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EXECUTIVE SUMMARY 
The blast furnace process converts iron ore into molten iron and is an important component in 
iron-steel making. An improvement of the blast furnace fuel efficiency contributes to the 
reduction of energy consumption in the steel industry because this process represents about 70% 
of the total energy input to the integrated sector of the industry. The U.S. Department of Energy-
Energy Efficiency & Renewable Energy and the American Iron and Steel Institute have been 
driving forces for technological improvements in iron making processes and have supported 
Purdue University Calumet’s Center for Innovation through Visualization and Simulation 
(CIVS) to improve the knowledge of gas and burden distributions which are essential to the 
overall improvement to the optimization of the blast furnace.  
 
The goal of the research is to improve the competitive edge of integrated steel mills by using the 
advanced CFD technology to optimize the gas and burden distributions inside a blast furnace for 
achieving the best gas utilization. A state-of-the-art 3-D CFD model has been developed for 
simulating the gas distributions inside a blast furnace at given burden conditions, burden 
distributions and blast parameters.  
 
The comprehensive 3-D CFD model has been validated by plant measurement data from an 
actual blast furnace. Validation of the sub-models were also achieved. The user friendly software 
package named Blast Furnace Shaft Simulator (BFSS) has been developed to simulate the blast 
furnace shaft process. The BFSS software package may be used for the optimization of burden 
and gas distributions to maximize gas utilization with proper furnace permeability for given 
burden materials, productivities, and blast furnaces; and also to optimize the burden and gas 
distributions for high fuel injection rate and low coke rate. The research has significant potential 
benefits for the steel industry to improve productivity, lower energy consumption, and reduce 
environmental emissions.  

The Virtual Blast Furnace (VBF) was developed by combining the virtual reality technologies 
with advanced CFD simulation. Visualization of the high pressure, high-temperature blast 
furnace operations is available. Using the BFSS and the “virtual blast furnace” software, it is 
possible to design, optimize, and trouble shoot blast furnace operations.  If the technology is 
fully implemented in the U.S., the potential energy saving is 1.75 GJ/MTHM for blast furnace 
ironmaking, which is 80% of the calculated maximum potential energy saving of 2.19 
GJ/MTHM. A reduction in the fuel consumption rate will also reduce the generation of pollutant 
emissions from blast furnaces. 

The project team includes Purdue University Calumet (PUC), ArcelorMittal, Severstal N.A, 
Union Gas Limited and U. S. Steel. The research benefited education at Purdue University 
Calumet, which is located at Northwest Indiana, near the center of the U.S. Steel industry. 
Furthermore, through the technology transfer process, the BFSS software will be made available 
to the entire steel industry.
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1 INTRODUCTION 
1.1 Descriptions of the Technology 
A state-of-the-art 3-D CFD model has been developed for simulating the gas distribution inside a 
blast furnace at given burden conditions, charging conditions and tuyere operations. The CFD 
model includes the major physical and chemical processes in the blast furnace such as gas-solid 
reductions, gas-liquid/solid heat exchange that includes the effects of reaction heat and phase 
changes, cohesive zone, and furnace permeability.  
 
The BFSS is used for prediction of the gas distribution, coke rate under given burden materials, 
productivities, and tuyere conditions. The technological advantages of the model include: 
 

(1) The Graphic User Interface (GUI) of the pre-processor and post-processor is integrated 
with the CFD solver and burden simulator. The user can set up the case, run the 
simulation, and analyze the results in an integrated user friendly environment.  

(2) The 3-D distribution of velocity, pressure, chemical reaction, species, gas and burden 
temperature, reduction degree, and cohesive zone shape are available. The results can be 
easily analyzed by the post-processing module. 

(3) Burden distribution model includes the falling curve, the stock line profile, the burden 
descending and the mix layer. The burden structure and charging process can be visually 
displayed for inspection and new charging process can be designed using this tool to 
maximize the gas distribution. 

(4) The layer structure of the burden is explicitly considered and thus the cohesive zone is 
treated as individual coke and melting layer. The cohesive zone boundary is defined by 
an isothermal line and can be customized as a function of local burden composition. 

(5) The package is able to predict coke rate, carbon rate, gas utilization. It can be used to 
increase the furnace fuel efficiency and reduce the CO2 emission  

(6) Virtual reality (VR) visualization module can convert the 3-D CFD results into the 
immersive VR environment and enable the user to “walk” inside the blast furnace and 
examine the simulation results. 

 

1.2 Focus of the Technology 
The BFSS and VBF can be used to investigate the impact of key operation and design parameters 
and to develop strategies to maximize gas utilization and fuel efficiency and to minimize blast 
furnace emissions.  
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1.3 Applications and Benefits of the Technology 
The BFSS software package and VBF has significant benefits to the steel industry with high 
productivity, low energy consumption, and improved environment emissions.  If the technology 
is adopted by all the U.S. blast furnaces, and a high PCI rate is achieved by optimization of 
burden and gas distribution, the energy consumption of blast furnaces could be reduced 
significantly.   The target is to reduce 1.75 GJ/MTHM of energy consumption of the blast 
furnace, which is 80% of the total potential energy saving and corresponds to 13.9% energy 
savings in comparison to the actual “good practice” blast furnace energy consumption in the 
United States; based on the calculations using the AISI Steel Energy Tool with assumptions of 
2% of the market impacted, 2.5% annual growth rate in blast furnace ironmaking, a 2 year 
introduction, and 10 year market saturation. Consequently, productivity of the blast furnaces will 
be increased and the emissions will be reduced significantly.   

1.4 Commercialization of the Technology 
The BFSS software package and VBF developed has been applied to various BF systems.  The 
Technology Transfer Workshop meeting has been held, the BFSS software package has been 
made available to the Industry Participants for BF and other applications. Marketing of this 
technology for commercial usage is in progress. The Center for Innovation through Visualization 
and Simulation will support the CFD software and develop long-term R&D programs.  The 
Center will focus on continuing research on advanced technologies for the steel industry for 
energy savings and environmental reductions.  The new technology will be disseminated by AISI 
through its committees, publication, advertisements, and conference seminars.  The center will 
also facilitate training programs for Blast Furnace operators, engineers, and designers, on a 
subscriber basis from different steel mills, who are interested in using the software.   
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2 BACKGROUND 
2.1 Blast Furnace 
Ironmaking is a capital and energy intensive process. The Blast furnace represents the 
predominant ironmaking process in the U.S. More than 95% of the pig iron produced from iron 
ore comes from the blast furnaces and since the blast furnace process can mass produce high-
grade iron units efficiently, this process is likely to continue to coexist with next-generation 
ironmaking processes in the years ahead. The blast furnace process is a counter current moving 
bed chemical reactor to reduce iron oxides to iron, which involves complex transport phenomena 
and chemical reactions. As shown in Figure 1, in the blast furnace process, iron-bearing 
materials and coke with flux are charged in alternate layers into the top of the furnace. Preheated 
air and fuel (gas, oil or pulverized coal) is blown into the lower part of the furnace through 
tuyeres, forming a cavity called the raceway in which the injected fuel and some of the coke 
descending from the top of the furnace are combusted and gasified. The hot air burns the 
pulverized coal and coke and raises the temperature to more than 2,000°C, which creates carbon 
monoxide (CO) gas to reduce the iron ore to molten iron. The raw material is heated to 1,000°– 
2,000°C in the blast furnace and melts at about 1,500°C. It then separates into hot metal (molten 
pig iron) and slag and accumulates at the bottom of the furnace. 

 

Figure 1 Schematic of a Blast Furnace (Source: Kobe Steel 2008) 

The solid phase, comprised of the alternating coke and ore layers, descends slowly through the 
shaft of the furnace as the coke is gasified and the ore is melted lower down in the furnace. The 
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primary reducing agent, carbon monoxide, present in the ascending gas, is mainly formed in the 
raceway, which is located at the lower part of the furnace just above the hearth. The area where 
the ore starts to soften and finally melts is called the cohesive zone. In the cohesive zone the ore 
layers become virtually impermeable thus forcing the ascending gas to pass through the coke 
slits present between the ore-layers. The shape and location of the cohesive zone are controlled 
by the distribution of the burden and gas flow and impacted by the softening and melting 
properties of the burden materials. The cohesive zone, in turn, has a great effect on the gas 
distribution [Dong et al. 2003]. The fuel economy of the blast furnace process is directly coupled 
to the gas and burden distributions. The gas distribution strongly influences both the thermal and 
chemical phenomena in the lumpy zone of the furnace. The gas distribution, which also affects 
the pressure loss as well as productivity and smoothness of operation, is controlled mainly by 
manipulating the distribution of the burden and tuyere operation. The reductions of fuel 
consumption rate will also save energy and produce less emissions from blast furnaces. 

The development of Pulverized Coal Injection (PCI) has led to substitution of coke by coal in 
order to meet changing economic and environmental conditions. This technology has been 
widely implemented. However, PCI into the blast furnace leads to low permeability in the shaft 
zone and the CZ. For instance, as the PCI rate increases and the amount of coke decreases, the 
thickness of coke layers decreases, resulting in a higher resistance for the gas in the upper shaft 
of the furnace. Furthermore, the experience gained so far shows that the increase of PCI rate 
induces important changes of gas distribution in the blast furnace which influence the whole 
process, the performance and the service life. Gas flow monitoring is therefore regarded as one 
of the keys to high PCI rates. Therefore, it is important to estimate the characteristics of the gas 
flow in a blast furnace.  

The knowledge of gas distributions and its influential factors in a blast furnace is essential for the 
process optimization. However, the temperature inside blast furnace can reach as high as 
2,500°C and the reduction agent carbon monoxide is highly toxic. Due to the inhospitable 
environment, the direct measurement of the blast furnace process is limited. One solution is to 
utilize the high fidelity CFD numerical simulations to understand the essence of the gas and 
burden distributions in the blast furnace. Recent rapid advancements in computer technology 
have made the development of high fidelity CFD simulations possible. Such simulations are a 
powerful tool that can provide detailed information on aerodynamics, heat transfer, and chemical 
kinetics in complex flows, and can be used to conduct extensive computer experiments for 
parametric and optimization studies of flow systems. Specifically, simulations can be used to (1) 
investigate the impact of key operation and design parameters and (2) develop strategies to 
maximize gas utilization and fuel efficiency and to minimize environmental emissions. 
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2.2 Literature Review 
The importance of blast furnace burden and gas distributions has led to a number of experimental 
and analytical researches. In the experimental work, small-scale experiments [Poyeromo and 
Hlinka, 1982, Omori, 1987], or full-scale experiments [Narita et al. 1979] were carried out.  
Usually, experiments have been conducted without paying attention to the effect of the gas flow, 
but this can lead to serious misinterpretation of the burden distribution [Omori, 1987, Narita et 
al. 1987]. Furthermore, new experiments are required if the conditions change in the real process 
[Kajiwara et al, 1990]. Some efforts have been made for on-site measurements. For example, the 
gas distribution was measured quantitatively with differential pressure sensors, turbine meters, 
etc. However, due to the severe conditions in a blast furnace, it is difficult to get reliable 
measurements for longer periods of time [Nikus, 2001]. Use of IR-cameras for burden 
temperature measurement has been reported in the literature [Poos et al., 1981]. In order to get 
quantitative values of the gas and burden distributions from these signals, the measurements 
must be interpreted by some intelligent techniques. 

Attempts have been made to develop analytical or numerical models based on empirical data, 
mass and energy balances, or CFD. Certain types of burden distribution models have been 
developed and used at various blast furnaces [Kajiwara et al., 1983, Hockings et al. 1988, 
McCarthy et al., 1993]. A 2-D CFD based model (SONDE) has been developed and applied to 
process guidance and gas distribution control [Burke and Burgess, 1989, Tanzil et al., 1990].  
Several mathematical models of the blast furnace, which can reproduce multi-dimensional 
distributions of the process variables within the furnace, have been proposed [Sugiyama and M. 
Sugata, 1987, Austin et al. 1997 and 1998, Castro et al. 2000]. Most of these models are in 2-D 
frame and do not consider three-dimensional variable distributions. However, a detailed 
investigation demands a three-dimensional analysis and detailed inter-phase interactions. In the 
blast furnace process, the tuyere, which supplies hot blast and auxiliary fuels, is settled on the 
lower furnace wall equally spaced in the circumferential direction, representing points of three-
dimensional steep variable distributions. Ohno et al. [1986] carried out 3-D analysis of gas flow 
taking into account the layer-by-layer structure of packed bed, and showed strong influence of 
ore/coke distribution and off-center charge. However no further development of this model was 
published. Takatani et al.[1999] presented three-dimensional model and showed several three-
dimensional features in the blast furnace. Their model, however, employs some simplistic 
assumptions such as vertical liquid flow, constant reaction rates in the raceway and so on. It is 
incapable of simulating detailed three-dimensional phenomena around the combustion zone of 
the blast furnace. 

Recently, a 3-D mathematical model of the blast furnace has been developed by de Castro et al. 
[2002]. The model comprehends the full circumferential blast furnace and is based on the multi-
fluid theory. Special attention was devoted to analyze the lower part of the blast furnace where  
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the three-dimensional behavior is more evident. This model has successfully predicted the actual 
blast furnace operation and comparisons of predicted and measured blast furnace parameters 
showed good agreement. However, the focus of this study was in the lower part of the furnace. 

Lowering the fuel rate of the BF process is economically and environmentally beneficial. 
Numerical simulation of the BF is a useful tool for predicting the situation inside the BF as well 
providing guidelines for optimization. Mathematical modeling of the blast furnace has been 
studied for the past few decades [Dong et. al 2007]. The fuel rate and gas utilization of a BF is 
directly related to burden and gas distribution inside the furnace. Coke and iron ore are charged 
alternately into the BF top. The previous studies simplified the layer structure burden as 
homogenous mixed layer of coke and ore [Austin et. al 1996, Austin et. al 1997]. The treatment 
of the CZ in the perspective of modeling could be categorized into layered and non-layered 
[Dong et. al 2010]. 

Within a blast furnace, the burden distribution plays an important role because it influences the 
formation, shape and location of the cohesive zone, which are essential for the gas flow 
distribution and gas utilization efficiency. Therefore, the suitable control of the burden 
distribution is required for smooth blast furnace operation. In order to predict the burden 
distribution, both the charging and descending processes need to be considered since burden 
distribution is a continuous process. Nowadays, Bell-less charging equipment was installed in 
most of the commercial blast furnace due to the excellent controllability. 

Technically, the formation of the burden structure consists of three main steps by sequence. In 
the bell-less blast furnace, the first step involves the descent of the material from the discharge 
hopper, movement along the chute, detachment and falling of the raw material from the rotating 
chute. To investigate the trajectory of the raw material and the impact points at the stock line, the 
falling trajectory has been studied theoretically and experimentally. Nag and Koranne [2009] 
reported the measurements taken from the plant during the filling of a commercial blast furnace. 
The scaled experiment model has been reported by Liang et al. [2009]. The single particle model 
is developed and extensively used to compare with experimental data and to investigate effects 
of the chute parameters (Yu et al. [2009], Wang [2003, 2006], Liu [2005],). The detailed force 
and velocity analysis along the chute was carried out by Nag and Koranne [2009] and Kondoh 
[1977]. 

Secondly, with the information of the trajectory from the first step, the shape of the ring formed 
on previous stock profiles can be defined, thus the new stock profile is available by adding the 
successive rings of the entire charging. Jiménez et al. [2000] reported a semicircle 1/10 scale 
shaft cold experimental model and use camera to capture the ring shape of each dump. 
Mathematical models are also developed by Jiménez et al. [2004] to simulate the ring profile by 
a pair of second degree polynomials. Matsuzaki [2003] proposed that the normal distribution 
function could be used to describe the heap up ring profile. 
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Finally, the charged burden redistributes as it moves downward to form the entire burden 
structure. Many studies have been conducted on the descending behavior of burden. In terms of 
experiments, the burden structure is measured in an experiment carried out by Ichida et al. 
[1991]. The burden descent velocity field is characterized by a plug flow in the upper part of the 
shaft and a funnel flow in the lower part which is validated through the experimental work by 
Wright et al. [2011]. The experiment reveals that the relative size of the different solid flow 
zones (i.e. plug flow zone, funnel flow zone, quasi-stagnant zone, and stagnant zone) in a 2-D 
and 3-D scaled blast furnace differs considerably. Therefore, 3-D modeling for the burden flow 
velocity is necessary. In terms of mathematical modeling of the burden descending, Nishio et al. 
[1982] originally proposed a burden descent model for the bell-type charging furnace. In 
addition, Ichida et al. [1991] measured the radial distribution of burden descent velocity and 
further proposed a non-uniform descent model to qualitatively describe the burden descending 
process. In this paper, a 3-D potential flow is utilized and the corresponding burden distribution 
profile is obtained. 

