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HEAT TRANSFER WITH A FLOWING FLUID 

THROUGH POROUS MEDIA

CHAPTER I  

INTRODUCTION

The r a t e  o f  h e a t  t r a n s f e r  i n  p o r o u s  m e d ia  w i t h  a  f l o w ­

i n g  f l u i d  p r e s e n t  i s  d e t e r m i n e d  by a c o m b i n a t i o n  o f  m e c h a n i s m s .  

B r o a d l y ,  t h e s e  may be g r o u p e d  a s  ( l )  b u l k  movement o f  t h e  

f l u i d ,  ( 2 ) c o n d u c t i o n  i n  t h e  s o l i d  a n d  f l u i d  p h a s e s ,  ( 3 ) c o n ­

v e c t i v e  t r a n s f e r  o f  h e a t  b e t w e e n  t h e  p h a s e s ,  ( ^ )  c o n v e c t i v e  

e d d y  m i x i n g  o r  d i s p e r s i o n  o f  t h e  f l u i d  p h a s e  i n  t h e  p o r o u s -  

m e d i a  i n t e r s t i c e s ,  and  ( 5 )  r a d i a t i o n .

A w e l l  known e x a m p le  o f  t h e  e f f e c t  o f  t h e s e  m ech a n ism s  

i n  p o r o u s - m e d i a  h e a t  t r a n s f e r  i s  i l l u s t r a t e d  in  F i g u r e  1 ,  A 

f l u i d ,  a t  t e m p e r a t u r e  T ^ ,  i s  f l o w i n g  i n  o n e - d i m e n s i o n a l ,  s t e a d y ,  

p i s t o n  f l o w  t h r o u g h  a  h o m o g e n e o u s ,  s t a t i o n a r y  p o r o u s  p r i s m ,  

a l s o  a t  t e m p e r a t u r e  T^* At t h e  p o i n t  x = 0 ,  t h e  t e m p e r a t u r e  

o f  t h e  i n p u t  f l u i d  i s  s u d d e n l y  c h a n g e d  t o  a  new v a l u e ,  T ^ , a n d  

h e l d  c o n s t a n t .  A t h e r m o c o u p l e ,  p l a c e d  a t  x = L, w i l l  y i e l d  

a n  ” S ” s h a p e d  r e s p o n s e  c u r v e  a s  t h e  h e a t  f r o n t  a r r i v e s ,  n o t  a  

s t e p  f u n c t i o n  a s  was i n t r o d u c e d  i n t o  t h e  p r i s m .  T h e r m a l  e n e r g y  

W i l l  h a v e  d i s p e r s e d  i n  t h e  d i r e c t i o n  o f  f l u i d  f l o w  an d  away

1



x=L

FLUID INJECTION :
(At C = 0 ,  T suddenly changed 
from  To to T jo n d  held constont 
th e re a f te r  a t  T | . ) No net h ea t t r a n s f e r  in

th e  y Of z  directic:'..

(S tep  function 
position ie ,  no 
dispersion) —

TIME (0)

TEMPERATURE RESPONSE CURVE 
AT X = L

F i g u r e  1 -  L o n g i t u d i n a l  Hea t  T r a n s f e r  in  P or ous  Kedi;-
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f r o m  t h e  s t e p - f u n c t i o n  p o s i t i o n ,  t h e  am o u n t  o f  d i s p e r s i o n  b e i n g  

d e t e r m i n e d  by  t h e  h e a t - t r a n s f e r  m e c h a n i s m s  w h i c h  a r e  i m p o r t a n t  

a t  t h e  p a r t i c u l a r  c o n d i t i o n s  o f  t h e  e x p e r i m e n t .

In  t h e  l a t e  1 9 2 0 ’ s ,  A n z e l i u s  ( l ) ,  Schumann ( 1 5 9 )  > a n d  

o t h e r s  ( 8 0 ,  1 3 2 )  p r e s e n t e d  p a p e r s  d e a l i n g  w i t h  t h e  m a t h e m a t i c a l  

d e s c r i p t i o n  o f  h e a t  f l o w  b y  b u l k  f l u i d  movement w i t h  c o n v e c t i v e  

t r a n s f e r  b e t w e e n  s o l i d  and  f l u i d  p h a s e s .  T h e s e  w o r k s  showed 

t h a t ,  a s  a  c o n s e q u e n c e  o f  t h e  f i n i t e  t i m e  r e q u i r e d  f o r  h e a t  

t r a n s f e r  b e t w e e n  t h e  p h a s e s ,  t h e r e  was a  d i s p e r s i o n  o f  t h e  

e n e r g y  g i v i n g  r i s e  t o  a  c h a r a c t e r i s t i c  " 5 ” s h a p e d  t e m p e r a t u r e  

r e s p o n s e  c u r v e  w i t h  a  s t e p - f u n c t i o n  i n p u t .  The a r t i c l e s  fo r m  

a  b a s i s  f o r  much of  t h e  l a t e r  r e s e a r c h .  E a r l y  e x p e r i m e n t a l  

s t u d i e s  a t  low f l u i d  r a t e s  u t i l i z e d  a  c o n v e c t i v e  t r a n s f e r  c o ­

e f f i c i e n t  t o  c h a r a c t e r i z e  t h e  d a t a  ( 7 5 ,  1 3 9 ) .

More r e c e n t l y ,  i n v e s t i g a t o r s  h a v e  shown t h a t  t h e  p r e ­

s e n c e  o f  o t h e r  h e a t - t r a n s f e r  m e ch a n ism s  a l s o  r e s u l t s  i n  t e m p e ­

r a t u r e  p r o f i l e s  o f  t h e  same g e n e r a l  f o r m .  M o l e c u l a r  c o n d u c t i o n  

i n  one  o r  b o t h  p h a s e s ,  s u p e r i m p o s e d  on t h e  b u l k  f l u i d  f l o w ,  i s  

one  d i s p e r s i o n  m e a n s .  J e n k i n s  and  A r o n o f s k y  ( 9 2 ) ,  e x a m i n i n g  

t h i s  i d e a  a t  t h e  s p e c i a l  c o n d i t i o n  o f  low f l u i d  v e l o c i t i e s ,  

s t a t e d  t h a t  e a r l i e r  e x p e r i m e n t a l  work  c o u l d  be  r e p r e s e n t e d  j u s t  

a s  w e l l  by  m o l e c u l a r - c o n d u c t i o n  p a r a m e t e r s  a s  by t h e  c o n v e c t i v e  

t r a n s f e r  c o e f f i c i e n t .  In  f a c t ,  t h e y  c o n c l u d e d  t h a t  b a s e d  on 

t h e  t h e n  a v a i l a b l e  d a t a ,  t h e  c o n d u c t i o n  m e c h a n i s m  was a  more 

r e a l i s t i c  e x p l a n a t i o n  a t  v e r y  low f l u i d  f l o w  r a t e s .  O t h e r s  

h a v e  r e a c h e d  t h i s  same c o n c l u s i o n  ( 7 ,  ? 6 ,  7 7 ,  1 3 8 ) .



k

D i s p e r s i o n  o f  h e a t  by a  c o n v e c t i v e  m i x i n g  p r o c e s s  o c ­

c u r s  i n  p a c k e d  b e d s  due  t o  t h e  i r r e g u l a r i t i e s  o f  f l u i d  f l o w  

s i n c e  f l u i d  e l e m e n t s  u n d e r g o  a  s e r i e s  o f  e v e n t s  s u c h  a s  a c c e l e ­

r a t i o n ,  d e c e l e r a t i o n ,  o r  t e m p o r a r y  t r a p p i n g  i n  e d d i e s  o r  s t a g ­

n a t i o n  p o i n t s .  V e l o c i t y  p r o f i l e s  w h i c h  d e v e l o p  in  t h e  

i n t e r s t i c e s  a l s o  t e n d  t o  c a u s e  a  s p r e a d  o f  t h e  t h e r m a l  e n e r g y .  

T h e s e  e f f e c t s  h a v e  b e e n  i n v e s t i g a t e d  by  s e v e r a l  w o r k e r s  i n  t h e  

a r e a  o f  mass  t r a n s f e r  ( 2 5 j 2 9 , 3 8 j ^ 6 ,  l l 4 ,  120) a n d  h a v e  b e e n  

f o u n d  t o  be  i m p o r t a n t  b o t h  a t  low  a n d  h i g h  f l u i d  v e l o c i t i e s .

I n  n e a r l y  a l l  c a s e s  t h e  d i f f u s i o n  e q u a t i o n  h a s  been u s e d  t o  f i t  

t h e  e x p e r i m e n t a l  d a t a ,  w i t h  m o l e c u l a r  d i f f u s i v i t y  b e i n g  r e p l a c e d  

b y  an  ” e d d y - d i s p e r s i o n ” c o e f f i c i e n t .

E x a m i n a t i o n  o f  t h e  g e n e r a l  p r o b l e m  i n  w h ich  t h e  d i f ­

f e r e n t  modes o f  h e a t  t r a n s f e r  ( e . g .  c o n d u c t i o n  and  c o n v e c t i v e  

t r a n s f e r  b e tw e e n  p h a s e s )  a c t  s i m u l t a n e o u s l y  h a s  a l s o  shown 

t h a t  t h e  " S ” s h a p e d  r e s p o n s e  c u r v e  r e s u l t s  ( 7 3 ,  11 0 ,  l 4 8 ) .  

U n f o r t u n a t e l y  t h e n ,  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  e a c h  t o  t h e  

o v e r a l l  r a t e  a r e  n o t  e a s i l y  d e t e r m i n e d  f r o m  e x p e r i m e n t a l  d a t a  

s i n c e  m e a s u r e d  t e m p e r a t u r e  p r o f i l e s  h a v e  t h e  same f o r m  f o r  t h e  

i n d i v i d u a l  m ech a n ism s  a n d  f o r  a  c o m b i n a t i o n  o f  t h e s e .  Only  a  

v e r y  l i m i t e d  am ount  o f  d a t a  h a v e  b e en  t a k e n  and  a n a l y z e d  f o r  

t h i s  l a t t e r  c a s e .  The i m p o r t a n c e  o f  i n t e r a c t i o n s  o f  t h e  mechar- 

n i s m s  h a s  b e e n  l i t t l e  e x a m i n e d .  H e r e ,  an  a n a l y s i s  w i l l  n e c e s ­

s a r i l y  n e e d  t o  r e l y  on d a t a  t a k e n  a t  c o n d i t i o n s  where  t h e  

d i f f e r e n t  e f f e c t s  c o u l d  b e  i s o l a t e d .
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Scope  a n d  A p p l i c a t i o n  o f  R a t e  S t u d i e s  

A k n o w le d g e  o f  r a t e  p r o c e s s e s  I n  p o r o u s  m e d ia  I s  o f  

c o n s i d e r a b l e  I m p o r t a n c e  In  t h e  d e s i g n  o f  many c o m m e r l c a l  o p e r a ­

t i o n s ,  S i n c e  a b o u t  1 9 ^ 0 ,  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  r e s e a r c h  

h a s  b e e n  a c c e l e r a t e d  I n  t h i s  b r o a d  f i e l d  w h ic h  I n c l u d e s  h e a t  

t r a n s f e r  a n d  t h e  c l o s e l y  a l l i e d  a r e a s  o f  m ass  and  momentum 

t r a n s p o r t ,  A f a i r l y  w id e  r a n g e  o f  c o n d i t i o n s  h a s  b e e n  I n ­

v e s t i g a t e d .

P a c k e d - b e d  o p e r a t i o n s  of t h e  c h e m i c a l  a n d  p e t r o l e u m  

I n d u s t r i e s  h a v e  I n c r e a s e d  I n  number  a n d  s i g n i f i c a n c e .  Of p r i m e  

c o n c e r n  In  s u c h  e q u i p m e n t  a r e  t h e  t r a n s f e r  r a t e s  b e tw e e n  p h a s e s .  

S t u d i e s  o f  mass  an d  h e a t  t r a n s p o r t  I n  t h e  same d i r e c t i o n  a s  

f l o w  ( a x i a l )  an d  In  a  d i r e c t i o n  n o r m a l  t o  f l o w  ( r a d i a l )  h a v e  

f o u n d  a p p l i c a t i o n .  R e g e n e r a t o r  h e a t  e x c h a n g e r s ,  c h r o m a t o g r a p h y ,  

a n d  n u c l e a r - r e a c t o r  c o o l a n t  s y s t e m s  a r e  e x a m p l e s  o f  o t h e r  a r e a s  

w h e r e  t h i s  t y p e  o f  I n f o r m a t i o n  I s  u t i l i z e d .

In  t h e  l a s t  few  y e a r s ,  r a t e  p r o c e s s e s  a t  r e l a t i v e l y  low 

m ass  f l o w  r a t e s  h a v e  become o f  c o n c e r n ,  L o w - v e l o c l t y  a n a l y s e s  

a r e  u s e f u l  t o  t h e  p e t r o l e u m  r e s e r v o i r  e n g i n e e r .  One h e a t -  

t r a n s f e r  a p p l i c a t i o n  i s  i n  t h e  d e s i g n  o f  t h e r m a l  m e th o d s  o f  o i l  

r e c o v e r y  s u c h  a s  t h e  I n - s i t u  c o m b u s t i o n  p r o c e s s .  In  t h i s  scheme 

a  s m a l l  p a r t  o f  t h e  c r u d e  o i l  I s  b u r n e d  " I n - p l a c e ” c r e a t i n g  a 

m o v in g  h e a t  f r o n t  I n  t h e  r e s e r v o i r .  The g e n e r a t e d  t h e r m a l  

e n e r g y  r a i s e s  t h e  o i l  t e m p e r a t u r e ,  t h e r e b y  d e c r e a s i n g  I t s  v i s ­

c o s i t y  a n d  i n c r e a s i n g  I t s  m o b i l i t y  t h r o u g h  t h e  p o r o u s  r o c k .  

S t e a m  i n j e c t i o n  a n d  h o t - w a t e r  I n j e c t i o n  h a v e  b e en  p r o p o s e d  a s
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a l t e r n a t e  means  o f  g e t t i n g  h e a t  t o  t h e  o i l .

More g e n e r a l l y ,  t h e  t r a n s p o r t  i n v e s t i g a t i o n s  a t  low 

v e l o c i t i e s  s e r v e  t o  c o m p le m e n t  t h e  h i g h - f l o w  r e s u l t s  a n d  t h e r e ­

f o r e  t o  i n c r e a s e  o u r  u n d e r s t a n d i n g  o f  t h e  r a t e  m e c h a n i s m s .

R e s e a r c h  O b j e c t i v e s  

T h i s  r e s e a r c h  i s  t h e  b e g i n n i n g  o f  a l o n g e r  r a n g e  p r o ­

g ra m  t o  s t u d y  d i s p e r s i o n  o f  t h e r m a l  e n e r g y  i n  t h e  same d i r e c t i o n  

a s  f l u i d  f l o w  i n  p o r o u s  m e d i a .  The g o a l  i s  a  b e t t e r  u n d e r s t a n d ­

i n g  o f  t h e  d i f f e r e n t  h e a t - t r a n s f e r  m e c h a n s im s ,  t h e i r  i n t e r a c ­

t i o n s ,  a n d  t h e  c o n d i t i o n s  u n d e r  w h i c h  e a c h  i s  s i g n i f i c a n t  i n  

e s t a b l i s h i n g  t h e  o v e r a l l  r a t e .

The  s p e c i f i c  o b j e c t i v e  o f  t h e  p r e s e n t  w o rk  i s  a t h e o ­

r e t i c a l  a n d  e x p e r i m e n t a l  e x a m i n a t i o n  o f  u n s t e a d y - s t a t e  h e a t  

t r a n s f e r  a t  r e l a t i v e l y  low f l u i d  v e l o c i t i e s  a n d  low t e m p e r a t u r e s  

w h e r e  r a d i a t i o n  i s  u n i m p o r t a n t .  O n e - d i m e n s i o n a l ,  p i s t o n ,  l i ­

q u i d  f l o w  w i l l  b e  p r i m a r i l y  i n v e s t i g a t e d .

&



CHAPTER I I  

REVIEW OF PREVIOUS WORK

P r e v i o u s  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  w o rk  w i l l  be  

d i s c u s s e d  a c c o r d i n g  t o  t h e  h e a t - t r a n s f e r  m e c h a n i s m s  c o n s i d e r e d .  

U n l e s s  o t h e r w i s e  s p e c i f i e d ,  t h e  p h y s i c a l  m ode l  may be  p i c t u r e d  

by  r e f e r e n c e  t o  F i g u r e  1 ,  C h a p t e r  I ,  A f l u i d  i s  c o n s i d e r e d  a s  

b e i n g  i n  o n e - d i m e n s i o n a l ,  s t e a d y  f l o w  t h r o u g h  a  h o m o g e n e o u s  

p o r o u s  medium.  T h e r e  i s  no n e t  h e a t  f l o w  i n  t h e  y o r  z d i r e c ­

t i o n s ,  i . e . ,  t h e r e  a r e  no  h e a t  " l o s s e s "  f r o m  t h e  s y s t e m .

S q u a r e  F r o n t

P r o b a b l y  t h e  s i m p l e s t  c a s e  o f  h e a t  t r a n s f e r  i n  t h e  

d i r e c t i o n  o f  f l u i d  f l o w  i s  e x h i b i t e d  by  t h e  " s q u a r e "  h e a t  

f r o n t  a s  d i s c u s s e d  b y  s e v e r a l  a u t h o r s  i n c l u d i n g  P r e s t o n  (138 )  

a n d  C h u r c h i l l  e t  a l ,  ( 3 ^ ) »  I n  t h i s  h i g h l y  i d e a l i z e d  c a s e ,  two 

i m p o r t a n t  a s s u m p t i o n s  a r e  m a d e .

(1 )  T h e r e  i s  i n s t a n t a n e o u s  t h e r m a l  e q u i l i b r i u m  b e t w e e n  

t h e  s o l i d  a n d  f l u i d  p h a s e ,

(2 )  D i s p e r s i o n  o f  t h e r m a l  e n e r g y  by  m o l e c u l a r  c o n d u c ­

t i o n  o r  a n y  t y p e  o f  f l u i d  c o n v e c t i v e  eddy  m i x i n g  d o e s  n o t  o c c u r .  

The  f i r s t  a s s u m p t i o n  i s  e q u i v a l e n t  t o  an  i n f i n i t e  h e a t - t r a n s f e r  

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

7
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d l f f u s l v l t y =  F o r  t h i s  c a s e ,  an  e n e r g y  b a l a n c e  on an i n c r e m e n t  

o f  p o r o u s  medium y i e l d s

[PwCy* +P s O ^ d - t ) ]  - | - |  = - V ( I l - l )

w h e r e  T = a t  e v e r y  b e d  l o c a t i o n .  N o m e n c l a t u r e  i s  d e ­

f i n e d  i n  A p p en d ix  A. F o r  t h e  b o u n d a r y  c o n d i t i o n s ,

T = f i ( x ) ,  0 5  i  '

T = f 2 ( 0 ) ,  X = 0 

C h u r c h i l l  e t  a l ,  ( 3 4 )  p r e s e n t  t h e  s o l u t i o n

T = f i ( x  -  VpG), X =» Vpe 

T = f g f e  -  x / V p ) , X <  Vp8 

PyCw* Vw h e r e  V-r, =
^  P + P s C s ( l - * )

F o r  t h e  s p e c i a l  c a s e  o f  a  s t e p - f u n c t i o n  t e m p e r a t u r e  i n p u t  i n t o  

a  s y s t e m  i n i t i a l l y  a t  a  c o n s t a n t  t e m p e r a t u r e  ( f ^ t x )  = T q ,

f 2 ( 6 ) = T ^ ) ,  t h e  s o l u t i o n  i s

T = Tq , X > Vp0
( I I - 4 )

T = T i ,  X <  VpG

The t e m p e r a t u r e  r e s p o n s e  c u r v e  or p r o f i l e  t h e n  shows 

a  s h a r p  b r e a k  when t h e  h e a t  f r o n t  a r r i v e s ,  g o i n g  i n s t a n t a n e o u s l y  

f r o m  t h e  i n i t i a l  t e m p e r a t u r e ,  T q , t o  t h e  i n p u t  t e m p e r a t u r e ,

Tj^, The t i m e  o f  a r r i v a l  o f  t h e  s q u a r e  f r o n t  i s  g i v e n  by

e  = ( I I - 5 )

so  t h a t  Vp may b e  c a l l e d  t h e  " s q u a r e ” h e a t - f r o n t  v e l o c i t y .
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W h i le  t h i s  model i s  p h y s i c a l l y  u n r e a l i s t i c ,  i t  d o e s  

s e r v e  a s  an i d e a l i z e d  r e f e r e n c e  c a s e ,  C h u r c h i l l  p o i n t s  o u t  

t h a t  i n  some i n s t a n c e s  i t  i s  c l o s e l y  a p p r o a c h e d  a n d  s e r v e s  a s  

a  goo d  a p p r o x i m a t i o n ,  H a d i d i  ( ? 6 )  d i s c u s s e s  t h i s  same t y p e  

m ode l  f o r  a  s y s t e m  i n  w h i c h  two f l u i d  p h a s e s  a n d  a  s o l i d  p h a s e  

a r e  p r e s e n t .

