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ENERGY EFFICIENT WATER-COOLED ELEMENTS FOR
FOUNDRY CLASS ELECTRIC ARC STEELMAKING FURNACES

Low energy efficiency of foundry class electric arc steelmaking furnaces (EAF) mainly
is caused by heat loss by massive lining during forced downtime. A low-power
transformer doesn’t allow, in the conditions of classical technology, practice
of traditional water-cooled elements in order to replace partially the lining,
what determines increased refractory consumption. The aim is energy and refractory
savings. On the basis of numerical modeling of heat exchange by radiation in the EAF
working space, taking into account capacity, bath shape factor, duration of technological
period of heat, a multiple regression equation for power of heat loss with cooling water
was obtained. Three-row water-cooled wall panels with a spatial structure are
elaborated, which provide a decrease in heat loss by 14 %, in comparison with two-row
ones. Estimates of optimal relative cooled surface of the EAF working space, providing
refractory savings up to 25-30%, are substantiated.
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Introduction

Possibility of a wide choice of original charge and variation of oxidation
potential in melting process makes the electric arc furnace (EAF) a general-purpose
unit in foundry shops of engineering industry

Energy-intensive classical technology with at usually low specific power
of the transformer, irregular operation with forced downtime predetermine a much
lower, in comparison with “large” metallurgy, energy efficiency of foundry class
furnaces [1, 2]. Flat and shallow steelmaking bath of the EAF enhances the problem
due to increased heat loss by radiation in the conditions of long refining period.

Application of traditional for EAF of "large" metallurgy water-cooled
elements (WCE) with one row tubes dense structure [3] substantially limited
by reason of technological risks, causes high energy losses, which heightens
refractory materials consumption. A promising solution seems to be WCE with a
spatial tubes structure (one row untight, two-row), which is characterized by reduced
on 25-35 % heat losses due to heat insulation and heat accumulation properties of
deposit slag filling [4].
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Known mathematical models of heat and mass transfer in the EAF workspace
[5, 6] don’t pay sufficient attention to the thermal state and energy loss in WCE in
relation to foundry class furnaces.

The development of WCE with reduced heat loss and grounding on the base of
mathematical model an optimal relative cooled surface of workspace, taking into
account the peculiarities in foundry class EAF, are urgent.

Purpose

Work aims to improve energy efficiency and refractory savings in the EAF due
to WCE design improvement.

Method

Mathematical modeling and numerical study of thermal state of WCE in
foundry class EAF workspace.

Main research material

A mathematical model of heat exchange by radiation, adapted to the EAF
conditions [7], was used. It deals with primary sources of radiation: surfaces of bath,
arcs and electrodes. Insignificant contribution of secondary radiation, caused by dust
and gas environment, was not taken into account in given comparative analysis.

Scheme of radiant heat transfer heat in AC EAF is shown in Figurel.

Y

Figure 1 — Scheme of heat exchange by radiation in the EAF workspace. 1 — bath, 2 — casing,
3 — electrode, 4,5 — conditional surfaces of electrodes and arcs, respectively, 6 — WCE
X,V, Z, ¢, p — coordinates; y, 0 — direction angles, r — radius-vector
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Radiation heat exchange workspace formed by bath with diameter D,, casing
with diameter D, and height H,, electrodes with diameter d,, height H, and pitch
diameter d,, arcs with length h, . The elementary area dF,, around point A, located

on the tubular WCE, receives radiation from each elementary area dF, ; of bath,

electrodes and arcs around the points B, C and D, accordingly. Emitting surface of
arcs and electrodes is the lateral surface of cylinders with diameter dp. Arc length is

approximated by dependence from EAF capacity M, t: h, =0.15+0.003M, m.

Temperature of the bath surface, arc and WCE is taken 1820, 3550 and 1100 K,
respectively. Temperature of electrode radiating surface

T, =3050+19200¢ * - 48000¢ * +40400¢ %-13800; , K is a function of relative
height of given point of conditional cylinder surface above the bath ¢, obtained
basing on data [6].

