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ABSTRACT 

The measurement and prediction of liquid-phase transport properties 

are of both fundamental and applied interest. In particular, the measure- 

ment and prediction of high-temperature-liquid viscosities pose some 

important problems. 

apply to systems far above the normal boiling point. At temperatures 

below the normal boiling point, measurements can be correlated accurately 

in an empirical form; at higher temperatures, however, a need exists for 

more high-quality data and more accurate predictive methods. 

Conventional measurement techniques do not readily 

A light-scattering method for measurement of high-temperature 

viscosities was developed in this study. Dynamic light scattering was 

used to measure viscosity by characterizing the effect of fluid drag on 

the motlon of suspended microparticles. The critical experimental fac- 

tors were identified and analyzed. Stabilization of the model micro- 

particles against aggregation was found to be of prime importance, and 

this topic is discussed in detail. Selected predictive correlations 

for viscosity were also examined and evaluated. 

Experimental measurements were made on a group of aliphatic and 

cyclic organic compaunds. Cyclohexane, - n-pentane, 2-heptane, toluene, 
and chloroform were investigated at temperatures as high as 90% of the 

critical temperature. Both an ideal mixture (n-pentane/n-heptane) - - and 

an interacting mixture (n-hexane/isopropanol) I were examined at elevated 

temperatures in order to study behavioral characteristics. Results 

were found to be consistent with the best  literature data. Only the 

corresponding-states mqthods offered any true predictive validlty. At 

high temperatures (Tr > 0.70) ,  these methods exhibited good accuracy. 
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INTRODUCTION 

New energy and processing technologies often involve conditions of 

extreme temperature and pressure. The physical properties data base to  

support these new processes is generally sparse. Coal conversion typi- 

f ies such developing areas. 2 Coal conversion involves both extreme 

conditions (T > 5 O O 0 C ,  P > 2000 psia) and novel chemistry (involving 
complex aromatic and heterocyclic compounds). Since the necessary design 

data are often lacking, the development of reliable properties estimation 

techniques is also important. Research focusing on properties measure- 

ment and estjmation is an important design input and leads to a better 

understanding of the process. 

The primary objective of this study is to develop a new method oE 

determining liquid viscosities at elevated temperatures. A review of 

viscosity measurement techniques revealed that standard viscometers 

(rotational, capillary, etc.) become increasingly impractical and 

inaccurace at high temperatures and pressures .3 In fact relatively 

few compounds have been investigated in the region between the normal 

boiling point and the critical point. If the fluid to be studied is 

toxic or otherwise dangerous, this increases the difficulties in working 

with a conventional apparatus. Small sample volumes that are safely and 

easily contained within a high-pressure enclosure are more conducive to 

accurate measurement. 

In this regard, light-scattering methads offer some distinct advan- 

tages. Since optlcal methods are basically nonintrusive, they are well 

suited to high-temperature work. The measurement cell can be kept 

simple, while the optical instrumentation remains physical Ly separate 
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from t h e  ce l l .  The decoupl ing  of t h e  i n s t r u m e n t a t i o n  from the high- 

tempera ture  environment is a major advantage performing exper iments  

a t  extreme teinperatures. 

The i d e a  of us ing  l i g h t  s c a t t e r i n g  t o  m~3asure v i s c o s i t y  i s  not  

a l t o g e t h e r  new. Dynamic Light  s c a t t e r i n g  has been used t o  measure v i s -  

c o s i t y  i n  some uiii.que s i t u a t i o n s  where convent iona l  techniques  were not 

a p p l i c a b l e  .4 ~5 However, i t s  application t o  high-temperature  measurements 

i s  i i  new development. 

A p e r f e c t l y  homogeneous sample w i l l  no t  scat ter  l i g h t  I S c a t t e r e d  

l i g h t  i s  a d i rec t ,  consequence of inhomogeneity i n  a l i q u i d .  Suspended 

c o l l o f d s  are a source of s c a t t e r i n g ,  s i n c e  t h e  r e f r a c t i v e  index  of t h e  

p a r t i c l e  j.s g e n e r a l l y  d i f f e r e n t  from that: o f  t h e  suspending I iqini? .  The 

i n t e n s i t y  of l i g h t  scattered f r o m  a suspension o f  c o l l o i d s  will vary  

rapid1.y as a result of t he  r e l a t i v e  motion of t he  m i c r o p a r t i c l e s .  

Dynaiiiic l i g h t  s c a t t e r i n g  i s  used t o  c h a r a c t e r i z e  v i s c o s i t y  by 

d e t e c t i n g  t h e  e f f e c t  of f l u i d  d rag  on t h e  moti.on of mLc.roparticles 

suspended i n  a fl .uid.  As t he  pa r t i c l e s  d i f f u s e  i n  a Brownizn manner, 

t hey  scatter l i g h t  in a m y  t h a t  r e v e a l s  t h e i r  mob i l i t y .  P a r t i c l e  

mobTlity is  p r i m a r i l y  a f u n c t i o n  of par t ic le  s i z e  and f lui .?  v i scos i . t y .  

I f  t he  par t ic1.e  s i z e  i s  known, then one can  r e l a t e  the  v i s c o s i t y  d i r e c t l y  

t o  the m o b i l i t y  parameter. T h i s  process i s  e s s e n t i a l l y  t h e  i n v e r s e  of 

t h e  par t ic le  s i z i n g  measurement t h a t  has become so popular  in micro- 

biol-ogy, polymer s c i e n c e ,  and c o l l o i d  s c i e n c e  .6 y 7  

Experimental  de t e rmina t ion  of t he  v i s c o s i t y  of some impor tan t  model. 

f l u i d s  was undertaken.  A group of a l i p h a t i c  and c y c l i c  hydrocarbons w a s  

examined. I n  p a r t i c u l a r ,  - n-pentane, - n-heptane, cyclohexane,  chloroform, 
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and toluene were investigated from temperatures ranging from ambient to 

those approaching the critical point (0.9 Tc) . The behavior o f  ideal 

(n-pentane/n-heptane) - - and nonldeal (n-hexane/isopropanol) - mixtures was 

a l s o  examined at normal and elevated temperatures. These data have been 

critically examined and evaluated with respect to the best literature 

data and viscoslty correl.ations. 

. 
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I. THEORETICAL BACKGROUND 

v i s c o s i t y  - 

The a b i l i t y  t o  p r e d i c t  l iqu id-phase  t r a n s p o r t  p r o p e r t i e s  i s  hampered 

by t h e  l a c k  of a broadly  a p p l i c a b l e  theo ry  of t h e  l i q u i d  s t n t e . g s 9  

model f o r  Liquid v i s c o s i t y  behavior  t h a t  is as s u c c e s s f u l  as t h a t  used 

f o r  gases  ( k i n e t i c  t heo ry ,  Chapman-Enskog theo ry )  has not  been developed.  

T h i s  l a c k  of modeling success  is p r i m a r i l y  due t o  t h e  complicated s t a t e  

o f  aggrega t ion  t h a t  exists i n  l i q u i d s .  Gases and s o l i d s  are amenable t o  

much s imple r  modeling. Momentum t r a n s f e r  i n  a gas  is s i m p l i f i e d  due t o  

the l a r g e  d i s t a n c e s  between i n d i v i d u a l  molecules .  Complex i n t e r a t o m i c  

f o r c e s  a r e  not  t h e  c o n t r o l l i n g  f a c t o r s ,  as they  are i n  l i q u i d s .  S o l i d s  

are  more e a s i l y  modeled because of t h e i r  s t r u c t u r e ,  which a l lows  b e t t e r  

c h a r a c t e r i z a t i o n  of t h e  f o r c e s  involved.  The l i q u i d  s ta te  b r i d g e s  the  

extremes between h i g h l y  o rde red  and ve ry  random s ta tes  of  matter 

A 

Compromise t h e o r i e s  t h a t  view l i q u i d s  as d i s o r d e r e d  s o l i d s  o r  very  

dense  gases have had on ly  l i m i t e d  s u c ~ e s s . ~  99 

r e c e n t l y  popular ized  by Hildebrand , l o  a r e  concep tua l ly  appea l ing  and 

r easonab ly  accu ra t e .  However, p r e d i c t i o n s  depend on p r e c i s e  vo lumet r i c  

d a t a ,  which are g e n e r a l l y  not  a v a i l a b l e .  The on ly  methods t h a t  seem t o  

o f f e r  widespread p r e d i c t i v e  v a l i d i t y  are those  based on the theory  of 

cor responding  s ta tes .  

Excluded volume t h e o r i e s ,  

Van d e r  Waals i n i t i a l l y  proposed (1880s) t h e  b a s i c  p r i n c i p l e s  of 

t h e  t heo ry  of cor responding  s ta tes .  Numerous e l a b o r a t i o n s  and modif i -  

c a t i o n s  have followed.11 I n  i t s  s i m p l e s t  form, the macroscopic  theo ry  

proposes  t h a t  a l l  pure subs t ances  obey t h e  same e q u a t i o n  of s ta te  i n  

t e r m s  of reduced-s ta te  v a r i a b l e s :  
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Z = PU/RT = f(P, ,  Tr) or f ( V , ,  r,> , 
where 

P, = P/P,, 

Tr = T/Tc,  

v, = v/vc,  
and s u b s c r i p t  c r e f e r s  t o  th2  p rope r ty  a t  the c r i t i c a l  po in t .  

More r ecen t  investigators12 have developed a micrusc.opic (o r  

molecular )  theory  of cor responding  s ta tes  whose basic t e n e t s  are t h a t  

( 1 )  the f o r c e  between two molecules  depends p r i m a r i l y  on the d i s t a n c e  

of s e p a r a t i o n  and ( 2 )  t h e  force between two molecules  is p r o p o r t i o n a l  

to a u n i v e r s a l  f u n c t i o n  ( i - e . ,  Leanard-Jones) of their sepal-a1 i on  

d i s t a n c r  These assuvp t ions  arc s t r i c t l y  observed only  f o r  nonpolar 

moleciiles tha t  exhi h i t  s p h e r i r n l  symmetry ( i  .e., noble  gases, methane). 

\ 

This  m o r e  b a s i c  view of the co r re spond ing- s t a t e s  theory l e d  t o  a p p l i -  

c a t i o n s  beyond P-V-T VToTk. 

D i m n s i o n l e s s  anal-ysis  arguments were used to  extend the? a p p l i c a t i o n  

It is  of the theory  t o  inc lude  t h e  es Libation of t r a n s p o r t  p r o p e r t i e s .  1 1  

presumed t h a t  t he  p r o p e r t i e s  of the niolecules can be de f ined  by their 

mass (m), a c h a r a c t e r i s t i c  d i s t a n c e  ( I S ) ,  and a charactesis t tc  energy ( E ) "  

The v i s c o s i t y  then depends on s i x  parameters :  V (voJ.me),  T ( t e m p e r a t u r r )  , 

k (Boltzmann c o n s t a n t ) ,  m p  g ,  and E .  The r educ t ion  of v a r i a b l e s  by 

d imens ionless  a a a l y s i s  y i e l d s  three independent  d imens ionless  v a r i a b l e s :  

Therefore ~ 

q = f ( V * ,  T?") . 
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Subsequent analysis has put the application of the corresponding- 

states theory to transport properties on firm theoretical ground. 

Kigorous treatment of liquid-phase transport properties is based on 

the Louisville equation.11 Statistical mechanical treatments yield 

equations f o r  the shear viscosity which cannot be solved in a precise 

manner for real liquids; 8 9 11 however, these "formal" solutions have 

provided validation of the two-parameter theory o f  corresponding states 

[ K q .  (3)]. Mori13 utilized fluctuation-dissipation theory to formulate 

an expression for the shear viscosity as a function of the autocorrelation 

function of the stress tensor (SXy): 

1 x  v = - l  
VkT 

( 4 )  

Helfland and Rice14 showed that this expression f o r  q is a function 

of only Tk and V* once the equation is converted to dimensionless form. 

Rice and Kirkwood15 have a lso  provided support for the two-parameter 

theory in their statistical mechanical formulation. 

Application of corresponding-states principles to complex fluids 

has required the use of higher-order models t o  ob ta in  good correlation. 

The t y p i c a l  form for viscosity correlation is similar to that used in 

P-V-T work: l 6  

where a third parameter (w) ,  the acentric factor, is added to explain the 

diEferences between the nonsphericity and the polarity o f  the compounds e 

The hasic microscopic model does not take into account the nonsphericity, 
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p o l a r i t y ,  or a s s o c i a t i v e  n a t u r e  of the icolecules  Third- and h igher -order  

parameters are e s s e n t i a l l y  e m p i r i c a l  f a c t o r s  t h a t  have been devised  to 

c h a r a c t c r i  ze the  d e v i a t i o n  from t h e  assumptions of t h e  two-parameter model. 

Letstrii and S t i e l l l , 1 8  have developed a ve ry  s u c c e s s f u l  c o r r e l a t i o n  

f o r  p r e d i c t i n g  s a t u r a t e d  l i q u i d  v i s c o s i t i e s  a t  h igh  t e m p ~ ~ ~ - a t l i ~ r s  (T, > 
0.7) .  Only t h e  c r i t i c a l  c o n s t a n t s  (TC and pc) and the a c e n t r i c  f a c e o r  

( w >  need t o  be determined.  According t o  Letsou m d  S t i e l :  

M = molecular  weight 

f l  = 0.015274 - 0.02135 T, + 0.0075 T K 2  , (81 

f 2  = 0.042522 - Q.07674 T, +- 0.0340 Tr2 a (9) 

This  c o r r e l a t i o n  w a s  developed us ing  da ta  f o r  r e l a r i v e l y  nonpolar  

compounds. Good estimates (errors of 102) can be c a l c u l a t e d  f o r  com- 

pounds of low p o l a r i t y .  More complex correlations are needed f o r  h igh ly  

p o l a r  compounds such as water O X  ammonia. 

