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1. Introduction 

In this chapter, a methodology for simulating the sintering process of iron ore is presented. 
In order to study the process parameters and inner phenomena, a mathematical model 
based on transport equations of momentum energy and chemical species is proposed and 
the numerical implementations is discussed. The model is applied to simulate the impact of 
new technologies based on alternative sources of fuels, new operational design and the 
environmental concerns related to the new raw materials is estimated. The model is 
validated with pot test experiments and applied to industrial scale of sinter strand machine.  

In the integrated steel industries the sintering process plays an important role furnishing 
raw material to the blast furnace. From the point of view of natural resources, the sintering 
process is key technology that allows recycling by products or dust produced within the 
steel plant and other facilities. However, the amount and quality of energy requirements 
have continuously changed and up to date is mainly based on nonrenewable energies 
resources such as coal, anthracite and oil. Several attempts to use new energy resources have 
been carried out and new technologies are continuously developed. The process is complex 
involving various physical and chemical phenomena. The raw materials used can vary to a 
wide extent, from iron ore to dust recycling and fluxing agents. The natural resources of iron 
ores varies widely depending on the mineral composition and mining technology applied to 
produce the sinter feed. Therefore, it is of special importance to developed comprehensive 
tools to draw good decision on what kind of available raw materials and their blending will 
meet the sinter quality requirements to use in the blast furnace or other reducing 
process(Castro et. al., 2000, 2011). The process is carried out on a moving strand, where a 
previously prepared mixture of iron ore (sinter feed), fine coke or anthracite(fuel), 
limestone, other additives and water is continuously charged together with returned sinter 
from the undersize of a sieving process to form a thick bed of approximately 800 
millimeters. The strand width and length depends on the capacity of the machine and varies 
for each steel works. Along the first meters of the strand the charge is ignited by burners of 
natural gas or coke oven gas. The hot gas, generated by the combustion with air, is then 
sucked in through the packed bed from the wind boxes equipped with blowers placed 
below the grate. The strand can vary from small to large machines with the area and bed 
height compatible with the auxiliary equipments used for suction of the outlet gas. The area 
of the strand and the suction power together with the bed permeability determines the 
maximum speed and hence, the productivity of the process. However, depending on the 
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selected operational parameters and raw materials the quality of the sinter produced can 
vary widely and can strongly effects the subsequent blast furnace process operation. The 
combustion of fines coke or other carbonaceous materials begins at the top of the layers, and 
as it moves, a relative narrow band of combustion front moves down through the bed. 
Several chemical reactions and phase transformations take place within the bed, part of the 
materials melt when the local temperature reaches the melting temperature and as it moves, 
the re-solidification phenomenon and phase transformations occur with considerable 
changes on phases composition and thermo physical properties (Jeon et al. 2010, Li et al. 
2010, Nakano, 2005, 2010, Kasai, 2005, 2010, akiyama et al. 1993).  

 

 
 

Fig. 1. Schematic overview of the sinter facilities of an integrated steel works with new 
facilities proposed for recycling waste gas. 

The partial melting and diffusion within the materials causes the particle to agglomerate 

forming a continuous porous sinter cake. In general, the hot gas produced during sintering 

can also be re-circulated for better thermal efficiency. A schematic overview of the sinter 

machine with recycling gas concept is shown in Fig. 1. In addition, in this machine concept , 

part of the process gas is reutilized in a pre-combustion chamber with natural gas with 

ignition burners to keep heat supplying on the surface of the sinter strand and enlarge the 

heat affected zone. The physicochemical and thermal phenomena involved in this process 

are complex and numerous( Nakano et al, 2010, Kamijo et al. 2009, Kasai et al. 2008, 2005). 

Special mention is made to the phenomena of gas flow through the porous bed, gas-solid 

heat transfer, drying, vaporization and several chemical reactions and phase 

transformations (Umekage et al. 2009, Cieplik, 2003, Cores et al. 2010).  
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Fig. 2. Thermal cycle of the materials in the sinter strand. 

