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Chapter . I

INTRODUCTION

The knowledge of the rheologioal propsrties of solid~in-
liquid suspenaions ia of great importance in meny industrial prob.
lems. There Iln an iroreasning interest in this fleld in view of the
largs scale hendling of moh syntems in various chemical procesases,
transportation of solids ss suspmsions in pipeline, and s numher
of proposed uses for exampleg, prediction of power requirements
for agitation, as heat trapefer medium, fuel slurry in chemo-
puclesr resctors and suspensions of metal powder Iin Jjet fuels.

In gensral, the sclid-in-liquid suspensiems are non-
Newtonian in bebaviour end their filow ohareoteristics are inflaen-
oed by intrineio wnd extrinsio properties of solids whieh include,
density, thermel canfuotivity, speclfic heet, concentration, size,
sizse dlstridbution, shape, surface charscteristics.settling rote
eto, and flow reglons~viscous, tranwition ant turduisnt. However,
most of the non-Newtonlan suspensions bdehave like FHewtonlen in
turbulent region and, thersfore, a singie valus of apparent
viscosity of the suspeision osn be obtained and unsed for design
purposes, For those suspensions which continue te show non-Newto-
nian character in turbdulent region, cholce of mingle value is net
possible. The properties of these suspensims widely vary, They
may bes stable, upward settling or rapldly settling type. The
intiuenge of factors such as size, abape, conomtration, surfsce
oharacteristios and sise distridution of the solid particles e
the rheclogical belmviour of stable and moderately ssttling sus-
penslons have been stressd by various workers in this field,
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Tneteinl® put forwara the first fundamental mathemati-

cal formulation
U"SI- = ( 11’ 8‘5 x‘UJM’I— to-a(i)

relating the epparent vianneity of suspenst on with the volume
fraction of s0llds ond the viscosity of susnanding mediom,
This relationship ic valld for sufficlsntly 4!lute suspensions
of fres-Tlomling, monodlaparasi, rimld spherioal pnrti.ulaa in
Wewtonlen liquid.

Binghum and mrhamx stiidied various muispansions with
solids concentration upta 9 percort hy wnlume mnd showed that the
fluldity of suspension Adsoreansd rapidly ané linearly as the nolids
ooncentratiosn incrsased. Druoker and Knsuelg and White® found that
fluiditias are normelly sdditive in homopaneous mixtuores and fine

sus pon of one,

To descride the flow bahaviour of suspernnione &t hipher
solids concentration, Rlnstein's theory hes heen sxtended by
various workers by considering the hydrodynsmic interaction between
jarticles.

Vand® qerived the Tollowing foemula for apheres in
1iqui4,
Msiw (14 2,82+ 7,17 %% + 26,2 5% )M, ,(11)

He studied glass spherss having an aversge radios of
0.00885 om end concentration upto B0 percent by volume. This
equation Ils valid in the relative fluldity rargs of 1,00 to
Qoom.
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Happlo“ derived the esjuntion (111) without any experi-
mental conestants to ﬁédict the viscoslties of comsentrated sus-

ponsions of uniformly alzed sphericnl partioles,

HSL ‘(1+ 5:.5:!.'\:-%)#1_ .Il.(iii)
where Y 1s the interaction fsotor,

?crdw showed that Elnsteln ejuation in its fluldity

form and 1ts exect reociprocal thet is,

Mose

s (1+2.5 Wy + B85 X B e ) L. 1IN

may descride acourately the viscogity of suspensions of ripld
spheres in Newtonlan lijuide =2t low and moderate conoentratlon,
Moreland®® nas studied irregulsr jarticles of coal in minerel oil
and fourd that for volume concentratlon of solida of less than

25 percent, his experimentsl Adata could be ocorrelated by eguation

e,
FL;L_ 1 - KJC\.» oo.(v)

where the K Is a constant, the valus of which depends on the
syastem,

Thmsal has proposed the following expression for
susensions of high sgolids concentrntim,

1-0,878 Xy

. .-0‘71)
1“1.595 x'U

mt%_ - 1+ 2.5 Xu + 10,06 2,2 & 0,082 exp

Robinson®® found thet the: gpeciric visonaity of the
suspansion is Alreotly jroportional to che volums fraoction of the
spheres and inversely proportinnel to the volume fra€tion of the
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free liquid in suspension and he Aeveloped the ejuatinn