The power of heat loss with cooling water by working WCE surface F, . (m?
with temperature T (K) from radiating surface F,,; (m?) with temperature T, ,; (K),
taking into account mutual irradiation factor, is, kW:

4 4 cos0 cosy
Pyee =06(Tqq=T") j J.j (r—zj AF;qqAF e (D
che Frad

where o - Stefan-Boltzmann constant, kW/(m?K*); ¢ - reduced emissivity of heat
exchange surfaces; 6,y ,r — direction angles and radius vector, respectively; k., —

averaging coefficient of heat flux on WCE surface.

Evaluations of energy loss (1) seems convenient by approximation with
multiple regression equation versus capacity of the furnace, steelmaking bath shape
factor m (diameter to depth ratio) and relative area of water-cooled wall surface S, .

In the context of 3-12-ton foundry class EAF this is, kW:
Pe =Ko (50.78M+46.63m+833.75ﬂw —282.31) (2)

The expression (2) was obtained under the condition that relative area of
cooled roof surface, realized in central part, critical in terms of refractory resistance,
is, from the design positions, 0.25-0.32. Averaging coefficient of the heat flux k.,

depends on WCE design.

Taking into account the world [8] and domestic [4] experience in the area of
energy-saving WCE, a three-row panel (Fig. 2) with a spatial structure has been
developed for foundry class EAF.

Introduction of additional row of pipes contributes to increase thermal
resistance to the passage of heat flux to water due to a stable slag deposition within
spatial structure.
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Stationary heat exchange between EAF working space and tubular WCE, filled
with thermal equilibrium layer of slag, is described by the equation:
(T,-Ty)
(b/%+bg kg +1/a,)

qQ-(1-& 4o )o T, - 0 (T5-Ty)=0, 3)

where g — heat flux; ¢

wee — €mMissivity factor; «,, ¢ — heat transfer coefficient from

pipe wall to water and into environment, respectively; b,ﬂ,,bg,ig— thickness and
thermal conductivity of slag and pipes, respectively; T;,T,,Ts,T, — temperature of

working surface, water, outer surface and environment, respectively.

Figure 2 — WCE of traditional design with dense tubes structure (a); two-row (b) and
three-row (c) panels section with spatial structure. Arrow shows actual heat flux direction.
Designations are in the text

Two-dimensional problem of WCE thermal state in the EAF workspace was
simulated in application package ELCUT 6.2 by the finite element method. Energy
loss through outer WCE surface was neglected. Initial and boundary conditions of
numerical modeling are given in Table 1.

Table 1
Initial and boundary conditions of numerical modeling
Name of block (B) and | Heat conductivity () for block. . .
. . . . Dimensions,
edge (E), its number in | Temperature (T) heat transfer coefficient
. o mm
Figure 3 (o, o), emissivity (¢) for edge
Slag (B1) A =2.5 W/(mK) [9]
Pipe (B2) A =42 W/(mK), steel-20 d =60,
Working surface (E1) | 6=5.6710% W/(m*K*); T= 1900 K; £ = 0.7. b=10

Cooling surface (E2) a = 3000 W/(m?*K); T=320 K.

Thermal fields in the WCE under action of heat flux q for reviewed panels
options are shown in Fig. 3.
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Figure 3 — Temperature fields in traditional (a), two-row (b) and
proposed three-row (c) WCE. Lines are isotherms; arrows show heat flux value and direction.
Designations are in Table

Integral heat loss with cooling water, evaluated by means of package on edges
E2, presented in Fig. 4.

According to calculations, the transition from traditional panel to WCE with
spatial two-row structure reduces heat loss with cooling water by 30 %, and three-
row design gives additional 14% energy savings in comparison with two-row panel.
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Figure 4 - Relative heat loss with cooling water Q,, for reviewed WCE options a, b, ¢
according to Figure 2, 3

Analysis of heat flux, passing along direction x of working surface modulus
(edge E1 in Fig. 3) through spatial WCE structure to cooling water, is shown in Figure
5. Pursuant to numerical modeling, spatial structure promotes increasing of panel
thermal resistivity and, respectively, reduction of heat loss with cooling water.
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Figure5 — Relative heat flux g distribution along WCE modulus relative coordinate x
for panels design options a, b, ¢ according to Figure 2, 3

On the base of these data, the values of averaging coefficient of heat flux on
WCE surface for panel options were obtained, in a first approximation, as half-sum
of the boundary relative heat fluxes in considered modulus. For traditional, two- and
three-row panels k., is 0.82, 0.67 and 0.61, respectively.