Recently, a co r re spond ing- s t a t e s  c o r r e l a t i o n  has been developed t o  

p r e d i c t  v i s c o s i t i e s  over  t i l e  e n t i r e  l i q u i d  temperi2tttrtl range ( f r e e z i n g  

p o i n t  t o  cri t i .cal  p o i n t ) .  

t r  Ip le -poin t  p r o p e r t i e s  i n  a d d i t i o n  t o  c r i t i ca l  parameters .   he volume 

expans ion  f a c t o r  a t  the  t r i p l e  po in t  is employed t o  e s t i m a t e  molecular  

~ e e 9  has  proposed a lireithoc~ t h a t  u t i l i z e s  
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orientation effects in the Low-temperature regime. The basic form of the 

correlation is 

( r )  - q*) y a lo5 = exp(2.933 ga + 4.542 gh) - 1 , (10) 

a = 8.336 , 

b = 0.9228 , 

where q is the saturated liquid viscosity, q* is  the corresponding dilute 

gas viscosity, and y and g arc complicated functions of the triple-point 

properties (see Appendix B). Accuracies of >5% are claimed for  nonpolar 

compounds over a wide temperature range e 

Efforts regarding mixture viscosity prediction are not very far 

advanced. Many existing empirical correlations do not have any real 

predictive validity or broad applicability. Again, corresponding-states 

methods seem t o  o f f e r  the most promise. 

approach using pseudocritical parameters (TH, PM, ww, VM) based on the 

van der Waals one-fluid model: 

Teja and Rice19 suggest an 
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TM = c r i t i c a l  tempera ture  of mixture  = ....I._.." 
9 

T: 1 xi x j  v c i j  
i j  

uM = a c e n t r i c  f a c t o r  of mixture  = 1 x i  u i  , 

PM = c r i t t c a l  pressure of mlxture = (0.2905 - 0.085 ow> wM/vFf , 

where x is  mol f r a c t i o n ,  ii and j j  s u b s c r i p c s  r e f e r  t o  p u r e  cornponents, 

a n d  i j  ( i ? j )  s u b s c r i p t  r e f e r s  t o  the c ~ o s s  parameter terms de f ined  by: 

T h e  Y c o e f f i c i e n t  i s  an e m p i r i c a l l y  determined i n t e r a c t i o n  coef- 
i j 

f i c i e n t  . 
parameters  are used i n  a cor responding--s ra tes  expansion:  19 

For i d e a l  mixtiires , Y i j  = 1. The  resulting p s e u d o c r i t i c a l  

w h e r e  1 and 2 r e f e r  t o  pure component v a l u e s ,  M refers to  pse i i r lncr i t lca l  

(mixt i i r r )  vaLues, and ( ~ 5 )  i s  detPrifiikned by the cor re spond ing- s t a t e s  

c o r r e l a t i o n  f o r  t he  pure component. Th i s  method has provided good es t i -  

mates (22%) of mixture  v i s c o s i t y  f o r  a w i d e  v a r i e t y  of compounds. 

Kendal l  and Monroe?-O proposed a ~:seful e m p i r i c a l  p red i r ' r i ve  m ~ t h o d  

f o r  i d e a l  mix tures .  The i r  st i tdy led t o  t he  fo l lowing  equat ion:  
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This rule was adopted by the authors of API's Technical Data Book21 for 

the blending o f  hydrocarbons. Mixture viscosities calculated in this 

manner should provide good estimates for systems that behave ideally. 

These correlations will be evaluated with respect to their accuracy 

and applicability. Since most of the compounds under investigation are 

nonpolar, the correlations should permit reasonable estimates. Methods 

that are less empirical and more broadly applicable are preferred over 

highly speclalized developments. 

It is worthwhile to review a few of the recent corresponding-states 

studies. While not directly applicable to this analysis, these studies 

show the trend in t h e  extension of the corresponding-states approach, 

Extension of the empirical techniques used in the petroleum industry has 

proved inadequate for use in predicting coal fluid transport properties. 

Tsonopoulos et a1 .22 found a three-parameter corresponding-states model 

to be superior to an empirical (API-type) correlation for the prediction 

of high-temperature coal-fluid viscosities. The corresponding-states 

model was applied t o  pseudocomponents that were characterized by boiling- 

point cut. The critical properties and acentric factor were estimated,23 

and a simple mixture rule was applied. The corresponding-states model of 

Wilson et al. was similar, ln principle, t o  that of Letsou and Stiel, but 

involved much more complicated functions of the correlating parameters. 

The average deviation of predicted values from experimental data was 

found to be 16%. 

To obtain better predictive accuracy, Starli-ng et are devel- 

oping higher-order (fourth- and fifth-parameter) corresponding-states 

models that attempt to deal with the polar and associative properties 
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exhibited by coal fluids. To d a t e ,  their analysis has been restricted to 

the modeling of thermodynamic properties of pure compmmds e Extending 

this technique t o  incl.ude transport properties and mixtures should not 

pose fundamental problems. Starling proposes the use of a reduced dipss1.e 

moment (pT) t o  account f o r  pol.ar effects and n narmalized latent heat ( a )  

to account € o r  associative properties. 

The form of the correlations used by S t a r l i n g  i s  simllar I:O that 

used in many correspond i-ng-states s t u d i e s  : 

Four-Paramet er 

Z = compressibility factor = Zo(T,,pr) -t. o,Z,,(T,,pr) 

I_.̂ ._._. ............. I II 

Five-Parameter 

Z 11: compressibility factor = Z,(T,,p,) + wsZ,(Tr,p,) 

..... .- 

where Z o ,  Z W s  Z p 9  and Z, are universal ___ functions of the dependent 

variables listed in parentheses. 

The €our-parameter correlation seems to p r e d i c t  propcrsies of polar 

cornpounds accurately. Vapor-pressure predictions for a s e t  of 1 7  polar, 

aromatic compounds averaged approximately 2% devi at i o n  Fro in  the  experf- 

inentaP values e Similar predictions f o r  associating compounds using a 

five-parameter model were shown to exhibit an average deviation o f  6% 

from exper imcnta l  values. 



Both the Tsonopoulos and the Starling studies emphasize the importance of 

applying corresponding-states principles to develop general correlations 

of broad utility. The higher-order models are relatively new. Subsequent 

development should result in more accurate correlating functioris and more 

practical correlating parameters. 

Light Scattering -- 

This section outlines the major areas of physical significance to 

the experimental program. The discussion is restricted to the dilute 

solutions of uniform, monodisperse, spherical particles residing in a 

transparent medium. The references listed offer a more detailed treat- 

ment of the subject. 

Light that is scattered in a perfectly homogeneous medium tends to 

interfere destructively such that no net scattered field is observed. 

Scattered light i s  a direct consequence of dielectric fluctuations 

(heterogeneities) i n  the scattering medium. With properly controlled 

experiments (that closely model idealized systems), we can relate the 

scattered-light signal to the physical properties that control the 

phenomenon caustng the fluctuations. In the case of colloidal par- 

ticles suspended in a pure fluid, this phenomenon is Brownian motion. 

- Brownian motion theory.6 925 926 The phenomenon of Brownian motlon 

can be observed in particles that are relatively large (diameter, -1 pm) 

on the molecular scale. The intensity of scattered light from a fluid 

is greatly enhanced by the addition of colloidal (seed) particles. 

This light-scattering enhancement provides a valuable analytical tool. 

Particle motion can be investigated by analyzing the light scattered 

from a seeded sample of fluld. 
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Consider the part ic1.e  motion as being main ta ined  by c o l l i s i o n s  w i t h  

molecules  of t h e  medium and r e t a r d e d  by t h e  e f fec t  o f  v i s c o ~ s  drag.  The 

s c a t t e r e d - l i g h t  signal is modill-ated by the partic.1.e motions The  Brownian 

motion of a free p a r t i c l e  ( i . e . ,  no a p p l i e d  force  f i e l d )  i .s  descri.bed by 

the Langevin equat ion:25  

Whl?I'e 

- 
u -- partiicle v e l o c i t y  v e c t o r ,  

t = t i m e ,  

9 = c o e f f i c i e n t  of dynamic friction, and 
- 
A( t) = f l u c t u a t i n g  i n f l u e n c e  of molecular  c o l l i s i o r ~  process 

c h a r a c t e r i s t i c  of molecular  Brownian motion. 

For  a s p h e r i c a l  p a r t i c l e ,  t he  c o e f f i c i e n t  of dynamic f r i c t i o n  is g iven  

by S t o k e s  Law: 

0 = 6naq/m , 

where 

a = p a r t i c l e  r a d i u s ,  

q = f l u i d  v i s c o s i t y ,  and 

in = p a r t i c l e  mass. 

I t  i s  g e n e r a l l y  assumed t h a t  A ( t )  (1) i s  a random v a r i a b l e ,  ( 2 )  i s  inde- 

p e n d e n t  of 11, arid ( 3 )  vari.e!a on a much more r a p i d  t i m e  scale t h a n  tloes 

u ( t > .  The s o l u t i o n  t o  the  J.,angevin equa t ion  i s  a p r o b a b i l i t y  d i s t r i b u -  

t i o n  since &t) i s  a s t o c h a s t i c  v a r i a b l e ,  

one of random walk s t a t i s t i c s q 2 5  There fo re ,  i h e  s o l u t i o n  takes t h e  f o r m  

-.r 

- 

The problem i s  e s s e n t i a l l y  
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which s p e c i f i e s  t h e  p r o b a b i l i t y  of occur rence  of v e l o c i t y  < a t  t i m e  t ,  

g i v e n  t h a t  u = uo at  t = t,. The constraint that: W approach Maxwellian 

d i s t r i b u t i o n  i n  T ( t empera tu re  of f l u i d )  as t -+ OD allows us t o  proceed 

w i t h  the solution. Since  Eq. ( 2 1 )  i s  l i n e a r  and of f i r s t  o r d e r ,  

I -  

By insSsting t h a t  W -+ Maxwelllian i n  T as t -+ m, we f i n d  tha t25  

- -  

] ( 2 4 )  
m I u - iio e - ~ t  I r’2 exp ZkT(1 - e-2pt) 

m W(U, t;  Go) = 
1 - e-2@ t, 

Knowing the  s t a t i s t i c a l  v e l o c i t y  behavior  of a Brownian p a r t i c l e ,  we 

can predict :  t h e  n a t u r e  of p a r t i c l e  d i sp lacements  s i n c e  

where 
- -  
r - ro = disp lacement  v e c t o r ,  

- 
r = p o s i t i o n  v e c t o r  a t  t i m e  t ,  and 
I 

ro = position v e c t o r  a t  t = to. 



16 

For  times mnch g r e a t e r  than  $ - I ,  we f i n d  tha t25  

(26 )  

where 

W = p r o b a b i l i t y  of par t ic le  s u f f e r l o g  a displacement  t o  2- a t  
- -  - ..- 

t i . m e  t, given  t h a t  11 = tio and 1- = ro a t  L = c 0 ;  (26a)  

D = s e l f  - - d i f f u s i o n  c o e f f i c i e n t  = kT/( 6Eayj.  (26b) 

The  i d e n t i - f i c a t i o n  of D as t h e  Sr-lf-diXfusion c o e f f i c i e n t  i s  ali 

impor tan t  relation developed by E i n s t e i n . 2 7  

d i f f u s i o n  c o e f f i c i e n t  [ Eq * (26b)  ] i s  known as the Stokes-Einstein 

equat ion .  The d i s t r i b u t i o n  fuiwtl.on, W, will be use fu l  i n  r e l a t i n g  the 

p a r t i c l e  m o t i o n  t o  t he  l.i..ght s i g n a l  f l u c t u a t i o n s .  

The e q u a t i o n  fo r  the self- 

L i g h t - s c a t t e r i n g  theory.5 926 328 Our o b j e c t i v e s  i n  t h i s  area art3 
I_____ 

t o  col.Lect xad Lo ana lyze  t h e  scattered 1.ighr; s i g n a l  so a5 t o  re la te  t-he 

s i g n a l  f l u c t u a t i o n s  t o  t h e  motion o f  the suspended p a r t i c l e s .  The bas i s  

f o r  c h a r a c t e r i z i n g  these f l u c t u a t i o n s  i s  the a u t o c o r r e l a t i o n  f u n c t i o n  

( s e e  Fig.  1 ) .  The a u t o c o r r e l a t i o n  funct.l.cm of a s i g n a l  i s  d e f i n e d  as the 

’ r i m e  average of t h e  product o.E s i g n a l s  ( o t h e r w i s e  i d e n t i c a l )  d i s p l a c e d  by 

t ime z :  

l T  
T O  

and <As = t i m e  average of si.gr!al A = - A ( t ) d t .  
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A u s e f u l  p r o p e r t y  of t h i s  f u n c t i o n  is its a b i l i t y  to  c h a r a c t e r i z e  

t h e  pe r iod  of f l u c t u a t i o n  of a s i g n a l  (F ig .  1). For v a l u e s  of T, which 

are small compared w i t h  t h e  s i g n a l  pe r iod  T A ( t )  - A ( t  + t) and 

A* N <A2>. 

any special way and A* - <A(o) A ( T ) >  - <A(o)> < A ( Z ) >  = <02. 

i s  uni formly  g r e a t e r  than  <A>*, A* w i l l  tend t o  decay from i t s  maximum 

v a l u e  of < ~ 2 >  t o  i t s  asympto t i c  (T -+ m> v a l u e  of ( 0 2  (Fig. 1 ) .  

S’ 

For t i m e s  7; >> zs, A( t )  and A( t + z) are not  c o r r e l a t e d  i n  

S ince  < ~ 2 >  

The s i g n a l  of i n t e r e s t  in our sys t em is  t h e  i n t e n s i t y  ( s q u a r e  of 

2 e l e c t r i c  f i e l d  = E, ) of t h e  s c a t t e r e d  l i g h t .  By apply ing  Maxwell’s 

e q u a t i o n s  t o  our  system, LL is  p o s s i b l e  t o  show t h a t  t h e  s c a t t e r e d  

e l e c t r i c  f i e l d  s i g n a l  i s  p r o p o r t i o n a l  to6 

1-61 = 

n =  

e =  

h i  = 

N 

p o s i t i o n  v e c t o r  of j t h  par t ic le  a t  t i m e  t ,  

v e c t o r  d i f f e r e n c e  between i n c i d e n t  and s c a t t e r e d  

p ropaga t ion  v e c t o r s ,  

0 - 4xn s i n  - 
h i  2 ’  

medium r e f r a c t i v e  index ,  

s c a t t e r i n g  a n g l e ,  and 

i n c i d e n t  wavelength.  
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ORNL O W 6  8 5 - 2 5 8  

8 

A j + n  
- t  .......... ~ .... ...... ..... 

TIME 

TIME - 
Fig .  1. Typical behavior o f  the autocorrelation functlon (A*) of 

a p e r i o d i c  s i g n a l .  
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The autocorrelation function of the scattered electric field is 

proportional to : 6 

where the sum j = 1, . a .N is conducted over particles present in the 

scattering volume at times t and t = 0. 
* -- 

It is evident that As is dependent on [Yj(t) - r j ( o ) l ,  that IS, the 

displacement of a particle in time t. This provides the l ink to Brownian 

motion theory. To determine the sum of individual particle contribu- 

tions, we must calculate A, based on properties averaged over the scat- 
* 

tering medium and particle velocities. 

Considering a generic particle, the  normaltzed autocorrelation 

function of the scattered field is: 

W = function that predicts the occurrence of a particle suffering 

displacement r - ro wltlnin time t, given I: = ro and u = uo 

at t = 0 [Eq. (2611; 

- -  - -  -- I 

P = function that predicts the probability of a particle having 

velocity Go at t = 0; 

Maxwellian velocity distribution; 

(z)3/2 exp(-m I uo I */2kT); and 2nkT 

number of particles in scattering volume N constant. 
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Performing t h e  inL[?grat ion over  ro and uo and making approprtate 

numerical  approximations y t r l d s 2 6  $28 

(32)  
* 2 A s  3 S X P ( - ~  D t )  :: e ~ p ( - i / ’ e ~ )  , 

where 

q = 1: 1 = 4x11 s i n ( ~ / 2 > / ~ i ,  

D = d i f f u s i o n  c o e f f i c i e n t  = kTf(6naq), 

-cC = c1iaracter:stic decay t i m e  = ( q 7 ~ 1 - 1 .  

.k 
No& t h a t  A, i s  a decayiilg exponenLia1 f i inet ion o f  time (see Fig.  2 ) .  

