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Velychko! A.G., Sukhyi? K.M., Jiang Zhouhua?3

Vibration characteristics and dynamic control of vacuum treatment

Abstract

Vibration characteristics of vacuum treatment at industrial steel vacuumisation units are studied. The amplitude-
frequency spectrum and the main sources of vibration of vacuum treatment units are analysed. It is shown that the vi-
bration spectrum is dominated by low and high frequency ranges. In the low-frequency range the vibration of vacuum
treatment units is connected with bath oscillations and wave formation on the surface, as well as with decarburisation of
metal during oxygen blowing and vacuum-carbon deoxidation and degassing processes. In the high-frequency region
the sources of vibration are pulsations of vented gases. Correlation relations between vibration and technological pa-
rameters of vacuum treatment are established. Possibilities of vibration method for dynamic control of vacuum treatment
are shown. The character of vibration signal level change at the frequency of 8 Hz reflects the dynamics of decarburisa-
tion during oxygen blowing of metal at reduced pressure. In the established frequency ranges the vibration characteris-
tics allow to control the processes of vacuum-carbon deoxidation and degassing.

Keywords: vacuum treatment, vibration characteristics, dynamic control, vacuum carbon deoxidation, vacuum degas-
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sing. Introduction

Acoustic and vibration control methods have been
widely used in the oxygen-converter process to
assess decarburization in the converter bath, to
determine the level of slag during the blowdown and
to predict slag-metal emulsion emissions [1-3].

At the same time, the wide possibilities and potential
of vibration and acoustic controlling systems open
prospects for their use, for example, in the vacuum
treatment of steel [4-5].

This paper presents the results of research on
vibration characteristics of steel vacuum degassing
in circulating vacuum degasser (RH) and DETEM
units.

At 100 and 160 t circulating vacuum degassing units
(Fig. 1) vibration sensors were installed at different
levels of the vacuum chamber body and on the lid.
As experiments have shown, the vibration signal
taken from the vacuum chamber body turned out to
be the most representative. At the same time, the
level of vibration signal and its changes during the
processing practically did not depend on the place of
installation of the vibration sensor on the body.
Therefore, in further experiments the measurement

of vibration characteristics was carried out with the
help of one sensor installed on the body at the level
of the graphite heating element.

Experimental

Both deoxidized, and crude metal were subjected to
vacuum treatment in the RH circulation unit. The
vacuum level in the vacuum chamber was monitored
in the process. During the treatment of crude metal,
a gas analyser allowed to monitor the composition of
the exhaust gases (CO, CO2).

The DETEM method, developed by Dorrenberg
Edelstahl and Technometal (Germany), is designed
for vacuum treatment of small weight melts (from 5
to 40t) without additional heating. The unit is a steel
ladle, which is vacuum-tightly covered with a lid from
above (Fig.2).

The vibration sensor was installed on the flange of
the ladle lid (Fig. 2), which is vacuum-tightly
mounted on the ladle and forms a single vacuum
chamber with it. Thus, the vibration signal was taken
directly from the element of the unit structure that
perceives and transmits the vibrational processes in
the ladle during blowing and processing.



1 — circulating vacuum degasser; 2 — ladle with metal;
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3 — branch pipes; 4 — suction to the steam jet pump;

5 — vacuum lock for powder supply;

6 — supply of transporting gas; 7 — heater;

8 — vibration sensor; 9 — preamplifiers; 10 — integrators; 11 — band
pass filters; 12 — switch;

13 — tape recorder; 14 — spectrum analyser;

15 — root-mean-square detector; 16 — recorder;

17 — multiband frequency analyser;

DN 18 — multichannel recorder.

Fig. 1 The scheme of vibration measurements on a circulating vacuum degassing unit.

|02

1 _

Jﬁ
' 1 — vibration sensor,

2 — signal amplification and
processing unit,
3 —recording device

Fig. 2 The scheme of vibration measurements at the DETEM unit.

Results and Discussion

The research was carried out in two stages. At the
first stage, amplitude-frequency spectrums of
vibration characteristics were studied, and vibration
sources were analysed. At the second stage,
correlations between vibration and technological
parameters of treatment were considered.

Fig.3 shows the amplitude-frequency spectrum of
the vibration velocity of the circulating vacuum

degassing unit during the treatment of rimmed and
deoxidized metal.

The amplitude-frequency spectrum of the vibration
velocity of the DETEM unit was considered during
the period of oxygen blowing and afterward during
the period of vacuum-carbon deoxidation and
degassing of steel (Fig.4).

Considering the comparability of vibration velocity
values measured at particular frequencies, the
amplitude-frequency spectrums in Figs. 3 and 4
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show the vibration velocity values in absolute units
(mml/s).

As can be seen from Fig. 3, the vibration spectrum
of the steel vacuum treatment in the circulating
vacuum degasser is represented in a wide
frequency range of 1-8000 Hz. Both for vacuum
treatment of rimmed and deoxidized steels, low-
frequency (4-16 Hz) and high-frequency (2 000—
8 000 Hz) ranges are distinguished. At the same
time, the vibration level during vacuum treatment of
rimmed steel in the whole frequency range due to
the intensive processes of vacuum-carbon
deoxidation is much higher than that measured
during treatment of deoxidized metal.

Rimmed steel

N
N
o

200
160
120

[es]
o

Vibration velocity , mm/s
D
o

o

b e SN Y

JIleopis i NPaKMUKg Memarypeii

The presented in Fig. 4 amplitude-frequency
spectrum of vibration velocity of vacuum metal
treatment at the DETEM unit complements the
amplitude-frequency characteristics obtained at the
circulating vacuum degasser due to the oxidative
decarburization at oxygen blowing in the DETEM
process. In this case, the amplitude-frequency
spectrum is characterized mainly by a low-frequency
range with a maximum level of vibration velocity at
4-6 Hz. The relatively high level of vibration at
frequencies 31.5 and 63 Hz is obviously related to
the influence of the electric field of close frequency
on the measured signal.

Deoxidized steel
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Fig. 3 Amplitude-frequency spectrum of vibration velocity of circulating vacuum degasser during treatment of

rimmed and deoxidized steel.
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Fig. 4 Amplitude-frequency spectrum of vibration rate at the DETEM unit.

During vacuum treatment of steel without oxygen
blowing, the amplitude-frequency spectrum of the
DETEM unit is also mainly characterized by the low-
frequency region. At the same time, the vibration
level at frequencies 4-16 Hz is significantly lower
than during oxygen blowing periods. It is noted that
the difference in vibration levels during oxygen

blowing and without oxygen blowing is most
significant at 8 Hz.

A relatively high level of vibration was noted at the
frequency of 8000 Hz. In general, the wide
frequency range of vibration during vacuum
treatment of steel confirms its connection with rather

complex physical and chemical processes occurring
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during the treatment. Changes in their dynamics
explain the differences in vibration levels in separate
periods of vacuum treatment.

Fig. 5 shows the comparison of amplitude-frequency
spectrums of vibration displacement and vibration
velocity of 160 t oxygen converter, and DETEM unit
during oxygen blowing and RH unit during vacuum-
carbon deoxidation and degassing.

Vibration of the wvacuuming units and oxygen
converter is characterized by the low-frequency
region of 1-16 Hz. At the same time, vibration
displacement and vibration velocity levels for the
oxygen converter are much higher than those
recorded at DETEM and RH units.

Vibration velocity at frequencies of 2-16 Hz for
oxygen converter is 300-370 mm/s, on DETEM
units during oxygen blowing - 180 mm/s and on RH
units during vacuum-carbon deoxidation and
degassing - 50-150 mm/s.

The latter is due to different intensity of metal
decarburization. During blowing in an oxygen
converter with intensive blow supply, the vibration
level is high. The DETEM unit is much less vibrating
because the blowing intensity is lower, and the
decarburization rate is not as rapid. In the RH unit,
which realizes volumetric decarburization by
vacuum-carbon deoxidation, the vibration
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The performed experiments of  vibration
characteristics measurement during treatment of
deoxidized steels have shown that the processes of
vacuum-carbon deoxidation and degassing taking
place in the vacuum chamber of RH are manifested
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displacement intensity and vibration velocity are
much lower.

Based on the analysis of physical and chemical
processes during the vacuum treatment of steel, the
oscillatory effects causing the vibration of the
vacuum treatment units have been identified.
Considering possible oxygen blowing, the sources of
vibration during vacuum treatment are:

- pulsations of oxygen jet when flowing through
lance nozzles;

- vibrational processes during interaction of oxygen
jet with melt;

- vibrational phenomena at interaction of argon jets
with a metal bath and release of argon bubbles;

- pulsations during the formation and release of
argon bubbles during blowing through a porous
insert;

- wave processes on the surface of circulating metal;
- self mechanical vibrations of the vacuum chamber;
- acoustic resonances of oscillations in the free
volume of the vacuum chamber;

- vibrational phenomena in case of the volumetric
type of vacuum-carbon deoxidation process;

- vibrational processes during decarburization in the
secondary reaction zone;

- pulsations of exhaust gases.

i - LD Converter unit a)
& - DETEM unit
# - RH unit

128

in the vibration of the unit body. These frequencies
are 4-8 kHz.

In the specified frequency range, the vibration signal
was recorded to the secondary registration device
directly from the body of the vacuum chamber. As
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an example, Fig. 6 shows changes in the vibration
signal level at the frequency of 8 kHz during
treatment. Considering that the vacuum in the
chamber (less than 1 mbar) was reached practically
by the 4th minute of treatment, the duration of
vibration level decreasing for 7 minutes is
considered as one that characterizes the dynamics
of vacuum-carbon deoxidation and degassing
processes. The type of the given curve, as well as at
other melts, is close to the known dependencies of

JIleopis i NPaKMUKg Memarypeii

At the beginning of the treatment, at relatively high
concentrations of oxygen and hydrogen in the metal,
the vibration signal level is maximum. In the process
of vacuum-carbon deoxidation and degassing, as
the concentration of oxygen and hydrogen in the
melt decreases, and the corresponding slowing
down of the rate of oxygen binding and hydrogen
removal, the level of vibration signal decreases. At
the 8th minute of processing, the vibration level
reaches the minimum values and does not change

oxygen and hydrogen content change in the process  further, which indicates the completion of the
of treatment [6]. vacuum-carbon  deoxidation and  degassing
processes.
100
90
< 80
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(]
i>3 60
.E 50
w 40
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S 30
20
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0
0 5 10 15
Duration of treatment, min
Fig. 6 The changing of the RH unit vibration level at frequency 8 kHz.
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Fig. 7 The changing of the vibration level and the content of carbon oxides in exhaust gases during the

treatment of rimmed steel in the RH unit.

During treatment of crude metal, along with the level
of vibration signal, the content of CO and CO: in the
exhaust gases was monitored. Fig.7 shows changes
in the vibration signal level and the content of carbon
monoxide and the value of {CO} + {COz} during the
treatment. Close character of change of the
monitored values in the main period of treatment is
established. After the third minute of processing, the
air from the chamber is practically withdrawn, and
the amount of gases is determined by CO and CO2
emitted because of vacuum-carbon deoxidation.

Changes in the level of the monitored vibration
signal correspond to changes in the amount of
withdrawn gases, consisting mainly of CO and CO2.
After 19 minutes of treatment, practically zero and
not changing values of {CO} + {COz2} in the exhaust
gases correspond to a constant (background) level
of the vibration signal, which, in this case, was
determined by the flow rate of the injected and
exhausted argon.

Thus, the variation of the vibration signal in the high-
frequency range is related through the amount of the
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exhausted gases to the vacuum-carbon deoxidation
processes.

According to changes of vibration signal level, it is
possible to control the dynamic of vacuum-carbon
deoxidation processes during the treatment and to
determine the completion of these processes by
reaching the minimum and constant values of
vibration level. In the case of deoxidized metal
treatment, when the composition of waste gases is
not controlled, vibration control is the only indirect
dynamic characteristic of the vacuum-carbon
deoxidation process flow.

The character of vibration signal level changes in the
low-frequency range during the treatment was
studied at the frequency of 8 Hz. At this frequency,
changes of vibration signal are most likely related to
the processes of boiling and barbotage of the bath
because of argon blowing, gas release during
vacuum-carbon deoxidation and metal degassing.
Fig. 8 shows the character of changes in the
vibration signal level at a frequency of 8 Hz during
deoxidized steel treatment. During the first 2 minutes
and 40 seconds of treatment, the vibration signal
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level is relatively low (about 30% on the scale of the
secondary registration device) and is determined by
the intensity of argon blowing of the metal. At the
end of the 3rd minute of treatment, there is a sharp
increase in the level of vibration signal from 30% to
66%. The increase in vibration level is associated
with metal boiling, because of the development of
vacuum-carbon deoxidation and metal degassing
processes. At this point, low pressures in the
vacuum chamber are reached at relatively high
oxygen content in the metal. Further, as the metal is
deoxidized at constant vacuum chamber pressure,
the boiling intensity decreases, which s
accompanied by a continuous decrease in the
vibration signal value. At the 7th minute of treatment,
the level of vibration signal decreases to 32% and
stabilizes. The latter indicates the completion of the
vacuum-carbon  deoxidation and  degassing
processes at the selected treatment mode. At the
end of treatment, as well as in the first two minutes
of the process, the vibration level is determined by
the bath barbotage because of argon blowdown.

6 8

Duration of processing, min

Fig. 8 The changing of the vibration signal level at frequency 8 Hz.

At sharper reduction of pressure in the vacuum
chamber (during the first two minutes, the pressure
in the chamber was reached less than 3 mbar),
earlier boiling of metal was recorded because of
intensive processes of vacuum-carbon deoxidation
and degassing. Fig. 9 shows that the maximum
vibration levels, indicating the intensive processes of
100

80

60

Vibration level,%

40

20
0 2 4

vacuum-carbon deoxidation and degassing, were
reached already by the end of the 2nd minute of
treatment. Subsequently, a decrease in the vibration
signal level was observed, which by the 7th minute
of processing decreased to minimum values (about
30% on the scale of the secondary registration
device).

6 8

Duration of processing, min

Fig. 9 The changing of the vibration signal level at high-frequency range.

In general, as industrial studies have shown, the
information about changes of vibration signal level in

10

the low-frequency range allows controlling directly
the intensity of vacuum-carbon deoxidation and
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degassing processes. It also allows determining the
moments of their beginning and ending.

The above dependencies were used as a basis for
the developed vibration control of vacuum-carbon
deoxidation and degassing processes during steel
treatment at the RH circulation-type unit. To improve
the accuracy, reliability, and validity of control, it was
proposed to measure the vibration level
simultaneously in the low- and high-frequency
ranges.

On DETEM units, vibration control was carried out at
a frequency of 8 Hz. Fig. 10, as an example, shows
the change in the vibration level at a frequency of 8
Hz at one of the melts. It was found that the
character of changes in the vibration signal level
reflect the dynamic of carbon oxidation during the
blowdown. [7]. Up to the 2nd minute of treatment,
the level of vibration signal increased from 20% of
the background value up to 70% (on the scale of the
secondary registering device). During the first 4
minutes of oxygen blowing, due to the intensive
decarburization process, the vibration signal level is
high and fluctuated in the range of 50-78%. After the
6th minute of blowing, the vibration decrease was
indicating the slowing down of carbon oxidation. At

JIleopis i NPaKMUKg Memarypeii

the same time, the vibration signal level was
decreasing from 64% to 22%. The decrease (almost
three times) of carbon oxidation rate relates to a
decrease in its concentration in metal, a decrease in
oxygen assimilation degree due to the lance
heightening and decreasing of the depth of its
immersion into the bath. At the 9th minute of
blowing, the zone of oxygen jet injection on the
surface of the bath was visually observed. At that
moment, the lance was immersed to the working
depth of 200 mm. Consequently, the decarburization
rate increased and, accordingly, the vibration level
increased from 23% to 44%. However, due to the
lower carbon content in the bath, the carbon
oxidation rate and signal level recorded at 2-6
minutes of blowing were not achieved. After the 12th
minute, the typical decrease in decarburization rate
and vibration signal level occurs again, indicating the
reasonability of stopping oxygen blowing. When the
level of vibration signal decreased almost to
background values, the lance was lifted, and blowing
was stopped. In the process of further treatment of
metal under vacuum (without oxygen blowing) from
13 to 21 minutes, the level of vibration signal
remained constant (about 20%).

100
Lance movement
80

60

40

Vibration level, %

20

0 2 4 6 8 10

12 14 16 18 20 22

Duration of treatment, minutes

Fig. 10 The changing of the vibration signal level in the low-frequency range (8 Hz).

The obtained results formed the basis of the
developed system of vibration monitoring and
controlling of the oxygen blowing process. In
accordance with the chosen algorithm, to intensify
the treatment process, the vibration level at a
frequency of 8 Hz and the decarburization rate are
kept as high as possible within the operating
conditions of this DETEM unit.

Considering the results of the application of vibration
control at the circular vacuuming unit, at the DETEM
unit of the metallurgical plant “Dorrenberg Edelstahl”
vibration control was applied to evaluate the
processes of vacuum-carbon oxidation and
degassing. In general, the character of the obtained
dependencies was close to those obtained by
vibration measurements in the circular vacuum
degasser.

The similarity of the results in both cases is due to
identical sources of oscillations generating vibration

of vacuuming units and testifies to the universality of
the established patterns.

Conclusions

1. Vacuum processing vibration has been studied
and the amplitude-frequency characteristics of
circulating vacuum (RH) and DETEM units have
been analysed.

2. The main sources of vibration during vacuum
treatment of steel are highlighted. It is shown that in
the low-frequency region, the vibration of vacuum
treatment plants connected with decarburization of
metal during oxygen blowing and processes of
vacuum-carbon deoxidation and degassing. In the
high-frequency region, the sources of vibration are
pulsations of exhaust gases.

3. Correlations between vibration and technological
parameters of vacuum treatment have been
established.

11
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4. The conclusion is made about the universality of
the patterns obtained at RH and DETEM
installations and the possibility of application of the
developed approaches for control of vacuum
treatment processes at different types of units.

o %% ¢ ISSN 1028-2335 Ne4, 2023

5. The principal possibility of application of the
vibration method for control of decarburization and
degassing during the vacuum treatment of steel is
shown. The reasonability of vibration control of
vacuum treatment in low- and high-frequency ranges

is established.
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InaykuiiiHa miv - yHiBepcaJbHU MeTAJYPriiiHUI arperar JJs TBep-
10(¢a3HOr0 Bi/ITHOBJICHHH TA IJIABJIEHHS CTAJI I BUCOKO BYIJIeLIeBOI0
(pepomapranuro®
Grek 0. S., Velychko K. O.

Induction furnace - a universal metallurgical unit for solid-phase re-
duction and melting of steel and high-carbon ferromanganese**

AHOmauis.

3anponoHosaHo crioci6 meepdoghasHo2o 8iOHOBIEHHSI OKcudig 3aniza ma MapaaHUyto ma rnnasfneHHs cmarni ma gepo-
mapeaaHyro 8 iHOyKUitHIU reyvi. HasedeHo cxemy npouecy 8iOHo8eHHSI okcudie 3aniza ma mapeaHur. Y sKkocmi wux-
mosux Mamepiasie 3anporioHo8aHO euKopucmosysamu okamuwi (bpukemu), sKi ckrmadarwmbcs 3 cymiwi pyoo-
8yainbHOI cknadosoi ma mamepiany, Wo Micmumse 3ani30, abo chepomapzaHeub-pydo-8yeinbHi okamuwi (bpukemu) y
pa3si 8i0Ho8eHHs1 okcudie MapeaHuo. Po3anssHymo MexaHi3m HaspisaHHsI mako2o okamuwy (bpukemy) & iHOYKUIUHIU
reyi i nposedeHo eKkcriepuMeHmarnbsHy nepesipky moxnueocmel memody. [loka3aHa 8ucoKka eghekmusHicmb meepdo-
hasHo20 8i0HO8MEHHS ma nasfeHHs cmarni ma ghepomapaaHyro 8 ymosax r1abopamopHUX ma npoMuciosux iHOYKyil-
HuUx reyeu.

Knro4osi crioga: meepdoghaste sidHoenerHs, iHAyKuiliHa nid, okcudu 3aniaa, OKCudU MapaaHuo.

Abstract.

A method of solid-phase reduction of iron and manganese oxides and melting of steel and ferromanganese in an induc-
tion furnace is proposed. The scheme of the process of reduction of iron and manganese oxides is presented. It is pro-
posed to use pellets (briquettes) consisting of a mixture of ore-coal component and iron-containing material as charge
materials, or ferromanganese-ore-coal pellets (briquettes) in the case of manganese oxides reduction. The mechanism
of heating of such pellets (briquettes) in an induction furnace is considered and the capabilities of the method are exper-
imentally verified. The high efficiency of solid-phase reduction and melting of steel and ferromanganese in laboratory

and industrial induction furnaces is shown.

Keywords: solid-phase reduction, induction furnace, iron oxides, manganese oxides.

Beryn.

Be3ymMoOBHWI NpakTUYHWI iHTEepec NpeacTaBnse 3a-
BOAHHA OTPUMaHHS NPOAYKTY TBEpOoda3HOro Big-
HOBJIEHHS, OrO Ta NNaBfeHHs cTani B OAHOMY Me-
TanyprinHomy arperati. ABTOpu 3anponoHyBanu B
SIKOCTi TaKoro yHiBepcanbHOro arperaty BUKOPUCTO-
ByBaTW iHAYKUiMHY ni4y. Bonogitoum xopowmmMmn eHep-
reTUMHUMM MOXKINBOCTAMM [1], Ope0snT BUKOPUCTAHHS
IHOYKUIMHUX neYen 4iTKo npeacTtaBneHun nmBapHU-
MU LexamMn mMalimMHoOyaiBHUX 3aBoAiB, TaMm, Ae MoT-
pibeH pigkun meTan gna nuTTa, Tam, ge peanisyloTb
nepennaBneHHa MeTaneBoro 6pyxTy, 30Kkpema, He
TifIbKW 3asi3HOro, a N KosiboOpoBUX MeTariB i crnnasi..
Bigomi npuknagn HeBenukux 3aBogiB (Hanpuknag, B
IHAiT) [2],3 BIAHOCHO ManNUMM IHAYKUINHAMUW neYyamu,
SKi BUNNaBNAKTb CTanb, NepennaensoynM meTtane-
BUI OpyxT i rybyacTe 3aniso TBepaodasHoro BigHO-
BMNEHHS 3 OTPUMaHHAM Hafdani copTOBOro Npokary.
Mo-pisHOMY MOXHa oUuiHIOBaTW Take cTanennasBuib-
He BUPOOHMUTBO, ane 3a3uvparouv B Hegarneke man-
OyTHE, 3 HALWOro NornsiAy Ta YSBMEHHSA, BOHO 3acny-
roBye Ha po3rnsg.

AHani3 nirepaTypHUX faHUX.

To yomy X iHAyKUinHa niv? Hacamnepen Buxoasyn 3
KOHUenuil BUNMaBK/ cTani Ha ManuMx MeTanyprinHmx
3aBofax [3]. CboroaHi BxXe npauoTb iHAYKUIMHI ne-
yi eMHicTio 30-35 T i 3i 36iMbLWEHHSAM NMOTYXXHOCTI iH-
AYKUIHOrO HarpiBy, LifikOM MMOBIpHO, 6yayTb BMKO-
pucToByBaTuCS i Oinbll BENUKOTOHHaXHI nedi, Ao
npuknagy Hanwbinbwa iHAyKuiiHa niv B CBiTi HA 65 T
ekcnnyatyeTtbca 3 2014 poky y Kutai [4]. Lo cTocy-
€TbCs1 TPMBANOCTI NaBku, TO BLOCKOHANEHHs1 obna-
OHaHHSA Ta TEXHOMNOriN, HOBI TEXHIYHI pilleHHS 3p06-
NATb CKOPOYEHHSA TPMBAIOCTi NMaBKU MUTAHHAM 4Ya-
Cy i ULiNKOM OYiKyBaHUM (5K Le cTanocs OOCUTb

LWBMAKO MNif Yac BUMMaBKM CTarni B OyroBux enekTpo-
cTanennaBuibHUX nevax).

BigcyTHiCTb MOXNMBOCTI pacdpiHyBaHHA po3nnasy, SK
Le peanisyloTb Y KNUCHEBOMY KOHBEPTEPI Ta AYroBii
enekTpocTanennaBunbHiA Nevi, € Benukow npobre-
MO0 iHOYKLiAHOI neui, ane cnocobu nosaniyHoi 06-
pobKM cTani, siKi LMPOKO 3aCTOCOBYHOTb CbOrOAHi,
[anyTb 3MOry 3BeCTU 40 MiHIMyMy i Lo npobnemy. A
pes3ynbTaTu, HanpuKnag O4EPXKYBaHi HA yCTaHOBKaX
BaKyyMHOI iHOYKLINHOI MfaBKX Ta iHLWMX 3 BUKOPUC-
TaHHAM HOYKUIMHMX neYen NigTBepaXyrTb MOXMN-
BOCTi BUMMaBKN SIKICHUX MeTanis i cnnaseis [5-6]
HeBuncoka CTilikiCTb pyTepyBaHHSA iHAYKLUIMHOT nevi
[7], Ha Haw nornsa, Uinkom po3B'a3yBaHe iHXeHepHe
3aBAaHH4, sike 3Hange pilleHHs B Mipy 30inbLueHHSs
KINbKOCTI iIHOYKUIMHUX NeYen, 3anHATUX Yy MacoBOMY
BMPOOHMLTBI CTani Ta HapoLLlyBaHHi obcAriB BUNnaB-
Kn cTani.

OTXe, YOTUPU OCHOBHI NPUYMHU, AKi CTPUMYIOTb BU-
KOpPUCTaHHS IHAYKUIMHUX neyen y maclutabHoMy Bu-
po6HMLTBI cTani:

- Mana eMHICTb nevewn;

- TpyBarna nnaeka;

- BIACYTHICTb MOXNuMBOCTEN padiHyBaHHSA MeTany
0e3nocepenHbO B iHOYKLIVHIN nevi;

- HM3bKa CTINKICTb (pyTepyBaHHS.

Lli npobnemn matoTb Micue 1 0OMeEXyHTb BUKOPUC-
TaHHA HOYKUINHUX neyen ONs MacoBOI BUMMaBKU
cTani, xo4a 1 nepebopHi B NepcrnexkTuBi.

TexHornorii OTpMMaHHA NpoOAYKTIB TBepaodasHoro
BiJHOBMNEHHS Ta X BUKOPUCTaHHA AN MMaBfeHHA
cTani OTPMMYHTb PO3BUTOK i CbOroAHI 06CcArn BUpo-
OHuuTBa MeTanizoBaHux DRI i Sponge pgocsraioTb
135 mMnH TOH Ha pik [8]. lMpouecn TBepagodasHoro
BiJHOBNEHHS BUKIOYaOTb OOMEHHE BUMPOOHULTBO,
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ane BuMMararTb Nepennasy MeTanisaoBaHWX NpoayK-
TiB y OyroBin enekrpocranennaBunbHin nevi (Puc. 1)
[9]. 36epiratoTbcst NpobNemMn 3 NPOAYKTUBHICTIO YC-
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TaHOBOK TBepAOda3HOro BiJHOBIEHHS Ta eHepreTu-
YHMMM BUTpPaTaMu Ha npouec.

3anisHa pyda (kyckoBa)
IligroroBka Yeranoka
Jamiama PYAHOL HIMXTH NpAMOTo
pyaa . Konuenrpar P —
(nompiOueHHs, o :
36araueHHs) CPYAKYBaHHS | . | METaNi30BaHo | pp; Tom
(6puxeTyBaHHA) (Gpurern)| 1O HPOAYKTY
Byrins IMigroroska Konuenrpar (DRI)
BYTULISA BiTHOBJIEHHSA
razamH.
Byrinns (kyckose)
Meranonpokar | IIpokarni | _SIkicHa crank | [lozamiuna Crane Jlyrosa
—_— < |
CTaHd 0bpobxa eJIEKTPOCTAIeN
JTaBWIbHA MY
(IECII)

Puc. 1. TpaguuiiHa NnocnigoBHICTb OTPMMaHHA NPOAYKTIB TBEPAOdA3HOro BiAHOBEHHSA Ta iIX BUKOPUCTAHHS

ONa NnaBfeHHa cTani.

