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ABSTRACT 

It i s  proposed t o  measure the rheological  proper t ies  of thor ia  so l s  

and gels  i n  several  types of viscometers, spec i f ica l ly  including cap i l l a ry  

and cone-plate types, and t o  r e l a t e  these proper t ies  t o  sol-gel  process 

control  var iables  and t o  f i n a l  oxide proper t ies .  It i s  a l s o  proposed t o  

apply the data t o  t e s t i n g  ex is t ing  e lectroviscosi ty  theor ies  and l i nea r  

vi .scoelastic flow theor ies .  It i s  hoped t h a t  it w i l l  be possible t o  make 

quant i ta t ive ,  predict ive  extensions of these theor ies  i n t o  regions where 

t h e i r  present app l i cab i l i t y  i s  now questioned or  i s  unexplored, and t o  

define regions of g e l  behavior su i tab le  f o r  extrusion and cast ing of 

nuclear f u e l  elements with co l lo ida l  thor ia .  

NOTICE 

Th is  document contains information of  a preliminary nature and was prepared 
pr imari ly for internal  use a t  the Oak Ridge Nat ional  Laboratory. It i s  subiect  
to  rev is ion  or correct ion and therefore does not  represent a f ina l  report. The 
information i s  not to  be abstracted, reprinted or otherwise g i ven  pub l ic  d is -  
semination wi thout the approval of  the ORNL patent branch, Lega l  and Infor- 
mation Control Department. 
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It i s  c lear  from the confl ic t ing views of thor ia  s o l  s t ruc ture  t h a t  

were deduced by the  ear ly  invest igators  t h a t  auxi l ia ry  characterization 

methods, the  more the be t t e r ,  must be brought t o  bear simultaneously i n  

order t o  avoid ambiguity and fa l lac ious  in te rpre ta t ions .  The pre-1950 

s tudies  a r e  so clouded by ambiguities of preparative procedures, lack 

of chemical analyses f o r  impurities, primitive development i n  the  theory 

of t h e i r  auxi l ia ry  characterization methods such a s  f locculat ion numbers 

(g), and lack of an  adequate theory t o  connect quant i ta t ively e lectro-  

phoresis with e lectroviscosi ty  t ha t  only qua l i ta t ive  trends can be ex- 

t racted with confidence. 

Of the  more recent work, Dobry 's was l imited t o  highly hydrous, 

d i l u t e  thor ia  so l s  whose pa r t i c l e  morphology is known t o  d i f f e r  rad ica l ly  

from the re f i red  sol-gel  process thor ias .  Although Sturch used a re f i red  

sol-gel  process thor ia  which was well characterized chemically, he inves- 

t iga ted  only a narrow range of thor ia  and n i t r a t e  compositions on a s ing le  

p a r t i c l e  s i z e  s o l  with an  empirical, unmodified 4 speed ( a l l  low shear) 

Brookfield viscometer. The complexity of flow behavior which was en- 

countered l imited Sturch t o  qua l i ta t ive  conclusions a s  t o  trends.  

Intercomparison of the  previously published work is  d i f f i c u l t  and 

generally s t e r i l e .  

111. Data t o  be Derived from the Proposed Work 

( a )  Rheological Data 

The main body of data w i l l  consis t  of a shear s t r e s s  t h a t  develops 

a t  the  boundaries of a body of the  thoria-nitrate-water co l lo ida l  system 

a s  a function of an  imposed r a t e  of shear. The specified independent 



conditions a t  each data point  w i l l  be r a t e  of shear, temperature, 

thor ia  content, n i t r a t e  content, s o l  age, and the  apparent co l lo ida l  

p a r t i c l e  s i z e  a s  e s t i m t e d  by a combination of e lect ron photomicrography, 

x-ray l i n e  broadening, BET surface area ,  and l igh t - sca t te r ing  of stag- 

nant samples. For those samples exhibi t ing time-dependent flow phenomena 

it w i l l  be necessary t o  give a shear r a t e  h i s to ry  a t  points  i n  time i n  

addit ion,  and f o r  those samples exhibi t ing v i s coe l a s t i c i t y  it w i l l  be 

necessary t o  take addi t iona l  s t r e s s  measurements orthogonal t o  the imposed 

shear. 

( b )  Auxiliary Data t o  Permit In te rpre ta t ion  of t h e  Rheological 
Behavior i n  S t ruc tura l  Terms 

The extent  t o  which t he  following supplementary s tud ies  w i l l  be 

pursued cannot be c l ea r ly  delineated a t  present .  The need f o r  them w i l l  

depend upon the  adequacy of the  avai lable  t heo re t i ca l  bases f o r  data in-  

t e rpre ta t ion  and the  complexity of the  behavior encounted. 

When the  temperature, pressure, thor ia ,  n i t r a t e ,  and water content 

of the  system are specified,  t h e  equilibrium s t a t e  is  completely determined. 

A col loid  i s  inherent ly  a nonequilibrium system and i s  not w e l l  charac- 

t e r ized  i n  terms of thermodynamic var iables  only, but it can be t rea ted  

a s  a thermodynamic system i f  the  par t icu la te  and solut ion phases do not 

s ign i f ican t ly  change i n  composition over some "reasonable" length of time. 

Qualitative observations suggest that thor ia  s o l s  undergo mild aging e f -  

f e c t s  over a period of several  days and then a r e  su f f i c i en t ly  s t ab l e  t o  

be t rea ted  a s  equilibrium systems on a time scale  of weeks. I n  theory, 

+4 
using ex is t ing  s t a b i l i t y  constants f o r  t he  thorium - n i t r a t e  c o q l e x e s  

+4 
(17) and the  hydrolysis of the  Th ion one could calculate  the  concen- - 
t r a t i o n  of each chemical species, but  there  e x i s t s  considerable divergence 



of opinion i n  t he  l i t e r a t u r e  a s  t o  jus t  what hydrolytic species e x i s t  

f o r  the  ~ h + ~  ion (18).  - 
It i s  necessary t o  have more than the  thermodynamic minimum number 

of chemical determinations i n  order t o  specify prac t ica l ly  a s t a t e  of the  

sol ,  and pH suggests i t s e l f .  The pH of a s o l  i s  not a well  defined 

quantity, however, because of the  so-called suspension e f f e c t  o r  Donnan 

poten t ia l .  This e f f ec t  can be roughly corrected (19) - by calculat ion but  

with the  present theory one must a r b i t r a r i l y  assume a l iqu id  junction 

diffusion poten t ia l .  

The slowly revers ible  equi l ib r ia  between thor ia  surface hydraxyl (20), - 
ionic n i t r a t e  and complexed n i t r a t e  m k e  it desirable  t o  obtain inde- 

pendently the  pH and n i t r a t e  analysis  on the equilibrium intermicel lar  

f l u i d  . 
It i s  proposed t o  determine i n  addi t ion the  e l e c t r i c a l  conductivity 

of the  so l s  and ul t racentr i fugate  of t he  so l s .  The e l e c t r i c a l  conductivity 

measurements a r e  used i n  conjunction with some measurements from which 

zeta po ten t ia l  m y  be calculated t o  estimate f irst  order electroviscous 

e f f ec t s  using Booth's (13) improvements over the  simpler theory of - 
Smoluchowski (21,22 -- ) . The improved theory had received some experimental 

confirmation (23), but  i t s  l imita t ions  a r e  not c lear ly  defined. The - 
existence of a second electroviscous e f fec t  due t o  in te rac t ion  of counter- 

ion atmospheres with one another has been described qua l i ta t ive ly  (24) - 
a s  have e f fec t s  of p a r t i c l e  assymetry (25) and solvent immobilization - 
on the  pa r t i c l e s  (26) - but  the  app l i cab i l i t y  of these in te rpre ta t ions  t o  

a l leged departures of experiment from Booth's theory has been challenged 

(3) 



Electrokinetic data f o r  thoria i n  the water-nitrate system has been 

collected a t  ORNL by Holmes and Secoy (28), - by Sowden, e t  a l .  (29 ) ,  and - 
by Douglas and Burden (30). The l a t t e r  two references cover ranges of - 
n i t r a t e  content comparable t o  those i n  sol-gel process suspensions. 

The application of these data t o  the proposed viscometric measure- 

ments i s  much l e s s  desirable than having electrokinetic measurements on 

the so ls  under study. Sowdents data showed - + SO$ variation i n  zeta po- 

t e n t i a l  a t  nominally the same experimental conditions but w i t h  thoria 

from different  sources. Holmes (28 ) has suggested what seems t o  be a - 
reasonably simple experimental technique f o r  obtaining an electrokinetic 

measurement on thoria gels (see Appendix B) but the ac tua l  experimental 

attainment of meaningful electrokinetic measurements i s  notorious f o r  

generating unforeseen d i f f i cu l t i e s .  It i s  presently planned t o  make 

some simple (hopefully) electrokinetic measurements and not t o  have t o  

f a l l  back on correlation with values of zeta potent ial  reported i n  the 

l i t e ra tu re .  

Another najor method f o r  colloid characterization which has under- 

gone great development within the l a s t  two decades is l ight-scat ter ing.  

Since one of the l eas t  well-defined conditions of the so ls  i n  the "part ic le  

size" it i s  proposed t o  take simple l igh t  extinction data t o  measure 

par t ic le  s ize with presently available equipment a t  ORNL. Light scat- 

ter ing methods have now been refined t o  the point of giving par t ic le  

shape information ( -- 3 1 , p )  but unless it i s  clearly necessary t o  define 

par t ic le  shape i n  addition t o  electron photomicrographic evidence it is 

expected t o  confine l i g h t  scat ter ing measurements t o  simple extinction. 



The so-called "anomalous" flocculation charac te r i s t ic  of thoria  so l s  i s  

sa id  t o  be associated with p la te - l ike  pa r t i c l e s  (15) - but the  unshadowed 

electron photomicrographs now a t  hai~d f o r  the thoria  s o l  pa r t i c l e s  a r e  

inconclusive . 
M. E.  Wadsworth a t  the University of Utah has recently indicated a 

des i re  t o  i n i t i a t e  l ight-scat ter ing experiments on thoria  so ls  and gels 

(33) - which may supplement the rheological studies proposed here. 

