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ABSTRACT

The prograrme of work commenced with a thorough survey of the published
literature relating to the air-assisted gravity conveying of bulk parti-
culate solids. Aspects of tke behaviour of fluidised powder in stationary
beds were studied vhere it seened possible. that observations of such
behaviour nigzht be useful in predicting how the same powder would flow in
an alr-gravity conveyor. 4As a result, a sinmple chart was prepared allowiag
an etstincate to be made of the mininmuxm flutdicing velocity end the velocity
at which cntrainment of fines cculd occur frcm a knowvledge oaly of the

density and particle size of the powder concerned.

The design and performance of air-gravity conveyors was examined in somo
. detail, considorable effort having been made to bring together as much as
possible of the published information on this method of bulk solids trans-
port. Practical probleas on the desigzn and cperation of conveying instal-

lations have becen highlightcd and techniques are suggested to simplify the
prelimipnary stages of design.

One of the difficulties facing the designer of air-gravity conveyors has
been the lack of a convenient nathematical model that wouid cnable the
perfornance of a given conveyor to be relisbly predicted. A nwmber of
possible modelling techniques were therefore investigated and a new modelling

approach, bascd on the uniforn flow of a fluid in an inclined chennel, has

been proposed.

The experimental work was divided into two parts. In the {irst part various
types ¢ porcus distributor material were examincd and their relative merits
discussed, and then a nunber of powders, heving widely differing character-
istics, werc tecstled in a smrll fluidising rig. Significant features of the
fluidisation behaviour of the poxders in "stationary"” (as opposcd to "flowing™)
beds werc recorded, notably thelr mininum fluidisihg velocities and bulk

densities.

The sccond pusrt of the experimental programme invoived the f£low of an
gerated p.v.c. powvder, of abzout 120 um rear particle egize, in as inclined

channel. Tvwo types of porous distributor were uscd in the chaarel, and iz
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each case the relationships amongst the solids mass flowrate, the channel
slope, the superficial velocity of the fluidising air and the depth of the
flowing bed were observed. Using the modelling approach proposed previously,
the results of the tests on the channel rig were analysed and it was
concluded that, although more experimental data was necded, the correlation
between the 1model and the data obtained so far confirmed that further

investigation would be justified.
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".... vhen you can measure what you are speaking about, and cxpress it

in numbers, you know something atocut it; but when you cannot measure
it, when you cannot express it in numbers, your knowledge is of a
neagre and unsatisfactory kind: 1t may te the beginning of knowledge,
but you have scsarcely, in your thoughts, advanced to tho stats of
SCIENCE, whatever tho matter may be."

(Lord Kelvin, as Sir Williaz Thomscn, speaking on "Electrical Units o2
Lleasurement" at the Institution of Civil Enginecrs, London, 3 Kay
1883.)
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NOMENCLATURE

a varliable index

cross—-sectional area of packed or fluidised bed; constant in
equation A.III.42 et scq.

Archimedes number for particulate bed (defined by cquaticn 2.3.3)
gsurface arca of particle

average surface arca of a pumber of particles

width of conveying channel

coastant in equation A.III.42 et seq.

drag coefficient for a particle in a gas flow

modificed drag coefficient defined by equation 4.11.402
diameter of spherical particle

particle size in sieve analysis

"surface diancter'" of particle

Stokes diameter of particle

"volune diameter" of particle

volume-surface mean diameter of a collection of particles
mass median particle sizo

fricticn Zactor (defined by equation 4.2.20)

drag force on particle

gravity force on particle

specific gravitational force, 9.81 N/kg |

function in equation 4.3.14

height (or depth) of packed or fluidised bed

height (or depth) of bed of particles at condition of minimum
fluidisation

height of fall of particles in sedimentation tank

consistency coefficient of non-Newtonian (power law) fluid

k, k’, k* constants or coefficients as defined in text

kb' Ik shear stress/velocity coefficicents (defined by equations 4.3.10
and 4.3.3) :

kt friction coefficient for flow in packed bed

K, K/, K, constants or coefficicnts as defined in text

Kl parameter in equztion 4.3.19, defined by Ki = uB/rb

Kz parameter in cquation 4.3.19, definecd by Kz = 21"

