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SOFTWARE FOR A NUMERICAL STUDY OF STAGNANT AREAS
OF THE MELT DURING BLOWING

The problem of the existence of melt stagnant regions during inert gas blowing is the risk of its
crystallization near the walls of the ladle under conditions of constant temperature decrease. A large
number of scientific publications are devoted to solving this problem. One of the possible solutions is
to optimize the number and location of melt blowing nozzles in order to minimize the volume of stag-
nant areas. Mathematical modeling and numerical study of the specified process made it possible to
determine the best location of the nozzles and save on the costs of laboratory or industrial experi-
ments. The computer implementation involves recording experiments using a database and a web user
interface. Also, this implementation automatically forms graphs of dependent values. After registra-
tion, researchers have the opportunity to add the results of experiments in the form of calculated
fields. As a result of research, it was found that regardless of the number of lances, a stagnant area is
formed at the bottom near the wall of the ladle. There, the melt velocity varies from 1 cm/s to 5 cm/s.

Keywords: software, mathematical modeling, molten steel, argon blowing.

Ilpobrema icuysanns 3acmitinux obracmell po3niagy nio 4ac npooyS8aHHs THEPMHUM 2A30M
noasieae y pusuKy 1o2o Kpucmanizayii 6insi CmiHoK KO8ula 8 yMo8ax NOCMIlIHO20 3MEHUIEHHs memne-
pamypu. Benuka xinekicme naykosux nyonixayiti npuceéaueno poss’azanuio yiei npoonemu. OOHuUM 3
MOACIUBUX BUPIULEHb € ONMUMIZAYIA KITbKOCMI | PO3MAULY8AHHS (DyPpM NPOOYEAHHS PO3NIABY 3 Me-
mor MIHIMizayii 06 emy 3acmitinux obracmeti. Mamemamuune MOOEMOBAHHS | YUCETbHE OOCTIONCEH-
H5l O3HAYEHO20 Npoyecy 00360JUN0 GUSHAYUMNUY HAUKpaWe pO3MAULY8aHHS YYPM Ma 3eKOHOMUMU HA
sumpamax 1a00pamopHux abo NPOMUCIosux excnepumenmis. Komn'tomepua peanizayis nepeddoavae
0021iK 00cidis 3a 00noMo2or0 bazu danux i eeb-inmepdgheticy kopucmysaua. Taxooc ys peanizayis ag-
MOMAmMuyHo Gopmye epaghiku 3anexncHux eeruyut. JocrioHuku nicis peecmpayii mMaromes MOiCIU-
gicmb dodasamu pe3yibmamu 00Ciiois y euensdi po3paxo8anux nouie. Y pesyarvbmami 00ciodceHb
BUSIBNICHO, WO HE3ANEICHO 610 KIIbKOCMI (YypM HA OHI NOOIU3Y CMIHKU KOBUWA (POPMYEMBCS 3ACMIlIHA
obnacmo. Tam weudxkicms po3niagy 6 ckaaoae 8io 1 cm/c 0o 5 cm/c.

Knwuoei cnosa: npocpamme 3abesneuenus, mamemamuune MOOENO8AHMSA, pPiOKA CMATb,
apeonHe npooy8anHs.

Problem’s Formulation
From the point of view of the subject area "processing of molten steel in a ladle", the problem
lies in the existence of stagnant regions of the melt during blowing with inert gas — there is a risk of
crystallization near the walls of the ladle under conditions of constant temperature decrease. Using a
mathematical model, it is easy to study the movement of the melt in different configurations of blow-
ing nozzles.
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The numerical study of stagnant areas of the melt involves determining the initial state of the
melt, multipliers and various indicators, as well as recording the results in the form of calculated fields
of velocity, pressure, average, minimum velocity values. For this purpose, it is worth creating a data-
base. Numerical experiments can be carried out by many researchers remotely, so it is appropriate to
create a website where the results can be collected centrally.

Analysis of recent research and publications

The authors of the paper [1] considered the problem of melt hydrodynamics in the process of
filling a ladle in a three-dimensional setting using a cylindrical coordinate system. The work takes into
account: air entrainment by the steel flow; gaseous mixing of the melt. The non-solenoid motion of the
gas-melting medium is also considered with the assumptions of a small gas volume ratio, a zero ratio
of gas and melt densities, and the dependence of the gas phase density only on pressure. In the system
of equations of motion of the melt, the barycentric velocity of the gas-melt medium is used.

In the article [2], the single-velocity approach is used to calculate the hydrodynamics of a lig-
uid when filling a cylindrical closed volume, taking into account gas injection, which affects the
movement of a gas-liquid medium. The work is characterized by the following assumptions:

1) The medium is incompressible, which simplifies the Navier-Stokes equation;

2) The steel stream enters the melt in the center of the bottom of the ladle.