Several attempts have been done to predict the final properties of the sinter product (Water 

et al. 1989, Kasai et al. 1989, 1991). The most important parameters are reducibility, 

degradability and the size distribution which influences strongly the sinter performance 

within the blast furnace. Waters and co-workers(Waters et al. 1989), developed a 

mathematical model to predict the final size distribution of the sinter product, however, as 

the authors pointed out, the model did not considered the kinetics of the sintering 

phenomena, which strongly affect the final size distribution, reducibility and degradation 

within the blast furnace. Kasai et al ( Kasai et al. 1989, 1991) investigated the influence of the 

sinter structure into the macroscopic sinter properties. In their work a detailed explanation 

of the sintering mechanism and particles interaction is presented to clarify the bonding 

forces. The authors concluded that the void fraction and specific surface area are the main 

parameters influencing the sinter strength. They also concluded that the significant driving 

forces for structural changes in the sinter are compressive and capillary ones. Akiyama et al 

(Akiyama et al. 1992) investigated the heat transfer properties under the sinter bed 

conditions and established empirical correlations for the material conductivity. The 

mechanism of the oxidation and bonding phase formation in the sintering process 

conditions were studied by Yang et al (Yang et al. 1997). Yamaoka and Kawaguchi(Yamaoka 

& Kawaguchi, 2005) discussed 3D variations on sinter properties produced on a pot 

apparatus experimental facility and presented a mathematical model based on transport 
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phenomena to simulate the experimental conditions and draw some correlations to predict 

sinter properties based on model variables and measurements. However, there are few 

comprehensive mathematical models describing the sintering process in an industrial 

machine such as the usual Dwight-Lloyd process. Mitterlehner et al (Mitterlehner et 

al.,2004), presented a 1-D mathematical model of the sinter strand focusing on the speed of 

the sintering front. Cumming and Thurnlby and Nath et al(Cumming & Thurnlby 1990 and 

Nath et al., 1996), developed a 2-D mathematical model based on transport equations, 

however, their analysis considered a few chemical reactions and the rate of phase 

transformations were simplified. Therefore, a comprehensive mathematical model able to 

describe the chemical reactions coupled with momentum, energy and species transport has 

yet to be considered. In the present work, a three dimensional mathematical model of the 

sinter strand is developed based on the multiphase multi-component concept and detailed 

interactions between the gas and solid phases are formulated: The main features of the 

model are as follows: a) dynamic interaction of the gas mixture with the solids; b) overall 

heat transfer of all phases which accounts for convection and radiation phenomena; c) 

kinetics of vaporization and condensation of water; d) decomposition of carbonates; e) 

reduction and oxidation of the iron bearing materials; f) coke combustion and gasification; 

g) volatile matter evolution; h) shrinkage of the packed bed; h) partial melt and re-

solidification of the solids and i) phase changes to form alumina-calcium- silicates. Figure 2 

shows schematically a typical thermal cycle of the materials within the sinter strand and 

indicates main phenomena that occur along the sinter strand. In the present work, a 

comprehensive mathematical model to describe the phenomena within the sinter strand is 

presented. The present model differs significantly from the former ones due to the concept 

of multiple and coupled phenomena treatment, three -dimensional treatment of the sinter 

strand and detailed mechanism of chemical reactions involved in the process(Castro et al. 

2005, Yamaoka et al 2005). The interphase interactions are considered via semi empirical 

sub-models for the momentum transfer, energy exchange due to chemical reactions, heat 

conduction, convection and radiation. 

2. Model features 

2.1 Conservation equations 

In order to analyze the sintering process of an industrial strand machine, a multiphase, 

multi-component, three-dimensional mathematical model is proposed. The model considers 

the phases interacting simultaneously and the chemical species of each phase is calculated 

based on the chemical species conservation equations. The model concept and phase 

interactions are shown in Fig. 3. The model is based on conservation equations for mass, 

momentum energy(Austin et al. 1997, Castro et al. 2000, 2001, 2002, 2011) and mass fraction 

of chemical species of gas, solid phases: sinter feed, fine sinter(returned fine sinter), coke 

breeze(or other solid fuel), scales(fines of steel plant), fluxes and limestone. The liquid phase 

is composed of melted and formed components in the liquid phase. The re-solidified phase 

comprises the liquids re-solidified and phases formed during the re-solidification process. 

The final sinter cake will be formed by a mixture of these materials and its quality will 

depend upon the final compositions and volume fractions of each of these materials(Cores 

et al. 2010, Lv et al. 2009, Hayashi et al.2009).  
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Fig. 3. Multiple phases considered in the present model. 

In this model it is assumed that the liquid phase formed will move together with the 

remaining solid phase due to the viscosity, thus, equations for momentum transfer and 

enthalpy of the solids will account for this mixture of viscous liquid and solid materials. The 

equations for momentum, energy and chemical species are as follows:(Austin et al., 1997, 

Castro et al., 2000, 2001,2002, 2005). 

