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Abstract

The fundamental properties of dust f1ame propagation have been studied experimentally and

theoretically. Experiments were carried out in a Pyrex tube having a 5 cm inside diameter and

a length of 1.2 meters. The dust dispersion system in the present experiment has been

demonstrated to produce a laminar f10w with uniform dust concentration. It is observed that

the propagating f1ame exhibits a truly laminar character of propagation. Propagation and

quenching of dust-air f1ames were measured for aluminum dust for a relatively wide range of

dust concentration. It was observed that the process of the dust f1ame propagation in the tube

can be divided into three different stages: laminar f1ame, oscillating f1ame and turbulent

accelerating f1ame. During the first stage, the flame propagates with approximately constant

speed and the f1ame is laminar. This stage is about 1/3 to 112 of the tube length and the shape

of the f1ame front during this phase is close to the usual parabolic shape. In the second stage,

f1ame starts to oscillate. Bright regular flashes altemate with stages when the f1ame is almost

invisible. The third stage of the f1ame propagation can be observed only if the dust

concentration is close to or higher than stoichiometric. The quenching distance and f1ame

velocity of an aluminum dust f1ame under different initial oxygen concentrations and with

di fferent inert gases such as helium and nitrogen were also measured. When the amount of

the initial oxygen concentration decreases, both the quenching distance and the lean limit

increase, while the f1ame velocity decreases. On the other hand, after using helium as the inert

gas of the mixture, it was observed that the whole value of the quenching distance, the lean

limil, and the f1ame velocity increase. However, the objective is to understand the mechanism

of the dust f1ame propagation. Theoretical models have a1so been developed to correlate the

data to achieve a better understanding of the propagation mechanism of the dust flame. A

relatively simple analytical model for aluminum dust flames was developed to predict

quenching distance and buming velocity. Another model is presented to describe the

combustion of organic dust, which can be used for predicting quenching distance. As a step

towards the evaluation of the role of radiation on dust f1ame propagation, sorne mathematical

calculation and discussion on the effect of radiation is presented. Finally, conclusions and

recommendations for future study are presented, and the future direction of research is a1so

indicated.
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Résumé

Les propriétés fondamentales de la propagation de flammes dans la poussière ont été étudiées

tant expérimentallement que théoriquement. Les expériences ont été faites dans un tube de

Pyrex de 5 cm de diamètre interne et d'une longueur de 1.2 mètre. Il fut prouvé que le

système de dispersion de la poussière utilisée produit un écoulement d'air laminaire d'une

concentration de poussière uniforme. li fut observé que la flamme propagée avait un caractère

de propagation réellement laminaire. La propagation et l'extinction des flammes de poussière­

air ont été mesureés pour la poussière d'aluminium pour une vaste gamme de concentrations

de poussière. Il fut observé que le procédé de propagation de la flamme de poussière.

Pouvait être divisé en trois différentes étapes: une flamme laminaire, une flamme oscillante et

une flamme turbulente accélérate. Dans la première étape, la flamme se propage à une vitesse

approximativement constante et la flamme est laminaire. Cette étape correspond à 1/3-112 de

la longueur du tube et la forme du front de la flamme est très près de la parabole habituelle.

Dans la deuxième étape, la flamme commence à oscil\er. De bril\ants et réguliers éclats

lumineux alternent avec des périodes où la flamme est presque invisible. La troisième étape ne

peut être observée que si la concentration de poussière est près ou supérieure à la

concentration stoechiométrique. La distance d'extinction et la vitesse de la flamme de

poussière d'aluminium avec différentes concentrations initiales d'oxygène et avec différents

gas inertes ont été aussi mesurées. Lorsque la quantité initiale d'oxygène est réduite, la

distance d'extinction et la limite pauvre augmentent tandis que la vitesse de la flamme baisse.

D'autre part, après avoir utilisé de l'hélium comme gaz inerte dans le mélange, il fut observé

que la valeur complète de la distance d'extinction, de la limite pauvre et la vitesse de la flamme

augmente. Cependant, l'objectif est de comprendre le méchanisme de propagation de la

flamme. Des modèles théoriques ont été développés pour trouver une corrélation des données

et avoir une meiIleure compréhension du mécanisme de propagation de la flamme. Un modèle

relativement simple fut développé pour prédire la distance d'extinction et la vitesse de

combustion de la flamme de poussière d'aluminum. Un autre modèle est aussi présenté pour

décrire la combustion de poussière organique qui peut être utilisé pour la prédiction des

distances d'extinction. Dans une optique d'étude sur le rôle de la radiation sur la propagation

de flammes de poussière, quelques calculs mathématiques et une discussion sur l'effect de la

radiation sont présentés. Finalement, les conclusions et des recommendations pour de futures

études sont présentées et la direction future de la recherche est aussi indiquée.

ü
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IN THE NAME OF GOD

Chapter 1

1. Introduction

1.1 Introduction

At the tum of the century it was already known that cIouds of organic or metaIIic

dust could generate an explosion. There is an inherent danger of a dust explosion when

combustible dusts are handled in industry [68]. Dust explosions occur in coal mines, in

agricultural handling and processing facilities, and in wood, sugar, metal, paper, chemical,

and rubber industries. The interest in dust explosions was rejuvenated occasionally when a

few major explosions occurred over a short time. This occurred in December of 1977 when

five major agricultural dust explosions occurred within eight days, in the United States.

The main dust research was coal dust arising from the need to prevent coal mine

explosions. A main hazard in handling coal is the ability of coal dust suspensions to forrn

self-sustaining explosions [70]. Typically the source of an explosion in a coal mine is a

pocket of a flarnmable methane-air mixture being ignited by a spark, hot surface or sorne other

ignition source. The pressure waves and resulting flow generated by such local explosions

entrain dust from the floor and ather surfaces and create a coal dust-air suspension. If the

concentration of dust is high enough, the flame can propagate through the coal dust-air

mixture and the result can he extensive damage to the mine equipment, and death or injury to

miners at the site of flame passage.

Miners are still kiIIed or injured in explosions in underground coal mines even in the

present day. During the years' 1976-1985, about 3500 miners are reported to have been

involved in explosions in coal mines underground woridwide [2]. In the period 1962 to 1980

there were 485 explosions and 715 fires reported in the United Kingdom which involved

flammable dusts. These resulted in 26 fatalities and 639 injuries [3]. The United States

Department of Agriculture reported 31 accidents under its jurisdiction in 1977, resulting in 65

deaths and 876 injuries. During the years 1970-1978 in Poland, there were more than 20

explosions in the food and textile industries, while more than 400 dust explosions occurred in

the Federal Republic of Gerrnany and its neighboring countries, during the years 1960-1972

[4].
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A significant number of similar dust explosions still occur in facilities designed for

handling, processing of grain; grain products, and in coal mines around the world every year.

These explosions cause loss of human life, injury, property damage, and loss of business.

Thus, an accurate knowledge of the dust flame propagation is of great practical importance in

assessing the fire and explosion hazards posed by dust in mining, agricultural, chemical,

pharmaceutical, storage, transportation and other industrial environments.

On the other hand, the bulk of energy production in the industrialized world cornes

from the buming of fossil fuels [71]. A large part involves the direct combustion of solid

Ce.g., coal) or heavy liquid Ce.g., bunker oi\). Such fuels are invariab!y bumt in atomized

form. The large value of specific surface allows dust combustion to reach the heat rclcase rate

up to intensity of gas phase reaction.

Efficient and environmentally clean combustion necessitates a fundamental

understanding of the underlying mechanisms of such heterogeneous combustion to modellhe

buming processes adequately. This direction of study has rapidly grown during last decade.

The current level of physical understanding of dust combustion phenomena is in a

rudimentary state compared with the understanding of gas combustion processes. The reason

for such a lack of fundamental understanding of dust combustion process is the complexity

associated with multiphase combustion, difficulties in experimental investigations, and the

enormous diversity of chemical-physical properties of solid fuels.

The present research work is concemed with the study heterogeneous combustion to

achieve a better understanding of flame propagation mechanisms of dust-air mixtures.

1.2 Review of Dust Rame Studies

1.2.1 Difficulties of Dust Combustion

There are numerous systems in practical situations involving more than one phase.

Examples are solid dust suspensions in a gas or liquid, or liquid droplets in a gas or vapor.

Organic and metal1ic solids in the form of very fine particles form an explosive dust

suspension in air or oxygen. Experiments indicate that self-sustained combustion waves can

propagate through a dust mixture. The thermodynamics and fluid mechanics of

heterogeneous systems are very complex. The basic equations that describe the fluid

dynamics of such heterogeneous systems are not weil found. Even fundamel)(al properties

2
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and transport coefficients of these heterogeneous systems are not weil known. The

cornbustion of dust mixtures has been studied for many years to determine the fundamental

characteristics of the dust f1ame [72-106]. However, relatively little fundamental information

is available on the properties of these combustion waves and on their mechanisms of

propagation.

There exists no c1ear idea on the mechanism of f1ame propagation in a dust air

mixture. Researchers have tried to understand the role of fundamental processes occurring

during combustion, such as: radiation, heterogeneous reaction, emission of volatile

components, diffusion or heat conduction. Direct detailed investigation of the f1ame structure

in a heterogeneous mixture is difficult. For these reasons the dust f1ame propagation

mechanism has not been understood yet. For gas f1ames the mechanism of propagation is

known to be controlled by thermal and molecular diffusion. Radiation has no influence on

gas f1ame propagation. However, for dust f1ames the raIe of radiation is not c1ear. The

details of equilibrium thermal radiation in a heterogeneous multi phase reaction is a complex

physical process. However due to both experimental and theoretical difficulties in obtaining

the role of radiation as a mechanism of dust f1ame propagation, the analogy is not complete,

and thus the role of radiation is not yet completely elucidated.

One of the main problems in the study of heterogeneous dust air mixtures is the

difficulty in generating a uniform stationary dust suspension whereby controlled experiments

on the propagation of laminar dust f1ames can he carried out. In the bulk of the research effort

on dust combustion, this uniform stationary suspension is invariably achieved in one of two

ways. The first of these is via the bumer-stabilized f1ame technique in which the dl1st is

convected with the air stream and the f1ame is anchored on the bumer lip. The second method

involves a freely propagating f1ame in a predispersed dust air medium in which a turbulence

field maintains the dust suspension.

For bumer stabilized f1ames, severe limitations are imposed on the range of laminar

buming velocities that can be achieved. The f10w velocity in the bumer must exceed the

gravitational seltling velocity of the particulate, yet must he within the range of the blow-off

limit of the mixture. Moreover, the reaction length scale of dust f1ames is at least an order of

magnitude larger than that for homogeneous gas f1ames making it necessary to increase the

bumer scale and hence the f10w Reynolds number. This in tum limits the range of laminar

f10w conditions that can be obtained. It has becn demonstrated that dust f1ames are extremely

difficult to stabilize. This is due to the requirement of substantial heat losses from the f1ame to

the f1ame stabilizer, thereby resulting in a highly non-adiabatic condition. In certain cases, it

is found necessary to use a downward f10w bumer where buoyant convective preheating and

mixing of the unbumed mixture by the hot products further complicates the initial conditions

3
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of the combustion process. It is therefore very evident that earthbound stabilized fl:mles in

dust air mixtures, in which gravitational settling plays a strong role, are far fram being clean

experiments of fundamentaI value.

In the freely propagating flame case, it is extremely difficult to achieve an initial

uniform quiescent dust mixture since sorne form of turbulence must be associated with

maintaining the dust in suspension. A strong turbulence field with a turbulent velocity

fluctuation of the order of the settling velocity of the particulate is necessary to maintain a

suspension. Therefore, the turbulence intensity required to maintain a uniform dust

suspension is of the order of the sedimentation velocity. The scale of the turbulence

fluctuation must also be of the order of the mean particle spacing, which is of the order of

fractions of a mil\imeter. Thus, very intense small scale turbulence is required to maintain a

uniform dust suspension. This is difficult to realize experimentally. Large scale turbulence

will simply swirl the dust particles around, creating large concentration inhomogeneities.

