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p Density

k Thermal conductivity
Cp Specific heat
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t time
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a
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Y Oxygen kinematic viscosity
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SYNOPSIS

Brown coal is a widely available low rank coal which has not
normally been used in Metallurgical Processes. However, because of
its high Hydrogen content, it is a good reductant as well as a part
of the source of heat in conjunction with top blown Oxygen/Air. To
carry out an experimental evaluation of the optimum smelting
conditions in an induction furnace would be expensive in money and
effort. Hence, the reason for modelling.

In the Induction Smelting_Process self-fluxed composite pellets
(made of lron ore + Brown Coal + Lime) are melted in a single phase
induction furnace in conjunction with top blown Oxygen. Therefore,
the process has three distinct regions, which are to be modelled:

A. Electromagnetic Stirred Region,

B. Liquid-Solid Interaction (Bed) Region and,

C. Gas Jet and Solid Interaction Region.

Each region involves the consideration of non-steady state energy
and species balances with momentum transfer.

Region (A) has been solved using the Navier-Stokes and Energy
balance equations with Maxwell's equations. To calculate the body
force a numerical solution has been developed.

Region (B) has been solved using the momentum, heat and mass
transfer equations. A new approach, known as the 'Cell Model', has
been adopted to solve this region. All energy, species and
momentum balance equations are solved for a typical particle
inside a cell, which later gives the response of total system (i.e.
the Bed Region) by multiplying the number of particles in the

system by the single particle response.



Region (C) has been described by energy, species and momentum
balance equations. To calculate the velocity in this region an
analytical solution has been adopted.

All three regions have been connected by doing overall heat and
mass balances for the entire process. Many complex partial
differential equations have been formulated with appropriate
boundary conditions to define each region. The governing equations,
which are highly non-linear and complex in nature, have been solved
by the Finite Difference Method using various techniques, depending
on the nature of the individual differential equation. The solution of
these equations gives considerable insight into the liquid iron and
oxygen temperature and velocity, and FeO and Oxygen
concentrations inside the furnace at different times. Also, it
predicts the effects of numerous parameters on the entire process
such as pellet size, gas jet velocity, preheating of pellet, energy
consumption, effect of composition etc.

Computer predictions have been compared with an experiment for
the temperature and composition. A velocity measurement device
has also been developed to measure the liquid iron velocity at high
temperature. Computed and experimental results show resonable
agreement.

Although the model has been developed for a particular process, the
treatment is general and could be readily extended to any other
related process. Also, the solution in each region can be applied
separately to define any other related process after a few minor
modifications, e.g. the region (A) solution can be applied to various
types of induction smelting/refining processes and, the region (B)

solution can be applied to different packed-bed processes.

X1



CHAPTER 1

INTRODUCTION

The application of electromagnetic induction in metallurgy started
at the beginning of this: century! in induction heating and melting.
Usually, induction heating involves electromagnetic induction, a
skin effect and heat transfer. The basic principle in induction
heating or melting is that a coil current produces a pulsating
magnetic field which induces voltages in the material, which acts as
a short-circuited secondary, causing current to flow and heat the

metal.

Induction melting has many advantages, viz. low running cost,
quick melting, reduced metal loss, stirring of the melt, freedom
from detrimental gases etc. In practice, two types of induction
melting units are used

1) Coreless Induction Furnaces and,

2) Channel Induction Furnaces.

Among these furnaces, coreless furnaces are widely used for
melting purposes operating at different frequencies, viz low (50-
60Hz), medium (150-5000Hz), and high frequency. Medium
frequency furnaces are commonly used for melting purposes in

foundries.



Induction furnaces are generally not used for smelting purposes,
which we are considering in the present study, where self fluxed
pellets (made up of iron ore + brown coal + lime) are melted in a
medium frequency induction furnace in conjunction with top blown

oxygen/air.

‘This process can be categorized as one of the direct smelting

reduction processes which are currently receiving special attention.

Generally, smelting reduction has two stages: (1) prereduction of
iron ore i.e. smelting gasifier and (2) smelting of prereduced ore
into an iron-carbon bath with the help of coal, oxygen and flux.
Smelting reduction is essentially done in a vessel containing liquid
iron. Raw materials- ore, coal and flux-are introduced in the vessel
which may involve oxygen or air. Reduced gases are used either for
the prereduction of ore or for the postcombustion in a smelting
bath to transfer the combustion heat to slag and metal. The salient
features of the smelting reduction are direct use of coal and fine
ore, lower energy consumption, reduced air pollution and high

productivity.

The smelting reduction process is associated with the development
of direct reduced iron ore. Abundant literature is available on
direct reduced iron ore and it is well documented?-4. Many
smelting reduction processes like, SKF Plasmasmelt, ELRED, INRED,
MIDREX Electro Thermal, Corex, Converted Blast Furnace, HISmelt
etcetra, have emerged recently>-18. Some of these processes use
electricity as part of the energy input (e.g. SKF Plasmasmelt,

INRED). Some of these processes also use oxygen/air (e.g. converted



blast furnace, INRED, HISmelt). The Induction Smelting Process,
considered in the present work, has some common features with
the INRED process. Both processes use electricity as part of their
energy input, and the oxygen injection. The latter process is fully

developed while the former is in its developmental phase.

All these smelting processes lack fundamental research. In Europe®
and Americal® attention is being given to understanding the
mechanism/kinetics, modelling, and metal and slag properties in
smelting reduction processes. No proper kinetics and modelling
work is available for a particular smelting reduction process but
high temperature iron and steel making kinetics!9-34 and
modelling35-40 may be applied to get some idea of these smelting
reduction processes. An attempt has been made in the present
work to develop a mathematical model for the Induction Smelting

Process.

The main aim of the Induction Smelting Process is to use brown
coal as a reductant. Brown coal is a widely available low rank coal
which is not normally used in metallurgical processes. However,
because of its high hydrogen content, it is a good reductant as well
as a partial source of heat. This process, named the Induction
Smelting Process, minimises the requirement for pretreatment of
the ore and coal, eliminates some environmental problems, and
reduces the degree of recycle in comparison to existing
conventional metallurgical smelting units. The possible use of

microwave heated pellets in the smelting is also examined4!.
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Induction Smelting is a very new smelting process. Using brown
coal as a reductant, high alloy Fe-Cr has been produced from iron-
chromium ore42. Because the process is in its infancy, to carry out
an experimental evaluation of the optimum smelting conditions
would be expensive and time consuming. Therefore, it was thought
that a mathematical model should be developed for induction
smelting which can: be used to optimise the process-performancé

and to assess the optimum design.

A schematic sketch of the Induction Smelting Process is shown in
Fig. 1, which depicts the essential features of the process. To start
the process, heel material which is melted first, is wused for
convenience (normally a medium frequency furnace needs no
starting plug). Then self fluxed composite pellets (either in cold
condition or microwave heated) are charged into the furnace in
conjunction with top blown oxygen to start the smelting. Usually,
pellets are charged after some time interval till the smelting is
finished. The operating temperature of the process varies from

1300 - 1500°C depending upon the requirement.

From the above description it is evident that the process is fairly
complex and development of a mathematical model for this process
is a formidable task. In addition, the model will require detailed

material properties which may not be available for the operating

regime being considered.

From Fig.l it is obvious that the process has three distinct regions,
viz a Liquid Region ( LR ), a thin Bed Region ( BR ) and a gas Jet

Region (JR ). Therefore, three separate models have to be
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developed, one for each region, which can be linked to each other
through appropriate boundary conditions. Since induction smelting
uses a coreless induction furnace, it would be advantageous from a
mathematical viewpoint to look in detail at the construction of the
coreless induction furnace. The general working principle and

construction of the coreless furnace is as follows:

The composite pellets are smelted inside a cylindrical graphite
crucible which stands on a hydraulically operated platform. On the
inside the furnace is rammed with refractory lining. A cylindrical
water cooled copper coil surrounds the outside of the refractory as
shown in Fig. 2. An alternating current ( AC ) in the coil produces a
pulsating magnetic field in the vertical direction. Outside the coil,
there are packets of magnetic laminations which provide return
paths for the flux, improving the power factor and reducing the
risk of flux linking with surrounding metal work to cause stray
heating. The whole furnace is contained in a mechanically rigid

structure and mounted.

Since the melt is fluid, there will be hydrodynamic forces set up by
the interaction of the fluxes and currents which produce a modest
stirring in medium frequency furnaces. With this mechanism, the
whole bath is stirred, which makes these furnaces more suitable for
high grade steel production. Stirring improves homogenization in
the melt, and heat and mass transfer. On the other hand it causes
rapid lining wear and tear, and entrapment of solid particles in the
melt. Normally, these flows due to electromagnetic force are termed
electromagnetically driven  flows and fall in the

magnetohydrodynamics field. These flows eg, induction melting,



induction stirred ladle metallurgy, continuous casting, electro-slag
refining etc occur in many metal processing operations. In
induction melting, the flow is usually turbulent, especially in low
frequency induction furnaces. Turbulent recirculating fluid flow
phenomena in these systems represent a very complex but

interesting class of electromagnetically driven flows.

The magnetohydrodynamics field has been influenced by the
electrical discipline in the past. Not much work is reported on
electromagnetically driven flows that are applicable to metals
processing operations in metallurgy. Recently, among metallurgists
there has been a growing interest in understanding these
phenomena properly, in order to improve various existing metals
processing operations. Due to this impetus, it is now possible to
reasonably understand momentum, heat and mass transfer in these
processes. Still, much work has to be done in this direction so that
one can confidently predict fluid phenomena occurring in
electromagnetically driven flows. The pioneering work in this
direction has been done by many researchers*3-78. A good

discussion of the MHD of fluids is given in reference 50.

In low frequency furnaces stirring is vigorous and flow is turbulent
but in medium frequency furnaces, stirring 1is modest and
therefore the flow is less turbulent. In a single phase coreless
induction furnace there is a typical double toroid stirring pattern
i.e. there are four circulating loops which are produced by

stationary magnetic fields as shown in Fig. 2.



In order to calculate the fluid flow in single phase coreless furnaces
one has to solve the Navier-Stokes equation with Maxwell's
equations. And in order to include turbulent viscosity in the
Navier-Stokes equation one has to obtain it by applying a suitable
turbulence model. Amongst the available turbulence models the k -
e and k - W models are widely used for this -purpose. The
- performance of these twé turbulence rﬁodels 1S quite .satisfactory.

Improvements in these models are in progress’!.

Only a little work has been accomplished*4.47.52-53.60 o heat
transfer in the induction melting furnaces. Heat transfer problem
has been solved by considering a homogeneous bath with little
variation in bath temperature. But in the present Induction
Smelting Process the situation is quite different. A steep
temperature gradient exists inside the furnace due to the feeding of
composite pellets and to various other losses, viz wall losses,

radiation losses etc.

In the liquid region, in the induction smelting problem, we have
assumed that only liquid iron exists as a major component, together
with some slag. Due to good stirring in the liquid region the slag-
metal mixture is quite homogeneous and an infinite area prevails
for any minor slag - metal reaction. Therefore, no mass transfer

calculation is involved in this region.

The heat transfer equation can be solved simultaneously with the

fluid flow equations to obtain the thermal and flow behaviour of

the fluid.



The bed region can be considered to be thin packed bed region.
Initially, the solution of this region has been tried by using the
vectorial form of Ergun equation proposed by Stanek and
Szekely’-81 for low Reynolds numbers, but some numerical
instability in the solution resulted. Therefore, we adopted a
relatively new approach known as the cell model approach, which
hés been usedfl by many other researchérs in chemical and
mechanical disciplines. It is believed that this is the first time such
an approach has been adopted in the metallurgical field. A good

discussion on the cell model is available in refs. 82 and 83.

Briefly, in the cell model the assemblage is divided into a number
of identical cells, one particle occupying each cell. The boundary
problem is thus reduced to the behaviour of a single particle and its
bounding envelope. Transport calculations for momentum, heat and
mass balance are performed for one cell and multiplying by the
total number of particles present in the system, giving the total
response of the system. This approach has been used quite
extensively on different particles of various shapes to obtain the

drag coefficient, heat and mass transfer rate82-101,122,

The flow of any fluid can be represented with the help of the

Navier - Stokes equation

DV

— = 2V -
P ~HV° Y -Vp+opg (1.1)

On making it dimensionless one gets a dimensionless number

known as the Reynolds number, Re, which represents the ratio of



inertial to viscous forces. This is a very important parameter. On
the basis of Reynolds number, fluid motion has been divided into
three groups: low Re number (Re < 1); intermediate Re number (1 <

Re <500); and high Re number (Re > 500).

Different ‘approaches are used to solve eqn. (1.1) for different
Reynolds numbers, to describe the flow, thermal énd mass
behaviour of the fluid. Details can be found in ref. 18. Low Reynolds
number flows are widely known as ‘creeping flows'. In the present
work, the Reynolds number is known to vary from 0.1 to 3 which
indicates that the behaviour falls into the creeping flow and

intermediate Reynolds number ranges.

In the bed region the mass balance equation will be solved only for
FeO, which is of prime interest. The reaction of FeO and C is
considered the main reaction in this region. Therefore, the above
mentioned Navier-Stokes equation should be solved simultaneously
with the heat and mass balance equations in order to obtain the

melt thermal, mass and flow behaviour.

The remaining region is the gas jet region. In the induction smelting
problem, the gas boundary layer region has been considered of
interest. Therefore, all attempts to predict flow, thermal and mass
behaviour of the gas have been focussed in the boundary layer
region. A good discussion on boundary layer theory is available in

ref. 102.

Interaction between an impinging jet and a solid surface is of

interest in many engineering applications such as annealing of
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metals, tempering of glass, drying of textiles, papers etc. In the last
fifty years, many investigators!'92-115 have done work on it, but still
much work remains. In this area, theoretical work often lacks

experimental verification.

In the jet region, the Reynolds number comes under laminar flow
during operation, and therefore, laminar flow will be considéred. In
the present case, the gas jet also interacts with the applied axial
magnetic field which acts perpendicularly to the oncoming flow as
shown in Fig. 3. Interaction between the gas jet and magnetic field
affects the conventional flow of fluid. This situation is quite
frequent in aerodynamic flow especially in hypersonic flight.
Description of this flow is given in various standard text
books!16-117  This aspect of the problem is discussed briefly in
chapter 2 during the formulation of the jet region. In essence, after
carefully scrutiny of the literature, the effect of the magnetic field
interaction with the gas jet has been neglected in the present study.
Therefore, the Navier-Stokes equation will be solved with heat and
species balance equations to obtain gas flow, temperature and

concentration field.

Now it is very clear how complex this process is. Numerous
electrical, mechanical, chemical and physical data are involved in
the whole analysis. Extremely careful attention must be paid to
analysing these parameters and their effect on the whole smelting
process, because these parameters are very much inter-related.
Measurement of all the parameters will involve substantial
experimental effort. One must also bear in mind that the process is

time dependent. Therefore, at each step all the flow, heat and mass
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transfer behaviours are changing. As the smelting proceeds, the
liquid height gradually increases. All these factors have to be taken

into account in our mathematical model.

As may be expected, the following chapters will contain numerous
symbols representing quantities in various regions. Most of them
have been defined in the nomenclature, but a few symbols are used
more than once. To avoid ambiguity, those symbols which are
recurring and have different meanings will be defined as they

occur.

In general, chapter 2 is devoted to the formulation of the Induction
Smelting Process which includes a liquid region, a bed region and a
jet region. A new technique has been developed to calculate the
electromotive force. All these regions are combined by considering
overall heat and mass balance for the entire process. Chapter 3
gives an idea of the computational technique used to solve
governing partial differential equations (PDEs) developed in chapter
2. Chapter 4 provides the experimental procedure to measure the
various parameters to compare with the predictions. A velocity
measurement device has been developed to measure the liquid iron
velocity in induction furnace. Chapter 5 deals with the results and
discusses the comparison between model predictions and the
experimental results. The effects of various process parameters on
Induction Smelting Process have also been discussed. Conclusions
from the work have been described in Chapter 6. Some further

details have been given in the appendices.
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CHAPTER 2

DEVELOPMENT OF A MATHEMATICAL MODEL FOR THE
INDUCTION SMELTING PROCESS

INTRODUCTION:

The purpose»of this chapter is to develop a mathematical model for
an Induction Smelting Process taking self-fluxed pellets of iron-
ore as a typical example. The continuum, or macroscopic approach
will be used for the mathematical treatment of the problem
throughout this chapter. The structure of the model is such that it

can be divided into three sections, viz:

A) Liquid (Electromagnetic stirred) region,
B) Bed (Liquid - solid interaction) region

C) Gas Jet (and solid interaction) region

Below, each section has been treated separately with its model
equations. Furthermore, the non-dimensionalization of all
governing equations of the model with their boundary conditions
has been presented in section E. (During the development of the
mathematical model it has been assumed that readers are familiar
with fluid mechanics and electromagneto dynamics). In each
section a few assumptions have been made in order to simplify the
mathematical treatment. The justifications for the various

assumptions involved in the analysis are explained wherever

appropriate.
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2A) ELECTROMAGNETIC STIRRED REGION:

No mass transfer is included in the induction (Liquid) region
because it is assumed that in this region equilibrium prevails due
to complete mixing (infinite reaction area) between the Fe and

slag.

The working principle and construction of an induction furnace has
already been discussed in Chapter 1. Fig. 2 shows the essential
features of a single phase coreless induction furnace, as discussed
in the previous chapter, which has to be modelled now. Fig. 2 also
shows a typical double toroid stirring pattern which is a salient
feature of a single phase coreless induction furnace, due to the
creation of a stationary wave by the coils. The shape of the double
toroid stirring pattern depends upon many variables, such as coil
arrangement, furnace geometry, melt height etc. Before proceeding
to mathematical formulation, let us see how electromagnetic

stirring occurs inside the meit.

When an alternating current is applied to the furnace coil, an
opposite circumferential current is induced in the z direction.
Therefore, J; is the only component of current density existing in
the furnace. This induced current supplies the necessary heat to
the melt and interacts with applied magnetic field B, producing
two components of electromagnetic body forces. The radial
(conservative or irrotational) component of the force, contributing
to the magnetic pressure, only pinches the molten charge. This
phenomenon is known as the 'Pinch effect' and is responsible for
the distortion of the free surface of the melt (meniscus). The

other axial (non conservative, rotational) component of the body
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force is responsible for the stirring in the melt. Beside -this,
thermal stirring may take place if the temperature gradient in the
charge is considerable. The temperature is always greatest in the
centre due to the less dense melt. The net radial force is zero and
the average melt velocity is also zero provided nothing is being
added to the melt. = Fig. 4 shows the direction of current density,

magnetic field, force and stirring in the melt.

The above mentioned stirring forces cause a turbulent
recirculating flow in the melt. In the Induction Smelting Process
considered, cold charge is being continuously added to the furnace.
Therefore, a steep temperature gradient exists in the melt. In
order to predict the temperature profile in the melt one has to
know the exact nature of the flow and its velocity components. To
know the velocity of the melt one has to solve the Navier-Stokes
equation with an electromagnetic body force term and turbulent
viscosity. Once the velocity is known, the temperature field can be
obtained by solving the heat transfer equation with a Joulean
dissipation (heat) term and turbulent diffusivity. The
mathematical treatment of this section is based upon the

following assumptions:

2A-1) Assumptions:

1) This region will be solved by considering an axi-symmetric
problem in cylindrical co-ordinates.

2) Steady state will be assumed for flow calculations.

3) Laminar flow will be assumed in the melt.

4) Position independent physical properties of the melt will be

assumed.
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5) The slight curvature of the melt meniscus can be neglected.
6) The slightly helical shape of the coil has been neglected.

7) No heat releases/absorption due to chemical reactions occur.

Assumpton 3 is thought to be reasonable for the present case in
| which one is interested to know the overall mass, heat and
~momentum transferf for the smeiting process: Which itself fs a
complex process. Moreover, other findings48-49.118 show that
introducing the turbulent flow, using the k-& model, in the MHD
induced flow in induction furnaces is not justifiable economically
and it increases the complexity of the process for Ilittle
improvement in flow calculations. Adoption of turbulent flow
makes the process much more sophisticated. Nevertheless, it may
be useful when it is necessary to know the exact nature of the

turbulence and thus the velocity components for design purposes.

Assumption 7 seems reasonable because most of the reaction
occurs in the bed region, and only a minor part of the reaction may
occurs in the liquid region which has been neglected.
2A-2) MODEL FORMULATION:

LIQUID PHASE MOMENTUM BALANCE:

In the following analysis, the word fluid has also been used for

liquid iron.

Incompressible fluid flow in the steady state can be represented
by writing down the vectorial form of the equation of motion

(Navier-Stokes equation) in terms of stress:
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Dy
pLD—t=-V1-ZP+pLEb (2A-1)

where the first two terms on the right side of the equation
represent the stress tensor and the pressure gradient,
respectively. The last term represents body forces, which may
include forces such as gfayitational, electromagnetic, & buoyancy,
depending Ejpon the nature of the probAIem. The line below the
symbols indicates they are vectors. D/Dt is the substantive

derivative as defined in Appendix A.

Before proceeding further, it is necessary to define the co-
ordinate system adopted. Fig. 5 shows the cylindrical co-ordinate

system which has been adopted throughout this section. Symmetry

has been assumed in 6-direction, which makes the problem an axi-
symmetrical one. In making this assumption it has been assumed
that there is no substantial change of velocity, temperature etc in
the ©-direction, which should be very close to reality because of
good stirring in the melt. We therefore consider the two-

dimensional axi-symmetric problem in the r and z directions.

Now, after taking the curl of equation (2A-1) and expanding the
appropriate term with the introduction of vorticity and stream

function, the equation of momentum can be written as:

EER R TS TR 1 £ 20

1
o+, {Lx (Lx B)} =0 (A-13)
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and the vorticity and stream function can be related by the egn.:
9 (1dy) 0 (1dy
§=az[r az]J'ar(r arj (A-14)

A full derivation of equation (A-13) has been given in Appendix A.
Thé first two terms in equation (A-13) represent convective and
diffusive transport of momentum, respectively, and the third term
arises from the interaction of the induced current and the applied

magnetic field i.e. electromagnetic force.

Now it is evident from (A-13) why this problem is an MHD one. In
a broad sense the study of the interaction of electromagnetic field
with fluid comes under the magnetohydrodynamics field. It is
clear from equation (A-13) that the electromagnetic field is
related to the equation of motion. The MHD field is well developed
and abundant literature is available. Without going into detail we
will write down Maxwell's equation under the MHD approximation
in order to calculate the electromagnetic body force term. (Full

discussion of these equations is available in ref. 50).

A x E=-aa—Et3 (2A-2)
VxH=J (2A-3)-
vJ=0 (2A-4)
V.B=0 (2A-5)

Ohm's law, in the presence of moving fluid takes the following

form:
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J=0[E+uXB] (2A-6)

Assuming that the material is magnetically linear we can state:

where yu; is permeability of the magnetic material which is:

Ht = HrHo (2A-8)

where puy is the relative permeability. For liquid metal it is 1.

Therefore, equation (2A-7) becomes:

B = poH (2A-9)

where 1o = the magnetic permeability of free space

In deriving Maxwell's equations, the displacement current has been

neglected.

