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1. Concepts and Cri ter ia

By 'mixing' we understand spatial intermirrgling of clifferent constituents.
This can be brought about by severar mechaniims: (i) by mechanicalry
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b r e a k i n g a n d s e p a r a t i n g t h e c o n s t i t u e n t s i n s m a l l e r e l e m e n t s a n d t h e n
recombin ing them,( i i )bydeformingtheconst i tuentsus ingshearor tens i le '
stresses, (ii i) by transieriing the element of one constituent to the other

by forced or natural 
"onutJtion, 

and (iv) by molecular djffusion'

In any industr ial  mixing operat ion.one or more of these mechanisms

may prevail at the same tlme, depending upon the physical properties of

the materials involveJ and tie operating conditions. It is of practical

interest to propagate 'mixing' by manipulating the con-a^1lil1s 
:"- ll i:

these mechanisms can be used to our advantage' The purpos€ is to acqutre

a 'homogeneous' mixture' For any quantitalive investigation the word

It o,oog.i"ous' or 'homogeneity' should be properly o:11"^o''-,-

The dictionary meaning of homogentou* i' 'of the same kind" If tbis

were a requirement'' 'oo iti^tu'e 
"in 

be homogeneous' In the technical

world by 'homogeneous' we generally imply "compo.t:d of.jp.urts" which

are all of the same t ioA". If"the scaie of these 'parts' is well defined' there

rvi l l  be no ambiguity in the term homogeneity '  This scale was.termed by

Danckrverts (1953) as'scale of scrut iny' '  ln other words'  the scale of

s c r u t i n y i s t h e m i n i m u m s i z e c o n s i d e r e d f o r a n y a n a l y s i s ' T l r e a n a l y s i s o f
segregated regions on this scaie should lead one to conclude that the mixture

i s h e t e r o g e n e o u s ( n o t o | t h e s a m e k i n d ) . T h e s c a l e o f s c r u t i n y v e r y m u c h
depends upon the iu'po'" for which the 'mixture' is to be used' For

example, in the 
""," 

of toilet soap (rvhich is' amongst many things' a

mixture of a pigment and soap) the scale of scrutiny depends upon the

resolving power of the eye' It may correspond to the- prod.uct used' For

the drugs in tablet torm' i t  is the weight of one tablet '  For a detergent

mix i t  is the u'eight put into rhe washing machine'  In.Jhe.case of com-

pounde.J rubber, it is thc t.olunre o,'.l. 
.-*hi.h 

the inclividual grain of

a d d i t i r c  c a n  b c  a c t i v c '
Thus, the scale of scrut iny considers the scale at which the homo-

geneity should be scrutinized' tlo-t?utl' it does not give any quantitative

criterion tor ,tromog"n.iry'. statistical nleasures' such as experimentally

estintated standardieviaiioT S or variance 52 are defined as

s ' :  -  
l -  

, \ ' , a ,  -  C , , )2
. l V s  -  L  i : l

( 1 . 1 )

Flere the mean C,,, can be estimated' The coefficient of variancc C" defined

AS

(1 .2 )S  x  1 0 0
L r :  

- -7;-
9tn

I

.a

,:l

can be used as a measure of mixabil ity' Howevei: ' these measures suffer

from the disadvantage of not being referred to any general standard refer-

e n c e . T h e m o r e e l a b o r a t e a p p r o a c h e s u s e c l t o c l e s c r i b e t h e . d e g r e e ' o r
'goodness' of mixing are diviied into three parts for 

.11-^.t1Y "t 
conve-

nience: (a) smatl-scut" **g'"gu'ion' (b) large-sca1e segregation (random)'

and (c) large-sca1e segregation (systeniattcl 'I
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l. l Small-Scale Segregation

In this case, Danckwerts (1953) proposed two quantities to descrjbe amixture' These are (i) scale or'r.gr.gutio'n, and 1ii) intensity of segregation.

1.1.1 Scarr or SrcRecerloN

Scare of segregat ion simpry means the dinrension that character izes thesize of the crumps o[ an unmixed component in the mixture. For amixture of two conrponents with the n.,.un 
"on.rntration (vorunre orweight fract ions) C^and, 

! t .  
* .a1,.) l  the,point,  values of the concentrat ionwi' be ci and' 1 - cii the 'point' here is the scare of scrutiny. If the con-centrations measured at tlvo points which are at a distance r apart areCe and C,, a coefficient of correlation can be defined as

( 1 . 3 )
At r  :  0 '  R(r) :  r '  wi thin a segregated clunrp, f i ( r)  wirr  recruce f iom 1 to0'  wrrcn one of the poinrs is outsidc the crump, ,urr .r"  i ; ; ' ; ; ; "  concer-trat io.  is c, , ,  f t0 ' )  rv i t  be ze ro. This,  of  course, is the ideal case. For smal l_scale segregat ion i t  is assu'red that beyond the segregaled zone concentra-tions do not fluctuate ve ry much around the mean. In other words, aftera finite val ue of r, there are minor fluctuations 1in "oropu.iroo.rio ,h" ,puou to r)  in R(r)  around zero and as/->co, R(r)-rb. Fo, large-scalesegregat ion, howe'er,  R(r)  rv i i l  f luctuate between * l- l  and --r .  A typicarcorrelogram for small_scale segregation is shown in Fig. i.

Fig. I A correlogrant for small-scale segregation

Dancklerts defined a scale of segregation on a l inear
a volume scale (Z ' )  as fo l lows:-  

-

J ' : R(r) dr

scale , ' ' .9') and

( 1 . 4 )

( 1 , 5 )

decreases rapidly for r  I  f

I;
' f a

v' : 2; I rzR1r1 ctr
J o

the area under the curve

I

t
I

Contr ibut ion to

.1

I

I
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and consequently the l imit of tntegral can be taken at a finite f. The

-ugnltua. of S; a,,d V' wil l vary in the same sense as the size of the

;ff i;, which by irselt is not always possible to define in a random

p.o" . r r .  For  th is  reason i t  is  convenient  to  use them as unambiguous

r.urur", of scale of segregation' even though their significance is not

easi ly  v isual ized.  Danckwerts has a lso d iscussed the methods to measure

S' and I/ ' , which mainly constitute measurements of the 'point-values' or

the contents in the l ine sample or in a volume sample (volume being more

than a point and much smaller than the total bulk volume)'

1.1.2 INrtuslrY op Sncnpca'rtox

The intensity of segregation can be defined as,

*2
| - ---:-' -  c^ ( l - c^ )

where o2 is the expected population variance. consider a s1;31st' l of two

miscible l iquids. Init iallS;, when they' are separated into two zones with

point concentrations either I or 0, 1is ecluirl to 1' Finally' when the con-

ientration becomes uniform throughout at a value of C,,,, l  becomes zero'

i i ,, I gradually reduces from 1 to 0. The fractional decay of 1 for mis-

c ib le  l i qu ids  i s  g i ven  bY :

( 1 . 7 )

It can be further argued that for rapid reduction in /, either the lrrolecular

d i f fus ib i l i ty  should be very h igh or  there must  be constant  f la t tening '

eLongat ion-or  subdiv is ion of  the c lumps so that  l t igh concentrat ion gradi -

ents are a l rva i 's  present  at  the boundar ies,  T l - re methods used to obta in

the scale of  segregalLon enable one to calculate 1,  as long as o2 can be

est inra led rv i th  sufhc ient  conf idence- Al ternat ive ly ,  as suggested by

Danqkrverts, an in[initely rapid reaction can be used fbr such nleasure-

men ts .
Zrvietering (1959) extended the concepts proposed by Danckrverts for

cont inuous mix ing.  These are d iscussed in Sec '  4 '

1.2 Large-Scale Segregation (Random)

when mix ing t |o  immiscib le l iqu ids or  d ispers ing p igments in  v iscous

mater ia ls  or  mix ing porvders or  pastes,  the segregat ion is  on a large scale.

This is  qui te common when molecular  d i f lus ion becomes a very s lorv

process.  The point -values of  concentrat ion are e i ther  I  or  0.  Funct ion

h1r;  nonn f luctuates wi th in t1"  The measures of  mix ing in  th is  case are

provided main ly  by the work done in the area of  powder mix ing '

s ince a l I  t l iese approaches assune cornplete randort lness,  we assl t lne a

brriomial distribution when a two-colnponent system is considered'

(1 .6 )

_+(H): ._6Elo+{,1,:,
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Tire probabi l i ty distr ibut ion in this case is given by:

Pt(C) : - C,,)*-*'(1.)".",'
where x is  the 'umber of  par t ic les i r r  a  sar 'p le and n"  is  the number of

particles of the. component whose concentration or volume-fraction &

we denote a.s c. C,,, is the population average of c, which is known in
nany cases. P6(C) denotes the probabil ity that x" particlcs (of the kind
whose concentrat ion is  c)  are in  a sampre of  x  par t ic les and

/ x \  x !
(" . /  :  i lG x.r t  ( l 'e)

The population mean is Cn, and the population variance o2 is (C _(I _ C,,) I x),
when lacto is  such as s ize d is t r ib ' t ion of  the par t ic les uno" ' i t "  densi ty
differences are considered the variance assunes different form (Lacey,
1957;  val lent in ,  1967).  Before the const i tuents are ranclomly d is t r ibuted,
i.e., when there are two sepafate zones of the two consti iuents the
population yariance can be obtained as C,,,(l _ C,,,). Various methods have
been described in l iterature where the experimentally obtained variance s2
is  compared wi th o l  and,ofr , to  g ive an empir ica l  mix ing index.  A typ ical
form can be seen in the index proposed by Lacey (1957).

M': l -q:  I
0 6 - 6 ;

To ease t i re  process of  evaluat ion,  the b inomial  d is t r ibut ion may be
approximated by normal  d is t r ibut ion under some condi t ions (Hald,  1952),
The mixture under evaluat ion is  postu lated to be random; rvhether  the
sample s ize and the number of  samples are appropr iate wi th the hypothesis
of randomness can be verif iet by conrparing the estirnated rnean and
variance rvith c,,, and 12 using /-test or x2-test (see lv{ohr (1959) for urore
deta i ls) .  The coe{ ic ient  of  var iancc for  the populat ion is

c,:r ' , | i :  l l_=,,,L ,  r y  i q ; -  ( l ' 1 1 )

This is the parameter which character izes the intensity of segregatrorr.
For a fixed sample size (from the scale of scrutiny) ancl reasonably large

number of samples (to cover the bul k), the test ofl randomness or the popula-
t ion coeff ic ient of  var iance determines the degree of mixing. converselS.,
for a f ixed var iance, Busl ik (1973) suggests the sanple size as the mixing
index. I f  the weight of the part ic les is constant then the weight of the
sample is direct ly proport ional to the number of part ic les. on the basis of
the weight of the sample Busl ik (1973) suggesrs a homogeneity index. This
index seems to be useful  especial ly for immiscible I iquids, where there ere
no disintegrated part ic les, Hon'ever,  determinat ion of Busl ik,s index ir  a
practical case is likely to be a laborious procedure. For the mixins of

( 1 . 8 )

(  r .10)
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l iquid or paste, a suitable approach is to carry out €xperimerlts for

diifcrent sample sizes within a iange predetermined by the scale of scrutiny

*nA,5"n p.rior. the tests for randomness' While using this method for

l iquids and pastes some ambiguity is created by the fact that one does nct

, .o l ty  huu.  iar t ic les.  The best  way wi l l  be to assutne a f ic t i t ious value for

x,  bear ing in  mind that  the h igher  the value of  x ,  mcre c losely is  one

looking *ithin the sample and that the expected coeflicient wil i have a

iower value.
Although thc methods described above provide a meastlle for intensi.iy

cf  segregi t io ' ,  thev do not  g ive any idea abor i t  the scale of  segregat ion.

In t l i is  , . rp. r t  the ' re thod iescr ibed by Kr is tensen (1973) which considels

the variance within the sample, aloug with the variance between the

sanrple,  rv i l l  be usefu l  .