F i n i t e  C o n v e c t i v e  T r a n s f e r  C o e f f i c i e n t

T h e o r y

When t h e  t i m e  t a k e n  f o r  h e a t  t o  be t r a n s f e r e d  b e t w e e n  

t h e  s o l i d  a n d  f l u i d  p h a s e s  i s  f i n i t e ,  t h e  d e s c r i b i n g  d i f f e r e n ­

t i a l  e q u a t i o n s  may b e  w r i t t e n :

F o r  t h e  f l u i d  p h a s e ,

4 ^  =  -  V  4 ^  - h a  ( T „ - T J  ( I I - 6 )

F o r  t h e  s o l i d  p h a s e ,

P sC sI l - * )  j 4 ^  = ha ( T^ -T ^ )  ( I I -7)

T h e  b a s i c  a s s u m p t i o n s  i n  t h e  d e r i v a t i o n  o f  t h e s e  e q u a t i o n s  a r e  

a s  f o l l o w s :

a .  T h e r m a l  d i f f u s i v i t i e s  p a r a l l e l  t o  f l o w  a r e  z e r o ,

b .  No t e m p e r a t u r e  g r a d i e n t s  e x i s t  i n  t h e  i n d i v i d u a l  

s o l i d  p a r t i c l e s ,  i * e , ,  t h e  r e s i s t a n c e  t o  h e a t  t r a n s f e r  b e t w e e n  

t h e  p h a s e s  l i e s  e n t i r e l y  w i t h i n  a  f l u i d  " f i l m "  a r o u n d  t h e  s o l i d ,

c .  The r a t e  o f  h e a t  t r a n s f e r  b e tw e e n  p h a s e s  i s  p r o p o r ­

t i o n a l  t o  t h e i r  a v e r a g e  t e m p e r a t u r e  d i f f e r e n c e ,

d .  S o l i d  a n d  f l u i d  p h y s i c a l  p r o p e r t i e s  a r e  c o n s t a n t .
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e .  The  f l u i d  v e l o c i t y  i s  c o n s t a n t  an d  " p i s t o n ” f l o w

e x i s t s .

T h e s e  e q u a t i o n s  a r e  commonly w r i t t e n  a s

9 T ,  9 t
-  = T .  - Ts  = 1T2&  ' " - 8 )

w h e r e  t h e  d i m e n s i o n l e s s  v a r i a b l e s  

'  -

h a v e  b e e n  i n t r o d u c e d .

A n z e l i u s  ( l ) ,  Schumann (159)> a n d  o t h e r s  ( 5 8 ,  80 139» 

1 5 2 ) a p p l i e d  E q u a t i o n  ( I I - 8 )  t o  t h e  u n s t e a d y - s t a t e  h o a t i n g  o f  

p o r o u s  s o l i d s  o r  p a c k e d  b e d s .  J a k o b  (9 0 )  h a s  d i s c u s s e d  i t s  a p ­

p l i c a t i o n  t o  r e g e n e r a t o r - h e a t - e x c h a n g e r  p r o b l e m s  a n d  K l i n k e n -  

b e r g  ( 9 7 ) i t s  a p p l i c a t i o n  t o  c r o s s - f l o w  h e a t  e x c h a n g e r s .  T h i s  

e q u a t i o n  h a s  a l s o  b e e n  u s e d  i n  a d s o r p t i o n  a n d  i o n - e x c h a n g e  

p r o b l e m s  (63» 8 8 ,  1 8 0 ) ,

F o r  t h e  b o u n d a r y  c o n d i t i o n s .

Tg = To» Z = 0

Tw = T i ,  Y = 0
( I I - 9 )

t h e  s o l u t i o n  i s  (9 7 )  

Z

e " "  du + e ”^ " ^ I  ( 2 VŸZ) ( I I - I O )

T . - TS *G  _V— —  = e IT i - T o e-" I q( 2 V yÏÏ) du (11-11)
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w h e re

( 2 V Ÿ Z )  .  Y

n=o

By c o m b i n i n g  E q u a t i o n s  ( I I - I O )  a n d  ( I I - l l ) ,  an e x p r e s s i o n  i s  

d e r i v e d  f o r  t h e  s o l i d - f l u i d  t e m p e r a t u r e  d i f f e r e n c e  ( 9 7 ) •

T. -T,w s 
T i - T o

= e -Y - Z  I  (2 VŸZ) ( 1 1 - 1 3 )

S e v e r a l  a l t e r n a t e  f o r m s  o f  t h e  s o l u t i o n  t o  E q u a t i o n  

( I I - 8 )  h a v e  b e e n  d e r i v e d  a n d  a r e  d i s c u s s e d  i n  d e t a i l  by  K l i n -  

k e n b e r g  (9 7 )»  R e i l l y  ( l 4 4 ) ,  a n d  H a d i d i  ( ? 6 ) .  A t y p i c a l  fo r m  

o f  t h e  s o l u t i o n  i s  shown in  F i g u r e  2a  a l o n g  w i t h  t h e  s q u a r e -  

f r o n t  s o l u t i o n  p r e v i o u s l y  d i s c u s s e d .

W a l t e r  (1 8 0 )  h a s  shown t h a t  E q u a t i o n s  ( I I - I O )  and  

( I I - l l )  a p p r o a c h  f rom  e i t h e r  s i d e  t o

= 1  [ l  + e r f  ( - V Ÿ )]  ( I I - 1 4 )
o

a s  Y a n d  Z i n c r e a s e .  The e r r o r  f u n c t i o n ,  e r f ,  i s  d e f i n e d  to  

mean

e r f (  i  ) = /  e " " ^  du  ( I I - l

K l i n k e n b e r g  ( 9 7 ,  9 8 )  d e v e l o p e d  a p p r o x i m a t i o n s  t o  t h e  

g e n e r a l  s o l u t i o n  w h ic h  a r e  a p p l i c a b l e  f o r  s m a l l e r  Y a n d  Z 

v a l u e s ,

f



I >

T.

0.5 ho = f in ite

TIME ( 0 )
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T- T„ 
“i-^o

0.5

F ig u re  2b

ÂI
X  /
_<£_______

/ /
/ /

i'

r
f in ite

TIME (0)

F i g u r e  2 -  S i m p l i f i e d  A n a l y t i c a l  S o l u t i o n s ,  !le;it  
T r a n s f e r  in  P oro us  Media  ; 2 a )  h a = f i n i t e ,  k ; , -kg=0  
2b)  ha= “  , kfif and kg f i n i t e
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i
T i - T „  2

T h e s e  a r e  s t a t e d  t o  be a c c u r a t e  t o  0 , 0 0 6  f o r  Y = 2 a n d  0 . 0 0 2  

f o r  Y = 4 .  They s h o u l d  n o t  be  u s e d  f o r  Y l e s s  t h a n  2 ,  O t h e r  

a p p r o x i m a t i o n s  a r e  d i s c u s s e d  a l s o  by K l i n k e n b e r g  (9 7 )  a n d  

H i e s t e r  and  V e rm e u len  ( 8 3 ) .

The more  g e n e r a l  b o u n d a r y  c o n d i t i o n s  o f  an  a r b i t r a r y  

i n i t i a l  t e m p e r a t u r e  d i s t r i b u t i o n  and  an  a r b i t r a r y  i n l e t  t e m p e r ­

a t u r e  h i s t o r y  h a s  b e e n  t r e a t e d  by C h u r c h i l l  e t  a l .  ( 3 ^ ) .  T h e i r  

s o l u t i o n s  a r e  a l s o  g e n e r a l i z e d  t o  a  t w o - o r  t h r e e - d i m e n s i o n a l  

f l o w  f i e l d ,  w h e r e  a  k n o w le d g e  o f  t h e  p o i n t  v e l o c i t y  a s  a  f u n c ­

t i o n  o f  d i s t a n c e  a l o n g  s t r e a m l i n e s  i s  r e q u i r e d .

K l i n k e n b e r g  and  S j e n i t z e r  ( 1 0 0 )  h a v e  shown t h a t ,  f o r  

t h e  c a s e  o f  a p u l s e  i n p u t  i n t o  a  b e d ,  t h e  s o l u t i o n  t o  E q u a t i o n  

( I I - B )  a p p r o a c h s  a  G a u s s i a n  d i s t r i b u t i o n  w i t h  a  mean o f  Y a n d  

a  v a r i a n c e  o f  2Y. T h i s  i s  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  

C h a p t e r  I I I ,

E x p e r i m e n t a l  Work 

U n s t e a d v - S t a t e . O n ly  a few i n v e s t i g a t o r s  h a v e  c o n d u c t ­

e d  u n s t e a d y - s t a t e  e x p e r i m e n t s  t o  d e t e r m i n e  h e a t - t r a n s f e r  c o e f ­

f i c i e n t s ,  F u r n a s  ( 5 8 ) ,  S a u n d e r s  and  F o r d  ( 1 5 2 ) ,  a n d  L o f  a n d  

H aw ley  ( l l 6 )  i n j e c t e d  a i r  i n t o  b e d s  o f  s o l i d  p a r t i c l e s ,  A 

s t u d y  by  Coppage  (3 7 )  u t i l i z e d  w i r e  s c r e e n i n g  t o  s i m u l a t e  a  

p a c k e d  b e d .  V a l u e s  o f  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t ,  h a ,  w e r e  

d e t e r m i n e d  by c o m p a r i n g  t h e  s o l u t i o n  o f  E q u a t i o n  ( l X - 8 )  w i t h  

m e a s u r e d  p a c k e d - b e d  e f f l u e n t  t e m p e r a t u r e  r e s p o n s e  c u r v e s  t o  a
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s t e p - f u n c t i o n  i n p u t .  T h e s e  i n v e s t i g a t i o n s  w e r e  g e n e r a l l y  i n  

t h e  t u r b u l e n t  r e g i o n  a n d  h  was  f o u n d  t o  v a r y  w i t h  G " , n v a r y i n g  

b e t w e e n  0 , 7  a n d  1 , 0 ,

G r e e n s t e i n  an d  P r e s t o n  ( 7 5 ) j and  P r e s t o n  a n d  Hazen (139)  

o b t a i n e d  d a t a  w i t h  l i q u i d s  a t  r e l a t i v e l y  low l i q u i d  v e l o c i t i e s ,  

a p p r o x i m a t e l y  3 t o  2k  f t / h r .  They f l o w e d  h o t  w a t e r  t h r o u g h  

p o r o u s - m e d i a  p a c k s  o f  s a n d  g r a i n s ,  b e i n g  p r i m a r i l y  c o n c e r n e d  

w i t h  s e c o n d a r y  o i l - r e c o v e r y  p r o c e s s e s .  A p p l i c a t i o n  o f  E q u a t i o n  

( I I - 8 )  y i e l d e d  h e a t - t r a n s f e r  c o e f f i c i e n t s  w h i c h  c o r r e l a t e d  w i t h  

f l u i d  v e l o c i t y  a s

h a  = 0 . 1 9 6  ( 1 1 - 1 8 )

P r e s t o n  (1 3 8 )  a n d  H a d i d i  ( 7 6 ) ,  f r o m  l a t e r  w o rk  a t  a b o u t  t h e  

same e x p e r i m e n t a l  c o n d i t i o n s ,  c o n c l u d e d  t h a t  t h e  t h e r m a l  c o n ­

d u c t i o n  m e c h a n i s m  ( t o  b e  d i s c u s s e d )  was m ore  a p p l i c a b l e  a t  t h e  

low f l o w  r a t e s  s t u d i e d  t h a n  t h e  f i n i t e - t r a n s f e r - c o e f f i c i e n t  

m o d e l .  The c o n c l u s i o n  was b a s e d  t o  a  l a r g e  d e g r e e  on t h e  s i z e  

o f  t h e  e x p o n e n t  i n  E q u a t i o n  ( I I - I 8 ) ,

S t e a d v - S t a t e , A l a r g e  number  o f  i n v e s t i g a t o r s  h a v e  

m e a s u r e d  h e a t - t r a n s f e r  c o e f f i c i e n t s  w i t h  s t e a d y - s t a t e  e x p e r i ­

m e n t s ,  I n  some o f  t h e s e  w o r k s ,  h e a t  h a s  b e e n  g e n e r a t e d  in  

m e t a l l i c  p a r t i c l e s  by t h e  u s e  o f  e l e c t r i c a l  e n e r g y .  G reen  

e t  a l ,  ( 7 ^ ) j  B a u m e i s t e r  a n d  B e n n e t t  ( 1 0 ) ,  G l a s e r  a n d  T hodos  

( 6 6 ) ,  a n d  D e n to n  ( 4 l )  u s e d  t h i s  m e th o d  w i t h  g a s  a s  a  f l o w i n g  

f l u i d .  In  t h e  l a t t e r  two c a s e s ,  b o t h  s o l i d  an d  f l u i d  t e m p e r a ­

t u r e s  w e re  m e a s u r e d  a t  s e l e c t e d  p o i n t s  i n  t h e  b e d ,  a n d  h a
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v a l u e s  w e re  c a l c u l a t e d  f r o m  t h e . m e a s u r e d  d i f f e r e n c e s  a n d  known 

h e a t - t r a n s f e r  r a t e s .  I n  t h e  o t h e r  p a p e r s ,  g a s  t e m p e r a t u r e s  

w e r e  m e a s u r e d  a t  t h e  b e d  i n l e t  a n d  o u t l e t  a n d  mean t e m p e r a t u r e  

d r i v i n g  f o r c e s  w e r e  u s e d .  The g e n e r a l  c o r r e l a t i o n  p r o c e d u r e  

h a s  b e e n  t o  p l o t  t h e  " f a c t o r ,  i n t r o d u c e d  by C o l b u r n  ( 3 5 ) ,  

a s  a  f u n c t i o n  o f  R e y n o l d s  n u m b e r ;  w h e r e

( 1 1 - 1 9 )

Gamson e t  a l .  ( 6 l )  m e a s u r e d  s i m u l t a n e o u s  h e a t - a n d  m a s s -  

t r a n s f e r  r a t e s  f r o m  p a r t i c l e  t o  f l u i d  by d r y i n g  b e d s  o f  p o r o u s  

w a t e r - f i l l e d  p a r t i c l e s ,  a n d  S a t t e r f i e l d  a n d  R e s n i c k  ( 1 5 1 )  o b ­

t a i n e d  s i m u l t a n e o u s  r a t e s  i n  a  s y s t e m  i n  w h i c h  a " f i l m -  

d i f f u s i o n "  c o n t r o l l e d  c h e m i c a l  r e a c t i o n  was  t a k i n g  p l a c e .

Gamson e t  a l .  r e p o r t e d  t h e  r a t i o  bo  1 . 0 ? 6  w h i l e

S a t t e r f i e l d  a n d  R e s n i c k  g a v e  t h e  r a t i o  a s  1 .3 7 *  The m a s s -  

t r a n s f e r  " f a c t o r  i s  d e f i n e d  a n a l o g o u s l y  t o  " a s

■*"> °  ( 1 1 - 2 0 )
^ w m

w h e r e  H i s  t h e  m a s s - t r a n s f e r  c o e f f i c i e n t .  S t e w a r t  ( l 6 ? )  h a s  

i n d i c a t e d  t h a t  t h e  v a l u e  1 . 0 ? 6 ,  o b t a i n e d  by Gamson e t  a l . ,  

r e s u l t e d  f r o m  u s e  o f  h u m i d i t y  c h a r t s  w h i c h  w e re  i n  e r r o r ,  and  

t h a t  a c t u a l l y  t h e  c o r r e c t i o n  s h o u l d  b e  i n  t h e  o p p o s i t e  d i r e c ­

t i o n .  The  p e r c e n t a g e  d i f f e r e n c e  w o u l d  n o t  e x c e e d  ?%•

S e v e r a l  i n v e s t i g a t i o n s  o f  m ass  t r a n s f e r  i n  p a c k e d  b e d s  

h a v e  b e e n  made ( 4 3 ,  5 2 ,  5 9 ,  6 0 ,  6 l ,  8 4 ,  1 1 8 ,  1 9 0 ) .  Many o f  

t h e s e  w o rk s  h a v e  b e e n  w i t h  l i q u i d - s o l i d  s y s t e m s  ( 4 3 ,  5 2 ,  11 8 )
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a n d  a  few h a v e  b e e n  i n  t h e  l a m i n a r  f l o w  r e g i o n  ( 4 3 ,  5 2 , 59» 1 1 8 ,  

1 9 0 ) .  H e r e  a g a i n ,  t h e  u s u a l  c o r r e l a t i n g  p r o c e d u r e  h a s  b e e n  t o  

p l o t  v e r s u s  t h e  R e y n o l d s  n u m b e r .  I n  g e n e r a l ,  t h e  a n a l o g y  

b e t w e e n  h e a t  and  mass t r a n s f e r  h o l d s ,  m a k in g  i t  p o s s i b l e  t o  

u s e  m a s s - t r a n s f e r  r e s u l t s  t o  p r e d i c t  h e a t - t r a n s f e r  r a t e s .  T h i s  

h a s  b e e n  d i s c u s s e d  by Gamson (6 0 ) ,  D e n to n  ( 4 l ) ,  a n d  C o l b u r n  

( 3 5 )» among o t h e r s .

The a g r e e m e n t  o f  r e s u l t s  o f  d i f f e r e n t  r e s e a r c h e r s  h a s  

b e e n  f a i r  t o  p o o r .  D i f f e r e n c e s  i n  t y p e  a n d  mode o f  b e d  p a c k ­

i n g  a n d  b e d  g e o m e t r i e s  h a v e  been  s u g g e s t e d  a s  r e a s o n s  f o r  t h e  

d i s a g r e e m e n t s .

F i n i t e  C o n v e c t i v e  T r a n s f e r  C o e f f i c i e n t  P l u s  

S o l i d - P h a s e  R e s i s t a n c e  

In  some c a s e s ,  t h e  a s s u m p t i o n  t h a t  s o l i d  t e m p e r a t u r e  

g r a d i e n t s  w i t h i n  i n d i v i d u a l  p a r t i c l e s  do n o t  e x i s t ,  i . e . ,  t h a t  

t h e  s o l i d  o f f e r s  no r e s i s t a n c e  t o  p a r t i c l e - f l u i d  h e a t  t r a n s f e r ,  

may b e  i n  e r r o r .  The e f f e c t  o f  t h i s  a d d i t i o n a l  r e s i s t a n c e  i s  

t o  s p r e a d  t h e  t e m p e r a t u r e  r e s p o n s e  t o  a s t e p - f u n c t i o n  i n p u t  

i n t o  a  p a c k e d  b e d  i n  t h e  same m a n n e r  a s  t h e  f l u i d  " f i l m "  r e ­

s i s t a n c e  ,

S a u n d e r s  and  F o r d  ( 1 5 2 ) ,  u s i n g  a d i m e n s i o n a l - a n a l y s i s

a p p r o a c h ,  c o n c l u d e d  t h a t  h e a t  t r a n s f e r  i n  a  p a c k e d  b e d  s h o u l d

be  g o v e r n e d  b y  t h r e e  g r o u p s :  ^w^w^^®,  ̂ w^w^^ a n d  L .
^ p  -P s ^ s  ^ s c  ^

I n  t h e i r  e x p e r i m e n t a l  w o r k ,  t h e  maximum v a l u e  o f  t h e  g r o u p ,
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p C ci

— ^ ' " -R, was a p p r o x i m a t e l y  4 . 0 .  At t h i s  m a g n i t u d e  i t  h a d  
^ s c

n o  i n f l u e n c e  on t h e  c o r r e l a t i o n ,  i n d i c a t i n g  t h a t  s o l i d  r e s i s ­

t a n c e  was n e g l i g i b l e  c o m p ared  t o  t h e  g a s  " f i l m , " T h e i r  c a l ­

c u l a t i o n s  f u r t h e r  i n d i c a t e d  t h a t  s o l i d - p h a s e  r e s i s t a n c e  s h o u l d  

b e  c o n s i d e r e d  a t  P w^w^ ^ v a l u e s  o f  8 t o  12 a n d  h i g h e r ,
k s c

Rosen  ( l 4 ? ,  l 4 8 )  a t t a c k e d  t h i s  p r o b l e m  by s o l v i n g  d i f ­

f e r e n t i a l  e q u a t i o n s  w h ic h  i n c l u d e  b o t h  a  f i n i t e  " f i l m "  t r a n s f e r  

c o e f f i c i e n t  a n d  i n t r a - p a r t i c l e  c o n d u c t i o n .  H i s  a p p r o a c h  was  t o  

a s s u m e  t h a t  e a c h  s p h e r i c a l  p e l l e t  i s  s u r r o u n d e d  by f l u i d  a t  a 

c o n s t a n t  t e m p e r a t u r e ,  i . e . ,  t h e  d o w n s t r e a m  f l u i d  t e m p e r a t u r e  

g r a d i e n t  a c r o s s  one p a r t i c l e  i s  so  s m a l l  t h a t  a s s u m i n g  i t  c o n ­

s t a n t  c a u s e s  n e g l i g i b l e  e r r o r .  The  r e s u l t i n g  p a r t i a l  d i f ­

f e r e n t i a l  e q u a t i o n s ,  w h ic h  d e s c r i b e  t r a n s f e r  i n  t h e  s o l i d  s p h e r e  

a n d  i n  t h e  b u l k  f l u i d  s t r e a m ,  w e r e  s o l v e d  f o r  a s t e p - f u n c t i o n  

i n p u t  i n t o  t h e  b e d .  As t h e  c o m p l e t e  s o l u t i o n  i n v o l v e s  c o m p l i ­

c a t e d  i n t e g r a l s ,  a  s i m p l i f i e d  a p p r o x i m a t e  s o l u t i o n  was a l s o  

p r e s e n t e d .  B a b c o c k  (6 )  d i s c u s s e s  t h e  a p p l i c a t i o n  o f  t h e s e  r e ­

s u l t s  t o  h e a t  t r a n s f e r  a t  r e l a t i v e l y  low  l i q u i d  f l o w  r a t e s ,

Rosen  a n d  W insche  ( l 4 p )  h a v e  u s e d  a f r e q u e n c y  r e s p o n s e  

a n a l y s i s ,  a n d  by  a n a l o g y  w i t h  e l e c t r i c - c i r c u i t  t h e o r y  h av e  

d e r i v e d  e x p r e s s i o n s  f o r  t h e  com plex  a d m i t t a n c e s  f o r  b o t h  t h e  

" f i l m "  r e s i s t a n c e  a n d  i n t r a - p a r t i c a l  d i f f u s i o n a l  r e s i s t a n c e  

m e c h a n i s m s .  T h e i r  w ork  showed t h e  t o t a l  im p e d a n c e  f o r  l i n e a r  

s y s t e m s  t o  be e q u a l  t o  t h e  sum o f  t h e  s o l i d - p h a s e  im p e d a n ce
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p l u s  a  " f i l m "  r e s i s t a n c e  t e r m ,  K a s t e n  e t  a l ,  ( 9 ^ )  a n d  E d e s k u t y  

a n d  Amundson (4 8 )  h a v e  a l s o  m a t h e m a t i c a l l y  t r e a t e d  t h e  c a s e  o f  

" f i l m "  d i f f u s i o n  co m b in e d  w i t h  i n t r a - p a r t i c l e  d i f f u s i o n -  i n  a d ­

s o r p t i o n  s y s t e m s .