L length of chanrel



slip

nass flowrate of fluid

mass flowrate of solids in suspension
exponent governing bed expansion; non-Newtonian fluid (power law)
index

number of particles per unit volume of & bed

pressure drcp (p2 - pl) |

pressure drop across packed or fluidised bed

constants in equation 4£.1.2

aspect ratio (h/b)

expansion ratio of fluidiced bed

flow resistance (force) per unit area of particulate bed surface

flow resistance of particulate bed at onset of channelling

flow recsistance of distributor
Reynolds number for flow of a gas through a packed bed
Reynolds number for particulate bed at condition of ninimun

fluidisation (defined by equation 2.3.2)
Reynolds number for a particle in a gas flow (defined by equation

2.5.4)

nodified Reynolds number (defined by equation 4.2.17)

nodified Reynolds rumber (defined by equatioan A.II.40b)

specific surface of a bed of particles

specific surface of a particle

elapsed time

fluid velocity

average velocity of flowing fluid

velocity on the surface of a flowing suspension

average velocity of flowing bed of powder

slip velocity at boundary

superficial velocity in the continuous phase in a particulate bed
mininun cuperficial velocity at which a béd of powder is fully
supported

superficial velocity in a packed or fluidised bed

the value of Uc at € = 1 (see equation 2.4.1)

minioum superficial velocity at which spontaneous bubbling occurs
superficial velocity at condition of incipient fluidisation
terminal velocity of a particle

volumetric flowrate of f£luid
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total volume of packed or fluidised bed
volune of particle

volunetric flowrate of solids

volumetric flowrate of liquid

veight of bed of particles

mass fraction of component in mixture
space coordinates; 1indices in equation 3.2.1
slope 0of conveying channel

shear rate

shear rate at base of channel

shear rate at surface ¢f viscomreter rotor

shear rate at side walls of chanrel

voidage, or porosity

voidage of packed bed
voidage of bed at condition of mininum fluidisatiocon

coefficient of rigidity of non~hKewtonian fluid
hydraulic nean depth defined by equation 4.2.186
viscosity of fluid

apparent viscosity of non-Newtonian fluid
viscosity of gas

kinexatic viscosity of fluid

density of fluid

apparent dersity of bed of particles; bulk density
density of gas

"trusa™ density of a particle

shear stress at surface of plane or at bottom of channel
average boundary shear stress

shear stress at surface of viscometer rotor

ghear stress at side walls of channel

yield stress in Binghan plastic nodel

sphericity of a particle (defined in Sectioa 2.2.2)

&

angular velocity

xii
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CIIAPTER CNE

INTRODUCT10ON

Wwith the continually escilat'ang costs ol packaging and labour, the
gdvantages of haudling perticulate matoericls in bulk are beconing ever
LOore apparext. Amorgst tho verious ecstablished mathods of bulk solids
transport, pneumatic conveying by pipeiine has, in Tecent years, shown
a coasliderablo uvpsurge in popularity. The principal features of this
type of conveyor are its cleanliness, ccavenience and esse of instal-
lation and low caplital cost, but these advantages have to be balaaced
against the less desirable fcatures which include bigh power coasump-
tion and risk of cegradation of the particulatc material (or erosion

of the pipeline and fittings) wher conveying at high velocitics.

In order to conktatl the disadvantages of erosion and high power usage
the current <¢rend 1ln the praunatic handling industry is towards “dense
phase” trapvsport in which the ratio of particulate rolids to conveying
alr is greatly iacreased., In this way the pcwer consumption 1is
redvced, and, since the transport velocities are nuch lower, the risx
of erosion or degradation of tha conveyed material is virtually elinmin-
ated. However, dense-phase coaveying also has its problems, not

least of which 1s the increased tendency of the pipeline to become
blocked. A further Cifficulty stems from the fact that this type of
conveying system operatcs at a high pressure difference., This means
that conventional methods of fecding the particulate material into

the line cannot be used, and the usual technique is to convey the
naterial in batckss from a prescsurized "blow-tank", Furthermore, even
these systeus have a 22irly high power requirement corpared with say

a belt convayor,

Clearly then, there is a nead for 2 pneunatic system that will

operate continuously at Pigh solids flowrates, with low power usage
and with minipur risk of degradatioa or erosion damage. Such a system
already exists, aad has done 80 for cany years, in the form of the
air-assisted gravity conveyor, com:ounly knosn by the trade name,