The raies of turbulence in the heat and mass transport phenomena are complex.

Even in homogeneous gas flames, the raie of turbulence is not understood quantitatively. In

heterogeneous mixtures, turbulence influences the dust concentration field in addition to the

complex role it plays in the heat and mass transport. Oust particles tend to migrate in the

acceleration field of the turbulent eddies and the dust stratifies. Thus, unlike a homogeneous

gas mixture, the fuel and oxidizer in a heterogeneous mixture tend to get 'unmixed' even

though the mixture is initiaIly unifonn. Heterogeneous dust flames are aIso less sensitive than

gas flames because of the additional time scaIes involved in heat and mass transfer processes

between the solid particles and the gas environment. Hence, the length scale of the

combustion zone is much larger than that of gas flames. Burning velocities are also lower

than gas flames enhancing the influence of buoyancy. Larger length scales and slower

burning velocities result in a stronger dependence on theapparatus and boundary conditions.

Il is perhaps of importance to review the existing techniques of dust dispersion, so that the

need to develop a proper method of generating a uniform dust suspension can be

appropriated.

1.2.2 Techniques of Dust Dispersion

Unlike homogeneous gas combustion, well controlled "clean" experiments in

heterogeneous combustion are extremely difficult to carry out in an earthbound gravitational

environment, because of the difficulty in generating a uniform dust cloud due to gravity

4
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sedimentation. In a dust-air mixture the air is in gas phase but the dust particles are in solid

phase, thus are strongly influenced by the force of gravity. Therefore, to achieve a uniform

dust suspension is a major concem to experimenters in this field.

One of the most common dispersion systems, used is the Hartmann tube, which

consists of a mushroom deflector and a dispersion cup developed by the Bureau of Mines.

There are also other widespread pressure systems; an 8 liter device with the dispersion cone

system, 5, 10, and 20 liter spherical devices with dispersion nozzles or a dispersion cone

system [II].

Another area in which knowledge of the dust air mixture is employed, involves the

fluidized bed. Initially Pioneered in the 1960s by the European chemicaI industry for various

thermochemical processes, a fluidized bed employs an upward moving gas stream to partiaIly

suspend a bed of small particles that tend otherwise to settle under gravity forces. The work

of Greene et al [14] is an example of fluidized beds in a combustion application. In their

experiment, coal dust was extracted from a fluidized bed and dispersed into the secondary air

stream by means of a tnrbulent mixture, and the resulting coal dust-air mixture was then

introduced into the conical transition section. Another recent example of the fluidized bed in a

combustion application is the work of Proust and Veyssiere [9, 64], in which pulverized dust

in particle form is concurrently fed into the bed within a square section vertical glass tube.

Another method that can give satisfactory uniformity of suspension is the free faIl

system used by Palmer et al [12], consisting of a hopper and a screw device to feed the dust at

the top of a long combustion tube. But this method has sorne difficulties. The creation of

dust air mixtures in the free fall system is followed by sedimentation, agg10meration and

recirculating phenomena that will affect of the flame propagation after the mixture is ignited.

E.P.S. is another method for generating dust suspension using an electrostatic field

[10, 16, 69]. The underiying principle is one of charge repulsion by the electrostatic

Coulomb force. If dust of finite permitivity is placed on the positive electrode in a two

electrode configuration, and a voltage is applied between the two electrodes, the dust will

acquire a positive charge, will be repelled by the positive electrode and will migrate to the

opposite (negative or ground) electrode. However the electrostatic field may have an

influence on the combustion phenomenon.

No one dispersion system is exclusively superior to the others, each of them should

satisfy their experimental requirements. Therefore, a good dispersion system is a system

satisfying vessel configuration, ignition timing, turbulence, the aims of the particular research

program and the dust to be tested.
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1.3 Dust Plame Quenching Distance Studies

1.3.1 Scientific Motivation

The main impetus for dust explosion research came with the need of accidentai dust

explosions. Extensive research has been carried out by the Department of lnterior Bureau of

Mines [5-7] in the United States, to index the explosive hazard of different dusts, and to

determine the influence of chemical and physical variables on the initiation of dust explosions.

The appreciable differenees among data from differenttest equipment used can he traced to the

lack of a consistent theoretical basis for doing the experiments and for understanding the

mechanism of dust flame propagation.

A knowledge of the dynamic parameters (such as the flame thickness, buming

velocity, minimum ignition energy, the quenching distance, the flammability Iimits and others)

provides a valuable insight into the basic mechanisms of flame propagation in the mixture

itself. The flame thickness and the laminar buming velocity, even for homogeneous premixed

gas flames are difficult to measure precisely. Great care must be exercised to eliminatc

curvature effects, the complex flow field in the unbumed medium ahead of the flame and heat

losses to the walls of bumers or vessels that render the flame non-adiabatic.

For dust flames, where the flame thickness is expected to be an order of magnitude

or greater than for premixed gas flames, these problems would be severely aggravated. The

minimum spark energy for ignition of a heterogeneous mixture will he difficult to measure as

weil as to interpret, in a fundamental sense, when attempting to correlate with the basic

properties of the mixture. A corresponding appropriate ignition spark for heterogeneous

mixtures would require joules of energy and millisecond duration. This would introduce

other transport and combustion phenomena into the ignition process leading to a very

complicated phenomenon. lt is therefore difficult to interpret the minimum ignition data since

it will be strongly dependent on the spark discharge properties and the electrode geometry.

Aammability limits, even for a homogeneous gas mixture, are difficult to define,

measure and interpret as a fundamental parameter. Thus the quenching distance is left,

appearing to be the most ideal fundamental parameter to be determined for heterogeneous

mixtures. Quenching distance as a fundamental parameter, is directly proportional to the

flame thickness [8]. Thus knowledge of the quenching distance provides a fundamental

length scale of the combustion phenomenon. Comparison of the quenching distance for dusts

with and without volatiles, or with solids that react in the liquid or solid phase can elucidate

6



•

•

•

the detailed mechanisms of the f1ame zone. The quenching distance is also related to the

minimum ignition energy since conceptually the inability to ignite means that the f1ame is

quenched due to losses. Based on previous work [8-9], it is evident that quenching distance

is a fundamental parameter that can be readily measured experimentally. Therefore in view of

its fundamental significance and experimental accessibility, it is proposed that concerted

efforts be made to obtain the quenching distance for a variety of dusts reliably and accurately.

1.3.2 Background of Dust Flame Quenching Distance Studies

There is very little experimental data on the quenching distance of dust f1ames. The

little experimental data that is available are not in agreement with each other. This is mainly

due to the difficullies and limitations of having a uniform dust suspension inside the

quenching gap. The few data that are presently available are insufficient for meaningful

correlation with the properties of the mixture to be made. Also there is no comprehensive

theoretical model for predicting the dust Dame quenching distance. For these reasons the dust

Ilame propagation mechanism has not yet been understood.

In 1966, Singer et al. [13] measured the quenching distance for flames of hybrid

mixture of methane and coal dust. They used a vertical, rectangular tube with varying cross

section through which the hybrid mixtures can f10w upward. When the flow is interrupted,

the f1ames flash back and propagate downward until it is quenched at the appropriate tube

cross section. They observed that the quenching distances of hybrid mixtures are greater

than those of methane-air mixtures of the same overall stoichiometry. However they did not

carry out quenching distance measurements for pure dust air mixtures. Measurements of the

quenching distances of dust-air mixtures were also made by Greene et al. [14]. In their

experiment, coal dust was extracted from a f1uidized bed and dispersed into the secondary air

stream by means of a turbulent mixture. The resulting coal dust-air mixture is then introduced

into the conical transition section and when the f10w is interrupted, the quenching diameter

was observed. They measured the quenching distance of coal-air mixtures with particle size

hetween 10 and 20 J.lm. They found the minimum quenching distances of Pittsburgh, Sewell

and Pocahontas coal and Lignite to be 7, 8, 22, and 32 mm, respectively.

In the early eighties, BallaI [15, 18] also measured the dust flame quenching

distances. The quenching distance as determined by BallaI corresponds to the spatial

separation between two glass discs that the dust-air f1ame is extinguished by during minimum

ignition energy measurements. He found the minimum quenching distances of coal, graphite,
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aluminum and magnesium dust in air to be S, 6,4, and 2 mm, respectively. He also pointed

out the strong similarity between the quenching distances of dust c10uds and that for Iiquid

fuel mists.

Another measurement of the quenching distance was made by Jarosinski et al. [8].

A large cylindrical tube, containing a set of steel quenching plates in the middle of it, was

used. The quenching distance of the dust-air f1ame, for a particular quenching gap setting,

was determined by varying the fuel-air composition until the extinction concentration was

observed. They found that the minimum quenching distances are 5.5 mm for comstarch,

10.4 mm for aluminum, 25.0 mm for coal of fine particles (Jess than 5 ~m), and about 190

mm for coal with coarse particles (Jess than 70 ~m). They also mentioned that because the

order of magnitude of the measured quenching distances in comstmch and aluminum dust

f1ames are the same as in gas f1ames, it is inferred that the processes controlling propagation in

these f1ames should be similar.

More recent measurements of the quenching distance were also reported by Proust et

al. [9]. They measured the quenching distance of starch particles in air and they found that the

minimum quenching distance is 7 mm. Their experimental apparatus has been designed for

studying the propagation of dust-air f1ames in tubes where the dust suspension is generated by

a f1uidized bed. For the determination of quenching distances, a set of square stainless steel

plates were mounted inside the tube similar to Jarosinski's experiment. The main result of

their study had been to show that among the different possible processes by which a f1ame

propagates in a dust suspension, a process very close to that of premixed gaseous mixtures is

the most Iikely.

The results from different investigators using different methods are not in

agreement. This is largely due to the numerous parameters that affect dust combustion, and

which are difficult to control between laboratories. Jarosinski et al [8] found the minimum

quenching distance of comstarch to occur at a concentration to be 3.4 times the theoretical

stoichiometric one. On the contrary, Proust et al. [9] found that the minimum quenching

distance corresponds to stoichiometry. The lean f1ammability Iimit of comstarch exhibited by

Proust et al. [9] experiment is 70 g/m3
, while Jarosinski et al [8] found a value 5.5 times

higher. Also Ballal's value [18] for the aluminum dust quenching distance is almost half of

that reported by Jarosinski et al [8], while the particle size used in the experiment of Jarosinski

et al [8] is less than that ofBallal's experiment [18].
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1.4 Basic Considerations and Thesis Objectives

The present research work is concerned with the study heterogeneous combustion to

achieve a better understanding of the flame propagation mechanism of dust-gas mixtures. The

overall objective is to obtain fundamental, Le. apparatus independent characteristics of laminar

flame propagation, such as quenching distance, which can be used to identify the processes

controlling flame propagation in dust-gas mixtures.

As it was mentioned before, one of the main difficulties of studying dust combustion

is the generation of a uniform dust suspension. As a result, from the experimental point of

view, the objective is preparing an apparatus which can generate a uniform dust cloud.

Chapter two (section 2.2.1 and 2.2.2) demonstrate the overall experimental setup. The

dependence of fundamental characteristics of dust combustion on the particle size is quite

strong. Therefore, there is a need to have accurate information about particle size. Section

2.2.3 shows the results of particle size measurement. One of the most important parameters

in dust combustion is accurately measuring the dust concentration. The procedure of the dust

concentration measurement by the !ight extinctiometer and its calibration are explained in

section 2.2.4.

There is very !ittle experimental data on quenching distances of dust flames. The few

data that are presently available are insufficient for meaningful correlation with the properties

of the mixture. In the present study, it has been attempted to measure fundamental

characteristics of laminar flame propagation such as quenching distance accurately. However,

the objective of the experimental work is to measure quenching distance and flame velocity of

aluminum dust flames under different initial oxygen concentration and different inert gases

such as he!ium and nitrogen. The results of the experimental work are discussed in section

2.3.

