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ABSTRACT

A mathematical model has been developed, simulating various aspects 
of an iron blast furnace, for the purpose of analysing its 
behaviour. This involved the simulation of a counter current 
compressible gas flow, through a packed bed, dealing with the 
momentum and thermal energy of both phases. Directional resistances 
were added to the gas momentum, so as to account for the interphase 
friction caused by the packed bed. This enabled the prediction of 
the cohesive zone geometry, together with the active coke and stack, 
thus providing an important step for a successful analysis. The 
availability of multi-phase codes to solve such a system was limited 
and those existing being inadequate to represent these kinds of 
problems. What resulted was, the development of an algorithm to 
solve for two phases (gas and solids) with interspersed counter 
current flow, where the solids behaved as a packed bed. The 
algorithm developed is an enhanced version of existing algorithms.

As well as the numerical model, a physical model of the raceway was 
developed, using dry ice particles to simulate the packed bed. The 
sublimation properties of the ice give a more realistic simulation 
to coke combustion, compared to the use of inert particles. The 
results of the experiment brought to light the effects of particle- 
particle interaction as being most significant in enabling the 
solids bed to move freely, around and into the raceway.

From numerical modelling results, it is concluded that the ore:coke 
charging profile plays a dominant role in furnace behaviour. More 
interestingly, the gas distribution was not affected by raceway 
geometries when the cohesive zone was not in the immediate vicinity. 
It was therefore concluded that, the size and shape of the raceway 
zone has little influence on the gas distribution in the iron blast 
furnace.
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CHAPTER 1

INTRODUCTION
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1.1 The Iron Blast Furnace Process

The iron blast furnace process is the means by which hot metal is 

produced by the interaction of reducing gases. The furnace itself 

is a packed bed reactor into which alternate layers of coke and 

ferrous burden materials are charged at the top while hot air blast 

is blown through tuyeres at the bottom around the furnace 

circumference. A schematic diagram of the internal structure of a 

large blast furnace is shown in Figure (1.1).

The hot air blast, on entering the furnace via the tuyeres, reacts 

with the coke particles within a combustion zone, known as a 

raceway, forming the reducing gases:carbon monoxide and hydrogen. 

The gas flow then travels upwards through the furnace to react with 

the iron oxide, in the ferrous layers, reducing these iron ores to 

molten iron. The layers of burden materials descend into the 

furnace and, as they descend, the gas solid interaction causes an 

increase in the temperature of the material due predominantly to 

convective heat transfer.

The packed bed of ore and coke layers retains its layered structure 

until the temperature of the ferrous material reaches its softening 

temperature. This region of the blast furnace is known as the stack 

or lumpy zone, and it is in this zone that the reduction of the 

higher oxides takes place. The temperature of the gas falls rapidly 

as it passes through the stack due to cooling by the incoming 

solids.

Once the ferrous material reaches its softening temperature it

becomes a cohesive mass which has a low permeability to gas flow.

As the temperature increases further, the ferrous material melts and
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Figure 1.1: Schematic of zones in the blast furnace
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flows downwards through the furnace to the hearth. The softening 

and melting mechanism results in a series of annular rings of 

softened material, separated by layers of coke. Due to these rings 

being virtually impervious to gas flow, the ascending gases must 

pass horizontally through the coke 'slits' in order to pass into the 

top of the furnace. This region of the furnace is consequently 

known as the cohesive zone or softening-melting zone.

Below this zone is a region known as the active coke zone in which 

the remaining coke particles descend with molten ore percolating 

through. Gases exiting the raceway then rise through the active 

coke zone transferring heat to the descending coke and dripping 

iron. The hot blast, entering the furnace through the tuyeres, has 

such a high velocity that the blast clears a 'raceway 1 of gas and 

rapidly hurtling coke in front of each tuyere. The raceways are 

bounded by coke, some loosely packed due to the rapid ascent of 

raceway gas and lack of fines build up. As coke pieces periodically 

fall into the raceways they are consumed by the incoming air, and 

hence the whole bed is gradually moving down to be combusted to 

produce the reducing gases.