MeTanisoBaHi OpukeTu (okatui), (ryd4acTe 3aniso -
Sponge), y ubOMy TEXHOMOMNYHOMY NaHLIKKKY Cry-
ryloTb Anst NiALWMXTOBYBaHHSI B KUCHEBOMY KOHBEp-
Tepi abo AOyroeii enekTpocTanennaBuibHIN nedvi
[10]. ¥ BCix BMNagkax NpMCYTHIWA arperaTt Ans BigHO-
BMEHHS Ta OTPMMaHHSA 3anisa y BUrNsai 3anisa nps-
MOro

BiAHOBMEHHSA, rybuyacTtoro 3anisa, i cTtanennaswusb-
HWI arperaTt Ans PO3naBfeHHsA OCTaHHiIX.

ABTOpW po3rnsaaTb iHWWA TEXHOMNOMYHUI MNaHLto-
XOK, WO nepeabadae BUKOPUCTaHHS iHOYKLINHOI ne-
yi. BignosigHO 00O HbOrO, Mif Yac BMNNaBKKW cTani He
3aCTOCOBYOTb JOMEHHY MiY, BUKITHOYAKOTh KOKC i KOK-
COXiMiYHEe BUPOBHULTBO, HE BMKOPUCTOBYKOTb KUC-
HEeBO-KOHBEpPTEpHUIA arperat abo OyroBy enekTpoc-
TanennaswneHy niv (Puc. 2).

[Migroroska
3anizHa pyaa PYAHOL HMXTH | oy enrpar
(nonpibuenHs, o
36aradeHHs) TPYAKYBAHHA | &y
(OpukeryBaHHs) (Gpuicn)
Byrims [TigroroBka Konuenrpar
BYTLILIA
Meranonpoxar | Tlpoxarni | Skicnacrame | ITosamiuma | C™"® | [upykuiiina mig
CTaHH 0bpobka (1IT)

Puc. 2. TexHonoriyHa NocnigoBHICTb OTPMMaHHS CTaneBoi NPOAYKLUii 3 BUKOPUCTaHHAM iHAYKUIAHOT nedi Ta

NpoayKTiB TBepAodasHOro BigHOBMEHHS.

MpuHUMNOBMM Yy  3anNpOMOHOBAHIN  TEXHOMOrIYHIN
CXeMi € BUKOPUCTaHHS iHOYKUINHOI nedi sk cymile-
HOro MeTanypriiHoro arperaty - nedi ang TBepao-
¢a3HOro BiAHOBIEHHSA i PO3NnaBneHHAM MPOAYKTIB
TBEpAodasHoro BigHOBNEHHA 3 noganbwunm padi-
HyBaHHAM. TBepaodasHe BiJHOBMEHHS MOXe npo-
BOAUTUCA BYINELEM, YacTKOBO BYrfeLeM i BOOHEM
abo TinbkuM BogHeM. B ocTtaHHbOMY BuMagky, Lo gy-
XKe BaXnuMBO, peanisyeTbCs KOHLUEeNuUid «3ereHoi»
mMeTanyprii. Tak iHAyKUilHa M4 CTae OCHOBHUM PO-
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6oyMm MeTanypriiHuMm arperatoM Ans  BUMNIaBKK
cTani.

Y3aranbHowumn nepesarv BUKOPUCTAHHS IHOYKUIAHOT
nedi B LLbOMY BUNaAKy, BUAINUMO:

- MOXIUBICTb BUKOPUCTaAHHA MEepBOPOAHOI pyaHOI
LWIMXTK (3ani3Hoi, MapraHLueBoi, XxpOMOBOI pyau i By-
rinns);

- peanisadilo TBepaodasHoro BiAHOBMEHHA 3 BUCO-
KMMW MOKasHMKaMu 3a NPOAYKTUBHICTIO i CTyNneHem
BiAHOBIEHHS;
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- HE BUKOPUCTOBYETBLCS KOKC;

- B OAHOMY arperaTi NpoBOAMTLCA 9K TBepOodasHe
BiHOBIIEHHS, TaK i OTPMMaHHS pO3NnnaBAeHoro npo-
nyKTy;. . . e

- peani3yeTbCs KOHLIENLis «3eneHoi» MmeTanyprii;

- Marne BUMapoBYBaHHS NEryloynx enemeHTiB i 3ani-
33;

- MOXITMBOCTI TOHKOrO perynioBaHHSA TemnepaTypu
nig Yac BegeHHs NPoLECiB;

- BiACYTHICTb rpadiToBMX enekTpoaiB K y Ayrosii
ernekTpocTanennaBuibHIn nevi;

- MePCneKT!BM, WO BiAKPUBAKOTLCS, LWMPLLOrO 3a-
CTOCYBaHHS iHOYKUIMHOro HarpiBy Ansi BACOKOSKICHOI
MeTanypril Ta peuuksiHry.

IHOYKUINHA NiY MOXe po3rnsgaTtucsa 9K yHiBepcarnb-
HUW arperaTt Ansa MiHi MeTanyprinHux 3aBogiB. YHi-
BepcarnbHIiCTb iHAYKUIMHOT NeYi y uboMy BUNaKy Lie
Ny TOMy, LLO TEXHOIMOTi0 MOXHa peanidyBaTu Ta 3a-
BEPLUUTU SIK HA eTani OTPUMaHHSA NPOAYKTY TBepOo-
(hasHOro BiAHOBMEHHS, TaK i OTPUMAaHHSA PigKoi cTa-
ni.

OCHOBHUM NPUHLUMNOM POBOTU HAYKUIHOI nedi €
HaBeAEHHSA MarHiTHAM nonem cTpymiB Pyko B MeTa-
NEBIN LWNXTi, NepeTBOPEHHSA €NEKTPUYHOI eHeprii B
TENNoBY, HarpiB Ta poannasneHHs meTany [11-12].
3aBasiku Uin cneumdidi i poboTn, NpoBeAeHHsT Ha-
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Ak nokasanu ekcrnepumMeHTU, peanisaLis Takoro Ha-
rpiBy Mae CyTTeBi HeONiKN: HEMOXIUBICTb peanisa-
uii po3nnaBneHHa BIOHOBMNEHOI LWMXTWU; [OCUTb
CKragHa KOHCTPyKUia cuctemn obirpisy 3 rpadito-
BUMW enekTpoaamu; BiAHOCHO TpuBanun npouec i3
npobnemamm 3 [OOBaHTAXEHHSM LUMXTU; HU3bKa
NPOAYKTUBHICTb; BIAHOCHO BENWKWW CTYNiHb Heno-
BiJHOBNEHHS PYAHOI CKNagoBol.

AHani3 iHWUX MOXNUBOCTEN OO3BOMNMB 3anponoHYy-
BaTW BUKOPUCTAHHA B SIKOCTi 0birpiBanbHOro eneme-
HTa - 3anisoBMicHW MaTtepian. Ha nepwomy eTtani
BMKOPUCTOBYBAnNu MOAPIOHEHWI NerkoBaroBuin me-
TanesBun NoM, KK 3aBaHTaXyBarnu B iHAYKUINHY nNiy
pas3om i3 pyao-ByrinbHOW cymiwwto. Cnocrepiranm
edeKTVBHe HarpiBaHHsi pyAo-BYrifbHOI CyMilli, Big-
HOBJIEHHA Ta nojarnblue POo3nfaBfeHHs WNXTU. Y
LbOMYy BUMNaAKy NraBKy NMPOBOAMMIWN OO OTPUMAHHSA

JIleopis i NPaKMUKg Memarypeii

rpiBy OKCMAHOI CKNagoBoOi Ans TBepAodasHoro Big-
HOBJMIEHHS B iHAYKLUIMHIN Nedi paHiwe He pos3rnaga-
nn.

ABTOpM peanisyBanu onocepenkoBaHUW Harpis py-
00-BYFiNbHOT CyMmili B iHOYKUIMHIM nedi 3a 4onomo-
roto rpadiToBux enekrpoais (

Puc. 3). B iHaykuinHy nivy nomiwanu rpaditoBi enex-
Tpoawu, 3acunanu pyao-ByrifibHy LUMXTY i MPOBOAMIIMN
iHOYKUIMHWA HarpiB rpadiToBMX enekTpoais, sk, B
CBO Yepry, obirpisanu, pyao-ByrinbHy CyMmil WO iX
oToyyBana. Pypgo-ByrinbHa Cymiw AOCUMTb LUBMAKO
nporpieanacb 6ins NoBepxHi rpadiToBNx enekTpoais
i 3 HEBENUKOIO LUBWAKICTIO, B 30HAX, BiaganeHux Bif
rpadpitoBMx enekTpoais. [nsi MPUCKOPEHHSA Harpi-
BaHHSA BigdaneHuX AiNsiHOK noTpibHo Oyno posTa-
LWyBaHHSA OINbLUOT KiNbKOCTI rpadiToBMX enekTpoais
Ta 3MeHLIEeHHs BiACTaHi Mix 0bGirpiBalouMMK enekT-
poaamu.

3 Cxema onocepegkoBaHOro Harpisy pygo-
BYrifbHOI CyMilli B iHAYKUINHIN Neyi 3a JOMOMOrow rpa-
diToBMX enektpogie (1 — rpaditoBui obirpiBay iHoyK-
LiMHa niy, 2 — pygo-ByrinbHa cymill, 3 — iHQYKTOp nedi).

pigkoro mMetany, i Ha eTani OTpPMMaHHSA MPOAYKTY
TBEPAOMA3HOro Bi4HOBMEHHS, BiJOKPEMUTHM NOrO Bif
MeTaneBoro fioMy He BUSABMANOCSH MOXIMBUM.
OnTManbHMM i3 pO3rNSHYTMX BUSIBUBCH BapiaHT
BMKOPUCTaHHS PYAO-BYrinbHOI cymiwi 3 apibHoguc-
nepcHUM BigHOBNEHMM rybyactum 3anisom (3aniso-
BMiCHMUM maTtepianom - 3BM). Y uboMy Bunagaky, siK
nokasaHo Ha Pwuc. 4, posTallyBaHHs 4acTMHOK B
OKaTULLi BKIHOYAE YaCTMHKM MeTarni3oBaHoi ryoku,
BYriNNs Ta 3anisopyaHoOro KoHUeHTparty. Ak nokasa-
nM obumucneHHs npu poaMipax (pagiyci) 4YacTUHOK
3BM, Byrinna Ta pygHoro koHueHTtpaTy 0,5 mm,
0,25 mm i 0,5 mm BignosigHo, Ta Bmicty 3BM y cy-
Miwi, Hanpuknag, 40 %, Ha ogHy 4YactuHky 3BM B
enemeHTi ob'emy okaTuwy (6pukeTy) npunagae 2
YaCTUHKM PYOHOro KOHLUEHTpaTy i 9 4acTUHOK BYTrif-
ns.
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@ 3anizoBmicHui Marepian — 3BM (Sponge)

. Byrius

O 3anizopyauuii konueHrpar — 3PK s 2

Puc. 4. Cxema po3TallyBaHHS YaCTUHOK Y 3ani30-pyao-ByrinibHOMY BpUKETi.

Cxema 1BepaodasHoOro BiAHOBMEHHS Y 3anponoHo-
BaHin cymiwi y cknagi okatuwy (6pukeTy) npeacra-
BreHa Ha

Puc. 5. YactuHkn 3anisza y cknagi okatuwy (6puke-
Ty) € o6irpiBanbHUM enemeHToM, sKi npu obirpisi

nepefalrTb TEMMO OTOYYUUM iX YaCTUHKaM BYrinng
Ta pyAaHoro koHueHTpaty. OBirpiB YaCTUHOK BYrinns
npu3BOAMTbL 00 iX rasudikaLii, a MOHoOKCcua Byrne-
L0, SIKMIA NPU LibOMY BUBINBHIOETLCS, BiAHOBIOE OK-
cuam 3anisa y HarpiTmx YactuHkax pyaHOro KOHLEH-
Tpaty. BpaxoBytoum n - KinbKiCTb YaCTMHOK 3anisa
BOHW OPraHi3oBylOTb HarpiBaHHsS okaTuwy (OpuKeTy)
BCepeaunHi noro ob'emy.

Puc. 5. Cxema BigHOBNEHHSA OoKcuAiB 3anisa B 3aniso-
py4o-BYrifibHOMY OKaTuLLi (BpUKeTi).

BigHoBReHHA rematuty ige no cxemi (1) Npu LbOMy NOCAIJOBHO NPOXOAATL peakuii BiaHOBNeHHs (2-4) [13].

Fe, O3 - FesO4 - FeO — Fe
3Fe;03 + CO — 2Fe304 + COs
Fes04 + CO — 3FeO + CO2
FeO + CO —» FeO + CO2

MapanensHO pocnigXyBanu MOXIMBICTb BiHOB-
NEHHSA OKCMAIB MapraHulo y OGpukeTi: mapraHueBun
KOHLleHTpaT — BYriNNA — BUCOKO Byrneuesuin epo-
MapraHeub. [ns nocnigosHoro BigHoBNeHHs MnO:2
— Mn203 — Mn3Os — MnO kinbkicTb BYrinnsg obu-
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4

panu gocTaTHIM ANS BiAHOBNEHHSA OKCWUAIB MapraH-
uo (Puc. 6). MNpn uybomy Byrneuesun depomapra-
Heub CnyryesaB OCHOBHUM HarpiBayem B yMOBaXx po-
00TW iIHOYKLINHOI neui.
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Puc. 6. Cxema nocrnigoBHOro BigHOBMIEHHS OKCUAIB MapraHLjto

Ha Pwuc. 7 HaBegeHO cxemy MoOCnigoBHOrO TBEPOO-
(hasHOro BiOHOBMEHHS B PyAO-BYriNIbHOMY OKaTuLLUi
Ta enemMeHTi hepomapraHeLb-pyao-BYrinbHOro oka-
TMwa (bpukety). B 0box Bunagkax BigHOBHUKOM €
MOHOOKCUA BYrfeuto SK NpoaykT rasudikauii Byrin-
ns. Mpu TBepaodasHoMy BiOHOBIEHHI okaTuwa Wo-
ro HarpiBaHHs peanisyeTbCs HarpiTuMm MOHOOKCUAOM
Byrreut, Wwo obTikae nMoBepxH okatuwa. B ene-
MeHTI okaTuwa (bpuKeTy) KOHLEeHTpaT MapraHueBoi
pyav i BYrinns HarpiBatoTbCA YaCTUHKOIO BYrneLeBo-
ro hoepomapraHuio B okaTuuli (6pukeTi). 3 ornagy Ha

Te, WO MEeXaHi3M i nocnigoBHICTb TBepaodasHOro
BigHOBNEHHA B 000X BuNagkax ©nm3sbki, NpuMHUMNO-
BMM € PO3Mipu okaTuwis (BpukeTiB) 3 HarpiBaHHAM
BiJ, MOBEPXHi OO LIEHTPY i BiQHOBMIOBAHOI YACTMHKM
KOHLIeHTpaTy MapraHueBoi pyau [14], HarpiBaHHs
sIKOI BigOYBaETLCA Bif MOBEPXHI MeTaneBoi YacTuH-
Kn BriMMb® pyno-BYrinbHOI WKMXTU. Po3mip okaTuwy
(6pukeTy), Hanpuknag, moxe crtaHoBuTn 20-30 MM,
TOAi SIK PO3Mip YaCTMHKM KOHLEHTpaTy MapraHueBol
pyou B okatuwi (OpukeTi) go 1-2 mm, T06TO Ha 2-3
nopsigKM MEHLLWA.

. - e - .
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Puc. 7. Cxema nocnigosHoro 1eepaodasHoro BigHOBNEHHS B pyA0-BYriflbHOMY OKaTuLWi Ta eNneMeHTi 3ani3o-

py£o-ByrinbHOro okatuwa (bpukeTy).

Mo3awuuis 1 Ha Puc. 7 npeacrasnse iHkybauiiHni ne-
piod, KONy B cUCTeMi, Hacamnepe[ 3a paxyHoK Ha-
rpiBaHHs, (OpMyIOTbCHA YMOBU ANSA NPOTiKaHHA pea-
Kuin TBepaodasHoro BigHoBnNeHHA. [licns gocsr-
HeHHs TemnepaTypu rasudikauii Byrinns i novartky
npotiecy TBepaoasHoro BiAHOBMEHHSA Ha MNOBEPXHI
okaTuwiB abo YacTMHKKU 3ani3opyaHOro KOHLUEHTpa-
TY NpoTiKae peakuis BiAHOBMEHHA MOHOOKCMAOM BY-
rneuto MnOz go Mn203 3 YTBOPEHHAM CKOPWHKM
BiJHOBNEHOr0 OKCMAY Ha MOBepxHi (no3uuis 2 Ha
Pwuc. 7).

Mopganblle NpOCyBaHHSA HarpiBy MOHOOKCMAY BYr-
neuto Brnmb CTBOPKOE YMOBM MPOTIKaHHA Tam TaKoX
BigHoBMtoBanbHoOI peakuii MnO2 o Mn203. BogHo-
yac y ginsHui, 6nm3bkin 0O NOBEpPXHi, Nae BiAHOB-

neHHa Mn203 go Mn3z0a4. Y nosuuii 3 Puc. 7 nokasa-
HO MpocyBaHHA PPOHTY MiABeAEeHHS BiJHOBHWKA i B
NPOTUNEXHOMY HaMpPSAMKY BigBEeAEHHS ra3onogibHo-
ro npoaykTty BigHoBneHHa CO2. Mepiogun 2 i 3 xapa-
KTEpU3YOTbCA (HTEHCUMBHUM MNpPOTiKaHHAM TBepao-
¢a3Horo BigHOBMNEHHS.

Mosuuisa 4 Ha Puc. 7 nokasye, 9k peakuii TBepgoda-
3HOrO BiAHOBMNEHHS OTPUMYIOTb NodanbLUUn PO3BK-
TOK. HarpiBaHH4 i nigBeaeHHa MOHOOKCUAY BYreLto
BiO nepwudepii 4O LUEHTPYy Aae 3MOry yMOBHO Bugi-
Mty Yotupu obnacrti. B ginaHui, 6nnabkii oo noee-
PXHi, NpoLecKn BiAHOBMNEHHS OKCUAIB MapraHuto ma-
praHeLb-pygHOro KOHLEHTpaTy 3aBepLUeHi Ha eTani
PopMyBaHHSI CKOPUHKM MnO.
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HactynHa Brnnb6 obnactb npeacrtaBneHa MnsOas. Y
HiM 3aBeplleHi peakuii BigHOBNEeHHaS Mn203 ao
MnzOa4. Jani npoxoantb obnactb, Ae 3aBepLuyloTh-
cs nepetBopeHH MnO2 Ha Mn20s. Y ueHTpanbHin
obnacTi, Kyan He gocTaBneHo BiAHOBHUK, Lie 36epi-
ratotbcst okenan MnOz. Y nosuuii 4 Puc. 7 iHTeHcu-
BHICTb TBEpPAOdA3HOro BiAHOBMEHHS 3MEHLUYETLCS,
OCKiNnbku ckopuHka MnO, Lo yTBOpUnacs Ha noeep-
XHi, NepeLwKogpKkae OOCTaBLi BiAHOBHMKA B 30HUN pe-
akuii. Anga okatuwis (6pukeTiB) poamipom 20-30 Mm
OCTaHHE MOxe OyTh ICTOTHMM (QaKTOPOM YMOBIfb-
HeHHsA TBepaodhasHoro BigHOBMNEHHA. B depomap-
raHeLb-pyao-ByrifibHUX okaTuwax (6pukeTtax), ode-
BMAHO, MPOLECH BiZHOBMNEHHS NOYTb Y 30HANbHOMY
pexuMi, a He CTyMiH4YacTo, HarpiBaHHA YacCTWMHOK i
JOCTaBKa BiAHOBHMKA [0 €NeMEeHTIB MapraHelb-
pyOHOro KoHueHTpaTy okatuwis (bpukeTiB) Bioby-
BalOTbCA AyXe LBUAKO (MPakTU4HO MUTTEBO), MpPO-
6rnema 3 YTBOPEHHSAM KOpoykM MnO Ha noBepXxHi
ernemMeHTa marnovMoBipHa W O04YeBUOHO, HaniMOBIp-
HiLle, BiACYTHS.

Mo3uuito 5 Puc. 7 xapaktepuaye BiaACYTHICTb B OKa-
TMwi abo B YacTouli MapraHeub-pygHOrO KOHLEHT-
paty okcuay mapraHuo MnOz. LieHTp npeacTtaene-
HUA Tenep Mn203z, obnacti Mn3Os i MnNO 36inbLuy-
toTbes. lNMpouecn TBepaodasHOro BiAHOBIEHHS CMo-
BiNTbHIOIOTLCS | MAYTb 4O CBOro 3aBepLUEHHS. Y Mo-
3uuii 6 Puc. 7 npegcrtaBneHi Tinbku AOBi BiAHOCHO
Benuki obnacTi: y ueHTpi HegosigHoBneHnn MnzOy i
Aani oo nosepxHi BigHoBneHun okcug MnO. TMpwu
Tabnwuusa 1).
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noganbLii AoCTaBLi MOHOOKCMAY BYrfeLuto OO LeH-
Tpy i npoTikaHHi BigHOBNEeHHA Mn3Os npouec TBep-
[0a3HOro BigHOBMEHHS 3aBepLUyETbCH, | OKaTuL
abo 4YacTMHKa MapraHeub-pygHOro KOHLUEeHTpaTy
okaTuwy (bpukeTy) (K | BeCb BpUKeT) npeacTaBreHi
ceixosigHoBneHuMm MnO (nosuuis 7 Ha Puc. 7).
MpeactaBneHa cxema gae 3MOry BUOKPEMUTU Tpu
XapaKTepHi nepioan TBepaodasHoOro BiOHOBMEHHS:
iHKy6aUinHMIi, 3i 3pOCTalOY0l0 IHTEHCMBHICTIO TBEp-
A0(a3HOro BiQHOBIEHHS Ta 3i 3MEHLLUYBaHO iHTEeH-
CUBHICTIO TBepAodasHoro BigHOBMEHHS. OcTaHHilk
Mae BUpaXeHe NpPeACTaBMEHHA MpPU BigHOBMEHHI
pPYyAo-BYFifIbHUX OKaTWLIB Yy MOTOKax Harpitoro Bia-
HOBHOrO rasy i BigCyTHili B ymoBax TBepgodasHoro
BiOHOBNEHHSA 3a po3pobrneHnm crnocobom TBepao-
¢a3HoOro BiAHOBMEHHA 3@ YMOBW iHOYKLIMHOMO Ha-
rpiBy oepomapraHeLb-pyao-ByrifibHUX OPUKETIB, LLO
iCTOTHO nigBULLYE LIBUAKICTL TBepaodasHoro Bid-
HOBIIEHHS i CTYNiHb BiAHOBMEHHS.

HaBegeHa Ha Puc. 7 cxema € aHanoriyHow i y Bu-
Nagky BiOHOBMEHHs remaTtuty y opmi pygo-
BYINbHOrO Ta 3ani3o-pydo-BYriflbHOr0O OKaTuLly
(OpuKeTy) 3 TiEl NuLe BIOMIHHICTIO WO B LbOMY BU-
nagky KiHUeBMM NpoayKTOM BiAHOBIEHHS € meTane-
BE 3ari30 sike oapasy BKIOYAETbCA B NPOLIEC Harpi-
BY Bi MarHiTHoOro nons iHQyKUiiHOI neui wo pobutb
Takuil NpoLec aBTOKaTONITUYHUM.

[MpoBeaeHO NOPIBHAHHA OCHOBHWX XapaKTepucTuK
BIHOBNEHHS PYAHO-BYrifIbHOrO Ta 3ani3o-pygHo-
BYTifbHOrO okaTuy (6pukeTy) (

Tabnuus 1. NopiBHAHHA OCHOBHWX XapakTePUCTMK BIGHOBIEHHS PYAO-BYriNbHOMO Ta 3ani3o-pyao-ByrifibHOro

OpukeTy.
Pyno-ByrinbHum 3anizo-pygo-ByrinbHUN  OKa-
Oxatuw (bpukeT) Tnw (6pukeT)
Martepianu:
PyaoHa cknagosa + +
Byrinns + +
3BM - +
MoxXnuBicTb HarpiBy B iHAYKUINHIN Nevi - +
BigHOBHWMK C, BHyTD. C, BHyTp.
TennoHocin 3O0BHILLHIN 3OBHILLHIN
Tun BigHOBMOBaNLHOrO Npouecy PpoHTaNbHO-LLAPOBMI pOHTaNbHUN
BuaHavanbHi napameTpu Temnepatypa, po3Mip 6pu- | TemnepaTypa
KeTy
pagieHT Temnepatyp + -
pagieHT KOHUeHTpaLin - -
Tennosi NOTOKM Bif nepudpepint 4o LeHTpyY B o6’emi
[NoToKkM BigHOBHMKA B o6’emi B o6’emi
LLIBngkicTb BigHOBNEHHS He Bucoka Bucoka
CTyniHb BiAHOBINEHHSA [ocTtaTHbO BMCOKa Bucoka
EHeprocnoxusaHHs Bucoke Husbke

MaTepianu Ta MeToan OOCHIAKEHHS.

lMpoBeaeHo ekcnepumeHTarnbHe NIATBEPAXEHHS 3a-
NPONOHOBAHOIO MeToAYy BiAHOBIEHHST Yy nabopaTtop-
HUX IHOYKUIMHMX nedvax noTyxHicTio 5 i 50 kBT. Bu-
kopucToByBanu 6pukeTu giametpom 35 MM i TOBLUM-
HOK 00 7 MM, a TakoX AiameTpoMm 18 mm i TOBLUM-
Hoto 8 MM. Cymill MarHETUTOBOrO KOHLEHTpaTy, BY-
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rinns Ta meTanisoBaHoro 3anisa niggasanu Gpuke-
TyBaHHt0. BprkeTn nomiwanu B iHOYKUiAHY Aiy.
KoHTponb TemnepaTypu 3AilcHioBanuM 3a [OMNOMOo-
rolo Tepmonapu, nomiwieHoi B Turenb. LUIBMAKicTb
HarpiBaHHSA 0O TemrnepaTypu novaTtky ByrneLeBoTe-
pMiYHOro BigHOBMNEHHS, npubnuaHo 1000 °C, ctaHo-
Buna 20-25 °C/xB.
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Y novaTkoBuMK Nepiog HarpiBy MOTYXHICTb nedi cTa-
HoBuna 30—40 %, Wwo [03BONANO HArpiTM WKUXTY A0
TemnepaTypu noyaTKy BigHOBMEHHs. B Mipy po3suT-
Ky npouecy BigHOBIEHHS | NOSBU MeTaneBoro 3anisa
(NpooyKTy BIiOHOBMEHHS), TemnepaTtypa Ta iHTEeHCU-
BHICTb Npouecy BifHOBMNEHHs 3pocTana, Lo Cynpo-
BOKyBanocs iH-TEHCUBHMM BuAiINeHHsaM rasis. Jani,
ans 3abesnedeHHsa 6inblw NoBHOro TBepaodasHoro
BiJHOBNEHHS HaBaHTAXXEHHS Medi TPOLLKM 3HUXKYBa-
nacb. B Mmipy 3aBeplleHHs BiOHOBMEHHS iHTEHCUB-
HICTb BUAINEHHA rasiB 3aMeHLyBanaco.

Becb npouec BigHOBMEHHSA NpPOTiKaB B i30TEPMIYHO-
My pPeXxumi, npu nocTinHin Temnepatypi 1100—
1200 °C. lNoBHa MeTanisauia KOHLEHTpaTy 3aBep-
wyeanacsa npmbnmsHo 3a 1 roguHy. lNpogykT BigHO-
BMEHHS OXOMNMOMpKyBanu Ta nigaasanu aHanisy. Ok-
pemi ekcnepumMeHTU 3aBepLuyBany po3naBneHHAM
OTPMMAaHOro MeTani3oBaHOro NPOAYKTY i BIMBAHHAM
B NITHUK.