Some1 irnes i t  i s  more p r a c t i c a l  t o  d e a l  w i t h  elie s c a t t e r e d - l i g h t  

s i g n a l  i n  t h e  f requency ( w )  domain, r a t h e r  ehan i n  t h e  time domain. I n  

t h i s  case, 

.A. 
where A,(w) i s  a Lorentz ian  I.n w (P ig .  2c)  with  half-width a t  half-  

2 m a x i m u m  r ( r  = q U ) .  This  f requency d i s t r i b u t i o n  of Lhe s c a t t e r e d  

Light  can be i n t e r p r e t e d  as the  Doppler broadening of t he  i n c i d e n t  

(monochro~iiatic) l i g h t  due t o  t h e  Brownian motion of the p a r t i c l e s .  

Equat ions (32) and (33) were developed along t h ~  c l a s s i e a l  l i n e s ,  

i n v o l v i n g  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  of the  scattered f i e l d  ( E ) ,  

(whlch  was measured i n  e a r l y  he’iet-odyne exper iments ) .  I n  our  case 

(homodyne exper iment ) ,  we measure the s c a t t e r e d  i n t e n s i t y  ( E  ). 

H o w e v e r  1) t he  resu l t s  from heterodyne a n d  homodyne experiments  can be 

r e l a t ed  i f  t h e  e l ec t r i c  f i e l d  d i s t r i b u t i o n  I s  Gaussian (which i s  

g e n e r a l l y  the case)  and the  c e n t r a l  l i m i - t  theorem i s  a p p l i e d : 6  

7 
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TJME (arbitrary u n i t s )  - 
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(POWER SPECTRUM) 

i- a 
V 
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i 4  
h 
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H 

FREQUENCY SHIFT, w(Hz)  

( C )  

Fig. 2. Typical results from a dynamic light-scattering experiment. 
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2 Womodyne = cons tan t  + (he te rodyne)  

2Az( t )  = <E2(o)E2(t)> = 6: [ l  f (exp(-q2Dt))*]  ( 3 4 b )  

TRiis Ear, t he  d i s c u s s i o n  has  bccn r e s k r i c t d  to t h e  i d e a l  ca5e of 

monodisperse s p h e r i c a l  par t ic les .  O f  cou r se ,  i70 r e d  systems are truly 

monodisperse.  Even t h e  widely used l a t e x  p a r t k c l a s  have a s m a l l ,  bu t  

a p p r e c i a b l e ,  spread i n  size. It i s  i - inportant  to cons ide r  t h e  e f fec t  thaL 

p o l y d i s p e r s i t y  has on Lhe data  a n a l y s i s .  Thc s i g n a l  from a po lyd i spe r se  

system c o n t a i n s  a summation of expancnt ia l s ,  each w i ~ h  i t s  o m  decay 

c o n s t a n t  and assnciatrd scattering power: 7 

where 

r - p a r t i c l e  r a d i u s ,  

f ( r )  =_ normalized d i s t r i b u t i o n  of particle s i z e ,  

P ( q , r )  = M I P  ~ i c n t t e r i n g  €actor,  P N 1 fo r  17 << h ,  and 

~i = decay t i m e  f o r  I- = ri .  

‘l’he exact s o l u t i o n  requires inver5ia~ of this eqaa t  i o n  t o  y i e l d  

f ( r )  d i r e c t l y .  FOP complex s i g n a l s ,  t h i s  is di€ficult t o  do a c c u r a t e l y .  

Note t h a t  because of tlw r6 dependence of t h e  s c a t t e r l n g  powrr, large 

particles are more e a s i l y  d e t e c t e d  than  small  o i i ~ s .  
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Many investigators analyze the signal via the cumulants method - 
a simpler manner that provides useful results. The cumulants method is 

the mQSt widely used technique.zF31 

from a polydisperse sample contains a distribution of line widths, where 

Consider that the signal coming 

G ( r )  = line width distribution , 
r = line width (Hz) = (decay time = T ~ )  , -1 

and 

OD 

G(r) dr = 1 . 
0 

~oppel31 formulates his autocorrelation function as follows: 

A, = j G(r) exp(-rt)dr . 
0 

The analysis consists of estimating the behavior of G(T) by 
- 

expanding exp(-rt) about its mean value, r. By definition: 

and the moments (of order n) are defined as 

(37) 

(38) 
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Expanding exp( -P t )  in 2 Taylor  sel-iies about  I', we ohtarn  

I '  3 - ? - . . .  "_ ( r  - rl3 t 
3 !  

Substituting thi-s expll-ession i n t o  the equation for the auto- 

correlation function will r e s u l t  i n  

I'he terms involving p2, 1 i 3 ,  . . . are assumed t o  be small 

corrections, allowing the approximatLon I n ( l  + x) : x .  "P'irrefore, 

* 
The form of ln(As) is a polynomial in t with the c o e f f l c i e n t s  repre- 

senting different properties of the I-ine w k d t l i  d i s t r f b u t i o n .  The linear 

and quadratic terms, which are the! rimst significant, are readily measured 

in most experiments e Higher---order terms are increasingly d i f f i c u l t  t o  

obtain experimentally and have less physical. s i g ~ t f l c a n c e  . 
The linear t e r m  is the average line w i d t h  as def ined  I n  Eq. ( 4 3 ) .  

Since the  scattering power of i l idl .vidua1 particles is skewed h e a v i l y  

toward large particles [ E q .  ( 3 5 ) ] ,  this "average" f w i l l  r e s u l t  in 

diameters weighted toward the largest species. This  average  
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line width has a more straightforward interpretation when applied to 

measuring polymer diffusion  coefficient^.^^ 

to the Rayleigh regime (particle size << wavelength), and the scattered 

inteneity is assumed to be proportional to the square of the molecular 

weight. This results in 

The scattering is restricted 

( 4 4 )  

- r CNiMiDi - 
q2 CNiMi 

= DZ 3 
- - - 

where 
.- 
D, = translational average diEfusion coefficient, 

Ni = concentration of polymers with M = Mi, 

Mi = molecular weight, 

Di = diffusion coefficient of polymer with M = Mi. 

The second moment (p2) normalized by the square of the average 

line width (p2/F2> provides us with a polydispersity parameter, 

a perfect monodisperse suspension, p2/y2 = 0 .  

p2/T2 that are less than 0.1 are taken as an indication of a narrow 

distributton. 

For 

. In practice, values of 

Tt is readtly apparent that a quadratic regression analysis of 
* 

ln[As(t)] vs t will provide estimates of r and p2/?;*. 

Stokes-Einstein relation [Eq. (26b)], we obtain the viscosity directly, 

since 

Using the 

2 D = m q  ( 4 5 )  

and 
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Recent s t u d i e s .  . .. . . - The development of t h i s  a n a l y s i s  i s  s imi l a r  t o  t h a t  

used by most polymer and c o l l o i d  s c i e n t i s t s  who are concerned w i t h  dynamic 

l i g h t  s c a t t e r i n g .  The  most common research area invo lv ing  qi.iasi-elast.-Lc 

scatetx-i.ng Prom parti.c.1.e~ uses f l u i d s  of known v i s c - o s i t y  to determine the 

egfective partie1.e s i z e  o f  s:isperded s o l i d s .  On3.y a few recenc s t u d i e s  

haue used  l i g h t  s c a t t e r i n g  as a t o o l  f o r  investigating f l u i d  v i s c o s i t y ,  

and all of them have heen cestricted t o  rel.ati.ve1.y low tenperatures (near  

ambient). 

The focus  of t h e s e  i n v c s t i g a t f o n s  has  been t o  s tudy  the  behavior  

4 of f l u i d s  du r ing  some p a r t i c u l a r  phenomenon. T,yons e t  al. used l i g h t -  

s c a t t e r i n g  s i g n a l s  from 0.31-prn Te f lon  sphe res  t o  i n v e s t i g a t e  t h e  viscos-  

i t y  behavior  of a c r i t i c a l  b ina ry  mixture (47.MX n i t roe thane - i sooc tane )  

as  i c  approaches t h e  c r i t i c a l  s o l u t i o n  po in t  from t h e  one-phase reg ion .  

Lyons '  d a t a  vere r e p r t s d  t o  a p r e c i s i o n  cor responding  tso an average  

r e l a t i v e  error of ? I % $  H i s  f f n d i n g s  r e i n f o r c e d  ear l ie r  studies w h i c h  

i-epor-oc?d t h a t  a l o g a r i t h m i c  d ivergence  of the v i s c o s i t y  i s  observed as 

t h e  c r i t i ca l .  po in t  is approached. 

5 Sorenson e t  a1 ul;il.i.zed l i g h t  s c a t t e r e d  f r o m  Lndox (Si .02,  0 . 1 9 - p  

diain) particl-es t o  fnvestigate the b-bavinu of  the f l u i d  v i s c o s i t y  i n  the 

presence  o f  a thermal  gradient. The v i s c o s i t y  o f  m t r r l r  was fonmd t o  be 

r e l a t i . ve ly  una f fec t ed  by t h e  a p p l i e d  thermal g r a d i e n t .  The r e s u l t s  of 

t h e i r  s tudy  tend to r e f u t e  ear l ier  work which sugges ted  a large change 

i n  f l u i d  v i s c o s i t y  due t o  t h e  e f f e c t s  of a thermal g r a d i e n t .  Because of 

t h e  added cornpl imt  ton of t h e  thermal  g r a d i e n t  experiment ,  S O ~ ~ K I S Q ~  

reporled h i s  d a t a  as a c c u r a t e  t o  w i t h i n  t5%= 
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The most recent work involving viscosity measurement was performed 

by Saad and G ~ l a r i ~ ~  at Wayne State University. 

system was studied at saturation conditions over the temperature range 

from 10" to 50°C ( 1  to 8 MPa). The primary emphasis of this study was 

the measurement of the diffusivlty of CQz in - n-heptane. Viscosity was 

investigated because of its importance in relation to the diffusion 

analysis. Inverse micelles of bis(2-ethylhexyl)-sulfosuc~inate (AOT) 

were used as seed particles. Samples contained 5 w t  X AQT. 

The - n-heptane/CO*(R) 

Measurements in pure heptane revealed that the diameters of the 

micelles shrink from 3.1 nm at 20°C to 2.9 nm at 60°C. An average 

diameter of 3.0 nm was assumed fo r  all bfnary calculations. Experimental 

sources of error were not considered in any detail. Viscosity results 

were reported with ai precisfon ranging from 0.5% at low temperatures and 

low C02 contents to as high as 20% at hfgh C02 contents. 

of about 10% were typical. No literature data are available €or com- 

parison, The reported values seem reasonable in light of the pure com- 

ponent viscosities, but the rather high surfactant concentration (5%) and 

the uncertain micelle stability may adversely affect the measurements. 

In their conclusion, Saad and Gulari state: "The reliability of the 

viscosity values obtained depends heavily upon the assumption that the 

mjcelles are of known uniform size and that there are no interactions 

between the scattering micelles ." 

Reported errors 

This article points out the importance o f  using systems that conform 

tn ideal models. The use of dilute, stable seeds is crittcal. Careful 

selection of the seed w i l l  help to eliminate ambiguity in the interpreta- 

tion of results. 
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I1 e EXPERIMENTAL 

Strategy-Seed Particles and Colloidal Stability 

Systems that conform to relatively ideal models must be used to 

facllitate the interpretation of light-scattering results. Compllcations 

that result from elaborate data analysis should be avoided. The ideal 

system that was considered in this study has the following properties: 

1. Seed particles are physZcally and chem-tcally stable at the 

conditions of interest. 

2. The particles are small (submicron) and relatively monodisperse. 

3 .  The seed behaves as a "free particle" according to the Langevin 

equation; there are no significant influences from external 

forces (gravity, electrostatic, or particle-particle interaction). 

4 .  The seed must exhibit colloidal stability (i.e., no particle 

agg cega t ion) . 
The first requirement is fairly obvious. The hydrodynamic particle 

s l z e  must be known in order to infer viscosity from the Stokes-Einstein 

equation [ E q .  ( 4 6 ) ] .  If the particle size varies in an unpredictable 

fashion, the measured viscosity has little validity. This requirement 

rules out most polymers as high-temperature seeds. Although some poly- 

mers do exhibit high-temperature stability, their conformation in a 

variety of solvents (at various temperatures) is rarely known, The 

scattering power of polymers in "good" solvents is also somewhat weak. 

In addition, one must consider Lhe effect of the polymer on the solution 

viscosity. Therefore, attention is focused on inorganic particles that 

exhibit high-temperature stability in organic media. 
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Thc par t ic le . ;  should a l s o  be relat I w l  y ~ T L O P I O ~ ~ S ~ ~ ~ K S P  t o  a l l o ~  d i r e c t  

a n a l y t i c a l  t echniques  (cumulant ana lys i s : )  to y i e l d  r ep roduc ib le  r e s u l t s .  

T ~ P  s ignal  must g e n e r a l l y  be desc r ibed  by a monodisperse model even i f  

t h e  seed i s  not  . ; t r i c : t l y  monodisperse.  The syiichcsis of uniform l a [  c~x 

s p h r r c s  by emulsion polymer iza t ion  r e p i e s e n t  s the niost advanced recli t i  iqiw 

f o r  producing modcl c o l l o i d s .  Even the  l a t ex  sphezes  have a s l i g h t  

sp read  i n  s j z e .  AlLhough few , inorganic  ,acthods can r i v a l  Lhr s c p h i s t i c a -  

t i o n  of emds io l i  po ly rwr iza t ion ,  some methods havr bee11 developed f o r  

s y n t h e s i s  of s u i t a b l e  uniform aqueous S O ~ S  o f  metal-oxide p a r t i c l e s .  3 3 , 3 4  

To s a t i s f y  the  assumptions of the  Laiigevin equa t ion ,  WP must work 

w i t h  d i l u t e  s o l s  (par t s -pr -mi l1  i o n  level). Concent ra t inn  e f f e c t s  can be 

d e t e c t r d  by ppl-forming d series of experiments  a t  d i f  fert"i1t d i l u t i o n s ,  

i n  gc~nera l  t he  e f f e c t  of gravi-ty is i n s i g n i  Eicant  f o r  pas t zc l e s  smaller 

than -0.5 pm suspended i n  l i q u i d s ,  Stokes J a w  imposes a inore prec ise  

l i m i t  on t h i s  s i z e  f o r  spec i f i i .  cond i t ions .  2 5  

TZIP l as t  requirement  i s  the  l eas t  obvious and a l s o  t h e  ilrost d i f -  

f i c u l t  t o  s a t i s f y .  C o l l o i d  siability i nvo lves  the a c t i o n  of r e p u l s i v e  

fQiCCS t o  overt-oiiie t h e  i n h e r e n t  attractive forces Lhat ex is t  between par- 

t i d e s  i n  suspens ion .  

a lways prcsen'; anti provide ~ O K  the  i n h e r e n t  i n s t a b i l i t y  of c o l l o i d a l  

S U S ~ ~ M ~ Q ~ I S ,  I n  aqueous ( p o l a r )  media,  s t a l > i l i z a ' ; b o n  i s  achieved by 

e l e c t r o s l a l i c  rep111 si on due t o  a d a ~ r b e d  i o n s  This  mechanism i s  

g e n e r a l l y  not  as e f f e c t i v e  i n  nonpolar  orgarric media. 