Momentum: 

 
( ) ( ), , , ,i i i j i i i k i j i j i li

i j
k k k j

u u u u P
F

t x x x x

ρ ε ρ ε
µ −

∂ ∂ ∂  ∂∂
+ = − −  ∂ ∂ ∂ ∂ ∂ 

 (1) 

Continuity: 

 
( ) ( ),

1

Nreacts
i i i ki i

n m
k m

u
M r

t x

ρ ξρ ξ

=

∂∂
+ =

∂ ∂
  (2) 

Enthalpy balance: 

 
( ) ( ),

1

Nreacts
i i i k ii i i i lii

m m
k k pi k m

u HH Hk
E H r

t x x C x

ρ ερ ε −

=

 ∂∂ ∂∂  + = + + ∆
 ∂ ∂ ∂ ∂ 

  (3) 

www.intechopen.com



 
Sintering – Methods and Products 28

The chemical species are individually considered within the phase, for gas, or components 
of the solid or liquid phases as presented in Eq. 4.: 

 
( ) ( ),

1

Nreacts
i i i k ni i n eff n

n n m
k k k m

u
D M r

t x x x

ρ ε φρ ε φ φ

=

∂∂  ∂∂
+ = + 

∂ ∂ ∂ ∂ 
  (4) 

 

Equations of the gas phase 

 
 
Gas 

Momentum 
1,g 2,g 3,g g gu , u ,u ,P ,ε  

Energy gh  

Chemical 
Species 

N2, O2, CO,CO2, H2O, H2, SiO, SO2, CH4, C2H6, C3H8, C4H10 

Equations of the solid phase 

 
 
 
 
 
 
 
 
Solid 

Momentum 
1,s 2,s 3,s s su , u ,u ,P ,ε

Energy sh

 
 
 
 
 
Chemical 
Species 

Fuels C,Volatiles, H2O, Al2O3, SiO2, MnO, MgO, CaO, 
FeS, P2O5, K2O, Na2O, S2 

Iron ore Fe2O3, Fe3O4, FeO, Fe, H2O, Al2O3, SiO2, MnO, 
MgO, CaO, FeS, P2O5, K2O, Na2O 

Return 
Sinter (bed) 

Fe2O3, Fe3O4, FeO, Fe, H2O, Al2O3, SiO2, MnO, 
MgO, CaO, FeS, P2O5, K2O, Na2O, Ca2Fe3O5, 

Al2MgO4 

Scales C, Volatiles, Fe2O3, Fe3O4, FeO, Fe, H2O, Al2O3, 
SiO2, MnO, MgO, CaO, FeS, P2O5, K2O, Na2O, 
Fe2Cl6H12O6, Ca2Fe3O5, Al2MgO4 

Fused 
Materials 

Fe2O3, Fe3O4, FeO, Fe, H2O, Al2O3, SiO2, MnO, 
MgO, CaO, FeS, P2O5, K2O, Na2O, Ca2Fe3O5, 
Al2MgO4 

Fluxing 
agent  

CaO, H2O, Al2O3, SiO2, MnO, MgO, TiO2 

Sinter cake Fe2O3, Fe3O4, FeO, Fe, H2O, Al2O3, SiO2, MnO, 
MgO, CaO, FeS, P2O5, K2O, Na2O, Ca2Fe3O5, 
Al2MgO4 

Table 1. Phases and chemical species considered in the model. 

Where indexes i and l represent the phases, j and k are the indexes for coordinates 

component direction n is chemical species and m the indicator of the reactions, M is the 

molecular weight of the species, P is phase pressure, F is component of momentum 

interactions among the phases and r is the rate of chemical reactions. ρ,ε,Cp, k and ∆H are 

phase density, volume fractions, heat capacity, heat conductivity and heat due to chemical 
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reactions, respectively. The quantity Ei-l is the heat transfer among the phases and accounts 

for convective and radiation heat transfer. The gas -solids momentum interactions are 

represented by Fi-l and detailed in the following section. The complete description and unit 

of these variable is presented in the list of variables and symbols. The chemical species for 

the solid and gas phases are presented in Table 1. Detailed chemical reactions and rate 

equations describing the in bed conditions of iron ore are found elsewhere(Austin et al., 

1997, Castro et al., 2000, 2001,2002, 2005). Several authors have assessed particular 

phenomena and rate equations for interphase interactions and sintering process(Lv et. al., 

2009, Kasai et. al, 2005, Jeon et al., 2010, Li et al.,2010, Nakano et al. 2005, 2009, 2010). 

