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Investigation of old waste dump composition of lean gold-bearing ores 
from the Golden Pride Project (GPP) mining operation in Nzega district, Tanzania

J. Shirima1 , A. Wikedzi1  SC, A. V. Rasskazova2  SC  
1 University of Dar es Salaam, Dar es Salaam Region, Tanzania

2 Mining Institute, Separate Division of Khabarovsk Federal research center of the Far Eastern branch,  
Russian Academy of Sciences, Khabarovsk, Russian Federation

 annbot87@mail.ru
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 μm 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 μm 
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.
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Аннотация
Поиск альтернативных источников полезных минералов является достаточно актуальной проблемой. 
Одним из таких возможных источников является переработка бедных золотосодержащих руд, пере-
работка которых ранее не представлялась привлекательной для недропользователей, вследствие чего 
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из них формировались отвалы забалансовой руды. Переработка этих ресурсов становится востребо-
ванной на фоне роста цен и уровня технологий с течением времени. В данной статье представлен эле-
ментный и минералогический состав бедных золотосодержащих отвалов горного предприятия Golden 
Pride Project (GPP) в Танзании, в районе «Лихендо». В данном районе находится старый отвал бедной 
золотосодержащей руды (масса составляет примерно 1,4 млн т). Извлечение ценных компонентов из 
бедного минерального сырья является актуальным направлением в настоящее время. Для опробова-
ния отвалов был произведён отбор проб. Глубина бурения скважин составила 1 м, общая площадь опро-
бования – 20 га; было отобрано 18 проб средней массой 3 кг. Результаты рентгенофлуоресцентного ана-
лиза (РФА / XRF) показали, что в отобранных пробах присутствуют такие элементы, как Fe, S, Si, Ca, Mn, 
Cu, Al, Cr, Ti, As, Ag. Результаты рентгенофазового анализа (XRD) показали, что основными минералами 
в отвалах являются мусковит, каолинит, кварц, монтимориллонит и гетит. Среднее содержание золота 
в отобранных пробах составляет 0,72 г / т. Исследования гранулометрического состава и распределе-
ния золота по классам крупности после измельчения руды показали, что большая часть золота (74 %) 
находится в классе –75 мкм. В исходной минеральной массе отвалов доля класса крупности +30–50 мм 
составляет 81 %. В статье предложены возможные методы переработки бедных отвалов золотосодер-
жащих руд. Одним из возможных методов переработки отвалов является измельчение минерального 
сырья, отделение класса −75 мкм и его прямое выщелачивание либо выщелачивание по технологии 
«уголь в пульпе». Наиболее перспективным с точки зрения технико-экономических показателей пред-
ставляется метод кучного выщелачивания. Имеется положительный опыт применения данной техно-
логии в отношении руд аналогичного минерального типа.
Ключевые слова
Golden Pride Project (GPP), рентгенофазовый анализ, рентгенофлуоресцентный анализ, бедная  
золотосодержащая руда, характеристика руды, методы переработки
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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-
go, 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 20131, 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).

1 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 gold2. 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].

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 μm, and 
then divided into 6 samples using a rotary splitter 
(Sepor 040J-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.
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Fig. 1. Diagram of sampling points in the Lihendo district (UTM)
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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 μm 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 μm 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 μm, 106 μm, 
125 μm, and 150 μm. The results of this analysis re-
vealed a unimodal distribution of gold in the ore, with 
the majority of gold present in the −75 μm 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-

Table 1
Coordinates of sampling points (in Arc1960 format)

Point No. Latitude Longitude Point No. Latitude Longitude

1 4°4‘31” 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°4‘21” 33°12‘0” 13 4°4‘38” 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°4‘34” 33°11‘57” 16 4°4‘28” 33°11‘54”

8 4°4‘31” 33°11‘57” 17 4°4‘24” 33°11‘54”

9 4°4‘28” 33°11‘57” 18 4°4‘21” 33°11‘54”

https://mst.misis.ru/
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Fig. 2. X-ray phase analysis (XRD) and major mineral phases

Table 2
Basic mineralogical composition of the sample

Mineral Weight fraction, %

Muscovite 37.66

Quartz 28.03

Kaolinite 27.77

Biotite 3.89

Goethite 1.44

Montmorillonite 0.89

Other minerals 0.32

Total 100

Table 3
Gold grain size distribution

Grain-size 
class, µm

Grain-size 
class yield, 

%

Gold grade in 
grain-size class, 

g/t

Gold 
distribution, 

%

+150 11.49 0.07 3.39

+125–150 23.41 0.05 4.93

+106–125 44.21 0.08 14.91

+75–106 6.61 0.10 2.79

−75 14.27 1.23 73.99

Total 100.00 0.24 100.00
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Fig. 3. Grain-size distribution of lean gold-bearing ore dump material

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

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- 
ching. The high kaolinite content may also adversely 
affect filtration properties, which are crucial in heap 
and in-situ leaching processes.

https://mst.misis.ru/
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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/t3 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 grades4.

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].

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

4 Ibid.

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 μm 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  μm fraction. Therefore, crushing, pulverization, 
and separation of fine fraction using hydrocyclones 
could be a viable approach for material processing. 
The −75 μm 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 μm 
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
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Аннотация
Комплексная переработка золошлаковых отходов является одним из поддержанных направлений 
развитий экологичности и эффективности производства энергетики. Рациональное использование 
их в массовом производстве в настоящее время реализовано в области строительства. Развитие со-
временных технологий обогащения позволяет ставить вопрос о получении из золошлаковых отхо-
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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 engineering1.

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).

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)2. 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/m3, 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. 

2 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).

