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Abstract: The iron ore sintering is a complex process inmgwarious physical and chemical phenomena. Thematerials used
can vary to a wide extent, from iron ore to dusyofing and several impurities are input and readtigh temperature. The process
takes place in a moving strand where a mixtureaf bre (sinter feed), fine coke, limestone andewé& continuously charged to
form a thick bed of approximately 40cm. Along tirstfmeters of the strand the charge is ignitethioyners. The hot gas, generated
by the combustion of natural gas with air, is tisaoked in through the packed bed from the wind bgtaced below the grate. The
most concerning toxic substances generated in athitions are the so-called dioxins and furansistimg of aromatic substances
combined with chlorine, hydrogen and oxygen. Msdelpredict the operational parameters and deteraptimum conditions for
minimizing the formation and emissions of thesessamces are of great importance due to the lowatsthe ability to investigate
conditions which can not be assessed by experifataniques. In this paper a mathematical modsét on the multiphase multi-
component transport equations is used to investidjeg industrial scale operation and predict tie farmation of these substances.
The transport equations are discretized basedefirtite volume method and rate equations for feensf momentum, energy and
chemical reactions are used to consider the irttas@ interactions. The model predictions are ireagent with the averaged values
measured at the gas outlet of the sinter stranadhwhilidated the modeling approach. Measurementdia{ins and furans
previously published are confronted with model proins and selective re-circulating gas technigueroposed as efficient way of
drastically reduce the emissions.
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1. INTRODUCTION

The sintering process is a well established proesesl to furnish raw materials for the blast fumad the
integrated route of steel production. The processomplex and involves various physical and chehpbanomena
such as heat, mass and momentum transfer. Thesermbea take place simultaneously increasing coraitiethe
complexity of process analysis and control. The raaterials used can vary to a wide extent, from woe to dust
recycling. The process takes place in a movingqdtihere a mixture of iron ore (sinter feed), fawke, limestone and
water is continuously charged to form a thick bédmproximately 40-80 cm. Along the first meterstloé strand the
charge is ignited by burners and the fuel combospoopagate the sinter front. The hot gas, gergrate the
combustion of natural gas with air, is then suckethrough the packed bed from the wind boxes mldoelow the
grate.

The combustion of fines coke begins at the tofheflayers, and as it moves, a relative narrow ledinginition zone
moves down through the bed. Several chemical @atand phase transformations take place withinbddg the
materials partially melt when the local temperattgaches the melting temperature and as it mokessdlidification
process occurs. The partial melting and diffusiathiw the materials promotes the particle agglorienaforming a
continuous porous sinter cake. In general, thedast produced during sintering can also be re-ctedl for better
thermal efficiency and environmental savings. Aesohtic view of the sinter machine with recyclings gmncept is
presented in Fig. 1.

The physicochemical and thermal phenomena invoredcomplex and numerous. Special mention is madieet
phenomena of gas flow through the porous bed, giéd+seat transfer, drying and several chemicattieas and phase
transformations. Several attempts have been madagio predict the final properties of the simpeoduct. One of the
most important parameter is the size distributidmclv influences strongly the sinter performancehinitthe blast
furnace. Waters at al (Waters at al, 1989), devezlogp mathematical model to predict the final siatribution of the
sinter, however, as they pointed out, the model rditl considered the kinetics of the sintering pime@oa, which
strongly affect the final size distribution. Kasaial (Kasai et al, 1991), investigated the infeeenf the sinter structure
into the macroscopic sinter properties.

A detailed explanation of the sintering mechanismd particles interaction were analyzed to clartig bonding
forces. They concluded that the void fraction apdctfic surface area are the main parameters infing the cake
strength. They also concluded that the significaiving forces of structural changes in the sim@ke are compressive
and capillary ones. Akiyama et al(Akiyama et al2pthvestigated the heat transfer properties utidersinter bed
conditions and established empirical correlatiarstiie material conductivity. However, there ane fEomprehensive
mathematical models describing the sintering p®dasan industrial machine such as the usual Dwliddyd.
Mitterlehner et a(Mitterlehner et al, 2004), presented a 1-D matherabmodel of the sinter strand focusing on the
progression speed of the sintering front. Nath let(@umming, et al, 1990, Nath et al, 1997), depebkb a 2-D
mathematical model based on transport equationgever, their analysis considered a few chemicaitieas and the
rate of phase transformations were simplified.
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Figure 1 A schematic view of the iron ore sintagiliies and material flow chart.

