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Abstract

In this study, energy and conservation analyses are applied to the production of steel process in the
electric arc furnace. The scrap pre-heating system, stack gas and cooling water leaving the furnace are
investigated, and the obtained results are compared with experimental ones.
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1. Introduction

Industrial energy processes can be analyzed through economic assessment of the losses asso-
ciated with the production phases. In recent years, several authors have undertaken energy an-
alyses of efficient use of energy in different phases of industrial processes [1,2].

The fact that approximately 12 percent of the world energy production is used in the iron and
steel industry justifies very much the use of energy saving methods in the industry. Today, ap-
plication of the second law of thermodynamics is generally preferred in energy analysis, since it
gives more correct, reliable and meaningful results.
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Nomenclature

A area (m?)

¢p, ¢, constant pressure specific heat (kJ/kg K; kJ/kmol K; kcal/kmol K)
D diameter (m)

EAF electric arc furnace

Gr Grashof number

h heat transfer coefficient (kJ/m?hK); specific enthalpy (kJ/kg)
hy enthalpy of formation (kJ/kg)

1 irreversibility (kJ)

K overall thermal conductivity (kJ/mhK)

ki thermal conductivity of magnesite stamp (kJ/mh K)

ks thermal conductivity of chromium-magnesite brick (kJ/mh K)

ks thermal conductivity of firebrick (kJ/mh K)
ky thermal conductivity of steel sheet (kJ/mh K)
m mass (kg)

M molecular weight (kg)

n number of kmol (kmol)

Pr Prandtl number

0 rate of heat (kcal/h)

Oiss  heat loss (kJ)

r radial parameter (m)

s specific entropy (kJ/kg K)

S total entropy (kJ/K)

S298 absolute entropy at standard conditions (kJ/kg K)

T inner surface temperature of furnace (K)
Ts outer surface temperature of furnace (K)
T temperature of surface (K)

vV volume (m?)

w work (kJ)

Greek symbols

o second law efficiency

I emission coefficient

p density (kg/m?)

o Stefan—Boltzmann constant

Superscript
N bar over symbol denotes property on a molar basis
property at standard-state condition

()

Subscript
0 property of surroundings
Is first surface
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rev

second surface
absorption
actual

bottom material
conduction
convection
cover
electrodes
inlet

outlet
products
reactants
radiation
radial
reversible

2. Fundamental metallurgical principles of steel production in the electric arc furnace

furnace (EAF) (Fig. 1) are given in Table 1 and can also be found in Refs. [3-5].

3.

The production of steel of a desired composition is realized as a result of bringing some of the
elements to the desired amounts after many chemical reactions occurring at different velocities
between the elements or compounds at high temperatures and adding alloy materials for the other
elements needed in the composition. The basic chemical reactions taking place in the electric arc

The steel production process in an electric arc furnace can be defined in the following order
[3-5]:

scrap charge,

melting,

oxidation,

reduction,

alloying,
deoxidization,

casting,

preparation of furnace.

Thermodynamic analysis in the EAF

3.1. The first law analysis

When the first law of thermodynamics is applied to the EAF, assuming a steady state, steady
flow process and neglecting changes of the potential and kinetic energies, the actual work given to
the system can be calculated as follows [6,7]:
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Fig. 1. EAF and mass balance.

Table 1
Standard reactions occurring in the EAF

Reactions

2[Fe] + 3[0} — [F6203]

[Fe] 4 [O] — [FeO]

[C] +[0] = CO

[Si] + 2[0] — [SiOy]

[Mn] + [O] — [MnO]

2[P] + 5[0] — [P,Os]

2[Cr] + 3[0} — [Cr203]

(CaO) + [S] — (CaS) + [O]

(CaCO;) — (Ca0) 4 COyy

2[Al] + 3[0] — [ALO;]

[Ca] + [O] — (CaO)

[Zn] + [O] — [ZnO)]

CHy(g) 4 205 — COxg) +2H,0)
CyHe(g) +7/2055) — 2C0s) + 3H:0y)
CsHse) + 50x) — 3COsp +4H:20(

