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1. Blast furnace


mailto:ar_rahmati@kashanu.ac.ir

bjléi)‘j]e,g 5 o> Lo joex]

o U’Q] w0y oolazwl u.a—‘ p...a...a.u.n)...c LSL“?‘ )‘ ol J..Jy LSH'M" 09.4.....: as sJ5| u.us) 90 P o\@s éo.ou» ).Ja.‘
SG 0 el el Al e j0 il e Candts Olde Gaz b el el g ead athoysS 0)ly S5 g Sal ol jenas (59153
o33 sy Sybisn delsh ol SVsh 5 k5 5T Kt ol o (sloallSl 5 )5 woad b Dlie SY5h & Jos
3 9 Ol o asl8 il 5geS Jdoay el 8Ygd 4 ool asl,d o gd g (Ko xSl slee oS 5l eolatl o¥g8 g
0,95 10 w9d lp s bl ol 5l asl B ol edds g o (g, cnl Ho @indS sla le Jsb jo ol Ceoud sanlid o,
Sl 5l ol oy i gt ool alogd il IS e 0¥ adgi e, w53 a5 jsboles [V S sslizl
bzl ol aiby o5 conl pledol oologd wldg s Lol slogion 51 (o atkeysS g o ooliul (o] o o
ol ;500 sla iy 5o eoliiwl sl Olde o oy Lise ol (Lol Bas g canl Olie o ol adg g el Saw
SlrarST bl 05 oo ploul ailio,gS ;0 a5 (gaul)d 1 St 020 oo Linles 1) ailio;s8 5l ool (loyle> bV SCS
ﬁ)fu.u...: 6‘9& 9 IR J)‘9 o)9§ 6yb )‘ s_ibig_iw 9 ch) ‘u.ib—‘ Soew wnganl: )I Q] w‘d} 9 raL> U.BT u}é ‘U'DT
bt gla STy plonl 5law asl A B F ley b gl oo 00p0d 0,95 &S 4y a5 £l (Glgr 0gd co 00w &S

WS o0 3920 0,55 YL 4y ol

Tuyere
Raceway

/ .
Hot air &
PCI _
Blowpipe

Figure 1- Schematic representation of blast furnace[3]

[¥] oo 595 31 slo,lgo ybo -V JSiv

51 ooliil sl 18,5 ool ailio,sS adg kB Ll jsliiea; glalixdle LB sla b sl glals 4o
gleo ;o Lo bl 55T 55 035k 3 2V 5 adss slaan jo 28l (590 e (RlP] jskaeds wikio oS o (SeS slacS g
ol Jl5 509y ailio )55 )0 colainl 8 50 (SeS s g 5l S5 058 o colainl (g5lusYgd
45l w¥sd adg gl adsl oole 5 S s plsiea (T 4 mlogd g Lo jo S5 (VL Cuard 4 az g b ol
2bo g Jij i o rmb S Gozmen (SoS S g QLS 0gb o0 ulun] ST 03 S0 S0l Cuz (S5 sl g
g Slge 5l S e 6T &S 1z 05 e Do goladl Jalse al p wihoysS 4 3,5 Cax RS g
Tl el wed (o0 Joli |) udgs Sl paz sadipled eSSl Sloes 15w &S Siellie ST B pae ) Wil e
(SS Srae 2ol Jdoa) 1) 5LlecsSS saz slas 5l obml Gl S ale w5 35250 (LSS Glas b b Ly
Ol pogdle walSy gy Slie oz ange 5l aileyss Slles i JauS Gl s QLI Gl L 5 e els
J3s J5 s3s oy AF1o)ls olremas 1) I 5o 0SS sige g llsdS @l il 5 Canslame (Sogll als
003l YL 3,1 el yemas 1) 5 (shlze 0,55 yo T eolitial 5 cunl (550 0 ST slp S5 slagds, 5l (Ko aibe S



VYAV Sl eJsl o)lads cunsl Jlo (3l gl g Co g gl - sode 4y i

009 sy wYed ade slednie el wwld 5SS OGpae ralS wilie,sS Sllee g b il oS
oS SbMasl 5 oy jlas ¢ lais g0 Com 45 9955 31 LB gp 10 (S anS gise g sl @l el pels (Sw
‘\wlasl.v L’ uw.m) 4.‘5] J.ALMJ SleMas! U”‘ RGP W c\j‘)‘ S| JLC) 3909 Lﬁ‘)“" Conwo 9 AM.L"O)BS u‘r..e[.?u a .'05)).,0
0 : . oo . v o N . .
Loyl pg b ies dlgl ailas il ) oo ailio)sS 4 VL JLad 5 Los L lga adgs o bgyye slaJoee 511 ailio )5 5Ls 9,90
0y55 S|y S8 ot gw plu g po Glgr balsa g 0 ls 13 ailio,qS ailes jo jies dg) I o a5 ol J5L
o o gl ailas gol> canyoe g ailioyeS Bl jo aS IS UL g i x el Glasl ge ey S oo Culon
J&5 09 5 35 (S sam,y JFlo ol oole aidl o Glasl axl cpl o SS mals Slles g Lo (1 YL 45 a0 o
9 u.u.m) 4.]5.‘ J.‘>|~b u}...,...ﬂ 9 (5&.5 &Lku}&u 99,9 J}u Liloadds eols u,..uLo.v \ Jiw BLNII BN u.u.m) u‘)...e‘iu ]
as wiyls alises glgil b Y 0sS o B3 oY ol 4 aS Cal o5 Jlews ShE L 6 L Ay SO ies aly) ailas
a3 o slad ) Y elgl VS 0,8 oLl ailfge Y g (SO Y @ el oo

