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Abstract. This paper aims to determine the effect of the sector radius of a workpiece-deforming tool on the stress-
strain state in the center of elastoplastic deformation and residual stresses in the hardened zone of the surface layer of
cylindrical workpieces. A mathematical model of local loading was constructed using the finite element method and AN-
SYS software. This model was used to determine the values of temporary and residual stresses and deformations, as
well as the depth of plastic zone, depending on the sector radius of the working tool. The simulation results showed that,
under the same loading of a cylindrical surface, working tools with different sector radii create different maximum tempo-
rary and residual stresses. An assessment of the stress state was carried out for situations when the surface layer of a
product is treated by workpiece-deforming tools with a different shape of the working edge. It was shown that, compared
to a flat tool, a decrease in the radius of the working sector from 125 to 25 mm leads to an increase in the maximum
temporary and residual stresses by 1.2-1.5 times, while the plastic zone depth increases by 1.5-2.4 times. The use of a
working tool with a flat surface for hardening a cylindrical workpiece ensures minimal temporary residual stresses, com-
pared to those produced by a working tool with a curved surface. A decrease in the radius of the working sector leads to
an increase in temporary residual stresses by 2—-7%. The plastic zone depth ranges from 1.65 to 2.55 mm when chang-
ing the sector radius of the working tool.

Key words: plastic surface deformation, elastic-plastic state, working tool, temporary stress, residual stress, com-
puter modeling
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Pe3stome. Llenbo gaHHOW paboThl SBRSETCS onpederieHne BRAUSHWUS CEKTOpWanbHOro paguyca paboyero MHCTpY-
MEHTa Ha HanpshkeHHO-4e(OpPMMPOBAHHOE COCTOSIHME B O4are ymnpyronnacTuyeckol gedropauum M OCTaTOYHbIX
HanpsbkeHUn B YNPOYHEHHON 30He MOBEPXHOCTHOTO CMosi LMNMHAPWUYeckux geTanen. [Ans QOCTUXKEHWS NOCTABMNEHHON
LieSIM NCMONb30BaH MeTo KOHEYHbIX 3NIEMEHTOB Ha OCHOBE KOMMbloTepHOW nporpammbl ANSYS ans noctpoeHus mare-
MaTUYECKO MOLENW NOKaNbHOTO HarpyxeHusl, NO3BOMNALLEN ONPEAENUTL 3HAYEHUS! BPEMEHHBIX, OCTAaTOYHbIX Hanp si-
XEHWIA 1 gechopmalinii B 3aBUCUMOCTM OT CEKTOPUAnbHOro paauyca paboyero nHCTpymeHTa. MpeactaBneHbl pesynbTa-
Tbl MOZENMPOBAHMS W ONpEOENeHNs BMUSHUS CEKTOPUAnbHOTO paguyca paboyero MHCTPYMEHTA Ha HanpshKEHHO-
AedopMUpPOBaHHOE COCTOSIHME NMOBEPXHOCTHOrO CMosl, BKMKOYas OnpeaeneHne BPEMEHHbBIX U OCTATOUHbIX HaNPsKEHWIt,
rny6uHbl MnacTuyeckon 3oHbl. [MonyyeHHble pe3ynbTaTbl KOMMbIOTEPHOTO MOAENMPOBAHUS MOATBEPXKAAOT, YTO Npw
OAMHAKOBLIX YCMOBUSIX HArpyXeHUs Ha LUMWMHOPUYECKY MOBEPXHOCTb pabounii UHCTPYMEHT C pasHbIMKU CeKkTopuanb-
HbIMW pagnycaMi CO3A4aeT pasHble 3HAYEHNUS MAKCUMasbHbIX BPEMEHHBIX M OCTATOYHbIX HanpsbkeHui. [pu aTom B cry-
yae BO3[EWCTBUS Ha LMMMHAPUYECKYIO 3aroTOBKY paboyero MHCTPYMEHTA C MIIOCKOW MOBEPXHOCTHH (hOPMUPYHOTCA MU-
HUManbHbIE 3HAYEHWS BPEMEHHbIX OCTaTOYHbIX HANPSHKEHMI MO CPABHEHWIO C pe3ynbTaTamu, NonyYeHHbIMU NpU ynpoy-
HEHWUW KPUBOJSIMHEWNHBIM paboyunM MHCTPyMeHTOM. C yMeHbLUEHMEM paguyca paboyero cektopa yBENUYMBaOTCS 3HaYe-
HUS BPEMEHHbIX OCTaTOYHbIX HANPsKEHW B npegenax ot 2 fo 7%. MnybuHa nnacTuy4eckoi 30HbI NPU U3MEHEHUN CEK-
TOpuWarnbHOro pagnyca paboyero MHCTpyMeHTa HaxoauTest B uHTepBane 1,65-2,55 Mm.

Knroyeeble cioea: NoBepxXHOCTHOE MnacTuyeckoe AedopMUpOBaHMe, YNpyronnacTuieckoe COCTosHUE, paboumi
WHCTPYMEHT, BPEMEHHOE HanpshKeHMe, 0CTaTOYHOE HanpshKeHUe, KOMMNbIOTEPHOE MOAENMpoBaHmue

Ansa yumupoeaHus: 3anigec C. A., Xo KyaH Muub, Mai Hrua [uk. BnnsiHue cektopuansHoro pagnyca gegopmu-
PYIOLLErO MHCTPYMEHTA Ha HanpshkeHHO-4ehOPMUPOBAHHOE COCTOSIHME B 30HE KOHTaKTa C LMIMHOPUYECKOW NOBEPXHO-

cTbto // iPolytech Journal. 2021. T. 25. Ne 6. C. 696-707. https://doi.org/10.21285/1814-3520-2021-6-696-707.

INTRODUCTION

The technologies of surface plastic defor-
mation (SPD) are widely used to improve the
quality and mechanical properties of the surface
of machined parts. Hardening treatment by SPD
improve such parameters, as wear and corro-
sion resistance, fatigue strength, tightness, etc.
It has been shown that SPD contributes to an
increase in the safety margins of products oper-
ated under variable loads by 1.5-3 times, and
their lifespan by dozens of times [1-4].

However, conventional SPD methods have a
number of technological limitations when applied
to hardening long-span and low-rigidity cylindri-
cal parts, e.g. shafts and axles. Thus, even un-
der the conditions of low output, it is hard to
achieve the specified accuracy of diametral di-
mensions and the stability of the geometric
shape of non-rigid cylindrical parts. Another sig-
nificant problem in the manufacture of such
parts is the distortion of their rectilinear axis [4].
As a result, the products manufactured using
SPD either fail to meet the established require-
ments or demonstrate failures and breakdowns
in the course of further operation.

When using SPD for treating non-rigid cylin-
drical parts, e.g. shafts and axles, it is difficult to
obtain the specified quality, since a high radial
load from the working tool distorts the shape of
the workpiece, failing to provide the stability of
mechanical properties along its length. At the

same time, a reduction in the radial load does
not always ensure the required quality of the
surface layer under an acceptable productivity
level.

The described limitations can be overcome
by intensifying the stress state in the defor-
mation zone, providing for the required degree
of hardening at a constant radial interference.
We developed a new design of the working tool
for SPD based on a sectorial pendulum, the ef-
fect of which on the stress-strain state of the
surface layer must be assessed.

In this work, we aim to determine the effect
of the sector radius of a workpiece-deforming
tool on the stress-strain state in the center of
elastoplastic deformation and residual stresses
in the hardened zone of the surface layer of cy-
lindrical parts.

ANALYSIS OF A KNOWN SOLUTION
Specialists at the Irkutsk National Research
Technical University developed a new hardening
method based on oscillating smoothing of such
workpieces as shafts and axles [5]. The method
uses the oscillating motion of a deforming tool,
which is a flat plate with a spherical radius (fig.
1). Despite a number of distinct advantages, the
method has limitations when applied to harden-
ing low-rigidity parts. The reason is a rather high
radial load on the workpiece, which leads to its
bending. This load can be reduced by reducing

https://vestirgtu.elpub.ru
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the value of radial interference; however, it will
negatively affect the productivity of hardening
treatment.

An analysis of the contact between the work-
ing tool and the workpiece (fig. 2) showed that,
at a constant value of radial interference (t), a
flat tool has the largest contact zone (L), and,
consequently, the area of plastic indentation will
be the largest. For a working tool of curved ge-
ometry, the contact area decreases, increasing
the pressure in the contact zone.

PROBLEM STATEMENT

It seems expedient to investigate the stress-
strain state in the contact zone of the workpiece
and a workpiece-deforming tool in the form of a
circular sector using computer simulation and to
determine temporary and residual stresses at
different radii of such a tool.

FINITE ELEMENT MODELING

Computer modeling based on the finite ele-
ment method (FEM) has been efficiently used to
determine the values of temporary and residual

ISSN 2782-4004 (print)

stresses and to analyze the stress-strain state in
the deformation zone during hardening by vari-
ous SPD methods. In this work, FEM was im-
plemented using ANSYS* [6], a software appli-
cation broadly used for these purposes.

When simulating hardening and concurrent
processes, either static and dynamic analysis is
selected, depending on the complexity of
movements of both the deforming tool and the
workpiece [7]. In this work, static simulation was
applied, since the investigated tool — a circular
sector with a spherical radius — does not per-
form complex movements. This approach allows
static data on the processes occurring in the
simulated system to be obtained [8]. At the
same time, time and its division, the method of
constructing network models and their parame-
ters are the main factors for obtaining an accu-
rate assessment of the characteristics of the
simulated system [9].

To carry out calculations under static load-
ing, a geometric model was built in the form of a
cylinder and a circular sector with a spherical
radius on the cylindrical surface (fig. 3).

Fig. 1. Oscillatory smoothing diagram [5]: 1 —workpiece; 2 —working tool (nw, — workpiece rotation frequency, rpm;
Nwol — Working tool frequency, double stroke per minute)
Puc. 1. Cxema ocyunnupyroue2o ebl2naxueaHus [5]: 1 — 3azomoeka; 2 — paboyuli uHcmpymeHm
(nsaz — Yacmoma epaujeHusi 3a2omoeku, 06/MuH; n, — yacmoma uHcmpymeHma, 08oliHble X00bl/MUH)

“Bakov K. A. ANSYS. User manual. Moscow: DMK Press; 2005, 650 p. / Bakoe K. A. ANSYS. CnpaBoyHuK nons3oBare-

ns. M.: AMK Tpecc, 2005. 650 c.
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L
L

Fig. 2. Diagram of influence of the indenter working part curvature on the contact zone size
(R1 - indenter with R1 radius, R2 — indenter with R2 radius)
Puc. 2. Cxema enusiHusi Kpusu3Hbl paboyel Yacmu uHdeHmopa Ha pa3mep 30Hbl KOHMakma
(R1 - uHdeHmop c paduycom R1, R2 - uHdeHmop ¢ paduycom R2)

pd

Fig. 3. Finite element model when loading a cylinder with a sectorial tool (P — contact force):
1 - circular sector with a rounding radius rol; 2 = cylinder with the diameter Dy,
Puc. 3. KoHe4yHO-aneMeHmMHasi Modeslb NPU Haz2pyXeHuU YuauHApa cekmopuasbHbIM UHCMPYMEHMOM
(P - koHmakmHas cuna): 1 — kpy2oeoli cekmop ¢ paduycom CKpyaneHus I,; 2 — yunuHop duamempom Ds,.

Main characteristics

Workpiece: a cylinder with a diameter Dy, =
20 mm; Workpiece material: steel 45 with elas-
toplastic and strain-hardening characteristics;
modulus of elasticity E = 2 - 10° MPa; Poisson’s
ratio u = 0.3; bilinear deformation diagram (yield
limit o7 = 360 MPa, hardening modulus Er =
1.45 - 10° MPa).

Tool: a circular sector with a spherical radius
on the cylindrical surface; alloy VK8; modulus of
elasticity E = 6-10° MPa; Poisson’s ratio

u = 0.3; coefficient of friction in the contact zone
of the working tool with the workpiece f = 0.1;
tool working radius rige = 5 mm.

To assess the stress state at different points
of a cylindrical specimen, it is necessary to de-
termine the stress intensity (von Mises) and re-
sidual stresses along the axes O, (axial 0;°%), Oy
(radial 07%), Oy (tangential og™). In this case,
when using principal stresses, the stress-strain
state of the cylinder according to Von Mises is

determined by the stress intensity o; > [10-12]:

0, =

1
(O3 = o) 2+ (o

- 01) 2 4 (0] — o) 7],

> Bruyaka V. A., Fokin V. G., Kuraeva Ya. V. Engineering analysis in ANSYS Workbench. Part 2: learning aid. Samara:
Samara Polytech Flagship University; 2013, 149 p. / bpysika B. A., ®okuH B. I, Kypaesa 1. B. IHxeHepHbIN aHanu3 B
ANSYS Workbench. Y. 2: y4e6. noco6. Camapa: MU3a-so Caml'TY, 2013. 149 c.
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Table 1. Basic simulation modes
Tabnuua 1. baszoBble pexumbl MOgenMpoBaHus

2021,25(6):696-707
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Workp_lece Tool rotation Negative _Workplece Radius of the working Tool working radius
rotation frequency nol, | allowancet, | diameters Dy,
sector Riol, mm fy, Mm
frequency Nyp, rpm rpm mm mm
0 0 0,1 20; 40; 60 25;50; 75; 100; 125; 5

To assess the stress state in the deformation
zone and compare the regularity of changes in
temporary and residual stresses in the surface
layer with an increase in the radius of the working
sector, the following basic modes were selected.

SIMULATION RESULTS

The stress state of a material during SPD is
differentiated into temporary and residual
stresses. Temporary stresses occur under the
action of external forces, while residual stresses
occur when these forces are absent. Temporary
stresses affect the power characteristics of the
process, the depth of the hardened layer, the
pressure in the deformation zone, as well as the
strength and wear resistance of the workpiece-
deforming tool. Residual stresses determine the
fatigue strength, fracture processes, wear re-
sistance, corrosion and other operational prop-
erties of products [13-16].

Fig. 4 shows the distribution fields of tempo-
rary and residual stresses in the cross section of
a cylinder at the moment of direct external influ-
ence (see fig. 4 a) and in its absence (see fig. 4
b). A working tool with a sector radius Ry = 25
mm acts on the surface of a workpiece with a
diameter Dy, = 20 mm under loading in basic

. 418,31 Max
372

— 325,69

— 279,37

= 233,06

= 186,75

— 140,44

— 94,126
47,814
1,5022 Min

a

modes. Fig. 5 shows the components of tempo-
rary and residual stresses along the radius of a
workpiece with a diameter D, =20 mm.

During SPD under the action of a working
tool in the form of a circular sector, residual
stresses of compression and residual stresses
of tension arise in the surface layer and central
zone, respectively. The maximum axial and tan-
gential residual compression stresses are
formed on the surface of parts [17, 18]. Radial
residual stresses on the surface of the work-
piece are equal to zero.

Tab. 2 presents the maximum temporary and
residual stresses in the workpiece under the ac-
tion of a deforming tool in the form of a circular
sector with different radii.

On the basis of the data in tab. 2 (with the
exception of Ry = ), dependencies were con-
structed (fig. 6) for the maximum temporary and
residual stresses on the sector radius of the de-
forming tool for workpieces of various diameters.

EFFECT OF THE SECTOR RADIUS
OF THE WORKING TOOL (Rioo1)

The radius of the working sector (sector ra-
dius of the working tool) is an important element
in the mechanics of deformation and structure

. 395,28 Max
351,69
L 308,11
L 26452
L{ 220,93
= 177,35
L 133,76
| 10,179
46,504
3,0085 Min l v

e

b

Fig. 4. Distribution zone of intensity of temporary (a) and residual (b) stresses in the cross section
of the sample after loading and unloading
Puc. 4. 3oHa pacnpedeneHusi UHMeHCUBHOCMU 8PEMEHHbIX (a) u ocmamoyHbix (b) HanpsxkeHul
8 nonepeyHOM ce4yeHuu obpa3ya nocsie HazpyxeHus U pas2py3ku
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T
o Em: MPa gres . MPa
350 100

ree
Gl"

1] /]
-350 =100
700 =200
-1050 -300
-1400 400
0 1 2 3 4 0 1 2 i 4
E. mm E. mm
a b

Fig. 5. Distribution of components of temporary (a) and residual (b) stresses along the radius of the sample
Puc. 5. PacnpedesnieHue KOMMOHeHM ePeMeHHbIX (a) u ocmamoyHbix (b) HanpskeHuli edonb paduyca obpasuya

Table 2. Values of maximum temporary and residual stresses at different values of the working tool sectorial radius
Tabnuua 2. 3Ha4eHMs MakcMarbHbIX BPEMEHHBIX 1 OCTATOYHbIX HAMPSXKEHWIA MPU Pa3HbIX 3HAYEHUSX CEKTOPUANbHOMO
pagnyca paboyero MHCTpyMeHTa

Working sector
. radius Rioot, mm| - g 50 75 100 125 %
Maximum
stress values, MPa
otem. 41831 403.91 382.46 367.81 342.71 285.24
Dwp=20 mm
Onsay 395.28 373.46 363.02 346.96 327.47 266.86
Do = 40 mm otem 403.45 393.67 373.78 355.32 331.88 264.98
e oS, 365.22 35058 34238 329.76 309.88 228.12
b 60 olem 385.43 366.11 356.45 342.99 321.55 233.67
=60 mm
P oles, 32411 | 30377 | 28855 | 26706 | 25532 199.85
460 410
g g
- D -
5 wp.1 .
£ a0 - o3 570
=) [
B
380 330
340 290
300 250
0 25 50 75 100 125 0 25 50 75 100 125
Rtcol, mm Rtool, mm
a b

Fig. 6. Influence of the working sector radius on the intensity of maximum temporary (a) and residual (b) stresses: Dyp1 = 20
mm; Dyp2 =40 mm; Dypz = 60 mm
Puc. 6. BnusiHue paduyca pabo4ye2o cekmopa Ha UHMEHCUBHOCMb MaKCUMaJlbHbIX 8PEMEHHbIX (a) U ocmamoYHbIx (b)
HanpskeHuU: Dsaz.1= 20 MM; Dsaz.2= 40 MM; D3a2.3= 60 MM
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351,69
— 308,11
— 264,52
I— 220,93
—1 177,35
— 133,76
— 90,174
46,594
3,0085 Min

363,02 Max
322,69

—{ 282,36

L 242,03

_{ 201,69

= 161,36

—{ 121,03

—{ 80,7

40,369
0,037254 Min

327,47 Max
291,44
L1 255,41
L1 219,38
Ll 183,35
==l 147,32
! 1113
{75,267
39,239
3,2103 Min

Ty

e
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. 373,46 Max f
331,97

|| 290,48
— 248,99
—1 207,49
- 166
— 12451
—{ 83,015
41,522
0,029611 Min

. 346,96 Max
312,32
— 277,68
— 243,04
— 2084
I— 173,76
— 139,11
i 104,47
— 69,832

h 35,191
0,54934 Min

. 266,86 Max |
B8 i
— 207,71 {
— 178,13
—1 148,53
= 118,97
—{ 89,396
—1 59,819
30,242
0,66414 Min

f

Fig. 7. Distribution fields of maximum residual stress intensity in the cylinder cross section under basic loading conditions:
a—Riool =25 mm; b = Rige = 50 mm;
€= Riool =75 mm; d = Rigol = 100 mm; € = Rigo1 = 125 mm; f = Rigol = @
Puc. 7. Mons pacnpedeneHusi UHMeHCUBHOCMU MaKCUMaslbHbIX 0CMamoOYHbIX HaNpPsHKeHUl 8 MonepeyHoM ce4eHuU Yusu H-
dpa npu 6a308bIx pexumax HazpyxeHusi: a — R, = 25 Mmm; b — R, = 50 Mm;
c-Ry=75mum; d-R,=100 MmM; e —=Ry=125Mm; f - Ry= 0

formation. This radius should be optimal to en-
sure the intensification of the deformation pro-
cess. It can be noted that an increase in the ra-
dius of the working sector leads to a decrease in
the corresponding temporary and residual
stresses (see fig. 6). This can be explained by
the fact that an increase in the radius of the

working sector leads to an increase in the con-
tact area. As a result, the stresses are reduced
at the same interference values t.

Fig. 7 shows the distribution fields of
the maximum residual stresses depending
on the sector radius. Tab. 3 presents the
components of the maximum temporary and
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residual stresses for a workpiece with a diame-
ter of Dyp = 20 mm.

When a flat plate acts as a working tool (see
fig. 7 f) on the cylindrical surface of a workpiece,
minimal distortion of the microstructure occurs in
the contact zone with the formation of the lowest
maximum stresses.

With a decrease in the sector radius (see fig.
7 b, c, d, e) of the working tool, residual stresses
increase due to a change in the contact area in
the deformation zone. As a result of using a
working tool with the smallest sectorial radius
(Rwol = 25 mm), the surface layer of the work-
piece undergoes significant plastic deformation
(see fig. 7 a) with the accumulation of a large
number of distortions. The latter has a significant
effect on the quality of hardened products. It
should be noted that the area, in which severe
plastic deformation occurs, is concentrated in the
local zone of contact with the deforming tool, thus

leading to an increase in the maximum stresses.

SURFACE LAYER DEFORMATION UNDER
LOADING BY A WORKING SECTOR TOOL

When a cylindrical workpiece is loaded with
a working sector tool, the as-formed plastic de-
formation changes the structure and properties
of the surface layer. The strain state is assessed
by relative deformations €, which, similar to
stresses, are distributed along the three main
coordinate axes.

Fig. 8 presents the dependence of relative
deformations on the sector radius at a constant
penetration depth of the working tool. Obviously,
under the same loading, the relative deformation
¢ is inversely proportional to the sector radius of
the working tool. It should be noted that the
greatest relative deformations under static load-
ing occur in the circumferential (tangential) di-
rection.

Table 3. Values of the components of maximum temporary and residual stresses at different radii of the working sector

(workpiece diameter D,,, = 20 mm)

Tabnuua 3. 3HayeHMst KOMMNOHEHT MaKCMMarnbHbIX BPEMEHHbIX 1 OCTaTOYHbIX Haﬂpﬂ)KGHVII;I NpKn pasHbIX paguycax pa6o-

Yero cekTopa (3arotoBka gMameTpom D,ar = 20 MM)

Temporary stress component, MPa Residual stress component, MPa
Rt00|a mm Gf;’m 0.'$em O.Eem Gges o.;es Gges

25 -1300.41 -859.69 -914.37 -317.44 -159.44 -328.25
50 -1228.32 -837.65 -870.28 -301.06 -154.58 --319.51
75 -1171.31 -813.93 -846.51 -286.22 -146.06 -301.55
100 -1102.09 -774.51 -825.14 -264.83 -140.95 -288.74
125 -1033.12 -738.31 -807.42 -251.35 -135.32 -261.42
© -838.43 -512.45 -754.13 -197.64 -112.432 -183.42

25 50 75 100 125
Ritoel. mm
Fig. 8. Influence of the working sector radius
on the maximum components of relative deformations
under interaction with a cylindrical surface

Puc. 8. BnusiHue paduyca pa6oye2o cekmopa Ha MakcuMasnbHble

KOMMOHeHMbl OmHocumenbHbIx deghopmayuli npu
e3aumodelicmeuu ¢ YunuHApuUYecKoll Mo8epxXHOCMbH

0 1 2 3 4
Ritool, mm

Fig. 9. Distribution of plastic deformations along the depth
of a cylindrical sample when loaded with a working sector
with the radius Rio =25 mm
Puc. 9. PacnpedeneHue nnacmu4eckux deghopmayuii
o a2ny6uHe yunuHApuYecko20 obpasya npu HazpyxeHuu
paboyum cekmopom paduycom R, = 25 Mm
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Fig. 9 shows the distribution of three types of
deformation in the respective axes along the
depth of a cylindrical workpiece under the action
of a working sector tool with a radius of Ry =
25 mm. Here, the relative tangential deformation
has the maximum value in the contact zone and
decreases towards the center of the workpiece.
At the same time, the radial and axial defor-
mations are less significant compared to that in
the circumferential (tangential) direction.

PLASTIC ZONE DEPTH

Plastic zones formed under the action of the
working tool serve as a link between the struc-
ture and mechanical properties of the treated
material, reflecting the peculiarities of its behav-
ior under specific loading conditions [19]. SPD
forms plastic zones differing both in shape and
size. This has a significant effect not only on the
destruction of metallic materials, but also on
their resistance to crack propagation [20, 21].
Information on the effective penetration depth of
SPD is used for assessing the physical, me-
chanical and operational properties of hardened
parts. Fig. 10 shows the depth of plastic defor-
mation (h) under the basic modes of exposure.
Tab. 4 describes the depth of hardening at dif-
ferent sector radii of the working tool.

/

)
]
4 |
|
) f |
- ) 2000 1900 2000 (o
. ]

Fig. 10. Distribution fields of plastic deformation in the
cross section of the sample at basic loading modes:
1-working sector; 2 - workpiece
Puc. 10. lMons pacnpedeneHus nnacmuyeckoli de¢hopma-
yuu e nonepeyHoM ceyeHuu obpasya npu 6a3oebix pexu-
Max HazpyxeHus: 1 — paboyuli cekmop; 2 — 3a2omoeka

ISSN 2782-4004 (print)

Table 4. Influence of the working tool sectorial radius on
the depth of the plastic zone and the magnitude of the
radial stress in the deformation zone

Tabnuua 4. BnusHue cektopuanbHoro paguyca paboyero
WHCTPYMEHTa Ha rnybuHy NnacTMyeckon 30Hbl U BENUYM-
Hy paguanbHO HanpskeHWs B 30He Aedopmaninm

Ry, mm o™ MPa h, mm
25 -859.69 2.55
50 -837.65 2.25
75 -813.93 1.95
100 -774.51 1.80
25 -738.31 1.65
0 -512.45 1.05

The obtained simulation results showed that
a decrease in the radius of the working sector
increases the depth of the hardened layer. It
should be noted that the magnitude of the radial
stress in the contact zone is the main factor de-
termining the plastic zone depth. Moreover,
when using a flat plate (Ryo = ), the formed
depth of plastic zone has the smallest value
compared to that obtained with a circular sector.

Our studies showed that the sector radius of
the working tool has a significant effect on the
stress-strain state of the surface layer of cylin-
drical workpieces exposed to SPD, in compari-
son with hardening with a working tool in the
form of a flat plate.

Therefore, our data on the stress-strain state
of the surface layer of cylindrical workpieces
outline promising directions for the application of
SPD for improving the quality of hardened parts,
consisting in the use of deforming tools differing
from those having a rectilinear shape.

CONCLUSION

The data on changes in the values of tempo-
rary and residual stresses obtained under basic
loading conditions using the ANSYS software
have allowed us to draw the following conclu-
sions:

1. Under a constant penetration depth of the
working tool, the decrease (from 125 to 25 mm)
in the sector radius of the working tool leads to
an increase (within 4-7%) of the temporary
maximum stresses and their constituent compo-
nents.

2. Upon elimination of the external action of
the working tool, residual stresses are formed,
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the value of which increases (within 2—-6%) with a
decrease in the sector radius of the working tool.
There is an optimal sector radius (in this study,
Riwol = 25 mm), which ensures the formation of
the maximum residual stresses that do not ex-
ceed the strength limit of the selected material.

3. The inversely proportional dependence of
the plastic zone depth on the working sector ra-
dius confirms the possibility of a more efficient
process of SPD by selecting optimal geometric

4. An assessment of the stress state of the
surface layer under the action of workpiece-
deforming tools with a different shape of the
working edge was carried out. It was found that,
compared to a flat working tool, a decrease in
the radius of the working sector from 125 to 25
mm lead to a 1.2-1.5-fold increase in the maxi-
mum temporary and residual stresses, and a
1.5-2.4-fold increase in the depth of plastic
zone. When using a flat working tool, the maxi-

parameters of the circular  sector. mum temporary and residual stresses are char-
acterized by the smallest values.
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MpoekTUpoBaHMe TEXHONOrMYECKUX onepaunin Ha OCHoBe
napameTpoB NPON3BOACTBEHHON TEXHONMOMMYHOCTH
KOHCTPYKLUMUU M30enus ¢ UCNofib30BaHUEM anropuTMa
aBTOMaTU3UPOBAHHOrO NPOEKTUPOBaHUS
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Pe3rome. Llenb nccnenosanus — cosgaHue anroputMa Ans aBTOMaTU3MPOBaHHOTO NPOEKTUPOBAHUS TEXHOMornye-
CKMX Onepauuii, OPUEHTUPOBAHHOIO Ha pa3paboTKy TEXHOMOTrNYECKOro MapLupyTa mMexaHudeckon obpaboTku getanu ¢
y4eTOM KpUTEPUEB NPOM3BOACTBEHHOW TEXHOMOMMYHOCTM, AaHHbIX NPEANPUATASA U UCMONb30BAHUEM 3MEKTPOHHON MO-
penu usgenus. beina npoaHanuampoBaHa CTPYKTypa TEXHOMOTMYECKOro npoLlecca MexaHuveckoi obpaboTkn getanu ¢
MCNOMb30BaHNEM METOAA «TEOpPeTUYecKoro pacyneHeHus». O6bEeKTOM MOAENMPOBaHNA SBUIICA TEXHOMOMNYEeCKUA Np o-
LilecCc MexaHuyeckoin 06paboTkn AeTanu «LUNaHroyT». BeisiBneHHble opmanbHbie napameTpbl NErnu B OCHOBY CO34aHMs
anropuTMa aBTOMaTU3MPOBAHHOrO NPOEKTUPOBAHNS 1 MOLENM TEXHOMOTMYECKOro MapLupyTa MexaHuyeckon obpabotku
AeTanu, B KOTOPbIX NPUMEHSIOTCA Npasuna NPoayKuuu, a Takke annapaTt MaTemaTuyeckon noruku. B pesynbrare npo-
BeJEHHbIX UCCNeAoBaHW NpeanoxeHa cxema noabopa TEXHONOMMYECKWUX onepauuii ¢ y4eToM napameTpoB TEXHOIO0-
TMYHOCTU KOHCTPYKUMM n3genns. Co3aaHa KOHUENnuMs anroputma aBToOMaTM3MpOBaHHOTO NMPOEKTUPOBAHUS TEXHOMOT u-
YECKOro npoLecca W3roTOBIEHUS W3EeNUN MALIMHOCTPOEHUS C 3afaHHbIM YPOBHEM NapameTpoB MPOM3BOACTBEHHOM
TEXHOMOMMYHOCTH 1 Y4eTOM napameTpoB npeanpuaTvs. MNpeanoxeH NpuHUUN OpMUPOBaHNS MapLLpyTa 1 Bbibopa Tex-
HOMornyeckux onepauuii MexaHudeckon o6paboTku. BuibpaH psg kpuTepueB NMPOM3BOACTBEHHOW TEXHOMOrMYHOCTH
(TPyZoOEMKOCTb, MaTEPManoemMKoCTb, Ce6eCTONMOCTb U3rOTOBNEHUS) AN OLIEHKN TEXHOMNOMMYECKUX Onepaumnin MexaHu-
yeckoit 0bpaboTku. B pesynbTaTte uccnegoBaHns nosyyeH anroputM aBTOMaTU3NPOBAHHOTO NPOEKTMPOBAHMS TEXHOM O-
rMYeCcKMX onepaumni ¢ y4eTOM napaMmeTpoB NPOU3BOACTBEHHOW TEXHOMOrMYHOCcTU. PaboTa anroputma anpobupoBaHa Ha
TEXHOMOrM4YeckoM NpPoLECcce U3roTOBNEHUS AeTanu «wnaHroyT». MNpumeHeHune paspabaTbiBaeMoro anroputma no3sonuT
NPeAnpUATUAM MOBLICUTbL KAYeCTBO MPOEKTUPYEMbIX TEXHOMOrMYeckux MpoLecCoB NPOW3BOACTBA M3LENWUA MaLUWHO-
cTpoeHus. Kpome Toro, ncnonb3oBaHWe NpeaioKeHHOro anroputmMa no3BomuT yMeHbWWUTb TPYA03aTpaThl U CPOKK pas-
paboTkn TEXHONOMMYECKOro NpoLecca U3roToBReHUst AeTanei MalMHOCTPOeHNs. dopmanusaums npolecca NpoekTup o-
BaHUA TEXHOMOrMYECKOro npoLecca SBASETCH BaXHbIM 3TanoM B pasBUTUM LMGPOBM3ALNM M aBTOMAaTU3aLMM BCEro
Npou3BOACTBA.

Kntoyesble cnoega: nNpoekTMpoBaHue, aBTOMaTU3aLns NPOEKTMPOBaHNS, TEXHONOIMYECKkMe onepauumn, TEXHONMOT u-
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Abstract: The study aimed to develop an algorithm for computer-aided design (CAD) of working operations. A pro-
cessing route for machining components was developed based on the criteria of production manufacturability, industrial data
and a digital model of the product. The process of machining a workpiece was analysed using a method of theoretical sepa-
ration. The machining process of a frame workpiece was used as a model. The identified formal parameters formed a basis
for developing a CAD algorithm and a model of manufacturing route associated with the mechanical processing of a work-
piece applying a condition-action rule, as well as mathematical logic. The research afforded a scheme for selecting process
operations, given the manufacturability parameters of a product design. The concept of CAD algorithm was developed to
design a production process of engineering products with given manufacturability parameters, including industrial data. The
principle of forming a route and selecting a machining process was proposed. Several criteria of production manufacturabil-
ity (labour intensity, consumption of materials, production costs) were selected to evaluate mechanical processing. A CAD
algorithm for designing technological operations considering the parameters of manufacturability was developed. The algo-
rithm was tested by manufacturing a frame workpiece. The developed algorithm can be used for reducing labour costs and
development time, at the same time as improving the quality of production processes. The formalisation of process design is

a crucial stage in digitalisation and automation of all production processes.
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BBEOEHUE

ABTOMaTM3auma n UMdpoBM3aLmsa NPonsBoa-
cTBa — 970, 6€CCNOPHO, OCHOBHbIE HaMNpaBIieHNs!
TEXHOSIOMMYECKOr0 PasBUTUAS NPOMBILLNEHHOCTH.
CoBpeMeHHOE MPOMBbILLIEHHOE MPOM3BOACTBO
“cnonb3yeTt UngpoBbIe U KOMMbIOTEPHbIE TEXHO-
forvm BO BCeX acnekTax cBoen paborol. MNpakTu-
4yecku BCe MNpoLecChbl, OT HenoCPeACcTBEHHOrO
KOHTPONS U YNPaBNEHWUSI TEXHOMOMMYECKUM Npo-
LLeCCOM [0 TEXHOMOTMYECKOro NpPOeKTUPOBaHUs,
OCYLLECTBNATCA B HACTOsILLEE BPeEMS C npume-
HEHMEM LMGPOBLIX AaHHbIX WM LMMPOBON WH-
pacTpykTypbl. [py 3TOM npouecc NpoeKTUpo-
BaHMS TEXHOMOTMYECKUX onepaunii 4o Cux nop
SBNSETCS ManogopmManu3oBaHHbIM, YTO NpUBO-
OUT K BOSbLUON TPYOAOEMKOCTU MPOEKTUPOBAHMUA
TEXHOMOMMYeCKoro npouecca.

PaspaboTka npouecca MexaHu4eckoi obpa-
60TKM OeTanu SBNSeTCA OYeHb TPYAOEMKOW 3a-
fadven. [poekTvpoBaHWe  TEXHONOrMYeckoro
npouecca mexaHuyeckon obpaboTku usgenus
MaLUMHOCTPOEHUS, COOTBETCTBYILEro napa-
MeTpaMm MpPOWU3BOACTBEHHON TEXHOMOMMYHOCTH,
OCNOXHSETCS TeM, YTO HOMEHKnaTypa martepu-
anoB n obopyaoBaHUA MOCTOSHHO paclwupseT-
C, @ TEXHONOrMK CoBepLLEHCTBYOTCA [1].

OcCHoBHOW MaccuB MHGOPMaLWKU B CTPYKTY-
pe TEXHOMNOrMYeCcKoro npouecca 3aHMMarT Tex-
HOMornYyeckue onepawum.

[poekTMpoBaHWe onepauuii MexaHU4eckomn
obpaboTkn npegnonaraet Bbibop obopynosa-

design

algorithm.  iPolytech  Journal.  2021;25(6):708-719.

HUS, KOHCTPYKLUMM PEXYLUMX WUHCTPYMEHTOB,
OCHaCTKM U Ha3Ha4yeHus pexumoB pesdaHus. Co-
BOKYMHOCTb 3TWUX NapameTpoB onpegenser, sB-
nseTca N NPOEKTUPYEMbIN TEXHOMOrMYeCKunm
MPOLEeCC TEXHONOMMYHBIM.

PaspaboTtka 1 NpoekTMpoBaHue TEXHONOrm-
YECKMUX onepauui HauMHawTcs ¢ opMupoBa-
HUS MEepeyYHs UCXOAHBIX AaHHbIX. B MCX0AHbIX
[aHHbIX MOryT ObiTb BblAENEHbl AaHHbIE Npea-
NPUATUS, HOPMATUBHbIE JOKYMEHTbI, 3NEKTPOH-
Has modenb n3genus n Tpebosanus kK getanu. K
[aHHbIM NPeanpuUATUS OTHOCATCS CneayoLLme:

—  WH¢opMauMs O Tune MpoM3BOACTBA Ha
npeanpusTuu;

- MHopmauua o HomeHknaType obopyao-
BaHWS 1 OCHACTKKM, UCNOMb3yemas Ha npeanpu-
ATAK;

—  MHopMaLMa O TEXHONOrMYECKUX peLle-
HUSX, MPUHATBIX Ha Npeaplaywmx atanax pas-
paboTkM n3genus.

K TexHOnormyeckum peLueHnsiM, NpUHATLIM
Ha nNpeaplaywmnx atanax, oTHocATCa metoq 06-
paboTkn W BMA TEXHONOTMYECKOro npouecca.
OTW nNapameTpbl 3aBUCAT OT BUZA U KOHUrypa-
UMW usgenus, ero rabaputoB, Buaa NPUHATON
3aroToBKW, TOYHOCTM W KavecTBa obpabatbiBa-
eMbIX NMOBEPXHOCTEN.

Mpy  NPOeKTUpPOBaHUM  TEXHONOrMYECKNX
onepauun paspabaTbiBaloT U YTOYHAT UX CO-
[epXaHue, HasHayalT nocnefoBaTenbHOCTb
nepexogos. Takke Npu NPOEKTUPOBaHUK BbIOK-
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patoTcst 060pynoBaHue 1 OCHACTKa, Ha3HayalT-
CS PEXMMbI MEXaHu4eckon 06paboTku.

Ona okoH4aTenbHOro OpMMUPOBAHUS TEX-
HOMOrMYecKow onepauum HeobxoanMo MCnosb-
30Bathb [2, 3]:

— [aHHble O paspaboTaHHOM MapLpyTe
TexHonorn4yeckon obpabotkun, cxeme 6asnposa-
HUSA 1 3aKpenneHus;

— CBEHEHMS O TOYHOCTU U LIEPOXOBATOCTY
MOBEPXHOCTEN A0 M nocne obpaboTkm Ha AaH-
HOW onepaumu;

—  MHdopMauwmio 0 npunyckax Ha 0bpaboTky;

— [aHHble O TaKTe BbiNycka WM pa3mepa
napTuv geTanen.

[poeKTMpoBaHMe TEXHOMOrMYeckux onepa-
LM 3aBepLUaeTCs:

— BblbOpoM 060pyf0BaHMSA U OCHACTKY;

—  pacyeToM NpuMycKoB;

— pacyeTOM pEXMMOB MexaHWu4eckon 06-
paboTKu.

OpHa 13 OCHOBHbIX CMOXHOCTEN NPOEKTUPO-
BaHWSI TEXHOSIOTMYECKMX onepauun ans TexHo-
fiora 3akno4aeTcs B TOM, YTO eMy Heobxoammo
Ha3HaunTb OCHacTky M obopyaoBaHWe, HOMEH-
KnaTypa KOTOpbIX BeECbMa pa3HoobpasHa. A ans
peLleHns 3adayun pacyeTa PeXMMOB pe3aHus
NPUNYCKOB 3arOTOBKM TEXHOMOr MOXeT BOC-
nonb3oBaTbCA pasnuMYHbIMK  MeTogamu: Tab-
NAYHBIM  (OMbITHO-CTATUYECKUM), aHanuTUYe-
CKUM U rpachoaHannTUyeckum [2].

MocmaHoeka npobnemsbi. Takum obpa3om,
Npu MPOEKTUPOBAHWUKM TEXHOMOr MM KOoMaHada
TEXHOMOrOB 3a4acTyld MOryT MONyyYUTb He-
CKONMbKO BapWaHTOB TEXHOMOrMYeCcKoro npouec-
ca. B Takom cnyyae Heobxoaumo OuUeHUTbL no-
NyYeHHble BapuaHTbl TEXHOSOMMYECKUX npoLiec-
coB (TI) n TexHomornyeckux onepauun, pyko-
BOACTBYSICb TEXHWUKO-9KOHOMWUYECKUMMN MPUHLIN-
namy NPOEKTUPOBaHUS: MaKCUManbHOW 3KOHO-
MWEN BPEMEHM U Tpebyemon npou3BOAUTENb-
HoCTbto. OOHaKO OKOHYaTenbHbI BbiGOp 00y-
CMNOBSIEH TOMBbKO OMbITOM U 3HAHUAMWU TEXHOMO-
ra. 9Ta npobnema MOXeT peLunTbCs CO3aaHNeEM
CUCTEMbl aBTOMAaTWU3MPOBAHHOTO MPOEKTUPOBa-
Hua (CAIMP) TexHonormyeckux onepauun, yyu-
TolBalOLLle napameTpbl  NPOM3BOLACTBEHHOM
TeXHOMorn4yHoctu [4-11].

B HacTosilee Bpemsi CylleCcTByeT MHOXe-
ctBo CAINP ana npoekTMpoBaHUs TeXHonornye-
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CKOro npouecca usrotosnexuns nsgenui. OgHa-
KO GONbLIMHCTBO U3 HUX HaNpPaBreHbl Ha CTPYK-
Typusauuio npoLecca NpoeKTUPOBaHMUS.

Lenbo uccnedoeaHusi sBnsieTcs paspa-
OoTka anroputMa MPOEKTUPOBAHWUA TEXHOMOru-
YECKMX Oonepauui C y4eTOM 3a4aHHOrO YPOBHS
TEXHOMOIMYHOCTN Ha OCHOBE MPOU3BOACTBEH-
HbIX AaHHbIX. [na OOCTMXeHWs NOCTaBMNEHHOW
Lennm OCYLLECTBNANOCL PELIeHVE CheayrLmx
3agadv: paspaboTka MeToaMK aBTOMAaTM3MPO-
BAHHOrO MNPOEKTUPOBAHMS, MO3BOMSAOWMUX OCY-
LWEeCTBNATb MPOEKTUPOBAHNE TEXHOMOrMYECKOro
npouecca ncxoas n3 obecneyeHns makcumarb-
HOW NPOWM3BOACTBEHHOW TEXHOMOrMYHOCTHU; CO-
30aHve anroputMa Bbibopa TEXHONOrMYecKmx
onepauuMn C y4eTOM nNapameTpoB MNPOU3BOA-
CTBEHHOW TEXHONOTMYHOCTH.

MATEPUWAN U METOObl NCCNEOOBAHUA

B gaHHOW cTaTbe aBTOpPbI NpeanaratT CKOH-
CTPYMPOBAHHYK CXEMY MPOEKTUPOBAHUS TEXHO-
nornyeckmx onepaumii (puc. 1). Mpwn paspabotke
[laHHOW CXeMbl B MEPBYH 04epeab yunTbiBanach
BO3MOXHOCTb BHEPEHUsI ee B YCMOBUSX Mpu-
MeHeHusi uHTerpupoBaHHbix CAIMP ¢ yyeTom
napameTpoB  TEXHOMOMMYHOCTU  KOHCTPYKLMK
nsgenus [12].

[pouecc NpPOEeKTMPOBAHUS, MPU  KOTOPOM
ANS KaXOoro atana NpOeKTMPOBAHUA TEXHOIO-
rMYecknx onepaumin  Moryt notpeboBaTbcs
onpedeneHHble W pasnuyHble Habopbl MCXoA-
HbIX JaHHbIX, HAYMHAETCS C NOArOTOBKU MUCXOa-
HbIX AaHHbIX [2]. Ha cxeme nmpouecca npoekTu-
POBaHUS UCXOAHbIE JaHHbIE CTPYNMUMPOBaHbI NO
TMnam:

— [OaHHble NPeanpuaTus;

— HOpMaTVBHasi AOKyMEHTaLms;

— 9NEeKTPOHHas Modenb u3genus;

— TpeboBaHUSA K TOYHOCTH;

— napameTpbl NPOW3BOACTBEHHOM TEXHO-
NOTMYHOCTMW.

OTAaenbHO CTOMT OTMETUTbL TaKWE 3NEMEHTHI
CXeMbl, Kak 6a3a AaHHbIX M 0asa 3HaHun. ATn
3MEMEHTbI BbIHECEHBI 3@ OMOK HENOCPeaCTBEH-
HO NPOEKTMPOBaHWsl. basa OaHHbIX ABnsSeTcs
ynopsifoYeHHbIM HabopoM CTPYKTYpUpPOBaHHON
MHOPMaLMKM U MOXET akkymynunposaTb B cebe
MOMHOCTbI MM YaCTUYHO BeCb Habop ucxon-
HbIX AaHHbIX. ba3a 3HaHui, ogHako, B OTNU4Me
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DopmupoBaHHe T
TeXHOJIOIrHYeCKHX
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Puc. 1. Cxema npoyecca npoekmupoeaHusi MexHo102u4ecKo20 npoyecca ¢ y4emom napamempoe
npou3sodcmeeHHOU MeXHOI02U4HOCMU
Fig. 1. Diagram of the flow process design taking into account production manufacturability parameters

oT 06a3bl OaHHbIX cogepxuT B cebe npasuna
BblBOZA M MHopMauuio 06 onbiTe U 3HAHUSX
TexHonoros [13].

Basa gaHHbIX 1 6a3a 3HaHWA OOMKHbLI CTaTb
ocHoBoW anropuTtma. lpn atom paspaboTka Ha-
3bl JaHHbIX HA HACTOSILLMIA MOMEHT HE ABNSETCS
npobnemow, Tak Kak GOMbLUMHCTBO COBPEMEH-
HbIX MPeanpUATUA aHanormyHble 6asbl AaHHbIX
yxe wucnonb3yet. OCHOBHOW 3apjayent cenyac
sBNseTca paspaboTtka cneumancHoi 6asbl 3Ha-
HUA, Ans 3Toro Heobxogmma dopmanusauus
TUMOBbIX TEXHONOrMYECKMX MPOLIECCOB W MOMy-
YeHne peKoMeHaaL M 3KCNePTOB-TEXHOMOTOB.

PasnunyHble BapuaHTbl MapLIpPyTOB TEXHOSO-
rmyeckon obpaboTkn M3genus NPoeKTUpYTCS C
MCMOSIb30BAHWEM [aHHbIX O TFEOMETPUYECKMX
napameTpax NpPOM3BOAMMON OeTanu W1 3aroToB-
KW, NOpsaKe BbIMOMHEHUS TEXHOMOrMYECKNX
onepauuin n nepexonos, WHgopmaumn ob wuc-
NoNb30BaHMK ONpPeaesieHHOro Bmuaa OCHACTKK M
WHCTPYMeHTa.

B pesynbrate npouecca NPOEKTUPOBAHWUS
TEXHOMOr JOMMKEH HalTK BapuaHT TEXHOMormye-
CKOro npouecca, KOTOpbliM Oyger sBRSATbLCS
Hanbonee TexHonormyHbiM. [ns  BbiboOpa
Hanbonee TEXHOMOMMYHOrO BapUaHTa HYXHO

PYKOBOZCTBOBATLCA MapaMeTpamyt TEXHONOrY-
HOCTU KOHCTpyKumu u3genua (TKW), koTopas
MOXET ObITb OLEHEHa C Ka4eCTBEHHOM U KOMW-
4ECTBEHHOW CTOPOH.

