
CHAPTER I I

THEORY

2.1 Basic Concepts of Liquid Mixing <3)

The b as i c  concepts for  the represen ta t ion  of the s t a t e  of 
mixing and the progress of mixing in a g i t a t e d  l iq u id s  w i l l  be 
d iscu ssed  f i r s t .

2 .1 .1  Def ining the s t a t e  of mixing
When the concentration  c  at an arb i trary  point in a 

l iq u i d  i s  equal to  the average concentration  CTO which i s  ca l c u la te d  
from charged r a t i o ,  the s t a t e  of mixing i s  c a l l e d  homogeneous. In 
order to  represent the degree of mixing in a non-uniform s t a t e ,  a 
mathematical expression  could be d es i r ab le  to  show how far  the  
concentration  d e v ia te s  from the homogeneous s t a t e .  The concentration  
d i s t r i b u t i o n  of s o lu t e  in the x -d i r e c t io n  i s  shown in Figure 2 .1 .  
The same s i t u a t i o n  i s  true for  temperature d i s t r i b u t i o n ,  so the  
d isc u ss io n  about concentration  a l s o  inc ludes the temperature. As can 
be seen in Figure 2 .1 ,  the s t a t e  of mixing of the  s o lu t e  i s  expressed  
by the width of concentration  b lo tc h e s ,  L= or s t r i a t i o n  d i s t a n c e ,  LD 
and by the i n t e n s i t y  of concentrat ion  I 15. The former i s  c a l l e d  the  
s c a l e  of segregat ion  and the l a t t e r  the i n t e n s i t y  of s egregat ion .  
The concentration  variance 6C2 i s  def ined  by Eq. ( 2 . 1 ) .

ห อท เห กtn «  สถา!โน) riMtn การ
«พ าถงกรถ!มหา) ทยาถย



6

Lf {C(X)-C } zdx
)

( 2 . 1 )

where L i s  t h e  s p a c i a l  v a r i a b l e  o c c u p ie d  by t h e  l i q u i d .  6CZ or i t s  
d i m e n s i o n l e s s  v a l u e  6 c Z/C1112 corresponds  t o  I B. when th e  s o l u t e  i s  in  
a s t a t e  of  i r r e g u l a r  d i s t r i b u t i o n ,  a c o r r e l a t i o n  f u n c t i o n  f ( r )  
between two a d ja c e n t  p o i n t s  s e p a r a t e d  by r i s  c o n s i d e r e d  which i s  
d e f i n e d  as shown in E q . ( 2 . 2 )  where c ( x ) = C (x ) - C m and c ( x + r )= C ( x + r ) - C n1.

f ( r ) = 1

c
c ( x ) * c ( x + r ) d x ( 2 . 2 )

L>>r; c 2 (x )d x  = c z (x+r )dx  ( 2 . 3 )

Using Eq. ( 2 . 2 ) ,  we can d e f i n e  L= as f o l l o w s

f ( r ) d r ( 2 . 4 )

o
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In a homogeneous s t a t e ,  L= or LD i s  equal  t o  0 or L I t e n d s  t o  
z e r o .  The c o n c e n t r a t i o n  v a r i a t i o n  with  t im e  i s  ob served  a t  an
a r b i t a r y  p o in t  in a f low  sy s tem ,  as shown in  F igu re  2 . 2 .  S i m i l a r l y  
with  Eqs. ( 2 . 2 )  and ( 2 . 4 ) ,  a c o r r e l a t i o n  f ( r )  and a t ime s c a l e  L 
which i s  th e  t ime f o r  c o n c e n t r a t i o n  b l o t c h e s  are  d e f i n e d  as f o l l o w s :

where T i s  t h e  d u r a t io n  o f  t h e  o b s e r v a t i o n  and i s  ve ry  l a r g e  compared 
w ith  T . . i s  th e  t ime avarage  of  c o n c e n t r a t i o n .

T
r

f (  ) c ( t )  c ( t + t ) d t ( 2 . 2 ’ )

( 2 . 4 ’ )

( 2 . 5 )
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F igu re  2.1  S c a l e  of s e g r e g a t i o n  and i n t e n s i t y  of  s e g r e g a t i o n .

c

Figure  2 .2  Concentration  f l u c t u a t i o n  with t im e .
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I t  i s  d i f f i c u l t  t o  connec t  s t r i c t l y  th e  s c a l e  of  
c o n c e n t r a t i o n  b l o t c h e s ,  Ls w i th  t h e  t im e  of  c o n c e n t r a t i o n  v a r i a t i o n  
L = t , but  th e  f o l l o w i n g  approximation  may be assumed t a k i n g  t h e  f low  
v e l o c i t y  a t  th e  p o i n t  of o b s e r v a t i o n  as V.

L = VL ะะ V» 25 ( 2 . 6 )

A c t u a l l y  t h e  o b s e r v a t i o n  o f  a p o i n t  v a l u e  i s  i m p o s s i b l e ,  
because  th e  d im ens ions  of  th e  measuring probe and th e  sample are not  
i n f i n i t e s i m a l .  We must be c o n t e n t e d  with  an average  c o n c e n t r a t i o n  
c o rresp o n d in g  t o  th e  r e s o l v i n g  a b i l i t y  of  t h e  probe.  A lso  t h e  
s e n s i t i v i t y  of  t h e  measuring d e v i c e  has a l i m i t ,  and th e  sm al l  
d i f f e r e n c e  in c o n c e n t r a t i o n  i s  d i f f i c u l t  t o  d e t e c t .  At a
s a t i s f a c t o r y  s t a t e  of  mix ing ,  t h e  i n t e n s i t y  of  s e g r e g a t i o n  I need  
not be z e r o ,  but i s  a l l o w e d  t o  have an e r r o r  lower than a c e r t a i n  
l i m i t  A I 1111.

The t ime r e q u ir e d  t o  lower t h e  v a l u e  o f  I 11 t o  À I 1111 i s  taken  
as t h e  mixing t i m e 0 M.

As a mixing index  (M)c l 3 ' i a J , we can use  Eq. ( 2 . 2 )  and ( 2 . 7 ’ ) 
which c o n s i s t  of  a c o n c e n t r a t i o n  v a r i a n c e  o f  an a r b i t r a r y  mixing  
s t a t e  6 Z = I and t h a t  of an i n i t i a l  unmixed s t a t e  ฮ2 = I 0 .

M = 1 -  q2 = 1 - 1 ^  ( 2 . 7 )



10
M’ = 1 - 6  ( 2 . 7 ’ )

6 O

M and M’ are z ero  in an unmixed s t a t e  and are 1 at  a c o m p l e t e l y  mixed 
s t a t e .

