Chapter II
LITERATURE SURVEY

2.1 B8ize Enlargement

Scope and applications

Size enlargement is any process whercby small particles
are gathered into largzer;, permancnt masses in which the original
particles can still be identified.

Applications include formation of useful shapes (e.gn,
brick and of finely divided materials).

Numerous benefits result frcm size-enlargement processes

(1); as will be appreciatod from Taoie A%

Table 2.1 ObJect;zéﬁ of Szze;EnIar*ement

/ .

Reduce dusting losses L

Reduce handling hazards, paryyﬁula?ly with irritating or obnoxious

£/ e
powders f* /f

Render powders free—flow1pg N

Densify materials for more/banvenlent'storage or shipment

Prevent caking and lump formatibﬁ G

Provide definite quantiﬁﬁ units suitable for metering, dispensing,

S
and administering M=

Produce useful structural forms

Create uniform blends of solids which do not segregate
Improve the appearance of products

Permit control over properties of finely divided solids (e.go,

solubility, porosity, surface/volume ratio, heat-transfer rates)

A wide variety of size-cnlargement given in Table 2



Table 2.2 Sizc-cnlarpement llethods and Applications

Method Zyud pment Representative applications
Pressure Molding press Plastic preforms, small
compaction.. machine parts from metal

powders (cems, cears, gaskets)
Tableting press Pharmaceuticals, catalysts
industrial chenicals, ceramics,
metal powders
Glay-type minerals, potassium
chleride, sodium chloride,
organic compounds, metal
vowders, ores, charcoal, lime,
magnesia, titanium sponge,
bhosphate rock

Phamaccuticals, plastics,

¢lays, carbon, charcoal,

industrial chemicals, fertilizers,

1 i‘ubbex‘ products; animal fecds

~
Screw ex@\uder i ’Bauxite, plastics, rare earth
fluorides, clays
Agglomera~ Inclined pan or disk; Fertilizers, iron ores, nonferrous
tion by rotary drum agglome- ores, mineral and clay products,
tumbling rator carbon black, various finely

divided solid waste products

Sintering Traveling grate Ferrous and non~ferrous ores,
and heat (straig;ht or cir- minerals, cement clinker, solid
hardening cular), roraty kiln, waste products

shaft furnace
Other
techniquess
Prilling.. Frilling tower Urca, ammonium nitrates, resins,

coal-tar pitch, ctc.




Method Lgvipnent Representative applications
Sol-gel Spray column lMetal dicarbide sphercids
Processcoo s
Fluid~bed Fluidized bed Granulations for pharmaceutical
processes. . tableting, li.uid radioactive

waste disposal

Agglomeration
from liquid
Suspension.. Various form of // Bimiltaneous agglomeration and
agitation - e iféﬁbval of fine solids from
' liquids

Clustering.. Conical”Bleﬂdgf 7J Coffee, dextrin products,

non~fat dry milk, starches
/
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2¢2 Agglomeration Processes in Food Manufacture

e )

In food manufactufé,rag§;§§§iéiiqn is cmployed controlling
of particle size and pé?tiCIE"éffﬁE%ﬁfé:‘Mﬁﬁproximaiely 110 processes
are revealed for the imﬁ%ﬁvéaaﬁf—gfwa;g/%ogd ingredicnts and dry
product mixes in terms of dispersibility wettebility, solubility,
controlled bulk density and other characteristics which depend on
completencss of hydration and bulk density.

The production that employs agglomeration con be classified
out concerning nonfat dry milk, chocolate drink powders, whole milk
and other dairy products, natural suzars and synthetic sweoteners,
soluble coffee and soluble tea, flour and cake mixes other agglomera~
tion procosses involving beversaze mix products, dried €22 products
and monosodium glutamate. The basic pProcess hired to produce azglo~
merates can be concluded into two means. PFirst the wet~back method
which was orizinally engaged to carry out agglomerates, it is to add

moisture as a spray while the particles are being tumbled or mixed



in bulk. Sccondly straight-through processes wore developed to
agglomeration during the last stage of dehydration so that it would
not be nccessary to add back moisturc of sgglomeretes and then redry
the mixture.

In principle; for a powler té be azgresated it must exhibit
certain properties (6), The first and perhaps the most important
property is that of hysroscopicity, that is the property of readily
sorbing and retaining moisture. The sorption of water is nccessary
to obtain a state of surface tackinééé“which will allow the powder
particles to be randomly adhs@éd to G;ae’h»other° However all hydroscopic
particles do not bhecome é%f/ ‘;/?en the absorb moisture and those

ness are net casily aggrezated. A

which do not develop suc oy
third property which muipfug presen is that of retention of the
aggregated form when the 3r¢3d$b§§are subscguently redried and
packazed. This term may 99 défkna&was azgregate strength.

The term 'll"flculﬁﬁdnf aﬂﬂrb":to particles® refers to
those particles which are Quh§%3555511y Jlacking one or more of the
above named proaertlcstgeaessazg_fﬁr azgrezation. The term
¥ aggregating agent © mgﬁ?ihelnda.al+n%hosg‘materials which passes
all three of the above named propertics. The sclection of the
particular aggregating agent to be used will depend on the degree
to which the particular avialable asgre;ating asents possess the
above properties, the comparative cost of the available agents,
and the particular product which is desired to aggresatc. Dxample
of suitable aggregating agents are amorphous lactose, amorphous
whey, and modified amorphous wheyes Such aggrezating agents may be
1sed singly, or in combination or with suitable cxtendcrs.

Among the azgrejating agents, the one which is perhaps
most often useful is anhydrous lactosc. Anhylrous lactose may
be obtained by spray drying dissolved lactose, and exists in the
amorphous or "glass” state. It ocxhibits all propertics of hydrosco-

picity, surface tackiness and ajzregate strenzth. Anhydrous lactose
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exhibits a unique property in that while it is very hydroscopic, it is

also quite insoluble as compared to other common sugars.  Such relatively

low solubility makes the anhydrous lactose relatively: easy to handle’in _

most conventional agsrecators.

The mr:ture sorption property of anhydrous 1actose is due to
its strong desire to assume a stable configuration. The most stable
form of lactose is that of the monohydrate or crystalline form;: The
following reaction will show the hydrating process.