It should be noted t h a t  l i g h t  sca t te r ing  i s  a "soft" measure of 

pa r t i c l e  s ize ,  and w i l l  detect  weak f locs  tha t  x-ray l i n e  broadening, or 

even BET surface area, w i l l  not f ind.  

The l ist  of possibly desirable property determinations can be exterided 

almost indefini te ly  and includes sml l -angle  x-ray scat ter ing,  osmotic 

pressure, freezing point depression, coagulation behavior, d i e l ec t r i c  

properties, e t c .  However, l imitat ions on time and funds preclude much 

extension past  chemical analyses, and simple l i g h t  sca t te r ing  and electro-  

~ h o r e s i s .  Colloidal systems cannot be required a ~ r i o r i  t o  behave with - 
some predetermined degree of simplicity most convenient f o r  an  experi- 

menter, so i s  not possible t o  exclude r ig id ly  and t o t a l l y  the poss ib i l i ty  

of having t o  re-evaluate the need f o r  various auxi l ia ry  s tudies .  

. Scope of the Proposed Independent Variables 

The pr incipal  experimental basis  of the proposed work i s  the  measure- 

ment of the rheological properties of the thoria-nitrate-water system over 

wide ranges of the following parameters: 

(1)  Thoria concentration from 0 t o  approximately 20 molar. The 

select ion of the number and the spacing of t he  intermediate concentrations 

t o  be studied w i l l  depend on the rate of change of viscosi ty  and the 



of regions of qualitatively diff  erirlg flow regimes t h a t  a r e  encountered. 

A reasonable expectation f o r  wide-range scouting of ef fec ts  would be a 

t o t a l  of 10 different concentrationf; t o  define 3 time-independent flow 

regimes. For time dependent phenomena or  detailed tes t ing  of theory, 

additional and close-spaced levels of concentration w i l l  be required. 

(2)  Nitrate t o  thoria mole ra t ios  from 0 t o  about 0.5. It i s  ex- 

pected tha t  nearly a l l  of the significant e f fec ts  w i l l  be confined t o  

ra t ios  between 0.05 and 0.25. Again, the number and spacing of the data 

points w i l l  depend on the number of d i f ferent  regimes encountered. ?here 

can be four regimes, dependiw on the n i t r a t e  t o  thoria mole ra t io .  l'hese 

are  electrolyte deficiency floccu:Lation, stable peptization, electrolyte- 

excess gelation, and electrolyte-excess flocculation. It i s  i n  the regj-on 

of electrolyte-excess gelation tha t  the exaggerated time-dependent flow 

properties a re  expected t o  occur. 
0 0 

(3)  Thoria s o l  c rys ta l l i t e  s ize from approximtely 50 A t o  700 A, 

a s  measured by x-ray l ine  broadening, electron photomicrography, and 

confirmed by BET (~runaur-Emmett-~eller) nitrogen adsorption surface 

area, and by l igh t  scattering. Thir; important parameter i s  undesirably 

but unavoidably vague. When one speaks of "particle s ize" a part icular  

rceasurement method f o r  defining the s ize  i s  automtica l ly  implied. D i f -  

ferent  size-neasurement methods give different  averages. Microscopic 

examination gives number averages. X-ray l ine  broadening i n  an experi- 

mental t e s t  by the m i t e r  appeaed t o  give a volume average although 

number average was expected. The BET method gives area averages, the 

colligative properties give n b e r  averages, and the l igh t  scattering 



gives volume averages. The only way t o  have confidence i n  a pa r t i c l e  

s ize parameter i s  t o  bring a t  l e a s t  two independent methods in to  sub- 

s t a n t i a l  concordance. In the lower c rys ta l l i  te-s ize range, substantial  

concordance i s  generally achieved between the electron photomicrographs 

and x-ray c rys ta l l i t e  s ize.  The BET surface area i s  used a s  a measure 

of the dispersion of s izes  about the average. The l o g - n o m l  deviations 

(0- ) which have been calculated a r e  generally rather low, 1.1 t o  1.2, 
Q 

indicatlng reasonable uniformity. !fie recalcination procedure which 

is required f o r  obtaining the large]: s izes  a l so  broadens the dis tr ibut ion 

aqd it is expected tha t  s ize cuts from ultracentrifugation w i l l  be 

necessary t o  control the a of the dispersion. The f i r s t  three of the 
g 

proposed par t ic le  s ize measurements a re  "hard" measures and w i l l  ignore 

or m y  disrupt weakly bound floc-type par t ic les .  

(4) Temperature from -OOc t o  -95'. It i s  not expected tha t  very 

much study of temperature dependence of rheological properties w i l l  be 

required unless unforeseen phenomena i s  encountered. Insofar a s  thoria 

so ls  are  concerned, it i s  an  unexplored region of study, and it i s  hoped 

tha t  any effects  encountered a r e  i n  degree and not i n  kind. In  the event 

of insupportable complexities i n  temperature dependence, it may be neceo- 

sary t o  r e s t r i c t  the scope of the thesis  t o  a small temperature range 

near ambient. However, since the nature of the proposed thesis  i s  t o  

be a general exploration,  consistent:^ with t h i s  goal implies inclusion 

of temperature a s  a variable. 

( 5 )  Sol aging. In a s t r i c t  tliermodynamic sense, a l l  col loidal  s t a t e s  

a re  quasistable nonequilibrium states ,  and no col loidal  aging study i s  

complete a s  long a s  a col loidal  s t a t e  ex is t s .  In the case of thoria so ls  



i n  the range of compositions proposed f o r  t h i s  study, it has been found 

tha t  a quasistable s t a t e  i s  a t ta ined  i n  time ranges from a few hours t o  

a few days. It i s  proposed t o  study i n  d e t a i l  only those samples which 

have a t ta ined  t h i s  s t a t e ,  and t o  study s o l  aging m i n l y  a s  an inc identa l  

t o  assuring t h a t  some state of quas i s t ab i l i t y  has ac tua l ly  been reached. 

Sturch (11)  found it necessary t o  protect  thor ia  s o l  from atmospheric - 
exposure, presu~llably from C02, i n  order t o  control  a s l i g h t  but  de f in i t e  

apparent aging e f f ec t .  Gradual long term aging e f f ec t s  a r e  of ten noted 

i n  inorganic colloids,  but unless some unusual aging phenomena is encoun- 

tered no de ta i led  study of long-term aging i s  proposed. 

-1 -1 (6)  Rate of shear from l e s s  than 1 sec t o  -1000 sec . I n  previous 

work on the rheology of coarse thor ia  suspensions, a s  p a r t  of the  Homog- 

enous Reactor Project, it was found t h a t  data a t  qui te  high r a t e s  of 

shear i n  laminar flow were required i n  order t o  define the  flow parameters 

(34).  - Unless the  flow gradients a r e  su f f i c i en t ly  intense t o  d i s rup t  en- 

tirely the long-range in t e rpa r t i c l e  s t ructure ,  one has not defined the 

e n t i r e  range of the d i f fe ren t  behavior regimes. I n  the case of -1 p 

pa r t i c l e  thor ia  s l u r r i e s  it was necessary t o  a t t a i n  pseudo-shears of 

ebout 600 sec - l  i n  order t o  ensure t h a t  the s l u r r i e s  flow was governed 

by the basic p a r t i c l e  and not a mult.iple u n i t  o r  f l o c  (35). - For a design 

bas i s  one might expect s imilar  f l o c  strengths i n  tlhe thor ia  so l s  and t h a t  

1000 sec-' should be i n  the region t h a t  "col loidal  shear thinning" i s  

conrplete. A t  present there  appears t o  be no high shear r a t e  data  on 

col loidal  thor ia  by which a more r a t i ona l  e s t i m t i o n  of the  mxiuium shear 

r a t e  needed can be made. 



V. 

The properties of immediate in teres t  t o  the applications of the sol- 

gel  process which a r e  under current development a re :  

( 1 )  Fragment s ize .  

(2 )  Fragment shape. 

( 3 )  Fragment density. 

( 4) Fragment strength and a t t r i t i o n  resistance. 

A t  present, these properties a re  controlled by r u l e s - o f - t h e  which apply 

only t o  cer tain empirical "recipes. " 

The data t o  be taken f o r  t h i s  thesisshould be suff icient ly extensive 

and precise e i ther  t o  put control of these variables on a rational,  quan- 

t i t a t i v e  basis or e l se  t o  prove thoroughly the infeas ib i l i ty  of doing so. 

Except f o r  fragment shape, reasonably well rationalized and quanti- 

t a t ive  measures of these four properties a re  i n  current use f o r  evaluating 

the sol-gel process product. It i s  therefore proposed t o  employ the ex- 

i s t e n t  t e s t s  on oxides derived from the so ls  and gels prepared f o r  the 

rheological work. These t e s t s  consist of :  

(1)  Par t ic le  s i ze  dis tr ibut ion by sieving. 

(2) Par t ic le  density by toluene immersion. 

(3 )  Par t ic le  strength by tumbling and spouted-bed t e s t s .  

(4)  Part ic le  shape by qual i ta t ive description and by ranking i n  

comparison with an exist ing s e t  of photographs of "standard" fragments. 

The application of the proposed work t o  potential ,  a s  d i s t i n c t  from 

current, development i n  the sol-gel process i s  p r i m r i l y  the d i rec t  em- 

ployment of the rheological data f o r  extrusion or  other forming processes. 

Considerable expense and e f fo r t  could be bypassed i f  d i r ec t  casting of 



dense, massive bodies could be substituted f o r  the grinding-sizing- 

packing operations now employed t o  fabricate  the fue l  elements from the 

oxide fragments . 
Whether or not the thesis  work can be extended t o  applying the rhe- 

ological data t o  experimental extrusion in to  fue l  element shapes such a s  

cones, plates, cylinders, spheres, e tc . ,  depends on the complexity of the 

flows encountered and on the occurrence of calcined oxide properties 

(primarily uniform shrinkage) tha t  promise prac t ica l  fabrication of 

nuclear fue l  elements. 

Under these conditions there would be reasonable expectation tha t  

experimental extrusion development could be supported a s  par t  of the OWL 

Fuel Cycle Program, and hence would be feasible  a s  a par t  of the proposed 

thesis .  