2 . 1 . 2  Flow p a t t e r n  and p r o g r e s s  o f  mix ing
There are two mechanisms in  promoting mixing fo r  

s o l u t e .  One i s  th e  mass t r a n s f e r  cau sed  by a c o n v e c t i o n  f lo w  and th e  
o th e r  i s  t h a t  caused  by m olecu lar  d i f f u s i o n .

By th e  c o n v e c t i o n  f l o w ,  t h e  b l o t c h e s  o f  s o l u t e  are deformed,  
and are d i v i d e d  i n t o  p i e c e s ,  and th e  s i z e  o f  s e g r e g a t i o n  Ls or LD 
becomes s m a l l e r .  The c o n t a c t  s u r f a c e  area  between zones of h igh  and 
low c o n c e n t r a t i o n  o f  s o l u t e  i n c r e a s e s  or i s  renewed,  and th e  mixing  
and t r a n s p o r t  i s  promoted by t h e  m olecu lar  d i f f u s i o n .  The i n t e n s i t y  
of  s e g r e g a t i o n  may not  be changed by t h e  c o n v e c t i o n  f lo w  o n l y ,  but  i s  
i n f l u e n c e d  by th e  a i d  of m o le c u la r  d i f f u s i o n .  As a p r a c t i c a l  p o in t  
of  v iew ,  however,  th e  apparent  v a l u e  o f  10 can be reduced t o  z ero  or 
t o  a c e r t a i n  v a l u e  s m a l l e r  than A I = 11 w i thout  m o le c u la r  d i f f u s i o n ,  
because  th e  r e s o l v i n g  power o f  t h e  s e n s o r  f o r  c o n c e n t r a t i o n  
measurement i s  f i n i t e  and t h e  d e s i r e d  m ix ture  i s  a t t a i n e d  at  a 
c e r t a i n  range of  an a l l o w a b l e  e r r o r .

F igure  2 .3  shows t h e  p r o c e s s  of  mass t r a n s f e r  of  s o l u t e  in a 
lump L i n t o  surrounding  l i q u i d  by th e  a c t i o n  of  c o n v e c t i o n  and 
m olecu lar  d i f f u s i o n .  From a mass b a la n c e  of  s o l u t e  in t h e  lump we
have
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V (L3 )dC
d t

V (L 3 ) ะ 
A (L 2 ) ะ
c  ะ

F i g u r e

( f
Dm( g r a d  C - n l ^ d A  -  
A ( L Z) 0

(C v- ท) AdA +
A ( L Z )

( 2 . 8 )

—  D m  grnd c

Volume o f  a  lump 
S u r f a c e  a r e a  o f  a  lump 
C o n c e n t r a t i o n  o f  s o l u t e  
G e n e r a t i o n  o f  s o l u t e  
ะ c  a n d  i n  s u r r o u n d i n g

■ 3 P r o c e s s  o f  m ass  t r a n s f e r  o f  s o l u t e  i n  a  l u m p . :
----- -  Mass  f l u x  by c o n v e c t i o n ,
—  -  Mass  f l u x  by d i f f u s i o n



F i g u r e  2 . 4  M i x i n g  p r o c e s s  o f  a  lump o f  s o l u t e  w i t h  s u r r o u n d i n g  
l i q u i d .
- - >  Mass t r a n s f e r  by  d i f f u s i o n

D e n o t i n g  a  c o n c e n t r a t i o n  d i f f e r e n c e  b e t w e e n  t h e  lump a nd  t h e  
s u r r o u n d i n g  by c  = c  -  c  ’ t h e  s o l u t e  f l u x ,  by  k c • c  a n d  t h e  e f f l u e n t  
v e l o c i t y  t h r o u g h  t h e  i n t e r f a c e  by V o r  V n  t h e n  we h a v e ,

V (L3 )dAC =  A (L 2 ) ( k c 4 v tJ  c  + V (L3 ) ( q c - q c 11) ( 2 . 0  a)
d t

dAC =  -  / U L , Z ^ ( k c  + v r1) c +  C\c ( 2 . 8 b )

V ( L 3 )d t
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L e t  u s  t a k e  a  lump o f  s o l u t e ,  f l o w i n g  i n  a  s t r e a m  
i n t e r m i n g l i n g  a n d  t r a n s f e r r i n g  s o l u t e  w i t h  t h e  s u r r o u n d i n g  l i q u i d  a s  
shown i n  F i g u r e  2 . 4 .  A s s u m i n g  t h a t  t h e  c o n v e c t i o n  v e l o c i t y  a t  t h e  
i n t e r f a c e ,  Vn i s  z e r o ,  t h e n  E q .  ( 2 . 8 b )  i s  r e d u c e d  t o

d & c  = -  A ( L Z)k_AC + q c ( 2 . 9 )

d t  V (L 3 )

As t h e  r a t i o  o f  i n t e r f a c i a l  a r e a  t o  v o l u m e  A/V b e c o m e s  l a r g e r  when L a 
g e t s  s m a l l e r ,  t h e  f i r s t  t e r m  o f  t h e  r i g h t  h a n d  s i d e  o f  E q .  ( 2 . 8 b )  a n d  
E q .  ( 2 . 9 )  a s  w e l l  a s  t h e  m i x i n g  r a t e  b e c o m e  l a r g e .  T h e r e f o r e  t h e  
d e f o r m a t i o n  a n d  s u b d i v i s i o n  o f  t h e  lump o f  s o l u t e  c o n t r i b u t e  l a r g e l y  
t o  t h e  m i x n g  i n  a  l a r g e  s p a c e .  On t h e  o t h e r  h a n d ,  t h e  s p r e a d i n g  o f  
s o l u t e  by  d i f f u s i o n  t o  t h e  s u r r o u n d i n g s  c o n t r i b u t e s  l a r g e l y  t o  t h e  
m i x i n g  i n  a  s m a l l  s p a c e ,  d i m i n i s h i n g  I a n d  e n l a r g i n g  L 11. F i g u r e  2 . 5  
s h o w s  t h e  p r o g r e s s  o f  m i x i n g  b y  t h e  a c t i o n  o f  c o n v e c t i o n  a n d  
d i f f u s i o n  w i t h  s c h e m a t i c  c u r v e s  L = v s .  t ,  L D v s .  t  a n d  I t1 v s .  t .