"air-slide™. Yet {p spite Of the tiperiority of this type of conveyor

o\I1Ep
ot ‘4,
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in wmany situations involving the transport of bulk particulele sollids
(its only major limitation being the need for a continvous slight fall
in e¢levation over its whole length) it does not appear to have achieved
in the industry the widespread acceptance that might have been cxpocrted.
The recson for this hesitation on the part of the user industry is not
really clear, but may stem from a iew unfortunate experiences

regsulting from incorrect design or attempts to aandle unsuitable
materials. Cecrtainly there is very little published inforoation that
is directly helpful to the designer of un air-assisted gravity conveying
system, although there nust exist a wealth of practical data collected
by manufacturers and installers whick, if it were to be mado gencrally

avalilable, would be invaluable to the iadustry as a waole.

The air-assisted gravity conveyor relies for its successful operation
on the use of air (or other gas), supplied through the porous base of

a channel, to reduce the particle-particle and particle-wall contact
forces so that the bulk solid in the channel will "flow" under graviily
even when the inclipation of the channel is very saall. It is in fact
a relatively simple matter to make an air-gravity channel that will
wvork, but if it is to work efficiently and ieliebly as a coanveyor, and
especially if it is to handle "difficult" materials, the designer needs
to have apod understanding of the nature of acsrated solids Zlow.
Because of the shortage of technical data in the literature (and the
difficulty of locating what data there is) the designer has had to rely
almost entirely on practical experience for his understanding of the
subject. The main purpose of the present work is not to remove the
need for such practical experience (for which there ic really uo
substitute) but to reinforce it by assembling in one volumne as much
information as possible on sources of relevant data. To this end the
present progranme of work has inclucded what is bclieved to have beeLn
the most extensive study yet undertaken of the literature relevant to

the air-assisted gravity conveying of bulk particulate solids.

Two familiar phenomena that have been extensively investigated and
nmodclled by many research workers are appropriate to the present study
and may be helpful in the synthesis of models of powcder flow. These

are the fluidisation of particulate materials end the flow of liquids



in inclined chamels. A krnowledyge of the fluidisation behsaviour of a
powder <will cbviously be valuable 1n assessing i1t3 suitability for
air-assisted graviiy conveying and 2iso in estimating the quantity of
alr required, and therefore the preseat work includes a datatled
ciscussion of the fluldisaticr phenomenca, particularly with regard to
the methods of prodicting the behaviour of a bulk s04id frca the basic
properties of particle density and particle size. It ig supgested that
since powder handling 1s not now, and is never likeoly to be, an exact
science, the very iptricate models of powder behaviour that have been
proposed from time to time are probavly little more reliable than some
of the ruch nore strajghtforward nodals involving a minimum nunter of
systerm variables. A sinple chart is presented, which it is felt ehould
provide a usetul preliminary indication of the probable fluidisation

and flow characteristiics of & powder when aerated in an inclined

channel.

In somc senser the present prograrme of work was secn as the forerunner
to a series of studies on different aspects of bulk solids flow in
inclined channsols and cousequently there is perhaps a blas towards the
collection and analysis of previovusly published data. Fowever, there
appeared to exict a need for a simple practical approach to the experi-
mental otudy of flow in air-gravity chanrels acd therefore & modelling
technique was developed which it is huped will eventually allow the
conveying characteristics of bulk solids to be quite easily predicted
by corparison with one of a group of documented types. This technique
of exanining the rclationships betweeir the main system variables 1s
introduced towards the end of Part I of this work, and is later ampli-

fied and discussed in more detail in the light of the experimental data
reported in Part 1lI.
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2.1 INTRODUCTION

If a fluid 18 pacsed uprards through a supported bed of solid particles
or grantles at a rolatively lcw flowrate it will meraly filter through
the intercstitianl voids without disturbing the packing arrangement of
the ted. Foi a given bec the rressure drop across it would depend only
on the flowrate of the fluid, ir most cases the relationship being

approximately proportioral. This systam is termed a "fixed" or "packed"”

bed.