E f f e c t i v e - T h e r m a l - C o n d u c t i v i t y  Model  

T h e o r y

An a l t e r n a t e  a s s u m p t i o n  t o  t h e  f i n i t e - h e a t - t r a n s f e r -  

c o e f f i c i e n t  m ode l  i s  t o  t a k e  t h e  b e d  t h e r m a l  c o n d u c t i v i t y  a s  

f i n i t e  a n d  h a  a s  i n f i n i t e ,  J e n k i n s  a n d  A r o n o f s k y  (92)  p r o p o s e d  

t h i s  m ode l  t o  be a p p l i c a b l e  a t  r e l a t i v e l y  low  f l o w  r a t e s  i n  

p o r o u s  m e d i a .  An e n e r g y  b a l a n c e  on a  p o r o u s - m e d i u m  i n c r e m e n t  

g i v e s

[Pw^w  ̂ P s^s w c* * -^ 2  + k* - | ^

( 11 - 2 1 )

w h e r e ,  a s  i n  t h e  s q u a r e - f r o n t  m o d e l ,  T = T^  = T^ a t  e a c h  b e d  

p o s i t i o n .  E q u a t i o n  ( 1 1 - 2 1 )  i s  t h e  o n e - d i m e n s i o n a l  fo r m  o f  t h e  

m o re  g e n e r a l  F o u r i e r - P o i s s o n  e q u a t i o n .  The p a r a m e t e r  kg i s  t h e  

e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  p o r o u s  medium. As p r o ­

p o s e d  by J e n k i n s  a n d  A r o n o f s k y ,  i t  i s  t h e  " s t a t i c "  c o n d u c t i v i t y  

o f  t h e  b e d ,  i . e . ,  t h e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  p o r o u s  medium 

i n  t h e  a b s e n c e  o f  f l u i d  f l o w .

A d d i t i o n a l  a s s u m p t i o n s  i m p l i e d  i n c l u d e  t h e  f o l l o w i n g :  

a .  The f l u i d  i s  i n  s t e a d y ,  p i s t o n  f l o w  i n  t h e  x d i ­

r e c t i o n  o n l y .
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b» T h e r e  a r e  no t e m p e r a t u r e  g r a d i e n t s  n o r m a l  t o  t h e  

f l u i d  f l o w  d i r e c t i o n ,

c .  The  p h y s i c a l  p r o p e r t i e s  o f  t h e  s y s t e m  a r e  c o n s t a n t .  

F o r  t h e  b o u n d a r y  c o n d i t i o n s ,

T = T ^ ;  0 = 0 ,  a l l  X
( 1 1 - 2 2 )

T = T ^ ,  e >  0,  X = 0

t h e  s o l u t i o n  i s  ( 9 2 , 138)

-  T °  = 2 [ z T T R  ' iT W  - V p l / » ) ]

+ I » * ' ' Vr V^ ) j  ( 1 1 - 2 3 )

w h e r e  e r f c ,  t h e  c o - e r r o r  f u n c t i o n ,  i s  e q u a l  t o  (1  -  e r f ) .

T he  t h e r m a l  d i f f u s i v i t y ,  K, i s  d e f i n e d  a s

K = ------   ^ As I l l u s t r a t e d  i n  F i g u r e  2 b ,  t h e
PwCw<l>+ PsC s  ( 1 - 0 )

s h a p e  o f  t h e  t e m p e r a t u r e  p r o f i l e  c u r v e  i s  t h e  t y p i c a l  "S" s h a p e d  

r e s p o n s e  c u r v e  w i t h  t h e  c u r v e  " s p r e a d "  b e co m in g  l a r g e r  a s  

i n c r e a s e s .

P r e s t o n  (1 3 8 )  a n d  H a d i d i  ( ? 6 ,  77)  h a v e  d i s c u s s e d  t h e  

a p p l i c a t i o n  o f  E q u a t i o n  ( 1 1 - 2 1 ) .  P r e s t o n  d i s c u s s e d  t h e  p o s ­

s i b i l i t y  o f  t h e  e f f e c t i v e  c o n d u c t i v i t y ,  k ^ ,  v a r y i n g  w i t h  f l u i d

v e l o c i t y ,  b e i n g  made u p  o f  a  s t a t i c  c o m p o n e n t ,  k g ° ,  a n d  a  com­

p o n e n t  w h i c h  i s  a  f u n c t i o n  o f  v e l o c i t y ,  k g ( v ) .

The t h e r m a l - c o n d u c t i v i t y  a p p r o a c h  h a s  g e n e r a l l y  b e e n  

t a k e n  i n  p e t r o l e u m  r e s e r v o i r  s t u d i e s  o f  s e c o n d a r y  m e t h o d s  o f  

o i l  r e c o v e r y  s i n c e  f l u i d  v e l o c i t i e s  a r e  v e r y  l o w .  B a i l e y  a n d
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L a r k i n  (8 )  a n d  Ramey ( l^H ) o b t a i n e d  s o l u t i o n s  f o r  t h e  c a s e  o f  

a  m oving  h e a t  s o u r c e  w h e r e  c o n d u c t i o n  i s  t h e  o n l y  m e c h a n i s m  o f  

h e a t  t r a n s p o r t  (no  h e a t  f l o w  by  b u l k  f l u i d  m o v e m e n t ) • S o l u t i o n s  

w e r e  p r e s e n t e d  f o r  b o t h  l i n e a r  and  r a d i a l  h e a t  f l o w ,  V o g e l  a n d  

K r u e g e r  ( l ? 6 )  e x a m in e d  t h i s  same p r o b l e m  u s i n g  an a n a l o g  com­

p u t e r ,  B a i l e y  a n d  L a r k i n  ( 7 ) h a v e  a l s o  s o l v e d  t h e  o n e ­

d i m e n s i o n a l ,  m o v i n g - h e a t - s o u r c e  p r o b l e m  i n c l u d i n g  b o t h  c o n d u c ­

t i o n  a n d  t r a n s p o r t  by b u l k  f l u i d  f l o w .

E x p e r i m e n t a l  Work

U n s t e a d v - S t a t e . The e a r l y  e x p e r i m e n t a l  i n v e s t i g a t i o n s  

a t  low f l u i d  v e l o c i t i e s  a s s u m e d  a f i n i t e  h e a t - t r a n s f e r  c o e f ­

f i c i e n t  a n d  z e r o  t h e r m a l  d i f f u s i v i t y  (75> 1 3 9 ) .  J e n k i n s  a n d  

A r o n o f s k y  ( 9 2 ) c om pared  t h e s e  v e r y  l i m i t e d  d a t a  t o  t h e  e f f e c t i v e -  

t h e r m a l  - c o n d u c t i v i t y  m o d e l  a n d  c o n c l u d e d  t h a t  k^ was a  more  

a p p l i c a b l e  c h a r a c t e r i z i n g  p a r a m e t e r .  T h e i r  c o n c l u s i o n s  w e r e  

b a s e d  p r i m a r i l y  on th e  f o l l o w i n g :

1 ,  V a l u e s  of ha  v a r i e d  w i t h  f l u i d  v e l o c i t y  t o  a b o u t  

t h e  1 , 8  power  s e e  E q u a t i o n  ( 1 1 - 1 8 )  , w h i l e  a t  h i g h  v e l o c i ­

t i e s ,  p r e v i o u s  i n v e s t i g a t o r s  f o u n d  h a  t o  be a  f u n c t i o n  o f  v e ­

l o c i t y  t o  t h e  0 , 7 0  to 1 . 0  p o w e r  ( 5 8 ,  I I 6 ) ,  C a l c u l a t e d  k ^  

v a l u e s  d i d  n o t  v a r y  w i t h  v e l o c i t y ,  i n  a g r e e m e n t  w i t h  t h e  a p p l i ­

c a t i o n  o f  t h e  " s t a t i c "  t h e r m a l  c o n d u c t i v i t y ,

2 ,  P a r t i c l e  s i z e  d i d  n o t  i n f l u e n c e  h a .  A g a i n ,  a t  h i g h  

v e l o c i t i e s ,  w o r k e r s  have  f o u n d  p a r t i c l e  d i a m e t e r  t o  a f f e c t  ha  

( 5 8 , 1 1 6 ) ,  The  m a g n i t u d e  o f  kg  d i d  n o t  c h a n g e  w i t h  p a r t i c l e
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s i z e  a s  p r e d i c t e d  by s t a t i c - c o n d u c t i v i t y  c o r r e l a t i o n s  (5 1 )

[  s e e  E q u a t i o n  (11-26)  ] .

3* N u m e r i c a l  v a l u e s  o f  c a l c u l a t e d  k g ' s  w e re  more  i n  

a g r e e m e n t  w i t h  p r e v i o u s  w o r k s  a n d  w e r e  more  r e a s o n a b l e  t h a n  t h e  

h a  v a l u e s .

H a d i d i  ( ? 6 ) ,  i n  a v e r y  f e w  e x p e r i m e n t a l  r u n s  a t  low v e l o c i t i e s ,  

r e a c h e d  t h e  same c o n c l u s i o n .

A more  e x t e n s i v e  s t u d y  was made b y  P r e s t o n  ( 1 3 8 ) .  P r e s ­

t o n  c o n c l u d e d ,  i n  d i s a g r e e m e n t  w i t h  h i s  e a r l i e r  w ork  (75> 1 3 9 ) ,  

t h a t  t h e  e f f e c t i v e - c o n d u c t i v i t y  c o n c e p t  was more r e a s o n a b l e  a t  

r e l a t i v e l y  low l i q u i d  v e l o c i t i e s  t h a n  t h e  f i n i t e - h a  m o d e l .  He 

d i d  f i n d ,  h o w e v e r ,  t h a t  k g  v a r i e d  w i t h  l i q u i d  v e l o c i t y .  The 

f i n a l  c o r r e l a t i o n  was

t o  b e  u s e d  a t  R e y n o l d s  n u m b e rs  b e t w e e n  0 , 0 1  and  1 0 .  D a t a  s c a t ­

t e r  was l a r g e .  P r e s t o n ' s  r e s u l t s  a r e  d i s c u s s e d  f u r t h e r  i n  

C h a p t e r  V a n d  i n  A p p en d ix  L.

S t e a d v - S t a t e . E f f e c t i v e  thermal c o n d u c t i v i t i e s  in  the  

same d i r e c t io n  as f l u i d  f low  have been measured in  s t e a d y - s t a t e  

systems by Kunii and Smith (106) and Yagi e t  a l .  ( l 8 9 ) .  I n  

t h e s e  l o w - v e l o c i t y  s t u d i e s ,  h e a t  was i n j e c t e d  i n t o  one end o f  

a packed bed and f l u i d  in t o  the o t h e r .  The r e s u l t i n g  s te a d y -  

s t a t e  temperature p r o f i l e  a c ro ss  the bed was measured. Data 

were analyzed by comparing t h i s  temperature p r o f i l e  to  the s o ­

l u t i o n  o f  the s t e a d y - s t a t e  form of  Equation ( 1 1 - 2 1 ) .
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- V P w  Cw * - 2 2  + kg = 0 ( 1 1 - 2 5 )

T h e s e  i n v e s t i g a t o r s  f o u n d  t o  be  a  f u n c t i o n  o f  f l u i d  v e l o c i t y ,

S t a t i c  T h e r m a l  C o n d u c t i v i t y

T h e o r V . The  u s e  o f  t h e  e f f e c t i v e - t h e r m a l - c o n d u c t i v i t y  

m o d e l ;  E q u a t i o n  ( I I - 2 1 ) ,  r e q u i r e s  a  k n o w l e d g e  o f  t h e  t h e r m a l  

c o n d u c t i v i t y  o f  p o r o u s  m e d i a  when a  f l u i d  p h a s e  i s  p r e s e n t  b u t  

n o t  f l o w i n g .  T h i s  i s  so  e v e n  when k@ i s  a f u n c t i o n  o f  f l u i d  

v e l o c i t y  s i n c e  i t  c a n  t h e n  b e  t h o u g h t  o f  a s  b e i n g  co m p o sed  o f  

a  s t a t i c  c o n t r i b u t i o n ,  k@°, a n d  a  v e l o c i t y - d e p e n d e n t  c o n t r i b u ­

t i o n ,  k g ( v ) .  S e v e r a l  p r e d i c t i v e  c o r r e l a t i o n s  h a v e  b e e n  p r e ­

s e n t e d  f o r  t h e  s t a t i c  c o n d u c t i v i t y .

Euchen (51) m odif ied  an equation developed by Maxwell 

fo r  the  e l e c t r i c a l  c o n d u c t i v i t y  through a two-phase system  

where one phase was continuous and the other c o n s i s t e d  of  

s p h e r ic a l  p e l l e t s  o f  d i f f e r e n t  c o n d u c t i v i t y .  The Euchen equa­

t io n  i s

. o _ \ f c _ _  ^sc ^^wc ” 2(l-(j)) (k^g - kgg)j 
°  + ( l - l f )  -  k s c )  ( 1 1 - 2 6 )

H a m i l t o n  ( ? 8 )  m o d i f i e d  t h i s  e x p r e s s i o n  t o  i n c l u d e  n o n - s p h e r i c a l  

p a r t i c l e s •

Kunii and Smith (105) developed a k̂ *̂  e x p r e s s io n  for  

packed beds c o n s id e r in g  heat  t r a n s f e r  by ( l )  conduction in the  

gas phase ,  (2) conduction in the s o l i d  phase,  (3) a s o l i d - f l u i d *  

s o l i d  conduction mechanism, and (4) r a d i a t io n .
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P r e s t o n  ( 1 3 8 ) ,  b a s e d  on e x p e r i m e n t a l  d a t a  i n  s e v e r a l  

s y s t e m s ,  m o d i f i e d  a r e s u l t  due  t o  Schumann a n d  V oss  ( l 6 0 ) ,  

P r e s t o n ' s  r e l a t i o n s h i p  s h o u l d  be a p p l i c a b l e  i n  s y s t e m s  o f  t h e  

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

k g °  = 1 . 5 3 6  k g v ' 9 5 9  ( I I - 2 ? )

The t e r m ,  k g y ,  i s  t h e  Schumann an d  Voss  c o n d u c t i v i t y  g i v e n  by 

t h e  f o l l o w i n g  e q u a t i o n s .

f
k  = ^wc ^ s c  

k w c + P ( k w c - k g c )
1 + P ( l + P ) ( k w Q - k s c )  J k s i ü Z l

k ^ c ‘*’p ( ^ w c ”^ s c ^  k g cP

( 1 1 - 2 8 )

k g v  = k ^ c  4)  ̂ + kV ( l - * 3 )  ( 1 1 - 2 9 )

$ = ( p f  + p )  In  (P ^ ) - p  ( 1 1 - 3 0 )

Ic
T a b u l a t e d  v a l u e s  o f  kg^. a s  a  f u n c t i o n  o f  —̂  a n d  (|) a r e  g i v e n  by

Kwc
P r e s t o n ,

E x p e r i m e n t a l  W ork , S e v e r a l  e x p e r i m e n t a l  s t u d i e s  of 

t h e  s t a t i c  t h e r m a l  c o n d u c t i v i t i e s  o f  t w o - p h a s e  p o r o u s - m e d i a  

s y s t e m s  a p p e a r  i n  t h e  l i t e r a t u r e  ( 4 4 ,  55» 6 5 , 1 0 5 ,  1 3 8 ,  l 6 6 ,  

1 6 9 ) ,  P r e s t o n  ( 1 3 8 )  m e a s u r e d  k ^ °  v a l u e s  f o r  t h e  same e x p e r i ­

m e n t a l  s y s t e m s  a s  u s e d  i n  h i s  dynam ic  h e a t - t r a n s f e r  e x p e r i m e n t s ,  

m a k in g  t h e  w ork  v e r y  u s e f u l  f o r  p a c k e d - b e d ,  l i q u i d - s o l i d  c a l ­

c u l a t i o n s ,  The d a t a  w e r e  c o r r e l a t e d  by  m o d i f y i n g  an  e a r l i e r  

e q u a t i o n  due  t o  Schumann a n d  Voss ( I 6 0 ) ,

R a d i a l  E f f e c t i v e  T h e rm a l  C o n d u c t i v i t y  

The  e f f e c t i v e - t h e r m a l - c o n d u c t i v i t y  m ode l  h a s  b e e n
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a p p l i e d  t o  t h e  r a d i a l  t r a n s f e r  o f  h e a t  ( p e r p e n d i c u l a r  t o  f l u i d  

f l o w )  b y  many i n v e s t i g a t o r s  (3> 9 ,  2 1 ,  2 ? ,  1 2 7 , 1 3 6 ,  1 6 3 , 1 8 7 ) .  

I n  t h e s e  s t e a d y - s t a t e  s t u d i e s ,  l o n g i t u d i n a l  c o n d u c t i o n  i s  g e n e ­

r a l l y  a ssu m ed  n e g l i g i b l e .  V a l u e s  o f  r a d i a l  c o n d u c t i v i t i e s  a r e  

t a k e n  t o  b e  c o m p o se d  o f  a s t a t i c  c o n t r i b u t i o n  a n d  a  c o m p o n en t  

w h i c h  i s  v e l o c i t y  d e p e n d e n t  ( 1 2 7 ,  1 6 3 ,  1 8 7 ) .  W al l  e f f e c t s  a r e  

a l s o  s o m e t im e s  a c c o u n t e d  f o r  ( 2 7 ,  1 3 6 ) .  I n  many o f  t h e  w o r k s ,  

r a d i a t i o n  i s  i n c l u d e d  a s  a  h e a t - t r a n s f e r  means  ( 3 ,  1 8 7 ) .

L o n g i t u d i n a l  Eddv D i s p e r s i o n  

T h e o r y

L o n g i t u d i n a l  " e d d y  d i s p e r s i o n "  o f  t h e r m a l  e n e r g y  an d  

m a ss  i s  known t o  be  a  r e s u l t  o f  a  c o n v e c t i v e  m i x i n g  p r o c e s s  

w h i c h  o c c u r s  i n  p a c k e d  b e d s .  T h i s  e f f e c t  h a s  b e e n  s t u d i e d  p r i ­

m a r i l y  i n  m a s s - t r a n s f e r  i n v e s t i g a t i o n s .

D i f f u s i o n  M o d e l . The t h e o r e t i c a l  m ode l  u s u a l l y  a p p l i e d  

i s  t h e  o r d i n a r y  " r a n d o m - w a l k "  c o n c e p t .  When a  m a c r o s c o p i c  e l e ­

m e n t  of  f l u i d  u n d e r g o e s  a  s t a t i s t i c a l  number  o f  e v e n t s ,  s u c h  

a s  a c c e l e r a t i o n ,  d e c e l e r a t i o n ,  t r a p p i n g ,  e t c . ,  i t  may be  d e s ­

c r i b e d  b y  a  l a w  s i m i l a r  t o  P i c k ' s  law  o f  m o l e c u l a r  d i f f u s i o n .  

The s p r e a d i n g  t h e r e f o r e  f o l l o w s  a  G a u s s i a n  d i s t r i b u t i o n ,  a n d  

f o r  p a c k e d  b e d s  t h i s  may b e  a s su m e d  t o  h o l d  i n  a  b e d  o f  s u f f i ­

c i e n t  l e n g t h  ( 4 ,  2 2 ,  3 8 ) .  The  d i f f e r e n t i a l  e q u a t i o n  d e s c r i b i n g  

t h i s  p r o c e s s  i s  t h e  d i f f u s i o n  e q u a t i o n .  F o r  m ass  t r a n s f e r ,

w h e r e  E „ ,  t h e  d i s p e r s i o n  c o e f f i c i e n t ,  h a s  r e p l a c e d  t h e
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m o l e c u l a r - d i f f u s i o n  c o e f f i c i e n t .  Keulemans  (9 5 )  a n d  o t h e r s  

( 4 , 1 0 0 )  h a v e  r e a s o n e d  t h a t  E i s  p r o p o r t i o n a l  t o  f l u i d  v e l o c i t y  

a n d  p a r t i c l e  d i a m e t e r .

E = Ti vdp ( 1 1 - 3 2 )

The  c o e f f i c i e n t  " rj •' i s  a  c o n s t a n t  c h a r a c t e r i z i n g  t h e  p o r o u s  

m e d i a .

The s o l u t i o n  t o  E q u a t i o n  ( 1 1 - 3 1 )  i s  w e l l  known an d  h a s  

b e e n  d i s c u s s e d  w i t h  r e f e r e n c e  t o  p a c k e d - b e d  d i s p e r s i o n  i n  s e v ^  

e r a l  a r t i c l e s  ( 3 8 ,  4 6 ,  1 1 3 )«  D a n c k w e r t s  (38 )  h a s  p r e s e n t e d  

s o l u t i o n s  f o r  t h e  b o u n d a r y  c o n d i t i o n s  o f  e i t h e r  a  p u l s e - f u n c t i o n  

o r  s t e p - f u n c t i o n  i n p u t .  C a r b e r r y  a n d  B r e t t o n  ( 2 9 ) ,  K l i n k e n b e r g  

a n d  S j e n i t z e r  ( lO O ) ,  a n d  L e v e n s p i e l  e t  a l .  ( 1 1 3 )  h a v e  t r e a t e d  

t h e  c a s e  o f  a  p u l s e  i n p u t .  A f r e q u e n c y - r e s p o n s e  a n a l y s i s  h a s  

b e e n  u s e d  by  K r a m e r s  a n d  A l b e r d a  ( 1 0 4 ) ,  Ebach  a n d  W h i t e  (4 6 )  a n d  

McHenry an d  W i lh e lm  ( 1 2 0 ) .