In work [2] there is no blowing of the liquid with gas. Equations are solved on a checkerboard
in natural pressure-velocity variables by the method of splitting physical factors. The authors con-
ducted a series of numerical experiments on filling a cylindrical tank with water, comparing the results
with experimental data. The drawings show a good correlation between the mathematical model and
the experimental results.

In work [3], the author takes into account the filling of the ladle in the hydrodynamics of the
melt, assuming that the steel jet falls in the center of the ladle, and the metal mirror is flat. The author
calculated the vertical speed of the melt mirror depending on the speed and radius of the jet, the radius
of the metal surface, and also proposed a calculation algorithm. The author provides detailed initial
data for the numerical experiment. The figures show a velocity field that infers significant melt
movement during pouring, which can be used, for example, to rapidly mix additives.

The authors of the paper [4] propose mathematical models for determining effective modes of
steel processing during ladle filling, as well as during siphon filling of the form. Navier-Stokes equa-
tions and finite-difference schemes are used to solve the two-dimensional problem of melt hydrody-
namics. The figures are given with the velocity field during the filling of a 250 ton bucket.

In [5], a method of splitting by physical factors is presented, which allows solving the Navy-
Stokes equation numerically in the physical velocity-pressure variables. In addition, this method is not
limited to the two-dimensional formulation of the problem of fluid movement — it also works in the
three-dimensional case, which significantly increases the number of processes that can be simulated.
In the case of the movement of the melt in the ladle, there are very few configurations that can be re-
duced to a two-dimensional representation, so the specified method is a priority.

The paper [6] presents a comparison of momentum equations and turbulence models for mul-
tiphase melt flow: VOF, Euler-Euler model, Euler-Lagrangian, quasi-single-phase model. Despite the
simplicity of the latter model due to the avoidance of calculating each bubble movement, it corres-
ponds well to experiments. The authors present the results of experiments on the installations on the
distribution of the diameter of the bubbles in the gas plume, starting near the plug and ending with the
upper surface of the liquid. As expected, the bubbles grow larger as they move toward the surface.

Formulation of the study purpose

The article is devoted to the development of software for scientific experiments and the study

of stagnant areas of melt in a steel ladle during blowing.
Presenting main material

In the subject area under consideration, scientists conduct numerical experiments of stagnant
areas of melt. Before the experiment, the scientist determines the initial values (for example, the gas
consumption for feeding through the blowing nozzles) and, after receiving the results, stores them in
the database. First, we will describe the mathematical model of the melt movement, and then the soft-
ware for conducting experiments.
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Simplifications will allow modeling the movement of the melt with gas using the conservation law:

1) The body of molten metal has the geometric shape of a cylinder.

2) The melt is an incompressible Newtonian viscous liquid consisting of two interpenetrating
phases: the main metal phase, an inert gas. The surface of the melt is flat.

3) An inert gas is considered ideal.

The top view of the bucket with the location of the blowing nozzles is shown in fig. 1.

Fig. 1. A top view of the ladle with tuyeres (1/20 scale). Four configurations with one (axial
and half-radius), two (opposite) and three tuyeres (equilateral triangle) are shown

The hydrodynamics of the melt will be determined by the Navier-Stokes equations corres-
ponding to the laws of conservation of mass and momentum:
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where D, and D, effective coefficients of kinematic viscosity and gas diffusion; g — acceleration of
free fall (accepted as 9,81 m/s?); v, — speed of gas ascent (taken as 0,5 nmv/s); S, — gas source; g —
gas consumption; 7,; — temperature of the gas before entering the melt; 7,, — temperature of the melt
(assumed to be 1800° C).

Boundary conditions for the normal and parallel component of velocity on the surface w of a
solid body:

ovl
1T ®
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vt =o, (6)

where n — normal to the wall.

Boundary conditions for the gas field are: impermeability on solid surfaces and a constant rate
of gas exit on the upper surface of the melt. The equations are solved using checkerboard discretiza-
tion. The cylindrical coordinate system corresponds almost 100 % to the geometry of the melt body.
Spatial derivatives are replaced by central differences and the pressure field is determined from the
fluid continuity equation. It is recommended to calculate the diffusion term implicitly, which will
avoid a strong limitation on the time step in the case of using an explicit scheme.