The above ideas have been quant i ta t ive ly  ut i i ized in  the mix ing of

pastes by N{ ichaels and Puzinankas (1954),  Ear le (1959) and Hal i  and

Gocl f . , .ey (1965),  among other-s.  For  instance,  I {a l l  and Godf |e} ' take x as

t lc  :q i rare of  ihe gr ic l  d in iensio*  for  an area sarnple,  Olre f requentLy f inds

coni l - rs ion in  l i terature whi le  us iL ig s tat is t ica l  concepts for  the in ierpreta-

t ion of  i l r ix ing data and the foregoing d iscussion should be helpfLr l  in

avo id ing  s t r ch  con fus iou '

1.3 Large-scale Scgregation (Systemrtic)

1n th is  case,  the scale of  scgregat ion can be v isual ly  observecl  and

ineasured.  In  vefy v iscous l iqu ic ls  rn ix ing occt l rs  e i ther  due to shear or

te nr : i le  deformat ions ( laminar  rn ix ing) ;of  hreoal lse of  the st reaml ine d iv is ion

ant l  rec l is t r ibut ion (d is t r ibut ive mix ing) '

l i  the concentrat rot l  a t  any point  in  the n l i r ture (oI  n l i rc i )  is  nreast t ret l '

a  p lot  s iu i i lar  to  the one shown in F ig.  2(a)  or  2(b)  $ ' i l l  e tppeaf  '  The tapr- ' r

in  I j ig .  , r - (b)  is  due 1o molecular  Ci f fLrs ion,  rvh ich a l thorrg l r  pre-setr t '  is

negl ig lbty  s i i - , , i11.  The scale of  segregat ion can i :as i ly  be c lef ined in th is  c lse,

ns l t io i t ibe thr  s ize of  thc-  c lusters i ' . , ,  / ' " , .  e tc .  Since i t  rv i l l  not  a l rvays be

constant ,  a  representat ivc value can be def incd and uscd as an index"

The intensi ty  of  segrcgat ion is  uorv de f ined as (Mohr,  1959)

, :5r1 ( r , r2)

AlthoLrgh the polpulat ion mean C, , ,  is  known, the populat ion var iance is

not  knolvn,  and thus there is  no equivalent  of  expected in tensi ty  of

segr .egat ion (as in  a randont  mixturc) .  The intensi t -v  wi l l  be depenclent  on

uuir.,pi" size, rvhich should be cletertri 'ed by the scale of scrutiny. It is

obvioLrs that  the sanrple volume should be tnore t l ran ( r r ,  
" , r )3 

lbr  a correct

represcntat ion of  the in tensi ty  of  segregat ion of  t l te  mixture '

For  a bet ter  understanci ing of  n l ix ing in  th is  categ. t ry  the ' l i r t l ' r  i i tar

mixing, arid tire ,i l isrributive mixing' should be exantined in sonte detail,
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Fig.2 Largc scale scgregat ion (s] 's temat ic)  in the absence of
(F i - l : .  2a )  and  j n  t he  p resence  o f  (F i g .  2b j  mo lecuh r
d  i l i u s i o n

1,4 Laminar Mixing

The average striation thickness (scale of segregation) can be computed
from the ratio of the interfaciirl surface area betwcen the components and
the total  yolume of the system (N,Iohr,  1959).

(  1 .  l 3 )

/ \

t\

2 V
" A ;

it

This expression is a result  of  pictur ing the mater ial  as being deformcd by
mixing process into roughly plane paral lel  sheets. The anaiysisof Spencer
and Wiley (1951) lbr undirectiorLal sliear (sirnpie shear. flr.iw betrveen tivo
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infinite parallel plates) leads to the following equation for the changes in
the interfacial areas.

( * " ) ' :

where 11 and A1o are the final and
veiocity; the gradient of rvhich is in
the direction x2, cos d1 ond cos w2
are the direction cosines of the
normal to the original surface with
respect to x1 and #2, respectively'.
The above equation points clearly
towards important factors in the
Iaminar mixing problem, for
instance, the importance of the
orientation of the original surface
between the trvo species. It is obvious
that cos o1 should be finite for the
deformations to change the inter-
facial area or to reduce the striation
th ickness (see Fig.  3) .

Bergen (1959) describes a two-

&raos. !/1 is the

dimensional  p ic ture of  the ohanges
in st r ia t ion th ickness for  a couet te f low between t lo  concentr ic  cy l inders
(see Fig.  4) .  I f  one descr ibes the f forv in  cy l indr ica l  coordinates then the

/\t. I

Fig. 4 Laminar shear mixing in con.:entric c5'hndel ststems

t )  c o s 2  a 1  ( 1 . 1 4 )(#,"
rfacial

, - r(#,x r) cos&1  COS &2  f

in i t ia l  in te

' ..: 4,, :,'l't tt/Z' :122 - 2' -t : Z :':2'

H A t t , t ) ? . i : u
H
b l r

- = f l
t . ' -  8  r '

l t  r g
t"-.::.-:.7....:.:-./.a:,.:a.7:-,-,,7a7.-?:-717

- . -,,,' :-''' /', "2,212 
t-:" ̂ -:1" -:

Fig. 3 Inf luence of orientat ion in laminar
shear  mix ing

1n:
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shear rate can be written as

i,: -rdtv'l) : f,(,OoO,)
and if the inner cylinder is rotating rvith an angular velocity J?, t lren

,,:ryi -{*L.t (r.r5),  *  
12 \rCi _ ni /

At any radial  posi t ion, rve have
,  \ '
{ ' - l  :  cosec2g :  I  *  cot2 p :
\ , ' "  /

,  + (, f ,) '  (r '16)

Furtlrermore, when , lr ,
For a steady f low (s i r lce

time At, one obtains

r^.  d0
l .  j " :  r  - ; '' rs dr

i  < ices  no t  change w i th  0  o r  t )  in  an  in te rva l  o f

r ,  t r ' l R , ) z

;  
' # r11r  -  1R ' /R2)21

or consider ing t l ta t  AUi  :  2rN,o we obta in in  tern ls  of

revolutiotts

r s  l , ' l R r ) '  , ,  t t
; :  

t 4 " - , u ;  ( r  -  (R ' i  R2 )21

/- :  _  i i ( r1R^, , ) t " '  
, ,  _  (Rr / / t r )2)

/ s o  * T ! \ r

(  1  . 1 7 )

the nuniber of

(  r .  l 8 )

Thus  the  m in imu tn  changes  occu r  a t  r :  R r  and  max in rum a t  r :  R2 '

Simple calcr- r la t ion can be done to sholv that  the t ime requi red to obta in

the maxirnunr  s t r ia t ion th ickness to be much less than the scale of  sc|u1inr ' .

The above re lat ions holc l  for  t t  Nervtonian f lu id,  and i t  is  easy to shorv

that  f t r r  a  non-Neivtonien power larv { lu id,

( l . L e )

I t  is  seen that  rv i th  increased psei ido-p last ic i ty  36tu.  mix i r rg becontes n lore

d i l l i cu l t .
Sonre calculat i { lns o l  the changes in the st r ia t ion th ickness have been

made byshrenk,  et  a l .  (1963,  1969).  They have c l iscussed speci f ica l ly  the

f low through au annular  channel  rv i th  rotat ing wal ls  under the cont l i t ions

o f  an  ax ia l  p ressu rc  f k rw .  l n  ano the r  wo rk ,  f l ow  i n  t he  re r ta t i r r g  t L rbc  i s

considered.  On the basis  o[  s imple calculat ions for  the l lorv of  v iscot ts

Newtonian l iqu ids they obta ined the d is t r ibut ion of  s t r ia t ions aI  a

pa r t i cu la r  ax ia l  l e l g th  i n  r -0 ' p l ane .  The i r  ana l ys i s  cons idc rs  t he

t lending of  t lo  \ ' iscous Nervtonian l iqu ids at  lorv Reynolds numbers and

shorvs a good agreentent  for  the nt ix ing of  b lack (carbon b lack)  and whr le

(TiO2) p igmented polystyrene.  Mohr,  et  a l '  (1957) have extended the basic

"on. .p i ,  
o f  Iaminar  shear mix ing to obta in the d is t r ibut ion of  s t r ia t ions

for  a, i  ext ru i ler .  They expla in the ef fect  of  geomelr ica l  var iables on the

r 'nr tx imum str ia t ion th ic l iness.  The totat  a lnount  of  shear received bv u ' t

eleinent was obtained as the suin of the product of the shear rate and
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residence time for each part in the flow path, The hydrodynamics used
was approximate and was valid only for Newtonian liquids. Recent studies
in hydrodynamics of extrusion for Newtonian (McKelvey, 1959) and non-
Nervtonian liquids (Bigg and Middleman, 1974) are more close to reality.
However, the laminar shear mixing concepts have not yet been used to
study and interpret the mixing phenomena. Furthermore, only non-
directional flows have been considered. The direct extension for more
complicated hydrodynamic situations is likely to be tedious. Chavan, et al.
(1975a) have used these concepts to explain the rnixing time (defined later)
results for a helical screw mixer in a draught tube. N{ohr, et al. have
proposed an equation for laminar shear mixing of two liquids rvith
different viscosity. The changes in the striation thickness are described by
an equation

( r .20)

where Ml  is  the net  amount  of  shear ing st ra in in  the major  component ,  I r1
is the viscosity of the major component and p,2 is the viscosity of the minor
component. Note that the changes in the striation thickness rvithin the
minor  component  (same v iscosi ty  pr .2 throughout)  in  terms o l  the shear ing
stra in in  the rnajor  component  are predicted.  Fur thermore,  non.d i rect ional
st rat i f ied f lorv of  two intmisc ib le l iqu ids is  considered.  There is  apparent ly
a need for  the solut ion of  f lu id dSrnarnic  problcms involv ing the f low of
t rvo or  more immiscib le phases.

Murakami et  a l .  (1972) showed exper imenta l ly  (on : !  coue and p late
v iscometer)  that  one can d iscard cornplete ly  Mohr 's  equat ior . r  1 'or  b lend-
ing.  They observed that  the st r ia t ion th ickness of  thc minor  coi l lponent
(v iscosi ty  p2)  does not  change ntuch wi th t i re  r , iscosi t5 ' rat io  (0.6.<-  p2lpt1
< 3 i .  This  is  va l idonlS,  1y1. t "n the r r r inor  compol terr t  is  p laced perpendi-
cular  to  the d i rect ion of  f low and when i t  is  sheared for  a l i ru i tec l  t in te.  In
pr inc ip le,  once the in i t ia l  posi t ion of  the minor  contponent  is  r : l ranged i t
wi l l  t ry  to  or ient  i tse l f  and deform so that  eq ' . ra l i ty  oI  s t resses aud velo-
c i t ies is  sat is f ied at  the in ter faces-

So far  changes in s t r ia t ions only due to s t ress deformat ion havc been
discussed.  In f lowing rnedia,  tensi le  defornrat ions a lso prevai l .  These are
brought about by changes in the velocities in the direction of f lorv due tcr

gradients such as ! ,  *  anA l t !  Mohr (1959) per fornrecl  an anal l ,s is" ('X I uIz d.f t

for  the calculat ion of  changes in in ter fac ia l  area under such c i rcurnstances:

COS &l  ,  COS rv2  ,  COS &3

,Yt ' X, ' Xt
(  r . 21 )

where Xr ,  Xz and f3 are re lat ive changes in d i rect ion . r r ,  . r2  and.x3.  l - lo
deta i led calc t r la t ions on an actual  l lorv problen have been done so far
t rnd they are c lear ly  desi rable.

' r : 3 Y 2
r " o  M t P t

(* ,) '
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1.5 Distributive Mixing

When shear and tensile deformations are small, mixing occurs due to

the d iv is ion of  s t ream l ines and redis t r ibut ion.  Shearer  (1973) analysed

the changes in the striation thickness in the plane perpendicular to the

flow for (a) an assembly of rotating blades, (b) a stacked array of helically

fl ighted ducts, (c) an assembly of planetary rollers. I-iere, the author is

p*U^t ty justit ied iri assuming a plug flow, since the changes in the stria-

i ion thickness in the plane perpendrcular to the flow (r-0' plane) are uttder

consideration, whereas the main shear gradient exists in other plane

(.r-z plane). The tensile deformaticns can be neglected, if the rate of

"t 
uog" of velocities in the direction of f lorv is negligible. Thus the

approach of .distributive mixing' can be used. The method used is as

fotiows: knorving the init ial striation thickness and following the flow

(while keeping proper count of the number of subdivisiols and the result-

ing redis t i lULr t ion)  one is  able to obta in a s imple re lat ion for  the f ina l

s t r ia t ion th ickness and the number of  t imes the mater ia l  has been sub-

div ided and redis t r ibuted.  The hydrodypamics assutnes importancc i r t  an

indi rect  way,  i .e . ,  in  obta in ing the average res idence t ime.

Spencer a ld Wi ley (1956) have proposed a method where compression

and d is t r ibut ion cao be considered together .  This  is  usefu l  especia l ly  in

studying the b lending on a ro l ler  mixer .

The recent  rvork of  Bigg (1975) on mix ing in  polymer f lorv systems is  of

consic lerable in terest .  His s tudy shows that  res idence t ime c l is t r ibut ion

curves (see sec.  4.1.3)  g ive in format ion on the d is t r ibut ion o l 'mater ia l

along the primary'f loiv direction, I lolvever, they do not provide informa-

t ion on mix ing in  the t ransverse f low di rect ion for  laminar  11ow systems.