дов различных полезных компонентов. Цель данного исследования – изучение возможности при-
менения энергоэффективного обогащения золы с целью производства тяжелой металлосодержащей 
фракции и отделения магнитной фракции. Для оценки возможности обогащения золы и ее рацио-
нального использования была исследована техническая документация золошлаковых отвалов ПАО 
«Магаданэнерго» и проведены полуколичественные анализы отобранных проб с золошлакового от-
вала. Полученные данные по содержаниям полезных компонентов и количеству золошлаков позво-
лили разработать комплексные обогатительные схемы с оценкой их технологической эффективности 
и произвести оценку потенциальной экономической эффективности. Объем металлов, планируемых 
к извлечению, по оценкам, составил: для Ti(me-1) – 785 т, для Sr(me-2) – 183 т и для Fe(me-3) – 4867 т. 
Рассчитаны технологические показатели обогащения и укрупненные значения экономических по-
казателей для реализации данного проекта в промышленных масштабах. Экономическая целесоо-
бразность проекта по переработке золы в двух моделях из трех показывает хорошие значения в де-
сятилетнем горизонте. Реализация проекта эффективна и с точки зрения улучшения экологической 
ситуации, т.к. позволяет вовлечь в переработку до 10 % всего объема золоотвалов, что на пятую часть 
выполняет требования Энергетической стратегии Российской Федерации до 2035 года. Исследования 
золы Магаданской теплоэлектроцентрали (МТЭЦ) не являются новыми, но в рамках исследования 
комплексной переработки золы с целью получения различных полезных компонентов ранее работы 
не проводились. 
Ключевые слова
зола, МТЭЦ, отходы, обогащение, пробы, экономическая эффективность, экология, Магадан
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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 20353. 

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 

3 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).

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 МCPP. 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 μA (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 

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]. 

Table 1
Brief technical characteristics of ash dumps at MCPP

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 m3 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, 
thousand m3 2,108.50 2,111.50 2,111.50 2,101.70

Accumulated total at section 2 of ZShO-1, 
thousand m3 604.70 593.30 595.20 606.50

Accumulated total at ZShO-2**, thousand m3 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.

https://mst.misis.ru/
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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:

1 ,ZShOMe MeV V a−= ⋅  (1)

where VМе is the calculated metal quantity, t, VZSho–1 
is the ash dump volume, t, and аМе 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 Kben. was introduced, which took into 
account the total losses (its value ranges from 0.75 
to 0.95; for further calculations, taking into account 

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

. ,Me Me M beneQ V E k⋅= ⋅  (2)
where QМе is the quantity of extractable metal, t, EМе 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:

1 . ,Me ZShO Me ME benP Z a E k−= ⋅ ⋅ ⋅  (3)

where PМе is the flow of extracted metal, t; ZZSho–1 is 
the annual volume of “new” ash and slag disposed in 
dumps, t; аМе is the initial metal grade, %; EМе is the 
metal recovery into concentrate, %; Kben. 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.

Table 2
Component composition percentages in MCPP ash

Sample
Si AI Fe Sa K Ti Mg P Sr Mn Zr Cu Zn Rb S

%

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 
percentage a

Marketable concentrate 
percentage b

Tailings percentage 
o

Concentrate 
yield yconc.

Tailings 
yield ytail.

Total recovery 
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 
Dump-1 (ZShO-1) VМе, tons

Extractable 
quantity QМе, tons

Annual incoming 
quantity PМе, tons

Planned quantity to be 
extracted PМе + 3% QМе, 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

https://mst.misis.ru/
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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:

-3

e-1
ash

3%
,

t n

c t

Me

Me Me
M

y
y

P Q
U AVG

AVG −

−

+
= ⋅
∑

 

(4)

where Uash is the annual productivity by ash, tpy, 
AVGyc-t is the arithmetic mean of concentrate yield, % 
(7.32%), and AVGyt-n 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 mln 
rubles (CAPEX category – capital expenditures), and 
operating expenditures amount to 128.31 mln 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 

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 ton4.

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

Item Indicator value, realistic 
model 

Indicator value, pessimistic 
model  

Indicator value, optimistic 
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 
time-frame

Exceeds the forecasting  
time-frame

Does not exceed the forecasting 
time-frame

https://mst.misis.ru/
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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.

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 20355.

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.

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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Abstract
One of the main challenges in processing fresh ferruginous quartzites is to obtain high-quality iron 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%.
Keywords
fresh ferruginous quartzites, magnetite concentrate, reverse cationic flotation, amines, electrochemical treatment
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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-

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, 

В настоящее время общепризнано, что наиболее эффективным способом получения высококаче-
ственных железорудных концентратов является обратная флотация катионными собирателями 
аминами в щелочной среде, однако из-за тончайшей вкрапленности магнетита в кварц, недоста-
точно полного раскрытия магнетита даже при тонком измельчении, а также из-за близости фло-
тационных (поверхностных) свойств разделяемых минералов даже в процессе флотации не всегда 
возможно выделить высококачественные концентраты. В этой связи остается актуальным поиск 
способов повышения эффективности флотационного разделения минералов и повышения качества 
концентрата.
Ранее проведенными исследованиями показано, что с помощью электрохимической обработки мож-
но регулировать свойства реагентов, усиливать их воздействие на определенные минералы и таким 
образом управлять процессом флотации. Поскольку эффективность флотации кварца и других си-
ликатов аминами в существенной мере зависит от соотношения ионной и молекулярных форм ре-
агента в водных растворах собирателя и во флотационной пульпе, изменение этого соотношения 
может влиять на результаты обратной катионной флотации железных руд. Изменение соотношения 
форм амина возможно при электрохимическом окислении или восстановлении раствора реагента. 
Кроме того, электрохимическая обработка способствует диспергации амина в водной среде и его фи-
зической адсорбции на минералах. Соответственно, предварительная электрохимическая обработка 
аминов может рассматриваться как одно из перспективных направлений интенсификации обратной 
флотации железных руд. 
В статье представлены результаты поисковых исследований по улучшению качества концентрата, по-
лученного флотацией мелкого грохочения рядового магнетитового концентрата Михайловского ГОКа 
им. А. В. Варичева за счет использования в процессе обратной катионной флотации электрохимически 
обработанных растворов катионных собирателей класса аминов.
Результаты поисковых исследований подтвердили возможность применения предварительной безди-
афрагменной электрохимической обработки реагентов Tomamine РА-14 и Lilaflot 811M (эфиров мо-
ноамина различного состава) для направленного модифицирования их свойств и повышения эффек-
тивности обратной флотации надрешетного продукта: содержание кремнезема в камерном продукте 
снизилось с 1,66–1,7 % до 1,51–1,56 при содержании железа общего более 70 %.
Ключевые слова
неокисленные железистые кварциты, магнетитовый концентрат, обратная катионная флотация, ами-
ны, электрохимическая обработка
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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. 

