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a  b  s  t  r  a  c  t

The  current  study  revisits  the  particle  combustion  modeling  in  the  simulation  of iron  ore pellet  indurator,
which  is the  process  to  dry and  fire  the  pellets  as a pretreatment  for blast  furnace.  Although  the  shrinking
core  model  has been  frequently  used  in the  previous  studies  due  to its simplicity,  its  limitation  for  the
porous  pellet  should  have  been  evaluated.  Instead,  the  grain  model  could  have  been  used  as  it conceptually
gives  the  better  description.  In that  context,  the  shrinking  core  model  is  compared  against  the  grain
eywords:
ron ore pellet
traight-grate indurator
oke combustion
hrinking core model
rain model

model  in  the  simplified  isothermal  condition  and  the  complete  indurator  simulation  to  demonstrate
the  applicability.  Despite  the  possible  differences  in  the  conversion  profiles  along  the  reaction  regimes,
the  models  provide  apparently  reasonable  bed  temperature  results  for the normal  indurating  conditions.
However,  the  shrinking  core  model  needs  to be  applied  with  caution  and  its  validity  should  be  questioned
when  the  operating  conditions  change.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Mathematical simulation for the industrial solid processes has
idely been utilized because the direct performance measurement

uring the commercial operation would be difficult if not impos-
ible. Industrial applications for solids processing are commonly
ssociated with the gas-solid particle heterogeneous reactions.
epresentation of the complicated nature of the gas-solid reaction

tself has long been an issue, and various types of particle reac-
ion models have been proposed. Since the solid bed performance
nd productivity are largely affected by the gas-solid reactions,
he proper reaction modeling is crucial in constructing a process
imulation.

In a bed model, the reaction rate of a solid component is com-
only described by applying a reaction model to the assumed

epresentative particle. Since a reaction model is involved in the
terative bed calculation, a concise and analytical function for a
lobal reaction rate would be preferred. A reaction model would
e selected compromising a sophisticated description and a model-

ng efficiency. In doing so, appropriateness of the adopted reaction

odel should firstly be investigated regarding the particle char-

cteristics in the reaction environment. However, bed simulations
ccasionally give an impression of modeling particle reactions with

∗ Corresponding author.
E-mail addresses: aj1983@kaist.ac.kr (H. Ahn), smchoi@kaist.ac.kr (S. Choi).

ttp://dx.doi.org/10.1016/j.compchemeng.2016.11.005
098-1354/© 2016 Elsevier Ltd. All rights reserved.
oversimplification, which may  limit its validity over the range of
operation conditions. In that context, the current study is specifi-
cally to reassess the single particle combustion models in the iron
ore pellet indurator simulation.

As the feed of blast furnace, the typical iron ore pellet is made
of mostly iron oxide mixed with coke, and limestone with water.
Induration is basically to heat up the pellets for drying and ther-
mal  strengthening. Fig. 1 shows the schematic illustration of the
straight-grate pellet indurator, which consists of the consecutive
stages for up and down draft drying (UDD, DDD), preheating (PHZ),
firing and after-firing (FZ, AFZ), and cooling (CZ1, CZ2) (Thurlby
et al., 1979). Gas temperature and flow rates are controlled for each
of the stages, and gases are partly recycled for energy efficiency.
The bed temperature is considered to be the first priority in the
process operation and modeling. The external gas supply plays the
primary role in the bed temperature control, and coke in the pellet
also provides the supplement heat. The typical coke content is as
low as about 1 or 2 wt.-% of the pellet, but its combustion heat is
around 30 MJ/kg, which almost controls the energy balance. On the
other hand, water drying is arranged to be completed in the initial
stages at relatively low temperature. The impact of endothermic
limestone decomposition also seems less critical, considering its
content and the heat of reaction. Other reactions, such as magnetite
oxidation depending on the raw ore type, can be included but are

not considered at this time.

Reaction modeling for a pellet needs to consider the par-
ticle characteristics as a porous spherical agglomerate of fine

dx.doi.org/10.1016/j.compchemeng.2016.11.005
http://www.sciencedirect.com/science/journal/00981354
http://www.elsevier.com/locate/compchemeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compchemeng.2016.11.005&domain=pdf
mailto:aj1983@kaist.ac.kr
mailto:smchoi@kaist.ac.kr
dx.doi.org/10.1016/j.compchemeng.2016.11.005
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Nomenclature

A (Specific) particle surface area (m2/m3, m2)
C Concentration of the component (kmol/m3)
Cp Specific heat (kJ/kg K)
D Diffusion coefficient (m2/s)
d Diameter (m)
F  Particle shape index for particle reaction models
fg Gas flowrate (kg/m2 s−1)
fs Bulk density of solid (kg/m3)
gF (X) Solid conversion function defined in the grain model
H Enthalpy/heat of reaction (kJ/kg)
h Convective heat transfer coefficient (kJ/m2 s K)
Ke Equilibrium constant
k Thermal conductivity (kJ/m s K)
kr Rate constant (m/s)
km Mass transfer coefficient (m/s)
L Length (m)
M Mass in the unit volume (kg/m3)
N Moles of the component
NRe Reynolds number

(
= �uL/�

)
NPr Prandtl number

(
= Cp�/k

)
NNu Nusselt number

(
= hL/k

)
NSc Schmidt number

(
= �/�D

)
NSh Sherwood number

(
= kmL/D

)
N∗
Sh

Modified Sherwood number in the grain model
P Pressure (Pa)
pF (X) Solid conversion function defined in the grain model
R Gas constant (kJ/kmol K)
Ri Rate of reaction i (kg/m3 s)
r Radius of particle (m)
T Temperature (K)
t  Time (s)
t∗ Dimensionless time in the grain model
u Velocity (m/s)
V Volume (m3)
W Molecular weight
X Solid reactant conversion fraction
z Coordinate in the bed height

Greek letters
˛  the fraction of heat distribution in the reaction
ε Porosity
� Viscosity (kg/m s)
� Stoichiometric coefficient of solid reactant which

makes the coefficient of gaseous reactant unity
� Density (kg/m3)
� Dimensionless reaction modulus in the grain model
� Tortuosity

Subscripts
b Bed
c Coke
eff Effective value
g Gas phase / grain particle
l Limestone
o Initial (original) value
p Particle / pellet
s Solid phase / particle surface

Superscripts
e Equilibrium value

phase, energy equation within a particle, as well as the equation of

w Water
c Critical value

component grains, as schematically illustrated in Fig. 2(a).
The shrinking core model was  widely used in the previous indura-
tor simulations, which has helped to make the situation simple
(Barati, 2008; Hamidi and Payab, 2003; Majumder et al., 2009;
Sadrnezhaad et al., 2008; Tan et al., 2016; Wang et al., 2012).
However, the background or the applicability of the model should
have been discussed together with the modeling efficiency. The
shrinking core model for a porous particle would become valid
only when the reaction is controlled by inward diffusion where
the reaction proceeds with the core-shell structure as the model
depicts. Otherwise, the model would properly represent only a
part of the reaction history (Do, 1982; Melchiori and Canu, 2014;
Valipour and Saboohi, 2007; Wen, 1968; Wen  and Wang, 1970).
Moreover, the shrinking core model in the previous studies seems
to have been used diversely with ambiguity or arbitrariness in the
relevant parameters.

