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122tra l  

The development of an apparatus for the 

stabilisation of laminar flames of dust-in-air 

suspensions is described. This apparatus makes use 

of batch fluidisation, and operates with relatively 

small quantities of powder - about 15 to 20g. It 

was used to study flames of lycopodium powder 

stabilised on a 10.9 mm. diameter burner without 

support from a furnace or gas pilot flame. Special 

attention was given to concentration differences arising 

in the suspension flow as a result of relative motion 

between the dust particles and the air; these have 

been neglected by most of the previous workers studying 

dust flames. Some of the flames were analysed in 

detail by the use of particle track photography; the 

results gave information on the relationship of flame 

shape to suspension flow pattern, and on the variation 

of the local burning velocity over the flamefront. It 

is shown that the mechanism of stabilisation of these 

flames is quite different from that usually operative 

in pre-mixed gas flames. It was also found that the 

burning velocity is constant over a smaller fraction of 

the flamefront area than for a comparable pre-mixed gas 

flame. This is attributed partly to the greater depth 

to which quendiing effects penetrate in lycopodium 

flames, and partly to variation in the effective 

lycopodium concentration across the flame. 
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CHAPTER I.  

Introduction and Survey Of Previous Research.  

Introduction.  

The practical significance of dust flames lies in 

their occurence in dust explosions, and their application 

to the combustion of pulverised fuel. In both these cases 

the flame has a highly complex structure, since it propaga-

tes through the dust-air mixture under highly turbulent 

conditions, and particles of a wide range of sizes take 

part in the combustion. The published literature on dust 

flames shows that workers in this field have encountered 

severe practical and theoretical difficulties, so it is 

desirable to make the system chosen for investigation as 

simple as possible. 	In small-scale laboratory work the 

simplest system is a laminar flame burning in a suspension 

as nearly mono-disperse as practicable. Some workers have 

employed systems in which it is necessary to stabilise the 

flames by a gas pilot flame or by radiation from a furnace; 

this adds to the experimental complications, and makes 

interpretation of the results more difficult. Laminar 

flames may be studied in two situations: i) when 

stabilised on a burner, or ii) when propagating along a 

duct containing the suspension. 	In the second case, the 

expansion on combustion may set in motion the unburnt 



suspension ahead of the flame, with the result that 

conditions at the flame-front are not accurately known, 

so the first condition seems preferable for detailed 

investigation of flame structure. 

One of the chief difficulties in the experimental 

study of dust flames is that of producing a uniform 

suspension of dust in air at a controllable, steady rate; 

in the case of pre-mixed gas flames, it is a simple 

matter to ensure that the inflammable mixture is homogeneous, 

but for dust flames the preparation and control of the 

suspension is a major part of the problem. Suspensions 

of dusts in air are inherently unstable, since particles 

are continually being lost from the system by sedimentation, 

aggregation, and adhesion to the walls of tubes and 

containers. As a result of the large density differences 

between the particles and the air, whenever a suspension 

flows round bends or past obstacles the particle 

trajectories deviate from the air streamlines, and 

local concentration variations result. 	It is impossible 

to avoid dust deposition on the surfaces of equipment, 

or local concentration variations at points where the flow 

lines are curved, but these effects may be reduced by 

suitable precautions in the design of the apparatus. 

Many types of apparatus for the production of dust 

suspensions have been described in the literature, but 

some of these are mechanically complex, and none has been 

widely adopted. 
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12. 

Some workers have given details of the practical 

difficulties involved. The first object of the present 

work, therefore, was to develop a simple flexible method 

for the laboratory-scale production of dust suspensions 

in the inflammable range of concentration. The second 

object of the work was to use this method to invet igate 
A 

the structure of laminar dust flames. 

Previous Research.  

Published work relevant to the present research may 

be conveniently reviewed under three headings, viz:- 

(1) Properties of dust suspensions. 

(2) Production of dust suspensions. 

(3) Studies of dust flames. 

(1) Properties of dust suspensions. 

In almost all dust suspensions of combustion 

interest, the particles are too large to show Brownian 

motion, and this review will therefore exclude suspensions 

in which Brownian motion is significant, such as smokes. 

Experimental work on dust-in-air suspensions has largely 

been concerned with sampling techniques, but much of the 

work on solid-in-liquid suspensions is also relevant to 

dust-in-air systems. The fluid dynamics of the inter-

actions between particles in suspension is still obscure, 

but a number of workers have attempted to treat theoretic-

ally the behaviour of idealised systems. 

A very comprehensive survey of the fluid dynamics 
1 of gas-solid systems has been made by TOROBIN and GAUVIN. 
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IIAWKSLEY2  gives a detailed review of relative motion between 

fluids and particles in sedimenting systems. 	Shorter surveys 

by Hawksley3  and Davies4  discuss various points of interest 

concerning fluid-particle systems. 

BANISTER5  discusses the nature of the difficulties 

facing attempts to produce theoretical models of the flow 

of dust clouds and suggests possible ways of overcoming 

them. 	A number of workers have discussed theoretically 

special cases of particle motion in fluids; e.g. KYNCH6, 

following an early treatment by SMOLUCHOWSKI7, has discuss-

ed the interaction of several small particles settling in a 

fluid, and extends some of his conclusions to the settling 

of clouds of particles. 	BURGERS8, adopting a broadly 

similar approach, has treated the sedimentation of clouds of 

particles. 	One result he obtains is that such a cloud may 

fall as a unit through a large volume of fluid, the fluid 

within the cloud moving at the same velocity as the particles. 

In this case, the velocity of the cloud may considerably 

exceed the velocity of a single isolated particle falling 

through the volume of fluid. 	Kynch9  has also discussed the 

behaviour of suspensions from the point of view of viscosity. 

Both Burgers and Kynch conclude that the settling 

velocity of a cloud of particles is a function of the arran- 

gement of particles within it. 	Hawksleyl°  applies this 

conclusion to suspensions of volumetric concentration 

greater than about 10%, and argues that since particles of 
/different 
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diameters settle at the same rate in such a suspension 

('hindered settling') they must reach an equilibrium con-

figuration, with approximately uniform spacing in any horiz-

ontal layer; Kynch
6
, however, suggests that disturbances 

produced at the cloud boundaries will spread inwards and 

destroy any long-range ordering of the particles. In deriv-

ing theoretically an expression for the sedimentation 

velocity in the hindered settling regime which gives good 

agreement with experimental results, MAUDE and WHITMORE
11  

assumed random ordering of the particles. It appears, 

therefore, that at present no definite conclusion can be 

reached as to the existence of ordered particle arrangements 

in concentrated suspensions, 

ROWE and HENWOOD
12 

have measured the mutual repulsion 

between two spheres side-by-side at various distances apart 

in a water flow. Although their spheres were of + in. 

diameter, the conditions were dynamically similar to those 

of dust particles in air. Such repulsive forces between 

particles would tend to produce a uniform particle spacing 

in any horizontal layer of a suspension if the particles 

were of fairly uniform size. 

In general, an increase in the concentration of a sus-

pension settling in a confined space leads to a reduction 

of the falling velocity of the particles
11 Several workers 

have suggested, however, that particle interaction at low 

concentrations may increaseparticle falling velocities above 

the free-fall values and recently KAYE and BOARDMAN
13 have 

m i.e. the value for an isolated particle in an infinite 
fluid. 



produced clear experimental evidence of this. They observed 

that in the region of volumetric concentration from 0.1 

to 35 the falling velocities of individual particles exceed 

the free-fall value, and they attribute this result to the 

formation of inter-acting doublets or clusters of particles, 

which fall faster than isolated individuals. It is not clear 

why previous investigators working on the sedimentation of 
14 15 

suspensions (e.g. HOPEI,McNOON and LIN, ) have not 

Observed corresponding increases in sedimentation rates. 

In the case of inflammable dust suspensions, the concentrations 

of interest are mostly in the range 50 to 500 mg/litre, which 

represents a range of volumetric concentrations from 

0.005% to 0.05 for particles of unit specific gravity. 

Kaye and Boardman's results for this range indicate that the 

settling velocity of the particles is practically equal to 

their free-fall velocity. 

It is observed that dust clouds in air have a tendency 

to fall bodily at speeds much greater than the free-fall 

velocity of the particles
16 

and it seems likely that in such 

cases the air within the cloud is moving with the particles, 

as suggested by Burger's theoretical analysis. If a dust 

cloud is in a confined space, different parts of the cloud may 

settle at different velocities. This relative motion between 

different regions of the cloud probably arises from local 

variations in concentration, which cause bulk flow of the 

suspension in a manner similar to convection currents in a 

liquid. 

PALM R17 has noted that in the case of dust falling through 
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air in a 17" diameter tube, circulating currents are set 

up which cause the dust to flow upwards at some points of 

the tube cross-section. 
18 

KHUDYAKOV has pointed out that in most flowing dust 

suspensions, the dust particles are rotating, and this may 

affect the relative velocity between the particles and the 

suspending air. This rotation may arise from irregularities 

in particle shape, velocity gradients in the flowl8, or from 

the manner in which the particles are introduced into the 

air stream. 

WALTON19 has given a very helpful qualitative discussion 

of the effects of the relative motion between dust particles 

and air in various situations. He suggests two useful 

theorems which are applicable to systems in which particle 

inertia may be neglected. These are:- 

(1) A change in air movement (due for example, to the 

introduction of a sampling flow) within a cloud of sedimen-

ting, inertia-less particles whose concentration is initially 

uniform will not give rise to a change in particle concentra-

tion at any point within the cloud. 

(2) The number of particles passing per unit time through 

any given area within a cloud of sedimenting, inertia-less 

particles is equal to the number that would fall through if 

the air were stationary plus the product of the particle 

concentration and the flux of air through the area. 

The behaviour of suspensions flowing through tubes is 

important in cases where dust flames are stabilised on 



burner tubes. There is some evidence to show that particles 

undergo radial migration in suspensions flowing through 

tubes, leading to variations in concentration over the cross-

section of the flow. TOLLERT20 studied the fall of steel and 

glass spheres and sand through air and liquids in a tube, and 

observed the deposition of the solid material at the base of 

the tube. He found that in most cases the deposition per 

unit area of the base in the axial region of the tube was con-

siderable higher than the mean value over the whole cross-

section; e.g. for steel spheres falling through glycerine in 

a tube of 3.74 cm diameter, the deposition per unit area in 

the axial region was 25% greater than the mean value, and 

for sand in water the corresponding value was about 8%. 

Tollert considers that velocity gradients in the upward flow 

of displaced fluid caused rotation of the particles, and 

that this rotation in conjunction with the relative motion of 

the fluid and particles gave rise to a Magnus force impelling 

the particles towards the axis. However, interpretation of 

his results if complicated by the unsteady-state conditions 

obtaining during the sedimentation, and he did not ensure 

that the particles were uniformly distributed at the start of 

their fall. 

STARKEY21 observed the behaviour of colloidal particles 

of dye injected into laminar flowsof liquid in a tube. He 

found that the particles migrated towards the axis as they 

travelled along the tube;  and that the rate of migration 

was a function of particle size, 
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SEGRE and SILBERBERG

22 
 studied a suspension of perspex 

spheres, about 1 mm. in diameter, in laminar flow through a 

tube. The spheres were suspended in a liquid of the same 

density, and were found to concentrate in an annular region, 

which had a diameter of about half the tube diameter. OLIVER
23 

carried out further experiments on the same system, and showed 

that the spheres rotated. If prevented from rotating by a 

slight imbalance, the final position of the spheres was 

somewhat nearer the tube axis. 

The interpretation of these results remains obscure, and 

much more experimental work is necessary before a clear 

picture of the behaviour of suspensions in tube flow can be 

obtained. In particular, further information is required on 

the effects of particle size, concentration, fluid viscosity, 

and relative velocity between particles and fluids. The 

following two points are also important:- 

(1) When there is relative motion between particles and 

fluid in a suspension, two definitions of concentration are 

possible - termed the 'static' and 'kinetic' concentrations 

by TAYLOR
24
. The static concentration, C8, is defined as 

the mass of particles in a given volume of the suspension 

at any instant, and the kinetic concentration Ck  is defined 

as the mass flow-rate of particles through a given area 

divided by the flowrate of fluid through the same area. 

For upward flow of the fluid in a vertical tube, if u 

is the local fluid velocity, and v the relative 

velocity between the particles, 



19 
and the fluid, then 

k 	Cs .( u-v, 
Since the value of u varies over the tube cross-section, 

the shape of the concentration profile depends on whether 

the static or kinetic value is chosen. For stationary dust 

flames, stabilised on tubes, the kinetic value appears to be 

the more suitable, since it is the ratio of the rates at 

which dust and air approach the flame front. 

(2) In studying the radial migration of particles occurr-

ing in tube flow, it is important that entry effects should 

be clearly distinguished from those effects occurring in 

fully developed laminar flow. Considering the steady 

laminar flow of a Newtonian fluid in the entry length of a 

tube
25 

as the fluid moves downstream from the entrance 

the parabolic velocity profile develops, the fluid in 

the axial region accelerates, and the fluid streamlines 

converge towards the axis until the flow is fully developed. 

If particles are present in suspension, the pattern is still 

similar, and the particles may be expected to converge 

towards the axis in the entry length, as they follow the 

fluid streamlines, quite apart from any considerations of 

the Magnus effect. It is possible that Starkey's results 

were influenced by such entry effects, as his dye streams 

were injected only a short distance downstream of the tube 

entry. 

The structure of a dust flame stabilised on a tube is in 
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part determined by the velocity profile of the suspensi.on 

flowing in the tube. Velocity profiles in suspensions 
26 

have been considered theoretically by HAPPEL and BRENNER 

However, their treatment assumes that there is no radial 

motion of the particles in flow through a tube, and in 

view of the above discussion, this assumption seems 

questionable. 

(2) Production of Dust Suspensions. 

The choice of a method for producing dust suspensions in 

combustion work depends to some extent on the nature of the 

combustion to be studied. A review covering most of the tech-

niques which have been used has been made by BROWN AND JAMES2 '7.  

Since it had been decided to study stationary flames on a 

burner in the present work, the methods reviewed below are 

those suitable for continuous production of dust suspensions. 

One method used by a number of workers is based on the con-

trolled feeding of dust into a metered airstream; this has 

been adopted by KAESCHE-KRISCHER and ZEHR
28, RAY, BASU and 

GHOSH
29
, HATTORI

30 
 , and LONG

31 
 , One difficulty is that of 

ensuring adequate dispersion of the dust; to overcome this, 

HATTORI used a cyclone mixer following his screw feed, Ray, 

Basu and Ghosh mixed their dust and air in a centrifugal 

blower, and Long fed his dust by a screw feed into the 

throat of a Venturi through which the air passed. 

CASSEL, DAS GUPTA and GURUSWAMY
32 

prepared dust suspen-

sions by directing air jets on to a layer of dust mounted on 

a vibrating plate. 

Elutriation from a fluidised bed has been used to prepare 
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dust suspensions for combustion studies by SAKAE YAGI and 

DAIZO KUNII33, and LINE, CLARK and RAHMAN34. The former used 

a screw feed of coal dust to a fluidised bed, with additional 
fluidised beds and a cyclone in series to act as stabilisers. 

Line, Clark and Rahman describe two designsof fluidised bed, 

both of which were operated on a batch system; i.e. the powder 

removed from the bed in the suspension was not replaced dur-

ing operation. KANE, WRIGHT AND SHALE35, in a study of the 

filtration of dust-•laden gases, used a fluidised bed to 

prepare suspensions. They found that the incorporation of 

an agitator rotating at 800 to 2000 r.p.m to stir the bed 

decreased the number of aggregates in the dust suspensions 

produced. 

A comprehensive investigation of elutriation from beds 

fluidised by air and gases was carried out by HYMAN36, 

LANG37, and RICHARDS38 in conjunction with one another. 

They examined the effect on elutriation rates of a number 

of variables, including gas velocity and density, bed diam-

eter and depth, and outage (i.e. the height of the top of the 

column above the bed surface). Several materials were used, 

including glass beads and various catalysts in granular form. 

The most imp•3rtant results may be summarised as:- 

(i) Elutriation rates decreased exponentially with 

increase of outage. 

(ii) Elutriation rates increased as a high power of the 

gas velocity. 

(iii) Elutriation rates decreased with increase of 

particle size. 
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(iv) Elutriation rates were independent of bed depth if 

this was greater than 4 in. They decreased with 

reduction of the bed depth below 4 ins. 

(v) The effect of column diameter on elutriation rate 

varied with the solid material used, but Lang, who 

used bed diameters from 1 in. to 5i ins. found the 

highest rates with the 1 in. bed for his materials. 

(vi) For a fixed outage, the kinetic concentration of the 

suspension decreased with increase of height above 

the bed surface. 

It was found that the effects of the different variables 

were not independent of one another, but that the effect of 

one depended on the values of the others. Lang reported 

elutriation rates up to 0.84 lbs per ft3 of air; this rep-

resents a kinetic concentration of the suspension at the top 

of the column of approximately 13 g./litre. These high con-

centrations were obtained at very high air flow rates, with 

turbulent flow conditions in the column. He mentions that 

the reproducibility of the measurements was poor, and that 

elutriation rates for runs carried out under the same condi-

tions could differ by more than 50%. 

Although Lang presents correlations expressing elutriation 

rates in terms of the linear dimensions of the system, the 

particle size and density, and the gas velocity, these corre-

lations contain constants peculiar to the various 

materials he used, and therefore cannot be employed to 

predict elutriation rates from beds of other materials. 
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THOMAS, GREY & WATKINS
39 

made a study of the effect of the 

distribution of particle sizes in fluidised beds. They 

found that in beds containing particles of two different 

size ranges, classification took place during fluidisation, 

resulting in a non-uniform distribution of the different 

sizes throughout the bed, The fine particles concentrated 

near the upper surface of the bed, and there was also a 

variation in fines concentration across the bed; e.g. in one 

case, at the bottom of the bed, a sample taken from the 

centre contained 42% of material less than 150 mesh B.S. 

whilst a sample from the bed wall contained only 16% less 

than 150 mesh. It seems probable that this variation in 

size distribution across the bed will lead to similar 

variations in the suspension above the bed. 

(3) Combustion of Dust Suspensions. 
27 

BROWN & JAMES have given a comprehensive review of the 

literature on flame propagation in dust suspensions, Work 

directly relevant to the present study will now be reviewed. 

Many experimental coal-dust explosions have been carried 

out in special galleries or mines in the course of research 

into mining hazards, notably in France, U.K., U.S.A., and 

Poland. Owing to the difficulties of securing uniform dust 

dispersion and making detailed observation of conditions 

in the highly turbulent flames produced, these explosions 

have given no information about the flame structure in dust 

suspensions. 
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Small-scale work on pulverised fuel firing, e.g, that of 

42 
MINING41, and AUDIBERT , has been carried out to obtain 

information for the design of industrial furnaces, but this 

also has given little insight into the mechanism of flame 

stabilisation and propagation. 

Before going on to laboratory studies, the early work of 

TAFPANEL and DURR43 on flame speed in coal dust suspensions 

may be mentioned. This is of interest as the only reported 

case of coal dust/air flames being stabilised without the 

support of a pilot gas flame or a surrounding furnace. These 

flames were stabilised in a conical burner lined with 

refractory; the dust suspension was injected at the narrow 

end of the cone, 25 cm. in diameter, and the large end open 

to the atmosphere was 75 cm. in diameter. The suspension 

was ignited at the open end, and the resulting flames moved 

slowly towards the narrow end as they heated the burner 

walls, until they reached positions of equilibrium. The 

flames were not very steady, and only rough values of flame 

speeds could be obtained; these lay in the range of 7 to 

16 m/sec. DE GREY
44
later published further values said to 

be obtained in this investigation, but there is some doubt 

about the source of these results, as they cannot be traced 

in the records of Taffanel and Durris work. 

Laboratory studies of the combustion of dust suspensions 

may be divided into three groups, according to the systems 

used:- 
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(a) Combustion in closed vessels or bombs. 

(b) Flames propagating along tubes or ducts open to 

the atmosphere. 

(c) Flames stabilised on burners. 

(a) Combustion in closed vessels has been extensively 

used to give indications of the explosion hazards associated 
441 

with inflammable dusts; the Hartmann apparatus developed 

by the U.S. Bureau of Mines is an example of this type. 

The condition of the dust suspension during the combustion 

is very complex owing to the non-steady state conditions of 

heat and mass transfer, and the turbulence produced within 

the bomb, hence it is difficult to obtain information on 

flame structure from the results of experiments in such 

systems. 

(b) Many investigators have worked with systems in which 

flames propagate through dust suspensions contained in tubes 

since the method was first described in 1875. Most of these 

workers were interested in measuring limits of inflammabil-

ity of suspensions, and made no attempt to study flame 

propagation itself. 
32 

CASSEL, DAS GUPTA & GURUSWAMY measured flame speeds in 

suspensions of fine aluminium dust contained in a 1 in. 

diameter vertical tube, 4 feet in length. The suspensions 

were ignited at the open top end of the tube, and the flames 

propagated down towards the closed bottom end. The flame 

speed was uniform only for the first 20 ins. or so of flame 
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travel in most cases; beyond this point the flame tended to 

oscillate. The uniform flame speeds were up to 1 m./sec. 