KayecmeeHHbIll Memo0 OUEeHKU TEXHOIO-
TMYHOCTW OCHOBAH Ha MPaKTUYECKOM OfbITe W
3HaHWUAX TEXHOMOroB U peanu3yeTcs Ha OCHO-
BaHWM 3BPUCTMYECKOrO aHanu3a COOTBETCTBUS
KOHCTPYKLMW WU3L4enuii NPpOU3BOACTBEHHON TeX-
HOMOTMUYHOCTM.

MNpn konuyecmeeHHolU oueHke TKN wuc-
nonb3ylT pa3HoobpasHble MnokasaTenu TEXHO-
nornyHocT. PaccmaTtpueast NpoU3BOACTBEHHYIO
TEXHOMOMMYHOCTb, OBLLENPUHATO  MOSb3YIOTCA
cnegyowmmMmn napametpamu [14-20]:

— TPYOOEMKOCTb WU3LEenus npu WU3rotosne-
HUM — CyMMapHble 3aTpaThbl Tpyaa Ha BbiNOSHe-
HME TEXHOMOrM4YecKoro npouecca M3roToBMNeHNs
n3genus;

— yAenbHas TPyAOEeMKOCTb M3AEenus B U3-
FOTOBSIEHUN — OTHOLLEHWE TPYLOEMKOCTU U3fe-
NS B U3rOTOBMIEHUM K HOMWHANbLHOMY 3Hade-
HUI0 OCHOBHOTO napameTpa;

— TexHonornyeckass cebectoMmocTb m3gae-
Ns B M3rOTOBMEHUM — CyMMapHble 3aTpaThbl
CPefcTB Ha OCYLLECTBIIEHWE TEXHOSOMMYECKOro
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npoLiecca n3roToBneHNs U3genus;

—  KO3(pPMUMEHT NPUMEHAEMOCTU MaTepu-
ana — OTHOLLEHWE HOPMbI pacxoda AaHHOro Ma-
Tepuana K CyMMe HOpM pacxofa Bcex maTepu-
anoB Ha U3roTOBMEHWE M3OENUS.

Mpu pa3paboTke METOAMKM aBTOMATU3NPO-
BAHHOrO  MPOEKTUPOBAHUSI  TEXHONOMMYECKMX
onepauun asTopamu ObINIO NpoBeAeHO pasfe-
NEHNE UCNOnb3yeMblX MpW NPOEKTUPOBAHUM Ha
rpynnbl MICXOOHbIX AaHHbIX. 3aTeM, OnupasiCb Ha
TUNOBON TEXHOMOMMYEeCKUn npoLecc, U3 Hero
Obinn BblgeNeHbl 3HaYMMble 48 onpegeneHHo-
ro aTana NpPOEKTUPOBAHWUA WUCXOAHbIE AaHHbIE,
crnocob n ocHoBaHwe Ans ux Bblgenexus. Mocne
3TOr0 aHanorMyHo pfaHHas Metoauka Obina
npofdenaHa Ans gopmann3oBaHHOro npouecca
(tTabn. 1).

lNepBbIM paccMaTpuBaembIM 3TanoM MpoOeK-
TupoBaHua Tl B3AT «BbIOOP 3aroToBKMY. [ns
BblbOpa 3aroTOBKM OCHOBHbLIMW MapameTpamMu
SIBNATCA CreayoLme:

— TreoMmeTpus, T.e. B JaHHOM Cfyvyae mak-
cvmarnbHble rabapuTHble pasmepbl geTanu;

— MaTtepwuan;

— TOYHOCTb M3rOTOBNEHUS N3OENNS.

BOMbLUMHCTBO M3 3TUX AaHHbLIX NPUCYTCTBY-
€T Ha 3NeKTPOHHOW MoJenu usgenus, OocTyn-
HOW AN NONAyYeHUst UHPOPMaLMN TEXHONOTOM.
BbiGop 3aroToBKM OCYLLECTBNAETCS TEXHOIOTOM
Ha OCHOBaHuW 6a3bl AaHHbLIX UMW CNPaBOYHOTO
maTepuana.

ISSN 2782-4004 (print)

[ns aTtana Bblibopa 6a3 3HauYMMbIM napa-
METPOM SBNSIOTCA reoOMeTpus geTanu u coctaB
€e KOHCTPYKTMBHbLIX 3anemeHToB (K3), atn xe
napameTpbl SBAATCA OCHOBHbIMW ANs hopMu-
poBaHus MapLipyTa 06paboTkn, OHM TECHO B3a-
MMOCBSI3aHbl Mexay cobon.

MapameTpbl 4Ns NPOEKTUPOBAHWUS TEXHOMO-
TMYecKUx onepauuin uenecoobpasHee BCero
pasgenutb no Tuny onepauuun. B 6onblwmHcTBE
TEXHOMOrMYECKNX NPOLECCOB MOXHO BbIAENUTb
TpU BMOA Onepaumii: KOHTPOnbHas, pasMeTou-
Has n gopmoobpasyoLlas.

Mpn npoekTupoBaHuM onepaumm HopmMoo6-
pa3oBaHMsi TEXHOSIOr MCMOSb3yeT reomeTpuye-
CKME AaHHble W AaHHble O KOHCTPYKTUBHbIX ane-
MEHTax AeTanu, faHHble 0 Matepuarne usgenus,
MHGOPMALMIO O TOYHOCTU U3rOTOBNEHNS AeTanu.

OTU [aHHble MOXHO NOMNYyYUTb U3 NEKTPOH-
HOW MOAENW U3Jenus Unu YepTexa getanu, npu
HeobxoAMMOCTW OOMOMHMB UX MHOpPMaLMen 3
HOPMAaTMBHON AOKYMEHTALMMN N CNPaBOYHUKOB.

Mpn paspaboTke pa3METOYHOW WU  KOH-
TPONbHOW Onepauun TEXHOMOr JOMKEH UCNOMb-
30BaThb AaHHble O reOMEeTPUYECKNX NnapameTpax
LeTanu N ee KOHCTPYKTUBHbLIX 3fieMeHTax. JTy
MHGOPMAaLMIO TEXHONOT aHaNorM4YHO MOXET no-
NyYnNTb U3 INEKTPOHHOW MOZENN W3Aenus unu
yepTexa.

Tenepb pacCMOTPUM NpeaCTaBeHne TeX Xe
NCXOOHbIX OaHHbIX B yxe ¢opmMann3oBaHHOM
npovecce.

Ta6nuua 1. MpeacTaBneHne NCXOAHbIX AaHHbLIX B (hOpMann30BaHHOM NPOLECCE NPOEKTUPOBAHNS
Table 1. Presentation of input data in a formalized design process

WUcxoaHble aaHHble MpeacraBnexune MpeacraBnexune
dT1an npoekTMpoBaHusA (3HaYumbIN B CyLjecTBYOLIEM B hopmanmsoBaHHOM
napameTp) TEeXHONOrMYecKoM npouecce npouecce
reomeTpus TEXHOMOr No MoAenun mopens + b3 + b
Bbibop 3aroToBku maTtepuan aTpubyT mogenu aTpubyT mozenu

TOYHOCTb

HJ, mogenb (YepTex) B3 + B[

Bbibop 6a3 reometpus / KO TEXHOIOor Nno Moaenu mopens + b3 + b
MpoekTnpoBaHue mapLupyTa obpaboTku reometpus / KO TEXHOS0r N0 MOAenu mogens + 63 + B[l
reometpus / KO TEXHOSOr N0 Mogenu mogens + 63 + B[l
hopmoobpaszoBaHue maTtepuan aTpubyT Mmogenu aTpubyT mogenu
Onepauuu TOYHOCTb HL, yepTex b3 + B[
pa3MeToyHas reomMeTpus TEXHOSIOr N0 MOAENM mogenb + b3
KOHTpOnbHas reometpus / KO TEeXHOMor No Moaenu mopens + B3 + B[

Mpumeyarue: KO — KOHCTPYKTUBHbIN anemeHT; BJ] — 6a3a gaHHbix; b3 — 6a3a 3HaHui; HI — HopmaTuBHas AOKyMEHTaums.
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[eomeTpuyeckne napameTpbl Usgenus, ma-
Tepuan u TOYHOCTb SIBNSKOTCA OCHOBHOW UCX0a-
HOW WH(popmaumen aTana BbIOOpa 3aroTOBKM.
leomeTpuyeckas uMHopMauus B opmanunso-
BaHHOM npouecce MOXeT OblTb NpeacTaBneHa
COBOKYNHOCTbIO 6a3 3HaHWI U JaHHbIX, @ TaKxke
3NEKTPOHHON MOAENbI0 U3AENUS.

leomeTpuyeckas MHGopmauusa u AaHHble O
KOHCTPYKTMBHbIX 3fIeMEHTax M3Aenus Mcnosb-
3yloTca Ans Bblbopa 6a3 M NpoekTMpoBaHMUS
MapLupyTa mexaHu4eckon obpabotku. Ha atane
NPOEKTUPOBaHWS onepaunn HeobxoauMmbl cre-
AytoLme MHOPMaLMOHHbIE UCXOAHbIE AAHHbIE:
reomeTpuyeckas UHoOpMaumns, 0 KOHCTPYKTUB-
HbIX 3NieMeHTax, a TaKkke CBeJeHus 0 maTtepua-
e 1 TOYHOCTW.

Ons copmanusauum npouecca npoekTUpo-
BaHWS 1 pa3paboTky METOOMKM aBTOMAaTU3NPO-
BaHHOTO NPOEKTUPOBaHWS C Y4eTOM napameTt-
POB TEXHOSIOTMYHOCTM B NEPBYIO Ovepeab HeOb-
XOAMMO Hanuuue npasun 6asbl 3HAHWURA, T.K. OHU
HeobxoauMbl Ons NpeaCTaBNEHUst UCXOAHbIX
AaHHbIX. MMomumMo 6asbl 3HaHWiA, AN NpeacTas-
NEHNA UCXOAHbIX [AaHHbIX Heobxoaumbl: Ga3a
[laHHbIX, 3NEeKTPOHHAs Mofenb usgenus wunu
yepTex.

MNpn pelweHun Bonpoca asTOMaTM3aLUK
NPOEKTUPOBAHNS MHOXECTBO YacTHbIX 3ajad
NPOEKTUPOBAHNUSA TEXHOMOTMMYECKUX onepauun
MOXHO pasgenuTb Ha opManusyemble U He-
opmanuayemeble [12]. Pag 3agay, kotopble Mo-
ryT BbITb OTHECEHbI K (hopManu3yembiM, 4OCTa-
TOYHO KOpPOTOK. MOXHO BbIAENUTL CneaytoLime
3agauu:

— pacyeT NPUMNYCKOB W MEXMNEPEXOAHbIX
pasmepos;

—  pacyeT pexMMOoB pe3aHus;

K HedhopmanuayemblM MOXHO OTHECTU 3a-
L1241 HepacyeTHOro xapakrepa:

— paspabotka  mappyTa
aetanu;

— CTPYKTypa onepauuu;

— BbIOOpP CTaHKOB, MHCTPYMEHTOB U T.4.

OfHako pasnuyHble BapuWaHTbl peLleHus
[AaHHbIX 3a7a4 MOryT ObiTb YTOYHEHbI HA OCHO-
BaHWM NapameTpoB MPOU3BOACTBEHHOW TEXHO-
NOMMYHOCTU KOHCTPYKUMM u3genus. Takum 06-
pasoM, B aBTOMAaTU4ECKOM pexuMme psf 3aBe-
AOMO HENOOXOASALUMX BapWaHTOB MOXeT ObiTb

0bpaboTku

OTMEHEH, 3aTeM MNPOM3BOAUTCA COCTaBIeHWe
Apyroro, Hambonee noaxogswero, psga. B atunx
YCINOBUSIX aBTOMAaTU3NPOBAHHOE MPOEKTUPOBa-
HME TEXHOMOIMYECKMX ornepaumnii MOXeT npen-
cTaBnaTb cobon nocnegoBaTenbHbIN BoIOOp TH-
MOBbLIX PELUEHWA B 3aBUCUMOCTU OT KOMMIeKca
YCIMOBMA  NPOM3BOACTBA,  KOHCTPYKTOPCKO-
TEXHOMNOIMYeCKNXx napaMeTpoB Aetanu u napa-
METPOB TEXHOMOrMYHOCTM.

PE3YJIbTATbl UCCNEOOBAHUA

PaccmoTtpum nogpobHo paboTy npeanoxeH-
HOro anroputTMa aBTOMaTU3UMPOBAHHOMO MNPOEK-
TUPOBaAHWSI TEXHOMOMMYECKMX onepauuni (pwc.
2). Pabota anroputma paccmaTpuBanacb Ha
npumepe npoektupoBanua T gna  getanu
«wnaHroyTt» (puc. 3). [laHHas getanb siBnseTcs
LienbHope3npoBaHHON 1 OTHOCUTCS K pebpam
XECTKOCTM.

NModzomoeka ucx00HbIX OaHHbIX. [lpo-
Lecc pa3paboTky TEXHONOrMYECcKux onepaLmni
Ha4YMHaeTCss ¢ (hOPMUPOBAHMS UCXOAHbIX AaH-
HbIX. [lpyM NpOeKTUpOBaHUM TEXHOMOMMYECKON
onepauum u B LEIOM TEXHOMOrN4eckoro npo-
uecca TpebyloTCA pasHble U OnpeaeneHHble
Habopbl MCXOOHOM WHOpMaumn. YacTb WH-
copmauum ana npoektupoBaHus Gepetcs u3
6a3bl AaHHbIX, @ YacTb, AONYCTUM, U3 UHGOP-
MauuMm O TreoMEeTpUYECKUX napameTpax, M3
3NEeKTPOHHOro MakeTa U3genus.

Bbi6op 3a2omoeku. [Ina 3TOro atana Tex-
Homory Heobxo4uMbl AaHHble O reoMeTpumn ae-
Tanu, nonyyaemble ¢ AMWN. Metog nonyveHus
3aroTOBKW U ee MaTepuan JOMKHbl HasHayaTbCs
npv NOMOLM npaBui cneumanbHon 6asbl 3Ha-
HUI. Mo 3aBepLUEHNM JaHHOro aTana TEXHOMOory
AOMKHbI ObITb NpeanoXeHbl pa3nuyHble Bapu-
aHTbl BuAa 3arOTOBKW, NpeACTaBneHHble Kak
Z(m, Gl, s),
rae m — martepuan 3arotosku; Gl — reomeTtpu-
Yyeckue JaHHbIe; S — Cnocob M3roToBMEHUS.

B naHHOM cnyyae «LWnaHroyT» ABNSeTcs uc-
KNYNTENIbHO OTBETCTBEHHOW [eTanblo neTa-
TeNbHOro annaparta, B4 ee 3aroTOBKM OroBoO-
PEH B KOHCTPYKTOPCKOM AOKYMEHTAUUWM W He
MOXET ObITb U3MEHEH.

Bbi6bop mexHonozauyeckux 6a3. Mpn Bbl-
6ope 6a3 TexHonor ucnonb3yeT AaHHbIe O reo-
METPUW N KOHCTPYKTUBHBIX 3fIEMEHTax AeTanu.
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OTN WCXOAHbIE AdaHHble TEXHOMOr nosny4vaeT ¢
OMW. Beibop TexHonorudeckmx 6as npousso-
AMTCS C Ucnonb3oBaHvem npasun 6asbl cneuu-
anbHbIX 3HAHWN.

Y petanu «wnaHroyT» 6ason HaszHavaeTcs
3a0HS CTeHKa — MOBEPXHOCTb C OTCYTCTBMEM
MHopmaLmu.

lMpedeapumenbHoe ¢opmuposaHue
Mapwpyma obpabomku. B HechopmanmaoBaH-
HOM npouecce NPOEKTMpOBaHUA 3agadva ¢op-

714

MMPOBAHUA MapLUpyTa MexaHuyeckon obpaboT-
KU NOMHOCTbLIO 3aBUCUT OT TexHonora. B pabote
TEXHOMOr MOXeT obpalarbCa K pasfnyHbiM
CMpaBOYHMKAM Y HOPMATUBHOMN AOKYMEHTALMUN.
OpfHako hopmanuaoBaHHbIN anroputm, pac-
CMaTpMBaeMbll B AaHHOW CTaTbe, WCMONb3yeT
Ans hopMMpoBaHus MapLipyta obpaboTtkm cne-
umanbHyto 6a3y 3HaHui. Takum obpa3om, Ha
aTane NpPOeKTUPOBAHUS TEXHONOr [OMKEH, WUC-
nonb3ys 6asy 3HaHWi, copMupoBaTh Mocne-
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[0BaTENbHOCTb TEXHUYECKMX Onepauui Takum
obpasomM, 4ToObl MOMYYMNCs MNOMHBLIM NpoLecc
bopmupoBaHusi rotToBoro usgenus. basa 3Ha-
HUN [OMKHa CopMMpoBaTb HECKONbKO Bapwi-
aHTOB MapLUPYTOB MexaHuyeckon 06paboTku,
PYKOBOACTBYSICb KPUTEPUAMU NPOU3BOACTBEH-
HOW TEXHOMOMMYHOCTM U3 KOTOPbIX TEXHOsor
BblbepeT yooBneTBOPAOWLMA ero BapuaHT. Ha
[i@HHOM 3Tane TeXHOMornyeckue onepauum He
hOpPMUPYIOTCH OKOHYaTESIbHO, a TOMbKO Onpe-
LenseTcs ux Bua.

Ha atom aTane TpebyTcs AaHHble O reo-
METPUYECKMX napameTpax AeTanu U KOHCTPYK-
TWBHbIX 3NIEMEHTAX U34ENMS.

MapwpyT  TexHomnoruyeckon  06paboTku
MOXHO NpeaCTaBUTb Kak YMopsidOYeHHy no-
crnefoBaTeslbHOCTb onepauun:

M (O].: 021 O|)l

roe O; — TexHosormyeckas onepaums.

Kaxgas onepaunsi JomkHa nepeBoguTb 3a-
FOTOBKY W3 «COCTOSIHUS N» B «COCTOSHWE N+1»
(puc. 4).

PeanbHbIn MapLUpyT TEXHOMOrMYeckon 06-
paboTKu eTanu «LWNaHroyT» BbIrMNAauT Tak:

M (On1, Om1, On2, Ok1, Og1, Og2, 1 7.4.),

roe O, — nogrotosuTencHas onepaums; O, —
mapkupoBaHue; Oy — KOHTpONbHas onepauus;
Og — onepaums dopmoobpasoBaHms.
lMpoekmupoeaHue nepexodoe u onepa-
yud. lNpoekTupoBaHue onepauuin OCyLLECTBNSA-
eTCcs C ucnonb3oBaHnem 6asbl 3HaHUN Ha OCHO-
BaHWM MapLupyTa MeXaHuW4eckon obpaboTku,
MONy4YeHHOro Ha NpeablayLlem aTane.

Ans opMmnpoBaHns TEXHONOIMYECKOW one-
pauum UCnonb3ylTcs WHGOPMaUMs O reomert-
puUYeckux napameTpax getanu, AaHHble O KOH-
CTPYKTUBHbLIX 3NEMEHTAX W3AEenus, martepuane
3aroTOBKW ¥ TOYHOCTM U3rOTOBIIEHUS.

TexHonormyeckas onepauusi MoxeT ObiTb
npeacTaBfieHa Kak

O (v,n, 1),

roe v — BUA onepauuu; N — COCTOSIHUE M3Oenus;

to — OCHOBHOE Bpemsi 06paboTkM pesaHunem.
OpHako ToyHee GyaeT npeacTaBuTb onepa-
LMIO KaK NocrneaoBaTeslbHOCTb NepexoaoB:

O (Pq, Py, ... Pyp),
a nepexoa Kak
P (V, to),

roe v — Bug onepauuu; ty — OCHOBHOE Bpems
0bpaboTku peszaHuem.

Tekyllen Bug 3aroToBKM Ha Kaxgom aTane
mMaplpyta 06paboTku onuceiBaeT napameTp
COCTOSHWSI u3genus. Kaxpoe cOCTosiHWME 3aro-
TOBKM XapakTepuadyetcs psigoM napaMeTpoB
(reOMEeTPUYECKNX 1 TEXHONOTUYECKNX).

HasHaueHne onepauun OCYyLLEeCTBNSETCS C
YY4ETOM KPUTEPUS HAaWMEHbLUIEN TPYZA0EMKOCTH.

Ha atom artane npousBoautcs nogbop obo-
PyLOBaHUS, WCXOAS W3 COCTABMEHHOTO paHee
MapLLupyTa TexHonornyeckon obpabotku, nogbop
ocywiecTensietcs M3 6asbl AaHHbIX 060pyaoBa-
HUS C MCNoNb3oBaHMeM npaBus 6a3sbl 3HAHWNA.

OkoH4YamenbHoe ¢hopmuposaHue Mapul-
pymoe obpabomku. Nocne Bcex NpoBEAEHHbIX
onepauun cuctema MoOXeT copmMpoBaTb He-
CKOMNbKO BapWaHTOB MapLUpyTOB TEXHOMormye-
ckovi 0bpaboTku. MaBHbIM KpuTepreM noabopa
SBNAOTCA MnapameTpbl TexHonornyHoctn. Oc-
HOBHOWM 3ajayert 3TOro dTana ABNAETCA ONTW-
MU3aums MapLupyTa TexHonorndyeckon obpabor-
KU NyTEM MOWCKA KpaT4yamwmx MapLUpyToB C No-
CneaylLwmM BeI6OPOM HaMMEHee TPYAOEMKUX.

McxogHbIMM - OaHHbIMKM - Ona 3TOro  3Tana
CNyXaT CBefEeHWsl, MOMyYeHHble Ha npeablay-
Lmx aTanax pabotbl.

dopmuposaHue 8bIXOOHbIX OaHHbIX — 3TO
3aBepLialoLLMin aTan TEXHONOTMYEeCcKoro npoek-
TUPOBAHWS, 34€Cb TEXHOMOT MOMTYYNUT HECKOIIBbKO
BapWaHTOB TEXHOMOMMYECKOro npouecca, U3 Ko-
TopbIXx emy noTpebyetcs BbiOpaTb Haubonee
NnPMemMnNeMbI ANa NPUMEHEHMS Ha NPOWU3BOA-
ctBe. BapuaHTtbl TI1 paHXupoBaHbl N0 Kpute-
pUI0 HavMeHbLen TpygoemkocTn. Cxema pabo-
Tbl MPEAJIOKEHHOTO anroputMa npeacTaBneHa
Ha puc. 5.
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3AKNKOYEHUE

YKasaHHbIA Bbille MNOAXOA K MPOEeKTMpoBa-
HUIO TEXHOIOMMYECKOro NpoLiecca No3BoNUT:

— MOBLICUTb KAYecTBO NPOEKTUPYEMOrO
TEXHOOTMYecKoro npouecca 3a cyet opmanu-
3auuu mpouecca NPOeKTMPOBaHUS, U Kak cref-
CTBME YMEHbLLUEHUs KOnuyecTBa OLWMOOK, Ao-
NyCKaeMbIX TEXHONIOramu;

—  YMeHblUMTb TpyZo3aTpaTbl U CPOKK pas-
paboTKM TEXHOMOrMYeckoro npoLecca M3roTo.-
neHust AeTanemn MalnHOCTPOEHUSI.

Kak cunTatoT aBTOpbI, NPUMEHEHUE AAHHOMO
anroputMa aBTOMaTU3MPOBAHHOMO MPOEKTMPO-
BaHUSA TEXHONOMMYECKMX OnepaLmii ¢ UCronb3o-
BaHWEM MapaMeTpOB MPOW3BOACTBEHHOW TeX-

HOMOMMYHOCTM [OMMKHO MO3BOMUTL MOBBLICUTH
Ka4yeCTBO BbIMyCKAEMON MNPOAYKLUMM W YMEHb-
WWTb TPYAOEMKOCTb TEXHOMNOrM4eckon MoAro-
TOBKM NPOM3BOACTBA NPeanpuATUAM MalLUHO-
CTpOMTENIbHON oTpacnu. 3TO0 O0COBEHHO aKTy-
anbHO B COBPEMEHHbBIX YCMOBUSX NPOM3BOS-
CTBa, Tak Kak NpeanpuaTus CyLLecTByoT B MUpe
XECTKOW KOHKypeHuun. Heobxoanmo oTMETUTb,
YTO OPWEHTUPOBAHHAs Ha KOHKYPEHTOB cpefa
TpebyeT 0T MalWWHOCTPOEHNs obecneveHuns
TEXHOMOrMYECKON rMBKOCTU MaLUMHOCTPOUTENb-
HbIX NPOW3BOACTB, KOTOPY CnocobHbl obecne-
YUTb TOMbKO aBTOMaTMU3auUMs W LMdpoBU3aLUS
npou3BOACTBA.
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Pe3srome. Llenb — onpegeneHne B3ayMOCBSA3M adpOANHAMWNYECKNX W TeNNO0OMEHHBIX XapakTepUCTUK BO3OYLIHOTO
NoTOKa B CErMeHTapHOM BEHTUNSLMOHHOM annaparte TOPMO3HOro Aucka C ynyylleHWeM paccemBaHus Tenna B norpa-
HUYHOM CII0€ OMbIBAIOLLEro BO3AYLUHOMO NoTOoKa. B MccneaoBaHMsaX MCMONb30BaNMCh Kaccuyeckne ypaBHEHUs Tenno-
mMaccoobOMeHa B MOrpaHNYHOM CIOe BO3AYLIHOrO NOTOKA OMbIBAEMOrO BEHTUMALMOHHOIO annapata TOPMO3HOro aucka.
[nsa oueHkn paboTbl JaHHOro annapata npumeHsinca metoa nofobus. O6bLEKTOM UCCNEAOBAHUI ABUICA CErMEHTapHbIN
BEHTWIALMOHHBIA annapaT TOPMO3HOro Aucka. [Ans noaTBepKAeHUS TEOPETMYECKUX U3bICKaHWiA BbinonHsnock CFD-
mMoZenupoBaHue obbekTa uccnefoBaHuii. PaspaboTaHbl MaTeMaTUyeckne MOLENM BEHTUMALMOHHLIX annapaTtoB TOp-
MO3HbIX QMCKOB CO CMIIOLIHBIM KaHAIOM U KaHamoMm co Lwensmu. B kayecTBe kputepust oueHkn ahhekTBHOCTM paboThl
BEHTWIIAILMOHHOIO annaparta TOPMO3HOro Aucka Obin npefnoxeH napameTp TypOynuaauny BO3QyLIHOTO NOTOKA BHYTPH
uccnegyemoro annapara. lonyyeHHble aHanUTUYECKME 3aBUCUMOCTH NOKasasnu, YTo C YBENUYEHNEM CKOPOCTU BO3aY Lu-
HOro noToka B 20 pa3 3HayeHWe AaHHOro napameTpa CHU3MNoch B 1,24 pasa. C yBenuyeHnem TemnepaTypHoro nepena-
[a B norpaHn4HoM cnoe B 8 pa3 napameTp Typbynusaumu ysenuuuncs B 86,2 pasa. Ha 0CHoBaHWM npeanoxe HHOrO Kpu-
Tepust OLEHKM 3hdeKTUBHOCTM paboTbl ObiN NPOBEAEH pacyeT aspoaMHAMUYECKUX U TENNOOOMEHHbLIX XapaKTepucTuk
obbekTa uccnegoBaHwii. Mo pesynbTaTtam pacyeta NpegnoXeHa B3auMOCBS3b KOHCTPYKTUBHBLIX MapaMeTpoB CErMe H-
TapHOro BEHTUMALUMOHHOTO annaparta C yfyylWeHWeM paccenBaHns Temna B NOrpaHUYyHOM CI0€ OMbIBAOLWEro BO3ay -
Horo moToka. lNpoBegeHHoe CFD-mogenupoBaHue MOATBEPAWSIO TEOPETUYECKME WUCCMEOOBaHUS adpOoaMHaMUYECKNX
XapaKTepUCTUK CErMEHTApHOr0 BEHTMNALMOHHOrO annapaTta TOPMO3HOro Agucka. [aHHyl mMaTeMaTU4ecKkyr monenb
COBMECTHO C napameTpoM TypBynuaauun BO3MOXHO NPUMEHSTb MPU NPOEKTUPOBAHUM COBPEMEHHBIX BEHTUIIMPYEMbIX
TOPMO3HbIX AUCKOB W ANS1 OLLEHKM CyLLECTBYIOLMNX Y3MOB OXNaXAeHWS PPUKLMOHHBIX Y310B. OTO HEODXOAMMO Ans Mu-
HUMM3ALNY BOSHUKHOBEHWS CUTYaLUN CHIKEHNS TEMNOOBMEHHBIX NPOLIECCOB.

Kntoyesble crosa: TOPMO3HOW AUCK, BEHTUNALMOHHBIA annapar, norpaHuyHbIi Cnoit, kputepuin PeitHonbaca, kpu-
Tepuit CTOHTOHA, napameTp Typbynusaunm
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Annotation. This study aims determine a relationship between the aerodynamic and heat exchange characteristics
of the air flow in a segmented ventilation system of the brake disc with improved heat dissipation in the boundary layer of
the air flow. Classical equations of heat and mass transfer in the boundary layer of the air flow cooling the brake disc
ventilation chamber were used. The cooling performance of the system was assessed using the method of similarity. The
obtained theoretical findings were confirmed by CFD-modelling. Mathematical models were developed for vented discs
with both continuous grooves and slotted grooves. A criterion for assessing the performance of brake disc ventilation
systems was proposed, consisting in turbulization of the air flow inside the device under study. According to the obtained
analytical dependencies, a 20-fold acceleration of the air flow decreases the turbulization parameter by 1.24 times. An
increase in the temperature difference in the boundary layer by 8 times leads to an increase in the turbulization parame-
ter by 86.2 times. Using the criterion proposed for assessing the work performance, the aerodynamic and heat exchange
characteristics of the system under study were calculated. As a result, a relationship between the design parameters of
the segmented ventilation system and improved heat dissipation in the boundary layer of the cooling air flow is proposed.
The conducted CFD modelling confirmed the aerodynamic characteristics of the system under study obtained theoretical-
ly. This mathematical model together with the turbulization parameter can be used when both developing modern vented
brake discs and assessing the existing cooling systems of friction units in order to minimize the possibility of reduced
heat exchange processes.

Keywords: brake disc, ventilation unit, boundary layer, Reynolds criterion, Stanton criterion, turbulence parameter

For citation: Polyakov P. A. Study of a segmented ventilation system of the brake disc and determination of the
aerodynamic and heat exchange characteristics of the airflow. iPolytech Journal. 2021;25(6):720-732. (In Russ.).
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BBEOEHUE

[pyMeHeHne BEHTUIMPYEMbBIX TOPMO3HbIX
AMCKOB Ha pasnuyHbIX BMAax TpaHcnopTta npu-
BOAWUT K CHVKEHUID TEMOBOW HarpyXeHHOCTY
BCEro TOPMO3HOro0 MexaHu3ma B LenomM. PasHo-
obpasve KOH(Urypaumin ysnoB OxnaxgeHus
MOATBEPXKAAETCA MHOMMMU MaTEHTaMM Kak oTe-
YECTBEHHbIX, TaK W 3apyBEXHbIX YYEHbIX.

Anroputmbl pacyeta BEHTUNUPYEMbIX TOp-
MO3HbIX OWCKOB He HallfM CBOEr0 OTPaXeHus
HW B Pa3fMYHbIX HOPMATUBHBIX [OKYMEHTAX,
PErnameHTUPYOLNX DPUKLMOHHBIE Y3Mbl, HU B
Hay4HbIX MccnegoBaHusix. B paboTtax npucyT-
CTBYIOT OTAENbHO paccMaTpvMBaemMble napameT-
pbl BAWUSHWS y3na OXNaXOeHus TOPMO3HOro
[MCKa Ha eOMHWUYHBIN 3KCMyaTauMOHHbIA NoKa-
3aTtenb. Hambonbllee BHUMaHWe uccnegosare-
nen TOPMO3HbIX MEXaHU3MOB NPUBIIEKAOT TEM-
nepaTypHble nonst pabounx NOBEpPXHOCTEN TOp-
MO3HOrO AMCKa M a3poavHaMUYECKUE XapakTe-
pucTkn opebpeHHoro ysna oxnaxgenus. Co-
BPEMEHHbIE METOAMKM pacyeTa BEHTUNMPYEMbIX
TOPMO3HbIX OWCKOB HE HaxoddT OTBeTa Ha BO-
NPOC B3aWMOCBA3M adPOAMHAMMUYECKMX Xapak-
TEPUCTMK NOTOKA M TennoobMeHHbIX napamert-
POB y351a OXNaxaeHus.

NMOCTAHOBKA 3A0AYU U PE3YNIbTATHI
WCCNEOQOBAHUNA

Heobxogumo  wuccnenoBaTb  B3aMMOCBS3b
adpPOANHAMMYECKMX U TeNNOOOMEHHbIX XapakTe-

PUCTUK BO3MYLUHOrO MOTOKA B CErMeHTapHOM
BEHTUNALMOHHOM annapaTte TOPMO3HOro Aucka ¢
yryJlleHneM paccemBaHusa Tenna B NOrpaHuy-
HOM CInoe OMbIBatOLLEro BO3AYLLUHOrO NOTOKa.

B uenom y3nbl oxnaxgeHws TOPMO3HOro
AMCKA MOXHO pasgenuTb Ha opebpeHHble K
cermeHtapHble (puc. 1 a, b).

B pabote [1] 6bin npeacTtaBneH aHanus
TEPMOMEXaHUYECKOTO MOBEAEHUS CyXoro Tpe-
HUS MeXZy TOPMO3HbIM AWCKOM W (OPUKLMOH-
HbIMW Hakragkamu BO BpeMms mpolecca TopMo-
XeHusi. PesynbtaTthbl aHanusa nokasanum, 4To
rnone TemnepaTypbl U Nosie HanpsXXeHus B Npo-
Lecce asbl TOPMOXEHMS ObIN NOMHOCTBIO CO-
npsbkeHbl. TemnepaTypa HanpsxkeHus ®oH Mu-
3eca — CymmapHble Aeopmauum TOPMO3HOro
AMCKa YBENMYMBAIOTCS MO Mepe pocTa KOHTaKT-
HOr0 [aBMEHWS KOHTaKTHbIX MOBEPXHOCTEN.
Llenb uccnenoeanus [2] cocrosina B TOM, 4TOObI
onpegenuTb BRAWSHWE a3POAMHAMUYECKUX Xa-
PaKTEPUCTMK BO3OYLUHOMO NOTOKA, OMbIBAOLLEr0
MOBEPXHOCTU  BEHTUNUPYEMOr0  TOPMO3HOrO
AMCKa C ynyyweHneMm pacceuBaHus tenna. llo-
NS BO3JYLUHOMO NOTOKAa Ha BbIXOAE W3 YeTbipex
PasfMYHbIX TEOMETPUN TOPMO3HBIX  AMCKOB,
BpaLlatoLmxcs B cBOGOAHOM BO3AYLWHOM NOTO-
ke, ObIMM M3MEPEHbI C MOMOLLBI0 AaTyMKa AaB-
NeHns ¢ NaTblo oTBepcTusMK. [atunkm gasne-
HUA MCNONb30BanNUCbL ANs onpegeneHus cpea-
HUX W HeCcTauMOHAPHbIX XapaKTEPUCTUK BO3-
AYLHOrO NOTOKA Ha BbIX04e TOPMO3HbIX AMUCKOB.
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Puc. 1. Beamunupyembie mopMo3Hble QUCKU ¢ opebpeHHbIM (a) u ceemenmapHbiM (b) y3namu oxnaxdeHus
Fig. 1. Ventilated brake discs with finned (a) and segmental (b) cooling units

ABTOpamn B pamkax npoekta [3] 6bino ocy-
LLIeCTBMEHO AKCMEPUMEHTarbHOe UCCnefoBaHmne
C LEeNbl0 NapameTpuyecKkoro aHanusa opebpeH-
HOr0 BEHTUNALUMOHHOrO annapara. JT0 ucchne-
[0BaHWe BbINo HanpasfieHo Ha aHanu3 nosepe-
HUA BO3QYLIHOrO NOTOKa (T.e. pasgeneHus no-
TOKa U pasBMTME BTOPUYHOIO BO3AYLLIHOIO NOTO-
ka) B BEHTUNALMOHHOM annapaTe, 3aBUCSALLEM
OT KonmnyecTBa pebep M CKOpoCTeN BpaLleHusI.
YBenuueHne unucna pebep Ana 3agaHHoOW 4a-
CTOTbI BpaLleHus NPUBOAUT K OGHOBPEMEHHOMY
yBESIMYEHNI0 MacCOBOr0 pacxoga npokayvsae-
MOro BO3ayxa.

Cratba [4] nocssleHa aHanuady BMSHUS
reOMETPUYECKMX NapameTpoB Ha KOHCTPYKTUB-
Hble XapaKTepPUCTUKN BEHTUIIMPYEMOrO TOPMO3-
HOro aucka. [ns ynyuweHus KOHCTPYKTUBHbIX
XapaKTEPUCTUK  BEHTUIIMPYEMbIX  TOPMO3HbIX
AMCKOB Obina NpUMEHeHa MeTodOoSI0rMs MHOro-
LieneBon ONTUMM3auuKU C UCMONb30BaHWEM MO-
BEPXHOCTM OTKNWKa. bbinn paspaboTaHbl pe-
rpeccUoHHble MoZenu BTOPOro nopsaka, koppe-
nupyoLLmMe reomeTpuyeckue napameTpbl C Mak-
cuManbHOW fedopMaumen U 9KBMBANIEHTHLIM
HanpsbkeHnem. Ha pgecopmauunio n 9KBMBa-
NEHTHOE HanpsKeHue BNUAN BHEWHWA nepu-
depunHbIn pagnyc naHua, B TO BpPeMs Kak
pagnyc naTtpybka oOkasbiBan 3Ha4YMTENbHOE
BNMSHWE Ha Aedopmaumio, HO HE Ha 3KBKBa-
NeHTHoe HanpshkeHue. Llenbto uccnegoBaHus
[5] sABNsieTCA NoBbILEHWE Tennonepesavn BeH-
TUNUPYEMBIX TOPMO3HbIX AMCKOB C MOMOLLbO
moamduumpoBaHHblx  pebep.  Mccnegyembin
CLeHapuii TOPMOXeHWs npefcTaBnseT cobon
3amefneHne TOPMOXEHUS BO BpeMsi Crycka C
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ropbl. NpeacrasneHa npoctas Mogens Ans Bbl-
yncneHus Temnepatypbl pebpa B yCTaHOBWB-
wemcs coctosHun. KoadpdmumeHT Tennonepe-
[ia4n BEHTUNALMM TOPMO3HOMO AUCKa OLeHMBa-
etcas ¢ nomouwpto  nposepeHHoro  CFD-
Bblumcnenna (ot avrn. Computational Fluid
Dynamics). [NpepnoxeHa HoBasi KOHCTPYKUMSA
pebpa ¢ ucnonb3oBaHnem nNpouns Ans nosbl-
WeHMsT 3(PPEKTUBHOCTU OTKAYKM BO3ayxa, Mo-
BblLLAOLLEr0 CKOPOCTb NOTOKA Mexay pebpamu.
B wuccnepoBaHun [6] npeanoxeHa MeToauka
pacyeTa 3(PMEKTUBHOrO paguyca TpeHus B
TOPMO3€ [MCKOBO-KOMOAOYHOrO Tuna Ans xe-
Ne3HOJOPOXHOro TpaHenopTa.

PaspaboTaHHasa MeToauka yuuTbiBaeT Me-
XaHu3Mm 06pa3oBaHWsi TOPMO3HOrO MOMEHTA Ha
paboymx NOBEPXHOCTAX TOPMO3HOTO MeXaHU3ma
M 3aKOH W3MEHEeHUs KO3(PULMEHTa TPEHMS.
Pagunyc TpeHus onpegensetca W3 3HaYeHui
TOPMO3HOTO MOMEHTa NyTeM [efieHuss ero Ha
Pe3yNbTUPYIOLLYIO CUIY TPEeHUs (PUKLNOHHBIX
HaKnagokK, kotopas onpefenserca CymMMuMpoBa-
HUEeM 3NeMEHTapHbIX CUI TPEHWs WCxXoas M3
3aKoHa pacnpefeneHnss KOHTaKTHOro JaBneHns
Mo NMOLWAAN KOHTAKTHbLIX MOBEPXHOCTEN Mexa-
Hu3Ma. B wuccnegosanun [7] npepnioxeHa Mo-
[enb ONTUMMU3ALUN BEHTUNALMOHHOTO TOPMO3-
HOrO  MexaHuW3Ma ferkoBoro  aBTOMOOUNS.
OBbIYHO CKOPOCTU KOHBEKTUBHOIO TEN00OMeEHa
OLEHMBAKOTCA C MOMOLLBID 3MMUPUYECKUX KOp-
PeEnsLUMA C UCMOMb30BaHNEM FEOMETpUM TOp-
MO3HbIX [OMCKOB (BKMOYas reomeTpuio pebep
A5 BEHTUNMPYEMBIX AUCKOB) W YIII0BOM CKOPO-
CTW BpaLleHus. JKCnepuMeHTanbHble koppens-
LMW NS NPOrHO3MPOBAaHUS CKOPOCTU BO3AYLLHO-
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ro NOTOKa 1 Tennonepeaayn He SBRSIOTCA YETKO
060CHOBaHHEIMM C TEOPETUYECKON TOYKM 3pe-
Hus. [na Hayana 6bina nogrotoBneHa TeopeTyu-
yeckas 6asa rmgpoguMHamukm u onpegeneHb
penpe3eHTaTMBHble Be3pasmepHble napameTpsl
npoLecca oxnaxaeHus UCKOBbIX TOPMO30B.
ABTOpbLI UccnegoBaHna [8] nonyyunu aHanu-
TUYECKNe BbIpaxeHus KoaduumneHTa Tensone-
pefayn U KOHTaKTHbIX Temnepatyp ANns OBYX
CKOMb3SALLMX NONYNPOCTPAHCTB C y4eTOM afre-
3WOHHO-AeOPMALIMOHHOTO TENMOBbLIAENEHNUS U
KOHTaKTHOro TennoobmeHa. [lpegnonaranoce,
4TO CKOPOCTb [Aed)OpMaLMOHHOrO TennoBblae-
NEHNSA 3KCMOHEHUMANbHO CHUXAeTCs C POCTOM
paccTosHUA OT rpaHuubl pasgena. KoHdurypa-
UMS TENSIOBbIAENEHUS WU WHTEHCUBHOCTb KOH-
TakTHOro TennoobmeHa BNMSIOT Ha pacnpege-
NeHune Tenna TONMbKO B Npeaenax nepexogHoro
uHTepeana. [lpoaHanuavpoBaHbl O0COBEHHOCTH
uaeanbHOro TEennoBOro KOHTaKTa, nogpasyme-
BawoLlero nog cobov u3MeHeHwe pacnpegene-
HUS Tenna BO BpeMeHWU. ABTOpbI UCCeaoBaHNA
[9] 3aganncb Lenblo CNpPOrHO3MpoBaTh BO3HMK-
HOBEHWE HEeCTabWNbHOCTU CKOMbXEHWUS Npu
TPEHUN Tena CUCTEMbl C OOHOM CTENeHb CBO-
6oabl OTHOCWUTESIbHO YCTOWYMBOTO MOSIOXEHUS
PaBHOBECUSI CKOMbXEHWS. YpaBHeHue [Buxe-
HUS CCOOPMYSIMPOBAHO C Y4ETOM KO3(hULMNEH-
Ta TPEHUs, 3aBUCALLErO OT CKOPOCTW CKOMbXe-
HUS, U U3MEHEHUS TeMnepaTypbl KOHTaKTa 13-3a
nepexogHon TennonpoBOAHOCTM B Tene. AHa-
NUTUYECKOE BbIpaXeHUe ANA OBWXKeHus Tena
MOMYYEHO C WCNONb30BAHNEM WHTErpPasnbHOro
npeobpasoBaHusa Jlannaca. lNoka3aHo, 4TO He-
YCTOMYMBOCTb CKOMBXEHUS MOXET NPOSBNAATLCS
B BMAE OTKIIOHEHWS Tena OT MOMOXEHUS PaBHO-
Becuss unu B Buae konebaHun. B ctatbe [10]
uccnegyerca Tun HectabunbHOCTW, 06ycnoB-
NEHHbIN TeMmnepaTypHON 3aBUCUMOCTBIO KO-
buumeHTa TpeHus, OTNMYaKLWmMnCca oT anacTo-
AMHaMUYecKoro u Tepmoynpyroro. Bosmyuie-
HUSA, BO3HMKalOLME B TemMnepaTypHOM nosie no-
BEPXHOCTN BO BpeMS (PPUKLUMOHHOTO KOHTAKTa,
MOryT pactv unu 3atyxatb. CdopmynunpoBaH
KpuTepuin CTabuiibHOCTU M NPOBEAEHO Ucche-
[0BaHMe TOPMO3HOrO AMCKa Ha mpumepe npo-
cToi mogenu 6e3 yyeta BIMSHUS TpaHCHOPMU-
pylollero  Cnosgs U U3MEHEHWUS  XUMUYe-
CKUX/ChU3NYECKMX CBOWCTB C TemnepaTypon. Vc-
crnegosaTenu npeasiokunM Meton MOBbILEHUS

BOCMPOWU3BOAMMOCTN BbIXOOHbIX AaHHbLIX MHOrO-
(pakTOpHOro McnbITaHWUSA NyTEM pasgeneHus auc-
Ka Ha HECKONMbKO CEKTOPOB C MOHWXEHHOW Ten-
NOMNPOBOAHOCTLI0  MeXAy CcekTopamu. ABTOPbI
[11] npegnoxunu ceasb Mexagy AeMnupoBaHm-
€M, 3aBUCALLMM OT MaTepuana, v AnHamm4ecKom
HECTabuNbHOCTbIO AMCKOBbLIX TOPMO3HbIX Mexa-
HU3MOB, NPUBOASLLEN K BA3ry TOPMO3O0B.
OKCNepUMEHTanbHbIM aHanu3 C MNOMOLLbI0
(PYHKUMM YaCTOTHON XapakTepPUCTUKM MOKa3bl-
BaeT pasnuyHoe AemMndupoBaHue PexMMoB KO-
anecueHUMn TOPMO3HOW CUCTEMbI, YTO YKa3bl-
BaeT Ha BO3MOXHYI0 HeCTabunbHOCTb, Bbi3BaH-
Hyl0 auccunaumen. CrioxHas cuctema, BKIHO-
vawwasa gemndguposaHue, 3aBucsllee oT Ma-
Tepuana, onpefeneHa B KOMMEPYECKOM Mpo-
rpaMmMHOM obecneyeHnr KOHEYHbIX 3NIEMEHTOB.
Mogenb, NOATBEPXAEHHAs 3KCNepUMeEHTasb-
HbIMW [JaHHbIMW Ha CTeHOe AN WUCMbITaHus
TOPMO3HbIX AWCKOB, UCMOMNb3yeTcsa Ans pacyeTta
BNUAHUS U3MEHEHWUA AeMNPUPOBAHUS KOMOOKM
W OucKa Ha CTabuibHOCTb CUCTEMbI C WUCMOSIb-
30BaHMEM KOMMMEKCHOrO aHanmsa cobCTBEHHbIX
3HayeHun. B ctatbe [12] paccmaTtpuBaeTcs Be-
NYMHa a3apoaMHaMUYEeCKUX noTepb, KOTOpble
MOryT OblTb Bbl3BaHbl TOPMO3HLIMU AMCKaMK
XEenesHoOopOXHOro TpaHcnopTa. beina npose-
[leHa oLeHKa aspoanHamn4eckoro conpoTueIe-
HUS Pa3NUYHbIX KOHCTPYKLUUA BEHTUNUPYEMbIX
[MCKOB, a TaKkxe CnroLwHoro aucka. lytem aHa-
Nnn3a OMUCaHHbIX JaHHbIX U3MepeHun u mopge-
NUPOBaHMS NOMNyYeHbl 3aBUCUMOCTU adpoauHa-
MWUYECKUX MOTEPb OT CKOPOCTU BPALLEHWUS U NKn-
HENHOW CKOPOCTW MOABMXHOIO cocTaBa [Ans
Pa3nNYHbIX KOHCTPYKUMA OMCKOB, @ WUMEHHO —
ANs pagnanbHbIX U KPUBONMHENHbIX KAHAMOB.
CornacHo npoBefeHHOMY aHanusy nutepa-
TYPHbIX MCTOYHWMKOB, MOXHO caenaTtb BblBOA,
4YTO OCHOBHOE BHUMaHWe yaenseTcs ChoWHbIM
TOPMO3HbIM AMCKaM WNK TOPMO3HbLIM [UCKaM C
opebpeHHbIM  BEHTUMSAUMOHHBIM  annapaToM.
CermeHTapHbin ~ BEHTUNAUMOHHLIN  annapat
TOPMO3HbIX [WCKOB $IBMSIETCA HeuccnegoBaH-
HOW 4acCTblo, XOTA OH aKTMBHO NPUMEHSeM Ha
COBPEMEHHbIX BMAax aBTOMOOMIILHOrO M Xe-
Ne3HOJOPOXHOro TpaHcnopta. B pasnuyHbix
uccneposanusx [13—17] npusogmTca onucaHue
MOrpaHNYHOro Crost B XMAKOCTAX W rasax npu
Pa3NNYHbIX PEXMMax TEYEHUS B CMEXHbIX OT-
pacnsx Hay4Horo 3HaHus. [JaHHbIN aPdeKT oka-
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3blBa€T BMMSIHUE HE TOMbKO Ha TEnsonepeHoc
OT HarpeTbIX NoBepxHocTen Kk cBOGOAHOMY BO3-
AYWHOMY MOTOKY, HO U Ha AM(GY3NI0 BHYTPM
notoka. VccnenosaHue 3toro adpekTa B KOH-
TEKCTe BEHTUNSALMOHHOrO annapaTta Morno Obl
YTOYHUTb CYLLECTBYIOLME MaTEMATUYECKNE W
Tennosble MoZenu TennoobmeHa B y3nax
OXNaxaeHNs TOPMO3HbIX AVCKOB.