Since the feas ib i l i ty  of t h i s  extension of the thesis  hinges on con- 

tingencies that ,  while reasonable, a re  not t ru ly  firm, no detailed proposal 

f o r  experimental engineering non-Newtonian flow i n  extrusion applications 

w i l l  be made. However, numerical prediction of two dimensional non- 

Newtonian flows and pressure drops a re  proposed. 

V I .  Data Analysis 

( a )  Newtonian Flow Regimes and Electroviscous Theory 

A t  the higher dilutions (below 2 wt $ thoria)  it i s  expected tha t  

Newtonian flow w i l l  occur. It is  i n  t h i s  region of concentration tha t  

the data w i l l  be the most interpretable i n  molecular terms based on de- 

veloped or developing theories.  A l l  the flow data i n  t h i s  regime w i l l  be 

expressed a s  simple viscosity, 7, derived from capillary Tlow. The ab- 

sence of non-Newtonian flow behavior wi l l  be demonstrated by varying the 

shear ra te  with a 4-speed Brookfield viscometer. 



The most promising existent  theoret ical  equation f o r  which t o  attempt 

data f i t t i n g  i s  tha t  of Booth (13). - 
Booth 's f i n a l  correlation is  : 

where : 

qO i s  the viscosity of the supporting medium i n  the absence of solids 

* 
u i s  the specific e l ec t r i ca l  conductivity of the. system 

is the volume f rac t ion  of sol ids  i n  the system 

a is the pa r t i c l e  radius 

E i s  the d ie lec t r ic  constant of the support medium 

i s  the electrokinetic (zeta)  potent ial  of the pa r t i c l e  with respect 

t o  the supporting medium 

k i s  an  "effective re la t ive  thickness" of the e l e c t r i c a l  double layer 

surrounding the par t ic le  

Z i s  a complicated function which i s  graphed by Booth (13) and re- - 
produced by Rutgers and Nagels (24). - 

The numerical value f o r  k i s  calculated from the Debye-Huckel re- 

ciprocal length : 

* 
See footnote 14a of reference (24). It i s  not clear  whether or  not the 
relevant conductivity is tha t  oTt11e whole system, the intermicellar 
f lu id  only, or  some average of these. In past  experimental practice 
(13) it has been assumed t o  refer  t o  the whole system. - 



where : 

e is the  un i t  e lectronic  charge 

n is the number concentration of ions of type i i n  the supporting 
i 

medium 

z is  the ionization nuniber of ion of type i 
i 

M i s  the number of d i f fe ren t  ion species present 

k i s  Boltzmnn's constant 

T is the absolute temperature 

The expected region of va l id i ty  f o r  these theoret ical  re la t ions  i s  

the same a s  tha t  f o r  the Einstein equation (36) f o r  the e f f ec t  on v i s c o ~ i t y  - 
of uncharged spheres : 

The pr incipal  l imitat ions on the va l id i ty  of the Einstein r e l a t ion  

a r e  tha t  the flow must be creeping ( ine r t i a  terms neglected), the volume 

f rac t ion  must not exceed 0.05, and the pa r t i c l e s  must be spherical .  In  

addition, the pa r t i c l e s  must be large compared t o  the molecules of the 

supporting medium and smell compared t o  the container. 

Booth (13) adds r e s t r i c t ions  on the e l e c t r i c a l  properties of the - 
par t i c l e s .  The pa r t i c l e s  must be nonconducting with an immobile charge6 

surface layer  which i s  t h in  comparecl t o  the pa r t i c l e  radius. 

The poss ib i l i t y  tha t  other re la t ions  simpler than Booth's might be- 

come applicable has been suggested by the qua l i ta t ive  observation t h a t  

thoria so ls  show mrkedly increased mobility a s  the n i t r a t e  concentration 

is  decreased toward the lower flocculation l i r m l t .  If the double layer  

withdraws substant ia l ly  inside the plane of shear a s  n i t r a t e  depletion 

occurs, one may f ind the Einstein r e l a t ion  or  some nonelectr ical  generali-  

zation of it becoming applicable.  



One extension of Einstein's l imiting case i s  that of Guth and Simhe. 

(37) : 

Roscoe (38) - and Vand (39) - developed the concept of temporary "clots" of 

par t ic les  being formed by collisions and arrived a t  an  equation which 

has received some experimental verif icat ion (40) - : 

Second order electroviscous ef fec ts  (part ic le-part ic le  interactions) 

have been measured and described q w l i t a t i v e l y  (24) - but no quantitative 

theory appears t o  ex i s t .  

A th i rd  electroviscous ef fec t  Cue t o  coi l ing and uncoiling of f lex ib le  

l inear  polymers can, i n  theory a t  least ,  be calculated from the e f fec t  of 

polymer charge and electrolyte  concentration on chain dimensions (41) - and 

hence on viscosity (26). - This f lex ib le  chain-type structure,  which has 

been found (2) f o r  hydrous thoria sols,  i s  often associated with the 

viscoelast ici ty  of such polymers a s  polymethyl methacrylate (42) - i f  the 

shear gradients a re  suff icient ly strong t o  a f fec t  pa r t i c l e  morphology ard 

orientation. 

(b) Viscoelastic Flow and Unear Viscoelastic Theory 

The m t h e m t i c a l  description of general viscoelast ic  flow generates 

extremely complex models. For example, i n  the spring-and-dashpot repre- 

sentation of general cases it can become necessary t o  assume p las t i c  in- 

stead of Newtonian dashpot f lu ids  and non-Hookean springs (43). Even with - 
severe simplification and l inearizat ion it is  considered desirable t o  re- 

t e i n  5 experimntal  constants i n  describi-% viscoelas%ic rheology. Oldroydls 

(44) - recommended equations for  simple shear ( i n  rectangular coordinates) a re :  



where : 

7 is s t r e s s  

F i s  a n  "apparent viscosity" defined a s  7 duy ), both of which 

a r e  known quant i t ies  

p i s  an a rb i t r a ry  hydrostatic pressure 

7 i s  a reference viscosi ty  term 
0 

ply P 2 ~  Vly v2 a r e  time parameters 

U is  l inear  f l u i d  veloci ty  i n  the x direction, which is the only 
X 

f l u i d  motion 

It i s  hoped t h a t  the e x p e r i m n t ~ l l y  determined v iscoe las t ic i ty  can 

be adequately correlated by the foregoing equations. If sharply nonlinear 

effects  a r e  found it w i l l  be necessary t o  go back t o  Rivlin 's  more general 

forms and f ind  some adequate special izat ion of them. Rivl in 's  (45) equa- - 
t ions  fora more general viscoelast ic  f l u i d  i n  simple shear a r e  : 



r x z = r  = r  = r  = o  = ZY yz 
dTJx where the a a r e  polynominals i n  the 2nd, 4th, and 6th powers of (TJ-) 

An alternative, i f  the nonlinearity is  not extreme, is t o  define a 

s e t  of regions i n  which separate l inear  appraximtions a re  valid.  

Formally, the constants i n  Oldroydts equations are  determined by 5 

data points which can be a l l  different  values of shear rate,  i f  values of 

?xx 
a re  available.  A measure of s t a t i c  pressure n o m l  t o  the plane of 

shear i n  a cone-plate viscometer i s  able  t o  provide indirect ly the needed 

value of T~ fo r  use with Oldroydts equations, i n  which r corresponds 
88 

where : 

pZ i s  pressure i n  the direction of the axis  of rotat ion and i s  a 

function of r 

r i s  variable radia l  distance along the cone 

R is the cone outer xadius 

pr i s  pressure i n  the r ad ia l  direct ion 

The second equation has experimental support but i s  not of necessity valid 

i n  general (46).  - 
A complete and d i rec t  defini t ion of shear s t a t e  would require s t i l l  

another s t r e s s  measurement which, however, i s  d i f f i c u l t  t o  a t t a i n  experf- 

mentally. I n  fac t ,  i f  the l iquid under shear i s  very viscous, get t ing 

s t a t i c  equilibrium f o r  the mnometric measurement of pn  i s  d i f f i c u l t .  
Y 



Roberts speaks of "new devices" (3) f o r  pr measurements tha t  he used but 

he neither described nor referred t o  description of these devices. They 

sonehow e n t a i l  Newtonian f lu ids  i n  the outer par t  of the shear gap t o  

transmit a pressure reading. 

Some other indirect  a l ternat ives f o r  determining a normal s t r e s s  

parameter have been suggested, f o r  example, Phillipoff and Gaskins (48) - 
have suggested tha t  the diameter of a j e t  emerging from a capi l lary could 

measure viscoelast ici ty .  A drawback of t h i s  approach i s  tha t  it i s  nec- 

essary t o  assume a model f o r  the nonviscoelastic component of flow behavior. 

Metzner (49) derived the formula f o r  the capi l lary j e t  radius as- - 
suming a power l a w  dependency f o r  the nonviscoelastic flow aspect: 

vhere : 

a = wall shear s t r e s s  
W 

R = capi l lary radius 
cap 

R = j e t  radius 
J 

p = f l u i d  density 

V = area average l inear  f l u i d  velocity 

n = power l a w  exponent 

K =power l a w  coefficient 

The constants A and B a re  t o  be determined, and contain the infor- 

m t i o n  on viscoelast ici ty  from measured R Lf the nonelastic flow com- 3 "  
ponent i s  chosen t o  be Newtonian ( fo r  sake of simplicity i n  i l l u s t r a t ion)  

the equation peduces to:  



where: p is  viscosity 

Introducing the same Newtonian assumption in to  Oldroyd's recommended 

equations reduces them t o :  

and we may identify ( @-B ) with 27 (pl - p2 ) 0 

J u s t  a s  there was no clear-cut end t o  the possibly desirable methoiis 

of characterizing a col loidal  s ta te ,  there i s  likewise no end t o  the con- 

ceivable complexity of r e a l  flow behavior and ways t o  describe it. For 

example, s l i p  flow m y  occur. It i s  somewhat a rb i t ra ry  t o  propose tha t  

the data analysis be limited t o  a linearized model, but much extension 

past t h i s  point is  l ike ly  t o  involve a host of secondary ef fec t  corrections 

which are  a t  best  imprecise. Highly refined equipment i s  needed t o  keep 

temperature corrections and i n e r t i a l  e f fec ts  of rotat ion minimized ard  

calculable with suf f ic ient  accuracy Ls pePmft quantitative description 

of curvature i n  the data. The avflabiU+,y of equipment of the necessary 

refinement, such a s  tha t  described by McKennell (50) is  not foreseeable. - 
( c )  P las t ic  and Dilatant Flow 

"A nearly endless variety of ecluations have been proposed f o r  

portrayal of purely viscous non-Newtonian flow behavior, part icular ly 

f o r  pseudoplastic f luids" (51). - The simplest way t o  resolve the problem 



of choosing a model i s  t o  take the most general one and truncate it t o  a 

form whose complexity is  not beyond what the  accuracy of the data can 

meaningfully define . 
I f  one starts with the  assumption t h a t  the s t r e s s  i n  a f l u i d  i s  a 

function only of the r a t e s  of s t r a i n  and physical constants of the f l u i d  

one a r r ives  a t  the expression ( 5 2 ) :  - . 

o r  its inverted form: 

f o r  one-dimensional flow. 