/ Lance
g A%“""‘ \
[LEZZ ey s
LSS O ODD, Blow Pipe

a) Single lance[5]

1280 340

b) Double lance[6]

Figure 2- Representation of injection Lances
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1. Pulverized charcoal
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Table 1- Chemical reaction of coal [16]

Reactions Descriptions Models
Coal>VM+Char DE volatilization Two competing reaction model
VM+0,—CO0,+H,0 Gaseous combustion Eddy dissipation model
Char+0,—CO, Char oxidation Gibb model
Char+C0,—2CO Char gasification Gibb model
Char+H,0—->CO+H, Char gasification Gibb model
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1. Char (C(s))
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1. Non-premixed combustion

2. Eddy dissipation

3. Turbulence-chemistry interaction
4. Laminar finite-rate

5. Finite-rate/Eddy dissipation

6. Eddy dissipation concept
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Figure 3- The tuyere geometry in natural gas case
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Figure 4- The tuyere geometry in pulverized coal case
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Figure 5- The tuyere geometry in natural gas and pulverized coal
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Figure 6- The diagram of physical model of pulverized coal combustion[12]
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Table 2- Proximate and ultimate analysis of pulverized coal (%)
Oxygen Hydrogen Fixed carbon Ash Volatile matter
3.5 4.83 91.7 10 19.2
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Table 3- Comparison of present work with li et al. simulation and tested results of CO, mass fraction[12]

Points Present Li et al. Experimental Comparison with li et Cqmparison with
work results results al. results (%) experimental results (%)
A 12.51 13.4 13.8 6.64 9.34
B 14.76 14.5 15.6 1.79 5.38
C 15.91 15.1 14.1 5.36 12.83
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Figure 7- The geometry of tuyere in Gu et al. simulation[19]
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Table 4- Proximate and ultimate analysis of pulverized coal (%)

Ultimate analysis Proximate analysis
S N ) H C Moisture Ash Fixed carbon Volatile matter
0.84 1.67 4.72 4.82 78.76 3.6 5.59 56.49 34.32
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Figure 8- Comparison isothermal lines of present work with Gu et al[19]
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Table 5- Ideal Operational condition of Esfahan steel blast furnace in natural gas case

Boundary conditions Operational condition
3
o Temperature (C Oxygen content (%
Blast air Mass flow rate (—) p (©) yg (%)
3500 1080 27.5
m? Temperature (C -
Natural gas Mass flow rate () p (©)
19000 20 -
Pressure outlet (atm - -
Outlet ( )
2.8 - -
Walls Adiabatic - -
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Table 6- Grid study in natural gas case

Mode Element size Number of Number of Temperature (K) Error (%)
(mm) nodes elements
1 8 24038 129838 1345.3 0.37
2 6 55304 306149 1350.35 0.16
3 4.5 128248 723414 1352.63 0.02
4 4 181235 1028795 1352.96 0.001
5 3.5 268344 1532644 1352.97 -
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Figure 9- Isothermal lines, isobar lines and velocity contour in natural gas case
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Figure 10- The representation of points in outlet
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Figure 11- Outlet temperature changes in terms of increasing oxygen content in natural gas case
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Figure 12- Outlet velocity changes in terms of increasing oxygen content in natural gas case
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Figure 13- Outlet temperature changes in terms of increasing blast air temperature in natural gas case

b 35l 50 00 glgr slod a8l cuns 1 (52955 Slod Ol pdi 1Y IS

\#



Velocity (m/s)

VYAV Sl eJsl o)lads cunsl Jlo (3l gl g Co g gl - sode 4y i

450

400

350

300

250

200

150

100

- Ao Max.V outlet
c L AveV points
r e

C e

r ok

- AT

r A

o m e

. L m- u--

B PRI (SRS N SN AN T NN S N YT SIS NSNS N SR N1
800 900 1000 1100 1200 1300 1400

Blast air temperature(C)

Figure 14- Outlet velocity changes in terms of increasing blast air temperature in natural gas case
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Table 7- Ideal Operational condition of Esfahan steel blast furnace in pulverized coal case

Boundary conditions

Operational condition

m3
Mass flow rate (Gored)

Temperature (C)

Oxygen content (%)

Blast air

3500 1080 27.5

Kg R

Pulverized coal Mass flow rate (h) Temperature (C)