Ona pa3paboTkn mMatemaTu4eckoi mogenu,
ONWChLIBaKOLLEN adpOAMHaMMYeckme n Tennoob-
MEHHbIE MPOLEeCCbl, B CErMEHTAapHOM BEHTUNS-
LMOHHOM annapaTe TOPMO3HOro Aucka Heobxo-
AMMO NpeacTaBMTb €ro B Ka4ecTBE BEHTUNALM-
OHHOrO KaHana C HanuyvMeM Lenen B CTEHKax.
YUepes paBHbIV LWar B KaHane HaxoasaTcs LWenu ¢
O[MHaKOBOW LIMPUHON (puc. 2 a). BHe 3aBucu-
MOCTU OT TuNa BEHTUNALMOHHOrO annapara
TOPMO3HOrO AMcKa, Ha NOBEPXHOCTW pebep unu
cermeHToB Oyget ob6pasoBbiBaTLCA MOrpaHuy-
HbI CIIOA OMbIBAOLEro BO3QYLIHOMO MOTOKA.
OH BbINOMHSAET (PYHKUMIO TENNOn30onsALMOHHOTO
CNnosl, CTPEMSILLErocs 3amMefnuTb TennooTaavy
OT HarpeTbiX MOBEPXHOCTEN BEHTUMSALMOHHOIO
annaparta TOPMO3HOro aucka. B kavectse aHa-
fiora CerMeHTapHOMy BEHTUNALMOHHOMY anna-
paty pa3pabotaem oOpebpeHHbli y3en oxna-
XOEHUA TOPMO3HOro ancka (puc. 2 b). Mabaputol

ISSN 2782-4004 (print)

OopebpeHHOro M CerMeHTapHOro BEHTUNSALMOH-
HbIX annapaToB coBnagatT. Ha opebpeHHOM
y3rne OXNaxaeHus Takxe MpUCYTCTBYET Tenso-
BOW MOrpaHuyHbIN cron. Ha puc. 2 a nokasaH
y4acTokK |, KOTOpbIn 0603HAYaET BENUYUHY Lie-
N B KaHane BEHTUNAUMOHHOrO annapata. B
KayecTBe WCXOOHbIX AaHHbIX MaTeMaTU4ecKoun
MOEenu CErMeHTapHOro BEHTUMSALMOHHOIO an-
napata TOPMO3HOro Aucka HeobxoamMmo 3agdaTb
[aHHble BO3AYLUHOrO NOTOKA, a8 UMEHHO — CKO-
poCTb M TemnepaTypy cBOBOAHOrO BO3AYLUHOMO
NnoToKa U., T U TemnepaTtypy Ha MNOBEPXHOCTW
CEerMeHTa BEHTUNAUMOHHOro annapata T.. Hyx-
HO YTOYHUTb TOT (PakT, YTO MNpPU NPOTEKAHWUM
BO3JYLUHOTO MOTOKA BAOMb LUENN MO BEHTUNS-
LIMOHHOMY KaHany npoucxoguT noteps Tenmno-
BOWV 3HEPrum, KoTopasi MOXeT ObiTb 0603HaYeHa
TENnnoBbLIM MOTOKOM (. [na onpedenexus
HanpaBfieHWs1 TennoBOro notoka Heobxoaumo
3agaTbCq YCMOBWEM, YTO BO3AYLUHbIA MOTOK,
npoTeKawLwmn Yepes LWenb, byaet obnagatb
Temnepatypon Ty. NNOMUMO UCXOOHBIX AAHHbIX,
HeobXxoaMMO BHECTW crneaylime AOonyLeHns:
TemnepaTtypa MoOBEPXHOCTM pebpa BEHTUNALU-
OHHOro kaHana 6yaeT NOCTOSIHHOW MO BCEN €ro
AnvHe |; paguaumoHHbIM TennoobmeHom OT
HarpeTbIX NOBEPXHOCTEN MOXHO NpeHebpeYb.

= g v
=2 BEn

T TR LT LT

I i =TI = LT

Puc. 2. PacyemHasi cxema ceaMeHmapHo20 (a) u opebpeHHozo (b) eeHMuNAYUOHHbIX annapamoe
MopMO3HbIX AUCKO8
Fig. 2. Design diagram of segmental (a) and finned (b) ventilation devices of brake discs
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3anuiwem ypaBHeHMe aHeprm TypbyneHTHo-
ro NOrpaHNYHOro Cros BO3AyLWHOro notoka [18]:

dRe, | Re.dT _Re s, (1)
a9 d

roe Re,— kputepuit PenHonbaca ona 1ennosoro
MOrpaHNYHOro cnost; 4 — U3MeHeHue Temnepa-
Typbl B MOrPaHU4YHOM Crioe BO3AYLIHOrO NOTOKa,
K; T — Temnepatypa nOrpaHM4YHOro Crnost BO3-
AyLHOro noToka, K; St — kputepuin CTaHTOHa.

Ecnu paccmaTpusaTth yCcnosue, npyu KOTOPOM
l; =1, TO nponsBeneHne kputepus PenHonbaca u
N3MEHEHNS TemnepaTypbl ByayT MAEHTUYHbI B
BO3JYLUHOM MOTOKE BAOMb LENN 1 BAOMb pebpa
BEHTUMSALUMOHHOrO KaHana:

Re, 9=Re,, 9 (2)

ou !

roe Reyy — Kputepuin PenHonbaca gana Tenno-
BOTO MOrPaHWYHOrO Crosi BO3AYLUHOTO MOTOKA,
NPOTEKAKOLEro BAOMb LN BEHTUNALMOHHOIO
kaHana; J, — U3MeHeHue TemnepaTtypbl B Mo-
rPaHMYHOM Croe BO3AYLIHOro NoToKa, npoTeka-
toLLero BOOSb LUEeNM BEHTUNALMOHHOIO KaHana,
K.

[na cpaBHEHWs a’3poaMHaMMYecKux napa-
METPOB BO3AYLUHOrO NOTOKAa B TENSIOBOM Morpa-
HWYHOM Ccfnoe HeobXoaMMO BBECTM MapameTp
Typbynusauuu Bo3sgywHoro notoka ([r), onpe-
LenseMblii U3 OTHOLLEHUS:

7, =—>. 3

Ecnu paccmatpuBath yCrnoBusi, Npu KOTOPbIX
KONMYEeCTBO LUEenen B BEHTUNSALMOHHOM KaHane
m v wupuHa pebpa kaHana 6yayT bonblie Wwu-
puHbl wenu | > 1, To kputepun PeinHonbaca
AN TEnnoBOro MOrpaHnYyHoro Ccrosi CraHet
onpeaenaTbCs U3 creayoLwen 3aBnNCMMOCTHM:

1
)
Re,=|(Re,, )"+ 2R, fua |, (@
1

roe Re, — kputepun PenHonbaca 4ns CnnoLwHo-
ro BEHTUIALMOHHOIO KaHana opebpeHHoro yana
OXNaXaeHus ASIMHOM L npu ycnosumu:

L=>(1+1)i=12.n,

i=1

Up — CKOPOCTb BO3YLIHOIO MOTOKa B NOrpaHvy-
HOM Crnoe BEHTUNALMOHHOrO KaHana, M/c.

Ana pewexus ypaBHeHus (4) Heobxoaumo
3aaTbCs rpaHNYHbLIMK YCIOBUAMMU:

T
—=0, npu y=0, g, = max;

aa—j;:O, opu y=4o;,q, =0.
roe Or — TOSMWMHA TEenmnoBoro MorpaHuyHoro
crnos, M.

BHYTpM TOMLWMHBI TENI0BOrO NOrpaHUYHOro
CIosi MOXeT NPOW3OWTW BblpaBHUBaHWE Temne-
paTypbl TOMbKO MNpW ycnoBuu TypByneHTHOro
nepemeluMBaHnUa M nonagaHus crnoes cBoboa-
HOrO BO3AYLUHOMO MOTOKa K HAarpeToi NoBepXHO-
ov,
oy
BEPXHOCTM BEHTUNMAUMOHHOrO kaHana: y = 0.
Ecnn Gyget BbINOMHATLCS ycnoBue |—«, TO
HaCTYMUT CHWXEHWe TennoobMeHHbIX npoLec-
COB B NOTPaHNYHOM CI0€ BEHTUMALMOHHOIO Ka-
Hana Topmo3Horo aucka T—T,— T..

TonwwuHa noTepun 3HEeprumM  BO3AYLIHOrO
noToka B TEMNOBOM MOrpaHu4yHOM croe 6yge
paBHa:

ctn. MakcumanbHoe 3HayYeHue

Oyget y no-

Mpn CHWXEHUN TennooOMEHHbIX NPOLIeCCOoB
B MOrpaHW4YHOM CIOE BEHTUMSLMOHHOIO KaHana
TONWWMHA NoTepU aHeprumn ByLeT BbIMUCAATHCS
13 OTHOLLEHNS CKOPOCTEN:

S — J.ﬁdy (6)

Beegem koahULMEHT, OLLEHMBAIOLLMIA CHU-
XeHne TennoobMeHHbIX NpPOLEeccoB B mnorpa-
HWYHOM CIl0€ BO3/YLUHOro NOTOKa:
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_ O 6
B, = (6)

[paHWYHbIe YCnoBWUA ANA HACTYMNeHUs Mo-
MEHTa CHWXEHWUS TennoobMEHHbIX MNpoLeccoB
OyayT cnepywowmmm; l—=; Br=1, Torga kak | =
l1; Br—max.

YunTbiBas ypaBHeHus (4) n (6), napameTp
Typbynu3aumm BO3ZYWHOrO MoToKa npu Y
cnosun Br—max GygeT onpegensaTbca no op-
myne:

-1

(m+1)

m+1
m+1{ B '
IT, =| 14+ ——=| £rmax Re, di . 7
r 2 (Re J ;.: L )

oy

3agagmmcsa B kayecTBe UCXOAHLIX NapameT-
POB KONMWYECTBOM LUENEN MEXOY CErMeHTamu
BEHTUNALMOHHOIO KaHana (m = 5).

|
Beegem BmecTo MHTerpana'[ReLdI KpuTe-
Il
pui PenHonbaca, 3aBUCAWMWA OT OJSIMHbI Cer-
MeHTa Re, a npu ycnosuu, korga Re; = const,
napametp Typbynu3auuy BO3ZYLUHOMO NOTOKa B
norpaHn4yHoMm crnoe OydeT onpedensdtbcs No
opmynam:
— ANS NaMWHapPHOro TeveHus

-0,2

=1+ 22 _yRe | | (8)
(Re

uy

— ansa Typ6yJ'IeHTHOFO Te4yeHund

0,2

0,76 9)

7. =1+ v Re, ,

' (Re °

oy

rAe @ — OTHOLIEeHWE KOa(pduLumeHTa aspoanHa-
MUYECKOTO COMPOTUBMEHUS Ha TpeHue B
CMSIOWHOM BEHTUNALMOHHOM KaHane K Koadg-
(OULMEHTY adpOANHAMUYECKOrO COMPOTUBIEHUS
Ha TpeHWe B BEHTUNALMOHHOM KaHane co Lie-
namu.

CornacHo uccnegnosaHuam [19], ckopocCTb B
NOrpaHMYHOM Cnoe BO3AYLIHOTO MOTOKA B
HanpaBneHWN AUHbI kKaHana byaeT nsmMeHsTbCS
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Mo CTeneHHOMy 3akoHy: o, =1“. [lonyckas, 4yTo

Re., kak 1 B cnyyae ¢ Re;, MOXeT BbITb NOCTO-
SAHHOW MO BCEW [OJIMHE pagnanbHOro BEHTUNS-
LMOHHOrO KaHamna, NPOMHTErpupyeMm MOAbIHTe-

rpanbHOe BbipaXeHue 3aBucumocTn (7) u
nonyynm:
Re, =w Re Iaﬂ—_l (10)
| l// L(a+1)’

rAe a — 3HayeHue CTeneHu 3aKoHa WM3MEHEeHUs
CKOpPOCTW BO3AYLIHOrO NOTOKA MO ASIMHE BEHTU-
NALMOHHOrO KaHana.

Moactaensas BbipaxeHue (10) B napameTpsl
Typbynu3aumm gns pasnuyHbIX PeXuMoB Teye-
HMS BO3AYLLUHOro notoka (8) u (9), nonyymm:

— ANS NTAaMUHAPHOTO TeYeHUs

0,2

(|a+1_1) .
l//ReLW , (8)

5,28

7. =1+ 5
(Regm)

T

— ans TypbyneHTHOro TeYEHMS

0,2

a+1_
P PR O U’ | IS

(Re,, )’ (a+1)

[MomMmMmO pacyeTa aspogMHamu4eckux napa-
MeTPOB, B BEHTUNSALMOHHOM KaHase CO LLensMu
HeobXxoaMMO yuuTbIBaTb HanpasfieHne Tenno-
BbIX MOTOKOB. [lonyCTUM, YTO B LLEMb BEHTUNS-
LIMOHHOrO KaHana nocTynaeT BO34YLUHbIA NOTOK
MaccoBOW CKOPOCTbIO j,, U TemnepaTtypon T,.
Ha puc. 3 npeacTtaBneHa cxema pacyeTHOW Mo-
[enn BEHTUNALMOHHOTO KaHana co Lesbo Anu-
HOM |y,

3anuwemM  uHTerpanbHOe  COOTHOLUEHWE
3HepruM Ans NorpaHWYHOro Crnosi BO34YLUHOrO
MOTOKa B BEHTUIALMOHHOM KaHare Co Lensamu:

Re.
> = St,
Re,

(10)

rae St — kputepuin CTOHTOHA.
Kputepun CtaHTOHa OyaeT onpepensTbes
no hopmyrne:
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St = JW (TC _T‘”) — Jmem

_ 11
p.0,(T.-T,) pv, ()

roe 6, — TemMnepaTypHbIv nepenag B norpaHvy-
HOM Croe BO3[YLIHOrO MOTOKa B BEHTUMSALMOH-
HOM KaHare Co LLensmu.

MNoacTtasum Bbipaxexue (11) B 3aBuCUMOCTH
(8) 1 (9) n nonyunm cnegytoLe 3aBUCUMOCTH:
— ONS NTaMUHAPHOro TeYeHNst

11, ={1+

— ans TypbyneHTHOro Te4YeHus

0,2
5, 281//1)}?,02( a+1 js ) 12
ReSL j606 |a+1_1 ! ( )

ww

-0,2

0,760 p° ( a+1 °
I, =1+ Re® i90° | 1211 (13)
eL Jmew -

[ns onpepeneHns xapaktepa W3MeEHEHMs
napameTpa TypOynusauum oT OBYX (haKTopoB
BNUSIHUS NTOCTPOUM [BE KPUBbIE:

11, :f(un,em zconst),
11, =f(9 v, =const)

w'! " n

ANS NamWHaApHOrO U TypOYNEeHTHOTrO TeYeHun
BO34ywWwHoro notoka (puc. 4 a, b). WcxogHble
[aHHble Ans ABYX pacyeToB Obln MOAEHTUYHDI.

ul
e[

Mpn noacTtaHoBKE OOMHAKOBbLIX 3HAYEHWUK
ANns AByx BapuaHTtoB (puc. 4 a, b), Bxogsawmx B
3aBucmumocTtm (12) n (13), npn NOCTOAHCTBE CKO-
POCTV BO34YLUHOMO MOTOKA B MOrPaHNUYHOM CIl0e
(up = const) npu U3MEHeHWN nepenaga Temne-
patyp B BOCEMb pa3 napameTp Typbynusauuu
yBenuuuncs B cpefgHeM B 86,2 pasa. Torga kak
npuM  MNOCTOSIHHOM  nepenage  Temnepatyp
(6, = const) ¢ yBenuyeHuem ckopoctn B 20 pa3
napameTp Typbynu3auuu CHU3MICA B CpeaHEM
1,24 pasa.

C yBenuuyeHvem CKOpPOCTM BO3AYLIHOrO no-
TOKa YBENWYMBAETCS TOMWMHA TENIOBOro Mo-
rPaHMYHOro Cros, B pesynbTaTte Yero napameTp
Typbynu3aummn Oyget cHukatbea. Ecnm  cko-
POCTb BO3AYLIHOrO NOTOKa OYAET CHMXATLCA, TO
TOMLWMHA NOrPaHNUYHOrO Criosi, COOTBETCTBEHHO,
yMeHbLLAaTbCS, YTO NpuBedeT K pocTy napameT-
pa Typbynu3auum B NOrpaHN4HOM Croe.

C yBenuueHvem TemnepaTypHOro nepenaga
B NOrpaHW4HOM crnoe napametp Typbynusauum
OyneT yBenumumMBaTbCs.

[na noatBepxaeHUs TeopeTnyecknx muccne-
posaHun  npoussegem CFD-mopenupoBaHue
BEHTUNSALMOHHOIO annapaTa TOPMO3HOro Aucka.
Ans paspabotkm CFD-mogeny TopmMO3HOro auc-
ka NpOTOTMUMNA BOCMOMb3YEMCS AAHHLIMK UCCre-
posanmna [20], NOCBSALLEHHOrO MOAENUPOBaHUIO
a3poaMHAMMYECKOro CONpOTUBIIEHUS B CErMEH-
TapHOM BEHTUMSALMOHHOM annapaTe TOPMO3HO-
ro aucka.

|
Y
i

Y
i

Puc. 3. PacyemHas cxema pacyema napamempos 803dywHo20 Momoka ¢ nocmyniaeHuem 0onoHUmMeIbHo20 8030yUWHO20
rnomoka yepe3s wesib ceaMeHmMapHo20 8eHMUSISILUOHHO20 annapama mopMo3Ho20 OUCKa
Fig. 3. Design diagram for calculating air flow parameters with the arrival of additional air flow through the slot of the
segmental ventilation device of the brake disc
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OAns Hayana paspabatbiBanacb CAD-
MOZenb — MOAENb aBTOMaTM3UMPOBAHHOMO Mpo-
ektupoBaHus (ot aHrn. Computer-aided design)
TOPMO3HOIO AMCKA C CEerMeHTapHbIM BEHTUMS-
LIMOHHBIM annapaTtom (puc. 5 a, b).

Mpy nomowmM nporpammHoro obecneyeHus
Ansys Fluent 6bina nocTpoeHa nonuroHanbHas
ceTka. KonnyectBo 3neMEHTOB CETKM COCTaBU-
no 11263524. [JaHHOe KONMM4YeCTBO 3NEMEHTOB
HeobxoauMo ANS NOBbILEHWS TOYHOCTW pacye-
TOB a3poAMHAMMUYECKUX NapaMeTpoB BEHTUNS-

n A

14
08+ 2

1
06 + Tr=f ( U, Bu=const)
04T
02+
! 1 ! 1 —

ISSN 2782-4004 (print)

LIMOHHOrO annaparta TOPMO3HOro Aucka. [anb-
HEMLWMM LIaroM BbICTABNANMUCL HanpaBneHus
BXOAHOrO BO3AYLIHOrO MOTOKA B BEHTUMSALMOH-
HblM annapaT TOPMO3HOro Aucka. TOPMO3HOMY
AMCKY MpuaaBanochb BpalleHne C 4acToTom
BpaweHna 350 ob/muH. PesynbTaTamu 3TOro0
“ccnenoBaHus ABNSAKTCS U3MEHEHME CKOPOCTM
BO34YLHOrO MOTOKA BHYTPU CErMEHTapHOro
BEHTUNALMOHHOrO annapata (puc. 6) u napa-
meTp Typbynusauum (puc. 7).

ik
T 2
0,8
n7:f(3a(, Un:mnsf)
06 1
044
0,21
! ! ! ! o

02 0.4 0,6 08 8u

Puc. 4. UsmeHeHust napamempa myp6ynu3sayuu om deyx hakmopoe enusiHus (1 — dns namMmuHapHo20
meyeHust 8030yWHO20 Momoka, 2 — 0551 myp6yneHmHo20 me4yeHusi 8030yWHO20 MIOMOKa):

a-Il, = f(un,é’m =c0nst); b- 11, = f(am,un =const)
Fig. 4. Variations of the turbulence parameter depending on two factors of influence
(1 - for laminar air flow, 2 - for turbulent air flow ) IT, = f(z)n,é?u4 = const); I, = f(@m,vn = const)

a

Puc. 5. Modenb asmomamu3upoeaHHO20 NPOEKMUpPO8aHUsi MOPMO3HO20 AUCKa C ceaMeHmapHbIM
8eHMuUNAYUOHHbIM 6/10KOM: a — 6e3 Hadpe3a; b — ¢ Hadpe3om
Fig. 5. Computer-aided design model of a brake disc with the segmental ventilation unit: a — without a notch; b —with a notch
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Puc. 6. UsmeHeHue ckopocmu 8033yWHO20 MOMOKa 8Hympu cezMeHmapHo20
8eHMUIAYUOHHO20 annapama mopmMo3Ho20 ducka
Fig. 6. Variation of air flow velocity inside the segmental ventilation unit of the brake disc

Turbulence Kinetic Energy
Contour 1
. 1.589e+02

1.430e+02
1.271e+02
1.112e+02
9.536e+01
7.948e+01
' 6.360e+01
4.772e+01
3.184e+01
I 1.596e+01
7.833e-02
[m*2 s*-2]

YS
2020 Rt

é

Puc. 7. UsmeHeHue napamempa myp6ynu3ayuu e030ywWHO20 MOMOKa 8Hympu ceaMeHmapHo20
8eHMuIAYUOHHO20 annapama mopMo3Ho20 ducka
Fig. 7. Variation of the parameter of air flow turbulence inside the segmental ventilation unit of the brake disc

Kak BuMgHO M3 puc. 6, mexgy cerMeHTamu
BEHTUNALMOHHOIO annapaTa umetotcs obnactu
CHWXEHMS  CKOPOCTM  BO3AYLUHOrO  MOTOKA.
Haunbonblas cocpeoTodeHHOCTb 3Tux obna-
CTEN pacnonoxeHa 6nmxe K CTynuue TOpMO3HO-
ro aucka, a Ha nepudepun BEHTUNALMOHHOTO
annaparta 30Hbl Mexay CerMeHTaMu MMeT of-
HOPOAHYI0 CKOPOCTb BO3AYLUHOMO NOTOKa. Takke
Ha nepudepun MEKTCS 30HbI NOBLILLEHUS CKO-
POCTW BO3AYLUHOrO MOTOKA, PaCMONOXeHHbIe B
Hayane 3aKMYUTENbHbIX CErMEHTOB BEHTUNS-
LUMOHHOrO annapata TOPMO3HOro Aucka. JTO
0bObsACHAETCA TeM, YTO NpW BpaLLEHUN TOPMO3-
HOro AMCKa CO34aeTCsl paspexeHue BOKpyr ne-
pucbepun BEHTUNALMOHHOMO annapata TOpMO3-
HOro aucka. Ha pwvc. 7 npeactaBneHo mM3meHe-
HMe napameTpa Typbynusaummn. CornacHo
HanMumio 0bnacTen CHMKEHUS CKOPOCTEN BO3-

AYLIHOrO NoTOKa, Ha puc. 7 BO3HMKaeT Typbynu-
3aums Bo3gyliHoro notoka. Mcxops us npose-
aeHHoro CFD-mopenupoBaHusi, 30Ha C MOBbI-
WeHHoW Typbynusauuei BO3QYLUHOrO MNOTOKa
ynyylwaet TennoobMeH OT HarpeTbiX NOBEPXHO-
CTeN TOPMO3HOIO ANCKA BCNEACTBUE CHUXKEHUS
TENnoBOro MOrpaHNYHOro Crnosi BO3Me CermeH-
TOB BEHTUNALMOHHOTO annapata TOPMO3HOro
ancka. Takum obpa3oMm, pUCK CHUXEHUS Tenno-
O0OMEHHbIX MPOLIECCOB OT NMOBEPXHOCTEN BEHTU-
NAUMOHHOrO annapata 6yaeT MWHUMU3UPOBAH.
Mpn aTom pacnonoxeHHas y nepudepun Top-
MO3HOr0 AMCKa 30Ha BEHTUNALMOHHOMO annapa-
Ta Hanbonee noaBepXXeHa CHYKEHUIO Tennoob-
MEHHbIX NPOLECCOB B CBSA3W C POCTOM TEMNMOBO-
r0O MOrpaHUYHOrO Crosl y MOBEPXHOCTEN BEHTM-
NALMOHHOrO annapara.
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3AKNKOYEHUE

B kayecTBe KpuTepmst oueHKn 3PPEKTUBHO-
CTW paboTbl CErMeHTapHOro BEHTUMSALMOHHOIO
annapata TOPMO3HOro Aucka Obin npeanoxeH
napameTtp TypOynusaumu BO3AYLIHOMO MOTOKa.
Ha ocHoBaHuu 3TOro kputepus Obin nNpoBedeH
pacyeT aspoaMHaMUYECKUX W Tenno0OMEHHbIX
XapaKTepuUCTUK CErMeHTapHOr0 BEHTUIIALMOHHO-
ro annapata TOpMO3HOro gucka. B pamkax pac-
yeTa npeasioxeHa B3anMOoCBA3b KOHCTPYKTUBHBIX
napameTpoB CErMEHTAPHOTO BEHTUSIALMOHHOTO
annapaTa CO CHWKeHueM TennoobMeHHbIX npo-
LeCCOB B MOrPaHMYHOM CIlI0€ OMbIBatOLLEro BO3-

ISSN 2782-4004 (print)

AYWHOro MOTOKA HarpeBaeMmblX MOBEPXHOCTEN.
MpoBepeHHoe CFD-mogenupoBaHue noaTBep-
ANNO TEeopeTUYeckne MccrnenoBaHust aspoamHa-
MWYECKNX XapaKTepPUCTUK CErMEHTAPHOrO BEHTU-
NSUMOHHOrO annapaTta TOPMO3HOro Aaucka. [aH-
HYI0 MaTeMaTU4eCKY0 MoAesb, COBMECTHO C Nna-
paMeTpoM TypOynusaumum BO3MOXHO MPUMEHSATb
NPV NPOEKTUPOBAHUM COBPEMEHHbBIX BEHTUMNPY-
€MbIX TOPMO3HbIX AWCKOB, @ TaKke Npu OLEHKe
CYLLECTBYIOLLMX Y3MI0B OXNaXAeHus — OpUKLK-
OHHbIX Y30B — C LeNbio MAHUMU3ALMN BO3HMK-
HOBEHUSI CUTYaLMM CHUXKEHWUS TENNOOOMEHHbBIX
MPOLIECCOB.
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Abstract. The aim of the study is to determine the influence of the thermal effect on dielectric losses in grain mass
subject to bruising during drying and storage on the example of wheat across a wide external electric field frequency
range. The study of the electrophysical characteristics of a dispersed medium comprising mechanically activated wheat
grains takes into account the effect of the degree of breakage on the dielectric parameters of the studied medium. The
studies were carried out on experimental samples having different degrees of mechanical activation of patrticles, which
ranged in size from from 50 to 1000 pym. Variations in the dielectric loss tangent were studied using the dielectric method
across a wide temperature-frequency range. Studies of variations in dielectric properties were carried out for wheat sam-
ples subjected to grinding according to the mechanical activation method at temperatures varying from 20°C to 255°C
with a constant heating rate of 0.7 deg / min. During the course of the experiment, the frequency of the external electric
field was varied from 25 Hz to 1-10° Hz. Dielectric constant and dielectric loss tangent calculations were carried out using
data on electrical capacity and conductivity obtained using an E7-20 immittance meter and a measuring cell in the form
of a flat capacitor. An analysis of variations in these dielectric characteristics was also performed. The obtained stable
correlation of the dielectric loss tangent with the frequency of external electric impact and the degree of heating of the
samples was most pronounced for finely dispersed samples (particle size 50 ym). Variations in dielectric characteristics
are most significant when the frequency decreases to 100 Hz and below. The study of variations in the main dielectric
parameters can be used to prevent self-heating and ignition of the grain mass during storage, as well as for selecting the
most efficient energy-saving drying mode.

Keywords: dispersed medium, mechanical activation, dielcometry, wheat, dielectric losses, dielectric constant

For citation: Buzunova M. Yu. Analysis of the temperature-frequency effect on dielectric losses in a grain medium.
iPolytech Journal. 2021;25(6):733-740. (In Russ.). https://doi.org/10.21285/1814-3520-2021-6-733-740.

QHEPTETUKA

HayuHas ctatbs
YOK 537.226.3:536.3:633.11
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Ha AU3aneKTpuYecKue NoTepu B 3ePHOBOM cpeae
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Pe3stome. Llenb — usyyeHne BNUSHUSA TEPMUYECKOrO BO3LENCTBUSA HA AMINEKTPUYECKE NOTepU B 3epHOBOI Macce,
NOABEPXKEHHON TPABMUPOBAHWIO NPU CYLUKE U XPAHEHWWN HA MPUMMEPE MLUEHMLbI B LUMPOKOM ManasoHe 4acToT BHELIHe-
ro 3NeKTPUYECcKOro Mons; usyyeHue 3nekTpoU3NYECKUX XapaKTepUCTUK AMCNEepCHON cpefbl, COCTOsALeH U3 noaBse p-
XEHHBIX MEXAHOAKTUBALMM 3€PEH MLIEHULBI, C YYETOM BIIMSHUS CTENEHU U3MENbYEHUS HA AM3NEKTPUYECKNEe NoKkasaTe-
nu uccnegyemon cpepbl. MiccnegoBaHust NpoBEAeHbl ANst 3KCMEPUMEHTalbHLIX 06pa3LoB C pa3HOM CTEMEHLID MEXaH O-
aktueaumm vactuy, — ot 50 go 1000 pm. AManekTpuyeckuin MeToa, NPUMEHSIEMbIN B LUIMPOKOM TEMNEPATYPHO-4aCTOTHOM
Anana3oHe, NO3BONUI U3YYNTb BapuaLumu TaHreHca yria AuanekTpUuYecknx notepb Ans pasnuyHbiX yenoswuii. Mccnego-
BaHWsl Bapuauun AU3NeKTPUYECKMX CBONCTB NpoBeAeHbl Ans 06pa3LoB nileHuULbl, NoABePKEeHHbIX U3MENbYEHNIO MET O-
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[OM MexaHoakTuBaLum npu Bapuauum Temnepatypebl oT 20°C o 255°C ¢ NOCTOSHHOW CKOPOCTLIO HarpeBa, COCTaBns-
towen 0,7 rpag/MuH. YacToTa BHELLHErNO SMIEKTPUYECKOro MOMsi MPU NPOBEAEHUN 3KCMEPUMEHTa BapbupoBanach oT 25
My oo 1-10° l'u. Mpn nomown nameputens ummutanca E7-20 n nameputenbHON S4EkK B BUAE NNOCKOrO KOHAEeHcaTopa
MonyyYyeHbl AaHHbIe MO 3NEKTPUYECKOW eMKOCTW, NPOBOAMMOCTY; CAENaHbl pacyeTbl AUINEKTPUYECKON NPOHULLAEMOCTH U
TaHreHca yrna guanekTpuyeckux notepb. [poBeAeH aHanu3 Bapuauuid aHHbIX M3NEKTPUYECKUX Xxapaktepuctuk. OT-
MEYEHO Hanuune yCTOMYMBON KOPPENSALWUM TaHTeHeca yrna AU3NEeKTPUYECKUX NoTePb C YaCTOTOW BHELIHEro 3neKkTpuye-
CKOTO BO3LEMCTBUS U CTEMEHbID HarpeBa obpasuoB, Hanbonee SPKO BbIPAXEHHOW ANs MENKOAWCNepCHbIX 0bpasLos
(pasmep yactuy 50 mMkm). Bapuauum guanekTpuyecknx xapakTepuctuk Hauwbonee 3HauMmbl MPU YMEHbLIEHUM YacTOThI
8o 100 'y n Huxe. W3yyeHne Bapuauuin OCHOBHbIX AW3NEKTPUYECKMX napaMeTpoB [aeT BO3MOXHOCTb NpeaynpeanTb
CamMOCOrpeBaHWe 1 BO3ropaHue 3epHOBOI Macchl B MPOLEcce XxpaHeHust u BoibpaTb Hambonee ahPEKTUBHLIA 3HepT -
cbeperarLmin pexmum CyLKu.

Knroyeeble croea: gucnepcHas cpefa, MeEXaHOAKTUBALMS, ANSbKOMETPUS, MWEHNLa, AUSNeKTpuYeckue notepw,
AM3neKTpuyeckast NPOHNLAEMOCTb

Ansa yumupoeaHus: bysyHoa M. HO. AHanu3 TemnepaTypHO-4aCTOTHOTO BO3ENCTBNS HA ANANEKTPUYECKME NOTe-
pu B 3epHoBoW cpege // iPolytech Journal. 2021. T. 25. Ne 6. C. 733-740. https://doi.org/10.21285/1814-3520-2021-6-

733-740.

INTRODUCTION

Issues associated with finding an effective
solution for Russia's food supply program that
takes into account current issues of energy con-
servation are currently under focused considera-
tion. At the same time, basic aspects of food
security involving the introduction and optimiza-
tion of state-of-the-art methods in processes
such as grain drying remain relevant. Due to the
energy-intensive nature of such production pro-
cesses, it becomes important to obtain solutions
that optimize electricity consumption at the
same time as ensuring compliance with the
necessary conditions for grain storage and dry-
ing [1-3].

The quality and duration of grain storage is
determined by the unique features of the medi-
um, including its physical properties. The prima-
ry electrophysical properties of grain are ex-
pressed in terms of its moisture content during
drying [4], along with temperature and the fre-
quency of its external electric field. Changes in
moisture quantity during grain storage leads to
changes in its physical characteristics. In the
present paper, such variations are considered
on the example of mechanically activated wheat,
which represents a model of grain mass which
has been bruised during drying and storage. In a
mechanically damaged grain medium, increased
air exchange releases heat leading to possible
combustion or otherwise unusable grain mass
[5]. During grain storage, the presence of an ac-
tive ventilation system helps to resolve fire safe-
ty issues [6, 7]. Such electrophysical indicators
as electrical conductivity, permittivity and the
tangent of the dielectric loss angle depend on

734

the moisture content of grain [8].

Dielectric parameters of grain crops, such as
permittivity, are used to calculate the humidity of
the medium. In [9], a description of the varia-
tions in the dielectric properties of the grain me-
dium is presented along with the observation
that an increase in the dielectric constant is as-
sociated with an increase in moisture content
and a decrease in frequency and that the tan-
gent of the loss angle increases or decreases
with changes in humidity and frequency. A
mathematical model is presented for determin-
ing the dielectric characteristics of wheat in or-
der to calculate the dielectric losses when with
changes in frequency from 5 MHz to 12 GHz for
different wheat moisture levels from 3% to 24%
by measuring the dielectric properties. Tempera-
ture variations, explained in terms of changes in
the state and amount of moisture absorbed by
the grain mass, also lead to a serious change in
the electrophysical properties.

The dependence of the dielectric parameters
of the mechanically activated grain medium on
the level of dispersion of samples, as well as the
frequency of external electrical and temperature
effects, is presented in [10-12]. The results of
the described experiment demonstrate that the
dependence of inhomogeneous physical proper-
ties determined by the size of the specific sur-
face area of the fine-dispersed system is ob-
tained as a result of mechanical activation on
temperature and frequency [12, 13]. A failure to
maintain the storage conditions of grain in terms
of required temperature and humidity may result
in the release a large amount of heat leading to
its spontaneous combustion; this can be ex-
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plained in terms of of micro-stimulated currents
occuring in such an inhomogeneous environ-
ment even in the absence of external voltage
[10].

The purpose of the present work is to
study the variation of the main electrophysical
characteristics of a mechanically activated dis-
persed heterogeneous medium on the example
of samples of grain crops (wheat) having particle
fractions ranging from 50 to 1000 um. Experi-
mental studies were carried out with changes in
the frequency of the external electric field from
25 Hz to 1'10° Hz and temperature changes
from 20°C to 250°C at a constant heating rate of
0.7 degrees / min in order to determine the de-
gree of variation of the studied electrophysical
characteristics of wheat from the level of particle
grinding and the nature of the frequency-
temperature effect.

MATERIALS AND METHODS OF RESEARCH
AND THEIR DISCUSSION

The study of variations in electrical energy
losses (the tangent of the dielectric loss angle
tgd) is determined by the magnitude of the elec-
tric current flowing in a dielectric medium. This
comprises a polar dielectric whose molecules
absorb moisture such as to actively affect its
electrophysical properties. It is well known that
dielectric systems characterized by nonpolar
molecules and negligible impurities are charac-
terized by a low level of dielectric losses. How-
ever, solid dielectrics, which in most cases are
polar mainly represented by organic compounds
and substances, differ in significant dielectric
losses as a result of their characteristic dipole-
relaxation polarization, especially at radio fre-
quencies.

The dependence of the dielectric losses of
the dispersed medium of mechanically activated
wheat can be understood as a part of the elec-
trical energy converted into heat at an alternat-
ing voltage. Dielectric losses occurring during
heat treatment of grain mass are caused by
electrical conductivity and polarization, which is
established gradually under the influence of an
electric field to cause heating of the substance
under study. For the experiment, samples of
bruised grain with different particle sizes in a
wide temperature-frequency range were used.

ISSN 2782-4004 (print)

As the main research method, we selected
the method of dielectometry, which is widely
used in practice in determining electrophysical
characteristics, such as dielectric losses, electri-
cal capacitance, conductivity, dielectric permit-
tivity, etc., to investigate the molecular structure
of the substance under study [14]. We referred
to the model of the influence of various physical
conditions through their dielectric parameters on
the electrical properties of agricultural materials
of the dielectric properties of agricultural crops in
addition to calculations was presented in [15].
Taking into account the fact that the moisture
level in agricultural products affects its safety
and the vital activity of microorganisms, its effect
on dielectric properties should also be taken into
account. Comprising an example of a polar die-
lectric, the water forming part of the mechanoac-
tivated grain is the main component affecting its
dielectric properties. When modeling technologi-
cal conditions for processing agricultural prod-
ucts, it is important to take into account the de-
pendence of electrophysical properties on envi-
ronmental parameters: temperature and fre-
quency of the electric field [15].

The materials for the experiment comprised
mechanically activated wheat samples with a
variation in particle size from 50 to 1000 pm,
forming a typical example of a finely dispersed
heterogeneous heterogeneous system. Experi-
mental data were obtained using a precision in-
strument of the E7-20 immitance meter of accu-
racy class 0.1 with a wide range of operating
frequencies from 25 Hz to 1'10° Hz. After using
this meter to obtain measurements of electrical
capacitance and electrical conductivity, the cal-
culation of the real part of the dielectric constant
and the tangent of the dielectric loss angle was
carried out. In addition to the E7-20 immitance
meter, a specially measuring cell having a di-
ameter of 21 mm comprising a flat capacitor with
round aluminum electrodes was used. The
samples of bruised grain were subjected to uni-
form heating in the temperature range from
20°C to 255°C at a fixed rate of 0.7 deg/min. To
measure the temperature of the samples, a
chromel-alumel thermocouple is used. The rela-
tive permittivity of the samples was calculated
as the ratio of the capacitance of a capacitor
with a substance to the capacitance of a capaci-

https://vestirgtu.elpub.ru
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tor without a substance.

The tangent of the dielectric loss angle was
calculated in terms of frequency v, electrical ca-
pacitance C and electrical conductivity G:

1 G

tgo = = .
oRC 2mvC

(1)

The dielectric method for studying the elec-
tronic structure of a substance and the nature of
its molecular interactions is based on measuring
the electrical capacitance and studying the po-
larization process in a polar dielectric on the ex-
ample of mechanically activated wheat under
the influence of an external electric field. The
most important parameters determining the
properties of the dielectric are: permittivity,
whose variations are considered for the grain
medium in [11-13], and the angle of dielectric
losses d, defined as complementary to the angle
j (up to 90°) of the phase shift between current
and voltage.

Experimental data for the electrical capaci-
tance and conductivity of the bruised grain were
obtained for the frequency range from 25 to
110° Hz by the digital meter E7-20 with a
measurement accuracy of 0.2 pF for electrical
capacity and 1 pS for electrical conductivity. The
scheme of the experimental setup used to study
the temperature and frequency variations of
electrophysical parameters is given in [16]. After
sending the data obtained using an analog-to-
digital converter to a personal computer for fur-
ther processing, the necessary tables and dia-
grams were compiled, and the electrophysical
parameters were calculated.

Calculations of dielectric losses of fine grain
samples were carried out in a temperature
range from 20°C to 255°C along with changes in
the frequency of the electric field from 25 Hz to
10° Hz. The spatially inhomogeneous charge
distribution acquired by the studied grain sam-
ples as a result of mechanical activation when
heated comprising an additional energy reserve
that affects the value of electrophysical parame-
ters.

Fig. 1 shows variations in the dielectric loss
tangent for wheat samples with different degrees
of grinding at a frequency of 1000 Hz depending
on the temperature. The average increase in die-

lectric losses in the range from 65°C to 120°C
can be explained in terms of the weakening of
intermolecular forces, which in turn facilitates the
rotation of dipoles in the electric field. The bruised
grain mass can be taken as a polar dielectric
having an appropriate permittivity maximum
whose dielectric loss angle tangent is explained
by the temperature rise. The increase in dielectric
losses with an increase in temperature in the
studied samples is associated with the phenom-
enon of desorption of water molecules from dam-
aged chipped grains as a result of their drying.
This can also be explained in terms of an in-
crease in the mobility of dipoles when heated,
making it easier for them to unfold under the in-
fluence of an electric field, which leads to an in-
crease in tgd. With further heating, the kinetic
energy of the thermal motion of the dipoles ac-
tively increases, the intensity of Brownian motion
increases, followed by disorientation of the di-
poles. The resulting decrease in dielectric losses
and permittivity with a further increase in temper-
ature above 120°C m corresponds to the litera-
ture data [11, 16].

Fig. 1 shows that, for the largest sample with
a particle size from 500 to 1000 um in the tem-
perature range up to 150°C, the maximum value
of tgd = 0.45 corresponds to T = 96.1°C: for
sample 2 having a particle size of 251-500 pm,
tgd = 0.97 at T = 96°C, while, for sample 3,
which has the lowest degree of particle disper-
sion, tgd =1.6 at T =100.5°C

In the temperature range of 185.4-188.3°C,
there is a second additional maximum, whose
presence can be explained by the gradual de-
struction of the structure of the substance under
study during grain combustion. Undoubtedly, the
values of the electrophysical parameters depend
on many factors including the moisture level in
the substance [17]. Analysis of the measure-
ment results showed that the most finely dis-
persed sample (particle size 50 ym) in the tem-
perature-frequency range under study is charac-
terized by a more significant dielectric permea-
tion and dielectric losses. This an be explained
in terms of the cumulative increase in the total
area of the specific surface of the substance of
smaller samples during grain grinding. For larger
samples, variations in electrophysical parame-
ters are noticeably smoother. In the range from

736

https://vestirgtu.elpub.ru



iPolytech Journal

2021.T. 25. Ne 6. C. 733-740

2021;25(6):733-740

129.3°C to 166.3°C, variations in dielectric loss-
es of samples with particle sizes of 251-500 ym
and 500-1000 um are less noticeable. In the
smallest sample having a grain size of 50 ym,
the maximum value increases when approach-
ing the boiling point of water, increasing the po-
larization of the substance and resulting in more
active orientation of the domains when placed in
an electric field [18-20]. The experimental data

ISSN 2782-4004 (print)

obtained clearly characterize the behavior of
relaxation structures characteristic of polar die-
lectrics when placed in an electric field.

Fig. 2 demonstrates the temperature de-
pendence of the tangent of the dielectric loss
angle for a wide range of frequencies for the
most finely dispersed sample with a particle size
of less than 50 pym.

2
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Fig. 1. Variations of the tangent of the dielectric loss angle on temperature for wheat samples with dispersion:
501-1000 ym; 251-500 um and less than 50 ym
Puc. 1. Bapuayuu maHzeHca yana 0uanekmpu4eckux momepb om memnepamypsl 0715 06pa3y0e nuieHuybl
ducnepcHocmbio: 501-1000 ym; 251-500 ym u mMeHee 50 um
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Fig. 2. Variations of the dielectric loss tangent on temperature for wheat samples with a dispersion 50 um
for various frequencies: 25 Hz, 100 Hz, 500 Hz, 1000 Hz and 10000 Hz
Puc. 2. Bapuayuu maHzeHca yana duanekmpuyeckux nomepb om memmnepamypbl 05151 06pa3y0e nuweHuybl
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Data analysis confirms the significant de-
pendence of dielectric losses in the grain mass
on the frequency of the external electric field,
which is most significant in the low-frequency
range from 25 to 100 Hz. The sharp decreases
in tgd with a further increase in the frequency to
500 Hz and above can be explained by a weak-
ening of the dipole-orientation polarization in the
disordered medium under study, the decrease in
the kinetic energy and ion path length, as well
as the probability of their collision with the struc-
tural elements of matter.

Therefore, an increase in the frequency of
the electric field leads to a decrease in dielectric
losses. The maximum value of dielectric losses,
which corresponds to a frequency of 25 Hz, is
4.13 at a temperature of 86.4°C: for a frequency
of 100 Hz, it is 3.63 at a temperature of 94.5°C;
for a frequency of 500 Hz and above, the maxi-
mum value of dielectric losses decreases sharp-
ly comprising 2.05 at a temperature of 97.6°C
for a frequency of 100 Hz, 1.6 at a temperature
of 97.9°C and a frequency of 10000 Hz, and
0.62 at a temperature of 100.2°C.

Fig. 2 depicts distinctive features corre-
sponding to an increase in tgd with an increase
in temperature above 150°C. These occur main-
ly for the low-frequency region due to the de-
struction of the structure and combustion of the
substance of a polar dielectric having a rather
complex composition. With an increase in the
frequency of external electrical action, the ion
path length and kinetic energy decrease, the
possibility of molecular interaction weakens and,
accordingly, dielectric losses decrease

As a result of the experiment, it was found
that the dielectric losses in the bruised grain
medium in a temperature range from 20°C to
250°C have a maximum at a temperature of

86.4-100.2°C. This close to the boiling point of
water, which forms part of the studied samples
and affects their electrophysical properties.
Cracks and chips of bruised grain play the role
of electrically charged defects that attract polar
water molecules to trigger the interfacial Cou-
lomb interaction mechanism at the interface.