When ignition was carried out at the closed end of the tube 

the flame accelerated up to very high speeds, approaching 

300m./Sec in some cases. These high velocities were attri—

buted to turbulence arising from bulk flow of the suspension 

as a result of the release of products of combustion into 

the confined space between the flame and the closed end of 

the tube. The use of a 2 in. diameter tube resulted in 

lower flame speeds, and it was found that the flame speed 

also varied with the strength of the source of ignition. 
45 

KISLIG also studied flame speeds in suspensions in 

vertical tubes. He used a tube into which the suspension 

was fed at the closed lower end, and the top end of the tube 

was partially obstructed by a filter, Flame speeds up to 

16 m./sec„ were obtained with suspensions of aluminium flake, 

but the speeds of the flames fluctuated as they travelled 

along the tube, and it seems probable that the results were 

affected by bulk movement of the suspension arising from 

expansion of the products of combustion into a confined 

space. 
46 

ESSENHIGH & WOODMAD measured flame speeds in cork dust 

clouds, using an apparatus which was designed to minimise the 

possibility of bulk movement of the suspension. The cork 

dust fell through a vertical tube 17 feet in length, open at 

the bottom end. When the suspensions were ignited at the 

bottom end of the tube, practically uniform flame speeds 
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were obtained over most of the tube length. Tubes of 2 in, 

and 3 in. diameter were used, and flame speeds were between 

40 cm/sec and 100 cm/sec. 

LINE, CLARK & RAHMAN
34 

have described apparatus for the 

study of the combustion of dust suspensions in which the sus-

pension can be produced either in a 'wall-confined' or 'wall-

free' condition, In the 'wall-confined' condition the sus-

pension flowed down a vertical tube, and in the 'wall-free' 

state the column of suspension was surrounded by an annular 

stream of oxidiser gas. LINE, RHODES & GILMER47report 

details of a study of the spark ignition of lycopodium dust 

clouds in this apparatus. They found that the minimum 

spark energy required to produce ignition was strongly 

dependent on the electrical characteristics of the sparking 

circuit, and obtained some evidence to show that this re-

sulted from disturbances in the dust cloud produced by the 

spark. 

(c) Several workers have studied dust flames stabilised on 

small burners with diameters ranging from a few mm. to sev-

eral cm. The most important points may be summarised as 

follows. 

FUHRMANN & KOTTGEN
48

stabilised coal dust flames by means 

of a gas pilot flame, and studied the influence of particle: 

size on the temperature distribution in the flame. They also 

measured burning times of individual particles in the flame, 
31 

but LONG points out that these values are in error, since 

the expansion of the gases on combustion was neglected in 

their calculations. KISLIG
45
extended this work to flames 

of lignin dust. He reported that flames were not 
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sufficiently steady to carry out burning velocity measure- 

.. 
ments. 

49 
WOLFHARD & PARKER and CUEILLERON & SCARTAZZINI

50 

measured the flame temperatures of aluminium and magnesium 

dust flames by various methods. Scartazzini51  also carried 
• • 

out similar work with coal dust flames. DE SALINS
52  

studied aluminium dust flames by spectrography„ 

STUBBS
53 
 stabilised flames in aluminium/air and magnesium/ 

air suspensions, and found that within a range of concen- 

trations the flames were stable without support from a gas 

pilot. He reported that the flames showed no well-defined 

inner cone, and hence no burning velocity measurements 

were made, 

Cassel, Das Gupta & Guruswamy32, in addition to their 

work on flame propagation in tubes, mentioned under (b) above, 

also measured burning velocities of stationary flames of 

aluminium and dextrin dusts in air, burning on a 1 in. 

diameter tube. These flames were similar in appearance to 

pre mixed bunsen flames, with a well-defined inner cone. 

They also exhibited flash-back and tlow-off. Burning 

velocities for a flame of aluminium dust, with particle 

sizes between 3 and 40 microns, increased from 19,2 cm/sec 

at a concentration of 120 mg./litre to 23.8 cm/sec at 

190 mg./litre. Later work by CASSEL, LIEBMAN & MOCK
54 on 

bunsen-type flames of aluminium dust over a wider range of 

concentrations showed that a reduction in the diameter of 

the burner tube led to higher burning velocities; a 1.4 cm. 
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diameter tube gave burning velocities up to 23% higher than 

the values obtained at the same concentrathns on a 1.9 cm. 

diameter tube. Burning velocities were higher for the finer 

fractions of the dust. Subsequently flat flames burning on 

Mache-Hebra nozzles were used, and burning velocity measure-

ments by particle-track photography showed that for flat 

flames an increase in the flame area resulted in an increase 

in burning velocity. Using a theoretical analysis of heat 

flow in the flame, the authors calculated from their exper-

imental data on the relationship of flame area and burning 

velocity that the ratd.o of radiation heat transfer to total 

heat flux was about 0.3 for aluminium/air flames. The 

corresponding value for graphite flames was 0.6. ORNING
55 

criticised their theoretical analysis on the grounds that 

the inhomogeneous nature of dust flames was ignored. 
56 

GHOSH, BASU & RAY , using coal-dust suspended in oxygen- 

enriched air containing 60% oxygen, were able to stabilise 

flames on burner tubes in the open air without a pilot gas 

flame. The minimum diameter of burner tube on which a flame 

could be maintained under these conditions was 1.1 cm. These 

flames exhibited flash-back and blow-off, but no well-defined 

inner cone was present, and in some cases the flame-front 

was flat. The mean velocity of the suspension at the burner 

mouth was mostly in the range 25 cm/sec. to 45 cm/sec. for 

stable flames. ORNING
57 

suggested that the flat flame-front 

observed was due to an increase in the burning velocity at 

the centre of the flame caused by radiant heat transfer. 



LONG
31 
 stabilised laminar coal dust flames on a i in. 

30 

diameter burner by using a gas pilot flame, or supporting 

radiation from a surrounding furnace. Some flames were also 

stabilised on a downward-pointing Mache-Hebra nozzle. These 

flames all had well-defined inner cones, although in prelimin-

ary experiments flat flame-fronts had been obtained in one or 

two cases. Burning velocities were measured at dust concen-

trations from 80 mg./litre to 300 mg./litre for three differ-

ent fractions of dust, having mass mean sizes of 11)4 , 3314, 

and 45y . All three fractions showed an increase of burning 

velocity with concentration up to concentrations of about 

220 mg/litre. For concentrations between 220 mg/litre and' 

300 mg./litre, burning velocities remained practically const- 

ant. The 	dust gave the highest burning velocity, which 

was 18 cm/sec. for flames on an upward pointing burner tube, 

and 8.5 cm/sec,. for flames on a downward-pointing nozzle. 

Burning velocity measurements for lycopodium dust flames 

in the concentration region 180 mg./litre to 500 mg,/litre 

were reported by KAESCHE-KRISCHER & ZEHR28  . These flames 

were stabilised on a 2 cm. diameter tube. They showed a well-

marked blue inner cone, and were described by the authors as 

being very similar to rich hydrocarbon flames. No measure-

ments were made on flames at concentrations below 180,g/litre 

as these were found to be very unsteady, and did not show a 

coherent flame-front. The suspension was produced simply by 

a screw feeding the lycopodium into the bottom of the long 

-6 
The symbol J4 is used for microns. 1 µ = 10 m. 
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burner tube, so poor uniformity of the suspension might 

have been responsible for the unsteadiness. The burning 

velocity was found to be approximately constant at 25 cm/sec: 

from 180 mg/litre to 400 mg./litre, and then dropped to a 

value of 16 cm/sec at 500 mg./litre, the highest concentra-

tion at which measurements were made. 

One interesting point emerging from this review of the 

literature on laminar dust flames is the variation in the 

shape of the flame. Whereas Long's coal-dust flames had a 

conical flame-front, including those stabilised on a nozzle, 

most of the flames observed by Ghosh, Basu & Ray had flat 

flame-fronts, or showid no well-de.Amed cone. Stubbs 

reported aluminium and magnesium dust flames as having no 

well-defined inner cone, but the aluminium dust flames 

stabilised by Cassel, das 2tipta and Guruswamy, and Cassel 

Liebman and Mock had clearly defined inner cones. 

The stability of flames on burners depends to a consid-

erable extent on the flow conditions at the burner mouth, 

and it is possible that concentration variations arise in 

the suspensions as a result of flow through burner tubes or 

nozzles. Of the investigators mentioned above, only Cassel, 

Liebman and Mock attempted to study the flow conditions of 

the suspension approaching a flame-front. 

From the work of Cassel, Liebman and Mock, it appears 

that radiant heat transfer is important in some dust flames, 

In the conditions prevailing in dust flames, radiation 

transfer is effective over much longer distances than 
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convection, and hence the quenching effect of tube walls 

is likely to be important over longer distances than in gas 

flames. This may be the reason why it has been found 

impossible to stabilise unsupported dust flames on tubes 

smaller than about 1 cm. diameter. 

It has frequently been accepted that the burning time 

of particles in dust flames is controlled by oxygen 

diffusion, but BEER & ESSENHIGH
58 

have suggested that 

under the conditions prevailing in coal dust flames, the 

rate of reaction of the coal particles is also important. 
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CHAPTER 2.  

Development of the Apparatus.  

From the study of the literature on the preparation of 

dust suspensions mentioned in Chapter 1, it appeared that 

elutriation from .a fluidised bed was a promising method of 

preparation. In comparison with the other methods mentioned 

elutriation has the following advantages:- 

1. The apparatus is simple and compact. 

2. It can be used for a wide variety of dusts, includ-

ing some which are otherwise difficult to handle, e.g. 

KANE, WRIGHT AND SHALE35  using this method readily 

produced suspensions from an air-cleaner test dust 

specially chosen for its difficult handling properties, 

3, It is capable of producing suspensions over a wide 

range of concentrations, from very low values up to 

13 g/iitre as shown by Lang's work. (page 22.) 

4. Its use avoids the difficulties caused by dust 

sticking in hoppers which occur with some other 

dispersion systems, e.g„ that described by Long. 

In a batch-fluidised bed, the rate of elutriation drops 

as material is removed from the bed, but it was considered 

that by the use of relatively deep beds the rate of decrease 

could be made quite small. Experiments were carried out to 

develop a suitable fluidised bed apparatus for producing 

dust suspensions and burning them. 

Experimental work on elutriation.  

If a fluidised bed contains a range of particle sizes, 
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the finer material is preferentially elutriated, and the 

particle size distribution in the bed changes continuously 

during fluidisation. In these circumstances it is 

necessary to carry out particle size analyses, and in order 

to avoid these, lycopodium powder was used for the initial 

experiments. Lycopodium powder has a practically uniform 

particle size of about 30 microns. 

Lycopodium was fluidised with air in the apparatus shown 

in fig. 1. This consisted of a Gooch crucible diameter 

4 cm. with a fritted glass filter of porosity No.2., exten-

ded by means of a glass tube of the same internal diameter. 

The depth of the bed of lycopodium before fluidising was 

roughly equal to its diameter. As the air flow rate was 

gradually increased from zero by opening valve C, the bed 

expanded, and began to fluidise. When the mean air velocity 

through the bed reached about 1 cm/sec., a few particles 

could be seen passing out of the top of the tube at A. As 

the velocity was further increased, fluidisation became more 

vigorous, and greater numbers of particles were carried out 

of the bed, until the tube was filled with a column of 

dense suspension which slowly 'poured' over its rim, and 

fell through the surrounding air. With mean air velocities 

above about 2 cm/sec., three regions could be distinguished 

in the tube - the dense phase (i.e. the fluidised bed 

itself), the transition region, and the disperse phase 

(fig. 1.) 	The upper surface of the bed 'boiled' violently, 

and masses of powder were constantly being projected from 
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different points on it into the transition region, Most of 

the lycopodium in these masses fell back immediately into 

the bed, In the transition region, therefore, the 

concentration of the suspension varied widely, the particles 

moved in an erratic manner, and large eddies could be seene  

In the disperse phase region the eddies had died out, the 

concentration of the suspension appeared quite uniform to 

the eye, and the great majority of the particles moved 

steadily upwards along straight paths. However, some par-

ticles could be seen moving down the tube. When a small 

gas flame was applied to the top of the tube, the suspen-

sion ignited, and a flame propagated down the tube. 

This simple experiment showed that suspensions in the 

inflammable range of concentration could be produced with 

air velocities sufficiently low for the flow to be well 

in the laminar regime. Under these conditions the trans-

ition zone, above which the suspension reached a steady 

concentration, was only a few centimetres in depth. 

Although the work on elutriation mentioned in the literature 

survey indicates broadly the effects of bed dimensions 

and fluidising flowrates on the elutriation rate, Lang 

emphasises that these effects are inter-related in a complex 

manner, the effect of one variable depending on the values 

of the others, so that experimental results cannot be 

reliably extrapolated. It was therefore necessary to make 

some measurements of elutriation rates from fluidised beds 

of lycopodium, and the apparatus shown in fig. 2 was 
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constructed for this purpose. 

The fluidised bed rested on a fritted glass plate, 

porosity No. 1, (Gallenkamp), 65 mm. in diameter. The free-

board above the bed (i.e. the distance between the top 
surface of the bed and the collecting funnel) could be 

varied by moving the funnel along the glass tube. A rubber 

washer sealed to the rim of the funnel with 'Bostick C' 

adhesive provided an air-tight seal between the funnel and 

the tube. The suspension produced passed through a i inch 

rubber delivery tube fitted inside the brass tube supporting 

the funnel. The air velocity in the delivery tube was 

sufficiently high to prevent any accumulation of powder on 

its walls during operation of the bed. The upper end of 

the tube was connected to a glass cyclone, which collected 

the powder carried over. The overall length and weight 

of the collecting cyclone were limited by the necessity 
of weighing it on an analytical balance, so it was not 
possible to make it of the proportions recommended for the 

highest collection efficiency. However, it was found that 

in operation very few particles escaped into the outlet pipe, 

and these were retained by a plug of glass wool at the top 

of the latter. The compressed air supply to the bed was 
filtered through cotton wool to remove dust and oil, and 

the moisture content increased, if desired, by passing part 

of it through a wash-bottle. Alternatively, the moisture 

content could be reduced by passing part of the flow through 

a drying tower filled with anhydrous calcium chloride. 
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The humidity of the air supplied to the bed was measured 

before each run by passing it through a wet-and-dry bulb 

hygrometer. 

The method of operation was as follows. The air flows 

were adjusted 4!eii!n2eie2E1ISmeisfE!1?er(eti 	to give the required 

relative humidity and fluidising flowrate, and then stop-

cock C was closed, cutting off the air supply to the bed. 

The cyclone was emptied, weighed and replaced-in the appara-

tus then stop-cock C was opened, and fluidisation commenced. 

After a measured time interval, the stop-cock was closed 

again, and the cyclone was weighed to find the amount of 

lycopodium elutriated from the bed during the period of 

fluidisation. The fluidisation prooedure was repeated 

several times at regular intervals under the same conditions, 

and for the same lengths of time. A typical run consisted 

of six one-minute periods of fluidisation at 5 minute inter-

vals. Since the volume of the air in the tubing between 

the stop-cock and the bed was small, the flow rose quickly 

to the operating value when the cock was opened, and fell 

quickly to zero when it was closed. Runs were carried out 

with several different values of air flowrate and air 

humidity, and with the collecting funnel at different 

heights above the bed. The depth of the bed when fluidised 

varied from 5.5 in. to 7.2 in. The most important 

features of the results were as follows:- 

1. Three levels of air relative humidity were used, 23%, 

45% and 56%. In all the runs carried out using air 



with relative humidities of 23% and 45% the elutriation 

rate decreased in a roughly exponential manner during 

the run, as shown in fig. 3a. 	In some of the runs at 

relative humidities of 56%, the elutriation rate remained 

roughly constant for some time, or increased slightly 

after the initial fall. 	(fig. 3b.) 

2. Microscopic examination of lycopodium samples taken 

from the cyclone and from the bed after fluidisation showed 

no obvious difference in particle size between them. 	This 

eliminated the possibility that the elutriated material 

consisted of particles smaller than the mean size of the 

powder, or of fragments of broken spores. 

3. Since the reproducibility between runs carried out under 

similar conditions was poor, and the amount of lycopodium 

in the bed could not be controlled accurately, no con-

clusion could be drawn about the effect of free-board 

above the bed on the elutriation rate. 	Lang, in his 

study of entrainment from fluidised beds, reports similar 

lack of reproducibility of elutriation rates. 	He found 

that elutriation rates from beds of glass beads and crack-

ing catalyst fluidised under similar conditions could 

differ by 50% or more. 

Stabilisation of flames. 

Following the measurements of entrainment rates described 

above, the conditions required to stabilise dust flames 

were investigated. 	For this purpose, the collecting cyclone 

vas removed, and various burners were attached to the 
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delivery tube. 
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(i) The first arrangement used was based on a suggestion 

of Essenhigh, and is shown in fig. 4a. In principle it 

resembles the dispersion section of a Gonell elutriator. 

The cone was made of tin—plate, and its small end was 

closed by a rubber bung. The lycopodium suspension was 

fed into the burner along the axial tube A, which was 

attached to the delivery tube of the fluidised bed appara—

tus. Attempts were made to ignite the suspension in the 

cone with a bunsen flame, but no stable flame could be 

obtained with any of the flowrates and concentrations 

used. Large deposits of lycopodium accumulated on the 

walls of the cone at the narrow end. 

(ii) The burner used in (i) was inverted, but it still 

failed to give any stable flame. 

(iii) The tin cone used in (i) and (ii) was httelehed 

directly to the suspension delivery tube to act as a 

diffuser, and a gas pilot flame was fixed on its axis, as 

in fig. 41:q Stable flames were obtained at high flow rates 

and concentrations, but these were low down in the throat 

of the cone, and were turbulent in structure. They contin—

ued to burn after the pilot flame was turned off. 

(iv) Attempts were made to stabilise flames on cylindrical 

burner tubes of various diameters between 1.5 cm. and 3 cm. 

These tubes were connected to the suspenSion delivery tube 

by conical diffusing sections made of stiff paper, and 

sealed with cellulose adhesive tape. (fig. 4c). 
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Laminar flames could be stabilised with some difficulty on 

the smaller diameter tubes, but not on the lacer ones. 

However, when pieces of copper gauze were placed over the 

tops of the tubes, stable flames were readily obtained in 

all cases. (fig 4d) 

These experiments on flame stability were all repeated 

using a lignite dust in place of lycopodium. The behaviour 

of the lignite suspensions was similar to that of lycopodium 

except in the ease of apparatus 	In' this apparatus, 

stable laminar flames of lignite dust were obtained, 

burning near the top of the cone (fig.4e). These flames 

continued to burn when the pilot flame was turned off. They 

were of a dusky red colour, and the flame-front was practic-

ally fiat. The tracks of individual burning particles were 

clearly visible within the flame envelope. The overall burn-

ing velocity of a typical flame was about 10 cm/sec. 

Further experiments on the stabilisation of dust flames 

by gauzes were carried out using the apparatus shown in 

fig.5. Various dusts were fluidised in the Gooch crucible, 

the top of which was covered by a piece of 40-mesh copper 

gauze. When lycopodium was fluidised in this apparatus, a 

flame could readily be stabilised above the gauze as shown. 

At low velocities and concentrations the flame-front was 

about 1 mm. above the upper surface of the gauze, but as 

the fluidising velocity and concentration were increased, 

the flame-front moved further from the gauze. The 40-mesh 
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gauze was replaced by a perforated zinc sheet, with 

perforations 2 mm. in diameter, which was also found to 

stabilise the flame. When a sample of South Devon 

lignite, supplied as large lumps, was ground in a hammer 

mill and then fluidised in this apparatus, no ignition 

could be obtained, but after the ground material had 

been allowed to dry under ambient conditions in the labor-

atory for a few days, ignition was readily obtained. The 

stable flame produced above the perforated zinc sheet was 

dark red in colour, and similar in shape to the lycopodium 

flames. A sample of a Chinese low-rank bituminous coal 

showed similar behaviour; whilst no ignition could be ob-

tained with a freshly ground sample, after prolonged air-

drying the coal gave a stable flame above the perforated 

zinc sheet. These experiments showed that under suitable 

conditions, flames of lignite dust and low rank coal dust 

in air can be stabilised without the use of a gas pilot 

flame or supporting radiation from a furnace. The only 

rape reported in the literature of coal dust flames stabil-

ised without the use of a pilot gas flame or supporting 

radiation is that given by Taffanel & Durr. (see p.24) 

As a result of the experiments on flame stabilisation, 

it was decided that the large fluidised bed apparatus used 

for elutriation rate measurements was too inflexible and 

cumbersome for work with flames. With this apparatus, the 

concentration of the suspension produced could be varied by 

changing:- (a) the air flow rate, (b) the amount of powder 
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in the bed, or (e) the height of the collecting funnel 

above the bed. Of these, only alternative (a) offered 

a convenient means of control, since it was necessary 

to stop fluidisation before changing (b) or (c). Since 

the whole of the suspension produced in the bed passed 

to the burner, changing the concentration by alteration 

of the air flowrate involved a change in the velocity 

of the suspension at the burner, with the result that 

concentration and velocity could not be varied indepen-

dently. It was also felt that the narrow-bore suspen-

sion delivery tube was an undesirable feature, since 

the highly turbulent flow within it might cause agglom-

eration of particles in the suspension, and also there 

was a tendency for particles to accumulate on the walls 

of the conical diffusing sections which were attached 

to the end of the delivery tube. A modified system for 

the production of the suspension was therefore investi-

gated. 

Modified Dispersion System.  