For rnost pol,rrmer processing applications, mixing i lr tfansverse directiot.t

is  very important ,  B igg corrs iders a t runiber  of  cases,  such as mix ing in

screrv extruders,  mix ing in  rotat ing cy l inders and sta ' r ic  t t t ixets,  and shov ' 's

that  the st r ia t ion t l t ickness and st ra in are c losely re lated.  From theshapes

of  the curves re lat ing st r ia t ion th ickness wi th s t ra in i t  is  c lear  that  mixer

design is  an impcr tant  factor  in  e l i ic ient ly  ut i l iz ing st ra in to opt in t ize

n i x i ng .

2 .  Means  o f  M ix ing

For ef f i .s ient  mix ing,  proper condi t ions wi l l  have to be created and

mainta ined so thet  mrchanisms descr ibed in sec.  I  could prevai l .  The

select ion of  a mixer  is  obviously  dependent  upon the speci f ic  case under

consic lerat ion.  A f requent ly  used select ion guide is  g iven by Ho and

Krvong (1973). lt is evident from this that the choice of agitator is largely

gou.rn. i  by the l iqu id v iscosi ty  and to a lesser  extent  by the mix ing tank

i ize.  The guic le is  so lnevrhat  l imi ted in  appl icat ion s ince some var iat ion in

the t les ign and operat i i ' rg  var iables can shi f t  the select ion procedure consl -

derably. In adrlitron, ot course. probleuis of construction, endurarice of
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equipment, etc,, come in; a useful discussion of these aspects is given by
Uhl and Gray (1966). It is also conceivable that a multitude of modi-
fications to the impeller design are possible, addition of each of rvhich
would mean that  we may have to s tudy an in f in i te  number of  ind iv idual
problems.  For tunate ly ,  th is  is  not  the case and a l l  the mixers can be
broadly subdiv ided on the basis  of  thei r  shape and act ion;  a usefu l  in-
format ion can be found in Uhl  and Gray (1966).  The stat ic  mixers which
are used in p ipes have been descr ibed by Chen (19i3) .

Different mixers act by prodLicing different f low patterns. A detailed
knorv ledge of  the hydrodynarnics in  a mix ing.  vessel  wi l l  be most  uselu l
iu  notonly analys ing the mixer  per formance but  a lso in  scal ing up.  An
a pr ior i  knowledge of  hydrodynamics appears to be a lmost  impossib le in
v iew o[  the presence of  a complex t ime-dependent  three-dimensional
laminar  or  turbulent  f low.  Deta i led exper imenta l  measurements of  ve loc i ty
d is t r ibut ion in  the st i r red vessel  is  an obvious answer;  but  in  v iew of  the
number of  var iables involved,  th is  becomes too expensive and t ime-consum-
ing.  [ ror tunate ly ,  an a l ternat ive can be found in which sorne gross in tegra l
quanl i t ies can be more easi ly  measured.  These g ive usefu l  in format ion con-
cern ing the hydlodynanr ics in  the mix ing vessel .  In  what  fo l lows u,e shal l
d i scuss  i n  son re  de ta i l  t he  de f i n i t i ons ,  measu remen l  t echn iques  and  u t i l i t y
of  these quant i t ies.  Thei r  re lat ion to actual  hydrodynamics v, , i l l  be d is-
cussed in a subsequent  sect ion.  We shal l  consider  thc process of  batch
mix ing and cont inuous rLr ix ing separate ly .

3 .  B a t c h  M i x i n g

In balch rn ix ing exper iments usual ly  the nreasurements of  the fo l lov l ing
a re  made :

l .  F low pat terns and veloc i tS '  d is t r ibut ion
2.  Overal l  d ischarge ratcs.  c i rcu lat ion capaci t ies and c i rcu lat ion t imes
3.  Porver  consunrpt iorr
4.  Mix ing t imes

In what  fo l lows,  rve shal l  descr ibe the nreasurement  techniques used for
each purpose rather  br ie fJy and then e laborate on the avai lable in forrua-
t ion obta ined wi th v iscous Newtonian and non-Newtonian f lu ids.  I t
should be emphasized here that  a great  deal  of  in format ion deal ing wi th
the above aspects ex is ts  in  l i terature par l icu lar ly  in  re lat ion to the turuu-
lent region florv of low-viscosity Newtonian fluids, but due to lack of
space this rvil l  not be reviewed here; only pertinent references wil l be
pointed out.

3,1 Flow Patterns anil Velocity Distribution

The knowledge of  f low pat terns and veloc i ty  d is t r ibut ion is  helpfu l  in
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understanding the mixer performance and in building up realistic physical
models.  Fur thermore,  i t  he lps in  l ink ing i t  up wi th the other  in tegra l
quant i t ies such as c i rcu lat ion capaci t ies,  c i rcu lat ion t imes,  power con-
sumpt ion,  mix ing t ime,  etc .  A gross observat ion on f low pat terns
(obtained, for example, by injecting a dye tracer) gives an idea about the
overal I  mot ion in  the vessel ,  points out  the dead zones,  etc .  The deta i led
observat ions on veloc i ty  d is t r ibut ion,  however,  are the more important
ones,  s ince they help in  the est imat ion of  ve loc i t ies,  ve loc i ty  gradients,
tota l  s t ra ins,  etc . ,  in  d i f ferent  par ts  o[ the vessel .

3.1.1 MsasuRnlrsNr TecHrqreues

There are several measurement techniques which can be used,. In the
follolving, we shall review very briefly some of them; in each case point-
ing out  thei r  l in i ta t ions in  rc lat ion to the h igh v iscosi ty  Newtonian and
non-Nswtonian i iquids u,it ir rvhich we are concerned here.

(l) Particle tc<.hnique: In this case a neutrally buoyant particle of,
say,  polycthy lene or  pol5 's tyrene is  suspcnded in the l iqu id in  the
vessel  and movement of  the f lu id is  t racked by a camera.  By us ing
appropr iate measurement  procedure (see,  e.g. ,  Kelkar ,  et  o l . , lg73;
Peters and smi th,  1967) a three-dimensional  'e loc i ty  d is t r ibut ion
can be obtained. The particle migration eflects (which are parti-
cuiarl l, complex in viscoelastic non-Ne.,vtonian fluids) should be
taken care of; absence of such effects could be, for instnnce,
ensured by Iooking for  c iosed c i rcu lat ion loops.  A st reak photo-
graphy method (e.g.  Seyer and Mctzner ,  1969) is  essent ia l ly  s imi lar
and a suspension of  rn icr .bubbles of  a i r  is  what  is  used in th is
lechnique.  Somet in ' res a c loud of  l ine par t ic les of  a lumirr ium or
n.phthale 'e  (or  other  mater ia l  capablc of  ref lect ing l ight)  is  used.
A  th in  f l a t  hea 'o f  b r i gh t  co l l ima ted  l i gh t  i s  passed  i n to  t hc
t ransparent  l iqu id and a t ivo-d inrensional  ve loc i ty  d is t r ibut ion is
ob ta ined .

( i t )  P i tot  tube,  This c lass ical  technique should be used rv i th  great
care wi th v iscoelast ic  non-Nervtonian f lu ids.  Any stagnat ion point
veloc i ty  or  pressure measurenrent  can g ive spur ious lesul ts  (sec e,g.
Metzner  and Astar i ta ,  1967) due to the abnormal  k inernat ic
conditions w'hich the viscoelastic f luids develop under conditions
of rapidli '  cirang ing deformarions.

(.i i i) Hot-t+'ire ane,nometer: The principle of this technique is again
wel l -establ ished,  but  rvhen used wi th v iscoelast ic  non-Nervtonian
f l r " r ids th is  can g ive some problems.  Indeed,  the studies of  James
and Aco: ta (1970) showed tha, t  the heat  t ransfer  rate f rom a
c,v l indcr  immersed in a v iscoelast ic  f lu id becomes independent  oI
the f ree st ream velcc i ty  af ter  a cer t l in  cr i t ica l  ve loc i ty  is  reachecl .
u l tnren and l )enn (1970) have analysed th is  problen and sho*,n
th is  t .  be consistent  r .v i th  the presence . f  a  shear wave veloc i ty ,

I
l

I
{

I
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with which the in format ion is  t ransported in  e last ic  f lu ids.
(iv\ Laser-Dopler method: This method, which involves the measure-

ment of Dopler shift of a thin laser beam is perhaps the best to
use since the flow field is left undisturbed rhus avoiding any
anomalons effects. In recent years, there has been an increasing
trend to use th is  nethod in the study of  ve loc i ty  d is t r ibut jon in
non-Newtonian f lu ids 1e.g. ,  Rudd,  t97l ) .

3,2 FIon Patterns and Veloci(y Distribu(ion in
Viscous Newtonian Flu ids

The study of f lorv patterns for various types of inrpellers has been
extensively  repor ted (Gray,  1966).  At  lorv Reynolds numbers,  a turb ine
agi tated vessel  essent ia l ly  produces a tangent ia l  mot ion.  At  h igh Reynolds
nunrbers,  the secondary c i rcu lat ion begins due to the centr i fugal  forces.
The f lu id is  thrown away radia l l l ,  and by reasons of  cont inui ty ,  i t  is
b rough t  i n  ax ia l l y ,

I n  t he  case  o f  p rope l l c r s  and  p i r ched  b lade  tu rb ines ,  t i r c re  i s  p r imar i l y
an ax ia l  rnot ion a long rv i th  the tangent ia l  c i r .cu lat ion.  At  h iuher  Rc1,nok1s
numbers,  however,  radia l  nrot ion begins and stagnant  pockets are fornrecl
in  thc i rot tom corner  of  the vessel  ( for  dow,nrvard pr . rnrp ing or  the impe lJer) .
of ten baf f les are used rv i th  these impel lers to supi ) ress l l ie  vor t ices ( to
reduce f  he tangent ia l  mot ion)  and to promote the ax ia l  and radia l  n ;ot ion.

In the case of  paddles and anchors the pr imary mot ion is  tangent ia l .
Thc radia l  and axia l  r , ' ro t ion develops at  h igher  rot .at ion;r i  speecls.  TJre
Re1'nolds nurnbers at  v"h ich appreciable radia l  and axia l  nrot ion de veiops
are rnuch h igher  for  anchors than thosc for  paddles ancl  turbrnes;  the
close c learance betrveen the impel ler  ; rnd the vesscl  is  apparent ly
responsib le for  th is .  The secondary mot ion in  the case of  anchors ( in  t l rc
vcr t ica l  p lane,  i .e . ,  in  the p lane perpendicular  to  the i rnpel ler  p la i re)  is
shorvn in  F ig.  5 (Beckner and smi th,  1966).  As the Rei 'nords uumber is

/ ) 2 \ t ^  \
i nc reased  ( " - : : !  >  l 0 )a  \ o r rex  i s  dcve loped  be l r i ' d  t he  b l . r de .  r \ r  h i ghc r\ r '  I
Reyno lds  numbers  a  tw in  vo r tex  i s  f o rmcd  ( ' l ' 1 l e ,  I 0 ( , ) . 1 ' l r e  dec .ease  i r r

\ p  I
the clearance causes these vortices to be formed at lorver Reynolds
numbers. A detailed investigation of these vortices and also of the l.ertical
secondary motion has been performed by peters and Smith 0969).

In the case of  hei ica l  impel lers ( r ibbon,  screws,  or  cornL. ined r ibbon-
screw) the axial f lorv is the primary flolv. The situation is thus srmrlar to
that in the case of propeller or pitched blade turbine rrl ixer-s; although the
f low pat terns are somewhat  more complex.  Nagata et  a l .  (1957) f i rs t
descr ibed the pr imary c i rcu lat ion in  a r ibbon agi tated vessel .  F ig.  6 shows
a typicaI  pat t€rn for  a r ibbon pur lp ing upwarc l .  Thc l iqu i t l  near  rhc
in-rpel ler  f lows upwards i rvh i ls t  s i rnul taneousty rotat ing) ,  inwards a lonq the
lree surf'ace, and clolvnwards near the shaft and rail iallr, outrvards near the
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SecondarY*
circulation

l i ( ' ' 2

base.  Os'h ima and Yuge

(b )

!- ig 5. Secondary circulat ion in an ancbor agitated tank: (a) overal l

circulat ion, (b) f low near the blade (after Beckner and Smith'

t966)

m-
ffirr

Rc.-5ff

(1970) ment ion that  the d iameter  of  the core of

the l iqu id coming downlvards was

Fig. 6 PrimarY circulat ion in a
nbbon ag i ta ted  vesse l
(Nagata  e t  a l . ,  1957)

about 1.5 tintes greater than the shaft

d iamcter ;  th is  factor  must  obviously  be

depending on geonletry. At higher

Re1'nolds nunrbers (R" > 20) secondaly

tloq's rvere noted by' these authors. For

r ibbons pumping upwards i t  lvas observed

(Bourne and But ler ,  1969) that  the l iqu id

from the bottom travels back to the

bottom through a short path without

going to the sur face.  For  r ibbon pumping

dorvnwar<Js the primary flow is exactly

opposite and a secondary florv exists at

the surface. When 1he screw impeliers

are used a long wi th a draught  tube a

primary circulation occurs inside the

draught tube (l ike the one near the ribbon

impeller). The fluid flows downrvards in

the draught tube with a simultaneous

tangent ia l  mot ion ( for  a screw pumping

downwards) and travels uprvards in the

annular space more or less parallel to
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the vessel wall with very small angular velocities and goes back to the

;;;r;;; ;";e. No ou"iuutions on 
-secondarv 

flows have been made as

yet. The primary flow wus found to exist ior a considerable range of

Reynolds numbers 1up to n" - 2.90)' The flows will somewhat depend

;;; ih" gap betweJn the impellei and the draught tube' The screw

without the draught tube behaves similar to the propellers' A.s.in thecase

of propellers' screws are used in an 
"eccentric 

fashion' This helps in

a"tipitig ine ,ecoodary motion and in increasing the primary flow'

At high speeds 1or at higher Froude numbers) a vortex is formed on the

liquid surface. Its o""u""i"t depends very much upon the geometry' For

turbines it occurs at Re- 300 (Uhl and Gray' 1966)' For a ribbon

pumping upwards or a screw pumping downwards it occurs much earlier

than that fbr an uo"loii*p"it", (r't-0.01). Baffies are generally used

to damp these vorttes' tn the case of turbine and propeller this will

obviously depend upon the distance between the impeller and the liquid

surface.