CONCLUSION

The conducted studies demonstrated the
presence of a stable correlation of the dielectric
parameters of an inhomogeneous heterogene-
ous medium on the example of finely dispersed
wheat samples having varying fractional com-
ponents depending on the frequency of the ex-
ternal electric field and temperature. In the stud-
ied disordered systems, the significant decrease
in the tangent of the dielectric loss angle tgd is
due to the degeneration of dipole-orientation
polarization and increase in the frequency of the
external electric field,

By analyzing the spectra of the tangent of
the dielectric loss angle, we were able to estab-
lish the presence of higher electrical activity for
experimental samples of a small-sized structure
and an increase in the dielectric permittivity and
tangent of the dielectric loss angle, which was
most pronounced at frequencies below 100 Hz.
The established dependence of the tangent of
the dielectric loss angle tgd on the frequency of
the external electric field and temperature is es-
pecially significant for finely dispersed wheat
samples.

The study of the dependence of the electro-
physical properties of finely dispersed heteroge-
neous media on the example of wheat can be
important in modeling and optimizing the drying
process of grain crops and the selection of an
effective energy-saving mode
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Pe3tome. Llenb — ynpasneHue nepefaBaemMoit peakTUBHOW MOLLHOCTBIO B 3MEKTPUYECKUX CEeTSX C MOMOLLbI0 pery-
nupyemoit KoHAeHCaTopHOW BaTapen No KPUTEPUIO MUHUMYMA NOTEPL SHEPrUW NPU Pa3fNnyHbIX FOAO0BbLIX rpadmkax pe-
AKTUBHOWM HArpy3ku U pasHOM YMCNe PerynmpoBOYHbIX cekuuin. OCHOBHbIE TEOpPEeTUYECKME COOTHOLLEHNS U BbIBOALI NO-
NyYeHbl METOAaMU MaTeMaTW4eckoro MOLENMUPOBAHUS W UHTErPabHOrO MCYUCHEHUS C WCMOMb30BAHUEM 3IIEMEHTOB
Teopum onNTUManbHOro ynpaeneHus. OLeHKka CTENeHN BAUSHWUS MOLLHOCTYM M YMUCIIa CEKLWIA KOHAEeHCATOpHOW BaTapeu Ha
noTepy 3HEepPrum B CETU MPOM3BOAMMACH C MOMOLLbIO BbIYUCIIUTENBHBLIX 3KCMEPUMEHTOB. [lonyyeHbl BhIpaXeHus Ans
CODCTBEHHLIX MOTEPb 3HEPrun B KOHAEHCATOPHON GaTapee, a TakKe ANst CHKEHWUSI NOTEPb 3HEPrUM B CETU, CNpaBeasu-
Bble NPU NMUHeapnU30BaHHbIX rpacukax Harpysku. [lokasaHo, 4TO 3aBUCUMOCTM COBCTBEHHBIX NOTEPb 3HEPTUMN B KOHAE H-
caTopHol Batapee M CHUXEHWS NOTepb B CETW OT MOLLHOCTM CEKLMW UMEKT TOUKM M3IoMa M NPOXOASAT Yepes Makcu-
MyMm. Hanuume Toyek usnoma obyCnoBrioBNEHO U3MEHEHWEM YMCIA CEKLMA KOHOEHCATOpHON Batapem, paboTawowmx B
TeyeHue Bcero roga. [poxoxaeHue 3aBUCUMOCTEN Yepe3 MakCMMyM O0DBbACHAETCA TEM, YTO MPU NOBLILLE HUM MOLLHOCTY
KOHZEeHCaTOpHON GaTapen ymeHbluaeTcs BpeMsi paboTbl MPU MOJSIHOM YMCe PErynMpOBOYHLIX CEKLMIA. YCTaHOBMEHO,
yTo 6aTapen CTaTMYeCcKUX KOHAEHCATOPOB C ABYMS PErYNUPOBOYHBIMU CEKLMSMI MO3BOMAIOT CHU3UTL NOTEPU SHEPTUN
Ha nepegavy peakTueHON MowHocTn Ha 90% 1 Gonee. [Ins Tpex- 1 YETLIPEXCEKLMOHHBIX BaTapel cTaTuYecknx KOHAEH-
caTopoB CHuxeHue notepb npubnimkaetcs K 100%. MNpOLEHT CHMKEHWS NOTEPb SHEPTM BO3pacTaeT Mpu yBEMYEHUN
CTEMNEHW 3anosiHeHNsl FOA0BOro rpaduka peakTUBHON Harpysku. [ns CHKEHWUS NOTEPb 3HEPTUW B SNEKTPUYECKON CEeTU
TpebytoTCst KOHAEHCATOpHbIE DaTapen C YUCIIOM PEryNMPOBOYHBLIX CEKLMIA He Bonee Tpex-yeTbipex, a B 6OMbLIMHCTBE
cnyyaeB JOCTaTOYHO ABYX CEKLMA.

Knroyesnbie cioea: koHaeHcaTopHasa 6aTapes, noTepu SHeEpruu, rpadmk Harpy3ku, KOMNEeHcauus peakTBHOM Mo Lu-
HOCTM, ONTUMaribHOE yNpaBneHue, perynnpyemas KoHgeHcaTopHas ycTaHoBKa
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E. B., lopioHoB B. H. YnpaBneHue MOLHOCTbIO perynmpyemMbiX KOHAEHCATOPOB B 3MIEKTPUYECKUX CETSX MO KPUTEPMIO
MUHUMYyMa noTepb dHeprun // iPolytech Journal. 2021. T. 25. Ne 6. C. 741-752. https://doi.org/10.21285/1814-3520-
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Power management of variable capacitors in electrical grid
systems according to the criterion of minimum energy loss
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Abstract. The aim is to manage the transmitted reactive power in electrical grids using variable capacitor batteries
according to the criterion of minimum energy loss under different annual reactive load schedules and different numbers
of variable capacitor sections. The main theoretical relations were obtained by the methods of mathematical modelling
and integral calculus using the theory of optimal control. The influence of the power and number of sections in a capaci-
tor battery on energy losses in the grid was estimated using computational experiments. Dependencies for energy losses
in a capacitor battery, as well as for reducing energy losses in the grid, were obtained. These expressions are valid for
linearized load schedules. It is shown that the dependences of energy losses in a capacitor battery and the reduction of
losses in the grid on the section power have inflection points and pass through a maximum. The presence of inflection
points is associated with a change in the number of capacitor sections operating throughout the year. The presence of a
maximum is explained by the fact that, with an increase in the power of the capacitor battery, its operating time decreas-
es under the complete number of variable sections. It is established that the batteries of static capacitors with two varia-
ble sections can reduce energy losses when transmitting reactive power by over 90%. For three- and four-section static
capacitors, the loss reduction is close to 100%. The reduction in energy losses increases when approaching maximal
levels of annual reactive load. Energy losses in electrical grid systems can be reduced by capacitor batteries with no
more than three or four variable sections. In most cases, this can be achieved by two-section capacitor batteries.

Keywords: capacitor bank, energy losses, load graph, reactive power compensation, optimal control, adjustable ca-
pacitor unit

For citation: Girshin S. S., Andreeva E. G., Khatsevskiy K. V., Trotsenko V. M., Melnikov N. A., Petrova E. V.,
Goryunov V. N. Power management of variable capacitors in electrical grid systems according to the criterion of mini-
mum energy loss. iPolytech Journal. 2021;25(6):741-752. https://doi.org/10.21285/1814-3520-2021-6-741-752.

BBEOEHUE

KomneHcauus peakTMBHOW MOLLHOCTY npes-
cTaBnsieT cobon ogHO M3 Hambonee adpdekTus-
HbIX MEPOMNPUATUIA NO CHWKEHWIO NOTEPb JHEp-
M1 B anekTpuyeckux cetsx® [1-6]. Mpu atom
BOMbLUMHCTBO COBPEMEHHBIX KOMMEHCUPYHOLLMX
YCTPOMCTB MO3BONSET OCYLECTBNATL ynpasre-
HWe peakTuBHoW MoLyHocTbio [7-10]. CpeacTea
ynpaBneHus, C O4HOW CTOPOHbI, Aat0T BO3MOX-
HOCTb  [OMOSMHUTESIbHOrO CHWXEHUS NOoTepb
3Heprum, Ho, C Apyron — NpUBOAAT K yBENMYe-
HUKO CTOMMOCTU KOMMEHCUPYIOLLMX YCTPOUCTB.
UTobbl OCYLLECTBUTb TEXHUKO-3KOHOMUYECKOE
CpaBHEHME KOMMEHCUPYIOWMNX YCTPOWCTB Oau-

HAKOBOW MOLLHOCTW, HO C pasHbIMKM CUCTEMAaMMU
ynpaBnexus, TpebyeTcs pewuTb creayowme
3agaum:

— ONpefenuTb KpUTEpUM M 3aKOH ynpasne-
HUSI PEAKTUBHON MOLLHOCTBIO KOMMEHCUPYHOLLMX
YCTPOWUCTB;

— NPOV3BECTN aHanU3 BAUSHUS CUCTEMBI
ynpaBneHus peakTMBHOM MOLLHOCTbIO Ha noTe-
PU 3HEPTUN.

PasButie meTogoB ONTMManNbHOro Bbibopa
KOMMEHCUPYHOLLMX YCTPOWUCTB MAET B Hanpasne-
HUWM yyeTa TOMOSIOrMN CeTn, AUCKPETHOCTU HO-
MWHAsbHbIX MOLLHOCTEN W HEKOTOPbLIX APYrmMx
¢paktopos [4, 6, 11-13]. OnTumansHoe ynpas-

$PTM 36.18.32.6-92. YkasaHusi no NPOEKTUPOBAHUID YCTAHOBOK KOMMNEHCALMW PEaKTUBHOW MOLLHOCTM B 9NEKTPUYECKMX
ceTsx 0bLero HasHavyeHus NpoMblwneHHbIX npeanpuatuin. Beed. 01.01.1993. M., 1993. 32 c.
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NEHne PeakTUBHOW MOLLHOCTbIO UrPaeT BaXHYH
ponb ANA HaAeXHOM M onTMMmanbHOW paboThl
3HeprocucTembl. 3a nocrnegHue rogbl paspabo-
TaH uenbli psag cTpatermn 4ns peleHus npo-
6nembl ONTUManbLHOro ynpaBfeHUst peakTUBHOM
MOLLUHOCTbI. BBMay ocoboii BaxXHOCTU Konuue-
CTBO MyGMMKaumMii N0 JaHHOMY HanpaBfeHUo He
YMEHbLLAETCS M B HacTosiLLee BpeMs. 3acnyxu-
BaeT BHMMaHue pabota [14], B koTopou Ans
pelweHns 3agayn onTuMusauum npeanoxeHa
mMaTemaTuyeckas MOAENb, Y4UTbIBaOWAA 3aBU-
CUMOCTb MOLLHOCTU OT HanpskeHusa cetu. Lle-
nesast oyHKUMA BKMOYAET B cebs KanuTanbHble
3aTpaTbl ona 6atapeu cTaTUM4eCKUX KOHAEHCa-
TopoB (BCK) ¢ BO3MOXHOCTbIO NEpeKnoYeHns
Mo CTyNeHsM, a Takxe 3KChnyaTaumnoHHble pac-
XOAbl, 3aBUCSLLME OT NoTepb aHeprun. B pabote
[15] ona onpedeneHuss ONTUMarbHOrO MecTa
ycTaHoBku 1 MowHoctn BCK peanusosaHa ma-
TemaTtunyeckas Mofenb, OCHOBaHHAs Ha MeToae
MHOXecTBa (pos) YacTtuu. Ha 6ase mcnonb3o-
BaHWSA Mogenu OTMeYaroTCs ynyylleHNs YPOBHS
HanpsbKeHns B CUCTEME, MUHUMMU3ALMS NOTePb
3Heprum B NMUHUAX M NOBbILEHUE KO3 ULNEH-
Ta MOLHOCTU. B nccnenoBaHmsx, NpuBegeHHbIX
B [16], npegnaraeTtca cuctema KOPPEKLMM KO-
ahpuUMEHTaA MOLLHOCTN B PEXMME peasibHOro
BpemeHn. Cuctema OCHOBaHa Ha WCMOSb30Ba-
HUM mMHorocTyneHvatbix BCK B coBOkynHOCTM C
pe30HaHCHbIMK (unbTpamu. PesynbTaTbl, no-
ny4yeHHble B [17], CBSI3aHbl C peanu3aunen ak-
TyanbHOW COBPEMEHHON TEHAEHLUWUU OfHOBpe-
meHHoro ynpasneHuss BCK, reHnepatopamu u
KoHdpurypaumen cet. OTMevaeTcs npenmyLle-
CTBO MPEeAnOXeHHOro MeToda Haj CyLlecTByto-
WM anropuTMamy B nnaHe noBblleHUs adg-
(beKkTUBHOCTM Nepeaaun aHeprumn. B o63ope [18]
npeactaBneH OBWMPHLIA NepevyeHb cTaTen no
COBPEMEHHLIM MeTodaM pelleHns 3afay onTu-
MU3aUMn peakTUBHOW MOLLHOCTU. AHanuTuye-
ckun 0630p, npeacTaBneHHbn B pabote [19],
MOXHO paccmaTtpuBaTh Kak yHUBEPCasibHbIA UC-
TOYHVK MH(OPMaLMK Mo MeTogam onTUMarnbHo-
ro pacnpefeneHus peakTuBHOW moLyHocTH. He-
CMOTPA Ha 6osbluoe KONMMYecTBO cTaten no
paccmaTpuBaemoi npobneme, pasnmunio Mex-
Ay perynupyembimu 1 Heperynupyemeimm BCK ¢
TOYKM 3pEHUst NOTEepb SHEPrM He yOensanoch
[0CTAaTOYHOrO BHUMaHWA. Takon noaxond Heus-
6exHo nNpuBOAMT K TOMY, YTO ONTUMAnbHbLIMM

ISSN 2782-4004 (print)

ANsi YCTaHOBKM OKa3blBalOTCA KOHAEHCATOPHbIE
Batapeun ¢ MUHUManbHBIM KONIMYECTBOM CEKLNN,
TaK KaK OHW MMEKT MeHbLUY CTOMMOCTb. dak-
TU4eckn 3T0 GyaeT BEPHO TOMbKO MpW paBHO-
MEPHbIX rpadukax Harpysku. Bo Bcex ocTanb-
HbIX Cry4yasix 4yacTb BPEMEHW KOHAEHCATOpHble
ycTaHOBKM ByayT paboTaTb ¢ HEMOMHbIM KOMK-
YeCTBOM CEKLMIA, YTO NMpUBELET K CYLLEeCTBEHHO
WHbIM 3aKOHOMEPHOCTAM B U3MEHEHMSIX NOTEpb
aHeprun. B cTaTbe paccMmoTpeHbl aHepreTuye-
ckne 9deKTbl MPUMEHEHUS  Perynupyembix
KOHOEHCATOPHbIX YCTAHOBOK M MPOBEAEH aHa-
NN3 COOTBETCTBYIOLLIMX 3aKOHOMEPHOCTEN.

MATEPWAIbI U METOObI UCCITIEAOBAHUA

PaccmoTpuM anekTpuyeckylo cetb, coaep-
Xawyo muHnio W v TpaHcdopmatop T, K Lu-
HaM HU3Koro HanpsixeHusi (HH) kotoporo nog-
kntovyeHa BCK (puc. 1). MycTtb ynpasnenne bCK
OCYLLECTBNSAETCH MO KPUTEPUIO MUHMMYMaA Mo-
Tepb 3HEPrUM B CETU C Y4ETOM COOCTBEHHbIX
notepb B BCK:

AW (QEC[( ) =
5760 (Q (t) ~ Qe )2 (1)

R+ ponECK dt = min ,

0

rae p,, — YAenbHble MoTepu akTUBHON MOLLHO-
CTM B KOHOeHcaTopHon GaTapee; R-— cymmap-
HOE aKTMBHOE COMPOTMBIIEHWE NIMHUWN U TPaHC-
copmatopa; U — HanpsikeHue B y3ne Harpysku
(0BbIYHO NPMBEAEHHOE K BbICOKOW CTOPOHE).
MepekomneHcauuno Bygem cumtatb Hegony-
CTUMOW, TO €CTb MeXdy PeakTUBHOW MOLLHO-

CTblo Harpysku Q(t) u pabouyeit MOLIHOCTbIO
BCK Q. B NMobON MOMEHT BpemMeHn t [omnx-

HO BBIMOMHSTLCS COOTHOLEHMe: Q(t) > Qg .

W T
mf P50
JOscx
BCK
L
Puc. 1. dnekmpuyeckas cemb
Fig. 1. Power grid
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Kak nokasaHo B [20], BbINOSIHEHME 3TOrO
YCINOBUS SBMSETCA TakkKe W Kputepuem onTu-
MarnbHOro ynpasnenus. Ecnu peaktnBHas MoL-
HOCTb Harpy3ku yMeHbLLIaeTCs CO BPeMeHeM, TO
oyepegHas cekumsi BCK gomkHa oTknovaTtbest
TOMbKO MPW OOCTWXEHUW MOMHOWN KOMMNEHcauum

Q(t)=Qpucex » (cosp=1). CobcTBeHHEIE MoTe-

pu akTeBHOM molyHocTn B BCK manel, noatomy
CyMMapHble NoTepu B pexume MOMHOW KOMMNEH-
cauum ByaoyT MeHblue, Yem NoTepu Npu OTKIH-
yeHun euwle ogHon cekummn BCK. Takmm obpa-
3oMm, noboe ynpasneHne BCK no kputeputo
noaJdepxaHus CoS¢ Ha YpOBHE MeHbLie efu-
HULbI 3aBEAOMO HE SIBNAETCA ONTUManbHbIM.
MNpeanonoxmm, 4YTo rogoBon rpaduk peak-
TUBHOM MOLLHOCTM MOXHO annpoOKCMMMPOBATb
NUHeNHOW (byHKLMen cneaytowero suaa [21]:

Q(t) =Quu (1—}],

0

(2)
0<t<min{t, 8760 u},

rae Q.. — TrOAOBOW MaKCUMyM peaKTUBHOW
MOLLHOCTY; tp — NnapameTp rpaduka, xapakrepu-
3YIOLLMIA CTENEHb €ro 3anofHeHusI.
MNpennoxeHHas annpokcuMmauus gaet [o-
CTaTO4YHO Xopoluve pesynbTaTbl NpU pacyeTte
notepb 3Hepruu. Mcnonb3oBaHue yHKUUN (2)

Nno3BONSeT NpeacTaBUTb NPOLECC ONTUMasIbHO-
ro ynpasneHus BCK rpadpuyeckm (puc. 2).
Momepu 3Hepauu e 6amapee cmamud4e-
CKux KoHOeHcamopoe. Beegem cnegytouime
obosHaueHns: Quqy .., — HOMUHANbHaA MOLL-
HocTb BCK; n —uucno cekunn BCK; Q, — moLu-
HOCTb OZHOW CeKuun; p,, — yAenbHble noTepu

aktuHow mowHoctn B BCK (Ha eguHuuy Bolpa-

B6aTbiBaeMol peakTMBHOW MoLHOCTH); Q. —
rogoBOM  MWHWMYM  PEaKTUBHOW  MOLLHOCTM
Harpysku.

Yncno HeoTKMoYaeMbIX CEKUMIA  (Haxoas-
wmxca B pabote Kpyrnbiii rog) MOXHO onpege-
NATb MO BbIPAXEHWIO:

c

k= int(%j, HO He Gonee uem n. (3)

3HaveHne Q.. B pamkax NpuHATON Mogenu
rpadmka Harpysku onpegensercs no dgopmyne
(2) npn nofcTaHoBKe BepxHero npegena Bpe-
meHn t. Ecrm t, <8760 u (4TO0 cooTBeTCTBYET
BPEMEHW UCMONb30BaHWUS MakCUMyMa peakTuB-
HoW Harpysku T . o <4380u), To chopmyna (2)
paet Q... =0. 3T10T pesynbTaT MOXET HE COOT-
BETCTBOBATb peanbHbIM ycnosusam. OgHako ec-
nn daktnyeckoe 3HaveHne Q. He Bonblie,

min

0
F 3
PearTHBHAT MOITHOCTE
Onax Harpysxu O(1)
QECKHOJ{ Momuocrs ECK Q BCR ( 19
0 } » oy
0 f 53 3 ts fo 8760

Puc. 2. lpumep 200060l duazpamMMbi OMTMUMalibHO20 ynpaesieHuss 6amapeeli cmamu4yeckux KOHAeHcamopoe
Fig. 2. Example of an annual diagram for optimal control of a static capacitor bank
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4yem molHocTb cekuum BCK, TOo norpelHocTb
NPV 3TOM HE BHOCWTCS, TaK KaK PeXuM NOMHOro
otkntoyeHns BCK He BnusieT Ha paccMmoTpeH-
HbIE HVKE COCTaBMSAOLWME NOTEPD.

MNMoTepu akTnBHOM MowHocT B BCK B Kax-
Abli MOMEHT BPEMEHWU MPOMNOPLMOHANbHbI Bbl-
pabaTbiBaeMON peakTUBHON MOLLHOCTY:

APECK (t) = pyaQECK (t) 4)
loposble notepu aHeprum B BCK onpepge-
NSATCA UHTErpanoM Buga:

8760

AW, =y, [ Quee (t)dl
0

bCK

()

daKkTUYEeCKN WHTETPUPOBAHWE CBOAUTCH K
CYMMUPOBaHWIO NPOU3BEAEHNN NOTEPb MOLLHO-
CTU Ha KaX[oW CTyrneHuW rogoBoro rpaduka
mowyHocTn BCK Ha npogomkuTensHOCTb CTyne-
HU (CM. puc. 2). MpaHuubl Mexay cTyneHamu t,
npeacTaBnsT cobon yCNOBHbIE MOMEHTbI OT-
kntodeHus i-n cekumm BCK. U3 puc. 2 Heno-
CPEACTBEHHO CMEAYET, YTo

+ AW. %

50,00 +
46,51

40,00 +

34,89

30,00 +
27,00

e = = = = = == -

20,00 +

10,00 +

0,00 t L

ISSN 2782-4004 (print)

= 0(1—(n—i+1)&j. (6)

max

BbinonHue mHTErpupoBaHue, nocrne HeKoTo-
pbiX NpeobpasoBaHUn MOXHO NOMYYUTb Cheay-
oLyt opmyny Ans rogoBbiX NOTEPb AHEPTUK
B BCK:

AWECK = pyato (n_k)Qc -
n(n+1)—k(k+1) Q2 (7)
—P,t ( )2 ( )§° +8760p_vokQC.

MNepBble ABa cnaraeMblX B COBOKYMHOCTM
npeacTaBnalT cobon NOTEPU SHEPTUN B OTKIHO-
YyaeMbIX CeKuusiX, a nocrneaHee — NOTEpPU B CEK-
umsix, pabotarowmx 6e3 oTknodeHus. Ha puc. 3
nokasaH Npumep 3aBUCUMOCTM NOTEPb IHEPrK
B BCK oT mowHOCTN cekumm anst YeTblpexcek-
umonHon BCK npu t; =12000« (no nnowagm

nog rpagMKoM Harpy3km 3TO COOTBETCTBYET
T <5560 4 ). [MoTepn aHeprn BbipaXeHbl B

max,Q —
NPOLEHTax OT MNOTEPb, KOTOPble BO3HMKNM Obl
kpyrnoroguyHoit pabote BCK mowHocTbio Q, .,

QJ/Qpa - 0.8,

O e acacaoa oo osnmesesmees-

0,0675 0,
0,05

9 0,135
0,1

0,15

i
T T L

0,2 0,25

Puc. 3. 3asucumocms nomepb 3Hepauu 8 YemblpexceKyuoHHol 6amapee cmamuy4ecKkux KOHOeHCamopoe
om MOW}HOCMU CeKyuu
Fig. 3. Energy losses in a four-section static capacitor bank vs section power
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3aBMCMMOCTb  pasfensieTcss Ha  YeTbipe
yyacTka, OTnMyaroLwmxca apyr ot Apyra Yicriom
cekumn k, pabotatowmx 6e3 oTknoyeHus. MNon-

HOM KOMMEHCaLMM COOTBETCTBYET 3HAYEeHMe Npw
(T.e. nNpy MOSIHOW KOMMEHCaLUMW) pPaBHbIX

8760p,,Qpny -~

max
OTHOLUEHUS MWHUMANbHOW MOLLHOCTU Harpysku
K MakcumaneHow (0,27 no copmyne (2)), To
yyactok, rae k = 0, B JaHHOM cnyyae OTCyT-
CTBYET.

YyacTkn ¢ pasHbiM 4ucrnom K pasgeneHs
Toukamu manoma. lMpu k = 4 3aBucMMOCTb nu-
HelHa. Ha nocnegyoLmx y4actkax nosBnsoTCs
OTKMOYaeMble CEKLWU, U 3aBUMCUMOCTb CTaHo-
BUTCA HENMHENHOW BCNeAcTBME TOro, Yto npwu
YBESIMYEHNN MOLUHOCTU CEKLMM  CHUKaeTCs
NPOAOMKMTENBHOCTL MX paboTtbl. Mpn k = 1
(bakTop BpPEMEHW CTAHOBUTCA HACTOMNbKO 3Ha-
YMMbIM, YTO 3aBMCUMOCTb NEPEexXoauT yepes
MakCUMyM W HauuHaeT ybbiBaTb. Makcumanb-
Hble MOTepu B paccMaTpyBaeMoM Crnyyae Cco-
ctrasnawT  52,9% wn  HabnwogawTca  npw

&:0, 207.
max

Paccmotpum BnusiHne perynupyemon BCK
Ha NOTepu 3Hepruy B CETU OT LieHTpa NUTaHus
(4r) go wmH HH TpaHcghopmaTopHoi NOACTaH-
umu (cm. puc. 1). CTporo roBops, 3TO BIUSHUE
pacnpocTpaHaeTCs Kak Ha Harpy3o4Hble NoTepw,
Tak M Ha NOTEepPU XONOCTOro XoAa, u obycnosne-
HO He TONbKO M3MEHEHNEM PEaKTUBHOW MOLLHO-
CTW, HO W U3MEHEHWEM HaMpPsHKEHUs B y3ne
Harpy3ku. OgHaKo HanNpshkeHWe B Y3ne Harpysku
3aBMCUT He TOSIbkO OT MolHocTn BCK, Ho un ot
crnocoba perynupoBaHusa HanNpsHKeHUs B LIEHTpe
NMUTaHKA, a TaKkkKe OT PEXMMOB 3HEProCUCTEMBI
B Uenom. bygem cumtatb, YTO B LEHTpe nuTa-
HUSI OCYLLECTBNSAETCA BCTPEYHOE perynmpoBa-
HUE HanpshKeHWs, NPU KOTOPOM HanpshxeHue B
HEKOTOPOM 3KBMBANEHTHOM Y3re Harpy3ku nog-
LEPXKUBAETCA Ha MOCTOSHHOM YypoBHe. [lyCTb
WwnHbl HH paccmaTtpvBaemon nofcTaHuum npu-
MEpPHO COOTBETCTBYIOT 3TOMY y3ny. Takoe [o-
nyweHne NO3BOMSET  UCKIYUTL  BIUSHUE
HaNpPsPKeHUs Ha noTepu aHeprum. B pesynbTaTe
MOXHO Byaet cumtaTb, 4To BCK BnnseT Tonbko
Ha HarpysouYHble NoTepu 3Hepruun, obycrnoBneH-
Hble nepefayen TONbKO peakTUBHON MOLLHOCTY.

746

=0,25. TaK Kak OHO MeHblle

HeobxooMmo 3aMeTuTb, YTO MPU U3MEHEHUSX
HanpsbkeHnst ByaeT M3MEHSATbCA Kak MOLLYHOCTb
BCK (nponopuuoHanbHO KBagpaTy Hanpshke-
HUS), TaKk U peaKTMBHAs MOLLHOCTb Harpysku (B
COOTBETCTBUM CO CTaTUYECKUMU XapaKTepucTu-
kaMu no HanpshkeHwo). Ctatnyeckne xapakre-
PUCTVKN PEaKTUBHOW MOLLHOCTW MO Hanpsxe-
HUIO 0ObIYHO GIM3KM K KBagpaTWYHbIM 3aBUCH-
mocTaM. oaToMy oTHoweHne molHocTen BCK
W Harpysku, Ucnonb3yemble B AanbHENWMX Bbl-
Knagkax, npu U3MEHEHUN HanpshKeHWs oCTarT-
CS NPUMEPHO NMOCTOSHHBIMMU.

Mpu BeiGope BCK nmeet 3HayeHue He abco-
NIOTHas BeNMYMHa NOTEPb 3HEPrUM B CETK, a UX
CHUXeHWe. C y4eToM NpUHATLIX JOMYLLEHWIA no-
Tepn aKkTMBHOW MOLLHOCTV B JIMHUM WU TpaHC-
cdopmaTtope (cm. puc. 1) npu yctaHoke BCK B
KaXXabl MOMEHT BPEMEHMN CHUXAKTCA Ha Benu-
YMHY:

Q% (1) ~(Q(t) - Querc (1))

5z R (8)

SP(t)=

[010BOE CHVKEHWE NOTEPb SHEPTUM B NIMHUK
W TpaHcopmaTope paBHO WHTerpany OT CHU-
KEHWs! NOTepb MOLLHOCTY:

87foap(t)dt. 9)

0

oW =

Mocrne WHTErpupoBaHust U Npeobpa3oBaHwil
OKOHYaTesIbHO MOMNyYuMm:

oW =—Q§;‘ax Rx

2
) ton_(876(i—t0) .
0

(10)

O

QC (ton” +(8760—t, )k ) +

1 Q) (i
+§(®j to(n -n-k +k) .

Ha puc. 4 nokasaHa 3aBUCUMOCTb CHUXKEHUS
noTepb 3HepruM B CETM OT MOLLHOCTU CeKuum
BCK, nocTpoeHHasi npu TeX e YCNoBusX, YTo 1
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Qe/Quiax: 0-€.

0,0675 0,09
5 0,1

0 0,0

0,135
0

,15

0,2 0,25

Puc. 4. 3asucumocmb CHUXeHUs Momepb 3Hep2uU 8 Cemu om MOWHOCMU CeKyuu
YyembipexcekyuoHHol 6amapeu cmamuyeckux KoHdeHcamopoes
Fig. 4. Reduction of grid energy losses vs section power of a four-section static capacitor bank

puc. 3. CHmKeHMe noTepb SHEPrN BbipaXxeHo B
NPOoLEHTax OT NOTepb Ha nepegady peakTUBHOW
moLyHocTn fo yctaHokm BCK (B ncxogHom pe-
XVME), KOTOPbIE PaBHbI

R 8760
= j Q*(t)dt =
0
11)
, 2 (
= ngx R|1- 8760+1(8760J 8760.
U t, ,

Mony4yeHHast 3aBUCUMOCTb MPOXOAMT Yepes

Q.

max

CHMXeHue notepb coctasnseTt 96,8%.

MaKkCMMyM npwu =0,207. MakcumansHoe

BnusiHue yucna cekyuli Ha MaKcumarb-
HOe CHUWXeHue rnomepb. 3anuweM CHUXEHWE
BblpaXXeHWst NOTepb 3HEPrMM B OTHOCUTENbHbIX
eanHuuax B siBHom copme, pasgenus (10) Ha
(112):

3 2
— éVV — aQomu — bQomu + CQomn

oW 1 1

ucx

1-—+

OMH

2
omn

(12)

3pecb BBEAEHDI CneayoLmne 0603Ha4YeHms:

Qumu -

& (MOLLHOCTb CeKLuK B 0.€.);
Qmax

t — t0 .

o 8760

a:t"%(ng—n—kﬁk);

b=t n*+(1-t

OMmH

t,.N— [tomn + ti - 2} k.

L%

OMmH

c
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(13)

(14)

(15)

(16)

(17)
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CornacHo dopmyne (12), 3aBMCMMOCTb
CHWXEHWS MOTEPb OT MOLLHOCTW CeKuun B 06-
wem cnyyae npeacraenseTt coboit Kybuueckyto
napabony, koTopas NPOXoaMT Yepe3 MakCUMyM
B TOYKE:

b—+/b?—3ac

, a=0,
3a

Qomu,akcmp = (18)
c

—, a=0.
2b
dopmyna (18) cnpaeednuea B TOM crny4ae,
eCnu MoJly4YeHHoe 3Ha4yeHne rmonapaeT Ha yda-

CTOK 3aBucuMocTM SW (Q; ), COOTBETCTBYIOLLMIA

NPUHATOMY 3HayeHuio k. B npotusBHOM cnyvae
MaKCMMasibHOe CHWXeHue noTtepb OydeT Haxo-
ONTbCA NMMBO Ha OpyroM yyacTke 3aBUCUMOCTM,
nnbo B TOYKE U3MI0OMa (Ha rpaHuLLe y4acTKoB).

PE3YJIbTATbl UCCNEQOBAHUA
U NX OBCYXXOEHUE

B Tabnuue npencraBneHbl pesynbTaTthl pac-
yeTa  MaKCMManbHOrO  CHWXEHWs  NoTepb
OWorimax MPYU Pa3HOM BPEMEHM WCMOMNb30BaHMS
MaKCUMyMma peaKkTUBHOWM Harpysku T u npu

max,Q

pasNNYHbIX YMcnax cekuwi. 3HaveHus t;, onpe-

LEensanucb UCXOAS M3 paBeHCTBa niowlagen nog
rpadomkamm Harpysku no popmyne:

2
. ___ 8760 19)

o 2(8760-T,,.4)

Pacuet npoussoaunca B AuvanasoHe T,

max,Q
ot 4380 pgo 0,875 - 8760 =7665 4. 3HayeHue
4380 4 cOOTBETCTBYET MaKcHMasibHOMY auana-
30HYy U3MEHEeHUS  PEeaKTMBHOW  MOLLHOCT
Harpysku. [py MeHblIKMX 3HaYeHusX T, oy-

max,Q
AyT HabnwgatbCs Te Xe YCNOoBWS, YTO M Mpu

4380 y, Ho ¢ YyMeHbLUEeHHbIM MaclwTabom Bpe-
meHun. [pepencHoe 3HayeHue T, =8760 y

max,Q
He paccMaTpuBasioch, Tak Kak npu aToM rpaduk
Harpyskn CTaHOBUTCSA paBHOMepHbIM, u BCK

Bynet pabotatb 6e3 perynmpoBaHusi.
MakcumanbHOe CHUXEHWE NoTepb Ha nepe-
[la4y peaKkTUBHOW MOLLHOCTU MW3MEHSeTCA OT
75%  npu  Heperynupyemon  BCK n
Traxg =87604 0o 98% npn 4eTbIPEXCEKLIMOH-

HOWBCK n T .., =76654.B nepsom cny4ae

PesyanaTb| pacyeTa MakCMMalibHOro CHMXXeHUa NnoTepb B CETU
Results of calculating the maximum reduction of losses in the grid

é\Nomn,max
Toaxor 41 h [P T O SR I 1 T O L © oe.l Tun TouKM
%
p.u.v.
1 0 1/2 3/4 75
0,5 - 8760 = 4380 8760 1 1210 1/3 8/9 88,89
3 0 1/4 15/16 93,75 SKCTDEMYM
4]0 1/5 24125 96 pemy
1 0 1/2 16/21 76,19
0,625 8760=5475 | 11680 43 1210 13 0,903 90,3
3 1 1/4 20/21 95,23 3KCTPEMYM = U3/1I0M
4 1 0,2052 0,9679 96,79 3KCTPEMYM
1 1 1/2 6/7 85,71 3KCTPEMYM = U3[IOM
0.75 - 8760 = 6570 17520 2 2 1 0,3629 0,9248 92,48 3KCTpEeMym
3 2 1/4 27/28 96,43 3KCTPEMYM = U3/I0M
4 2 0,2103 0,9747 97,47 3KCTPEMYM
1 1 3/4 36/37 97,3
13nom
0,875 - 8760 =7665 | 35040 4 |2 ]2 3/8 36/37 97,3
3 3 1/4 36/37 97,3 9KCTPEMYM = U3NOM
4 3 0,2147 0,9801 98,01 KCTPEMYM
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peaKkTBHas Harpyska B TEYEHWE rofa MeHsIeTcs
Ha 100%, Bo BTOpOM cnyyae — Ha 25% OT mak-
cumanbHon  mowHoctn. fpn T . o =7665y

MakCuMmMmalibHOE CHWXEHUE MNMOTepb MNPaKTU4YECKU
He 3aBWUCMT OT YmMcna Cekuui, a npun 4Yncne cek-

LM n=4 MakCuUMalibHOE CHWXEeHWe MnoTepb

mn Tmax,Q -
PaKTUYeCKu He 3aBUCUT OT , T.e. OT rpa
(buka peakTMBHOM Harpysku. Hambonee cylye-
CTBEHHbIV adhdhekT HabnogaeTcsa npu nepexoae
ot Heperynupyemon BCK k BCK ¢ aByms cekuu-
AMU.

3AKIKOYEHUE

1. 3aBUCMMOCTb CHWKEHWUS MOTEPb 3HEpPrun B
cetu ot mowHoctn BCK ¢ yyeTom perynuposa-
HUSI NPOXOAUT Yepe3 MakCUMyM, npuyem MoLL-
HocTb BCK B TOYke Makcumyma He OocCTuraet
HanbOonbLEeNn MOLHOCTM HArpyskn. ITO 3HAYUT,

ISSN 2782-4004 (print)

YTO MOSIHAsi KOMMEHcaUUs PeakTUBHOM MOLLHO-
CTW HeuenecoobpasHa faxe B TEX Cry4vasx, Ko-
roa cobctBeHHble notepu B BCK manbl, a ee
CTOMMOCTb MO TEM MM UHLIM NPUYMHAM MOXHO
He yunTbiBaTb. B paBHOW CTeneHun 3To cnpasej-
nunBo Takxe Ans Heperynupyembix BCK. Ucknto-
YEeHMEM  SIBNSIETCS  PaBHOMEPHbIN  rpaduk
HarpysKku.

2. BCK ¢ aByms cekuusiMM NO3BONSAKOT CHU-
3UTb NOTEPM IHEPTUM Ha nepeaadvy pPeakTUBHOW
moLHocTn Ha 90% u Gonee noyTn npu NodbIX
rpadoukax Harpy3ku. [ns Tpex- u YeTbipexcek-
umoHHbIX BCK cHmxeHne notepb npubnuxaeTtcs
k 100%. Takum 06pa3om, Anst CHKEHWS NOTEPb
3Heprun Tpebyetca He Gonee Tpex-yeTblpex
cekuun, a B 6OMbLUMHCTBE CryvyaeB AOCTaTOYHO
OOHOW-ABYX CeKuun. bonbliee 4MCno cekuum
onpaBdaHHO TOSIbLKO B TeX Cryyasx, Korga 3T1o
HeobxoauMo ANs PErynMpoBaHUS HaNPsHKEHUS.

CnucoK ucmoyHuKos

1. buryH A. A., Twpwun C. C., MeTtpoBa E. B., MoptoHoB
B. H. Yuyer Temnepatypbl NpOBOAOB MOBLILEHHOW MPO-
MYCKHOW CMOCOBHOCTM Npw BbIOOPE MEPONPUSTMIA NO CHY-
XXEHUIO NOTepb 3HEPruM Ha NpUMepe KOMNEeHcauum peak-
TWBHOW MoLHoCTK // CoBpemeHHble Npobnembl Hayku W
obpasoBanus. 2015. Ne 1-1. C. 212.

2. Muxees I'. M., Atamanos M. H., AdaHacbeBa O. B.,
Opent H. M. O komneHcauun peakTUBHOW MOLLHOCTU B
cHUcTeMax 3reKTPOCHabXeHUS C KOCUHYCHbIMU KOHAEHCa-
Topamu // OnektpoTexHuka. 2019. Ne 4, C. 32-41.

3.Girshin 'S. S., Bigun A.Ay, Ivanova E. V.,
Petrova E.V., Goryunov V. N. Shepelev A.O.
The grid element temperature considering when

selecting measures to reduce energy losses on the
example of reactive power compensation // Przeglad
Elektrotechniczny. 2018. Vol. 94. Ne 8. P. 101-104.
https://doi.org/10.15199/48.2018.08.24.

4. Xenesko 0. C. KomneHcaums peakTUBHOW MOLLHOCTM
B CNOXHbIX 3NeKkTpuyeckux cuctemax. M.. OHeprousapar,
1981. 200 c.

5. ApuoH B. [I., KapatyHn B. C., MacuHkosckui 1. A. Kom-
MEHCALWs peakTMBHOW MOLLHOCTM B YCIIOBMSX Heonpege-
NEHHOCTM WCXOOHOM WHGopmMauun /[ 3nekTpu4ecTso.
1991. Ne 2. C. 6-11.

6. nbswos B. . KoHgeHcaTopHble YCTaHOBKM MPOMBbILL-
neHHbIX npeanpuaTtuin. M.: Qnepromspat, 1983. 152 c.

7. BopoTHuukmin B. 3., Xabux K. B., Konubaba B. W.
CpaBHUTENbHBIV aHanu3 ynpasrieHUs peakTUBHON MOLL-
HOCTbIO Ha 3NIEKTPOIHEPreTUHECKNX PbIHKAX 3apy0exHbIX
cTpaH u Poccuu [/ Onektpuueckue ctaHumm. 2020. Ne 5.
C. 8-19.

8. MNetyxoB P. A., CusraHosa E. 0., CusraHos H. B., du-
natoe A. H. K Bonpocy aBToMaTtusauum ynpasneHus no-
TOKaMW pEaKTUBHOW MOLLHOCTM B CUCTEMAx 3NeKTpo-

cHabxenuss // BecTHuk WpkyTcKOro rocygapCTBEHHOMO
TexHuyeckoro yHusepcuteta. 2018. T. 22. Ne 7. C. 123-
146. https://doi.org/10.21285/1814-3520-2018-7-123-146.
9. HacbipoB P. P., AnbgpxeHan P. Belbop eMKOCTM KOH-
[eHcaTopa akTWBHOro unbTpa M MeToda ynpasrieHus
ero koHtponnepom // 3nektpoTtexHuka. 2020. Ne 1.
C. 51-55.

10. BopoTHukoe W. H., MactenaHeHnko M. A., labpuensH
W. X., WyHuHa A. A. MoauduumMpoBaHHBIA anropuTm
ynpaBneHnst KOMMNEHCAaTOPOM PEaKTUBHON MOLLHOCTW ANS
HecTauMoHapHbIX Harpysok /[ 3OnektpotexHuka. 2019.
Ne 3. C. 11-14.

11. TpybuuuH M. A., MukaanbsH E. 0. PacyeT yaenbHbix
MPUPOCTOB NOTEPb MPW ONTUMU3ALWKM PEAKTUBHBIX MOLL-
HOCTel B CMOXHOM 3nekTpoceT // VIHXEHEepPHbIN BECTHUK
JoHa. 2019. Ne 6. C. 41.

12. Wnuranosuy A. H., PbiykoB A. B. Ontumusauusa kom-
neHcaLunm peakTUBHOW MOLLHOCTM B CUCTEMAxX 3MeKTpo-
cHabxeHus co cneunduyHoi Harpyskon // Bectn BbiCLLKX
y4eOHbIx 3aBefeHnin YepHosembs. 2016. Ne 1. C. 28-32.

13. ApuoH B. 1., Xypasnes B. I'., CraBposckuit A. H.
OnTuMusaums BbibOpa UCTOYHUKOB PEAKTUBHOM MOLLHO-
CTU B 9NieKTpO3HepretTuyeckux cucremax. M.. Wspg-so
BMHWNTW, 1984. 63 c.

14. Home-Ortiz J. M., Vargas R., Macedo L. H., Romero
R. Joint reconfiguration of feeders and allocation of capac-
itor banks in radial distribution systems considering volt-
age-dependent models // International Journal of Electrical
Power & Energy Systems. 2019. Vol. 107. P. 298-310.
https://doi.org/10.1016/).ijepes.2018.11.035.

15. Gonzalo G., Aguila A., Gonzalez D., Ortiz L. Optimum
location and sizing of capacitor banks using VOLT
VAR compensation in micro-grids // |EEE Latin
America Transactions. 2020. Vol. 18. Iss. 3. P. 465-472.

https://vestirgtu.elpub.ru

749



lupwun C. C., AHOpeesa E. I"., Xauesckuti K. B. u dp. YnpasneHue MOWHOCMbI0 pe2ynupyembiX KOHOeHCamopo8 8 SeKMpUYECKUX ...

Girshin S. S., Andreeva E. G., Khatsevskiy K. V. et al. Power management of variable capacitors in electrical grid systems according ...

https://doi.org/10.1109/TLA.2020.9082717.

16. Abdelhady S., Osama A., Shaban A., Elbayoumi M. A
Real-time optimization of reactive power for an
intelligent system using genetic algorithm // IEEE
Access.  2020. Vol. 8. P. 11991-12000.
https://doi.org/10.1109/ACCESS.2020.2965321.

17. Fetouh T., Elsayed A. M. Optimal control and opera-
tion of fully automated distribution networks using im-
proved tunicate swarm intelligent algorithm // IEEE Ac-
cess. 2020. Vol. 8. P. 129689-129708.
https://doi.org/10.1109/ACCESS.2020.3009113.

18. Muhammad Ya., Khan R., Raja M. A.Z., Ullah F,,
Chaudhary N. I., He Yigang. Solution of optimal reactive

19. Saddique M. Sh., Bhatti A. R., Haroon Sh. S., Sattar
M. K., Amin S., Sajjad I. A., et al. Solution to optimal reac-
tive power dispatch in transmission system using meta-
heuristic techniques — Status and technological review //
Electric Power Systems Research. 2020. Vol. 178. P.
106031. https://doi.org/10.1016/j.epsr.2019.106031.

20. Twpwwuh C. C., ToptoHos B. H., Wenenes A. O. Ontu-
MarnbHOe ynpaBneHWe KOHAEHCATOpHbIMW GatapesMu B
pacnpefnenutenbHbix cetsix // YyeHble OMcKa — pervoHy:
matep. |l PernoH. Hayy.-TexH. koH®. (r. OMcK, 6-7 WioHS
2017 r.). Omck: U3g-so OMITY, 2017. C. 75-79.

21. Tvpwuu C. C., ToptoHos B. H., LUupsies A. C., Kosa-
nexHko [1. B. Bblbop koHAeHcaTOpHbIX GaTapei B anek-

power dispatch with FACTS devices: a survey //  Tpuyeckmx CETSX C YYETOM OTKIIHOHMEHUS MpW  ManbIX
Energy Reports. 2020. Vol. 6. P. 2211-2229.  Harpyskax // [pombiwnenHas aHepretuka. 2019. Ne 12. C.
https://doi.org/10.1016/j.egyr.2020.07.030. 12-18.

References

1. Bigun A. Ya., Girshin S. S., Petrova E. V., Goryunov V.
N. Accounting conductor temperature increased band-
width when selecting measures to reduce energy loss by
the example of reactive power compensation. Sovremen-
nye problemy nauki i obrazovaniya = Modern problems of
science and education. 2015;1-1:212. (In Russ.).

2. Mikheev G. M., Atamanov M. N., Afanasieva O. V.,
Drey N. M. On reactive power compensation in power
supply systems with cosine capacitors. Elektrotekhnika =
Electrical Engineering. 2019;4:32-41. (In Russ.).

3. Girshin S. S., Bigun A. Ay., lvanova E. V., Petrova E.
V., Goryunov V. N., Shepelev A. O. The grid element
temperature considering when selecting measures to re-
duce energy losses on the example of reactive power
compensation. Przeglad Elektrotechniczny.
2018;94(8):101-104.
https://doi.org/10.15199/48.2018.08.24.

4. Zhelezko Yu. S. Reactive power compensation in com-
plex electrical systems. Moscow: Energoatomizdat; 1981,
200 p. (In Russ.).

5. Arion V. D., Karatun V. S., Pasinkovskij P. A. Reactive
power compensation in conditions of initial information
uncertainty. Elektrichestvo. 1991;2:6-11. (In Russ.).

6. Il'yashov V. P. Condenser installations of industrial en-
terprises. Moscow: Energoatomizdat; 1983, 152 p.
(In Russ.).

7. Vorotnitskiy V. E., Zhabin K. V., Kolibaba V. I. Compar-
ative analysis of reactive power control in foreign electric
power markets and in Russia. Elektricheskie stantsii =
Power Technology and Engineering. 2020;5:8-19. (In
Russ.).