Nevertheless, the validity of a process simulation has been fre-
quently shown simply by comparing the overall bed temperature
profiles for the given process condition. However, considering the
limitation and the simplification in the reaction modeling, the
validity of the simulation may  not be guaranteed when the oper-
ation conditions change. Meanwhile, the other reaction models,
such as the grain model, could also have been used for more rigor-
ous expression despite the increased complexities in the modeling.
In this study, the application of the shrinking core model to coke
combustion in the pellet is investigated by comparing against the
grain model. The models in the analytical form are compared in
the simplified condition, and the comprehensive simulation in the
straight-grate indurator system is presented. By doing so, this study
aims to demonstrate the possible limitations or the applicability of
the shrinking core model.

2. Reaction models for pellet indurator performance
simulation

2.1. Concepts of gas-solid reaction modeling

A generic reaction equation involving gaseous and solid reac-
tants which generate gaseous and solid products can be written as
Eq. (1). Assuming a globally complete combustion, coke combustion
reaction can be written simply as Eq. (2) in which the stoichiometric
coefficients are all unity.

aA (g) + bB (s) � cC (g) + dD (s) (1)

O2 (g) + C (s) → CO2 (g) (2)

Generally, the reaction between the gas and the solid particles is
considered to be dependent on chemical reaction kinetics and diffu-
sion of the gaseous matters. A thorough gas-solid reaction modeling
would at least include fundamental equations of mass balances for
single gaseous and solid species, concentrations of gaseous species
and the solid reactants, total mass balances for the gas and the solid
phases, molar flow or flux of single gaseous species and total gas
state, property estimations, effective diffusivity, effective thermal
conductivity, heat and mass transfer coefficients, overall degree
of conversion, reaction rate equation, and so forth (Patisson et al.,
1998).
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To reduce the complexities, the reaction modeling approaches
sed to adopt simplifying assumptions. The pseudo-steady-state
pproximation eliminates the transient term in the gas phase which
akes the governing equations simple to produce the analytic

olutions. Furthermore, the reaction is often assumed to be in
he isothermal condition which also facilitates simplified analyses.
quimolar counter-diffusion is assumed when the stoichiomet-
ic coefficients of gaseous reactant and product are identical, so
he effect of the net gaseous flux can be neglected. Of course, the
imitations on the validity of those simplifications have occasion-
lly been pointed out in the literature. For those cases, numerical
olution procedure would be required to solve the whole set of
quations, which is far more complicated than an analytical func-
ion or simpler explicit expressions (Patisson et al., 1998; Valipour
nd Saboohi, 2007; Wen  and Wang, 1970). Nevertheless, the sim-
ler analytical approach has also been shown to be useful due to the
arious criteria obtainable, and it is also favorable for the circum-
tances of bed reactors (Gómez-Barea and Ollero, 2006; Melchiori
nd Canu, 2014; Wen  and Wang, 1970).

Various reaction models hitherto proposed can also be catego-
ized by the manner of the reaction progression which each model
llustrates. The heterogeneous type model assumes the structure
f the unreacted core and the porous product shell divided by the
arrow reaction interface which shrinks inward. This can be eas-

ly imagined for a nonporous particle which is initially impervious
o the gaseous reactant. The core-shell structure can also be found
hen the relative degree of diffusion is far smaller than chemical

eaction kinetics so the diffusion controls the reaction, i.e., the dif-
usive regime for the reaction. The shrinking core model is the most

idely used one for the heterogeneous reaction. On the opposite
ide, the reaction may  proceed uniformly throughout the particle
ith the constant concentration of gaseous reactant as homoge-

eous model depicts. This would occur when the particle is highly
orous or the diffusion is a lot faster than reaction kinetics, that

s the kinetic regime. In many practical situations, the reaction
rogression is likely to be in between the two extremes as repre-
ented by the intermediate type models including the grain model
Valipour and Saboohi, 2007; Wen, 1968). The reaction progres-
ion of the shrinking core model and the homogeneous model can
e expressed by the grain model as its two special cases. The terms
f the continuous model or the zone model also seem to include
he intermediate manner of the reaction progression. The shrink-
ng core model and the grain model in the form of the analytical
unction are as in the following sections.

.2. Shrinking core model

Regardless of the reaction regimes, the model assumes the
hrinking reaction interface in a nonporous particle leaving the
orous product shell as in Fig. 2(b). In the figure, CA is the concentra-
ion of the gaseous reactant A, as denoted in Eq. (1), along the radial
irection in the particle which decreases from the bulk gas concen-
ration at the particle surface to zero at the reaction interface. The
hrinking core model for the reaction i can be written generally
s in Eq. (3). The model describes the reaction progression with
hemical reaction kinetics, particle film diffusion, and the effective
iffusion through the outer porous product layer, as shown in the
enominator. In the rate equation, parameters including the parti-
le surface area Ap, the outer particle radius ro, and the unreacted
ore radius rc should be based on the same particle. The equilibrium

as concentration can be omitted when the reverse of a reaction is
egligible. It has been generally suggested that the approximation
sing the model may  practically be sufficient in many industrial
pplications (Ishida and Wen, 1971; Levenspiel, 1999; Melchiori
nd Canu, 2014; Wen, 1968)
al Engineering 97 (2017) 13–26 15

Ri =
�WsAp(Ceg − Cg)
r2o
r2c kr

+ 1
km

+ ro(ro−rc)
Deffrc

(3)

Deff = DAMεp/� where � = ε−0.41
p (4)

The coke combustion rate in the pellet can be readily calculated
using the shrinking core model as in the previous indurator models.
The intrinsic chemical reaction constant may  be selected from the
literature. The mass transfer coefficient on the pellet surface km is
determined simply by the Sherwood number and the molecular dif-
fusivity of the binary gas mixture DAM . For the effective diffusivity,
Eq. (4) has been frequently shown with the shrinking core model in
the previous studies which deals with diffusion in the pellet. Even
though the equation does not explicitly state Knudsen diffusion or
information about pore sizes, it has been used as a convenient and
less rigorous way to approximate the effective diffusivity in the pel-
let. In fact, the equation seems to have originated from the previous
works to derive the effective diffusivity from the molecular diffu-
sivity (Currie, 1960). The equation and the exponent value seem to
have chosen among the set of data by some of the researchers in
the early years of mathematical modeling for ironmaking processes
and have been used customarily for an iron ore pellet (Barati, 2008;
Majumder et al., 2009; Wang et al., 2012; Yagi et al., 1967; Young,
1977).