Tabnuua 2 nokasaHo, LWo Npu YacTLi 3ani3oBMiCHOro
maTepiany 10 %, ogHa 4YacTuHKa OCTaHHbLOro (pos-
mMipom 0,5 Mm) noBuHHa Harpitn 11 4yacTuHOK 3ani-
30pyaHoOro KoHueHTtpaty (poamipom 0,5 mm) i 87 va-
CTMHOK Byrinns (poamipom 0,25 mm). 3i 36inbLieH-
HSIM KiNbKOCTI 3anisoBMicHOro maTepiany B OpuKeTi
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XiMiYHMI aHani3 BigQHOBNEHOI MeTaneBoi TryOku
(snmBka) nokasas BmicT Fe>98 %. Bucoka edektus-
HICTb 3anponoHOBaHOro MeTody TBepAodasHoro
BiHOBNEHHS Ta BUMMaBKK cTani 6yna nigTBepakeHa
Ha nnaekax B MPOMUCOBIN 7 T iIHOYKUiAHIN neui.

B  ekcnepumeHTax 3  depomapraHeLb-pyno-
BYrinbHUMU GpukeTamu TBepaodasHe BigAHOBEHHSA
CYNpOBOKYBANOCh rOPiHHAM dhakeny Hag noBepx-
Hel LWMXTM Ta 3aBepLlyBanocb Ha cTafil BigHOB-
neHHs okcuais go MnO. ligBuLleHHs TemnepaTypu
NPU3BOAMIO [0 pPO3MNMaBfeHHs Ta BigHOBMEHHS
MnO BigbyBanocbk y pigkin gasi 3 oTpUMaHHAM BU-
COKO BYrIeLeBoro goepomapraHLio.

Pesynbtat gocnigXeHHs.

PospaxoBaHO KifbKiCTb 4acTMHOK 3anisopygHoro
KOHUEHTpaTy Ta BYrinns, sk NpunagatoTb Ha OAHY
YaCTUHKY HarpiBanbHOro 3ani3oBMiCHOro mMatepiany
B enemeHTi 06'emy BpukeTy, Npy YacTui 3ani3oBmic-
Horo martepiany B 6pukeTi 10, 20, 30, 40 i 50 %.

Yy

KiNbKICTb 4aCTMHOK 3amni3opygHOro KOHLUEHTpaTy Ta
BYINA WO HarpiBaloTbCA 3MEHLWYETbCA. Tak, npu
30 % wyacTui 3anisoBmicHoro marepiany B 6pukeTi,
KINbKICTb 4aCTMHOK 3ari3opygHOro KOHUEHTpaTty Ta
BYTiNns WO HarpiBatoTbes cknage 3 i 23 BignosigHo,
a npu 50 % vactui- 1i10.

Tabnuuga 2. KinbKicTb YacTUHOK B enemeHTi 06'eMy BpukeTy

Hons 3BM B
1 0

Opuketi, % | 19 20 30 40 50

Matepian
4YMCNO YaCTUHOK B eneMeHTi 06’emy BpukeTy

3BM 1 1 1 1 1
Byrinns 87 39 23 15 10
3PK 11 5 3 2 1

Ha Pwvc. 8 HaBeeHO pesynbTatn po3paxyHKy AvHa-
MiKW HarpiBaHHS 3ani3opyaHOro KOHLUEHTpaTy B OKa-
TUWi (BpukeTi) B 3aneXHOCTI Bi4 YacTku 3arnisoBMic-
HOro maTepiany, akTM4HO Bif KiSTbKOCTi YaCTUHOK
3ani3opygHoOro KOHUeHTpaTy, siki npunagarTb Ha 1
YacTMHKY 3ani30BMICHOro matepiany wo rpie. Y pos-

paxyHkax TennoobmiHy, Macy i BNacTUBOCTI MaTepi-
anis npunumManu nocTinHUMW NPOTArOM BCbOrO Mpo-
Lecy HarpiBaHHs. Po3paxyHOK HarpiBaHHsA npoBoau-
nn Ans WBWAKOCTI HarpiBaHHA YacTUHKK 3ari3oBMicC-
Horo martepiany 1 K/c.
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Puc. 8. lnHamika HarpiBaHHs 3ami3opy4HOro KOHUEHTpaTy B 3anexHocTi Big BmicTy 3BM (1 — temnepaTtypa
3BM; 2—6 — Temnepatypa 3anisopyaHoro koHLeHTpaTy npu Bmicti 3BM — 10, 20, 30 ... 50 % BignosigHo).

Konu ogHa 4acTuHKa 3anisoBMIiCHOro marepiany Lo
rpie nmpunagae Ha OAHY YacTUHKY 3anizopygHoro
KOHLIeHTpaTy (BMICT 3ani3oBMiCHOro marepiany B
WmnxTi okatuwy (6pukeTy) ctaHoBuUTb 50 %), Harpi-

BaHHS OCTaHHbLOI BiAOYBaeTbCS LWBUAKO, i rpagieHT
TemnepaTyp MK HarpiBanbHMUMK Ta TUMW LLO Harpi-
BalOTbCA YaCTUHKaMu HU3bKkuin (Ha 10-i XBUNWUHI Ha-
rpiBaHHa rpagieHT ctaHoButb 20 °C). lNpu 3meH-
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LWWEeHHi BMICTY 3ani3oBMIiCHOrO maTepiany B LUMXTI
okaTuwy (OpuKeTy) KiNbKiCTb YaCTMHOK 3ani3opyaHo-
ro KOHUEHTpaTy, fka nNpunagae Ha OAHY YaCTUHKY
3ani3oBMICHOro marepiany, 306inbLUyeTbCs, WO YNo-
BiNIbHIOE HarpiBaHHA YaCTUHOK KOHLlEeHTpaTy i 36inb-
LWye rpagieHTn TemnepaTtyp MixX HarpiBanbHUMK Ya-
CTMHKaMK Ta YacTMHKaMu Lo HarpiBatoTbes (Ha 10-
in XBUMWHI HarpiBaHHA rpagieHTn Temnepartyp cTa-
HOBNATb, BignosigHo, 40, 100, 220, 430 °C npwu BMi-
CTi 3anisoBmicHoro maTtepiany 40, 30, 20 ta 10 %).
3i 36inbLIEeHHsIM BMICTY 3ani3oBMiCHOro MaTepiany B
OpuKeTi TennoBi MOXNMBOCTI €EKTMBHOIO HarpiBy
YaCTMHOK 3ari3opygHOro KOHLUEHTpaTy Ta Byrinns,
AKi HarpiBatoTbCs YaCTUHKaMW 3ani3oBMICHOro Ma-
Tepiany, 3pocTalTb. TensoBi NOTOKM Big YaCTUHKMK
3anisoBMiCHOro matepiany wsugwe Ta egeKTUBHI-
e HarpiBalTb MEHLUY KinbKiCTb 4acTO4OK 3aniso-
PYLHOro KOHLEHTpaTy Ta Byrinns.

Takum 4YnHOM, iCHye MiHiManbHO AONYCTUMWUA BMICT
3anisoBMiCHOro maTtepiany B GpukeTi, npn akomy (i
BuLLEe) 3abe3nevyeTbca edpekTUBHE HarpiBaHHA Bpu-
KeTy. AK nokasanu po3paxyHKu Ta NpoBefeHi ekcrne-
puMeHTH, npu BmicTi B 6pukeTi 30 % Ta Oinblie 3a-
ni3oBMIiCHOro Martepiany, HarpiBaHHs BigbyBanocs
A0CUTb LWIBMAKO, a Npu BMICTi MeHLle Hix 30 % pea-
nisauis HarpiBy 6yna npakTUYHO BaXKKO 3[iACHEHOLO.
OkpiM NPMHLMNOBOI MOXITMBOCTI Harpisy Ta BigHOB-
NeHHsA 3ani3o0-pyao-ByrinbHOro 6pukeTy B iHOYKUIN-
Hi neYi, 3MIHIOETLCA XapakTep TennoobmiHy B 6pu-
keTi. [kepeno Tenna 3HaxoauTbcs 6esnocepenHbO
B 30Hi peakuini rasudikauii Ta BiAHOBMEHHSHA, y TOW
yac, Sk B pydo-BYriNnbHOMY OpMKeTi, MpU 30BHILLHIN
nogadi Tenna, BHYTPILLHI Wwapn 6pukeTy OTPUMYIOTb
Tenno i3 3anisHeHHsM BHacCnigoK CNpoTMBY Tenson-
poBigHocTi. B 3aniso-pyno-ByrinbHoMy OpuKeTi Bia-
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Horo Harpisy. B pesynbrtati 3abe3neudytoTbCs BUCOKi
LWBMAKICTb | CTYNiHb BiAHOBMEHHS.

YHiBepcanbHIiCTb 3anponoHOBaHOT TEXHONOTIi B iHAY-
KUiIVHIN nevi nondrae y npoBeAeHi nNraBku B €4UMHO-
My MeTanyprinHomy arperati 3 MiHiMansHUMK eHep-
reTMMHUMKU Ta MaTtepiansHuMu BuTpatamu. [lloga-
NbLUi gOCNIAXKEHHA nokasanu BinbLlu LWMPOKI MOXNN-
BOCTi OTPMMaHHS MapraHueBux CrnnasiB 3 BUKOPUC-
TaHHAM MapraHueBOro KOHLEHTpaTy Ta BUCOKO BYyr-
neueBoro coepomMapraHuto.

BucHoBku

3anponoHoBaHo TBepAoda3He BiOHOBIEHHS Ta BU-
nnaBKy cTani NpOBOAMTU B OQHOMY MeTanypriiHomy
arperati. B sKkocTi yHiBepcanbHOro arperaTty BWKO-
pucToByBanacs iHaykuiiHa nivy. AnpoOyBanu Harpis
pPyOo-BYrinbHOI CyMilli B iHOYKUINHIA nedi 3a gono-
MOroOl0 rpadiToBMX €neKkTpoAdiB, MeTaneBoro romy.
OnTumanbHUM BUSIBUBCA BapiaHT BUKOPUCTaHHSA
okaTuwis (GpUKETIB), WO BKMOYaAKTb MeTanizoBaHy
rybKy, Byrinns Ta 3anisopygHuii KoHLEeHTparT.

Y 3aniso-pyno-ByrinbHOMy OpuKeTi peanisyetbcs
GpoHTanbHWUN MeXaHiaM BifHOBMEHHS: TEMSIOHOCIN i
BiQHOBMIOBAY 3HAxXoOATbCA BcepeauHi OpukeTy, Bia-
CYTHi rpafieHTn TemnepaTtyp i KOHUEeHTpauin, a Bu-
3HayanbHUM NapaMeTpoM € TemnepaTypa MpoLecy.
lMpoBedeHi eKkcnepuMMeHTU nigTBepaAWMIN  BUCOKY
edeKTBHICTb 3anpornoHOBaHOro crnocoby TBepao-
a3HOro BiAHOBMNEHHHA Ta BUMMaBkW cTani. YHiBep-
CanbHiCTb CMOCOBY Ta BMKOPUCTaHHSA iHAYKLUiIAHOT
rneuvi, ik Nokasanu ekcnepumMeHTn, y ToMy, Lo peani-
3yBaTu Ta 3aBepLuyBaTW TEXHOMOrYHUIA Npouec Mo-
XHa SIK Ha eTani OTPUMaHHA NPOoAyKTy TBepaodas-
HOro BiAHOBNEHHS, Tak i OTPUMaHHS pigkoi cTani.
[loBegeHa npuHUMNOBaA MOXMAMBICTb BigHOBMEHHS
OKCMAiB MapraHuto B iHAYKUiAHIN neYi 3 noganbLlinm

CYTHi rpaflieHTn TemnepaTtyp i KOHUEHTpaUil, a BU- NNaBfeHHaM | OTPMMaHHAM BWCOKO BYIMELEBOro
3HayanbHUM NapaMeTpoM € TemnepaTypa npouecy, epomapraHLto.
siIka CBOEI0 YEpProt 3aJaeTbCA NOTYXKHICTIO IHOYKUiN-
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JlocaixxeHHs MOBEAIHKHA a30Ty MPH 00po0Ii MeTany
Holub 1. V., Bila 0.V., Nosko 0.A., Kovzik A.M.

Study of nitrogen behavior during metal processing

Mema. BugyeHHsi nogediHku azomy rnpu obpobuji Mmemary 2a3080k0 CyMilULWIO Ma Mpu PO3KUCIIEHHI Memary, moMy uo
00HUM 3 HaUbinbw nowupeHuUx crocobig 06pobku cmari 6 Kiswi € Npouecu Po3KUCIeHHs Memarly, npodysaHHs mema-
ny IHepmMHUMU 2a3amu ma eaKyyMys8aHHs1 cmarii.

Memoduka. TepmodOuHaMiyHi ma KiHemuy4Hi po3paxyHKu, MamemamuyHa Modesb, Wo 00380/19€ po3paxosysamu Kiflb-
KiCHI MOKa3HUKU rpu PO3KUCIIeHi memarny ma npu eudaneHHi po34yuHeHUX 2a3ie 3 Memary npu no3aniynit obpobui ma
aHanizysamu nipouecu, ki 00CiOXyombCS.

Pesynbmamu. lpu npodysaHHi apeoHOM Memasy Ha ycmaHosui Kigw-nid (jo2o noeepxHsi nosuHHa 6ymu eioKpumoro
8i0 wnaky, ane npu uboMmy 8idbysaembcs napanesnbHull nepexido ea3y 3 ammocghepu 8 Memarl, OCKiNbKU WilaK € 3a-
XUCHUM MOKpugoM memarty 8i0 ammocgpepu. Takox 0oka3aHo, WO CriHI8aHHs WilaKy ennusae nuwe Ha eMmicm asomy
8 Memari ma 00380/15i€ 3HU3UMU (1020 KOHUeHmpauito Ha 0,001 %. Takox Ooka3aHO W0 a3om He € MPUYUHOK SUHUK-
HeHHs1 Makpodeghekmie 8 memarnesili 3a2omosyi. 3’9c08aHO 8MIU8 a3omy, antMiHilo ma mumaHy Ha YymEOPEeHHS
Himpudie 8 Memari, sikull nornepedHbO 06pobriA8cs 2a3080t0 CyMilly, sika y c8oemy cknadi emilysana asom.

Haykosa Hogu3Ha. Po3anad mepmoduHamidHUX ma KiHemu4yHuUx ocobrugocmeli pO34YUHEHHS] a3omy & Memarii npu po3-
KucneHHi, npodysui 2a3amu Mmemarty 8 Kiswy 003807uUnU 3'acyeamu mernio ma MacoobMmiHi npoyecu nogediHku azomy y
memani, wo 6yde crnpusmu nepcriekmusi po3pobKu HO8OI MexHOoI02ii Ko8wosoi 06pobku Memarny.

lMpakmuy4Ha 3Haqywicmbs. Moxnusicmb sukopucmosysamu cymiw 2asie, wo micmume a3om, npu npodysui cmaned
binbW WUpoKo20 copmameHmy 3 ypaxysaHHAM ro8ediHKu azomy fpu PO3KUCEHHI memarly, KUl Moxe mamu niosu-
weHul emicm po34uHeHo2o asomy. 3a Oornomozoio AocmamHix Kinbkocmel rnpucadxeHo2o mumaHy MOXIIU80
Helmpanizysamu 0ito azomy 8 cmarnsx, Wo Micmsmb anoMiHil, i mumM camuMm cripusimu ycyHeHHio dechekmie ma ro-
KpauweHHIo IKocmi IUmoi 3a20moeKU maKoxX 3a paxyHOK 8edeHHsI npoyecy obpobku memarty rid CriHeHUM WIaKoM.
Krrouosi criosa: METAJT, MO3AIMIYHA OEPOBKA METAJTY, FTA30BA CYMILL, A3OT, APIOH, AJIFOMIHIA, TUTAH
Goal. Studying the behavior of nitrogen during metal treatment with a gas mixture and during metal deoxidation, be-
cause one of the most common methods of steel processing in a ladle is the process of metal deoxidation, blowing of
metal with inert gases, and vacuuming of steel.

Method. Thermodynamic and kinetic calculations, a mathematical model that allows you to calculate quantitative indica-
tors during deoxidation of metal and during the removal of dissolved gases from metal during out-of-furnace processing
and to analyze the processes under investigation.

The results. When blowing metal with argon on a ladle-furnace installation, the surface of the metal must be open from
slag, but at the same time there is a parallel transition of gas from the atmosphere to the metal, since the slag is a pro-
tective coating of the metal from the atmosphere, it has also been proven that the foaming of the slag affects only the ni-
trogen content in the metal and allows reducing its concentration by 0.001%, it is also proven that nitrogen is not the
cause of macrodefects in the metal workpiece. The influence of nitrogen, aluminum, and titanium on the formation of ni-
trides in a metal previously treated with a gas mixture containing nitrogen was determined.

Scientific novelty. Consideration of the thermodynamic and kinetic features of the dissolution of nitrogen in metal during
deoxidation, gas blowing of metal into the ladle made it possible to find out the heat and mass transfer processes of the
behavior of nitrogen in the metal, which will contribute and possibly lead to the development of a new technology of la-
dle metal processing.

Practical significance. Use a mixture of gases containing nitrogen when blowing a wider range of steels, taking into ac-
count the behavior of nitrogen during the deoxidation of metal, which may have an increased content of dissolved nitro-
gen with the help of sufficient amounts of implanted titanium, it is possible to neutralize the effect of nitrogen in steels
containing aluminum, and thereby contribute elimination of defects and improvement of the quality of the cast billet also
due to conducting the metal processing process under foamed slag.

Key words: METAL, GAS MIXTURE, NITROGEN, METAL PROCESSING, ARGON, ALUMINUM, TITANIUM

BcTtyn. OTpuMaHHsa akicHOro metany B cTanennaBu-
NbHUX arperatax 0bMeXyeTbCsi MOXMMBOCTAMMU pe-
rynoBaHHs di3vKo-XiMiYHMX YMOB MPOTIKAHHA OCHO-
BHUX peakuii, Lo BUKINKAE HEOOXigHICTE PO3pOo6KM
npoleciB nosaniyHoi 06pobku cTani € akTyanbHUM
HanpsiMoM gocnigxkeHb. OgHak nepea metanypramm
YKpaiHu CTOiTb Henerke 3aBAaHHSA — pecypco3bepe-
XEHHS, | MpU UbOMY MOKpPALLEHHS SKOCTI NpoayKuii,
Lo BunyckaeTbca. Mpu BUPOOBHULITBI KUCHIO Ta apro-
HY B KUCHEBUX Liexax MOnyTHO OTPUMYOTb BEMUKi Ki-
NbKOCTI @30Ty, AKUA 3a cobGiBapTiCTIO BYETBEPO Ae-
lWeBLWe 3a aproH. 3amMiHa 4aCTUHU aproHy asoToM
O03BONMUTb CYTTEBO 3HU3NTK cobiBapTicTb cTani. Po-
6oTa npucesveHa po3pobui cknagy rasoBoi CyMilli,
L0 MOAAETbCA Ha KiBLU-MiY MpK no3anidyHin obpoobui
cTanen pi3HOro copTaMeHTy 3 noparnbluvM po3nu-
BOM Ha MHIJI3. Ons meTanyprinHMx nignpuemcTs
YKpaiHu akTyanbHMM 3aBOaHHAM € po3pobka TeXHO-
norii KoBLWOBOI 06pobkn MeTany, a came Anst meTa-
niB nicnsa Moro BMNMaBkv B AYroBi cTanennaBusib-
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Hi nNeYi sika 4O3BONUTb 3HU3UTU COBIBapTICTb CcTani
Ta He 3MIHUTU T AKICHUX MOoKa3HUKIB. TakoX BigoMo,
WO Ans OTPUMAHHA HWU3bKOrO MOKa3HWKa asoTy B
mMeTani HeobxigHO 3abe3neynTn WMOro HU3bKUA pi-
BEHb Y MONYNPOAYKTi Ta 3aXUCTUTU NOBEPXHIO PifKO-
ro metany Big atmocdepu npu BUNYCKY 3 nedi, no-
3anivHin obpobui Ta po3nvBaHHi. BukopucrtaHHs cy-
MiLi 3 NigBMLLEHUM BMICTOM a30Ty Ta KOHTPOMb pO3-
KncrnoBayiB A03BONUTb 3HM3UTKU COBIBapPTICTb KOB-
LIOBOI 0OPOOKM HWM3LKOBYrMNELEBUX cTanen Ta cTa-
nen 3 NigBuLLEHMM BMICTOM a30Ty He 3MiHIo4M X
MeXaHiYHUX BNacTUBOCTEN.

AHania nitepaTypHuUX AaHuUX Ta MOCTaHOBKa MNpo-
onemu.

Mpwn aHanisi KiNbKOCTI @30Ty B CTani 3'CoBaHoO, L0
Mamke npu Bcix crnocobax BMpOOHMUTBA cTaneu
KOHUEHTpaLia a3oTy B roTOBOMY MeTani KOfMBaeTb-
ca B mexax 0,002 — 0,008 %. Byrneuesi ctani B
SKUX BMICT MapraHuto o 0,7 % Tta kpemHito go 0,3
% BMICT a30Ty 3HaxoauTbes y mexax 0,002-0,005%.
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Binblw BMCOKI KOHLUEHTpaLil asoTy cnocrtepiratoTbcs
B CTansx, fieroBaHMX XpOMOM, BaHagieM, antoMiHiem
abo TUTaHOM. Y BMCOKOMNEroBaHWX CTansx KOHLEHT-
pauia asoTy iHoai nigHimaeTbes go 0,018 - 0,025 %.
Mpu ubomy 3 gaHux pisHMx asTopis [1-5] Bigomo, wwo
KOHLIeHTpauis a3oTy npu TemnepaTypi 1600 °C 3Ha-
XOOUTBCS B BY3bKMX MeXax 3MiH i AopiBHIOE 6ins
0,044%.

[xepenamu asoTy npy BUPOOHMLTBI CTanu cnyxartb
LUMXTOBI Martepianu (ckpan, 4YaByH, MeTanobpyxT),
aTMocdpepa NnaBUMbHOTO arperaty Ta npoayska
MeTarny rasamu (TEXHIYHUIA KMceHb abo MOoBITPS), SAKi
noJalTbCsl Ha noBepxHio abo Brnmb metany, a Ta-
KOX pO3KMCMoBayi, ¢epocnnaBy Ta HaBKOJMLLHS
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aTMocdepa Npu BUNYCKY Ta pO3SiMBaHHI piakoro me-
Tany.

B pocnigxeHHax aBTopiB [6] nokasaHi 3MiHW BMICTY
as3oTy B cTani npu BunnaseLi, oOpoOui Ta po3nuBui
ctani (pucyHok 1). Y npoueci nnaBku BUKOPUCTAHO
50% obopoTHoro nomy Ta 50% ckpany (cyuineHa ni-
HiA) Ta 100% ckpany -nyHkTupHa. [lepiogmn, konu
BMICT a30Ty 3MeHwWwyeTbca ue ctagii C ta E, 60 Ha
ctagii C dopmyeTbca Wwnak, skuin 3anobirae agcop-
6uii asoTy, a Ha cTagii E 6ynsbawkn CO BnaansoTb
a3oT y atMocgepy. Takmm YMHOM, BMICT as3oTy B
cTani 3anexuTb Bif BMICTY BYrneuto Ta KUCHIO B
cTani Ta iHTEeHCMBHOCTI peakuil 3HeBYyrneLboByBaH-
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Cragii ctanennaBunbHOro npouecy: A - 3aHypeHHs1 eflekTpoaiB Y XONoAHY WKXTY; B - dpopmyBaHHS HeBenu-
KMX Nopuin pigkoro metany Ta ix 3pocTaHHs; C - nnaBfeHHs MeTano WuxTu, wo 3anuwunacs; D - HarpiB
BaHHW 00 BYrneLeBoro kKuniHHs; E - nepiog Byrneuesoro kuniHHs; F - npucagka dpepocnnaeiB Ta A0BEAEHHSA
BaHHM OO TemnepaTypu Bunycky; G - Bunyck nnasku; H - pigka ctanb y ctaneposnuBHoMYy KiBLly; | - pigka

ctanb y K Ta po3nuBaHHs.

PucyHok 1. 3miHu emicmy azomy npu nnasneHHi memany 6 [JCl1, 06pobui ma po3nueaHHi memary

[na 3HWXKeHHs BMICTY @30Ty B MeTani crig BUkopuc-
TOBYBaTW LUMXTOBI MaTepianyM 3 HU3bKUM BMICTOM
asoty. [ins 3anobiraHHs agcopbuii a3oTy npw nnasui
B AYroBiy cTanennaBunbHin nevi pekomeHayoTb BU-
KOpUCTOBYBaTWU CMiHIOBaHHA wnaky [7, 8], repmeTu-
3auilo nedi Ta rasn 3 HU3bKMM BMICTOM asoTy. [ns
BUOANEHHs a3oTy 3i cTani MOXIMBO POOUTU KUMIHHS
BaHHM 3a paxyHok 6ynbbaiok CO (3HeByrneLboBy-
BaHHS Ta BaKyyMyBaHHS).

Logo HagxomkeHHs as3oTy 3 NiYHOI aTtmocdepw,
AYMKM Pi3HMX aBTOPIB pi3HATbCA. Y aBTopa [9] icHye
TBEPAXEHHS, WO B yMOBax OKMCHOI aTmocdepu
cTanennaBuIibHUX nedert a3oT NPakTUYHO He MOXe
nepexoauTy B pO3NiaBneHUn meTan 4yepes OKCUaHy
NNiBKYy sika YTBOPIOETLCA B Mpoueci nnaBneHHs me-
Tany. TakoxX € TBepMKEHHs, Lo wnakm abo Ookuc-
noBanbHi NAIBKM HEe MOXYTb MOBHICTIO i30Mt0BaTU
MeTan i3-3a Agekinbkox daktopie [10]. ABTOpKM
[11,12] cTBepaxXylTb WO YMOBM ANS BUOANEHHSA
a30Ty iCHYIOTb NPU KMCHEBO-KOHBEPTOPHOMY MnpoLie-
ci Ta npu BakyymyBaHHi y VOD- i RH-arperatax. Ha
BCiX iHLIMX TEXHOMOriYHMX eTanax BMPOOHULTBA

cTani BigbyBaeTbCs TiNbKW NOrMMHAHHA a3oTy MeTa-
nom.

Mos3aniyHa obpobka crani 3arMmae ocobnuee Micue
npy BUMPOBHUUTBI MeTany - Big MOMEHTY BUMYCKY
pigkoro metany y KiBll 4O MOMEHTY MOro 3aTBepaiH-
HA. B 3anexHocTi Big BMMOr go SIKOCTi cTtanu 3a-
BAAHHSAMK no3anivyHoi ob6pobkn €: aecynbdypadis,
PO3KUCMNEHHS, NeryBaHHs, AOBeOeHHS A0 PEeKOMEH-
[OBaHOI TemnepaTypu pO3nuBY, 3HUXEHHSI BMICTY
pO3uYMHEeHuX rasis (BOAeHb, a30T), 3HeyrneLoByBaH-
HA, NIABMLUEHHS YNCTOTM MeTany 3a MOKa3HUKamm
HemeTanesux BKIOYeHb, Aedocdopadis, posnoain
MeTaneBux Ta LWakoBumx ¢as.

