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MATHEMATICAL MODEL FOR CALCULATING THE MELTING OF A CYLINDRICAL
DEOXIDER BY RADIUS AND ANGLE ¢
MATEMATHUYHA MOJEJIb PO3PAXYHKY IIVIABJIEHHSA PO3KUC/JIIOBAYA
MUJITHAPUYHOI ®OPMU 3A PAJITYCOM I KYTOM ¢

Metal treatment in a steel ladle remains a promising area, as it improves the quality and
properties of the metal. Aluminium-based deoxidisers are most commonly used for such out-of-furnace
(secondary) treatment. The deoxidiser is typically in the form of a cylindrical ingot and is introduced
into the melt by being dropped into the steel ladle during tapping or purging operations.

The paper proposes a mathematical model for calculating the melting of a cylindrical deoxi-
diser using a curvilinear computational grid (by radius r and angle ¢).

Keywords: cylindrical deoxidiser, mathematical model, out-of-furnace treatment, steel ladle.

Obpobka memany y cmaniepo3iu6HOMY KOGULL 3ANULUAEMbCS NEPCHEeKMUBHUM HANPAMKOM,
OCKINbKU 00380A€ RIOBUWUMU AKICMb MA eKCRIyamayitini eracmusocmi memany. s maxoi nosani-
4HOI 00pPOOKU Hatiyacmiule UKOPUCTNOBYIOMb PO3KUCTIO8AY HA OCHOSI antominiio. Poskucnioeay mae
8UTA0 YUTTHOPUYHOSO 3IUMKA, 1020 66005iMb Y PO3NILAE WLIAXOM BKUOAHHS 8 CINANIEPO3TUGHULL KigU
nio uac npoyecie 6unycky abo npooysKu.

Asmopom 3anponoHosaHo MamemMamuyry Mooeib PO3PAXYHKY NAAGNeHHS PO3KUCTIO8AYd YUTi-
HOPUYHOI (hopMu 3 GUKOPUCTNAHHAM KPUBOMIHIUHOL cimKu (3a padiycom v i kymom ¢). Tlozaniuna 06-
PpobKa memany € 0OHUM 3 HAUOIILW NePCNEeKMUBHUX HANPAMKIE NiOGUUEeHHs AKOCMI ma 81ACMUBOC-
metl MemanonpooyKyii Macogo2o npusHa4eHHs. 3anexdcHo 6i0 KOHKPEemHUX 3a80aHb NO3aNi4Hoi 06po-
OKU, HeOOXIOHUM € NONePeOHe PO3KUCIEHHI MEMAy, K NPAGULo, artOMIHIEM npu 8unycKy abo npooy-
BAHHI 1i020 8 CIANENUBAPHOMY KOGUAL.

OCHOBHOIO MEMOI PO3KUCIEHHSL € 3HUNCEHHS 00 MIHIMYMY PO3YUHEHO20 8 CIATI KUCHIO ULIs-
XOM nepegedents 1020 6 OKCUOU 3 iX GUOANEHHSAM 3 Memary. Y memanypeii 01 po3KUCIeHHs. Memainy
Hauuacmiuie BUKOPUCTNOBYIOMb AIOMIHIU, 011 MIKPOAe2Y8AHHA CNOKIUHOI cmai Y KOSUll NpU 8UNYCKY
NIasKU 3 azpe2amy 3a38Uiail GUKOPUCTMOBYEMbCS 6MOPUHHULL | NEPEUHHULL ANIOMIHIL 8 3TUMKAX Ma-
coio 12—20 ke. 11io uac eunycky niaeku 3 KOHGepmMopa 6 CMAIEPO3NUGHUL KIGUL BKUOAIOMb AIOMIHIE-
6 3MUMKIU, NPU YbOMY Yepe3 HU3bKY 2ycmuny (2,7 e/cm®) anominiii ne nponukae é2nub poniasy.

