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Model of time-distance curve of electromagnetic waves diffracted
on a local feature in the georadar study of permafrost zone rock layers
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Abstract

In GPR (georadar) studies, one of the most popular procedures for determining electromagnetic waves prop-
agation velocity in a rock mass is the selection of theoretical hyperbolic time-distance curves and subsequent
comparison with the time-distance curve obtained from a GPR measurement. This procedure is based on the
model of homogeneous medium, but nowadays the subject of GPR study is often inhomogeneous media, such as
horizontally layered media characteristic of loose permafrost zone sediments. The paper presents the findings
of studying the formation of hyperbolic time-distance curves of georadar impulses in a horizontally layered
medium without taking into account the dispersion and absorption of electromagnetic waves. On the basis of
geometrical optics laws, formulas were derived to calculate the shape of the hyperbolic lineup of georadar im-
pulses reflected from a local feature in a multilayer frozen rock mass. On the example of a permafrost zone rock
mass containing a layer of unfrozen rocks, the effect of the thicknesses of rock layers and their relative dielectric
permittivity on the apparent dielectric permittivity resulting from the calculation of the theoretical hyperbolic
time-distance curve was shown. The conditions under which it is impossible to determine the presence of a layer
of unfrozen rocks from a hyperbolic time-distance curve are also presented. The established regularities were
tested on synthetic georadar radargrams calculated in the gprMax software program. The findings of the theo-
retical studies were confirmed by the comparison with the results of the analysis of the georadar measurements
computer simulation data in the gprMax system (the relative error was less than 0.5%).
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model, rock mass, rocks, dielectric permittivity, velocity, hyperbola, layer, georadar, permafrost zone, gprMax
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Mopaenb roporpaga aNeKTpoOMarHMTHbIX BOJH,
AvdparnpoBaHHbIX Ha IOKaNbHOM 06 beKTe Npyu reopaguoNIoKaLlMOHHOM U3YYEeHUH
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AHHOTaUuA

B reopaagmMoJIOKauumn O,ELHOVI u3 "Haubonee IIOIIYJIAPHBIX MpoLieayp onpeneneHnsa CKOpOCTU paClIpoOCTpaHEeHM S
3JIEKTPOMArHMTHBIX BOJTH B MaCCMB€ TOPHBIX ITOPO, SIBJ/ISETCS 1'[0,[[60[3 TEOpeTUMYECKNX I‘I/[l'[ep6OJ'II/I‘{ECKI/IX ro-
morpadoB ¢ TOUIEOYIOMYM CpaBHEHMEM C roforpadoMm, MOJTyYeHHbIM IPY reopaguoioKallMOHHOM U3Mepe-
HUM. OTa Impoueaypa OCHOBaHa Ha MOJe/INn O,ZLHOPOLLHoﬁ Cpenbl, HO B HACTOAIIIEE BpEMSI 00BbEeKTOM n3ydyeHusd
reopaamoJIOKaliMy 4aCTO CTAHOBATCA HEOOJHOPOOHbIe Cpeldbl, TaKMe KaK IOPM3O0OHTaAJIbHO-CJIOUCTbhIE Cpenbl,
XapaKTepHbIe OJId PbIXJIbIX OT/IOKeHUM KPUOJINTO3OHBI. B craTbe IIpencraB/iIeHbl pe3y/abTaTbl MCCIIE€O0OBAHUA
dbopmupoBanust rurepboaMueckux rogorpadoB reopagMoNIOKAIMOHHBIX CUTHAJIOB B TOPM3OHTATBHO-CIIO-
UCTOM cpene 6e3 yueTa JUCIrepCcun 1 noriomeHns 3JIeKTPOMariMTHBIX BOJIH. Ha ocHOBe 3aKOHOB reomeTpu-
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YeCKO ONITUKM BbIBeIeHbI (DOPMYIIbI, TO3BOJISIONIME PACCUUTATh HOPMY rUIepboIMIecKoit ocu cuHdasHOCTY
reopaaymo/IOKaIMOHHbIX CUTHAIOB, OTPasKeHHBIX OT JIOKAJIbHOIO 00b€KTa B MHOTOCIOMHOM MaCCHBEe MEeP3/IbIX
TOPHBIX MMopoj,. Ha mpuMepe MaccyuBa rOPHbIX ITOPOJ, KPMOIMUTO30HbI, COAEPsKAILEro cj0i He3aMep3IInX rop-
HBIX TIOPO/I, ITOKA3aHO BJMSHME MOIIHOCTEH CJIOEB TOPHBIX MMOPOA, ¥ UX OTHOCUTEIbHON NTUIIEKTPUUECKOA
MTPOHMIIAEMOCTM Ha KaKyIIYIOCS AM3JIEKTPUUECKYI0 ITPOHUIIAeMOCTh, IIOIyYaeMyl0 B pesyjbTaTe pacuera
TeopeTuveckoro runepbonmyeckoro rogorpacda. Takke MpeacTaBIeHbl YCIOBUS, IPU KOTOPBIX HEBO3MOKHO
oIpenenThb Ha/lMuMe CI0s1 He3aMep3IiyX FOPHbIX MIOPO], 10 THIIepOonndyeckoMy rogorpady. YeraHOBIeHHbIe
3aKOHOMEPHOCTM anpo6MPOBaHbI HA CMHTETUYECKUX Te0paJyoIOKalMOHHbIX pajJaporpaMmMax, pacCUMTaH-
HBIX B IporpamMMme gprMax. Pe3ynbTaThl TEOPETUYECKUX MCCIAENOBAHNI ITOATBEPKIEHbI CpaBHEHMEM C pe-
3y/IbTaTaMM aHaiu3a JaHHbIX KOMITbIOTEPHOTO MOIETMPOBAHMSI Te0PaAOIOKAIMOHHbIX M3MEpPEeHUii B CH-
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cTeme gprMax (OTHOCKUTe bHAs MOTPEIHOCTh cocTaBuia MeHee 0,5 %).
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JloKanusi, KpMOAUTO30Ha, gprMax
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Introduction

One of the geophysical problems to be solved by
using GPR (georadar) method is the study of physi-
cal and mechanical properties of rocks. However, ac-
cumulation of experimental data and development of
methodological support for GPR in this area is much
slower [1, 2] than in other areas [3] that leads to unde-
restimation of the capabilities of the georadar method.
The reasons that led to this state of affairs in georadar
application can be different. One of them is the incor-
rect use of the procedure for determining the velocity
v of electromagnetic wave (EMW) propagation using
hyperbolic time-distance curves (lineups of georadar
impulses). This procedure is the most common way to
estimate EMW velocity [1], based on which the ma-
terial part of the relative complex dielectric permitti-
vity ¢/, depending on moisture, density, and cryogenic
state of rocks, is calculated [4]. In training manuals
(both domestic [1, 2] and foreign [5, 6]), as well as in
data processing manuals of georadar manufacturers
(GSSI, GEOTECH) and American Society for Testing
and Materials (ASTM) standard!, justification of ap-
plication of EMW propagation velocity determination
by hyperbolic time-distance curves is given for the
case when the host medium is homogeneous.

Currently, in the practice of georadar measure-
ments [3, 7, 8], as well as in scientific works devo-
ted to the automation of the search for hyperbolic
time-distance curves in GPR data [9-11], including on
a real-time basis [12], the study subject is, as a rule,

1 ASTM D6432-11, Standard guide for using the surface
ground penetrating radar method for subsurface investigation,
ASTM International, West Conshohocken, PA; 2011. https://doi.
org/10.1520/D6432-11

an inhomogeneous medium. As a consequence, the
EMW propagation velocity determined by a hyperbola
located in some layer is an averaged (integral) charac-
teristic of all overlying layers, as mentioned in the
work of one of the GPR classics [13]. When conducting
georadar studies in a permafrost zone, it is possible
to incorrectly assess the cryogenic state of rocks and,
correspondingly, their physical and mechanical pro-
perties in the presence of a layer of thawed rocks,
whose effect on the shape of the hyperbolic time-dis-
tance curve may be significant but insufficient for the
result of v determination by the method of approxi-
mation of the time-distance curve by a hyperbola [2]
proved to be within the range of values characteristic
of thawed rocks. Thus, in a layered medium it is possi-
ble to determine the true velocity v of EMW propaga-
tion directly from the hyperbolic time-distance curve
only in the first layer of rocks, and for the correct use
of v values in the practice of georadar works it is nec-
essary to establish the regularities of formation of
EMW time-distance curves diffracted at a local feature
in a layered rock mass. In order to achieve the above
goal, the following tasks need to be accomplished:

— develop a model of a hyperbolic time-distance
curve of impulses obtained in the study of a layered
rock mass;

— establish the dependence of v and ¢’ deter-
mined from the hyperbolic time-distance curve on the
values of v and ¢’ of the overlying layers;

- determine the influence of a thawed layer in
a frozen rock mass on the v value calculated from the
hyperbolic time-distance curve;

- verify the validity of the obtained theoretical
results using the data of computer simulation.
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Model of a hyperbolic time-distance curve
of georadar impulses obtained from probing
of a layered rock mass

EMW emitted by a georadar located at point x
propagates in a layered rock rock mass according to
Fermat’s principle (gray solid line in Fig. 1), but in this
paper we consider a model of EMW propagation along
a raypath (black dashed line in Fig. 1) in a rock mass
consisting of n layers of hi thickness with given values
of ¢, and v, with i ranging 1 to n. A local feature, indi-
cated by the black circle in Fig. 1, is located in the last
layer at depth h,. The distance h,, traveled by the ray
from georadar to the local feature, will be equal to:

h =\(x—x,)" +h.

When moving the georadar along the profile, the
x coordinate will increase, while h, will correspon-
dingly decrease, forming the left branch of the hy-
perbola and reaching a minimum at the point x = x,,
where the vertex of the hyperbola will be located. At
x > x,, the values of h, will increase and correspond
to the right branch of the hyperbola. In the interme-
diate layer numbered i, the ray travels a distance h,,
which is greater than the thickness of the layer h, at
all points except x,:

h, = h , iel..(n-1),
cosa
where
. [ X=X,
o = arcsin .
hr

Since in the last layer the ray travels a distance
smaller than h,, then h,, will be equal to:

n-1
ho _Zhi
_ i=1
" coso
X Xo
A N A
Lay 1 Ll“&
8’17 Vl hl N
v \
A \
Lay 2
!y hZ N é
€2, V2 v \
ho
A \
Layn-1 N
g Vv -y
n-1y Vn-1 v \
L A \OF
b h, 4
€,y Vn v

Fig. 1. Schematic diagram of the model of electromagnetic
wave propagation in a layered rock mass
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The ray propagation time in layer i:
h

i

V.

1

ri

The total time ¢, of the ray propagation from the
georadar to a local feature will be:

t=>t.
i=1
Then the averaged ray velocity will be equal to:

ihri
=1

r tr
Equation of a hyperbolic time-distance curve in
a homogeneous medium [2]:
- 0
v
For a horizontally layered medium, equation (1)
will take the following form:

i=1 i=1 i=1 Vi

. X—X,
cos| aresin—
,

Based on the basic trigonometrical identity and
the positivity of the cosine function in the area of
arcsine values, we transform the denominator of the

fraction:
2
X=X | _ 1 X=X | _
h h

~ I =(x—x,) _hy

h h '

T r

\%

t

t

V. vV, cosa

1

cos{arcsin

Then the equation of the hyperbolic time-dis-
tance curve of GPR impulses reflected from a local
feature located in a layered rock mass can be repre-
sented as (2). When substituting parameters for a sin-
gle-layer medium into equation (2), it coincides with
expression (1):

_2h, Z": h )
oy @)

When processing georadar data, the hyperbolic
time-distance curve having the form corresponding
to expression (2) is approximated by a hyperbola ha-
ving the form according to equation (1). The values
of EMW propagation velocity calculated as a result of
such approximation are not true, but apparent Vapp)s
and represent some integral value of EMW velocities
in all overlying layers. To determine the dependence
of v,,, on the values of v in the layers overlying the

t

app
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local feature, we equate equations (1) and (2) to each
other:
$h

vapp hO i=1 Vi

r

2, _2h

And let’s express v,,,:

S 3)

According to the known dependence v= c/ Je'
(c =300 000 km/s = 0.3 m/ns) [2], the apparent dielec-
tric permittivity will be equal to:

,  {&h ’
e =— > —+1.
g5

It is impossible to estimate the EMW propaga-
tion velocity in the rocks of a particular layer from the
value of v,,, and it can be assumed that v of each
layer is in the range of v,,, + Av. For example, if in
GPR measurements of a permafrost rock mass with v
in the narrow range of 100-150 m/usec (the average
value v, ~ 125 m/psec) [14] v,,, will be higher than
100 m/psec, then the rock mass as a whole can be
characterized as frozen. However, in such rock masses
there may be a layer of rocks in thawed state, which
can be detected by georadar data, but there is a prob-
lem with its identification [15]. In this connection
there is a problem of determining the influence of
a layer of rocks with a low value of v, on v,,,.

To solve this problem, we used formula (3) and
the fact that v of frozen rocks varies within narrow
limits, and the velocity of EMW propagation in unfro-
zen (thawed) rocks v, is much lower [2]. Let’s repre-
sent a part of a frozen rock mass as layers of the same
thickness h,,,, in each of which the EMW propagation
velocity will be equal to the average value v,,,. The fro-
zen part of the rock mass can be divided into layers ar-
bitrarily, since at the same v their number and thick-
ness do not affect the traveltime of GPR impulses that
make up the hyperbolic lineup. The thickness h,, and
velocity v, in and thawed rock layer are represented
as proportional to h,,, and v,,:

h,=kh,, v,=kv

avr? v avr*®

After substitution into (3), we obtain an expres-
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pagation in a frozen rock mass containing a layer of
thawed rocks:

v hO havr -+ kh havr
app.th i ﬁ % 1/&_ . havr kh
i-1 Y Vour Vavrkv ( 5)
h, (n-1+k) v, (n-1+k,)

% n—l+k—” n—1+ﬁ
vavr kV kV

At k, = 0, according to formula (5), Vyppi = Vaus 1-€.
it will correspond to frozen rock mass. In order to de-
termine how v,,, will change compared to v, in the
presence of a low-velocity layer of thawed rocks, let us
divide formula (3) with the frozen rock parameters h,,,
and v, for all layers, denoted by v,,,, s, by expression (5):

[n—1+khj n—1+k—h
vapp.fr _ ho kv _ kv
h, v, (n-1+k) n-1+k, ©)
%

avr

vapp.th n avr

Verification of the obtained theoretical expressions
using computer simulation data

A simulation of GPR data was performed in the
gprMax system [16], which has positively proved itself
in studies devoted to the determination and analysis
of hyperbolic lineups of GPR impulses [17-19]. The
following parameters were used in the simulation:
probing impulse — Ricker pulse with Fourier spectrum
center frequency of 400 MHz, time-base sweep of 150,
baseline of 0 mm. The data for the simulation are pre-
sented in the table below.

Input file text for gprMax for model #1:

#domain: 4 9.1 0.002

#dx_dy dz: 0.002 0.002 0.002

#time_window: 150e-9

#material: 6 0 10 sloil

#material: 40 10 sloi2

#waveform: ricker 10 0.4e9 my ricker

#hertzian_dipole: z 0.1 9 0 my_ricker

#rx: 0.190

#src_steps: 0.0100

#rx_steps: 0.01 00

#box: 0004 9 0.002 sloil

#box: 0004 7 0.002 sloi2

sion for the apparent velocity v, of EMW pro- #cylinder: 2502 50.002 0.01 pec
Table
Parameters of rock mass models
Model No. Quantity of layers Layer thickness, m €' v, m/ps hy, m
1 2 2;7 6;4 122.5; 150 4
2 3 2;2;4 8;6;4 100; 122.5; 150 6
3 5 1;1;1;0.5;2 6;4;6;20;4 122.5; 150; 122.5; 67; 150 4.5
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The simulation result (out-file) was exported to
the format of the GeoScan32 software program (of
SPC GEOTECH manufacturer), in which the depth
scale origin and the Baseline parameter equal to
1 were set. Fig. 2, a shows the results of the simulation
(Model #1), the values of ¢,,,, calculated using the
“Hyperbola” procedure, and v,,,. The traveltimes of
impulses reflected from the lower boundary of layer 1
t, and from the local feature, the top of the hyperbola,
t,, according to formula (1) are equal to:

t,=32.7ns; t,=t, +26.7=59.4ns.
According to formulas (3) and (4), v
equal to:
Vapp = 0.1349 m/ns = 134.9 m/ps;
& gpp = 4.9484.
Verification of the values obtained:

and ¢',,, are

app app

v =L,= 0.1349 m/ns.

Je'

Thus, the relative error of the values of v,,, and
&'y Calculated in the GeoScan32 program was 0.07
and 0.37%, respectively. For model No. 2, from the
calculations by formulas (3) and (4), the values of v,
= 123.7 m/psec, €',,, = 5.8853 were obtained.

To verify formula (6), we first calculate v, ; for
the model of frozen rock mass with thickness h, =5 m,
consisting of n = 5 layers with h =1 m, v=122.5, 150,
122.5,134.2, 150 m/us and €' = 6; 4; 6; 5; 4. According
to expression (3), V,,,» = 134.7 m/ps.

Further, instead of the fourth layer, we introduce
a low-velocity layer (model No. 3 in the Table) with
such parameters hy;, v;, so that the value of v, is in
the range characteristic of thawed rocks. Let us set

app
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the thickness of the thawed layer h,, = 0.5 m (thus h,
decreases to 4.5 m) as half (k, = 0.5) of the thickness
of the averaged layer h,, = 1 m, and the EMW pro-
pagation velocity in it is two times less (k, = 0.5) than
the average value (at ¢',,, = 5) of v, = 134.2 m/ps, i.e.
v, = 67.1 m/us, €'y, = (avr/v,)* = 20. Other parameters
of the simulated rock mass are presented in the Table.
According to formula (3), v, s = 121.2 m/psec, which
is confirmed by the result of the calculation of v,
based on the computer simulation data (Fig. 2, ¢), the
relative error of which, compared to the exact value,
was less than 0.5%.

Now we can calculate how the apparent EMW
propagation velocity in the rock mass model has
changed with the introduction of a low-velocity layer
(into the model):

\%
—erf _1.1114.

vapp.th

That is, in the presence of a low-velocity layer with
the above parameters, v,,, decreases by *10%. In order
to obtain this result, we had to carry out the whole set
of calculations to calculate v,,, both for a fully frozen
rock mass and for the case with a layer of unfrozen
(thawed) rocks. Such calculations can be substantially
simplified if we use formula (6), which allows to ob-

tain the same result with accuracy to thousandths:

v n—1+llih
el = » =1.1111.
Vepn  N—1+k,

To confirm that formula (6) is correct when the
frozen part of a rock mass is subdivided into an arbi-
trary number of layers, calculations were performed

0 1 2 3 Lm 0 1 2 3 Lm 0 1 2 3 Lm
0 1 1 1 0 1 1 1 0 1 1 1
10 10+ 107
20+ 20 20
30 1 304 30
401 401 40
501 501 50
60—A 60 - 601
70 1 70 70
80 80 80_/—\
90+ 90 - 90+
1001 100 == —— 100
1104 1101 1104
1201 120 1 120
130 1 130 1 130
1401 140 1 140
t,ns y t,ns t,ns y

b

Fig. 2. Synthetic radargrams of models Nos. 1(a), 2(b) and 3(c)
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for the model with 3 and 9 layers. Only one parame-
ter, k;, changes, for instance, at n =3 (h =2, 0.5, 2 m),
k, = 0.25, at n = 9 (thickness of each layer is 0.5 m),
k,=1:

1%
n=3 — —®F 11111

vapp.th

v
n=9 —» —2F _11111;

Vapp.th

In general, to determine whether v,,,, will be
within the range of the values characteristic of fro-
zen rocks, for example, in Central Yakutia, at arbitrary
k,, k,, we substitute into formula (5) the averaged va-
lues characteristic of this region, v,, = 125 m/us and
Vapp.n = 100 m/ps [14], then with a very significant dif-

ference between v,,, ; and v, ;,:
Yunsr _y 35
Vapp.th

we obtain from (5):
125(n-1+k,)

100 =
n —1+k—z
from where
% =0.8. o
k

v

When v,,,,, increases or v,,; decreases, ex-
pression (7) will be greater than 0.8, and the ratio
Vapp.fi/ Vapp.n Will decrease, which will lead to difficul-
ties in interpreting GPR data to identify the presence
of a layer of thawed rocks on the basis of analyzing
the hyperbolic time-distance curve of GPR impul-
ses. The estimation of the feasibility of detecting the
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layer of thawed rocks based on the values of para-
meters kj, k, according to formula (7) was performed
for the region of Central Yakutia. For other regions
the calculation should be accomplished with the cor-
responding values of EMW propagation velocities in
frozen and thawed rocks.

Conclusions

The performed study allowed to develop a model
of hyperbolic time-distance curve of GPR impulses
reflected from a local feature located in a rock mass
with an arbitrary number of layers. On the basis of
the developed model, the expressions for the ap-
parent values of electromagnetic wave propagation
velocity and the material part of the relative com-
plex dielectric permittivity calculated from the hy-
perbolic time-distance curve of georadar impulses
were obtained. The obtained expressions allowed us
to determine how the velocity of electromagnetic
wave propagation in a rock mass containing a layer
of unfrozen (thawed) rocks decreases compared to
a fully frozen rock mass. The findings of the theo-
retical studies were confirmed by comparison with
the results of the analysis of the data of the georadar
measurements computer simulation in the gprMax
system (the relative error was less than 0.5%).

The results obtained in the course of the study
are of great importance for the development of me-
thodological support of GPR for determining elec-
trophysical properties of rocks, which will increase
the reliability of the assessment of their physical and
mechanical properties, especially in the area of per-
mafrost occurrence. Practical application of the ob-
tained results in studies aimed at automated deter-
mination of electrophysical properties of rocks and
soils by hyperbolic time-distance curves will allow
to create a database with up-to-date information on
dielectric permittivity of rocks.
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Abstract

Geotechnical rating classification systems of rock masses are an important tool in the design of underground
mining systems. They are especially relevant at the early stages of project development, when primary mining
and geological information is available to a limited extent. The presented work shows an approach to the
collection of initial information and calculation of RMR (Rock Mass Rating) and Q Index for the rock mass
of deep levels of the Udachny underground mine exploiting the kimberlite pipe of the same name. Since the
classifications are multi-component systems, they impose heavy demands on the scope and quality of primary
data, which can be met by applying an integrated data collection system. The bulk of these were obtained by
acoustic televiewer tool (ATV) combined with geologic and structural logging of non-oriented core. Data on
physical and mechanical properties of rocks, stress-strain state, and hydrogeological conditions were also used.
The ratings were calculated interval by interval along holes, in which acoustic logging was performed. The
acoustic wave amplitude parameter, which depends on the physical properties of a rock mass and the degree
of its structural disturbance, was proposed as one of the criteria for distinguishing geotechnical intervals.
The moderate level of correspondence between Q and RMR systems was established to be due to the different
“sensitivity” and structure of the input parameters. Using the calculated ratings, the rock masses of ore bodies
and host sediments were evaluated for stability (classes/categories have been assigned), and the optimal
method and parameters of workings support were determined. The geotechnical database accumulated during
the research process provides the feasibility of calculating alternative ratings such as MRMR, RMi, GSI, etc.,
without the use of transient equations.
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AHHOTaUuA

leoMexaHMUeCKME PEMTUHTOBbIE KIacCubMUKaLMM MaCCUBOB SIBJISIIOTCS BAXKHBIM MHCTPYMEHTOM IIPU TIPO-
eKTUPOBAHUY TIOA3EMHBIX TEXHOIOIUI O0TPaboTKM MecTOpokAeHMii. OCOOEeHHO aKTya/IbHbl OHM HAa PAHHUX
CTagusax pa3paboTKM MTPOEKTA, KOTIA MePBUYHAS FOPHO-Teoornueckast MHGOpMaIus JOCTyIHA B OTPaHMU-
yeHHOM 00beMe. B rpezcTaBisseMoit paboTe oka3aH MOAX0/ K C60PY UCXOMHOI MHGPOPMAIMK U pACUeTy peii-
tuHra RMR 1 mHmekca Q IJist MacCuBa FOPHBIX ITOPOJ, IITYOOKMX TOPU30HTOB ITOA3EMHOTO PYIHMKA YIaUHbIM,
OTpabaThIBAIOIIErO0 OJHOMMEHHYIO KUMOEPIUTOBYIO TPYOKY. TTOCKONBbKY KiacCuDUKALMM SBIISIIOTCS MHOTO-
KOMITOHEHTHBIMU CUCTEMAaMU, OHU TPEIbSIBISIIOT BHICOKVE TPeOGOBaHMS 10 00beMY M KaueCTBY MePBUYHOI
mHbOpPMaIy, BHITOTHEHME KOTOPBIX BO3MOKHO ITyTeM MTPUMEHEHUST KOMIIEKCHOV CUCTEMBI cO0pa TaHHbIX.
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OCHOBHOI1 MX 06'bEM ITOJTYYeH IIOCPEeSCTBOM aKyCTUUECKOTO TeJIeBbIOBEPHOTO KapOTaXa, COBMEIIEHHOTO C Te-
OJIOTO-CTPYKTYPHO# TOKyMeHTalleil HeOPMEeHTUPOBAHHOTO KepHa. Takke MCIIOIb30BaHbI TaHHbIE O HU3U-
KO-MeXaHMUYeCKMUX CBOJCTBax IOPOJ, HANPSDKeHHO-IeOpPMUPOBAHHOM COCTOSIHMM M MAPOTe0OTMYeCKUX
yaI0BUsX. PacueT peiiTMHIOB ITpOM3BeleH [IOMHTEPBAIbHO BIOIb CTBOJIOB CKBAXXKMH, B KOTOPBIX IIPOU3BOLMII-
CS1 aKyCTMYECKMI1 KapoTax. B kauecTBe OIHOTO U3 KPUTEPUEB IJIS Bl e/eH)SI reOMeXaHUUeCKMX MHTEPBAJIOB
TIPEeJIOKEH MapaMeTp aMIUIUTYIbl aKyCTUYECKO BOTHbBI, 3aBUCIIINI OT (DU3UUECKUX CBOVICTB IMOPOTHOTO
MacCuBa U CTEIIEHU ero CTPYKTYPHOM HapYyIIeHHOCT). YCTaHOBJIEH CpeqHMI YpOBeHb cBsI3u Mexay Q u RMR,
YTO OOYC/IOBJIEHO PA3HOI «UYBCTBUTEIbHOCTbIO» U CTPYKTYPOIi BXOAHbIX IMapaMeTpoB. C MOMOIIIbIO paccum-
TaHHBIX PeMITMHIOB MaCCUB PYLHBIX TeJl ¥ BMeIAloL X OTII0KEHUIA OLleHeH I10 CTelleHY YCTONYMBOCTH (I1pU-
CBOEHBI KJIACChI/KaTErOPUM), & TAKKE OIPe/eIeHbl ONITMMAbHbIE CITOCO6 U ITapaMeTphl KperieHus BbIpabo-
TOoK. HakoruieHHast B mpoiiecce MPOBeeHNsST UCCIeIOBaHNi 6a3a reoMexXaHMYeCKMX JaHHbIX 00ecreunBaeT
BO3MOSKHOCTh pacueTa ajJbTePHATUBHBIX PEMTUHIOB, TakMX Kak MRMR, RMi, GSI u np., 6€3 UCIIOTb30BaHMSs
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TIepeXOIHbIX YPABHEHMIA.
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peiituHroBast kinaccudukauys, RMR, Q, kumbepiutoBas Tpybka YmauHasi, TejeBblIOBEp, TPEIIMHOBATOCTb,
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Introduction

Rating classifications in their current form were
formed as a result of accumulation of huge practical
experience of specialists, accumulated in the course
of comprehensive study of rock masses in a variety of
mining and geological conditions. Despite the wide-
spread introduction of numerical simulation methods
developed back in the 1970s, rating classifications do
not lose their relevance even nowadays, being used as
a means of short-term prediction of rock mass beha-
vior. In the world mining practice the following geo-
technical classifications are most widely used: Rock
Mass Rating RMR [1, 2], rock mass quality index for
underground mining Q (the Norwegian Geotechnical
Institute Tunneling Quality Index), Barton [3, 4], mi-
ning rock mass rating MRMR [5, 6], geological strength
index GSI [7, 8]. In their structure, the classifications
take into account to some extent all the characte-
ristics of a rock mass that can potentially reduce its
strength compared to the initial strength of intact
rock. These characteristics include: physical and me-
chanical properties of rocks, the degree of disturbance
of a rock mass by structural defects (faults, joints, lay-
ering elements), frictional properties of the structu-
ral defects, as well as water content and stress-strain
state of a rock mass.

Since the classifications are multi-component
systems, they impose heavy demands on the scope
and quality of primary data, which can be met by ap-
plying an integrated data collection system. For early
stages of design, a high level of quality and prompt-
ness in their collection is provided by an integrated
study, including televiewer logging combined with the
results of non-oriented core logging [9, 10]. A similar

integrated study was applied in the collection of ini-
tial data for the calculation of RMR and Q rating pa-
rameters for deep levels of the Udachny underground
mine. The main findings of the conducted research
are presented in this paper.

Subject of research

The Udachnaya kimberlite pipe is one of the
largest diamond deposits, which is currently be-
ing exploited by underground mining. The deposit
is represented by two pillar-shaped ore bodies —
Udachnaya-Zapadny (Zapadny Ore Body, ZOB) and
Udachnaya-Vostochny (Vostochny Ore Body, VOB),
composed of a typical formations for pipes of the
Yakutsk diamondiferous province: porphyritic kim-
berlite of early generations and autolithic kimberlite
breccia of the final stages of magmatism [11]. The
rocks of the sedimentary complex hosting the pipe,
as well as halogenic sediments occur as xenoliths.
The sedimentary xenoliths predominantly occur
within the ZOB, where they form so-called floating
reefs [12]. The thick salt deposits within the kimber-
lite pipe are a unique feature of the structure of the
Zapadny ore body. A possible process responsible for
the presence of the salts in the pipe is the alteration
of the deposit kimberlites by external saline ground-
water [13]. The pipe is hosted by carbonate and car-
bonate-clayey rocks (limestones, dolomites, marls) of
Early-Late Cambrian.

The open-pit development of the deposit was
carried out until 2014. The depth of the open pit was
640 m, the bottom elevation was —320 masl. Stripping
and mining of the reserves of the first stage below the
pit bottom up to 580 masl is currently performed by
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underground method by the system of induced block
caving/sublevel caving. Preparation of the second
stage reserves occurring between -580 and -1080
masl levels is carried out by drilling deep holes from
underground mine workings.

Methodology of data collection and analysis

The procedure for determining the rating para-
meters of a rock mass is quite simple and boils down
to assigning a certain score (from existing tabular
forms) for one or another type of source data and per-
forming the required mathematical operations with
these values to obtain the desired values of the final
rating. The RMR classification system was developed
in 1973 by Bieniawski [1] and has undergone several
modifications over the years, the latest of which was
implemented in 2014 [14]. The RMR rating is calcu-
lated using the following formula:

RMR:]AI+]A2+]A3+]A4+]A5+]B’ (1)

where J,, is rating of rock mass strength; J,, is rating
of rock mass quality; /5 is rating of joint spacing in
arock mass; /,, is rating of joints characteristics; J is
rating of rock mass water content; J, is rating of joints
orientation in relation to an excavation axis.

The J,, rating characterizing a rock mass jointing
is determined by the following expression:

]A4 :[A4/1 +[A4/2 +[A4/3 +]A4/4- +]A4/5’ (2)

whereJ,, , is joint roughness rating; J ., , is joint length
rating; J,, 5 is joint aperture rating; J,, , is joint mine-
ral infilling rating; ], < is joint wall weathering rating.

The index of rock mass quality in underground
mining Q (the Norwegian Geotechnical Institute
Tunneling Quality Index) was proposed by Barton N.,
Lien R., LundeJ.in 1974 [3]. Q value ranges from 0.001
to 1000 on a logarithmic scale and is determined by
the following formula:

ROD ] ],

<7 T SRE? )
where RQD - rock mass quality; J, — number of joint
systems; /. — joint roughness; ], — degree of joint wall
alteration and mineral infilling (joint cohesion); J,, -
rock mass water content; SRF - stress reduction factor.
The simplicity of the calculations for determi-
ning the rating parameters implies high requirements
to the quality and completeness of the initial data. In
the present work, the initial geological and structural
data was collected by drilling 73 vertical and slightly
inclined holes within the ore bodies with access to the
host sediments (Fig. 1). The holes were drilled from
—465 masl level. This drilling campaign was performed
with complete sampling of non-oriented core.
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Vostochny ore body

Zapadny ore body

500
+7600
o
0
900
+8000

+7700

Fig. 1. Location of the holes used for televiewer logging:
a - plan view; b — view from the south-west.
Depth interval: —465 ... -850 masl

The strength properties of the kimberlite and
host sediments rock mass were determined based on
the results of laboratory tests of core samples. The
samples were collected from the kimberlite, host
sediments (dolomite, limestone), and the host sed-
iment xenoliths. The tests were carried out in the
Geotechnics laboratory of Yakutniproalmaz Insti-
tute according to the methods set forth in GOST
(GOST 21153.2-84 Rocks).