The previously mentioned research work focused only on individual steps instead of the whole 
process. Within the effort to combine all the models, remarkable progress has been reported by 
Kumar and Ram [2006], and Kajiwara et al. [1988]. However, the operating condition of the 
blast furnace strongly influences the burden redistribution due to the local solid consumption 
(Zhang et al. [1999], [2002]), i.e. ore reduction and coke gasification. Generally the burden layer 
thickness decreases as descending and finally the ore layers are softened and melted to form the 
cohesive zone.  

Currently, there is no comprehensive blast furnace CFD model for guiding both the gas 
distribution and burden distribution to achieve optimized fuel efficiency and with the best 
furnace permeability. This research developed a comprehensive blast furnace CFD model and it 
is one of the first endeavors in the U.S. 

This project is a natural extension of existing research projects in developing the state-of-the art 
CFD models for the evaluation of the fluid flow, heat transfer and erosion patterns in a BF hearth 
[Yan et al. 2005] as well as for the analysis of coal devoltilization and combustion in the BF PCI 
process [Zhou et al. 2006, Gu at al. 2006].  Both projects have laid a solid foundation to develop 
a comprehensive whole blast furnace model and to establish a long-term R&D steel program. 

 

  



 

8 
 

2.3 Objectives 
There were four objectives in this research:  

1)  To develop a state-of-the-art 3-D CFD model for simulating the gas distribution inside a blast 
furnace (BF) at given burden conditions, burden distributions and blast parameters 

2) To conduct measurements of top temperature and gas composition distributions as well as 
validations of the CFD model 

3) To optimize the burden and gas distribution for maximizing gas utilization with proper 
furnace permeability for given burden materials, productivities, and furnaces 

4) To optimize the burden and gas distributions for high fuel injection rate and low coke rate 
with the best fuel efficiency for given burden materials, productivities, and furnaces 
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3 RESULTS AND DISCUSSIONS 
3.1 Burden Distribution Model 
3.1.1 Falling Curve Model 
The falling curve of the material during charging from rotating chute is shown schematically in 
Figure 2 (a) & (b). This model is based on force balance of the single charging particles and it 
has been widely utilized to describe the trajectory of the burden [Wang 2003, Wang 2006, Huang 
2009, Liu 2005].  The movement of the raw material includes discharge hopper, sliding along the 
rotating chute and free falling from the chute tip.  

 

Figure 2 (a)  Schematic of the falling curve model  (Side view) 
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Figure 2 (b)   Schematic of the falling curve model (Top view) 

The initial velocity of a particle as it is leaving the material spout is given as Eq. 1. It relates 
initial velocity ݒଵ with the receiving pipe diameter ܦ  and the particle diameter݀௣. Under typical 
blast furnace operation, the value of ݒଵ is about 1.0 m/s. After impacting on the chute, the 
velocity decreases to 0.2-0.6 m/s [Liu 2005]. Therefore, an energy dissipation coefficient ߗ has 
been used in Eq. 2. 

The velocity of a particle as it is leaving the end of feed spout is ݒଵ and it is assumed to have a 
uniform distribution at the mouth of the discharge hopper. 

ଵݒ ൌ ܦට3.2݃൫ߣ െ ݀௣൯/4 Eq. 1 

ଶݒ ൌ  ଵ Eq. 2ݒߗ

As the particle travels along the rotating chute, the velocity increases. The velocity components 
 ସ of the particle atݒ and (ଷ is perpendicular pointing outward of the side view in Figure 2 (a)ݒ) ଷݒ
the chute tip can be calculated as Eq. 3 and Eq. 4 by taking the frictional force, centrifugal force 
and gravitational force into consideration.  

ଷݒ    ൌ ఉ݈߱ߨ2  Eq. 3 ߚݏ݋ܿ

ସݒ ൌ ට2݃ሺߚ݊݅ݏ െ ሻ݈ఉߚݏ݋ܿߤ ൅ ߚݏ݋ሺܿߚݏ݋ଶ߱ଶܿߨ4 ൅ ሻ݈ఉߚ݊݅ݏߤ
ଶ ൅ ଶݒ

ଶ Eq. 4 
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where the effective chute length ݈ఉ is calculated as Eq. 5. 

݈ఉ ൌ ݈଴ െ ݁ ൈ  Eq. 5 ߚ݊ܽݐ

The velocity at chute tip in xyz coordinate system can be expressed as Eq. 6, Eq. 7 and Eq. 8. 

݈ఉ ൌ ௫ݒ ൌ  Eq. 6 ߚݏ݋ସܿݒ

௬ݒ ൌ ଷݒ ൌ ఉ݈߱ߨ2  Eq. 7 ߚݏ݋ܿ

௭ݒ ൌ  Eq. 8 ߚ݊݅ݏସݒ

Once the particle velocity at chute tip is available, the motion of the particle in the free space can 
be calculated. Under normal operation, the drag force of the particle caused by the gas is 
negligible for ore diameters greater than 3mm and coke diameters greater than 5mm under 
normal operating conditions (Wang 2006). Mass fraction of such small ore and coke is very 
small thus the drag force is not considered in the falling curve model. From Eq. 9, the vertical 
distance ݄଴ can be related to solve the dropping time in Eq. 10. 

݄଴ ൌ ݐ௭ݒ ൅  ଶ Eq. 9ݐ0.5݃

ݐ ൌ
െݒ௭ ൅ ඥݒ௭

ଶ ൅ 4 ൈ 0.5݄݃଴

2 ൈ 0.5݃  Eq. 10 

The time will be further used to compute the radial distance from Eq. 11 and Eq. 12. 

ݔܮ ൌ  Eq. 11 ݐ௫ݒ

ݕܮ ൌ  Eq. 12 ݐ௬ݒ

ݎ ൌ ටሺݔܮ ൅ ݈ఉ ሻଶߚݏ݋ܿ ൅  ଶ Eq. 13ݕܮ

As shown in Figure 2(b), the horizontal path of a particle, as  ݎ in Eq. 13 is the distance from the 
original point in xy plane to point of impact ‘P’. 

3.1.2 Stock Line Profile Formation Model 
The stock profile is determined in the following steps shown in Figure 3. In Figure 3(a), with 
each revolution of the chute, the raw material falls on the stock line to form a ring shaped heap. 
The cross-section of the heap has been assumed to be a triangular shape where the apex of the 
triangle is assumed to be in the trajectory of falling path. Based on the material angle of repose, 
the shape of the triangle can be determined. In Figure 3(b), the volume formed by  ଵ݂ሺݎሻ and 

ଶ݂ሺݎሻ equals to the charging volume. The latest stock profile is obtained by the combination of 
the charged ring shaped heaps over the charging sequence as shown in Figure 3(c) and (d). 
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(a) Step 1    (b) Step 2 

 

          

(c) Step3    (d) Step 4 

Figure 3 Formation of the stock profile 

 

The interior angles of the triangle on the impact side ߚ are calculated by the raw material angle 
of repose ߙ in Eq. 14. 

ߚ ൌ ߙ െ ݇ ൈ ݁ݐݑ݄ܿ ݊݋݅ݐ݈ܽ݊݅ܿ݊݅ ݈ܽ݊݃݁ Eq. 14 

Once the two bottom interior angles are computed, the apex of the triangle is determined 
iteratively until the volume formed by  ଵ݂ሺݎሻ and ଶ݂ሺݎሻ satisfies Eq. 15. 

݈݋ܸ ൌ න ሾݎߨ2 ଵ݂ሺݎሻ െ ଶ݂ሺݎሻሿ
ோ

଴
 Eq. 15 ݎ݀
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3.1.3 Burden Descent Model 
The bed structure in the blast furnace was determined using the burden descent model. 
According to some model experimental results, the burden descent velocity at the free surface 
corresponding to the measured values obtained by a profile meter is large at the peripheral area 
and small at the central area. Therefore, a burden descent model is proposed by some other 
researchers (Ichida et al. 1996 and Omori 1987). The burden descends in a vertical direction 
(blue arrow) in the throat region, as showed in Figure 4 (a). In the upper shaft region, the burden 
descends along the lines radiating from the cone apex 'O' located above the tapered wall, as 
shown in Figure 4 (a) (red arrow). The basic assumption of the model is the burden possesses the 
same vertical descent velocities, which results in the relative burden descent velocity at the 
peripheral area are larger than that at the inner burden. 

            

(a) Burden velocity profile        (b) Burden descent in shaft 

Figure 4 Schematic of burden descent model 

As illustrated in Figure 4(b), in a blast furnace of throat diameterܦ଴, height ܮ଴and a shaft angle 
from the vertical of ߙ, any particle in a charge with the volume ௖ܸ௛௔௥௚௘ moves from the point 
ሺܮଵ, ܴଵሻ to the point ሺܮ, ܴሻ along a line. This movement of the particle is formulated as follows. 
When the particle is located in the throat region (ܮଵ ൏  ଴), the vertical length after one chargingܮ
will be determined by the load volume  ௖ܸ௛௔௥௚௘ over the cross-section area of throat as shown in 
Eq. 16. Since the assumption of vertical descent within the throat, the radius length is expressed 
as Eq. 17. 
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ܮ ൌ
4 ൈ ௖ܸ௛௔௥௚௘

଴ܦߨ
ଶ ൅ܮଵ Eq. 16 

ܴ ൌ ܴଵ Eq. 17 

When the particle is located in the shaft region (ܮଵ ൐  ଴), the vertical length after one load willܮ
be calculated by Eq. 18. Both Eq. 16 and Eq. 18 are based on the volume conservation which 
suggests the descent volume is equal to the charging volume. The radius length is derived by the 
principle of similar triangles as expressed in Eq. 19. 

 

ܮ ൌ ቈ൬
଴ܦ

2 tan ߙ െܮ଴ ൅ ଵ൰ܮ
ଷ

൅
3 ௖ܸ௛௔௥௚௘

ሺtanߨ ሻଶ቉ߙ

ଵ
ଷ

െ
଴ܦ

2 tan ߙ ൅  ଴ Eq. 18ܮ

ܴ ൌ ܴଵ

଴ܦ
2 tan ߙ െܮ଴ ൅ ܮ

଴ܦ
2 tan ߙ െܮ଴ ൅ ଵܮ

 Eq. 19 

 

For the belly part, the descent pattern is assumed the same as the shaft due to the geometry 
similarity as shown in Figure 5. As for the bosh part, it is analogous to the shaft part by 
employing Eq. 20 and Eq. 21. 

ܮ ൌ െ ቆ൬
௕௘௟௟௬ܦ

2 tan ߚ െ ሺ ܮଵ െ ଷሻ ൰ܮ
ଷ

െ
3 ௖ܸ௛௔௥௚௘

ሺtanߨ ሻଶቇߚ

ଵ
ଷ

൅
௕௘௟௟௬ܦ

2 tan ߚ ൅  ଷ Eq. 20ܮ

ܴ ൌ ܴଵ

௕௘௟௟௬ܦ
2 tan ߚ െ ሺܮ െ ଷሻܮ

௕௘௟௟௬ܦ
2 tan ߚ െ ሺ ଵܮ െ ଷሻܮ

 Eq. 21 
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Figure 5 Geometry profile of burden descent model 

3.2 Mathematical Formulation of the CFD Model 
3.2.1 Gas Phase Governing Equations 
In the 3-D mathematical model, the ascending gas is described as the gas phase. The generalized 
governing conservation equations for gas phases are expressed as the following:  

Gas continuity equation 

߲
ݔ߲ ቀ݃ݑ݃ߩቁ ൅

߲
ݕ߲ ቀ݃ݒ݃ߩቁ ൅

߲
ݖ߲ ቀ݃ݓ݃ߩቁ ൌ S݃ Eq. 22  

 

Gas x-momentum equation 

߲
ݔ߲ ൫ߩ௚ݑ௚ݑ௚൯ ൅

߲
ݕ߲ ൫ߩ௚ݒ௚ݑ௚൯ ൅

߲
ݖ߲ ൫ߩ௚ݓ௚ݑ௚൯

ൌ
߲

ݔ߲ ቆߤ௘௙௙
௚ݑ߲

ݔ߲ ቇ ൅
߲

ݕ߲ ቆߤ௘௙௙
௚ݑ߲

ݕ߲ ቇ ൅
߲

ݖ߲ ቆߤ௘௙௙
௚ݑ߲

ݖ߲ ቇ െ
݌߲
ݔ߲ ൅

߲
ݔ߲ ቆߤ௘௙௙

௚ݑ߲

ݔ߲ ቇ

൅
߲

ݕ߲ ቆߤ௘௙௙
௚ݒ߲

ݔ߲ ቇ ൅
߲

ݖ߲ ቆߤ௘௙௙
௚ݓ߲

ݔ߲ ቇ ൅ ܵெ௫ 

 
Eq. 
23 
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Gas y-momentum equation 

߲
ݔ߲ ൫ߩ௚ݑ௚ݒ௚൯ ൅

߲
ݕ߲ ൫ߩ௚ݒ௚ݒ௚൯ ൅

߲
ݖ߲ ൫ߩ௚ݓ௚ݒ௚൯

ൌ
߲

ݔ߲ ቆߤ௘௙௙
௚ݒ߲

ݔ߲ ቇ ൅
߲

ݕ߲ ቆߤ௘௙௙
௚ݒ߲

ݕ߲ ቇ ൅
߲
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௚ݒ߲

ݖ߲ ቇ െ
݌߲
ݕ߲

൅
߲

ݔ߲ ቆߤ௘௙௙
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߲
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௚ݒ߲

ݕ߲ ቇ ൅
߲

ݖ߲ ቆߤ௘௙௙
௚ݓ߲

ݕ߲ ቇ ൅ ܵெ௬ 

Eq. 
24 

 

Gas z-momentum equation 

߲
ݔ߲ ൫ߩ௚ݑ௚ݓ௚൯ ൅

߲
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Eq. 

25 

 

Gas energy conservation equation 

߲
ݔ߲ ൫ߩ௚ݑ௚݄௚൯ ൅

߲
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߲
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௣,௚ܥ
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Eq. 26

 

Gas species conservation equation 
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Eq. 27
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For compressible gas, the ideal gas law is employed to calculate the gas density.  

௚ߩ ൌ
௠௜௫ܯܲ

ܴܶ
Eq. 28 

The standard k-ε model was used to model turbulence. This model was chosen due to its 
excellent performance with relatively simple modeling.  It is also one of the simplest and also 
complete turbulence models, known for its robustness and economy.  The k-ε model is a semi-
empirical model which is based on the transport equations for the turbulence energy (k) and its 
dissipation rate (ε) expressed as Eq. 29 and Eq. 30 respectively. 
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ݔ߲ ൫ߩ௚ݑ௚݇൯ ൅

߲
ݕ߲ ൫ߩ௚ݒ௚݇൯ ൅
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ݖ߲ ൫ߩ௚ݓ௚݇൯

ൌ
߲

ݔ߲ ൬
௘௙௙ߤ

௞ߪ

߲݇
൰ݔ߲ ൅

߲
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௘௙௙ߤ

௞ߪ

߲݇
൰ݕ߲ ൅

߲
ݖ߲ ൬

௘௙௙ߤ

௞ߪ

߲݇
൰ݖ߲ ൅ ܩ െ  ߝ௚ߩ

Eq. 29 
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ఌߪ
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൰ݖ߲

൅
ߝ
݇ ൫ܥଵܩ െ  ൯ߝ௚ߩଶܥ

Eq. 30

The production term is expressed as: 
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௚ݑ߲

ݔ߲ ቇ
ଶ

൅ ቆ
௚ݒ߲

ݕ߲ ቇ
ଶ

൅ ቆ
௚ݓ߲

ݖ߲ ቇ
ଶ

൩ ൅ ቆ
௚ݑ߲

ݕ߲ ൅
௚ݒ߲

ݔ߲ ቇ
ଶ

൅ ቆ
௚ݑ߲

ݖ߲ ൅
௚ݓ߲

ݔ߲ ቇ
ଶ
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Eq. 31 

The flow is assumed to be fully turbulent throughout the computational domain. The gas 
effective viscosity is expressed as: 

௘௙௙ߤ ൌ ߤ  ൅
ܥ ఓ݇ߩଶ

ߝ  Eq. 32 

where ܥ ఓ is a constant. The value of the k-ε model constants are determined by experimentations 
with air and water and have been found to be satisfactory for all flow paradigms. The values used 
are given in Table 1. 

