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In the framework of modern two-stage liquid steel production, electric arc furnace (EAF) is a unit for intensive
smelting of intermediate product, with subsequent finishing to specified steel grade by methods of the ladle
metallurgy. The EAF technological regulations provide for obtaining a low-carbon melt in the energy-saving mode
of slag foamed with gas bubbles. Reduction of the shape factor of steel melting bath (diameter to depth ratio) with
an unchanged liquid steel capacity is aimed at increasing the energy efficiency of the EAF due to reduction of heat
losses by radiation of the melt surface on the working space water-cooled panels. The transition to a “deep” bath
also contributes to the intensification of heat and mass exchange processes under the conditions of forced mixing
of the melt, in particular, purging with inert gas. The effect of a “deep” bath on the process of carbon removal on
argon and CO bubbles and formation of foamed slag during intensive technology, from the standpoint of the EAF
energy efficiency, a numerical study was carried out. The single bubble model and known empirical relations for
mass transfer coefficients of reactants under the conditions of diffusion stoichiometry are used. For industrial 120-
tons EAF it is shown that reducing the bath shape factor to the optimum, according to the energy efficiency criterion,
leads to an increase in the rate of metal decarburization by 5-18% due to the intensification of the mass transfer
processes of reagents in the system of iron-carbon melt-floating gas bubble. On the base of known experimental
data, under conditions of optimal surface tension and viscosity of the slag, a regression equation was obtained
for the height of stable slag foam on process gas flow rate through metal-slag interface. Using a numerical model
of radiation heat transfer, is shown that a “deep” bath factor, in this context, contributes to the reduction of radiation
heat losses with water by 4% due to more effective shielding of electric arc radiation on water-cooled EAF panels
with foamed slag.

Key words: electric arc steel melting furnace, “deep” bath, purging with inert gas, intensification of decarburization
on gas bubbles, foamy slag, energy efficiency.

TimoweHko Cepeill. HucesibHe Mode/it0BaHHSI eHepaoegheKMUBHUX piuleHb 3Hesya/1eyeBssieHHs U
w1akoBo20 pexxumy 8 0y208ili cmasiensasusibHil nedi