CxemMa OCHOBHMX MeTOAiB no3aniyHoi obpobku Ai-
NUTbCA Ha OBi rpynu:;

- METOoau, WO NpoBOAATLCS Npu aTMochepHoOMy Tu-
CKy (KiBLU-MiY);

- MeToaM, AKi NpOoTikaloTb Nig TUCKOM (BakyymaTop).
[MepeHeceHHs 4YacTMHU MeTanypriiHux onepauin y
KiBLU-MiY [A03BONSAE NiABULIMTA MPOAYKTUBHICTL OC-
HOBHOrO MMNaBWUMbLHOrO arperaTy, 3MEHLUTU Temne-
paTypy BUMYCKy MeTany Ta MigBUWUTU AKICTb Npo-

aykuii [13].
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MpoagyBaHHA cTani B KiBwax iHEPTHUMKU abo HEenT-
panbHYMK ra3amu ctano obOoB'A3KOBUM €N1EMEHTOM
TexHosnoril Bunnaeku ctani. [erasauiga npu npoay-
BaHHi iIHEPTHMMUM rasamu I'pyHTYETbCSA Ha pisHMUI na-
puianbHOro TUCKY BOAHIO, @30Ty i OKCMAY BYrneL B
Oynbbaluui iHepTHOro rasy, Lo YTBOPKETLCS, i B pO-
3unMHeHuX rasax B metani. 95% Bciei cTtani, Wo Bu-
nnaBnsieTbcs, 06pobnseTecss aproHom. pu ubomy
3aranbHi BUTpaTWM Ha NpoAyBaHHS MeTany npu no-
3aniyHin obpobui 1 ToHn ctani ctaHoBnate 0,2 - 0,3
ponapie CLUA 3a BaptocTi meTany B 3nutkax 200 -
500 ponapie CLLA 3a ToHHy [14].

Ona meTtanyprinHnx nignpnemMcTB akTyasnbHUM 3a-
BOAHHAM € po3pobka TexHOMorii KOBLLIOBOI 06pobKM
MeTany i3 3acToCyBaHHAM iHEPTHUX NPOOYBHUX ra-
30BUX CyMillEen, WO AO3BONSATbL 3HU3UTK cobiBap-
TiCTb MeTany Ta oTpuMaTi AKiCHy ctanb. Bukopwuc-
TaHHSA CyMmili 3 NiABULLEHNUM BMICTOM a30Ty AO3BO-
n{e 34eweBnTU KOBLLIOBY 0BpobKy ctanen pisHoro
COpPTaMEHTY: HM3bKOBYrMeLeBnx Ta ctanen 3 nigsu-
LLleHnM BMicTOM a3oTy [15].

Y OinblIOCTi BUNagkiB a3oT Hagae HeraTuBHWUIA
BMSIMB Ha BMAacTMBOCTI cTani. MNMpn po34nMHEHHi a3oTy
B pos3nnaBax 3anisa ctanb CTae CXUNbHOK [0 CTa-
PiHHSA, TO 6 TO 3HMXKEHHS NITACTUYHUX BNACTUBOCTEN
3 YyacoM, ocobNMBO Lie MPOSIBAAETLCA Yy CTansix, Lo
npaulrooTe 3a nigsulleHnx temnepatyp. [poTte, ic-
Hy€ Linun knac ctanewn, y Sknx a3ot BUCTyNae nery-
toumm enemeHtoM. OpgHako, Garato [OCRIOHUKIB i
MeTanypris BBaXKatoTb HENPUMYCTUMUM 30iMbLUEHHS
KOHUEHTpauil as3oTy npu BUPOBHWMUTBI LUMPOKOrO
knacy ctanen. Y geskux niTepaTypHuUX Oxepenax
[16] € gaHi npo NnpoayBKy HWM3bKOBYINELEBOro MeTa-
ny asoToM Mpu KOBLLOBOI 00po6ui. Ane Takox cnig
BpaxoByBaTW, WO Y BUpilLEHHI npobnemun nigBu-
LLIEHHST KOPO3iMHOI CTIMKOCTI cTani, sika BigOyBaeTbCS
npy TeHAEHUIT 40 3HWKEHHS KOHUEeHTpaLil ByrneLo
Ta BiAMOBW Bif 3acTocyBaHHA O00aBOK (Takux, sK
TUTaH), @ TaKOX 3HWXKEHHSI BMICTY ByrfeL B cTansax
ayCTEeHITHOro Knacy npu3BOAWUTb OO 3HAYHOMO 3HU-
XEHHS1 PiBHA 1X MILUHOCTI. Y 3B'A3KY 3 LM AOLINBHO
PO3rfIAHYTU MOXITMBOCTI KOHTPOM BMICTY a3oTy B
cTani Ta Moro NoOegHaHHA 3 TakUMWN enemMeHTamu, siK
anoMiHiA, TUTaH, BaHafin, HioGin Ta iHWi abo ix
KombGiHauii [17].

MaTepiann Ta meToan AocnimKeHHs. [eTanbHuin
po3rnsg TeEPMOAMHAMIYHMX Ta KIHETUYHUX Ocobnu-
BOCTElN PO3YMHEHHSA a30Ty B MeTarni 403BOnunu 3'a-
cyBaTW Tenno- Ta MacooOMiHi mpouecu noBegiHKu
rasis y metani npu npoaysLi iHEPTHUMM ra3amun me-
Tany B KiBWi Ta npu BakyymyBaHHi. MaTtematnyHa
MOZENb BUOANEHHSA PO3YMHEHUX ras3iB 3 MeTany npu
nosaniyHin obpobui o3Bonsie npoaHanisyBaTtu no-
BeAiHKYy rasiB y meTtani npu CTBOPEHHI CyMmill rasis,,
fKa MICTUTb a30T AN NPOAYBKU Pi3HUX MapoK cTari
3 MOXIMBICTIO MPOBEAEHHSA MNOoJanbLIOro aHanisy
noBefiHKM a3oTy npu 6e3nepepBHOMY NUTTI 3aroTo-
BOK Ta po3paxyBaTyu KifbKiCTb eneMeHTIB AKi BUKO-
PUCTOBYIOTBCS MPU PO3KUCHIEHI ANs OTPUMaHHA SAKi-
CHOI CTPYKTYpU 3aroTOBKW C 3a[0BifIlbHUMMW MeXaHiy-
HUMW BNACTUBOCTSMW.
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B ocHoBi mMatemaTu4HOl Moaeni 3HaxogAaTbCs piB-
HAHHS BMAANEHHS] PO3YMHEHOIO KMCHIO, BOOHIO Ta
asoTy

[C] + [0] = {CO}, 1)
1
[H]= S @

1
[N] ZENz- 3

KoHLeHTpaUil a3oTy, BOAHIO Ta KUCHIO, PIBHOBaXHi 3
napuianbHum Tuckom N2z, H2 Ta CO y Bynbbaluui

[N]r = Ky PNZ ) (4)

[H], =K,\[P,.
[O]r = Pco /([C]Kc)’ (6)

ae Kn, Ku n Kc — KOHCTaHTu piBHOBarun peakuini pos-
YMHEHHS @30Ty, BOAHIO Ta OKUCIIEHHSA BYrMeLto.
XapakTep npoLeciB MacoobMiHy MiXK pO3YMHEHUMHN Y
meTtani razamu ([H], [N], [O]) Ta 6ynbbalikamu rasis,
o 6apboTyoTh, BU3HA4YaABCHA XO4OM CUCTEMM A0 pi-
BHOBaru Ta onMcaHo BMpasoM

m,=[(B(1-[I)- S, -dr,  (7)

ae [fr — koediuieHT macosigaadi Mk meTanom Ta
6ynbbawkoto, [[] Ta [[]r — KoHUeHTpauia rasy B me-
Tani Ta piBHoBaxkHa 3 Bynbbawkow, S — nnowa no-
BEPXHi po3Adiny ras-metan, 7 - Yyac nigHiMaHHs raso-
BOI OynbbaLlkm.
lMpu pospaxyHkax piBHOBarM y cuctemi metan-
Oynbballka 3 ypaxyBaHHAM OEKiNbKOX rasiB BUKOPU-
CTOBYBaHO BMpa3
B (m,/M,)P
Co(m /M +my /M, + . +m M)

ae mg, my, ...
M1, My, ... Mi — MonekynspHi macu uux rasis,
TUCK Nif, AKMM 3HaxXoaAUTLCS ra3oBa CyMmilLl.
Po3pobneHnii anroputm gae MOXNMBICTb NPOrHO-
3yBaTW OTPMMaHHs SIKiCHOi ©e3nepepBHONNTOI 3aro-
TiBKM ANs cTanen pisaHoro npuaHayeHHs.
Ona aHanisy nosiBu HITpUAiB BUKOPUCTOBYBaAHO BU-
pasn 3MiHEHHS BiflbHOT eHeprii Ta KOHCTaHTWN PiBHO-
Bary Ta TakoXx piBHAHHA aBTopiB [18].
MeTa i 3aBgaHHa gocnimkeHHs. OaHUM 3 HanbinbLL
nowmpeHnx crnocobiB KOBLUIOBOI 06pobku cTani €
npogyBaHHA MeTany iHepTHUMK ra3amu Ta ii BaKyy-
MyBaHHS. [Mpu uboMy BiabyBaeTbCA BMAANEHHsS po-
34YMHEHUX Y MeTani rasiB — KUCHIO, BOOHIO Ta 4YacCTKoO-
BO a30Ty. BuganeHHs po34YnMHEHOro KUCHIO 3AINCHI0-
€TbCS 3a paxyHOK NPOTiKaHHS peakuil 3HeByrneybo-
ByBaHHS. BogHI0O Ta a30Ty — 3a paxyHOK BUAINEHHA
MOro y BUrMsiAi MOMeKy!, WO YTBOPOTL OynbbaLuku
rasy. lNMpouec macooOmiHy B meTani BigbyBaeTbcs
Ha Mexi po3giny MeTtan-oynbbaiuka. 3amiHa 4acTu-
HW aproHy a3oToM Y rasi akMrM BUKOPUCTOBYHOTb AMNs
npoayBKM MeTany npu3Bede A0 nepeposnoginy Be-
NNYMH | HanpsaMy MOTOKIB a3oTy 3 MeTany B Oynb-
Gawii rady, Sskum npodyBaloTb MeTan 41 B NpOLECi
BakyyMyBaHHs. TOMy MeTOI0 Ta 3aBgaHHAM poboTu

> (8)

m; — Macu rasis B ra3oBil CyMmiLui,
= R
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€ npoaHanisyBaTWl CKiNbKM BigCOTKIB aproHy MOXMu-
BO 3aMiHIOBaTW Ha a30T 4S9 cTanen pisHoro copra-
MEHTY NpW KOBLUOBI 00pobLi a TakoX BUSIBUTU
BMMMB @30Ty Ha CTPYKTYpy 3aroTOBKW Ta HiTPMAOYT-
BOPEHHS, | BMMNMB HITPUOOYTBOPIOYNX €MNEMEHTIB
Ha MeXaHiyHi BnacTMBOCTI cTani.

Pesynbtatu gocnigxeHHsi. BctaHoBneHo, Lo 3a Bi-
ACYTHOCTI a30Ty B rasi kMM npofyBalTb MeTarn,
NoTiK @30Ty MOCTIMHO CNpsIMOBaHW A0 ra3oBoi by-

JIleopis i NPaKMUKg Memarypeii

nebawkun. Lle nos'a3aHO 3 BUCOKMM TUCKOM CTOBMY
MeTany, Wo nigBullye napuianbHWA TUCK asoTy Yy
Oynbbalukax rasy, SKUm 34iNCHIOTb NPOAYBKY.

Ha pucyHky 2 HaBefeHO 3MiHY BMICTy a30Ty B MeTa-
ni 3a pisHUX noro BuTpaT y npodyBHOMY rasi. [pu
nepexogi Bia4 NpOAyBaHHSA YUCTUM aproHOM A0 YnC-
TOro a3oTy BiAHOCHE 3HWXEHHHA a3oTy B cTani nig-
BULLYETLCA NpMGnM3HO Ha 20 %.
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PucyHok 2. Bnnue azomy nio yac npodyeaHHsi Ha 3MiHy eMmicmy azomy e Memaii; gumpama asomy, m3/xe.: 1
—0;2-0,2; 3- 0,4 (cymapHa sumpama 2asie 0,4 m3/xs.)

Take HEBUCOKE 3HWXKEHHS a30Ty B CTani NoB'dA3aHe 3
TWM, WO iICTOTHa YacTka a3oTy BUAansaeTbcs 3 Oynb-
Sawkamn CO i yepe3 noeepxHio MeTany. Yactka
BuAaneHHs asoty 3 Bynbbawkamu CO Ha nodaTky
npouecy carae 90% Ta NOCTYNOBO 3HWXKYETbCA A0
40%. 3a paxyHOK LbOro, BigmnoBigHO, 3pocTae vacT-
Ka BMOaneHHs Yyepe3 NoBepxHi MeTany. YacTtka Bu-

JaneHHs asoTy 3 Oynbballkamy aproHy HeBeruka i
cknagae 6nusbko 2 — 3 %.

Mpn noganbLlUMX JOCAIIKEHHAX BCTAHOBIEHO Y SIKUX
[onsax po3noAdindeTbca a3oT Mk 6ynebalwkamn CO,
aproHy Ta noBepxHew meTany. Ha pucyHky 3 HaBe-
OEeHO po3noain asoTy 3 rasy, sSKMM NpoayBalTb Me-
Tan, no craTTaM 3a BiAHOCHO Manux Woro ButpaT
(6rm3bko 25% y rasosin cymiLi).
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PucyHok 3. banaHc azomy, (%), npu sukopucmaHni cymiwi azoma (0,1 m3/xe) ma apeoHa (0,3 m3/xe): 1 -
gudarneHHs 8 bynbbawky CO; 2 — sudarneHHs Kpisb NogepxHo memary; 3 — HaOxo0xeHHs1 o memariy.

3’coBaHo, o B 3aranbHOMy 6anaHci o KiHusa npo-
uecy 6nmabko 10% a3oTy HagxoouTb B MeTan, ane
onumsbko 40% BupansieTbcs 3 Oynbbawkamu CO i
onmsbko 50% BnaansieTbca Yepes noBepxHto. 3 nia-
BULLLEHHAM BMICTY a30Ty B rasi sikuM npopayBaloTb
meTan go 50%, yacTtka a3oTy, Wo HagxoauTb Yy Me-

Tan, 3poctae Ao 20%. 3 noganblwmM 36inbLLIEHHSAM
YacTKM a3oTy B rasi skum npoayBsarwTb MeTan 3 75
no 100%, 4acTtka asoTy, WO HagxoauTb B MeTan,
3pocTae BignoigHo Ao 40% i 60%. Omxe, 3amiHa
aproHy asoToM Y rasi sKMMm npogyBakTb MeTan npu-
3BOANTb A0 Nepeposnoniny BerynH i HanpsmKy no-
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TOKIB @30Ty 3 MeTany B OynbOawku rasy. Yactka
asoTy, WO HaaxoauTb 3 rasy, sikuMm npogysatoTb, 00
mMeTany, npu LbOMYy 3poCTae, ane nepexig asoty 3
mMeTany B 6ynbbawkmn CO i yepe3 NOBEPXHIO 3anu-
lWwaeTbCs AocTaTHiM, Wwob 3abe3neunTtn 3aranbHe
3HWXKEHHA KOHLeHTpauil a3oty B meTtani. To 6 To,
3aMiHa YaCTMHW aproHy as3oToM Y rasi, kMM npogy-
BalOTb MeTarn He MOBUHHA CYTTEBO 3MIHUTU HEPIBHO-
Bary peakuin BuaaneHHs rasis 3 metany, Kpim peak-
Uil BMOaneHHs as3oTy, OCKiMbKW peakuii BuaaneHHs
rasiB (KpiMm a3oTy) MPMHLUUNOBO HE 3MiHIOKOTbLCS.

TakoXX npoaHanisaoBaHO BMAMB Pi3HUX CNiBBIAHO-
LWeHb aproHy Ta a30Ty y rasoBii CyMilli SKO npo-
AyBaloTb meTan. 3amiHa YyacTuHM aproHy a3oToM Yy

g v e ISSN 1028-2335 Ned. 2023

rasi, sKMM npogyBatTb MeTan npu3BoauTb OO Ne-
pepos3noainy BenuYuH i HanpsiMy MOTOKIB a3oTy 3
MeTany B Oynbbalwku rasy, Skum npoayBalTb Me-
Tan. YacTka a3oTy, WO HagxoauTb 3 NPOAYBHOrO ra-
3y B MeTan, npu LboMy 3pocTae, ane nepexig asoty
3 meTtany B bynbbawkun CO i Yyepe3 noBepxHiO 3a-
NUWAETbLCS AoCTaTHIM, Wob 3abe3neunTun 3arasnbHe
3HWKEHHS KOHLEeHTpaUii a3oTy B MeTani (pUCYHOK 4).
3riaHO po3paxyHKy CMiBBIAHOLIEHHS a30Ty i aproHy 1
+ 3 B CyMiLli rasiB, ika BUKOPUCTOBYETLCHA A5 NPO-
OyBKM CTanew He npu3seae 4O 3MiH NoBeAdiHKM rasis,
AKi 3HaxoOATbCA Yy MeTani.
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PucyHok 4. 3miHa KOHUeHmMpauji asomy 8 memarii npu Pi3HUX Crie8iOHOWEHHSIX apaoHy | a3omy 8 CyMiui,
sikoto npodysaromb memar: 1- apeoHy 0, azomy 0,1; 2 - apeoHy 0,2, asomy 0,2; 3 - apaoHy 0,25, azomy

0,15; 4 - apaoHy 0,3, azomy 0,1 m3/xs.

Mpn BNpOBagXeHHi 3anponoHOBaHOro cnocoby, Bu-
KOPUCTaHHA as3oTy Yy SAKOCTi iHEPTHOro rasy SKkuMm
npogyBalwTb MeTan, cnig BpaxoByBaTu BUBIp Mapok
cTani no BiAHOLUEHHIO BMMMBY a30Ty Ha SIKICTb Me-
Tany, nos'si3aHe 3 NOSABOK A0AATKOBOI KifbKOCTI HIT-
puais.

Tox 6ynu npoBedeHi AOCNIOKEHHS HarnpaBsreHi Ha
aHani3 Ta 3’9CyBaHHS LWNAXiB YHUKHEHHSI YTBOPEHHS
HITPUAY anoMiHil0 NPU BUKOPUCTAHHS MOro Y AKOCTI
po3KucnoBaya y MeTanax siki npoayBanucs Cymill-
W rasis 3 nNigBULLEHMM BMICTOM a30Ty, TOMY LWO
YTBOPEHHSI HITPUAY anioMmiHilo BNIMBAE Ha Makpo-
CTPYKTYpY 3aroTOBKW Ta MeXaHi4Hi BNacTUBOCTI CTa-
ni [19].

Docnipxyeanu ctane 1008 ASTM, ximiyHuRn cknag
sKkoi nicns Bunnaekm B [CIT Ta KOBLOBIA 06po6KM
Ha YKI1 nactynHuin: C = 0.05 %, Mn = 0.35 %, Cu =
0.20 %, Si=0.011 %, Ni=0.12 %, P =0.02 %, S =
0.014 %, Cr = 0.056 %, N = 0.015 % T1a iHWi. Y me-
Tan BBOAMMM anioMiHin nicnsa nedi y kiBw ta Ha YKI1
y surnagi SiAl. NMutoma BuTpaTa antoMiHilo Ha TOHY
mMeTany cknana 1,65 kr. Yac o6pobku meTtany Ha
YKI cknaB ogHy roguHy. CepefgHs TemnepaTypa
meTany Ha YKI1 gopiBHioBana 1590 °C. Pasnueky
mMeTany nposoaunu 6e3 3axucty CTPyMeHst npu Te-
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mnepatype 1550 °C. [llepepi3 3arotoBkn 125x125
MM.

lMpoBepeHuin aHani3 Ha YTBOPEHHS MaKpOCTPYKTYp-
HOro gedpekTy 3a paxyHOK BUAINEHHSA ra3oBoi asu
npu 3aTBepiHHI 3aroTOBKM MokKaszaB HEMOXMUBICTb
LbOro npoLecy, Tak sk npy JaHUX ymMoBax Makcuma-
NbHWUIA NapuianbHU TUCK NS iCHyBaHHA Oynbballkm
cknagae 6ina 19500 Ma, a napuianbHU TUCK Hapg
metanom 6ins 80000 MMa. lNpu TakoMy cniBBigHO-
LUEHHI TUCKIB iCHY€E TiNbKW ofHa MOXNUBICTb Le ne-
pexig asoTy 3 aTMocdepu B piAKUN posnnas y npo-
Leci po3nuBaHHs MeTany, ane Ans nepexony asoTy
3 aTMocdepu A0 MeTany HeobxigHa aucouialis Mo-
NeKyn a3oTy Ha aToOMM, sika MOXIMBA TifNbKu 3a YMO-
BY, WO Temnepatypa 6yae Buwe 2000 °C. Posnu-
BaHHs MeTany BigbysaeTbcs npu 1550 °C Ttomy Ta-
KU nepexig asoty 3 aTMocdepu Hemoxnueuin. Ta-
KOX Tpeba BpaxoByBaTu, LLO PO3NMBAHHA 3L4iACHIO-
Banocs 0e3 3axuCTy CTPyMEHsl, ane 3 3aHypeHHsM
PO3NUBHOIO CTakaHy nif 3aXMCHUM LUMakoMm Ui dak-
TOPU 3HWXKYIOTb A0 MiHIMyMYy MMOBIPHICTbL nepexoay
asoTy B meTarn.

Y pobotax [20, 21] aBTopamu Bigmiyanocs, o Bu-
nagaHHs HiTpmaHoi dasun npu pn = 1atm Ta 1600 °C
crnocTepiraeTbCs NpU KOHUEHTpauisx TutaHy — 0,29
%, antoMiHito — 0,82%, umnpkoHito — 0,093%. [ns Bu-
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3HaYeHHs YMOB HITpMAHOI dha3n JOCTaTHbLO CKOpUC-
TyBaTUCS PIBHAHHAM, WO 3B'A3ye TemnepaTypy, pn i
KOHUEHTpaLito nerytoyoro enementa [X]. ABTopamu
[22] Bigmivanocs, Wwo npucagka TUTaHy 3Ha4YHO 3HU-
Xy€ BMICT a30Ty B cTani 3a paxyHOK yTBOPEHHS HiT-
puay TUTaHy, SKi NepexoasTb y LWnak.

Peakuis yTBOPEHHS HIiTpUAy antoMiHilo CynpoBOaXYy-
€TbCSl HACTYMHOK 3MIHO BiNbHOI eHeprii:

Al + 1/2 N2=AIN, AG? =-73800+25T (9)

Peakuis yTBOpPEHHS HITpUAy TUTaHy CynpoOBOAXY-
€TbCH HACTYMHOI 3MIHO BifIbHOT eHeprii:
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Ti + 1/2 N2=TiN,

(10)
TutaH npu Temnepatypi 1550-1600 °C Mae 3Ha4HO
Oinblly crnopigHeHiCTb A0 a30Ty, HiX anoMiHin. Ha
PUCYHKY MYHKTUPHOK CTPIYKOIO, MOKasaHo, Lo npu
BMicTi B pigkomy 3anisi 0,0015-0,002 % TutaHy 3a-
De3neyvyeTbCa Takuin piBHOBaXKHUI BMICT a30Ty, nNpwu
SAKOMY He NOBUWHHO BiAByBaTUCHA YTBOPEHHS HITPUAIB
arntoMiHito.

AG° =-80930+22,78T

PucyHok 5. PisHo8axHIi emicmu a3omy ma mumaty, asomy ma asitoMiHito 8 Mmemarii npu memnepamypi 1550

°C.

AHani3 yTBopeHHs Hitpugis y ctani 1008, sagaHoro
XiMIYHOroO CKnagy, nokasaB Lo KifbKiCTb TUTaHy,
CropigHeHICTb 4O a30Ty y SKOro BuLa 3a crnopigHe-
HICTb @30Ty OO anMiHilo, HegocTaTHA (B ABa pasu
MEeHLle) Ans HeWTpanisauii yTBOPEHHS HiTpuay
aniomiHito (pucyHok 5). Tomy oTpumaHa MeTanesa
3arotoBka Mae MaKpOCTPYKTYPHI AedekTn, a Takox
He3a[oBiNbHIi MexaHi4YHi BNMacTUBOCTI.

O6roBopeHHs1 pesynbTartiB. Mpu aHanisi 3amiHu ap-
roHy Ha cymiw (aproH+asoT) BigbyBaeTbcs Hacu-
YeHHs1 MeTany as3oToM, siKke 3anexuTb Big cknagy Ta
KinbKocCTi wnaky npu obpobui metany Ha YKI. Bu-
SIBMEHO, L0 OCHOBHE BWAAneHHs a3oTy 3 MeTany
BiAOyBa€ETbCA NPW IHTEHCUBHOMY MPOLIECi 3HEBYTrIE-
LuboBYyBaHHs B bynbbawky CO. ToMmy 4Yum gosLie Bi-
AbyBaeTbCA Mpouec 3HEBYrNELbOBYBaHHS, TUM Oi-
nblue a3oTy 3anuwnTb MeTan, ane npu BUpPoGHULT-
Bi cTanem HeoOXiQHO OOTPUMYBATMUCA Mapo4vHOro
BMICTY BYrneLio Ta a3oTy.

TakMum YMHOM, BUKOPUCTOBYBATU CyMilll, LLIO MICTUTb
a30T, MOXIMBO 32 paxyHOK BeAEHHsI npouecy obpo-
Ok MeTany nig CniHEHVMM LWMaKoM Ha YCTaHoBLI
KiBW-Ni4 NS OTpUMaHHSA Oinbll  LWMPOKOro Knacy
cTtanen 3 HU3bkUM BMICTOM Byrneuw. CniHeHun
Wwnak NpeactaBnsie CyKymnHiCTb Oynbballok MOHOO-
Kcuay Ta giokcuay BYrneuto, posgineHux TOHKUMMU
npowapkamu wnaky. Poamip 6ynbbawok, wo crta-
HOBMSATL AMcnepcHy dasy, NexnTb B Mexax Bif Yac-
TOK [0 KiflbKOX CaHTUMETPIB. YTBOPEHHS Ta CTilKICTb
CMiHEHOro Lunaky 3anexutb Big Woro isnko-
XiMiYHMX BNacTuMBOCTEWN (B'SA3KICTb, NOBEPXHEBUIN Ha-
TAr, Temnepartypa), iIHTEHCUMBHOCTI, Micusa rasoBuii-

NEeHHs Ta posnogdiny rasosux bynbbalok 3a po3mi-
pamu. CniHIOBaHHS LWaKky BMAMAMBAaE nuwie Ha BMICT
asoTty B MeTani [23]. Jobpe cniHtoBaHHA NpU3BOAUTL
00 3HWKEHHS BMICTY a3oTy Ha 10-20 ppm Ao piBHS
6rm3bko 30 ppm 3a paxyHOK iHTEHCUBHILIOrO npoue-
CYy 3HeBYrneuboBYBaHHS i 3@ paxyHOK 3aXUCTy nose-
pxHi meTany Big atmocdepu. Ane Tpeba BpaxoBy-
BaTW i BigOMe HeraTuBHE sIBULLE CMiHOBAHOCTI LUSa-
Ky - BUKMOW LUNaKy 3 KiBLUY.

BuBYEHHSA BNMMBY LUNAKOBOrO MOKPOBY MOBEPXHi
MeTany Ha BuaaneHHs rasis (BOAHIO Ta a30Ty) Moka-
3ano, Wo npu BUKOPWUCTAHi aproHy y SKOCTi rasy,
SKUM MNpoayBalTb MeTasl Ha YCTaHOBLUi KiBLU-MiY,
NPY 3HWKEHHI IHTEHCUBHOCTI MpoLecy 3HeBYrneLbo-
ByBaHHSA Ansi Ginbll MOBHOrO BMAAneHHs rasis no-
BEPXHS1 MeTarny NoBuMHHa OyTuW BiAKPUTOIO Bif LUMAKY.
Ane npuv UbOMY MOCTIMHO BiAOyBaTMMETLCS napane-
NbHUIA Npolec nepexoay rasy 3 aTmocdepu B meTan
(nepeBaxHoO AN a30Ty), OCKIMbKA LWNAK € 3aXUCHUM
NMOKPMBOM MeTany Bif aTtMocdepu.