The suspension was produced in a fluidised bed as 

before, but a diverging sdction was provided above the 

bed, in which the mean upward velocity of the suspension 

was reduced to a value below the settling speed of 

lycopodium particles. By this means the suspension was 

contained within the diverging section, which acted as 

a reservoir for the suspension. A new apparatus was 

constructed to investigate the behaviour of a 
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The apparatus, shown in fig. 6a, consisted of a Gooch 

crucible, with a fritted glass filter of porosity No.3 

(Gallenkamp)., extended by a short piece of glass tubing 

4.6 cmp internal diameter, and a conical diverging 

section fitted to the top of the glass tube. The joints 

between the Gooch crucible, the glass tube and the diver-
ging section were made airtight. The lycopodium was 

fluidised by air of controlled humidity, supplied by the 

flow system shown in fig 6b. The glass sampling tube, 

1.02 cm. bore, was clamped vertically on the axis of the 

conical section. The sampling system is shown in fig.7. 

The flow of suspension induced by the IDymek' diaphragm 

pump passed through the Millipore filter unit, which 
collected the lycopodium particles. The Aerosol Assay 

type Millipore filter membrane was used, which has pores 
less than 1 micron in diameter. Since lycopodium 

particles are in the size range 30µto 35,4 effectively 

all the particles in suspension were collected by the 

filter. The sampling tube was connected to the filter 

unit by a short length of 1 mm. bore plastic tubing. 

Under all the sampling conditions used, the flow veloc-
ity through the plastic tubing was sufficiently high to 

prevent any deposition of particles inside it. The .  

metal filter holder was of a type developed by the 

Chemical Defence Experimental Establishment, Porton. 

The arrangement of the filter holder and tubing is shown 
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in fig. 71). It was found that up to 1 g. of lycopodium 
could be collected in the filter unit without affecting 
the sampling flow through it. The sampling flowrate was 
controlled by needle valve B, and measured by either a 

rotameter or a soap-film meter at E. The quantity of 

lycopodium collected was found by detaching and weighing 
the filter holder. The draught shield was constructed of 

tin-plate, and provided with a Perspex top, which permit-

ted observation of the flow pattern in the cone. The 

cone was at first made of stiff paper, so that its pro-
portions could easily be changed, if necessary. Its 

greatest diameter was made large enough for the mean 

velocity of the air at this section to be well below the 

settling velocity of lycopodium particles, so that most 
of the particles elutriated from the bed did not pass out 

of the top of the cone. The radial velocity component of 

the air in the cone carried the particles outwards until 

they were deposited on the sides of the cone, where they 

accumulated and slid back into the bed. The air flowing 

out of the top of the cone was almost dust-free. 

Under these conditions, the suspension contained within 

the cone was in a state of dynamic equilibrium; the 

powder removed from suspension by settling out on the 

walls of the cone was replaced by fresh material coming 

up from the bed. Since the material deposited on the 

walls eventually slid back into the bed, the rate of loss 

of powder from the system was very small, and the 
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conditions of fluidisation remained practically constant 

over a long period. The direction of particle flow in 

the cone could be observed through the Perspex top of 

the draught shield under a strong light. Fig. 8 indi-

cates the basic flow pattern at zero sampling flow. 

With about 10 g. of lycopodium in the bed, and fluidi-

sing velocities below 10 cm/sec., the transition region 

above the bed did not extend into the conical section, 

and the flow within the cone itself was steady with time. 
If the fluidisation velocity was increased above this 

value, eddies from the transition region penetrated 
into the cone. 

The characteristics of this system were investigated 

by fluidising the bed continuously for periods up to 2 

hours, and withdrawing samples of the suspension through 

the sampling tube at intervals. The fluidising veloc-

ities used were kept below 7 cm/sec., to ensure steady 

flow conditions at the entry to the sampling tube. The 

bed was charged with fresh lycopodium for each run. 

First, a constant sampling flowrate was used. 

Before taking a sample, the filter holder was detached 

from the apparatus, emptied if necessary, and weighed 

on an analytical balance to the nearest 0.001 g. It 

was then replaced in the system, and the sampling pump 

was switched on, but stop-cock C was left in the closed 

position. After about one minute's delay, to allow the 

pomp to reach its normal operating speed, the stop-cock 
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was opened, allowing the pump to withdraw a sample at a 

steady rate indicated by the rotameter, After a measured 

time interval, the stop-cock was closed again, the pump 

switched off, and the filter holder detached and weighed.  

This sampling procedure was repeated at intervals of a 

few minutes whilst fluidisation continued. 

By varying the sampling time in half minute steps 

from i min. to ai min. at constant sampling flowrate, it 

was found that the weight of lycopodium collected per 

unit time was independent of the sampling time; this 

showed that end effects in sampling were negligible for 

times of * min. or over. In all subsequent runs, samp-

ling times were i min. or longer, 

Fig. 9 shows the results of two runs, Nos. 22 and 23, 

carried out under similar conditions. (Fluidising flow 

rotameter reading 4.5 litres/min., sampling flow-rate 
ti 

0.63 litresAin.) In each case the bed was initially 

charged with 7.23 g. of lycopodium taken from the same 

supply bottle, and the relative humidity of the fluidis-

ing air was 40%. The graph shows the rate of collec-

tion of lycopodium in the sampling filter plotted against 

the time from the commencement of fluidisation. Fig. 10 

shows the results for two runs carried out using the 

same fluidising and sampling flows as Nos. 22 and 23, 

but with air of 68% relative humidity. Since the samp-

ling flaw rate was constant throughout, the rate of 

collection of lycopodiuril in the filter was proportional 
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to the kinetic concentration of the suspension flowing 

up the sampling tube. The local kinetic concentration, 

Ck, at any level in the tube will vary over the tube 

cross-section, since it is a function of the local air 

velocity, (see the definition of kinetic and static 

concentrations on p.190 This point will be discussed 

further later on. If W is the rate of collection of 

lycopodium in the filter (in mg/Min.) and the sampling 

flow rate is q (litres/Min.) then rf (mg/litre) is the 

mean value of Ck taken over the whole tube cross-section. 

This mean value of Ck  will be denoted by Uk. 

The four runs given in figs 9 and 10 all indicated a 

rapid fall in Ck  at the beginning of the run, followed 

by a more gradual decrease. The curves were similar in 

form to those obtained with the previous fluidised bed 

apparatus, (fig. 30 

It was suggested that this decrease in concentration 

of the suspension with time could be due to the accum-

ulation of static charges on the particles during 

fluidisation, and that these charges might be reduced 

by earthing the bed. One run was therefore carried 

out with a loop of copper wire immersed in the bed, 

and during part of the run the loop was earthed. The 

earthing of the wire had no effect on the behaviour of 

the system. 

Since the paper cone gave a stable region of sus-

pension as orginally intended, it was now replaced 
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by a tin-plate cone made to the same dimensions. 

The joint between the glass tube and the cone was made 

air-tight with sealing compodnd. A circle of 8-mesh 

copper gauze was placed horizontally in the cone, close 

to the lower end. (fig.11. ) This gauze was intended to 

damp out local fluctuations in the motion of the suspen-

sion caused by eddies originating in the transition zone 
above the bed. Observation of the particle motion in 

the cone confirmed that the gauze was very effective in 

improving the stability of the suspension, and that it 

largely suppressed the irregular eddies which otherwise 

penetrated into the cone at the higher fluidising 

velocities. 

The highest values of; so far obtained were of the 

order of 130 mg./litre, which corresponds approximately 
to the stoichiometric mixture for lycopodium/air flames. 

These concentrations were obtained in the initial stages 

of runs, and were only maintained for periods of a 

minute or so. In an attempt to produce higher concen-

trations, and to maintain them for longer periods, a 

series of runs was carried out using deeper beds, and 

relative humidities higher than most of those used 

previously. It was found that if the bed was initially 

charged with about 12g. of lycopodium, and fluidised 

with air of about 70% relative humidity, the concentra#= 

tion of the suspension increased with time at the beg-

inning of a run, instead of decreasing as in the previous 
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series of runs. A typical result for fluidisation under 

these conditions is shown in fig.12 , which gives the varia-

tion of 717  with time for run No. 29. (fluidising flow rota- 
, 4 

meter reading 4.5 litres/min, sampling flowrate 0.6X litres/ 

min.) 	The bed depth was initially 11.53 g:, and the fluid-

icing air relative humidity was 70%. The curve for run 

No.29, after the initial rise, remained between 105 mg/litre 

and 110 mg./litre for a period of about one hour. The par-

ticle flow in the cone was steady under these conditions. 

The type of behaviour shown by run No. 29 was much more 

promising than that exemplified by run No. 22, since in the 

former the concentration remained practically steady at the 

maximum value for a considerable period of time, long enough 

to give opportunity for a series of observations to be carried 

out at practically constant concentration. All subsequent 

experiments were therefore carried out with bed depths and 

relative humidities similar to that of run No. 29. It was 

found that under these conditions the moisture content of the 

lycopodium changed during fluidisation. Samples taken from 

the bed at the ends of runs and dried by prolonged exposure 

to silica gel in a desiccator showed a loss in weight of 

about 50, compared with 3.5% for the lycopodium as supplied. 

Samples taken at the end of runs carried out under the 

conditions used previously (i.e. bed depths initially 7.23g., 

relative humidities 68% or less) showed no significant change 

in moisture content as a result of fluidisation. 

The effect of variation in the height of the sampling 
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position on the sample concentration is shown in fig.13. 

Samples were taken with the sampling tube mouth at 

different positions along the axis of the cone, using a 

constant sampling flowrate. The concentration of the sus-

pension at a fixed level in the cone remained constant 

during these measurements. 

The effect of sampling flowrate on the kinetic concentra-

tion of the samples was also investigated. The results are 

shown in fig. 14, where W, the weight in mg. of lycopodium 

Oallected per minute in the filter, is plotted against q, 

the sampling flow in litres/Min. The internal diameter 

of the sampling tube was 1.02cm., although the entry was 

slightly smaller than this, as a result of flame-polishing. 

Fig. 15 shown values of Ck  mic  is given by W/q) plotted 
against q; this graph indicates that the value of erk  

becomes practically independent of q as the latter approa-

ches a value of 0.6 litres/Min. 

The flow pattern of the suspension in the upper part 

of the sampling tube was investigated by means of the ultra-

microscope system shown in fig. 16a. The illumination 

was provided by a microscope lamp with a heat filter and 

two vertical slits, producing a parallel beam of light 

about 1 mm. thick. The beam was adjusted to shine along 

a diameter of the tube, thus illuminating any particles in 

a cross-section of the flow: this illuminated zone was 

about 1 cm high,and about 9 cm.above the bottom of the samp-

ling tube. Screens were used to exclude extraneous light, and 
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the tube was thoroughly cleaned inside and outside with a 

proprietary window cleaning material. The observations were 

made as follows. The bed was fluidised, with the sampling 

pump switched off and the sampling needle valve B (fig.7a ) 

closed. The pump was then switched on and the valve B opened 

slightly, whilst the illuminated portion of the tube was ob-

served closely. At first no particles were visible, then as 

the valve was gradually opened further, particles could be 

seen rising slowly up the tube. They appeared to be practic—

ally uniformly distributed over the tube cross-section, and 

rose 'steadily along straight paths, except for a narrow 

region at the tube wall in which no particles appeared. Then 

as the flow was increased further, more particles became vi-

sible, and most of these moved at higher speeds; a few, 

however, could be seen moving downwards. At higher flows, 

these downward falling particles became concentrated on the 
tube axis; they appeared to be much larger than those flowing 

•I 

upwards. When the sampling flow was increased to 0.26 litres/ 

min., the falling particles abruptly reversed their direction 

and moved upwards out of the illuminated region. With 

sampling flows higher than this value, no particles could be 

seen failing down the tube. 

These observations of the particle flow were repeated 

using kelgrger'diameter sampling tube of 1.5 cm bore, with 

its lower end in the same position as that of the 1.02 cm 

was 

similar 

tube. The flow pattern observed in the larger bore was 

similar to that just described; the stream of particles 

moving slowly down the tube axis became very marked, and in 
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this condition the illuminated portion of the flow had the 

general appearance shown in fig.16b. The axial region was 

occupied by particles appearing much larger than the rest, 

which were stationary or drifted slowly downwards, Outside 

this axial region was a zone in which the particles followed 

a sinuous course, swaying from side to side as they moved up 

the tube. Outside this region the particles pursued a steady 

upward course, moving in straight lines. Immediately adjacent 

to the wall, a few particles could be seen drifting slowly 

downwards. The stream of downward-moving particles in the 

axial region abruptly disappeared when the sampling flow 

reached 1,06 litres/Min., in a manner similar to that observed 

in the smaller bore tube. When the flow was reduced slightly 

below this value, the stream of falling particles was re-

established. It was thought that this stream might consist 

of large agglomerates formed by collision of individual par-

tibles or smaller agglomerates in the portion of the tube above 

the illuminated zone, and in an attempt to test this idea, a 

small'Perspex' platform, about 7 mm. across, was introduced 

into the tube to collect a sample of these particles for 

microscopic observation. This platform was held in the axial 

region of the tube on a long wire, as shown in fig. 17. The 

sampling flow was switched on, and adjusted to a value of 

0.6 litres/min, when particles in the downward-moving stream 

were observed to fall on the platform. After some seconds, 

the fluidising flow to the bed was turned off, then when the 

particles ceased to rise up the sampling tube, the sampling 



67 

Side elevation 

ISlits 	Light beam. 

/ \ Tube: 

Plan 

1
' Direction 
of observation. 

16 • Ultra-microscope system. 

Tube walls 

Particles moving up strai3h1.  paths. 
Particles moving up sinuous paths. 
Particles drift; n9 down. 

Fig 166, Flow pattern in tube 



68 

pump was switched off, and the platform carefully removed 

for observation. 	The central portion of the platform was too 

densely covered with powder for any details to be distinguish-

able, but in the outer portions over 100 agglomerates, mostly 

containing between 4 and 20 particles could be distinguished. 

Hardly any single particlescould be seen. 	Some of the agg- 

lomerates had long chain-like structures; others were more 

compact. 

The presence of agglomerates in the suspension entering 

the sampling tube was investigated as follows. 	Whilst the 

bed was fluidised, a small glass slide was lowered slowly 

in a horizontal position into the suspension in the cone, 

until it was at the same level as the bottom of the SpImpling 

tube; the bed flow was then turned off, and the suspension 

allowed to settle. 	The slide was then removed and examined 

under the microscope, when it was seen that the deposited 

material contained many agglomerates as well as single part- 

icles. 	The largest agglomerates contained up to 10 or 11 

particles. 

These observations were not conclusive, but support the 

idea that the falling particles observed at the lower samp-

ling velocities were agglomerates formed by collision in the 

upper part of the sampling tube. 	Further observations of 

suspension flow in tubes will be described in chapter 3. 

Modification of the Apparatus for Flame.  Studies.  

These investigations tf the fluidisation system with a 

conical diverging section showed that the original idea of 

producing a reservoir of suspension with a steady 
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concentration above a fluidised bed was practicable. The 

next step was to modify this system to permit stabilisation 

of flames on a burner supplied with suspension from the 

conical reservoir. The most direct way of doing this 

appeared to be to modify the sampling tube to permit its 

additional use as a burner. The top of the cone was enclos-

ed, and the air which formerly passed out to atmosphere was 

exhausted at a controlled rate by a pump. The original 

sampling tube was replaced by a plain tube, which could be 

used either for sampling or as a burner tube. The provision 

for exhausting air at the top of the cone presented some 

difficulty, and a number of different arrangements were 

tried before a satisfactory one was found. Preliminary 

tests during the modifications showed that lycopodium 

flames could be stabilised on a burner tube of 10.9 mm. 

inside diameter, so this size of tube was used in the mai-

fled apparatus. The layout finally adopted is shown in 

principle in fig. 18a, and details are shown in fig, 18b. 

The concentration of suspension produced could be controll-

ed by varying the fluidising air flow, and the flow velocity 

at the burner could then be adjusted to any required value 

by altering the exhaust flow from the top of the cone. In 

this manner it was possible to vary the concentration of 

the suspension tndependently of its velocity at the burner 

mouth, and so overcome one of the disadvantages of the 

earlier fluidised bed system. (p.48). 

The top of the cone was closed in by a Perspex disc, 

which was bolted to brackets on the cone itself, and 
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sealed round the edges with Plasticine, so that it could 

easily be removed for cleaning purposes. The air was ex-

hausted from the top of, the cone through a short brass tube 

surrounding the burner tube. Washers made from rubber tub-

ing sealed the ends of the brass exhaust tube, and located 

it on the burner tube. Air entered the bottom of the brass 

tube through circumferential slots, and left at the top 

through a side tube. The slots were covered by a cylinder 

of 40-mesh copper gauze; this wasintended to provide a 

symmetrical resistance to flow, and so prevent any tendency 

for more air to be drawn through the slots on the side into 

which the side-tube opened. Since the air arriving at the 

top of the cone was not completely dust-free, the arrangement 

of baffles shown was adopted to remove most of the remaining 

dust from the air-stream. The ends of the burner tube were 

ground smooth and perpendicular to its axis, and it was 

clamped in a vertical position. The pressure within the 

cone was indicated by a water manometer. 

The exhaust flow system is shown in fig. 18c. The air 

passed from the brass exhaust tube to a cyclone, followed by 

a millipore filter, in which the last traces of lycopodium 

were removed. From the filter, the air passed to a rotameter 

then to the needle valve A. This valve had a bypass, with 

needle valve B, and a stop-cock, by means of which the bypass 

could be quickly opened or shut. The reservoir, of about 

1 litre capacity, was placed before the pump to smooth out 

small fluctuations in the flow. 
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The modified apparatus was operated as follows: The flui—

dising flow was adjusted to give the required concentration, 

and the burner flow rate was then controlled by needle valve 

A in the exhaust flow line, with the bypass closed. 	When 

the burner flow was not required, it could be conveniently 

turned off by opening the bypass. 	Valve B was adjusted to 

give zero burner flow with the bypass open; under these con-

ditions the exhaust flow was equal to the fluidising flow. 

The concentration of the suspension flowing out of the 

burner tube was measured by the same sampling system as 

before. (fig. 7). 	The sampling flow was metered by a soap— 

film meter, in place of the rotameter used formerly. 	The 

burner tube was connected to the filter holder for sampling 

purposes by the filter nozzle shown in fig. 18d. 	The nozzle 

consisted of a short piece of glass tubing, having the same 

diameter as the burner tube at one end, and drawn out at the 

other end to take the short length of 1 mm bore plastic 

tubing which connected it to the filter holder. 	The wide 

end was fitted with a short piece of rubber tubing which 

could be slipped over the top of the burner tube when req— 

uired. 	The bore of this rubber tube was widened at the lower 

end, so that as it was slipped over the burner tube the seal 

with the latter was made gradually; when the nozzle was 

pushed home onto the burner tube (fig. 18e) the joint bet— 

ween the two was airtight. 	Before a sample could be taken, 

the flows had to be balanced, so that the sampling flow 

through the filter was exactly equal to the difference 

between the fluidising and exhaust flows. 	If the flows 
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were not balanced when the filter was connected to the bur-

ner tube, the pressure within the cone changed, causing 

changes in the flowrates themselves. 	Since the pressure 

drop along the burner tube was very small under all condi-

tions of flow, the water manometer connected to the cone in-

dicated zero whenever the burner tube was open to the atmos- 

phere. 	When the burner tube was connected to the filter, 

any imbalance in the flows could readily be detected by de- 

parture of the manometer from a. zero reading. 	The balancing 

procedure was carried out as follows: The sampling pump was 

switched on, and the filter nozzle was connected to the 

filter. 	The exhaust bypass was closed, causing the suspen- 

sion to flow out of the burner tube, and the filter nozzle 

was slowly lowered on to the burner tube. 	The manometer was 

watched carefully, and the sampling flow was adjusted as 

necessary to maintain the zero reading. 	After the nozzle 

had been pushed home, sealing the joint with the burner tube, 

a final adjustment of the sampling flow was made. 	When the 

manometer reading remained steady at zero, the sampling flow 

was equal to the flow in the burner tube with the latter open 

to atmosphere. 	When the flows had been balanced, the sampl- 

ing nozzle was disconnected; and the exhaust bypass opened to 

turn off the burner flow. 	The filter unit and sampling 

nozzle were weighed on an analytical balance, replaced in the 

system, then the suspension was sampled by closing the exhaust 

bypass, and immediately connecting the filter to the burner 

7 5- 
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tube for a measured time interval (usually 1 min.). 	The 

connection and disconnection of the sampling nozzle could be 

carried out in less than 1 sec. 	Re-weighing of the filter 

unit and nozzle gave the weight of lycopodium collected. 

The sampling flowrate was measured during the sampling period 

by means of the soap-film meter in the sampling system. 	The 

water manometer was observed whilst sampling was in progress, 

to check that no significant change in cone pressure occurred. 

Dividing the rate of collection of lycopodium in the filter 

by the sampling flowrate gave 'elc  as before. 

It was found during the development of the modified app-

aratus that the fluidising and exhaust flows required to 

stabilise lycopodium flames on the burner were in the region 

of 5 litres/min. and 31 litres/min. respectively. 	Precise 

control of these flows was necessary to achieve a steady burn-

er flow, and it was found that fluctuations in the fluidising 

flow could cause changes of up to 10% in the burner flow. 

In order to reduce these fluctuations, a manostat was in- 

corporated in the fluidising air supply. 	This manostat 

(fig. 19) was a modification of a design described in the 

4th edition of Findlay's 'Practical Physical Chemistry'. 