Furthermore, if we assume that the electric fields induced by the

motion of the liquid metal are negligible, then equation (2A-6)

reduces to

J=cE (2A-10)

By writing down the current density in this form, without

affecting the flow calculations appreciably, we can solve the
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body force term separately from the equation of motion.
Therefore, the equations do not need to be solved in a coupled

manner, which renders the computational task much easier.

Now let us examine the general nature of all the electrical

quantities and their inter-relationship.

All the electrical quantities E, B and J are vectors, and are
functions of position and time. When an AC current is applied in
the furnace coil, E, B and J all vary sinusoidally, which means they
all are complex quantities and one only has to consider their real

parts in the final calculations.

As already discussed, the current density J only has its azimuthal
component Jg, and the magnetic field B has radial By and axial B;

components, which means:

J=Jp 8 (2A-11)
§=Brér+Bz éz (2A-12)

Then the body force, which is also called the Lorentz force or

pondermotive force, becomes:
JXB = - Jg Br &, + Jg Bz & (2A-13)

(In Appendix E, the main vector operations have been given in order

to understand the mathematical manipulation).
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VX(JXB)=[% (Jg Br) + aa—z(Je Bz)}g (2A-14)

The body force term can be derived in a different form with the

help of equations (2A-3) and (2A-9) which gives:

B.vB (2A-15)

This is a very useful equation which gives an insight into the
nature of the body force. The first term on the right side of the
equation is the magnetic pressure, which is responsible for the
'pinch effect’, and the second term is responsible for the stirring

in the melt.

There are several other useful equations of fundamental interest
which can be derived using Maxwell's equations and Ohms law

which are not derived here, but can be found in ref. 50.

At this stage it is convenient to introduce the vector potential, A,

in order to represent body force term in an easier form:

B=VXA (2A-186)
JA

E=-3, (2A-17)

V.A=0 (2A-18)

Taking the curl of equation (2A-16) and using equations (2A-3),

(2A-9) and (2A-10), after some manipulation, we obtain:



'V2A =Up O E

By using equation (2A-17) we get:

3A

2A =
VA l,lo()'at

Equation (2A-16) also gives:

14

Bz =137 (rAq)
0A

Br =37

21

(2A-19)

(2A-20)

(2A-21)

(2A-22)

(2A-23)

(2A-24)

As we know, Jg is the only component of the current density, J,-

which exists. Similarly it can be shown with the help of equations

(2A-16, 3 & 9) that the only component of the vector potential

which has to be considered is Ag.

From equation (2A-13) we obtain two body force terms, the axial

force F5, and radial force Fr.
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Fy; = -Jo By (2A-25)
and

Fr=Je Bz (2A-25)

The con current for a stationary wave produced by a single phase

connectlon may be wrltten as :
Jo = Jo €0t sinkz (2A-27)

where k(=1/A) is the wave number, A is the wavelength, o is the

angular frequency, f is the frequency and i = V-1 .

Noting the resemblance between Jg and Ag, the latter can also be

expressed as:
Ag (r,z,t) = Ag (r,t) sinkz (2A-28)

Putting this value into equation (2A-21), after simplification we

get:
o (e N R RO 1o (24-29)

Now let us define:

Ao = A1(r) + iAz (1) (2A-30)
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After substitution of Ag in equation (2A-29) and separating the

real and imaginary parts we get:

d2A1 1dAy (,, 1

a2 YT dr + 2 | A1+ Hoow Az = 0 (2A-31)
.and

d2A> 1 dAo 1

o, 1o -[kz +;5jA2-uoow A1 =0 (2A-32)

Equations (2A-31 & 32) can be solved very easily by introducing
the appropriate boundary conditions. Once the vector potential
solution is known, then the body force can be obtained. To obtain
the body force let us express it in terms of vector potentials
which are already known. Equations (2A-22-24), with the help of
equation (2A-30), gives:

1d , .
Bz =T dr (rA1 + i r Ap) elot sin kz (2A-33)
Br = -k (A1 + i A2) eiol cos kz (2A-34)
Jo = -icw (A1 + i Ag) elot sin kz (2A-35)

After substituting these values in the body force terms we get, for

the axial body force:

Jo By = [{-icsw (A1 + i A2) sin kz} {-k (A1 + i A2) cos kz}]

eZiO.)t i (2A"36)



24

On time averaging and taking the real part of eqn. (2A-36) we

obtain

’
Re (Jg Br) =§[- ook A1 Az sin2 kz] (2A-37)

Similarly, the radial body force term can be written, after time
averaging and considering its real part only:
dAZ dA1

co|_ A1A2 Az o
5 [2 o+ A1 ar * A2 dr} sin¢ kz (2A-38)

Re (Jg Br) =

Now one can obtain the solution of the equation of motion -after
substituting the value of the force term. An alternate approach to
obtaining the body force term, based on ref. 43, has been presented

in Section E.

Analytical solution! for the magnetic field and other electrical
quantities shows that the magnitudes of the fields fall
exponentially inside the crucible from the surface of the crucible
where they have their maximum values. From this analytical

solution one obtains an extremely useful parameter 8, known as

skin depth or penetration depth

8 = 2 _ 2 (2A-39
ERAVARTR oy @ )

which is inversely proportional to the square root of the product of

the magnetic permeability, the thermal conductivity of the

material and the operating frequency.
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Because electrical quantities decay exponentially away from the
crucible surface, they are mostly concentrated within 2-3 skin
depths inside the crucible. Thus, electromagnetic forces are most
intense in this region. Therefore, proper care must be taken to
evaluate the body force terms in this region which control the
fluid motion inside the crucible. Also, towards the ends of the
induction coils, the curl (J X B) concentrates more, so that the
stirring motion is driven by two turbulent wall jets originating in
these corners of the crucible, directed towards the center of the

coil.

A typical melt diameter to penetration depth ratio, in the present
study, is ~18 which reveals the fact that most of the electric
fields and body forces are localized near the crucible wall. Special
care has been taken in this region, for the current study, during the
solution of the equation of motion. Sometimes this region is
referred to as the electromagnetic wall layer region analogous to
the fluid boundary layer in conventional fluid mechanics. It is
emphasized that one should not underestimate or neglect the
effect of the radial body force term, which is primarily
responsible for the melt meniscus, because its gradient in the
equation of motion becomes of the same order of magnitude as the
gradient of the axial body force term, as shown by Moore and
Hunt4®. Therefore, one should consider the curl of JXB to be

fundamental to an understanding of the flow.

Before closing this part, let us derive a few more important

equations for later use.
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With the help of equation (2A-24) and (2A-27) one gets:

Jo ,
_ Y0 iot -
Ag o SN kz elot 4 f (r,z) (2A-40)

And equations (2A-2), (2A-3), (2A-6) and (2A-9), after some

manipulation give:

Q)

B 1 _,
§=@V B+V X (uXB) (2A-41)

where, 1/uo0 is known as magnetic diffusivity.

2A-3) LIQUID PHASE ENERGY BALANCE:
If we neglect the viscous dissipation in the fluid then the energy
equation can be written

DT, .
PLCp.L Dt = kL V2 TL +Jg2 re (2A-42)

A detailed discussion on energy balance equation is given in Ref.50.
The first term on the right side of the equation is the energy
transfer due to molecular conduction (eddy conduction has been
neglected as we are considering laminar flow). The remaining
terms on the right hand side are Joulean heat dissipation (i.e. heat
generation rate per unit volume due to current) where rg is the
resistivity of the fluid. In formulating this equation, pressure
variations which may arise due to magnetic field and buoyancy

have been neglected.

There are two distinct temperature regions in an induction furnace
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1) near the crucible axis i.e. the central region in which heat
dissipation is negligible, and
2) near the crucible wall i.e. the electromagnetic boundary layer

region (as discussed earlier) in which heat sources are localized.

Near the wall, turbulence is decaying and a steep temperature
gradient exists which may be used to define the heat transfer
coefficient. In the rest of the furnace, the temperature is expected

to be homogeneous, due to good stirring.

Equation 2A-42 in cyIindricaI.co-ordinates (axi-symmetrical form)

can be expressed:

oTL oTL oTL 02T kL oTL
P CpL ot TPL CpLur 37+ p CpL Uz 5, = kL 527+ 37 * kL
2T -
(2A-43)

In equation (2A-43) the current density is represented by equation
(2A-10) which facilitates the solution of energy balance equation

separately and need not  be coupled with the Joulean heat term,
2A-4) BOUNDARY CONDITIONS:

In this section we shall discuss all the boundary conditions

required to solve the non-linear partial differential equation

(PDEs) (A-13), (A-14) and (2A-11).

S~
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There are different ways to define the boundary conditions for
these equations. Assuming a no slip condition at the solid wall (i.e.
at the crucible wall), the velocity will be zero there. At the free
surface of the fluid, shear stresses will be zero i.e. velocity
gradient will be zero. Therefore the boundary conditions for the

vorticity equation (A-13) and stream function equation (A-14) are:

At r=o0 E=0 & wy=0 : (2A-44a,b)
d
(=R 3t=0 & y=0 (2A-45a,b)
oy
z=0 35=0 & y=0 (2A-46a,b)
and z=2z1 £=0 & y=0 (2A-47a,b)

Boundary conditions (2A-44a,b) are due to the symmetry assumed

about the center line.

For the energy balance equation (2A-43), a somewhat similar

approach can be adopted, to express the boundary conditions.

At the center line radial thermal gradient will be zero, which

yields:

aT :
At r=0 a_rL -0 (2A-48)

Thermal energy is lost through the vertical wall of the crucible by

thermal conduction. Therefore, we write

At r=R TL=Tw (2A-49a)



29

aTL aTL

KL 37 = kw 5y

ke (T - Tow?)
and, Quo = o0 (R/w (2A-49c¢)

Furthermore, at the bottom of the crucible thermal energy is lost

(2A-49Db)

by transient conduction.

At z=0 gy =-k (T‘r“—"n = (2A-50)

where the boundary conditions 2A-49a & 49b are due to the
temperature and heat flux continuity at the inside wall of the
crucible. The boundary condition 2A-49c arises due to the loss of

heat to the side wall by thermal conduction. T, and T,,» are the

outside temperature of the bottom and side walls of the crucible
respectively. In the present case T,,,4 and T,,» have been assumed
constant with the values 327 C and 927 C respectively. These
values are realistic and have been used for simplicity, rather than

attempting to include a more complicated heat loss condition,

which could be incorporated in a future study. r, is an outside

radius of the crucible. q,,; and q,, are the heat flux for the bottom

and side walls of the crucible respectively.

At the free surface we can assign some value of temperature-
(later, this value will be obtained by considering the overall heat

balance for the whole system as explained in section D).

At Z =21 TL = Teo (2A-51)
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where z1 is the fluid/gas jet interphase height, which varies with

time as melting proceeds in the z-direction.

All the boundary conditions are shown in dimensional form in fig. 6.
Boundary conditions for equations (2A-31 & 32) can be expressed
as follows:

At - r=20 A1 and A2 are finite

Therefore, we may write

A
At r=0 dd—r‘= 0 (2A-52)
dAo
r=0 5, =0 (2A-53)
r=R A= (2A-54)
and r=R  A2= Ii—fot (2A-55)

The last value arises from the surface value of the vector potential

and is easily derivable from equation (2A-40).
SECTION B: PACKED BED REGION:

As already discussed in Chapter 1 this region will be solved by
using a relatively new approach known as the Cell Approach or Cell
Model. The cell can be defined as the region of influence of a
single particle in the System. Depending on the void/particle size
ratio, the cell dimensions can be determined. Fig.7 shows a
spherical cell surrounding a particle. Normally, for a system, the

assemblage may be considered to consist of a number of identical
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unit cells, each of which contains a particle surrounded by a fluid
envelope. Usually, a spherical cell is assumed but it is not
necessary to assume a spherical shape only. It is a matter of
convenience and also depends on the requirement of the particle
shape, system geometry etc. A good discussion on the cell

approach and its use is given in ref. 82.

The approach which will be adopted is to first study a typical
particle inside a cell. In the process considered in this work,
spherical self-fluxed pellets are used, so a spherical pellet will be
considered within this cell. Fluid flow behaviour, heat and mass
transfer will be studied within the cell by solving the Navier-
Stokes equation for fluid motion, the energy balance equation for
heat transfer, and the species balance equation for mass transfer.
It must be noted here that the numerical solution of the equation
of motion was attempted about two decades ago, first by Jenson!1?
and later by Hamebeic Le Lair83 using the finite difference

techniques, and since then better numerical techniques have been

developed.

Once the desired result is obtained for a single cell then one can

easily extend this model to the whole system by knowing that:

Response of total system = Number of particles x Response of a

single particle.

In the present process we have assumed a thin packed bed region
consisting of three layers of pellets which, is the case during the

operating conditions under consideration. The top layer is assumed
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to be newly added pellets. Change has occurred in fluid flow, heat
and mass transfer and in reaction in the middle layer. An
extensive change has occurred in the afore mentioned quantities in
the lower layer and after that we have assumed that the lower
pellets melt totally after a certain time. After that time, the
middle layer becomes the lower one, the top layer becomes the
middie and freshly added pellets become the top Iayer.k 'Theréfore
the situation remains the same until the process is finished i.e. all
smelting operations are completed. Fig.8 shows a typical packed

bed region for this model.

It is convenient to divide the total number of cells into three

categories:
R system = Ny Ry + Ny Ry + N3 Ry

Where R system = the rate of conversion for total system
R, = the rate of conversion of one particle in the top layer
Rg = the rate of conversion of one particle in the middle layer
R, = the rate of conversion of one particle in the lower layer

and N;, N,, N3 are the number of particles in the top, middle and

lower, layers respectively.

Now the approach for the packed bed region is quite obvious.

Therefore, before writing down the PDEs for momentum, heat and

mass balance, let us determine the size of the cell.

It is suggested, before going to the model formulation, that the

reader refers to Appendix B which gives a discussion of the
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reaction kinetics considered for this packed bed region. It also
gives some other information which may be helpful in

understanding the formulation for this region.

2B-1) DETERMINATION OF THE CELL SIZE:

From Fig.8 .

Volume of Bed = nR2H
Total mass
Density of particle

Volume of particles =

Total void = nR2H - Volume of particles

Total volume of particle_N

Number of particles within the Bed = 4
5 T Fps
: . Total void volume
Therefore void volume per particle Vv = Np
4 P 4 3

Total volume of cell = 3 nfp°+Vv=3mrc

i 3 (2 58 2B-1
. Cell Radius r¢ = 2o (3% Tpd+ Vy (2B-1)

where fp is the average radius of the pellets and H is the bed

height.

Now that the size of the cell is known, all transport calculations
can be made within the cell by writing down the appropriate

P.D.E.s. First, let us outline the assumptions upon which this

model is based.



34

2B-2) ASSUMPTIONS:-

1) The equation of motion will be solved in the steady state.

2) The packed bed has three layers of pellets which makes it a
thin packed ped region.

3) Fluid flow outside the cell is undi’sturbed.

4) The problem will be solved in two-dimensional spherical co-
ordinates (r,0) i.e. Axi-symmetry in the azimuthal direction
will be assumed.

5) Incompressible fluid will be assumed with constant physical
properties.

6) Wall and entry effects to the bed will be neglected.

2B-3) PACKED BED MOMENTUM BALANCE:

As we know, in a packed bed region, the fluid is already in motion
under the influence of the Lorentz force, and its fluid flow
behaviour is already known from Section A. Therefore there is no
need to consider the Lorentz force again, because it has been
assumed that fluid behaviour is governed by the particle effect

inside the cell.

In the above case the equation of motion (2A-1) becomes:

DV
me—t=umv2_\L-2p-pmg (2B-2)
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This time, details of how to obtain the final equation of motion
from equation (2B-2) are omitted as almost all the steps are the
same as described in Appendix A. The only difference is that now

the equation is in polar co-ordinates which are defined in Fig. 9.

Therefore, taking the curl of equation (2B-2) and introducing the

stream function (vg) and vo'rticity (EB) and following tHe same

steps as in Appendix A, after some manipulation one obtains:

Pm|[dvB 9 (EB2yB oy d (Ep2vysm _ .
Hm[ar 20 (r2 sin26)' 6 or (rz sin26] sine = Eg4 yp (2B-3)

where

) sin@ 9 1 0
2— N . N -
Ep< = ar2 ¥ 2 39 (sine ae] (2B-4)
1 oyg
Ve:r sing  dr (2B-5)
1 oyB
Vr='r2 sing® 96 (2B-6)

Equation (2B-3) is the desired Navier-Stokes equation of motion in
polar co-ordinates, allowing for axial symmetry, written in terms

of the stream function.

If the convective derivative in equation (2B-2) is neglected, then
after some manipulation we obtain

Eg* wB =0 (2B-7)
which is the well known equation for 'creeping flow' motion i.e.

where Re—o. Study of the cell model first started for the creeping
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flow region about six decades ago. Then it came to intermediate
Reynolds numbers and subsequently to higher Reynolds numbers.
The present problem falls in the creeping flow and intermediate

Reynolds number regimes.

As we know, in aII'p_robIems, the stream function and vorticity
have tﬁéir own phyéicél significance. Here, the volumetric flow
rate of fluid, at any point, crossing any continuous surface whose
outer boundary is a circle centred on the axis of symmetry and
passing through the point in question, is given by 2nyg. Itis
obvious that yp=0 on the axis of symmetry. Stream surfaces are

surfaces of constant yg and are parallel to the velocity vector, V at

every point.

EB is given from equation (A-5). It can be shown that &g is twice
the angular rotation of a fluid element. When &B = 0, the flow is
irrotational. For axi-symmetrical problems, the vorticity becomes

a scalar function.

Equation (2B-3) may be split into two simultaneous second order

differential equations by introducing the vorticity as follows:

Eg2 Vg=£&p 1 sind ' (2B-8)

pm [dyB 0 [ &8 oyp 9 éB}._z .
- {ar 36 [’ <in6 j [ Py Sme_EB(&BrSme)

(2B-9)
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Equations (2B-8) and (2B-9) describe the flow behaviour of the

fluid with appropriate boundary conditions.

2B-4) THE ENERGY BALANCE EQUATION:

~ Application of the first law of thermodynamics to an infinitesimal
- element of incompressible fluid yields

DT
pm Cpm 57 = KmV2T + um @ + AHr (2B-10)

where & is a viscous dissipation term which is not of significant
importance in this case and can be neglected (it becomes
appreciable in high speed and large viscosity fluids). Therefore,
equation (2B-10) in axisymmetric and spherical polar co-ordinates

may be expressed as

aTm V aTm V aTm _

athT + r ar +r_eae = am

1 9 (,9Tm 1 9 (aing IM AHr
rZ ar (r ar J ¥ r2 sing 06 [Sm a9 J * PmCp.m

(2B-11)
The first two terms in the above equation are radial and angular
diffusive transfer of heat, respectiveiy. The third term is the heat
of reaction during chemical reaction between various species. The
second and third term in the left side of the equation denote radial

and angular convective heat transfer due to motion of the fluid in
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these directions. The first term on the left side shows the
transient nature of the equation i.e. variation of temperature with

respect to time. Here, the heat of reaction AH,, for the main

reaction between FeOg and C may be given as

df

AH = g7 AHm (2B-12)

First term on the right side of the equation is the rate of reaction

for
Feog+C —>Fe+COT (2B-13)

and AHpm is enthalpy for the above reaction, the estimation of

which is given in Appendix D.

A full discussion and derivation of the chemical Kinetics of the

smelting process is given in Appendix B.

2B-5) SPECIES BALANCE EQUATION:

In the bed region three species are considered
1) FeO+C

2) Fe

3) Slag which contains Al,O5, SiO,, CaO etc.

In order to evaluate the concentration of the FeO, a mass
transfer equation for a typical cell is used. Because the main

reaction is assumed to be between FeOs and C , which is true for
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the present smelting process, the mass transfer equation is
written only for FeO which controls the main reduction process.
Obviously, to know the concentration of FeO is more important than
to know that of other minor elements. This also shows how
efficient the process is. Assuming that slag and FeO + C are the
major components in the bed region, the mass transfer. equation is

written only for FeO.

Therefore, like the energy balance equation, the transport of mass
from a pellet to a flowing fluid is given by the principle of the

conservation of mass

DCre0

—— = DE.q V2 B-14

In polar co-ordinates for axi-symmetric flow it yields

0dCFeo dCFe0 VO dCFreO _ D

otmmT TVF ar tr Tg¢ = VFS

1 9 dCFeO 1 0 ~ dCFeO

- Y (o 0¥Fe0 - 9 ~rev -
[rQ or (r 36 ]+ rZ sin 00 (sme e j + AR (2B-15)

where Dr.g is the diffusivity of the binary system (Feo-slag). The-
driving force for diffusion is provided by the molar concentration
gradients of FeO. Once again, like the energy balance equation, the
first two terms on right side of the equation are radial and angular
diffusive transfer of mass and the last two terms on Ie‘ft side are
the convective mass transfer due to the motion of fluid in radial

and angular directions. The first term on left side is the pure time
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derivative molar concentration of FeO and AR is the rate of
reaction for the reaction under consideration (i.e. equation

(2B-13)), and can be written as:

. df
AR =R =57 (2B-16)

.FuII details of reaction kinetics are given in Appendix B

Now the remaining task is to specify the proper boundary
conditions for the PDEs discussed in section (2B-3-5).

2B-6) BOUNDARY CONDITIONS:

a) FOR THE EQUATION OF MOTION

As already discussed in section (2B-3) the stream function will be

zero on the axis of symmetry, therefore,

at 6 = 0° yg =0 (2B-17)
ate =mn yg=0 (2B-18)

The third boundary condition arises from no flow across the:

pellet/fluid interface and this yields
at r=rp yg =0 (2B-19)

The fourth boundary condition comes by considering the

undisturbed stream flow outside the cell radius i.e.
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1 :
atr =r¢ vB =5 Uavr2 sin2¢ (2B-20)

Besides these we also get

atr=rp 5 =0 | (2B-21)
ve _ 9?yB '
and 30 = 302 =0 (2B-22)

Similarly, for vorticity, along the axis of symmetry we have

at 6 = 0 Eg = 0 (2B-23)
6 == &8 = 0 (2B-24)
On the surface of the pellet, from equation (2B-8)
Eg2
r=r1p g = (2B-25)

rp sSinod
And outside the cell radius, the flow is undisturbed, which gives
at r=rc &8 = 0 (2B-26)"

where Ugy is the average fluid velocity in the packed bed region as

defined in section D.

