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ABSTRACT  

In direct reduction of FeO with use of the process gas H2, diffusion takes place to remove the 

oxygen from FeO in form of H2O, where the reaction is a solid-gas reaction. The effect of 

pellet diameter and shape and inlet velocity of the H2 gas on the H2O concentration is studied 

by using COMSOL Multiphysics 4.2a. It was found that the H2O concentration is deeply 

dependent on pellet size and inlet velocity. The effect of the velocity is inversely proportional 

to the H2O concentration, which means the higher the velocity the less is the observed 

concentration. The simulation also shows that the concentration increases with increasing 

pellet size because of the larger surface area. It was also found that the orientation of the 

pellet has major effect on the H2O concentration and therefore on the reduction of the pellet.  
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1. Introduction 

The main purpose of this thesis is to study the flow and mass transfer in the furnace for gas-

solid reaction used in experimental work for direct reduction with hydrogen and carbon 

monoxide. In the reduction of iron oxide with hydrogen gas, the product concentration of the 

H2O species changes, as the inlet velocity of hydrogen gas, the diameter and the major and 

minor axis of the pellet changes. The modelling software used in this study is COMSOL 

Multiphysics 4.2a. The results obtained from the simulations are compared with experimental 

results. 

2. Theoretical bases 

Pellets are mainly used in the iron oxide reduction in steel industry. There are certain 

advantages of pelletization such as good handling and moisture removal through the small 

size. The production costs are also very low. The type of FeO used is wüstite (FeO), which is 

a mineral form of iron (II) oxide. It has grey colour with a greenish tint in reflection light. 

wüstite (FeO) crystallizes in hex octahedral crystal system in opaque metallic grains. 

 

 

Figure 1 - Wüstite (FeO) pellet used in experiments  

 

The shape of the FeO pellet is mainly considered as a sphere. However in praxis the shape is 

more oval, where in following the largest diameter of the pellet denotes to the major axis and 

the smallest diameter to the minor axis (Figure 2). If major and minor axes are equal, the 

pellet is a perfect sphere. 
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Figure 2 - Ellipse showing minor and major axes  

 

2.1. Importance of pellet reduction for the industry 

In direct reduction the oxygen from the FeO ore is removed without melting. The resulting 

products are iron pellets and lumps with high quality. The main gases used for the reduction 

of iron oxides to iron are CO2 /CO and H2.While Hydrogen is used as reactive gas. Hydrogen 

and Carbon dioxide/carbon monoxide can be used as the combination of the gases as well 

(H2+CO) in direct reduction of iron oxide. There are certain economic advantages of direct 

reduction as compared to the conventional route. The main advantages of direct reduction iron 

(DRI) for the industry are the cheaper production processing, the purity of the product, the 

more easy handling of a large amount of raw material and the less content of carbon in the 

resulting product. In the DRI process the Energy efficiency is very high and the product can 

be easily used in electric arc furnaces. 

Polluting agents from DRI process are usually NOx and SOx and dust with ash. In this 

method the furnace is continuously fed from the top, the iron oxide is preheated and brought 

to the reduction zone. On the end the iron is cooled down. Figure 3 gives a flow chart of the 

whole DRI process. The reduction gas contains about 95% hydrogen and 5% carbon 

monoxide. The gas is injected to the furnace counter continuously which increases the solid-

gas reaction. At the top of the furnace, the partially spent reducing gas (approximately 

contains 70% hydrogen plus carbon monoxide) exists and is recompressed. After contacting 

with natural gas, it is preheated to approximately 750°F and then will be sent to reformer. So, 

reformer reforms the processing gas containing 95% of hydrogen and carbon monoxide. This 

gas is ready to use by the direct reduction furnace again. 
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Figure 3 - Figure 3 - Flow sheet of DRI process[1] 

 

In the cooling zone, the cooling gases flow counter currently to the DRI. The cooling gases 

exit from the top-cooling zone and sent to recycling from the bottom. The cooled direct 

reduced iron is discharged from the bottom of the furnace. Afterwards screening is done to 

remove fines. Then, for minimizing the hazards associated with storage of these fines, further 

treating is necessary. The reduced fines are briquetted to produce a usable DRI product[1]. 

2.2. Different methods of pellet reduction 

Different methods of pellet reduction are as follows.  

(1)Finmet process: - This process uses the train of four bed reactors with the counter current 

gas flow. The feed concentration of the iron ores is of less than 12mm size. This feed is 

charged to the reactor train via a pressurized lock hopper system. The reactor pressure is 

maintained at the 11-13 bars. The feed enters the top most reactors where it is preheated to 

550-570 Co. The preheating, dehydration and reduction of hematite to magnetite takes place in 

the other three reactors. The first reactor has the temperature of about 800 Co. The hot DRI 

product is send to the briquetting machine. 

(2) Midrex: - The charge is fed in continuously from the top of the furnace, passing uniformly 

the preheating, reduction, and cooling zones of the furnace. The reducing gas consists of 

about 95% combined hydrogen plus carbon monoxide. The gas is heated to a temperature 

range of 1400° to 1700°F and fed in from the bottom of the furnace, below the section of the 

reduction process. The gas enters counter current to the falling solids. In the cooling zone, the 
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cooling gases flow counter current to the DRI. At the top of the cooling zone, the cooling 

gases which exit are sent for recycling, and returned to the bottom of the cooling zone. The 

cooled direct reduced iron (DRI) is discharged through the bottom of the furnaces as DRI 

product. 