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 Fetotal SiO2

ND, according to MGOK data 61.7 12.6

ND, according to X-ray fluorescence 
analysis data, direct analysis 62.22 11.78

ND, according to X-ray fluorescence 
analysis data, estimated, weighted 
average

61.32 11.80

Table 2
Mineral composition of the oversize by mineral group  

(according to MLA data)

Mineral group Minerals included in the 
group

Mineral 
group 

share, %

Magnetite

“Pure” magnetite, magnetite 
with fine quartz inclusions, 
magnetite with fine quartz and 
celadonite inclusions

84.77

Hematite Hematite, goethite 3.82

Carbonates: Ankerite, siderite, calcite 0.89

Quartz Quartz, quartz with fine 
inclusions of magnetite 7.73

Aegirine Aegirine 0.71

Celadonite Celadonite 1.73

Aluminosilicates Minerals of aluminosilicate 
group 0.07

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 C13H29NO (isomer) 
(50–70%) + alkane C15H33NO3 (30–50%), degree of neu-
tralization of 20–40%) and Tomamine PA-14 (monoa- 
mine ester R–О–CH2CH2CH2–NH2; [3-(isodecyloxy) 
propylamine-1] 95%, degree of neutralization of 30% 
+ iso-alcohols С9–С11 5%; iso-C10 saturated) was car-
ried out in laboratory setting. The ECT was performed 
using direct electric current in a diaphragmless glass 
electrochemical cell of 150  ml capacity (Fig. 1). For 
electrodes, insoluble titanium drop-forged mesh 
coated with ruthenium oxide coating was employed, 
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  
anode in anode mode. The electric current was sup-
plied to the electrodes through a rectifier, and the solu-
tion was agitated using a magnetic stirrer throughout 
the treatment process. 

The electrochemical treatment (ECT) of the rea-
gent solution lasted for 10 min. Before and after the 
treatment, the pH and Eh of the reagent solution were 
measured.

1

2

3

4

5

6

Fig. 1. Apparatus for diaphragmless treatment  
of a reagent solution:

1 – mechanical stirrer; 2 – removable cover made  
of non-conductive material with an opening  

for the mechanical stirrer; 3 – cylindrical anode  
(insoluble titanium drop-forged mesh with ruthenium  

oxide coating); 4 – beaker made of non-conductive  
material (glass); 5 – cylindrical cathode (insoluble  

titanium drop-forged mesh with ruthenium oxide coating);  
6 – reagent solution

Table 3
Conditions for electrochemical treatment of recycled water and reagent solutions

Treatment 
conditions

Current 
concentration, Ah/L 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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Table 4 
Results of reverse cationic flotation with preliminary magnetic consolidation 

using electrochemically treated Tomamine reagent

Treatment 
conditions

Current 
concentration, 

Ah/L
Product Yield, %

Percentage Recovery, %

Fe SiO2 Fe SiO2

No treatment –

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
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

Anode 0.28

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
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

Anode 0.4

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
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

Anode 0.6

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
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

Cathode 0.28

n/m 5.4 15.06 68.73 1.33 29.54
Flotation froth (product) 1 34.3 53.14 22.06 29.99 60.48
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

Cathode 0.4

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
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

Cathode 0.6

n/m 5.4 16.29 66.48 1.44 29.71
Flotation froth (product) 1 33.2 53.01 22.27 28.78 60.95
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

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.

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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Table 5
Results of reverse cationic flotation without preliminary magnetic consolidation  

using electrochemically treated Lilaflot 811 M amine reagent

Treatment 
conditions

Current 
concentration, 

Ah/L
Product Yield, %

Percentage, % Recovery, %

Fe SiO2 Fe SiO2

No treatment –

Flotation froth 
(product) 1 41.28 50.24 25.27 33.61 82.79

Flotation froth 
(product) 2 9.26 67.92 14.57 10.20 10.71

Cell flotation 
product 49.46 70.10 1.66 56.19 6.50

Initial 100.00 61.70 12.60 100.00 100.00

Cathode 0.28

Flotation froth 
(product) 1 40.98 49.55 26.99 32.91 87.79

Flotation froth 
(product) 2 8.42 68.08 9.19 9.29 6.14

Cell flotation 
product 50.59 70.48 1.51 57.79 6.06

Initial 100.00 61.70 12.60 100 100.00

Cathode 0.4

Flotation froth 
(product) 1 38.54 47.15 29.50 29.45 90.23

Flotation froth 
(product) 2 7.10 68.30 5.58 7.86 3.15

Cell flotation 
product 54.36 71.15 1.54 62.69 6.63

Initial 100.00 61.70 12.60 100.00 100.00

Cathode 0.6

Flotation froth 
(product) 1 31.44 45.10 34.55 22.98 86.21

Flotation froth 
(product) 2 5.64 65.36 9.62 5.97 4.30

Cell flotation 
product 62.92 69.67 1.90 71.05 9.49

Initial 100.00 61.70 12.60 100.00 100.00
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Fig. 2. Results of reverse cationic flotation with preliminary magnetic consolidation 
using electrochemically treated Tomamine reagent 
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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% SiO2 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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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/l had a noticeable 
effect. It allowed for a reduction 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% SiO2, with 
recoveries of 56.19 and 6.50%, respectively. Treating 
the reagent at a current concentration of 0.28 Ah/l 
increased the total iron grade in the concentrate to 
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Abstract
Kaolin (mainly composed of kaolinite, whose chemical formula is Al2Si2O5(OH)4), 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 μm 
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 SiO2 and Al2O3; in addition to these, K2O + Na2O, TiO2 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, Al2Si2O5(OH)4, pyrophyllite, mullite, thermal analysis, metakaolinite, mullitization, pegmatite, 
Northern Vietnam
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Аннотация
Каолин (состоящий в основном из каолинита, химическая формула которого Al2Si2O5(OH)4) служит 
универсальным сырьем, широко используется в различных отраслях промышленности, включая про-
изводство керамики, бумаги, красок, косметики, пневматики, строительных материалов и хранение 
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Introduction
Kaolin (mainly composed of kaolinite, whose 

chemical formula is Al2Si2O5(OH)4), 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 Hernández 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.