Dipolc  inier . .act ions and London f o r c e s  arc  3 5 , 3 6  

3 5  

S t e r i c  s t a b i l i z a t i o n  of " p a r t i c l e s "  i n  nonpo lz r  media w a s  developed 

i n  o r d r r  t o  suspend v a r i o u s  pigments and polymers i n  difS( . i r ra t  s o l v e n t s  

f o r  L ~ S P  i n  the  p a i n t  i n d u s t r y .  The L : ~ c h n i q ~ ~ C  I J S ~ S  S L P S ~ C  harr iers  3 5 , 3 1  



to prevent  particles from coming i n t o  c o n t a c t  w i t h  each o t h e r .  T y p i c a l l y ,  

one end of a polymer is adsorbed on to  t h e  par t ic le  s u r f a c e .  The remain- 

i n g  polymer cha in  i s  n o t  anchored and p r o j e c t s  r a d i a l l y  from t h e  s u r f a c e .  

The unanchored p o r t i o n  of t h e  polymer i s  s e l e c t e d  so  t h a t  It w i l l  d i s -  

s o l v e  i n  t h e  s o l v e n t  and repel polymer cha ins  of o t h e r  p a r t i c l e s .  The 

t h e o r y  d e s c r i b i n g  t h e  polymer-polymer i n t e r a c t i o n  i s  w e l l  developed,  35,36 

and t h e  p r i n c i p l e s  governing t h e  cho ice  of s t a b i l i z e r s  has been 

fo rmula t ed .  35 

The pr imary requirement  of a s t a b i l i z e r  i s  for  t h e  unanchored por- 

t i o n  t o  he very  s o l u b l e  i n  t h e  suspending medium., Th i s  c o m p a t i b i l i t y  can 

be a s s e s s e d  by us ing  t h e  Scatchard-Hildebrand Theory of Regular  S o l u t i o n s  

o r  t h e  more involved  a n a l y s i s  of Flory-Huggins. 38 

s o l v a t e d  p o r t i o n  i s  u s u a l l y  no t  c r i t i ca l .  Solva ted  s p e c i e s  wi th  cha in  

l e n g t h s  as s h o r t  as 18 carbon atoms have been s u c c e s s f u l  i n  p reven t ing  

f l o c c u l a t i o n .  However, because of t he  r e s t r i c t i o n s  imposed by t h e  

a d s o r p t i o n  p rocess ,  most s t a b i l i z e r s  are much l a r g e r  than  t h i s .  A-B 

b lock  copolymers, t h e  most common s t a b i l i z e r  t ype ,  c o n t a i n  an A-anchor 

g roup ,  which i s  ve ry  i n s o l u b l e  and is adsorbed on t h e  p a r t i c l e  s u r f a c e ,  

and a B-anchor group,  which i s  s o l v a t e d .  Molecular  weights  i n  excess  of 

1000 are of t e n  r e q u i r e d  t o  ensu re  adequate  anchor group i n s o l u b l l i  t y .  

The s o l u b l e  component must  be approximate ly  t h e  s a m e  s i z e ;  o t h e r w i s e ,  t h e  

copolymer w i l l  p r e c i p i t a t e  i n s t e a d  of forming s l a b l e  m i c e l l u l a r  s o l u t i o n s  

i n  t h e  s o l v e n t s .  Hence, t h e  p h y s i c a l  a d s o r p t i o n  of block copolymers 

The s i z e  O€ t h e  

r e q u i r e s  much l a r g e r  molecules  than  are necessa ry  f o r  s ter ic  c o n d i t i o n s .  35 

The anchor ing  of t h e  polymer t o  t h e  particle s u r f a c e  i s  a l s o  very  

impor t an t .  Each s o l v a t e d  polymer must, be s t r o n g l y  a t t a c h e d  t o  t h e  
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par t ic le  surface; otherwise, d e s o r p t i o n  wP1.1. occuc under ei.the.- stress O T  

d i l u t i o n .  S t rong  bonding i s  even more importari t  for the  el.evaLed 6em- 

p e r a t u r e s  involved i n  Lhis i n v e s t i g a t i o n .  More rugged s t a b i l i z e r s  can he 

s y n t h e s i z ~ d  by chemical.1-y bonding the polymer t o  t h e  p a r t i c l e  s u r f  ace. 

T h i s  avoids  many of the weaknesses of  physical .  adsorption, whi.le 

requir iag t h a t  a s p e c i f i c  chemis t ry  be developed. 

F i n a l  I.y, the par.ti.cLe s u r f a c e  should be f u l l y  covered with s t a b i l -  

i z e r  i n  order to  p r o v i d e  an emelloping barrier. i t  should be recognized 

t h a t  t h i s  polymer l a y e r  ~5.3.1.  a f feee  t h e  hydrotlynarnj.~ radi.us determined by 

1-ight s c a t t e r i n g .  However, i f  low-mslecular--weight polymers are used 

the sizc: of tile s t e r i c  b a r r l e ;  can be kept  t o  a very  sinall f r a c t i o n  of 

t h e  par t ic1 .e  s i z e  e An L8-carbon-chairz "pol .y~ner"  ( i  . e .  , oct:adccane) 

r e p r e s e n t s  on ly  a 2% i n c r e a s e  i n  t h e  s i z e  of a 0.1-pm par t i c l e .  Changes 

i n  the hydrodynamic d iameter  are even less s i g n i f i c a n t ,  and conformation 

e f f e c t s  as a func t i .on  of ternpccai.ure w i l l  be of second order .  

Ap par at :is 

A esstorrs--built dynamic l i g h t - s c a t i e r i n g  spec t rometer  i s  the cen te r -  

piece of t i p i s  experiment .  The appa ra tus  (see Figs .  3 arid 4 )  c o n s i s t s  of 

a laser ,  a o t ~ r ~ e  o p t i c s ,  sample enc losu re  c o l l e c t i o n  o p t  i.cs , d e t e c t o r ,  

and si .gnal processing equipment.  E x c e p t  f o r  t he  high-t,smperat.i.arc 

e n c l o s u r e ,  the s p e c i f i c a t i o n  and assembly of components were bzscd on 

e s t a b l i s h e d  gu ide l . i nes .  '28 

spec i f ica l .1 .y  f o r  c h i s  s tudy .  

The higlr-%emper,7,t~ai-~ enc losu re  W ~ S  designed 

A 2-T?r argon-ion laser  ( S p e c t r a  Physi-cs  nnodel 165-06) g;anc!rates a 

vertical.1.y po la r i zed  beam ( h  = 488 nm) t h a t  is  €cicused by a 150-mm plano- 

convex I.ens onto the. c.rni:.l.cs of the sample ce l l .  The beam i s  focused t o  a 
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narrow width (-0.2 mm) t o  maximize t h e  modulat ion of t h e  s c a t t e r e d  l i g h t  

( i .e. ,  h igh  s i g n a l / n o i s e  r a t i o ) .  The a x i s  of t h e  l e n s  i s  a d j u s t e d  t o  be 

c o i n c i d e n t  w i th  t h e  sou rce  b e a m  by us ing  a m i c r o p o s i t i o n e r  (Newport model 

LP-1). T y p i c a l l y  only  low-power o p e r a t i o n  ((100 mW) is  necessa ry .  

The high-temperature  e n c l o s u r e  ( s e e  Figs .  5-7) p rov ides  f o r  t e m -  

p e r a t u r e  c o n t r o l  of t h e  sample t o  500°C and p r e s s u r i z a t i o n  t o  1000 p s i .  

The body of t h e  e n c l o s u r e  is a 3 x 3 x 4 i n .  s t a i n l e s s  steel block. 

Quartz  windows (Bond O p t i c s ,  OPTISIL-3, 1.00 i n .  OD x 0.75 i n .  t h i c k ,  

48-20 f i n i s h )  act  as p o r t s  f o r  t h e  i n c i d e n t  b e a m ,  t h e  t r a n s m i t t e d  beam, 

and t h e  l i g h t  s c a t t e r e d  a t  90" .  A t o p  f l a n g e  pe rmi t s  access t o  t h e  

sample  ce l l ,  p r e s s u r i z a t i o n ,  and d i r e c t  measurement of t h e  f l u i d  t e m -  

p e r a t u r e  ( t y p e  K thermocouple) .  The e n t i r e  b l a c k  i s  i n s u l a t e d  t o  mini- 

mize h e a t  l o s s e s  and thermal  g r a d i e n t s .  The window f l a n g e s  and t h e  top  

f l a n g e  seal  a g a i n s t  O-rings. Reusable s i l i c o n e  rubber  O-rings (Pa rke r  

Nos. 2-012 and 2-020, 5604-70) are used f o r  o p e r a t i o n  up t o  380°C. Above 

300"C, m e t a l  O-rings (Advanced Products  No. EOI-00493-0307-1-SPD) are 

r e q u i r e d .  S tandard  fused-quar tz  spec t rophotometer  c u v e t t e s  a r e  used as 

sample c e l l s .  Sample volumes o f  3 mL are t y p i c a l .  

A c o n t r o l  l oop  ma in ta ins  t h e  block tempera ture  t o  w i t h i n  0 . l " C  of 

t h e  set p o i n t .  A p r o p o r t i o n i n g  c o n t r o l l e r  (Barber  Coleman No. 5651-02033- 

0330) acts on a m i l l i v o l t  s i g n a l  from a thermocouple l o c a t e d  in t h e  

c e n t e r  of t h e  block. 

an a d j u s t a b l e  v o l t a g e  (0-120 Vac) t o  f o u r  100-W c a r t r i d g e  h e a t e r s  

(Chromalux No. CIR-1060). A r e g u l a t e d  argon gas  c y l i n d e r  provides  t h e  

o v e r p r e s s u r e  needed f o r  h igh- tempera ture  measurements. 

The c o n t r o l l e r  o p e r a t e s  a power r e l a y  t h a t  s u p p l i e s  
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5/16 ~ii. .- 18 x 3/4 - in.- deep 
BOLT CIRCLE, TYPICAL OF 4 -  \ 

j1.905-im (8.75 - 
8.90 cm (3.5 in.) 

\ 

--..--O-RING GROOVE 
2.54 GXI ( 1 in.) x 
0.13 cm (6.052 in.) d e e p  

/1/4 in. - 20 x 1/2- in.- 

/--- DEEP BOLT CIRCLE 

THREE M O L E S ’  
0.635 cm (0.25 En.) diam 
of 2.86-cm (1.125 - in . )  
El. EVAT ION 

TYPICAL OF I 2  

1.27 c m  (0.5 in.) QD x 
0.43 crn (Q.052 in.) deep 

/ .-’ 

F i g .  5. H i g h - t r m p e i . i t u r e  h igh -p res su re  enclosure diagram 
(hea ter  channiels n o t   show^). 
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ORNI..-PHOTO 6320-84 

Pig. 7. Nigh-temperatrare high-pressure encl nsnrig .- LOP view 
during operation. 
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The c o l l e c t i o n  o p t i c s  l i m i t  t h e  l i g h t  r each ing  t h e  d e t e c t o r  t o  t h a t  

s c a t t e r e d  a t  90" from a small volume (-0.2 x 0.2 x 0.2 m>. It is impor- 

t a n t  t h a t  t h e  s c a t t e r i n g  volume be kep t  small enough t o  ensu re  t h e  coher- 

ence  of t h e  l i g h t  t h a t  r eaches  t h e  d e t e c t o r .  Because of t h e  d e s t r u c t i v e  

i n t e r f e r e n c e  of components of d i F f e r e n t  phases ,  i ncohe ren t  l i g h t  does no t  

c o n t r i b u t e  t o  the  s i g n a l .  Gu ide l ines  f o r  t h e  s i z i n g  and placement of the  

l i m i t i n g  a p e r t u r e s  have been reviewed i n  s e v e r a l  a r t ic les  

f i r s t  a p e r t u r e  is  a s m a l l  i r is  dlaphragm (0.6 t o  8 mm, E a l i n g  No. 2 2 - 3 3 0 5 ) ,  

l o c a t e d  j u s t  i n  f r o n t  of t h e  imaging l e n s .  A 100-nun plano-convex l e n s  is 

p laced  -8 i n .  from t h e  c e n t e r  of t h e  s a m p l e  cel l .  The f i n a l  a p e r t u r e  is 

a p r e c i s i o n  a d j u s t a b l e  s l i t  (Oriel No. 7250, 0- t o  3.2-mm opening,  k O . 1  

mm) t h a t  is mounted v e r t i c a l l y ,  j u s t  i n  f r o n t  of t h e  d e t e c t o r  and i n  t h e  

p l ane  of t h e  image formed by t h e  l e n s .  A l l  of t h e  components are posi-  

t i o n e d  a long  t h e  a x i s  normal t o  both  t h e  i n c i d e n t  b e a m  and t h e  p l ane  of 

p o l a r i z a t i o n .  

6 9 7 , 2 8  The 

The d e t e c t o r  i s  an end-window p h o t o m u l t i p l i e r  (EM1 No. 9863B350) 

mounted i n  a housing t h a t  p rov ides  r a d i o  f requency  and magnet ic  s h i e l d i n g  

( P a c i f i c  model 3262 RF) .  A s t a b l e  power supply  ( P a c i f i c  model 204-03) 

g e n e r a t e s  t h e  2000-Vdc p o t e n t i a l  r e q u i r e d  for  the  p h o t o m u l t i p l i e r  (PER) _. 

A photon s t r i k i n g  t h e  ca thode  behind t h e  PMT e n t r a n c e  window causes an 

e l e c t r o n  t o  be emi t t ed .  Th i s  e lectr ical  s i g n a l  i s  enhanced by a f a c t o r  

of 10' i n  t h e  subsequent  dynodemul t ip l i e r  s e c t i o n .  

t h e  n a t u r e  of t h e  f l u c t u a t i n g  PMT s i g n a l  (on t h e  o s c i l l o s c o p e )  and t h e  

r e s u l t i n g  e x p o n e n t i a l  a u t o c o r r e l a t i o n  f u n c t i o n .  

F igu re  4 i l l u s t r a t e s  
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The p u l s e  a m p l i f i e r  d i s c r i m i n a t o r  [PAD (Langley Ford modcl PD-on)] 

c o n v e r t s  t h e  mP1Piamp pulses generated by the  PMT t o  TTZ p u l s e s  (0-5 Ydc) 

f o r  use i n  a d i g i t a l  cor re la tor .  P u l s e s  r e s u l t i n g  from spur ious  e f f e c t s  

i n  the  PMT are  a l s o  e l imina ted  by the PAD. 

The nutocorrelator (Langley  Ford model 1096)  i s  a s o p h i s t i c a t e d  

d i g i t a l  s i g n a l  processor  t h a t  can acc l i r a t e ly  approximate the idea l  aiito- 

c o r r e l a t t o t r  Cuncfinn g i v e n  by E q s .  ( 2 7 )  and ( 3 4 b ) .  Details of the  ePec- 

t r o n i c  and mathematical o p e r a t i o n  are g iven  in t h e  l i t e r a t u r e .  

t i m e  scale t h a t  can be probed rangrs  f x o m  decay t r i m e s  of 1 ps t o  10 s .  