2.2 Momentum and energy transfer 

The momentum transfer between the solid and gas are modeled based on the modified 

Ergun’s equation as follows: (Castro et. al. 2005, Cumming et. al, 1990, Nath et al. 1997) 

 
( ) ( )

( )
150

1.75
1 1

gs m m
g m g g s

m m m m m mm g s

F f U U
d dU U

µ ν ν
ρ

ν ϕ ν ϕ

    
 = + −       − −−     


 

   (5) 

Where f is the phase component volume fraction and ν is the phase component bulk void 

fractions, d is the average diameter of the phase component and φ is the shape factor 

(m=sinter feed, coke, limestone, mushy zone of liquid and solids, re-solidified and fines 

particles). U


is the phase velocity vector, µg is gas dynamic viscosity and ρg the gas density 

given by the ideal gas state relationship. Each of these components has its own particle 

diameter, porosity, shape factor and density. The overall heat transfer coefficient between 

the gas and solid phases is given by the Ranz-Marshall equation modified by Akiyama et al 

for moving beds and incorporated together with the interfacial area to give the overall heat 

transfer of solid to gas phase and vice-versa(Akiyama et al. 1993, Castro et al. 2000, Austin et 

al. 1997, Castro et al. 2002, 2005, Yamaoka et al. 2005) 

 

( )
( ) ( ) ( )

1/2 1/36(1 )
2 0.39 Re Pr

gg s m
m g s g g s

m mm
m m m

k
E f T T

d
f d

ν

ϕ
ϕ

−
−

−  = + −  



 (6) 

As shown in eq. 6, the gas-solid system inter-phase heat transfer is given by the product of 

the overall effective heat transfer coefficient, the interfacial area and the average 

temperature differences of the solid particles and gas phase. The average solids and gas 

temperatures used in Eq. 6 are calculated by solving eq. (7) for each phase, with the 

temperatures of each phase as incognita(Yamaoka et al. 2005, Castro et al. 2005, Nakano et 

al., 2010, Kamijo et al. 2009) 

 ( )( )i i p i in
n

h C T dTε φ=   (7) 

Where the quantities on the integral relation are averaged for each solid component and the 

component enthalpy is obtained by solving eq. 3, assuming that all solid and liquids 
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components moves with the same velocity, although solid particles can assumes different 

temperatures depending on the heat exchanged with gas, chemical reactions and other 

particles. 

2.3 Calculations of phase properties 

The volume fractions occupied by each solid component are calculated based on empirical 

correlations solely dependent on the individual mean solid diameters as in eqs. 8 and 

9.(Austin et al. 1997, Castro et al. 2005) 

 
( )coke coke0.153log 0.724dε  = +   (8) 

 
[ ]0.14

0.403 100 ( sinter feed, sinter, fines, scales)m md mε = =
 (9) 

The properties of the gas and solid phases are calculated considering the mixture rule based 

on the properties of the pure components. The density of the gas phase is calculated by 

using the ideal gas law. 

 
g

g ,g
g

j j

P
M

RT
ρ φ=   (10) 

Where j stands for gas species. Pure component viscosities are calculated from statistical 

mechanical theories as follows:( Reid et al. 1988, Bird et al., 1960) 

 
g6

g
,

1
2.6693 10

j

j j

M T

µ

µ
σ

−= ×
Ω

 (11) 

With the parameters given by: 

 

( ) ( ) ( ), 0.14874

1.16145 0.52487 2.16178

exp 0.77320 exp 2.43787
j

T TT
µ ∗ ∗∗

Ω = + +  (12) 

 
Boltzmann g

j

k T
T∗ =

∈
 (13) 

Pure thermal conductivities are calculated using Eucken’s polyatomic gas approximation 

(Wilke, 1950, Neufeld et al, 1972). 