(3) HYL: - The HYL process uses reformed natural gas to reduce lump ore and fixed pellets. 

Prior to the gas reformer, natural gas is mixed with excess and is then passed over nickel-

based catalysts. The excess steam helps to prevent carbon formation and promote catalyst life. 

After the reformer, the water vapour in the gas is removed by quenching, to achieve a 

hydrogen-rich reducing gas. The HYL process utilized four reactors in the section of 

reduction. The charge reduction takes place at temperatures above 1800°F, the advantages is 

that the reduction efficiency increases, where the result is a more stable product. 

(4) SL/RN: - The charge, preheated to 1800°F by counter-flowing gases, usually consists of 

lump ore (or pellets), coal, recycled char, Reduction is brought about by reducing gases 

generated from hydrocarbons present in the reduction section. In order to raise kiln efficiency, 

the preheating zone is usually limited to 40 to 50% of total kiln length. To ensure a uniform 

temperature throughout the reduction zone all the coal is introduced at the feed end of the 

kiln. As the charge moves into the reduction zone, the reduction process begins when it has 

reached roughly 1650°F. After reduction, the solids are discharged into a sealed rotary cooler, 

where water is sprayed on the cooler shell to reduce the temperature of the solids to about 

200°F in a non-oxidizing atmosphere. The fines are briquetted to be used later with the DRI.  

2.3. Chemical reactions 

The reaction equation, when FeO is reduced by hydrogen, is given in Eq.1, 

                                                 H2+FeO  Fe + H2O                                                              [1] 

where the hydrogen gas reacts with oxygen containing in the FeO pellet and forms water as 

shown in Figure 4. The resulting product is pure Fe. 
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Figure 4 - Sketch of the surface reaction 

 

This reaction is irreversible. The reaction mainly takes place at the surface of the pellet where 

the porosity plays a vital role. The mass transfer-taking place is deeply dependent on the 

structure of the pores in the pellet. Figure 4 shows the porosity before (Figure 5a) and after 

reduction (figure 5b) of the iron pellet. 

 

 

a) 

 

b) 

Figure 5 - Cross section of the pellet before and after reduction[8] 

 

To simplify the simulation, the Fe solid part is neglected. In this case the reaction given in Eq. 

1 turns in a homogenous gas phase reaction Eq.2. 

                                                        H2+ O2--> H2O                                                                 [2] 

From Eq.1, the Fe is neglected so the rate expression of Eq.2 is the product of the 

concentrations of hydrogen and oxygen which is given by Eq.3. 
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                                                      R = kf_1*c_h2*c_o2                                                          [3] 

2.4. Mathematical bases 

The concentration change of specimens from higher concentration to lower concentration is 

called diffusion. An empirical relation for the diffusion molar flux, first introduced by Fick’s 

and, named as Fick’s first law, defines the diffusion of a component A in an isothermal, 

isobaric system. For the diffusion in z - direction, the Fick’s rate equation is given in Eq.4.  

                                                      J = -DAB dCA / dZ                                                               [4]
 

Where DAB is the diffusivity or the diffusion coefficient for component A diffusing through 

component B, and dCA / dZ is the concentration gradient in z - direction. 

The variables are the equations applied to domains and the boundaries of the geometry to get 

the required results. 

The Fick’s law is applied to the pellet boundary in form of the negative flux (-J). To see how 

much the water is diffused into the hydrogen media from the pellet. Eq.5 shows the Fick’s law 

used in the COMSOL Multiphysics. 

                                                   J = ((-D_H2O_h2)*(c0))/((rrt))                                             [5] 

The volume of the sphere is given by Eq.6.The volume of the pellet varies as the diameter and 

therefore the major and minor axis changes. The variation in pellet volume is important to 

calculate because as the volume changes the concentration of water changes. 

                                                       Ve = (4/3)*3.14*(rrt)3                                                        [6] 

Calculation of the inlet velocity needed for the simulation software. As the experimental 

values are in litre/minute, it is necessary to convert into the m/s. The dimension of the 

hydrogen tube are radius = dia/2 = 0,003 m, height = 0.23 m. 

1 litre = 0.001m3 and 1 litre/min = (0.001m3)/min and1 litre/60s = (0.001m3)/ (60 s) 

Surface area of the cylinder (hydrogen inlet tube) = a = 2*pi*r*(r + h)                                  [7] 

Surface area = 2(3.14)(0.003)[0.003+0.23] = 0.01884*0.233 = 4.389*10-3 

Volumetric flow rate is given by Eq.8 as follows. 

                                                                  Q=u*a                                                                     [8] 

Litre/min = (0.001m^3)/(60 s) = (0.001) / [60*4.389*10(-3)] = 3.79/1000=0.0037m/s 

Calculations for the volume of pellet: 
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Volume of the pellet by using the radius 

With help of Eq.9 the volume of the circle was calculated. 