B pamkax cyyacHoro gsocTafiiiHOro BUpOOHMUTBa pigkoi ctani enektpogyrosa niv (ACIM) € ycTaHOBKOK
NS IHTEHCVBHOI BUMNaBKM HaniBpabpukaty 3 nofasibluvM LOBELEHHAM CTani A0 3afaHoi Mapku meTodamu
KOBLUOBOI MeTanyprii. TexHonoriyHnii pernameHt ACI nepegbavae OTPMMaHHSA HU3bKOBYI/IELLEBOrO PO3nnaBy
B eHeprosbepiratoyoMy pPexumi CniHEHOro rasoBMMKU Oynbbalukamu Lnaky. 3MeHLWeHHs KoediyieHTa dopmu
cTaniennaBu/bHOI BaHHW (BiAHOLIEHHS AiaMeTpy A0 MMU6UHKN) 3a HE3MIHHOT MICTKOCTI PigKOoT cTasi CnpsiMOBaHo Ha
nigsuLLeHHs eHeproedekTuBHocTi ACI Yepes3 3HMKEHHS Tens10BMX BTPAT BUNPOMIHIOBAHHAM MOBEPXHI po3nsiasy
Ha BOA0OXO0/I0MKYBasIbHI MaHeni poboyoro npoctopy. Mepexis [0 «I/IMOOKOI» BaHHU CNpUSiE iHTEeHCudikawii
npoueciB TeN10Maco06MiHy B yMOBax NpMMYCOBOrO NepeMillyBaHHs po3n/iaBy, 30Kpema, iHepTHUM ra3om. LLinsaxom
yncesibHOro MoAesNItoBaHHS A0CNIAKEHO, LU0 3 N03ULLi eHeproedyekTMBHOCTI CI BNAMB «I/IMO0KOI» BaHHW Ha NPoLEeC
3HEBYI/IELIEB/IEHHS CTasli Ha Bynbballkax aproHy i1 CO i yTBOPEHHS CMIHEHOrO LUlaKy 3a iHTEHCMBHOT TEXHO/OTII.
3acTocoBaHO MOZe/b 0AMHOYHOT ByNbbaLlKy | Bi4OMI eMMipuyHi CNiBBIAHOLLEHHA AN1A KOeiLiEHTIB MaconepeHocy
peareHTiB 3a yMOB AndysiiiHoi cTexiomeTpil. Logo npomucnosoi 120-1 CIM nokasaHo, L0 3MeHLLIEHHS koedillieHTa
hopmy BaHHM [0 ONTUMAsIBHOTO 3a KpUTepieEM eHeproed)ekTUBHOCTI NPUBOAWTL A0 306i/IbLUEHHS LUBUAKOCTI
3HeBYINeLeBneHHs Metasly Ha 5-18% 3a paxyHOK IHTeHcudikaLii npoueciB MacornepeHocy peareHTiB B CUCTEMI
«3aNi30BYrNeLEBUCTIIA PO3n/iaB — CnvBaroya ra3oBa 6y/bballka». Ha 0CHOBI BiOMVX eKCNepuMEHTa/TIbHUX AaHuX,
33 YMOB ONTVMa/IbHOTO NOBEPXHEBOrO HATArY Ta B'A3KOCTI LUIaKy, OTPUMAaHO PIBHAHHA perpecii 418 BUCOTW CTiliKol
LL1aKoBOI NiHW Bif, LWBWAKOCTI NOTOKY TEXHO/OMNYHOIO rasy Yepes Mexy «meTasl — LWiak». 3a AonoMoror YAcensHol
mMogeni pagjawiinHoro Teni1006MiHy NokasaHo, Lo DaKTop «I/IMBOKOT» BaHHW B LibOMY KOHTEKCTI CMPUSE 3MEHLLEHHIO
pagiauiiHmx BTpaT TensioTU 3 BOAOK Ha 4% 3a paxyHoK Gifibll ed)eKTUBHOMO €KpaHyBaHHSA CMIHEHUM LLIAKOM
BUMPOMIHIOBAHHSA €NeKTPUYHOT Ayrn Ha BOLOOX0N04KyBabHi naHeni ACTT.

Knrouosicnosa: 0y2o8acmasensiasu/ibHanid, «2/ubokax» BaHHa, POOYBKaiHePMHUM 2a30M, 3HEBY2/1eU€B/EHHS
cmavii Ha 2a308UXx by/ibbawkax, CriiHeHul wiak, eHep20eheKmuBHICMb.

45



HaykoBuii XXypHan MeTiHBecT MonitexHikn. Cepist: TexHiuHi Haykm, Ne 1, 2024

Introduction: state of the art and the research
task. The EU Green Deal policy in relation to steel
production, against the background of changing
consumer demands, will give preferences in the
nearest future to energy-efficient and environmen-
tally friendly solutions of hydrogen reduction of
iron and electrical steelmaking technologies, par-
ticularly, in arc furnaces (EAF) [1]. A technological
sketch of modern EAF, in the context of improve-
ment efficiency of carbon removal from the steel
and energy saving slag mode, is shown in Fig. 1.

A shape factor of steelmaking bath k, = D, /H,
(Fig. 1, a) in the classical EAF technology con-
stitutes 4.5-5.5 [2]. Such geometry provides a
developed metal-slag interfacial surface, which is
necessary for effective steel refining. In a mod-
ern EAF technologies with subsequent finish-
ing of the steel to specified grade by methods
of ladle metallurgy, cooling panels in the work-
space, forced mixing of the bath, to increase the
energy efficiency seems rational the transition to
a “deep” bath with a smaller radiating surface due
to reduction of k, [2]. An important advantage of a
“deep” bath is the intensification of heat and mass
exchange processes under conditions of forced
mixing [3]. This factor contributes to reduction of
the technological period and time of the heat in

general, and ultimately — the energy efficiency of
the furnace.