Table 1 k-ε model constants 

 ߝߪ ݇ߪ 2ܥ 1ܥ   ߤ ܥ  
  0.09   1.44   1.92   1.0   1.3 
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The gas flow inside the porous medium is modeled by adding a momentum source term to the 
standard fluid flow equations. The source term contributes to the pressure gradient in the porous 
cell, creating a pressure drop that is proportional to the fluid velocity (or velocity squared) in the 
cell.  It is composed of two parts: a viscous loss term and an inertial loss term.  For simple 
homogeneous porous media, the source term can be written, using the Brinkman equation as:  

ܵெೕ ൌ
ߤ
ߙ ௝ܷ ൅ ଶܥ

หߩ ௝ܷห
2 ௝ܷ Eq. 33 

where ߤ is the viscosity, ߙ is the viscous loss coefficient, and ܥଶ is the inertial resistance factor.  
The following equations can be used to calculate ߙ and ܥଶ. 

ߙ ൌ 150
൫߰݀௣൯ଶ݁ଷ

ሺ1 െ ݁ሻଶ  Eq. 34 

ଶܥ ൌ 3.5
ሺ1 െ ݁ሻ

൫߰݀௣൯݁ଷ Eq. 35 

where  d୮ is the mean particle diameter , ψ is the shape factor and ݁ is the void fraction. The 
void fraction ݁ is defined as the volume of voids divided by the volume of the packed bed region.  

 

3.2.2 Burden Phase Governing Equations 
The potential flow model has been utilized in blast furnace burden flow modeling [Saw et al. 
1991, Danloy et al. 2001, Park et al. 2011]. Since the solid flow behavior with layers of different 
materials and a homogeneous mix of materials are similar [Wright et al. 2011], the burden 
density ߩ௕ is taken as the averaged density of the mixed layer. Below the cohesive zone, it is 
assumed that the solid coke and the coexisting liquid melt shares the same temperature [Omori 
1987] and the same velocity. The condensed burden phase is defined as the gross bed, i.e. the 
combination of the solid and liquid [Yang et al. 2010, Burke et al. 1989].  

The Burden continuity equation: 

߲
ݔ߲ ൫ܾݑܾߩ൯ ൅

߲
ݕ߲ ൫ܾݒܾߩ൯ ൅

߲
ݖ߲ ൫ܾݓܾߩ൯ ൌ Sܾ Eq. 36  

 

With the introduction of the potential function  

ܾݑ ൌ െ
߲߶ܾ
ݔ߲   Eq. 37 
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ܾݒ ൌ െ
߲߶ܾ
ݕ߲  Eq. 38  

 

ݏݓ ൌ െ
߲߶ܾ
ݖ߲  Eq. 39  

 

The burden continuity equation becomes Eq. 40 

߲
ݔ߲ ቆܾߩ

߲߶ܾ
ݔ߲ ቇ ൅

߲
ݕ߲ ቆܾߩ

߲߶ܾ
ݕ߲ ቇ ൅

߲
ݖ߲ ቆܾߩ

߲߶ܾ
ݖ߲ ቇ ൌ െSܾ Eq. 40  

 

Burden energy conservation equation 

߲
ݔ߲

ሺߩ௕ݑ௕݄௕ሻ ൅
߲

ݕ߲
ሺߩ௕ݒ௕݄௕ሻ ൅

߲
ݖ߲ ൫ߩ௕ݓ௚݄௚൯ ൌ ܵ௕,௛ Eq. 41

 

Burden composition (species) conservation equation 

߲
ݔ߲ ൫ݑ௕ܥ௕,௜൯ ൅

߲
ݕ߲ ൫ݒ௕ܥ௕,௜൯ ൅

߲
ݖ߲ ൫ݓ௚ܥ௕,௜൯ ൌ ܵ௕,௖ Eq. 42

Both the gas phase and burden phase consists of different species (composition). The list of all 
species of each phase treated in the model is presented in Table 2. 

Table 2 Species considered for each phase 

Phase Species 
Gas CO, CO2, H2, H2O, N2

Burden Solid Ore Fe2O3, Fe3O4, FeO, Fe, 
SiO2,Al2O3, CaO, MgO, MnO, 

K2O+Na2O, Ti2O, H2O 
Coke C, SiO2,Al2O3, CaO, MgO, H2O 

Liquid Slag FeO, SiO2,Al2O3, CaO, MgO 

Hot Metal Fe, C
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3.3 Phenomenological CFD Sub-models 
3.3.1 Chemical Reactions Sub-model 
The major chemical reactions in an ironmaking blast furnace are mainly gas-solid reactions. The 
following reactions, including nine gas-solid reactions and two phase transformations are 
considered in the model. 

Indirect reduction of iron oxide by carbon monoxide: 

3Fe2O3(s) + CO(g)  → 2Fe3O4(s) + CO2  (g)      (1) 

Fe3O4(s) + CO(g)  → 3FeO(s) + CO2 (g)      (2) 

FeO(s) + CO(g)  → Fe(s) + CO2  (g)       (3) 

Indirect reduction of iron oxide by hydrogen: 

3Fe2O3(s) + H2(g)  → 2Fe3O4(s) + H2O (g)    (4) 

Fe3O4(s) + H2(g)  → 3FeO(s) + H2O (g)      (5) 

FeO(s) + H2 (g) → Fe(s) + H2O (g)      (6) 

Coke gasification: 

 C(s)  +CO2 → 2CO (g)        (7) 

         C(s) +H2O(g) → CO  + H2 (g)        (8)  

Decomposition of Flux Stone (MgCO3 is converted to equivalent mass of CaCO3 and only 
CaCO3(s) → CaO(s) + CO2 (g) is included in the present model): 

                                      MeCO3(s) → MeO(s) + CO2(g)  , Me=Ca, Mg         (9) 

Water evaporation: 

H2O(l) → H2O (g)             (10) 

Melting of iron: 

Fe(s) → Fe (l)             (11) 

3.3.1.1 Reduction of Iron oxides 
Two models are included in the CFD code for the indirect reduction reactions (1-6). The first 
mode is the unreacted shrinking core (URC) model as the expression of single-pellet reaction 
kinetics [Xie et al. 1984, Strassburger 1996 , Omori 1987]. The reduction of iron ore proceeds 
via the successive steps Fe2O3→Fe3O4 →FeO →Fe. As shown in Figure 6, the URC model 
assumes that the reduction of an iron oxide sphere occurs at the surface with the formation of an 



 

21 
 

outer shell of metallic iron. The shell grows in the radial direction until the entire oxide is 
completely reduced to iron.  

 

Figure 6 Schematic representation of un-reacted shrinking core model 

The complex process of iron ore reduction has been simplified to three rate control processes, 
namely, gas film resistance, diffusion resistance through the reduced iron shell, and reaction 
resistance at the metal-oxide interface. The expression for the reaction rate is expressed as Eq. 43. 

ܴሺݎെݏሻ  ൌ
0ݎߨ4

2 ቆܣܥ െ ܤܥ
ሻݏെݎሺ݁ܭ

ቇ

1
ܣߚ

൅ 0ݎ
݁ܦ

൦ 1
ቀ1 െ ݂ሺݎെݏሻቁ

1/3 െ 1൪ ൅
ሻݏെݎሺ݁ܭ

݇ሺݎെݏሻሺ1 ൅ ሻሻݏെݎሺ݁ܭ · 1
ቀ1 െ ݂ሺݎെݏሻቁ

2/3

 
Eq. 43 

 

where the fraction of reduction is defined as Eq. 44: 

݂ሺݎെݏሻ  ൌ
݊݁݃ݕݔ݋ ݂݋ ݐ݄݃݅݁ݓ ݀݁ݒ݋݉݁ݎ ݉݋ݎ݂ ݊݋ݎ݅ ݁݀݅ݔ݋

݂݋ ݐ݄݃݅݁ݓ ݈ܾ݁ܽݒ݋݉݁ݎ ݊݁݃ݕݔ݋ ൈ 100 % Eq. 44 

 

It is concluded that for blast furnace operation, gas film resistance, diffusion resistance through 
the reduced iron shell may be neglected [Xie et al. 1984] and chemical reaction resistance may 
be dominant. It is shown that while the kinetic controlled rate expression may not necessarily 
involve all the details of the reaction mechanism, it is still able to adequately represent the 
overall time course of the reduction. 

The second model [Figure 7] is the grain model. The grain model assumes that the reaction is 
taking place within a zone rather that constrained in the interface. Gas diffusion into the pellet is 
included and the distribution of the oxides concentration along the radius needs to be modeled. 
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Figure 7 Schematic representation of grain model 

Governing equations are summarized from literature as the following [Huang et al. 1996, 
Valipour 2007 ]: 

1
ݎ

߲
ݎ߲ ቆܦCO

݁ ߲ሺܿݎCOሻ
ݎ߲ ቇ െ 0ݒ ൌ 0 Eq. 45 

 

1
ݎ

߲
ݎ߲ ቆܦCO2

݁ ߲൫ܿݎCO2൯
ݎ߲ ቇ ൅ 0ݒ ൌ 0 Eq. 46 

 

ݏ߲ܶ
ݐ߲ ൌ

1
ሺ1ߩ݌ܥݎ െ ሻߝ

߲
ݎ߲ ቆߣ

߲ሺݏܶݎሻ
ݎ߲ ቇ െ

݅ܪ0Δݒ
ሺ1ߩ݌ܥ െ  ሻ Eq. 47ߝ

 

For any unit volume inside the pellet, the reduction rate can be of different expressions and one 
expression is given as Eq. 53 [Huang et al. 1996].  

0ݒ ൌ ߰mgܵ0ܺ0
݅݇ߙ

ܿCO െ ܿCO2/ܭp݅

ߜ ݇݅
݁ܦ

Ԣ ൅ 1
 

Eq. 48 

Where ݒ଴ is the reduction rate of the concentrates, mol/ (cm3.s); ߰୫୥ is the volumetric fraction of 
the iron concentrate inside the pellet; ܵ଴ is the specific surface area, cm2/cm3;ܺ଴ is the local un-
reacted degree; ߙ is the shape factor of the concentrate, ܦ௘

ᇱ , effective diffusive coefficient of CO 
through the surface layer, cm2/s; ܿCO, ܿCOమ are the concentrations of CO, CO2 inside the pellet; 
 ୮௜ is the reaction equilibrium; ݇௜ is the reaction constant, cm/s. For any grain, the equivalentܭ
thickness of the reacted product layer or grain radius can be expressed as Eq. 49 [Huang et al. 
1996]. 
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ߜ ൌ ሺ1െߚ0eݎ 1
ሺ1െܺ0ሻߛሻ Eq. 49 

 

Where ݎ଴ is the mean value of fine grain size (cm);  ߚ and ߛ are the micro-structure of the fine 
pellets and the fracture factor respectively. 

3.3.1.2 Reaction of coke in shaft 
Blast furnace coke undergoes three main reactions in the shaft. These are the Boudouard reaction 
(7), the water-gas reaction (8) and the direct reduction reaction (C + FeO → Fe+ CO) which is, 
kinetically, a combination of reaction (3) and reaction (7) or a combination of reaction (6) and 
reaction (8). The Boudouard reaction going to the right is also known as the endothermic 
gasification of carbon or the solution-loss reaction. The unreacted core model [Yuji et al. 1989] 
is utilized to model the coke reaction (7) and (8). Due to the high porosity of the coke particle, 
the diffusion resistance is neglected [Huang 2008]. 

3.3.1.3 Flux decomposition 
The flux decomposition reaction (8) is greatly dependent on the decomposition pressure. The 
unreacted core model is also applied to the flux decomposition reaction (Huang 2008). 

3.3.1.4 Other reactions 
It is concluded that the water-gas shift reaction (CO + H2O(g)  → CO2+ H2 ) and other reactions 
may be neglected in the blast furnace [Strassburger, 1969]. 

 

3.3.2 Heat and Mass Transfer Sub-model 

3.3.2.1 Heat and Mass Transfer Coefficient 
The empirical relation [Akiyama et al. 1993] was used for the convective heat transfer 
coefficient of a spherical porous pellet in the counter-current moving bed. The expressions for 
the Nusselt and Sherwood numbers [Valipour et al. 2007] are given below. 

݄ܵ݅ ൌ 2 ൅ ݌0.39ܴ݁
1/2ܵܿ݅

1/3 Eq. 50 
 

ݑܰ ൌ 2 ൅ ݌0.39ܴ݁
 Eq. 51 1/3ݎ1/2ܲ

 

Heat transfer coefficient between solid and gas in the furnace with a scaling factor  ߛ which is 
proposed by Hatano et al. [1982] is adopted in the model: 

݄ ൌ ߛ · ݑܰ · ݌݀/݃ܭ Eq. 52 
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3.3.2.2 Gas Diffusivity 
Molecular binary diffusivity is estimated by the use of the Fuller-Schettler-Giddings equation 
[Fuller et al. 1966]: 

݆݅ܦ ൌ
1 ൈ 10െ7ܶ1.75

ݐܲ ቀത߭݅
1/3 ൅ ത݆߭

1/3ቁ
2 ቆ

1
݅ܯ

൅
1

݆ܯ
ቇ

0.5

 Eq. 53 

 

The diffusion volume used is given in Table 3. 

Table 3 Diffusion volume for gas species  

Molecule H2 H2O CO CO2 N2
ത߭ 7.07 12.7 18.9 26.9 17.9

 

Molecular diffusivity of a certain species in the gaseous mixture is expressed as following 
[Anthony, 2001]: 

݅ܦ ൌ
1 െ ݆ݕ

∑
݆ݕ
݆݅ܦ

്݆݅

 Eq. 54 

Effective diffusivity inside pellet is given by Eq. 55 

݅.݂݂݁ܦ ൌ
߳
߬  Eq. 55 ݅ܦ

  
Effective diffusivity in the packed bed is expressed by Yagi [1957] as Eq. 56. 

݅,ܾ݀݁_݂݂݁ܦ ൌ 0.179ܴ݁ ൈ ܵܿ ൈ ݅ܦ Eq. 56 
 

3.3.2.3 Gas Thermal Conductivity 
The thermal conductivity of the gas mixture is given by Rosner [1986] 

݃ܭ ൌ
∑ ݆ܯ݆݃ܭ݅ݕ

1/3
݆

∑ ݆ܯ݅ݕ
1/3

݆
 Eq. 57 

 

The thermal conductivity of each gas component is taken from the data fitting by Donskoi et al.  
[Donskoi et al. 2003] 

݅݃ܭ ൌ ܣ ൈ 10െ2 ൅ ܤ ൈ ܶെ1 ൅ ܥ ൈ 10െ5ܶ ൅ ܥ ൈ 10െ8ܶ2 ሺ
ܹ

݉ ·  ሻ Eq. 58ܭ
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Effective thermal conductivity in the packed bed is expressed by Yagi [1957] as Eq. 59. 

݃,ܾ݀݁_݂݂݁ܭ ൌ 0.179ܴ݁ ൈ ݎܲ ൈ ݅݃ܭ Eq. 59 
 

3.3.3 Cohesive Zone Sub-model 
The cohesive zone upper boundary is set to a constant temperature, but the lower boundary is 
treated as the local liquidus temperature. The liquidus temperature has been set as function of 
slag composition. To obtain such function, the data reported by Osborn et al. [1954] was used to 
perform the regression analysis [Figure 8]. Polynomial regression was employed to calculate the 
liquidus temperature for the CaO-MgO-SiO2-Al2O3 system. By selecting the range of BF slag in 
the range of CaO 25-55 wt.%, SiO2 25-55 wt.%, MgO <25 wt.% and Al2O3 <25 wt.%. The 
liquidus temperature is calculated as Eq. 60. 