50 27 -

Outlet Pressure outlet (atm) - -

2.8 - -

Walls Adiabatic - -
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Table 8- Proximate and ultimate analysis of Karmozd coal (%0)[8]

Ultimate analysis

Proximate analysis

S H

C

Moisture

Ash

Fixed carbon

Volatile matter

1 4.3

70.1

11

10

45

34

C2.24H2.03No 0012 + 2.970, — 2.24C0, + 1.462H,0 + 0.0006N, V)
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Table 9- Grid study in pulverized coal case

Mode Element size Number of Number of Temperature Error
(mm) nodes elements (K) (%)
1 23990 129617 550.379 15.711
2 6 55443 306903 463.907 9.41
3 4.5 128589 725624 420.24 6.74
4 4 181809 1032539 391.905 5
5 3.5 269204 1538081 369.687 -
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Figure 15- Isothermal lines, isobar lines and velocity contour in pulverized coal case
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Figure 16- Outlet temperature changes in terms of increasing oxygen content in pulverized coal case
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Figure 17- Outlet velocity changes in terms of increasing oxygen content in pulverized coal case
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Figure 18- Outlet temperature changes in terms of increasing blast air temperature in pulverized coal case
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Figure 19- Outlet velocity changes in terms of increasing blast air temperature in pulverized coal case
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Table 10- Ideal Operational condition of Esfahan steel blast furnace in natural gas and pulverized coal case

Boundary conditions Operational condition
Blast ai Mass flow rate (;l”—;) Temperature (C) Oxygen content (%)
ast air
3500 1080 27.5
Mass flow rate (m—z) Temperature (C) -
Natural gas h
19000 20 -
Mass flow rate (K—g) Temperature (C) -
Pulverized coal h
20 27 -
Pressure outlet (atm) - -
Outlet
2.8 - -
Walls Adiabatic - -
s. & }‘ J§|’=’.. |

JU5 599 9 (b 3 <l yo asll 51 Ml Jdoxi WY Jgur
Table 11- Grid study in natural gas and pulverized coal case
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Mode Element size Number of Number of Temperature Error
(mm) nodes elements (K) (%)
1 8 23995 129528 1373.39 0.8
2 6 55237 305725 1361.3 0.41
4.5 128110 722155 1355.67 0.0324
4 4 181063 1027288 1355.23 0.003
5 3.5 268150 1531079 1354.81 -
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Figure 20- Isothermal lines, isobar lines and velocity contour in natural gas and pulverized coal case
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Figure 21- Outlet temperature changes in terms of increasing oxygen content in natural gas and pulverized coal case
JU5 5098 9 b S o 53 (s o0 8l cuns 2 (29,5 lod Ol i T S

450
I o Max.T outlet
400 co - Ave.T points
- S
5 30 A%
~ B R
AT
A
B 300
=] ,
g -
& r » 1 m----N
= 250 om
200 |
150 [
100:\\||||\|\||||\|||\||\|\|\||||\\
20 22 24 26 28 30 32 34 36

02(%)

Figure 22- QOutlet velocity changes in terms of increasing oxygen content in in natural gas pulverized coal case
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Figure 23- Outlet temperature changes in terms of increasing blast air temperature in natural gas and pulverized coal case
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Figure 24- Outlet velocity changes in terms of increasing blast air temperature in natural gas and pulverized coal case
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Three-dimensional simulation of the pulverized coal combustion inside
tuyere of a blast furnace in Esfahan Steel Company

AhmadReza Rahmati'* and Behrooz Aghaie?
1- Department of Mechanical Engineering, University of Kashan, Kashan, Iran, ar_rahmati@kashanu.ac.ir
2- Department of Mechanical Engineering, University of Kashan, Kashan, Iran, b_aj_mechaniceng@yahoo.co
*Corresponding author

(Received: 2017.11.11, Received in revised form: 2018.02.02, Accepted: 2018.02.22)

In the present study, a steady state three-dimensional simulation of the pulverized coal combustion inside
tuyere of a blast furnace in presence of natural gas in Esfahan Steel Company has been investigated and the
effects of the blast air parameters, such as the oxygen percentage and temperature of the blast air at the outlet
of the tuyere has been investigated. Auxiliary fuels in the blast furnace are used to increase productivity,
reduce production costs and increase efficiency in the steel industry. In the first case, the simulation is carried
out without the pulverized coal and only natural gas was considered. In the second case, the gas is removed
and the combustion behavior of pulverized coal is simulated. The combustion model used for these cases is
non-premixed combustion. In the third case, combustion behavior of natural gas and pulverized coal together
is simulated using the eddy dissipation model. The results show that increasing the oxygen content and the
blast air temperature increases the maximum temperature and maximum velocity at the outlet. The standard
k — &€ model is used for turbulence and the DO radiation model solves the radiative heat transfer equation.

Keywords: Pulverized coal, Blast furnace, Tuyere, Non-premixed combustion, Eddy dissipation combustion
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