                                           Ve_full=((4/3)*3.14*(radi)3)                                                         [9] 

 

As it is half pellet so the formula of the radius of half circle is given by Eq. 10 

                                          Ve= ((4/3)*3.14*(radi)3)/2                                                           [10] 

 

Table 1 - Variation of volume with radius 

Number Radius [m] Volume [m3] 

1 0.008 1.071*10-6 

2 0.010 2.933*10-6 

3 0.012 3.617*10-6 

 

By using the major and minor axis of the ellipse: 

The formula used for the calculation of volume for the ellipse is given by Eq.11. 

Vol_ellipse_full=(4/3)*3.14*(major_axis)*(minor_axis)*(minor_axis)                               [11] 

The formula used for the calculation of volume of the half ellipse is given by equation Eq.12. 

Vol_ellipse=((4/3)*3.14*(major_axis)*(minor_axis)*(minor_axis))/2                                 [12] 

 

When major axis is varied and minor axis is fixed: 

 

Table 2 - Variation of volume with major axis 

Number Major axis [m] Minor axis [m] Volume [m3] 

1 0.011 0.01 2.302*10-6 

2 0.012 0.01 2.512*10-6 

3 0.013 0.01 2.721*10-6 
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When minor axis is varied and major axis is fixed: 

Table 3 - Variation of volume with minor axis 

Number Major axis [m] Minor axis [m] Volume [m3] 

1 0.01 0.012 3.0144*10-6 

2 0.01 0.013 3.5377*10-6 

3 0.01 0.014 4.1029*10-6 

 

Simulation concentrations calculated: 

Table 4 - Concentration variation with radius 

Species 0.01 radius [m] 0.008 [m] 0.012 [m] 

Hydrogen 6.759*10-11 6.759*10-11 6.759*10-11 

Water 3.077*10-12 1.5755*10-12 5.317*10-12 

Oxygen 4.1867*10-8 2.1867*10-8 7.2346*10-8 

These concentrations calculated remain the same when quartz wall is removed. 

 

Table 5 - Concentration variation with major axis 

Major axis variation Concentration [mole/m3] 

0.011 3.3849*10-12 

0.012 3.6926*10-12 

0.013 4.0004*10-12 

 

Table 6 - Concentration variation with minor axis 

Minor axis variation Concentration [mole/m3] 

0.012 4.4312*10-12 

0.013 5.3005*10-12 
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0.014 6.0313*10-12 

 

Volume of hydrogen tube = radi_h2_tube = 0.003 m, h_h2_tube = 0.23 m 

The Volume of Cylinder (hydrogen Tube) is given by Eq.13. 

VH = (3.14*(radi_h2_tube)*(radi_h2_tube)*(h_h2_tube)) = 6.4998*10-6 m3                       [13] 

 

Volume of the half hydrogen tube:  

(3.14*(radi_h2_tube)*(radi_h2_tube)*(h_h2_tube))/2=3.2499*10-6 m3 

 

Calculations for the Fick’s law: 

Fick’s law variation with radius is given by Eq.14 as follows where radi = dx 

                                    J= ((-D_H2O_h2)*(c0))/((radi))                                                         [14] 

 

Table 7 - Fick’s law variation with radius 

Number Radius [m] j mole/(m2. S) 

1 0.008 1.043*10-18 

2 0.010 1.63*10-18 

3 0.012 2.348*10-18 

 

Ellipse: 

It is assumed that the dx in Fick’s law equal to 0.01 m. When major axis is varied and minor 

axis is fixed the Fick’s law will become as follows (Eq.15). 

                                               J= ((-D_H2O_h2)*(c0))/((major-axis))                                   [15] 

When using the Fick’s law for the major axis, dx is used as major axis, which gives the largest 

distance from centre 

When minor axis is varied and major axis is fixed. The Fick’s law variation of with minor 

axis is given by Eq.16 as follows. 
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                                                J= ((-D_H2O_h2)*(c0))/((minor-axis))                                  [16] 

When using the Fick’s law for the minor axis dx is used as minor axis, which gives the largest 

distance from centre. 

3. Experimental setup 

The pellet is tied with a wire to the pellet holder made of quartz as illustrated in the Figure 6a. 

The pellet holder is lowered in the furnace which is kept at 1273K. The hydrogen gas is 

introduced from the bottom of the container and piped with help of an alumina tube directly to 

the pellet. The gas reacts and reduces the pellet which results in a weight change of the pellet. 

The weight loss of the pellet is measured and recorded with help of a balance (Figure 6c). The 

whole process takes approximately 2500 s, where the time can be varied within different 

experiments. 

 

 

a) 

 

b) 

 

c) 

Figure 6 - Experimental setup a) pellet and pellet holder b) sketch of the experimental setup c) 
experimental setup used in experiments 

 

4. Simulations 

Simulations provide the design; plane solution that can be done without doing real 

experiments. In this work the modelling software COMSOL Multiphysics 4.2a is used. The 
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simulation is done to confirm the experimental results and for better understanding of the 

mechanism and the influence of different parameters used in the experiments. COMSOL 

Multiphysics uses the finite element method (FEM) to solve the partial differential equations 

(PDEs). The physics used in the simulations are the transport of dilute species, the reaction 

engineering and the turbulent flow application. 