The molten material flowing from the melting part of the cohesive 

zone passes through the active coke zone to the bottom of the 

furnace. This zone is called the hearth, and the liquids collect in 

this zone to be tapped off periodically.

1.2 Research Alms

An understanding of the gas flow through the ironmaking blast 

furnace is of fundamental importance for the study of furnace 

phenomena and ultimately the control of furnace productivity.
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In the cohesive zone, due to the impermeable nature of the softening 

layers, the gas flowing upwards from the raceway must pass 

predominantly through the permeable coke 'slits' in order to reach 

the stack zone above. Consequently, the geometrical shape of the 

cohesive zone, together with its position in the furnace, is one of 

the major factors in determining the gas distribution through the 

upper zone of the furnace. Therefore, one of the aims is to be able 

to successfully determine the position and shape of the cohesive 

zone so as to obtain an accurate description of gas flow and heat 

exchange in the region.

Another important factor in the determination of gas flow is the 

raceway. The work on raceway phenomena, to date, has been concerned 

with raceway depth and height influenced by various parameters such 

as blast velocity, particle size and density. While it is desirable 

to understand the formation mechanism of the raceway it is more 

important to investigate the role of this region with respect to the 

complete furnace process. Therefore, a further aim of the research 

is to clarify the role of the raceway in terms of the effects on 

overall furnace operation. During this investigation it will also 

be necessary to look at other factors that affect the gas flow 

phenomena in connection with the overall theme of the research (ie. 

gas flow and thermal distribution).

1.3 Existing Philosophy

Although the iron blast furnace is an extremely well established 

traditional process, it still provides the vast majority of hot 

metal across the world. Due to its substantial importance there has 

been a great deal of research on every aspect of the process, both 

mathematically and physically.
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The research underaken by many authors has spanned from chemical 

kinetic models to the study of furnace hydrodynamics. Much work has 

been done by authors in chemical kinetics, such as: Perrott and 

Kinney (1923); Kinney, Royster and Joseph (1927); Muchi (1967); 

Fielden and Wood (1968); Yagi and Muchi (1970); Yagi and Szekely 

(1977a),(1977b); Turkdogan (1978); Sohn (1978a),(1978b); Mackin 

(1979); Hatano et al (1980); Togino et al (1980); Grebe and de Haas 

(1983). However, the current research is involved in the modelling 

of furnace hydrodynamics, with particular interest in the behaviour 

of the gas distribution.

The initial stages to mathematically modelling the blast furnace 

would entail an analysis of gas flow through porous media. Ergun 

and Orning (1949) looked at this problem by studying fluid flow 

through randomly packed columns and fluidized beds. It was shown 

that the ratio of pressure gradient to superficial fluid velocity 

was a linear function of fluid mass flow rate. On obtaining the 

constants in the linear function from experimentation, Ergun (1952) 

showed that pressure losses are caused by simultaneous kinetic and 

viscous energy losses. Conditions were chosen so that the effect of 

one variable at a time could be considered, thereby enabling the 

relationship to be examined from its dependence on various 

parameters. This, however, did cause restrictions of incompressible 

and isothermal conditions. The relationship of Ergun formed the 

basis to analyse flow through porous media for further research and 

therefore enabled the analysis of furnaces to develop.

Work later considered by Stanek and Szekely (1972) was concerned 

with two dimensional flow of a fluid through a packed bed having 

variable void fraction. They regarded this as a first step to
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understanding heat transfer and mass transfer, concluding that 

lateral distribution in porosity can cause flow maldistribution. 

