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Abstract: Accurate computational models of sintering behavior would assist to enhance sinter quality
and are anticipated to play a role in yield prediction. Sintering is a vital process in the manufacturing
of iron and steel. As a consequence, the primary objective of these models will be a thorough
simulation of mass and heat transport during the sintering process. In this paper, based on the
examination and integration of previous studies, the fundamental physical formula and chemical
reactions of the numerical simulation of the sintering process are introduced in depth with mechanism
analysis. Furthermore, in view of the current numerical simulation methods and sintering process
technology innovation development, the studies on sintering numerical simulation are reviewed from
different angles, of which the main methods and assumptions are discussed. Finally, the current state
of sintering simulation including the numerical simulation of innovative algorithm and optimized

sintering technology is discussed in detail, along with potential implications for model development.

Keywords: ironmaking; sintering behavior; simulation; CFD modeling

1. Introduction

Iron ore sintering refers to the process of mixing iron ore, fuel, flux, and iron-containing
waste produced in the ironmaking and steelmaking process in a certain proportion, and
then the fuel is burned through ignition to release heat. Some particles of the mixture are
softened or melted by physical and chemical reactions between various raw materials,
resulting in a certain liquid phase and infiltrating other solid particles. Finally, after cooling,
the particles are bonded into blocks. The sintering process is one of the key technologies
to ensure the smooth progress of blast furnace ironmaking. At present, the most widely
used sintering production method all over the world is negative pressure suction sintering.
As shown in Figure 1, the negative pressure suction sintering process adds the sintering
mixture to the sintering pallet after granulation. The sintering pallet moves along a certain
track to the discharge place and ignites on the mixture surface through the ignition area,
making fuel in the mixture begin to burn. The above is the beginning of the sintering
reaction. At the same time, negative pressure suction air boxes are set under the sintering
pallet. The high-temperature sintering flue gas gradually heats the mixture through the
sintering material layer and continuously ignites the fuel in the mixture from the surface of
the material layer downward, as shown in the longitudinal section of the sintering material
layer in Figure 1 [1-3]. The sintering mixture is subjected to a series of physical and
chemical changes during high-temperature combustion and cooling processes to generate
sinter [4].
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Figure 1. Iron ore sintering process diagram.

Researchers and software designers are both researching sintering modeling and
simulation. The board’s goals are to properly predict part qualities and performance and
to effectively convey the importance of each process parameter [5]. Reliable models are
suggested to be crucial in process certification and yield prediction, in addition to helping
to choose the parameters for improving sinter quality. The longer-term goal is to use
simulation-based techniques and information from process diagnostics to actively regulate
the sinter manufacturing process [6-8].

Other sub-models, such as those that represent the burning of coke and reduction and
oxidation of iron oxide, can be used to simulate various parts of the sintering process. The
overall goal is to integrate the sub-models in the process of numerical simulation into a
“multi-scale” simulation of the sintering process that, in conjunction with knowledge of the
relationships between material, temperature, and property, forecasts process qualification
and yield prediction for given process parameters.

In the last several years, a number of helpful evaluations of sintering modeling and
simulation have been released. Park et al. [9] divided the sintering process into drying
zone, sintering zone, and cooling zone and discussed to efficiently acquire critical data such
as temperature distribution, humidity, and iron oxide mass fraction in the sintering process
by establishing computational fluid dynamics (CFD) models. In addition, the authors also
briefly introduced the differences in using different modeling and simulation software.
However, the research focuses on the analysis of the role of the sintering process modeling
and simulation in promoting the progress of sintering, while the physical and chemical
reactions and simulation methods of the sintering process are not fully explained. Yan
et al. [10] systematically reviewed the numerical simulation of the data-driven sintering
process and evaluated the current published research models from the perspectives of
process prediction, control, and optimization. This study is of great significance for im-
proving the prediction accuracy of sintering process parameters based on deep learning
modeling methods and optimizing the stability of numerical simulation. Cheng et al. [4]
reviewed the sustainable energy-saving technology of sintering production, which includes
some research on the prediction of sintering process parameters based on numerical sim-
ulation model. The research shows that using a numerical simulation model to predict
the quality of sintered minerals and explore the parameters such as solid fuel segregation
is of great significance for sintering heat balance. While this review mainly analyzes the
progress of experimental technology, the research progress of numerical simulation is still
not comprehensive enough.

With two objectives that set it apart from earlier papers, this study primarily focuses
on the simulation of sintering behavior and models of the sintering process. Firstly, the
major chemical reaction rates of the sintering process must be compiled in formula form by
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carefully examining the fundamental physical formulas used in the numerical modeling of
the sintering process and behavior. The second is to provide an overview of the develop-
ment process of sintering simulation works more thoroughly and precisely than previous
review studies and evaluate different simulation methods and critically analyze different
treatment methods for important influencing factors in the sintering process in previous
studies, such as boundary conditions, material properties of the sintering layer, physical
and chemical changes, and so on [11]. We anticipate that researchers who are establishing
numerical simulation models of sintering processes could find valuable information in
this paper.

In Section 2, the basic physical theoretical equations of the model are introduced in
detail. In Section 3, the formula and calculation method of sintering process reaction are
described in detail. Section 4 summarizes the work status of the published research, and
discusses the current research status, research significance, and development direction of
the model. Conclusions are presented in Section 5.

2. Sintering Simulation Theory

The sintering mixture enters the stable sintering stage following ignition and heat
preservation, based on the process’s numerical simulation model. There are intricate
physical and chemical interactions during the entire process. In the height direction, heat
and mass transfer are continuous, but at a particular stage of the sintering process, the
motion of heat and mass in a vertical dimension of the material layer exhibits stratification-
like features.

The sintering process has been simulated using a number of different calculation
techniques. However, they all essentially require solving the same fundamental physical
equations, and the formulae employed in the various models change only in detail. The
formulas in the subsequent chapters are written with CFD in consideration. The CFD
numerical simulation methodology is the most typical approach for numerically modeling
flow and the sintering process.

2.1. Simulation Requirements
The main requirements of the sintering model are as follows:

(1). Visually represent the temperature distribution of the sintering layer.

