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The blast furnace (BF) remains the most critical and complex reactor in the global iron and steel industry. Since its
evolution from the small-scale bloomeries of antiquity to the massive, highly automated structures of the 21st
century, the process has transitioned from an empirical craft to a rigorous scientific discipline. Central to this
transition is the field of Blast Furnace Phenomena and Modelling, a domain that seeks to quantify the intricate
thermo-chemical and physical interactions occurring within the furnace's interior. This article provides an in-depth
technical analysis of these phenomena, grounded in the seminal research and mathematical frameworks that
define modern metallurgy.

1. The Theoretical Framework of Blast Furnace Internal States

To understand blast furnace modelling, one must first conceptualize the furnace not as a single vessel, but as a
multi-phase, counter-current chemical reactor. In this system, solid materials (coke, iron ore, and flux) descend
from the top, while hot gases generated by the combustion of fuel at the tuyeres ascend from the bottom. The
interaction between these phases occurs across several distinct zones, each characterized by specific physical
states and chemical kinetics.

1.1 The Five Zone Model

Contemporary modelling typically divides the blast furnace into five functional regions based on the temperature of
the burden and the state of the iron-bearing materials:

¢ The Granular Zone: Located at the top of the furnace, where materials remain in a solid state. Here, pre-
heating and initial reduction of iron oxides occur via the gas phase.

e The Cohesive Zone: A critical region where iron ore begins to soften and melt. This zone consists of
alternating layers of solid coke and semi-molten ore, acting as the primary regulator of gas flow.

e The Dripping Zone: Below the cohesive zone, where molten iron and slag trickle through the stagnant coke
bed (the dead man) toward the hearth.

¢ The Raceway: The area in front of the tuyeres where high-velocity air blasts create a void and facilitate the
rapid combustion of coke and auxiliary fuels (like pulverized coal).

e The Hearth: The collection pool at the bottom where molten metal and slag accumulate before being tapped.

2. Fundamental Transport Phenomena in the Blast Furnace

Mathematical modelling of the blast furnace relies on the laws of conservation for mass, momentum, and energy.
These are expressed through complex partial differential equations that describe the transport phenomena within
the vessel.

2.1 Gas Dynamics and Permeability

The flow of gas through the porous burden is governed by the Ergun Equation, which relates the pressure drop
across the bed to the gas velocity, fluid properties, and the physical characteristics of the particles (size, shape,

and voidage). In a blast furnace, maintaining high permeability is essential for productivity. Modelling must account
for the Low-Temperature Breakdown (LTB)of ore and the accumulation of fines, which can drastically increase



resistance to gas flow.

2.2 Heat Transfer Mechanisms

Heat transfer in the BF occurs through three primary modes: convection between gas and solids, conduction within
the particles, and radiation in the high-temperature zones (raceway and dripping zone). The Rist Diagram and
Reichardt Diagramare classical graphical models used to represent the thermal and chemical reserve zones,
allowing engineers to calculate the minimum coke rate required for stable operation.

2.3 Chemical Kinetics and Reduction Mechanisms

The reduction of iron oxide (Fe203 ' Fe304 !I" FeO !" Fe) is the primary chemical objective. Models utilize the
Langmuir-Hinshelwood kinetics to describe the gas-solid reactions, accounting for the diffusion of CO and H2

into the ore pellets and the outward diffusion of CO2 and H20. The Boudouard Reaction(C + CO2 !" 2CO) is also
modeled extensively, as it is endothermic and significantly influences the thermal profile of the furnace.

3. Detailed Comparison of Modelling Approaches

Over the decades, blast furnace modelling has evolved from simple one-dimensional heat balances to complex
three-dimensional Computational Fluid Dynamics (CFD) simulations. The following table summarizes the key
characteristics of these modelling methodologies.



Model Category Dimensions Key Focus Area Complexity / Primary Use Case
Computational

Load
Operational Models 1D / Static Mass and Energy Low Daily burden
Balance calculation and coke
rate estimation.
Kinetic Models 1D /2D Chemical Reaction Medium Predicting gas
Rates composition and
reduction efficiency.
Structural Models 2D /3D Cohesive Zone High Optimizing gas
Shape distribution and
preventing wall heat
loss.
CFD Multi-phase 3D / Dynamic Fluid Dynamics & Very High Researching
Models Heat Transfer raceway phenomena

and hearth drainage.

4.The Cohesive Zone: The Heart of the Process

The Cohesive Zone (CZ)is arguably the most important feature in blast furnace modelling. Because molten ore is
impermeable to gas, the gas must flow horizontally through the "coke slits" between the layers of softening ore. The
geometry of the CZ—whether it is W-shaped, V-shaped, or inverted-V—directly dictates the gas velocity distribution
and the thermal efficiency of the furnace.