3 .3F lorvPat te rnsandYeloc i tyD is t r ibu t ion inNon.Newton ianF. |u i r | s

T h e r h e o l o g i c a l c o m p l e x i t i e s a s s o c i a t e d w i t h t h e l i q u i d b e i n g a g i t a t e d
can very significantly influtnc" the flow patterns and velocity distribution'

The nature of the rneotogitut complexity will ' of course' govern the net

influence on the hy<1rod1'namics' The limitation of space does-not enable

us to give 
"n 

u."oun, ofihe science of rheoiogy; hou'ever' such information

may be readily found in many standard textbooks (Middleman' 1968;

Sket land, 1967; Astar i ta and Marrucci '  1974) '

The inf luence of shear dependent viscosity is most easy , to .understand

and analyse. For instan"",  ont would expect that for pseudoplast ic (shear

thinning) fluids, tftt "ff"ttttt 
viscosity of the fluid in the near impeller

,.gi"" ,'troulA be rather low and increase progr:essively.u.t:n" nloves away

from the impel ler '  This wi l t  ton"qutn' ly iesult  in t i19f .  
veloci t ies and

veloci ty gradients in the near impgl ler t"gioo'  which wi l l  d ie away rapidly

frorn the impei ler.  The early fhotogrJpnrc studies (e,g.,  Metzner and

Taylor,  1960) did tonn'-  t t r is '  fne singular ly important.  result  u 'hich

lvletzner and Taylor (1960) lvere able to obtain on the basis of their

velocity distribution measurement was that the average shear rate in the

vessei was l inearly pr"p"r i i "rr" i  to RpM. we shal l  see later(sec'  3.5)that

this result  plays an'extremely important role in the predict ion of power

requirement, ,n non-Newtonian fluids' It should be emphasized that

Metzneranoray torou , , ,u .onearso l id i f i ca t iono[ad i la tan t f lu id in the
region of the i*p-fl-' ' fhe size of 

.this 
core increased rapidly with

rotational speed; the efiect became particularly important as the ratio of

the tank diameter 
-io 

,n" agitator diu*"t". was increased. The angular

veloci ty distr iuut ion ,o.urul-"nts of Peters and Smith (1969) made on

anchor agitators are also in agreement rvith the trends observed by

M e t z n e r a n o r a y t o r i n t h a t t h e y o b s e r v e d c o n s i d e r a b l y f l a t t e r v e l o c i t y
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proflles for a shear thinning fluid in comparison to a Newtonian fluid.
Fluid elasticity can very significantly influence the flow patierns around

agitators. In fact, a fundamental approach to the understanding of
velocity distribution around agitators may be to study the rotational ffows
around simple bodies such as spheres and discs(Kelkar et al., 1972). The
advantage here is that at  least the shape complexi t ies of the agitators
(which preclude the possibility of any theoretical study) are avoided ancl
the velocity distribution can be viewed from a theoretical anele.

If one considers a third order viscoelastic fluid which 
"portrays 

the
characteristics of a finite shear thinning viscosity and elasiicity (mani_
festing itself in the form of finite normal stress difference in viscometric
flows) then for a sphere of radius R rotating at an angular velocity f),
one obtains the stream funct ion I  as (walters and savins, lg6s;

* ( r ,  o ' ) :  *  i l )n '  
^  (oRz 

. , . ,1 / ,  R \ t  ^ , - ,  n ,  -'  ,  \e , / - - ' t , '  1 ;  
-  i l  +  z tn i ' ) l l ( t  -  

; )  s in2  0 'cos  , ' (3 .1 )

The projcct ions of srreanrr ines on a prane containing the axis of rotat ion
have been shotvn in Fis.  7.

Fig '  7  sccondarv  f r t ' * 'a r .und a  snhere  ro ta t ing  in  a  v iscoe la i t i c  r iqu i r l :
(a) Nor:r 'rar f .rces donrinating, (b) Centr i fugal forces dorninaring,
(c) ir i r trntal and centr i fugal forcts comparable

I t  i s  ev ic len t  tha t  d i f fe ren t  f low s i tua t ions  rv i i l  a r i se  f ,o r  d i f fe re ' t  varues
of  the  pararne te  r  pRz lu2  ( rvh ich  is  a  ra t io  o f  iner t ia l  s t resses  to  nornra l
stresses for a third-order f lu id).  This uumber prays an important part  indeterrnining the f lorv f ie lc l  around spheres, uno i ,  i ik"ty to i tuy an equa'y
rmportant part  in descr ibing the f low f ierd around u! i tuto.r ,  and corse-quent ly in determining the circulat ion and mixing t imes.

wirile analysing the flow field around. a spheie in detair, three cases
arise depending on the value of the purur. t" i  eR2pr. When ppzlsz l -1,
the normal stresses determine the diiection of the secondary flows in theentire space around the sphere. In such a case, the fluid moves in highry
segregated fashion and jn fact,  at  points r  :  6azlR and 0, :  s in_rt /di) ,
the f lu id q' i l l  move in closed circres around the axis of rotat io '  rv i thout
gett ing mixed ni th the bulk of the f lu id (Fig. 7a).  When p.R2/a: )  3,  the
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centrifugal forces dominate the entire flow field (Fig. 7b), and elasticity will
have no significant effect in modifying the flow pattern. For a fluid with
L < pR2lez < 3, there will be a sphere of radius R inside which closed
loops and consequently, highly segregated zones, tvill be observed. Out-
side the sphere of radius R there rvill be a centrifugal zone (Fig, 7c).

In fact, such a flow reversal has also been observed by Waters and King
(1971) in the case of a disc rotat ing in viscoelast ic f lu ids. Giesekus (1963)
studied the changes in flow patterns due to the interaction of elasticity
and inertia in the case of commercial agitators and found qualitatively
similar flow patterns. Feldkamp (1962) gives an account of extensive
photographic work to il lustrate these phenomena. Kelkar (1972) obtained
detailed three-dimensional velocity distributions in viscoelastic fluids by
using the pa{ticle technique and confirmed the results of the earlier
workers.

Ide and White (19'74) undertook an extensive investigation of the influ-
ence of rheological properties on flow patterns, especially with a view to in-
vest igate i ts impl icat ions in bulk polymerising styrene to polystyrene.
They used spheres, discs and turbines as agitators. The observed flow
patterns were in good agreement rvith the earlier workers. They alsoused a
screw-propeller agitator. In Newtonian fluids, the action of the screw pro-
peller is to push the fluid vertically jn the tank. In the case of viscoelastic
fluids, they found that normal stress effects reinforced the screrv propulsion
mechanism. These results should be contrasted with the di f ferent behaviour
of the screw in the draft  tube system discussed later.

The study of Ide and White (1974) is part icular iy intere st ing since they
observed f low patterns during bulk polymerizat ion of st1'rene. They
found that at  low conversions, lhe f lorv patterns around the sphere and
other agitators involved a pr imary axisymmetr ic f low and secondary f low
consist ing of a f lu id being drawn in at the poles axial ly and expel led at
the equator. As the conversion jncreased, the secondary flolv lleld around
a sphere divided into two regions, one adjacent to the sphere consist ing
of closed circulating motions and second at larger distances from the
sphere. Similar flow patterns rvere observed with other agitators.

The implications of such changes in the secondary flolv patterns on the
pelformance of a mixing vessel should be clearly appreciated, The photo-
graphic study of Kelkar et al .  (1972) is part icularJy important in this
connection. Their velocity distribution measurements in viscoelastic fluids
shorved quite clearly that although the secondary florv patterns can be
changed quite significantly, the primary flow remains practically unaffect-
ed. Since the major contribution to the shear stresses in the vicinity of
the rotating body comes from the variation of the primary florv velocity
component with radial  distance, the power consumption appears to be
relatively unaffected by the modifrcations brought in due to elasticity.
However, the secondary flow patterns rvill have a significant efrect on
residence-time distribution, molecular-weight distribution (in the case of
polymerization reactors), mixing times, circulation times and related
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kinematically controlled processes; some of these will be discussed in the

appropriate sections later on.' 'Veiy 
little experimental work has been published on the influence o[

elasticiiy on flow patterns with other agitators. Peters and Smith (1969)

have provided some experimental data on the influence of elasticity on

flow patterns around anchor agitators. The most significant differences

*ere iound in front of the agitaior blade. The viscoelastic fluids appeared

to experience a greater degree of disturbance around the stagnation point'

and there was same evidence of bui lding up of a rather indeterminate

boundary layer in front of the blade. Furthermore, viscoelastic liquids

produced a consiclerably enhanced vertical circulation'

The influence of fluid elasticity on the velocity distribution in vessels

st i rred with hel ical  agi tators has not been extensively studied. chavan,

et al .  {1975a),  however,  provided some qual i tat ive observat ions wherein

they showed that for highly elastic liquids and at least for some geometrl-

cal configurations, the angular florv increased rvhereas the axial florv rvas

damped considerably.  The detai led veloci ty distr ibut ion. studies of

Carreau et al .  (1976) support  this.  Fig. 8 shows son:e typical  dataobtain-

ed by these workers. Foi a 2o//o CMC solution (which showed negligible

elasficity), the strong axial upflow and downflow can be clearly seen'
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F'ig.8 Axial velocity distr ibution in a r ibbon agitated vessel

(Carreau P. J. et al. ,1976)
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whereas for a \o/oPAA solution (which was strongly eiastic)' the axial flow

can be seen to be significantly damped' The mechanisms responsible for

such a phenomenon are not quite clear, however, it is suspected that the

p.""ri^', behavior of elastic liquids in kinematic fields of rapidly changing

delormation is responsible. Mlre detai led studies are obviously needed in

this area.

g ,4DischargeRates ,C i rcu la t ionCapac i t iesandCi rcu la t ionT imes

From the velocity measurements, an important integral hydrodynamic

q . , u n . i . y c a n b e e a s i l y o b t a i n e d . I t i s l h e o v e r a l l d i s c h a r g e r a t e o r t h e
uu..ug. time elapsed b.t*."n the successive passes of a fluid element

tf,.ou!n the impeiler. Gray (1966) gives a comprehensive summary of the

inu.rtlgutions of turbines and propellers, where the calculations for the

overaliradial and axial flow are done from the velocity measurement'

3.4.1 Mle.suneueNr TECIINIQUES

A d i r e c t m e a s u r e m e n t o n d i s c h a r g e f l o w i s p o s s i b l e i n t h e c a s e o f
screws and propellers with draft tube where the flow is predomioantly

axia1. In this mithod, instead of allowing the liquid to circulate back to

the draught tube i t  was made to overf low into a measuring cvl inder by

e x t e n d i n g t h e t u b e a b o v e t h e l i q u i d l e v e l , T h e l i q u i d i s f e d i n t o t h e t u b e
by some-external means. A correct estimate of the axial throughput can

onty t]" obtained if the liquid inside the draught tube is leve]led with the

r irnof the vessel,  i 'e ' ,  no ixtra gravi tat ional head is imposed' Sometimes

this method has been used without proper care'  Chavan (1972) has

Jir.urr"d the probable errors. Often the discharge rates thus rneastlred

are consider.d- to b" due to the impel ler alone. This obviously is incorrect

s i n c e t h e p r e s e n c e o f t h e d r a u g h t t u b e a n d i t s p o s i t i o n i n g i n t h e v e s s e l
very nruch inf luence the values of the discharge rate'

Th, ou.rug" time taken by the fluid element to complete one loop can

be measured by following a particle or by ejecting a small pulse of an

e l e c t r o l y t e a n r j n r e a s u r i n g t t ' " c o n d u c t i v i t y o f t h e l i q u i d l e a v i n g t h e
p..ipn..V of the inrpetler, The circulalion time' 0"' can be used to calcu-

late the l iquid PumPing rate, q,  as

(3 .2\

rvhere z is the volume of the l iquid in the tank. The dimensionless

number which is normally used is called a circulation number and defined

in terms of the inrpel ler diameter as

e,: #, (3 .3 )

A few comments neerl to be made about the relevance of discharge-flow

measurement .

