to be equal to the median average values from Table 2
for the corresponding components.

Based on the values obtained according to formu-
la 1, the quantities of useful components (metals to be
extracted) were calculated:

V.=V

Me zsho-1 "4

@

where V,,, is the calculated metal quantity, t, V,g,_,
is the ash dump volume, t, and a,,, is the initial metal
percentage.

From the total metal quantities obtained, the
extractable quantity is determined, taking into ac-
count process losses. To account for losses, a correc-
tion coefficient K,,, was introduced, which took into
account the total losses (its value ranges from 0.75
to 0.95; for further calculations, taking into account

Me
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the gravity flow sheet, it was taken to be equal to
0.90) [20]:

QMe = VMe ’ EMe ) k (2)

where Q,,. is the quantity of extractable metal, t, E,,, is
the metal recovery into concentrate, %.

The annual flow of metals P, coming with newly
disposed ash continuously generated by MCPP, which
can also be involved in beneficiation, were separately
calculated:

P

Me

ben.?

=Z

ZSho-1"

E

a M

-k 3)

where P, is the flow of extracted metal, t; Z,g,, ; is
the annual volume of “new” ash and slag disposed in
dumps, t; a,, is the initial metal grade, %; E,, is the
metal recovery into concentrate, %; K,,,, is the coeffi-
cient taking into account total losses.

The values of the quantities of metals planned
for recovery, calculated using the formulas above, are
summarized in Table 4.

Me ben.?

Table 2

Component composition percentages in MCPP ash

Si ‘ Al ‘ Fe ‘ Sa ‘ K ‘ Ti ‘ Mg ‘ P ‘ Sr ‘ Mn ‘ Zr ‘ Cu ‘ Zn ‘ Rb ‘ S
Sample
%
1 52.30 | 20.20 | 15.30 | 4.20 | 3.50 | 1.60 | 1.10 | 0.70 | 0.50 | 0.20 | 0.10 | 0.10 | 0.04 | 0.03 -
2 55.00 | 20.10 | 10.80 | 4.70 | 4.60 1.80 1.30 | 0.60 | 0.30 | 0.10 | 0.10 | 0.10 | 0.03 | 0.03 | 0.40
3 54.40 | 20.30 | 13.20 | 3.40 | 3.90 1.80 1.20 | 0.80 | 0.60 | 0.20 | 0.20 | 0.10 | 0.04 | 0.04 -
4 56.30 | 21.20 | 10.10 | 3.40 | 4.30 | 2.00 | 0.90 | 0.70 | 0.50 | 0.10 | 0.20 | 0.05 | 0.04 | 0.03 | 0.20
5 40.20 | 18.20 | 23.00 | 8.10 | 3.30 | 2.30 1.80 | 0.50 | 0.80 | 0.30 | 0.30 | 0.10 | 0.10 | 0.05 1.00
6 51.30 | 17.70 | 17.90 | 0.21 3.80 1.70 1.20 | 0.50 | 0.40 | 0.30 | 0.20 | 0.10 | 0.03 | 0.04 | 0.10
7 55.00 | 20.80 | 10.60 | 4.20 | 4.40 | 2.10 | 1.30 | 0.60 | 0.40 | 0.20 | 0.20 | 0.10 | 0.05 | 0.04 -
8 51.50 | 20.20 | 11.70 | 5.00 | 0.10 | 3.10 | 0.90 | 0.05 | 0.20 | 0.20 | 0.20 | 0.10 | 0.04 | 0.10 | 0.90
Table 3
Operational parameters for beneficiation of MCPP ash-and-slag waste
Metal Initial Marketable concentrate | Tailings percentage | Concentrate Tailings | Total recovery
percentage a percentage b 0 yield yon. yield y,;, E, %
Ti+Zr 2.20 45.00 0.50 3.82 96.18 78.14
Sr 0.50 25.00 0.10 1.61 98.39 80.32
Fe 14.00 65.00 4.00 16.40 83.61 76.11
Table 4
Quantities of metals to be extracted
Metal Quantity at Ash-and-Slag Ext.ractable Annurill incoming Planned quantity to be
Dump-1 (ZShO-1) V,,, tons | quantity Q,,, tons quantity P,,, tons extracted P,, + 3% Q,,, tons
Ti (me-1) 71,493.40 50,279.07 634.35 785.19
Sr (me-2) 16,248.50 11,745.90 148.19 183.43
Fe (me-3) 454,958.00 311,651.56 3,931.97 4,866.92
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Taking into account the obtained values, the an-
nual productivity by ash was calculated, and on this
basis, the equipment and machinery were selected to
provide the processing process:

Me-3

Y P +3%Q
Uash Med ’ AVG ’ (4)
AVG e

Vet

where U,, is the annual productivity by ash, tpy,
AVG,_, is the arithmetic mean of concentrate yield, %
(7.32%), and AVG,, , is the arithmetic mean of tailings
yield, % (92.72%).

The obtained value is 63 000 tons of ash proces-
sing per year, or 24 tons per hour. Selecting equip-
ment and machinery based on these indicators is
a straightforward task and does not require additio-
nal consideration.

The last task of calculating basic economic indi-
cators was solved using analytical and computatio-
nal methods for assessing the economic efficiency
of innovation projects. Capital investments and op-
erating costs were evaluated by analogy with simi-
lar technical projects for the mining and processing
of alluvial rare metal material, with a discount rate
of about 12%. Furthermore, based on the volumes
of potential shipments of metal concentrates, the
following indicators were calculated: NPV for a pe-
riod of ten years and IRR for the same period. In the
calculated rigid model, straight-line depreciation
was used.

Input total expenditures amount to 188.50 min
rubles (CAPEX category — capital expenditures), and
operating expenditures amount to 128.31 mlin rubles
per year (OPEX category — operating expenditures).
The OPEX structure is as follows: 23.00% for the sa-
lary fund (the headcount is twenty-seven persons);
77.00% for material and operational maintenance
costs, depreciation, and debenture interests.

The planned supply is based on the annual flow
of a recoverable metal and the involvement of an
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additional 3% of accumulated recoverable metal
in processing. In monetary terms, this amounts to
177.84 mln rubles. In this scenario, categorized as re-
alistic, the accounting for the strontium metal yield
is greatly underestimated due to the expected diffi-
culties in extracting 183.43 tons of strontium per
year. Only half of this quantity, i.e. 91.5 tons of stron-
tium, was included in the model. The selling price
of the shipped titanium concentrate was taken from
open internet sources, at 66.00 thousand rubles per
ton of concentrate (as of November 2022). The stron-
tium concentrate’s selling price is 96.00 thousand
rubles per ton, and that of magnetite concentrate is
6.75 thousand rubles per ton®.

The purchase of equipment and machinery is
planned to be financed through borrowing from large
financial organizations. Loan terms and conditions
are 18.00% p.a. in rubles for a period of five years
for fixed assets, and a second credit line for ensu-
ring production activities at 12.0% p.a. in rubles for
a period of three years. The structure of the borrowed
capital is 54.0% for the main credit line, 42.0% for
the second credit line, and 4.0% for attracted exter-
nal financing.

The discount rate is 12% p.a. in rubles, given the
current economic situation. Cash flows are presented
in real terms. Only the final cash flow used to calcu-
late NPV was adjusted for the inflation rate forecasted
by the Ministry of Economic Development of the Rus-
sian Federation.

For the sake of illustrating the model, the as-
sumption that the taxable base is formed exclusively
in the period in which the settlement with budgets of
various levels takes place was introduced. The model
used the following tax rates: VAT at 20.0%, profit tax
at 15.5%, and corporate property tax at 2.2%.

The model obtained based on the calculations re-
sults is shown in Table 5.

4 Titanium concentrate. Starov & Co. URL: https:/www.
iodine.ru/ (accessed date: 20.11.22).

Table 5

Flexibility within a rigid model

I Indicator value, realistic Indicator value, pessimistic Indicator value, optimistic
tem
model model model
NPV, mln rubles 424.31 -31.40 657.65
IRR, % 42.00 9.00 66.00
ROS, % 29.00 7.00 39.00
PB, years 4.00 N/A 2.00
DPB Does not exceed the forecasting Exceeds the forecasting Does not exceed the forecasting
time-frame time-frame time-frame
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The models were formed mainly depending on
the changes in the selling prices of metals and the
actual strontium sales indicator. In the pessimistic
model, strontium is completely excluded from the
calculation, and the selling prices for titanium and
magnetite are underestimated by 10% compared to
the current prices.

Practical application

Justifying economic efficiency is a mandatory
stage in developing a rational flow sheet for ash and
slag waste processing. One promising area for using
the obtained results is the separation of the metal-
bearing fraction and subsequent additional benefi-
ciation to obtain concentrates of rare metals. These
results will be presented to PJSC Magadanenergo as
part of the investment proposal for the project of ash
and slag waste processing at MCPP.

Another application of the performed eco-
nomic efficiency substantiation is the planning by
the university of the loading of its own laborato-
ry for mineral beneficiation within the framework
of a tolling agreement (an agreement on rende-
ring services on processing of basic raw materials
with transfer of finished bulk or selective concen-
trates to the customer) with PJSC Magadanenergo,
should a decision be made on processing the ash and
slag wastes to extract rare metals into a separate
concentrate.

Findings Discussion

In the course of the study, the performance of
the beneficiation process and the aggregated values
of economic indicators for the implementation of this
project on an industrial scale were calculated. Despite
modest performance and low capital costs, the eco-
nomic effect in two of the three scenarios (optimistic
and realistic) appears attractive. However, the high
risk of the results obtained due to some assumptions
made in the study should be noted.

The first assumption relates to the limited acces-
sibility of the region in relation to the central traffic
arteries of the Russian Federation. This results in
logistical complexity and a high final price for the
consumer, making it difficult to find a buyer at the re-
alizable cost mentioned above. The market saturation
with ilmenite concentrate also decreases the attrac-
tiveness of the distant Magadan titanium dioxide and
magnetite for potential buyers.

The second assumption concerns the effective-
ness of strontium extraction technology gravity in
the gravity beneficiation processes, which, due to the
specific chemical compounds of strontium, also intro-
duces certain risks.
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Moreover, if the question of complete processing
of the entire ash and slag dump of MCPP at the cur-
rent site or a second site arises, there will be certain
difficulties. These are directly related to the instabili-
ty of coal deliveries to MCPP from the same producer,
affecting both scheduled and off-schedule indicators
governing the economics of the beneficiation process.
The problem can be addressed by answering two ques-
tions, but this is only possible after the commence-
ment of the MCPP ash beneficiation project and full-
fledged exploration works:

1) Was the content of titanium dioxide in the ash
of coal supplied to MCPP in previous years the same
as currently?

2) Will the content of titanium dioxide in the ash
of coal to be supplied to MCPP in the future be the
same as currently?

The final assumption made concerns the confi-
dence that the metals are distributed in such minerals
and fraction from which they will be relatively easily
extracted into an intermediate concentrate by gravity
beneficiation and further upgraded in small volumes
in the SVSU beneficiation laboratory. This question
also requires further study.

Conclusion

The information obtained from various sources,
along with the primary process design and semi-quan-
titative analysis of performance, appears to demon-
strate the cost-effectiveness of the proposed process
solutions. The beneficiation process flow sheet can be
implemented not only as a stationary complex with-
in a separate building but also as an open modular
installation, which would allow for relocation to
a second ash dump site in the future.

Meanwhile, the economic feasibility of the ash
processing project in two of the three models showed
good economic performance over a ten-year horizon.
The project’s implementation can also be effective in
terms of improving the environmental situation, as
it allows for the processing of up to 10% of the total
volume of the ash dumps. This ensures fulfillment of
one-fifth of the requirements of the Energy Strategy
of the Russian Federation up to 2035°.

The research is planned to continue with an
additional study of the elemental and mineralogi-
cal composition of the ashes to determine the main
minerals hosting the useful components planned for
extraction.

> Energy Strategy of the Russian Federation for the period
up to 2035. Ministry of Energy of the Russian Federation; 2020.
URL: https://minenergo.gov.ru/node/1026 (accessed date:
20.11.22).
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Electrochemical action on the flotation beneficiation of ordinary iron ore concentrate

Kh.K. Rakhimov! (2, E.L. Chanturiya® 2 041, D. V. Shekhirev!
YUniversity of Science and Technology MISIS, Moscow, Russian Federation

2N.V. Melnikov Institute for the Problems of Integrated Subsoil Development,
Russian Academy of Sciences (IPKON RAS), Moscow, Russian Federation

>4 elenachan@mail.ru

Abstract

Oneofthemainchallengesin processing fresh ferruginous quartzites is to obtain high-qualityiron ore concentrates
containing more than 70% total iron and less than 1.8% silica to produce DR pellets and hot Briquetted Iron (HBI).
Currently, it is widely recognized that the most effective methods to achieve high-quality iron ore concentrates
is through reverse flotation using cationic amine collectors in an alkaline medium. However, due to the very fine
impregnation of magnetite in quartz, the insufficiently complete release of magnetite even with fine grinding,
and the proximity of the flotation (surface) behavior of the separated minerals, high-quality concentrates are
not always achievable in the flotation process. Consequently, exploring methods to enhance the efficiency of
flotation separation of minerals and improve concentrate quality remains a pertinent issue. Historical studies
have shown that electrochemical treatment can adjust the properties of reagents, enhance their effect on specific
minerals, and thus control the flotation process. The efficiency of quartz and other silicates flotation by amines
significantly depends on the ratio of ionic and molecular forms of the reagent in aqueous solutions of the collector
and in the flotation pulp. Altering this ratio can impact the outcomes of reverse cationic flotation of iron ores. It
is feasible to change the ratio of the amine forms through electrochemical oxidation or reduction of the reagent
solution. Moreover, the electrochemical treatment facilitates the dispersion of the amine in the aqueous medium
and its physical adsorption on minerals. Therefore, electrochemical pretreatment of amines can be considered a
promising method for intensifying the reverse flotation of iron ore. This paper presents research results aimed at
improving the quality of the oversize of the fine screening of ordinary magnetite concentrate from Mikhailovsky
GOK, named after A. V. Varichev, through the use of electrochemically treated solutions of cationic amine class
collectors in the process of reverse cationic flotation. The research findings confirmed the feasibility of using
preliminary diaphragmless electrochemical treatment of reagents Tomamine RA-14 and Lilaflot 811M (esters
of monoamine of different composition) for the targeted modification of their properties and for increasing
the efficiency of reverse flotation. Consequently, the silica content in the flotation cell product decreased from
1.66-1.7% to 1.51-1.56, with the grade of total iron exceeding 70%.
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fresh ferruginous quartzites, magnetite concentrate, reverse cationic flotation, amines, electrochemical treatment
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B HacTosIee BpeMs 06IIeNpr3HaHO, UTO Haubosee 3(PpGeKTUBHBIM CIIOCO60M TOMYyUYEeHMST BbICOKOKaUe-
CTBEHHBIX JKeJIe30PYIHbIX KOHILIEHTPATOB SIBJIsIeTCSl obpaTHast (uioTaiusi KaTMOHHBIMM COOMpaTeIsIMu
aMMHaMM B IIeJIOYHOI cpele, OMHAKO M3-3a TOHYAalilleil BKpalJIeHHOCTY MarHeTuTa B KBapll, HeJI0CTa-
TOYHO ITOJIHOTO PACKPBITMS MarHeTUTa Jayke IMpPU TOHKOM M3MeJbUeHUM, a TaKKe U3-3a 6am3octu ¢io-
TaIMOHHBIX (TOBEPXHOCTHBIX) CBOVICTB pa3s/esisieMbIX MUHEPAJIOB Jake B Iporecce ¢roTanuy He BCerma
BO3MOSKHO BBIJIEJIUTh BbICOKOKAUECTBEHHbIE KOHIIEHTPAThI. B 3TOI CBSI3U OCTAETCS aKTYaJbHBIM IMOMCK
CIT0c060B MOBbIEeHMS 3DGEKTUBHOCTY DIOTALMOHHOIO pasie/ieH)sI MMHEPAJIOB U ITOBBIIIEHNST KaueCcTBa
KOHIIeHTpaTa.

PaHee npoBegeHHbIMM MCCIEA0BAHMSIMY [I0OKa3aHO, UTO C IOMOIIBIO JIEKTPOXMMUUECKOI 00pabOTKI MOK-
HO peryamMpoBaTh CBOVICTBA PeareHTOB, YCUMIMBATh X BO3MIEICTBME Ha OIpe/ie/ieHHbIe MUHEPaJIbl ¥ TAKUM
06pasoM ympasisATh npoieccom duiotauyu. [IocKonbKy 3G GheKTUBHOCTD (BoTanmm KBapia U IPyrux Cu-
JIMKATOB aMMHaMM B CYIIeCTBEHHOJ Mepe 3aBUCUT OT COOTHOIIEHMSI MOHHOM M MOJIEKY/ISIPHBIX (GOpPM pe-
areHTa B BOAHBIX pacTBOpax cobupatesiss U BO (QUIOTALIMOHHO ITyJIbIle, MU3MEHEHME ITOTO COOTHOIIEHUS
MOSKET BJIMSITh HA pe3y/IbTaThl 00paTHOI KaTMOHHOM (QI0oTaluy KeJIe3HbIX py. I3MeHeHe COOTHOIIEHMS
(bopM aMMHa BO3MOSKHO MNP JIEKTPOXUMMUUYECKOM OKMCJIEHUM VJIM BOCCTAHOBJEHUM PacTBOpa peareHra.
KpoMme Toro, 31eKTpoxumMmuueckass 00paboTKa CIioco6CTBYeT AyucIiepraluyy aMiHa B BOIHOI cpefe 1 ero ¢pu-
3MUeCKOIi agcopbiiuy Ha MuHepaniaxX. COOTBETCTBEHHO, IIpeiBapMUTeIbHAas JIEeKTPOXMMuUUeckast o6paboTka
aMMHOB MOXKET pacCMaTpUBAThHCS KaK OJHO 13 MePCIeKTUBHbBIX HallpaBIeHMii MHTeHCHuduKaLIuu 06paTHOI
moTamuu xee3HbIX Py,

B cTaThe mpeacTaBeHbl pe3yabTaThl IOMCKOBBIX MCCIEMOBAHMIA 10 YIYUIIEHMIO KaueCcTBa KOHIIEHTPATa, IMo-
JIY4eHHOTO ¢UIOTaLMeli MEeJIKOTO TPOXOUEHMST PSIIOBOIO MarHETUTOBOTO KOHIIeHTpaTa MuxaitnoBckoro 'OKa
M. A.B. BapuueBa 3a cueT MCII0JIb30BaHMs B IIpoliecce 06paTHOM KaTMOHHOM (UIOTalui 3/IeKTPOXMMUYUECKU
00pabOTaHHBIX PACTBOPOB KaTMOHHBIX COOMpaTeieii K1acca aMIHOB.

Pe3ybTaThl HOMCKOBBIX MCC/IENOBAHMIT IOATBEPAMIIV BO3MOKHOCTD IIPYMEHEHMS TTpeaBapUTEIbHOM 6e311-
aparMeHHOJi IEKTPOXMMIUYECKOI 00paboTku peareHToB Tomamine PA-14 u Lilaflot 811M (a¢pupoB mo-
HOAMMHA Pa3JIMYHOTO COCTaBa) IJIs1 HAIpaBJIeHHOTO MOAMMUIIVPOBAHMS UX CBOJCTB U MOBBIMIEHUS 3¢ deK-
TUBHOCTYM 06paTHO (oTalyy HaZpelleTHOTro MPOAYKTa: COlepskaHue KpeMHe3eMa B KAMEePHOM MTPOOYyKTe
cHusuiock ¢ 1,66—1,7 % no 1,51-1,56 nipu comepskaHuu xxejesa obiero 6omee 70 %.