4.1 Factors Influencing CZ Geometry

1. Radial Burden Distribution: The ratio of ore to coke at the center versus the periphery.
2. Material Quality: The softening and melting temperatures of the iron-bearing materials.
3. Blast Parameters: The volume, temperature, and oxygen enrichment of the blast air.

Sophisticated models use discrete element methods (DEM)to track the movement of individual particles,
allowing for a precise prediction of how the CZ will form based on charging sequences from the bell-less top.

5. Raceway Phenomena and Auxiliary Fuel Injection

The raceway is the engine room of the blast furnace. Here, Pulverized Coal Injection (PCl)has become a
standard practice to reduce reliance on expensive coke. Modelling the raceway involves simulating the combustion
of coal particles within a millisecond timeframe. If the coal does not burn completely, the resulting unburnt char can
clog the cohesive zone or the hearth, leading to "hanging" or "slipping" of the burden.

5.1 Mathematical Representation of Tuyere Combustion

Models must calculate the Theoretical Flame Temperature (TFT), which is influenced by the moisture content of
the blast, the amount of oxygen enrichment, and the PCI rate. Maintaining the TFT within a specific range (typically
2000°C to 2300°C) is vital for ensuring that the slag remains fluid and the heat requirements of the endothermic
reactions are met.

6. Hearth Phenomena and Refractory Longevity



The hearth is the only part of the furnace where the state of the refractory lining cannot be visually inspected
during operation. Therefore, hearth modelling is critical for safety and furnace life extension (campaign life). These
models focus on the flow of molten iron and slag, known as hearth drainage.

6.1 The "Dead Man" Dynamics

The central column of coke in the hearth, known as the "dead man," can be either floating or sitting on the hearth
floor. Its permeability affects how the molten metal circulates. Stagnant zones in the hearth can lead to localized
erosion of the bricks (the "elephant's foot" wear pattern). Advanced thermal models use thermocouple data from
the hearth walls to back-calculate the remaining thickness of the refractory lining.

7. Practical Implementation: From Model to Control Room

Technical modelling is only useful if it can be applied to real-time operations. Modern blast furnaces utilize Expert
Systems that integrate physical models with Artificial Intelligence (Al) and Machine Learning (ML).

7.1 Step-by-Step Integration Procedure

1. Data Acquisition: Collect high-frequency data from top probes, thermal cameras, pressure sensors, and gas
analyzers.

2. State Estimation: Feed data into a 2D/3D model to estimate the current position and shape of the cohesive
zone.

3. Gap Analysis: Compare the estimated state with the "ideal" setpoint for the current production target.

4. Decision Support: The system suggests adjustments to the charging pattern, oxygen enrichment, or PCI rate.

5. Execution and Feedback: The operator implements changes, and the model monitors the furnace response
to refine its internal parameters.

8. Troubleshooting Operational Challenges via Modelling

When a blast furnace experiences instability, modelling serves as the primary diagnostic tool. Below are common
operational failures and how modelling provides solutions.

8.1 Case Study: Scaffolding and Wall Accretions

Problem: Accumulation of zinc or alkalis on the furnace walls can lead to "scaffolding,” which narrows the effective
diameter of the furnace and causes irregular gas flow.Modelling Solution:Thermal models can identify cold spots
on the wall where accretions are likely to form. By simulating a "cleansing" burden (adjusting the slag chemistry
and increasing local heat), the model guides the operator in removing the scaffold without shutting down the
furnace.

8.2 Case Study: Chilled Hearth

Problem: If the thermal balance is lost, the hearth temperature may drop, causing the slag to solidify.Modelling
Solution:Dynamic thermal models calculate the "Heat Storage" of the furnace. If the heat storage index drops
below a threshold, the model triggers an immediate increase in the coke rate or blast temperature before the hearth
can freeze.

9. The Future of Blast Furnace Modelling: Decarbonization

As the steel industry faces immense pressure to reduce CO2 emissions, modelling is shifting toward hydrogen-
rich ironmaking. Replacing carbon with hydrogen changes the thermodynamics of the furnace entirely, as the
reduction of iron ore with H2 is endothermic (unlike the exothermic reduction with CO). New models are being



developed to handle the unique transport properties of hydrogen and the different temperature profiles it creates.

Furthermore, the integration of Digital Twintechnology allows for a virtual replica of the blast furnace that runs in
parallel with the physical vessel. This enables "what-if" simulations for new raw materials or drastic changes in fuel
mix without risking the multi-billion dollar asset of the furnace itself.

In conclusion, the phenomena occurring within a blast furnace are a symphony of chemical, thermal, and
mechanical interactions. Modelling is the sheet music that allows metallurgists to conduct this symphony with
precision. By continuously refining these mathematical frameworks, the industry ensures that the blast furnace
remains a viable, efficient, and increasingly sustainable pillar of modern infrastructure.
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