C42M220¢ 41,0 C42tp0047H0
Once the monohydrate 10 formed ,~there is no longer any driving

force which will cause the 1actesguto sorb more water. The stPong
tendency of anhydrous lactose”fb'éofb water is Illustrated graphically

below.
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PIG. 2.1 RATE OF WATER SORPTION Of VARIOUS SUGAR

The longer the given quantity of anhydrous lactose is allowed
to remain wetted, the more complete will ' the conversion of the lactose
to the monohydrate or crystalline form.

The effect of the aldition of various amounts of anhydrous
lactese to several difficult to aggresate materials is also shown

graphically below.

B s o
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FIG. 2.2 EFFECT OF VARIOUS;E&QUNT OF “ANHYDROUS LACTOSE IN AGGLOMERATION

It is obvious tHE% /ny the difficult to agiregate
materials, as examples ohowﬂi a’mixture containing approximately 20%
anhydrous lactese will prod g max;mum effeoctive agerezation when
either dried whole egz or d 7@regg ‘albumen are tole agorezated Dried
ezg yolk is mest ea511y ager gatgd”1n a,mixture containing between 10
and 20) anhydrous lactoses f5%¥f57
rdgldedAto the.mixture has a creat influence
product. The effect of which the addition

The amount of (1 et

of reconstitution time of
of lactose has on the reconstltufiéﬁ—tlme of the product was shown in
the fir ure 2.3 Tt can be seen that an agsregated mixture of 80%
dried egs albumen and 204 anhydrous lactose will reconstitute in about
one=fifth the time necessary to reconstitute unageregated ezg albumen
powders An azgregated mixture of about 20% anhydrous lactese and 80%
dried whole egz or dried egz yolk will reconstitute less than one=tenth
the time the time necessary to reconstitute unaggregrated dried whole
exg or dried egz yolks A mixture of about 109 anhydrous lactese and
907

of wagrresated wheat flour. A4s the prercentases of anhydrous lactoese

wheat flour has a reconstitution time of about ene~twentieth that

>

precent in the dry mixture increases above the values mentioned above,
. the reconstitution time remains substantially the sgme.

As meptiened lactose is among the goodaggregating agents.
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hereby we should know a number of ways in which the agent may function.

10| @ * Reconstitution fime
ofter oggregation

81 @ v Raconstintion tims "

7/
/

1. The agslo ef t u/if;gnt may.be any liquid which when it

cantacts the material i /%;ll 5¢u5ﬁ the particle to become tacky
or sticky and adhere tobet ef AnT cﬁuﬁtcru by solubilizing part or all

. of the material or otherwis tranufgpnlnt it to create this condition
2. The ap*lomerut:ngiff*

of some ingredient in a 111u11, éo that the dpgreilent will it-self

perform the bonding fugé on and, therefo {/ make it possible to

wnav be a solution or suspension

agrlomerate materials,

3« The agzlomerating agent may be material which when heated
becomes a liuid which performs the function deseribed in and by a
modification of theprocess in which a cool gas i8 used to fulidize the
material, fhe wetting agent would be caused to solidify after it contacts
the materiai in the bed, therdpy causing agglomerates to form and

4. The agzlomerating azent may be a combination of one or
more material in the form of JliTuid mixtures which may be combined
with the powlered material fed into the process. One or more of the
individual materials in the compination may or may not play a part
in the agrlomeratinz function, but it may become incorporated into
the ag@lomerates'instead of being evaporated by the fluidizing gas.
Thus, the process proviias a means of combining materials while

simultaneously producing an agzlomerated product.



13

The wetting agent may also provide a means of combining
materials, which are not readily available in a dry form, with

powdered materials and obtaining a dry free-flowing product «

2.3 et Back Process in Industries

2.3.1 Application of fluidization to Chocolate Drink Powders.
The pillsbury fluidized bed process is the process(4) used for chocolate
drink powders, angel food cake and flour-suzgar mixtures. The process
involves the use of a moving fluidized Yed of powdered material. The

bed is successively treated with vapor and -carrying gas to form

LEGEND

$4% DRY INDIVIDUAL PARTICLES
e WET - - “

et WET AGELOMERATES
&3¢ DRY

FIG. 2.4 PILLSBURY FLUIDIZED BED PROCESS



14

- agglomerates through contacting and colliding particles,

An important feature of the process resides in the continual
agitaion of preferaﬁly all of the pervious shects and chambers to keep
the individual powdered particles as well as the agglomerates in
continually dispersed and fluidized condition. The combined azitation
of the pervious sheets together with the upward flow of the various
pressurized gas and vapor—gas streams effects proper treatment of the
powder and the agzlomerates while in highly concentrated and fluidized
bed and contributes to maintain the gé# re machine in nonfouling condition.

The terms which shael_be qefino% clearly are

1. Gas, which means,an?es$ent1ally inert gas which serves as
a carrier for the agglomoruizgg/a&ent which is vapor may transfer heat
or mass to the solids belnb/frééﬁéd Lnd preferably provides the force
necessary to fluidize or sufflclentlyf gitate the bed of solids so
as to cause the solid partlclus tnﬁa p¢¢01¢11v suspended and d rsed
in the bed. The re uisite nas 1n most cwses is not condensable within

treated.

2+ Vapor, Whlcﬁhls elbher nondqnsaolc or absorbable on the
surface of the particles $u1n¢ av"]omorwtﬂ% within the range of
temperatures employed and; when so condexscd and/or absorbed upon

surfaces, cavses adhegive filme tole Fformed so that particles will
adhere tozether. The vapor is introduced into the gas to provide

a gas—to-vapor - ratioc which, within the range of temperatures employed,
will result in surface condensation uni/or absorption of the vapor
upon the particles in the upper zone or strata of the bed of moving
particles.