(2). Analyze the causes of each phenomenon in the sintering process.

(3). Reflect the change of pressure drop caused by physical and chemical changes dur-
ing sintering.

(4). Reflect the whole process of sintering reaction by model operation to make people
understand the sintering behavior and mechanism better.

The simulation comprises a linked fluid flow and heat transfer problem that takes into
account the following physical effects:

(1). The sintering process includes not only gas—gas reaction but also gas—solid multiphase
reaction, such as coke combustion, reduction, and oxidation of iron oxides.

(2). The heat of ignition is transferred from the superstratum of the material to the bottom.
Due to the large specific heat capacity of the sintering mixture, there is a self-heat
storage phenomenon in the sintering process; furthermore, the maximum temperature
of the lower mixture increases, and the holding time is prolonged.

(3). Because the mixture contains moisture, the process involves evaporation and condensation.

(4). The phase transition of the material would happen accompanied by a heating and
cooling process, such as melting and solidification, which is accompanied by the
absorption and release of latent heat.

(5). The flow of gas in the sintering material layer will be affected by the permeability of
the material layer.

(6). The sintering process involves complex heat transfer forms such as radiation, conduc-
tion, and convection.
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2.2. Fundamental Physical Equations

Based on previous research results, it can be seen that it is necessary to simplify the
CFD model of the sintering process as follows:

(1). Both gas and solid phases of sintering material are homogenous and continuum.

(2). The mathematical model is based on using partial differential equations to solve mass,
momentum, and energy conservations.

(3). The sintering materials is represented as a porous material, resulting in laminar or

turbulent fluid flow.
The gas phase’s continuity is denoted by [12,13]
Iepg) | o v
at “I’ V' £ng - SOURCEmgssfs + SOURCEmgssfg (1)

Each species’ gas transfer equation is solved to get the concentration of gaseous
species [14]:

a(p gEYi) - = — —
BT + <V~V) (pgYi) = V- (pgaDiVYi> -+ SOURCE; )
In Equation (2), the source term represents the rate of reactions of the i-th gaseous
species. In general, homogeneous gas phase processes and heterogeneous gas—solid inter-
actions are responsible for the reactions.
The solid phase’s continuity is denoted by [12,13]

1—
a((aiti)ﬁs) = —SOURCE ;a5 (3)
The following is the general form of momentum equations for incompressible flow in
a porous medium [15-17]:

N
a(ng> - = = — = 2\
a5 + (VV) (ng) =-VP+ V- (Hv> V — SOURCE omentum 4)

Because the temperature of the gas and solid phases varies rapidly with time, the
presumption of thermal equilibrium between gas and solid is unavailable. As a result, the
gas phase energy equation should be solved using the two-medium method, as shown
below [14]:

d eCp, T, — — N 5
(Pgatpgg) +V- <ngCpng> =V [(Kg,eff + ngCpth)VTg] +SOURCE; (5

It is possible to formulate the solid phase energy equation as [14,18]

d(ps(1 —¢)CpsTy)
ot

— —
=V. [(Ks,eff + K) VTS] + SOURCE; (6)

The other material properties are usually temperature-dependent but directly ex-
pressed except heat transfer parameters such as thermal conductivity which will be re-
viewed in Section 2.5.

2.3. Additional Momentum Source Terms

The additional momentum contributions denoted by SOURCE ;;omentum in Equation (4)
are explored in this section.

The material will generate a resistance proportionate to the speed of the gas in the
material layer because the impact of sintering material on the gas flow is dealt by the porous
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medium while modeling. Therefore, the model must be modified to include a momentum
source term with a corrective effect. SOURCE ;;omentum consists of two parts: the viscous
loss term and the inertial loss term, as follows [19-22]:

po 1
SOURCEmomentum = 'V + 5 Capg|V|V ?)

*)‘%

The viscous resistance coefficient % and inertial resistance coefficient C, are calculated
using the modified Ergun equation, which is usually described as [23]

1 150uX3(1 —¢)?

a £3D123 ®
35X(1 — ¢)
&= "ny ©

2.4. Additional Heat Transfer Source Terms

The remaining terms SOURCE; and SOURCE; in Equations (5) and (6) reflect further
contributions to heat transport, and these contributions are examined in this section.

SOURCE;, represents the heat generated by gas homogeneous combustion, the heat
of gas—solid convection heat transfer, the heat of gas—solid radiation heat transfer, the heat
of gas—solid heterogeneous reaction which enters the gas phase, and the enthalpies of gas
generated by gas—solid heterogeneous reaction, which usually is expressed as follows [24,25]:

SOURCEg = Sconv + Srad,sg + Sg +Ss+ 558 (10)

SOURCE; includes the heat of gas—solid convection heat transfer, the heat of gas—solid
radiation heat transfer, the enthalpies of gas generated by gas—solid heterogeneous reaction,
the heat of gas—solid reaction entering the solid phase, and the heat changes generated by
the solid phase melting or solidification process, as shown [26-28]:

SOURCE;s = —Sconp — Srud,sg — S5+ Ss5 — Sm (11)

2.4.1. Gas-Solid Convection Heat Transfer
The heat generated by convective heat transfer is generally considered in the model [29]:

Sconv = h-As (Ts - Tg) (12)

This is related to the Nusselt number of a single particle Nu = 2 + 0.75(Re)0'5(Pr)0'33,
since most of the scholars believe that the sintering layer is a packed bed model and porous
medium. The Nu of multiple particles is modified, which will be discussed in Section 2.5.