3amMiHa 4acTMHM aproHy asoToM B rasi Npu3BOaAMUTb
[0 nepepo3noiny BeNWYUH i HanpsiMy NOTOKiB a3o-
Ty 3 MeTany B Oynbbaliku rasy, skMM NpoayBatoTb
meTan. LLlo6 3abe3aneunTun 3aranbHe 3HWKEHHSI KOH-
LeHTpauii a3oTy B MeTani Takox HeobxigHO matm
HM3bKUI 3amnuLLKOBMA TUCK Hag MeTarnom Ta Bigno-
BiAHi BMMOMM OO0 BMICTY @30Ty B MeTani [24].
Bepyun go yBarv MOXnuBICTb yTBOpeHHS Bynbbalu-
Kn, Wwo cknagaetbea 3 Asox rasis CO i N2, po3paxy-
HKaMu nokasaHo Lo 3HayeHHs Tucky CO + N2 ckna-
no 6nusbko 82000 Ma, wo meHwe 1 atMm. Takum 4u-
Hom, npu Bunnasui ctani 1008 He BUABNEHO YyMOB
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Onst yTBopeHHs Bynbbaliok npu nigsBuweHoMy BMic-
Ti @30Ty B MeTani Ha Bunycky. [NpoBeaeHi po3paxyH-
KV Ta OOCHiAKEHHS MiATBEPOXKYIOTb BUCIIOBIOBAHHS
aBTopa [10], Wwo Ha BigMiHY Bi4 BOAHIO a30T NpaKkTu-
YHO HIKONW He BUAINSETBCS 3 MeTany B npoueci Kpu-
cTanisauii i HiKonn He € NPUYMHOI YTBOPEHHS Byrb-
B6awok, nopuctocti. OpfHak, MiOBULLEHHA BMICTY
anoMiHilo Ta as3oTy B cTani npu3BoAATb A0 YTBO-
peHHs1 cneundiyHuX makpoaedekTis [22], Wwo Hera-
TMBHO BNMMBalOTb Ha NnacTuyHy gedopmadiio me-
Tany i noripwylTb MexaHiuHi BnacTtMBOCTi. YTBO-
PEHHST HITpMAY anoMiHilo Moxe BigbyBaTucsa nig vac
KpucTanisauii ctanesoro 3nuBka [22]. AntoMiHin Ta
a30T YTBOPIOWTb HiTpMg antomiHito AIN 3 Temnepa-
Typoto nnaeneHHst 6nmsbko 2100 °C. TepmognHami-
YHUIA PO3PaxyHOK MOKasye, O 3a AOMNOMOrow [o-
CTaTHIX KiNbKOCTEN NpUcagXeHoro TMTaHy MOXMMBO
HeWTpanidyBaTu fJil0 a3oTy B cTansx, WO MiCTATb
antoMiHin, | TMM caMUM CMIPUSTU YCYHEHHIO AedeKTiB
Ta NOKPALLUEHHIO SIKOCTi NIUTOI 3arOTOBKW. TakoX Mo-
XIIMBO BMKOPUCTOBYBATM CYMill rasis npu BaKkyyMy-
BaHHi cTanen 6o goseaeHo wo BmicTt CO i BogHo B
Oynbballkax nNpodyBHOIO rady He 3anexutb Big
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BucHoBKkK. BUKOpUCTaHHA CRIHEHOro LWaky npu no-
3aniyHin obpobui MeTany Ha yCcTaHOBL, KiBLU-MiY O0-
3BOMUTb PO3LLMPUTM aCOPTUMEHT CcTanew, Lo Bu-
NNaBNATLCS 3 BUKOPUCTAHHSAM Y SIKOCTi rasy Skum
npoaysalTb MeTan - a3oT abo Koro cymiw 3 apro-
HOM, MpW LUbOMY 3HAYHO 3HU3UTbCA COBIBapTICTb
OfepXXyBaHOro NpoaykTy i He 3MiHATb BNacTMBOCTI
meTany. BukopuctaHHa mopeni 403BONUTbH poO3LIn-
pUTK COPTaMEHT CcTanen 4O SKUX MOXITMBO 3aCTOCO-
BYyBaTM Y SKOCTi MPOAYBHOrO rady a3oT Yu BMKOPUC-
TOBYBaTM Y SKOCTi iIHEPTHOrO rasy cymill rasis apro-
Hy Ta a30Ty Yy Pi3HOMY CniBBiQHOLIEHHI Npu 06pobui
crani.

IMpn pO3KMCNEHHI Ta NneryBaHHi cTanen antoMiHiem
nosaniyHa oOpobka AKMX 34INCHIOETLCA ra30BOO CY-
MilWLWwo HeobXiAHO BpaxoByBaTWM BMMMB Ha YTBO-
PEHHS1 HITPUAIB TaKUX €MNeMeHTIB SIK TUTaH Ta uup-
KOHin B0 BOHM MOXYTb HAOXOAWUTWM B MeTan 3 LUNX-
TOK i MOXYTb MO3WTUBHO BNIMBATM Ha MEXaHiuHi
MOKa3HUKM SKOCTI Yepes Te WO CNOopigHEHICTb A0 Kn-
CHIO B HUX HEBENWKa, y MOPIBHSHHI 3 antoMiHiem Ta
TUTaHOM, a 3 a30TOM BMLLA YMM Y artoMiHilo Ta Tu-
TaHy.

CrMiBBiAHOLLIEHHS Y HbOMY aproHy i asoTy [25].
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3aceavcokuii B. H., lonos108 /1. B.
MareMaTH4Ha MO/JeJIb PyXYy Cisi40i MOBEPXHI rPOXOTY B YMOBAX il

yAapHo-BiOpamiiHoOl aii

Zaselskyi V., Popolov D.

A mathematical model of the motion of the screening surface under

the conditions of its impact vibration action

Y cmammi npedcmaesneHuli komrnnekcHul nioxi0 0o eupiweHHs1 akmyarnbHoi npobnemu nidsuWEeHHs eheKmueHocmi
2POXOYEHHSI WUXmOo8UX Mamepiarie, Wo Mae gaxrnuse 3HayeHHs1 0ns MemarypeailiHoeo saupobHuymesa. Memoto docrii-
OxeHb € po3pobka Mamemamuy4Hoi Moderi pyXy 8irbHO yKraOeHoI cisqoi nosepxHi epoxoma 8 ymosax ii eibpauiliHo-
y0OapHoi 0ii. [Jna docsieHeHHs nocmaesieHoi Memu 8 pobomi 8UKOpUCMOBYEMbCS noemarnHull cucmemMHul aHarsnia meo-
pemuy4Ho20 AocniOXeHHsT pyXy CiYoi Mo8epxHi, Kompa po32nsadaemscs K MamepiasibHa moyka, pyxX sKOi 0bMexeHo
rnesHUM iHmepeariom, i po3bumuti Ha wicmb xapakmepHUX emarlie, KOXeH 3 IKUX aHalli3yembCs OKpeMo. Y pe3dynbma-
mi docnidxeHHs1 6yro po3pobrneHo ougepeHyitiHe PIBHSHHSI PyXy CiA4YOi MoesepxHi ma ompumMaHo 3anexHocmi, sKi 0o-
38os15I0Mb onucamu ii pyx y pisHux OUHaMIiYHUX cmaHax 8paxosyroyu cusnu iHepuii, npyxHi dechopmauii, cunu msxiHHA
ma mepms. BusHa4eHi ymosu, 3a sikux 8i0bysaembcsi pe30HaHC i nidsuwiyemscsi iHmeHcusHicmp niokudaHHs cuma. Le
doseonsie MiHIMI3ysamu sisuuje 3abumms omeopig CissHoi Mo8epxHi, WO, y €80 Yepey, nidsuuye eghekmusHicmb rpo-
uecy sidcigy. Haykoea Hosu3Ha O0CIiOXeHHSs nosiseae 8 po3pobyi Ho8oI MamemMamu4HOI MOOeri, sika Orucye pyx 8inb-
HO yKknadeHoI cisiHoi mosepxHi 8 ymoeax ii eibpauitiHo-ydapHoi dii. Lle dossornsie snepwe demarsnbHO 8U84UMU MPOUEcU,
wo sidbysarombcs Mi0 Yac epOXOYEHHS, i 8U3Ha4YUMU onmumarsbHi ymosu Orsi 3MEHWeHHs1 3abumms omeopig cis4orl
nosepxHi. Pesynbmamu yb020 00C/iOXeHHST MOXymb 6ymu eukopucmaHi Orsi 800CKOHaNEHHs1 npoyecy nid2omoexku
3ari30eMmicHOI cuposuHu 00 neperasy, Wo € akmyarnbHUM 3agdaHHsAM 07151 MemaJiypeiliHoi mpomuciogocmi. 3acmocy-
8aHHs1 po3pobrieHoi Mamemamu4Hoi modesi do3gonume nidsuwUMU eghekmusHicmb gidcigy Opib's3kosux ghpakuid,
3MeHwWuUmu 3abumms 0meopi8 CissHoI Mo8epxHi, WO MoKpawume 3az2arbHy siKicmb mMemarnypaitiHux npouyecis. Lle, e
€800 Yepay, Crpusimume eKOHOMII pecypcie ma 3HUXEHHIO aumpam y 8UupobHUUmMSi.

The article presents an integrated approach to solving the actual problem of increasing the efficiency of screening
charge materials, which is important for metallurgical production. The aim of the research is to develop a mathematical
model of the motion of a loosely stacked screening surface under the conditions of its vibration and impact action. To
achieve this goal, we have used a step-by-step systematic analysis of the theoretical study of of the motion of the siev-
ing surface, which is considered as a material point whose motion limited to a certain interval, and is divided into six
characteristic stages, each of which is analyzed separately. As a result of the study, the following were developed a dif-
ferential equation of motion of the sowing surface and obtained dependencies that allow us to describe its motion in dif-
ferent dynamic states, taking into account the forces of inertia, elastic deformation, gravity, and friction. The conditions
under which resonance occurs and the intensity of the sieve tossing increases. This allows minimizing the phenomenon
of clogging of the holes of the sieving surface, which, in turn, increases the efficiency of the turn, increases the efficiency
of the screening process. The scientific novelty of the study is the development of a new mathematical model that de-
scribes the movement of a loosely of a loosely laid sowing surface under the conditions of its vibration and impact ac-
tion. This allows us to for the first time to study in detail the processes occurring during screening, and to determine the
optimal conditions for reducing clogging of the seeding surface holes. The results of this study can be used to improve
the process of preparing iron-containing raw materials for remelting, which is an urgent task for the metallurgical indus-
try. The application of the developed mathematical model will increase the efficiency of screening out fines and frac-
tions, reduce clogging of the holes of the screening surface, which will improve the overall quality of metallurgical pro-
cesses. This, in turn, will help save resources and reduce production costs.

Betyn

B gaHun yac AkicTb MiAroTOBKU LUMXTOBMX MaTepia-
niB meTanypriiHoro BUpobHMLTBA B 3HaYHIN Mipi 3a-
nexvTb Big edeKTUBHOCTI BiaciBy Api6’askoBux
dpakuin (0...5 MM) 3 3ani30BMICHOI CMPOBUHU. AK
nokasye [OOCBi4 ekcnfyaTauii pi3HOMaHITHUX TuniB
rpOXOTiB, 30iMblIEeHHS edeKTUBHOCTI TPOXOYEHHS
LUMXTOBMX MaTepianiB yTpygHEHe CyTTEBUM 3abu-
BaHHSIM OTBOPIB CisiYNX NOBEPXOHb, LLIO HE A03BONSE
NiABMLWMTM SKICTb MiArOTOBKW 3ani3oBMICHOI CUMpPO-
BVMHM O Nepennasy.

BoueBnab NS npakTUKIB i HAyKOBLiB cTae HeoOXia-
HUM reHepyBsaTu, OOCHiQKyBaTU Ta BUKOPUCTOBYBa-
TW HOBI igei, Aki 6 4O3BONUNKN 3MEHLUNTUN 3a0UTTS Ci-
AYMX NOBEPXOHb rpoxoTa Ta 36inbwutn edekTns-
HICTb BiACIBY HEKOHOULINHWNX bpaKUi MeTanyprinHoi
WKXTU neped AOMEHHOK nnaeBkow. Tomy pobotm
HanpaeneHi Ha iHTeHcudiKalilo npoLecy rpoxo4veH-
HS1 LUMSAXOM 3MEHLLEHHS 3abUTTA OTBOPIB CisYMX Mo-
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BEPXOHb rPOX0Ta, sIKi BUKOPUCTOBYIOTLCS ANs BiAci-
BY ApiG’sA3KOBOro knacy B 3ani3oBMICHUX LUMXTOBUX
mMaTepianax Ha CbOrofHi € akTyanbHUM 3aBOaHHSAM.

AHanis nitepaTypHux
npob6nemu

IHTeHcudikauii npouecy rpPoXoYeHHs MiHeparnbHOI
CUPOBMHU NPUCBAYEHO GaraTto JOCHiAHMLBKUX POBIT.
[[ONOBHUM YMHOM BOHM CTOCYKOTbCHA TOro, SK Bigno-
BICTM Ha MUTaHHS, SKMM CMOCOOOM MiABULLMTU Ou-
HaMiYHi NokasHWKM pobo4voro opraHy rpoxota abo
MOro cisivoi noBepxHi, Wob 3mMeHWUTK ii 3axapalle-
HICTb 4M 3abUTTSI OTBOPIB BaXKKOMPOXiAHUMWU YacTu-
Hkamu [1-5]. [lo rpoxoTiB Takoro Tuny MoXxHa BigHe-
CTVM MalUUHWN 3 PYXSIMBMMM CisyamMu MOBEPXHAMMU, Y
KOTPUX KONMMBaHHA Big BiOpo3OyOHMKIB 4acToTow Y
100 'y nepepatoTbesa 6e3nocepeHbO CiAvin noBep-
XHi, KOTpa >OPCTKO 3akpinneHa Ha kopobi [6], y iH-
LUMX, MpOLEeC rPOXOYEHHS IHTEHCUQIKYETbCS 3a pa-

AaHUX Ta NoCTaHOBKa
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XYHOK MiABWLLEHHSI MPUCKOPEHb, ab0o 3rMHy Ta po3Tsi-  Ji30BMICHY MeTanypriHy LUMXTY, Taki JOCHiIKEHHS
ry cisyoi nosepxHi [7-11]. Takox cnig Big3HauuTW € AyXe BaXNUBUMM.

PEe30HIBHI Cisivi NOBEPXHi po3pobreHi IHCTUTYTOM re-

oTexHiyHoi MmexaHikm iMm. M. C. MNonsakoBa Hauiona- MeTa i 3aBaaHHA AocnigXeHb

NbHOT akagemii Hayk YKpaiHu, KOTpi BuKopuctoBytoTb  MeTa poboTtu nonsrae B po3pobui matemaTuyHol
ABMLLA PE30OHaHCY Ha HaTArHyTMX CTpyHax. Taki ciadi  mogeni pyxy BiflbHO YKNaAeHoI Cisvol NOBEpXHi npu
noBepxHi 3abe3nevyloTb 3HWXKEHHA 3abUTTA Ta 3a-  BibpauilHO-yaapHin Aii Ha Hel Ana 3MeHLUeHHs 3a-
XapalleHocTi ii 0TBOpiB, O4HAK X BUKOPUCTAHHA HEe  BUTTA Ti OTBOPIB BAXXKONPOXIAHNMW YacTUHKaMU.
MOXMMBE ANs YMOB LUMXTOMNIArOTOBYMX BigdineHb

MeTanyprinHoro BUpoGHMLTBA OCKifNbKM BOHW MatoTb  MaTtepianu Ta meToau AocnigkeHb

HeJOCTaTHI0 HaAIMHICTb | KOHCTPYKTUBHY CKnagHicTb  lNMpu po3pobui MateMaTudHOoi Moaeni pyxy cisdoi
[12-14]. NMoBepXHi rpoxoTa B ymoBax ii BibpauiiHO-ygapHoi
[nsa pisHOMaHITHUX OUHAMIYHUX CXeM BibpauilHux  Aii TeopeTuyvHi OOoCNimMKeHHS BMKOHYBannCb 3 BUKO-
rPOXOTIB i BCTAHOBMEHUX Ha HUX CiYMX MOBEPXOHb  PUCTaAHHAM MOETanHOro CUCTEMHOro aHanisy. Ha
Oyno BuKoHaHe BaraTo TeopeTUYHMX JocnigkKeHb Ta  puc. 1 HaBedeHa 3aranbHa po3paxyHKoBa CXxema py-
po3pobneHo MaTeMaTUYHMUX MOZENen pyxy poboumx Xy cisgyoi NOBEpXHi, Ae YMOBU 3B’A3Ky, KOTpi Npukna-
OpraHiB, B TOM e 4Yac AMa rPOXOTIiB cigya NOBEPXHA  AeHi A0 Hel, 403BONATb 0OMEXUTM i pyx B NpoMi-
KOTPUX BIiflbHO pO3TallOBaHa Ha MOro kopobi Takux XKy &j.

pocnigxeHb nposegeHo He Byno. Ane ans yoocko-

HamneHHs WNXTOBUX FPOXOTIB, SKi hpakuioHyoTb 3a-

PucyHok 1 — 3aranbHa po3paxyHkoBa cxema

Cawmy cisyy NoBepxHIO NpeacTaBnseMo B AKOCTi Ma-  [puimMaemo, Lo B MOYATKOBOMY MOJIOXKEHHI Maca m
TepianbHoi Toukn C po3TalloBaHOI B LEHTPi Mac Cu-  3HaXOAUTbCS B CTATU4HIN piBHOBA3i, cCnuparymch Ha
CTeMMU, WO pO3rnaAgaeTbCs, a i NPYyXHY AedopMa-  HWDKHIO NOLWMHY NiACUTHUKA.
Lito npunmaemo 3a ycepefHeHy gedopmadito npyx-
HUX eNEeMEHTIB 3 XOPCTKICTIO cg,.. Macy kopoby no3- Pe3ynbTaTu gocnigkeHb
HayeHo sk M, a macy cisyoi noBepxHi 3 LeHTpoM Po3rngHeMo nepwunin etan pyxy cigyoi nosBepxHi. B
mMac B Touui C gk m. Togi Ha Touky C moxe OyTn no-  LbOMY BUNaAKy maTepianbHa TOYKa CNUpaeTbes Ha
CNiJOBHO HaKMafgeHo [Ba OOHOCTOPOHHIX 3B’A3KW,  MPYXHY OCHOBY BiJOMOI XOPCTKOCTI (puc. 2), a ii pyx
npyu BMOWpPaHHI MPOMiIXKY &, B3ZOBX Bici yi. Lli  npuimaemo Takum, LLO NOBHICTIO NIAKOPIOETLCH PYXy
3B'A3KM BMHUKAIOTb MO Mipi 3iTKHEHHA Macu M 3 HU-  kopoby. Maca kopoby BBaXaeTbCs HACTIMbKU nepe-
XHbOIO Ta BEPXHbOI MMOLIMHAMM BHYTPILHLOI NO-  BaXalo4ol Hag Macolw MaTtepianbHOI TOYKM, Lo
BEpxHi LiBeneponodibHoro nigcutHuka. Posginumo  3MIHOK 3aKOHY pyXy KOpoOy Mpu B3aEMOAIi 3 TOUKO
npouec LMKMNIYHOTO pyXy MeXaHi4yHOi cuctemu, npu  MOXHa 3HexXTyBaTu.
KONMMBaHHAX KOpPOOY, Ha LWICTb XapakTepHUX eTanis.

1.‘

a) o)
PucyHok 2 — Po3paxyHKOBi CXeMu Npw ChinNbHOMY PO3roHi KOpoby Ta cisvoi NoBepxHi (a), ANst BU3HAYEHHS
Hanpsmy cun iHepuii (6)
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Hexanm pyx kopoOy BignoBigae rapMoHiNHOMY 3aKOHY, XapakTepHOMY Ans O4HOPIAHOro BibpauiiHoro nons 3
NIHINHWUM NOMEeM TPAEKTOPIN NOro TOYOK, LLIO € 3aKOHOM NEPEHOCHOrO PyXy

{xe (t) = A-sin(wt) - sinf .
Y. (t) = A-sin(wt) - cos B, (1)

ae A — amnniTyaa KonveaHb B3OOBX HanpsiMy pyxy, M; w — KpyroBa 4actoTa KonmBaHb Kopoby, c1; B — kyT
BiOpaLjii Touok KopoOy (Big HOpMani K cisvoi NoBepxHi 4o NiHii Bibpauii).

Togai, y BigNoBigHi cnuctemMi koopanHaT Xiy1 (OUB. pUC. 2) CUMNK iHEpLii NEPEHOCHOro pyXy Y BigMNoOBIgAHOCTI 40
(1)(1) 6yayTb maTu abCconoTHY BENNYUHY

{Sinx =m-A-sinf - w?-sin(wt) @

—m-A- 2 - s
Siny =m-A-cosf - w*-sin(wt).

Ockinbku, B LUbOMY AMHAMIYHOMY CTaHi cMCTeMU po3rfsiaanach nvue npyxHa gedopmauis cisyoi NoBepxHi

npy Hepyxomomy ii nepumeTpi, TO CUITOK iHepLii B3OOBX BiCi X1 OyaeMo HexTyBaTMu.

Topai, OCHOBHMI 3aKOH AMHAMIKM ANS BiAHOCHOMO pyxy 3anuweTbCs Y BUrnsagi

m-y,=—-U+Sy, +G cosa—F, 3)

Ae ¥, — BiQHOCHE MPUCKOPEHHS TOYKU, M/C?; @ — KYT Haxmny Cisvoi NoBepXHi 4O ropusoHTy, rpag; U — cuna
NPY>XHOCTI NPYXXUHK, eKBiBaNeHTHa NPY>XHOCTI CiSY0i NOBEpPXHi, ka BU3Ha4YaeTbca 3a hopmynoro

U=ce -y H (4)
G — cuna TSKiHHA
G=m-g,H, (5)

Ae m — Maca MaTepianbHOi TOYkM (CiSHOi NOBEPXHIi); g — NPUCKOPEHHS BINbHOIO MagiHHsA, m/c?; F — cuna
B'A3KOr0 CynpoTuBY

F=pyH, ()

ne u — koedilieHT B’A3Koro TepTs, Kr/c.

3Baxaloun Ha Te, Lo cuna TSXKIHHA G KOMMEHCYETLCHA CUIMOK0 MPYXXHOCTI MaTepiany — cknagalTb 3piBHOBa-
XKEeHy cucTemy cwun, TO 3rigHO akciomm 2 ctatukm [15] iXx MOXHa BiOKMHYTU, WO Aa€ 3MOry po3rnsagaty nuwe
ANHaMiYHY cKkagoBy.

MepeTBOprOEMO BUpa3s (3), BpaxoByto4uu BULLIEBMKNALeHe Ta Bupasu (2), (4-6)

y+£y +Cﬂ.y =A-cosﬁ-w2-sin(wt) @)
UL GO ) '

PiweHHs andepeHUiiHOro piBHAHHS (7) BMKOHYBanocChb 3a MeTOAUKOI0, BUknageHoto [16], ans 3pyyHocTi 6y-
N BBEEHI HaCTYMNHi NO3Ha4YeHHs

u
e 2-h; (8)
Csr _ 2.
= k*; 9)
A-cosf-w?=H. (10)
Topi Bupas (7) npunme Burnsag
Vo+2-h-y.+k? -y, =H-sin(wt). 11

PiweHHs andepeHUinHoro piBHAHHSA (11) 4O3BONSAE BU3HAUUTU 3aKOH BiAHOCHOrO pyxy maTepianbHOi TOYKM
npv nepLuomy BuAi AMHaAMIYHOIO CTaHy
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Y, =e Mt [Ms‘in (t “VkZ— h2) + Yo COS (t k22— hz)] -

k2_h2

—e™ht [m(h-siny + w - cosy)-sin (t “Vk? - hz) +
+D - siny cos (t Vk? — hz)] + D - sin(wt +y), (12)

e y,, — NovaTkoBa BiAHOCHA LUBUAKICTb MaTepianbHOI TOYKN, M/C; y,, — NOYaTKoBa KOOpAMHATa BiAHOCHOro
NOSTOXXEHHS MaTepianbHOT TOYKK.
[nsa cnpoweHHs y Bupasi (12) 0ynun BBeAeHHI 4OAATKOBI MO3HAYEHHS

h2-w2 ’ (13)

+4 o

H
D=
e (1-2)

2-h-w
y=—arety (=)

(14)

Ha nigctasi oTpMmaHoro piweHHs 6yB BU3Ha4YeHW koedilieHT QUHaMiYHOCTI nigyac BiGHOCHOIO PO3roHY Cu-
Ta

1
e .
AKUA MPUNMAE MakCUmarbHe 3Ha4YEHHS 3a YMOBMU
w 2
= [1-213 (16)
A 10ro MakcMmarnbHe 3Ha4YeHHS OOPIBHIOE
(Kt = — e
17)

25 |6-3)

3 oTpMMaHmX 3anexHocTen MoxHa 3pobMTN BUCHOBOK, LLO Npu

e 18

k @ Cor (18)
CrocTepiracTbCs ABULLLE Pe30HaHcy. Mpu LbOMY, SKLLO
h 2

-=——==0, 19

k2. /m-c, (19)

TO NPU BUKOHaHHI yMOBWU (18) koedilieHT AuHaMIYHOCTI Ky;, = oo.
Mpu yMOBI, WO AOTPUMYETLCA HEPIBHICTb

(ﬁ) 21 = H—21’ (20)
2 2

ABULLE PE30OHAHCY 3HUKAE.

HesBaxaloum Ha OOHOCTOPOHHIN 3B'A30K MPOLEC MPYXHUX KONMMBaHb He MIATPUMYETLCH 4Yepe3 po3puB
3B’A3Ky, TEHAEHLis 40 BUHWKHEHHS SIBMLLA Pe30HaHCy A03BOoNse 3abe3nevnTu iHTEHCMBHE MiAKMAAHHS cuTa.
Takum YmHOM, Ha NoyYaTkoBOMY eTani HeobxigHo 3abe3neunT ymMoBy
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w =1; (21)

CST

u

————— - min.
2. /m-cs (22)

Bigpue cuta Big HWXKHBOI MAOLWMHN BHYTPILLHBOT NOBEPXHI MNiACUTHMKA B KiHLi NepLUIoro etany xapaktepHUn
TUM, WO B LIe MOMEHT, NpW BiACYTHOCTI CUNKU TEPTS, CuUna Npy>XHOCTI NPYXWHK, SIK peakLisi onopu, AOPIiBHIOE
HYMI0, @ KOOPAMHATM TOYKM OOPIBHIOKTE 3HATOI CTaTUYHOI Aedpopmalii onopu. Toai ymoBa BigpuBy 3 ypaxy-
BaHHSIM CNPSAMOBAHOCTI BiCi BIGQHOCHOI CUCTEMW KOOPAMHAT X1y1 (AUB. pUC. 2) NpuimMe BuA

.. = g - cosa, 23)
Vr=g (

4n

m-

g. cos a. (24)

ST

Vr1 = —

KiHeub neplioro ertany LUMKNIYHOTO PyXy CUCTEMW BM3HAYaETbCA MiACTaHOBKOW Bupasy (24) B (12),
PO3B’A3yBaHHSI YTBOPEHOTO PIBHAHHSA YNCENBbHUM METOAOM [03BOSIAE BU3HAYMTN MOMEHT t1 BigpunBy marepi-
anbHOI TOYKM Bi onopw, a noxigHa 3a Yyacom Bif (24) 3 BpaxyBaHHSAM t1 JO3BOMSE BU3HAYMTU KiHLEBY LUBUA-
KiCTb V1 Ha Mpu KiHUi nepLioro eTany.