2.3%2 All Purposc Suzar Process.
An all-purposc sugar agglomeration is accomplished in two different
and successive steps. In the first step a doimwardly flowing curtain
of the powlered material is subjected to balanced dounwardly directed
and converging JGDS of steam or, alternatively, to horizontally directed

and balanced opp051nb Jets of steam, in either case solely to effect
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moistening of the powdered material. There after, the powdered
material is subjected, in a separate age agitation staze, to the action
of downwardly directed or horizontally directed and opposed jets of
either substantially dry steam or air to act on the powder after it has
been moistened and to cause it to move in a turbulent manner within an
agzlomerating zone, so that there will be a sufficient number of
collisions between the particles in order that agglomerates there of

gie Lo}

will be built up there frome.

e
HOT AIR
/0% 325 F

FIG. 2.5 ALL-PURPOSE SUGAR PROCESS

000607
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FIG.2.6 ARRANGEMENT OF STEAM NbZZIES IN THE ALL PURPOSE SUGAR PROCESS

l-‘

24 Agglomerate Properties ',/,, 2
AR

’I‘hree—dimensidﬁal;‘/mééﬁéi_;of powder, whether compacted pellets

when deformeds One propé:;tx,j;emed dilatency, has far reaching
consequences in rezard to’ powders penerally and te agglomerate strength

or loose assemblages of f"paﬁi‘o_lq 1 8xhibit a characteristic behavior

” o

in particular. o ol daly

% i
N AP

p”é.clged. and enclosed in a flexible
16 when the envelove is deformed.
The mass dilates, or expapds-:-henoevrthel phenomenon is termed

2

¢

FIGe 2.7 DILATENCY IN AN IDEALIZED POWDER.
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dilatency. The most common situstion umder which dilatency is
encountered is when one walks along & damp beach. The sand appears to
become momentarily dry in the vicinity of cach footprint. It does so
because of a local increasc in the volume occupied by the sand. The
water present, which carlier filled the interstices of the undeformed °
bed of sand, then becomes insufficient to fill the cxpanded bed. The
sand appears dry becausc a little time is required for water from
surrounding regiocns to filter back intothe exponded area. What actually
happens on the partlole—to—pagtlcle z@vel is that certain of those
particles thet previously. WurE 1n%prmcshed and in closely packed contact
are made to separate and ejtgbwinuo a-tlore loosely packed condition.
The dilatency Q§/7

)fdff is most.casily visualigzed with an
IAECY

enclosure in which single ré of ‘sphericel particles can be con—
fined and deformed (18).
2.7. An initial cubical afr

convenicnce, but similar e

v&e&11'~ d situation is depicted in Finge.

‘;fmegt of the spheres is chosen for

q?ts vreva11 with stagzered or cven random

arrangements. On the figure tﬁebleftmhund illustration shows each
sphere contacting fourgothersi{or threec—<snd tne wall)e The center
shows that,; following a o1ﬁﬁiﬁhi\~_“ rmgt;o“, a column of spheres has
risen near the center section, leoving a void deep within the packing
Any column might have been lifitcd, depending upon chance irregularities.
The 1lifting is induced by frictional force arisinz from the right
figure the initial cxpansion has been followed by a collapse as many
of the spheres shift into a regular honeycomb or tightest-packing
condition. The illustration shows that there is a tendency for local,
tightly packed regions to develop and to remain so, never ™meshing®
ideally with ome another. Loose, irregular recgions, or zones, exist
between the more tightly packed ones. These serve as slip planes when
further deformation is induced.

Dilatency is a wniversal phenomenon among particles, cven
those of different shapes and sizes. It is purcly . conseguence of the

geonmetry of the packing and depends on the nature of the particles




18

themselves only insofar as this determines the packing geometry.
Internal friction does not alter the occurrence of dllqtuncy the same
behavior has been found whether air, water, oil, or soap-and-water
solutions fill the voide. Dilatency is, of course, most evident in
tightly packed powders.
24442 Strength Testing
In practice, only expcrimental investization of aggzlomerate
strength can establish whether or not a granule prepared in a certain
way will hold tosether during the service required of it. Accordinesly,
granules are subjected to compression, rtension, impaction, shear,
bending, and abrasion by beiﬂ@;sQueaééd, dropped, abraded, and tumbled
in a drum with others of 1f§£%;nd. Such tests serve their intended
purposes and are by no meaﬁaj%oube degradeds However; only carefully
controlled compression /%qﬂé qn and adhesion tests are readily
subject to scientific analy%is.
In testing for tehgﬁLv strength the primary problem is one
of fasteninz onto & granule, Fop this, adhesives have becn employed
after first smoothing off oppesed faces of the agglomerate and treating
them with a lacijuer coptln ‘to prevent penctration of the adhesive into
the agglomerate itself, N oviﬁ;a the aranu]e pulls apart within its
unaltered body, its ten311 strcnntﬁ'ls ca. lculat“d again as the product
of the failins force and the cross—=scctional area.

Since an agglomercte is oreincrily not an elastic body, rupture
by tensile test can take pPlace without relative motion among the |
particles. :‘Such motion is necessary as explained in the preceding
section if failure is to ocour due to compression forces, however. TI%
follows, then that compression must overcome friction among particles
énd that a linear relationship between the vompressive and tensile and
compressive strengths are great, closer correspondence between the two

measures may be anticipated
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FIG. 2.8 PARTICLE SIZE AND. AGGLONERATE STRENGTH REGIONS IN WHICH
VARTOUS BINDING MECHANISMS PREDOMINATE (AFTER H, RUMF THE STRENGTH
OF GRANULES AND AGOLOMERATES IN W.A. KNEPPER(ED), AGGLOMERATION
(NEW YORK WILEY, 1972 P. 399)

Fig. 2.8 indicates agzlemerate tensile strength values te
be expected for the various binding mechanisms as a functien of

particle size.
2.5.1 Particle Packing

The greatest density fer pewder is ebviously ebtained when
the veids ameng the larzest particles are just filled with smaller
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particles, and these voids are in turn filled with still smaller
particles, and so on. Arrangements of particles in this as well as
in less dense configurations is of basic importance in numerous
endeavors besides agglomeration, among the latter being soil geology,
hydraulic engineering, concrrete design etc.