2.4.2. Gas-Solid Radiative Heat Transfer

Generally, the efficiency of gas—solid radiative heat transfer is higher than that of
convective heat transfer, as shown below [30]:

Sradsg = 0€As (T:‘ - Tg) (13)

In the formula, € is generally calculated by the following blackness formula of radiation
heat transfer system [31]:

€= ———— (14)
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2.4.3. Heat Generated by Homogeneous Gas Combustion

Gas phase reactions such as combustible gas combustion will produce heat absorption
and release phenomena. The expression is as follows [32,33]:

Sg =) _RjH; (15)
J

2.4.4. Enthalpy of Entrained Gas Generated by Gas—-Solid Heterogeneous Reaction

When gas-solid phase reaction produces gas, it is usually accompanied by heat con-
version because of the entrained gas enthalpy [34]:

Ss = CpeT, Y MyH (16)
k

2.4.5. Heat of Gas-Solid Heterogeneous Reaction Transfer to Gas Phase

The gas—solid heterogeneous reaction is accompanied by the consumption and gen-
eration of heat. Part of the heat is distributed to the solid phase, and the other part is
distributed to the gas phase, resulting in a change in the heat of the gas phase [35]:

Ssg = (1 — )Y RyHy (17)
K

2.4.6. Heat of Gas-Solid Heterogeneous Reaction Transfer to Solid Phase

The gas-solid heterogeneous reaction is accompanied by the consumption and genera-
tion of heat. Part of the heat is distributed to the solid phase, resulting in a change in the
heat of the solid phase:

SSS = OCZRka (18)
k

2.4.7. Solid Phase Melting and Solidification Processes

Since the sintering process is a high-temperature process, there are often melting and
solidification phenomena of solid phase materials. The endothermic or exothermic process
will affect the energy of solid phase materials [36]:

af 9Ts

Sm = (1 — e)psﬁj m

(19)

2.5. Coefficient of Gas—Solid Volumetric Convective Heat Transfer

The current research shows that the gas—solid convection heat transfer is the most
important heat transfer mode in the sintering process, so the selection and determination
of the heat transfer coefficient plays a decisive role in the stable and accurate operation of
the calculation. Most scholars calculate the gas—solid convection heat transfer coefficient
through the Nusselt numerical empirical formula and the modified model #, [37]:

6h(1—¢)

= =/ 2
=5 (20)

Most scholars believe that i should be defined in this way [38]:

Ny = "Dp 1)
Ag

The modified formula is shown in Table 1:
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Table 1. The modified Nu of porous medium.

Expressions Researchers

Wl

I. Muchi et al. [39]

eNu =2+ 0.75(Re)? (Pr)’
3(pr)3 N. K. Nath et al. [40,41]

Nu =2+ 0.6(Re)2 (Pr)

Nu=2+ 1.1(Re)0 6(Pr)0'33 Won. Yang et al. [42]
Nu = 2 +0.39(Re)> (Pr)*3 J. A. de Castro et al. [43,44]
Nu = 7.48 4 0.25(Re)"*(Pr) ! A. Aissa et al. [45]

3. Chemical Reactions

The chemical reactions in the sintering process should be divided into multiphase
reactions and homogeneous reactions [14]. This chapter comprehensively summarizes the
important chemical reaction sub-models published in advanced research in recent years,
hoping to provide help for CFD modeling and simulation researchers.

3.1. Homogeneous Reactions

The gas phase reactions considered in different sintering simulation models are quite
different. At present, the gas phase reactions considered in the sintering model are devel-
oping in a comprehensive and accurate direction. The reactions and their chemical reaction
rates are shown in Table 2 [46,47].

Table 2. Rate of homogeneous reactions.

Reactions Rate (mol/m3-s)
2CO(g) + On(g) = 2COx) 13e8C%°C25, Ccoexp< 15, 200)
COg) + HaO(g) = H(g) + COxg) 2 78CCOCHZOEXP( 1510>
2Hy(g) + Ox(g) = 2H20¢) OlchZCozexp< 5050)
Ha(g) + COxg) = COg) + H2Ogq) 93.96Cc0, Cpyyexp  — 6%
CHyg) +205(5) = COxg) + 2H2Opg) 9.266C%%, Co gxpg %323
2C0s) = 2C0) + Ong) 7. 5611CCOzexp< 46, 500)

3.2. Heterogeneous Reactions
3.2.1. Coke Combustion

An essential exothermic step in the sintering process is the burning of coke. Coke may
react with oxygen, carbon dioxide, and water vapor as reactants. These types of reactions
would take place on the surface of particles. In order to initiate a chemical reaction, gas
must first adsorb to the surface of the particles after passing through the ash layer and gas
film boundary layer around the coke carbon particles [14], as shown in Figure 2. Therefore,
the following assumptions are required for the derivation of the coke combustion reaction
rate equation:

(1). The coke particles exhibit a spherical structure.

(2). There is no secondary reaction between coke carbon particles and inside coke.

(3). Gas-solid heterogeneous reaction occurs between coke and gas reactants.

(4). The contact of coke does not affect the boundary layer of surrounding particles.

(5). The occurrence of each reaction follows the characteristics of chemical reaction kinetics.

(6). The combustion degree of coke is inversely proportional to the effective mass transfer
coefficient of ash layer.

(7). The resistance to diffusion in the burning of coke is comprised of the resistance of
the ash layer, the resistance of the material wrapped outside the particles, and the
resistance of the boundary layer.
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Figure 2. Coke combustion reaction model and oxygen potential distribution.

Based on the assumptions made above, the reaction rate of coke combustion may be
computed using the formula below [48]:

R, — ApnCCl- & .
k= i i i = Oy, HO, Hy, CO, (22)
&K ci + Kgi - Kerf,i

(1-G)Dy

23
2Def,i @3

Keffi =

Table 3 shows the reaction kinetic rate constants of the above reactions [14,49,50].

Table 3. Reaction kinetic rate constants.

Reactions Rate (mol/m3-s)
2C(5) + Oz(g) = 2C0¢) Ky0, = 1.715Texp( %2
C + HaOgg) = Hag) + CO) Ky 0 = 342Tsexp (— 150
Ce) + 2Ha(g) = CHyg) Ko, = 3:42¢ — 3Tsexp (— 15420
Cls) + COx(g) = 2C0g) Kroc0, = 589Tsexp (2% 800)

3.2.2. Reduction of Iron Oxides

In the preheating zone and combustion zone of the sintering material layer, due
to the presence of reducing gases such as CO and Hj, the reduction reaction processes
of iron oxide may occur based on thermodynamic conditions. The process is an en-
dothermic process. In the published reaction model, the three-stage reduction process of
Fe;O3—Fe304—FeO— Fe is considered to be the most reasonable reduction process. When
the material layer temperature is higher than 570 °C, the reduction reaction could occur.
The process follows the gas—solid unreacted core model, as shown in Figure 3.