8. Petukhov R. A,, Sizganova E. Yu., Sizganov N. V., Fila-
tov A. N. To the problem of automated control of reactive
power flows in electrical energy supply systems. Vestnik
Irkutskogo gosudarstvennogo tekhnicheskogo universiteta
= Proceedings of Irkutsk State Technical University.
2018;22(7):123-146. https://doi.org/10.21285/1814-3520-
2018-7-123-146. (In Russ.).

9. Nasyrov R. R., Al'dzhendi R. Selection of the capaci-
tance of an active filter capacitor and the control method
for its controller. Elektrotekhnika = Electrical Engineering.

750

2020;1:51-55. (In Russ.).

10. Vorotnikov I. N., Mastepanenko M. A., Gabrielyan Sh.
Zh., Shunina A. A. A modified algorithm for controlling a
reactive power compensator for transient loads. El-
ektrotekhnika = Electrical Engineering. 2019;3:11-14. (In
Russ.)

11. Trubitsin M. A., Mikael'yan E. Yu. Calculation of spe-
cific gains of losses in the optimization of reactive power
in a complex power grid. Inzhenernyy vestnik Dona =
Don's Engineering Gazette. 2019;6:41. (In Russ.).

12. Shpiganovich A. N., Rychkov A. V. Optimization of
reactive power compensation with a specific load power
supply systems. Vesti vysshikh uchebnykh zavedeniy
Chernozem'ya = News of higher educational institutions of
the Chernozem region. 2016;1:28-32. (In Russ.).

13. Arion V. D., Zhuravlev V. G., Stavrovskij A. N. Selec-
tion optimization of reactive power sources in electric
power systems. Moscow: All-Russian Institute for Scien-
tific and Technical Information of the Russian Academy of
Sciences; 1984, 63 p. (In Russ.).

14. Home-Ortiz J. M., Vargas R., Macedo L. H., Romero
R. Joint reconfiguration of feeders and allocation of capac-
itor banks in radial distribution systems considering volt-
age-dependent models. International Journal of Electrical
Power & Energy Systems. 2019;107:298-310.
https://doi.org/10.1016/j.ijepes.2018.11.035.

15. Gonzalo G., Aguila A., Gonzalez D., Ortiz L.
Optimum location and sizing of capacitor banks
using VOLT VAR compensation in micro-grids. |IEEE
Latin  America  Transactions.  2020;18(3):465-472.
https://doi.org/10.1109/TLA.2020.9082717.

16. Abdelhady S., Osama A., Shaban A., Elbayoumi M. A
real-time optimization of reactive power for an intelligent
system using genetic algorithm. |EEE  Access.
2020;8:11991-12000.
https://doi.org/10.1109/ACCESS.2020.2965321.

17. Fetouh T., Elsayed A. M. Optimal control and opera-
tion of fully automated distribution networks using im-
proved tunicate swarm intelligent algorithm. IEEE Access.
2020;8:129689-129708.
https://doi.org/10.1109/ACCESS.2020.3009113.

https://vestirgtu.elpub.ru


https://doi.org/10.1109/TLA.2020.9082717

iPolytech Journal

2021.T. 25. Ne 6. C. 741-752

2021;25(6):741-752

18. Muhammad Ya., Khan R., Raja M. A. Z,
Ullah F., Chaudhary N. I, He Yigang. Solution
of optimal reactive power dispatch with FACTS
devices: a survey. Energy Reports. 2020;6:2211-2229.
https://doi.org/10.1016/j.egyr.2020.07.030.

19. Saddique M. Sh., Bhatti A. R., Haroon Sh. S., Sattar
M. K., Amin S., Sajjad I. A., et al. Solution to optimal reac-
tive power dispatch in transmission system using meta-
heuristic techniques — status and technological review.
Electric Power Systems Research. 2020;178:106031.
https://doi.org/10.1016/j.epsr.2019.106031.

20. Girshin S. S., Goryunov V. N., Shepelev A. O. Optimal

MHOOPMALIUA OB ABTOPAX

MpwuH Ctanucnas CepreeBuy,

KaHauaaT TEXHUYECKUX HayK, JOLEHT,

JOLEHT kadeapbl 3neKTPOCHabXeHUs MPOMbILLINEHHBIX
npeanpuaTuii,

OHepreTMYeckuin MHCTUTYT,

OMCKMI1 rOCy[apCTBEHHBIA TEXHUYECKUI YHUBEPCUTET,
644050, r. Omck, np. Mupa, 11, Poccus

AHppeeBa EneHa NpuropbeBHa,

[OKTOp TEXHUYECKUX HaykK, npodeccop,

npodeccop kageapbl ANEKTPUHECKON TEXHUKY,
OHepreTMYeckuin MHCTUTYT,

OMCKMi rocyaapCTBEHHbIN TEXHUYECKWUI YHUBEPCUTET,
644050, r. Omck, np. Mupa, 11, Poccus

XaueBckui KoHctaHTMH BnagumupoBuy,

[OKTOP TEXHUYECKMX HayK, AOLEHT,

npodeccop kageapbl ANEKTPUYECKON TEXHUKY,
OHepreTMYeckuin MHCTUTYT,

OMCKMI rocyaapCTBEHHbIN TEXHUYECKUI YHUBEPCUTET,
644050, r. Omck, np. Mupa, 11, Poccus

TpoueHko Bnagucnae Muxainnosuy,

ACCUCTEHT Kadeapbl 3neKTpocHabXeHNs
MPOMbILUNEHHBIX NPEANPUATUR,

OHepreTMYecKuin MHCTUTYT,

OMCK1I rocyapCTBEHHBIA TEXHUYECKUI YHUBEPCUTET,
644050, r. Omck, np. Mupa, 11, Poccus

MenbHukoB Hukonan AHgpeeBuy,

CTYOEHT,

OHepreTMYeCKnin MHCTUTYT,

OMCKkuI rocyfapCTBEHHbIA TEXHUYECKUN YHUBEPCUTET,
644050, r. Omck, np. Mupa, 11, Poccus

MeTtpoBa EneHa BnagumupoBHa,

JOLEHT Kadeapbl 3MeKTPOCHADXEeHUS MPOMbILLNEHHBIX
npeanpuaTuii,

OHepreTM4Yecknin MHCTUTYT,

OMckuin rocyiapCTBEHHbIA TEXHUYECKUN YHUBEPCUTET,
644050, r. Omck, np. Mupa, 11, Poccus

ISSN 2782-4004 (print)

control of capacitor banks in distribution networks.
Uchenye Omska - regionu: materialy Il Regional'noj
nauchno-tekhnicheskoj konferencii = Scientists of the city
of Omsk to the region: materials of Il regional scientific
and technical conference. 6-7 June 2017, Omsk. Omsk:
Omsk State Technical University; 2017, p. 75-79.
(In Russ.).

21. Girshin S. S., Goryunov V. N., Shiryaev A. S., Ko-
valenko D. V. Selecting capacitor banks in electrical net-
works taking into account shutdowns at low loads.
Promyshlennaya energetika. 2019;12:12-18. (In Russ.).

INFORMATION ABOUT THE AUTHORS

Stanislav S. Girshin,

Cand. Sci. (Eng.), Associate Professor,

Associate Professor of the Department of Power Supply
for Industrial Enterprises,

Energy Institute,

Omsk State Technical University,

11 Mira Ave., Omsk, 644050, Russia

Elena G. Andreeva,

Dr. Sci. (Eng.), Professor,

Professor of the Department of Electrical Engineering,
Energy Institute,

Omsk State Technical University,

11 Mira Ave., Omsk 644050, Russia

Konstantin V. Khatsevskiy,

Dr. Sci. (Eng.), Associate Professor,

Professor of the Department of Electrical Engineering,
Energy Institute,

Omsk State Technical University,

11 Mira Ave., Omsk 644050, Russia

Vladislav M. Trotsenko,

Assistant Professor of the Department of Power Supply
for Industrial Enterprises,

Energy Institute,

Omsk State Technical University,

11 Mira Ave., Omsk, 644050, Russia

Nikolay A. Melnikov,

Student,

Energy Institute,

Omsk State Technical University,
11 Mira Ave., Omsk 644050, Russia

Elena V. Petrova,

Associate Professor of the Department of Power Supply
for Industrial Enterprises,

Energy Institute,

Omsk State Technical University,

11 Mira Ave., Omsk 644050, Russia

https://vestirgtu.elpub.ru

751



lupwun C. C., AHOpeesa E. I"., Xauesckuti K. B. u dp. YnpasneHue MOWHOCMbI0 pe2ynupyembiX KOHOeHCamopo8 8 SeKMpUYECKUX ...

Girshin S. S., Andreeva E. G., Khatsevskiy K. V. et al. Power management of variable capacitors in electrical grid systems according ...

loproHoB Bnagumup Hukonaesuy,

[OKTOp TEXHUYECKUX HayK, npodeccop,

3aBefytoLmnit kacdepow aneKTpocHabxeHNs
MPOMBILLIIEHHBIX MPEANPUATHN,

OHEpPreTMYecknii IHCTUTYT,

OMCKMi rocyapCTBEHHbIN TEXHUYECKUI YHUBEPCUTET,
644050, r. Omck, np. Mupa, 11, Poccus

Bknap aBTopoB
Bce aBTOpbl cAenanu 9KkBMBANeHTHbI BkNag B NoAro-
TOBKY nybnukaumu.

KoHdnukT untepecos
ABTOpbl 3asBRAOT 06 OTCYTCTBMM KOHCDIMKTA WMHTEpe-
COB.

Bce asmopbi npoyumanu u 0006punu OKOHYamesbHbIl
gapuaHm pykonucu.

WHdopmaums o ctatbe
Cratbst moctynuna B pegakumio 19.10.2021; opgobpeHa
nocrne peueHsupoBaHus 25.11.2021; npuHata k ny6nu-
Kauum 28.12.2021.

Vladimir N. Goryunov,

Dr. Sci. (Eng.), Professor,

Head of the Department of Power Supply for Industrial
Enterprises,

Energy Institute,

Omsk State Technical University,

11 Mira Ave., Omsk 644050, Russia

Contribution of the authors
The authors contributed equally to this article.

Conflict of interests
The authors declare no conflicts of interests.

The final manuscript has been read and approved by all
the co-authors.

Information about the article
The article was submitted 19.10.2021; approved after
reviewing 25.11.2021; accepted for publication
28.12.2021.

752

https://vestirgtu.elpub.ru



= 2021.T. 25. Ne 6. C. 753-761 .
iPolytech Journal 2021.25(6).753-761 ISSN 2782-4004 (print)

POWER ENGINEERING

Original article
https://doi.org/10.21285/1814-3520-2021-6-753-761

A new criterion of asymptotic stability for Hopfield
neural networks with time-varying delay

Weiru Guo™®, Fang Liu?

2Central South University, Changsha, People’s Republic of China
lweiruguo@csu.edu.cn, http://orcid.org/0000-0002-7390-0400
zcsuliufang@csu.edu.cn, http://orcid.org/0000-0003-0750-8344

Abstract. The objective of this paper is to analyze the stability of Hopfield neural networks with time-varying delay.
For the system to operate in a steady state, it is important to guarantee the stability of Hopfield neural networks with time -
varying delay. The Lyapunov-Krasovsky functional method is the main method for investigating the stability of time-
delayed systems. On the basis of this method, the stability of Hopfield neural networks with time-varying delay is ana-
lysed. It is known that due to such factors as communication time, limited switching speed of various active devices, time
delays often arise in various technical systems, which significantly degrade the performance of the system, which can in
turn lead to a complete loss of stability. In this regard, a Lyapunov-Krasovsky type delay-product functional was con-
structed in the paper, which allows more information about the time delay and reduces the conservatism of the method.
Then a generalized integral inequality based on the free matrix was used. A new criterion for asymptotic stability of Hop-
field neural networks with time-varying delay, which has less conservatism, was formulated. The effectiveness of the
proposed method is illustrated. Thus an asymptotic stability criterion for Hopfield neural networks with time-varying delay
was formulated and justified. The expanded Lyapunov-Krasovsky functional is constructed on the basis of delay and
quadratic multiplicative functional, and the derivative of the functional is defined by a matrix integral inequality with free
weights. The effectiveness of the method is illustrated by a model example.

Keywords: hopfield neural networks, asymptotical stability, LKF method, time-varying delay
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QHEPTETUKA

HayuHas ctatbs
YOK 518.5:517.977.58

HoBbIn KpuTEpPUN AaCUMNTOTUYECKON YCTOMYMBOCTHU
HeMpPOHHbIX ceTen Xondunpa ¢ nepeMeHHbIM 3anas3abiBaHUEM

Baixy [0'=, daH Mio?

12 LlenmpanbHbil KOxHbIl yHUBEpcumem, e. Yanwa, Kumalickasi HapoOHas Pecrybnuka
! weiruguo@csu.edu.cn, http://orcid.org/0000-0002-7390-0400

2 csuliufang@csu.edu.cn, http://orcid.org/0000-0003-0750-8344

Pe3rome. Llenb — aHanu3 yCTONYMBOCTU HEMPOHHBIX ceTen Xondunga ¢ U3MeHSIoLWeNcs BO BPEMEHN 3a4epXKKOW.
[ns Toro ytobbl cuctemMa Morna pabotaTtb B YCTOWYMBOM COCTOSIHUM, BaXHO rapaHTMpOBaTb YCTOMYMBOCTb HEMPOHHbIX
ceTelt Xongunaa ¢ U3MEHSAIOLLENCA BO BpeMeHu 3adepxkon. Metoa dyHkuuoHana flanyHosa-Kpacosckoro siBnsercs
OCHOBHbIM MEeTOA0M UCCReaoBaHWs YCTOMYMBOCTM CUCTEM C BPEMEHHON 3adepxKoi. Ha ocHoBe AaHHOro MeTofa B pa-
60Te aHanuaMpyeTcs YCTONYMBOCTb HEMPOHHLIX ceTen Xondunaa ¢ U3MeHSIOLLeics BO BpEMEHU 3a4epKKoil. M3BeCTHO,
YTO M3-3a TaKMX (HAKTOPOB, KaK BPEMS CBS3W, OrpaHUYeHHast CKOPOCTb NEPEKMIOYEHNS PA3NNYHBIX aKTUBHbIX YCTPOICTB,
B Pa3NUYHbIX TEXHUYECKUX CUCTEMAX YACTO BO3HMKAIOT BPEMEHHBIE 3a4EPXKKM, KOTOPbIE CYLLECTBEHHO yXyawatoT pabo-
Ty CUCTEMbI, YTO MOXET B CBOI Ovepeb NPUBOAMUTL K MOMHOW NoTepe YCTONYMBOCTU. B cBS3M ¢ 3TUM B paboTe Obin
MocTpoeH yHKUMoHan JlsmyHoBa-KpacoBckoro Tuna «delay-producty, 4To no3BonsieT ucnonb3oBaTb Bonblie MHGOP-
MauuM 0 BPEMEHHOW 3a[lepPXKe U YMEHbLUaTb KOHCEpPBATU3M MeToda. 3atem Obino Mcnonb3oBaHo 0600LLEeHHOe MHTEe-
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rpanbHOe HepaBeHCTBO Ha OCHOBe CBOBOAHOW MaTpuubl. CHOpMynMpoBaH HOBbLIA KPUTEPWIA aCUMNTOTUYECKOW YCTO -
YMBOCTM HelpOHHbIX ceTei Xondunaa ¢ M3MEHSIIOLENCS BO BPEMEHU 3aepXKoW, KOTOpbii 0bnagaeT MEHbWMUM KO H-
cepBatuamom. MpounniocTpupoBaHa 3hdeKTUBHOCTL NPeanoXeHHOro MeToAa. Takum obpasom, B pabote copmynu-
poBaH M 06OCHOBAH KPUTEPWIA aCUMNTOTUYECKOW YCTOMYMBOCTM NSt HEMPOHHBIX ceTel Xondunga ¢ M3MeHsLencsa Bo
BPEMEHU 3aJepPXKoiA. IMpn 3TOM paclmpeHHbi dyHKunoHan JisnyHoBa-KpacoBckoro ctpoutcs Ha OCHOBe 3anasfbiBa-
HUS 1 KBagpaTUYHOTrO MyNbTUMNMKATUBHOMO (HyHKLMOHANA, a Npou3BoAHas (PyHKLWOHana onpeaensercs MaTpuyHbIM
MHTerpanbHbIM HepaBeHCTBOM CO CBOOOAHBIMKM Becamu. PPEKTUBHOCTL METoda WINMOCTPUPYETCA HAa MOAESbHOM

npumepe.

Knroyeebie cnoea: HelipoHHble ceTu Xondunga, acuMnToTUYeckas yCTOMYMBOCTb, MeToq (hyHKLMOHana JlanyHo-

Ba-Kpacosckoro

Ansa yumupoeaHus: o Banxy, Jllo ®aH. HoBbli KpUTEpWIl aCUMNTOTUYECKON YCTOMYMBOCTU HEWPOHHBLIX CETel

Xongunga ¢ nepemMeHHbIM 3anasgbiBaHuem  //
https://doi.org/10.21285/1814-3520-2021-6-753-761.

INTRODUCTION

It is well known that neural networks have
many applications in the area of signal
processing, pattern recognition etc. Hopfield
neural network is one kind of neural networks
given by J. J. Hopfield in 1982. In recent years,
Hopfield neural networks (HNNs) has attracted
an increasing attention since it has found many
applications in classification of patterns,
associative memory, image treatment, solving
optimization problems and other areas [1-6].
Especially, HNNs have been widely applicated
in power system. For example, HNNs can solve
the economic dispatch, which is a typical optimal
problem in power system, and give a proper
dispatch bringing great economic benefits.
What's more, in the electric power network
planning, HNNs can be used to select each load
node’s in-degree and direction of in-degree and
the structure of distribution can be also decided.
The problems of power flow can be solved by
HNNs in the same time. However, the time-
varying delay usually exists in the HNNs and it
has a negative influence on system
performance. It means the existence of time-
varying delay will make the performance of the
system to be worse and even make it instable.
Therefore, the stability analysis of HNNs is a hot
topic.

In the existing literature, the stability analysis
of HNNs is often based on time-invariant delays
or based on simple Lyapunov-Krasovskii
functional in [7-12]. However, the conclusions
are conservative due to the less information
about delays in the LKF. Therefore, this article
will analyze the stability of HNNs with
timevarying delays based on the augmented
Lyapunov-Krasovskii ~ functional with delay-

iPolytech  Journal.

2021. T. 25. Ne 6. C. 753-761.

product-type terms. [7] constructed a simple
LKF for HNNs with time-invariant time delays,
and obtained the stability criterion by using the
time-delay segmentation method. The more
time-delay  segments, the lower the
conservativeness, but the computational
complexity also increased. [8] constructed an
augmented LKF with more information about
delays for HNNs with time-varying delays, and
analyze its stability by the free weight matrix
method. It still has room to decrease the
conservativeness in terms of LKF construction
and processing of functional derivatives. In
terms of LKF construction, augmented LKF that
contain more information of delays has been
used widely. For example, [13] proposed two
new LKFs with delay-product-type terms. The
relationship between time delay and quadratic
terms is changed from simple addition to
multiplication. It can effectively reduce the
conservatism of the conclusion. On the other
hand, the derivative processing aspect of the
functional is mainly changed from the free
weight matrix method [14] to the integral
inequality method, such as Jensen inequality
[15], Wirtinger inequality [16], B-L inequality [17]
, auxiliary function-based integral inequalities
[18] and so on. The generalized free matrix
integral inequality proposed in [19], which is
based on Legendre series. By introducing some
free matrices, the integral term can be estimated
more tightly. Besides the two aspects mentioned
above, how to find the condition that guarantees
the negative definiteness of the derivative of
LKFs is also important, especially when the
derivative is a quadratic function with respect to
the time-varying delay. The sufficient condition
reported in [20] is commonly used but recently a
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relaxed quadratic function negative-
determination lemma is proposed in [21]. In this
lemma, an adjustable parameter is introduced
which  provides potential to reduce the
conservatism  without much computational
complexity.

In this paper, a suitable LKF is constructed
based on the delay and quadratic multiplication
LKF, and the derivative of the LKF is estimated
by the integral inequality method and a relaxed
quadratic ~ function  negative-determination
lemma is employed to obtain the asymptotic
stability criteria of HNNs. Finally, a numerical
example is given to demonstrate the advantages
and effectiveness of the proposed method.

Notation: The notation R" denotes the n-
dimensional Euclidean space; P >0 means that
the matrix P is positive definite; | and 0
represent an appropriately dimensioned identify
matrix and zero matrix respectively; * stands for
the symmetric term in the symmetric matrix; the
transpose and the inverse of a matrix are
denoted by the superscripts T and -1;

Sym{X}=X+X".

PROBLEM FORMULATION
Consider the following Hopfield neural
networks(HNNS):

y(t)=—Ay(t) +Bg(y(t-7))+u, 1)

wheredzDzdenotes the neuron state vector;
u=[u,u,,..ul" eR" is a constant input
vector; A=diag{a,,a,,..,a,} >0 is a diagonal

matrix; B is the delayed connection weight
matrix;

g(y() =[9(%: (), (¥ () 9V, (NI € R

is the neuron activation function: = is the time

ISSN 2782-4004 (print)

Let X" =[x,X,,...,x.]" be the equilibrium
point of system (1). By the transformation
y(+) = x(+)—x",we can simplify the equation
and the HNNs (1) is rewritten as:

X(t) =—Ax(t) +Bf (x(t—7)) | 3)

where
fi (% () = 9; (% () + XI*) -9 (Xi*)!i =12,..,n. (4)

By Assumption (1) and (4), it is easy to verify
that

v S hO= g

=0,vx;eR,j=12,..,n

The time-varying delay satisfies the following
condition:

O<zr<h0<7< (5)

Lemma 1: Given a positive integer [19] N,
an positive definite symmetric matrix ReR",
M, e R™™(i=0,1,2) and a vector £ € R", for
any continuous differentiable function, the
following inequality holds:

["% R

a

X(s)ds <

N

< Z[ZgNﬁN

mﬁ S CIMIR M)

delay. X (8) X (@), N =0
Assumption 1. The neuron activation ¢, =1 - : 1 -
function in system (1) for Vx,yeR and x=vy [x(B) x(a) ﬁ—aQO ﬂ_aQN—l] , N>0
satisfies the following condition: _
0,09~ 9,00 =t ' N=0
T, =
0=y shed=bzean @ T ) A5 AN >0
where L;(j=12,..,n) are positive constants. Q, :If L, (u)x(u)du
https://vestirgtu.elpub.ru 755
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0, iI>k+1

oerer(f )

Lemma 2: For a quadratic function [21]
f(y)=a,y*+ay+a,, f(y)<0 holds for y e[a, A] if
the following holds for any given x<[0,1]:

. {—(Zi +D(A- (=)%Y, i<k

f(a)<0

f(p) <0

—x’a,(f-a)’ + f(a)<0
~(-x)’8,(f-a) + f(B) <0

Lemma 3: Assuming that [22] (5) holds, then

NG

ASYMPTOTIC STABILITY CRITERIA

In this section, a new delay-dependent
asymptotic stability criterion for HNNs with time-
varying delay is derived.

Theorem 1: Given a fixed x<[0,1],h, 4,
U, , system (3) is asymptotically stable if there
exist symmetric matrix P >0(i=12,3),
Q >0(i=12,34), R>0, matrix
A=diag{4,4,...4,} >0,

S, =diag{sy,S;...5,) >0 (i=12) and any
matrix M, M, (i=0,12), such that the following
holds

(9)]ds <[p-a][f,(8

* ~hR
{Y(h,,,uc)JrY(Kh 11,) — 82a,h? hMFJ <0

*

where 1=1,2; ¢=12; h=0; h,=
h—

M=, 0=K; 0, =1-K;T=

)-f(2)].i=12,...n.

M, =col{M,;,M,;,M,,};
M, =col {M,,1-x)M,,xM, };
R =diag{R, 1—-x)R, xR},
R = diag{R,3R,5R};
& =[0ym s |+ Oprzpnds 1 =1,2,.,12;

=—Ae, +Be;

6
Y(z,7) = Y,(z,2) + X, () + Y3(£) + D X5
Y, (r) =Sym {HL R HZl}
+¢ 15, B, I, +7Sym {le P, sz}
~¢ 15 P [T, +7 Sym {Hla R st} ;

Y2 (T) = elT Qlel - (1_ i')e; QleZ +
+ (1-7)ejQ,e, —elQ.e;;

YS (T) = Hg Q3 Hs _(1_ f) HZ Q3 H4
+(1-7) HZ Q,I1, _H; QI

Y, = Sym{ej,Ae,|;

2
Y= hesTRes+ZSym{ngE1Tl<M1k +0; ElTkMzk};
k=0

Yo = Sym{elTers + elT LS.e,

_e1ToSle10 + e; LSZell - elTlszen};

a, =N, P,N, + Sym{N, R,IT,, |
~#N; PN, +Sym{N; P,IT,,}

d, =col{e,,e,,e,};

d, =col{e,,e}, d,=col{e;,e,};
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d, =col{e,,(1-7)e;, &}

d, =col{e, —(1-7)e,, e, —(1-7)e, —7e.};
d, =col{(1-7)e, —e,;,(1-7)e, —e, +7e,};
I, =col{d,,zd,,7d,}, I, =col{d,,d;,d,};
I1,, =col{d,,zd,}, I, =col{d,,d,};

I, =col{d,,7d,}, IT,;=col{d,,dg};

I, =col {e,,&,€,}, T, =col{e;e,e,};

I, =col {e,,e;,e,}, E,=[1,-1,0,0];

E,=[1,1,-21,0], E, =[1,-1,0,-61];
g, =col {e,,e,,6,—€; +2e, };
g, =col {e,,e,.e,,—€, +2¢e};

N, =col{0,0,0,d,}, N, =col{0,0,0,d.};

(1) = col{x(t), x(t — ), x(t — h),

L T@ds,jt j @dsde,
s [ TX(S’ dsdo
X(t— f),x(t—h),
f(x@®), f(x(t-7)), f (x(t—h))}

Proof: Consider the following LKF candi-
date:

VO=2 %0, ®

where

Vi (t) = ()R, (t) + 217, ()P, (t) +
+ (h—2)n; ()P, (1);

(SN 2782-4004 (print)
V0= x (5)Qx(s)ds;
V0 =] 7 (5)Qum,(s)ds;

V.0 =22 A f(5):

Vo) =" [ X (s)Rx(s)dsd;

and

m(t) = col{x(t), x(t - ), x(t ~h),
f X(8) gs. j: r j; X(3) gsde,

T T

. TX(S> s, 7] TX(S)d s}

17,(t) = col{x(t), x(t — 7). x(t - h),
[ @ds,r j‘&f’)dsde};
t-r t-zJ6 T

n,(t) = col{x(t), x(t —7), x(t — h),
J-I r x(s) J-t_r'[t r x(s) ds dH}

and  P>0(i=123), Q >0(i=1234),
R>0, A>0 which shows V(t)Zg||x||2 for a

sufficient small &> 0.
Then calculating the derivatives of V(t)

defined in (9) and the derivatives of
Vi (t) (i=12,...,5) are given by

Vi (t) = 277 (1R (1) + 7773 (1) Py, (1) +
+2zn7; ()P, () —2m3 P, () +  (9)
+2717; (t) Py (t) = ET (1) Y, (7, 7) E(1).

V,(0) =X ()Qx(s) - X' (t-7)(Q~Q,)
X(t-7)-Qx(t-h)=¢" (t){e Qe —€;Qe, (10)
+6,Q,8, -8 Qe }e(t) =& (O, (7)S().

https://vestirgtu.elpub.ru
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Va(t) =, Q7. () - 713 (- 7)(Qs —Qu)
m,(t=7) =, (t=h)Qun, (t—h)
=& (O Q I, -T1 Qs T,
+1T; Q, TT, 115 Q, TIsX (M)
=S OB,

(11)

\/'4 t=2f T (x(t))Ax(t)
= &7 (t)Sym{efAe, | £(t)
=&ET()Y,E().

(12)

V,(0) = R - [ X" (ORx@B)ds.  (13)

Based on lemma 1, Lih X" (t)Rx(t)ds with
R > 0 can be estimated as:

[ ORK®ds = i (ORi(t)ds -

[ X ORI < Y12¢ OEIM, )

T

2k +1
#3126 OB M ()

T
2k +1

-£10] 3 om{glELM, +o[ERM, |+ Tt

+—— T (OMER M ()]

+

E (MR M, £(1)]

where

£,®) = col{x(t — ), x(t—h), = [ x(s)ds,
7 Jton

1 t-r 2 t—r pt-t .
=], X()ds+ = L_h j x(s)dsdu};

T Jt=h

£,(6) = coHx(®), x(t-2), = [ x(s)ds,
Tttt
1

t 2 ptoet
~ X(s)ds + j j x(u)duds}.

758

Therefore,

V) <&TO{Ys+ Y0 (149)

For matrices S =diag{sy,s;....5,}>0

(i=1,2), the following hold by using lemma 3:

0<2x" (t)LS, f (x(t))—2fT (x(t))S, f (x(t))
+2xX" (t—7)LS, f (x(t-7))
27 (X(t-1))S, T (x(t-7))
=& (O)Y5(0).

(15)

It follows from (10)—(16) that
V()< )(Y(@)+Ys)Et) =a(z). (16)

It is found that @(z,7) is a quadratic

function. Thus, based on lemma 2, the following
holds:

@(0,0)<0

@(h,0)<0

—x*a,h* +@(0,0) <0
—(1-«x)*a,h*+a@(h,0)<0

; (17)

@(0,1)<0

@(h,u) <0

—x’a,h’ +@ (0, 1) <0
~(1-x)*a,h*+a@(h, 1) <0

(18)

It follows that (18),(19) = (7),(8) by using
Schur complement. This completes the proof.
NUMERICAL EXAMPLES

In this section, a numerical example is given
to demonstrate the effectiveness and
advantages of the proposed method.

Example 1: Consider the following HNN (3)
with time-varying delay (6):

08 0 0.1 0.3
A: y B = y
{ 0 5.3} {0.9 0.1}

https://vestirgtu.elpub.ru
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Lot 0 0.9
Tlo o1 AT

By the Theorem 1 of this paper, the
maximum delay h that guarantees the
asymptotic stability of HNN (3) is 51.3012 while
it is 14.660 in [8]. So our result is less
conservative.

— (1)

- .xz(t)

x(t)

05} N

———

05H
]

Time (s)

State trajectories of the system of Example 1
Tpaekmopuu cocmosiHull cucmeMbl npumepa 1

ISSN 2782-4004 (print)

Setting

X(0) =col{2,-1} r =0.9sint +50.4012
f (x) =col{tanh (x,(t)), tanh (x,(t) )} .

The responses of the HNN (3) with a time-
varying delay when x=0.9,h=51.3012 are

shown in the figure above. The result indicates
that the system is stable at its equilibrium points,
which verifies the effectiveness of the proposed
method.

CONCLUSION

In this paper, an augmented functional is
constructed based on the delay and quadratic
multiplicative functional, and the derivative of the
functional is defined by the free-weight matrix
integral inequality. We choose the relaxed quad-
ratic function negative-determination lemma to
deal with the quadratic function and obtain the
stability criterion. Finally, a numerical example is
given to prove the effectiveness and advantages
of the proposed method in this paper.
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OnpepeneHne cpeAHUX YAeNbHbIX KANUTaNoOBNOXEHUN
naporasoBbIX YCTAaHOBOK C ra3oBbIMU TYpOMHaAMKM B Anana3oHe
moLwHocTen 30-125 MBT, BBeAe€HHbLIMM B 3KCNyaTaLuio
Ha POCCUUCKUX TEMSOBbIX 3NIEKTPUYECKUX CTAHLMUAX B Nepuoa
2015-2020 rr. n cpaBHUTENIbHbLIM aHaNU3 ¢ AaHHbIMU
nepuoga 2010-2014 rr.

EneHa lleonnpoBHa CtenaHoBa'®, AHatonuit MeTpoBuy OBYUHHUKOB®
1'ZI/IHcmumym cucmem sHepeemuku um. J1. A. MeneHmeesa CO PAH, e. Upkymck, Poccusi
'elstep47@mail.ru, http://orcid.org/0000-0002-2726-5397
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Pe3rome. Llenb — HaxoxaeHWe cpefHUX YAENbHbIX KanuTanbHbIX BIIOKEHUA U pacXo4oB TONMMBA HA OTMYCK anek-
TPUYECKOW M TENOBOW SHEPrUM ANs BBEAEHHbIX B 3KCMyaTaLumio 610KOB NaporasoBbiX YCTAHOBOK HA POCCUICKMX Ten-
NOBbIX 3NEeKTpUYecknx ctaHumsax B nepmog ¢ 2015 no 2020 r., cogepalimx B CBOEM COCTaBe ra3oBble TypOuHbI B Ana-
nasoHe eAuMHUYHBIX anekTpuyeckux mowiHocten 30-125 MBT. B paboTe ncnonb3oBanucb 0bLLeNpUHATLIE METOARI pac-
yeTa cpedHWX yAernbHbIX KanuTanbHbIX BAOXEHWA U pacxo4oB TOMMMBA Ha OTNYCK 3MEKTPUYECKON U TEMOBOW SHEPrUK
ANs1 3HeproobopyaoBaHMs TENMNOBLIX 3NEKTPOCTaHUMA. [ANs BLINONHEHUs UccneaoBaHuin o6beMoB BBOAA ra30BbIX Ty p-
OuH B coctaBe 6roka napora3oBbiX YCTAHOBOK TypOWHBI Bbinu KnaccuduuMpoBaHbl Ha TPy TPYNMbl MO 31EKTPUYECKON
mouHocTh: 30-59 MBT, 60-99 MBT, 100-125 MBT. MNpoaHanuaupoBaHbl 06beMbl BBOAA B 3KCMNyaTaLUuMio SHepretTuye-
CKMX rasoBbix TypbuH, paboTatowmx B coctaBe BNOKOB Napora3oBbiX YCTAHOBOK, HA POCCUMINCKUX TEMMOBbLIX ANeKTpuye-
ckux ctaHumax B nepuofd ¢ 2015 no 2020 r. BeluncneHsl cpefHue yaenbHele KanuTanbHble BNOXEHUS B Naporasosble
YCTaHOBKM, COAepXKalli/e B CBOEM COCTaBe ra3oBble TYpOWHbI B [Mana3oHe eAnHUYHBIX 3NeKTpUYecknx MowHocten 30—
125 MBT, a Takxe cpefHue yaenbHble pacxofbl TONMBa Naporas3oBbIX Y CTAHOBOK HA OTNYCK 3MEKTPUYECKON U TENSIOBON
BUOOB 3HEprMU. PacyeTbl BbINOMHEHLI ANS Kaxgoro 6510ka nMaporasoBbiX YCTAHOBOK, BXOASLLEr0 B COCTAB TEMMOBbLIX
3NEeKTPUYECKMX CTaHLMN C pa3buekon No cemu 0ObEAMHEHHbIM 3HepreTuyeckum cuctemam Poccuiickon depepaunm.
MpvBeaeHbl pe3ynbTaThl CPABHEHWUS KOMMYECTBEHHBIX BBOAOB ra3oBbix TypouH B nepuog ¢ 2010 r. 4O 3KOHOMUYECKOTO
kpusuca 2014 r. n B nepuog nocne 2014 r. 4o HaCTOSILLErO BPEMEHU, KOTOPbIE NMOKa3bIBAOT CHUXEHWE BBOLOB B 3KCMMY-
artaumio rasosbix TypouH ~ B 2,5 pasa. lpoBedeHa npeaBapuTenbHas OLEHKA YBENWYEHUS CPEeAHUX YAEMNbHbIX Kanu-
TanbHbIX BNOXEHUN B NaporasoBble YCTAHOBKMW, B COCTaBE KOTOPbLIX UMENUCh OAWHAKOBLIE NO 3MEKTPUYECKON MOLLHOCTH
rasoBble TYpOuMHbI.

Knroveeble cnoea: ras3oBble TYpOMHLI, NApoOra3oBbie YCTAHOBKM, TEMMOBLIE 3MEKTPUYECKUE CTaHLMWK, YOEeNbHble Ka-
MUTaNoBMOXEHNS], yAENbHbIE PAacX0dbl YCNOBHOMO TONMMBA
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Determination of average relative capital investment
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at Russian thermal power plants in 2015-2020.
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Annotation. The present work examines average relative capital investment and fuel consumption for electric and
thermal energy supply of the combined-cycle plants having 30-125 MW gas turbines commissioned at Russian thermal
power plants in 2015-2020. In this work, we used general calculation methods of average relative capital investments
and fuel consumption for the electrical and thermal energy supply using power equipment of thermal power plants. To
assess the scope of commissioning gas turbines incorporated into the combined-cycle plants, they were classified into
three groups by electrical power: 30-59 MW, 60-99 MW and 100-125 MW. The scope of commissioning gas turbines
incorporated into the Russian combined-cycle plants in 2015-2020 was analysed. The average relative capital invest-
ment in combined-cycle plants having 30-125 MW gas turbines, as well as the average specific fuel consumption for the
electrical and thermal energy supply, were calculated. The calculations were carried out for each part of combined-cycle
plants integrated into thermal power plants with a breakdown by seven Unified Energy Systems of Russia. The quantita-
tive commissioning of gas turbines is compared for the periods from 2010 to the economic crisis of 2014 and after 2014
to the present: a ~2.5-fold decrease is demonstrated. A preliminary evaluation of the increase in average relative capital
investment in combined-cycle plants having gas turbines of the same electric power was performed.

Keywords: gas turbines, combined cycle gas turbines, thermal power plants, specific capital investment, specific
consumption of fuel equivalent
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BBEOEHUE

a3oTypbuHHble ycTaHoBku ([TY), paboTta-
toLMe B COCTaBe naporasosbix ycTaHoBoK (MI7Y)
WM SKCnIyaTupyemble Kak OTAenbHOe aHepre-
TUyeckoe obopyLoBaHMe, aKTUBHO NMPUMEHSIOT-
Csl B 9HepreTuke kak B Poccum, Tak 1 B Apyrux
cTpaHax. ['TY obnagatoT onpeaeneHHbIMU npe-
MMyLLECTBAMW MO CPABHEHWIO C MapoTypOuH-
HbIMKU ycTaHoBkamu (MTY), B KOTOPbIX NapoBas
TypbuHa xapakTepusyetca ©Oonee BbICOKOW
HageXHOCTbio U BOMbLUKM CPOKOM 3KCnnyara-
uuK, Yyem raszoBast TypbuHa; nNpu NPoM3BOACTBE
NapoBOro KoTNa 1 NapoBo TypOuHbl NCMOSb3Y-
0TCA MeHee AeuUUTHbIE MaTepuarnbl, YeM npu
U3roTOBNEHWN ra3oBon TypbuHbl. Ana 'TY Tpe-

ByloTCS MeHbLUME CPOKM CTPOWUTENbCTBa U BBO-
[a B 3KCnnyaTtauuio, UM XapakTepHbl KOMMaKT-
HOCTb, Bonee HWU3KMe JKCnnyaTauuoHHbIe 3a-
TpaThbl 1 cebectommocTb npoaykuum, Gonee Bbl-
COKWUN KOI(PULMEHT NONE3HOro AENUCTBUSA Mpu
pabote B coctase Y [1-5]. [TY moryT BXO-
OMTb KaK B COCTaB TEMSIOBbIX 3ANEKTPUYECKMX
ctaHumn (TOC), Tak u aKcnayaTMpoBaTbCs Kak
OTAENbHOE 3HepreTU4eckoe NpPOU3BOACTBO, pa-
6oTas Ha COBCTBEHHble HyXAabl wnn obme
anekTpuyeckue n Tennosble cetu. 'TY vacto
3KCNNyaTUPYOTCA B pPeXWUMe  KoreHepauum,
obecneyeHns notpebutenen aneKTpU4eckon u
TENnoBoON aHepruen [6-8].
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NOCTAHOBKA 3AO0AYU U PE3YJIbTAThHI
UCCNEQOBAHUN

MpoueHT I'TY n MY B HacTosLEee BpeEMS B
eAnHON aHepreTnyeckon cucteme Poccumn (EQC
Poccumn) goctatouHo man — nopsgka 9% ot 06-
wero napka TAC ESC Poccuun. Ho ctout otme-
TWUTb, YTO B NOCNEAHee OecATUNETUe B POCCUii-
CKOW 3HepreTuke B3ST KYypC Ha YBenuveHue
BBOAA 3HEPreTU4ecknx rasoBblXx TypbuH B CO-
ctase I'TY u MNry. OgHMmn “3 OCHOBHbLIX Npu-
YUH SBMSATCS MeHbLUMEe NO cpaBHeHuto ¢ MNTY
KanuTanbHble BMOXEHUS B MOLEPHU3ALMIO UMK
CTPOMTENbCTBO,  CHUXEHHbIE  MPAKTUYECKM
BOBOE CpOKM CTpouTenbCcTBa, 6onee BbiCOKas
3KONMOrMYHOCTb U T.4. NockonbKy Aonroe Bpemst
B Poccun (B Tom uucne n B CCCP) no psgy
npuunH I'TY u MY npomssogunucb v akcnya-
TUPOBANUCb B OrPaHNYEHHOM KONMYECTBE, AaXe
HECMOTPS Ha LenecoobpasHOCTb MX LUMPOKOro
NMPMMEHeHUs,, cenyac B CTpaHe Habniopaertcs
AePUUMT MOLLHOCTEN NO BbINYCKY ra3oBbIX TYp-
6vH Heobxogmmon HomeHknatypbl [9-29]. lMo-
3TOMY B OCHOBHOM MPOW3BOACTBO 3HepreTuye-
CKMX rasoBbIX TYpOUH OCYLLECTBNSETCSH HA COB-
MECTHbIX MPeanpuUsaTUsSX C y4acTMemM MHOCTPaH-
HbIX MapPTHEPOB. TUMOBbIE XapaKTEPUCTMKM
BBEAEHHbIX B 3KCMMyaTauuMio 3a nocrneaHee ae-

Ta6nuua 1. TunoBble XxapakTepuUCTUKK ra3oBbIX TYPOUH
Table 1. Typical characteristics of gas turbines

ISSN 2782-4004 (print)

caTuneTue ras3oBblx TypOuH npeacTaBneHbl B
Tabn. 1.

B HacTosiwen pabote 6bina nocrasneHa 3a-
[laya nccnefoBaTb BBEAEHHbIE B SKCMnyaTauuio
Ha poccunckmx TOC rasoBble TypOWHbI 3nek-
Tpuyeckon moliHocTbio oT 30 MBT go 125 MBT
B nepuog ¢ 2015 no 2020 r. (akcnnyaTupyemble
B coctaBe 6noka [IY). Llenbto gaHHbIX uccne-
L[OBaHUN SBNANOCb ONpefdeneHne «CpepHux
yOesbHbIX KanuTanbHbIX BMOXEHWA W CPefHMX
yOesnbHbIX Pacxo4oB TOMMMBA Ha OTNYCK 3nek-
TPWUYECKOW M TENNOBON SHEPrUN AN BBEAEHHbIX
3a aT10T nepuog 6nokos MY no 06beanHEHHbIM
aHepreTuyeckum cuctemam (O3C) Poccuiickoit
®epnepaumu (PP), a Takke Ux aHanus u cpasHe-
HWe C JaHHbIMX MO BBOAAM B 3KCMnyaTauuio
rasoBbIx TypbuH» [9] 3a nepuog ¢ 2010 no 2014
r. [MonyyeHHble AaHHblE MO3BONAT NpeaBapw-
TEeNbHO OLEHUTb SHEPreTUYECKYD U AKOHOMMUYE-
CKYI0 a(ppekTMBHOCTM paboThl M TEMMbI BBOAA
rasoTypbmHHoro obopyfoBaHMst Ha POCCUMCKMX
T3AC ¢ y4eToM KnumaTU4ecKux yCroBuin perno-
HOB, @ TaK e 3KCniyaTauuMOHHbIX OCOGEHHO-
CTEN HEKOTOPbIX 3nekTpocTaHuun. Kpome Toro,
pesynbTatbl AaHHOW paboTbl MOryT ObiTb UC-
nonb3oBaHbl MpU  MPOBEAEHWN  MPOrHO3HOW
OLIeHKM NOTpeBbHOCTU Ha Bnvkanwime rogbl BO

MpousBoauTennb
XapaktepncTukm

Ansaldo . . Rolls-

Energia General Electric CatypH | Siemens Royce
TN rasosoit LM2500+G LM6000 | MS6001B | LMS
o6 V64.3A | PGELLIFA |- 0 P IPG 0171 Elprc il oeear) | 100 || T2-L10] SGT-800 | Trent-60
acrora BpailieHus 50 50 50 50 50 50 50 50 50 50
poTopa, 'y
M‘E’;‘f”““’ s, 67 77 30 123 45 44 100 | 110 45 60
KNO rTY/Mry**, % | 35.95/533 | 355/552 | 38,6/50 | 33,8/51 | 41/57 | 35/50 |42/53| 36/52 | 37/52,6 | 41,3/52
Temneparypa rasa 1315 1327 1176 1124 | 1243 | 1140 | 1380 | 1210 | 1230 | 1288
Ha Bxoge, C
Temnepaypa raza 588 603 529 538 449 544 | 415 | 517 538 425
Ha Bbixoge, C
CTeneHb cxatus 16,1 16-17 20 12,3 30 17 - 14,7 19 -

*TTY — ras3oTypbuHHblE ycTaHoBKY; **TITY — naporasosble YCTAHOBKY.
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BBOZE ra3oBblX TypOUH B AuanasoHe eauHuY-
HbIX MoLHocTen 30-125 MBT.

B pabote ucnonb3oBanucb AdaHHblE, NOMYy-
YeHHble C odmuManbHbIX CaWTOB rEHEpPUpYyLo-
LMX 3HEPreTMYecknx KomnaHum (rogoBble oTve-
Tbl), pernoHoB PO, odmumanbHbIX LOKYMEHTOB
W NPOEKTOB CTpaTerun pas3BUTUS IHEPreTUKM
P®. Ha ee ocHoBe paccuuTbiBanuChb «cpefHue
yoenbHble KanutanbHble Brnoxenus B [IY, B
COCTaBe KOTOPbIX UMEKTCA ra3oBble TypOuHbI B
AManasoHe eauHUYHBIX 3IEKTPUYECKMX MOLLHO-
cren 30-125 MBT, a Takxe cpefHve yaenbHble
pacxogbl Tonnuea MY Ha oTtnyck anekTpuye-
ckon n Tennoson aHeprumy» [9]. MNpu onpeaene-
HUW yOenbHbIX PacxodoB TOMMMBA Ha MPOU3-
BOACTBO 3IEKTPOSHEPruM U Tenna WCrnosnb3o-
Bancs metog OPIP3C (TpecT no opraHusaumm
W paumnoHanu3aumy pamoHHbIX 3NeKTPOCTaHUMM
W ceTen), B COOTBETCTBUN C KOTOPLIM CymMap-
HbIW pacxod TOMNMBa 3HEProyCTaHOBKMU, OCY-
LWeCTBNAOWEN KOMOWHUMPOBAHHOE MPOWU3BOA-
CTBO 3MEKTPO3Heprun u Tenna, pacnpenensert-
CA Mexay 3TUMW BuAamu 3HEpruu nponopuuo-
HanbHO OTHOLLUEHMIO pacxoda npu pasgenbHOM

NPOW3BOACTBE ONPEAENEHHOr0 Buaa 3HEPruu
(anekTpoaHeprumn Ha KOC, Tenna B KOTENbHON) K
CYMMapHOMy pacxogy TOnaMBa pasfenbHbIMU
npoussogcTBamu. pn 3TOM 3a cyeT KOMOWUHW-
POBaHHOTO MPOM3BOACTBA COKpaLLalTCA  Kak
yOesnbHbl pacxod TOMMMBA Ha 3NeKTPO3Hep-
Mo, TaK M yaenbHbIN pacxod Ha Tenno. Cneay-
€T OTMeTUTb, YTO MpU «pacyeTe yAenbHbIX Ka-
nuTanbHbIx BRoxenun B MY n I'TY» [9] uc-
nonb30Bancs CpeaHerofoBoi Kypc gonnapa 3a
nepuog ¢ 2015 no 2020 r. (nocne 3Ha4YUTENbHO-
ro ckayka kypca gonnapa B P® B 2014 r.).