Equation (2B-3) must be solved with the boundary conditions (2B-
17-22). If equation (2B-8&9) is to be used then one must use



&8 = 0
% =0 : Eg2yB
. B = N
Eg = 0O rp sino
] ,ovB . d%yp
v =5UavrZ sin2¢ 0 = 352 =0

d
\VB=0-alB-_o

_ r
Fig.10. Boundary conditions for equation of motion in
bed region.
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vorticity and stream function boundary conditions. Fig. 10 shows

all the boundary conditions for the equation of motion.
b) FOR THE ENERGY BALANCE EQUATION:

For the Heat Transfer equation, a uniform temperature on the
surface of the pellet isibonsidered, Whiéh may be téken to be the
melting point temperature of the pellet. The reason behind this is
the knowledge that in induction smelting the overall furnace
temperature is quite high, between (1300-1500°C) depending upon
situations. Therefore, it has been assumed that as soon as pellets
are charged into the furnace their surface temperature reaches
melting point instantaneously. The small time lag has been
neglected. In the actual situation, it is a reasonable assumption
because as soon as pellets are charged they are also exposed to the
O2 - jet which also creates a high temperature at the top of the
furnace. Absorption of heat by pellets has been taken into account
by performing overall heat transfer for the smelting process, as

discussed in section D. Therefore, we can write

at r = 1p Tm = Tm.p. of the pellet (2B-
27)

A uniform temperature (T.) has been assumed in the continuous
phase remote from the pellet i.e. outside the cell region. This
temperature has been calculated by performing an overall energy
balance for the packed bed regions. This temperature changes with

time as is described in more detail in section D. From the above

reasoning we have
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at r = r¢ Tm = Teo (28-28)
The other two boundaries are simple. On the axis of sy'mmetry the

angular derivative of temperature will vanish which yields

t 9=0 otm 4 2B-29
‘ oTm
at 0= = = 0 (2B-30)
¢) FOR THE SPECIES BALANCE EQUATIONS:

At the surface of the pellet, the concentration of FeO has been
prescribed. This has been done by knowing the composition of the
pellet. One can easily assess the initial concentration of FeO(FeOQ,i)

present in the pellet. Hence
at r = 1p CFeO = CFeQ,i (2B-31)
where subscript i denotes initial.

Remote from the surface (i.e. outside the cell region) the
concentration has been calculated by performing an overall mass
balance for the whole smelting process. This concentration also
changes with time, like temperature, as detailed in section D.
Therefore,

at r re CFeO = CFeO,» (2B-32)

it



daTm

oTm 20 - O
00 dCFeO
dCFe0 30 =

0 =

Tm=Tum.p. of pellet
CFeO = Crep;

Fig.1 1. Boundary conditions used for heat and mass
transfer calculations in bed region.
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The remaining two boundary conditions can be obtained in the same
way as for the heat transfer equation above, which gives (on the

axis of symmetry)

0CFeO

| at 6 =0 30 = 0 (2B-33)
dCFeO

0 =n e - O (2B-34)

Fig. 11. shows all the essential heat and mass transfer boundary

conditions.
SECTION C: GAS JET REGION

In this region, heat, mass and momentum transfer equations will
be solved only in the boundary layer region, as was discussed in
Chapter 1. Boundary layer theory will be applied extensively to

solve this region.

In fact, this region comes under the special branch of MHD known
as Magnetogasdynamics or Magnetoaerodynamics (MGD). As The
terminology suggests this is the study of the interaction of-
gasdynamics and electromagnetodynamics. MGD has been applied in
many areas such as the hypersonic flow around a missile, the flow
of 'solar wind', re-entry of vehicles into the atmosphere etc. A
good discussion on MGD is given in ref. 116-117. Ref. 50 also gives

a brief but comprehensive discussion of MGD.
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A comprehensive discussion of MGD has been omitted here, but as
there is resemblence to the present problem, some aspects of MGD
will be discussed. Fig 3. shows a magnetic field applied so that
it acts perpendicularly to the oncoming flow. The pondermotive
force acts in a direction to decelerate the tangential velogity W,
since the current J flows in loops. It means that magnetic

interaction will cause mainly

1) the pressure at the stagnation point 'O" which s
determined principally by the normal velocity, to change
little.

2) the coefficient of heat transfer and skin friction to

decrease, due to a decrease in velocity.

Here the pressure at stagnation point changes due to the magnetic
pressure term. In our case, the applied magnetic field is not very
strong and moreover, the velocity of the gas jet (02-jet) is very
low, which makes the magnetic Reynolds number very low
(Remag<<1). As suggested116-117,50  in these conditions the effect
of electro magnetic interaction with gas dynamics can be
neglected in the heat, mass and momentum balance equations. Gas
dissociation and ionization phenomena play an important role in
MGD, which are neglected here. This assumption is quiteA
reasonable and should not affect the results appreciably. This
flow can be treated as a classical potential flow. In the case
considered here we have circular free 02 jet impinging on a solid
surface (pellets surface). Due to the low velocity of the 02-jet

(low Reynolds number), the flow is laminar.
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Now the problem is well defined so we can start formulation for
this region. First the assumptions upon which the modelling of

this region is based are identified:

2C-1) ASSUMPTIONS:

1) There is no interaction of the electromagnetic field with

the 02-jet. |
2) Symmetry will be assumed along the axis in cylindrical

coordinates.
3) The heat, mass and momentum transfer equations will be

solved only in the boundary layer regions.

4) The buoyancy effect has been neglected.

5) No liquid layer exists above the top layer of pellets.

6) The solid surface of pellets is considered to be a flat
surface.

7) No reaction occurs between the different gaéeous species

in the boundary layer region except at the pellet surface.
2C-2) THE MOMENTUM BALANCE EQUATION:

Fig.12 shows a stream impinging on the pellet surface at right
angles to it and flowing away radially in all directions. The flow
is in the direction of the negative z-axis. The flow field can be
divided into two regions - a potential and viscous region. Only the
viscous region will be treated here, as discussed earlier. In this
case, the Navier-Stokes equations for rotational symmetry, in

cylindrical coordinates, can be written as:
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Dw
Pg Dt

= HgV2W -Vp-oBs2W (2C-1)
where W is the velocity vector in the gas-jet region, and the last
term on the right is due to the magnetic field interaction with the

gas. If we neglect this term then we obtain
pg W.Y W] = pg V2W - ¥ P (2C-2)
and the equation of continuity gives
v. W = 0 (2C-3)

Equation (2C-2) gives the desired flow field behaviour in the
potential and viscous (boundary layer) regions when it is solved
with appropriate boundary conditions. Fortunately, for these two
regions, exact solutions of equations (2C-2) and (2C-3) are
available102, Therefore, no dimensionless form and no boundary
conditions will be presented here. However, some manipulation
has been done in order to get the velocity components in the

viscous region in calculable form and these are given below.
If U and W are the radial and axial components of velocity in the
potential region, while those in the viscous region are Wr(’z) and

W,(".2) then one can write, from Fig. 12

Wz/at Z max =-Wo = -2 Ag Z max



Wo
2Zmax

or, Ag =

where, Ag is a constant

and W and U can be written as 28;

W = - 2AgZ
Wo Z . ‘
or w = - Zmax (from the equation (2C-4))
and U = Agr

This gives, after substituting the value of Ag,

W,
_ _—0
U 2 Zmax '

Similarly, Wr and Wz can be expressed as28:

!V_r @ which gives
u -~ & g
Wo do
Wi = Zma | &
and Wy = - 2+JAg v @& (¢)
2Wo v
or Wz = ) Zmax
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(2C-4)

(2C-5)

(2C-6)

(2C-7)

(2C-8)



TABLE 1A%

FUNCTIONS OCCURRING IN THE SOLUTION OF AXIALLY
SYMMETRICAL FLOW WITH STAGNATION POINT

axially symmetrical

— i
= 2a d¢ u | d2
y2 ¢—-I/vz ¢ df_U dc:
0 0 ! 0 1-3120
0-2 0-0127 | 0-1755 | 1-1705
0-4 0-0487 | 0-3311 | 1-0298
06 01054 | 04669 | 0-8910
0-8 01799 | 0-5833 | 0-7563
10 02695 | 06811 | 0-6283
12 0-3717 |' 0-7614 | 0-5097
1-4 0-4841 : 0-8258 |+ 0-4031
16 0-6046 | 0-8761 ' 0-3100
18 07313 | 09142 ' 0-2315
2:0 08627 | 0-9422 , 0-1676
J B
2:2 0-9974 ! 0-9622 = 0-1175
2-4 ! 11346 . 09760 ' 0-0798
26 [ 12733 : 09853 00523
28 1-4131 1 09912 i 00331
30 | 1-5536 ' 0-9949  0-0202
32 | 16944 | 09972 | 00120
3-4 | 18356 | 09985 ;| 0-0068
3-6 | 19769 | 09992 | 00037
38 ‘ 21182 09996 | 0-0020
40 l 22596 © 0-9998 | 00010
' {
4.2 2.4010 | 0-9999 : 0-0006
4-4 2-5423 | 09999 . 0-0003
46 2-6837 | 10000  0-0001
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The following equation shows the relationship between axial

distance and (
V2 (=4)=27 | (2C-8)

The value of \/EC changes with axial distance z,, and in the
present case ve;ries from 0 to 10.0036. Values of &, 2 ¢ and
d®/d{ are given in ref. 28 and reﬁproduced in Table IA.Values of ® and
d®/df for V2 {>4.6 have been calculated. Many correlations have been
established between these values which are given in Appendix D, so

that one may obtain value of U, W, Wr and Wz at any point.

2C-3) THE HEAT TRANSFER EQUATION:

The energy balance equation under the boundary Ilayer
approximations & disregarding the viscous and magnetic interaction
terms, in cylindrical coordinates for the axisymmetrical case,

may be written as follows:

dTg oTg 9T, | Ty o
pg Cpg [atgHT + Wr ar + Wz 821 = kg az% (2C 9)
Here, each term has the same meaning as described in

Sections 2A-3 and 2B-4, except that there is no source term due to
neglecting any chemical reaction between gaseous species in the

boundary layer region.

2C-4) THE MASS TRANSFER EQUATION:
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The species balance equation can be written in the form of molar
concentrations of oxygen, under the same assumptions in which

energy balance equation has been derived in the previous section,

as:
aM02 . a Mo2 aMO?. azl\/loz

Again, the meaning of each term in equation (2C-10) is the same as

described in Section (2B-5)

2C-5) THE BOUNDARY CONDITIONS:
No boundary conditions will be presented for the momentum

balance equation (2C-2) for reasons already given in Section 2C-2.

For the energy balance equation (2C-9), on the axis of symmetry

the radial derivative of the temperature will be zero i.e.

aT
On the axis r=0 29 _ (2C-11)

Outside the boundary layer, the temperature has been prescribed,

therefore,
at z = Z{1 max/B.L. Tg = Tpres_ (2C-12)

And the third temperature boundary comes at the pellet surface,

which gives
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at z = 2z Tg = Teo (2C-13)

where T, has been calculated in section 2D.

We need only three boundary conditions for eqn. (2C-9), two in the
Z direction due to the second derivative of Tg in Z, and one in the r
direction which is due to single radial derivative'of temperature

present in the energy equation.

In Sections 2A, 2B and 2C one will find a close analogy between the
heat and mass transfer equations. Therefore, the boundary
conditions for the species equation can be written in the same
form as for the energy equation. i.e.

aMoz

On the axis r = 0 3 = 0 (2C-14)

At Z = 71 max/B.L. Mo2 = Moz, (2C-15)

the value of Moz, is the molar concentration of O as given in

Appendix D.

d .
At the surface z = z1 -Do2-co alvi?Q = Jo2 = Ro2 (2C-16)-

The boundary condition (2C-16) describes the reaction between the
pellet and oxygen at the surface. Ro2 is rate of consumption of
oxygen, and Jo2is mass flux of oxygen. The following reaction has

been considered between the pellet and Oz at the surface:
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2C+0» — 2CO (2C-17)

Ro2 is the rate of reaction for reaction (2C-17) which can be given

Ro2 = (1.-®p) (0.132) Exp (-16,400/T) Pog (2C-18)

From the gas law one can write the partial pressure of any gas, i.e.
Po2 = Mg2 Pt (2C-19)

where Mo2" is the molar fraction of Oz in the gas, and Po2 is the
partial pressure of the gas. In the current study M0 = 1, pure O2

gas is used in the experiment.
Pop = Pt (2C-20)

2D) THE INTERACTION OF SECTIONS WITH EACH OTHER:
FINAL BOUNDARY CONDITIONS:

In this section connection will be provided between the Liquid, Bed
and gas Jet regions by considering the overall heat and mass

balance of the process.

The heat and mass transfer and melting of pellets depends on the

following factors:

1) Induction flow (average induction velocity Uay) through
the bed.

i) The average bed temperature, Te;

i) Average Feo Concentration CFre0,00
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Fig.13. Diagram used for overall heat and mass balance
in smelting process.



These, in turn, depend on the induction liquid flow, the liquid
temperature (from the induction region), the induction heating near
the side walls, the gas boundary layer, heating at the top of the

bed and the heat absorbed by the pellets and the reaction (2B-13).

Coupling is done as follows:

a) Determine the Uav in the bed region which provides a link
between the induction (liquid) and bed regions.

b) Determine T.. at the gas jet and solid-liquid interface
which provides a link between the liquid, bed and gas jet
regions.

C) Calculate Cfre0, in the bed which provides a link between

the liquid and bed regions.

The bed region is divided into a number of cells. Therefore, one
has to specify Uav,Tee and Cre0.. at the edge of the cell boundary.

These values will now be calculated one by one. Fig. 13 shows all
essential features involved. Overall heat and mass transfer for the
Induction Smelting Process have been considered across the mid
plane of the crucible radius in BR i.e. across the line AB as shown

in Fig. 13.

2D-1) THE AVERAGE FLOW VELOCITY U,,:-

As we have discussed in the equation (2B-20), the Uay is the
undisturbed liquid velocity outside the cell. Within the packed bed
region and outside the cell this velocity varies point to point. For

the sake of mathematical simplicity this velocity has been



54

averaged over the cross section at r = R/2 in the bed height H as
shown in Fig. 13. To obtain good average properties of the melt, it
has been assumed that most of the fluid passes the plane AB (Fig.

13.), which is located at r=R/2. The value of r may be changed.

Here Uay is the average velocity of the melt due to induction or
liquid 'regi'on flow in the bed region'in the absence of pellets.

Therefore, the volume flux across A B in Fig. 13. is

volume flux = [V . d A (2D-1)
or nRHUay = [MuzRdh
1 H
or Uav = [Ty, dh (2D-2)

It can be integrated across AB.

2D-2) CALCULATION OF T,,:

In brief, heat balance for the bed can be done by considering the

following factors:

Energy in (from the induction region) + heat due to induction
heating + heating by gas B.L. = Heat consumed for pellet melting +
heat absorbed by endothermic reaction + heat going to the induction

region + storage of heat in the bed region
(2D-3)

We will consider these factors in turn
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R =
A) Energy in: p Uav 2n 5 H CpL TL (2D-4)

where fH u Tjdh=Ujy TL

L
H

and T is the average liquid temperature in bed region.

It is worthwhile to write down the following for complefeness

R
Volume flow rate = U_ 2r > H (2D-5)
Mass flow rate = p X volume flow rate (2D-6)

Enthalpy or Energy = Cp,L Tj,q x mass flow rate (2D-7)

B) Energy out = poUavrt RH Cp L T (2D-8)
, : : H

C) Heat due to induction heating = Pind. D (2D-9)

D) Net heat generation due to the gas boundary layer

=£r [ROQ. AH¢ - kg aalzg‘] 2nr dr (2D-10)

where - kg ?%ng_ is the heat loss to the gas and

AH{ is the heat of reaction for reaction (B-6) and

calculated in Appendix D.

E) Heat given to the pellet for melting = N. Ly. m (2D-11)
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where L1 is the latent heat absorbed by the pellet to increase its
temperature from room temperature to its melting point. The
melting rate, m, of pellet can be given by the temperature
derivative at the pellet surface divided by the latent heat of

_fusion, L, i.e.

: aT
M= d-ky =21 o b/L | D-
{ P, r,rp} . (2D-12)
F) Heat given to iron (Fe) production = Mge AH N (2D-13)

where Mg is the rate of production of Fe per cell i.e.

. df
Mre =5t |Fe0. Cre0,i Ve (2D-14)

G) Rate of heat accumulation in the bed region

dToo
= p_CpL VB 3t (2D-15)

By combining Equations (2D-4) and (2D-8) to (2D-15), the overall

heat balance equation can be obtained

= H ridf oT
np Cp,L UaAvRH T + 5 Ping. +£{a|co .AH1]co -Kg a—i‘;} 2nr dr =

np Cp,L Uav RH Teo + N. L4

dT df
H-k Trel r =fp/l—} . 47”92 (t)] + [ETI Feo CFeo.init - Vc] .AH . N+

dToo
nR2 HpL CP'L_ét_ (2D-16)
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Equation (2D-16) is the desired equation for overall heat balance

in the bed region, which provides the temperature To..

2D-3) CALCULATION OF Cpyq oo

The overall concentration balance can be done in the same way as

for heat bal‘faince i.e.

Rate of accumulation of FeO = Rate of production of FeO + Rate of
outflow of FeO + Rate of reaction of FeO + Rate of inflow of FeO
(2D-17)

Each of the above mentioned terms can be justified as follows.

It has been assumed that almost all of the FeO is converted into Fe
before it enters the bed region, through the induction region, due to
recirculation motion. Since a negligible amount of FeO is present

in the inflow stream when it enters the bed region it means that

rate of inflow of FeO = 0O (2D-18)

Rate of outflow of FeO from the bed region = 1 R H Uav Cre0.
(2D-19)

m X N
Production of FeO (mole/s) = T MFeO (2D-20)

where, Mfeo is the molecular weight of FeO and Xreo is the weight
fraction of FeO in pellet.

Rate of reaction of FeO can be given as
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f

d
gt [FeO Cre0ii g 7 R2H (2D-21)

and finally the rate of accumulation of FeO in the bed region is

dCEe0.00
—E2M= ey nR2H | (2D-22)

By combining all these equations as indicated in equation (2D-17)

we obtain the overall mass balance.

dCre0.0 M XFeo N

eg © R2H at oy - tRH UaAv.C FeO.o0 +
f 2
dt |Fe0 Cre0,i egm R°H+ O (2D-23)

2E) NON-DIMENSIONALIZATION

When a parametric study is to be made, the most logical and
efficient analysis requires that the mathematical model be put in
dimensionless form. This has many advantages over dimensional
form, principally a significant reduction in the number of
independent variables. The non-dimensionalization also
appreciably decreases the required number of experiments to be
performed for comparison purposes. Furthermore, the normalized
(dimensionless) solution can often be used for similar problems
with very different linear dimensions, thermal conductivities,

temperatures and so forth.
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Let us first identify the non-dimensional numbers to make the
previously mentioned equations, in section 2A, 2B and 2C,

dimensionless.

r=RR*, Z=RZ, p, =P o P, (2E-1a-c)
CoL=Cplo Go.l, KL=kio K, TL=Ti T - (2E-1d-f)
* Uo * * .
\I/=R2U0\I/,§=ﬁ§, t=t/o (2E-1g-i)
* * l-I_Z& * .
Bz=woHzoB;, Br=poHzo B, J= R J (2E-1j-1)
A= Hz_o Ho R A*, Ur = Uo l.}‘*, Uz = Uo U£ (2E-1 m-O)
R2 * * *
tL=—"— to, Z1 =RZ4, Vi=Uav V¥ (2E-1p-r)
aL.o
Vo = Uav V6, T = rp Rm, ¥ = Uav 2 Vg (2E-1s-u)
U .
tg = ﬂéa, Ep = Ea/rp, Uav = UoUav (2E-1v-X)
* rQ * *
Tm =Ti Tn, tMHT = am tmHT, ®m= Am.o %n (2E-2a-c)
.0

Pm =Pm,o Pm» Cp.m =Cp.m.o Cg:.m, km = Km.o kn (2E-2d-f)

f 2
CFeo = CFeouCFeo, DFre-c = DFe-c.o D=e ¢ tIMMT = DF tMMT(ZE 2g-i)

Re = oA, Wr=Wo W, W, = Wo W, (2E-2j-1)
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Pg =Pgo Pg', Cp.g =Cp.go Go.g, kg = Kg.o kg (2E-2m-o0)

* Rz * Rz *
Tg =TiTg, tgHT = g tgHT, gMT =5 o7 taMT  (2E-2p-r)

Mo2 = Mo2.. My 2, D02-C6 = Do2-co.i D.02-C0 (2E-2$-t2)
where the starred quantities are non-dimensional.

Those parameters which have more than one component above, like
the vector potential A(Ag, Ae, A1, A2 etc), and the magnetic field
(Br, Bz) have been expressed by a single dimensionless parameter,
which is applicable to all components belonging to that parameter

to make them dimensionless.

1) THE ELECTROMAGNETIC STIRRED REGION:

First let us consider the vorticity equation (A-13) which can be
expressed in a non-dimensional form with the help of the above
dimensionless parameters and equation (2A-14). After some

simplification we get:

9 {é*(aw* } ]

dz* |[R*9R*

J g* aw* 1_ d 1 d R d {1 d *r* }]

aR* {R* (az*]}"n[aﬂ* {R* aR*} (€"R™) + 355 \R* 32 (R'&7)
a * * a * *

Where, n-RHzoVHOPL s 5 dimensionless constant (2E-4)

1)
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Lo . . .
and Up = Hz o "\ /p— is the characteristic velocity of the fluid(2E-
L

=)

The dimensionless form of the stream function, equation (A-14),

{s:

3 1 (a2 [1 (ay\ ., |
aZ*{R* (azi}}*‘aR*{R* (aR*)}'g = O (2E'6)

Also, the dimensionless form of equations (A-29, 37-38) will be :

d2Ag* 1 dAg* ER Y
el (LR LU (2E-7)
* * Cﬂ)kHOR?’ * * . N
Re (b B ) =- 5 Ay Ao sin2 «xz (2E-8)
and
.+ ookuoR2( « «  «dAs  +«dAl) . .
Re (J BZ)=—2'—(2A1 A> + Aj dr* * Ao dR* sin2 xz
(2E-9)
where B = R(k2 + iopoo)1/2 (2E-10)

Here, as mentioned earlier, we will adopt another approach to
obtain the body force term; details may be obtained in ref.43 upon

which this approach is based.

Equation (2E-7) is a modified Bessel equation of the first order,

the general solution of which is:
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Ag¢* (R*) = C1 Iy (BR*) + C2Kq (BR*) (2E-11)

Where |1 and K{ are modified Bessel functions of first order with
complex argument. Cq and C2 are the integration constants. The

solution of equation (2E-11) in terms of vector potential is:

11{BR*)

Ao” (RY) = 31.(8)

(2E-12)

The dimensionless form of equation (2A-22-24) can be written as:

« 1 d

B: =R v3Re (ApR*) sin xz* (2E-13)
and

B, = x Ay COS kz* (2E-14)
where x = kR (2E-15)

Jo = icopoR2 Ay sin xz* (2E-16)

Therefore, with the help of equation (2E-12) we obtain the

magnetic field:

¢ _LBRY) 2E-17
B; = o(B) sin xz ( )
o |1(BR*) * 2E-18
By =-k Blo(P) COS Kz ( )

and the induced current density is:
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l1(BR")
Blo(B)

Jo = - iopooR2 sin xz* (2E-19)

It is well known39 that the general solution of the modified Bessel

equation of zero order can be written as:

_ T (zapn | |
lo (ZB) = n§022n(m)2 (2E-20)
In our case Zg = B =p €'¢ = Pg COS ¢ +ipg sin ¢, (2E-21)

so that equation (2E-19) becomes:

oo szn Coszn¢ . oo szn Sin2n¢

lo (ZB) =

(2E-22)

Similarly, the modified Bessel function of first order can be

written
oo Zan+1
I1 (ZB) = néo 221 (A (ne 1)1 (2E-23)
for which, with the help of equation (2E-20) we get:
(7 o pg2n+icos(2n+1)e . = Pp2N+1sin(2n+1)o oE.
= | -
or. 11 (28) ZoToEnetng (net)l 2o 220+ 0t (ne)! (2E-24)

lo and |4 are the functions of Zg which are defined in equation (2E-
21), and ¢ is a variable angle in cylindrical co-ordinates. In our

case ¢ = 0. Subscripts 0 and 1 in the equation show the order of
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Bessel function. Subscript B denotes the Bessel quantity which has

been adopted to avoid confusion between so many Z's.