The data f i t t i n g  t o  determine the constants i n  these equations can 

be tedious but i s  reasonably straightforward, par t icular ly  with the cone- 

p la te  viscometer geometry. It i s  doubtful t h a t  more than three parameters 

w i l l  be appropriate due t o  l imitat ions on the  accuracy and reproducibil i ty 

of the data points.  

Once the data f o r  these flow regimes a re  expressed i n  the  form of 

the equations jus t  given, it becomes possible t o  evaluate whatever models 

suggest themselves a s  being appropriate. 

The Rabinowitsch r e l a t ion  
- 7 

is  an obvious spec ia l  empirical case of t he  preceding equation. 

The "power-law :" 



i s  theoret ical ly  incorrect but possesses the advantages of ease of hen- 

dl ing mathemtically and a reasonable range of appraimate appl icabi l i ty .  

In prac t ica l  engineering design such advantages a r e  not negligible.  

The Powell-Eyring model (54) - comes a s  close a s  any and closer than 

most proposals t o  having a reasonable theore t ica l  basis .  Their proposed 

equation is: 

where a and b a r e  semitheoretical constants. 

This i s  a three parameter equation, and apar t  from i t s  theore t ica l  

basis,  (which has been challenged (55,561) -- it would be surpr is ing not t o  

get a be t t e r  f i t  of data than with s two parameter expression l i k e  the  

"power- l a w .  " 

In  addi t ion t o  the Powell-Eyring relat ion,  derived from absolute 

reaction r a t e  theory, non-Newtonian flow phenomena has been explained i n  

qua l i ta t ive  o r  crudely quant i ta t ive theore t ica l  terms based on p a r t i c l e  

geometries, Van der Waalss forces and hydrogen bonding of water (57,581. -- 
While these explanations a r e  qua l i ta t ive ly  i l luminating and a r e  valuable 

a s  compact expressions f o r  misses of resu l t s ,  it i s  easy t o  overes t imte  

the cer ta in ty  of t h e i r  ultimate cor~:ectness and t h e i r  quant i ta t ively 

predictive value. There a re  so mny possible physical-chemical rnecha- 

nisms t h a t  might underlie a given flow behavior t ha t  the r e a l  problen i s  

t o  prove some quant i ta t ively predictive theore t ica l  extrapolation ra ther  

than hypothesize an - ex post  f ac to  -- just i f%cat ion f o r  what has been observed 

t o  occur. I n  the present thes i s  I t  i s  proposed t o  mke some ten ta t ive  

s e ~ ~ i t h e o r e t i c a l  correLations t o  see i f  any promising avenues f o r  reasonably 

dew i l ed  and qumt it8 t lire t,hecret.i ca l devel~lpmen% OOCIXT, For example, one 



marginally possible region fo r  development is t o  t r y  t o  adapt Roscoels 

(38) - and Vend ls (39) - theories of part ic le-part ic le  flow interact ion t o  

predicting second-order electroviscous ef fec ts .  

(d ) Time-Dependent Flow 

Rheopexy (increasing apparent viscosity with time a t  constant shear) 

was discovered by Freundlich and Ju.Uusberger (59) - i n  1935. Quantitative 

rheopectic data a r e  sparse and crude, and a quantitative theory has not 

been found. A generally accepted qual i ta t ive explanation of rheopexy i s  

tha t  a contacting or aligning act ion between inherently a t t r ac t ive  pr- 

t i c l e s  i s  induced by gentle shearing, which allows more rapid re-fornstion 

of structure than occurs if the colloid par t ic les  must restructure a g e l  

unaided against the disruptive influence of brownian type motion (60). - 
It is consistent w i t h  t h i s  picture tha t  many rheopectic systems a r e  a l so  

thixotropic with long reset t ing times i f  not undergoing shear (61). - 
Insofar a s  systematic, quantitative interpretat ion of rheopectic data 

i s  concerned neither Overbeek (60) - nor Roscoe (61) - i n  the i r  reviews make 

even general suggestions. I n  a f o m l  way, it seems t o  me it should be 

possible t o  express rheopexy by ~mking  the r a t e  of re- entanglement constant 

a funct i  on of shear r a t e  i n  the Hahn, e t  a 1  (62) - derivation of thixotropic 

flow equations from absolute reaction r a t e  theory. 

Hahn, e t  a l ,  present the i r  thixotropic flow equations i n  two forms: 

first a s  a description of the hysteresis loop on a stress-shear p lo t  f o r  

constant r a t e  of s t r e s s  increase and decrease between zero and some maxi- 

mum, and second a s  a s t r e s s  relaxation a t  constant shear r a t e .  The second 

form is  the more adaptable t o  the viscometers proposed f o r  use i n  t h i s  

thesis, and is :  



I n  T - (Txy)eq = p - a t  
XY 

where : 

(T ) i s  the long-time equilibrium shear s t r e s s  a t  constant shear 
XY eq 

r a t e  

t i s  time 

p and a a r e  semitheoretical constants 

The terms (a  ) , p, and a a l l  have def ini t ions i n  terms of ra t iona l  
XY eq 

parameters generated from the  theory of absolute reaction ra tes ,  but the 

remoteness and the number (sixteen) of the theore t ica l  parameters t h a t  

were counted i n  t racing the chain of def in i t ion  t o  i ts  source makes "proof" 

of the  theore t ica l  va l id i ty  of the preceding equation prac t ica l ly  impos- 

s ib le .  A more reasonable objective might be t o  compare the consistency 

of t h i s  equation with the data versus other proposed equations such a s  

Weltmnnts (63) - : 
a = a - B l n t  
x Y 

It is worth noting, however, t h a t  hktzner (49) - singles out the Hahn- 

Rhee-Eyring development a s  being the only one t h a t  can be recomended. 

( e  ) Concluding Remrks 

The foregoing treatment of the various flow phenomena t h a t  a r e  ex- 

pected has been on the basis  of no s l i p  and t h a t  the systems a r e  suf f i -  

c ient ly  f l u i d  t h a t  flow equilibrium i s  established i n  no longer than a 

matter of hours a t  most, and i n  a few minutes i n  general. The t ransi t ion,  

s o l  t o  s o f t  g e l  t o  so l id  ge1,is not clear-cut, however, so  it is  necessary 

t o  make an  a rb i t ra ry  cut-off i n  flow properties beyond which no data w i l l  

be taken. It i s  proposed not t o  extend the  thes i s  t o  creep and fracture  

flow. 



The theory of creep and f rac ture  has developed more nearly from 

ceramic and metallurgi ca l  so l id-s ta te  theories  (64) than from chemical - 
engineering f l u i d  flow, and i s  perhaps more f r u i t f u l l y  developed from a 

sol id-s ta te  than from a f h i d  fls1.r viewpodnt . 

VPI. Viscometric Methods 

There a r e  three types of visconieters immediately avai  lab le  : 

( 1 )  Ostwald- ty-pe capi l lary 

(2 )  S tomer  concentric cylinder type 

( 3 1 Brookf'i e ld  ro ta t ing  sp i  nd1.a ty-pe 

The Ostwald viscometers yield precise viscosi ty  determinations f o r  

Newtonian f lu ids ,  and it is proposed t o  i n i t i a t e  the experimental portion 

of this thes i s  by using these viscoueters with so ls  suf f ic ien t ly  d i l u t e  

t o  be Newtonian. This vfsrometer has, however, Inherently low and veriable 

shear, and i% is  unsuitable f o r  defining non-Newtonian flow permmeters. 

The Brookf'ield and the Stomer viscometers, a s  they now exis t ,  &re 

empiri c a l  i n s t m e n t s  which give data not quant i ta t ively absolute or  

intercomparable with r e su l t s  obtained i n  diss imilar  flow geometries unless 

the f l u i d  properties a r e  simple, suc:h ers Newtonian or possibly Bingham 

P h s t i  @ .  

Narrow-gap cone-plate and concentric-cylinder geometries a r e  needed 

f o r  taking high shear r a t e  data on non-Newtonian f lu ids  because only i n  

such geometries a re  the flow pa t te rn  swfficiently simplified and the  tem- 

perature e f fec ts  suf f ic ien t ly  controPlable t o  permit quant i ta t ive in t e r -  

p r e t a t i  on beyond simple models (65 - ]. 
Among commercially available viscometers known t o  the writer,  the  

Rotovisco appears t o  possess a Urge  pr ice  advantage and unusual v e r s a t i l i t y .  



It is the only commercial viscometer w i t h  interchangeable cone-plate and 

Couette heads, and auxil iary equipment f o r  measuring viscoelast ici ty  i s  

available.  The t o t a l  price fo r  a well-equipped Rotovisco i s  about $3700. 

A basic unit  with 3 cone-plate heads only would cost about $2000. By wrry 

of contrast, the Shirley-Ferranti cone-plate viscometer described by 

M c K e ~ e l l  (50) was priced t o  the writer a t  $8000 with no provision fo r  - 
Couette heads or  viscoelastic measurements. Gaskins ' cone-plate viscome- 

t e r  (66) i n  a photograph appears l ike ly  t o  have well exceeded even t h i s  - 
amount. 