Kak nokasan aHanu3 AaHHbIX NO BBOAAM
9HepreTMYeCcKMx rasoBbix TypbuH, 3a nepuog c
2015 r. go 2020 r. Ha TeppuTopun PP BBEAEHDI
B aKkcnnyaTtaumio 36 rasoBbix TypbuH B Auana-
30HEe E[VHWYHBLIX 3MEKTPUYECKUX MOLLHOCTEN
30-125 MBT**%. [Ins Gonee ymo6Horo npea-
CTaBMeHWs [daHHbIX «rasoBble TypOWHbI Knac-
CcUULMPOBaHbI MO ANEKTPUYECKON MOLLHOCTH
Ha cnegyowue rpynne: 30-59 MBT, 60-99
MBTt, 100-125 MBT1» [9]. Pacnpeaenexue BBO-
[0B rasoBbIx TypbobuH Ha TOC cemn O3C npeg-
CTaBneHo B Tabn. 2.

s MporHo3HLIn HanaHc pa3BuTHst anekTpoaHepreTukn Ha nepuog 2009-2015 rr. u Ha 2020 r. // AreHTCTBO NO NPOrHO3u-
poBaHuto 6anaHcoB B 3NEKTPO3HepreTrke [ONekTpoHHbI pecypc]. URL: http://www.e-apbe.ru/Syears/ (25.06.2021).
4FeHepaanaﬂ cxema pasmelleHnst 06bekToB anekTpoaHepreTukn Poccum go 2020 ropa. Pacnopsikenue MpaButens-
ctBa Poccuickon ®egepaumn ot 22.02.08 Ne 215-p // AreHTCTBO N0 NPOrHO3WpoBaHW0 BanaHcoB B ANEKTPOIHEPreTuke
LSJ'IeKTpOHHbIVI pecypc]. URL: http://www.e-apbe.ru/scheme/ (13.07.2021).

CueHapHble ycnoBus pasBUTUS 3NeKTpoaHepreTukn Ha nepuod Ao 2030 roga // AreHTCTBO MO NPOrHO3MpoBaHuio Ha-
NaHCOB B 3NeKTpo3HepreTuke [OnekTpoHHbIA pecypc]. URL: http://www.e-apbe.ru/5years/ (14.07.2021).
0 MOZEPHM3aLNK TeHEPUPYIOLWMX 0OBLEKTOB TENOBLIX 3eKTpocTaHuuiA. MocTtaHoBneHne ot 25 sHeaps 2019 roga Ne

43 /| Pacnopskenne  [paBuTenscTBa
http://government.ru/docs/35546/ (14.07.2021).

Poccuinckon

depepaunn  [OnekTpoHHbIn  pecypc].  URL:

! lMpoekT aHepreTuyeckoi ctpaterum Poccum Ha nepuog fo 2035 roga // MunuctepcTBo aHepreTuku Poccuickon depe-
auum (2014 r.) [OnekTpoHHbin pecypc]. URL: https://minenergo.gov.ru/node/1026 (14.07.2021).
OtyeT 0 dyHKumoHupoBanum ESC Poccum B 2015 rogy // CuctemHbin onepatop EAMHON 3HEpreTMyeckon CUcTemsl
OnekTpoHHbIn pecypc]. URL: https://www.so-ups.ru/functioning/tech-disc/tech-disc2016/tech-disc2016ups/ (14.07.2021).
OtyeT 0 cyHKumoHupoBanum ESC Poccum B 2016 rogy // CuctemHbin onepaTtop EAMHON 3HepreTUyeckon CUCTEMBI
PJ‘IGKTpOHHbIVI pecypc]. URL: https://www.so-ups.ru/functioning/tech-disc/tech-disc2017/tech-disc2017ups/ (14.07.2021).
% Otyer 0 yHkumoHupoBaHum ESC Poccum B 2017 rogy // CuctemHbld onepaTtop EAuHOR sHepreTuyeckoit cucTemsl
3AnekTpoHHbIN pecypc]. URL: https://www.so-ups.ru/functioning/tech-disc/tech-disc2018/tech-disc2018ups/ (15.07.2021).

1

Oty4et 0 dyHKumoHupoBaHum ESC Poccum B 2018 rogy // CuctemHbii onepatop EguHOW 3HEepreTM4eckom CUCTEMBI

OneKkTpoHHbIN pecypc]. URL: https://www.so-ups.ru/functioning/tech-disc/tech-disc2019/tech-disc2019ups/ (15.07.2021).

2

OtueT o dyHkumonupoaHun ESC Poccun B 2019 rogy // CuctemHbii onepatop EAuHOM 3HepreTMyeckon cucTembl

PJ‘IeKTpOHHbIVI pecypc]. URL: https://www.so-ups.ru/functioning/tech-disc/tech-disc2020/tech-disc2020ups/ (15.07.2021).
*OTYer 0 yHkumoHmpoeanum ESC Poccum B 2020 rogy // CuctemHbin onepaTtop EAMHONA SHEPreTUYecKoi CUCTEMBI
[GnekTpoHHbIi pecypc]. URL: https://www.so-ups.ru/functioning/tech-disc/tech-disc2021/tech-disc2021ups/ (16.07.2021).
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Tabnuua 2. Pacnpenenexne BBoAOB ra3oBbix TypbuH B nepuog ¢ 2015 . go 2020 r.
Table 2. Distribution of gas turbine commissioning in the period from 2015 to 2020

KonnuecTBo BBEAEHHBIX KonnuecTeeHHOe pacnpeneneHue ra3oBbix TYpouH
OGneanHenHbIe JHepreTUyeckme B 3KCMNYaTaLMIo ra3oBbIX No Auana3oHaM aNeKTPUYecKUx MowHocTen, MBT
cuctembl Poccuinckon ®epepaumu 6UH. T
TYPOUH, WT. 30-59 60-99 100-125
O3C* Ceepo-3anaga 2 4 -
0O3C UeHtpa - 3 -
O3C CpepgHeti Bonrun 4 - 3 1
0O3C Ypana 10 - 10 -
0O3C Cubupu 1 1 - -
0O3C Bocroka 11 10 1 -
03C tOra 1 - 1 -
NTOro: 36 13 22 1

*O3C - 06beAMHEHHbIE 3HEPreTUYECKME CUCTEMBI.

Bonblue Bcero BBeAeHO B aKCnnyaTaumio ra-
30BbIX TYPOWH 3NeKTPUYECKON MOLLHOCTbIO 60—
99 MBT (cm. Tabn. 1). Cpegn paccmatpusae-
Mbix O3C 6osnbllee KONUYECTBO rasoBbIX Typ-
6vH BBegeHo B akcnnyartauyuto B O3C Ypana u
Boctoka — 10 u 11 TypbuH, cooTBETCTBEHHO. B
Tabn. 3 npuBegeHbl TEXHWKO-3KOHOMUYECKue
nokasartenu Ans Tpex rpynn Auana3oHoB anek-
TPUYECKUX MOLLHOCTEN, BBEAEHHbIX HA POCCUI-
ckux TOC, ra3oBbix TypbuH u paboTarowmx B
coctaBe 6nokos Y ¢ pacnpegeneHnem no
03C.

3a nepuog ¢ 2015 r. no 2020 r. Ha anekTpo-
ctaHumsax O3C Cesepo-3anaga BBedeHbl 4 ra-
30Bble TYPOUHbI ANEKTPUYECKON MOLLHOCTLIO 66
MBT, 2 rasoBble TypbuHbl ['T-50 anekTpuyeckom
moLyHocTbo 50 MBT kaxpgas. Bce rasoBble Typ-
BuHbl ycTaHoBneHbl Ha TOL. MY, BBeaeHHble
Ha TOC O3C LeHTpa UMET 3NeKTpUYEeCcKyHo
moLyHocTb 125 MBT. TypbuHamu ob6opynoBaHbl
M3C n TOU. I'TSC B r. LWepbuHka gact Bo3-
MOXHOCTb  BOCMOMHWUTL  AepuumnT  TENIOBON
MOLLHOCTM B panoHax LepbuHka n KOxHoe by-
TOBO, @ TakKe Ha npunerawLwmx K HUM TeppuTo-
pusax. PekoHCTpyupoBaHa 1 BBegeHa B aKcnnya-
Taumio I'TY Ha TOU-1 CeBepo-3anagHoro paii-
oHa r. Kypcka. Cnegyet oTMeTuTb, 410 Ha TOC
O3C LleHTpa HeckonbKo HMXe 3HayYeHue cpeg-
HUX yAenbHbIX KanuTanbHbIX BAOXEHWUA B BMOKM
My c rasoBbiMM TypOUHAMKM 3IEKTPUYECKMX
moLyHocTen 60-99 MBT no cpaBHeHUO C OaH-
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HbiMu no 6nokam MY O3C Cesepo-3anaaa.
OT0 00bsICHAETCA BBOAAMMU SHEPreTUHecKux
rasoBblX TypOWH Ha paHee NOCTPOEHHbIX 3MeK-
TpoctaHumsax O3C LleHTpa, roe umenucb «no-
MELLEHNS A1 MOHTaxa reHepupyrowero o60-
pyaooBaHus M Heobxoaumas UHgpacTpykTypa (B
YaCTHOCTK, CUCTEMa TOMMBOCHAOXeHMs, Cu-
CTeMa TeXHMYECKOro BOAOCHaOXEeHUs, aneKkTpu-
Yyeckue NOACTaHUMM W pa3nuyHble pacnpegeni-
TenbHble ycTponcTea)» [9]. Kak nokasaHo B
Tabn. 1 n 2, Ha anektpocTaHuusax O3C Cpea-
Heln Bonrn BBegeHbl 6noku MY ¢ aHepreTuye-
CKUMW ra3oBbIMM TypOuHaMu crepyowumx aua-
Ma30HOB 3MEKTPUYECKUX MoliHocTen: 60-99
MBT 1 100-125 MBT. BBOgbl razotypbuHHOro
0b6opyaoBaHMA B JKCMyaTauul npou3Boau-
nucb Ha KasaHckon TOLU-1, noctpoeHHoW B
Havyane XX B. [Toatomy Heobxoammo 6bino «pe-
KOHCTPYMpOBATb MNOMELLEHUS AN YCTAHOBKM
reHepupytowero obopyaoBaHuMss M COOTBET-
CTBYIOLLEN WHGPACTPYKTYPbI, 3TUM MOXHO 0Ob-
SCHWTb Oonee BbLICOKME MoOKa3aTenu CpegHux
yOenbHbIX KanuTanbHbIX BIOXEHWA B CTPOU-
TenbctBo 6nokoB MY O3C Cpegxenn Bonry,
yem nokasatenu 6nokos MY O3C LeHTtpay [9].
Ha TOC O3C Ypana 6bin ocyLlecTBneH BBOA
rasoBblX TYpOMH 3NEKTPUYECKUX MOLLHOCTEN
60-99 MBT. 3HayeHue cpedHuX yaenbHbIX Ka-
MUTanbHbLIX BMIOXEHUN B CTPOUTENLCTBO OMOKOB
My O3C Ypana Bbille MO CPaBHEHWID CO
3HAYEHUAMU CPEHMX YAENbHbIX KanuTanbHbIX
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Tabnuua 3. TexHUKO-3KOHOMMYeckue nokasaTenu napora3oBbiX YCTAHOBOK, BKNHYawLWUX B CBOW COCTaB rasoBble

TypOWHbBI B TPEX AnManasoHax efUHNYHLIX MOLLHOCTEN
Table 3. Technical and economic indicators of combined cycl
ranges of unit capacities

e gas turbine plants that include gas turbines in the three

OcHoBHbIe noka3aTenu

[unana3oH 3aneKkTpUUYECKMX MOLLHOCTEI NaporasoBbix
YCTaHOBOK, paboTatowmx B cocTaBe Gsioka naporaszoBbIx

30-59 60-99

ycTaHOBOK, MBT
| | 100-125

03C* CeBepo-3anaga

CpeaHue yoernbHble KanuTanbHble BIOXeHUs B Naporasosble
YCTaHOBKM, AONN/KBT

1450,8 1571,6

CpefHwit yaenbHbIA pacxod yCroBHOO TOMAMBA Ha OTMYCK
3NEKTPUYECKO aHeprvu, 1 y.7./kBTY

2515 250,2

CpeaHuii yaenbHbl pacxof YCNOBHOMO TONMMBA Ha OTNYCK
TennoBomn aHeprum, kr y.7./TIx (kr y.7./Mkan)

36,3 (151,8) 35,1 (147,1)

03C UeHTpa

CpeaHue yoernbHble KanuTanbHble BOXeHUs B Naporasosble
YCTaHOBKM, AONN/KBT

1290,5

CpenHuit yaernbHbIA pacxog YCNOBHOTO TOMMMBA Ha OTMYCK
3NEKTPUYECKOW SHEPTUK, T y.T./KBT-u:

270,0

CpeaHuii yaenbHbli pacxoA YCIIOBHOMO TONMMBA Ha OTMYCK
TennoBomn aHeprum, kry.7./TIx (kr y.7./Mkan)

35,7 (149,6)

03C CpegHe

n Bonru

CpenHue yaenbHble kanuTanbHble BNOXEHWUS B Napora3oBble
yCTaHOBKM, gonn/kBt

1595,9 1691,6

CpeaHuin yaenbHbIn pacxof YCNOBHOTO TOMSIMBA Ha OTMYCK
3NEKTPUYECKO 3Hepruu, T y.7./KBTY

265,2 261,2

CpefHwit yaenbHbIA pacxod yCroBHOIO TOMMBA Ha OTMYCK
TennoBown aHepruu, kr y.1./TIx (kr y.1./Mkan)

35,8 (149,5) 34,7 (145,1)

03C Ypana

CpefHue yoernbHbIe KanuTanbHbIe BIIOXEHUs B Naporasosble
YCTaHOBKM, fonn/kBT

1902,7

CpepHwit yaenbHbIA pacxod yCNoBHOrO TOMMBA Ha OTMYCK
3NEKTPUYECKON SHepruw, T y.T./kBTu:

263,3

CpefHwit yaenbHbIA pacxod YCroBHOO TOMMBA Ha OTMYCK
TennoBomn aHepruw, kr y.7./TIx (kr y.1./Mkan)

35,4 (148,3)

03C Cubmpwm

CpefHvie yaenbHble KanuTanbHble BIIOXEHWS B MaporasoBble
ycTaHoBKW, Aonn/kBr

2040,2

CpeaHuii yaenbHbI pacxof YCIIOBHOMO TONMMBA Ha OTNYCK
3NEKTPUYECKON aHepruu, 1 y.7./KBTy

249,1

CpeaHuii yaenbHbI pacxof YCIIOBHOMO TONMMBA Ha OTNYCK
Tennosoun aHepruu, Kr y.1./I Ix (kr y.7./Mkan)

38,1 (159,5)

03C Boc

TOKa

CpefHue yoenbHble KanuTanbHble BNoXeHus), 4onn/kBT:
— NaporasoBble YCTaHOBKM
— ra3oTypOUHHbIE YCTAHOBKM

1150,5 1751

CpefHwit yaenbHbIA pacxod yCroBHOO TOMAMBA Ha OTMYCK
3MNEKTPUYECKON aHEpruu, T y.T./KBT-y:

262,0 259,5

CpeaHuii yaenbHbli pacxof YCNIOBHOMO TOMNMMBA Ha OTNYCK
TennoBomn aHeprum, kry.7./Tx (kr y.7./Mkan)

34,7 (145,4) 35,0 (146,5)

03C Ora

CpenHMe yAenbHbIe KannuTanoBoXeHna B CTPOUTENLCTBO
naporasoBbIX yCTAHOBOK, nonn/kBr

1751,0

CpepHwii yaenbHbIA pacxog yCNOBHOTO TONMMBA Ha OTMYCK
3rNeKTpU4EeCKoii aHepruu, T y.7./KBT-y:

259,0

CpefHwit yaenbHbIA pacxofd YCroBHOO TOMMBA Ha OTYCK

34,9 (146,1)

TENNoBon aHepruu, Kr y.1./I I (kr y.7./Mkan)

*O3C — 0bbeanHeHHbIe 3HepreTUYeckne CUCTEMBI.
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BrioxeHunn 6nokos MY paHee pacCMOTPEHHbIX
O3C. Bo-nepsblx, CcKasanocb permoHansHoe
pacnonoxeHne TOC. Bo-BTopbIX, BBOA GMOKOB
MY B aKkcnnyaTaumio OCyLECTBAANCA Ha dnek-
TPOCTaHUMSX, NOCTPOEHHbIX B 40-60 rr. npo-
LUIOro CTONeTus, Takmx kak Ydumckas TOL-2,
Ygumckas TOL-3, Canasatckas T3U, [Mepwm-
ckas TOL-9, yto noTpeboBano M3MeHeHUs He-
KOTOpbIX CUCTEM anekTpocTaHumin. Ha T3C
O3C Cwubupn B paccmaTpuBaembln nepuog
BpeMeHu 6bin 3aBepweH BBog Gnoka MIMY-90
Omckon TOU-3. [anHasa MY umeer B cBOEM
COCTaBe rasoBble TYpOWHbI EAVHWYHOW 3nek-
Tpuyeckon moluHocTtelo 30 MBT. W3-3a onpege-
NEHHbIX CIIOXHOCTEN CTPOWUTENLCTBA B PErUO-
Hax Cubupu, a Takke BbICOKOW CTOMMOCTW BBO-
AMMOrO B 3KCnnyaTaumio rasoTypbuHHoro obo-
PYOOBaHMS, HAa OaHHOW 3NEKTPOCTaHuuu cpen-
HUe yaenbHble KanuTanbHble BNOXEHWUS B GNOK
MY nmeloT AOCTaTOYHO BbICOKOE 3Ha4YeHune. Ha
TAOC O3C Boctoka B nepuog ¢ 2015 no 2020 r.
BBEJEHO B akcnnyaTtauuto 11 3HepreTuyeckux
rasoBblx TypbuH. CnegyeT OoTMeTUTb, YTO ANnS
TOC OBC Boctoka B T1abn. 2 B AuanasoHe
3NEeKTPUYECKMX MOLLHOCTEN ras3oBblX TypOWH
30-59 MBT nokasaHO 3HayeHuWe CcpegHux
yOENbHbIX KanuTanbHbIX BNOXEHWA B CTPOU-
TenbcTBO [TY, Tak Kak Tam OCyLLeCTBNANCS
BBOJ MMeHHO ['TY, He BxoasLwmx B coctas 6no-
ka MrY. 3toT dakt obbacHAeT bonee HW3KMe
yOenbHble KanutanbHble BroxeHus. Ha Bonro-
rpagckon TOL-2 O3C KOra 6bin ocylecTsneH
BBog Onoka [INY, B coctaB KOTOpOW BXOAMT
3HepreTuyeckas raszoeas TypbuHa B gvanasoHe
3neKTpuyeckmnx mowHocten 60-99 MBT.

ISSN 2782-4004 (print)

PaHee B ctartbe [9] aBTOpamu nNpuBoaMNOChH
onucaHve uccneaoBaHuMin «00bEMOB BBOJA Ha
poccuncknx TOC aHepreTMYeckux rasosblx Typ-
OvH B OManas3oHe eOuHUYHBIX JNEeKTPUYECKMX
mowyHocTen 30-125 MBT, paboTatowmx B CO-
ctase 6nokos Y B nepuog ¢ 2010 no 2014 r.
(00 3HA4MTENBHOrO CKayka Kypca Jonnapa B
P®)». B ykazaHHOM nuTepaTypHOM WCTOYHMKE
CTaBunacb 3ajada «pacyeta CpegHux yaenb-
HbIX KanuTanbHbIX BIOXEHWA N CPeaHUX yaenb-
HbIX Pacxo4oB TOMMMBA Ha OTNYCK 3MneKTpuye-
CKOW W TENnOBOW SHEprun Ans BBEOEHHbIX 3a
3t rogbl 6nokoB MY no OBC Pd». HacTos-
was paborta sBMSETCA NPOLOIHKEHMEM UCChe-
[0BaHMsl. OTO MO3BONSAET CPaBHWUTL BBOAbI ra-
30BbIX TypbuH B nepunog ¢ 2010 r. oo akoHOMMU-
yeckoro Kpusuca 2014 r. u B nepuog nocne
2014 r. po Hactosuwero BpemeHu. B Tabn. 4
npuBeaeHbl BBOAbI ra3oBbIx TYpOUH 3a nepunog ¢
2010 no 2014 .

Kak BnaHO 13 T1abn. 2 n 4, Konn4yecTBo BBe-
[EHHbIX B 3KCMnyaTauuio rasoBbix TypbuH B ne-
puog nocne akoHoMmuueckoro kpuauca 2014 .
paBHO 36 eauHMUam 0bopyaoBaHMs, YTO NOYTK B
2,5 pasa MeHblle N0 CPaBHEHUI C MEPUMOAOM
2010-2014 rr. YBenuyeHve cpefHux yaesbHbIX
KanuTanbHbIX BMOXEHWA B CTPOUTENbLCTBO Ono-
koB [1I'Y, B coCTaBe KOTOPbIX MMETCS OOMUHAKO-
Bble MO 3MEKTPUYECKON MOLLHOCTYW rasoBble Typ-
OWHbI, BBEAEHHbIE B 3KCMyaTauui B MeEpUo
2010-2014 rr. v B nepuog 2015-2020 rr., B
cpeaHem coctasuno: ans O3C Cesepo-3anapa
— nopsiaka 8%, ana O3C LeHntpa — 0,3%, ans
0O3C CpegHen Bonrn — 0,5%, ans O3C Ypana —
1%, apns O3C BocToka — 36%, ans O3C Hra —

Ta6nwuua 4. Pacnpepnenexne BBoOB rasoBbix TypouH B nepuog ¢ 2010 no 2014 r.
Table 4. Distribution of gas turbine commissioning in the period from 2010 to 2014

O6beanHeHHbIE JHepreTueckue KonuyecTBo BBeAleHHbIX B KonuyecTBeHHOe pacnpeneneHue rasoBbix Typﬁl/lH
. N 3KCnnyaTauuio ra3oBbIX no AnMana3oHaMm 3JIeKTPU4eCKUX MOLLHOCTEMN, MBT
cuctemsl Poccuinckon ®epepauuu
TYP6UH, Wr. 30-59 60-99 100-125
O3C* Ceepo-3anaga 8 - 8 -
0O3C UeHtpa 23 19 2 2
O3C CpepgHeti Bonru 9 2 7 -
0O3C Ypana 16 12 4 -
0O3C Cubupu 2 2 - -
0O3C BocToka 8 8 - -
03C KOra 17 9 8 -
NTOIO: 83 52 29 2

*O3C — 0bbeanHeHHbIe 3HepreTUYeckne CUCTEMBI.
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6%. B uenom HesHauuTenbHOE YyBenuyeHue
CPeHNX YAEMbHbIX KanuTanbHbIX BROXEHUA B
cTpouTenbctBo 6rokos MY, kpome BBoga 'Y
Ha anekTpocTaHuum O3C BocToka, 06bacHaeT-
ca Tem, 4YTO peanu3auusi MHOTMX MPOEKTOB
Havanacb ewwe B nepuog o 2014 r., Ho u3-3a
3KOHOMMWYECKON HecTabunbHOCTW BBOAbI ra3o-
BbIX TYpOUH Obinn nepeHeceHbl Ha bonee no3a-
HIi CpoK™™.

B pesynbTaTe aHanu3a [OaHHbIX CAenaHbl
cnegytowme BbiBoAbl. [NpakTuyeckn Bce BBOAbI
rasoTypbuHHoro o60pyaOBaHMS Ha 3MEKTPo-
ctaHumsax O3C B nepuog 2015-2020 rr., B OT-
nnune ot nepuoga 2010-2014 rr., ocywiecTBns-
nucb Ha T3L, oTnyckatowmx noTpedbutensm Kak
SNEKTPUYECKYID, TaK W TEMMOBYH SHEPruio.
MNpouecc «kOMOMHMPOBAHHOW BbIPABOTKMN 3HEP-
rmn 0b6ecneynBaeT HEBLICOKME 3HAYEHUS cpen-
HUX yOEenbHbIX PacxofoB TOMMMBA Ha OTMYCK
9NEKTPUYECKON U TENNOBOW SHEPTUN BBEAEHHbIX
3a atu rogpbl 6nokos MNIY» [9]. BBoaumble B 3Kc-
nayataumio 3HepreTuyeckne rasoBble TYpOUHbI
kak B nepuog 2010-2014 rr., Tak n B 2015-2020
., B OCHOBHOM 3apybexHOro npou3BOACTBa,
YTO MOATBEPXKAAET OCTPyK HeobXoaMMoCTb
pa3paboTkyM OTEYECTBEHHbLIX ra30BbIX TYpPOUH
anekTpuyeckon mowHocTeo 30-125 MBT, koTO-
pble MO CBOMM 3HEPreTUYECKUM U 3KOHOMMYE-
CKUM XapakTepuctukam Mornm Obl COCTaBUTb
KOHKYpPEHUMIO  3apybexHbIM  NpOM3BOAUTENSM
rasoBblx TypbuH. B Lenom 3a BTopoi nepuog no
O3C P® Ha anekTpocTaHuusx B 6onblweM Ko-
nuyectBe ObiMM BBEAEHbI rasoBble TYpPOMHbI
anekTpuyeckon MolyHocTeto 60-99 MBT, B TO
Bpems kak B nepuog 2010-2014 rr. — rasoBble
TypOuHbI MowHocTbio 30-59 MBT. lNpun onpege-
NEHUN YAENbHBIX KanuTarnoBnOXEHUN B CTpoU-
TenbcTBO MY OTMEYEHO, YTO Ha WX BENUYUHY
OKa3blBaloT OOMbLLIOE BNUSIHUE PErMOHASIbHBIE U
MECTHble O0COGEHHOCTM npu CTPOUTENLCTBE.
OTmeyvaeTcs «yBENMYEHNE 3HAYEHUIN NOKa3aTe-

nen CpeaHuX YAEnbHbIX KanuTanbHbIX BIOXe-
HUA B pervoHax, XapakTepusyloLMXCs XOnoA-
HbIM KniumaTomy [9].

3AKJTIOYEHUE

B pabote npmBeaeHbl pesynbTaTthl uccneno-
BaHU 06bemoB BBOAUMbIX HA TAC P® aHepre-
TUYECKUX ra3oBbIX TypOUH B AManasoHe eaw-
HWYHBIX 3MEeKTpuyecknx mowHocten 30-125
MBTt, paboratowmx B coctaBe 6nokos [MTY B
nepuog ¢ 2015 no 2020 r. PaccuutaHbl cpeHue
yOenbHble KanuTanbHble BIIOXEHUS U cpegHue
yOenbHble pacxofbl TOMNMBA Ha OTMYCK 3nek-
TPWUYECKOW M TEMMOBON SHEPrUK ANs BBEAEHHbIX
3a atn roabl MNINYY no O3C PO. [Ins BbINONHEHMS
nccnenoBaHui TypbuHbl Bbinn knaccmuumpo-
BaHbl HAa TPW rPyNnbl N0 3NEKTPUYECKOA MOLLHO-
ctn: 30-59 MBTt, 60-99 MBT, 100-125 MBT.
MpoBegeHa oOueHKa MX KOMMYECTBEHHOrO pac-
npegenenns no O3C. lNpuBeaeHbl pesynbTaThl
CPaBHEHMUSI KONWYECTBEHHbLIX BBOLOB 3HEPreTy-
4eckux rasosbix TypbuH B nepuog ¢ 2010 r. go
3KoHoMuueckoro kpuauca 2014 r. u B nepuog
nocne 2014 r. 4O HACTOSALLErO BPEMEHU, a TakK-
Xe npeaBapuTeNibHasi OLEHKA  YBENUYEHWS
CPEAHUX YAENbHbIX KanuTanbHbIX BROXEHWA B
cTpoutenbctBo 6nokos [1IY, B cocTaBe KOTO-
PbIX UMENUCb OAMHAKOBbIE MO 3NEKTPUYECKON
MOLLHOCTM ra3oBble TYpOuHbI. BbINOMHEHHbIE
nccneaoBaHusl U NpeacTaBfieHHasl Ha UX OCHO-
BE MH(OPMaLMs No peann3oBaHHbIM B PP npo-
ektam MY n I'TY no3BonsT OUEHUTb TeMMbI
BBOJA, SHEPreTMUYECKY0 U IKOHOMUYECKYHD -
tbekTMBHOCTM paboThl razoTypbuHHOro obopyzao-
BaHWs Ha poccunckux TOC ¢ y4eToM KnmmaTtu-
YECKMX YCINOBUI PEMMOHOB W KCMIyaTaLMOHHbIX
0COBEHHOCTEN psfa 9NeKTPOCTaHUMNW, a Takke
MOryT OKa3aTbCA MOMe3HbIMWA NpU BbIMOMHEHWN
MPOrHO3HOW OLEHKN NOTPeBHOCTM BO BBOAE ra-
30BbIX TYpOWH Ha Brivbkaniume rofbl B AManasoHe
eauHMYHbIX MoLLHocTen 30—-125 MBT.
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TepmoanHaMmnyeckoe moaenupoBaHue obxura cynbguaHoro
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Pe3stome. Lenb — onpenenenue ycnosuin hopmmposaHus CaMoO,4, CaS0O,4, Ca(Re0,), npu okucneHun MoS; n ReS,
B npucytcTBum Ca(OH),. B kayecTBe MCXOAHOrO Cbipbs ANS TEPMOAMHAMMUYECKOrO MOAENUPOBAHUSA OKUCIIMTENLHOTO
obxwura B npucytcteum gobasku Ca(OH), BbibpaH koHLeHTpaT KOxHo-LLamenckoro MECTOPOXAEHNS, PAacMONOXEHHOTO B
Ceeppgnosckoit obnacTu, ¢ cogepxanunem 37% macc. Mo n 0,005% macc. Re. TepmoauHamuyeckoe MogenupoBaHue no
onpezeneHunio ONTMMarnbHOro KONM4YeCTBa KanbLuiicogepxallien 4o6aBku NpoBOAMIM NPK CERYIOWMX MAcCOBbIX COOT-
HOLLEHMAX: MONMBAEHOBLIN koHueHTpaT : Ca(OH), = 1:0,8, 1:1, 1:1,2 n 1:1,5 B gnanasoHe Temnepatyp 100-800°C, c
warom 100°C, paBneHun cuctemsl 0,1 MIMa B atmocdepe Bo3ayxa (MONbHOE COOTHOLIEHME: MONMOAEHOBLIA KOHLEH-
Tpat + Ca(OH), : Bo3gyx = 1:5). [laHHble MO COAepPKaHMo BCEX KOMMOHEHTOB B Npobe BBOAUMMCH B MPOrpamMMHbIiA KOM-
nnekc HSC 6.1 B monsix. [oka3aHbl OCHOBHblE peakLun OKUCIUTENbHOro obxura MonubaeHOBOro KOHLEHTpaTa B Npu-
CyTCTBUM MMAPOKCKAA KanbLusi. YCTAHOBMNEHO, YTO OCHOBHbIMM hasamu, obpasyowmumncs B peaynbTate obxura, sBns-
torca CaS0,4, CaS0O3, MoO3, CaMo0,, CaMo03, CaReQy. M3yyeHo BAusiHe TemnepaTypel Ha 0bpa3oBaHWe OCHOBHbIX
rasoobpasHbix NPOAYKTOB MPU Pa3fnMyHOM MaccoBOM COOTHOLUEHWUM MOnmbaeHoBOro koHueHTpata u Ca(OH),. YcTaHoB-
NEHO, YTO NpU CooTHOWeHUM B npobe 1:1 monubaeHoBoro koHueHTpaTta u Ca(OH), no 600°C He HabnopaeTcs Bhigene-
HUSA CEPHUCTOTO aHrMApUAA BhILE 3HAYEHUIN NpedenibHO AOMYCTUMbIX KOHLEHTpauuin. Ha ocHoBe paccumTaHHbIX TEPMO-
OMHAMUYECKUX [aHHbLIX BbINMOMHEHO MOAENMpOBaHWe mpouecca obxura MonmbaeHOBOrO KOHLEHTpaTa C rmapoKCMaom
KanbLus. YCTaHOBIEHO ONTUManbHOE COOTHOLIEHWe, HeobxoaumMoe AnNs YCMELHOoro NpoTekaHus npouecca: monubge-
HOBbIN KoHUeHTpaT : Ca(OH), = 1:1 no macce. TepMmognHaMnyeckoe MOAeNMpPOBaHMe NoKasano, YTo B UHTepBane TeM-
nepatyp 100-600°C npn ucnone3osanun Ca(OH), He npoucxoguT noTepb peHus u monubaeHa, BbigeneHne cepbl He
npesbiwaet 10 Mr/m’,

Knroyesble cnoea: npou3BoACTBO MonubaeHa, CynbgUAHbIA MONWMBAEHOBLIA KOHLEHTPAT, MblNerasoouncTka,
3Heprus M'nb6ca, CepHUCTLIN aHrMapua, 06Xur MonmbaeHOBOro KOHLEHTpaTa
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(byHOaMeHTanbHbIX UCCNEA0BaHNIA roCyaapCcTBEHHbIX akagemuin Ne rocpeructpauum: 0396-2019-0005.

Ansa yumupoeanus: AnewwvH [. C., KpawenuuuH A. T, 3aiuesa M. B., TanytpoB WU. H. TepmognHammyeckoe mo-
penupoBaHue obxura cynb@uaHOro MonmMbaeHOBOro KOHLEHTpaTa ¢ ruapokeuaom kanbums // iPolytech Journal. 2021.
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Annotation. This work aims to determine the conditions for the CaMoO,4, CaSO,, Ca(ReQ,), formation during oxida-
tion of MoS, and ReS, in the presence of Ca(OH),. The concentrate from the Yuzhno-Shameyskoye deposit in the
Sverdlovsk region, having 37% wt. Mo and 0.005% wt. Re, was selected as a feedstock for thermodynamic modelling of
sweet roasting in the presence of Ca(OH),. To determine the optimal amount of calcium-containing additives, the ther-
modynamic modelling was carried out using the following mass ratios: molybdenum concentrate: Ca(OH), = 1:0.8, 1:1,
1:1.2 and 1:1.5 in the temperature range of 100-800°C, with a step of 100°C, system pressure of 0.1 MPa in the air (mo-
lar ratio: molybdenum concentrate + Ca(OH),: air = 1.5). The content of all sample components in moles was entered
into the HSC 6.1 software package. The main reactions associated with the sweet roasting of molybdenum concentrate
in the presence of calcium hydroxide were shown. It was established that the main phases formed as a result of roasting
comprise CaS0Q,, CaS0;, MoO3, CaMo0O,4, CaMo0; and CaReO,. The effect of temperature on the formation of the main
gaseous products was studied under different mass ratios of molybdenum concentrate and Ca(OH),. It was found that up
to 600°C, with molybdenum concentrate to Ca(OH), ratio of 1:1, the concentrations of released sulphurous anhydride are
lower than the maximum permissible concentrations. The calculated thermodynamic data was used for modelling the
roasting process of molybdenum concentrate with calcium hydroxide. An optimal ratio necessary for the successful pro-
cess operation was established: molybdenum concentrate: Ca(OH), = 1:1 by weight. Thermodynamic modelling showed
that, in the temperature range of 100-600°C when using Ca(OH),, no rhenium and molybdenum loss is observed, the

release of sulfur is less than 10 mg/m®.

Keywords: molybdenum production, sulfide molybdenum concentrate, dust and gas purification, Gibbs energy, sul-

fur dioxide, roasting of molybdenum concentrate
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BBEOAEHUWE

B HacToswwme Bpemsi B Poccum n B Mupe
MonmbaeH Npou3BOAAT MO TEXHOMOTUM, BKIHO-
varoulen B cebs obxur cynbguaHoro monubae-
HOBOrO KOHLEHTpaTa ANs CHWXKEHWS cofepxa-
Hua cepbl B orapke [1]. OaHHbIn cnocob npuHo-
CUT HenonpaBuMbIN Bpes OKpyxXalLlen cpege,
Tak kak B aTMocdepy BblbpacbiBaeTcs 3Hayu-
TenbHas 4acTb CEPHUCTOrO aHruapuga, noaTo-
My BO BCEM MUpe BeayTcs pa3paboTku anbtep-
HaTUBHbIX 3KOMOTMYECKN YUCTbIX TEXHOMOrMN
nepepaboTkn monubaeHoBoro cbipbs [2-14].
[ns npegoTepalleHns 3TUX BbIGPOCOB Ha 3aBo-
[laX YCTaHaBMMBAKTCA OOPOrocTosilime cucte-
Mbl MbIIEra3004NCTKM, YTO B pa3bl MOBbILAET
CTOMMOCTb npousBogcTBa monubaeHa. B Wk-
CTUTYTE MeTannyprum YpanbCKoro OTAENeHUs
PAH npogosmxatoTca uccnefoBaHus no noucky
3KOMOrMYECKN YMCTON TEXHOMOrMM nNpou3BOoa-
cTBa MonmbaeHa n peHust u3 cynbgUuaHbIX KOH-
LIeHTpaToB NyTeM 0OXWra KOHLEHTPaToB C [0-
6askon Ca(OH), [15, 16].

CoyeTaHne TEOPETMYECKOTO U IKCMEPUMEH-
TanbHOrO METOAOB MO3BONSET CYLIECTBEHHO
COKpaTUTb BPEMS U pacxof MaTepuanoB B Xoae

pa3paboTku, MCNbITAaHUA M MaclTabupoBaHus
TexHonorvn. [pegsaputensHoe 060CHOBaHWE
PEXMMOB MNpoLEeccoB obxura uenecoobpasHo
npoBoauTb TeopeTnyeckn [17]. daHHbIM noaxon
peanuayloT C MOMOLLbK TePMOANHAMUYECKOro
MOJenNMpoBaHUs, KOTOPOE 3aKMiyaeTcs B aHa-
nu3e NOBEAEHUS MHOTFOKOMMOHEHTHOW reTepo-
FeHHOWN BbICOKOTEMMNEPATYPHOWU CUCTEMbI HA OC-
HOBe pacyeTa ee MOMHOro PaBHOBECHOIO XUMW-
4eCKOro coctaBa B 3KCTpeMyMe TepMoAuHaMu-
4ecKoro noTeHumana (MakcUmMu3aums SHTpoNUK
N MUHUMU3aLMS SHeprim Tnbbca) npu yyete
BoNblMHCTBA NOTEHUMANbHO BO3MOXHbIX B
paBHoBecuu KomnoHeHToB [18, 19]. Kpome TOrO0,
TEOpPEeTUYECKN OLieHEHa BO3MOXHOCTb MpOTeKa-
HUS pacCcMaTpUBaeMbIX peakuuii mexay Mo-
NUBOEHOBLIM KOHLEHTPATOM M Kanbuuucogep-
Xawen pobaskon. TepmogmHaMmumyeckoe mofe-
NUPOBaHWe 1 OLEHKa BO3MOXHOCTW NPOTEKaHNS
peakLui BbIMOSTHEHA C NOMOLLbIO NPOrpaMMHOro
komnnekca HSC 6.1.

Llenb pabombi: onpepgeneHne ycrnoBwii
topmupoBanua CaMoO,4, CaSO, Ca(ReO,),
npu okucnenum MoS; n ReS; B npucytcteum
Ca(OH),.
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TEPMOOUHAMUYECKOE
MOOENUPOBAHUE

B npeactaBneHHon pabote ana obocHoBa-
HUSI TEXHONOTMM M BblIbOpa ONTUManbHbIX napa-
MeTpoB (TemnepaTtypa, macca AobaBku) OKuC-
NUTENbHOrO obxura cynbguaHoro monudaeHo-
BOro KoHueHTpata ¢ gobaskon Ca(OH), npose-
LEHO TepMoaMHaMMYeckoe MoaenupoBaHue. B
Ka4yeCTBE MCXOOHOrO Cbipbs 415 OKUCIUTENBHO-
ro obxura B npucytcteumn pobasku Ca(OH),
BblbpaH koHueHTpaT HOxHo-Lamenckoro me-
CTOPOXAEHMS, KOTOPOe pacnonoxeHo B Ceepa-
nosckon  obnactu.  CornacHo  aTOMHO-
SMUCCMOHHOMY C MHAOYKTMBHO-CBSI3aHHOM Nnas-
MOV aHanu3y, XMMU4YeCK1n COCTaB KOHLIEHTpaTa
npveeaeH B Tabn. 1.

C uenbio Bblbopa ONTUMAnbHOrO Konuye-
ctBa Ao6aBKM HaMW BbLINOMTHEHO TEPMOAMHAMMU-
yeckoe MoAenuMpoBaHWe Mpu MacCoBbIX COOT-
HOLLEHUSIX: MONMBAEHOBBI KOHLEHTpaT:
Ca(OH), = 1:0.8, 1:1, 1:1.2 n 1:1.5. Copepxa-
HWe BCeX KOMMOHEHTOB Npobbl BBOAMM B MpO-
rpaMmMHbli komnnekc HSC 6.1 B monsix. B Tep-
MoAMHaMu4eckon 6ase 9TOro Kommnsekca ume-
0TCA CBOWCTBA OKCMAOB, MEPOKCUAOB U Cynb-
duOoB peHWsl, a [aHHble O neppeHaTax
CuReQ4, Ca(Re0y), n Opyrmx CoOeanHEHNsAX OT-
CyTCTBYIOT. Ba3y AaHHbIX NpPOrpaMMHOro KoM-
nnekca [OMOMHMIIM  pacCYMTaHHBIMK  paHee
cBoncTBamu neppeHaTos metannos [20].

B pacuyeTax Takke yunTbiBanu TOT pakT, YTo
Ham HeW3BECTHO, Kak B3auMOAEMCTBYIOT npoba
KOHLEHTpaTa, CMeLaHHass ¢ [obaBKoW, C OKpy-
xawowen artMmocdepon. [103TOMy Mbl  MEHANM
CTeneHb B3aUMOAENCTBUSI KOMMOHEHTOB C KWCHO-
pOOOM BO3dyXa, Bapbupys MOSIbHOE COOTHOLLE-
Hue: npoba/Bosgyx. ConoctaBnas pesynbTaTbl
MOAESIMPOBaHUS, HalnM ONTUManbHOE MOMbHOE
COOTHOLLIEHME: MOnMBaEeHOBbIN KOHLIEH-
Tpat + Ca(OH),: Bo3gyx = 1.5. Takum obpasom,
TEepPMOAVHAMUYECKME pacyeTbl NpoBedeHbl B
AnanasoHe Temnepatyp 100-800°C, ¢ warom
100°C, npu gasnexHumn cuctemel 0.1 MlMa B at™mo-
chepe Bo3gyxa (MOfbHOE COOTHOLLEHME: MONWG-
AeHoBbIN koHUeHTpaT + Ca(OH),: Bo3ayx = 1:5).

[nsa KOPPEKTHOCTU pacyeToB MPUMEHSSN
NPUHLMN NocneaoBaTenbHbIX TEPMOXUMUYECKNX
npeobpasoBaHnin B OTKPLITON TepMOAMHAMUYE-

ISSN 2782-4004 (print)

CKOW CUCTEeMe: ecrnu, COrflacHo pacyeTam, npu
MOBLILLEHUM TeMnepaTypbl NPOUCXOAST NoTepw
4acTW KOMMOHEHTOB B rasoByto (hasy, TO Ha no-
credylowmx TemnepaTypHbIX TOYkax pacyera,
COOTBETCTBEHHO, WM KOPPEKTUPYITCA Kaue-
CTBEHHbIA U KONUYECTBEHHbIA UCXOOHbIE XUMU-
Yeckue CoCTaBbl CUCTEMBI.

PE3YJIbTATbI U OBCYXOEHUA

Mockonbky MONMMOAEHOBBLIN KOHLEHTPAT B
OCHOBHOM COCTOUT 13 Aucynbguaa MmonnbaeHa,
a peHu NpucyTcTBYeT B BUAE AMCyNbduaa pe-
HUS — PacCMOTPEHbI creaywume npegnonara-
eMble peakuuu OKUCNeHus aucynbgpuga Mo-
nnéaeHa n ancynbduaa pexuns [1, 17]:

MoS; + 3Ca(OH), + 3,50, =
= CaMoQ, + 2CaS0; + 3H,0; (1)
MoS, + 3Ca(OH), + 4,50, =
= CaMoO, + 2CaS0, + 3H,0; )
MoS; + 3Ca(OH), + 30, =
= CaMoQO; + 2CaS0; + 3H,0:; (3)
MoS; + 3Ca(OH), + 40, =
= CaMoOs + 2CaS0, + 3H,0; (4)
MoS; + 3Ca(OH), + 3,50, =
= CaMoO, + 2S0, + H,0; (5)

2MoS, + 3C3.(OH)2 + 7,50, =
= 2CaMo0, + CaSQ, + 3H,0 + 3S0;,; (6)

2MoS, + 3Ca(OH), + 70, =
= 2CaM00, + CaS0; + 3H,0 + 3S0,; (7)

2MoS; + 3Ca(0OH), + 60, =
= 2CaMo03; + CaSO3 + 3H,0 + 3S0,; (8)

2MoS; + 3Ca(OH), + 5,50, =
= 2CaMoO, + CaS + 3H,0 + 350, (9)

https://vestirgtu.elpub.ru

MoS, + Ca(OH)z +20;=
= MoO3; + CaS + H,0 + SO,; (10)
MoS; + Ca(OH), + 1,50, =
=MoO, + CaS + H>0 + SO,; (11)
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Tabnuua 1. Xumuyeckunii coctas monnbaeHoBoro koHueHTpata ¢ KOxHo-LLamenckoro mectopoxaerus (B % no macce)

Table 1. Chemical composition of molybdenum concentrate from the Yuzhno-Shameyskoye deposit (% w/w)

AnemeHT Mo S Al Ca Cu Fe (0] Si Na Ti P Re K Mg Pb
macc.% | 37 | 354 | 0,65 0332|203 | 5 | 133 | 436 | 0,23 | 0,032 0,036 (0,0049| 0,75 | 0,72 | 0,154
MoS, + Ca(OH)z +40,=
=MoO; + CaSO4+ H,0 +SO,;  (12) 2ReS; + 2Ca(0OH), + 8,50, =
= Re,07 + 2CaS0, + 2H,0 + 2S0,;  (17)
MoS2 + 2 Ca(OH)2 + 4,50, =
= MoO3 + 2CaSO, + 2H,0. (13) 2ReS, + 2Ca(0H), + 7,50, =
= Re,07 + 4CaS0O, + 2H, + SO,; (18)
MNpepnonaraemble peakuunm OKUCNEHUS Ou-
Cynbunaa peHus: 2ReS; + 2Ca(0H); + 9,50, =
= Re,07 + 2CaS0O, + 2H,0 + 2S03;  (19)
2ReS; + 5Ca(0OH), + 9,50, =
= Ca(ReO4)2 +4CaS0O, + 5H,0:; (14) ReS, + an(OH)z =
= Re0, + 2CaS + 2H,0. (20)
2ReS, + 5C3.(OH)2 + 7,50, =
= Ca(ReQy), + 4CaS03 + 5H,0;  (15) B tabn. 2 npvBeaeHbl pesynbTaThbl N0 U3me-
HeHuno ceobogHon aHeprum mb6ca (AGT) npwm
2ReS; + 4Ca(0OH), + 7,50, = pas3nuyHbIX Temnepartypax AN OKUCIUTENbHbIX
= Re,0; + 4CaS0; + 4H,0; (16)  peakuun ¢ gucynbugom monmbaeHa n peHus.

