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The investigation of the thermal performance of the graphitized
hollow electrode in the "ladle-furnace” with the supply of
neutral gas

The article presents an analysis of heat transfer efficiency from an electric arc discharge formed in the sub-electrode
zone to a metal bath under different operating conditions of the “ladle-furnace” (LF). A numerical modeling methodology
has been developed, and the obtained data have been analyzed to determine the heat transfer efficiency with the supply
of neutral gas through a graphitized hollow electrode (GHE).

The objective of this study is the numerical modeling of the influence of changing the geometric parameters of the
metal bath cavity formed by gas injection through the channel of the graphitized hollow electrode on the heat transfer
efficiency from the electric arc to the metal bath at different thickness of the slag cover in the “ladle-furnace”.
Research methods. Numerical modeling of the heating of the metal bath was performed on a developed 3D model of
a steel ladle with liquid metal and a cavity zone formed under the action of an electric arc and gas supplied through the
channel of the graphitized hollow electrode. Heating was conducted under different geometric parameters of the cavity
and varying heights of the slag cover. The obtained data were analyzed, indicating the advantage of using the graphitized
hollow electrode with gas supply through its channel compared to a conventional electrode.

Results obtained. The share of heat absorbed by the slag and metal under the conditions of using a conventional elec-
trode and a hollow electrode with gas supply through its channel was determined. The influence of the parameters of the
reaction zone formed under the GHE on the heat transfer from the electric arc to the metal bath was determined, with
maximum temperature increase values of the metal amounting to 0.6 °C/min.

Scientific novelty. New data were obtained regarding the influence of neutral gas supply through GHE on the amount
of heat transferred to the metal by convection, and indicators of the heat flux density from the electric arc to the metal
cavity in the sub-electrode zone were determined.

Practical significance. It was determined that increasing the area of the metal cavity by supplying gas through the GHE
channel improves the heat transfer from the electric arc to the metal bath. Meanwhile, increasing the thickness of the
slag cover reduces heat losses to the furnace atmosphere. The carried out research provided important data regard-
ing the thermal performance of the "ladle-furnace" in the sub-electrode zone, which can be further utilized for process
optimization.

Keywords: ladle-furnace, graphitized hollow electrode, numerical modeling, 3D model, geometric parameters of the
cavity, heat transfer, heat flux density.

ntroduction. The organization of technological pro-
cesses in the “ladle-furnace” (LF) requires determining
the sequence and timing of operations, which influenc-
es the consumption of energy and material resources.
Therefore, the schemes for organizing these processes
are continuously being improved. The efficiency of ther-
mal processes during secondary steel refining in the
"ladle-furnace" depends on various factors. In particular,
the modification and removal of non-metallic inclusions,

desulfurization, and steel alloying result in significant
heat losses, which are compensated by heating through
the electric arc formed between the lower end of the
electrode and the metal bath.

One of the possible directions of development is the
use of new materials and technologies that reduce en-
ergy consumption and increase equipment productivity.
An option in this regard is the application of a graphitized
hollow electrode (GHE) with gas supply through its chan-
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nel, which increases the geometric parameters of the
metal cavity, thereby positively impacting the efficiency
of heat absorption from the electric arc.

Thus, the development of new technologies and
equipment can improve the quality and efficiency indica-
tors of secondary steel refining. Therefore, the research
on the thermal performance of the graphitized hollow
electrode with gas supply through its channel during
steel processing in the “ladle-furnace” is a relevant task.

Relevance. During secondary metal processing,
compensation for heat losses occurs through the heat-
ing of the metal by the heat released under the action of
alternating or direct current electric arc. In the “ladle-fur-
nace”, the electric arc is formed between the metal and
three vertically positioned graphitized electrodes (GE),
creating a junction point of three arcs in the form of a
“star” [1].

Approximate values characterizing the temperature
drop of liquid steel in ladles with a capacity of 100-
150 tons during desulfurization, deoxidation, alloying,
holding-on, and ladle replacement are provided by the
authors of works [2-4]. During desulfurization, when
slag is formed and the melt is agitated by gas through
bottom blowing devices or submerged lance, the steel
temperature can decrease by 30-40 °C. After the fer-
roalloys addition and subsequent homogenization of the
chemical composition and temperature of the steel in
the ladle, the temperature decreases by 10-15 °C. The
rate of temperature decrease of the steel reaches up to
0.6 °C/min during holding-on and ladle replacement, and
1.1-1.4 °C/min during homogenization of the metal by in-
ert gas blowing.