 

ሻܥሺݏݑ݀݅ݑݍ݈݅ܶ ൌ ݏ ൅ ܽ1 ൈ ሺ2ܱ3݈ܣ%ሻ ൅ ܾ1 ൈ ሺܱܽܥ%ሻ ൅ ܿ1 ൈ ሺܱ݃ܯ%ሻ ൅ ݀1 ൈ ሺܱܵ݅2%ሻ
൅ ܽ2 ൈ ሺ2ܱ3݈ܣ%ሻ2 ൅ ܾ2 ൈ ሺܱܽܥ%ሻ2 ൅ ܿ2 ൈ ሺܱ݃ܯ%ሻ2 ൅ ݀2
ൈ ሺܱܵ݅2%ሻ2 ൅ ܽ3 ൈ ሺ2ܱ3݈ܣ%ሻ3 ൅ ܾ3 ൈ ሺܱܽܥ%ሻ3 ൅ ܿ3 ൈ ሺܱ݃ܯ%ሻ3

൅ ݀3 ൈ ሺܱܵ݅2%ሻ3 

Eq. 60 

 

The coefficients were determined by third order polynomial regression as listed in Table 4 

Table 4 Coefficient for liquidus temperature calculation 

ܵ 19230.7 ܽ1 -203.96 ܽ2 -0.6061 ܽ3 0.02512 
  ܾ1 -167.45 ܾ2 -1.4049 ܾ3 0.01752 
  ܿ1 -220.31 ܿ2 1.83228 ܿ3 -0.0394 
  ݀1 0.0 ݀2 -5.668 ݀3 0.04935 

 

 

Figure 8 Comparison of the prediction results with the data reported by Osborn et al. [1954] 
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The impact of FeO on liquidus temperature is estimated by the correlation [Zhao 2004]. 

ሻܥሺݏݑ݀݅ݑݍ݈݅ܶ∆ ൌ െ8.0 ൈ %ܱ݁ܨ Eq. 61 
  

3.3.4 Coke Rate Sub-model 
The coke rate of BF is measured and available from operational data. Nevertheless, the coke rate 
under steady state BF operation is determined by the demanding furnace chemical reactions. It 
can be computed once all the coke consumption in BF is summarized from CFD results. 
Practically, the computed coke rate and the reported coke rate should be within acceptable 
discrepancy. The coke rate sub-model is developed for two purposes: (1) verify the reported coke 
rate at given condition, and (2) predict the coke rate for different tuyere operations and burden 
distributions. The coke rate is subject to the fuel injection and hot metal productivity. As 
illustrated in Figure 9, the following assumptions are made for the BF process: 

(1) The injected coal and gas takes place below the shaft-raceway interface, i.e., in the lower 
bosh region. 

(2) The reduction of Si, Mn and P all takes place below the shaft-raceway interface. The amount 
of reduced Si, Mn, and P are from hot metal analysis. 

(3) Since the carburization of the iron, i.e., carbon dissolved in hot metal 3Fe+C=Fe3C, is found 
to be active in the dripping zone [Jin et al. 2010], it is assumed to take place below the shaft-
raceway interface. 
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Figure 9 Schematic of carbon consumption in the BF 

Figure 10 shows the flowchart of the iterative procedure to determine the coke rate. The total 
carbon rate below the shaft-raceway interface Cbosh is fixed for the specified tuyere condition and 
hot metal analysis.  The coke rate is determined by the solution loss in the shaft region which is 
summarized from all the cells of the shaft CFD model. The updated coke rate is set as new 
boundary condition until the solution loss converges. The under relaxation technique is applied 
when updating the coke rate.  

In the case of any un-reduced FeO existing at the shaft model outlet, the FeO is eventually 
converted into Fe by direct reduction below the interface. The effects of the un-reduced FeO on 
gas compositions and temperature at the interface are also considered. The detailed of the 
treatment of the un-reduced FeO is described in the next section. 
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Figure 10 Flowchart of the iterative routine for coke rate 
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3.3.5 Sub-model for Interface Gas Temperature and Concentration Correction 
The distribution of the gas compositions and temperature at the shaft-raceway interface is 
mapped from the kinetic CFD raceway model. However, in addition to raceway combustion, the 
bosh gas temperature and compositions are also affected by the following factors. 

(1) The un-reduced FeO entering the interface 
(2) The temperature of coke, slag and hot metal entering the interface 
(3) The reduction of Mn, Si, and P 
 

Therefore the distribution of the gas velocity species and temperature are still mapped from the 
CFD raceway model but multiplied by a correction factor to ensure the total mass and heat 
balance. The heat balance is determined by a thermodynamic model schematically shown in 
Figure 11 and expressed by Eq. 62. 

 

݊݅,݁݇݋ܥܳ ൅ ݈ܳܵܽ݃,݅݊ ൅ ݊݅,ܯܪܳ ൅ ݊݅,ݕݑܶܳ ൅ ݊݅,݊ݔܴܳ
ൌ ݏݏ݋݈ܳ ൅ ݐݑ݋,݄ݏ݋ܤܳ ൅ ݐݑ݋,݈݃ܽܵܳ ൅  ݐݑ݋,ܯܪܳ

Eq. 62 

 

 

Figure 11 Heat balance below the shaft-raceway interface 

 

The heat of the reaction below the interface consists primarily of the 8 reactions listed in Table 5, 
and the reaction heat is obtained from the corresponding references. 
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Table 5 Reaction considered in the thermodynamic model 

No. Reaction Reaction Heat Reference 
1 C+0.5O2→CO ΔH= +3947 kJ/kg CO Strassburger 

1969 
2 H2O→H2+0.5O2 ΔH= -120885 kJ/kg H2 Strassburger 
3 CH4→C+2H2 ΔH= -4677 kJ/kg CH4 Strassburger 
4 2C+SiO2→Si+2CO ΔH= -22426 kJ/kg Si Nan 2005 
5 C+MnO→Mn+CO ΔH= -5222 kJ/kg Mn Nan 
6 5C+P2O5→2P+5CO ΔH= -26255 kJ/kg P Nan 
7 FeO+C→Fe+CO ΔH= -2792 kJ/kg Fe Strassburger 
8 Coal Devolatilization ΔH= -1045kJ/kg coal Nan 

 

3.3.6 Cohesive Zone Sub-model 
The layered CZ is employed since it better describes the gas flow inside the CZ, i.e., the gas flow 
through the coke slits and the gas is blocked by the melting ore layer which is almost 
impermeable. The CZ upper boundary is set to the softening temperature, and the lower 
boundary is defined by the liquidus temperature. Updating the CZ with the iso-temperature line 
could result in a dramatic change of the gas flow due to porosity distribution difference. The 
iteration of the numerical solution is unstable and divergence frequently occurs. An under-
relaxation procedure is adopted to obtain convergence. The concept is similar to a numerical 
under-relaxation. However, the CZ boundary is a surface in the 3-D domain. The coordinates of 
the new boundary is based on the previous “old” CZ boundary and the iso-temperature surface. 
The under-relaxation factor  is set to 0.5 for stable and converged CZ shape.  The iterative 
procedures are listed in the following and illustrated in Figure 12. 

(1) Assume a cohesive zone (CZ) to initialize the burden structure for CFD simulation, as 
shown in Figure 12(a) with blue profile of  y2(Upper Boundary) and y’2 (Lower 
Boundary) 

(2) Obtain the burden temperature distribution using the converged CFD results 
(3) Determine the isothermal lines from CFD results with the softening temperature of iron 

ore (upper boundary) and the liquidus temperature (lower boundary), as shown in Figure 
12(a) with dot red profile of y1(Upper Boundary) and y’1 (Lower Boundary) 

(4) Update the CZ profile with the previous CZ shape and the isothermal line using the 
under-relaxation scheme. The updated CZ is shown in dashed white profile of  y3(Upper 
Boundary) and y’3 (Lower Boundary) 

(5) Repeat steps  2-4 until the shape of cohesive zone converges as shown in Figure 12(b) 
and  (c) 
 

The lower boundary of the CZ also defines the dripping zone where the melting hot metal and 
slag trickle through the packed coke bed. The degradation of coke in the dripping zone may 
become severe due to many factors, such as shattering and abrasion in the upper shaft, solution 
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loss reaction in the lower shaft, alkaline attack, high temperature attack and etc. Based on 
sampling results [Jin et al. 2010] of the coke diameter distribution in the bosh region, porosity 
0.35 (0.65 solid volume fraction) is used in the dripping zone. 

 

                                          
          (a)                                              (b)                                      (c) 

Figure 12 Under-relaxation scheme of the CZ shape 

 

3.3.7 Mixed Layer Sub-model 
When iron ore is charged above the coke layer, due to the size difference and density difference, 
the iron ore layer will mix with the coke layer thus the mixed layer forms and the permeability of 
the bed decreases. The mixed layer model proposed by Szekely and experimentally validated by 
Fu et al. [1981] is utilized. The mixed factor is defined as Eq. 63. 

ܴ ൌ
ݎ݁ݕ݈ܽ_ݎ݁݌݌ݑ݀
ݎ݁ݕ݈ܽ_ݎ݁ݓ݋݈݀

 Eq. 63 

The additional pressure drop caused by the mixing effect can be calculated by Eq. 64 in the valid 
range of 1<R<6. 

݂ݎݑݏܲ∆ ൌ  Eq. 64 ݒߩ3.4ܴ2.7
 

3.4 Numerical Scheme 
3.4.1 Computational Cells and Staggered Grids 
The arrangement for a cross-section of the three-dimensional flow simulation is shown in Figure 
13. The scalar variables are stored at the nodes ( ) and the velocities are defined at the cell faces 
in between the nodes and are indicated by arrows.  The u-velocities are stored at the cell faces e 
and w, and the v-velocities at the cell faces n and s. In a three-dimensional flow, the w-velocities 
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are evaluated at the cell faces t and b. The control volumes for the velocity components are 
different from the scalar control volumes.  

 

 

Figure 13 Staggered locations for u, v and scalar variables 

The governing equations for the gas phase and the solid/liquid phase in a Eulerian frame of 
reference are integrated over the control volume in each computational cell to obtain the finite 
difference equations. A Tri-diagonal matrix algorithm (TDMA) with under-relaxation factors is 
applied to solve the finite difference equations. The convection-diffusion flux is evaluated using 
an upwind scheme, and the coupling of pressure and velocity of the gas phase is solved by the 
SIMPLEC algorithm [Versteeg and Malalasekera, 1995] with TDMA line-by-line sweeping. A 
similar procedure is used for the burden phase, but without pressure-velocity corrections. 
Iterations between the gas phase and the burden phase are adopted to achieve convergence of the 
two phases. 

3.4.2 Discrete of Governing Equations 
All of the conservation equations have been cast into a standard equation format. This allows for 
use of a single finite differencing structure and greatly simplifies the solution techniques and 
model computer programming. A finite volume approach is used to show the governing 
equations for the gas phase and the solid/liquid phase in the computational domain. The discrete 
governing equations can be written in the following general form as Eq. 65. 
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ap׎p ൌ aE׎E ൅ aW׎W ൅ aN׎N ൅ aS׎S ൅ aB׎B ൅ aT׎T ൅ b Eq. 65 
 

Detailed information regarding determination of the coefficients in the above equation can be 
found in Patankar [1980] or other books on computational fluid dynamics. All the scalar 
variables such as pressure, temperature and gas concentrations etc. are computed at the cell 
nodes, while a back-staggered grid is employed for the velocity components. Thus, the velocity 
components are stored at the cell faces. 

3.5 Validations 
3.5.1 Validation of Sub-Models 

3.5.1.1 Validation of Falling Curve Model Sub-Model 
In order to ensure the proposed model is able to represent the physical characteristics of the 
burden formation, the plant trial data from published literature [Nag et, al. 2009] is used for a 
partially validation of the simulated results for the same operation conditions. By the 
arrangement shown in Figure 14, the trajectory of the falling materials can be measured during 
the filling of the blast furnace. The trajectory location can be calculated using the images 
captured by the cameras. 

 

 

Figure 14 Schematic of experimental setup [Nag et, al. 2009] 

 

Figure 15 compares the experimentally observed landing positions of coke with the simulated 
results as a function of chute inclination angle. Figure 16 presents the corresponding results for 
sinter. The two sets of data in either figure represent two different stock levels (5.35m and 4.35m 
below the hinge point of chute), from which it is discovered that the estimating accuracy of coke 
has been raised, compared to that of the sinter simulation. It is stated in the literature that the 
experimental results for sinter were not as reliable as that for coke due to significantly higher 
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dust generation during charging of sinter. In addition, it is of interest to notice that the deviation 
increases as the chute inclination angle decreases. 

 

Figure 15 Comparison between simulation results and experimental data for coke 

 

 

Figure 16 Comparison between simulation results and experimental data for sinter 
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Overall, the simulated results agree well with both sets of data. Comparisons indicate that the 
mathematical model can predict the influence of chute inclination angle on the radial landing 
position(s) of coke and sinter at a given stock level with acceptable accuracy. 

3.5.1.2 Validation of Stock-line Profile Formation Sub-Model 
A 1/10 scale model was built by Jiménez [2000] to investigate the charging layer formation on 
the top of the blast furnace. Coke and ore were charged ring by ring and pictures of the layer 
profile after each dump were taken with the CCD camera. A special algorithm was developed to 
obtain the boundary of each layer, i.e. the layer profile, from the pictures. Since the Froude 
number (Fr) is consistent in the model and the actual blast furnace, the scaled model results can 
be extended to a full scale furnace by scaling up factor of 10. Table 6 lists the charging pattern 
employed in the experiment and used in the simulation. The coefficient  ݇ used in Eq. 14 is 
determined as 0.7, and the angle of repose is set to 34° in the simulation. The chute dimension 
and furnace geometry are specified according to the experiment apparatus. The distance between 
the throat top and the chute joint is estimated to be 0.37 m. 

Table 6 Charging pattern for coke [8] 

Ring 1 2 3 4 5 6 7 8 9 10 11

Angle (°) 2 12 22 28 32 35 38 41 44 47 50

Weight (kg) 0 1.42 1.29 1.08 1.00 1.21 1.29 1.29 1.42 0 0 

 

The stock-line profile is formed by successive charged rings. The initial profile specified prior to 
running the simulation is identical with the previous stock-line profile obtained by the 
experiment. Figure 17 (a) shows the intermediate profile after the first actual charged ring (No.2) 
is dumped. The development of the stock-line profile is shown in Figure 17 (b). It can be seen 
that as the ring number increases, the repose angle on the impact side is decreased due to the 
increment of the chute angle. 
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(a) First charging 

 

 
(b) Development of the stock-line profile 
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(c) Final stock-line profile 

 
Figure 17 Comparison between calculated results and experimental data for stock-line profile  

 
Figure 17 (c) demonstrates the comparison of the final stock-line profile when the entire set of 
the rings is charged into the furnace. Figure 17 (a) and (c) show good agreement between the 
experimental data and the predictions. 

 

3.5.1.3 Validation of Burden Descent Sub-Model 
Ichida et al. [1991] conducted experiment to study the descending behavior of the blast furnace 
burden by using a three-dimensional semicircular 1/20 scale physical model. The reported data 
has been used for validation of the burden descent model. As shown in Figure 18 and Figure 19, 
the initial top layer profile is specified according to the experimental results. The calculated 
results at different time lines are obtained by matching the center point of each layer with 
experimental results. The inclination angle of each layer reduces as the burden descends. Two 
cases with different initial profiles, i.e., A and B, are compared with experimental results.  
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Initial profile A 

Figure 18 Comparison between calculated results and experimental data for burden descent  
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Initial profile B 

  
Figure 19 Comparison between calculated results and experimental data for burden descent 

 

3.5.1.4 Validation of Gas Flow Sub-Model 
In order to check if the CFD model is constructed properly, the cold experimental data from 
published literature [Chen et al. 1992] is used for a preliminary validation of the CFD model 
results based on the same conditions for experiments. The experimental apparatus for validation 
is schematically illustrated in Figure 20. A transparent acrylic pipe with 149 mm diameter and 
700 mm height was used as a cylindrical column. The packed bed was charged in layer-by-layer 
structure with the inclination angle of 21.9º and a total layer number of 10. The height of the 
packed bed was 420 mm. 
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Figure 20 Schematic diagram of the experimental apparatus [Chen et al. 1992] 

Nitrogen cylinders were used to provide the gas. Alumina balls and a binary mixture of glass 
beads were used as the packing materials to simulate the coke and ore layer in a blast furnace, 
respectively. The simulation parameters are shown in Table 7. 

Table 7 Validation conditions 

  Superficial Velocity   0.195 m/s 

  Gas Density   1.15 kg/ m3 

  Gas Viscosity   1.78 × 10-5 kg/m.s 

  Coke (Alumina Balls) Porosity   0.3902 

  Ore (Binary Mixture) Porosity   0.3070 

  Coke (Alumina Balls) Diameter   3 mm 

  Ore (Binary Mixture) Diameter   2.05 mm 

  Coke (Alumina Balls) Shape Factor   1.0 

  Ore (Binary Mixture) Shape Factor   0.9 

 

The calculated iso-pressure line by CFD and measured pressure data are shown in Figure 21 and 
the parity plots are shown in Figure 22. The lateral gas is jetted from one side of the cylinder as 
indicated by the blue arrow. It can be seen that the pressure distributions agree well with the 
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experimental data. A maximum error of 9% is obtained when compared with the experimental 
results. Thus it is seen that the CFD model is accurate and is also able to predict actual physical 
trends accurately and within acceptable limits. 

