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Ð]ELECTRTC AND RHEOIÐGTCAL PROPERTTES OF ft4IItSÏONS

T]{TRODUCTION

ft has been observed by Voet (1) that as the concentration of

the dÍspersed phase is j-ncreased the dielectric constant of líquid

díspersions may decrease very considerably upon the applfcation of

shearing stresses to the system" An analysis of this phenomenon (1)

has yielded the following theory; at relatively low eoncentration the

partíc1es of the dispersion move independently (i,e' ) exhibít NewLonian

flors but at a value of the eoncentration greater than sonie critical

value, a t,endency to particle agglomerat,íon existsu resulting in the

fonnaiion of structures and a pJ-astic type of flor,¡" Such particle

structures, howevetr, are broken up upon the applÍcation of shearing

stnesses, and

eoneentratíon

9ê

3.^ILII

a result the partfcles move independently at high

these systems' Voet ínterprets them as accountíng for

bhe deevease Ín the dÍelectric constant"

The purpose of this investigation was to attempt to verify the

theory presented by Voet (1). The results procured by Voet (1) were

the only prevÍously existing ones, and for emulsions represented very

inconslusive data, certainly inadequate to verífy the theory he

presented" The work done by the author, however, is the most com-

prehensive investigation of dielectric and rheological properties of

emulsions that has ever been perforned and it is on the basis of such

results that the valldíty of the present, theories must be judged"

It was further anticipated that the changes in the díelectri.c

eonstant could be eonrelated w-ith changes in the viscosity and with this

in m5-nd, it was undertaken to measure these two quantities simultaneouelpu
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DïEI,ECTAIC PROPEP"TIES CrF DISPERSITNS

Even though dispersions nade vr¡ith apparatus such as roller
n5-11s, ba1l nills, col-IcrÍd- nills, etc"n usr:a11y show a conparativeiy
sniall particle size on microscoplc observation, there aï,e, nevertheless
indications that in concentrated dispersions second.ery particle agglo-

meration (or f1-oceuJ-ation) occurs, The rbeological study of pignent
díspersions (e) reveals the existence of pl_astic and. thixotropic
systerias, the structure of which is thought to be destroyed þ the

applica-tion of shearing stresses" No direct proof of the destr'ction
and' rebuilding of such flocculated partÍ.ele structures has been offered.

by rheological investige-tions (2). rn addftion the phenoneronof pl-ug

flLo¡s has rendered- a proper interpretation of the rheologica.l beharnior

of pigment dispersions at ver¡r 1ow shearing stresses rather uncertain
(3) naking our knowledge of particle aggromeration at low shearing

stresses very inconplete" Rheclogieal investiga.tion offers no knowledge

about the progressive particle agglomeration in a dispersion at resto

the study of the dielect¡ic properties of disperslons at rest as

well as when subjected to varyi-ng shearÍ.ng stresses has ¡cade it possible

to obtaln nore ùirect info:mation regarding the exfstenee of such

structures,

The theoretical treatnent

persion was attenpted at the end

the dlelectric constant of a dLs-

the last century" Calculations on

tbe basis of the Clausiu-s-Masotti relations beca¡ne tota11-y J-nadequate

when the dielectric constant of the dlspersion meùium and d.ispersed.

ned'ium were d-ifferent. The related Lorentz - Lorenz equatlon f-s equal-ly

invelid. (4) ' The problem was studied- theoretíea1ly by Bruggenan (J),

of

of
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ån e:perímental study of the validfty of various theoretical

considerations was made by Guil-lien (6) who investigated the dieleet-

ric constant of particles of various materials dispersed- in air as

¡uel1 as in organic liqulds. The results of this Study nay be sr:¡ir¿arÍzed-

as follow's: Tbe dieJectric constant ( ( ) of a dispersion of a naterial

of dielectric consta.nt( 1r d-ispersed in a volume fraction, V, ín a

medium nith d-ielectric constant (r, a*p"nds not only on (,, É^and V

but also on the form of tbe particfes and is independent of the size of

the particles. Tbe nínímrm díelectric constant was found for spherlcal

particles, wirile a eonsiderable increase was found for nonspherieal par-

ticles.

For spherical particles an equatiÕn proposed by Br"rggenan (5)

appeared to be covering the existing e4perimental data very well-. The

ec,uation

r.-v=(,-É (e"\/t ---------(1)(, - (o \é ,/
wbere V is the vohme fraction of the dispersed phase, € is the dielec-

tric constant of the d5-spersionr(,ttte dielectric constant of the solid

pa-rtÍ-c1es, and(*the dielectríc constant of the suspending.ned.irrn holds

for any disper.sed phase regard.less of its own dlelectric constant. It

is valid- even for infinitely higb dielectric constant of the dispersed

phase, such as for partleles of netals or other conductors. In the

latter case the equatic'n Í-s sinplified- to

/-v = ç?)'k o< ( =,S1.',.
L I-V,/

The latter equation nay be rewritten as

( = É* (r tsv) ------:----e)
by negleeting the higher te:srs of v, a procedure which is a1lol'p-b1e only

for snall-er values of V.
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The dieleetric constar.t of a dispersion of non-spherícal

particles is considerably hígher than fo:: sphericeJ particles occrpying

the sa¡ne volume. rn add-ition, the greater the devj_ation fron the

spherical fo:m, the higher is the dielect4ic constan'b of the dispersion.

Consequently, since particl-e agglomeration l-eads to non-spherical chains

of particles, these aggl.omerated particles nust show an increase in
dielectric constanto which is expected to decrease to the nornal value

when a shearing stress ís appl-ied- wÌrich brea.ks up ttre aggregates. In
addition, in a dispersíon at rest in which particle structures are in
the process of building up, an lncrease in the dielectric constant is
erpected, índ.icating the progressive particle structure for"rnation. A

suggestion that such an effect actr:ally exists was found in an obser-

vaticn by Parts (7) that the dÍeLectric constant of a printing ink

cÏ.ia.nged w'ith ti¡re. Both effects r¿ere verified erperimental-l-y and data

were obtained for a m.mber of systens Voet (1).

The quantitatlve evaluation of the dielectrlc constant of a dís-

persion of non-spherical particles Í.s very complicated., owing to the

fact that the for"m factor depends not only on the particre fo:m but

also on the diel-ectric constant of both phases" It. appeared. tbat none

of the many theoretÍcal approaches nade in the literature led to a
satisfaetory equation eovering old.er er¡ierirnenis. voet (1) extended

Bruggenanss eo.uation by introducing a fomr factor for non-spherical

particles in dispersions where the dÍelectric constant of the dispersed

phase is much larger than the dielectrie consta.nt of the medir¡o" The

nodífied Bruggenan ec,uation beco¡oes

( ? k" (l +r{\r)
for spherical particlesf, I and for non-spherieal particlef)1" Erith-

out beíng able to make any definii;e-preAiätion about particle shape, it
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is possible to state that the l-arger the eqoerlnentally d.eterrnined

factor is, the more the particre shape shows deviation from a
spherical folr" The forn factor can never become srnaller than unity.

The forn factor for plate-like or needf-e-shaped particres
naturally depends on their orientation, .å.ceorcling to the theory of
Bruggeman (5) tne dieleetric eonstant has a niirimun for orientetion
perpendicular to the field and a maximr.ro for an orientation paral1e1

to the field, while an ínter:ned.iate factor is valid for rand.on dis-
tríbution

.âlthough we are not prímarily concerned with d.Íspersions of
solids in liquids the conclusion d.rawn from such ex¡leriments aÍd 1n

the explanations of observed phenomena in liquid dispersions.

0n viewing zinc dispersions in minerat oil mieroscopieally,

Voet (l-) foinrd the particles to be approximately spherical, However,

on applieation of Equati'vt Lr the form factor was found to be 1"1ç,

exhibiting the sensitivity of form facior to the shape of the par_

ticles. Tfrhen the dåspersÍons were alrowed to stand, it appeared. that
at higher concentratíon the dielectrfe constant increased, but returned
general-ly to its original value upon agitation.

This change of particle shape, ean be e4plained only by par_

tlcl-e aggloneration, since we bave solid zinc particles occupying

a constant voh:me Ín the dispersioil no possibÍlity see¡ned to exist for
a change Ín the shape of the individual partícles.

where particle agglomeration was found to occur, voet (l) in-
dieated as the aggloneration factorr..Àen the ratio between the

e4periuentally determined forn factor at rest at a given coneentration

and the foru factor of the d.islldr3èd phase as d.etermined fron the
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linear relationship i:nder shearing stresses" Thnrs

f--t=( (-, +? \(v \/r ç -a,fv/ --_--(5)
where{v'ís the value of dielectric constant of the dispersi.on at

rest eharaeterized by the aggloneration factor Äv at the concent-

ration V. Voet gives data in support of the statemeni; that Neru'bonian

flow is characterízed- by absenee of particle agglomeration and hence

Ao = 1 whjle a d.efinite particle agglorneration nust be associated w"ith

plastic flow for which Av) 1"

To study other aspects of flow the dielectric qualities were

determined at low shearing stresses corresponding to approxinately

I R"P"M. Diuensi-ons of the d.ouble cylindrreal capacj-ty cell used

rvel:e as follows: insi-de diameter and height of the brass eup were

102 mins" and 96 nms" respectively; outside diameter and, height of the

brass bob were both Ç0 nms " It appeared that und.er these con¿litions

cf low shear all the zinc powder dispe:'sions investigated. shotred a

diel-ectric constant identieal with the value obtained at the highest

sliea:ring stress corresponding to approxi-nately 250 R.p"M" Thus it is
evident that the forces whieh act to fozm particle aggloneration i.n

zinc dispersions are weak and very easily ';removed :, and. it is desirable

to study the progression of particle agglorneration at rest, The

dleleetrÍc qualities of different zinc dispersions were deternined at

various tíme intervals after the dispersion had been thoroughly agltated

and the agglorneration faetor calculated. It was observed that the

partiele aggloneration factor changes in dispersions at rest" The

upper IimÍt was often not reached in ten rninutes and. it tock sometines

hours. before the final stage of max-inum agglomeration was reached" This

phenomena is closely connected with thixotropy whieh is believed to
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result fron b}¡e gradual rebuildÍng of a prevåous1y destroyed particle

structure"

0n investigating dispersion of alumåm;m }eaflets in níneral oí1,

Voet (1) found the forn faetor to be 8"2" When viewed under a måcroseope

the alumlnun partÍ-eles deviated much from spherieal fotrm" The difference in

statie and dynanic dielectric behavior v¡as explained as due to differences

i-n partiele orie¡¡tation" ThÍs vras further backed by shotcing that the dis-

persion regai-ned its original random distrfbution after a short peniod of

tl¡ne (Iess than 2 seconds) after agÍtatÍon was stopped" Even though there Ís

a decrease in the dielectråc constant on applieation of shearing stresseg

the agglomeration factor 1s equal to unÍty, since the decrease is due to

partfele orientatlon, and not partiele agglomeration,

Generally speaking partícle agglomeratíon is characferi-øed by a

Iinear relationship between the dieleetric const,ant and eoneentration under

shear and a eurve converc tor"rards the absei.ssa at rest, although the lnifial

part, of this eurve, aÈ lowen eoncentration may be a straÍght line. Particle

orientation is characterlzed by a Ii¡ear relaÈíonship i¡ both eases"

As a lfquid dispersion, Voet (I) used .! Norma1 NaOH (Èo obtain eon*

ducting partÍcles) dispersed by a conventional but a speeffíed emulsifyÍng

agent ín mineral oi}" The form factor was calculated to be 2o0. It t¡as

observed ihat at rest an extremely hlgh agglomeration factor existed" 0n

microscopic observation of these dispersions all the particles appeared to

be perfectly spherical, The deviation of the form factor from one was

expLalned by an elongatÍon of the particles under shear, resulti-ng 1n

e}lípsoidal particles Ínstead of spheres, The devíation in form factor is
due to distortion, here distortion by shean, In very dílute dispersions

panbfcle agglomeration, whÍeh was mieroscopieally visÍble díd not app€ar

to Lead generally to eoalesceneee
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but merely to the fornat,ion of partfele chains in v¡hích fndívådual par-

tfeles remained vísible.

The ehanges with tÍme in the dÍspersions are best demonstrated by

the change of the agglomeration faetor with time caleulated by neans of,

equation (5)" It was noted that fairly high shearing stresses v¡ere

needed to break up the partÍcle agglomeration formed; for a LAfi dispersion

more than 100 R.P"M. ÏIas required to obtaÍn t,he mlnimum dielectrie eonstant.