The governing equation for the transportation of dilute species by diffusion is Fick’s law. In 

the reaction engineering physics the governing equation is the rate equation of the chemical 

reaction. For the Turbulent flow the k-ε model is used. 

The concentrations of the species used in the model are the reaction gas hydrogen with 

2.08*10-4 Mole/s and the oxygen around the pellet with 0.02 Mole/m3. 

The values of the diffusivities and mobility are entered for water and oxygen, which are taken 

from parameters. The diffusivity of the Oxygen is taken as D_H2_O2 because both are gases. 

The diffusivity of the H2O is taken as D_H2O_h2 because water diffuses from the pellet to 

the hydrogen media. The values for the densities of all species are taken from the COMSOL 

built-in library.  

The reaction-engineering model is synchronized with the 2D model containing the turbulent 

flow and transportation of dilute species physics. The turbulent flow is compressible flow 

(Ma<0.3). The turbulent model type is k-ε .The fluid properties are taken from the COMSOL 

built-in library. An axisymmetric geometry was used. The inlet velocity is specified according 

to the required variation and calculations. 

The transportation of dilute species mainly takes place around the pellet. The transport of the 

dilute species and turbulent flow is solved simultaniously. The diffusion coefficient 

concentrations and reactions of species are synchronized with the reaction engineering model.  

4.1. Simplifications and assumptions 

The following simplifications and assumption have been made for the model: 

(1) The solid face of the pellet is not considered. Only a uniform oxygen layer around the 

pellet was taken in consideration.   

(2) In order to get the required concentrations, the volume of the pellet is multiplied with the 

water and oxygen concentration. 

(3) The hydrogen concentration is multiplied with volume of hydrogen tube.  
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(4) A diffusion coefficient is used to simulate the mass transfer between oxygen layer around 

the pellet and hydrogen. 

(5) The body forces are taken into account as isotropic stresses.  

4.2. Simulation domain 

As shown in Figure 7, five different domains are used in the model. The pellet, the alumina 

tube and the pellet holder are solid phases. The gas phases are the hydrogen inside the 

alumina and reaction tube. All material data used in simulation are taken from the COMSOL 

material library. 

 

 

 

 

 

 

 

 

 

Figure 7 - Domains used in simulation 

 

4.2.1. Boundary conditions 

Transportation of dilute species: 

There are two types of boundary conditions, internal and exterior boundary conditions. 

Exterior boundary conditions.  

Inflow - refers to the initial concentrations, which are synchronized with the reaction 

engineering application. 
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Outflow - is the product obtained after the completing of the reaction between hydrogen and 

oxygen layer of the pellet. 

Flux - is taking place at the boundary of the pellet. 

No-Flux - the default boundary condition used at the outer walls of the reaction tube.  

Continuity - used for interior boundaries conditions. 

Turbulent flow: 

Wall - describes the flow conditions at the inner and outer wall of the alumina tube and the at 

the inner wall of the reaction tube, in the model the “No Slip” condition for a stationary solid 

wall is used.  

Inlet - is the velocity boundary condition i.e. hydrogen gas inlet velocity. 

Outlet - describes the flow conditions at the outlet.  

Axis-Symmetry - describes the axis-symmetry boundary condition. 

4.2.2. Initial conditions 

Initial concentration conditions: 

The initial values for the concentration of each species used in simulations are specified in 

Table 6. 

Table 8 - Initial concentration conditions 

 

 

 

 

 

Initial flow conditions: 

The Velocity field was set to u = 0 m/s. The values for the turbulent kinetic energy (m2/s2) 

and turbulent dissipation rate (m2/s3) in the k-ε model are used as default. 

Parameters used in simulations: 

The values are taken for velocity 0.004 m/s and pellet radius 0.01m. 

1.352e-10 mole/s H2 reacting 

0 H2O produced 

4.2871e-08 mole/s O2 layer (pellet) 
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Table 9 - Concentrations used in simulations for velocity 0.004 m/s and 0.01 m pellet radius 

Ve=volume of pellet which varies 

VH is the volume of hydrogen tube=3.2499*10-6 m3 

 

Table 10 - Diffusivities of the different species used in simulations 

 

Table 11 - Density of the species used in calculations 

 

Table 12 - Parameters used in simulations 

Name Value Description 

mueh2 8.7600*10-06 Pa*s Dynamic viscosity of h2 

Name Expression Value Description 

cas ((0.208*10-4)*(VH)) [Mole/m3] 6.759*10-12 H2 reacting 

c0 ((0.147*10-5)) *Ve [Mole/m3] 3.077*10-12 H2O produced 

co2 0.02*Ve [Mole/m3] 4.1871*10-8 O2 layer (pellet) 

Name Value Description 

D_H2O_h2 5.3*10-9[m2/s] Diffusivity of H2O 

D_H2_feo 6.63*10-0.7 Diffusivity of H2 

D_O2_feo 6.166*10-12 Diffusivity of O2 

D_H2O_o2 2.1000*10-09  

D_H2_O2 7.00*10-6  

Name Value [kg/m3] Description 

Density_h20 1000 Density of water 

Density_o2 1430.0 Density of oxygen 

Density_h2 0.0899 Density of hydrogen 

Density_FeO 0.3 Density of FeO 
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dh2fe 0.000000663[m2*s] Diffusivity of FeO pellet 

real_dia 0.02[m] Diameter of FeO 

kc 0.000117[(m2)/s] Mass diffusivity coefficient 

rrt 0.008[m] Diameter varied 

Ve 2.143*10-06 m3 Volume of pellet 

vol_h2_tube 3.2499*10-6 Volume of h2 tube 

 

4.3. Experimental conditions studied in simulation 

For better understanding of the experimental conditions and interdependent of the different 

variables, the following parameter were studied to see the effect on water concentration. 

