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ANALYSIS OF ENERGY EFFICIENT SOLUTIONS OF A SMALL
CAPACITY ELECTRIC ARC FURNACE AND THEIR SYNTHESIS IN A
NEW GENERATION 15-TON UNIT

On the basis of mathematical modeling and numerical experiment were analyzed the
factors to increase energy efficiency of the electric arc furnace (EAF) of a small
capacity. Optimization of depth of the steelmaking bath is performed, which in
combination with the bath blowing by an inert gas provides lowering of radiation heat
loss by 21%; enhances heat- and mass transfer by 11-16%, heating and homogenization
of liquid steel by 8%. Implementation of energy saving water-cooled panels and a
system of dispersed aspiration reduce heat loss and fugitive emissions. The synthesis of
innovative solutions in 15-t EAF will reduce total energy consumption by 3 - 5%.

Keywords: electric arc furnace, energy efficiency, geometry of the bath, energy-saving
panels, dispersed aspiration system.

Ha ocnosi mamemamuinozo MmM00eA06AHHSA | HYUCEAbHOZ0 eKCNepumMeHmy nposedeno
anani3 YUHHUKIB Ni0BUWEHHs eHepzoeexmusrHocmi 0Yyz080i cmaseniasuibHoOl neui
(4CII) manoi micmrxocmi. BUKOHAHO OnmMuMi3ayirn 2AUOUHU CMAJENIA6UNLbHOI 6AHHU,
wo 6 noedHaHHI 3 npoldyexKow IHePpMHUM 2a30M, 3MEHWYE empamu menna
sunpominoeannam Ha 21%; npuckoprwoe npouyecu menao- i macooominy wa 11-16%,
Haepigy i ycepeOHeHns memaay Ha 8%. Enepzosbepizarwui 60000x0100xYy6aHi naneni i
cucmema posocepedixceHol acnipauii cnpusrmev 3HUNCEHHIO empam menaa i
HeopzaHi308aHUX BUKUDI8 NUN02a308020 cepedosuuya. Cunme3d iHHOBAUIILHUX DilleHb 8
15-m [ICII 0o360numb 3HUSUMU 3A2AJbHe eHeP2ZOCTONUBAHRA HaA 3 - 5%.

Knrouoei cnosa: dyzoea cmanenaasuabHa nii, eHepzoepexmueHicmy, zeomempis 6AHHU,
eHepzosbepizaloui nauneai, cucmema po3ocepedieHoi acnipauyii.

Ha ocrose mamemamuieckozo M0OeAUPOSAHUA U YUCIEHHO20 IKCNEPUMEHMA NposedeH
anaau3 GaxKkmopos no8blLULeHUS IHepzoapPexmusHocmu 0Yyz080iL CMALENIABUNIbHOL
neywu (ACII)  manoii emecmumocmu. Bwvinoanena  onmumusayus  2ayOUHbL
cmaJsnenniasuibHoll 6AHHbL, UMO 8 COYeMmaHuUU ¢ npodysKoil 6aAHHbL UHEPMHbLM 2a30M,
CHUJMcaem nomepu menaa u3ayyenuem Ha 21%; yckopsem npoyeccv. menno- Uu
maccooomerna Ha 11-16%, Hazpesa u ycpedneus memanaa nHa 8%. IHepzocbepezaloujue
godooxnaxncdaemvie naHesl U CUCMeMa pPAcCPedOmoOUeHHOl ACnupayuu cnocobcmaeyiom
CHUJCEHUI0 nomepb menjaa U HeopzaHUu306aAHHbLX 6blOPOCOE nblneza3060il cpedvi. Cunmes
UHHOBAUUOHHbLX peuwleHull 6 15-m [[CII nozgoaum cHu3umbs obujee sHepzonompebieHue
Ha 3 - 5%.