While this study assumed isothermal and incompressible conditions, 

Stanek and Szekely (1973) took their ideas further and studied the 

flow maldistribution in two dimensional packed beds involving 

non-isothermal systems. They also extended the ideas to 

compressible fluids and systems in cylindrical coordinates. The 

conclusions were that flow maldistribution could be caused by 

variations in resistance, which in turn were caused by changes in 

porosity and temperature. Through the statement of the Ergun 

equation in vectorial form, Stanek and Szekely (1974) then presented 

a formulation for three dimensional flow of fluids through packed 

beds having a spatially variable resistance to flow. The vectorial 

form enabled convenient solution by numerical methods leading to a 

better understanding of flow maldistribution in packed beds.

Poveromo, Szekely and Propster (1975) showed how flow 

maldistribution in the iron blast furnace may be analysed via the 

vectorial form of the Ergun equation, as proposed earlier by Stanek 

and Szekely. Cold model experimentation illustrated the validity of 

this method. The experimentation by Szekely and Poveromo (1975b) 

reported on flow maldistribution in packed beds containing side 

streams and deliberately created spatially non-uniform resistance to 

flow. The measurements compared with numerical solution of a 

vectorial form of the inertial term of Ergun's equation and 

confirmed the existence of preferential flow in the vicinity of the 

walls, even for uniformly packed beds.

Kuwabara and Muchi (1975), on wishing to clarify the characteristics 

of non-uniform flow of gas through layered burdens, solved flow
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equations of continuity and motion via Ergun's equation. This did 

clarify the effective role of the longitudinal and radial 

distributions of process variables in an existing Japanese furnace. 

In the 1970's Japanese investigators quenched four operating 

furnaces and then carefully dissected their internal solid material 

structure. Kanabara et al (1976) reported on the operation, 

locating the partially melted region and determining flow in the 

furnace and positions of reactions. Numerous reports resulted from 

the operation, and, as a result, transformed the conventional 

understanding of the blast furnace and provided clear evidence of 

the important role of the gas distribution in the process. (More 

recently, Bonnekamp et al (1984) performed a furnace dissection. 

However, they realised that the influence of quenching water could 

cause severe changes in the physical and chemical condition of the 

burden materials. As a result they used a new media, nitrogen, as 

the cooling medium. The analysis of the results is at present being 

performed. It was identified that the burden plays an important 

role in gas distribution. Kuwabara and Muchi (1977a,b) studied the 

characteristics of the blast furnace with horizontally layered 

burdens and then radial distribution of process variables. The 

models were defined by a set of equations concerning the 

unsteady-state heat transfer, the overall heat and mass balances and 

the pressure drop in each layer via Ergun. These models were used 

to analyse features of operating furnaces and showed agreement with 

operation data. In a later study, Kuwabara and Muchi (1977c) 

analysed characteristics of gas flow, in the shaft of a blast 

furnace, from a theoretical standpoint. The shaft had a layered ore 

and coke burden and solved flow via continuity and motion, the Ergun 

equation being used to satisfy motion. The results highlighted 

maldistribution due to resistance changes in the layers.
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Since the Japanese dissections, the research moved to the areas of 

flow maldistribution and later its causes, being: resistance 

variations due to burden configuration. Szekely and Propster (1977) 

performed an experiment on resistance of layer burden to gas flow 

using blast furnace materials. It was found that when smaller 

materials were placed on larger materials (ie. ore pellets on coke) 

the resistance of the interfacial regions contributed appreciably to 

the overall resistance to flow. In a later experiment, Szekely and 

Propster (1979a), then performed a similar analysis only using glass 

beads as the packed bed. The relationship between pressure drop and 

gas flow rate was developed for various configurations of layer 

charge arrangements; and as in the previous paper, 1977, they found 

the interface of layers to have significant effect on overall flow 

resistance. Szekely and Propster (1979b) then used a vectorial form 

of Ergun's equation to mathematically model spatially non-uniform 

gas flow through blast furnace burdens. Agreement with 

experimentation led them to conclude that serious flow 

maldistribution will necessarily occur in all blast furnace burdens 

where the solid charge is not layered uniformly in horizontal 

layers.