The main purpose is to understand the mechanisms of dust flame propagation.

Theoretical models have been developed to correlate the data, in order to achieve a better

understanding of the propagation mechanism of the dust flame. As a result, from the

theoretical point of view, the purpose of this work is to develop models to predict the

quenching distance and buming velocity of dust flames. A relatively simple analytical model

for aluminum dust flames is presented in chapter three, and the experimental and theoretical

results are compared. In chapter 4, another model is presented to describe the combustion of

organic dust, which can use for the prediction of quenching distance. As a step towards the

evaluation of the role of radiation on dust flame propagation, sorne mathematical calculation
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and discussion on the effecl of radiation is presented in chapter 5. From the results of chapter

5. it can thus be seen that the effect of radiation may be significant even for a small scale

flame, depending on the type of fuel burned. Finally. conclusions and recommendations for

future study are presented in chapter six.
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Chapter 2

2. Experimental Considerations

2.1 Introduction

In the present study a new experimental apparatus has been designed to produce a

uniform dust suspension with a weil controlled, stable dust concentration. The overall

objective of the present study is to obtain fundamental, Le. apparatus independent,

characteristics of the laminar f1ame propagation such as quenching distance, which can be

used to identify the processes eontrolling f1ame propagation in dust-air clouds.

2.2 Experimental Details

2.2.1 Overall Experimental Setup

The dust combustion setup consists of four major units (Fig. 1): dust dispersion

system, combustion tube assembly, venting system and optical diagnostics with video and

high speed filming cameras. The dispersion system of this experiment has demonstrated the

ability to produce a uniform dust f1ow. This confirms that the general approach to the design

of the dust dispersion system as a combination of two parts: dust feeder and disperser is

correct. The dispersion process starts when the piston begins to move and the dust is exposed

to a high speed jet from the slot at the top of the cylinder. The variation of the dust

concentration in the producing f10w can be achieved by changing the Iinear speed of the piston

and by using different gas f10w rates. The combustion tube assembly is shown in Fig. 1.

The design permits safe observation of the dust f1ame as weil as the measurement of the

quenching distance. In order to determine quenching distance in the laminar mode of the
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flame propagation a set of thin (0.25 mm thickness) evenly spaced stainless-steel plates was

installed in the upper third part of the tube to form a grid aligned with the flow direction. The

design also allows quick and easy replacement of this grid. The flame propagates in the Pyrell:

flame tube, 1.2 m long and 5 cm ID. The ignition system is a tungsten wire which is installed

in the top of the tube, and the dust is ignited at the upper open end of the tube, opcrated from

the control panel. After achieving a stable flame, the air flow dispersing the dust is cut off by

a solenoid valve and the flame starts to propagate downward inside the tube in the quiescent

dust cloud. The working quenching plates assembly with variable quenching distance is

installed at the upper part of the tube. The venting system filters arid vents of the dust flow

and combustion products outside the laboratory, through a window. In this ell:periment, the

pressure difference is supported by the standard 400 W vacuum cleaner. The ventilation duct

is connected to the combustion tube by a hood at the top of the tube.

2.2.2 Experimental design

The general scheme of the apparatus is shown in Figs. 1 and 2. The specially

designed dust dispersion system can produce a uniform dust stream for 2 to 9 minutes

(depend on the desired concentration). The dispersing system consists of two components:

dust feeder and disperser. The feeding of the dust is carried out by the piston-cylinder device

(20 cm long and 2.5 cm internai diarneter). The linear speed of the piston (the rnass rate of the

dust supply) is controlled by a special electro-rnechanical system to be in a range of

0.02 - 0.2 cm/s. Dust is dispersed at the base of the conical chamber by the impact of the

high speed jet flow (flow rate 200 - 700 cm3/sec) venting through the 20 - 40 micron

circular slot. The Pyrell: flame tube is connected to the dispersion system by a conical diffuser

(angle 8').

2.2.3 Particle Size

For this research, Aluminum Ampal Dust, (Ampal 637; ) has been tested. The

scanning electron microscopic picture, Fig. 20, shows the fact that the aluminum particles are

not ell:actly spherical in shape, as ell:pected. For the purpose of basic quantitative

measurements, this dust was not ideal since one would like to have truly spherical shaped dust
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particles. The size distribution analysis of the particle sizes is shown in Fig. 19 for this

aluminum powder. For obtaining the particle size, we use the Sauter diameter, which is

defined by the following formula

(2.1)

•

where ni is the numberof particles for each c1ass of diameter di in the dust sample. After

doing sorne statistical process on the particles based on the Fig. 19, we find ~2 '" 5.4 f.lm for

the above aluminum powder.

2.2.4 Dust Concentration

The results have always shown that the dispersion, the entertainment and the

homogenization of the dust were a critical problem. Moreover, the design of an optimal

dispersion system requires a perfect understanding of the mechanism of the initial stage of the

dispersion. Therefore, there was a real need to study and monitor the dust dispersion during

an experiment. To measure the concentration of the dust in the dust-air cloud in the present

study, the dust concentration has been determined by the Iight extinctiometer using expanded

laser beam (d=12 mm) crossing the dust f10w along the diameter near the upper rim of the
glass tube (Fig. 3). The Iight attenuation 't" ( opacity, 't" = III.), measured with the probes,

can be converted to particle concentration (1, by using the following relation [19]

(1 = 2 de p, Ln(.!-)
3o." L 't"

(2.2)

•

where, de' P" Q.." and L are particle diameter, density of the particles, extinction factor,

and path length, respectively. The Iight extinctiometer is calibrated by aspiration of the dust

from flow through the pile of Berkshire BM 112 type filters (Baxter, Canlab, 96% filtration
efficiency for 0.5 ~m particles) (Fig. 4). A disk sampler consists of a vacuum pump that

samples air at a certain f10w rate for several seconds. The air is passed through a filter on

which the dust collecls. The filter is held by suction of the vacuum pump with a strong piece

of screening to keep the f10w uniform. The quantity of dust collected is weighed and the air

output measured by a rotameter. This gives the dust concentration per unit volume of air.
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Experiments have shown that the pile of 5 filters can absorb about 95% of the flow's dust

during 5 second. There was an average of 73% collected dust in the first layer. 12% in the

second layer. 6% in the third layer. 3% in the fourth layer. and 2% in the fifth layer. The

measurements have shown that the designed dispersing system can produce dust flow with a

stable mass concentration in a wide range of dust concentration during 5-9 minute (Fig. 5).

2.3 Experimental Results

In the present experiments it was observed that in general. the process of the dust

flame propagation in the tube can be divided into three different stages: laminar flame.

oscillating flame and turbulent accelerating flame. During the first stage after ignition. the

flame. and is laminar propagates with approximately constant speed. In this stage. the Clame

propagates through 1/3 to 112 of the tube length. with the flame front close to the usual

parabolic shape. The second stage of the flame propagation begins at approximately the

middle of the tube (or earlier at large concentrations). In this second stage the flame slarts to

oscillate. Bright flashes altemate regularly with stages when the flame is almost invisible.

The frequency of the flame oscillations is close to the basic acoustic mode of the tube showing

that the nature of the oscillations is acoustic coupling between the gas pulsation in the tube and

the rate of the burning. This phenomena is weil known and has been studied in gas

combustion [48]. It was experimentally studied by Goroshin et al. [49] in dust combustion

and. was also reported by Berlad et al. [50] during micro gravity dust combustion

experiments. The third stage of the flame propagation can be observed only if the dust

concentration is close to or higher than stoichiometric. After propagating for about 20-50 cm

in the regular oscillating regime with increasing pulsating amplitude, the Clame suddenly starts

to experience irregular fast pulsation. becomes turbulent and then undergoes rapid

acceleration. In this mode. the flame speed at the end of the tube can weil exceed, 10 rn/sec.

The measured laminar flame speed of aluminum dust air mixtures as a function of

dust concentration in the laminar mode of flame propagation is shown in Fig. 10. To obtain

the burning velocity we have to divide the value of flame speed on the ratio of the Clame

surface to the tube cross sectional area This ratio is approximately equal to 2 and seems to be

constant for the different dust concentrations. The burning velocity obtained is close to those

measured in a dust cloud formed from fine aluminum dust by BallaI [15] (micro gravity flame

propagation in tubes) and by Cassel [51] and Goroshin [52] (stabilized Bunsen and fiat dust

flames).
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For detennining the quenching distances of each dust mixture quenching plates were

installed in the upper part of the tube where the flame is steady and laminar. These plates

allow us to study the flame quenching process in a stable, laminar mode of f1ame propagation.

The high speed movie shows that when a flame with a parabolic shape approaches the

quenching plates the flame front becomes almost fiat. Far from the quenching Iimit the flame

penetrates into ail the quenching channels and propagates with the same speed in each

channel. Sometimes several cycles of the flame pulsation can be seen inside the quenching

plates. with a frequency of pulsation close to the basic tube acoustic mode. If the fuel

concentration is close to the quenching limit the flame usually propagates only through the one

channel that is closest to the tube axis. The quenching distance of aluminum dust air mixtures

as a function of dust concentration is shown in Fig. 6.

In comparison with experimental data of the previous researchers, the minimum

quenching distance reported in the present work is much lower. The present values are almost

half of those reported by Jarosinski et al. [8]. (the only direct experimental measurement of

the quenching distance of aluminum dust c10uds available in the Iiterature). The data reported

by Jarosinski are also shifted (in comparison with the measurements of this study) in the

region of rich concentrations by 300 g/m'. The lean Iimit of the flame propagation reported

by Jarosinski in the wide tube is approximately 400 g1m' (stoichiometric concentration of

aluminum dust is 310 g1m'). This data contradicts the value of the lower concentration limit

for constant pressure aluminum dust combustion found by Balai [15] ( 160 g/m' ), which

corresponds weIl to the value obtained in the present work ( 154 g/m'). Because no direct

dust concentration measurements were perfonned in Jarosinski's experiments, the dust

concentration was calculated with the assumption that the entire mass of the dust in the

dispersion device was perfectly dispersed and uniformly distributed throughout the

combustion volume. Agglomeration and deposition of the dust on the walls of the

combustion chamber during dispersion by the pulse air jets make this assumption inaccurate.

To observe the effect of initial oxygen concentration on the dust flame propagation,

two sets of experiments, (16% and Il% oxygen in the initial mixture) were considered.

Figures 7 and 8 show the dependence of the experimentally obtained quenching distance on

the dust concentration for two different initial oxygen concentrations, 16% and Il %.

respectively. When the amount of the initial oxygen concentration decreases, both the

quenching distance and the lean Iimit increase (Fig. 9), but the flame velocity decreases

(Figures Il, 12, and 13). The data may support that a lower value of initial oxygen

concentration corresponds to a higher value of the combustion time. As a result, for a smaller

amount of initial oxygen concentration, the quenching distance increases and the f1ame

velocity decreases.
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To investigate of the effect of a different inert gas on the dust flame propagation,

tests were carried out using helium instead of nitrogen. Figures 14 and 16 show the

dependence of the experimental values of quenching distance and flame velocity on dust

concentration, using helium as the inert gas instead of nitrogen in the dust-gas mixture. From

figures 15 and 17, it is observed that using helium as the inert gas of the mixture causes the

quenching distance, the lean Iimit, and the flame velocity to increase. The main reason for

these effects cornes from the higher value of thermal diffusivity of helium in comparison to

thermal diffusivity of nitrogen.
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Chapter 3

3. Theoretical Considerations

3.1 Introduction

To model a dust combustion system, it is recognized that many simultaneously
occurring processes are involved, namely particle oxidation, gas-phase homogeneous

reaction, and mass, momentum and energy transport. It has been underlined various times in

the liter~ture that the main difference between flames in homogeneous and heterogeneous

mixtures is the possibility of radiation heat transfer from the combustion to the preheat zone in

dust cloud flames [9,34,66, 63, 67]. What is usually neglected is that different mechanisms

of particle combustion in the flame zone can also make a strong difference. This is known

because of two asymptotic regimes of particle combustion [37]. In the first case or so-ealled

"kinetic regime", the single particle combustion buming rate is determined by the rate of

heterogeneous (or homogeneous) reaction on (or near) the particle surface. In this case, the

structure of the deflagration wave in the dust cloud does not greatly differ from that of

homogeneous gas mixtures [38]. In the second case or the so-called "diffusion regime", it is

assumed that the rate of reaction after ignition is controlled by the rate of oxygen diffusion

from the surrounding gas to the particle surface (or to a zone close to the partic\e surface).