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.

опасных отходов. В северной части Вьетнама благодаря благоприятным геологическим условиям на-
ходятся разнообразные месторождения высококачественного каолина различного происхождения 
и масштаба. Хотя в ряде работ изучены качество, потенциал, распространение и происхождение типов 
каолина в Северном Вьетнаме, исследования различий между каолинами из разных источников весь-
ма ограничены. Целью данного исследования было определение характеристик трех различных типов 
каолина, полученных из различных источников в Северном Вьетнаме (из выветренных пегматитов, 
выветренных изверженных магматических пород кислого состава и гидротермально-метасоматиче-
ских измененных пород). Основное внимание было уделено анализу термического поведения этих 
проб в  ходе прокаливания в диапазоне температур от 300 до 1100 °C. Всесторонняя характеризация 
проводилась методами рентгеноструктурного анализа (XRD), Фурье-ИК-спектроскопии (FT-IR), тер-
мического анализа (термогравиметрия / дифференциальная термогравиметрия (TG / DTG)) и сканиру-
ющей электронной микроскопии с энергодисперсионной рентгеновской спектроскопией (SEM-EDS). 
Результаты показали, что во всех пробах был обнаружен каолинит с размером частиц менее 2 мкм. В от-
дельных пробах присутствуют незначительные количества мусковита и монтмориллонита, а в пробе из 
гидротермально измененных пород – пирофиллита. Морфология каолинита во всех пробах проявля-
лась в типичных формах, включая гексагональную и псевдогексагональную. Основными химическими 
компонентами являются SiO2 и Al2O3; помимо них, в меньших количествах присутствуют K2O + Na2O, 
TiO2 и общее железо. Термический анализ выявил образование метакаолинитовой фазы при темпе-
ратурах около 494 и 507 °C в двух изученных пробах из выветренных пород, а пирофиллитсодержащая 
проба претерпевает этот переход при более высокой температуре – 653,8 °C. Начало метакаолинизации 
наблюдалось при температуре около 500 °C для проб из выветренных пород и около 700 °C – для пиро-
филлитсодержащей пробы. Кроме того, при 1100 °C проявилась муллитизация, приводящая к образова-
нию муллита. Полученные результаты позволяют сделать вывод о возможности применения этих проб 
каолина в традиционном производстве керамики.

Ключевые слова
каолин, Al2Si2O5(OH)4, пирофиллит, муллит, термический анализ, метакаолинит, муллитизация, пегма-
тит, Северный Вьетнам
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Review of geological characteristics 
of some kaolin types at mines in Vietnam

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.

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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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 μm. 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 μm was obtained by de-
cantation. The particle size fraction < 2 μm 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, 

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-Kα radiation at 40 kV and 30 mA, scan-
ning from 3 to 70° at an angular velocity ω (2 theta 
in the Figures below) of 2°min−1. FT-IR spectra were 
recorded between 4,000 and 400 cm−1 with a resolu-
tion of 2 cm−1 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 

m
260
220
180
140
100

60
20

–20
–60

–100

260
220
180
140
100
60
20
–20
–60
–100

m

1 2 3 4 5 6

T2nk1

T2nk1 T1–2sh2
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effusives, and kaolin-pyrophyllite) with a particle size 
of 2 μm 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  Å, 
4.48 Å and 3.58 Å [1]. In addition, relatively weak ba-
sal reflections at 10.0 Å, 5.02 Å and 3.35 Å 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 Å, 4.59 Å, 4.14 Å, 3.79 Å, and 3.07 Å [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 Å to 16.9 Å after ethylene glycol treatment 
was observed. This observation shows that, in addi-
tion to the predominance of kaolinite of < 2 μm 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.

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 (SiO2) and 
aluminum oxide (Al2O3) 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, Al2Si2O5(OH)4. 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–1 are associated with the 
stretching (bond) vibrations of O–H group bond. In 
addition, the bands at 1,114 and 684 cm–1 correspond 
to the stretching vibrations of Si–O bond, and the 
absorption bands at 1,034 and 998 cm–1 refer to the 
stretching vibration region of Si–O–Si bond. The band 
at 909 cm–1 corresponds to the stretching vibrations of 
Al–OH bond. These bands of stretching vibrations are 

5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30
2 theta 2 theta 2 theta

K

K

K

K

K

K

K

K

K PPPP
Ms Ms Ms

Ms
Mt

Mt
Ms / Mt

Ori Ori Ori

Gly
GlyGly

350 350 350

(16,9 Å)

 a b c
Fig. 4. X-ray diffraction pattern (XRD) of three samples (kaolin from weathered pegmatites (a),  
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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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Table 1
Chemical composition of three kaolin samples (EDS results)

Sample
Chemical composition, %

(from – to)

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3

Kaolin from weathered 
pegmatites (a) 0.05–0.27 0.33–0.59 42.8–46.5 50.2–52.2 0.51–0.99 0.11–0.21 0.11–0.19 0.09–0.58

Kaolin from weathered 
effusives (b) 0.06–1.63 0.12–0.35 13.6–20.1 65.7–75.7 2.51–5.22 0.08–1.11 0.03–0.11 0.52–1.96

Kaolin—pyrophyllite (c) 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

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Al
Al

Al

Si
SiSi0.8

0.4

0

0.3

0.2

0.1

0

0.9

0.6

0.3

0

Energy (Kev) Energy (Kev) Energy (Kev)

Co
un

ts
 (K

)

Co
un

ts
 (K

)

Co
un

ts
 (K

)

 a b c
Fig. 5. SEM images and EDS results for three samples 

(kaolin from weathered pegmatites (a), kaolin from weathered effusives (b), and kaolin-pyrophyllite (c))

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–1.