C e l l - M i x i n g  M o d e l . A c e l l - m i x i n g  m ode l  h a s  b e e n  p r o ­

p o s e d  by  K ram ers  a n d  A l b e r d a  (104 )  a n d  o t h e r s  ( 4 ,  2 9 ) .  A p a c k e d  

b e d  i s  a s su m e d  t o  c o n s i s t  o f  "n"  p e r f e c t  m i x e r s  i n  s e r i e s ,  i . e . ,  

t h e  f l u i d  l e a v i n g  a  m i x i n g  c e l l  h a s  t h e  same c o n c e n t r a t i o n  o f  

t r a c e r  m a t e r i a l  a s  t h e  s o l u t i o n  i n  t h e  c e l l .  E q u a t i o n s  h a v e  

b e e n  d e r i v e d  e x p r e s s i n g  t h e  e f f l u e n t  f r o m  t h e  n t h  c e l l  a s  a 

f u n c t i o n  o f  t i m e  f o r  a  g i v e n  i n p u t  i n t o  th e  f i r s t  c e l l .  C a r ­

b e r r y  (2 8 )  e x t e n d e d  t h e  m o d e l  by  t h e  i n t r o d u c t i o n  o f  a  c e l l -  

m i x i n g  e f f i c i e n c y .

A r i s  a n d  Amundson ( 4 )  co m p ared  t h e  c e l l - m i x i n g  a n d  d i f ­

f u s i o n  m o d e l s  a n d ,  a t  d i s t a n c e s  e q u i v a l e n t  t o  s e v e r a l  m i x i n g
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l e n g t h s  down t h e  b e d ,  t h e  two m o d e l s  g a v e  a p p r o x i m a t e l y  t h e  

same d i s t r i b u t i o n  e x p r e s s i o n s  f o r  i n j e c t e d  t r a c e r  m a t e r i a l .

By e q u a t i n g  t h e s e  d i s t r i b u t i o n s ,  a n  e x p r e s s i o n  f o r  t h e  P e c l e t  

num ber  r e s u l t e d .

V d  p
Pe = ^  ( 1 1 - 3 3 )

w h e r e  Y c h a r a c t e r i z e s  t h e  d i s t a n c e  b e tw e e n  s u c c e s s i v e  m i x i n g  

l a y e r s  and  i s  a p p r o x i m a t e l y  e q u a l  t o  1 . 0  f o r  r a n d o m - p a c k e d  

s p h e r e s .  T h i s  l i m i t i n g  v a l u e  o f  2 . 0  f o r  t h e  P e c l e t  num ber  was 

s t a t e d  t o  b e  a p p l i c a b l e  a t  h i g h  f l u i d  v e l o c i t i e s  w h e r e  p e r f e c t  

m i x i n g  o c c u r s  i n  t h e  m i x i n g  c e l l s .

A l t e r n a t e  S t a t i s t i c a l  M o d e l . C a i r n s # a n d  P r a u s n i t z  ( 2 3 ,  

2 5 ) p r o p o s e d  a  s t a t i s t i c a l  m ode l  a l t e r n a t e  t o  t h e  r a n d o m - w a l k  

m o d e l .  T h e i r  w o rk  i s  b a s e d  on t h e  m a t h e m a t i c s  o f  E i n s t e i n  (4 p )  

F l u i d  c o r p u s c l e s  a r e  a s s u m e d  t o  move t h r o u g h  p o r o u s  m e d i a  i n  a  

s e r i e s  o f  " m o t i o n  p h a s e s "  a n d  " r e s t  p h a s e s ; "  t h a t  i s ,  t h e  c o r ­

p u s c l e  may be m ov ing  r a p i d l y  i n  o n e  i n s t a n t  a n d  i n  t h e  n e x t  

i n s t a n t  c a u g h t  i n  an e d d y  o r  a t  a  s t a g n a t i o n  p o i n t .  By c o n ­

s i d e r a t i o n  o f  a  G a l t o n  p l a n e ,  p r o b a b i l i t y  e x p r e s s i o n s  w e re  

d e r i v e d  f o r  t h e  d o w n s t r e a m  c o n c e n t r a t i o n  d i s t r i b u t i o n  o f  i n ­

j e c t e d  t r a c e r  m a t e r i a l .  P a r a m e t e r s  f o r  t h i s  m ode l  w e r e  o b ­

t a i n e d  b y  e q u a t i n g  t h e  d e r i v e d  d i s t r i b u t i o n  t o  t h e  G a u s s i a n  

d i s t r i b u t i o n  o f  t h e  d i f f u s i o n  m o d e l ,  a t  l a r g e  v a l u e s  o f  t i m e  

a n d  d i s t a n c e  down t h e  b e d .  I n  t h i s  t h e o r y ,  u p s t r e a m  m i x i n g  o f  

t r a c e r  m a t e r i a l  i s  n o t  a l l o w e d .

M i s c e l l a n e o u s  M o d e l s .  The a p p l i c a t i o n  t o  p a c k e d  b e d s
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o f  t h e  t h e o r y  o f  T a y l c r  (1 7 1 )  f o r  l o n g ^ t u d l n a  d i s p e r s i o n  o f  

m a t e r i a l  i n  f l o w  t h r o u g h  a  c a p i l l a r y  t u b e  h a ^   ̂ een  d i s c u s s e d  

( 1 7 , 5 6 ) ,  H e r e ,  t h e  p o r o u s - m e d i a  v o i d  s p a c e s  a r e  v i e w e d  a s  

s m a l l  t u b e s  i n  w h i c h  v e l o c i t y  p r o f i l e s  d e v e l o p  c a u s i n g  a  n e t  

c o n c e n t r a t i o n  s p r e a d  o f  t r a c e r  m a t e r i a l .  A c c o r d i n g  t o  T a y l o r ' s  

t h e o r y ,  t h e  d i s p e r s i o n  i n  t h i s  c a s e  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  t h e  m o l e c u l a r  d i f f u s i v i t y  o f  t h e  t r a c e r .  T h i s  r e s u l t  was 

a l s o  r e a c h e d  b y  F r a n k e l  (5 6 )  who c o n s i d e r e d  t h e  e f f e c t  on t h e  

m i x i n g  p r o c e s s  o f  s t a g n a n t  s p h e r e s  o f  f l u i d  o r  s t a g n a n t  " p o c ­

k e t s ” o f  f l u i d .  I n  t h e s e  m o d e l s ,

( 1 1 - 3 4 )

F r a n k e l  s u g g e s t s  c o m b i n i n g  t h i s  e f f e c t  w i t h  t h e  m ode l  o f  

K e u l e m a n ' s ,  E q u a t i o n  ( 1 1 - 3 2 ) ,  a n d  w i t h  m o l e c u l a r  d i f f u s i o n  t o  

y i e l d  a  g e n e r a l  e x p r e s s i o n  f o r  t h e  t o t a l  d i s p e r s i o n .

E x p e r i m e n t a l  Work 

E x p e r i m e n t a l  i n v e s t i g a t i o n s  f o r  t h e  p u r p o s e  o f  d e t e r m i n ­

i n g  l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t s  h a v e  b e e n  l i m i t e d  t o  

m a s s - t r a n s f e r  s t u d i e s .  I n  n e a r l y  a l l  c a s e s ,  t h e  d i f f u s i o n  

e q u a t i o n  h a s  b e e n  u s e d  t o  a n a l y z e  e x p e r i m e n t a l  d a t a .  P r i m a r i l y ,  

t h e  r e a s o n  i s  t h e  s i m p l i c i t y  o f  a n a l y s i s  w i t h  t h i s  a p p r o a c h  

s i n c e  t h e  m e a s u r e d  c o n c e n t r a t i o n  r e s p o n s e  c u r v e s  a r e  c h a r a c t e r ­

i z e d  by  a  s i n g l e  p a r a m e t e r ,  E^.  O t h e r  t h e o r e t i c a l  m o d e l s  r e ­

q u i r e  k n o w l e d g e  o f  b e d  p a r a m e t e r s  w h i c h  a r e  d i f f i c u l t  t o  o b t a i n  

( e * g « ,  i n  t h e  m i x i n g - c e l l  t h e o r y  t h e  c e l l  v o lu m e ,  m i x i n g  

e f f i c i e n c y ,  a n d  number  o f  c e l l s  m u s t  b e  k n o w n ) .  V a l u e s  o f  Eg
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r e p o r t e d  b y  t h e  d i f f e r e n t  r e s e a r c h e r s  a r e  a c t u a l l y  t h e  sum o f  

t h e  m o l e c u l a r  d i f f u s i o n  c o n t r i b u t i o n ,  p l u s  t h e  c o n v e c t i v e

m i x i n g  c o n t r i b u t i o n .  H o w ev e r ,  i n  many c a s e s  i s  n e g l i g i b l e .

M ethods  o f  i n j e c t i o n  o f  t r a c e r  m a t e r i a l  i n t o  t h e  b e d s  

h a v e  v a r i e d ,  i n c l u d i n g  a p p r o x i m a t i o n s  t o  p u l s e - f u n c t i o n  i n j e c ­

t i o n  ( 2 9 , 4 6 ) ,  s t e p - f u n c t i o n  i n p u t  ( 1 7 , 25> 3 8 ) ,  a n d  s i n u s o i d a l  

i n j e c t i o n  ( 4 0 ,  4 6 ,  1 0 4 ) .  R e l a t i v e l y  low  R e y n o l d s  n u m b e r s  h a v e  

g e n e r a l l y  b e e n  i n v e s t i g a t e d ,  w i t h  f l o w  r a n g i n g  f r o m  p u r e l y  

l a m i n a r  up  t h r o u g h  t h e  f l o w - t r a n s i t i o n  r e g i o n .

Experimental data  taken by d i f f e r e n t  i n v e s t i g a t o r s  in  

the laminar f low  reg io n  w ith  l i q u i d - s o l i d  systems have y i e ld e d  

P e c le t  numbers on the order o f  0 . 5 +  60%  ( 2 5 ,  2 9 ,  4 6 ,  l l 4 ,  1 6 8 ) .  

McHenry and Wilhelm ( 1 2 0 ) ,  w ith  g a s - s o l i d  porous-media systems  

at  about the same range o f  Reynolds number, gave an average Pe 

va lue  o f  1 . 8 8 , in  c lo s e  agreement w i t h  the t h e o r e t i c a l  maximum 

of  2 . 0 .  The p o s s i b i l i t y  o f  t h i s  n e a r ly  f o u r - f o l d  disagreement  

between l i q u i d  and gas systems be ing due to  f l u i d  ”b y -p a s s in g ” 

in the l i q u i d  c a se  has been d i s c u s s e d  (17 ,  56,  71 ) .  The argu­

ment i s  th a t  f l u i d  next  t o  s o l i d  p a r t i c l e s  and in the c r e v ic e s  

formed by s o l i d - s o l i d  c o n t a c t s  w i l l  tend to  be by-passed by the  

main stream, c aus in g  a spread in the concen tra t io n  p r o f i l e .

T h i s  b y - p a s s e d  f l u i d  w i l l  a p p r o a c h  t h e  m a in  s t r e a m  c o n c e n t r a ­

t i o n  b y  m o l e c u l a r  d i f f u s i o n .  The o v e r a l l  r e s u l t  o f  s u c h  a 

p r o c e s s  i s  t o  i n c r e a s e  t h e  s i z e  o f  t h e  m e a s u r e d  d i s p e r s i o n  c o ­

e f f i c i e n t ,  E,  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s i z e  o f  t h e  m o l e ­

c u l a r  d i f f u s i o n  c o e f f i c i e n t  a s  p r e d i c t e d  i n  t h e  m o d e l  o f
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T a y l o r  ( l ? l )  p r e v i o u s l y  d i s c u s s e d .  The h i g h  m o l e c u l a r  d i f ­

f u s i v i t y  o f  g a s e s ,  c o m p a r e d  t o  l i q u i d s ,  m a r k e d l y  r e d u c e s  t h e  

m a g n i t u d e  o f  t h i s  e f f e c t  f o r  g a s - s o l i d  s y s t e m s .  Handy (7 9 )  

e x a m i n e d  t h e  e f f e c t  o f  m o l e c u l a r  d i f f u s i v i t y  on t h e  d i s p e r s i o n  

c o e f f i c i e n t  b y  m a k in g  e x p e r i m e n t s  w i t h  l i q u i d s  i n  w h i c h  h a d  

d i f f e r e n t  v a l u e s  ~  • No p o s i t i v e  c o n c l u s i o n s  c o u l d

be m ade ,  b u t  a  q u a l i t a t i v e  t r e n d  o f  i n c r e a s e d  w i t h  l o w e r  

v a l u e s  was  n o t e d .

The f l u i d  f l o w  m ech an ism s  r e s u l t i n g  i n  e d d y  d i s p e r s i o n  

i n  p o r o u s  m e d i a  a r e  i l l u s t r a t e d  p i c t o r i l y  i n  m o v ie s  t a k e n  by 

C h a t e n e v e r  ( 3 2 ) ,  E v e n t s  s u c h  a s  a c c e l e r a t i o n ,  d e c e l e r a t i o n ,  

t e m p o r a r y  t r a p p i n g ,  a n d  d i f f e r e n c e s  i n  v e l o c i t y  a c r o s s  a  s i n g l e  

p o r e  o p e n i n g  a r e  c l e a r l y  shown.

R a d i a l  D i s p e r s i o n . R a d i a l  c o n v e c t i v e  d i s p e r s i o n  o c c u r s  

i n  p o r o u s - m e d i a  s y s t e m s  b u t  a t  a s l o w e r  r a t e  t h a n  l o n g i t u d i n a l  

d i s p e r s i o n ,  B e r n a r d  a n d  W i lh e lm  (1 2 )  e x p e r i m e n t a l l y  d e t e r m i n e d  

r a d i a l  P e c l e t  n u m b e r s  o f  a p p r o x i m a t e l y  1 0 - 1 2  w i t h  t u r b u l e n t  

f l o w .  O t h e r  i n v e s t i g a t o r s  ( 9 1 ,  1 ^ 2 )  a r e  i n  g e n e r a l  a g r e e m e n t  

w i t h  t h e  l o w e r  d i s p e r s i o n  c o e f f i c i e n t s  f o r  r a d i a l  t r a n s p o r t  o f  

h e a t  o r  m a s s .  F o r  h e a t  t r a n s f e r ,  t h e  r a d i a l  c o n v e c t i v e  d i s ­

p e r s i o n  c o e f f i c i e n t s  a r e  c o m b in e d  w i t h  t h e  s t a t i c  t h e r m a l  c o n ­

d u c t i v i t y  o f  t h e  p a c k e d  b e d  to  g i v e  t h e  r a d i a l  e f f e c t i v e  t h e r m a l  

c o n d u c t i v i t y  p r e v i o u s l y  d i s c u s s e d .

C o m b i n a t i o n  o f  T r a n s f  e r  M echan ism s  

T h e o r y

C o m b i n a t i o n  o f  t h e  c o n c e p t s  o f  l o n g i t u d i n a l  d i s p e r s i o n



3 0

o f  h e a t  or  m a ss  b y  m o l e c u l a r  t r a n s p o r t  a n d  c o n v e c t i v e  m i x i n g ,  

a n d  o f  f i n i t e  t i m e s  f o r  t r a n s f e r  b e t w e e n  t h e  s o l i d  a n d  f l u i d  

p h a s e s  o f  a  s y s t e m  h a s  b e e n  t h e o r e t i c a l l y  c o n s i d e r e d .  F o r  a  

f e w  s p e c i a l i z e d  c a s e s ,  d i f f e r e n t i a l  e q u a t i o n s  h a v e  b e e n  s o l v e d .

L a p i d u s  a n d  Amundson ( 1 1 0 )  c o n s i d e r e d  l o n g i t u d i n a l  mass 

t r a n s f e r  o f  a n  a d s o r b a t e  i n  a co lum n p a c k e d  w i t h  p o r o u s  a d s o r ­

b e n t  p a r t i c l e s .  The  d i f f e r e n t i a l  e q u a t i o n s ,  a s s u m i n g  p i s t o n  

f l u i d  f l o w ,  a r e

(11-35)

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

p e r s i o n ,  a n d  w h e r e  n i s  t h e  am oun t  o f  a d s o r b a t e  on t h e  a d s o r ­

b e n t  i n  m o le s  p e r  u n i t  vo lum e o f  b e d .  F o r  t h e  a d s o r b e d  p h a s e ,

-§-g = ^ 1 ^  -  1=2" 

w h e r e  k ^  a n d  k g  a r e  c o n s t a n t s .

W i th  t h e  b o u n d a r y  c o n d i t i o n s ,

C = n = 0 ,  0 = 0 ,

C = Ci» a l l  0 ,

a l l  X

X = 0

t h e  s o l u t i o n  i s

m F ( e )  + k g y  F ( 0 )  d 0  
0

F ( 0 )  i s  d e f i n e d  a s

F ( 0 )  = e " * ^ 2 ® /  I , 2 \ i  ■■ z  ( e - z )

%L

( 1 1 - 3 6 )

( 1 1 - 3 7 )

( 1 1 - 3 8 )

(11-39)
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v2 ^ k l
w i t h  G = + ^  - kg .

Van D e em te r  e t  a l ,  ( 1 7 5 )  d i s c u s s e d  an a p p r o x i m a t i o n  t o  t h i s  

s o l u t i o n ,  f o r  t h e  b o u n d a r y  c o n d i t i o n s  o f  a  p u l s e  i n p u t ,  w h i c h  

h o l d s  u n d e r  c e r t a i n  a s s u m p t i o n s  c o n c e r n i n g  t h e  s i z e  o f  t h e  

s y s t e m  p a r a m e t e r s .  T h i s  s i m p l i f i c a t i o n ,  due  m a i n l y  t o  Van d e r  

W ae rd en  ( u n p u b l i s h e d  r e p o r t  r e f e r r e d  t o  by  Van D e em te r  e t  a l . ) ,  

r e d u c e s  t h e  s o l u t i o n  t o  a  G a u s s i a n  d i s t r i b u t i o n  i n  w h i c h  v a r i ­

a n c e s  f o r  t h e  two m e c h a n i s m s  o f  l o n g i t u d i n a l  d i s p e r s i o n  a n d  a  

f i n i t e  t r a n s f e r  r a t e  b e t w e e n  p h a s e s  a r e  s i m p l y  a d d i t i v e .  

K l i n k e n b e r g  a n d  S j e n i t z e r  (1 0 0 )  a l s o  p r o p o s e d  t h e  i d e a  o f  

a d d e d  v a r i a n c e s  f o r  t h e  d i f f e r e n t  m e c h a n i s m s .  T h i s  i s  d i s c u s ­

s e d  i n  d e t a i l  i n  C h a p t e r  I I I .

I n  t h e  i n v e s t i g a t i o n  o f  R osen  a n d  W insche  ( 1 ^ 9 )  d i s ­

c u s s e d  e a r l i e r ,  h e a t  t r a n s f e r  b e t w e e n  p h a s e s  was t a k e n  t o  be  

g o v e r n e d  by  b o t h  a  ‘" f i l m "  r e s i s t a n c e  a r o u n d  t h e  s o l i d  and  

i n t r a - p a r t i c l e  c o n d u c t i o n .  T h e i r  w o r k ,  u s i n g  t h e  a n a l o g y  t o  

e l e c t r i c - c i r c u i t  - t h e o r y ,  showed  t h e  c o m p le x  im p e d a n c e s  f o r  t h e  

" f i l m "  r e s i s t a n c e  an d  i n t r a - p a r t i c l e  c o n d u c t i o n  t o  be  a d d i t i v e .  

D e i s l e r  ( 3 9 » ^ 0 )  e x t e n d e d  t h i s  work  by  e x p e r i m e n t a l l y  a n d  t h e o ­

r e t i c a l l y  i n v e s t i g a t i n g  s i m u l t a n e o u s  d i f f u s i o n  i n t o  t h e  p o r e s  

o f  a  c a t a l y s t ,  l o n g i t u d i n a l  d i f f u s i o n ,  a n d  c o n v e c t i v e  eddy  

d i s p e r s i o n .  D e i s l e r * s  w o rk  i s  d i s c u s s e d  f u r t h e r  i n  C h a p t e r  

I I I  a n d  A p p e n d ix  K.

B l a n d  ( l 6 )  d e v e l o p e d  r e l a t i o n s  g o v e r n i n g  b o t h  t h e  f l o w  

o f  g a s  i n  p o r o u s  m e d ia  a n d  t h e  h e a t - t r a n s f e r  r a t e .  He c o m b in e d
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t h e  e n e r g y  b a l a n c e ,  e q u a t i o n  o f  c o n t i n u i t y ,  an  e q u a t i o n  o f  

s t a t e  f o r  t h e  g a s ,  a n d  D a r c y ' s  l a w  f o r  f l u i d  f l o w  i n  p o r o u s  

m e d i a  t o  d e r i v e  t h e  g e n e r a l i z e d  e q u a t i o n s .  A n a l y t i c a l  s o l u ­

t i o n s  w e r e  o b t a i n e d  f o r  a  few  p a r t i c u l a r  c a s e s .

Amundson (2 )  h a s  o b t a i n e d  s o l u t i o n s  f o r  s e v e r a l  c a s e s  

o f  h e a t  t r a n s f e r  i n  w h i c h  t h e  d i f f e r e n t  mechan ism s  a r e  c o m b i n e d .  

I n  t r e a t m e n t  o f  a b e d  p a c k e d  w i t h  s m a l l  p a r t i c l e s ,  t h e  m e c h a n ­

i s m s  o f  r a d i a l  a n d  l o n g i t u d i n a l  c o n d u c t i o n  i n  t h e  f l u i d  p h a s e ,  

a n d  s o l i d - f l u i d  c o n v e c t i v e  t r a n s f e r  w e r e  i n c l u d e d .  The s o l i d  

was a s su m e d  t o  c o n t a i n  a  h e a t  s o u r c e .  F o r  a  bed  o f  l a r g e  

p a r t i c l e s ,  t h e  e q u a t i o n s  w e r e  e x t e n d e d  t o  i n c l u d e  i n t r a - p a r t i c l e  

c o n d u c t i o n  i n  t h e  s o l i d  p h a s e ,  w i t h  t h e  a s s u m p t i o n  t h a t  t h e  

t e m p e r a t u r e  a r o u n d  e a c h  s p h e r e  was  c o n s t a n t .  Dow nst ream  s o l i d  

c o n d u c t i o n  was n o t  a l l o w e d .