Ak npasuno, 31umKy po3KUCTIO8AYI8 3HAXO0SAMbCA HA NOBEPXHI, iX Ni1a6IeHHA 8i00Y8aAemMbCs
mam, wo Npu3eo0Ums 00 3HAYHO20 Gunapoegysanus amominito 80—95 %. Amominii ne nponuxae
621Ub PO3NIABY, A, NIABAIOYU HA 1020 NOBEPXHI, OKUCTIOEMbCS KUCHEM 3 ammocgepu. s nidguuyen-
H3l e(heKMUBHOCMI BUKOPUCMAHHS POZKUCTIOBAYIE8 He0OXiOHo 30inbuumu ix cycmuny. Lle cmano mooic-
JIUBUM 3 BUKOPUCTNAHHAM (DEPOATIOMIHII0 3aMICMb YUCTNO20 ANIOMIHIIO.

Ananiz nonepeouix 00cCniddceHb asmopa NOKA3as, Wo Npu GeIUKOMY NPOYEHMHOMY 6Michi
QIIOMIHIIO 8 PO3KUCTIOBAYL 1020 2YCIMUHA CINAE HEBUCOKOIO I 3TUMOK 3 (epoamtoMinilo nio 4ac 6unycKy
Memany 3 KOHBEPpMOpA He POo3Niasisiemvcs 8 06cazi memany. Cnaugarouu Ha medcy po3liny ¢asz
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(unax-meman), 6in peacye 3i WAAKOM i ammMoc@epHuM KucHem. st po3paxyHKy RPUtiHamo, wo npo-
YEHMHUL 6MICI ANIOMIHII0 8 PO3KUCAI08A U] YUTIHOPUYHOI popmu nogunen Oymu ne merue 42 %.
Memoto pobomu € po3pobka mamemamuyHoi Mooeni 01 pO3PAXYHKY MPUBALOCHI NIABLEH-
H5l PO3KUCTIO8aYA YUTIIHOPUYHOL (POpMU, POMAUOBAHO20 HA MEXCI PO30LTY WAAK-MemAai, 3 YPaxy8aH-
HAM KPUBONIHIUHOCMI PO3PAXYHKOBOI CIMKU.
Kntouoei cnosa. posxucirogau yuniHOpuyHoi opmu, MamemamuyHa mooeilb, NO3aniuHa
00pobKa Memary, cmaiepo3NUHULL Kigul.

Problem’s Formulation

Out-of-furnace treatment is one of the most promising areas for improving the quality and
properties of mass-produced metal products. Depending on the specific objectives of out-of-furnace
treatment, it is necessary to pre-deoxidise the metal, usually with aluminium, during tapping or purg-
ing in a steel ladle.

The main purpose of deoxidation is to minimise the amount of oxygen dissolved in steel by
converting it into oxides and removing them from the metal.

In metallurgical practice, aluminium is most commonly used as the deoxidising agent. For mi-
croalloying of calm steel in the ladle during tapping from the furnace or converter, both primary and
secondary aluminium ingots weighing between 12 and 20 kg are typically used. During the release of
the melt from the converter into the steel-casting ladle, aluminium ingots are thrown in, but due to its
low density (2.7 g/cm?), aluminium do not sink into the melt but remain on the surface.

As a rule, deoxidiser ingots are located on the surface, where they melt, leading to significant
evaporation of aluminium (80—95 %). Aluminium does not penetrate deep into the melt but floats on
its surface, where it oxidises with oxygen from the atmosphere. To improve the efficiency of deoxidis-
ers, their density must be increased. This can be achieved by replacing pure aluminium with ferroalu-
minium [1, 2].

The author presents a one-dimensional model for calculating the melting period of cylindrical
ingots, taking into account the aluminium content.

Analysis of recent research and publications

An analysis of the author's previous studies has shown that when the percentage of aluminium
in the deoxidiser is high, its density becomes low and the ferroaluminium fails to melt within the melt
volume during converter tapping.

Instead, it floats to the slag-metal interface and reacts with slag and atmospheric oxygen. For
effective melting, it has been determined that the percentage of aluminium in a cylindrical deoxidiser
must be at least 42 %.

Formulation of the study purpose

The aim of this study is to develop a mathematical model for calculating the melting time of a
cylindrical deoxidiser located at the slag-metal interface, taking into account the curvature of the com-
putational grid.

To simplify the modelling process and reduce computational time, the problem is formulated
as one-dimensional.

Presenting the main material

Let us consider half of the cross-section of the cylindrical deoxidiser as the computational do-
main, as shown in Fig. 1. To solve the problem, a curvilinear coordinate grid is constructed. Next, we
will consider half of the cross-section, which we will divide into M semicircles with radii ri, where
1<i<M,andraysj, where 1 <j <N, into N sectors.