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 H2O and dehy-

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.
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(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
Fig. 8 shows the X-ray diffraction patterns of 

three samples (the kaolin from weathered pegma-
tites, the kaolin from weathered effusives, and the 
kaolin-pyrophyllite) at different temperatures (300, 
500, 700, 900, and 1,100 °C). The analysis shows that 
the kaolin from weathered pegmatite sample consists 
mainly of kaolinite, but also quartz and muscovite are 
present. In contrast, the kaolin-pyrophyllite sample 
consists mainly of kaolinite and pyrophyllite, with 
minor quartz present. Over the entire temperature 
range from room temperature to 500 °C, the peaks in 
the X-ray diffraction (XRD) patterns corresponding to 
these minerals remain relatively stable, although they 
lose in intensity while the temperature increases. At 
700 °C kaolinite peaks disappear in all the samples, 
while those of quartz and pyrophyllite remain. The 
disappearance of kaolinite peaks indicates transfor-
mation into metakaolinite characterized by amor-
phous structure, which is indicated by wide “bumps” 
on the X-ray diffraction patterns. Notably, the weak 
XRD peak of pyrophyllite at 700 °C emphasizes its 
thermal stability that is consistent with the thermal 
analysis findings and the hydrothermal-metasomatic 
genesis of pyrophyllite. The most significant chang-
es in the X-ray diffraction patterns occur at 1,100 °C, 
which mean melting and destruction of the structures 
of the initial minerals with the formation of mullite, 

a  new mineral phase. This conclusion is consistent 
with the observations of previous studies [18, 19] em-
phasizing the dependence of mineralogical composi-
tion transformation during calcination on the initial 
mineralogical composition of samples. The presence 
of pyrophyllite in the kaolin-pyrophyllite sample 
markedly influences the phase transition, leading to 
the formation of new minerals. 

SEM analysis
SEM images of three samples: kaolin from weat- 

hered pegmatites, kaolin from weathered effusives, 
and kaolin-pyrophyllite subjected to calcination at 
temperatures of 500 °C, 700 °C, 900 °C и 1100 °C are 
presented in Fig. 9. At 500 °C, a distinct minerals 
morphology is observed and mineral grain bounda-
ries in all three samples remain discretely defined, 
indicating minimal impact on structural integrity 
and chemical bonds at this temperature. However,  
when the heating temperature is increased from 
700 to 1,100 °C, noticeable transformations occur. In 
the interval from 700 to 900 °C, the morphology of 
minerals undergoes a gradual change, showing signs 
of melting. The differences between the initial sub-
stances in the samples begin to disappear. In particu-
lar, the SEM images at 1,100 °C clearly show melting 
manifestations, indicating that melting of the mate-
rials hides the initial boundaries and morphology of 

In
te

ns
it

y 
(a

.u
.)

In
te

ns
it

y 
(a

.u
.)

In
te

ns
it

y 
(a

.u
.)

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
2 theta (degree) 2 theta (degree) 2 theta (degree)

K-Peg11 K-Mag11 K-Pyr11

K-Peg9

K-Peg7

K-Peg5

K-Peg3

K-Peg

K-Mag9

K-Mag7

K-Mag5

K-Mag3

K-Mag

K-Pyr9

K-Pyr7

K-Pyr5

K-Pyr3

K-Pyr

Q Q QQ

Q
Q

Q
Q

QQ

Q

Q

Q

Q

Q

Q
Q Q

Q

Q

Q
Q

QQ

Q
Q

Q
Q Q Q

QQ

Q Q

Q

Q

Q KK
K

K

KK
K

K

K
K

K
K

K
K

K
KK

KK

KK

K
KK

KK
KKK

KK

K
K

K

K

K

K

M M M M M M

Ms

Ms

Ms

Ms

Ms

Ms

P

P

P

PP

P

PP
P

P

 a b c
Fig. 8. X-ray diffraction patterns (XRD) of three samples (kaolin from weathered pegmatites (a), kaolin from weathered 
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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 μm. 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 

kaolin sample of hydrothermal-metasomatic genesis 
contains a relatively significant amount of pyrophyl- 
lite. The main chemical constituents of the kaolin 
samples are SiO2 and Al2O3; in addition to these, 
K2O + Na2O, TiO2 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.
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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  m2). 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 m², 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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И ОХРАНА ОКРУЖАЮЩЕЙ СРЕДЫ 

Научная статья

Экспериментальные исследования проветривания тупиковой выработки 
нагнетательным способом при различном отставании  

вентиляционного трубопровода от груди забоя

А. А. Каменских , Г. З. Файнбург  SC, М. А. Семин  SC  , А. В. Таций 

Горный институт УрО РАН, г. Пермь, Российская Федерация
 seminma@inbox.ru

Аннотация
Исследование структуры вентиляционных потоков в призабойной части тупиковой выработки являет-
ся важным элементом при целенаправленном управлении ее проветриванием и обеспечении безопас-
ности ведения подземных горных работ. Ранее проведенные исследования показывают, что, несмотря 
на общее понимание протекающих в тупиковой выработке процессов возникновения основного вихря 
и застойных зон, полученные результаты носят фрагментарный характер и без дополнительных иссле-
дований практически не поддаются единому концептуальному обобщению.
В статье приведены результаты детального натурного эксперимента по исследованию процессов 
нагнетательного проветривания тупиковой выработки большого сечения (29,2 м2) с пятью различны-
ми вариантами отставания конца нагнетательного вентиляционного трубопровода от груди забоя: 
10, 15, 17, 19 и 21 м. Для каждого варианта в соответствии с разработанной методикой эксперимента 
производили замеры скорости турбулентного вихревого воздушного потока в 25 различных характер-
ных точках (сетка 5х5) в каждом сечении тупиковой горной выработки, которые выбирали через каж-
дый метр от груди забоя до конца вентиляционного става, а также дополнительно еще через 1 м и еще 
через 10 м от конца вентиляционного става к устью выработки.
Исследования проводили в стандартной тупиковой очистной выработке, проходимой буровзрывным 
способом, на золотосеребряном руднике «Купол», расположенном в Чукотском автономном округе.
Расход подаваемого в выработку свежего воздуха во всех случаях сохраняли постоянным и равным 
типичному для рудника расходу 17,4  м3/с, определяемому расчетным значением по фактору про-
ветривания выхлопных газов от двигателей внутреннего сгорания погрузочно-доставочных машин. 
При площади сечения конца трубопровода 0,8 м2 это дает среднюю скорость поступающей струи 
в 21,75 м/с.
Данные натурного эксперимента дополняли результатами трехмерного численного моделирования 
в вычислительном пакете ANSYS Fluent. Исследовали стационарное движение воздуха в тупиковой вы-
работке в режиме развитой турбулентности. Сравнительный анализ полученных результатов натурно-
го и численного экспериментов убедительно показал, что во всех исследуемых случаях отставания (не 
более 21 м) вентиляционного трубопровода от груди забоя вентиляционная струя, выходящая из вен-
тиляционного трубопровода, достигает груди забоя, а затем разворачивается вдоль него с различной 
интенсивностью и формирует обратное движение воздушного потока из тупика.
Полученные результаты позволили получить линейное уравнение связи между максимальной относи-
тельной (к начальной скорости струи) скоростью на расстоянии 1 м от груди забоя и основного геоме-
трического фактора зоны проветривания – отношения длины отставания конца трубопровода к харак-
терному поперечному размеру – корню квадратному из площади поперечного сечения.