2¢5¢1 Uniform=-Size Spheres

Spherical particles of wniform size may be packed in five
different arrangements as shewn in Fig 2.9, They are designated
cubical. erthorhombic(cubical tetrahedral), tetragenal, pyranidal,
and tetrahedral. If the volume of the solid figure bounding the

cubical arrangement, for example, is V; if Nx,Ny, and Nz are,
S 7, [ S

Tetrahedral

FIGe 2.9 PACKING ARRANGEMENTS FOR SPHERES.



respegtively, the number of spheres along each of the axes x;y,
and z, and if r is the sphere radius then V is egqual to
21x. 2rNy . 2rNz,o

The volumg of the spheres; on the other hand, 1s—§ r3Nx.Ny.Nz.
Therefore, the volume of the void space expressed as a perccntage

of the total volmme occupied by the arrangement of spheres is

(8r3— %77 r3)/8r3 100 ore 47.6 per cent. In other words, the spheres
actually occupy 100-4T7.6 or 53s4 per cent of the included volume,

or, stated another way, the space has 53»4 per cent of theoretical
density. In a similar veinl:;he~percentage void volume of the

orthorhombic packing is 39;§;per cent (=60.5 per cent of theoretical
density), of the tetragqgéi:jb;Z'per cent (=69.8 per cent of theoretical
density), and of the pyram{}iaj é.hd tetrahedral 25.9 per cent (=T4.1 per
cent of theoretical densxtx)" tﬁe latter two being identicale

Absolute sphere S}Ze 18 thboroxlcally irrelevant in the above
cases., In actual practlce, however, complete independence of abhsolute
particle size does not nold/ﬂbr the very small sizes (10)s The void
fraction increascs w1th a decrease in particle size in the small-size
range. This behavior apparently ariscs because large, heavy particles
exert a sufficiently gf%&f\foyce_through their points of contact when
vibrated or otherwise disturbed to breakdown arching and bridging effects.
Small particles, on the other hand; do not excrt such a force since the
number of contacts per particle remains the same as long as the same
type of packing is preservede.
The cubical packing is unstable and does not occur in nature.

The tetragonal, pyramidal, and tetrahedral cases represcnt systematic
nesting systems and should not be expected cxcept in highly idealized
situations. This leaves the orthorhombic system as the onc most

likely to be cncountered with uniform—-size spheres. Somewhat greater
densities may be cbtained of special efforts are madc. For cxample,
densities for closely sized svheres put into a cylindrical container

and vibrated for an extended period attained cbout 62.5 per cent,
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indicating that only something like % of all-possible double nestings
-are-actually produced.

2¢5.2 Selccted-dSize Spheres

For systems composed of two or more sizes of components, the

optimum amomnts of each to give the densest arrangement could be
readily calculated from geometric consideration if no expansion of the
mass resulted from the mixing. In practice, expansion always occurs
to some extent even though the powder sizes are of identical densitye
The phenomenon is termed dilatency as earlier described and occurs be-
cause a mass of static spheres forms a rigid system that must be
separated slightly by vibraﬁion or agitation for one sphere to slide -
over another. Comparison of theoretical and experimental densitics

for mixtures through quaternary are given in Table 2.4 (9)

Table 27 3
Density of One-Siged; Binary, Ternary, and Quatcrnary
Mixtures of Spheres

Frgctional Composition of Spheres of PoerCent of
Diameters (in)e of TMheorcticsl

0.505 00,061 0.011 0.0016 Calculated Experimental
1.000 - o - 60,5 5840
0,726 0.274 - - 84,8 8040
0.647 0,244 0,109 - 9542 89.8
04607 0.23D 0,102 0,061 975 951

After R.K.McGeary, "Mechanical Packing of Spherical Particles,"
Jo Amer. Ceram. Soc., 44,521 (1961).

A density 95.1 per cent of theoretical as shown for s quaternary
mixture is about that obbtained with pressed and high4fired ceramic



objects. ©Such a2 mixture is rcmarkable in that, instead of being an
apparently hard solid body, it can be poured from & container.
Approximately a sevenfold difference in spherical component diameters
is necessary ifor efficient agglomerate packing.
2:5s3 Continucus Distribution of Sizes

The great majority of particle systems are composed of a more
or less continuous distribution of particle sizes extending down from
some mazimum value. These will not necessarilly pack so as to give
minimun veoids; more likely than not/they will segregate instead when
vibrated. Stable systems, ,oztﬁhosc thai tend toward minimum voids, are -
those that tend toward mlnlmum“VOid are those in which the number
of particles in each s1ze 1n%¢rval increases as the particle size
decreases. Their partlg;e,dlaMGuers follow zenerally the distribution
expression ’/, ‘

Cumulative weight Lracuiqn less than d = (—— L
max

where d is the particle dlam“¥g¥ma"‘fhe maximum particle diameter of

the system, and .q an é&nonennwhaVLné values ‘between % and ;

tihen the bu]kg§3 or-packing- chaﬁacturlstlcs of one powder
must be correlated with the same properties of other powders, the mean

volume surface, or

Sauter, diameter dvs will usually be found most
appropriatcs
254 Effect of Particle Shape, Density, and Roughness

In general, the greater the deviation of a smooth-surfaced
particle's shape from spherical;, the denser will be the packing that
can be prepared from it by vibration or moderatec-pressure compactione.
This is undoubtedly attributable to the particlets orienting themsclves
so that the projections on some fend to fit into the indentations of

others.
Solid-material density has little effect oxcept when the
particles are very small or when the continuous-medium density is

relatively large. In either case, the result is a slight increasc



in the void fraction. Under pressure compaction the difference in
voids is insignificant as the effect is primaray one related to
sedimentation rate, buoyancy, and fluid viscositye.

Greater voidage, finally, is promoted by any factor, such

as surface rouglmess or cohesiveness, which creates difficulty in one
particlets sliding past another. The degree of surface roughness is
an especially important consideration with dry powderse A roughness
coefficient defined as the total exterior .surface area divided by the

gross exterior surface arca has been suggested for correlating purposes.