Propster and Szekely (1979) took their model, previously described 

as a vectorial form of Ergun's equation to model spatially 

non-uniform gas flow, and used it to show the effects of 

maldistribution of the gas by the active coke and cohesive zone. 

This led to a conclusion about the importance of these zones 

affecting the resistance to flow. In a similar direction, Wakayama 

et al (1979) obtained results, via experiments and furnace 

dissection data, regarding relationships between burden distribution 

and furnace operation. The findings showed that burden distribution
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has an important role to play on the configuration of the cohesive 

zone.

Important developments occurred regarding the use of Ergun's 

equation for flow through blast furnace burdens. Yoskizawa (1979) 

developed a proper tensorial form of the D'Arcy-Ergun equation and 

showed that the replacement of a tensor by a scalar, in the 

equation, still produces satisfactory results. More important was 

the development, by Cross and Gibson (1979), of a practical - theory 

to describe the gas flow through multilayered porous structures, by 

characterising layered structures as anisotropic materials. The 

formulation involved modification of the vectorial Ergun equation 

and definition of directional resistances, reflecting influences of 

physical properties, proportions and inclination of layers. Cross 

et al (1979) then performed a number of experiments to verify the 

validity of the 'anisotropic' theory. The results showed that the 

theory adequately: describes flow across multilayered regions, 

reflects the change in pressure gradient when the physical 

properties in the region vary, and provides a good description of 

gas flow distribution in a region of similar configuration to a 

blast furnace. With this newly developed theory various furnace 

characteristics were investigated (Cross, Gibson and Hill (1980); 

Cross et al (1981)).

Work continued on the analysis of the cohesive zone, Tashiro et al 

(1980) performed an experiment to clarify the dynamic behaviour of 

the zone, using wax grains and coke. This method was used to study 

the likely factors responsible for the cohesive zone formation. It 

was found that, as general contributors to the formation of the 

cohesive zone, the effects of burden distribution and blast volume
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were clarified to provide an operating guideline for the geometrical 

control of the cohesive zone.

Clarification was required for the previously developed models of 

Cross et al, as a result two experiments were performed, both 

analogues of a blast furnace (Mclntee and Robertson (1981); Mclntee 

et al (1982)). These models were based on the use of wax to 

simulate iron ore, and naphthalene or plastic to simulate coke in 

each analogue respectively. Comparisons between analogue 

measurements and model predictions showed successful prediction of 

some features, however, it was pointed out that modifications were 

required as regards pressure in the cohesive zone.

More recently, models have tried to incorporate as much of the blast 

furnace process as possible. Yagi, Takeda and Omori (1982) and 

Kudoh et al (1983) produced results from a two dimensional gas flow 

model, solved via a finite element method. The gas flow was 

described by a multi-dimensional Ergun equation and continuity 

equation, the solids flow approximated by potential flow, and energy 

via heat balance equations. They concluded that radial distribution 

predominantly controls flow maldistribution, which in turn controls 

temperature distribution. In this analysis however, the cohesive 

zone had to be fixed during the solution, unlike work later done by 

Cross et al (1984). This new work was an inert model which 

accounted for interaction of gas flow distribution, heat exchange 

and melting influences, therefore predicting the cohesive zone. The 

gas flow was described by the newly developed Ergun relationship of 

Cross and Gibson (1979).

Another area of interest, as specified in the research aims, is that
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of the raceway zone. Work on this area started in the early 1950's. 

Elliot, Buchanan and Wagstaff (1952) performed model studies and 

high speed photography, showing a rapidly moving raceway of gases 

and coke before each tuyere. They concluded that the effect of 

changing penetration of blast is physical not chemical, which in 

turn would have an appreciable effect on the flow of gas further up 

the stack. Wagstaff (1953) took these studies on and provided a 

correlation for the penetration of the blast while suggesting 

further evidence that the coke is densely packed in the centre of 

the furnace to form the 'dead man'. Another observation was that 

the raceway was spherical in shape. A few years later, further work 

by Wagstaff and Holman (1957) resulted in an improved correlation of 

raceway measurements. Good agreement was obtained between 

experimental and plant data despite the model being inert, and it 

was observed that variation of the tuyere diameter had an irregular 

effect on the magnitude of penetration. A new correlation of blast 

penetration in model and operating blast furnaces was presented by 

Gardner (1960). His objections raised in previous correlations 

concerning the ratio with hearth area were overcome by the 

introduction of a new ratio. As a result, his previous suspicions, 

of the role of the tuyere diameter being of small importance in the 

determination of magnitude of penetration, were confirmed.

