S&l

68

https://doi.org/10.15407/scine22.05.068

MOLCHANOV, L. S. (https://orcid.org/0000-0001-6139-5956),
CHERNIATEVYCH, A. G. (https://orcid.org/0000-0002-4552-4997),
GOLUB, T. S. (https://orcid.org/0000-0001-9269-2953),

and SEMYKIN, S. |, (https://orcid.org/0000-0002-7365-2259)

Iron and Steel Institute of Z.I. Nekrasov
of National Academy of Sciences of Ukraine,
1, Ak. Starodubov Sq., Dnipro, 49107, Ukraine,
+380 56 790 0514, office.isi@nas.gov.ua

COMPARISON OF CRATER GEOMETRY DURING
TOP BLOWING IN AN OXYGEN CONVERTER UNDER
LOW- AND HIGH-TEMPERATURE MODELLING CONDITIONS

Introduction. The oxygen converter process for liquid steel production requires continuous improve-
ment to enhance process efficiency and steel quality.

Problem Statement. Most technological improvements have focused on the development of advanced
top-lance designs. Their implementation requires physical modelling under both low-temperature (using
low-melting-point liquids) and high-temperature (using molten iron—carbon alloys) conditions. Although
low-temperature modelling is widely used because of its simplicity and lower cost, strict compliance with
similarity criteria does not ensure the direct transferability of the results to industrial steelmaking.
Therefore, reliable approaches for interpreting low-temperature modelling results under real process con-
ditions are required.

Purpose. To establish the relationship between gas jet penetration into a liquid bath under low- and
high-temperature modelling conditions using transparent-wall physical models.

Materials and Methods. Low-temperature modelling (air blowing into a water model) and high-
temperature modelling (oxygen blowing into a molten steel bath) have been performed using the same
single-nozzle top lance under comparable technological conditions on transparent-wall physical models.
The geometric parameters of the interaction crater have been measured and analyzed.

Results. Significant differences in crater formation during gas-liquid interaction under low- and
high-temperature conditions have been identified. Under identical blowing conditions, the crater wall
inclination angle has been found to be 1.4—1.5 times smaller, the crater depth decreases up to 7 times,
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and the crater diameter is reduced by up to 35% during high-temperature modelling. The experimentally obtained
crater geometry has formed the basis for developing empirical equations describing the crater diameter and depth
under high-temperature blowing conditions.

Conclusions. Empirical equations for predicting crater diameter and depth during gas jet interaction with a liquid
bath under top-blowing conditions have been developed based on the results of physical modelling. The proposed equa-
tions account for the physical properties of the model liquids and gases. Their principal advantage has been demonst-
rated by enabling the prediction of crater geometry in industrial molten steel using data obtained from low-tempera-
ture physical modelling.

Keywords: top blowing, gas jet, crater, low-temperature modelling, high-temperature modelling, interpretation of results.