A more detailed multi-phase model has been devdidpe Castro et al (Castro et al, 2005) which hasnbe
continuously updated (Castro et al, 2006). Theegf@a comprehensive mathematical model able to itbesthe
chemical reactions coupled with momentum, energy species transport has yet to be continuously orgat and
applied to simulate the industrial scale of the¢esing machine. Moreover, the massive industriakpsses using fuels
are claimed to reduce all kinds of emissions. Ohg¢he most pollutant substances generated withimbetion
processes carried out at high temperature is thmalked dioxins and furans, toxic substances coempder carbon,
hydrogen and chlorine, deriving of combustion psses of organic substance in chlorine presencéerms of
generation of these substances in the steelwogksititering machine represents higher than 50%taf generation.
When compared with other pollution sources, thelgierks represents about 11%, as observed in Fig. 2

Main sources of dioxins emissions in the waorld
(Date from invertories betvwween 1995 and 2005)

Effluent treatment 1% Erosion 1%

Landfill fires 12% Steel production 11%

Chemical manufacturing 3%
Incinerstion 17%

Energy generation 2%

Uncontrolled combustion 29% Incustrial incineration 5%

Domestic waste burning 17%
Mineral procduction 1% &

Date from recert national invertory of the followwing countries: Germany, Uruguay, Chile, Argenting, Ireland, Japan, Mexico, Paraguay, USA, Australia and Denmark

Figure 2 Main sources of dioxin emissions in theldbetween 1995 and 2005.

To successfully address technologies able to redigoéns and furans emissions precise models abpgddict and
indicate optimum operational conditions has to éeetbped. In the present work, a 3-dimensionahemagtical model
of the sinter strand is developed based on theiphake multi-component concept and detailed intenag between
the gas and solid phases are addressed. Withimtuel framework are considered the following pheeonm a)
dynamic interaction of the gas mixture with theidsil b) overall heat transfer of all phases; c)orgation and
condensation of water; d) decomposition of carbesiat) reduction and oxidation of the iron bearmgerials; f) fuel
combustion and gasification; g) shrinkage of thekpd bed; h) partial melt-solidification of the isisl and i) phase
changes. This model differs significantly of thenfier ones due to the concept of multiple and calpleenomena
treatment, three-dimensional treatment of the sisieand and detailed mechanism of chemical re@gtiovolved in

the process.
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Therefore, this formulation represent a step fodaar the task of constructing a comprehensive maditieal model
of the iron ore sinter process capable of considedietailed phenomena which take place in the imdbgperation. In
this paper the actual sinter process is simulatgdcampared with industrial data. Afterwards thiguience of the fuel
quality is investigated and other alternative fuglish anthracite and biomasses are tested in trdedicate rational
use of natural resources and develop cleaner inadlustocesses. Aiming to develop environmentalgaoer processes
the dioxin and furans formation is investigated aptimum operation conditions are suggested inrot@eninimize
their emissions.

2. MODELING

The phenomena that occur into the sintering bedlyndsfine the quality of sinter products. In ordermodel the
process the concept of multiphase and multi-compibiseassumed. The multiphase principle assumésibmentum,
energy and chemical species are exchanged amomhéses and the rates of transfer are modeledriiyesapirical
correlations. In this work, a two phase system tmleted where the solid phase is regarded as a maixtusolid
particles having their own properties. In this feamork, the solid phase is behaves like a non-umifpprous media
and the mixture rules are applied to account feritidividual contribution of each solid compondmugh its volume
fraction. The gas occupies the solid phase poessiéiading to Eqg. (1).