__““..i"_&‘" - ____}5._:1:""_ eees (VWil)}
o 1 - Y Xuv

=, end € is the

porosity in a bed of rvandom packed spheres, His dnta show that

where, X is the Einatelin constant, Vy 1is

packed sediment volume ig gprroximately ejunl to the effeotive

volume f the partiocles,

Crowley amd Kit.zess have studied the aqueoua thoria
slurrises and used Rohinson swmation to correlats their viscosity
data, They postulated that the effeolive volume of the solidas wns
greater than the Irue volume by virtue of an envelope of fluld,
bounl to each partiols, onlled " lyospherse " and ocorrelated the
thickness of the " lyosphere ™ with shearastress by the ejuation

: - c q;.o.oz by "111)

a
where t/a ie the ratio of thickness of bound water on the surfnce
of ¢ particle %o martlole rafios and € is A conetunt de;endent on

the pronectios of ths partlounlar sy=tem,

Murdock and Kaarncyal have ocarried out extenalve studies
on agusous theria slurries and foun! that Crowley - Kitzes ejustion
provides the usesful correlation of the rheclogicel data for all

omcentrationsof a single slurry.

6,11,16,24,33,38 have inventignted

A nunber of workers
the influenoe of partdicls size, shipe and onncentratinn on the
vigooaity f atable suspensi-ms. Of thems the work of Ting amd

mebbwssa i= of perticular sienlficnnce, They have studied aystems
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in which the 85lids were spheriocal, ocubs »>r rounded particles,
amd formed staoble suspensions in various liguid media, The experi-
men tal data obtalned were correlated by the egjuation

o oY)

MS? - -..x'IJGD - C-Cv [ p(ix)

whers Aemp is the apecific viscosity, X, the volume frnotion of
s0lids snd Xyoo the volume fractiosn of solids at which the
visceoalty of suspension tends to irfinity,

Oliver and 'Hardza have studied the influence of depar.
ture from stadbility of suspensions of spherical particles upon
thelr relative viscositlies, They THunt thot the relationship
bstwesn the relative vincopity of settling sw_ipmsims and *!';ho_

volume oconaentration of the avlide cnn be represented by oqu;stlun

(1-45) =KXvs+K ceee {x)

provided 0,104 2y £ 0,30 mmd for low cmoentration below
10 peroent by

111-' ( 1"'32 x‘u-) too‘xi)

whare K and K1 are the slope asd iatercept of the linear
relationship represented by aquatinn (X} and Ep 1a equivalent
to the Einsteln comstnnt, The valuas of K, K; and Xp have been
fount to be -uite menaitive to the ohnnpe in wtshility of the

sus cenuions,

o 20r 274 32,33,38

Al stributicn indionte thet by careful maleoction of partiocle

on the effent of partiocle size
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size Jistribution the viscosity of a suspensi»n oan be rendered

much lower than those for single sized particles.

In the present inveatigation, the influence of intrin-~ic
properties of a0lids such as, concentration, tize and shape on
the rheological behaviour of a large namber of =olid-in-liquid
sus pensions of coal, electrode-graphite, petroleum-coke, selenite,
quartz, agnte, huematite,;in water have been stud led, The anlids
used were ilrregulsr in shape, inert to ths suspending reAlum and
in the size rnage of 10 to 314 miorons. Moat f thesa suspenniosnas
were rapidly settling in natuve, and therefore, gquick phasa sepnrs.
‘ﬁon took plnoe in the absence of adejunte apitatlo»n, Beonuse of
this resson, great Aiffioilty was exparianced in dstermining the
apparent visgosity of rapidly settling auspension in ssnventl snal
ocapillary or pipeline or rotational viscoometer. It was, therefore,
found necessary to design anl oonstmot 8 ocontinuously operating
conoentric oylindrical viscometer in which the inner cylimler
fltted with two amall paddies at the bottom, 4riven by a motor,
aoted as & utirrorz"% The wvalue of viscosity was determined from
the mopsurenent of torque developed on the outer oylinder, by »

alirple mechanicsl arrangement.

in order to Aetermine the aondltinne for ettuining
homogeneity, the settling charoctalistics ware stcdled in a model
visoometer with transparent ocuter ocup. The moast atriking phenome.
na observed was the sppeasrance of repularly spuced rings of suas-
ponded partioles 1l the liguld mediom within a coextulin mpeed ranpe
of rotutlion. This phenomens was probably due to lnstubllity of

hatsrogenecus fluid between conowntric rotzting oylindsrs,
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Correlati ona have teen developed to rrediot the apparent
viscosity of suapensions { Msi) in terms of averape iameter of
particles (Davg}, its volume fractinn { Xy ) and euspending medium
visconity ( Au) for all the systema, The general form of ejutinn
is

s a
N"SL"'M&— hl * KE ‘ T:@%%) -...(Xii)

where the esnstents k3, ko and & are the characteristics of a

particular systams,