KnioueBble cnoea
HEOKJCIEHHbBIE JKeJIe3MCThie KBapIMThl, MAaTHETUTOBbIV KOHIIEHTPAT, 00paTHasi KaTMOHHAas (oTauusi, aMmu-
HBI, 3JIEKTPOXMMMYECKasd 06pa6OTKa

Ans yutupoBaHms

Rakhimov Kh.K., Chanturiya E.L., Shekhirev D.V. Electrochemical action on the flotation beneficiation
of ordinary iron ore concentrate. Mining Science and Technology (Russia). 2024;9(1):21-29. https://doi.
org/10.17073/2500-0632-2023-12-196

Introduction

One of the primary challenges in the proces-
sing of fresh ferruginous quartzites is obtaining
high-quality iron ore concentrates with over 70%
total iron and less than 1.8% silica for the produc-
tion of DR pellets and direct reduction iron. Recent
studies [1, 2] explore the potential of enhancing the
efficiency of ferruginous quartzite processing, in-
cluding improving the quality of ordinary magnetite
concentrate through fine screening. The unique tex-
ture and structure of these ores, characterized by the
finest unreleased impregnation of quartz in magne-
tite and vice versa, along with complex intergrowths
of magnetite, quartz, and other silicates, make it
challenging to achieve the desired quality of mag-
netic separation concentrates, even with fine grin-
ding. Therefore, fine screening of ordinary magne-
tite concentrates separated by magnetic separation,
additional grinding of the oversize, and further fi-
nishing by flotation are required to improve the mag-
netite concentrate quality. Studies [3, 4], analyzing
the material composition of the fine screening over-
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size from ordinary magnetite concentrate of mag-
netic separation, reveal that a significant part of all
mineral phases in the initial oversize are intergrown
with each other. Grinding the material to a grain size
of 80% —30 microns leads to a more complete release
of lean magnetite intergrowths, increasing the pro-
portion of magnetite in the form of rich intergrowths
while maintaining the proportion of magnetite as
released grains. Moreover, inclusions of quartz and
celadonite in magnetite, indiscernible as separate
mineral phases and identified only through aver-
age elemental composition, remain unreleased even
with fine grinding, leading to a decreased quality of
the magnetite concentrate. Study [3] presents theo-
retical performance predictions, while studies [5, 6]
provide experimental results of reverse cationic flo-
tation of the oversize.

It is now widely acknowledged that reverse flo-
tation using cationic amine collectors in an alka-
line medium is the most effective method for iron
ores and concentrate flotation [7-9]. Study [7] offers
a comprehensive review of collectors, depressors,
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and medium regulators globally utilized in iron ore
flotation. Publications [8, 9] detail the characteristics
of amine cationic collectors, explore various amines,
and present the results of their application in iron
ore flotation based on pulp pH and quartz grain size
distribution. The superiority of cationic reverse flo-
tation over anionic flotation of iron ores has been
established through comparison [10], and the study
on the role of starch consumption as a depressor of
iron minerals in reverse flotation by amines in an al-
kaline medium showed the potential to increase iron
recovery into the cell product [11]. Reviews [12, 13]
also highlight the efficiency of reverse cationic
flotation of iron ores by amines in an alkaline me-
dium. However, achieving high-quality concentrates
through reverse flotation with amines is sometimes
hindered by the insufficient release of magnetite
even with fine grinding, the presence of magnetite
intergrowths with quartz and other silicates, and
the proximity of flotation (surface) behavior of the
separated minerals. Attempts to enhance the se-
lectivity of silicates and Ca — containing mineral
flotation to separate magnetite using a mixture of
collectors, however have been explored in [14, 15],
but finding ways to improve mineral separation ef-
ficiency and magnetite concentrate quality remains
a crucial pursuit.

Historical studies have shown that electroche-
mical treatment can modify the properties of rea-
gents, amplify their effect on certain minerals, and
thereby control the flotation process [16, 17].

The reagent’s form in aqueous solution signifi-
cantly influences the structure and composition of
the mineral particles’ surface hydrophobic layer,
affecting their flotation behavior. The aqueous me-
dium may contain ionic, molecular, polymeric, and
micellar forms of amine in ratios that depend on
reagent concentrations and medium conditions [18].
Since the flotation efficiency of quartz and other sil-
icates by amines largely relies on the ratio of ionic
and molecular forms of the reagent in collector solu-
tions and the flotation pulp, changing this ratio can
impact the results of reverse cationic flotation of iron
ores [18]. Modifying the amine forms ratio is possi-
ble through electrochemical oxidation or reduction
of the reagent in an aqueous solution. Furthermore,
electrochemical treatment aids in the dispersion of
the amine in the aqueous medium and its physical
adsorption on minerals.

Given the foregoing, and based on literature
data, the potential for intensifying the reverse flo-
tation of iron ores with amines after their preli-
minary electrochemical treatment is considered
promising.
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This paper presents research findings on im-
proving the quality of the oversize of fine screening
of ordinary magnetite concentrate through the use
of electrochemically treated solutions of cationic
amine class collectors in the process of reverse cati-
onic flotation i.e., the application of additional flota-
tion beneficiation of the oversize.

Research Subjects and Methods

The research focused on the oversize from fine
screening of the ordinary magnetite concentrate
from the A.V. Varichev Mikhailovsky GOK (sample
ND). The mineral and chemical compositions of this
sample are detailed in Tables 1 and 2, respectively.

For the flotation beneficiation process, cationic
reagents produced on an industrial scale by Noury-
on Surface Chemistry AB Akzo Nobel and Clariant,
TOMAH PRODUCTS ING, were used as collectors
(Table 3).

Table 1
Chemical composition of ND sample, %
ND sample Fe, . Sio,
ND, according to MGOK data 61.7 12.6
ND, acpordmg to X-ray ﬂuqrescence 62.22 11.78
analysis data, direct analysis
ND, according to X-ray fluorescence
analysis data, estimated, weighted 61.32 11.80
average
Table 2
Mineral composition of the oversize by mineral group
(according to MLA data)
. . . Mineral
Mineral group Minerals 1n(c)11:1ded in the group
group share, %
“Pure” magnetite, magnetite
. with fine quartz inclusions,
Magnetite magnetite with fine quartz and 84.77
celadonite inclusions
Hematite Hematite, goethite 3.82
Carbonates: Ankerite, siderite, calcite 0.89
Quartz Quartg, quartz with f%ne 773
inclusions of magnetite
Aegirine Aegirine 0.71
Celadonite Celadonite 1.73
Aluminosilicates Minerals of aluminosilicate 0.07
group
Other Other 0.20
Iron scrap Iron scrap 0.08
Total Sum of minerals 100.00
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The electrochemical treatment (ECT) of a 1%
aqueous solution (using recycled water from MGOK)
of the reagents Lilaflot 811 M (mixture of monoamine
esters (alkoxypropylamines) alkene C ;H,,NO (isomer)
(50-70%) + alkane C,;H;;NO, (30-50%), degree of neu-
tralization of 20-40%) and Tomamine PA-14 (monoa-
mine ester R-O-CH,CH,CH,-NH,; [3-(isodecyloxy) . /3
propylamine-1] 95%, degree of neutralization of 30% SUPREY :

+ iso-alcohols Cy—C,, 5%; iso-C10 saturated) was car-
ried out in laboratory setting. The ECT was performed
using direct electric current in a diaphragmless glass

8 1

electrochemical cell of 150 ml capacity (Fig. 1). For ': .: /5
electrodes, insoluble titanium drop-forged mesh o 6
coated with ruthenium oxide coating was employed, SRR FRN N TSI |

maintaining a working areas ratio of 1:2 between the
anode and cathode. The reagent solution’s treatment
involved applying electric current concentrations of
0.28, 0.4, and 0.6 Ah/L in both “cathode” and “anode”
modes, where the electrode with the larger area func-
tioned as the cathode in cathode mode and as the

7

Fig. 1. Apparatus for diaphragmless treatment

anpde in anode mode. The electric current was sup- of a reagent solution:
plied to the electrodes through a rectifier, and the solu- 1 - mechanical stirrer; 2 - removable cover made
tion was agitated using a magnetic stirrer throughout of non-conductive material with an opening
the treatment process. for the mechanical stirrer; 3 — cylindrical anode
. (insoluble titanium drop-forged mesh with ruthenium
The electrochemical treatment (ECT) of the rea- X S :

. X oxide coating); 4 — beaker made of non-conductive
gent solution lasted for 10 min. Before and :ilfter the material (glass); 5 - cylindrical cathode (insoluble
treatment, the pH and Eh of the reagent solution were titanium drop-forged mesh with ruthenium oxide coating);
measured. 6 - reagent solution

Table 3
Conditions for electrochemical treatment of recycled water and reagent solutions
Treatment Current g . o 9 . .
e FReE | e e, AT Treatment time, min Initial pH Initial Eh Final pH Final Eh
Recycled water
Anode 0.28 10 7.784 +176.1 8.77 -243.2
Anode 0.4 10 7.784 +176.1 8.11 -72.2
Anode 0.6 10 7.784 +176.1 7.926 +142
Cathode 0.28 10 7.784 +176.1 8.34 +86.7
Cathode 0.4 10 7.784 +176.1 7.87 +134.8
Cathode 0.6 10 7.784 +176.1 8.06 -276
Tomamine
Anode 0.28 10 9.18 +60.5 9.06 +112
Anode 0.4 10 9.18 +60.5 9.152 +125
Anode 0.6 10 9.18 +60.5 9.23 +148.6
Cathode 0.28 10 9.18 +60.5 9.1 +32.3
Cathode 0.4 10 9.18 +60.5 9.33 +40.4
Cathode 0.6 10 9.18 +60.5 9.24 -302.3
Lilaflot 811M
Cathode 0.28 10 7.91 +84 9.195 -360
Cathode 0.4 10 7.91 +84 9.0 -308.6
Cathode 0.6 10 7.91 +84 8.8 =330
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Reverse cationic flotation was conducted on the
ground oversize (a 294 g subsample) of fine screen-
ing from the ordinary magnetite concentrate using
the Tomamine PA-14 reagent and recycled water from
Mikhailovsky GOK. The process followed a flow sheet
that included preliminary magnetic consolidation of
the oversize, rougher reverse flotation of the mag-
netic fraction, and recleaner reverse flotation of the
cell product [3]. Similarly, the Lilaflot 811M reagent
was used according to an analogous flow sheet but
without preliminary magnetic consolidation. In both
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cases, the grinding time was set at15 min. The col-
lector’s consumption rate was 240 g/t for the rougher
flotation and 100 g/t for the cleaner flotation. Dextrin,
used as a magnetite depressor, was added during the
rougher flotation at a rate of 600 g/t. The pH level was
maintained at 10-10.5 using caustic soda.

Research Findings and Discussion
The conditions for electrochemical treatment and
the results from the flotation experiments are present-
ed in Tables 3-5 and Figs. 2 and 3.

Table 4

Results of reverse cationic flotation with preliminary magnetic consolidation
using electrochemically treated Tomamine reagent

Treat.n.lent con(c::;:::ttion, Product Yield, % Percentage LT o

conditions Ah/L Fe Si0, Fe Si0,
n/m 6.3 16.32 67.13 1.65 35.42

Flotation froth (product) 1 29.2 53.71 21.93 25.29 53.87
No treatment - Flotation froth (product) 2 7.4 67.47 4.07 8.02 2.52
Cell flotation product 57.2 70.39 1.70 65.04 8.19

Initial 100.0 61.9285 11.870 100.00 100.00

n/m 4.5 15.85 67.82 1.17 24.81

Flotation froth (product) 1 33,6 51.9 23.88 28.36 64.83

Anode 0.28 Flotation froth (product) 2 8.2 66.29 4.49 8.81 2.96
Cell flotation product 53.7 70.51 1.7 61.67 7.39

Initial 100.0 61.445 12.365 100.00 100.00

n/m 5.8 15.56 67.7 1.47 31.62

Flotation froth (product) 1 31.5 52.51 23.16 27.04 58.92

Anode 0.4 Flotation froth (product) 2 7.4 66.71 4.17 8.05 2.49
Cell flotation product 55.4 70.06 1.56 63.43 6.98

Initial 100.0 61.137 12.377 100.00 100.00

n/m 5.6 15.8 67.71 1.45 30.39

Flotation froth (product) 1 32.1 52.44 23.23 27.55 59.58

Anode 0.6 Flotation froth (product) 2 7.7 66.81 4.45 8.45 2.75
Cell flotation product 54.6 69.99 1.67 62.55 7.29

Initial 100.0 61.071 12.510 100.00 100.00

n/m 54 15.06 68.73 1.33 29.54

Flotation froth (product) 1 34.3 53.14 22.06 29.99 60.48

Cathode 0.28 Flotation froth (product) 2 6.3 66.25 4.73 6.90 2.39
Cell flotation product 54.0 69.62 1.76 61.78 7.59

Initial 100.0 60.815 12.518 100.00 100.00

n/m 6.1 19.47 63.02 1.96 31.36

Flotation froth (product) 1 31.3 52.18 22.99 26.74 58.34
Cathode 0.4 Flotation froth (product) 2 6.7 66.19 4.4 7.32 2.41
Cell flotation product 55.9 69.9 1.74 63.99 7.89

Initial 100.0 61.018 12.321 100.00 100.00

n/m 54 16.29 66.48 1.44 29.71

Flotation froth (product) 1 33.2 53.01 22.27 28.78 60.95

Cathode 0.6 Flotation froth (product) 2 8.1 66.8 3.83 8.81 2.55
Cell flotation product 53.3 70.1 1.55 60.97 6.80

Initial 100.0 61.232 12.146 100.00 100.00
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Fig. 2. Results of reverse cationic flotation with preliminary magnetic consolidation
using electrochemically treated Tomamine reagent
Table 5
Results of reverse cationic flotation without preliminary magnetic consolidation
using electrochemically treated Lilaflot 811 M amine reagent
Current Percentage, % Recovery, %
Tl‘e{:lt.ltt.lent concentration, Product Yield, %
conditions Ah/L Fe Sio, Fe Sio,
Flotation froth 41.28 50.24 25.27 33.61 82.79
(product) 1
Flotation froth 9.26 67.92 14.57 10.20 10.71
No treatment - (product) 2
Cell flotation 49.46 70.10 1.66 56.19 6.50
product
Initial 100.00 61.70 12.60 100.00 100.00
Flotation froth 40.98 49.55 26.99 32.91 87.79
(product) 1
Flotation froth 8.42 68.08 9.19 9.29 6.14
Cathode 0.28 (product) 2
Cell flotation 50.59 70.48 1.51 57.79 6.06
product
Initial 100.00 61.70 12.60 100 100.00
Flotation froth 38.54 47.15 29.50 29.45 90.23
(product) 1
Flotation froth 7.10 68.30 5.58 7.86 3.15
Cathode 0.4 (product) 2
Cell flotation 54.36 71.15 1.54 62.69 6.63
product
Initial 100.00 61.70 12.60 100.00 100.00
Flotation froth 31.44 45.10 34.55 22.98 86.21
(product) 1
Flotation froth 5.64 65.36 9.62 5.97 430
Cathode 0.6 (product) 2
Cell flotation 62.92 69.67 1.90 71.05 9.49
product
Initial 100.00 61.70 12.60 100.00 100.00
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Fig. 3. Results of reverse cationic flotation without preliminary magnetic consolidation
using electrochemically treated Lilaflot 811 M amine reagent

The analysis of the obtained results indicates
that the anode mode of diaphragmless electrochem-
ical treatment using Tomamine PA-14 reagent at
a current concentration of 0.4 Ah/1 had a noticeable
effect. It allowed for areduction in silica content from
1.7 to 1.56% while maintaining the required quality
of total iron grade at 70.06 %, albeit with a slight de-
crease in Fe recovery from 65.04% to 63.43% com-
pared to the reference test without ECT. Somolarly,
the cathode mode at 0.6 Ah/L yielded a high-quality
concentrate containing 70.1 % total iron with a re-
covery of 60.97%, versus 65.04% total iron in the test
without ECT, and a silica content of 1.55 % (refer to
Table 4, Fig. 2).

Therefore, the electrochemical treatment of the
Tomamine PA-14 reagent positively influenced the
concentrate’s quality in terms of silica content, sig-
nificantly reducing its while maintaining the iron
grade at over 70%.

The electrochemical diaphragmless treatment of
the Lilaflot 811 M reagent yielded positively results
in the cathode mode. Without ECT, the flotation pro-
duct contained 70.10% Fetotal and 1.66% SiO,, with
recoveries of 56.19 and 6.50%, respectively. Treating
the reagent at a current concentration of 0.28 Ah/1
increased the total iron grade in the concentrate to
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70.48% and reduced the silica content to 1.51%, with
recoveries of 57.79% for iron and 6.06% for silica, re-
spectively. Treating the reagent at a current concen-
tration of 0.4 Ah/L improved performance, resulting
in a high-quality concentrate with a total iron grade
of 71.15% and a silica content of 1.54%, with reco-
veries of 62.69% for total iron and 6.63% SiO, for
silica (refer to Table 5, Fig. 3). Further increasing
the current concentration to 0.6 Ah/L compromised
the process’s selectivity, decreasing the quality of
the iron ore concentrate produced while increasing
the recovery of total iron into the concentrate.

The electrooxidation and electroreduction reac-
tions of amine are highly complex and, despite nu-
merous studies, the mechanisms of these reactions
remain unclear. At the anode, tupically, the removal
of an electron from the electron pair of a nitrogen
atom usually occurs, initiating of sequence of com-
plex transformations. Meanwhile, at the cathode,
the reagent gains an additional electron. It is impor-
tant to consider that, in the case of amines used as
flotation reagents, they are often complex mixtures
composed of monoamines, mono- and diamine es-
ters, and others, further complicating the determi-
nation of the electrooxidation or electroreduction
mechanisms.
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Conclusions

The research findings suggest that preliminary
diaphragmless electrochemical treatment of rea-
gents such as Tomamine RA-14 and Lilaflot 811M
(esters of monoamine with varying composition)
could be used to purposefully modify their proper-
ties and enhance the efficiency of reverse flotation
of the oversize. This could lead to a decrease in silica
content in the cell flotation product and an increase
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in the grade and recovery of total iron in the flota-
tion concentrate.

It should be noted that since all cationic amine
collectors (including monoamines, diamines, and
their esters) have diverse compositions and are often
initially mixtures, varying effects of electrochemical
treatment can be anticipated for each reagent. Con-
sequently, it is necessary to test each collector under
different ECT conditions on a case-by-case basis.
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Abstract

Kaolin (mainly composed of kaolinite, whose chemical formula is Al,Si,O,(OH),), serves as a versatile raw
material widely used in various industries including production of ceramics, paper, paints, cosmetics, pneu-
matics, building materials, and hazardous waste storage. In the northern part of Vietnam, due to favorable
geological conditions, there are diverse deposits of high quality kaolin of different origin and scale. Decades of
research indicate the diversity of kaolin sources in the region, with special attention paid to hydrothermally
altered and exchange types of kaolin, the formation of which is associated with complex processes of weat-
hering, hydrothermal alteration and reprecipitation. The aim of this study was to characterize three different
types of kaolin derived from different sources in Northern Vietnam (from weathered pegmatites, weathered
felsic effusives, and hydrothermal-metasomatic altered rocks). The main focus was to analyze the thermal be-
havior of these samples during calcination in the temperature range from 300 °C to 1,100 °C. The comprehen-
sive characterization was performed by X-ray diffraction (XRD), FT-IR spectroscopy (FT-IR), thermal analysis
(thermogravimetry/differential thermogravimetry (TG/DTG)) and scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS). The results showed that kaolinite with particle size less than 2 pm
was identified in all samples. Minor amounts of muscovite and montmorillonite are present in some samples,
and pyrophyllite is present in a sample from the hydrothermally altered rocks. Kaolinite morphology in all the
samples showed typical forms including hexagonal and pseudohexagonal. The main chemical constituents of
the samples are SiO, and Al,O;; in addition to these, K,0+Na,0O, TiO, and iron are present in smaller quanti-
ties. Thermal analysis allowed to reveal the formation of metakaolinite phase at temperatures around 494 °C
and 507 °C in the two studied samples from weathered rocks, while the pyrophyllite-bearing sample undergoes
this transition at a higher temperature of 653.8 °C. The onset of metakaolinization was observed at about
500 °C for the weathered rock samples and about 700 °C for the pyrophyllite-bearing sample. In addition, mul-
litization leading to the formation of mullite was evident at 1,100 °C. The study findings allow concluding that
the studied kaolins can be used in traditional ceramics production.