A widely investigated reaction between carbon
[C] and oxygen [O], dissolved in the molten steel:

[C]+[Q] ={CO}, 1)

associated with the emerging of gas phase. In
a homogeneous melt such reaction is complicated
through high value of capillary pressure to form a
bubble. Therefore, it flows in the bath mainly on
free surfaces, in particular gas bubbles. Chemical
composition of the bubbles in the EAF liquid bath
conditions is mainly represented by CO, that is the
ultimate product of dissolved and injected carbon
oxidation through supersonic oxygen lance oper-
ation, and argon, which is used during pneumatic
mixing. The reaction constant of (1) has the follow-
ing temperature dependence [5]:

ko = Peo /[CLO], = 1000284 (2)

where p, — the partial pressure of CO in the
bubble (at); [C],,[O], — surface concentrations of
carbon and oxygen at the bubble-melt boundary
(wt. %); T,, — metal temperature (K).

The kinetics of metal decarburization due to the
reaction (1) on emerging gas bubbles for one-di-
mensional problem is described by the next differ-
ential equation [6]:
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Fig. 1. Technological scheme of EAF (a). Mechanism of decarburization process on floating gas
bubbles (b). 1 - EAF, 2 - metal bath, 3 —slag bath, 4 — porous plug, 5 — gas bubble, 6 — electrode,
7 - electric arc, 8 — heat intensification facilities, 9 — aspiration duct, 10 - charging bucket
(other designation are in the text)
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dnldx=J.,-F luy, (3)

where n — current by coordinate x (m), amount
of CO in the bubble (kmol); F, — bubble surface
area (m?); u,- velocity of bubble ascent (m/s);
J o — flow of reagents from the melt into the bub-
ble [kmol/(m?s)].

Atask of research is to substantiate optimization
of the EAF bath form factor, in the context of impor-
tance to assess the possibility of intensification the
technology-regulated process of carbon removal
from steel on gas bubbles with an increase in the
depth of steelmaking bath.

Main content: method, results, discussion.
The task was completed by numerical simulation
in the Mathcad application package.

The ascent of a single inert gas bubble with
initial radius r,, in iron-carbon melt in the gravi-
tation field (Fig. 1, b) is considered. Reaction (1)
takes place on the bubble surface until equilibrium
established with the gas phase in the bubble and
surface concentration of carbon and oxygen in
the melt, that described by equation (2). In order
to correct calculation of equation (2), surface con-
centrations should be expressed in terms of their
volume concentrations, which can be practically
determined.

According to reaction (1), diffusion stoichiome-
try carbon j[C and oxygen j, flows is observed
during formation of CO, which gives the expres-
sion of Fick’s law for a one-dimensional problem
the following form [kmol/(m?s)]:

j[C] = B[C] ([C]- [C]s)fc :j[O] = B[O]([O] - [O]s)fo =/, (4)

where f =5,83;f =4,38 — coefficients of con-
version reactant concentrations [C], [O] with wt. %
in kmol/m3.

The values of the mass transfer coefficients of
oxygen and carbon B, ,B., (m/s) in the iron-car-
bon melt-floating bubble system are determined by
the following empirical expressions [6]:

Py = a\/D[C] Uy Ity By = a\/D[O] “uy I'ry, (5); (6)

where u, — ascending bubble velocity in the
melt bath (m/s); Dg,D, — molecular diffusion
coefficients of oxygen and carbon in molten steel
(m?/s); r, —fluent bubble radius (m); a —empirical
coefficient equal 0,88 for spherical bubble [6].
Expressing one surface concentration from
equation (2) in terms of another one, we get the

next form:

[0 =P,  ([C)iKeo) - (1)

Let's determine the surface concentration of
oxygen from equation (7), taking into account
expression (4):

[O) =[0]-(j/ Bioy) = Peo / ([CLske) - (8)

Let's transform equation (7) to find the surface
concentration of carbon.

