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Abstract 

With the development of computer technology, computer numerical simulation has become 

one of the three major scientific methods in metallurgy field. Its basic idea is to achieve the 

simulation of metallurgical process and the design optimization through mathematical 

modeling, numerical dissertation and computer programming. Referring to the reaction 

model of theory of porous media within gas and solid, this research focuses on the selective 

reduction process in mixture vessel of fine iron and carbon, taking into consideration of heat 

transfer equation of porous medium, the rate equation of carbon gasified reaction, the 

equation of continuity, and the momentum equation and so on, and establishes a micro 

dynamics mathematical model of the selective reduction process of fine iron and carbon 

mixture under the non-uniform temperature and non-equal-pressure conditions. Based on this 

model, the analysis of micro-dynamics of selective reduction process can be conducted; it can 

be applied to analyses of the effects of mass transfer in gas phase, solid-state diffusion and 

surface chemical reaction to the selective reduction process, as well as the interaction 

between two different oxides and complex compounds; the enhance means of speed control 

can also be obtained. 
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1. Introduction 

Selective reduction is current research focus in the field of metallurgy. There are rich 

references from thermodynamics to the dynamics, from micro to macro dynamics, from 

experiment to mathematical models, from process research to microstructure 

observations, among which micro-dynamics studies have taken into account the factors 

such as porous media, heat transfer, quality, and interface and so on, and d some 

systemic researches have been conducted in dynamics experiments and mathematical 

models.  

The computer numerical simulation research on selective reduction can have easy 

access to the relatively mature experimental data to change the related process 

parameters. Meanwhile, based on some original data which are closer to the primary 

state, the research makes use of mathematical model to calculate the variables related, 

such as heat transfer, mass transfer, and momentum transfer. In this way, the 

quantitative analysis of related variables can be finished before the start of the actual 

selective reduction process. Therefore, it is convenient to adjust the craft plan, optimize 

parameter, and guarantee the success rate. As a result, it is of vital importance in 

shortening the production cycle, reducing costs and improving economic efficiency.  
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2. The Experimental Device for Selective Reduction of Fine Iron and 

Carbon Mixture in Reaction Vessel 

The selective reduction device as shown in Figure 1: 

 

 

Figure 1. Selective Reduction Device 
 

The selective reduction device is a reaction vessel containing iron ore with the height 

30mm, which is evenly divided into 5 points. CO is input from the bottom of the 

reaction vessel, with heating temperature at 1000 ° c at the bottom. CO2 is output from 

the top of the vessel, with the temperature at the top of and the component of carbon 

monoxide and carbon dioxide having no boundary effect. The chemical reaction 

equation is: 

Reaction 1:   Fe3O4+4CO=3Fe+4CO2    <570 ℃ 

Reaction 2:   Fe3O4+CO=3FeO+CO2    ≥ 570 ℃ 

Reaction 3:   FeO+CO=Fe+CO2         ≥ 570 ℃ 

Three reactions are carried out in the order of reaction 1, reaction 2, and then the 

reaction 3. 
 

3．Mathematical Model 

（1）Internal heat transmission equation porous medium 
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（2）Dynamics equation of chemical reaction out of phase 
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Reduction of iron-oxide compounds 

With CO as the reducing agent, reducing reaction is as follows: 

 

     3Fe2O3+CO=2Fe3O4+CO2 

               Fe3O4+4CO=3Fe+4CO2           <570 ℃ 

               Fe3O4+CO=3FeO+CO2            ≥570 ℃ 

      FeO+CO=Fe+CO2                ≥570 ℃ 

With CO as the reducing agent, the equation of the reaction rate is as follows: 
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With H2 as the reducing agent, the reducing reactions and rate equation are similar to 

the above. 

Total reaction rate of iron oxide reduction is calculated as follows:  
2H
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Volatilization of coal 

Coal→C＋volatile 
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Gasification of carbon 

The gasification reaction is as follows： 

 

C＋CO2＝2CO 

The reaction rate equation of carbon gasification:  
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Water gas reaction is as follows: 

C＋H2O＝CO＋H2 
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Water gas reaction rate equation: 
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Total gasification reaction rates are calculated as follow: 
OH

c
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cc RRR 22    

Size changes of pulverized coal particles in the heating process are as follows: 
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  is constant，value is 0.18 

（3）gaseous phase conservation equations  

in the gaseous phase, these components are CO、CO2、H2、H2O、CH4、Tar etc，

for each component continuity equations were established as follows： 
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Formula for calculating the effective diffusion coefficient of j in the gas mixture 

components:  
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（4）Continuity equation     