Y
q :%
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The discharge-floiv measurements from velocity profi les are quite

accurate, but those using the experimental average-circulation time can

be questionable. It is obvious that a small parlicle follows a route depen'
d ing upon i ts  in i t ia l  posi t ion.  Under s teady-state condi t ions one loop
should correspond to one circulation. Thus the circulation-time rneasure'
ments shol r ld  very rnuch depend upon the in i t ia l  posi t ion of  the par t ic le
or  the t racer ,  In  an agi tated vessel ,  however,  there may be some random
mot ion (Chavan,  1972).  Thus,  because of  the random nature of  the

in i t ia l  posi t ion of  the par t ic lc  before each c i rcu lat ion,  the d ischarge rate
given by equat ion 3.1 is  a s tat is t ica l  est imat ion of  the overal I  d ischarge
rate.  In  th is  procedure of  rneasurement  of  c i rcu lat ion t ime one can a lso
obta in a stat is t ica l  d is t r ibut ion of  the c i rcu lat ion t imes,  which again is  an
est imat ion of  the veloc i ty  d is t r ibut ion in  the p lane perpendicular  to  the
f low.  O'shima and Yuge (1970) and Ivonue and Sato (1967) haveobta ined
such informat ion on var ious imoel lers.

3.4.2 Exprnurrexrat Oesrnr',q,rroNs

Gray (1966) has summarized the in format ion on c i rcu lat ion t imes and
discharge rates for  turb ine and propel ler  agi tators.  This in format ion,
horvever ,  pel ta ins to Re > 105,  i .e . ,  for  turbulent  condi t ions where C;  is
independent  of  Re.  Gi-ey has compared the c i rcu lat ion numbers on the
basis of  equal  power consunrpt ion.  As an exampie,  one can note that  a
rotat ing d isc requi red about  300 t imes more energy to g ive the same dis-
charge rate as an e ight-b laded turb ine.  The c i rcu lat ion numbers for
propel lers were typ ical ly  in  the region of  0.4 to 0,6,  whereas for  turb ines
they rvere in the region of 0.6 to 2. Since we are mainly concerned with
the mix ing of  h igh v iscosi t l .  l iqu ids,  such informat ion is  probably not
to ta l l y  re levan t  t o  us .

The l i terature on c i rcu lat ion capaci t ies (and t imes)  for  h igh v iscosi ty
l iqu id agi tat ion rv i th  hel ica l  impel lers has been wel l  sumnrar ized by
Chavan (1972).  The c i rcu lat ion number var ies betvveen 0.4 to l  for
r ibbons and between 0.0 I  to  0.5 for  scre lvs in  a draf t  tube.  These are
independent  of  Reynolds number ( for  Re < 10 or  Re < 50)  but  are
strongly influenced by the geometrical configuration. Studies with a
large numbe r  of  pure ly '  v iscous l iqu ids revealed that  c i rcu lat ion nunrbers

were not  at  a l I  in f luenced by shear- th inning character is t ics.  The
observat ions lv i th  s t rongly e last ic  l iqu ids,  however,  showed that  the
ci rculat ion was damped as a resul t  o f  e last ic i ty  and the c i rcu lat ion
numbers were lowered quite significantly. Chavan and Ulbrecht (1974)

have provided a correlation which adequately described the data for
purely  v iscous f lu ids;  whereas Chavan et  a l .  (1975a) have descr ibed a

method to corre late the data on e last ic  l iqu ids fcr r  a g iven geometr ica l

conf igurat ion.  T l ie  p i rper  by Chavan et  a l .  (1975b) is  a lso of  in terest .
Ci rculat ion t i rnes for  othe r  agi tators operat iug urder  laminar  condi t io i ts
in v iscoelast ic  l iqu ids have not  been measured as yet .  The pecul iar  f low
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reversals and the two-zone velocity distribution regions af ising out of the

presence of elasticity should strongly influence the circulation times. The

enhanced vertical circulation in elastic liquids reported by Peters and

smith (1969) for anchor agitated vessels and by Feldkamp (1962) for

propellers would imply that the circulation numbers may increase on

account of elasticity rather than decrease as in the case of helical agita-

tors. Detailed studies exploring these aspects would be highly desirable.

Specific comments need to be made concerning the influence of

circulat ion t imes and circulat ion t ime distr ibut ion in polymerizat ion

reactors. An interesting study in this context is mentioned by Olson and

Stout (1967) with specific reference to condensation polymerization of

bifunctlonal polymers. The study is with a specific reference to a turbine

impeller wtriCh produces circulation loops of the polymer; the viscosities

of ihe polymer mass are so high that material in the circulation loops

remains segregateci. The water of condensation is removed by diffusive

transport to the surface of the polymerizing mass' The contribution of

the diffusive process to the rate of reaction is approxinated by assun.ling

that the water concentfation is proportional to the circulation time of the

segregated fluid elements, The effect of mixing upon the product molecular-

*.ig[t distribution has been found and it has been showt] that the

assumed mixing pattern significantli ' alters it ' Indeed' if the circulation

t ime is low at the end of polymerizat ion, the polymer may be expected

to have poor uniformity.  This example clear ly i l lustrates the role of

circulat ion loops in batch polymerizat ion systems.

3.5 Porver ConsumPtion

The space available here is too limited to cover the enormous power

consumption data which have been pubi ished over the years; nor is i t  the

purpose of this review. The publ ished reviews (Uhl and Gray, 1966; Wohl,

iV68; f"nny and Bel i ,  1967) give a good appraisal  of  such infornat ion.

At present,  one can make a rel iable est in1ate of the power consulnpt ion

for various impeller designs and for a number of geometrical arrangements

for Nervtonian liquids. A great deal of information is also available on

non-Newtonian l iquids and mult iphase systems. We rvi l l  present here a

viewpoint of  the analysis of the data, rather thau giving a ready-made

design method.

3.5, I MEesunnuENT TEcHNIQUES

The methods of measuring power input to a stirred vessel have been

discussed by Holland and chapman (1966). These methods fall into four

groups.
1. Measuring the power supplied to an electric motor by measuring

current, voltage and polver factor and correcting the copper and iron

losses and gear box {riction losses.
2. The reaction torque on a motot stator is nteasured by suspending
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the entire motor on a torsionless suspension and the force required to hold
it stationary is measured.

3. The mixing vessel is nrounted on a frictionless turntable and the
force required to hold the table stat ionary is measured,

4. The torque in the mixer shaft  is obtained by measuring the twist
over an intent ional ly weak part  of  the shaft .

Method (l) is not preferred for research work as it is difhcult to get
precise values of the power unless the losses are correctly estimated. It
seems that methods (3) and (4) are generally used for simplicity and
accuracy.

3.5.2 D,cre AI'IeLvsts

Since power consurnption was first measured for rotating impellers in
the late lgth century, the data have often been correlated using dimesional
analysis. It may be expected to be a function of the follorving variables:

(l) Geometrical vartables: Impeller diameter (d), tank diameter (l),
l iquid depth (n)

(ti) Material properties: Density (p), viscosity {pr)
(ii i) Process t'ariables; Rotational speed of the impeller (l/), gravita-

tional acceleration (g)
The relat ionship can simply be wri t ten as,

P : f(d,  D, l t ,  p,  p,  N, g) (3.4)

Dirnensionai analysis gives
P , , ld2NP\",1 dN2\",

, ts , , , t3p :  ^ i  
-  /  l? / -  

(3 's )

rvhere K is  a constant  for  par t icu lar  set  of  geometr ica l  var iables and could

be obta ined as

*: t,(-3)"(4\"' (r.6)' \a  
|  \ t )

The dimensionless groups (Pldsll3e), (d2NplD and (d!' lzlg) are known as

power number (Po), Reynolds number (Re) and Froude number (Fr),

respectively.
Theabove analys is  is  va l id  only  under the fo l lowing condi t ions:(a)  e i ther

a s ingle l iqu id or  two misc ib le l iqu ids having s imi lar  propert ies are

present in the vessel, (b) the temperature changes due to energy

dissipation are so small that variation in fluid properties because of the

temperature changes is negligible, (c) the florv behavior of the l iquid can

be character ized by a s ingle parameter ,  i .e . ,  v iscosi ty .  Thus the l iqu id is

Newtonian.
The values of E, e1 and e2 have been determined by a number of

workers for several different geometrical variables. e1 aSSUIIles different

values in  the range of  -1 to 0 depending upon the operat ing rat lge of

Reynolds numbers.  l t  has been found to have a value of  -  I  be low a

certain crit ical value of Reynolds number. This crit ical Reyrrolds number
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varies between l0 to 100 and it seems to be influenced by the geometry of

the system. At very high Reynolds numbers (Re > l0a) power number

becomes independent of Reynolds number. The region where e1 is * I is

commonly unierstood as laminar  region.  I t  may be proper to designate i t

as creeping flow region as the majority of the non-viscometric f low situa-

tions give rise to such relationships only when the inertia terms in the

Naviei-Stokes equations are dropped. The effect of Froude number on the

power consumption would be apparent only when some power is consumed

in producing significant waves on the surface of the l iqgid or in sustaining

u uort*" in l iquid around the impeller shaft. It is found that for unbafred

vessels these effects are negligible below Reynolds nnmber of 300. This

limit is exceeded for Re > 103 when the baffie system is adequateorlvhen

the impeller is suitably off-centred. Nagata and Yokoyama (1955) state

that the effect of Froude number is so negligible as to be indeterminate

except by a very accurate dynamometer. When such effects are present, a

praci ica l  method of  analys is  is  avai lable (LJhl  and Gnay,  1966 and

Ske l i and ,1967 ) .
For  s tandard designs K and e1 in  equat ion 3.5 can be easi ly  obta ined.

Holvever ,  to  obta in a general ized corre lat ion,  a ser ies of  exper imentswi th

wide var iat ion in  geometr ica l  var iables wi l l  be requi red.  Of ten,  the

geometr ica l  corre lat ions are obta ined wi th one or  t rvo var iables and even

when these variables are not independently varied, their dependence on

other variables is negLected. This is incorrect mathematically as we ll as

physical ly .  The most  important  var iables,  holvever ,  can be obta ined lv i th

proper physical  reasoning or  by conduct ing specia l  exper iments '

For  ine last ic  non-Newtonian f lu ids,  d inensional  analys is  can be per-

formed on l ines s imi lar  to  those for  Nervtonian f lu ids.  The resul ts  wi l l

depend upon the specific model chosen. Thus, for instance, \\ 'e obtain for

a polver-law model

and fo l  an El l is  model

or:  , r(q#,r)

,,: o,(#,{#,")

( 3 . 7  )

(3 .8 )

Here (d2N2- 'p lK)  and (d2Nplpd are the corresponding Reynolds numbers '

The dime nsionless number (l/po/'o) was introduced by Kelkar et a1. (1972)

and cal led a v iscosi ty  number.  Obviously ,  wi rh the a id of  d imensional

analys is  a lone one cannot  get  quant i ta t ive in forrnat ion about  the involve-

ment  of  the d imensionless parameters of  the rheological  model .

The first attempt to incorpcrate the paranleters which describe the

deviation of any inelastic f luid from the Newtonian characteristics involve

the use of  resul ts  obta ined in a p ipe f lorv.  This  analogy was f i rs t  suggested

by Metzner and Otto (1957).  I t  has been shown by Skel land (1967) that  such

a Reynolds number does not  g ive a Lrn ique po\ \ 'er  curve for  a wi i ie  range

of  f low behaviour  index.  Mi tsu ishi  and Hira i  (1969) s tate that  th is  is  not
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a failure of the analogy but of the power-law approximation. They suggest
an alternative method involving the use of Ellis and Sutterby models.
Chavan (1972) has conclusively shown that even with such models, pipe-
flow analogy does not offer a unique curve, even in the laminar region.