McCutcheon (1965) and Hillnhiiter et al (1975) acquired data on 

various furnaces which aided a better understanding of the 

philosophy of raceway formation.

Via a macroscopic momentum balance, Szekely and Poveromo (1975a) 

developed a mathematical model for predicting the size of the 

raceway region. The formulation involved the establishment of a
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force balance where the radial momentum transfer from the incoming 

gas was balanced against the weight of the bed. Although there was 

no accounting for hanging or bridging, the model agreed well with an 

experiment set up for the purposes of validation. Hatano et al 

(1977) showed the possibility for estimation, of raceway depth, in 

conjunction with Wagstaff's equation. His experimental blast 

furnace simulated the lower part of a commercial furnace and 

observations were made on the chemistry of fuel burning and gas 

tracking.

Later investigations moved on to observe the effects of liquid iron 

dripping and the role of this liquid in the vicinity of the raceway. 

Szekely and Kajiwara (1979a) presented a mathematical model to 

describe the counter-current flow of a gas and liquid stream through 

a packed bed of particles. Their experimental measurements, Szekely 

and Kajiwara (1979b), were concerned with the counter-current flow 

of air and water through glass beads, under conditions such that 

both the gas and liquid streams are maldistributed. Results showed 

that gas tends to displace liquid from the vicinity of the tuyeres 

and there exists a 'dry zone 1 where the gas flow effectively 

displaced virtually all the liquid. Kuwabara et al (1981) proposed 

theoretical and experimental studies to clarify the physical and 

chemical behaviour of the tuyere combustion zone. The results 

showed that the maximum consumption of coke occurs at the 

intermediate region of the raceway and can be altered by changing 

characteristics of blast or particle properties. The solid flow 

pattern around the tuyere combustion zone was visualised by two 

dimensional equipment and the sublimation of dry ice. The 

observations indicated that the solids descending toward the tuyere 

combustion zone behave like a viscous flow. Durnov et al (1981)
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studied the structure and hydrodynamics of the raceway of a blast 

furnace on a cold model. The model established the effects of the 

tuyere parameters, blast parameters and the amount of liquid 

products of smelting on the configuration of raceway, pressure and 

velocity. The overall topography of a raceway had therefore been 

determined.

A mathematical model of the raceway was discussed by Hatano et al 

(1983), which had been developed by the use of fluid dynamics 

theory. The model set up a raceway boundary depending on 

interactive forces and then specified the equation of motion and 

coke density to use. A similar model was set up, NERDD project 

(1983), to solve for the transport of mass and momentum, specifying 

the raceway region rather than solving for it. In both models it 

was shown that the gas from the tuyere flows as a jet straight into 

the raceway having sufficient inertia to carry it to the rear of the 

raceway where high pressures were observed causing the flow to 

travel upwards. Another raceway model was developed by Taggart et 

al (1983) for gas flow through the raceway. The simulation had a 

specified raceway geometry and it predicted the existence of the 

upper and lower recirculation zones which are responsible for the 

rotary movements of entrained particles.