 

Figure 21 Comparison of experimental and CFD predictions, Unit: Pa 

 
Figure 22 Parity plots for pressures at measured locations 
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3.5.1.5 Validation of Chemical Reaction Sub-Model 
Figure 23 shows the method in which the calibration of the gas-solid reactions was conducted. 
The single pellet model was developed to simulate the behavior of an individual iron ore pellet. 
Then a bench model was developed to take the effects of packed bed into consideration. A series 
of reducibility experiments were conducted. The kinetics of reductions was studied by measuring 
the weight loss as a function of time. The experimental work was carried out under the ISO 4695 
[ISO 2007] method by ArcelorMittal Global R&D, one of the industry partners. The calibrated 
reaction constants are then used in the full scale model. 

 

Figure 23 Calibration of the gas-solid reactions 

3.5.2 Validation of Comprehensive CFD Model Using Plant Measurement 
The top gas temperature distribution along the throat radius of the CFD results with the plant 
measurement is shown in Figure 24 for both days of operation. The temperature is measured 
from the center of the BF towards the northwest direction and southeast direction. The measured 
center temperature is significantly lower than the calculated value. One possible reason is that 
the furnace is not in a symmetric condition to the geometric center. The fluctuation of the 
temperature of the northwest side and the southeast side near the center may also indicate the 
asymmetry. 
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(a) August 23rd data 

 
(b) August 25th data 

Figure 24 Validation of the top gas temperature distribution 

 

The averaged top gas comparison is listed in Table 8 and Table 9. As can be seen from the 
tables, the average top gas from CFD is approximately 35⁰C higher than the measured data. The 
heat escaped through the furnace wall only takes into consideration the heat loss through cooling 
stave.  
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Table 8 Top gas comparison for August 23rd data 

 Measurement CFD Absolute Error Relative Error 
Top Gas Average Temp. (ºC) 119 155 35 29.70% 

CO2 % 22.18 22.20 0.02 0.10% 

CO % 23.88 24.02 0.14 0.58% 

H2 % 6.33 6.09 0.24 3.73% 

N2 % 47.62 47.70 0.07 0.16% 

CO Gas Utilization 48.15 48.03 0.12 0.25% 

H2 Gas Utilization 50.40* 50.51 0.11 0.22% 

Pressure Drop (Pa) 150000 153138.7 3139 2.09% 

Coke Rate (lb/NTHM) 823 855 32 3.89% 
 

Table 9 Top gas comparison for August 25th data 

 Measurement CFD Absolute Error Relative Error 
Top Gas Average Temp. (ºC) 128 162 34 26.34% 

CO2 % 22.12 21.63 0.49 2.21% 

CO % 23.65 23.49 0.16 0.68% 

H2 % 6.17 6.38 0.21 3.35% 

N2 % 48.05 48.49 0.44 0.92% 

CO Gas Utilization 48.33 47.94 0.39 0.81% 

H2 Gas Utilization* 51.20* 50.19 1.01 1.97% 

Pressure Drop (Pa) 132000 142176 10176 7.71% 

Coke Rate (lb/NTHM) 870 840 30 3.45% 

     * Calculated from measured top H2 and tuyere conditions 

 

3.6 Applications of Burden Distribution Model 
3.6.1 Convergence of the Stock-line Profile 
With an assumed initial stock-line profile, an iterative procedure needs to be carried out to obtain 
the final stock-line profile. Figure 25 illustrates the charging history under the same ring 
configuration. It can be seen that the stock-line profile will reach a steady shape after about five 
iterations. The detailed convergence history of the stock-line profile is shown in Figure 26. It 
demonstrated that good convergence was achieved by the current algorithm.  
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1st iteration                   2nd iteration            3rd iteration      4th iteration            5th iteration 

Figure 25 Evolution of stock-line profile 

 

Figure 26 Detailed evolution of stock-line profile 

Figure 27 shows that the final stock-line profile is independent of the initially assumed profile. 
Under all three different initial conditions, the stock-line profile converges within four to five 
iterations. 
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Figure 27 Converged Stock-line profiles for different initial condition 

3.6.2 Parametric Study of Burden Distribution Model 
The impact point at the stock-line level is essential for the burden profile. The effects of chute 
parameters, including chute jointing distance, chute length and chute rotational speed, on the 
impact point have been investigated. Figure 28 (a) shows the schematic of different chute 
jointing distance (S). As can be observed in Figure 28(b), the impact point moves to the center of 
the furnace as S increases, and the rate of such increase is independent of the chute inclination 
angle because the two lines are parallel to each other. 

 

       
                          (a)                                                                                (b)  

Figure 28 Effects of chute joint distance on the stock-line impact location 
 

In Figure 29(a), the effects of chute length on the impact point can be observed. For relatively 
small chute inclination angle (i.e. 30 °), the impact point is slightly increased by extending the 
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chute length. However, the effects of chute length become obvious for the bigger chute 
inclination angle case (i.e. 48 °).  

 

     
                                  (a)                                                                        (b) 

Figure 29 Effects of chute length on the stock-line impact location 
 

Figure 30 shows the effects of chute rotational speed on the impact point. The effects are 
appreciable only in large chute inclination angle case (i.e. 48 °) with the chute rotational speed 
changing from 0 to 0.2 rad. /s. 
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Figure 30 Effects of chute rotational speed on the stock-line impact location 

 
The burden profile will be significantly affected by the shaft angle of the furnace.  The volume of 
each charge is the same for the two cases in:  

Figure 31 (a). The layer will be thinner as the shaft angle decreases because of the enlargement 
of furnace inner volume. As shown in  

Figure 32 (b), both the inclination angle of each layer and the layer thickness reduce with burden 
descent.  The rate of change of inclination angle decreases with the increase of the shaft angle. 

 

 
(a) Overview of geometry with different shaft angle 

 
Figure 31 Effects of shaft angle on the burden profile 
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(b) Detail burden profile 

 
Figure 32 Effects of shaft angle on the burden profile 

 

3.7 Application of the CFD Model to Actual Blast Furnaces 
 
3.7.1 Baseline Case 

3.7.1.1 Months Averaged Operation Data 
The baseline case used geometry from an industrial blast furnace. Operating data is listed in 
Table 10. It should be noted that the flux rate only includes the dolomite and limestone charge. 
Other charging items such as Basic Oxygen Furnace (BOF) slag are classified as the ore rate. 
The diameters of coke and iron ore are taken as the averaged value from the actual size 
distribution. 

Table 10 Three months averaged operation data (continued next page) 

 Productivity(NTHM/day) 5500  

 Coke rate(lb/NTHM)  751 

 PCI rate(lb/NTHM) 207 

 Ore rate(lb/NTHM)  3156  

 Flux rate(lb/NTHM)* 162  
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 Porosity of coke layer(-) 0.50  

 Porosity of ore layer(-)  0.34  

 Porosity of coke particles(-)  0.45  

 Porosity of ore particles(-)  0.20  

 Diameter of coke particles (mm)  50.4  

 Diameter of ore particles (mm)  11.8  

 Top absolute pressure (Pa)  2.04×105 

                                 *Only include dolomite and limestone 

Figure 33 shows the visualization of the burden distribution applied for the baseline simulation. 
Figure 33 (a) is the burden structure provided by the U.S. Steel simulation model [Zhao et, al. 
2010] and the O/C distribution at the stock-line is taken as an input for the burden descending 
model aforementioned to generate the burden in the entire shaft region. The final burden 
structure used in the simulation is shown in Figure 33 (a) and Figure 33 (b). 

  
        (a)           (b)              (c) 

Figure 33 Burden distribution 

Figure 34 shows the stock-line O/C distribution and it is used as boundary condition for the lump 
particles, i.e., coke, ore, and flux at the top burden surface. The stock-line ore profile is presented 
in Figure 34 (a) and the stock-line flux (dolomite and limestone) profile is assumed to be 
proportional to the ore profile as demonstrated in Figure 34 (b). As can be seen in these figures, 
coke was mostly charged in the central region of the blast furnace and ore in the peripheral 
region. 
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(a)                      (b) 

Figure 34 Stock-line ore profile and flux profile 

In Figure 35, the predicted burden temperature distribution and CO concentration are shown. The 
furnace is equipped with twenty-four tuyeres, but the computational domain with a single tuyere 
is used for the simulation. The results from raceway simulation were applied at the interface as 
the inlet condition for the shaft CFD model. 
 

   
(a) Burden temperature (K)  (b) Gas CO (v. %) 

Figure 35 Contours of burden temperature and gas composition 

The temperature field inside the furnace is shown by the isotherm surfaces of gas and burden in 
Figure 36. The temperature difference between gas phase and solid phase is significant in the 
lower part of the furnace. It is also observed that the changing of burden temperature is relatively 
slow in the middle section of the shaft, forming a “thermal reserve” zone (TRZ). 



 

52 
 

  
(a) Gas Temperature (K) (b) Burden Temperature (K) 

Figure 36 Isotherm surfaces of gas temperature and burden temperature  

 

The distributions of major parameters in the furnace shaft are exhibited in Figure 37 through 
Figure 41. The distribution of CO volume fraction in Figure 37 (a) has been combined with the 
raceway simulation results to present an overview of the entire furnace condition. There are eight 
isotherm lines ranging from 400 °C to 1100 °C with an interval of 100 °C displayed. The CZ 
upper boundary is defined by the 1200 °C isotherm line and the CZ lower boundary is 
determined by the local liquidus temperature described in the cohesive zone sub-model 
previously. The other contours in the paper will follow the same convention, but the raceway 
simulation below the interface will be omitted. The vertical axis in all the figures denotes the 
distance from the tuyere center line. Figure 37 (b) (c) and (d) show the distribution of CO2 
volume fraction, gas temperature and the burden temperature, respectively.  
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(a) CO (v.%)                                  (b) CO2 (v.%) 

    
(c) Gas temperature (K)     (d) Burden temperature (K) 

Figure 37 Gas species and temperature distribution 
 
Figure 39 manifests the gas flow characteristics inside the furnace. Figure 39 (a) shows the gas 
velocity vector colored by gas temperature. In the streamline in Figure 39 (b), which has a 
background colored by the porosity, the CZ possesses a much lower porosity due to the fusion of 
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the iron ore burden. The zigzag flow pattern is observed because of the difference in porosity of 
the coke and ore layer. The highest pressure drop exists in the CZ region as shown in Figure 39 
(a). The distribution of mass flux in the vertical direction is shown in Figure 39 (b). Below the 
CZ, higher mass flux rate is concentrated in the center of the furnace since more coke is charged 
in the furnace center. The mass flux in the top of the furnace above the stock-line shows a strong 
uneven distribution in the radial direction. A low velocity zone is found in the middle radius 
because this is the location with the highest ore fraction based on the burden arrangement. 

 

    

(a) Gas vector       (b) Streamline 

Figure 38 Gas flow characteristics 
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                         (a) Gas pressure (Pa)                                 (b) Gas vertical mass flux  (kg/m2) 

Figure 39 Gas flow characteristics 

The burden species are shown in Figure 40 and the corresponding gas-solid reaction rates are 
exhibited in Figure 41 for the reaction equations (2), (3), (4) and (8).  
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     (a)Fe2O3 (mol/m3)       (b) Fe3O4 (mol/m3)                (c) FeO (mol/m3)     

    

 (d) Fe (mol/m3)           (e) Liquid Fe (mol/m3)  

Figure 40 Burden species distribution 
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                       (a)  H-M (mol/(s.m3))     (b) M-W (mol/(s.m3)) 

   

                          (c) W-F (mol/(s.m3))      (d) Coke gasification (mol/(s.m3)) 

Figure 41 Rate distribution of chemical reactions 
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The coke gasification by CO2 virtually halts at elevations above the 900 °C isotherm as displayed 
in Figure 41 (d).  All reduction above the 900 °C isotherm is carried out by CO generated below 
the isotherm. As the height rises, this CO sequentially reduces FeO to Fe; Fe3O4 to FeO, and 
Fe2O3 to Fe3O4. The sequence of such reactions favors the reduction of more wustite (FeO) from 
higher oxides than is reduced to metallic iron by the same amount of gas. It results in the creation 
of the chemical reserve zone in a certain height in the shaft, as shown in Figure 40 (c), from the 
800 °C  isotherm to 900 °C  isotherm, where the iron-bearing material is virtually all wustite and 
a zone in which gas and solid compositions changes only slowly is present. The gas composition 
along the vertical direction of the shaft is plotted in Figure 42 (b) and the three locations are 
shown in Figure 42 (a), i.e., 0.90R is the location close to the furnace side wall and 0.04R is the 
center. It can be found that the gas composition has approached that for FeO/Fe equilibrium 
(70% CO, 30% CO2) in the isotherm ranging from 700 °C to 900 °C in the periphery of the 
furnace to the middle (0.47R).However, in the center of the furnace (0.04R), the gas composition 
is far from FeO/Fe equilibrium because of the center coke charging. 

 

(a) Location of the vertical line          (b) Gas distribution  

Figure 42 Gas composition distribution along the shaft 

 

The heat transfer characteristics can be observed in Figure 43 (a). The heat transfer between the 
gas and burden is intense in the lower part of the shaft. A large temperature gradient between the 
gas and burden is found below the 1000 °C isotherm, which is due to the highly endothermic 
coke gasification reaction and the high temperature bosh gas. As the gas continues its ascent 
above the 900 °C isotherm, the CO continues to react with wustite to form solid Fe and CO2. The 
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reaction given by Eq. (4) is slightly exothermic and as a result the gases do not cool during their 
ascent through this region. This forms the “thermal reserve” zone of the furnace. The 
corresponding gas composition is also relatively constant as shown in Figure 43 (b). At the top of 
the furnace, the preheating zone exists due to the cold charging of the raw material and water 
evaporation, where the temperature difference between the burden and gas is about 100 °C. 

 

(a) Gas and burden temperature                 

 

(b) Gas composition and temperature distribution 

Figure 43 Gas composition and temperature distribution along the shaft 

Figure 44 shows the top gas distribution including the temperature and composition. Low gas 
utilization and high temperature is observed in the furnace center. 
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(a)  Temperature and utilization 

 

(b) Composition 

Figure 44 Top gas distribution 

 

The mass fraction of FeO is presented in Figure 45 (a). As the reduction of wustite is taking 
place just above the CZ, a large concentration gradient is observed in the region of the upper 
boundary of the CZ (1200 °C isotherm), resulting in virtually no FeO in the lower boundary of 
the CZ. Figure 45 (b) shows the local basicity (CaO wt. % / SiO2 wt. %).  Due to the coke 
gasification, the SiO2 goes to the slag phase, decreasing the basicity. Assuming that the slag 
melts below the upper boundary of the CZ, the basicity above the CZ denotes the ratio of CaO to 
SiO2 in the solid burden. 
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 (a) FeO wt.%              (b) Basicity 

Figure 45 Contour of slag composition in the CZ 

Figure 46 shows the weight percentage of FeO in the lower, middle and upper boundaries of the 
CZ. The peak point is at 0.37 radius position, which corresponds to the stock-line charging 
profile as shown in Figure 47. In addition, the FeO weight percentage is below 10% in the CZ 
lower boundary, and the high FeO region is near the furnace wall below the CZ. 

 

 FeO wt.% 

Figure 46 FeO distribution 
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 Stock-line ore volume fraction 

Figure 47 FeO distribution 

 

Figure 48 (a) shows all of the slag composition in the lower boundary of the CZ. The liquidus 
temperature is determined by this composition via Eq. (23) and Eq. (24). Since uneven 
distribution is presented in the radial direction, the lower boundary temperature is not a constant 
as demonstrated in Figure 48 (b). 

 

(a) Slag composition in the lower boundary of the CZ wt.% 

Figure 48 Slag composition and temperature distribution of the CZ 
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(b) Temperature distribution 

Figure 48 Slag composition and temperature distribution of the CZ 

3.7.1.2 Single Day Operation Data 
The operation data listed in Table 11 is from an industrial blast furnaces. Two days of stable 
operational periods were selected to validate the shaft CFD model.  