[C]s = Peo /[kco ’ ([O]_j/B[O] )] : (9)
Substituting the value of surface concentration
of carbon from expression (9) into equation (8), we
get the stoichiometric reagents flux in kmol/(m?s):
j = B[C]([C]fc_pco /[kco ([O] 1:a_j/ﬁ[o] )]:
= B[O][C] fc_B[C]pco /[kco ([O]fo_j/B[O])]

Let's transform this equation, reducing it to a
square one, and find its roots:

j1,2 =05 [(B[o] [O] fo + B[C] [C] fc) *
(B[Ol +BglCI )~ |7

* p
4B[O]B[C] ([C][O] fcfo - kco )

co

(10)

The expression 6 = [C][O] - p,, / k., in the equa-
tion (10) is a driving force of the reaction (1). When
the value of 6 > 0, diffusion flow of the reagents
proceeds from the melt to the bubble; at 6 < 0 pro-
cess take place in the direction from the bubble
to the melt. When choosing the root of equation
(10), we are guided by the reasoning that in the
absence of the driving force of the reaction (1), that
is at 8 = 0, the flow of reactants approaches zero.
Therefore, the actual solution of equation (10) has
a (-) sign.

The differential equation (3) for a single bubble
of argon and CO, taking into account the expres-
sions for the input parameters, solved numerically
per conditions of technological (heating) period in
120-ton EAF, operating with intensive technology.
There are: [C] =0.22%, [O] = 0.01%, temperature of
the bath and in the bubble is T = 1873 K, diffusion
coefficients D, = 7.910° m?/s, Dy = 7.510° m?/s
[6]. The depth of the bath and the initial radius of
the bubble varied from 1 to 2 m and from 10 to
40 mm, respectively.

In the process of solution, the parameters that
are a function of bubble position on the bath height
were adjusted according to x coordinate (Fig. 1, b):

— bubble fluent radius
fy =[Ny + N)R,T,, /[P, + (H, —x)/ Hy1-1,33x]]"* (m);

— fluent pressure in the bubble
P =Py +[(Hb _X)/Hg] (at);

— velocity of ascent the bubble in steel bath
u, =1,02\/gr, (m/s) [7];

— mass transfer coefficients according to for-
mulas (5,6) through u,, r, (M/s),

where N, N, is the amount of gas in the bub-
ble at the exit from the bath and in initial bubble,
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respectively (kmol), R, — universal gas constant [J/
(kmol-K)], g — gravity constant (m/s?), H,=1.48 -
hydrostatic height of liquid steel (m), p,, — normal
atmospheric pressure (at).

The dependences of relative progress of decar-
burization reaction on CO and argon bubbles
Ogee = (NTNy)/ (N/Ny) in the "deep” bath (N/N)
at H,= 1.75 m and initial basic bath (N/N,))* at H,
=1.1 m versus the initial size of the gas bubble are
shown in Fig. 2.

Analyzing the results, it can be seen that with
average bubble sizes of 10-20 mm typical for a
steel-melting bath [7], increasing the depth of
120-ton EAF bath from 1.10 to 1.75 m allows to
count on an increase in the decarburization rate by
5-18% due to the intensification of mass transfer
reagents in the melt-bubble system.

A higher result of decarburization on argon
bubbles, in comparison with CO bubbles, appears
to be regular, when concentrations of carbon and
oxygen in the bath are close to equilibrium.

It should be noted that the results, obtained for
a single bubble, with mass bubbling will be lower
through mutual influence, but the general trend of
mass transfer intensification in a “deep” bath will
obviously remain.

Carbon removal is accompanied by intensifica-
tion of melting in the EAF due to powerful mixing of
the bath both with oxygen lance jets and with CO
bubbles. Increasing the intensity of oxygen blow-
ing the bath through heat intensification facilities
(Fig. 1, a) is limited by the possibility of damage to
the furnace lining by a high-temperature reaction

crater. According to research by P. McGee and
G. Irons [8], the penetration depth of a supersonic
inclined oxygen jet into a liquid steel bath is pro-
portional to the square of the blowing rate. Accord-
ing to M. Alam, G. Irons, G. Brooks and others
[9] the dependence between these parameters is
close to linear. Increasing the depth of 120-t EAF
bath by = 1.6 times (from 1.1 to 1.75 m) gives the
reason to increase the average blowing inten-
sity by = 2 times. Such a change in the regime
of oxygen blowing will have a positive effect both
on the dynamics of bath homogenization with the
increase in number and depth of gas bubbles
emergence in the secondary reaction zone [5],
and on the mass transfer processes on the crater
walls and on the bubbles during metal decarburi-
zation [10; 11].