Nevertheless, the application of the shrinking core model to
coke in the pellet still needs to be questioned. Firstly, the shrinking
core model has a limitation in the description of the reaction pro-
gression in a porous particle. The reaction progression in a porous
pellet would be the core-shell structure or uniform as in Fig. 2(c)
and (d) with the different profiles for the gaseous reactant con-
centration CA throughout the particle. However, the shrinking core
model would be acceptable only in the diffusion–controlled regime.
To be classified as in the diffusive regime, the reaction on a pellet
should be faster enough than the inward diffusion or the particle
size needs to be large (Do, 1982; Ishida and Wen, 1971; Küç ükada
et al., 1994; Melchiori and Canu, 2014). The model may  have limi-
tations in kinetic and intermediate regimes or when the transition
of the reaction regimes exists. However, applicable conditions for
the shrinking core model have been rarely discussed for the pellet
indurator modeling.

Secondly, determination of the modeling parameters becomes
confusing due to the assumption and the particle structure. The
relevant parameters in the shrinking core model, such as the surface
area, particle radius, and the diffusion coefficients, are used for a
single nonporous particle. However, when the solid reactant is a
small fraction mixed in the pellet, it becomes uncertain what the
characteristic particle should be for the model. The particle can be
either the pellet or the grain, or it may  be assumed arbitrarily. In
this regard, the model may need the treatment to correlate the
pellet and the coke grain, as the global particle and the reacting
constituent. Otherwise, the model may  not adequately describe the
status of the reacting particle.

2.3. Grain model

Regarding the ambiguity with the shrinking core model as men-
tioned above, the grain model can be more advantageous than the
shrinking core model conceptually. Firstly, the arbitrary assump-
tion for the reacting particle is not necessary as the grain model
depicts the structure of the pellet and the grains with idealization.
The grain model assumes that the porous pellet consists of non-
porous fine lumps of reactant solids on which the reaction actually

takes place. Thus, the grain model can further specify the reac-
tion progression as the combination of chemical reaction kinetics,
mass transport at the pellet surface, diffusion through the pellet,
and diffusion through the product layer of the grain. Secondly, the
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Fig. 1. Schematic diagram of conventional iron ore pellet induration process in straight-grate.
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ig. 2. Schematic illustrations for (a) an iron ore pellet considered in the current st
he  grain model for chemical reaction controlled reaction with the variation of the 

odel can portray the reaction progression throughout the reac-
ion regimes. While the reaction progression on the pellet varies as
n Fig. 2(c) and (d) along the changing reaction regimes, the form
f the rate equation or the parameters do not have to be modified
r fitted. Essentially, the core-shell structure of the shrinking core
odel can be interpreted as a special case of the grain model.

In fact, the application of the grain model for a porous pellet and
ts validity can also be found in the previous studies. The original

ork of Szekely et al. is one of the most comprehensive descriptions
f the grain model for a porous pellet. Based on the fact that the
hrinking core model is applicable to the porous pellets only when
he reaction is controlled by diffusion through a porous product
ayer, the authors emphasized that the importance and the advan-
age of the grain model is that it allows the interpretation of the
eaction on a porous pellet under chemical or mixed controlled
onditions, and enables the prediction of the overall reaction rates
or various solid structures, such as different porosities and specific
urface area. In the authors’ work, the validity of the grain model
or porous pellets was presented by introducing previous compar-
sons with experimental measurements, such as the reduction rate
f nickel oxide by hydrogen and the reduction of hematite by hydro-
en (Szekely et al., 1976). Among the recent works, Valipour and
aboohi considered the grain model in their mathematical model
or the reduction of porous hematite pellets in a moving bed reactor

hich was validated to experimental data (Valipour and Saboohi,

007). Nouri et al., applied the grain model to the simulation of the
irect reduction reactor for porous hematite pellets by hydrogen
nd carbon monoxide. The prediction of their reactor simulation
) the shrinking core model (c) the grain model for diffusion controlled reaction (d)
ntration of the gaseous reactant CA in the radial direction.

was compared with the experimental data from a commercial plant
in terms of the outlet gas composition and final solid conversion.
Although the separate validation of the reaction model in the single
pellet scale was not presented, which is likely due to the limitations
in the measurement from the operating plant, the good agreement
of the final process parameters gives a glimpse to the appropriate-
ness of the reaction model throughout the reactor process (Nouri
et al., 2011). Melchiori and Canu presented the theoretical discus-
sions to compare the simplified grain model and the shrinking core
model throughout the reaction regimes. The authors concluded that
caution is needed in the use of the kinetic constant for the shrinking
core model as the model is erroneous out of the diffusive regime,
which implies that the typical assumption that the shrinking core
model is reasonable to any porous solids can be incorrect at some
conditions (Melchiori and Canu, 2014). In short, the grain model
is expected to enhance the validity of the reaction rate calcula-
tion for the wider range of induration conditions while increasing
negligible computational load.

The rate equation of the grain model in the form of the explicit
analytical function can be written as Eq. (5). The equation has been
derived from the original set of the non-dimensional equations as
explained in Appendix A.

Ri = − �WskrCg (1 − εp)/rg,o

1
3(1−X)2/3 +

(
kr rg,o
6Dg

+ r2p,o(1−εp)kr
6Deffrg,o

)(
2

(1−X)1/3 − 2

)
+ kr r2p,o(1−εp)

3DAMrg,oNSh

(5)
In the equation, DAM represents the molecular diffusivity on the
pellet surface as explained above, and Dg is the diffusivity through
the product solid layer of the grain. It has been said that the overall
effective diffusivity through the porous solid matrix is governed not
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nly by molecular diffusion but also by the effect of Knudsen dif-
usion DAK which is predominant in the micropores. The effective
iffusion coefficient in the grain model is thus approximated using
qs. (6) and (7) (Nouri et al., 2011; Szekely et al., 1976). The diffu-
ivity in the developing product solid layer of the grain is assumed
ith Eq. (8) in which the value ϕ is set to 0.35. When the pellet is

he mixture of multiple components, the pellet porosity εp should
nclude the volume fraction occupied by inert components to the
eaction, as well as the void area in the pellet.