Table 11 Two days operation data  

 
August 
23th 2010 

August 
25th 2010 

Unit 

Hot metal production rate 5505 5137  NTHM/day 

Coke rate (dry) 823 870  lb/NTHM 

Flux* rate (dry) 224  224 lb/NTHM 

Coal injection rate 15.3 14.9 NT/hr 

Natural gas injection rate 6378  6492 scfm 

Ambient wind Rate 135341 131293 scfm 

Oxygen enrichment rate 9404  7626 scfm 

Tuyere added moisture rate 18 18  gr/scf 

Furnace wall heat loss 2.41×105 2.41×105 Kcal/min 

Top absolute pressure 2.04×105  2.04×105  Pa 

*Flux includes limestone and dolomite 
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The permeability of different types of layers in the blast furnace differs significantly. The 
utilized layer properties for the simulation are shown in Table 12. The permeability index 
defined in Eq. (66) is an indicator for the relative resistance to gas flow at different bed 
condition. Table 13 listed the corresponding permeability index in the simulation. It can be seen 
that the coke layer is almost 8 times more permeable than the ore layer. The melted iron ore layer 
in the CZ has extremely low permeability. 

ܭ ൌ
ଶݒߩ

ܮ/ܲ∆ ൌ 0.57ሺ
ଷߝ݀׎

1 െ  ሻ  66ߝ

 

Table 12 Layer properties 

 Porosity of coke layer(-) 0.45  

 Porosity of ore layer(-)  0.38  

 Porosity of ore layer in CZ (-) 0.10 

 Porosity in dripping zone (-) 0.35 

 Coke shape factor (-) 0.8 

 Ore shape factor (-) 0.8 

 Diameter of coke particles (mm) 50.4  

 Diameter of ore particles (mm) 11.8  

 

Table 13 Permeability index 

 Porosity,  Permeability Index,K (mm) ߝ

Coke layer 0.45 3.81  

Ore layer 0.38 0.48  

Ore layer in CZ 0.10 0.01  

Dripping zone 0.35 1.52  

 



 

65 
 

Figure 49 shows the top profile used for simulation for both days. A center coke chimney is 
formed for this specific charge condition. 

 

Figure 49 Top burden layer O/C ratio 

 
Since the two days operation is similar, only the results of August 23rd are presented in this 
section. The total grid number for the simulation is 162,816 as partially shown in Figure 50 (a). 
A quarter of the furnace is simulated. The coke burden structure colored by burden temperature 
is shown in Figure 50 (b) while the ore layer has been made transparent except the melted ore 
inside CZ. The stock line profile is revolved to form a surface. The 3-D CZ shape with the 
vertical velocity distribution on several cross-sections is shown in Figure 50 (c). The center gas 
velocity is high due to the center coke chimney. 

 

           
  (a) Computational grid       (b) 3D Burden             (c) Gas vertical superficial velocity  

Figure 50 3-D shaft simulation 
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The CZ has significant effects on the gas flow. For the specific operation, there are 
approximately 10 ore layers inside the CZ as shown in Figure 51 (a). The corresponding porosity 
distribution is exhibited in Figure 51 (b). The melted ore has a porosity of 0.1 and it is observed 
that the ore layers become virtually impermeable within the CZ thus forcing the ascending gas to 
pass through the coke slits present between the ore-layers. 

 

            
 (a) CZ structure 

 
Figure 51  

 
(b) Porosity distribution 

Figure 51 Cohesive Zone  
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Due to the circular symmetry of the results, the cross-sectional view is presented to show the 
distribution. The gas superficial velocity distribution in the whole shaft is shown in Figure 52 (a). 
The vertical movement of predominates in the shaft as displayed in Figure 52 (b). However, 
Figure 52 (c) shows that inside the CZ, the horizontal gas flow is obvious and it is important to 
maintain good permeability in the coke layer since it is the only path for the reducing gas to 
support the reaction which takes place above the CZ. Figure 52 (d) shows the pressure 
distribution and large pressure drop is observed in the dripping zone and across the CZ. 

 

         
                           (a) Gas velocity                                      (b) Vertical Flux 

Figure 52 Gas flow characteristics 
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              (c) Horizontal Flux                       (d) Pressure 

Figure 52 Gas flow characteristics 

 
Figure 53 shows the stepwise reduction process of the iron oxides to hot metal. The isothermal 
line of the burden temperature presented ranges from 400 ⁰C to 1200 ⁰C (CZ upper boundary) 
with an interval of 100 ⁰C. The CZ lower boundary liquidus temperature is found to be 
approximately the value of 1350 ⁰C. The reduction of hematite (Fe2O3) took place at the upper 
part of the BF and it is completely transformed into magnetite (Fe3O4) above 500 ⁰C. The wustite 
(FeO) is starting to generate at 600 ⁰C and it is not reduced until the 1200 ⁰C iso-thermal line. 
Below the CZ, all the wustite has been converted to melted iron. 
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            (a) Fe2O3                                      (b) Fe3O4                          

 
(c) FeO                   (d) Fe                (e) Liquid Fe 

Figure 53 Distributions of burden concentration 

 
The burden temperature iso-lines are shown in Figure 54 (a). The low temperature thermal 
reserve zone (TRZ) is observed from 600 ⁰C to 800 ⁰C and a high temperature TRZ is found to 
be between 800 ⁰C to 1000 ⁰C. The reduction degree increased dramatically from 0.5 to 1.0 
beginning at 1100 ⁰C, and it is associated with significant temperature changes due the 
endothermic direct reduction. Figure 54 (b) shows the gas temperature and CO volume fraction. 
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The chemical reserve zone, i.e., the CO volume fraction changes from 30 to 32, corresponds to 
the high temperature TRZ.  

 

   
                       (a)                                     (b) 

Figure 54 Iso-lines of burden and gas distribution 

 
The plots of the average temperature and gas composition at each cross-section along height of 
the BF are provided in Figure 55 and Figure 56. The overall CO gas utilization increases rapidly 
in the temperature range of 1200 ⁰C to 1000 ⁰C. Then a zone with relatively constant gas 
utilization is followed within the temperature range of 1000 ⁰C to 800 ⁰C, and it is known as the 
chemical reserve zone. As shown in Figure 57, radial distribution of CO gas utilization is 
proportional to the O/C ratio at stock line since more CO2 is generated at the region where more 
ore is charged. 
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Figure 55  Average gas and burden temperature 

              

Figure 56 Average gas utilization 

 

Figure 57 Top gas radial distribution Vertical and radial distribution 
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3.7.2 Effects of Flux Profile 
Since the liquidus temperature of the burden is a function of the slag composition, three cases 
with different flux profiles are presented. The inlet condition for all three cases maintains the 
same amount of flux (dolomite and limestone) charged but the radial distribution differs for each 
case, as shown in Figure 58 (a). The computed CZ shape and CO distribution are provided in 
Figure 58 (b). It is found that the high flux lowers the CZ due to the increase in basicity.  

    

                    (a) Flux profile at stock-line         (b) CZ shape 

Figure 58 Effect of flux profile on CZ shape 

3.7.3 Effects of Burden Distribution 
The inverted “V” shape CZ was observed in the baseline case as shown in Figure 35 and Figure 
36. It is due to the center coke charge scheme referred as “center working” furnace in Figure 59. 
Another “wall working” furnace condition is assumed and the corresponding stock-line ore 
profile is shown as the red line in Figure 59 where more coke is charged into the wall region of 
the furnace. All furnace parameters except burden distribution are held constant for the two 
cases. 
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Figure 59 Stock-line ore profiles 

Figure 60 shows the distribution of carbon monoxide on the mid-plane of the 3-D domain. The 
vertical axis of all the figures denotes the distance from the tuyere center line. There are eight 
isotherm lines of the burden temperature ranging from 400 °C to 1100 °C with an interval of 100 
°C displayed. The CZ upper boundary is defined by the 1200 °C isotherm line and the CZ lower 
boundary is determined by the local liquidus temperature described in the cohesive zone sub-
mode. The other contours in the report will follow the same convention.  
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(a) Center working   (b) Wall working 

Figure 60 Effects of burden distribution on CO volume fraction (v. %) 

The gas utilization (CO2/(CO+CO2)) is a key parameter to evaluate furnace performance. The 
enhanced central flow in the center working furnace presents an inefficient utilization while the 
wall working furnace has relatively uniform gas utilization in the radial direction. The gas 
utilization in both cases corresponds to the local burden temperature which is essential for the 
chemical reactions as shown in Figure 61. 
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(a) Center working   (b) Wall working 

Figure 61 Effects of burden distribution on gas utilization (%) 

The gas composition along the vertical direction of the shaft is plotted in Figure 62 and the three 
locations are shown in Figure 60, i.e., 0.90R is the location close to the furnace side wall and 
0.04R is the center. In the center working furnace, it can be found in Figure 62 (a) that the gas 
composition has approached that for FeO/Fe equilibrium (70% CO, 30% CO2) in the isotherm 
ranging from 700 °C to 900°C in periphery of the furnace to the middle (0.47R).However, in the 
center of the furnace (0.04R), the gas composition is far from FeO/Fe equilibrium because of the 
center coke charging. In the wall working furnace, the difference of the gas composition in three 
locations is relatively small in the lower shaft region where the burden temperature is high as 
shown in Figure 62 (b). In the upper shaft region with a lower burden temperature, there is more 
CO in the peripheral region than the center in the wall working furnace. In addition, the “W” 
shape CZ presents the lowest CO volume fraction in the mid-radial location (0.47R). By 
comparing the two cases, the gas composition held approximately the same relationship with the 
burden temperature except in the center of the center working furnace. It also shows that below 
the isotherm 600 °C and above 1200 °C, the gas composition is irrelevant to the burden 
temperature. However, the gas composition is a strong function of the burden temperature 
between 600 °C and 1200 °C. 
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(a) Center working 

 

(b)Wall working 

Figure 62 Vertical plot of gas composition and burden temperature 
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In Figure 63, the gas temperature is also determined by the CZ shape and position and shows the 
same pattern as the burden temperature.  

    

                              (a) Center working       (b) Wall working 

Figure 63 Effects of burden distribution on gas temperature (K) 
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The CZ represents a resistance to the flow of ascending gas and is also a gas flow distributor to 
the upper regions. It is thus interesting to examine the influence of the shape of the CZ on the gas 
flow. The inverted “V” CZ shows higher gas velocities towards the furnace center. The “W” CZ 
manifests a relatively higher gas velocity near the wall, the mid-radial location and the center of 
the furnace as shown in Figure 64. The color in Figure 64 shows the gas temperature and it is 
observed that the gas temperature is higher in the regions where a higher gas velocity exists. 

    

                                    (a) Center working    (b) Wall working 

Figure 64 Effects of burden distribution on gas vector 
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The distribution of mass flux in the vertical direction is shown in Figure 65. In the center 
working furnace, higher mass flux rate is concentrated in the center of the furnace since more 
coke is charged in the furnace center below the CZ. The mass flux in the top of the furnace above 
the stock-line shows a strong uneven distribution in the radial direction for both cases due to the 
stock-line profile. 

    

(a) Center working         (b) Wall working 

Figure 65 Effects of burden distribution on gas vertical mass flux (kg/m2) 
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Since blast flow and tuyere conditions are identical for both cases, changes in burden distribution 
lead to different pressure drops because the burden permeability is associated with the burden 
arrangements. In Figure 66, the wall working furnace shows about 15% more pressure drop 
across the burden than the center working furnace.  

   

                       (a) Center working                    (b) Wall working 

Figure 66 Effects of burden distribution on gas pressure (Pa) 
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The heat transfer characteristics can be observed in Figures 67 - 68. The heat transfer between 
the gas and burden is intense in the lower part of the shaft. A large temperature gradient between 
the gas and burden is found below the 1000 °C isotherm, which is due to the highly endothermic 
coke gasification reaction and the high temperature bosh gas. 

 

Center working 

Figure 67 Gas and burden temperature distribution along the shaft 

 

 

Wall working 

Figure 68 Gas and burden temperature distribution along the shaft 

As the gas continues its ascent above the 900 °C isotherm, the CO continues to react with wustite 
(FeO) to form solid Fe and CO2.  The reaction given by reaction FeO(s) + CO(g)  → Fe(s) + 
CO2(g)   is slightly exothermic and as a result the gases do not cool down during their ascent 
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through this region. This forms the TRZ of the furnace. It is noticed that the length of the TRZ is 
shortened in the region of low gas utilization, i.e. the center and peripheral region of the center 
working furnace and the wall working furnace. The TRZ also indicates the regions where there 
are small changes of gas temperature and composition as can been seen from Figure 70. 

 

Center working 

Figure 69 Gas composition and burden temperature distribution along the shaft 

 

 

 

 Wall working 

Figure 70 Gas composition and burden temperature distribution along the shaft 



 

83 
 

Figure 71 shows the CO sequentially reduces Fe2O3 to Fe3O4; Fe3O4 to FeO, and FeO to Fe from 
the top to bottom of the furnace.  

   

(a) Fe2O3 

 

   

(b) Fe3O4 
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(c) FeO 

Figure 71 Effects of burden distribution on burden composition (mol/m3) 

By comparing the distribution of burden composition for both cases in Figure 71, the step-wise 
reduction reaction is evident. Therefore, the assumption of the single interface in the shrinking 
core model is appropriate.  
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(a) Center working  (b) Wall working 

Figure 72 Effects of burden distribution on degree of reduction (-) 

The degree of reduction shown in Figure 72 indicates the highest reduction rate takes place in the 
temperature range of 1000°C to 1100 °C where both the reduction of wustite and coke 
gasification are promoted.  

The CO and CO2 distribution at the furnace top for the two cases are shown in Figure 73. The 
gas distribution is corresponding to the temperature distribution shown in Figure 73 (a). The 
volume fraction of the CO is higher in the high gas temperature area.  It indicates that high 
temperature CO is exiting the furnace in case of center working blast furnace. 
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(a) Center working  

 

 

 

(b) Wall working  

Figure 73 Effects of burden distribution on top gas CO and CO2 
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The temperature distributions at the furnace top for the two cases are shown in Figure 74 (a). It 
shows high gas temperature is predicted in the furnace center, with a relatively uniform 
distribution starting from about 1 meter away from the center. The temperature for the wall 
working furnace is slightly higher in the periphery region. The comparison of the top gas 
utilization is provided in Figure 74 (b). The gas utilization (CO2/(CO+CO2)) is a key parameter 
in evaluating furnace performance. The enhanced central flow in the center working furnace 
leads to an inefficient utilization while the wall working furnace has relatively uniform gas 
utilization in the radius direction. Higher gas utilization is found in the wall working furnace 
case. 

 

(a) Top gas temperature 

 

 

(b) Top gas utilization 

Figure 74 Effects of burden distribution on top gas distribution 
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The averaged value for the top gas is summarized in Table 14. The gas utilization is about 2 
percent higher in the wall working case compare to the center working case.  

 

Table 14 Effects of burden distribution on top gas 
 

Case  Top gas 
temp. 
(°C)  

Top gas Vol.% 

 CO   CO2  H2   N2  CO2/(CO+CO2) 

Center 
Working  

246 25.1 21.7 7.1  46.2 46.4%  

Wall Working  232 24.3 22.6  6.9  46.2  48.1%  

 

3.7.4 Effects of Tuyere Operations  
 
The effects of tuyere operation on blast furnace shaft are investigated. Operating conditions for 
the all the cases are summarized in Table 15. The cases were chosen so that the calculated 
Raceway Adiabatic Flame Temperature (RAFT) was kept approximately constant. 

Table 15 Case list for different tuyere operations  

Case  Ambient 
Wind 
Rate, 
103 
SCFM 

Blast 
Temp., 
⁰F 

Oxygen 
Added 
Through 
Blast, 
103 
SCFM 

Lance 
Oxygen 
Rate, 
103 
SCFM 

Total 
Oxygen 
added, 
103 
SCFM 

Moisture 
Added, 
Grain/SCFM 

PCI 
Rate, 
NT/hr 

PCI 
Carrier 
Gas 
Rate, 
103 

SCFM 

Natural  
Gas 
Rate, 
103 

SCFM 

1 135.8 0 2010  12.99 4.20 17.19 6.0 29.3 2.50 14.20

2 135.80 2010  12.99 4.20 17.19 6.0 29.3 2.00 14.20

3 135.80 2010  10.90 4.20 15.10 9.0 29.3 2.50 11.50

4 135.80 2010  8.80 4.20 13.00 12.0 29.3  2.50 9.00

5 135.80 1800  12.99 4.20 17.19 7.0 29.3  2.50 11.3

6 135.80 2010  12.99 2.81 15.80 6.0 29.3 2.50 14.20
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Due to the different tuyere parameters, the corresponding average bosh gas volume and 
composition changes are listed in Table 16. 