The air humidifying arrangements were modified, and air 

of approximately 70% relative humidity (at ambient pressure) 

was supplied by passing the whole of the air supply through 

the wash-bottle at a pressure of 6 psig. 	This produced air 

of constant relative humidity irrespective of the condition 

of the compressed air supply. 	The modified air supply sys-

tem is shown in fig. 20. 
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Measurements were made to determine the changes in 

and burner flowrate caused by the slight fluctuations in 

pressure which still occurred after the incorporation of the 

manostat. The procedure was as follows. ;t  was measured, taking 

the mean of three successive measurements, and then a slight 
change was made in the sampling flowrate, resulting in a slight 

change of cone pressure. Uk  was then measured for the new 
conditions, again taking the mean of three values. The results 
in Table T show the changes in Uk and burner flowrate 

associated with the changes in cone pressure. 

Table I 

Fluidising 
flowressure 

(litre/Min) 

Cone 

(ins. water 
gauge 	) 

Burner 
flow 

(litre/Min) 

Uk. 

(mg/litre) 

change in:- 

Burner 
flow 

0k  

4.75 f-0.1 
(40.7 

1.23 
1.19 

102  
In J 5 1 

4.75-0.2 
L+0.6 

1.04 
1.00 

93 1 
89 J 4 4.  

4.75 
f-0.1 
1440.5 

1.56 
1.52 

78 I 
76 J 3 3 

6.10 
f0.1 
(4-0.6 1.47 

1.51 105 
101 i 5 2 

Since pressure fluctuations seldom caused changes in cone 

pressure exceeding 0.3 ins water gauge it was considered that 
the errors involved in the sampling procedure were acceptable. 

This completes the account of the development of the 

apparatus used for the combustion studies of lycopodium 



dust flames. Before going on to the study of the flames 

stabilised with this apparatus, some experiments were carr-

ied out to observe the flow of dust suspensions in tubes. 

Details of these are given in the next chapter. 
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The Flow of the Suspension in the Burner Tut* 

As mentioned in chapter I, the structure of a flame stab- 

ilised on a tube burner depends on the nature of the flow in 
•1 

the tube itself. None of the wotkets who have studied dust 

flames bakning on tubes have investigated the behaviour of 

dust suspensions in tube flow, and it was therefore thought 

desirable to make further observations of the flow of suspen-

sions in the burner tube of the combustion apparatus, using 

the ultra-microscope system described on p.63. 

First, experiments were carried out to develop a flame 

trap for the burner tube; these will be described next. It 

was necessary to provide a flame trap in order to prevent a 

flashback in the burner tube igniting the suspension within 

the cone. The experiments with flames stabilised on gauzes, 

(p.45 ) suggested that a piece of metal gauze across the 

bottom of the burner tube would provide an adequate flame 

trap. The effect of different gauzes on the suspension flow 

in the tube was studied as follows. 

The flow was observed in a 1 cm. length of the burner 

tube about 2 cm. below the top, without a gauze across the 

tube. (The burner tube itself was 14 cm. long) The light 

beam was adjusted to shine along a diameter of the tube, 

thus illuminating a cross-section of the flow in a vertical 

plane. The concentration and flowrate of the suspension 

were adjusted to values at which flames could be stabilised 

on the tube, but no flames were burnt whilst the flow was 



82 
under observation. The general appearance of the flow 

was as sketched in fig. 21. Well-defined regions adjacent 

to the tube walls contained no particles, whilst the stream 

of suspension appeared practically uniform, with sharp boun-

daries between it and the particle-free regions of the walls. 

The width of the particle-free regions fluctuated rapidly 

but was of the order of 1 mm. Flames stabilised on the bur-

ner under these conditions tended to be unsteady; the flame-

fronts did not remain horizontal, but tilted from side to 

side. The flowrate in the burner tube was in excess of 

1 litre/min, considerably higher than those used in the flow 

observations described in Chapter 2. 

The observations of the flow in the burner tube were 

repeated with a piece of 16-mesh copper gauze made of 

27 S.W.G. wire (0.0164 in. diameter) stretched across the 

bottom of the tube. The particle-free spaces at the walls 

were still present, but their width fluctuated much less 

than in the previous case, and the flow appeared much stead-

ier. However, narrow particle-free zones could also be 

seen in the flow of suspension, standing out as dark streaks 

on the bright background of illuminated particles, and it 

was found by rotating the tube that these zones were above 

the wires of the gauze. This showed that the particle-free 

regions produced by the wires obstructing the flow extended 

downstream a distance of at least 14 cm.,to the top of the 

burner tube. Flames burning on the tube were similar in 

appearance to those observed without a gauze in position 
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but burned much more steadily. 

In an attempt to avoid the particle-free zones produced 

by the gauze of 27 S.W.G. wire, a gauze was made from much 

finer wire. 	The circle of 24-mesh gauze was made from 

0.0045 in. diameter wire, stuck to a short piece of brass 

tubing with 'Araldite'. The brass tube was of slightly 

larger diameter than the burner tube, and was held in 

position at the bottom of the latter by a short length of 

rubber tubing. (fig. 22). 	This gauze of fine wire was 

found to imprbve the stability of the flow and steadiness 

of the flames burning on the tube in the same manner as the 

gauze of 27 S.W.G. wire used in the previous case. When 

the burner flow was first turned on, after placing the fine 

gauze in position, the illuminated stream of suspension was 

quite uniform in appearance, but after the suspension had 

been flowing for 2  min, or so, dark streaks appeared in 

the stream, indicating regions of low particle concentra-

tion. These regions were found to be caused by deposits of 

lycopodium accumulating on the gauze wires; after gentle 

brushing of the gauze to dislodge the deposits, the stream 

of suspension became uniform in appearance once more. The 

particle-free regions at the tube walls were present as in 

the previous tests. 

The effect of the gauzes in steadying the flow in the 

burner tube was probably due to their flow-resistance 

damping out small fluctuations in the flow entering the 
•• 

tube. The persistence of the particle-free regions above 
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the wires of the coarse gauze to the top of the tube 

indicated that little radial movement of the particles 

took place as they moved up the tube. For a lycopodium 

suspension of 200 mg./litre concentration, the average 

interparticle distance'isapproximately 0,038 cm. (This 

is based on figures for the number of lyoopodium particles 
59 

per g, quoted by GREGORY) In comparison, the diameters of 

the coarse and fine wires used in the gauzes were 0.0416 cm. 

and 0.011 cm. respectively. It would be expected, there—

fore, that the presence of the finer wires in the flow 

would not produce significant particle—free regions in the 

suspensions used in the present work. 

Since the fine wire gauze improved the steadiness of 

the flames, it•was used in all the subsequent experimental 

work. Its performance as a flame—trap was not tested at 

this stage, but laterexperiments on flame quenching, to 

be described in the next chapter, showed that it was an 

effective flame trap. 

In order to reduce to a minimum disturbance to the flow 

caused by deposits of powder building up on the gauze 

wires, tie gauze was brushed immediately before igniting 

flames, and observations on the flames were made within 

i minute of igniting them. 

Some experiments were carried out to discover if the 

particle—free region adjacent to the tube wall was influen— 

ced by the shape of the tube entry. 	The apparatus used 

is shown in fig. 23. and consisted of a fluidised bed for 
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producing a lycopodium suspension. surmounted by the 

vertical tube A, 4 cm. in diameter, up which the suspen-

sion flowed. The top of tube A could be closed by any one 

of the four pieces of apparatus shown in the figurel i.e, 

A rubber bung carrying a plain tube, 13.5 mm.bore 

and 14.5 cm. long. The ends of the tube were ground 

flat and perpendicular to its axis. (fig.23b) 

ii) The same bung and tube as in (1), but with a 

24-mesh gauze made of 0.002 in. diameter aluminium wire 

fitted to the bottom of the tube. (fig. 23c) 
•11 

iii) A 13.5 mm. bore tube provided with a bell-mouthed 

entry 4 cm. in. diameter at its widest part. The bell- 
mouth was sealed to the top of tube A with plasticine 

(fig. 23d) 

iv) A disc having a central orifice 13.5 mm. in 

diameter. The disc was sealed to the top of tube A 

with plasticine when in use (fig. 230 

The flows through the tubes and the orifice were obser-
ved in turn, under similar conditions of flowrate and con-

centration, and in order to compare the widths of the 
particle-free regions in the four cases, the diameters 
of the columns of suspension emerging from the tubes or 

the orifice were measured. The measurement was made to 

the nearest millimetre with a ruler, the suspension being 
illuminated by a strong light from a direction perpendi-
cular to the direction of observation. Owing to 
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fluctuations in the widths of the streams of suspension, 

precise measurements were not possible. 

The results of the measurements for two different values 

of suspension flowrate (2.0 litres/Min. and 3.0 litres/Min.) 

are shown in Table II. In the case of the tubes, the meas-

urements were made at the tube outlets, but for the orifice 

the measurements were made at a point about 1 cm. above the 

disc, where the column of suspension was at its narrowest; 

this column contracted its diameter by about 1 or 2 mm. 

immediately above the orifice. Since the concentration of 

the suspension produced by the fluidised bed increased with 

increase of the air flow, the concentration of suspension 

flowing was higher for the higher flowrate; the measurements 

for the two different flowrates were therefore not directly 

comparable with each other. 

TABLE II. 

Suspension 
flowrate., 

(litres/Min.) 

, . 
Diameter (mm,) of stream of suspension 

emerging from:- 
Plain tube. Plain tube 

with, 
gauze. 

Bell- 
mouthed 
tube. 

Disc with 
orifice. 

2.0 

3.0 

6 

7-8 

6 

8 

6 

7 

5 

6-7 

Internal diameter of tubes and orifice = 	13.5 mm. 

The values in the table indicated that within the range 

of flowrates covered it was not possible to eliminate the 

particle-free region at the burner tube walls by adopting 

a bell-mouthed tube entry. It was therefore decided on the 
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grounds of simplicity to use a plain burner tube fitted 

with a fine gauze at the bottom for the subsequent flame 

studies, to be described in Chapter 4. The results obtained 

for the orifice showed that a particle-free space was present 

at the edge of the flow in the plane of the orifice itself, 

which suggested that the particle-free spaces observed in 

tube flow originated at the tube entry. The flows in the 

tubes were therefore examined further, using the ultra-

microscope system to illuminate a cross-section of the flow 

along a tube diameter as already described. The observa-

tions may be summarised as follows. 

In the case of the plain tube without a gauze, the part-

icle-free space increased slightly in width from the bottom 

of the tube up to a point about a  cm. above the bottom, 

after which it remained roughly constant in width up to the 

top of the tube. The flow pattern at the tube entry for a 

suspension flowrate of 2.0 litres/Min. is sketched in fig. 

24a. The lines a a in the figure represent the boundaries 

between the suspension flow and the particle-free regions. 

A particle-free space several mm. in width was observed 

immediately beneath the tube rim, and it was also noted 

that the column of suspension contracted slightly in diame-

ter during the first i cm. or so of its travel up the tube. 

The change observed in the boundaries of the suspension 

flow on increasing the flowrate of suspension from 2.0 

litresjmmn. to 3.0 litres/Min. is shown by the sketch in 

fig. 24b; the boundary between the suspension and the 
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particle-free region, a a, moved up to the position a' a' 

as the flow was increased, and the width of the particle-

free space beneath the tube rim was reduced. 

In the plain tube with the gauze fitted, the flow was ob-

scured for the bottom 1 cm. of the tube by the fitting 

carrying the gauze, but above this point, the width of the 

particle-free space remained approximately constant up to 

the top of the tube. In the bell-mouthed tube:  the particle-

free space was seen to be present from the widest part of the 

bell onwards, as sketched in fig. 24c. In the parallel 

portion of this tube,-the particle free space was of con-

stant width. 

These observations confirmed that the particle-free space 

arose adjacent to the tube entry, and showed that in the 

case of the plain, parallel-bore tubes the particle-free 

space was practically constant in width over most of the tube 

length, Their significance will be discussed in Chapter 6. 

The apparatus developed as described in Chapter 2 was 

fitted with a 24 mesh gauze of 0.0045 in, diameter wire, 

made as previously described, at the bottom of the 10,9 mm. 

bore burner tube, to act as a flame trap. This completes 

the account of the development of the combustion apparatus, 

shown in its final form in fig. 25. This apparatus was con-

sidered to fulfil the first object of the present research, 

i.e. the development of a simple, flexible method for the 

laboratory-scale production of dust suspensions in the in-

flammable range of concentration. (p.12). The next chapter 
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describes the work carried out on the second object of the 

research, i.e. the investigation of the structure of dust 

flames. Before going on to the flame studies, however, it is 

convenient to describe at this point the measurement of the 

settling velocity of lycopodium particles. 

It was proposed to study the structure of lycopodium 

flames by taking particle track photographs (see Chapter 4), 

and in order to interpret these photographs, a value for the 

settling velocity of lycopodium particles in air was required. 

The theoretical and experimental studies of sedimentation 

discussed in the literature review all indicate that at the 

concentrations used in the present work, the settling 

velocity of the particles relative to the air is not signifi-

cantly different from the value for an isolated particle. 

Since it is simpler to observe the fall of individual part-

icles than the sedimentation of suspensions, the settling 

velocity of single particles was measured in the apparatus 

shown in fig. 26. 	This consisted of a vertical glass tube, 

46 cm. in length, closed at the bottom by a rubber bung. The 

tube diameter, 10.3 mm, was chosen to be similar to that of 

the burner tube. Two marks 10 cm. apart were made on the 

lower part of the tube, between which the settling particles 

could be timed. The lycopodium particles were introduced 

into the tube in the following manner; a small brush was 

dipped into the powder, then most of the powder was shaken 

off by tapping the brush several times. 	The brush was then 

stroked over the top of the tube, and this dislodged a few 

of the remaining particles from the brush. 	These particles 
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settled through the stationary column of air in the tube. 

If the quantity of powder on the brush was too great, large 

aggregates fell into the tube, but under suitable conditions 

the number of particles introduced into the tube by this pro-

cedure was about 20 or 30. The tube was illuminated by a 

light beam, and individual particles could be distinguished 

by viewing the tube against a dark background from a direc-

tion perpendicular to the light beam. Individual particles 

or small groups of particles falling together could easily 

be timed between the two marks. There was considerable 

variation in settling velocities; values obtained from ten 

measurements varied from 1.4 cm/sec. to 2.7 cm/sec, with a 

mean value of 2.1 cm/sec. This variation was probably partly 

caused by slight differences in the size and shape of the 
particles, and possibly also by the presence of aggregates. 

P.H. GREGORY
59 

quotes values of 1.76 cm/sec and 2.14cm/sec. 

for the settling velocity of lycopodium particles in air. 

In view of the considerable variation between individual 

particles, a value of 2 cm/sec was taken as the approximate 

settling velocity, and this was used in the interpretation 
of the particle track photographs. 
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CHAPTER 4.  

Flame Studies.  

The second object of the present work was the study of the 

structure of laminar dust flames burning in the combustion 

apparatus developed as described in the preceding two 

chapters. Details of the experimental work carried out to 

investigate the structure of these flames will now be given. 

Preliminary experiments were carried out to find the range 

of conditions under which lycopodium flames could be stabil-
mm. 

ised on the 10,9/burner tube, and to observe the main 

characteristics of the flames. 

It was found that, in general, burner flow rates above 

1.1 litres/Min. were required to stabilise flames, and that 

no flames could be stabilised at values of Ci below 

125 mg./litre. The highest value of di that could usefully 

be produced at the burner was about 190 mg./litre. If 

attempts were made to increase this value by adding further 

material to the fluidised bed, or by increasing the fluidis-

ing flow-rate, the transition zone extended up into the cone, 

producing instability in the flow of suspension at the 

bottom of the burner tube. 

A marked feature of the flames produced was the large dead 

space, in excess of 2 mm. in most cases, between the flame-

front and the burner rim. Considerable quantities of suspen- 

sion were seen to pass through this space, and by-pass the 
and 

flame completely. A detailed description of the appearancedfd 

behaviour of these flames will be given in the results 

section (Chapter 5). 
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When the main characteristics of these flames had been 

established, consideration was given to the choice of a 

technique for investigating their structure. Most previous 

workers with laminar dust flames confined their attention 

to the measurement of overall burning velocities or flame 

speeds, e.g. Long, Kaesche-Krischer & Zehr, Cassel, Das 

Gupta & Guruswamy, and Ghosh, Basu & Ray. These obtained 

values of overall burning velocity by dividing the suspens-

ion flowrate at the burner by the total area of the flame-

front. This method was not applicable in the present case, 

since some of the suspension by-passed the flame. In these 

circumstances, the flow of suspension into the flame-front 

could only be determined from a knowledge of the local 

suspension velocities approaching the flame-front. Particle 

track photography appeared to be the only method of obtain-

ing this information. The use of particle track photography 

could also yield detailed information about the flow pattern 

of the suspension through the burner tube and into the 

flame, which has an important influence on flame shape and 

stability. Moreover, since this technique gives local 

velocities across the flame front, it would permit calcula-

tion of the variation of burning velocity across the flame. 

Particle track photography was therefore used to study 

the flame structure. A few subsequent measurements were 

made on flame temperatures and flame quenching. 

1.  Particle Track Photoraphy.  

The layout of the apparatus for illuminating the 

particles and photographing the tracks is shown in plan 
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in fig. 27i. Fig. 2713 shows the illumination system in 

detail. 

The camera was of the quarter plate double-extension 

type, with an 1/4.5 lens of 13.5 cm. focal length. It was 

used fully extended to give approximately 1:1 magnifica-

tion. As a result of space limitation, it was impracticable 

to use an illumination system with a condenser and collima-

tor, so a parallel light beam was produced by means of a 

flash-bulb and two slits. The chopper for interrupting 

the light beam was made of thin card, and was rotated at a 

speed of 2400 r.p.m. by a small induction motor. It was 

necessary to use a very narrow light beam to obtain a 

suitable number of illuminated particle tracks, as the 

particle concentrations in dust flames are many times 

greater than those used in particle track photography of 

gas flames. The slits were each formed by the edges of two 

razor blades spaced with strips of paper. Preliminary 

experiments showed that the slit width which gave the 

clearest photographs was 0.007 in. Further trials were 

necessary to synchronise the flash-bulbs with the camera 

shutter, as the latter was not provided with a synchronis-

ing device, and to find the most suitable bulbs. The 

lycopodium flames were very sensitive to. air currents, and 

the mica draught shield shown in fig. 27b was used to 

reduce these to a minimum. 	Additional shielding, not 

shown in the figure, was necessary to prevent stray light 

from the flash-bulb or from external sources entering the 
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camera lens. Ilford HP3 plates were used, and these were 

developed in 'Promicroll for 20 minutes at 60°F. 

The only flames suitable for burning velocity measure-

ments were those with flat or saucer-shaped flame-fronts, 

since in these the entire flame-front was visible. As will 

be described in more detail in the next chapter, in some 

lycopodium flames only a small portion of the flame-front 

was visible, in which case the flame area could not be 

determined. 

Measurements on flames stabilised on the 10.9mm. diameter 

tube were restricted to values of Cr  in the region 

125 mg/litre to 185 mg/litre. It was found to be imposs-

ible to stabilise flames at concentrations below the lower 

figure on this burner, and Ck  values higher than 

190 mg/litre copld not be produced satisfactorily•in this 

apparatus for the reasons already mentioned. (p.97.) 

Whilst the flames were burning, a sticky deposit consis-

ting of charred or partly burned lycopodium particles 

gradually accumulated on the rim of the burner tube, and 

inside the top of it. These deposits affected the flow 

of the suspension,causing irregularities or asymmetry in 

the flame. Deposits of lycopodium also collected on the 

wires of the fine gauze at the bottom of the burner tube, 

with similar results. In order to eliminate these 

irregularities as far as possible, the burner tube and 

gauze were carefully cleaned before the burner flow was 

turned on and the flame ignited, and the photograph 
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was taken as soon as the flame appeared to be burning 

steadilyl i.e, in most cases between 5 and 20 seconds 
after ignition. 

The procedure for taking a particle track photograph 
was as follows. The bed was fluidised, and samples were 

taken at intervals until the concentration of the suspen-

sion produced reached an almost steady value; the fluidis-

ing flow was then adjusted until the concentration was in 

the region of the value desired. The exhaust flow was 

adjusted to give a burner flow in the region of 1.2 to 

1.5 litres/Min., and the burner tube was cleaned. This 

was done by gently brushing the gauze, the inside of the 

tube, and the tube rim with a fine squirrel-hair brush. 

The draught-shield was placed round the top of the burner 

tube, the exhaust by-pass was closed, and the suspension 

issuing from the burner tube was ignited by applying a 

small gas flame. The resulting flame was observed, and 

the burner flow was adjusted by means of the exhaust 

needle valve until the whole flame-front was clearly 

visible, and as nearly flat as possible. The flame was 

then blown out, and the exhaust by-pass opened. Any 

deposit on the burner tube rim was carefully removed with 

a knife, and the concentration was measured at the same 
burner flow as used for the flame, following the procedure 

already described. Next, the chopper motor, which took 

several minutes to reach its working speed, was switched 

on, the burner tube was cleaned with a brush as before, 
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and in addition any dust on the outside of the tube 

which would interfere with the observation of the 

particle tracks was brushed off. The draught shield for 

the flame was brushed clean and placed in position, and 

the light shields round the flash bulb were also position- 

ed. 	The exhaust by-pass was closed, and the suspension 

ignited. The flame was observed for a few seconds, and 

if it appeared to be symmetrical, and was burning 

steadily, the camera shutter was operated. 	Immediately 

afterwards, the flame was blown out, the by-pass opened, 

and the deposit was scraped from the tube rim, then 

another concentration measurement was made. If the flame 

appeared to be asymmetrical, or did not burn steadily, 

no photograph was taken, but the flame was extinguished 

and the tube was cleaned again before re-igniting the 

flame. 