1
Deff

= 1

ε2
p

(
1
DAM

+ 1
DAK

)
(6)

DAK = 4
3

(
8RT
	WA

)1/2

K0, K0 =
{

128
9

[
3 (1 − εp)

4	r3
g

�

εp

]
r2
g

(
1 + 	

8

)}−1

(7)

g = ϕDeff (8)

. Basic comparison of the reaction models

.1. Simplification for the comparison

As a preliminary discussion, the two models are compared firstly
n the hypothetical simple conditions prior to completing the entire
ndurator simulation. The calculation condition is simplified to the
sothermal single pellet scale. In a bed simulation, the reaction
ate of any point in the bed is determined with temperature, com-
osition, properties, and other factors which changes by time in
ssociation with the neighboring area in the vertical and horizontal
irections. However, as the calculation is simplified to a single pel-

et, the variables related to the bed become unnecessary. Moreover,
emperatures of the gas and the solid are set to be identical, exclud-
ng the heat transfer resistance and the heat generation. Despite the
nrealistic depiction, this simplification is adopted to restrict the
emperature variation during the reaction history, so as to confine
he differences in the overall reaction progression to the conse-
uences of the different models at a certain reaction condition.

The pellet diameter is assumed to be 12 mm with sphericity of
.95. The pellet porosity is set to 38% out of the slightly different
alues in the other studies and considered to be constant dur-
ng the reaction. Although the actual grains constituting the pellet

ould have the size distribution and different shapes, the relevant
escriptions have often been neglected in the indurator modeling.
or convenience, the grains are assumed to be spherical with the
ean diameter of 40 �m (Küç ükada et al., 1994). Regarding the

ellet composition, information tends to be limited to the specific
omponents regarding the reactions, such as initial water content,
imestone, and coke, in the previous indurator simulations. For con-
enience in this simplified comparison, the pellet is assumed to be
omprised solely of 1.5 wt.-% of coke and ore. Iron oxides and other
aterials which constitutes the majority of the pellet needed to be

pproximated as hematite and inert components. The component
rains are assumed to be distributed uniformly within a pellet. The
as composition is assumed as that of air. The rate constant kr,c
or coke combustion is written as Eq. (9) in the Arrhenius equa-
ion form with Ar is 2.30 m/s  K and Er/R is 11,100 K (Hobbs et al.,
993). The well recognized Ranz-Marshall correlation in Eq. (10) is
sed for determining the mass transfer coefficient on the particle
urface.

r,c = ArTexp
(
−Er/RT

)
(9)

Sh = 2.0 + 0.6N1/2
Re N

1/3
Sc (10)
For the calculation of the models, temperature is increased from
00 ◦C to 1200 ◦C by 200 ◦C as the controlling variable. In each
ase, the models calculate the consumption of coke as combus-
ion proceeds for the given temperature. Gas velocity could also
al Engineering 97 (2017) 13–26 17

be the variable for comparison as it may  affect mass transport on
the pellet. However, it needs to be noted that the impact of the
gas velocities on the results was trivial in the range of 0.1–3.0 m/s,
assuming the typical condition of the bed processes. The shrinking
core model showed slightly faster progression when the gas veloc-
ity increased, but the differences were negligible compared to the
changes by temperature.

3.2. The reaction rate equations

As the reactant gas condition and the reaction rate constant
are used identically, the differences in the calculation results are
attributed mostly to the assumption of each model which describe
the reacting particle structure in relation to the diffusion effect.
However, the shrinking core model in Eq. (3) can be interpreted in
different ways due to the ambiguity as discussed above. Referring
to the previous indurator modeling studies, several cases for the
shrinking core model with modifications are prepared as a trial.
The cases and the rate equations for comparison are as follow.

(a) GM — Grain model

The grain model is as described in Eq. (5) with diffusivity corre-
lations in Eqs. (6)–(8).

(b) SCM1 — Basic form of the shrinking core model

In the previous indurator simulations, the rate equation of the
shrinking core model was  frequently presented in the basic form or
occasionally described simply without the equations (Barati, 2008;
Sadrnezhaad et al., 2008; Tan et al., 2016; Wang et al., 2012). Hence,
the base case of the shrinking core model is considered as in Eq. (3)
with respect to the pellet scale using the effectiveness diffusivity
in Eq. (4).

(c) SCM2 — Shrinking core model with coke fraction

As mentioned above, the fraction of coke in the pellet may  need
to be considered as the actual reactant component. The model is
also applied to the pellet scale, and the volume fraction of coke is
multiplied to the SCM1 case as an arbitrary treatment as below.

Rc = − WcApCO2

r2o
r2c kr,c

+ 1
km

+ ro(ro−rc)
Deffrc

× fv,c (11)

(d) SCM3 — Shrinking core model with modifying the effective dif-
fusivity

The above shrinking core model cases used Eq. (4) for the effec-
tive diffusivity. As the approximation has been pointed out to be
convenient but less rigorous approximation, the correlations in Eqs.
(6)–(8) which were prepared to the grain model are tried based on
the SCM2 case.

Rc = − WcApCO2

r2o
r2c kr,c

+ 1
km

+ ro(ro−rc)
Deffrc

× fv,c,
1
Deff

= 1

ε2
p

(
1
DAM

+ 1
DAK

)
(12)

(e) SCM4 — Shrinking core model with modifying the surface area

One of the previous indurator model presented the surface area

Ap using the shrinking core radius rc instead of the original pellet
radius ro (Hamidi and Payab, 2003). This is expected to make the
overall rate diminish as the core radius would decrease along the
reaction progression. However, there is no specific explanation for
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his replacement and its physical validity neither, and thus it seems
o be one good example of arbitrariness for the model.

c = − WcApCO2

r2o
r2c kr,c

+ 1
km

+ ro(ro−rc)
Deffrc

× fv,c, Ap = 4	r2
c (13)

f) SCM5 — Shrinking core model in the alternative form

The above shrinking core model cases are of the pellet scale
xplicitly as frequently presented in the literature. One of the previ-
us study used the model in a different form as follows (Majumder
t al., 2009). In this case, the correlation for the mass transfer coef-
cient seems to incorporate the film diffusivity and the effective
iffusivity. Specifically, the mass transfer coefficient km,c looks like
he typical form of the film diffusion coefficient using Sherwood
umber, but the empirical diffusion coefficient of oxygen through
oke is used instead of molecular diffusivity.

c = − 6Xc�skrXO2

100�cdc
, kr =

(
1
kr,c

+ 1
km,c

)−1
(14)

km,c = DO2−CNsh/deff, DO2−C = 0.435 × 10−5

(
Tg/298.15

)1.5
/0.29−0.41

.3. Results

.3.1. Overall conversion fraction profiles
Assuming that the approximation of the reaction progression

rom the grain model (GM) is realistic enough, the shrinking core
odel cases are compared as in Figs. 3 and 4 which show the coke

onversion fraction profiles. The coke conversion fraction X is the
atio between the mass of consumed and initial coke component.
t is considered simply as below in which Mc,o and Mc are the mass
f coke at the initial state and at certain times during the reaction.