An KS-232 communications i n t e r f a c e  between t h e  a u t o c o r r e l a t o r  and a micro- 

conputc i  ( A p p l e  I Ie )  pprmi ts  autornattd opera t ton ,  off-line a n a l y s t s ,  and 

convenient  d a t a  logging.  Data and c a l c u l a t e d  r e s u l t s  are s t o r e d  on mag- 

n e t i c  d i s k .  S i g n i f i c a n t  computer programs arc: dociimcrited i n  Appendix D. 

15939 The 

Materials and Procedures  
_._____I I- 

P r e p a r a t i o n  of 0rganophili .c s o l s .  After t e s t i n g  a nrimber of d i f -  

f e r e n t  methods f o r  t h e  p r e p a r a t i o n  of organophil . ic sols we found t h a t  

t h e  synt:laesis sugges ted  by Van Melden e t  E I ~ . ~ '  was the most s u c c e s s f u l .  

Not on ly  do t he  particles meet a l l  the bceqmiretnenca mentioned prevhous ly ,  

b u t  the  procedure i s  also r e l a t i v e l y  s i m p l e ,  

The p r e p a r a t i o n  sugges ted  by Van Melden e t  a].. is a c t u a l l y  a com- 

b i n a t i o n  of an a l c o s o l  p r e p a r a t i o n  developed by Stober  2 t  a l ?  and a 

s u r f a c e  t r ea tmen t  developed by IPer. 

formed by t he  control l .ed h y d r o l y s i s  o f  e t h y l  o r t h o s i l i c a t e  (EOSI 

[ Si(oC2wg)4 J i.n a n  alcoiiol.-ammon-8a.-watt.rc mixture  .I 

t i c l e s  are r e n d e r e d  o r g a n o p h i l i c  by chemica l ly  bonding s tearyP alcohol.  

A monodisperse s l l i c a  sol. i s  h2 

The s i l i c a  par- 
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[CH3(CH2)170H] t o  t h e  p a r t i c l e  s u r f a c e .  The r e s u l t i n g  p a r t i c l e s  form 

s t a b l e  c o l l o i d a l  suspens ions  i n  a number of nonpolar  a l i p h a t i c ,  c y c l i c ,  

and a romat i c  s o l v e n t s .  

EOS i s  hydrolyzed i n  t h e  presence  of water, w i th  amm0ni.a a c t i n g  as 

a c a t a l y s t .  

NH,) and 85 mL of a b s o l u t e  e t h a n o l  are mixed i n  a c l e a n  f l a s k .  

added ( 3 . 5 4  g ) ,  and t h e  r e a c t i o n  mixture  is s t i r r e d  a t  c o n s t a n t  t e m -  

p e r a t u r e  (25OC) f o r  a t  least 4 h. Within 15 min, a b lu ish-whi te  

opa le scence  can be observed ,  i n d i c a t i n g  t h e  presence  of uniform,  sub- 

mfcron p a r t i c l e s .  Our s t anda rd  r e c i p e  g e n e r a l l y  r e s u l t s  i n  s p h e r i c a l  

p a r t i c l e s  w i th  a d iameter  of 0.1 pm. The s i z e  of t he  particles can be 

c o n t r o l l e d  by va ry ing  t h e  r e a c t a n t  c o n c e n t r a t i o n s .  A small a l i q u o t  of 

t h e  a l c o s o l  i s  normally r e se rved  f o r  a n a l y s i s  by l i g h t  s c a t t e r i n g .  The 

a l c o s o l  par t ic les  are s t a b i l i z e d  by e l e c t r o s t a t i c  f o r c e s  and remain i n  

suspens ion  f o r  months. 

I n  a t y p i c a l  p r e p a r a t i o n ,  5.4 mL of concen t r a t ed  NH,OH (28% 

EOS is 

Five  grams of s t e a r y l  a l c o h o l  is added t o  t h e  a l c o s o l  as a s l u r r y ,  

d i s s o l v e d  i n  100 mL of e t h a n o l .  Absolute  e t h a n o l  i s  then  added t o  f a c i l -  

i t a t e  water removal by s h i € t i n g  t h e  water c o n t e n t  below t h e  a z e o t r o p i c  

composi t ion.  A f t e r  t h e  ethanol. and t h e  water are d i s t i l l e d  a t  atmo- 

s p h e r i c  p r e s s u r e ,  a n i t r o g e n  b l anke t  i s  in t roduced .  The s i l i c a s t e a r y l  

a l c o h o l  mixture  i s  hea ted  t o  190°C and main ta ined  a t  t h a t  tempera ture  f o r  

a t  least  3 h t o  complete t h e  e s t e r i f i c a t i o n  r e a c t i o n  between t h e  s i l i ca  

and t h e  s t e a r y l  a l c o h o l .  S t e a r y l  a l c o h o l  forms a Si-0-C l i n k a g e  t o  t h e  

p a r t i c l e  s u r f  ace .  

The modif ied s i l i ca  is s e p a r a t e d  from t h e  excess  s t e a r y l  a l c o h o l  by 

s e q u e n t i a l  c e n t r i f u g a t l o n .  For t h e  f i r s t  s e p a r a t i o n ,  a 60/40 (v/v) m i x -  

t u r e  of ch loroform and cyclohexane i s  added t o  t h e  m e l t .  Chloroform i s  



a n  e x c e l l e n t  solvent  f o r  t he  excess  sttaryl a l c o h o l ,  while  cyclohexane 

lowers the d e n s i t y  t o  a po in t  where c e n t r i f u g a t i o n  of Si02 is  p r a c t i c a l .  

The supe rna te  i s  d i s e a r d c d ,  and the process i s  repea ted  wi th  t h e  s o l v e n t  

of i n t e r e s t .  Beforca c c n t r i f u g a t i o n  s o n i c a t i o n  of t he  suspens ion  i s  

s o m e t i m c ? ~  r iecesssry t o  red isperse  the p a r t i c l e s  and ensu re  good con- 

t a c t i n g .  Normally, only t h r e e  c y c l e s  are necessa ry  t o  produce d i spe r -  

s i o n s  t h a t  are f r e e  of contaminants .  High-qual i iy  reagents (99+%)  are 

used wi thout  f u r t h e r  purrif i c a t i o n  e 

L i g h t - s c a t t e r i n g  measurements. The o r g a n o p h i l i c  p r e p a r a t i o n  r e s u l t s  

i n  a falr1.y concen t r a t ed  suspens ion .  Stock suspens ion  i s  d i l u t e d  with 

pure r eagen t  i n  o rde r  t o  reduce the p a r t i c l e  concentration. P a r t i c l e  

i n t e r a c t i o n  cf f e c t s  arc tnif i imlzed by diLutLng t o  a s o l i d s  c o n c e n t r a t i o n s  

of <SO ppin. h preliminary l i g h t - s c a t t e r i n g  tes t  wi th  a low-temperature, 

low-power spec r romewr  (Langley Ford model ZtSA--6) i s  used t o  determine 

t h e  par t ic1.e  c o n c e n t r a t i o n  r equ i r ed  t o  provide  s u f f i c i e n t  s i g n a l  s t r e n g t h .  

The o p t i c s  of t h i s  u n i t  are f i x e d  at i t  scattering ang le  o f  9 0 " .  Pre-  

l~iminal-y t e s t s  3150 h e l p  t o  sereen ou t  samples t h a t  do no t  jusLLfy 

f u r t h e r  s tudy .  

W e  f o l l o w   lie recommendat i o n s  of Degiorgio and L a s t o k o ~ a ~ ~  f o r  t he  

o p e r a t i o n  of the  d i g i t a l  c o r r e l a t o r .  The sample time is sel.ected so as 

t o  s p a n  about  four decay t imes  ( 4 - 2 , ) ,  Laser power and a p e r t u r e  settings 

are a d j u s t e d  t o  provide good s i g n a I / n o i s e  r a t i o s  (coherent.  seattczbng) 

and s t r o n g  s i g n a l s .  Seve ra l  s h o r t  ( 6 0 - s ) ,  independent  runs are s u p e r i o r  

t o  one long  run. The average of the  runs provides  a more a c c u r a t e  es t i . -  

m a t e  of t he  v i s c o s i t y .  The s t anda rd  d e v i a t i o n  o f  LIE runs also provides  

in fo rma t ion  about  t.he reproducib1l. i . t .g of t h e  measurement - W1th optlmized 
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o p e r a t i o n  and a s t a b l e  sample ,  five replicate runs  (60 s each) y i e l d  a 

c o e f f i c i e n t  of v a r i a t i o n  of t h e  p r e d i c t e d  v i s c o s i t y  of <l%. 

Once t h e  s a m p l e  c u v e t t e  i s  a l i g n e d  i n  t h e  h igh- tempera ture  enclo-  

s u r e ,  a base - l ine  d i ame te r  i s  ob ta ined  a t  ambient c o n d i t i o n s .  Th i s  

d i a m e t e r ,  which is c a l c u l a t e d  on t h e  b a s i s  of a predetermined low-tem- 

p e r a t u r e  v i s c o s i t y ,  i s  used i n  subsequent  v i s c o s i t y  c a l c u l a t i o n s .  

Measurements at h ighe r  tempera tures  are conducted on ly  a f t e r  t h e  sample  

h a s  the rma l ly  equi l . ib ra ted  w i t h  t h e  e n c l o s u r e  (-15 min a t  t empera tu re ) .  

High-temperature r e f r a c t i v e  i n d i c e s  are c a l c u l a t e d  us ing  t h e  s t a n d a r d  

Eykman e q u a t i o n  (Appendix C) .44 The accuracy  of t h i s  e s t i m a t i o n  method 

i s  >99%. An overp res su re  of a t  least 50% of the  s a t u r a t i o n  p r e s s u r e  i s  

a p p l i e d  f o r  measuremeimts conducted above t h e  normal b o i l i n g  p o i n t .  

F i n a l l y ,  a f t e r  c o o l i n g ,  a d d i t i o n a l  measurements a t  ambient c o n d i t i o n s  

a r e  made t o  check the  s t a b i l i t y  of the  SOL. The i n i t i a l  and f i n a l  

r e s u l t s  should correspond w i t h i n  2%. 
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111. DISCUSSION OF RESULTS 

Pure Components 

The experimental results consist of an investigation of five non- 

polar compounds and two binary mixtures. The viscosities of - n-pentane, 

- n-heptane, cyclohexane, chloroform, and toluene were measured from room 

temperature up to -90% of the critical temperature. An ideal mixture 

(pentane-heptane) and an interacting mixture (hexane-isopropanol) were 

also studied at elevated temperatures. Tests were subsequently performed 

to ensure the internal consistency of the results. Comparison of the 

experimental data with values found in the literature allowed an indepen- 

dent evaluation of the results to be made. 

Since the stability of the microparticle diameter is a central issue, 

tests were conducted to confirm this assumption. Light-scattering runs 

were always repeated at least five times for each experimental temperature. 

2 Polydispersity coefficients (p2/r ) were normally much less than 0.1, 

ensuring the val idity of the cumulants expansion [ Eq. ( 4 3 )  ] Averaged 

results for one temperature yield a mean value for viscosity and a coef- 

ficient of variation (CV) for the set of measurements. The repeatability 

of the measurements was generally >99% (CV). 

The standard diameter (at 20'C) was also checked after operation at 

elevated temperatures in order t o  confirm the particle stability. The 

measurements generally agreed to within 2% (Table 1). A careful com- 

parison of results for - n-pentane also showed a close correspondence 
during the heating and cooling cycles (Table 2). 
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Table 1. Standard particle diameters  (at 2 0 O C )  by light scattering 
b e f o r e  and after high--temgerature operati on 

n-Pent ane - 3.115 0.1062 0 1064 0.19 
3.146 0 1084 0.1081 0.28 

- n-ileptane 3.149 0.136 0.1363 1.7 

Cyclohexane 

Toluene 

3 -097 0 1093 0 103 6.1 
3 154 0.1026 0.1017 0.88 

3.087 0 . 1 2 4 5 0.121 2.8 
3.153 0.1147 0.1133 1.2 

Chl o r o f 0 rill 3.112 0.114 0 1093 4.1 

Pen t a [le -11 e p t R n e 3.152 0.1014 0.1021 0.69 

Hexane-isopropanol 3 155 0 -0645 0 -0549 0 - 6 2  

a initial ..- final 
Z variation = x 100. initial 
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Table 2. Typical viscosity measurements during corresponding 
heatlng and cooling cycles 

(Sample No. 3 . 1 4 6 ,  solvent = - n-pentane) 

Heating cycle 

Temperature Viscosity 
("GI (mPa* s )  

Cooling cycle 

Temperature Vis cos i t y 
("C) (mPa* s )  

20 .o 0.2337 20 .o 0 2334 

6 1  .I 0.1691 60.2 0.1692 

80 e 5  0.1440 - 81.2 0.1452 

90.4 0.1346 90.7 0.1348 

Results from independent samples also show good agreement (Figs. 8 through 

12). All of this information indicates that the nature of the micropar- 

tick suspension does not change significantly during the experiment. 

However, at temperatures above -0.9Tc, the sols  become unstable, agglom- 

erated, and settled. 

The basic experimental results are summarlzed in Table 3 and in 

Figs .  8 through 12. The experimental data are plotted in contrast to a 

standard Andrade correlation and the Let sou- S t iel cor res pondi ng-s tat es 

18 predictton. The Andrade equation, 

q = A exp [B/T] (A and B constants) , (47) 

is the standard form for correlating pure-component viscosity at tem- 

peratures below the normal boiling point. The constants A and I3 were 

obtained by regression of low-temperature data referenced in the figures. 

High-temperature data from other sources (when available) are also shown. 
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Table 3. Comparison of viscosity data and recommended correlations 

Average deviation from experimental values 

Corresponding-states equation 
Andrade equation, Em. (6119 

Tr < 0.7 T, > 0.7 
Compound ( X  1 (XI  

n- P e nt ane - 
n-Hep tane - 
Cyclohexane 

Ch 1 o r o f o rm 

Toluene 

0.67 

1.44 

1 e 7 2  

2 - 3 4  

1.77 

Cumulative 
average 

1.59 

7.1 

2.5 

23.4 

3 e 2  

4 -8 

8.2 

( 4 . 4 % ,  excluding 
cyclohexane) 

A number of  general observations can be made after reviewing these 

figures. The low-temperature measurements are accurately characterized 

by the Andrade equation. At temperatures somewhat above the normal 

bojiling point, the Letsou-Stiel predictions provide a more accurate 

representation of the data. This is exactly the type of behavior that 

one would expect. A s  the temperature increases, the assumptfons inherent 

in the corresponding-states model are followed more c lose ly .  Polar 

(dipole) effects become less important, and any complex structural 

effects are diminished due to the randomizing influence of increased 

temperature. I n  general, the light-scattering results are in good 

agreement with literature data. 
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I li lrie r e s u l t s  f o r  .- n-pentane and - n-heptane ( F i g s .  8 and 9 )  car1 he corn-- 

pared wl.th the  high-temperature  v a l u e s  r e p o r t e d  i n  t h e  l i t e r a t u r e .  The 

pentane  d a t a  are wel.1. w i t h i n  the spread  of v a l u e s  doeumentxci by Lee and 

E l l i n g t o n .  4 5  

high-temperature  v a l u e s  found i n  the  l i t e r a t u r e .  