In order to obtain a power correlation in terms of the rheological para-
meters, the knowledge of shear rates (at least in the immediate vic ini ty
of the impel ler)  is necessary. In an extremely signi f icant contr ibut ion,
Metzner and Otto (1957) showed that the average shear rate in the vessel
can be assumed to be directly proportional to the rotational speed at
least in the laminar region (see Magnusson (1952) for related work). This
shear rate can be obtained as follows. First, it is necessary to obtain the
plot of Po-Re for Newtonian fluids for the system under consideration.
Then the power number is calculated from the power data for the non-
Newtonian l iquids. For this power number the corresponding Reynolds
number could be obtained from the Newtonian plot. The average vjscosity
given by the Reynolds number would give the corresponding shear rate
(iu") from the viscometric data. A relationship such as

iu":  k"N (3.9)

has been obtained by various workers for various impellers and the values
of k" have been reported. For the agitat ion of pseudoplast ic l iquids by
turbines, propel lers and paddles k" assumes a value bet iveen l0 and t3.
For di latant l iquids Metzner et al .  (1961) obtained a l inear relat ion (up to
z :  1 .5 ) .  The va l id i ty  o f  the  l inear  re la t ionsh ip  in  equat ion  3 .1  was 'sub-
sequent ly establ ished by Metzner and Taylor (1960) (see sec. 3.1).  From
the available jnlormation it appears that one can accept a linear relation-
ship under creeping f low condit ions. Holever,  there is some uncertainty
about the extension of this method for higher Reynolds number and also
about whether ft" can have a universal value even in the lorv Reynolds
number range. The results on turbine (M.etzner,  et  al . ,  l96l)  show that

the general ized Reynolds number *,  :  {#,  (wlrere p, :  F"( i" , \  obtain-

ed from viscometr ic data) can give a uniqu"lu.r ,  up to Re :  160 ( iaminar
region ends at Re :  191 within f  20 per cent.  However,  this is notobserv-
ed in every case and Skel land (1967) comments that such extension is
not justified on account of insufficient evidence. The constant of pro-
portionality, ft,, can otherwise be a constant for a particular pseudoplastic
l iquid and geometr ical ly s imi lar system. In other words, k,  should be
generally a function of geometry and rheology. The problems can best be
overcome by considering a power-law relationship. In creeping-flow (or
laminar) region one can obtain a relat ionship

(3. l 0)

From experimental  data on power consumption on Nervtonian and
inelastic liquids and from the florv curve, k, can be measured (as described
earlier). Also, the range of shear-rales (y.") will be known to give K and

Po : r(k"),-,(t$-:t)-'
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n, calderbank and Moo-Young (1959) and Beckner and smith (1966)

have obtained /c" in this way and related it to the geometry and rheology.

After knowing the operating rotational speeds and the values of ko

from literature an approximate estimate of the shear rates can be obtain'

ed. When k" is dependent on n, a trial and error procedure may be needed

to estimate kr. Horvever, a rough estimation could be possible from the

previous information in simi lar s i tuat ions. Thus, for exanple, for hel ical

impel lers k" var ies from l0 to 100; then i f  rotat ional speeds range from

O.i  to l0 sec- l  then a range of shear rates Of I  to 1000 sec-t  may be

appropriate.
Noi" that equation 3.9 does not give an averag€ shear-rate in the entire

vessel in all the regimes. The shear-rates thus obtained can only charac-

terize the flow near the impeller and that too only in the laminar region.

Even in the laminar region, the shear-rates at the tip of tbe impeller are

as much as seven times higher than those given by equation 3.9. At higher

Reynolds numbers, the maximum shear-rates in the vortices behind the

blade have been found to be of an order of magnitude higher (Van't Riet

and Smith, 1973).
The power consumption data for Bingham plastic fluids can be correlat-

ed by using simple dimensional analysis considerations (see Nagata et al.,

1970).
The influence of fluid elasticity on power consumption is negligible

under creeping florv conditions (Kelkar et al., 1972; Chavan, 1972 and

Rieger and Novak, Ig74).  At higher Reynolds numbers, however,  i1

appears that elasticity suppresses the secondary flows and one obtains a

reduction in porver consumption in comparison to a purely viscous liquid

(Kale et al . ,  1973).

3.6 Mixing Times

Mixing t ime is a purely experimental  cr i ter ion, basical ly designed to

compare the performance of agi tators. I t  essent ial ly gives an idea about

the t ime required to carry out a required degree of homogenizat ion. A

properly measured mixing time can form a good basis for comparing the

contr ibut ion of the hydrodynamics towards the complet ion of mixing.

3.5.1 MEnsuntnaaNr TecHNlQurs

Primari ly,  a smalI  quant i ty of l iquid di f fer ing from the bulk in ei ther
concentration of a tracer or temperature and otherwise having the same
physical  propert ies is mixed rvi th the bulk l iquid in the vessel '  The
changes in the tracer concentration (or temperature in the the rmal
methods) can be measured as a funct ion of t ime. Techniques involving
conductivity, atomic absorption spectrometry, refractive indices (Schlieren
nlethod) or l ight intensi ty (dye addit ion or decolor izat ion using fast
react ions such as acid-base or iodi l te-sodiurn thiosulphate) ale f lequent ly

used. The c,olorization or decolorization can be visually observed (Coyle
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et al., 1970). [n visual methods, there can be subjective errors and hence

these should be avoided. The instrumental methods provide point values

of dil lerent quantit ies. The selection of a point in the vessel for measure-

ments and spotting the end-point are two major diff iculties. Complete
mixing on molecular level in the entire vessel is diltcult to achieve and

difff icuit to measure. The merits and demerits of various techniques of

measurement have been discussecl by Ford et al. (1972).

3.6.2 D.qre ANelvsts

The change in the selected intensive property (concentration, tempera-

ture,  radioact iv i ty)  as a funct ion of  t in te is  measured dur ing mix ing t ime

experimentation. If l mixing time is so defined that the value of the

measured quant i ty  is ,  say,  v i  i th in l0  to 25 per  cent  of  the f ina l ly  expected

average value,  then a rat ional  in terpretat ion of  the data can be obta ined

(Hoogendoorn and Den Hartog 1967, Chavan 1972). The phenomena

such as molecular dtffusion or conduction wil l obviously influence the

mixing time. Horvever, it seems that the first 75 to 90 per cent change is

main ly  contro l led by hydrodynamics (such as convect ion or  shear or

tensi le  deformat ion or  turbulence) .  The overal l  changes due to d i f fus ion

rv i l l  be re lat ive ly  s low in th is  per iod.  I t  wi l l  assume an important  ro le as

the t racer  is  d ispersed more and more in  the bulk.  [n  the f ina l  s tages of

the process i t  wi l l  be the major  contr ibut ing factor .

Extensive in format ion on mix ing t imes has been repor ted by Gray (1966) '

and Ho and Kwong (1973);  the la t ter  authors have g iven a par t icu lar ly

usefu l  summary of  the publ ished work on mix ing t imes for  both New' tonian

and v iscoinelast ic  non-Newtoniau f lu ids.  Chavan (1972) has descr ibed the

ef fect  of  non-Nelvtonian behavior  on mix ing t imes in vessels agi tated rv i th

hel ica l  impel lers,  His f ind ings could br ief ly  be summarized as fo l lows.

The n-r rx ing t imes are inversely  proport ional  to  the rotat ional  speed for

very lou '  and very h igh Reynolds numbers.  In  between,  they vary wi th a

negat ive power of  Reynolds number;  the exponents in  general  being

bet lveen -0.3 and -2.  The l i rn i t ing Reynolds number,  for  which l {d, , ,  is

constant ,  is  much h igher  for  the ax ia l  f low impel lers than for  the other

impel lers.  In  th is  region,  the shear th inning propert ies do not  in f luence

the d imensionless mix ing t ime (note the s imi lar  conclus ions on c i rcu lat ion

t ines descr ibed in sec.  3.4) .
only recently certain papers have appeared which examine the influence

of  f lu id e last ic i ty  on mix ing t imes in agi tated vessels.  Chavan et  a l .  (1975a,

1975b) found exper imenta l ly  that  mix ing t imes increased s igni f icant ly  as

a resul t  o i  f lu id e last ic i ry  when hel ica l  agi tators were used.  Ulbrecht  (  1974)

has n icely  summarized th is  work.  Indeed,  the observat ions made in the

foregoing concerning the damping of  ax ia l  c i rcu lat ion as a resul t  o f  f lu id

elasf  ic i ty  do suggest  an increase in mix ing t imes,  and the exper imenta l

l i nd ings  o f  Ca r reau  (1976 )  a l so  bea r  t h i s  ou t .  On  the  o the r  hand ,  an

enhauced r rer l ica l  c i rcu lat ion as a resul t  o f  f lu id e last ic i ty  in  the case of
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anchor agitated vessels (smith, 1970) gives considerably shortef mixing

timesi soiretimes reductions by a factor of four have been reported. No

general conclusions regarding the effect of fluid elasticity can thus be

i.u*n and the detailld hydrodynamic changes have to be carefully

examined in each case,
The recent study by Yap et al .  ( t97s) is part icular ly i l luminat ingsofar

as problems of scale-up for viscoelastic fluids are concerned. with special

reference to ribbon ugitutort they showed that for geometrically similar

rnixers the criterion to be observed is that the power per unit volume in

the mixers be equal for equal degrees of homogeneity of the mix. This

observation is based on the inverse relation between the power number

and the Reynolds number anrl the fact that the number of impeller

revolutions for a given degree of homogeneity is constant. These conditions

are satisfied for Newtonian as well as purely viscous (pseudoplastic) non-

Newtonian fluids, but there are significant differences for highly viscoelastic

l iquids. As a matter of  fact i t  is found that the nixing eff ic iency in

viscoelast ic l iquids is almost 2 to 5 t imes less than that in thc case of

equivalent Newtonian f lu ids. Furthermore, in highly viscoclast ic l iquids

-^-}
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Fig. 9 Comparison of mixer performance (Hoogendoorn and

Den Hartog' 1967)

l Turbine + Baffles
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2 3 Inclined Blade Paddles
3 3 Incl ined Blade Paddles * Draught Tube
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4 Screw
5 Screw + Draught Tube
6 Ribbon
7 Propeller A I Draught Tube

8 Propetler B + Draught Tube

8c ProPeller B
9 Anchor
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mixing emcietcy does not appear to be very sensitive to the geometry.

Further work is decidedly warranted in this area, since most polymer

melts handled in practice show significant viscoelastic phenomena,
The information on mixing and power consumption can be suitably

combined to provide a rational basis for comparison of performance of
different agitators. A typical comparison has been shown in Fig. 9 where,
at  a par t icu lar  mix ing t ime,  the power requi red to achieve the desi red
degree of mixing increases with (0!,,Ply.D3). No such comparison has been
compi led for  mix ing of  non-Newtonian f lu ids,  and i t  wi l l  be c lear ly
desirable to do this.

It should be emphasized that we have considered the mixing of only a
single fluid. When blending of two fluids with widely different rheological
properties is considered, the situation becomes much more complex. Only
a start on studying this important problem has been now made (see, e.g.,
Ford and Ulbrecht ,  1975).

4 .  C o n t i n u o u s  M i x i n g

In the foregoing, we have described some aspects of mixing related to
a descr ipt ion 'of  gross parameters such as the power consumpt ion,  mix ing
t ime,  c i rcu lat ion t ime,  etc .  Such informat ion is  usefu l  f rom the point  of
v iew of  est imat ing the sui tabi l i ty  of  a g iven mixer  conf igurat ion for  a
given purpose.  Indeed,  th is  in format ion nray be ent i re ly  adequate when
non-reactive processes are to be carried out (such as blending of two
misc ib le non-react ing f lu ids) .  However,  when one considers the use of  a
mix ing device for  thc purpose of  contact ing two or  more chemical ly
react ing compounds,  the s i tuat ion bccomes much more complex.  Indeed,
the n: ix ing device now has thc job of  prov id ing opt imum t ime-conrposi -
t ion,  t ime-temperature and t ime-shear envi ronmer. r t .  Such an envi ronment
then depends upon the f lu id rnechanics in  the device,  and rve have empha-
s ized in sec.  3.3 as to how conpl icated th is  problem of  understanding the
deta i led f lu id mechanics is .  I {orvever ,  over  the years,  var ious methods
have been devised to account for the modification of reactor behav.iour
caused by the mix ing and contact ing pat terns.  We shal l  br ie f ly  rev ierv
these norv.  I t  should be emphasized that  the basic  aspects re lated to the
f ie ld of  nou- ideal  f low have been wel l  surnmar ized in somc cxcel lent
rev iews such as Levenspie l  and Bischof f  (1963),  Bischof f  (1966),  Neuman
(1974) and in the recent ly  rev ised textbook of  Levenspie l  (1972).  Conse-
quently, the fundamental deflnit ions wil l not be revierved in depth. What
wil l be considered, however, are the special problem areas concerned
wi th the h ighty v iscous l iqu ids.

4.1 Residence Time Distribution

The development  of  the concept  of  res idence t i rne d is t r ibr : t ion at  least
in tl ie modern chenrical engineering era dates back to Danckrverts'classic
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paper (Danckwerts, 1953); although earlier papers could be found out'

ibi concept of residence time distribution avoids the need to know the

exact f low pattern in the vessel, but seeks to know only the information

regarding how long the molecules stayed in the vessel, or in other words

the residence time distribution (RTD) of the fluid. A stimulus-response

technique can be obviously used to obtain information on RTD.