Thus it can be observed that research into the blast furnace has 

been extensive over the years, though each investigation leaving new 

areas of research to improve on. Although each specialised area has 

been investigated by many workers, the need for process analysis 

models, to observe the effects of various parameters on overall 

furnace operation, is still apparent.
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CHAPTER 2

EXPERIMENTAL RACEWAY MODEL
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2.1 Introduction

Experimental work on raceway phenomena has been undertaken as early 

on as 1952, when Elliot, Buchanan and Wagstaff (1952) observed 

raceways, as a result of their model studies using wood particles 

and high speed photography of operating furnaces. Wagstaff (1953) 

developed the model further by using wood particles and crushed coke 

to simulate the raceway, and, together with Holman, in 1957, 

improved their correlation for blast penetration. McCutcheon 

(1965), and Hillnhiitter et al (1975) investigated the raceway by 

acquiring data from various furnaces and added to the understanding 

of raceways. The possibility of estimating raceway depth in 

conjunction with Wagstaff's equation was investigated by Hatano et 

al (1977), by their simulation of the lower part of a commercial 

furnace.

Kuwabara et al (1981) performed theoretical and experimental studies 

to clarify the physical and chemical behaviour of the tuyere 

combustion zone of blast furnaces. Their results showed 

characteristics of coke consumption and solids flow behaviour. The 

flow pattern of the solids was visualised by two dimensional 

equipment and the sublimation of dry ice. Kuwabara et al (1983) 

later extended the studies to burden flow caused by factors such as 

raceway and cohesive zone formation. The moving bed was simulated 

by the use of dry ice and glass beads, the sublimation of dry ice, 

again, simulating coke consumption.

In past studies, many materials have been used to simulate coke in 

the raceway region, such as glass beads, wood particles, polystyrene 

and carbon to name a few. Many experiments performed, using these 

particles, have the limitation that the packed bed is inert and
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therefore does not simulate coke combustion. The use of dry ice has 

been investigated before, particularly in the work by Kuwabara et al 

but not as extensively as would be believed. The apparent advantage 

of this material, in cold model studies, is the sublimation property 

causing the dry ice to be consumed as in coke combustion. The 

effective features of using this material for its properties are 

that: the downward movement of solids is inherent in the model, and 

the constant sublimation of dry ice pellets in the raceway results 

in a solids flow into the raceway that is analogous to coke flow in 

the real furnace.

The original aim of the current research was to develop a 

mathematical model of the blast furnace together with a predictive 

model of the raceway region. The objectives of the experiment was 

to develop a technique for validating the raceway model. It was 

desired to see the effects of gas flow on raceway formation so as to 

attempt to validate not only the raceway model itself, but also its 

role in furnace behaviour via its sensitivity to gas flow. The 

experiment was therefore set up to see the effects of different 

blast rates on raceway size and shape. The realisation of the role 

of the raceway became apparent later in the investigation and 

consequently the predictive raceway model was not pursued. At this 

point the experimental technique had been designed and the raceway 

studies underway. Much was observed as to the behaviour of the 

raceway region and the behavioural characteristics of burden 

descent, thus giving insight into the complex problems of furnace 

modelling.

2.2 Experimental Design [Part I]

The design of the complete experimental system was broken down into
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two problems, the furnace design and that of the air delivery 

system. A schematic diagram of the air delivery system to furnace 

is given in Figure (2.1). The set up shown is for the air delivery 

to a single tuyere in the furnace; the complete design involves the 

sharing of meters and gauges together with a multiple hookup of 

compressed air cylinders to a single delivery line.

The data required from the air delivery system was the gas mass 

flowrate and temperature on entering the tuyere. The temperature 

was obtained via the use of thermocouples, while the mass flowrate 

was obtained from the relationship between temperature, absolute 

pressure and pressure gradient through an orifice meter. (The 

method of measuring the mass flowrate is explained fully in section 

2.2.2).

The reason for such an apparently complex mass flow measurement was 

the desire to attain an accurate account of the flow conditions.

2.2.1 Furnace construction

The initial stage of the furnace design was to make assessments 

about the construction of the experimental system. It was necessary 

to establish what approximate raceway dimensions would be obtained 

for the blast rates that could be supplied. The correlations 

available, for predicting raceway depth and height, were those of 

Wagstaff, Gardner or Szekely and Poveromo. The most convenient 

appeared to be that of Szekely and Poveromo (1975a), therefore it 

was decided to use their correlation as a preliminary study.