Ключевые слова 
рудничная вентиляция, тупиковый забой, нагнетательный способ проветривания, отставание вентиля-
ционного трубопровода, натурный эксперимент, численный эксперимент, структура воздушных потоков
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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 operations1. 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).

units equivalent to the square root of the cross-sec-
tional area .f L S=

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 (Q0) 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 (U0) 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)2, 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 (τ) for a specific volume of contamina- 
ted air (V) expressed as

,V
Q

τ =
 

(1)

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 (Leff) 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 < Lrated < Leff, (2)

where Lrated 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, Leff, the setback 
of the pipeline's end from the working face L and the 
flow rate of fresh air supplied Q0 the cross-sectional 
dimensions of both the working and the pipeline. 

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:

,effL K S=
 (3)

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:

,effL Lk
S S
=

 
(4)

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 3 × 3 is 3.33, and for a size of 

2 × 2, it is 5. A setback of 15 m, permissible under cur-
rent safety regulations for working cross-sections 
larger than 16 m2, yields a form factor of f = 3.75. 

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

4effL S=
 (5)

or alternatively, utilizing the ventilation pipeline  
diameter d, as

   30 .effL d=
 (6)

It’s important to note that the concept of jet 
range, denoted as Leff, 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 Leff, 
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 Qface. It is calculated to ensure that the time 
required to ventilate the space immediately adjacent 
to the working face, denoted Vface, is less than or equal 
to the time needed to ventilate the entire face, ex-
pressed as:

0

.face
eff face

face

V Vt t
Q Q

= ≤ =
 

(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 L1.

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 Umin = 0,1 P / S  (m/s), where S repre-
sents the cross-sectional area of the working, m2; 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 (U0 = 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 U0. Furthermore, the traditional minimum 
velocity prescribed for stopes, fixed at 0.25 m/s, rep-
resents 1.15% of U0. 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  

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 standard2 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 × 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 m2 
(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.

3 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 m2 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 m2), 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 m2, 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 

a flow rate of 17.4 m3/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 m2. 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 5 × 5 
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 S=  = 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 m2), 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 (Q0) 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 (Q0) 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 E0, as determined by U0, 
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:

2
0 0 0 0

2, .
U E U s US S
U s E U sU S− − −−

= = = =
 

(8)

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 m2 (2 m × 2 m) with  
a 400-mm pipeline has a smaller ratio of 31.85, similar 
to a 16 m2 working with an 800-mm pipeline. 

Figure 1, produced from numerical modeling for 
the maximum permissible setback in workings lar- 
ger than16 m2 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.

0 5.000 10.000 (m)

2.500 7.500

Velocity, m/s

0 7.50 15.00 22.50 30.00

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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1 m 6 m 11 m

2 m 7 m 12 m

3 m 8 m 13 m

4 m 9 m 14 m

5 m 10 m 25 m

1 m 9 m 17 m

2 m 10 m 18 m

3 m 11 m 19 m

4 m 12 m 20 m

5 m 13 m 31 m

–19 m/s 0 19 m/s –19 m/s 0 19 m/s

 a b
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)

0 1.000 2.000 (m)
0.500 1.500

Velocity,
m/s

15.00
12.50
10.00
7.50
5.00
2.50
0
–2.50
–5.00
–7.50
–10.00

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 1Zone 2Zone 3Zone 4Zone 5

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

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 Q0 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 
“bump” 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.
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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 m2 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:

max

0

( 1)
0.388 0.065 .

U L L
U S

−
= −

 
(9)

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:

max

0

( 1)
0.554 0.083 .

U L L
U S

−
= −

 
(10)

The numerically calculated relationship for the 
concurrent air flow rate relative to parameter .f L S=  
one meter from the face is:

0

( 1)
0.195 0.02 .

Q L L
Q S

− −
= −

 
(11)

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

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.
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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 6L S< , 
the jet’s range is ample for effective face ventilation 
( max100% 1.15%U U > ). 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 m2, 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 m2. 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 

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 m2, 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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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.
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https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2024-01-203
https://orcid.org/0009-0003-0486-4623
mailto:senatorovw.vladimir.1970@mail.ru
https://doi.org/10.17073/2500-0632-2024-01-203
https://orcid.org/0009-0003-0486-4623
mailto:senatorovw.vladimir.1970@mail.ru


54

ГОРНЫЕ НАУКИ И ТЕХНОЛОГИИ
MINING SCIENCE AND TECHNOLOGY (RUSSIA)

Senatorov V. A. Determining airflow requirements in mine workings based on field measurements of actual emissions...2024;9(1):53–59

https://mst.misis.ru/

eISSN 2500-0632

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.,1) 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 20212 aiming to assess the  
methodologies for analyzing the relationship be-
tween airflow and diesel engine exhaust emissions.

1 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.