(a) variation of the pellet diameter  

(b) major and minor axis variation of pellet 

(c) inlet velocity variation of H2 

Possible combinations of the parameters a), b) and c) were simulated by using the parametric 

sweep in COMSOL Multiphysics. 

Combination 1: - includes velocity and major & minor axis variations from 0.001 to 1 m/s and 

0.011to 0.014m diameter respectively. 

Combination 2: - includes velocity with diameter variation from 0.001 to 1 m/s and 0.008 to 

0.01 m diameter respectively. 

4.4. Simulation procedure 

Meshing is the process of computing, for a given surface, a representation consisting of pieces 

of simple surface patches. Thus the meshing used in COMSOL simulation is different for 

different domains .The type and fining of mesh depends upon the type of the physics used at 

that domain. Hydrogen tube has finer, the pellet has fine, the pellet boundary has finer and the 

rest geometry has coarser mesh. 

The study type selected is time dependent. The solution time was set to 2500 s with an 

interval of 10s. 

5. Results 
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Effect of velocity and radius variation on concentration: 

 

 

Figure 8 - H2O concentration in mole/m3 for inlet velocity 0.004 m/s and 0.012m pellet radius 

 

Table 13 - Concentration variation as a function of velocity and pellet radius 

Combination 1 

Simulation 3 

Velocity 
[m/s] 

Radius 
[m] 

Max. H2O concentration  
[mole/m3] 

0.001 0.012  

0.002 0.012 2.245*10-12 

0.0035 0.012 2.203*10-12 

0.004 0.012 1.9469*10-12 

0.008 0.012 1.445*10-12 

0.012 0.012 1.149*10-12 

0.016 0.012 9.512*10-13 
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0.020 0.012 2.251*10-13 

0.024 0.012 7.354*10-13 

0.028 0.012 6.598*10-13 

0.032 0.012 5.99*10-13 

0.036 0.012 5.494*10-13 

0.040 0.012 5.081*10-13 

0.5 0.012 5.40*10-14 

1 0.012 2.62*10-14 

 

 

Figure 9 - H2O concentration as function of velocity at pellet radius 0.012 m 

 

The graph showing the exponentially decrease of the H2O concentration with increase of 

velocity. 
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Figure 10 - H2O concentration in mole/m3 for inlet velocity 1 m/s and 0.008 m pellet radius 

 

 

Figure 11 - H2O concentration in mole/m3 for inlet Velocity 0.004 m/s and radius pellet 0.012 
m without quartz wall 
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Table 14 - Concentration variation as a function of velocity at pellet radius 0.012 m without 
quartz wall 

Combination 2 

Simulation 3 

Velocity 
[m/s] 

Radius 
[m] 

Max. H2O concentration  
[mole/m3] 

0.001 0.012  

0.002 0.012 2.1458*10-12 

0.0035 0.012 2.1986*10-12 

0.004 0.012 2.1681*10-12 

0.008 0.012 1.6848*10-12 

0.012 0.012 1.3609*10-13 

0.016 0.012 1.1437*10-12 

0.020 0.012 9.866*10-13 

0.024 0.012 8.6829*10-13 

0.028 0.012 7.7728*10-13 

0.032 0.012 7.031*10-13 

0.036 0.012 6.4209*10-13 

0.040 0.012 5.909*10-13 

0.5 0.012 5.941*10-14 

1 0.012 3.011*10-14 
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Figure 12 - H2O concentration as function of velocity at pellet radius 0.012 m without quartz 
wall 

 

 

Figure 13 - H2O concentration as function of velocity at pellet radius 0.012 m without quartz 
wall including eddy removal 
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Figure 14 - H2O concentration in mole/m3 for inlet Velocity 0.004 m/s and radius pellet 0.012 
m without quartz wall including eddy removal 

 

Table 15 - Concentration variation as a function of velocity at pellet radius 0.012 m without 
quartz wall including eddy removal 

Combination 3 

Simulation 3 

Velocity 
[m/s] 

Radius 
[m] 

Max. H2O concentration  
[mole/m3] 

0.001 0.012  

0.002 0.012 2.156*10-12  

0.004 0.012 2.187*10-12  

0.008 0.012 1.7803*10-12  

0.012 0.012 1.4819*10-12  

0.016 0.012 1.2738*10-12  

0.020 0.012 1.120*10-13  

0.024 0.012 1*10-12 

0.028 0.012 9.039*10-13  
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0.032 0.012 8.2517*10-13  

0.036 0.012 7.5942*10-13  

0.040 0.012 7.0362*10-13  

0.5 0.012 7.579*10-14  

1 0.012 3.83*10-14  

 

Effect of velocity variation with fixed major and minor axes: 

 

 