C o m b i n a t i o n  o f  t h e  d i f f e r e n t  h e a t - t r a n s f e r  m e ch a n i sm s  

h a s  b e e n  t r e a t e d  b y  B a i l e y  a n d  L a r k i n  ( 7 ) ,  a n d  t h e  c a s e  o f  a 

m o v in g  h e a t  s o u r c e  w i t h  l o n g i t u d i n a l  c o n d u c t i o n  a n d  p a r t i c l e -  

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

t i o n s .  The s t e a d y - s t a t e  s i t u a t i o n ,  n o t  i n c l u d i n g  a  h e a t  - s o u r c e  

t e r m ,  h a s  b e e n  d i s c u s s e d  b y  K u n i i  a n d  S m i th  (106)  a n d  Y a g i  

e t  a l ,  ( 1 8 9 ) .

H a d i d i  ( 7 6 )  a t t a c k e d  t h e  p r o b l e m  of  two f l u i d  p h a s e s  

f l o w i n g  s i m u l t a n e o u s l y  t h r o u g h  p o r o u s  m e d i a .  F i n i t e - d i f f e r e n c e  

e q u a t i o n s  d e s c r i b i n g  h e a t  t r a n s f e r  w e r e  s e t  up  b u t  n o t  s o l v e d .

E x p e r i m e n t a l  Work

D e i s l e r  (3 9 )  m e a s u r e d  t o t a l  l o n g i t u d i n a l  d i s p e r s i o n
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o f  mass  i n  a  g a s - s o l i d  p a c k e d - b e d  s y s t e m  i n  w h i c h  i n t r a - p a r t i c l e  

d i f f u s i o n ,  g a s - p h a s e  m o l e c u l a r  d i f f u s i o n ,  a n d  e d d y  d i s p e r s i o n  

w e r e  p r e s e n t ,  A f r e q u e n c y - r e s p o n s e  a n a l y s i s  was m ade.  From 

r e s p o n s e  c o n c e n t r a t i o n  c u r v e s ,  v a l u e s  w e re  c a l c u l a t e d  f o r  t h e  

a p p a r e n t  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  g a s  w i t h i n  t h e  p o r o u s  

s o l i d  a n d  f o r  t h e  g a s - p h a s e  l o n g i t u d i n a l  d i f f u s i o n  c o e f f i c i e n t ,  

(E^  + Djjj), L o n g i t u d i n a l  Pe  n u m b ers  w e r e  s l i g h t l y  h i g h e r  t h a n  

4 . 0 ,  c o n s i d e r a b l y  a b o v e  t h e  r e s u l t s  o f  McHenry a n d  W i lh e lm  

( 1 2 0 ) .

Van D eem ter  e t  a l .  (175 )  s t u d i e d  l i m i t e d  e x p e r i m e n t a l  

d a t a  o b t a i n e d  i n  two c h r o m a t o g r a p h i c  c o l u m n s .  The  i m p o r t a n t  

m a s s - t r a n s f e r  m echan ism s  w e r e  c o n s i d e r e d  t o  be  m o l e c u l a r  d i f ­

f u s i o n ,  e d d y  d i s p e r s i o n  a n d  a  f i n i t e  f l u i d - s o l i d  m a s s - t r a n s f e r  

r a t e .  C o n s t a n t s ,  c h a r a c t e r i z i n g  t h e  m e c h a n i s m s ,  o b t a i n e d  f r o m  

t h e  d a t a  w e r e  t h e  r i g h t  o r d e r  o f  m a g n i t u d e  f o r  a l l  m e c h a n i s m s .

V e l o c i t y - P r o f i l e  C o n s i d e r a t i o n s

D e v i a t i o n s  f r o m  p i s t o n  f l u i d  f l o w  i n  p a c k e d  b e d s  a r e  

known t o  o c c u r .  An e f f e c t  o f  t h e  t u b e  w a l l  on t h e  p a r t i c l e  

p a c k i n g  a r r a n g e m e n t ,  w i t h  a  c o r r e s p o n d i n g  e f f e c t  on f l u i d  v e ­

l o c i t y  n e a r  t h e  w a l l ,  h a s  b e e n  o b s e r v e d  ( 2 6 ,  1 2 8 ,  l 6 l ) .  The 

p r e s e n c e  o f  t h e  w a l l  i n c r e a s e s  t h e  v o i d  vo lum e  o f  t h e  p a c k  i n  

t h e  r e g i o n  o f  t h e  w a l l .  The r e s u l t  i s  a  h i g h e r  f l u i d  v e l o c i t y  

i n  t h i s  zone  a n d ,  when t h e  p a r t i c l e  s i z e  i s  l a r g e  c o m p a r e d  t o  

t h e  t u b e  d i a m e t e r ,  s i g n i f i c a n t  d e v i a t i o n  f r o m  p i s t o n  f l o w  can  

o c c u r .  R a t i o s  o f  p a r t i c l e  d i a m e t e r  t o  t u b e  d i a m e t e r ,  a b o v e
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w h i c h  t h e  w a l l  e f f e c t  i s  i m p o r t a n t ,  h a v e  b e e n  r e p o r t e d  f r o m

0 . 0 4  ( 1 6 1 ) t o  0 , 0 6 7  ( 2 6 ) .

Flow c h a n n e l i n g  f r e q u e n t l y  a p p e a r s  i n  p o r o u s  m e d i a  a s  

t h e  r e s u l t  o f  an  u n f a v o r a b l e  v i s c o s i t y  r a t i o ,  i . e . ,  when t h e  

f l u i d  b e i n g  d i s p l a c e d  f r o m  a  p o r o u s  medium h a s  a  h i g h e r  v i s ­

c o s i t y  t h a n  t h e  d i s p l a c i n g  f l u i d  ( 1 7 , 3 2 ,  1 5 4 ) ,  B r ig h a m  e t  a l ,  

( 1 7 ) d i s c u s s  t h i s  phenom enon  w i t h  r e f e r e n c e  t o  l o n g i t u d i n a l  

d i s p e r s i o n  o f  mass  i n  a t w o - l i q u i d  s y s t e m .

N a t u r a l  c o n v e c t i o n  c a n  i n d u c e  f l o w  c h a n n e l i n g .  T h i s  

h a s  b e e n  o b s e r v e d  i n  e x p e r i m e n t a l  s t u d i e s  o f  s o l i d - f l u i d  m ass  

t r a n s f e r  a t  low R e y n o l d s  n u m b e r s  ( 4 3 ,  5 9 ,  1 8 5 ) ,  The e f f e c t  i s  

c h a r a c t e r i z e d  by  t h e  G r a s h o f  n u m b e r ,

C a i r n s  a n d  P r a u s n i t z  ( 2 6 ) d i s c u s s  t h e  i n f l u e n c e  o f  d e ­

v i a t i o n s  f r o m  p l u g  f l o w  on e x p e r i m e n t a l  l o n g i t u d i n a l  d i s p e r s i o n  

c o e f f i c i e n t s .  When e x p e r i m e n t a l  c o n c e n t r a t i o n  r e s p o n s e  c u r v e s  

a r e  d e t e r m i n e d  by  m e a s u r i n g  r a d i a l l y  a v e r a g e d  p a c k e d - b e d  e f ­

f l u e n t s ,  c a l c u l a t e d  p a r a m e t e r s ,  ( s u c h  a s  E ) ,  may be  i n f l u e n c e d  

b y  t h e s e  d e v i a t i o n s .  A c a l c u l a t e d  l o n g i t u d i n a l  d i s p e r s i o n  c o ­

e f f i c i e n t  w i l l  b e  h i g h  u n l e s s  r a d i a l  t r a n s p o r t  i s  o f  s u f f i c i e n t  

m a g n i t u d e  t o  e l i m i n a t e  t h e  r a d i a l  c o n c e n t r a t i o n  g r a d i e n t s  i n ­

d u c e d  by  t h e  n o n - p l u g  f l o w .



CHAPTER I I I  

THEORETICAL INVESTIGATION

The m e c h a n i s m s  o f  h e a t  t r a n s f e r  c o n s i d e r e d  w h i c h  c o n ­

t r i b u t e  t o  t h e  d i s p e r s i o n  o f  t h e r m a l  e n e r g y  a r e  ( l )  l o n g i t u d i ­

n a l  c o n d u c t i o n  i n  t h e  f l u i d  and  s o l i d  p h a s e s ,  ( 2 )  c o n v e c t i v e  

e d d y  m i x i n g  o r  d i s p e r s i o n  i n  t h e  f l u i d  p h a s e ,  a n d  ( 3 )  a f i n i t e  

r a t e  o f  h e a t  t r a n s f e r  b e t w e e n  s o l i d  a n d  f l u i d .  T h e s e  p r o c e s s e s ,  

c o m b in e d  w i t h  b u l k  f l u i d  movement ,  a r e  a s s u m e d  t o  a c c o u n t  f o r  

t h e  t o t a l  h e a t - t r a n s f e r  r a t e  i n  t h e  d i r e c t i o n  o f  f l u i d  f l o w .

G e n e r a l  d i f f e r e n t i a l  e q u a t i o n s  r e s u l t i n g  f r o m  an 

e n e r g y  b a l a n c e  on t h e  p o r o u s  m ed ia  w e re  f o r m u l a t e d .  S i n c e  an 

a n a l y t i c a l  s o l u t i o n  was n o t  o b t a i n a b l e ,  n u m e r i c a l  c a l c u l a t i o n s  

w e r e  made, u s i n g  a  d i g i t a l  c o m p u t e r , f o r  s e v e r a l  s p e c i f i c  v a l u e s  

o f  t h e  s y s t e m  p a r a m e t e r s .  N u m e r i c a l  c a l c u l a t i o n s  w e r e  t im e  

c o n su m i n g  a n d  r a t h e r  i m p r a c t i c a l  f o r  u s e  i n  t h e  e v a l u a t i o n  of  

e x p e r i m e n t a l  d a t a .  T h e r e f o r e ,  b a s e d  on l i t e r a t u r e  s o u r c e s ,  

a n  a p p r o x i m a t e  s o l u t i o n  was d e r i v e d  w h i c h  i n  many i n s t a n c e s  

a l l o w s  t h e  h e a t  t r a n s f e r  t o  b e  w e l l  r e p r e s e n t e d  u s i n g  t h e  d i f ­

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

i n g  f o r  t h e  s e v e r a l  i n d i v i d u a l  d i s p e r s i o n  m e c h a n i s m s .

35
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P h y s i c a l  Model

The s y s t e m  i s  a  s e m i - i n f i n i t e  p o r o u s  b o d y  t h r o u g h  w h i c h  

a  l i q u i d  i s  f l o w i n g  i n  o n e - d i m e n s i o n a l , s t e a d y ,  p i s t o n  f l o w  

( s e e  F i g u r e  l ) .  S o l i d  a n d  f l u i d  t e m p e r a t u r e s  a r e  i n i t i a l l y  

e q u a l  a n d  c o n s t a n t  t h r o u g h o u t .  At t i m e  z e r o ,  t h e  i n j e c t e d  

f l u i d  t e m p e r a t u r e  i s  s u d d e n l y  c h a n g e d  t o  a  d i f f e r e n t  v a l u e .

No n e t  h e a t  t r a n s f e r  i n  a  d i r e c t i o n  n o r m a l  t o  t h e  l i q u i d  f l o w  

o c c u r s ,  i . e . ,  t h e r e  a r e  no  h e a t  " l o s s e s "  f r o m  t h e  s y s t e m .  

R a d i a t i o n  i s  a s s u m e d  n e g l i g i b l e .  F o r  any  g i v e n  s e t  o f  c o n d i ­

t i o n s ,  f l u i d  a n d  s o l i d  p h y s i c a l  p r o p e r t i e s  a r e  t a k e n  a s  i n d e ­

p e n d e n t  o f  t e m p e r a t u r e .

F l u i d  a n d  S o l i d  P h a s e  E n e r g y  B a l a n c e s  

An e n e r g y  b a l a n c e  o v e r  a  p o r o u s - m e d i u m  i n c r e m e n t  y i e l d s  

t h e  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n s .

F o r  t h e  f l u i d  p h a s e ,

8 T 9 T 8
p wOw* Pw°w^ T f -  *  -  h a ( T w - T s )  ( I l l - l )

F o r  t h e  s o l i d  p h a s e ,

P sCg ( 1 - $ )  4 ^  = k ;  ( 1 -$ )  <Tw-Ts) ( I I I - 2 )

H e r e ,  kg i s  a  p s e u d o  t h e r m a l  c o n d u c t i v i t y  w h ic h  c h a r a c t e r i z e s  

t h e  r a t e  o f  a p p a r e n t  s o l i d - p h a s e  c o n d u c t i o n  i n  t h e  l o n g i t u d i n a l  

d i r e c t i o n .  The f l u i d - p h a s e  c o e f f i c i e n t ,  k „ ,  i n c l u d e s  b o t h  a  

c o n d u c t i o n  c o n t r i b u t i o n  a n d  t h e  e f f e c t  o f  eddy  d i s p e r s i o n ,

^w ~ ^wc ^wm ( m ~ 3 )
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w h e re

k ^ c  “  t h e r m a l  c o n d u c t i v i t y  o f  t h e  f l u i d  p h a s e  

= e d d y - d i s p e r s i o n  c o e f f i c i e n t  

Of t h e s e  c o e f f i c i e n t s ,  k ^ ^  i s  a f u n c t i o n  o f  f l u i d  f l o w  r a t e  

w h i l e  k^g  and  kg  a r e  a s s u m e d  t o  be i n d e p e n d e n t  o f  f l u i d  v e ­

l o c i t y .  The r a t e  o f  h e a t  t r a n s f e r  b e t w e e n  t h e  p h a s e s  a t  any  

p o i n t  i s  a s s u m e d  p r o p o r t i o n a l  t o  t h e i r  a v e r a g e  t e m p e r a t u r e  d i f ­

f e r e n c e ,  h a  b e i n g  t h e  c o n s t a n t  o f  p r o p o r t i o n a l i t y .  An i m p l i c i t  

a s s u m p t i o n  i n  t h e  d e r i v a t i o n  o f  E q u a t i o n s  ( l l l - l )  a n d  ( I I I - 2 )  

i s  t h a t  t h e  s o l i d  p h a s e  i s  an  e v e n l y  d i s t r i b u t e d  s o u r c e  o r  

s i n k ,  a l s o  h a v i n g  t h e  p r o p e r t y  o f  a l l o w i n g  c o n d u c t i o n  o n l y  i n  

t h e  d i r e c t i o n  o f  t h e  f l o w i n g  l i q u i d .  H o w ev e r ,  t e m p e r a t u r e  

g r a d i e n t s  i n  t h e  s o l i d  n o r m a l  t o  t h e  f l u i d  f l o w  a r e  a ssu m e d  

n o n - e x i s t e n t ,  t h a t  i s ,  t h e  r e s i s t a n c e  t o  h e a t  t r a n s f e r  b e tw e e n  

f l u i d  a n d  s o l i d  l i e s  e n t i r e l y  w i t h i n  a  f l u i d  " f i l m "  a r o u n d  t h e  

s o l i d .

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

= Tg = T g , a l l  X ,  0 = 0

Tw = ^ s  = T i '  X = 0 ,  a l l  0 >  0 ( I I I - 4 )

— T q = T q ,  X —♦ 00 ,  a l l  0

The s e c o n d  c o n d i t i o n ,  o f  an  i n s t a n t a n e o u s l y  r e a c h e d  s o l i d  t e m ­

p e r a t u r e ,  Tj^, a t  t h e  b o u n d a r y  x = 0 ,  i s  an  a p p r o x i m a t i o n  w h i c h  

s h o u l d  be  s u f f i c i e n t l y  a c c u r a t e  f o r  t i m e s  s l i g h t l y  l a r g e r  t h a n  

z e r o .  An a n a l y t i c a l  s o l u t i o n  t o  E q u a t i o n s  ( l l l - l )  a n d  ( I I I - 2 )  

was n o t  o b t a i n e d  a n d  n u m e r i c a l  m e th o d s  w e r e  t h e r e f o r e  u s e d .
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N u m e r i c a l  S o l u t i o n

E q u a t i o n s  ( l l l - l )  a n d  ( I I I - 2 )  can  be w r i t t e n  i n  a  d i -

m e n s i o n l e s s  f o r m  a s

9 t  9 1 9 ^ t
^  = -  ^ ^ ( I I I - 5 )9 T  9 y a y2 ' w • s

2

W 8 y8T  w ft „2 a „  kg* s

w h e r e

^  V 0 ,  and  y = b â _
k w ’

The  d e p e n d e n t  v a r i a b l e s  tw a n d  t g  a r e  " a c c o m p l i s h e d  t e m p e r a ­

t u r e  f r a c t i o n s "  a n d  may h a v e  v a l u e s  b e tw e e n  z e r o  and  o n e .  A l l

n o m e n c l a t u r e  i s  d e f i n e d  i n  A p p e n d ix  A.

T h e s e  e q u a t i o n s  w e r e  r e d u c e d  t o  f i n i t e - d i f f e r e n c e  

e q u a t i o n s  and  s o l v e d  f o r  s e v e r a l  v a l u e s  o f  t h e  p a r a m e t e r s  on 

an  IBM 650 d i g i t a l  c o m p u t e r .  E q u a t i o n s  o f  t h e  f o r w a r d -  

d i f f e r e n c e  t y p e  w e re  u s e d  i n  t h e  s o l u t i o n .  C o n v e r g e n c e  o f  t h e  

n u m e r i c a l  s o l u t i o n s  was c h e c k e d  by  r e d u c i n g  i n c r e m e n t  s i z e  

u n t i l  c o n v e r g e n c e  was o b t a i n e d  a n d  by c h e c k i n g  c o m p u t e r  r e s u l t s  

a g a i n s t  t h e  a n a l y t i c a l  s o l u t i o n  f o r  t h e  c a s e ,  k*  = kg  = 0 an d  

h a  = . j T i n i t e .  The d i f f e r e n c e  e q u a t i o n s  a n d  c o n v e r g e n c e  c r i t e r i a  

o f  t h e  t y p e  p r e s e n t e d  b y  D u s i n b e r r e  ( ^ 5 )  a r e  p r e s e n t e d  i n  

A p p e n d i x  B .  To o b t a i n  s o l u t i o n s ,  i t  was n e c e s s a r y  t o  u s e  v e r y

s m a l l  t i m e  a n d  d i s t a n c e  i n c r e m e n t s  n e c e s s i t a t i n g  l o n g  r u n s  on

t h e  c o m p u t e r .

The p a r a m e t e r  r a n g e  s t u d i e d  c o r r e s p o n d e d  p r i m a r i l y  t o
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w a t e r - s . l . l i o a  a n d  w a t e r - g l a s s  p o r o u s - n i e d i a  s y s t e m s .  I n  F i g u r e s  

3 a n d  k  a r e  shown some t y p i c a l  t i m e - f l u i d  t e m p e r a t u r e  p r o f i l e s .  

A d e c r e a s e  i n  X. w h i c h  i s  e q u i v a l e n t  t o  d e c r e a s i n g  h a  o r  i n ­

c r e a s i n g  f l u i d  v e l o c i t y ,  a l l  o t h e r  p r o p e r t i e s  h e l d  c o n s t a n t ,  

c a u s e s  an  e a r l i e r  a p p e a r a n c e  o f  t h e  h e a t e d  zone  a t  a  g i v e n  

p o s i t i o n  a n d  a g r e a t e r  " s p r e a d "  o f  t h e  p r o f i l e  c u r v e  ( F i g u r e  3).  

S i m i l a r l y ,  an i n c r e a s e  i n  s o l i d  t h e r m a l  c o n d u c t i v i t y  r e s u l t s  

i n  t h e  h e a t e d  zo n e  a p p e a r i n g  e a r l i e r  w i t h  a  g r e a t e r  s p r e a d  o f  

t h e  c u r v e  ( F i g u r e  4 ) .  A l s o  shown i n  t h e s e  p l o t s  i s  t h e  p o s i ­

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

i n  C h a p t e r  I I ,  i . e . ,  t ^  = t g ,  kg = = 0 .

The i n f l u e n c e  o f  t h e  p a r a m e t e r  X. on t h e  s o l i d - f l u i d  

t e m p e r a t u r e  d i f f e r e n c e  i s  s e e n  i n  F i g u r e  5 ,  w h e re  ( t ^  -  t g )  

d e c r e a s e s  s i g n i f i c a n t l y  a s  X i n c r e a s e s .  The c u r v e s  a r e  p l o t ­

t e d  a t  d i f f e r e n t  d i m e n s i o n l e s s  y  a n d  T v a l u e s  t o  a l l o w  th e m  

t o  be  c l e a r l y  p r e s e n t e d  on one  g r a p h ,  an d  s u c h  s m a l l  c h a n g e s  

i n  t i m e  o r  d i s t a n c e  w i l l  n o t  m a r k e d l y  a f f e c t  t h e  m a g n i t u d e  o f

( tw  - t g ) .