In the wri ter 's  opinion, the Rotovisco should have long-continuing 

generalusef'ulness fo r  any f lu id  system tha t  i s  not extremely rapid set-  

t l i n g  or under pressure. In particular,  it would lend i t s e l f  well t o  

remote viscometry of minute (0.1 cc) samples of highly radioactive f lu ids .  

Further de ta i l s  of the Rotovisco viscometer a re  given i n  Appendix A .  

If it is  not possible t o  purchse  a suitable viscometer, l i ke  the 

Rotovisco, it w i l l  be necessary t o  have fabricated a t  ORNL some narrow- 

gap cone-plate and Couette heads t o  replace the commercially supplied 

Stormer and Brookfield viscometer spindles and bobs. 

The prac t ica l  handling of capillary flow viscometers i s  described 

by k r r i n g t o n  (67). The w i n  corrections are  f o r  kinet ic  energy ef fec ts  - 
and for  extension of capillary flow in to  the reservoirs (Couette correc- 

t ion) .  The capillary viscometers t o  be used a r e  commercial uni t s  designed 

t o  ASTM standards, thus the calibrating equation : 



where : 

i s  Newtonian viscosity 

P i s  f lu id  density 

t i s  time of discharge of the vfscometer '?leadf' reservoir 

A and B are empirical constants 

w i l l  be be t t e r  than + 1% for t somewhat in excess of 200 seconds. - 
In order t o  preserve the accuracy of any viscometric measurement, 

tcinperature control must be exercised. The viscosity of some heavy o i l s  

0 
can change 30$ with a 1 C temperature change. However, it i s  not l ike ly  

tha t  the thoria so ls  and gels show such exaggerated temperature dependence. 

0 
The existing temperature control bath i s  now controlled t o  - + 0.1 C, nainly 

because a thermometer graduated t o  t h i s  fineness was eas i ly  available. A 

0 thermometer graduated t o  - + 0.02 C has beenobtained. Control a t  the 

0 + 0.02 C leve l  i s  needed only for  low shear, high dilution, Newtonian flow - 
s o l  viscome try.  Temperature control, o r  calculable correction, within 1°c 

or  thereabout i s  needed a t  a l l  shears and flow regimes, t o  avoid being led 

in to  erroneously claiming the existence of time-dependent flow effects .  

Such misinterpretations and the i r  avoidance have been discussed by Lower, 

e t  a l .  (a). In a typical  "well designed" water-cooled Couette viscometer 

operated a t  about 450 sec-' the r e a l  shear s t r e s s  corrected for  tempera- 

ture was double the apparent shear s t ress  (50). By way of compari son, the - 
apparent shear s t r e s s  was indistinguishable from the temperature corrected 

- 1 
stress  up to 2000 sec in McKennell.'~ apparatus. 

Detailed design of modified heads for  the Stormer and Brookfield. in- 

struments are given in  Appendix A. The general design features of these 

heads would be : 
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(1 )  Fluid gaps t o  give from about 1 sec-' t o  1 0 0  sec- l  with the 

Brookfield synchronous motor drives and from 100 sec- l  t o  10,000 secml 

with the Stormer gravity weight drive. 

(2)  Water cooling suf f ic ien t  t o  l i m i t  t e s t - f  lu id  temperature r i s e  

to  within a range (several  degrees Centigrade) t h a t  can be reasonably cor- 

rected by calculations.  

( 3 )  Geometrical accuracy of the f lu id  gaps t o  - + 24. 

(4) Radial pressure taps i n  the p la te  of the cone-plate heads f o r  

pressure measurement normal t o  the shear. 

A t  present it i s  not thought t h a t  a high-pressure capi l la ry  viscome- 

t e r  w i l l  be required unless capi l lary j e t  diameter measurements are needed 

t o  supplement (or  i n  l i eu  o f )  normal. pressure measurements with the cone- 

plate  viscometer. Relevant g u i d e l i ~ e s  fo r  design of such a viscometer are  

given by Merr i l l  (19) - and Sisko (70). - 





APPENDIX A 

Details of Proposed Viscometers 

The Rotovisco viscometer consists of a control box about 16 in. x 

16 in. x 12 in.  i n  s ize,  a flexible cable drive which connects the control 

box to the measuring head, and a measuring head and stand which weighs 

about 3 pounds. The basic control box has 10 output rotat ion speeds from 

3 t o  486 rpm with a maximum torque of 500 gram-centimeters, and the cost 

for  this uni t  with cable, stand, and cover i s  $1,660. 

The minimum accessories required to  go with t h i s  basic un i t  are a 

cone-plate o r  Couette device and a t,emperature control assembly. Three 

cone-plates ( a l l  s e t )  plus temperature control uni t  would cost $225.30. 

The range of variables claimed for  th i s  assembly is: 

Viscosity 6 - 40 to 1.8 x 10 cp 

Rate of shear 4 - 60 to  10 sec-l 

4 -1 
Maximum viscosity a t  maximum shear - 600 cp a t  10 sec 

For comparatively l i t t l e  additional cost, the range and ve r sa t i l i t y  of 

the instrument can be greatly extended: 

(1) A 50-g-cm torque head can be added which permits measuring vis- 

cosi t ies  a factor  of 10 Lower. Cost,: $283 

(2 )  A 1:100 gear reducer lowerbs a l l  rotation speeds and hence ra tes  

of shear by 100. Cost: $G8.50 

(3) A Couette head and temperature control uni t  permits measuring 

viscosi t ies  down t o  1 ,4  cp, Cost: $391,10 

( 4 )  A viscoelastic attachment with (3) permits measuring s tress-  

relaxation in  f lu ids  . Cost : $416.00 



(5) A high viscosity Couette head permits measuring viscosity and 

6 
viscoelast ici ty  in  f luids having viscosi t ies  up t o  1.3 x 10 cp. Cost: 

$181.90 

(6) A - + O . O l O ~ ,  -60 to 150'~ temperature control f lu id  supply de- 

signed f o r  use with Rotovisco temperature control heads. Cost : $315.00 

Numerous al ternate  and additional auxiliary equipment are available, 

but the ones described above are the most applicable t o  the work progosed 

for  t h i s  thesis.  The cost for  the s e t  given above i s  $3733.30. 

A Rotovisco instrument was recently acquired by the Department of 

Chemical and Metallurgical Engineering, University of Tennessee, and it 

has been reported (71) - tha t  the device i s  rel iable ,  accurate, convenient 

t o  operate, and in  general performs according t o  the specifications given 

in the sales l i te ra ture .  

Some typical  f l u i d  gap dimensions for  the cone-plate heads are dianle- 

t e r s  of 12, 20, and 28 millime-&rswith a cone angle of 20 sec. Couette 

heads available have sizes ranging from 42 millimeter diameter with O.gc) 

millimeter gap to 23.1 millimeter diameter with 1.45 millimeter gap. 

The capillary viscometers are Ostwald-Fenske type ASTM Nos. 25, 50, 

100, 200, 300, 400, and 600. Since these are  highly standardized, common, 

eommereial a r t i c l e s  they w i l l  not be described in  de ta i l .  

The two Brookfield torque heads on hand are:  

Model LVF, 4 speed (6, 12, 30, 60 rpm) 673.7 dyne-centimeters muxi- 

mum torque, + 1$ error  a t  f u l l  scale. - 
Model HAE", 4 speed (1, 2, 5, 10 rpm) 14,374 dyne-centimeters maximum 

torque, - + 1$ error  a t  f u l l  scale. 

I f  it is  not possible to purchase the Rotovisco viscometer, it w i l l  be 



necessary to  purchase one additional torque head: 

Model HBT, 8 speed (112, 1, 2-112, 5, 10, 20, 50, 100 rpm) 57,496 

dyne-centimeters maximum torque, - + 1$ error  a t  f u l l  scale. 

The price of this torque head is  about $350. 

The maxirmun apparent viscosi t ies  tha t  can be measured with the RBT 

-1 -1 
head range from 3000 cp at  900 sec t o  600,000 a t  4.5 sec . The cone- 

0 
plate geometry for at ta ining these values are 4 half-angle divergence 

on the cone and 2 cm diameter. The f lu id  volume of the instrument would 

be 0.1 m l .  

The minimum viscosity t o  give half-scale reading on the LVF head with 

-1 
the same cone-plate dimensions woul?. be 1.8 cp a t  90 sec or  l8 cp a t  9 

-1 
sec . However, p varies as  the inverse cube of the radius and d i rec t ly  

with cone angle so tha t  increasing -the cone diameter t o  4 cm would drop 

-I 
the half-scale viscosity t o  about 1/'4 cp a t  90 sec or  2-112 cp a t  9 

- 1 0 
sec . A simultaneous decrease of cone angle to  2 would drop the vis- 

cos i t ies  t o  118 cp and 1-114 cp, respectively. 

It would be proposed to make 3 cone-plate heads of s ta in less  s t e e l  

to the following specifications : 

Cone radius 1 c m  + 0.025 mm 2 ern + 0.037 mm - - 4 cm + 0.05 mm - 
0 0 

Cone angle 4' - + 1 min, ave 3 2 45 sec, ave 2 - + 30 sec, ave 

Max surface 
i rregular i ty  4 micron 3 micron 2 micron 

The specifications called for  here correspond t o  about + 2$ accuracy - 
with respect t o  constancy of shear in the gap. 

The positioning procedure would be t o  screw out micrometers,support,- 

ing the plate evenly., u n t i l  e l ec t r i ca l  contact i s  made, then t o  s e t  the 

shoulder height between the cone and the plate  g i t h  Peeler gauges. Both 



the  f e e l e r  gauge and micrometer would need t o  be accurate t o  + 0.001 i n .  - 
The overa l l  accuracy hoped f o r  would be + 5% constancy of shear i n  the  gap. - 
Two thermocouples, near the  center and near the  edge of the  p la te ,  would 

be i n s t a l l ed .  Cooling water would be forced through holes i n  the  p l a t e .  

The design equations f o r  the  cone-plate geometry a r e :  

Rate of shear = q y  sec - 1 
3 2 Shear s t r e s s  = 3 T/*R dynes/cm 

where : 

A i s  angular velocity,  radians,/sec 

yis cone half  angle, radians 

R i s  cone radius, cm 

T i s  cone sha f t  torque, dyne-c~n. 