 ,
5

4
j j P j

j

R
k M C

M

 
 = +
 
 

 (14) 

The gas phase viscosity and thermal conductivity are calculated from pure components 

using Wilke’s method (Wilke, 1950). 
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( )

( ),g
g

g ,g ,
g

,
j j

j jj j jj
jj

k
γ λ

λ λ µ
γ χ∈

∈

 
 
 = =
 
  




  (15) 

 
( )

( )
,g

,g
,g

g

/

/

j j
j

jj j
jj

M

M

φ
γ

φ
∈

=


 (16) 

 ( )( ){ }
21/4

, 1 / /j jj j jj jj jM Mχ λ λ= +  (17) 

The binary diffusivity of the gas species is calculated by:  

 
( )

1/2

4
, 2

g ave ave

1 1

0.0018583 10
/101325

j kT
j k

T
M M

D
P σ

−

   
  +      

= ×
Ω

 (18) 

And the parameters are calculated as follows: 

 ( )ave 0.5 j kσ σ σ= +  (19) 

 

( ) ( ) ( ) ( )ave 0.15610

1.06036 0.19300 1.03587 1.76474

exp 0.47635 exp 1.5299 exp 3.89411T T TT
∗ ∗ ∗∗

Ω = + + +  (20) 

 
Boltzmann g

ave

k T
T∗ =

∈
 (21) 

 ave j k∈ = ∈ ∈  (22) 

Where kboltzmann is the Boltzmann constant, σ  and ∈  are characteristics constants of the 

colliding gas species(Reid et al. 1988, Bird et al., 1960). The gas temperature is defined by Eq. 
23 as a function of gas enthalpy and composition. 

 ( )
g

298
g ,g ,g ,

g 298

T

K
j j p j

j K

H H C T dTφ
∈

 
 = ∆ +
 
 

   (23) 

With  

 ( ) 2
,P j j j jC T a b T c T−= + +  (24) 
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The solid properties are calculated based on the solid composition and the properties of the 

pure components. The pure component heat capacities are modeled by a polynomial 

function of the temperature as follows: 

 , s 2
s

k
P k k k

c
C a b T

T
= + +  (25) 

 ,s , ,s
s

P P k k
k

C C φ
∈

=   (26) 

 
s

298
s ,

s 298

( )

T
K

k k P k
k K

H H C T dTφ
∈

 
 = ∆ +
  

   (27) 

The solid conductivity is modified to take into account the intra-bed radiation and boundary 

layer convection( Akiyama et al. 1992, Reid et al. 1988, Bird et al., 1960). 

 ( )( )
11

s,eff s g
s

2
1

3 0.274

g
s

k
k k a b

k
ε ε

−−   = − + + + +     
 (28) 

And the constants are given by: 

 

1
1 1

1
2

s s

s s

e
a

e

ε
α

ε

−
   − −

= +   
    

 (29) 

Where es is the solid components emissivity, assumed 0.9 for iron bearing materials and 0.8 

for coke breeze and anthracite throughout the calculations carried out in this study. 

 s

s2

e
b

e
α
 

=  
− 

 (30) 

 
3

s
s

4.184
0.1952

100 3600

T
dα
   

=   
  

 (31) 

In the above equations the following nomenclature and Greek symbols are used: 

A: surface area, (m2 m-3 ) 

pC : heat capacity, (J kg-1 K-1) 

md : solid component diameter, (m) 

sd : solid phase mean diameter, (m) 

s
gF : interaction force on solid phase due to gas phase, (Nm-3 s-1) 

mf : solid component volume fraction (m=sinter feed, sinter return, limestone, fines, coke 

breeze, mushy and bonding phases), (m3 m-3) 
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H : enthalpy of the phase(kJ kg-1) 

iU


: phase velocity vector (i=gas and solid ), (m s-1) 

P : phase pressure (Pa) 

,
Pr

p g g
g

g

C

k

µ
= : Prandtl number, (-) 

Re
g g s

g s s
g

U U
d

ρ

µ−

−
=

 

 : particle Reynolds number, (-) 

R : gas constant, (J mol-1 K-1) 

Sφ : source or sink terms for the φ variables, (various)  

xi: spatial coordinates,(m) 

t: time, (s) 

T: temperature, (K) 

,i kφ : dependent variables in eq. 1, (calculated by the model), [various] 

mϕ : solid diameter shape factor (m=sinter feed, sinter return, limestone, fines, coke, mushy 

and bonding), (-) 

mν : porosity of solid component ( m3 m-3) 

iρ : phase density (i= gas and solid), (kg m-3) 

µ : phase effective viscosity (Pa s) 

iε : phase volume fraction (i= gas and solid), (m3 m-3) 

2.4 Boundary and initial conditions 

The system o f differential equations presented above are completed with their initial and 

boundary conditions. The computational domain is defined by the region of the sinter 

strand for the case of the industrial scale process simulation with the above equations solved 

for stationary conditions. When the pot test experiment is considered, the simulations are 

carried out for transient calculations with a cylindrical pot of 60 cm of diameter and the 

height is determined in order to account for the operational conditions which reproduce the 

similarity of permeability and gas flow within the packed bed with the industrial machine. 