They proposed a two and three dimensional macroscopic momentum 

balance using the following simplifying assumptions:
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Figure 2.1; Schematic diagram of experimental setup
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i) the raceway was assumed spherical and interaction between

tuyere cavities neglected, 

ii) the effect of non-uniform particle size and the presence of

percolating liquid was neglected,

iii) isothermal conditions were assumed throughout, 

iv) in deriving the macroscopic momentum balance equation it was

assumed that the gas leaving the raceway passed through only a

fraction of the total surface area of the raceway cavity.

These assumptions were regarded as the most critical and it was 

recognised that they formed a gross idealisation. However, the 

penetration distance obtained is thought to be a reasonable guide as 

shown in comparison with experimental and plant scale data.

The three dimensional momentum balance developed, is written as

«;' =,o . ^*<l-° b )p bgh b +F r < 2 - 1 '

where

F r

It was shown that F r is related to the viscous forces exerted by 

the gas, and that on experimentation Fr , the empirical term, is 

negligible for most conditions. Therefore equation (2.1) provides a 

simple relationship for the evaluation of Rr . P r , the pressure 

inside the void, can be measured experimentally or calculated via
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the one dimensional Ergun equation, similar to equation (4.5), 

where

L h b
(2.3)

Standard values were prescribed to the variables on the r.h.s. of 

equation (2.1); while, varying one or two parameters at a time gave 

indication to the range and limits of the variables, as regards 

raceway radius. The standard values are given in Table (2.1) 

together with the nomenclature for equations (2.1) to (2.3). It 

must be noted that the nomenclature used in these equations does not 

refer to the standard nomenclature throughout the thesis, and the 

extra nomenclature and data refers to the calculation of Pr via 

Erguns equation.

On completion of this initial study, it was found that the particle 

diameter had little effect on the raceways' predicted size. 

However, it must be noted that Szekely and Poveromo stated that if 

the particle size exceeded some unknown value then a distinct 

raceway is no longer observed but rather a region of intense 

circulation. Varying other parameters gave a raceway predicted 

radius range of 0-04-0-15m. Therefore if the operating parameters 

are within the ranges tested then it is predicted a raceway will 

form, and of reasonable size to acquire data.

From this study, therefore, it was decided that the furnace should 

be a 60° pie slice to allow a number of tuyeres to be operated, with 

an approximate radius of 0-5m and height 1m. A photograph of the 

furnace and tuyere constructions can be seen in Figure (2.2). The 

model was built of double walled clear PVC. Using an auxiliary
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Nomenclature Standard Values

Rr = three dimensional raceway radius (m)

Po = pressure at tuyere (kg/m/s 2 )

V0 = velocity of gas at tuyere (m/s)

D0 = diameter of tuyere (m)

MA = molecular weight of gas (air)

Pr = pressure inside void (kg/m/s 2 )

R = universal gas constant (J/mol/K)

T = temperature (K)

e r = surface porosity of raceway "walls"

e^ = porosity of the bed

PD = density of the bed (kg/m 3 )

g = gravitational constant (m/s 2 )

h D = height of bed above tuyere (m)

= top pressure (kg/m/s 2 )

= gas mass flowrate (kg/s)

= laminar viscosity (kg/m/s)

= density of gas (air) (kg/m 3 )

Dn = diameter of solid particles (m)

Predicted

l-5xl0 5

f(G 0 ,D 0 )

0-02

28-95

f(Ergun)

8314-4

291

0-3

0-4

1565-4

9-81

0-7

1-OxlO 5

0-015

l-488x!0~ 5

1-293

0-01

Table 2.1: Nomenclature and standard values for Szekely and Poveromo
equation, and Ergun equation.
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(a) furnace 
(with 
partition)

(b) tuyeres 

Figure 2.2; Photographs of furnace and tuyere construction
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etween the double walls and this results 

being free from condensation, even when

filled with dry ice. The dimensions of the model furnace are given 

in Figure (2.3) and those of the tuyere constructions in Figure 

(2.4).

