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ABSTRACT

Blast furnace is a complex, multi-phase and high temperature
reactor involving multiple reactions between phases, heat
transfer and phase change. Limited options are available to
know internal state of the furnace through measurements using
instruments or sensors. Hence, mathematical and numerical
models play an important role in prediction of blast furnace
performance.

Considering the complex nature of equations to model flow,
heat transfer, phase change, reaction kinetics and coupling
between them a robust framework is required. In this context,
to take advantage of new computational paradigms in terms of
flexibility offered through open source codes, OpenFOAM® is
selected as the primary platform. It offers generic field
operations and manipulation solvers for partial differential
equations in conjunction with excellent scalability across
multiple CPUs. A Comprehensive blast furnace model has been
developed using OpenFOAM® with axi-symmetric solver.

The model is in implementation stage in the plant and typical
simulation results compared with the field data are presented.
In addition, the model can be used for scenario analysis, trend
prediction, identification of shape and size of cohesive zone
over range of process parameters.

Keywords:

Blast furnace, simulation and modelling, process model,
OpenFOAM solver, process diagnostics, cohesive zone, CFD
application to metallurgical process industry

NOMENCLATURE

Greek Symbols
o Mass density, [kg/m?].

¢ Velocity potential, [N/m?].

Latin Symbols

M Molecular weight, [kg/kmol].

K Conductance in flow, [m%N s].

R Universal gas constant, [J/kmol K].
R Reaction source term, [kg/m3s].

T Temperature, [K].

vV Melting source term, [s1].
f1 Viscous resistance, [kg/m3s].
f2 Inertial resistance, [kg/m?].
p Pressure, [Pa].

v Velocity, [m/s].

Sub/superscripts
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g Gas.
s Solid.
INTRODUCTION

Blast furnace is a complex, multi-phase and high temperature
reactor involving multiple reactions between phases, heat
transfer and phase change. Depending on capacity of the
furnace it can produce 2000 to 12000 tons of iron per day. In
terms of size blast furnace can be as high as 60m and 15m in
diameter. Iron ore and coke are charged from the top of the blast
furnace to form a desired layered burden. At the periphery of
the hearth top, wind and oxygen are blown through number of
tuyeres at 1000°C -1200°C. The pulverized coal at ~80°C is
injected into tuyeres through lance. Temperature of gases reach
to ~2200°C due to partial combustion of coal and coke
descending from the top. The resultant mixture of gas contains
mainly CO, Hz and N2. The gas mixture acts as a reducing agent
for ore, resulting in the production of iron ore. The
measurements are mainly available at the periphery due to high
temperatures inside the blast furnace. These are insufficient to
know the internal state of the blast furnace. Hence,
mathematical and numerical models play an important role in
the prediction of blast furnace performance.

Several models were developed in the past and are reported in
the literature (OMORI (1987)). A two dimensional gas flow
model to predict gas distribution in the blast furnace was
developed by (YAGI (1982)). In further improvements a
comprehensive model involving three phases namely gas, solid
and liquid was developed (CHEN (1993)). The model
demonstrated that gas flow is mainly governed by layered
burden and cohesive zone. The model was further refined by
(AUSTIN (1997a)) and (AUSTIN (1997b)) by considering the
effect of suspended fine particles as fourth phase and was thus
named ‘Four-Fluid” model.

Nippon Steel developed ‘BRIGHT’ model (MATSUZAKI
(2006)), which used three interface model for ore reduction
reaction. CRM Belgium in collaboration with then Arcelor and
Corus developed another process model ‘MOGADOR’
(DANLOY (2008)) to simulate the effect of gas distribution on
ore reduction and also to predict the location of the cohesive
zone. The model was validated for one of the European blast
furnaces using multi-point vertical probing. Existence of
another isothermal zone was found in the top region of the blast
furnace due to burden moisture evaporation. A detailed review
for numerical modelling of blast furnace is available in
literature (P. B. ABHALE (2020)).

At IIT Bombay, India researchers have been working on
modelling of the blast furnace using first principles with the
financial support from NML Jamshedpur, Tata Steel
Jamshedpur, and Gov. of India. In their approach, different sub



models were developed from scratch using C programming
language and were integrated to develop comprehensive
mathematical model of blast furnace (P. B. ABHALE (2011)).
However, the comprehensive model had bottlenecks in terms of
computation time, robustness, and parallel execution. Thus, it
was decided to look at the whole modelling exercise afresh and
explore the possibilities of using some of the well-established
CFD codes to be used for the modelling exercise.