Voet (1) ehecked the valldity of the factor 3,0 of the Bruggeman

equatíon (Equation 2) e:çerimentally and justif,íed its use for perfectty

spherieal partieles of conductive materÍaI"

"PART TT

RHEOLOGTCAL PROPEBÎTES OF DTSPERSION

The fo3.lowing sectåons wÍIL be a díseussion of tF¡e Green theory

(15) on the notationaL rriscometer as used l¡r rheologieal measurements"

Green uses two concept,s as the basis for his rheologieal system"

They are:

(1) .Nervbon¡s coneept of viseous flor+, F = + S - (6)adr
Newbon assumed that the rate of shear is direetly proportional to the

tangential shearíng stress. the proportionality eonstant ?t" the eo-/
efficfenù of viscosity and is defíned as the tangential shearing force per

unit area that w'iII produce a unit rate of shearn Equation (ó) f"
applieable only to liquids whose molecules are not hampered in their

motion by the formatíon of structure or by nolecule.r alignment
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under high ra.tes of shear.

(2) Binghemrs concept (mooj-ficatíon cf Equaticn (6) for

pI-astie flow or for Bingham bodies).

.4 (r -f )= 4Y--,/ \ ' '/ ct ,r ----(7)
For plastic clay suspensions in water, Binghari used Equation (7) 

"

He reasoned that plastic floir couJ.d not start until the applied shear-

ing stress exceeded. the stress arising frorä frictional resístance be-

tween the clay narticles. Ee thus tlrtrotiuced. a frfctlonat factor f
(which is the tangential force per unit area first required to start

flow) into the Newtonian Fquation (6). I{e also repì-aced- L uríthr<which'a""/
he called. the nobility, /

ïVhen Bingbem first recognízed the si.gnlficance cf an Í.ntercept

on the pressure exis, he attributeci. it to friction. This frietion existed

betv¡een the particl-e of the suspension, and resísi;ed. florc to the extent

of the pressure d.esígnated by the intercept. The letter f was used- to

syabolize frictic'n. This letter has been retained by rnany rheologists,

even though the name friction is no longer enployed-" It seened highly

probable tha.t friction night not be the onl-y factor invoLved in produclng

the intercept.

The force cf suspension floccula.tíon can also ¡revent flow un-

less it ís exeeeded- by the applied force. (The transition from plug

to lanínar fl-ow is sufficient to cause most, 1f not all, the curvature

in the lower end of the consistency curve for Bingham bodies. This is

trle for rotational as well as for capillary viscor,ie{,syg) " P].ug flLow

is that part of the flow where the shearing stress is less than the

Êe1d- vqlue, lamÍnar flow being orderly flos or flos' ín para1lel laye:"s.

The term nyield valuen for f was suggested as a ternporary ex-
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pedienù until something more approprÍate eould be found. The term

yield value appeared for the first ti-ne ín a joint publieation by

Binghan and Green in 1918" Several years later the tern was definitely

adopted by them, though it was realized that it was not entirely satis-

factory.

Plastics (ginghan bodies and not s¡mttretie plasties) are distinguished

fron liquids by having a yleld. value. When the yleld value of a naterial

is suffi-elently higtr, it becomes ma¡ifest by eomparing to ít a shortness

or butter-Iike eonsistency" Tield values make plastieity possíble'

Plastieity also includes the concept of florc w'ithout rupture; that 1s,

the material must not be brittle.

A Newbonian l5.quid is defined rheologÍcal.ly by only one constant"

That constant Ís the coef,ffeient of viscosity" Viscosity is dl-rectly

proportional to the cotangent of the angle nade by the consistency curve

and the force a:rÍs, Numeriealty it ås equal to the mmber of dynes that

r"iilL Lnduce a wrl-t rate of shear. This nr¡rnber varies with the temperature

of the materialS so the temperature at the ti¡re of measuring should be

given with it" The unit of viscosity is the pglqgo Inlhen a sheari-ng force

of one d¡me induces a r.¡nit rate of shear, the nateriat has a coefffeÍent

of viscosity of one poise. Since the rate of flow is directly proportíonal

to the pressure, the coefficient of viscosity for a Newbonian can be

obtained by a one-point method fron the plot of rate of flo¡¡ vs" pressureo

The measurement is made for any point " 4" 2' a straight line is drar"¡n throught

"a" t,Ð the origin "o'and the result is the consÍstency curve

The single-poínt method is invalid for non-Newbonian fluÍds. Even

so, nany rheologists use sueh a procedure for non-Newbonian fluíds' They

aÈtempt to make their meaburement valid by ealLing ít apparent viscosity'

Apparent viscosity Ís the viscosÍty a material
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w'ouJd hane if it lrere a Ner¡"bonian" But, a non-Newtonian is never a-

ï{ei,rtonian" Hence, e.pparent viscosity ls derived fron', an entirely

1¡¡pothetical consistency clrrvêo

Plastic viscosity is defined according to Equation (7).

-__-(8)II= F - J:
its
dr

where t ts the coefficient of plastic rriscosity and. f is the Bing-

han yield value. Plastic viscosity is the nulrrber of dynes per square

centj¡reter of ta.ngential shearing force in excess of the Binghan yiel-d

value that will indu-ce a unit rate of shear. Plastic viscosity cannot

be d.etermined experÍ:nentally þ a one-polnt ¡nethod,' Plastic viscosi-

ties are comparab'l e while apparent viscosities are not"

The capÍ11-ary viscometer is of no use ín working with Binghan

bodies since it lacks constancy of shear" No nethad. for determiuing

yield values and plastic viscositj.es other than the use of the Buck-

ingba:r eo.uation (which was tedious and inaceurate) eristed untíl Reiner

and Riwlin published their eo,uation of plastlc flow in rotational vis-

eometers (16).

The eqr:ation of plastic flors in a rota-tional r¡^isco¡ieter as

developed by Reiner and Riwlin (f6) is

_çL = -,a #, (*- - t") --'*''r¿ E"
ß, ----(e)

rqhere ç the angular velocityCd when the torqu-e T (at equil-ibrium)

becones sufficiently large so that alt the material between the waI1

of the cup and the bob j-s in laminar flots. R" and. R¡ are the radíi

of the cup and bob respectively, h j-s the d-epth of immersion of the

bob and f it ttt" yielcl value.

Equation (ç) is the equation of the 1inËar part of the cuf'vet
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that is from Ttr r4pwards (Figure 1) "

It ls not necessarye to hrow the eo,uation for the Lower end

of the elrrve where transitlon from p1-ug to laninar flow takes place,

In that, rospeet it differs from the Buckinghan equation. The eurve

of Eqirati6¡ 9r on extrapolation to the torque a:ds, cuts 1t at the

polnt()= OandT =!2. Then

T" /t t ) n ll
+ã,, ln¡ - R"^J = t- -ëru L

ßb --(10)
Setting

11
Þ A Þ¿'b 

-"c = S
4.$b

----(11)

----(r.?)
andS= ñE-

%

f=cT2gives

Substituting Equations (11),

writing( for ! give
t4

____(13)

(12), and (13) in Eo,r:ation (9) and

u=(T - T2) S+--v- ----(14)

Fqr:ations(13)and (11*) are the tw'o nost inportant flow equa-

tions for plastics of the Bínghan-bady type where the rotational vls-

cemeter is used i-n naking tbe rheological measr¡rene nts" The constents

S and C are instnmental eonstants.

The amount of torque T is calculated fron the nrmber of d.egrees

through which the bob (and the wire) have been deflected nul-tlplled þ
the wire constent K. fhis consta.nt then is the torque per deg:ree,

Reiner and. Riwlin outlíned a tbeoretícal nethod. for deternintng the wire

constant bui state that lts cornputation rec,ui.res a knonledge of the

amor¡nt of inertia of the bob" As tliis factor is not always known and

ís someç'hat diffieul-t to obtain, they suggest as an alternative pro-
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cedure to calibrate the wire w'itb a l[ewtonian líquid of 'knolcn vis-

ecsity. Examples of such lio.uids a::e glycerol, sugar solutions and

various standard oils" The equation for K is

- It+

----(15)

---(16)

and

K " 1L)wr
T=K&

wbereÖ-is the defreetion" This nethod is practical enough if the

calibrating liquíd is not too high in viscosity and. íf the rate of

sbear is not nalntalned above that critÍcal val-ue where the naterial
ceases to act as a Newtonian (12) 

"

The design of the constrrrcted cell used in our investigation en-

abled the wire.constant to be obtaj-ned. directly without recourse to a
standard calíbrating l-iquíd. This is a deeÍd.ed advantage because the

rate of shear at which the viscosÍty deternination is nade is rarely

avallable to the purchaser of such a standard material. Consequently,

the figure given for the vfscosity coefficient woul-d. be just as useless

as it would be Íf the ternperature at rrybich tbe detemlnatíon rryas mad.e was

onitted.

In 1906 Einstein (22) developed. his equation relating the vås-

cosÍty of a soLution or suspension to the solute concentration and to

the viscosity of the vebj.cle" the eqr:ation is

? (t*r ø) __-_(17)

or

7 'fr^= 
tf:rø ----(18)

where 1r,
continuous

3"

the viscosity of*the suspensionrl,"t" the viscosity of the

pbasen þ Llne concentrellon-. of the dispersed phase (voJ.une
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per cent) and k is a constant çhich depends on the sha.pe of the par-

ticl-es" For spherlcal particles k =2"5.

.4. graph offt/o.,,,versus / yÍe1ds a straight liae of slope' 2o5"
u(t

Frorr Fquation (1-8) it can be seen that the viseosity Í.s independent

of the size of the particles, depend.ing only on the per cent vol-rme of

the suspension that they occup¡¡ro Einstein developed. thÍs eqr:ation for

streanline flow; the type oecr:ring j.n a rotational viscoueter" Modifi-

cation of ttre Einstein equation has been presented to cover vari-ous other

conditions not ínclu-d.ed in hÍs work"

THIXOTNOPY

Tbe word Íthixotropgrn neans to cbange by touch" The tblng that

is nchanged[ is the strucfu:re of the naterial. It breaks down r¡'.hen

shaken or stimed" îhlxotropic strrrcture, however has an attríbute that

distinguishes it frou all otber types of struetures--in the course of

tine the broken thixotropic strueture wi3-[ rebuild itselfo if not pre-

vented. fron doing so by extenrally applied forces.

It should be noted that the complete reaction -- unbroken to

breken, and back again to the rebuilt strrrctur:e -- takes place 5-so-

the::nally. There are t¡rpes of structures that will not rebulld. when

broken. These struetures are associated with aging and nust not be

confused with thi-xotropy" Technologists in the paint and printing

j-nk lndustry associate aging with a cberiical reaction bets'een the

plgment ànd. vebj.cle or with ehanges in the stats of dispersion or of

floceuLation arising fron surface adsorption" Sueh changes are non-

reversible and d.iffer in that respect from tbixotropy.

Green (1!) uses the trysteresÍs Loop as a eriterion of thixotropy"

If a nateríal is run-in-a rotational visconeter and the curves of in-
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creasing rym and. deereasing rpn versus torque (the upcurve and down-

eurve respectively) do not coincide but form a Ioop, then the naterial

Ís thixotropic.

There are nany ways ty which the thixotropic strueture can be

e4plained, Eo¡sever, the exaet neture of the nechanisn of thixotropy

is stíll unknown. h{icroscopfe examination reveals the fact that tirixo-

tropic ¡naterial-s of the plgnent-vehlcle-type are flocculated. There are

also flocculation pignent systems tbat are not tbixotropic, and as a

result nc¡ definite conelusion ca¡ be drarytr frorn microscopical obser.rations.

One plausible explanation of thi-xotropy.r is as follows: Assr:me

first that the thixotropíc phenonenon arlses from structure and secondu

that this stmcture possesses rigådity. then to prod-uce f1ow, the

structure raust be broken, at least tenporarily" As 1.ong as flow eontinues,

the broken structure will- not refo:rn even in part, ualess the rate of

shear is lessened. The appLied shearing force used in a víseonetrie

meåsurement will in this ease be divideil. That ;cart of the force used

in breaking the thixotropie bond. does not produce flow; hence, it vøill

appear as a poÍnt on the force axis, that is, where flow equals zero,

This point 1s called the yield value intercept. A good model of thixo-

tropy nusi show hos bonds of different strength becone possible, This

can be aecomplished by having bonds of different cross-seetlonal areas.