These equations a r e  based on the  assumption t h a t  i n e r t i a l  e f f e c t s  

a r e  smll  compared t o  viscous e n e r a  d i ss ipa t ion .  The experimental con- 

d i t ions  a r e  imde compatible with the  assumptions by keeping the  f l u i d  gnp 

narrow. The design specif icat ions  given here were patterned a f t e r  the  

Ferranti-Shirley viscometer ( 5 0 ~ 5 6 ) .  

The Couette heads would be mounted i n  a yoke l i k e  the  cone-plate 

head. The p r i m r y  difference would be i n  the  way t h a t  the  cup would be 

centered around the  bob. 

The cup would be made 5 cm longer than the  bob so t h a t  v e r t i c a l  po- 

s i t ion ing  would have negligible e f fec t  on the  gap between the  bottom of 

the  bob and the  bottom of the  cup. Horizontal posit ioning would be ac- 

complished by inser t ing  four equal shims between the  bob and the  cup a t  

900 in te rva l s .  The s h i m  would extend the  length of the  cy l indr ica l  

sect ion so  t h a t  gap uniformity from top t o  bottom would be a t ta ined .  The 



cup would then be glued t o  the  p l a t e  with a solvent-sensit ive cement such 

a s  Dupont Duco. 

The Couette geometry i s  inherently more d i f f i c u l t  t o  a l i g n  than the 

cone-plate, so t h a t  the gap s i ze  must be r e l a t i ve ly  la rger  than with the  

cone-plate geometry. If the  gap i s  mde  very large, however, the  shear 

r a t e  ceases t o  be nearly l i nea r  i n  r, and temperature corrections a t  high 

shear r a t e  become d i f f i c u l t  t o  make. 

A s  a design c r i te r ion ,  it w i l l  be taken t h a t  the gap s h a l l  not exceed 

5% of the radius, and t h a t  the mxilmun radius shall not exceed 4 cm. In  

order t o  evaluate s l i p ,  which is d i f f i c u l t  t o  do on a cone-plate viscom- 

e t e r ,  it is desirable  t o  have CouetJ;e heads of several  r a d i i .  Mooney (72) - 
suggests having 2 cups and 2 bobs so that three combinations e x i s t :  

Cup Radius Bob Radius 

If, T, the  torque per u n i t  length of cylinder i s  held constant, the equa- 

t ion :  

n +A - A  = W2/~R2 3 
12 23 13 

is  va l id  (neglecting end correction).  

where : 

R i s  the  angular velocity of the  ro t a t i ng  cylinder 

p2 is the  s l i p  coeff ic ient  a t  R 
2 

If it is assumed B i s  a function of shear stress a t  the  wall  only, 

it is  necessary t o  determine or  assume a viscosi ty  h n c t i o n .  If the  f l u i d  

i s  non-Newtonian and of unknown funct ional  deperdence, h o n e y  gives a 



successive approxination formula based on a Taylor's ser ies  expansion of 

1/11 a s  a function of shear s t ress .  His f i n a l  equation becomes : 

where : 

s is average shear s t r e s s  

$ i s  1/11, the "f luidi ty " 

A i s  the angular velocity of the rotat ing cylinder associable with 

the viscous drag only 

It can be seen t h a t  the evaluation of t h i s  expression becomes ex- 

tremely tedious if the non-Newtonian character i s  suff icient ly great a s  

t o  require evalustlon of the hi@er order terms. 

In the present work, it i s  not expected tha t  s l i p  flow w i l l  occur 

except where the material is so nearly a s e t  ge l  tha t  the flow can be 

based on some simple mathematical model, perhaps Bingbam Plas t ic  or power 

law, and tha t  it w i l l  not be necessary t o  mde an empirical determination 

from the generalized re la t ion  of &oneyPs. 

As an insurance feature, however, it is worthwhile t o  design the 

viscometers on MoneyPs basis t o  permit eas ies t  evaluation of s l ip ,  should 

it occur unexpectedly under conditions of high f lu id i ty .  Ch t h i s  basis, 

2 cups would be made having inside r a d i i  of 2 cm and 0.97 x 2 cm + 0.01 - 
mm and 2 bobs having outside r a d i i  of 0.97 x 2 cm and ( 0 . ~ 7 ) ~  x 2 cm 

t 0.01 mm. For these gaps, about 0.5 mm, the temperature correction a t  - 
higher shear would be large, however, t h i s  i s  a l imitation inherent i n  the 

problem of aligning and operating i n  a prac t ica l  roamer any Couette vis- 

cometer . 



The cylinder length i s  s e t  mainly by the consideration t h a t  the 

Couette heads would be used pr incipal ly  with the Stormer Drive on the 

more viscous samples. The Stormer Drive i s  rugged, and can support driving 

weights up t o  1 kg or more. The lover l i m i t  of drive i s  simply t h a t  drag 

i n  the nrschine gears be a smll  f rac t ion  of the viscous drag. Since the 

s t a t i c  drag i n  the gears i s  about 2-113 grams it should be possible t o  

mke reasonably accurate determinations with 50 gram weight dr ives  and a 

maximum weight drop r a t e  of about 20 cm/sec. For the given geometry an6 

5 cm ba r re l  length, t h i s  corresponds t o  a minimum viscosi ty  of 14 centi-  

4 -1 
pose. The mximum viscosi ty  tha t  one could ge t  a t  10 sec shear r a t e  

3 with 1 kg drive is  280 cp and a t  10 sec- l  shear r a t e  i s  2800 cp. 





APPENDIX B 

Discussion of Auxiliary Analytical Procedures 

(1) For thoria concentration, a measured volume of sol ,  o r  weight of 

gel, sha l l  be ignited i n  platinum t o  greater than 1 0 0 0 ~ ~  and the resul t ing 

thoria weighed t o  - + 0.2 milligram. Accuracy exceeding - + 0.01$ i s  eas i ly  

at ta inable .  

(2 ) For s o l  density, f a s t ,  approximte determim tions of s o l  density 

s h a l l  be taken by immersion hydrometer. Accurate determinations s h a l l  be 

mde by pycnometric weighing which is  reproducible t o  about - + 0.03 w t  $. 

Gel density w i l l  be estimated geometrically and by toluene immersion. 

(3) For n i t r a t e  content, analysis i s  supplied a s  a routine service 

of the Analytical Chemistry Divisioli a t  ORNL. Its reproducibili ty on 

duplicate samples is  about - + 5% a t  the 0 .1  N / T ~  mole r a t i o  leve l .  

The procedure consists of sulf6te  displacement of the n i t r a t e  from 

the s o l  i n to  solution, reduction t o  ammonia with da Varda's a l loy,  neu- 

t r a l i za t ion  with sodium hydroxide, and then the standard Kjeldahl d is -  

t i l l a t i o n -  t i t r a t i o n .  

( 4 )  For surface area, the BET nitrogen adsorption surface area is  

available a s  an ana ly t ica l  service a t  QRNL. The accuracy of the am1ysi.s 

i s  strongly dependent on the surface area of the sample under t e s t  i n  

2 
the range of 5 t o  80 m /gram, which i s  the probable range of application. 

The analyzed values a r e  expected t o  have three s ignif icant  figures with 

r e s ~ e c t  t o  reproducibili ty.  Micro-surface area measurements a r e  in- 

herently nominal rather  than physically absolute. 

(5) X-ray c rys t a l l i t e  line-broadening pa r t i c l e  diameter i s  &n analyt i -  

c a l  service a t  ORNL. In the range of in t e res t  f o r  the proposed thesis ,  



90 t o  700 x, the  empirically determined reproducibil i ty is  - + lo$. It 

i s  usual f o r  the nominal x-ray c r y s t a l l i t e  s i ze  t o  predict  more area than 

the BET analysis  f inds .  This discrepancy i s  interpretable  as a geometric 

deviation of 1.1 t o  1.3 about the  mean assuming long-norm1 d i s t r ibu t ion  

of s izes .  

( 6 )  For measuring the pH of so l s  and ul t racentr i fugates ,  a Beckinan 

glass electrode-calomel electrode meter i s  avai lable  d i r ec t ly  t o  the 

writer,  and a 30,000 gravity (nominal) ul t racentr i fuge can be made ava i l -  

able  by D r .  3. S . Johnson of the OFC! Chemistry Division. This centrifuge 

i s  sui table  f o r  separations only, not fo r  in-operation measurements on 

the sample. 

(7)  E lec t r i ca l  conductivities measured a t  1200 cps, 60 cps, and with 

D .C . a re  avai lable  from the ORNL Analytical Chemistry Division. It i s  

thought t h a t  a sui table  range of a l l  conductivity c e l l  s izes  a r e  avai lable  

t o  give conductivity t o  three s ignif icant  f igures  on systems of i n t e r e s t  

i n  t h i s  thes i s .  

(8) The " l igh t  scat ter ing" apparatus available i n  the Analytical  

Chemistry Division i s  a spectrophotometer f o r  measuring extinction. For 

Rayleigh scat ter ing the fonrmla (73):  - 

appl ies  where : 

I = the  unscattered radiat ion in tens i ty  

I 0  
= the  incident radiat ion in tens i ty  

a = the pa r t i c l e  mdius 

A = the  wave length of the radiation, monochromtic 



m = the r e l a t i ve  re f rac t ive  index, pa r t i c l e -  to-medium, which 1.58 

f o r  thoria i n  water 

n = the  number density of part:Lcles i n  suspension 

1 = the  path length through the sca t te r ing  medium 

A rule-of-thumb f o r  the  maxirmun p a r t i c l e  s i z e  t o  which Rayleigh 

sca t te r ing  appl ies  i s  1/10 of the mve  length of the incident radiation.  

Van De Hulst (74) defines the regions of app l i cab i l i t y  of various radi-  - 
ation sca t te r ing  regimes f o r  both s i ze  and re f rac t ive  index. For thor ia  

0 
i n  red ( A  = 0.7 micron) l i g h t  the  l i m i t  is  500 A f o r  Rayleigh scat ter ing.  

Scattering by la rger  pa r t i c l e s  becomes exceedingly complex. Me~sure- 

ment of scat tered radiat ion intensi'sy and polar izat ion a s  a function of 

angle can become necessary, and the calculations f o r  data in te rpre ta t ion  

become very complicated and tedious. 