Modern fundamental metallurgical science aims to
develop modelling theories, among which model-
ling of oxygen converter processes plays an impor-
tant role as the only currently economically and
technologically competitive process for the produc-
tion of liquid steel [1]. Namely, the development
and improvement of methods of low-temperature
modelling (under conditions of blowing most often
with air, as the most accessible gas, and with model
media of liquids with low melting points) and high-
temperature modelling (under conditions of blo-
wing with oxygen or air of molten metals and their
alloys, which are characterised by high melting po-
ints). An important task is to develop methods for
analysing and interpreting modelling data, determi-
ning the relationship between the results of low-tem-
perature and high-temperature modelling, which
allow the results of low-temperature modelling to
be interpreted for real-world conditions as well.
Both modelling approaches have been develo-
ped in parallel for several decades. Each has its own
specific focus, determined by the physical capabi-
lities of the modelling technique, as well as its inhe-
rent advantages. The first approach is low-tempera-
ture modelling, which, owing to the transparency
of both the modelling liquid and the experimen-
tal unit, has enabled comprehensive investigations
of the aerohydrodynamic interaction between gas
jets discharged from various blowing devices and
the surrounding liquid medium. Previous studies
[2—13] have reported the characteristics of gas
jet penetration into a liquid bath using water and
air as modelling media at gas flow rates ranging,
for example, from 0.0176 to 0.129 m*/min [2] and
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from 0.005 to 0.07 m*/min [5, 6]. It should be no-
ted that these flow rates are considerably lower
than those used under industrial steelmaking con-
ditions and have been selected primarily to facili-
tate visualisation and detailed observation of cra-
ter formation during gas jet penetration into the
liquid bath. To investigate bath mixing under both
top- and bottom-blowing conditions, various tra-
cers, including dyes and KCl or NaCl salts, have
been added to water as the principal modelling
medium [4, 12]. In three-phase low-temperature
modelling, petroleum jelly (Vaseline) [5] or various
oils, including motor oil [9, 10}, silicone oil [11], and
vegetable oil [4, 8], have additionally been emp-
loyed to simulate the slag phase. Studies investi-
gating gas-liquid interaction using low-melting-
point media other than water have remained limi-
ted, with Wood’s alloy systems representing the
most common alternative [2, 3].

The second approach is high-temperature mo-
delling. It has primarily focused on investigating
physicochemical interactions at the gas-metal-slag
interfaces, including reaction mechanisms, kine-
tics, and interphase phenomena. Such studies are
frequently limited to relatively small or even drop-
let-scale melt volumes [14, 15]. Investigations of the
hydrodynamic behaviour of converter bath blo-
wing under conditions of oxygen injection into suf-
ficiently large volumes of molten iron or steel have
remained scarce and, particularly in recent years,
have become increasingly uncommon [16—18].
This trend has largely resulted from the conside-
rable complexity and high cost associated with con-
ducting such experiments, especially when trans-
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parent-wall facilities are required to visualise the
interaction zone between the gas jet and the mol-
ten bath [18]. Consequently, low-temperature phy-
sical modelling using water has become the princi-
pal experimental tool worldwide for investigating
blowing processes and optimising oxygen con-
verter steelmaking.

A distinctive feature of physical modelling of
oxygen converter steelmaking is the reproduction
of the gas-dynamic and hydrodynamic characte-
ristics of gas jet interaction with a liquid bath wi-
thin geometrically scaled laboratory models while
preserving the geometric similarity between the
prototype and the model. The reliability of such
modelling depends on satistying the relevant si-
milarity criteria, which account for the combined
influence of the governing physical forces acting
during the process [19, 20]. The principal simila-
rity criteria used in low-temperature modelling
of oxygen converter blowing are modified Froude
number accounting for the density difference bet-
ween the interacting media and the Weber number
describing the influence of liquid surface tension
[19, 20]. Similarity between the modified Froude
numbers for the model (subscript m) and the pro-
totype (subscript o) is expressed as follows [19, 20]:

Pg '”z _ Pox U (1)
gd,(p,-p,) gdp,—p,)
where p,, p,, are the densities of the gas used for
blowing on the model and oxygen used as the main
blowing gas at the actual steel smelting unit, kg/m?
p» Py are the densities of the liquid used as a liquid
bath on the model and actual liquid steel, kg/m?;
u, and u,, are the velocities of the gas flows supp-
lied for blowing, m/min; d,, and d, are the diame-
ters of the holes (nozzles) for blowing on the model
and at the actual unit, m.

The Weber criterion correspondingly takes the

following form:

st Gl

27 (2)
g
where 6, and o, are the surface tension of mol-

ten steel and the liquid that imitates it in the mo-
del, N/m.
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At the same time, the velocity of the blowing gas

is related to the gas flow rate:
4Q
“E (3)

where Q is the gas flow rate, m*/min.