In FIGUHI (e), two particles are bonded with three different degrees of

strength. This is done w'ith contact areas of three different sizes.

0bviously bond (1-) 'rd1l be the weakest and. bond (3) the strongest"

Thixoi;ropy is not produced instantaneorrslÍr but requlres a

finite ti-ne, especialþ for a complete rebuildíng of the struet',rre" A

satisfactory nod.eL of thixotropy nust show what caLrces this tine l-ag,

and it nust also show wlqr thä-ÞiÈîdup is continuously progressíve (i.e")
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øþ the time intervals are not a1.l equal 1n the same material, Tbis

can be aeeonplíshed by assrruing the thixotropic structr¡re to be an

arrested. one" This wolrld be the case if eaeh particle aeted llke a

magnet, or polar molecul-e each possessing a north and. a south pole,

Structure would fo::n only when unlike poles came in contact" Because

sone particl es w"ill always be nearer to a north-and-south pole alignnent

than others, the duration of the time 1ag will vary fron parttcle to

particle" .â.s a resrrlt the buildup will- not be instantaneous, as it
probably is in the case of oriented flocculation, but, instead, is

contínuously progressive until the process is conpleted.

There j-s another þpe of thixotropie structure where rigidity

in the ordinazy sense plays,no part. This is the type of thixotropic

breakdolvn shown þ oils under bigh rates of shear as described by

Weltmann (17). Sucb materials as heaqy-bodied. linseed oils'behave

irnder low rates of shear like Nes,.bonianls. When subjected. to suffieiently

higtr rqtes, they produce a þsteresis ì-oop lndicating that a teurporary

structu.rsl- breakdown has taken place". This can be accounted for in

the following nanner. tnder low shear rates the inolecules remain

in a disorderly and tangl-ed condition, At high rates of shear the

mol-ecul.es are straightened out and al-Ígned. this reduces the viscous

resistanee between adjacent layers" Às the shearing rate is decreased,

the molecules require an appreciable time to regain tbeir fomer state

of entanglement. Hence, the tfuqe 1ag that is characteristic of thixo-

tropic buildup is produced, and a þsteresis Loop resuits. The above

phenonenon call aLso be e4rl-af.ned purely in the orÍentatÍon of long

molecu.Ies,

When, in the study of thixotrogfr rnaterials such as paintst

printing lnks, emr:lsions or''-*ispersions in general are measured, only a
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rotational viscometer can be used. Thíxotropíe þsteresis loops can

be fo:sned oaly with the rotational type of instrument" Since it is

onJ-y rith this t¡-.:e of instrrment that the raie of shear can be in-

creased and then decreased without discontinuity" .4, loop fomrs becàuse

it eonsists of measilt'erûents nade on a naterial tha.t is being continu-

ously broken down until the point of bighest shearing rate is obtained"

This is the top of the curve (see FIGURE 3) " Bhen the down cuïve is nrn

(in¡oediately after the cornpletiou of the up curwe), no fur"ther breakilom

oecurs, and t?ris curve, therefore, is l-inear (except at losrer end). As

a conseguence, the tv¡o curves cannot coíncide, and a loop is created.

In an instrr¡nent of the capillary type, the naterial- under test is ex-

tnrded, and eannot be remeasured in lts broken-down state. This rneans

tha.t the up a.nd. the down eurves are eaeh ¡nade at the same thixo-

tropie 1ève1-, that is, in the same state of breakdolrn" Hence, the cr:rves

wÍ1l coinelde, and. no evidence of thixotropf¡ so far as the þsteresis

loop is concernede 'Fil]. be evident"

Green ancl Welt¡nann (19) showed experimental-ly that the area of the

hysteresis loop is proportional to the square of the top angular velocity

(À. (The relation betweenaand rpn ís (Ð.'P /g.¡,il- Eence

ay'ea L . Q(rpr)z _-_(1e )

shere rpn is the top rpt and Q is the proportionallty constant" Tbe

same investigation also showed whendwas plotted agaínst ln 1/(rpr)2,

A T renaining constant, Èhåt a linear relation was obtained (19) (21)"

Then if m is the slope of the resulting curve

" * 1l til-,1'
du

Calling the constant of integration

gives

(20)

1n k (for ít ¡aust be dirnensionless )
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----(er)

Both Equations 20 and 2L were derived theoretically (19) 
"

The following is ÏYeltcaannss method of nal<ing a lq¡steresis loop"

The viscorneter is first ad.justed for its r-owest praetical rpm. The

loop is started at that polnt; assuÌae that it is r0 rpn in thi.s case"

The degree d.eflectÍoa on the torque scale is noted but not recorded.

The rpn is nert increasedr sayl Lo 20. The first scal-e readÍng is now

¡rrÍtten d.own. During the tine required to do thls, the bob ?ras reached

its next point' This new seale reading is noted, but again it is not

reeorded.. The rpn Ls now advanced to 30" The secoird polnt is written

in dur"ing thÍs interval-. This process is repeated, the rpn being in-
ereased. by i;he same nu¡rber at each step. The Èine interval between each

ttvo steps must be as nearly eonstant as the operatíon is abl-e to make it"
Å.fter a sufficient nunber of points bave been recorded. to arrive

at the desired. top rpm, the down curve ls conmenssfl iromsdiately. It, ís
assumed tbat the test material is thixotropic and so no time must be

1ost" Descent on t?ris curve ís made by using the sa¡e intervals i-n rpn

and i.n timing that were previously ennpl-o¡¡ed. against the torque=scale

read.ing, and a 1ooþ as shown 1n fltGIIRE 3 uill result. The stralght

part of the down ellrve, extrapolated to the torque axis yields the

intercept T2, whích when mrrltiplied. þ the instrr¡nental constant c

(Equation 12) gives the yÍeld value in dynes per sq. em, The most

eustomary procedure is to plot the scale deflect instead of the torqr¡e

and then nultiply the intercept by the wire eonstant K to convert to

torque. This also hoI,1s for any point T in caleula-ting the plastic

viseosity fron the Equation, //.(T-l1) SI": "

When a thixotropic material is subjected to a constant sbearing
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rate over a period of tiire, it breal<s down rapidly at first, and. then

more slowly, r:ntil final-ly i.t reaches an equilibriun point where the

rate of build up equals the rate of breakdon'lr" T his procedire is

eal1ed übreakdown with time.rr ff fi:rther breakdown Ís now desiredo it

can be induced. onì-y by increasing the rate of enerry input, which is

aecompS-ished þ raising the rpn" Thls is ca1-l.ecl ilbreakd.own with rate

of shearr. TVhether or not an equil-ibrium poiot exists 1n this case

v¡hen no firther breakdown can be obtained is not known.

ffhen the tÍroe interval T is inereased, the m:nber of points N

and. the top rpm renaining constant, the upcurwe is d-ísplaeed tov¡ard the

rpm axis (19)r (see FTGURE 4). If no brealcdown took pIaee, the upcurve

would be straight (except at l-ower end) and represented by the line

Tr,À" If the nateri-a1 is thi-xotropic, i+" rrfl-l- eontinuously break d.own

dnring the nrnning of the upcurve. If it is assrmed that the ltp curve

eouLd. be rr:n ín zero tinie, there would sti1-l be breakdown on account of

the increasing rate of shear" The curve would, therefore, neet the top

rpn at soroe point, Atçr which woul-d have a snnaller toro,ue than that of

A, but greater than a torque for a real cr:rve run in fÍnite tj-me. Ïn

practlce, the tine cannot' be zero; hence, the curve will faIl to the

left of Ato and. neet the top rpn at a point At. 'If eontinued rotatj-on

is allowed at this point irithout changing th# speed, the material will

continue to break down rsith ti.ne until the equillbrium point is reached

at .å.¿9"

-&f,ter equilibrirm is established w'ith a eonstant rate of shear,

fi¡rther breakdown can be had- onJ.y by increasing the rete of enerry

Í.nput, or power. It should be noted that the product, torque times rpm,

has the dimensions of power. Therefore, the area of the rectangle

OGAF, FIGTRE 5¡ Ís a measure of the po'lver necessalTr to altar the state
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of breakdown at A and. the rate of shear for rpn. If rpn is ¡raintaind

untiL equilÍbrium is reached, the torque at A d.rops to the torque at B"

The povrer has also fallen anC is now equal to the area QFBIfi" To in-

erease the size of the poßer rectangle, it 1s neeessary to increase the

rpn to, salfr ï?EZ. This causes further breakdown as can be seen þ the

shift in the down curve from position BT2 to CT2. .[gain, if rpm2 ls

r¡aintained over a sufficient period, C noves to the equilibriust position

Ð, and firther breakdovnr can be tød- on.ly by another increase ln the powero

The up currre is the experi-mentaJ. record of increasing breakdowo.

If no breakdown shoul-d. take p1ace, the cur{re wcu1.d be straight. fts bow

shape indicates that the structure is breaking and so carnot induce a

torque sufficient to give a linear relationshlp with the rpn. Because

no action can tale place in zero tirire, the breakdown Ís the conblned-

result of an inereasin g rate of shear and íts tir¡e of application. Wtlen

the rate of shear is decreased, no further breakdown fron rate of shear

can t¿ke p]-ace. .û ny firther brealcdown wou.Ld, now be the resll-lt of time

of application. Eowever, this possibility'is nullified- by the fact that

build up can also take place under the decreased rpm"

Ttre down cuts'e remains linear (if nade within a reasonably sbort

period of time) until it reaches the l-ower end where plug fLow connences"

Tqhatever tt¡e cause is for the linearity of the dov.n cÌ,lrver it see¡as

reasonabl-e to assr¡ne that it is an indication ttrat the thixotropic

stnrcture is neither breaking d.own nor building r4l" The down curve

represents a eond:ition of tenporary stability and is referred to as a

sthixotropic l-eveln" It is possible to have an infinite number of such

1eve1s for any thixotropic materieJ-.

In tbe developnent of the theoretical eo.uation of the loop,

Green and. Ifeltmann (19) nade the basic assrmptic'n tbat the loss in torc,ue
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due to breakdorrryr is proportlonal- to the rate of shear. The seeond

coeffleÍent of thixotropic breakdown M is the loss in shearing foree

per unit area per ur¡it increase in rate of shear. It ís ex¡rressed in

dþe-seeond.sfsq. cm. þ use of Equation (ef) and two poirn1,sl/ ,(Ðn anð,

U^ A^ , M is given by the eoruation

M= 2(t¿, - -U ^ .I ---(22)
Ln QL'

(æ

where A, and. Un ate the plastic våscosíties respectively andá), and

C) e. are the corresponding angular velocities measr:red at the loseer

and higher rpmo

å. third coefficient of thixotropic breakdown is derived- by Green (15) 
"

[ = f^ - !, ----(a3]
u, -u^

where V is the increase in yield value per r:nit decrease in pLastic

viscosit¡r"
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PART IÏ"

EPERIMET{TÁ], SECTION

The proble-m under investigation required a series of enulsions

of ,the water-oiI t5¡pe. It was desirable to heve the d.ispersed phase

conducting and. to thís end. .&f sodirm bryd.roxÍde sol-ution was used. Our

systen then is one which is corcposed of eonducting partieles in a non-

eonducting nediun. fn the preparaticn of such a systen it is neeessary

to have a third substance cal1ed the enulslfying agent. For the water-

oiL type emulsiorr this agent is aI¡nost invariably solu-ble in the con-

tinuous phase. Various theories have been put forth with regards to

the acti-on of the enr:lsifier. Few well substantiated theories of enulsi-

fier action exíst as shown by the gr:eat variety of agents used, and the

random way Í.n which they are normally selected. The generally aecepted

mechanism of enulsifier action is contai-ned in ma4y tests on coIloid.s,

e"g. Alexander and. Jobnson (23) 
"

PRMAT.ATTÛIü OF EMUTSTONS

The probl-em of preparing a series of stable enr¡lsions in the

range ? to 5O per cent (by volune of the dispersed phase) was first

attecked þ the trial and error nethocl" The first emlsÍfying agents

used were products of the .Ar¡rour Cherr:ical Company. These included the

following agents, Sbhomeen T/.- ,., Ethomeen I8þ5t Ethomid. L8ft5, Ethonid

Ht/t5, and EthofÃi- 6A/15. LittLe suecess was had with these agents"