The  r a n g e  o f  r a p i d  d e c r e a s e  i n  s i z e  o f  a  c o n c e n t r a t i o n  b l o t c h  
L e c o r r e s p o n d s  t o  t h e  p e r i o d  o f  c o n t r o l l i n g  c o n v e c t i o n  a n d  t h e  r a n g e  
w h e r e  LB c o n v e r t s  t o  a  r a p i d  i n c r e a s e  o r  t h e  i n t e n s i t y  o f  s e g r e g a t i o n  
I o g o e s  down a b r u p t l y ,  c o r r e s p o n d s  t o  t h e  p e r i o d  o f  d i f f u s i o n
c o n t r o l l i n g .
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F i g u r e  2 . 5  c h a n g e  o f  L B a n d  I B w i t h  l a p s e  o f  m i x i n g  t i m e .

2 . 1 . 3  M i x i n g  i n  a  l a m i n a r  f l o w  r a n g e
I n  h i g h  v i s c o s i t y  l i q u i d s ,  m i x i n g  i s  c a r r i e d  o u t  in  

a  l a m i n a r  s t a t e  a n d  t h e  m o l e c u l a r  d i f f u s i o n  i s  v e r y  s m a l l .  T he  m ass  
b a l a n c e  e q u a t i o n  i s  o b t a i n e d  by  t a k i n g  t h e  d i f f u s i o n  i n  c o n v e c t i o n  
f l o w  i n t o  c o n s i d e r a t i o n ,  i . e . ,  by t a k i n g  t h e  l i m i t  o f  L t e n d i n g  t o  
z e r o  i n  Eq.  ( 2 . 8 ) ,  a n d  t h e  w e l l - k n o w n  d i f f e r e n t i a l  e q u a t i o n  i s  
d e r i v e d ;

b e  + VJbC + VybC 4 VJ1C = Dm( b z c + b 2Ç + b Z£)_ 4 q c ( 2 . 1 0 )
b t  bx  by b z  b x 2 b y 2 b z 2

A l s o  t h e  e q u a t i o n  o f  c o n t i n u i t y  m u s t  b e  c o n s i d e r e d

bVy + bVy 4 bVB = 0  ( 2 . 1 1 )
bx by bz
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L e t  u s  c o n v e r t  E q .  ( 2 . 1 0 )  i n t o  a  d i m e n s i o n l e s s  f o r m .

X* = x / L o , y* = y /L^1,  z* = z / L o 
v /  = Vx / V o , Vy* = Vy / V o ,  V2 “ = Vz / V o (

c *  = C / C o , t *  = t V o / L 0

w h e r e  Co,  L o , a n d  V0 a r e  v a l u e s  t a k e n  a t  a  s t a n d a r d  c o n d i t i o n  
u s i n g  d i m e n s i o n l e s s  n o t a t i o n s ,  E q .  ( 2 . 1 0 )  i s  w r i t t e n :

DC* =ะ - (VX*ÔC* + VyÔC* + v j c * )  + Dm( ô V  + a V  + ซV )  (2
ô t *  ôx*  ôy*  Dz* DoL 0 ô x * 2 ô y * 2 "ôz*2

o r  by  a  v e c t o r  n o t a t i o n

DC* = -  (บ*v* c* )  + 1 (Z\*c*) (
at* P15

w h e r e  Pe  = R e - S c ,  Re = VoL J v  a n d  Sc  = ^ / D m.
When t h e  m i x i n g  p r o c e s s  by c o n v e c t i o n  f l o w  o n l  

c o n s i d e r e d ,  t h e  d i f f u s i o n  t e r m  i n  E q .  ( 2 . 1 3 )  d i s a p p e a r s ,

DC* = (บ*'7*c*)  (2
a t *

. 12 )

By

1 0 ’ )

. 1 3 )

y is

. 1 3 ’ )

Ü18436
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T h e r e f o r e ,  i n  a  g e o m e t r i c a l l y  s i m i l a r  s y s t e m ,  t h e  p r o g r e s s  o f  

m i x i n g  by a  c o n v e c t i o n  f l o w  b e c o m e s  i d e n t i c a l .  As t h e  f l o w  p a t t e r n  
o f  a g i t a t e d  l i q u i d  i s  c o n t r o l l e d  b y  R e y n o l d s  n u m b e r ,  t h e  s t a t e  o f  
s i m i l a r l y  i s  a l s o  d e t e r m i n e d  b y  t h e  R e y n o l d s  n u m b e r ,  when t h e  
d i f f u s i o n a l  t e r m  i s  a l s o  t o  b e  c o n s i d e r e d ,  we m u s t  c o n s i d e r  t h e  
e q u a l i t y  o f  Pe  n u m b e r ,  w h i c h  c o r r e s p o n d s  t o  t h e  e q u a l i t y  o f  Re a n d  Sc 
n u m b e r s .

2 . 1 . 4  T u r b u l e n t  m i x i n g
A l t h o u g h  t h e  m e c h a n i s m  o f  t u r b u l e n t  m i x i n g  i s  n o t  

e s s e n t i a l l y  d i f f e r e n t  f r o m  t h a t  o f  l a m i n a r ,  a  s t a t i s t i c a l  t r e a t m e n t  
a s  a  m ass  o f  f l u i d  e l e m e n t s  c o m p o s i n g  i r r e g u l a r  m o t i o n  i s  n e c e s s a r y  
i n  t h e  f o r m e r  c a s e .  The  s o - c a l l  t u r b u l e n t  d i f f u s i o n  i s  a s s u m e d  f o r  
t h e  m i x i n g  p h e n o m e n a  i n  a  l a r g e  s p a c e  c o m p a r e d  w i t h  t h e  a v e r a g e  s i z e  
o f  t u r b u l e n t  e d d i e s .  The  v e l o c i t y  a n d  c o n c e n t r a t i o n  o f  c o n v e c t i o n  
f l o w  a r e  r e p r e s e n t e d  by  t h e  sum o f  t h e i r  t i m e  a v e r a g e  v a l u e  d e n o t e d  
w i t h  b a r s ,  a n d  t h e i r  f l u c t u a t i o n  c o m p o n e n t s  s how n  b y  s m a l l  l e t t e r s  a s  
f o l l o w s ;

Vx = v * + v 5, ’ V v = Vv + Vv ’ v 1: = v1: + v 1: ( 2 .1 4 )
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F i g u r e  2 . 6  R e l a t i o n s h i p s  among m i x i n g  t i m e  0 M a n d  d i v i d i n g  a c t i o n  
o f  c o n v e c t i o n  ( p ) ,  m o l e c u l a r  d i f f u s i o n  (Dm) a n d  s p a c e  
v a r i a b l e s  ( L o ) .

c = c t- c ( 2 . 1 4 ’ )

S u b s t i t u t e  t h e s e  n o t a t i o n s ;  a n d  i n t r o d u c e  t h e  t u r b u l e n t  s o l u t e  
t r a n s f e r  i n t o  E q s .  ( 2 . 1 0 )  a n d  ( 2 . 1 1 ) ,  t h e n  t h e  e q u a t i o n  e x p r e s s i n g  
t h e  d i s t r i b u t i o n  o f  t h e  t i m e  a v e r a g e  o f  s o l u t e  c o n c e n t r a t i o n  i s  
o b t a i n e d .