The two ideal  cases of  p lug f low and per fect  mix ing are obvious but

for jntermediate cases, several age distribution functions have to be

def ined in order  to descr ibe quant i ta t ive ly  the age d is t r ibut ion of  the

fluid. The definit ions of the well-known E, F and 'C curves follow simply

and a standard textbook (such as Levenspiel, 1972) should be referred

to understand the physical  meaning of  these.  In  the fo l lowing we shal l

discuss briefly the methods by rvhich such information can be obtained,

the methods of interpretation and the manner in which this information

should be used.

4. l. l  MresuReltBNr N{ErHoDS

It  is  understandable that  in  p lug f low condi t ions RTD wi l l  consis t  o[  a

del ta funct ion,  s ince a l l  the nolecules pass through wi th the same res i -

dence time. If mixing takes place, then there is a spread in RTD. In case

some mater ia l  s tays for  long (dead space) or  passes through very quick ly

(by passing) ,  we have a greater  spread.  Thus,  i f  we in ject  at  the in let  of

the mix ing device and observe the t racer  behaviour  at  the out le t ,  we get

i n fo rma t i on  on  mac rom ix ing  wh ich  re la tes  t o  t he  du ra t i on  o f  t he  s tay  o I

var ious f ract ions in  the vessel ,  but  not  to  what  they d id in  the vessel .

The lat ter  par t  of  the in format ion is  ca l led micromix ing and rv i l l  be deal t

rv i th  in  the next  sect ion.
Basical ly ,  a  s tep change in concentrat ion at  the in let  is  what  is  used

butother  s ignals such as a s ine wave (Kramers and Alberda,  1953) and

even random noise (Angus and Lapidus,  1963) may be used.  I t  is  a lso

possib le to use unsteady behaviour  react ing systems (Lel t i ,  1965) or  s teady

state measurements at different f low rates or temperatures (Hoare, 196 l).

Horvever ,  an iner t  t racer  has obvious advantages over  a react ing t racer .

A novel  method is  the one developed by Gold ish et  a l .  (1965) who used a

specia l  t racer  (complete ly  soluble in  the test  f lu id) ,  lvh ich is  co lour iess

until activated by a flash photolysis. This means that a flash of l ight

produces a pulse oI colored material without actually having to physically

inject a tracer into the sYStem.

We have discussed the problems of choosing a suitable tracer for the

mix ing t ime measurements jn  sec.  3.6.  The problems of  the choice of

tracer in the study of RTD when handling non-Newtonian ftuids are

quite similar. In a certain range, at least, the rheological properties can

be very sensi t ive to e lect ro ly te concentrat ion,  pH,  temperature,  etc '

Consequent ly ,  a great  care usual ly  needs to be exerc ised in the choice of

appropriate tracot.
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The points concerning the rapid injection of the tracer (without distur-

bing the normai f low frt iern) anO a correct measufement at the outlet

are imporrant. some ploilr.r, concerning this are described by Bischoff

(1963) and Whi te (1962).  .  
ln i f icant ly' 

Th; technique of injecting and measuring the tracer tun.tl!

influence the interpritatio"n of the residence-time experiments. The

papers by Levenspie l  and Turner  (1970) and Turner  (1971) are p^ar t icu lar ly

i f iu* inui ing in  t i is  regard.  They considered two methods of  in ject ion '

the first in which the iracer is added in proportion to the flow through

each point in the injection pl-ane. and.sicond in which the tracer is

added uniformly acros, the injection plahe' They also considered two

methods of  measurement ,  one in which the mix ing-cup reading is  taken

and second in rvhich the average concentration over the cross-sectional

p l a n e o f t h e m e a s u r e m e n t i s m e a s u r e d ' T h e d a t a i n t e r p r e t a t i o n w i l l
l"f.na upon the corlbination ol injection-measurement that has been

used.

4.1 ,2 lx tsRpRlrnt toN oF Respoxsn

o n c e l h e R T D c u r v e i s o b t a i n e d , a g r o s s d e v i a t i o n f r o m t h e i d e a l i z e d
plug no* or completely mixed models is easy to detect' However' conside-

r a b l e i n | o r m a t i o n c a t r b e e x t r a c t e d f r o m t h e R T D c u r v e . T h e d e t a i l s o f
unofyring the RTD curves have been given by Levenspiel (1972)'

H i n r r u e l b l a u a n d B i s c h o f f ( 1 9 6 8 ) a n d o t h e r s . N a o r a n d S h i n n a r ( 1 9 6 3 )
have provided fa i r ly  sensi t ive means of  determin ing dead space and by '

pu , , i ng l romthe l lTDcu r r . e .B i scho f fandMcCracken (1966 ) l i a l ' econs i .
l.oO ir. uti l i ty of thesc dil lerent methods i '  relation to actual problems'

This information should idcally be helpful in predicting the perform-

a n c e o f a c h e n r i c a l r e a c t o r ' W h e t h e r t l - r i s i s p o s s i b l e o r n g t , v e r y n u c h
A.p.na,  upon whether  the s.vstem being considered is  l inear  or  non-

l inear .  By addi t iv i ty  property  of  l inear  processes i t -  fo i lows that  mere

stinrulus response inioilnution should be'adequate to depict the behaviour

o f a v e s s e l a S a l . e e c t o r , a s l o n g a s t h e r e a c t i o n r a t e i s l i n e a r i n c o n c e n -
t r a t i o n , H o t v e v e r , l b r n o n . l i n e a r s y s t e m s , w e r e a l l l . n e e d p o i n t - t o - p o i n t
information because a knowledge of the exact history of each molecule is

necessary (micromix ing in format ion) '  This  aspect  wi l l  be deal t  rv i th  in

a la ter  sect ion '  
o f  the t racer  data involves the

A fur ther  point  in  the in terpretat ton

de r ,e lopmen to f f l ownrode l s .Th i s r r sua l l y i nvo l ves thede fu r i t i ono fa f l ow
modelconta in ingcer ta inparan]etersandthencorre lat ingtheseparameters
i n t e r m s o f t h e S y S t e m v a r i a b l e s ' H o p e | u l l y , t h e s e c o r r e l a t i o n s c a n t h e n
be used to predict  the behavior  of  new s i tuat ions (wi thout  actual ly  having

t h e t r a c e r d a t a o n t h e n e w s i t u a t i o n ) ' T h i s i s h e l p i u l i n d e s i g n p r a c t i c e .
I t i s i m p o r t a n t t o n o t e h e r e t h a t t h e p a r a r r r e t e r s s h o u l d h a v e s o m e p h y s i c a l
**" i "g.  As pointed out  by Bischof f  (1966) '  a  volunte parameter  in  a

f l o w m o d e l n r a y h a v e a v a l u e l a r g e r t h a n t h a t o f t h e a c t u a l p h - v s i c a l
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vorume of the reactor, and although this may not cause a serious probrem
in mere curve fitting, it racks the desirable flature of being uut" to a"ri-pher the actual operation of the reactor being studied.

A number of models (some of the important ones are reviewed in the
ensuing discussion) may be formurated on the basis of the tracer informa-
t ion. Basical ly,  this consists of breaking up a rarge model into smai ler
regions (rvhich may or may not be on the basis oi the feel for the fluid
mechanics in the system), each of which may be represented by a dis-persion model, by-passing, dead space, etc, The puru*.t.r, introduced
represent flows to, sizes of and extent of mixing in, various regions anddo a good job in terms of curve f i t t ing. However,  the same tracer in-formation can' at times, give rise to severar different flow moders or para-lneters' It thus appea-rs that, whenever possibre, it is important to basethe model on physicar reasoning, so rhai the parameters are physica'y
rueaningful .

we shal l  norv consider in so're detair  the experimentar and t i rcoret ical
work which has appeared in the past on the aspects of RTD in u"rfviscous systems, especially, the non-Newtonjan ,yri.ntr.

4.1.3 RTD r^- Cro-srr> CoNpurrs

The simplest case to considcr is a straight c ircurar tube in rvhich a f  idf lorvs under laminar condit ions. with in;easing use of tuburar poryrneri_
zation reactors, the study of RTD under'such conditions assumes import-

The parabolic profire rbr a Nervtonian flurd causcs a wicre spread in theresidence t inres and t fu E curve is easi ly obtained as

n:f i r ,  l (o<* (4.r)
-  0,  elser.vhere G.Z)The sa're problem can be treatecl  for a non-Nswtonian f lu id as weU. I fan ostwaald-de-waele power-raw f luid descr ipt ion is used, t l ien thc

corresponding age distr ibut ion funct ions may be easiry e,r ,aruatccr.  szabo
and Naunran (1969) and cintron-cordero et al .  (196g) have examined thisproblem. Novosad and urbrecht (  t966) nrat ic use of these age distr ibut ions
to predict  the conversion in elementary react ions carr ied out in tubular
reactors.

In .a recent paper' osborne (1975) has deveroped purely convective
models for tubular reactors. He point i  out that polym.r irai ion reactors
are often fairly short-rvith farrly rapid reaction tui have a pronounced
velocity profile. He deveroperd mathematical expressions so that any of
the four commonly used tracer techniqucs can be used to obtain an
empir ical  prof i le index. He has arso given a ' retrrod to calcurate the dis-
tr ibut ion of products resurt ing from a sequence of f i rst  order react ions.
Edrvards and Saletan (r967) in a simirar way carcurated the effect of  non-
uniform veJocity distr ibut ion on RTD by using a quart ic prof i le equat ion
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with an untr i l rown parameter  which re prese nted the rat io  of  the centre l ine

to the mean veloc i ty .
I t  shoulc l  be emphasized that  poiymer izat ion f low reactors conbine

laminar  f lorv wi(h low di f fus iv i t ies.  The h igher  v iscosi ty  of  the more

complete ly  polymer ized mater ia l  near  the wal l  serves to sharpen the velo '

c i ty  prof l le  predicted for  a Ncwtonian f lu id.  Centre- l ine veloc i t ies as

much as e ight  t imes the average velcc i t ies have been observed (Edwards

and Saletan ,  1967). Indced,  Brasie (1968) f inds that  the exper imenta l  RTD

measurelnents appear to correspond more to the e longated veloc i ty  pro-

f i les (corresponding to d i la tancy)  than to the f la t tened pro l i les (corres-

ponel ing to pseudoplast ic i ty  inherent  1o the polynrer ic  so lut ion) .  The st rong

coupling of the heat effects r',, i lh reactiou in such reactots makes it rather

unl ike ly  that  the s impl i f ied analys is  nrent ioned above wi l l  be appl icable

to polymer izat ior l  reactors.  However,  there are other  s i tual ions where the

analys is  may be appl icable.  This concerns the ther inal  pasteur izat ion of

l iqu id foods,  rvh ich is  usua! ly  carr ied out  in  tubular  condr-r i ts .  The death

rate oI  micro-organisms i .s  d i re c t ly  proport icnal  to  thei r  popula l ion Censi t l '

hcnce the s1 's tern teseml-- les a f i rs t -order  react ion.  The large l i terature in

the area of  food technolc,gy (see ,  e .g, ,  Charm, l97l )  should be referred to

to understand lhe i rnpl icat ions of  th is .
Certain modif,cations of the slraight tube configuration can dramati-

ca l ly  a l ter  the hydrodynamics and consequent ly  the res idence t ime
dist r ibut ion.  As an example,  consider  the coi l ing of  a s t ra ight  tube.  A
centr i fugal ly  dr iven secondary f low is  set  up rvhich is  supcr iu. rposed on

the pr imary ax ia l  f lorv.  This  has the e lTect  of  r ,arrorv ing down the RTD
considerably.  Aspecls of '  th is  h i l ' r , r l  t reen studiec l  thcor-e t ica i ly  by Ruthvcn
(1971) and e xpe r inrenta l ly  by Tr ivedi  and Vasude va (  197, \ )  for  Nervtonian
f lu ids.  The non-Nelvtonian f lu id l low in coi led t r rbes is  being extensivel l r
s tud ied  on l y  rece r r t l y  ( see  t l t e  r vo rk  o f  Mashe l ka r  and  Deva ra jan ,  1975 )
ani l  consecluent lv  no RTD studies have been per fornrer l  as I 'e t .  f - -o i lec l  tLrbc
as a reactor  cont igurat ion,  of  course,  has au adcl j t ional  ar iv : in tage that  the
strong seconclary mot ion produces h igher  t rc iLt  i rar is fcr  coef l ic ients.

