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INDUSTRIAL PUSHER FURNACES: PART 1 - INFLUENCE OF SLAB
PREHEATING TO ENERGY CONSUMPTION

M. Bojié, M., Tomié, N., Lukié¢, D., Nikoli¢
Masinski fakultet, Univerzitet u Kragujeveu
Sestre Janji¢ 6, 34000 Kragujevac

1. SUMMARY

In metallurgy industrial pusher furnace is very important object for energy research
because of its large energy consumption. Here, we try to use the combustion
products of this furnace for preheating of steel slabs and analyze the effects of such
preheating to energy consumption of this furnace.

To represent this furnace we have modeled this furnace with the energy object
network that consists of as modules of convective heat exchangers with the constant
coefficients of total heat transfer, modules of combustion and modules of stream
mixing.

With the injection of oxygen to combustion air and for large sized heat-recovery
device of pusher furnace an increase of the slab preheater size gives smaller
decrease in energy consumption than without this injection and for heat-recovery
devices of smaller size.

2. LIST OF SYMBOLS

a oxygen percentage in air, % k heat transfer coefficient,

B mass-flow rate of fuel, Nm3/s W/m2-K

C mass of steel to its oxide, kg/s M relative molecular mass,

c specific heat capacity, J/kg-K kg/kmol

E surface, m2 m mass flow rate, kg/s

G mass percentage, % N number of slabs in furnace
Hyq lower fuel-heat value, J/kmol O2min air minimum, Nm3/Nm3 of b
h ratio of mass flows of high P furnace over pressure, Pa
furnace to mixed gasses Q heat, W

r Volumetric composition
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s envelope-layer width, m P coefficient of excess air
i weight of slab, kg A thermal conductivity, W/m-K
t temperature, 0c u flow coefficient
v gas flow rate Nm3/ Nm3 of b p density, kg/m3
W moisture content, g/Nm3 i time, s
Z heat transmitance coefficient, W ratio of times of opened door
W/K to furnace operation.
a heat transfer coefficient,
W/m2-K
[0} furnace openings porosity.
indices
a average n indices
b fuel k correction
c combustion air, cold r heat-recovery device
d dry ] slab
e environment sc ceiling
f combustion products sg combustion
g gas u entrance
h high furnace gas, hot v water
i exit W air,
m mixed gasses 7 wall
0 oxygen 1 inside
0 normal conditions 2 outside
0 furnace openings j=1-141(H»), 2(CO), 3(CHy),
p natural gas, constant pressure 4(CoHy).5 (CoHg)6 (C3Hg),
ph preheater 7(C3Hg), 8(C4H1(), 9(CO3), 10 (N2),
pf floor 11 (H20), 12(S03), 13 (H3S), 14
j indices (02)

3. INTRODUCTION

In metallurgy the industrial pusher furnace is very important object because of its
large energy consumption. Steel-heating process in pusher furnaces depends on
different parameters so as kind and shape of material, kind and quality of fuel,
percentage of oxygen in combustion air ect. There is need for flexible work of the
furnace. One should take care of the refuse of energy of combustion products. This
can be done by use of heat-recovery device (HRD) in which combustion products
preheat furnace-combustion air. Here, we try to use additionally the combustion
products for preheating of steel slabs and find the effects of such preheating to
energy consumption of the furnace [1].

4. MATHEMATICAL MODEL
To represent this furnace (Fig.1) we have used bottom-up analysis as in Ref. 2. We
have presented this furnace with the energy object network (Fig.2): modules of heat

exchangers, combustion and stream mixing. The applied heat exchangers are purely
convective with the constant coefficients of total heat transfer. On the basis of this
mathematical model we have developed software POTIS that can be used for the
simulation of this furnace operation.