The reaction rate of iron oxides reduction can be calculated as follows [51,52]:

Yco,, 1. Yco,,, H )
R — A x ortly 20ri12 24
k pWZ k< “Mco,m, Mcoy, 24
3720
Kco-1 =exp (7.255 + T ) (25)
S
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4711
KCO—Z = exp (5.289 — ) (26)
Ts
Kco_3 =exp <—3.127 — 2879> (27)
S
62
Ku,—1 =exp (10.32 + 3T> (28)
S
Kp,—2 = exp (8.98 — 8580) (29)
Ts
207
Kp,—3 = exp (1.30 — 0 0) (30)
S

Ambient
atmosphere

Gas
boundary

FeO layer ——
/

Non-reactive

Fe,0; particle
// Fe;O,4layer
FeO layer
/
com, | | CO/H0
'\ ' '
\ /I6

~— ———

Figure 3. Iron oxides reduction model.

3.2.3. Oxidation of Iron Oxides

When magnetite is included in the sintering mixture, the effect of magnetite’s oxidation
reaction process on the temperature field and gas products of the sintering bed must
be taken into account. Magnetite undergoes an exothermic oxidation process, and gas
boundary layer diffusion and product layer diffusion regulate the rate of the reaction. The
reaction shows a trend of ring-inward advancement, and the single-interface unreacted
core model is generally used to characterize the oxidation kinetics of magnetite [32].

2
7’11:63044711’0 (CQ2 — ng)

R, = (31)
L<L)2+ ro(ro—r) 1
ko, \ 10 "Defr0, * Kgo,
101, 325.0K
CfH ="/~ ™2 32
02 ™ 8314 x 103T, (32)
70, 649.22
Ko, = exp (40.69 _ %) (33)
S
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(34)

ko, = 3.0 x 102€Xp<—6000)

Ts

3.2.4. Water Evaporation and Condensation

Undried water found in the ore, flux, and fuel, water added during the mixture’s
granulation, traces of water introduced into the atmosphere, water produced during the
combustion of hydrocarbons, and water produced by the decomposition of minerals in the
mixture are the main sources of moisture in the sintering material layer.

The mass transfer rate of the gas boundary layer or the difference between the particle
surface saturated vapor pressure Pssrqtion and the gas vapor pressure Py,o, must first be
calculated before the moisture drying rate [53].

5211
Psaturation = exp <25~541 - T. ) (35)

S

hTg (36)

Kg,m0 =

3.15513\/(1 — 0.24X,,) (1 + XTm) (1 - Xn)
The molar proportion of vapor and the saturated contact surface is represented by X, [54].

_ ASKS/HZO

'R = 8.314Tg (Psaturation - PHQO) (37)

The evaporation and condensation rate of water ry is related to solid moisture content
wg, and critical moisture content w, is shown in Table 4 [55,56].

Table 4. The evaporation and condensation rate.

Judging Condition Rate (mol/m3-s)
rr<0 Reona =R
rrR> 0 & ws> w, Revp = TR
. 2
rR> 0 & ws< we Reop = & (1 - ( . %) x (1 —1.796% + 1.059(;“7;) ))

3.2.5. Carbonate Decomposition Reaction

Carbonate in the material layer may often be entirely disintegrated during the sintering
process at high temperatures. CaCO3 and dolomite make up the majority of the carbonate
in the sintered combination, and the breakdown reaction is endothermic. At 720 °C, CaCOs
started to break down, and at 880 °C, it achieved the chemical boiling sintering state. It can
be known that the reaction was essentially not constrained by diffusion factors, and the
reaction rate was mostly influenced by temperature since CO, was simple to spread during
the reaction due to the modest external diffusion barrier [57].

2
VlCaCO347T7’ (C(*:Oz — CCOZ)

Ry = — 38

k ﬁ(m)Z_'_ ro(ro—") 1 (38)
kC02 r ngff,COZ Kg,C02

kco, = 1.52 x 1066xp<—20',1rj’4'4) (39)

Kco
* o WOy 4

Cco, = §312 % 103T, 0)
202.

Kco, = 101,325exp <7.0099 50 5) (41)

S
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Dolomite is one of the most important flux in sintering raw materials whose decompo-
sition reaction products are CaO, MgO, and CO;. The reaction rate is as follows:

5 0.4043
Ry = 1.67 x 1o7exp(—1'92637l4leo> (:) 42)
. s 0

4. Summary of Published Research

This section summarizes the published research in the area of sintering simulation.
The development path of the technology is evaluated, as shown in Figure 4, along with the
benefits and drawbacks of various approaches.

Timeline Type Innovation points Existing problems
—_——————--—-—--——-———---—-—-——-—n—-—_n—-—n——-——-—-————-—-————----—n—-—n——n—n—n-—n——-—n—-—n_——n_—-—_—-—n_—-—n——n—— ~
/ \
: : 1 CD?Sl‘?ef pamal::l:i;s::cl:; o * Few chemical reactions are |

¢ 1-D model combustion, melting and consldered.. . I
| 1969-1990 . . . * Only the influence of melting |
* Transient solidification. - N
| . . . and solidification on the
* Modified chemical reaction 5 q q q |
sintering layer is considered.

l rate parameter. |
N e e e —
R — \

( * The calculation accuracy |

's | + Innovative calculation needs to be improved.

5 methods have emerged. * There is basically no |
2 l * 1-D model * Further modified the original experimental verification of the |
3 | 1990-2004 . e q o

= Transient chemical reaction rate . model. |

51 | * The influence factors of * The consideration of |
= l sintering layer are increased. sintering influencing factors

:_.; still needs to be supplemented. )
] N ________________

4 7 = N\
e [ * The model dimension * There are great differences in |
e | increased. calculation accuracy between I
] + Researchers began to different models.