Software and information support for numerical experiments consists of a database and a web
user interface for filling the database and analyzing the results. The database management system cho-
sen is the lightweight version of MS SQL Server, which comes with the Visual Studio for Web pro-
gramming environment. ASP.NET MVC is chosen as the website programming technology. It orga-
nizes the code into three categories for ease of testing, readability and scalability of the project:

— models of objects (which, in particular, correspond to the essence of the subject area) are
presented in fig. 2;

— HTMLS pages with advanced features (loops, conditions, etc.);

— controllers that receive data from the database, process it and display it on HTML pages in
response to a browser request.
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Fig. 2. Entity-Relationship diagram for the database. Two complex types (“Furma”, “Tilo-
Rozplavu”) and one enumeration (“VydPolya”) are defined additionally to support table “Doslid”

The space occupied by the melt is conditionally divided into cells in which average values are
calculated. Foreign cells help to set the boundary conditions. The initial values for the numerical expe-
riment are given in the tabl. 1, 2.

In an additional experiment, the shutoff of the blow down at the 60th second was tested to de-
termine how long the melt could maintain a velocity greater than 0.05 m/s.
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Table 1. Melt parameters for the numerical experiment

Melting of steel
Radius 0,956 m (22 cells)
Height 1,7 m (18 cells)
Angular coordinate 27 (36 cells)
Density 7000 kg/m’
Temperature 1800 K

Table 2. Parameters of blowing lances for the numerical experiment

Blowing machines

Total gas consumption

40/60/90 1/min

Diameter of lances

0,1m

Ist setting

1 axial lance

2nd setting 1 tuyeres on half the radius
3rd setting 2 opposite lancets on half the radius
4th setting 3 lancets at an angle of 120 ° between them at half the radius

In fig. 3—4 shows a vertical cross-section of the developed (about 70 seconds) melt velocity
field in 4 configurations of blowing nozzles. Arrows indicate the direction of the velocity vector: it
consists of vertical and radial components of the vector. Each arrow has a rectangular background, the
color of which determines the length of the vector with a gradient starting from brown (low speed —
from 0 to 0.08 m/s) to white (more than 0.5 m/s). The highest velocity is in the middle of the gas barrel

above the nozzles.
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Fig. 3. Developed velocity profiles for single tuyere configurations (left — axial tuyere, to
right — half-radius one) using 90 1/min gas consumption
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Fig. 4. Developed velocity profiles for two and three tuyeres (left — two opposite ones,
right — three ones with 120° between) using 90 /min gas consumption

In the first configuration of the axial lance, an elliptical vortex is formed with foci in the upper
and lower parts of the ladle. At these points, the speed reaches almost zero.

In the second configuration, the gas barrel is located closer to the wall and mixes the melt well
on one side, while on the opposite side there are areas of low currents.

In the third configuration, two opposite gas barrels form at least four vortices of different
speeds, which positively affects the quality of mixing. At the same time, the lower part of the melt has
a markedly lower velocity, which in some places reaches above low values.

In the fourth variant of the location of the blowing nozzles in the shape of a triangle, various vor-
tex structures with medium rotation speeds are observed, especially in the upper part of the melt. But as
in the previous configuration, the lower part is much slower, which increases the risk of stagnation.

In all configurations, stagnant regions remain in the corners of the melt body near the wall.
But the first two have an average speed higher than the third and fourth. It should be noted that in the
presence of a slag layer, the first two configurations are more prone to blurring the slag layer, which
should also be avoided.

Conclusions

As shown by the experiments with turning off the lances after 1 minute of blowing, it is possi-
ble to save a little on gas consumption, because the kinetic energy of the melt is enough to continue its
movement for 11—17 seconds, which can be enough for the final mixing up to 5 % coefficient of var-
iation. It works especially well with a flow rate of 90 1/min.

As a result of the conducted research, it was found that regardless of the number of lances, a
stagnant area forms at the bottom near the wall of the bucket. There, the melt velocity varies from
1 cm/s to 5 cm/s.
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IPOI'PAMHE 3ABE3NEYEHHAA AJI51 HUCEJIBHOT'O JOC/IKEHHA
3ACTIMHUX 30H PO3ILVIABY IIPU ITPOAYBLI
Kpacnikxos K.C., ®ejninenxo O.B., Jlu:xxkos M.B.