AB the rate of upwarc flutd flow ig increased a stage viil be reached

at which the individual particles or granules becone buoyantly supported
in the flow and the bed i3 said to be "fluidised”. 1In this condition
the dbed cxhibits many fluidlike characteristics; for exanple, it vill
flow from a hole in the side of the fluidising vessel, light objects

can be "floated” on its surface, and the surface will remain borizonteal

if the vessel is tilted.

Further increasa in the fluid flowrate will cause the bed of particles
to expand, thus allowing additional space between the particles through
which the fluid can pass. Alternatively, the excess fluid passes
upwvards through the becd as a series of voids or bubbles. Eventually,

R point will be reached when the interstitial velocity of the upward
flowing fluid approaches the terminal velocity of individual solid
particles. These particles then tend to become entrained in the flow,
being carried upwards from the surface of the bed; and the systen

approaches a state equivalent to that of pneumatic transport.

lhe fluidiesation technique has found widespread acceptance in industry

es a means of epsuring continuous contacting betwveen a particulate or
granular eolid anud a stream of gas or liquid, one of the first appli-
cations being for the gassification of powdered coal. Wartime fuel
requirements provided the impetus for a rapid development in the petro-
leur. industry of the fluid catalytic cracking process, and the know-
ledge gained duripng such development, combined with the results of
tecirnological resexrch, led to a considerable improvement in the uncer-

standing of fluidiced bed behaviour. Many other processes making use



of the advantageous properties of fluidisad Leds have been developed in
industry, including drying, oixing, plastic coating, fluidised combuc-
tior and bulk solids transport. (For an interesting review of forae of

~ese aprlications, see Ref. K10.)

The various stages of the dluidisation process are considered in ihe
following sections, from flow through a fixed bed to elutriation. Some
0of the main factors influencing the quality of rluidisation are then
discusscd. Theoretical analysis o2 fluidisation {is always difficult
because of the large number of variables involved and reliaace has %o
be placed upon a coabined anproach of simple physical models blended
with appropriate experimental data. For instance, even in the case of
novement of gas or liquid through a fixed bad, tie interninglingz of
fluld with solid particles of diverse cize and shape creates a flcw ol
extreme complexity; and yet the experimental determination of the
relationship between pressure drop and flow rate generally presenta

few difficulties.

An enormous amount of literature is available oun the subject of fluid-

isation and the following survey ard discuseion has of necessity been
somewhat restricted. Although there are many obvious similarities
between gas and liquid systems, the experimental study undertaksn has
been concerned with air-assisted gravity conveying of bulk particulate
solids rather than with slurry transport, and the prescnt review 1is

therefore limited to aspects of gas fluidisation relevant to its use

£8 an ald to bulk solids transport.

2.2 FLOW THROUGH A FIXED BED OF SOLID PARTICLES

2.2.1 Introduction

Flow of a fluid upwvards through a supported ted of solid particles
corresponds closely to flow through a porous medium, the difference
betwveen the two situations only really becoming evideat when the fiuid
flowrate is of sufficient nmagnitude to cause movement of individuai
particles within the bed. It has been pointed cut by Zadbrodcky (ic2f.
Z1, page 1) that up to this state the permeatiou of fluid througl the



fixed bed ~au be regardeu elithcer as en internal fliow of €f1luid in tke
interconnecting channels between the particles, or 2 an externsl flow
around the perticles. ccording tc Zabrodsky ihe latter approach is
more easily justified, Lut probally the greatcr numbetr of authors have
chosen to treat permeation au #n internal flow problem and that ic the
approach that &8s followed in this work. Keuncke (Rcf. K3) gives a
dotailed revizw of cttempts to develop theoretical and seni-ewmpirical
expressions for pressure drody in packed and fluidised beds. The work
that seencs to have achievea the greatest ecceptance among those
seeking to predict the flow behaviour in fixed beds is that of Carman
(Raf. C2) whose extensive study has more receatly baen augrented by
Ergun (Ref.E2). Upon their work 1s pased much of tke cnalytical
modelling subsequently proposcd bty various authors leading to expres-
sions for the pressure drop acros3s a fixed bed in tzrms of the prop-

erties of the flowing fluid end of the solid particles within the bed.