2.6 Binding Mechanisms

/7]
&4

The forces exis%ing'b@%ﬁeeg pairs of small particles have
never been directly meastred be&édée of their very low magnitudes
What is understood about the phenomena of attachment among particles
is deduced largely from obseéagtiqns on larger bodies and on powder
masses or ig calculated frp@_wcll—known physical principles. That
there are forces, howeiéi, between particleg and surfaces is revealed
every day by the tenaci%& with which dust adheres to furniture,
automobiles, and all other common objectse Two highly polished and ¢
bpbiecally flat glass plates are reported to require forces of as much
as much as 650 psi to pull them apart if brought into intimate contact,
while gold leaf has been shown to adhere to glass with a force of as
much as 46,000 pasi. When a solid bar is broken under high-vacuum
conditions (also under mercury) and the parte replaced rapidly in their
correct relative position, they adhere, and the bar will be found .
subsequently to be ssentially as strong as it was before having been
broken. In fact, absolutely clean surfaces will adhere with the bulk
strength of the parent material. Actual powders exist with their
surfaces contaminated with adsorbed moisture or gascs, oxide layers,
grease, etc. For this reason agglomerates rarely incorporate a

physically cohesive bond, Pressurc compaction and attrition, however,
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sometines produce a penetration of these -covering layers o that real

welding can occure

There are four distinct mechaniams by which particles are held
in agglomerates and each of these can ke subdivided into several
categories. Mechanical interlocking of particles is not one of them
as 1t is generally conceded tol® only a minor contributor to overall
agglomerate strength in most instances. The major mechanisms all

involve bonding through atomic forced.
2.641 Solid Bridging

Thestrongest binding among particle masses usually is achieved when

a distinet fusion occursﬂ?prd%§ pdinﬁé‘df’bontact. Fusion can be brought
about (1) by partial or-iQCE; lt{mélting a8 described in connection
with sintering, (2) by solid diffusion, (3) through added agents called
binders which sct or harden,r(Aj through chemical reaction between

the solide and/or the binﬂing‘éompgunds, and (5) by crystallization

of dissolved materials,

Fusion through molfiﬁg;is-produced by elevated temperatures
and is aided by high pregsuicvgn@_hy_impu;itips, particularly if the
latter provide euiectigggomngEtions; “hen the solids arc hard or
exhibit high melbing points, bridgifg is restricted to the tips of
roughness peaks. Larger bridgses arc formed when the solids are
plastice. Iiven though tempcratures inguffcient to cause melting may
be atitained, some materials, notably metals, form bridzes across
contact points by =olid diffusion. Diffusion is accelerated, of courscy,
by higher temperatures and\is‘enhanced by pressurc. Compression
iteelf, when it represents an input of considerable energy and is borne
by points of contact of very small cross—scctional area may contribute

greatly to local melting and fusion.

Commorly employed binders which set or harden to form kridges
‘across particle are Portland cement and sodium silicate. The process

of using binders is often termed curing. Chemical rcactions contributce
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significantly to bridge growth in the iron are and mixed fertilizer
industries. Bridging is offected, for example, in the former when
Fe304is converted to Fe203and in the latter when ammonia is reacted

with superphosphate.(8)

Small crystals often form across the points of contact
among larger crystals creating pinding bridges while the laiter are
being dried. Bridging in this situation is a considerable nuisance
because it produces caked crystals/ when a free-flowing preduct is
desireds Small crystal formatidn al2o occurs with deliquescent crystals
or when slightly water soluble crystals are exposed alternately to hlrh
and low relatlvehumldltles. /

24642 Low-Viscgsit& Liquid Binding

Adhesion among particles is created by the presence of
mobile but low-viscosity liquids. The meechanism is identical with
the strong attraction exhibited by two planes of glass with a drop of
water placed between theme . In both cases the interfacial tension
peripherql to the liquid boundary draws the solids together. The
relative amount of liquﬁﬁ; its properties, and the shape of the
particles actually determine the resulting‘force.

\&\\\3 &

'\\\\\\\&\

\\\\‘ N
\K“ \Q\\
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FIG. 2,10 STATES OF LIQUID IN ASSOCIATION WITH AGGLOMERATES.

‘.



When the void spaces among grains are only partially filled
as in Fig. 2.10:the pendular state is said to exigts At the solid-
liquid-gas contact line, the liguid tension is directed along the
liguid surface if the solid is wetted, while within the liqmid bridge
a necative capillary pressure is created. Both effects result in a
mutual pulling together of the particles. It arises, it should be
noted, solely from the gas-ligmid interfacial temsion. If the void
space is completely filled with liquid, the interfacial force still
exists but at the granule surface only. As long as the liguid does
not extend to the particlets edges andthere are concave cavities in
its surfacc, a negetive capillary pressure exists internally and the
granule retains a certain tc»571¢ strength. This cituationis
illustrated at Fige2.10c and is termed the capillary state.

A transition condition cgalled the fumicular state, as at Fig 2.10 b,

is defined as one with gas spades present but one in which liquid

gtill forms a contiuous networks As the liquid completely envelopes

the particles. Fige.2.10 d; the concavities intergranular binding forces
vanish, and only theinterfacial tension of the ligpid tends to hold

the particles captive.

An expression for the tensile strength i of an agglomerate of
spheres in terms of particle diameter d, the porosity of the agglomerate
, and the binding force b ai the contact points can’ be written. if
the simplifying assumptions are made that the agglomecrate is
microscopically homeogencous and that the fracture crogs section
contains a great number of points of contact, or points of binding.

When an agglomerate of sphercs is pulled into two pieces, the spheres
mued, of coursc, go with one or the other of the two parts. Assuming
those in the fracture zonc choose to remain with the part in which
they are most deeply buried, the ¢ffective fracture region about these
spheres can be as much as one-half a sphere's arca and as little as zero
Stated another way, some spheres may be exipected to protrule above the

plane of fracture sc as to expeose a full hemisphere while others are
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immersed to all intermediatc degrees between hemispherical exposure -
and complete submergence. From geometrical considerations it can be
shown that the mean exposed surface area of the spheres extending
abovethe plane of fracture is’pz‘dz/ﬂru This is the area over which bonds -
were broken in severing the original agglomerate. Also from geometrical
analyses it can be showm that a mean areaz of ﬂd2/6 womld have been
exposed had the agzlomerate been sliced along the plane of fracture
and that the mean spherical surface area may be dcscribed as tha’
area enclosedby a cone with a half /angle of 60° having its apex at
the mean sphere's center and.\its basc in the Tracture plane,