E,tE, =1 )
m=ncomponents (2)
gs = Z fm
m=1

Figure 3 illustrates the model concept, phasetitergparameters and boundary conditions for modetive sinter
strand of a commercial scale of iron ore sintenplds can be seen, the gas phase is sucked ththegsinter bed
promoting momentum transfer leading to a strongguree drop and simultaneously exchanging energyohyective,
radiative and chemical reaction processes.
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Figure 3 Sintering mechanism, model concept of plateractions, calculation domain and boundandiams
2.1 Transport equations

Momentum balance for gas and solid are modeledyusis. (3) through (10), respectively.
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Gas phase:

Momentum equations:

a(piaig—uj)+ div (p 6,0, u;)=dve, poorad (u,)]- grad (P,)+ F.f @)
P (pg g) nreacts

+d|v(p = ZR? (4)

i=1

ot

Energy equation:

a(p +d|v(p e Ughg):div{sg

nreacts

2 grad(hg)]+Eg+ZRﬁ’Ahi 5)

P.9

Chemical species equations:

nreacts

grad((pg,k )} + Z RBy 6) (

i=1

0( 4Py,
ot

gpg

+ div (sgng gmg,k)= div{ag

Where the indexes i and k indicate chemical reastemd chemical species, respectivét'yis velocity field and"
is velocity component on the directions (j=1,2®)e subscripts g and s denote the gas and solskpheespectively.

The solid phase can be expressed in a similardasds fallows:

Momentum:
W+ div(psssUs uj)= div[sS usgrad( )] grad(P,)- F9 - F "
2682) i o.e,0 ):miamR's ®)
at s®s™¥s i

i=1

Energy equation:

W+ diV(PSESUshS): div{ss

nreacts
: grad(hs)}—E§+Z R:A, )

p.s

Chemical species equations:

s nreacts

X grad(cps, k)} + Z R7B (10)

sts i=1

a (8 sp s(ps,k )
ot

+ div (sspSU s(Ps,k)= div{sS

The phases and chemical species considered imtidel are summarized in table 1. (Austin et al,7198astro et
al, 2001,2002, 2005, 2006)

2.2 Boundary and initial conditions

The boundary conditions applied to the set of déffdéial conservation equations of the model aréhefinlet and
outlet type for the gas phase at the top and thiminofaces, respectively. The energy equation aseslet boundary
condition the average inflow temperature and abtitéet is assumed no temperature gradient. Tle¢ damposition of
the solid phase is specified together with solidgerature. For the velocity field, the gas is suretd and the pressure



Proceedings of COBEM 2007 |19‘h International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November, 5 - 9, 2007, Brasilia, DF

gradient is used to specify the inlet flow ratelat top surface. The other boundaries are of symmgie, where no
flux is assumed, except for the temperature whdreaa transfer coefficient is specified.

Table 1 Momentum, energy and chemical species deresi to model the sintering process

Equations of the gas phase
Momentum
Uy, Usg ,Ugg,Py €
Gas Energy h,
Chemical N,, O, CO, CQ, H,0, H, SiO, SQ CH, CHs GCiHg, CsHio, dioxin, furan,
Species chrorobenzene
Equations of the solid phase
Momentum
Uy, Uyg,Ugg Py, €
Energy h,
Coke breeze| C, Volatiles,,8, Al,Qs;, SI0,, MNO, MgO, CaO, FeS,,Bs, K,0, NgO,
S
Iron ore FeO,;, FeO,, FeO, Fe, KO, Al,Os, Si0O,, MNO, MgO, CaO, FeS,,Bs,
. Kzo, N@O
Solid | chemical | Return Fe0s FeO,, FeO, Fe, KD, AlLOs;, SiO, MnO, MgO, CaO, FeS,.Ps,
Species Sinter (bed) | K,O, NaO
Fused Fe0s;, FeO, FeO, Fe, KO, Al,Os; SiO,, MNO, MgO, CaO, FeS,.Ps,
Materials K,0, NagO, CaO.Fg0,, Al,05.MgO
Fluxing CaO, HO, Al,0Os, SiG,, MnO, MgO, TiIGQ
agent
Sinter cake FOs;, FeO,, FeO, Fe, KD, Al,Os, SiO,, MNO, MgO, CaO, FeS,,Bs,
K,0, NaO, CaO.Fg0,, Al,03;.MgO, dioxin, furan