TakMM YMHOM, OTPUMAHI 3aneXHOCTi JO3BOMATb BU3HAYUTM NOYATKOBI YMOBM — LUBUAKICTb | KOOPAMHATU
mMaTepianbHOI TOYKW, ANS nepexogy 40 MaTeMaTUYHOro onucy Apyroro AMHaMiYHOro CTaHy CUCTEMMN.
PosrnsaHemo gpyrum etan. B ubomy Bunagky Kopob i cisya noBepxHsi, KOTpa Mae OguH CTyniHb cBoboam y
HOpMarnbHOMY A0 OMOPHOI MOBEPXHI LIBENEpOnoAibHOro NigCMTHMKA HanpsiMKy, pyxarTbCs pOo34inbHO.

lMicna BigpvBy mMaTepianbHOI TOYKU Bif OMOPHOI MOBEPXHi BOHA NEpPEMILLy€eTbCS B NPOCTOPI, yTBOPEHUM Mid-
CUTHUKOM, Nig gieto cnnu TsxkiHHA (5) Ta TepTsa

R=k-NH, (25)

ae k — koedilieHT TepTsa CMOKOK Napu «cisiya NOBEPXHSA — CTiIHKM MNiACUTHUKa»; N — cuna HopmarbHOI peakuil
CTiHKM NMiacuTHUKa, H;

y abCconioTHIN cucTemi KoopauHaT Xy, Ta nig Aieto 4oAaTKOBUX cun iHepuii (2)(2) y BIOHOCHIA cucTemi Koop-
AvHaT X1y1 (puc. 3), WO BUHMKaKOTb Big NEPEHOCHOro pyxy Kopoby 3a 3aKoHOM AMHaMIiKu A58 BiQHOCHOMO py-
Xy MaTepianbHOi TOYKM. Takum YMHOM, ANs 3ag4aHOi CXemMu npuknagaHHsa cur, BMGpaHoro HanpsiMky ocen
koopamHaT (avB. puc. 3) y BigNOBIAHOCTI A0 OCHOBHOIO 3aKOHY AWUHAMIKM BiQHOCHOIO pyXy TOYKWU, MaEMo

G-sina+N—Sy,,=0 (Momunkal!

{G-cosa—R+5my=m-jir' Yy
OOKYMEeHTi
BiACYTHIN
TeKcT
yKasaHoro
ctunio..1)
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PucyHok 3 — Po3paxyHkoBa CxeMa KOB3aHHSsI Cisiioi MOBEPXHi B MPOCTOPi, YTBOPEHUM MiOCUTHUKOM, (@) Ta
BM3HAYEHHST HanpsiMy cun iHepuii (0)

MepeTBOpPMMO BUpa3 (26) BpaxoBytoun (2), (5), (25)

{m-g-sina+N—m-A-sinﬁ-wz-sin(wt)=0 27)
m-g-cosa—k-N+m-A-cosf-w?-sin(wt) =m-j,
3 nepLuoro piBHAHHA cucTeMm (27) BU3Ha4aEMO HOpMarbHy peakTUBHY cuny

N=m-A-sinf w? sin(wt) —m-g-sina. (28)

MigpcTaBumo 3HamgeHe 3Ha4YeHHs B Apyre PiBHAHHA cuctemu (27), npeacTaBnsioyn BiQHOCHE MPUCKOPEHHS
TOYKM ji,. Yepes LIBUAKICTb BiQHOCHOro pyxy martepianbHOi TOYKM B340BX NPOCTOPY, YTBOPEHOMY MiACUTHU-
koM, ., (£)

V,y(t) =g-(cosa+k sina)+A-w?:sin(wt) - (cos f — k- sinp). (29)

Po3B’sa3aHHA audepeHUinHOro piBHAHHS (29), BpaxoByouM MOYaTKoBY LUBUAKICTL NPOLIECY BIAHOCHOMO pyXy,
sika JOPIBHIOE KiHLEBIV LLIBUOKOCTI TOYKM Ha nonepeHbOMY eTani B MOMEHT pO3puBY 3B’A3KY MiX Cig4oto no-
BEPXHEI0 Ta OMOPHOK MOBEPXHE NIACUTHMKA, SKa BU3HAYaETbCH ANdEPEHLiloBaHHAM PiBHAHHSA (24) Bpa-
XOBYIOYM t;, JO3BOMSE OTPUMATK LUBUAKICTb BIHOCHOIO Pyxy martepianbHOl TOYKM B3[OBX MPOCTOpPY, YTBO-
peHOMY NiACUTHUKOM

Vy(t)=g-(cosa+k-sina)-t—A-w-cos(wt) X
X (cosB—k-sinB)+V,,. (30)

MMicns iHTerpyBaHHsa oTpumaHoro Bupasy (30) 6yaemo maTtv 3aKOH BiJHOCHOIO pyxy martepianbHOi TOYM Ha
eTani ii nepemilweHHs B NPOCTOpi, yTBOPEHOMY LLBENEpPOnoAibHNM NiACUTHUKOM NpY NOYAaTKOBIM KOOPAMHATI
Yr1, KA € KOOPAMHATOK PO3PUBY 3B’AA3KY MiX CISSHOI0 MOBEPXHEH Ta OMOPHOI0 NOBEPXHEIO LIBENeponogioHo-
ro NifCMTHUKa Ha nonepeaHbLOMY eTani

y,(t)=05-g-(cosa+k-sina)-t?— A-sin(wt) X
X (cosB—k-sinB)+V, - t+y,,. (31)

KiHueBi napameTpu faHoro etany BM3Ha4yaloTbCs 3 cuctemm anrebpaidHmx piBHAHb, YTBOPEHMX Ha MigcTa.i
Bupasis (30) Ta (31).

Vi, =g-(cosa+k-sina) -t,—A-w-cos[w- (t, +t;)] X
X (cosB —k-sinfB)+V,,
—8,=05"g (cosa+k-sina)-t,?2—A-sin[w- (t; + )] X’
X (cosB—k-sinB)+ V. t, +y

(32)
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B cuctewmi (32) y TpMroHoMeTpu4yHOMy BMpasi, ke  XOMOK, MEPEMILLYETLCA NULEe PO3TArHyTE TiNo cis-
BM3HAYa€e rapMOHINHUIA 3aKOH pyxy KOpoby, BUKOPU-  Y4Oi MOBEPXHI.

CTOBYETLCS abCOMOTHUIM Yac pyxy, KOTpUI Bigpaxo-  3Ba)karouu Ha Le B pO3paxyHKOBIN CXxeMi Cun, NpukK-
BYETbCS Bif HYNIbOBOro NOYaTKOBOrO MOMEHTY — Lie  NafeHux OO martepianbHOoi Touku (puc. 4), gonycru-
cyma TpuBanoCTi NepLloro Ta APYroro CTaHiB pyXy MO BUKIHOYUTM B3aEMO YPIiBHOBaXKEHI Mix coboto cu-
t, +t;. nM — cuny iHepuii B nonepeyHomMy Hanpsmky OO0
Ha TpeTbOoMy eTani cisya NoOBEpPXHS BMUPAETLCS Y  MPOCTOPY, YTBOPEHOMY LUBENeponoAibHuM nigcut-
BEPXHIO OMOPHY NIOLLMHY MiACUTHUKA Ta 3YNMUHSIETb-  HUKOM, Ta CUNY peakuii NoBepXHi BEPTUKANbHOI CTi-
ca. YacTuHa cisivoi NoOBEpPXHi, WO HE KOHTaKTYe 3  HKM LUBENeponogibHoro nigcutHuKa, sika yTBOPHE
OMOPHOI MIIOLWMHOK MIACUTHMKA MPOAOBXYE PyX Y  MPOCTIp Y BepTuKanbHin nnowwuHi. Cuna Tepts Ha
TOMY XX HanpsaMKy MpOrMHal4vMCb, B MeXax MpyXHo-  TpeTbOMy Ta 4eTBepTOMYy eTanax BiACYTHS BHacni-
CTi CisldOT MOBEpXHi, AOCAralun MakCMManbHO MOX-  [JOK HEPYXOMOCTI ONOPHOI NOBEPXHi cUTa B MPOCTOPI,
NMBY CTpiNy nporuny. licnsi JOCArHEeHHs Makcuma-  YyTBOPEHOMY NiACUTHUKOM. PyxaeTbcs nuwe LeHTp
NBHOrO MPOrMHY MOYMHAETLCA YETBEPTUNM eTamn pyxy Mac cuta, KOTPUn MU NPUUMAaEMO 3a OOChigKyBaHy
cisvoi MoBepxHi — i BiACKOKY Big BEPXHbOI OMOPHOI  MaTepianbHy TOYKY, 3a paxyHOK WMOro MpyxHoi Ae-
NNOLLMHM NIACUTHUKA Nig Aieto cunu npyxxHocTi. Mpn  dopmaduit.

LUbOMY ONOpHa NOBEepXHA CUTa 3alnnlaeTbCA Hepy-
| F

N

a) 6)

PucyHok 4 — Po3paxyHKoBa cxema yaapy Cistdoi NoOBEpPXHi N0 NiACUTHUKY,
BiCKOKY BiJ BEPXHbOI OMOPHOI NMOLLMHN NiACUTHUKA (@), ANS BU3HAYEHHST HanpsAMy cui iHepuii(6)

B Tom yac, Tino cisyoi noBepxHi, SK i Ha NepLoMy eTani, MPUNRHATE 3a NPYXNHY 3 YyCepeaHEHO0 XXOPCTKICTIO
¢s-- BHAcNigok BHYTPILWHBOrO TepTA Ta aepoguHaMiyHUX BTpaT BiaOyBaeTbCcA gucunauis eHeprii B NpoLeci
pyXy MpYXHOro Tifa, sika BpaxoBYETbCHA 3a AOMOMOro eMnipuyHoro KoediuieHTa |, ekBiBaneHTHOro Koedi-
LiEHTY B'A3KOro TepTs.

BpaxoBytoun cTanictb posTallyBaHHA NPUAHATUX CUCTEM KOOPAMHAT Ta BMKNa4eHUX BULLe OOonyLleHb, OC-
HOBHUWI 3aKOH AMHaMIKM ANg BiAHOCHOrO pyxy MaTepianbHOI TOYKM NpunMe Bug

U+ Sy +G-cosa—F=m-j,. (33)
Bepyun po yBaru cuctemy (2) 3anexHocTi (4-6) supas (33)(33) npuime B1a

CST

.. Hoo .
yr+%-yr—z-yr=A-a)2-cos,8-sm(wt)+g-cosa. (34)

BpaxoBytoun meTtoauky [16] Ta BegeHi nosHaveHHs (8-10), (13, 14), pilueHHa aAudepeHLinHOoro piBHAHHS (34)
O03BOMSIE BU3HAYMTW 3aKOH BiAHOCHOrO pyxy MaTtepianbHOI TOYKM MpU TPEeTbOMYy AMHaMIYHOMY CTaHi cucte-
MU

Y, =eht. [M sin (t k2 — hz) + Yo * COS (t “VkZ— hz)] -

G
_e~ht |— . . gj . . g . 2 _ h2
e [m (h-siny + w-cosy) sm(t vk?—nh )+
+D-sinycos(t-\/k2—hz)]+D-sin(wt+y)+%-cosa. (35)
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3 ypaxyBaHHAM CUIM TepPTS B NMPOCTOPi, YTBOPEHUM MiACUTHUKOM, PIBHSIHHS ANsi PO3paxyHKy MOMEHTY Bia-
puBY MatepianbHOI TOYKW Big NiACMTHMKA, B TOM Xe 4ac, el MOMEHT € NoYaTKOM eTarny KOB3aHHS OMOpPHOT
NOBEPXHi cuTa B MeXax NpoMixky &, byae matu Bug

U+G-cosa—R =0, (36)
ym

1
Vya = C—(R —mg - cos a). (37)

ST

MigcTaBnsAwYM 3Ha4YEHHs y,, B (35) MM OTPMMAEMO Yac 3aKiHYEHHS YETBEPTOro eTany t,.

MoxigHa 3a yacom Big Bupasy (35) 3 NigcTaHOBKOK t, A03BOJSISIE BUPAXyBaTH KiHLEBY LUBUAKICTb V,., HA 4eT-
BepTOMYy eTarni.

Ha n’atomy eTani nicns BigpuBy MaTtepianbHOI TOYKWN Bif, KOHTAKTy 3 BEPXHbOK OMOPHOK NOBEPXHELD LUBE-
neponofibHoro nNiaCUTHMKA, BOHA pyXaeTbCs Mig Oi€t0 CUIM TSXKIHHA Ta TepTa B aOCONIOTHIN cucteMi Koop-
AVHAT Xy, a TaKoX Nid Aieto cun iHepuii B BiQHOCHI CUCTEMI KOOpAMHAT X1y1 (AMB. puc. 5).

PucyHok 5 - PospaxyHkoBa cxema KOB3aHHS cisivoi NOBEPXHi B npocTopi,
YTBOPEHOMY MIACUTHUKOM, (&), BU3HAYEHHSI HanpsaMmy cun iHepuii (6)

Togai, OCHOBHMWI 3aKOH AMHAaMIKW BiAHOCHOTO pyXy MaTtepianbHOI TOYKM NpuiMe BUA

(38)

G-sina+N—S;,,=0
{G-cosa—R+Siny m-y,

MepeTBOpPUMO cucTeMy piBHSHL (38) 3 BpaxyBaHHAM (2), (5), (25), BUSHAUMBLLM 3 NEPLLOro PIBHAHHA CUCTe-
Mu (38) HOpmanbHy peakTuBHy cuny N, nigctaBusLK i B Apyre piBHAHHS CUCTEMM, NPeACTaBnsoYn NPUCKO-
PEHHSA TOYKW Ji,. Yepes LWBMAKICTb BIQHOCHOIO pyxy MaTepianbHOI TOYKU B3[OBX NPOCTOpPY, yTBOPEHOMY nNiA-
CUTHWKOM, OTPUMYEMO AnpepeHLiiHe PIBHSAHHSA, PO3B’A3aHHA KOTPOro, BPaxoBYKYM MOYATKOBY LUBWUAKICTb
npoLiecy BiAHOCHOrO pPyxy, sika OOPIBHIOE KiHLEBIW LUBUOKOCTI TOYKU HA YETBEPTOMY eTani B MOMEHT pO3puBY
3B’a3ky V,,, Ska BM3HA4aeTbCHa AndepeHLUiloBaHHAM piBHAHHA (35) BpaxoBykouun t,, OO3BONISIE OTpUMAaTH
LUBWAKICTb BIQHOCHOMO Pyxy MaTtepianbHOI TOYKM B340BX NPOCTOPY, YTBOPEHOMY NiACUTHNKOM

V() =g (cosa+k-sina)-t—A-w:cos(wt) X
X (cos B —k-sinB) + V,,. (39)

MMicng iHTerpyBaHHs Bupasy (39) OTPMMYEMO 3aKOH BiAHOCHOrO pyxy MartepianbHOI TOYKM Ha n'aTomy eTtani
npu NOYaTKOBIN KOOPAWUHATI V.,
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y.t)=05-g-(cosa+k-sina)-t? — A-sin(wt) x
X (cosB —k-sinB)+ Ve, -t+ Yy (40)

TpuBanicTb t; Ta KiHUEBY LUBMAKICTbL N’'ATOro eTany BU3Hayaemo 3 cuctemm anrebpaidHmx piBHSHb, yTBOpE-
Hol Ha niacTasi (39) Ta (40)

(Vrs =g-(cosa+k-sina)ts —A-w-cos[w " (ts+ -+ t;)] X
X (cosB —k-sinfB) +V,,
0=05"9g (cosa+k sina)ts? —A-sinfw- (ts+ -+ t;)] X’
X (cosB—k-sinB)+ V., ts+ V4

(41)

B cuctemi (41) y TpMroHoMeTpMYHOMY BMPasi, WO BU3HAYa€e KONMBaHHA KOpoby, BBOAUTLCH abCONMOTHUI Yac
PyXy, KOTPUI BiOnivyeTLCH BiA HYNbOBOro, NOYaTKOBOr0O MOMEHTY — Lie CyMa TpuBarnocTi Bid NepLioro Ao
MATOro eTaniB pyxy BKMOYHO (ts+...+t;).

WocTtnin etan HacTynae nicns nosiBU KOHTAKTy OMOPHOI NOBEPXHi CUTaA 3 HWXHBbOK OMOPHOK MMOLMHOK
LUBENeponoaibHOro NiACUTHMKA B KiHLi M'ATOro etany, KOB3aHHS OMOPHOI MOBEPXHI cuTa B MPOCTOPI, YTBOpEe-
HOMY MiACUTHUKOM, MPUMNUHSIETLCHA, TOMY MPU 3anuci OCHOBHOIO 3aKOHY AMHAaMIKW ONS BiQHOCHOrO pyxy ma-
TepianbHOI TOYKUN, HEXTYHOUM CKITAgOoBOI0 CUNK iHepLii B3OoBX BicCi X1 (puc. 6)

m-y. =—-U+ Sy, +G-cosa—F. (42)
Bpaxosytoum (2), (4-6) Bupas (42) npuime Bug
. ‘u . CST 2 .
yr+a-yr+ﬁ-yr=A-cosﬁ-w - sin(wt) + g - cos a. (43)
) | 77
s _ _
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) ::: F :.. X
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PucyHok 6 - PospaxyHkoBa cxema npu cnifnbHOMY PO3roHi Kopoby

Ta Cig40i NoBepXxHi (a), BU3HA4YEHHs HanpsAMy cun iHepuii (6)
Bepyun oo ysarn metoauky [16] Ta BBegeHHi no3HayeHHs (8-10), (13), Bupiwytoun gudepeHuiiHe piBHAHHSA
(43) oTpMyEMO 3aKOH BiAHOCHOTO PyXy MaTtepianbHOT TOYKM

e ht. Yoty h sin (t Vk?— hZ) + Yro * COS (t “Vk? - hz)] -

Ir= B/W
_e—h-t.[7-(h-siny+w'COS}/)'Si"(t'm)+DX
VkZ —h?

X siny - cos (t k% — hz)] + D - sin(wt +y) +%- cos a. (44)

Ha nigcTtaBi 3akoHy 306epeXeHHs eHeprii BU3Ha4a-
€TbCA MaKCUMyM (YHKLUIT BiHOCHOrO MOMOXEHHS
Vre- [iACTAHOBKa LbOro 3HadeHHs B (44) gosBonse
BMpaxyBaT MOMEHT t, 3aKiHYEHHS LLIOCTOro eTany.

MoxigHa 3a YyacoMm 3 niaCTaHOBKOW t, JO3BOMSE BU-
paxyBaTu KiHLEeBY LUBUAKICTb V,.q Ha LWoCTOMY eTani.
LocTnm eTanom UMKN pyXy CiA40i NOBEPXHi 3aBep-
wyeTtbed. KiHueBi napameTpu LLOCTOro etany € no-
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BcTtaHoBMneHO, WO pyX BiflbHO yKNageHol cisvol no-
BEPXHi Ha kopobi rpoxoTy npwu BidpoydapHin aii Ha
Hei mMoxe OyTu onMcaHuM noeTtanHo, Ae Mo4YaToK
eTany € 3akiH4eHHa MOoro nonepeaHboro. ICHye Tic-
HUIA 4acoBMIN Ta KOOPAMHATHMI 3B’A30K A€ BCi KiHe-
MaTU4Hi NnapameTpu KOXHOro nonepeaHLoro eTany €
noYyaTKOBMMMW nNapameTpamun Ang HACTYMHOro CyMix-
HOrO 3 HUM, IO 03BOMSE PO3POOUTU MaTEMATUYHY
MoAenNb Pyxy BibHO YKNaaeHoi Cigyol NoBepxHi npu
BibpauiiHo-yoapHoi Ha Hel Ail.

B pesynbTaTi po3pobkuM MaTemMaTU4HOI Mogeni
BCT@HOBIEHO TPW OCHOBHI BMAW AVMHAMIYHOIO CTaHy
TEXHIYHOI CUCTEMU, LLO PO3rNAJAaETLCA, a came.
MepLumi BUA OUHAMIYHOMO CTaHy — L ChiNbHU pyx
nignpyXnHeHoi mMatepianbHoi Tovkn C Ta Kopoby,
AKMNA NMOYNHAETLCHA 3 MOMEHTY 3iTKHEHHS CKMagoBuMX
cucTemMmn npw BiJOMIA KOOpAMHATI MOYaTKOBOro Mo-
NOXEHHS, a TaKoX BiAOMOI MOYATKOBOI LLIBUAKOCTI
CKNagoBMX CUCTEMW, LLO BCTYNUIM B B3aEMOLII0.

JIleopis i NPaKMUKg Memarypeii

pameTpamu nonepeaHboro uukny pyxy. Llen guHa-
MIYHMIA CTaH BMacTUBMIA NepLUOMY Ta LUOCTOMY eTa-
NiB LMKIIYHOro pyxXy CUCTEMM.

Opyrmin BUg OMHaMIYHOIMO CTaHy — pO34ifibHUA pyx
€rNeMEeHTIB CUCTEMU, SIKUA NOYMHAETLCA 3 MOMEHTY
po3puBY 3B’A3KY Ha KiHL|i MepLIoro Yn TpeTboro eTa-
niB UWKMNIYHOrO pyxy CUCTEMU Ta 3aKiHYYyETbCA 3 MO-
MEHTY BiJHOBMEHHS 3B’s13Ky Ha TPETbOMY YM LLOCTO-
My eTanax. TpuBaniCTb LbOro AMHAMIYHOrO CTaHy
BM3HAYaETbCSA HE TiMNbKW LWBUAKICTIO PYXY €NeMEeHTIB
cucTemMu, ane N, Hacamnepen, KOHCTPYKTMBHUM na-
pameTpoM — MPOMDKKOM &y,. Llen guHamiyHuin ctaH
MOBHICTIO BignoBigae Apyromy Ta M'(ToMy eTanam
LMKITIYHOTO pyXy CUCTEMM.

TpeTii BUg MHAMIYHOrO CTaHy CUCTEMWU — MNpYXHa
B3aEMOAIS CKINafoBMX CUCTEMU Yepes NPYXUHY mnic-
N5 NOHOBIEHHN 3B’A3ky. Llen anHamivyHui cTaH Bna-
CTMBUI TPETbOMY Ta YETBEPTOMY CTaHy LIMKNIYHOrO
pyxy cuctemm.

MoyaTKOBI NapameTpu B3aemogii € KiHueBMMW na-
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BaaakiHn B. ®., Cmaceeacwvkuii C. 1., Yepiomos 10. /I., baaraxanoea T. B., Yepiomos /. I0.
MetaJso30epiraroua TeXHo0JI0Tisi BATOTOBJIEHHSI TOBCTOCTIHHUX TPYO 3
0e3nepepBHOJINTOI 3aTOTOBKHU HA MUIITPUMOBOMY CTaHI

Balakin V. F., Stasevsky S. L., Ugryumov Yu. D., Balakhanova T. V., Ugryumov D. Yu.

AHomauis. Po3arisaHymo crnocobu 3HUXEeHHs sumpam memary rnpu eu2omossieHHi ocobriueo moecmocmiHHUX mpy6 3
D/S<6 3 6e3nepepeHonuMoi 3a20moeKu Ha finizpumosomy azpezami 5-12" & ymoeax AT IHTEPIMAMIT HixHb00HIrM-
poscbkuli mpybonpokam+uti 3aeo0. [lidsuwjeHull sumpamHulli KoegiyieHm memarny rnid yac rnpokamysaHHs mpy6 Ha
niniepumogomMy cmaHi 3ymosrnieHuli ocobnueocmsamMu mexHosnoeii, wo npu3godums 00 36inbWeHHs o0bpidy nepedHix
(3ampasoyHuXx) i 3a0Hix KiHuie mpy6, ki ymeoprooms niniepumosy 20m08Ky. [lpu ybomy sumpama memarny rid yac
rnpokamyeaHHsi mpyb Ha azpezaami 3 niniepumosum cmaHoMm Ha 50-100 ke Ha moHHY mpy6 suwja, HiXX Ha iHWUX azpe-
eamax (3 asmomamuyHumM, besnepepeHuUM ma iH. cmaHamu). Ha ocHosi meopemuyHo20 aHasidy ma eKCrepumeH-
marsbHUX daHux i3 3acmocysaHHsIM Qit04020 NPOMUCI08020 0bradHaHHs By10 8U3HAYEHO, W0 MemodoM 2apsiHoi npo-
KamyeaHHs1 2ifib3 Y cmuK MoxXymb 6ymu ompumati mpybu D/S<6 3 sikicHOt0 cmpyKmypoto Memarty eomosux mpyb6, y
momy yuchi Ha 3a0Hix KiHUsX, Wo eidrnogidaroms niniepumositi 2onigyj. Pe3ynbmamu 00CnidxXeHHs MOXymb 6ymu eu-
Kopucmani 0nsi npokamyesaHHsi mogcmocmiHHux mpy6 3 D/S<6 wupoko2o po3mipHO20 i Mapo4HO20 copmamMeHmy Ha
ninigpumosux agpeaamax 3 MiHiMarbHOK 8UMpPamoro Memarly Ha 3ampasky i nifibeep20r108Ky.

Knro4voei cnoea: mpyba, ninizpumosull cmaH, einb3a, 3ampaska, Mibe2epaosioska, eKOHOMIs Memary, cmpykmypa
memarny, be3nepepsHoiuma 3a20moska, nikeauis

Abstract. The methods of reducing metal waste during the production of especially thick-walled pipes with D/S<6 h on a
5-12" polygrim unit at the INTERPIPE NTRP are examined. from non-recast billets. Increases the depletion coefficient
of the metal during the rolling of pipes on a plating mill due to the peculiarities of the technology, in order to increase the
shape of the front (seed) and rear ends of the pipes, which create the saws makeup head. At this rate of metal, the hour
of rolling pipes on a unit with a rolling mill is 50-100 kg per ton of pipes, lower on other units (with automatic, non-
interruptible mills). Based on theoretical analysis and experimental data from the current industrial production, it was de-
termined that the method of hot rolling of liners can be used to remove D/S<6 pipes with a clear structure from the metal
of finished pipes, including and at the rear ends, similar to the polygrimic head. The results of the investigation can be
used for rolling thick-walled pipes with D/S<6 of a wide range of sizes and grades on printing units with minimal waste of

metal into the seed and the printing head.

Key words: pipe, pilgrim installation, metal saving, pilger hot rolling clad tube, modernization, descaling.

BcTtyn.

3MiHa SIKOCTi Ta PO3MIPHOrO COpPTaMEHTY BUMXiQHOT
3aroTOBKW AN BUFOTOBMEHHA Tpyb, nigBuLIEHHSA
BMMOT A0 SIKOCTi rOTOBOI NPOAYKLii, eKONOriYyHOCTi Ta
E€KOHOMIi sIKk eHepropecypciB Ta MetanosbepiraHHs y
npoLeci BUroToBneHHA Tpyb noTtpebye HoBoro nia-
Xody A0 TEXHOSOriNn, Wo Hapasi 3actocoBaHi. Ocki-
NbKN Ha JaHMN Yac OyXe BaXKOo BiAHOBWUTU Ta 3pO-
OMTN NOBHe NepeocHalleHHss obnagHaHHA Ha nign-
pyemcTBax Ha binbLll cyyacHe, TO B KOPOTKOCTPOKO-
Bii MepPCNeKTUBI Ta y CKPYTHMX 0BGCTaBMHaxX HeoOXi-
JHO 3HaxoAuUTW HOBi LUNAXM NiABULLEHHS SIKOCTI
npoayKuii, eKoOHOMII eHepropecypciB Ta MaTepianis
TOLLO.

AHani3z HasBHMX A4aHMX Ta NOCTaHOBKa npobne-
Mu.