Knwuesvie cnoea: OJyzosas cmanenniasuivbHas nNeub, IHEP20IPPEeKmMuUBHOCMDY,
zeomempus B6aAHHbLL, IHepzocOepezalowue nNAHeAU, cucmema paccpedomoienHoil
acnupayuu.

Formulation of the problem. The general trend of the steel industry,
including Ukraine, is the development of energy efficient and environmentally
friendly mini-mills on the basis of EAF. As the charge for them it can be used
not only scrap, but also metallized materials, including those obtained from
the accumulated technological and reproducible metallurgical wastes. In the
last decade there has been a tendency to build micro-mills targeted at a
relatively small (up to 100-200 thousand tons per year) regional needs in the
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metal specific brands and profiles [1]. There is a need for a new generation of
energy-efficient EAF for such enterprises.

Analysis of recent research and publications. The leading in steelmaking
equipment companies "Siemens-VAI Metals Technologies, "Danieli” created a
series of special new generation micro-EAF with a capacity from 5 to 35 tons.
The general trends of technical solutions are [2, 3]:

- Modular design to quick change the capacity and technological options
of the EAF;

- Widespread use of water-cooled wall and roof elements;

- Utilizing the heat of exothermic reactions with purge the liquid bath by
oxygen and carbonaceous powder injection and due to forced mixing by carbon
oxidation products;

- Foamed slag practice to reduce electric heat loss by arc radiation and
improve heat energy transfer to liquid bath.

Energy efficiency of the EAF determines, mainly, by radiation heat loss,
absorbed in water-cooled panels, and by off-gas removal, which together make
up more than 90% of total energy loss [4]. This position is more pronounced
for micro-EAF, in which the specific energy loss with cooling water and the
off-gas removal through traditional “suction elbow” considerable higher than
in large furnaces. Thus, the use of cooling and aspiration systems, typical for
high-performance EAF, leads to increase of energy loss in a small capacity
EAF.

According to above mentioned, actual task of Ukrainian industry is
development and implementation of energy efficient and competitive EAF with
average capacity 12-15 tons, which can operate both with intensive technology
as a smelting unit at a micro- mill, and with classic technology in foundries.

The purpose. This work aims to analyze the factors increasing the energy
efficiency of micro-EAF on base of mathematical and numerical modeling of
heat and mass transfer, fluid and gas dynamics in the workspace and to
synthesize in appropriate innovative solutions of a new-generation domestic
15-ton furnace.

The main part. The base of proposed solutions is shown schematically in
Fig. 1. Here at the left side is a new furnace vertical section, and at the right
side is traditional one. Let's consider the proposed solutions to improve energy
efficiency of the furnace.

1. Optimization the workspace geometry and
activation the steelmaking bath

The loss of heat by radiation with cooling water depends mainly by ratio
between bath and electrodes pitch diameterD, /D, , i.e. between main radiating
surfaces: the bath and the electrodes. Depth of the bath H, — is a secondary

factor, related to the bath diameter through the equation for volume of
cylinder-spherical body. Using the mathematical model of radiation heat loss
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evaluation [5], was calculated the relative energy loss by radiation inl5-ton
EAF in dependence onD,/D, . In the model total radiated power from
considering sources: the surface of the bath and the electrodes, according to
the model, is the result of integration of the elementary heat flux from
emitting to receiving surfaces, based on Lambert's law, thermal heat transfer

characteristics of the objects and the geometry of furnace workspace (the
coefficients of mutual irradiance). Benchmark is a standard 12 — ton EAF [6]:

D,/D, = 5.0-5.3, which corresponds to D,/H, = 3.9- 4.3. The initial
conditions were as follows: bath temperature 1900 K, D, = 0.6 m, workspace

height (over the bath) 1.5 m. Results of calculation in package MathCad V14
represented in Fig.2.