Equations of the combustion module (Appendix 1), the mixing module of oxygen
and air ( Appendix 2), and equations for mass flow rates of combustion products, air
entering HRD and steel slabs are

Hy,02min, V£ 16 (=1.2,..,14) = £ [y (=1,2,-..14), aj, Wy, A,
Vo Vwi> Vwu=1(au: 2j, O2min, 1)
mf=V§B My/22.4, my=Vyi B My;i/22.4, mg=T N/t (1)

where the volumetric data for wet fuels (Appendix 3) are: thj, Ip;j, IQj» T'wj
(j=1.2....,14).
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Fig.1 Pusher industrial furnace and slab preheater

Temperature of air with mass flow rate Vy,i and aj percentage of oxygen at the exit
of the mixing box (mixing of air and oxygen) and combustion temperature is given
as

twi=(kucpwutwu+v00p0t0)/(mwivwi),
tsg=(Cpm tm* Vi Spwi tws THaV (V' cpf)- 2)

Heat consumption by water for the cooling of furnace, heat lost by radiation (see
Appendix 4), by flame through the furnace opening (Appendix 4), through the
furnace wall (sce Appendix 5), heat obtained by the slab oxidation from exothermic
reactions (Appendix 6), temperatures out of convective furnace module (Appendix
7), and temperature correction for this module are given by
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Q=11 my cpy (F\d"tvu)a Q= fitf. tsg,Fof;uaFnﬂia Gin-Oiis Wsu: Wsi)s
Q]_S:ﬂ thatﬁa rﬁ(leszv"s]4)s P W, FO[;U’FOﬁi? [37 \I‘{SU’\VSi)’ .

Q7 flg, ts, Fz, 575 Azj. Fsc, Sscje hscj Fph sffJ. Apfj) forj=1...3.,
Q=fmy), thik.tsi=Htsg, tsu:Mf Cpfa-Ms-Cpsa-Lf),
tF=tfik( Qv+ Qrt QistQor Q- QK)/(mf cpf). 3)

General equations governing preheater (counterflow heat exchanger model) and
heat recovery device (see Appendix 8) are

g M1-Mixing of natural gas
A”‘ Land high furnace gas

Gas Gas M2-Mixing of air and oxygen
Nt m - mass flow rate, kg/s A 3
5] o 0 M2 V- mass flow ate N / fuel Nm
— t -t rature,
' B,f}n *********** -——meat B- fsg?’;?as:;'lenw rate, Nn? Is
mwVwi tws Recovery device
: tts m
m ¢ Combustion NF V¢ S
v, module [\ Fume gases v,
fume L Convective Ndreln Slab R
| Furnace 1 Preheater
Slab Module Slab ™s tsu 2 } Slab
ke L Do [Tl [ens e S TAD
Ms\ie. |PUSHER s

INDUSTRIAL FURNACE

Fig. 2 Schematics of the energy modules network for the pusher furnace

ttsy =i, ts.Mf.Cpfa.Ms.Cpsa-Zph):
153, tws =Tt twi, M CE M, O Zr 1,212)- )

Total general equation for the whole furnace with the preheater is

Ba=f[mg mp, b, a;, T, Zy1, Zpo, Tdhj- Tdpj> TdOj> Tdwi (G=1.2...,14), Wy,

Wp. W0, Wyy.ay, &, tywus 10 tms ts» tvis tvus N, 1, my, Fofu. Fofi, Fz Fsc,

Fof Ous di Wus Wi, P> s Szns Sse,n: Spfns Azms Ascns 7L'pf,n (n=1,.3)01,02
(%)

£ Zphl.

5. RESULTS AND ANALYSES

The initial values of different parameters of the example-pusher furnace are
given in Appendix 9. When Zp is enlarged form 3 to 30 W/K the fuel consumption is
lower 1.376 times when the combustion air is with 21% of oxygen, and 1.071 times
when the combustion air has 30% of oxygen (see Fig.3). For the same increase of
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Zp (sce Fig.4) the fuel consumption is lower 1.82 times when Z;1= 10000 W/K and
Z.2=30000 W/K and 1.375 times when Z;1=15000 W/K and Z2=42000 W/K.
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APPENDIX 1 Combustion modules equations with general equation
Hd,02mins Vw: rfj (=1,2,..,14)= f [ry;j (=1,2,..,14), ag Wy, Al