Mpouec rapsa4voro ninirpMMoBOro NpokaTyBaHHS TPyo
XapaKkTepusyeTbCs 3Ha4YHUMKU gedopmauismu (3 Ko-
ediuieHTomM BUTSXKKM W Ao 15), wo 3abesnevye Bu-
COKWUI CTyniHb 0BpPOGKM NUTOT CTPYKTYpU BUXIGHOT
3arotoBku. Lle npouec 3aGesnedye OTpUMaHHS
TOBCTOCTIHHUX rapsiyekaTtaHux Tpy6 3Ha4HOi JOBXM-
HU (0o 15 M). AnNbTepHaTUBOIO MOMY € NuLLie NpoLec
rapsiyoro npecysaHHs. [1, 2]. MNpouec nepiognyHol
NiNirpMMoOBOI  MPOKaTKM TaKOX LUMPOKO 3aCTOCOBY-
€TbCHA NpU BUPOOHMUTBI XonogHokaTaHux Tpyo [3].
OfHMM i3 cKnagHMX MOMEHTIB € €KOHOMiA MeTany
nig yac BMpobHMLTBa TOBCTOCTIHHMX Tpyb. Npouec
ninbrepnpokatyBaHHs OyB Bigkputuii B 1890 p., i Ha
TOM 4ac MaB Hu3ky nntocis. [MinirpymoBun cnoci6

BMpOOHMLTBa TPYyO Mae HesanepedHy nepesary Ha-
camnepe 3a LUIMPOTOK COpPTaMEHTY ofepXyBaHWUX
Tpy6, a TakoX 3a JiaMeTpPOM i TOBLUMHOK CTiHKM, Tak
i 3a mapkamu cTtani. [4, 5]. BogHo4yac 0o Hepgonikis
uboro cnocoby BupobHuLTBa TPyO MOXHa BigHECTU
HeOCTaTHIO MPOAYKTMBHICTb MiNIrPUMOBUX CTaHiB,
NigBULLEHHY Pi3HOCTIHHICTb roTOBUX TPYO, 36inbLue-
HUA BUTpaTHWUA KoedilieHT meTany nig 4ac npoka-
TyBaHHS TOHKOCTIHHUX Tpy6 [2, 6, 7].

OcobnvBy akTyanbHicTb npobnema MopepHisauil
TEXHOIMOrMYHOro npouecy Habyrna npu nepexogi Ha
6e3nepepBHonuTi 3arotoBku (BJ13) manoro giamer-
pa (NOpiBHSAHO 3i cTalioOHapHUMK 3fvMBKamu, Bignu-
TMMW Y BUMMBHULI), Ta NigBULLEHHI BUMOT OO AKOCTI
npoaykuii. BuHukna HeobXxigHiCTe TepmiHOBOro ne-
pernagy nigxony 00 TeXHoMorii oTpumaHHs 6e3LwoB-
HUX Tpyo.

Mpn oTpumaHHi TpyG Ha arperati 3 ninirpyumMoBMMU
CTaHamMu OCHOBHi BTpaTu MeTany noB's3aHi 3 KiHue-
BMM 00pi3oM y 3aTpaBky Ta ninbrepronosky. Lli Bu-
TpaTtu meTany ctaHoBnATb 6-10 % macu noyaTkoBol
3aroToBKM, MPUYOMY YacTKa BUTpAT Yy 3aTpaBKy CTa-
HOBUTb 25-27 %, a B ninbrepronosky — 83-85 %. Ta-
KMM YMHOM OCHOBHa 4acTka BTpaT MeTany Ha ninir-
PYMOBOMY CTaHi NoB's3aHa 3 06pi3oM Ninbrepronoe-
KW, K& € HEMMHYYOI NMpu LiboMy cnocobi gedopma-
L.

Mpn BUKOpPUCTaHHI B SIKOCTi BUXiQHOI 3aroTOBKW 35u-
TKIB CTaLiOHApPHOI PO3NUBKU B BUNUBHULI Npobrema
3HaYHWX BTpaT MeTany B MiNbrepronoBky He Oyna
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aKTyanbHO, OCKiSIbKM ycafoyHa AedeKkTHa YacTuHa
3NnTKa po3millyBanacs B MiNbreprosiosui, LWo Bigpi-
3aeTbcs. Y TOW caMui Yac nig Yyac BUKOPUCTAHHSA B
AKOCTi BMXiQHOT 3aroTOBKW KaTaHOro i KOBaHOro Me-
Tany ui npobnemu manu Mmicue, npoTte GinNbLWiCTb
Tpy6 npokoyyBanocs 3 3NUTKIB cTaLioHapHOT po3nu-
Bkn. OcobnmBy akTyanbHiCTb npobnema 3HWKEHHS
BTpaT MeTany B NUNbreprosioBky oTpumMana y 3B'a3-
Ky 3 Mepexo4oM CrnoyaTky Ha KBaapaTHy, a 3roqom
Ha kpyrny BJ13.

B YkpaiHi y 3B'A3Ky 3 nyckomM B ekcnnyatauito B 2012
poui IHTepnann Ctanb Ta BCi TpybonpokaTHi Lexu
KoMnaHii [HTepnann nepeBeeHi Ha ogepXXaHHsi Tpyo
3 kpyrnoi BJ13. Lisa nogis gana 3mory icToTHO nonin-
LWIMTW EKONOriYHy CuTyauito, a Takox 3abeaneunno
BMPOOHMLTBO TPYO Ha BCiX arperatax KomnaHii IHTe-
pnavn i3 kpyrnoi BJ13 giametpom go 500 mm i3 Byr-
neueBuX Ta HU3bKONEroBaHUX Mapok crani , Wo Bu-
KOPUCTOBYETbCA SIK AN BUPOOHMLTBA rapsidekaTa-
HMX Tpyb, Tak i Konic Ta OCen 3ani3HNWYHOro TpPaHC-
nopTy.

BI13 kpyrnoro nonepeyvHoro nepepisy mMae 3Ha4HO
Kpallly SKICTb MOPIBHAHO 3i 3NIMTKOM, BigIMTUM Yy BU-
TIMBHULI, 3aBOSKN 3HWXKEHHIO JiKBaLii XiMiYHUX ene-
MEHTIB i 3HMXEHHIO HEepPiBHOMIPHOCTI MeXaHi4yHuX
BI1ACTUBOCTEN MO [JOBXMWHi 3aroTOBKWU. Y TOW camMmun
yac ocobnumeicTio kpyrnoi BJ13 € HasBHICTb 0CbOBOI
PWXMOCTi, WO MOB'A3aHO 3 ymMoOBaMu (QOPMYBaHHS
CTPYKTYpu MeTany B Kpyrmomy KpucrtanisaTopi nig
yac 6eanepepBHOI po3nuBeku [6, 8].

Ha cborogHi TexHonorissi BupobHuuTBa Tpy6 Aiamet-
pom 168-426 mm Ha ninirpymoBomy arperati 5-12"
HT3 3gincHioetbea 3 kpyrnoi b3 giametpom 380-
470 mm, BupobneHoi Ha IHTepnann CTanb 3a Takok
TEXHOSOri€l0. HarpiBaHHS B KifbLEBIN nedvi o TeM-
nepatypu rapsdoi gedopmadii, BUOaneHHa okanu-
HW, 3aroTOBKM MPOLUMBAOTLCS B CTaKaHi Ha ropuso-
HTanbHOMY rigpasniyHomy npeci sycunnam 20 MH, a

a
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noTiM, Nicna nigirpiBy B KinbLEBIN nedi, cTakaHn pos-
KaTylOTbCSl Ha KOCOBASIkOBOMY CTaHi-efioHraTopi B
rinb3n 3 npowunBKow AeHud. MNMoTiM rinb3n nepena-
IOTbCA Ha AINSHKY M03acTaHOBOrO 3aBaHTaXXEHHS,
e 30iNCHI0ETLbCA BUAYBKa OKanNuHW 3 HUX i 3apsiaka
popeH. Nnb3a 3 JOpHOM nepenarTbCs Ha OOWH i3
OBOX MiNIrpMMoOBKUX CTaHIB, Ae 3a AOMNOMOrow noga-
BanbHOro anapaTty po3KaTyloTb rinNb3y Ha OOpPHi
nNpodinbHMMK BankaMmy B YOPHOBY Tpyby OOBXUHOO
12-36 M. 3a NMNUrpMMOBOLO KNITTIO po3kaT po3aing-
I0Tb Ha MipHi YaCTUHMU | BiApi3aloTb nepenHin KiHeub
(3aTpaBky) i 3agHin kiHeub (ninbrepronosky). Micns
nigirpisy B nevi 3 nepecyBHMMM HGankammn Tpyou ka-
nidpyoTbCa 3a 30BHILLIHIM AiaMeTpOM Ha OfQHOMY 3
OBOX KaniopyBanbHUX cTaHiB. [licna oxonoaXeHHs
TpyOu NpoxoaaTb MpaBKy Ha OOHOMY 3 ABOX MpaBu-
NbHUX CTaHIB i HAAX0AATb Ha AinsHKy o6pobku rna-
akmx Tpy6 abo Ha obcagHy AingaHkKy.

Mpy oTpMMaHHI LLUMPOKOro copTameHTy Tpyb 3a To-
BLUMHOIO CTiHKM KOEILIEHTN BUTSKKM Ha Minirpumo-
BOMY CTaHi 3MiHIOOTbCS B LUMPOKUX MexXax ps=2.8-
15.0. MNig 4Yac npokaTyBaHHSA nepegHix (3aTpaBoy-
HKX) KiHUIB TPyb 3a BiACYTHOCTI «KOPCTKOrO KiHLS» 3i
306inMblEeHHAM s 36iNblyeTbCs 00pi3 3aTpaBOYHNX
KiHUiB. TOMY HambBINbLWNA pe3epB 3HMKEHHSA 00pi3y
nepegHix KiHUiB Mae Micue nig 4Yac BUrOTOBMEHHSA
TOHKOCTIHHWUX | 0COBNMBO TOHKOCTIHHUX TPYO [9].
LLUnsaxu 3HMKeHHs1 obpi3i 3aTpaBOYHUX KiHUIB TpyO
po3rnsaHyTi B poboTax [9, 10]. OTpumaHuin Ha ninir-
pPiMOBOMY CTaHi 3 Fifib3n po3KaT CKNagaeTbca 3 Oc-
HOBHOI YacTuHU 1, OOBXWHA SKOi L1, € cymoto Mip-
HUX (KpaTHMX) YaCTWH, 3aTpaBOYHOrO KiHUA 2, 0OB-
XuHoto Ls; i minirpimoBoi ronoBkn 3, JOBXWHOW Lr
(puc. 1, a). MinirpiMoBa ronoBka CkNagaeTbcs 3 He-
pokaty 4, npodinbHOi YacTnHM 5 i ginsgHkn Tpybu 6
(puc. 1, 6)
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PucyHok 1. — PoskaT Ha ninbrepctaHi (a) i cknagoBi YacTvHu ninbrepronoBku (6): 1 — OCHOBHa YacTuHa
(npupatHa Tpy6a), 2 — 3aTpaBka, 3 — NinbrepronoeBka, 4 — Hegokar rinban, 5 — npodinbHa YacTuHa, 6 — gins-

Hka Tpybu

HacborogHi ogHum 3 e(*)eKTVIBHMX METOAIB 3HUXKXEHHS BUTpaT MeTany B ninbrepronoaky € NnpokKaTtyBaHHA ri-

nb3 Yy CTUK (puc. 2) [11].
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PucyHok 2 — [NocnigoBHICTb po3kavyBaHHA CTUKY rinb3: 1 — nonepegHs rinb3a, 2 — HacTynHa rinb3a, 3 —

OOpPH, 4 — Banok

MeTopq npokaTyBaHHS riflb3 Y CTUK Nonsdrae B nocnii-
AOBHIN CTMKOBLj Ha OOPHI HefoOKaTaHoIl rifb3un i Ha-
CcTynHoi rinb3u. Micns gedopmauii Tpybn Ha AOpHI
3anMLIAETbCA HeaoKaTaHUM 3adHil KiHeub Trinb3u.
MoTiM QOpH BUTArYIOTb 3 pO3KaTy | NogalTb HacTyn-
HY FiNb3y Ha HOBOMY JOPHI, Ky CTUKYIOTb 3 TopLeM
nonepeaHbOI rinb3v, 3 NoganbLlliM po3kaTyBaHHSAM
ninirpumoBoi ronosku. Mpu uboMy ninirpumoBa ro-
foOBKa MOBHICTIO PO3KaTYETbLCH, a 3a4HiN KiHeub Tpy-
O 06pi3zaeTbes Ha JoBxuHI 60-80 Mm.

MMicns 3akiHYeHHS NpokaTyBaHHS nepLuoi Tpybu nig-
HiMalOTb BEPXHIN Banok, BUTAralTb i 3aMiHIOOTb
JOpH. TpyOy Mpu UbOMY HeE BiABOASATb POMbraHroMm,
a 3anvwarTb y Bankax, a B NpuiAManbHuiA xonob
ninbrepctaHa nofawTb [iNb3y ANs NPoOKaTyBaHHS
iHWwoi Tpybu, notiMm gOpH BBOAATL B riNb3y, a Moro
nepegHin kKiHeub — B nepuy Tpyby (Mpu nosacTtaHo-
Bill 3apsaAUi Ha ninbrepcTaH NOAaKTh riNb3y pas3oMm 3
AopHom). MNpu ubomy BigbyBaeTbCA CTUKYBaHHSA Mne-
peaHboro Topus rinb3n 3 3agHiM TOpuem nepLloi
Tpyom.

Baxnueow ocobnueicTe mMeTody NPOKaTKu rinb3 y
CTUK € TOW hakT, Wo 3abe3nevyeTbca be3gedekTHa
npokaTka nepeaHix i 3agHix KiHUIB rinb3, WO CTUKY-
H0TbCS, OOCAraeTbCa MiHiManbHa obpi3 KiHUiB Tpyo
(~50-80 mm). Mpu uboMy nNepegHin KiHeub nepLlol
rinb3n B napTii (NNaBLi) NnpokaTyeTbca 3a AeLlo iH-
LWKMX YMOB (MOBHOI BiACYTHOCTI «KOPCTKOIO KiHLS»),
a po3KaTKy 3aHbOrO KiHLs1 OCTaHHbOI FiNb3n B NapTil
30INCHIOITL METOAOM PO3KaTKM Ha BinbHIN OiNAHUi
AopHa. OTpumaHHa HeobXigHUX MexaHiYHuX Brac-
TMBOCTEN roToBux TpyOb, WO npokatytoTecs 3 BJ13,
3anexvTb Big CTyneHs npopobku MnUTOI CTPYKTypu
BMXiOHOI 3aroTOBKW, LLIO XapakTepu3yeTbCsA CyMap-
Tabnvua 1 — Oedektn cTpykTypm BN3

HOI BUTSKKOIKO Hacamnepes Ha ninirpuMmoBOMYy CTaHi
[7]. MNig 4ac npokaTkum TOHKOCTIHHMX Tpybo (D/S
=12,5-40) Ha ninirpumMoBOMY CTaHi 3 koedpilieHTamm
BUTSDKKM P=9-15, sk 3a3Havanocs Bulle, 3abesnevy-
€TbCHA [OCTaTHE onpautoBaHHA BUXIQHOT NUTOI 3aro-
TOBKW (3nuTkiB i BJ13).

BogHoyac npw OTpMMaHHi TOBCTOCTIHHUX Tpy©6
(D/S=6,0-12.5) i ocobnuBo TOBCTOCTIHHUX TpPyO
(D/S<6) 3Ha4YeHHs CymMapHUX BUTSXKOK CTaHOBMATb
2,5-12, Wo 3yMOBMIOE B OKpEMMUX BUMagkax npose-
OEHHSA [oOaTKOBMX AOCHIOKEHb AKOCTI CTPYKTYPW i
BMacTMBOCTEN rOTOBOrO NpoKaTy 4yepe3 HeJocTaTHE
onpawoBaHHs BUXiQHOI NNTOT 3aroTOBKU.

Ha nigctaBi npoBegeHoOro aHanisy BigoMux meToAis
mMeTolo poboTu Oyno ekcnepMMeHTanbHe Jochi-
[PKEHHS 3MEHLLEHHS BTpaT MeTany Ha ninirpMMoBo-
My CTaHi B 3aTpaBKy i Ninbrepronosky Ans 34iNCHEH-
HA npokaTkm Tpyb 3 D/S<6 cnocobom npokaTku ri-
Nb3n y CTUK i3 3abe3nevyeHHsIM OTPUMAaHHA SKICHOT

MeTanonpoaykuii..
MeToauka pocnigXeHHs
Mpn npoBegeHHi pgocnigHoi  npokatkn  Tpy6

DxS=203x45 MM B sKOCTi BUXigHOro marepiany Bu-
kopucrtosyBanacsa bJ13 giametpom 385 mm 3i crani
45 BupobHuuTtBa IHTepnavn Cranb, ska Oyna Bu-
nnasneHa y Ayrosiv enekTpocTanennaBunbHiv nevi i
po3nuTa Ha MallVHi 6e3nepeBHOro NUTTS 3aroTOBKMU.
TexHonoriss npokaTtku BigbysBanacsa 3a BuLeo3Hade-
HOIO CXEeMOI0.

AHani3 oTpumaHux pesynbTaTiB

3rigHo TY Y 27.1-05757883-212:2011 ponyctumi
AedeKkTn MakpoCTPYKTYpW He MOBUHHI NepeBuLLyBa-
TW 3HAYEeHb, 3a3HavYeHnx B Tabnuui 1.

HedeKTn MakpocTpyKTypu, 6an
TpiwmHn TlikBaLinHi KpainoBa TOuYKO- | XiMmiyHa  Heogn-
OcboBa OcboBa . CMYXKU " . . b
. . . OCbOBOI . Ba HeoAHopig- | HopigHicTb (CBI-
NOPUCTICTb | NikBaUis TPILLMHN 3a | .
30HU . HiCTb Tna cmyra)
nepepiaom
CepegHin
MnokKasHukK no | 2,12 1,75 0,375 0 0 0
4 3aroToBKax
Hopma 3ria-
HO Bumor TY
Y 27.1- | 2,0 2,0 1,0 1,0 1,0 1,0
05757883-
212:2011
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HocnigpxyBanu MakpocTpykTypy BuxigHoi BJI3 Ha
nonepeyHnx Temnnerax Bi4 YOTUPbOX 3aroTOBOK
OAHIEl NNaBKW, cepeHi NOKa3HNKM HaBedeHO B Tab-
nvui 1. OocnipkeHHs makpocTpyktypu BI13 Bussuno
CTPYKTYPHi 30HM, WO BiAPI3HAOTLCA Pi3HUM CTyne-
HEeM PO3BUTKY, MPOTSDKHICTIO, @ TakoX POpMOlIo i po-
3mipamu kpuctanie. Ctpyktypa BJI3 BigpisHsaeTbea
HEeOAHOPIQHICTIO, WO BNacTMea LpbOMY BuAy 3aroTo-
BOK. BigsHavaeTbcs BiACYTHICTb yCagovyHOI pakoBu-
HW, po3LlapyBaHHs, 3aBOPOTIB KOPOK, ra3oBux Oyrb-
0alloK i TPILWMH, CTOPOHHIX HEMETaneBuXx i LUSaKo-

PucyHok 3. — MakpocTpykTtypa TemnneTy BJ13 Ne 1

OcobnuBo TOBCTOCTIHHI Tpybn 3 D/S<6 3acTtocoBsy-
I0TbCA B MalUMHOOYAyBaHHI B SIKOCTi MOPOXHUCTMX
3aroToBOK Ans geTanen pisHoro obnagHaHHsa [13].
BupobHuutBo Tpy6 Ans mMawmHOOyOyBaHHS 3ainc-
HioeTbea no OCTY 8941:2019, ACTY EN 10297-
1:2022, ACTY 8938:2019 i TexHi4HMX cneumdpikaLin
3aMOBHUKIB. AK npaBuno, Taki Tpybu, ski BUKOpUC-
TOBYHOTbCHA B MalLUMHOOYAyBaHHI, NigaalTbca Mexa-
HiYHI 06poOBLUi 3 30BHILLIHBOI i BHYTPILLIHBOI NOBEPX-
Hi.

Bigomo, wo ansa rmmbokoro onpautoBaHHs CTPYKTYpU
nutoro metany B Tomy yuchi i BJ13 Hanbinbw edek-
TUBHMI MINIrPUMOBUIA CMOCIO, 3 MOro 3Ha4YHUMKU Cy-
MapHUMU gedopMaLigMmn Npu NpokaTyBaHHi TOHKOC-
TiHHUX Tpy6 (D/S=12,5-40), wo gocdaratioTe 3Ha4YeHb
36-40. NMpun ogepxaHHi ToBCTOCTIHHUX (D/S=6-12,5) i
0cobnmBo TOBCTOCTiIHHMX Tpy6 (D/S<6) nuTaHHA
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BUX BKMoYeHb. MakpocTpyktypa BJ13 Ha nonepeu-
HMX 3paskax 3a40BOMbHAE BUMOram BULLE3ragaHoro
TY (puc. 3).

OcCKinbK1 NiABULLEHHSI OCbOBOI NMOPUCTOCTI OKPEMMX
3aroTOBOK MOXe MPWU3BOAMTW A0 36inblUeHHsI nieH
Ha BHYTPILLUHi NOBEPXHi roToBMX TpyO, TOMY NOCTIil-
He nigBuweHHs akocTi BJ13 | 3abesneyeHHs ii cTabi-
NbHO BWCOKOTO PIiBHA € HanBaXXMMBILLMM (PakTopoMm
3abe3neyveHHs HeobXigHOI AKOCTi roToBOI NpoaykKuii
[12].

OTPUMaHHS SKicHMX Tpyb 3 HegedopmosaHoi BJI3
KpYrnoro nonepeyHoro nepepidy BMBYEHi HegocTaT-
HbO [12].

B uin poboTi gocnigkeHo sSkicTb Tpy® po3amipom
DxS=203x45 mm 3i ctani 45, Ha TIA 5-12" 3a Tex-
Honorieto Kanbmeca, npu SKin rinb3y oTpUMyoTb no-
CNiJOBHO Ha rOpU3oHTaNbHOMY MPOLUMBHOMY MpPECi i
pO3KaTyBaHHi CTakaHy Ha enoHraTopi 3 NPOLUMBKOIO
AeHus.

Ons npokaTyBaHHA Tpy6 po3mipom DxS=203x45 mm
Ha TIMA 5-12" cneuianictamu nignpvemcrtsa Gyna
po3pobneHa TexHomnoris oTpumaHHa Tpy6 3 BJ13 O
385 Mm. Cxema Ta OCHOBHi XapakTepuUCTUK/N HaBe-
aeHo y Tabnuui 2. CymapHuin koedilieHT BUTSXKKM
npw NpokKaTyBaHHi ckNae Y = un X pye X pn.c = 5.12.

Tabnuuga 2 — TexHonoris oTpumaHHsa Tpy6 DxS=203%x45 mm 3 BJ13 @ 385 mm.

ETan TexHonori4yHoro naHuoxka

XapakTepucTuku, e 4 — KoedilieHT BUTSKKM

1. Mpowmeka Ha nNpeci NPOLLUMBHUM NyaH-
COHOM

J ronoskn 160 Mm
Poamipu ctakaHy: Dc = 390 mm, Sc = 115MMm, KoedilieHT BUTS-
XKW Un = 1.17

2. MNMpokaTyBaHHSA Ha enoHraTopi

Onpaska & 127,5 mm, pe = 1.6.
Po3wmipu rine3u Dr = 310 mm, St = 94 mm

3. MNMpokaTyBaHHs Ha ninrepcraHi

Mnec = 2.74
Mopaya m = 46,4 mm

B npoueci aecdopmauii BJ1I3 Ha npowmnBHOMY npeci
3yCUnNAM PI3HOCTIHHICTE CTakaHy Ha Woro nepea-
HbOMY KiHUi cknana 10 mm, a y camoro aeHus — 37
MM (puc. 4). lMigBuLLeHa pi3HOCTIHHICTbL CTakaHy Bia-
HOCUTLCS A0 AedeKTIB NPOKATHOro NOXOMXEHHS | Ha
HacTynHWX etanax gedopmalii BoHa TpaHchopmy-
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€TbCs B MiABWLLEHY PI3HOCTIHHICTb rinb3 i Tpy6, 36i-
NbLUYHOYM iX BigOpaKkoByBaHHS.

OCHOBHUMM NpUYMHaAMK MiOBULLEHOT Pi3HOCTIHHOCTI
CTakaHiB Ha Npeci € HacTyNHi: BiACYTHICTb CNiBBICHO-
CTi MPOLUMBHOrO MyaHCOHa LoA0 OCi MaTpuui; HasaB-
HICTb 3a30py MiX 3aroTOBKOIO i Matpuueto; 3HOC Ha-
npaBnsAlYoi BTYMKW MPOLIMBHOIO MyaHCOHa; Heao-
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MeTa-

ctratHe abo HepiBHOMIpHE HarpiBaHHS
ny;aHi3oTponiss BfacTMBOCTEN | OCbOBa nikBauis
BJ13. NpoBeaeHO aHani3 30BHILLHBOI Ta BHYTPILUHLOI
NoBepXHi cTakaHy (puc. 4).

BcTaHOBMNEHO, WO Ha 30BHILWHIA NOBEPXHiI BUAHO
cnign xutaHHA kpuctanizatopa MBJ13; Ha noBepxHi

JIleopis i NPaKMUKg Memarypeii

[Ha CTakaHy € BOPOHKOMOAibHe nornubneHHsa (yTsa-
XMHA); Ha BHYTPILLHIA NOBEPXHi CTakaHy € NO3J0BX-
Hi PUCKM, LLO NEepexoaaTb Mo AHY CTakaHy B npoau-
pw, LLO € HaCMiAKOM 3HOCY FOfIOBKM MPOLUUBHOTO My-
aHcoHa npeca; 6ina gHa cTakaHy B MOro AeHui €
rpy6i pakoBuHM.

PucyHok 4. — To380BxXHIN nepepi3 ctakaHy B panoHi geHusa npy npowusli BJI3 Ha ropnsoHTansHOMy npeci

20 MH

Mo poBXWHI CcTakaHa CTpykTypa metany 6inbw oa-
HopigHa. [pu LbOMY MO 30BHILLUHBOMY KOHTYPY CTpY-
KTypa metany Oinbl OAHOpigHA, HiK MO BHYTPIL-
HbOMY KOHTYpY, LUO MOSACHIOETLCS PI3HULE B CTY-
neHi gedopmadii npy NpoLMBLI CTakaHy Ha npeci.
Ha nonepeyHnx TemnneTtax cTakaHy BiA3Ha4yaeTbCs
BiAMIHHICTb CTPYKTYPU i BEMUYUHWN 3epHA NO KOHTY-
py. lMicna poskouyyBaHHSA CTakaHy Ha enoHraTopi 3
NPOLUMBKOK AEHUSA Pi3HOCTIHHICTb Fifb3 3HM3MNacA
Mamke B 3 pasn. BigsHavyaloTbcs BigMIHHOCTI B
CTPYKTYpPi 30BHILLUHLOrO i BHYTPILLIHBOIO KOHTYPIB Ti-
nb3n. BHyTpIWHI Wwapw BurnagawTb Sk 6u «wapysa-
TMM NMPOroM», NPW LbOMY LUapW LWiNbHO npunsra-

a

I0Tb OOUH A0 opHoro. [Mpy KocoBamnkoBin poskaTty-
BaHHi Ha enoHraTopi B 6inbLoCTi BUNaakis Biabysa-
€TbCH 3aBaploBaHHSA NPOAMPIB i IHWNX AedeEKTIB Me-
Tana. MNopokn NOBEpxHi riNb3 NepeTBOPIOTLCA Ha
Tpybax B 30BHIlUHi i BHYTPILWHI NneHu, Wo Bede 0o
[04aTKOBUX BUTPAT Ha PEMOHT i 3binbLueHHs o6pi3sy
TpyoO.

MpokaTky rinb3 3aincHIoBanNy Ha ninbrepcraHi MeTo-
OOM y CTUK ©e3 yTBOPIOBAHHS MNiNbreprosioBky 3a
paxyHoK Ti MOBHOro poskayyBaHHS. Bua 3agHbLOro i
nepegHbOro KiHUiB npokataHux Tpyb HasedeHi Ha
PUCYHKY 5, @ Ha PUCYHKY 6 — TeMnneTn NnepeaHboro i
3a4HbOrO KiHLiB Tpyon.