The practice at many metallurgical plants shows that
during the secondary processing of a wide range of steel,
the overall temperature decrease is 50-60 °C or more. In
the case of producing special steel grades using single
or double vacuum technology, the temperature decrease
can reach 150 to 250-300 °C, respectively [2, 5, 6].

The rate of metal heating during processing in “ladle-
furnace” ranges from 2 to 5 °C/min and depends on se-
veral technological parameters such as: heat accumula-
tion and oxidation of electrodes; weight and rate of add-
ing slag-forming materials; gas blowing regimes and flow
rate; methods and locations of adding solid and powder
materials; thickness of the slag layer; melt temperature;
state of gas blowing blocks [3, 6, 7].

Based on the analytical review, there is a lack of reli-
able data on heat exchange in the “plasma-slag-metal”
system, taking into account changes in the geometric
parameters of the cavity and the formation of additional

convective flows through gas injection through the chan-
nel of the graphitized hollow electrode.

This provides grounds to assert that research aimed
at determining the influence of gas supply through the
channel of the graphitized hollow electrode on heat
transfer from the electric arc discharge to the metal bath
during secondary processing is quite relevant.

Research methodology. Based on the results of
previous studies on the influence of gas injection re-
gimes through the channel of the hollow electrode, em-
pirical regularities regarding the shape and size of the
cavity have been defined. It is evident that changes in
the geometric parameters of the cavity should affect the
efficiency of heat transfer from the arc formed in the sub-
electrode zone to the metal melt on the “ladle-furnace”.
To evaluate this effect, computer modeling of non-sta-
tionary heat transfer in the “plasma-slag-metal” system
was carried out.

In works [8-14], a significant number of various mod-
els used for numerical simulation of processes related to
the transfer of energy, mass, momentum, and charge in
the plasma of an electric arc are discussed.

To determine the effect of gas supply through the
channel of the graphitized hollow electrode on the heat
absorption efficiency of the metal, a comparison was
made between different variants of secondary steel pro-
cessing on the “ladle-furnace” with varying slag thick-
ness and corresponding gas flow rate, proposed in the
previous stage, and base variants without blowing with
various slag thickness. The base variants were cho-
sen to be the operation of a conventional graphitized
electrode without gas injection with a slag thickness of
100-200 mm. The geometric parameters of the cavity un-
der the given conditions were calculated in the previous
stages of the research using models described in works
[8, 15, 16]. In the next stage, initial conditions for cal-
culating heat transfer in the plasma-slag-metal system
were set, as presented in Table 1.

Using the software “Ansys”, in the “DesignModeler”, a
3D model of a ladle for steel casting with liquid metal and
the cavity zone formed under the influence of an electric
arc and gas was created. The geometric parameters of
the 3D ladle model include a capacity of 250 tons with a
metal level in the ladle of 3.96 meters and a bath diame-
ter of 3.6 meters. To simplify the calculation, one-third of
the total volume of the liquid bath was taken in the form
of a part of truncated cone with a sector of a circle at its
base, with the electrode axis located on the bisector of
the angle of this sector. The distance of the GHE above
the metal bath level is equal to 70 % of the thickness

Table 1
Initial conditions for heat transfer calculation
Parameter Steel Slag
Temperature t, °C 1600 1700
Density p, kg/m? 7000 3000
Thermal conductivity A, W/(m-°C) 60.5 0.45
Specific heat capacity, J/(kg-°C) 434 1100
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Geometric parameters of the cavity

Table 2

Gas flow rate through the . . Diameter of the circl.e at
Ne GHE channel, m*h Slag thickness, H_, m Cavity depth, h_ , m the basedof, t:‘e cavity,
1 No gas supply 0.1 0.05 0.495
2 No gas supply 0.2 0.04 0.495
3 3 0.1 0.07 0.499
4 4.5 0.1 0.08 0.502
5 6 0.1 0.09 0.507
6 6 0.2 0.06 0.608
7 8 0.2 0.07 0.626
8 10 0.2 0.08 0.644

of the slag cover [4]. The geometric parameters of the
cavity for the base cases and the developed cases are
provided in Table 2.