After a search of the available l-i.teratr:re it sas concluded

that there was very little info:mation existing on enn:lsions of the

water-oil tlæe. The nain concern seemed to be the oiL-water t¡npe" As

a consequence of this search, however, it was decided to try some of

the ol.der standard ensifying agents (24) e5) " Of these Zinc o'r eat'et



-28

ca1eíun oleate and magnesirm oleate were used" flere again dÍfficulty

was encountered" It should be nentioned, howevero that these agents

were not entirely unsuccessful but neither a series of stable enulsions

nor ernulsions w.ith the proper desira.ble characteristics could- be prepared"

0f the ilmerous other agents whlch were tried, the ones whích l-ooked'

nost pron:ising were the following: Span 620 Span 8o, arlacel C' Tween

65, Tween 6I, Tb'een (S5), all of the Atlas Powder Conpan¡r, Brantfordt

Ontario"

these Spans and Tvi,eens were selected by the 1t!{ L Bn system" The

tenu fH t Br indicates tbe size and strengtb of tbe þdrophÍlic and lipo-

philic groups that fo:m the molecule of the surface actlve agent' For

water-oil type enulsiorrs agents nith Í1 L B valu.es in the range 3"5 - 6"0

were best suited, By conbi-ning the above agents in various proportions

their H L B values can be nad.e to faLL in ttre required range' An example

of, such a caLculation is as followse

11 LB

Span 8t l+"? x

lbeen 8L ----- L0"0 x

A t B of combination ---- å¿

Ântorox B-Loo a product of standard. chenical conparSr was also tried'

The agent whicb was finally used to prepare the series of stable

enulsions was anþdrou-s lanolin'

The following tecirniq.ue was u-sed in the preparation of the e'nr:l-

sious" Eeaqy mineral oil (Turperial oil stanolax) of specific gravity

"8?8 was measr¡red out frorn a 500 ee" burett. To tbis oil i-n a beaker

heated. lanol-inu measi¡¡ed in a graduate, was ad'r1ed whlle stirri'ng' Ifhen

these two conponents rcere tho.coughly agitated the coffect amoirnt' of t'Þe

díspersed phase was ad.cled. frorn a buret' The dispersed phase Tras added

Proportion

s5% ----- 3"6

vfr ---:- L'5-
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nhile the stirrer was in notion and was a nixLure of '5N sodiun $rd-

roxide nixed w,rtin g5l" ethry1- al-cohol to a specific gravity of '878"

The resulting enulsion was stir:'ed for 20 ninutes' A heaqy piece of

cardboard was fitted over the rnouth of the beaker while stirring was

done. This lainirnized the evaporation of the alcohoI" The ernulsion

wasstirred.inanul.tiplestirringapÞaratus.Inthiswaysix

emulsions could. be prepared at the same tlne. -âfter stirring, the

e¡*rfsion was put into a hand-operated t¡¡pe of hornogenizer' (See PLATE II) "

the handl-e of this homogenÌ-zer was connected through a speed redueer

(¡o: r) to a notor (r/ro h.p,) so as to per:nit continuous honogeniøation'

T'e nozzLe of the honogenizer was fitted with a snall co-oper tube rsbich

enptied back into the honogenizer bowl-" In this ¡nanner the cyel-e was

coopl-ete.J."Tblsrelativelyinerpensiveapparatusreplacedamoree)r-

pensive .bype of equi-pnent like the ball mil1 or roller mil]-' The einulsj'on

wasleftinthehomogenizeroveraperi.odofone-ha].fanhour.This

enabled. the emulsion to pass through approximately one hirndred tines'

Â'tvariousintervalstheaetionofthehoinogenizerwasobserred

by viewing a sanple uncei' a microscope. Before homogenization' the dis-

persed.partíc}esalthoughspherical'.werelargeandofvarioussizes
. and could þe vievred. with a re].a-tively low porrer line. after horaogeni-

zation,howe-ver¡ttreparticlesofthedispersedphasewerebrokenup

to such an exteat that an oil- ìmmersion lens (f"9 nms) was required tcr

del;eet then. The action of the hornogenizer -coul-d' also be deteeted by

vi.sualobservationsincetheenrulsionacquiredaeleamyconsistency

after continuous horrrogenization. It was when this creamy consistency

was aequired. that the dispersed partieles rsere observed rmðer a mi cros-

cope to be so sma1-l"

The enulsions were kePt in ground gless stô,opéràa bottles to
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PLATE I. Otcl bob (on left) and new bob (on right) with the filling

gun in the foreground.

PLÀTE IL Apparatus used for homogenizing the ernufsions.
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þrevent evaporation of the alcohol" 100 c.c.ts of emulsion were

prepared at each ti¡ne. &nulsions fxom zfr ro 50* by voh:me of the

dispersed phase (NagH - alcohol) were prepared in this manner. These

varied in thej-r stability from 2 to 30 days. The stability was measured

by their conduct,ance" Þ<a'crples of the fonnulae used are as follows:

Formula 1. 3ø $rUffiI0N For¡nula 5. 25ø E¡'ÍULSION

Stanolæc oil ...;.. 93 cc c.... ....c."""ooo 65 ec

Anhydrous lanolin . 4 cc ......b.ô' e"co trO cc

(.5 N'AOH - 95i6 alCOhOl). 3 CC eooo-.,.oô,.oooooooc'ooâooo 2J ee

It should be noted that emulsions using .5N sodir¡n hydroxide

as the dispersed. phase were prepared in the required concentration range.

However, these proved. to have a conductance not measurable on the bridge

network rfsed'

Testing of the emulsions was done in the I50 nL" beakers in which

they were prepared, Tvro copper strips 3 inches long and 3/4 inch i*rÍ¿e

separated by a bakelite top was inserbed in the beaker" The distance

between the two strips r.{as approxÍmately L 3/h i-nehes' Besistance of the

emulsion was measured by a Simpson Resistance met,er. Thls measurement uas

very rough but a more accurate one uas not required. From the resistance

reading it was possible to deter¡uine (roughly) the stability of the

enulsion also r+hether or not the emulsion could be measured on the bridge

network, A stable measurable emulsion had a very high resistance, (of

the order of 2-Megohoms) or a very 1ow conductanceo

The requirements

ceIl are:

(I) CeII must be

Botary CeIl

that must be consÍdered 1n the design of the

a concentric cylinder rotating condenser.
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(2) Sinultaneous readings of eapacity and viscosity must be

possibLe"

(3) Capacity of celL must be between 100 and z\y</"íto insure

ma:rimr:m precision on the reading of the Schering bridge"

(4) Outer cylinder or cup must be the rotating one.

$) Cell nust be easy to clean and fi1l"

(6) Cell- nust be therrnostated"

(7) Cell ¡nust have proper range of shear gradients.

(8) The stationary plate or bob nust be easil;r replaeed so as

to enable to change the volune of the eell and. hence the shear

gradient"

The practical cyLindrical rotating visco¡neter is derived fron

the design of Couette (9) j-n which the outer cylinrler ís rotated and.

the torque on the ínner measured" The slmple theory for tbis instnrment

rvas given soÐe years earlíer by Barr (fO) " The requirements for a prac-

tical visconieter of the rotating cup type have also been described' by

tileltrnann (11) " This desi$l Ís desirable since it allows rapid cbanges

in the speed of the crrp but the constan',, temperature bath complícates

the construction, The rotating bob instnment permits sinple and precise

means for controLling temperatr:re' Taylor (12) showed that the outer

cylinder arrangement is ccinsiderably superior to tl:at in which the

inner cylinder rotates, in that strea¡n 1íne flow oceurs up to mueh

higher speeds" For quantitative work therefore, the former arrange-

ment ls preferable' Ho'u¡ever the diffe¡ence betseen the t'no t¡1pes dini-

nishes as the gap width betv¡een the cylinders decreases and' for high

speeds and snall gaps a rote.ting inner cylinder is often used, since

mec?¡anical construction is simple:"

To calculate the unknovqn-dinensions namely the radii and length
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condenser"

C:

rough estimation the equation for

.!Ê-86-lere-a-j,-@
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a parallel plate

'{ -.--.-(ztr)

__-(25)

--*-(26)

distance between plates 2:r^

c = "o8,S x í¿jllrb =-A,,of
d. -////

where r--mean rad.ius in cns.

(= diel-ectric constant of nediun

1 =length of plates in cns"

d = distance bei¡øeen plates in cmse ,

For a cyllndrical eondenser the following equation is used:

" ¿<,zrT

rb

where 1 = l-engÈh of plate ín cns"

r"=radius of outer cylinder ("tæ)

%-radius of inner cylinder (tob)

Eqræ"tion Z6 in another fo'rrn becones

6="e¿J6 1(- __(27)
logro rc

;
Fro¡n stream line flow the veloeity gradient in the 1Íquid at a

distance r fro¡a the a:cis of the systenn is
l-

G' gg ?A,___y" -----dr W- r{

whereúJ is the angular velocity of the

----(28)

outer rotating cylind.er (Úd' 2¡t

are the radii of inner and outer

cylínders respeetively. Ðerivation of this eq.r:atlon is given by

Ha.tscbek (9). Stream line flow in this type of apparatus involves tþ

orclerly notion of f-iquid ln cifc:4g¡--p*aths eoneentric 'rsith the eylindero

c = 1.
{.15 1o916



3l+

with veloeiti-es increasing frorn zero at, the sulface of the i-nrrer cylinder

to a naximum of the outer one" Fron @uation (28), it is clear that the

velocity varies aeross the gap betv¡een the cylincler but sinee 16 and ro

do not differ much, in general the varlation i-s snal-l conpared with that

occuming in capillary viscometers.

IYith a decrease in the width of the gap the possible variation

ín velocity gradient deereases and íf

d. . Tc - rb.. rb then it becomes effectlvely constant at

the value

____(2e)

For streeü line notion between the cylÍ-nder and negligible end

efíects, the torque on the inner stationary cyllnder caused þ the ro-

tatlon of the outer is gÍven by

#-rorç_ (n#,,

T = C, /\_!+crL &-üLI v 1 -uf-4iT;
where ¿) . angular cleflection of the cylind.er

C ' torbional constant of the vrire

1 . length of inner cylinder whieh.ís covered by 1íouid
a
f - viseosity of liquid betv¡een pl-ates

(l -- angular velocit¡r.

Equation (12) can be rearranged to give

,\ '1,-&..f- r(¿. K<r u)t) -La lL 1 _\ I
' *" - Ç^ lIr\b 

-c I
where constant K = W- , depends upon the torsion wire andc / L -r---- l-^ ^ I

\ "o^ - '"*/
\/

the dinensj-ons of the apparatus"

For a f-iquirl whose víscosi y coefficient 1s Í-ndependent of

-*--(:o¡
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rate of shear (or velocity gradient), the plot of¿f.vs.d.Jshou1d. be a

straight line passing through the origin and whose slope has the value

KqT"

The condition for tr:rbulent flow in a coaxial cy1-indrl-cal system

of the type used is given by the equâtionr (For verÍfieation of this

formula see Taylor (fe) (f3)" (Tfris gives the critícal value for turbulence)

where(.,J" :

4rì
a
(

/1 ¡'ltr :

rb:

fg:

P

P - .OS'IL

If the gap bet¡reen

L/.J c

Ø)*t'
Lr-) e I

plates is snall

tI .
2Pd"tb

----(:r¡

----(¡2¡

----03)

----OIr)

4,4

Çf7^r,=fl' rb rrc
\.y t/.t _-_.-_-/,t ' 2 P d.3r6e"

crÍtical angular veloeity for tr¡rbulence

viscosÍty of llquid between plates

density of liquid between plates

kinematic visccsity

radius of bob or inner

radius of cup or outer

mmerical faetor given

(L-.652 4 t -.o99&
rb L-"652

cyl-inder

cylinder

by

)
d

î¡

(i,".) íf 16=r" then

1
T2

That is, the criti"tt .rrgt¡-ar veLocity varles approxí.,rate1;r as the

j-nverse å power of the distanee betveen plates and the inverse ] powerz-
of the radius" Hence, the critícal angu.l-ar velocity gradient nust var¡r

as the inverse J power of tbe gaps. The critieal angular veLocity ls
ô

also directly proportional to the viscosity of the liquid, Concerning

possible linitatíons of formrrla' (31) see Buckheía (14) "
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To caliSra'be the cel1 it is necessary to have a standard liquid

of known dielectrie constantÓB" Tf we d'enote the geornetric capacitance

by Cgr the stray eapacitance by Crr the leads capacitance by C¡e the

capaeitanee of-the enpty cell by 0¡ and that of the cell filled isith the

standard licluid by CZ we hø¡re

c, = c* t- (cs+ cL )