ÔC+ VJVC f Vv 0C + v j i c  = (D .+ D_)  ( 5 gC+QZC+52C) + q c ( 2 . 1 5 )
ô t  ôx Dy b z  b x 2 b y 2 b z 2

In a  f u l l y  d e v e l o p e d  t u r b u l e n t  f l o w  f i e l d ,  Dt i s  e x t r e m e l y  
l a r g e  c o m p a r e d  w i t h  Dra a n d  t h e  c o n t r i b u t i o n  o f  t u r b u l e n t  d i f f u s i v i t y  
t o  t h e  m i x i n g  p r o c e s s  i s  p r e d o m i n a n t  a n d  i m p o r t a n t  c o m p a r e d  w i t h  t h e
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c a s e  of laminar f l o w .  The d i m e n s i o n l e s s  v a r i a b l e s  บ', and c* are
a l s o  in tr o d u c e d  f o r  th e  t ime average  v a l u e s  of  f lo w  v e l o c i t i e s  and 
c o n c e n t r a t i o n ,  when m olecu lar  d i f f u s i v i t y  i s  n e g l e c t e d  compared with  
t u r b u l e n t  d i f f u s i v i t y ,  Eq. ( 2 . 1 5 )  i s  reduced t o ,

ÔÇ* = - ( บ ,,'7*c*) 1 1 ( & v >  ( 2 . 1 5 ’ )
at*

where Pe% = VoL0/ i s  a P e c l e t  number in a t u r b u l e n t  f i e l d .  
Eq. ( 2 . 1 5 ’ ) corresponds  t o  Eq. ( 2 . 1 3 )  fo r  t h e  laminar f i e l d .  In a 
f u l l y  d e v e lo p e d  t u r b u l e n t  f l o w ,  t h e  s t a t e  of  f lo w  i s  independen t  of  
Re = VqLo/ v , and S c t = Vt /Dt . Ret = VoLo/ v t (or Pet ) t a k e s  a 
c o n s t a n t  v a l u e .  The f low  p a t t e r n  i s  c o n s i d e r e d  t o  be s i m i l a r  in 
g e o m e t r i c a l l y  s i m i l a r  v e s s e l s ,  so  t h a t  th e  d i m e n s i o n l e s s  mixing  
v e l o c i t y  dC*/c>tM t a k e s  an i d e n t i c a l  v a lu e  i r r e s p e c t i v e  of  t h e  volume 
of  mixing s p a ce  and th e  law of  s i m i l a r i t y  becomes a p p l i c a b l e .  For 
example,  in t u r b u l e n t  f lo w  in a mixing v e s s e l ,  t h e  r e l a t i o n  between  
c *  = C/Co and t* = tV o/ L 0 (or t n) becomes i d e n t i c a l ,  i r r e s p e c t i v e  
of  v e s s e l  volume and a s i m i l a r  s t a t e  of mixing i s  a t t a i n e d  a t  an 
equal  d i m e n s i o n l e s s  mixing t im e .

0 M•ท = = c o n s t .

M 1/n ( 2 .1 6 )
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A c t u a l l y  t h e  t u r b u l e n c e  in  mixing v e s s e l s  i s  found t o  be 

composed of  an average  c o n v e c t i o n  f low  w i th  a t u r b u l e n t  f l u c t u a t i o n  
v e l o c i t y  superimposed .  T h e r e f o r e ,  in a s i m i l a r  way as in  laminar  
f l o w ,  th e  s t a t e  of  mixing proceed s  as f o l l o w s ;  (1) mixing by 
c o n v e c t i o n  f lo w  ( d im in u t io n  of LD) ,  (2) mixing by t u r b u l e n t  d i f f u s i o n  
( d im in u t io n  of I s in macroscop ic  o b s e r v a t i o n ) ,  (3)  mixing by a l o c a l  
c o n v e c t i o n  f lo w  which ca u se s  t h e  d i s i n t e g r a t i o n  of  t u r b u l e n t  e d d i e s  
( d im in u t io n  of  LD) ,  (4) mixing by m olecu lar  d i f f u s i o n  ( r e a l  d e c r e a s e  
in  I t1) .

Mixing in a l a r g e  space  volume i s  accom pl ished  by (1)  
c o n v e c t i o n  due t o  a mean f lo w  and (2)  t u r b u l e n t  d i f f u s i o n .  Mixing by 
th e  d i s i n t e g r a t i o n  o f  t u r b u l e n t  e d d i e s  and by t h e  m o lecu lar  d i f f u s i o n  
i s  important  f o r  micro mix ing ,  but  i s  g e n e r a l l y  n e g l i g i b l e  f o r  macro 
mixing in a l a r g e  s p a c e .

2 .2  Method of Measuring Mixer Performance <3Î
A f te r  i n j e c t i o n  of  a sm al l  amount of  t r a c e r  in  an a g i t a t e d  

l i q u i d ,  c o n c e n t r a t i o n  change and mixing t im e  are measured in an 
a p p r o p r ia te  l o c a t i o n  of  th e  v e s s e l .  The f o l l o w i n g  methods were 
commonly used .

a) Us ing a small  amount of  e l e c t r o l y t e  as a t r a c e r ,  th e  
c o n c e n t r a t i o n  change was measured by a sm al l  p r o b e . 1 5 ' ° ' 7 ' 8 J

b) A f t e r  i n t r o d u c i n g  warm l i q u i d ,  t h e  temperature  change i s  
measured w i th  thermometers  l o c a t e d  in v a r i o u s  p o s i t i o n s . เ 121 .



20

c) A f t e r  i n j e c t i o n  o f  a dyed s o l u t i o n ,  th e  sp rea d in g  
p a t t e r n s  are f o l l o w e d  by e y e ,  by t a k in g  photographs or by u s i n g  a 
d e t e c t o r  comprised o f  p h o t o e l e c t r i c  c o n v e r t e r / 113

d) A f t e r  i n j e c t i o n  o f  a d e c o l o r i z i n g  agent  as a t r a c e r  i n t o  
a dyed l i q u i d ,  th e  s t a t e  of  d e c o l o r i z a t i o n  i s  t r a c e d / 33

f )  S c h l i e r e n  method*03 which i s  a t e c h n i q u e  t o  t r a c e  th e  
u n i f o r m i t y  of  s o l u t e  c o n c e n t r a t i o n  by measuring th e  d i f f e r e n c e  in  
r e f r a c t i v e  index .