Keywords
kaolin, ALSi,O.(OH),, pyrophyllite, mullite, thermal analysis, metakaolinite, mullitization, pegmatite,
Northern Vietnam
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AHHOTauusa

Kaonuu (cocTosimii B OCHOBHOM M3 KaoaMHUTA, Xumudeckas dopmyna koroporo Al,Si,0,(OH),) ciayskut
YHUBEPCATbHBIM ChIpbeM, IMPOKO UCIIONb3YETCS B PA3IMUHBIX OTPAC/SX MTPOMBIIIIEHHOCTY, BK/IIOYas po-
M3BOJCTBO KepaMuKu, 6ymaru, Kpacok, KOCMETVKHU, ITHEBMATUKN, CTPOUTEIbHBIX MATEPUAIOB U XpaHeHMe
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OTIACHBIX OTXOJOB. B ceBepHOIt yacTu BreTHama 6maromapst 61aronpuUsITHBIM reoJIOTMIECKUM YCIOBUSIM Ha-
XOSITCSI pa3HOOOpa3Hble MeCTOPOKAEHMS BbBICOKOKAUECTBEHHOTO KAOMMHA PAa3JIMUYHOTO ITPOUCXOXKIEHUS
u MacuiTaba. XoTs B psiie paboT M3y4eHbl KaueCTBO, MOTEHLIMAJ, PACITPOCTPAHEHME U TPOUCXOXKAEHNE TUTIOB
kaonuHa B CeBepHOM BbeTHaMme, MCCiiefOBaHMS Pa3InNunili MEXIY KaOJAMHAMMU U3 Pa3HbIX UCTOYHUKOB BeCh-
Ma orpaHmueHsbl. llepio JaHHOTO MCCIeqo0BaHMs OBIIO OMpeeeHye XapaKTePUCTUK TPeX Pa3IMUHbIX TUIIOB
KaoJMHa, MOMYyYeHHbIX U3 Pa3IMyYHbIX UCTOUHUKOB B CeBepHOM BheTHaMme (13 BbIBETPEHHBIX I1€TMaTUTOB,
BBIBETPEHHBIX U3BePXXeHHbIX MarMaTUUeCcKMX MOPOJ, KMUCIOTO COCTaBa M I'MAPOTepMalbHO-MeTacoMaTuie-
CKMX M3MEHEeHHBIX Mmopon). OCHOBHOEe BHMMaHMe GbUIO YAEJEeHO aHaIU3y TEPMUUYECKOTO MOBEIEHMST ITUX
npo6 B Xofle TpoKajMBaHus B AuarnasoHe temmepatyp ot 300 mo 1100°C. BcecTopoHHSIS XapaKTepu3aius
MpOBOAMIACh METOJaMM PeHTreHOCTPYKTypHoro aHanusa (XRD), ®ypee-UK-cnekrpockonuu (FT-IR), Tep-
MMYECKOTro aHaiu3a (TepMmorpaBumeTtpust/auddepenimanpras repmorpasumerpust (TG/DTG)) u ckaHUpy-
01 JIEKTPOHHOM MMKPOCKOIIMM C SHEPTOAMCIIEPCHMOHHOM PeHTreHOBCKOM crnekrtpockonueli (SEM-EDS).
Pe3ynbTaThl IOKa3a1i, YTO BO BeeX IMPobax 6bUT 06HAPYKEH KAOIVHUT C pa3MepOM YacTull MeHee 2 MKM. B oT-
JleTbHBIX TTPOOaX MPUCYTCTBYIOT HE3HAUNTETbHbIE KOJMIMYECTBA MyCKOBUTA M MOHTMOPWIJIOHUTA, 4 B Tpo6e 13
TMIPOTEPMATBHO M3MEHEHHBIX TOPOA, — MupodmumTa. Mopdonorus KaoaMHUTa BO BCEX MPO6GAX MPOSIBIIS-
J1aCh B TUITMYHBIX (hOpPMax, BK/IIOYAst TeKCAarOHAIbHYIO U ICEBIOTeKCaroHaIbHY0. OCHOBHBIMY XMMUYECKUMU
KoMrioHeHTamu sIBJsitoTcst Si0, n Al,O;; moMMUMO HUX, B MEHbIIMX KommnuyecTBax npucyTtcrsyiot K,O + Na,O,
TiO, u obiee xene30. TepMmuyeckuii aHaIU3 BbISIBMUI 00pa3oBaHMe METaKaOJMHUTOBOI (asbl Mpu TeMrie-
paTtypax okojio 494 u 507 °C B IBYX M3yUEHHBIX ITP00OAX 13 BHIBETPEHHBIX MOPO, a MMPOGWIIUTCOIepsKaIIast
rpo6a rpeTepIieBaeT ITOT Iepexoy, Ipy 6ojiee BLICOKOI TeMiiepatype — 653,8 °C. Hauaso MeTakaonMHMU3aum
Habmomanock mpu remmeparype okosio 500 °C ayist mpo6 u3 BeIBeTpPeHHBIX mopog, 1 okoso 700 °C - ajis nupo-
dunnurconepskamieit mpo6sl. Kpome Toro, mpu 1100 °C rposiBuIach MyJUTMTU3ALNS, IPUBOISIIAS K 06pa3oBa-
HUIO MYJUTUTA. [To/TydeHHbIe pe3y/bTaThl TO3BOJISIIOT CIIaTh BHIBOJ, O BO3MOXKHOCTY IIPUMEHEHMUSI 3TUX TTPO0
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KaOJ/IMHa B TPAAMIVIOHHOM ITPOU3BOACTBE KEPAMMUKINA.

KnioueBble cnoea

KaonuH, Al,Si,0,(OH),, mtupobuannTt, My/-UINT, TEpMUUECKUI aHAIN3, METAKAOIVHUT, MYJIZTUTHU3ALIMSI, [Terma-

T, CeBepHbIN BbeTHam

Ans ymtTupoBaHmsa

Nguyen T.T.T., Bui H.B. Characterization and thermal behavior of some types of kaolin of different origin from
Northern Vietnam. Mining Science and Technology (Russia). 2024;9(1). https://doi.org/10.17073/2500-0632-
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Introduction

Kaolin (mainly composed of kaolinite, whose
chemical formula is Al,Si,0.(OH),), serves as a ver-
satile raw material widely used in various industries
including production of ceramics, paper, paints, cos-
metics, pneumatics, building materials, and hazard-
ous waste storage [1-3]. The quality and applicabi-
lity of kaolin depends on factors such as its chem-
ical composition, physical properties, mineralogical
composition and structural morphology. For exam-
ple, Maja (2017) showed that clay from Slatina depos-
it in Serbia has composition and other characteristics
suitable for ceramic and construction industries, es-
pecially for the production of tiles, thin-walled hol-
low bricks, and roof tiles/lightweight blocks [4]. Fur-
ther studies aimed at investigating properties such
as purity, mineralogical composition, color and tex-
ture by researchers such as Hernandez et al. (2019)
identified the characteristics of kaolin deposits in
Venezuela, suggesting potential demand for this
kaolin to be processed for using in the pharmaceutical
industry [5]. A number of researchers emphasize the
need for a comprehensive study of the physicoche-
mical properties of kaolin raw materials and their
behavior under calcination conditions before the use
in practice.

31

In the northern part of Vietnam, due to favorable
geological conditions, there are diverse deposits of high
quality kaolin of different origin and scale. Decades of
research indicate the diversity of kaolin sources in the
region, with special attention paid to hydrothermally
altered and exchange types of kaolin, the formation of
which is associated with complex processes of weathe-
ring, hydrothermal alteration and reprecipitation [6, 7].
Although several works have studied the quality, po-
tential, distribution, and origin of kaolin types in North
Vietnam [8, 9], studies on the differences between kao-
lins from different sources are very limited.

This paper presents the application of combined
analytical techniques such as X-ray diffraction ana-
lysis (XRD), Fourier transform infrared spectroscopy
(FT-IR), thermal analysis (thermogravimetry/diffe-
rential thermogravimetry (TG/DTG)), and scanning
electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS) to investigate the charac-
teristics of kaolin raw materials of different origins
from several mines in Northern Vietnam, as well as
their properties/behavior under calcination condi-
tions. The results obtained allowed to comprehen-
sively and more completely assess the qualitative
characteristics of the kaolins and contribute to their
more efficient application.
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R

Review of geological characteristics
of some kaolin types at mines in Vietham

Kaolin from weathered pegmatites

Kaolin formed in weathered pegmatites is wide-
ly distributed in the Lao Cai area in Northern Viet-
nam [10]. These kaolin-bearing bodies are usually
cylinder-shaped and have a branched morphology.
Pegmatite bodies of various sizes are distributed in
metamorphic formations of Proterozoic and Lower
Paleozoic age. The thickness of the kaolin body de-
pends on the terrain. In a vertical cross-section, the
pegmatite bodies are stratified: the uppermost layer
consists of kaolin, followed by a layer of low-weathe-
red pegmatites, and the lowest layer is represented by
fresh pegmatites. This type kaolin mines are usually
medium to small scale mining operations. This varie-
ty of kaolin is usually fine-grained, rich in aluminum
and characterized by relatively high iron content, of-
ten has a yellow or dark yellow hue. The -0.21 mm
undersize kaolin recovery ranges from 30 to 60%,
averaging below 40%. Fig. 1 shows a geological
cross-section of a kaolin body of such nature.
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Kaolin from weathered felsic effusive rocks

Kaolin formed in weathering crust in effusive
rocks is widely distributed throughout Northern Vi-
etnam in different structural zones [11]. This type
of kaolin deposits, usually formed in the weathe-
ring crust in rhyolite and rhyolite-porphyry rocks,
is characterized by small-scale occurrences, often
hopper-shaped and lens-shaped. Kaolin of this type
is usually fine-grained, present in white or pin-
kish-white tints. The -0.21 mm undersize kaolin
recovery ranges from 50 to 90%, averaging about
70%. Fig. 2 shows a cross-section of a deposit of this
type of kaolin.

Kaolin of hydrothermal-metasomatic genesis

Kaolin bodies containing pyrophyllite (herein-
after referred as kaolin-pyrophyllite bodies) are the
product of contact alteration processes involving
hydrothermal solutions and various rocks such as
rhyolites, rhyolite porphyries, felsites and tuffs [12].
These bodies are intersected by faults or, converse-
ly, are accommodated by fault zones, identified at
a mine, that determines their relatively large scale.
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Fig. 1. Geological cross-section at Son Man kaolin mine, Lao Cai Province:
1 - quartz schists, mica, gneisses, interbedded quartzites; 2 — aplite and pegmatite veins; 3 — mica crystalline schists;
4 - fresh (unweathered) pegmatites; 5 — low-weathered pegmatites; 6 — kaolin; 7 — topsoil (land cover)
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Fig. 2. Geological cross-section at Minh Tan kaolin mine, Hai Duong Province:
1 - quaternary sediments; 2 — limestone; 3 - silicified limestone; 4 — shale, sandstone; 5 — keratophyre; 6 — kaolin; 7 — fault
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The morphology of such kaolin-pyrophyllite bodies
is complex, with irregular randomly manifested bul-
ges. Fig. 3 shows a cross-section of a kaolin-pyrop-
hyllite body for better visualization.

Research Methodology

Sample Preparation

Bulk samples were collected from the mining
zones of three kaolin mines, kaolins of which have
different genesis (type): kaolin from the weathering
zone of pegmatites of the Thach Khoan complex at
Son Man mine, Lao Cai Province (kaolin from weathe-
red pegmatites); kaolin from the weathering zone
of rhyolites of the Binh Lieu Formation, Minh Tan
mine, Hai Duong Province (kaolin from weathered
effusives), and kaolin-pyrophyllite of hydrother-
mal-metasomatic genesis from Tan Mai mine, Quang
Ninh Province (kaolin-pyrophyllite) (Figs. 1-3). These
natural kaolin samples were pulverized, dissolved,
mixed, and screened using a sieve with mesh size
< 63 ym. The screening undersizes were placed into
laboratory bags and used for subsequent analyses and
tests. For the identification of clay minerals, a clay
fraction with particle size < 2 pym was obtained by de-
cantation. The particle size fraction < 2 pm was used
to prepare cylindrical pellets for further studies. They
were further subjected to various treatments includ-
ing air drying, glycolation with ethylene glycol, and
heating to 350 °C.

The cylindrical pellets were made by uniaxial dry
pressing of the samples at a pressure of 40 MPa. The
cylindrical pellets were then dried at 60°C for 24 h
in an oven. The dried cylindrical pellets were heat-
ed to selected temperatures of 300, 500, 700, 900 and
1100°C at a heating rate of 5 °C/min using an electric
laboratory furnace. For each selected temperature,
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the sample was calcined for 2 h and “quenched” to
room temperature under ambient conditions to avoid
crystallization of amorphous metakaolinite. The por-
tions of the heated samples were ground using an
agate mortar and pestle for subsequent analyses.

Sample characterization

The morphological properties of minerals and the
mineralogical composition of the samples were inves-
tigated using a scanning electron microscope (SEM -
Quanta 450) with energy dispersive X-ray spectrosco-
py (EDS). The mineralogical analysis of the samples
was performed by X-ray diffraction (XRD) analysis.
The X-ray diffraction patterns of the samples pro-
cessed under different conditions were also obtained
on a Siemens model D5005 powder X-ray diffractom-
eter with Cu-Ko radiation at 40 kV and 30 mA, scan-
ning from 3 to 70° at an angular velocity o (2 theta
in the Figures below) of 2°min!. FT-IR spectra were
recorded between 4,000 and 400 cm-1 with a resolu-
tion of 2 cm™ using a Shimadzu IR Prestige-21 spec-
trometer. The thermal behavior of each sample was
determined using the techniques of thermogravime-
try/differential thermogravimetry (TG/DTG) in ni-
trogen atmosphere in the range from room tempera-
ture up to 1,100 °C at a heating rate of 10 °C/min. The
nitrogen adsorption and desorption isotherms of the
kaolin samples heat-treated at 196 °C were obtained
using a Micromeritics ASAP 2020a instrument.

Findings and Discussion

Characterization of natural kaolin materials

X-ray diffraction analysis
Fig. 4 shows X-ray diffraction patterns of three
natural kaolin materials (the samples: kaolin from
weathered pegmatites, kaolin from weathered felsic
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Fig. 3. Geological cross-section at a kaolin-pyrophyllite mine in Tan Mai, Quang Ninh Province:
1 - Na Khuat Formation; 2 - Khon Lang Formation; 3 - rhyolite-dacite tuff;
4 - siltstone; 5 — alunite; 6 - kaolin-pyrophyllite
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effusives, and kaolin-pyrophyllite) with a particle size
of 2 um subjected to different test conditions: aged at
room temperature, treated with ethylene glycol, and
heated at 350°C. These XRD patterns consistently
show the predominance of kaolinite in all three sam-
ples, characterized by well-defined peaks at 7.18 A,
4.48 A and 3.58 A [1]. In addition, relatively weak ba-
sal reflections at 10.0 A, 5.02 A and 3.35 A indicate
the presence of muscovite in the kaolin samples from
pegmatites and the kaolin samples from effusives
[13]. It is important to note that pyrophyllite is clearly
identified in the kaolin-pyrophyllite sample obtained
from Tan Mai mine, as evidenced by characteristic
peaks of 9.2 A, 4.59 A, 4.14 A, 3.79 A, and 3.07 A [14].
After the treatment with ethylene glycol and heating
at 350°C, the characteristic peaks corresponding to
kaolinite, muscovite, and pyrophyllite remain on the
X-ray diffraction patterns. However, in the case of the
kaolin from weathered effusives sample, a noticea-
ble shift of the peak associated with montmorillonite
from 15.1 A to 16.9 A after ethylene glycol treatment
was observed. This observation shows that, in addi-
tion to the predominance of kaolinite of < 2 ym size
fraction in all the samples, the kaolin from weathered
pegmatites is characterized by the presence of mus-
covite, the kaolin from weathered effusives is accom-
panied by muscovite and montmorillonite, and the
kaolin-pyrophyllite sample consists predominantly of
pyrophyllite. These findings emphasize that different
conditions during kaolin formation can lead to a va-
riety of mineralogical compositions, which can in-
fluence the calcination processes and their outcomes.
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Analysis by scanning electron microscopy and energy
dispersive X-ray spectroscopy techniques

Scanning electron microscopy (SEM) images of
the minerals of the kaolin samples (the kaolin from
weathered pegmatites (a), the kaolin from weathe-
red effusives (b) and the kaolin-pyrophyllite (c)), are
shown in Fig. 5. These images clearly show the cha-
racteristic morphology of kaolinite with a hexagonal
thin-plate structure. The mineral grains are intri-
cately attached together, displaying their distinctive
characteristics. The results of EDS (energy dispersive
X-ray spectroscopy) analysis shed light on the mine-
ral elemental compositions. Silicon oxide (SiO,) and
aluminum oxide (Al,O) were found as major compo-
nents, which correspond to the expected presence of
silicon (Si) and aluminum (Al) in the chemical formu-
la of kaolinite, Al,Si,O.(OH),. Table 1 shows the aver-
age chemical composition of the three kaolin samples
(semi-quantitative determination by EDS analysis).

Fourier-transform infrared (FT-IR)
spectroscopy analysis

Fourier-transform infrared (FT-IR) analysis
showed the presence of various functional groups in
the studied samples (Fig. 6). Notably, the absorption
peaks at 3,687 and 3,619 cm™! are associated with the
stretching (bond) vibrations of O-H group bond. In
addition, the bands at 1,114 and 684 cm™! correspond
to the stretching vibrations of Si-O bond, and the
absorption bands at 1,034 and 998 cm™! refer to the
stretching vibration region of Si—-O-S8i bond. The band
at 909 cm™! corresponds to the stretching vibrations of
Al-OH bond. These bands of stretching vibrations are
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Fig. 4. X-ray diffraction pattern (XRD) of three samples (kaolin from weathered pegmatites (a),
kaolin from weathered effusives (b) and kaolin-pyrophyllite (¢)) with particle size < 2 pym
under different test conditions: At room temperature (Ori); treatment with ethylene glycol (Gly);
heating at 350 °C (350): K = kaolinite, Ms = muscovite, P = pyrophyllite and Mt = montmorillonite
(in Figures hereinafter the kaolin from weathered effusives is denoted as K-Mag)
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characteristic of kaolinite, indicating the significant
presence of kaolinite in the samples [15-17]. Further-
more, the possible presence of quartz, in addition to
kaolinite, is indicated by the bands detected in the
samples at 789, 753, and 592 cm™.

Behavior of three samples under thermal action

Thermal analysis

The results of thermogravimetry/differential
thermogravimetry (TG/DTG) of three samples (the
kaolin from weathered pegmatites (a), the kaolin
from weathered effusives (b), and the kaolin from al-
tered rocks containing pyrophyllite (c)) are presented
in Fig. 7. The thermal curves in Fig. 7 show the peaks
of different processes (endothermic and exothermic
processes) during heating. The endothermic proces-
ses occurring at low temperatures (around 79.7, 87.2,
and 73.8 °C) were desorption of surface H,O and dehy-
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dration. The formation of metakaolinite phase is indi-
cated by endothermic peaks at 494.8 °C for the kaolin
from weathered pegmatite sample, 507.1°C for the
kaolin from weathered effusive sample, and 653.8 °C
for the kaolin-pyrophyllite sample. The difference in
the temperature of the endothermic peaks between
the samples may be due to the differences in mine-
rals morphology, composition and grain size. The
kaolin-pyrophyllite sample has the highest endother-
mic peak temperature (653.8 °C) among all the three
samples, indicating the natural stability of kaolin of
hydrothermal-metasomatic genesis. Analysis of the
DTG data in Fig. 7 indicates a change in the weight of
the tested materials during the heating process. The
weight reductions were 9.77, 11.8, and 13.9% for the
samples of the kaolin from weathered pegmatite, the
kaolin from weathered effusives, and the kaolin-py-
rophyllite, respectively.