A decrease in k, relative to the base value
leads to the need to shift the oxygen jets from the
electrodes by increasing of inclination angle 3 of
oxygen lance axis to the horizon (Fig. 1, a). This
operation, according to [9], should give a positive
effect due to the reduction of the melt splashing
and associated negative effects of water-cooled
panels metallization and iron losses.

Among the parameters that determine a mode
of slag foaming, in addition to basicity, oxidation
degree (content of FeO), surface tension and vis-
cosity of the slag, an important is the specific, per
unit area of the bath, intensity of CO gas emission
at the metal-slag interface Q,[m?%*(m2.s)]. This
factor, assuming its uniform distribution over the
bath surface, determines a gas dynamic of the
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Fig. 3. Relative foaming slag height o, and relative energy consumption o,
versus bath form factor k, for industrial 120-ton EAF
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Fig. 2. Progress of carbon removal reaction o, as a result of transition from base bath
to “deep “one versus initial bubble radius r,,; 1 - argon, 2 - CO

slag and, thereby, the height and stability of the
slag foam [12; 13].

Based on the analysis of experimental data
by S. Aminorroaya, H. Edris [13] on 200-t EAF
for the height of foamed slag h, (mm) depending
on Q, and the specific consumption of electricity
W,, (kWh/t) depending on h, with the content in
the slag (FeO) = 25-30%, the following trend line
equations are obtained:

h, =213,30In(Q,,
W, =-0,26h, +789,5.

)-50,26. (11)
(12)

The evaluation of Q,, was carried out with the
same mode of heat intensification facilities opera-
tion with a specific oxygen consumption of 45 m?
ton during 15 minutes, blowing, typical for inten-
sive EAF technology. Dependencies (11,12) are
used to estimate energy savings when applying
the foamed slag regime under the conditions of
implementing a “deep” bath in 120-t EAF.

The EAF energy efficiency indicators are pre-
sented in dimensionless form (Fig. 3): the relative
increase in the height of the foamed slag o, and
the relative energy savings a,, through transition
from the basic bath (H,= 1.10 m, k, = 5.0) to the
“deep” one (H,= 1.75 m, k, = 2.5). The param-
eter o, is obtained, basing on a mathematical
model of heat exchange by radiation in the EAF

[14]. It is characterized by a relative decrease of
radiation energy losses in water-cooled panels
due to screening effect of increased height of the
foamed slag.

Based on shown in Fig. 3 estimates of relative
values o, and o, it can be predicted that transi-
tion from the base bath to the “deep” one, with cor-
responding decrease in k, =D, / H, from5.0to 2.5,
the relative height of the foaming slag increases
by 15%, which ensures the energy savings in the
furnace by = 4%.

Conclusion. On the basis of nhumerical mod-
eling of the mass transfer processes in the EAF,
it was established that reducing the form factor of
steelmaking bath from traditional 5.0 to 2.5, accord-
ing to the energy efficiency criterion, leads to an
increase in metal decarburization rate by 5-18%
due to the intensification of the mass transfer pro-
cesses on ascending gas bubbles. The advantage
of the “deep” bath regarding to the slag mode is to
increase of allowable, under the conditions of reac-
tion crater action on refractory, intensity of oxygen
blowing by = 2 times. Another positive factor is the
reduction of radiation heat losses with water in the
protective panels by = 4% due to more effective
shielding of the arcs with foamed slag. Obtained
data should be considered as a further argument
in favor of a “deep” bath EAF concept.
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