F igure  2 .7  shows a measuring c i r c u i t  f o r  e l e c t r i c  
c o n d u c t i v i t y  p r e s e n t e d  by Kramers e t  a l / 33 and F igu re  2 .13  shows 
S c h l i e r e n  t e c h n i q u e * 153 which d e t e c t s  th e  c o n c e n t r a t i o n  d i f f e r e n c e  
throughout th e  v e s s e l .

As has a l r e a d y  been s t a t e d  in c o n n e c t io n  w i th  F igu re  2 .1  and 
2 . 2 ,  i t  i s  e s s e n t i a l  t o  s e t  th e  a l l o w a b l e  d eg r e e  of  unevenness  of  
s o l u t e  c o n c e n t r a t i o n .  F igu re  2 .9  shows th e  v a r i a t i o n  in ob se rved  
mixing t im e  6 11 w i th  th e  d i f f e r e n c e  of  c r i t e r i a  f o r  s u f f i c i e n t  
m ixing .  From t h i s  diagram we can compare th e  s e n s i t i v i t y  of  v a r i o u s  
methods in measuring mixing t im e .



2 1

F igure  2 .7  Method of measuring f l u c t u a t i o n s  by e l e c t r i c a l  
c o n d u c t i v i t y .

พทสม«กทาง สทาบ”น าท ย บ ! 'ก า! 
« ท า ท ง ก !tu ฆาทา ทยาทบ
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F igu re  2 . B Exper imental  assembly by S c h l i e r e n  method.
(a) Block diagram of  ins trum ent .

L = Light  s o u r c e ,  Lj = F i r s t  " S c h l i e r e n ” l e n s ,
L8 = Second " S c h l i e r e n ” l e n s ,  V = Mixing v e s s e l  

with s t i r r e r ,
ร = Screen in p lane  of image of V,
M1 = F i r s t  l t n i f e - e d g e  i n t e r c e p t i n g  h a l f  of  th e  beam, 
Mp = Second k n i f e - e d g e  ( in  p lane  of  image of  M,) ,  

i n t e r c e p t i n g  the  other  h a l f  of  the  beam
(b) Measurement of  mixing time

( V  1 >
ท0 = R e f r a c t i v e  index d i f f e r e n c e .



23

Figure  2 .9  V a r ia t io n  of  0 H with change of  c r i t e r i a  f o r  s u f f i c i e n t  
mixing.
C ondi t ions  of a g i t a t i o n ;  s tandard ty p e  a g i t a t o r  
D = H = 30 cm, 8 b a f f l e s ;
Bw/D = 0 . 0 7 5 ,  8 - f l a t - b l a d e - p a d d l e ;  d/D = 1 / 2 ,  b/I) = 1 / 1 0 ,  
C/H = 1 / 2 ,  N = 6 0 r .p .r a . , Re = 2.2*10* A g i t a t e d  l i q u i d ;  
tap water (17 1)
0 ะ Conductometric  method, i n j e c t e d  l i q u i d :  O.G cc of  

2N KCl aq. s o l n . / l  of tap water  
* S c h l i e r e n  method; 6 cc  of  56 % s a c c h a r o s e  s o l n . / l  of  

tap water
Thermometric method; 15 cc of  hot water (05 0 / 1  of  
c o l d  water ( 30 °C):  s e n s i t i v i t y ;  1 / 3 0  ”c  

( X  = 0 . 1  %; 0)
M N e u t r a l i z a t i o n  method; 2 cc  of 3N KOH aq. s o l n . / l  of  

6*10 3 N. HCl aq. s o i n . ,  i n d i c a t o r ;  p h e n o l p h t h a l e i n
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In th e  d e c o l o r i z i n g  method, a r e a c t a n t  in  th e  mother l i q u i d  

and a r e a c t a n t  in a t r a c e r  undergo an i n s t a n t a n e o u s  chem ica l  r e a c t i o n  
at  t h e i r  i n t e r f a c e ,  so th e  o b s e r v a t i o n  of  mixing p r o c e s s  i s  r e p l a c e d  
by th e  s h i f t  of  th e  i n t e r f a c e ,  and i s  d i f f e r e n t  somewhat from o th e r  
t e c h n i q u e s .

The d e c o l o r i z i n g  method i s  c o n v e n i e n t l y  use d  f o r  d e t e c t i n g  
dead sp a ce ,  but  i s  i n f l u e n c e d  by t h e  r a t i o  in q u a n t i t y  of  two 
r e a c t a n t s .  In th e  c a s e  of  n e u t r a l i z a t i o n  r e a c t i o n  where a l k a l i n e  
s o l u t i o n  with  p h e n o l p h t h a l e i n  i s  n e u t r a l i z e d  by a c i d ,  a t r a c e r  
c o n t a i n i n g  20-30 % e x c e s s  a c i d  compared w i th  t h a t  e q u i v a l e n t  t o  th e  
base  i s  adequate t o  g i v e  a s t e a d y  mixing t im e .

The measuring method s t a t e d  above i s  u sed  f o r  macro mix ing .  
A d i r e c t  method of  measuring t h e  micro mixing s t a t e  i s  d i f f i c u l t  t o  
f i n d .  Merely by an improvement o f  e l e c t r i c  p r o b e s ,  t h e r e  i s  a l i m i t  
of  r e s o l v i n g  power in 10-100 ( s c a l e ) ,  e s p e c i a l l y  in h igh  v i s c o s i t y  
l i q u i d s  where th e  r e s s o l v i n g  s c a l e  becomes even c o a r s e r  b eca u se  a 
s ta g n a n t  l a y e r  may a r i s e  around th e  probes by adherence .  Thus,  fo r  
th e  measurement of  micro mixing s t a t e ,  an o p t i c a l  method i s  
recommended. As another  approach,  i t  i s  wel l -known t h a t  th e  r a t e  of  
second order chem ica l  r e a c t i o n s  i s  i n f l u e n c e d  by t h e  s t a t e  o f  m ix ing .  
Using an i n v e r s e  r e l a t i o n ,  we may be a b le  t o  e v a l u a t e  t h e  d e g r e e  of  
micro mixing from th e  r a t e  of  chem ica l  r e a c t i o n .
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2 .3  Mixing Time C o r r e l a t i o n s  C3J

For t h e  mixing in an a g i t a t e d  v e s s e l ,  th e  g e n e r a l i z e d  
eq u a t io n  f o r  c o n v e c t i o n  mixing may be a p p l i e d .

be* = - (U*v*c*) + 1 (A*c*) ( i n  laminar  f low )  ( 2 .1 3 )

be* = -  (บ*'?*c*)  +__ 1_ (A*c*) ( i n  t u r b u l e n t  f low )  ( 2 .1 5 )
ôt* p0 t t

T h e r e f o r e ,  t h e  d i m e n s i o n l e s s  mixing t im e  NM = 0 M■ ท i s  
i n f l u e n c e d  by th e  geometry of  t h e  mixing v e s s e l ,  by t h e  i n j e c t i o n  
methods f o r  t h e  i n g r e d i e n t s ,  and by Re or Pe which c o n t r o l s  th e  
c o n v e c t i o n  f l o w  or d i f f u s i o n .