4

P T —

DH Mo - Dia chat

AL N
12/2i2015 HV |spol 9
1:46:19 PM|10.00 kV/| 3.0 |12 400 x/10.7 mm

=}

1S}
h
=g

Counts (K)
o ¢

Counts (K)

1 2

3
Energy (Kev)

g

wn
—

3
Energy (Kev)

3
Energy (Kev)

a

b

(o

Fig. 5. SEM images and EDS results for three samples
(kaolin from weathered pegmatites (a), kaolin from weathered effusives (b), and kaolin-pyrophyllite (c))

Table 1
Chemical composition of three kaolin samples (EDS results)
Chemical composition, %
Sample (from - to)

Na,O MgO ALO; Sio, K,0 CaO TiO, Fe,0,
Kaolin from weathered | , o597 | 033-0.59 | 42.8-46.5 | 50.2-52.2 | 0.51-0.99 | 0.11-0.21 | 0.11-0.19 | 0.09-0.58
pegmatites (a)
Kaolin from weathered | oo 1 62 | 012-0.35 | 13.6-20.1 | 65.7-75.7 | 2.51-5.22 | 0.08-1.11 | 0.03-0.11 | 0.52-1.96
effusives (b)
Kaolin—pyrophyllite (¢) | 0.21-1.30 | 0.05-0.56 | 10.5-38.6 | 11.5-89.3 | 0.16-1.20 | 0.05-1.42 | 0.05-1.35 | 0.03-2.51
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Fig. 6. FT-IR spectroscopy patterns of three samples (kaolin from weathered pegmatites (a),
kaolin from weathered effusives (b) and kaolin-pyrophyllite (c))
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Fig. 7. Analysis of thermogravimetry/differential thermogravimetry (TG/DTG) study results for three samples
(the kaolin from weathered pegmatites (a), the kaolin from weathered effusives (b),
and the kaolin-pyrophyllite (the kaolin from altered rocks containing pyrophyllite) (c))
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X-ray diffraction analysis a new mineral phase. This conclusion is consistent

Fig. 8 shows the X-ray diffraction patterns of  with the observations of previous studies [18, 19] em-
three samples (the kaolin from weathered pegma- phasizing the dependence of mineralogical composi-

tites, the kaolin from weathered effusives, and the tion transformation during calcination on the initial
kaolin-pyrophyllite) at different temperatures (300,  mineralogical composition of samples. The presence
500, 700, 900, and 1,100 °C). The analysis shows that  of pyrophyllite in the kaolin-pyrophyllite sample
the kaolin from weathered pegmatite sample consists ~ markedly influences the phase transition, leading to
mainly of kaolinite, but also quartz and muscovite are  the formation of new minerals.

present. In contrast, the kaolin-pyrophyllite sample

consists mainly of kaolinite and pyrophyllite, with SEM analysis

minor quartz present. Over the entire temperature SEM images of three samples: kaolin from weat-
range from room temperature to 500 °C, the peaks in ~ hered pegmatites, kaolin from weathered effusives,
the X-ray diffraction (XRD) patterns correspondingto  and kaolin-pyrophyllite subjected to calcination at
these minerals remain relatively stable, although they =~ temperatures of 500 °C, 700°C, 900°C u 1100°C are
lose in intensity while the temperature increases. At  presented in Fig. 9. At 500°C, a distinct minerals
700°C kaolinite peaks disappear in all the samples, = morphology is observed and mineral grain bounda-
while those of quartz and pyrophyllite remain. The  ries in all three samples remain discretely defined,
disappearance of kaolinite peaks indicates transfor- indicating minimal impact on structural integrity
mation into metakaolinite characterized by amor-  and chemical bonds at this temperature. However,
phous structure, which is indicated by wide “bumps”  when the heating temperature is increased from
on the X-ray diffraction patterns. Notably, the weak 700 to 1,100 °C, noticeable transformations occur. In
XRD peak of pyrophyllite at 700°C emphasizes its  the interval from 700 to 900 °C, the morphology of
thermal stability that is consistent with the thermal = minerals undergoes a gradual change, showing signs
analysis findings and the hydrothermal-metasomatic ~ of melting. The differences between the initial sub-
genesis of pyrophyllite. The most significant chang- stances in the samples begin to disappear. In particu-
es in the X-ray diffraction patterns occur at 1,100°C,  lar, the SEM images at 1,100 °C clearly show melting
which mean melting and destruction of the structures = manifestations, indicating that melting of the mate-
of the initial minerals with the formation of mullite,  rials hides the initial boundaries and morphology of
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Fig. 8. X-ray diffraction patterns (XRD) of three samples (kaolin from weathered pegmatites (a), kaolin from weathered
effusives (b), and kaolin-pyrophyllite (¢)) at different temperatures (300 °C (3), 500 °C (5), 700 °C (7), 900 °C (9)
1 1,100°C (11)): K = kaolinite, Ms = muscovite, P = pyrophyllite, Q = quartz, M = mullite
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Fig. 9. SEM images of three samples (kaolin from weathered pegmatites, kaolin from weathered effusives,
and kaolin-pyrophyllite) at different temperatures (500 °C (5), 700 °C (7), 900 °C (9), and 1100°C (11))
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the mineral grains. In the case of the kaolin-pyrophy-
llite sample, characterized by increased stability, the
pyrophyllite morphology shows certain stability in
the temperature range from 700 to 1,100 °C. The ob-
served morphological changes in the samples at dif-
ferent calcination temperatures, as seen in the SEM
images, are consistent with the other research fin-
dings, including XRD and FT-IR spectroscopy.

Conclusion

In this study, the fundamental characteristics of
three types of kaolin obtained from different sources
and of different genesis (from weathered pegmatites,
weathered felsic effusives, and hydrothermal-meta-
somatic rocks), were evaluated using X-ray diffrac-
tion analysis (XRD), FT-IR spectroscopy (FT-IR),
thermal analysis (thermogravimetry/differential
thermogravimetry (TG/DTG)) and scanning electron
microscopy with energy dispersive X-ray spectros-
copy (SEM-EDS). The studies showed that kaolinite
was the predominant mineral in all samples cha-
racterized by particle sizes less than 2 ym. In addi-
tion, the sample of kaolin from weathered pegma-
tite contains insignificant amounts of muscovite,
and the sample of kaolin from weathered effusives
contains montmorillonite. It is noteworthy that the
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kaolin sample of hydrothermal-metasomatic genesis
contains a relatively significant amount of pyrophyl-
lite. The main chemical constituents of the kaolin
samples are SiO, and AlLO;; in addition to these,
K,O0 + Na,0, TiO, and iron are present in smaller
quantities. Thermal analysis revealed phase transi-
tions at different temperatures, with the metakao-
linite phase formation around 494 and 507 °C in
the kaolin samples from weathered pegmatites and
weathered felsic effusives, respectively. The pyrop-
hyllite-bearing kaolin sample (of hydrothermal-me-
tasomatic origin) undergoes this phase transition
at a higher temperature of 653.8°C that indicates
its natural stability. To evaluate the calcination be-
havior of the kaolins, the samples were pressed at
a pressure of 40 MPa and calcined at temperatures
ranging from 300 to 1,100 °C. XRD and SEM analyses
showed that metakaolinization starts around 500 °C
in the kaolin samples from weathered pegmatites
and weathered effusives, and around 700°C in the
pyrophyllite-bearing kaolin sample. The process of
mullitization becomes evident at 1,100 °C, leading to
the formation of a new mineral, mullite. The study
findings presented here have key implications for
the production of traditional ceramics using natural
kaolin materials of different origins.

References

1. Laraba M. Enrichment of Algerian kaolin using froth flotation method. Mining Science and Technology
(Russia). 2023;8(3):215-222. https://doi.org/10.17073/2500-0632-2023-04-112

2. Muller J.P., Calas G. Genetic significance of paramagnetic centers in kaolinites. In: Murray H.H., Bundy
W., Harvey C. (Eds.) Kaolin, Genesis and Utilization. Special Publication 1. Boulder, Colorado: The Clay
Mineral Society; 1993. Pp. 261-290.

3. Fuentes 1., Martinez F., Redtegui K., Bastos V. Physical, mineralogical and chemical characterization
of Venezuelan kaolins for use as calcined clays in cement and concrete calcined. In: Calcined Clays for
Sustainable Concrete. Proceedings of the 1st International Conference on Calcined Clays for Sustainable
Concrete. 2015;10:565-566. https://doi.org/10.1007/978-94-017-9939-3 70

4. Milosevi¢ M., Logar M., Kaluderovi¢ L., Jeli¢ I. Characterization of clays from Slatina (Ub, Serbia) for
potential uses in the ceramic industry. Energy Procedia. 2017;125:650—-655. https://doi.org/10.1016/j.
egypro.2017.08.270

5. HernandezA.C.,Sanchez-EspejoR.,Meléndez W., et al. Characterization of Venezuelan kaolins as health
care ingredients. Applied Clay Science. 2019;175:30-39. https://doi.org/10.1016/j.clay.2019.01.003

6. Cam D.H., Phuong N. Types of formation origin and division of mine groups for exploration of kaolin
mines in the Northeastern region of Vietnam. Journal of Mining and Earth Sciences. 2005;10:15-19.
(In Vietnamese)

7. BuiH.B.,DungN.T.,KhangL.Q., et al. Distribution and characteristics of nanotubular halloysites in the
Thach Khoan area, Phu Tho, Vietnam. Minerals. 2018;8(7):290. https://doi.org/10.3390/min8070290

8. Cam D.H., Phuong N., Tri L.D. Potential of kaolin in the Northeast region and its use in industries.
Journal of Geology. 2006;A/297:30-37. (In Vietnamese)

9. Tri L.D., Phuong N., Toan N.T. Vietnam’s kaolin potential and orientation for exploration and
exploitation to serve socio-economic. Journal of Geology. 2008;A/307:7-8. (In Vietnamese)

10. Luat T. (ed.), Boi L.V., Nhieu L.V., et al. Report on preliminary exploration results of kaolin and felspar in
Son Man area, Hoang Lien Son. Geological Department of Vietnam, Hanoi; 1981. (In Vietnamese)

11. Giua K. V. (ed.), et al. Report on the results of geological exploration of Minh Tan kaolin mine, Hai Duong.
Geological Department of Vietnam, Hanoi; 1966. (In Vietnamese)

39


https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2023-04-112
https://doi.org/10.1007/978-94-017-9939-3_70
https://doi.org/10.1016/j.egypro.2017.08.270
https://doi.org/10.1016/j.egypro.2017.08.270
https://doi.org/10.1016/j.clay.2019.01.003
https://doi.org/10.3390/min8070290

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOMA https://mst.misis.ru/

2024;9(1 ):30—40 Hryen T. T. T., Byn X. b. XapakTepucTuka 1 TepMuyeckoe noBeaeHne HeKOTOPbIX BUAOB KaovHa...

12. Duy T., Boc D.D., Thach N.V., et al. Report on results of kaolin prospecting and exploration in northern
Quang Ninh. Geological Department of Vietnam, Hanoi. 1966. (In Vietnamese)

13. Fadil-Djenabou S., Ndjigui P.D., Mbey J.A. Mineralogical and physicochemical characterization of
Ngaye alluvial clays (Northern Cameroon) and assessment of its suitability in ceramic production.
Journal of Asian Ceramic Societies. 2015;3(1):50-58. https://doi.org/10.1016/j.jascer.2014.10.008

14.Ruiz Cruz M.D., Morata D., Puga E., et al. Microstructures and interlayering in pyrophyllite
from the Coastal Range of central Chile: evidence of a disequilibrium assemblage. Clay Minerals.
2004;39(4):439-452. https://doi.org/10.1180/0009855043940146

15. Nallis K., Katsumata K., Isobe T., et al. Preparation and UV-shielding property of Zr0.7Ce0.30,-kaolinite
nanocomposites. Applied Clay Science. 2013;80-81:147-153. https://doi.org/10.1016/j.clay.2013.06.004

16. Volzone C., Ortiga].Removal of gases by thermal-acid leached kaolinitic clays: Influence of mineralogical
composition. Applied Clay Science. 2006;32(1-2):87-93. https://doi.org/10.1016/j.clay.2005.11.001

17. Caponi N., Collazzo C.C., Janh S.L., et al. Use of Brazilian kaolin as a potential low-cost adsorbent
for the removal of malachite green from colored effluents. Materials Research. 2017;20(2):14-22.
https://doi.org/10.1590/1980-5373-MR-2016-0673

18. Chen Y.F., Wang M.C., Hon M. H. Phase transformation and growth of mullite in kaolin ceramics. Journal
of the European Ceramic Society. 2004;24(8):2389-2397. https://doi.org/10.1016/S0955-2219(03)00631-9

19. Nguyen T.T.T., Bui H.B. Characterization of some natural materials with different morphologies and their
mullitization in ceramic preparation. Journal of Ceramic Processing Research. 2023;24(3):471-477. https://
doi.org/10.36410/jcpr.2023.24.3.471

Information about the authors

Thi Thanh Thao Nguyen — PhD (Earth Sci.), Lecturer, Faculty of Geosciences and Geology Engineering,
Hanoi University of Mining and Geology, Hanoi, Vietnam; ORCID 0000-0003-1299-2599; e-mail
nguyenthithanhthao@humg.edu.vn

Hoang Bac Bui - PhD (Earth System Sci.), Associate Professor, Lecturer, Faculty of Geosciences and
Geology Engineering, Hanoi University of Mining and Geology, Hanoi, Vietnam; ORCID 0000-0002-2671-
3186, Scopus ID 57191982391; e-mail buihoangbac@humg.edu.vn

Received 11.12.2023
Revised 16.01.2024
Accepted 06.02.2024

40


https://mst.misis.ru/
https://doi.org/10.1016/j.jascer.2014.10.008
https://doi.org/10.1180/0009855043940146
https://doi.org/10.1016/j.clay.2013.06.004
https://doi.org/10.1016/j.clay.2005.11.001
https://doi.org/10.1590/1980-5373-MR-2016-0673
https://doi.org/10.1016/S0955-2219(03)00631-9
https://doi.org/10.36410/jcpr.2023.24.3.471
https://doi.org/10.36410/jcpr.2023.24.3.471
https://orcid.org/0000-0003-1299-2599
mailto:nguyenthithanhthao@humg.edu.vn
https://orcid.org/0000-0002-2671-3186
https://orcid.org/0000-0002-2671-3186
https://www.scopus.com/authid/detail.uri?authorId=57191982391
mailto:buihoangbac@humg.edu.vn

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOIMA https://mst.misis.ru/

2024;9(1):41-52 Kamenskikh A. A. et al. Experimental study on forced ventilation in dead-end mine working...

SAFETY IN MINING AND PROCESSING INDUSTRY AND ENVIRONMENTAL PROTECTION

Research paper

https://doi.org/10.17073/2500-0632-2023-08-147
UDC 622.4

Experimental study on forced ventilation
in dead-end mine working with various setbacks of the ventilation pipeline
from the working face

A.A. Kamenskikh(?, G.Z. Faynburg , M.A. Semin D4, A.V. Tatsiy

Mining Institute of the Ural Branch of the Russian Academy of Sciences,
Perm, Russian Federation

< seminma@inbox.ru

Abstract

The study of airflow patterns at the ends of dead-end mine workings is crucial for optimizing underground
mining ventilation systems. Understanding these patterns forms the basis for designing and implementing
effective ventilation strategies.

Previous studies have shed light on the behavior of the main vortex and the formation of stagnant zones
in such environments, but these insights remain fragmented and call for a more systematic exploration to
integrate them into a comprehensive theory.

This paper presents the results of a thorough field investigation into the forced ventilation behavior in
a dead-end mine working with a significant cross-sectional area (29.2 m?). We evaluated the impact of
varying the setback distance of the ventilation duct’s end from the working face at intervals of 10, 15, 17,
19, and 21 m. The experimental design included precise measurements of turbulent airflow velocities at
25 carefully chosen points (in a 5x5 grid) for each setback distance, covering the area from the working
face to beyond the end of the ventilation duct. This included additional measurements taken 1 meter and
10 meters past the termination of the ventilation duct, moving towards the entrance of the working area.
The fieldwork was carried out in a typical dead-end stope at the Kupol gold-silver mine in the Chukotka
Autonomous District, created by drilling and blasting.

The volume of fresh air delivered to the working was maintained at a consistent rate of 17.4 m3/s across
all scenarios, aligning with the mine’s standard air flow rate derived from the ventilation requirement for
exhaust gases emitted by internal combustion engines of Load-Haul-Dump (LHD) machinery. With the
duct’s terminal cross-sectional area at 0.8 m?, this resulted in an inflow velocity averaging 21.75 m/s.
Additionally, we included insights from three-dimensional numerical simulations performed in ANSYS
Fluent, focusing on steady-state air movement and developed turbulence within the dead-end space.
A comparative review of both empirical and modeled data shows that the ventilation jet, for all tested
setback distances up to 21 m, successfully delivered air to the working face, where it then dispersed and
initiated reverse flow patterns.

These experiments led to the formulation of a linear relationship between the maximum relative velocity
(compared to the initial jet velocity) at a distance of 1 m from the working face and a key geometric factor
of the ventilation setup. This factor is the ratio of the duct’s setback distance to a characteristic dimension
of the cross-sectional area, calculated as the square root of the cross-sectional area.

Keywords

mine ventilation, dead-end face, forced ventilation, ventilation pipeline setback, field experiment, numerical
experiment, airflow structure
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TEXHOJIOT'MYECKASA BE3OMNACHOCTb B MUHEPAJIbHO-CbIPBEBOM KOMIJIEKCE
MU OXPAHA OKPY)XAIOLLEU CPEADI

Hay4Has cTaTbs

3KcnepuMeHTaNbHble UCCNIe0BaHUA NPOBETPUBAHUA TYNMKOBOI BbIPaboTKM
HarHeTaTe/IbHbIM CMOCO60M NpM pa3NIMYHOM OTCTaBaHUU
BEeHTUNALMOHHOrO Tpybonpoeoaa oT rpyau 3abos

A.A. Kamenckux (2, I. 3. ®aiHGypr , ML.A. CemuH <, A.B. Taumii
TopHuiti uncmumym YpO PAH, e. ITepmb, Poccutickas ®@edepayus
< seminma@inbox.ru

AHHOTauus

ViccnemoBaHMe CTPYKTYPhI BEHTWIISIIMOHHBIX IIOTOKOB B ITP13a00J1HOT YacTy TYIIMKOBOI BRIPAOOTKY SIBJISIET-
CS1 BaXKHBIM 3JIEMEHTOM IIPU LieJieHalpaBJIeHHOM YITpaBJIeHH ee IPOBeTPMBaHueM U obecrieueHny 6e3omac-
HOCTY BeJleHMsI ITIO3eMHBIX TOPHBIX paboT. PaHee MpoBemeHHbIe UCCIeN0BaHMSI TIOKa3bIBAIOT, UYTO, HECMOTPSI
Ha o0Illee TOHMMaHMe MMPOTEKaIIIUX B TYIMKOBOJ BbIpaOOTKE MIPOLIECCOB BOSHMKHOBEHMSI OCHOBHOTO BUXPS
Y 3aCTOVHBIX 30H, MTOJTyYEHHbIE PE3Y/IbTAThl HOCST hparMeHTapHbIi XapakTep 1 6e3 JOIMOTHUTEIbHbBIX MCCITe-
JIOBAaHMII MTPaKTUUECKY He TOIIaI0TCS eIMHOMY KOHIIENITYaIbHOMY 0000IIEeHNIO.

B craTbe mpuBemeHbl pe3yabTaThl AEeTaJbHOTO HATYPHOTO 3KCIIEPMMEHTAa IO MCUIELOBAaHMIO MPOLECCOB
HaTrHeTaTeIbHOI'O IIPOBETPUBAHMS TYIIMKOBOM BhIPAOOTKM GONMBLIOTO ceueHus (29,2 M?) ¢ MATbIO PasIMUHbI-
MM BapMaHTaMM OTCTaBaHMSI KOHIIA HAarHeTaTeJbHOTO BEHTWISIMOHHOTO TPyGOIpOBOAA OT Tpyau 3abosi:
10, 15, 17, 19 u 21 m. [Ins1 KaXkKOOro BapMaHTa B COOTBETCTBMM C pa3pabOTaHHOI METOAMKOI SKCIIepUMeHTa
MIPOM3BOAMIIM 3aMePbl CKOPOCTU TYPOYJIEHTHOTO BUXPEBOT0 BO3AYIIIHOTO ITOTOKA B 25 pa3jIMUYHBIX XapaKTep-
HbIX TOUKaX (CeTKa 5X5) B KaKIOM CeUeHMM TYITMKOBOJ TOPHOM BbIPaGOTKY, KOTOPbIE BBIOMPAIN yepe3 Kaxk-
IbIVi METP OT IpyaM 3a060S1 10 KOHIIA BEHTU/ISI[MOHHOTO CTaBa, a TaKKe JOIOTHUTEIBHO ellle yepe3 1 M U ellle
yepe3 10 M OT KOHIIA BEHTWISILIMOHHOTO CTaBa K YCThIO BIPAOOTKIA.

VccmenoBaHus TTPOBOAVIIM B CTAHIAPTHOM TYMMKOBOI OYMCTHOI BbIPAOOTKE, TPOXOAMMOI GYPOB3PHIBHBIM
CII0co60M, Ha 30JI0TOCEPEOPSTHOM pyIHMKE «KyToiT», pacrionokeHHOM B YyKOTCKOM aBTOHOMHOM OKpYTE.
Pacxop 11omaBaeMoro B BbIPabOTKY CBEXKETo BO3AyXa BO BCEX CyUYasX COXPAHSIM MOCTOSIHHBIM M PaBHBIM
TUIIMYHOMY ISl pyOHMKA pacxopy 17,4 m3/c, ompemensieMOMY pacuyeTHbIM 3HaueHMeM 1o (HakTopy Ipo-
BeTPUBAHMS BBIXJIOMHBIX Ia30B OT ABUraTe/ell BHYTPEHHEro CropaHus Morpy304HO-40CTaBOUYHBIX MallIyH.
ITpu miomaayu ceyeHust KOHIA Tpybornposoma 0,8 m? 3TO JaeT CPegHIO CKOPOCTb MOCTYIIAIOIIEl CTPyU
B 21,75 m/c.