E I ¢ 2-D/3-D model experiment with the simulation * There is basically no case of |
£ | 2004-2011 ; 5 q . ety
= * Transient results seriously. simulation of the new sintering |
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Figure 4. Schematic diagram of the development path of sintering numerical simulation.

4.1. Simulation of Temperature Distribution in Sintering Process

In the early stage of the development of sintering numerical simulation technology,
T. Tukamoto et al. [58,59] established a mathematical model including coke combustion,
water evaporation, limestone decomposition, and iron ore melting and solidification. The
solid phase and gas phase properties of the sintering process change with temperature, and
the chemical reaction rate of the above reaction is expressed. Through the above research,
the transient numerical simulation of the sintering process can be realized and the relevant
data in the sintering process can be detected.

I. Muchi et al. [39,60,61] established the heat transfer and reaction rate equations from
the perspective of the effective heat transfer area changing with time, the effective distribu-
tion coefficient, and diffusion coefficient under the condition of solid-liquid coexistence
in the sintering process and verified the accuracy through experiments. This study is
conducive to optimizing the accuracy of the numerical simulation model of the sinter-
ing process. In addition, they used partial differential equations to establish a numerical
simulation of the sintering process considering coke combustion, water evaporation, and
the reaction rate following the unreacted core model. However, as shown in Table 5, the
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number of chemical reactions considered in the model is small, and the chemical reaction
rate still needs to be corrected and optimized, resulting in a large deviation between the
numerical simulation results and the actual production.

Table 5. Summary of publications of temperature distribution.

Basic Equation Method Reaction Result
Effective heat exchange area Solvine partial
Distribution coefficient under &P o C+Ox) =COx e  Sintering layer

the condition of
solid-liquid coexistence
° Chemical reaction rate

differential equations
e  Difference method
Special curve method

e HyOnp = Hzo(g) te‘mpera’sure
e CaCOs() = CaO) + COyg distribution

Y. Liu et al. [62] established a numerical simulation model of sintering process based
on sintering waste heat utilization technology, and the simulation of heat flow such as
heat transfer was mainly carried out. Researchers ignored the chemical reaction of the
sintering process but explained the energy transfer process of the sintering process in detail.
In this paper, there are more detailed data detection and result analysis, and the calculation
method used in the model is helpful to shorten the calculation time.

With more in-depth research, Y. Liu et al. [41] conducted numerical simulation pre-
diction and experimental research on the heat transfer of the random packed bed in the
sintering process. In this study, the parameter formula of the heat transfer coefficient was
updated and corrected. This study is of great significance for the calibration of the Nu coef-
ficient in the subsequent numerical simulation of the sintering process. At the same time,
the accuracy of the numerical simulation results was verified by experiments. According to
the standard error, the accuracy of the numerical simulation calculation became better.

4.2. Simulation Considering Actual Production Parameters and Product Properties

H. Toda et al. [63] established a sintering process simulation model considering the
particle size distribution of coke powder, water condensation reaction, iron oxide formation,
iron oxide reoxidation reaction, and other reactions. The relationship between temperature
change and sinter quality in the sintering process was studied in detail. In addition, the
effects of temperature distribution and material properties on the properties of sintering
products were investigated through experiments.

E. Kasai et al. [64] established a method to measure the pressure drop and temperature
in the bed based on the actual sintering mixture ratio. Considering the changes in porosity
and particle size in the sintering process and the changes in permeability caused by ore
melting and solidification, the pressure drop in the bed was numerically simulated. More
chemical reactions are designed in the model, and the accuracy of the model results is
verified through experiments.

T. Kawaguchi et al. [65] established an integrated numerical simulation model of
sintering process considering six sub-models, namely magnetite oxidation, temperature
change, raw material melting process, porosity, mineralization, and quality prediction
model. The model takes industrial parameters as the initial conditions and supplements
more comprehensive sintering production data, which can predict energy consumption,
sinter quality, and output in the sintering process.

The key chemical processes in the mathematical model of the sintering process created
by L. Jianming et al. [66] are the decomposition of limestone, the burning of coke, the
evaporation of water, and the condensation of water. The model mainly considers the
distribution of each zone and the change of temperature field in the sintering process based
on these two conditions. The model can change the physical conditions of the sintering
mixture to calculate the air volume distribution, the distribution of each zone in the material
layer, and the temperature field in the material layer.
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N. K. Nath et al. [40] established a transient numerical simulation model of sintering
process. The model made several predictions about the sintering process, such as the
temperature of the gas phase and solid phase, the concentration of different materials, the
quantity of solid melting, etc. In this model, the accuracy of various predictive variables is
verified by experimental values. However, the simulation results shown in this study have
some deviations from the simulation results in other future studies, which may be caused
by the accuracy of the chemical reaction rate expression.

H. Yamaoka and T. Kawaguchi established a three-dimensional numerical simulation
model of the sintering process [67,68]. The temperature change and chemical composition
change of the sintering layer can be accurately predicted. However, the chemical reaction
in the study is still not comprehensive enough, and the rationality of the chemical rate
needs to be improved.

B. Zhang et al. [69] established a numerical simulation model of the sintering process
to predict sinter yield and strength. This study primarily aims to investigate the impact of
heat and carbon concentration on the yield and robustness of the sintering process. The
novelty of this study lies in its establishment of a correlation between cooling rate and
sinter strength and indirect discussion of the correlation between the coke content and
sinter strength via cooling rate. In addition, this paper uses two-layer sintering as a method
of heat supplement in the sintering process. A summary is presented in Table 6.

Table 6. Summary of publications considering actual parameters and product properties.