Let lo (B) = Ug + i Vo (2E-26)
lo (BR*) = X, + Y, | (2E-27)
lo, (BR*) = Uq +iVy (2E-28)
B=a+ib, a&b>0 (2E-29)

where ug, Vo, Xo, Yo, U1, V4, @ and b are real function of p, and ¢.

It is known that the modified Bessel function with complex
arguments (J) can be obtained from the modified Bessel function

(I) of particular order'21, using the relation:
J1 (p, ™2) =i l1(p) (2E-30)

where |1(p) is real and positive.Therefore, Bz, Br and Jy can be

obtained in terms of Io(B), Jo(BR*), I1(BR*) and B, which are defined

above, as follows:

(Xo +1Yg) (U +1ivy)

2 2
(ug+vy)

*

Bz = sin xz*

(2E-31)

Br = - x cos xz*
[{Ul(a u,—b vy)-Vi(bus+a vo)}+ i{VI(a u, —b v)-U; (b uy+a vo)}]

(@2+b2) (v2+v2) |

(2E-32)



Jo = - wuoo R2

[{ Vitau,~bve)-Us(bugtav,) } +i{V1 (bu,—avy)-Uilau, +b v,,) } ]SinKZ *

(a2+b?) ( ul +v2)

(2E-33)
Therefore, complex conjugates of B and B will be :
B2 = sin wpr " otYoTe HiXo% - % Yo) (2E-34)
(us+ve)
Br = x cos xz*
[{ Ut (a u—b v )+ V(b ugra v } +i{U1 (b ug+2 Vo! -V1 (a u~b Vo)} ]
-(2E-35)

(@2+b?) (u+v2)
The bars on the Bz and B denotes their complex conjugates.

Now we can evaluate the force terms.

*

;—Re(JéBr)=Re[-iwuocR2K

Uq24+V42
2(@2102) (e )EIHQKZ (2E-36)

and

—Re (JoBz) = wpoo R2

Re[ (V1aXg-V1bYo-U1bXo-U1aYo)-i(V1bXe+V1aYo+UiaXe-Vi bxo)}(S S
2(a+b?) (424 2)
(2E-37)
Or,
1/2 Re (JoBz) = opoo R2 2 V12XoV1D¥o- U1bXO U1aYObin2Kz*

2(a2+b2) (w2 +v2)
(2E-38)

65
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To obtain the solution of equations (2E-26-29) with the help of

equations (2E-22&24) we begin with the equation (2E-21)

Zp =B = a+ib = p ei¢

yielding

a2+b2 = k2R2
and
2ab = opgo R2
with the help of equation (2E-10).

Therefore:
Py = Va2+b2
and
14k
¢ = tan-1 3

This solution is applicable for 1o(B).

For I1(BR*) we have:
B2R*2 = U12-V12 + i 2UqV{

which gives:

Pg =VUi2+Vi2 R*

(2E-39)

(2E-40)

(2E-41)

(2E-42)

(2E-43)

(2E-44)

(2E-45)
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and

\Y)
¢ = tan-1 U1T (2E-46)

Similarly, for lo (BR*) we obtain:

Py = VXo2+Yo2 R | (2E-47)
and | : | : |
Yo
¢ = tan"1 3 (2E-48)

Now, the equation of motion can be written in two forms - one

with the help of equations (2E-3), (2E-8) and (2E-9) i.e.:

1 9E* dy* 1 9E* dy*  E* Oy*
R*0z*9R* "R*0R*0z* TR*29z* *

92¢* dE* * 92k KpoR3 Ao
1[ & 1 & : §]+cmuo sin2xz[2A1A2}=O

7loR*2 * R* 3R* ~ R*2 * 3R*2 2 “R*
(2E-49)

and in the second form with the help of equations (2E-3), (2E-36)
and (2E-38) i.e.:

1 9E* dy* 1 9E* Ay*  E* Jy*
R*9z*3dR* "R*9oR*9z* *R*29z* *
1[a2e* 1 ag* g azg*}
{[aR*2 * R* 9R* " R*2Z* 3R*Z|*
, V1aXo-V1bYo-U1bXo-UraYe
OkHoC RE 5 (224 02) (uo2+ vo?)

sin2xz* = 0 (2E-50)

The non-dimensional form of equation (2A-43) is given by:
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* * aTL* * * * aT ¥
P.” Cp.'L 5+ +PeL U p" CpiL aRL* +
aTL* d2T1* Kk *oT.* 2T *
PeL Uz* p, *5— =k.* o+ o + + KL 5—5 +EH
2 FL 9z dR*2 7 R* 9R dz* 2
(2E-51)
where
. R2 H 2 r
EH = Jg2 _ =0 € 32) ¢ -
J0 fe T Lo “ kLo Ty 1@ (87) (2E-52)
is a dimensionless electric heat generation term.
and
R RUoPL oCp.
PoL = o0 o O LOUPLO (2E-53)

KL.o ’

is the qudid Peclet number.
This Peclet number may be referred as the magnetic Peclet number
and satisfies the following relationship

Pemnag. = Remag. - Prmag. (2E-54)
where the magnetic Reynolds number and the modified magnetic

Prandtl numbers are given as

Magnetic convection
Re . =U Ruc - (2E-55)
Smag. T 0T W00 = T netic diffusivity

and,

Prag. - CPLPL _ Magnetic diffusivity (2E-56)

Lo O KL Thermal diffusivity

The modified magnetic Prandtl numbers in the present case refer

to the heat transfer in the MHD fluid flows.

From equation (2A-35), after making it dimensionless and taking

its real part, we get:
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202u-2R4 . .
Re (42) =-°°’+ (AT2 -Ao2) sin2xz* (2E-57)

Also, with the help of equation (2E-33) we obtain

4U1V1 UoVo (a2-b2)+4UVab (ul+v2)

[ (a24b2)2 (42 4+2)2

4 UgVo ab(Vj2—V12)+(82-b2)(U12-V12) ( uf, + v§-)
(@2+b2)2 (vl 4 v2 )

} (2E-58)

Either of these equations can be used to evaluate equation (2E-52).
As discussed previously, there are two procedures to calculate

vector potential and hence other electrical parameters.
THE BOUNDARY CONDITIONS:

The boundary conditions (2A-44-47) for equation (2E-6) and (2E-3)

can be written in dimensionless form as

At R'=0 & =0 & *=0 (2E-59a,b)
R* =1 a—“—: 0 & y*=0 (2E-60a,b)
z' =0 g—“'= & y*=0 (2E-61a,b)
and z'=zyRp E*=0 & y*=0 (2E-62,63)

The boundary conditions (2A-48-51) for the energy equation (2E-

51) become
At R =0

=0 (2E-64)

R=1 T, =T, (2E-65a)
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w
« 3T ¥
kL a—:ﬁ- kygo Ko 3w (2E-65b)
kLo  9R*
¥ Kwa - K- (TS . Th w2
e A Py (2E-65¢)
. T ¥
2 =0 KL kag. Ky (Th - Tha) (2E-66)
. 02" oo aL,o el
Taof
2= zyR TL = Teo! Ti (2E-67)
1) Packed Bed Region:

The dimensionless form of the Navier-Stokes equation (2B-3) with

the help of equation (2E-1&2) can be written as

Nre [3W'm d ((E2vyB ) dy's 3 E'25 y'g }sine )
2 aR.B 06 R'2m Sin26 20 aR‘m R‘2m S_in26 B

Eg v's (2E-68)

The non-dimensional equation corresponding to equations (2B-4-6)

can be expressed as

I d sin6 4 149 2E-6
B =3r"m2 ™ R'm2 a6 [sine aeJ (2E-69)
1 g
V * = * * 2E‘7
0 Rm_ sin® 9Rm (2E-70)
) 1 dyg’
VR' =- — '8 (2E-71)

Rm 2 sine 96
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2UAv p pm
where NRe = ump is Reynold number (2E-72)

Similarly, equation (2B-8 &9) in dimensionless form becomes:

Nee [dwB™ 9 ¢£'B oyg’ 2 €8 R'mY| .
> - sSin =

oRm~ 96 |R'm sin6 00  9R'my sing
E'B2 ('8 R'm sind) (2E-73)
and EB2 wg" = &B" Rm" sine (2E-74)

To represent equation (2E-73 & 72) in more executable form let

33
F=o— = E-7
Rm sine (2 5)
G = ¢8" Rm’ sine (2E-76)
Then equation (2E-74) becomes
02yg” 1 d2yg" cotd dyp’
Rm'2 ¥ Rm2 202 ~ Rm?2 98 = C (2E-77)

and equation (2E-73) can be represented as

* * 2 1 9%G 0 3G
Nge Sinel: dyp OF O¥p OF :|: d°G + _ Lo

2 " 2 2 2 00
2 Ry 9% % aRp | r? RM 99 Rm O (2E-78)

Also we have
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G
Rm'2 sin20

F = (2E-79)

In the same way after introducing dimensionless parameters in
energy balance equation (2B-11) we have

oTm" ___ Pepr oyB" aTm" PenT oy~ 9Tnm’
ot'mMT ~ Rm'2Sine 90 dRm ' Rm'2Sin6 oRm 96

(92Tm” 2 9Tm 1 02Tm" Cotd 9Tm”
pm aRmtz + Rmt aRmt + Rmtz 862 + Rmtz ae +

AH7 2E-80
vo. m* Cp*m ( - )
U Ul moComo
where, Penr = —2Y o AV rpkp E (2E-81)
is the Peclet number for heat transfer in bed region.
nd aH' = = AH p2 10000 DE-82
a “dt 2™ Pm Tikmo. Mmixt (1 - wp) (2E-82)

is the dimensionless heat release/absorption term (not a constant,

but a function of time and temperature).

Mmixt= the molecular weight of the melt, g/mole.
Op= the void fraction of the pellet

In dimensionless form the species balance equation (2B-15) can be

written as:
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dC Feo Pemr  9¥'B 9CF Feo PemT  dy'B 9C'Feo
ImmMT  Rm'2sin@ 90 9R'm  Rm'2 sin® oR'm 00

D [azc*Feo 2 0CFeo 1 02C Feo coto aC*Feo]
FS19Rm2 © Rm™ aRm" "Rm™2 962 ° Rm'2 26
+ AR™ (2E-83)
In the above non-dimensional equation,
U
Peyr _ DL\”&_ (2E-84)
F-s
is the Peclet number of mass transfer in bed region.
x . rp? 1000.0 pFeo
= R -
and AR DF_s Creo. Moo (2E-85)

is the dimensionless rate of reaction for reaction equation (2B-

13). It is a function of time.

o

f

T = kue- kv I, rate of reaction equation (2E-86)

0
u
=

Mreo= Molecular weight of FeO , g/mole.

THE BOUNDARY CONDITIONS:

Equation (2E-78&79) together with equation (2E-77) gives a
complete set of equations of motion with appropriate boundary

conditions. Therefore, we will concentrate on obtaining
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dimensionless forms of the boundary conditions for these

equations only.

The boundary conditions for the stream function equation (2E-77)
can be written as follows (in dimensionless form). The procedure
to get the boundary conditions is the same as was adopted in the

dimensional section for the equation of motion.

Along the axis of symmetry

6 =0 ve' = 0 (2E-87)
0= ve' = O (2E-88)
at Rm" = 1 ve' = 0; ggi: -0 (2E-89)
Rm" = r’—g ve' = T Rm2 sin2 (2E-90)

The boundary conditions for the equation (2E-78) are obtained with
the help of the equation (2E-76) for which the vorticity conditions
are known. These are the same as we have for equation (2B-9) i.e

boundary conditions (2B-23-26).
Therefore, the boundary conditions for the equation (2E-78) are
at 0 =0 Eg” = 0 ; G = 0 (2E-91&92)

0 = =x gt = 0 G = 0 (2E-93&94)
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* r -

at R = i Eg” = 0 : G =0 (2E-958&96)
. E ‘2 -

and R’ =1 g =BS,.—neWB—; G = Ep"2yy"(2E-97&99)

The boundary. conditions for equation (2E-79) can be written:

« T
At Rm" = % F=0 (2E-99)
) G
R = 1 F = 2E-
m - 5in20 ( 100)

Ate =0 and 6 == , equation (2E-79) gives a limiting case because

as 6—-0 sin6—0 therefore, G0

i.,e. F = lim > G—-0; sin6—0
0=0 R* sin®
On simplification, this yields:
A 0 _19%6 G _ o 2E-101
t 6 = = 2Rm 262 90 © (2E- )
e B 2E
0= F=3r 500 - 5 = (2E-102)

Boundary conditions for the energy balance equations, (2B-27) and

(2B-28) in dimensionless form are:
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Tm_p_ of pellet

at Rm™ = 1.0 Tm' = - (2E-103)
|
* rC * T°°
and Rm = — Tm = - (2E-104)
p Ti

The two remaining boundary conditions (2B-29 and 30) become

|  Tm | |
At 0 = 0 - = 0 (2E-105)
0 = n 9Tm” - 0 (2E-1086)
36

The appropriate boundary conditions for 6 = 0 and 6 = = are obtained
by putting these values in the heat transfer equation (2E-80),

which gives two limiting cases:

1. The second term of the left side of equation (2E-80)

becomes infinite because

when 0 -0 sing - 0

2. The fourth term on right side of the energy equation also

becomes infinite

when 0-0 cotf — oo

The same conditions occur when 6 = =«
Therefore the solution to this problem can be obtained by applying
L' Hospital's rule for these terms which gives the final boundary

condition for 6 = 0and for6=mw.



* =0: Fz—— -
Ve oR:2 262
ot 9CFe0

3% =098

Creo = Cre0,+/Cre0i
Tr =Tmp. peliet! Ti i Creo =1.0

* 1 *2 . 2
= —R sin“0 *
Vet vy =0: YB_o . F= Grsin®e
oR",
* * * . . *2 *
Eg=0; G=0; F=0 £h = E? vy /sin ; G= Eg” s
Too . *
Tm = T_| aTm:0 : aCF@:O
20 09
\ 1 ¥G
yg =0; F= > 2
2RZ 98
x ~ o~ 0G
&g =0; G=0; Py

Fig. 14. Non-dimensional boundary conditions used
in bed region.
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oTm” Peyr 2yg" oTm’
2t'mHT Rm'cosd 962 JRm’

_L[erTrme 2 oTm" 1 92T,"  €052092 Tp'

=Pm |3Rm2 *Bm 9Rm ¥ Rm2 962 v Rm2 502
AH 2E-107&108

¥ pm' Cp.m.* (2E- : )

Similarly the boundary conditions, for the speéies balance equation

become
at Rm = 1.0 C're0 = 1.0 (2E-109)
. e . CFeo.00
R = — C = 2E-110
m o FeO CFem ( )

and for 8 = 0 and 8 = n we have same conditions. The procedure
needed to obtain these boundary conditions are the same as those

described for the heat transfer case. We obtain

CFeo Pemr %yB"  9C’Feo S [92C " Feo

M mMT Rm2co8 082  dRm Fe-c |BR™Mm2 ¥
2 dC Feo 1 32C Feo C0s20  32C Feo] )

» » -+ -2 2 + ,(2 —'2— +AR

(2E-111&112)

Fig. 14 shows all the essential boundary conditions for equation of

motion, energy and species balance.
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1) THE GAS JET REGION:

The non-dimensional form of the energy and species balance

equations (2C-9 and10) can be obtained by substituting

dimensionless parameters which are defined in equations (2E-
1&2), yielding

J . e 3 . . S
at'gHT [ pg Cpng ]+ PegHT aR. [ p;‘ v p.gW rTg ] +PegHT

J - .o 9 . 9T

WoR WoR pg.0 Cp.g.0

here, Pe = = 2E-114

is the gas Peclet number for heat transfer.

oMo d . ayn d . .
and oM T + PegmT R [W r M 02] + PegmT Fra [W ;Mo 2]
%) OM(
= » ‘:D.OQ—CO M?Z } (2E‘115)
dz; 9z,
WOR
where  PegmT = D02-CO.] (2E-116)

is the gas Peclet number for mass transfer.

The boundary conditions corresponding to these equations can be

written:
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) aTg"
on the axis R*= 0 SRF = 0 (2E-117)
oMo’»
and a2 = 0 (2E-118)
Atz = ZLEAABI Moz - 1.0 (2E-119)
LT
and s L (2E-120)
]

Finally, at the surface, the dimensioniess conditions can be

written as:
w* * T
A2 = zym TG = T (2E-121)
. oMo’ .
and -D0"2-co 3712 - R, (2E-122)

. R x 1000.0
92 Pt x M02.00. D02-co.i X Mm.w.02

where R'o2 = (2E-123)

is a dimensionless rate of reaction term which depends upon

temperature and gas pressure and Roz is given by equation (2C-18)

DIMENSIONLESS FORM OF SECTION D:
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The dimensionless form of the overall heat balance equation (2D-

16) in the bed region can be written as:

Hi
Dﬁ

pL' C'pLR'H ' T."U Ay + POWIND. P"== + HEATBL. GASHIT =

* * * * * * | * - T‘ :t ’
pL" R C'p.L. H Too" U'av + HITMEL HK o gﬁﬁr 2pi}/Lm} +

* * * * TOO*
HFEPRO. BCPART + ACUHIT. R2H p."C'p.. %t.—- (2E-124)

Pinit

where POWIND = -
pLoUon R2Cp Lo TLo (2E-125)
is a dimensionless induced power term
1 2.
HEATBL = Mm-S (2E-126)

2Cp.Lo pPLo. Ti. Up ’ cal

is a dimensional heat release term in unit area of gas boundary

layer

GASHIT=£R' {4.17965 x 102 (1 - wp) EXP (-54.667/Too')

{-22251.5 - 8.57 x 300. Too " - 1.08 x 103 x (300.X teo")2 -

*

* * aT *
4.49 x 105/(300. Teo )}- 19.10637 Kg a—z"-—} RidR lrG‘m_f;"_Ls(ZE-127)
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4. NL1 kp.o tp

HITMEL =
chp_l_o, PrLo Uo

(2E-128)

is a dimensionless heat absorbtion term during melting of pellets

4 DF.s CFre0.i N 1p

HFEPRO = .
E 3R2Cp.Lo pLo. TiUo (2E-129)

is a dimensionless heat absorbtion term for iron production.

3 -
BCPART = Hdt* Ry }{( 31712+ 2:89 (T}, x 300) -

0-53 x 1072 (300- x Tj, )® - 409 x 10%/ (300- x T, 1]

(2E-130)

kI;.o _
PLoCp-L.o R Upg

ACUHIT = (2E-131)

is a dimensionless heat storage term.

The overall mass balance equation (2D-23), in its dimensionless

form becomes:

oT 2

dC‘FcO-oo k* p r* .
Tar T CFEOPR W@%—JL *or, P[4 - COUTFL.
UCO‘ C;CO‘OO . '
Hr + 585714 x 107 rpi EXP (-5.85714 x 107, 2, t)

(2E-132)
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where CFEOPR —=—
| LM MEeo R Creo.init DE-5

is a dimensionless constant
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CHAPTER 3
COMPUTATIONAL TECHNIQUE

3.0) INTRODUCTION123;

From the vgriety of numerical techniques available such as the
Finite Difference Method (FDM), fhe Finite EIemAent Method (‘FEM)
and the Finite Volume Method (FVM), a suitable technique must be
selected that satisfies the computational requirements of the
problem at hand. For instance, inexpensiveness of computation
may be emphasized in one case, while high accuracy may be the
first priority in another. Here, in order to simplify the numerical
formulation of the otherwise physically complete induction
smelting process problem, a finite difference approach has been

selected.

The fundamental approximation in the method of finite differences
is the replacement of each derivative in the partial differential
equation (PDE) by an algebraic difference, at each discrete point in
the region. These FD approximations can be of varying degrees of
accuracy and can be derived in several different ways. For
instance the FD expressions may be obtained by applying the
balance law (say of energy momentum or mass conservation) to a
differential element, or by fitting polynomials through the values
of the unknown (say, temperature) between the neighbouring mesh
points and differentiating, or by the use of Taylor series
expansions42, This latter method is brief, simple and gives an

indication of the accuracy of the approximation It is described in

detail in reference 125.
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Fig.15. Arrangement of grid points.
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Using Taylor series and after some manipulation one can obtain the
following finite difference formulae for the first and second

derivative of 6 at (i,j)126. where 6, a variable, is given by 6 = 6(x,y).

Derivative Difference Approximation Order of accuracy
8 Oiv1.j - 0i.j F 4\ R 3.1a)
ax = AX ( orwar ) (X) ( .
0ij- 0i-1.]
A (Backward) R(x) (3.1b)
e. . o e._ .
'”"2 — L1 Central) R(x2) (3.1c)
026 0i-1.j - 20i.j + 0i+1.]

R(x2) (3.1d)

QU
x
N
I

(Ax)2

where i,j are variables to denote the grid points as shown in Fig

15. Similar forms exist for 96/dy and 026/dy?2.

Using suitable difference expressions (forward, backward or
central) for first and second derivatives as shown in equations (3.1
a-d), it is now possible to write difference equations for the
momentum, energy and species balances for the fluid, mixture
(fluid and solid) and gas phases at every node in the solution
domain. Certain precautions, however, need to be employed in
order to ensure numerical stability and convergence. It is required

to handle each term in the governing PDEs differently. For this
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purpose, we shall illustrate this point by obtaining the FD
expressions for the one dimensional convective diffusive energy
equation with heat generation. The dimensionless energy equation
for this situation may be written in the form

de . d2e
Pea' = axz * Q(e) ; (3.2)

where, the term' on the LHS represents heat convection, the first
term on the RHS represents diffusion and Q(6) denotes the
dimensionless rate of heat generation which may be a function of
the dimensionless temperature. A good discussion on this problem
is given in ref 127. Some salient features of the discussion are

reproduced here.

Let us first describe the finite differencing of the convective

de
term, Pe dx- The derivative dé/dx may be represented by a forward

difference expression, a central difference expression or a
backward difference expression as given by equations (3.1 a-c).
When the Peclet number, Pe is positive (implying that the velocity
is in the positive x-direction), expression (3.1b) is numerically the
most stable representation of de/dx for all step sizes. For
expressions (3.1a) and (3.1c) the step size Ax is restricted for
numerical stability. If larger step sizes are used, physically
meaningless results would be obtained. Similarly, when Pe < 0
(corresponding to velocity < 0), expression (3.1a) is the most
stable difference scheme for dé/dx and (3.1b) and (3.1c) would give
converged results only if Ax is less than a critical value. Of

course, the central difference scheme given by equation (3.1c) is
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more accurate than the other two expressions (with an accuracy of
the order of Ax2) if the step size is chosen to be smaller than the

critical value.