Accordingly, the ratio of blowing gas flows ac-
cording to the modified Froude criterion and We-
ber criterion used in the model (index “m”) and
object (index “0”

0")is:
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The impact of the temperature difference bet-
ween the high-temperature and low-temperature
models is taken into account in accordance with
the methodology described in [21].

The blowing pressure depends on the flow rate
in accordance with the equation [22]:

P-F+P -f

Q= 511p, (6)

where P and P, are the pressure of the blowing gas
and atmospheric pressure, respectively, Pa; F is the
area of the jet at the contact with the bath, m? fis
the cross-sectional area of the blowing nozzle, m*.

Accordingly, the correlation between the results
obtained from low-temperature and high-temper-
ature modelling is determined primarily by the phy-
sical properties of the modelling media [19, 20, 23].
However, it is well established that compliance with
the similarity criteria alone is insufficient to directly
transfer the results of low-temperature modelling
to a real industrial process. A clear understanding
of the correspondence between the physical phe-
nomena occurring under different temperature
conditions and in different media is required, par-
ticularly for the key process in oxygen converter
steelmaking — the interaction of a gas jet with the
liquid bath during jet penetration.

Therefore, the present study aims to establish the
relationship between the gas jet penetration proces-

(4)
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ses occurring under low-temperature and high-tem-
perature modelling conditions using experimental
models equipped with transparent observation
walls, which enable direct visualisation and quanti-
tative assessment of the gas-liquid interaction zone.

The object of the study is the crater formed du-
ring top blowing as a result of gas jet penetration
into the liquid bath. The geometry of this crater
governs the subsequent gas-liquid interaction, in-
cluding splashing behaviour, mass-transfer proces-
ses, and the probability of jet impingement on the
converter lining. The comparison is performed for
the initial stage of blowing, before ignition of the
heat in the high-temperature model. After heat ig-
nition, the gas-liquid interaction mechanism chan-
ges substantially because of oxidation reactions
occurring in the molten metal, accompanied by
the formation of gaseous reaction products and
slag, which significantly alter the hydrodynamic
conditions in the interaction zone.

The main physical parameters of the models
are as follows.

Low-temperature model:

1) liquid simulating the liquid phase — water
at a temperature of 25 °C;
¢ density of the model liquid — 1000 kg/m?;

+ viscosity of the model liquid — 0.001 Pa-s;
+ surface tension of the model fluid — 0.073 N/m;
¢ dynamic viscosity of the model fluid —

1.002 mPa-s;

2) blowing gas — compressed air blown into an
environment with a temperature of 25 °C (con-
sidered to be a conditional diatomic gas);

+ density of the blowing gas — 1.23 kg/m’;

High-temperature model:

1) liquid simulating the liquid phase — molten
steel at a temperature of 1550 °C;

+ density of the model liquid — 7000 kg/m?;
+ viscosity of the model liquid — 0.005 Pa-s;
+ surface tension of the model liquid — 1.4 N/m;
¢ dynamic viscosity of the model liquid —

5.5 mPa-s;

2) blowing gas — oxygen blown into the envi-
ronment at a temperature of 1500 °C (diatomic gas);
+ density of blowing gas — 1.43 kg/m’.
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Fig. 1. Diagram of a low-temperature model with a trans-
parent wall: I — personal computer for recording process
indicators; 2 — device for photo and video recording;
3 — linear solid-state light source; 4 — ADC for collecting
indicators measured during the experiment; 5 — trans-
parent container with flat walls; 6 — water; 7 — model
lance; 8 — tripod; 9 — blow gas parameter control units

To ensure the comparability of the results obtai-
ned from both modelling approaches, the same top-
blowing lance equipped with a central cylindrical
nozzle of 2.3 x 10 m in diameter is used in both
cases. The lance is positioned at a working height
corresponding to 40 nozzle diameters above the
surface of the quiescent bath. A single-nozzle lance
is selected because, under the conditions of high-
temperature modelling with a transparent observa-
tion wall, accurate visualisation, recording, and qu-
antitative evaluation of the interaction zone formed
by multiple gas jets are considerably more difficult.