Since the spheres are taken as being statistically
distributed throughou‘t“‘f/h/e agélomer;zrto, their average number N per
unit of fractmre cross"ls)e/ctidn. 184 1 '.’:)/A, where A is the mean area
of an average particlef' /(/Itilizvin«g the previous geometric relations,
this makes

W= 6(1 —£)Aa?) (201)

The average"gmber of points ofi htnding per particle in the
fracture area j,is related to that portion of an average ‘sphere in

the fracture zone, i.e.,

-~

e
S (2.2)
7a®

4

where j is a coordination number describiig the avcrage number of

contact points between one sphere and its neighborsz in the agglomerates.
Since, on the average, the directions of “he bonds betwcen

spheres are distributed uniformly throughout an a~~lomerate, their

projections perpendicular to the plane of fracture are just L=1in260O

( = 3/4) as greats The agglomerate tensile strength i is +therefore

i %’ﬂij (2.3)
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where b is the binding force of o point contact. Substituting from
Egs.(2.1) and (2.2) then ylclds
SO (=t (254)
8T ae
The coordination number, obviously dcpends on porosity and the
product of the coordination and porosity, iec., on je& o« The product
is approximately cqual to 3.1 or T s but not greatcr than 5.1
When the liquid content of an agglomerate is such as to make
it conform to the pendular state, the binding force b is established
largely by the interfacial tens’ion"éf’; the liquid and the particle
diameter but also a2 function of &, the angle which the liquid surface
makes with the particlec su:cfaoo, as, shown on Fige 2.10c. and with é,
the sector angle of the liguid ring. The result’ is expressedr - -

v="adt/ (4,8 ) (245)

The function £(d, 6 ) is bétween 2.8and 2.2 when the liguid completely
wets the $0lid (i.esyd = 0) and when § has values between 10 and 40°,
Therefore, substituting Eq. (2.5) with Eq. (2.4) gives for the
approximete tensile stronzth of a pendular state agglomerate

. 0 e G
%-zna%:_ya. (2.6)

Contrary to the usual first expectations, an agglomerate is stronger
when lesser amounts of pendular moisture are present. By Figs 2.10.
the radius ry on the diagram reduces faster than the radius T, and,
therefore, produces a more rapid increcase in the curvature of the
liquide This creates a very high~pressure deficicncy within the
binding liquid. '

To describe capillary-state agglomerates, use may be made of
the capillary potential or capillary pressure P3 which is a measure of

the tendency of granular masscs to fill with water. It is expressed by



s (1€ )
P, = . - s cos & (2.7)

where SV is the spccific surface area. Since for uniform spheres
5, is equal to 6/d,

6§ (=€) cosd (2.8)

e

P =
s

An spplied tensile force has to overcome the interfacial tension of
the liquid 2long the edgeof the agglomerates as well as the internal
pressure. This means thwizfge tensile strength of a capillary-

state agglomerate ic is» ’

ieB g CO bodd/ /2 g(liﬁ”)* %0;056 (2.9)

where C is the agglomerate circumference and A is cross-sectional
area. With send, for exampley that is completely wet by water the
contant in Bge(2.8) is about 8 instead of 6. On the basis of Eq.
(246) and (2.8), a caiﬂi‘lli:ﬁi—’s‘%a’ce agglomerate would be expected to
be some two to threec 't’irﬂes‘\stf‘dng‘er than 'a pendular one of the same
material. Tho capillary forces operating within an agglomerate are
not necessarily small; calculations show they can create the same
effect as a compressive force of up to 200 psie

: Because the funicular state has bonds of both types, a
funicular~stai~ a~rglomerate should exhibit a tensile strength

ranging between those of the pendular and capillary states.

22653 High-Viscosity Liguid Binding

When the interstices of an agglomerate are filled, or partially
filled, a highly viscous material such as asphalt, the strength
of the agglomerate is enhanced, depending on the cohesional strength
of the filling substance and the adhesion force witl:x which it attaches
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to the solids phase. In practice the adhesion between the binding
medium and the solid is almost always greater than the cohesive
strength of the Linder, possibly due to particle-surface irregularities
and the physical interlocking of medium and solid. The lesser of the
two, the cohesive strength of the filler, thus establishes the
agglomerate’s strength. The full or theoretical value seldom is
attained, however, due to flaws in the medium bridging between the
particles and to viscous and plastic flow within the medium which
precedes fracture

Somo perticle materials in humid atmospheres adsorb
sufficient moisture to p&omote cohesion among the grains. When the
adsorbed laycr is very th;n, ag around a point of contact, it may
very well serveto transmit intermolecular forces from one particle to
another. This has ledid an/adsorbed film being classed as a high-
viscosity binder. »

2604 Intermolcculas and flectrostatic Forces

The forces . that bind molecules into discrete particles
project beyond the pdiﬁ?éie's surface anc. tend to hold particles in
contact also. Yor nonﬁ%fallic'materials they are called ven der Waals
forces. Metals are bound by forces that are not quite van der Waals
type and yet they are not pure chemical or valence forces. For
purposes here they will not be distinguished as a force apart but will
be considered in the general context of van der Waals forces. In
addition to chemical and van der Waals forces, electrostatic forces
develop as a result of electron deficiencies or excesses on particles.
These ionic charzes result from chemical reactions at the surface
unequal chemical compositiods, end thellkes . Chargee of opposite
polarity, of course, result in particle attraction.

Agglomerates bound by van der Haals and/or electrostatic
forces are orders of magnitude weaker than those held by any of the

previously described binding mechanisms. The latter types of forces
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roally are significant only with quite small particles, Nevertheless,
van der Weals forces are basic to many phenomena snd their magnitude
is now reasonably well known

27 Fluidization

Fluidization is the operation by which fine solids are
transformed into a fluidlike state through contaction with a gas or
liquid, This method of contacting has a nimber of unusual character—
istics, and fluidization application is concerned with efforts to take
advantage of this behavior and put it in good use.

