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ABSTRACT

This study is concerned with the prediction of the fiuid—-flow. chemical
reactions and heat transfer processes in an industrial off-gas ducting
system.

A mathematical model is developcd and then applied to predict the
processes occurring in the off-gas ducting system. Particular attention
is focussed on the two-phase thermal behaviour and the chemical
reactions. A three—dimensional. two-phase numerical solution technique
is used to solve the governing time—averaged partial differential equations.
The mode! includes equations for turbulencs. chemical reactions and
two-phase thermal radiation. The calculations are performed for a
particulate phase comprising non-reacting particles and a gaseous phase
comprising chemically reacting gases. Both exothermic and endothermic
reactions are considered.

The effects of thermal radiation., particle solidification., chemical reactions
and heat transfer on the two-phase flow are introduced and examined in
detail.

Predictions are made for an extensive range of parameters. The effects
of these parameters on the off-gas ducting system are quantified.
Comparisons are made between predicted resuits and experimental data
when available and agreement is reasonable.

The models developed can be easily incorporated into general-purpose

fluid-filow packages. The procedure is genseral. and allows two-phase.
two—- or three—dimensional computations. Industrial plant can be
modeiled realistically on minicomputers at moderate costs. Convergence

can normally be obtained with ease.

it iIs concluded that for the cases studied. thermal radiation is a dominant
factor in the caliculation of the heat losses and that the particie
contribution to these losses is small compared with that of the gases.
The mode! indicates that the strongly temperature depenudent reacuon
rates have a dominant influence in determining optimal operating
conditions.






ABSTRACT

This study is concerned with the prediction of the fluid—flow., chemical
reactions and heat transfer processes in an industrial off-gas ducting
system.

A mathematical model is developed and then applied to predict the
processes occurring in the off-gas ducting system. Particular attention
is focussed on the two-phase thermal behaviour and the chemical
reactions. A three-dimensional. two-phase numerical solution technique
is used to solve the governing time-averaged partial differential equations.
The model includes equations for turbulence. chemical reactions and
two—-phase thermal radiation. The calculations are performed for a
particulate phase comprising non-reacting particles and a gaseous phase
comprising chemically reacting gases. Both exothermic and endothermic
reactions are considered.

The effects of thermal radiation. particle solidification. chemical reactions
and heat transfer on the two-phase flow are introduced and examined in
detail.

Predictions are made for an extensive range of parameters. The effects
of these parameters on the off-gas ducting system are quantified.
Comparisons are made between predicted results and experimental data
when available and agreement is reasonable.

The models developed can be easily incorporated into generail-purpose

fluid-flow packages. The procedure is general. and allows two-phase.
two—- or three-dimensional computations. Industrial plant can be
modelled realistically on minicomputers at moderate costs. Convergence

can normally be obtained with ease.

It is concluded that for the cases studied. thermal radiation is a dominant
factor in the calculation of the heat losses and that the particle
contribution to these losses is small compared with that of the gases.
The model indicates that the strongly temperature dependent reaction
rates have a dominant influence in determining optimal operating
condltions.
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CHAPTER 1 - INTRODUCTION

1.1 The Problem Considered

This work is concerned with numerical prediction of the flow
characteristics in the ‘off-gas ducting system’ of a modern industrial steel
making plant. The flow is turbulent and two-phase with a particulate
phase which solidifles within the region and a gaseous phase in which

chemical reactions occur.

A model is developed which consists of a set of coupled non-iinear
partial  differential equations describing the flow, heat-transfer.
composition of the reacting chemical species and volume fractions of the
two phases. These equations are converted to finite—difference schemes
by means of a control volume approach and are solved using the widely

used fluid—flow package PHOENICS (Spalding (1981)).

The main objectives of this research are to develop a comprehensive
computer model of off-gas ducting systems. This provides both insight
into the interaction between the major physicochemical factors and a tool

for design assessment and optimisation.

Section 1.2 consists of a description of a modern steelmaking furnace.
in Section 1.3 a general review of recent work on similar industrial plant
is presented which provided the background for the present work.
Sections 1.4 and 1.5 state the objectives of the present work, the novel
features It contains and the subject and method of Investigation.

Section 1.6 provides an outline of the structure of the rest of the thesis.