The d a t a  f o r  heptane  correspond q u i w  c l o s e l y  (T2Z)  t o  the  
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R e s u l t s  f o r  cyclohexane,  chloroform,  and to luene  ( F i g s .  10 through 

1 2 )  are iiot r e a d i l y  compared wi th  l i t 2 r a t u r e  v a l u e s  a t  high tempera tures .  

However, correspondence t o  the  s t anda rd  lOw-terriperatuse values (Andrade 

equa t ion )  i s  excellent, and the high-Lemperature behavior i s  i n  agreement 

wi th  the corresponding-s  tates p r e d i c t i o n s .  This  agreement i s  e spec ia l ly  

c l o s e  i n  t he  case of t he  chloroform r e s u l t s  ( P i g .  10) .  The r e s u l t s  f o r  

t o luene  ( F i g .  11) are similar i n  n a t u r e  b u t  somewhat more s e a t t e r e d .  The 

t r a n s i t i o n  from exponen t i a l  behavior  t o  corresponding-statec;  hehavior  is 

less  clear f o r  t he  cyclohexane restilts ( F i g .  12) .  

The p r e d i c t i o n s  o f  the Lee  and  E.l.lington c o r r e l a t i o n  r e q u i r e  some 

extra  c o n s i d e r a t i o n  and exp lana t ion .  The c a l c u l a t i o n s  of the  Let.so1.1- 

S t i e ? .  c o r r e l a t i o n  are q u i t e  s t r a i g h t f o r w a r d ,  r e q u i r i n g  only  t h e  most 

common parameters  (Tc, P,, w). I n  c o n t r a s t ,  Lee's method depends  on 

an uncommon parameter ,  E ,  c'ne vol.ume expansion r a t i o  a t  the t r i p l e  

p o i n t .  C a l c u l a t i o n s  are complex and are ext remely  s e n s i t i v e  t o  small 

changes i n  E. Lee provides  fitted val.ucs of E (determined by r e g r e s s i o n  

O F  v i s c o s i t y  d a t a )  f o r  a l i m i t e d  s e t  of compounds. F i t t e d  v a l u e s  of E 

are g iven  f o r  - n-pentane,  - n-heptane, and cyclohexane.  Values of far  

ch loroform and to luene  w e r e  e s t ima ted  by the  method sugges ted  by Lee 

(Appendix B ) .  Table  4 demonst ra tes  t11.at the estihnation m e t l ~ o t l s  do not  

provide  a p r e c i s e  means of c a l c u l a t i n g  optimum ( i .e . ,  " f i t t e d " )  E v a l u e s .  
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Table 4 .  Lee's triple-point parameter, E :  
fitted, estimated, and calculated literature values 

-___ 

(1) (2) (3) 
Compound Literature Fitted (1) and (2) Estimated (2) and ( 3 )  

v a1 ue s values A% values A% 

Benzene 1.134 1.101 3 .O 1.112 1 .o 
Cyclohexane 1.051 1 e07635 2.4 1.0982 2 .o 
n-Pent ane - I 1.0402 - 1.0552 1.4 

- n-Hep t ane - 1 a0413 - 1.0145 2.5 

Carbon dioxide 1.285 1.206 6.1 1.3085 8.5 

To 1 uene 1.009 - - 1 e013 - 

Chloroform I - - 0 -937 - - - 

For example, the viscosity estimates for chloroform were much too large. 

The other Lee predictions are shown in Figs. 13 through 16. Estimates 

resulting from the use of fitted E values provide accurate viscosities 

over a wide range of temperatures. Predictions using calculated or esti- 

mated values of E are very unreliable. The results for toluene (Fig. 16) 

illustrate the inaccuracy of this method when fitted values of E are not. 

available. 

The predictive validity of this correlation is questionable. An 

argument could be made that, while E is a proper correlating parameter, 

its accurate estimation is difficult. Close examination of Lee's work 

reveals that fitted values of E and the best experimental determinations 

of E differ by as much as 6% (Table 4). This difference is significant 

in view of the sensitivity of the calculations to small changes in e. 

Lee's development is essentially empirical. The development of a 

single correlation for the viscosity of a fluid throughout the entire 
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l i q u i d  range is s i g n i E i c a n t ;  however, t h e  p r e d i c t i v e  v a l i d i t y  of this 

correlation is l i m i t e d  due to  i t s  e m p i r i c a l  basis. A v a l i d  c o r r e l a t i o n  

over the e n t i r e  l i q u i d  range must account  f o r  the v a s t  d i f f e r e n c e s  i n  the  

na ture  of l i q u i d s  near  t he  t r i p l e  po in t  and the c r i t i c a l  po in t .  It is 

impor tan t  t h a t  c o r r e l a t i n g  parameters  r e p r e s e n t  e f f e c t s  which have d i r e c t  

t h e o r e t i c a l  si.gt1:i.f i eanee  e The i n o r d i n a t e  6ucces.s of t he  original theory  

of cor responding  states is  evidence  of t h i s  f a c t .  Identification of 

tri.aly s i g n i f i c a n t  l i q u i d - s t a t e  parameters  i .s d i f f i c u l t  s i n c e  our  theore-  

t i c a l  knowledge i s  not  ad177anced i n  t h i s  area. The three-parameter  corre- 

l a t i o n  of Letsou and S t i e l  remains t h e  most broadly  a p p l i c a b l e  p r e d i c t i v e  

method f o r  use a t  e l e v a t e d  temperatures. 

M i  x t u re s ~ - . . -  

A b r i e f  s t u d y  of two model b ina ry  systems,  an i d e a l  nixtrxre 

( 5 0  m o l  X - n-pentanej50rnol % - n-heptane) and an i n t e r a c t i n g  mixture  

( 7 5  mol. % - n-hexane/25 mol Z i s o p r o p a n o l ) ,  was  under taken ,  

heptane  system shou ld  conform t o  i d e a l  behavior  s ince  both components are 

members of a homologous s e r i e s  and do not  d i - f f e r  greatly i n  molcctil.ar 

s i z e .  Vapor- l iquid e q u i l i b r i u m  data i n d i c a t e  t h a t  the  hexane-$.sopropano1 

s y s  tern should e x h i b i t  l a r g e  p o s i t i v e  d e v i a t f o n s  from idea1.i try. A minimurn 

b o i l i n g  azeo t rope  occurs  a t  61.5"C and a hexane m o l  f r a c t i o n  of 0.73. 

The r e s u l t s  f o r  t h e  i d e a l  system are c-ont-rasted wi th  'IWO wixtrare 

The pencane.-- 

correlations i n  P ig  e 17. Pure-coinponenc v i s c o s i t i e s  w(z.rc! de r ived  froin 

t h i s  i n v e s t i g a t i o n .  The Kendal l  equa t ion  r e p r e s e n t s  t h e  data very  

a c c u r a t e l y  over  the e n t i r e  tempera ture  range. As i n  t h e  case of t h e  

pure compounds, t h e  co r re spond ing- s t a t e s  model. is a c c u r a t e  o n l y  i n  t h e  
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high-temperature  reg ion .  An i n t e r a c t  i o n  c o e f f i c i - e n t  of u n i t y  w a s  

assumed. Note that t h e  co r re spond ing- s t a t e s  p r e d i c t i o n s  involve  no 

v i s c o s i t y  d a t a  OF f i t t e d  parameters  f o r  pure components. 

I n t e r a c t i o n  between hexane and i sop ropano l  man i fe s t s  I t s e l f  as a 

s i g n i f i c a n t  dep res s lon  o f  the mixture v i s c o s i t y  with respect t o  i d e a l  

behavior  p r e d i c t i o n s  (P ig .  18). This behavior  results from TP p o s i t i v e  

deviation f roia i d e a l i t y ,  w h e ~ e  the in te rmoPecular  f o r c e s  between l i k e  

molecules  are much g r e a t e r  than those he tween uiil.ikt3 species. Consider  

the simpltl" concept  that the r e s i s t a n c e  t o  f l o w  on a molecular  l e v e l  

i n c r e a s e s  as the a t t r a c t i o n  betweeri ad jacenc  molecules i n c r e a s e s .  

E s s e n t i a l l y ,  t h e  n e t  e f fec t  o f  in tesn io lecular  a t t r a c t i o n  i s  diminished 

by mixing these  two c.ompounds. The converse of t h i s  example a l s o  seems 

t o  be valid. A n e g a t i v e  d e v i a t i o n  from i d e a l i t y  would show I I ~  as a 

s i g n i f i c a n t  increase i n  t h e  v i s c o s i t y  o f  the mixture with r e s p e c t  t o  

i d e a l  behavior .  A chloroform-ac.etone system was sei-ected f o r  tiernonsera- 

tion of t h i s  ef feet  . Unfor tuna te ly ,  the samples f o r  l i g h t - s c a t t e r t n g  

measurements were not  suff i c l e n t l y  s table  t o  permit. a n a l y s i s .  CapPllary 

viscometer  m e i ~ s u ~ e m e n t s  (0.47 mPa*s) d id  e x h i b i t  a 15% i n c r e a s e  over the 

ideal p r e d i c t e d  va lue  (0.41 mBa*s) for  a 5 0 / 5 0  mol. X mixture  of ehls ro-  

form and ace tone  a t  25°C. 

Both p r e d i c t i o n s  f o r  the hexane-isopropanol system were based on 

t h e  same l i t e r a t u r e  d a t a .  Correspond:ing-state.s v a l u e s  f o r  the pure com- 

ponents  were not  used s i n c e  i sop ropano l  f s  a poor candbdate fo r  t h i s  type  

of es t ima t ion .  A s  in t h e  pentane-heptane case, the ca r re spsnd ing- f i t a t e s  

model (J,  = 1) and the  Kendal l  equa t ion  merge as the  temperature  i-ncreases 

(P ig .  18). A l s o ,  t h e  effect of i n t e r a c t i o n  dec reases  as the  temperature  

i n c r e a s e s .  
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6 5  

IV. CONCLUSIONS 

Dynamic light scattering from stabilized microparticles has been 

demonstrated to be an effective method for determining high-temperature 

liquid viscosities. It is essential that these submicron seed particles 

be physically and chemically inert, relatively monodisperse, and stabil- 

ized to prevent aggregation. In nonpolar media, stabilization can be 

achieved by providing a steric barrier that inhjbits particle contact. 

The most effective barriers involve chemically binding suitable polymers 

to the particle surface so that they become organophilic. The suitabil- 

ity of the stabilizer is determined by the solubility properties of the 

polymer-solvent system. Stabilizers should readily dissolve in the 

suspending media. 

The silica-stearyl alcohol microparticle preparation used in this 

study meets the criteria f o r  use with a number of cyclic and aliphatic 

compounds. Measurements were made on - n-pentane, n-heptane, cyclohexane, 
toluene, chloroform, and two model binary systems at temperatures ranging 

up to 90% of the critical temperature (0.9 Tc). Repeatability was 

generally >99%, and accuracy was estimated to be >98%. 

The experimental results are in good agreement (72%) with the best 

available literature values. High-temperature viscosities (Tr > 0.7) 

are best correlated by the three-parameter corresponding-states method 

Q €  Letsou and Stiel. The average error of estimate of this correlation 

was 5%. 

The two model binary systems that were investigated demonstrate 

the typical behavior of ideal and nonideal (interacting) mixtures. 

The viscosity of an ideal mixture ( e . g . ,  pentane-heptane) is accurately 



c h a r a c t e r i z e d  by the  Rendal l  c o r r e l a t i o n .  An i n t e r a c t i n g  mixture (E  . g . ,  

hexane - - i sop~opano l )  d e v i a t e s  froiir the ideal.  p r e d i c t i o n  i n  a mariner t h a t  

r e f l e c t s  the in t e rmolecu la r  f o r c e s  between t h e  s p e c i e s .  I n  t h e  high- 

tempera ture  r e g t o n  (T, > 0.8), t h e  behavior  o f  both types  of systems 

1.s p r e d i c t e d  by the co r re spond ing- s t a t e s  method sugges ted  by Teja and 

R i c e .  

I n  p r i n c i p l e ,  t h i s  technique  can be a p p l i e d  fro any o p t i c a l l y  

t r a n s p a r e n t  f l u i d .  E t  must be recognized t h a t  t he  s t a b i l i t y  of t he  

microparti-c1.e seed imposes the  most s eve re  exper imenta l  l i m i t a t i o i i  - 
While s e l e c t i o n  of a s t a b i l i z e r  is g e n e r a l l y  not o$viuus,  the criteria 

f o r  eva lua t io t i  are w e l l  e s t a b l i s h e d  and provide  adeqiinte giaidance. Once 

t h e  proper  s t a b i l i z e r  chemis t ry  has been e s t a b l i s h e d ,  r e l a t t v e l y  f e w  

complicat:i.t:ms should be expected.  
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A p p e n d i x  A 

TABIJLATION OF EXPERIMENTAL DATA 

DETERMINED BY L I G H T  SCATTERING 





7 7  

NOTE : 

1. Unl t s  of viscoslty = eP = c e n t i p o i s e  = mPa-s 

2. % CV = coefficient of variation for set  of runs (#RUMS) 

= ( s t d .  deviat€on/mean) x 100 

SAMPLE VISCOSITY Y R 

RUNS ID TEMP. (C) (CP) f C V  

5 
5 
5 
5 
5 
5 
3 
5 
5 
5 
5 
5 
5 
5 
5 
5 

3,141 
3.141 
3.146 
3.141 
3*146 
3.146 
3.141 
3.146 
3.146 
3,146 
3.146 
3.146 
3.146 
3.146 
3.146 
3.146 

2 7 . 5  
35.0 
40.4 
44.2 
50.6 
6 0 . 2  
6 0 . 8  
6 1 . 1  
70.6 
70.7 
80.5 
81.2 
81.3 
90.4 
90.7 

L O O .  7 

0.2206 
0.2064. 