Regarding to the boundary and initial conditions for the solid phases, the composition, 

initial and inlet particle diameters, charging particle and volume fractions distributions and 

moisture content are specified at the charging position of the strand. The outlet boundary 

condition for the solid phase is assumed fully developed flow and no sleep condition is 

assumed at the sinter strand. The other boundaries such as lateral and bed surface are 

assumed zero velocities components gradient. For the energy balance equations convective 

and radiation coefficients are assumed for each of these surfaces. The gas inlet and outlet 

flow rates are determined by the pressure drop specified for each wind box determined by 

the blower controls and it is calculated interactively by accounting simultaneously for the 

mass balance and pressure drop of each wind box. The gas inlet temperature is specified at 

the surface of the bed and the outlet temperature are calculate by using the integral relation 

given by eq.(7).  
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2.5 Numerical features 

The multiphase model is composed of a set of partial differential equations that can only be 
solved by numerical method due to their nonlinearities on the boundary, initial and source 
terms. In this work, the set of differential equations described above is discretised by using 
the finite volume method and the resulting algebraic equations are solved by the iterative 
procedure using the line by line method combined with the tri-diagonal matrix solver 
algorithm(Melaaen,1992, and Karki & Patankar, 1988). In this paper, the numerical grid used 
to simulate the pot test uses 32x8x16 = 4096 control volumes in cylindrical coordinate 
system while the industrial strand of the sinter machine was discretised based on the 
Cartesian coordinate system with 11x140x16 = 24640 control volumes. The numerical 
convergence was accepted for tolerance of the order of 10-6 for the velocity and temperature 
fields, meanwhile, for the chemical species the overall mass balance was accepted less than 
1% for all chemical species calculated. 

3. Results and discussions 

3.1 Model validation 

The model constructed was validated by using the pot test results for reproducing an actual 
sinter operation of average 37100 kg m-2 per day of productivity. The gas temperatures and 
compositions were recorded by using thermocouples and chromatography analysis. The 
temperature measurements carried out were averaged and plotted for intervals of 3 minutes 
within the sinter bed at 50, 350 and 750 mm, respectively, from the top to the bottom of the 
pot. The gas composition was measured at the outlet. The composition of the raw materials 
used for predicting both, pot experiments and industrial operations, is shown in Table 2. 
Figure 4 shows the comparison of temperature measurements and model predictions of the 
pot experiment representing an actual operation (a-c) and for gas recycling of 10% on the 
first 10 wind boxes and pre-combustion with natural gas using pilot burners (d-f). As can be 
observed, the calculated results presented very good agreement with the measured values. 
Actually, these cases of calculations were used as base cases for the calculations of the 
industrial operations conditions. Figure 5 shows vertical temperature profiles measured and 
predicted by the model at 5, 15 and 30 minutes, respectively. As can be seen in Fig 5 a-c the 
calculated results are also very close to the measured ones at the top, meddle and bottom of 
the pot reactor.  

 

 C VM Fe2O3 Fe H2O SiO2 Al2O3 MgO CaO 

Iron ore 
(%) 

- - 88.2 - 5.2 3.5 1.4 0.4 0.8 

Fuel 
(%) 

86.9 1.4 - - 4.3 4.1 3.0 0.1 0.2 

Limestone 
(Flux) 

(%) 

- - - - 0.8 2.2 1.6 13 
(MgCO3) 

82 
(CaCO3) 

Scale 
(%) 

31.9 3.1 10.8 35.5 5.8 6.6 4.1 0.4 1.7 

Table 2. Chemical compositions of the raw materials used. 
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a) 5 cm b) 35 cm c) 75 cm 

 

 
d) 5 cm e) 35 cm f) 75 cm 

Fig. 4. Comparison of temperature predictions and measurements for the pot test experiment 

(a-c: actual operation technique and d-f: gas recycling and pre combustion of natural gas). 
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Fig. 5. Comparison of vertical temperature profiles within the pot experiment. 