To obtain detailed information on any area of the in-
vestigated region, a computational grid was applied to
the 3D model of the liquid bath, consisting of 12.098 ele-
ments and 41.368 nodes. Boundary conditions (bc) for
the calculation of transient heat transfer were specified
separately for each variant. For the electrode-slag inter-
face, both in the base variants and with gas supply, Dir-
ichlet (15t type) boundary condition was assigned, as the
temperature in this region of the graphitized hollow elec-
trode had been determined in the previous stage of the
study [17]. For the slag and metal surfaces, Neumann
(3¢ type) boundary condition was specified, which was
calculated based on the work [18].

Since the Grashof number for the given conditions is
about 10°, the convective heat transfer coefficient was
determined using formula (1) for heat exchange during
natural convection of liquid metals:

-h 1
Nu = O‘Tzo,szer4 Pr%* where Gr =102...10°, (1)

where o is the average heat transfer coefficient in
W/(m2-°C), h is the depth of the cavity formed between

the metal and the slag, A is the thermal conductivity of
argon at high temperatures [19, 20].

The Grashof number (Gr) was calculated using the
formula:

_ 9B dgHE (Tamb —Taver )

Vg

Gr Ao~2,

()

where g = 9,81 m/s? is acceleration of gravity; B = 1/T_ —
volume expansion coefficient of gases, K'; d, . — diam-
eter of the graphitized hollow electrode, m; (T~ T, .)—
the temperature difference between the atmosphere in
the arc burning zone and the average temperature of the
metal surface and the atmosphere, K; v,— coefficient of
kinematic gas viscosity, m?/s.

Pr — the Prandtl number was calculated using the
formula:

Pr= vg/a , (3)
where a — thermal diffusivity, m?/s.

Thus, the following boundary conditions were adopted
for the calculation of unsteady heat transfer during process-
ing of steel in a “ladle-furnace”, as presented in Table 3.

The calculation of the increase in specific heat Ai of
liquid steel through the metal mirror surface (without

Table 3
Boundary conditions for unsteady heat transfer
Convective heat .
Surface Type of t.)(?undary transfer coefficient o, Ambient terr;perature Emissivity € [21]
conditions 2.0 T _.,°C
W/(m . C) amb
Contact of slag with the
lateral surface of the Dirichlet (1%t type bc) — 2500 —
electrode
Surface of the slag in i
the arc burning zone Neumann (3" type) 8.07 4500 0.9
Surface of the metalin | o o0 (34 type) 8.15 4500 0.4
the arc burning zone
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considering heat losses through the walls and bottom of
the ladle) during heating in the “ladle-furnace” was per-
formed using the following formula:

F
Al =— /kg,
i mJ'q(r)dr, Jlkg @)

where F is the surface area of the metal mirror, m%, m is
the mass of steel, kg; q(r) is the time-varying change in
the average value of the heat flux density over the area
F, W/m?; 1 is the time, s. The surface area of the metal
mirror was determined based on the given parameters in
the “DesignModeler”.

Since the calculation results of the average heat flux
density function were obtained in a discrete form, it was
necessary to apply a numerical integration method for
the calculation of the specific heat increment. Among the
known methods, the Simpson's method was chosen for
its sufficient accuracy and reliable results. This method
was implemented using the Microsoft Excel.

This method of computing a definite integral is based
on replacing the graph of the integrand function with
parabolic arcs whose axes are parallel to the Oy axis,
rather than using straight chords as in the trapezoidal
method. If the integration interval [a; b] is divided into an
even number of equal parts (i.e., n = 2m) and denoted by
y = f(x,), where x,_ = a + Ax - k represents the division
points with k=0, 1, 2, ..., 2m, then the definite integral
can be computed using the formula [21-24]:

ma(y0 +Yom +2(Vo + Y4+t Yoo )+

+4(y1+y3+...+y2m_1)). (3

Here, the number of division points 2m is arbitrary,
but the larger this number, the more accurate the sum on
the right-hand side of the equation provides the value of
the integral.

Modeling results. The modeling results provide data
on the distribution of heat flux density through the curved
surface of the metal cavity and the surface of the slag in
the sub-electrode zone during the steel processing in the
“ladle-furnace”. This distribution is depicted in Fig. 1 as
a set of vectors with different directions on the 3D model
of the sub-electrode zone during metal treatment in the
“ladle-furnace”, under the conditions of a slag height of
100 mm and a gas flow rate supplied through the GHE
channel of 3 m¥h.