The  e f f e c t  o f  a  f i n i t e  h e a t - t r a n s f e r  c o e f f i c i e n t  r e ­

s u l t i n g  i n  t h e s e  s o l i d - l i q u i d  t e m p e r a t u r e  d i f f e r e n c e s  i s  shown 

by a c o m p a r i s o n  o f  t h e  a n a l y t i c a l  s o l u t i o n s  f o r  t h e  s i m p l i f i e d  

c a s e s  ( d i s c u s s e d  i n  C h a p t e r  I I )  w i t h  t h e  more g e n e r a l  n u m e r i c a l -  

s o l u t i o n  r e s u l t s .  T h i s  i s  done  f o r  d i f f e r e n t  p a r a m e t r i c  v a l u e s  

i n  F i g u r e  6 .  The s i m p l i f i e d  c a s e s  u s e d  f o r  c o m p a r i s o n  a r e  ( 1 )  

k ^  = kg = 0 [ E q u a t i o n  ( I I - 8 )  ] , a n d  ( 2 )  t ^  = t g  [ E q u a t i o n  ( I I -  

21)] • The v a l u e  o f  kg u s e d  i n  t h e  a n a l y t i c a l  s o l u t i o n  f o r  t h e
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c o n d u c t i o n  c a s e ,  w h e re  = t g ,  i s  kg = k^(|) + kg ( l - ( | ) ) .  At X. 

v a l u e s  o f  0 . 1 l 4  o r  l e s s  f o r  t h e s e  l i q u i d - s o l i d  s y s t e m s ,  the~N 

n u m e r i c a l  s o l u t i o n  a p p r o a c h e s  t h e  c u r v e  a s s u m i n g  k ^  = kg = 0 

w h i c h  i n d i c a t e s  t h a t  t h e  f l u i d - t o - s o l i d  h e a t  t r a n s f e r  i s e s -  

s e n t i a l l y  c o n t r o l l i n g  t h e  p r o f i l e  s h a p e .  When X, i s  i n c r e a s e d  

t o  0 , 3 4 2  a n d  a b o v e ,  t h e  n u m e r i c a l  s o l u t i o n  a p p r o a c h e s  t h e  a n a ­

l y t i c a l  s o l u t i o n  b a s e d  on an a s s u m p t i o n  o f  t^ = tg,  i . e . ,  t h e  

s o l i d - f l u i d  b o u n d a r y  r e s i s t a n c e  i s  n e g l i b i b l e .  I t  i s  a l s o  

shown i n  F i g u r e  6 t h a t  i n  t h e  i n t e r m e d i a t e  X. r a n g e ,  b o t h  t h e  

h e a t - t r a n s f e r  c o e f f i c i e n t  a n d  t h e  t h e r m a l  c o n d u c t i v i t y  s h o u l d  

be c o n s i d e r e d  t o  a c c u r a t e l y  d e s c r i b e  t h e  t e m p e r a t u r e  p r o f i l e s .

A p p r o x i m a t e  S o l u t i o n  

The d e r i v a t i o n  o f  an a p p r o x i m a t e  s o l u t i o n  t o  E q u a t i o n s  

( l l l - l )  a n d  ( I I I - 2 )  f o l l o w s  t h e  w ork  o f  K l i n k e n b e r g  a n d  S j e n i t -  

z e r  ( lO O ) ,  a n d  Van D eem te r  e t  a l .  ( 1 7 5 ) .  K l i n k e n b e r g  and  

S J e n i t z e r  h a v e  shown t h a t  f o r  a  p u l s e  i n p u t  i n t o  a  p a c k e d  b e d  

t h e  h e a t - o r  m a s s - t r a n s f e r  m e ch a n i sm s  o f  m o l e c u l a r  c o n d u c t i o n ,  

e d d y  d i s p e r s i o n ,  a n d  c o n v e c t i v e  t r a n s f e r  b e tw e e n  p h a s e s  a l l  

i n d i v i d u a l l y  g i v e  r i s e  t o  G a u s s i a n  d i s t r i b u t i o n s  i n  t h e  b e d  

h o l d i n g - t i m e  v a r i a b l e .  T h i s  i s  t r u e  u n d e r  c e r t a i n  c o n d i t i o n s  

o f  b e d  p a r a m e t e r s .  They p o s t u l a t e  t h a t  when t h e s e  t r a n s p o r t  

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

o f  h o l d i n g  t i m e s  i s  s t i l l  n o r m a l  a n d  t h e  i n d i v i d u a l  v a r i a n c e s  

may b e  s i m p l y  a d d i t i v e .  Van D e e m te r  e t  a l ,  a r r i v e d  a t  t h e  

same c o n c l u s i o n  b y  s t a r t i n g  w i t h  t h e  s o l u t i o n  t o  t h e
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d i f f e r e n t i a l  e q u a t i o n s  w h i c h  i n c l u d e  b o t h  a  d i f f u s i v i t y  t e r m  

i n  t h e  f l u i d  p h a s e  a n d  a  f i n i t e  r a t e  o f  h e a t  t r a n s f e r  b e tw e e n  

p h a s e s .  The s o l u t i o n ,  w i t h  t h e  b o u n d a r y  c o n d i t i o n  o f  a p u l s e  

i n p u t ,  was r e d u c e d  t o  a  s i m p l i f i e d  f o r m  w h i c h  i s  G a u s s i a n  a n d  

i n  w h i c h  t h e  v a r i a n c e s  f o r  t h e  two m e c h a n i s m s  o f  c o n d u c t i o n  

a n d  c o n v e c t i v e  t r a n s f e r  b e t w e e n  p h a s e s  a r e  a d d i t i v e .

I t  w i l l  f i r s t  be  shown t h a t  t h e  d i f f e r e n t  h e a t - t r a n s f e r  

m e c h a n i s m s ,  t r e a t e d  s e p a r a t e l y ,  g i v e  r i s e  t o  n o r m a l  d i s t r i b u ­

t i o n s .  The i n d i v i d u a l  v a r i a n c e s  a r e  t h e n  a d d e d  t o  y i e l d  an  

a p p r o x i m a t e  s o l u t i o n  f o r  t h e  c a s e  o f  m u l t i - m e c h a n i s t i c  h e a t  

t r a n s f e r .  The w o rk  o f  Van D eem te r  e t  a l .  j u s t i f y i n g  t h i s  a d ­

d i t i o n  f o r  a  s p e c i a l  c a s e  i s  o u t l i n e d .  F i n a l l y ,  t h e  n u m e r i c a l  

s o l u t i o n  t o  E q u a t i o n s  ( I I I - l )  a n d  ( l X I - 2 )  i s  u s e d  t o  f u r t h e r  

s u p p o r t  t h e  a p p l i c a t i o n  o f  t h i s  a s s u m p t i o n  t o  t h e  m ode l  c o n ­

s i d e r e d  h e r e .

C o n v e r g e n c e  t o  Normal  D i s t r i b u t i o n  

C o n d u c t i o n . I f  i t  i s  a s su m e d  t h a t  a t  e v e r y  p o i n t  i n  

t h e  p o r o u s  m e d i a ,  t ^  = t g ,  i . e . ,  h a  = a n d  t h a t  eddy  d i s ­

p e r s i o n  i s  n e g l i g i b l e ,  t h e n  E q u a t i o n s  ( l l l - l )  a n d  ( I I I - 2 )  may 

b e  c o m b in e d  t o  y i e l d

9 x'
[p^rCj  + P g C g ( i - f ) ]  i r §  = -V P wCw0 1 T 7  +  i r - 2

w h e r e  k g °  i s  t h e  s t a t i c  t h e r m a l  c o n d u c t i v i t y  o f  t h e  b e d ,

k e °  = k g ( 1 - 0 )  + kwo0 ( I I I - 8 )

As p r e v i o u s l y  d i s c u s s e d ,  E q u a t i o n  ( 1 1 - 2 3 ) ,  J e n k i n s  and
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A r o n o f s k y  ( 9 2 )  g i v e  a s  t h e  s o l u t i o n  t o  E q u a t i o n  ( I I I - 7 )  w i t h  

a  s t e p - f u n c t i o n  t e m p e r a t u r e  i n p u t  a n d  c o n s t a n t  i n i t i a l  t e m ­

p e r a t u r e  t h r o u g h o u t ,

t  = i  e r f c

( I I I - 9 )

w h e r e  K° = k e °
PwCw* + P s C g ( l - * )  '

Now, r a t h e r  t h a n  a  s t e p  t e m p e r a t u r e  o r  e n e r g y  i n p u t ,  c o n s i d e r  

an  e n e r g y  i n p u t  o v e r  o n l y  a  v e r y  s m a l l  i n c r e m e n t  o f  t i m e  0 ^ .  

T h a t  i s ,  w i t h  t h e  p o r o u s  medium i n i t i a l l y  a t  Tq a n d  t h e  i n ­

j e c t e d  f l u i d  t e m p e r a t u r e  a t  T q , i n t r o d u c e  a  p u l s e  o f  f l u i d  a t  

t e m p e r a t u r e  o v e r  t h e  t im e  i n t e r v a l  0 q , a t  0 = 0 .  The r e ­

s u l t i n g  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  p o r o u s  m e d i a ,  T ( x , 0 ) ,  

a s  a  r e s u l t  o f  t h i s  i n p u t  may be d e r i v e d  by  d i f f e r e n t i a t i n g  

E q u a t i o n  ( I I I - 9 )  t o  g i v e

t _ , , , X e x p
| x - V p 0 2-

X

® o  ■ k-\j n  K *^0 n  K ° 0 ^ 1 2 - ^ k ^ K O 0  ifijn k ° 0 3

ex p
x+Vp0

+ P w^w*

k e °
( I I I - I O )

2 1JKO0

E q u a t i o n  ( l l l - i O )  may be s i m p l i f i e d .  I f  i t  i s  a s s u m e d  

t h a t  a l l  e n e r g y - r e t e n t i o n  t i m e s  i n  t h e  b e d  a r e  c l o s e  t o  t h e  

mean t i m e  o f  2L_, t h e n  0 may b e  r e p l a c e d  by  i n  a l l  t e r m s
Vp Vp

e x c e p t  t h e  n u m e r a t o r s  o f  t h e  e x p o n e n t  a r g u m e n t s .  W i t h  t h i s  

a s s u m p t i o n ,  t h e  s e c o n d  t e r m  o f  E q u a t i o n  ( I I I - I O )  i s  e l i m i n a t e d
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a n d  t h e  r e s u l t i n g  s i m p l i f i e d  e x p r e s s i o n  i s  a n o r m a l  d i s t r i b u ­

t i o n  .

1
0o

e x p

2 1

2 0-^2
( I l l - l l )

w h e r e

(J^ = 2K°x =
1

( n i - 1 2 )
P w ^w ^vV y^

P l o t s  o f  E q u a t i o n  ( I I I - l l ) ,  w i t h  a c o m p a r i s o n  t o  t h e  c o m p l e t e  

e x p r e s s i o n ,  E q u a t i o n  ( I I I - I O ) ,  a r e  shown i n  F i g u r e  7 .  The 

n e c e s s a r y  a s s u m p t i o n  f o r  t h e  s u b s t i t u t i o n ,  x/Vj. = 6 ,  a s  made ,  

i s

2 K° X

o r 2 k^o

( I I I - 1 3 )

( I I I - 1 4 )
P w&wOvx

i . e . ,  t h e  " s p r e a d ” i n  t i m e  o f  t h e  t e m p e r a t u r e  p r o f i l e  due to  

c o n d u c t i o n  i s  much l e s s  t h a n  t h e  t o t a l  t i m e  o f  t r a v e l  o f  t h e  

h e a t e d  z o n e .

Eddy D i s p e r s i o n . S i n c e  t h e  d i f f u s i o n  e q u a t i o n  a p p l i e s  

t o  e d d y  d i s p e r s i o n  i n  p o r o u s  m e d i a ,  t h e  r e s u l t s  o f  t h e  s i m p l i ­

f i c a t i o n ,  E q u a t i o n  ( I I I - 1 1 ) ,  a r e  a l s o  a p p l i c a b l e  t o  t h i s  h e a t -

t r a n s f e r  m e c h a n i s m  w i t h  k p °  r e p l a c e d  by  k— t he  d i s p e r s i on

c o e f f i c i e n t .  H ow ever ,  a s  d i s c u s s e d  b y  A r i s  a n d  Amundson ( 4 ) ,  

t h e  b o u n d a r y  c o n d i t i o n

T = c o n s t a n t . X = 0, 8 ( I I I - 1 5 )

u s e d  by  J e n k i n s  a n d  A r o n o f s k y  i n  t h e  d e r i v a t i o n  o f  E q u a t i o n
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( H I - 9 )  i s  n o t  s t r i c t l y  a p p l i c a b l e  t o  t h e  e d d y - d i s p e r s i o n  c a s e .  

W i th  b o u n d a r y  c o n d i t i o n  ( 1 1 1 - 1 5 ) »  b a c k  d i f f u s i o n  o f  e n e r g y  o u t  

o f  t h e  b e d  i s  a l l o w e d ,  a  c o n d i t i o n  w h i c h  d o e s  n o t  seem r e a s o n ­

a b l e  f o r  e d d y  d i s p e r s i o n .  The  e r r o r  i n t r o d u c e d  b y  u s e  o f  t h i s  

c o n d i t i o n  w i l l  be  s m a l l  f o r  r e l a t i v e l y  s m a l l  v a l u e s  o f  t h e  

t h e r m a l  d i f f u s i v i t y ,  a n d  t h i s  b o u n d a r y  c o n d i t i o n  w i l l  be  a s s u m ­

e d  s u f f i c i e n t l y  a c c u r a t e .

The c o n d i t i o n  f o r  c o n v e r g e n c e  t o  a  n o r m a l  d i s t r i b u t i o n  

f o l l o w s  f r o m  E q u a t i o n  ( I I I - 1 4 ) ,

^ < < 1  ( I I I - 1 6 )
P wCw*vx

F i n i t e  H e a t - T r a n s f e r  C o e f f i c i e n t . When t h e  h e a t  t r a n s ­

f e r  i n  a  p a c k e d  b e d  i s  c o n t r o l l e d  by  t h e  r a t e  o f  t r a n s f e r  b e ­

tw e en  s o l i d  a n d  f l u i d ,  a n d  c o n d u c t i o n  a n d  e d d y  d i s p e r s i o n  a r e  

n e g l i g i b l e  ( h a  = f i n i t e ,  k ^  = kg  = 0 ) ,  an  e n e r g y  b a l a n c e  g i v e s

9T  9T
PwCw* - 9 0 ^  = -  v p  wCw* - h a  (T^ - Tg) ( I I I - l ? )

P s C g ( l - * )  = . h a  (T^ - Tg) ( I I I - 1 8 )

The s o l u t i o n  f o r  t h e  f l u i d  p h a s e  w i t h  a s t e p - f u n c t i o n  t e m p e r a ­

t u r e  i n p u t  i n t o  a b e d  i n i t i a l l y  a t  c o n s t a n t  t e m p e r a t u r e  i s  ( 9 ?)

- p r f f r r ç r  ]

^o

l o
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T h e  c o r r e s p o n d i n g  s o l u t i o n  f o r  t h e  i n j e c t i o n  o f  a n  e n e r g y  

p u l s e  o v e r  a  s m a l l  t im e  i n t e r v a l  0 q may b e  d e r i v e d  f r o m  E q u a ­

t i o n  ( I I I - 1 9 ) .

e x p
w _

7 7 ^  -  7 ± r r : $ T

p g C g ( l - $ )  h a V x ( 0 - x / y )
P s C g ( l - * )

e x p
P *0*4? P g C g ( l - f r

T
( I I I - 2 0 )

| x ( e - x / v )  PwCw$v J  

T h e  a s y m p t o t i c  e x p a n s i o n  f o r  t h e  B e s s e l  f u n c t i o n  h a s  b e e n  

u s e d ,  i m p l y i n g

X (e -  x / v )  
P „ C  0 v  P g C _ ( l - * )

~  - 2  ha ..x, ^ 1  ( I I I -21)

E q u a t i o n  ( I I X - 2 0 )  may b e  s i m p l i f i e d  a s  p r e v i o u s l y  d o n e  i n  t h e  

c o n d u c t i o n  c a s e  b y  t h e  s u b s t i t u t i o n  o f  0 = ^  i n  a l l  t e r m s
' ' f

b u t  t h e  n u m e r a t o r  o f  t h e  e x p o n e n t .  D e t a i l s  a r e  g i v e n  i n  Ap­

p e n d i x  C,  The  r e s u l t  i s  t h e  G a u s s i a n  d i s t r i b u t i o n

i w  =  ----------------------

0o -\/2 n (Tg
exp

- ( x / V p - 0 )
( I I I - 2 2 )

W here
2 X

( I I I - 2 3 )

Th e  a s s u m p t i o n  l e a d i n g  t o  t h e  s u b s t i t u t i o n  0  = x /V y  i s

ha p*C * V
(1 1 1 -2 4 )
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2Vf ^ [ p s C s ( l - 0 ) ]  
h a  PwCwO V X ( I I I - 2 5 )

The s p r e a d  o f  t h e  i n j e c t e d  t h e r m a l - e n e r g y  p u l s e  i s  much l e s s  

t h a n  t h e  t o t a l  t im e  o f  t r a v e l  i n  t h e  b e d .  I t  i s  n o t e d  t h a t  

E q u a t i o n  ( I X I - 2 5 )  i s  a l w a y s  s a t i s f i e d  i f  c o n d i t i o n  ( I I I - 2 1 )

h o l d s  s i n c e  t h e  f o r m e r  may b e  r e a r r a n g e d  t o  g i v e
2r  P s C s ( l - $ )

L PwCw$ + P s C s ( l - 4
h a  X

( 1 1 1 - 2 6 )

Pw^w?

A d d i t i o n  o f  V a r i a n c e s  

K l i n k e n b e r g  a n d  S J e n i t z e r  ( 1 0 0 )  h a v e  p r o p o s e d  t h a t  

when t h e  d i f f e r e n t  h e a t - t r a n s f e r  m e c h a n i s m s  a c t  s i m u l t a n e o u s l y ,  

a n d  c o n d i t i o n s  a r e  s u c h  t h a t  e a c h  w o u l d  a p p r o a c h  a  G a u s s i a n  

c u r v e ,  i n d i v i d u a l  v a r i a n c e s  a r e  s i m p l y  a d d i t i v e .  T h i s  a s s u m p ­

t i o n  r e s u l t s  i n  t h e  f o l l o w i n g  a p p r o x i m a t e  s o l u t i o n  w i t h  a

p u l s e  t h e r m a l - e n e r g y  i n p u t  i n t o  a  p a c k e d  b e d .

®o -^2 n (J-2 2 (fZ

w i t h

( I I I - 2 7 )

( I I I - 2 8 )

F o r  t h e  s p e c i f i c  m ech a n ism s  c o n s i d e r e d  h e r e .

0-2 = 2  k g "  X 2  X ^  2  [p g C s ( l - O )  ]   ̂ X
PwCw^v Vf2 PwCw*v Vp2 p ^ C J  v h a

( I I I - 2 9 )

w h e r e  k ^  i s  t h e  b e d  " s t a t i c "  t h e r m a l  c o n d u c t i v i t y
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j^kg° = + kg( l- ( |>) j  f a n d  k^m<P i s  t h e  e d d y - d i s p e r s i o n  c o e f ­

f i c i e n t ,  From E q u a t i o n  ( H I - 2 9 ) ,  i t  i s  s e e n  t h a t  an  " a p p a r e n t ” 

l o n g i t u d i n a l  e f f e c t i v e  c o n d u c t i v i t y  f o r  t h e  h e a t - t r a n s f e r -  

c o e f f i c i e n t  c o n t r i b u t i o n  t o  t h e  d i s p e r s i o n  may be d e f i n e d  a s

h a

r e d u c i n g  E q u a t i o n  ( H I - 2 9 )  t o

(j-2 _ 2x (kg  + ky,n^ + kh&) ( I H - 3 1 )
P * 0 * 4  V Vp2

T h u s ,  a n  o v e r a l l  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y ,  k g ,  i s  d e f i n e d

ke = %e + kwmf + ^ h a  ( H I - 3 2 )

E q u a t i o n s  ( I I I - 2 7 ) a n d  ( I I I - 2 8 )  a r e  b a s e d  on t h e  g e n ­

e r a l  p r i n c i p l e  o f  p r o b a b i l i t y  t h e o r y  t h a t  t h e  v a r i a n c e  o f  t h e  

sum o f  two o r  more  s t a t i s t i c a l l y  i n d e p e n d e n t  r andom  v a r i a b l e s  

i s  t h e  sum o f  t h e  I n d i v i d u a l  v a r i a n c e s  ( 5 ) .  Use o f  t h e s e  

e q u a t i o n s  t h e r e f o r e  a s s u m e s  t h a t  t h e  d i f f e r e n t  h e a t - t r a n s f e r  

m e c h a n i s m s  a c t  i n d e p e n d e n t l y ,  a n d  t h a t  t h e  s p r e a d  o f  t h e r m a l - 

e n e r g y ,  b e d - h o l d i n g  t i m e s  away f ro m  t h e  mean t i m e ,  x /V j . ,  i s  

t h e  sum o f  t h e  s p r e a d s  d u e  t o  e a c h  m e ch a n ism  t a k e n  s e p a r a t e l y .

The c o r r e s p o n d i n g  f o r m  o f  t h e  s o l u t i o n  f o r  a s t e p -  

f u n c t i o n  t e m p e r a t u r e  i n p u t  i s

( I H - 3 3 )

R e a r r a n g e m e n t  o f  t h e  e r r o r - f u n c t i o n  a r g u m e n t  l e a d s  t o
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X -  V_G
t „  = é- I 1 -  e r f  ' -------- — ( 1 1 1 - 3 4 )

w h e r e
(T* = ( H I - 3 5 )

K = ^ h a
P„C^O + P g C s ( l - 0 )   ̂ P^CwO + PgCg(l-&) ( 1 1 1 -3 6)

a n d  w h e r e  9 h a s  b e e n  r e - s u b s t i t u t e d  f o r  x /V p  i n  t h e  d e n o m i n a t o r  

o f  t h e  e r r o r  f u n c t i o n .  E q u a t i o n  ( 1 1 1 - 3 4 )  i s  t h e  f i r s t  t e r m  o f  

t h e  c o n d u c t i o n - e q u a t i o n  s o l u t i o n ,  E q u a t i o n  ( I I I - 9 ) ,  w i t h  k g °  

r e p l a c e d  by k g .

Van D e e m te r  e t  a l^ ,  Summation o f  V a r i a n c e s  

The w o rk  o f  Van D eem te r  e t  a l ,  ( 1 7 5 )  a d d s  s t r o n g  j u s ­

t i f i c a t i o n  t o  t h e  a s s u m p t i o n  o f  a d d e d  v a r i a n c e s .  T h e s e  r e s u l t s  

a r e  o u t l i n e d  i n  b r i e f  h e r e  a n d  i n  d e t a i l  i n  A p p e n d ix  D.