Figure 15 - H2O concentration as function of velocity with a fixed major axis (0.013 m) and 
minor axis (0.01 m) diameters 

 

Table 16 - Concentration variation as a function of velocity with fixed major axis (0.013 m) 
and minor axis (0.01 m) diameters 
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Simulation 3 

Velocity 

[m/s] 

Major axis 

[m] 

Minor axis 

[m] 

Max. H2O concentration 

[mole/m3] 

0.001 0.013 0.01 1.6697*10-12 

0.002 0.013 0.01 1.482*10-12 

0.004 0.013 0.01 1.5916*10-12 

0.008 0.013 0.01 1.5167*10-12 

0.012 0.013 0.01 1.3498*10-12 

0.016 0.013 0.01 1.9171*10-12 

0.020 0.013 0.01 1.0899*10-12 

0.024 0.013 0.01 1.006*10-12 

0.028 0.013 0.01  9.3013*10-13 

0.032 0.013 0.01 8.656*10-13 

0.036 0.013 0.01 8.0925*10-13 

0.040 0.013 0.01 7.6025*10-13 

0.5 0.013 0.01 1.0009*10-13 

1 0.013 0.01 4.8949*10-14 
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Figure 16 - H2O concentration as function of velocity with a fixed major axis (0.01 m) and 
minor axis (0.014 m) diameters  

 

Table 17 - Concentration variation as a function of velocity with fixed major axis (0.01 m) 
and minor axis (0.014 m) diameters 
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Simulation 3 

Velocity 
[m/s] 

Major axis 
[m] 

Minor axis 
[m] 

Max. H2O concentration  
[mole/m3] 

0.001 0.01 0.014 2.0183*10-12  

0.002 0.01 0.014 1.7058*10-12  

0.004 0.01 0.014 1.2814*10-12 

0.008 0.01 0.014 8.7003*10-13 

0.012 0.01 0.014 6.6204*10-13 

0.016 0.01 0.014 5.3567*10-13 
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Effect of different pellet radius: 

 

Table 18 - Concentration variation as a function of pellet radius  

Serial number Radius  

[m] 

Max. H2O concentration 

[mole/m3] 

1 0.008 4.549*10-13 

2 0.01 9.192*10-13 

3 0.012 1.9469*10-12 

 

 

0.020 0.01 0.014 3.2586*10-13  

0.024 0.01 0.014 4.0049*10-13 

0.028 0.01 0.014 3.553*10-13 

0.032 0.01 0.014 3.2002*10-13 

0.036 0.01 0.014 2.9155*10-13 

0.040 0.01 0.014 2.6804*10-13  

0.5 0.01 0.014 2.6658*10-14 

1 0.01 0.014 1.4135*10-14 
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Figure 17 - H2O concentration as function of pellet radius 

 

Effect of pellet minor axis variation:  

 

Table 19 - Concentration variation as a function of minor axis variation and fixed major axis 
(0.01 m) at 0.004 m/s velocity 

Velocity 

[m/s] 

Major axis 

[m] 

Minor axis 

[m] 

Max. H2O concentration 

[mole/m3] 

0.004 0.01 0.012 1.0758*10-12 

0.004 0.01 0.013 1.186*10-12 

0.004 0.01 0.014 1.2814*10-12 
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Figure 18 - H2O concentration in mole/m3 for inlet velocity 0.004 m/s and fixed minor axis 
(0.014 m) and major axis (0.01 m) diameters 

 

 

Figure 19 - H2O concentration as function of minor axis variation at 0.016 m/s velocity 
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Figure 20 - H2O concentration as function of minor axis variation at 0.004 m/s velocity  

 

Effect of pellet major axis variation: 

Using velocity 0.004 m/s and major axis is varied. 

Table 20 - Concentration variation as a function of major axis variation and fixed minor axis 
(0.01 m) at 0.004 m/s velocity  

Velocity 

m/s 

Major axis 

m 

Minor axis 

m 

Max. H2O Concentration 

[mole/m3] 

0.004 0.011 0.01 1.0812*10-12 

0.004 0.012 0.01 1.4154*10-12 

0.004 0.013 0.01 1.5916*10-12 
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Figure 21 - H2O concentration as function of major axis variation at 0.004 m/s velocity 

 

 

Figure 22 - H2O concentration in mole/m3 for inlet velocity 0.004 m/s and fixed minor axis 
(0.01 m) and major axis (0.013 m) diameters  
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6 Discussions  

6.1. Effect of velocity variation 

The velocity varies 0.001 to 0.04 and 0.5 to 1 m/s with the radius fixed at 0.008, 0.01 and 

0.012 m given in Table 13, 14 and 15. It was found that as the velocity increases the 

concentration decreases. Different graphs were plotted for obtaining the results. An 

exponential decrease can be observed in Figure 9. The lowest velocity 0.001m/s has water 

concentration around the pellet, which is undesired, so 0.001 and 0.002 m/s velocities are 

neglected. The 0.004 m/s has fine velocity and concentration distribution near to calculated 

values 1.9469*10-12 mole/m3 as shown in Figure 8. The highest velocities 1 and 0.5 m/s 

(Figure 10, Table 13) have the lowest concentrations as less time is given to hydrogen to 

diffuse inside the pellet. The highest concentration is also obtained at the bottom of the 

equipment at these velocities (Figure 10). The pellet with the 0.008 radius has the lowest 

value of concentration 4.726*10-15 at 1m/s. 