The magnitude and main directions of the heat flux
density distribution vectors have been determined, of
which the majority is directed through the curved cavity
formed by the action of the electric arc into the volumes
of the metal bath and slag layer.

Based on the obtained distribution data, separate
graphs of the average heat flux density distribution have
been constructed for the surface of the metal cavity and
the surface of the slag, considering a gas flow rate of
3 m3/h supplied through the channel of the graphitized hol-
low electrode and a slag layer height of 100 mm (Fig. 2).

From the data shown in Fig. 2, it can be observed
that at the beginning of the process, the heat flux den-
sity sharply increases, reaching its peak and then starts
to decrease. This phenomenon can be explained by the
fact that at the start of the operation of the electric arc
device, the temperature of the surfaces of the liquid steel
and slag in the arc burning zone rapidly increases, lead-
ing to a significant increase in heat flux density. Subse-
quently, the heat flux density gradually decreases after
reaching its peak due to the redistribution of temperature
from the surfaces of the steel and slag into their overall
volumes. This dependence is relevant for both steel and
slag, despite the fact that the heat flux density to the slag
is higher than to the steel due to its higher emissivity.

For the calculation of the increase in specific heat
content of the liquid steel through the metal mirror sur-
face, the share of heat transferred to the metal through
radiation and convective heat transfer were determined.
The influence of the gas flow rate supplied through the
channel of the graphitized hollow electrode on the por-
tion of heat transferred to the metal through convective

m Distribution of heat flux density through the surface of steel and slag in the sub-electrode zone
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m Change in the average heat flux density through the
surface of steel and slag in the sub-electrode zone

heat transfer in the arc zone during the operation of the
“ladle-furnace” is depicted in Fig. 3.

The investigated range for a slag layer height of
100 mm varied from 3 to 6 m%nh, while for a slag lay-
er thickness of 200 mm, it ranged from 6 to 10 m¥h. It
has been determined that the share of heat transferred
to the metal bath by convection during the operation of
the electric arc device in the “ladle-furnace” increases
with an increase in the gas flow rate supplied through the
GHE channel. This dependence is characteristic for slag
layer thickness of 100-200 mm. The difference lies in the
fact that with a larger induced slag layer, at the same gas
flow rate, the share of heat transferred by convection will
be smaller. This phenomenon can be explained by the
fact that as the slag volume increases, the distance of
the electrode tip above the level of the metal bath also
increases to a degree that its value is equal to 70 % of
the slag layer thickness, which leads to a deterioration in
convective heat transfer.

Additionally, based on the obtained data, the frac-
tions of heat absorbed by the metal bath and slag layer
were calculated and plotted for the use of a conventional
GE without gas supply and a hollow GE with gas sup-
ply through its channel at rates of 4.5 m%h and 8 m?h,
respectively, with a slag layer thickness of 100 mm and
200 mm, respectively.

A circular diagram comparing the aforementioned
modes with a slag layer thickness of 100 mm has been
constructed, as shown in Fig. 4. When using a regular
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81% |

=Slag  Steel

With gas
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m Comparison of the absorbed share of heat by the
metal and slag during gas injection through the GHE channel
with and without it, with a slag layer thickness of 100 mm
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electrode without gas supply, the share of heat obtained
by the metal reaches 81 %, while the slag accounts for
19 %. However, when using a GHE with gas supplied
through its channel, the share of heat obtained by the
metal increases by 2 % and reaches 83 %, while the slag
share decreases to 17 %. The increase in the share of
heat absorbed by the metal when gas is supplied through
the GHE channel is due to the enlargement of the effec-
tive surface area for heat exchange.

The comparison of the share of heat absorbed by
the slag and metal during gas injection through the GHE
channel and during the use of a regular electrode with-
out gas supply in the sub-electrode zone is presented
in Fig. 5, considering a slag layer thickness of 200 mm.

Similar to the previous diagram, it can be observed
that the share of heat absorbed by the metal is lower
when using a regular electrode without gas injection
compared to when gas is supplied through the GHE
channel. Specifically, without gas supply, the share of
heat transferred to the metal is 67 %, while to the slag
layer it is 33 %. However, when gas is injected into the
sub-electrode zone, the share of heat absorbed by the
metal increased by 7 %, reaching 74 %, while the share
absorbed by the slag decreased to 26 %. The increased
slag mass ensures more efficient heat absorption by the
metal bath, reducing heat losses to the furnace atmos-
phere.