JlaHHbIe HAaTYPHOTrO 5KCIIePMMEHTA IOMOJHSIIM Pe3yabTaTaMM TPEXMEPHOTO UYMCIeHHOrO0 MOZIeNTMPOBaHMUSI
B BhrumcinTebHOM nakete ANSYS Fluent. VicoremoBaim CTallMOHAPHOE ABVSKEHYE BO3TyXa B TYIMKOBOJ BbI-
paboTKe B peXKuMe pa3BUTON TypOyaeHTHOCTY. CpaBHUTEbHbIN aHa/IN3 TIOTYYeHHBIX Pe3y/IbTaTOB HATYPHO-
IO ¥ YMCJIEHHOTO 3KCIIEPUMEHTOB YOeIUTEIbHO MOKA3asl, YTO BO BCEX MCCIEMyeMbIX CJTyUastX OTCTaBaHMS (He
6oree 21 M) BeHTWISILIMOHHOTO TPy6OIIPOBOAA OT TPyau 320051 BEHTUISILIMOHHAS CTPYS, BBIXOASAIIAS U3 BEH-
TUISIIMOHHOTO TPyOOIIPOBOAA, JOCTUTAET TPyAM 326081, a 3aTeM pa3BOPAUYMBAETCS BIOJIb HETO C PA3TMYHOI
MHTEHCUBHOCTBIO U (JOpMUPYET 0OpaTHOE IBIOKEeHME BO3AYIIHOIO MOTOKA U3 TYIIMKA.

[TomyyeHHbIE pe3y/ibTaThl O3BOMUIN MTOMYYUTD TMHEHOE YpaBHEHME CBSI3U MeKOy MaKCMMaabHO OTHOCU-
TeJIbHOJ (K Haua/IbHOV CKOPOCTY CTPYM) CKOPOCThIO Ha pacCTOSIHUM 1 M OT rpyau 3a60sI M OCHOBHOT'O TeoMe-
TpUYecKkoro ¢pakTopa 30HbI IPOBETPUBAHMS — OTHOIIEHMSI JIMHBI OTCTABaHMS KOHIIA TPYOOIIPOBOAA K Xapak-
TEPHOMY IOMEPEYHOMY pa3Mepy — KOPHIO KBaIpaTHOMY U3 IUIOIAAM TTOTIEPEUHOTO CeUeHMSI.
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Introduction

Ensuring the reliability of effective ventilation
within dead-end workings of mines represents a pa-
ramount concern in the domain of mine ventilation,
governed by the regulatory frameworks of safety in
underground mining operations'. This issue garners
significant attention from both domestic [1-3] and
international [4-6] researchers, as evidenced by an
extensive body of literature. The scholarly discourse
encompasses an array of topics, including the pe-
culiarities of ventilating dead-end workings across
various mining methodologies [7, 8], as well as the
issues of aerological process modeling within such
environments. This entails the judicious selection of
turbulence models [6] and the employment of discrete
modeling approaches [9]. Research has delved into
several exacerbating factors, such as the persistent
dust emission during the operation of mining com-
bines [10], gas emission within the excavated spaces
[8, 11], and the analysis of oxygen transfer as a dis-
tinct component of the atmospheric milieu [5]. The
literature also explores diverse criteria for assessing
the ventilation efficiency of dead-end workings [4].

A critical facet of optimizing the ventilation of
dead-end workings lies in the selection of ventila-
tion methodologies and equipment parameters, in-
cluding the placement of the ventilation pipeline
and the regulation of airflow within [12]. Among the
prevalent practices in this realm is the application of
forced ventilation, characterized by the generation
of an active air jet delivered via a pipeline. The ter-
minal segment of this pipeline is intentionally po-
sitioned a specified distance from the working face,
either to accommodate operational exigencies or to
comply with safety regulations [6, 13].

The principal geometric determinants of the ven-
tilation zone's volume (V) are the working's height
(H) and width (B) - that is, the effective scale of the
cross-sectional area (S) — as well as the distance by
which the end of the ventilation conduit is set back
from the working face (L). This distance shapes the
overall configuration of the ventilated space [14]. Let
us define the form factor of the ventilated object as
the dimensionless measure of the setback distance of
the pipeline's end from the working face, expressed in

1 Uniform safety rules for developing ore, nonmetallic
and alluvial deposits by underground mining. Appr. by Gos-
gortechnadzor of the USSR on 21.10.1954, Moscow: Gosgortekh-
izdat, 1959.

Federal Rules and Regulations in Industrial Safety “Safety
rules in mining works and processing of solid minerals”, appr. on
08.12.2020, No. 505. Electronic text. CODEX Consortium. Elec-
tronic Fund of Legal and Regulatory Technical Documentation:
official website. URL: https://docs.cntd.ru/document/573156117
(date of access: 20.06.2023).
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units equivalent to the square root of the cross-sec-
tional area f = [, \/§ .

The calculation of the ventilation zone’s volume
is contingent upon the specific variables and context,
with V equating to either H-B-L or S- L. Alternatively,
it may be approximated to the volume of the flue gas
exhaust zone, as ascertained through the application
of empirical data and analytical methods.

The efficacy of ventilation and the balance be-
tween the processes of contaminated air displacement
and its mixing with fresh air are fundamentally deter-
mined by the flow rate of fresh air (Q,) allocated for
ventilation purposes. This flow rate, in conjunction
with a specified pipeline diameter (d) or cross-sec-
tional area (s) dictates the average velocity (U,) of the
ventilation jet. This jet, in turn, shapes the flow struc-
ture within the dead-end working, influenced by the
degree of jet constriction, F =s/S = (d/D)?, which var-
ies between 0 and 1, alongside various other factors
that govern the balance between displacement and
mixing processes within the ventilated area.

The primary metric of ventilation effectiveness
is the air quality at the working face under all condi-
tions, and in the context of non-steady-state scena-
rios, it is the duration required for ventilation to clear
contaminants, such as flue gases following drilling
and blasting operations. The determination of the
requisite fresh air flow rate is predicated upon achie-
ving designated air quality benchmarks.

Given the complexity of flow dynamics and the
indeterminate nature of the ratio between displace-
ment and mixing processes, accurately gauging the
actual ventilation duration is feasible solely through
comprehensive, field experimentation.

In practical terms, for determining the ventila-
tion duration, practitioners rely on the estimated air
exchange time (1) for a specific volume of contamina-
ted air (V) expressed as

M

where Q is the rate of air supplied to the ventilated
volume V.

The minimum time required to ventilate the
face is realized when ideal displacement (advective
transfer) processes dominate within the ventilated
zone, as determined by Equation (1). Conversely, in
scenarios where ideal mixing processes (thorough
mixing, dilution) prevail, coupled with the presence of
stagnant zones, the theoretical ventilation duration
for a dead-end face is effectively infinite. The actual
ventilation timeframe spans these broad extremities.

A crucial prerequisite for preventing stagnant
zones at the working face and ensuring the dominance
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of displacement processes is the generation of an
active jet. To this end, the jet must maintain its
integrity over a distance (L) greater than the setback
from the working face (L) thereby actively “sweeping”
over the working face to facilitate the efficient removal
of gassed and dusty air from the vicinity of the face
and the face itself. This criterion can be articulated as

L < Lra[e (2)

where L, ., is the maximal permissible setback dis-
tance as prescribed by safety regulations.

Therefore, analyzing the flow structures in the
proximity of the working face within a dead-end wor-
king is imperative for the deliberate design of its ven-
tilation system. This analysis underscores the signifi-
cance of the effective range of the jet, L, the setback
of the pipeline's end from the working face L and the
flow rate of fresh air supplied Q, the cross-sectional
dimensions of both the working and the pipeline.

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(1):41-52

1< Leﬁ,

Foundational Concepts of Airflow Patterns
in Dead-End Workings with Forced Ventilation

Over half a century ago, significant advance-
ments in the study of ventilation within dead-end
mine workings (also known as airless ends) were made
I.A. Shvyrkov [1], A.I. Ksenofontova [2], V.N. Voronin
[3], P.I. Mustel [15], among others [16-18]. These re-
searchers undertook theoretical examinations of jet
ventilation in dead-end chamber-shaped workings,
establishing foundational concepts on the mecha-
nisms for removing contaminated air from the face
through mixing and displacement. Additionally, they
elucidated the relationship between the cross-sec-
tional area of the working and the efficiency of jet ac-
tion [18]. A key formula emerging from their work is:

Ly =KVS, ©

where K is a dimensionless proportionality coeffi-
cient, determined either experimentally or theoreti-
cally, and typically varies widely in practice (from 2 to
8, but most commonly within 3-6) [14]. This variation
underscores the dependence of K on other ventilation
arrangement conditions and highlights the need for
relatively large-scale studies for further elucidation.
This formula (3) can be reformulated as:

L L

of _ k—
Js s
where k is a new coefficient related to K by the for-
mula K = kf, facilitating the delineation of the form
factor f. From this, it can be inferred that k > 1.
Notably, for a classical ventilation pipeline
setback L of 10 m, the form factor with a working

cross-sectional area of 3x3 is 3.33, and for a size of

“)
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2x2, it is 5. A setback of 15 m, permissible under cur-
rent safety regulations for working cross-sections
larger than 16 m?, yields a form factor of f= 3.75.

In various international studies [4, 6, 13], formu-
la (3) is presented as

Ly = 4\/§ )

or alternatively, utilizing the ventilation pipeline
diameter d, as

Leﬁ =30d. (6)

It’s important to note that the concept of jet
range, denoted as L., while intuitively understood,
lacks a formal definition, leading to varied interpreta-
tions and the coefficient K in formula (3) fluctuating
based on factors like working cross-section, pipeline
location, its cross-section, jet velocity, and other ven-
tilation conditions.

The termination of the total air flow rate towards
the working face, discounting turbulent pulsations,
marks the end of the jet. This distance, denoted as L,
represents the range the jet “reaches”. Defining this
distance more rigorously allows for a more precise de-
termination of the airflow rate sufficient for effective
ventilation in a given cross-section near the working
face. This determined airflow rate, deemed sufficient
for effective ventilation at or near the working face,
is labeled Q.. It is calculated to ensure that the time
required to ventilate the space immediately adjacent
to the working face, denoted V,,, is less than or equal

to the time needed to ventilate the entire face, ex-
pressed as:

t = Vface _ Vv
ff = n
[5 Qface ace QO (7)

The area between the working face and the
cross-section positioned 1 meter away from it can
be selected as the size of the near-face space. This
selection is informed by the dimensions of the hu-
man breathing zone, defined as a radius of 0.5 me-
ters from the worker’s face, in accordance with
SNiP 41 01 2003 standards. This distance, leading to
the terminus of the pipeline's trajectory related to
this area, is denoted as L,.

The volume of air entering this specified zone can
be quantified by referencing the minimum velocity
stipulated by safety regulations. The calculation em-
ploys the formula U, = 0,1 P/S (m/s), where S repre-
sents the cross-sectional area of the working, m?; and
P stands for the perimeter of the working, m. For the
conditions outlined in our experiment, this results in
a velocity of 0.07 meters per second. It is crucial to un-
derscore that this velocity constitutes merely 0.32% of
the initial velocity (U, = 21.75 m/s) of the jet as it exits
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the ventilation pipeline, as evidenced by the data from
the comprehensive field experiment.

It’s noteworthy that the air velocity detectable
by humans and vane anemometers is approximately
0.15 m/s, which corresponds to 0.69% of the initial
jet velocity U,. Furthermore, the traditional minimum
velocity prescribed for stopes, fixed at 0.25 m/s, rep-
resents 1.15% of U,. In the context of our field expe-
riment, this implies that the time required to venti-
late the space near the face, positioned 1 meter from
the working face, amounts to 8 s.

Empirical evidence indicates that the efficacy
of the jet within the dead-end (constrained area) is
enhanced by enlarging the cross-section of the wor-
king. This enhancement is attributed to the ability of
the jet to extend over greater distances within larger
cross-sectional workings without being impeded by
the resistance of the return flow. The occurrence of
this return flow within the dead-end is an inevitable
consequence, dictated by the principles of mass con-
servation and the continuity equation.

Previously, the investigation into the complex,
three-dimensional vortex-like structures created
by forced ventilation methods was hindered by the
limited scope of analytical techniques. However, ad-
vancements in computational methodologies and the
expansion of computer processing capabilities have
led to an increased adoption of mathematical mode-
ling tools in a three-dimensional framework. This ap-
proach has significantly enhanced research into the
ventilation processes within dead-end mine workings,
as evidenced by studies [7, 8, 19].

For example, N.O. Kaledina and S.S. Kobylkin [16]
leveraged numerical three-dimensional modeling
techniques to explore ventilation strategies for dead-
end extended workings in gas-rich mines. In such
environments, the prevalent release of light, combus-
tible gases poses a considerable risk to mining safe-
ty. E.V. Kolesov and B.P. Kazakov [18] applied these
numerical three-dimensional modeling methods to
investigate the effectiveness of ventilation systems in
dead-end mine workings post-blasting operations.

Article [20] explores the ventilation challenges in
dead-end mine workings, focusing on the effects of va-
riations in the distance of the ventilation pipeline from
the working face and different air jet velocities from
the ventilation pipeline on ventilation effectiveness.

This body of research engages in a thorough ex-
amination of the selected turbulence models, the
methodologies for numerical solutions, and the out-
comes achieved, often tailored to a handful of specific
scenarios.

The comprehensive review of these studies re-
veals that while there’s a broad consensus on the
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existence and behavior of primary vortex and stag-
nant zones within dead-end workings, the findings
are somewhat piecemeal. The current understanding
and results, though insightful, are not universally ap-
plicable or conceptually cohesive without the pros-
pect of further, more targeted research endeavors.

Field experimental data on forced ventilation in
dead-end mine workings are notably less prevalent
than those obtained from computational experiments,
primarily focusing on the duration of face ventilation
and the overall penetration of the jet into the dead end.

Historically, a crucial standard? or forced venti-
lation in these settings was to maintain the distance
from the end of the ventilation duct to the working face
at no more than 10 meters. This standard was suitable
for the use of 400-600-mm pipes and low-power fans,
which matched the typical dead-end working dimen-
sions of the era, approximately 2 x 2 m in cross-section
(with a form factor of f = 5). However, contemporary
updates to the regulatory framework, as exemplified by
the revised FNiP PB3, now acknowledge the feasibility
of extending this setback up to 15 m from the working
face, provided that the face cross-section exceeds 16 m?
(indicating a form factor of f< 3.75).

Despite this regulatory shift, practical imple-
mentation often faces challenges, as indicated by
safety justifications reviews such as in [18]. These
challenges highlight the need for a deeper, scienti-
fically grounded comprehension of the ventilation
dynamics within dead-end workings. This is the core
focus of the current study.

Below are the findings from comprehensive field
research on forced ventilation in dead-end stopes at
the Kupol gold-silver mine, specific to its conditions.
These are accompanied by selected results from nu-
merical modeling that enhance the insights gained
from the field experiment.

Subject of the Field Study
The Kupol mine, situated in the Far North-East
of the Russian Federation within the permafrost zone,
adopts specific measures to counteract rock thawing
and enhance stability. Here, underground workings
are ventilated using a forced method, with air entering
the mine at temperatures of —20°C or lower, without

2 Uniform safety rules for developing ore, nonmetallic
and alluvial deposits by underground mining. Appr. by Gos-
gortechnadzor of the USSR on 21.10.1954, Moscow: Gosgortekh-
izdat, 1959.

5 Federal Rules and Regulations in Industrial Safety
“Safety rules in mining works and processing of solid miner-
als, appr. on 08.12.2020, No. 505. Electronic text. CODEX Con-
sortium. Electronic Fund of Legal and Regulatory Technical
Documentation: official website. URL: https://docs.cntd.ru/
document/573156117 (date of access: 20.06.2023).
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the need for heating. This location is not considered
hazardous in terms of gas or dust presence.

Mining operations, including development, pre-
paratory work, and stoping at the Kupol mine, are
executed via the drilling and blasting method. This
approach is necessitated by the high strength charac-
teristics of the ores and rocks encountered. Drilling
and blasting activities are organized into two shifts
per day, incorporating two-hour breaks between shifts
and two lunch breaks. During these working shifts,
drilling and the transportation of blasted ore take
place, while blasting operations are scheduled be-
tween shifts and during lunch breaks.

The mining cycle encompasses not just drilling,
charging, and blasting of blast-holes, along with the
loading and transportation of blasted ore from the
face, but also ventilation of the face and ensuring its
safety post-operation. High-performance self-pro-
pelled equipment is employed for the principal tasks
of the drivage cycle.

Dead-end faces at the Kupol mine vary in length
from 15 to 150 m, boasting an average cross-section of
29.2 m? in the light, and an average advance of 4.2 m
per blast. The majority of the blasted ore is displaced
by blasting to a range of 10-15 m from the working
face, though some fragments can reach up to 40 m,
posing a risk to the ventilation pipeline. Consequent-
ly, considering the length of the LHD machines with
internal combustion engines is about 12 m, it’s advi-
sable to maintain a setback of approximately 20 m for
the ventilation duct from the working face.

The pressure pipeline, typically mounted on the
right side under the roof of the working area and
having a diameter of 1.2 m (with a cross-sectional
area of 1.13 m?), employs a technique to mitigate end
oscillations (termed “squelch”) and associated flow
pulsations. This is achieved by narrowing the venti-
lation pipeline at the outlet to form a “contraction
cone”, a practice standard across all forced ventilation
pipelines at the Kupol mine. The cross-sectional area
at the “nozzle” of this “contraction cone” is between
0.75 and 0.8 m?, resulting in a contraction degree of
1.4, which improves the stability of the jet flow and
extends its effective range.

Experimental Approach and Methodology
Experimental studies were conducted in
a dead-end mine working (crossdrift NE 931-250)
at the Kupol mine. An industrial mine fan, the
Alphair 4200-VAX-2700 VMP, with a rated capacity
of 17.9 m3/s and head of 233.5 daPa, was in opera-
tion, supplying ventilation to the pressure pipeline.
Air velocity measurements were taken in a steady-
state flow mode, achieved by directing a fresh air jet at
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a flow rate of 17.4 m?/s (initial jet velocity of 21.75 m/s)
towards the face.

The study evaluated five variations in the dis-
tance between the ventilation pipeline’s end and
the working face. The initial setup included a con-
ventional 10-m setback, followed by a 15-m setback
as permitted by safety regulations for workings with
a cross-section larger than 16 m? Experimental setups
included setbacks of 17, 19, and 21 m, with the latter
being of particular interest for its practical applicabi-
lity and acceptance by the Kupol mine management.

To thoroughly examine the flow’s spatial struc-
ture, the air space at the dead-end face was mapped
with a grid of velocity measurement points across
various cross-sections. In each selected cross-section,
velocities were measured at 25 points (forming a 5x5
grid with 0.75 m between points, approximating 1 m
near the walls).

Cross-sections for measurement were arranged
sequentially from the working face (1, 2, 3, 4... m),
including one 1 m from the flight’s end towards the
working face. Measurements were also conducted at
two additional cross-sections, one 1 m from and an-
other 10 m from the flight’s end towards the mine’s
entrance, with the latter cross-section assessing the
outflow from the working. Incoming and outgoing air-
flow rates were compared to verify the data. This com-
prehensive mapping allowed for a detailed analysis of
the flow’s spatial dynamics.

Airflow velocities were measured using two
APR-2 anemometers, with an error margin of
+(0.2 + 0.05U) m/s, where U denotes the airflow ve-
locity. Distances within the dead-end working were
measured using a Leica DISTO D3 laser distance
gauge, accurate to +1.5 mm.

Additional insights and the flow’s spatial dy-
namics were further delineated through three-di-
mensional mathematical modeling in the ANSYS
Fluent software.

Both empirical and numerical simulations iden-
tified consistent flow patterns within the dead-
end working under forced ventilation and varying
pipeline setbacks of 15-21 m (with form factor of
f=L/\/§ =2.78, 3.14, 3.52, 3.89).

A 10-m setback was also examined for comparison,
given its lower form factor (f= 1.85), which is not typi-
cally practiced.