In view of this, Tata Steel Ltd., Jamshedpur in collaboration
with the Centre of Excellence in Steel Technology, IIT Bombay
and Tridiagonal Solutions, Pune has developed 2-D
comprehensive simulation system for the blast furnace. The
model has been developed using OpenFOAM® platform. The
model consists of multiple sub-models like layer descent, solid
flow, gas flow, liquid flow. It also simulates heat transfer,
reaction Kinetics and species transport in all three phases. The
model can predict different zones in blast furnace like lumpy
zone, cohesive zone, dripping zone and deadman. The model
has been named as ‘BlaSim®’ (Blast furnace Simulator).

OpenFOAM® is an open source CFD framework for ‘Field
Operations And Manipulations’. The OpenFOAM® provides
generic framework for solution of PDEs in Finite Volume
Framework (F\VVM) with operators for divergence, laplacian and
gradient operations. It also provides easy adaptation for parallel
computing environment.

MODEL DESCRIPTION

BlaSim® is a mathematical model assuming 2-D axisymmetric
behaviour of a blast furnace. The assumption is reasonable as
effect of discrete injection points for gas disappears after height
of 3-4 m from tuyere the level (YAGI (1982)), (Y. G. SHEN
(2015)) and (P. B. ABHALE (2009)) (P. B. ABHALE (2010)).
The model limitation is accepted considering significant mesh
count reduction leading to less computational time. It has
multiple sub-models to describe different physical processes in
blast furnace viz. layer descent, solid-gas-liquid flow models,
enthalpy balance models of all phases, etc. To consider effects
of mass and heat transfer among various phases due to reactions
and melting, rate equations governing them are coupled with
species balance equations of gas-solid-liquid phases through
source terms. The formation of raceway due to blowing of air
and its hysteresis was studied by (SARKAR (2007)). Similarly,
3-D raceway shape was obtained by detailed CFD model by (Y.
S. SHEN (2011)). For the present model raceway shape is
assumed and is used as a boundary for the domain. The is due
to more fine grid requirements for combustion modelling,
instead, simple mass and heat balance of the raceway is
performed separately, and various boundary conditions are
obtained for the comprehensive model.

Solution algorithm

The model is run in two steps. During the first step layer profiles
in the blast furnace are predicted. The prediction is done using
lagrangian tracking of layer profiles using predicted solid
velocity field, which is obtained by solving solid flow equations
Eq. (1) and Eq. (2) without melting term. The motion of solids
is modelled using potential flow theory.

Solid flow equations (OMORI (1987))
V. (KSV(pS) = _Vmelting,s (1)
1_7)5 = —KVoy 2

Top repeating profiles of layers of ore and coke are represented
by the massless particles (at given co-ordinates) which are then
tracked using kinematic cloud solver of the OpenFOAM® till
raceway. Further the points representing the final predicted
layer profiles are converted into separate STL file for each
layer. Generated STL files are then used to patch the layer
structure on the mesh, which means that the each cell in the
computation domain will either bear a ore, a centre coke, or a
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surface coke material, having distinct properties. The solution
algorithm is as show in Figure 1.

[ Lt

I Solid flow model and deadman prediction |

No
Converged?

Yes

Inject layer coordinates as mass less particles

1

Track the particles using kinematic cloud flow
solver

L

Create STL's using predicted layer profiles

-

Patch the STL.’s on mesh for gas flow
resistance calculations

+
( )

STOP
Figure 1: Solution algorithm

In the second step, layer profiles obtained are frozen and the
information is mainly used to solve gas velocity fields. For all
other models, layers are assumed to be well mixed for the
calculation of average properties of the mixed burden. This is
required to obtain the steady state results.

The flow of gas through a packed bed is modelled using Ergun
equation, continuity and equation of state given by Eq. (3), (4),
and (5).

Gas flow equations (OMORI (1987))

(fl +f2 |§g|)§g = —Vp 3)

V.(pg¥,) = R, (4)
PM,

pg = R, ®)

The terms f1 andf2in Eqg. (3) are standard in chemical
engineering to represent viscous, and inertial resistances,
respectively to model gas flowing through a packed bed of
particles.

As the gas flow is very sensitive to pressure drop within ore and
coke layers, which offer widely varying resistances, it is
important to get the correct estimates of the resistances in the
blast furnace. There are number of ways available in the
literature to get the correct estimates for a coarser orthogonal
mesh (20x120), (P. B. ABHALE (2009)). However, this
involves complex geometrical calculations for knowing layer
intersections with the mesh and its inclinations for calculating
representative anisotropic resistances.

In the present work much finer non-orthogonal mesh (~10000)
is used for its simplicity and take advantage of high-
performance CPU’s with parallel compute environment
provided by OpenFOAM®. The layer profile mapped on the
mesh in the first step using STL is used to identify a type of
material present in each mesh. Then using the material
properties such as mean particle diameter, shape factor and
voidage in each zone, resistances f1 andf2 are estimated. The



Eqg. (3), (4), and (5) are solved to obtain gas velocity and
pressure distribution.