Basic Equation

Method Reaction Result

e  Pressure drop

equation

e  Mass conservation
equation

e  Energy conservation
equation

) Chemical
reaction rate

° Sintering layer

Solving partial temperature and

differential o C) + Ong) = COxg) pressure drop

equations b HyOqy = Hzo(g) distribution

Establish e CaCOgs() =CaOg) + COz(g) e  Properties of sintering

mathematical . Solid = Liquid products

models based on ° F9203(s) = Fe30y) = FeO=Fe,) Sintering flue gas

compl}ter language o COyq) + Cs) = 2COy comp(?sition

‘Ellzgglgntiir:al . Co) + Hzo(g) _ H2(g) . CO(g) ° S}ie;rgcal c?mposmon
ging o

sintering layer

4.3. Simulation of Influencing Factors of Sintering Process Parameters

J. Mitterlehner et al. [70] established a numerical simulation model of sintering process
considering gas—solid multiphase flow and carbon monoxide oxidation, coke combustion,
sintering material melting and solidification, limestone decomposition, and other processes.
This study believes that the heat transfer front will have a greater impact on the sintering
process. The accuracy of the numerical simulation results is verified through the sintering
cup experiment. The results show that the average diameter of the particles in the packed
bed, the porosity in the packed bed, the amount of coke powder added, the humidity of
the sintering mixture, and the Fe;O3 content in the ore are the main influencing factors of
the heat transfer front.

W. Yang et al. [71] established a numerical simulation model of the sintering process
containing a variety of solid-phase structures. A variety of solid-phase structures were
achieved by adjusting the material properties of each sintering mixture. In the model
calculation process, thermal radiation and heat conduction were considered. At the same
time, the simulation of bed shrinkage was added to the model. The bed shrinkage was
mainly achieved by reducing the particle size. Experiments were used to confirm that
the findings of the model calculations were accurate. The innovation of this study lies
in the richer characterization of the model simulation results, the introduction of the bed
shrinkage calculation, the detailed analysis of the heat transfer process, and the more
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detailed description of the physical parameters of the sintered mixture. However, the bed
shrinkage method of the process needs to be optimized.

X. Zhang et al. [72] established a numerical simulation model of the sintering cooling
process, which is mainly used to calculate the waste heat recovery and optimization
technology in the cooling process. This study mainly investigated the influence of sinter
particle size, inlet gas velocity and temperature, and porosity and height of the sinter layer
on sintering waste heat recovery and calculated the most influential parameters as the main
influencing factors.

J. Zhao et al. [34] established a combustion model for the sintering process. This study
conducted a detailed analysis of the combustion behavior of coke during the sintering
process, which is of great significance for analyzing the combustion behavior of sintering,
and the combustion behavior of coke and its influencing factors have a great influence on
the sintering flame front. The numerical simulation model not only describes the details of
coke combustion but also describes the heat transfer behavior when the flame front passes
through the sintered material layer. Therefore, this study has a promoting effect on the use
of gas fuel as a heat supplement source for some coke.

H. Zhou et al. [73-75] carried out CFD calculation and analysis of the pressure drop
and effective thermal conductivity of the sintering bed based on the porous medium
structure. In this study, the real pore structure in the sintering bed was reproduced based
on X-ray microtomography. Based on this structure, the non-uniform gas flow mode in the
structure can be further explored. The study shows that the pore structure of the sintering
bed has a great influence on the pressure drop of the sintering process, which can affect the
flame front of the sintering process. However, the sintered material layer in the study takes
a smaller structure of 30 x 30 x 30 mm?, which has a certain gap with the real sintered
material.

B. Zhang et al. [76] established a mathematical model to describe the particle growth in
the sintering process of iron ore. In this study, not only can the model calculate and predict
the temperature change in the sintering process, but it can also describe the contour change
of the sintering mixture to describe the particle growth process. On this basis, combined
with experimental verification, the relationship between solid phase temperature, sintering
time, and sintering yield can be predicted and verified through numerical simulation. How-
ever, the temperature change cloud diagram shown in this article is slightly inconsistent.
There is no explanation of the heat transfer conditions of the container wall, which may be
caused by the container properties.

E.A. Gauna et al. [77,78] carried out numerical simulations of heat transfer in the
cooling process of porous metal materials. This study obtained the influence of gas flow
and pore size on heat transfer and elaborated the specific heat transfer equation, which is
of great significance for heat transfer in the sintering process. However, in this study; it is
considered that the pore size has little effect on the heat transfer coefficient, and the heat
transfer coefficient mainly depends on the gas flow rate. The publications are summarized
in Table 7.

4.4. Simulation of Optimized Sintering Technology

G. Wang et al. [32] established a numerical simulation model of the sintering process
combined with flue gas recirculation technology. It has a more comprehensive chemical
reaction. In terms of heat exchange, convective heat transfer and heat conduction are
considered, and the bed shrinkage process is reflected in the simulation process. The bed
shrinkage process is reflected by the change in shrinkage rate parameters. This study has
the innovation of models and processes.

J. Feng et al. [79] established a numerical simulation model of gas—solid heat transfer
process in a sintering waste heat recovery device. This study mainly discusses the influence
factors of the cooling process such as air volume, sinter particle size, sintering cup diameter,
and sintering cup height on the quality of sinter. It is found that the above parameters
have a great influence on the sinter temperature. In addition, the gas—solid heat transfer
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expression is modified, which is of great significance to the optimization of gas—solid
multiphase flow heat transfer parameters.

Table 7. Summary of publications considering influencing factors of process parameters.

Basic Equation

Method Reaction Result

e  Pressure drop
equation
Continuum equation
Mass conservation
equation

° Energy conservation
equation

° Chemical
reaction rate

Computational * Gt Oxg =COx e Influencing factors
fluid dynamics o 2C() + Oy =2CO (g g

Finite difference . H,Om = H,O of flame front
method CZC(g) N _ é g) co e  Influencing factors
Finite element * a. 39) N é © * 20 of heat transfer
method ¢  Solid = Liquid e  Influence factors of
Finite volume *  FepOsi) = Fe3Oy) = FeQy) = Feyy) pressure qrop and
method o COyy) +C) =2CO gas velocity
Experimental ¢ CO) + Oy(g) = COyg e  Influencing factors
verification e C +HOg) = Hyg) + COy of particle size

Z. Cheng et al. [80-82] established a numerical simulation model of the sintering pro-
cess, which was used to calculate and optimize the heat distribution of the sintering process
by injecting gas fuel and using infrared temperature measurement imaging technology to
increase the model’s accuracy significantly. This study explores the experimental conditions
of various hydrogen-rich gases and points out that the main reason for its optimization
is that hydrogen-rich gas combustion can form a secondary combustion zone, and the
conclusion is experimentally verified. Its innovation lies in the use of experimental and
computational methods to demonstrate that injecting natural gas can reduce the use of
solid fuels. Furthermore, they developed multiphase and multicomponent mathematical
models for sintering by combining heat and mass transfer, phase transition, and chemical
reactions in porous media. The calculation model is used to calculate the effects of gas fuel
injection on temperature distribution, combustion efficiency, and combustion zone reaction
kinetics. The innovation of this study is mainly to inject gas fuel in the traditional sintering
process and to explore the influence of gas fuel on the sintering process.