2.T+1 The Phenomena of Flwidizatiion

A fluidized bed is considersd a layer of solid particle=
displayed in a vertical cplumn; the bottom of which is closed by a
porous plate (dlstrlbutarf/w}ueh supports the solids. If a rising
fluid flow is establlshed/ tfyough the bed of particles, different
phenomena may happens =—

1. For low ‘f],fﬁic{ flowg, the bedof particles remains
fixed. This is a fixed b-édl,

2¢ With an incremént'of flow rate, particles move
apart and a few are seen tpivibrate and move about in restricted
regions. This is-the expandcd bed. ,

3%t g stﬂl\higher velocity, a point is reached when
the particles are all Just suspended in the upward "flowing gas or
liquide At this point the frictional force between a particle and
fluid counterbalances the weight of theparticle, the vertical
component of the compressive force between adjacent particles
disappears, and the pressure drop through any section of the bed about
equals theweight of Fluid and particles in that section. The bed is
congidered tol just fluidized and is referrved to as an incipiently
fluidized bed or a bed at minimum fluidization.

4. For an increment of Flow rate above minimum

fluidization, both gas andliquid fluidized beds are considered to be
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dense phase fluidized bedse. However, at a sufficiently high fluid
flow rate the torminal.velocity of the solids is reached, the upper
surface of the bed disappears. It is the phenomena of pneumatic or
hydraulic transport at the higher fluid flow rate.

2.T.2 Minimum Fluidization

The onset of fluidization occurs when

- N
i Drag force by] (ﬂclght of
8

!
!

’upward moving gas lpartlcle 2.10(a)
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by rearranging, we find for minmum fluidizing conditions that,

é—p- = il pEOIme 1D £ o
L ¢ (1 'mf)(js )8) 8 5

In a bed at onset of fluidization the voidaze is a little larger
than in a packed bed, and it actually ccrresponds to the loosest
state of a packed bed of hardly any weight. Thus we may estimate

Umf from random packing data, or, better still, it should be

measured experimentally, since this is a relatively simple matter.

U the superficial velocity at minimum fluidizing conditions,

mf?’

ig found related as
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If Umf and/or;éS are unknown, the following modification

of these expressions, suggested by Wen and”Yuscan be used. First it
wag found for a wide variety of systems that

| el REER.
l-,-—-3-:14and---m1—='11

. 2 213
#s%f é,'%f
and for small particles
d2 st) ) Q )g
U=t E Re_< 20 2414
16504 P
and for large particles
Uflf p dp(ps- 9g)g Re_ > 1000 2¢15
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These simplified expressions, Egqs.2.14 and 2415, give Uﬁf in terms of
the usually specified variable of densities, particle size, and gas
viscosity; and for 284 data points in a Reymolds number range of
04001 to 4000 the - expressions have been found to give predictions

of U . with a standard deviation of 34%e

2¢Te¢3 Pressure Drop in Fluidized Bedss

For therelatively low flow rates in a packed bed the
pressure drop is approximately proportional to gas velocity
usually reeching a maximum value Arhax slightly higzher than the _
static pressure of the bed. With a further increase in gas velocity,
the packed bed suddenly "unlocks"; in other words, thc voidage
increases from €. to %hf' resulting in a decreasec in pressure drop
to thestatic pressure of the bed, as given by Bg. 2.10 With gas bublles

are seen to risc with resulting nonhomogeneity in the bed. Despite
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this rise in'gas flow,‘the pressure drop remainy practically unchangede.

500
F nxeébed'«—‘l —>Fuidizedbed ' ' T TUTT
3 %0 :
w
E 200 [[—%e7
~3 |
£ Initiation of
) entrainment
) X , 1
50 1 [ e 1 L1t 11 1 gld Terminal velocity u
1 2 "‘5/ 10 20 30 50 . 100
A@@bmywumhn)

FIG. 2.11 PRESSURE DROIZ;Z?US QAS) VELOCITY FOR A BED OF
UNIFORMLY SI D PARTICLE

The constancy in pressure d P in thstwo situations, the bubbling
liquid and the bubbling fluZZ;zad bedy may be taken intuitively to be
analozous. ,Q et

A pregsure d?ogﬁversus veloclty diagram is useful as a rough

indication of the qual‘ & f£23§izatlon, especlally when visual
observation is not p0851ble. Thus a well fluidized bed will behave as ip
Fige 2411+ Note here that observed pressure drop data may deviate slightly
from the calculated value of Eq. 2.11. This can be attributed to the energy
loss by collision and friction among particles as well as between particles

and the surface of container.
2¢T+4 ' Terminal Velocity of Particles.

The gas flow rate through a fluidized bed is limited on one

hand by Umf

entrainment occurs these solids must be recycled or replaced by fresh

and on the other by entrainment of solids by the gase. When
material to maintain steady-state operations. This upper limit to gas flow

rate is approximated by the terminal or free—fall velocity of the particles,

which can be estimated from fluid mechanics by

T15ABIALE
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4ed (P )| 1/2 (2.16)
T ')’Pﬂ:cd

is an experimentally determined drag coefficient.

where Cd

For both spherical and nonspherical particles the terminal

velocity U, can be obtained from Fiz.2.12 an experimental correlation

t
of the dimensionless groups Cd Rei versus Rep where
A
d PU
Re = i (2.17)
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FIG. 2.12. CHART FOR CALCULATING THE TERMINAL VELOCITY OF PARTICLES
FALLING THROUGH FLUIDS
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3
CdReg s 4€dp‘ E?Ps' Pg)
3

; j 3 o) :
To debtermine ut first find C 4 Rep Prom tha kol Ve ues.of dp'Pg’Ps

and jb then in Fig. 2.12 look up the corresponding value of Rep' From
?
which w, is calculated using Eqe. 2417
2¢Te5 Mode of Fluidizatione

Two main types o'f fluidization have been noted experimentally.
In cases where the fluid gx;d"sdlid densities are not too different,
where the particles are smail, and therefore where the velocity of
flow is low, the Dbed fluyﬁzes evenly with each particle moving indi-
vidually through a relatively uniform mean free path. The solid
phase has many of the chara:t;teristics of a‘gases Thigs is called
particulate fluidization. Where the fluid and solid densities are
greatly different or the pazlbi;iés are larse, the velocity of flow must
be relatively high. In'this ease, fiwidization is uneven, and the
rzuld passos through the bed mainly-in-large bubbles. These bubbles
burst at the surface gpraying solid particles gbove the bed. Here,
the bed has many of the characteristics of a liquid with the fluid
phase acting as a gas bubbling throuzh it. This is called aggregative
flvidization. I% appears thal particulate fluidization occurs when
the Froude number (Frmf ____%m?) at the point of fluidization is less
than one, whereas aggregative fluidization occurs when the Froude number

at the point of fluidization is greater than onec.
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b Polystyrenc