1.2 Description of a Steelmaking Converter and Off-Gas System

In oxygen steelmaking. the converter is used to process blast furnace
metal and ferrous scrap into steel. This involves reacting oxygen with
the bath of molten iron to decarburize the metal and to remove other
impure elements such as silicon, manganese and phosphorus. in
addition lime and other fluxes are added to the vessel to form a slag
which allows further removal of impure elements. All these reactions
lead to the formation of an off-gas which leaves the converter vessel at
high temperature. The off-gas also contains particulate matter such as
iron dust and slag droplets. The off-gas is drawn off through a ducting
system. Figure 1 shows a typical steelmaking converter and off-gas

system.

There Is quite a range of oxygen and steelmaking processes and many
variations and improvements have been made over the last 30 years.
These involve, in varying degrees. injection of oxygen from the top
and/or bottom of the bath, with the co-injection of nitrogen. argon or
natural gas from the bottom. In addition, coal, iron ore. lime and
other fluxes can be added by either top charging or injection, or bottom
injection. A particularly interesting development has been the injection
of coal into the molten iron bath, which resuits in an increased energy
input into the converter. This means that the process is made more

floxibie so that greater amounts of scrap or iron ore can be melted.

The off-gas produced is derived from the reaction of oxygen with the bath
carbon. from the decomposition and reaction of injected coal and from

other injectants such as hydrocarbons and flushing or stirring gas. By

..2_



applying combinations of top and bottom oxygen injection together with
coal and hydrocarbon injection, it is possible to obtain a wide range of

off-gases containing CO, COs., Hs, H20 and Noa.

Particulate matter is also formed as a consequence of the gas/liquid
reactions and the gas/liquid disengagement. This is largely in the form

of iron particles but can also contain amounts of slag or ash.

in normal steelmaking operations., the off-gas leaves the converter
between 1500 and 1700°C. it enters a water-cooled off-gas duct or
vessel where it is cooled to 1000°C or iower. Often air is drawn in at
the seal between the converter and the duct and combusts in this section

of the off-gas system.

Following this, the off-gas is further cooled and is cleaned in a wet
scrubbing or a dry electrofiiter off-gas cleaning system. The gas is

then either flared or used in the steelworks fuel gas network.

Under some process situations it may be desired to modify the
composition of this gas in order to make It more suitable for a
subsequent reaction. One such example is to inject hydrocarbons into
the.off—gas duct to increase the fuel content of the gas. that is. to

reduce the oxidation potential of the gas.

The research described in this thesis was carried out in order to provide
a greater understanding of the processes which can be carried out in

off-gas systems.



1.3 General Review of Previous Modelling Work on Similar Plant

In this section a general review is presented for work on modelling of flow
and calculations for furnaces and ducted flow. Attention is focussed on
complex three-dimensional modeliing work that includes thermal radiation
and chemical reactions and resemble the present application. More
detailed reviews on thermal radiation and chemical reactions modelling

work are given in Chapters 3 and 4, respectively.

Patankar and Spalding (1972) presented the basis of a computer model
for the prediction of a two—-phase flow, heat-transfer and combustion
processes in a three—-dimensional furnace. The main physical features
was the assumption of a simple chemically reacting system (ie. species
mix in unique proportions and produce a unique single product). The
effective diffusivities of all species were assumed equal. fuel and oxidant
could not co-exist and the effective viscosities were computed from a
pre—specified algebraic formula, in the absence of any advance

turbulence model.

Patankar and Spalding (1974) subsequently developed this model and
demonstrated its application for a three—dimensional turbulent flow in a
gas—-turbine combustion chamber. The geometry considered involved the
mixing of the streams of fuel and air in a confined space with additional
air streams being used for film-cooling and dilution purposes.
Differential equations were solved for two turbulence quantities. for the
concentration of the species., and for the radiation fluxes. A cartesian
coordinate system was adopted and the integration domain covered only a
small section of the annular combustor., which was treated as a perfectly

rectangular geometry. The resuits reported were plausible but actual

—4-



comparison with measurements was not mads.