Structural disturbance of the rock mass was es-
tablished by means of televiewing (acoustic) logging
of geotechnical holes. Field geophysical works were
carried out by specialists of Botuobinskaya explora-
tion expedition using QL-40ABI probe jointly pro-
duced by Advanced Logic Technology and Mount So-
pris Instruments.

The principle of an acoustic televiewer opera-
tion is continuous ultrasonic scanning of a hole walls

208


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJIOITMA
2024;9(3):206-220

along its entire depth [15, 16]. The acoustic wave ge-
nerated by the transmitter travels from the instru-
ment to the contact with a rock, the reflected echo
signal returns and, passing through the acoustic win-
dow, is picked up by the acoustic sensor (Fig. 2).

—
M
<
S
R
'-1'
o Wave Wave
amplitude log  traveltime log
__________ (Amplitude) (Travel Time)
," Transmitter
Reflector -
Acoustic
window
Acoustic |
sensor

Fig. 2. Schematic diagram of an acoustic televiewer
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The instrument records the amplitude of the
acoustic wave and the time it takes for the emitted
signal to travel from the acoustic window to a hole
wall and back during the scanning process, and logs
this data along the hole (see Fig. 2). Flat structures
(joints, veins, layers, etc.) are converted into sinu-
soids (Figs. 2, 3) as a result of a hole cylinder scan-
ning during log processing, and the amplitude of the
sinusoids indicates the dip angle of a structure. The
greater the amplitude, the steeper the dip angle. Due
to the built-in high-precision positioning module,
which includes a three-axis ferro-probe magneto-
meter and accelerometer, an oriented in space image
is obtained, which makes it possible to automatically
determine true dips and strikes of joints.

Interpretation of the results of the televiewer
studies was carried out by the paper authors in the
WellCAD program software!. In addition to the logs
themselves, the results of structural and photo log-
ging of core were also included in the processing.
Using the latter, the Core Image Cropper module ge-
nerated a single log of photos positioned along a hole
and georeferenced in depth. This allowed further
comparison of logging results with drilling data and

U https://www.alt.lu/products-wellcad/

(1) 2)

Open joint

. Partially open joint

Closed joint

i
} Healed joi

1
170

Fig. 3. Classification of joints by type (a) and wall roughness (b):
1 - display of the hole wall expressed in the amplitude of the acoustic wave (yellow color — high values, blue - low values);
2 — display of the hole wall expressed in the wave traveltime (yellow color — high values, blue - low values);
3 - log of the acoustic caliper
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rejection of incorrectly recorded joints. The direct
distinguishing and characterization of joints was per-
formed in the ISI (Image & Structure Interpretation)
module. Four main types of structures were defined
and the first of these was an open joint. It is charac-
terized by low wave amplitude and increased time for
which the wave travels from the instrument to a hole
wall and back, compared to an intact fragment [17]. In
this case, on the acoustic caliper plot, a large anomaly
will correspond to the area of an open joint (Fig. 3, a).

The second type of structures is a partially open
joint. Visually in the amplitude field it is similar to
a fully open one, but in the time field it does not have
a single pronounced anomaly. The third type of struc-
ture, closed joints, is characterized by the absence of
any anomalies in the wave traveltime log and caliper
log. At that, such joints are displayed as thin lines of
reduced amplitude values. Joint infilling also affects
their visualization in logs. For instance, structures
filled with solid minerals, due to the impedance dif-
ference, often have increased amplitude values, but at
the same time are not distinguished on the time logs.
Clay or gypsum infilling is expressed as low amplitude

elSSN 2500-0632
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anomalies. If it is partially washed out of the joints
during drilling, the wave traveltime increases, which
is reflected by the appearance of anomalies in the cor-
responding log.

The frictional properties of joints and primarily
their wall roughness can be determined from ampli-
tude images [18, 19]. At the same time, they can be
determined most accurately and reliably for smooth,
slightly rough, and roughly rough joints [17, 20]
(Fig. 3, b). In order to validate the frictional proper-
ties of joints and their further subdivision, structural
core logging was used [21]. In addition to roughness,
it is used to determine the types and thickness of mi-
neral infilling, which are difficult to establish reliably
through hole logging.

Numerical assessment of the degree of a rock
mass disturbance by joint was carried out by deter-
mining the RQD parameter and the number of joints
per linear meter of an investigated hole. For this pur-
pose, the WellCAD program software has appropriate
modules that use the joint data (depth, dip and strike)
extracted in the process of log interpretation for cal-
culation (Fig. 4).
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Fig. 4. Calculation of quantitative parameters of structural disturbance of the mass:
1 - hole wall mapping expressed in acoustic wave amplitude (yellow — high values, blue — low values);
2 - hole wall mapping expressed in wave traveltime (yellow — high values, blue — low values); 3 — core photo;
4 - “tadpole” joint plot; 5 - joint frequency per linear meter; 6 — RQD. Vertical scale 1 : 40
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Findings

The rock mass of the studied deposit consists
of three lithologic domains of the first order — the
host terrigenous-carbonate sediments and the
diatreme kimberlite bodies themselves. Within the
distinguished large units, the evaluation of rating
parameters from hole data was performed for indi-
vidual geotechnical intervals representing sections
of a rock mass with continuous lithology, physical
and mechanical properties, and structural features.
As a rule, lithology and structural features are confi-
dently determined during geotechnical core logging,
but the distinguishing intervals of similar physical
and mechanical properties of rocks is often a prob-
lem, because even within the boundaries of one li-
thology there can be a wide variation of strength
properties. To solve the problem, this research uti-
lizes the property of rocks to reflect acoustic waves.
The extent of this reflection is directly related to the
physical properties and condition of a hole surface.
A smooth wall formed in compact rocks reflects more
energy and thus has a higher amplitude than a rough
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wall. The reflectivity of walls formed in hard and/or
monolithic rock is higher than those intersected in
soft or intensely jointed rock. The rocks with a large
proportion of clay component are characterized by
the smallest amplitudes due to energy absorption.
The same applies to joints, especially open joints or
joints with soft infilling. In the amplitude logs they
are shown in blue shades according to the adopted
color scheme (see Fig. 3). An example of selecting in-
tervals based on the amplitude of an acoustic wave is
shown in Fig. 5.

Fig. 5, a presents a fairly clear dependence of the
wave amplitude (columns I and 3) on the degree of
joint disturbance of the rock mass, expressed through
the number of joints per linear meter of a hole
(column 4). The most structurally disturbed areas
with high values of joint frequency index (inter-
vals 4 and 6) are characterized by low amplitude va-
lues. Fig. 5, b, in contrast, shows a relatively mono-
lithic, virtually joint-free fragment. In the 140-154 m
interval, the acoustic wave amplitude (columns I
and 3) clearly shows an area with significantly higher
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Fig. 5. Example of geotechnical intervals selection by acoustic wave amplitude:
1 - mapping of hole wall expressed in acoustic wave amplitude (yellow color — high values, blue — low values); 2 - lithology column;
3 - averaged acoustic wave amplitude calculated for one turn of the transmitter; 4 — joint frequency per linear meter.
Vertical scale 1 : 200
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values, which corresponds to the sedimentary rock
xenolith in the matrix rock mass of the kimberlite
breccia recorded by the results of geological logging
of the hole core (column 2). At 125 and 150 m, sam-
ples were collected from kimberlite and xenolith
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showing uniaxial compressive strength (UCS) values
of 8.95 and 30.51 MPa, respectively, indicating that
there is a relationship between rock strength prop-
erties and acoustic wave amplitude, which was re-
vealed in a number of studies [22, 23].

J.» — rock mass quality (RQD)
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Fig. 6. Histograms of distribution of input parameters for RMR rating calculation
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A total of 4,636 geotechnical intervals were iden-
tified for 73 holes. The length of an interval ranges
from one meter for areas with complicated structures
to six meters for those with relatively simple struc-
tures. The results of estimation of each input para-
meter separately for the selected lithologic domains
are presented in the form of histograms in Figs. 6 u 7.

For the rocks hosting the pipe, uniaxial compres-
sive strength ranges 28.14-71.73 MPa with a mean
value of 41.05 MPa (Fig. 6, a). The highest degree of
variability in strength properties is characteristic of
kimberlite breccia of the ZOB and VOB (including por-
phyritic kimberlite and autolithic breccia). The mea-
sured strength values range 2.15 to 119.48 MPa with
a mean value of 32.54 MPa. The large variation of the
uniaxial compression strength values of kimberlites
is explained by the fact that their physico-mecha-
nical and strength properties depend on their mine-
ralogical and chemical composition and particle size
distribution. These characteristics vary considerably
among the kimberlites, both in area and depth. In ad-
dition, the kimberlites are subject to hypergene alte-
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ration, which leads to changes in their mineral com-
position and, consequently, to variations in strength
characteristics [24]. In general, the obtained values
of strength characteristics correspond to rock of low,
moderate, medium, and high strength according to
the existing classification [25]. At the same time, the
overwhelming volume of the ore bodies is occupied by
kimberlites of low and moderate strength.

RQD values vary widely, from 50 up to 100%
(Fig. 6, b, Fig. 7, a), with average values with low
coefficient of variation exceeding 90%, which cor-
responds to very good quality of rock masses for all
lithologies [26]. It should be noted that the final RQD
value is significantly affected by the quality of dril-
ling, the orientation of a hole with respect to joints,
and differences in joint spacing. For example, RQD = 0
when joint spacing is 100 mm or less, while RQD = 100
when the spacing is 110 mm or more. Another dis-
advantage is that RQD does not provide information
on core fragments <10 cm, i.e., no weight is given to
whether rejected fragments up to 10 cm in length are
loose or compact (hard) rock.
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Joint spacing was defined as the inverse of the
joint modulus (number of joints per unit length (lin-
ear meter)). For correct estimation of this parameter,
the orientation of a hole with respect to the joints
in the rock mass is important, as demonstrated in
Fig. 8, which shows three logged intervals disturbed
by joints with the same distance between them equal
to 0.1 m.

In the first interval (50-51 m), within which
joints are located perpendicular to the core axis, joint
modulus is equal to 10 joints/lin. m. For the second
interval (51-52 m) with joints located at an angle of
45° to the axis, a modulus equal to 7 joints/lin. m was
obtained. Finally, for the third interval (52—-53 m) with
an angle between the core axis and the joints of 20°,
the modulus is 4 joints/lin. m. The true joint modulus
was obtained only for the first interval, while for the
other two intervals the modulus proved to be under-
estimated. In this case, the example considers only
one joint system, while in a real rock mass, as a rule,
two or more systems and several random (unsystem-
atic) joints are developed, which affect the final va-
lue of the modulus. That is why, Terzaghi weighting
was used in the calculation of this parameter [27].
It proportionally increases the “weight” of joints in
a sample set (weighted average of each joint in a set)
that are located at an angle other than right angle to
a hole axis. The more acute the angle between a joint
and a hole axis, the greater the value of the Terzaghi
coefficient.

The rock mass of sediments hosting the pipe can
be classified as practically monolithic (jointing class
I according to SNIP 11-94-80) with the average joint
spacing more than 1.5 m (Fig. 6, ¢). For the rock mas-
ses of kimberlite bodies, there is almost a threefold
excess of the joint frequency index in the VOB rock
mass, indicating that it is significantly more disturbed.
This confirms earlier conclusions based on the results
of structural logging of the mine workings walls [28].
The kimberlites are medium-jointed rocks (class III,
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0.5-1 m joint spacing), while the VOB kimberlites are
highly jointed (class IV, 0.1-0.5 m joint spacing).

Lower values of joint frequency are observed for
halogenic deposits, which are explained by their rheo-
logical properties, namely increased plasticity, which
compensates for the applied tectonic and lithosta-
tic loads. The xenoliths within kimberlite bodies are
characterized by higher jointing than the host rock
strata. In all likelihood, this is due to the processes
of additional disturbance during the intrusion of kim-
berlite melt.

Estimating the true extent of joints is a very non-
trivial task, especially from hole data, due to their
three-dimensional nature, limited manifestation, and
high variability of parameters. This parameter can be
most accurately obtained by visual tracing of distur-
bances along the walls of outcrops or mine workings.
However, the size of mine workings is often smaller
than the extent of joints/faults, making it impossible
to accurately determine their length. Statistical ana-
lysis of joint measurements performed within the un-
derground mine workings [28] showed that joints up
to three meters long predominate in the rock mass.
It should be noted that this figure is largely approx-
imate, as the estimate of the extent of larger joints
and local faults is limited by the cross-section of mine
workings (about 5 m). Taking into account the data
obtained during structural studies in the Udachny
open pit, the average joint length is assumed to be
3-10 m as a design average.

Based on the results of core logging, it was found
that in the rock masses of both host sediments and
kimberlite bodies rough joints of flat, undulating, and
stepped configurations significantly dominate (see
Fig. 6, d, Fig. 7). Moreover, joints in the kimberlite are
more often characterized by greater roughness than
joints in the sedimentary rocks. Roughness of joints
without infilling increases the friction angle across
them and hence increases the shear resistance in the
plane of the defect. Also within the rock mass and
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Fig. 8. Example of joint modulus calculation based on a hole core logging data (depth increases from left to right)
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especially in the endo/exocontact zone, joints with
slickensides were noted. The presence of displace-
ment signs on the joint planes, such as slickensides
and slip grooves, having dip along the dip of the joint
planes significantly reduces the shear resistance.

At low degrees of roughness, the greatest in-
fluence on joint shear strength is exerted by the
strength properties of the mineral infilling. Most of
the joints in the kimberlite of the Zapadny ore body
and the host sediments have no mineral infilling (see
Fig. 6, ). The main joint infilling is carbonates with
subordinate importance of sulfates and halogenic
rocks. Joints with sulphide manifestations are signifi-
cantly more common in ZOB, while in VOB a rather
large number of joints demonstrates ferruginization
of the walls. The main joint infilling in the kimberlite
joints of the Vostochny ore body is rock salt. For the
host rocks, salt-filled joints are not widespread, al-
though a quarter of all joints recorded in the argilla-
ceous limestone at the contact with the VOB are salt-
filled. Clay and quartz are also noted in single joints.
The latter is more often found in the form of druses
and vuggs and is associated with the hydrothermal
stage of kimberlite alteration [29]. The vast majority
of the filled joints are 1 to 5 mm thick, less frequently
5 to 10 mm thick. The greatest thickness is characte-
ristic of joints filled with salt and calcite.

Based on the results of the analysis of interval
jointing diagrams, it was found that the studied rock
mass is characterized by the prevalence of one, less
often two joint systems complicated by single un-
systematic (random) joints (see Fig. 7, b). This is due
to low tectonic activity in the deposit location area
(central part of the Siberian Platform) and the ab-
sence of large high-rank faults. The largest number
of joint systems is recorded in the exo-endocontact
zone, which demonstrates increased disturbance due
to thermodynamic effects from the intrusion of seve-
ral portions of kimberlite melt.

The main source of water inflow to the depo-
sit is the Middle Cambrian Aquifer Complex (MCAC)
with two aquifers with enhanced filtration properties
[12]. The MCAC groundwater is highly mineralized,
gas-saturated, confined to limestone-dolomite sed-
iments of the Middle-Lower Cambrian [30]. The va-
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lues of formation pressures vary from 4.5 to 15.6 MPa,
and the water inflows range from 0.6 to 228 l/min,
which suggests medium level of water inflow into un-
derground mine workings at deep levels of the mine.
Consequently, the parameter ], from the RMR system
is assumed to be 4, which corresponds to drip, and the
parameter /, of the Q system is assumed to be 0.66 —
the water inflow level is medium.

The data on the stresses acting in the rock mass,
which can be used to estimate the SRF factor in the
calculation of the Q rating, are obtained from the re-
sults of investigations by the method of measuring
hydraulic fracturing. In terms of effective stresses, the
rock mass can be conditionally categorized as class B
(strong rocks with stress (pressure) problems)>2. In this
case, the SRF factor is estimated by the ratio /o,
where o, is the uniaxial compressive strength; o, is
the maximum stress (Table 1).

The obtained high SRF values indicate poten-
tially rockburst hazardous conditions of the depo-
sit development in the studied depth interval. At the
same time, according to the mine's geological ser-
vice specialists, no dynamic manifestations of rock
pressure (“crackle” in the rock mass, intensive roof
breaks, “flaking” of rocks on the contour and in pil-
lars, rock bursts) were observed during driving de-
velopment workings at —-480, -580 (-630) levels.
Analysis of photologging of geotechnical hole cores
showed the absence of large volumes of core disking,
which is characteristic of brittle-elastic rocks under
high-stress conditions, which also indicates a low
potential for rockburst hazard of the rock mass at the
investigated depths. The contradiction between the
calculated data and the behavior of the rock mass in
practice can be explained by the fact that as the ne-
cessary conditions for the rockburst manifestations,
in addition to exceeding the compressive strength of
rocks by the acting loads, it is required the rate of
loading of rocks to exceed the rate of development
of plastic or elastic-viscous deformations [31]. In
absence of direct data confirming the presence of
high stresses in the rock mass, a SRF value of 2.5 was
adopted as a design value.

2 Using the Q-system. Rock mass classification and
support design. NGI. 2015. 56 p.

Table 1
Estimation of SRF (stress reduction factor)
Level Rocks o, MPa c., MPa c./0; SRF
-465 Kimberlite (ZOB) 22.75 2.15-119.48 0.09-5.25 0.5-400
-465 Kimberlite (VOB) 20* 3.89-98.11 0.19-4.9 5-400
-480 Host rocks 26.8 27.9-71.3 1.04-2.66 50-400
-580 Host rocks 31.35 27.9-71.3 0.89-2.27 50-400

* no in-situ measurements of stress in VOB were performed
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Findings Discussion

Application of the approach described above to
the collection and analysis of mining and geological
information on the studied deposit allowed to calcu-
late RMR and Q ratings and on their basis to perform
categorization of the rock mass condition (Fig. 9).

According to the classification of Bieniawski [2] the
considered lithologic domains include areas of poor,
satisfactory, and good condition, which corresponds to
IV, I11, and II categories of rock masses in terms of sta-
bility. According to the averaged values, the ZOB and
VOB kimberlites belong to the third category, while
the host sediments have a intermediate value between
the second and third categories. The average stable
condition time ranges from 6 months (for spans up to
8 m) to 10 hours (for spans up to 2.5 m).

The Q rating is characterized by a range of values
from 0.18 to 105.6. This variation in minimum and
maximum values is due to the fact that the Barton’s
classification uses a logarithmic scale with a spread
of 10°. Based on median values, the VOB kimberlites
refer to class D with poor rock mass condition. Most
of the ZOB rock masses can be categorized as Class C
with a medium condition. The rocks that host the pipe
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predominantly fall into Class C with a medium rock
mass condition.

The obtained estimated values of rating pa-
rameters are preliminary and rather conservative,
requiring validation in the course of mining opera-
tions. This is due to the fact that the collection of
geological and geotechnical information necessary
for the calculation in the required volume and with
the required level of data reliability is associated
with numerous limitations. Thus, some of the input
components for calculating the ratings were esti-
mated from indirect data and assumed to be con-
stants for the whole rock mass. This concerns the
length of joints, water content of rock mass at the
design depths, orientation of joints in relation to
the design workings, and stresses acting in the rock
mass. In the absence of the possibility of accurate
estimation of missing parameters, the use of two
or more classification systems in the design of de-
posit development methods provides a more com-
plete and comprehensive picture of the geotechnical
conditions of a rock mass and potential risks in its
development, as the authors of the rating systems
themselves say [2, 35].
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Although there are many similarities between the
RMR and Q classification systems, the different “sensi-
tivity” of the parameters used and their structure result
in the fact that the same rock mass areas characterized
by different classifications can have significant differ-
ences in the final values, as shown in the scatter cor-
relation diagram (see Fig. 9). As can be seen, for Q = 1
RMR varies over a wide range from 32 to 62, and for
a RMR value of 50, the Q rating varies from 0.5 to 45.
This moderate correlation is due to several reasons.
The Q rating does not directly take into account the
strength characteristic of rocks. Although an attempt
was made in [36] to introduce uniaxial compression
strength into the scheme for calculating the Q, rating,
this correction was not widely used. The RMR system
does not take into account overstress conditions (rock-
bursts) and is designed for applications with stresses up
to 25 MPa, while for the Q system the active stresses in
the rock mass are determined by the ratio of /,, and SRF
values. Besides, the Q and RMR systems characterize
fault zones differently. In the RMR system, no special
parameter is used, while in the Q system the influence
of faults is taken into account indirectly through the
SRF parameter. In addition, the correlation depends on
the type and structure of a rock mass, as demonstrated
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in numerous works [2, 32-34]. Some of the correlation
curves are shown in Fig. 9. Since the rock mass under
consideration is a combined rock mass, i.e., consisting
of a layered and a non-layered components, the in-
fluence of the rock mass structure will be high.

The RMR and Q systems work best in a blocky rock
mass, so its degree of disturbance, expressed through
the RQD, or joint spacing, is often the most important
input parameter on which the resulting value of both
ratings depends. Given the previously mentioned
shortcomings of the RQD parameter as a measure of
structural disturbance of a rock mass, the potential
error that this parameter introduces into the resulting
ratings should be taken into account and evaluated.

Despite the above-mentioned discrepancies, each
of the systems allows to characterize the geotechni-
cal condition of a rock mass, to determine the cate-
gory of a rock mass in terms of stability, the time of
stable conditions, the type of driving and the system
of working support. The choice of the basic classifica-
tion system should be made based on the tasks to be
solved and the set of input data. In practice, the Q sys-
tem using the nomogram developed by the Norwegian
Geotechnical Institute (Fig. 10) is more popular in the
selection of systems of underground mine support.
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Fig. 10. Nomogram for selection of workings support parameters based on Q rating
Source: Using the Q-system. Rock mass classification and support design. NGI. 2015. 56 p.
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Evaluation of the optimum characteristics of
the support is carried out with the use of additional
parameters: “equivalent dimension” (ED) and “Ex-
cavation Support Ratio” ESR [3]. For the Udachny
mine, two options of mine workings (excavations)
were considered: permanent workings with ESR
equal to 1.6, as well as face-ends for which ESR is
equal to 1. The span of excavations was taken as
5 m, hence the span/ESR ratio (vertical scale on the
left in Fig. 10) for permanent excavations is 3.1, for
face-ends, 5. Due to the obtained range of Q rat-
ing values in the nomogram (Fig. 10), the follow-
ing support recommendations were proposed. Four
types of support were recommended for permanent
excavations. Local (scattered) support with rein-
forced concrete rockbolts of 2 m long with rockbolt
spacing of 1-4 m for areas with very strong, strong,
and medium rock mass according to the stabili-
ty categories (classes A, B, and C). Systematic rock
bolting with similar rockbolt parameters in combi-
nation with disperse-reinforced shotcrete 5-6 cm
thick for D class rocks. For areas of very weak rocks
(fault zones, areas of contact alteration) it is recom-
mended to reduce the distance between rockbolts
with a simultaneous increasing thickness of the
layer of shotcrete to 9-12 c¢cm. For mine workings
face-ends, similar parameters of support are defined
depending on the category of a rock mass, but it is
recommended to increase the length of rockbolts
up to 2.5 m, as well as a sequential decrease in the
rockbolt spacing and increasing the thickness of
shotcrete layer as the category of stability of a rock
mass declines.
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Conclusion

The application of a comprehensive data col-
lection system including acoustic televiewer hole
logging and geological and structural logging of
non-oriented core, as well as the use of the results of
laboratory studies of physical and mechanical prop-
erties of rocks, in-situ measurements of stress-strain
state and water inflow allowed to calculate the rating
parameters of rock mass condition according to RMR
and Q classification systems for the deep levels of the
Udachny underground mine. Based on them, the ore
bodies and host sediments rock masses were assessed
for stability (classes/categories were assigned), and
the optimal method and parameters of mine workings
support were determined. A database of geotechni-
cal data has been accumulated, which can be used to
calculate other ratings such as MRMR [5], RMi [37],
GSI[7], etc., without transient equations, if necessary.

It should be noted that the calculation of the ra-
tings is an iterative procedure that is repeated as new
data becomes available and lasts for the entire period
of a mine’s operation, and the studies obtained at the
current stage require updating in the course of mining.

Rating classifications are an important tool for as-
sessing a rock mass condition and are largely used as
a means of short-term prediction of its behavior. The
empirical basis of rating systems introduces a limita-
tion to their use as key data sources in engineering
decision making, especially in complicated mining
and geologic environments. Integration of the ratings
with analytical and numerical simulation methods
looks like the most promising approach to account for
the uncertainty and variability of rock mass properties
in the design and operation of underground mines.
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Application of hydrodynamic simulation on the basis of a composite model
to improve the efficiency of gas-condensate reservoir development
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Abstract

At the moment, the use of digital models in the development of oil and gas fields is an effective tool for making
informed tactical and strategic decisions to maximize the extraction of hydrocarbon reserves in a field. At the
same time, the permanent increase in the share of hard-to-recover reserves leads to an accelerated increase
in the role of simulation of reservoir hydrocarbon systems in the development of oil and gas fields. Many gas-
condensate fields in Eastern Siberia can be characterized as reservoirs with low permeability and porosity and
difficult thermobaric conditions, and, as a result, the issue of improving the efficiency of the development of
such reservoirs to increase the cumulative production of gas and condensate is relevant. If the initial reservoir
pressure of a gas-condensate field corresponds to the dewpoint pressure, dropout of a significant amount
of retrograde condensate is observed when the pressure in the reservoir decreases. Condensate dropout in
the pore space of a reservoir leads to a decrease in both the condensate recovery factor (CRF) and the gas
recovery factor (GRF). The predictive calculations of the development of a gas-condensate reservoir by vertical
and horizontal wells were carried out with the use of the hydrodynamic simulator T-Navigator of a domestic
manufacturer Rock Flow Dynamics. The calculations were performed under various process conditions on
the example of a gas-condensate field, which is characterized by complicated thermobaric conditions (the
initial reservoir pressure corresponds to the dewpoint pressure), while the target process parameter was
the amount of condensate dropout in the reservoir. Based on the results of the study, the main conclusion
can be drawn. The development of the reservoir by horizontal wells can significantly reduce the reservoir
drawdown pressure compared to vertical wells, while the condensate dropout in the reservoir occurs in
a larger volume; the condensate becomes immobile and prevents further gas production, reducing the total
production of condensate. An increase in reservoir condensate recovery in the course of the development of
a gas-condensate reservoir by vertical wells compared to horizontal wells is observed under certain reservoir
conditions corresponding to the simulation performed in this study, namely, at low reservoir permeability and
porosity and the presence of a saturated gas-condensate system.

Keywords
condensate recovery factor, composite model, gas-condensate field, multicomponent model, retrograde
condensate, mathematical model, condensate recovery, gas recovery factor
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TOCTOSTHHOE yBeJIMueHMe 0 TPYOHOM3BIeKaeMbIX 3al1acoB MPUBOAUT K YCKOPEHHOMY HapacTaHMUIO PO
MOJEeJIMPOBAHMSI TUIACTOBBIX YIJIEBOJOPOAHBIX CUCTEM IPU Pa3paboTKe HeDTSHBIX U ra30BbIX MECTOPOXKIe-
Huit. MHOTMe ra3oKOHAeHCAaTHbIe MeCTOPOXKAeHMs BocTtounoit Cubupyu MOXKHO OXapaKTepu3oBaTh Kak 3ajie-
KU C HU3KUMU (QUIBTPAIVIOHHO-eMKOCTHBIMM CBOVICTBAMM U CJIOKHBIMU TEPMOOAPUUYECKUMMU YCIOBUSIMMA,
U, KaK CJIeACTBYME, aKTyaIbHbIM SIBJISIETCSI BOIIPOC ITOBBINIEHMS 3G (PEKTUBHOCTY pa3paboTKM ITOJOOHBIX 3a1e-
SKelt 11 yBeJIMueHus] HaKOTUIEHHO MoObIYM ra3a M KOHJEeHcaTa. B ciydae eciy Havya/ibHOE TJIACTOBOE JIaB-
JIeHVe Ta30KOH/IEHCATHOTO MeCTOPOKAEHUs COOTBETCTBYET AABIEHMIO HAavua/la KOHAEeH A, HaGIoaeTcst
BBIMa/IeHMe 3HAUMTETBbHOTO KOJIMUEeCTBA PEeTPOrpagHOro KOHIeHcaTa Py MTOHMKEHUY TaBJIeHMs B IIacTe.
BhInazieHre KOHJ€HCATa B TOPOBOM MPOCTPAHCTBE TUIACTA TPUBOIUT K MOHMKEHUIO Kak Ko3dduimenta us-
Bieuennst kouaeHcara (KUK), tak n koabduinenrta nssnedenus raza (KUT). C moMoIibio rugpoguHaMmde-
ckoro cumysnsitopa T-HaBurarop oreuectBeHHOTO mpou3BoauTeiis Rock Flow Dynamics 6butM Mpou3BeeHbl
TIPOTHO3HbBIE PAacyeThl Pa3pabOTKM ra30KOHIEHCATHON 3a/IeKy BePTUKAIbHBIMY Y TOPU30HTAIbHBIMM CKBa-
skuHaMu. PacueTsl MpOM3BOAMINCH ITPY PA3INMUHBIX TEXHOIOTMYECKMX peXXUMax Ha IIpMMepe ra30KOHAeHCaT-
HOTO MeCTOPOXKIIEHMSI, KOTOPBI XapaKTepPU3yeTcsl CJIOKHBIMU TepMOOapUUYeCKMMM YCJIOBUSIMU (HayaabHOe
7IaCTOBOE JIaBJIeHVe COOTBETCTBYET JaB/IeHUIO Havasia KOHAeHCal[MK), IPY 3TOM LieJIeBbIM TeXHOIOTMYECKUM
IapaMeTpOM SIBJISVIOCh KOIMUECTBO BhIMaBIlIero KOHAeHcaTa B riacte. [1o pesyiabTaTam UCC/IeS0BaHUS MOXKHO
crenaTh OCHOBHOJ BBIBOI, — pPa3paboTKa 3a/I€XM TOPU3OHTATbHBIMU CKBRKMHAMMY MO3BOJISIET 3HAUUTEIHHO
CHM3KATD JIelIPeccuIo Ha IIacT M0 CPaBHEHMIO C BepTUKAIbHBIMU, ITPU 3TOM KOHJIeHCAT B IJIaCTe BbIMagaeT 1o
60biIeMy 00bEMY, CTAHOBUTCSI HETIOABVKHBIM U TIPEISITCTBYeT JaabHellel fo0biue rasa, CHUKas 00IIyo
I06bIUy KOHIEHcaTa. YBeJMueHue KOHIEHCaTOOTHauy IUlacTa Mpyu pa3paboTKe ra30KOHIEHCATHON 3ajIesku
BEPTUKAIbHBIMY CKBAaXMHAMM 10 CPAaBHEHUIO C TOPU3OHTAIBHBIMU CKBAXMHAMM HAOIIONAETCS TIPU OTpe-
JEJIEHHBIX TUIACTOBBIX YCJIOBUSIX, COOTBETCTBYIOIIMX ITPOIETaHHOMY B HAcCTOSIIEl paboTe MOAEIMPOBAHMIO,
a MMEHHO TTPU HU3KUX QUIbTPALIOHHO-eMKOCTHBIX CBOMCTBAX IUIACTa M HAJMYMU HACHIIIEHHOM ra30KOH-
IEeHCaTHOM CUCTEMBI.

KnioueBble cnoea

KO3(bGUIMEHT U3BIEUEHNS] KOHIEHCATa, KOMITO3UIIMOHHAS MOJe/b, Fa30KOHJEHCATHOE MECTOPOXKIEHUE,
MHOTOKOMIIOHEHTHAsI MOJeJb, PETPOrPagHbIii KOHIEHCAT, MaTeMaTUYecKast MOZesb, KOHIEeHCATOOTAaya, KO-
3 duimeHT n3BIeUEHMS ra3a

Ansa ymTupoBaHmsa
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Introduction

At present, the use of geological and hydrody-
namic simulation in the development of oil and gas
fields is an effective way to make informed tactical
and strategic decisions for the effective extraction of
hydrocarbon reserves in a field. At the same time, the
permanent increase in the share of hard-to-recover
reserves leads to an accelerated increase in the role
of simulation of reservoir hydrocarbon systems in the
development of oil and gas fields [1-3].

The most common model in the development of
oil and gas fields is a non-volatile oil model, in which
an oil and gas system is simulated using two compo-
nents: oil and gas, which, in turn, can be dissolved in
oil [4-6].

The simulation of a gas-condensate reservoir
requires a complex compositional model of three-
phase filtration, due to the fact that, when develo-
ping a gas-condensate reservoir, it is necessary to
take into account the actual composition of the re-
servoir fluid [7-9].

When the pressure isothermal drops below a cri-
tical point (dewpoint) during development, the phe-
nomenon of retrograde condensation occurs in the

pore space of the reservoir. Fields with such charac-
teristics are called gas-condensate fields [10-12].

The intensity of gas-condensate dropout, in ad-
dition to pressure, also depends on the component
composition and physical and chemical properties of
the phases. Changes in fluid composition occur under
the influence of depth, surface tension, and viscosity.
At the same time, a decrease in the cross-section of
filtration channels leads to a decrease in permeabi-
lity and, correspondingly, to a decrease in producti-
vity [13-15].

The use of horizontal wells in comparison with
vertical wells leads to a decrease in the reservoir
drawdown pressure, which leads to less condensate
dropout in the pore space and, correspondingly, to
an increase in the final condensate recovery in the
field. At the same time, it should be noted that there
are few comparative studies of the use of horizontal
and vertical wells in conditions of low reservoir per-
meability in order to increase the final condensate
recovery [16-18].