Table 16 Bosh gas volume and composition  

 Case1 Case2 Case3 Case4 Case5 Case6 

Bosh Gas, N2, SCF/NTHM 25081  25007  25091  25049  25137  25081  

Bosh Gas, CO, SCF/NTHM 23068  23087  22438  21709  23258  22484  

Bosh Gas, H2, SCF/NTHM 10042  10048  9108  8247  8865  10042  

Total Bosh Gas, SCF/NTHM 58191  58143  56637  55006  57260  57618  

Bosh CO+H2, SCF/NTHM 33110  33135  31546  29957  32123  32529  

Bosh Gas, N2, Vol.% 43.10% 43.01% 44.30% 45.54% 43.90% 43.54%

Bosh Gas, CO, Vol.% 39.64% 39.71% 39.62% 39.47% 40.62% 39.02%

Bosh Gas, H2, Vol.% 17.26% 17.28% 16.08% 14.99% 15.48% 17.43%

 

The CO distributions for all the cases are shown in Figure 75. The white lines are isothermal 
lines ranging from 400 ºC to 1100 ºC from top to bottom. Table 17 shows that the effects of 
carrier gas flow rate on the efficiency of blast furnace is negligible. 
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    Case 1     Case 2       Case 3         Case 4  Case 5     

Figure 75 Effect of tuyere operation on CZ shape and CO distribution 

 

Table 17 Effects of carrier gas flow on blast furnace performance (continued next page) 

 

Case 1 

Carrier Gas  
2500 scfm 

Case 2 

Carrier Gas 
2000 scfm 

Difference 

=Case2-Case1 

Top Gas Average Temp. (⁰C) 152 152 0 

% CO2 23.38 23.39 0.01  

% CO 24.40 24.46 0.05  

% H2 8.66 8.66 -0.01  

% N2 43.55 43.50 -0.05  

CO Gas Utilization 48.93% 48.88% -0.05% 

H2 Gas Utilization 50.31% 50.47% 0.16% 
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Coke Rate (lb Coke/NTHM) 666.8  665.6  -1 

Solution Loss (lb C/NTHM) 100.5  101.1  1 

Carbon For Combustion 
 (lb C/NTHM) 646.9  645.2  -2 

Carbon from PCI (lb C/NTHM) 160.6  160.6  0 

Carbon from NG (lb C/NTHM) 93.3  93.3  0 

Carbon from Coke(lb C/NTHM) 591.5  590.4  -1 

Total Carbon Rate  
(lb C/NTHM) 845.4  844.4  -1 

 

Natural gas injection into the blast furnace can reduce coke consumption. Injecting natural gas 
also reduces NOx and SOx emissions compared to other supplemental fuel such as coal or coke 
oven gas. The natural gas provides not only the carbon for CO generation in the raceway, but 
also the hydrogen in the bosh gas which is a powerful reduction agent. The distribution of the 
reduction degree in the blast furnace shaft for different natural gas injection rates is shown in 
Figure 76. The red line is the iso-value line for reduction degree while the blue line indicates the 
shape and location of the CZ. It is found that as the natural gas injection rate increases, the CZ 
location is higher and reduction of the iron oxides is accelerated.  

Figure 77 shows the coke reaction rate for the two cases. In case 1 with higher natural gas 
injection rate, the coke reaction with CO2 and H2O is decreased. The quantitative total amounts 
of both reactions are available in Table 18. The combination of reaction C(s) + CO2 (g) → 2CO 
(g) and FeO(s) + CO(g)  → Fe(s) + CO2 (g) is FeO(s) + C  → Fe(s)  + CO2 (g) ,  and the 
combination of reaction C(s) +H2O(g) → CO  + H2 (g) and FeO(s) + H2 (g) → Fe(s) + H2O (g) 
are combined into the solution loss reaction FeO(s) + C  → Fe(s)  + CO2 (g). Therefore, 
decresing the rate of coke reaction with CO2 and H2O indicates a lower amount of solution loss 
in the furnace. It is consistent with the industry practice as shown in Figure 78. The top gas 
temperature and CO utilization distributions are shown in Figures 79 and 80. The Case 1,3 and 4 
in the following figures are the CFD results for the cases listed in Table 16. 

 The top gas temperature increases as natural gas injection rate increases. However, the CO gas 
utilization is lower if the natural gas rate is high due to the presents of more hydrogen. It is also 
found that increasing the natural gas injection rate reduces the coke rate but the total carbon rate 
per unit ton hot metal increases as shown in Table 18.   
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Figure 76 Effect of natural gas injection rate on CZ shape and reduction degree 

Reaction rate of C(s) + CO2 (g) → 2CO (g)    Reaction rate of C(s) + H2O (g) → CO (g) + H2 
(g)  

     

                 Case1              Case4       Case1             Case4 

Figure 77 Effect of natural gas injection rate on coke reaction 
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Figure 78 Endothermic gasification of carbon versus bosh hydrogen for several operating 
commercial blast furnaces. [Agarwal et al. 1992] 

 

 

 

Figure 79 Effects of natural gas injection rate on top gas distribution 
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Figure 80 Effects of natural gas injection rate on top gas distribution 

 

Table 18 Effects of natural gas flow rate on blast furnace performance (continued next page) 

 

Case 1 

NG=14.2 
KSCFM 

Case 3 

NG=11.5 
KSCFM 

Case 4 

NG=9.0 
KSCFM 

Difference 

=Case 4-Case 1 

Top Gas Average Temp. (⁰C) 152 140 136 -16 

% CO2 23.38 24.09 24.57 1.19  

% CO 24.40 23.64 23.22 -1.19  

% H2 8.66 8.04 7.33 -1.34  

% N2 43.55 44.22 44.88 1.33  

 CO Gas Utilization 48.93% 50.47% 51.41% 2.48% 

 H2 Gas Utilization 50.31% 49.97% 50.35% 0.04% 

Coke Rate (lb Coke/NTHM) 666.8  673.0  680.5  14 

Solution Loss (lb C/NTHM) 100.5  108.2  118.4  18 

 C+CO2=2CO  (lb  C/NTHM) 15.4  20.0  24.9  10 
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 C+H2O=H2+CO (lb C/NTHM) 84.9  87.3  87.7  3 

Carbon For Combustion 
 (lb C/NTHM) 646.9  627.0  607.0  -40 

 Carbon from PCI(lb C/NTHM) 160.6  160.6  160.6  0 

 Carbon from NG(lb C/NTHM) 93.3  75.5  59.1  -34 

 Carbon from Coke(lb C/NTHM) 591.5  597.0  603.7  12 

 Total Carbon Rate (lb C/NTHM) 845.4  833.2  823.4  -22 

 

The effects of blast temperature on blast furnace performance are shown in Table 19. Increasing 
the blast temperature provides heat for supplying the reduction and melting of the burden of the 
shaft. Both the coke rate and carbon rate decrease as the blast temperature is higher.  

Table 19 Effects of blast temperature on blast furnace performance (continued on next page) 

 

Case 1 

Blast Temp  
2010 ⁰F  

Case 5 

Blast Temp 
1800 ⁰F 

Difference 

=Case 5- Case1 

Top Gas Average Temp. (⁰C) 152 148 -4 

% CO2 23.38 24.12 0.74  

% CO 24.40 24.43 0.03  

% H2 8.66 7.57 -1.09  

% N2 43.55 43.88 0.32  

 CO Gas Utilization 48.93% 49.68% 0.75% 

 H2 Gas Utilization 50.31% 51.18% 0.86% 

Coke Rate (lb Coke/NTHM) 666.8  696.1  29 

Solution Loss (lb C/NTHM) 100.5  105.2  5 

Carbon For Combustion (lb C/NTHM) 646.9  649.3  2 
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 Carbon from PCI(lb C/NTHM) 160.6  160.6  0 

 Carbon from NG(lb C/NTHM) 93.3  74.4  -19 

 Carbon from Coke(lb C/NTHM) 591.5  617.5  26 

 Total Carbon Rate (lb C/NTHM) 845.4  852.5  7 

 
The effects of oxygen enrichment on blast furnace performance are provided in Table 20, 
increasing the oxygen enrichment results in more fuel being consumed but it is helpful for 
enhancement of the burnout of the pulverized coal. 
 

Table 20 Effects of oxygen enrichment on blast furnace performance  

 
Case 1 

Oxygen. 10% 

Case 6 

Oxygen. 9% 

Difference 

=Case 6- Case 1

Top Gas Average Temp. (⁰C) 152 146 -6 

% CO2 23.38 23.52 0.14  

% CO 24.40 23.71 -0.69  

% H2 8.66 8.84 0.17  

% N2 43.55 43.93 0.38  

 CO Gas Utilization 48.93% 49.79% 0.86% 

 H2 Gas Utilization 50.31% 49.79% -0.52% 

 Coke Rate (lb Coke/NTHM) 666.8  648.9  -18 

 Solution Loss (lb C/NTHM) 100.5  103.1  3 

 Carbon For Combustion (lb C/NTHM) 646.9  628.4  -18 

 Carbon from PCI(lb C/NTHM) 160.6  160.6  0 

 Carbon from NG(lb C/NTHM) 93.3  93.3  0 

 Carbon from Coke(lb C/NTHM) 591.5  575.6  -16 

 Total Carbon Rate (lb C/NTHM) 845.4  829.6  -16 
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3.8 Virtual Blast Furnace 
With the application of VR to blast furnace CFD simulation, a virtual blast furnace has been 
developed on an immersive system at the Purdue University Calumet’s CIVS. The virtual blast 
furnace includes: charging process, burden descending and gas distribution, coke and coal 
combustion, and bottom hearth inner profile. These four parts will be discussed further. In this 
application, advanced CFD simulation provides detailed flow characteristics while VR 
visualization offers a powerful way to present complex CFD data in an immersive 3D 
environment. This enabled researchers and collaborators to observe the facility in operation in a 
virtual world from a first-person perspective. It significantly reduced the time and effort needed 
for the evaluation, troubleshooting and optimization processes. 

3.8.1 Top Charging and Burden Redistribution 
The blast furnace process is a counter-current moving bed chemical reactor to reduce iron oxides 
to iron, which involves complex transport phenomena and chemical reactions. The iron-bearing 
burden consisting of sinter or pellets, is charged with coke in alternate layers from the top of 
furnace. The charging process had been simulated using CFD. The data then was converted to a 
VR system in which the other components had been introduced to animate the rotational 
charging process. Figure 81 (a) shows the overview of the charging system while (b) shows 
several layers of charged materials.  The orange layer represents the iron ore while the black 
represents the coke. These two materials alternate as they are charged into the blast furnace. 
Figure 81  (c) and (d) present the charging operation at a different time. 
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    (a) Charging system                     (b) Charging process 

    
     (a) Coke charging                           (b) Iron ore charging 

Figure 81 Virtual charging system and its operation 

After being charged into the blast furnace, the burden is redistributed during the burden descent 
due to the effects of shaft angle that increases the shaft area along its depth and the burden 
shrinkage during reduction and gasification. The burden shrinkage mainly is caused by a 
reduction and deformation of the iron ores and in the gasification of the coke. The burden 
redistribution will change the top profile of the burden and consequently influence the burden 
distribution. Figure 82 (a) and (b) show the burden distribution under a specific operating 
condition. The burden distribution data from the CFD calculation has been successfully 
presented as a part of the virtual blast furnace. Figure 82 (a) shows the overview of the furnace 
inner structure including the cohesive zone, combustion, and hearth that are discussed in the 
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following section. The focused burden distribution is shown in Figure 82 (b). In addition to the 
alternating layers of coke and iron ore, the cohesive zone and the center coke distribution have 
been included in this virtual model.   

    
                                (a) Burden distribution                (b) Detailed inner structure 

Figure 82 Visualization of burden descending phenomenon in shaft 

3.8.2 Gas Distribution 
In this application, the CFD simulation of the burden descending inside the blast furnace was 
converted to a VR system as part of the virtual blast furnace. This module can be used to analyze 
the effects of charging operation, shaft angle, burden shrinkage, burden redistribution, burden top 
profile on the burden distributions.  

Inside an operating blast furnace, the areas where the ore starts to soften and finally melts is 
called the cohesive zone. In the cohesive zone, ore layers become virtually impermeable thus 
forcing the ascending gas to pass through the coke slits present between the ore-layers. The 
shape and location of the cohesive zone is controlled by the distribution of burden and gas flow 
and impacted by the softening and melting properties of the burden materials. The cohesive zone 
in turn, has a great effect on the gas distribution. Therefore, it is important to estimate the 
characteristics of the gas flow in a blast furnace. Gas distribution being the result of numerous 
interacting phenomena, a mathematical model has been developed to better understand the gas 
flow inside the blast furnace.  

The numerical data from the gas distribution model had been exported and post-processed to the 
VR system. This allows direct observation of all the simulation results in detail. It also provides a 
very intuitive way to fully understand the gas distribution during operation. Figure 83 (a) shows 
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an overview picture of the gas distribution while Figure 83 (b) focuses on a view showing the 
gas flow through the cohesive zone. Several detailed views of flow patterns are shown in Figure 
84. Figure 84 (a) shows the gas flowing out of the tuyeres and (b) shows the gas flowing up 
through cohesive zone and alternate layers of coke and iron ore. Figure 85 (a) and (b) present the 
gas distribution inside the virtual blast furnace form side view and top view. The streamline 
describes very detailed flow pattern from different perspectives.   

    
                       (a) Overview of gas distribution    (b) Flowing through cohesive zone 

Figure 83 Gas distribution through the burden materials 

 
 

    
                     (a) Gas flowing out of tuyeres             (b) Closer observation of gas flow 

Figure 84 Detailed gas distribution inside blast furnace shaft 

 



 

101 
 

    
              (a) Interaction of flow and cohesive zone   (b) Top view of combustion gas 

Figure 85 Detailed gas distribution inside blast furnace shaft 

In this application, the VR model of a blast furnace gas distribution has been constructed and 
integrated to the virtual blast furnace model. The 3-D effects of the raceway, raceway 
combustion and burden distribution have also been taken into account. 

3.8.3 Raceway and PCI Combustion 
High rate pulverized coal injection (PCI) into a blast furnace is an attractive technology in the 
iron-making process. The purpose of high rate PCI is to reduce the hot metal cost and energy 
consumption and environmental emissions.  However, increasing the amount of coal injected 
into a blast furnace is currently limited by the lack of knowledge of some issues related to the 
process.  It is therefore important to understand the complex physical and chemical phenomena 
in the PCI process. A comprehensive CFD model had been developed to help understand the 
complex PCI process. A VR model has been created to visualize the detailed CFD data of gas 
velocity, temperature and species distributions, particle number density and unburned char 
distributions, raceway formation, as well as combustion efficiency. Figure 86 (a) shows the 
visualization of the single raceway combustion while Figure 86 (b) presents a top view of the 
raceway combustion from the entire tuyere system.  
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                  (a) Combustion inside raceway      (b) Coal and coke combustion (Top view) 

Figure 86 Virtual combustion process in a blast furnace 

 

 

                  (a) Detailed combustion                     (b) Close observation of combustion  

Figure 87 Combustion visualization in an immersive system 

The combustion phenomenon has been visualized using the VR system. As shown in Figure 87 
(a) and (b), the flame from the coke combustion can be observed together with the inner burden 
structure and cohesive zone. This virtual model allows the users to literally fly into the flame to 
observe the detailed combustion and it provides an intuitive environment that is very informative 
for both training and research. 

3.8.4 Hearth Inner Profile  
The importance of blast furnace in iron-producing and the costs in building, relining and repairs 
have made it critical to know the erosion condition in the hearth and adjust the operating 
parameters accordingly. Accurate and efficient prediction of the erosion profile in a blast furnace 
hearth is a necessary precondition to a real-time monitoring system. Considerable efforts have 
been made to predict the inner erosion profile using CFD. A comprehensive CFD model had 
been developed using measurement temperatures as a boundary condition. A VR model has been 
created based on the simulation results. Figure 88 (a) shows an example of the hearth 
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visualization which can present the inner structure materials clearly. In Figure 88 (b), the 
distribution of fire brick and skull can be observed to evaluate the degree of inner erosion.  