 = (Mc,o − Mc)/Mc,o = 1 − Mc/Mc,o (15)

Thus, the conversion fraction shows the degree of reaction pro-
ression from 0.0 for the initial state to 1.0 for the completion. Since
he conversion fraction is a cumulative value, the relative degree of
eaction rates can also be seen by the slope at any time. The reaction
ime is non-dimensionalized from 0.0 to 1.0 by dividing the elapsed
ime at any point to the entire reaction time which is identical to
ll the cases.

In Fig. 3, the conversion fraction profiles of the cases SCM1,
CM2, and SCM4 are plotted with the GM case. The SCM1 case gave
ypically overestimated unrealistic reaction rates. The entire reac-
ion was completed in the middle of the reaction time even at the
owest temperature of 400 ◦C. Coke was depleted instantaneously
n the higher temperatures so the plots were hardly noticeable as it
ies vertically almost with the ordinate line. The SCM2 case had the
imilar order of the reaction rates to that of the GM case. However,
his case showed large deviations as the progression was  slower
t low temperatures and faster at high temperatures. The results
ay  support the assumption that the partial fraction of the solid

eactant needs to be considered to the basic form of the shrinking
ore model but the further fitting of parameters are necessary to
ake the closer agreement. The SCM4 case had no difference to

he SCM2 case at 400 ◦C, because the overall reaction rate is very
ow and the reaction was in the kinetic regime at this condition. As
xpected with replacing the outer pellet surface area with that of

he shrinking core, using rc instead of rp in the numerator of the
ate equation, the overall reaction progression of the SCM4 case
as slightly lower than the SCM2 case. However, this case showed

o significant advance from the SCM2 case.
Fig. 3. The profiles of coke conversion fraction from GM (solid lime), SCM1 (dotted
line), SCM2 (short dashed line), and SCM4 (dash-dot line) for different temperatures.

The conversion fraction profiles of SCM3 and SCM5 cases are
compared with GM case in Fig. 4. The SCM3 case also seemed to
have no difference to the SCM2 case at the lowest temperature
as explained with the SCM4 case. The two  cases became identi-
cal in this regime as the different effective diffusivity correlations
had no effect while using the identical reaction rate constant. The
differences between the two cases become evident with increas-
ing temperature as the effect of inward diffusivity on the reaction

increases. The SCM2 case tends to overestimate the reaction rate
from the beginning and the degree becomes greater as temperature
increases. This may  be attributed to the limitation of the simple
description of the inward diffusivity for the developing product
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ig. 4. The profiles of coke conversion fraction from GM (solid lime), SCM3 (dashed
ine), and SCM5 (dash-dot-dot line) for different temperatures.

hell used in that case. On the other hand, the SCM3 case that
ad replaced the correlation for the effective diffusion coefficient
howed the closer agreement to the GM case. Nevertheless, the
CM3 case may  still have limitations considering the deviations
n lower temperatures and the slower completion in high tem-
erature conditions. Compared to the other cases, the SCM5 case
howed the closest results to the grain model except at the lower
emperature conditions.
The reaction progression at different temperature conditions
an also be seen with the reaction modulus �2, which is the non-
imensional parameter representing the relative importance of the
hemical reaction kinetics and the diffusion on the reaction, thus a
Fig. 5. The variation of the reaction modulus for the GM,  SCM2, and SCM3 cases at
different temperature in the log scale.

useful parameter to get a quick glimpse of the dominating reaction
regime. According to the asymptotic analysis, the reaction is said
to be chemical reaction controlled when the value is less than 0.1
and diffusion controlled when the value is above 10. The reaction
modulus defined for the shrinking core system and the grain model
can be written as below (Szekely et al., 1976). The shape factors for
a grain Fg and a pellet Fp are given as 3 for sphere.

�2
SCM =

(
kr

2Deff

)(
Vp
Ap

)(
1 + 1

Ke

)
= kr,crp

6Deff
(16)

�2
GM =

(
Vp
Ap

)2 (
1 − εp

)
krFp

2Deff

Ag
FgVg

(
1 + 1

Ke

)
=
r2
p

(
1 − εp

)
kr,c

6Deffrg
(17)

Fig. 5 shows the variation of the reaction modulus in the log
scale for the GM,  SCM2, and SCM3 cases at different temperatures.
The horizontal short dashed line shows the asymptotic value of 10
above which is the diffusive regime. The reaction modulus gener-
ally increased with increasing reaction temperature, which implies
that the degree of increase in the chemical reaction rate constant
was relatively higher than that of the diffusion coefficient. Accord-
ing to the values of the GM case, the reaction was  modeled almost
in the kinetic regime at 400 ◦C and in the intermediate regime at
600 ◦C. Afterward, the reaction was in the diffusive regime from
even below 800 ◦C. Given that the core-shell structure on a porous
particle is valid when the reaction is diffusion-controlled, the larger
share of the diffusive regime of the grain model may  imply the
more chances for the shrinking core model concept to produce
the plausible results in the reaction environment. Consequences
of using the different effective diffusivity in the SCM2 and SCM3
cases can also be seen from the figure. The effective diffusion coef-
ficient in the SCM3 case would become smaller than that of the
SCM2 case due to the consideration of Knudsen diffusivity. This led
the SCM3 case to have the smaller reaction rate and the higher val-
ues of the shrinking core reaction modulus than the SCM2 case,
which made differences in the reaction regime at the same tem-
perature.

3.3.2. Diffusivity coefficients

Those variations in the overall conversion fraction profiles can

be seen as the consequences by the different modeling concepts for
the given pellet characteristics. Additionally, the effect of chang-
ing porosity to the reaction modeling may also be investigated. It
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Fig. 6. The variation of diffusion coefficients at different temperature and porosity
(a)  the molecular diffusion coefficient (b) the Knudsen diffusion coefficient (c) the
ratio between the Knudsen diffusion and the molecular diffusion coefficients.
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s generally expected that the overall reaction rate increases as
emperature goes up with the given porosity and it is likely to
iminish as porosity decreases at the given temperature. More-
ver, the available reference data to compare are quite limited
egarding the scope of the reaction progression in the iron ore
ellet with the variation of pellet properties. Therefore, a simple
bservation of the overall conversion profile may  be insufficient
o discuss the effect of the modeling parameters. Instead, the
ifferences in the reaction modeling are discussed with the vari-
tions of the diffusivity values for changing porosity at different
emperature conditions. In the calculations, the pellet porosity is
rbitrarily varied from the original value of 0.38 to 0.30, 0.20, and
.10 while the interval of temperature from 400 ◦C to 1200 ◦C is
aintained.