Results of field and numerical experiments

When the ventilation duct’s end is positioned
15-21 m from the working face, which has a cross-sec-
tional area of 29.2 m?), injected air jet broadens and
generates a substantial primary vortex that encom-
passes the whole area being ventilated. This obser-
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vation aligns with well-established concepts derived
from previously published research.

The creation of this vortex is a consequence of
the mass conservation principle (continuity equation)
and is consistent across various implementations of
forced ventilation. This has been validated through
comprehensive field and computational experiments,
which have also uncovered new insights.

Let us outline the key patterns of the vortex flow
that emerges when a constricted jet enters a dead-
end face.

The core dynamics of the vortex flow initiated
by the inflow of a constricted jet to a dead-end face
can be summarized as follows: The flow rate of fresh
air in the incoming jet (Q,) equals the flow rate of air
exiting the dead-end face (Q.). Therefore, by the law
of conservation of mass, the average cross-sectional
velocities of the incoming jet (Q,) and the exiting air
(U.) near the working's entrance are proportional to
the cross-sectional area of the working (S) relative to
the cross-sectional area of the pipeline (s).

It can be deduced that the ratio of the kinetic
energy of the incoming flow E, as determined by U,,
to the kinetic energy of the outgoing flow E_, as de-
termined by U, is equivalent to the ratio of the jet
velocity at the initial cross-section to the air velocity
exiting the dead-end working.

In algebraic terms, the foundational equations of
forced ventilation, assuming constant density, are as
follows:
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From these equations, it's clear that a larger S/s
ratio indicates a more powerful jet, capable of ex-
pending more energy on vortex formation (including
turbulent pulsations) and penetrating the working
face. In our case, this ratio is 36.25. For compari-
son, a traditional working of 4 m? (2 mx2 m) with
a 400-mm pipeline has a smaller ratio of 31.85, similar
to a 16 m? working with an 800-mm pipeline.

Figure 1, produced from numerical modeling for
the maximum permissible setback in workings lar-
ger than16 m? with a 15 m distance from the working
face, vividly shows how the jet impinges on the wor-
king face and scatters. This effectively aerates the
area adjacent to the working face and triggers the
return flow. The modeling was performed in ANSYS
Fluent software, set to a steady-state with the Reali-
zable k-epsilon turbulence model [21-23].

Since the axis of the ventilation pipeline is con-
veniently located at the top right (from the perspec-
tive of facing the working face), the cross-section of
the working, aerodynamically speaking, is divided
into two zones. The “concurrent” zone is adjacent
to the axis of the ventilation jet in the upper right
corner of the working cross-section, conceptually
separated by a diagonal from the upper left to the
lower right. In this zone, the air drawn by the active
jet moves toward the working face. The opposite side
is the “return” zone, where air flows away from the
working face.

This fundamental large-scale flow pattern is evi-
dent in both the field experiment (in Fig. 2, a, b) and
the computational modeling (Fig. 3), outlining the
overall structure of air movement at the face.

UO_S EO_Ugs_UO_S

U s’ E US U s ®)
Velocity, m/s
.
0 7.50

15.00

22.50  30.00

10.000 (m)

2.500

7.500 *

Fig. 1. Illustration of the spatial structure of streamlines with color coding corresponding to the magnitude
of the velocity vector during forced ventilation in a dead-end working, showcasing the ventilation duct end setback 15 m
from the working face where the jet impacts the working face
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2m 7m 12m 2m 10 m 18 m

3m 8m - 13m 3m 11m 19m
4m 9m 14m 4m 12m 20 m I
5m 10m 25m 5m 13m 31m

-19m/s 0 C 19myss -19m/s 0 19m/s

Fig. 2. Airflow velocity measurements at various cross-sections and points with the ventilation duct setback
from the working face: a) at 15 m (note: 25 m marks the distance of 10 m from the pipeline's end to the working’s entrance);
b) at 21 m (note: 31 m indicates the distance of 10 m from the pipeline's end to the working's entrance)

Velocity,
m/s

15.00
12.50
10.00
7.50
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0
-2.50
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-17.50
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0 1.000  2.000 (m)
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Fig. 3. Calculated air velocity distribution across the working’s cross-section (facing the working face) 5 m
from the working face with a 10-m setback of the flight's end and the standard “grid”
of air velocity measurement points used in the field experiment
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In the studied scenario, mass balance is main-
tained across any cross-section of the dead-end
working—the flow rate moving from the working face
(either concurrent with or outgoing from the jet flow)
is equal to the flow rate moving toward the working
face (either concurrent with or fresh flow entering
through the pipeline).

Consequently, the flow rate directed to the wor-
king face varies from section to section. This varia-
tion allows the division of the dead-end working
space under normal ventilation by an active jet into
five conditionally demarcated zones (starting from
the working face):

1. The zone of main flow reversal and “washing”
near the working face surface.

2. The zone encompassing the “head” and “body”
of the main vortex of the flow structure, extending
from the end of the ventilation flight to the point of
reversal and initiation of the main return flow from
the working face.

3.The zone of the “tail” of the main vortex,
which is shaped by the ejection (suction) of air not
only from the side of the jet but also due to the con-
striction from behind the jet around the end of the
ventilation pipeline.

4. The zone of flow “return” within the “tail” of
the main vortex, resulting in an asymmetric distribu-
tion of flow velocities.

5.The classical flow zone, where the entire
cross-section of the working is filled with the outgo-
ing flow, and the velocity is purely axial (along the
working’s length axis), excluding turbulent pulsa-
tions.

A schematic of this 5-zone structure is illustrated
in Fig. 4.

In the first zone, the “longitudinal (axial) air flow
rate” is nearly zero; it substantially exceeds the sup-
plied ventilation air flow rate in the second and third
zones and matches the supplied ventilation air flow
rate in the fourth and fifth zones.

We highlight that this 5-zone structure along the
length of the working effectively describes the jet’s

Zone 5 Zone 4
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active influence on ventilation when it extends to the
working face. Should the jet lack sufficient energy and
momentum to reach the working face, a sixth zone
emerges. This is not a single vortex but a cascade of
progressively weaker vortices, often leading to the de-
velopment of a “stagnant” zone.

In our comprehensive field and computatio-
nal studies with a maximum setback of 21 m (corre-
sponding to a form factor of 3.75), a stagnant zone
did not form. Under the conditions described (wor-
king cross-section and fresh air flow rate), a 21-m
setback ensured a vigorous jet “flow” towards the
working face.

Figure 5 illustrates the distributions of the con-
current (from the working face) air flow rate Q along
the entire length of the working, normalized to air flow
rate Q, at the ventilation pipeline outlet. The concur-
rent air flow was determined by integrating the axial
component of the air velocity in the working across
the portion of the cross-section where the airflow is
directed from the face towards the mine’s opening.

In all three modeled scenarios, a single vortex
with a complex three-dimensional structure was
present in the portion of the working closest to the
face. Due to this asymmetry, a local maximum in the
concurrent airflow was detected near the face (within
a 3-4 m range) as depicted in Fig. 5.

Near the working face in zone 1, there are ge-
nerally three possible airflow behaviors: the jet can
“pbump” against the working face, the incoming air
can “wash” over the face, or a separate low-intensity
vortex can form, creating a stagnant zone and effec-
tively “isolating” the working face from the active jet.
It is important to note that this last scenario was not
observed in our field and computational experiments
for setback distances up to 21 m.

The longitudinal airflow velocities directed to-
wards the working face, measured 1 m from it, are
typically found to be within 10-20% of the initial ve-
locity of the jet entering the working. This is adequate
for efficient ventilation of the space near the face and
prevents the formation of stagnant zones.

Zone 3

Fig. 4. Schematic illustration of the 5-zone structure of ventilation at the dead-end face

49


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJIOIMA

2024;9(1):41-52

elSSN 2500-0632

https://mst.misis.ru/

Kamenskikh A. A. et al. Experimental study on forced ventilation in dead-end mine working...

Working face
\ 4.0

Setback 21 m !Setback 15 m,Setback 10 m
1

-3.5
-3.0
F2.5

Si
20 2
| O'
| 1.5
» 1.0
-0.5

15

Coordinate along the working axis, m

-e-10m

—o—15m

—o—21m

Fig. 5. Relationships of concurrent airflow along the working axis for various setback distances of the ventilation duct’s end
(vertical dashed lines indicate the positions of the ventilation duct's end for enhanced clarity)

Moreover, these velocity values tend to decrease
as the setback distance of the pipeline from the wor-
king face increases, or, given the constant cross-sec-
tional conditions of the described experiment, as the
form factor increases (Fig. 6).

For the conditions of the mentioned experiment,
the jet has not yet reached its limit of forward move-
ment with a 21 m setback from a 29.2 m? working
(form factor of 3.75) and a fresh air supply rate of
17.4 m/s. However, with further increases in the set-
back (and a form factor of about 6), the jet's range
reaches its limit.

The trend line in Figure 6, determined by the
least squares method, corresponds to the following
formula:

Uno L= _ 298 0,065 L.

Js

The numerical experiment’s results demonstrate
a comparable pattern. For the maximum longitudinal
velocity at a distance of 1 m from the working face, the
equation is:

U _(L-1)

max

€

0

=0.554 —O.OSSL.

0 Vs

The numerically calculated relationship for the
concurrent air flow rate relative to parameter L / Js
one meter from the face is:

Q-1

(10)

= 0.195—0.02L.

NG

The values from equations (9) and (10) are approx-
imately proportional, but the numerically calculated

(11

=<0

maximum air velocities at a cross-section 1 m from the
face are about 1.7-1.8 times greater. This discrepancy
may be due to at least two factors:

1. The model’s failure to account for potential
non-stationary, random factors such as oscillations at
the end of the ventilation pipeline.

2.The imprecision in capturing measurement
points within the local zone of the working cross-sec-
tion where maximum flow velocity occurs.

0.45
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0.35+
0.30

S 0.25
I® [}
[ ]

£ 0.20-
0.15-
0.10-
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0 T T
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= Trend line (model)
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Fig. 6. Relationship between the maximum longitudinal
velocity (relative to the jet's initial velocity) at the working
face and the form factor; comparative analysis of modeling

and experimental data: highlighting the two highest
velocities at measurement points 1 m from the working face
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It is crucial, however, that the velocity field in nu-
merical modeling is not lower than that in the experi-
ment, which allows us to use the experimental data as
a conservative estimate for evaluating the efficiency of
working ventilation.

Formulas (9)—(11) indicate that, within L <6+/S,
the jet’s range is ample for effective face ventilation
(100%U,,. /U >1.15%). This reinforces the accuracy of
formulas (1)-(3).

Consequently, the field experiment’s findings
indicate that as the distance from the pipeline’s end
increases, there’s a corresponding decrease in air ex-
change intensity. This pattern suggests the feasibility
of significantly extending the setback of the ventila-
tion duct's end from the working face, provided the
form factor remains below 6.

Conclusion

The comprehensive field experiment aimed at
analyzing the flow structure (specifically, air veloci-
ty) within a dead-end working utilizing forced venti-
lation was conducted across five different ventilation
pipeline setback distances. These distances ranged
from 10, 15, 17, 19, to 21 m for a pipeline with a di-
ameter of 1200 mm. The cross-section of the wor-
king averaged 29.2 m?, with a fresh air supply rate of
17.4 m3/s, and the initial cross-sectional area of the
jet ranged from 0.75 to 0.8 m?. This setup ensured an
initial jet velocity of 21.75 to 23.8 m/s, conducive to
effective, long-range ventilation.

In all scenarios where the ventilation pipeline
setback behind the working face (10 to 21 m), the
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ventilation jet effectively reached the working face
of the dead-end working, washed over it, turned
around, and proceeded towards the entrance of the
dead-end working. This process generated multiple
turbulent vortices of varying sizes within the near-
face ventilated zone, actively mixing the air flow.

The result was an air mixture near the face that
was nearly homogeneous, displaced by the incoming
fresh jet, and evacuated from the working space by
the outgoing flow. Importantly, no stagnant zones
were formed, which could potentially retain air con-
taminated with flue gases and dust. Such stagnant
zones were not detected in the field experiment.

The data from computer simulations of the
three-dimensional turbulent flow in the ANSYS soft-
ware provided corroboration for the patterns observed
in the field experiment. In all cases examined, the out-
going air flow within the working stabilized at a dis-
tance of 10 m from the end of the ventilation pipeline
and remained constant up to the working face.

The findings of this study support the practica-
lity of increasing the setback of the ventilation pipe-
line to up to 20 m from the working face in dead-
end mine workings with a cross-section larger than
20 m?, particularly when the air velocity at the outlet
of the ventilation pipeline is around 20 m/sec.

The findings from this investigation underpin the
safety rationale for a hazardous production facility that
has been developed and successfully applied in prac-
tice. This implementation has ensured high produc-
tivity and a consistent level of safety for underground
mining operations at the Kupol gold-silver mine.
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Determining airflow requirements in mine workings based on field measurements
of actual emissions from internal combustion engine equipment
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Abstract

The increasing complex geological and hydrogeological conditions ore deposit mining, deeper excavation
sites, and ambitious business expansion strategies, necessitate the use of high-performance, heavy-duty self-
propelled machinery and winning equipment. Such activities significantly strain mine ventilation systems and
demand innovative safety measures during mining.

This study assesses the influence of interconnected production variables on the aerological safety of mining
operations. It provides real-world data on emissions from diverse sources within mines. The analysis includes
an examination of current methodologies for estimating the air volume needed to dilute exhaust gases from
diesel-powered machinery. Through numerical simulation that accounts for changes over time, the study was
able to predict how exhaust gas concentrations would disperse within mines. These theoretical findings were
then confirmed through empirical observations made in actual mining setting The field studies conducted,
alongside their thorough analysis, underscored the necessity for adopting new, more sophisticated approaches
to calculate airflow requirements in mines operating ICE machinery. A particular methodology developed by
the MMI of the NUST MISIS (hereinafter referred to as the Methodology) was put forward as the primary tool
for this purpose. The Methodology’s precision and benefits were closely scrutinized, revealing its effectiveness
in ensuring aerological safety in mines.

Keywords

mine, ventilation, exhaust gases, required airflow, internal combustion engine, rated exhaust, gas dynamics,
numerical simulation, field tests

For citation

Senatorov V.A. Determining airflow requirements in mine workings based on field measurements of actual
emissions from internal combustion engine equipment. Mining Science and Technology (Russia). 2024;9(1):53-59.
https://doi.org/10.17073/2500-0632-2024-01-203

TEXHOJIOT'MYECKASA BE3OMNMACHOCTb B MMHEPAJIbHO-CbIPbEBOM KOMIMJIEKCE
N OXPAHA OKPY)XXAIOLLEU CPE[bI

Hay4Hasa cTaTbs

OnpepeneHune pacxoga Bo3flyxa B ropHbIX BbipaboTkax
Ha OCHOBE HaTYPHbIX U3MepeHuit paKTUYeCKOU ra3oBoCcTH 060pyaoBaHunA
C ABMraTe/sIiM1 BHYTPEHHEro CropaHus

B.A. CenaTtopos () D4
Quauan «BoeHU3Upo8aHHsiii 20pHocnacamesnvHsili ompso F0za u Llenmpa»
@I'YII «BoeHu3UuposaHHas 20pHoCnAcamensHas uacmo», 2. ['yoxuH, Poccuiickas @edepayus

< senatorovw.vladimir.1970@mail.ru

AHHOTauusa

Bce 6Gosee C/105KHbIE T€OJIOTMYECKNE U TUIPOreoIOrMuecKkye YCI0oBUsSI OTPAGOTKY PYIHBIX MECTOPOKIEHMI,
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HpELIl'IpI/IHTI/IVI IMOCTaBWIN 3ada4YU MCIT0JIb30BaAHMA BbICOKOIIPOM3BOANTEIbHOI'O, MOITHOT'O AM3€/JIBbHOIO0 CaMO-
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[IpuBeneHa OlleHKA BIMSHUS B3ayMOCBSI3aHHBIX ITPOM3BOACTBEHHBIX (PAKTOPOB HA a3pOJIOTMUECKYIO 6e30-
MMaCHOCTb pygHMKA. [IpencraBieHbl pakTUUeCKME JaHHBIE 10 ra3aM, IOCTYMAONIMM OT Pa3IMUHbBIX MCTOU-
HMKOB. IIpoBefieH aHa/IN3 MeToma pacueTa HeoOGXOAMMOrO KOJIMYECTBa BO3AyXa MO (aKTOPY BIXIOMHbIE
raspl OU3eIbHOTO 00OpymoBaHusl. IIpoBeleHO UMCIEHHOE MOIeNMpPOBaHMEe IMHAMMYECKUX IIPOIIECCOB
(C U3MeHSIIIIMMMUCSI BO BpeMeHM napaMeTpaMmi), T03BoJIMBIlIee YCTAHOBUTD paclpeiesieHne KOHIleHTpa-
LM BBIXJIOITHBIX ra30B IO TOPHBIM BbIpaboTkam. [locienyolye HaTypHble M3MEPEHUS] TO3BOIUIN Be-
puGUIMPOBaTh OMyYeHHbIE Pe3yAbTaThl MAaTEMATUUECKOTO MOIEIMPOBAHMSI B YCJIOBUSIX TOPHBIX ITPeH-
nipusiTuii. I[IpoBeieHHbIE HATYPHbIE SKCIIEPUMEHTHI U UX aHaIU3 MO3BOJIMIM 000CHOBATh HEOGXOAMMOCTh
BHEeIpeHMs HOBBIX, 60Jiee COBEPIIEHHBIX METOIOB pacyeTa pacxoda Bo3ayxa IJis pyIHMKA, MCIIOIb3YIOIIEro
o6opymoBaHue ¢ IBC. B kauecTBe OCHOBHOIO MEeTOZa pacuera TpeGyeMOro KoJMuecTBa BO3ayxa UCIIOJb-
30Ba/Iach MeTOIMKa, pa3paboranHas B M1 HUTY «MUCHUC» (manee — MeTonuka), 6bIM OLIeHEHBI €e TOU-

HOCTbB ¥ MIPeVIMYIIeCTBa.
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Introduction

Advancements in mining technologies necessi-
tate refined methodologies for estimating ventilation
airflow per unit of diesel power, which emerges as
a principal variable

Previous techniques (e.g.,') failed to consider
numerous determinants influencing the infiltration
of pollutants from diesel vehicles into mine air. It is
noteworthy that self-propelled diesel machinery con-
stitute the primary source of air pollution in many
mines. The prevailing analytical methods exhibited
poor correlation with actual gas concentrations, often
resulting in a substantial overestimation of the neces-
sary fresh air flow.

The accuracy of airflow estimation stands at ap-
proximately 50%, a level of precision that detrimen-
tally impacts mining operations.

To address this issue, evaluations were car-
ried out at a facility managed by Yakovlev Mining
and Processing Plant in 2021?% aiming to assess the
methodologies for analyzing the relationship be-
tween airflow and diesel engine exhaust emissions.

! Federal Industrial Safety Code. Mining and Solid
Minerals Processing Safety. Directive No. 505, Dec. 8, 2020.

Coal Mines Ventilation Design Guidelines. Moscow, Nedra
Publishing, 1975.

Safety of Coal Mine Vehicles: Collected papers. Series 05
Issue 12. Moscow: Industrial Safety Research Center, Russian
National Mining Safety Agency, 2004.

2 Mine Air Flow Estimation Method and Ventilation
Options. Research Report. Supervisor: S. Kobylkin, Doctor of
Science (Engineering), MISIS Univ., 2021.
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The approach developed by the Moscow Mining
Institute® was enhanced through novel measurement
techniques, designed to evaluate exhaust gas dyna-
mics across varying vehicle loads.

The deployment of specialized instruments ena-
bled the precise quantification of actual exhaust vo-
lumes and other relevant gas metrics over time. For
this purpose, an array of specialized mine air analy-
zers was utilized, including APR-2, MBGO-2,
TGO-2MP, APA-1, MRU Delta 2000 CD, Testo 350,
Microsense M?3), with all supplementary measure-
ments adhering to established procedural standards.

The current practice of estimating required air-
flow does not differentiate between ore and coal
mines?*, despite the distinctive patterns of exhaust
gas emissions inherent to each type. Specifically, ore
mines are characterized by significantly more exten-
sive blasting operations [1, 2].