The time interval between the concentration measure-

ments made before and after taking each photograph was 

usually in the region of 10 minutes; the setting of 

the sampling flow needle valve remained constant for 

both of these measurements. During the measurements 

a careful watch was kept on the water manometer indicat-

ing the pressure within the cone; any slight fluctua-

tion in the flowrate was reflected in a change in the 

manometer reading. If the mean pressure in the cone 

during either of the measurements deviated from 
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atmodpheric by more than 0.4 in. water gauge, the results 

of the run were rejected, The error in the measurement 

of concentration and flowrate resulting from any such 

deviation was estimated from Table I (p.79), which 

refers to a range of flowrates similar to that used in the 

flame studies. 	The results there indicate that the 

maximum change in the values of concentration and flow-

rate caused by a change of 0,8 in. water gauge in the 

cone pressure was 4%. Since the change in cone pressure 

was small compared with the pressure drops over the 

fluidising flow and exhaust flow systems, the changes 

in concentration and flow may be taken as roughly 

proportional to the change in cone pressure, A 

fluctuation in cone pressure of 0.4 in. water gauge 

would therefore indicate an error of about 2% in the 

measured concentration and flowrate. Another source 

of error was the gradual change in concentration with 

time, occuring as material was lost from the fluidised 

bed; in most cases there was a small drop in concen-

tration between the measurements made before and after 

taking the photograph. For the flames analysed in 

detail,this drop did not exceed 2% of the concentration, 

and the mean of the two values was taken as the concen-

tration of suspension burning in the flames. The 

measurements of concentration and flowrate were 

therefore accurate to within 3 or 4%. 
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In order to study the flow of the suspension through 

the burner tube in the absence of flames, particle-track 

photographs were taken for several values of concentration 

and burner flowrate using the procedure just described, but 

.omitting ignition of the flame. 

2. Temperature Measurements. 

A few measurements of flame temperatures were made using 

a platinum - 13% rhodium-platinum thermocouple. The thermo-

couple wires were 0.001 in. in diameter. 

To measure flame temperatures, a flame was first stabili-

sed, and the suspension concentration and flowrate were 

measured in the usual manner. The suspension was then re-

ignited, and the thermocouple junction was moved into posi- 

tion in the flame, just above the flamefront. Whilst the 
e. 

thermocouple '1.m.f. was read on a millivoitmeter, a photo- 

gra of the flame was taken to give the position of the 
A 

thermocouple junction relative to the flamefront. 

A temperature profile of the flow approaching the flame-

front was obtained in the following manner. The thermo-

couple was mounted on a screw movement, so that it could be 

moved vertically along the axis of the burner tube. 

A telescope fitted with an eyepiece graticule carrying a 

vertical scale was used to measure the heights of the 

thermocouple junction and the centre of the flamefront 
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above a fixed datum. When conditions of concentration 

and flowrate which gave a suitable flame had been establish-

ed, the flame was extinguished, and the burner cleaned, 

then the thermocouple junction was positioned on the 

axis of the burner tube, just clear of the top of the tube. 

The suspension was ignited, and a millivoltmeter reading 

was taken simultaneously with a telescope reading of 

the thermocouple and flame-front positions. The thermo-

couple was then moved vertically through two turns of the 

screw movement, and the telescope and millivoltmeter 

readings were taken again. This procedure was repeated 

until the thermocouple was in the flame. The presence of 

the thermocouple caused some instability in the flame, 

which oscillated in a vertical direction, and on this 

account it was impossible to obtain precise readings of 

temperature or positions. When the thermocouple was moved 

up into the flame-front, the latter moved down about 2 mm., 

so that no temperature reading could be obtained immediate-

ly above the flame-front. 

34. Flame Quenching Measurements. 

Flame quenching in the 10.9 mm. diameter burner tube wRs 

investigated by the following procedure. The suspension 

concentration and flowrate were adjusted to permit a flame 

to be stabilised on the burner tube. The flame was blown 
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out, and the suspension flowrate was gradually reduced by 

slowly opening the exhaust flow needle valve. At intervals 

a lin.longgas pilot flame was passed slowly over the top of 

the burner tube, to see if the flame would flash back into 

the tube. When a flame flashed back for some distance along 

the burner tube, the suspension concentration and flowrate 

were measured, then the tube and gauze were cleaned, and a 

series of ten ignitions was carried out for these conditions. 

Each ignition was carried out as follows. The exhaust 

valve bypass was closed, and when a steady stream of suspen-

sion was issuing from the burner tube, the gas pilot flame 

was passed slowly over the mouth of the tube. The approxi-

mate distance for which the flame propagated down the tube 

was noted. The bypass was then opened. Intervals of at 

least ten seconds were allowed between ignitions, which was 

sufficient to prevent the tube becoming hot to the touch, 

and the tube was brushed clean at frequent intervals. 

With the 10.9 mm. diameter burner tube, the flame did not 

flash back along the whole length of the tube under any of 

the conditions of concentration and flowrate obtainable, 

but was quenched after passing a few cm. down it. The 

apparatus was therefore modified slightly to allow a tube 

of larger diameter to be fitted, in an attempt to obtain 

flame propagation along the whole length of the tube 

(14.5 cm.) A flame trap gauze, 24-mesh and made of 0.002 in. 

diameter aluminium wire was fitted to this tube, 
114 

in a similar manner to that used with the 10.9mm. tube. 
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With the larger tube of 13.5 mm. internal diameter, it 

was possible to obtain flame propagation along the whole 

of its length; the flame flashed back as far as the gauze 

at the bottom of the tube, and then continued to burn 

steadily in the tube above the gauze. 
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CHAPTER 5. 

Results and Calculations.  

1. Lycopodium Flames Stabilised on the10.9mm, Burner.  

As already mentioned in Chapter 4, flames were stabilised 
• mi 

on the 10.9 mm. diameter burner tube in the range of Ck  

values from 125 mg/litre to 185 mg/litre. (Ck, the 

mean kinetic concentration, represents the mass flow of 

particles up the burner tube divided by the volumetric 

air flow up the tube; see p..58). No flames could be 

stabilised at concentrations less than the lower figure, 

and the apparatus was unsuitable for the production of 

suspensions with Ck  values above about 190 mg/litre. The 

general characteristics of these flames were as follows. 

At values of 	between 125 mg/litre and about 

135 mg/litre, flames tended to be unstable, and frequently 

went out abruptly. They could not be stabilised close 

to the burner rim, but burned with the flame-front 

several millimetres above it, e.g. plate P36, fig. 28. 

The flame-fronts were blue in colour, and usually flat 

or saucer-shaped in profile. Above the flame-front, the 

tracks of individual burning particles could be distingui-

shed within the flame envelope. If the flowrate of sus-

pension was gradually increased, the flame would move 

further away from the burner until it became unstable and 

went out; in some cases flames were stabilised for brief 

periods with their fronts more than 1 cm above the burner 

rim. If the suspension flowrate was gradually reduced, 
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the flame moved down towards the burner, becoming 

smaller and going out when the front was of the order of 

0.1 cm. above the burner rim. 

Flames in the approximate r4nge of Ck  from 135 mg/litre 

to 170 mg/litre burned more steadily than the leaner 

flames, were more luminous, and could be stabilised 

closer to the burner rim, with dead spaces between the 

flame-front and the rim of the order of 0.1 cm. By 

adjustment of the burner flow, the flame-front could be 

made practically flat, e.g. plate P27, fig. 29. 	If the 

burner flow was then increased, the central portion of 

the flame-front moved upwards, and the whole flame became 

much more luminous, resembling a gaseous diffusion flame. 

No inner cone of the Bunsen type could be observed through 

the luminous outer envelope, and only the periphery of 

the blue flame-front remained visible. These flames 

became very irregular in shape as the central portion of 

the flame-front lifted. 

Flames for values of U.1c greater than about 170 mg/litre 

showed a type of behaviour not observed at lower concen-

trations; when first ignited they were similar in 

appearance to those in the intermediate range of concentra-

tion just described, but when the burner flow was adjusted 

to give a flat flame-front, after burning for i min. or so, 

the periphery of the flame-front gradually moved down on to 

the burner rim, so that the flame-front itself took on the 

shape of a shallow cone, similar to a Bunsen cone of wide 



Plate P 36 

Ek  =133 m9  /litre 

Plate P43 

Ck  =149' mg/litre 

Fig. 28. Examples of Lycopodium Flames. 
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Plafe P27 

156mg/lifre 

Pia+ e P50 

Ck  = 159m3Aitre 

Fi3. 29 Examples of Lycaradt.um Flames 
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angle. This cone was somewhat unsteady, and fluctuated 

in shape, so these flames were not suitable for the measure- 

ment of burning velocity. In this condition, the dead 

space at the burner rim appeared to be of the same order as 

for a gas flame. When the burner flowrate was gradually 

reduced, the flame moved slowly back into the burner tube, 

where it continued to burn with a smoky red flame. 

2. Analysis of Particle Track Photographs.  

In analysing particle track photographs of gas flames, 

it is assumed that the particles accurately follow the 

gas flow-lines. The particles used in such work are 

mostly of the order of 5,s in diameter, in which case this 

assumption does not involve serious error. In the present 

case, since the lycopodium particles are about 30u in 

diameter, inertial effects are more important, and the 

particles would be expected to deviate from the air flow- 

lines where the latter are sharply curved. However, since 

the calculation of particle trajectories was quite imprac- 

ticable, it was necessary to assume that the particle 

tracks followed air flow-lines for the purpose of analysis. 

Since in laminar dust flames there is usually an 

appreciable relative motion between the dust particles 

and the air, the burning velocity of the suspension may 

be defined using either the air velocity or the particle 

velocity. In the present case a burning velocity based 

on the air velocity was chosen, following Long.
31  

The analysis of the photographs was carried out as 



follows. As the analysis assumes symmetry of the flame 

about the burner tube axis, all photographs showing 
markedly asymmetrical flames were rejected as unsuitable. 
The remaining photographs were enlarged to ten times 
actual size, and printed on extra hard bromide paper. 

Three prints, using different exposure times, were made 

from each plate, as it was found that comparison of 

several prints facilitated identification and measurement 
of the tracks. Co-ordinate axes were drawn on each print, 
as shown in fig. 30a, the y-axis was drawn along the tube 
axis, and the x-axis 1 in, below the top of the tube. 
Particle tracks were picked out and measured, using spring-
bow dividers. In most cases the clearly defined portion 

of a track included at least two cycles, where a cycle is 

taken as the distance between the commencements or termina-
tions of successive streaks. (fig. 30b). The information 

noted for each track consisted of the mean length of 

cycle for the track, the inclination of the track to the 

x-axis, and the co-ordinates of its commencement. Velocity 

profiles of the flow were then constructed from these 

measurements. In order to construct a profile, it was 

necessary that a sufficient number of tracks distributed 
over the cross-section of the flow should commence at 
similar values of y. The longest particle tracks on any 

of the photographs were just over 1 cm. in length on the 
print, and it was found by measuring the length of 

successive cycles in these tracks that no significant 
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change in velocity took place over the length of the 
the 

track, except in/case of some tracks actually entering 

the flame-front. It was therefore considered that a 

velocity profile could legitimately be constructed from 

tracks commencing in a 1 cm. range of values of y on the 

print (fig. 30c), provided that the profile was not too 

close to the flame-front. Values of y were chosen to 

utilise the maximum number of available tracks in each 

base. 	In constructing the profiles, the vertical compo-

nents of the measured particle velocities were taken, and 

the settling velocity of lycopodium (taken as 2 cm/sec. 

see chapter 3) was added, to give the vertical components 

of the air velocities. 	The resulting velocity profile of 

the air flow was taken to apply at a cross-section having 

a y-co-ordinate equal to the mean of the 3,alues at the 

commencements of the tracks used in constructing the 

profile. 

It was found that the majority of the flame photographs 

did not show a sufficient number of clearly defined tracks 

for any velocity profile to be obtained, and therefore 

could not be analysed. Of over 30 photographs taken, only 

eight proved suitable for detailed analysis. One photo-

graph taken in the absence of a flame, P.59, was also 

analysed. The particle tracks were very poorly defined 
•••1111, 

for suspensions with Ck  values greater than about 

160 mg/litre, and as a result none of the flames burnt at 

concentrations higher than this could be analysed. 
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Figs. 31 and 32 show velocity profiles typical of 

those obtained. 	In some cases it was possible to obtain 

two or three profiles at different cross-sections of the 

same flow. When the profiles had been constructed, the 

procedure was as follows. 	In the case of the flow sketched 

in fig. 33, profiles were obtained for the sections yl and 

Y2. 	Several stream-tubes of different diameters, co-axial 

with the burner tube, were marked on the print at section yi 

and these were extended from yi to y2 and then on to the 

flame-front by sketching along the particle-tracks on the 

print. 	The outermost stream-tube was constructed so that 

it just embraced the whole flame-front; this was done by 

starting from the edges of the flame-front, and sketching 

back down the particle-tracks to sections y2  and yl. 

Assuming that the particles follow the air flow-lines, the 

flow along each of these stream-tubes remains constant from 

section yl to the flame-front. The air flow through each 

of these stream-tubes was calculated at section yl by 

graphical integration of the velocity profile for this 

section over the appropriate diameters measured from the 

print, and the calculation was repeated for section y2. 

(The prints were ten times actual size). 	Comparison of the 

two values thus obtained for the flow through each stream- 

tube gave an indication of the accuracy of the method; 

some of the results for P.39 are set out in Table III as 

an example. 
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Table III 

Flows in Stream-tubes for P 39.  

Diameter of Stream-tube 

at section yl 	(cm.) 

Calculated Flow in 

Stream-tube:- 

at section yl  

cm3/sec) 

at section y2  . 

(cm3/sec) 

1. 0.2 1.16 1.13 

2, 0.3 2.60 2.77 

3. 0.4 4.64 4.50 
, 

The diameters given in the table refer to the actual 

size, not the dimensions on the print. It is seen that 

the largest discrepancy between the two flow values obtained 

for a stream-tube was about 7%. The main sources of this 

inaccuracy were probably (a) the difficulty of sketching 

in the stream-tubes precisely, and (b) the difficulty of 

constructing the velocity profiles owing to the scatter of 

the individual particle velocities. 

The variation in local burning velocity over the flame-

front was calculated as follows. With the convention 

adopted, the burning velocity, Su, is defined as the com-

ponent of the cold air velocity perpendicular to the flame-

front. (This definition is based on that for a pre-mixed 

gas flame.) Considering a small area of the flame-front 

dA cut by an elementary stream-tube, as in fig. 34, if 

the volumetric air flow along the tube based on ambient 
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conditions is dq, then the burning velocity over area dA 

is given by dq/AA. The volumetric air flows calculated 

for the stream-tubes were based on ambient conditions, since 

the velocity profiles used were sufficiently far from the 

flame to be at atmospheric temperature, according to the 

temperature profile given below. Prom the stream-tube 

flows, the air flows into the central area of the flame-

front al, and the annular areas a2, a3, a4  (shown in section 

in fig. 35) were obtained. The areas themselves were ob-

tained from measurements made on the print; where necessary 

allowance was made for the curvature of the flame-front by 

approximating its shape to that of a portion of a sphere. 

Division of the flows by the corresponding areas gave the 

mean burning velocities over the zones al, a2, a3, a4  of 

the flame-front. The results for each flame are given in 

graphical form in fig. 36, where the burning velocities 

for each zone are plotted against the mean radius of the 
4 4 

zone; e.g. for P.39, the central zone of the flame-front, 

corresponding to al, has a radius of 0.165 cm, and the 
•• 

mean radius was therefore taken as 0.083 cm; the annular 

area correspOnding to a2  has an inner radius of 0.165 cm 

and an outer radius of 0.331 cm, the mean of which is 

0.248 cm. The outer edge of the flame is shown in each 

case. 

The overall burning velocity for each flame, Su, was 

obtained by dividing the total air flow into the flame-front. 
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by the total area of the flame-front. 

The information obtained from measurement and analysis 

of the particle-track photogra4 apart from the local 

burning velocities plotted in fig. 36, is summarised in Table 

IV (p.128). This gives the mean kinetic concentration Ok), 

the burner flowrate (q), the overall burning velocity 

(nu), the flamefront area (A) and the vertical height (h1) 

of the lowest point of the flame-front above the burner 

rim. In fig. 37 the maximum local burning velocity for 

each flame (Smax)  is plotted against ;e  From the figures 

given in Table III for P39, it appears that the values of 

local and overall burning velocities obtained may be 

accurate to the arder of t10%. 

3.  Temperature Measurements. 

In Table V which gives the results of the thermocouple 

measurements, the following symbols are used, in addition 

to those already defined:- 

T. is the temperature given by the thermocouple. 

h2 is the vertical co-ordinate of the thermocouple 

junction relative to the flamefront, + signifying 

above the flamefront and - below, e.g. + 2mm. 

indicates that the juncton was 2mm. vertically 

above the flamefront, and - 2 mm. that it was 

2 mm. below the flamefront. 

No correcticn for heat losses by radiation has 

been made to the thermocouple temperature, as it is-  , 
difficult to allow for the effect of the particles 

present. 
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TABLE IV 
Data from Analyses of Particle-Track Photographs.  

Photograph. 
ck 

(mg/litre) 
q 

(litres/min) 
g,.-  -A 
(cm/sec) (cm) 

hl 
:cm) 

P.27 156 1.37 - 1.31 0.15 
P.36 133 1.43 13.0 1.09 0.28 

m 
P.37 127 1.51 - 0.81 0.41 
P.39 125 1.50 11.0 1.22 0.58 
P.41 127 1.39 ...„. 1.74 0.69 
P.42 143 1.53 14.5 1.01 0.32 
P.43 149 1.54 14.0 1.01 0.34 
P.50 159 1.40 12.5 1.39 0.22 
P.59 125 1.58 - 	No flame - 

m In these cases the particle tracks near the edge of the 
flame were too indistinct to permit the evaluation of 
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Table V Flame Temperatures. 

C
'lc 

(mg/litre.) 

q 

(litres/min.) 

h 
2 

(mm.) 

T 
(GC) 

143 1.53 +1.9 1550 

150 1.23 +1.5 1550 

163 1.19 11.5 1510 

••••••••• 

Table VI 	Temperature Profiles. 

kq k (mg/litre.) (litres/Min.) 

h
2 

(mm.) 

T 

(do) 

Flame A 143 1.53 -0.6 to -0.9 52 

-0.3 to 0 1180 
, -1-1.9 1550 

Flame B 137 1.56 -1.9 to -2.6 20 

-1.3 to -0.9 68 

I
-0.3 to -0.6 750 

Adiabatic Flame Temperature. 
In order to obtain an adiabatic flame temperature for 

comparison with the values given above, the calorific 
value of the lycopodium was measured in a bomb calori-

meter. This measurement yielded a gross calorific value 

of 7500 cals/g. and a net value of 7000 cals/g for 

lycopodium containing 3% moisture. 



Analysis of the lycopodium gave the following ultimate 

composition:- 

Carbon 	65.3% by weight 

Hydrogen 	9.6% 

Nitrogen 	1.1% 

Moisture 	3.0% 	" 

Oxygen 	21.0% 	" (by difference) 

This analysis agrees closely with that gival by 

Line, Rhodes and Gilmer47, who also determined the ash 

content as 1% by weight. 	The moisture content of the 

lycopodium as burnt was about 5%; making the necessary 

corrections, it appears that the stoichiometric 

concentration of the suspension under ambient conditions 

of 20°C and 760 mm. is 124 mg/litre. 	The adiabatic 

flame temperature of this mixture was calculated using 

the graphical method of Underwood60  , which gave a 

value of 1970°C. 	As no value could be foupd for the 

heat required to volatilise lycopodium, a value of 

100 cal/g. was assumed for this calculation. 

131 
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Quenchiaz Measurements. 

The suspensions emerging from the burner tubes 

were ignited by passing a 1 in. long gas diffusion 

flame over the top of the tubes. 	The distances the 

resulting flames travelled down the tubes are given 

in Table VIII. 

Table VIII Flame Propagation in Tubes. 
••••=0/1•••••••••••••••••••••••••••/••••Mal•••••••100.1111••••••••11•••••• 

Burner 

Tube. 
k 

(mg/litre) 

q 

(litres/min) 

-. --0:63-----111-15WITEEETR-B- i-e-a-7 

Results of 10 trials 

2 cm. & 4 cm. down tube 

ll mm. bore 140—  

11 mm. 	bore 123 0.545 7 propagated less than 

0.5 cm., 

3 propagated 	1 to 2 cml  

13.5 mm. 	bore 128 1.11 

. 

5 propagated 	2.5 cm., 	1 

3 propagated 	4 cm., 

2 propagated whole 

length of tube, and 

continued to burn on 

gauze at bottom. 
1. 
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5. Refraction by the tube wall. 