The measured and calculated temperatures used in Figure 5 for the sake of comparison were 

taken as the averaged solid and gas temperature predicted by the model and compared with 

the thermocouples measurements positioned in the interior of the packed bed. The reason 

for this approximation is due to the thermocouples are in direct contact with the gas and 

solid packed bed. In this comparisons it is assumed the local arithmetic average values. 

These results confirms the validity of the model to predict the thermal conditions within the 

sintering process. Therefore, in this investigation, it is assumed that the main sub-models to 

predict the heat transfer and chemical reactions are suitable to model the inner phenomena. 

Next step of the study was to apply the model to predict industrial sintering operation 

scenarios. The starting point was to apply the model to predict the actual operation of a 

typical machine and confirm the validation of the model into a industrial sinter machine. 

Thus, it was carried out a campaign of measurements in bed temperatures by inserting 

thermocouples within the sintering bed and recorded along the sinter strand until the sinter 

discharging position to the cooling system. Figure 6 shows industrial data predictions and 

measurements of temperature distributions along the sinter strand for a conventional 

operation of a large sinter machine. The measured values are obtained by averaging the 

recorded values passing through the control volume which represents the numerical values.  

The model predictions for the temperature is also in excellent agreement with the measured 
ones, similarly as observed in previous cases of pot experiment validations. Therefore, it is 
assumed that the model is able to predict new operations techniques and draw newly 
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scenarios using recycling outlet gas and increasing amount of inner residues such as scales 
and fines. In the following section these possibilities are considered. 

 

 
a) 5 cm from surface b) 35 cm from surface c) 75 cm from surface 
 

Fig. 6. Industrial data predictions and measurements of temperature distributions along the 
sinter strand- conventional operation. 

3.2 Simulations of advanced operations techniques 

In this section, 8 operation scenarios for the iron ore sinter process are simulated and 

compared with the actual practice. A set of 4 cases of outlet gas recycling with pre-

combustion of natural gas and another set of 4 cases of combined scenarios of increasing 

recycling of scales and outlet gas recycling are selected. Table 3 summarizes the operational 

results predicted by the model and the base case (actual operation). As can be seen, from 

cases 1-4 increasing amount of outlet gas recirculation is proposed and additional natural 

gas is used in a pre-combustion chamber to promote post combustion and increase the 

temperature. From cases 5-8, increasing amount of recycling scale is proposed and 

combined with gas recycling aiming at searching better combination of the both practices. In 

this study is concluded that case 6 showed better combination of high gas and scale re-

utilization with low fuel consumption. The di-calcium ferrite(Ca2Fe3O5) formation in the 

final sinter product is of special interest for the technological application due to its strong 

effect on the reducibility and mechanical strength. 

www.intechopen.com



 
Sintering – Methods and Products 38

  
Conve
ntional
 

 
Recycling gas only 

 
Recycling gas and scale 

 

Base Case 1 Case 2 Case 3 Case 4
 

Case 5 Case 6 Case 7 Case 8 

Productivity  
(t m-2 day-1) 

37.1 40.5 41.3 42.7 46.3 47.4 46.3 45.9 46.5 

Bed height  
(mm) 

770 820 840 860 900 900 900 900 900 

Basicity 

2

CaO

SiO

 
 
 

 

 
1.87 

 
1.72 

 
1.81 

 
1.82 

 
1.84 

 
1.54 

 
1.75 

 
1.54 

 
1.38 

2 2 3

CaO MgO

SiO Al O

 +
 

+ 

 
1.41 

 
1.32 

 
1.37 

 
1.38 

 
1.41 

 
1.12 

 
1.35 

 
1.22 

 
1.04 

Fuel rate 
(kg t-1) 

(%) 

49.6 
 
5 

49.3 
 
5 

40.4 
 
4 

39.3 
 
3.9 

39.3 
 
4 

32.7 
 
3.8 

37.8 
 
3.8 

34.5 
 
3.5 

34.5 
 
3.5 

Iron ore 
(%) 

56 56 55.2 55.3 55.4 54.1 53.5 51.8 55.9 

Sinter return 
(%) 

28.8 28.7 31 31.1 30.9 30.3 28.8 29.3 23.1 

Scale 
(%) 

0.0 0.0 0.0 0.0 0.0 2.1 4.3 6.1 8.2 

Limestone 
(%) 