The purpose of this work is to select the opti-
mal option of a field development using hydrody-
namic simulation to increase condensate recovery of
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a gas-condensate field characterized by low permea-
bility and porosity and initial reservoir pressure equal
to the dewpoint pressure.

In order to achieve the goal, the following tasks
were solved in the study:

- construction of two options for the develop-
ment of a gas-condensate reservoir based on a hydro-
dynamic composite model: development by vertical
wells (option 1) and horizontal wells (option 2);

- comparative analysis of the proposed options
for the development of a gas-condensate reservoir
characterized by low permeability and porosity.

Description of the composite model: the hy-
drodynamic model (Fig. 1) is represented by a selected
fragment of the field.

Parameters adopted for simulation:

Height along Z (average) — 35.7 m;

Initial reservoir pressure — 29.1 MPa;

Reference depth — 2860 m;

Initial reservoir temperature — 80°C;

Porosity — 0.09 — 0.169, decimal quantities;

Horizontal permeability - 0.0001556 -
0.0271019 pm?;

Net/gross ratio (NTG) (average) — 0.6572, decimal
quantities.

Reservoir gas component composition:

CO, - 0.273; N, — 1.045; CH, - 80.842; C,H, -
6.044; C;H, - 3.761; iC,H,, — 0.790;

nC,H,, — 0.921; C.H,, and higher — 6.324 % mole.

Properties of the gas-condensate fluid:

Reservoir pressure — 29.10 MPa; Temperature —
80°C; potential condensate content — 290 g/m?; mole
fraction of dry gas — 0.937 decimal quantities; super-
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compressibility coefficient under initial conditions —
0.902; fluid dewpoint pressure — 29.10 MPa [19].
Fluid properties were simulated based on the
data from gas-condensate studies. Based on the data
on the composition and properties of the reservoir
fluid obtained in the process of laboratory experi-
ments, a composite model of the fluid was created.

Research Methodology

One of the ways to rationally increase the pro-
fitability of the development of gas and gas-conden-
sate fields with productive formations with low res-
ervoir permeability and occurring at great depths is
the shift to a development system using horizontal
wells. The main advantages of horizontal wells are
an increase in the area of reservoir fluid filtration
through the well walls and a decrease in a produc-
tive reservoir drawdown, which makes it possible
to ensure sufficiently high gas and gas- condensate
flow rates in low-permeability and low-capacity re-
servoirs, as well as to reduce the number of required
production wells in a field.

Two options for reservoir development were con-
sidered in the work: three vertical wells — option 1;
one horizontal well with a horizontal section length
of 1,400 m - option 2 [19-21].

The selection of three vertical wells versus one
horizontal well, as well as the length of the horizontal
wellbore, was justified by the economic costs of well
construction. Well positioning was based on the map
of initial gas reserves and permeability, as well as on
maps of the initial net gas thickness of the reservoir
(Fig. 2, 3). In other words, the two options considered

—
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Fig. 1. Reservoir model used in calculations
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are comparable in terms of well construction costs. In
case of a change in the number of wells, namely addi-
tional drilling of a horizontal well or consideration of
only two vertical wells as the first option — the con-
ditions for the comparability of initial construction
costs change.

Drawdown and gas withdrawal were taken as varia-
ble parameters for well operation. According to the ac-
cepted minimum possible bottomhole pressure in the
field conditions, it was decided to switch to a bottom-
hole pressure of 3.5 MPa in case of failure to achieve
the target indicators for flow rate and drawdown.

Further, the main indicators of the development of
the reservoir fragment were calculated and compared
with each other to find the most profitable option in
terms of gas and gas-condensate production both in
terms of well design (three vertical or one horizontal)
and in terms of process conditions of operation.

The parameters of the process conditions of well
operation adopted in the simulation for the options:
gas flow rate of 600, 900, 1,500, and 2,100 thou-
sand m>/day for one horizontal well; gas flow rate of
200, 300, 500, and 700 thousand m3/day for one verti-
cal well; drawdown of 2, 3, 4, 5, and 6 MPa for each of
the three vertical wells.
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These parameters of the process conditions lie
within the range of the changes in the actual parame-
ters of the operation of vertical wells in the field.

Discussion

When developing a model of a gas-condensate
reservoir with vertical wells, it is necessary to main-
tain significantly higher drawdowns compared to
horizontal wells in order to achieve comparable flow
rates. In this regard, in the case of vertical wells, there
is a sharper drawdown in the bottomhole zone of
a well, which causes more condensate dropout near
the well, which ultimately leads to a decrease in the
gas permeability of the bottomhole zone of a well. At
the same time, at a certain distance from a well, small-
er drawdowns are observed compared to the near-well
zone, which ultimately leads to a greater amount of
condensate dropout in the bottomhole zone com-
pared to the rest of the reservoir. It is known that in
the process of dropout, condensate forms three differ-
ent areas of mobility near a vertical wellbore. In two of
these zones, gas-condensate is present in mobile and
immobile forms (Fig. 4) [9]. Correspondingly, most of
the condensate in the bottomhole zone of a vertical
well will occur in a mobile form.

X Cke.|gepr. 2

lop. cks 1

Fig. 3. Option 2 on the initial reserve map (a) and permeability map (b)
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However, at the moment, there are very few stu-
dies regarding condensate dropout when using hori-
zontal wells. In the case of developing a model of
a gas-condensate reservoir with horizontal wells, we
observe significantly lower drawdowns and high co-
verage of the reservoir by a horizontal wellbore, which,
in turn, leads to condensate dropout at significant
distances from the well, but in a smaller amount than
in the bottomhole zone in the case of vertical wells.
At the same time, the condensate formed (dropout)
at considerable distances from a horizontal well will
exist in an immobile form. As a result, this leads to an
overall loss of cumulative condensate production.

Pressure profile within the reservoir
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Fig. 5 shows the change in condensate recovery
(oil flow rate in the designation of the vertical axis)
for a forecast period of 40 years with different flow
rates of vertical wells. The figure shows that with high
gas withdrawals (black line — 900 thousand m3), at
first, more condensate is produced, but then there is
an intensive decrease in its production due to a large
pressure gradient, leading to more condensate drop-
out in the reservoir. It can also be seen that with
gas withdrawals of 200 thousand m3/day (lilac line)
the condensate flow rate is more uniform, and after
40 years of operation in this case, the maximum value
of condensate recovery is observed, but the optimal
amount of extraction should be selected based on the
economic feasibility of developing the reservoir.

For optimal development mode and maximum
condensate recovery over a given period of time, the
flow rate level is selected that would justify from an
economic point of view the extraction of gas reserves
with a sufficient amount of condensate produced.
Fig. 6 shows that the maximum condensate recovery
(2,100 m®) is achieved at a gas flow rate of 300 thou-
sand m?®/day (blue line) for the period of well opera-
tion of 40 years.

Fig. 7 shows the condensate recovery time de-
pendence at different flow rates of a horizontal well.
Value of condensate recovery of a horizontal well at
a flow rate of 2,700 thousand m3/day corresponds to
620 m3/day, while in the case of a vertical well with
a flow rate of 900 thousand m3/day (while the total
flow rate of three vertical wells will also correspond
to 2,700 thousand m?3/day), the condensate recovery
corresponds to 760 m3/day (see Fig. 5). Besides, on
the graphs, we can observe certain “jumps”, which
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Fig. 5. Condensate recovery time dependence at different gas flow rates in the case of vertical wells (option 1)
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is most likely due to the formation of a “condensate
accumulation” in the pore space with the subsequent
achievement of critical mobility of the formed con-
densate. Lower condensate recovery values of a hori-
zontal well can be explained by lower values of draw-
down in a horizontal wellbore, which leads to more
uniform condensate formation (dropout) at a greater
distance from the well and to more significant con-
densate losses in the reservoir under conditions of
low permeability and porosity, since condensate un-
der these conditions will exist in an immobile form.
Fig. 8 shows time dependencies of cumulative
condensate production in the case of a horizontal
well. The maximum cumulative condensate produc-
tion is observed, same to the case of vertical wells, at
a horizontal wellbore flow rate of 900 thousand m3/day
(corresponds to the case of a vertical well flow rate of
300 thousand m3/day). However, the cumulative con-
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densate production for a horizontal well over a 40-year
operation period reaches 1,850 m?/day, while in the
case of vertical wells it is 2,100 m3/day.

Fig. 9 presented gas flow rate graph for three ver-
tical wells at different drawdowns corresponding to 2,
3,4, 5, and 6 MPa (with a target flow rate of 700 thou-
sand m3/day) with the subsequent change to the bot-
tomhole pressure control mode of 3.5 MPa if it is im-
possible to maintain the preset values of drawdowns.
Analysis of the graphs shows that the lower the draw-
down, the more steadily the required flow rates can be
maintained during the life of a well.

Fig. 10 shows time dependencies of cumulative
condensate production at different drawdowns of ver-
tical wells corresponding to 2, 3,4, 5, and 6 MPa (with
a target flow rate of 700 thousand m?/day). Analysis of
the graphs shows that the optimal drawdown in the
case of a prognosis for 40 years is 3 MPa.
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Fig. 6. Cumulative condensate production at different flow rates for vertical wells (Option 1)
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Fig. 7. Condensate recovery time dependence at different gas flow rates in the case of a horizontal well (Option 2)
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Fig. 9. Graph of changes in gas flow rates for three vertical wells at different drawdowns of 2, 3,4, 5, and 6 MPa (Option 1)
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Fig. 11. Comparison of condensate recovery of vertical and horizontal wells at different flow rates
(Options 1 and 2)

Fig. 11 shows comparative condensate recovery
graphs in the cases of gas-condensate reservoir de-
velopment by vertical and horizontal wells. The ana-
lysis shows that the condensate recovery of horizontal
wells in all cases will be less than that of vertical wells.
In the case of high initial flow rates, a comparability
of the condensate recovery of the two options after
20 years of operation is observed, while in the case of
low initial flow rates (200 thousand m3/day for vertical
wells and 600 thousand m3/day for a horizontal well),
the excess of condensate recovery of vertical wells
compared to horizontal wells is observed during the
entire development period.

Conclusions

1. Using hydrodynamic simulation based on
a multicomponent (compositional) model, a com-
parative analysis of the development of a gas-con-
densate reservoir by vertical and horizontal wells
was carried out, the results of which revealed the
advantage of reservoir development by vertical wells
compared to horizontal wells in terms of maximum
condensate recovery. Field development by horizon-
tal wells can significantly reduce reservoir drawdown

compared to vertical wells, with condensate dropout
in the reservoir in large volume, becoming immobile
and preventing further gas production, while redu-
cing overall condensate production. An increase in
reservoir condensate recovery in the course of the
development of a gas-condensate reservoir by ver-
tical wells compared to horizontal wells is observed
under certain reservoir conditions corresponding
to the simulation performed in this study, namely,
at low reservoir permeability and porosity and the
presence of a saturated gas-condensate system (the
dewpoint pressure corresponds to the initial reser-
voir pressure).

2. A further more in-depth analysis of the de-
velopment of a gas-condensate reservoir characte-
rized by low permeability and porosity by horizon-
tal wells is required from the point of view of oth-
er options for the optimal location of a horizontal
wellbore in the reservoir in comparison with other
options for the location of vertical wells in order to
determine the area of occurring immobile conden-
sate during the development, which ultimately has
a significant impact on the cumulative condensate
production.
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“Invisible” noble metals in carbonaceous rocks and beneficiation products:
feasibility of detection and coarsening

T.N. Aleksandrova , A.V. Afanasova , V.A. Aburova X
Empress Catherine II Saint Petersburg Mining University, Saint Petersburg, Russian Federation
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Abstract

The decrease in the quality of raw materials coming for processing requires involvement of refractory ores in
processing, the refractoriness of which is caused by the presence of organic carbonaceous matter sorption-
active in relation to dissolved noble metals and impregnation of fine noble metals in mineral-carriers. In this
connection, the actual research line is the development of new technological solutions with the use of energy
methods of action in order to reduce the losses of valuable components in beneficiation tailings. Treatment
with ultra-high frequency electromagnetic radiation has a number of advantages, including rapid and selective
heating due to the differences in the ability of minerals to absorb this radiation. Carbon-containing materials
represented by carbonaceous flotation concentrate and model samples of activated carbon with adsorbed
silver were taken as the research subjects. Using the model samples as an example, the necessity of using
magnetite to achieve coarsening fine silver particles during ultra-high frequency treatment was substantiated.
The formation of active centers of local heating during the treatment in the points of magnetite addition
was confirmed. The necessary content of magnetite of 10% for coarsening fine silver to spherical aggregates,
the average size of which was 20-40 microns, was substantiated. Coarsening noble metal particles to sizes
of 20-50 microns in treated carbonaceous concentrates containing silver and gold was achieved, when the
substantiated amount of magnetite was added. Coarsened particles (aggregates) of noble metals can be
recovered using traditional beneficiation methods.

Keywords
microwave treatment, carbonaceous concentrate, gold-bearing ores, model samples, flotation, silver, magnetite
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AHHOTaUuA

I[To mpuuyMHe CHMKEHMST KaueCcTBa IMOCTYIAIOIEro Ha 1epepaboTKy ChIPbsl, BOB/I€UEHMST YIIOPHBIX PYI, YIIOP-
HOCTb KOTOPBIX O6yCJ’[0BJ’IEHa Ha/inumem COp6LU/IOHHO-aKTI/IBHOI‘O IO OTHOIIEHMIO K PAaCTBOPE€HHBIM 6)’[&[‘0-
POIHBIM MeTajylaM OPTaHMYeCKOIo YIJIEPOAMCTOrO BelecTBa ¥ BKPAIJIEHHOCTbIO HM3KOpa3MepHbIX 6Jia-
TOPOAHBIX META/UIOB B MMHEPAJbI-HOCUTE/IM, aKTya/IbHbIM HaIllpaBJI€HUEM ABJISIETCS pa3pa60TKa HOBBIX
TEXHOJIOTUYECKUX pemeHI/HZ C IpYMMEHEHVEeM SHepreTnYeCKmnux MeTomoB BOB,Z[EVICTBI/IH C LIeJIbIO CHMKEeHU T10-
Tepb LIEHHBIX KOMIIOHEHTOB C XBOCTaMy oboranieHus. O6paboTKa 3JIeKTPOMarHUMTHBIM U3TyYeHUEM CBEpPX-
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BBICOKO}i YaCTOThI 06/IafaeT psITOM MPEMMYIIECTB, CPeOU KOTOPhIX OTMEYAlOTCSI GBICTPBIN M CeeKTUBHBIIN
HarpeB 3a CYET PA3INYMIl B CTOCOOHOCTY MOTIONIATh MUHEpAIaMi JaHHOe U3TyueHne. B kauecTBe 00beKTa
MCCrIeI0BaHMsI IPUHSITHI YIJIepocoepskallliie MaTepuasbl, Tpe/icTaBIeHHbIe YIIIepPOAUCThIM (DI0TallIOHHBIM
KOHIIEHTPAaTOM U MOJIe/TbHBIMU HaBeCKaMM aKTUMBMPOBAHHOTO YIJIS C aicCOPOMpoBaHHbIM cepebpoM. Ha ripu-
Mepe MOJeTbHBIX HaBECOK 060CHOBAaHA HEOOXOIMMOCTb MCITOb30BaHMSI MarHETUTA /ISl HOCTVKEHUS YKPYTI-
HeHMs HMU3KOpa3MepHOro cepebpa Mpy CBePXBbICOKOUACTOTHOV 06paboTke. [TonTBep:kaAeHO 0Opa3oBaHye
aKTUBHBIX I[EHTPOB JIOKAJTBHOTO HArpeBa B MecTax A00aBIeHMs] MarHeTuTa B mpoiecce 06pabotrku. O60CcHO-
BaHO He0oOXOOMMOe CofiepyKaHMe MarHeTMTa IJIsl YKPYITHEHMsI HU3KOpa3MepHOro cepe6pa mo chepuueckmx
arperaToB, cpeHUI1 pasMep KOTopbix cocTtaBmil 20-40 mkMm, paBHOe 10 %. ITomyyeHO yKpyIIHEHME YaCTULL
671arOpOIHBIX META/UIOB B 00pabOTAaHHBIX YIVIEPOAVCTBIX KOHIIEHTpaTaX 10 pasmepoB 20-50 MKM, comepka-
X cepedbpo U 30J10TO, TP J06aBIeHUY 0O0CHOBAHHOTO KOJIMYECTBA MAarHETUTA. YKPYITHEHHbIE YaCTUIIbI
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Introduction

The development of technologies for processing
of strategic raw materials is necessary to maintain
the world economy at the current level in connection
with the depletion of mineral resource base. Wor-
sening the quality of gold- and silver-containing raw
materials, involvement of lean and refractory ores
in processing owes the actualization of scientific
research aimed at increasing the recovery of valua-
ble components into concentrates [1]. The analysis
of existing studies has shown that some of the topi-
cal areas in the field of mineral beneficiation are in-
creasing the efficiency of disintegration of mineral
raw materials [2, 3], application of machine vision
technology at various stages of beneficiation, syn-
thesis of new flotation reagents [4-6], and the deve-
lopment of new reagent regimes [7-9].

The refractoriness of gold-bearing ores can be
caused both by the presence of substances sorp-
tion-active in relation to dissolved gold and inclu-
sions of fine noble metals in mineral-carriers, mainly
in such minerals as pyrite, arsenopyrite, galena, etc.
Ores in which both these features are present are re-
ferred to ores of double refractoriness. “Invisible” gold
is referred to submicroscopic gold particles that are
1-100 nm in size and are not detected using optical
or electron microscopy [10]. The presence of “invisi-
ble” gold and silver in ores complicates the selection
of flow charts for their processing and owes the neces-
sity for the development of new process solutions and
improvement of existing ones.

The carbonaceous material contained in the dou-
ble-refractory ores contaminates the concentrates
produced and results in significant losses of valuable

components at the stage of metallurgical processing.
The actual task of the existing research is to involve in
processing carbonaceous products, going to tailings
at most of the processing plants, in order to reduce
losses of valuable components such as gold and sil-
ver [11-13].

In addition to native metal, silver in ores can
be represented by dispersed inclusions in the host
minerals, either as metallic or chemically bound sil-
ver. Chemically bound silver refers to various silver
sulfides, for example, Ag,S. The presence of fine sil-
ver associated with sulfide minerals, as well as in the
case of gold, complicates its recovery at the cyanida-
tion stage [14]. The recovery requires destruction of
the matrix of the host minerals in order to provide
the contact of reagents with the noble metal to dis-
solve it.

To date, there is a large amount of researches
aimed at finding process solutions for the proces-
sing of refractory raw materials [15-17]. For double
refractory ores, pretreatment to reduce the refrac-
toriness of gold-bearing ores is required. The most
common pretreatment methods are roasting, chlo-
rination, pressure oxidation, bioleaching, and Al-
bion technology. However, in addition to the tradi-
tional methods, research into the feasibility of using
energy-based methods of action has become wide-
spread [18, 19]. Ultra-high frequency (UHF) treatment
is one of the promising methods whose advantages
include fast and selective heating [20-22]. The se-
lectivity of heating minerals is due to the differences
in their heating rate, which in turn is connected with
specific heat capacity, specific thermal conductivity,
and relative dielectric constant. Recent researches
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with the use of microwave treatment are aimed at
increasing the efficiency of disintegration of mineral
raw materials [23-25], studying the feasibility of using
microwaves for sorting ores [26], reducing the content
of harmful impurities in ores [27], studying the effect
on surface properties and flotability of minerals [28],
involvement of cyanide [29] and sulfide [30] tailings
in the treatment. The melting temperature of “invi-
sible” noble metals is much lower than the melting
temperature of visible particles that predetermines
the feasibility of their coarsening in the process of en-
ergy actions. For example, for Au, the melting point
of a 1.6 nm diameter cluster is 257.85°C [33], while
that of a 1.9 nm diameter cluster is 318.85 °C [34]. For
Ag, the melting point of a 4 nm diameter cluster is
449.85°C [5], while that of a 5 nm diameter cluster is
509.85°C [34]. Carbonaceous flotation products, as
a rule, contain insignificant amounts of ore minerals,
which requires sufficiently long time for microwave
treatment in order to coarsen the particles. In this
regard, the addition of magnetite in the process of
treatment allows the creation of local heating centers.
Table 1 systematizes the data of dependence of the
achieved maximum heating temperature on the treat-
ment time for sulfide mineral-concentrators of gold
and products of their destruction after roasting.

Analysis of historical studies confirms the fact that
magnetite is more active in relation to ultra-high fre-
quency electromagnetic radiation and, in comparison
with other minerals, reaches significantly higher hea-
ting temperatures. The low melting temperature of sil-
ver nanoclusters confirms the prospect of investigating
the feasibility of their coarsening, since it is lower than
the magnetite treatment heating temperature.

Thus, the purpose of this study was to reveal the
mechanism of coarsening fine silver in the course of
microwave treatment with the addition of magnetite
using model samples and to justify the required con-
tent of magnetite to confirm the feasibility of silver
coarsening in the course of microwave treatment of
carbonaceous flotation concentrate samples to reduce
losses of valuable components in tailings.

Table 1
Summary data on dependence of maximum microwave
heating temperature on treatment time

Treatment Maximum
No. Mineral . n temperature, | Reference
time, min oC
1 |Magnetite 2.75 1,258 [31]
2 | Pyrite 6.75 1,019 [31]
3 |Pyrrhotite 1.75 886 [31]
4 |Arsenopyrite 1.0 723 [31]
5 |Hematite 7.0 182 [31]
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Research Materials and Techniques

1. Characterization of research subjects

The following carbon-containing materials were
chosen as the research subjects:

1) carbonaceous flotation concentrate (produced
by carbonaceous flotation from refractory sulphide
gold-bearing ore);

2) model samples of activated carbon (after ad-
sorption of silver).

The source of silver in the model sample was sil-
ver leaf, containing 99.9% Ag. Preparation of the mo-
del samples included: grinding of activated carbon,
preparation of leaching solution, transition of silver
leaf to liquid phase for two days (leaching), its subse-
quent contacting with activated carbon for three days.
The leaching reagent is a mixture of iodine complex,
amino acids, sodium chloride, urea, ammonium chlo-
ride, and sodium carbonate. After contacting the no-
ble metal with activated carbon, filtration and drying
of the obtained cake was carried out for subsequent
microwave treatment.

The initial carbonaceous gold-bearing ore is
characterized by the presence of fine inclusions of
gold and insignificant amount of silver in the mine-
ral-concentrators, such as pyrite and arsenopyrite, as
well as organic carbonaceous matter sorption-active
in relation to dissolved gold. The main valuable com-
ponent is gold, the grade of which in the initial ore
is 5.99+0.29 g/t. Silver is a by-product, the grade of
which is 0.29+0.1 g/t.

2. Flotation beneficiation experiments

Separation of carbonaceous flotation concentrate
from refractory gold-bearing ore was carried out us-
ing pneumomechanical flotation machine Flotation
Bench Test Machine of Laarmann company with cell
volume of 1.5 liters. The initial ore was subjected to
grinding to particle size of 60% passing 71 um, after
which carbonaceous flotation was carried out with the
addition of oxal frothing agent, the consumption of
which was 85 g/t. The results of studying the obtained
flotation products are presented in Table 2.

The obtained carbonaceous flotation concentrate
after drying was subjected to microwave treatment,
while the tailings of carbonaceous flotation went for
additional grinding and subsequent sulfide flotation.

3. Microwave treatment

Microwave treatment of carbon-containing
materials without and with the addition of diffe-
rent amount of magnetite (3, 5, 10, 15% by weight of
a sample) was carried out using a Sineo UWave-2000
microwave oven, the range of possible setting of po-
wer in which was 100—1000 W. The coarseness of the
added magnetite was —50 pym.
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Table 2

Results of research of refractory gold-bearing ore flotation products

X . X Content [Grade], % [*g/t] Recovery, %
Product Designation Yield, %
Au* Ag* Corg Stot Au Ag CD"E Stot
Carbonaceous flotation concentrate 2.42 2.91 0.12 27.14 | 0.95 1.19 0.94 40.54 1.36
Carbonaceous flotation tailings 97.58 5.99 0.31 0.99 1.71 98.81 99.06 | 59.46 | 98.64
Initial ore 100.00 | 5.92 0.31 1.62 1.69 | 100.00 | 100.00 | 100.00 | 100.00

4. Scanning electron microscopy

In order to confirm coarsening fine silver in mo-
del samples and carbonaceous flotation concentrate
after microwave treatment with the addition of mag-
netite to create active centers of local heating, the
study of the samples before and after the treatment
was carried out using a Vega 3 LMH scanning elec-
tron microscope, combined with a system of X-ray
energy dispersive microanalysis Oxford Instruments
INCA Energy 250/X-max 20. The fine silver coarsening
study was carried out with the determination of sizes
of a minimum of 200 particles in each of the samples
obtained. The carbonization of the samples was car-
ried out using a Q150R E sputtering apparatus manu-
factured by Quorum Technologies Ltd.

5. Microwave heating temperature
Measuring the achieved temperature of mi-
crowave heating of samples was carried out using
a FinePower DIN21H laser pyrometer. The measu-
ring temperature range was -50 to 1,100 °C with an
accuracy of +2%.

Findings and Discussion

1. Processing of silver-containing model samples
without magnetite addition

In order to confirm the feasibility of coarse-
ning fine silver in the course of microwave treatment,
an initial model sample with adsorbed silver before
treatment was studied for comparison. Figure 1 shows
the results of the sample study before treatment
using scanning electron microscopy. Table 3 shows
the findings of the elemental composition study for
the spectrum shown in Fig. 1.

Based on the results obtained, the absence of vi-
sible silver was revealed, which was confirmed by the
results of the elemental composition study, thus con-
firming its “invisibility”.

In order to confirm the necessity of adding mag-
netite to silver-containing model samples at micro-
wave treatment for coarsening fine silver, the stu-
dies were carried out on model samples without mag-
netite addition. Figure 2 shows the results of scanning
electron microscopy examination of the treated sam-
ples without magnetite addition. The results of the
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Fig. 1. Results of investigation of the initial model sample
before microwave treatment using scanning electron
microscopy

Table 3
The results of the study of elemental composition
for the spectra presented in Fig. 1

Spectrum Content, weight %
number 0 Na Mg S Ca
Spectrum 1 73.67 8.21 2.74 2.56 12.82
Table 4

The results of the study of elemental composition
for the spectra presented in Fig. 2

Spectrum Content, weight %
number 0 Na Mg S Ca Re

Spectrum 1| 49.67 | 1.50 1.42 0.38 | 45.78 | 1.25

Spectrum 2| 76.10 - - - 16.16 | 7.74
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study of the elemental composition for the spectra in
the studied samples are shown in Table 4.

The analysis of the obtained data allowed con-
firming the feasibility of coarsening fine silver parti-
cles using microwave treatment without addition of
magnetite up to the average size equal to 5-10 mi-
crons. Despite the fact that coarsening is achieved at

SEM MAG: 4.36 kx WD

View field: 50.0 pm Det: BSE
[ sEw V- 200 kv Date(midyy: 0711725
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the treatment without the addition of magnetite, the
coarseness achieved in these studies does not allow
extracting coarsened particles by traditional benefi-
ciation methods. This fact predetermines the need to
study the effect of the addition of different magnetite
amounts to the studied model samples on coarsening
fine silver particles.

T T T T T T T
0S 1 15 2 25 3 35 4 45 ) 55

MonHas wkana 176746 umn. Kypcop: 0.000 k3B

MNonxas wkana 121607 umn. Kypcop: 0.000 k3B

Fig. 2. Results of scanning electron microscopy study of model samples with coarsened silver
after microwave treatment without magnetite addition

SEMMAG: 109Kkx |  WD: 13.03mm
View fleid: 20.0 ym Det: 838
SEMHV: 200KV Date(midly): 06/1623

Fig. 3. Temperature mapping of silver-containing model sample at microwave treatment with addition of 10% magnetite

SEMMAG: 436kx | WD:1343mm |
680 View fieid: 50.0 ym Oet: BSE 10 pm
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with the results of sample examination at selected sampling points using scanning electron microscopy
(gray — magnetite; black — model sample)
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2. Processing of silver-containing model samples with
magnetite addition

The studies aimed at establishing the necessary
magnetite content to achieve maximum coarsening
fine silver in the course of microwave treatment were
carried out using silver-containing model samples.
The magnetite contents were chosen at 3, 5, 10, and
15%. To confirm the generation of active centers of
local heating in the course of microwave treatment
of the model samples with the addition of magne-
tite, heating temperatures were measured over the
whole area of the treated samples using a laser pyro-
meter. Fig. 3 shows the temperature mapping using
an example of microwave treatment of a silver-contai-
ning model sample with 10% magnetite with sam-
pling points for scanning electron microscopy study.
The microwave heating temperature was measured
immediately after the treatment. The results of the
elemental composition study for the spectra shown in
Fig. 3 are presented in Table 5.

SEM MAG: 4.36 kx

WD: 13.83 mm

Date(m/dly): 07/18/23

0.5 1 15 2 25 3 35 4
Nonnas wkana 121607 umn. Kypcop: 0.000
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The interpretation of the obtained data allows
confirming arising active centers of local heating in
the course of microwave treatment when magnetite
was added to the model samples. In Fig. 3, the tem-
perature peaks at the magnetite addition locations,
which reach about 600°C and higher, are clearly
visible. At the same time, the heating temperature
of the model sample itself is 540-560°C. The pre-
sence of magnetite is confirmed by the results of the
elemental composition study.

Table 5
The results of the elemental composition study
for the spectra presented in Fig. 3

Spectrum Content, weight %

number 0) Si Ca Fe Ag
Spectrum 1 | 10.17 0.12 - 42.22 47.48
Spectrum 2 | 11.69 0.11 - 11.51 76.69
Spectrum 3 | 35.06 - 0.24 41.40 23.30

" Pk

MAG: 2.18 kx
Det: BSE

[ Viewneia: tooym | oetese |

Cnexrp 2

0 1 2 3 4
Nonxas wkana 42257 umn. Kypcop: 0.000
Cnektp 3

0 1 2 3 4 5 6 7 8
Nonxas wkana 42257 wmn. Kypcop: 0.000 k3B

Fig. 4. Results of scanning electron microscopy study of model samples with coarsened silver
after microwave treatment with addition of 3 (left) and 5 (right) % magnetite
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The treated silver-containing model samples with
magnetite addition were studied using a scanning
electron microscope. Figs. 4 and 5 show the results
of the study of these samples with magnetite content
of 3, 5, 10, and 15%, respectively. The results of the
study of elemental composition for the spectra shown
in Figs. 4 and 5 are shown in Table 6.

The interpretation of the obtained data allows
to confirm coarsening fine silver at addition of mag-
netite as a result of microwave treatment to the par-

0 2 4 6
Monxasa wkana 105666 umn. Kypcop: 0.000 K3B|
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ticle sizes exceeding the particle size formed in the
samples without magnetite, as well as the increase
of silver content in the coarsened particles. Howe-
ver, it is worth noting that at a magnetite content
of 10%, if compared to the coarsened gold presen-
ted earlier in [36], spherical-shaped silver particles
with an average size of 20—-40 pm were found in the
silver-containing model samples. This is because
the melting point of silver is much lower than that
of gold.

View fed: 200 pm

Date(m/dly): 06/16/23

Cnextp S5

Nonxas wkana 148969 umn. Kypcop: 0.000 k3B

Fig. 5. Results of scanning electron microscopy study of model samples with coarsened silver
after microwave treatment with addition of 10 (left) and 15 (right) % magnetite

The results of the elemental composition study for the spectra presented in Figs. 4 u 5 fable
Spectrum Content, weight %
number o Na Mg Al Si s Ca Fe Ag
Spectrum 1 46.79 1.14 - - 0.70 - 3.30 42.73 5.34
Spectrum 2 49.52 6.06 2.04 - - 2.65 22.60 3.74 13.39
Spectrum 3 - 33.68 - - - 14.74 5.79 26.84 18.95
Spectrum 4 20.02 - - 0.94 0.98 - - 2.97 75.09
Spectrum 5 21.32 2.92 - - - - 21.63 5.24 48.89
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The obtained data on average and maximum si-
zes of coarsened noble metal particles (aggregates)
depending on the magnetite content are presented
in Table 7. Besides, Table 7 presents the degree of
coarsening measured as the ratio of the average size
of the coarsened silver particles to the estimated
coarseness of the “invisible” silver.

Based on the obtained data analysis, it can be
concluded that the addition of magnetite, which
forms active centers of local heating, contributes to
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coarsening fine silver particles in the course of mi-
crowave treatment, since the treatment of magne-
tite-free model samples allowed to coarsen the noble
metal particles to smaller sizes if compared with the
samples with magnetite. The obtained results allow
justifying the necessary magnetite content of 10% to
achieve maximum coarsening fine silver at microwave
exposure to a coarseness of 20—40 pym. The formation
of spherical silver particles can be explained by the
lower melting point of silver compared to gold.