Lower heat value of mixed gas fuel, minimum quantity of oxygen needed, mass flow
rates of combustion products, total mass flow rate of wet combustion products and
volumetric ratios of wet combustion products are

Hd=[Hq H2 'm H2 + Hd,CH4 'm,CH4tHd,C2H4 'm,C2H4Hd,C2H6
Tm,C2H6 + Ha C3H6 'm,C3H6 * Hd,C3H8 Im,C3H8 * Hd,C4H10

Tm C4H10 * Ha H2S Tm H28 + Hd,CO 'm,COl / 100; O2pmin= {0.5
[fm,CO*Tm,H2]*1-5 Tm H2S * 2. tm,CH4 + 3 Im,C2H4 3.3 tm,C2H6 *
4.5 Ty C3H6 * 5 Tm,C3HS * 6.5 Im C4H10 - 'm02} / 100., Lipin=100.
02min/aks Vp,C02=ITm,CO*Tn,CO2*Tm, CH4™2 Tm,C2H4 * 2 Im,C2H6 *
3 rm,C3H6 3 rm,C3H8+4 rm,C4H10]“00; rw,HZOZO’ 1244 Wy, A 100
O2min/2k: Vp H20~(tm,H2 Tm H28+2 Tm CH4*2 'm,C2H4 * 3 I'm,C2H6 *
3 Im C3H64 'm,C3H8 * 5 fm,C4H10 * Im H20) * rwlL) / 100,
Vp,S()Z:Tm,HZS" 100; Vp N2= I N2/100. +(100-ak) Oomin A fay,
Vp,02=(A-1) O2pmin: V£=Vp,c02 +Vp,S02 *Vp,N2 +Vp,02 + Vp.H20,
1, C02=VpCo2 100./V¢ 1 2 0= V8H20100- £ T£,502=Vps02100./Vg,
rfN2=VpN2100./Vg, 15, 02= Vp02100./Vg, 1f, CO=TE H2 ™1, CHA™Tf, C2H4~
If C2H6~Tf,C3H6™ If,C3H8 ~Tf,C4H10~T£,H28=0- (6)

APPENDIX 2 Model for a mixing of air and oxygen with general equation is
Vo, Vwu Vwi=f(ay, aj, O2min, 1).

Fresh air has percentage contribution of oxygen ay;. In order to correct contribution
of oxygen ay to aj we inject pure oxygen to air . Needed quantity of pure oxygen,
entrance air (with ay) and exit air with aj (aj>ay) are

Vo=100 % (8j-2,)02mmin/[(100-ay)aj], Vyyy =100 A (100-2;)02 min/[2;( 100-
ay)], Viwi=h 100 O pmin/aj: (7)

APPENDIX 3 - Calculating wet fuel data out of dry fuel data.
We have volumetric data for the dry fuels: rgp; for i=1,2,..,12 and their content of
the moisture Wy,. We obtain the wet fuel volumetric data as

rirj/(1+0.001244Wp) for j=1.2.....12, 1j=0.1244 Wp/(1+0.001244Wy).(8)
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APPENDIX 4 - Heat loss by radiation and flame with general equations
Q=f(tfi, tsgFof,u:Fof,is diusdii-Wsu:vsi) Qis=f( tsgtfis rfj0=1,2,-,14), P, 1,