0 . 1 9 2 0  
0.1824 
0.1692 
0.1691 
0.1691 
0.1566 
0.1565 
0.1440 
0.1452 
0.1453 
0.1346 
0.1348 
0.1247 

0.1986 

0,45 
0.56 
0.57 
0.62 
0.42 
0.89 
0.52 
0.56 
1.03 
0.76 
0.18 
0.34 
1.37 
0.32 
1.35 
0.76 
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- -  

x SAMPLE VISCOSITY 
R U N S  ID TEMP. ( e )  (CP9 

5 3 . 1 4 9  2 0 . 7  0 I/ 4233  
5 3.149 2 0 . 8  0 .4224  
5 3 . 1 4 9  2 5 . 4  0.4012 
5 3 . 1 4 8  5 0 . 1  0 .3088 
5 3 .148 5 0 . 1  0.30823 
5 3 "  1 4 9  7 2 . 5  0 . 2 5 7 0  
5 3.148 7 4 . 6  0 . 2 4 7 6  
5 3 . 1 4 8  7 5 . 0  0 . 2 4 8 9  
5 3.149 1 0 0 . 0  0 . 2 0 1 2  
5 3 . 1 4 8  1 0 2 . 3  0 e 1929 
5 3 . 1 4 9  1 2 4 . 7  0 .1625 
5 3 .148  126 .3  0 . 1 6 1 8  
5 3 . 1 4 8  145.1 0.1318 
5 3.. 148 148 .2  0 . 1 3 3 0  
5 3 .149  1 4 8 . 8  0 . 1 2 8 2  
5 3 . 1 5 0  1 6 3 . 3  0 . 1 2 2 2  
5 3.150 1 6 3 . 3  0 .1162 

1.91. 
1 . 3 1  
0 . 5 5  
0 . 8 2  
0 . 7 3  
1 . 1 8  
1.34, 
0 . 4 0  
0 . 6 7  
0 . 4 9  
0 .90  
0 . 4 5  
0 . 1 8  
0 . 6 2  
1 . 0 3  
0 .  'io 
3 . 0 0  

F L U I D =  C Y C L O H E X A N E  

f s AMP L E  VISCQS ITY 
R U N S  ID TEMP. ( C )  ( C Y )  xc 'c" 

5 
5 
5 
4 
5 
5 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

3 .097  
3 . 1 5 4  
3 - 154 
3 * 097 
3 . 1 5 4  
3 .154  
3 -  1 5 4  
3 . 1 5 4  
3 . 0 9 7  
3 "  097 
3 . 1 5 4  
3 .154  
3 . 1 5 4  
3 .154  
3 "  154 
3.097 
3 . 1 5 4  
3 .154  
3 "  154 
3 . 0 9 7  

2 1 . 8  
39 .5  
39.7 
5 2 . 4  

5 8 . 4  
7 7 . 2  
7 7 . 2  

1 0 1 . 0  
1 0 3 . 0  
1 0 5 . 0  
105 .0  
1 2 0 . 0  
120 .2  
140 .0  
1 5 0 . 0  
160.4  
160 .5  
1 7 9 . 6  
2 0 1 . 0  

5 8 . 2  

0 s 9381 
0 . 7 1 5 1  
0.71-24 
0 . 5 8 4 3  
0 .5487  
0 .5563 
0 . 4 4 4 1  
0 . 4 4 3 0  

0 . 3 1 7 8  
0.3095 
0 .311.6  
0 . 2 6 6 6  
0 . 2 6 5 0  
0 . 2 1 9 0  
0 . 1 9 4 9  
0 .1734  
0 . 1 8 0 7  
0 .  1.585 
0 . 0 5 6 8  

0 .3180 

0 . 9 1  
8 . 6 8  
1 * 8 7  
9 . 8 9  
0 . 4 8  
1 . 0 7  
1 . 2 9  
0 . 8 5  
1 . 5 2  
0 . 4 9  
1 . 0 1  
1 * 04  
0 . 9 2  
0 . 4 9  
0 . 9 1  
0 . 1 5  
0 . 5 1  
0 . 3 5  
1,29 
0 . 9 2  
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F L U I D =  T O L U E N E  

# SAMPLE VISCOSITY 
RUNS ID TEMP. (C) (CP) %C v 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

3.153 
3 . 1 5 3  
3.111 
3.087 
3 . 1 5 3  
3.153 
3.153 
3.153 
3 . 1 1 1  
3 . 1 1 1  
3 . 0 8 7  
3 . 0 8 5  
3.153 
3.153 
3.153 
3.153 
3.153 
3.153 
3.087 
3.085 
3.111 
3.087 
3.085 
3 . 1 1 1  

FLU ID = C H I ,  0 RO FORM 

3 8 . 8  
38.8 
5 0 . 0  
5 1 . 5  
5 8 . 9  
5 9 . 5  
8 0 . 4  
8 0 . 5  
100.5 
100.7 
101.5 
103.0 
105.2 
105.4 
1 2 2 . 1  
122.1 
140 .0  
1 4 0 . 7  
150.0 
1 5 0 . 5  
151.7 
199.5 
200 .5  
206.5 

0.4795 
0 . 4 7 2 7  
0.4159 
0 . 4 1 4 0  
0 .3940  
0.3922 
0.3231 
0 "3257 
0.2675 
0 e 2678 
0 . 2 7 1 6  
0 . 2 7 2 8  
0 . 2 6 3 5  
0 . 2 6 2 8  
0,2349 
0.2352 
0.2146 
0 . 2 1 3 1  
0 . 2 0 1 2  
0 .2145 
0 .1882  
0.1294 
0.1432 
0 . 1 1 8 6  

0.73 
0.94 
0.?9 
0.84 
0.95 
0.85 
0*97 
1.51 
0 . 6 2  
1.01 
0.54 
0.96 
0.65 
0.43 
1.08 
1.30 
0.83 
0 . 7 9  
0 .68  
0.86 
0.91 
0.22 
1.57 
0 . 9 0  

* S A M P L E  VISCOSITY 
RUNS ID TEMP. (C) (CP) %C v 

___-___________-______________1____1___1------------ 

5 3.112 54.0 0.4086 1.14 
5 3.112 1 0 0 .  0 0 . 2 8 2 1  0 . 5 6  
5 3.112 1 0 2 . 0  0.2875 8.53 
5 3 . 1 1 2  151.0 0 . 2 0 0 1  0.32 
5 3.112 2 0 2 . 0  0.1332 0.43 
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F L U I D =  50% 14-PENTANE / 5 0 %  N-HEPTANE 

5 
5 
5 
4 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 

- 
3 

- 
3 

3 . 1 5 2  
3 . 1 5 2  
3 . 1 5 2  
3 "  1 5 2  
3.152 
3 . 1 5 2  
3 . 1 5 2  
3 . 1 5 2  
3 . 1 5 2  
3 "  152 
3 . 1 5 2  
3 , 1 5 2  
3 . 1 5 2  
3 , 1 5 2  
3 . 1 5 2  
3 .  152 
3 .152  
3 , 1 5 2  
3.15% 
3 . 1 5 2  

2 5 " l  
3 9 . 7  

4 0 . 0  
5 9 . 3  
5 9 . 9  
6 0 . 1  
7 9 . 7  
8 0 . 0  
8 0 . 7  
9 9 * 4  
9 9 . 7  

1 0 1 . 3  
1 0 1 . 5  
1 2 0 . 0  
1 2 0  0 0 
139,Cr 
139 .0  
1 5 9 -  0 
1 5 9 . 0  

3 9 . 8  

0.29463 
0 . 2 6 3 7  
0.2637 
0 . 2 5 6 7  
0.2263 
0 . 2 2 5 8  
0 . 2 2 5 5  
0 . 1 9 5 1  
0 . 1 9 6 8  
0 .1891  
0 i. 1 6 7 4  
0 . 1 6 7 9  
0 . 1 5 4 7  
0 . 1 5 2 9  
0 I 1 3 2 8  
0 . 1 3 2 9  
0 .1136 
0 . 1 1 4 3  
0 * 1078 
0 . 0 9 6 3  

0.43 
1 . 1 6  
0 .94  
0 . 6 %  
0 .88  
0.7'4 
1 . 0 9  
1 . 4 0  
0.35 
0 . 5 9  
0 . 5 4  
0 * 65 
0 . 4 8  
0 . 5 0  
0.9Q 
0 . 7 5  
0.88 
0 . 5 6  
3 . 6 0  
2 . 5 5  

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

3 . 1 6 5  
3.165 
3 . 1 6 5  
3.16% 
3 .165  
3.i65 
3.16'5 
3 . 1 6 5  
3 . 1 6 5  
3 . 1 6 5  
3.165 
3 . 1 6 5  

49 .6  
4 9 . 9  
5 0 . 0  
7 9 . 0  
7 9 . 4  
9 9 , o  
9 9 - 5  

1 0 0 . 0  
119 .5  
140.2 
159.5  
1 5 9 . 5  

0 . 2 6 0 7  
0 . 2 5 9 5  
0 . 2 5 9 2  
0 1964 
0.1961 
0 . 1 6 6 2  
0 . 1 5 3 9  
0 . 1 5 3 1  
Ir.l2';P7 
0 . % 0 6 1  
0 .0782 
0 . 0 7 8 5  

0 . 6 8  
0 . 5 5  
0.38 
1 . 0 3  
0 . 3 0  
0 . 3 7  
0 . 7 8  
1 . 3 3  
0 .56  
0 . 9 5  
1.59 
1 . 3 9  
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The f i n a l  form of Lee's c o r r e l a t i o n  [Eq. ( l o ) ]  i s :  

b ( r )  - q*) y LO5 = exp(2.933 ga -t 4.542 g 1 - 1 , 

where 

a = 8.336, 

b = 0.9228, 

q = s a t u r a t e d - l i q u i d  v i s c o s i t y ,  and 

q* = corresponding  d i l u t e - g a s  v i s c o s i t y .  

The c o e f f i c i e n t s  of t h i s  equa t ion  were determined as the  b e s t  

estimates from a n o n l i n e a r  r e g r e s s i o n  a n a l y s i s  of (q - q*)y vs  g 

u s i n g  argon d a t a .  Values of E w e r e  a l s o  opt imized  ("fitted") i n  t h i s  

procedure .  The v a r i a b l e s  y and g are de f ined  as: 

0.6673 g = X / ( O . 9 7 6 ~ ' ) ~  ; c = 2.3566/X 9 

2.73 X = d/ (T/Tt )e  ; e = 0.07d Y 

d = V l t / V  9 

where 

V l t  = l i q u i d  molar volume a t  the trip1.e p o i n t ,  

E = V S t / V l t  = r a t i o  of s o l i d  to  l i q u i d  molar volume at t h e  

t r i p l e  p o i n t ,  

M = molecular  weight ,  and 

s u b s c r i p t  t refers to  t r i p l e - p o i n t  p r o p e r t i e s .  
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Lee has sssentlally changed h i s  r e f e r e n c e  from the c r i t i c a l  po in t  

t o  the  t r - l p l e  p o i n t .  The form of the equa t ion  was a r r i v e d  a t  by invoking 

d imens ion le s s  a n a l y s i s  argumer,:ts and h d r i l d e ' s  hypothes%s about  the  f re- 

quency of molecular  v i b r a t i o n  a t  the me l t ing  p o i n t .  T h e  expression f o r  

the  d i l u t e - g a s  v i s c o s i t y  w a s  de r ived  from thr work of itorris: 51 

5 0.41 TI* R 10 = 0.576 T, - 35.5/exp( IOIJ'l',) , 

and 

F i t t e d  va lues  of E are a v a i l a b l e  on ly  f o r  t h e  l i m i t e d  set of sub-- 

stances cons idered  by L e e .  T t  i s  claimed t h a t  ve ry  few accurate measure- 

m e n t s  of the s o l i d  molar volume at the t r P p l e  p o i n t  e x i s t .  The re fo re ,  

t he  fo l lowing  e s t i m a t i o n  procedure f o r  E i .s  recommended: 

1 .  E s t i m a t e  V l t  by e x t r a p o l a t i o n  of a r e l i a b l e  l i q u i d  d e n s i t y  correla- 

t f o n  ( i . e . ,  Rackett5') t o  t h e  t r i p l e  po in t  or use l i t e r a t u r e  data. 

2.  Use Lee's r e l a t i o n  between V, t  and t h e  van d e r  Uaals 

co-volume parameLer, b,  

P +a (V - b)  -- RT 
V" 

(modi f ied  van d e r  Waals equa t ion  of s t a t e ) ,  

a t  t h e  c r i t i c a l  p o i n t :  
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For a structureless liquid, the refractive index is a simple function 

of the specific volume (i.e., Lorenz-Lorentz relation). This follows 

from the fact that the molecular polarizability is essentially constant. 

Real fluids are not  truly structureless, and empirical expressions corre- 

late refractive index behavior most accurately. Eykman's equation is 

recognized as the most accurate method f o r  predicting fluid refractive 

index as a function of temperature: 

(Eykman equation) 

where 

n = refractive index of fluid, 

V = molar volume of fluid, and 

R = cons tan t  = specific refraction (evaluated at standard 

conditions). 

Solving €or n yields 

R + @ + 4 V ( V  + 0.4R) 
.__111 n =  

2v 

The application of t h i s  equation to fluids at temperatures above the 

normal boiling point has not been documented. However, recent data on 

liquid nitrogen [V. V. Alekseev et aP., Thermal Engineering (USSR) - 30( 11), 

1983; (p. 6 7 1 ,  English tr.)] provide an opportunity to test the Eykman 

equation in the region between the boiling point and the critical point. 

The following table refers t o  measurements on saturated N * ( R ) :  
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- - 85 ( s t d )  0.6735 1.18846 

90 0.713 1.18216 1.18271 0.0074 

100 0.792 1.1683 1.16866 0.014 

120 0.951 1.12886 1.12763 0.142 

Avg. d e v i a t i o n  = 0.061X 

There are a large nurnbsr of accurate correlations ( T 0 . 5 X )  f o r  [:he 

d e n s i t y  of a s a t u r a k d  l i q u i d .  We have employed t h e  modified Rackett 

e q u a t i o n  i n  t h i s  s tudy .  

ob ta ined  by t ak ing  a s i m p l e  J R Q ~  average of the pure  cmmponenlr v a l u e s .  

These average vaburs were checked a t  room t empera ture  and were found 

t o  be accurate e 

The refractive index of the mixture  was 5 1  
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Program LSD.ST1 (listing attached) was used to automate the Light- 

scattering measurements. The program was  written in Applesoft Basic for 

use on an Apple IIe computer to interface with a Langley Ford 1096 (LF 

1096) Autocorrelator. A computer clock was used to date f i les  and t o  

tag each run with an FdentiEying time. 

The organization of the program is as follows: 

1. Initialization - set up r a w  data files (D) and calculated results 

files ( C ) .  

2. Specify experimental parameters: laser wavelength, sample 

temperature, refractive index, standard particle sFze,  and estimated 

viscosity. 

3 .  Select run parameters - number of runs,  and run time. 

4 .  Set up Apple XIe and LF1096 for data logging. 

5. Data logging of sequential light-scattering runs : 

a. 

b .  

C. 

a. 

e .  

Apple 1Ie accepts 17 LF1096 identifiers. 

Apple Ile accepts autocorrelation channel data. 

Quadratic least-squares calculation is performed using 

channel data. 

Raw data and calculated results are stored on magnetic disk. 

Steps a through d are repeated for the number of runs selected. 

Options are to return t o  steps 2 or  3 or to exit t h e  program. 

The quadratic regression program (LSU.ST1) uses the s a m e  algorithm 

that is used in the Langley Ford model AN01 Analysis Program. Both 

programs yield the same results. The use of our own program allowed 

us to control operation and log data much more easily. 
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The only  unusual  a s p e c t  of t h e  c a l c u l a t i o n s  w a s  the  use SP a 

weighted a n a l y s i s .  A weighted a n a l y s i s  i s  needed because of t i w  n a t u r e  

of the  de t eccne  (PMT) and che t r ans fo rma t lon  of t he  d a t a .  The PMT i s  a 

squa re - l aw d e t e c t o r .  

coun t s  = N) i s  p r o p o r t i o n a l  t o  4iN.-. 

d u r i n g  the r e g r e s s i o n  by weighing each d a t a  p o i n t .  

The u n c e r t a i n t y  i n  t h e  measurement (number of 

 his needs t o  be taken  inLo account  

According t o  E q .  ( 3 4 b ) ,  we calx m i t e :  

a ,  b c o n s t a n t s  2 2 A * ( t )  = a f b [ A * ( t ) ]  

and 2nL4( t> = a u t o c o r r e l a t i o n  channel  d a t a  

= CD . 