The term polystyrene (3.) is applied to materials in which
93% or more of polymeric mass is derived from styrene monomer. The
polymer itself can be made by polymerizing the monomer in solwbion
or as emulsion. A suspension technique is sometimes employed
industrially but most polystyrene is made by polymerization in bulk.
The product is a linear,larzely amorphous rolymer and has ouvtstanding
optical properties, high refractive index. However two properties tend -
to limit the rengecsf application of the material,they are its high
brittleness and its relatively low" hGat—dlstortlon temperature
(82-8800) In addition polystyrene,ls’nut stable to outdoor Weatherlnb
and it is readily autacked/by>m/ y solvents including those used in
dry-cleaning., Certain organ;q/yateﬁlals such as esscntial oils,
wsaturated hydrocarbons aﬁa pétrolg

/

A
and other organic solvcntu, notubi'.aromatlc hydrocarbons chlorinated

can cause crazing in polystyrene

hydrocarbons, ketones and est¢ré aﬂuii&br dissolve polystyrence
Other properties vary with Mfaégtxanﬂpgﬁn best be considered in relation

to individual grades. AN SN e

Polystyrene maﬁe;&ale~ean be—drvxded /into three categories

—

a) General purpose ﬂiterlals.' These are rigid materials having
comparatively low shock resistance; excellent electrical properties,
suscepiible to stress and solvent crazing.

b) Specialist materials such as heat resistant or low static are
very smimiler to (a)

¢) Ixpanded polystyrenc has very low density, very low thermal
conductivity enabling its use ih buoyency, packing and thermal insulation
applications and this is the material to be used in this experiment .

The major physical properfies of expanded polystyrene and the

way that these vary with density are given in Table245
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Table 2.4 Properties of Expanded Polystyrene

Density (1b/ft3) 1 2 4 6 3 8 10
Thermal conductivity ; i

: 2 ; :
(Btw/in/h/ft/deg.F') 0:24 0Os24 - V25 025 027 0630
Compressive strength

e y '
(1of/in®) 10 25 60 100 140 180

Flexural strength
b
(1bf/in%) 20 45 $20. = 890 -+ 250 340

For chemical structure, we can see the formation of polystyrene

from styrene as

CH=CH, — CH—CH

! 1 2
~ N

nj Mo —= s el 3.
R ’

2.9 Gasoline

Gasoline in the commercial line can be divided into two
grades, the low and high octanc gasoline. Their physical properties
are shown in table2.6. For the chemical I“operties, it is revealed
that there is no certain composition of solvents or chemical substances
in blendinz zasoline. It depends on the Drocessing line in the petroleum
plant to adjust any fraction in the distillation tower for gasoline
blending to meet the physical psoperti@® as shown before. However,
three major chemicals are combined together to produce gasoline, they

are rcformate, naphtha and a certain limit of C4 %o Cg¢
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Lable 2.5 Physical Properties of Gasoline (Esso Standard THailand)

Physical Property Low_Octane
GRAVITY,SPECIFIC @ 60°F 04697
APPEARANCE CLEAR & BRIGHT
COLOUR ORANGE

DOCTOR TEST NEGATIVE

GUM, mg3./100 ml. 1.0

OCTANE NUMBER, RESEARCH TETHOD )84.4

SULFUR, WT. % = QuF

LEAD CONTENT, g.Pb/USG ;T/ {06

7/ /
7 A

Table 2,6 Major Powe rfoyﬁ/i,ng’ﬁéacﬁions

7

Iype of Reactions ;

/ - l,";‘j..\:
DEHYDROGENATION /) vt |
ey -
ISOITERIZATION PR T
~NAPHTIHINE AN
e
~PARKFFTI Clly~CTL 0T ;~CH ,~CH ~CH,

JEITYDROCYCLICIZATION

~CIl ,~=CH ~CIT ~CH,
CH3 12 hz--C 2-v--CH2 C 3

HYDROCRACKING

CH,~CH,

~CH 2-CH2-CH —~CH

273

High Octane
0,738
CLEAR & BRIGHT
RED
NEGATIVE
140
9565
0403
2.0

Chemical Changze

i @ + 3112
SR
et

CH.,
i
., ~CH~CH~CI
e 4 C.._3 Ci ?H 13
s
C}.A3

e

e (CI-;'S«’CHZ-CxB)
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Reformate is the end products of chemical fractions in the distillation
tower which are adjusted their octane number hizher in the powerformer.
The important reactions occured are shown in Table 2.7

As an additional information, by the Polish investigation(27)
of the gasoline fpaction at the B.P. 117—-12300, twentythree individual
hydrogarbons were detected : 60% cycloparaffins, 20% iscoctanes and 20%
n-octanc. The presence of 1y1-dimethyleyclohexene was also confirmed.
Besides that, the greatest amomnt of 6 membered naphthenes were found
in the 95-122% froction (23)s TIts highest amount ( 15%) were.found
in the gasoline from crude oils with small S and tars content but from
the crude oils with high S and tars content, the amount was smaller (7%)

Generally in order to improve the gasoline efficiency.
Tetraethyl lead is presented about 0.15% as an antilkmeisk(22) which is
associsted with the othgr substanous in a combimation of tetresthyl .

lead, Ethylereditrcmido, Ethylencchloride by the retic of Pb: Br2:CI2

= 13 0.39: 0.34 by weight or it can & seid that there is 2-3 gm lead
id 1 gallon of gasoline

Gasollne used in this experiment will be the high octa.ne
gasoline wh;ch possessesmcm aromatic compounds and of course dissdves
the PFD faster because polystyrenc is very sensitive to aromatic
hydrocerbons as deseribal.in 2,8
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