Self-propelled diesel machines and equipment are
the main sources of exhaust and thermal emissions
in mines, as well as technologies that use consoli-
dating backfill [3-5]. The estimation of the requisite
air volume in standard ore mines takes into account
several critical factors: [1, 6, 7]:

— toxic fumes from blasting operations;

- toxic diesel exhausts;

5 Efficient Ventilation for Deep Mines with Diesel-
Powered Equipment. Research Report. Supervisor: Prof.
L. Puchkov, Doctor of Science (Engineering), 1976.

4+ Federal Industrial Safety Code. Mining and Solid
Minerals Processing Safety. Directive No. 505, Dec. 8, 2020.

Coal Mines Ventilation Design Guidelines. Moscow, Nedra
Publishing, 1975.
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- toxic gases emanating from exposed rock and
broken ore;

— dust content;

— heat emission;

— airflow needed for respiration, correlating with
the number of individuals in the mine.

Among these, methods accounting for dust
content and blast fumes are notably advanced, pre-
senting minimal error in calculating needed air
volumes [2, 8, 9]. Conversely, gases from ore and air
for breathing, based on personnel count, are less
impactful.

Operational experience in mines employing
high-performance diesel equipment demonstrates
that diesel exhaust gases are the critical factor in cal-
culating the necessary air volume [5, 10].

Despite the long-standing use of diesel machi-
nery in mining, a universally accepted standard for air
quantity estimation to mitigate diesel exhaust effects
remains elusive. The historical benchmark of a mini-
mum 5 m3/min per horsepower is still in use® [11].

Hence, the primary considerations for deter-
mining the air supply in mines are the toxic fumes
from blasting and emissions from diesel machinery.
Enhancing the precision and optimization of airflow
estimation methods is vital for significantly reducing
ventilation costs in mining operations.

The typical rate of fresh air supply to mines is in
the order of hundreds of cubic meters per second. In-
accuracies in estimating the necessary airflow result
in substantial losses. For instance, while an accep-
table margin of error ranges from 15 to 20%, the ac-
tual volume of air delivered frequently surpasses the
required amount by as much as 50%. Managing such
a vast influx of air, and ensuring its distribution meets
the specific requirements of each ventilated area,
poses significant engineering challenges.

These issues underscore the need for innovative,
modern analysis techniques. A particularly promis-
ing approach is one that adopts a more nuanced con-
sideration of dust and exhaust sources within mines,
especially focusing on the primary emission con-
tributors: blasting operations and diesel-powered
equipment [4, 6, 12].

The proposed method for air volume estimation,
aimed at mitigating diesel exhaust impacts, signi-
ficantly lowers ventilation costs by incorporating
a comprehensive range of factors.

5 Coal Mines Ventilation Design Guidelines. Moscow,
Nedra Publishing, 1975.

Safety of Coal Mine Vehicles: Collected papers. Series 05
Issue 12. Moscow: Industrial Safety Research Center, Russian
National Mining Safety Agency, 2004.
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Materials and Methods

The Yakovlev Mining and Processing Plant ope-
rates a mine with complex ventilation ductwork, fea-
turing numerous parallel and diagonal connections
and requiring extensive air gate control. The mine’s
challenging geology and its location in a densely
populated area add layers of complexity, complica-
ting efforts to maintain optimal mine air conditions
such as temperature, humidity, and safety, especial-
ly considering the diminished oxygen levels and the
presence of toxic fumes from blasting and internal
combustion engines [12, 11].

These factors impact the air’s humidity, tempe-
rature, and absolute pressure.

Experimental air quality assessments in the
mining work areas identified the primary sources of
hazardous gases and dust in underground mines as
follows:

- blasting;

— diesel equipment;

— oxidation;

— mineral extraction production processes.

These activities release toxic substances like car-
bon monoxide, nitrogen oxides, acrolein, and formal-
dehyde, posing risks to human health, including res-
piratory issues [12].

To evaluate the mine's ventilation efficiency, we
compared actual and required airflow rates and ana-
lyzed the composition and volume of internal com-
bustion engine (ICE) exhaust emissions under various
conditions.

Our numerical estimates were cross-verified with
direct field measurements of air properties within
the mine and the mine ventilation system's (MVS)
performance, including regular monitoring of ha-
zardous pollutants in the mine air. The South and
Center Region Paramilitary Mine Rescue Team’s Test
Lab analyzed the exhaust gas’s composition, volume,
temperature, and air quality near the self-propelled
diesel equipment.

In addition to increased levels of harmful gases
and dust in the work area’s air, mines also face harm-
ful physical factors such as heat emissions, origina-
ting from equipment and stowing operation® [9].

The assessment of thermal impacts included ap-
plying thermal imaging principles in mines to analyze
heat emissions from the operation of machinery and
equipment.

¢ Mine Air Flow Estimation Method and Ventilation
Options. Research Report. Supervisor: S. Kobylkin, Doctor of
Science (Engineering), MISIS Univ., 2021.
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The investigation into the underground mine’s
microclimate revealed that fresh air, differing in
temperature from the surrounding rocks and in
gas composition from the outgoing air, flows into
the mine.

Furthermore, exhaust gases, with temperatures
between 40 to 370 °C, additionally heat the mine’s at-
mosphere.

The concentration of toxic gases in the ICE ex-
haust was measured by analyzing both the standard
samples taken regularly and express analyses used to
determine the composition of undiluted exhaust un-
der various loads of the ICE-driven equipment. Both
steady-state and transient engine operations were
studied.

The required amount of air to offset the above
factors was estimated using the actual exhaust emis-
sions of the existing equipment. The actual exhaust
volume was determined as a function of the maxi-
mum fuel consumption and concentrations of all
toxic gases. This volume was then used to calculate
the amount of air required to dilute the toxic gases
to the maximum allowable concentration (MAC) for
each type of equipment.

The engine was started, and its rpm in steady
and transient operations under various loads as the
equipment performed its typical duty was recor-
ded. The measurement results, gas emission rate

elSSN 2500-0632
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vs. time, and exhaust gas temperatures are shown
in Fig. 1.

Based on the actual exhaust measurements,
a method for estimating air consumption in mines
with ICE equipment was developed’.

Estimation of the Amount of Air Required
to Dilute Toxic ICE Exhaust Gases

The volume of fresh air supplied to areas of the
mine where ICE equipment operates, either continu-
ously or intermittently, must be adequate to dilute the
primary toxic components of the exhaust gas (specifi-
cally carbon monoxide and nitrogen dioxide, assessed
in NO, equivalent) to maximum allowable concentra-
tions or to maintain the prescribed oxygen levels. This
volume is calculated as follows:

Q-ICE = kpam Z kduterq 4 m3/57 (1)

where k,,, is the factor for parallel operation of mul-
tiple ICEs at the same location, with k,,, = 1.0, 0.9,
0.85 for the simultaneous operation of 1, 2, 3, or more
engines within the same ventilation system segment;
ka.y is the ICE duty cycle factor, reflecting the propor-
tion of time the vehicle spends at the location relative

7 Mine Air Flow Estimation Method and Ventilation

Options. Research Report. Supervisor: S. Kobylkin, Doctor of
Science (Engineering), MISIS Univ., 2021.

[ppm COJ] [°C Tt] [°CTt] [ppm Te]
90 38 325 180
80 37 / 320 160
70 36 315 140

-
60 35 310 120
50 34 305 100
40 33 300 80
30 32 295 60
20 31 290 40
10 30 285 20
0 29 280 0
t, min

-10 28 275  -20

0:00 0:15 0:30 0:45 1:00 1:15 1:30 1:45 2:00

[min]

Blco INO NO, HHTt [MTe

Fig. 1. Composition and Temperature of Exhaust Gases at Engine Idle:
time-dependent concentrations of carbon monoxide (CO), nitrogen oxide (NO),

and nitrogen dioxide (NO,), ppm; ambient temperature (Tt)
and exhaust gas temperature (Te) over time, °C; t is time, min
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to the entire cycle time, ranging from 0.1 to 1; Q,, is
the volume of air needed to ventilate each ICE, m3/s.
The duty cycle factor is defined as
t
k =
duty tc
where t is the duration of ICE operation at the speci-
fed location, min; ¢, is the equipment cycle time, min.
Air consumption required to neutralize each ex-
haust gas component is calculated as

2)

O — Cout

=~m gou[ b m?)/s
CMAC

3)
where ¢, is the concentration of toxic exhaust com-
ponents (maximum concentration of nitrogen oxides
in NO, equivalent in undiluted engine exhaust), %
vol.; ¢c is the MAC of the component, % vol.; g, is
the flow rate of purified exhaust gas, m?/s.

Ehe quantity of exhaust gases is assessed based
on direct measurements. For self-propelled diesel
machinery used within the mine, the amount of ex-
haust emissions is established from the actual figures
presented in Table 1.

When calculating the required ventilation flow,
emissions from diesel-driven drilling equipment used
in conjunction with other self-propelled diesel vehi-
cles, as well as machinery used for secondary opera-
tions that do not operate continuously for more than

elSSN 2500-0632
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10 min within an hour or 40 min per shift, are not con-
sidered.

The findings highlighted consistent trends in how
exhaust gases spread throughout the mine’s spaces,
irrespective of the mining technology applied. The
positioning of the exhaust pipe plays a crucial role in
influencing gas movement, with the highest concen-
trations of exhaust gases found in areas close to the
pipe. Dynamic simulations facilitated the analysis of
time-related changes in gas distribution, the visuali-
zation of airflow dynamics, and the assessment of gas
dispersion metrics within the mine.

Research and analysis provided an average over-
view of the time allocated to production tasks and the
rate at which gases are emitted from the main toxic
elements found in exhaust gases.

The highest emission rates are confined to spe-
cific periods within the shift, not spanning the entire
duration. This fact is vital for accurately calculating
the volume of air needed for adequate ventilation.

Such precision enables the determination of the
essential volume of fresh air for the mine when us-
ing ICE equipment, factoring in the actual volume of
harmful emissions as the primary source of pollution.
By analyzing the levels of toxic contaminants, it is
feasible to set a ventilation standard for the use of ICE
machinery, considering the machinery’s power, ope-
rational conditions, and type, specific to each mine.

Table 1
Actual toxic gas concentrations, exhaust gas volumes from load haul dumpers (LHD),
and estimated air quantity for maximum gas emission
Toxic exhaust
Purified Toxic Maximum | Maximum | component | Air con- | Air con- Rated
Engine exhaust | exhaust | allowable | allowable | concentra- | sump- | sump- | specific air
8l gas |component|concentra-| concen- tion nox tionto | tionto | consump-
power, N R . " .
LHD name volume | concentra- | tion ¢,y |tration c,,| (total nitro- | offset |offset Q,,| tion per
8w |tionc,, CO X gen oxides) | Q,, CO . LHD
Cmac NOy
5 /s
kW | h.p. m3/s mg/m3 mg/m3 mg/m3 mg/m3 m3/s m*/s - /111111111; pet
Caterpillar CAT
R1300G 123 | 165 0.077 79.68 20 476 5 0.3 7.3 2.7
SANDVIK LH307 | 160 | 215 0.060 925 20 837 5 2.8 10.0 2.8
Sandvik LH410 235 | 315 0.175 73.81 20 315 5 0.6 11.0 2.1
EPIROC ST1030 | 186 | 249 0.059 48.4 20 412 5 0.1 4.9 1.2
Caterpillar CAT

R1300G 123 | 165 0.077 79.68 20 476 5 0.3 7.3 2.7
SANDVIK LH307 | 160 | 215 0.060 925 20 837 5 2.8 10.0 2.8
Sandvik LH410 235 | 315 0.175 73.81 20 315 5 0.6 11.0 2.1
EPIROC ST1030 | 186 | 249 0.059 48.4 20 412 5 0.1 4.9

Note: the NOx concentration is in the NO, equivalent = 1.53 NO + NO,.

57


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(1):53-59

This standard is not a one-size-fits-all for the mining
sector, as evidenced by international practices [9].

Numerical simulations of how exhaust gases dis-
perse under different ventilation conditions revealed
that an increase in airflow velocity (or flow rate) sig-
nificantly shortens the exhaust gas dilution period.
This enhancement also hastens the evacuation of
gases from the mine.

When ventilating at the maximum allowable
velocity, the concentration of gases is reduced by
3.5 times compared to the concentration observed
when ventilating at the lowest airflow velocities.

Conclusions

Real-world emission data from self-propelled ma-
chinery show that different types of equipment emit
varying levels of gases, and even within the same type
of machinery, the concentration of harmful gases can
differ. Interestingly, more powerful machines do not
necessarily produce more harmful emissions. Addi-
tionally, it has been found through experiments that
an increase in engine revolutions per minute (rpm)
does not invariably lead to higher concentrations of
exhaust gases.
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These findings have informed the setup of initial
and boundary conditions for computational mode-
ling. Dynamic numerical modeling, which accounts
for changes over time, indicates that the concentra-
tion of exhaust gases from ICE machinery tends to
even out throughout the mine over time. The leveling
of gas concentrations occurs approximately 100 me-
ters from the emission source (exhaust pipe). Further-
more, an increase in the velocity of airflow markedly
reduces the time required for the dilution of exhaust
gases, thereby speeding up their removal from the
mine. At the highest allowable airflow velocity, gas
concentrations are diminished by 3.5 times compared
to levels observed when air is circulated at the mini-
mum allowable speed.

When multiple ICE machines are operated si-
multaneously in separate entries of a single mining
block, the combined exhaust gases merge into the
main ventilation passageway of the mine. In sce-
narios where ventilation is conducted sequentially,
there’s a possibility that some exhaust gases might
flow into other active mining areas. This factor needs
to be carefully considered in the design of ventila-
tion schemes.
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Abstract

The intensive implementation of variable-frequency drive machines and installations in underground mining
processes necessitates addressing several issues, with a primary focus on ensuring the quality of electric
power. Elevating the energy resource of mining machines and enhancing the energy efficiency of mining
operations requires maintaining the rated indicators of electric power quality in mine power distribution
systems. Achieving this involves assessing the level and composition of higher harmonic components in
voltage and current within power circuits equipped with variable-frequency drives (VFD). Key objectives
encompass the development of a simulation model based on the equivalent diagram of the power distribution
system substitution with a scraper conveyor VFD to scrutinize the spectral composition of higher harmonic
components in the power circuits of the mine power distribution system (MPDS). Additionally, the study
involves analyzing the impact of harmonic filters (HFs), reactors, and sine filters on the quality of electric
power in the VFD system of a scraper conveyor. Further analysis extends to the spectral composition of
higher harmonic components in circuits related to insulation leakage and metering circuits of the residual-
current device. Practical recommendations for improving electric power quality in the VFD system of a scraper
conveyor are then developed based on the research findings. The established model of a variable-frequency
drive system for scraper conveyors facilitates the assessment of the effectiveness of electric power quality
improvement measures. The harmonic composition of voltage and current in the mine power distribution
system is determined under maximum distortion conditions and in the presence of HFs, reactors, and sine
filters. Research methods are chosen to unveil the spectral composition of voltage and current in symmetrical
and single-phase modes of insulation leakage, as well as in metering circuits of residual-current devices
(RCDs). It is noted that the harmonic composition of leakage voltage and current is primarily influenced
by the parameters of the output voltage modulated by the autonomous frequency converter inverter.
Considering the high level of harmonic components in voltage and current, adjustments to RCD settings,
capacitive current compensator, and the protective shunting unit are recommended for electrical safety. The
study emphasizes the importance of scientifically substantiating the rated indicators of higher harmonic
components for leakage circuits and further exploring the physiological effects of higher current harmonics
on the human body. The feasibility of installing a harmonic filter (HF) directly on the low-voltage supply
section of a scraper conveyor should be technically justified. Interestingly, the presence of HFs, reactors, and
sine filters does not significantly impact the harmonic composition or the magnitudes of coefficients of the
harmonic components in the phase voltage of the system concerning ground and leakage currents through
insulation. However, higher harmonic components induced in leakage current circuits may pose a potential
hazard, leading to a violation of magnetic compatibility and posing risks in case of contact with live parts of
electrical equipment.

Keywords

underground mining operations, mine power distribution system, electric power quality, electrical safety,
scraper conveyor electric drive, filter-compensating device, sine filter, residual-current device, power
distribution system insulation
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SHEPIETUKA, ABTOMATU3ALNA N QHEPTO3PDEKTUBHOCTD

Hay4yHaqa cTaTba

OueHka 3p(peKTUBHOCTH CPEACTE NOBbILUEHUA KaYeCTBa /IeKTPOIHEpPrum
B CUCTEeMe YacTOTHO-PeryiMpyemMoro aneKrTponpmeoga
CKpPe6KOBbIX KOHBelepoB

B.JI. IlerpoB , A. B. IInuyeB =Y
Yuueepcumem Hayku u mexvonozuti MUMCHC, 2. Mockea, Poccuiickaa @edepayus
A< allexstone@mail.ru

AHHOTaUuA

VIHTeHCHBHOE BHeJpeHMe YaCTOTHO-PeTyIMPYeMbIX 3JIeKTPOIPUBOLOB MalllH ¥ YCTAaHOBOK B TEXHOJIOTMYE-
CKMX TIpOIeccax Mpy MOJ3eMHOI Ao6bIue MoJe3HbIX MCKOTIAeMbIX MTPeayCMaTpPUBaeT HeOOXOIMMOCTD pelle-
Hus psifa Ipo6sieM, OIHOIE M3 KOTOPBIX SIBSIETCST 0OecrievueHyie KauecTBa JIeKTPoIHepruy. IMeHHO Mo3ToMY
TTOBBIIIIEH)E SHEPropecypca ropHbIX MaliMH 1 9HeprosdPeKTUBHOCTM BeJeHMs TOPHBIX paboT TpedyeT obe-
CrieueHus] HOPMaTUBHBIX MMOKA3aTeseil KaueCcTBa MEeKTPOIHEPTUM B MOA3EMHbBIX KOMOVMHUPOBAHHBIX 3J€K-
Tpudeckux ceTsx (IIK3C). 3To BO3MOKHO Ha OCHOBE OLI€HKM YPOBHS M COCTaBa BBICHIMX TAPMOHUYECKUX CO-
CTaBJISIIOIIVX HAMPSDKEHMST Y TOKA B CMJIOBBIX LIETISIX C YaCTOTHO-peryInpyeMbIM snektponpuBogom (UYPIIT).
OCHOBHbIMM 3aJayaMM SIBJISIIOTCSI: Pa3paboTKa Ha OCHOBE KBUBAJEHTHONM CXeMbl 3aMeIleHUsT IeKTpuye-
ckoii cetu ¢ YP3II ckpeOKOBOTO KOHBeliepa MMUTALVIOHHOM MOIENN ISl MCCIeIOBaHUSI CIIEKTPaIbHOTO CO-
CTaBa BBICIIMX TAPMOHUYECKUX COCTABJISIIOIINX HATIPSIKEHMS U TOKa B CuTOBbIX Liernsax [IKIC; uccmenosanme
M aHanu3 BAMSHUST GUIBTPO-KOMITeHCUpyoouux ycrpoiicts (PKY), peakTopoB U cuHyc-(MIBTPOB Ha Kaue-
CTBO 371eKTpO3Hepruu B cucreMe ¢ YPIII ckpeOKOBOTO KOHBelepa; aHaau3 CIIeKTPaJIbHOTO COCTABa BBICIINX
TapMOHMYECKMX COCTABJISIOIIMX HAIIPSIKEHMS M TOKa B LEIIX YTeUKM yepe3 U300 U LeIln M3Mepure-
JISL yCTPOMCTBA 3AMIUTHOTO OTKIIIOUEHMS; pa3paboTKa MpaKTUUeCKUX PeKOMEeHJalnil B 06/1aCTU MOBbIIIEHNS
KayecTBa 37eKTpo3Hepruu B cucreme ¢ YPIII ckpeGKOBOTO KOHBeiiepa. PazpaboTaHHass MOMEIb CUCTEMBI
YaCTOTHO-PETyIMPYyeMOro 37eKTPONPUBOa CKPeOKOBbIX KOHBEepOB MO3BOIMIA MTPOBECTH MCCIeOBAHMS
3¢ (GeKTUBHOCTU CPE[ICTB TMOBBIIIEHNS] KAUeCTBa 31eKTpodHepruu. OTpeneseH rapMOHUYECKHUI COCTaB Ha-
MIPSDKEHUST M TOKA B ITOI3€MHOM KOMOMHMPOBAHHO STIEKTPUUYECKOI CETY B PEKMME MaKCMMAaIbHOTO MCKasKe-
Hust v ripy Hanmmuuu OKY, peakTopoB 1 cuHycC-GmIbTPoB. BoiOpaHHbIe METObI MCCIeOBAHMI TTO3BOINIIN BbI-
SIBUTDb CIIEKTPAJIbHBIN COCTaB HATIPSKEHUS U TOKA B CUMMETPUYHOM M OFHO(A3HOM PeXMMax yTeuKy uepes
MU30JIS1IMI0, @ TAKXKe B M3MePUTENbHBIX 1eMsIX YCTPOICTB 3aluTHOTO oTKiatoueHus1 (Y30). YcTaHOBIEHO, UTO
rapMOHMUECKUIT COCTaB HAIMPSDKeHUST M TOKA YTeUKM B OCHOBHOM OITpefeNisieTcsl mapaMeTpaMy BbIXOLHOTO
HaInpssKeHMsT, MOy IMPyeMOTo aBTOHOMHBIM MHBEPTOPOM ITpeobpa3oBaTesisi YaCTOThl. BpicokMit ypoBeHb rap-
MOHMYECKUX COCTABJISIIOIIMX HATIPSIKeHWST ¥ TOKa He0OXOIMMO YUMUTHIBATD IPU OTpefesieHny ycraBok Y30,
HAaCTpPOJiKe KOMITIEHCaTOpa eMKOCTHOTO TOKA ¥ 6/10Ka 3aIlMTHOTO IIYHTUPOBaHMs. [Ijist o6ecrieueHust 3JIeKTPo-
6e30MacHOCTY He0OXOMMO HayYHOe 0O0CHOBaHME HOPMATUBHBIX IIOKa3aTeseli BhICHINX rAPMOHNYECKIX CO-
CTaBJISIOIINX HATIPSIKEHWST 1S 1[eTIeil yTeuky 1 JaibHeliliee yuccieqoBaHmue Gpu3noaormyeckoro Bo3eiCcTBUS
BBICIIMX TAPMOHMK TOKA Ha OpTaHM3M 4YesioBeka. llenecoobpasHocTs ycraHoBKM DKV HerocpencTBeHHO HA
HM3KOBOJIBTHOM YYaCTKe MMUTaHNS CKpeOKOBOTO KOHBeliepa TokHa ObITh TeXHUUECK 060cHOBaHa. Hannune
®KY, peakTopoB 1 CUHYC-QUIBTPOB MPAKTUUECKY He OKa3bIBaeT BAMSHMS KaK Ha TapMOHMYECKMI COCTaB, Tak
¥ Ha BeIMYMHY KO3POUIMEHTOB TApMOHNYECKUX COCTABIISIONIMX (Da3HOTO HATIPSDKEHMS CETU OTHOCUTETBHO
3eMJIM U TOKOB YTeUKM uepes U30s1nio. Hammume HaBOAMMBIX B LIETISIX YTEUKY TOKa BBICIIUX TapMOHUYECKUX
COCTaBJISIIOIINX B CUMMETPUYHOM PeskuMe U peskuMe 0fHO(Da3HOI yTeuKky TOKA MOXKeT ITPUBECTY K Hapylie-
HUIO MAarHUTHOJ COBMECTUMOCTHU MPU paboTe 3JIeKTPOHHOM U3MEePUTENbHO CXeMbl, OJI0Ka TUTAHWST U KOM-
IeHcaToOpa eMKOCTHOTO TOKa yTeuky Y30 U pefCTaBIsaTh IOTeHIMAIbHYIO ONTACHOCTD B C/Tyyae IPUKOCHOBE-
HMSI K TOKOBEIYIIMM YaCTSIM 37IeKTPOOOOPYIOBAHMSI.
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Introduction