C2 =6s cgr(csf C¡ )

and. subtracting (18) rrorn (1?) we have

cz - cr = (És-r) ce

fron wirich C* cz:ct
((s-r¡

----(35)

----(3a¡

----07)

----(rs¡

The first ce1l which was machined (f'fCUnn 6) fraa Rç2"33I7

and. Hç = Z.t+O79 where R¡ an¿ R" a:'e the radií of the bob and cnp (in

centi-neters) respectively. fitith these values the georaetric capaeitance

was caleulated with the use of Equation (e?) n and found to be l76'y2*i

This agreed fairly well witb the value 2ÌI"84,*f*fti"ft was obtai-ned e:'.-

perimenta-lly fron the cal-ibration of the cel1"

the velocity gradient was ealeulated using Equation (28) " For

unit angular velocity the velocity gradient was found to vary fron

3;;62 sec-l at the surface of the inner cylinder to 3.153 "*"-1 
at the

susface of the outer cyl-incler naking the average veloeity gradieîI 3"257

"""-1" lfsing Eqi:¿tlon (31) the critlcal rate of rotation for tr:rbulence
6

was evaluated as (tp*)A L"l*g *ro1/e e

U

CALÍBAATTCN OF 3HE CEIL

The capacitance of the empw cel1 was ¡neasured and found to be

3g1"tZ*,{at 28.6"C" The cel-l was then fill-ed with dried analyticaL
///

reagentgradebenzeneandthecapacitanceagainmeasuredatthesame
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temperature and found to be 651r,6-4/ f. (In fillíng the ce1l with ben-

zeîe a different, procedure t¡ad to be used due to the high fluidity of

the benzene. The cel1 was filled from the top' Several readings of

tire cel1 were tal<en both when Ê-mFty and- when fu11). The dielectric

constant for benzene at the tenperatìtïe of 28"6 C is 2.2W. üsíng

Eqnatíon (38) the geonetrÌ-e capaeitance was found to be 2AL"99/,f" The

capaeÍ.tance of the leads was !26.7VV/*ra U.n"e stray capacitance rÍas
,/-r,'

69 "67"o{"

The first ce1l was machíned entirely of brass u'ith the exception

ofìthe bakeLite fittings used to insulate the stationary bob fron the

rotating eup. The dianeters of the inner and outer plates were 1"836

inches and 1.896 j-nches respeetively giving a spacing of .060 inches'

The 1engtbof the bob and. cuprøere3.637 inches and 4.000 inches respeeti-

ve1y. The volune of the cell was calculated to be 22.95 cubic centineters"

The overalt l-ength of the eel1 was 6 inches (not inclu-cling the legs) '

DESCRIPTIOT{ OF CET,L

. With reference to FIGüRE 6u L]ne following is a detailed des-

críption of the cel1" The outer plate or cup, (B) is held in posS-tion

by two bearings, M and F, so that it is. free to rotate" The inner plate

or bob (¡,) 1s held in position by two bearings D and D\ whieb are in-

s'¡lated fron their brass housing by a shin of bakellte E' A eollar (G)

on the ån "¡rft 
(S) teeps the bob from restiag on the botton of the cup"

By moving this'collar up or d.own it is posslble to vary the distance

betvree-n the bottom of the bob and cup' The top of the çìæ (C) has a

hol-e in ít large enough to permit passage of the shaft'" This hc¡1e was

press fitted. with a bakeli-te fitting El through whieh tt¡e shaft passed"
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FIGUA^E 6 - Cross sec'r,ion of condenser-viscometer ce]l ,
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The cap itself was machine fitted on the eup and could be pressed. into

position by applying a foree through tbe holes (tt) in the top of the cell.

Tbese hol-es were fitted with renovable plastic pl-ugs"

T he cel1 in general ean be considered to be conposed of tvro

sections, the top and the botton. The top sectien consists of the bob,

the eap for the cup, the shaft, and the two bearj-ngs wÍth their housing"

Tbe botton eonsists of the cup, large bearing, sma1l bearing, outside

øa11, and water jacket" These two sections ean be viewed in PLATE Ï.

The top part of the ceLl (V) was nade of fn brass and. was maehine fttted

onto the outer wa1l (W) which hold.s the large bearing (F) in p1ace. The

centering of the bob depended upon the precision of this fittlng until

a centering device was constructed. This eonsisted of a elreular ring

(U) (See pL.AfE III) (beside motor on the wooden platform) of brass f; of

and inch t¡"ide r¡ith three slatted proj ecti.ons which extended beyond the

dinensions of the top of the cell and through which ått btot" rods could

pass" The bottons of these rocls were hinged to the brass legs (O),

the tops yere threaded. and. fitted Yrith wing nuts. By adjusting the

tension on these wing nuts the bob could be cente-eed q.uite accurately"

The effect of the tension applied was noted cn the deïector Sereen"

The water jacket (K) was a separate unit and cor¡-ld be fÍtted.

over the outside cylinder walI- (W) when the top of the cel1 was removed

from positj.on.

The space (J) between the ou-tsi-de wa1l and, the cup was fíl1-ed

(v'¡ith oil) through the plue (m), This prevented a dead air space and

thus assisted in the ther¡nostating of the cell" The eel1 was filled

through the botton of the shaft at Q" The hole through this shaft was

I/32"" The botton of thís sbaft was fitted mith the filling deviee which

consisted of a baLl bearing t4¡pe of grease n|pple to which a g3ease gun
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eould. be attached. å,]-sc¡ on this shaft was a bevelled gear (r), rrera

in place by a set screw. The nate (n) of this gear was fj-tted on shaft
speeo

of the speed unit which was r å h.p" teland. variable/nãtor (Boo - z¿voo

r"om) " The gear ratío, wes 3cL" The shole celt was fitted wÍth three

cast brass 1egs, 4n high which rq'ere fastened to a wooden platforu.

Eleetrical eontact was uade through the torsion ¡E-ire, The cup

was groi:nd.ed.' .4, $n nole was dril-led. in the top of the shaft (s) into
which one end of the torsion was fitted" It was held ín place by a set

scrêlYo The other end of the torsion wire had. a sinilar fitting whieh

fitted int'o a slot in a brass fitting" This brass fitting v¡as insuLated

with bakelite fro¡n the bar into which it rsas set. This bar was 12s 1ong,

ått *Íd" and tr'thiek. It was supported above the cel1 on two angle ir6n

supports. The bar could be raised or lowered by set screws, See PLA.TE

ïV for view oi the set up.

-å' ni-rror was sold,ered. to the torsj-on wire /ulrr frorn the top of

the wire" A telescope r.'íth a centímeter scal-e wqs niounted on the angle

iron frane. The heiglrt of the telescope coul-cl be adjusted by a screry

wi¡ich raised. or loro.ered the angle of the mounting. The distance froti

the nrirrov ta the scal-e was J6 cns. The torsion wires v.¡ere niekel-

steel dril1 rods" Torsion wÍre o:' couple Number I had a diarneter of

"Otn6Su and was ftt long whÍle couple Nrnrber 3 had a dia¡leter of "0625r

and was 6n long.

Tc calibrate the torsion wires a puJ.ley of diamet ey t+"38 centi-

meters was machined to fit the sfaft (S), Ànother si¡ilar pu11ey was

arranged at right angles to thís one between the angle iror' suppo:.ts

(See PL.A.TE IV and V.) the top of thís pu11ey was in line with the pulley

on the shaft" A srnall hole vras drilled close to the edge of the pul-ley

on the shaft and a pin machined to fit-it" å. nylon fisb line was attached.
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PLATB III" Vietl' of cell- dismanteled showing the cup and bob"

IV, Shows PulIeYs and weighing Pan in Position to calibrate couPles'

UlFæAF\/
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to this pin, wrapped. arormd the puIl-ey and then d.rawn over to the other

puJ-l-ey" Ât this end a pan rras attached. on to which weights could be

placed-" PLATE V shcws pan in position. i, fixed- weight on the pan gave

a certain deflectlon on the scale" Table XIII of the resu]-'cs seetíon

gives the calibration data for the torsicn wires used"

PLATE Vf shows the compl-ete apparatus rrith auxillary equipment

as set up in the lab"), Left to right on the top of the bench are

tire foLlowing pieces of equipment; oscilloscope, schering bridge with

oscillator sitting on top of f-t, cell with angle iron supports for the

torsion wire, motor, (telana Varj.a,bilit5'), variac for controllíng notor

speeds, the:ruostat, (28.6 C)u electron'ie relay control" Bel-ow the

ther¡nostat is a water punp. The ccnstant volta-ge supply is on the l-eft

of the water punrp and the amplifiers are to the left of this" The veed-er

root rpn counter (5 figures) ean be seen i.n PTATE V, connected directly

to the shaft of the motor,

The electrical apparatus required. to measure the capacitance

consisted of a comnercial capacitance bridge Tnpe 7f6C (General Radio

Company). This is a sehering t¿oe bridge which has a direct capacity

reacl.ing over the frequency range l0 cycles per second to 300r00O cyciles

per second. the oscillator selected was a Model 200 C Audio Oscillator

(Hewlett Packard Company). Its frequency range is 20 cycles/seeond- to

2001000 cyctes/seconcl. A stab,ilized consta-nt volta-ge supply (FIGUìE ?)

ç,'as bujlt" This gave a constani: voitage output af L75 to 3O0 voltS D.C "

A iç.o stage ampl-ifier w5-th a frequency range J0 cyeles/seeond-

to J0O0,00O cycles/second was bui-lt (ffCU¡n S) " Ân oscillograph was

u-sed- as a nuJl- detector, This n'as supplenented by heaci phones (tOrOOO

olms inpeadance) " .Al-l connections were nade with microphone eqble and
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banana clips" The netallic casing of the cable ç'as grounded in each

connectíon" Lov¡ loss coat¡iel eonneetors Erere used on the amolifier

to ninimige the effeets of stray capacitance.

The above apparatus was set up as followsr the oscillator v,'as

connected directly to the capacitance bridge, the anplifier between the

bridge and the oscil] cefa-ph and. the head phcrnes across the positive and

negative tersinals of the vertical plates of the oscillograph. The con-

stant voltage of the polrere stæply was fed- into the anplifier. Each

piece of apparatus was grounded"

To investígate the sensi-tivity of the above circuit a standard

capacifuLnce (5j9tVfl tæe 5058 General Radio Conpany u,as used. This

was plugged in across the ttunknown directlt teirninals" The sensitieity

was tested at the frequ-encies 100 cycles and 1, 10 and 100 kilo-

c¡rcles per seeond" Â11 n¡ns were done at the fixed- frequency of 10

kilocycles at whieh the sensitivity was Í"y4/"f" Various modificaticns

of emplificatl-on wero tested but the final amangement consi-sted. of the

anplifier 1n Figtre I m"ith one succeeding sj.milar stage.

Diffículties arising from,,preliminary runs necessitated the

naehining of a nes top to the cell-. The ¡nost serious objection to the

old. top nas the difficulty in clean:ing and oíling the bearíngs. Th_i_s

affected the deflection reading at lcw rpm" PLATE II shor¡s both tops"

The one on the right hand sicle is the new one. The cutaway sections

of the bearing housing ean be seen in this photo. The puJ-leys used in

ealibration of the coupl-es are in positicln on the shaf't s, The filling

gun with its attacÏ¡rents is also in the photo" Since it was necessæ y

Èo machine a ner"r eeI1 top it was decided that the new top should hare

a bob of snaller dianreter. This nas necessaïy for investigation at

higher rates of shear,
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PLATE V" SÍde view of cell showing'oelescope mounied in posi'fion"

PLATE Vf. General set up of the apparatus,
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The new top had the following ehanges:

(1) radius of the bob was ;8685n, gíving a spacing between cup

and bob of "l-59il"

(2) shaft diameter of "2"156n (7 nms") eompared with the old one

of .{72}+n (I2 n:rs.).

(3) d.ia¡neter of pulley used in calibration of the couples was

/*. J0 cms .