The velocity profile is deeply dependent on the pellet size and the quartz wall distance from 

the pellet. If the pellet diameter or major axis is increased the distance between quartz wall 

and pellet will be less and hydrogen will strike more with the pellet and diffuse into it. The 

increase in the minor axis will provide more area for passing of hydrogen. 

When the quartz wall is removed (Figure 11), the concentration is increased the reason is that 

more hydrogen is in contact with the pellet .The concentration obtained is more 2.1681*10-12 

(Table 13) at 0.004 m/s velocity and radius size of 0.012 m as the quartz wall is included 

(Figure 8, Table 12). The major drawback of the quartz wall is that it will cause a big eddy 

formation near the outlet of the hydrogen tube. This can be removed by using the extra shelf 

level around the outlet of hydrogen tube (Figure 11). Similar without quartz wall and eddy 

removal will increase the concentration 2.187*10-12 (Table 14) more then with quartz wall 

and without quartz walls. The lowest concentrations are observed for the 1 m/s velocity. 

Figure 12 and 13 shows the concentration change with velocity 0.004 m/s and pellet radius 

0.012 m without quartz wall and without quartz wall including eddy removal. 

6.2. Effect of velocity variation with the major axis 

In the case of the major axis variation 0.011, 0.012, 0.013 m, minor axis is fixed at 0.01m 

with the velocity variation 0.001 to 0.04 and 0.5 to 1 m/s is same as the radius, but the 

concentration decreases as shown in the Figure 15 with the increase of the velocity. The 

highest value obtained for water concentration is 1.5916*10-12 mole/m3 at 0.004 m/s velocity 
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and the lower velocity 0.001, 0.002 m/s values shown in Table 16 are neglected because the 

water will remain on the top of the pellet. The highest values of the velocities are also 

neglected because a lower concentration of water is obtained .The lowest value of 

concentration obtained is at 1m/s is 1.4135*10-14 mole/m3. This shows that the mass transfer 

depends upon the shape and orientation of the pellet. If the major axis is larger as 0.013 m the 

pellet will touch the quartz wall. It will block the flow of hydrogen gas. There is no eddy 

formation in this case. 

6.3. Effect of velocity variation with the minor axis 

In the case of the minor axis variation 0.012, 0.013, 0.014 m, major axis is fixed at 0.01m 

with the velocity variation 0.001 to 0.04 and 0.5 to 1 m/s is same as the radius and major axis, 

here the result is same concentration decreases as shown in the Figure 16 with the increase of 

the velocity. The highest value obtained for water concentration is 1.2814*10-12 mole/m3 at 

0.004 m/s velocity and the lower velocity 0.001, 0.002 m/s values shown in Table 17 are 

neglected because the water will remain around the pellet. The highest velocity 1m/s has the 

lowest concentration of 1.4135*10-14 mole/m3 hence neglected. So the higher velocities are 

neglected. The minor axis can be increased because of the lower value of major axis. This will 

allow greater and quick flow of the gas around the pellet. This shows that the mass transfer 

depends upon the shape and orientation of the pellet. The minor axis has the lower 

concentration values as compared to the radius and major axis. There is no eddy formation in 

this case. 

6.4. Effect of pellet radius and major & minor axis variation when velocities are fixed 

6.4.1. Effect of pellet radius with fixed velocity 

When the velocity is fixed at 0.004, 0.016 and 0.024 m/s and the pellet diameter/radius is 

varied 0.008, 0.01 and 0.012m, it was found that as the radius of the pellet is increased the 

concentration is increased. When Using the velocity at 0.004 m/s the highest concentration 

1.9469*10-12 mole/m3 is obtained at 0.012 m radius (Table 18) and lower concentration 

1.389*10-13 mole/m3 is obtained at highest velocity 0.024 m/s smallest radius 0.008 m. Figure 

17 shows that with increase of radius the concentration increases at fixed velocity of 0.004 

m/s. When the higher velocities are considered at 1 and 0.5 m/s the lowest concentrations are 

obtained. 

6.4.2. Effect of pellet minor axis variation with the fixed velocity 
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As the minor axis is varied 0.012, 0.013 and 0.014 m, when major axis is fixed at 0.01 and 

velocities are fixed at 0.004, 0.016 and 0.024 m/s. It was found that at lowest velocity 0.004 

m/s the minor axis highest at 0.014 m (Figure 18) has the highest concentration of 1.2814*10-

12 mole/m3 (Table 19, Figure 20). It was found that the highest concentration occurs at 0.004 

m/s with small change of 0.10 mole/m3 in the concentration difference and the lower 

concentration 5.3567*10-13 is obtained at 0.016 m/s with difference of higher concentration 

difference of about 0.50 mole/m3 (Figure 19).The reason for that is hydrogen moves close to 

the pellet at lower velocity. When the higher velocities are considered at 1 and 0.5 m/s the 

lowest concentrations are obtained. 