The h e a t - t r a n s f e r  m ech an ism s  a f f e c t i n g  t h e  l o n g i t u d i ­

n a l  d i s p e r s i o n  a r e  ( 1 )  c o n d u c t i o n  a n d  e d d y  d i s p e r s i o n  i n  t h e  

f l u i d  p h a s e ,  a n d ( 2 )  a  f i n i t e  r a t e  o f  h e a t  t r a n s f e r  b e t w e e n  t h e  

s o l i d  an d  f l u i d  p h a s e s .  From a n j e n e r g y  b a l a n c e ,  t h e  d e s c r i b i n g  

d i f f e r e n t i a l  e q u a t i o n s  a r e

" w-Cwf T ë “  = -  T l #  ■

( H I - 3 7 )

9T
P g C g ( l - $ )  _ _ _ ^ =  h a  (Tw-Tg)  ( H I - 3 8 )

T h e  s o l u t i o n  c o r r e s p o n d i n g  t o  t h e  i n j e c t i o n  o f  an  e n e r g y  p u l s e  

^ V (T j^-Tq ) ®oj * o v e r  t h e  s m a l l  t i m e  i n c r e m e n t  9 q , i n t o
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a  b e d  i n i t i a l l y  a t  t e q p e r a t u r e  Tq , i s  g i v e n  by  Van D e em te r  

e t  a l ,  a n d  was d e r i v e d  f r o m  a  s o l u t i o n  o f  L a p i d u s  a n d  Amund­

s o n  ( 1 1 0 ) ,

w - exp -  h a  0
4 -  w®

2z V Î T

exp F ( z )  d z  ( I I I - 3 9 )

w h e r e

F( z) ( h a ) 2  z - h a  ( 0 - z )  h a  z
PyC** P g C g ( l - O ) ( 0 - z )

©xp
P s ^ s ' ^ " ^ )  P w®ŵ "

2 /  - ü r n l
y  P w^w

 ̂ z (e-z)
^ P g C g f l - p )

S i m p l i f i c a t i o n  o f  t h e s e  e q u a t i o n s  b y  u s e  o f  t h e  a s y m p t o t i c  

e x p a n s i o n  f o r  t h e  B e s s e l  f u n c t i o n  a n d  s u b s t i t u t i o n  f o r  0 ,

0  = x /V p ,  i n  a l l  t e r m s  b u t  t h e  n u m e r a t o r s  o f  e x p o n e n t s  y i e l d s

0"l -y/z n
exp

-I2L- _ &
J vf  P

2 (T^2

w h e r e :  p =

(T 2 V ^  

P w^w^

e x p
-I = -6-
2 or 2 2̂

dz ( I I I - 4 1 )

0*2 was  p r e v i o u s l y  d e f i n e d
+ P s C , ( : - $ )

I n  E q u a t i o n  ( I I I - 1 2 )  w i t h  r e p l a c i n g  a n d  ^ 2  was d e -

f i n e d  in  E q u a t i o n  ( I I I - 2 3 ) ,  T h i s  i n t e g r a l  may be  a p p r o x i m a t e d  

t o  g i v e  a s  a  f i n a l  e x p r e s s i o n
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,2

2( (T^2+o- 2 2 )
( 1 1 1 - 4 2 )

®0 ^ 2  n ( cr^2 + (T g2)

The s o l u t i o n  h a s  t h e r e f o r e  b e e n  s i m p l i f i e d  t o  a  f o r m  w h i c h  i s  

G a u s s i a n  and  i n  w h i c h  t h e  v a r i a n c e s  f o r  t h e  h e a t - t r a n s f e r  

m ech a n ism s  c o n s i d e r e d  a r e  summed.

N u m e r i c a l  S o l u t i o n  t o  t h e  G e n e r a l  E q u a t i o n s ,

Summation  o f  V a r i a n c e s

I t  i s  p r o p o s e d  t h a t  t h e  g e n e r a l  e q u a t i o n s ,  E q u a t i o n s  

( I I I - l )  a n d  ( I I I - 2 ) ,  may be  a p p r o x i m a t e d  by  t h e  c o n d u c t i o n  

e q u a t i o n ,  E q u a t i o n  ( I I I - ? ) ,  i n  w h i c h ,  i s  r e p l a c e d  b y  k@,

g i v e n  by

k e  = k e °  + + kha  ( H I - 3 2 )

w h e r e  k^^^ was d e f i n e d  i n  E q u a t i o n  ( I I I - 3 0 ) ,  The p r e v i o u s l y  

d i s c u s s e d  n u m e r i c a l  s o l u t i o n s  t o  t h e s e  g e n e r a l  e q u a t i o n s  show 

t h a t  t h e  a d d i t i o n  o f  c o n d u c t i v i t i e s  ( e q u i v a l e n t  t o  a d d i t i o n  o f  

v a r i a n c e s )  i s  j u s t i f i a b l e  u n d e r  t h e  c o n d i t i o n s  ( I I I - 1 4 ) ,  ( I I I -  

l 6 )  and  ( l H - 2 5 ) .  T h i s  i s  d e m o n s t r a t e d  in  t h e  f o l l o w i n g  by 

f i r s t  d e t e r m i n i n g  an  e f f e c t i v e  c o n d u c t i v i t y ,  k g ,  r e p r e s e n t a t i v e  

o f  t h e  n u m e r i c a l  s o l u t i o n .  T h i s  kg c a l c u l a t e d  f r o m  t h e  nume­

r i c a l  d a t a  ( t e r m e d  , . )  i s  t h e n  shown t o  a g r e e  w i t h  t h e
®(num)

summed e f f e c t i v e  c o n d u c t i v i t y ,  i . e . .  E q u a t i o n  ( I I I - 3 2 ) .

N u m e r i c a l  S o l u t i o n . E f f e c t i v e  T h e r m a l  C o n d u c t i v i t y . F o r  

s p e c i f i c  s y s t e m  p a r a m e t e r  v a l u e s ,  t h e  n u m e r i c a l  s o l u t i o n  y i e l d s  

t h e  f l u i d  t e m p e r a t u r e ,  t ^ ,  a s  a  f u n c t i o n  o f  x a n d  0 ,  a n d  t h i s
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t e m p e r a t u r e  p r o f i l e  may be a p p r o x i m a t e d  by  t h e  u s e  o f  t h e  c o n ­

d u c t i o n - e q u a t i o n  s o l u t i o n ,  E q u a t i o n  ( I I I - 9 ) ,  w i t h  t h e  p r o p e r

v a l u e  o f  k g ,  . .  S e v e r a l  m e th o d s  o f  c a l c u l a t i n g  k „ , . f ro m
®(num) ®(num)

t e m p e r a t u r e  p r o f i l e s  a r e  a v a i l a b l e  a n d  t h e s e  a r e  d i s c u s s e d  by

P r e s t o n  ( 1 3 8 ) ,  The p r o c e d u r e  u s e d  h e r e  i s  t o  d e t e r m i n e  ,®(num)

f r o m  t h e  " s p r e a d ” o r  v a r i a n c e  o f  t h e  t e m p e r a t u r e  p r o f i l e ,

P r e s t o n  ( 1 3 8 )  d e v e l o p e d  an a p p r o x i m a t i o n  t o  t h e  s e c o n d  

t e r m  o f  E q u a t i o n  ( i l l - 9 )  by  u s i n g  an e x p a n s i o n  f o r  t h e  e r r o r  

f u n c t i o n .  D e f i n e  t h e  s e c o n d  t e r m  o f  t h e  s o l u t i o n  a s  R,

Then  by  P r e s t o n ' s  s i m p l i f i c a t i o n ,  f o r  v a l u e s  o f  t h e  e r r o r -  

f u n c t i o n  a r g u m e n t  g r e a t e r  t h a n  3 . 0 ,

( z - w ^ )
R = S ------ ( I I I - 4 4 )

2 wVn”

The e r r o r  i n  t h i s  a p p r o x i m a t i o n  i s  a b o u t  5% o f  R a t  A /2 ) /  K 

v a l u e s  o f  3 . 0  a n d  t h e  e r r o r  d e c r e a s e s  a s  A/2 V K i n c r e a s e s .

The maximum v a l u e  o f  R was d e t e r m i n e d  by P r e s t o n  t o  be

XV
w h e re

'max 2 U n P wCw* v x

C o m p a r i s o n  o f  Rniax c o n d i t i o n s  ( I I I - 1 4 ) ,  ( I I I - 1 6 ) ,  a n d  ( I I I -  

2 5 ) shows t h a t  when t h e s e  c o n d i t i o n s  a r e  s a t i s f i e d  R ^^^  i s  

n e c e s s a r i l y  s m a l l .  I n  t h e  c a l c u l a t i o n s  p e r f o r m e d  h e r e ,  t h e
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c o n t r i b u t i o n  o f  R t o  t h e  t o t a l  was g e n e r a l l y  l e s s  t h a n  0 . 0 3 ,  

a n d  a s  shown i n  A p p e n d ix  E, R v a l u e s  o f  t h i s  m a g n i t u d e  can  be 

n e g l e c t e d  w i t h  o n l y  a  s m a l l  e r r o r  i n t r o d u c e d  i n t o  t h e  c a l c u l a t ­

e d  k a ,  . v a l u e .  E q u a t i o n  ( I I I - 9 )  t h e r e f o r e  r e d u c e s  t o  t h e  ®(num)

s i m p l i f i e d  f o r m

x / v p  -  e
tw = I 1 - e r f

( T * ^ f 2 9

o r  d e f i n i n g

F = ^  -  Vp

1 - e r f  

k
2 f i T  J

^ (num) 
sCs

( 1 1 1 - 3 4 )

( I I I - 4 6 )  

( 1 1 1 - 4 7 )

low

w

w h e r e  O’* = ~\I2K a n d  K = —. „ .
V PwCw4 + P s C s ( l - $ )

An e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y ,  k g , . ,  i s  n<
*(num)

c a l c u l a t e d  f o r  a  n u m e r i c a l  s o l u t i o n  a s  f o l l o w s .  A p l o t  o f  t^ 

v s ,  F i s  made on p r o b a b i l i t y  p a p e r ,  a t  c o n s t a n t  0 o r  c o n s t a n t  

X ,  w i t h  t ^  b e i n g  p l o t t e d  on t h e  p r o b a b i l i t y  s c a l e .  T h i s  g r a p h  

p a p e r  g i v e s  a  l i n e a r  r e p r e s e n t a t i o n  o f  t h e  f u n c t i o n

y = i  [ l  - e r f  b x ]  ( I I I - 4 8 )

w h e r e  y a n d  x a r e  d e p e n d e n t  a n d  i n d e p e n d e n t  v a r i a b l e s  a n d  b 

i s  a  c o n s t a n t .  The b e s t  s t r a i g h t  l i n e  i s  t h e r e f o r e  drawn 

t h r o u g h  t h e  p l o t t e d  p o i n t s .  At t ^  = . 1 6 ,  E q u a t i o n  ( 1 1 1 - 3 4 )  

r e a d s

- . 6 8  = - e r f

a n d  f ro m  e r r o r - f u n c t i o n  t a b l e s .

' t = . l 6
z y f T

(111-49)
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= + . 7 0 3 2  ( I I I - 5 0 )
2 - f T "

°  •®‘‘ .68  = - e r f  ( I I I - 5 1 )
2 ^ [ T ~

F
= - . 7 0 3 2  ( 1 1 1 - 5 2 )

2 V F

a n d

I f  t h e  e r r o r - f u n c t i o n  a r g u m e n t s  a r e  s u b t r a c t e d ,

1.406  = - L
z y J Y

F t . .16 - F t . . 8k ]  ( I I I - 5 3 )

o r
^ t = . l 6  ■ F t = . 8 4  = 2 f *  ( 1 1 1 - 5 4 )

Thu s , p
7 :8 9 7  [Fi. , 1 6  - F t= .89]^  ( I I I -55)

A p l o t  o f  t ^  v s ,  F on p r o b a b i l i t y  p a p e r  f o r  one o f  t h e  n u m e r i ­

c a l  c a l c u l a t i o n s  i s  shown i n  F i g u r e  8 .  T h i s  m e th o d  d e t e r m i n e s

a  ^e (num )  w i l l  g i v e  e x c e l l e n t  a g r e e m e n t  i n  t e m p e r a t u r e -

p r o f i l e  s h a p e  b e t w e e n  t h e  n u m e r i c a l  s o l u t i o n  a n d  E q u a t i o n  ( I I I -  

3 4 ) ,  H ow ever ,  t h e  two s o l u t i o n s  w i l l  n o t  c o i n c i d e  c o m p l e t e l y .  

T h a t  i s ,  i f  t h e  n u m e r i c a l  t e m p e r a t u r e  p r o f i l e  a n d  E q u a t i o n

( 1 1 1 - 3 4 )  w i t h  t h e  c a l c u l a t e d  k@, » a r e  p l o t t e d  on l i n e a r" in u m j

g r a p h  p a p e r  ( F i g u r e  9)> t h e r e  w i l l  be  a  s m a l l  d i s p l a c e m e n t  b e ­

t w e e n  . t h e  c u r v e s  a l o n g  t h e  x o r  0 a x i s .  T h i s  i s  b e c a u s e  t h e  

n u m e r i c a l  s o l u t i o n ,  a t  t h e s e  v a l u e s  o f  x a n d  0 ,  an d  t h e  c o n ­

d u c t i o n - e q u a t i o n  s o l u t i o n  h a v e  n o t  c o m p l e t e l y  c o n v e r g e d .  Con­

t i n u a t i o n  o f  n u m e r i c a l  c a l c u l a t i o n s  t o  l a r g e  x a n d  0 v a l u e s  

was  i m p r a c t i c a l  b e c a u s e  o f  t h e  t i m e  n e c e s s a r y  f o r  t h e  c a l c u l a ­

t i o n .  I t  was i n d i c a t e d  i n  t h e  n u m e r i c a l  r e s u l t s  t h a t ,  a s  l o n g
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a s  c o n d i t i o n s  ( I I I - 1 4 ) ,  ( I I I - I 6 ) ,  a n d  ( I I I - 2 5 )  w e r e  s a t i s f i e d ,

t h e  a b o v e  p r o c e d u r e  was s a t i s f a c t o r y  f o r  t h e  e s t i m a t i o n  o f

^®(num) v a l u e s  f ro m  t h e  n u m e r i c a l l y  c a l c u l a t e d  t e m p e r a t u r e

p r o f i l e s ,  A sam p le  c a l c u l a t i o n  o f  i s  shown i n  A p p en d ix
(num)

F .

Summation  o f  C o n d u c t i v i t i e s . The e f f e c t i v e  c o n d u c ­

t i v i t i e s  f o r  t h e  n u m e r i c a l  s o l u t i o n s  a r e  now e s t i m a t e d  a s s u m ­

i n g  t h e  v a r i a n c e s  f o r  t h e  i n d i v i d u a l  m e ch a n i sm s  a r e  a d d i t i v e ,

k ,  = + k h a  ( H I - 3 2 )

w h e r e ,  f o r  a  g i v e n  n u m e r i c a l  s o l u t i o n ,  t h e  i n d i v i d u a l  k ' s  a r e  

d e t e r m i n e d  f r o m  t h e  p a r a m e t e r  v a l u e s  o f  t h e  n u m e r i c a l  c a l c u ­

l a t i o n ,  T h a t  i s ,

V,,2 Tp c  (1 - 6 )1  ^ 
ke = kg(l-(j>) + k„.0 +  J- (111-56)

w h e r e  t h e  t e r m s  on t h e  r i g h t  h a n d  s i d e  o f  t h e  e q u a t i o n  a r e  t h e  

q u a n t i t i e s  u s e d  i n  t h e  n u m e r i c a l  s o l u t i o n .  The v a l i d i t y  of  

E q u a t i o n  ( I I I - 5 6 ) may be  c h e c k e d  by  c o m p a r i n g  t h i s  kg t o  t h e  

k g (n u m )  d e t e r m i n e d  f r o m  t h e  c o r r e s p o n d i n g  t e m p e r a t u r e  p r o f i l e .  

The  r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  f o r  s e v e r a l  n u m e r i c a l  s o l u ­

t i o n s  a r e  shown i n  T a b l e  1 w h e re  t h e  d i f f e r e n c e  i s  g e n e r a l l y  

l e s s  t h a n  a b o u t  8 .0 % ,  S y s t e m  p a r a m e t e r  s i z e s ,  a s  w e l l  a s  t h e  

a p p r o a c h  t o  c o n d i t i o n s  ( I I I - 1 4 ) ,  ( I I I - 1 6 ) ,  a n d  ( I I I - 2 5 )  a r e  

a l s o  i n c l u d e d  i n  t h e  t a b l e .

T h e se  r e s u l t s  i n d i c a t e ,  f o r  t h e  c o n d i t i o n s  s p e c i f i e d ,  

t h a t  t h e  s o l u t i o n  t o  E q u a t i o n s  ( I I I - l )  a n d  ( T I I - 2 )  may be



TABLE 1

NUMERICAL SOLUTIONS -  EFFECTIVE THERMAL CONDUCTIVITIES

At t = . 5 î At t = „ 5 i ^

w
® s

K  * k w 4 + k g ( l - * ) k h a
kg Summed 
V a r i a n c e s (num) % D i f ­

f e r e n c e
2 [kw<|)+ks(l-4)) J 2Vf ^ [ p s C s ( l - * ) ]

C g d - O ) PwCw^ V X h a  P V

. 1 1 4 . 3 1 6 . '337 . 5 2 4 2 . # % 2 . 9 0 3 . 0 4 4 . 7 . 0 0 9 5 . 0 4 2

. 2 2 8 . 3 1 6 . 3 3 7 . 5 2 4 .5 9 6 1 . 1 2 1 . 1 7 4 . 4 . 0 2 4 . 0 2 2

.5 0 0 . 3 1 6 . 3 3 7 . 5 2 4 . 1 2 4 . 6 4 8 . 6 8 6 5 . 7 . 0 5 3 . 0 1 2 5

. 3 4 2 . 1 6 9 . 2 3 1 . 8 0 9 . 6 5 7 1 . 0 4 1 . 0 7 2 . 8 . 0 4 3 . 0 1 7 9

. 2 2 8 1 . 4 8 1 . 2 0 . 2 4 2 . 7 7 5 1 . 0 2 1 . 0 9 6 . 6 . 0 2 4 . 0 6 0

. 3 4 2 . 0 7 7 9 . 1 0 6 1 . 5 8 . 2 3 1 . 8 1 1 . 7 3 4 . 5 . 1 3 6 .0 2 7

.1 6 7 .1 2 3 .1 6 7 1 . 6 7 1 . 5 3 3 . 2 0 2 . 9 5 8 . 1 . 0 4 5 . 0 9 7

. 5 2 0 2 . 4 4 1 . 5 7 . 5 2 4 . 4 3 8 . 9 6 2 l . o 4 8 . 0 .0 8 5 .0 7 1

. 3 9 8 1 . 4 3 . 9 2 2 .3 9 2 . 4 3 9 .8 3 1 .9 0 0 8 , 0 . 0 5 5 . 0 6 3

* C o n d i t i o n  ( 1 1 1 - 1 4 )  a n d  ( I I I - 1 6 ) c o m b i n e d .  

^ C o n d i t i o n  I I I - 2 5
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a p p r o x i m a t e d  by  t h e  c o n d u c t i o n  e q u a t i o n  i n  w h i c h  t h e  v a r i a n c e s  

f o r  t h e  d i f f e r e n t  h e a t - t r a n s f e r  m ech a n ism s  a r e  s i m p l y  a d d i t i v e .  

S i n c e  t h i s  c o n c l u s i o n  was made f r o m  s p e c i f i c  n u m e r i c a l  c a l c u ­

l a t i o n s ,  i t s  g e n e r a l i t y  h a s  n o t  b een  show n .

Im proved  A p p r o x i m a t e  S o l u t i o n  

An i m p r o v e d  a p p r o x i m a t e  s o l u t i o n  t o  E q u a t i o n s  ( I l l - l )  

a n d  ( I I I - 2 )  was f o u n d  i n  w h i c h  t h e  d i s p l a c e m e n t  b e t w e e n  t h e  

a p p r o x i m a t i o n  a n d  t h e  n u m e r i c a l  s o l u t i o n  ( p r e v i o u s l y  d i s c u s s e d ,  

s e e  F i g u r e  9) was e s s e n t i a l l y  e l i m i n a t e d . T h i s  e q u a t i o n  i s  

p r e s e n t e d  i n  A p p e n d ix  G, The s o l u t i o n  was c h e c k e d  a g a i n s t  t h e  

n u m e r i c a l  c a l c u l a t i o n s  f o r  s e v e r a l  s y s t e m s  a n d  a g r e e m e n t  was 

g o o d ,  a l t h o u g h  i t s  g e n e r a l i t y  h a s  n o t  b e e n  a s c e r t a i n e d .

Summarv

N u m e r i c a l  s o l u t i o n s  t o  E q u a t i o n s  ( I I I - l )  a n d  ( I I I - 2 )  

w e re  o b t a i n e d .  B ecau se  i t  was  n e c e s s a r y  t o  u s e  s m a l l  i n c r e ­

m en t  s i z e s  i n  t h e s e  c a l c u l a t i o n s , t h e  c o m p u t i n g  t i m e  n e c e s s a r y  

t o  r u n  t h e  s o l u t i o n s  o u t  t o  x an d  0 v a l u e s  o f  i n t e r e s t  was 

p r o h i b i t i v e .  An a p p r o x i m a t e  s o l u t i o n  t o  E q u a t i o n s  ( I I I - l )  

a n d  ( I I I - 2 )  was d e v e l o p e d  u t i l i z i n g  t h e  p r e v i o u s  w ork  o f  K l i n ­

k e n b e r g  a n d  S J e n i t z e r  ( lOO) and  Van D e e m te r  e t  a l .  ( 1 7 5 ) « T h i s  

a p p r o x i m a t i o n  i s  b a s e d  on t h e  s u p p o s i t i o n  t h a t  t h e  d i f f e r e n t  

h e a t - t r a n s f e r  m echan ism s  a r e  i n d e p e n d e n t ,  a t  l e a s t  f o r  s t a ­

t i s t i c a l  p u r p o s e s ,  and t h e r e f o r e ,  t h e  i n d i v i d u a l  v a r i a n c e s  a r e  

a d d i t i v e .  W i t h  t h i s  a s s u m p t i o n ,  E q u a t i o n s  ( I I I - l )  a n d  ( I I I - 2 )  

may be  a d e q u a t e l y  r e p r e s e n t e d  by  t h e  c o n d u c t i o n  e q u a t i o n
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( I I I - 7 )  w h e re  kg i s  t h e  sum o f  t h e  d i f f e r e n t  c o n t r i b u t i n g  c o n ­

d u c t i v i t i e s ,  E q u a t i o n  ( 1 1 1 - 3 ^ )  i s  t h e  a p p l i c a b l e  fo rm  o f  t h e  

s o l u t i o n  f o r  a  s t e p - f u n c t i o n  t e m p e r a t u r e  i n p u t .  The a p p r o x i ­

m a te  s o l u t i o n  was  c h e c k e d  t h r o u g h  u s e  o f  t h e  n u m e r i c a l  s o l u ­

t i o n s  a n d  was f o u n d  t o  be  s a t i s f a c t o r y .  N e c e s s a r y  c o n d i t i o n s  

f o r  t h e  u s e  o f  E q u a t i o n  ( I I I - 3 ^ )  w e re  g i v e n  a s  E q u a t i o n s  ( I I I -  

1 4 ) ,  ( I I I - 1 6 ) ,  a n d  ( I I I - 2 5 ) .