Low-temperature experiments are conducted
using a 100 kg transparent vessel with flat walls to
minimise optical distortion during image acqui-
sition, thereby enabling accurate measurement of
the crater width and depth formed by the interac-
tion of the gas jet with the liquid bath. A schema-
tic diagram of the experimental setup is presented
in Fig. 1. The water model is blown with compres-
sed air supplied by a compressor.

High-temperature studies are conducted using
a 40 kg oxygen converter model equipped with a
transparent quartz wall, as shown in Fig. 2. Blo-
wing is performed with technical oxygen supp-
lied from cylinders. The transparent observation
wall is made of quartz glass measuring 120 mm in
width and 10 mm in thickness.
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4—
Exhaust
gases

Fig. 2. Diagram of a high-temperature model with a transparent wall: 1 — high-temperature model with a
transparent wall; 2 — model lance; 3 — molten steel; 4 — sleeve for forced removal of exhaust gases; 5 — sys-
tem for supplying water to the lance; 6 — system for controlling blowing gas parameters; 7 — personal com-
puter; 8 — ADC for collecting indicators measured during the experiment; 9 — device for photo and video

recording

In accordance with the similarity criteria estab-
lished between the industrial converter and the
physical models, the gas flow rate in the low-tem-
perature model is 0.00004 of the corresponding
industrial value versus 0.0001 in the high-tem-
perature model. Thus, the gas flow rate in high-
temperature modelling is 2.5 times higher than
that in low-temperature modelling. For both mo-
delling approaches, the blowing gas pressure va-
ries within the range of 100—400 kPa and is moni-
tored using a digital pressure gauge. The blowing
process is recorded using a CASIO EXILIM EX-F1
high-speed video camera. Under high-tempera-
ture conditions, the bath temperature is measured
using a Type B platinum-rhodium thermocouple
(Pt—30%Rh/Pt—6%Rh) with a measurement ran-
ge of 600—1750 °C and an accuracy of +1%.

72

Representative images illustrating the compa-
rative results of the low-temperature and high-
temperature modelling are presented in Fig. 3 for
gas blowing pressures ranging from 100 to 300 kPa.
Visual comparison of the blowing process has
shown that, under top-blowing conditions, a cra-
ter (a cavity formed by the impingement of the gas
jet on the liquid bath) appears in the model liquid.
Owing to the close proximity of the blowing lance
to the transparent wall, the crater is clearly visible
in both the low-temperature and high-tempera-
ture models. Above the crater, liquid splashing is
observed as a result of the interaction between the
gas jet and the free liquid surface.

A comparative analysis has revealed distinct dif-
ferences in crater geometry between the two mo-
delling approaches. In the high-temperature model,
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Fig. 3. Visual comparison of the hydrodynamic characteristics of the bath during blowing on a high-temperature
(A) and low-temperature (B) model at a gas pressure of 100, 200 and 300 kPa (respectively in photos a—c): I —
crater formed when a gas jet is immersed in a model liquid; 2 — splashes formed by the impact of a gas jet on the

liquid surface; oo — angle of inclination of the crater wall

the crater appeared smaller and exhibited a flatter
profile, characterised by a lower angle of inclina-
tion of the crater walls relative to the horizontal
plane. In contrast, the crater formed during low-
temperature modelling is deeper, steeper, and mo-
re elongated, with a significantly greater wall inc-
lination angle.