Serag-EiI-Din (1977) applied a polar coordinate version of Patankar and
Spalding (1974), to a three—-dimensional can combustor geometry.
Thermai radiation was neglected and so was the influence of chemical
kinetics on the predicted reaction rates. Overall, the predicted results
dispiayed generally good agreement with cold-flow measurements. but
when combustion was introduced the agreement was very poor. This
was attributed to the neglect of the chemical kinetics in the predicted
reaction rates. Nevertheless, the same combustion model has been
used in other flow configurations with good resuits. For example. Pai et
al (1978)., applied the Patankar and Spalding (1974) procedure for the
case of an experimental rectangular furnace of the International Flame
Research Foundation in Holland, and quite realistic predictions were

obtained.

Abou Ellail et al (1977) descrilbed a prediction method for
three—~dimensional reacting flows. It comprised of a numerical solution
iechnique for the time-averaged governing partial-differential equations
and physical modeliing for turbulence. combustion and thermal radiation.
The combustion model was based on a ‘fast kinetics’ statistical approach
and the radiation model was based on a flux method. Comparisons of
predictions and data was presented for an industrial furnace. The

TEACH-3E computer program was employed.

Megahed (1979) wused a similar mathematical model to the ones
described above with a curvilinear coordinate system. in the first part of

the work he used a flux model for the thermal radiation and then a more

-5-



flexible method. the ‘discrete transfer’ method of Shah (1979). The
model was applied to a reai-iife industrial glass furnace and validation of

the results was made with experimental results.

Khalil et al (1975) performed calculations with three combustion models.
characterised by instant reaction, with scalar fluctuations and Arrhenius or
eddy-breakup reaction rate with scalar fluctuations. Comparison with
furnace measurements indicated that the last two models lead to
reasonably correct results. Radiation was accounted for with a four—flux

modael.

Gosman et al (1978) described a general-computer based procedure for
the prediction of gaseous—fired cylindrical combustion chambers.
Combustion modelling has been developed to handie diffusion,
partially-premixed and premixed combustion. A flux method was
employed for the radiation heat transfer., producing qualitatively good
results. The TEACH-T code was employed for the numerical solution of

the equations.

Khalil (1979) developed a general computer programme to calculate the
local flow properties in turbulent reactive and non-reactive fiows with
recirculation. He employed a four flux representation for the thermal
radiation modaelling. The combustion models employed were
characterised by instant reaction. with clipped Gaussian probability
distribution of concentration, finite-reaction rate with an eddy-breakup
formulation. and a finite-reaction rate which accounts for temperature and
concentration fluctuations. The model was assessed with comparison

with experimental results and indicated satisfactory agreement. The

._6_



model was further extended and refined by Khalil et al (1981) and was

applied to more complex furnace geomstries with reasonable success.

Carvalho (1983) applied a new mathematical model to predict the
processes occurring in a combustion chamber. A three—-dimensional
numerical solution technique was used to solve the governing differential
equations and the physical modelling for the turbuience. combustion and
thermal radiation. The radiation model was based on the ‘discrete
transfer’ method and reaction model employed a clipped Gaussian
distribution function. The model was applied in a glass—furnace
(Carvalho and Lockwood (1985)) but predictions were not fully validated

because of the lack of experimentai results.

Lixing et al (1986) studied a three—-dimensional flow field and
two-dimensional coal combustion in a cylindrical combustor of co-flow jets
with large velocity difference. Their solution procedure was based on
the Patankar and Spalding procedure and thermal radiation was not
accounted for. The reaction model was based on the eddy-breakup and
Arrhenius rates and k—e turbulence model was empioyed. The predicted

results were not validated against experimentali ones.

Boyd and Kent (1986) presented a fully three-dimensional computer
model of a pulverised fuel, tangentially fired furnace. The models
predicts gas flows species concentrations and temperature. particle
trajectories and combustion and radiation heat fluxes. Radiation was
based on the ‘discrete transfer’ method and chemical reactlon of a very
simple modsl. Overall agreement of the resuits was pleasing. except in

the case of the temperatures around the burners where temperatures were

-7-



overpredicted. This is attributed to the simpiistic nature of the

combustion model.

Summary

The work described in this short review., highlights the problems
associated with modelling the complexity of typical furnaces and similar
plants. The geometry is complex and the chemical reactions not fully
understood. Heat transfer processes are aiso compliex. The models

place a severe strain on even the most powerful modern computers.