We can p i c t u r e  t h i s  as: 
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To apply  t h e  cumulant a n a l y s i s ,  we t r ans fo rm our d a t a  (CD) t o  Y as: 

Y = C D - a .  

'Cn p r a c t l c e ,  t h e  f a c t o r  a ( b a s e  l i n e )  i s  a c c u r a t e l y  e s t ima ted  by o b t a i n i n g  

channel  d a t a  a t  l a r g e  v a l u e s  of t. The a c t u a l  o r d i n a t e  i n  t h e  a n a l y s i s  is: 

Y' = In Y = I n  (CD - a) . 
The s t a n d a r d  d e v i a t i o n  of the t ransformed v a r i a b l e ,  Y', i s :  

where 51 is  the  s t anda rd  d e v i a t i o n  of Y. 

I t  is  g e n e r a l l y  assumed t h a t  the channel  d a t a  have the same statis- 

t ics as a PMT count .  The re fo re ,  

and 

6- [ri' = __I_- . 
CD - a 
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Bas ic  Data Lagging P r o g r a m  - LSD.ST1 

1 7  R E M  
18 REM D E C L A R A T I O N  STATEMENTS 
19 R E M  
2 0  LOMEM:  16384 
30 DIM 6(400),A(30),B(30) 
40 T E X T  : MOM16 
45 PRINT "DATA S T O R A G E  PROGRAM" : P R I N T  
50 X = FRE ( O ) : D $  = C B R $  (4):IS = CHR$ ( 9 )  
5 1  G $  = C H R $  (13):E$ = G $  C D$:V$ = ".l" 
52 PRINT D$; "PRW5" : PRINT DSp9 IN#5" 
5 3  I N P U T  It ' I ;  T$ 
5 4  U $  = L E F T $  ( T $ , 2 )  -t M I D $  (T$,4,2) 
55 PRINT D $ " P R B O " :  PRINT B$"IN#B" 
5 6  T R I N F  * '? OPTIOWAL FILENAME IDENTIFIER(Y: N )  ? " :  INPUT L $  
5 7  I F  L$ = "N" GOT0 59 
58 PRINT " E N T E R  P I L E  ID S U F F I X " :  I N P U T  V$:V$ = " . "  + V $  

6 2  REM 

64 REM 
6 6  PRINT D $ ;  "OPEN"; A $ ;  ",D2": PRINT D$; "CLOSE";A$ 
67 PRINT D $ ;  " O P E N " ;  8 $ :  P R I N T  D $  I " C L O S E " ;  B $  
6 8  T E X T  : HOME 
69  R E M  
7 0  REM SPECPFY EXP. PARAM'FEliS 
71 R E M  
72 PRINT T I $ ;  "PR*4'': PRINT I$; " 1 D " :  PRINT 1$;"3B": PRINT 
D S ;  "PR#O' t  
7.5 PRINT "SET EXP. PARAMETERS' 
30  PRINT "INPUT L A S E H  W A V E L E N G T H ( N M ) " :  INPUT W L :  A ( 2 2 )  = 

90 PRINT "INPUT SAMPLE TEMP.(C)": INPUT T:A(21) = T : B ( 1 1 )  
= T  
1 0 0  PRINT "INPUT REF. I N D E X " :  INPUT R I : A ( 2 3 )  = RI:B(13) = 
FI I 
1 1 0  P R I N T  " I N P U T  PARTICLE SIZE(M1CRBNS)": INPUT DP:A(24) = 
D P : 8 ( 1 4 )  = DP 

VISC:B(15) = YISC 
1 2 4  REM 

59 A $  = !'D" f U$ + V$:3$ = + U$ + V $  

63 REM SET-UP BATA&CALC F I L E S  

WL:B(12) = WL 

120 P R I N T  " I N P U T  V I S C O S I T Y  E S T .  ( C I P ) ~ ~ :  INPUT v I s e : A ( m )  = 
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LSD. STI 

125 RE M  SELECT RUN PARAMETERS 
126 R E M  
1 2 9  PRINT : PRINT 
130 PRINT "SELECT AUTO-RUN PARAMETERS" 
135 PRINT "SET 1096 TO RS-232 CONTROL": PRINT : PRINT 
136 PHINT "PRESS(I/O;ENTER;Z;ENTER) ON 1096" 
137 PRINT "PRESS RESET&ANALYZE" : PRINT : PRINT 
140 PRINT "INPUT #RUNS DESIRED": INPUT NR:J1 = 1 : A ( 2 0 )  = 
NR:B(lQ) = NR 
150 PRINT "INPUT RUN TIME(SEC)": INPUT RT:A(19) = HT:B(Y) 
= RT 
152 X = NR: GOSUB 4000:Nl = X1:NZ = X2:N3 = X 3  
154 X = RT: G O S U B  4000:Rl = Xl:R2 = X2:R3 = X3 
159 REM ***SETUP SSC TO INTERFACE 
W/10964**S********************* 
160  PHINT D$;"PR#4": PRINT C H R $  ( 9 ) ; " M  E": PRINT I $ ; " l D " :  
PRINT I$; "3P": PRINT D$; "IIN#4" 
161 REM 
1 6 2  REM COMPUTER CTRL OF 1096 
163 R E M  
164 PRINT " K " ; :  GOSUB 3000 :  PRINT "Ut';: G O S U B  3000: PRINT 
4;: GOSUB 3 0 0 0 :  PRINT G $ ; :  GOSUB 3000: PRINT I ; :  G O S U B  
3 0 0 0 :  PRINT G$;: GOSUB 3000: PRINT "M";: GOSUB 3000: PRINT 
G $ ;  
165 GQSUB 3000: PRINT R1;: GOSUB 3000: PRINT W 2 ; :  G O S U B  
3000: PRINT R3;: GOSUB 3000 :  PRINT G$;: GOSUB 3 0 0 0 :  PRINT 
4 ; :  GOSUB 3000: PRINT G $ ; :  G O S U B  3000: PRINT N1;: GOSUB 
3000: PRINT N2; 
166 GOSUB 3 0 0 0 :  PRINT N3; 
167 GQSUB 3000 :  PRINT G$;: G O S U B  3000: PRINT "R";: GOSUB 
3 0 0 0 :  PRINT " 0 " ; :  GOSUB 3000 :  PRINT G $ ; :  G O S U B  3000: PRINT 
1;: GOSUB 3000: PRINT G$;: GOSUB 3000 
175 REM 
1 7 6  REM DATA-LOGGING ROUTINE(1OSS-APPLE) 
177 REM 1. ACCEPT 17 RUN ID'S 
178 REM 
210 GOSUB 1005:A(1) = X 
240 FOR I = 2 TO 17: GOSUB 1000 
250 A(1) = X: NEXT I 
260 BKS = A(10):NC = BKS * 7 6  
2 6 4  REM 
265 REM 2. ACCEPT CHANNEL DATA 
2 6 6  REM 
2 7 0  F O R  I = 1 TO NC: GOSUB 1000  
280  G(1) = X: NEXT I 
290  PRINT D$; "PR#O" 
292  PRINT D$; "IN#O": REM ***END DATALOGGINGSS* 



96 

LSD. S T I  

293 PRINT D $ ;  " P R # 5 " :  PRINT D $ " I N # 5 "  
2 9 4  I N P U T  "g"; M O ,  D W ,  D T ,  HR, MN, SEC 
295 PTtXNT D $ ;  "PR#O": P R I N T  D $ " 1 N # O i 7  
296 B(23) = HI? + (MN + SEC / 60.) / 60. 
3 0 2  K $  U $  + . 9 S T R $  ( A ( 1 ) ) :  R E M  & * * D E F I N E  R U N  I D  
=DATE.RUN# P S f  
303 s - A ( ~ ) : Q R  = S / 100:Qi = I N T  ( Q H )  
30.1 A ( $ )  = ( Q I  + L N T  (10 * ( Q R  - err )  10) * 10 ,. ( (  I N T  
( S  / l o )  - s / 10) * 1 0 )  
305 S = A($) 
3 0 9  REM 
3 0 5  R E M  S T O R E  RAW DATA IN F I L E  
303 R E M  
310 P R I N T  D$; "APPENDp9 : A$ 
320 PRINT D$: "~RRTT'' ; A $  
3 2 1  P H I N T  ri$ 
348 F O R  I = 1 TO 17 
350 PRINT A ( I ) :  N E X T  I 
3 6 0  FOR I = 19 TO 25: PRINT A ( T ) :  NEXT I 
37i) FBI1 I = 1 TO NC 
380 PRINT G(I): N E X T  I 

390 G O S U B  1 5 0 0 :  REM ***PERFORM ONLINE CALCULATIONS*%* 
400 IF J 1  = NR GOT0 4 2 0  
4U5 P R I N T  D $ ;  " P R # 4 " :  P R I N T  CBR$ ( 9 ) ;  "M E'*: P R I N T  

$ 1  i s  

355 PRINT P $ ;  ~ T C L O S E * ~  : $49 

U $ ;  " I N * 4 "  
4 1 0  J1 - J1 + 1: GOTO 2 1 8  
420 PRINT " ? N E #  DATA-FILE7(Y:N)": INPIJT E$ 
430 I F  E $  = "Y" GOTO 60 
460  P H l N T  " ? N E W  EXP. PARAMETERS?(Y:N)": INPUT F$ 
470 I F  F$ = 9'"' G O T 6  '90 
450 BBTNT " ? N E W  RUN PARAMETEHS?(Y:N)": I N P U T  RS 
490  I F  M$ = " Y "  GOTO 130 
5 0 0  E N D  
997 R E M  
998 REM 1096(RRINT)--->APPZE H A N D S H A K E  
993 R E M  
1 8 0 0  PRINT " . ' I ;  

1005 I N P U T  ' t " ; X  
1 0 1 0  R E T U R N  
1500 R E M  
1501 REM REGRESSTON ROUTINE(2ND O R D Z R )  
1 5 0 2  R E M  
1565 R ( 3 )  A ( 3 ) : B ( 4 )  = A ( 8 ) : B ( 5 )  =: A(9):B(5) = A(10):B(7) 
= A(ll):B(8) = A(14):R(16) = A(4):DS 2 6  
1510 N = (BKS - 1) * 9 6  f 6 5 : k B  zz 8:Nl N + 7 
1514 REM 
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1515 R E M  C A L C .  B A S E L I N E  VALUES 
1 5 1 6  REM 
1 5 2 0  F O R  I = N TO N 1  
1530 L S  = G ( 1 )  + L8: NEXT I 
1 5 4 0  L8 = L 8  / 8:PZN = 0:TST = 0 
1550 FOR I = 1 TO B K S  
1 5 6 0  PZN = P2N + G ( 7 6  * ( I  - 1) + 7 4 )  * G(76 * (I - 1) + 
1570 TST I= T S T  -t G ( 7 6  t ( I  - 1) f 73): N E X T  I 
7 5  1 

1580 P2N = P 2 N  / TST 
159Q RA = L 8  / PZN:B(17) = R A  
l6QQ REM 
1 6 0 1  REM : C A L C .  R E G R E S S ' I O N  SUMS 
1 6 0 2  R E M  
1 6 1 0  M = 0:Sl = O : S 2  = O:S3 = O:S4 = O:S5 = O:S6 = O:S7 = 
Q : S 0  = O:CNL! = 0 
1611 L T 8  = 2 8  * S Q R  ( L 8 )  
1 6 2 0  FOR J = 0 TO B K S  - 1 
1 6 3 0  FOR I = 1 TO 7 2  + 8 * ( A ( 1 1 )  - 2 )  
1 6 3 5  K = J * 76 + I:GD = G(K) - L8:WF = G D  * G D  / G(K) 
1 6 3 8  M = M t 1 
1 6 3 9  I F  G(K) < L T 8  GOTO 1 6 7 8  
1640 SO = SO + WF:Sl = S1 + M * WF:SZ = S2 + M * M * WF:S3 
= S 3  + M * M * M t WF:S4 = 5 4  f M * 4 % WF 
1 6 6 0  Y = LOG ( ABS ( G ( K )  - L 8 ) )  
1 6 7 0  S5 = S5 + Y * WF:SS = S 6  + M 1: Y * WF:S7 = S 7  f M * M 
* Y $ W F  
1678 GOTO 1680  
1 6 7 9  C N U  = C N U  + 1 
1 6 8 0  NEXT I: 

- CNU:M SO:B(18) = C N U  

1 7 0 1  REM : C A L C .  REGRESSION C O E F F .  
1702 REM 
1 7 1 0  D = M * S 2  * 54 + S 1  * S 3  * S Z  * 2 - S2 * 3 - S3 * S3 * M - 5 4  2 SP X Sl 
1 7 2 0  E = ( S 5  * S 2  * S 4  4 S l  f 5 3  t S7 + S2 * S 6  * S3 - S 7  f 
S2 f S 2  - S3 * 5 3  * S5 - S 4  * SS 1: S I )  / D 
1 7 3 0  B = ( M  * S6 * 5 4  -t S 5  * S 3  * S2 f S Z  * S1 * S7 - S2 * 
S 6  * S 2  - S 7  * S 3  * M - S4 * S1 * S 5 )  / D 
1 7 4 0  C = ( M  * S2 * S7 + S l  X S 6  * S 2  -t 55 * S1 t S3 - S 2  f 
S Z  % 5 5  - M * S3 t S 6  - S7 * S1 I SI) / D 

1 7 6 0  GAMMA = - B / (2 * S) 1750 E T A  = EXP (E) / L8:B(19) = BTA 

1 7 7 0  PLD = 4 t C / (B * B):B(2D) = PLD 
1 7 8 0  CPD = 1.15663 f 5 * R I  * R I  * ( T  + 273.2) / ( G A M M A  * 
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V i S C  t WL 5 WL):B(21) = C P D  
1 4 9 0  CVlSC = 1 . 1 5 6 6 E  -t- 5 f R I  * R I  8 (T 9. 2 7 3 . 2 )  / ( G A M M A  t 
DP t WL t WL):B(22) = CVISC 
1 7 9 4  R E M  
1'795 R E M  S T O R E  R U N  I B  & CALC.VALUES IN " C "  F I L E  
1496 BEM 
1 8 0 0  PRIKT D $ ;  " A P P E N D " ;  B $  
1 8 1 0  P R I N T  D S ;  " W R I T E "  ; a $  
1 8 2 0  P R I N T  KS: P R I N T  DS 
1825 F O R  I = 3 TO 2 6  
1 8 3 0  PRIKT B ( 1 ) :  N E X T  i 
1 8 4 0  PEINT B $ ;  " C L O S E " ;  B $  
1850 R E T U R N  
2 9 9 4  R E M  
2995 REM APPLE ( c O M M A N D ) - - - . - . - > l O 9 6  HANDSHAKE 
2996 REM 
3000 G K T  X$ 
3011 R E T U R N  
3 9 9 4  REM 
3995  R E M  C O X V E R S I O N  O F  X ( 3 )  TO S E R I A L  D I G I T S ( X l , X Z , X 3 )  
3 9 9 6  R E M  
4000 X 1  2 INT ( X  / 100) 
4002 X2 I N T  ((X - 109 * XI) / 10) 
4003 X 3  = X - 100 * X 1  - 10 t X 2  
4004 R E T U R N  
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