Results of the study of the effect of magnetite content on coarsening fine silver in model samples favle?
with and without microwave treatment

Parameter Value
Magnetite content, % 0 (no treatment) 0 3 5 10 15
Average size of coarsened fine silver, pm 5-10 10-15 10-20 20-40 10-15
Maximum size of coarsened fine silver, pm 1-100 nm 39.0 43.0 92.3 123.1 102.0
Coarsening degree 75-7500 | 125-12500 | 150-15000 | 300-30000 | 125-12500
Average fineness of magnetite, pm 10-15
Maximum fineness of magnetite, um 49,0

SEM MAG: 2.18 kx

View field: 100 pm

WD: 13.15 mm

Date(m/dly): 06/16/23

by

T T T T T T T
P 2 4 6 8 10 12 14
MNonxas wkana 105666 umn. Kypcop: 0.000 k3B

VEGA3 TESCAN

cnrry

0 2 4 6 8 10 12 14

Nonnas wkana 105666 umn. Kypcop: 0.000 k3B)|

Fig. 6. Results of the study of treated carbonaceous concentrates with addition of 10% magnetite
using scanning electron microscopy
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Fig. 7. Schematic representation of fine silver coarsening in the course of microwave treatment

3. Treatment of carbonaceous flotation concentrate
with addition of substantiated amount of magnetite

The feasibility of silver coarsening with the addi-
tion of the previously substantiated magnetite amount
in the course of microwave treatment was investiga-
ted on carbonaceous flotation concentrates. In [37], the
feasibility of coarsening fine Au particles using 10%
magnetite at microwave treatment of carbonaceous
concentrate was confirmed. Fig. 6 presents the results
of a scanning electron microscope study of the treated
carbonaceous concentrate, confirming coarsening sil-
ver in the course of microwave treatment when added
with magnetite in the amount of 10% of the sample
weight. The elemental composition of the coarsened
particles is presented in Table 8.

The interpretation of the obtained results allows
to confirm coarsening silver particles in the course
of microwave treatment of carbonaceous flotation
concentrate added with 10% magnetite. The size
of coarsened particles, which are characterized by
spherical shape, after treatment is 20-50 microns.
It is worth noting that, besides silver, characteris-
tic peaks of gold were found in the coarsened ag-
gregates according to the results of the study of the
elemental composition. This indicates that silver
was coarsened together with gold.

Microwave treatment contributes to increasing
the temperature of the model sample, the main part
of which is represented by activated carbon. When it
is ignited in an oxidizing environment, the following
phenomena occur:

- CO, formation;

— melting of adsorbed fine silver particles after
combustion of a part of activated carbon and magne-
tite heating;

- coarsening due to silver movement into addi-
tional pores formed.

Fig. 7 shows a schematic representation of the
mechanism of fine silver coarsening in the course of
microwave treatment.

Fine silver coarsening is confirmed by the re-
sults of scanning electron microscopy examination
of the treated silver-containing model samples.
In the figures presented in this paper, the coar-
sened particles are observed both free (not tied with
activated carbon and magnetite) and at the initial
stage of coarsening directly on the activated carbon
surface itself.

The results of the microwave treatment of car-
bonaceous flotation concentrate with the addition
of 10% magnetite also confirmed the feasibility of
fine silver coarsening. The achieved coarseness and
the content (grade) of gold and silver in the coar-
sened spherical particles makes it possible to fur-
ther extract them and, as a consequence, to reduce
losses of valuable components with tailings. Cen-
trifugal concentration can be considered as a po-
tential method for the extraction of the coarsened
particles [38].

Table 8
The results of the elemental composition study
for the spectra presented in Fig. 6

1 O,
Seam Content, weight %
LTS (o} Na S Ca Fe Au | Ag
Spectrum 1 - - - - 0.96 | 3.84 |95.20
Spectrum 2 | 26.59 | 1.12 | 0.50 | 1.48 | 20.46 |12.83| 37.02
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Conclusion

The findings of the studies on microwave treat-
ment of silver-containing model samples allowed
substantiating the necessity of adding magnetite for
fine silver coarsening. Based on the temperature map-
ping, the formation, in the course of the treatment,
of active centers of local heating in the locations of
magnetite addition was confirmed. The fine silver
coarsening to spherical silver particles, whose aver-
age size was 20-40 um, was achieved at a microwave
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oven power of 1.0 kW and a treatment time of 3 min
with 10% magnetite added. It was revealed that at
similar microwave oven power and treatment time of
5 min, with 10% magnetite added, the greatest sizes of
coarsened particles containing gold and silver equal
to 20—50 pm were achieved. The microwave treatment
findings showed that the silver coarsening occurs
forming a gravity-extractable form of silver that al-
lowed further investigation of its recovery using gra-
vity concentration methods.
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Abstract

The efficiency of mine rescue operations largely depends on how quickly efforts to localize and mitigate an
accident are initiated. Given the remoteness of some mining enterprises, a decision was made to form auxiliary
mine rescue teams composed of miners. However, there is ongoing debate regarding the effectiveness of the
rescue operations carried out by these auxiliary teams. This paper presents data on the assessment of the
readiness of auxiliary mine rescue teams in Russian coal mines. A survey of professional mine rescuers was
conducted across all units and platoons, focusing on key aspects of auxiliary team operations. The results,
based on expert evaluations, revealed the main challenges in training auxiliary team members and highlighted
areas for improving the regulatory and methodological framework for mine rescue tactics. The second part
of the paper presents the results of control-tactical exercises held at seven mines. These unannounced
exercises took place at the end of a work shift and evaluated a wide range of knowledge, skills, abilities, and
physical fitness among the auxiliary teams. Key evaluations included the accuracy of task allocation, tactical
training, preparation for mine descent, the use of rescue equipment, first aid skills, theoretical knowledge,
and physical fitness.
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AHHOTauus

ddderTUBHOCTD BeleHNSI TOPHOCIIACATETbHBIX PAOOT 3aBUCUT OT BPeMEeHM, KOTAA MPUCTYIWIN K JIOKJIU-
3alUU U JIMKBUAAUMY aBapuu. B CBS3M C yIaTEHHOCTbIO HEKOTOPBIX TOPHBIX MPEIIIPUITUI ObUIO IPUHSITO
pellieHye 0 CO3aHUM BCIIOMOTATENbHBIX TOPHOCIIACATEIbHBIX KOMAaH, U3 YMcia TopHopabounx. [Ipu sTom
3¢ dexTMBHOCTD aBapMiTHO-CIIACATEeIbHBIX PabOT, MPOBOAMMBIX WieHaMM BCIIOMOTATeNbHbIX TOpPHOCIIACA-
TeJIbHBIX KOMaH/, B HACTOSIIIIee BPeMsI BbI3bIBAET MHOTO CITOPOB. B aHHOIT paboTe mpuBeAeHbl CBEEHUS T10
OlLleHKe TOTOBHOCTM BCIIOMOTAaTeIbHbBIX TOPHOCIIacaTeIbHBIX KOMaHJ, yTOMbHbBIX axT Poccuu. ITIo BceM oTps-
JIaM ¥ B3BOZaM GbLIO MMPOBEIEHO aHKETUPOBaHMe MPOQPECCMOHATbHBIX TOPHOCIIACATENe! TI0 OCHOBHBIM BO-
[IpocaM JesiTeJIbHOCTY BCIIOMOTaTe/IbHbIX TOPHOCIIacaTeIbHbIX KOMaHz,. [TorydeHHbIe METOLOM 3KCIIEPTHBIX
OIIEHOK Pe3y/IbTaThl IO3BOIMU/IY OMPENETUTb OCHOBHBIE TTPOOIEMBI B TTOJTOTOBKE WIEHOB BCIIOMOTAaTeTbHBIX
TOpHOCIIacaTeIbHbIX KOMaH[, BEISIBUTh HAIlIPaBIe€HMs COBEPILIEHCTBOBAHMS HOPMAaTUBHO-IIPABOBOM U METO-
IMYeCcKOi 6a3bl [0 TAKTHKE BeIEHNS aBapUIfHO-CIIacaTeabHbIX paboT. Bo BTOpOIT yacTu paboTsI IIpeacTaBie-
HbI pe3y/bTaThl NIPOBEAEeHHbIX KOHTPOJIbHO-TAKTUUYECKUX YUEHU, TPOBEIEHHbIX Ha CEMM IaxTaX. YUeHMUs
MIPOBOM/INCH BHEIJIAHOBO B KOHIIe paboueii cMeHbl. [IpoBepsyics 1esblil CIIEKTP 3HAHWUIT, HABBIKOB, YMEHMUIA
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u Gusnyeckas IOATOTOBKA YIEHOB BCIIOMOTATEIbHBIX TOPHOCIIACATEIbHBIX KOMaHI. A MUMEHHO ITPOBepsIoCh
MPaBMIbHOCTD BbIJAYM 3aJaHMii, TAKTMYECKAs! IIOATOTOBKA OTOeJIeHN1, IPaBUIbHOCTD IIOATOTOBKY K CITYCKY
B IIAXTy ¥ PMMEHEHMs TOPHOCIIACaTeIbHOI0 000PYIOBaHMS, HABbIKM OKa3aHMsI IT€PBOIi TOMOIIY, TEOPETH-

YyeCKne 3HaHuga u Cl)]/I3I/I‘IECKaH II0AroToBKa.
KnioueBble cnoea

BOEHM3MPOBaHHbIE€ TOPHOCIIACaTe/IbHbI€ YaCTH, BCIIOMOTaTe/IbHasl TOpHOCIIacaTe/ibHass KOMaHOa, YroJibHas
1iaxrTa, 6630HaCHOCTb, aBapud, SKCIIEPTHAS OLl€HKd, TAKTMYECKNME YUeHUS

Ans yutTupoBaHms

Rudenko V.A. Assessment of readiness of auxiliary mine rescue teams in coal mines. Mining Science and
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Introduction

The safety of mining operations is directly in-
fluenced by the qualifications of miners and techni-
cal staff. Currently, 38 higher education institutions
and 114 colleges in Russia provide training for the
mining industry [1, 2]. However, training in mining
safety and mine rescue (a mandatory discipline) va-
ries significantly in quality across educational insti-
tutions, with instructors of differing qualifications
and often insufficient training facilities [3, 4]. Acci-
dents in mining enterprises usually occur due to the
low qualification of employees [5]. Moreover, only
a few universities offer in-depth training in mine
rescue [4, 6]. Abroad, where mine rescue is more ad-
vanced, there are no auxiliary mine rescue teams! [7].
In Russia, the preparation of personnel for accident
localization and elimination in the initial stages is
carried out only by the divisions of the Federal State
Unitary Enterprise “Militarized Mine Rescue Unit”
(FSUE “VGSCH”).

The mine rescue service in Russia traces its ori-
gins back to the 32" Congress of Mine Industrialists
in 1907, where the decision was made to establish res-
cue stations at the most dangerous mines and pits. By
1920, over 40 stations had been set up, staffed by en-
gineers, technical workers, and miners working part-
time for additional pay.

The professional state mine rescue service of
Russia, with a centralized management structure,
was officially established on July 6, 1922, following
the adoption of the government resolution “On Mine
Rescue Operations in the RSFSR”2. All mine rescue
stations were brought under state control and tasked
with rescuing people and mitigating accidents at all
mining enterprises without exception.

! Handbook of training in mine rescue and recovery
operations. Workplace Safety North (WSN). North Bay Ontario;
2021. 378 p.; Western Canada Mine Rescue Manual Ministry of
Energy and Mines. Office of the Chief Inspector of Mines; 2016.
195 p.

2 Decree of the All-Russian Central Executive Committee

and the Council of People’s Commissars “On Mine Rescue in the
RSFSR”. URL: https://scgss.narod.ru/Postanovlenie.gif

In 1932, recognizing the extreme nature of mine
rescue work in high-temperature, oxygen-deprived
environments, and the need for strict command
and execution of orders, the Council of Labour and
Defence militarized the mine rescue units, placing
them under the authority of the Department of Mi-
litary Specialized Units and Air Defence of the Peo-
ple's Commissariat of Heavy Industry. This decision
accelerated the development of mine rescue units in
the country. Operational work became regulated by
official charters, provisions, and instructions, with
established ranks for personnel ranging from pri-
vates to senior officers. Uniforms and insignia were
also introduced.

Until 2010, mine rescue services for mining ope-
rations were provided were provided by various mili-
tarized mine rescue services, including FGKU “VGSCH
in Construction”, JSC “VGSCH”, and FSUE “Metal-
lurgbezopasnost”, which all shared the same mis-
sion — saving lives and eliminating accidents during
mining operations in coal, mining, and underground
construction industries.

In 2010, by Presidential Decree No. 554° of May 6,
2010, the oversight of militarized mine rescue units
was transferred to the Ministry of Emergency Situa-
tions (EMERCOM) of Russia.

In 2011, FSUE “SPO Metallurgbezopasnost” was
renamed FSUE “Militarized Mine Rescue Unit”, and all
operational units of JSC “VGSCH” were incorporated
into its structure.

At present, the Ministry of Emergency Situa-
tions of Russia includes five militarized mine res-
cue organizations: FSUE “VGSCH”, FAU “VGSCH in
Construction”, FGKU “National Mine Rescue Centre”,
FGKU “VGSCH LNR”, and FGKU “VGSCH DNR”. The
total number of personnel in these organizations
is 8,584.

Operational units of VGSCH EMERCOM are ter-
ritorially distributed across 40 regions of the Rus-

5 Presidential Decree of the Russian Federation No. 554,
dated May 6, 2010, “On the Improvement of the Unified State
System for the Prevention and Mitigation of Emergency
Situations”. URL: http://www.kremlin.ru/acts/bank/31043
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sian Federation (Fig. 1) and include 26 militarized
mine rescue detachments, consisting of 71 platoons,
103 mine rescue posts, and 25 mine rescue stations
equipped with specialized equipment, tools, and ma-
terials.

VGSCH EMERCOM units provide coverage for
2,350 hazardous industrial facilities in the mining
industry, including 168 coal mines, 143 underground
mineral extraction sites, 28 underground construction
facilities, 1,259 open-pit mining sites, 224 mineral pro-
cessing and enrichment plants, and 528 other hazard-
ous production sites.

The VGSCH forces of Russia's EMERCOM com-
prise 5,487 personnel and 978 units of equipment
(specifically: FSUE “VGSCH” - 3,922 personnel and
756 units of equipment; FAU “VGSCH in Construc-
tion” — 216 personnel and 53 units of equipment;
FGKU “National Mine Rescue Centre” — 66 personnel
and 13 units of equipment; FGKU "VGSCH LNR" — 448
personnel and 71 units of equipment; FGKU “VGSCH
DNR” - 835 personnel and 85 units of equipment). Of
these, 1,364 rescuers and 276 units of equipment are
on round-the-clock duty.

The management of VGSCH within the central
apparatus of EMERCOM is assigned to the Rescue
Units Department, which is responsible for oversee-
ing the activities of VGSCH, coordinating with regio-
nal branches of EMERCOM, and developing a unified
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national policy for the development, training, and de-
ployment of VGSCH.

A special role in the emergency protection sys-
tem is given to Auxiliary Mine Rescue Teams (AMRT).
To date, nearly 100,000 members of AMRT have been
trained.

Each year, thousands of miners participate in
both initial and refresher training (Fig. 2). The trai-
ning follows a standardized and approved curriculum,
conducted every three years. Additionally, every six
months, members of the AMRT undergo team-based
training in the use of isolating breathing apparatus.

To assess the necessity and effectiveness of the
auxiliary mine rescue teams, research was conducted
that included expert evaluations and tactical exercis-
es at seven mines in Russia.

Research on the effectiveness of AMRT actions

A survey was conducted among the command
staff of VGSCH, with 334 respondents participating.
Of these, 89% of professional rescuers believe that
auxiliary mine rescue teams should be established at
mining enterprises.

However, 82% of respondents feel that AMRT
members are exposed to less life-threatening risk
than professional mine rescuers. Additionally, only
5% reported that AMRT members had been injured
during accident localization and mitigation efforts.

Norilsk Al @ ®

Magadan'\f 9

—;\?f:; \
oF Mirnyi T AN l

Fig. 1. Deployment of units and composition of VGSCH forces within EMERCOM of Russia
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An interesting result emerged when respondents
were asked if AMRT members had ever refused to par-
ticipate in emergency rescue operations (ERO). Re-
sponses were almost evenly split: 53% said yes, while
47% said no. This brings the issue of motivation into
focus. It is one thing to be a member of the AMRT, but
another to enter a mine during an accident and risk
one’s life and health.

The main challenges in preparing AMRT mem-
bers, according to the mine rescue community, are
insufficient physical training, low proficiency in op-
erating mine rescue equipment, and difficulties with
self-organization. Nearly unanimously (75%), re-
spondents agreed that the number of training hours
for AMRT members needs to be increased. Currently,
AMRT training lasts 72 hours as part of their certifi-
cation.

Questions about the necessary number of AMRT
members required for tasks such as first aid or fire-
fighting remain unanswered (Fig. 3). Consequently,

4000
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many questions arise regarding the tactics used by
AMRT members during rescue operations. At present,
there is no officially approved tactical document spe-
cifically for AMRT. In the absence of such a document,
AMRT members rely on the regulations followed by
professional mine rescuers during emergency re-
sponse operations.

When asked, “What do AMRT members lack?” al-
most all respondents pointed to skills in working as
part of a team.

It is crucial to understand how effective AMRT
rescue operations truly are, especially considering the
significantly different starting conditions they face
compared to professional mine rescuers. For instance,
an accident could occur at the end of a work shift, af-
ter AMRT members have already worked 6-8 hours
at their regular jobs. Unlike professional mine res-
cuers, AMRT members do not have the same level of
ingrained proficiency in using breathing apparatus,
honed through repeated practice.

150
N 119
2 100- 100
S 76
o
E 45 59
: 50-
E 26

2020 2021 2022

B Initial certification of ERS and ERU

B Initial certification of civilians obtaining
the status of a rescuer

B Periodic and unscheduled certification of rescuers
with qualification assignment or confirmation

a

Periodic certification of ERS and ERU

Fig. 2. Certification statistics of AMRT members (a) and emergency rescue services (units) (ERS/ERU) (b)
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Fig. 3. The required minimum number of AMRT members:
a) for providing first aid to the injured, b) for firefighting

246


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(3):243-249

Assessment of AMRT readiness in coal mines

To objectively assess readiness, control-tactical
exercises (CTE) were conducted at seven mines at the
end of the work shift, focusing on fire scenarios.

For example, at Mine “1” (Fig. 4), the accident lo-
cation and type (fire) were determined, and the rele-
vant fire protection measures were activated.

All deficiencies made by AMRT members were
carefully tracked, including critical ones that could
lead to fatalities in a real emergency. For instance,
at Mine “1”, the commander failed to inform the unit
about the affected areas and potential accident spread
routes. Additionally, an AMRT member did not check
their helmet mask. When entering the high-temper-
ature zone (HTZ), the AMRT unit did not use cooling
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elements or monitor the temperature in the HTZ,
among other errors.

Theoretical knowledge was also evaluated. While
passing theory during certification is one thing, do-
ing so at the end of a shift without preparation is
another. The average score was around three (on a
five-point scale), with work experience not signifi-
cantly affecting the results. Physical fitness was also
assessed on-site, and nearly all members passed the
required standards. Skills in first aid, task allocation,
and preparation for mine descent were also evaluated,
and an overall score was given.

Summarizing the results from all mines, critical
deficiencies were identified at each site. At Mine “2”,
the commander failed to properly brief the unit on
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safety protocols and miscalculated the time required
to advance into the high-temperature zone (HTZ). At
Mine “3”, the commander neglected to instruct the
unit to secure themselves with ropes, failed to inform
the team about the gas levels, and did not mention the
need to disconnect from respirators when necessary.
During movement through the mine and while inside
the HTZ, both the commander and the team did not
adhere to the correct practice of staying in the lower
sections of the mine workings. At Mine “4”, the com-
mander did not communicate the potential spread of
the accident within the mine workings. Unit 1 pro-
ceeded to enter gas-filled areas directly at the en-
trance to the affected zone, where the air was being
contaminated by the fire. At Mine “5”, the commander
incorrectly calculated the oxygen supply needed to

elSSN 2500-0632
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advance in an atmosphere unsuitable for breathing.
At Mine “6”, the commander did not notify the unit
about the impacted areas or the potential spread of
the accident.

In real situations, these and other errors could re-
sult in the deaths of AMRT members and worsen the
accident.

Conclusion

Critical deficiencies were noted at all mines. The
overall performance results are summarized in the di-
agram (Fig. 5). The biggest issues were in task alloca-
tion and the use of rescue equipment, while tactical
preparation and first aid procedures were relatively
stronger. These areas will be the focus of future im-
provements.

Table
Assessment of theoretical competence and physical fitness
Overall
assessment
Year " Position in AMRT at . |Expe- | post |of theoretical|  Pull-up Push-up
No. i Current position = Education | rience requirement requirement
of birth the mine (vears) scores| competence (Yes/No) (Yes/No)
Y of AMRT
members
1. | 1978 |Deputy chief engineer | AMRT Leader Higher 18 4 Yes Yes
2. | 1978 |Mine foreman IS\I%U? d Leader AMRT Technical 15 3 No Yes
1987 |Miner AMRT Member Higher 5 4 Yes Yes
4. | 1993 |Stope miner AMRT Member Secondary 7 3 Yes Yes
5.1 1992 Und‘erground AMRT Member Secondary 4 3 No Yes
equipment operator
6. | 1983 |Stope miner AMRT Member Secondary | 15 3 5.3 Yes No
7. | 1995 |Deputy section head IS\I%u; d Leader AMRT Secondary | 10 3 Yes Yes
8. | 1995 |Driller AMRT Member Secondary 3 3 Yes Yes
9. | 1989 |Driller AMRT Member Technical 3 Yes No
10.| 1995 |Miner AMRT Member Secondary 4 3 Yes Yes
11.] 1983 |Stope miner AMRT Member Secondary | 12 4 Yes No
5
4 4.1 4.0 .
3.2 2.9 .
3 2.4
2
1 .
0 T T
Task Preparation Technical Use of mine First aid Theoretical
allocation for mine training rescue provision training
for AMRT descent of AMRT units equipment

Fig. 5. Average chart of deficiencies in AMRT member training from control-tactical exercises
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It should be noted that some types of accidents
[8] are more complex, making it difficult to quickly lo-
cate the accident site. In such cases, the risk of AMRT
members making incorrect decisions is higher.

Possible ways to improve safety and efficiency of
AMRT operations:

1. Boost motivation by significantly increasing
the additional compensation — currently, the supple-
mentary pay ranges from 3-10% of base salary; by
offering government guarantees of support for AMRT
members in the event of injury during rescue opera-
tions; and by ensuring support for their families in the

elSSN 2500-0632
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2. Increase the number of training hours for
AMRT members, conduct unannounced inspections,
and organize competitions across mining industry or-
ganizations.

3. Develop rescue operation tactics that account
for the number of AMRT members available at the ac-
cident site, potential issues with team cohesion, and
the physical condition of miners at different points in
their work shift.

Only by implementing this comprehensive set of
measures can the safety and effectiveness of AMRT
rescue operations be improved.

case of death or injury.
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Abstract

The study of thermodynamic parameters in the air environment of subway lines is of particular relevance
due to the substantial differences in air temperatures between Russian cities and those abroad. These
temperature variations influence the formation of aerothermodynamic characteristics, which must be
considered when selecting methods to ensure compliance with standard climatic parameters in subway
systems. The objective of the study presented in this article was to identify, based on experimental data,
the patterns governing aerothermodynamic processes, with the aim of providing recommendations for
the standardization of air environment parameters in subway tunnels (both single- and double-track)
located at different depths. The primary tasks of the research involved identifying the factors influencing
the distribution and variation of temperature and humidity, conducting instrumental measurements of
temperature and humidity distribution along the length of the transit tunnel sections under investigation,
both in the absence of trains and during varying intensities of train movement. Proposals were then
developed to apply the identified patterns in maintaining standard air parameters. The article posits that
the selection of technical solutions for improving subway ventilation systems should be based on the
unique features of aerothermodynamic processes, which depend on the structural characteristics of the
transit tunnels and their depth. Experimental studies revealed the patterns governing the formation of
ventilation and thermal regimes in single-track and double-track tunnels, as well as at junction sections,
and provided recommendations for optimizing ventilation and thermal regimes to ensure compliance with
climatic standards. Specifically, the study found that in deep single-track tunnels, the thermal regime is
influenced by the presence of circulation loops between adjacent stations, created by the piston effect
and the heat emissions from moving trains. Circulation loops in shallow single-track tunnels, by contrast,
are characterized by strong aerodynamic connections with the surface, as surface air enters the stations
and tunnels via pedestrian walkways and inclined passages. In double-track underground structures, in
the absence of train movement, the variation in air temperature along the length of the transit tunnel is
determined by the amount of heat accumulated in the surrounding ground during periods of train operation.
When trains are in motion, the heat emitted by trains moving in opposite directions is evenly distributed
along the tunnel, due to the near absence of a piston effect, resulting in a stable air temperature throughout
the tunnel. However, the sections adjacent to stations experience localized increases in air temperature
due to the maximum heat generated during braking and train stops, with tunnel air temperatures in these
sections rising by 2-3 °C compared to those in the transit sections. In sections where both single-track and
double-track tunnels are present, a potential rise in air temperature at the station adjacent to single-track
tunnels is associated with the formation of circulation loops between the junction of different tunnel types
and the station itself. Recommendations for normalizing the aerothermodynamic regime in the various
tunnel types studied include provisions for mitigating potential summer air temperature increases above
the standard levels by either increasing air flow or cooling the air in cross passages adjacent to stations.
Methods for increasing air temperature may include organizational, aerodynamic, and heat engineering
techniques.
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TEXHOJIOT'MYECKASA BE3OMNMACHOCTb B MMHEPAJIbHO-CbIPbEBOM KOMIMJIEKCE
N OXPAHA OKPYXXAIOLLEU CPE[bI

Hay4Has cTaTbs

UccnepoBaHue TepMmoaAuHaMU4yeCKux napameTpos BO3AYI.IJHOI7I cpeabl
Ha JINHUAX MEeTPOonoJINTEHOB C OAHONYTHbIMU U ABYXNMYTHbIMU TOHHENIAMMU

C.I. Tenpnep! , M.C. Kprokosa' 04, E.JI. Andeposa®
' Cankm-IlemepOypeckuii zopHbiii yHusepcumem umnepampuyst Examepunut II, 2. Cankm-Ilemep6ype, Poccutickas @edepayus
2 Uucmumym 2opHozo denia CO PAH um. H. A. Yunakana, 2. Hoeocubupck, Poccutickas @edepayus
D4 s215068@stud.spmi.ru

AHHOTaUuA

AKTYaJIbHOCTb MPOG/IEMBI TEPMOIMHAMMYECKMX TTaPaMETPOB BO3AYILIHOI CpeIbl Ha IMHUSIX METPOIIOIUTEHA 3a-
KJTIOUaeTCs B CYIIeCTBEHHOI pasHMIle TeMIiepaTyp Bo3ayxa ropomoB Poccuu u ropomamu 3apyOeskHBIX CTPaH.
IlaHHas TeMIlepaTypHasl pasHuIla OTNpeaeNseT M 3aKOHOMEpPHOCTY (OPMUPOBAHMS a3pPOTEPMOIMHAMUUECKIX
ImapamMmeTpoB BOS,[[YI.I.[HOI‘/JI Cpenbl, KOTOpPbIE HeOGXO,ZLI/IMO YUUTBIBATD IIPpU BbIﬁOpe CHOCOGOB O6eCHE‘1€HI/IH HOpMa-
TUBHBIX KIIMMAaTUYECKUX ITapaMeTPOB BO3ayxa. I/ICCIIeLIOBaHI/Ie, IIpeacTaBJI€eHHOE B CTAaTbhe, TPOBOAMJIOCH C II€JTbIO
YCTAHOBJIEHNMS HAa OCHOBE 3KCII€PMMEHTa/IbHBIX HaHHBIX SaKOHOMepHOCTef/'I IIPOTEKaHMs a3poTepMOoaAMHaMuye-
CKMX TIPOIIECCOB IS TTOC/IENYIONIel pa3paboTKM peKOMeHIanyii 1o HOpMUPOBAHMIO ITapaMeTPOB BO3AYIIIHOM
Cpefbl B TOHHE/ISIX METPOIOINTEHA (OMHOMYTHBIX U ABYITYTHBIX), PACTIONIOKEHHBIX HA pa3HOIi ITyOMHe 3aJ10Ke-
Hus. OCHOBHbIE 3aaun CBOOATCA K OIIpeneneHunio d)aKTOpOB, OKa3bIBAKIINMX BJIMSHME Ha YCTaHOBJIEHME pacC-
npeneneHus TeMnepaTyp (BIaKHOCTel) ¥ 3aKOHOMEPHOCTel UX M3MeHeHMs], TPOBeieH e MHCTPYMEHTaIbHbIX
M3MepeHMI1 paclipeneneHus TemIieparyp (BIKHOCTEN) BO3A4yxa 0 IIVMHE UCCIeLyeMbIX YyUYaCTKOB ITeperoHHbIX
TOHHEJIE KaK Py OTCYTCTBUM ITOE3/I0B, TaK U IIPY UX OBVMKEHUY C PA3IMUHON MHTEHCMBHOCTBIO; pa3paboTKe
TIpeIJIOSKEH NI TI0 MCIIOIb30BaHMIO BhISIBJIEHHBIX 3aKOHOMEPHOCTEN [IJIsT oOecieueHysi HOpMaTUBHBIX ITapaMme-
TPOB BO3,ELYI.L[HOI71 Ccpeabl. I/I,Eleﬂ CTaTbM COCTOMT B TOM, UTO B KaU€CTBE OCHOBBI IJI BbI60pa TEXHNUYECKUX pEH.IEHI/H;'I
110 COBEPIIEHCTBOBAHMIO CMCTEM BEHTW/IALMNM METPOIIOJIUTEHOB CJiIeayeT IPMHMMATD BbISIBJIECHHbIE OCOGQHHOCTI/I
Cl)OpMI/IpOBaHI/IH A3pOTepMOAVMHAMMYECKHUX ITPOLECCOB, 3aBUCAIIMNX OT KOHCTPYKTUBHBIX ITapaMeTpPOB IMeperoH-
HbIX TOHHEeJIe U I‘)'IY6I/IHI:I uX 3anokeHus1. Ha ocHOBe BbITTOTHEHHbBIX SKCIIEPMMEHTAJ/IbHbBIX I/ICCJ'[E,E[OB&HI/IV[ ObUIN
BbIsSIBJIEHBI 3aKOHOMEPHOCTU (bOpMI/IpOBaHI/IH BEHTWIILIMOHHBIX U TEIJIOBbIX PEKMMOB OOHOITYTHBIX, OABYXITYT-
HbIX TOHHeel 1 Y4aCTKa COIIPSIKEHMS U IIPEAJIOKEHBI MEPOIIPUATHSA 110 COBEPIIE€HCTBOBAHMIO BEHTU/IALIMOHHOT'O
¥ TEIUIOBOTO PEXKMMOB, 00€CIIeuMBaIOIIMX HOPMaTUBHbIE KIMMAaTHUUYeCKIe YCIOBYS. B yacTHOCTH, GbUTO YCTaHOB-
JIEHO, YTO B OOHOITYTHbIX TOHHEJISIX I‘J'IY6OKOI‘O 3aJI03KeHUS TeIJIOBOM PEXMM OIIpeaesieTCsa HalInumem UUPKYJIIa-
LIMOHHBIX KOHTYPOB MEXKIY COCEIHUMM CTAHIIMSIMM, KOTOPbIe BO3HMKAIOT B pe3y/ibTaTe MopirHeBoro sddexra,
" TEIUVIOBBIACIEHUSIMU OT ABVOKYIIMXCS ITOE300B; OTVIMYMeM UUPKY/ISIIMOHHBIX KOHTYPOB, Cd)OpMI/IpOBaBH.U/IXCH
B ITOA3E€MHBIX COOPYKEHMAX MEJIKOIO 3a/IOKeHMA OAHOITYTHOI'O TUIIA, SBJISIETCS HaJIM4ue IIJIOTHOM adpoarHa-
MMYECKOJ CBSI3U C TTIOBEPXHOCTHI0. TeM CaMbIM IOA3€MHbIE COOPYKEHMST MEJTKOTO 3a/I0KEHMST HAChIIAI0TCST T10-
BE€PXHOCTHBIM BO3IyXOM, KOTOprI;i IMOCTYyIIaeT Ha CTAHIMM M B TOHHEJIN I10 IT€MIEXOOHBIM ITYTAM M HAKJIOHHbIM
XomaM; B ITOA3€MHBIX COOPY>KEHMAX OABYXITYTHOI'O TUIIA ITPY OTCYTCTBUM ABVKEHMS ITOABVMIKHBIX COCTABOB XapaK-
Tep U3MEHEHM TeEMIIEPATYPhI BO34YyXa I10 IJIMHE IME€PEroHa OIpenesisaicsa KOJINM4YeCTBOM TeIlJIOThbI, KOTOpast 6bIJIa
AKKYMYJIMpOBaHa I'PYHTOM B I€PpUOO ABVDKEHMS ITO€310B. Bo BpeMsI OBVDKEHMS TEIIOTa, BbIAe/isieMas I1oe3gamMu,
ABVDKYIIMMMUCA HAaBCTpeuy APYT APYTY IIPpU IPAKTUYECKOM OTCYTCTBMM ITOPIITHEBOTO 3(1)(1)6KT3, PaBHOMEPHO pac-
rnpenendaeTcs 1o OJiMHe II€peroHd. JT10 O6YCJIOBJ'[I/[BaeT IIOCTOSSHHYIO TEMITIepaTypy BO3OyXa B TOHHEIAX 3a UC-
KITIOUEHMAMMN YU4aCTKOB, HETTOCPEACTBEHHO ITPpUJIeraroimx K CTaHIMN, Iae B Iepnog TOPMOKEHUS M OCTAHOBKN
I10e340B KOJIN4YeCTBO HpO,ELYL[I/II)YEMOﬁ VIMUA TEIIJIOTbI MaKCMMaJ/IbHO, COOTBETCTBEHHO, TeMIIepaTypa TOHHEJIbHO-
'O BO3/yXa B IIPUCTaHIIMOHHbBIX BbIPaOOTKaX yBemuumBaeTcs Ha 2—3 °C B cpaBHEHMM C TeMITepaTypoii Ha Iiepero-
Hax.Ha Yy4aCTKax, BKIIOYAKMIMX ABa TUIIA ITIOA3€MHbIX COOpWKeHMf;I, BO3MOKHbBIN POCT TEeMIIEPATYPBI BO3yXa Ha
CTaHIVU, TIPWIETAIONIE} K OMHOITYyTHBIM TOHHEJISIM, CBSI3aH C 06pa30BaHMEM HMPKYIISIVIOHHBIX KOHTYPOB MEXKITY
Y4aCTKOM COIIPSPKEHMST Pa3HBIX TUIIOB KOHCTPYKIIMN TOHHeJen U CTaHIUU, npmnera}omeﬁ K HUM. Tarke pas-
paGOTaHbI PEKOMEHAAIMI I1I0 HOPMa/IN3aluM a3pOTEPMOIMHAMMNYECKOTI0 peXkKMMa OJIsI paCCMOTPEHHBIX TUITIOB
TOHHeJIeli: IPU YCTAaHOBJIEHHOJ BO3MOXXHOCTM TIPEBbILIEHMS B JIeTHee BpeMsl TeMIIepaTypoil Bo3ayxa HOpMa-
TUBHBIX TTaPaMeTPOB (3HAUEHMIT) HEOOXOAVMO MPETYCMOTPETh U PE3EPB 10 €T0 PACXOMY, UM €T0 OXJIaKAEHIEe
B COOITKaX, MPUIIETAIONIVX K CTAHIIMSIM. [IJIsI ITOBBIIIEHNS TEMITEPATYPhI BO3IyXa MOTYT ObITH MCIIOIb30BaHbI OP-
raHM3alMOHHbIe, adpoAMHaMMNUYeCKMe U TeIJIOTeEXHUYeCKMe MeTObl.