The energy balance of refining period in 3-12-t EAF is made for next
conditions: melting of structural steel; forced bath inert gas stirring; reduction of
bath shape factor from traditional 4.5 to 2.5; combined roof with central water-
cooled part with relative area 0.25-0.32. For proposed three-row WCE an average
relative cooled surface of walls in 3-12-t EAF can reach 0.5-0.6. Given value of S,

ensures reduction in refractory consumption up to 25-30 %.
Conclusions

Three-row water-cooled wall panels with a spatial structure are elaborated,
which provide a decrease in heat loss by 14 %, in comparison with two-row ones, and
by 40% in comparison with traditional one-row dense structure WCE.

Estimates of optimal relative cooled surface of the EAF working space,
providing refractory savings up to 25-30%, are substantiated.
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ENERGY EFFICIENT WATER-COOLED ELEMENTS FOR FOUNDRY CLASS
ELECTRIC ARC STEELMAKING FURNACES.

Analysis of recent research and publications. Low energy efficiency of foundry class
electric arc steelmaking furnaces (EAF) mainly is caused by heat loss in massive refractory
lining during forced downtime. A low-power transformer doesn’t allow, in the conditions of
classical technology, practice of traditional water-cooled elements in order to replace
partially the lining, what determines increased refractory consumption. Known
mathematical models of heat and mass transfer in the EAF working space don’t pay
sufficient attention to the features of thermal state and energy loss in water-cooled
elements in relation to foundry class furnaces.

Purpose. Work aims to improve energy efficiency and refractory savings in foundry
class EAF due to water-cooled elements design improvement.

Method. Work is based on numerical modeling of heat exchange by radiation in the
working space of the EAF and thermal state of water-cooled elements with spatial structure.

Research findings. On the base of radiation heat exchange study, a multiple
regression equation for power of heat loss with cooling water was obtained, taking into
account capacity of the furnace, steelmaking bath shape factor (diameter to depth ratio),
duration of technological period of the heat and averaging coefficient of heat flux through
working surface of water-cooled element. For traditional one-row, two- and elaborated
three-row panels averaging coefficient is 0.82, 0.67 and 0.61, respectively.

Practical significance. Three-row water-cooled wall panels with a spatial structure
are elaborated, which provide a decrease in heat loss with cooling water by 14 %, in
comparison with two-row ones and by 40% in comparison with traditional one-row panels
with dense structure. Estimates of optimal relative cooled surface for 3-12-ton EAF working
space, providing refractory savings up to 25-30% due to three-row water-cooled panels
installation, are substantiated.

Keywords: foundry class electric arc furnace, water-cooled elements, energy
efficiency.
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C.M. Timomenko, E.M. Hemues, M.B. I'yGuHCbKMiA