Analysis of the video recordings has shown that
the angles of inclination of the crater walls rela-
tive to the horizontal plane at blowing pressures
of 100, 200, and 300 kPa are 36°, 43°, and 48°,

ISSN 2409-9066. Sci. innov. 2026. 22(5)

respectively, for the high-temperature model, com-
pared with 52°, 60°, and 73° for the low-tempera-
ture model. Thus, the crater wall inclination in the
high-temperature model is 1.4—1.5 times smal-
ler than that observed during low-temperature
modelling. These differences are primarily attri-
buted to the substantial variation in the physical
properties of the modelling media, particularly the
approximately sevenfold higher viscosity and ni-
neteenfold higher surface tension of molten steel
compared with water.
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Fig. 4. Comparison of the parameters of the crater of immersion of a gas jet into a liquid
bath (diameter (a) and depth (b)): I — high-temperature model; 2 — low-temperatu-

re model

Figure 4 shows the graphical results of the ana-
lysis of the data obtained on the video fixations of
blowing (presented for the same pressure for bet-
ter comparison). It has been found that the crater
diameter according to the results of high-tempe-
rature modeling has smaller values by a relative
value of 5—35% depending on the blowing gas
pressure with a larger deviation at a lower gas
pressure. As for the crater depth, according to the
results of high-temperature modeling, its indica-
tors are approximately 4—7 times smaller, res-
pectively, for different blowing gas pressures with
larger deviation values at lower gas pressures. This
also corresponds to the visually drawn conclu-
sions and the noted smaller angle of inclination of
the crater walls under high-temperature mode-
ling conditions. This is due to the above-mentio-
ned differences in the physical characteristics of
the model environments.

The obtained graphical results have indicated a
tendency that, while maintaining the equality of
blowing conditions, the hydrodynamic features of
the interaction of the gas jet with the liquid bath
are basically determined by the physical properties
of the model liquids and gases used in the studies.

The obtained research results have been analy-
zed using the Analysis Package built into the Micro-
soft Office Excel in accordance with the statistical
data processing methodology. As a result of the
processing, the dependence of the crater diame-
ter during the operation of the lance for blowing
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metal melt (for the conditions of a single-nozzle lan-
ce placed at a height of 40 calibers) on the physical
characteristics of the model environments, given
the results of low-temperature modeling, has been
obtained as follows:

D =D!-d-(0.0198 -InP —0.0305) x

0.209 0.61 0.526 0.961
Gst nw pw pair

where D and D/ are the crater diameter on high-
temperature (“H”) and low-temperature (“L”) mo-
dels, respectively, m; d is the nozzle diameter, mm;
P is the gas pressure in front of the lance, kPa, ¢ is
the surface tension of liquids (hereinafter, “w” is
water for a low-temperature model, “st” is steel
for a high-temperature model), mN/m; n is the
dynamic viscosity of model liquids, Pa-s; p is the
density of model liquids and model gases (“ox” is
oxygen and “air” is air, respectively), kg/m’.
Also, according to the obtained data, by mathe-
matical approximation using the Solution Search
add-in of the Microsoft Office Excel environment,
an equation relating the geometric dimensions of
the crater during high-temperature modeling to
the results of low-temperature modeling has been
derived. The Microsoft Office Excel Solver tool uses
the Generalized Reduced Gradient (GRG2) non-
linear optimization program, and is based on the
simplex method algorithm with variable const-
raints and the branch and bounds method to sol-
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Fig. 5. Comparison of the results of using the derived formulas for determining the geometric parameters of the
crater of the interaction of the gas jet with the liquid bath during the top blowing in the oxygen converter with the
actual data of high-temperature studies: a — verification of the formula for the crater diameter; b — verification of

the formula for the crater depth

ve linear and integral optimization problems. The
resulting expression is:

0.209
D! _Difo,] (M
HCH HcL Gst nw

0.526 0.961
x [&] ‘ (piJ ’
pw pair

where H! and H are the crater depth on high-
temperature (“H”) and low-temperature (“L”) mo-
dels, respectively, m.