(¿) calibration of the ceIl with anal¡rbical reagent grade benzene

yielded a geometric capacitance of 65"5þz/. This compared vø.y

well with 6rr.55; the ealculated value of cg. Total extraneous

eapacitance (ie) leads and stray) was 2a5-g/4/^l
-,.''/

U) The volume of the new cell was found to be tê.57 cc"

(6) The velocity gradieat calculated rrith the use of Equation (e8)

for ¡nÍt angular velocity was found to vary from 1"303 see-l' at the

sur"faee of the inner cylinder to 1"093 """-1 
at the outer cylind-er"

The average velocit¡r gradient is 1.198 ,""-1. At 100 rpm the veloeity

grad.ient is 119.8 
"u"-1.

The neu top increased the sensitÍvj-ty of measurement of d.eflecti-ont

and. as a resr¡lt the couples were recalibrated, Data is given in Table I

of results seciion.

General procedure for taking a mn rra.s as foll-orqs: The power supply,

anrplifiers and oscillograph were allowed a warm up tine of 3O minutes. Tbe

e¡rulsion was prepared and. kept in the constant tenperature bath untÍl the

temperature of the thermostat was reached" During this interval the cel-I

was cleaned and. assenbled. Thermostated v¡ater at 28"6'C was purped

through the cell jacket via rubber hose eonnection at a rate of /* X-i;ters

per minute. The capacítance of the enpty ceII at rest was recorded at
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time of assenbly and after 20 ninubes of ther"nostating. The empty ee11

was then rotated and any off centering which was viewed. on the oseillo-
graph sereen was correeted þ adjusting the three wing nuts, ti1l a

nul1 point was found.

The defl-eetion scale was set at zero. This was acconplished by

loosening the set screw which held the top of the torsion wire Ín
position and rotating the shaft till the mi.rror (which lras on the wire)

was in line with the teLescope¡ The set screrr was then tighteited. and

finer adjustnent was made by moving the scale to the left or right tiJl
zero coincided. with the cross haÍrs on the telescope. The cell was now

ready for fi11ing"

The emulsj-on was sucked into the gun by d.rawing the pi.ston out.

The cap of the gun was then tirrned on and. the piston screwed. in ip.hÍle

the gun was held with the nozzel upwards untì.l- emulsion was forced out.

T kris procedure elininated any alr which may have beeir d.ratm in during

the fil-ling of the gr:n. The gun was then fitted tc its attaehinent on

the cell and the piston slowly turned Ín. The enulsion was forced

into the cel1 and generally the cap of the cup uas raised. fron

position when the eell was full" Àt this point the gr:n was reÍÌoved and-

a screw fitted. in its place to prevent any possible 1_eakage" (tiris

procedure was followed even thorigh the fitting on the ce1l was con-

structed wÍth a ball bearing he1d. by a spring which pernitted flov
in and. prevented flcu o',rt) " The ca,p l-!es then forced- baeh into positÍon

through the three cpenings iir the top of the cell. The excess enulsion

was forced oui between the shaft a.nd the bakelite collar of the cap.

The capaeitance of the filled cel1 was recorded at the time of

filling and at va-rious intervals up to JO minu't es. .A fter thÍs tine
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the tempera.ture of the cel1 a-nd emulsion was assÌmred to be that of the

thermosÌ;at.

The reversible motor was set at its maxj,nu¡s speed. throughorrt the

e4periments and the rpn was ccntrolled by a powerstat into which the

motor was connected directLy. The lowest starting setting on the poÌqer-

stat was 20 voÌts. Even at thís setting the motor had to be rotated

by hand to start it" I[hile the ¡äotor rtras en, the veeder root cor:nter

was set to 88880 and when it read 88910 the setting !ilas turned (by iran¿)

to 999LO. 0n continued rotation the counter rea.d gg9ZO, gggÍ2i*t etc",

icí]]j- gg9g0 was reached and at this point the counter v¡as ra,atched c].osely

until 99999 appeared whence the eLectric stop watch v¡as started-" This

gave the rrecessarTr tine required to start the watch and hence the counter

read O000O aL zero time. It' shculd be noted that when sloir sp,eed.s were

u-sed., the courrtêr Ees set d-irectly a"t 99990 a.nd when ggggg appeared-, the

stop watch was started, Àt h-igher sppeds the former proeed.ure had. to be

used as it permitted- ti_ne tc, find a ca-pacity balance on the bridge" The

capacitance change d.urÍ-ng the rneasured tíne (1 nin) vas followed on the

briclge up to 55 secc''nds. Th.ls ce.paeity was recorded- with the rpm whi-ch

was read fronr the counter. It shoul-d be nentioned that conductances

were autonatically recorded with the bridge readings, The deflectíon

was notec i¡uaediately at the 60 second. mark. The powerstat was then

increased lo 22 volts and the above procedure repeated,. The total ti:ne

regu-ired for one setting of the powerstat qâs one and. a half minutes.

frhen the top rpm was reached, d-ecreasing speed- was imnediately begun, the

same interval being used. whenever possible

The abeve procedure for naking a run vras used (witn sonìe exceptions

explained in results section) in obtain-ing the d.ata recorded. in Table III

of the results sectlon fron-riiffiCh Figt:res 12 to 18 and. Figures IÇ to 23
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were plotted..

The capacita.nce readings used ín calculation of the dielectrie

constant were not eorrected for any end effects. Horrever eorreetions

for dissipation factor weæ¡nad-e. These were of real sígnifícance only

when the dissipation factor, D, was greater th¿n .1" An exanple of

such a calcule-tion is as follows:

aç..o-2o- /
"L35

L.o35

frequency of osci-l.lator

frequency setting on range selector

Direct capacitanee readÍng

Dissipation factor D

a
(t+O') - l-.018, (1+O O,).

'zaxl ,f=
/Ò

l=
of tlie bridge"

Fcr nost t"to"4- . I and hence Do =.f)o

wiL}: ¿v1f" and. 50/ø emu]-sions Do = "26

aaoaaaaaaaaaao

.026. However

sineeJ -- y!.
f"1

ô
Further (f tOt) (t+O O"¡ = L"O5/,. Correeted capacitance

correcting for stray eapaeite-nee 6A9"2 - ?a5.9 =393.3,

for the ntns made

= @g =609.2
L.O5I+

Dielectric constant = _qoqlec.t_e_d- .gg!*!teAce. = 5"99.geometrie capacitance 65"5

A correction f,actor can be applied. for the end effects and ca-n be deter-

¡iined. in a nunber of $'ays (e6) (27),
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AEST]Ï,TS SECTICN

Da'a:mwhich was obtained with the first cell, was belíeved" to be

inferior to succeed.ing da'oamand. hence was not used in any calcrrlations.

Calibratien data for corples 1 and 3 (fIGffiE Ç and 10) in the

new cel-l is given in Table I. A rrin with pure oi1 ¡ras also taken and

data is shown in Tabl e II (FIGIIRE 11) "

Table III glves data for the dÍspersions in the range 3%-La 50%

as obtained in the new ceI1. EIGTIFSS 12 to 18 inclusive show plots

of deflection versus rpn ror 8/", L5f', 3of", 35'Ã, t+o'/" (triat r.) , I+o/"

(triaf II) and 5OiÉ ßrizl ) resoeetively" FIGüRES 19 to 23 inclusive

shov.' plots of di.electric constant versus rpm for 3A/" (lrial- f), 35/"

(Tria1 Il) , t+O% (friat t) , trOf" (Trlal II), a,nd 5O/" (r¡ial IT) respectively"

Tþ"ble IV shows a sample of the eomecti.ons made on the bridge reading

in the calculation cf the dieleetrÍc constant.

Tabl-e V shows the change in dielectric constant with shear (see

FIGIIRES 2t* anð, 25) . The shear values were obtained froro graphs of the

dielectric constant versus rpn (1n flIGtlRES 19 to 23) " It should be noted

the.t in sone cases two or three values are given" Thi-s is due to the

steps whieh v,'ere obtaineol in the graphs.

Ifsing Fquation /e of the introouctj-on sec'.,ion and FIGIIFE Zla, i"lne

for'n factor wêB for.¡:rd to be 1.?" With tbis value of , f , the agglcrmera-

tion fectar Å1¡ was ca-lcuJ-ated. for the various dispersions. Values are

given in Table VI. A graph, etc" (p.66).

å. graph (ruCUng 26) of the aggloneration factor versus concen-

tration of the dlspersed- phase nas plotted. Al-so in Tabl-e lI are the

rest values of the capacitance as calculated vrith the Bruggenan equation.
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These figr:res should be compared with the shear val-ues of Table V.

The'varÍation of the aggloneratlon factor *i¿¡ lilrre was cal-

cuLated. for several e¡nulsions and the data is eompiled in Table VII.

See FIGüRES 21 and 28.

Rheological data is tabula.ted in Tabl-e VIII and IX" Table VflI

shows the viscosity as ealculated at variolls rpm" .å. nore accr:rate

co.lculation Tñras compiled in Table IX. ,411 the data for the following

graphs v¡as taken from this TaþIe" FIGIIfiE 29 shows graph of viscosity

versus concentration, FIGTRE 30 shows ç /nversus concentration, andt/r'í
F'IGúRX 3l sltows],// ø versus þ, where f is tfre coneentration of the/"/ /
dispersed phase" Í'IGUAE 30 1s a test of -r,he Einstein equation (Equation

18) " the slope of the straight l-ine n¡as found to be 5"1"

The viscosity in poise was calcuiated. using the eciuation

4- î
-ße)/AG

'where F is the force

À = area, of the plates

G = velocity grad-ient,

but, we that

F-mgJ'
R6 ----(¿o)

where il = Dass in grams required to give a certain deflection

g: acceleration of gravity

r : radi-us cf puf-ley on bob shaft

Rb = ".dit s of bob

and. substituting this varue of F into Equatíon (39) and rearranging, we

get

q, = sgs, poise ----(4f)
/ ''rRÉ hGrpn
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Since 8r rr .fí e R6r h, and' G are eonstants and eo-ual to
-?t

Ç8O en/secer.2.l5 cre, 3"Llte 2.20599, 9"?,227 and, 1"198 respectively,

thÍs eo,uation becones

t'1 m

f =ffi x5"6Bpoi.se ----(æ)

The yield values for the dispersions were calcrrlated and data

is shown in Ta-ble VJII.

The wire constant K was calculated for cor.lples No" I anð. J

using the equatíon

ç.c'x-.JKx r /¡a\
Ô ---\4tl

where (t = weight in grarns to give deflection Y
g . acceleration of gravity

r : radius of pulley

for coupLe No" 1 (rucifRE g" i )

(= 1Q0xgr8gx?éI=12800
16"5

for eoupl-e No. 3 (FIcünE fO)

K = zoQ ¿ 99s _x_å.]5 = t85AO
9"7

The constants S and C were also calculeted using Eeuations(Ll)and

(12)

$' 
tåolt-C*"lt 

: 2'85xLo-L

-LÍ-õF-:
R¡ and R" are radii of bob and. cup respectively and h 1s height of the bob.

C: S-, R. = 3"25x1O-3
2"3o3Loe

R¡

Several calculations were made on tl'e 5A% dispersion" Á,pplying

the Green theory on the rheological data the plastic vÍscosity II1 and. lf2

for both loop was calcr:J-ated using F,quation (14)
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üt = lL- S?) 9-15_éT poise
r-13ltr

(the factor 9"55 converts rpn toc¿) K converts the def -eetion to torque"

In the present case rpm, : J82

defl-ection T, = Lt+.15 (taken frorn straight line of d.om curve
' see F"IGÛAE 21,

K = tÐ5OO

S , 2.g5xtO-4

lz = l"1(see Table ffi)

u, - (]rt*"L5 - 1.2) g"5S-ti2t85 x !ol!-z;-A,35oo = /ç.01 poÍ-se
38?

rpnp = 680

deflection = 18"0

læ, = 2,5

t¿= = 2"TL poise

The second coefficient of thÍ-xotropie breakdor.'n M (the loss in

sbearing foree per unit are increased in rate of shear) was calculated

ræing Fquation (ZZ).