B, kNm®/h
“F Fof,u:Fof,i ts: WsusVsi)-
Heat loss by radiation and with flame at furnace slab entrance and exit when these
openings are opened is calculated by equations
52 SiRuniEssy -
' SH N Qpy=20.4 [(t+273.15)/100]* Fgf,u Oy Vs
= Qpi= 20.4 [(tsagt 273.15)/ 100]* Fof j 0 Wi,
i i Gese L5 Qr=Qpy*Qri- po=Po(rfy) where j=1.2,..,14,
|t/ case 2 .| misu=Fof,i m [2p(273.15+tfi)/(273.15 10)]0.5,
—%— Case 3 | misi=Fofu 1t [2p(273. 15+tsg)/(273- 15 PO)]O‘Sa
gEedl TR Sy Qis=Misu Cpigu (tfi-ts) Wsu *Misi Cpigi (tsgts) Vsi. )
i ‘3«.;; Rl TREE . s Appendix 5 - Heat loss through furnace envelope with general equation
e e e Q= f(tfa, te; Fz; Szj; Azjs Fscs Ssc,js lsc,j,. .prr Spf,j» lpfj) for-j=1,.,3.
o tisl o ST e S : 1 Furnace envelope consist of furnace walls, ceiling and floor and their layers. For
L R R S TR R average temperature tg, of combustion products, and temperature of environment
Zp, W/K te, the total heat loss through the furnace envelope is
i 3 : ; kz=lf(1J'(x1+SZ1/l21+szzfl.zz+sz3/7\,z3+1/0[2),
I;Lg.S_ B a: a function of 3<Z SE’O, and different values of Z;1 and Z,7; case 1 keo=1/(1/o1+sc. 1 Msc,1+Ssc,2"7“50,2+Ssc,3/7\'sc,3+1 lety).
(' r1= 12200 W/K, Z2=42000 W/K); case 2 (Z;1=12200 W/K, Z;2=50000 W/K); kne=1/(1/0+ f;lm‘pf,l"' £21’ ﬁ2+spf,3f?»pf’3+spf’4f?\.pf,4+]/0[2),
(\:;Js;lc{f (Zrl =15000 W/K, Zr2:42000 W/-K), case 4 (ZFI =50000 W/K, Zr2=50000 d)Z:kZ(tfa'te) z+ksc(tfa‘t3Fsc+ pf(tfa'te)pr- (]0)
APPENDIX 6 - Exothermic slab reactions with general equation Qk=f(mg).
B, kNm®/h Miass of steel that transforms to its oxide and masses of generated of different
T = S - oxides, mass percentage of oxygen and pure metal is in steel oxide and total heat
36 ‘ generated during oxides generation are given by equations
o | Gop=(GFe0 16/72+GEe203 48/160+GEe304 64/232+ Ggin 32/60
sob O | ‘T%O_ = +Gppo 16/71 + Ggao 16/56) /100, Gmi=1-802. C=0.01 mgk, Cpe0=C
s GMk GFe0/100, CFe203-C GMKk 2Fe203/100,
il s | e | CFe304=C GMK GFe304/100, Csi02=C Gmk Gsi02/100,
28" | ‘ Al CMnO= € GMk GMn0/100, Cca0= € Omk GCa0/100.
o S LT Qiov-CFe0 QFe0 + CFe203 QFe203* CFe304 QFe3047Csi02 Qsio2 *
26 e e T i ‘ el CvinO QMn0*+CCa0 QCa0- (11
ik i B i (PRt | == 380
LiEs e stRE R emgemne - o o BT S APPENDIX 7 - The counterflow heat-exchanger model with general
agt—RED 10 T VRSt Ja S T Rstiaden ) equation tyo,tfo=f(twi:tfi: Mw: Cws Mf: Cf Z)- . ;
‘ T skl oWl oot When the mass flows mp, and mg and the temperatures thy and tgy of the incoming
A e heE A Ll SOUiReE streams are known, the temperatures tpj and t¢j of the exiting streams are
ISMISTEE oS D A e S a g determined by the relations
Zp, W/K
Fig.4 Basa f_unction of 3<Z,<30 and different values of oxygen percentage in
combustion air. .
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a=1/(mpcp) - 1(meee), s=[1-exp(aZ)]/[1-(mpep)/(meee)]. k=[exp(aZ)-1]/ [1-
(mpep)/(meee)], thi=(thytteuk): tei=[thi-thu(1-s)/s (12)

Appendix 8 - Heat recovery device equations with general equation

££3,tw3 = f(t£0, tw 0, M>Cf: My Cw Zr1,Z12)-
HRD consist of 3 countercurent heat exchangers. Their equations are

tr1.tw 1=t two. M CE My, C. Zr 1)
12, t 2= Hte ] by | I CR My, Oy 22 /2),
3. tw3=ftp, two.meepmy, ey, 22 /2). (13)