Three step shrinking core model for ore reduction and
homogeneous reaction model for coke gasification reactions are
considered in solid phase. Water gas shift reaction, liquid
wustite reduction, carbon dissolution and silicon transfer
reactions are also considered. Details of all reactions are
available in literature (OMORI (1987)). Source terms arising
due to reactions and melting are applied to all the continuity
equations involving volume, mass, and heat of all three phases.
All the equations are solved to obtain steady state results. The
complete solution algorithm for second step is given in Figure

2.

Read input and initialize variables

-

Update/set region flags. cohesive
zone, and dripping zone

-

Solid flow, melting and liquid flow

Reaction kinetics and solid species
balance

-

v

Solid volume fraction model

-~

v

Liquid Species balance
-

Gas flow and species balance

-

Solve gas, solid and liquid enthalpy

balance equations

No

Cohesive zone stable?

Yes

Figure 2: Solution algorithm

Geometry and mesh

The geometry of ‘H’ blast furnace of Tata Steel, Jamshedpur is
used for the simulation. Mesh is created in Ansys such that it is
one cell thick in the third direction. Cell count for the mesh is
9932. The mesh is converted to ‘polyMesh’ format used by
OpenFOAM®. In OpenFOAM® axisymmetric simulation is
performed by modifying mesh instead of modifying equations.
‘extrudeMesh’ utility available in OpenFOAM® is used to
rotate the ‘polyMesh’ to create an axisymmetric mesh.

Boundary condition

Inputs required for the model are operating parameters, burden
profile, burden properties, reaction Kkinetics parameters,
boundary conditions, etc. First all operating and model
parameters are provided in excel sheet. A python code is written
to perform heat and mass balance of raceway to obtain raceway
gas flow rate, temperature, and composition. Then another
python utility is used to convert inputs in the format required by
the model in OpenFOAM® format. The inputs provided below
are from H blast furnace at Tata Steel, Jamshedpur

Solid velocity at the top boundary = 0.002 m/s

Solid temperature at the top = 303 K

Top gas pressure =2.35 bar (abs)

Gas mass flow rate for 2°=0.8735 kg/s

Flame temperature at raceway boundary = 2498 K
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Gas species mass fraction specified at raceway
boundary
o CO=0.4617, H,=0.0057, N2 = 0.5326

Softening temperature = 1373 K, Melting temperature
=1673K

Thermodynamic data required for the model are obtained by
fitting a polynomial to a data obtained from FactSage® for the
required temperature range.

1l
T

EEE
T
1144

Figure 3: Mesh

Convergence check

As solution is steady state, monitors of important physical
variables are used to monitor the convergence. When steady
state is achieved, monitors become flat and solution can be
stopped. Two such monitors are shown in Figure 4 and Figure
5. Volume weighted value of zone flags is used to plot the
monitor. Definition of zone flag is given in Figure 6.

Results

As the model developed is complex and number of assumptions
are made during mathematical modelling, to run the model
some tuning is required. Tuning is performed by adjusting
reaction kinetic parameters and heat transfer coefficients. The
tuning is performed by matching results of the model for a
particular date with plant measured Key Performance Indicators
(KP1Is). Once the tuning is done for a particular date the model
is used to predict and match results. Results are presented in
Table 1.

Simulations can be performed using parallel computations.
Typical run time for 9932 cell mesh is about 40 minutes on four
processors.
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Figure 4: Monitor of top gas temperature
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Figure 5: Monitor of flag variable

Following is the list of important output provided by the model
Velocity, temperature profile for all liquid-gas-solids
Pressure profile

Gas-solid-liquid species profiles,
profiles

Different zone locations and shapes
Layer profiles

Top gas and hot metal composition

° ore reduction

Heat and mass balances are also performed to ensure solution
satisfies the overall balances. Error in mass balance is 0.003%,
whereas, that in heat balance is 0.08%.

Table 1: Comparison between plant and predicted data

Actual Predicted
Variable Value Value
Dry coke rate (kg/thm) | 320 306.6
Delta P (bar) 1.50 1.66
TG Temp (C) 100.0 120.0
Dry TG CO (vol. %) 23.4 23.6
Dry TG CO2 (vol %) 24.0 23.8
Eta CO =
CO2/(CO+C02) () 0.5063 0.5016
Dry TG H2 (vol %) 5.0 4.8
Overall heat loss
(MJ/thm) 220 200
Hot Metal Cast Temp=
Texit -20 (C) 1500 1490
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In Figure 6 lumpy, cohesive, dripping and deadman zones can
be observed. Location and shape of cohesive zone is a very
important output parameter to understand working of blast
furnace.