Five tuyeres were mounted onto the furnace and their positions are 

shown in Figure (2.5). (The tuyeres were mounted straight and not 

facing the furnace centre, this was due to restrictions with working 

lathe machinery). Each tuyere position was interchangeable with a 

different diameter nozzle, the range available being 0-5cms, 1cm, 

2cm and 3cm tuyere diameters.

2.2.2 Air delivery system

The air supply was available to the experiment in the form of 

compressed air cylinders, each with a capacity of 200scf (standard 

cubic feet) , and distributed via Matheson regulators (model 8) . It 

was necessary that the air had little moisture content so as to 

avoid freezing in the furnace. The moisture content in a typical 

cylinder was 0-2 parts per million with a dew point of -84°C, well 

below the sublimation temperature of dry ice (-78-5'C). Due to the 

low moisture content and dew point, the problem of moisture entering 

the furnace, freezing and bonding dry ice particles together was 

eliminated, therefore permitting the uninhibited flow of solids. 

The problem of room air descending into the furnace is of minor 

consequence due to the dry air gas flow ascending. The dry air 

properties also permitted the internal faces of the double walled 

cavity to remain condensation free and permit a good visual surface 

for photography of raceway formation.
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0-25m

1-16m 1-22m

Figure 2.3: Furnace dimensions
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Figure 2.4: Tuyere dimensions
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Figure 2.5: Tuyere positions
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The data desired, for the air flow conditions, was temperature, 

operating pressure and flowrates. The pressure was measured by a 

standard pressure meter, which ranged from (-30)-(+30) inches Hp-. 

The air stream temperature was measured by the use of thermocouples. 

Each thermocouple was constructed of Nickel-Chromium vs Nickel- 

Aluminum, (more commonly known as Chromel-Alumel). Two options were 

open as to how to treat the reference junctions:

i) they could be left at ambient temperature, thereby 

requiring the measurement of, and adjusting for, the 

laboratory temperature, 

or ii) they could be fixed at 0°C by means of an ice bath.

It was not likely that there would be large fluctuations in the flow 

temperatures from room temperature. As a result, any errors in the 

measurement of ambient temperature would have a significant effect 

on the flow temperature result. The reference junctions, therefore, 

were fixed at O'C by means of an ice bath, to eliminate the 

sensitivity of measurements to room temperature. The properties of 

the thermocouples used were: a temperature range of 0-1250°C and 

error limits of ± 2-2'C or ± 0-75%, whichever is greater. (The 

limits of error of the thermocouples were based on a reference 

junction temperature of O'C and does not include use or installation 

errors). Before each series of experimental runs, all thermocouples 

were calibrated to O'C. (All thermocouple readings were taken from 

a Hewlett Packard 3435A digital multimeter).

4 method of measuring the gas flow rate was required, and in the 

absence of a flow meter, an alternative method was devised. It is 

understood that
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2.3 Furnace Redesign [Part III

2.4 Experimental Redesign [Part III]
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Figure 2.8: 
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Figure 2.9: 
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Figure 2.10: 
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Figure 2.11: 
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2.5 Conclusion







- 43 -

3.1 Introduction

3.2 Part I
*

2, 





3.3 Part 



- 46 -



Table 3.2: 
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Table 3.3: 
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Figure 3.1: 
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Table 3.4: 
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Figure 3.3: 
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Figure 3.4: 
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Figure 3.5: 
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3.4 Part III
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Table 3.8: 

Table 3.9: 
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Figure 3.6: 
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Figure 3.7: 
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3.5 Conclusion
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Figure 3.8: 
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4.2 Problem Considered and Governing Equations
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Figure 4.2: 
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5.1 Introduction
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Figure 5.3: 
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