X. Huang et al. [83] extended the gas fuel type to hydrogen-rich gas and recorded the
evolution of microstructure and mineral composition of sinter under hydrogen-rich gas
injection. This study combines experimental and simulation results, but the simulation
results are quite different from the simulation results of other studies, and its accuracy
needs to be further determined.

N. Tsioutsios et al. [84] established a numerical simulation model of sintering process
based on gas injection, which focused on simulating the development of the flame front. In
this study, the numerical expression of heat transfer coefficient is described in detail, mainly
considering the combustion reaction of coke. The innovation of this study is to explore the
heat supplement effect of natural gas injection on less coke. The specific research method
is to compare the temperature of sintered material layer under the condition of injecting
natural gas and not injecting natural gas after reducing the amount of coke. It is concluded
that natural gas injection can supplement heat and improve the moving speed of flame
front. The above studies are summarized in Table 8.

4.5. Simulation of Innovative Algorithm

N. K. Nath et al. [85] established a numerical simulation model of sintering process
based on CFD, genetic algorithm, and double-layer sintering technology. In this study, a
complex chemical reaction process was included. The purpose of reducing the coke ratio
was achieved by dividing the sintered material layer into the upper layer with normal coke
content and the lower layer with reduced coke content. At the same time, the model was
mainly established based on the CFD method. Following the completion of the calculations,
a genetic algorithm was used to determine the parameters’ ideal values, which improved
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the sintering process’s efficiency. The creation of the CFD model is thoroughly covered
in this paper. The study approach, which is extremely creative and offers a solution for
multi-objective optimization of the sintering process, combines a genetic algorithm to
improve the parameters.

Table 8. Summary of publications of optimized sintering technology.

Basic Equation Method Reaction Result
Computational * CH4(g> § ZOz(g) N COz(g) " ZHZO(g)

Pressure drop mp . o Ci+ OZ(g) = COZ(g)

. fluid dynamics . .
equation S o 2C) + Oy =2CO (g e  Effect of sintering

. . Finite difference g g L
Continuum equation method ° HZO(I):HZO(g) optimization
Mass conservation .. e CaCOa. =CaO cO method on

. Finite element alUs3(s) = Lal) + L) : :
equation method e Solid = Liquid sintering process
Energy conservation Finite volume o FeyOs = FesOy) = FeOyg) = Fegy) parame.ters and
equation method o COy,) + Cg =2CO, properties of
Chemical E . tal A T =) T ® sintered products
reaction rate Vzgﬁi?:lﬁirrll a e CO) + Oyg) = COyg

[ ) C(s) + HZO(g) = HZ(g) + CO(g)

B. K. Giri et al. [86,87] established a numerical simulation model of sintering process
by genetic algorithm. The process is mainly based on the energy and mass balance of gas
phase and solid phase. The process variable parameters of the model are optimized by a
genetic algorithm. Finally, the accuracy of the model is verified by experiments, and the
accuracy of the model prediction temperature is high.

V Maximiano et al. [88,89] used discrete element method (DEM) to construct a nu-
merical simulation model of bed structure change in the sintering process. In this study,
the heat transfer between gas phase and solid phase and the chemical reaction rate of
main reactions are the main influencing factors of the heat transfer front in the sintering
process. At the same time, the influence of coke addition on bed structure was studied, and
the consolidation effect was explained. The main research method of this study is DEM,
which is different from the CFD method. The discrete element method can clearly show the
change of mixture particles during sintering. The above studies are summarized in Table 9.

Table 9. Summary of publications of innovative algorithm.

Basic Equation

Method Reaction Result

Pressure drop
equation
Continuum equation
Mass conservation
equation

Energy conservation
equation

Chemical
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4.6. Discussion

The benefits of numerical simulation should not be ignored, which is essential for
advancing sintering production. The following are the primary causes of the aforemen-
tioned issues:
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(1) Although certain process variables are ignored, they would not significantly impact
the sintering simulation results since they are not the major variables influencing the
outcomes [11].

(2) The significance of production factors to the sintering process and how they affect
sintering production could be comprehended by analyzing the sensitivity of each
model parameter.

(3) Although the sintering production value cannot be precisely approximated, the results’
proper trend is extremely important for predicting low-cost manufacturing. The
capacity to objectively display production patterns also has a guiding value that
cannot be overlooked for process optimization, and a perfectly accurate forecast is not
always required.

Although the numerical simulation of the sintering process is progressing quickly, the
published study still has several significant issues that need to be further investigated.
In terms of model setting:

(1) Itis particularly unfavorable for the assessment and debate of the model’s correctness
since there is no clear criterion for determining it or discussion of whether the running
state of the model converges in the published study.

(2) In regard to ignoring the quality of meshing, as we all know, mesh quality is of
tremendous relevance in the process of model operation. Grid size, grid quality, and
other characteristics are critical criteria for researchers to test and recreate the model.

Considering from the process:

(1) Inthe current study, most of the researchers have simplified the thermal boundary
conditions of the model. Typically, the wall is set as an adiabatic wall, ignoring the
heat dissipation caused by the heat conduction of the wall—that is, the side wall effect.

(2) The particle size of the mixture has only been covered in a few number of published
studies when paired with the DEM method. The sintered mixed particles are typically
described in published works as single-sized, spherical particles. The sintered mix-
ture’s particle size distribution, however, has a considerable impact on the sintering
behavior in the actual manufacturing process. As a result, it is important to emphasize
how particle size distribution affects sintering behavior.