MNew generation EAF Dp Traditional EAF
)

To fume
plant

Fig.1 — Schematic representation of new EAF design features
to increase energy efficiency.
1- metal bath; 2- slag bath; 3- wall panels; 4- roof;
5- exhaust duct; 6- electrodes; 7- oxygen lance; 8- porous plug,
9- two-phase area; 10- slag door; 11- charge; 12 — bottom;
ce — controlled emissions; fe — fugitive emissions; ai — air inflow

Minimum of radiant heat loss on the curve is explained by the change the
dominant factor from the bath to the electrodes at lowD,/D . At the

intensive technology with foamed slag practice critical value D, /D, is lower

and, respectively, the effect of deepening the bath is higher than at
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traditional classic technology, where the arc radiation is not completely
shielded by the slag. Certain restrictions on reducing D, /D, (increasing bath
depth) make the method of loading a charge into the EAF. When bucket
loading (the most common option), these limitations, related to the volume of

the workspace above the bath, are much more, than in the case of continuous
loading a charge into the liquid bath (process "Consteel”). For the EAF with a

bucket loading reduction Db/Dp from the traditional level 5.3 to 4.5 (this

corresponds to decrease D,/H, from 4.3 to 3.2) reduces heat loss with the

water by 21%.

The consequence of reducing the ratioD,/D,, in addition to improving
energy efficiency of the EAF, is the possible decline of the extraction
refinement of metal out of reducing the reaction surface metal-slag. This
factor, in many respects is caused by historically formed tend to have a
shallow bath in traditional EAF design [6].

With the development of the heat intensification means, reduction of
metal-slag surface compensates by increasing the rate of circulation in the

bath. The average metal velocity in the bath u,6 is a result of formation the

two-phase area over the bottom plug, purging with argon, which have an
opening angley. Mentioned parameters (see. Fig. 1), according to [7, 8] are a

function of the bath geometry, a porous plug radius ro, inert gas flow rate Q

and modified Froude number Fr, :((umz/g.ro)- P,/ p), where g- acceleration

due to gravity; PerP — density of inert gas and liquid steel correspondingly:

u=0.79-Q"*-H,** /(0,5D,)> (1)

y/180=0.915-Fr *"*.(H, /D, ) 0254 -(2r, / D,)"* (2)

These parameters determine the rate of heat exchange (melting of scrap)

and mass transfer (refining from contaminants) in the bath through the
following empirical relations [9, 8]:

Nu=0,017-Re%®.Pr%* (3)
Sh=0.079-Re*". Sc®3%¢ 4)
whereNu=«,, -H, /A - Nusselt number; «,  — coefficient of heat transfer

from the molten bath to scrap fragment; A — thermal conductivity of the
liquid steel; Re=u, -H, /v -Reynolds number; u  —average flow velocity in
the bath; v- kinematic viscosity of liquid steel; Pr=p-C-v /1 — Prandtl
number; C — heat capacity of liquid steel; Sh=p  -H, /D — Sherwood
number; A= — mass transfer coefficient of the reagent in the stirring
medium; D — diffusion coefficient of the reagent in liquid steel; Sc=v /D —

Schmidt number.
The kinetics of melting the scrap in a stirred bath (residues unmelted by
arcs radiation) is determined by scrap thermal characteristics, a specific
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surface area of the scrap pieces and by coefficient of convective heat transfer
in the bath « (see. Fig.1), which is obtained from (3). Kinetics of steel

refining from contaminants (sulfur, phosphorus) is determined by the
coefficient of convective mass transfer B , which is obtained from (4), and

the active reaction surface - plume area with radius r (see. Fig.1). Results of
relative « and B, estimations depending on ratioD,/H,, made in the

package MathCad V14, are shown in Fig. 3. Benchmark is a standard 12 - ton
EAF [6] with D, /H, = 4.3

Qoss B .
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1.145
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1 2 3 4 :
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Fig. 2 — Relative heat loss @, with Fig. 3 — Relative heat transfer («",,,, ) and
cooling water vs. ratio (D, / D,). mass transfer (5°,,,,) coefficients vs.
1- arcs are screened by ratio D, / H, 1- 0*conv; 2- B*conv-

foamy slag (intensive technology),
2- arcs are not screened

Results, shown in Fig.3, demonstrate that deepening the bath promotes
to improve heat- and mass transfer, i.e. intensification of melting and
refining of steel. So reduction of ratio D,/H, from typical 4.3 to 3.2 (taking

by 16% and g ., by 11%.