Total of 116 partial differential equations numatig solved using the finite volume technique.
2.3 Source Terms

The interactions between the solid and gas phaspissented though the source terms of each equathe source
terms are due to external forces, interfaces iotenas, chemical reactions and phase transformatidhis section

describes the models used for each of these pher@ome

2.3.1 Momentum sources

) 1 g ) \
ke N ((Hm) dmcpm] *1'75‘){(1_%) dm¢m] -
o] S

(D —DS) (12)

ng =-F =[meFm ‘Ug - U
m a
Wherem stands for the solid components=ore, sinter, fluxing etc).

2.3.2 Heat transfer

The inter-phase heat transfer considers a locak®#ffe coefficient which takes into consideratidhe combined
effect of convection and radiation within the patked [Akiyama et al, 1992].

EZ = _Eg = hg—sAs—g [Ts - Tg] (13)

h., = %[2.0 + 03dRe, . ) (Pr, }*] (14)

S

The granular specific surface area is modeled ag.ii5.
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— 68!’1‘1
A, = Z[f qu)mJ (15)

The variables and symbol with their respectivesiaie summarized in table 2

Table 2 Variables and subscripts used in the maitieah formulation

A, | Specific area of the bed ffm’] Subscript
= Rate of energy exchanged between gas |agd | Gas phase
’ solid phases (kW)
™ Volume fraction of solid components (-) S Solid pha
= Momentum transfer from gas phase to solid | Index for chemical reactions
’ phase (N/)
hy-e Overall heat transfer coefficient between ggs | Index for phase velocity components
and solid (W/m K)
Kq Thermal conductivity of gas phase (W/mK) K Indek phase mass fraction
Pr, Prandtl number relating to the gas phase m  Indectount for phase component

2.3.3 Chemical Reactions

The model takes into consideration major chemieattions and phase transformations. Additionafiythis work a
mechanism of dioxins and furans formation are ask#r@. Table 3 shows the chemical reactions, phaissformations
and dioxins/Furans considered in this model. The exuations for chemical reactions, phase tramsftion and
PCDDs and PCDFs are found elsewhere (Austin 498l7, Castro et al, 2005, 2006)

2.3.4 Dioxins and furans formation

The PCCDI/Fs, are groups of chlorinated tricyclionaatic compounds where different degrees and congmof
chlorination on the aromatic ring structures canundorming 75 PCDD and 135 PCDF isomers. In thérenment
PCD/Fs are found in traces quantities as mixturthefisomers and often referred to as “dioxins’islbelieved that
Some isomers of dioxin may have carcinogenic anthganic effects. Regarding to industrial process,amncern is
due to, in high temperature process of sinteriag ore, carbon source materials such as coal amddsises are used as
heat supplier. In the sinter process of iron omesemall amount of dioxins and furans are formed @@present a
dangerous contaminant for humans. Although it idl Wseown that PCCD/Fs may be formed in many comibust
processes, it is not yet possible completely utdedsthe mechanism of formation, because the clemgactions are
very complex. Involving gas phase, condensed pha$eterogeneous reactions mechanisms have beeonsgpn
order to explain the formation and destructionhef PCCD/Fs.