[ ]: solid; ( ): liquid; (g): gas.
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VVact:Z iy + AR, +an + Ak, an + Ak, ZHRV_IS-l-A}_Z]R—I—/dQloSS

J

where M
Z np [71;) + Al_q]p = NFe,0, OFe,0, + NFc0OFc0 + NcoOco + nsio, Osio, + Ivno Ovno
P
+ 1p,0,0p,05 + 1cr,0,Ocr,0, + NcasOcas + 10O0 + ncao O cao
+ nco,Oco, + a0, a10, + 12000700 + 18,0,8,0; + 11,00H,0 (1a)
Z”RV’B + Al = ngeOp. + 1000 + ncOc + nsiOsi + nunOwmin + 1pOp + nc: Oc;
R
+ nca0@cao + nsOs + ncaco, Ocaco, + nNa1Oal + nca@ca + nzuOzy
+ ng®g + ncu, Ocu, + ne,u, Oc,u, + neyn, @cs v (1b)
O — [ + AW (Lc)

The temperature of materials going in and out of the EAF is given in Table 2.

3.2. The second law analysis

By applying the second law to the steady flow systems depicted in Figs. 2 and 3, we obtain the
following equations, both for reversible and actual work and the other heat fluxes.

dmev = dVVact - dW’ + dQO (2)
dVVact - Z dmjhj + Z dehP - Z dmihi - Z dmRhR + dQloss (3)
! TO .
W' =dQss — dQp = dQioss | 1 — T (from Carnot engine) (4)
dQs =T [ D dmisi+ Y dmpsg — Y dmisi— > dmpsp} (using Fig. 3) (4a)
Table 2
The temperature of materials going in and out of the EAF [§]
Material going in the EAF Temperature (K) Material going out the EAF Temperature (K)
Scrap 298-500 Liquid steel 1873
Pig 298 Slag 1873
Fluxes 298 Dusts 1673
Coke 298 Stack gas 1673
Deox. Matter. 298 Steel in slug 1873
Electrodes 298 Cooling water 311
Natural gas 298

Cooling water 303
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Fig. 2. Energy equilibrium of the EAF.
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Fig. 3. The entropy equilibrium of the EAF.

dQO = %dgloss =T |:Z dmys; + Z dmgsg — Z dn’Iij — Z deSP:| (5)

where

dW,., is the reversible work given to the EAF,
dW, is the actual work given to the EAF,
dW’ is the work obtained from a Carnot engine,

dQy is the lost heat from a Carnot engine. This is provided from electrical energy,
h = [hy + Ah], s = [s, + As]

Eq. (6) can be obtained from Egs. (2), (3), (4) and (5) with the related chemical reactions on a
molar basis.

W = 1 [iz; AR ToE]j + 3" el + Ak — Tosly = S milhy + Ak — Tis,
j P

i

]
— _ 2 T
_ ;nR[hO + Ah — Tys), + /1 dOioss <7°> (6)
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where

g np [ho + Ah — Toﬁ} . NFe,0,1 'Fe,0, + NEc0l Fe0 + ol co + nsio, I'sio, + nvnol Mno
P
+ np,0,1'p,05 + Ncr,0,1 cr0; + Ncas] 'cas + nol'o + ncaol cao

+ nco,I'co, + nano,I'anL0, + 1z00l 200 + 18,0,1 8,0, + 1,01 1,0

(6a)
ZI’IR [il; + Ail — TO§:|R = nFeFFe + I’loFo + nCFc + nSiFSi + nMnFMn + nPFp + I’lcrrcr
R
+ ncaol'cao + nsl's + ncaco, I'caco; + Natl’al + ncal'ca
+ nznI'zn +ngl'y + nen,I'cu, + neud con, + noypgd 'coHg (6b)
I = [hy+ Ah — Tp3] (6¢)
S T
Ah = Fiy — ogg = / &dT (7)
298
T'fle
A§:§T—§298:/ 24T (8)
208 \ T
¢y =a+bT +cT™? 9)

2 2 2 2 2
/ dQloss = / anbs + / dQcond + / erad + / dQconv (10)
1 1 1 1 1

The coeflicients a, b and ¢ are given in Table 3 and were found experimentally for the materials
[9,10].