Fur therrnore,  i t  n- ray prevent  the bui ld  up of  h ig i r  v iscosi ty  mater ia l
during polymerization at the rvalis aird consequently n;rrrorv down tlte
molecuiar  weight  d is t r ibut ion.  Coi led tu l . ;e  as a reactor  shows a great

promise and hence the aspects of  RTD should bc cer ta in ly  looked into.
Simi lar  comments hold for  non-c i rcu lar  tubes as ra,e l l ,  a l though the

strength ot ' the secondary c i rcu lat ion is  much snta l ler  in  t i r is  case.  Non-
Newtonian viscoelastic materials have the peculiarity thal recti l inear
motion (as in the case of Newtonian fluids) is not possible and a four-
cel led se condary c i rcu lat ion sets in  (see Green and Riv l in ,  1956).  This  rv i l l
a lso narrow down RTD.

4.1.4 RTD rN Acrrareo Vr .ss l ls

The mul t i -paramete r  models developed to desci i l :e  RTD in cont int tor- is
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stirred tank reactors envision sucl non-idealit ies as by-passing, stagnant
zones, piston flow, etc. The review by Olson and Stout (1967) shows that
RTD in a wel l -s t i r red reactor  corresponds to the exponenl ia l  d is t r ibut ion
of a completely mixed reactor lvhen the circulation rate is much greater
than about  f ive t imes the throughput .  Such a condi t ion may be easi ly
achieved in low v iscosi ty  s) 's tems,  but  in  h igh v iscosi ty  systems (such as
polymer izat ion and fernrentat ion reactor) ,  they are far  more d i f f icu l t  to
achieve.

The h igh v iscosi ty  systems of  our  in terest  wi l l  invar iably  operate under
laminar  condi t ions.  The informat ion on c i rcu lat ion rate (see sec.  3.4)  and
ar ix ing t inre (see sec.  3.6)  should be helpfu l  in  designing to achieve good

mix ing.  For  example,  in  a cont inuous system, i f  v , ,e  keep the ra ix ing t ime
rather  smal l  in  compar ison to the mean res;dencc t ime,  then RTD fa i r ly
c lose lo  per fect  mix ing may be achieved.  The studies on RTD in
cont inucus agi tated vessels assume great  importance.  Al though enough is
known in the are a of  lorv-v iscosi ty  l iqu iCs,  l i t t ie  in format ion is  avai lable
for  h igh v iscosi ty  l iqu ids.

Zaloudik (1969) prov ided RTD data for  agi tated vessels jn  which f la t -
b laded turb ines 

"vere 
used to agi tate corn-syrup solut ions in  the laminar

and ear ly  t ransi t ion regicn.  Signi f icant  deviat ions f rom the conrplete ly
nixed system were detecled and a ttvo-parameter model r ',,as developed to
descr ibe RTD. Stokes and Nauman (1971) analysed the data of  I l lanks and
Stokes (1970),  rvh ich were obta ined rv i th  polystyrene solut ions of  v iscosi t ies
in the range of  . {  to  200 poise.  Dual  f ia t -b laded turb ines and a cornbinat ion

o l  p i t ched -end  f i a t -b laded  tu rb ines  were  used .  S tokes  and  Nauman
made use of  a s ingle paranretcr  tanks- jn 'sr - r  ics r r roc ic l .  Recent ly  l i4oo-
Young  a r rd  Chan  (1971 )  have  p rov idcd  RTD da ta  on  bo th  Newton ian
ald non-Newtonian porver- la tv  11uids agi tated t iy '  l la t - l r ladcd tur t  ines.
The model  used [ " i1 'N{oo-Young and Chan hac]  a combinat ion of  conrple le ly
nr ixecl  regions wi lh  a dcacl -space ani i  a  p lug l iow region.  Thcy corrc la ler l
t i rc  model  parameters in  ter tns of  the Reynolds nunrber ,  a pseudo-

plast ic i ty  index and the product  of  the agi tator  speed and the ntan

residence t ime.  The range of  the paramcters considered b1 '  I \ ' loo-Young
and Chan inc ludes values typ ical  o l  industr ia l  polymer izat ion reactors.

Holvever ,  anchor,  hel ica l  screw and r ibbon and p i tched turb ine agi tators

are more commonly used for  polymer izat ion and i t  would be important
to obta in in format ion on t {TD in such systems.  Fur ther i lorsr ,  the model

l iqu ids tested by Moo-Young and Cl tan were purely  v iscot ts .  \Yhen a

viscoelast ic  l iqu id is  agi tated,  thc in teract ion of  iner t ia  ar ,d e last ic i ly  may

produce very pecul iar  f low pat terns (see sec.  3.3)  acd th is  may s igni f icant ly

inf luence the res idence t ime d is t r ibut ion.
I t  is  only  in  recent  ycars t l ia t  the importance of  mix ing considerat ions

i r r  polymer iz .at ian reactors is  being recognized.  ln  sharp contrast  to  mix ing

studies in  s imulated f lu ids,  there is  an increasing t lend torvards examtni r tg

the ro le of  mix ing in  actual  polymer izat ion leactors.  The v lor l :  o f  Cc ' le

(1976) is  par t icu lar ly '  r 'a luable in  th is  regard.  Cole studied the non- ideal
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mixing pat terns in  cont inuous st i r red tank polymer izat ion reactors and
character ized these in terms of  a mix ing model ,  Anionic  solut ion
polymerization of butadiene was then undertaken to study the influence
of mixing. correlations were then developed betrveen the operating
parameters,  mix ing model  parameters and molecular  weight  d is t r ibut ion
parameters.

I t  is  conceivable that  s imi lar  ef for ts  could be undertaken for  the
corre lat ion of  other  polymer characterr 's t ics,  such as copolymer sequence
dist r ibut ion,  etc .  I t  is  c lear  that  such studies would be of  immense help
to engineers due to the fo l lowing reasons:

l .  changes in product  character is t ics due to scale-up ef fects as nely
products move f rom laboratory scale to product ion scale could be
ant ic ipated and corrected for .  This  speeds up the scale-up sequence by
e l iminat ing t r ia l  and error  cxper imentat ion in  Iarge equipment .  This  wi l l
t reconte par t icu lar ly  i tnpor tant  as the neecl  for  products rv i th  more deta i led
speci f icat ions for  more denianding appl icat ions wi l !  increase.

2.  operat ing condir ions in  laboratory and p i lo t  p lant  equipment  could
be se lected judic iously  so that  the p lant  scale mi . r ing concl i t ions could be
dupl icated.

3. The need for design changes in production equipment may be shown
early so that the nature of the changes needed could be inferred.

'4 .  More in te l l igent  design of  fu ture equipment  at  any scale could be
made,  prov ided tcst  resul ts  f rom the ex is t ing equipment  are considered
relat ive to the product  propert ies desi red.

4.2 i l{ icronrixing

As remarked ear l ier ,  for  non- l iuear  react ions the res idence t iure
d i s t r i bu t i on  by  i t sc l f  docs  no t  de f i ne  t he  s ta te  o f  n i i x i ng  s i nce  i t  n re re l y
def ines what  is  terrned as rnacromix ing and not  nr icronr ix ing.  A conrplete ly
segregaled svsterr  represents one l imi t  o f  micromix ing,  that  is ,  where
there is  no rn ix ing at  a l l .  There is ,  o f  course,  a l l  upper l imi t  o '
in icromix ing,  which corresponds to the maximunr amount  of  molecular
level  mix ing possib le and Zwieter ing (1959) has termed th is  as the srate of
maximum mixedness.  In  the complete ly  segregared reactor  the ' r ix ing
between fluid elements u,hich have spent different t imes in the reactor
occurs in  the ex i t  s t ream, wl iereas in  the maximuur mixedncss case mix ins
occurs immediate ly  ,  v iz .  a t  the entrance

I f  considerat ions are rest r ic ted only to the convers ion of  the reactants
(and not  to  the deta i ls  of  the product  y ie ld)  then the maximum mixedness
gives the lorvest possible conversion of reactants firr reaction orders
great€f than one and highest conversion for reaction c-,rders less than one.
complete segregat ion g ives the h ighest  possib le convers ion for  or t lers
greater than one and the lorvest conversion for orders less than one. , l 'he

con'ers ion for  a 61s1-order  reapt ion is  ent i re ly  deterrn ined b1,  RTD an<l
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i t  is  independent  of  the level  of  micromix ing.  Novad and Thyn (1966)

have given useful charts to depict these effects.

It is clear that we have to be able to describe the intermediate state of

segregation (or micromixing) by the use of certain models. Some efforts

have been niade in this direction. Curl (1963), for instance, has proposed

a coalescence model wherein he considers a model of dispersed phase

droplets f lowing through an ideal  s t i r red tank.  I f  the react ion occurs in

the droplets and they do not coalesce, then this phase wil l act as a

macrofield. On the other hand, if they do coalesce and disperse then they

approach the microf lu id behaviour .  Spie lman and Levenspie l  (1965) have

shown how the conversion can be obtained from such a model by using a

Monte-Carlo procedure.

Ng and Rippin (1965) have proposed the idea of  a two envi ronnent

model, wherein a reactor r,vith arbitrary RTD is viewed as consisting of

c lumps of  unmixed f lu id (enter ing envi ronment)  and a l ready mixed f lu id

( leaving envi ronment) .  In  the usual  formulat ion of  the two envi ronment

model ,  the d iv is ion between the segregated and maximum nr ixedness is

based on the age of the fluid elenent. Typically, a fluid elters the reactor

in the segregated environment and leaves in the maximum nixedness

envi ronment .  Chen and Fan (1971) have,  holvever ,  proposed a reversed

two envi ronment  model  as being more representat ive o l  the polymer

reactors.  I t  is  assumed that  the reactants are in i t ia l ly  wel l  mixed,  but

become segregated as the v iscosi t ies increase dur ing polymer izat ion.

5 .  C o n c l u d i n g  R e m a r k s

The present review has been confined to the mixing of viscous fluit ls.

A cols iderable research ef for t  is  current ly  under rvay a l l  over  the qor ld

and nen'  avenl les for  research are cer ta in ly  emerging.  Al though the present

rev ierv encompasses most  of  the important  areas,  cer ta in f le lds have not

been adequate l l '  cr ' :nver ted.  Some of  the important  areas,  for  example,

are as follows:

l .  Demand of  uni lorm polymer mel t  quai i ty  in  lerms of  both compo-

s i t ion and temperature has g iven r ise to the appl icat ion of  mot ion-

less mixers.  In format ion on these mixers is  growing (see,  e.g ' ,  Schot t

et  a l . ,  1975,  Chen and MacDonald,  1973).  Appl icat ions of  these

mixers in  other  areas,  e.g. ,  gas d ispers ion jn  v iscous l iqu ids 1see,
e.g. ,  Smith,  1978) is  a lso bei rg considered.  This is  an evolv ing area

of research and considerable basic and applied research inputs wil i

be necessrry to take these mixers to a commercially viable stage.

2.  Cur ious anomal ies resul t  in  polymer-addi t ive systems'  I t  has been

shown (White and Lee, 1974) that during Poiseuil le f lorv the lorver

v iscosi ty  f lu id of  the two f lu ids wi l l  migrate to the region of  l i ighest

shear (e.g.  mould re lease agents) .  Conversely,  so l id  par t iu ies i l  a
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poiymer-particle system rvil l  nrigrate to the region of lowest shear

cluring Poiseuil le l low accounting for resin ricir surfaces in fi l led

systenls (Kubat  and Szalanczi ,  1974).  These problems of  'demix ing '

are qui te important  and are receiv ing wide at tent ion of  the resear-

c he rs .
3.  Pecul iar  mix ing problems ar ise dur ing the tvro phase contact  of  a

gas and a non-Newtonian l iqu ic l  and the subseqqent  heat  and mass

t ranspo i t  p rocesses  ( see ,0 .3 . ,  Mashe l ka r ,  1976 ,  As ta r i t a  and

Mashelkar ,  1977).  This  area is  a lso in  a stage of  in fancy '

In the presei t t  rev iew we have at tempted to analyse some aspects of  a

topic rvhich not too long ago rvas being treated entirely as an art and is

now rapid ly  achiev ing a sound sc ient i f ic  basis .  The int roduct ion oI  wel l -

def ined stat is t ica l  lneans for  est imat ing th:  goodness of  mix ing,  the

l ink ing wi th thE la in inar  and d is t r ibut ive mix ing,  increased ernpl ras is  ot l

a t tempts to analyse a substruc iure rathar  than observat ion of  a gross

phenornenon and lur thermore ths l inkup of  such substruct i t re to the

hydrodynamics have a ided considerably in  evolv ing such a sc ient i f ic  basis .

The b lack box v iervpoint  is  vanishing and th is  is  a welcome s ign.

In the areas just  covered we have provided analys is  as rvel l  as cons-

t ruct ive suggest ions for  fu ture research in  each indiv idual  case.  I t  should

be enphasized that  our  at tempt has been to be representat ive rather  than

encyclopaedic so that  a rat ional  analy-s is  of  the present  day knowledge of

t i re  subject  could be made.  I t  is  hoped that  t i re  rev ievr  rv i i l  be usefu l  fo i

researchers ancl  designers a l ike-
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GREEK LETTERS
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