2.2.2 DPressurxe drop across fixed bdeds

Ergun (Ref. E2) Las listed the variables influencing flow behaviour in
fixod beds as the rate of fluid flow, the viscosity and dencity of the
fluid, the closencss and orientation of packing, and the size, shape
and surface of the particles. The variables concerning the packed
solids are the VOIDAGE (also called POROSITY or VOID FRACTION) defined
as

e = volume of voids

o total voiumoe of bed

II.III"I.'I'IIII.2'2l1

and the size and shape of the particles, which are conveniently
characterised by defining a VOLULE DIAMETER and a SPHERICITY as

follows:

YOLUME DIAMYETER, dv' 23 the diameter of a sphere having the

same volux2 g the particle.

surface arer of sphere naving volume

n? Earti¢19

surface area of particle

SPHERICITY, ¢ _,

(Note that ¢ 4 1)



These parameters can be related by noting that, since the volunme ol
solid particles in a ted of unit volume is (1 - 80), we can write the
nurnbor of particles per unit volume of the bed as

6{1 - 60)

H = —'?E:j—— --------------rntzlziz

rnd the surface area c¢f particles in unit volume of the bed (that is,

the SPECIFIC SURFACE of the bed) is thcn given by

2 2
¢ wd_ . 6(1 -€g) Td
b ¢ rd_° ¢
3 v 8
6(] -80)
or Sb u ¢ d 'Illl"iillllllllizldla
8 V

(It should be noted that thero are many other waye of characterising
particle size, and the mean size of a collection of particles of

different sizes, and scme of these are introduced in Appendix A I.)

The analytical spproach leading to the development of various forms of
the so-celled Carmen-Kozeny equation for flow in packed beds 1s now

woll established (see for example, Ref. K2 page 262 et seq.) and can be
extended to yicld various expressions for the pressure drop in laminar
flow through such beds, as described in Appcendix A II. An alternative
analysis lead3 to an expression for pressure drop in terms of the kin-

etic energy of the flowing fluid and combining these gives a general

ecuation as
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i which U is tho superficial velocity of the flowing fluid in a packed
bed of depth h, and Re, is a Reynolds number for the bed defined as
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Exparauing equation 2.2.4 yields the familiar Ergun equation which



represents the pregsure drcp acrcs3 & packed bed as the svm of viscous

effect and kinstic cnargy effect,
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One of the main problems in the practical use of this ard cther
expressions for pressuire dror in a packed bed arises from difficulty in
deternining tLe actual voldage of the bed and the sphericity of the

particles in it. Some discussion on this aspect of the work is to be

found ia Appendix A I.

2.3 MINIMUM FLUIDISING VELOCITY

2.3.1 The concept of minimum fluidisation

Ag the 3uperficinl velocity of a fiuid upwards through a stationary
bed of particles is gradually increased, the pressure drop across the
bed incrcases 1n tho manner predicted by correlating equations such as
the Ergun equation. (Equation 2.2.6) A stage will be reached at
which the pressure drop approaches the magnitude of the downward gravity
force per unit cross-sectional area of the bed of particles. I1If the
bed is not restrained on its upper surface, there will be a slight
expansion of the bed accorpanied by a rearrangement of the particles as
each one tends to "float" sepcrately in the upward flow of fluid. This
rearrangement brings the particles towards a state corresponding to the
loosest possible packing in a fixed bed, at which ccadition the voidage

has increased fron the original eo to a value denoted by € The bed

£'
is 2ow on the point of becoming fluidised and further increase in the
superficial Jiuid velocity will cause little, 17 any, change in the

pressure drop across it,

A log-log plot of pressure drop against superficial fluid velocity is
conventionzlly used to 1llustrate tho onset of fluidisation. (Fig. 2.1)

In an "ideal" bed of wniforuly sized spherical particles the relation-
ship between the precssure drop Ap aad thn superficial fluid velocity U
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FICIAL GAS VELOCITY FOR A BED OF SOLID PARTICLES.