3.3. Calculation of the heat lost

3.3.1. The heat absorbed at the bottom of the EAF

The bottom of the electric arc furnace is made of steel sheet. The magnesite stamp, chromium-—
magnesite bricks and firebricks are placed, respectively, on this steel sheet. The chemical analyses
of the bottom materials are investigated, and then, according to these analyses, the ¢, functions of
these materials are formed. In order to calculate the heat absorbed by these materials, the mass
and volume of each material it has to be known. The volume can be obtained using Eq. (11) [11]
and the heat by using Eq. (12).

V:///rzsmgdrdgd@:OA(ri—r?) n<r<m; 0<0<02m 0<o<2n (1)

bm

Oubs = (%)@AT (12)
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Table 3
Constant pressure specific heat and coefficients @, b and ¢ of some substances used in the EAF [9,10]

Substance a b c ¢, = a+ bT + c¢T* (kcal/kmol K)

(Fe)o 4.18 5.92 x 1073 0 4.18 +5.92 x 1073T (273 < T < 1033)

(Fe)p 9.0 0 0 9.0 (1033 < T < 1181)

(Fe)y 1.84 4.66 x 103 0 1.84 +4.66 x 1037 (1181 < T < 1674)

(Fe)d 10.5 0 0 10.5 (1674 < T < mp)

{Fe} 10 0 0 10 (mp < T < 1873)

C 4.1 1.02 x 1073 —2.1x 10 414102 x 10737 —2.1 x 10°T2

(Si) 5.72 0.59 x 1073 0.99 x 10’72 5.72+40.59 x 10737 — 0.99 x 10°T2
(298 < T < mp)

{Si} 6.12 0 0 6.12 (mp < T < 1873)

(Mn), 5.7 3.38 x 103 0 5.7+3.38 x 10737 (298 < T < 1000)

<Mn)ﬁ 8.33 0.66 x 1073 0.37 x 10° 8.33 +0.66 x 10737 +0.37 x 10°T2
(1000 < T < 1374)

(Mn), 10.7 0 5% 10° 10.7+ 5 x 1057-2(1374 < T < 1410)

(Mn); 11.3 0 0 11.3 (1410 < T < mp)

{Mn} 11 0 0 11 (mp < T < bp)

(): solid-phase; {}: liquid-phase; (),: a-phase; (),: f-phase; (),: y-phase; ();: -phase; mp: melting point; bp: boiling

point.

3.3.2. Heat loss caused by conduction through the bottom of the EAF
The bottom area can be obtained by using Eq. (13) [11]. The bottom heat loss due to con-
duction can be calculated using Egs. (14) and (15).

Ay = rz//sin 0d0d® = 1.2/%; 0<0<02r; 0<P<L2n (13)
. dr
nd — — Ar o 14
Qco d k d(dl") ( )
Qcond = 12K(Tl - TS) (15)
where,

I/K: l/kl(l/}"l — 1/7"2)+ 1//(2(1/1"2— 1/}’3)+ 1//(3(1/1"; — 1/}”4)+ 1//(4(1/7'4— 1/}"5)

These numerical values are given in Table 4.

3.3.3. Heat loss from the cover of the EAF caused by radiation and convection

During production, the cover of the arc furnace is opened for scrap and other charging. When
the cover is opened, heat is transferred from the surface of the liquid steel to the surroundings by
means of radiation and convection. The heat loss caused by radiation and convection can be
calculated from the following relations [12]:

Qrad = GSACOV(T? - T(f) (16>
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Table 4

Numerical values of bottom area of the EAF
Bottom of the EAF r (mm) k (kJ/hmK) T (K)
Magnesite stamp 71 = 3600 k=418 T, = 1873
Chromium— r, = 3861 k=1 T, =978
Magnesite bricks ry =4122 ks =4.4 T; = 509
Firebricks ry = 4200 Ty = 305
Steel sheet rs = 4230 ky = 185 Ts = 303

Between | ,: Magnesite stamp; , 3: Chromium-magnesite bricks; 3 4: Firebricks; 4 5: Steel sheet.

if D/L > 35/Gr)/* (17)
Nu = c(GrPr)" = h(%) (18)
; m k

Qconv - C(Grﬂﬁ) (Z)hAcovAT (19)

where /4 is the heat transfer coefficient. The values of coefficients ¢ and m are given according to
multiplication of the Gr and Pr numbers [12].