In the present work, a kinetic model of PCCD/Farfation via de novo synthesis is investigated, asemted in
table 2. The basic molecule of dioxins and furarespaesented in Fig. 4, where are positions occubiechorine and

hydrogen.
[0 O a [0 a
4O N Cwo:
B B B B
pe @) o o O o

a) Dioxin -PCDDs (Policlorine b) Furan-PCDFs (Policlorine
Dibenzene -p-Dioxin) Dibenzenefurans)
ClgogHXC| (8-%) ClZOHxCI (8-x)

Figure 4 Basic structure for dioxin and furan fotima

The chemical equations are represented by eg234and 26in table 3. Such mechanism was based in "De novo
Synthesis" process evaluating the formation of P@Din the solid and gaseous phase, according hesas
concentration and partial chlorine pressure. Theh@aeism rates are represented by eq(@¥% phase) and 2&olid
phase) in table 3.

2.4 Numerical method

The model equations described above are discrdtizeed on the Finite Volume Method (FVM) where ¢bapling
of velocity and pressure field is done by applythg simple algorithm with staggered covariant visjocomponents.
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The source terms were linearized and the resuliiggbraic equations were iteratively solved basedriediagonal
matrix line by line method (ADI). A computationabae based on Fortran 90 was implemented and thewtational
domain was divided into 20x180x10 control volumes.

Table 3 Chemical reactions considered in the model

R | Chemical Reactions
Reduction by CO
1 3Fe,0,(i)+CO(g) » 2Fe,0,(i) +CO,(g) (i - oresinter,finesetq
2 ﬁFeBOLl(iHCO(g) - 4W_?’FeWO(i)+COZ(g) (i - oregsinter,finesetg
3 Fe,O(i)+CO(g) - wFe(i)+CO,(g) (i - oresinter,finesetq
Reduction by H,
4 3Fe,0,4(i)+H,(9) -~ 2Fe;0,(i) + H,0(g)
Si w . 3 .

_3F8304(I)+ H,@) - = Fe, O(i) + H,0(9)
6 Fe,O(i)+H,(@) - wFe(i)+H,0(g) (i —» oresinter,finesetc
Re-oxidation of solids
K wFe (i)+%oz(g) - Fe,O(i)
8 2 Fe,0()+30,(@) - s —Fe0,()
9 2Fe,0,(i) +0,(g) - 3Fe,0,4(i) (i — oresinter.finesetq
Gasification of carbon
10 L1
C(I)+502(9) - CO(9)
14 | C+0,@ - Co,@
12 C(i) +CO,(g) - 2CO(g)
13 C(i) +H,0(@) - H,(@) +CO(g) (i —» cokebreezercoa)
Gasification of volatiles
14 Volatilegi) +a,0, (g) ~ a,CO,(g) +a;H,0() +a,N,(9)
15 Volatilegi) +a;CO, (g) —» a,CO(@)+a,H, (@) +agN,(g) (i — cokebreezercoal)
Water gas shift
16 | CO,(g)+H,(9) ~ CO(@)+H,0(g)
Phase transformation
17 H,O(i) ~ H,0(9) (i - orgsinter,coke
18 caqi) - cad()
19 MgO(i) ~ MgO(l)
20 MnO(i) ~ MnO(l)
21, AlL0,(i) - Al,O,() (i - oresinter,coke
22 Caqi)+FeQ(i) - (Ca0.(FeO (i —» orgsinter,coke
23 2Caqi) + Fe(Yi) - (Ca0),.(FeO (i — oresinter,coke
Dioxin formation and rate formation
24 48C , + 250, +16 HCl ,, +4H,,, - C,OH ,Cl ;, +C,0,HCl .+
+2C4H ,Cl ,OH , +2CH ,Cl ,,
25 2 |C4H,CI,0H (] - C,,0H (Cl,, +HCl ,, + H,0,
26 CsH,CI,OH  + C H,Cl s T 0.50,, - C,,0,HCl 3 T 2HCI (,,
21 AMecoo rs - 038x10°C, [O.?ZHP— 3.7x1013ex;{— 2'Ox104JX }
dt od JT T P

28 defj%/FS: 3.0x10'1exp(—10f00 ][Clph][CI o]
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3. RESULTS AND DISCUSIONS

Bed height(m)