10



might be expected to follow purely linear paths without the “peak"™

shown at A on Fig. 2.1. However, in practical beds there 1s likely to
be some rise of the pressure drop above thuat required to maiantain fiuid-
isation, &s the particles *"unlock" themselves from theivr initisl

filling arrangement, and tkis may be followed by some fiuctuation in

Lp as a result of channel formation within tbe bed.

Figs. 2.2a to 2.2f give some typical relationships between Ap and U for
a range o0f real bulk solids. (Bascd on diserams ian Refs. L3, K10, E3,

and R1.)

The tcendency of a bulk solid to fora channels when fluidised usually
decreasces with increasing superficial velccity of the flulidisipng gas.
(Fig. 2.2b.) However, mnaterials that are particularly cohesive or
"sticky” may be inherently unsuitable for fluidisztion, exhibiting
either severe channel formation (Figs. 2.2¢c, 2.2d) or a tyre of

“"slugeging”™ behaviour in which whole sections of the bed rise from

horizontal cracks and then fall back. (Fiz. 2.2e.)

It would of course be expected that in a bed of randomly packed
particles the voidage would not be uniform. As a rcsult, therefore, of
the variation in the local velocity of the fluidising gas in different
areas of the bed, the whole bed will not become fluidised at a single
value of the superficial gas velocity but will do so graduslly over a
range of volocity. When the bed is only partially fluidised its

weight is shared between the fluidising gas and the gas dictributor and
therefore the pressure drop is less than that required to support the
fully fluidised bed. (Fig. 2.2f.) It is usual still to defira the
nininum fluidising velocity as the point of intersection of the linedr
parts of the plot of 1ln Ap against 1n U; (that is, for the fixed bad
and fluidised bed regimes.) If required, a minizum superficial velocity
, could be defined as shown

at which the bed would be fully supported, U
in Fig. 2.2f. (Ref. R1l)

Is

The peak A (Fig. 2.1) tends to be more pronounced when a material 1s
fluidised for the first time after being loaded into a vessel, although

it will to some extent depend upon the method cf loaling and the segreo

11



1c Ap In 4p

/

L R T AT TR TN

-
2
-

In U b. l1n U

In U 1n U

1n 4p - in 4p

-i"/

.. {fluctuation
S
\\
“~

In U
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a) 1deally fluidising materials,
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f) effect of lack of uaifcecrmity in the packing arrange-
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of ccxpaction resulting fron this. It hes been suggested Ly Zabrodsky
(Ref. 241, page 26) that the peak results froam the effect of adhegion of
particles not only to one another, but alsc to the walls 0f the vessel.
Le points out that where this adhesion effect is small it is likely
that the bed will not be uniformly fluidised at a 3ingle vilue of the
superficial velocity of the upward flowing fluid, but rather will
become fluidised either from the top downwards or from the bottom up-
wirds over a transiticn range fluid velocity. (cf. Fig. 2.21.) 1t
could further be argued that if the bed is deep the packiag of the
particles might be "tigtter'" at the bottom than at the 1op causing
higher interstitial veloci®ies and consequently greater pressure drop
per unit depth of the bed. Tending to counteract this effect is the
viariation in interstitial velocity recsultirg from the decresse in
pressure and consequent decrease in density of the gas as {t passes
upwards through the bed. In spite of these effects and the effect of
lack of uniformity of the bed stracture discussed previously, tae
concept of a single "minimum fluidising velocity” (scmetiles called the
"upper mininum fluidising velocity*” to distingulish it from the point at
wvhich the particles first begin to rearrange thewselves) is now well

esteblished and is an important parameter iz ncsat design work involving

the phenormenon of fluidisation.