The diffusion term given by d26/dx2, does not pose any restrictions
for the sake of numerical stability. Therefore, one could use the 3-

point central difference formula given by equation (3.1d). Special °

consideration for handling the source term Q(6) will be discussed

later. The difference expression for the transport equation (3-2)

may now be written as:

Cii1 0i+1 +2(A>)i(9i - Ci-1 9i-1 _ 041 +A2i2-1 - 20 . Qo)

(3.3)

Here, Cj;1 =2, Ci =-2, Ci-1 =0 for forward difference
Cis+1 =1, Ci=0, Ci-q = -1 for central difference

and Cij;q1 =0, Ci =2, Ci=1 = -2 for backward difference

Rewriting equation (3.3)

PeAx Pe Ax PeAx
9i{2+ 5 Ci }=9i+1 {1 - TCM} + 0i-1 {1 i }+

Q (6)) (3.4)
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The criterion for numerical stability is that each of the terms

enclosed by the curly brackets should be positive. Thus, if the
convective derivative d6/dx is forward or central differenced, Pe A
x < 2forPe>0. If Pe <0, |Pelax < 2 for backward or central
difference expressions. Such criteria for any general flow problem
can be established by writing down the difference expressions for
the convection and diffusion terms and demanding that all the
coefficients multiplying the nodal temperatures (8, 8,1 and 6j.1 in

present case) be of the same_sign.

The source term Q(0) needs some special attention. Very often, the
heat generation may depend non-linearly on the temperature and in
such a case, one can not apply any direct matrix inversion
procedure to obtain the nodal temperature values. Iterative
methods are used to solve such non-linear problems. Starting with
an initial guess for all the nodal temperatures, the solution is
improved after each iteration by the use of stable numerical
procedures, until sufficiently converged results are obtained. The
change in the solution after each iteration is used as a measure for

judging the extent of convergence.

Now the procedure to obtain a stable numerical representation in
the presence of a non-linear heat generation term will be
discussed. Observing that the convective and diffusive terms are
linear in te mperature, one may conclude that a quasilinearization
of the source term would improve stability. Such a linearization
would ensure that all the terms in the governing equation are
modified at approximately the same rate with each iteration.

Therefore, the source term Q(6) will be represented in a form
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[f1(01 kK-1)] {6 K} + fo (8;K-1) where the superscripts k and k-1
denote the values corresponding to the kth and k-1t iterations,

respectively. The functions fy and f2 which are the slope and the

intercept for the linear representation in 6k , can be obtained in
several ways. For numerical stability it is required that the slope

be negative. Or, one needs an expression of the form:
Q (8) = -fy {6kK} + fo (3.5)
where, f1 and fo» are only functions of 6;k-1 and are positive.

Consider, for example, Q(8) = 4 - 563. Using a Taylor series
expansion about 6jk-1, we get

de
Q (6ik) = Q (61 K1) + do |k-1 0k - oik-1) + ...

=4 + 10 {8 K-1}3 - 15 {9; k-1}2 gik

In the above example, fy = 15 {6 k-1}2and fa =4 + 10 {0; k-113,
Suppose that Q(6) was given as equal to 4 + 563. Following the
same procedure as above, one would get a positive slope which is
inadmissible from the point of view of stability. Under such

circumstances, the recommended procedure is to take fi to be zero

and fo =4 + 5 {8jk-1}3. The differencing scheme that has been
described above has been used in obtaining the finite differences
expressions for the governing PDEs of the induction smelting
problem. These expressions for the main governing PDEs with

their boundary conditions are included in Appendix C.
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3.1) DIFFERENT NUMERICAL METHODS USED IN SOLVING
THE MODEL PROBLEM:

From our previous experiences regarding instability in numerical
solution due to the source term and differencing scheme 41,46,
every precaution has been taken to adopt the profper procedurei‘to
deal with each and every term in the mass, energy, momentum and
species balance equations, in order to get a numerically stable and
converged solution. Here, in brief, we will discuss only those
methods which have been used to solve the all governing PDEs in
the present problem. Details of these procedures are described

elsewhere125,129-131

It should be noted that, while representing the governing equations
in discretized form, one obtained a set of simultaneous non linear
algebraic equations. These equations may be put in the matrix
form which can be solved by using some proper numerical method.
To illustrate this point let us consider the finite difference form

of the equation of motion (C -1) which can be written for any node

in a general form46:

C1 (i) EG-1,) + C2 (i) &i,j + Caijlist,j + Caij&ij1 + Cs i
Eij+1 = Ri,j (3.6)

where the right hand side term R;jj, contains any source term that

may be present and also terms with nodal variables other than &.
Cq - Cs are known coefficients of variable §in equation (3.6) which

can be easily interpreted from equation (C-1). Equation (3.6) can
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be written in the pseudo-one-dimensional form for the i-direction

as:
C1ij &i-1,j+ C2ij &ij+ Caij &is1,j = Ri (3.7)

where Ri = Rij - C4ij &ij-1 - Csijj &ilje1 - (3.8)

It is now possible to rewrite equations (3.7) and (3.8) for all i at a

fixed j (say j = J) in a tridiagonal matrix form as:

Coqu Cg1y €14 Ri y
Ciou Cooy C3,,y €24 R's 4
Ciay Cosy Czay &34 |= Ré,J

Cing Co ny Eny RT.LJ

Where n denotes the total number of nodal points for a set value of

J.

This system of matrix equations is known as a Tridiagonal matrix
system, and a computationally very efficient tridiagonal matrix
solver (TRIDAG)125 can be used for solving this system. It is
possible to directly use this subroutine for solving the one-
dimensional equations. To solve the two or three-dimensional
equations, such as the heat, mas and momentum transfer equations

in the present case, it is possible to employ the efficient TRIDAG
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algorithm in conjuncﬁon with the so called line-by-line method.
Now the set of equations (3.9) can be solved by Gaussian
Elimination method, on which TRIDAG subroutine is based, which

can be summarised as follows:
3.1.1) GAUSSIAN ELIMINATION METHOD:

System of equations such as equation scheme (3.9) are most
efficiently solved by systematically eliminating the unknowns.
This is particularly simple in tridiagonal matrix case since no
more than three unknowns appear in one equation. In fact, the first
and last equation in (3.9) have only two unknowns, therefore, one
can find the value &p,j in terms of known quantity after some
manipulation which can be back substituted in the previous
equation in order to find out &p.1j and the back substitution
process repeated like this until one obtains all the unknown values.
This method has been used for all PDEs in the induction smelting
problem except for the equation of motion in the bed region for

which the following method is found more suitable.
3;1.2) GAUSS-SEIDEL ITERATIVE METHOD:

Basically, this method involved transferring all the off-diagonal
terms of equations (3.9) to the right hand side, so that the ith or
diagonal equation becomes (in present case)

R'1.4-C31.J &2.4

1.4 = C21.J (3.10)




| - -
—

| L.

Fig.16. A schematic diagram to describe
Line-By-Line Method.

—%

—o—o




92

In the same way all diagonal equations can be expressed. The
computational procedure begins with initial guesses of & g for all
the unknowns. An improved value for each of the unknowns is then
computed and this most recently improved value is used in the
right hand side in other equations. This procedure is repeated until
the computed values show little further change. Details of these

procedures are described elsewhere!25.132,

In the present case the line-by-line method was used to solve the
equation of motion in the bed region, but unfortunately it was not
possible to obtain a converged and stable solution by this method.
Therefore,the Gauss-Seidel lIterative method (known as the point

bypoint method also) was employed which gives a converged result.

Considering all the aspects such as faster convergence, accurate
results, less computation time etc, the line-by-line method has
been adopted here to solve all the governing PDEs except the

equation of motion in the bed region.
3.1.3) LINE-BY-LINE METHOD3:

The line-by-line method can be visualized with reference to Fig.
16. The discretization equations for the grid points along a chosen
line are considered. They contain the temperature (concentration,
vorticity, stream function, whichever may be the case) at the grid
points (shown by dots) along with the two neighbouring lines
(shown by crosses). If the latter are substituted with their latest
values, the equations for the grid points (shown by dots) along the

chosen line would look like a pseudo-one-dimensional equation and
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could be solved by calling the subroutine TRIDAG. This procedure is
carried out for all the lines in the Z direction and may be followed

by a similar treatment for the R-direction.
3.1.4) FULLY IMPLICIT METHOD:

In a fully implicit numerical method the solution of ‘PDEs will be
more stable than either the explicit or Crank-Nicolson method if
very large time steps are being used, as in the case of present
study, which implicitly reduce computational time very much. In
this case derivative of temperature, concentration etc. is

evaluated at the advanced time step t . , instead of the t,. In brief,

if one considered following differential equation

ou 02u

ot = ox2 (3.11)

then in implicit finite difference form it can be written as

Uin+1 - Uin Ui_1n+1 - 2Uin+1 + Ui+1n+1

Superscripts show time difference and subscripts show space
difference at the grid points. In the space time grid it is clear
from the above equation that the finite difference form s
evaluated at the advanced point of time t, , instead of t,. Equation
(3.12) gives an implicit set of equations to solve for the new
velocity (u) at each step in time. This scheme has been used for all

transient PDEs in the present study as shown in appendix C.
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3.1.5) UPWIND SCHEME:

This scheme has already been discussed implicitly in Section 3.0 in
the analysis of the streamwise - diffusion equation (3.3), which
suggests that 6;,1 - 6; and 0; - 6;.1 will have the same sign.
Therefore, it will not be discussed here. For numerical stability
and comparison of different schemes, a good discussion is
available in refs. 125-126,134. In all convection-diffusion
equations upwind finite difference, in the case of the steady state,
and fully implicit upwind finite difference scheme, in the case of
the transient equation, have been used as shown in Appendix C.
Here, the implicit scheme has the advantage of unconditional
stability as discussed in Section 3.1.4. Both the fully implicit

scheme and upwinding sacrifice accuracy for stability.

3.1.6) OVER-RELAXATION AND UNDER-RELAXATION METHOD:

In the iterative solution of the non-linear algebraic equation, it is
often desirable to speed up or to slow down the changes, from
iteration to iteration, in the values of the dependent variable. This
procedure is called over-relaxation or under-relaxation depending
on whether the variable changes are accelerated or slowed down.
Under-relaxation and over-relaxation are very useful devices for
solving non-linear problems. The procedure of slowing down with
the help of under-relaxation is very helpful for increasing the
numerical stability while iteratively solving strongly non-linear

equations. In general it can be written (say, for temperature)
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Tcurrent = W. Teaiculated + (1-W) Tprevious (3.13)

where, if w > 1 then the procedure is known as over-relaxation
and if w < 1 then the procedure is known as under-relaxation

In the computer programme for the |.nductio-n__ Smelting Process, -
only under-relaxation has been used. In the liquid region the values
of the under-relaxation parameters are 0.5 and 0.8 for the stream
function and vorticity respectively. In the bed region the values are
0.4, 0.5, and 0.7 for the stream function, vorticity, and FeO

concentration respectively.
3.2) MESH ARRANGEMENT FOR ISP MODEL:

In the induction smelting problem, rapid changes of the field
variables occur near the furnace wall. Therefore, a uniform grid
may not be capable of sufficient resolution in that region.
Therefore, when rapid change of the field variable (especially the
Lorentz force in the present case) exists near the furnace wall
(which is close to the induction coils) adoption of a uniform grid
may not be suitable because, for adequate resolution, several mesh
points are required. In this case a non-uniform mesh that is fine
near the furnace wall and coarse elsewhere will provide more
accurate results while keeping the computation inexpensive. The
grid point distribution in the Induction Smelting Process for the
induction region is shown in Fig. 17 in the R and Z directions. From
this figure it is clear that in the Z direction mesh size is uniform

because one may expect sufficient resolution in field variables by
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adopting this mesh size. 21 grid points have been considered in the
Z-direction with uniform spacing AZ. 20 grid points are chosen in
the R-direction, of which first 8 points have uniform spacing Ar

and the rest have uniform spacing Ar1 as shown in Fig. 17.

Now one has to take proper care when discretizing the governing
PDEs at point 8 in R-direction because it lies in a transition

position in which it has AR spacing on its left side and AR1 on its
right side. The finite difference approximation of the first and
second derivative of any variable at this transition point (8) can be
found by considering Fig. 18.

The curve in Fig. 18 can be approximated by a quadratic

y=ax2 +bx+c (3.14)

where a,b and ¢ are constants

with condition thatat x =20 y =Yy2 (3.15a)
X = -Ar Yy = Y1 (3.15Db)
and X = Arq Yy =Y3 (3.15¢)

with the help of equations (3.14) and (3.15) one can show, after

some manipulation, that

dy 2 {w-y; 3 - 2}
dx2 =2a = (Ar+Ary) Ar T Ar{ (3.16)
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QX. _ Ar Arq
and ax =b

’
= ar+ary) {(ya-yz) ar, - Y1-y2) o7 (3.17)

Equations (3.16) and (3.17) can be applied during the discretization
of all the differential equations in the liquid region at point 8.
Appendix C shows the discretization form of the PDEs with respect

to point 8.

The grid point distribution for the bed region, in which a cell model
is considered, is shown in Fig. 19. A uniform grid spacing has been
adopted in this region for both r and 6 directions. In the r-
direction 11 points are used with uniform spacing Ar and 21 points

are used in 0-direction with uniform spacing A6 as shown in Fig 19.

For the jet region, the grid point distribution in the boundary
layers is shown in Fig. 20. The thickness of different boundary
layers (thermal, velocity and concentration) can be estimated from
the standard formulae!©%2 | which correlate boundary layer
thickness with Reynolds number in the laminar region. To be on the
safe side we have taken this thickness to be 1.0 cm in the Z-
direction for the cylindrical axi-symmetric problem. The
discretization of the equations in the jet region in the R direction
can be represented in the same way as in liquid region i.e. the first
8 points in the R-direction have Ar uniform spacing and the rest
have Ar1 uniform spacing. In the Z-direction 11 points with

uniform spacing AZg have been used as shown in Fig 20.
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98

3.3) COMPUTATIONAL PROCEDURE FOR THE INDUCTION
SMELTING MODEL:

An overall view of the computational procedure which has been
adopted will be presented here. A computer code has been
developed in standard FQRTRAN-?? language to solve all three
regions simultaneously. The structure of the computerf code, in a

broad sense, is as follows.

A rough flow chart of the whole process is given in Fig. 21. First
all the field variables are initialized by assigning some guessed
values. The actual execution starts by calling subroutine INDSTR,
which solves the liquid region stream function and vorticity
iteratively till these values become converged. After that the
induction temperature is calculated by calling the INDTMP
subroutine. Then the stream function and vorticity are calculated
iteratively in the bed region by calling BEDSFVOR. The values
obtained from subroutine BEDSFVOR are used to calculate the bed
temperature and FeQ concentration by calling subroutine BEDHTMT.
Then the JETREG subroutine is called to calculate the gas velocity,
temperature and concentration within the boundary layers. After
this, the value of the new pellet radius is calculated in the follow-

ing way. The rate of melting per cell (m) can be expressed as:

m = density of pellet x rate of change of volume of the pellet

drp
= pp 47'Crp2 dt



99

drp m
or = -

m can be substituted from equation (2D-12) into equation (3.18),
and radius of pellet (rp) can be evaluated for each time step.
m

FM+1 = o — At 3.19
p P Pp 41 (rpn;)z ( 19)

Equation (3.9) gives the new value of the pellet radius for time

step n+1.

After obtaining the new pellet radius, the void fraction and the

cell dimension can be updated, as discussed in Section (2B-1).

If the calculated pellet radius is greater than the specified value
(in the present case 0.6) then the computer program once again
calls BEDSFVOR, BEDHTMT and JETREG for the new time step and
calculates new values of velocity, temperature and concentration
in bed and gas regions. This procedure is repeated until the new
pellet radius becomes less than 0.6 but greater than 0.2. (The
values 0.6 and 0.2 are the non-dimensional values which have taken
as intermediate values of the pellet radius during calculations for
keeping the computational time and cost as low as possible
without losing much accuracy in the results. If we do not specify
these values, then the program has to calculate the stream
function, vorticity and temperature of the liquid region at each

time step for a little increment in the liquid volume). With this
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condition the computer calculates the increment in liquid region

height as follows:
Liquid volume increment caused by pellet melting can be written

increment in volume = (rate of pellet ‘melting x total time elapsed
in obtaining this new rafdius x total nurﬁber of pellets)/ density of

melt

m x t x N
of Vingre = — & (3.20)
Pmix

Therefore, the increment in liquid height

) Vincre m X ttotal X N
Hincre = Area - omix TR2 (3.21)

Once the increment in liquid height is known then the grid spacing

in the Z-direction (AZ) for the liquid region can be updated.

The first time that the value of the pellet radius comes below 0.6
the program calculates the increment in liquid height as described
above and then calls again all the subroutines in sequence i.e.
INDSTR, INDTMP, BEDSFVOR, BVEDHTMT and JETREG. After calling
JETREG, if the value of o (pellet radius) is not less than 0.2 it
goes down and satisfies the condition i.e. KL = 2.*MM (because the
new value of KL=2 due to increment in the value of KK in the last

step, see flow chart) therefore, it goes back to call BEDSFVOR,
BEDHTMT and JETREG then calculates a new o and cell radius till
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o reaches below 0.2. Once b reaches below 0.2 it again

calculates the increment in liquid height (this time it has been
assumed that all pellets become melted which have o less than

0.2. Therefore, increment of liquid volume also takes care of
unmelted (rp < 0.2) pellet) and subsequently updates the grid

spacing AZ. A small time difference may occur between

corhputational and real (experi"mental) time due to the unmelted
pellet (rp < 0.2). However, it is believed that this small time

difference will not affect the total computational time
appreciably because of the very large temperature gradient which
exists at the surface of the unmelted pellet (rp < 0.2) which
indicates that the pellets with radius less than 0.2 can be melted

in negligible time.

Once all the pellets become melted, then new layers of the pellets

are added and the above mentioned procedure is repeated again.

This whole procedure is repeated until all the feed has been fed
into the furnace. Here, instead of adding new layers of pellet,
after completing previous pellets meiting, one could adopt a

continuous feed rate.

Numerous parameters and values have been used during
computation. A detailed analysis of the estimation of parameters

for the ISP model problem is included in Appendix D.

The set of non dimensional differential equations with their
boundary conditions have been solved in a Sequent S27 UNIX

machine, using a computer program written in standard FORTRAN-



TABLE I
BASIC PARAMETERS USED IN CALCULATIONS

Parameters Liquid Region| Bed Region Jet Region
Crucible diameter, m 0.2 0.2 0.2
Crucible length, m 0.4 0.4 0.4

Step size in R dirn. 0.1 & 0.025 | 0.027 0.1 & 0.025
Step size Z & 6 dirn.  |0.1 0.1570796 0.01
Characteristic vel,m/s 0.3803978 0.3803978 20.0
Viscosity, kg/m-s 6.0 . 10-3 1.6 2.06. 10-5

Following values of the parameters are given at room

temperature
Ther. cond.,cal/m-s-°K| 18.0 2.0 6.4 . 103
Specific heat,cal/kg-°K107.8 158.0 219.8
Density, kg/m3 7600.0 3875.0(powder) [1.30
2230.0(bulk)

Following values are given at the melting point of pellet(1150-

1190°C)
Ther. cond.,cal/m-s-°K| 8.0 0.8 (~1.0) 27.0
Specific heat,cal/kg-°HK168.52 240.0 268.47
Density, kg/ms3 6900.0 4500.0 0.2599
Initial Temperature,®K| 300.0 300.0 300.0




26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.

Molar concentration of FeO mol/m3 6.867 . 103

Molar concentration of O mol/m3

Diffusion Coeff. of O-CO gas m2/s 9.52 .

Gas velocity m/s
Void fraction of pellet
Void fraction of bed
Radius of pellet m
Bed height m

Oxygen density

Oxygen specific heat

Oxygen viscosity

Oxygen thermal conductivity
Density of liquid Fe+C

PEHT in bed region

PEMT in bed region

PEGHT in jet region

PEGMT in jet region

40.62023
10-10  Tg!.75
20.0

0.423

0.511

0.01

0.045

(391.87 . Tg1-0007)/1.301

(7.16+1.0.10-3Tg-.4.10-5Tg2)/7.0
(0. 68+482103Tg 7.32.107Tg?)

(0.92+1.816.10-2Tg)/6.38.10-3
(8102.2-0.717 T,)/7620.6
4.01 . 104rp Uay’

3.9039 . 10%rp Uay
8.957 . 104

9.71 . 104
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TABLE |
VALUE OF PARAMETERS USED IN COMPUTER CODE

Dimensionless induction power
Wave number 1/m

Permeability of free space H/m
Magnetic field Wb/m?2

Magnetic field intensity A/m
Furnace frequency Hz

n defined in egn. (2E-3)
Spacing betwn. f/c coils m
Viscosity of liquid iron

conductivity of
liquid iron mho/m

resistivity of
liquid iron ohm-m

CONSEH

VSTRCO

PEL

Df.s, diffusion coefficient, m2/s
a

b

HEATBL m2-s/cal
HITMEL

HFEPRO

ACUHIT

CFEOPR

COUTFL

RYN (eqgn.)

1.0

16.667

1.257 . 106
0.0354
2.81835 . 104
2450.0

4.37 104
0.03

6.0 . 103

7.968 . 105

1.255 . 10-6
2.194208 . 103
1.2850976 . 102
1.71899 . 103
1.0 . 10-10
8.8573147
8.6990248
5.3471 . 109
7.90103 . 102 rp
1.61361 . 10-10
6.416526 . 105
2.3288 . 107
3.81 . 108

1.85 . 103 rp Uay
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77 language. This program is listed in Appendix G and described in
Appendix F. The CPU time to run this program on the Sequent which
is Intel 386/387 based, for 21 layers of pellets (as is the case in

the experiment) is ~31 minutes.

Values of density, thermal conductivity etc for liquid, pellet,

mixture etc are given in Tables | and Il.
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CHAPTER 4

EXPERIMENTAL PROCEDURE FOR MEASURING PHYSICAL
PARAMETERS

4.0) INTRODUCTION:

We have developed a mathematical model for the Induction
Smelting Process. Before assessing the prediction of the model in
practice one should, if at all possible, validate the model
predictions by experiment, to measure the various field variables
such as temperature, concentration, velocity etc. Once the field
variables are known experimentally, these can be compared with
predicted field variables, and so indicate the extent of the validity
of the mathematical model and the assumptions upon which it is

based.

Therefore, it was planned to measure a few important field
variables experimentally, viz temperatures, composition of the
melt, (slag and liquid iron) and velocity of the melt. These three
variables are considered critical for the present smelting process
upon which heat, mass and momentum transfer are based. It would
be desirable to measure the other parameters, eg magnetic field,
density of pellet, coil current etc. in order to supply reliable data
for the computer calculations. For convenience the measurement
techniques are presented in this chapter and the actual

experimental results are discussed in Section 4.7.

4.1) TEMPERATURE MEASUREMENT:



«————-3Solid wooden rod

> Hole

+—— Hole for liquid entrance

Silica tube

Fig. 22. Diagram for composition
measurement apparatus.
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High temperature measurement is a well known field and numerous
temperature measurement devices are available eg, optical
pyrometer, various type of thermocouples etc. Depending upon the
requirement of the experiment one can select the proper measuring
device. Regrettably, no temperature measurement device exists
which can last long inside the melt at such a high temperature
(1600°C) for the few minutes which is required in the present

study in order to measure a few temperatures continuously.

In the present study, the need was to measure the temperature
inside the liquid melt. Therefore, a Pt - 13% Rh thermocouple was
chosen which can measure temperature up to 1700°C with +10°C

accuracy.
4.2) COMPOSITION MEASUREMENT:

It was initially planned that the composition would be analysed by
taking samples of liquid iron and slag from various points at
different time intervals during the smelting process. Therefore, a
few small pure silica tubes with a side hole in each tube were
made to collect the samples from different points at different
time intervals. The top of the silica tube was covered with a solid
wooden rod and a small hole was made in the wooden rod to
facilitate escape of gas/air from the tube during the time of

sample collection, as shown in Figure 22.