1 Lumpy
11 Cohesive
20 Dripping
30 Deadman

flag
- 30

20

11
'-Jl 1

Figure 6: Different zones predicted by BlaSim®

PRy

of the cohesive zone

b

End of the cohesive zone

In Figure 7 solid velocity streamlines and predicted layer
structure are shown. In the layer structure three distinct layers
of ore (blue), coke (green) and central coke (red) can be
observed.

In the Figure 8, ore volume fraction and gas velocity
streamlines are shown. Radial distribution of ore and coke
volume fractions is an input to the model and is obtained from
burden distribution model (RADHAKRISHNAN (2001))
(NAG (2014)). Ore volume fraction is high at the mid-radius
due to practise of charging high amount of ore at the location
for better gas distribution and minimizing heat losses. The ore
volume fraction is reduced to O at the end of cohesive zone due
to melting. Gas streamlines show strong impact of cohesive
zone on gas flow. Streamlines show that gas flows away from
centre through coke layers as mushy ore in the cohesive zone
offers very high resistance to gas flow.

Temperature profiles are plotted in Figure 9. Liquid (hot metal
+ slag) temperature profiles are relevant only below start of
cohesive zone as liquid is not present above the cohesive zone.
High gas temperature is observed in the centre of the blast
furnace indicating strong central flow of gases.

Gas composition and distribution in the blast furnace is shown
in Figure 10. Higher CO consumption is clearly visible in the
region of maximum ore loading and it is lowest in the central
region where ore fraction is very low.
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Figure 7: Solid velocity streamlines and predicted layer
structure
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Figure 8: Ore fraction and Gas velocity streamlines
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Figure 9: Temperature profiles in gas, solid and liquid
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Figure 10: Gas composition, CO and CO2 profiles
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Figure 11: Solid composition magnetite and wustite
profiles
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Solid composition of magnetite and wustite is shown in Figure
11. Hematite reduction is very fast and occurs in the top region.
Magnetite reduction happens deeper into the blast furnace.
Thereafter, wustite reduction is quicker and happen in a depth
of 1-2 meters at all radius except mid-radius where ore burden
is maximum.

Parametric study

Prediction of blast furnace performance with change in
operating conditions is an important aspect of the model. Below
two such cases are presented in which effect of top gas pressure
and effect of central coke burden diameter is predicted. All
other inputs are same as that of base case.

Effect of top gas pressure

To study the effect of top gas pressure two additional cases are
run with top gas pressure of 1.85 bar and 2.85 bar. The base
case is with top gas pressure of 2.35bar. Predicted gas pressure
drop is 1.84, 1.66 and 1.48 bar for top gas pressure of 1.85, 2.35
and 2.85 bar. Effect on pressure profiles is shown in Figure 12.
As top gas pressure is increased from 1.85bar to 2.85 bar overall
pressure drop decreases due to lower gas velocities. Decrease
in velocity is due to higher gas density at higher pressure. Note
that pressure drop, and square of velocities are directly
proportional as per gas flow Eq. (3).

Effect of central coke

In general, coke with larger diameter is charged from centre.
This produces central chimney where gas flow is higher.



Similar central coke is used in the base case presented above.
To check the impact, a new case is run in which central coke is
replaced with same coke as used in surface coke layer. Typical
surface coke diameter is around 30 mm and for central coke it
is around 50 mm. Cohesive zone is shifted down near the centre,
whereas it is shifted up near wall. Other effects observed are
Eta CO is also increased from 49.37 to 50.03 when
same diameter central coke is used due to better gas
distribution.

Top gas temperature decreases from 393K to 389K
when same diameter central coke is used indicating
higher efficiency.

Pressure Pressure (Pa) Pressure
- 437460 -437:160 . 437460
386845 386845 386845
336230 336230 336230
285615 285615 285615
235000 . 235000 - .235000
Case -A Case-B Case-C
Top gas pressure Top gas pressure Top gas pressure
=1.85 bar =2.35 bar =2.85 bar

Figure 12: Effect of top gas pressure

Case-B
Equal centre coke

Case -A
Larger centre coke

Figure 13: Effect of central coke size on solid temperature
and cohesive zone

Conclusion

A comprehensive, steady state model has been developed for
blast furnace process analysis using OpenFOAM®. The tool is
tuned to predict the performance of ‘H’ blast furnace of Tata
Steel, Jamshedpur. After tuning the model is ready to be used
to predict the performance of the blast furnace with different
operating conditions.

Parametric studies are performed by changing process
conditions. Results predicted by parametric study agree with
expected trends as per working of blast furnace and plant
conditions.

The model developed can be used for predictive analysis and
efficiency improvement of the BF process. This can result in
significant cost saving of blast furnace operation and reduce
carbon footprint of the process.
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