Another form of irregular behaviour that can be a problem in some types
of system occurs when there is a wide particle size distrituticon.

(Ref. B15, page 73.) This is the segregaticn that may take place as a
result of the finer particles becoming fluidiszd before the cocrser

oncs, and which can cause several peaks to occur in the plot of Ap

against U.

Various correlations have been proposed to encble the minimunm
fluidising velocity for a given bulk solid tc be predictcd. The most
widely used approach is based on a force balaace betwecn the Jdrag
exerted by the upward flowing fluid and the weight of tLe bed acting
downwards; that is, regarding the condition 02 incipieut fluidisation
as a limiting case of the packed bed model. An alternative epproach
clearly is to think of "minimum fluidisation® ac e limiting case cf the
fully fluidised state by considering the superficinl flnia veloclivy at

13



which the particles arc on the point of settling.

None 0f the avallable correlations 1s entirely satisfzactory: naturalay
thecy could hardly be cxpected to be so, for there are a number of
variables such aa particle shape, size distribution and (especially
with finoe particles) intcrpasrticle forces that are virtually inmpossible
adequately to take into account. It is known also that'Umf can depend
upon the bheight of tho bed (Ref. Fl1) and upon the characteristics of

the gas diztributor. (Sec Section 2.6.) Perhaps it could be said that

a8 the diract rmeasurement of Um for a given sacple of bulk solid i»

4
not usvally difficult, tlere is little need to be excesaively concerned

with methods of predicting it. Navertheless, a quick indication of the

probable value of Uﬁ is corteinly useful and a considerable amount of

4
enerzy has beea expended by a nuxmber of workers in searching for =

reliablc correlation. A discussion of some of these correclsations is

given in Appendix A.1I1.2 and & summary will now follow.

2.3.2 The prediction of minimum fluidising velocity.

From a force balance betwcen the drag exerted by the upward flowving
fivid and the downward gravity force cn the bed, a convenient expres-
sion for minimum fluidising velocity can be developed in the form of a
ccrrelation between a Reynolds number and an Archimedes number for the
bed. Thus, usirg the method of Wen and Yu (Ref. W4) to eliminate tho
particle sphericity ¢B and the bed voidage ;mi as explained in Appcndix

A.11.2, the correlation becones

2 y - = --.---2-3-1
Romt + 67.3 Remi 0.041 Arb O cocevoe e
wiere
o d U
Re = -_&L_.!' -:.:-:--2-3-2
nf u oo 0o
(4
and

Ar, = S P BV USURURE - 5
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Other sinilar correlations hetween Remr and Arb have besa proposed, such

&8s that of Baeyens and Geldart (Ref. B3),

1.07 -
Ar, = 1323(Rem£) +21.7(Rem) I Y R IR

b 4

Equations 2.3.1 and 2.3.4 are gZencral ones endeavouring to cover thre
whole range of flow behaviour from lazninar througa transitional to
turbulent. However, at normal atmospheric precsures and temperatiuras
the gas flow through a bed of solicd particles terds to be laminar for
particles having dianaters less than about 500 Lm. XYer suczh
relatively fine particles viscouas effects predoainate and tune expres-
siops for minimum fluidicirg velocity can therefore be simplified by
ignoring the kinetic energy term. In effect of course, this is simply
ueing Stokes lLaw for the drag force cn an isolated particle in a
laminar flow region, with an additional coefficient to take into account
the difference between the drag on a single particle in & packed array

and that on a single isolated particle.

This approach leads to &n expression for U ¢ of the forn

Ju
2 Pp = Pe
Unt = Kdv g ug l-i-lq-i--l-l--|2'3.5

Various values of K have been proposed (sec Appendix A.II.2) bLut
according to recent experimental data reported by Butt (Ref. B30), a

b

value of K of about 8 x 10 ® should generally give the closest

prediction.