A l i g h t  sca t te r ing  apparatus f ~ r  measuring scat tered radiat ion in- 

t ens i ty  a s  a function of angle is  avai lable  i n  the laboratory of D r .  J. S. 

Johnson a t  ORNL, should such measurements be required. It is expected, 

however, t h a t  Rayleigh sca t te r ing  w i l l  occur f o r  a l l  s i ze s  of i n t e r e s t  

f o r  the  proposed work, and t h a t  e lectron photomicrography w i l l  define 

p a r t i c l e  s i z e  i n  any unusual cases. 

( 9 )  Electrokinet ic  measurements w i l l  be mde  i n  order t o  evaluate 

present electroviscous theory. Data from which a zeta po ten t i a l  m y  be 

calculated a r e  needed. D r .  H. F. Holmes of ORNL has suggested (28) t h a t  - 
a technique w i t h  promise of experimental s implic i ty  would be t o  measure 

the po ten t ia l  developed across a g e l  cake o r  of a s o l  confined between 

mill ipore f i l t e r  membranes a s  a function of pressure drop and f l u i d  flow 

r a t e  of i ts equilibrium ultracentrif 'ugate . Potent ia ls  i n  the  mi l l ivo l t  



range a r e  expectable f o r  pressure drops i n  the range of an atmosphere or  

so.  The experimental complication t h a t  i s  anticipated i s  the need t o  

have a sinnrltaneous e l e c t r i c a l  conductivity through the medium i n  order 

t o  correct f o r  ge l  compression or  s o l  concentration a t  the bottom of the 

confining chamber under the influence of the flow or  the pressure. D r .  

Holmes has offered t o  evaluate the electrokinet ic  data, since he has a 

d i r e c t  and continuing in t e re s t  i n  t h i s  general area of study. 

The basic equation i s  (75): - 
E/P = ~5/4~qak 

where : 

E i s  the streaming poten t ia l  

P i s  the driving pressure f o r  flow 

q i s  the viscosi ty  of the medilm 

a i s  the e l e c t r i c a l  conductivity of the medium (76) - 
E i s  the d i e l ec t r i c  constant of the medium 

k i s  a geometrical c e l l  constant 

The des i r ab i l i t y  of measuring rather  than calculating the conductance 

i s a l so  enhanced by the need t o  evaluate surface conductance of the thoria 

i n  addition t o  the e lec t ro ly t ic  conciuctance of the f l u i d  medium. More 

generally, a i s  replaced by (77): - 
/ \ 

where : 

x i s  an e f fec t ive  surface conductance 

a i s  pa r t i c l e  radius 



Sol and Gel Preparation Procedures 

( a )  Hydrous Thoria Precursor Preparation 

To 4 l i t e r s  of 0.5 - M thorium n i t r a t e  solution a t  70-80'~ suff icient  

6 M aqueous ammonia is  added a t  a r a t e  of 4 moles NH /hr with s t i r r i n g  - 3 
t o  give a pH of 6 t o  7. The resulting precipi tate  i s  washed twice with 

1 l i t e r  of 0.05 - M aqueous ammoAiis, followed f o r  four 1 l i t e r  washes with 

d i s t i l l e d  water. The wet cake i s  dried under vacuum i n  a dessicator con- 

taining s i l i c a  gel  a t  room temperature. The hydrous thoria cake i s  stored 

under nitrogen or argon, and analyzed fo r :  

NO not t o  exceed 500 ppm 
3 

CO not t o  exceed 100 ppm 
3 * 

Si02 not t o  exceed 20 ppm 

(b ) Oxalate n o r i a  Precursor Preparation 

To 2 l i t e r s  1.0 M thorium n i t r a t e  solution a t  room temperature a - 
t o t a l  of 2.2 moles of 1.0 M oxalic acid solution i s  added with s t i r r i n g  - 
a t  a r a t e  of 8 moles oxalic acid/hr. The resul t ing precipi tate  i s  washed 

with 1 l i t e r  of 0.05 - M oxalic acid, followed by 2 l i t e r s  of d i s t i l l e d  

water. The cake is  dried a t  110'~ i n  a i r ,  and then calcined i n .  a i r  a t  

350'~ u n t i l  samples show constant loss-on-ignition. The cake i s  stored 

under laboratory a i r  and analyzed f o r :  

NO, not t o  exceed 500 ppm 

* 
SiO not t o  exceed 20 ppm 

2 

* 
This analysis i s  rather d i f f icu l t ,  and occasiol-tal. false high value; a re  



( c ) Hydrothermal Denitration Thoria Precursor Preparation 

One kg of hydrated thorium n i t r a t e  i s  placed i n  the  laboratory ro ta ry  

calciner  and heated under a suf f ic ien t  flow of steam so t h a t  a l l  n i t r a t e  

i s  carried away a s  n i t r i c  acid  vapo:r ra ther  than brown oxides of nitrogen. 

The temperature i s  raised t o  450'~ lnaximum and held a t  t h i  s temperature 

f o r  1 hr .  The thor ia  i s  stored under nitrogen or argon, and analyzed f o r :  

Fe not t o  exceed 50 ppm 

NO not t o  exceed 1 w t  $ 
3 

6j0 not t o  exceed 100 ppm 
3 

Na, no specif icat ion 

(d D r y  Deni t r a  t i on  Thoria Precursor Premra t ion  

One kg of hydrated thorium n i t r a t e  i s  placed i n  a muffle furnace 

and the  temperature i s  ra ised slowly t o  450'~ maximum, holding it a t  

t h i s  temperature f o r  1 hr .  The thor ia  is stored under nitrogen o r  argon, 

and analyzed f o r :  

NO not t o  exceed 1 w t  $ 
3 

Na, no spec i f i ca t i  on 

The d i f fe ren t  types of precursor tend t o  give so l s  and gels  of d i f -  

fe ren t  average behavior. The hydrous thoria produces filamentary syate~ns 

with e l a s t f c i t y  and which fragment ~narkedly on drying. The calcined 

exalate thor ias  product systems of :Low e l a s t i c i t y  and unif o m  pa r t i c l e  

s ize  havi ng compact shape. The hydrothermal precursor produces materials 

of small but compact par t ic les ,  whereas the  dry deni t ra t ion  precursor 

produces a r e l a t i ve ly  higher popula-tion of mult iple-crysta l l i te  pa r t i c l e s  

of large s i ze .  



The sol-making procedures f o r  the various thor ia  precursors wil:L 

Tmry i n  de t a i l ,  but consis ts  essen t ia l ly  of s t i r r i n g  the precursor with 

d i lu t e  n i t r i c  ac id  and removal of any undispersible sediment. Occasional~r  

it is  necessary t o  eliminate carbonate or disperse a refractory sample 

by adding excess n i t r i c  ac id  and the decanting or  evaporating off the  

excess. 

The proposed materials which m y  contact the so l s  under preparatiorl 

and t e s t i ng  a r e  Pyrex, Kimball Hard Glass, vitreous s i l i c a ,  s t a in l e s s  

s tee l ,  and polyethylene. A l l  glassware w i l l  be washed i n  KOH, boiled 

i n  d i s t i l l e d  water, washed with HNO and rinsed before i n i t i a l  use.  
3' 

Sowden (29 )  - has reported interference with electrophoretic measurements 

by s i l i c a  leaching from h i s  apparatus, but t h a t  atmospheric exposure of 

s s q l e s  was not s ign i f ican t .  Sturch (11) - reported eas i ly  detectable and 

consistent changes i n  s o l  viscosi ty  from atmospheric exposure. 





APPENDIX D 

Analvsis of the Source Thorium 

The source thoria f o r  a l l  expe:rimental work w i l l  be derived from 

Lindsay Chemical Company (west Chicago, ~ l l i n o i s )  reactor grade Lo t  101 

hydrated thorium n i t r a t e  . The degree of hydration, and t o  l e s s  extent 

the n i t r a t e  content, a r e  sensi t ive t o  the conditions of storage of the 

compound. The significance of these changes has never been found t o  be 

other than purely stoichiometric, however. 

When multiple values of an analysis a r e  given the most l i k e l y  value 

i s  given f irst .  The only contaminallt under question i s  Ce, f o r  which no 

analysis i s  given. This omission i s  almost cer ta inly inadverent, and 

the leve l  of the Ce should not exceed several  ppm. The Ce analysis  w i l l  

be .made. 

Basis: 45.69 w t  5 Tho2 

Contaminant Contamination Level, ppm of the or ig ina l  sample w t  - 
A 1  <lo 

B 2 

Be <1 

B i  a 



Contaminant 

Er 

Eu 

F 

Fe 

Gd 

Ho 

Lal 

Contamination Level, ppm of the  or ig ina l  sample w t  - 
o .6 

<o. 1 

c10 

10 - 5 - 20 



The high sodium does not appear t o  be par t icu la r ly  s ign i f ican t .  Pre- 

c ip i t a t i on  by e i t h e r  axalate or  ammonia reduces the a l k a l i  metals content 

0 
t o  low levels .  A thor ia  prepared by 650 C calc inat ion of oxalate pre- 

c ip i ta ted  from iat 101 n i t r a t e  solution had the  following analysis :  

Basis: 9 9 4  Tho2 

Contaminant Contamination Ievel, ppm 

The high carbonate r e su l t s  from the f a c t  t h a t  it is one of the  t h e m 1  

decomposition products of oxalate. Carbonate i s  reduced t o  acceptably low 

(100 ppm) levels  by adding excess n i t r i c  acid  followed by decantation or  

by ammonia washing. 