Tabnuua 2. MameHeHne cBobopHoW 3Heprum mbbca (AGT, k[x/Monb) Ans peakuun gucynbdugom monubreHa
¢ Ca(OH), npu pasnuyHbix Temnepatypax obxura (T, °C)
Table 2. Variations of Gibbs free energy (AGt, kd/mol) in molybdenum disulfide and Ca(OH), reactions at different
roasting temperatures (T, °C)

AGT, kOx/monb
Ne T.°C 100 200 300 400 500 600 700 800
1 -1301.38 -1286.3 -1270.3 -1253.8 -1236.6 -1218.9 -1200.9 -1178.2
2 -1785.5 -1751 -1716 -1680 -1645 -1609 -1573.2 -1532
3 -1050 -1041.7 -1032.5 -1022.4 -1011.6 -1000 -988 -971.7
4 -1534.2 -1506.4 -1478.1 -1449.2 -1420 -1390.5 -1360.7 -1326.4
5 -1095.2 -1088.8 -1082.2 -1075.3 -1068.2 -1061 -1053.6 -1044.8
6 -2535.6 -2508.8 -2481.3 -2453.2 -2424.8 -2396.1 -2367.1 -2333.6
7 -2293.5 -2276.4 -2258.5 -2239.8 -2220.6 -2201 -2181 -2156.3
8 -1790.8 -1787.4 -1782.7 -1777 -1770.6 -1763.5 -1755.9 -1743.4
9 -1705 -1714.2 -1722.4 -1729.8 -1736.5 -1742.7 -1748.3 -1749
10 -500.1 -501 -501.6 -501.9 -502 -501.9 -501.4 -501.2
11 -369.9 -377.9 -385.5 -392.7 -399.7 -406.3 -412.8 -417.6
12 -1330.7 -1295.7 -1260.5 -1225.4 -1190.3 -1155.4 -1120.5 -1084.4
13 -1675.9 -1626.7 -1577.4 -1528.1 -1478.7 -1429.5 -1380.39 -1328.5
14 -3661.9 -3505.8 -3351.1 -3198 -3046.6 -2896.76 -2748.50 -2601.85
15 -2694.26 -2576.97 -2460.51 -2344.93 -2230.3 -2116.745 -2004.29 -1893.04
16 -2267.8 -2224.6 -2180.1 -2134.5 -2088.1 -2041 -1993.3 -1939.3
17 -2545.8 -2491.9 -2437.5 -2382.9 -2328.1 -2273.3 -2218.4 -2160.6
18 -2095.2 -2050.9 -2006.4 -1962.1 -1917.8 -1873.7 -1829.7 -1782.9
19 -2673.6 -2600.7 -2527.4 -2453.9 -2380.4 -2306.9 -2233.4 -2157.1
20 625.2 5715 518.8 467 416.2 366.3 317.1 271.7
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N3 paHHbIX Tabn. 2 BUOHO, YTO paBHOBECKE
GonblwMHCTBA peakunn, kpome peakumn 20,
caBuHyTO Bnpaso. Mcxodsa m3 3HadeHun AGT,
Hanbonee BEPOSITHbIE PEAKLMU OKUCNEHUS Au-
cynbmaa monubaeHa 6 n 7, npeactaBneHHble

ISSN 2782-4004 (print)

cuctemamun 2MoS,-3Ca(OH),~7,50, n 2MoS,—
3Ca(OH),—70,. CooTBETCTBEHHO, Npeanonara-
€MOV OCHOBHOW peakuueil OKUCHEHUs OUCYNb-
buga pexus ssnsetcs peakunsa 14, npegcras-
neHHas cuctemon: 2ReS,-5Ca(OH),—9,50,.

Ig X, mone
6 r

-7 F Ca(OH)z

‘—-----'--_

-10 F

-11
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MoS2

100 200 300
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500 600 700

Ig X, monb
-6 -

-7

-10 F

-11

42 N N T N .
100 200 300 400 500 600 700 800
b) T, °C
Ig X, monb
= r CaMoOa
-7
-8
-9
-10
-11
-12 L L 1 1 3
100 200 300 400 500 600 700 800
c) T, °C

200

300 400

500 600 700 800

T, °C

PaccyumaHHble 3agucumocmu no2apughma pagHo8eCHO20 Konuvyecmea uHOUsudyanbHbIX gewecms, codepxaujux monu6-
deH u cepy (monb), om memnepamypbi T 06)Ku2a npu MaccoeoM COOMHOWEHUU:
Mk : Ca(OH),:a-1.08;b-1:1;,¢c-1:1.2;d-1:15
Calculated dependences of the logarithm of equilibrium amount of individual substances containing molybdenum
and sulfur (mol) on the roasting temperature T at the mass ratio: Mk: Ca(OH)2: a-1:0.8; b-1:1; ¢ -1:1.2;d -1:15
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NHTepecHbl K paccMoTpeHuto peakuum 1, 2,
npeacTaBrieHHble COOTBETCTBYOLMMY
cuctemamu:  MoS,-3Ca(OH),-3,50;, MoS,—
3Ca(OH),—4,50;,. OHM umetoT 6nmskne 3Have-
HUA AGT 1 BEPOSATHOCTb UX NPOTEKaHUS cnepy-
eT 3a peakuuen 6. NMogobHas cutyaums obcTont
m ¢ cucrtemamun: 2ReS,-5Ca(OH),~7,50;;
2R982—4C3.(OH)2—7,502; ZRESZ—ZCB.(OH)Z—
8,50, (peakuumn 15, 16, 17).

BbiwaeT 10 mr/m°. OCHOBHas YacTb cepbl Mpu
obxwure Haxogutca B Buae CaSO, m CaSOs,
monubaeH — B Buae MoOsz;, CaMoO4 n CaMoQOs.
®a3oBble COCTOSAHMS BELLECTB 0Opa3oBaHbl No
cnegylowmMM peakumsm npoiecca obxura mo-
nnbaeHoBOro KoHueHTpata: 6, 7, 13, 15, 16.
OnTumansHOM TemnepaTypon obxura ¢ rmapok-
CUOOM KanbLus MOXHO cunTaThb 600°C.

Ta6nuua 3. CogepxaHue razoo6pa3sHbix BELLECTB OT TEMNEPATYPbI B CUCTEMaX Npu pa3nu4Hom cooTHowweHun: Mk:Ca(OH),

Table 3. Content of gaseous substances versus temperature in systems at different ratios: Mk:Ca(OH)

T,°C
CM'“ ®a3sd, 100 200 300 400 500 600 700 800
a(OH)z| ol
108 SO, 2.69E-14 | 7.84E-09 | 2.65E-05 | 6.02E-03 6.87E-02 | 1.60E-01 | 1.89E-01 | 2.08E-01
Re;0; 1.00E-36 | 1.00E-36 | 6.55E-26 | 2.63E-17 8.16E-10 | 2.45E-08 | 5.52E-05 | 1.22E-03
. SO, 453E-21 | 1.34E-15 | 8.12E-14 | 2.74E-10 3.54E-09 | 2.44E-07 | 8.67E-05 | 1.40E-02
11 Re,0; 1.00E-36 | 1.00E-36 | 1.00E-36 | 1.00E-36 8.56E-36 | 2.07E-36 | 1.32E-26 | 2.22E-11
1192 SO, 3.33E-24 | 3.35E-24 | 9.51E-15 | 1.07E-13 1.66E-10 | 2.60E-07 | 2.89E-05 | 3.39E-04
Re,0; 1.00E-36 | 1.00E-36 | 1.00E-36 | 1.00E-36 1.56E-36 | 2.27E-36 | 3.32E-36 | 4.22E-21
15 S0, 2.69E-24 | 7.84E-24 | 2.65E-15 | 6.02E-13 6.87E-10 | 1.60E-07 | 1.89E-05 | 2.08E-04
Re,0; 1.00E-36 | 1.00E-36 | 1.00E-36 | 1.00E-36 1.40E-36 | 2.44E-36 | 2.77E-36 | 4.48E-28
PesynbtaThl TepmoguHamuyeckoro mogenu-  3AKITIOMEHUE

pOBaHUS B BWAE 3aBMCUMOCTEW COdepXaHun
COEAMHEHW OT TemnepaTypbl NpuBedeHbl Ha
PUCYHKeE.

B 1abn. 3 nokaszaHo BnusHWE TeMnepaTypsbl
Ha npouecc o6pa3oBaHMsi OCHOBHLIX ra3006-
pasHbIX NPOAYKTOB MPW Pasfn4yHOM MacCOBOM
cooTHowweHumn: Mk : Ca(OH),.

CornacHo nosy4eHHbIM AaHHbIM (CM. puc. 1,
Tabn. 3), npu obXure KOHUEHTpaTa C rmapoKcu-
AOM KanbLms, HE3HAYUTENbHbIE NOTEPU PEHUSA B
Buae Re,0;, a Takxke cepbl B Buae SO, Habno-
fanucb  NpUM MacCoOBOM  COOTHOLLEHWM
Mk : Ca(OH), = 1:0.8 »n Temnepatype obGxura
Bolwe 700°C. KoHueHTpauusi SOyq Npu cooT-
HowweHun Mk : Ca(OH), 2 1:1 no 600°C He npe-

Ha ocHOBe paccyMTaHHbIX TEPMOAMHaMnYe-
CKUX OaHHbIX BbINONHEHO MOAENUPOBaHME Npo-
Lecca obxura MonmMbAEeHOBOrO KOHLEHTpaTa C
TMOPOKCUAOM  KanbUusi. YCTaHOBNEHO ONTw-
ManbHOe COOTHOLWeHue, Heobxoaumoe Ans
YCMELWHOro npoTekaHus npouecca: Mk kK
Ca(OH),=1:1 no macce. TepmognHammnyeckoe
MOZEenupoBaHue nokasano, 4To B WHTepBane
Temnepatyp 100-600°C npu wucnonb3oBaHWM
Ca(OH), He npoucxoauTt noTepb peHus U Mo-
nubaeHa, HabnpaeTcs He3HavyuTenbHOE Bbl-
[eneHne cepbl. Pesynbtathbl pacyeToB corna-
CYIOTCS C 9KCNEepUMEHTaNbHbIMU AAHHBIMMW, YTO
rOBOPUT O JOCTOBEPHOCTU TEPMOAMHAMUYECKO-
ro MOAENUPOBaHWS.
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Pe3rome. Llenb — Ha 0CHOBe aHanusa CyLlecTBylOLMX cnocoboB nepepaboTku LUNAKOB CTanennaBuIibHOrO Npou3-
BOACTBA, BKNoYas gecynbdypaunto n aecoctopaumio LWaKoB, OLEHUTb CBOMCTBA M COCTAB LUNAKOB CTanennaBuibHo-
ro Npou3BOACTBA. [INs N3y4yeHUs XMMUYECKOro cocTaBa UccrneayemMbix 06pasLoB Luiaka NPUMEHSAIMC METOALI aTOMHO -
abcopOLMOHHOrO M ONTUKO-3MWUCCMOHHOTO aHanu3oB, ANs MCCNefOBaHWUS MUKPOCTPYKTYpbl — MeTannorpaduyeckuii
aHanu3. M3yyeHbl OCHOBHbIE HampaBfieHUs MCMOMNb30BaHUS LUNAKoB kak B Poccuu, Tak u 3a pybexom. MokasaHo, uto
OCHOBHbIMW HanpaBneHUSIMKU YTUNKU3ALMM LUNAKOB CTanennaBUibHOrO MPOW3BOACTBA SBMSAKTCS 00€3BpEXMBAHUE U
06paboTka LWnakoB pasnMyHbIMW MeToAaMu C NocneayLLM UCMOb30BaHUEM B CTPOMTENbBHOW M JOPOXHON OTpacnsx
MPOMBILLIIEHHOCTH, a obpa3sylolmecs gocdopcogepxalye NpoayKTel — B CEMbCKOM XO3SWCTBE ANS 3aMEHbl Cynep-
thoccpata. Takke [aHHblE NPOAYKTbI MOXHO UCMONb30BATL 415 CHUXKEHUS pacxofa U3BECTW U yNyyleHns wnakoobp a-
30BaHWs B CTanennasunbHOM NPoM3BOACTBE. BhisiBNeHbl hakTopbl, CAEPXMUBAKOLLME MHOTOKPATHOE NPUMEHEHNE dNeK-
TpOCTaNennaBnIIbHOTrO U KOHBEPTEPHOrO LUNAKOB ANS padMHUPOBaHMS MeTanna, Cpean KOTOpbIX OCHOBHLIM SIBMSETCS
Hanuyue B Wnakax gocdgopa. Mo pedynbtatam NPOBEAEHHOTO aHanM3a XMMMYECKOro cocTaBa 0bpasLoB Luaka anek-
TpocTanennaBunbHOrO NPOWM3BOACTBA codepxaHue xenesa coctaBuno 33,2% macc., kanbums — 19,15% macc., docgo-
pa — 0,33% macc., kpemHus — 5,39% macc. XXeneso HaxoauTcs B okucneHHon dpopme (FeO, Fe,03 n Fe304), kKpemMHuin n
KanbLWiA NpUCYTCTBYIOT B BuAe ABykanbumesoro cunukata (2Ca0-Si0,), cdocdop npeacrasneH cunukodocdaTom
KanbLms cnoxHoro coctaBa — Cay(SiO4)e(Cas(POy),. doccop nocTynaeT B NnaBusbHbIe arperaTtbl ¢ MUHEpanamu ny-
CTOW NOPOAbI, arnomepaToM, pyaoi n dnocamu. Mpy NOBTOPHOM MCNONb30BaHWMK WnakoB docdop Bo3BpalLaeTcs 06-
paTHO B MeTans, TeM CambIM 3arps3Hss KOHEYHbI NMPOAYKT. BO3MOXHBIMKM HanpaBneHusaMu u3sneveHus gocdopa n3
LIMakoB CTanennaBuibHOro NPOW3BOACTBA ABMAIOTCS METOAbI MarHUTHOM U 3NEKTPOCTaTMYECKON cenapauum, rpaBuTa-
LIMOHHOTO M (hrioTaumMoHHOro oboralleHust, a Takke ruapoMeTannypriudyeckne Metosl nepepaboTku.

Knrodeeble cnoga: YepHas MeTannyprus, LWnak, ctanensnasniibHoe Npou3BOACTBO, Aecynbdypauus, aedoctopaums

Ana yumupoeaHus: benbckuit C. C., 3anuesa A. A., TioTpuH A. A., Ucmounos 3. 3., baparos A. H., CokonbHUKO-
Ba l0. B. CoBpemeHHOe cocTosiHMe nepepaboTku LWnakoB cTanennaBunbHOro npowseoactea // iPolytech Journal. 2021.
T.25. Ne 6. C. 782-794. https://doi.org/10.21285/1814-3520-2021-6-782-794.
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Abstract. In the present work, the properties and composition of steelmaking slag are assessed by analysing exist-
ing processing methods, including desulfurisation and dephosphorisation. The atomic absorption and optical emission
methods were used to study the chemical composition of slag samples, and metallographic analysis was used to study
their microstructure. Major approaches to processing slags applied in Russia and abroad were studied. It was shown that
steelmaking slags are neutralised and treated by various methods and subsequently applied in construction and road
industries, while the obtained phosphorus-containing products are used in agriculture instead of superphosphate. In addi-
tion, these products reduce lime consumption and improve slag formation in steelmaking. The key factor hampering reus-
ing electric steelmaking and converter slags for metal refining is shown to be the presence of phosphorus. The chemical
composition of slag samples from the electric steelmaking production was analysed; the iron content amounted to 33.2
wit%, calcium — 19.15 wt%, phosphorus — 0.33 wt% and silicon — 5.39 wt%. Iron is present in the oxidised form (FeO,
Fe,03 and Fe;0y), silicon and calcium in the form of dicalcium silicate (2Ca0O - SiO, ), phosphorus in the form of calcium
silicophosphate having complex composition — Ca,(SiO4)s(Caz(PQ4),. Phosphorus is fed to the melting units with gangue
minerals, agglomerate, ore and fluxes. When the slags are reused, phosphorus returns to the metal, thus contaminating
the final product. Possible methods for extracting phosphorus from steelmaking slags include magnetic and electrostatic
separation, gravity and flotation concentration, as well as hydrometallurgical processing.
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BBEOEHUE

YepHas meTtannyprus sBNSeTcd OOHOM U3
BMOOB MPOMbILLIIEHHOCTH, obecneynBatoLlen
aKTUBHOE pa3sBUTUE KMIOYEBLIX OTpacnen Mupo-
BOM 3KOHOMMKWM, TaKUX KaK Tshkenas, TpaHc-
noptHas M ob6OpOHHas NMPOMBILMEHHOCTb, BCE
BUAbI CTpouUTenbeTBa U aHepreTuku [1]. Mo uto-
ram 2019 r. Poccuiickaa ®efepaums BxoguT B
NATEPKY CTpaH-NMAepoB MPOU3BOASALLMX CTarb.
Obbvem npou3BoacTBa CTanM  POCCUMACKMMM
NpeanpuUsTUSMI cocTasun 71,6 MaH T°.

[eaTenbHOCTb NpeanpuaTUn YepHoOW Me-
Tannyprum okasblBaeT 3HAYUTENbHOE aHTPOMo-
FEHHOE BMUSHWE Ha OKPYXaloLylo cpedy — Kak

Brnusnexawimx ropogos, Tak U BCEW CTpaHbl B
uenom. lMNpuHaTtne Poccuen KoHuenuum ycton-
4MBOrO pasBuUTUS 00A3biBa€T NPOMbILNEHHbIE
NPeanpuUsaTAS CHUXaTb 3KONOrMYeckoe BMSHUE
BCEMU [OCTYNMHbIMU MeTodamu [2, 3]. Mpu npo-
“3BOACTBE CTanu U 4yryHa obpasyeTtcs 3Hayu-
TenbHOE KOMMYeCTBO Xenesocodepxalimx oT-
XOA0B, HE NoAnexalimx BTOPUYHOMY UCMOSb30-
BaHWIO BBMAY BbLICOKOTO COAEpPXaHUS B HUX
docopa. [loatomy Habnwogaetcs nNONOXM-
TenbHas TeHAEHUMS pocTa KonmyecTBa uccrne-
LOBaHWUN, HanpaBfeHHbIX Ha MOUCK BO3MOXHbIX
peleHnii U TexHonorn nepepaboTkn OTXOA0B
MeTannypruyeckoro npovssoAacTea. MMeHHo

Sdepaw A. B., Kypowes M. C. MNpon3BoACTBO YyryHa u ctanu // QHUMKNONEANs TEXHONOMMI. IBOMOLMS U CPaBHUTENb-
Hblii @aHanu3 pecypcHon aEKTUBHOCTM NPOMbILLINEHHBLIX TexHonorui / nog ped. . O. Ckobenesa. M., Cn6.: U3p-Bo

«PeHome», 2019. C. 257-304.
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NnoaToMy akTyanbHoW npobrnemon Ana cospe-
MEHHbIX NPeanpusaTUN SBNSETCA MOAEPHMU3ALMS
1 paspaboTka 3KOMOro-aKOHOMMUYHBLIX TEXHOMO-
TMA YyTUIM3aLUMK LUNAKOB M MbiNy NPOM3BOACTBA
ctanm [4].

Hecynbypauma n gedocgopaums metan-
na sBNATCA OQHUMW U3 HanpaBeHWn npume-
HEHUS LINAKoB B TBEPAOM U XWAOKOM COCTOSIHU-
X ANs padMHMpPOBaHMS MeTanmna oT npumecei
B Ka4yecTBe YaCTUYHOW 3aMeHbl KanbLuncoaep-
Xalyx MaTepuanoB, TaKMX Kak W3BECTHSK W
nnaBuKoBbIA WnaT. [pUMEHEHNe XUOKMX Lna-
KOB B CTanennaBuIbHOM NPOWU3BOACTBE UrpaeTt
BaXHYI0 PONb B CHUXEHUN IHEPreTUYECKUX no-
Tepb Npu npou3soacTee Metanna. [loatomy
OLleHKa MNPOLLeCCOB WCMOMb30BaHMS LUMAKOBbLIX
pacnfiaBoB cTanennaBuiibHOroO nepegena c no-
31LMIA 9HEPro- n pecypcocbepexenns aBnaeTcs
BECbMa aKTyanbHowu [5, 6].

OBPA30BAHUE U MEPEPABOTKA LUJIAKOB
CTANENNABUINBHOIO NPOM3BOACTBA

B 3aBMCMMOCTU OT MeTannypru4yeckoro npo-
uecca U Tuna wucnosb3yemoro 060pyaoBaHNS
MOXHO BbIJENUTL CrEAyLliMe BuObl LUNAKOB
YepHOI MeTannypruun: ctanennaBuibHble (Nek-
TPONnaBUnbHbIE, KOHBEPTEPHbIE, MapTEHOB-

ISSN 2782-4004 (print)

ckue); peppocnnaBHble 1 BarpaHoyHble (puc. 1).
Hanbonbwum sBnseTca BbIXO4 AOMEHHbIX
WwnakoB Ha 1 T 4yryHa, KOTOpbIM cocTaBnseTt
0,6-0,7 7. Mpu BbiNNaBke cranu BbIxo4 Ha 1 T
NPOAYKUMMN LUMAKOB 3HAYUTENBHO MEHbLUE: Mpw
mMapTeHoBckom cnocobe — 0,2-0,3 T, becceme-
poBCKOM W TomacoBckoM — 0,1-0,2 T; npwu Bbl-
nnaeke ctanu B anektponeyax — 0,1-0,04 7.

B cranennasunbHOM Npov3BOACTBE LUNaKo-
Bbli PEXUM SBNSETCA OOHWM W3 OCHOBHbIX
onpegensowmx (akTopoB npouecca, OKasbl-
BAlOLIMX BfIMSIHUE KaK Ha Ka4yeCTBO rOTOBOW
cTanu, Tak M Ha JOSITOBEYHOCTb (PYTEPOBKMA W
NPOn3BOAMTENBHOCTL neyn. LLnakoBbin pexum
3aBMCUT OT COCTaBa W CBOWCTBa 0bpasytoLlero-
CS LWaKa, a Takke ero konudyectea. LLnakoob-
pasytole KOMMOHEHTbI MOXHO pa3fenuTb Ha
KUCNOTHbIE, OCHOBHbIE W aM(POTEPHbIE OKCUADI.
OfHUM M3 OCHOBHbIX CBOWCTB LUMaka ABNSeTCS
€ro KMUCMNOTHOCTb (OCHOBHOCTb), KOTOpas onpe-
[enseTca B MNepByl0 o4yepeldb COOTHOLUEHWEM
OKCWZOB KanbL1s N KPEMHUS.

Mo xuMu4eckoMy CocTaBy MeTannypruyeckme
WMakn oveHb GM3KM K MOpTNaHALEMEHTY, no-
3TOMY OHM 4acTO MCMOSMb3YKTCA B CTPOUTESb-
CTBE, YTO MO3BONSET PaCLUMPUTL BbIMyCK CTPOU-
TeslbHbIX MaTepManoB U CHU3WUTb UX CTOUMOCTb.

OTXO,I[LI MCTAJLIYPrHUCCKOro IIPpOU3BOACTBA

[Taxu Mo BHJaM BBIITYCKAEMOTO METaJLIA [poumne Inamer
(o rpynmaM MeTaJUTYPrHUSCKHX IIPOH3BOICTB)
Kemnesocoepxramine
Ilepruunsie Bropuunbie MEBLTH, OKATHHA
JloMeHHBIE DeppocIaBHEIE Barpanounsie CranenmaBuIBHBIE

4%

SHGKTPOGTE]J'IGHJ'IE]BHHLHHG

KoupepTtephnie
35%

MapTeHoBCKHE
61%

Puc. 1. linaku 4epHol memannypauu
Fig. 1. Ferrous metallurgy slags
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B Poccun exerogHo nepepabaTbiBaeTtcs
Bonee 2,5 MnH T cTanennaBunbHbIX LUIAKOB, W3
KOTOPbIX TONbKO OKOMO 1 MIH T OTNPaBMSAT Ha
NOBTOPHYKO NepepaboTky C Lenblo 13BNEYEHUs
U3 HMX MeTanna, NPMMEPHO TaKoe Xe Konuye-
CTBO WCNOMb3yeTcs B MNPOM3BOACTBE LUEGHS,
okono 330 ThbIC. T MCNOMNb3YT NpPU NPOU3BOA-
cTBe ynobpeHun, n Hebonblioe KONMMYecTBO
LUNAKOB YTUM3NPYETCS B MPOWM3BOACTBE LUMa-
koBatbl [7-10].

NockonbKy C KaxabiM AHeM Habntogaetcs
AeUUNT OOMEHHbIX LLNakoB, BONPOCHI nepepa-
60TKM LWNaKoB cTanennaBuUNbHOrO MNPOU3BOA-
cTBa npuobpeTtatoT BCce 6ornee CyweCcTBEHHOE
3HaYeHue.

CywecTByeT 60nbLIOe KONMYeCTBO Npeana-
raemblx cnocoboB XuakogazHOro BOCCTAHOB-
NEHNS LWNAaKoB cTanennaBunbHOrO Npou3Boa-
ctBa [11-19], B OCHOBE KOTOPbIX NEXUT BOCCTa-
HOBJIEHME MPUCYTCTBYIOLWMX B LUIaKe OKCWUAOB
yrnepoacodepalumm BOCCTaHOBUTENEM  Mpw
Temnepatypax cabiwe 1400°C°.

CotpyaHukamm KOxHo-Ypanbckoro rocyaap-
CTBEHHOro yHuepcuteTa [13] Obina n3yyeHa
BEPOATHOCTb KMAKO(A3HOr0 BOCCTAHOBMEHUS
cTanennaBunbHOrO  Wnaka 3naToyCTOBCKOro
MeTasnnypruyeckoro 3aBoga B neyn UHAYKUMOH-
Horo HarpeBa. CpegHui COCTaB Takoro Lufaka
umeet cnegyowmn sug, % macc.: SiO, — 17,7-
40,0; CaO - 21,9-47,4; MgO - 6,2-16,5; Al,O3
- 7,2-10,1; MnO - 1,2-5,3; Cr,03 - 1,7-11,3;
TiO, - 0,3-1,5; V,05 - 0,1-0,3; FeO - 3,7-25,0
n NiO - 0,1-0,4. B wmxty gobasnanu Kokc B
konuyectBe 10% no macce Lwnaka B Ka4yectse
BoCCTaHoBUTENS. [ofnly4YeHHbI NPOAYKT coaep-
xan 3,5-4,5% macc. yrnepoga, 4TO COOTBET-
CTBYET JIerMpoBaHHOMY 4yryHy. lpu 3TOM BbI-
XO4 MeTannuyeckoM 4acTu Linaka COCTaBWIl
15-20% oT wmarHuTHOM dopakumm cTanenna-
BUMbHOrO LUNakKa.

K nonesHblM AENCTBUSM LUIAKOB MOXHO OT-
HECTM UX pauHupyroee encTene ons o4mcT-
Kn cTanu ot docdopa v cepbl, KOTOpblE OKa3bl-
BAlOT HeraTvBHOE BO3OEMCTBME HA KavyecTBO
KOHEYHON nmpogyKumu. Kpome TOro, LWniaku cno-

COGHbI 3aLLMTUTL METANN OT OKUCIIEHUS rasamu.
Wcxops M3 3Toro, K Lunakam npegbsBnsercs
psg TpeboBaHwWii: WNaku AOMKHbI obnagaThb
BbICOKOW pacyHMPYIOLLEN CMOCOBHOCTBIO N HU3-
KOW BSA3KOCTbIO, @ TakKe NpakTUYeCcKkn He oKa3sbl-
BaTb BIMSIHUS Ha MaTepuanbl PyTEPOBKM Neym
C TOYKM 3PEHUS UX COBMECTHOTO XMMMWYECKOTO
B3aNMOJENCTBUS.

Ans paduHMpoBaHna vyryHa U3BecTeH Cno-
cob NpUMEHEHNs CUHTETUYECKOro Lnaka, nony-
yaemoro u3 cmecu cogepxatlenn 40-70% wmacc.
nssectun; 10-15% macc. anomMmH1MeBoro nopoLu-
ka; 10-25% macc. nnasukoBoro wnara; 10-20%
Macc. HaTpMeBOW cenutpbl. Takonm cnocob pa-
(PuHMpPOBaHMSA NpUMEHANca Ha ANYeBCKOM Me-
Tannypruyeckom kombuHare (JlyraHckas o6:.) un
B OAO «TynayepmeTt». Hanbonblmii nHTEpEC
npeactaenana TexHonoruss obpaboTku 4yyryHa
Ha xenobe pomeHHoi neun OAO «Tynayep-
meT». [lo paHHOMy cnocoby opmupoBanu
XNOKONOABMXHbIN BbICOKOOCHOBHOW Marnoxene-
3UCTbIN WNaK, obnagaloLwnii BbICOKON cnocob-
HOCTbI0 Aecynbdypauum [20].

N3BecTeH Takke cnocob pecynbdypaumm
yyryHa BO Bpauwatowemcs 6GapabaHe Henpe-
PbIBHOTO [EWCTBMSA, KOTOPbIN MPUMEHSNCH Ha
EHakneBckom MeTannyprudeckom 3asoge ([o-
Heukas 06n.) [21]. Mo gaHHomy crnocoby npoBo-
Annm o06paboTKy YyryHa LWnakom Ha Bbinycke 3
JOMEHHON neuun.

Takxe nssecteH cnocob gedocgopaunm yy-
ryHa, KOTOpPbIM Havanu NpUMEHSATb B ANOHWK
ewe ¢ 1983 r. No paHHomy cnocoby cHavana
NPOMU3BOAAT OKUCIMTENIbHOE padMHUPOBaHME
yyryHa OT KpemHus u pocopa, B KayecTe
OKUCNUTENS MPUMEHSOT KUCMOPOA, KOTOPbIN
NpoAyBalT Yepes pacnnas, a B kayectse to-
COB — KYCKOBYK W3BECTb W CTanennaBWibHbIN
wnak. [lanee npon3BoaaTt gecynbdypaumio me-
Tanna nopoLkoobpasHoM KanbLWMHUPOBAHHOW
COAOWN, WHXEKTUPYEMOW 4epe3 crneunanbHyo
dypmy, 6e3 yoaneHus wnaka.

B AscTpanun 3anateHTOBaH cnocob ygane-
HUS KPEMHUS M3 4YyryHa C MCMONb30BaHMEM
XWOKUX CTanennaBWMbHbIX LUNAKOB, COAepXa-

*A. c. Ne 964009, CCCP, C22B7/04. Crioco6 pacMHUpOBaHKUSA MeTanna cuHTetTudeckum wnakom / K. M. Wakupos; 3a-
SIBUTENb W naTeHTooOnagatens Cubupckuin wmeTannypruyeckuin MHCTUTYT uMm. Cepro OpgxoHukuase. 3asen.

31.03.1981; ony6n. 07.10. 1982. Bion. Ne 37.

https://vestirgtu.elpub.ru

785



2021.T. 25. Ne 6. C. 782-794

IPolytech Journal ;.- ¢ 7570

WX OKCUAbI Xenesa, roe LWnakM cnveanu B
MPOMEXYTOYHYI0 EMKOCTb BMECTE C XUAKUM Yy-
ryHom [22].

M3BeCTHbI Takke cnocobbl, MO KOTOPbIM OCY-
LLLECTBNAT BHENEYHOE padMHUPOBaHWE YyryHa
C MOMOLLbIO XUAKUX LUNAKOB, COrMacHO KOTOPbIM
OCYLLECTBNAETCH MacconepeHoC KOMMOHEHTOB
yepe3 MexdasHy rpaHuly pacnnae-wnak. Og-
HaKO Takue cnocobbl Tak ¥ He MONYYMMN LLNPOKO-
ro NPYMEHEHMS B MPOMBILLNEHHOCTH.

C uenblo nepepaboTkn LLNAaKoB cranenna-
BUMbHOTO MPOM3BOACTBA MX BOBMEKAKT B pas-
NMUYHbIE  OTpacnM  NPOMbIWNEHHOCTN.  TaKk,
Hanpumep, W3BECTHbI TEXHOMOrMK, COrMacHoO
KOTOPbIM M3 KOHBEPTEPHbLIX LUMAKOB MOMy4varT
abpasuBHble MaTepuansl.

MN3yyeHa Takke BO3MOXHOCTb M3BREYEHUS
U3 WakKa ckpana C UCMonb30BaHWEM Apobunb-
HO-COPTUPOBOYHBIX YCTaHOBOK. [lanee wusBne-
YEHHbIN CKpan pasfenstoT Ha MarHUTHbIN U He-
MarHuTHbIN, Ha HerabapuTHbIn (6onee 10-15 T),
rabaputHein (0,5-10,0 T) n menkuia (0,25-0,5 7).
OTpenbHO cknagupyeTcs ckpan, B KOTOPOM 3a-
METHbl CMMaBNeHHble CKpanuHbl pasHbIX nna-
BOK, @ TaKXe ckpanuHbl ¢ Bonbwoi gonew (6o-
nee 20%) HeoTAENSEMOrO LWNaKa.

nak ctanennasunbHOro Npon3BoacTea no-
CNne W3BMEYEeHMs ckpana MCnosib3yeTcs B Kaue-
CTBE:

— 3aMeHbl cynepdocarta (doccopcoaep-
XaLlme LUaKn) B CENbCKOM XO3SNCTBE;

— bnOCOB AN BarpaHOYHOro v arnoaomMeH-
HOro NPOM3BOACTBA;

— nobaBku, NOBLILIALWEN CoAepKaHue mMmap-
raHua B cTanu (BbiICOKOMapraHueBble LWaku);

— nobaBku B cTanennaBuUnbHOM MNPOW3BOA-
CTBE ANS CHWXEHMSI pacxoda WM3BECTU U ynyuy-
LeHMS Wnakoobpa3oBaHus;

— 3aMeHUTens rpaHUTHOro LWebHs npu npo-
n3soactee 6eToHa U xene3obeToHa.

MeyHow wWwnak, MMewLWnini OCHOBHOCTb 1,5—
2,0, MOXHO nerko nepepaboraTb Ha LUNAKOBOM
[BOPE B LUMAKOBLIX IMAax C NOny4YeHneM dpak-
LIMOHMPOBAHHOTO LWebHSA nyTem ero nepepaboT-
Ku Ha ApOoBUNbHO-COPTUPOBOYHON YCTaHOBKE,
OJHAKO Ans BbICOKOOCHOBHOIO LUfIaka BHeneu-

ISSN 2782-4004 (print)

HOW 00paboTkM ¢ OCHOBHOCTbIO 2,5-4,0 Heob-
XOAMMO NPUMEHEHWE WHOW TEXHOMoruu nepe-
paboTKK, MOCKONbKY OH MMEET Apyrue CBOMCTBA.
Copepxawmncs B BbICOKOOCHOBHOM  LUNAKe
2Ca0-SiO, paccbinaetcs B MNOPOLIOK BCneg-
cTBME nonuMopuama Kpuctanimyeckon pe-
weTkn. Takon wWnak TpyaHo nepepabatbiBaThb K
HEBO3MOXHO NepeBO3nTb M3-3a NbineHns. Mpo-
Bnemy nepepaboTkM TaKOro Lfaka MOXHO pe-
LUWTb HecKorbkumi criocobamu’®:

— CNVB LWNaKa Ha Apo6neHbIi U3BECTHSK C
nonyyeHmem [aekapboOHU3MPOBAHHOM  LWNaKo-
13BECTKOBON CMECM, KOTOPYH MOXHO WMCMOMb30-
BaTb B LIEMEHTHON NPOMBILLMEHHOCTH;

— BBe[EHMe B KOBLUEBOW LUMaK npu BHeneu-
Hon obpaboTke cTanu gobasok, KOTopble CTa-
ounuanpytot 2Ca0-SiO, 1 npegoTBpaLLaoT no-
numopuam;

— UCMONb30BaHWe KOBLLEBOrO LWfaka B kaye-
CTBE YaCTUYHOW 3aMeHbl M3BECTU Mpu HOpMU-
POBaHUM NEYHOro LUnaka, o4Hako Ans 3Toro no-
TpebyeTtcsa crabunusaums wnaka u otpaboTka
TEXHOMOrNMN, KOTOPble NO3BONAT YMEHBLUUTL €ro
nblfeyHoc.

OgHUM 13  HanpaBneHun WCNONb30BaHUS
raka sBNseTcs NpPOM3BOACTBO CTPOMTENbHbIX
mMaTepuanoB, OQHAKO Ha CErofHsLWHWA OeHb B
[aHHOW oTpacnu ucnonbayetcs okono 20-30%
OT Bcero obbema obpasyroulerocs wnaka [24].
3a cYeT BbICOKOWM NMPOYHOCTU U CTOMKOCTU K Bbl-
BETPMBAHUIO LUNAK MCMOMNb3YylOT B AOPOXHOM
CTPOMTENbCTBE Kak anbTepHaTuBy WebH [25,
26]. OnekTpocTanennaBuiibHble LWakM Takke
NPUrogHbl ANs MCMONb30BaHMS B LEMEHTHOW
NPOMbILLAIEHHOCTH [27-32].

3apybexHble CTpaHbl C pa3BMTON MeTannyp-
TMYECKON NPOMBILLIIEHHOCTbIO nepepabarbiBatoT
BCE [OMEHHbIe LUMakM U 3HAYMTENbHYK YacTb
cTanennasunbHbIX WwnakoB [33, 34]. K Teme
yTUNM3auMnm BTOPUYHBIX PECYpPCOB Pa3BUTbIE
CTpaHbl OTHOCATCS UCKITYUTENBHO CEPLE3HO, B
0COBEHHOCTM eBponenckue rocygapcrea — yne-
Hbl EBpocotosa [34]. 3a pybexom cranenna-
BUNbHbIE LUMAKW NPUMEHSIOTCA AN WU3BECTKO-
BaHWS MOYB B CESIbCKOM XO3SNCTBE, B [OPOX-
HOM CTpOMTENbCTBE, @ TaKKe Kak Xenes3oco-

YUTc 26-2017. NHopMaLMOHHO-TEXHUYECKUI CPABOYHMK NO HAaUmMyyLnM AOCTYNHLIM TexHonoruam. [Mpoun3soacTso

YyryHa, ctanu u gpeppocnnasos. M., 2017. 478 c.
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Aepxawun mMatepvan pns BTOPUYHOW nepe-
NMaBKu B AOMEHHbIX Neyax.

B CLUA, AHrnun, ®paHumn, BeHrpumn wnaku
nepepabatbiBaldT B OCHOBHOM M NMPOU3BOA-
CTBa LWEOHS M3 BO3AYLUIHO-OXNaXAEHHOro LWa-
Ka B TpaHLUEAX HEernoCPeACTBEHHO Y OOMEHHbIX
neyen wnu 3a ux npegenamu. Vcnonb3osaHue
cTanennaBunbHbIX LLUMAKOB B MacCOBOM Mac-
wrabe Havanock ewe ¢ 1967 r. [34, 39].

WCCNEOOBAHWE COCTABA U CBOMCTB
LWTAKOB CTAJNEMIABUIIbHOIO
NnPOU3BOACTBA

Paccmotpum wnaku, obpasyowmecs npu
npoussoactee ctrann B [MAO «CeBepcTanb»
(puc. 2), koTopble NpeacTaBnsoT cobon arno-
MepaTbl TEMHO-CEpOro LBeTa pasfiMyHon Kpyn-
Hoctn o 300-400 mm. B obpasuax wnaka npu-
CYTCTBYKOT CKOMIIEHUS METANIMYECKOrO Xeresa.

[ns uvccnenoBaHUs 9NEMEHTHOMO XUMUYe-
CKOro coctaBa 06pasLOB LUNAKOB BbINOSHEH
XUMUYECKWA  aHanu3  MeTodamu  aTOMHO-
abcopbLUMOHHOTO U ONTUKO-3MUCCUOHHOMO aHa-
nm3a ¢ nomowbto cnektpometpos « VARIAN AA
240», «VARIAN AA 240 FS» n «VARIAN 730-
ES», a Takke MeTogamu peHTreHodnyopec-
LLeHTHOro aHanusa M aTOMHO-9MWCCUOHHOTO C
WHOYKTUBHO CBA3aHHOM nna3moMn. Mo pesynbTa-

Tam MNpoBEAEHHOro aHanusa obpasuoB Lufaka
anekTpocTanennaBunbHOr0 NPOU3BOACTBA CO-
LiepXaHue KOMMOHEHTOB cocTaBuio, % Macc.:
Fe - 33,2; Ca-19,15; P - 0,33; Si — 5,39; Mn —
4,68; Mg - 2,11; Al - 1,68; Ti — 0,38; Cr - 0,8;
Cu-0,0125.

Ans uccnenosanusa a3oBoro cocrasa 06-
pasuoB Obl1 NpoBedeH PEeHTreHOCTPYKTYPHbIN
aHanu3 C MOMOLLbID PEHTrEHOBCKOro Audpak-
TomeTpa XRD-7000 (Shimadzu, AnoHus) ¢ Bep-
TKanbHbIM 6-6 roHnomeTpom. Mepen nposeae-
HMEM aHanu3a MeTannuMyeckoe xeneso 6bino
yoaneHo u3 npob. [ns waeHTudukauum ¢as
ucnosib3oBanacb 6asa NOpoLLKOBLIX AU pPaKTo-
rpamm PDF-2. B pesynbTaTe nonyveHbl AaHHbIe
0 (pa30BOM COCTaBe CTanennaBuUibHOrO LUnaka,
% wmacc.: 2Ca0-Si0, — 45,52; FeO - 28,63;
Ca2(8i04)6(C33(PO4)2 - 16,77; Fe,03 — 7,88:
Fe304 — 1,20. Kak BMOHO U3 pesynbTaToB cpes-
Hew npobbl, 0bpasubl Wnaka anekTpocTanenna-
BUMbHOrO MPOM3BOACTBA B OCHOBHOM COCTOSAT
n3 cunukata kanbumss 2Ca0-SiO,, docdop
npeacTaBneH  cunukogocdatom  Kanbums
CINOXHOro cocrasa. Xeneso HaxoguTCcsl B OKUC-
nexHon gopme — FeO, Fe,03 n Fez04 — ¢ cooT-
HOLUEHWEM OT obLueit Macchl OKCUAOB Xeresa,
%: 75,92:20,90:3,18.

13 14

e e e

Puc. 2. Cpe3 obpa3ya anekmpocmainensagusibHo20 Winaka
Fig. 2. Section of a sample of electric steelmaking slag
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[na n3yyeHnss MUKPOCTPYKTYpbl MOBEPXHO-  HMBaHWE W NonupoBky. B pesynbrate npobo-
CTW M3yyaemblx 06pasLoB LUMAKOB OblN MPOBE-  MOArOTOBKM Obinu nonyyeHsl obpasupl Lunaka
[EH MeTannorpaduyeckuin aHanua ¢ npeasapu-  3nekTpocTanennasunbHOr0 Npov3BoACTBa AN
TenoHoW npobonoarotoBkon 06pa3uoB, BKMO-  MeTannorpaguyeckoro aHanusa (puc. 3).
yawulen oTpesaHue, 3anvBKy CMOOW, Bbipas-

Puc. 3. 06w uli eud uzyyaembix 06pa3y0e wiaka nocse cpesa u NOAUPOBKU (3anueka — akpusioeasi cMosa Mapku Struers)
Fig. 3. General view of the studied slag samples after cutting and polishing (Struers acrylic resin is used as a filling)

e

c d

y \ v 4 & - a
b T TR ’
-. P % st

i £ Yook

Puc. 4. Mukpocmpykmypa noeepxHocmu wiaka 3/iekmpocmarnennasusibHo20 npouzgodcmea:
a - ceemrnoe none, ygenuyeHue 50x; b - memHoe none, yeenuyexHue 100x; c — ceemsioe none,
yeenuyeHue 100x; d — ceemnoe none, yeenuyeHue 200x
Fig. 4. Microstructure of electric steelmaking slag surface: a - light field; 50x magnification;
b - dark field, 100x magnification; ¢ - light field, 100x magnification; d - light field, 200x magnification
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MukpocTpykTypa 06pasuoB uccrnefosanach
C MOMOLUbK WHBEPTUMPOBAHHOIO MeTannorpa-
tunyeckoro  mukpockona «Olympus GX-51»
(AnoHus). TNoBepxHOCTb LWNAKOB cTanenna-
BWNbHOrO NPOM3BOACTBA UMEET HEOOHOPOAHYIO
MENKO3epHUCTY CTPYKTYpy (puc. 4). B obpas-
uax Habnogaetcs Hanuuve nop M metannuye-
ckoro xenesa. Ceetnble obnactu CTPyKTypbl
XapaKTepusylTca NPEUMYLLECTBEHHO Hanuyu-

CHal 2 P Eal

Cakal

WG ki _Y

eM okcupgos xenesa (FeO, Fe,03, Fe304) B npu-
CYTCTBMM HE3HAYMTENBbHOrO Konuuyectea Mn,
Mg, Cr. TemHble obnactu oboralleHbl Cunuka-
TOM KanbLus U, B MEHbLUEN CTENEeHWU, CUMUKO-
ochaTtom KanbuUmsa, 0 YeM Takxe CBUAETENb-
CTBYIOT pesynbTaTbl PEHTTeHOCNEKTPasbHOro

MUKpOaHanm3a Ha CKaHUpYHLEM 3NEKTPOHHOM
mukpockone JIB-Z4500 (dpupma JEOL, AnoHus)
(puc. 5).

Crkal

Puc. 5. Peaynbmambl peHmaeHocnekmpanbH020 MukpoaHanu3sa obpasya
anekmpocmanensiagunbHo20 Wiaka no afeMeHmam
Fig. 5. Results of X-ray spectral microanalysis of an electric steelmaking slag sample by elements
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OAHMM 13 OCHOBHbIX CAEPXMBAKOLMX (hak-
TOPOB MHOFOKPaTHOrO MPUMEHEHWS  LLNAKOB
aneKTpocTanennaBunbHOr0 NPoM3BOACTBa ANst
padMHMPOBAHNA MeTanna B Ka4eCTBE UCTOYHU-
Ka KanbLus sBNSeTcs HakonneHue dgocdopa B
wnakax. CyLecTBYHOT pasnnyHble MeToabl W3-
BneyeHus doccopa n3 wnaka: nupo- [18], rna-
pometannyprudeckue [19, 36, 37] u ¢ ncnonb-
30BaHMeM u3n4eckmx cnocoboB pasgeneHus.
Hanbonbwmnin mHTepec Ans usyy4aemblx TEXHO-
FeHHbIX OTXOZOB CTanennaBWiIbHOM NPOMbILL-
NEHHOCTM NPEeACTaBnsAT pusnyeckme u nupo-
MeTannypruyeckue cnocobbl pa3geneHums.

OCHOBHbIMM HegocTaTkaMu CyLECTBYHOLLMX
NMpPOMeTannypruiyecknx MeTOAOB W3BNEYEHMS
ocdopa £ABNATCA BbLICOKME TemnepaTypa
MPOLIECCOB M BSA3KOCTb, @ TaKXKe HU3Kas NuKBa-
ums wnaka coctasa CaO-FeO-SiO,.

3AKNKOYEHUE

Mo pesynbTataMm NpoBedEHHOr0 aHanuTU4ye-
ckoro 0630pa MOXHO BbIAENUTH HECKOMBbKO OC-
HOBHbIX HanpaBMeHWn yTUNU3aLWMKU LUNAKOB
CTanennaBuIbHOrO NPOM3BOACTBA: 0be3Bpexu-
BaHWe 1 o0bpaboTka LMaKkoB pasnuUYHbIMKU Me-
TodamMu C MocneayloLwym MCnonb3oBaHMEM B
CTPOUTENBHON U JOPOXKHOW MNPOMBILLIIEHHOCTH,

ISSN 2782-4004 (print)

hocopcogepxalime NPoAyKTbl — B CENbCKOM
X03AiCTBE AN 3aMeHbl cynepdocdara, ans
CHWXEHUS pacxofa U3BeCcTu W ynyyleHus wna-
koobpa3oBaHMs B cTanennaBunbHOM NPOU3BOa-
cTBe.