Although the phenomenon of particle combustion in a dust flame can be in reality very

complicated due to the fact that the reaction speed is controlled by diffusive mass exchange

between the particle and the gas, this phenomenon can by itself be enough to predict several

important consequences.

In the present model, after considering the diffusion regime for particle combustion,

explicit algebraic equations are obtained for predicting the buming velocity of the flame as a

function of the initial particle size, concentration and the extemal heat loss term. Quenching

distances are obtained from the curve of variation of flame velocity at the points of stable and

unstable solution.
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3.2 Formulation

Combustion of metallic dust (aluminum in particular) is of interest in the present

formulation. Very liule detailed information has been reported to date on the combustion

mechanism of aluminum particles in oxidizing atmospheres, and there is no universally

accepted view point on the detailed mechanism of aluminum ignition. According to the ideas

of several investigators, ignition occurs due to the heterogeneous reaction of liquid aluminum

with the oxidant through an oxide film, while combustion takes place in the gas phase where

aluminum vapor reacts with the oxidant [39]. In the present formulation, it is assumed thatthe

combustion reaction occurs in the gas phase, fonning a spherical diffusion flame around the
fuel particle.

In the present formulation, a model of aluminum dust combustion is developed. A

one-dimensional, two-phase combustible mixture consisting of uniformly distributed fuel

particles in air is assumed to pass through a planar heat source, perpendicular to the flow

direc~ion. To model the extemal heat loss, it is assumed that the loss term is linearly

proportional to the temperature. This represents loss through heat conduction from the dust­

air mixture to the wall, which is assumed to be maintained at a constant upstream temperature.

In the analysis, gradients of ail dependent variables including that of the temperature and

concentration in the direction parallel to the flame front are neglected. It is further assumed

that the particle velocity is equal to the gas velocity.

The initial concentration and the initial particle size are presumed to he kndwn. Ali

external forces including gravitational effects are assumed to be negligible. Another

approximation introduced is that the heat transport by radiation is negligible. In the analysis it

is assumed that the chemical reaction that controls the combustion process is localized on or

near particle surface.

The combustion process is modeled as a one-step overall reaction, with the rate

constant wriUen in the diffusion form. Figures 21 and 22 illustrate the presumed flame

structures for lean and rich mixtures respectively. The assumed flame structure consists of a

preheat zone, reaction zone, and convection zone for lean mixtures and a preheat and reaction

zone for rich mixtures.
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3.3 Goveming Equations

For low Mach number flow, the goveming equations can be written as follows:

Mass conservation:

•

pv =const.

Energy conservation:

dT d2T Pu b'Â Pu
PvC-=Â -+w -Q---(T-T)dx u dx2 FP d2 P u

Oxygen conservation:

dY d2 y P
Pv_u_, =p D __0, - r-'w -!!.dx uUdx2 FF p

Equation of state:

pT = cons!.

The independent variable x is related to the spatial coordinate x' as:

x = J(..e...)dx'
o Pu

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

The reaction zone is presumed to be located at x = O. The.thermal conductivity of

the mixture. Â. is proportional to T and the diffusion coefficient D is proportional to T2
•

The heat capacity C appearing in Eq. 3.2 is the combined heat capacity of the gas, Cp' and of

the particle, C,. and can be evaluated from the expression

•
for

for

4J < 1

4J > 1

19

(3.6)



•
where a is mass fuel concentration. The reaction rate wF appearing in Eqs. 3.2 and 3.3 can

he written as

for

for

~ < 1

~> 1
(3.7)

where <I> and Tc are respectively: the ratio of oxygen concentration and the combustion time

of an individual particle, which is assumed to have a weak dependence on temperature.

y
<I>=~

Y·0,

r2p
1" = s

c 2Da
"

(3.8)

(3.9)

•
The heat exchange between the particles and the gas in the preheat zone can be written as:

(3.10)

with boundary conditions:

x=-co T=T, =T.; Yo, = Y:,

x=O T=Ti ; T,=T,j

•

x=+co T=T•
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3.4 Non dimensionalization of Goveming Equations:

Non dimensional quantities:

T9-- .- ,
T.

2
2 V 'te

IC =--;
a

3Le,=--;
2 v

T9 = --'- ., T'
•

. a
Le=-'

D'

V - C, Ci" •- ,
Cp

_ h' a 'l", •
1) - d2'

CiiP=- ;
Ci"

Y.11>=-' .
Y' '.,

(3.12)

•
The combustion time, 'l"" in these expressions is the combustion time of a single particle with

heterogeneous surface reaction. The above dimensionless parameters have a clear physical

meaning. The dimensionless flame speed IC is the ratio of combustion zone thickness to the
thickness of preheat zone; 1) is the parameter of heat loss, which is the ratio of characteristic

time of heat transfer in the channel to the particle combustion time; f.l is the parameter that

characterizes the heat productivity of combustion and is the ratio of maximum possible

adiabatic temperature to the ignition temperature, etc. After applying the above dimensionless

parameters, the final dimensionless goveming equations cao be written as follows:

•
d9, ='(9-9)
dy ,

21

(3.13)

(3.14)

(3.15)



•
where

for

for
I/J<I {I

and /32 = 3 '"
I/J>I "2'"

for

for

I/J <1
I/J> 1 (3.16)

with boundary conditions:

y=-oo 8=8 =11>=1s

y=O

y=+oo

8 -8'- j'

8=1 (3.17)

•

•

3.5 Lean Mixture:

Il is considered that the flame propagates in a mixture with considerable oxygen

excess (equivalence ratio less than one). For lean mixtures, we can distinguish three zones:

preheat zone, reaction zone, and post flame zone. The first zone is preheat zone (x < 0)

where the temperature of particJes is lower than the ignition temperature and the rate of

reaction is equal to zero. The second zone is the reaction zone, 0 < x < v. 't'c' where the

particles bum in the diffusive regime, and the particie temperature remains approximately

constant. Il is assumed that ail the heat produced by reaction goes directly to the combustion
zone. The third zone is the post flame zone, x> v. 't'c' where the temperature of the

combustion products decreases asymptotically to the ambient temperature at infinity. Because

of oxygen excess, the decreasing of oxygen concentration in the flame is small and the

combustion time of particJes in the reaction zone is the same as that for a single particle under

initial oxygen concentration. However, based on the above mentioned assumption for lean

mixtures we have:
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3.5.1 Preheat Zone:

• d
2
0 2 dO 2 ( )-- /( - =/( 17 0-1 (3.18)

dl dy

: =Ç(O-O,) (3.19)

Boundary conditions:

y-?-oo ~ 0=0 =1,
(3.20)

y-?O- ~ 0= 0i ; 0, =9n

3.5.2 Combustion Zone:

•

•

Boundary conditions

_ _ d9) dO)y-?I ~ 9+=0 ; - =-
dy l' dy 1-

3.5.3 Post Flame Zone:

Boundary conditions:
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• y~l+ ~ (r=(r; ~~}. =~~1-
(3.24)

y~1 ~ e= 1

Because of the linearity of the above differential equations, they can easily be solved and the

eigenvalue combustion speed can he obtained by the term of continuity of the heat flux on the

border between the combustion and preheat zones. The non-linear equation obtained for

combustion speed can be written in the following form:

where

I-Exp(-K,)

~ 1+4';2

(3.25)

•

•

(3.26)

From Eq. 3.25 the value of the equivalence ratio at the lean limit for the adiabatic condition

can be obtained as q, = 1/Il. This equality is actually the expression for the condition of

adiabatic flame temperature: (Tad - T.) > ( T'i - T.). If Tad goes to T'i , (q, ~ 1/Il) then the

flame speed goes to zero.

3.6 Rich Mixture:

In the present study, it can he assumed that the particle radius is constant and the rate

of diffusive combustion in rich mixtures is determined only by oxygen depletion in the

reaction zone. On the other hand, because of the large value of combustion time, unlike in

lean mixtures, there is no post flame zone in the rich mixture flame structure. The equation of

heat and oxidizer transfer can be written in the following dimensionless form:
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3.6.1 Preheat Zone:

• d
2
8 2 ( ) d8 2 ( )-- /( 1+ v ljJ - = /( T/ 8-1 (3.27)

di dy

: ='(8-8,) (3.28)

d
2

fJ.> _ /(2Le dfJ.> = 0 (3.29)
di dy·

Boundary conditions:

y~-oo ~ 8=8 =fJ.>=1,
(3.30)

y~O- ~ 8= 8i ; 8, = 8n ;fJ.> =fJ.>.

• 3.6.2 Combustion Zone:

Boundary conditions:

(3.31)

(3.32)

• y~ ;f,.oo..~~ 8 = 1; fJ.> = 0
- '. ""v'

,
"

2S

(3.33)



•
The concentration of oxygen on the boundary between the preheat and reaction

zones, lI>" could be considerably lower than the initial value and depends on the flame speed.

Therefore, because of dependence of particle ignition temperature on the oxygen

concentration, it is a function of combustion speed in rich mixtures. The particle ignition

temperature with surface one step reaction is defined by the following equation [37]:

3QE rp, K.Yo: ExP(-~)=.!.
C RT'i 3.il RT'i e

(3.34)

For ignition temperature under two different oxygen concentrations from Eq. 3.34, follows

( v=I):

(T,,)2 EXP(~_--Y-) =Yo
, L, = lI>\ = lI>

T~ RT. RT". Y" ,.,.
51 n SI 02

(3.35)

•
If the temperatures Tsi and T:i are not significantly different, we can use the exponential

approximation of power function [47]:

(3.36)

and Eq. 3.35 takes a form:

8.-1 [2T:i-
E

]( 1 )_."_= R _ T
8:1 -1 2- R~; -Ln{lI>.) • T:'-T.

(3.37)

After solving Eq. 3.32 with its boundary condition in Eq. 3.33, the oxygen concentration on

the boundary betwecn the combustion and preheat zones will be obtained as:

The differential Eqs 3.27-3.33 are Iinear and again we can find the algebraic equation for

flame specd by matching the solutions in each of zones on the boundary. The flame speed is:•

2

1+~ 1+6+
"Le

(3.38)
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• ~Jl ' 8,; -1 = (K _ K )(K _ Z ) ( /(2 - Z ) (-1..)
2 , + K+ 8~ - 1 + - + - - 1(2

where

(3.39)

(3.40)

(3.41)

•

The algebraic Bq 3.39 with expressions 3.37 and 3.38 do not include unknown

parameters and completely define the rich fuel mixtures flame speed. However, the

application of the above solution is limited from the side of very high values of fuel

equivalence ratio. For very rich mixtures, the oxygen concentration on the border of preheat

zones is so low that ignition does not lead to the full value of the stationary diffusive regime

of particle combustion.

3.7 Ratio of Quenching Distance to Flame Thickness:

The flame thickness may he defined as follows:

(3.42)

•

where op and Oc are preheat zone thickness and combustion zone thickness respectively, and

which can he obtained from the following expressions

(3.43)

where
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• for

for
/fi < 1

/fi> 1
(3.44)

After applying the above equations 3.42-3.44 and 71, from Eq 3.12, it can be found that

!!L=.,fi1J1i;
ô/ AIC+1/1C

where dq is the quenching distance, and

(3.45)

for

for
/fi < 1

/fi> 1
(3.46)

•

•

3.8 Results and Discussion

Typical numerical resu1ts that iIlustrate the effects of the principal parameters on the

burning velocity and quenching distance are presented in this section. Consider a uniformly

distributed cloud of aluminum fuel particles in air.
Calculations were performed with p, = 2707 kg/m3

, C, = .896 kl/(kg" K), [41]

b'=8 [56], .Îtu =.02624 W/(m "K), Pu =1.1774 kg/m3
, Cp = 1.0057 kl/(kg "K),

Du =.206E-4m2/sec, [44], E/R=21100"K, [43], -r:Jd;=4E+6sec/m2
, [42],

T; = 2200 "K, [39], Q = 30945 kI/kg, [40], dp = 5.4 ,um, and Tu = 300 0 K.