By d i r e c t  measurement,  o n ly  t h e  macro mix ing can be ob se r v e d .  . 
T he r e fo r e  l e t  us n e g l e c t  th e  a c t i v i t y  of  m o le c u la r  d i f f u s i o n  in th e  
two e q u a t io n s  s t a t e d  above; then  we have;

For laminar mixing be* = -  <u*v*c*) ( 2 . 1 3 ’ )
bt*

For t u r b u l e n t  mixing aC* = -  (บ*v*c*) + 1 (A*c*) ( 2 . 1 5 ’ )
at*
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In g e o m e t r i c a l l y  s i m i l a r  v e s s e l s ,  th e  s t a t e  o f  l i q u i d  f lo w  i s  
c l a s s i f i e d  roughly  by Reynolds number, Re = d 3n / v  as f o l l o w s ;

1) a low Reynolds range where t h e  i m p e l l e r  sp eed  i s  not  
l a r g e  and th e  secondary  c i r c u l a t i o n  f lo w  due t o  th e  c e n t r i f u g a l  
e f f e c t  i s  n e g l i g i b l e .

2) a medium Reynolds range where t h e  secondary  c i r c u l a t i o n  
f lo w  i s  a p p r e c i a b l e  ( laminar  r a n g e ) .

3) a h igh  Reynolds range (a complete  t u r b u l e n t  s t a t e ) .

In each i n d i v i d u a l  range ,  th e  l i q u i d  f l o w  p a t t e r n  i s  s i m i l a r .  
In a c o m p le t e ly  t u r b u l e n t  f lo w  range,  t h e  t u r b u l e n t  P e c l e t  number 
(Pet1) g i v e s  a c e r t a i n  c o n s t a n t  v a l u e ,  so  t h a t  t h e  d i m e n s i o n l e s s  
mixing t ime  NM = 6 M'ท shows a c o n s t a n t  v a l u e  and 6 „  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  ท.

2 . 4  R a d i o a c t i v e  Tracer  A p p l i c a t i o n s  C185
Tracer methods us in g  dyes and chemical  s a l t s  have been in  use  

f o r  some c o n s i d e r a b l e  t im e .  w i th  th e  i n t r o d u c t i o n  o f  r a d i o a c t i v e  
m a t e r i a l s  as t r a c e r s ,  t h e r e  was an i n i t i a l  t en d en cy  f o r  more emphasis  
t o  be p la c e d  on chemical  l a b e l l i n g  in b i o c h e m i s t r y  and b i o l o g i c a l /  
medical  r e s e a r c h  and t h i s  tended  t o  overshadow t h e  deve lopment of  
p h y s i c a l  t r a c e r s .  Although chem ica l  l a b e l l i n g ,  and carbon-14  s t u d i e s  
in  p a r t i c u l a r ,  c o n t i n u e s  t o  dominate th e  f i e l d ,  t h e r e  has been 
c o n s i d e r a b l e  deve lopment in i n d u s t r i a l  t r a c e r  t e c h n i q u e s  over  th e  
l a s t  20 y e a r s .  Most i n d u s t r i a l  p r o c e s s  i n v e s t i g a t i o n  work i n v o l v e s  
p h y s i c a l  or phase t r a c i n g  a p p l i c a t i o n .
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The b a s i c  requ irem ents  of  a t r a c e r  are as f o l l o w s
1. I t  s h o u ld  behave in th e  same way as t h e  m a t e r i a l  under 

i n v e s t i g a t i o n  ( t h i s  i s  not  u s u a l l y  a problem u n l e s s  t h e r e  i s  a 
change of  phase in t h e  s y s t e m ) .

2. I t  s h o u ld  be e a s i l y  d e t e c t a b l e  a t  low c o n c e n t r a t i o n s ;  
d e t e c t i o n  sh o u ld  be unambigious;

3. I n j e c t i o n ,  d e t e c t i o n  and/or  sampl ing  s h o u ld  be performed  
w ith out d i s t u r b i n g  t h e  system.

4. The r e s i d u a l  t r a c e r  c o n c e n t r a t i o n  in  t h e  product  from th e  
system should  be minimal .

A l l  t h e s e  c r i t e r i a  can be met by t h e  u se  of  r a d i o i s o t o p e  
t r a c e r s  and by c a r e f u l  s e l e c t i o n  o f  th e  most a p p r o p i a t e  t r a c e r  f o r  a 
p a r t i c u l a r  a p p l i c a t i o n .  F r e q u e n t ly  more than one r a d i o i s o t o p e  can be 
ch o sen ,  and t h e  f a c t o r s  which are  important  in  t h e  s e l e c t i o n  o f  th e  
t r a c e r  are h a l f - l i f e ,  s p e c i f i c  a c t i v i t y ,  ty p e  of  r a d i a t i o n ,  energy  of  
r a d i a t i o n  and p h y s i c a l  and chemical  forms.  In most i n s t a n c e s  th e  
freedom of  c h o i c e  i s  r e s t r i c t e d  and s p e c i f i c a t i o n  o f  two or t h r e e  of  
t h e s e  f a c t o r s  w i l l  reduce t h e  c h o i c e  of  t h e  o t h e r s .  The r e l e v a n t  
p r o p e r t i e s  o f  some r a d i o a c t i v e  t r a c e r s  are shown in  Table  2 . 1 .