Pedepar

[IpoGnema icHyBaHHA 3acTiHHMX OOMacTel poO3IUIaBY MiI Yac MPOAYBAHHS IHEPTHUM Ta3oM
MOJISATaE Y PU3HMKY HOro KpUCTami3amii OuTS CTIHOK KOBIIA B YMOBax IOCTITHOTO 3MEHIIICHHS
Temrepatypd. Bemuka KiIbKICTh HAayKOBUX IYOJIKalliii HPUCBSIYEHO PO3B’SI3aHHIO i€l mpobieMu.
OnHUM 3 MOXKJIMBHX BHUPILIEHB € ONTUMI3ALisl KUIBKOCTI 1 po3TairyBaHHs ypM NPOAyBaHHS PO3ILIABY
3 METOI MiHiMi3amii 00’eMy 3acTiiHMX oOmacTeil. MaremaTwdHe MOJEIOBAHHS 1 YHCEThbHE
JOCIIPKEHHS O3HA4YEHOr'o TMpOLecy JO3BOJIMJIO BU3HAYMTH Hailkpalie po3TaimryBaHHi (ypM Ta
3eKOHOMHTHU Ha BUTpaTax jJabopaTopHUX ado MPOMHUCIIOBUX eKcriepuMeHTiB. Komm'iorepHa peasnizaitis
nepenbavae oOJIIK AOCTIAIB 32 JOMOMOrow 0a3u AaHuX 1 BeO-iHTepdelicy KopucTyBaya. Takox 1
peaizanis aBToMaTn4HO (Hopmye rpadiku 3aJISKHUX BeTHUUH. JIOCTITHUKY MICIs peecTpanii MaloTh
MOXJIMBICTh JOAABaTH pe3yJIbTaTH MAOCTIAIB y BHUIJISAI pPO3paxOBaHMX IMOMIB. Y pe3ynbTaTi
JOCTIDKEHDh BUSBJICHO, IO HE3AJICKHO BiM KUIBKOCTI (ypM Ha JHI MOOMM3y CTIHKKM KOBIIA
(hopmyeThCs 3acTiiiHa 001acTh. TaMm MBUAKICTE PO3IIIaBy B cKiaaae Big 1 cm/c mo 5 cMm/c.

3 TOYKH 30py IPEAMETHOI 00JacTi «o0pobka po3IIaBy CTaji y KOBILI» MpolieMa MoJsirae y
iCHyBaHHI 3acTifHMX oOnacTell po3IUIaBy Mij yac MPOIyBaHHS IHEPTHUM ra3oM — € PU3UK KpHUCTalli-
3awii OUIA CTIHOK KOBIIAa B YMOBaX MOCTIMHOrO 3MEHIIEHHs TemiiepaTypu. Ha maremarnuniid mopeni
JIETKO JOCIIUTH PyX pO3IJIaBy B Pi3HUX KOH(pIrypauisx ¢ypMm npoayBaHHS.

UucenpHe TOCTIHKEHHS 3aCTIHHUX 00sacTell po3IuiaBy mnependavyae BUBHAYEHHS I0YaTKOBOT'O
CTaHy PO3IUIaBy, MHOXKHHUKIB 1 PI3HUX MOKa3HUKIB, a TaKOX (iKcallilo pe3yabTaTiB y BUIJISAL po3pa-
XOBaHUX TIOJIB MIBUAKOCTI, TUCKY, CEPENHIX, MIHIMATLHUX 3HAYEHB IIBUIKOCTI. 3 I[I€F0 METOI0 BapTO
cTBOpUTH 0a3y maHuX. UrcenbHi JOCIiTN MOXYTh MPOBOIUTHCS OaraThMa JAOCIITHIUKAMU JFCTAHITIH-
HO, TOMY JIOPEYHO CTBOPUTH BeO-CaiiT, Ha IKOMY LIEHTPaJIi30BaHO 30MPaTH PE3yJIbTATH.

CraTTiO MPHUCBAYEHO PO3POOI MpOorpaMHOro 3adesredeHHs] HayKOBUX AOCIIIB 1 BUBUCHHIO
3aCTIMHKUX 00MacTeld PO3IUIABY y CTAJIEPO3IMBHOMY KOBIII ITiJ] Yac MPOAYBaHHS.

SIK mokasaay IOCHTiI 3 BIAKIIOYEHHAM (ypM micist 1 XBHIMHHE NPOAYBaHHS MOXKHA JICIIO 3€-
KOHOMHTHU Ha BUTpaTax rasy, aJKe KIHETHUHOI eHeprii po3jiaBy BUCTaYUTh 100 MPOIOBKYBATH CBill
pyx Ha npots3i 11—17 cekyHn, 1o Moxe OyTH JOCTaTHBO IS OCTATOYHOTO IepeMimryBaHHs 10 5 %
koe(inieHTy Bapiamii. Oco0nrBO rapHO 1€ mparioe 3 BUTpaTow y 90 11/xs.

VY pe3ynbTaTi IPOBEACHUX JOCTIKEHb BUSBIICHO, M0 HE3AIEKHO BiJ KUTHKOCTI (ypM Ha JHI
mo0NnM3y CTIHKKA KOBIIa (opMyeThcs 3acTiiHa oOmacTb. TaM HIBHAKICTH pO3IJIaBY B CKJIAZAE Bif
1 em/c mo 5 em/c.
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