At first the value of the heat loss term 71 is considered to be zero (adiabatic

condition). The dimensionless flame velocity is calculated at adiabatic conditions and then
calculations are performed for heat losses by increasing the value of 71 to its critical value.

For each value of 71 the quenching condition is obtained from the curve of dimensionless

flame velocity at stable and unstnble solutions.

Figures 23 and 24 show the dependence of the dimensionless flame specd IC on the
fuel equivalence ratio /fi, for different values of heat loss parameters for Jean and rich mixtures

respectively. In the present results, similar to those of gas flame quenching [45-46, 55-61,

65] when the amount of heat loss is greater than zero, in general two values of f1ame speed are

possible, however the lower one is unstable. The mechanism of flame quenching in a dust is
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similar to that of homogeneous mixtures, i.e. feedback between the flame speed and the heat

losses [47].

The burning velocity at different equivalence ratios is predicted numerically to

determine the effect of particle concentration. Fig. 30 shows the experimental and theoretical

results of the burning velocity. As it is seen, the predicted burning velocity does not

correspond very weil with the experimental value. It is lower than the experimental value.

One reason for this discrepancy cornes from the experimental evaluation of the burning

velocity. To obtain the burning velocity, one must consider the effect of the flame surface

area, which is difficult to measure accurately.

The dependence of the burning velocity on the particle size is quite strong.

Experimentally, it is extremely difficult to sustain flame propagation in a suspension of large

particle size. From the result of the burning velocity calculation, it i5 found that the buming

velocity is lower than that of a methane gas flame. For larger particle size, the burning

velocity is lower than that for smaller particle size. These results are due to the physical

structure of the dust flame. The buming velocity of a dust-air mixture in the reaction zone is

governed by the total surface area available within the reaction zone, which depends on the

particle size. Small particles have more surface area per unit volume than larger ones, thus

more fuel available in the reaction zone and consequently a higher value of burning velocity.

As mentioned above, the quenching condition occurs by definition at the critical

point of the dimentionless flame velocity curve. As a result, for each value of equivalence

ratio, the critical heat loss parameter can be obtained. The quenching distance at different

equivalence ratios is predicted numerically to see the effect of particle concentration, and

compared with the experimental value ( Fig. 29). It is seen that the trend of both the

experimental and theoretical curves are the same, and the quenching distance does not change

for a relatively wide range of dust concentration. From the present model, it is clear that the

weak dependence of the diffusive combustion rate on temperature can explain the:

phenomenon of weak dependence of quenching distance on dust concentration in a rich

mixture.

From the results of the quenching distance calculation it is found that the quenching

distance of a dust flame is greater than that of a methane gas flame. From the theory it can

also be seen that for larger particle size, the quenching distance is larger than that of smaller

particle size. These results are physically meaningful because the burning time of a dust flame

is typically greater than the burning time of a gas flame. As weil, the burning time of a large

particlc is greater than that of a smaller one. Also, a large value of burning time corresponds

10 a Ihicker flamc, and as a result a largcr value of quenching distance.
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After calculating the quenching distance, from the ratio of quenching distance to

f1ame thickness (Eqs. 3.45 and 3.46), it is found thatthe f1ame thickness is about one to two

millimeters for a wide range of dust concentration (300 to 600 g/ml
The theoretical value of the lean f1ammability Iimit is obtained from the buming

velocity curve(Fig. 30), as 68 g/m3
• This value is much lower than the experimentally

obtained value of 157 g/m3
• The discrepancy is mainly due to the complexity of dust

combustion. A more realistic numerical modelthat solves the balance equations for each of

the gas and particle phases in the system should be adopted for a better estimation of the

combustion characteristics.

Figures 25 and 27 show the dependence of the theoretically calculated quenching

distance and buming velocity on dust concentration for different values of initial oxygen

concentration in the mixture. When the initial oxygen concentration decreases, the quenching

distance increases and the buming velocity decreases. These phenomena come from the erfect
of dimensionless heat productivity (Il) and combustion time ('l',) on the quenching distance

and the buming velocity. When the initial oxygen concentration decreases, heat productivity

decreases and the combustion time increases. From the theory it can he secn that a small value
of Il corresponds to a small value of the heatloss parameter (7)) and dimensionless buming

velocity (K'). Therefore from the definitions of quenching distance and burning velocity

based on expressions of Eq. 3.12, it is found that smaller values of 7) and K' , and larger

values of combustion time correspond to a larger value of quenching distance and smaller

value of buming velocity.

Figures 26 and 28 show the dependence of the theoretical quenching distance and

buming velocity on the dust concentration for two different inert gases, nitrogen and helium

respectively. After changing the inert gas of the mixture, both the values of quenching

distance and buming velocity change due to different values of mass diffusivity, thermal

diffusivity, and combustion time. In the case of helium, the quenching distance increases,
due to higher value of Lewis number (Le) and a 'l'c (where a is thermal diffusivity). The

buming velocity also increases, due to a higher value of al 'l'c .
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Chapter4

4. Theory of Flame Quenching
Distance for Organic Dust

4.1 Introduction

There is no comprehensive theoretical model for predicting the quenching distance

in a dust flame. For this reason the dust flame propagation mechanism has not yet been

understood. Recently, Seshadri et al. [53] successfully studied the structure of premixed

particle-cloud flames based on a model that the particles vaporize completely and combustion

occurs in the gas phase. His analysis was performed in the asymptotic limit, where the value

of the characteristic Zeldovich number (Z, =ElRTf) based on the gas phase oxidation of the
gaseous fuel, is large, and values of rfJ. >1.0, where rfJ. is the equivalence ratio based on the

fuel available in the fuel particles. In the present study, after following Seshadri's model,

explicit algebraic equations are obtained for predicting the buming velocity of the flame as a

function of the initial size, number density of the particles and the extemal heat loss term.

Quenching distances are obtained from the curve of variation of flame temperature versus the

extemal heat loss term.

4.2 Governing Equations

A one-dimensional, two-phase combustible mixture consisting of uniformly

distributed volatile fuel particles in air is assumed to pass through a planar heat source located

perpendicular to the flow dire.;tion. To model the extemal heat loss in the problem, it is

assumed that the loss tern) is proportional to (T - T.). This represents loss via heat

conduction from the dust-air mixture to the wall, which is assumed to be maintained at the

constant upstream temperature (T.).
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The assumed flame structure consists of a broad preheat-vaporization zone, a thin

reaction zone, and a broad convection zone. For simplicity we also assume that extemal heat

loss occurs only in the upstream region of x_.to 0 (preheat-vaporization zone). In the

analysis it is assumed that the fuel particles vaporize to form a known gaseous compound

which is then oxidized. Thus in the flame zone surface reactions are neglected. Seshadri [53]

has formulated a mathematical problem for an adiabatic laminar dust flame and this

formulation will be followed c1osely. The most important difference is the addition of a heat

loss term to the energy equation.

It is assumed that the fuel and oxidizer reaction is described by an overall one-step

reaction mode\. The rate constant of the overall reaction is written in the Arrhenius form and

the characteristic Zeldovich number (Williams, [45]) is assumed to be large. The initial

number density of the particles, n. ( number of particles per unit volume) and the initial

radius, r. ' are presumed to be known. Ail external forces including gravitational effects are

assumed to be negligible. Another approximation introduced is that heat transport via

radiation is negligible.

Distinction is made between the quantities 4'. and 4'" where 4'g is the effective

gas phase stoichiometriy at the reaction zone. Analysis shows that even though 4'. >1.0, for

certain cases the calculated value of 4', is less than unity (Seshadri, [53]) due to incomplete

vaporization. In the analysis it is presumed that the fuel particles vaporize to form a known

gaseous compound that is then oxidized. Thus surface reactions are neglected in the present

mode\. For simplicity it is assumed that the particle temperature is approximately equal to the

gas temperature.

The analysis is primarily focused on those cases where the overall gas phase

stoichiometry at the reaction zone is fuellean. Consequently, excess oxygen would leak from

the reaction zone into the convection zone. Since vaporization of the fuel particles can be

expected to continue in the convection zone, chemical reaction will occur in this zone between

the vaporized gaseous fuel and oxygen. Since the convection zone is presumed to be broad,

the diffusive terms in the conservation equations are presumed to be small in comparison with

the convective terms and the terms representing the gas phase chemical reaction and

vaporization of the fuel particles. In the thin reaction zone the convective and vaporization

terms are assumed to be small in comparison with the diffusive and reactive terms. The

burning velocity is determined from analyzing the structure of this zone. However, the

comments on these assumptions were generally discussed in the previous study by Seshadri

[53].
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• Because of the particu Jar assumptions that are considered, the following dust flame

qucnching distance formulation is useful for those kinds of dust particles that mainly consist

of volatile components within the particle, such as organic dus!.

For low Mach number flow, the governing equations can be wrilten as follows:

Mass conservation:

•

•

pv=const.

Energy conservation:

dT ,d
2
T Pu Q Pu Q. Pu QPVC-=110 -+w - -w - -- L

dx Udx2 F P , P P

Gaseous fuel conservation:

dY d2y P 0pV_F =p D __F-w _u +w '-"-
dx uUdx2 F p 'p

The equation governing the mass fraction of the particles:

dY Ppv-'=-w _u
dx 'p

Equation of state:

pT =const.

whcre:

w =An 4tr r2T", ,

c = c + 4tr r
3
c,p,n,

p 3p
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(4.2)
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(4.4)

(4.5)

(4.6)
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•
The independent variable x is related to the spatial coordinate x' as

The boundary conditions are:

(4.8)

(4.9)

x=-oo

x=O

YF = 0, T = T" Y, = YFU

T= Tf <Tf

(4.10)

(4.11 )

•
x=+oo

At the adiabatic condition we have:

4.3 Non dimensionalization of Goveming Equations

The non dimensional quantities:

(4.12)

•

8= T-T,
Tf-T,

m= pv
P,v,

where

Y Y
Yf=y F

; Y =_5
FC 'YFC

PVCz=-"-'-x
Â,
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• (4.14)

Introducing the definitions shown in Eq. 4.13 into Eqs. 4.1-4.4 and using 4.14 the following

non dimensional equations are obtained

m=const.

(4.15)

•
where the radius r has been rewritten in terms of Ys using the relation

Ys =41r r3n, Ps (3pYFc) and for simplicity it is assumed that the Lewis number Â/(pcD) =I.

Also we define,

113 ( )n4.836An. Â. T,- T.
r = V2p4f3cylf3p2f3

u" Fe s

(4.16)

q= Q,
Q

Boundary conditions for Eq. 4.15 are:

z =-00

z=o

y
9 = 0 ;y, = 0 ;Ys = a = ;u

Fe

9=1 (4.17)

•
z=+00 ;y, =finite
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In the analysis, q, the ratio of the heat required to vaporize the fuel particles to the overall heat

release in the flame, is presumed to be small. If fi represents the non dimensionalized

temperature for q =0, then Eqs. 4.15 with ln =1 can bc written as

(4.18)

•

dy, _ 2/3(e')"
dz --no,

Asymptotic solution to Eq. 4.16 will be obtained in thc limit of Z, ~ 00, with r prcsumed to

beof 0(1).