M = 'zrkËJ
ü)uu

M = 2(+.01,-?=.31) = 2,10 dynes/so, cE/ gI

(æ)"

The increase in yield value per urrit deerease in plastic vi.scosity, Vt

was also calculated usÍ ng Eqr:ation (23) .

v = F2:F1
ut- uz

V : 353:"J92 ' L3a"2 dynes/sq cnlpoise.
tr.OL - 2,TL

680
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30
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50
60
70
80
90

100
r20
L3o

1"J
3.6
1r.85
6"5
7,85
9"7

10.6
13.0
aír.7
L6"In
20.L5
Zl-oL
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,TABLE I (New Cel1)

TABLE IT (Oif in New Cell)

*. - -ç.OÛPLEN0"? -
g't" TN GRN,MS ÐEFT,ECTTON

.fu"o
t+.6
6"6
9"3

]-2.2
1/0.6
17"O
L9.g
22"7
2¿*,8

5A
100
150
200
250
300
354
/*00
ln50
5oo

COTTPLE NO".:[
RPII of C6L DEFÎ,EÛTI0N RPM of CffL

0;
103
L35
1L)
256
3116

450
523
610
660
600
lþ93

3Vo
330
r83
92
t&

0

0
2.9
Io.O
6.¿,
7.8

ro.35
Ltn.z
L6"2
l,8"6
19.85
18,4
a&"9
10.9
10"15

5 "l+
3.25
t.65
0

0
58

Itr6
225
3L5
393
l+33

5t3
596
626
683
800
6+6
586
!*63
300
L20

I+6

3I
0

0
.&5

L"1
1.85
2.75
3"6
3"8
lþ.1+

5 "o5
5"3
5 "75
6"2?
5"5
5"o5
4.0
2"65
1"05

"52
0
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TRIAT Tl - ContinuedTRTAT Ï

¿.o¿
2.6L
2"æ
2.57
2"6L
2"L9
2"20
2"L7
2.L6
2.LI*
2.l'ln
2.LL
2"TL
2.LL
2.L2
2"59
2"59
2.59
2"59
2.60
2,6A
2"@
2"61
2.6r
2"6L

3'í¿ FFIf of CtrL ÐEFT,ECTTON DIETECTFJC

TABLE TÏI

ouple 1 "5 0
10

a

z',"60

TRÏÁL Ï

BPl,ï of CE[,L DEFTECTIûN DIU,ECTRIC
CONSTANT

el 0
0
Û

23
85

f'l+3

387
307

150
q'l

L60
208
293
lr03
t-73
41.t7

EAn

6L7
520

0
0
0
1.0
3"95
6"o
6.1+
8"6

l.3.3
L7 "',|
20"35
23 "2
23.6
25"3
2Llo
45.5
12,¿v
9"1

1r"35

'"1_

3.O9
3"10
3 "AL
3"O7
3.06
3.o5
3.AL
3"42
3.01
3"O3
2"51+
2"r+9
2"1+7
2"1+5
2"{+6
2"5L
2,51
3"O2
3.01
3,O2
3"O?
3"o3
3 "45
3.06

tr3
0 Mins.
4
7

55 3.O5
Couple 1 0

2"L5
4.s0
8.20

12"t+O
L4.60
T7 "3A
19.60
2t.2
23 "2
22"lr
20"1
18"85
a6"25
]-3"!+
10"4
7"9
/P. S

2"1-
1"1
o

¿.
2.59
2,59
2.59
2"60
2.æ
2.60
2"60
2.11
2"TL
?.10
2,11
2"10
2"58
2"59
2.58
2"59
2.59
2"59
2.60
2"55

0
aoz
173
270
373
l+57
533
6L7
660
727
6gl
630
610
560
&Jr5
3æ
257
v5

76
36

tnrÆ rr

Couple 1 0
2"7

"q
)"J>
7"L

10./*
L5"6
18"3
2J.6
23.6
25"7
21.8
16./"
ï3 "2

9 "25

0

89
L27
177
253
363
t+23

503
560
6L7
407
327
237
L93

3.O5
3"O2
3"01
3"oL
3"O1
3"OL
2.53
2"1o5
2"39
2"36
2"35
2"to3
2"to6
3"O2
3.O2

-eontinued

i 8f" lPM of CE[,L DEFTECTION ÐIffECTRIC
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TliBtE IIï - Continued

TRIÁT, II - continued-

8i¿ FPtr{ oi cEL ÐEFT,ECTICIN ÐIET,ECIRIC

57 t+"7 3"01

ÏRTÀL fi
L5% 

_ 
hpM of cm,L TDEFLECTIGN DIm,ECTRI{

40 2"9
0 r"g
30

180
300

3"O2
3"O2
? tì?

3"O3
3"o5

eouple I 0
80

150
2I+3

360
¿*5O

520
l'93
#7
327
253
r3z

89

0 t'.o3
3.2 3 "826.25 3"77

10.3 3 '1Iva6"2 3.73
20.15 3"73
23"+ 3.7t+
2L"9 3"77
L8"4
rt*"7
11.2

6"a
lr.5

3"73
3,1tr
3"80
3,85
3.88
3"93
3"96
3,97

TRTAÏ, Ï
L5% RPIÍ of CffL ÐEFLECTION ÐIEIECTRIC

CONSTANT

Couple 1 .o
nv

15 Min 0
30 Lfin 0
50 trtin 0

1.1
r"65
3 "80
e /¿
?oo)
/ aeo.,i)

LO.3
l.,2"g
L).)
r7.3
L9 "2
¿¿" 5
u"8
4-t F
Ét-o I

20.0
t6"6
I¿r'3
10"2
7"5
l+.9
3'r5
L"65
0

3¿r

5lv
95

]-trz
r-80
2lov
290
350
387
lr52
5]-3
580
52t
l+57
387
31.P
227.
1?0
105

?1

L

3.9L
3.98
4"42
tr"Og
lr.L5
3"99
3"95
3.92
3"88
3.6+
a r72

3"70
3"7r
3"7L
3"79
3"70
J.OY
3"TL
3.6&
3"66
3"69
3.68
3"80
3"85
3.88
3"9L
3"90
3"9L
3"92
3.96
/o"00
lt,.o3

0
20
TJ
70
95

Lt+t+

198
4)t
292
3Ir3
400
U+7
I+27

393
3to)
3L7
275
2!*8
ltg6
128

o
0
\J

0
0

0 Mins. 0
6o

TRTAT Ï
AcT" RPÛT of CELL DEFI,ECÎICN DIETECTRIC

- COI{STAN.T-'Coup1e1 0 0 lí"65
0 o to"83
o o ¿u"88
o o 4.88

?

7
15
23

o to.88

'55 l+"78
L.35 t",73
2.80 tn.67
l+"2 tn.67
7.1 1r"66

10"5 !r.66
L3 "3 tr.66
l_5.8 tr.6l
l_8"2 tr.58
2I.7 t""t+O
2tr"3 3.77
22"6 3"77
2L"5 3.79
18"8 3"80
r7,Í+5 3"83
15 "1 tu,69
Ltu"o 1r"66
10"8 &"68
6"75 [+"TL
5"35 I*"TL
l+"2 ¿r"73
2.65 l+.'78
1,85 tr"1g

- continued

go
69
Ir3
9Q
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TRïAL T _ continued

AOf" FPM Of Ctr,t ÐEFXECTTCT\J DTFf,ECTRIC
CONSTANT

Couple 1 lL"7t+
l+'7O
t+"73
4"73
l+.7ú-
t+.75
[u"76
l-.77
t+"78

2Ol" Rptfi of cEtt. DEFÍ,ECTI0N .EItrECTFIC
CONSTAN.T

%torrple 1

2,5% BP},[ of cml DEFLECTTCIN DÎ}f,EcTRTc

T,r""Ë-î- *:ö: qoH#*L

0"0 5"79

- Gontínu-ed
-61

TRTÂT T

,.1 Mins
¿ lrn_ns

3 Mins
5 Mins

10 Mins
L) ixtlns
20 Mins

0
0
0
o
0
n

0
0
0

0 .0 5.gtr0 "0 5.gg28 .& 5.95o.o 6"08
36 "5 5.93¿o l'Ju-ns

3A ffúns
56

110
L55
aCI6 3"65

l+.7o
E.E

6.0
6"7
7.L5
7.75
6"r5
1r.75
2.0
1"15

QÃ

n
1"20
2"65
¿.80
6.80
8.25
9.0
9.5

10.0
10"3
10.6
10.85
10.5
10.2
9.85
oÀ
9"0
8"3
7,25

.'6.00
lr"85
2"¿+5
1?Ã
1"Ã

..

5"52
5"tr.6
5"n
5.24
5"o3
5"O2

5 "Li+
5"31
5 "rr&
5"56
5"72
5.91-
).2L
5.32
5.29
5"25
5.28
5"2L
5'2o
5.20
5"24
5"20
5"20
5"20
)"4J
5.23
5"28
5"28
5"28
5.28
5"31
)"J¿
5.7&
6"o3
a.¿.2
ooJ-4
5 "83
5 "81E t71

5.73

'8 5"81L"75 5.6Ír
2.65 5"57

262
3l-3
3lr3

0
53
gr
93

L32"|
183
2l*5
295
330
3æ
397
1163

507
cAe

623
653
697
633
580
I*33
366

r82
1r_8

73
!r9
0 Mins

10 ]lfins
15 Mins
&0 lÄins

0
0

ñ

2.L
2.8
ln. !,
6.8

10"0
13"75
L6.5
19"r
2l_"o
22.5
25.7
27"8
3L.25
33"8
35"2
36"t
""É
3A "¿,
2,2.3
19.O
L3.6
9.6
6.6
lr
3

:_

_-

4="71r
4.80
¿r"82
5 "78
5.L2
5"08
5.o5
5"06
4.80
10"87

4,.90
¿r.9O

4.88
/r"88
4.80
lr"8lr
1r"82
4.74
4"Tr
4" l4
l+.77
4"'14
t+"75
&"n
4.88
lr.9L
1r.95
5"O2
5.08

5.56

5"68

382
tr33
lv13
337
2lþ7

98
¿ra
10

0
Aa

l.65
267
390
!r73
5l+3
<qÁ

6lt
667
6ga
723
7LO
670
655
627
585
Ea^

4-l+O

3&6'.'
275
L23

5lt
5l+
1 I[in

4
7

11

,0
0
ô
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fnr¿l, ruTRÏÁf, IÏ
251" I#if of cE[,L DEFT,ECTTúN ÐTEECÎFTC

_tQI{gIÅ[r'_ffi- o- -*5w-
' 25% RPtuï of CU,L DEFTECTITN DIffECTBIC

^çç$sg¡-Nr_
0or41e 1

00
00

82 t+.3
LL6 6.t+
150 8.t+
247 12.25
2t+3 Ltr"6
273 16.7
31O 18"7
3t*7 2r.25
38o . 23"7
LJ7 26.5
393 2¿r"8
33o 24"5
23O 15,O
L76 12.25
L02 6.7
59 tr"3
t+6 3"25
0 ffrins 0
1 Mins 0
2 Mins O

/¡ $Li.ns 0
5 ßfins 0

53
89

L25
L62
2l.6
280
342
356
4V
367
295
1ry6'

3.9
5.¿
9.25

10.8
f,tr"5
1* rt

21.0
23.O
27.O
2r,þ"2
19.8
Lá."9

7 "t+
3"9
2""75

6.22
6"a5
6.00
5.90
5.'16
5 "57
5 "6r
5 "l+3
5,42
5 "5!+
5 "67
5.77
5"89
6"08
6"P8

0
0
0
I

73
1_05

].,¿rZ

188
2Iv8
267
333
367
14:.8

332
¿tJ
o*
o1
0
0

*?
L70
268
396
r-56
51.3
600
630
667
700
733
7L6
6gl
660
63o
6a3
5t-3
tr56
367
257
L23

61
0
1

0
0
0
L.25
L,75
2"to5
3"5
lr'35
1".75
6"25
6"5o
7.5Q
6"25
tr.65
¿"¿)
L"25
0
0
1.5
2.9
!*"55
7"r5
9.0
9"2

10.0
LO.35
LO.55
10.85
TL.25
1l_.0
L0.5
10.1-5
9"65
9.25
8"5
'î "5
6.3
tr"65
2"55
L"l*5

Mins 0
0

0 5"@
5"6r
5"63
5 "9¿rEEA

5.53
5.50
5.1o8
5.&.5
5.39
<??
5.25
5,25
5"25
5"25
5,54
5.æ
5"50

5 "1"5
5"3Q
5"28
2¿1é
5,2r
5"20
5"24
5.20
5.20
5.18
5.2o
5.2o
5.?t-
5.?t'
5"20
5.20
5"20
5.2o
5J6
5"21u
5.L,O
5"50
5"56
5.57

Ã?A

).oJ
EAA

).)4
5.31*
5.3!v
Ã??