The approach developed by the Moscow Mining 
Institute3 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 М3), 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 
mines4, 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;

3 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.

Приведена оценка влияния взаимосвязанных производственных факторов на аэрологическую безо-
пасность рудника. Представлены фактические данные по газам, поступающим от различных источ-
ников. Проведен анализ метода расчета необходимого количества воздуха по фактору выхлопные 
газы дизельного оборудования. Проведено численное моделирование динамических процессов  
(с изменяющимися во времени параметрами), позволившее установить распределение концентра-
ций выхлопных газов по горным выработкам. Последующие натурные измерения позволили ве-
рифицировать полученные результаты математического моделирования в условиях горных пред-
приятий. Проведенные натурные эксперименты и их анализ позволили обосновать необходимость 
внедрения новых, более совершенных методов расчета расхода воздуха для рудника, использующего 
оборудование с ДВС. В качестве основного метода расчета требуемого количества воздуха исполь-
зовалась методика, разработанная в МГИ НИТУ «МИСИС» (далее – Методика), были оценены ее точ-
ность и преимущества.

Ключевые слова
рудник, вентиляция, выхлопные газы, требуемый расход воздуха, двигатель внутреннего сгорания, 
норма выбросов, газодинамические процессы, численное моделирование, шахтные измерения
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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 use5 [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.

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 operation6 [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.

6 Mine Air Flow Estimation Method and Ventilation 
Options. Research Report. Supervisor: S. Kobylkin, Doctor of 
Science (Engineering), MISIS Univ., 2021.
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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 developed7.

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 NO2 equivalent) to maximum allowable concentra-
tions or to maintain the prescribed oxygen levels. This 
volume is calculated as follows:

,ICE para duty eqQ k k Q= ∑  m
3/s, (1)

where kpara is the factor for parallel operation of mul-
tiple ICEs at the same location, with kpara = 1.0, 0.9, 
0.85 for the simultaneous operation of 1, 2, 3, or more 
engines within the same ventilation system segment; 
kduty 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.

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

and nitrogen dioxide (NO2), ppm; ambient temperature (Tt)  
and exhaust gas temperature (Te) over time, °С; t is time, min 
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to the entire cycle time, ranging from 0.1 to 1; Qeq is 
the volume of air needed to ventilate each ICE, m3/s.

The duty cycle factor is defined as

,duty
c

tk
t

=
 

(2)

where t is the duration of ICE operation at the speci-
fed location, min; tc is the equipment cycle time, min.

Air consumption required to neutralize each ex-
haust gas component is calculated as

,out
m out

MAC

c
Q g

c
=

 
m3/s (3)

where cout is the concentration of toxic exhaust com-
ponents (maximum concentration of nitrogen oxides 
in NO2 equivalent in undiluted engine exhaust), % 
vol.; сMAC is the MAC of the component, % vol.; gout is 
the flow rate of purified exhaust gas, m3/s.

Еhe 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 

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

LHD name

Engine 
power, N

Purified 
exhaust 

gas 
volume 

gout

Toxic 
exhaust 

component 
concentra-
tion сout СО

Maximum 
allowable 

concentra-
tion сMAC 

СО

Maximum 
allowable 
concen-

tration сout 
NOх

Toxic exhaust 
component 
concentra-

tion nox  
(total nitro-
gen oxides) 
сMAC NOх

Air con-
sump-
tion to 
offset 
Qm СО

Air con-
sump-
tion to 

offset Qm 
NOх

Rated 
specific air 
consump-
tion per 

LHD

kW h.p. m3 / s mg / m3 mg / m3 mg / m3 mg / m3 m3 / s m3 / s m3 / min per 
1 h.p.

Caterpillar CAТ 
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 LН410 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 CAТ 
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 LН410 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 NOХ concentration is in the NO2 equivalent = 1.53 NO + NO2.
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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.

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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Оценка эффективности средств повышения качества электроэнергии 
в системе частотно-регулируемого электропривода  

скребковых конвейеров
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Аннотация
Интенсивное внедрение частотно-регулируемых электроприводов машин и установок в технологиче-
ских процессах при подземной добыче полезных ископаемых предусматривает необходимость реше-
ния ряда проблем, одной из которых является обеспечение качества электроэнергии. Именно поэтому 
повышение энергоресурса горных машин и энергоэффективности ведения горных работ требует обе-
спечения нормативных показателей качества электроэнергии в подземных комбинированных элек-
трических сетях (ПКЭС). Это возможно на основе оценки уровня и состава высших гармонических со-
ставляющих напряжения и тока в силовых цепях с частотно-регулируемым электроприводом (ЧРЭП). 
Основными задачами являются: разработка на основе эквивалентной схемы замещения электриче-
ской сети с ЧРЭП скребкового конвейера имитационной модели для исследования спектрального со-
става высших гармонических составляющих напряжения и тока в силовых цепях ПКЭС; исследование 
и анализ влияния фильтро-компенсирующих устройств (ФКУ), реакторов и синус-фильтров на каче-
ство электроэнергии в системе с ЧРЭП скребкового конвейера; анализ спектрального состава высших 
гармонических составляющих напряжения и тока в цепях утечки через изоляцию и цепи измерите-
ля устройства защитного отключения; разработка практических рекомендаций в области повышения 
качества электроэнергии в  системе с ЧРЭП скребкового конвейера. Разработанная модель системы 
частотно-регулируемого электропривода скребковых конвейеров позволила провести исследования 
эффективности средств повышения качества электроэнергии. Определен гармонический состав на-
пряжения и тока в подземной комбинированной электрической сети в режиме максимального искаже-
ния и при наличии ФКУ, реакторов и синус-фильтров. Выбранные методы исследований позволили вы-
явить спектральный состав напряжения и тока в симметричном и однофазном режимах утечки через 
изоляцию, а также в измерительных цепях устройств защитного отключения (УЗО). Установлено, что 
гармонический состав напряжения и тока утечки в основном определяется параметрами выходного 
напряжения, модулируемого автономным инвертором преобразователя частоты. Высокий уровень гар-
монических составляющих напряжения и тока необходимо учитывать при определении уставок УЗО, 
настройке компенсатора емкостного тока и блока защитного шунтирования. Для обеспечения электро-
безопасности необходимо научное обоснование нормативных показателей высших гармонических со-
ставляющих напряжения для цепей утечки и дальнейшее исследование физиологического воздействия 
высших гармоник тока на организм человека. Целесообразность установки ФКУ непосредственно на 
низковольтном участке питания скребкового конвейера должна быть технически обоснована. Наличие 
ФКУ, реакторов и синус-фильтров практически не оказывает влияния как на гармонический состав, так 
и на величину коэффициентов гармонических составляющих фазного напряжения сети относительно 
земли и токов утечки через изоляцию. Наличие наводимых в цепях утечки тока высших гармонических 
составляющих в симметричном режиме и режиме однофазной утечки тока может привести к наруше-
нию магнитной совместимости при работе электронной измерительной схемы, блока питания и ком-
пенсатора емкостного тока утечки УЗО и представлять потенциальную опасность в случае прикоснове-
ния к токоведущим частям электрооборудования. 