 

 

                     (a) Overview of the hearth                               (b) Detailed inner profile 

Figure 88 Virtual blast furnace hearth model 

Due to erosion on the walls, the inner profile of the blast furnace hearth changes constantly. This 
affects liquid iron flow pattern inside the hearth. The flow distribution calculated from the CFD 
model has been integrated into the hearth erosion model. Detailed flow patterns can be observed 
in Figure 89(a) and (b). It can be seen that the liquid iron flows into the tap hole inside the 
furnace hearth.   

 

                   (a) Flow vector pattern at taphole         (b) Streamline pattern at taphole 

Figure 89 Detailed flow distribution inside blast furnace hearth 
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As part of the entire virtual blast furnace, the numerical results from the erosion model have been 
converted to a VR system for direct observation of the hearth inner profile and flow pattern. 
Detailed transient wall structure and flow characteristics are presented in a 3-D immersive 
environment. This model can be employed to visualize the flow, temperature and wear pattern 
inside the hearth, facilitate further understanding of interaction between flow conditions, 
deadman state, erosion profile and buildup formation. It can also be used to study the impact of 
changes in operating parameters on erosion conditions as well as investigate the mechanical and 
thermal mechanism of blast furnace hearth erosion. 
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4 BENEFITS ASSESSMENT 
4.1 Carbon Consumption of Blast Furnaces and CO2 Emission  
The carbon is introduced into a BF through the fuels such as coke, pulverized coal, natural gas 
and hydrocarbon oil. As shown in Figure 90, the carbon is formed as the metallurgical inevitable 
as top gas is released from the BF. A portion of the top gas is used to heat up the cold blast in the 
hot stoves, while the remaining is utilized in other energy demand facilities. The dissolved 
carbon in the hot metal will be refined in the basic oxygen furnace to a very low level by forming 
CO. The CO obtained will also be recovered and used as an energy supplier. At the end, all the 
carbon is eventually converted to CO2 and emitted [Schmole et al. 2005]. Reducing the CO2 is 
essentially decreasing the carbon rate of the BF.  

 

 

Figure 90 Carbon consumption in the BF and CO2 emission 

From a thermodynamic point of view, the carbon rate of the BF is determined by two 
requirements, namely the energy balance and mass balance. First, the heat released from the 
combustion of carbon must satisfy the energy requirements, i.e., direct reduction of Wustite 
(FeO), melting of hot metal and slag and heating up the solid burden. And second, the CO 
generated from combustion and direct reduction must be sufficient for the indirect reduction of 
FeO, magnetite (Fe3O4) and hematite (Fe2O3). Those two requirements are graphically illustrated 
in Figure 91. The KAB is determining the carbon consumption due to the direct reduction, i.e. 
FeO+C=Fe+CO and the heat for the endothermic reaction. The line KCD is determining the 
carbon consumption due to the indirect reductions, i.e., the reduction of FeO+CO=Fe+CO2 only, 
based on the thermal dynamic equilibrium at 900 ºC. The intersection O1 is the theoretical 
minimum or ideal carbon rate for a specific operation condition. However, the intersection O1 is 
changing with the operation condition [Na 2005, Song 2005].  
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Figure 91 Carbon rate of the blast furnace  

 

In reality, due to the necessary potential required by the chemical equilibrium, the blast furnace 
would not be able to reach the minimum carbon rate but only to get closer to this point, as shown 
in the point O2 in Figure 91. 

4.2 Application of the CFD Model to Reduce CO2 Emission 

 

Figure 92 Methodology of the CFD model for reducing carbon rate 

As shown in Figure 92, the purpose of the CFD model is to adjust the burden and gas distribution 
to lower the carbon rate. The CFD model will consider the compressible gas flow through the 
burden column along with the major reactions between the gas flow and burden materials, which 
will be determined by the chemical kinetics. Using this model, a series of parametric studies may 
guide the burden distributions to the proper pattern for reaching the lowest and achievable fuel 
rate.  
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The target of this project is to reach 1.75 GJ/MTHM in energy savings for blast furnace 
ironmaking, which is 80% of the maximum potential energy saving (2.19 GJ/MTHM) and 
corresponds to 13.9% energy saving in comparison to the actual energy consumption of BF 
ironmaking of good practices in USA. These calculations are based on the AISI Steel Energy 
Tool with assumptions of 2% of market impacted, 2.5% of annual growth rate, 2 year of 
introduction, and 10 year market saturation. Based on inputs using the AISI Steel Energy Tool, 
this technology (when fully implemented in the US) is projected to have the following impacts: 

Total estimated energy savings of up to 4.965 trillion Btu.  

Potential reductions in emissions as follows:  

Carbon (MMTCE/yr)  0.12413  

Nitrogen Oxides (NOx) 2,775,623 lbs 

Carbon Monoxide (CO) 124,133 lbs 

Volatile Organic Compounds (VOCS)  9,931 lbs 

Particulates  129,099 lbs 
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5 ACCOMPLISHMENTS 
The development of a Blast Furnace Shaft Simulator (BFSS) model, including the 3-D CFD 
solver, burden simulator, and the GUI for pre-processing and post-processing, and the virtual 
reality visualization has successfully been completed. 

Validations of CFD sub-models have been conducted using experimental data from literature, 
laboratory, and on-site measurements. The model has been used to simulate an industry blast 
furnace based on real operational data and was validated by comparing the results with plant 
measurements.  

A two day workshop was held in PUC on June 19 and June 20 2012. Seven attendees from steel 
companies and two attendees from AISI participated in the events. The participants provided 
positive feedback confirming the BFSS software package has great potential to provide guidance 
for optimizing furnace operations.  

Graduate Students Thesis  

Chen, Y, 2012, “Numerical Simulation for a Blast Furnace”, Masters Thesis, Purdue University 
Calumet 

Award 

Rahman, Md.T., Fu, D., Chen, Y., 2012, “Development and Application of Burden Distribution 
Model and Shaft Simulation Model for Blast Furnace”, 1st place in AISTech 2012 Graduate 
Student Poster Competition, Atlanta, Georgia, USA. 
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6 CONCLUSIONS 
In this project, a novel CFD model has been developed to optimize burden and gas distributions 
for minimizing fuel rate in blast furnaces. The novel CFD model includes major physical and 
chemical processes in the blast furnace such as gas-solid reductions, gas-liquid/solid heat 
exchange that includes the effects of reaction heat and phase changes, cohesive zone, and furnace 
permeability. The highlights of the development of the project are summarized below. 

1. Burden distribution is a critical input for operation and simulation as well. A 
comprehensive burden distribution model has been developed to simulate the falling 
curve, stock profile, and a burden descending which is used to calculate the redistribution 
of the descending burden layer.  

2. A methodology has been developed to determine the location and shape of the CZ, based 
on the burden temperature distribution and composition. In addition, an under-relaxation 
scheme has been developed to obtain layered CZ shape which explicitly considered the 
layer structure inside the CZ. 

3. A coke rate sub-model has been implemented to the comprehensive 3-D BF shaft CFD 
model to iteratively determine the coke rate at fixed tuyere condition and given 
production rate. 

4. The BFSS software package has been developed to integrate the BURDEN 
SIMULATOR, PRE-PROCESSOR and BLAST FURNACE SHAFT CFD SOLVER for 
simulation of blast furnace shaft process. Improvements have been made to the 
functionality and the ease of use of the graphic interface. The BFSS software package 
offers a powerful tool for the improvement of blast furnace performance. 

Validations of the sub-models and the comprehensive model have been carried out. Validation of 
the comprehensive model was achieved by comparing CFD results with plant measurements.  

CFD simulations for the shaft process of actual blast furnaces have been conducted. The CFD 
results show the influence of charging conditions on the shape and position of the CZ, which can 
affect gas utilization and fuel efficiency. The parametric study revealed that:  

1. The CZ shape and location is determined by stock-line profile. The CZ shape is 
significantly affected by the burden composition, i.e., higher basicity results higher 
liquidus temperature, thus lowers the CZ shape. 

2. The step-wise reduction procedure of the iron ore, i.e. Fe2O3→Fe3O4→FeO→Fe, is 
evident in the blast furnace shaft.  

3. Below the isotherm 600 °C and above 1200 °C, the gas composition is irrelevant to the 
burden temperature. The length of the TRZ is shortened in the region of low gas 
utilization. However, the gas composition held approximately the same relationship with 
the burden temperature between 600 °C and 1200 °C regardless of the radial location. 
One expectation is the region in the center of the center working furnace where the gas 
utilization is very low. 
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4. The gas distribution and utilization are compared for the center working furnace and wall 
working furnace. It has been found that in this particular condition, the gas utilization is 
about two percent higher in the wall working furnace. Therefore, the carbon consumption 
per unit hot metal will be lower. From the viewpoint of the CO2 emission control, lower 
the carbon rate will be beneficial. It is also observed that the state of FeO-Fe-CO-CO2 
system is always in equilibrium in the two cases. The potential for further reducing the 
carbon rate may be still possible.  

5. As the natural gas injection rate increase, the CZ location is higher and reduction of the 
iron oxides is accelerated. 
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NOMENCLATURE 
 

SYMBOL   UNIT   DESCRIPTION 

 Coefficient for gas thermal conductivity   -    ܣ

 Coefficient for gas thermal conductivity   -    ܤ

 Coefficient for gas thermal conductivity   -    ܥ

 ௣,௚    J/(kg.K)  Gas heat capacityܥ

 ௚,௜    mol/m3   Gas species concentrationܥ

 ௕,௜    mol/m3   Burden species concentrationܥ

 ஺    mol/m3   Reactant gas concentrationܥ

 ஻    mol/m3   Product gas concentrationܥ

 ଵ    -   Constant in k-ε turbulence modelܥ

 ଶ    -   Constant in k-ε turbulence modelܥ

 ଶ    1/m   inertial resistance factorܥ

 ఓ    -   Constant in k-ε turbulence model ܥ

 CO    mol/m3   Concentrate of CO inside the pelletܥ

 COమ    mol/m3   Concentrate of CO2 inside the pelletܥ

 m   Chute receiving pipe diameter    ܦ

 ଴    m   Blast furnace throat diameterܦ

 ௕௘௟௟௬    m   Blast furnace belly diameterܦ

COܦ
௘     m2/s   Effectively diffusivity of CO 

  ௜    m2/s   Molecular diffusivityܦ

 ௘    m2/s   Effectively diffusivity of the product layerܦ

 ௘௙௙,௜    m2/s   Effective diffusivity inside pelletܦ

௘ܦ
ᇱ     cm2/s   Effective diffusive coefficient of CO 



 

112 
 

 ௜௝    m2/s   Molecular binary diffusivityܦ

  ௜,௘௙௙    m2/s   Effective diffusivity in packed bedܦ

݀௣    m   Coke or ore particle diameter 

݀௨௣௣௘௥_௟௔௬௘௥   m   Coke or ore particle diameter in upper layer 

݀௟௢௪௘௥_௟௔௬௘௥   m   Coke or ore particle diameter in upper layer 

݁    -   Chute dimension 

݁    -   Porosity 

݃    m/s2   Gravitational acceleration 

 Production term of the k-ε turbulence model       ܩ

    W/(m2.K)  Heat transfer coefficient 

݄଴    m   Vertical distance from chute tip 

݄௕    J/kg   enthalpy of burden 

݄௚    J/kg   enthalpy of gas 

 ௘ሺ௥ି௦ሻ    -   Equilibrium constantܭ

 ୮௜    -   Equilibrium constantܭ

 ୥    W/(m·K)            Thermal conductivity of the gas mixtureܭ

 ୥୨    W/(m·K)            Thermal conductivity of each gas componentܭ

݈ఉ    m   Effective chute length 

݈଴    m   Total chute length 

 m   Vertical length    ܮ

 ଵ    m   Vertical lengthܮ

 ଷ    m   Vertical lengthܮ

 m   Radial distance    ݔܮ

 m   Radial distance    ݕܮ
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mሶ     kg/s-m3  Gas mass increase 

 ௠௜௫    g/mol   Gas molecular weightܯ

 ௜    g/mol   Gas molecular weightܯ

 ௝    g/mol   Gas molecular weightܯ

 Nusselt number   -    ݑܰ

 Pa   Gas pressure    ݌

 Prandtl number   -    ݎܲ

௧ܲ    Pa   Total pressure 

 m   Horizontal path of a particle    ݎ

 ଴    m   pellet radiusݎ

 ଴    cm   mean value of fine grain sizeݎ

ܴ    8.314 J/(K.mol) Gas constant 

ܴ    -   Mixing factor 

ܴሺ௥ି௦ሻ    mol/(m3.s)  Reaction rate 

ܴଵ    m   Radial distance 

ܴ݁௣    -   Reynolds number 

S௕    kg/(m3.s)  Source term for burden velocity potential 

ܵ௕,௛    J/(m3.s)  Source term for burden enthalpy 

ܵ௕,௖    mol/(m3.s)  Source term for burden species 

S଴    cm2/cm3  specific surface area 

௚ܵ,௛    J/(m3.s)  Source term for gas enthalpy 

ܵெೕ    kg/(m2.s2)  Source term for gas momentum 

௚ܵ,௖    mol/(m3.s)  Source term for gas species 

S௚    kg/(m3.s)  Source term for gas continuity 
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Sெ௫    kg/(m2.s2)  source term in gas x-momentum equation 

Sெ௬    kg/(m2.s2)  source term in gas y-momentum equation 

Sெ௭    kg/(m2.s2)  source term in gas z-momentum equation 

ܵܿ௜    -   Schmitt number 

݄ܵ௜    -   Sherwood number 

 s   dropping time    ݐ

ܶ    K   Gas temperature 

௦ܶ    K   Pellet temperature 

 ௕    m/s              Burden velocity in x-directionݑ

 ௚    m/s   Gas velocity in x-directionݑ

௝ܷ    m/s   Gas velocity in j direction 

 m/s   Gas velocity magnitude    ݒ

  ଵ    m/s   Velocity of the particleݒ

 ଶ    m/s   Velocity after impacting on chuteݒ

 ଷ    m/s   Velocity of the particle at the chute tipݒ

 ସ    m/s   Velocity of the particle at the chute tipݒ

 ௫    m/s   Velocity at chute tip in x-directionݒ 

 ௬    m/s   Velocity at chute tip in y-directionݒ

 ௭    m/s   Velocity at chute tip in z- directionݒ

ҧ߭௜    -   Diffusion volume 

ҧ߭௝    -   Diffusion volume 

 ଴    mol/ (cm3.s)  reduction rateݒ

 ௕    m/s   Burden velocity in y-directionݒ

 ௚    m/s   Gas velocity in y-directionݒ
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௖ܸ௛௔௥௚௘   m3   Charging volume 

 ௕    m/s   Burden velocity in w-directionݓ

 ௚    m/s   Gas velocity in z-directionݓ

ܺ଴    -   Local un-reacted degree 

a୮    -   Coefficient for variable at cell  

aE    -   Coefficient for variable at cell east 

aW    -   Coefficient for variable at cell west 

aN    -   Coefficient for variable at cell north 

aS    -   Coefficient for variable at cell south 

aB    -   Coefficient for variable at cell bottom 

aT    -   Coefficient for variable at cell top 

    -   Constant source term 

 deg.   Raw material angle of repose,14    ߙ

 deg.   Shaft angle from the vertical    ߙ

 Viscous loss coefficient              -    ߙ

 Shape factor of the concentrate              -    ߙ

 deg.   Complementary angle of Chute angle    ߚ

  deg.   Interior angles of the triangle on the impact    ߚ

 Micro-structure of the fine pellet   -    ߚ

 ஺    m2/s   Gas film resistanceߚ

 Fracture factor   -    ߛ

 Scaling factor   -    ߛ

 m   Equivalent thickness of the reacted product    ߜ

 m2/s3   Turbulent dissipation rate    ߝ
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 Porosity   -    ߝ

݇    -   Rolling coefficient 

݇    m2/s2   Turbulent kinetic energy 

݇ሺ௥ି௦ሻ    m2/s   Chemical reaction resistance 

݇௜    cm/s   reaction constant 

݇௘௙௙  W/m-K  Effective thermal conductivity 

  Friction coefficient   -    ߤ

 kg/(s·m)  Viscosity    ߤ

 ௘௙௙    kg/(s·m)  Gas effective viscosityߤ

 ௚    m3/s   Gas densityߩ

 ௕    m3/s   Burden densityߩ

 ௞    -   Constant of the k-ε turbulence modelߪ

 ఌ    -   Constant of the k-ε turbulence modelߪ

߬    -   Labyrinth factor 

    -  , Shape factor 

߶௕    m2/s   Burden potential 

߱    rad/s   Angular velocity 

 Energy dispassion coefficient   -    ߗ
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