10.2 10.3 9.8 9.7 9.7 9.7 9.6 9.3 9.3 

Ca2Fe3O5 
(%) 

28.4 24.8 26.2 26.2 26.1 22.6 25.3 23.1 20.4 

Exhaust gas 
(Nm3 t-1) 

706 683.9 634.9 613.5 639.3 660.5 666.8 691.2 694.8 

Recycling gas 
(%) 

0.0 5.6 6.5 10.4 13.7 13.2 13.3 12.9 12.7 

Additional Fuel 
(CH4) 

 (kg t-1) 

 
0.0 

 
4.5 

 
6.8 

 
7.3 

 
7.8 

 
4.2 

 
4.7 

 
5.3 

 
5.8 

PCDD/F 
Emissions 
(ng Nm-3) 

1.9 2.3 2.6 2.7 2.5 2.2 1.9 2.0 2.1 

Table 3. Operational parameters for simulated scenarios. 

Next, the inner temperature fields are compared for selected cases. It is worth to mention 

that feasible distributions profiles were obtained for all scenarios, however only cases 6 and 

8 are shown due to their attractive operational parameters, better performance and higher 
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re-utilization methods. The temperature distributions within the sinter strand are shown in 

Fig. 7 for actual sintering machine operation and the case of higher scale recycling combined 

with gas and pre-combustion(case 8). As can be seen in Fig. 7(b) the sintering temperature 

was not uniformly obtained in the sinter strand, and therefore, this operation could lead to 

produce sinter of lower mechanical strength. 

 

 
 

Fig. 7. Comparison between the sinter bed temperature distributions for conventional and 
high gas and scale recycling methods. 

Figure 8 shows a comparison of the inner temperature predictions of the actual operation 
with the optimum scenario for gas and scale recycling. As observed, the high temperature 
region is enlarged and the residence time within the sintering zone is higher. Although all 
the scenarios presented in Table 2 could be considered operational, case 6 was selected due 
to good temperature distribution combined with overall operational parameters.  
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Fig. 8. Optimized sinter bed temperature distributions for recycling methods in comparison 
with conventional one. 

Therefore, the calculation results was used to indicate promising operational conditions able 

to give higher productivity combined with low fuel consumption and high recycling 

amount of outlet gas and powder residues such as scale and others. Finally, this scenario 

was compared with the actual operation with regard to the emissions of dioxin (PCDD- Poly 

Chlorinated Di-benzene Dioxin) and furans(PCDF - Poly Chlorinated Di-benzene Furan). 

The sintering process have been strongly requested to reduce polychlorinated substances 

emissions, therefore, new technologies need to be compared not only from the point of view 

of economics but also from the environmental load (Castro et al. 2005, Cieplik et al. 2003, 

Kasai et al. 2008, Nakano et al. 2005, 2009). Figure 9 and 10 show the comparisons of PCDD 

and PCDF distributions within the sinter strand for actual operation and case 6. Although 

the concentration distributions are slightly higher when the recirculation methods of scale 
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and outlet gas is considered, when outlet gas re-utilization is adopted the PCDD and PCDF 

are also recycled into the higher temperature zone and partially decomposed and 

depending on the gas recirculation method the total amount could be reduced. As observed 

in Table 2, when the recycling amount is considered the specific emissions are reduced. 

 
 
 
 

 
 
 
 

Fig. 9. Predictions of PCDD distributions within the sinter bed. 
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Fig. 10. Predictions of PCDF distributions within the sinter bed. 

www.intechopen.com



 
Modeling Sintering Process of Iron Ore 43 

4. Conclusions 

In this chapter a mathematical model of the sintering process of a steel works has been 
derived in order to predict optimum scenarios of fines and gas recycling. The model is based 
on transport equations of momentum, energy and chemical species coupled with chemical 
reactions and phase transformations. The model predicted the temperature distributions 
inside the sintering bed together with the final sinter composition. The model was validated 
against the measured values for pot experiments and industrial monitoring temperature 
distributions. For all validation cases considered in this study the model predictions closely 
agreed with the measured values. Finally, the model was used to predict advanced 
operations such as high amount of scale recycling combined with outlet gas recirculation 
and pre-combustion of auxiliary fuels. The model developed in this study has shown 
potential applications to search for new technologies and point out advantages when 
compared with actual operation techniques. The model showed potential applications in 
order to monitoring industrial sintering machines and develop high efficiency operational 
techniques from the point of view of environment load and economical aspects. 
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