-  H a l f - l i f e
The c h o i c e  of h a l f - l i f e  i s ,  l i k e  many o f  t h e  o t h e r s ,  

a compromise.  The h a l f - l i f e  must be long  enough t o  a l l o w  t im e  t o  
t r a n s f e r  th e  t r a c e r  from th e  n u c le a r  r e a c t o r ,  t o  th e  work s i t e ,  
prepare  th e  t r a c e r  f o r  use and complete  th e  measurement.  In order t o  
reduce  th e  l e v e l  of  r e s i d u a l  t r a c e r  in th e  e x i t  s t r e a m s ,  however,  a
s h o r t  h a l f - l i f e  t r a c e r  i s  d e s i r a b l e .
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-  S p e c i f i c  a c t i v i t y

For any t r a c e r  i n v e s t i g a t i o n  i t  i s  c l e a r l y  i m p e r a t iv e  t h a t  
th e  t o t a l  amount of a c t i v i t y  which i s  added t o  t h e  system i s  such 
t h a t ,  a l l o w i n g  f o r  d i l u t i o n  and p o s s i b l e  s p l i t t i n g  o f  th e  p r o c e s s  
stream,  s u f f i c i e n t  remains f o r  d e t e c t i o n  or measurement downstream.  
The amount of  a c t i v i t y  added and th e  s p e c i f i c  a c t i v i t y  w i l l  a l s o  be 
dependent upon whether th e  a c t i v i t y  i s  t o  be d e t e c t e d  in s i t u  or 
a n a ly s e d  l a t e r  in th e  l a b o r a t o r y .  In th e  c a s e  of  a n a l y s i s ,  th e  
samples  or th e  sample stream sh ou ld  c o n ta in  s u f f i c i e n t  a c t i v i t y  fo r  
th e  a n a l y s e s  t o  be performed w ith  an a c c e p t a b l e  e r r o r .

-  Type of  r a d i a t i o n
The advantages  of  u s i n g  gamma-emitters  f o r  i n d u s t r i a l  

p r o c e s s  i n v e s t i g a t i o n  work are w e l l  known. There are  two s p e c i f i c  
p r o p e r t i e s  of  gamma-radiat ion which are s i g n i f i c a n t .  The f i r s t  
of  t h e s e  i s  t h e  a b i l i t y  of  e l e c t r o m a g n e t i c  r a d i a t i o n  t o  p e n e t r a t e  
dense  m a t e r i a l s  such as s t e e l  p ip e  or v e s s e l  w a l l s .

The second important  p ro p er ty  of  gamma-radiat ion  i s  t h a t  th e  
r a d i a t i o n  from a s p e c i f i c  r a d i o i s o t o p e  i s  c h a r a c t e r i z e d  by a unique  
energy spectrum, th us  making i d e n t i f i c a t i o n  and measurement of  th e  
r a d i o i s o t o p e  r e l a t i v e l y  s i m p l e .  C on seq u en t ly ,  d u a l - t r a c e r  
exper im ents  have g r e a t e r  scope  and are much more e f f e c t i v e  when 
gamma-emitters  are  use d .

-  Energy of  r a d i a t i o n
The c h o i c e  of  th e  energy of  th e  r a d i a t i o n  of  t h e  t r a c e r  

w i l l  depend upon t h e  measurement system which can be used  and a l s o  
upon s h i e l d i n g  c o n s i d e r a t i o n s .  For gamma-emitter t h e  a c t u a l  energy
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i s  no t  c r i t i c a l ,  but c l e a r l y  f o r  an i n - s i t u  measurement t h e  energy  
must be h igh  enough t o  p e n e t r a t e  t h e  v e s s e l  w a l l s  w i thout  having t o  
use  l a r g e  q u a n t i t é s  of  m a t e r i a l .

Although a h i g h - e n e r g y  gamma-emitt ing r a d i o i s o t o p e  may be 
d e s i r a b l e  fo r  th e  reasons  g i v e n  above,  i t  i s  l i k e l y  t o  be l e s s  so  
when c o n s i d e r i n g  s h i e l d i n g  requ irem ents  f o r  t r a n s p o r t a t i o n  and 
d i s p e n s i n g .

-  P h y s i c a l  and chemical  behaviour
Most i n d u s t r i a l  r a d i o i s o t o p e  t r a c e r  a p p l i c a t i o n s  are based  

on phase t r a c i n g  r a th e r  than chem ica l  l a b e l l i n g ;  c o n s e q u e n t l y ,  e x c e p t  
in a few s p e c i a l  c i r c u m s t a n c e s ,  t h e  p h y s i c a l  form of  t h e  t r a c e r  i s  of  
g r e a t e r  importance when s e l e c t i n g  t r a c e r  m a t e r i a l .  In a s s e s s i n g  th e  
behav iour  of  th e  t r a c e r  in a sy s tem ,  however,  and p a r t i c u l a r l y  w i th  
regard  t o  i t s  u l t i m a t e  f a t e ,  th e  chemical  form sh o u ld  a l s o  be 
s e l e c t e d  w ith  c a r e .

The f i n a l  c h o i c e  o f  a r a d i o i s o t o p e  t r a c e r  f o r  a p a r t i c u l a r  
i n v e s t i g a t i o n  w i l l  be made a f t e r  c o n s i d e r a t i o n  of  a l l  of  th e  f a c t o r s  
d i s c u s s e d ,  many of  which may be m utual ly  e x c l u s i v e .  Once th e  d e c i s i o n  
has been made, th e  next  s t a g e  in th e  procedure i s  th e  p la n n in g  and 
e x e c u t i o n  of  t h e  measurement.
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Table 2 .1  Some r a d i o i a c t i v e  t r a c e r  in aqueous s o l u t i o n s  <17)

I s o t o p e h a l f - l i f  e r a d i a t i o n  of in teres t (M eV ) chemical  form

2*Na 15 h 1 . 3 7 ,  2 .75 NaeC031 NaHCO3
s e Mn 2.6 h 0 . 8 5 ,  1 . 8 , 2 .1 MnS0A
82Br 36 h 0 . 5 5 ,  1 .32 NHABr

1  A O La 40 h 0 . 3 3 - 2 . 5 4 LaCH3C00, La-EDTA
1 0 8 Au 2.7 d 0 .41 HAuC1a

131I 8 d 0 . 3 6 ,  0 . 6 4 N a l , KI
3SC1 37 min 1 . 6 ,  2 .15 HCl
A e Sc 84 d 0 . 8 9 ,  1 .48 S cC l , Sc-EDTA
5 1 Cr 27. 8 d 0 .325 Cr-EDTA

O O n Tc 6 h 0 .1 4 NaTcOA

2 .5  R a d ia t io n  M e a s u r e m e n t - S t a t i s t i c a l  C o n s i d e r a t i o n s  < ie j
R a d i o i s o t o p e s  decay in a random manner and th e  laws of  

p r o b a b i l i t y  apply t o  th e  behaviour  of  any g i v e n  r a d i o a c t i v e  n u c l e u s .  
C onsequently ,  r a d i a t i o n  measurement i s  always s u b j e c t  t o  some d egree  
of  s t a t i s t i c a l  f l u c t u a t i o n .  These in h e r e n t  f l u c t u a t i o n s  r e p r e s e n t  an
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u n a v o id a b le  so u r c e  o f  u n c e r t a i n t y  in a l l  measurements and are o f t e n  
th e  predominant s o u r c e s  of  e r r o r .