In the reaction modeling cases, the effective diffusivity is cal-
ulated using Eq. (4) in SCM1, SCM2, and SCM4 cases and Eq.
6) in GM and SCM3 cases. The molecular diffusivity DAM for the
lm diffusion at the pellet surface was used identically in the two
quations. The value was calculated using the Chapman-Enskog
quation assuming nitrogen and oxygen as the two dominant com-
onent in the air. The value is dependent on temperature and the
inary component, regardless of particle porosity. Therefore, the
alue of DAM varies only with the temperature cases as seen in
ig. 6(a).

The calculation of Knudsen diffusivity DAK in Eq. (7) is dependent
n temperature, pellet porosity, grain size, and the gas compo-
ent. Considering the equation for the given grain size and oxygen
s the reactant gas component, the variation of DAK can be dis-
layed in terms of pellet porosity and temperature as in Fig. 6(b).

t can be seen from the figure that the value generally increases
long temperature increase at higher porosity, but the overall val-
es are largely decreased roughly between 0.30 to 0.20. As a result,
he relative magnitude of the Knudsen diffusion coefficient to the

olecular diffusion coefficient DAK/DAM decreases as temperature
ncreases and porosity decreases, as can be seen in Fig. 6(c). Since
he effective diffusivity Deff in Eq. (6) is expressed as the combi-
ation of DAM and DAK , the changes in the ratio of the two imply
heir relative contributions to the determination of the effective
iffusion coefficient.

Fig. 7(a) shows the effective diffusion coefficient calculated from
q. (6). The overall value deteriorated significantly as porosity
ecreases as low as 0.20, which is attributed to the decrease in
he Knudsen diffusion coefficient as mentioned above. The dras-
ic decrease in the effective diffusivity will result in the increase
f the reaction modulus in Eq. (17) indicating the largely diffu-
ion controlled situation, which may  further lead to questions
o what extent the particle can be considered as porous. As dis-
layed in Fig. 7(b), the effective diffusion coefficient using Eq. (4)
howed the larger values and more gradual variations than that
rom Eq. (6). It can be deduced from the results that the reaction
rogression modeled using Eq. (6) for the effective diffusivity will
e much slower than other cases using Eq. (4) as pellet porosity
ecreases.

The differences in the order of the effective diffusion coeffi-
ients calculated from the two different equations can also be seen
ith the relative comparison to the molecular diffusion coefficient
eff/DAM as shown in Fig. 8. Specifically, rearranging Eq. (4) to make
eff/DAM on one side leaves the simple relation of ε1.41

p on the
ther side of the equation, which becomes the plot in Fig. 8(b).
s mentioned above, the correlation and the exponent value seem

o have originated from the experiment work to investigate the
roper shape factor in the exponent of εp for different materials

ver various porosity (Currie, 1960). However, it needs to be noted
hat the value is correlated with the size of material which consti-
utes the porous media, as well as the specific porosity and the ratio
of Deff/DAM . Therefore, it is doubtful whether the equation can be
applied to the variety of the pellet conditions.

Despite the restricted calculation conditions, taking a glance at
the differences in the overall reaction progression caused by simple
modification in the rate equation is meaningful because it shows
the consequences of arbitrariness in the use of the reaction mod-
els and the relevant parameter as the preliminary discussion. The
results of the shrinking core model cases also imply that the model
may  need a fitting or treatment for the solid reactant which con-
stitutes a fraction of the pellet. At the same time, the differences
among the cases may  not be critical in the overall indurator simu-
lation as the condition of the external gas and the bed changes along
the location and process time. Based on the discussions above, the

cases of GM,  SCM2, SCM3, and SCM5 are selected into the indurator
simulation and compared in the following section.
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Fig. 8. The variation of the ratio between the effective diffusion coefficient and
the  molecular diffusion coefficient (a) the effective diffusivity from Eq. (6) (b) the
ig. 7. The variation of the effective diffusion coefficients calculated from (a) Eq. (6)
b) Eq. (4).

. Comparison for the indurator performance simulation

.1. Straight-grate indurator model

As mentioned in the introduction, one of the typical approaches
o calculate the reaction rate in the bed simulation is to assume a
epresentative particle in each unit segment of the bed and apply a
eaction model to the particle. Then, the reaction rate of the single
article is converted to that of the unit segment by considering the
article number density or other treatment. In the current indura-
or simulation, the reaction rate of a single pellet is firstly calculated
sing the grain model or the shrinking core model in one bed seg-
ent, and the change of mass and heat of reaction are determined

rom the calculated reaction rate on the basis of the unit volume of
he bed segment. The calculation procedure continues throughout
he entire bed area for the process time to obtain the overall bed
emperature profile. Therefore, the definition of a reacting particle
nd its reaction modeling can be said to be critical to obtain the
verall process parameters and determine the validity of the bed
imulation. In the previous section, the reaction modeling has been
iscussed for a single pellet, and the current section describes the
ffects of the reaction models in the scope of the entire induration
ed simulation.

Mathematical simulation of the straight-grate indurator typ-
cally consists of the bed simplification assumptions, governing
quations, submodels to represent physico-chemical phenomena
n the bed including heat and mass transfer and chemical reactions.
ince the current study focuses on the particle reaction modeling

s one of the submodels, the detailed descriptions for the over-
ll process simulation including the simplifying assumptions and
he governing equations are explained in Appendix B. It needs to
e noted that the bed temperature profile has been presented as
effective diffusivity from Eq. (4).

the most important result parameter in the previous studies for
indurator modeling. This is mostly attributed to the limitations in
the direct evaluation of process performance, such as fired pellet
strength and bed productivity, from the mathematical simulation,
and the bed temperature history is applied as an indirect measure
to predict the process performance. As a result, most of the previ-
ous modeling studies aimed to produce bed temperature profiles
while providing little information at the pellet scale.

Regarding the scope of the current study to compare the reaction
models in the indurator simulation, the limitations in utilizing the
process conditions and the results in the literature should also be
noted. Most of all, a set of essential input process parameters should
be accessible from one modeling study to conduct the entire indura-
tor simulation and compare the results, but relevant information
is usually provided insufficiently. Moreover, the results from the
previous studies that had applied the shrinking core model to coke
combustion were excluded as it is what the current study discusses
about. Consequently, the available data for the separate validation
of the grain model in the indurator condition was quite limited.