Gas-phase continuity equation is as follows: 
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（5）Momentum equation 

 Vapor-momentum equation is as follows 
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（6）The ideal gas equation 

In the context of the given temperature and pressure, gas can be considered to be 

incompressible and meets the ideal gas equation of State 
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4. Discrete Solutions 

(1) Discretization of heat transmission equation in porous medium  
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For internal nodes p, integration in the body under its control points 
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hypothesis： 
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(2) Discretization of gas-phase equations  
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Can be written as: 
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For internal nodes p, integration in the body under its control points 
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（3）Discretization of continuity equations 
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（4）Discretization of momentum equation 
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For internal nodes p, integration in the body under its control points 
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The result can be obtained with discrete staggered grid solution. 

 

5. Calculation Results 

Based on the mathematical model above, the research developed a calculation 

program with Visual C++ and a preliminary simulation was conducted in the fine iron 

reducing process under the one-way heating condition. The whole procedure is shown 

in Figure 2: 
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Figure 2. Computation procedure of the model 
 

Calculated parameters are as follows: the thickness of iron ore is 30mm, and its 

particle sizes, density, heat capacity, thermal conductivity coefficient parameters are 

shown previously; reducing agent is CO, not involved in H2. 

Initial conditions: the layer temperature is 300K, gas is 100%CO. 
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Boundary conditions: 

(1) hot end: temperature is 1273K; reducing agent is 100%CO; 

(2) cold end: thermal boundary is adiabatic boundary, one-way, no effect on gas 

export boundaries. 

In the computation process, the spatial length of stride is 0.001m, the time length of 

stride is 0.001s, and the total overall reaction will not be finished until the computation 

carries on for 55s. The results are shown from Figure 3 to Figure 7. 
 

 

Figure 3. Relations between layer temperature and time 
 

 

 

Figure 4. The curve of reduction rates changing with reduction time  
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Figure 5. The curve of CO Component variation changing with reduction time  
 

 

 

 

Figure 6. Size Changes of Mineral powder particles with reaction time 
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Figure 7. The curve of reduction degree changing with reduction time 
 

6. Conclusion 

According to the experimental research illustrated from Figure 3 to Figure 7, this 

research focuses on the selective reduction process of fine iron in reaction vessel, 

taking into consideration of following equations, such as heat transfer equation of 

porous medium, the rate equation of carbon gasified reaction, the equation of 

continuity, and the momentum equation and so on, and it establishes a micro dynamics 

mathematical model of the selective reduction process of fine iron and carbon mixture 

under the non-uniform temperature and non-equal-pressure conditions. Meanwhile, its 

results are reasonable, which confirms that the model can be applied to the simulation 

of reduction process of fine iron ore.  
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Nomenclature 

T ：temperature（ K） 

m ：density of mixture（
3mkg ） 

g ：density of gas（
3mkg ） 

pmC
：specific heat of solid mixtures（

11   KkgJ ） 

pgC
：specific heat of gases（

11   KkgJ ） 

0V
：superficial gas velocity（

1 sm ） 
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aV
：average velocity of gas fiow in the interstices of the packed bed（

1 sm ） 

effmK
：effective thermal conductivity of the mixture（

11   KmW ） 

iR
：rate of chemical reaction i（

13   smmol ） 

iH
：heat of chemical reaction i（

1molJ ） 

fS
：shape factor of particles 

in
：number of particles of solid reactant for reaction i in the mixture（

3m ） 

ir ：average radius of particle for reaction i（m） 

ik
：rate constant for reaction i（

1 sm ） 

0ik
：Pre-exponential constant in rate constant for reaction i 

EiK
：equilibrium constant for reaction i 

 iE
：'activation energy' of reaction i（

1molJ ） 

R：gas constant（
11314.8   KmolJ ） 

COC
：concentration of CO（

3mmol ） 

2COC
：concentration of C02（

3mmol ） 

2HC
：concentration of H2（

3mmol ） 

OHC
2 ：concentration of H2O（

3mmol ） 

viW
：un-evolved portion of volatile component i（ coalkgkg / ） 

ijD
：binary diffusivity in the gaseous phase (m2/s)  

jy
：mole fraction of species j in the gaseous phase （%）  

：void fraction of the packed bed 

j
：density of gaseous species j（

3mkg ）  

ijN
：net rate of gaseous species j consumed/generated by chemical reaction i（

31   msmol ） 
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jM
：molecular weight of the gaseous species j（

1molkg ） 

 ：tortuosity factor 

：viscosity of fluid（
11   smkg ） 
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