According to experimental data [10], there is a proportional relationship

restrictions into account) can improve «

conv

between «o and the rate of melting of the scrap in the steel liquid bath.

According to Fick's law, increasing of S = in deepened bath promotes

intensification of reactions in the metal-slag interface, taking into account the
positive factor of growth the barbotage plume, and, correspondingly, active
reaction surface, in a deeper steelmaking bath.

It should be noted that the deep bath, according to [11], promotes
reduction homogenization (mixing) time and heating time according to the
relation:

-0,4
rml.X:k-[Q -p,-R,-T, -1n(1+Hb/1.48)/(y-M)] , (5)
where k — empirical factor; Rg— universal gas constant; T, — temperature of

melting bath; p — inert gas molecular mass; M — heat mass; 1.48 — steel
column hydrostatic height.
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For the examined conditions, the expected relative reduction of
homogenization time and liquid bath heating time is 8%.

2. Energy saving water cooled panels

Implementation of innovative panels with offset axes of pipes (see. Fig.
1) instead of traditional panels with dense pipes arrangement [12] allows
improving the conditions for accumulating and maintaining of thermal
equilibrium layer of skull (garnissage). Skull, due to its heat insulating and
retaining properties, reduces heat loss with cooling water. The two-
dimensional problem of stationary heat transfer in the system: radiation
sources - water-cooled tubular panel, covered with a layer of skull, in simple
linear case described by the following equation:

T,-T) ©)
(h,/A,+h /A, +1/ @)
where o- Stefan-Boltzmann constant; q — falling heat flux; ¢ — emissivity of
the panel; a - heat-transfer coefficient from a tube internal surface to water

a-(1-2)-0-T," -

flow; h,A,,h,,A, — thicknesses and heat conductivities of skull and panel tube
correspondingly; T,,T — temperature of irradiation surface (bath) and water

correspondingly.

The problem was solved in the application package ELCUT 6.2. Boundary
conditions were as follows. The surface of the skull takes radiant heat flux:
the temperature of the emitting surface of 1900 K, the emissivity of the panel
is 0.8. The inner surface of the pipe is cooled by water: heat transfer
coefficient 6 kW /(m2.K) wall temperature 350 K. The outer surface of the
pipe: free convection, the surface temperature 470 K, heat transfer coefficient
20 W/(m2.K). Blocks: steel tubes (the thermal conductivity 45 W/(m.K));
skull (thermal conductivity 2 and 8 W/(m.K) [12]). The results of calculation
in form of a temperature field is represented in Fig. 4, and integral indicator -
the relative heat loss per 1m2 of the panel surface — in Fig. 5.

1 snenanpa
K

Fig.4 — Temperature field in traditional panel (a) and in panel with offset axes of
pipes (b). Arrows indicate heat flux. Designations are given in the text and in Fig.1
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According to calculations, there is an optimal value of inter-pipe distance
(f), which is 1.8-1.9 of pipe diameter d. The panels of appropriate design
provide decreasing of heat loss with cooling water by 20-30% depending of
skull thermal properties.
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07 Fig.5 — Relative heat loss per 1 m? of

0,65 panel @, vs. spacing on pipes centers

0.6 (f/d). 1, 2 scull heat conductivity 2 and 8
L Us UGS Ui U 2 ffd W /(m'K) correspondingly

3. System of dispersed aspiration.

The system of dispersed aspiration of dust gas environment [13] involves
the off-gas suction not only from the periphery of the roof, as in the
conventional system, but also from the central region, where the electrodes
pass into the furnace (see Fig. 1). This ensures reduction of fugitive emissions
in the electrode gaps and air inflow in the slag door, which causes lowering of
energy efficiency of the EAF and increasing consumption of electrodes.