Another feature is the lack of detailed experimental resuits to validate the
models. Authors resort to statements such as ‘the results seemed
plausible’ or vague statements like ‘agreement with experimental
measurements was reasonable’, without actually quoting figures. The
reason for this is not hard to see. The conditions within the plant are
so hostile that experimental measurements are very difficult to obtain.
Furthermore., industrial plant is expensive and must be kept in full
production to recover costs. Few industrialists would be prepared to
hold up production in order to carry out detailed experimental

measurements.

Unfortunately experimental measurements for off-gas ducting systems have
also been difficult to obtain. it has been necessary to rely on the
judgement of engineers at the collaborating establishment to assess
results. However, in some cases temperature and gas composition

measurements were available and enabled the models to be validated.



1.4 Objectives and Contributions of the Present Study

The development of the converter processes in the maetallurgical industry
to their present standard or efficiency has been brought about largely by
trial and error and by experience gained under production conditions.
Present status of design and operating conditions are to a great extent
the product of many years of engineering evolution. They perform their
functions reasonably well and thus attention is becoming focussed upon
the behaviour of the gases and particulate matter in the off-gas ducting.
This is because. in reality. the behaviour of the gaseous species in the
ducting and their interaction with the particulates is not well understood.
Disasters can occur when particulate accumulates and blocks the off-gas

duct.

it would be useful to know how ducting dimensions and geometry

influence:

* the global and relative movement of the gas and particuiate
phases:

# the rates of heat loss of both phases and radiation heat transfer

impact on them for different particle sizes and particle loading:
* the chemical reactions between the gaseous species; and
# the influence on gas and particle chemical composition of

temperature, etc, on entry to the ducting.

in particular, it would be useful to identify the means to control the
amount of combustion in the hood and the distribution of the particulate

phase.



Increasing pressure is being placed on engineers and plant designers to
“have recourse to every available modern theoretical and analytical means
to quantify and enhance the off-gas duct performancs. Much could be
learned from the careful instrumentation and monitoring of the daily
operating of existing systems. Any attempt to do more than this is
however filled with problems. Converters and off-duct systems are very
expensive and there is no reassurance that a new radical design will offer
improved performance. Even the cost of experimenting with

modifications on existing designs is prohibitive.

Over the last decade some work has been done in this subject area. but
it has tended to concentrate on one or two at the most of the above
aspects. Also the nature of the physical system. renders laboratory
experimental work very difficult since the problems of scale-up vyield
inherent constraints, thus frequently making the scaled—down maodels
results not valid for the full-scale system. At the same time. as
mentioned before. the ‘hostile’ plant environment makes full-scale

measurements difficuit.

The short literature survey in Section 1.3 reveals deficiencies in many of
the chemical reaction models and the exclusion of radiation from some of
the heat transfer models. is clearly unacceptable for the temperatures
found in the off-gas ducts. New models have been developed which
make fewer simplifying assumptions concerning the chemical reactions.
Also a new radiation model has been developed which takes account of

both the gaseous and particulate phases.

The code for both the radiation and combustion models is lengthy and

_]0_



complex. However, it was modularised in the form of convenient
subroutines designed to be easily added to a general fluid-flow solver,
such as PHOENICS. This provides a powerful framework for the

modeiling and analysis of ducting systems, accounting for:

# three—-dimensional turbulent fluid flow;
* gaseous and particulate phase:. and
# heat transfer.

The Implementation of the newly developed models into PHOENICS
enhanced its capabilities and overcame previous difficuities in modelling of

furnaces.

The present work is developed with reference to a real industrial problem
of paramount importance., namely the flow of a mixture of reacting gases
and pure iron particles, through off-gas ducts. encountered in

metallurgical applications.

In summary, items that have been studled and models that have been

developed are:

# multiphase radiative heat transfer between the particles. gases
and walls, factors that are of prime Importance Iin evaluating

heat losses:

# chemical reactions in the gaseous phase:

# interphase processes (momentum, heat and mass transfer) ;
* solidification of iron particles;

# the influence of turbuience:. and

-11-



#* the influence of geometric configuration.