Figure 5 Thermal and chemical propagation fronef@onventional sintering operation

Figure 5 shows the combustion front within the esiriied where is observed high temperature andapartélting of
raw materials. The region above the sinter fronhé&cooling zone where re-oxidation and solidifima of sinter cake
takes place. The shape and the thickness of théwsiion front plays important role on the finaltsinproperties,
therefore the model predictions is an important tochelp operators set up the conditions of stresldcity gas flow
rates and so on. In order to validate the modeliiptiens temperature measurements were carriedyunserting
thermocouples into the interior of the sinter bad aperational conditions set up were registeré@n] the model was
run and compared. Model predictions of temperatumg thermocouples results are shown in Fig. 6abard Figure
6a, the thermocouples were placed 5 cm depth ddititer layer while for Figure 6b the thermocouphese located at
the inlet of wind boxes. Both comparisons have shgeod agreement which validated the model approach

1800 1800

1600 = Calculated & Measured 1600 — Calculated % Neasuisd

e 1400

1200 1200

1000 1000

800 200

Temperature ( K)
Temperature ( K )

600 800

400

200

Distance along sintering bed (m)

Distance along the sinterbed (m)

a) Temperature 5 cm from surface b) Temperature at outlet boxes
Figure 6 Comparison of temperature measurementsnade! predictions for industrial scale operation

The next step was to investigate the dioxins amdnfsi behavior in the interior of sinter bed. Follogvthe model
formulation the dioxins, furans and precursors whalculated for both gas and solid phases. Figutepicts dioxins,
chlorobenzene and phenol concentration in the gasewhile Figure 8 shows dioxins and furans alesbnb the solid
phase.
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Figure 7 Dioxins and precursor predictions for ghase

Experimental investigation has pointed out thatdfexins and furans are formed in a temperaturgeaanst 250 -
450°C under cooling conditions. Such thermodynangoaditions is encountered in the region just belthe
combustion zone in the intermediated wind boxestdwenough residence time. The same conditionprasent at the
ending boxes, however the residence time was nfficisat to form significant amount of dioxins arfdrans.
Regarding to the solid phase the opposite situatasbserved and the higher amount of dioxins dtaioed at the
outlet within the lower layers. Another importardarameter is the composition of iron ore raw makenehich can
contains Cu, an strong PCDD/Fs catalyst increasimgsiderably the final amount of substances formadthis
investigation, the effect of Cu catalyst was neestigated due to the kinetics mechanism was moirfrorated into the
model. Previous experimental work, however, suggesitat the raw materials for iron ore sinteringudtl have less
than 2 ppm of Cu content to avoid the catalystrgfreffect, (Harjanto et al, 2002).

Dioxins EE EHEE

40 50 &0 75

Figure 8 Model predictions of dioxins and furanshia solid phase of the iron ore sinter strand gsec
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4. CONCLUSIONS

A multiphase multi-component mathematical modeltf@r iron ore sinter process has been developedplied to
investigate the emissions of PCDD/Fs of the siptant of an integrated steel industry. The modélased on transport
equations of momentum energy and chemical spedepled with chemical reaction of reduction, comimrst
oxidation and physical transformation such as mg]tivater evaporation and condensation and PCD&liBsrption
and formation. The computational code was impleettin Fortran 90/95 and the finite volume methodedlaon the
SIMPLE algorithm with staggered co-variant veloqiojections. The model results were confrontechwidustrial
measurements of temperature by thermocouples beethin the sinter bed and showed good agreenidrd.model
was used to investigate optimum operational camstivhich minimize the formation of PCDD/Fs. Sintigla results
indicated that with recirculating gas and increggime permeability of the sinter bed the resideimoe of gas into the
favorable zone decreases and reduce the emissitnthe flue gas to around 20 ng/Rirdn another hand, the strand
velocity can be increased and the adsorption imosblid phase could be decreased, however a stiittol of the
operational conditions is necessary, since thesenscusually increase the amount of return siater hence, decreases
the productivity. In spite of these troublesomenudiations results indicated that a sinter produith WCDD/Fs less
than 50 ng/t is obtained.
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