(3) In sintering production, fuel segregation is an inevitable phenomenon and has a
significant impact on the sintering behavior, which is related to the quality of sinter and
the accuracy of simulation calculations of sintering flue gas composition. However,
almost no research has been performed to discuss and study the fuel segregation
behavior in the sintering process.

(4) In the study of sintering numerical modeling, the phenomena of sintering air leakage
are widely ignored. Nonetheless, sintering workers are eager to find a solution to
the issue of sintering air leakage since it is such a significant issue. The development
of airflow distribution during the sintering process, as well as the start and end of
each reaction in the sintering bed, are significantly impacted by the phenomena of
sintering air leakage.

(5) Justabout a quarter of researchers have examined and calculated the material layer
shrinkage in the sintering process in relation to the phenomena of material layer
shrinkage thus far, and it is challenging to confirm the accuracy of the calculation.
The permeability of the sintering bed, one of the key parameters impacting sintering
production, will be impacted by the shrinkage of the sintering bed, though, from the
standpoint of sintering production. Thus, it is important to include sintering bed
shrinkage in future studies.

In the published research on sintering process simulation, there are two main trends
over time and technology development:

(1) Research on publications is growing in quantity and velocity. Since 2010, researchers
in the fields of computer, mechanical manufacturing, and energy environment have
studied the numerical simulation of the sintering process in addition to the numerical
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simulation of sintering that has been done in the direction of metallurgy and chemical
industry. The diversity and accuracy of numerical simulation techniques for the
sintering process and sintering behavior have substantially increased as a result of
interdisciplinary research, which is also a sign of the robust development of numerical
simulation models.

(2) Numerical simulation of the sintering process is playing a more and more important
guiding role in industrial production as the verification process gets better and better. At
the early stages of the development of sintering numerical simulation, only qualitative
analysis can be done since the findings of numerical simulation cannot be replicated
and cannot be verified by tests for a variety of reasons. As simulation technology has
advanced, researchers have used a variety of experimental techniques, such as sintering
cup experiments, to validate the simulation results. They have also simulated different
sintering bed behaviors, which is crucial for the future success of real-time prediction by
integrating numerical simulation into manufacturing processes.

5. Conclusions

In this review, we discuss the basic physical formulations of the numerical simulation
calculations of sintering processes and the development of this field in detail, as well as
the important research significance of numerical simulation of sintering processes as an
efficient simulation method. Numerical simulation of the sintering process is an impor-
tant means to study various behaviors and phenomena of the sintering process from the
perspective of mechanism. The numerical simulation of sintering behavior can not only
predict the sintering layer temperature and various sintering products but also realize the
controllable adjustment of raw materials and operation system by changing parameters.
These advantages are crucial in the sintering field.

With the development and progress of numerical simulation process of the sintering
process, people have developed a more comprehensive and perfect numerical simulation
model, which has a great role in promoting the progress of the sintering field, but there
are still some problems to be solved. These problems are mainly caused by the complexity
of the sintering process and the high computational cost. Therefore, some parameters
are often blurred and approximated. In addition, important issues such as the particle
size distribution of the sintering mixture and fuel segregation need to be considered by
researchers in the future to further optimize the sintering model.

Overcoming the problems and challenges in the current model is of great significance
for the further development of the model and guiding the production practice.
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Nomenclature

As (mZ/mS)
Ap (m?)

Crg (/kgK)
Cps (J/kgK)
C; (kmol/m3)
C# (kmol/m?)
Deff,i (m?/s)
D; (m?/s)

Dp (m)

D¢ (m)

f

G

h (W/m?-K)
H; (W)

Hy (W)

Hpu (W)

My (kg/mol)
Nu

M; (kg/mol)
n

k

Keffi (m/s)
Kg,Eff (W/mK)
Kg,i (m/s)

K, (W/m-K)
Kr,c,i (m/s)
Kserf (W/m-K)
Pr

Re

ro (m)

r (m)

R; (mol/m3-s)
Ry (mol/m?3-s)

SOURCEg (J/m3-s)
SOURCE; (kg/m?3-s)
SOURCE pass—g (kg/m3-s)
SOURCE gss—s (kg/m3-s)
SOURCE nomentum (kg/mz'sz)
SOURCE; (J/m?3-s)

t(s)

T (K)
Ty (K)
Ts (K)
V (m/s)
4%

Y;

X

specific surface area of particle

external surface area

specific heat capacity of gas

specific heat capacity of solid

gas concentration

gas equilibrium concentration

effective diffusivity coefficient of i-th gaseous species
diffusion coefficient of i-th gaseous species

diameter of particle

thermal dissipation coefficient

the fraction of heat during melting or solidification
percentage of the original carbon

coefficient of convective heat transfer

heat generated by the j-th gas—gas reaction

heat generated by the k-th gas—solid reaction

heat generated by melting and solidification processes
molar mass of solid phase components in the k-th gas—solid reaction
Nusselt number

molar mass of gaseous species in the i-th gas—solid reaction
particle count per unit volume

chemical reaction number

i-th gaseous species’ effective mass transfer coefficient in the ash layer
effective thermal conductivity in the gas phase

i-th gaseous species volume mass transfer coefficient via gas film
radiation thermal conductivity equivalent

coke’s chemical reaction rate constant with i-th gaseous species
solid phase effective thermal conductivity

Prandtl number

Reynolds number

initial radius of particle

radius of particle

reaction rate of j-th gas-gas reaction

reaction rate of k-th gas-solid reaction

gas phase energy equation source term

i-th gaseous species transportation equation’s source term
mass of the gas produced by gas phase reaction

mass of the gas produced by gas-solid phase reaction
momentum equation source term

solid phase energy equation source term

time

temperature

gas phase temperature

solid phase temperature

gas flow rate in material layer

resistance coefficient of iron oxides reduction

i-th gaseous species mass fraction

shape factor

blackness of gas—solid radiation system

blackness of solid phase

blackness of gas phase

porosity

gas phase density

solid material density

Stefan—Boltzmann constant

heat distribution coefficient
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Ag (W/(m-K)) gas thermal conductivity
As (W/(m-K)) gas thermal conductivity
u (kg/m-s) gas dynamic viscosity
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