6.4.3. Effect of pellet major axis variation with the fixed velocity 

As the major axis is varied 0.011, 0.012 and 0.013 m, when major axis is fixed at 0.01 and 

velocities are fixed at 0.004, 0.016 and 0.024 m/s .The variation in the major axis is kept with 

lower values as compared to minor axis because the pellet will touch the quartz wall and form 

obstacle for hydrogen passage. It was found that the lowest velocity 0.004 m/s highest major 

axis 0.013 m (Figure 22) has the highest value of concentration 1.5916*10-12 mole/m3 (Table 

20) because the major axis will be face perpendicular to the hydrogen tube and has the largest 

area facing the hydrogen tube inlets. The lower value of the concentration is obtained at 0.024 

m/s major axis of 0.013 m with concentration of 1.006*10-12 mole/m3.The lowest values of 

the concentrations is obtained at 1 and 0.5 m/s. This shows that with the increase of major 

axis the concentration increases as shown in Figure 21.The concentrations obtained from the 

change in major axis is more than concentrations obtained from the minor axis. 

6.5 Comparison of major and minor axis 

The major axis concentrations obtained has the higher values as compared to the minor axis 

variation, because the major axis is perpendicular to the hydrogen tube and large surface area 

is facing it. On the other hand minor axis is parallel to hydrogen tube and thin so less surface 

area is facing the hydrogen tube inlet less mass transfer.  

7. Conclusions 

The concentration reduces exponentially as increase of velocity. The pellet with the smaller 

diameter (less surface area) less mass transfer will take place. Mass transfer mainly depends 

upon major, minor axis and diameter variation. Variation in the major axis produced greater 

change in concentration as compared to minor axis. The orientation of the pellet plays a vital 

role in the concentration change. When the quartz wall is removed the mass transfer will be 
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increased with higher velocity. There are eddies formation as the wall is removed with higher 

velocity. The eddy formation can be overcome by using the extra shelf level around the out let 

of hydrogen tube. Very high concentration of water is at the middle top of pellet because of 

turbulence velocity and shape of pellet. Change in the radius produces more product 

concentration as compared to the major axis then to the minor axis variation. 

(With quartz wall +shelf) > (without quartz wall) > Radius > major axis  > minor axis 

The errors obtained are as follows: 

1.) The higher velocity 0.5 and 1 m/s gives the higher concentrations at the lower part of the 

equipment because of higher turbulence and sudden impact on pellet.  

2.) Very-low values of velocity give higher concentrations of water, but this will be avoided 

because the water will remain around pellet. There is small eddy formation around the 

hydrogen tube. 

Recommendations:  

If the heat transfer is taken into the account we can get the higher concentrations. The porosity 

can affect the results and should be taken into account. A larger major axis or diameter is 

recommended. Avoid using very large changes in major and minor axis of pellet. A quartz 

wall and a extra shelf level around the outlet of hydrogen tube is recommended. Avoid using 

very high or very low inlet velocities. Carefully design the assumptions for accurate results.  

  



37 

References 

 

[1] Roohollah Ashrafian ,Mahla Rashidian, Jon Steinar Gudmundsson,Direct Reduction Of 

Iron Ore Using Natural Gas, November 2011,PP,14. 

[2]. F. Kongoli and R.G. Reddy, TMS,  Sohn International Symposium, 27-31 Aug. 06, San 

Diego. vol. 2, pp. 111-120.  

[3] Hideki Hagi, Yasunori Hayashi and Namio Ohtani,Diffusion Coefficient of Hydrogen in 

Pure Iron, March 6-1979,pp.355. 

[4] Raymond Longbottom and Leiv Kolbeinsen, Iron ore Reduction with CO and H2 Gas 

Mixtures – Thermodynamic and Kinetic Modeling, October 2008. 

[5] Anna-Lena Ljung, T. Staffan Lundström,B. Daniel Marjavaara, Kent Tano. Convective 

drying of an individual iron ore pellet – Analysis with CFD, International Journal of Heat and 

Mass Transfer Vol.54, 2011. PP. 3882–3890. 

[6] Benitez, J. Principle and Modern Applications of Mass Transfer Operations, Wiley, 2009, 

p. 1 

[7] Rak-Hyun Song, Swil Pyun and R. A. Oriani, The Hydrogen Permeation Through 

Passivating Film On Iron By Modulation, 19 July 1990,pp 826. 

 [8] Damien Wagner, Olivier Devisme, Fabrice Patisson, Denis Ablitzer, A laboratory Study 

of the Reduction Of Iron Oxide by Hydrogen.  Vol. 2, pp. 9. 

  



38 

Acknowledgement 

First, I would like to thank Björn Glaser and Professor Du Sichen for their guidance and Dr. 

Anders Eliasson for the support through the course of my tenure at KTH Royal Institute of 

Technology. The flexibility and open-door policy was extremely appreciated, and the advices 

and comments were always helpful. While working with COMSOL Multiphysics, Björn 

Glaser always found time to discuss complicated and sometime very confusing data with me. 

I would also like to say thank you to Per Backlund from COMSOL and to the COMSOL 

support team for helping me with the simulation part. 

I would like to thank Professor Pär Jönsson and Dr. Anders Eliasson for their valuable 

suggestions regarding my studies, 

Lastly, I would like to express sincere gratitude to my family. 


	BILAL MASOOD
	Master Degree Project