KnioueBble cnoea
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Introduction

Currently, subways operate in seven major cities
across Russia. Each of these subway systems has its
own specific characteristics in terms of structural de-
sign, technological approaches to construction and
operation, and engineering support for their func-
tioning, including ventilation systems (Table 1).

As shown in Table 1, the vast majority of subway
lines consist of both deep and shallow single-track
tunnels. However, in recent years, the construction of
double-track tunnels has begun in the Moscow and
St. Petersburg subway systems, facilitated by the de-
velopment of modern construction geotechnologies
utilizing mechanized tunnel shields (MTSs) [1]. The
use of MTSs has made it possible to construct dou-
ble-track tunnels even under the challenging engi-
neering and geological conditions of St. Petersburg [2].
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The prospects for using double-track tunnels
have been demonstrated by many years of successful
operation in numerous global megacities. According
to publications [3], even in hot climates, the ventila-
tion design solutions for double-track tunnels pro-
vide more comfortable air thermodynamic parame-
ters during operation compared to their single-track
counterparts.

In Russia, double-track tunnels have been suc-
cessfully operated in Moscow and St. Petersburg.
There are future plans to implement double-track
sections in Novosibirsk and Yekaterinburg.

Research data [4, 5] indicate that the primary
factors influencing the aerothermodynamic charac-
teristics of the air environment in tunnels include:
external meteorological conditions (Table 2); the
geometric parameters of the tunnel alignment, which

Table 1

Characteristics of Subways in Russia [compiled by the authors]

Sub li .. Systems for ensuring
Number ubway line composition normative air parameters
No City sta:ii)ns Single-track tunnel lines | Double-track tunnel lines . Heating
Ventilation .
Length,km | Depth,m |Length,km | Depth, m (cooling)
1 |Moscow 306 ~1010 ~60 ~11.57 ~17-46 Yes No (Yes)
2 |St. Petersburg 72 ~114 ~70 ~10.94 ~10-68 Yes No (Yes)
3 |Nizhny Novgorod 16 ~22 ~10 - - Yes Yes (Yes)
4 |Kazan 11 ~16.9 ~10 - - Yes No (no)
5 |Samara 10 ~11.6 ~20 - - Yes Yes (Yes)
6 |Yekaterinburg 9 ~13.8 20 - - Yes Yes (Yes)
7 |Novosibirsk 13 ~15.9 10 - - Yes Yes (Yes)
Table 2
Climatic conditions in Russian cities with operating subway systems [compiled by the authors]
Air temperatures
No City Average annual temperature, °C Average Win::;l/pi‘;gltﬁllz /o éanuary /Tuly
1 |Moscow 7.00 -7.5/20.3/-5.5/20.5
2 |St. Petersburg 6.75 -6.75/19.17/-4.5/19.5
3 |Nizhny Novgorod 5.88 -11.75/19.67/-8.5/20
4 |Kazan 5.25 -15.5/20/-10/20.5
5 |Samara 7.08 -13.25/7.08/-9/22
6 |Yekaterinburg 4.08 -18.75/18.5/-10.5/20
7  |Novosibirsk 2.67 -29.5/17.67/-13.5/19
8 |Madrid 17.42 18.25/28/7/30.5
9 |Rome 18.29 10.17/27.83/175/29
10 |London 13.29 13.25/20.16 /6.5/21.5
11 |Turin 13.71 10.25/22.67/5/24
12 |Beijing 13.46 -4.25/26.33/-2/217.5
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affect the energy consumption for train movement;
train operation parameters, such as speed and head-
way (i.e., the number of train pairs per hour); the tun-
nel depth relative to the surface; the type of transit
tunnel (single- or double-track); ventilation schemes;
and the presence of additional infrastructure between
stations, such as cross-passages between single-track
tunnels, ventilation structures for air supply, and
other auxiliary facilities.

Table 2 positions 8—12 illustrate the differences
between air temperatures in Russian cities where sub-
way systems are located and cities abroad, where this
mode of transport has seen significant development.

The harsh climate of Russia significantly affects
the aerothermodynamic characteristics of the atmos-
pheric air, which must be considered when developing
measures to maintain optimal climate conditions [6].

The objective of this study is to identify, based
on experimental data, the patterns of aerothermody-
namic processes in subway tunnels (both single-track
and double-track) located at various depths, with the
goal of providing recommendations for standardizing
air environment parameters.

The research methodology employed was based
on experimental studies described in [7]. The mathe-
matical models used to predict thermodynamic air
parameters in underground transport systems allow
for reliable verification of experimental results [8].

Experimental studies were conducted in various
tunnel structures, including single-track and dou-
ble-track tunnels at different depths in the St. Peters-
burg subway, as well as in shallow single-track tun-
nels in the Novosibirsk subway.

The main tasks addressed during the research in-
clude the following:

1. Instrumental measurements of temperature
(and humidity) distribution along the studied sections
of transit tunnels, both in the absence of trains and
during their movement at various intensities (mea-
sured by the number of train pairs per hour, pairs/h);

2. Identification of the main factors influencing
the observed temperature (and humidity) distribu-
tions;

3. Establishment of patterns in temperature and
humidity changes;

4. Development of proposals for applying the
identified patterns to ensure compliance with stan-
dard air environment parameters.

The central idea of the article is that the selection
of technical solutions for improving subway ventila-
tion systems should be based on the identified fea-
tures of aerothermodynamic processes, which depend
on the structural parameters of the transit tunnels
and their depth.
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Ventilation and thermal regimes
of deep single-track tunnels

As shown in Table 1, the main subway lines in
St. Petersburg consist of single-track tunnels with
a depth of more than 50 meters.

In the summer of 2023, staff from St. Petersburg
Mining University, in collaboration with GUP “Peters-
burg Metro”, carried out on-site measurements of air
temperature and relative humidity in the tunnel sec-
tion of the third Nevsky-Vasileostrovsky line, covering
the interstation sections between the “Primorskaya”,
“Vasileostrovskaya”, and “Gostiny Dvor” stations.

Temperature measurements, both during train
operation and in periods without train movement,
were taken using iButton Temperature Loggers with
an accuracy of +0.5°C. These loggers were placed
along the length of the mentioned sections (Fig. 1).

In ventilation ducts, the temperature loggers
were mounted on vertical supports, while in transport
zones, they were attached to the tunnel lining. Mea-
surements were recorded at intervals of 120 seconds
over seven days, and the data were stored in the log-
ger’s memory. Once a week, the sensors were collec-
ted, and the data were transferred to electronic media
(personal computer) using a special receiver device.

Surface temperature values of the tunnel lining
and relative humidity were measured during periods
without train movement using an infrared pyrometer
and a hygrometer (TESTO 625), respectively.

The ventilation in the “Primorskaya”-“Vasile-
ostrovskaya” and “Vasileostrovskaya”—“Gostiny Dvor”
sections during both train operation and idle periods
followed specific ventilation schemes. These schemes
involved supplying outside air to the stations and
nearby cross-passages, with the air then being ex-
tracted through ventilation shafts along the tunnel
sections. In another scenario, outside air was intro-
duced via the station and tunnel shafts, with the out-
going airflow exhausted through the “Gostiny Dvor”
station.

In the selected segment, particularly the “Pri-
morskaya”—“Vasileostrovskaya” section, ventilation
units were operated in inflow/exhaust mode at full
capacity: VOM-24R, FTDA-REV-200, with air flow
rates of approximately 46-56.4 m3/s and air speeds of
4.6-5.64 m/s at a fan depression of ~922-1100 Pa.

In the “Vasileostrovskaya”—“Gostiny Dvor” track
section, the following units were in use: VOM-18R,
VOM-18-01, FTDA-REV-180, FTDA-REV-200. Air
flow rates were ~48.6-74.8 m3/s (with speeds of
4.86-7.48 m/s) at fan depressions of ~990-1520 Pa.

The measurement results are presented in Figs. 2
and 3.
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Fig. 1. Diagram of sensor placement for air temperature measurement
in the single-track tunnel section of three subway lines:
a - section “Primorskaya”-"Vasileostrovskaya”; b - section “Vasileostrovskaya”-“Gostiny Dvor” [compiled by the authors]
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Fig. 2. Air and wall temperature distribution, and air humidity in the “Primorskaya”—“Vasileostrovskaya”-“Gostiny Dvor”
section during periods without train movement [compiled by the authors]
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Fig. 2 shows the temperature distribution
graph of air, tunnel lining surface, and humidity
in the tunnels of the “Primorskaya”-“Vasileostro-
vskaya”-“Gostiny Dvor” sections during periods
without train movement.

The variation in air temperature distribution
along the length of the tunnel segments is non-mono-
tonic. The maximum temperature is observed near
the station, while the minimum occurs in the middle
of the section. This is due to the use of different ven-
tilation schemes at various times of the day.

It is important to note that the air temperature
is lower than the tunnel lining surface temperature,
primarily because the surrounding ground heats up
during the day, with train movement providing an ad-
ditional heat source. The relative humidity of the air
varies between 60% and 70%.

The distribution of air temperatures along the tun-
nel length during train movement is shown in Fig. 3.

An analysis of the measurement results shows
that the pattern of air temperature variation along
the tunnel length during train movement generally
follows the same distribution as when trains are not
running, with some differences in temperature values
between the first and second tracks.

The conducted experimental studies demonstra-
ted that the average air temperature in the tunnels
and stations can exceed the surface air temperature
by ~14°C.

The reasons for this phenomenon include: signi-
ficant heat emissions along the segments between sta-
tions (tunnel segments) and the use of daytime ventila-
tion schemes that supply fresh air through ventilation
shafts, leading to the formation of circulation loops.

In the tunnel section from the mixing point with
outside air to the station, several factors influence the
air temperature, such as increased air flow and heat

24.0
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emissions from moving trains, heat exchange pro-
cesses between the air, tunnel structures, and the sur-
rounding rock, as well as mass exchange processes [9].

At the same time, the increase in train movement
intensity has a dual effect: on the one hand, the total
amount of emitted heat increases, and on the other,
the air flow in the circulation streams also increases.

Based on the developed methodology for deter-
mining air distribution parameters in subway station
ventilation cross-passages, taking into account the
piston effect of trains, the authors conducted a series
of calculations of heat emissions and air flow in the
circulation streams during train movement to quanti-
tatively assess the interaction of these factors.

The input data for the calculations include: an
average train speed of 50 km/h; the number of cars —
8; tunnel cross-section — 21 m?; and segment length —
500-3500 m. The main results of the calculations are
presented in Fig. 4.

An analysis of the obtained data shows that, with
a simultaneous increase in the number of train pairs
per hour from 15 to 45 and the segment length from
500 to 3500 meters, the amount of circulation air (Q,)
increases by 2.5 times. Moreover, the ratio of the heat
emitted by the trains to the circulation air flow (IN,)
does not depend on the train intensity and varies be-
tween 4 and 8.75 for different segment lengths. At the
same time, the ratio N, remains constant for each seg-
ment length.

Thus, it can be concluded that the air tempera-
ture in the transport zones of the tunnels is practical-
ly unaffected by the frequency of train traffic.

However, an increase in the circulation air flow
may lead to another negative effect — an increase in
the concentration of suspended dust, especially in the
spring, when atmospheric dust levels are higher. This
assumption is supported by a number of studies [12].

23.51
23.0+
22.51
22.0
21.51

N—

Air temperature, °C

\/

21.0 T T T
0 500 1060

m. s. “Primorskaya”

1580 2100
m. s. “Vasileostrovskaya”

2650 3180 3870 4560 5250 m

m. s. “Gostiny Dvor”

- Temperature of the single-track tunnel on Track 1
Temperature of the single-track tunnel on Track 2
- Average wall temperature of single-track tunnels on Tracks 1 and 2

Fig. 3. Air and wall temperature distribution, and humidity in the “Primorskaya”-“Vasileostrovskaya”-“Gostiny Dvor”
section during peak hours with 24 train pairs in operation [compiled by the authors]
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Fig. 4. Circulating air flow rate Q. and the ratio of heat from trains to circulating air flow (solid line)
as a function of train traffic intensity N, (pairs/hour) [compiled by the authors]

During the operation of deep single-track tun-
nels, part of the heat from the rolling stock and other
sources accumulates in the circulating loops. In the
summer, this leads to an increase in the temperature
of the tunnel air entering the stations (Fig. 2, 3). To
reduce air temperature, it is possible to install refri-
geration equipment in ventilation cross-passages
near the stations, as described in [10].

In the winter, the circulating air, when mixed with
cold outside air in the tunnel section, helps maintain
a positive temperature at the stations.

Thus, the circulation loops play a dual role: in
the summer, the heat accumulated in them causes
additional warming of the air and progressive heat-
ing of the surrounding rock; in the winter, on the
contrary, the circulating air allows for the mainte-
nance of positive temperatures at the stations and in
the tunnels [13].

Ventilation and thermal regimes

of shallow single-track tunnels
A distinctive feature of the aerodynamic pro-
cesses in shallow single-track tunnels, compared to
those in deep tunnels, is that the circulating loops
formed between stations (or cross-passages) have
a close aerodynamic connection with the surface [14].
In deep subway lines, the temperature distribu-
tion along the length of the circulation loops forms
in the horizontal plane and is determined only by the
air flow initiated by the trains moving through paral-
lel tunnels and the amount of heat emitted by them.
In shallow tunnels, the external air entering the wor-

kings through cross-passages and pedestrian paths
significantly influences the temperature distribution,
as these circulating loops are fed by outside air even
when the fans are not operating.

This means that the circulation loop forms in both
the horizontal and vertical planes. This conclusion is
confirmed by the measured air speeds at the stations
“Ploshchad Gagarina-Mikhaylovskogo”, “Rechnoy
Vokzal”, “Sibirskaya”, and others in Novosibirsk.

Mixing the circulating air with external air leads
to changes in the temperature distribution along the
length of the circulation loop. While these changes do
not lead to deviations from the standard parameters
during the summer and spring periods, in the winter,
the air temperature at the stations may significantly
differ from the standard values, requiring the heating
of outside air drawn in by the piston effect.

Based on the experimental research and nume-
rical calculations performed, several proposals for
managing the ventilation of shallow subway lines in
Novosibirsk can be formulated (Fig. 5) [15].

Ventilation and thermal regimes
of double-track tunnels

Field studies of the thermodynamic parameters
of the air in double-track tunnels on the sections:
“Dead End”-“Begovaya”-"“Zenit” — the junction with
the single-track tunnels leading to "Primorskaya"
station (Fig. 6) were also conducted in the summer
of 2023. The arrangement of sensors for measuring
the thermodynamic parameters of the air is shown
in Fig. 7.
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The measurement methodology and equipment
used were identical to those employed in the sin-
gle-track tunnels.

In the selected sections (“Dead End”-“Bego-
vaya”-“Zenit”-“Primorskaya”), fresh air was sup-
plied through station ventilation shafts using Zitron
ZVR1-18-75/6, ZVN 1-20-75/6, and FTDA-REV-200
units. Operating at 80% capacity, these units provi-
ded an airflow of ~51 m%/s and an airspeed of ~5.6 m/s
at a fan depression of 925 Pa.

Air extraction from the tunnels was carried out
using FTDA-REV-180 units, located in the ventila-
tion shafts at the “Begovaya”, “Zenit” stations, and
in the dead-end section. These units, also operating
at 80% capacity, provided an air extraction rate of
~42 m3/s (with an airspeed of ~5.6 m/s) at a fan de-
pression of 925 Pa.

Figs. 8 and 9 show graphs illustrating the dis-
tribution of air temperature, tunnel lining surface
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temperature, and humidity levels in the “Bego-
vaya”-“Zenit” section during periods of no train
movement. During the measurements, the outside
air temperature was 7°C, and the relative humidity
was 55%.

In the absence of train movement, the varia-
tion in the thermal regime along the section is due
to the amount of heat stored in the ground during
train passage. This is confirmed by the higher tunnel
lining surface temperature compared to the air tem-
perature and the distribution pattern of the air sup-
plied by the fans along the tunnel section. Despite
the heat emitted by the ground, the air temperature
decreases along the section as it moves further from
the “Zenit” station due to the influx of outside air,
which has a significantly lower temperature than the
tunnel lining surface temperature. The relative hu-
midity along the section fluctuates within the range
of 50-60%.

Measures for increasing air temperature within the tunnel

A4

v

Reducing the intake of cold air to the station

Redirecting the flow of atmospheric cold air

Increasing the aerodynamic resistance
of ventilation network sections handling cold air

Redirecting cold air into track tunnels
through special ventilation sections —
under the street crossing

> Reducing train speed when exiting the station

Creating an effective closed air circulation flow
Ly in the tunnel section with the vent open
in the ventilation chamber

Forming a bypass channel for cold outside air
by constructing a ventilation shaft and ventilation [«
circulation dampers

Fig. 5. Approaches to managing ventilation in shallow subway lines under the conditions of Novosibirsk
[compiled by the authors]

L]

Fig. 6. Profile of the double-track section:
1 -“Begovaya”; 2 - “Zenit”; 3 — junction point of single-track and double-track tunnels [compiled by the authors]
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Fig. 7. Diagram of air temperature sensor placement in the double-track section of the third subway line:

a - section “Dead End”-“Begovaya”; b - section “Begovaya”-“Zenit”; c — part of the “Zenit
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Primorskaya” section up

to the junction of single-track and double-track tunnels [compiled by the authors]
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Fig. 8. Air temperature, tunnel lining surface temperature, and humidity distribution in the “Begovaya”-“Zenit” section
during periods without train movement [compiled by the authors]
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Compared to single-track tunnels, double-track
tunnels exhibit a more comfortable thermal regime.
This is due to the absence of circulating airflows
caused by the movement of trains. In single-track
tunnels, the heat emitted by moving trains accumu-
lates over a prolonged period since a significant por-
tion of it is not removed along with the outgoing air
from the subway [16]. In subways with double-track
transit tunnels, due to the lack of circulating airflows
(piston effect), most of the heat is evenly distribu-
ted along the tunnel section [17]. The consistency of
air temperature is maintained through heat removal,
except in zones near the stations. In these zones, the
intensity of heat generation is highest during train
braking and stops. As a result, the air temperature
exceeds the tunnel lining surface temperature, indi-
cating the transfer of heat to the ground.

For sections with double-track tunnels, an in-
crease in temperature is observed with higher train
traffic intensity, which is directly related to the in-
crease in heat emissions from the trains.
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Ventilation and thermal regimes
in sections with single-track
and double-track tunnels

A key distinction in the ventilation and ther-
mal regimes of the sections under consideration is
the difference in airflow dynamics between the dou-
ble-track and single-track tunnels. Single-track tun-
nel sections are ventilated through a combination of
forced ventilation and the piston effect. Additionally,
a circulation loop forms between the junction of the
double-track and single-track tunnels and the sta-
tions closest to the junction [18].

In contrast, the ventilation of double-track tun-
nels is managed solely by shaft fans.

When trains are not operating, the temperature
and humidity distribution along the section from
“Zenit” station to “Primorskaya” station remains
consistent for both double-track and single-track
tunnels (Fig. 10). During the measurements, the
outside air temperature was 13°C, and the humidity
level was 69%.

N N
—_ ()]
1 1

——

Air temperature, °C
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Fig. 9. Air temperature distribution in the “Begovaya”-“Zenit” section during peak hours with 24 train pairs in operation
[compiled by the authors]
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Fig. 10. Air temperature distribution in the “Zenit”-“Primorskaya” section during periods without train movement,
with the junction point where the double-track tunnel transitions into two single-track tunnels [compiled by the authors]
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During train movement, when the air tempera-
ture beyond the junction with the double-track tun-
nels aligns with the typical temperature distribution
found in single-track tunnels, it is possible for the
temperature to exceed the absolute values observed
in the single-track tunnels (Fig. 11). During the
measurements, the outside air temperature was re-
corded at 17°C.

The above is confirmed by measurement results,
which show that the air temperature in the dou-
ble-track tunnel before the junction, at a point 2010
meters from “Zenit” station, was 19.5°C, while at “Pri-
morskaya” station, it increased to 22-23°C. This in-
crease is due to the circulation loop in the single-track
section being fed with air from the double-track tun-
nel, which has a higher temperature than the outside
air supplied from the surface, as is typical in standard
ventilation schemes.

To lower the temperature regime in single-track
tunnels, a ventilation method using outside air can be
applied. This method involves supplying fresh air into
the double-track tunnel through a specially designed
shaft located at the end of the double-track section.

Conclusions

Based on the experimental research conducted,
the patterns of ventilation and thermal regimes in
single-track, double-track tunnels, and junction sec-
tions were identified, and measures were proposed
to improve these regimes to ensure compliance with
climate standards. Specifically, the following findings
were made:

1.In deep single-track tunnels, the thermal re-
gime is influenced by two main factors: air circulation
between stations, caused by the piston effect, and
heat emissions from moving trains. The temperature

distribution along the tunnels is uneven, with mini-
mum values in the middle and maximum values at
the stations. This phenomenon is a result of the ven-
tilation system, which introduces fresh air into the
tunnels and expels it at the stations. As train traffic
intensity increases, there is no significant change in
air temperature, which can be attributed to the rise in
circulating air flow.

2.In shallow single-track tunnels, the circula-
tion loop formed between stations is fed by outside
air entering through pedestrian paths at the stations
and tunnels. During the summer, this phenomenon
does not significantly affect the temperature distribu-
tion. However, in winter, it can lead to a critical drop
in temperature at the stations. Maintaining standard
air parameters at the stations during the winter can
be achieved through a combination of organizatio-
nal, aerodynamic, and thermal engineering methods.
The first method involves reducing the piston effect
by slowing down the arrival and departure of trains.
The second approach increases the aerodynamic re-
sistance in sections of the ventilation system, faci-
litating the movement of cold atmospheric air or in-
ternal circulation loops. The third method involves
using systems to heat the incoming outside air, such
as air-thermal curtains.

3.In double-track tunnels, when trains are not
in operation, the temperature variation along the
tunnel is determined by the amount of heat retained
in the ground during train movement. When trains
are running, the heat emitted by trains moving in
opposite directions, with minimal piston effect, is
evenly distributed along the tunnel. This results in a
consistent air temperature throughout the tunnels,
except near stations, where braking and stopping
generate maximum heat. Consequently, the air tem-
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perature in these areas increases by 2—-3°C compared
to the rest of the tunnel.

In sections with both double-track and single-track
tunnels, the rise in air temperature at stations near sin-
gle-track tunnels is due to the formation of circulation
flows between the junction of the double-track and
single-track tunnels and the adjacent station.

4. Recommendations for normalizing the aero-
thermodynamic regime for the tunnel types studied
include the following:

e In cases where air temperature may exceed
standard values in the summer, provisions should be
made for either an air flow reserve or air cooling in
cross-passages near the stations.
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e To increase air temperature, organizational,
aerodynamic, and heat engineering methods can be
applied: the first involves reducing the piston effect
by lowering train speeds; the second involves in-
creasing the aerodynamic resistance in ventilation
network sections connected to the intake of outside
air; and the third entails using systems to heat cold
external air, such as air-thermal curtains.

e In sections that combine double-track and sin-
gle-track tunnels, the potential rise in air tempera-
ture at stations near single-track tunnels can be mi-
tigated by supplying outside air into the double-track
tunnel through a shaft located at the end of the dou-
ble-track section.
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Assessment of the efficiency of wastewater treatment from coal enterprises
for suspended solids using various filtering materials
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Abstract

Suspended solids are the predominant pollutants in the wastewater of coal enterprises. The basic wastewater
treatment system regulated in BAT No. 15 ITC-37-2017 does not ensure water quality meets the discharge
standards for fishery water bodies. The gravitational sedimentation method used in this technology is
effective for coarse particles. However, colloidal systems formed from fine insoluble fractions are challenging
to separate in a gravitational field. As an effective method for removing suspended solids from wastewater,
we recommend filtering through a stationary layer of granular filtering materials. The study investigates
the kinetics and dynamics of filtering suspended particles from the wastewater of coal enterprises using
various filtering materials. Sedimentation curves of suspended solids from quarry wastewater have been
constructed. The dependence of wastewater treatment efficiency on the size of filtering material fractions has
been identified. The study provides an evaluation of the effectiveness of using natural filtering materials for
treating wastewater from coal enterprises. The experiments demonstrated that the most efficient and cost-
effective granular filtering material is quartzite from the Bobrovskoye deposit, which we recommend using in a
combination of fractions 20-50 and 0.7-12 mm (in a ratio of 1:2). The optimal flow rate of wash water during
the regeneration of the granular filter is also determined.
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Vicnonb3yeMblit B JAHHOV TEXHOJOTMM METOH, TPaBUTALIMOHHOTO OCAXIEHMUS B IpyHax-OTCTOMHMKAX 3(d-
dexTuBeH 111 TpybOMMCIIEPCHBIX YacTuIll. OmHaKO (HOpMUPYIOIIMECS] KOJUIOMAHbIE CUCTEMBI U3 MEJTKOIVC-
TepCHBIX HEPACTBOPUMBIX (Dpakiuii SBISIOTCS CIOKHBIMU IJIs1 PasfeneHus] B yOUIOBUSIX TPAaBUTAIMOHHOTO
nonis. B kauectBe 3¢ (eKTMBHOTO MeTONa yIOAJIeHNs] B3BEIIEHHBIX BENIECTB U3 CTOYHBIX BOJl PEKOMEHTyeM
MCIIONb30BaTh (PYIbTPOBaHME Uepe3 CTALMOHAPHBIN (10l GUIBTPYIOMINX 3€pPHUCTBIX MaTepuaaoB. B pa6o-
Te MPOBEJEHO MCCIe0BaHMEe KMHETUKY U TUHAMUKY (PUIbTPOBaHMS B3BELIEHHbIX YACTUI] U3 CTOYHBIX BOJ,
YTONBHBIX MPENNPUITHI Ha GUIBTPYIOIMX MaTepuasax pasanaHoii npupozst. [locTpoeHb! KpUBbIe IPaBUTA-
LMIOHHOTO OCaXXAeHMSI B3BEIIeHHBIX BeLeCTB M3 KapbePHbIX CTOYHBIX BOZ,. BbIsiB/IeHa 3aBUCUMOCTDb CTEIeHU
OUMCTKM CTOYHBIX BOJ OT pasMepa Gpakiuii GpuiabTpyomyx MaTepuanoB. B pabore npuBeneHbl pe3y/bTaTh
onieHKM 3 eKTUBHOCTY MpUMeHeHMs PYIbTPYIOIMX MaTepuaaoB MPUPOTHOTO MPOUCKOKIEHMSI IJIST OUUCT-
KV CTOYHBIX BOZ, YTOJIbHBIX NIPEIIIPUSTUI OT B3BELIEHHBIX BellleCTB. Pe3ynbTaThl 3KCIIePUMEHTOB MTOKa3aJIH,
yTo Hanbosee 3pbeKTUBHBIM U JOCTYITHBIM 3€PHUCTHIM (QUIBTPYIOLIMM MaTepHUaioM SIBISIeTCSI KBapunuT bo-
OGPOBCKOTO MECTOPOXKIEHNSI, KOTOPbI/i Mbl pEKOMEHAYEM MCIIO/Ib30BaTh, KOMOMHMPYs ero dhpakuyy 2,0-5,0
n 0,7-1,2 (B cootHOoweHun 1:2). OnpeneneHa ONTMMalbHasi CKOPOCTb IIOAUM IIPOMBIBOUHBIX BOJ, HA 3Tare
pereHepanyyu GWIbTPa C 3€pHUCTON 3arpy3KOiA.

KnioyeBble cnosa
YrOoJIbHbIE TIPEeOIIpusaTIS, KBApUIUT, B3BEIIEHHbIE€ BeIlleCTBa, CTOUHbIE BODI, (bI/IJ'IprOBaHI/[e, MeXaHn4yeckKast
OUYMCTKa

BnaropapHocTu

ViccnemoBaHMe BBIITOJIHEHO B paMKaX KOMITIEKCHOV HAyYHO-TEXHUYECKO MTPOrpaMMBbl ITOTHOTO MHHOBAIIM-
OHHOTO IIMK/Ia «Pa3paboTka 1 BHeApeHe KOMIIJIeKCa TEXHOIOIMIA B 06/1aCTSIX pa3sBedKy U JOObIUM MOIe3HbBIX
MCKOIaeMbIX, 06ecIieueHysT ITPOMBIIIJIEHHOM 6€30IacHOCTH, 6MopeMenyalny, CO3TaHysT HOBbIX IIPOTYKTOB
ITy60KO#1 IepepaboTKM U3 YTObHOTO ChIPbS ITPY MOC/IeA0BATEIbHOM CHYDKEHMM 9KOJIOTMYECKOI Harpy3Ky Ha
OKPY>KAIOIIYI0 Cpey ¥ pPUCKOB 151 SKM3HM Hace/leHUs», yTBepkaeHHo PacropskeHnem [IpaBuTenbcTBa Poc-
cuiickoit ®epepanyy ot 11.05.2022 r. N21144-p, mpu puHaHCOBOI noaaep>kke MMHMCTEPCTBA HAYKU U BbIC-
1rero o6pasoBanust Poccuiickoit ®@emepariiyn, N2 cornatnenns 075-15-2022-1201 ot 30.09.2022 1.
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Introduction

Suspended insoluble substances, formed as a re-
sult of drilling, blasting, excavation, and transpor-
tation of coal and rock at coal mines, are among the
predominant pollutants in coal enterprise waste-
water [1].

When organizing recirculating water supply sys-
tems, such as using wastewater to supply beneficia-
tion plants, the high content of suspended solids in
the water can lead to a reduction in the quality of the
obtained concentrates, as well as increased wear on
pipes and pumps.

Mineral dust particles form various systems in
water depending on the degree of dispersion, such as
suspensions, emulsions, colloidal solutions, etc.

Most coal mines located in the Kemerovo region
(Kuzbass) have a wastewater treatment system cor-
responding to the basic treatment regulated by BAT
No. 15 ITC-37-2017 “Coal Mining and Beneficiation”,
which includes the process of sedimentation of sus-
pended solids under the action of gravity in sedimen-
tation ponds and filtration through the dam filter ma-
terial [2].

Settling of quarry wastewater in sedimentation
ponds is the most common method and is used in
the first stage of treatment. This method is effective

for removing large particles with a size greater than
2 mm. For such particles, the efficiency of sedimen-
tation reaches 90-100%. Moreover, this method al-
lows the removal of 40-60% of coarse and medium
sand particles with a size greater than 0.25 mm [3].
The presence of difficult-to-settle silty and clay par-
ticles smaller than 10 pym in high concentrations
makes sedimentation ponds insufficiently effective.
Typically, they do not allow achieving regulatory
concentrations for suspended solids in discharged
wastewater, even when using a cascade of filtering
dams. Furthermore, sedimentation ponds with re-
gulated water discharge are not adapted to function
under conditions of sharp and significant changes
in wastewater flow rates, which may be caused by
the peculiarities of mining and meteorological con-
ditions [4].