3.3.4. Heat loss from electrodes

Conducting very high currents, the electrodes transmit the electric energy to the arc area (see
Fig. 4 and Table 5). This causes them to absorb a certain amount of energy as a heat source.
During charging into the arc furnace, heat is transferred from the electrodes that are pulled from

D

A
A 4

Ll(Tls)

Lo(Ta)

Fig. 4. Electrode.
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Table 5

Properties of electrode
D (m) Ly (m) L, (m) p (kg/m’) Tis (°C) D (°C)
457 2 1.7 1500 150-200 1800-2000

the furnace to the surroundings by radiation and convection. The heat losses by convection and
radiation can be given in the following, similar to Eqgs. (16) and (19);

Orad = oedaa (T2 — Ty) (20)
. Lk
Qconv - C(GI”PV) <Z ) hAelktdAT (21>

3.3.5. Irreversibility
Lost work caused by irreversibilities can be obtained by using Eq. (22):

I = VV:ict - I/Vrev (22)

This is also a measure of how one can decrease the amount of energy spent in the process.

3.3.6. The second law efficiency
The actual work can be evaluated by using the reversible work and second law efficiency. The
second law efficiency can be defined as follows.

W/;ev
g =
Waet

(23)

An increase in the second law efficiency leads to an increase in the reversible work which causes a
decrease in the actual work.

4. Discussion and conclusions

In this study, the second law analysis for steel production (Table 6) in an EAF has been per-
formed.

The recovered energy is proportional to the scrap pre-heating temperature. When they both
increase, the actual work, the reversible work and irreversibility decrease slowly (Fig. 5). On the
other hand, the increase in the exergy efficiency is due to the decrease in the actual work being
more than the decrease in the reversible work.

The second law efficiency of the system can be increased by using a pre-heating system. In this
way, some of the heat lost with the stack gas to the surrounding can be recovered.

The amount of recovered energy from the system can be increased by applying pre-heating.

Modernization of the pre-heating system or use of newly constructed heat recovery systems is
very helpful in increasing the second law efficiency [8].
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Table 6

Chemical analysis of liquid steel obtained from the EAF
Chemical compound Amount (kg) Percent (%) Molar amount (kmol)
Fe 55,116 98.86 984
C 56 0.1 4.6
Si 28 0.05 1
Mn 200 0.36 3.6
P 8 0.01 0.3
S 22 0.04 0.7
Cr 84 0.15 1.6
Ni 69 0.12 1.2
Mo 50 0.09 0.5
Cu 117 0.21 1.8
Total 55,750 100
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Fig. 5. Charts showing the changes of convected energy, amount of works and exergy efficiency versus the temperature
of scrap charged into the EAF.
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TRANSFERRED ENERGY VERSUS TEMPERATURE OF STACK GAS FROM
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Fig. 6. Charts showing the changes of transferred energy, amount of works and exergy efficiency versus the outlet
temperature of stack gas.

As the stack gas temperature increases, the transferred energy from the EAF increases. At the
same time, the actual work, reversible work and irreversibility also increase slowly with the in-
crease in stack gas temperature (Fig. 6).

The energy transferred from the stack gas and dusts can be used more effectively in a scrap
pre-heating system. It is possible to use the unused portion of this energy in other applica-
tions.

As the cooling water temperature increases, the transferred energy from the EAF increases.
Accordingly, the actual work, reversible work and irreversibility increase with the increase in
cooling water temperature. However, the exergy efficiency decreases with the cooling water
temperature because the increase in actual work is more than that in the reversible work, as shown
in Fig. 7.

The heat transfer from the upper surface of the EAF is used for heating the water. In
addition to being used as a primary working fluid in a steam generator or hot water producing
systems, the cooling water has another function of prolonging the life of the refractors of the

furnace.
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Fig. 7. Charts showing the changes of transferred energy, amount of works and exergy efficiency versus cooling water
outlet temperature.
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