Unfortunately, the system did not work satisfactorily during the

collection of samples in the smelting process. This is believed to



TABLE Il
SLAG COMPOSITION

Fe as FeO | SiO2 | Al203 CaO MnO

7.5 48.7 7.7 28.1 4.1
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have been due to not having sufficient free passage for gases to
escape from the tube, because during collection of samples the
wooden hole was also covered with liquid melt, thus preventing
liquid entering in the hole. However, the samples of final liquid
iron and slag have been collected. The composition of the slag is

shown in Table lil.
4.3) VELOCITY MEASUREMENT:

This was the more crucial experiment. There are many fluid
velocity measurement devices but almost all fail at very high

temperature (~1 600°C).

Many authors#%:135-137 have tried to measure the liquid velocity
by developing new measurement techniques. Most of them work
below 800°C. As far as is known, nobody has yet developed a
satisfactory device to measure the velocity inside the liquid at
high temperatures (~1600°C). However, Hsiao '3 has reported a
device reliably measuring the surface velocity at high temperature.

Surface velocity measurement has also been tried by LiIIicrap138.

Here, we have tried to develop a velocity probe which is
inexpensive and simple in construction in comparison to other
existing devices while still trying to retain its sensitivity. Under
these circumstances, some compromise with the versatility of the
probe was inevitable. However, one can easily deduce from the
probe design (Fig. 23) that by paying a little more attention to

some parts of the probe, its versatility could be improved.
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4.3.1) THEORY:

The velocity of the fluid can be deduced by measuring the drag
force on a body immersed in the fluid. Drag (D) on a body, of area A,
in the moving fluid, of density p , may be correlated with drag

coefficient(Cp) as?02

D

Chp= —
T:_-p U2 A

(4.1)

where U is the mean fluid velocity away from the immediate
vicinity of the body. Cp is a function of Reynolds number ,Re, for an

incompressible fluid. A standard drag curve is available82,102
between Cp and Re for spheres. From the drag curve it is
interesting to note that Cp does not change with Reynolds number
in the range 2.103 to 2.10°. Also if the density of the fluid does not
change appreciably with small temperature gradient then the drag
force can be assumed to be independent of fluid density. One knows
that in a coreless induction furnace the velocity of liquid iron
normally ranges between 0.1 to 0.6 m/s. Therefore, one can select
the diameter of the sphere in such a way that it gives a value of
the Reynolds number higher than 2.10% but less than 2.10% . In this

way, the measured drag force will be proportional to U2.
4.3.2.) DESIGN OF APPARATUS:

A solid graphite sphere of 20.0 mm diameter was made by
machining a block of pure (99.9%) graphite. We did not try to make
a porous graphite sphere to eliminate the eddies shedding and thus

the fluctuation in drag force readings as reported by Moore and
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Hunt139, This solid sphere was attached to the end of a 1000.0 mm
long and 10.0 mm diameter threaded graphite rod. Threads were
made at the end of the graphite rod then screwed in the graphite
sphere which was already threaded from inside. Graphite was
selected due to its low cost, high melting point, and good
n1aghining properties. This graphite rod was attached to a carriage
whfch was mouniéd on a long ir'on bar. The:whole assembly was
supported by a solid iron stand as shown in Fig. 23. The carriage |
had the capability to move the graphite rod to and fro as well as up
and down with the attached side scales in both directions to

facilitate taking of the readings.

The whole assembly was placed on a Mettler balance with a
sensitivity of £0.1g . The length of the bar from the fixed point of
the stand was such that it measured twice the actual weight if a
force exerts on the rod, which increased the sensitivity of the
apparatus. The point at which the bar was clamped to the stand is a
rigid point; therefore, reaction at this point will be zero and no
force will be transmitted beyond this point. The point where bar
and stand were clamped lies on the balance. Therefore the balance
measured the actual drag force exerted on the sphere. Drag force
data were recorded by attaching the Mettler balance to a BBC
Personal Computer with a temperature interface via RS 232 port.
The BBC Personal computer can memorize 6 data per second. Direct
graphical representation of the data was obtained by using CUSTOM

software developed by G. Hamilton, Senior Technical Officer of the

University of Wollongong.



COMPOSITION OF RAW MATERIALS

TABLE IV

Constituents |lron ore Marulan Brown coal Brown coal
dry basis(db) | limestone  Blurry % char (db)

Fe (Total) 57.3

Si0O2 5.28 1.8

Al203 2.73

Mn 0.11

TiO2 0.22

S+P 0.058 0.24

LOI 9.53 42.8

Others 0.207

Ca0o 53.6

MO 0.6

Na20 + K20 0.11

Fe203 0.4

Al203 0.6

Free Moist. 1.1 62.80

Ash 1.40 2.3

Volatile 49.80(db) 0.5

Fixed Carbon 48.80(db) 97.2

Mine. & Inor. 1.00(db) 1.26

C 68.50(dmif) | 94.4

H2 4.80(dmif) | 0.9

N2 0.59(dmif) 0.42

Organic S 0.35(dmif)

O2 25.80(dmif) | 2.8
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This assembly was tested by blowing a known velocity gas on the
sphere, which exerts a drag force on the sphere and was recorded
by the balance. Calculation of the velocity from the drag force

showed a deviation of + 5% with the actual fluid velocity.
4.4) PREPARATION OF PELLETS:

In the present model, self fluxed composite pellets have been used
as a smelting material because it is a common feed in most of the
industrial smelting processes. The composite pellets used contain
the iron ore and brown coal as a reductant, and burnt lime as a

flux.
4.4.1) RAW MATERIALS AND PELLETS MAKING:

Lump iron ore and burnt lime were obtained from BHP Steel
International Ltd., Port Kembla and materials were made of -500
mesh size. All materials were dried at 100°C to remove moisture.
Brown coal was obtained from the Coal Corporation of Victoria in
slurry form. The composition of iron ore, burnt lime and brown coal

slurry as obtained from plants is given in Table IV.

The weights of the iron ore, lime and brown coal slurry were
calculated on a stochiometry basis. Brown coal addition was 50%
in excess of that required stochiometrically. The reaction which
was assumed between Fe,O4 and C is

Fe,O3 + C = 2Fe + 3CO (4.2)
Because the brown coal slurry contained more than 60% water,

some brown coal char(-500#) was added in order to make the



TABLE V
PROPORTION OF RAW MATERIALS

Constituents Weight , kg Equivalent ore,kL Weight fraction
FeO 8.07 10.0 0.5671
Ca0 0.4928 0.9194 0.0346
C 2.324 2.491(BC Char) & 0.1914
1.424 (BC slurry)
Others 0.2066
Total 11.29 14.23 ~ 1.000
TABLE VI

CORELESS INDUCTION FURNACE SPECIFICATIONS

Inner diameter of the f/c

Outer diameter of the f/c

Spacing between the coils

Diameter of coil

Number of coil turns

Coil stack height
flc
flc
flc
fic

operating voltage, max
operating frequency, max
operating power, max

operating current, max

~301mm
~338mm
~30mm
~26mm
13
~335mm
1500V
4000Hz
S300KW
2900A

(290)
(2450)
(50)
(~800)

Values enclosed in the bracket are the actual experimental values

used in smelting operation.
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composite mixture thick enough so that pellets could be made. The

composition of brown coal char is also given in Table IV.

The iron ore (10.0 Kg), burnt lime (0.9194 Kg) and brown coal slurry
(1.424 Kg) were mixed together with 2.491 Kg brown coal char in a
mixer. Then by usinga60.0 cm diameter disc pelletiser, pellets were
made in the range of +18.0mm and '-22.5mm. Bags of dried ‘pellets
were made, each of them containing ~535g pellets (approximately

55 pellets per bag).
4.4.2) MEASUREMENT OF PELLET DENSITY:

The density of the powder (Fe O + C + CaO) was measured with the
help of a density bottle and was found to be 3875kg/m3. The bulk
density of pellet was found by dividing its mass by its volume to

be 2230kg/m3. The void fraction of the pellet was 0.423.
4.5) MAGNETIC FIELD MEASUREMENT:

Magnetic field measurement was made for a single phase coreless
induction furnace. All dimensions and specifications of the furnace
are given in Table VI. The principle of magnetic field measurement
is based on Faraday's law, according to which when a coil is placed
in a time-varying magnetic field, then an induced voltage is

developed in the coil which can be expressed as

e --NI (4.3)
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Fig. 24. Diagram for magnetic field measurement.



110

where e is induced voltage, & is magnetic flux, and N is number of

coil turns.

For this purpose a coil was made by wrapping enamelled copper

wire around a Perspex tube. The coil had the following dimensions

Number of copper wire turns = 256

Length of the coil . = 23mm_
Internal diameter of the coil = 7.36mm
Diameter of enamelled Cu wire = 0.2mm

With the help of this coil, its induced voltage was measured in the
induction furnace by attaching a digital multimeter to the coil as
shown in Fig. 24. During the induced voltage measurement, which
was in r.m.s., furnace frequency was 2300Hz. The induced r.m.s.
voltage was found to be of the order of 2.3 to 6.7 voits, due to the
sinusoidal nature of the magnetic field. The calculation of the

magnetic field based on these data is given in Appendix D.

4.6) MEASUREMENT OF FURNACE COIL CURRENT:

Due to the unavailability of a tong meter which can measure a high
current, a current measurement device was prepared which can
measure large current value without being affected by high
frequency supply. The device is based on Ampere's circuital law
which relates the magnetic potential induced in a loop to the

current passing through the area formed by the loop.

For this purpose a 430 turn enameled copper wire loop was made in
which enameled Cu wire of 0.5mm diameter was wrapped around a

co-axial cable, of diameter 8.86mm, which was connected to a
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Fig. 25. Diagram of the current measurement apparatus.



resistor in series, and to a capacitor in parallel, as shown in Fig.
25. Values of the capacitor and resistor were chosen in such a way
that in actual conditions it must satisfy the following condition

f >> 1/RC (4.4)

where, C is capacitor of value = 10. pF and,
‘R is resistor of value = 20. KQ |

Different readings of output voltage were taken at known values of
low currents. Analysis showed a non-linear relationship between
output voltage and current. In the induction smelting experiment a
furnace coil was enclosed in this loop and the output voltage was
recorded at the actual operating conditions across the capacitor.
The accuracy of the furnace current obtained in this way is
questionable, because the non-linear relationship was established
at low current value but was used to get the high current value. In
the present study, the value of the furnace current obtained

through this relation was 800.0 Ampere.

Because the value of the furnace current was uncertain, we did not
use the numerical solution for the Bessel equation (2A-29) in our
final calculations because the boundary condition (2A-55) for the
equation (2A-29) needs the correct value of the furnace current.
Moreover, we were not able to check the accuracy of the values
obtained by the numerical solution. Therefore, the Bessel equation
has been solved by adopting the second approach described in

Section 2E-l. Solutions obtained by this method for the values a,b,

U, Vo, Xo, Yo, Uy & V1 have been checked by using ref.121 and were

found accurate.
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4.7) EXPERIMENTAL PROCEDURE AND MEASUREMENT OF
VARIABLES:

All smelting operations were done in a 200mm diameter and
400mm long cylindrical graphite crucible which was made to order
by the Carbon Mechanical Product Company, Sydney. The run began by
melting 3.636kg' pig iron as a heel. After;that the actufa'.l smelting
process was started by feeding each bag of pellets intermittently
in conjunction with top blown oxygen through a lance. After a fixed
time interval the next pellet bag was added. During the smelting
operation, at various time intervals temperatures were measured,
with the help of the Pt-13% Rh thermocouple attached to an
Electro-Nite lance, at different locations in the melt. Data were
stored in the computer by connecting the Electro-Nite lance with
the computer. During the measurement of temperature all axial and
radial distances of the measured point were recorded with an
accuracy of ¥5.0mm. Also attempts were made to collect a few
samples for chemical composition during the process,
unsuccessfully, as explained in Section 4.2. During the temperature
measurement the furnace power was switched off so that induced
field should not affect temperature readings. After measuring the
temperature, the furnace was set to its previous values of voltage,
frequency and power. These furnace parameters were kept constant
throughout the smelting operation. All measured data have been

compared with model predictions in Chapter 5.

After finishing the smelting, slag was removed from the top of the
liquid iron surface to measure the velocity. Unfortunately just

when everything was made ready to start measuring velocity, the



crucible broke and the whole liquid melt spilled out from the
furnace. Lack of time prevented repeating this (rather expensive)
experiment. Therefore, we were not able to measure the velocity
of the fluid under actual experimental conditions. This was the
most unfortunate part of the experiment. The failure of the
crucible was due to oxidation of graphite by air which was rushing
~up from the bottorﬁ of the crucible through the Qap betweeni the
furnace and the crucible wall. This circulation was due to the large
temperature difference between the top and bottom of the furnace,
and its consequent density difference. It should be noted that
during the preparation of the velocity probe, one trial run had been
made in liquid iron to measure the velocity and our rough
calculations showed the velocity of liquid iron as between 0.1 to
0.4 m/s. Unfortunately we did not keep the record of this trial run
but it indicates that the velocity probe is quite capable of
measuring velocity inside the melt at high temperature. During the
trial run, fluctuation in the velocity was noticed which was due to

the turbulent nature of the fluid flow.

During the smelting operation, various other parameters were also
recorded viz, starting and finishing time of the smeiting, feeding

time of pellets, melt height at various time intervals etc.
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CHAPTER 5
RESULTS AND DISCUSSION

Numerical solution of the model equations, presented earlier,
provides the values of various dimensionless field variables viz,
liquid, mixture, and gas temperatures, velocities and concentrations
as a function of different parameters involved in the equations. In
view of the very large number of parameters involved in the
characterization of the Induction Smelting Process, results have

been presented here only for a few selected parameters.

Results in this Chapter have been presented in R and Z directions

for the liquid and jet regions and in the r and 6 directions for the
bed region. All results have been presented with respect to the
particular grid point. Therefore, we would suugest before going
through this chapter one should refer to Figs. 17, 19 and 20 to get
a clear idea of the grid point arrangement in all three regions.
Results have been plotted at dimensionless time 0.348, 0812 and
1.276 for the quuird region which corresponds to the time required
for complete melting of the first three layers of pellets, nine

layers of pellets and fifteen layers of pellets respectively.

The results obtained in the present study, when plotted for various
parameters, reveal some interesting trends. A typical set of

streamline profiles in the liquid region is shown in Figs. 5.1 to 5.3.
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Streamline results have been plotted as dimensionless radial
distance versus dimensionless liquid height at different
dimensionless times. The value within each circulation loop shows
the value of stream function for that loop. It is interesting to note
how the second circulation loop of streamlines develpoed with time
and liquid height. In these results maximum axial velocity has been
obt‘ain~ed away frorﬁ the axis of the furnace i.e. near the wall due to
localized body forces in this region, which is in accord with the
results of other investigators42.46.47.49 A very small recirculation
loop of streamlines has also been obtained very near the crucible
wall, when the height of liquid is more than 2.4, as found and
explained in ref. 46. A close inspection of Fig. 5.3 reveals that the
circulation velocities are higher in upper loop which is due to the

lesser drag forces in the upper half of the liquid.

When only heel is present in the furnace i.e. where liquid height is
very low, then only one loop has been obtained with the maximum
axial velocity of 0.8m/s in the whole smelting operation. As the
liquid height increases, velocity decreases and after 10.0cm of
liquid height the maximum axial velocity is fairly constant
throughout the smelting operation which is ~0.3m/s. Velocity
values obtained in the present study are in accord with

experiments carried out by other researchers!35.136,138

Figures 5.4 to 5.6 show the radial variation of liquid temperature at
different time and liquid height. These figures have been plotted at
a particular nodal point in Z direction but at different time as
indicated in the figures. As expected, during the smelting operation

in a medium frequency furnaces, there is a significant variation in
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the temperature in the radial direction (~30-200 C). It is interesting
to note from these figures that, at the axis, the temperature is
always lower than at the wall. The reason is that the heating due to
energy dissipation, occurring in the first few skin depths of the
induced current, causes the fluid to be less dense near the wall
where the temperature is greatest. The light fluid near the wall
rises in the upward z-direction and the cooler, more dense, liquid
next to the centre falls under the action of gravity. There are small
perturbations in a few curves in Figs 5.4 and 5.5 which we believe
are due to different flow patterns of the liquid at different times
(Figs. 5.1, 5.2 & 5.3) which gives different mixing patterns inside
the liquid. From the careful inspection of Figs 5.4 to 5.6 near the
wall, it is evident that a weak temperature gradient exists. This is
because heat sources are localized near the wall where turbulence
is decaying, and therefore, some inhomogeneity occurs. This
temperature gradient is very useful to define the heat transfer

coefficient in general practice.

The vertical liquid temperature profile shows a more or less similar
trend, as seen in the radial liquid temperature profiles presented in
Figs. 5.7 to 5.9. As evident from these figures, the temperature
usually increases from the bottom of the crucible to the top of the
liquid monotonically, except for a few perturbations. The
temperature at the top of the liquid is usually higher than at the
bottom, which is due to the top boundary condition of the liquid in
which we have considered melting of the pellet, various reactions
between gas, solid and liquid etc effect as discussed in previous
Section 2D. The temperature at the bottom is always low because

the thermal energy is lost by conduction to the bottom wall of the
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crucible. The small perturbations in Figs. 5.7, 5.8 & 5.9 are due to
the different flow patterns of the liquid at different times. Also
flow patterns change from the centre of the crucible to the crucible
wall. The shape of the curves in Fig. 5.9 can be justified on the
basis of these flow patterns. For example curve in Fig. 5.9 at
T=1.276 and R=14 shows a sinusoidal nature. If one compare this
curve with the liquid flow pattern Fig. 5.3 then it explains the
nature of the curve clearly. In the lower recirculating loop in Fig.
5.3 the fluid elements near the bottom of the crucible are travelling
in a longer path, therefore loosing more energy hence becoming
cooler. This fact is evident from the Fig. 5.9. As the vertical distance
increases liquid get hotter and hotter till it crosses the lower
portion of the upper recirculating loop. Again temperature started
decreasing and can be explained in the same way as it is explained
for the lower recirculating loop. In all these three figures the
vertical temperature is normally increasing with liquid height at
constant dimensionless time t=0.348. The reason may be that more
electric heating is concentrates when the liquid pool is small, as is
the case at t=0.348. Also there is only one circulation loop of the
streamlines present at this stage as shown in Fig. 5.1. All these

factors, we believe, give a different shape to these curves.

Figures 5.10 to 5.12 show a comparison between experimental and
predicted results. In Fig. 5.10 results have been plotted for
temperature (°K) versus time(s) at constant value of R=6 and Z=8.
Figs 5.11 and 5.12 are self explanatory. Results in Figs. 5.10 and
5.11 show a good agreement between experimentally obtained

results and computed results with respect to the trend. The small
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difference in temperature is due to considering temperature
independent properties of the liquid and specifying the constant
temperature at the outside of the crucible walls. Here, one should
note that measured temperatures during the experiment were not
very reliable because a few temperatures obtained were very low,
which cannot be expected when everything in the furnace is in the
ﬁquid state. Fig. 5.12 shows an excellent agreement betweeﬁ liquid
height and smelting time obtained experimentally and theoretically.
The small difference in liquid height at the end is due to the large
splashing of slag from upper surface, probably due to carbon boil
etc during experimentation. Also theoretically we have assumed all
minor elements except carbon go with iron and slag which is not

rigorously true in practice.

These results show a very good validity of the mathematical model

developed for the Induction Smelting Process.

For the figures 5.13 to 5.23, results have been plotted at
dimensionless time 0.35, 0.7 and 1.05 for the bed region which

correspond to the different radius of pellets during the melting of

one layer of pellets i.e. from starting (rp = 1.0) to finish ( Ip < 0.2).

Temperature profiles in the bed region along the selected radial
values in O-direction are given in Figs. 5.13 and 5.14. Monotonical
decreasing of temperature is due to the endothermic chemical
reaction occurring between FeO and C progressively in 6 -direction.
As the time increases, the reaction reaches its completion.
Therefore, less endothermic effects are expected, which thus

increase the temperature of the melt. As the time increases the
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radius of the pellet decreases and with it the Peclet number for
heat transfer, which means less heat transfer occurred by bulk
flow than by conduction. In this particular case the Peclet number
varies from 37 to 25. For heat transfer, the Peclet number can be
.represented by the product of Reynolds number and Prandtl
number. .From Eigures 5.13 and 5.14 it is evident that temperature
~the gradient near the front stagnationjpoint of the %fbellet is large‘st:
and decreases with polar angle. Also it is clear from Figs. 5.13 and
5.14 that heat transfer increases at the rear of the pellet. This is
due to fluid elements convected downstream forming a region of
high temperature gradient. Furthermore, heat is transferred from
the external stream to the rear of the pellet. Temperature in Fig.
5.14 is higher than in Fig. 5.13. This is because the temperature
profiles in Fig. 5.14 are significantly closer to the external stream
than the Fig. 5.13 profiles and thus heat transfer rate from the

outer flow is much higher for Fig. 5.14 profiles.

Figures 5.15 to 5.17 show the temperature variation inside the cell
in the radial direction at constant value of polar angle 6. As the
radial distance increases, the temperature approaches the external
stream temperature, which is obvious from these figures. Figure
5.17 looks slightly different but if one compares Figs. 5.13 and 5.14
with Fig. 5.17 then it is evident that this nature of the curve is due
to the lowest temperature gradient at this angle (rear of the pellet)

and its sudden increase due to heat transfer from the outer stream

as explained earlier.

Figure 5.18 shows streamline contours calculated numerically at

constant time i.e. steady flow. This steady flow past the pellet has
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fore-and-aft symmetry for the Reynolds number 1.58 and it is
unseparated flow. This finding is quite true at this Reynolds
number82, Most of the Reynolds number values in this study fall
into the creeping flow category and a few lie just above the
creeping flow values i.e. in the intermediate Reynolds number
range. In the present study, the Reynolds n;umber belongs in the
creeping flow }egion in whiéh normally sfreémlines have:fore-and-
aft symmetry and show the same trend as shown in Fig. 5.18.
Therefore, streamlines contours have not been shown here for

other Reynolds numbers.

A typical set of FeO concentration profiles within the cell is given in
Figs. 5.19 to 5.23. Since the dimensionless equation and boundary
conditions, governing cell heat transfer and mass transfer are
almost identical in nature, except for the source term and outer
boundary conditions, the solutions to these equations in
dimensionless form are expected to be same, which is evident from
comparing concentrations figures with temperature figures.
Concentration 1.0 shows the dimensionless FeO concentration at the
pellet surface. The trend of these curves can be explained in the

same way as it was done for the cell temperature.

From the curves it is clear that 3-4% FeO concentration is present in
the outer stream of the flow. But Table VII shows the slag
composition which contains approximately 7.5% FeO. This
discrepancy in the computed and experiment results could be due
to various factors like,

(i) In the rate equation for reaction (2B-13) the value of velocity

constant has been taken constant (Kv= 0.41) which is not true as
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explained in Appendix B. The effect of the velocity constant is
shown in Fig. 5.24, which shows that as the velocity constant
increases slightly the FeO concentration also increases.