EHEPTOE®EKTUBHI BOJOOXOJ/IOJAKYBAHI EJIEMEHTU OYTIOBUX
CTAJIEIUVIABWIbHUX IMEYEN JIUBAPHOT'O KJIACY

Anamiz ocraHHiX pgocimigkeHb Ta Iy6mikamiii. Hwusbka eHeproedeKTUMBHICTb
CTaJIeIJIaBUIbHUX €JIEKTPOIYyTOBUX Ieveii Kiacy auBapHoro kiacy (ICIT) roJoBHUM YMHOM
06yMOBJIeHA BTpaTaMy TeIla Y MaCMBHUX BOTHETPUBKMUX (PyTepOBKaXx ITiJy YaC BUMYIIEHOTO
npocto. TpaHcdopmaTop Manaoi MOTYKHOCTI He TO3BOJISIE B YMOBAX KJIaCUMYHOI TEXHOJIOTi1
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3aCTOCOBYBATY TPAAMIIiIHI €JIeMEHTH 3 BOASTHUMM OXOJIOMKEHHSIM, 1106 YaCTKOBO 3aMiHUTU
(dyTepoBKy, 10 0OYMOBJIIOE 30i/JbIIEHHS BUTpPAT BOTHETPMBKMX MartepianiB. Bimomi
MaTeMaTUYHi MOJei TeIio- Ta MacorepeHocy B po6ouomy mpocropi JCIT He mpuainsoTsh
IOCTaTHBOI YBaru 0COGIMBOCTSIM TEIVIOBOTO CTaHy i BTpaTaM eHeprii y BOJI00X0JIOIKYBaHUX
ejleMeHTax, KOy MOBa iijie Ipo meyvi JMBApHOTO Kjacy.

Meta. Pob6ora cripsmMoBaHa Ha MigBUIIEHHS eHeproedeKkTUBHOCTI Ta €KOHOMii
BorHeTpuBiB y JICII sauMBapHOro Kkjacy 3a paxXyHOK TIOKpallleHHSI KOHCTPYKIIil
BOJI00X0JIOJKYBaHUX €JIeMEHTiB.

Merton. Po6ora 3acHOBaHa Ha  UYKMCEIbHOMY MOJEIOBAaHHI  TeIJIOOOMiHY
BUITPOMiHIOBaHHSAM y pob6ouomy mpoctopi JCIT i TeryioBoro craHy BOJOOXOJOIKYBaHMUX
eJleMeHTiB ITPOCTOPOBOI CTPYKTYPH.

PesynbTaTi gocmimkeHb. Ha OCHOBi JocCmimkeHb pafialiiiHOro TeImjaooOMiHy OY/I0
OTPMMAHO PpIiBHSHHSI MHOXMHHOI perpecii Ojsi TMOTYXHOCTi TeIJIOBMX BTpaT 3
OXOJIOMKYBAHOIO BOJMIOI0, 1[0 BpaxXxOBY€ IIOTYKHICTb Iedi, KoedillieHT dopmu
CTaJeIUIaBMIbHOI BAHHM (BiTHOIIEHHS JiaMeTpa OO IIMOVHM), TPUBAIICTh TEXHOJIOTTYHOTO
repiofly HarpiBy ¥ ycepenHIowuMii KoedillieHT TeIIOBOTO MOTOKY Yepe3 pobouy MOBepXHIO
BOJIOOXOJIOJ;)KYBAHOTO ejieMeHTa. [ TpagulliiHuX OOHOPSIAHUX, ABOPSAHUX i CKIaAHUX
TPUPSIIHUX NaHenel KoedilieHT ycepegHeHHst craHoBuTb 0,82, 0,67 i 0,61 BimmoBigHO.

[lpakTuuHe 3Ha4YeHHS. PO3p06J/ieHO TPUPSOHI BOMOOXOJIOMKYBaHI CTiHOBi IMaHesi 3
MIPOCTOPOBOI0 CTPYKTYPOIO, IO 3abe3redye 3HVKEHHS TEIJIOBMX BTPAT 3 OXOJIOIKYBAHOIO
BOJIOI0 Ha 14% y moOpiBHSHHI 3 ABOpsimHMMM i Ha 40% y MOPiBHSHHI 3 TpaauLiliHUMMU
OOHOPSIAHVMMM TIaHEASIMM 3 IIiIJIbHOKO CTPYKTYpol. OTpMMaHO OLiHKY OITMMaabHOI
BiTHOCHOI OXOJIOMKYBaHOI IMOBepxHi po6ouoro mpoctropy OCIT 3-12 1, mo 3abesmneuye
€KOHOMil0  BOTHeTpuBYy [n0 25-30% 3a paxyHOK BCTAHOBJIEHHSI  TPUPSIHUX
BOJOOXOJIOI)KYBaHUX MTaHeein.

KniouoBi cjioBa: eieKTpoAyroBa iy JIMBApPHOIO KJacy, BOJOOXO0/IOIKYBaHi eJleMeHTH,
eHeproe(eKkTUBHICTb.
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