Fig. 6 illustrates the influence of gas flow rate and slag
layer thickness on the temperature increase of the steel

With gas

—_— ; supply; 26%

No gas supply;
33%

67%

No gas supply;
With gas
supply; 74%

=Slag n Steel

m Comparison of the absorbed share of heat by the
metal and slag during gas injection through the GHE channel
with and without it, with a slag layer thickness of 200 mm
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m Influence of gas flow rate and slag layer thickness on
the temperature increase of steel

during gas injection through the GHE in steel treatment
in the “ladle-furnace”. Based on the aforementioned data
of the investigated region, the heating rate of the liquid
steel was calculated to compare the proposed injection
modes with the baseline variant without injection. In the
baseline variant, the heating rate was 2.8 °C/min.

Gas injection through the GHE channel leads to an
increase in the heating rate of the metal, depending on
the gas flow intensity and slag layer thickness. This val-
ue ranges from 0.2 to 0.5 °C/min for a slag layer height
of 100 mm, and from 0.4 to 0.6 °C/min for 200 mm of
slag. This can be explained by the fact that the geometric
parameters of the cavity formed under the action of the
electric arc depend on the distance of the electrode tip
and the gas flow rate supplied through the GHE chan-
nel. With an increase in gas flow rate, the diameter and
depth of the cavity increase, thereby improving the per-
formance of the electric arc discharge by increasing the
contact area between them.
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Conclusions

The results of the carried out modeling provide data
on the distribution of heat flux density through the curved
surface of the metal and slag cavity in the sub-electrode
zone during steel treatment in the “ladle-furnace”. The
maximum values of heat flux density to the metal reach
6 MW/m?, while to the slag, it reaches 7.7 MW/m?2,

The obtained data provide information about the heat
transfer by convection in the sub-electrode zone under
different processing conditions in the “ladle-furnace”.
With gas flow rate of 3-6 m®h and a slag layer height of
100 mm, the proportion of heat transferred to the met-
al by convection ranges from 7 % to 12 %, while with
gas flow rate of 6-10 m®h and a slag layer thickness of
200 mm, it ranges from 9 % to 13 %.

The share of heat absorbed by the slag and metal
has been determined under the conditions of using a
conventional electrode and a GHE with gas flow through
its channel. With a slag layer thickness of 100 mm and
gas injection through the GHE channel, the share of heat
absorbed by the metal increases by 2 % compared to the
use of a conventional electrode. With a slag layer thick-
ness of 200 mm, this share increases by 7 %.

The heating rate of liquid steel has been calculated
when using a conventional electrode (without gas injec-
tion), which amounts to 2.8 °C/min. The temperature in-
crease, at the recommended gas flow rate of 3-6 m%h
and a slag layer thickness of 100 mm, ranges from 0.21
to 0.43 °C/min. With gas flow rate of 6-10 m%h and a slag
layer thickness of 200 mm, the temperature increase
ranges from 0.47 to 0.61 °C/min.

The supply of neutral gas in the range of 3 to 10 m?h,
with a slag layer thickness of 100-200 mm, improves the
thermal performance of the “ladle-furnace”.
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AHoTauin

YkpaiHcbkull 0epxasHull yHigepcumem Hayku i mexHonoail ([Hinpo, Ykpaita)

HNocnigxeHHA TennoBoi poboTy rpacdiToBaHOro NOPOXHUCTOrO eNeKTPOAa YCTAaHOBKM «KiBLU-
niYy» NPU NoAaYi HeUTpanbLHOro rasy

Y crarTi BUKOHaHO aHani3 e(bekTMBHOCTI nepeaadyi Ternsioty Big eJ1eKTPOo4yroBoro po3psay, ChopMoBaHOro B niaeaeKTpoaHIv
30Hi, 10 MeTaIeBoi BaHHY 3a Pi3HUX yMOB POOOTY yCTaHOBKM «KiBLLU-rid» (YKI1). PO3po6/1eHOo MeToAMKY Y1CEJIbHOr0 MOAESIHO-
BaHHS1, NMpoaHasi3oBaHO OTPUMAaHI AaHi, BU3Ha4eHo eeKTUBHICTb nepenadi Tersiotn 3 rnoaadvyer HeruTpaabHoOro rasy 4yepes
rpagiroBaHui NOPOXHUCTUY enekTpos (ITIE).