2.3.3 Fluidisation with air at normal ambient_ganditions

Although the equation 2.3.5 represents the cimplest form ot the
correlating equations considered, consistent with reascaable relia-
bility of prediction of the minimum fluidising velocity, it is worth
noting that for gas fluildisation (pp - pg) = pp. Furthermore, since
the present work 18 concerned essentially with air-assisted gravity
flow in which the air is used normally at a condition not far from
standard atnospheric, it is possible to include ug in the constaut to

glve,

15



= ! 2
Um: Eppdv I.‘.ll'..llii-'liiiziale

wvhere the constant K’ bas a value of about 420 to give U . in n/s with

P, in xg/m® and d_ in metres.

Bacycns and Geldart (Ref. B3) give for air at subient conditions

20534
J

lllll.lll'l.'l'i'll2l3I7

1.8 -
Umf = 1650 d? (Dp pg

where dv is in cn, pp and pg are in g/cm3 and Unf ie in cn/9s. Notiug
that ph << pp and bringiag the expression to consistent SI units we

have

U, = 1044 !°8p 0-935  eeveceseseesencsses2.3.8
nt v P

vhich may be compared with thoe reduced fornm of the equation of lLeva et

al. (equation A.1X.30) for air as

U, = 1344 !°8p 038 R O Y -
nf v p

¥

It 18 0f interest also to compare here a rather different expression
developed by Bacrg et al. (Ref. Bl) from a study of the heat tiransfer
characteristics within air-fluidised bods. Thelir equction is

U

1-23
nf = 0.208 (pbdv) iiilllll---#-IiiIIIZ'allo

wvhere pb is the bulk density of the particulats sclid.

A preliminary comparison of equations 2.3.6, 2.3.8, 2.3.8 and 2.3.10
nay be made by noting that pb 2 (1 - co)pp and for fine spheroidal
particles, loosely packed, co is about 0.4,

Thus pb % 0.6(%)and substitution in equation 2.3.10 then gives

123
Umf = 0-11 (ppdv) @ 9 OO B PP DS OO s 2-ﬂ-11
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Fig. 2.3 shows a plot oi four of these corzelating cquations Ior
nininum fluidising velocity of a typical maicrial of density 2500 kz/m3,
fluidised with ambient air. It is clear trom this that the exprecssion
9f Baerg et al. (in tbe form of equaticn 2.3.11) tends to give a
significantly higher prediction of Umf for the firest particles whereas
tho sinple equation 2.3.6 perhaps over-ectimates Umt for the materials
of larger particlo size. The effect of dersity i3 shewa ia Fig. 2.4

vriore equation 2.3.6 is plotted for 2 range of values of pp.

In order to gain a visval impression of the level of confidence that

cun be placed in these siaple correlating equatious, some experiumcatally

deternined values of Un (from various authors) sre plotted on Fig. 2.5

b4
with corresponding values predicted by equations 2.3.6, 2.32.8 and 2.3.10.

¥Yhilst it is rccognised that only a very limited selection of tlre
avallable experimental data can be displayed in this wey, 1t 18 felt
to be helpful to compare directly the prodictions of the various equa-

tions over a range of particle sizes. The experimental data uscd in

this plot is listed in Table 2.1 with sources.

2.4 EXPANSION OF THE FLUIDISED BED

¢

Further increase in tho superficial velocity of the fluidising gas or
liquid upwards through the particulate bed beyond the minimum fluid-
ising velocity tends to cause the bed to expand without any appreciable
change in the pressure drop across it. The actual behLaviour of the

fluidised bed depends upon the properties of the pcwder or granular
material and of the fluidising medium, in particular the ratio of theilr

densities. In general, where the particles and fluid have siullar
densities, and in other cases at conditious close tc inzipient fluic-
isation, the bed expands uniformly and has a virtually homogeneous
structure throughout. This state i1s known a3 particulates fluidisatioa.

At higher superficial velocities of the fluldising medium, ard
especially where its density is much less than that of the bed material,

the structure of the bed ceases to be homogeneous s the fluidising
medium tends to rise through the bed in the form of particle-free voids
or "bubbles”. The surface of the bed beconmcs gwnilar 111 appearaace to
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