2 . 5 . 1  Counting s t a t i s t i c s
Suppose we c o l l e c t  a s e t  of  c o u n ts  from a r a d i a t i o n  

c o u n t e r ,  each count reading  be ing  of  th e  same d u r a t io n  and having  
been taken under i d e n t i c a l  c o n d i t i o n s .  The count r e a d i n g s  are:

. X . • x_

Two e lementa ry  p r o p e r t i e s  of t h i s  s e t  of  d a ta  are
( i ) "sum": Z X1
( i i )  "exper im enta l  mean": X = z  Xt /N

I t  i s  usu a l  t o  c h a r a c t e r i s e  th e  width  o f  t h e  d i s t r i b u t i o n  by 
d e f i n i n g  i t s  st an d ard  d e v i a t i o n  :

<r ( 2 .1 7 )

Various  mathematica l  model e x i s t  which can p r e d i c t  th e  
d i s t r i b u t i o n  f u n c t i o n  t h a t  w i l l  d e s c r i b e  t h e  r e s u l t s  of  a g iv e n  
r a d i a t i o n  measurement.  In d e scen d in g  order of  co m p le x i ty  t h e s e
models are :
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a:  Binomial  d i s t r i b u t i o n  -  most g e n e ra l
b: P o isson  d i s t r i b u t i o n  - s i m p l i f i c a t i o n  of b inomial  model

v a l i d  i f  o b s e r v a t io n  t ime i s  small  compare w i th  h a l f - l i f e  of the  
source

c:  Gaussian  or normal d i s t r i b u t i o n  -  s i m p l i f i c a t i o n  of 
Poisson  model, val id, p rov ided  t h a t  t h e  t o t a l  number of measurements 
(N) i s  l a r g e  or X i s  l a r g e ,  widely a p p l i c a b l e  t o  many problem in 
coun t ing  s t a t i s t i c s .

These models w i l l  not  be f u r t h e r  d i s c u s s e d  h e r e ,  bu t  i t  
shou ld  be no ted  t h a t

( i )  Both t h e  Poisson  and t h e  Gaussian/Normal d i s t r i b u t i o n s  
a d eq u a te ly  d e s c r i b e  t h e  v a s t  m a jo r i t y  of s i t u a t i o n s  encoun te red  in 
t h e  i n d u s t r i a l  a p p l i c a t i o n  of r a d i o i s o t o p e s .

( i i )  Both th e  Poisson  and t h e  Gaussian/Normal models make 
t h e  fundamenta l ly  im por tan t  p r e d i c t i o n  t h a t  t h e  s t a n d a r d  d e v i a t i o n  of 
t h e  d i s t r i b u t i o n  i s  t he  square  roo t  of t h e  mean va lue  which 
c h a r a c t e r i z e s  t h a t  same d i s t r i b u t i o n :

6

2.6 Product  Data C a lc u l a t i o n s  CS)

(2 .18)

2 .6 .1  S im p l i f i e d  Ana lys i s  Batch O pe ra t io n .
Batch mixers a re  normally  e v a l u a t e d  on t h e  b a s i s  of

t h e  mixing t ime r e q u i r e d  t o  o b ta in  a s p e c i f i e d  m ix tu re .
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P r o p e r t i e s  of i n t e r e s t  a re  examined as a f u n c t i o n  of t h e  
mixing t im e,  and t h e  r e q u i r e d  mixing t ime i s  t h e  s h o r t e s t  t im e  a t  
which t h e r e  i s  s a t i s f a c t o r y  a s su ra nc e  t h a t  t h e  v a lu es  of t he  
p r o p e r t i e s  a re  w i th in  s e l e c t e d  l i m i t s .  D ec i s ion s  may be based  on 
v i s u a l  examinat ion  of a p l o t  of t ime of sampling ( a b s c i s s a  and 
independent  v a r i a b l e )  ve r su s  measured v a lu e s  of t h e  p r o p e r ty  
( o r d i n a t e  and dependent  v a r i a b l e )  f o r  many o p e r a t i o n s .  E v a lu a t i o n s  
may a l s o  be made a t  d i f f e r e n t  o p e r a t in g  c o n d i t i o n s  ( f o r  example,  
mixer speeds) and the  e f f e c t  of im por tan t  o p e r a t i n g  v a r i a b l e s  
d e te rm ined  by examining the  r e q u i r e d  mixing t im e  as a f u n c t i o n  of t he  
o p e r a t i n g  v a r i a b l e s .

AIChE Equipment T e s t in g  P rocedure  CB)  recommended the  
s e l e c t i o n  of t h e  mixing t ime of t h e  c u r i n g - r a t e  a d d i t i v e  as t h e  t ime 
r e q u i r e d  t o  ach ieve  c o n c e n t r a t i o n  of m ix tu re  w i th in  a c c e p ta b le  l i m i t  
as shown in F igure  2.10 or  t o  reach  composi t ion  e q u i l i b r i u m  by 
s t a t i s t i c a l  an a ly s in g  as shown in  F igu re  2.11

Kramers e t  a l .  <53 s e l e c t e d  r e q u i r e d  mixing t ime as t h e  t ime 
f o r  c o n c e n t r a t i o n  v a r i a t i o n s  t o  become l e s s  than  0.1% of t h e  average  
KCl c o n c e n t r a t i o n  as shown in  F ig u re  2 .13.

Noi e t  a l . <7ï s e l e c t e d  r e q u i r e d  mixing t ime as t h e  t im e  t o  
ach ieve  v a r i a t i o n  of c o n c e n t r a t i o n  of r a d i o a c t i v e  m a t e r i a l  (count  
r a t e )  a t  bo th  d e t e c t o r s  l e s s  than  1 t ime of s t a n d a r d  d i v i a t i o n  as 
shown in  F igu re  2.13 (a) and F ig u re  2.13 (b ) .
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F ig ure  2.10 Composition vs .  mixing t ime in 150 g a l .  dough mixer
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Figure  2.11 s t a n d a r d  v a r i a t i o n  vs .  mixing t ime in 150 g a l .  dough 
mixer

I i n 5! 1010 0
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F igure  2.12 Method of d e t e rm in a t in g  mixing timeCfrom Kramers e t  a l . ]

F igure  2.13 (a) S c a l a r  counts  from d e t e c t o r  No. 1
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F igure  2.13 (b) S c a l a r  counts  from d e t e c t o r  No. 2
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