MerToro Uiei poboTH € yncesibHe MOAEIOBAHHS BIJINBY 3MiHVW F€OMETPUYHUX NapaMeTpiB JIyHKU MeTasly, ska c(popMoBaHa
3a paxyHoK BAyBaHHS ra3y kaHasaoM rpa@itoBaHOro nopPoXHUCTOro e/1eKTpoaa Ha e(pekTUBHICTb nepeaaYi TenaoTy Bia eslek-
TPUYHOI AYrv 0 MeTaseBOoi BaHHU Mpy PI3HIVi BUCOTI LLIJIAKOBOIO NMOKPOBY HA YCTaHOBL «KiBLL-I1i4».

Meroaun gocnigxeHHs. YvicenbHe MoaeloBaHHs HarpiBy MeTasieBoi BaHHN Ha po3pobieHii 3D moaesni cTanepo3mBHOIO
KOBLLUA 3 PiaKUM METasioM i 30HOIO JIYHKU, YTBOPEHOI i AIE0 eNeKTPUYHOI Ayrn, Ta rasy, kv nogaetbcs kKaHasaom rpagito-
BaHOro NMOPOXHUCTOrro esiekTpoaa. HarpisaHHsi npoBOANIOCS 3a PI3HUX FrEOMETPUYHUX NapamMeTpiB JIYHKU Ta Pi3HOI BUCOTH
LLIJIAaKOBOIO NOKpPoBY. BUKOHaHO aHasli3 OTpyuMaHuX AaHuX, Sk BkasaB Ha repeBary BUKOPUCTaHHS rpa@itoBaHoOro rnopox-
HUCTOro enekTposa 3 rnogadvero rasy vioro KaHasaoM rnepes 3BU4ariHM esieKTpOLO0M.

OTpumaHi pe3ynbratn. BusHa4yeHo 4acTKy TEMI0TU, SKY NOTIMHYN LUK | METaJ1 3a yMOB BUKOPUCTaHHSI 3BUYariHOro esek-
TPOAA, Ta MOPOXHUCTOIO 3 Nogayero rasy Moro kaHasiom. BuaHayeHo BriivB rnapameTpiB peakuiviHoi 30HU, L0 pOPMYETLCS
nig 'MIE Ha nepegadyy TenaoTv Bif eNeKTPUYHOI Ayrn 4O MEeTasieBoi BaHHN, MakCUMasibHi 3Ha4€HHS MPUPOCTY TeMneparypu
mertany cknanmv 0,6 °C/xB.

HaykoBa HoBu3Ha. OTpyMaHi HOBI AaHi LoaA0 BrivBY roAadi HerTpasabHoro rasdy Yepes IMIE Ha KinbkiCTb Teriotu, Lo ne-
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penaeTbcs MeTasly KOHBEKLEIO, BUSHAYEHI MOKa3HUKW rYCTUHW TEerJI0BOIro rnoTOKY Bif e/1eKTPUYHOI AYrn A0 JIYHKU MeTasy B
niaenekTPOAHIV 30HI.

TMpakTn4Ha uiHHiCTb. BU3HaYeHo, LU0 3a paxyHOK 30i/bLUEHHS MJI0LLYi MeTaneBoi IyHKM 3a A0NOMOror noaayi rasy kKaHasaom
[TIE nokpalyyetbcs Ternonepenaya Big e1eKTpuyHoI ayry 4o MeTaneBoi BaHHU. B Tol Yac sk 36i/bLUeHHS TOBLUVHY Luia-
KOBOIo roKpoBYy 3MEHLUYE TErJ1I0Bi BTpaty B atMocgepy nedi. [poBeaeHi 4OCHiAXeHHS JO3BOJININ OTPUMATU BaXXnBi AaHi
CTOCOBHO Ter/ioBOi pob0oTH YCTaAHOBKM «KIBLL-i4» B MiA€EKTPOAHIN 30HI, siKi B 1ogasbLioMy MOXYTb OYTy BUKOPUCTaHI a1
BLJOCKOHAaJIEHHS BUPOOHUYMX MPOLIECIB.

YcraHoBka «kiBLu-Miy», rpa@itoBaHWi MOPOXHUCTUI €1EKTPOA, YncesibHe MogentoBaHHs, 3D
Mozesib, reoOMEeTPUYHI napamMeTpu JiyHKu, Ternonepeaada, rycCtmHa TernioBoro rnoTokKy.

KnrouoBi cnosa
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