4.4 Asymptotic Analysis

4.4.1 Preheat-Vaporization Zone With
External Heat Loss

In the Iimit of Z, ~ 00, chemical reaction between the gaseous fuel and oxidizer is

negligible in the region where z< O. Hence, the first expression in Eq. 4.18 yields to the

leading order,

-oo<z<O

e' =0 at z= -00 and e' = 1 at z=0 (4.19)

For simplicity, after assuming K:# K:(e'), from integration the result:

• e' = exp( K:'z) -oo<z <0
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• is obtained, where

, 1+"'1+4K'
K' =----

2
(4.21)

Introducing Eq. 4.20 into the third expression of Eq. 4.18 and integrating using the boundary

condition shown in Eq. 4.17, yields

•

y, = {a'13 - a exp( K"nz)r
where:

Introducing Eqs. 4.20 and 4.22 into the second expression ofEq. 4.18 and

-co <z < 0-

dy
~=o ;Yf =0 al z=-co

(4.22)

(4.23)

(4.24)

and integrating once between the Iimits z=-00 , to Z = 0- where the superscript - denotes

conditions on the interface between the preheat vaporization zone and the reaction zone,

yields the result

•

(4.25)
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• 4.4.2 Convection Zone

The diffusive terms in the conservation equations are presumed to be of 10\Ver order

than the convective-reactive and vaporization terms. Also, wc assume that there is no heat

loss term in this zone.

(4.26)

where, e is a small quantity. It follows that at z=0+ the quantities dO" /dz and dYf /dz are

of arder e, where the superscript (+) denotes conditions at the interface between the

convection zone and reaction zone. Thus

dO" = O(e) and
dz

dYf =O(e) at z=O+
dz

(4.27)

•

•

4.4.3 Reaction Zone

In the reaction zone the convective terms and the vaporization terms in the Eqs. 4.18

are assumed to be small in comparison to the diffusive terms and the reactive terms. Also it is

assumed that there is no heat 10ss from this zone. Thus

(4.28)

dys =O(e)
dz

Boundary conditions for Eqs. 4.28 are:

" d
dO = 0; yf =0 at z=0+
dz dz
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• at z= 0- (4.29)

To analyze the structure of this zone the expansions

z = ET/

Yf =E(b+y)

8· = \- Et

(4.30)

are introduced, where b =hf / E and E =l/Z, is the expansion parameter, which is presumed

to be smal!. Now for obtaining the boundary conditions we introduce Eq. 4.30 into the first

line of equation 4.29 :

•
at

From preheat zone we have:

dt ,
-=-1( at T/~+oo

dT/

(4.31)

(4.32)

Now, introducing the expressions of Eq. 4.30 into the first and second expressions in Eq.

4.\8 and using Eqs. 4.16 and 4.7 yields in the limit E~ 0, the equations:

•

d 2
t

-2=A(b +y)exp(-t)
dT/

where the quantity A which is presumed to he of order unity is defined as

V I..,BE
2

( E)A = f 2 -exp ---
p,v,c RTf
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• From Eqs. 4.34 and 4.31. it follows that t = y. Therefore Eq. 4.33 become

d 2t
-2 = A(b+t) exp(-t)
d1)

Boundary conditions for Eg. 4.37 are:

(4.36)

at.!!!... = 0
d1)
dt ,
-=-IC at
d1)

1)~ +00

1) ~-oo (4.37)

After integration Eq. 4.36 and using the boundary conditions Eq. 4.37 yields the result

•
2(I+b)A=(IC,)2

4.5 Evaluation of the Buming Velocity

Introducing Eg. 4.38 into Eq. 4.35 yields

(4.38)

(4.39)

Eq. 4.39 can he used to calculate v. if b and TI are known. To deterrnine these quantities

il is necessary to analyze the structure of the convection zone. For sufficiently high values of

TI • it is reasonable to set hl = 0, which implies that b = O. The value of TI can be

deterrnined by requiring the gradients of fj" and YI to satisfy the following jump conditions

across the reaction zone

•
(4.40)
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• Introducing Eqs. 4.20 and 4.25 into Eq. 4.40 with YFI = 0, and assuming that the gradients at

O' are of order e, yields

(4.41)

Eqs. 4.14, 4.39, and 4.41 can be used to calculate the quantities YFe , TI and v.' The

quantities r /(' and a appearing in these equations can be calculated using Eqs. 4.16 and,
4.23. Equation 4.39 shows that v, is proportional to exp(-E/2RTI ). If v. represents ;:le

calculated buming velocity including the influence of the heat of vaporization of the fuel

particles, then v, will be proportional exp(-E/2RT,,) , where T" =TI - q(TI - T.).Hence

for a smal1 q it fol1ows that:

•

v, = v. exp(-qZ,/2)

4.6 Results and Discussion

(4.42)

•

A spatial1y uniform mixture of volatile fuel particles in air was considered. Sample

calculations were performed assuming that the gaseous fuel that evolves from the fuel particle

is methane. To illustrate the influences of extemal heat loss a previous study is followed [53]

for various equivalence ratios and partic1e sizes. Numerical calculations were performed for

values of 1/1. >1.0, for a combustible mixture of fuel partic1es and air, where the fuel partic1es

vaporize to yield methane. From the result of the calculation of 1/1,. it is seen that aIthough the

value of 1/1. is greater than unity, the corresponding value of 1/1, is less than unity [53].

In order to compare the results of the present calculations with those of a previous

study [53], the value of the heat loss term /(' is considered equal to one, representing an

adiabatic condition. As a result, the calculated flame temperature and the flame velocity at

adiabatic conditions are almost identical to those of the previous study [53]. After increasing

the value of /(' to its critical value, the quenching condition is obtained. In Fig. 31 the

calculated flame temperatures in the reaction zone, TI' are plotted as a function of the

equivalence ratio, 1/1., for the adiabatic condition.
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From the results of the f1ame temperature calculation, it is found that the dust f1ame

temperature is lower than that of methane gas f1ames. AIso, the f1ame temperature is lower in

clouds of larger particle size. The value of the f1ame temperature in the reaction zone is

govemed by the amount of gaseous fuel vaporized within the preheat zone. For constant tP•.
the amount of gaseous fuel that is vaporized depends on the particle size. For a constant value

of dust concentration, smaller particles have more surface area per unit volume than larger

particles, thus. more fuel is available in the reaction zone and consequently the value of the

flame temperature is higher.

The same analysis can be done for the f1ame velocity. In Fig. 32 the values of the

buming velocity, v.' are plotted as a function of t/!. for adiabatic conditions. The buming

velocity for d. =20f.lm is typically about half the value for homogeneous gas f1ames and is in

accord with experimental observations that dust f1ames are typically slower than gas f1ames.

The dependence ofthe buming velocity on the particle size is quite strong. Experimentally, it

is found that in suspensions of particles of diameter greater than IOOf.lm, it is extremely

difficult to sustain f1ame propagation.

In Fig. 33, variation of the f1ame temperature as a function of heat loss is shown for

t/!. =2 and for different particle size. It is seen that the f1ame temperature decreases with

increasing heat loss, reaches a minimum at a certain .alue of 1(' and then increases again.

This is physically unacceptable, and thus as a result the quenching condition is defined to he

at this critical point. On the basis of this critical value the quenching distance is obtained. The

critical value of the heat loss term increases with increasing particle size. The quenching

distance is roughly proportional to the heat loss term, and therefore increasing the value of the

heat loss term corresponds to an increase in the quenching distance. The results of quenching

distance calculations are plotted in Fig. 34 for different particle sizes as a function of t/!•. This

figure shows that for a given value of t/!. the quenching distance decreases with decreasing

value of particle size. It will approach the value of a purely gaseous combustible mixture in

the Iimit where the particle size goes to zero.

For comparing the results of the calculation with the experimental data of the

quenching distance of methane at stoichiometric conditions, the quenching distance was

obtained for the smallest value of the particle size. This value of quenching distance is !.7mm

and it is comparable with the experimental value of 2mm [54]. From the result of the

quenching distance calculation il can be found that the quenching distance of dust f1ames is

greater than that of gas f1ames. Also quenching distance is larger in dust f1ames of larger

particle size. This result is physically acceptable because the burning time of a dust f1ame

typically is greater than the buming time of gas f1ame. As weil, the burning time of a large
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particle is greater than that of a small one. A large value of burning time corresponds to a

thicker flame. and as a resu)t a larger value of quenching distance.
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Chapter 5

5. The Role of Radiation in Premixed
Laminar Dust Flames

5.1 Introduction

Light scattering by particles has received considerable attention in such diverse fields

as "astrophysics, meteorology, physics, colloid chemistry, and dust combustion." [36].

Radiation in dust-air mixture such as coal combustors is one example of a wi.de class of

problems in which the radiative heat transfer is occurring in an absorbing medium. Where

multiple scatter is important within such a scattering-absorbing medium, the intensity of

radiation is a function of position and direction.

It must be realized that scattering by real coal particles is much more cornpiex than

can realistically be calculated. For radiative heat transfer in dust combustion, several

coefficients and parameters must be defined. Sorne of these parameters are fundamental

definitions, others involve experimental coefficients which are obtained from data of various

properties of the materials.

The complexities of the radiative heat transfer process in dust air mixtures are due

mainly to the participating medium. In general, the system in combustors and gasifiers

consist of non uniforrn, emitting, absorbing, reflecting, solid surfaces that are in complex

geometrical configurations and surround a multi phase. nonuniforrn, emitting. absorbing,

transmitting, scattering particle laden fluid that is a1so generating heat. The problem of finding

the equilibrium conditions at every point in this system is complex.

ln addition to the mathematical difficulty, one of the more scrious problcms is the

lack of knowledge of the radiative properties of the materials involved in the system. For

example, fundamental radiative properties of coal particles exist for only a very few selected

coal types. Further, the properties of the particles are changing as they undcrgo chcmical

reaction, changing from mostly carbon particles to mostly ash.
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The complete solution to Maxwell's equations discussed so far (Mie theOlY) is only

applicable to spherical particles of constant composition. It is obvious that many assumptions

have to be made to include radiative heat transfer in a dust combustion application[I]. In

practice any kind of dust contains a range of particle sizes of different geometry and shape.

Due to many diffieulties, both experimental and theoretical, obtaining the role of radiation as a

mechanism of dust flame propagation, and the role of radiation, is not yet completely

e1ucidated.

In the present formulation, after following the thermal theory of premixed laminar

dust flame propagation, sorne mathematical relationships are obtained for evaluating the role

of radiation. For obtaining the role of radiation, f = t.TcIt.T, is defined. This is the generai

expression for the ratio of heat transfer by conduction to that of radiation from the flame zone

to the preheat zone.

5.2 Energy Equation:

A one-dimensional, laminar, combustible mixture consisting of uniformly

distributed, sphericai and monodisperse fuel particles in air is assumed. To write the energy

equation through the preheat zone, it is assumed that no chemicai reaction occurs and there is

no temperature difference between the particles and gas. It then fol1ows that:

dT d( dT)pC -=- Â.- +q (t)
P dt dx dx '

where

(5.1)

(5.2)

The above differential equation is a function of both space and time. As they have to be solved

simultaneously, it is convenient to reduce it to a function of time only. As the system is in

steady state, we may write:

•
d d dt 1 d
-=--=--
dx dt dx S dt

and if Â. is constant, Eq. 5.1 becomes

(5.3)

45



• (5.4)

5.3 Radiation Intensity

The general equation of radiation transfer is

(5.5)

•

Ali quantities are positive in this equation since 1 decays in the negative x direction.