APPENOM E 

Error Analysis and Validity of Assunptions 

The main assumptions and expected e r ro r s  a r e  usually s ta ted  w i t l i  tlie 

relevant measurements i n  the m i n  body of the report .  In  a few part.lcu.hr 

instances it is  prac t ica l ly  impossible t o  estimate quant i ta t ively the  erro? 

without experimental measurements such a s  f o r  the estimation of the zetu 

potential, which requires surface coliductance mea surements . 
Much of the e r ro r  analyses w i l l  have t o  be s t a t i s t i c a l  i n  nature and 

performed on the  numerical data a s  :it is  taken. This i s  pa r t i cu la r l :~  t rue  

of those analyses supplied a s  analy-tical services.  Attempts t o  e s t i ~ m t e  a 

ra t ional ly  expectable e r ro r  from cex=tain simple analyses supplied a s  a 

service,such a s  pycnometric density of sol id9 has i n  the pas t  resul ted 

i n  being misled. It is  expected t h ~ t  the main s t a t i s t i c a l  assumption 

w i l l  be tha t  net  e r rors  a r e  due t o  numerous small, random, independent 

e f fec ts .  In  t h i s  case e r rors  a r e  Caussian i n  d is t r ibu t ion  and Student's 

t t e s t  i s  applicable. Some simple  tati is tics f o r  smell nunibers of obser- 

vations have been described (78) anti a r e  expected t o  suff ice  f o r  the - 
pro~osed  measurements. 

When p lo t t ing  data a s  a function of some parameter, such a s  apparent 

viscosi ty  versus thoria  concentration, curve-fi t t ing by least-squares 

l inear  regression i s  proposed. Th i~ ;  procedure i s  outlined i n  numerous 

texts ,  of which only one w i l l  be c i ted  (79). It should be noted that, - 
the ac tua l  va l id i ty  of such a least-*squares f i t  depends on assumptions 

which a r e  seldom a l l  realized i n  practice:  

(1) A l l  e r rors  a r e  n o m l l y  dis t r ibuted.  

(2)  The dispersion of the e r rors  is  not a function of the parameter 

being varied. 



( 3 )  The dependent variable is l inear  with respect t o  the independent 

variable.  

None of the three assumptions i s  l i k e l y  t o  be s t r i c t l y  t rue  f o r  vis-  

cometric measurements, and the thire. assumption is  l i ke ly  t o  be grossly 

violated.  However, i f  the discovery of an  a l te rna t ive  which i s  superior 

t o  least-squares f i t t i n g  is attempted, one reaches the conclusion tha t  

there  i s  none, a t  l e a s t  none worth the e f f o r t  unless a very large body 

of data i n  the  same s e t  ex is t s .  For l e s s  than t en  observations s t a -  

t i s t i c a l  correlations tend t o  merge indistinguishably, and it i s  not 

l i ke ly  tha t  enough more than t en  data points w i l l  be taken i n  any given 

data s e t  t o  ju s t i fy  complication beyond least-squares l inear  (or  l inear ized)  

regression. 

The main area of ra t ional izable  e r ro r  analysis is i n  the geometrical 

and flow approximtions i n  the  viscometers. For the cone p l a t e  viscometer 

one must j u s t i fy  the following assumptions: 

(1 )  That the f l u i d  flow i n  each i n f i n i t e s i m l  f l u i d  r ing  of the 

thickness d r  approxi~mtes flow between p a r a l l e l  walls. This approxi- 

m t i o n  is equivalent t o  assuming cos 8 = 1 where 0 i s  the cone half- 

angle. A t  a mxirmun cone angle of 4.O we have cos 4' = 0.99756. The 

percentage departure from the mean of 0.99756 and 1.00000 is only - + 0.12$ 

~rhich i s  negligible.  

(2) That surface and surface tension e f f ec t s  a r e  negligible compared 

t o  ~ i s c o u s  e f f ec t s .  The way t o  evaluate the existence of these sor t s  of 

e f fec ts  i s  experimentally by measuring torque a s  a function of radius of 

the t e s t  f l u i d  body. If the dependence of torque is other than l i nea r  

3 i n  r , surface e f fec ts  ex i s t .  Although no such ef fec ts  a r e  expected, 



signif icant ly  large surface viscosi ty  departures from bulk viscosi ty  have 

been observed i n  col loidal  systems (80) - and should be experimentally eval- 

ua ted . 
(3)  That i n e r t i a l  forces i n  the f l u i d  a r e  negligible compared t o  

viscous forces .  So long a s  the  flow i s  steady and Laminar, i n e r t i a l  

forces a r e  self-cancelled i n  the main d i rec t ion  of flow. The cone-plate 

geometry, however, w i l l  cause an  unrrrncelled r a d i a l  c i rculat ion t o  be 

s e t  up, outward along the ro ta t ing  cone surface and inward along the 

s ta t ionary p la te .  

The t o t a l  f l u i d  centr i fugal  force w i l l  be : 

R 

F 
viscous = fqeX (, d r )  ,(-$!-I 

0 Iu?Lx 

where : 

w is the angular velocity of t he  cone 

p i s  viscosi ty  

p is f l u i d  density 

r , 8  a r e  polar  coordinates 

R is the cone radius 
m x  

For any given values of the parameters we ask  tha t  : 



be large.  With respect t o  turbulent t rans i t ion ,  i f  one takes a s  a rough 

c r i t e r ion  tha t  

implies turbulence, 

where : 

vmx = the  f l u i d  velocity ~ g a i r i s t  the cone a t  the perimeter 

p = f l u i d  density 

h = the f l u i d  gap a t  the perimeter 

p = viscosi ty  

0 One can estimate t h a t  f o r  600 rpm, 8 = 2 , R = 4 cm, p = 2 g/cc t h a t  

turbulence i s  expected f o r  viscositl.es l e s s  than 2 cp. 

(4 )  That equipment drag be negligible compared t o  viscous drag. This 

e f fec t  i s  simply subtracted out by c-alibration of the equipment with a 

f'luid of known viscosity.  

The evaluation of the e r rors  and assumptions i n  the  Couette viscometer 

have surprisingly l i t t l e  i n  common with the cone-plate viscometer. 

With respect t o  constant r a t e  of shear i n  the gap we have: 

20 R. 2 2 
r a t e  of shear =: (,*) 

r Ro R i  

If this expression is evaluated f o r  R = 0.95 x 2 cm and R~ = (0.95)2 2 
0 

we get:  

r a t e  of shear a t  R = 10.28 x 2u, 
0 

r a t e  of shear a t  Rl = 9.77 x 2u) 

per cent var ia t ion from the average + 2 55% - 



I n e r t i a l  e f f ec t s  a r e  harder t o  evaluate because the onset of turbu- 

lence i n  Couette flow appears t o  depend on surface f i n i s h  and geometrical 

accuracy of the apparatus. Taylor (81) - deduced a r a t iona l  formula f o r  

the  c r i t i c a l  velocity between corlceritric cylinders, quoted by Merringtorl 

(82), - but it w i l l  probably be necestlary t o  determine the  c r i t i c a l  point 

empirically f o r  the  par t icu lar  a p p a l ~ t u s .  

Evaluation of anomalous surface e f f ec t s  is bes t  done i n  the cone- 

p l a t e  viscometer, although the  Couette head could be operated with a 

submerged bob. 

Equipment drag is, again, t o  be empirically evaluated. 
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Most of the nomenclature i s  defined a t  i t s  point of use i n  the body 

of the report, and ordinar i ly  it i s  the same a s  t h a t  of the or ig ina l  l i t e r -  

a ture  c i ted.  This procedure has lead t o  multiple meanings f o r  some of 

the common symbols, but it i s  usually obvious from context which meaning 

i s  applicable. 

A empirical constant 

AO Angstrom uni t s  

B empirical constant 

F apparent viscosi ty  

F force (p.  51  only) 

I l i g h t  in tens i ty  

I0  
reference l i g h t  in tens i ty  

K power l a w  coefficiens; 

M t o t a l  number of ionic species 

P pressure 

f ixed outer r ad i i  

R capi l lary tube radius 
cap 

Ri 
fixed inner radius 

R 
3 

j e t  radius 

T absolute temperature 

T torque per un i t  length of cylinder (p.  36 only) 

U r a t i o  of angular veloci ty  t o  shear s t r e s s  (p .  37 only) 

ux 
point l inear  f lu id  velocity i n  the x d i rec t ion  

V area average l inear  f l u i d  velocity 

"mBX 
maximum point l inear  f l u i d  velocity 

Z function s p b o l  



par t i c l e  radius 

semitheoretical constant (pp. 25 and 27 only) 

empirical constant 

semitheoretical constant (p  . 25 only) 

empirical constants (p.  24 only) 

centipoise 

d i f f e ren t i a l  operato:r 

electron charge 

f l u i d  gap a t  the perimeter of a cone-plate viscometer 

index of sumtmtion 

inner (used only f o r  R . )  
1 

Debye-Huckel reciprocal length 

Boltmnnts constant (only i n  kT) 

l i m i t  of summation (12. 24 only) 

geometrical c e l l  constant (p  . 42 only) 

l i gh t  path length 

re la t ive  refract ive index 

power law exponent 

index of summa t ion  ( p . 24 only ) 

number density of par t ic les  i n  suspension (p. 41 only) 

number concentration of the i t h  type ion (p.  17 only) - 
pressure 

semitheoretical constant (p .  27 only) 

page( s 

par t s  per million by weight 

pressure i n  the r direct ion 



z 
pressure i n  the  z d i rec t ion  

9 index of sunam ti on 

r variable radius 

s average shear s t r e s s  

t time 

x surface conductance of a sol id  

z ionizat ion number oP the i t h  type ion 
i 

OL empirica 1 constant 

4, --8 even power polynomiilal functions of (duX/dy) 

8 empirical constant 

E d i e l e c t r i c  constant 

f electrokinet ic  (zeta ) poten t ia l  

'I viscosi ty  

70 
reference viscosi ty  

8 cone half angle 
Itlax 

h l i g h t  wavelength 

I-' v iscosi ty  

P1' I-'2 
viscoe las t ic i ty  time parameters 

"l'"2 
v i scoe las t ic i ty  time parameters 

T 3.14159--- 

P dens i t y  

0- spec i f ic  conductance 

u log-normal geometri 1:: standard deviation 
Q 

7 torque (p. 35 only) 

T s t r e s s  ac t ing  i n  a plane n o m l  t o  the  x a x i s  and directed 
Xy along the  y ax is  (x and y m y  be replaced by any coordinate 

directioz s;z~!o~s) 



w a l l  shear s t r e s s  

thixotropic equilibrium shear s t r e s s  

sol ids  volume f rac t ion  

f l u i d i t y  = 117 (p.  37 only) 

cone half angle 

angular velocity 

angular velocity 

Cartesian coordinate systems 

Cylindrical coordinate systems 
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