We obtain control volumes with coordinates i, j (Fig. 1) and set Mo as the initial number of
nodes along the radius of the represented cylinder. The value M > My takes into account the maximum
possible number of frozen layers of metal or slag [3].
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Fig. 1. Calculation area of the mathematical model of melting of a cylindrical deoxidiser at the
phase boundary, slag-metal, using a curvilinear computational grid

Note that the calculation uses an explicit difference scheme to calculate temperature values

n+1
ti, j grid nodes are divided into internal control volumes (2 <i<M-1, 2 <j<N-1), central control

volumes (i = 1, 1 <j < N) and surface control volumes (i =M, 1 <j<N).
Heat balance equation for central control volumes (i =1, 1 <j < N) as follows:
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The values of the control volume V, upper surface Ss and side surfaces S, are determined by
the formula in the calculations and are taken to be equal to 1.

Vzﬂ.ﬂ.Ag.Az, Se= szg-AS-AZ, (2
2 2 2

where Az — is the thickness of the control volume in calculations.

In the calculation, when j = 1, we exclude the second term on the right-hand side of equation
(1); when j = N, we exclude the third term on the right-hand side of equation (1).

Heat balance equation for internal control volumes (1 <i < M;, 1 <j < N) as follows:

Vpin.C.rj. tirj;l_tirjj _ Ss '(tin+l,j _tir,]j) B Sj '(tir.]j _tin—l,j) _ Sb .(t:j _tir?m) + Sb '(t:ja _tir,]i) ) (3)
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The control volumes V, upper plane Ss, lower plane S;, and side planes S, are determined by
the equation:

V=r -Ar-A3-Az=i-Ar-Ar-A3-Az; S, =(i+%)~Ar-A3-AZ;
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Sj:(i_%j.Ar.Ag.Az; Sp=i-Ar-A8-Az . 4

To calculate j = 1, we exclude the fourth term on the right side of equation (4); for j = N, we
exclude the third term on the right side of equation (4). According to Dusimber method during freez-
ing and melting processes, the temperature at the surface remains equal to the material’s melting or
freezing point [3—75].

We perform temperature field calculations with boundary conditions of the first kind, and cal-
culate the freezing (melting) process in surface control volumes. Moreover, excess is determined in
metal or slag tnag, thad, heat balance equation (5).
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The control volumes V, upper plane Ss, lower plane S;, and side planes Sy are determined by
the equation:

V=n, -Ar-A8-Az=M-Ar-Ar-A8-Az; S, =(M —%j-APAS-AZ;

Ss:(M +%)-Ar-Al9-Az; S, =M-Ar-A9-Az. (6)

It should be noted that the heat transfer coefficient ¢ melt temperature t,, and melting (freez-
ing) temperature tp have values that depend on whether the surface layer is in contact with molten
metal or molten slag.

The melting temperatures and excess are summed up in separate counters. For this purpose,
the cq; array is presented in the program during programming, and at the beginning of the calculation,
its elements are equal to 0. When the value of cq; becomes greater than the ratio of the melting heat of
the material to its heat capacity, it can be assumed that the boundary cell with coordinates (M;, j) has
melted. In this case, the value t [M;, j] becomes equal to the melt temperature, and the number of nodes
along the radius M; decreases by 1.

If material freezes on this temporary layer, the value of cg; is also compared with the ratio of
the material's melting heat to its heat capacity. If cqj is greater than or equal to this ratio, the number of
nodes along the radius M; increases by 1. After the frozen metal shell has melted, the process of calcu-
lating the melting of the cylinder is complete, since by this time the solid phase of the cylinder inside
the metal shell has completely melted.

Conclusions

The paper considers a mathematical model for calculating the melting of a cylindrical deoxi-
diser using a curvilinear coordinate grid (by radius r and angle 9). The proposed approach enables the
analysis of the melting kinetics of an alumina-containing cylindrical deoxidiser at the slag—metal inter-
face.

The mathematical model allows for the investigation of the thermophysical processes of melt-
ing a cylindrical body during out-of-furnace treatment in a ladle. It provides a basis for further optimi-
zation of deoxidiser composition and geometry to improve melting efficiency and metallurgical per-
formance.
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