In order to find if refraction by the burner wall 

caused the particle tracks to appear at a position sig-

nificantly different from their actual position, the 

following experiment was carried out. The actual burner 

tube was not available, but a tube of similar dimensions 

was used. Equally spaced lines were scribed lengthwise 

on a strip of brass having a width equal to the tube bore, 

and the strip was inserted into one end of the tube, so 

that a portion of it remained sticking out (fig.38). The 

scribed lines were thus in the same position as the zone 

of illuminated particles. A travelling microscope was set 

up and used to observe the position of the lines and the 

edges of the strip as they appeared out side and inside the 

tube. The greatest apparent displacement of the lines by 

refraction occurred at the edges of the strip; however, 

the particle tracks used in analysing the photographs all 

lay within 0.45 cm of the tube axis, and it was found that 

in this region the maximum error of position due to refrac-

tionwas 0.011 cm. This error can be neglected in com-

parison with the other errors involved in the measurements. 
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CHAPTER 6.  

Discussion and Conclusions.  

The significance of the experimental results obtained 

will be discussed under three main headings:- 

1): Performance of the dust dispersing sytem. 

2). The flow of dust suspensions in tubes, 

3), Dust flames. 

1, Performance of the dust dispersing system.  

The dust dispersing system developed for carrying out 

flame studies proved to be simple and flexible in operation. 

Mean kinetic concentrations up to about 190 mg. of lycopodium 

per litre could be obtained with burner flows in the neigh- 

bourhood of 1.5 litres/min. (The kinetic concentration of 

the burning suspension considerably exceeded the mean 

kinetic concentration of the whole flow, for reasons which 

will be discussed later.) The dispersion apparatus was 

very compact in comparison with systems using hoppers and 

mechanical conveyors, and the quantity of dust required to 

produce a flame was as little as 15g. The concentrations of 

the suspensions produced, measured over 1-minute sampling 

periods, remained constant to within 3 to 4% for up to 

30 mins. Flames could only be burnt for periods of about 

i minute, since over longer periods the accumulation of dust 

on the burner rim was sufficient to cause disturbances of 

the flow pattern, leading to asymmetry of the flame. 

However, this difficulty is common to all forms of apparatus 



136 

for burning laminar dust flames. 

The elutriation of particles from a fluidised bed is 

essentially an unsteady process, since it takes place by the 

bursting of 'bubbles' at the surface of the bed. 	In the 

transition zone above the bed, the local concentration and 

velocity of the suspension fluctuate rapidly. Above the 

transition zone these fluctuations die out, and the flow 

of suspension appears homogeneous to the eye. However, 

it is possible that small fluctuations persist in the 

apparently uniform flow, and affect the stability of the 

flames. 	Since the concentrations were measured by sampling 

over a period of 1 minute, such fluctuations would not affect 

the measured concentration values significantly if their 

durations were only of the order of 1 second or so. 	It was 

observed that flames burning at concentrations near the 

lower limit of stability tended to go out abruptly, (p.109), 

and it seems likely that small fluctuations in suspension 

concentration were responsible for this. The flames burning 

at higher concentrations, which were more stable in position 

and shape (p.110), were evidently less sensitive to any 

fluctuations. 

Mean kinetic concentrations greater than about 190 mg/ 
litre could not be obtained without increasing either the 

fluidising air flow or the bed depth to values which caused 

instability of the suspension in the cone. This limitation 

was produced by the dimensions of the apparatus rather than 

the dispersion method itself. Higher concentrations could 
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have been obtained by increasing the overall height of 

the cylindrical column and the cone. These modifications 

would permit the use of higher fluidising velocities or 

deeper beds. 

The kinetic concentrations of the suspensions produced 

were found to be dependent on the burner flow-rate. At 

burner flows in the region of 1.2 to 1.5 litres/min., as 

requited for stable flames, the mean kinetic concentration 

increased slightly with increase of burner flow. It will 

be demonstrated later that this effect is due to the settling 

of the particles relative to the air, and is therefore 

unavoidable. 

Since the elutriation rate from a fluidised bed increases 

as a high power of the gas velocity through the bed (see 

p. 21), the concentration of the suspension produced was 

very sensitive to changes in the fluidising air flow. 

A fine-control needle valve was therefore desirable for 

controlling the latter; however, no valve of this type having 

the required pressure drop/flow characteristics was available, 

and the control valve actually used did not perilit fine 

adjustment of the fluidising flow. It was therefore imprac-

ticable to maintain a constant kinetic concentration at the 

burner while varying the burner flow. Because of this limit-

ation, it was not possible to study the effect of of variation 

in the burner flow on flames burning at-  constant 

concentration. 
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At burner flows less than about 0.8 litresAin., the mean 

kinetic concentration at the burner fell off sharply with 
decreasing flow, in a manner similar to that shown by the 
sampling measurements given in fig. 15. (It should be noted 

that the latter were made with the earlier form of the 

apparatus, in which the sampling tube was of smaller diameter 

than the burner tube used later.) To obtain flash-back 

conditions for the quenching experiments it was necessary to 

use burner flows in the range 0.5 to 0.6 litres/min., and at 
these low flows only a narrow range of inflammable concentrat-
ions could be obtained, so that only a few measurements of 

quenching diameter could be made. For systematic measurements 
of quenching diameter, the apparatus would need to be modified 

to enable higher concentrations to be achieved, on the lines 

already suggested. 

It has been pointed out (p.11) that local variations in 

the concentrations of flowing suspensions can easily arise. 
In the case of flames stabilised on burner tubes or nozzles, 
concentration differences nay be set up during the flow of 

the suspension through the tube or nozzle. Most of the workers 

studying combustion in dust systems have made no attempt to 

check the uniformity of concentration of their suspensions, on 

account of the experimental difficulties involved. since any 

variations in the suspension concentration arising during 

flow will have an important effect on the flame, the flow of 

dust suspensions in tubes will now be discussed in detail. 

2, The flow of dust suspensions in tubes. 

Information about the behaviour of suspensions in laminar 
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flow through tubes is given by (a) the experiments on 

sampling, reported on p.63 (figs. 14 and 15), (b) the 

experiments on tube flow described in chapter 3, and (c) 

the particle track photographs obtained as described in 

chapter 4. 	Since the presence of a flame stabilised on 

the burner tube affects the flow inside the tube to some 

extent, only the photograph P.59, (fig. 39), will be con- 

sidered at present. 	This was the only photograph taken in 

the absence of a flame which was analysed in detail. 

In interpreting any of the particle-track photographs, 

the following points must be borne in mind:- 

(i) The illuminated tracks lie in a narrow zone of the 

flow, whilst the entire flame appears in the photo-

graph, since the burning particles are photographed 

by their own light. 

ii) The intensity of the tracks depends to some extent 

on the orientation of the respective particles, which 

are irregular in shape. 

(iii) Refraction at the tube wall causes the initially 

parallel light beam to diverge slightly, so that it 

becomes wider and less intense as it crosses the 

tube, (from right to left in the photographs). 

iv) The tube wall appears thicker on the photographs than 

is actually the case, owing to refraction effects 

(see p. 133). 

(v) The number of tracks intersecting a line of unit 

length drawn horizontally across the tube in any 
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part of the photograph is a function of both the 

local air velocity and the local particle concen-

tration. 

(vi) 	The view of the illuminated zone of the suspension 

is partly obstructed by the suspension flowing in the 

portion of the tube between this zone and the camera. 

The thickness of this obstructing layer of suspension 

is greatest for tracks lying close to the tube axis, 

and least for those lying near the tube wall, It 

would therefore be expected that tracks lying near to 

the tube wall would appear the most clearly defined 

in the photographs. 

A satisfactory account of the flow of suspension in the 

burner tube must take account of the following experimental 

data:- 

(a) The velocity profile of the flow measured from 

photograph P.59. 

(b) The existence of a region practically free of tracks 

near to the tube walls, as seen in photographs P.4 

and P.59, (fig. 39.) This region was less prominent 

at the lower flowrates used for the sampling measure-

ments described on p,63. 

(c) The behaviour of this apparently particle-free region 

as observed in the experiments on tube flow described 

in Chapter 3. 

(e) The variation of Uic  with tube flow observedin the 

sampling experiments, (fig. 15, p.64.) 
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Consider first the particle—free space adjacent, to the 

tube walls, as seen in photographs P.4 and P.59. 	In the 

former, the light beam illuminating the tracks was about 

lmm. wide, much wider than that used for the other photogr,- 

aphs. 	The absence of tracks in this region may be due to 

(i) low air velocity near the walls, (ii) low particle 

concentration near the walls, or (iii) a combination of both 

these effects (see point (v) above.) 	Since the velocity 

profile is known for P.59, the effect of the local velocity 

on the number of tracks crossing different parts of the line 

y = 	0,27cm (i.e. the section for which the profile was 

measured) may be calculated. The calculation, details of 

which are given in Appendix A, was made on the assumption of 

uniform static concentration over the tube cross—section; 

the reason for this assumption will become apparent later. 

The line y = w 0,27 cm, was divided up into 0.04cm lengths, 

and the number of particles crossing each of these lengthi 

during the period of illumination (1/200 sec) was obtained: 

The results of this calculation are shown in Table VIII; 

column I gives the position of each 0.04cm length in terms 

of the distance of its ends from the tube axis?  and column 

II gives the average number of particles crossing each 

length during the period of illumination. 



I II 
Distance from Tube Axis 

(cm.) 
Average number of Tracks 

crossing length 
0 -0.04 

0.04 - 0.08 
0.08 - 0.12 
0.12 - 0.16 
0.16 - 0.20 
0.20 - 0.24 
0.24 - 0.28 
0.28 - 0.32 
0.32 - 0.36 
0.36 - 0.40 
0.40 - 0.44 
0.44 - 0.48 
0.48 - 0.52 
0.52 - 0.55 (tube wal 1) 

1.9 
1.9 
1.9 
1.8 
1.7 
1.7 
1.6 
1.5 
1.4 
1.2 
1.1 
0.9 
0.6 
0.2 
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Table VIII 

Calculated Distribution of Particle Tracks for 
Photograph P.59. 

The results in Table VIII refer to one-half of the tube cross- 
section. The calculation therefore indicates that a total of 

about 39 particles should cross the line y= -0.27 cm. in the 
illuminated zone during the period of illumination (1/200 sec); 
this compares with about 26 tracks actually visible crossing 
this line on the photograph. The discrepancy is probably caused 
by the presence of agglomerates containing two or more 
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particles, (see p.68), and also by overlapping of tracks. 

This comparison indicates that the number of tracks 

actually visible on the photograph is about two-thirds of 

the calculated number. Now no track is visible crossing 

the line considered on either side of the photograph beyond 

a point 0.36 cm. from the tube axis, while from the calculation 

about 4 particles would be expected to cross in the illuminated 

zone beyond this point on either side of the photograph. This 

suggests that the assumption of uniform static concentration 

over the whole tube cross-section is invalid, and that the 

static concentration in the apparently particle-free region 

at the walls is mach lower than elsewhere. 

Particle-track photographs of flames burning several mm. 

above the burner rim show a particle-free space up to the top 

of the tube similar to that in P.59, e.g. P.36 and P.43, (fig. 

28) but in the case of flames closer to the burner, e.g. P. 50 

(fig. 29) the particle flow-lines diverge to some extent 

within the topmost portion of the tube itself. 

In accounting for this region of low particle concentration 

near the tube walls, the following factors may be important:- 

(a) Effects at the tube entrance, e.g. inertial effects 

causing the particles to follow paths different from 

the air flow-lines, 

(b) The convergence of the flow-lines towards the tube 

axis as the velocity profile becomes fully developed, 

(c) The Magnus effect, which would cause rotating 
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particles to experience a force impelling them 

towards the tube axis, 

(d) At points very close to the tube wall, the upward air 

velocity is less than the settling velocity of 
lycopodium particles. 

The contributions of these factors will be discussed in 

order. 

(a) Effects at the tube entrance. 

In the experiments with flames, direct observation of 

the flow at the burner tube entrance was not possible, as a 

result of the position of the cone. However, information 

about these flow conditions may be deduced from the obser-

vations on tube flow described in chapter 3. The sketch 

of the particle flow-lines at the entry to the plain tube 

given there, (fig. 24a), shows the particle-free space cf 

the order of several mm, wide observed immediately below 
•• 

the tube rim, The result of an increase in the air flow 

was to reduce the width of this space (fig, 24b). This 

effect may be explained as follows, The situation is 
illustrated by the sketch in fig. 40, which shows the obser-

ved particle paths, (dotted), and the air flow lines (solid) 

inferred from the observed particle motion. Consider the 

air flow-line from point A onwards; the vertical velocity 

component of particles in the neighbourhood of point A is 

less than that of the air surrounding them, since they are 

settling with respect to it, whilst their horizontal 

velocity component is approximately equal to that of the 
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surrounding air, provided inertial effects are small. 	(It 

will be shown later that particle inertia effects are 

negligible in the present situation.) 	The particles there- 

fore follow paths less steeply inclined to the horizontal 

than the air flow-lines from point A onwards. 	At point C, 

adjacent to the tube wall, the particles originally in the 

neighbourhood of the air flow-line at A are all some way 

below it, and as a result a particle-free space is pre&pit 

below the tube rim, and in the tube itself. 	An increase in 

the air flow through the system results in an increase Of 

the vertical and horizontal velocity components of the air 

along the flow-line, so that the angle between the air and 

particle flow-lines is reduced.. 	This reduces the thickness 

of the particle-free region below the tube rim„ This corres-

ponds to the effect observed experimentally (fig. 24b.) 

A simple experiment was used to test the picture just 

suggested. 	If this explanation is valid, the width of the 

particle free space will increase with increase of the 

lateral distance the streamline moves from A to C in fig.40. 

If the small-diameter tube is displaced to one side of the 

main tube as in fig. 41, the particle-free region should be 

reduced in width on the side where the lateral movement of 

the flow-lines is least, i.e. the right-hand side in the 

figure, and increased on the opposite side. 	This experi-

ment was carried out using the same system as for the tube 

flow experiments described in chapter 3. 	It was found that 

using a flowrate of 2.0 litres/min, with the 13.5 mm. bore 

tube mounted as shown in fig. 41, the column of suspension 
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emerging from the top of the latter was displaced towards 

the right-hand side as predicted. The widths of the 

particle-free spaces, measured at the top of the tube, 

were .approximately 2mm, and 4.5mm. on the right-hand and 

left-hand sides respectively. 

The observations made using the tube with the bell-

mouthed entrance may be explained on a similar basis, 

The situation is sketched in fig. 42, which shows why the 

particle-free space was observed to be present from the 

widest part of the bell onwards. The shape of the air and 

particle flow-lines is basically similar to that for the 

plain tube, which explains why the diameters of the columns 

of suspension emerging from the two tubes were practically 

the same. (p. 88). Similar considerations apply in the 

case of the disc with an orifice. 

The situation in the apparatus used for flame studies 

differed from that in the experiments just discussed, 

since in the former case only a portion (about a quarter) 

of the suspension flow from the bed passed into the burner 

tube. A tentative sketch of the flow pattern in the com-

bustion apparatus is given in fig. 43. The upward velocity 

of the air at points DD just above the bottom of the burner 

tube is likely to be quite low, with the result that par-

ticles do not penetrate into this region. The settling 

of the particles relative to the air in the flow approach-

ing the tube entrance will give rise to a particle-free 

space in the manner already described. With low flow-rates 
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in the burner tube or sampling tube, the lateral displace-

ment of the air flow-lines approaching the tube entry is 

small, and as a result the particle-free region is narrower. 

Thus it was observed that at low sampling flows the particle-

free space was hardly noticeable. (p.66). 

The entry effects just discussed are solely due to the 

settling of the particles relative to the air, and it has 

been assumed that particle inertia effects are negligible 

in this situation. This assumption will now be examined. 

The significance of particle inertia effects may be estimated 

by reference to the value of the particle parameter, P. 

The value of this dimensionless parameter gives an indication 

of the extent to which the path of a particle suspended in 

an air flow deviates from the air flow-line as a result of 

particle inertia when the air flow-line curves round an 

Obstacle or into a sampling nozzle. (see e.g. RICHARDSON
61
.) 

The value of P may be expressed as:- 

p  

9D7 

where in the case of flow into a sampling tube, the symbols 

have the meanings:- 

is the particle density, 

d is the particle diameter, 

U is the mean velocity in the sampling tube 

D is the sampling tube diameter, 

q is the air viscosity. 
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For values of P less than about 1/3, in the viscous 

flow regime, inertial effects in sampling may be neglec-

ted, i.e. the particles will not deviate significantly from 
62, 63 

the air flow-lines as a result of their inertia. 	It 

was found that the maximum value of P for any of the tube 

flow experiments carried out, including the flame studies, 

was 0.17. 	It appears, therefore, that effects due to par- 

ticle inertia at the entrance to the sampling tube or burner 

tube were negligible in the present work. 

b). Convergence of flow-lines in the tube. 

The velocity at entry to the burner tube may be taken 

as substantially uniform over the tube cross-section, and a 

measured profile is available for a cross-section near the 

top of the tube.' From these two profiles the radial dis-

placement of an infinitesimal volume of air moving from one 

of these cross-sections to the other may readily be calcula-

ted, using continuity equations, Considering the outermost 

particle track visible in the tube on photograph P.59/ which 

is at a radial distance of 0.43cm. from the tube axis, the 

radial displacement suffered by this particle in travelling 

from the tube entrance as a result of the convergence of the 

air flow-lines was calculated. (Appendix B.) It is shown 

that the air flow-tube having a radius of 0.43cm. at the top 

of the tube has a radius of 0.49cm. at the tube entrance. 

Hence in travelling up the tube, the outermost particles 

experience a radial displacement of 0.06cm. towards the tube 

axis as a result of convergence of the air flow lines. 
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C). 	The Magnus effect. 

When spherical particles are suspended in a laminar 

flow of fluid having a velocity gradient, they experience a 

couple tending to make them rotate. 	It has been shown theor- 

etically by JEFFREY64  that the equilibrium angular velocity 

of a sphere rotating freely under the influence of this 

couple is given by G/2, where G is the velocity gradient. 
65 

This has been experimentally verified by MASON and BARTOK 7  

who used glass spheres from 50j.  to 300)Lin diameter suspend-

ed in corn-oil with velocity gradients in the range 0 to 

40 sec-1. As mentioned in the introduction, p. 17, if the 

spheres settle relative to the fluid flowing up a vertical 

tube, the orthodox Magnus force resulting from the rotation-

al and translational velocities of the spheres relative to 

the fluid should impel the spheres towards the tube axis. 

Experimental evidence quoted in the introduction (p. 18) 

indicates that this simple picture is inadequate, but a 

rough calculation of the order of magnitude of the radial 

movement of the particles predicted by the conventional 

analysis was made for the present situation. 	This calcula-

tion again applies to the outermost particle visible in P59. 

(Particles closer to the tube axis experience a smaller 

velocity gradient, and hence a smaller value of the 

Macnus force.) 

RUBINOW and KELLER
66 
 have calculated the Magnus force 

experienced by a rotating sphere moving in a viscous fluid 

at small values of Reynolds number (i.e. at values of parti- 

cle Reynolds number much less than 1.) 	Their analysis 



153 

applies strictly to a uniform flow field, but they indicate 
that it will probably give a value of the right order of mag-
nitude when applied to particles in a suspension flowing 
through a tube. The value of Reynolds number for the parti-
cles in the present case, based on a particle diameter of 3011 
and a settling velocity relative to the air of 2 cm/see, is 
0.04, so the application of Rubinow & Keller's result is just-

ified. From the measured velocity profile for the upper part 
of the tube (fig.31)2  the velocity gradient experienced by 

. the outermost particle visible was estimated as 100 sec.-1  

According to Rubinow & Keller the Magnus force F experienced 

by a sphere of radius a rotating with angular velocity to and 

moving with velocity V relative to a fluid of density r  is 
given by 	F = Trcu a3y)V 
(the axis of rotation being perpendicular to the direction of 

the relative velocity V.) 

In the present case, OD - G/2 `="--- 50 radians/sec. 

Making the various substitutions, 	F is 5.5 dynes, 

At equilibrium, this force is equal- to the Stokes' law drag 
on the particle, thus- F = 311 urd 

where ur  is the radial velocity component of the particle 

due to the Magnus force, d the particle diameter, and the air 
viscosity is 7  . Substituting, the value of urat equilibrium 

•I 

is 0.011 cm/sec. The vertical velocity .of the 

particle up the burner tube is 18 em/sec. (from the velocity 
profile) and if these velocities remain constant over 
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the length of the burner tube, (14 cm.) the particle would 

move 0.009 cm. radially towards the tube axis as a result 

of the Magnus force in travelling up the tube. This value 

is probably an overestimate, since the time required for 

the particle to accelerate to the equilibrium values of 

angular velocity and radial migration velocity have been 

neglected, Also, the value taken for the velocity gradient 

only applies to that portion of the tube in which the flow 

is fully developed; in the lower part of the tube the 

velocity gradient at the radius considered is smaller. 

Moreover, it is possible that the particles do not rotate, 

since they are not spherical, and may be sufficiently 

asymmetrical to resist the turning moment of the couple 

produced by the velocity gradient. It is clear from this 

discussion that even if the Magnus effect is operative in 

the present case, its contribution to the particle-free 

space is negligible, 

d). Low air velocity close to the walls. 

It may be seen from the velocity profile for P59 that 

the zone adjacent to the wall in which the air velocity is 

below the lycopodium settling velocity is quite narrow, 

only of the order of 0.1mm thick. 