Testing of proposed technical solution was hold with the aid of the
application package CosmosFloWorks in SolidWorks. The calculation is
performed numerically on the basis of Navier-Stokes equation (7) and
continuity equation (8) using the k—¢ model of turbulence. Among mass
forces the gravity is taken into account.

@+(VW)-W:—l-Vp+77-V2W+F (7
ot 0

divw=0 (8)
where p - density, w - velocity, p- pressure, t- time, F - volume forces, 7-
dynamic viscosity.

Boundary conditions were as follows (Fig. 6): negative pressure 20 Pa in
a face of exhaust duct; normal pressure and temperature in the slag door and
electrodes gaps (surface of arbitrary cup); volume flow rate 1.5 m®/s out of
the bath at a temperature of 1900 K due to oxygen blowing and carbon powder
injection into liquid steel; the "real” wall - the rest boundaries.

Dimensions of the furnace correspond to 15 - ton EAF and for option a
(conventional) and b (proposed aspiration system): diameter of the bath 3.2m;
height of the shell 1.5m; electrode diameter 0.4 m; electrodes pinch diameter
0.6m; the size of the slag door 0.5x0.4m; flow area of the exhaust duct 0.8m2.

To verify the thesis about loss of charge materials, a movement of
smelting dust particles in the EAF was investigated by using a special in-built
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sub-program “particle study”. Initial conditions were as follows. Molten bath
in generates the dust particles of average size 2:10” m and density of 3 kg'm’
3 with mass flow rate of 0.05 kg's™ uniformly over the surface due to oxygen
blowing and carbon powder injection.

The objective was to obtain a calculation of the velocity field of the
gaseous medium in the furnace with regard to off-gas removal system design
a) and b) in comparable conditions and assess, in particular the air inflows
through slag door and fugitive emissions.

The results of calculations - a velocity field superimposed with the
melting dust particle tracks, applied to the conditions of the period of
melting, shown in Fig. 6. Cup 1 over the roof is arbitrary to estimate fugitive
emissions into the electrodes gaps. The “well” 2, melted in scrap volume due

to electrodes boring down, generates the dust and gas flow.
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Fig. 6 - Velocity field of dust-gas medium and the tracks of dust particles for the
traditional system (a) and system of dispersed aspiration (b). Designations are in the text

The overall picture of the gas dynamics in the furnace indicates a more
efficient localization of fugitive emissions using the dispersed aspiration
system, which is evident by observation the number of tracks of dust particles
passing through the electrode gaps in the space over the roof. The results of
the integral characteristics are shown in table 1.

Table 1
Comparison of aspiration systems
System Parameter name and averaged value in relative units
Air Fugitive Dust removal through | Total off-gas
inflow emissions electrode gaps flow rate
Traditional 1 1 1 1
Dispersed 0.78 0.65 Not observed 0.86
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Obtained data show the advantages of dispersed aspiration system from
the positions both energy efficiency and ecological safety.

Conclusions. Analysis, mathematical modeling and numerical simulation
of innovative energy saving solutions for modern EAF of small capacity were
hold. The main one is deepening of the steelmaking bath, taking into account
the existing technical and technological restrictions, which in combination
with blowing an inert gas through the bottom porous plug provides lowering
of radiation heat loss by 21%3; enhancing of heat- and mass transfer by 11-
16%, heating and homogenization time by 8%. Implementation of energy-
saving water-cooled panels and system of dispersed aspiration reduce heat loss
with cooling water up to 20% and fugitive off-gas and dust emissions up to
60%.

Synthesis of mentioned solutions will reduce the power consumption in
the furnace not less than by 3 - 5% in comparison with the analogs. The
presented solutions seem convenient for revamping of existing EAF too. It is
not expensive, with pay-off period within one year.
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