Appendix 9 - Initial data of the model.
Idhi (tdh,CO=28%; r'dh,H2=2%; 'dh,CH4=0%; rdh,C2H4=0% rdh,C2H6 =0%,
rdh,C3H6=0%; 1dh,C3H8=0%; 1dh,C4H10=0% rdh,H2§=0-5%; rdh,CO2 =
10%, tdh,02=0-5%, dh,N2=58.5%, Tdh,S02=0% Tdh H20=0%). Idpi (fdp,CO
=0.5%, rdp, H2=1.5%, 1dp,cH4=90. 9%, Idp,C2H4= 06. P, tdp,C2H6= 2%
Idp,C3H6 = 0.6%; rdp, C3H8=0-8%, rdp,C4H10=0-2%, rdp H25=0.2%. 1dp CO2
=1%, rdp,02=0-2%, 1dp, N2=1.5% rdp,S02=0%; tdp H20=0%). rdoi (Tdo,CO
= Ido,H2 = T'do,CH4= T'do,C2H4= Tdo,C2H6= Ido,C3H6= Ido,C3H8=
Tdo,C4H10 = T'do,H2S= f'do,CO2= T'do,N2= fdo,502= Ido,H20=0%.
Ido,02=100%), rdwi (fdw,CO= T'dw,H2= Idw,CH4= Tdw,C2H4= Tdw,C2H6=
Idw,C3H6= Idw,C3H8= dw,C4H10= Tdw,H2S= Tdw,CO2= Tdw,S02=
rdw}!3 0=0%, rgw,02= 21%, Idw,N2= 79%, ) W&’ =20 g/Nm ofdg Wp=5
g/Nm ofdg,Ww- 2 g/Nm3 ofdg,WO— 0 g/Nm? of dg, h = 0.6, a; =21 %, a, =
21 %, A=1, tyy = tQ = ty = 200C, tg = 12500C, T = 16848 kg, N =36, © = 9648
s, by = 0.78, ¢; =0.6, Vu > =0.1, y; =0.1, p= 3 Pa, LHJ 85, my=1000 kg/s, zvu_goﬂc
tv§ 980C, Fof y = 7.8 m2, Fof j=9.1 m2, F,=524 m2, Fy=526 m2,Fpr=446
;$21=0.4m, 5;2=0.13 m, 5,3=0.12 m, 53¢, 1=0.23 m, sc 2= 003m Sgc.3=0.06 m,
Spf,1=0.2 m, spf 7=0.25 m, Sp¢ 3=0.20 m, spf 4=0.15 m; 011 =58. 14 W/imZK,
oy =11.28 W/mZ.K; ;1=1.450 W/m-K, Ay =0.605 W/m-K, A,3=0.179 W/m-K,
hse,1=1.221 W/m-K, Asc,2 = 0.605 W/m-K, Agc 3=0.142 W/m-K, Apf 1 =1.459
W/m-K, Apf 2=1.429W/m-K, hpf 3=1.395 W/m-K, Apt 4=0.142 W/m-K, Z;=50
W/K, Zph=20 W/K, zr1—1220% W/K, Zo= 42000 WK, GEeQ = 67.22%,
GFe203=28.04%, GEe304=1%, Ggj02=0.72%, GMn0=9.68%. gcap = 0.2%.
QFc0 = 3755 KI/kg, Qre203=5161 ki/kg, QRe304= 4810 kI/kg, Qg0 = 14500
kJ/kg, QMnO=>5701 kI/kg, QCca = 11348 kJ/kg, Hq pr2= 10760 ki/kmol, Hy cH4=
35797 k¥/kmol, Hy coH4= 59955 kI/kmol, Hg c2He = 64351 ki/kmol,
Hg,c3H6=88216 kl/kmol, Hy c3gg = 93575 ki/kmol, Hy c4p10 =123552
kJ/kmol, Hq pr2s= 23696 ki/kmol, Hg co= 12644 kJ/kmol.