Currently, modern mines are actively adopting an
advanced system of asynchronous variable-frequen-
cy drive (VFD) for heavy-duty stoping machines. This
system enables the control of electric motor speed
both during start-up and directly during mining
operations. As a result, the structure of the mine
power distribution system has been upgraded, giving
rise to sections with direct current and variable-fre-
quency current, collectively referred to as mine power
distribution systems (MPDS).

These systems incorporate the use of asynchro-
nous VFD for scraper conveyors based on frequency
converters with an autonomous voltage inverter (FC
with AVI) and pulse-length modulation (PLM).

Implementing a scraper conveyor VFD with fre-
quency converters offers benefits such as smooth
start-up, load limitation in a tow chain during jam-
ming, equalization of loads between head and tail
drives, and the ability to maintain a constant linear
load of a scraper conveyor by regulating the speed
of the scraper chain with varying coal inflow from
a combine during its cyclic operation [1-3]. In MPDS,
a frequency converter with a straight rectifier and au-
tonomous voltage inverter is primarily employed to
control the electric drive.

To enhance the energy efficiency of mining
operations and the energy resource of mining ma-
chines, it is crucial to ensure the rated indicators of
electric power quality in MPDS. This involves eva-
luating the level and composition of higher harmo-
nic components (HHC) of voltage and current in
power circuits with [4].

Scientific studies indicate that the level and com-
position of HHC depend significantly on factors such
as the length of the supply line, the power of frequen-
cy converters (FC), the load of induction motors, and
the presence of FCs at adjacent sections [5-8].

In the section-related power distribution system
with a voltage of up to 1140V, which powers the elec-
tric drive of a scraper conveyor, the total coefficients
of harmonic components of voltage (K,%) increase
from 8.2% to 15.8% when the length of the 6 kV cable
line supplying the section is increased from 3 to 6 km,
and the total installed power of induction motors is
increased from 1200 to 2000 kW, in the absence of
harmonic filters (HF). This exceeds the rated values
not only directly at the load node (Ky,,, = 8%) but also
at adjacent sections (Ky,, = 5%). The application of
HFs in the first compensation stage helps reduce the
level of voltage HHC to 5.14-7.6% [9].

A method to enhance electric power quality in-
volves installing sine filters (SF) downstream from the
frequency converter, enabling the filtration of volt-
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age modulated by the frequency converter at the mo-
tor terminals! [10]. However, the current limitations
in terms of design complexity and the challenges of
parameter selection and adjustment for SF make it
challenging to assess its efficiency in mine power dis-
tribution systems, rendering the analysis primarily
theoretical.

An essential aspect is the examination of the har-
monic composition of voltage and current leakage
through insulation circuits in the power distribution
system, as well as in metering circuits of residual-
current devices (RCD). The prevailing trend in the
advancement of leakage current protection involves
the incorporation of microprocessor-based devices
in electronic power supply units. This includes insu-
lation control, automatic compensation control, and
protective shunting to ensure self-check, fault diag-
nostics, and telemetry of data regarding the state of
protection complexes. When operating in MPDS con-
ditions, the issue of magnetic compatibility needs to
be addressed [11]. Scientific studies in this domain re-
veal that HHC can significantly impact the efficiency
of RCDs and the safety level of the power distribution
system? [12, 13].

Hence, researching the impact of electric power
quality on the effectiveness of variable-frequency
drives for stoping machines in the mine power distri-
bution systems of mining enterprises is a pertinent
scientific problem.

The primary methodology employed in this study
is mathematical simulation, providing a means to dis-
cern new scientific insights and the practical signifi-
cance of these findings.

Purpose and objectives

The primary aim of this study is to assess the ef-
fectiveness of measures aimed at enhancing electric
power quality in the control system of VFD for scraper
conveyors within the MPDS of mining enterprises.

The primary objectives are as following.

1. Develop a simulation model based on the equi-
valent substitution diagram of the power distribution
system, incorporating a VFD for a scraper conveyor.

1 EPCOS. Power Factor Correction. Power Quality Solu-
tions. Product Profile 2009. URL: http://biakom.com/hfuhf/
production/passive/EPCOS/PFC_Katalog2009.pdf

Danfoss. Output Filters Design Guide. URL: www.
danfoss.com/NR/rdonlyres/27F81E1-3779-4406-8EAQ0—-
849044873F59/0/0Output_Filters_Design_Guide.pdf

LC Sine Wave Filter for Motor Drives. Output Filters
FN5040/FN5045. Schaffner. URL: http://www.schaffner.com/en/
products/datasheet-low-res/product/fn-5040-fn-5045-1c-sine-
wavefilter-for-motor-drives.html

% QO’shea P. Counteracting high leakage currents. URL:
https://www.powerelectronicsnews.com/counteracting-high-
leakage-currents/
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This model aims to investigate the spectral compo-
sition of the higher harmonic components of voltage
and current in the power circuits of the mine power
distribution systems (MPDS).

2. Conduct research and analysis on the impact
of HFs, reactors, and sine filters on the electric power
quality within the VFD system of a scraper conveyor.

3. Analyze the spectral composition of the volt-
age and current higher harmonic components in the
insulation leakage current circuits and circuits of the
residual-current device metering unit.

4.Formulate recommendations for improving
electric power quality in the VFD system of a scraper
conveyor.

Simulation model structure

The structure of the mine power distribution
system for the electric motors of a scraper conveyor
comprises various components. These include
a site-specific substation’s power transformer (TSVP)
equipped with a built-in circuit breaker (AVDO) and
a leakage current protection device (RCD) of the
AZUR type. Additionally, there is a group of magne-
tic starters belonging to the PVIT series, and explo-
sion-proof frequency converters situated in the po-
wer train. These converters are strategically placed
at maximum proximity to the longwall face, main-
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taining a distance of not less than 50 meters from
the face junction with an air drift. The length of the
supply cable (CL) extending from the frequency con-
verter to the conveyor’s remote motors is determined
by the longwall face length, which typically ranges
from 400 to 600 meters.

Fig. 1 depicts the equivalent substitution diagram
of the MPDS designed to power a scraper conveyor.

In the section with the industrial-frequency
voltage, the active resistance of the system insu-
lation relative to the ground is assumed to be
R, >300 kQ/phase, and the capacitance is C, ~ 0.
Considering the substantial length of the MPDS
section with variable frequency, the active insu-
lation resistance R,,, R, R, is accepted within the
range from 31.5 to 300 kQ/phase, and the capaci-
tance C,,, Cp, C, is taken from 0.01 to 1 pF/phase.
A single-phase leakage circuit was simulated with
an active resistance R, = 1 kQ, equivalent to the re-
sistance of a human body. The parameters of the
RCD, including the connection to the power distri-
bution system filter (R, L;), the metering circuit
(Ry, Rpy, Lpy) with the operational rectified current
source e_, and the parameters of the capacitive
leakage current compensator (connection filter R,,
compensator R,, L, shunting capacitance C), were
determined based on AZUR characteristics [14].
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Fig. 1. Equivalent substitution diagram for the MPDS
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The drive motors for the scraper conveyor consist of
two to four induction motors of SG3-450L-8/4 type,
ranging in power from 110 to 400 kW. In the equiv-
alent diagram, an electric motor with a power of
250 kW is assumed in accordance with equivalence
rules [15, 16], and its parameters have been calcu-
lated following practical recommendations [17].
A frequency converter from WANTAI is used as an
equivalent power source for the drive motor. The
parameters of throttles L, filter-compensating de-
vices Lycy, Cpey, and sine filters Ly, L., Ry were de-
termined based on Practical tips for selecting output
filters®. The PD-SIN-0.5-300 sine filter was used as
a prototype.

Fig. 2 illustrates the simulation model of the
MPDS with a phase voltage U, = 660 V. This model is
equipped with an RCD featuring an R-L filter, a capac-
itive leakage current compensator, HFs, reactors, and
a sine filter. Additionally, it incorporates insulation
parameters at both the industrial and regulated fre-
quency sections.

Table 1 provides a summary of the harmonic co-
efficients of voltage and current components in the
power circuit of the MPDS at sections upstream and
downstream of the FC.

The analysis of the spectral composition of the
voltage and current higher harmonic components in
the power circuit of the MPDS revealed the following.

The level of HHC, without considering the pa-
rameters of the external power distribution system
(from the power source to the PUPP transformer), re-
mains within permissible values according to GOST*.
The 5% and 7* harmonic components of voltage
emerge as the most significant.

Introducing reactors and HFs at the section up-
stream of the frequency converter, tuned to the 5%
and 7" harmonics, proves effective in reducing the
total coefficient of harmonic components of voltage
K% from 2.81 to 0.51%. The most substantial impact
is observed in a significant reduction of the total co-
efficient of current harmonic components K;% from
80.45 to 5.63%. Simultaneously, the HHC indicators
of current and voltage at the section downstream
of the frequency converter remain practically un-
changed (K% ~ 1,36%, K,% ~ 0,3%).

3 Practical tips for selecting output filters. URL: https://
drives.ru/stati/prakticheskie-aspekty-po-vyboru-vyhodnyh-
filtrov/

PROMPOWER throttles and sine filters. Technical catalog.
URL: https://prompower.ru/docs/inverter-accessories/Chokes
Sinewave-Filters.pdf

4 GOST 32144-2013. Quality standard of electric
power in power supply systems of general purpose. Moscow:
Standartinform, 2014. 39 p.
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Table 1
Total coefficients of harmonic components
in voltage and current

Upstream of FC Downstream of FC
MPDS with AVI with AVI
structure

K % K% K % K%
Without
compensation | 2.81/2.77 |80.45/80.89|2.81/1.35|0.29/0.28
means
Reactors 2.20/2.19 |64.67/65.49|1.39/1.39|0.30/0.29
Reactors, SF | 5.68/5.67 |26.25/26.26|1.77/1.77|0.25/0.26
Reactors, HF-5|1.31/1.25|21.00/19.30| 1.36/1.36 | 0.30/0.26
Reactors,
HE-5, HF-7 0.51/0.31| 5.63/3.46 |1.35/1.35|0.29/0.28
Reactors,
HE-3, HF-7, SF 0.40/0.37| 1.89/1.08 |1.69/1.69|0.25/0.26

Note. Mode of insulation leakage current (symmetrical,
single-phase).

The inclusion of a sine filter downstream of the
frequency converter (in the absence of a HF in the
diagram) results to an increase of K% up to 5.68 %.
This elevation could be attributed to potential fac-
tors such as inaccuracies in selecting the sine filter
and adjusting reactor parameters or the introduc-
tion of HHC to the external power system through
circuits of current leakage in insulation. Converse-
ly, using only a sine filter as a compensator enables
a fourfold reduction in the total coefficient of har-
monic current components compared to the maxi-
mum distortion level (in the absence of a HF).

The combined application of reactors, HFs and
SFs allows for achieving the maximum level of com-
pensation for voltage and current HHC. However, the
rationale for their use, considering the initially low
values of the total coefficient of harmonic compo-
nents, should be justified by the technical necessity
to ensure the quality of electric energy at the section
downstream of the frequency converter.

An additional noteworthy finding from the
study is that the level of HHC and their harmonic
composition is practically unaffected by the mode
of current leakage through insulation (symmetri-
cal/single-phase leakage). This is attributed to the
substantial difference in magnitude (3-4 orders of
magnitude) between the power distribution system
parameters and the insulation parameters of the
current leakage circuit (secondary circuits).

Fig. 3 presents characteristic oscillograms and
spectrograms of current and voltage in the circuits
of leakage through insulation at the FC-IM section.
This is observed in the presence of reactors and HFs
tuned to the 5" and 7" harmonics within the power
distribution system.
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The harmonic composition of current and volt-
age in the phase insulation of the power distribution
system at the FC-IM section, with reactors, HF-5,
HF-7 activated at the TR-FC section, is presented
in Table 2.

It is important to note that the coefficients of the
n-th harmonic component of voltage K, and the
total coefficient of harmonic components of voltage
K, induced in insulation leakage current circuits, in

https://mst.misis.ru/
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the RCD filter branches, and capacitive leakage cur-
rent compensator, are not addressed by GOST". This
is because GOST refers to the quality standard in-
dicators of electric energy in general-purpose power
supply systems.

> GOST 32144-2013. Quality standard of electric
power in power supply systems of general purpose. Moscow:
Standartinform, 2014. 39 p.
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Fig. 3. Oscillograms and spectrograms of current and voltage in insulation leakage circuits with HFs at FC-IM section:
symmetrical mode - leakage current (a), voltage (b); single-phase leakage mode — current in the damaged phase (c), voltage
in the damaged phase (d), current in the undamaged phase (e), voltage in the undamaged phase (f)
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Harmonic composition of current and voltage in phase insulation fable
S Leakage mode I®, Leakage mode I,

K% Ky Kiw?% Kyw%

0 1.05 9.92 41.43 41.45

2 0.4 0.2 0.57 0.57

3 10.5 3.52 25.95 25.85

4 0.75 0.19 3.07 3.05

5 11.1 2.23 19.6 19.4
6 3.02 0.51 1.45 1.43

7 52.58 7.59 1.95 1.87

8 4.16 0.52 0.76 0.74

9 13.49 1.51 4.12 3.96
Total 56.91 8.83 33.03 32.79

The analysis of the harmonic composition re-
vealed that in the symmetrical mode, the 3%, 5%, 7t
and 9% current harmonics, along with the 0, 37 5%,
7%, and 9" voltage harmonics, have the highest value.
The 7% current harmonic and the 0 and 7" voltage
harmonics exhibit the greatest distortion. In the sin-
gle-phase current leakage mode with an active resis-
tance R, = 1 kQ, the 0", 3%, and 5" current harmonics,
as well as the 0™, 3 and 5™ voltage harmonics, are
most pronounced. The 0" and 7™ current harmonics,
along with the 0™ and 3" voltage harmonics, show the
highest distortion.

The presence of the zero-harmonic component of
voltage and current is explained by the existence of
a rectified current source in the RCD metering device
circuit, facilitating the control of insulation resistance
in symmetrical leakage modes. Additionally, the flow
of zero-sequence current in the single-phase leakage
mode, with a spectral composition determined by the
modulated voltage signal at the converter output,
contributes to this phenomenon.

The study revealed that current leakage through
a person induces a broad spectrum of harmonic com-
ponents, impacting the individual. The 3%, 5%, 6t 7t
and 9™ harmonics emerge as the most significant.
Notably, the coefficient K, is considerably higher
compared to its value with respect to the first har-
monic. Such an extensive spectrum may have adverse
effects on the human body. For instance, there is an
increased likelihood of fibrillation if the peak of cur-
rent harmonics coincides with the P- and T-periods of
the cardiac cycle.

Fig. 4 presents characteristic oscillograms and
spectrograms of zero-sequence current and voltage

in RCD metering circuits in both symmetrical and
single-phase leakage modes.

The analysis has revealed a prominent third har-
monic in both voltage and current within the meter-
ing circuits, connection filter branches, and the RCD
capacitive current compensator. Specifically, in the
symmetrical leakage mode, the values of K5 and
K, for the constant component of the third harmon-
ic are significantly compared to those of the first har-
monic.In the single-phase leakage mode, the pres-
ence of zero-sequence current in the RCD metering
circuit results in an increase in K, by up to 25%,
Ky by up to 16%, and K5 by up to 8.5%. To mitigate
the impact of the third harmonic component in the
leakage current within the metering circuit diagram,
a filter was chosen. Its application proved effective
in enhancing the performance and efficiency of com-
mercially available RCDs.

Conclusions and recommendations

1. The incorporation of HFs, reactors, and SFs has
a positive impact on the quality of electric energy sup-
plied to the electric motor through the frequency con-
verter. This approach can be considered for practical
implementation, provided that it adheres to the re-
quirements for explosion-proof electrical equipment
in mines. A crucial condition is ensuring temperature
control within the HF and sine filter housings, maxi-
mizing heat dissipation from live parts and insulation.

2.The decision to install a HF directly on the
low-voltage supply section of a scraper conveyor
should be technically justified. This assessment
should consider the need to achieve high electric
power quality and economically justify the measure.
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Fig. 4. Oscillograms and spectrograms of current in metering and zero-sequence voltage circuits:
symmetrical mode - current (a), voltage (b); single-phase leakage mode — current (c), voltage (d)

It is essential to account for the fact that HFs and
SFs in explosion-proof version for voltage class up
to 1140 V are not manufactured. Additionally, there
are limitations on mass and dimensional parameters,
along with a requirement for forced ventilation of
structural components.

3. The presence of a HF, reactors, and sine filters
has minimal impact on either the harmonic composi-
tion or the magnitude of coefficients of the harmonic
components in the phase voltage of the system re-
lative to the ground and insulation leakage currents.

68

However, additional filtering of higher harmonic com-
ponents in the range of 1-1.5 kHz, utilized for for-
ming the modulated AVI voltage, is necessary.

4. The existence of higher harmonic components
induced in leakage current circuits in both symmetri-
cal and single-phase leakage current modes can po-
tentially disrupt magnetic compatibility during the
operation of the electronic metering circuit, power
supply unit, and the RCD capacitive leakage current
compensator. This poses a potential hazard in case of
contact with live parts of electrical equipment.
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