However, due to the integral differential nature of the equation of radiative transfer, the

equation does not lend itself well to solution by numerical methods consistent with the

methods used to solve for the fluid mechanics and chemistry of combustion. The main arca of

difficulty in the above equation is the last term on the right-hand side. This term is in integral

form and must be reduced to a differential form to simplify the problem. The above equation

is an integral-differential equation generally known as the transport equation. The integral

term in the above equation introduces the contribution of multiple scattering. If we assume

negligible multi-scattering contribution and emission of the medium along the path length

within the preheat zone, only absorbed energy flux is converted into stored internai, thus

(5.6)

where

(5.7)

•

The absorption coefficient Kat may be related to the particle size (of diameter dp)'

and to partic1e density (by number np ); we assume that the fractional absorption of

monotropic radiation passing through a very thin element of the cloud is the ratio of projected

solid area of partic1es to the total area of the containing clement. w.:, then have for the

absorption coefficient:
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Whcre, '1, is absorption efficiency, and it depends on the threc dimensionless quantities: (1)

the complex refractive index [n - kil, (Il) the ratio of the characteristic particle dimension to
wave length of radiation which is sometimes called the particle sizc parameter (ml/Â.) , (Ill)

a particle shape, ( sec next Section ).
For obtaining Kag , we can use Eq. 5.5. For gas, it is known that:

•

dl =-K 1
dx ag

After intcgrating, we obtain

1 -K 6-=e .. ='l'
1. g

ln general,

a+p+'l'=1

We know for gas, p =0 , and a =e ,emissivity; therefore

1 1
-K 6e = -'l' = -e ..g g

or

K =-.!Ln(I-e)
ag li g

After using Eqs. 5.13 and 5.8, Eq. 5.7 will be

1 ( ) 3 (]K =--Ln I-e +_11_
a li g 2 14 pd

• p p

(5.9)

(5.10)

(5.1 1)

(5.12)

(5.13)

(5.14)

•
Now, for obtaining radiation intensity as a function of distance (or time), we can use Eq 5.5.

If we can assume that the second and third terrn in Eq 5.5 are negligible, we will obtain:
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•
dl
-=+KIdx t

where

Kt =K.+K,

and

3 (j

K'=ïQ'Pd
p p

(5.15)

(5.16)

(5.17)

Where Q, is the scattering efficiency (see next section). After using Eq. 5.3. we will have

•

dl
-=+KSI
dt t

=ml

where

m=KSt

(5.18)

(5.19)

(5.20)

Because the time-attenuation coefficient m is independent of space and time, Eq.
5.19 may now he integrated independentiy. Taking limits; 1=1 at t =t ; and 1=If at t =0 ,

weget

(5.21)

After substituting Eq. 5.21 into Eq. 5.6, we get

•

(5.22)

(5.23)
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It is c1ear that for obtaining Ka and K" one must know Q. and Q, (or Q,) .

Therefore in the next section, sorne basic principles for obtaining absorption and scattering

efficiencics will be shown.

5.4 Absorption and Scattering Efficiencies

The formaI solution of the problem of light sca.'Ctering by homogeneous spheres of

arbitrary radius was worked out by Mie (1908) [19].;1 The interaction of a particle with

radiation incident upon it depends on three dimensionless quantities: (1) the complex

refractive index; (II) the ratio of characteristic particle dimension to wavelength of radiation

which is sometimes called the particle size parameter; and (Ill) a particle shape. The

relationship among these three particle parameters and the incident radiation may be

determined by solving Maxwell's equations with the appropriate boundary conditions

corresponding to the different particle parameters [19]. In practice, such solutions are only

available for a very limited number of particle parameters. Howe,;~r: the scattering properties
of a sphere of diameter dp for plane polarized radiation of wavelength Â. may be determined

in tcrms of the parameters [20]

(5.24)

(5.25)

•

The complex index of refraction is the sole physical parameter which determines the

absorption and scattering of an electromagnetic wave by a spherical particle with a given ratio

of radius to wavelength. In the above equation, n and k are respectively the refractive and
absorptive indices. The magnitude of the complex part of the complex refractive index (k ),

is an indication of the absorption strength of the material while the real part (n) is a measure
of it scattering ability [24]. K is the dielectric constant and (1 is the electrical conductivity of

the particle material ( For example, for graphite (1 =1. 2E15(SecrI and K =2 , [20] ), and c
is the velocity of light, equal to 2. 99793EIO(Cm/s), [20] and a is the dimensionless size

parameter.

After definition of the following quantities which may be computed from the Mie

lheory:

49



• C". =cross-section for remoyal of incident energy

from forward beam by scattering.

Cab, =cross-section for remoyal of incident energy

by true absorption.

(5.26)

(5.27)

The aboye cross section not only depends upon the particle size. but upon the

material of the particle body and state of the radiation (i.e. wayelength. polarization, coherence

[1]). In addition, we define efficiency factors as:

(5.28)

•
With the aboye efficiency factors for absorption and scattering coefficients, the

problem of obtaining the proper coefficients for any of the aboye mentioned models is reduced

to obtaining absorption and scattering efficiencies for ail particles of interest to the dust

combustion. These coefficients are based on properties of the surface and molccules

themselyes. The optical properties for the particulate inyolyed in the dust combustion can be

obtained from a solution of the Maxwell equations based on Mie theory if the refractiye index

of the partic1e is known [1]. The Mie formula giye us

•

2 ~

Q." = -2I,(2n + 1) Re(a. +b.)
a n=l

where

av/,,(fJ) lJI.(a) - fJlJI~(a) lJI.(fJ)
alJl~(fJ)s. (a) - fJs:(a)lJI.(fJ)

b = fJv/,,(fJ) lJI. (a) - av/"(a) lJI. (fJ)
• fJv/,,(fJ)S.(a)- as:(a)lJI.(fJ)

(5.29)

(5.30)

(5.31 )

(5.32)
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{3=ma (5.33)

The function 'l'.(z) , '.(z) occurring in Eqs. 5.31 and 5.32 are the Riccati-Bessel functions

defined in terms of J. as follows:

(5.34)

(5.35)

•
where J 1 and J 1 are Bessel function of the positive and negative half-orders.

n+- -n--
2 2

Sorne physical significance can be attached to the amplitude functions a. and b.. ~ and bl

represent the contributions of electric dipoles respectively. a, and b2 , the contributions of

the electric and magnetic quadrupoles, and the higher values of m the contribution of the

corresponding multipoles [21]. For smal1 non magnetic particles, only ~ is significant and

gives a solution identical to the Rayleigh equation, but as the particle size is increased the

higher values of m contribute significantly. Therefore for small particle size, Eqs. 5.29 and

5.30 can be written as fol1ows [19]:

•

Q. = -4aIm(-:-;:-:-+-~)

Therefore, aCter using Eq. 5.25, we will find

_ 8 4{[n2(I-e)-I][n2(I-e)+2J+4n4k2r +36n4k2

Q'-"3
a

{[n 2(I-k 2)+2]' +4n4k'}'

(5.36)

(5.37)

(5.38)
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and for two limited conditions, we have

(5.40)

(5.41 )

•

For small particles ( (;rd/À) < 0.6 ), the absorption coefficient is proportionalto the

total particle volume and, for gray material, inversely proportional to wavelength. The scatter

coefficient is proportional to the sum of the squares of the volumes of the particles and for

gray materials, inversely proportional to the fourth power of the wavelength. The emissivity

of a fine particle cloud (the luminosity of a sooty flaIne, for eXaInple) is therefore proportional

to the volume fraction of space occupied by the particles and independent of their size or size

distribution. On the other hand, because of the weighting by the square of particie volume,

the distribution and magnitude of the scattered radiation may be representative of a few large

particles, in ~'Jme cases present in amounts of only a few particles per thousand smaller ones

[21 ].

For large particle size, the absorption efficiency can be obtained from the following

fonnula [22]:

•

Q. = 2(I-A)[G(4ka)+ G(B) - G(4ka+ B)]

where

B= 2n(I+2/(n
2
+e)]

l-A

(5.42)

(5.43)

(5.44)
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• [( 2)]-2n 1+ 2 2

A=R+(A-I)exp n +k
I-A

(5.45)

(5.46)

It can be concluded that Eq. 5.42 constitutes a useful approximation for large

spheres. On the other hand, in the limit of a ~ 00 , it can he shown that:

Q" = 2(1- A)G(B) (5.47)

•

The incident radiation is attenuated by an amount proportional to 7rd 2/4. Depending

on the particle size and angle of collection the effective cross-sectional area for attenuation can

vary from 7rd 2/4 to 2(7rd2/4) [23]. The intercepted radiation will he reflected, refracted, and

absorbed to an extem which can be calculated by applying the laws of geometrical optics. If

the difference between the diffracted energy and the transmitted energy is one, a large particle

diffracts a quantity of energy equal to that falling on an aperture with the same cross section as

the particle, and in consequence has efficiency factors for capture and for diffraction of one

each, or a total extinction efficiency Q, of two. As a result, for large particle size, the

scattering coefficient can he find as fol1ows:

Q,=2-Q. (5.48)

•

The essemial physical parameter which enters into the previous equations is the

complex index of refraction. The real and imaginary parts of the index of refraction are

indicated by n and k respectively, where m = n - ik. However, it is clear that for obtaining

absorption and scattering efficiencies from equations, 5.29 and 5.30 (for intermediate particle

size) or 5.38 and 5.39 (for smal1 particle size) or 5.42 and 5.48 (for large particle size), one

must know about the optical properties of the particles.
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5.5 Optical Properties

It is hardly necessary to emphasize the importance of the detennination of the optical

constants of materials, and of the methods to evaluate them. In general, for a given dust

particle, the value of m is not known. Many measurements of the optical constants of

materials have been made. In general to determine the optical constants n and k of the

materialtwo independent measurements related to optical constants are required, and these can

be obtained in a variety of ways. It has been found that the measurement scheme and method

of evaluation play a vital role in limiting the accuracy of the derived optical constants [25].

The complex part of the index of refraction can be obtained by an elementary calculation from

the measured absorption coefficient [26]. However, the values of refractive indices of AI

[27,28,29,33], Ah03 [30,31,26], Mg [33], Mgo [30], Ti [27], Coal [32], Fe [27] have been

reported by several investigators.

5.6 Approximate Values of Absorption Efficiencies

From the result of investigation of the section four (absorption and scaltering

efficiencies), we can conclude that one of the most important parameters to take into account

in absorption efficiency calculation is the particle size. For calculating the numerical value of

absorption efficiency, based on the value of the particle size, we can use the equations 5.39,

5.30, and 5.42, for small, intennediate and large particle size, respectively.

In thermal radiation heat transfer, wavelengths in the range of 0.1-100 l1m are of

interest [21]. In combustion processes, the most significant contributions to thennocnergy

arrive from radiation having wavelengths between 0.5 and 10 l1m [1]. On the other hand,

from the spectroscopy of flames, we can conclude that the dominant wavelength of flames of

AI and Mg are 0.44 < Â (l1m) < 0.53 and 0.49 < Â (l1m) < 0.52 , respectively [35]. Thus, for

example, for the particle diameter of 20 l1m, the particle size has the ordcr of magnitude of

100. Therefore for the first approximation, one can use Eq. 5.42 (large particle sizc), for

obtaining the value of absorption efficiencics of such a dust flame. However, based on the

optical properties that we have from the previous section, and after using Eq. 5.42, the

absorption efficiencies of C, Fe, Cu, Ni, Ti, AI, and Mg arc 0.8, 0.43, 0.40, 0.39, 0.38,

0.09, and 0.08, respectively.
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• 5.7 Temperature Profile

For obtaining temperature profiles, we have to solve Eq. 5.1 with its boundary

conditions. After using Eq. 5.23, we can write

Boundary conditions:

(5.49)

Il will be assumed that the medium is gray, and that the absorption and scattering

coefficients of the medium are independent of temperature. Therefore, from the above

differential equation, one can find
•

t =t;

t=O

T=T.

T=T; (5.50)

pC S1 pc 51

(T - T.) T' T'I 1
(T _ T.) '" 1 • e - e + K. _I_(eml _ emll)

• li pCps' K e sles --I, ,PpTP p l- e .l

(5.51)

•

It is easily observed from either of these equations that the total heat flux is

represented as the sum of heat transfer by pure conduction and heat transfer by pure radiation.