(i) Kinetics of the reaction (2B-13) is itself very contradictory i.e.
whether it is mass transfer controlled or chemically controlled. If it
is chemically controlled then there is no need to solve the mass
transféf equation for FéO and, |

(iii) We have found. great difficulty in ascertaining the data for the
bed region especially for the diffusion coefficient for FeO-slag
system. The effect of the diffusion coefficient on FeO concentration
is shown in Fig. 5.25 which clearly shows the importance of this
parameter. On a little increment in the diffusion coefficient, the FeO

concentration in the outer stream almost doubles (6%).

Concentration and temperature profiles of the oxygen jet within the
boundary layer are presented in Figs. 5.26 and 5.27 at constant
values of radial distance. Results have been plotted at constant
time in the z-direction. From Fig. 5.26 it is clear that at CR=2 the
oxygen concentration is almost equal to the outerstream
concentration which indicates that either the boundary layer has
not developed properly or it is very-very thin which 1is true
because the CR=2 point is next to the stagnation point. Therefore,
the concentration values of oxygen will be the free stream
concentration. Similar arguments apply for Fig. 5.27 to the case of

the temperature profile, but here it seems a small thickness of the

boundary layer has been developed.

Effect of Peclet numbers (for the liquid and bed regions) on the

liquid and cell temperature are shown in Figs. 5.28 and 5.29 at
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constant time. It is noticed that as the Peclet number increases or
decreases, cell temperature also behaves in the same fashion. It is
inferred from Fig. 5.29 that as the cell Peclet number increases,
the temperature gradient at the front of the pellet also increases, as
expected. In the liquid region, as the Peclet number increases the

‘temperature also increases.

Figure 5.30 shows the effect of the Peclet number of mass transfer
on FeO concentration. The actual data show that as the Peclet
number increases the concentration decreases slightly, which is
expected. The Peclet number of mass transfer plays the same role
as it plays in heat transfer. Unfortunately, the effect of the Peclet
number is not visible from Fig. 5.30 because the change in
concentration is very low and is not possible to resolv on the scale
which has been used in the figure. A figure drawn on amplified

scale would show the difference.

The above results imply that the mathematical model is quite good
in predicting the actual performance of the Induction Smelting
Process which was the initial goal for developing this model. By
including the variation in the liquid properties and further
refinement to the temperature boundary conditions in the model it
could be further improved. The other assumptions which have
been made during the formulation seem quite reasonable. There
are numerous variables in this process which are due to the highly
complex nature of the problem. Most of these field variables are
interdependent. Therefore, a careful analysis is required to select
the proper parameters and to see their effect on the whole process

in order to optimise the Smelting Process. From the model one can
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see the effect of various parameters on the process performance
like, bed and pellet void fractions, pellet size, gas jet velocity,
induction heating i.e. energy consumption, FeO concentration

present in the slag, design of the furnace etc.
5.1) POSSIBLE APPLICATION OF THE MODEL:

Although the computer code has been developed for the ISP it can
nevertheless be used in parts to solve various other metallurgical

operations. A few examples are given below.

The liquid region part can be used to predict flow behaviour and
heat transfer in induction scrap melting and induction refining
units. By employing this model one can discover the proper
controlling parameters for the above mentioned applications and
can optimise the process. These processes, especially refining of
steel, producing high grade steel, making alloy steel etc are very
sophisticated and can be controlled using the liquid region
computer code. About the segregation and inclusion entrapment
one wantsto know the exact nature of the fluid velocities in order to
control and reduce them to obtain high quality steel. For this
purpose, a turbulent model should be used in conjunction with the
present code. People have already started using mathematical
modelling for induction stirring in continuous casting to produce
high quality castings, which is a very promising field to which this
model may be applied. One can also use this model for

electromagnetic stirring in ladle metallurgy operations.
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The bed region mathematical model can be successfully applied to
many industrial processes like packed bed, fluidized bed, liquid -
liquid extraction, solid leaching, floatation, fermentation etc. Minor
modifications will be required to apply the model for these
processes, depending upon the details of the process. The model can
give an insight into flow, heat and mass behavio_ﬁr for these
processes. Models based on the cell approach are very good to
understand the fluidized and packed bed behaviour. With the help
of this model one can also make many fundamental studies in
metallurgy, usually at high temperature which are very difficult to
access by experiment, viz mechanism of heat and mass transfer
through gas bubbles in slag - gas, gas - metal or gas - slag - metal
systems. When applying this model for bubbles some major

modifications may be required in the governing equations.

The jet region can be used as a whole for many other engineering
applications, viz annealing of metal and plastic sheets, drying of
textiles, papers, films etc, tempering of glass, cooling of
microelectronics equipments etc. In these processes heat transfer,
fluid velocity and mass transfer are quite important and one can
use the present model in order to understand these processes and
possibly improve the process after analysing the results and

controlling the proper parameters.

The liquid region model in conjunction with the jet region model
can be used to explore the kinetics of various gas liquid iron

reactions such as the decarburization of liquid iron by oxidizing gas.

Experimentally, researchers!40-142 have tried to measure the rate

of reaction of gas - liquid iron in these conditions. In fact, A. K.
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Kuchi et al.l43 have developed a mathematical model for this
process in order to ascertain the kinetics of reaction and they found
a good agreement between predicted and experimental results and

predicted rate kinetics for few more gas - liquid reactions.

In summary, there are many possible application of parts of the
present model, which can be used with some minor modifications
depending upon the process. Other applications of the model will,

no doubt, emerge in future.
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The proposed mathematical model appears to be predicting

physically realistic profiles of liquid velocity, temperature,

mixture velocity, temperature, concentration and  oxygen

temperature ,velocity and concentration in the Induction

Smelting Process.

The analysis shows that results are sensitive to various
parameters such as the diffusion coefficient, reaction velocity
constant, Peclet numbers for heat and mass transfer, Reynolds
number in various regions etc., and a proper prediction of the
performance of Induction Smelting Process would require a

careful consideration of these parameters.

The successful use of the cell model approach shows the
possible use of this approach in materials processing

operations.

The computer code has been developed for the ISP problem.
However it can be used in part to simulate various other
industrial problem. For example the liquid region model can be

used for the induction melting and refining units in industries

etc.
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5) A mathematical model for prediction of composition of the

6)

7)

8)

melt ( P, Si1, S, Mn etc.) has also been developed in the present

study, which may be incorporated in the model at a later stage.

A model with computer code has also been developed to
predict the temperature profile inside the microwave heated
comfposite pellets,f',which may be used with cj'urrent computer
code in order to see the effect of microwave treated pellets on

the smelting process.

The velocity measurement device developed in the present
study may be used successfully to measure the velocity of any
fluid at high temperature taking the precautions against the

possibility of the carbon rod reaction.

Proposed 2-dimensional model can be easily extended to 3-

dimensional if required.



APPENDIX A
DERIVATION OF EQUATION OF MOTION FOR LIQUID REGION

From the equation (2A-1) we have:

Dy
PL Dt=VE-¥p+p Eb (2A-1)

where D/Dt is known as the substantial derivative operator which

can be expressed, by assuming the fluid density as a constant:

D_t=é_t +y.V (A-1)

where the first term, called the local derivative, represents
changes at a fixed point in the fluid and the second term, the
convective term, accounts for changes following the motion of the

fluid.

Eb is the body force per unit volume. In the present case the body

force may contain the Lorentz force and gravitational force.
pEb=pg+JdxB (A-2a)

Here, we are neglecting the buoyancy forces.

After combining equation (2A-1) with the equation (A-2) and

substituting the relationship of stress tensors into the equation of

motion, assuming constant fluid viscosity, we obtain:
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- Du
PL Dt =HV2U+ pg+JxB-Vp (A-2)

where
2 92 92 92
Ve="2()+ ay2 () + 352 () is the Laplacean operator in

cartesian co-ordinates.

Taking the curl of equation (A-2) and considering the steady state,
and the gravitational field exerted only in the z-direction in

cylindrical co-ordinate, yields:

PLVXW VU =pVx(V2Y) + Yx (L xB)-¥ x{V (p+pgz)} (A-3)

After some manipulation it can be shown from the vector algebra

(some important vector identities have been given in Appendix E)
'Vx(u.Vu,)=-Vx(ux§) ' (A-4)
where |
Vxu =¢§ - - (A-5)
On further simplification of the equation (A-4) we obtain:

d . ’ . ‘ |
| {g (u, é)_+ =5 (4 6,)} €o= Vx (U Vu) (A-6)

The first term on the right side of the equation (A-3) can be

manipulated from the vector algebra:

VxV2u=Zx(-Vx§)=V2§ ;because V (VE =0 (A-7)



The velocity vector u in terms of the stream function, for axi-

symmetric problem can be written:
v
u-vx(- % &) (A-8)

which further gives:

1 oy
Ur=7,3, (A-9)
1 dy
Uz =-773, (A-10)
From the equations (A-5 & 8) it can be readily shown:
r& =Vay (A-11)

where £ =& &4 i.e. the vorticity exists only in the 6-direction.

Equation (A-7) in axi-symmetry form will result:

vezeg- {2 S| UL )] e (A-12)

After substituting equations (A-12), (A-9), (A-10) and (A-6), the
equation (A-3) in terms of the vorticity and stream function

becomes:

SV x (L X B)} =0 (A-13)
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where V. x {V (p +p, g 2)} = 0 from the vector identity.

Equation (A-11) shows the relationship between the vorticity and

stream function. After some manipulation it can be shown that:

0 (10y) o (1dy
§=az(r 82J+ar(r arj (A-14)
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APPENDIX B

DERIVATION OF REACTION RATE EQUATION

1.) RATE EQUATION FOR FeO + C REACTION:

Countless research papers have been published on the reduction
kinetics of the iron oxide and carbon in various conditions. No paper
has yet appeared which gives a clear idea on the reduction kinetics
of Fe,O4 and carbon in the iron-carbon melts, which is required in
the present study. From the literature survey22.23,144-158 g clear
reduction kinetics is available for the Fe,O,and carbon in the iron-
carbon melts. But the literature reveals that usually Fe,O,
reduction occurs in the three steps (i) the reduction of hematite to
magnetite,(ii) magnetite to wustite and,(iii) wustite to iron. It is
very difficult to study the reduction kinetics of the first two
steps, both very fast processes. Therefore, the major reaction has
been considered between the wustite and carbon. Under these
circumstances we are compelled to adopt step (iii) as a major
reaction in the Induction Smelting Process. This is reasonable in
the present study due to the very high operating temperature (1400
- 1600°C).

Several authors!44-146,22-23,155-156,158 haye studied the reduction
kinetics of FeO and C reaction in the liquid melts of various
compositions. Results obtained by these authors are very
contradictory. Many authors believe the reduction kinetics of FeO
with C in the liquid melts is diffusion controlled, while some

believe it is chemically controlled. After careful scrutiny of the
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available papers on the reduction kinetics of FeO and C in the
carbon saturated iron melts, the conclusion reached was that the
FeO and C reaction is mass transfer controlled. Derivation of the
rate equation for this reaction is based on the Dancy classical

paper'44. Dancy studied the reaction kinetics for the FeO reaction,

which is
FEO + C = Fe + CO (2B-13)

This reaction has been found to be of the first order for which the

rate of reaction is given as

a

ky = = log. () (B-1)

d—X

where k,, is the velocity constant, a is the initial concentration of

the reactant (FeO) and x is the amount of the reactant decomposed
after time t. From equation (B-1),
a
kut = |Oge(a—~;> (B-Z)
or,
1-f = e-kl) t (B'3)

where f is the fraction of FeO reacted, which is
f = x/a (B-4)

On differentiating eqn. B-4, one has

df
dt

- kg ekt (B-5)

which is the desired rate equation for the FeO and C reaction. Here,
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k\) = f(T)

which means the velocity constant depends on the temperature. The
value of k,, varies from 0.41 to 1.72 unevenly in the temperature
range 1427 to 1577°C. From the available data it is difficult to
establish a proper relationship between the velocity constant and

temperature. In the present case, 0.41 has been taken as the
constant value for k,, .

2.) RATE EQUATION FOR C + O, REACTION:

In the smelting process, the oxygen jet is impinging on the surface
of the pellets which contain carbon as a major constituent.
Because the operating temperature is very high the only possible
reaction between the carbon and oxygen which need be considered

is

2C + 0, =2CO (B-6)
which indicates there is no CO, formation at this temperature.
Moreover, it is an exothermic reaction; therefore, at the reacting

surface the temperature is quite high which rules out any

possibility of the forming of CO,.

Now, the rate equation for the reaction B-6 can be written. The
rate equation for this reaction has been taken from the ref. 159.

For the brown coal char it is

r = ATN exp (-E/RT ) Po> (B-7)
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where, for the brown coal char reaction,
A =0.132 kg m2 s
E/R = 16,400 °K
and N=20

Therefore, the desired rate equation for the reaction B-6 becomes

r = 0.132 exp ( -16,400/T ) Po> (B-8)



APPENDIX C

FINITE DIFFERENCE REPRESENTATION OF MODEL EQUATIONS.

In this appendix the discretized form of the equations (2E-50) and
(2E-80) with their boundary conditions will be presented and the
same procedure can be followed to discretize the rest of the
equations with their boundary conditions, as given in Section 2E in

their dimensionless form.

The governing differential equation of motion (2E-50) can be
represented in its discretized form by using the finite difference

and upwind scheme, as described in Chapter 3.

1 &% -Eijx1 | Ay 1 Eij-Eix1j Iayil &g laygl 1

R Az 2AR" *RY AR 2az" *R'2 2az" T q

t 4

[&'in.j - 287+ ETio1.] 1 S 8ig o B
AR'2 Y Ry 2AR’ R*2;
E ije1 - 2870+ &1 e
Ag 2 + sin2xz’j DVAL = 0 (C-1)
where, Ayi - Visl] - Vi1 (C-2)
and AYj = Vit - Wij-1 (C-3)
DVAL _ wKHOG' R2 anXo—\/1bYo-U1on-U1aYo (C_3a)

2(a+b?)(Ug2+Ve2)

The upwind scheme has been used in the first two terms of the
equation (C-1). Therefore, in order to get a numerically stable

solution this equation must satisfy the following conditions.
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in the first term of the equation (C-1) one should choose either the
+ve sign or -ve sign, in j+1 term, depending upon the sign of Ay in

order to get stable solutions, therefore:
-1 for Ayi > 0 (C-4)
and j+1 for Ayi < 0 (C-5)

Similarly, the conditions for the second term of the equation (C-1)

will be
i+1  for Ayj > 0 (C-6)
and '

-1 for Ayj < 0 (C-7)

Equation (C-1), for the condition, if Ay;> 0 and Ayj> 0, can be

expressed, after some manipulation

&7 [IA\VII/2. R+ |ayjl/2. R+ | AyjlAR/2.R{"2 -

2 AZ'm.AR" + AR"AZ"/R"2n - 2. AR'/n.AZ’ ] +&%ie1,
[-1ayjl/2. R+ AZ'm.AR" + AZ'm.2. R(" ] + 871,
[AZ'/n.AR' -AZ'/2.R'in] + i j+1 [AR'/AZ'n] + &7j-1

[- lawil/2.R" + AR"/AZ".n] + AR"AZ'sin2xz’j. DVAL = 0



Similarly, the equation (C-1) can be expressed for the other three
conditions.

The above mentioned equations are applicable for the grid points 1
to 7 in the R-direction, (Fig.17), with the grid spacing AR and for
points 9 to 20 with the grid spacing AR{. For point 8, one should
use equations (3-16) and (3-17), as described in Section 3.2, to

discretize the vorticity equation (2E-50), therefore,

1 &% - & ijt1 | Avil 4 N 1 &i-8i+ 1. layl &g
R AZ* AR + ARy TR} AR’ oAZ" * R;2
| Ay +1_ [ 2 {é'i-u - E70j N £ iv1.] - E_.'i.'L} 1
2AZ° T |AR" + AR"q AR AR 'Ry

_1_{ ey ART . AR
AR'+AR1' (& i+1.j - & I.]) AR1' - (& i-1.j - & I.j) AR | °

£ N E ij+1 - 28 j+ &ETij-1

Ri"2 n7°2 ] + sin2xz’j ,DVAL =0

(C-9)

* » AR. « - AR.1
where [Ayil1 = [ (W ictj-v'i)) oo - (Wi - v'i)) 2R | (C-10)

AR’
The conditions for the equation (C-10) are same as for the equation

(C-1). Value of AR"in the second term of the equation (C-10)

depends upon the value of Ay;j i.e.
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(C-11)

if Ayj > 0 AR" = AR’ (C-12)

BOUNDARY CONDITIONS:

The boundary conditions for the equation (2E-50) can be expressed

in the discretized form as follows:

At R"=0 or i=1 £ =0 (C-13)
2" = Zy or j=M &M = 0 (C-16)
R*=1  or i=N :—::”%ﬁug' j (C-14)
R I N (C-15)

The discretized form of all governing equations (2E-51,76,77,78
ect.) with their boundary conditions can be expressed in the same
way as for the equation (C-1), for the point 8 and other points. The
care of transient term can be taken by employing fully implicit
method, described in Section 3.1.4, and shown below for the

equation (2E-80).

Equation (2E-80) is a transient heat balance equation for the bed
region in spherical co-ordinates, which can be discretized by
adopting finite difference method, fully implicit method and

upwind scheme. Therefore, equation (2E-80) written as
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n 1 n+1

Tij ~Tmei . Perr 1 Aygjl Trmij~Tmicr .

AtruT Rﬁi sing 248 AR’

1 *n+1

Por  1avgil Thij~Tlmijer  9miy

2 . AB ,2
Rm'i sSing ZARm i

n+1 n+1 n+1 n:1 _n+1

Teier ~ T meijot

2
AR
1+ _n+1 ‘nA-‘I
Tiger 2T mi) =T miojo1 + cotd
e
AH‘/p;nAi.J . C;)mlj

where, Awygi =

and Aygj =

and the conditions for the equation (C-17) can be given by

i-1 for Aygj< O

i+1 for Aygj > 0

j+1 for Aygi < 0

200

WB sl -V B i-1]

v Bi.j+1 - VB ij-1

(C-17)

(C-18)
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(C-20)
(C-21)

(C-22)
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j-1 for Aygi < 0 (C-23)
These conditions (C-20) to (C-23) have been derived in the same
way as they were derived for the equation (C-1). Here, the

superscripts n and n+1 show the value of the variables at the
current time step t, and one time step advanced t,,1 respectively.

Equation (C-17), for the condition if Aygj < 0 and Aypj < 0 can be

written as:
o {'—\R'm A9 PeHT | Avgil PehHT |avei]
oI . . X + R
n"'JL At mET R 2m smej 2. R2n, ,SmeJ 2 +
2 C’-m.i.i*\(“.é(frﬂ.nu\ m Tan OmijA0 om.ijdod
AR T REZ454a4 | s ARy R m.j
_ ‘;.'1.' Pel_-!— |_\ \;IE'II . Cm i ] AB o m.i.j A 8_]
R4 sing, 2 AR m R'mi |
N1
T'm.i I+
T Pewy Aved  omij AR m _omij AR 'm ot
[R‘Qm_i sing: 2 R7mia0 0 2. R %m i JJ
T-ﬂ-i-Ji (':'.r‘-..i.iAR’m Comot .'_\R.m t(j\‘ T, n
N M La . - . CO i = i
mi.y- r‘. "/'Irj*h] AQ ZR Zm; J_‘ -
AR’ "AR'm A© -
rr{'mAe}L A.H AR’m (C-24)
AUMHT P mi.jCp.m.ij

where i varies 2 to LNK1(10) and j varies 2 to LL1 (20).



In the same way equation (C-17) can be expressed for the other

conditions.

BOUNDARY CONDITIONS:

The boundary conditions (2E-103,104,107 & 108), in the

discretized form, for the equation (C-17), will be

At i=1orRp =0 Tm™1,j = Tm m.p. of pellet (C-25)
i = LNK or Rp" = 1 Tm NKj = Too (C-26)
For 06=00rj=1
"‘H'l .nrl -Wl *‘r\fl
Tmtr =T g Penr 2|A\Ueg| Towt =T miz1 ] L
Al R;:'i co<O Aez Aqu Rr-j|
_r.n __nn _nn _n;l 'n+1
-2 me‘»l =21 mi-1 +Tm-i-71'1 . Tm-i+1-\ -T m-i-1-1
Rmi > + F%m-i -
AR% ARm
n+1 n-1 T'nﬂ T'nﬁ
2T o =T i 2T pio =2 AHT
m}|2 - mei-l +C08291 m--2 . m|1]+
A8 A9 Pt C;-m-'m
(C-27)

Conditions for the above equation are
i+1 if Aygj > 0 (C-28)

and -1 if Aygj < 0 (C-29)
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Similarly,

For T or | LL

N1

Y
+
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('Lm.;,j

2
<

2
»
R, cos@

A!mHT AB

=1 n

.2 ' T:-n-i+1 .U-_ZT.m;.Iw'T

Mt

n+1
-

R

™

AR

N+

"L cos

I

~

2Trip =T
P2 o
- 6,

m'i—-1-u__+ o
m

2T'm-i-2 -2

AR, Rmz|

ny N+l

Tovier T meict 1L,
AR

X

aH’

T‘rlnfi-u_]_

AQ°

-

AB°

P 1Cpmi-LL

(C-30)

The conditions (C-28) and (C-29) are also applicable for the

equation (C-30).

The discretized form of the other transient

equations can be obtained in the same way as mentioned for the

equation (2E-80) in this appendix.
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APPENDIX D
ESTIMATION OF PARAMETERS
The values of the density, thermal conductivity, viscosity etc. have

been taken form the references 160-168. S| units have been used
throughout this appendix.

Crucible dimensions:
Length of graphite crucible = 042 m

Radius of the crucible = 010m

Pellet dimensions:

Average radius of pellet = 001 m
Jet dimensions:
Boundary layer thickness = 0.01m

Distance between 02 lance and top layer

of pellets = 0.1m

Step Sizes:

AR = R- direction step size (distance between two nodes)

in Fig. 17, up to point 8.

Length up to point 8 _0.07
~ Total steps up to point8 =~ 7

m = 0.01m

Similarly

AR Length from point 8 to 20 0.03

1= Total steps from point 8 to 20~ 12

m=0.0025m



_Length from bottom of the crucible to the liquid surface
- Total steps up to Liquid surface in z-dimension

_0.20 0.0
_——20 m=0.01 m

Az varies with time. For fixed steps.

Boundary Layer thickness (Assumed) 0.01

829 ="Total steps in B.L. in z-direction ~ 10 ~ 0.001 m
R Radius of the cell-Radius of peflet 0.0127-0.01 57
m - Total steps in I-direction - 10 = el X
104 m

ARm is a function of time.