5.32
5"32
5.25
5.20
5"20
5.24
5"?A
5.L9
5 "35
5"36
5"1r2
5.5L
5"&
<Ão
5"67
5"74
5.75
5,76

TRT¡J, IV

' .25f" fiPM Of CET,L DEFT,ECTTÛI\T E.TELECTRTC

.**---çg}Tsr¿Nr*
0-cuple I g: 6 r) 8qL7

0 0 8.20
o o 8.32

25 2.7 6.6tr

99
t+8

27

- continued
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fRI.pJ IV - Cantinued

- Ccntinued

25.f, RPM of CH,L DEFTECTIGI$ DTEI,ECTFIC 3A% FFM of CILL ÐEFLECTION DTIÍ,ECTPJC

Couple L
_-_ CONSTANT

4
5

7
-o T

VT
EM
RE
ï

20
0 Mins
I
a

t+

5
10
L5
90

0

2")2Q

0
0
0
0
n
0
0
0
0
o

5 "'/I6"¿ro
6 "l+l+
6"+ç
6.53
A /.^
6.6a
6.80
6.9t
5"79
o.J)

7 "89
7.97
6"9t+
6.81
6"r79
6"78
6"71
6.7r
6.6L
6"67
6.67
6"67
6.6r
6"zo
o.o¿
6"6L
6"59
6"58
6.55
6.i5
6.50
6"trg
6.5o
6.1r9
6.tç7
6"1*5
6"tt7
6.t+7
6"t7
6.¿rg
6.52
6"52
6"87
6.9i
7 "60
7 "80
7.80

a?

87
11/n

7.83
'7 "83
7.gtr
7 "91
7.9L
7 "9t,

TRTÂI, IT

RFM of CM,L DEFT,ECTION ÐÎ&ECTFIC
ïIBÏAT T

of CE L DEIT,ECTIOI{ DIEf,ECTRIC
CONSTANT

1.

Ã

1.t
Lo É-

á.o
2"95
!+"6
lr'7
6.0
FtI .t4-

7.9
Êcr
9.2

]'.O.2
10.6
11"4
L2.L5
12.5
a"6
1,2.7
11"85
LL.5
11"1
9"9
8.85
8.1
7.L
o.2)
5.&
+. ))
3"&
3"5
2.O
r"3

i0
q1

207
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TABLE V

TOì{CENTRATIOi{
(vot %)

ÐÏELECTRIC CONSTANT
(Rest Value)

DÏEI,ECTËTC CONSTANT
v¡ith shear (taken from

graph of ( vs. RP!í

STEP T STEP IT

^ 
DTEI,ECTB]

C0IttSTA¡lr

3 2.60
écO 3

é" )Y
2.52

"01
.11

I 3.LL
3"05

3,01
?.01

2"1r8
2"1+5

.66

l< l+"03
h"L5

3"73
3"70

.¿+3

/.u )" (o
1r.88

4" 4)
l'"6c "2

?Ë, 5"68
IrOU

)"4
\.1

. l+8

30 7,96
7 "9?

o"4L
6"Lq 1"

11,38
10"28

8"0
7"8

)oL

7 "l+

3.29 6"29
2"96 :-

L,,U 1¿þ.15
L8"76
18.9

LJ-" J
11"2
l_l_ " b

4" 90
10 '/.r 5

l"L

2"85 9,256.56 8" 31
7.3L 11"8

)v 27 "35
33"3A

L3"6
16.l+

5"1+
l-5.0 6"6

L3.75 2L"95
16.9 26"7
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ÐISCUSSTON OF RESULTS

A lÍnear relationship was'iound to exist between the dietectrfc

eonstant of the emulsío¡r subjected to high shear rates and the concentration

by volume per cent of the dÍspersed particles when the dielectric constant

of the dispersed is much higher than that of the medium (See FIGURE 2/!)'

À simÍIar relatÍonship for spherical partÍeles was derived theoreùåeally

by Bruggeman" This relationship was characterlzed by a proportion factor 3.

Voet also observed such a llnear relationship r^rith various dispersions'

However, his daturn on emulsions is very incomplete and at the hígher coo-

ccnùratj-on hts agreernent was poor" Hls proportion faotor varied frorn 3 to

higher values, up to 2/a, Further, he observed that systems having a shape

nearest the spherical had the lornrest proportion factor and as a result, he

introduced a forur factor which expressed the dev'iatÍon from spherical shape'

The larger the fozrn factor the more the deviation from spherical shape'

Voet's (1) experi:nents on dÍspersions show that the change in

dÍeleetrie constant ís sensitive to the shape of the particles. Since the

solÍd (spherieal) parùÍcles of zinc could not ehange shape he attrÍbuted

the deviation of the form facÈor from unity to partícle agglomeration,

that is, flocculation or formation of partÍcle chains. In our experíments

on emulsions then the observed changes ín the dÍelectric constant ean be

attributed. bo two effeets. (1) Change from spherical shape, and (2)

particle agglomeration"

Rest values of the various dispersions ealcuLated (see Table VI)

vuith the sir,nptified Bruggeman equation (Equation 2) agreed reasonably

1gel1 with the experlraental values whieh were obtained under sheanÍng

stresses (See Tab}e V), This conparison is justífied sínce the
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Bruggenan equation was derived on the theery that the dispersed. par-

ticles were independent of one another. The theory presented. here

weuld have the agglonerated structures broken up under shearing stresses

resulting in the particles acting independ.ently. Varíous shearing forces

Trere necessery to obtain this end. indicating different sizes or strength

of the fozued structures.

ïn addition to a form faetor, experimentel- evidenee points to

the existence of an aggloneration factor which takes ínto account the

di-fference between the dlelectric consta.nt of a dispersion when at rest

and when subjected to shearing stresses" For dispersíons up to 2Af" by

voh:me of the dispersed phase the agglo¡neration factor was found to be

unityind.icating no particle agglomeration (i,e" particle acting

índependently) and thus resulting in Neç'tonian ty_oe of flow. (ttris

was confi-rmed by the rheoLogical data) (See FIGTIRE le and 13) " FIGIIRE

26 shows a plot of the aggloneration factor síth concentration. This

data corresponds with that of FIGURE 25 whicb shows the change Í-n

dieleetric constant with concentration. ft was observed that r.''ithin

ex¡lerimental errors there is no change in the dielectric constant at

rest and rhen suÞjected. to high shearing stresses up to a concentration

of 2O% b¡r voh:ne of the dispersed phase. With higher concentrations

the change in d.ieleetrÍc constant rises very rapidly, as does the

agglcmeration factor. ft vnas not for¡rd possible to relate the size

of the agglonerate witb the aggloneration factor. Voet observed by

microseopical observation of dil-ufe suspensiens that upon agglomeratiog,

particle chains were formed. and. it became evident that lnereased agglo-

meration necessarily led to an increased length of particle chains

and was therefore connected with a nore distant deviation frorn
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spherical shape, which in turn caused the increase in the dielectrÍc

constant fron rqhich the aggromeration factor was calculated. This

theory was aecepted in this investigation beeause there appears to be

no other reasonable explanation"

-ã.s said prevS-ousl¡r, the agglorneration faetor was uníty up to a

concentralion of 2\fi" Va'lues for hÍgher concentratíons varied up to

5"3" Rates of shear lp to 800 rpn were used. Ithen particre agglo-

¡aeratès are subjected to shear they are partly broken up but in the

presence of strong aggl-oneration forces particLe chains will sti1l
exist even at noderate shearing stresses, This will 1ead. to orien-

tetion and. to a deerease in the dieleetric constant and result in
a somewhat decreased agglomeration factor without breaking up the

structure. The most reliable measure of the state of aggloneration

is taken at rest. FTGIIRES 27 and 28 show the increase in the agglo-

neratfon factor with ti¡ae. Since the aggloneration factor increases

with tine 1t is evident that a strrrcture build-up is taking place.

rt was obsenred e:rperÍmentall-¡r that very 1ow shearing rates

were necessarJr to obtain a decrease in the dielectric const¿nt.

However, the ¡rore concentratedsiulslons required higher shearing rates

to obtain the.ninimrro varue" This indicated a strong tendency to

form partícre aggloneration, (It srroutd. be noted. that-these changes

in the dielectric constant could. not be attributed- to a tempera-

ture coefficient) " several plots (see FTGURES po to 23) show

steps in the díeleetrÍe constant with increasing r?m. This can be

aeeor:nted for by assrming structures of different strength being

present. This assltrrpti.on is supported by the fact that di.fferent

rest values for dífferent trials were record.ed indicating different
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strueture formation" Thus a certain shearing foree requÍred to break

up one structr:re would. not be suffi-cient to break up another. The faet
tbat the up elrrves a¡d- down curves have the same pattern seems to be

fi:rther evidence in support of this" (See FIGURES 20 to 23). Ifsteresis

loops were obserwed ín the lower concentratíon range" (See FIGII¡RE 1Ç) "

'å.t present there appears to be no other e4plana.tion for these results

exeept that they could be d.ue to an orientation or a tine effeet.

When the shea.ring forces were discontinued tbe instantaneous

value of the dÍelectric constant was not that of tbe dispersÍon at rest.

The tíme required to reach tbe original value varied considera.bly. A

period of 2l+ hours was required by several of the dispersíons before the

original value was reaehed. Even this d.uration of time was not suf-

ficient in sone cases. This night indica.te the breakÍng up of a com-

plicated stnreture whieh world require a long time.to rebuili-. The

unreproducibility could also be attributed to the dlversity in structr:re

wh-ieh reformed when the emulsion was at rest. rf the shape of the

particles was the sole factor in eausing the observed d.eerease Ín the

dielectric constant then rrpon renoving the shearing forces the original-

rest value wou.ld. be reaehed instant¿neously. ït woul-d. recuÍre an

infínitesinal a¡nou¡rt of tirne for a spherÍ-cal particle which was

distorted to say an elI1psoíd to return to its original sbape. Howewer-o

the rebuilding of a broken strueture would require a measurable period

of tine"

All the d.ielectric eonstant neasurenents were taken at a fre-

quency of 10 k1l-ocyeles. There apoeared to be no great changes in

the readlngs when taken at 1 kilocycle and 100 kílocycles henee these

were not recorded.



" 100

The rheological d.ata which rvas obtained sj¡rultaneou-sly with

that of the d.ielectric d.ata shows seme enlightening results"

The dispersicrns up to Zofo were observed to be Newtonian (See

FTGIIRES 12 and 13") This is in agreenent w'ith the dielectric proper-

ties where ít was formd. that up to these concentrations the agglon-

eration factor was unity, indicating that the particles were acting

ind.epenclently. For dispersions of higher concentratlons hysteresis

1-oops (See FIGûRES I-d to 18) were obtained. indicating thixotropie

systens. The plot of the viscosity and concentrationr,of the d.ispersed

phase (See FTGIIP,E 29) is so¡newhat sini.lar to that of the dielectrie

constant and. eoncentration (FIGIÎRÐ 2/r). In both cases the break

oecurs at 2O%" The vj-scosíty as ealeulated. at the high shear rates

appears to satisfy tl:e Elnstein eo,uation" The slope of the straight

line (fltGüP,E 30) however, is not 2.J as predicted for spherical par-

ticl-es" The value calculated was 5"1 and the deriation fron 2.5 cart

be attributed to a d.eviation of the particles fron spherical shape.

The viscosity was calculated at the high shear rates so that the

particles if not acting independently exhibit a mini-nu¡r relatl,on for

each other. (tt snould be noted that the proportion factor using the

sÍ.npl-ified Bmggeman equation turned ou.t to be 5"1 resulting in a form

faetor of 1.?) " Yiel-d values were ealcrrl-ated (table fX) for the

thÍxotropic systems and were for:¡d to increase with increasing corr

centration.

The rheologica-l data obtained for the oil alone sbowed ít to

be New'tonian in behavior under stresses of over ?00 rpn. (See HIGú'R¡ 11) "

Sínee no thixotropic loop was obtained it follovrs necessarily that

up to this shear rate the ail- is not thixotropic.

On investÍ-gation of the dielectr-ic and. rheoLogl-ca1 behavior of
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the dispersions over the Ínvestigated range Ít appears th¿t the systen

changes at the concentraLion 201Á fron one of NewLonian to one of non-

Newtonian. It rsas fl:rther observed that the viscosity was still- ehanging

after the dielectrie eonstant had reached a minimr:¡n. This can only be

eqplai-ned by assr:rniag that the shape of the particles has rnore effeet

on the viscosity tlran it has on the dieleetric constant," that is the

viscosíty is nore sensitive at hlgh shear rates to the shape of the

particles than is the dielectric behavior,
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