H<.nce, the total heat transfer corresponds to the superposition of the two separate modes of

heat transfer as if each were occurring independently of the other.
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• 5.8 The Ratio of Temperature Increase

We define the ratio of the temperature increase as:

Substituting I1T, and I1T, from Eq 5.51 into Eq.5.52,we get

(5.52)

f(t)

pC 51 pC S1

( ) -" -',Tf - T. e), _ e ), i

~ pc,s',
Â. pCpS 1-e-),- ,

Ka If (ml ml»---e -e'
K, pCpS

(5.53)

•
If we want to obtain the value of f(t) at the end of preheat zone, we have to consider

t = 0, thus

(5.54)

From the above equation, it is c1ear that f is a measure of the relative importance of

conduction versus radiation. One finds that as f -7 co, this limit corresponds to negligible

radiation within the media. In the above equation the radiation intensity at f1ame front, If' is

(5.55)

where

•
(5.56)

(5.57)

56



• 5.9 The RaIe of Radiation in Thin Flames

For a thin flarne, or D'" very srnall, we get

El'" K., DI

EpI'" K.", DpI

e-K"S, '" 1
(5.58)

1- -K,,.S,. '" K D
e 'Pt ph

Substituting Eq.5.58 into Eqs. 5.55 and 5.54, we get

[ D rf=(TI-T.) K.,. { Dp.(K.,DI+K.",Dpl)aT/ (5.59)

where1.
1 ( ) 3 crK =--Ln I-E +-Q.,- (5.60)

• D 8 2 pdp p

For a thin zone, e
8

«1, thus

-Ln(I- e.) '" e8
(5.61)

- After using Eq. 5.61 into Eq. 5.60,we get

3 cr
(5.62)DK =e +-Q.,-D

• 8 2 pdp p

For thin flarne. In the case of

3 cr
(5.63)e «-Q.,-D

8 2 ppdp

•
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the absorption coefficient can be found from the following expression

(5.64)

Now in the case of Ka, = Ka,. , Ka" = 0, Of = op" and Tf» T•• Eq. 5.59 can be

written as fol1ows:

where f is the conduction-radiation parameter (or Stark number [17]) based on the flame

temperature. Therefore, the relative mie of heat transfer by conduction to that by radiation is

indicated by the above parameter. The radiation term vanishes for the limiting case of a

transparent ( Ka =0 ) medium. On the other hand, for f ~ co • heat transfer within the

medium is only by conduction. The opposite extreme of f ~ 0 corresponds to the case in

which heat transfer is solely due to radiation.

5.10 Numerical Example and Conclusions

From the experimental data, for stoichiometric conditions of several dust air

mixtures [15] ,we have

Mg Al Ti C

Tf 3000 3270 3200 1950 OK
(J 422 312 416 210 gr/m3

Pp 1740 2700 ·4500 2000 kg/m3

dp 10 10 10 10 /lm

Of 2 3 4 5 mm

Qa 0.08 0.09 0.38 0.80

•
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After using Eqs. 5.64 and 5.65 and using the values of Â.. j , = 0.06525 (WjmO K)

and U=5.67E-8(W/m 2°K4 ),wefind:

Mg AI Ti C

K. 2.91 1.56 5.27 12.6 lfm

K.o 0.00582 0.00468 0.02108 0.063

f 629 SOI 20 8

As we can see from the above table, for a thin dust flame in a Mg-air mixture at

stoichiometric conditions, radiation has no influence. For graphite at the same conditions

however, the radiation heat transfer can have a relatively important role. In the case of
graphite the ratio of the heat transfer term (J) is not far from one. Therefore the amount of

heat transfer by radiation is comparable to that of by conduction from the flame to the

unburned mixture. This means that the mechanism of the flame propagation for this kind of

dust flame can he both radiation and conduction.

For obtaining the role of radiation on the premixed laminar dust flame, one must

therefore he concerned about flame emissivity and dust absorbtivity. On the other hand, to get

a basic idea about the role of radiation, one can use the three important parameters which are

the absorption coefficient, flame thickness, and flame temperature, and apply them to Eq.

5.65. That resultant value can illustrate the general role of radiation.
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Chapter 6

6. Concluding Remarks

The present work has been undertaken to obtain an improved physical understanding of

the mechanism of dust flame propagation. An experimental and theoretical study has been

carried out at atmospheric pressure on the flame propagation and quenching of aluminum

powder.

A new experimental apparatus has been designed. The advantages of this apparatus are

that a highly uniform particulate cloud is generated and this permits the experiment to be

earried out under an approximately stationary initial condition. In contrast, a Hartmann type

test tube relies on a transient testing method utilizing aerodynamics to create the suspension.

A light extinctiometer, accurately calibrated by complete aspiration of the dust from the

flow through a set of filters, was used to measure the particle concentration. Because of direct

measurement of dust concentration and its accuracy, the present data for the quenching

distance of aluminum dust-air mixtures are more accurate than the previous data reported by

Jarosinski, et al. [8].

High speed pictures taken at 2000 frames per second were used to observe the flame

propagation behavior of dust clouds, the quenching conditions, and the flame velocity.

Theoretical studies were performed to predict the quenching distance and burning

velocity of the aluminum dust flames, and compared with the experirnental data. The study

includes the effects of partic1e concentration, initial oxygen concentration, and the type of inert

gas in the mixture. Good agreements between the theoretical and experimental values of the

quenching distance of aluminum dust-air mixture are obtained.
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6.1 Summary

The following results summarize important characteristics and behavior of dust flames

studied in the course of this research:

• The minimum quenching distance of an aluminum dust f1ame increases as the initial oxygen

concentration decreases, and generally the lean flammability limit appears to increase as the

initial oxygen concentration decreases.

• In general the quenching distance of an aluminum dust flame decreases as the particle

concentration increases until it reaches a minimum. Above this concentration, the quenching

distance remains almost constant.

• Based on the analytical formulation for aluminum dust flames of the present study, the weak

dependence of the diffusive combustion rate on temperature can explain the phenomenon of

the weak dependence of the quenching distance on dust concentration in rich mixtures.

• Because the order of magnitude of the measured quenching distance in aluminum dust

flames is the same as in gas flames, it can be concluded that processes controlling the flame

propagation in aluminum dust flames should be similar to that of gas flames.

• A rich f1arnmability limit does not exist or is very difficult to find.

• The shape of the flame velocity versus particle concentration curve is concave downward,

contrary to the quenching distance versus particle concentration curve.

• The minimum quenching distance f:;r aluminum dust flames (d]2 =5.4 pm) is 5 mm for aiT

(or 21%02,79%N2), 6mm for 16%02,84%N2, 15mm for 1l%02,89%N2, and 7.5 mm for

21 %02'79%He.

• The quenching distance of an aluminum dust flame in standard air is much lower than that of

the quenching distance in an 11 % initial oxygen concentration mixture for the same particle

concentration.

61



•

•

• The flame velocity of an aluminum dust flame in air mixture is much faster than that of it in

the mixture of II % initial oxygen concentration for the sarne particle concentration.

• The lower value of initial oxygen concentration corresponds to the higher value of the

combustion time. As a result, for smaller amounts of initial oxygen concentration, the

quenching distance increases and the flame velocity decreases.

• After using mixtures with different inert gases (nitrogen and helium), both values of the

quenching di~:ance and the burning velocity change, due to different values of mass

diffusivity, thelmal diffusivity, and combustion time.

• The aluminum combustion model is very efficient, and it provides useful rough estimates for

predicting the effect of various parameters on laminar dust flame propagation.

• The predicted quenching distances of aluminum-air flames are slightly lower than the

experimental data, but the effect of particle concentration is weil predicted by this mode!.

• The mathematical model of aluminum combustion predicts burning velocity values lower

than the experimental values, but the trends are the same. This discrepancy cornes from the

experimental evaluation of the buming velocity. To obtain the buming velocity, one should

consider the effect of the flame surface area, which is difficult to measure accurately.

• In general, the process of dust flame propagation in the tube can he divided into three

different stages: laminar flame, oscillating flarne and turbulent accelerating flarne.

• The effect of radiation may he significant even for a small scale dust flame, depending on the

fuel bumed.

The present study shows that quenching distance and flame velocity of an aluminum

dust flame arl: influenced by particle concentration, initial oxygen concentration, and the type

of inert gasin the mixture.
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6.2 Contributions to Knowledge

The contributions to knowledge resulting from this study are:

• The author of the present thesis has developed a systematic method for accurately measuring

fundamental characteristics of laminar dust flame propagation such as quenching distance.

• A further contribution consists, for the first time, of a systematic study of the effects of

initial oxygen concentration and the type of inert gas in the mixture on the quenching distance

of dust flames.

• The experiments show that a rich propagation !imit does not exist up to an equivalence ratio

of about four.

• In the present thesis, for the first time, theories of dust flame quenching distances for two

kinds of dust particles have been developcd.

• The author has clarified the role of radiation in the dust flame propagation mechanism. In

particular, radiation has !ittle influence on the propagation of flames in AI and Mg dust cloud.

6.3 Recornmendations for Future Work

To further c1arify the phenomena and to extend the investigation, the following

recommendations are suggested:

• A refinement of the particle transport system on the particle burner is needed, so that burning

velocities rneasured with this rnethod and the burner method can he cornpared.

• A new two or three dimensional model of flame quenching must to be developed for better

prediction of the quenching distance and flame propagation behavior of particulate fuels.

• Measuring of quenching distances for different particle sizes.
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• Several tests need ta be conducteQ at various pressures and at higher initial oxygen

concentration ta investigate these effects on the quenching distance and f1ame velocity .

• From the fact that the quenching distance can be used to identify the controlling processes in

laminar dust f1ames, it is highly recommended ta continue the present work by measuring

quenching distance for different types of dust such as: Mg, Fe, etc. by using the present

apparatus.
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Appendix A

Experimental Technique and Procedure

As it was mentioned before, the objectives of the experiment in present study are to

obtain the fundamental data of the process of laminar flame propagation in a quiescent dust

clouds such as: quenching distance. Following these objectives the typical test procedure

in the experiment will be the next:

1. Installation of the combustion tube assembly.

2. Loading of the cylinder with the sample of dust in dispersion system.

3. Starting the ventilation

4. Starting the experiment

5. High speed flow is venting through dispersion

6. The piston with dust sample starts to move

7. Registration of the processes with video camera.

8. Measuring concentration

9. Ignition

10. Solenoid valves are closed

Il. Tum off the DC motor.

After each experiment the whole apparatus should he cleaned. The registration of

the process of dust flame propagation and quenching will be carried out by the Panasonic

PV-S7?0-K Camcorder and high-speed 16 mm camera at framing rate of 2000 frames per

second.
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Figure 10: Experimental results of aluminum dust-air name velocity as a

function of dust concentration.
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Figure 11: Experimental results of aluminum dust Dame velocity for

16% initial oxygen concentration as a function of dust

concentration•
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11% initial oxygen concentration as a function of dust

concentration.
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90



•
200

•
•

,.-.. • ••
] ISO • •... •
'-'

• •;., • •... • •.• ••...
0 •-'" • •> •
'" 100 •
El
"fi:

• SO

100 200 300 400 SOO 600

Concentration (g/m3)

•
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Figure 20: Scanning electron microscope photograph of the llluminulII

particles (Am pal 637).
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Figure 21: Schematic illustration of the presumed flame structures of

lean mixtures at adiabatic condition.
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Figure 22: Schematic illustration of the presumed name structures of

rich mixtures at adiabatic condition.
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of different inert gases: nitrogen and helium.
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different initial oxygen concentration as a function of dust
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•
102



•
120

• •
........... .....

• ....
• • •• • •

• • •• •...... •
] •• ___ 21 % 02 & 79% N2

Col • • ••• • 21 0/ 0 02 & 79% He
~ •... •...• •Col
0 •- 60 •..

;> •
•

~ •c •.. • .-.--"----- -----C --.. • -:= • ,
lX! • 1•

• :1
J

0

0 200 400 600

Concentration (glm3
)

•

Figure 28: Theoretical results of the comparison of the flame vclocity of

different inert gases: nitrogen and helium.
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of aluminum dust-air Dames.
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