OfHVMM 13 OCHOBHbIX (PaKTOPOB, COEPXUBA-
IOLUMX MHOFOKpaTHOE MPUMEHEHWE 3NIeKTPOCTa-
NennaBuIbHOTO M KOHBEPTEPHOrO LUNAKOB ANs
paVHMPOBaHUA MeTanna, SBMSeTCA Hakonmne-
HWe B Wwnakax ghocdopa, nocTynarLlero B neyb
C MUHepanamu, U3 KOTopbIX COCTOUT nycTas no-
poaa, arnoMmepaTom, pygon, a Takke ¢ doca-
mu. [Mpy NOBTOPHOM MCMOMb30BaHUM LUNAKOB
ocop BO3BpaLLaeTCqd BHOBb B MeTansn, Tem
CcaMbIM 3arpsA3HsAs KOHEYHbIN npodykT. CHuxe-
HUe ero cogepxaHus B MeTanne sBnseTcs Bax-
HOW 3agadei, NOCKOMbKY rofoBble 06beMbl 06-
pa3oBaHWSA LUAKOB KOHBEPTEPHOro Mpou3BOA-
ctBa coctasnsaT 114,6-191,8 kr/T npogykumm,
anekTpocTanennasunbHoro - 127-282 «r/T.
BO3MOXHbIMM  HanpaBneHWsIMU  U3BMEYEHUS
ocdopa 13 LWnNakoB cranennaBUIbHOrO Npo-
W3BOACTBA SABMAOTCA METOAbl MarHUTHOW U
3MeKTpoCTaTMYECKON cenapauuy, rpaBUTaLMoH-
HOro M (onoTaumnoHHOro oboralleHnsl, a Takxke
rmapomMeTannypruyeckue Metoabl nepepaboTku.
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Pe3stome. Llenb — 060cHOBaHMe 1 pa3paboTka NpUHLMNMANbHOW NMPO3NEKTPOMETANypPruieckon TEXHONOM M nepe-
paboTkn BUCMYTUCTbIX APOCCOB M OKCWMZAOB — NMPOMMPOAYKTOB padMHUPOBaHKUS YEPHOBOrO CBMHUA crnocobom Kponns-
BeTTepTtoHa — ¢ nonyyeHnem BucMyTa YyepHoBoro. OBBLEKTOM MCcCnedoBaHNA SBUNMCL BUCMYTUCTBIE apocchl (3—-5% Bi;
80-85% Pb), nepennasnsemble npu 500-600°C B npucytctBum NaNO; n NaOH. A Takxe nofyyYeHHbIN LWenoYHoN nnas
— BuUcMyTUCTbIE okeuabl (1-5% Bi; 60-70% Pb). Mo utoram ucneiTaHwii onpegeneHsl onTUManbHble napaMeTpbl OCHOB-
HbIX OnepaLunii TexHonorun nepepaboTkn BUCMYTUCTLIX OKCUOOB U XapakTePUCTUKK NOMyYeHHbIX NpoaykToB. MNpeanoxe-
Ha BoccTaHoBuTenbHasa nnaska npu 1150°C BUCMYTUCTBIX OKCUAOB (C AobaBneHnem kapboHata HaTpus, KBapLa U KOK-
CVIKa, B3SATbIX B Konn4yecTse 66, 25 n 5% oT macchbl BUCMYTUCTLIX OKCMZOB), B pe3ynbTaTte KoTopol obpa3yeTcs BUCMYT U-
CTbIn cBUHeL,. Ero obeamexmsaHne nposoautca npu 350-600°C npu gobaBneHun B pacnnaB cepbl B KONMYeCTBe A0
2,0% ot ero maccel. LLlenoyHyto 06pabotky obeamexenHoro Pb-Bi cnnasa npegnoxerno nposogute npu 500°C npu KoH-
TakTUPOBAHUM C MMAPOKCMAOM HATPUS, HUTPATOM HATPUS 1 XNOPUAOM HaTpus, B3ATEIMM B konuyecTse 20 10,2, 0o 8,3 n
00 1,4% OT Maccbl BUCMYTUCTOrO CBMHLA. [1ocneaytowmin 3aNeKTPONnM3 3aKyaeTcs B ANeKTPONMTMYeckon nepepaboTtke
npu 550°C cnutkoB Pb-Bi cnnaea, O4nLLEHHOrO OT NpUMecei. NEKTPOMTOM CNYXUT pacnias CreayLlero coctasa,
%: NaCl - 7, KCI — 35, PbCl, — 18, ZnCl, — 40. B pesynbTate NpeanoXeHHON TEXHONOrnu nepepaboTkm BUCMYTOBbIX
OKCMAO0B ObinM NoMy4YeHbl ABa KOHEYHbIX NPOAYKTa. AHOAHbI NPOAYKT BTOPOW CTaAWM SNEKTPONN3a — YepHOBOW BUCMYT
(npn BbIxoge coctaBun 1,1% oT okcuzos) — conepxan 93,62% Bi u 4,14% Pb, n3sneyenue us okeugos — 19,0% Bi u
0,1% Pb. B katogHbIn npoaykT (BbIX0A coctasun 5,1% ot okeugos), cogepxawmin 0,033% Bi n 97,83% Pb, nepexogut
okono 1,2% Bi 1 9,1% Pb oT ux nepBoHayanbHOro cogepxaHns B OkCcuaax.

Knroyesnie cnosa: paduHupoBaHue, BUCMyTCOLEpXalLMe OKCWUAbl, CMaB CBWHLIOBO-BUMCMYTOBbIN, BOCCTaHOBMU-
TenbHas nnaeka, 06e3MexXnBaHNe BUCMYTUCTOrO CBMHLIA, 0OOPOTHbIN LWnak

Ans yumupoeanus: Kopones A. A., Cepreinyerko C. B., Tumodpees K. J1., Mansues I. U., Bounkos P. C. MNupo-
anekTpomeTannyprudeckass nepepabotka BucMmyTcopepxalmx okcugos // iPolytech Journal. 2021. T. 25. Ne 6.
C. 795-806. https://doi.org/10.21285/1814-3520-2021-6-795-806.
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Abstract. In this work, we substantiate and develop a general pyroelectrometallurgical technology for processing
bismuth dross and oxides (the intermediate products of lead bullion refining by the Betterton-Kroll process) to obtain
crude bismuth. The research focuses on bismuth dross (3-5% Bi; 80-85% Pb) remelted at 500-600°C in the presence of
NaNO; and NaOH, as well as the obtained alkaline melt (bismuth oxides, 1-5% Bi; 60-70% Pb). The conducted experi-
ments allowed us to determine optimal parameters of the main steps of processing bismuth oxide, as well as the charac-
teristics of obtained products. Reduction smelting of bismuth oxides at 1150°C (with the addition of sodium carbonate,
quartz and fine coke in the amount of 66, 25 and 5% of bismuth oxides mass, respectively) is proposed, leading to bis-
muth lead formation. Its decoppering is carried out at 350-600°C with 2.0% sulfur (by its weight), added to the melt. We
propose to carry out the alkaline treatment of the decoppered Pb-Bi alloy at 500°C in contact with sodium hydroxide, so-
dium nitrate and sodium chloride, taken in amounts up to 10.2, 8.3 and 1.4% by weight of bismuth lead, respectively.
Subsequent electrolysis comprises electrolytic processing of purified Pb-Bi alloy ingots at 550°C. The electrolyte consists
of a melt with the following composition, %: NaCl — 7, KCI - 35, PbCl, — 18 and ZnCl, — 40. As a result, two end products
were obtained by the proposed bismuth oxide processing. The anodic product at the second stage of electrolysis, crude
bismuth (yielded 1.1% by the weight of oxides) contains 93.62% Bi and 4.14% Pb, extraction from oxides amounts to
19.0% Bi and 0.1% Pb. About 1.2% Bi and 9.1% Pb of their initial content in the oxides are transferred to the cathodic
product containing 0.033% Bi and 97.83% Pb (the yield equalled 5.1% of the oxides).

Keywords: refining, bismuth-containing oxides, lead-bismuth alloy, reducing melting, decontamination of bismuth
lead, return slag

For citation: Korolev A. A., Sergeichenko S. V., Timofeev K. L., Maltsev G. |., Voinkov R. S. Pyroelectrometallurgi-
cal processing of hismuth-containing oxides. iPolytech Journal. 2021;25(6):795-806. https://doi.org/10.21285/1814-3520-
2021-6-795-806.

BBEOEHUE — cnocob Kponns—betteptoHa [6-8]. MNpu atom

[na komneHcauum HegocTaTka KOHAMLMOH-
HOrO CbIPbS MPW MOMYYEHUN LBETHLIX METANSIOB
bonblwoe BHUMaHWe yaenseTcs paspaboTke
HOBbIX MU ONTUMW3ALMW CYLLECTBYIOLUMX TEXHO-
norvn nepepaboTkn paHee HeWUCnonb30BaHHbIX
NPOMEXYTOYHBIX MPOAYKTOB U MPOMBILLMEHHBIX
OTXOLOB [ MNOMyYeHUs TOBapHbIX MPOAYK-
T08°" [1-5]. Mpu pacMHMPOBaHUM YEPHOBOTO
CBMHLUA MMpOMEeTansypruyeckum MeToaoM B
unmane «lpon3BOACTBO CMNaBOB LBETHbIX
metannos» (MCUM) AO «Ypananektpomenb»
NpefycMOTPeHO yhaneHWe BUCMYTa nocpes-
CTBOM BBELEHUS B pacnnas KanbLus U mMarHus

obpasytoTcs BucmyTucTele gpoccsl (Bi — 3-5%);
Pb — 80-85%), koTopble nepennasnsaT npu
Temnepatype 500-600°C B npucytcteum NaNOs
n NaOH. lMonyyeHHbIV WenoYHon nnas, cogep-
Xawmmn BucMyTucTble okeuasl (Bi — 1-5%; Pb —
60-70%), nepepabaTbiBaloT B npouecce papu-
HUPOBaHMSA CBMHUA, a 0bpasylolmecs CBUHLIO-
BO-BMCMYTUCTbIEe cnnasbl (Bi — 1-12%), coot-
BeTcTByOWMe mapkam CCB-1, ...CCB-12, pea-
NU3YIOTCS Kak ToBapHas npoaykums. Mcnonb3o-
BaHWe yKa3aHHOW TEXHONornu npegycmaTtpusa-
€T NOCTOSIHHbIN 060POT BUCMYTUCTLIX OKCUOOB U
HaKoMneHue LeneBblX MeTannioB B NpPOM3BOA-

®Omenu [x. dnemeHTbI: cnpaBoyHuk. M.: Mup, 1993. 256 c.
7CIJe,qopOB M. N. Xumusa n TexHonorusa manbix metannos. BucmyT u kagmuii: yy4eb. nocob. M.: N3g-so MUXM, 1986. 92 c.
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cTBEHHOM uukne. Kpome TOro, Hu3koe cogep-
XaHue BucMyTa B coctaBe Pb-Bi cnnasoB orpa-
HUYMBaEeT cdepy WX WUCNONb30BaHWSA U, COOT-
BETCTBEHHO, MoTpebuTenscknin cnpoc. AKTy-
anbHbIM CTaHOBWTCA BOMPOC pacLUMPEeHUst Ho-
MeHKNaTypbl npeafiaraeMon TOBapHOW NpoaykK-
uuu, npegycmatpusatolen nonyyeHvwe 6onee
cbanaHcMpoBaHHbBIX MO COAEPXaHWI0 UCXOAHBIX
KOMMOHeHTOB BuHapHbIx Pb-Bi cnnasos ¢ no-
BbILLEHHOW CTOMMOCTbLIO peanusauum.

M3 nuTepaTypHbIX AAHHbIX W3BECTHbI pas-
NYHbIe Cnocobbl NOYYEHNS YEPHOBOIO BUCMY-
Ta, W3HayanbHO coAdepXKallerocs B COCTaBe
BUCMYTUCTbIX APOCCOB M OKCWUAOB: NMpOMeETan-
nyprudeckne [9-11], rmgpomeTannypruyeckue
[12-14], nupoanekTpomMeTannypruyeckme [15-
17], rmppoanekTpomeTtannypriudeckne [18-20].
C ydyeTOM [encTBytOLWEro TEXHONOrMYecKoro
umkna B dunmane NCUM AO «Ypananekrpo-
Meab» MNEPCneKTUBHbIM NPEACTaBNsAETCH WC-
NoNb30BaHWE 3MEKTPOMETannypruiyeckon Tex-
Homornm, koTopass MoxeT ObITb peanu3oBaHa
nocpeacTBOM [ABYX OCHOBHbIX MPOU3BOACTBEH-
HbIX CXEM.

B nepsom cnyyae vcnonb3yeTcs rmgpoanek-
TpomeTannyprudeckuii  cnocob, npegycmatpu-
BaKOLLMI CriefytoLLme OCHOBHbIe onepauuu:

— BOCCTAQHOBMTEMbHAs MnaBKka OKCUAOB B
npucyTcTBUM KapboHaTa HaTpus, KBapua W KOk-
cvKa (NonyyYeHHbIN Wnak yTunuampyT B Meae-
nnaBunNbHOM NPOVU3BOACTBE);

— BO3BpaT 006pasytoLLeincsa Nbinv B nnasky;

— OTNVBKa aHOA0B U3 BUCMYTUCTOrO CBUHLA;

— 3MEKTPONN3 BUCMYTUCTOTO CBMHLA B KPEM-
HedTOpUCTOM pacTBope (C nonyyeHnem obopoT-
HOrO KaTOAHOrO CBMHLA M @aHOAHOrO LUamMa);

— MPOMbIBKA, CylKa W nnaBka 06OPOTHOrO
iama B CMECU ¢ yrnem 1 cogow, B pesynbtaTte
4ero MOMyYeHbl YTUNU3MPYEMbIA OTBanbHbIN
LnaK 1 CIMTKW YepHOBOro BucMyTa [21].

Bo BTOpOM cnyyae peanu3yeTtcs NMpo3nek-
TPOMeTanypruvecknii cnocoB, BKIKYaLLMN:

— BOCCTaHOBMTENbHYIO MMaBKy okcuzos (no-
NyyeHbl LWnak, NbinM U CAUTKU BUCMYTUCTOrO
CBMHLA);

— 3MEeKTPONM3 BUCMYTUCTOrO CBWHLUA B pac-

ISSN 2782-4004 (print)

nnase XnopuaoB (MonyyeHbl KaTOOHbIN CBUHEL,
1 06oraLleHHbIi BACMYTUCTLINA CBUHEL);

— BTOPMWYHbLIA 3NEKTPONM3  BUCMYTUCTOrO
CBMHUA (NOMyYeHbl KaTOOHbIA CBUHEL U ToBap-
HbI YepHOBOW BUCMYT) [22].

N3 oKcuOHbIX COEAMHEHUW, B YacCTHOCTU
LpOCCOB, BUCMYT MOXET ObITb NOSy4YeH BOCCTa-
HOBUTENIbHOW NfaBKOW B pacnniaBe eaKoro
HaTpa, 3NIEMEHTHOW Cepbl N KOKCUKA, B3ATHIX B
COOTHOLUEHUN: BMCMYT:LLENOYb:yronb:cepa =
1:(0,8-1,8):(0,04-0,16):(0,02—-0,08)%. Mpun Hus-
kotemnepatypHon (800-850°C) BoccTaHOBM-
TENbHOW nnaBke ANs MOMYyYEHUS YEPHOBOTO
BMCMyTa B COCTaB LUMXTbl BBOASAT Kpaxmarn,
MO3BOMSAOWMIA NOBLICUTL NPSIMOE U3BIEYEHNE
BucMyTa 10 ~95% [23].

LENb UCCITEQOBAHUA

Ob6ocHoBaHue 1 paspaboTka npuHUMNManb-
HOW MUPO3NEKTPOMETANNYPrUYECKON TEXHOMO-
rmn nepepaboTkm BUCMYTUCTbIX APOCCOB U OK-
CVYA0B — NPOMMPOAYKTOB papuHMpOBaHWS Yep-
HOBOrO CBMHLA — NPUMEHWUTESIBHO K NPOU3BOA-
CTBEHHOW WHpacTpykType dunmana MNCLUM
AO «Ypananektpomeab» Mpu UCMONb30BaHUM
BOCCTAHOBUTENbHbIX MMAaBOK MCXOAHOMO CbIpbs
1 oboraLleHHOro BUCMYTOM LUfIaMa, 3MEKTPOSN-
30M BMCMYTUCTOTO CBMHLA C NOMNy4YeHUEeM BUC-
MyTa 4YepHOBOro, codepxalero He meHee 90%
Bi npu ero npsimom nssneveHun He mexee 70%.

PelwaembiMi ans OOCTUXEHWS Lenn uccne-
[OBaHMA 3afjadaMu ABNAKTCS: OLEHKa Bellye-
CTBEHHOrO COCTaBa MCXOAHBIX BUCMYTUCTbIX OK-
CVAO0B, APOCCOB M NOMYYEHHbIX NPOAYKTOB; JKC-
nepumeHTanbHoe MoaenupoBaHve ©6a3oBoro
nepefena Cxembl — MnaBKK OKCUAOB C Aobas-
neHvem kapboHaTa HaTpus, AMOKCUAA KPEMHUS
W YrnepoaucToro BOCCTaHOBUTENs; 060CHOBa-
HUE OCHOBHbIX NEpPeaenoB NPeasIoKEeHHON Tex-
Honornyeckon cxemsl [1, 4].

MATEPUAN W METOObl NCCNEOOBAHUA
MpoBedeHbl OMNbITbl MO BOCMPOU3BEAEHMIO
OCHOBHbIX MEpPEenenoB TEXHONOMMM MonyyYeHus
BMCMYTa YEpPHOBOrO C yBeSMYeHHbIMKU (8o 1,1-
1,2 Kr) HaBeckaMy UCXOAHbIX BUCMYTUCTBIX OK-

®A. c. Ne 1106162, CCCP, C22B 30/06. Cnoco6 nonyyeHus BucmyTa u3 ero okcmucoeguHenun / H0. M. tOxuH, B. E. [Obs-
koB, J1. H. Makcumog, A. U. ®epuenko, B. B. Cobones; 3assutens NHCTUTYT xumum TBEpAOro Tena u nepepaboTkn mu-
HepanbHoro cbipbst CO AH. 3asBn. 27.06.1983; onybn. 10.11.2011. Bron. Ne 31.
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CVUOOB B BbISIBNIEHHbIX paHee TeXHOMOrMyYeckux
pexumax. BoccTaHOBUTENbHYO NMaBKy BUCMY-
TUCTbIX OKCUAOB C MOSlyYEHWEM BUCMYTUCTOrO
cBuHUa Benu npu temnepatype 1150°C u cne-
AyloLem pacxofe peareHToB, % OT KonnyecTsa
okenpos: Na,CO3 — 66; SiO, — 25; C — 5. Pea-
reHTHas obpaboTka BUCMYTUCTOrO CBMUHLA C NO-
nyyeHnem Pb-Bi cnnaea, oyuweHHOro ot npu-
Mecen, Bknovana obe3mexuBaHue (oxnaxge-
Hue ot 600°C) u wenoyHyto obpaboTky (500°C)
nonyyeHHoro obe3mexeHHoro cnnaea. Pacxop
peareHToB cocTaBun, % OT BUCMYTUCTOrO CBUH-
ua: S — 2,0; NaNO3 - 10,2; NaOH - 8,3; NaCl -
1,4. TupoanekTpomeTannypruyeckas nepepa-
6oTka (550°C) Pb-Bi cnnaea B pacnnaee cmecu
conen (%: NaCl — 7, KCI — 35, PbCl, - 18, ZnCl,
— 40) ¢ nony4yeHMem BUCMyTa YEPHOBOrO MpO-
BeJeHa B BE CTagum.

Ha nepson ctaguu ucxogHeln Pb-Bi cnnas
obpabaTbiBanu aHOAHOW nonspusaunen npu
aHogHoW nnoTHoctn Toka 0,5 A/CMZ, TOKOBOM
Harpyske 9,3-9,9 A. Ha BTopon ctagumn obora-
LEHHbIN NO BMCMYTY CMnaB (aHOAHbLIA NPOAYKT
NnepBoi cTagmu) NoABEPrany aHo4HOW nonspu-
3aumu Npu CKOPPEKTUPOBAHHOM pexuMme: aHoa-
Hasl MMOTHOCTb Toka cocTasuna 0,3 Alcm?, To-
koBasi Harpy3ska — 8,0 A.

Ona wu3yyeHus 3MEMEHTHOro coctaBa WC-
XOAHbIX MaTepuanoB W NpOAYKTOB MUPO3MeK-
TpoMeTannypruyeckon nepepaboTkn BUCMYTU-
CTbIX OKCWMOOB HaBECKW MCMbITyeMbIX 06pasLoB
u3aMenbyanu B nabopaTtopHOM ucTupaTene
mapku DP50 go kpynHoctu meHee 0,1 mm [3].

XUMUYECKUA COCTaB aHanm3mpyemblX KOM-
MOHEHTOB OMpefeneH MeTodamu  aTOMHO-
SMWUCCUOHHON CNEKTPOMETPUU C  WHOYKTUBHO-
csAsaHHon nnaamoi (Optima 4300 DV) u peHT-
reHonyopecLeHTHON  crnekTpomeTpun  (S4
Explorer).

®a30BbIN COCTaB OLEHEH METOLOM pPeEHTre-
HO(ha30BOro aHann3a Ha aBTOMATU3NPOBAHHOM
omdpaktometpe POH-2 B Cu Ka-uanyyeHuw,
nocnegywuias nageHTudgukaums gas nposegeHa
c npueneyvexHnem 6a3sbl gaHHbix ICDD 2013. [na
onpeaeneHnst aNeMeHTHoOro cocraea as uc-
Mofib30BaH PACTPOBbIA  ANEKTPOHHbLIN  MUKPO-
ckon JSM-59000LV co BCTPOEHHbLIM 3Heproamc-
NEPCUOHHLIM  PEHTFEHOBCKMM  CMEKTPOMETPOM
OXFORD INCA Energy 200.
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PE3YJIbTATbI UCCJIEOOBAHUA
N X OBCYXXOEHUE

Mo uToram ucnblTaHUM TEXHONOrMK nepepa-
60TKM BUCMYTUCTLIX OKCMZOB (PUCYHOK) onpe-
[ENEHbl ONTUMAsbHbIE NapameTpbl OCHOBHbIX
onepauun 1 xapakTepUCTMKKN NOSyYEHHbIX Npo-
AyKTOB (Tabn. 1-5).

BoccmaHoeumenbHasi nnaska OCYLECTB-
nsetcs npu temnepatype 1150°C BUCMYTUCTBIX
okcmooB ¢ agobaBneHnem kapboHaTa HaTpus,
KBapLia M KOKCKKa, B3ATbIX B KONMYECTBE 66, 25 1
5% OT maccbl BUCMYTUCTbIX OKCWMOOB, COOTBET-
CTBEHHO, B pe3ynbTaTe KOTOPOW BbIOENSTCA:
BUCMYTUCTbIN CBUHEL, ODOPOTHBIN LWAaK, nepe-
faBaemblii B UMK nepepabotkm Cu- mnm Pb-
codepKallero cbipbsi (MUHEpanbHOro unu BTO-
PUYHOrO), W NblferasoBasi CMeCb, NogBepraemas
MbINErasoouncTke C NoslyYeHMeM Nbin U BO3ro-
HOB, nepegaBaemblX B UMKN nepepabotkm Cu-
unu Pb-coaepallero cblpbsi, U OYULLEHHOTO ra-
3a, BblbpacbiBaeMoro B atmocgepy [22, 23].

BbloeneHHbIn BUCMYTUCTbIN CBUHEL, (BbIXOZ
— 70,0%) copepxwut, %: Bi — 7,33; Pb — 76,70.
N3BneyeHne metannos B cnnas, %: Bi — 96,0;
Pb — 97,2. Wnak (Bbixoa — 83,0%) coctaea, %:
Bi — 0,18; Pb — 1,32; SiO, — 24,0; Na,O - 55,6;
MgO - 7,7; CaO - 6,9; FeO - 0,5. B Hero nepe-
xoput, %: Bi — 2,8; Pb — 2,0. TpeTbuM npoayk-
TOM NNaBKW SBMSETCS NblerasoBas cMech (Bbl-
xo4 — 43,0 %), KOHUEHTpMpYIOLas YacTb LEH-
HbIX KOMMOHEHTOB, B TOM yucne, %: Bi — 1,2; Pb
- 0,8 (cm. Tabn. 1).

Ob6e3mexusaHue suCMymucmozo ceuHya
npn Temnepatype 350-600°C npoBoautca Ao-
OaBneHnem B pacnnasB cepbl B KONMYECTBE A0
2,0% oT ero macchl. Bbigensiemble npoaykTbl:
CynbUAHbIE LUNMKEPbI, HanpaBnsemble B LUK
nepepabotkn Cu- unm Pb-cogepxallero cbipbs;
Pb-Bi cnnaB nocne ob6e3mexuBaHus W nbinera-
30Basi CMeCb, NoABepraeMas nbinera3ooyncTke
C MOMYYEHWEM MNbIMN U BO3rOHOB, NepeaaBae-
MblIX B UMKn nepepabotkm Cu- wunm  Pb-
COAEpPXaLLEro Chbipbsl, U OYULLEHHOTO rasa, Bbl-
HpacbiBaemoro B atmocdepy (cm. Tabn. 2). B
konuyectBe 37,2% OT OKCMOOB BbiaeneH obes-
MexXeHHbIn cnnae, %: Bi — 7,75; Pb — 87,96. Ak-
Kymynupyrowmn, %: Bi — 54,0; Pb — 59,3. B
cynbuaHble wnukepbl (Bbixod — 32,4%) wn3-
Bnekaetcsa, %: Bi — 33,3; Pb — 37,1. lNpwu co-
aepxanun, %: Bi — 5,49 n Pb - 63,25.
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Bi-okaiger  Na;COQOs Si0; Koxcux
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(Bi-uepuoroii)
[Mocraeki moTpedHTE MO

TexHonozu4yeckas cxema noJsly4yeHust UCMyma 4YePHO8020
Process flow diagram of rough bismuth production

Ta6nuua 1. BoccTaHoBMTeNbHAS NNaBka BUCMYTUCTLIX OKCUAOB
Table 1. Reducing melting of bismuth oxides

Macca (m, r) / Copepxanue (B, %) / PacnpepeneHue (g, %)
KomnoHeHT Bcero, r m/B/e B
Bi | Pb Zn/Sb/As/Sn/Cu

3arpyxeHo
Bi-okcuabl 1136 60,7/5,3/100 627/55,2/100 6,4/2,4/1,7/1,6/0,3
Copa 750 - - -
Keapy 284 - - -
pagut 57 - - -
NTOro: 2227 60,7/-/1100 627/-/100 -

MonyueHo
Bi-cBuHeL 795 58,3/7,3/96 610/76,7/97,2 0,1/2,9/0,3/0,8/0,4
Lnak 9435 1,710,213 12,5/1,3/2 5,9/0,25/1,0/0,8/0,02
Mbinb, ras 488,5 0,7/0,15/1 5/1/0,8 -
NTOrO: 2227 60,7/-/100 627/-/100 -
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Tabnuua 2. O6e3amexuBaHne Pb-Bi cnnasa
Table 2. Pb-Bi alloy decontamination

Macca (m, r) / Copepxanue (B, %) / Pacnpeaenenue (g, %)
KomnoHeHT Bcero, r m/B/e B
Bi | Pb Zn/Sh/As/Sn/Cu
3arpyxeHo
Bi-cuHey 795 58/7,3/100 610/76,7/100 0,1/2,9/0,3/0,8/0,4
Cepa 16 -
nTOoro: 811 58/-/100 610/~/100 -
MonyyeHo
Pb-Bicnnas 423 33/7,8/56 372/88/61 -/3/0,3/0,4/0,2
S-Winmkepsbl 368 20/5,5/35 233/63/38 0,5/1,8/0,2/1,5/1,4
Mbinb, ras 20 5/26,5/9 5/25/0,8 -
NUTOrO: 811 58/-/100 610/~/100 -
lWenoynass obpabomka obe3mexeHHoO20 00e3MexuBaHWss U Weno4yHon 0bpaboTku

cnnaea OCyLeCTBNAETCA npu  Temnepartype
500°C nyTemM KOHTaKTMpPOBaHWS C rMapPOKCULOM
HaTpWsl, HUTPATOM HaTPWUSA U XJIOPMOOM HaTpus,
B3ATbIMM B Konuyectse go 10,2, no 8,3 u oo
1,4% OT Maccbl BUCMYTUCTOrO CBMHLA, COOTBET-
CTBEHHO, Npu KoTopon 0bpasytoTcs: LenoYHomn
nnas, YTUNM3MPYeMbIn B LWKNe padmHUpoBa-
HUS cBMHUA; Pb-Bi cnnas, ouMLLEHHbIA OT npu-
MeceW; nblnerasoBas CMeCb, noaBepraemas
MblfIerasooymcTke ¢ NOYyYEHMEM NbIM U BO3rO-
HOB, nepeaaBaeMbix B UMKN nepepabotkn Cu-
unn Pb-cogepxallero Cbipbsi; OUMLLEHHBIV ras,
BblbpacbiBaeMbI B aTMocgepy (M. Tabn. 3).
Cnnae nocne weno4yHon obpaboTku nmeet
cnegywowme napameTpbl: Bbixod — 12,5%; co-
ctaB, %: Bi — 8,7; Pb — 91,0. N3BneyeHne, %: Bi
- 20,4; Pb — 20,6. B weno4Hon nnas (BbIxod —
29,0%) nepexogut, %: Bi — 19,5; Pb — 30,1. Co-
AepXaHue meTannos coctaenset, %: Bi — 3,6;
Pb — 57,3. Mbinb 1 ra3, obpasyowmecs B xoae

Tabnuua 3. LLlenoynas obpabotka Pb-Bi cnnaea
Table 3. Alkaline treatment of Pb-Bi alloy

(BbiIxog — 11,4%), akkymynupytot, %: Bi — 22,7;
Pb-9,4.

lNpoueccy anekTponu3a npeaLwwecTsyeT npu-
rOTOBMEHWE XJIOPUAHOMO 3neKkTponuTa cnepy-
towero coctasa, %: NaCl — 7, KCI - 35, PbCl, -
18, ZnCl, — 40, 3akntoyatoLeecs B CMELLEHUN U
pacnnaBneHNN 3afaHHbIX KONMWYECTB Xnopuaa
HaTpusa, Xropuga Kanus, xnopuaa CBMHLUA W
xnopvaa umHka [7-9].

lMepeass cmadusi anekmposnu3a 3aknoya-
€TCS B 3NEKTPONMTMYEeCcKon nepepaboTtke npu
Temnepatype 550°C cnutkoB Pb-Bi cnnasga,
OYMLLIEHHOrO OT NpKUMecen, NpoBoAMMas B pac-
nna.e XIopuaHoro anektponuta. MpoaykTel ne-
pedena: conesow nnae-1, B NfaHOBOM Konu4e-
CTBE BbIBOAMMBINA B LMK nepepabotkn Cu- unu
Pb-cogepxallero Cbipbs; kKaToOHbIA NPOAYKT-1,
nepefaBaemMbli B LMKN paUHUPOBAHUS CBUH-
La; aHodHbI npoaykT-1 (cMm. Tabn. 4).

Macca (m, r) / Copepxanue (B, %) / Pacnpepenenue (g, %)
KomnoHeHT Bcero, r miB/e B
Bi | Pb Zn/Sb/As/Sn/Cu
3arpyxeHo

Pb-Bi cnnas 423 33/7,8/100 372/88/100 —/3/0,3/0,4/0,2
HuTpat HaTpus 81 - - -
NaOH 66 - - -
NaCl 11 - - -
NTOrO: 581 33/-/100 372/-/100 -
MonyyeHo
Pb-Bi cnnas 142 12,4/8,7/37,8 129,5/91/35 —/—I-/-/0,16
LLlenoyHol nnae 329 11,9/3,6/36 188,7/57,3/51 0,04/2,8/0,3/0,4/0,2
Mbinb, ras 110 8,5/7,8/26 53,8/49/14,5 -
NTOrO: 581 33/~/100 372/-/100 -
800 https://vestirgtu.elpub.ru
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Tabnuua 4. MNepBas cTagns aNekTponumaa
Table 4. The first stage of electrolysis
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Macca (m, r) / Copepxanmue (B, %) / Pacnpepenenue (g, %)
KomnoHeHT Bcero, r m/B/e B
Bi | Pb Zn/SbiAs/Sn/Cu
3arpyxeHo
Pb-Bi cnnas 142 12,4/8,7/100 129,5/91/65,7 —/—1-/-10,16
Cwmecsb conemt 355 - 47,6/13,4/24,1 19,8/—/-—-I-
Pb-rpanynbi 20 - 20/100/10,2 -
NTOro: 517 12,4/-1100 197,1/-/100 -
MonyyeHo
AHOAHBIA NpoaykT-1 44 11,7/26,7/94,2 32,1/73,1/16,3 0,08/-/-/-/0,13
KatogHbiv npoaykT-1 105 0,01/0,005/0,04 102,2/97,2/51,8 2,7——1-1-
Coneson nnas-1 368 0,7/0,19/5,7 41,3/11,2/31,9 11,9/—/~1-I-
NTOrO: 517 12,4/-/100 197,1/-/100 -

Ha nepsov ctagum nonyyvyeH aHOAHbIA Mpo-
AaykT-1 (BbIxoa — 3,9%), cogepxawmn, %: Bi —
26,7; Pb — 73,1, nssne4yeHune metannos, %: Bi —
19,3; Pb — 5,1. B katoaHbIi npoaykT-1 (BbIx0oa —
9,2%), cogepxawwmn, %: Bi — 0,005; Pb — 97,2,
nepexoaut 0,01% Bi n 16,3% Pb. Yactb Bucmy-
Ta n ceuHua (1,2 n 6,6 %, COOTBETCTBEHHO)
KOHLIEHTpMPYETCS B CONEBOM nnaee-1 (BbIXo4 —
32,4 %), copepxawem, %: Bi—0,2; Pb - 11,2.

Bmopass cmadusi anekmposiusa npeny-
CMaTpuBaeT JNEeKTPONUTMYECKYD nepepaboTky
npu Temneparype 550°C aHogHoro npoaykTta-1 B
pacnnaee XMOpPWAHOrO 3MeKTponuTa aHanorny-
Horo coctaea. [lpoaykTbl nepedena: COMeBOM
nna.-2, B MMaHOBOM KONMMYECTBE BbIBOAUMbINA B
umkn nepepabotkn Cu- mnm Pb-cogepxallero
Cblpbsl, KaTOOHbIN NPOAYKT-2, MOCTynawLmiA B

Tabnuua 5. Bropas ctagus anektponusa
Table 5. The second stage of electrolysis

LUMKN padMHNPOBaHMS CBMHLIA, U aHOAHbIN Npo-
AYKT-2 (BUCMYT YEPHOBOW), SBNSIOLLMIACS TOBap-
HOW npoAykuuen npoussogcTea (CM. Tabn. 5).
AHOAHbIN NPOAYKT-2 UM BUCMYT YEPHOBOW (Bbl-
xon — 1,1%) cogepxut 93,6% Bi; 4,1% Pb, uns-
BneyeHune, %: Bi — 19,0; Pb — 0,1. B kaTogHbIi
npoaykT-2 (BbIxog — 5,1%), cogepxawimi, %: Bi —
0,033; Pb — 97,8, nepexoaut, %: ~1,2 Bi; 9,1 Pb.
Conesoit nnas-2 (Bbixod — 23,3%) KOHLEHTPUPY-
eT, %: Bi — 0,01; Pb — 5,0 npu cogepxanunu, %:
Bi — 0,003; Pb — 11,9. OCHOBHble TEXHUKO-
9KOHOMMWYECKWE MOKasaTenn anekTponusa fJe-
NATCS Ha ABE CTaauun: aHOAHbIN BbIXOA, MO TOKY —
50%; kaTogHbI BbiXxog no Toky — 38%; yaens-
HbIN pacxoq 3MeKTPo3Heprum no ceuHUy — 3130
KBT-u/(T Pb); yaenbHbI pacxoq 3neKTpo3Heprum
no sucmyty — 23810 kBT-u/T Bi [17].

Macca (m, r) / Copepxanue (B, %) / PacnpepeneHue (g, %)
KomnoHeHT Bcero, r m/B/e B
Bi | Pb Zn/SbIAs/Sn/Cu
3arpyxeHo
AHogHbIN NpogykT-1 43,9 11,7/26,7/100 32,1/73,1/36,2 0,08/-/-/-/0,13
Cwmecb conen 268,6 36/13,4/40,6 19,2/—/~I-/-
Pb-rpaHynbl 20,5 20,5/100/23,2 -
NTOrO: 333 11,7/-/100 88,6/-/100 -
MonyyeHo
AHOAHbIA NPOAYKT-2 12,3 11,5/93,6/98,7 0,5/4,1/0,6 0,014/0,006/0,007/0,001/0,013
KatogHelt npogykT-2 58,1 0,7/0,03/1,3 56,8/97,8/64,2 0,004/-/—-/-/0,056
Conesoit nnas-2 262,5 0,01/0,003/0,1 31,2/11,9/35,2 20,6/0,006/0,004/0,001/0,0002
NTOrO: 333 11,7/-/100 88,6/-/100 -
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Takum 0bpasom, pesynbTaToM peanusauuu
NPEACTaBIIEHHOW TEXHOMOrMYECKON CXeMbl ne-
pepaboTkn BUCMYTUCTBIX OKCUAOB SABNAETCH
BblAENEHNE TOBAPHOrO NpoAykTa — BWUCMYTa
4epHOBOro cocTaea, %: Bi — 93,6; Pb — 4,1 npu
CKBO3HOM wu3Bnevenun, %: ~19,0 Bi; 0,1 Pb.
Obpasyetca psg NPOMEXYTOUHbIX MPOAYKTOB,
nepepabartbiBaeMblX B CMEXHbIX NPOWU3BOA-
CTBaX: LWUNaK, MbiNM W BO3rOHbl BOCCTaHOBU-
TeNIbHOM MNaBKW BUCMYTMCTBIX OKCMAOB M pea-
FEHTHOW OYUCTKM BMCMYTUCTOrO CBUHLA; CYMb-
uaHbIE LNMKEPDI; LLENOYHON MNaB; KaToaHble
NPOAYKTbI U CONeBble MnaBbl NEPBOW U BTOPOW
CTafun 3NeKTPOmn3a.

3AKJITIOYEHUE

1. WccnepoBaHa nuMpoanekTpomeTannypru-
yeckas nepepaboTka B pacnnaBe XMOpUAHbIX
conen (coctaB, %: NaCl — 7, KCI — 35, PbCl, -
18, ZnCl, — 40) Pb-Bi cnnasa, nony4yeHHoro no-
cne peareHTHon obpaboTkM NCXOOHOTO BUCMYTW-
CTOro CBMHUA. [Insi BblgeneHmst YepHOBOro BMUC-
MyTa OCYLUECTBIIEH NPOLECC aHOAHOW NONApu-
3aumv B ase ctaguv npu Temnepatype 550°C.

2. Ha nepBow ctaguu anektponusa (aHon-
Hasi MNIoTHoCTb Toka — 0,5 Alcm: KaTtogHas
MNOTHOCTb Toka — 1,4—1,5 AlcM?; MHTerpanbHoe
paboyee HanpsbkeHne - 9,4-10,1 B; wuHTe-
rpanbHas TokoBas Harpyska — 9,3-9,5 A) Bbige-
nseTca aHoAHbd npopykT-1 (BbIXO4 — 17,3—
48,5% ot ucxogHoro Pb-Bi cnnasa), cogepxa-
wuin, %: Bi — 16,6-48,4 n Pb — 51,4-83,2; cTa-
AvanbHoe n3snevexne Bi — 92,2-96,6% n Pb —
9,8-44,4%. OcHoBHble (ha3bl cnnasa: BigsPhg7;
Bio,g5Pboos. B kKaToaHbIM NpoaykT-1 nepsow cTa-
avm (67,5-78,7% ot Pb-Bi cnnaea), cogepxa-
wun 0,005% Bi n 97,2% Pb, nepexoanT okomno
0,05% Bi n 56,2% Pb. Cnnas-1 coctout u3
anemeHTHbIX Pb 1 Zn. YacTtb BUCMyTa 1 CBMHUA
(Bi = 0,9% v Pb — 46,8-68,8%) koHUeHTpupyeT-
cs B conesoM nnaee-1 (Bbixog — 253,2-300,4%
OT ucxodHoro cnnaea), cogepxawem, %: Bi —
0,03 n Pb — 26,8-36,6. OcHoBHblE (ha3bl NnaBa-
1: KPb,Cls; K;Pb,04; KCI. Bbixog no Toky, %:
aHogHbIM — 56,6-94,5; kaTogHbi — 37,6—60,9.
Pacxon anekTtpoaHeprum no cBuHUY — 2583-
4631 kBt-y/(T Pb), no Bucmyty — 25535-29645
KBT-u/(T Bi).

3. HasHayeHneMm BTOpOW CTaauun 3nekTponu-
3a (aHogHas nnoTHocTb Toka — 0,4 AlcMm?, ka-

TogHad nnoTHoctb Toka — 1,0 AlcM?, WHTe-
rpanbHoe paboudee HanpspkeHue — 8,0 B, uHTe-
rpanbHas TokoBas Harpyska — 6,8 A), npoBoau-
MO/ B OOHOBNEHHOM XNMOPUAHOM 3MIEKTPONMUTE
aHarnormyHoro cocrtaea, sBnseTcs nepepaboTka
aHogHoro npoaykta-1. AHOOHbIA  NPOOYKT-2
BTOpOW cTtagum (Bbixog — 28,1% ot oboraileH-
Horo Pb-Bi cnnasa-1) cogepxwut, %: Bi — 93,6;
Pb - 4,1; Ag - 0,086; As — 0,0066; Sh — 0,006;
Cu - 0,0013; Sn - 0,001; Zn - 0,0014, ctagu-
anoHoe wu3enevenune, %: Bi — 98,6; Pb — 1,6.
OcHoBHasa ¢hasa cnnaea — Big gsPbg os. B kaToa-
HbIN NPoAYKT-2 (Bbixod — 132,5% oT oboraileH-
Horo Pb-Bi cnnasa-1) cocraea, %: Bi — 0,033;
Pb - 97,8 nepexogut, %: ~0,2 Bi; 111,5 Pb. Oc-
HOBHblEe (ba3bl — anemeHTHole Pb n Zn. Cone-
Bown nnae-2 (Bbixog — 617,6 % ot oboraLieHHoro
Pb-Bi cnnaea-1) koHueHTpupyeT 0,1% Bi npwu
copgepxanun 0,003% Bi. OcHoBHble ¢hasbl nna-
Ba-2: K,ZnCly; ZnCly; NaCl; KCI. Bbixog no Toky,
%: aHogHbln — 80,9; katogHbii — 94,9. Ypenb-
HbIW pacxog 3MNeKTPo3Heprun no ceuHLy — 2557
kBT-u/T Pb, no Bucmyty — 6995 kBT-u/T Bi.

4. [Ins peanusauun TEXHOMOrMK B OMbITHO-
MPOMBILLNEHHOM MacliTabe peKkoMeHAOBaHbI
cnegyowme pexmmbl NUPO3NEKTpoMeTannypri-
yeckon nepepabotkn B ABe ctagum Pb-Bi cnna-
Ba-1, Nofly4eHHOro nocne peareHTHoM 0bpaboT-
KU BUCMYTUCTOrO CBMHLA:

— TemnepaTypa npouecca coctasuna 550—
600°C;

— aHofHas MNOTHOCTb Toka, A/CM?, Ha nep-
Bown/sTopou ctaguu — 0,5/(0,2-0,3);

— KaTogHas nNnOTHOCTb TOKa Ha nep-
Bow/BTOpOM ctagumn — 1,5/1,0;

— paboyee HanpshkeHMe Ha BaHHe, B, Ha
nepsow/sTopow ctagum — (8-12)/(5-8);

— COCTaB 3nekTponuta Ha obemx cragusix,
%: NaCl — 7, KCI - 35, PbCl, - 18, ZnCl, - 40;

— KONIMYECTBO 3MEKTPONUTA, BEIBOAUMOrO Ha
nepepaboTky: Ha nepson ctagumn — 10% oT mac-
cbl Pb-Bi cnnaea nocne wenoyHon obpaboTku;
Ha BTopon ctagum — 10% OT mMaccbl aHOAHOro
NPOAYKTa NepBov CTagum.

Mpu ocywecTeneHnn anekTponusa Pb-Bi
cnnaea B OOHY CTaaui cneayet npuHMMaThb
peX1MMbl BTOPOW CTaaum npouecca.

5. BblgeneHHbin B Xo4e BOCCTAaHOBUTENBHOM
MnaBKN OKCUAOB BUCMYTUCTbIN CBMHEL, (BbIXOS —
70,0% ot okcugos) copepxut, % macc.: Bi —
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7,3; Pb — 76,7. Vl3aBne4yeHne meTannos B Cnnas,
%: Bi — 96,0; Pb — 97,2. WWnak (Bbixog — 83,0%
oT okcupos) coctaea, %: Bi — 0,18; Pb - 1,3;
SiO; — 24,0; Na,O - 55,6; MgO - 7,7, CaO -
6,9; FeO - 0,5. B Hero nepexogut, %: Bi — 2,8;
Pb - 2,0.

6. PeareHTHas o6pabotka BUCMYTUCTOrO
CBMHLa no3sonsieT B konuyectse 37,2% OT Ok-
CUaoB Bblaenutb obeamexeHHbln cnnae (%: Bi
- 7,7; Pb - 87,9), akkymynupytowmn 54,0% Bi;
59,3% Pb. B cynbtuaHble wnukepbl (Bbixod —
32,4% ot okcupos) ussnekaetcs 33,3% Bi un
37,1% Pb npu cogepxaHun 55% Bi n 63,2%
Pb. Cnnas nocne weno4yHon obpaboTkn nmeet
cnegywowme napameTpbl: Bbixod — 12,5% ot ok-
cuaos; coctas, %: Bi — 8,7, Pb — 91,0; nssneve-
Hue n3 okcmaos — 20,4% Bi n 20,6% Pb. B we-
noyHon nnae (Bbixod — 29,0% oT okcmaos) ne-
pexoaut u3 okenagos 19,5% Bi n 30,1% Pb; co-
AepXaHus mMeTannos coctasnsawT, %: 3,6 Bi u
57,3 Pb.

7. Ha nepBon ctaguu anekTponusa nonyyeH
aHogHbIn npoaykT-1 (Bbixog — 3,9% oOT okcu-
[0B), codepxawun, %: 26,7 Bi n 73,1 Pb; us-
BreyeHne metannoB u3 okcmaos, %: 19,3 Bi u
5,1 Pb. B katogHbIn npoaykT-1 nepson craguu

ISSN 2782-4004 (print)

anektponu3a (Bbixod — 9,2% OT OKCMAoB), CO-
pepxawmn 0,005% Bi n 97,2% Pb, us okcmoos
nepexogut 0,01% Bi n 16,3% Pb. YacTtb Bucmy-
Ta u ceuHua (1,2 n 6,6%, COOTBETCTBEHHO) KOH-
LIeHTpMpYyeTCs B CONMEBOM nnase-1, Bblaense-
MOM Ha NepBON CTagun 3NeKTponmsa (BbIxod —
32,4% ot okcuaos), cogepxawiem, %: 0,19 Bi un
11,2 Pb. AHOOHbIA NpOAyKT-2 BTOPOW CTaguu
3NeKTponmn3a — 4YEepHOBOM BUCMYT (BbIXOA —
1,1% ot okcmpoB) copgepxut 93,6% Bi n 4,1%
Pb, nssneyexne n3 okcnaos — 19,0% Bi n 0,1%
Pb. B kaTogHbI nNpoayKkT-2 BTOPOW CTaguu
anekTponu3a (Bbixog — 5,1% OT OKcuAaoB), co-
pepxawmn 0,033% Bi n 97,8% Pb, nepexognt
okono 1,2% Bi n 9,1% Pb oT cogepxawumxcsa B
okcnpgax. ConeBon nnaB-2, BblAENSEMbIA Ha
BTOpPOW CTagum anektponusa (Bbixog — 23,3%
oT okcmgos), KoHueHTpupyeT 0,01% Bi n 5,0%
Pb okcupoB npu cogepxanusix, %: 0,003 Bi u
11,9 Pb. OCHOBHble TEXHWKO-3KOHOMUYECKME
nokasaTenu 3nekTponm3a npoxXoadT OBe CTa-
AMN: aHOAHbIN BbIXxod No ToKy — 50%; KaToaHbIN
BbIXOA, N0 TOKy — 38%; yAenbHbIA pacxos anek-
TpoaHeprun no ceuHuy — 3130 kB1-y/(T Pb);
yOenbHbIA pacxoq 3NeKTPO3IHEPTMM NO BUCMYTY
— 23810 kBt-4/(T Bi).
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