As an alternative, the indurator simulation for the reaction mod-
eling cases is conducted in two  steps. Firstly, the indurator model
is validated to the condition without coke combustion as in Table 1
(Majumder et al., 2009; Thurlby et al., 1979). Fig. 9 is the simu-
lated bed temperature profiles at four different levels of 5, 17, 29,
and 41 cm from the bed top. In the figures, the solid line repre-
sents the results of the current simulation while solid square is the
data excerpted from the reference (Thurlby et al., 1979). For ref-

erence, inlet gas temperature is plotted together in Fig. 9(a), the
highest observation point in the bed. There were small deviations
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Fig. 9. Bed temperature profiles at different levels (a) 5 cm (b) 17 cm (c) 29 cm (d) 41 cm f
data).

Table 1
Simulation conditions for induration process.

Parameter Value

Bed conditions
Bed length (m)  120
Bed  height (m)  0.55
Hearth layer height (m)  0.10
Grate area (m2) 400
Grate speed (m/min.) 2.1
Bed  porosity 0.4

Pellet conditions
Pellet diameter (mm)  12
Grain mean diameter (�m) 40
Pellet sphericity 0.95
Pellet initial porosity 0.38
Initial moisture content (wt.-%) 10.0

Stage process time (min.) / Pressure drop (mbar)
UDD 6.7 / 45
DDD  1st 10.5 / 40
DDD 2nd 4.8 / 40
PH,  FR, AF 19.0 / 45

a
v

t

in the preheating and firing stages. The reaction progression of the
CZ 1st 11.4 / 50
CZ 2nd 4.8 / 35

t the cooling zone, but the bed simulation could well represent the

ariation of bed temperature as can be seen from the figures.

Then, based on the established indurator model, the simula-
ions including coke combustion modeling are carried out for the
rom the bed top. (� experimental data from the reference,—the current simulation

selected reaction model cases, i.e., GM,  SCM2, SCM3, and SCM5. For
coke combustion, a pellet is considered to have 1.5 wt.-% of coke,
as considered in the previous section, while maintaining the rest
of the process conditions. Since the parameters in Table 1 is from
the complete induration process without solid fuel, the addition of
coke is a hypothetical modification to the existing process condi-
tion. This may  not provide the direct validation of the grain model
for coke combustion in the indurator simulation. Nevertheless, the
comparison of the cases can be made on the same basis of the pro-
cess simulation, which is still expected to be helpful to discuss the
influence of the different reaction modeling cases.

4.2. Results

Fig. 10 is the bed temperature profiles with the different coke
combustion modeling cases. Compared to Fig. 9, the longer dura-
tion of high temperature region could be observed especially at
the lower part of the bed due to the addition of coke combustion.
Overall, the different rate equations had small differences in the
bed temperature except for the SCM5 case. The difference between
the SCM5 case and the others were greater at the lower part of the
bed. From the bed temperature results, it could be expected that
the SCM5 case generated the slower reaction progression roughly
cases can further be seen with the coke conversion fraction profiles
as in Fig. 11. The reaction in the SCM2 and SCM3 cases commenced
at the similar time to the GM case as bed temperature began to
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Fig. 10. Temperature profiles at the different be

ncrease in the preheating zone. Similar to Figs. 3 and 4, the SCM2
ase showed faster progression than the GM case and the SCM3
ase had slower progression. However, the SCM5 case showed the
lower start in any level of the bed, and the reaction progression
agged behind the others so the reaction had not even completed
uring the process.

The conversion fraction profile at each level of the bed is accom-
anied by the variation of the reaction regimes using the grain
odel reaction modulus in Eq. (17). Each patterned area represents

he kinetic regime (�2 < 0.1), the intermediate regime (0.1 < �2 <
0), and the diffusive regime (10 < �2), respectively. The shaded
reas cover where the reaction takes place during the entire pro-
ess. The figures firstly show that the reaction within the pellet
ould experience the changes in the rate controlling mechanism

uring the induration process. As can be seen from the figure, the
rain model described the reaction which started in the kinetic
egime then varied to the intermediate and the diffusive regimes
s bed temperature increases.

It can be derived from the figures that the majority of the reac-
ion progression occurred in the diffusive regime. The kinetic and
he intermediate regimes also take the half roughly, but they seem
ess influential considering the relatively negligible reaction rate at
he lower temperature zones. As mentioned previously, the porous
ellet would have the core-shell structure in the diffusive regime as
he shrinking core system portrays. The figure may  imply that the
onger duration of the diffusive regime in the grain model alleviated
he conceptual differences between the grain model and the shrink-

ng core model for the porous pellet and in the induration condition.
erhaps this was one of the background of using the shrinking
ore model in the previous indurator simulations presenting the
lausible bed temperature results.
ls for the cases of the particle reaction models.

5. Conclusion

Mathematical simulation has widely been conducted for iron
ore pellet indurator to understand the internal thermal state and to
predict the performance. Simulations for the straight-grate system
generally aims to obtain the bed temperature profiles incorporating
the heat transfer and the reactions on the pellet. In constructing
the bed simulation, the shrinking core model was  preferred for the
convenience of bed temperature calculations as it gives the simple
and analytical function of the reaction rate. However, the model has
the inherent limitations as a result of the assumption of the core-
shell structure in the single species nonporous particle. Hence, the
model might have needed caution when it is used for the coke in the
pellet, as the small fraction of reactant in the porous agglomerate,
which has not been focused sufficiently in the previous studies.

Comparison of the shrinking core model with the grain model
implies that the shrinking core model might have needed a fitting to
make the more realistic approximation. Preparing the different rate
equation cases for the shrinking core model itself showed the arbi-
trariness in using the model for coke fraction in the pellet. Despite
the possible differences, some of the shrinking core model cases
showed the similar bed temperature profiles to the grain model
case in the complete model of the conventional indurator condi-
tion. The similarity may  be largely due to the low coke content
and the dominance of the hot gas in the heat transfer to the bed.
Moreover, it may  also be attributed to the longer duration of the
diffusive regime for the reaction, in which the core-shell structure

becomes valid as the shrinking core model assumes. Those may
explain the plausible temperature results in the previous indurator
models using the shrinking core model.
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Fig. 11. The coke conversion fraction profi

Nevertheless, the similar bed temperature results for the given
ndurator condition may  still not guarantee the validity of the
hrinking core model when the operation condition changes. The
omparisons of the conversion fraction profiles imply the possible
iscrepancies or errors in the detailed description of the reaction
rogression using the shrinking core model. The existing process
ay  be changed for purposes, such as increasing solid fuel content,

hanging external gas temperature or composition, modifying the
rocess configuration for optimization, and so forth. In those cases,

naccuracies from the reaction modeling can have the greater influ-
nce on the bed temperature and the process prediction. Therefore,
he grain model would be more advantageous for further improve-

ent and extension of the indurator simulation, because it can give
ore accurate and specific information for the pellet reaction as an

dvanced approach.