6

PucyHok 5. — Tpyba DxS=203 x 45 MM nicnsa npokaTyBaHHS Ha MiNiIrpuMoBOMY CTaHi: a — 3aJHin KiHeLb, 6 —

nepegHin KiHeub
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PucyHok 6. — 3oBHilWHIN BUA TeMmnneTiB Tpyom DxS=203%x45 mm: a — nepeHin KiHelb, 6 — 3a4HiN KiHeUb

OpHum 3 MeTofiB BMNpoOyBaHb, Npen'siBNeHux Oo
Tpy6-3aroToBOK Ansi Nodanblloi MexaHiyHoi 06pob-
KW, € KOHTPOSMb MakpoCTPYKTypu. Ha Bumory cnoxm-
Baya raps4vonedopmoBaHi Tpybu 3 TOBLUMHOK CTiH-
Kn Oinble 12 MM NepeBipsitoTb HA MaKPOCTPYKTYpY.
Mpn uboMy He MOBMHHI OYyTK BUSIBNEHI cnign ycaga-
KOBOI PaKOBWHW, MOPOXHEeYi, TpiwmHK, Oynbballukm
Ta iHwWi Baan, Bugumi 6e3 cneuianbHMX npunagis.
MakpocCTpykTypy MeTany KOHTpOmMtoBanuM npoTpas-
NEHHsIM cneuianbHO NIArOTOBNEHNX 3pas3kiB B PO3-
YnHi kucnoT. OuiHky MakpoTemnneTiB i 3namis npo-
BOAWMNW OrNsgoM HEO30POEHNM OKOM. [ns yTOYHEH-
HA Knacudikauii gedekTiB gonyckaeTbCs 3acToco-
ByBaTW [OBOX-4OTUPbOXpa3oBe 36inblueHHA (3rigHo
OCTY 8975:2019).

B pesynbTtati gocnigXeHb BCTAHOBMEHO, WO SAKICTb
BuxigHoi BJ13 y 3abe3nevye oTpumaHHs Tpyb po3mi-
pom 203x45 mm (D/S<6) 3si cTani 45 3 3a40BinbHOK
AKICTIO 3agHix | nepedHix kiHUiB Tpyb mig yac npo-
KaTku y CTMK ©e3 MinbrepronoBky, WO 3HWXKYE BU-
TpaTHUI KoedilieHT meTany .

Y MakpoCTpyKTypi nepeaHboro i 3agHbOro KiHuiB
TpyOu Big3HavaTbCs cnabo BupaxeHi Agi obnacri.
Y CTPYKTYpi Neplol 3 HUX, LUMPUHA AKOI CTaHOBUTb
0o 15 MM, € nikBauia — TEMHI TOHKI npoLlapkn pos-
Mipom 2...3 MM. JlikBauia xapakrtepusyeTbcsa nigBu-
LWEeHMM BMICTOM NepniTy i HemeTaneBnx BKIMOYEHb,
AKi Nig BNWBOM HaBaHTaXeHb MOXYTb CMPUATW MO-
ABi po3lapyBaHb i TPILLMH, WO 3HUXKYOTb MeXaHidHi
BnactmeocTi Tpyb6. OgHak y Tpybax, oTpumMaHux 3i
BCiX 3aroToBOK (Tabn. 1) KpuTUYHUX AedekTiB He
BUSIBIIEHO.

PekomMmeHpauii WwWoao BAOCKOHaNEHHA TexXHonorii
oTpumaHHA Tpy6 3 D/S<6 Ha TNA 5-12".

Y 3B'A3Ky 3 NigBULLIEHOIO PiI3HOCTIHHICTIO CTakKaHiB Ha
npeci Npu oTpMMaHHi Tpyb Mamnoro giameTpy 3 TOB-
LMHOK CTiHKK 45 MM i Ginble i, 9k Hacnigok, nig-
BUWLLEHOI PIi3HOCTIHHICTIO TiNb3 i rotoBux Tpyb 3a
JouinbHe € 3MiHa TexHonorii B pe3ynbTaTi nepexoay
Ha MpsMy NPOLUMBKY Tinb3 Ans Tpyo gaHoro copta-
MEHTY, OJ18 YOoro HeobXiaHO 34iCHIOBATU MpUCKOpe-
Hy mogadvy 3aroTOBKM Bi HarpisanbHOI neyi 4o cra-
Hy-efoHraTopy, Ha SIKOMYy BCTaHOBWUTW LIEHTpOBadi
CTPWKHS OMNpaBKW i Tinb3n, a TakoXk 3abe3neuntn
CMiBBICHICTb OCi CTaHy i OCi NPOLUNBKMW.
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Mpyn npokaTyBaHHI rinNb3 Ha MiNbrepctaHi eKoHoMis
MeTany 3a paxyHOK NMOBHOI0 PO3KOYyBaHHA Ninbrep-
ronoekn cknage 152,9 kr (06e3 ypaxyBaHHSA 06pi3y
3a4HbOrO KiHUA Tpy6u). Kpim Toro, npokaTka rinb3 y
CTUK 30inblUye KOPUCHY OOBXWHY TpyOM 3a paxyHOK
3MEHLUEHHS 3aTPaBOYHOIO KiHLS.

Ona nigBuwweHHs TovHocTi Tpy6 Ha TIMA 5-12" oge-
pXKyBaHuX 3 Trinb3 3a cxemow Kanbmeca (npec-
€roHraTop) 3anponoHOBAHO Kiflbka HOBWX TEXHOMO-
rivHmMx piweHb. lNMepwa TexHonoris nepepbayae Ha
NPOLUMBHOMY Mpeci 3MmiHy KkanibpyBaHHs poboyoi
NOBEPXHi MaTpuui Ta 3MEHLWEHHSA rMUBMHU NpoLKn-
BaHHA OTBOPY 3 nodanblUuM 3anuKoBMM MNpOLUK-
BaHHAM [eHLs Ha KOCOBAariKOBOMY CTaHi-erloHraTopi
[14]. TexHonoria NoKpallye LEeHTPYBaHHSA 3aroTOBKM
B MaTpuui npeca Ta 3HWXYE OCbOBE 3yCUIns Ha
NPOLUMBHUIA MyaHCOH Y KiHUi npoueca. [pyra TexHo-
noria nepegbayae POPMyBaHHS KOHIYHOI NMOBEPXHI
3aroToBku 6ind geHusd B npoueci NpPOLWMBaHHA Ha
npeci 3a paxyHOK 3MiHM KanibpysBaHHA pobo4oi no-
BEpXHi MaTpuui 3 nofdanbslnM 3aBAaHHSAM CTakaHy y
Basnku CTaHy enoHratopa 300Ky AeHus cTakaHa [15].
TexHonoris 3HWXye Pi3HOCTIHHICTL NepefHboro KiH-
Us rinb3y 3a paxyHOK NOMiMWeHHs YMOBU Oro pos-
KaTku Barnkamu Ha onpasui. TpeTa TexHonorisa ne-
penbayae Hackpi3Hy MPOLUMBKY 3arOoTOBKW Ha Mpo-
WwmBHOMY npeci (6e3 geHus). Ons 3aiNCHEHHSA Ha-
CKpIi3HOT NPOLUMBKN NOPOXKHUCTOT 3aroTOBKWN Ha Mpeci
3HiMalOTb Mignip Ha 3afHi Topeub 3aroTOBKWU, Ha-
npvknag, nepemilleHHsM OMOPHOro nyaHcoHa B Ha-
NpsAMi MNPOLUMBKK i NPOLLMBAOTL AeHLE NPOLUNBHUM
nyaHcoHom [16]. HoBa TexHororia gae amory onepa-
TMBHO KOHTpOIOBaTN N ycyBaTu MiaBULLEHY Pi3HOC-
TIHHICTb MOPOXHMCTOI 3aroTOBKM Ha Npeci, Wo mae
HanbinbLLe 3Ha4YeHHs 6ing i 3aAHBOro KiHUS.
BucHoBku:

MigBuLLEeHnn BUTpaTHWUIA KoedilieHT MeTany nia yac
npokaTtku Tpyo Ha MinirpMMOBOMY CTaHi 3yMOBIEHUIA
ocobnmnBocTsIMM TexHonMorii, Wo npu3BoanTb A0 306i-
NblUeHHs1 0bpi3y nepefHix (3aTpaBOYHMX) i 3agdHiX
KiHUiB Tpyb, SKi yTBOPITbL MiNIrPUMOBY FOMOBKY.
Mpu ubomy BUTpaTa MeTany nig Yyac nNpokaTku Tpyo
Ha arperari 3 ninirpumoBuM ctaHoMm Ha 50-100 kr Ha
TOHHY Tpy6 BuLLA, HiXX Ha iHWKUX arperatax (3 aBToO-
MaTUYHUM, 6e3nepepBHUM Ta iH. CTaHaMK).
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BukoHaHi gocnimkeHHsa Ha TIMA 5-12" HT3 gedop-
MOBaHOCTI CTpykTypy BJ13, WO BMKOPUCTOBYETbLCS
nig Yac npokaTtkn Tpyd6 DxS=203x45 mm 3 D/S<6, i
BCTa@HOBIIEHO, WO 3a CyMapHOI BUTSXUIi 5,12, po3ka-
TaHi nepefHi i 3agHi KiHUi Tpy® mMaloTb 3a40BiNbHY
AKICTb.

JIleopis i NPaKMUKg Memarypeii

BukopucTtaHHa meTody nNpokaTku Finb3w y CTUK Ansi
Tpy6 DxS=203x45 mm (cTanb 45) 3 BJ13 giameTtpom
385 MM 3abesnevye 3HMXKEHHA Macu ob6pidy Ha
152,9 Kr 3a paxyHOK NOBHOro po3KadyBaHHSA ninirpi-
MOBOI ronoBkmn (6e3 ypaxyBaHHS HeobxigHoro goaa-
TKOBOro 06pi3y 3aaHix KiHuiB Tpy® aosxuHowo 50 - 80

MM).
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TepmoauHaMu4HUI aHAJI3 MarHierepMmii B po31JiaBi cojieil NIpu BU-

POOHIUTBI TUTAHY
Mikola Kolbin, Volodymyr Ihnatiev, Artem Holovachov, Yaroslav Yaroshenko, Losev
Ruslan.

Thermodynamic analysis of magnesiothermy in a salt melt during
titanium production

Mema daHoi pobomu nipopaxyeamu 3a doriomozoto rnpogpamu HSC 3miHy mennogozo egekma peakuii ma 8inbHOI
eHepeii MaeHiEmepMUuYHO20 8i0OHOBIEHHS 8 po3riasi coneli npu 8upobHiymei mumaHy. OmpumaHi pe3yrnbmamu roka-
3ylomb, WO 3MiHa mernnogoz2o eghekmy peakuii 3 modsiliHow corbio npubnu3Ho 8 4 pa3u MeHbwa 3a mpadiyitiHy no
memody Kpona. Takum 4uHOoM ui pesynbmamu 003805s10mb pekomeHOysamu OaHy nodsitiHy cinb (TiCl, - MgCl) &
sKocmi peageHma 07151 OMPUMaHHS mumaHy MagHiemepmidyHUM criocobom

Knro4oei cnosa:Memod Kpona, nodsitiHa cinb (TiCl, - MgCl,), mennosuti egpbekm, npozpama HSC.

The purpose of this work is to calculate, using the HSC program, the change in the thermal effect of the reaction and the
free energy of magnesiothermal reduction in a salt melt during titanium production. The results show that the change in
the thermal effect of the double-salt reaction is about 4 times less than the traditional Kroll method. Thus, the results

allow us to recommend this double salt (TiCI2 -
magnesiothermal method

MgCI2) as a reagent for the production of titanium by the

Key words: Kroll method, double salt (TiCI2 - MgCI2), thermal effect, HSC program.

BcTtyn. Cepiio3Hum Hegonikom TexHororii Kpons €
reTeporeHHiCTb peakuii BiAHOBNEHHS TUTaHy. 3a me-
Togom Kpons raszonogioHun TiCls B3aemopie 3 asep-
Karnom po3nnaefeHoro marHito. CunbHa ek3oTepmiy-
Ha peakuis BigHOBMNEHHS floKanisoBaHa Ha Mixdas-
HiM noBepxHi. BugineHHa Benukoi KinbKOCTi Tenna B
nopiBHANBLHO Manomy ob’emi npocTopy Bege OO0 Mno-
PYLUEHHS OMNTMMAanbHOrO TEMMOBOIO pPEXUMY MNpwu
BMCOKIN LUBMAKOCTI MigBOAY peareHTiB. 3HWKEHHS
Liel WBWAOKOCTI BWKIMKAE HU3bKYy MPOOYKTUBHICTb
peaktopy [1].

MocTaHoBKa npobnemu. [Ins noninweHHs npouecy
HeoOXigHO MepexoauTb A0 FOMOreHHOCTI mpouecy
BiAHOBNEHHS. Lle MOXnMBO 3pobuTu 3a paxyHOK ne-
peBefeHHsl YCiX BUXiAHUX peareHTiB B rasosy abo
pioky dasy. B ubomy Bunagky BiACYTHI OUY3inHI
obMexeHHs i peakuis ige no-BCbOMY peakuinHOMY
06’emy, LIO AO3BONSE PIBHOMIPHO po3nogindty Ten-

OBy HaBaHTaXeHICTb MO peakTopy i 6araTopas3oBo
30iNbWNTK NOro NPOAYKTUBHICTb.
MeTa i 3aBaaHHA gocnigxeHb. MeTtoto gaHoro go-
CMiIKEHHS € poLlpaxyHKU 3MiHW TEMNNOBOro eqekTy
peakuil MarHieTepMidHOro BiQHOBMEHHS 3a Yy4acTio
noABiNHOI Coni.
Matepianu Ta metoamu AocnimXeHb. TeopeTuyHi
po3paxyHku, 3a gornomoroto nporpamm HSC, aka Be-
Ae po3paxyHKn TePMOAMHAaMIYHMX napameTpis, npu
piBHOBa3i peakuin Aki € y uiei nporpami, WwWo 003BO-
nsie pobuTtn po3paxyHkM TepMognHaMiYHNX napame-
TpiB peakuii MarHieTepMUYHOro BiAHOBIIEHA NOABIN-
HOI coni Npu BUPOOHMLTBI TUTaHY
PesynbTatn gocnigxeHb. [Na nopiBHAHHHA peak-
uii (metog Kponna) 6yno npopaxoBaHo 3miHy AH,
AG, 3a gonomoroto nporpamu HSC pesynbtatu po-
3paxyHKiB HagaHi B Tabnuui 1.
TiCla+2Mg=Ti+2MgCl:

Tabnuuga 1. Pesynbtatn po3paxyHky AS, AH, AG ans peakuii (1) .
TiCls+2Mg=Ti+2MgCl:
T deltaH deltaS deltaG K
K kJ JIK kJ
273.15 -472.868 -61.708 -456.013 1.63E+87
373.15 -475.396 -69.652 -449.405 8.21E+62
473.15 -477.419 -74.473 -442.182 6.61E+48
573.15 -479.176 -77.847 -434.558 4.05E+39
673.15 -480.774 -80.421 -426.639 1.29E+33
773.15 -482.301 -82.535 -418.489 1.89E+28
873.15 -483.834 -84.4 -410.141 3.45E+24
973.15 -502.568 104.693 -400.686 3.23E+21
1073.15 -416.511 -17.509 -397.721 2.29E+19
1173.15 -412.064 -13.647 -396.053 4.32E+17
1273.15 -412.966 -14.385 -394.652 1.56E+16
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Ak 6aunmmo 3HadeHHa AH gns uiei peakuii 3Haxo-
AaTbcsa Ha piBHi -400-500k0x u 3HayeHHss AG npub-
JIN3HO Ha TaKOMY X PiBHi.

[nsa peanisauii uiei igei, TOGTO roMOreHHOCTi peakuiii
BiQHOBNEHHS, B pobOTi [2] 3anponoHoBaHa MarHie-
Tepmiss B posnnasi conenn. lNpouec 3acHOBaHO Ha
BigHOBNEHHi po3nnasy nofginHoi coni TiClz-MgClz
PiAKMM MarHiem 3a peakuieto:

TiCl2 - MgClz + Mg = Ti + 2MgClz

JIleopis i NPaKMUKg Memarypeii

byno npopaxoBaHO 3MiHEHHSI BiNbHOI eHeprii uiel
peakuii 3 BMKopucTaHHaM nporpamu HSC. Ockinbkn
Takoro 3egHaHHs sk TiCl2-MgClz Hema B ujei npo-
rpami, To 6yno npopaxosaHo okpemo TiClz i MgCl-.
PesynbTatn umnx po3paxyHkiB HagaHi B Tabn.2 i 3.
Ockinbkn ang peakuii (2) Hemoxnueo 3pobutn pos-
paxyHku B nporpami HSC 6ygemo pobutu ue y pyu-
Homy pexumi. PospaxyHok AH, AG pobutbca no
HacTynHum Bupasam[3]:

(2
AHC29s, Tici2 - Mgci2 =Z (Ni AH 1© 208) Ticiz + Z(Ni AH ° 208) mgci2 Q)
AGP®298, Tici2 - Mgci2 =Z (Ni AG ° 298) Tici2 + Z(Ni AG 1° 298) mgcl2 2
AH%298=% (Ni AH ° 208)xiryy - Z(Ni AH 1° 208)sux. 3)
AGC208=%(Ni AG ° 208)kiny - 2(Ni AG ° 208)eux (4)
Togi ons peakuii (2) AH® i AG° 6yayTb MaTy HaCTyMHUIA BUNSAA
AHC208=2 (AH 1° 208)mgciz - (AH 1° 208)mgci2-Ticlz. (5)
AGO298=2 (AG 1° 208)mgciz - (AG 1° 208)mgci2-Ticl2. (6)
Tabnuuga 2. PesynbtaTtun po3paxyHky AS, AH, AG ans 3egHanHs TiClz
TiCl2 Titanium(ll) chloride
T Cp AH AS AG
K J/(mol*K) kJ/mol J/(mol*K) kJ/mol
273.15 68.547 -516.73 81.29 -538.935
298.15 69.83 -515 87.35 -541.043
373.15 72.73 -509.647 103.352 -548.213
473.15 75.523 -502.228 120.954 -559.458
573.15 77.803 -494 559 135.651 -572.308
673.15 79.852 -486.675 148.326 -586.521
773.15 81.78 -478.593 159.517 -601.924
873.15 83.64 -470.321 169.576 -618.387
973.15 85.457 -461.866 178.742 -635.809
1073.15 87.248 -453.231 187.188 -654.111
1173.15 89.02 -444.417 195.039 -673.227
1273.15 90.78 -435.427 202.392 -693.102
Tabnuua 3. PesynbtaTtu po3paxyHky AS, AH, AG ans 3egHanHa MgClz
MgCl: Magnesium chloride
T Cp AH AS AG
K J/(mol*K) kJ/mol J/(mol*K) kJ/mol
273.15 69.851 -646.06 83.45 -668.85
373.15 74.752 -638.809 106.034 -678.37
473.15 77.498 -631.186 124.12 -689.91
573.15 79.412 -623.336 139.165 -703.09
673.15 80.948 -615.316 152.06 -717.67
773.15 82.29 -607.153 163.364 -733.45
873.15 83.52 -598.862 173.448 -750.30
973.15 84.682 -590.451 182.566 -768.11
1073.15 93.284 -538.102 235.276 -790.58
1173.15 92.445 -528.818 243.549 -814.53
1273.15 91.796 -519.607 251.084 -839.27

Togi pesynbTaty po3paxyHky AH, AG ans peakuii (2)

npeacTaeneHi B Tabnuui 4.
Tabnuuga 4. Pesynbtatn po3paxyHky AH, AG ans peakuii (2)

TiCl2 - MgClz2 + Mg = Ti + 2MgCl2

T AH AG
K kJ kJ
273 -129,33 -129.915
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573 -128.777 -130.782
773 -128.56 -131.326
1273 -84.18 -147.368

Tob6To nmpu Bcix gocnimkeHHMX TemnepaTypax AG
Bio'eMHe i peakuis (2) BinbyBaeTbcs, npu upbomy AH
3HAYHO HMXKYa i 3HaxoaMTbecA Ha piBHi -100kx

OcobnueicTio Npouecy € Te, WO BCi BUXiaHi peareH-
TN 3HaxXoa4sTbCs B pigki dpasi. MgClz rpae ponb iHe-
PTHOrO pO3BOAHUKA-TEPMOCTATY, SKUN OXOPOHSE
30HY peakLii Big neperpisy npv BUAINEHHi Tenna pe-
akuii TiCl2 ogepxyloTb B TOMY XXe peakTopi BigHOB-

NEHHS, ane B iHLWIN peakuiiHINn 30HI LWNAXOM npony-
ckaHHsa TiClsyepe3 TuTaHOBUIM MOpoLlok (rybky) 3a
peakui€eto:

0,5Ti + MgClz + 0,5TiCl4 = TiCl2 - MgCl2 3)
Ona uiei peakuii Takox Oyno npopaxoBaHO TepMo-
OVHaMiYHI nmapameTpy 3a [OMNOMOrow nporpamm
HSC. Pesynbtatu pospaxyHkiB 3miHn AH, AG. Ha-
JaHi B Tabnuu,i 5.

Tabnuuga 5. Pesynbtatu po3paxyHky AS, AH, AG ans peakuii (3)

0.5Ti+MgCl2+0.5TiCl4=TiCl2+MgCl2

T deltaH deltaS deltaG K

K kJ JIK kJ

273.15 -107.093 -31.164 -98.58 7.13E+18
373.15 -108.555 -35.749 -95.215 2.14E+13
473.15 -109.783 -38.673 -91.484 1.26E+10
573.15 -110.857 -40.736 -87.509 9.46E+07
673.15 -111.816 -42.282 -83.354 2.94E+06
773.15 -112.676 -43.474 -79.064 2.20E+05
873.15 -113.437 -44.401 -74.668 2.93E+04
973.15 -114.088 -45.108 -70.191 5.86E+03
1073.15 -114.743 -45.747 -65.649 1.57E+03
1173.15 -117.565 -48.212 -61.005 5.21E+02
1273.15 -117.695 -48.319 -56.178 2.02E+02

PesynbTati po3paxyHKiB TakoX cBigyaTb Npo Te Lo
peakuis (3) BiobyBaeTbca y BceMy iHTepBani gocni-
D)KeHUX Temnepartyp, a 3HadyeHHa AH 3HaxoasTbes
Ha piBHi -100kX..

Ha BigmiHy Big peakuii (2) B peakuii (3) BuxigHa cy-
Ml LUMXTK € reTeporeHHa. Peakuis (3) eHOooTepmiy-
Ha i He CynpoOBOMXYETLCS IOKanbHUM MneperpisoMm.
Tennota peakuii niggogutecs 3 pigkum MgClz. To-
ABiViHa Cinb € NPOAYKTOM CUHTE3y TUTaHOBOI rybku 3
MgClz. TutaHoBa rybka CnyXuTb BiAHOBHUKOM AMS
TiCls go TiCl2 3a peakuieto:

ABTOPU po3p0o6KM MPOMNOHYIOTb CYMICHICTb NPOLECiB
OTPUMaHHS cybxropiga TUTaHy i MarHieTepmii, Wo
[03BOSISIE BUKOPUCTOBYBATU EHEPrit0 eK30TEPMIYHOT
peakuii. Inga pekuii (4), TakoXx 3a AONOMOrow npo-
rpamm HSC 6yno npopaxoBHO 3miHy AH, AG, pe-
3ynbTaTu po3paxyHkiB HagaHi B Tabnuui 6. Pesynb-
TaTu po3paxyHKiB TakoX CBigYaTb MPO Te WO peak-
Lis BiabyBaeTbCA Yy BCbOMY iHTEpBani OOCMIOKEHUX
TemnepaTyp.

Tabnuusa 5. Pesynbtatn pospaxyHky AS, AH, AG
ans peakuii (4)

TiCls + Ti = 2TiCl2 (4)
TiCl4+Ti=2TiCl2
T deltaH deltaS deltaG K
K kJ JIK kJ
273.15 -214.185 -62.327 -197.16 5.08E+37
373.15 -217.11 -71.499 -190.43 4.56E+26
473.15 -219.565 -77.346 -182.969 1.59E+20
573.15 -221.713 -81.472 -175.017 8.95E+15
673.15 -223.633 -84.564 -166.709 8.65E+12
773.15 -225.352 -86.948 -158.128 4.83E+10
873.15 -226.873 -88.801 -149.336 8.60E+08
973.15 -228.176 -90.215 -140.383 3.43E+07
1073.15 -229.485 -91.494 -131.298 2.46E+06
1173.15 -235.13 -96.424 -122.011 2.71E+05
1273.15 -235.39 -96.637 -112.356 4.08E+04

OcHoBHa nepeBara marHieTepmii B corneBomy posn-
nasi nepen npouecom Kpona — kpawa MakpokiHe-
TMKa peakLuii BigHOBMNEHHS, WO € Ginbl WBMAKIM 3a-
NMOBHEHiI peakTopa rybkow. OpHave po3nna.neHi
MarHii i Ciflb He MOXYTb cKnagaTu rOMOreHun pos-
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4uH. OTxe cnig YekaTun Koarynsii B ConesoM poasn-
naBei MeTany B KpYMHi Kpanni i3-3a pisHuLi B NoBepXx-
HEBOMY HaTsraHHIO, LIO MPUBOAMTL OO MOSIBIEHHS
Mikda3HOi MexXi i 3HWXKye 00’EMHY MPOOYKTUBHICTb
peakTopa. BunpaBnatu cityauito, a 3aogHo 3anobi-
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ratm YTBOPEHHIO TyOKM MOXIMBO AWCMEpPryBaHHSM
Kpanenbe meTany HaknagaHHsSM MILHUX 3BYKOBMX i
€reKTpoMarHiTHMX KonveaHb abo iHTEHCIBHMM Me-
XaHiYHMM 3MillyBaHHSAM po3nnaBy B peakTopi. He
noegHaHi B rybky 4acTku TUTaHy Moxnuneo besnepe-
BHO BMBOOUTW i3 peakTopy, WO € BEMKOK nepeBa-
rot0 NPOMOHOBAHOrO CNOCOBY OTPUMAHHS TUTaHy — B
NOPIBHEHHI 3 TpagiuinHUM.

BucHoBku

.MarHieTepmia B po3snnasi conen noninwye npouec
BiJHOBIIEHHA TWUTaHy MarHieM 3a paxyHOK nepeBe-
OEHHS yCiX BMXiOQHMX peareHTiB B rasoBy abo pigky
¢aasy, WO rapaHTye roMOreHHicTb npouecy. Ons uiei
METU NPOMOHOBAHO 3amicTb rasonogibHoro TiCls
BigHoBnATM xnopug TiClz y ckmagi posnnaey no-
ainHoi coni TiCl2 - MgCl2 pigkum marHiem. Ocobnu-

JIleopis i NPaKMUKg Memarypeii

BOCTIi npouecy € Te, WO BCi BUXiQHI peareHTn 3Haxo-
asatbesa B pigkin dasi. MgClz rpae ponb TepmocTary,
SIKM OXOPOHSIE 30HY peakuii Big neperpisy. 3MiHa
TennoBoro edekTy 3a yyacTio NOoABINHOI coni npu
MarHieTepMidyHOMY BiAHOBMEHHI NpubnnsHo B 4 pasu
MeHbLLUa HiX 3a meTogom Kpona.

3MiHa BiNbHOT eHeprii 3a y4acTio NoABINHOI coni Npu
MarHieTepMidyHOMY BiAHOBMEHHI NpnbnnsHo B 4 pasu
MeHbLUa HiK 3a meTogom Kpona, Wwo fo3sonse pe-
komeHgyBatm cinb (TiClz - MgClz) B skocTi peareHTa
npv mMarHieTepMmMyHoMy cnocobi BUpobHuuTBa TUTa-
Hy.

He noegHaHi B ryGKy 4acTkum TuTaHy MOXMBO 6es-
nepeBHO BMBOAWUTM i3 PEaKTOpy, WO € BEMMKO Mne-
peBaro NponoHOBAHOIO CMOCOBY OTPUMAaHHSA TUTa-
HY — B NOPIBHEHHI 3 TpagilinHMMm.
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