The main body of the filtering array is often
made of [5]:

- native overburden rocks;

- coarse gravel with fractions of 100-200 mm;

- medium gravel with fractions of 60—100 mm;

- burnt rock;

- quartz sand or zeolite.

The use of native overburden rocks as a filtering
material for the cascade of dams for treating quarry
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wastewater has a significant drawback, which is the
accumulation of predominant pollutants during op-
eration, followed by their leaching, leading to an in-
crease in their concentration in the treated water.

Monitoring the quality of discharged wastewater
from coal mines showed that the quantitative content
of suspended solids exceeds the regulatory values and
varies throughout the year, with the maximum peak
observed from May to July [6].

The aim of this study is to assess the efficiency
of treating coal mine wastewater from suspended
insoluble anthropogenic contaminants by filtration
through a granular media layer.

The research tasks included:

- conducting field measurements of suspended
solids content in coal mine wastewater;

- investigating the kinetics of gravitational sedi-
mentation of suspended solids from wastewater;

— analyzing the filtering capacity of natural ma-
terials;

- determining the effectiveness of wastewater
treatment from suspended solids by forming a wor-
king layer through a combination of different mate-
rials and fractions;

- determining the optimal flow rate of wash wa-
ter during the regeneration of the granular filter.

Research Methods

We recommend using a non-reagent method of
treating quarry wastewater from suspended solids —
filtration [7-9]. This method can be used either inde-
pendently or as one of the stages of a comprehensive
zero-discharge technology, depending on the con-
centration of contaminants in the source water [10].

For analyzing suspended solids, we used the
method described in PND F 14.1:2:4.254-2009
“Quantitative Chemical Analysis of Water. Method
for Measuring Mass Concentrations of Suspended
Solids and Ignited Suspended Solids in Samples of
Drinking, Natural, and Wastewater by Gravimetric
Method”.
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The dispersed composition of suspended parti-
cles in wastewater was determined using a particle
size analyzer according to GOST 8.774-2011.

Laboratory studies were conducted to select
a filtering material for loading into a filter column
installed at the inlet of the comprehensive zero-dis-
charge wastewater treatment technology system.

Characteristics of research objects
To analyze the efficiency of wastewater treatment
from suspended solids by filtration, natural materials
of different chemical compositions were chosen as re-
search objects (Table 1).

Results of research on wastewater treatment
from suspended solids using filtering materials

The study of sedimentation of suspended solids
under kinetic conditions was carried out using quar-
ry water sampled from a sump in autumn and spring
(with concentrations of 103 and 126 mg/dm?3, respec-
tively), where clay particles with a fraction size of
0.005 pym predominated.

The kinetics of gravitational sedimentation of
suspended solids from wastewater is shown in Fig. 1.
The analysis of the sedimentation curves reveals two
stages, each with different process speeds. In the first
100 minutes, a significant reduction in the concentra-
tion of suspended solids is observed due to the sed-
imentation of particles predominantly larger than
0.005 pm. Subsequently, a significant decrease in
the sedimentation rate of fine particles smaller than
0.002 um occurs, which are difficult to separate under
gravitational field conditions. The concentration of
suspended solids in the samples reached its minimum
value (20 mg/dm?) only on the fifth day and then re-
mained unchanged.

The results of gravitational sedimentation showed
that gravitational forces are insufficient to cause the
settling of colloidal impurities. Another characteristic
feature is the sediment’s instability in both sedimenta-
tion and aggregation [11].

Tablel 1
Chemical composition of filtering materials, %

Filtering material Sio, Al,0; |Fe,O;006m| MnO CaO MgO Na,O K,0
Zeolite from Holinsky deposit (Chita Region, | ¢ 7 | 5 37 230 | <001 | 1490 | 126 | 0.14 | 1.24
Russia)
Sorbept AS (catalytic aluminosilicate) 46.8 1.0 6.12 <0.01 0.6 0.1 0.72 B
(Russia)
Filter-Ag (USA) 70-73 14 1.5-3.5 | 0.2-2.5 - - 2.5 1.5
Filtering Material MFU (Russia) 80 7 5 4 - 3
Sorbept MS (catalytic aluminosilicate) 16.9 0 953 1.7 0.34 6.2 0
(Russia)
Quartzite from Bobrovskoye deposit (Russia) | 98.7 1.3 0.6 - - - -
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The obtained results confirm the need for fur-
ther treatment of wastewater from suspended solids
in the colloidal group after the sedimentation ponds,
where laminar flow is organized for sufficient remo-
val of coarse particles. An effective method for further
treating wastewater from colloidal particles is dy-
namic filtration using column-type apparatuses with
granular media [12].

Wastewater exiting sedimentation ponds, with
a suspended solids concentration of 62 mg/dm? and
a predominant particle size of 0.005-0.02 ym, was
passed through a laboratory setup, the schematic of
which is shown in Fig. 2, where the filtering granular
media was varied.

The laboratory setup consists of a filtering co-
lumn with a granular media layer height of 0.50 m and
a diameter of 0.1 m. The treated water is fed from the
top at an initial rate of 8 m/h. The degree of wastewa-
ter treatment using various filtering media was deter-
mined after passing 200 liters.

Before the start of mechanical filtration, pre-trea-
ted and settled water was poured into tank E1, from
which it was pumped by pump N1 into the filtering
column FZ with granular media. The filtration rate
was adjusted by valves K1 and K2. The resulting fil-
trate was collected in an intermediate tank.

The degree of wastewater treatment from sus-
pended solids was calculated using the formula [13]:

e =S =Cuqqp,
C'0
where ¢ is the degree of wastewater treatment, %; C, is
the initial concentration of suspended solids, mg/L; C,
is the concentration of suspended solids at the column
outlet after passing 200 liters of wastewater, mg/L.

The experiment results are presented in Table 2.

The laboratory experiment data showed that Fil-
ter Ag and quartzite from the Bobrovskoye depos-
it provide the highest degree of treatment of model
solutions from suspended solids.

Table 2
Concentration of suspended particles and degree of wastewater treatment
.. q Concentration of suspended
Initial concentration A Degree
Filtering material of suspended solids, sohd:s atz((:)(())him? outlet after of treatment,
mg/L passing of wastewater, %
mg/L
Filter Ag 62.32 1.47 97.64
Filtering material MFU 60.54 42.94 29.02
Sorbent AS 59.42 54.74 7.84
Zeolite from Holinsky deposit 68.20 22.73 66.67
Sorbent MS 62.34 29.75 52.24
Quartzite from Bobrovskoye deposit (fraction 2-5) 64.50 9.28 85.61
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Fig. 3. Dependence of treatment degree on the fraction size
of quartzite material from the Bobrovskoye deposit

The results of studying the influence of the frac-
tional composition of the filtering material on the
degree of treatment of model solutions from suspen-
ded solids were conducted on quartzite material from
the Bobrovskoye deposit. The results are presented
in Fig. 3.

As the experimental data indicated, the treatment
degree decreases with increasing fraction size. This is
explained by the increase in the size of the channels
between the particles of the granular material, which
reduces the hydraulic resistance of the stationary ma-
terial layer and, accordingly, insufficiently decreases
the kinetic energy of suspended particles for their re-
tention in the filtering media layer.
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Aliterature review showed that one of the ways to
improve the efficiency of wastewater treatment from
suspensions is to form a combined granular media
loading [14]. Typically, the material with the largest
particle size is used first in the direction of the trea-
ted wastewater flow, gradually decreasing it towards
the column exit. Additionally, using the principle of
combining filtering materials allows for a reduction
in wastewater treatment costs [15, 16].

To compare the efficiency of combining granular
media loading, a model setup with two layers of dif-
ferent fractions or filtering materials was assembled.
The experiment results are presented in Table 3.

The analysis of experimental data showed that
the highest degree of suspended solids removal is
achieved when using a combination of filtering ma-
terials — quartz sand and Filter Ag (in a ratio of 1:2).
The lowest degree of suspended solids removal was
observed when using a combination of filtering ma-
terials—quartz sand with particles of 1.0-2.0 mm
and zeolite (in a ratio of 1:2). At the same time, the
highest unit cost of wastewater treatment is associ-
ated with loadings that include zeolites (which have
a low degree of suspended solids removal) and Fil-
ter Ag (which is high cost and lacks local production
in Russia).

Thus, the most effective and accessible granular
filtering material is quartzite from the Bobrovskoye
deposit, which we recommend using in a combi-
nation of fractions 2.0-5.0 and 0.7-1.2 (in a ratio
of 1:2).

Table 3
Degree of wastewater treatment from suspended particles using a combined granular media layer
Amount of treated | Cost of loading D
Filtering material water before for laboratory of was i
reaching MAC, L setup, Rubles freatment peciter;
> > Rubles/L

Quartzjte from Bobrovskoye deposit, fraction 2.0-5.0/0.7-1.2 480 150 031
(inratio 1:2)
Quartzjte from Bobrovskoye deposit, fraction 2.0-5.0/0.8-2.0 250 145 0.58
(inratio 1:2)
Quartzjte from Bobrovskoye deposit, fraction 1.0-3.0/zeolite 180 162 0.90
(inratio1:1)
Quartzjte from Bobrovskoye deposit, fraction 1.0-3.0/zeolite 100 123 1.23
(inratio 1:2)
Quartzite from Bobrovskoye deposit, medium fraction
1.0-3.0/zeolite (in ratio 2: 1) 250 140 0.56
Quartzite from Bobrovskoye deposit, fraction 2.0-5.0/Filter Ag 720 433 0.60
(inratio 1:2)
Quartzite from Bobrovskoye deposit, fraction 2.0-5.0/quartzite
from Bobrovskoye deposit, fraction 0.7-1.2 /Filter Ag (in ratio 580 291 0.50
1:1:1)
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Fig. 4. Dependence of the expansion of quartzite media from the Bobrovskoye deposit,
fraction 2.0-5.0/0.7-1.2 (in ratio 1:2), on washing intensity

To restore the filtering capacity of the granular
media, its regeneration is carried out through back-
washing.

The optimal percentage of granular media expan-
sion during regeneration is 30% [17]. To achieve the
desired expansion, each type of granular media re-
quires its specific wash water flow rate.

To determine the optimal intensity of backwash-
ing for the studied filtering materials, a series of ex-
periments was conducted. The dependence of the fil-
ter layer expansion on the wash water flow rate was
recorded on the filtering column described above.
Wash water was supplied to the filtering column from
below and drained from the top, with the washing in-
tensity regulated by valve K2.

For each type of filter media, the dependence of
its expansion on the wash water flow rate was deter-
mined. The graph of the expansion dependence for
the quartzite media from the Bobrovskoye deposit,
fraction 2.0-5.0/0.7-1.2 (in a ratio of 1:2), is pre-
sented in Figure 4.

Based on the analysis of the data, it can be con-
cluded that the optimal wash water flow rate for ef-
fectively regenerating the combined filtering media -
quartzite from the Bobrovskoye deposit, fractions
2.0-5.0/0.7-1.2 (ina 1:2 ratio)—is 12-13 L./m?-s.

Conclusion

Insoluble suspended substances are the prima-
ry pollutants in quarry wastewater. The simplest
and most cost-effective method for treating this
type of wastewater is filtration through a stationary
granular layer of filtering material. Coal mining en-
terprises commonly use the wastewater treatment
system recommended by BAT No. 15 ITC-37-2017
“Coal Mining and Beneficiation”. This system in-
cludes sedimentation ponds, which are open earthen
basins constructed either by excavation (e.g., pit-
type sedimentation ponds) or by damming natural
ravines with combined mineral material dams (e.g.,
ravine-type sedimentation ponds). For additional
treatment of quarry wastewater, we recommend fil-
tration using granular media filters.

Among the materials studied, quartzite from
the Bobrovskoye deposit, used in combination with
various fractions for two-stage filtration, demon-
strated the highest efficiency. To restore the filter-
ing capacity of the granular media, backwashing is
used for regeneration. For effective regeneration
of the combined filtering media—quartzite from
the Bobrovskoye deposit, fractions 2.0-5.0/0.7-1.2
(in a 1:2 ratio) — the optimal wash water flow rate is
12-13 L/m?-s.
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Abstract

Global challenges (increased consumption of georesources, climatic changes, limited reserves) increase the
relevance of the problems of growing waste accumulation and environmentally-sound modernization of
mineral extraction. In this regard, the existing approaches to the design of geotechnologies for metal mining
need to be improved based on a concept of so-called circulation waste management and ecologization of
technological processes. The paper is devoted to the issue of formation of conceptual bases and directions of
ecologization of geotechnologies at leaching metals from polymetallic ore processing wastes and wastewater.
The study presents recommendations for improving in-situ leaching of ores in blocks, allowing to determine
the optimal conditions for increasing the completeness of subsoil use and reducing environmental damage.
It was revealed that at metal extraction with solution circulation through brine chambers the content of Na,
Cl, SO, and Ca ions in dialysate was low, while without circulation through brine, it significantly exceeded
corresponding MPCs. This proves the fundamental feasibility of controlling natural leaching processes by
enhancing the oxidizing potential of natural solvents through the addition of industrial oxidizing agents.
It was found that increasing the duration of agitation leaching (both with and without mechanoactivation)
leads to a uniform expansion of the local maximums of Pb yield from the pulp when the minimum NaCl
concentration decreases from 11-12 to 7% at H,SO, concentration of 0.6%. One of key results of the study is
justifying the expansion of the use of disintegrators to realize targeted activation of tailings. The practical
significance of the obtained results lies in the proved feasibility of optimizing the flow sheet of electrochemical
extraction of metals from wastewater on the basis of the obtained regularities of the use of brine circulation
through brine chambers. In addition, the totality of the obtained results of using a disintegrator for re-
extraction of lead from geomaterials will allow developing a methodology for calculating the parameters
of mechanoactivation action to increase the degree of metal recovery from the tailings of North Ossetia-
Alania’s (Zgidskoe, Sadonskoe, Arkhonskoe deposits) polymetallic ores beneficiation. The most promising
way for further research is to substantiate methods of using underground space for complete removal of
wastes (wastewater and tailings) after their multistage treatment.

Keywords

tailings, wastewater, acid leaching, mechanochemical activation, Pb recovery, geotechnologies, waste
management
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AHHOTauus

[1Mo6anbHbIE BBI3OBBI (POCT MOTPEOIEHMS TeOPEeCYPCOB, KIMMATUUECKIE U3MEeHEeHNsI, OTPAHMYEHHOCTD 3a-
1acoB) MOBBIMIAIOT AKTYaJbHOCTD MPOOIEM POCTA HAKOIIEHUST OTXO0B U 9KOJIOTUUECKO MOAepHU3aIUN
JIOOBIUM MMHEPAIbHOTO ChIPbs. B CBSI3M C 9TUM CYILIECTBYIOIIME MTOAXOAbI K ITPOEKTHPOBAHMIO T€OTEXHO-
JIOTUIT TOOBIYM META/IJIOB HYKIAIOTCSI B COBEPUIEHCTBOBAHUM HA OCHOBE KOHLIEIIUM IIUPKY/ISIIMOHHOTO
yIIpaBaeHUs OTXOAAMU U IKOJIOTU3AIUYU TEXHOJIOTUUEeCKUX IpolieccoB. CTaThbs MOCBsIeHa Borpocy dop-
MMPOBaHMSI KOHIIEIITYIbHBIX OCHOB ¥ HAIIPaBI€HMI 9KOJOTM3aLMM FeOTEXHOIOT I ITPY BhIIeIauBaHUN
METaJUIOB M3 TBEPABIX M XUAKUX OTXOAOB OOOTalieHus] MOJMMETA/UIMYECKOTO ChIpbsi. B McciemoBaHmM
TpeaJiokeHbl PeKOMeHIalMy 110 COBEPIIeHCTBOBAHMIO ITO3€MHOIO BBIIIEIaUMBaHMS PYH, B GIOKax, Mo-
3BOJISIIOIINE ONPENEeIUTh ONITYMAJIbHbIE YCJIOBYS IJISI ITOBBIIIEHMSI IIOJTHOTHI MCITO/Ib30BaHMsI HEAP M YMEHb-
neHus yiep6a okpykarolei cpefe. BoisIBIeHO, UTO P U3BJIeUEHUM METAIOB C IUPKYISIMel pacTBopa
yepes paccoybHble KaMepsbl conepskanne noHos (Na, Cl, SO, n Ca) B tuanm3aTe 6bUI0 HU3KUM, a 6€3 IUPKY-
JISILIMY B paccoJie cyiiecTBeHHo npessbiaio [TIK (mo Na, Cl, SO, u Ca). 3To qoKa3bIBaeT MPUHINITUATIbHYIO
BO3MOXKHOCTD YIIPABJIEHMS IIPOIIECCAaMM TTO3€MHOTO BBIIIEIaYMBAHNS ITYTEM YCUIIEHUSI OKUCIUTETBHOTO
MOTEHIIMAIA PACTBOPUTEEN 3a cUeT 0OaBAeHUS] TTPOMBIIIIEHHBIX OKUCIUTENel. YCTaHOBIEHO, UYTO POCT
MIPOO/KMUTENIbHOCTM arMTallMMOHHOTO BbIle/lauuMBaHus (Kak C MCIIO/JIb30BaHMEM, TaK U 6e3 MexXaHOaKTu-
BalluM) MPUBOOUT K PaBHOMEPHOMY PacCIIMPEeHMIO JIOKAJbHBIX MAaKCMMYMOB BbIxoma Pb M3 mysbIiel mpu
CHMKEHUM MUHUMaJIbHOI KoHmeHTpauyu NaCl ¢ 11-12 go 7 % npu H,SO, = 0,6 %. OgHUM 13 KITIOYEBBIX pe-
3y/IbTATOB UCCIeIOBaHMS SIB/ISIeTCSI 060CHOBaHME paclIMpeHus 06J1aCTH MUCII0Nb30BaHMS Je3UHTEerpaToOpPOB
IIJISL OCYIIeCTBJIEHNST HAIPABJIEHHOTO aKTYBAIIMOHHOTO BO3/ECTBUSI HA XBOCTHI ob6oramenust. [Ipaktuye-
CKOe 3HaueHMe MOSyUYeHHBIX Pe3y/IbTaTOB 3aK/IIUYAETCS B BO3MOKHOCTY ONTUMMMU3AIUY TEXHOIOTUUECKOM
CXeMbI 3JIEKTPOXMMUYECKOTO M3BJIEUEHNSI METAJUIOB 3 TEXHOTEHHBIX CTOKOB HAa OCHOBAaHUM ITOTYUYEHHBIX
pes3yJbTaTOB IIPMMEHEeHUS IUPKY/ISIMUM PACCOTIOB Uuepe3 paccoibHbie KaMepbl. KpoMe TOTo, COBOKYITHOCTD
TTOJTyYEeHHBIX Pe3y/IbTATOB MCITONIb30BaHUS Te3MHTErpaTopa Ijis MOBTOPHOTO U3BJIEUeHMSI CBUHIIA U3 Te-
oMaTepuasoB MO3BOJIUT pa3paboTaTh METOAMKY pacyeTa MmapaMeTpOB MeXaHOAaKTMBAIMOHHOTO BO3/eii-
CTBUS [AJIS1 TIOBBINIEHMS CTEMEHY M3BJI€UEHMUS META/IOB M3 XBOCTOB OOOTAIeHMS IOJIMMETA/INYECKOTO
ceipbsi PCO-Ananust (3ruackoe, CamoHckoe, ApXOHCKOe MecTOpoxaeHust). Haubosee mepcrneKTMBHBIM
HalpaB/JeHueM JaJbHeMNIX MCCIeqOBaHMii SIBsSeTCSI 060CHOBaHME IyTel MCIOIb30BaHUS MTOA3E€MHOTO
MIPOCTPaHCTBA [IJIs ITOJIHOTO 3aXOPOHEHMSI OTXOHOB (TEXHOTEHHBIX CTOKOB M XBOCTOB 00OTallleHMsI) Mocje
MX MHOTOCTaAMUITHO 06paboOTKN.

KnioueBble cnoea

XBOCTBI 0OOTallleHMsI, paCTBOPbI/ CTOKM, KMCIIOTHOE BBIIIEeIauMBaHMe, MEXaHOXMMMUYECKasT aKTUBaLs, 13-
BiieueHne Pb, reorexHonoruu, yrpasjiaeHnue 0TXoaamu

Ans yutTupoBaHms
Golik V.I., Razorenov Yu.l., Valiev N.G., Gavrina O.A. Environmentally sound geotechnologies for leaching

metals from polymetallic ore processing wastes and wastewater. Mining Science and Technology (Russia).
2024;9(3):271-282. https://doi.org/10.17073/2500-0632-2023-11-184

272


https://mst.misis.ru/
https://orcid.org/0000-0002-1181-8452
https://www.scopus.com/authid/detail.uri?authorId=6602135324
https://orcid.org/0000-0001-8171-0749
https://www.scopus.com/authid/detail.uri?authorId=57194146509
https://orcid.org/0000-0002-5556-2217
https://www.scopus.com/authid/detail.uri?authorId=55749527900
https://orcid.org/0000-0002-9712-9075
https://www.scopus.com/authid/detail.uri?authorId=57204639532
https://doi.org/10.17073/2500-0632-2023-11-184

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(3):271-282

Introduction

Mining enterprises around the world step up the
rate of accumulation of various types of waste, cau-
sing environmental degradation due to the growth of
production, gradual transition to the mining of lean
and disseminated ores, as well as due to the compli-
cation of mineral deposits mining conditions [1-3].
Big data from the enterprise can be used to reduce re-
source consumption and optimize reserves at mines
using digital twin approach [4]. Digital models of
geologic mineral reserves in combination with GIS
technologies allow forming digital twins of depo-
sits, determining the design of more rational mining
methods [3]. At the same time, solutions to some en-
vironmental problems can be achieved by optimizing
existing technological processes, as well as improving
the quality of management of natural-technogenic
systems [5, 6].

Heap leaching methods, which are widely used
around the world, allow metals to be extracted more
profitably from various types of low-grade ores. At
the same time, even the existing level of understan-
ding of its fundamentals does not allow to fully ensure
environmentally sound implementation in the pur-
suit of sustainable development of mineral resource
base [7]. This gives rise to the problem of formation
of wastewater, dry waste dumps and dust contami-
nation. Each dusting facility is characterized by indi-
vidual peculiarities, which allows the use of process
models to minimize emissions into the atmosphere,
but does not allow to completely solve this problem
[8]. Minimizing the consequences, i.e., hydrosphere
pollution, requires the development of measures that
take into account a whole set of mutually determined
factors [9, 10]. Tailings storage facilities (TSFs) are
anthropogenic deposits composed of ore processing
tailings, which participate in environmental pollu-
tion with chemical ingredients due to natural and an-
thropogenic leaching processes [11-14]. Thus, in our
country, more than 45 billion tons of solid waste (in-
cluding dusting ones) have already been stockpiled
in the form of waste dumps, of which beneficiation
wastes annually add about 140 million m3/year to this
figure [15].

The solution to waste problems in the recovery
of polymetallic raw materials can be achieved with
greening and widespread use of in-situ leaching
geotechnologies. Progressive technologies of in-situ
leaching in blocks are implemented in mining indus-
try to maintain and strengthen the mineral resource
bases of technologically developed countries [16, 17].
The history of implementing and development of the
in-situ block leaching at nuclear industry enterprises
of the USSR in Kazakhstan is described in [18]; at the
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same time some processes remain insufficiently stu-
died. Thus, for Jimidon ore field, increasing the avai-
lability for processing of low-grade reserves of poly-
metallic raw materials can be achieved by improving
the quality of breaking (blasting) and selective energy
consumption in the blasting preparation of ores [19].
At mining enterprises in Russia, primarily in the nu-
clear industry, in-situ block leaching methods are
used in mining of a large share of commercial pro-
ducts, for example, at Priargunsky MCC. In this case,
suboptimal topology of the surface well network is
used, which does not allow the use of directional dril-
ling to minimize the number of injection wells (when
they are drilled in parallel to the ore body) that leads
to an increase in waste generation with low efficiency
of in-situ leaching [20].

The rate of leaching processes is determined
by the metal content, the thickness of the diffusion
layer and the diffusion coefficient. The rate of che-
mical reaction is crucial for the extraction of rare
earth elements in the process of in-situ leaching
(which is accompanied by ion migration, which gives
it an electrochemical character) with two parameters
being the most important: solution resistance and
charge transfer resistance [21]. In addition, the maxi-
mum recovery corresponds to a high velocity of solu-
tion movement relative to the reaction surface. In the
Caucasus, most of the exploited deposits are of the
quartz-polymetallic type in the quartz-keratophyre
formation, e.g., Sadonskoe. It is characterized by
polymetallic and pyrrhotite types of mineralization.
Water is the cause of the hydrolysis process. When
a certain acidity is reached, iron sulfate reacts to form
iron hydroxide. Of the methods of solution purifica-
tion the most commonly used is chemical, the disad-
vantage of which is the possibility of environmental
pollution by reagents in case of emergency violation
of the process conditions.

The existing mathematical methods for con-
trolling leaching processes require a large amount
of a priori information about the structure and pro-
perties of the deposit, with one of the main me-
thods being the method of expert reviews, which does
not provide sufficient reliability of the results ob-
tained [22, 23]. The noted features of mining practice
are most acutely manifested in the implementation of
processes where the error can reduce the performance
of a process to an unacceptable level [24, 25]. For ex-
ample, if the parameters of ore breaking for leaching
are wrong, the highly efficient process with chemical
dissolution of metals becomes impossible to use.

The existing approaches to the design of geotech-
nologies for metal extraction need to be improved
based on the concept of circulation waste manage-
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ment and greening of technological processes [26, 27].
Study [28] convincingly proved the necessity of sol-
ving the primary problems for “the transition to the
circulation economy in the conditions of handling
technogenic mineral formations”. The drawback of
realizing the author’s idea of creating pathways to
achieve the goal is the perception of the circulation
approach as a “closed supply chain concept”. While,
for example, for coal mine’s methane it is formu-
lated as “conversion of waste (methane) into ener-
gy” [29, 30]. In this regard, the author’s hypothesis of
“circulation management of tailings” consists in: “the
optimization of technological processes of leach-
ing, mechanochemical activation of geomaterials or
other methods allowing to transform beneficiation
tailings into the source of additionally recoverable
metals with the subsequent use of tailings in pro-
duction of building materials or at facilities for burial
(inert filler of underground space)”.

In this regard, the purpose of the study is the for-
mation of conceptual bases and directions of ecolo-
gization of geotechnologies at leaching metals from
polymetallic ore processing wastes and wastewater. In
this regard, the following problems should be solved:
1 - to analyze and classify measures to improve ge-
otechnologies of underground metal leaching; 2 - to
simulate the process of electrochemical metal extrac-
tion from wastewater; 3 — to substantiate the effi-
ciency of metal extraction with the use of preliminary
mechanochemical activation of dry tailings.

Methods

The study targets are technogenic deposits of
North Ossetia-Alania (Russia). Intensive exploitation
of ore deposits is accompanied by the formation of
dumps of substandard ores and tailings of processing
plants located in river valleys.

Quantitative values and parameters of wastewa-
ter in the conditions of the Sadonskoe ore cluster de-
posit are given in Table 1.

The volumes of storage of tailings from the pro-
cessing plants of the North Caucasus are given in
Table 2.

To assess the prospects in the field of improve-
ment of underground geotechnologies, a retrospec-
tive review of the theory and practice of application
of technological innovations at the enterprises of the
Ministry of Atomic Energy and Industry of the USSR
was carried out.

To solve the second problem, wastewater with
electrochemically treated leaching reagents were
tested. Sulfate-chloride wastewater of the Arkhon-
skoe deposit (North Ossetia-Alania) with predomi-
nance of sodium cations was tested at a unit in the
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All-Union Research Institute of Chemical Technology
(Moscow). The base for determining the performance
of metal leaching from natural resources is the results
of leaching of ores and their processing products in
percolator columns using natural reagents.

The third problem was solved on the basis of tes-
ting of Mizursky processing plant tailings. The pulp
was activated by high-energy grinding in DESI-11
unit with rotor speeds of 50 and 200 Hz for 0.25 and
1 h, respectively. To form a pulp, the ground tailings
samples were screened using a 2.0 mm mesh sieve and
mixed with the filtrate. The modeling technique was
developed by analogy with the technique considered
in [31-33], and consisted in data processing based on
the Savitzky-Golei filter combined with three-dimen-
sional interpolation using the method of R.]. Renka
(Robert Renka) [34-36]. The algorithms were im-
plemented as “scripts” (using Vi IMproved software
(version 9.0)) in Python (version 2.7.10). The final
three-dimensional plots were built using Gnuplot
software (version 5.4).

Table 1
Characterization of industrial wastewater
Wastewater
Deposit volume, | Metal content, g/m3
m3/h
Sadonskoe 300 Lead - 5, zinc - 7
Zgidskoe 24 Lead - 5, zinc - 12
Kholstinskoe 70 Lead - 8, zinc — 25
Archonskoe 30 Lead - 65, zinc — 7
Khanikom-Kakadurskoe 150 Lead - 5, zinc — 100
Copper - 12,
Urupskoe 350 zinc — 41, iron - 0.2
Molybdenum - 37,
Tyrnyauz 400 tungsten — 45

Table 2
Ore processing tailings storage quantities
ore Quantity
Talhl.lgs Storage of beneficiation| Grades of Metals, %
Facility (TSE) tailings, tons
Mizursky processing Zinc - 0.15-0.25,
plant 3,000,000 lead - 0.13-0.19
Fiagdon processing Zinc — 0.18-0.24,
plant 3,000,000 116aq - 0.18-0.24
Electrozinc plant 3,000,000 -
Urupskoe processing Zinc - 0.25-0.40,
lant 4,000,000 copper - 0.36-0.46,
p iron - 30-35
Tymyauz processing Tungsten — 0.25-0.40,
{ant 120,000,000 |copper — 0.36-0.46,
b iron — 30-35%
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Findings
Improvement of geotechnology
of in-situ leaching of metals

Leaching of polymetallic raw materials is the pro-
cess of filtration of aqueous solution through rock stra-
ta under the action of gravity, capillary forces at inter-
phase boundaries or due to pressure gradients between
injection and production (pumping-out) wells. The in-
ternal structure of a porous medium is random and its
geometry can be described only approximately. In this
connection, the determination of aqueous solutions
flow parameters on the basis of hydraulic equations
shall be approximated, with some degree of probability.

The main parameters of the filtration process are
viscosity, permeability, velocity, and pressure of a li-
quid [37, 38]. A liquid moving in a porous medium is
a non-Newtonian one, for which the relation descri-
bing the rate of strain change as a function of stress is
described by the rheological law:

ou,

Ty :TO+“E’ (D)
where p is dynamic viscosity; 1, is initial shear stress;
u, is flow velocity in the direction being square with
OX axis.

In a porous medium, a non-Newtonian liquid
satisfies the equation of motion and the continuity
equation in the absence of inflows and discharges:

oY VP V(- pT T,
ot
AeM) | G(p7)=0 ©

o P )
where p is density of medium; m is porosity; V is the
velocity vector; p is pressure distribution; 7 is stress
tensor.

The permeability of an ore-bearing formation dif-
fers depending on its density, but under the conditions
of chaotic variation of filtration characteristics at each
point of a formation it is possible to assume its state to
be homogeneously permeable. If the filtration charac-
teristics of a formation, porosity and permeability, vary
from point to point, the formation is heterogeneous.

In a mathematical model of potential flow, the
total formation flow rate is the sum of the flow rates
of all layers (composing the formation). For simpli-
fication, a heterogeneous formation is modeled as
a quasi-uniform formation with averaged formation
permeability

kh,
kav = z T’ (3)

where k; is permeability of the i-th layer; h, is thick-
ness of the i-th layer; h is thickness of the whole for-
mation.
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In generalized form, the model of diffusion of
solution for leaching of metals from ores can be rep-
resented by the Fokker-Planck equation:

3
_ZaiDil(Xl’Xz’Xs)+
ow i-1 OX;

ot 3& 0
+Zzax8x D3 (x,,X,,x;)

i=1 j=1 i

w, “)

where W(V, t) is velocity probability density function;
D! is flow drift vector; D? is diffusion tensor.

The presence of particles coarser than 5 mm in
a layer adjacent to a solid phase increases the intensi-
ty of metal particles transport in the extracted liquid.

The optimal leaching method is the one that en-
sures the transit of metals into a mobile state with
minimal ore preparation costs and provides per-
meability of the crushed ore for leaching solutions.
Mineral extraction technologies, including leaching
methods, and their individual components are eval-
uated by the criterion of the completeness of metal
extraction from ores [39, 40]. It follows from the re-
view of studies [41] that measures to improve in-situ
leaching of ores in blocks (with controlled permea-
bility of the blocks for leaching solutions) can be sys-
tematized (Table 3).

Simulation of efficiency of metal recovery
from wastewater

The method of electrochemical softening of con-
centrated solutions through electrodialysis desa-
lination consists in using the phenomenon of selec-
tivity of ion-exchange membranes: cation-exchange
membranes pass positive ions, while anion-exchange
membranes pass negative ions.

Membrane electrolysis provides reagent-free
softening of natural solutions and concentrating of
minor elements. Electrodialysis and activation in
diaphragm electrolyzers with decomposition of salt
systems into acid and alkali and neutralization of
solutions are rather promising. The disadvantage of
the method is the deposition of hardly soluble com-
pounds in brine chambers.