ppendix A. . The general dimensionless equations of the
rain model

The analytical form of the grain model rate equation can be
erived from Eq. (A1) together with the equations from Eqs.
A2)–(A7) in the non-dimensional form as originally presented. The
hapes of grains and pellets are assumed to be spherical, so the
hape factors for grain Fg and pellet Fp are given as 3 in the equations
Szekely et al., 1976). [ ( )]
∗ = gFg (X) + �2

g pFg (X) + �2
p pFp (X) + 2X/N∗

Sh (A1)

∗ = �kr
�s

Ag
FgVg

(
CAs − CCs

Ke

)
t = �krCO2

�srg,o
t (A2)
 the cases of the particle reaction models.

gFg (X) = 1 − (1 − X)1/3 (A3)

pFg (X) = 1 − 3(1 − X)2/3 + 2 (1 − X) (A4)

�2
g =

(
kr

2Dg

)(
Vg
Ag

)(
1 + 1

Ke

)
= krrg,o

6Dg
(A5)

�2
p =

(
Vp
Ap

)2 (
1 − εp

)
krFp

2Deff

Ag
FgVg

(
1 + 1

Ke

)
=
r2
p,o

(
1 − εp

)
kr

6Deffrg,o
(A6)

N∗
Sh = NSh

(
Dm/Deff

)
(A7)

In the right hand side of Eq. (A1), the first term is about the
chemical reaction on the grains, the second term is about diffu-
sion on the grains, and the two  terms in the bracket represent the
pore diffusion and the film diffusion on the pellet, respectively.
The conversion functions gFg (X) and pFg (X) depend on the parti-
cle shape which are for a sphere currently. Substituting parameters
from Eqs. (A2)–(A7) in Eq. (A1), differentiating the solid conversion
fraction X with respect to t, and rearranging the equation give the
rate expression as in Eq. (5) (Nouri et al., 2011).

Appendix B. . Governing equations of the straight-grate
indurator model
For the convenience in the bed simulation, the packed particles
are considered as the continuum of the two  phases of the gas and
the solid, which is the porous media approximation. The following
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ssumptions are adopted for the indurator simulation: (1) Pellets
ave identical size and composition and are uniformly distributed

n the bed, (2) Pellets are assumed to be isothermal, (3) Uniform dis-
ribution of the ideal gas without channeling in the bed, (4) Gas flow
n the vertical direction is dominant, thus one-dimensional gas flow
s assumed, (5) Property variation is significant in the vertical direc-
ion, while widthwise and lengthwise variations are negligible, (6)
eat loss through bed walls is neglected, (7) Indurator process is in

he steady state.
Those assumptions enable the bed to be simplified to the

nsteady one-dimensional condition which is discretized verti-
ally in the direction of gas flow. One column, a stack of unit
egments in the vertical direction, corresponds to the domain for
ne time step in the unsteady one-dimension calculation. As the
rate speed is assumed to be uniform, the time step in the unsteady
ne-dimension calculations can be matched to the bed length.
ccordingly, the parameter results for the entire bed can be pre-
ented by consecutive display of the one-dimensional columns.

Governing equations consist of energy, mass, and species equa-
ions for the gas and the solid phases, the local momentum equation
or the gas, and the equation of state. The energy equations include
he effects of convective heat transfer between the gas and the solid,
onduction within the solid phase, and the heat of reactions. The
nergy equation for the gas phase can be written as

∂
(
fgCp,gTg

)
∂z

= ∂
∂z

(
εbkg

∂Tg
∂z

)
− hAs

(
Tg − Ts

)

+
∑
g

(1 − ˛i)Ri�Hi (B1)

and the energy equation for the solid phase is as follows:

∂
(
fsCp,sTs

)
∂t

= ∂
∂z

[
(1 − εb) ks

∂Ts
∂z

]
+ hAs

(
Tg − Ts

)

+
∑
s

˛iRi�Hi (B2)

In the equations, the distribution factor for reaction heat � is
et to 0.5 for moisture condensation and 1.0 for the other reac-
ions (Barati, 2008). The heat transfer coefficients for the pellet layer
nd the grate bar are determined using the following correlations,
espectively (Barati, 2008; Küç ükada et al., 1994; Thurlby et al.,
979).

Nu = 2.0 + 1.1N0.6
Re N

1/3
Pr (B3)

Nu = 5.0N1/2
Re (B4)

Material components considered in the present study are Fe2O3,
e3O4, FeO, Fe, coke, CaCO3, CaO, inert, and H2O for the solid phase
nd N2, O2, CO, CO2, H2, H2O for the gas phase. The mass balance
quations for the gas phase and the solid phase are as follows:

∂fg
∂z

=
∑
g

�Ri (B5)

∂fs
∂t

=
∑
s

�Ri (B6)

and material component balance in the two  phases are as fol-

ows:

∂
(
fgMg,k

)
∂z

=
∑
g

�Ri,k (B7)
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∂
(
fsMs,k

)
∂t

=
∑
s

�Ri,k (B8)

For the local momentum equation for gas phase, the Ergun equa-
tion has been applied extensively to estimate the gas flow rate in
the relation of pressure drop for the packed bed structure (Barati,
2008; Hamidi and Payab, 2003; Küç ükada et al., 1994; Majumder
et al., 2009; Sadrnezhaad et al., 2008; Thurlby et al., 1979). The gas
velocity through the bed is determined at each stage by the given
values of pressure drop.

�P

L
= 150

�g(1 − εb)2

d2
pε

3
b

ug + 1.75
�g (1 − εb)

dpε3
b

u2
g (B9)

The equation of state is written as follows:

�g = Patm

RuTg
∑(

Xi/Wi

) (B10)

Pellet water drying is also included in the indurator simulation.
Drying is assumed to take place in two stages depending on the
pellet water content and the critical content. Initially, water dries
out at the pellet surface due to the difference in water content of
the gas at the surface and its equilibrium concentration. As the pel-
let water content drops below the critical value, the dried shell is
formed leaving the wet  core until drying completes. The similar
drying models can frequently be found in the literature, and thus
not explicitly included for conciseness in this description (Barati,
2008; Hamidi and Payab, 2003; Küç ükada et al., 1994; Majumder
et al., 2009; Sadrnezhaad et al., 2008; Thurlby et al., 1979). Bed
porosity may  be given simply as the initial value referring to the
literature or it can be approximated using the correlation relating
size, density, sphericity of particles, and particle packing. More-
over, some of the studies introduced the physical deformation such
as pellet shrinkage or changes in the bed height during indura-
tion (Barati, 2008). However, the degree of pellet shrinkage or the
changes in the bed height and porosity are thought to have minor
effects, and they are assumed to be constant to narrow down the
current focus to the particle reaction modeling.
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