It appears, therefore, that the effects discussed under 

(c) and (d) make only a very small contribution to the 

observed particle-free space, and that the effect of par-

ticle inertia at the tube entrance may be neglected. Thus 

it is concluded that this space arises largely from the 
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effects of the particles settling relative to the air in 

the approach to the tube entrance. The convergence of the 

flow-lines in the tube makes only a small contribution to 

the space. This accounts for the observation that the 

column of suspension was approximately constant in width 

over most of the tube length. (p. 89). In order to obtain 

more information about the behaviour of the particle-free 

space, further measurements were made on some of the particle 

track photographs available. The photographs used were 

taken in the absence of flames, similar to No. P.59, which 

has already been discussed. The poor definition of the 

tracks in most of these photographs made them unsuitable 

for detailed analysis, but it was possible to measure the 

diameter of the column of suspension in the tube. Isolated 

particle tracks away from the main column were ignored in 

making this measurement. The same measurement was made 

on three photographs with flames in which the flames were 

some distance above the burner; in these cases the diameter 

of the column was taken at a point before any divergence of 

the tracks took place. These measurements are given in 

Table IX below„ 



	

Number I Burner flowrate k 	Diameter of 

(litres/min) (mg/litre) suspension 

column. 

(cm.) 

	

1.58 	125 	0.74 

	

1.43 	181 	0.77 

	

1.27 	115 	0.74 

	

1.40 	I 	165 	0.76 

	

1.56 	138 	0.75 

	

1.26 	150 	0.77 

	

1.58 	158 	0.75 

	

1.25 	133 	0.76 

	

1.39 	127 	0.73 

	

1.54 	149 	0.74 

	

125 	0.76 

'Plate 

1 

P.59 

P.70 

P.60 

P.64 

P.63 

P.77 

P.73 

P.62 

P.4131  

P. 43.R  

P.3941 	1.50 
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Table IX. 

Diameters of Suspension Columns in the Burner Tube. 

The photographs marked R were taken with flames present. 

These measurements show that in the absence of a flame the 

diameter of the column of suspension approaching the top of 

the tube is practically independent of the suspension con-

centration or flowrate, over the range of these variables 

used. 	They also show that flames burning at heights of 

several mm. above the tube rim have little effect on the 

width of the particle-Tree space in the tube. 

Since effects due to particle inertia and the Magnus 

force may be neglected, it is possible to apply a modified 

form of Walton's first theorem on the sampling of suspen- 
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siont, and so to obtain important information on the 

concentration distribution over the tube cross-section. 

The original form of this theorem has been given on 

p. 16; the modified form may be stated:- 

Consider a suspension of uniform particles in air in 

steady flow. Then if air density changes and particle 

inertia effects are negligible, the static concentration 

of the suspension will remain constant along any particle 

flow-tube. 

This theorem may be proved as follows, adapting Walton's 
treatment. 

Initially, assume the particles to be of the same 

density as the air, so that their settling velocity is 

zero. There is then no relative motion between the parti-

cles and air at any point. Since any small group of 

particles remains associated with the same volume of air 

throughout the motion, the static concentration remains 

constant along any particle flow-tube. (A particle flow-

tube is a volume bounded by particle flow-lines). If the 

particles are now given a settling velocity v, their 

resultant velocity at any point will be the vector sum of 

v and the air velocity at that point. Since v is constant 

over the whole system, the resulting particle flow-field 

will be the same as that of particles having zero settling 

velocity in an air flow formed by superimposing a uniform 

velocity v on the original air flow-field. In the latter 

case, as already shown, the static concentration remains 
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constant along any particle flow-tube; therefore the 

static concentration must also remain constant along 

any particle flow-tube in the more general case when the 

particles settle with respect to the air. 

When this theorem is applied to the present case, 

it indicates that any variation in static concentration 

over the cross-section of the column of suspension flow-

ing up the tube (excluding the particle-free space) origi-

nates in the body of suspension flowing up from the 

fluidised bed. In the transition region above the bed, 

conditions are highly turbulent as a result of the violent 

'boiling' of the bed, and it would be expected that eddy 

diffusion would produce a fairly uniform concentration of 

suspension over the column cross-section. The suspension 

flowing up from the transition zone appeared quite uniform 
w 

to the eye. Previous :Vorker9 studying laminar dust 
28 

flames, e.g, Hattori
30

1  Kaesche-Krischer and Zehr , and 

Long
31 

 , have assumed that the concentrations of their 

dust suspensions were uniform over the cross-sections of 

the burner tubes they employed, but were unable to verify 

this experimentally. In the present case, however, it 

was possible to make a check on the concentration dis-

tribution over the burner cross-section by applying the 

theorem derived above to the sampling results presented 

in fig.15. The significance of these results may be 

seen by reference to fig. 44, which shows the flow of 

suspension entering the bottom of the sampling or burner 



Cone 

Scvniai i 	tithe 

Level A 

Gquze 

Isq 

Par-ride. paths  

5. 44; Flow entering tube. 



160 

tube. Level A is a cross section just before the stream-

lines begin to converge at the approach to the tube entry. 

On account of the presence of the gauze near the bottom of 

the cone, the upward air velocity may be taken as uniform 

over this cross-section, except in the immediate neighbour-

hood of the cone walls. At a certain sampling flowrate qi  

the air any the particles flow into the sampling tube from a 

circular area of radius rl, and at a higher rate q2  from a 

circular area of radius r2, If the static concentration of 

the suspension is uniform over both these areas, it follows 

from continuity that the values of Ck for the samples taken 

at the two flowrates will be equal, since the air velocity is 

also uniform over these areas. This does not apply for sam-

pling flows below about 0,3 litres/Min, for which the veloc-

ities in the sampling tube were less than those outside it; 

also, at sampling flows below 0.4 litres/Min., aggregates of 

particles had been observed falling down the sampling tube, 

as described in Chap. 2, Since these aggregates were not 

collected in the sampling filter, concentration values ob-

tained under these conditions were lower than the true 

values. Inspection of the sampling measurements (fig.15), 

leaving out of account the values obtained at flowrates less 

than 0.4 litres/Min., shows that oic  remains substantially 

constant over a wide range of flowrate; at flows between 

0.6 litres/Min and 1.07 litres/Min. Ctk  did not deviate by 

more than ± 4% from its mean value over this range. This 

result shows that the static concentration of the suspension 

was practically uniform over the area of the flow in the 
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cone from which the sample was withdrawn, and the applica-

tion of the theorem derived above shows that this uniform-

ity would persist in the column of suspension flowing up 

the sampling tube. In the flame studies, the burner tube 

flows used were up to 50% higher than the sampling flows 

just mentioned, but as the fluidised bed flows for the 

flame studies were also up to 25% higher than the maximum 

values used in the sampling experiments, the flow condit-

ions in the two sets of experiments are comparable. It is 

therefore concluded that for the flame experiments also 

the static concentration of the suspension flowing up the 

burner tube was practically uniform over the cross-section, 

except for the particle-free space adjacent to the tube 

wall. 

The picture so far built up of the flow approaching 

the stationary flamefront is that it consists of a central 

column of suspension having a substantially uniform static 
concentration over its cross-section, surrounded by a layer 

of particle-free air. The thickness of this particle-free 

space was almost constant for all the burner flows employ-

ed, except over a few mm, at the top Of the tube, where it 

was in some cases reduced in width by the presence of a 

flame. The concentration actually experienced by the 

stationary flamefront is the ratio of the particle and air 
flows into it, i.e. the kinetic concentration for a stat-
ionary reference plane. The velocity-profiles of the 

flows approaching the flame, e.g. F..27 and P.50,show con-
siderable variations in velocity across the flamefront, so 
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that different parts of the flames will experience differ-

ent kinetic concentrations although the static concentra-

tions are uniform. (The relation between the local static 

and kinetic concentrations, Cs  and Ck  respectively, for a 

vertically upward air flow of velocity u, and particles of 

settling velocity v is given by:- 

Cs = ek(41V) 
The concentrations measured were mean kinetic values, 

based on the total flow of air and particles through the 

burner tube. However, owing to the presence of the parti-

cle-free region, the kinetic concentration in the column 

of suspension was much higher than this measured value. 

A detailed analysis of the flow was carried out for 

photograph P.59, in order to find the concentration in 

the column of suspension, and to account for the measured 

velocity profile. The diameter of the column of suspen-

sion in the tube was found to be approximately 0.74am.s  by 

measurement from the photograph; the rest of the tube 

diameter was occupied by the particle-free space. The air 

flow within the column diameter was obtained from the 

measured velocity profile, and by assuming that all the 

particles collected in the sampling filter were carried in 

this column, the mean kinetic concentration of the column 

0i was obtained. This was 210 mg/litre, compared with 

the di value of 125 mg/litre. The mean air velocity with-

in the suspension column was obtained from the measured 

profile as 36.5 cm/Sec, and since the settling velocity of 



163 

lycopodium is 2 cm/sec, the static concentration in the 

column is given by:- 
Cs  m. 210. (  366552 ) = 222 mg/litre - 

A theoretical analysis of the flow was attempted, 

using the following model. Tha.problem was treated as being 

analogous to that of the pipe flow of two immisdible 

one of which flows in a layer at the pipe walls. The suspen-

sion was assumed to behave as a Newtonian fluid of greater 

density than the particle-free air flowing adjacent to the 

walls. The density of the suspension is the sum of its 

static concentration and the air density. The viscosity of 

suspensions of spherical particles may be obtained from the 

equation due to EINSTEIN67: 

1 4- 2.5c 

where pis  and 7  are the viscosities of the suspension and pure 

air respectively, and c is the concentration of the particles 

expressed as a fraction of the total volume. The equation 

was derived for low concentrations, and experimental evid-

ence suggests that it applies for ,values of c up to about 

0.01.68, 69. Taking the density of lycopodium particles 

as 1.2 g/cc.59, it is found that the highest value of c in the 

present work is of the order of 0.19 x 10-3, for which qs  

does not differ significantly from 	, so the viscosities 

of air and suspension were taken as equal. On this basis, 

the equations for fully-developed laminar viscous flow were 

set up, and solved to obtain the equations of the velocity 

profile. The complete derivation is lengthy, and so is 
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given separately in Appendix C. 

The particle tracks visible in photograph P.59 are 

parallel, which indicates that the flow is fully developed 

in the upper portion of the burner tube, and the theoretic—

ally derived profile may therefore be compared with that 

measured from the photograph. 	For comparison, the entry 

length was calculated for air flow through the tube from 

the formula due to BOUSSINESQ70. Since the developing 

velocity profile approaches full development 

asymptotically, the entry length is defined as the distance 

downstream of the tube entry at which the velocity on the 

tube axis reaches 99% of its fully developed value. 

Boussinesq's formula gives X, the entry length, in terms of 

the tube radius, r, and the Reynolds' number, Re:. 

X =, 0.13r.Re 

where Re is based on the tube diameter. Substituting a 

value of air flow equal to the flow of suspension for P.59 

(1.58 litres/min.), and the appropriate air density and 

viscosity, gives an entry length of 14.3 cm., which is 

slightly greater than the burner tube length (14 cm). 

The equations derived for the velocity profile were:— 

= (P-f9h) 	r2) 	('S- p).-6A 
47h 	 27  

(P- 	h)  (ate r2) 	(fs -09 	2b2 en(b)3 (g- ) 
us 4711 	 47 

and 
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where 

u is the air velocity in the particle-free 

space, 

us is the air velocity in the column of 

suspension, 

r is the radial distance from the tube axis, 

a is the inside radius of the tube, 

b is the radius of the column of suspension, 

P is the pressure drop over length h of the tube, 

9 is the air viscosity, 

j> is the air density, 

is the density of the suspension, 

g is the acceleration due to gravity, 

and the symbol In indicates natural logakithm. 

In both these equations, P is unknown, since 

the pressure drop was not measured. 	It was therefore 

necessary to fix a value of the velocity at one 

point in order to plot the profile, and this was 
us  

done by making the value of 	on the axis equal 

to the measured axial velocity, 44cm/sec. 

Substitution of this value in the equation for us  

gave a value for P/h and permitted the plotting of 

the complete profile, which is given in fig. 45, 

together with the measured profile for comparison. 

Although the latter shows slight asymmetry, the 

general shapes of the profiles agree closely. 
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The total flowrate corresponding to the theoretical 
profile was calculated (see Appendix C), and was found 
to be 1.50 litres/kin., compared with the value of 

1.58 litres/kin, measured by soap-film meter during the 

experiment. 	(The value of the total flowrate obtained 

from the measured profile by graphical integration was 

1.48 litres/kin. Since errors of the order of 	± 5% 

can easily arise in the construction and integration of 
the velocity profile - see p.121- this value agrees 

well with the soap-film meter measurement.) 	In fig.46 

the measured profile is compared with a simple Poiseuille 

velocity distribution having the same axial velocity; 

the total flowrate corresponding to the simple Poiseuille 

profile is 1.23 litres/kin., much less than the 

measured value. It is seen that over most of the tube 

cross-section, the measured velocity is higher than that 

corresponding to the simple Poiseuille profile. 
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From these comparisons, it is seen that the theoreti-

cal two-fluid model suggested gives a velocity profile and 

total flowrate which agree reasonably well with the exper-

imental observations, whilst the profile and flowrate ob-

tained from the simple Poiseuille analysis differ consid-

erably from those observed, The theoretical model sugges-

ted therefore appears to be a plausible one. 

The theoretical two-fluid model is further compared 

with the simple Poiseuille model in fig, 47, which shows 

the velocity profile as already calculated for the condit-

ions of photograph P.59. using the two-fluid model, and a 

simple Poiseuille profile calculated for the same total 

flowrate, i.e. 1,50 litres/Min. It is seen that the two-

fluid model profile has the flatter shape,• and a lower 

axial velocity, as a result of the presence of the parti-

cles. According to the two-fluid model, this flattening 

of the profile arises from the density of the column of 

suspension being greater than that of the air in the 

particle-free space. 	It follows that if a similar particle- 

free space were present in a vertically downward flow of 

suspension, the axial velocity would exceed that of a 

homogeneous fluid with the same total flow-rate, and the 

velocity profile would be more peaked than that of the 
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homogeneous fluid. Also, if the particle-free space were 

absent, and the static concentration of the suspension 

were uniform over the whole tube cross-section, the veloc-

ity profile would be identical with that of a homogeneous 

fluid flowing at the same rate, 

3. Dust Flames.  

It is clear from the preceding discussion of the flow 

of dust suspensions that the actual kinetic concentrations 

in the dust flames are much higher than the measured tic  

values, as a result of the presence of the particle-free 

space at the burner wall. The mean kinetic concentration, 

' C'k  in the column of suspension flowing into the flame was 

therefore calculated for each flame photograph. The cal-

culation was carried out by the same method as that descri-

bed for photograph P59 on p. 162 ; the diameter of the 

column of suspension was measured from the photograph, and 

the air flowrate q5  in the column of suspension was 

calculated from the measured velocity profile. C' was then 

obtained from the relation:- 

C' 	rk  •R 
qs 

where q is the total air flowrate up the burner tube. The 

values of rk, q/qs  and Ck are given in table 
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Table X. 

Values of a
k  a/43  and C' 

••••••••••••••••••• 

Photograph  k 
(mg/litre) 

qs . 	C' k 
mg/litre) 

P.27 156 1.37 214 
P.36 133 1,57 209 
P.37 127 1.28 162 
P.39 125 1.54 193 
P.41 127 1,83 243 
P.42 143 - - 

P.43 149 1.48 220 
P.50 159 1,47  234 
x For this photograph, the particle tracks at 1 

edge of the flame were, not sufficiently clear to 
the evaluation of q/qs  

he outer 

permit 

The model of the suspension flow discussed above 

suggests that the value of the ratio 4/4:6 is a function of 

both C' and q. It is seen from table X that if the 
111•1110 

flames are arranged in order of increasing q, the arrange-

ment is similar to that in order of increasing el , the 

main exception being no. P 41. The latter has a value of 

4/q s  considerably higher than the other flames; the 

reason for this is not clear, but might be due to some 

asymmetry of the flow not obvious in the photograph. The 

values of C' obtained are subject to considerable error, 

as the diameter of the suspension column is not sharply 
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defined, and the velocity profile cannot be measured 

with high accuracy. This emphasises a basic difficulty 

in the study of small dust flames, i.e. while particle 

concentrations may vary widely over the flame as a result 

of the properties of dust suspensions already discussed, 

it is impracticable to measure local concentrations at 

different parts of the flamefront. 

A graph of Smax against C' ' the kinetic concentration  
of the suspension approaching the flamefront, is given in 

fig. 48. Although the individual values show a wide 

scatter, there appears to be a tendency for S
mx. to increase 

with increase of concentration over the range studied, 

The main features of the lycopodium flames studied may 

be summarised as follows:- 

a). The luminosity of the flames was not uniform like 

that of a gaseous diffusion flame, but arose from 

discrete sources within the flame. This gave rise to 

the streaky appearance of the flames in the photo-

graphs. 

b). The dead space at the burner rim was very large in 

comparison with that usually observed in pre-mixed 

gas flames at atmospheric pressure; e.g. for the 

flames analysed in detail, the flame-fronts were 

between 1.5 mm. and 6.9 mm. above the burner rim. 

c). The flamefronts were flat or saucer-shaped in 

profile. 

d). Flames could only be stabilised at values of a' well 
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above the stoichiometric value. 

e). The local burning velocity was only constant over 

a small portion of the flame area in most cases. 

f). The maximum burning velocity of the flames ;lax :, 

tended to increase with concentration over the range 

investigated. 

g) 	Interpolation of the quenching measurements (Table 

Vii) indicates that a suspension in upward flow, with 

a Ck value of 126 mg/litre has a quenching distance of 

about 13 mm. for downward propagation of the flame°  

h). The temperature profile (Table V1) of a flame with 

a C
k 

value of 137 mg/litre shows that the temperature 

of the air in the suspension begins to rise signific- 

antly at a point about 2 mm. ahead of the visible 

flamefront, 

These features will now be compared with those 

shown by pre-mixed gas flames, and by the flames of 

liquid-in-air and solid-in-air suspensions described in 

the literature, and the significance of these features 

in relation to flame structure will be discussed° 

The large dead space at the burner rim and the flat at 

saucer-shaped flame-front of the flames studied (fig% 28,29) 

are in marked contrast to the typical appearance of pre-

mixed laminar gas flames burning on tubes, which normally 

have conical flamefronts, and dead spaces much less than 

1 mm. An exceptional type of pre-mixed gas flame with a 
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flat flamefront has however been described by WOHL, GAMEY 

71 
and KAPP, who stabilised very lean butane-air flames on a 

1.03.  in. diameter burner tube; these flames had flat or 

saucer-shaped flamefronts similar to the lycopodium flames 

under discussion, and also resembled the latter in having 

a large dead space at the burner tube rim. 

The particle track photographs show that the dead space 

at the burner rim has an taportant influence on the flow 

pattern of the suspension approaching the lycopodium flames. 

Comparing photograph P59, taken without a flame, with any of 

the flame photographs, it is seen that the flame causes a 

marked divergence of the flow emerging from the tube, while 

in the absence of a flame the particle tracks continue practic-

ally undeviated up to 1 cm. or more beyond the tube mouth. 

(The divergence of the flow emerging from the tube mouth seen 

in photograph P4 was exceptional, and arose through inadequate 

protection from draughts; this was remedied for subsequent 

photographs.) It appears that the pressure drop across the 

flame causes the flow emerging from the tube to diverge 

radially outwards through the large dead space between the 

tube and the flamefront into the surrounding atmosphere. 

The pressure drop across a pre-mixed gas flame has a 

similar effect on the flow of gas mixture at the burner 

mouth, but the area of the dead space for typical pre-mixed 

gas flames is so small in comparison with the 
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area of the flame-front that the quantity of mixture 

flowing through it has no significant effect on the 

pattern of flow into the flame-front. The flow-lines in 

these flames therefore remain parallel up to a point very 

close to the flame-front, as shown by the particle-track 

photographs of LEWIS and VON ELBE
72
: The lycopodium flames, 

however, are stabilised in a diverging flow field; if any 

portion of the flame-front moves down towards the burner 

rim, it enters a region of higher velocity, which causes 

it to move back to its original position. This mechanism 

of stabilisation may be contrasted with that usually oper-

ative in pre mixed laminar gas flames, where the stability 

is determined by the velocity gradient at the tube wall. 

It is interesting that Wohl, Gazley and Kapp account for 

the flat flame-fronts of their lean butane-air flames by 

suggesting that the velocity profile of the flow approach-

ing these flames is flatten4d by the pressure drop across 

the flames themselves, This shows some similarities with 

the mechanism of stabilisation just suggested for lycopo-

dium flames?  

Most of the lyeopodium flames in the present work show 

a marked difference in shape from the lycopodium flames 

obtained by Keaeche-Krischer and Wilt.
28
T the latter had 

conical flame-fronts similar to those of pre-mixed gas 

flames, whereas the former mostly had flamefronts which 

were flat or convex towards the burner. It has been pointed 
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out in the literature survey that flat-fronted flames have 

been observed in other dust suspensions; e.g. Ghosh, Basu 
and Ray stabilised coal dust/oxygen-enriched air flames in 
the open air which had flat flamefronts and a streaky 

appearance similar to the lycopodium flames shown in figs. 

28 and 29. The coal dust flames obtained by Long, on the 
other hand, had conical flamefronts. One possible reason 

for the existence of the two types of flame-front in th4 

case of lycopodium is suggested by the observation in the 

present work that flames burning at the higher values of 
eic  gradually moved down onto the burner, and developed 

conical flamefronts (p.110.) It is considered that this 

was caused by gradual heating of the burner tube, which in 

turn preheated the suspension flowing through it, and liber-

ated some volatiles from the lycopodium, thus causing a 

change to a type of flame approaching the pre-mixed gas 

, flame. It is possible that similar preheating of the sus-

pension took place in Kaesche-Krischer and Zehr's work; 

they do not mention any precautions taken to avoid this. 