The parameters of metal recovery from a solution
are determined for options with the solution circu-
lation through brine chambers and without the cir-
culation. Natural solutions are fed into the desalting
chamber, and pure water is fed into the acid/alkali
generation chamber. After that, the reagents required
for the generation of alkali and acid (selected for the
implementation of the technological cycle) are fed
into the chambers. As the proportions of magnesi-
um, calcium ions, and acids increases, the efficiency
of the investigated process deteriorates due to a de-
crease in the quality of membrane contact with brine
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due to the adhesion of carbonate precipitates and
magnesium oxide. Energy consumption for removal
of 1 kg of salt is 0.6 kW (at residual concentrations
of Zn = 0.3-0.4 mg/dm? and Pb = 0.06—0.08 mg/dm?,
respectively).

To implement the author’s approach, a series of
tests was carried out for different schemes of brine
(solution) circulation. The obtained performance data
for these schemes are presented in Table 4 and Figs. 1, 2.

It follows from the surface analysis presented in
Fig. 1, that the option of the electrochemical method
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with brine circulation through brine chambers is the
most efficient way to leach metals from industrial
wastewater. Extraction of metals from brines is car-
ried out in sorption and washing columns up to 4 m
high and 1-1.5 m in diameter. Consumption of rea-
gents per 1000 m® of solution: cationite (anionite),
0.8 kg; regenerating reagent, 100—-150 kg.

It follows from the analysis of the concentrations
presented in Fig. 3, that the values for Na, Ca, Cl, and
SO, significantly exceed the MPCs (Na - 6,089, Ca —
650, Cl - 4,600, and SO, — 153 mg/dm?).

Table 3

Measures to improve in-situ leaching of ores in blocks

and crushing thickness of a vertical layer)

Process Essence of the process Effect of implementation
1 2 3
Rock blasting Advanced horizontal undercutting by blastholes (by a value of the Rationalization of compensation space

formation, optimization of the ore grain

Blasting by layer with variable line of least resistance

size to be shrinked

shape

Approximation of a layer shape to the vertical projection of the release

Spraying with

Wells with casing and positioning of fine-grained layer in broken ore |Regular spraying by reagent solutions

reagent solutions . .
g Hydraulic rock fracturing

within the shrinked ore and in time

Collection

Capturing solution leaks with electro-vacuum units

Optimization of reagent consumption

of solutions

Drainage by perforated pipes to a unit bottom

Creation of impervious screens made of polymeric materials

Minimizing environmental damage

Process intensifi- |Use of liquid explosives in blastholes for ore blasting

Displacement of leached ore pieces

ferent grade ores

cation . . with destruction of colmataged zones
Ore movement when breaking new layers on it
High-pressure compressed air pulse action Increase in permeability through
Ultrasound action during electromagnetic treatment of solutions with B?I?l(;‘;lgi:n]gmt fillers and destruction
passing them through electric field Increasing the rate and completeness
Action by pulsating electric current with low-frequency pulses of metal recovery

Combining the Excavation of balance ores for conventional processing, shrinkage of |Comprehensive improvement of deposit

extraction of dif- |a portion of balance and off-balance ores and leaching

development performance

Table 4

Performance of metal recovery from solutions at different types of solution circulation

Performance of metal recovery from solutions (brines)
Component N Initial solution with bring circulation without circulation
(wastewater) through brine chambers
in dialysate

Model options 1 2 3

Pb 1 2.2+0.3 0.1+0.02 0.08+0.02

Zn 2 40+1.2 0.4+0.05 0.3+£0.03

Mg 3 70+£1.9 10+2 8+1,1

Ca 4 20046 30+1.2 40+1.7

Na 5 450+15 72+1.5 90+1.3

SO, 6 580+20 100+11 95+4

Cl 7 900+5 114+19 105+5
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Fig. 1. Efficiency of chemical elements extraction at different parameters of electrochemical method

1300 27400 41400

890

900

—_
o O
o O
oS O

530
390

[oN)
o
(=)

N
o
S

200

[N
(=)
S

Concentrations
of components, mg/dm?

84
5.09
(2 40 Jro
- & W

1 2 3 4 5 6 7
Components

M In initial solution

(=)

In brine
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Metal recovery with preliminary
mechanochemical activation of dry tailings

Since mechanoactivation is effectively used to
convert tailings into a binding component of a back-
fill material [42], it was decided to use the geomateri-
als activation effect to increase the yield of lead from
tailings. Geomaterials were pre-milled in a laborato-
ry ball mill, screened using a 4.0 mm mesh sieve and
subjected to mechanoactivation (dry) in a DESI-11
disintegrator. The rotor speeds were 50 and 200 Hz.
The testing program included the use of sulfuric acid
and sodium chloride in different proportions. The
acid concentration varied in the range including 20,
90 and 160 g/1, and that of sodium chloride, 2, 6, and
10 g/1. The preparation of the liquid fraction of the
pulp implied preliminary preparation of chemical
reagents (in separate flasks) in the proportions spe-

cified in the methodology of the test. All calculations
were performed to obtain one liter of leaching solu-
tion with selected solid to liquid fraction ratio (S/L)
values of 1/4.1, 1/7 and 1/10, respectively. After ob-
taining the activated solid fraction of the geomateri-
al, it was mixed with the liquid solution in a specified
S/L fraction ratio to obtain a pulp. Agitation leaching
was then carried out in laboratory columns.

Weight concentrations of leaching solution
components in the final pulp, %, were determined
by the following formula (using sulfuric acid as an
example):

m,(H,S0,) =

m, (H,S0,)
%xloo, )

p

where M, is weight of pulp, consisting of the weight of
solution (varying depending on the ratio of the con-
centrations of the reagents in 1 liter) and a constant
weight of a subsample of solid dry waste, equal to
50 g; m; (H,SO,) is weight of sulfuric acid in the liquid
fraction of the pulp at different concentrations of the
acid and sodium chloride in it, g.

Lead concentration in the pulp was determined
by standard method using atomic absorption spec-
trometer “KVANT-AFA” (KORTEK LLC). Q-Q plots
(quantile-quantile plots — goodness-of-fit criterion
of model construction) were plotted in Microsoft Ex-
cel 2010 software. The lead extraction performance
at preliminary activation of the tailings and leaching
time of 0.25 h (option I), as well as at preliminary ac-
tivation of tailings by dry method in the disintegrator
and leaching time of 1 h (option II) are presented in
Table 5 and Fig. 3.
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It follows from the analysis of Fig. 3, a, that the
activation effect at v = 50 Hz and leaching duration
of 0.25 h causes an increase in the beneficiation per-
formance at H,SO, (concentration) = 0.8-0.9% and
NaCl = 11.5-14%. In addition, a pronounced second
maximum is traced: Pb = 28% at H2S04 = 0.32-0.45%
and NaCl = 5-7.6%. Increasing the leaching time from
0.25 to 1 h and v to 200 Hz leads to an increase in the
absolute values and the area of the second zone of lo-
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cal maximum, which significantly changes the idea of
the process (Fig. 3, b). At H2SO4 = 0.9%, increasing the
concentration of NaCl from 1 to 14% leads to a mono-
tonic increase in lead yield from 4% to more than 40%
(concentration of NaCl = 13.5%). The area of the local
maximum is limited to the region from 0.5 to 0.7% of
H,SO, and from 7 to 14% of NaCl. The goodness-of-fit
criterion for verifying the quality of the four three-di-
mensional Q—Q models is the graph shown in Fig. 4.

NaCl, %

1
0.10.2 0.3 0.4 0.5 0.6 0.7 0.8 09 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
H,SO,, %
Fig. 3. Distribution of lead yield from Mizursky mill tailings:

a - leaching of Pb from pre-activated tailings v = 50 Hz, duration of 0.25 h (option II);
b - leaching of Pb from pre-activated tailings v = 200 Hz, duration of 1 h (option IV)

Table 5
Effect of pre-mechanoactivation of tailings by dry method
mp(H,S0,), m,(NaCl),
N | weight concentration weight concentration Test option N
of test | of sulfuric acid in pulp | of sodium chloride in pulp <
% % 1 | o <
1 0.16 1.58 0.81 | 1.43 <
0.79 1.58 0.95 | 0.86 =
3 0.15 11.79 17.62 | 3.33 51
0 T : .
0 10 20 20 40
12 0.83 13.36 38.1 | 38.1 Test data, %
13 0.54 1.80 6.04 | 5.21 ®Pb (0.25) 2 ®Pb (1) 2
14 0.50 13.38 17.56 | 50.88 Fig. 4. Q-Q for the two model options
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It follows from the analysis of the response sur-
faces that on the whole the obtained data are con-
sistent with the results of studies [43, 44] on chalco-
pyrite processing in a fine grinding mill, where the
growth of H2SO4 concentration was higher by 30%.
Leaching of Cu from ore with sulfuric acid [39] con-
firms the increase in epy process productivity with
the increase of rotor speed in the disintegrator from
50 to 200 Hz. Studies [45, 46] also confirm the effec-
tiveness of DESI-15 for mechano-activation of geo-
materials.

Practical application

The practical significance of the obtained results
lies in substantiating the feasibility of optimizing the
flow sheet of electrochemical extraction of metals
from wastewater on the basis of the obtained regu-
larities of the use of brine circulation through brine
chambers. In addition, the totality of the obtained
results of using a disintegrator for re-extraction of
lead from geomaterials will allow developing a me-
thodology for calculating the parameters of me-
chanoactivation to increase the degree of metal re-
covery from the tailings of North Ossetia-Alania’s
(Zgidskoe, Sadonskoe, Arkhonskoe deposits) polym-
etallic ores beneficiation.

Areas of further research

Further research should be focused on the spe-
cific changes in the parameters of existing geotech-
nologies not only in terms of greening of individual
components or technological processes. In this re-
gard, the most promising area for further research is
to substantiate methods of using underground space
for complete removal of wastes (wastewater and tai-
lings) after their multistage treatment.
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Conclusion

The main area of transformation of natural re-
sources use paradigm should be the circulation ma-
nagement of mining and processing waste. The reces-
sion in mining production with decommissioning of
existing rich ore and exploitable deposits can be mi-
tigated with the development of in-situ leaching pro-
cess with involving substandard reserves in exploita-
tion. The proposed recommendations for improving
in-situ leaching of ores in blocks make it possible to
determine the optimal conditions for increasing the
completeness of subsoil use and reducing environ-
mental damage.

Environmental degradation caused by liquid was-
tes of in-situ leaching of ores can be minimized by
technological means. The method of electrodialysis
and activation in diaphragm electrolyzers is promi-
sing for treatment of mine wastewater. It was revealed
that at metal extraction with solution circulation
through brine chambers the concentrations of Na, Cl,
SO, and Ca in dialysate was low, while without circu-
lation through brine, they significantly exceeded MPCs
(for Na, Cl, SO, and Ca). This proves the fundamental
feasibility of controlling natural leaching processes by
enhancing the oxidizing potential of natural solvents
through the addition of industrial oxidizing agents.

Tailings storage facilities are man-made deposits
within which natural leaching takes place. One of the
key results of the study is the justification for expan-
ding the scope of use of disintegrators in purposeful
mechanical-chemical-activation action. Increasing
the duration of agitation leaching (both with and
without the use of mechanoactivation) leads to a uni-
form expansion of the local peaks of Pb yield from the
pulp while the minimum NaCl concentration decrea-
ses from 11-12 to 7% at H,SO, concentration of 0.6%.
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Abstract

In today’s world of rapid urbanization, environmental safety has become a key aspect of urban planning
and management. The issue of environmental safety encompasses a wide range of concerns, from pollution
reduction and biodiversity conservation to ensuring the sustainable use of natural resources. In this context,
metro facilities, as an integral part of urban infrastructure, play a crucial role in providing mobility for urban
populations, yet they also pose potential environmental challenges. The operation of metro facilities is
associated with noise pollution, emissions of harmful substances due to the use of energy produced from fossil
fuels, energy consumption, undesirable impacts on groundwater, and other negative environmental aspects.
Equally important is the issue of waste disposal and the use of construction materials during the building
and maintenance of metro systems. The aim of this study was to assess the environmental safety of metro
facility operations. The consideration of this topic is particularly relevant in light of global efforts towards
sustainable development and the need to ensure a high quality of life for urban populations. The assessment
of environmental safety in metro operations is proposed to be conducted through a comprehensive approach,
involving field studies and modelling the distribution patterns of defects in metro structures under the influence
of hydrogeological risks. A systematic approach to evaluating environmental safety in metro operations, based
on modelling the development of defects in tunnel structures under the influence of hydrogeological factors,
will help organize existing information on potential accidents and develop monitoring methods and measures
to minimize risks that compromise the environmental sustainability of underground transport infrastructure.
The research results, which include the systematization of environmental safety criteria for metro operations
and the analysis of tunnel structure defects caused by hydrogeological factors, provide the basis for further
developing methods to ensure environmentally safe operation of urban transport tunnels.

Keywords

metro, environmental safety, sustainable development, urban transport system, environmental standards,
innovative technologies, risks
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AHHOTaUuA

B COBpeMEHHOM MHUpe CTIJEMI/ITeJII)HOI‘ﬁ yp6aHI/I38LU/H/I 3KOJIOrn4yeckKast 6eSOl’[aCHOCTb CTAHOBUTCA K/JIIOUEBbIM
acIeKTOM TOPOACKOTO IVIAHMPOBAHMS U yIIpaBieHus. IIpobaeMaTKa SKOJIOTMUeCKOil 6€30IIacHOCTM OXBa-
TBIBAET MIMPOKUIT CIIEKTP BOITPOCOB — OT CHYDKEHMS YPOBHSI 3arpsi3HEHMSI ¥ COXpaHeHMs1 6MopasHoo6pasus 1o
obecrieueHns YCTOI‘/'I‘{I/IBOI‘O MCITIOJIb30OBaHMS MPUPOOHBIX peCypCOB. B 3TOM KOHTEKCTe 00beKThI MEeTpPOIIOIN-
TeHa KaK HeoTbemJieMast YaCTh FOPOACKOI MHAPACTPYKTYPbI UTPAIOT BasKHYIO POJIb B 06ecrieueHn MOGUIIb-
HOCTHM T'OpPOOCKOr'0 HaCeJlIeHMsI, OJHAaKO OHM TaKXe IIpeacTaB/IsaIOT C060ﬁ HOTEHLU/IaI[beII;'I MCTOUYHUK 3KOJIO-
IUMYecKkux mpobieM. IKCILTyaTalys 06beKTOB METPOIIOIMTEeHA COMPOBOXKIAETCS IIIYMOBBIM 3arpsi3HEHUEM,
IMuccuen BPpEeOHbIX BelleCTB, TaK KaK CMCTEMbI METPOIIOJINTEHA UCIIOJIb3YIOT S9HEPTUIO, ITPOM3BOAMMYIO U3
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MCKOIIaeMbIX MCTOUYHMUKOB, IHEPTOIOTPEO/IeHIEM, HEXKeIaTeTbHbIM BJIMSIHMEM Ha MOA3eMHbIE BOIbI U IPY-
MMM HETATUBHBIMU KOJIOTMUECKUMMU acrekTaMu. Takske He MeHee BasKHBIM SIBJISIETCSI BOTIPOC YTUIU3AIUN
OTXOZI0B ¥ CTPOUTEIbHBIX MaTepualioB, UCIOIb3yEMbIX MPU CTPOUTENBCTBE U PEMOHTE METPOIIOIUTEHOB.
[lesblo JAHHOTO MCCIEAOBAHMUS SIBJISIACH OIIEHKA IKOJOTMUYECKOI 6e30MacHOCTU MPU IKCILTyaTaluu 00b-
eKTOB MeTporonuTeHa. PaccMoTpeHne 3Toil TeMbl 0COOEHHO aKTyalTbHO B CBETE ITI00aTbHOTO CTPeMIIeHUS
K YCTOMYMBOMY Pa3sBUTUIO Y HEOOXOAMMOCTM 0OecrieueHys: BHICOKOTO KauecTBa KM3HM FOPOJCKOro Hacesie-
Husi. OIIeHKY 9KOJIOTMYeCcKOoil 6e30MacHOCTM IIPY IKCIUTyaTaluy 06’beKTOB MEeTPOIIOINTEHA TTPEeITIOIaraeTcs
OCYILECTB/ISITh HA OCHOBE KOMILJIEKCHOTO IOAX0/a, IoJpa3yMeBaloniero MpoBeieHe HaTYPHbIX UCCIeN0-
BaHUII ¥ MOZEIUPOBAHMS XapaKkTepa pacupeneneHus AedeKTOB B KOHCTPYKIMSIX TTOJ3€MHBIX COOPYKEHMUIA
MeTpPOIIOIUTEeHA TI0f, BO3JEMCTBMEM TMAPOTreoJornueckux puckoB. CUCTEMHBIN TOOXON K OILleHKe 3KOJIO-
I'MYeCcKoii 6e30MacHOCTU MPU IKCIUTyaTalMy 0ObEKTOB METPOTOIMTEHA, OCHOBAHHBIN Ha MOJETMPOBAHUM
pa3BuTust gedeKToB B KOHCTPYKUMSIX TOHHEIe! Mo, AefiCTBMeM TUIPOTeooTnyecKkux (HakTopoB, TO3BOIUT
CTPYKTYPUPOBATb MMEIOIYIOCS MHPOPMAIMIO IO MOTEHIMATbHbIM aBapyusIM, BbIpab0TaTh METOAbI MOHUTO-
pPUHTA ¥ MepbI 110 MMHUMU3ALUUY PUCKOB, BEIyIINX K CHVDKEHUIO SKOJIOTUYECKO YCTOMUMBOCTY TOJ3€ MHBIX
06BEKTOB TPAHCIIOPTHOM CTPYKTYPbI ropoza. ITomyueHHbIe pe3yabTaThl UCC/IeLOBaHN, BKIIOYAIOII/E B ceOs
CUCTEMATU3AIMI0 KPUTEPUEB IKOJOTUUYECKOI O€30MacCHOCTU MPU IKCIUTyaTalluy METPOIONUTEHA, aHAINU3
IedeKkToB B KOHCTPYKIMSIX TOHHEJIe MO IeiCTBYEM TUIPOTeoOTUYeCKNX (PaKTOPOB, SIBISIIOTCSI OCHOBOM
LISl manbHelineil paspaboTKM METOAVKY 06ecrieyeHst IKOJIOTMYeCKy 6e30MacHoi aKCIuTyaTaluu ropos-

CKMX TPAaHCIIOPTHBIX TOHHeJIe.
KnioueBble cnoBa

MEeTPOIIOJINTEH, 3KOJIOIrnm4yecKas 6630HaCHOCTb, YCTOVI‘IMBOG pa3BuUTHE, TOpoaCKasi TPaHCIIOPTHAs CuUCTeMma,
9KOJIOrmYeCKre CTaHOapThl, MHHOBAIIMOHHBIE TEXHOJIOTUN, PUCKN
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Introduction

To assess the environmental safety of metro sys-
tems, several key criteria must be considered to help
ensure their sustainable operation.

Hydrogeological criterion. This includes deter-
mining the hydrostatic pressure of groundwater, its
mineralization, and composition.

Pollutant emissions. This involves measuring le-
vels of carbon dioxide emissions, nitrogen oxides, and
other pollutants that may affect air quality in cities.
Particular attention should be given to areas with
high concentrations of people, such as metro stations
and transfer hubs.

Noise pollution. Metro operations are often ac-
companied by high noise levels, which can negatively
affect the health and quality of life of city residents. It
is important to assess noise levels and take measures
to reduce them.

Energy efficiency. Efficient energy use is a key
factor in reducing the environmental impact of met-
ro systems. This includes the use of energy-saving
technologies and transitioning to renewable energy
sources.

Waste management and material use. Proper waste
management during the construction and operation
of metro systems, as well as the selection of environ-
mentally sustainable materials, are critical aspects.

Impact on ecosystems and biodiversity. It is neces-
sary to consider the impact of metro systems on natu-
ral ecosystems, particularly during the construction of
new metro lines and the development of infrastructure.

Applying these criteria requires a comprehensive
approach that includes regular monitoring, the use of
modern technologies, and innovative solutions. It is
also essential to develop and implement regulatory
frameworks that govern the environmental aspects of
metro operations.

Environmental safety criteria should be regularly
reviewed and updated in accordance with the latest
scientific research and technological advancements.
This will ensure adaptability and continuous im-
provement in response to changing conditions and
potential emergencies.

Implementing these criteria will not only reduce
the negative environmental impact of metro systems
but also increase their efficiency and convenience for
both staff and passengers, thus contributing to the
sustainable development of urban transport systems.

Examples of best practices

Stockholm Metro, Sweden. One of the most en-
vironmentally friendly metro systems in the world.
Thanks to the use of 100% renewable energy for met-
ro trains, Stockholm has significantly reduced the
carbon footprint of its transport system. Additionally,
efficient ventilation and noise reduction systems have
been implemented.

Singapore Metro. An example of a highly effi-
cient and innovative transport system. The Singapore
metro uses regenerative braking, which helps reduce
overall energy consumption. Strict standards for noise
and air pollution reduction are also applied.
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London Underground, United Kingdom. A program
has been introduced to reduce energy consumption
and improve air quality. The London Underground is
also actively working on improving its infrastructure
to reduce noise and vibration levels.

Examples of problematic aspects

New York City Subway, USA. Despite its size and
significance, it faces several environmental challeng-
es, primarily related to outdated infrastructure and
high noise levels. Projects for infrastructure modern-
ization and energy efficiency improvement are in de-
velopment and implementation stages.

Moscow Metro, Russia. Although steps have been
taken in recent years to improve environmental safety,
such as the introduction of energy-efficient lighting
and improved ventilation, challenges remain related
to the aging infrastructure and changing geological
and hydrological conditions due to urban landscape
transformations.

Materials and methods

One of the most hazardous environmental risks
in underground metro facilities, which significantly
reduces environmental safety, is hydrogeological risk.
This refers to potential social and economic losses
resulting from the development of adverse hydro-
geological processes, which manifest as a reduction
in the stability of metro tunnels and environmental
safety within the “rock mass-underground structure-
environment” system. Hydrogeological risks are evi-
denced by the formation of defects in the supporting
structures of tunnels, such as leaks, water ingress, soil

h
Fig. 1. Leaching and wet spots at the
inter-ring and inter-block joints of the
tubbing lining, active leakage. Crack in
the back of the tubbing

Fig. 2. Soil washout into the area
of the contact rail
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washouts into underground facilities, water break-
throughs, and quicksand.

As an example, we can consider the assessment of
environmental safety at an existing Moscow metro fa-
cility, based on data from engineering geological sur-
veys conducted over different periods. Photographs of
the Moscow metro tunnel are shown in Figs. 1-3.

During the in-situ inspection of the structures at
the emergency section of the running tunnel of the
Moscow Metro line, the following most characteristic
defects and damages were identified:

- concrete spalling in wall blocks, including areas
with exposed reinforcement;

- concrete spalling in roof slabs, including areas
with exposed reinforcement;

— leaching observed on the wall blocks of the run-
ning tunnel,;

- leaching observed on the roof slabs of the run-
ning tunnel;

- wet spots on the wall blocks of the running
tunnel;

— disruption of joint sealing in wall blocks and
roof slabs;

- active leakages;

— cracks in the roof slabs with an aperture width
of up to 0.2 mm.

The classification of the identified defects is re-
flected in Table 1.

Results
The geological cross-sections of the examined
section of the running tunnel, observed over different
time periods, are shown in Figs. 4 and 5.

of the concrete structure
of the roof slab due to erosion
of the waterproofing barrier
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Table 1

Classification of defects (according to GOST R 57208-2016)

No Type of defect Possible causes Potential consequences

1 |Concrete spalling in wall blocks and Mechanical impact Reduction in load-bearing capacity
roof slabs, including areas with exposed proportional to the decrease in cross-
reinforcement sectional area

2 |Leaching on wall blocks and roof slabs | Waterproofing failure Concrete degradation, metal and
of the running tunnel. Wet spots on wall reinforcement corrosion, reduction in
blocks. Dripping. Active leakages operational performance

3 |Steps at the joints of the roof slabs in | Errors during manufacturing and The degree of reduction in load-bearing
the running tunnel up to 30 mm installation capacity is determined by calculation

4 | Cracks in roof slabs with an aperture Shrinkage due to the heat and moisture  |No effect on load-bearing capacity.
width of up to 0.2 mm treatment of the concrete mix, properties |May reduce durability

of the cement, etc.
5 |Disruption of joint sealing in wall Tunnel and metro operations (including |Increased water infiltration and reduced

blocks and roof slabs

vibrations from moving trains)

operational performance of the structure
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Fig. 4. Geotechnical cross-section of the running tunnel section between stations at time period t,
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From the presented cross-sections, it can be con-
cluded that the level of the aquifer has changed over
time, which significantly affected the physical and
mechanical properties of the rock and the develop-
ment of defects in the load-bearing structures of the
tunnel, primarily influencing the geometry of the
tunnel lining.

To determine the rate of decline and recovery of
water inflow, calculations of the filtration properties
of the aquifer near the running tunnel were conduc-
ted (Table 2).

Based on observations of the aquifer level near
the running tunnel, changes in the hydrological re-
gime were identified (Figs. 6 and 7). The presented
graphs indicate that over an extended period, the
aquifer level fluctuated within a range of 2 to 16 m.

As part of the inspection of the technical con-
dition of problematic sections of running tunnels,
in-situ measurements of the actual geometric di-
mensions of the tunnel structures were carried out.
The measurements of the actual dimensions of the
studied structures were conducted using a Leica DIS-
TO D2 handheld laser distance meter. Measurement
accuracy: *1.5 mm. Based on the measurement re-
sults, deviations of the actual geometric dimensions
of the tunnel lining from the design values were

identified, with deviations exceeding 50 mm at the
examined chain ages (Fig. 8). The area highlighted in
Fig. 8, a represents an oversized section of the metro
tunnel lining that could lead to the development of
a potential emergency situation. The area highligh-
ted in red in Fig. 8, b shows an oversized section of
the metro tunnel lining before the process of rein-
forcing the base of the trough zone, which could also
create a potential emergency risk. The blue-high-
lighted area shows the results of measurements ta-
ken after the reinforcement process, which reduced
the deformation from 100 to 40 mm.

Table 2
Aquifer characteristics

Characteristics Value
Type of aquifer Confined
Aquifer thickness, H (m) 17.8
Well radius, m 0.063
Pumping duration, days 0.5
Discharge rate, m3/day 64.8
Static water level, m 7.2
Dynamic water level, m 23.45
Water level drawdown, m 16.25
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From Fig. 8, it follows that deformation processes
caused by increased groundwater inflow to the tunnel
lining lead to cracking in the cast iron tubbing struc-
ture. This, in turn, contributes to the formation of
leaks and soil washouts into the interior space of the
tunnel, including onto the track sections.

Based on the results of the in-situ inspection,
a defect map of the tunnel lining was created, with
a fragment shown in Fig. 9.

Conclusions
The identified changes in the tunnel lining struc-
ture showed that 60% of the leaks are concentrated
around the locations of construction joints. The tub-
bing itself also begins to filter water, exacerbating
leaching processes, which leads to the appearance of
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wet spots. Since the surrounding rock mass consists
of weak, unstable soils, the washout of soil into the
tunnel space could result in subsidence, which, in
turn, would cause deformations and settlement of the
ground surface. Consequently, there is a marked re-
duction in the environmental and geotechnical safety
level of the metro running tunnel.

The obtained research results, including the
analysis of defects in tunnel structures caused by hy-
drogeological factors, form the basis for further de-
termination of acceptable risks and the development
of methods for ensuring the environmentally safe
operation of urban metro transport tunnels.

Future plans include the creation of a geome-
chanical impact model on metro structures. The
modeling will allow for the evaluation of how geome-

Segmented rings
of the tunnel lining
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Fig. 9. Tunnel lining defect map, obtained
from the in-situ inspection of operational facilities (PK167+00.0)
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chanical phenomena such as karst processes, ground  using a three-dimensional numerical method in the
surface subsidence, soil heaving, and changes in the =~ ANSYS Workbench software package. Comparing the
groundwater regime contribute to the stress-strain  results of the modeling with experimental data will
state of the prefabricated lining of metro running  allow for an assessment of the reliability of the pro-
tunnels. The modeling is planned to be conducted  posed methodology.
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Stability of a controlled sucker-rod pump unit drive under operating conditions
and during voltage dips in the electrical network
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Abstract

The use of a variable frequency drive (VFD) for sucker-rod pump units (SRPUs), widely employed in oil
extraction, enhances the energy and technological efficiency of oil production and reduces equipment wear.
However, its application is hindered by unstable operation under insufficient balancing of the SRPU and
sensitivity to short-term voltage dips, which frequently occur in the extensive electrical networks of oil fields.
Insufficient balancing of the SRPU leads to the occurrence of a period within the pumping cycle where the
motor operates in generator mode, caused by the unevenness and reversal of the resistance torque of the
working mechanism. The motor’s transition to generator mode, as well as voltage dips in the power supply,
causes the voltage in the DC link of the VFD to exceed the set limits, resulting in the drive being shut down.
To investigate the processes during the operation of sucker-rod pump units and to test methods for mitigating
the negative impact of generator mode and voltage dips in the power supply network on the VFD, a model
of the “power grid — variable frequency SRPU drive” system with a load characteristic of this application was
developed in Matlab Simulink. A series of experiments were conducted, and the results were analyzed. The
suppression function of the generator mode was examined, and the feasibility of its application to real SRPUs
was evaluated. The use of an uninterruptible power supply system based on battery energy storage to prevent
operational interruptions during different levels of power supply voltage dips was analyzed. The resulting
model can be used for general analysis of operability and stability, as well as for verifying the correct selection
of key elements in the design of sucker-rod pump unit systems with variable frequency drives.

Keywords
sucker-rod pump unit, variable frequency drive, frequency converter, DC converter, battery storage, generator
mode, voltage dip, computer modeling
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AHHOTaUuA

[IpMeHeHMe YaCTOTHO-PEeryJiMpyeMoro IpuBOJA IITAHTOBBIX HAaCOCHBIX ycTaHOBOK (IIHY), mmpoko umc-
TOJIb3YEMBbIX JJIT JOObIUM HE(TY, MOBBIIIAET SHEPTETUUECKYIO U TEXHOMOTUYECKYIO 3D ()EKTUBHOCTD TOOBIUM
HedTH, CIIOCOOGCTBYET CHIKEHMIO M3HOCA 000PYIOBaHMSI, HO €ro MIPMMEHEHME CEePKUBAETCS HEYCTOMNYMBOIA
paboToit MpU HEeJOCTATOUHON ypaBHOBeleHHOCTM LITHY ¥ 4yBCTBUTENBHOCTHIO K KPAaTKOBPEMEHHBIM ITPO-
BaJIaM HaIpPSDKEeHMSI, YaCTO BO3HUKAIOIIVM B IMIPOTSDKEHHBIX STIEKTPUYECKUX ceTsIX HedTerpombicyioB. Hemo-
CTaTOYHas1 ypaBHOBeIIeHHOCTH [ITHY NpuBOOUT K MOSIBJIEHMIO B IIMKJIE KaUaHMSI ITeproa paboThl IBUTATES
B TEHEPATOPHOM pekuMe, 00YC/I0BJIEHHOM HepaBHOMEPHOCTHIO U M3MEeHeHMeM HaIpaBJIeHUs] MOMeHTA CO-
MPOTUBJIEHNST pabouero MexaHusMma. [lepexon ABUTaTeNs B TeHEPATOPHBIN PEKUM TaK Ke, KaK Y MPOBAJIbI
MIATAIONIETO HAMIPSIKEHUST, MPUBOAUT K BBIXOAY HATPSDKEHMSI B 3BEHE MOCTOSTHHOTO TOKAa Mpeobpa3oBaTesis
YaCTOThI 32 YCTAHOBJIEHHbBIE MTPEIEIbI U K OTKITI0OUEHMIO TpeobpasoBaress. [IJis ucciaeqoBaHusI MPOLIeCCOB MTPU
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paboTe ITAHTOBBIX HACOCHBIX YCTAHOBOK ¥ IIPOBEPKY CIIOCOO0B yCTpaHEHMSI HETaTUBHOTO BJIMSHUS Ha IIpe-
ob6pa3oBaTesib YaCTOThI TeHEPATOPHOTO PEXVMA, a TAKKe MPOBAJIOB HAPSDKEHUS MTUTAIONIEN 3JIeKTPOCEeTH
C 1eJIbI0 TIOBBINMIEHNST YCTOMUYMBOCTM CUCTEMBI B cpeae Matlab, Simulink co3maHa momens «aymeKTpuyeckast
CeTb — 4aCTOTHO-peryaupyemblit npusof IHY» ¢ xapakTepHOJ /151 BAHHOTO IPMMeHeHUsT Harpy3Koii, IpoBe-
JleH DSIZT OTIBITOB ¥ BBITIOJIHEH aHaIM3 pe3y/ibTaToB. PaccmoTpeHa mporpamMMHasi GyHKUMS TOAABIeHUs TeHe-
pPaTOPHOTO pekMMa U JaHa OLleHKa BO3MOXKHOCTY ee IpUMeHeHMS 151 PeabHbIX yCTaHOBOK. [IpoaHann3upo-
BaHO MMPUMeEHEHMe CUCTeMbI becriepe6oiTHOTO MUTAHMS HAa OCHOBE aKKyMYJISITOPHBIX HAKOMUTENel SHeprun
IJIS1 TIpeIOTBPalle s IpepbiBaHKs PaboThI MPY Pa3HbIX YPOBHSIX MPOBAJIOB MUTAIOIIEro HaNMpsHkeHus. Mo-
IleJib, TIOJTyYeHHas B pe3y/ibTaTe paboThl, MOXKET ObITh MPMMEHEHA /1JIs 001ero aHain3a paboToCIoCOOHOCT
M YCTOWYMBOCTH, & TAKKe MMPOBEPKM MPABMIBHOCTM TTOA60Pa KITIOYEBBIX 3IEMEHTOB MPOEKTUPYEMBIX CUCTEM
HITAHTOBBIX HACOCHBIX YCTAHOBOK C YaCTOTHO-PETYIMPYEeMbIM ITPUBOAOM.