When deriving the equations, the following com-
putational parameters have been adopted: a rela-
tive error of 1 x 10°%, an allowable tolerance of 5%,
and a convergence criterion of 1 x 10, In the Solver
add-in of Microsoft Excel, the relative error speci-
fies the required solution accuracy by determining
the acceptable correspondence between the value
of the constrained cell and the specified target,
lower bound, or upper bound. The relative error
is defined as a decimal value ranging from 0 to 1. In
the context of linearising experimental data using
the Microsoft Excel environment, the allowable to-
lerance represents the maximum percentage by
which the objective cell satistying the integer const-
raint may deviate from the true optimal value
while still being accepted as a valid solution.

(8)
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In order to verify the obtained expressions, the
actual data and the calculated data regarding the
diameter and depth of the crater for the conditions
of the high-temperature model have been com-
pared (Fig. 5).

As shown in the figure, the calculated values ha-
ve exhibited excellent agreement with the experi-
mental data, confirming the high predictive accu-
racy of Egs. (7) and (8). The developed equations
for determining the geometric parameters of the
crater formed by the interaction of a gas jet with
the liquid bath during top blowing in an oxygen
converter, derived from low-temperature model-
ling data, have demonstrated a high degree of agree-
ment with the results of high-temperature model-
ling. The deviations between the predicted and
measured values have amounted to only 0.3% for
the crater diameter and 3.4% for the crater depth.

These results have confirmed that the proposed
equations can reliably predict the crater geometry
generated by an oxygen jet during top blowing using
a single-nozzle lance positioned at a working height
of 40 lance calibers above the bath surface, provi-
ding a level of accuracy sufficient for industrial app-
lications. A distinctive advantage of the proposed
approach is that it enables the prediction of gas-li-
quid interaction parameters under molten steel blo-
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wing conditions using data obtained from low-tem-
perature modelling with water as the modelling
medium, which is substantially simpler and more
cost-effective than high-temperature experiments.

Since modern oxygen converters are equipped
predominantly with multi-nozzle lances, the next
stage of this research focuses on extending the
developed equations to account for the geometric
characteristics and operating conditions of in-
dustrial multi-nozzle lance designs.

A comprehensive investigation of the hydrody-
namic behaviour of the converter bath under both
low- and high-temperature conditions has been
carried out using a single-nozzle lance positioned
at a height of 40 lance calibers above the quiescent
bath level in transparent-wall physical models. The
transparent-wall configuration has enabled direct
visual observation and quantitative measurement
of the crater formed during gas jet penetration
into the liquid bath. The results have demonstra-
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CIIIBCTABJIEHHA TEOMETPMYHMX ITAPAMETPIB KPATEPY
Y KMCHEBOMY KOHBEPTEPI 3 BEPXHbLOIO ITPOJJYBKOIO
[TPV HU3bKO- TA BUCOKOTEMITEPATYPHOMY MOJE/IFOBAHHI

Bceryn. KucHeBO-KOHBEpTepHMII CIIOCIO OTpUMaHHS PifiKoi cTaji MoTpebye MOCTITHOTO BIOCKOHAICHHS.

ITpo6nemaTuka. Hait6inbIna KiZbKicTb IOJIINIIEHD OB’ 13aHa 3 PO3POOKOI0 HOBUX M IIOKPAIIeHHAM HasIBHNX
KOHCTPYKLill BepXHbOI IpoAyBHOI pypmu. TexHOMOTri4HI HOBOBBEEHHS ITOTPeOYIOTh JOCTII>KeHHA Ha (isSMUHIX
MOJIe/IAX, cepef IKMX FOJIOBHMMM € HU3bKOTEeMIIepaTypHa (3 BUKOPVMCTAHHAM PilH 3 HU3BKOIO TeMIIepaTypoIo
IIaB/IEHHA) Ta BYUCOKOTeMIIepaTypHa (3 BUKOPUCTAHHAM 3a/1i30ByIJIelieBoro posiiasy). Hapasi nepesary HajjaoTb
HY3BKOTeMIIepaTypHilt Mopeni. OfHak, monpyu 060B’s13K0Be JOTPUMAaHHS KPUTEPIiiB OZOON pK MOJe/TI0BaHHi,
OTpUMaHi pe3y/nbraTi He MOXXYTb OyTU HallpsIMy IHTepIIPeTOBaHi 1O peaJbHUX MeTaleBMx posiiasis. Ile morpe-
6ye IOLIYKY 3aKOHOMipHOCTeI, AKi 6 cipusn B iHTepIipeTanii pe3y/n1bTaTis.