If such preheating took place, it could account for their 
obtaining the inner-cone type of flame-front. In the 

present work, heating of the burner tube was minimised by 

photographing the flames as soon as possible after ignition 

(p. 104 . The temperature profile obtained for a typical 

flame shows that preheating of the suspension by the tube 
was negligible. (Table V1). 

It is interesting to compare the lycopodium flames 
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obtained in the present work with the flames in 

suspensions of tetralin droplets in air studied by COHEN.73  

Cohen used suspensions which were practically mono-disperse 

and varied the droplet size from 71 to 551.1. He concluded 

that with droplet sizes below 101,1, the droplets evaporated 

completely in the pre-heating zone of the flame, and the 

flame-front was essentially that of a homogeneous air-

vapour mixture. With droplet sizes above 4Optt  the flames 

were completely 'particularised', i.e. only a small propor-

tion of the fuel evaporated in the pre-heating zone, and 

the flame itself was made up of diffusion flames round 

individual droplets. For droplet sizes between 10? 9ed 

4011, the flame structure was of an intermediate type. 

Tetralin suspension flames stabilised on an 11 mm. diameter 

burner tube showed two types of structure; with droplet 

sizes below 10p, the flames had a blue inner cone, while 

for droplets above 10pLthe flames were flat-fronted and 

made up of discrete burning droplets. The latter type of 

flame was similar in appearance to the lycopodium flame 

in figs. 28 and 29, which suggests a similarity of struc-

ture. The following structure is therefore put forward for 

the lycopodium flames studied in the present work. In the 

preheating zone of the flame, some volatiles are liberated 

from the lycopodium particles; these volatiles mix with 

the surrounding air and ignite in the flamefront, the com-

bustion of this mixture giving rise to the blue colour 

of the latter, (p.109). The particles continue to 
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volatilise as they pass through the flame-front, and 

diffusion flames form round each particle; the tracks of 
in 

these diffusion flames form the streaks visible with the 
A 

flame envelope on the photographs. Only that portion of 

the fuel which is volatilised in the preheating zone is 

available for combustion in the flamefront:  so that the 

effective concentration of fuel at the flamefront is much 

less than the actual concentration of the suspension. This 

may partly explain why flames oould only be stalrilised at 

concentrations well above the stoichiometric value. Since 

the burning suspensions are fuel-rich, oxygen from the 

atmosphere must diffuse into the upper part of the flames 

to complete the combustion of the particles. Particles in 

the axial region of the flame, which are furthest from the 

secondary oxygen supply, therefore have the longest burning 

times, and since the velocities are highest in the axial 

region, the flames would be expectOd to have a roughly . 

conical outline, as was actually the case. 

The flame temperatures given in Tables V and V1 are not 

corrected for radiation losses from the thermocouple, as 

the effect of the burning particles is not known. The 

flames are not homogeneous in structure, and the temperature 

of the particles both in the preheat zone and in the flame 

itself will differ from that of the surrounding gases. The 

thermocouple will indicate the temperature of the gas rather 

than that of the particles, e.g. the temperature profiles 

obtained (Table V1) indicate the air temperature ahead of 
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the flame-front, rather than that of the particles. 	The 

value of 2 mm. for the thickness of the pre-luminous zone 

(i.e. the zone of pre-heating ahead of the visible flame-

front,) is of the same order as that for pre mixed gas 

flames of low burning velocity; e.g. the corresponding 

value for a hydrogen/oxygen/nitrogen flame with a burning 

velocity of 8 cm/sec. studied by DIXON-LEWIS and ISLES74  

is about 3 mm. 

In most of the pre-mixed gas flames which have been 

studied in detail, the burning velocity was constant over 

most of the flame-front, except at the extreme edges, and 
75 

at the tips of conical flamefronts. LEWIS and VON ELBE 

give values for a natural gas/air flame on a rectangular 

burner which show that the burning velocity was constant 

over about 70% of a section through the conical flamefront, 

which was 1 cm. wide at its base. For most of the lycopo-

dium flames analysed, however, the burning velocity was 

only constant over less than half of the flame-front area, 

(fig.36) and consequently the overall burning velocities, 

Su , are much less than the values for the central regions 

of the flames, Smax.  The decrease in local burning 

velocity towards the edge of the flame is probably partly 

caused by quenching effects, and will be discussed in more 

detail later. In comparing the burning velocities of 

lycopodium flames with thoseof pre-mixed gas flames, it 

therefore seems appropriate to use the values of Smax 

rather than those of gu,  since the burning velocities of 
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pre-mixed gas systems are usually obtained under conditions 

where quenching effects have negligible influence on the 

result. Considering first the relationship of Smax  to Ci, 

(fig. 48), the lycopodium flames show an important difference 

from the behaviour of pre-mixed gas flames. The latter 

normally show a well-defined burning velocity maximum at or 

near the stoichiometric concentration, above which the 

burning velocity falls; e.g. according to data given by VON 

ELBE and LEWIS76, methane/air mixtures have a maximum burn-

ing velocity of 36.6 cm/sec. at 1.02 times the stoichiometric 

methane concentration, which falls steadily to 16.0 cm/sec 

at 1.5 times stoichiometric. The values of C' for the 

lycopodium flames are all well above the stoichiometric 
concentration (124 mg./litre) yet the burning velocities 

show a general tendency to increase with concentration. 

Other workers have also found that the relationship of 

burning velocity to concentration for dust suspensions 

differs from that of pre-mixed gas flames,e.g. Kaesche- 
28 

Krischer and Zehr reported that the overall burning 

velocity of their lycopodium flames remained constant at 

26 cm/sec over the concentration range 180 mg./litre to 

300 mg:/litre, while Long31  found that the overall burning 
velocities of coal-dust suspensions increased with concen-

tration until the latter reached almost twice the stoichio-

metric value. The overall burning velocities obtained by 

Kaesche Krischer and Zehr for lycopodium flames are approx-

imately double the au  values obtained in the present work 



183 
for flames in the same range of concentrations. This 

difference may be due to (a) the larger diameter burner 

used by Kaemhe-Krischer and Zehr, (2 cm in diameter) for 

which quenching effects would be smaller, (b) possible 

preheating of their suspension, as already mentioned. 

It is interesting to compare the quenching diameter 
gas 

obtained with those for-gem flames. Since the burner tube 

flows used in the quenching experiments were considerably 

lower than those required to stabilise flames, the particle-

free spaces would be smaller than in the latter case, and 

so the kinetic concentration of the suspension ahead of the 

flame would not be much greater than the value of dic  measu-

red, i.e. 126 mg/litre, approximately the stoichiometric 

concentration. According to the data of HARRIS, GRUMR 

et al 77  the quenching diameter of a stoichiometric 

methane/air mixture is 3.2 mm, for downward flame propaga-

tion through a quiescent mixture, and the value for a 

stoichiometric propane/air mixture is 2.8 mm. These 

hydrocarbon/air mixtures show minimum quenching diameters 

at the stoichiometric concentration; the methane/air 

mixture has a quenching diameter of 13 mm at a methane 

concentration of 1.4 times stoichiometric, and the propane/ 
qmeer 

air mixture has a 13 mm quenching die4.fflowQ at a propane 

concentration of 1.7 times stoichiometric. No data on 

quenching diameters appears to be available for other dust 

systems, but Cassel, Das Gupta and Guruswamy.
32 
 mention 

that they found it impossible to stabilise flames less than 
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i in. diameter in aluminium dust clouds. Long31  suggested 

that quenching distances for dust suspensions should be 

larger than those for gas mixtures, basing his predictions 

on calculations of the radiant heat transfer in dust flaMes. 

It has been mentioned that at the lowest values of C
k 

with which flames could be stabilised, the flames sometimes 

went out abruptly, without either blowing off or flashing 

back; also that when the burner flowrate was reduced, these 

flames went out without flashing back into the tube. From 

these observations, it appears that the flames were burning 

under conditions close to quenching. In these circumstances 

their behaviour will be considerably influenced by heat 

losses to the surroundings; the magnitude of these losses 

is a function of the dimensions of the flames, and of their 

position relative to the burner. Since these variables 

could not be controlled independently, and varied widely 

from one flame to another, it is likely that the heat 

losses also varied widely. This may account for the erratic 

variation of Smax with C' Long, who made a large number 

of measurements of overall burning velocities of laminar 

coal-dust flames on a in. burner, also found a very wide 

scatter in the values for a particular concentration and 

particle size; in some cases values obtained under similar 

conditions differed by 40%. 

An increase in the diameter of the flames, other 

conditions remaining constant, would lead to a reduction in 

the proportion of generated heat lost to the surroundings. 
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Hence it seems likely that flames could be stabilised at 

lower concentrations on a burner of larger diameter. Line, 

Clark & Rahman34  obtained a value of 40 mg/litre for the 

lower inflammable concentration of lycopodium suspended in an 
oxygen/nitrogen mixture containing only 18.V. by volume of 
oxygen, in a 2 in. diameter tube. This is very much below 
the lowest concentration at which flames could be stabilised 

in the present work. 

The reasons for the existence of the large dead space at 

the burner rim, which was a prominent feature of the lycopo-

dium flames stabilised, will next be discussed. The flame 

quenching experiments indicate that quenching distances for 

the lycopodium flames are much larger than for comparable 

pre-mixed gas flames, and this may partly account for the 
large dead spaces observed. Apart from wall quenching, two 

other factors may contribute to these large dead spaces. 

These are:- (i) the existence of the particle-free space at 

the walls, and (ii) the variation of kinetic concentration 

with suspension velocity. As a result of the second effect 

the flame experiences a maximum concentration on the tube 

axis where the air velocity is greatest, and a lower concen-
tration towards the edges. The magnitude of this effect can 

be estimated from the results showing the variation of burn-

ing velocity over the flame cross-section, since the local 

burning velocity is defined as the air velocity normal to 

the flame-front. 
burning velocity 
near the edge of 

In the case of plate P42, for example, the 

was 18 em/see on the tube axis, and 11 cm/sec. 
is 

the flame (fig.36). Since the flamefrontiOtlat, 
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these burning velocities represent the vertical components 

of the local air velocities. Assuming uniform static 

concentration over the cross-section of the column of 

suspension, the ratio of the kinetic concentration at the 

edge of the flame to that at the centre is seen-to be 

roughly 0:92:1, using the relation given on p. 162. It is 

possible that in flames near the lower concentration limit 

of stability the kinetic concentration at the edge of the 

column of suspension is too low to support combustion, 

with the result that the dead space is increased. Particle 

inertia effects in the region of diverging flow upstream 

of the flame-front may also contribute to the concentra-

tion differences over the flame cross-section. Although 

it has been concluded that these effects may be neglected a 

c..t the entry to the burner tube, the velocities of parti-

cles emerging from the tube exceed those of particles 

approaching the tube entry by a factor of 3 or 4, so 

inertia effects could be significant near the flame. 

These would result in the particle flow-lines diverging 

less sharply than the air flow-lines, causing increased 

concentrations near the centre of the flame, and corres-

ponding decreases near the edge, 

With the exception of flame P 37, the flames analysed 

in detail show a marked decrease in local burning velocity 

with increasing distance from the flame axis. This has 

already been contrasted with the behaviour of pre-mixed 

gas flames of similar size, for which the burning velocity 
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is constant over most of the flame-front, and only shows a 

decrease, due to quenching, at the edge of the flamefront. 

This difference may be partly accounted for as follows. 

From the quenching experiments in the present work, it 

appears that the quenching diameter of a lycopodium flame 

is much greater than that of a comparable pre-mixed gas 

flame, and therefore quenching effects penetrate more 

deeply into the former; as a result the area of constant 

burning velocity in the lycopodium flame is smaller than in 

a pre-mixed gas flame of similar size. Apart from this 

quenching effect, the variation of kinetic concentration 

over the flamefront, just discussed, will also contribute 

to the decrease of burning velocity towards the edge of 

the flame. In the case of plate P.42, it has just been 

shown that the kinetic concentration at the edge of the 

flamefront is about 92% of the value at the centre. From 

the relationship of burning velocity with Ck, (fig.48) it 

is seen that this decrease in concentration towards the 

edge of the flame corresponds to a decrease of about 

3 cm/sec. in burning velocity. The observed decrease in 

burning velocity is 7 cm/sec, the remainder of which is 

probably accounted for by the quenching effect. 

The relatively large quenching distances observed may be 

the result of radiation contributing to heat transfer in 

these flames. Long31 gives some calculations which suggest 

that in dust flames radiant heat transfer is effective over 

much longer distances than conductive transfer, and on this 
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basis he predicted that dust flames would have quenching 

distances much larger than gas flames. Apart from mathema-

tical complexities, the major obstacle to reliable calcula-

tion of radiant heat transfer in dust flames is the lack of 

information on the size and emissivity of the flamelets 

surrounding the individual dust particles. 

In conclusion, a few remarks may be made about the 

experimental limitations of the present work, and the possi-

bilities for its extension. The most serious limitations 

of the apparatus used were:- 

1). The presence of the particle-free space at the tube 

walls causes difficulty in the accurate measurement of 

concentration, and modifies the characteristics of the 

flames. 

2). As the flames are stabilised under conditions 

approaching quenching, they are verysensitive to heat 

losses, which depend upon factors that cannot be indepen-

dently controlled, such as the position of the flame 

relative to the burner, 

3). At the higher concentrations, particle-track 

photography was unsuccessful, as a result of the large 

number of particles passing between the illuminated 

zone of the suspension and the camera. 

The first limitation might be overcome by modifying the 

design of the apparatus, but the other two pose a dilemma, 

since the use of larger flames less sensitive to heat 

losses would make particle-track photography still more 
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difficult. The discussion has shown that dust flames of 

the type studied modify the suspension flow to a marked 

extent, and therefore some means of observing the flow of 

suspension is essential. 

It is also clear that for a detailed understanding of 

the structure of dust flames, moreinformation is required 

about the factors controlling the burning rate of single 

particles, and the relative magnitudes of radiant and 

conductive heat transfer in such flames. 
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Appendix A.  
Calculation of the number of particle tracks crossing the 
line y= -0.27 cm in photograph P.59. 

First, the relationship between Ck  and Cs  will be 
derived. Assume that Cs  is uniform over the tube cross- 
section (see p.141 and p.161). Using the same notation as 
in the text, let u be the local air velocity up the tube at 
any point on the tube cross-section with a radial distance 
x from the tube axis. Consider a velocity profile in the 
tube, symmetrical about the axis, given by u=f(x), where 
f(x) is some function of x. If the particles settle with a 
velocity v relative to the air, then up  , the local velocity 
of the particles up the tube at any point on the cross-section, 
is given by up=u-v. 

Then ek  , the mean kinetic concentration over the tube 
cross-section, is given by:- a  

J 2  7rx. up  C.  ctx 

fa2Trx. o 

where a is the tube radius. This follows from the definition 
of b

k , p.109. (The small region at the tube wall where u is 
less than v is neglected.) 
Then 

	

csrEgx) v/ x. 	CS  [ rAd.dx — 
Ck = 

	

ja-c_60. d,c 	 f a c dx 
o 0 

since Cs is independent of x. 
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a 
Now 	27rfs  f(x)dx = Tr 02- um  

o 

where um is the mean air velocity up the tube, and hence 

tt-  
Cs  ( m-v) 

This is identical in form with the relation between Ck and 

C given on p.19. 
In the present case, for P59, t'ic= 125 mg/litre, and the 

burner flow is 1.58 litres/Min, i.e. um= 28.2 cmAec., also 

v = 2 cm/sec, so 

Cs= 125 x t22   mg/litre 

The line y= -0.27 cm is divided up into 0.04 cm. lengths for 

the purpose of the calculation, and since the light beam 

was 0.007 in. wide, each of these lengths represents an 

illuminated area of the tube cross-section equal to 

(0.04x0.007x2.54)cm2= 7.1x10-4cm2. 

Taking the number of 3;ycopodium particles per g of powder 
as 9.4x107  (Gregory59 ), and denoting the mean particle 

velocity through an illuminated area by up  , the number of 

particles crossing an an area per second is given by:- 

u (7.1x10-4x12542ALLx10-6x9.4x107) 
26.2 

or approximately 9up. 
The total time of illumination for the photograph was 

1/200 sec., and therefore if the assumption of uniform Cs  
is valid, the number of particle tracks crossing the 

corresponding 0.04 cm. length of the line y= -0.27 cm 
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should be 110 .1.1p 	although the number actually visible 
on the photograph may be less than this, due to the presence 
of agglomerates, and overlapping. 

An example will serve to illustrate the method of cal-
culation used to obtain the figures in Table VIII, p.143. 
Consider the first length given in the table, commencing on 
the tube axis, and ending 0.04 cm. from it. From the velocity 
profile, fig. 32a, it is seen that the mean value of u for 
this length is 44 cm/sec., and hence the mean value of up  
is 42 cm/sec. Evaluating 	0p  , the number of tracks 20 
crossing this length should be 1.9. 



Appendix B. 

Convergence of the air flow-lines in the burner tube. (p.151) 

Consider the flow-tube having a radius of 0.43 cm. on 

the photograph P 59. By graphical integration of the velocity 

profile (fig. 32a) it is found that the total air flow in 
this tube is 19.7 cm3Aec., compared with a flow of 
24.7 cm3Aec, over the whole cross-section of the burner 

tube. Now at the entrance to the burner tube, the air velocity 

is uniform over the cross-section. Hence if the flow-tube 

considered has a radius r1  at the burner tube entrance, , 
441A" 	ig.7 

(1.09)2" 	24.7 

and r1= 0.49 cm. 

Therefore the flow-tdbe having a radius of 0.43 cm. at the 

cross-section y = -0.27 cm. has a radius of 0.49 cm. at 

the tube entrance. 



Appendix Co  

Derivation of the equations for the velocity profile in 
a suspension flow. (see p.164.) 

Consider the flow of suspension in a tube of radius a, 
between sections (1) and (2), fig. Al. The particles are 
assumed to be concentrated in the central column, radius b, 
in which the static concentration Cs is uniform, and the 
concentration of particles in the annular space between this 
column and the tube walls is Adt taken to be negligible. The 
flow is assumed to be fully developed, i.e. the velocity 
profile does not change along the tube. Consider the equilibrium 
of a cylinder of fluid, co-axial with the tube, of radius r 
and height h. 

For r<b, a force balance for steady flow gives:- 
Cpl -P2)trr2 	7Tr2-hf s g + 2:irr4 rj  (Zr = O 	CI) 

where p1  p2  are the pressures at sections (1) and (2) 
respectively, f's  is the density of the suspension column, 
us is the local air velocity up the tube in the suspension 

dus l 
column, (Tr.) is the gradient of us at radius r, 7  is the 
viscosity of the suspension, - taken as equal to the viscosity 
of dust-free air, see p.165 - and g is the gravitational 
acceleration. 

For b<r<a, the steady flow force balance is:- 

(p,—p2,) Irrz— bzh j),(3 Tr(r9s— bz) 	+ 2-1rr h (c-Li) = 0 	(2) 
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Tube wcilis .  

3  A 1, Suspension flow in tube, 



Ica 

where is the density of dust-free air, u is the local 
air velocity up the tube in the particle-free space, and 
is the gradient of u at radius r. 

(dus) _ (Ys5h- 	(3) \c17-4- 	27h 	where 13=p- p 

trite grating, u 	(fs3h-P)r2 -+- A 	(4-) s 	471, 

Rearranging (1) 

where A is a constant of integration. 
Simi larly from (S) , 	(f9k-P)  rti- 1)21. qs 	tft r (6) 

4711 . 	99 
whore B is a constant of, integration. 
At the tube wall, r=a and u=O. Using these boundary conditions 
to evaluate B in (8), it is found that 

(P-990  (c?-r) 	 &to)  u.= • 	 (for b<r<a) (1) 

At rub, utcus  ,,, since there can be no sltp at the interface, 
and substituting (7) in (4) at rob to evaluate A, 

(for rib) (8 (P-  fs9h). 	(fs-09Ece---b2-2b2irt(?).7  
u 	 )s- 

.4.7h . 	4? 
Equation (7) represents the velocity profile fpr the air in 
the particle-free space, , and equation (8) the profile for 
the air in the suspension column. 

P/11 is unknown, and was evaluated by putting the value 
of us  on the axis equal to the value obtained from the 
measured velocity profile (fig. 52a), i.e. 44 ara/seo, 



Substituting the values:- 
a=0.545 cm, 
b=0.37 cm, (measured from the photograph) 
9=180x10-6poise for air at 20°C. 
j).1.21x10-3g/cm3 for air at 20°C. 

C .222mg/1i tre, therefore fs  =(1.21+0.222)x10:3 
g/cmo 

and at r=0, us=44 am/sec. 

1q8 

in (8), 
us= 93(8.2- r2) + 16.4 cm/sec 	(9) (r<b) 

and similarly, 
u = 396(a2- r2) - 83 ln(a/r) cm/sec (10) (b-4: r< a) 

From (9) and (10) the calculated profile in fig. 45 was 
plotted. 
Calculation of the total air flow.  

Let the total air flow in the tube be F, and let the air 
flows in the suspension column and the particle-free space 
be f s and f respectively. 

Then F=f+f s 
Also, a 

-F= 2irS u r. dr  -F5 = 2,-rris  us  r. dt- 

The total air flow was then obtained by substituting for 
u and us from (10) and (9) respectively, and evaluating the 
integrals. The value of F was found to be 1.50 litres/bin. 
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