Ключевые слова
подземные горные работы, подземная электрическая сеть, качество электроэнергии, электробезопас-
ность, электропривод скребкового конвейера, фильтро-компенсирующее устройство, синус-фильтр, 
устройство защитного отключения, изоляция электрической сети
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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 1140 V, which powers the elec-
tric drive of a scraper conveyor, the total coefficients 
of harmonic components of voltage (КU%) 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 (КUrat = 8%) but also 
at adjacent sections (КUrat = 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-

age modulated by the frequency converter at the mo-
tor terminals1 [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 
system2 [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/27F81E1–3779–4406–8EA0–
849044873F59/0/Output_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-lc-sine-
wavefilter-for-motor-drives.html

2 O’shea P. Counteracting high leakage currents. URL: 
https://www.powerelectronicsnews.com/counteracting-high-
leakage-currents/

https://mst.misis.ru/
http://biakom.com/hfuhf/production/passive/EPCOS/PFC_Katalog2009.pdf
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http://www.danfoss.com/NR/rdonlyres/27F81E1-3779-4406-8EA0-849044873F59/0/Output_Filters_Design_Guide.pdf
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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-

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 
RI ≥ 300 kΩ/phase, and the capacitance is СI ≈ 0.  
Considering the substantial length of the MPDS 
section with variable frequency, the active insu-
lation resistance RIA, RIB, RIC is accepted within the 
range from 31.5 to 300 kΩ/phase, and the capaci-
tance CIA, CIB, CIC is taken from 0.01 to 1 μF/phase.  
A single-phase leakage circuit was simulated with 
an active resistance Rу = 1 kΩ, equivalent to the re-
sistance of a human body. The parameters of the 
RCD, including the connection to the power distri-
bution system filter (RFI, LFI), the metering circuit 
(R0, RPN, LPN) with the operational rectified current 
source e=, and the parameters of the capacitive 
leakage current compensator (connection filter R0, 
compensator Rg, Lg, shunting capacitance Csh), were 
determined based on AZUR characteristics [14].  

LFCU CFCU CFS RFS

LFI1 LFI= LFI2

CFI=

HF SF

AVISR IM

М

LFI

RFI

RPN

LPN

R0

Rg

Lg

RI

CF0

Csh

e=

eB

eC

eA

RIA

RIB

RIA

CIB

CIA

CIC

Rу

+

–

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 LFI1, filter-compensating de-
vices LFCU, CFCU, and sine filters LFI2, LFS, RFS were de-
termined based on Practical tips for selecting output 
filters3. 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 UF = 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 GOST4. 
The 5th and 7th 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 5th 
and 7th harmonics, proves effective in reducing the 
total coefficient of harmonic components of voltage 
KU% 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 KI% 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 (KU% ≈ 1,36%, KI% ≈ 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.

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 KU% 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 5th and 7th harmonics within the power 
distribution system.

Table 1
Total coefficients of harmonic components  

in voltage and current

MPDS 
structure

Upstream of FC  
with AVI

Downstream of FC 
with AVI

KU% KI% KU% KI%
Without 
compensation 
means

2.81 / 2.77 80.45 / 80.89 2.81 / 1.35 0.29 / 0.28

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,  
HF-5, HF-7 0.51 / 0.31 5.63 / 3.46 1.35 / 1.35 0.29 / 0.28

Reactors,  
HF-5, 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).

https://mst.misis.ru/
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а c e

b d f
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)

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 KU(n) and the 
total coefficient of harmonic components of voltage 
KU, induced in insulation leakage current circuits, in 

the RCD filter branches, and capacitive leakage cur-
rent compensator, are not addressed by GOST5. This 
is because GOST refers to the quality standard in-
dicators of electric energy in general-purpose power 
supply systems.

5 GOST 32144–2013. Quality standard of electric 
power in power supply systems of general purpose. Moscow: 
Standartinform, 2014. 39 p. 
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The analysis of the harmonic composition re-
vealed that in the symmetrical mode, the 3rd, 5th, 7th, 
and 9th current harmonics, along with the 0th, 3rd, 5th, 
7th, and 9th voltage harmonics, have the highest value. 
The 7th current harmonic and the 0th and 7th voltage 
harmonics exhibit the greatest distortion. In the sin-
gle-phase current leakage mode with an active resis- 
tance Rу = 1 kΩ, the 0th, 3rd, and 5th current harmonics, 
as well as the 0th, 3rd, and 5th voltage harmonics, are 
most pronounced. The 0th and 7th current harmonics, 
along with the 0th and 3rd 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 3rd, 5th, 6th, 7th, 
and 9th harmonics emerge as the most significant. 
Notably, the coefficient KIH(3) 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 KU(3) and 
KI(3)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 KU(0) by up to 25%, 
KU(3) by up to 16%, and KI(3) 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.  

Table 2
Harmonic composition of current and voltage in phase insulation

Harmonic number
Leakage mode I(3)

у Leakage mode I(1)
y

КI(n)% КU(n)% КI(n)% КU(n)%

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

https://mst.misis.ru/
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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. 

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. 

а c

b d
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)
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