Mera. BcTaHOB/IEHHS 3a/I)KHOCTI MDX IIpOLjecaMyl 3aHYPeHHsI Ta30BOr0 CTPYMEHs Y PifiuHY, 110 BifOyBamoThCs
32 YMOB HM3bKOTEMIIEPATYPHOIO Ta BMCOKOTEMIIEPATYPHOIO MOJIE/IIOBAHHA, Ha MOJIE/i 3 IPO30POIO CTIHKOIO.

Martepianm i1 meTopn. HuspkotemmeparypHe (Ha BOfHiiT MOfierli 3 TPOAYBKOIO MOBITPAM) Ta BUCOKOTEMIIepa-
TypHe (3 IPOYBKOIO KMCHEM CTaJIeBOr0 PO3IIIaBy) MOZEMIOBAHHA BEPXHbOI IPOIYBKM KPi3b O[HAKOBY OJHOCO-
IWIOBY GypMy P HOTPUMAHHI IOAIOHUX TeXHOIOTTYHMX YMOB Ha MOJE/LSIX 3 IIPO30POIO0 CTiHKOIO.

Pesynprarn. BcTaHOBICHO BigMiHHOCTI Yy popMyBaHHI KpaTepy B3aeMOJil ra30BOr0 CTPYMEHs 3 PifJKOIO BaH-
HOIO IIpY IIPOAYBLI PifiKoi cTami Ta Boanu: MeHImi1 y 1,4—1,5 pasy KyT HaxmiIy CTiHKM KpaTepy, MEHIIIA Ha BeNu-
YMHY 10 7 pasiB IMOMHA Ta MEHILINMIT Ha BeIMYMHY 0 35 % AiaMeTp Kparepy IpU OZHAKOBMX TEXHOJIOTiYHMX
yMoBax npoaysku. OTpyuMaHi JaHi 10710 mapamMeTpiB KpaTepy cTamm 6asucoM iy po3pobIeHnX piBHAHD 3a/ex-
HOCTI AiaMeTpy Ta INIMOMHM KpaTepy 3a YMOB IPOAYBKI BICOKOTEMIIEPATypPHOI MOZIET.

BucHoBKku. 3a pesynbraraMu Gpi3MIHOrO MOZEIIOBAHHA CKIaZleHO PIBHAHHSA PO3PaxyHKY IIapaMeTpiB KpaTepy
(miameTp Ta I/IMOUHM), yTBOPEHOTO IIPY B3a€EMOJIIl Ta30BOr0 CTPYMEH 3 PiIKOI0 BAHHOIO 32 YMOB BEPXHbOI IIPO-
ILYBKY, SIKi BpaX0OBYIOTb (pi3n4Hi 0COOMMBOCTI MOJENbHMX PifiyH Ta rasiB. OcoOMMBICTIO piBHAHb € BUKOPUCTAH-
HsA pe3y/bTaTiB HU3bKOTEMIIEPATYPHOIO MOJIE/IIOBAHHA JI/I IIPOTHO3Y IIapaMeTpiB KpaTepy Ha pPealbHOMY CTaJle-
BOMY PO3IL/IaBi.

Kntouosi cnosa: BepxHA NIpOlyBKa, Fa30BMIl CTPYMiHb, KpaTep, HU3bKOTEMIIEPATypPHE MOJIENNIOBAHHSA, BUCOKOTEM-
IepaTypHe MOJIE/IIOBAHHSA, IHTepIIpeTallis Pe3y/bTaTiB.
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