To the authors knowledge. no previous published model makes a detailed
examination of all these phenomena in off-gas ducts. For the case of
radiation heat transfer. no previous model accounts for emission and
absorption from both phases and scattering by the particulate phase. in
such a way as to be easily incorporated into a general fiuid—flow solver,
For the chemical reaction model., important ideas have been developed.
taking into account a combined turbulence influenced and Arrhenius type
reaction rate. suitable for both exothermic and endothermic reactions and
coping with non-premixed gases of arbitrary composition. This involves

far fewer simpiifying assumptions than previous models.
This thesis examines all the important aspects of the off-gas phenomena
and important conclusions are drawn about efficiency and operating

conditions.

1.5 Subject and Method of Investigation

This thesis can be divided into two main parts.

The ftirst part deals with the general phenomena occurring in the duct,
including turbulence and two-phase radiation heat transfer. Predictions
are made for different operating conditions. dlifferent geometric
conflgurations, particle sizes and loadings. Where possible the

predictions are compared with available experimental resuits.

In the second part of the work. predictions are made for systems that

also include chemical reactions in the gaseous phase. Air and natural

_]2_



gas are also injected into the system. through various injection points and
results are presented for a variety of cases in two- and three-dimensions
with various gas compositions. Reaction models for one., two-reactions,
with Arrhenius and kinetically influenced rates are considered and again

where possibie predictions are compared with experimental results.

In summary, the ultimate object to the present study is the development
and application of a complete mathematical model and of a computer
simulation methods for off-gas ducting systems which provide both insight
into the interaction between the major physicochemical factors and a tool

for design assessment and optimisation.

1.6 Qutline of the Thesis

This thesis contains seven chapters.

Chapter 1, the present chapter. forms the introduction. Chapter 2 gives
an outline of the physical and mathematical modeliing of the probiem. it
contains descriptions of the governing two-phase equations. turbulence
and auxiliary relations, such as interphase heat transfer, interphase
friction., particle solldification and boundary conditions. it also contains
an outline of the solution procedure embodied in the employed software

package PHOENICS.

Chapter 3 is devoted to the modselling of thermai radiation. The newly
developed two-phase radiation model is discussed in detail and existing

models are presented.

Chapter 4 is concerned with the novel chemical reaction models.

-13-



Chapter 5 presents resuits with and without radiation. for a variety of

geometries and operating conditions. Comparison with experiments are

presented where possible.

Chapter 6 contains results with radiation and chemical reactions for a

variety of two—- and three-dimensional geometries for one and two-phase

problems.

The last chapter in the thesis. Chapter 7, assesses the extent to which

the objectives of the prese'nt investigation are fulfilled and makes

suggestions for future work.

_]4_
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CHAPTER 2 - THE BASIC MATHEMATICAL MODEL

2.1 introduction

The problems of flow and heat transfer in combustors and furnaces are of
a multidisciplinary nature because of the multitude of physical and
chemical phenomena involved. For this reason. attention must be
focussed on the general principles which govern the behaviour of the flow
in such complex configurations as well as on the validity of assumptions

made to reduce the complexity of the problem.

One type of assumption concerns the simplification of the furnace
geometry, which in its full complexity would be prohibitively expensive to
modei. in terms of storage and computational time. A second type of
assumption is needed since the physical and chemical processes cannot
at present be caiculated by an exact method (Bradshaw et al (1981)).
The validity of these assumptions may be demonstrated oniy by

comparison with experimental data.

The conservation equations of mass, momentum. chemical species and
energy are well established and. when éxpressed in partial-differential
forms. can be coupled with the above assumptions. to provide the
foundations upon which the prediction procedures will be based.
Empirical correlations for interphase—friction factors. interphase
heat-transfer factors. latent heat. reaction-rate laws and others are also
needed to provide a quantitative formulation of such complex two-phase

flows.

The equations which describe such processes are known and numerical

procedures are available to solve them. but the storage capacity and

_]6_



speed of present day computers are not sufficient to allow a practical
solution. Hence the need to develop physical and mathematical modsls

that can be applied to such complex situations within practical resources.

For laminar flow the equations can be solved numerically using existing
numerical techniques, without major problems. However, in the case of
turbulence. numerical solution of the equations requires a fine
computational mesh. which is vastly in excess of what current computer
hardware and software can accommodate (Spaiding (1983(a)): Anderson