A8 Angle on axis of symmetry 180° , 9 xm

Total steps - 20 T 7 T 180°

‘0.12576796 radians

In dimensionless form

0.01 0.01m
AR" = Radius of crucible(R)~ 0.1m ~ 0.1
Similarly,
AZ* = 0.01 = 0.1

0.1
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. 2.7 x 10-4m
AR™m = 0.01m (radius of pellet) = 0.027
and AB = 0.1576796 radians

Wave Number k:

1 1

K=3"2x spacing between induction coils

= 16.6666 m-1
Magnetic Field and Intensity:

From Section 4.6 we have

€rme = 4.2V (measured)

gC_Ii 4.2
dat )™M = 256
But d)z(bmax Sin wt
dod
or E rms = Orms 27 f
erms

“ Prms =N onf
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T 2x0.03

(4.3)



_ () 4
magnetic flux intensity Brms = ﬁre—a= %
T Teoll

B - __orms D
2
or r\‘|2m('7trcoil
- (4.2) x V2 0.0354267 Wb/m2
T 256 2 x 2450 x x (3.68)2 x 10 -6 -~ U m
B 0.0354267
Hz o = — = 2.81835 x 104 A/m

wo 1.257 x 10-6
Where ug is the permeability of free space = 1.257x10-6 Henery

f = furnace frequency = 2450 Hz

"coil = 3.68 x 10-3m

Characteristic Velocity of Liquid:

From Equation (2E- 5)

Uo=Hz.o’\/‘§% = 2.81835 x 104

\/1'257 x10°% 4 3803978 m
" 6900 = Y m’s

where p s the liquid density = 6900kg/m3
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Calculation for n:

From equation (2E-4)

RHz o Vpopl
T]: -

ol

0.1x2.818x10" »\/1.256x10_6x 6900-0
6-0 x1073

= 4.37457 x 10°

where pis the viscosity of liquid iron = 6.0 x 10-3 kg/m-s

Liquid Peclet Number:
From equation (2E- 53)

RUopL-on-L-o

PeL:
kL~o

0.1 x 0.3776702 x 7600 x 107.8

- 18.0

=1718.99

Electric Heat Generation Term:

Frecm equation (2E-58)

0>2,ng R4HZ‘2,C G

CONSEH = 2Kio TLo

472 (2450)2 (1.257x10°6)2 10-4 (2.81835 x 104)2 7.968x105
:'[ 2.18.0 300

= - 2.1942098 x 103

VSTRCO:
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From Equation (2E-50)

WHO (e) Rzk
- 2

2n.2450 x 1.257x10°6. 10-2. 16.667 x 10-1. 7.968 x 105
2

= 128.50976

Resistivity (re) and Electrical Conductivity (o):

By using the concept of integrated resistivity! viny one can write

for linear material.

Yint =

(o + i)
4

Where v;, and v, are the resistivities at the starting and finishing
temperatures.  This method of caiculating integrated resistivity is
fairly accurate even for non-linear materials like steel. From

resistivity vs temperature curve! for carbon steel, which may have

very little variation in resistivity for (saturated Iron, one gets v, =
1.21 x 106 ohm-m at =1100°C and v, = 1.3 x 106 at = 1500°C

therefore,

2
—
1. [1.21 )x 10-6
Yint = le =(\I 3+ 4 ) ~ 1.255 x 10-0hm-m

L 1
Therefore, electrical conductivity ¢ = e
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1
= 5
or =1 555 4 10-6 mho/m 7.968 x 10° mho/m

Bed Reynolds Number:
From equation (2E- 72)

2. Uav rp pm 2. x 4500. 0.38 .

= 1.8529835 x 108 rp (t) U*ay

where p(t) is in meters and is a function of time. U*av,
dimensionless velocity, is calculated at intermediate step within
the computer program. Therefore, Reynolds number changes with
time as smelting process begins but it is a constant for a

particular time step.

Bed Peclet Number for Heat Transfer:

From equation (2E- 81)

Uav 'p pp.o Cpopoo 0.3803978 x 2230 x 158 )
PeHT = prpO S 52 Uav™ rp(t)

— 4.01224 x 104 Uay® p(t)

Bed Peclet Number for Mass Transfer:

From equation (2E-84)



Uavrp 0.3803978
DFeo-c _1. x 10-10

Pepr = Uav™ rp(t)

= 3.903978 x 10° Uav™ r.p(t)

Calculation for AR*:

From equation (2E-85)

. 2 1000,
AR* = R ' Pm
Dreo-c Creo ] MreO

= 0.41 EXP (-0.41. (rp2) .1.4286 x 108 t*
P

1000. 4500 rp2
72 x 3.8188 x 105 x 7.0 x 10-9

= 9.09752 x 1070 rp2 EXP (-4.1 x 10°. rp2. t7)

Initial Molar Concentration of FeO (Cgepo i):

By using Table V,

mass of FeoOa
molecular wt of Fes03

Number of moles of Fez(3 =

8.07 x 1000
= 160 moies

. 14.23
Volume of mixture = 3875 m

= 3.67225 x 10-3 m3
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8.07 X 1000
160 X 3.67225 X 10-3

- Initial concentration of FeoOg = mole/m3

= 1.3734737 x 104
But if we consider following reaction

FepCz + C — 2FeO + CO

which indicates that each mole of FepO3z produces two moles of FeO,

therefore

Initial concentration of FeO = 6.8673685 x 103 males/m3
Initial Molar Concentration of O2 (Ma2 e ):

From the ideal gas equation PV = n RaT;

where n = number of moles

Pi = partial pressure of 02 = 1. Aim
V = volume of oxygen m3
Ti

= Room temperature = 300°K

n M P 1.0
v T M2 T pl T T 1987 x 300

1.0332 x 104 mol - kgt
0.4267 m2-kgf-m

= 40.62023 moles/m3.

Gas Diffusion Coefficient Do2.co:
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Diffusion coefficient between 0,-CO binary gas system can be

given by:

0.0010 T"7° ./ (1/Mgo) + (1/Mco)

Doz_co =
P [ (Svhs + (zvi® 12

where vis the atomic diffusion volume of the molecule.

0.0010 Tg '-75~(1/32) + (1/287)
1.0 [(16.6)1/3 4+ (18.9)1/3)2

Doz2-co = cm2/sec

=9.52 x 1010 Tg 1.75 m2/sec.

Gas Jet Velocity Wo:

During smelting prccess gas fiow rate was between 20-25
liter/min  and sometimes it was > 25 |/min. Therefore, flow

velocity, considering average flow rate 22.5 /min.

flow rate 22.51/min
Area of lance nozzle = =r2lance

Wo =

W 22.5 x 10-3 x 106 /s 191 mre
= [ = J. !
© 60 x = x 6.25

Wo =20 m/s

where r,nce = radius of lance = 2.5 mm

Gas Peclet Number for Heat Transfer:



From equation (2E-114)

Wo R pg.o Cp.g.0 20 x 0.1 x 1.301 x7.0155 103

P _ ,
OOHT Kg.o 6.36879 x 10-3

= 8.9571325 x 104

Gas Peclet Number for Mass Transfer:

From equation (2E-116)

_ 2001 9.71486 x 104
~ 20587 x 10-5 ~ X

Calculation of constants a,b,u,, v, U1, V1, Xo and Yo:

Frecm equations (2E- 40 & 41)

a2 - b2 =. k2 R2 = (16.67) (0.1)2 = 2.778889=c and,

2ab = (opooRZ = 272450. 1.257 x 10°6. 102, 7.968 x 105
= 154181 = d

where ¢ and d are constant

\/ci«/02+d2

2

a=z=

a = 8.8573147

32
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and
b = d
o . \/c + 4/ c2 + d2
B 2
= 8.6990248
Po =Vaz2 +b2 = 12.414711

b
o = tan-1 a2 = 45.516570°

Same value of a and b one wil get for other constants i.e. X, Yo, Ug,

Vi1, Uo & vo but value of py  will be
Po = 12414711 R’

and value of & will be 4551657

Heat of Reaction AHmM:

Heat of reaction for reaction equation ( 2B-13) can be written in

the following form, which depend upon the temperature only.

Hm = Hotlre + HOTlco - HOTlReO - HoTlC
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HOot|Fe = -4310 +10.3T

HOT|co = -25380 - 0.89T - 0.27 x 10-3 T2 - 2.19 x 105 T-1

HoTlFeo = -59430 + 2.427 - 0.25 x 10-3 T2 - 0.2 x 105 T-1

HoT|c = -1972 +4.10T + 0.51 x 10°3 T2 + 2.1 x 108 T-1

Substituting these values in the above equation one obtains

AHmM = 31712.0 + 2.89T - 0.53 x 10-3 T2 - 4.09 x 105 T-1 cal/mole

In the same way one can calculate heat of reaction for reaction (B-

5), which will be

AHy = -22251.5 - 8.57T - 1.03 x 103 T2 - 449 x 105 T-1 cal/mole

Dimensionless Heat of Reaction AH""

From equation (2E- 82)

df o rp2 1000 1
Tat AT PM TS X M (0P

AHT

t .\l 4500 x 1000 A
9.259 x 10'7)300 x 2.0 x 119

= 0.41 Exp (-0.41. rp? Hm

AH* = 25.84 EXP (-4.42812 x 105. rp2. t') (31712, + 2.89 x Tp, -
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0.53 x 10'3 Tm2 - 4.09 x 105 Tm'1)

Dimensionless Induced Power POWIND:

From equation (2E- 125)

Pinit

POWIND = =~
pPLo Uom R2Cp L o. T

50 x 0.239 x 54
nx 10-2 x 0.3803978 x 300. x 7600 x 5.822

4.06786 x10°3

Estimation of HEATBL, HITMEL, HFEPRO and ACUHIT:

From equation (2E-126)

1
HEATBL = -
2Cp.L.o pL.O. Ti Ug

1 x 54
2. x 103 x 5.822 x 7600 x 300 x 0. 3803978

= 523471 x 10°°

From equation (2E-128)

(1-0p) NLT kp o P
R2 Cp.L.0 PL.O. Uo

HITMEL =
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165 x 15000 x 2.0 x 54 x rp. (1-mp)
102 x 5.822 x 7600 x 0.381 x 103

= 7.90103 x 102 p (1-0p)

From equation (2E-129)

4 Dr-s Cre0iNTmp
3 R2Cp.LopLO. TiUg

HFEPRO =

4 1 x 10-10 x 6.867 x 103 x 165 x 54

T3 102 x 5.822 x 7600 x 300 x 0.381 x 103

= 1.61361 x 10-10

and from equation (2E-131)

k
ACUHIT = LO -

pLO.CrLO. Ug R

2.0 x 54
7600 x 5.822 x 0.381 x 0.1 x 103

= 6.4165262 x 105

Calculation for CFEOPR and COUTFL:
From eqution (2E- 133)

. MFeO Kp.o- Tp.i X FeO N4 1p
" Lm Mreo R CFe0.init DF-5s

CFEOPR

72 x 2.0 x 300 x 0.42 x 165 x rp (i) x
26000 x 72 x 0.1 x 6.86 x 103 x 1 x 10-10(1 - wp)

= 2.3288 x 107



From equation (2E-134)

R U 0.1 x 0.381
= = - 8
COUTFL=p 2 = 5 7g70 =381 %10

Bed Void fraction:

Void fraction wg of the bed can be expressed as':

Total Volume of bed - volume of all pellets
Total Volume of Bed

wp =

4
7R?2 HB-§TWp3.PJ

“R2HB

where, Hg = Bed height and N = total number of'peHets in bed = 165

4
7 x 10-2 x 0.045 - §n1 x 10-6 x 165

7 x 4.5 x 10-4

o = 0.5111
Relation Between and dd/dl :
y = dd/dl and x =+2

Relations Value of x

y = 0.77815 x + 9.93 . 1073 0 to 0.8
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y = 0.67513552 x0-623344577 0.8t0 1.4
y = 0.765416869 x0-295065202 1.4 to 2.4
y = 0.933135607 x0.057749011 2.4 10 3.2
y = 0.981417152 x0.013897099 3.2 10 3.8
y = 0.998025215 x0-001287/8478 " 3.8104.86
y = 1.0 x0 4\.6 t0 10.1

Relation between and dd/dl :

y=9 and x=42¢ Value of x
y = 0.278585691x1.914735154 : 0 1008
y = 0.273729217 x1.659886102 0.8 t0 2.2
y = 0.34383292 x1.969405278 2.2103.6
y = 0.405733262 x1.238435444 361046
y = 0.457765165 x1-161625829 46107.0
y = 0.51115074 x1.104852807 7.0 to 10.1



APPENDIX E

DIFFERENTIAL OPERATORS'®® AND VECTOR

IDENTITIES
Y = Scalar quantity; V = vector quantity
Rectangular coordinates (x, v, z)
/ I /
gl'adxu’/z-ai, grady(_]j:(.ji‘ gTadzL’/=a—U
dx ay dz
Vv, oV oV
Div V = AN
dx dy 0z
2 2 2
VU = div8rad ¢ = Iy 8(!: Iy
Jax- A dz-
V. Vv oV, IV, gV,  dV,
curl, V = - —, curl, V = - , curl. V = - —
Jdy 0z ' dz ox o ay
2:2-\’Xi+\’yi¢vzi
Dt Jt ox A Az
Cylindrical coordinates (r, 0, z)
) , P
grad, o = ad . gradg ¥ = L , wad: ¢ = W
or r dg 0z
dav,)y 1 aV v, . LA Y 1 0% %
R R A A
rooJr r d0 0z or= r or r° 98 dz
aN.  av, av, av, LUV, av,
curl,V:l—:— Z,curl, V= - ,curl V= = o _ 1
r do 0z 0z Aar roar r a9

v d
D_g—+vy"(‘9"+ ea+v2_'

Dt 9t o r 99 dz
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Spherical coordinates (r, 0, &)

v 7 ,
grﬂd, G = & , gradc O o= l a_('/ ; gr'dd‘j\ O = 1 a—U
or i r df rsing dé
a(r?V,) d(sinV ) av
DivV - L L L dsingVe) s
r2 o rsin@ 90 rsing 9é
V2 L dlr}ay/an) L dlsin0u/am) . 1 9%y
do= = + + .

7
r ar r sing a0 r? sin® 0 d&? /

d(sin 0\/ ) A% aaV ) av,
curl, V = N , curl, V = l ——-°— - l
rsing -

dé roor r 46
arv.)
curlG @
rsing ar
Ezﬁ;v_.;v_é’i- Vs 9
Dt dt ar r d0 rsinQ dé

V xVxA =V (V- A) =V3A
V-AxB=B-VxA-A - VxB
A=V - (Vx A= . V=V x(VV)=

ZV(VV):

Vx(AxB)=AVB-BV.A+(BV)A-(AV)B



APPENDIX F
FORTRAN Implementation

List of principal variables

All parameters are in dimensionless form unless stated.

Program Symbol
MAIN PROGRAM

ITER
ITERB
ITERT1

ITERIN

M

LL

MR

Definition

Number of iteration to be performed fcjr_the
whole. program. :
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Number of iteration to be performed for bed and

gas region subroutines

Number of iteration to be performed for
BEDSFVOR subroutine

Number of iteration to be pérformed for INDSTR
subroutine ' :

Total number of grid points in R - direction for
liquid and jet regions

The point in R - direction for LR and JR after
which grid spacing changes
Total number of ‘grid points in Z - direction in LR

Total number of grid points in r - direction for
cell model in BR '

Total number of grid points in g - direction for
cell model in BR

Mid point of the furnace - radius across which
overall heat and mass balance have been done.

Dimensionless step size before grid point NN in R
- direction in LR and JR



DR1

ORIGZ, TOTZ
Dz

0ZG

PAI

DRB

DO

BEDH

RF

RP

CH
DPOWER

DAKP

AA,BB,U0 & VO

ETA

PEL

THKM

DAKM

PMW
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Dimensionless step size after grid point NN in R -
direction in LR and JR

Total liquid height in meters

Step size in Z - direction in LR

Step size in Z - direction in JR

Value of n (=3.14..)

Step size in r - direction fér-cell model
Step size in g - direction for cell model
Total bed height, m

Radius of crucible, m

Radius of pellet, m

Bed height

Electric power

Pellet thermal conductivity

Constant used to evaluate Bessel function and
defined in section 2A-1

A constant as defined in ean. (2E-3)

Peclet number for heat transfer in LR
Themal condutivity of mixture, cal/m-s-°K
Thermal conductivity of mixture

Pellet moiecu|a~r weight, g/mol.



AMWMI X

DLRP

ALHM

DLRCEL

ALHM1

DENP

DENMIX

COFSMR

COFLAR

ATMLOS

UCHAR

TNP

CONSEH

POWIND

HEATBL

HITMEL

HFEPRO

ACUHIT

165

Molecular weight of mixture, g/mol

Radius of pellet

Total latent heat required to pellet to reach its
melting point temperature, cal/mol

Cell radius
Latent heat of melting for iron
Density of pellet, kg/m3

Density of mixture, kg/m3

Percentage of heat due to other minor reactions
in BR

Percentage of heat due to major reaction between
FeO + C in BR

Atmospheric losses of heat
Characteristic velccity of liquid, m/s

Total number of pellets in BR

A constant usec in energy balance eqn. in LR,
defined in Appendix D

Induced power term as defined by eqn. (2E-125)

Heat release term as defined by eqgn. (2E-126),
m2-s/cal

Heat absorbed during melting of pellets, egn. (2E-
128)

Heat absorbed term for iron production, egn. (2E-
129)

Heat storage term, eqn. (2E-131)



CFEOPR

COUTFL
VSTRCO

TINIT

RBLV

PEGHT

PEGMT

VFP

VFB

DELT

DELTB

DELTB1

DELTGH

DELTGM

UVF,OSF, UFE,

UFG,UFW

PEHT

PEMT

A constant defined by egn. (2E-133)

A contant, defined by eqn. (2E-134)

A constant used in equation of motion in LR,
defined in Appendix D

Room temperature, °K

Oxygen jet velocity in JR, m/s

Peclet number for gas heat transfer

Peclet number for gas mass transfer

Void fraction for pellet

Void fraction for packed bed

Time step used in energy balance equation in LR
Time step used in heat balance equation in BR
Time step used in mass balance equation in BR
Time step used in gas heat transfer equation

Time step used in gas mass transfer equation

Under-relaxation parameters wused for LR

vorticity
Stream function, BR vorticity, G function and
stream function, respectively.

Reynolds number in BR
Peclet number for heat transfer in BR

Peclet number for mass transfer in BR
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BEDSFVOR

BEDHTMT
JETREG

INDSTR

INDTMP

TAU

1D

AVTD

AVRM

VOID

VOIDPP

TCELV

RCEL

TRM

TOT™M

VOLOFM

HINCRE

XXYY,UU,vV
RHOL,RHOM,
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Subroutine to calculate bed stream function &
vorticity

Subroutine to calculate bed temp. and FeOQ concn.

Subroutine to calculate gas velocity, temp. &
concn.

Subroutine to calculate liquid stream function &
vorticity

Subroutine to calculate liquid temperature
Time required for melting (a. variable)
Calculate temp. flux over the pellet surface
Average of TD

Average rate of melting cof the pellet

Total volume of the voids in BR

Void volume per cell in BR

Total volume of cell, m

Cell radius, m

Total rate of melting (variable), kg/s

Total melting rate of pellet, kg/s

Volume of melt oktained from melting of pellet,
m3

Increment in the height of the liquid in Z-
direction, m

Variable, as defined in Section 2A-1.

Variable densities for liquid, mixture & gas,



RHOG
CPL,CPM,CPG

AKL,AKM, AKG

W, WB

E,EB
TL, TM, TG

AR

G, F

CFEO, CMO2
DOA, DOABL

TMAV

ARM

TLAV

UINF

TINF

TURAV

168

respectively.

Variable specific heats for liquid, mixture and
gas, respectively.

Variable thermal conductivities for
mixture and gas, respectively

liquid,

Variable stream functions for LR & BR

Variable vorticities for LR & BR, respectively

Variable temperature for LR,
respectively

BR and JR,

Variable liquid height
Variable furnace radius

Variable cell radius

Intermediate variables, used in BR, to calculate
SF and vorticity and are defined in section 2B

Variable concn. for FeO and Oxygen, respectively

Variable diffusion coefficient for FeO-slag and
02-CO, respectively

Average temperature of mixture inside the cell
Rate of melting of pellets

Average liquid temperature in BR

Liquid velocity in BR, given by egn. (2D-2)
Liquid temperature in BR

Average radial velocity of liquid in BR



A B, C D

[, J, K, I, JJ, KK,
JJJ, KKK, LNK,
KLM, LNK etc.
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Coefficient arrays of the tridiagonal matrix and

the right hand side (COMMON IN ALL
SUBROUTINES)

Are variables used in main program and its
subroutines

Subroutine TRIDAG

BETA, GAMMA
Ik, L

\Y

Vectors of intermediate coefficients

Corresponds to first and last equations to be
solved

Vector containing the computed solution

Subroutine AVRG

PUT, POUR

OAV, GAV

Arrays for averaging temperature. velocity in BR

Arrays to average LR temperature and velocity in
BR

Subroutine TINFAVIT

DOWN, VIN

uP

Arrays for calculating temparature

Arrays for calculating rate of melting of pellet

Subroutine PTEMPAV

ST™

Arrays for averaging cell temp.

Subroutine INDSTR

SF

VCR

Arrays for current values of stream function in
LR

Arrays ‘or current values of vorticity in LR
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DVAL Intermediate coefficient used in calculation of
right hand side arrays in tridiagonal matrix

DELWI, DELWJ Intermediate variables used in calculating the SF
difference in | and J directions

ABSWI, ABSWJ Absolute values of the above mentioned variables

UR, UZ Arrays of liquid velocities in R and Z directions
in LR

Subroutinr INDTMP

B Intermediate coefficient used in calculation of
right hand side arrays in tridiagonal matrix

ABSUR, ABSUZ Absolute values of radial and axial velocities in
LR

GASHIT A parameter used to calculate heat generation
due to gas boundary layer, defined by eqn. (2E-
127), cal/m2-s

BCPART Parameter used to calculate heat absorbed for
iron production as defined in egn. (2E-130)

$

BVAL Intermediate coefficient used in calculation of
diagonal arrays in tridiagonal matrix for
transition grid point (8)

DVAL Intermediate coefficient used in calculation of
right hand side arrays in tridiagonal matrix for
transition grid point (8) only

ABSUR,ABSUZ Absolute wvalues of liquid radial and axial
velocities

Subroutine BEDSFVOR

ABSUIN Absolute value of liguid velocity U_ in BR

CRYN Actual Reynolds number value used in calculation
in BR

DELWI,DELWJ Intermediate variable used for calculating the SF

and vorticity in BR



ABSWI| ABSWJ Absolute values of the above mentioned variables

Subroutine BEDHTMT

CPEHT Actual Peclet number value of heat transfer used
in BR

CPEMT Actual Peclet number value of mass transfer used
in BR

DELWI,DELWJ, Same as defined in subroutine BEDSFVOR
ABSWI ABSWJ '

AVAL,BVAL,CVAL

DVAL,AAVAL, Intermediate coefficient used in calculation of
BBVAL,CCVAL, leftand right hand side arrays in tridiagonal
matrix :

FFVAL,EEVAL

ALF Arrays of thermal diffusivity used in Bed temp.
calculation

Subroutine JETREG

U2ZETA,PHI, Variables used to calcuiate oxygen velocities in

JR,
DFIDZ Defined in ean. (2C-7)

VR,VZ Arrays of gas velocities in R and Z direction
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APPENDIX H

FEW PHOTOGRAPHS OF AN INDUCTION SMELTING PROCESS

: ! n
Photograph 1. Pellet charging during induction smelting process.

' y =

Photograph 2 Induct|on smeltnng process in full operation.
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-HI ,;f | .'
Photograph 3. Liquid iron velocity measurement during smelting

process.
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