KnioueBble cnoea

IITAHTOBast HACOCHAS YCTAHOBKA, YaCTOTHO-Pery/IMpPyeMblii IPUBOJ, ITpeo6pa3oBaTesib YaCcTOThI, Tpeo6paso-
BaTeJIb IIOCTOSSHHOI'O TOKA, daKKYMYJIATOPHAA 6aTap6H, FEHepaToprIVI PexXunM, IMpoBaJl HAIMIPSI>KeHM S, KOMIIbIO-
TepHOe MOJeINpoOBaHye
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Introduction

To enhance the technological and energy ef-
ficiency of sucker-rod pump units (SRPUs), widely
used in oil extraction, they are equipped with a vari-
able frequency drive (VFD). However, its application
is constrained by instability during operation under
conditions of insufficient balancing of pump jacks
and frequent disturbances in the electrical networks
of oil fields.

The practical application of VFDs in SRPUs has
shown that the main causes of drive instability are
short-term voltage dips in the electrical networks of
oil fields and the presence of a generator mode period
during the pumping cycle. This mode arises due to the
uneven load caused by the inertia and vibration loads
resulting from the movement of the rod string. A brief
generator mode during pumping can occur even in
well-balanced units with shallow pump depths and,
consequently, low rod suspension force created by
the weight of the fluid column when the difference
between maximum and minimum loads per cycle is
small. When transitioning to generator mode, the
energy received from the motor through the inverter
cannot be recovered into the grid via the uncontrolled
rectifier of the frequency converter (FC). This leads to
an increase in the DC link voltage, which subsequent-
ly results in the FC shutting down due to its built-in
overvoltage protection [1].

To improve stability and prevent undesirable
emergency shutdowns of the VFD in SRPUs during
generator mode, several solutions can be employed:
using a frequency converter with energy recovery ca-
pability, installing a braking resistor, or utilizing spe-
cial software settings. Implementing a regenerative
FC is associated with significant capital investment
due to the use of an active rectifier. Installing a bra-

king resistor results in the unproductive consumption
of recoverable energy, which is dissipated as heat.
The software setting known as the anti-regeneration
function (ARF) increases motor speed, which can lead
to undesirable dynamic forces within the SRPU. Each
method has its advantages and disadvantages, leading
to ambiguity in solving the problem of the negative
impact of generator mode on FC operation.

Another feature of VFDs is their increased sen-
sitivity to power supply disruptions, particularly to
voltage dips [2]. In the event of a significant voltage
drop in the DC link, the FC will disconnect from the
grid due to the activation of undervoltage protection,
which is necessary to prevent a current surge when
the capacitor charges after the voltage is restored [3].
Enhancing the reliability of SRPU operation during
voltage dips can be achieved through the use of an un-
interruptible power supply (UPS) system connected to
the DC link.

In accordance with the identified problems and
their potential solutions, modeling was conducted to
examine methods for eliminating overvoltage in the
DC link that occurs during the operation of VFDs in
SRPUs, as well as the application of UPS systems to
maintain operation during power supply voltage dips
to determine the impact of these solutions on system
stability.

Methods

To investigate methods for mitigating the impact
of generator mode and voltage dips on the operation
of the VFD, a simulation of the electrical complex of
the sucker-rod pump unit was performed in Matlab
Simulink (Sim Power Systems library). A model was
developed, whose main components include: a sec-
tion of the electrical network, a frequency converter,
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a squirrel-cage induction motor, a four-bar linkage
pump jack mechanism, a well, as well as a bidirectio-
nal DC converter (DC/DC converter) and a lead-acid
battery (LAB).

The electrical system includes a power source
with a short-circuit capacity of Sy, = 100 MVA; an
overhead line (6 kV) 6 km in length, with an alumi-
num conductor cross-section of 16 mm?; a 6/0.4 kV
transformer with a capacity of 40 kVA; a cable line
from the transformer to the frequency converter, 20 m
in length, with aluminum cores of 10 mm? cross-sec-
tion; a frequency converter based on an uncontrolled
rectifier and a three-phase inverter controlled by
pulse-width modulation (PWM); and a squirrel-cage
induction motor with two pole pairs, whose parame-
ters include: nominal power P,,, = 30 KW; nominal
speed n,,, = 1485 rpm; nominal efficiency n = 0.91;
power factor cos ¢ = 0.86; nominal current I,,,,, = 60 A;
starting current ratio i; = 7.7; starting torque ratio
m, = 2.7; maximum torque ratio my,, = 3.2 m; and mo-
ment of inertia ] = 0.1326 kg-m?. In this model, the
VFD is controlled by a scalar control method with the
motor speed being maintained at the setpoint.

The mathematical model of the squirrel-cage in-
duction motor is represented by the system of equa-
tions (1), which is constructed for the rotor-aligned
(dg-axes) two-phase orthogonal coordinate system.
The mechanical part of the drive is represented by
equation (2). The calculation of the equivalent circuit
parameters used in the model is performed using the
formulas presented in [4].

The sucker-rod pump unit was modeled for an
axial-type pump jack, the kinematic diagram of which
is shown in Fig. 1 [5, 6]. The following designations
are used in Fig. 1: R - crank; P — connecting rod;
C - rear arm of the balance beam; A — front arm of
the balance beam. Additionally, auxiliary lengths and
angles used in the modeling are presented.

. dy
U, =Ri, +—% oy ;
ds s-ds dt qu

dy
— 7 qs .
qu - Rslqs + dt —OY 4

., dy’
Uy, =Rl +— o —(@-0)v; M

’ rer d\V’r
U, =Rl + dtq

T = 1,5p(\|1dsiqs —quids) 5

(00,3

do,,
0t =T,~Fo -T. (2)

The variables in equations (1) and (2) have the
following designations: Uy, i, — projections of stator

J
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voltage and current on the d-axis; U, i, — projections

13
of stator voltage and current on the q-axis; U, i), —
projections of rotor voltage and current on the d-axis;
U, i, — projections of rotor voltage and current on
the g-axis; vy, v, — projections of stator flux linkage
on the d and q axes; vy, v/, — projections of rotor flux
linkage on the d and g axes; R, R/ — active resistances of
the stator and rotor windings; T,, T,, — electromagnetic
torque of the motor and the torque resistance of the
mechanism referred to the motor shaft; o, »,, and o, -
angular velocity of the coordinate system, mechanical
angular velocity of the motor shaft, and electrical
angular velocity of the motor rotor; J, F — moment
of inertia and viscous friction coefficient of the rotor
and load.

The operation of the sucker-rod pump unit (SRPU)
is cyclical. An example of a dynamogram of normal
operation is shown in Fig. 2, a, where the following
periods are indicated [7]:

A-B - The beginning of the upward movement
of the rod string, during which the load (the weight
of the fluid column) is transferred from the tubing to
the rod string. The tubing shortens, and the rod string
lengthens, while the pump valves are closed.

B-C - The upward movement of the rod string
continues after the load transfer process is complet-
ed. The intake valve opens, allowing fluid to enter the
pump cylinder.

C-D - The intake valve closes at the uppermost
position of the rod string, marking the beginning of
the downward movement of the rod string. The load
is transferred from the rod string back to the tubing.
The tubing lengthens, and the rod string shortens,
with the pump valves closed.

Fig. 1. Axial kinematic diagram of the pump jack
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D-A - The downward movement of the rod string
continues after the load transfer process is completed.
The discharge valve opens. The cycle completes at the
lowermost position.

Fig. 2, b presents a diagram showing the de-
pendence of the pumping periods on the crankshaft
angle, with the cycle divided into 4 quadrants. This
representation is more convenient for adjusting the
control settings of the unit.

As is well known, even the operation of
a well-balanced pump jack can be accompanied by
the motor transitioning into a brief generator mode
during the first and third periods of the pumping cy-
cle, as shown in Fig. 2. The duration of this mode may
increase when the parameters of the SRPU change
during operation due to equipment wear [1].

In the model of the sucker-rod pump unit, which
includes the gearbox, the four-bar linkage pump jack
mechanism, and the downhole section, the cyclic na-
ture of the load, intake pressure, fluid density, dyna-
mic fluid level in the well, the weight of the rod string
in the fluid, the weight of the fluid column, the degree
of balance of the pump jack, as well as the stroke loss
of the rod suspension point, which is associated with
elastic elongations during load transfer from the tub-
ing string to the rod, are all considered [8, 9].

The equations and dependencies used in the
mathematical model allow tracking the position,
speed, and acceleration of the rod string suspen-
sion point based on the geometric dimensions of the
pump jack mechanism. They also allow determining
the coefficient for calculating the resistance torque
on the crankshaft based on the load at the suspen-
sion point [10, 11].
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Thus, the developed model allows evaluating the
operating modes of the SRPU with different loads and
degrees of pump jack balance, determining the energy
consumed from the grid, and the energy dissipated on
the braking resistor in the DC circuit of the VFD du-
ring the motor's generator mode, which occurs when
the rod string moves downward under its own weight.

The model is supplemented with an uninterrupti-
ble power supply (UPS) system, and there are many
implementation schemes. The simulation considers
a system that consists of a DC/DC converter connec-
ted to the DC link of the SRPU's frequency converter.
The DC/DC converter is similar to the inverter of the
frequency converter, with the difference being in the
control system and the law governing the control sig-
nals for the operation of the IGBT switches [12]. In-
ductors and battery packs (LABs) are connected to the
output of the DC/DC converter, with the quantity and
connection scheme depending on the duration of the
backup. The control system must generate the gate
drive signals for the power switches in such a way as
to maintain the required voltage level in the DC link
and regulate the charging and discharging current and
voltages of the battery packs. It consists of an internal
loop with current feedback from the DC/DC side of the
battery pack and an external loop with feedback from
the DC link voltage of the VFD during discharge and
from the battery pack voltage during charging [13].

There are several types of battery models avail-
able: those based solely on experimental data, those
relying on a mathematical description of chemical
processes, and those utilizing electrical equivalent
circuit models. For the simulation, the third type
was employed, with a model available in the stan-

50 &
B
1
40
C
,
Z D
E 20
— B’ 2 I oC'
10 11 II1
o U1 v .
, ~¢ >
A 0.2 0.4 0.6 Dog 1.0
-10 .
Displacement, m
1 — Surface 2 — Downhole

a

b

Fig. 2. Periods of the pumping cycle: a — on surface and downhole dynamograms;
b — on the diagram of the polished rod position relative to the crankshaft angle
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dard Simulink library. The parameters required for
this model can be determined using technical spe-
cifications and discharge characteristics provided
by the manufacturer [14]. However, the most precise
calibration can be achieved by conducting real-world
tests on the specific battery in question.

In the control system, the voltage range on the
battery side is set between 310-435V, and the voltage
range on the DC link side of the VFD is set between
495-550 V. The maximum error for the LAB model in
the standard Simulink library is 5% for a charge level
range from 10% to 100%, with currents ranging from
0 to twice the battery capacity during charging, and
from O to five times the battery capacity during dis-
charging. The assumptions for the considered LAB
model are as follows:

- the internal resistance does not change with
current amplitude and remains constant throughout
the charge and discharge cycles;

- discharge and charge characteristics are iden-
tical;

— the battery capacity does not change with cur-
rent amplitude, and the Peukert effect [15] is absent;

- self-discharge of the LAB is not implemented in
this model, but it can be realized by adding a large re-
sistor in parallel with the battery terminals;

— the LAB does not have a memory effect.

The parameters for the LAB system of 32 units
are selected to maintain operation for a 30 kW load

DC link voltage, V
Power dissipated on the braking resistor, W
| |
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for 5 minutes, with each battery maintaining a volt-
age of 10.8 V. For this, it is required that during dis-
charge at constant power, each LAB in the system
must provide, W/battery:

P _ Pmain
el —

=1017.3. (3)
Noe/pcNim

Catalog data from various manufacturers indi-
cate that for the case under consideration, a system
of 32 LABs with a nominal capacity of 33 Ah each can
sustain a discharge at constant power of 1020 W /bat-
tery. The parameters set in the model are similar to
such a system of 32 LABs.

SRPU simulation results

The operation of the sucker-rod pump unit with
a period of generator mode was simulated. Fig. 3
shows the graphs for a pump jack with a significant
imbalance of approximately 50%, with the degree of
imbalance determined using the current imbalance
coefficient [16, 17]. Using the lower graph in Fig. 3, the
beginning of the generator mode can be identified at
8.2 seconds when the load torque on the crankshaft
becomes negative. On the upper graph, curve I rep-
resents the power dissipated on the braking resistor,
and curve 2 represents the DC link voltage, which is
limited to 757 V. When this value is reached, the bra-
king resistor circuit is activated, and the excess ener-
gy is dissipated.

1500 ' r
1000- -
500 —
04 J L
T T T T T T T T T
2 3 4 5 6 7 8 9 10 t(s)
1 == Power dissipated on the braking resistor, W
2 == DC link voltage, V
Torque on the crankshaft, kN - m
4 | | | | | | | | |
2- -
0- :—
-2 T T T T T T T T T
2 3 4 5 6 7 8 9 10 t(s)

Fig. 3. DC link voltage and power dissipation curves on the braking resistor (upper graph), and the torque curve
on the crankshaft considering the effect of counterweights (lower graph) at approximately 50% imbalance
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DC link voltage, V
750 | 1
700
650 -
600 -
550 -
500

2 3 4 5 6 7 8

1==DC link voltage, Vat w = const
2 == DC link voltage, V with ARF active

10 t(s)

Nl

Motor speed, rpm
Power dissipated on the braking resistor, W
1 1 1

2500 - 2 -
2000 - -
1500 i
1000 - 1 -
500 - -

) :

2 3 4 5 6 7 8 9 10 t(s)
1 == Power dissipated on the braking resistor at w = const

2 == Power dissipated on the braking resistor with ARF active

3 == Motor speed

Fig. 4. DC link voltage curves (upper graph), speed and power dissipation curves on the braking resistor (lower graph)
with ARF disabled and active, at approximately 50% imbalance

DC link voltzlage, \Y
750 1
700%
650 -
600 -
550 -
500

2 3 4 5 6 7 8 9 10 t(s)
1 == DC link voltage, Vat w = const

2 == DC link voltage, V with ARF active

Motor speed, rpm
Power dissipated on the braking resistor, W
| | |

1 L
200 s
3 -
100 -
2
0 T T T T T T T T T
2 3 4 5 6 7 8 9 10t

1 == Power dissipated on the braking resistor at w = const
2 = Power dissipated on the braking resistor with ARF active
3 == Motor speed

Fig. 5. DC link voltage curves (upper graph), speed and power dissipation curves on the braking resistor (lower graph)
with ARF disabled and active, at approximately 5% imbalance
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For different levels of imbalance, Figs. 4 and 5
show the DC link voltage curves on the upper graphs:
curve 1 corresponds to constant speed (without
ARF), and curve 2 corresponds to active ARF. To
more clearly indicate the period of ARF activation,
the speed graphs, labeled as curve 3, are shown in
the lower part of these Figs. Additionally, curve I de-
notes the power dissipated on the braking resistor
without ARF, and curve 2 denotes the power dissi-
pated with active ARF.

Simulation results of voltage dips

and the operation of the DC / DC converter

Disturbances in the electrical network are caused
by short circuits, originating from nearby overhead
transmission lines and from distant networks of 35 kV
and above. The simulation of nearby short circuits was
carried out at the node connected to the 6 kV over-
head transmission line. It was found that during sin-

DC link voltage of the VFD during a two-phase short circuit in
1 1 1 1
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gle-phase short circuits in the 6 kV network, the drive
operation can continue. However, three-phase and
two-phase short circuits in the 6 kV network lead to
shutdowns, with the SRPU's VFD losing power. In the
case of a two-phase short circuit not being cleared,
large voltage fluctuations occur in the DC link, as
shown in Fig. 6, a, and large current fluctuations at the
VFD input, as shown in Fig. 6, b, which are highly like-
ly to cause equipment failure. It should be noted that
when the 6/0.4 kV transformer windings are connec-
tedina A/Y,-11 configuration, the average voltage in
the VFD’s DC link is higher than when the transformer
windings are connected in a Y/Y,-12 configuration.
In the event of a power supply not being disconnected
during emergency conditions, individual drive pro-
tection should be activated. It is recommended to use
both an automatic circuit breaker and a fast-acting
fuse that match the drive’s nominal parameters to en-
sure comprehensive protection.

the 6 kV network, V

600 -
500
400
300

200 -

100 -

1.28 1.30 1.32 1.34

1.36 1.38 1.40 1.42

Currents at the VFD input during a two-phase short circuit in the 6 kV network, A

200
180
160
140
120
100
80
60 -
40
20

1.28 1.30 1.32 1.34

== Phase current A

1.36 1.38 1.40 1.42

== Phase current B

== Phase current C

Puc. 6. Two-phase short circuit in the 6 kV power supply network:
a - DC link voltage of the VFD; b - input current of the VFD
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Distant short circuits manifest in 6 kV load nodes
and at the VFD inputs as voltage dips. To maintain the
operation of the VFD with centrifugal working me-
chanisms, an effective means of improving stability
is the “kinetic reserve” option [18], which essential-
ly functions as the reverse of the anti-regeneration
function mentioned earlier. The “kinetic reserve” op-
tion causes an accelerated reduction in motor speed
by lowering the set frequency at the VED output, with
the excess motor energy being used to maintain the
voltage in the DC link.

In the drive system of the SRPU, the use of the
“kinetic reserve” option would be ineffective because
the resistance torque of the mechanism does not de-
pend proportionally on the square of the speed, as it
does in centrifugal mechanisms, but follows a more
complex law dependent on the position of the suspen-

DC link voltage, V
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sion point. The implementation of this option is only
possible during a short period of the cycle. Therefore,
the possibility of connecting a UPS system based on
a DC/DC converter and LABs to the VFD’s DC link was
investigated.

Typically, the VFD has built-in protection against
voltage dips in the DC link — undervoltage protec-
tion (UVP), which is set by default within the range
of 64-76% to 85-90% of the nominal voltage value
[3]. The voltage level is determined by the permissi-
ble current value of the rectifier diodes during pow-
er restoration and the surge of the DC link capacitor
charging current, which is mitigated by connecting
the capacitor charging circuit. The voltage level is
also related to the minimum allowable voltage nec-
essary to maintain the normal operating mode of the
of the sucker-rod pump unit.

700

600

500

400

300

200 T T T
1 2 3

1 == DC link voltage in normal operating mode

Rotor speed, rad/s
180 ; 1 1 1

4 5 6 7
2 == DC link voltage at U= 0.7 of nominal voltage

t(s)

160 - 1
140 -
120
100 -
80 -
60
40 -
20 1
0- | . .

1 2 3
1 == Motor speed in normal operating mode

b

4 5 6 7
2 == Motor speed at U = 0.7 of nominal voltage

~
—_ T
g}
~

Fig. 7. Mode characteristics: 1 — at nominal voltage and 2 — with a voltage reduction to 0.7 of the nominal value,
the following curves are presented: a — DC link voltage; b — motor speed
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The operation was simulated with a reduction
in the DC link voltage to 0.7 of the nominal value.
Fig. 7, a shows the voltages for two modes, and
Fig. 7, b shows the corresponding motor speeds.

Fig. 8 shows the results of simulating a prolonged
voltage dip in the DC (U, = 0.7U,y,,,), link with the
UPS connected to the DC link — curve number 2. The
created model with the UPS is capable of maintaining
the DC link voltage during voltage dips without caus-
ing negative oscillations in the motor shaft.

DC link voltage, V
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Fig. 9 presents the DC link voltage and the LAB
voltage for the experiment, where the following
voltage dip periods were used U, = 0.3Uy,,,: 2-3 S;
4.1-5.1s;6.8-7.1s.

Results and discussion
Based on the experiments conducted, it can be
concluded that the anti-regeneration function (ARF)
can completely eliminate the generator mode only
when it is necessary to dissipate a small amount of
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550

500

450 T T
1 2 3

7 t(s)

4 5

o

1===DC link voltage in normal operating mode
2==DC link voltage at U= 0.7 of nominal voltage

Fig. 8. DC link voltage in normal mode - curve I, and in mode with a reduction of input voltage to 0.7
of the nominal value with the UPS connected - curve 2
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1== DC link voltage in normal operating mode
2==DC link voltage during dips down to U = 0.3 of nominal voltage with UPS
3== LAB voltage (Lead-Acid Battery voltage)

Fig. 9. DC link voltage and LAB voltage during short-term dips in input voltage in all three phases down to 0.3
of the nominal value with the UPS connected
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power, as shown in Fig. 5. The acceleration settings
when using the overvoltage suppression and speed
and torque limiting functions must be conFig.d with
regard to the actual characteristics of the well and
equipment, as in some cases, an increase in speed may
lead to unacceptable mechanical stresses in SRPU
parts. The ARF reduces the duration of the pumping
cycle, which should be considered when planning the
operation mode of the unit.

The electromagnetic torque exerts a braking
effect on the rotor in generator mode, but with the
ARF active, the electromagnetic torque remains ro-
tational. When ARF is active, the electromagnetic
torque and the resistance torque, which becomes
negative during the downward movement of the rod
string, increase the motor speed, and the decele-
ration of the rod string at the end of the downward
stroke occurs more intensively and rapidly [1]. The
simulation results confirm that the longer the ge-
nerator mode lasts, the higher the instantaneous
rotor speed must be. The lack of speed limitation
with active ARF can lead to acceleration to a speed
that exceeds the nominal by 50-70%, if this is per-
missible for the motor. Increased speed dynamics
at the end of the fourth and the first period of the
pumping cycle lead to additional inertial forces in
the pump jack elements and dynamic impacts on the
pump jack structure, which increases wear and leads
to the failure of the unit. Thus, ARF without the ad-
ditional use of braking resistors can be successfully
applied if it does not lead to a critical increase in
load; that is, for SRPUs with a short generator mode
period, where significant speed increases are not re-
quired to eliminate it, or when the motor operates at
a speed significantly lower than the nominal speed
maintained by the VFD.

It should be noted that in the absence of the abi-
lity to transfer excess energy to the grid, it is recom-
mended to use a braking resistor even with an active
anti-regeneration function, if there is no complete
confidence that the operating mode will not change
over time and the generator mode period will not in-
crease. It should also be considered that an overvol-
tage in the DC link can be caused not only by transi-
tioning to generator mode, so it is recommended to
take measures to reduce the likelihood of other caus-
es, such as high output voltage, voltage spikes at the
VEFD output, incorrect grounding connection, motor
malfunction, and others.

When the voltage decreases, torque oscillations
increase, as shown in Fig. 7, b, where increased oscil-
lations and the appearance of speed dips can be ob-
served. The model under consideration did not use DC
link undervoltage protection or VFD overload protec-
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tion, which could be triggered under these conditions.
Further voltage reduction leads to an even greater
decrease in the stability of the unit and subsequent
motor shutdown. Therefore, a UPS is recommended
to maintain operation in the presence of significant
voltage dips or short-term interruptions.

The UPS simulation results presented in Fig.s 8
and 9 demonstrated its effectiveness during both
prolonged voltage dips in the power supply network
and short-term dips. The obtained results are close
to ideal, and measurements taken on a real object
or physical modeling of the UPS with such a load
will allow adjustments to be made to this model if
necessary.

It should be noted that the considered lead-ac-
id batteries (LABs) have several limitations and re-
quirements related to depth of discharge, voltage,
and charge current at different battery charge levels,
parameters for operation in buffer mode, temperature
range, and the need for temperature compensation of
the charging voltage. These requirements are speci-
fied in the LAB manual and should be considered by
the charge and discharge management system — the
DC/DC converter control system — to ensure the ma-
ximum possible service life. An alternative option is
supercapacitors, which generally have a longer ser-
vice life, can operate in a wider temperature range,
and have fewer restrictions on permissible voltage,
current, and charge levels. Detailed specifications are
usually provided in the datasheets and catalogs for
the respective equipment.

Future research directions may involve improving
the accuracy of this model and examining the possi-
bility of using a dynamic voltage distortion compen-
sator (DVD compensator) with the SRPU VFD to com-
pensate for voltage deviations and dips.

Conclusion

A model was developed to analyze the stability
of the variable frequency drive (VFD) of a sucker-rod
pump unit (SRPU), which takes into account the cycli-
cal and uneven nature of the load, the balance of the
pump jack, processes associated with the occurrence
of generator mode, and the impact of voltage dips in
the network. The method of eliminating overvoltage
in the DC link by using the overvoltage suppression
function was examined. It was determined that this
function has several limitations, primarily related to
the duration of the generator mode (degree of imbal-
ance) and the period of its occurrence in the pumping
cycle. With significant imbalance, the ARF will be less
effective, and the use of a braking resistor will be re-
quired. If the generator mode occurs at the end of the
upward or downward movement of the rod string, the
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increase in rotational speed will lead to undesirable
mechanical forces, additional wear, or even equip-
ment failure.

Another task of the study was to simulate volt-
age dips in the power supply network and examine
their impact on the stability of SRPU operation. With
minor voltage dips, the VFED is able to remain opera-
tional, and in some VFD models, special control algo-
rithms are applied to maintain operational stability. It
is known that with more significant voltage dips, the
undervoltage protection (UVP) will activate. One way
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to maintain operation even during a short-term loss
of voltage is through the use of an uninterruptible
power supply (UPS). The operation of such a system
was examined during the simulation, the results of
which demonstrated the effectiveness of this method
in improving operational stability. The model devel-
oped in this study can be used to perform a general as-
sessment of the operability of a similar designed sys-
tem and to verify the correct selection of the DC link
capacitor and inductors at the input of the DC/DC
converter.

References

1. Yarish R.F., Garifullina A.R., Garifullin R.I., Yakunin A.N. Investigation of operating modes of fre-
quency-regulated electric drive of pumpjack. Power Engineering: Research, Equipment, Technology.
2018;20(11-12):56-64. (In Russ.) https://doi.org/10.30724/1998-9903-2018-20-11-12-56-64

2. Egorov A.V., Ershov M.S. Experimental study of the stability of asynchronous variable-speed drives
(VSD) during short-term voltage failures. Industrial Power Engineering. 2018;(4):9-12. (In Russ.)

3. XuY., LuW., Wang K. et al. Sensitivity of low-voltage variable-frequency devices to voltage sags. [EEE
Access. 2019;7:2068-2079. https://doi.org/10.1109/ACCESS.2018.2885402

4. Pantel O.V. Method of calculating the parameters of an asynchronous motor to model its operating
modes in the Matlab / Simulink environment. Academy. 2015;2(2):7-11. (In Russ.)

5. Haisen Z., Yilong W., Yang Z. et al. Practical model for energy consumption analysis of beam pumping
motor systems and its energy saving applications. In: 2017 IEEE Industry Applications Society Annual
Meeting. 1-5 October 2017, Cincinnati, OH, USA. Pp. 1-9. http://dx.doi.org/10.1109/1AS.2017.8101721

6. Zheng B., Gao X., Li X. Fault detection for sucker rod pump based on motor power. Control Engineering
Practice. 2019;86:37-47. https://doi.org/10.1016/j.conengprac.2019.02.001

7. Fakher S., Khlaifat A., Hossain M.E., Nameer H. A comprehensive review of sucker rod pumps’
components, diagnostics, mathematical models, and common failures and mitigations. Journal
of Petroleum Exploration and Production Technology. 2021;11:3815-3839. https://doi.org/10.1007/
$13202-021-01270-7

8. Ershov M.S., Efimov E.S. Modeling of the energy efficiency of an electric drive for a rod pumping
unit. In: Martynov V.G. (ed.) Gubkin University in Addressing Issues of the Russian Oil and Gas Indus-
try: VI Regional Scientific and Technical Conference dedicated to the 100* Anniversary of M. M. Ivanov.
September 19-21, 2022, Moscow. Abstracts of Reports, Moscow: Gubkin Russian State University of
Oil and Gas (NRU); 2022. Pp. 766-767. (In Russ.)

9. Langbauer C., Langbauer T., Fruhwirth R., Mastobaev B. Sucker rod pump frequency-elastic drive
mode development — from the numerical model to the field test. Liquid and Gaseous Energy Resources.
2021;1(1):64-85. https://doi.org/10.21595/1ger.2021.22074

10. Urazakov K.R.,Molchanova V.A., Tugunov P.M. Method for calculating dynamic loads and energy con-
sumption of a sucker rod installation with an automatic balancing system. Journal of Mining Institute.
2020;246:640-649. (In Russ.) https://doi.org/10.31897/PMI.2020.6.6

11. Solodkiy E.M., Kazantsev V.P., Dadenkov D.A. Improving the energy efficiency of the sucker-rod
pump via its optimal counterbalancing. International Russian Automation Conference (RusAutoCon).
8-14 September 2019, Sochi, Russia. Pp. 1-5. https://doi.org/10.1109/RUSAUTOCON.2019.8867737

12. Higure H., Hoshi N., Haruna J. Inductor current control of three-phase interleaved DC-DC converter
using single DC-link current sensor. In: 2012 IEEE International Conference on Power Electronics, Drives
and Energy Systems (PEDES). 16—19 December 2012, Bengaluru, India. Pp. 1-5. https://doi.org/10.1109/
PEDES.2012.6484495

13. Nandankar P., Rothe J.P. Design and implementation of efficient three-phase interleaved DC-DC con-
verter. In: 2016 International Conference on Electrical, Electronics, and Optimization Techniques (ICEEOT).
3-5 March 2016, Chennai, India. Pp. 1632-1637. https://doi.org/10.1109/ICEEOT.2016.7754962

14. Tremblay O., Dessaint L.-A. Experimental validation of a battery dynamic model. World Electric Vehicle
Journal. 2009;3(2):289-298. https://doi.org/10.3390/wevj3020289

15. Cugnet M., Dubarry M., Liaw B.Y. Peukert’s law of a lead-acid battery simulated by a mathematical
model. ECS Transactions. 2010;25(35):223-233. https://doi.org/10.1149/1.3414021

302


https://mst.misis.ru/
https://doi.org/10.30724/1998-9903-2018-20-11-12-56-64
https://doi.org/10.1109/ACCESS.2018.2885402
http://dx.doi.org/10.1109/IAS.2017.8101721
https://doi.org/10.1016/j.conengprac.2019.02.001
https://doi.org/10.1007/s13202-021-01270-7
https://doi.org/10.1007/s13202-021-01270-7
https://doi.org/10.21595/lger.2021.22074
https://doi.org/10.31897/PMI.2020.6.6
https://doi.org/10.1109/RUSAUTOCON.2019.8867737
https://doi.org/10.1109/PEDES.2012.6484495
https://doi.org/10.1109/PEDES.2012.6484495
https://doi.org/10.1109/ICEEOT.2016.7754962
https://doi.org/10.3390/wevj3020289
https://doi.org/10.1149/1.3414021

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

2024;9(3):292-303 Ershov M. S, Efimov E. S. Stability of a controlled sucker-rod pump unit drive...

16. Zyuzev A.M., Bubnov M.V. Diagnostics of the balance of the rod deep-well pumping unit by watt-
metrogram. Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2019;330(4):178-187.
(In Russ.) https://doi.org/10.18799/24131830/2019/4/226

17. Galeev A.S., Nurgaliev R.Z., Bikbulatova G.I., Sabanov S.L., Boltneva Yu.A. Criterion of equilibrium
of the slow-speed drive of the downhole rod pumping unit to improve the reliability of the gearbox.
Petroleum Engineering. 2019;17(6):96-101. (In Russ.) https://doi.org/10.17122/ngdelo-2019-6-96-101

18. Belousenko I.V., Ershov M.S., Chernov M.Yu. Improving the stability of electrical systems in
continuous oil and gas production complexes. Industrial Power Engineering. 2019;(2):8-15. (In Russ.)

Information about the authors

Mikhail S. Ershov - Dr. Sci. (Eng.), Professor, Department of Theoretical Electrical Engineering and Elec-
trification of Oil and Gas Industry, I. M. Gubkin Russian State University of Qil and Gas (National Research
University), Moscow, Russian Federation; ORCID 0000-0002-7772-0095, Scopus ID 56261333000; e-mail
msershov@yandex.ru

Evgeniy S. Efimov — PhD-Student, Department of Theoretical Electrical Engineering and Electrification of
Oil and Gas Industry, I. M. Gubkin Russian State University of Oil and Gas (National Research University),
Moscow, Russian Federation; ORCID 0009-0007-9189-8029; e-mail efimow.evgeniy@yandex.ru

Received 30.01.2024
Revised 14.03.2024
Accepted 22.05.2024

303


https://mst.misis.ru/
https://doi.org/10.18799/24131830/2019/4/226
https://doi.org/10.17122/ngdelo-2019-6-96-101
https://orcid.org/0000-0002-7772-0095
https://www.scopus.com/authid/detail.uri?authorId=56261333000
https://orcid.org/0009-0007-9189-8029