In t h e  f o l l o w i n g  c h a p t e r s ,  t h e  a p p r o x i m a t e  s o l u t i o n  

i s  c h e c k e d  e x p e r i m e n t a l l y .  E f f e c t i v e  c o n d u c t i v i t i e s  a r e  c a l ­

c u l a t e d  f r o m  e x p e r i m e n t a l  d a t a  u s i n g  E q u a t i o n  ( 1 1 1 - 3 ^ ) .  T h e s e  

kg v a l u e s  a r e  a s s u m e d  t o  be t h e  sum o f  t h e  m o l e c u l a r -  

c o n d u c t i o n ,  e d d y - d i s p e r s i o n , a n d  h e a t - t r a n s f e r  c o e f f i c i e n t  

c o n t r i b u t i o n s ,  a n d  c o n d u c t i v i t i e s  a r e  d e t e r m i n e d  f o r  e a c h  

m e c h a n i s m .  The c o n d u c t i v i t i e s  o b t a i n e d  f r o m  t h e  d a t a  a r e  

shown t o  be  c o n s i s t e n t  w i t h  a v a i l a b l e  l i t e r a t u r e  d a t a .



CHAPTER IV

EXPERIMENTAL INVESTIGATION

The e x p e r i m e n t a l  m ode l  was d e s i g n e d  t o  s i m u l a t e  t h e  

b a s i c  r e q u i r e m e n t s  o f  t h e  r e a l  p h y s i c a l  s y s t e m .  The m a in  r e ­

q u i r e m e n t s  w e r e :

( a )  P i s t o n  f l o w  o f  a  l i q u i d  i n  one  d i r e c t i o n  ( a x i a l )  

t h r o u g h  a  h o m o g e n eo u s  p a c k e d  b e d .

(b )  The e s t a b l i s h m e n t  o f  a  known i n i t i a l  c o n s t a n t  t e m ­

p e r a t u r e  t h r o u g h o u t  t h e  b e d .

( c )  The i n t r o d u c t i o n  o f  a s t e p  f u n c t i o n  i n  t e m p e r a t u r e  

i n t o  one e n d  o f  t h e  b e d ,

(d )  The m e a s u r e m e n t  o f  t h e  r e s p o n s e  t e m p e r a t u r e  p r o ­

f i l e  a t  a  known p o s i t i o n  down t h e  b e d .

( e )  N e g l i g i b l e  h e a t  l o s s e s  i n  t h e  d i r e c t i o n  p e r p e n d i ­

c u l a r  ( r a d i a l )  t o  t h e  f l u i d  f l o w .

E a r l y  c o n s i d e r a t i o n s  i n d i c a t e d  t h a t  a  d e s i g n  s i m i l a r  

t o  t h a t  u s e d  by P r e s t o n  ( 1 3 8 )  a n d  H a d i d i  ( ? 6 )  w o u ld  b e  s a t i s ­

f a c t o r y .  The h e a t - t r a n s f e r  s e c t i o n  i n  t h e s e  i n v e s t i g a t i o n s  

c o n s i s t e d  o f  a  h o m o g en eo u s  p a c k e d  b e d  o f  p a r t i c l e s  c o n t a i n e d  

i n  a  t h i n - w a l l e d ,  i n s u l a t e d ,  c y l i n d r i c a l  t u b e .  An o p e n - v o l u m e  

s e c t i o n  i m m e d i a t e l y  a b o v e  t h e  b e d  f a c e  s e r v e d  t o  d i s t r i b u t e
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t h e  f l o w  e v e n l y  a c r o s s  t h e  p a c k .  A s t e p - f u n c t i o n  t e m p e r a t u r e  

i n p u t  was a p p r o x i m a t e d  by  f i r s t  b r i n g i n g  t h e  b e d  t o  a  d e s i r e d  

t e m p e r a t u r e ,  , u s i n g  t h e  t e s t  l i q u i d  a s  h e a t i n g  m e d i a .  T hen ,  

t h e  e n t r a n c e - f a c e  t e m p e r a t u r e  was  q u i c k l y  c h a n g e d  by  " f l u s h i n g  

o u t "  t h e  open vo lum e a b o v e  t h e  b e d  w i t h  l i q u i d  a t  t h e  d i f f e r e n t  

i n p u t  t e m p e r a t u r e ,  T i . T h e s e  d e s i g n  c o n c e p t s  w e re  f o l l o w e d  in  

t h i s  w o r k .

E x p e r i m e n t a l  A p p a r a t u s  

F low  S y s te m

A s c h e m a t i c  d i a g r a m  o f  t h e  f l o w  s y s t e m  i s  shown i n  

F i g u r e  1 0 .  F l u i d  s t o r a g e  was  i n  an 8 g a l l o n  c l o s e d  t a n k .

F low  r a t e s  t h r o u g h  t h e  s y s t e m  w e re  c o n t r o l l e d  by r e g u l a t e d  a i r  

p r e s s u r e  on t h e  l i q u i d  i n  t h e  s t o r a g e  t a n k .  L i q u i d  l e a v i n g  

t h e  s t o r a g e  p a s s e d  t h r o u g h  a  r o t a m e t e r  ( C ) .  To m a i n t a i n  c o n ­

s t a n t  v o l u m e t r i c  f l o w  r a t e s  d u r i n g  an e x p e r i m e n t a l  r u n ,  a 

s e t t i n g  on t h i s  m e t e r  was  h e l d  by  m a n u a l l y  a d j u s t i n g  t h e  

s t o r a g e  p r e s s u r e .

To p r e h e a t  t h e  l i q u i d ,  i t  was p a s s e d  t h r o u g h  t h e  h e a t -  

t r a n s f e r  c o i l s  i n  two h e a t i n g  b a t h s  i n  s e r i e s .  W a t e r  was u s e d  

a s  t h e  h e a t i n g  m e d i a .  I n  t h e  f i r s t  b a t h ,  a  c r u d e  t e m p e r a t u r e  

c o n t r o l  was m a i n t a i n e d  w i t h  t h e  t e s t  l i q u i d  b e i n g  h e a t e d  t o  

w i t h i n  a  few d e g r e e s  o f  t h e  f i n a l  t e m p e r a t u r e .  The  h e a t  s o u r c e  

was a  1000 w a t t  i m m e r s i o n  h e a t e r  (D) w h ic h  c o n t a i n e d  i t s  own 

t h e r m o s t a t .  The  s e c o n d  b a t h  m a i n t a i n e d  a  f i n e  t e m p e r a t u r e  

c o n t r o l  ( + 0 , 1 ° F )  a n d  b r o u g h t  t h e  l i q u i d  e n t e r i n g  t h e  p a c k e d



A
B
C
D
O'
E
F
G
H

DOUBLE PIPE HEAT EXCHANGER. 
FLUSH OUT UNE.
FLUID ENTRANCE.
HEATING UNIT W / THERMOSTAT. 
HEATING UNIT. 
THERMOREGULATOR. 
THERMOCOUPLE LEADS.
HEATER.
MIXER.

D R A I N

FROM LIQUID 
STORAGE

ELECTRONIC
RELAY

< -------------L x q -

J -----X ,

G 1
A

B
A T

B 
r A

ROTAMETER

L X K r
PACKED 

HEAT 
TRANSFER 

TUBE

FINE o tS t ROL

I

TEMPERATURE I
RECORDER I

BATH I 
D ISCH A RG #™ '®

FLUID EXIT 
FOR 

MEASUREMENT
VACUUM PUMPS

o\-M

F i g u r e  1 0 -  F l o w  S y s t e m



-  -  68 

t u b e  t o  a  s e t  t e m p e r a t u r e  l e v e l .  The c o n t r o l  in t h i s  s e c o n d  

b a t h  c o n s i s t e d  o f  a m e r c u r y  t e m p e r a t u r e  r e g u l a t o r  (E )  an d  an 

e l e c t r o n i c  r e l a y  i n  c o n j u n c t i o n  w i t h  e l e c t r i c  im m e rs io n  h e a ­

t e r s  ( D ) ,

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

t o  t h e  p a c k e d - b e d  t e s t  s e c t i o n .  To r e d u c e  h e a t  l o s s e s  b e t w e e n  

t h e  t e m p e r a t u r e  b a t h s  a n d  t h e  t e s t  c e l l ,  a  d o u b l e - p i p e  h e a t  

e x c h a n g e r  i n s u l a t e d  t h e  f l o w  l i n e  ( A ) .  H o t  w a t e r  f r o m  t h e  

s e c o n d  c o n s t a n t - t e m p e r a t u r e  b a t h  was c i r c u l a t e d  t h r o u g h  t h e  

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

When t h e  t e s t  l i q u i d  was n o t  p r e h e a t e d ,  i t  w e n t  im ­

m e d i a t e l y  f r o m  t h e  f l o w  m e t e r  (C) t o  t h e  t e s t  c e l l ,  b y - p a s s i n g  

t h e  h e a t i n g  b a t h s .  W i th  a c o n s t a n t  f l o w  r a t e ,  t h e  t e m p e r a t u r e  

a t  t h e  e n t r a n c e  t o  t h e  c e l l  was f o u n d  t o  h o l d  s t e a d y  ( . 1  )

o v e r  t h e  t i m e  o f  an e x p e r i m e n t a l  r u n ,

A s m a l l  r e s i s t a n c e  h e a t e r  ( G ) , m a n u a l l y  c o n t r o l l e d  by  

means  o f  a  r h e o s t a t ,  was wound a r o u n d  t h e  l i q u i d  f l o w  l i n e  

j u s t  a b o v e  t h e  c e l l  e n t r a n c e .  The n e e d  f o r  t h i s  h e a t e r  i s  

d i s c u s s e d  l a t e r .  When d e s i r e d ,  t h e  p a c k e d  b e d  c o u l d  be  b y ­

p a s s e d  by c l o s i n g  t h e  e x i t  f l o w  l i n e  a n d  o p e n in g  t h e  f l u s h - o u t  

l i n e  (B) f r o m  t h e  e n t r a n c e  c a p .  P r o v i s i o n  was made t o  c a t c h  

t i m e d  s a m p l e s  o f  t h e  p a c k e d - b e d  e f f l u e n t  i n  o r d e r  t o  d e t e r m i n e  

v o l u m e t r i c  f l o w  r a t e s .

T e m p e r a t u r e s  w e r e  m e a s u r e d  u s i n g  i r o n - c o n s t a n t a n  t h e r ­

m o c o u p l e s  a n d  a  M i n n e a p o l i s - H o n e y w e l l  m u l t i p o i n t  t e m p e r a t u r e  

r e c o r d e r  (Y 153 x 8 7 - C - l l - 1 1 1 - 1 0 6 - 8 - B - V ) , Up to 2k- s e p a r a t e
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p o i n t s  c o u l d  be  r e c o r d e d  d u r i n g  a  g i v e n  r u n ,  h o w e v e r ,  a  m a x i ­

mum o f  s i x  w e r e  u s e d  i n  t h i s  w o r k .  P r i n t  s p e e d  was  two s e c o n d s  

p e r  p o i n t ,  w i t h  a  r e c o r d i n g  c h a r t  s p e e d  o f  one i n c h  p e r  m i n ­

u t e ,  The t e m p e r a t u r e  r a n g e  was 60 t o  2 2 0 ° F .  The c h a r t  was 

g r a d u a t e d  a t  1 , 0 ° F  a n d  t e m p e r a t u r e  r e c o r d i n g s  c o u l d  e a s i l y  be 

r e a d  t o  0 . 2 ° F .  B o t h  30 a n d  2 k  g a u g e ,  s p u n - g l a s s  i n s u l a t e d  

t h e r m o c o u p l e s  w e r e  u s e d .  I n  o r d e r  t o  o b t a i n  s m a l l  t h e r m o c o u p l e  

b e a d s ,  an e l e c t r i c  a r c  was  made t o  f o r m  t h e  w i r e  j u n c t i o n s .

T e s t  C e l l

More d e t a i l e d  s k e t c h e s  o f  t h e  t e s t  c e l l  a r e  shown i n  

F i g u r e s  ( 1 1 ) ,  ( 1 2 ) ,  ( 1 3 ) ,  a n d  ( l 4 ) ,  a n d  a  p h o t o g r a p h  i n  F i g u r e  

( 1 5 ) ,  The p a c k e d  b e d ,  c o n s i s t i n g  o f  s o l i d  s p h e r e s ,  was h e l d  

i n  a  c y l i n d r i c a l  m e t a l  c o n t a i n e r  w h i c h  was 3 , 6 6 + . 0 1  i n c h e s  ID 

a n d  1 3 . 6 7  i n c h e s  i n  l e n g t h  ( i n c l u d i n g  t h r e a d e d  e n d  p i e c e s ) .

The s p h e r e s  w e re  h e l d  i n  p l a c e  b e t w e e n  two end  r e t a i n i n g  

s c r e e n s ,  e a c h  o f  w h i c h  was com posed  o f  a  200 mesh o v e r  an 18 

mesh  s c r e e n .  The o u t l e t  r e t a i n i n g  s c r e e n  was s o l d e r e d  p e r m a ­

n e n t l y  i n  p l a c e  w h i l e  t h e  e n t r a n c e  s c r e e n  was f i x e d  u s i n g  

A r m s t r o n g  A-1  a d h e s i v e  ( A r m s t r o n g  Company, Warsaw, I n d i a n a ) .

The w a l l  o f  t h e  p a c k e d  b e d  was made o f  0 . 0 1 0  i n c h  

s t a i n l e s s  s t e e l  s h e e t  f o r m e d  i n t o  a  c y l i n d r i c a l  s h a p e  a n d  

s o l d e r e d  a t  t h e  s ea m .  T h r e a d e d  e n d  p i e c e s  w ere  s o l d e r e d  t o  

t h e  t u b e .  The  t h i n n e s s  o f  t h e  t u b e  r e s u l t e d  b o t h  i n  a  low 

w a l l  h e a t  c a p a c i t y  a n d  s m a l l  h e a t  c o n d u c t i o n  down t h e  t u b e  i n  

t h e  d i r e c t i o n  o f  f l u i d  f l o w .  The h e a t  c a p a c i t y  o f  t h e  t u b e



70

ENTRANCE CAP 
(BRASS)

2  Sheets «rire screen 
18 mesh over2 0 0  mesh 
cut to  size but not sold­
ered  In p lace .

0  RINGS

^  VACUUM OUTLET

STAINLESS 
S T E E L  TUBE 
0 .010  THICK

STEEL CASING
IS*

-RADIATION SHIELD 
(ALUMINUM SHEET)

WOODEN SPACER

tc

2 Sheets wire sc reen  
2 0 0  m esh over IB mesh 

soldered In ploce.

T /7 7 7 a

0 “ RING CLAMP1/4" COPPER TUBINGEXIT CAP
(BRASS)

F i g u r e  1 1 -  T e s t  C e l l



71

-ST E E L  CASING
T

 0 .75-—

-THERMOCOUPLE OPENINC 
1 /4 "  COPPER TUBING

0J8"

FLUSH OUT UNES 
1/4“ COPPER TUBING 

ENDS SEALED

0  RING CLAMP

7ZZSZZZZZZZZZZ3.

HOLES 1/32 tolÆ4' 
IN DIAMETER

ENTRA NCE GAP
FLUSH OUT LINES AND THERMOCOUPLE OPENING

FLUID ENTRANCE

SPARGER LINE 
1/4“ COPPER TUBING

-THERMOCOUPLE
OPENING1.2 7 .'

HOLES 1/64" IN 
DIAMETER 
EVERY 1/4" SEALED

ENTRA NCE CAP 

SPARGER LINE

F i g u r e  1 2 -  T e s t - C e l l  E n t r a n c e  Cap; F low  S p a r g e r  
and F lu s h - O u t  L i n e s



72

THERMOCOUPLE
OPENING

EXIT CAP
TOP VIEW

7  THERMOCOUPLE 
OPENINGS 

(1/4" COPPER TUBING 
EXTENDING I" BELOW 
CAP)

X —  DENOTES T. C. 
LOCATION

T. C. NUMBERS ARE FOR 
POSITION IDENTIFICATION

%

FLUSH OUT LINE 
d /4 "  COPPER TUBING 
EXTENDING l" ABOVE 
CAPAND 0.35" BELOW)

SPARGER LINE 
(1/4" COPPER TUBING 

ENDS SEALED)

X — DENOTES T. C. 
LOCATION

T. C. NUMBERS ARE FOR 
POSITION IDENTIFICATION

ENTRANCE CAP
TOP VIEW

F i g u r e  1 3 -  T e s t - C e l l  E n t r a n c e  a n d  E x i t  C a p s ;  
T h e r m o c o u p l e  O p e n i n g s



7 't

ARMSTRONG ADHESIVE

RETAINING SCREENSL eads to  T .C. 9 ,1 0 , a re  
held in position by glueing 
le a d  10 to  sporger line.

ARMSTRONG ADHESIVERETAINING SCREENS

EZI

7  Thermocouple openings o re 
ploced on rad ii isk)* o p o r t — 
S ee  exit c o p , to p  view. T. C. 
num bers ore to r  position 
identification

UQUIO EXIT

F i g u r e  l i t ' -  T e s t  C e l l ;  T h e r m o c o u p l e  P o s i t i o n s



•M
•P-

F i g u r é  1 5 -  P h o t o g r a p h  o f  T e s t  C e l l



75

w a l l  was  a p p r o x i m a t e l y  1.4% o f  t h e  t o t a l  p a c k e d - b e d  h e a t  c a ­

p a c i t y ,  w i t h  w a t e r  a s  t h e  t e s t  l i q u i d .

F l u i d  e n t r a n c e  a n d  e x i t  c a p s  w e re  t h r e a d e d  t o  m a tc h  

t h e  t u b e  e n d  p i e c e s .  The u s e  o f  " 0 "  r i n g s  a t  t h i s  p o i n t  p r e ­

v e n t e d  f l u i d  l e a k  ( F i g u r e  1 2 ) .  The t h i n - w a l l e d  r e t a i n i n g  

t u b e ,  p l u s  e n d  c a p s ,  w e r e  i n s e r t e d  i n t o  a h e a v y - w a l l e d ,  s t e e l  

c a s i n g .  " 0 ” r i n g s  w e re  a l s o  u s e d  h e r e  t o  h o l d  t h e  i n n e r  t u b e  

i n  p l a c e  and  t o  s e a l  o f f  t h e  a n n u l a r  s p a c e .  T h i s  a r r a n g e m e n t  

a l l o w e d  a  vacuum t o  be  p u l l e d  a r o u n d  t h e  p a c k e d  b e d ,  p r o v i d ­

i n g  i n s u l a t i o n .  Vacuums on t h e  o r d e r  o f  0 . 5  mm t o t a l  p r e s s u r e  

w e re  u s e d .  An a l u m i n a - f o i l  r a d i a t i o n  s h i e l d  a r o u n d  t h e  i n n e r  

t u b e ,  a t  a  d i s t a n c e  o f  a b o u t  0 .2 5  i n c h e s  f r o m  t h e  t u b e ,  p r o ­

v i d e d  f u r t h e r  a g a i n s t  h e a t  l o s s e s  f r o m  t h e  p a c k e d  b e d .

The e n t r a n c e  c a p  c o n t a i n e d  a f l o w  s p a r g e r  w h ic h  s e r v e d  

t o  d i s t r i b u t e  t h e  i n c o m i n g  f l u i d  o v e r  t h e  f a c e  o f  t h e  p a c k e d  

b e d  ( F i g u r e  1 2 ) ,  T h e r e  was a v o i d  s p a c e  o f  0 . ^  i n c h e s  a b o v e  

t h e  b e d  i n  w h i c h  m i x i n g  o f  t h e  f e e d  l i q u i d  o c c u r r e d .  Two 

f l u s h - o u t  e x i t  l i n e s  w e r e  f i t t e d  i n t o  t h e  e n t r a n c e  c a p  a l l o w ­

i n g  t h e  b e d  t o  b e  b y - p a s s e d .  The u s e  o f  t h i s  f l u s h - o u t  w i l l  

b e  d i s c u s s e d  i n  t h e  P r o c e d u r e  S e c t i o n .  T h e r m o c o u p l e s  w ere  

f i x e d  a t  d i f f e r e n t  r a d i a l  p o s i t i o n s  j u s t  a b o v e  t h e  e n t r a n c e  

r e t a i n i n g  s c r e e n  ( F i g u r e s  13 and  1 ^ ) ,  The t h e r m o c o u p l e s  w e re  

s e a l e d  by t a k i n g  t h e  l e a d s  i n  t h r o u g h  l / k  i n c h  c o p p e r  t u b i n g  

a n d  a p p l y i n g  A r m s t r o n g  a d h e s i v e  a t  t h e  o u t l e t s .

The e x i t  c a p  c o n t a i n e d  sev e n  o p e n i n g s  f o r  t h e r m o c o u p l e  

l e a d s  ( F i g u r e s  13 a n d  l 4 ) .  T h e r m o c o u p l e s  (30 g a u g e )  l o c a t e d
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i n  t h e  p a c k e d  b e d  i t s e l f  w e r e  ru n  i n t o  t h e  c a p  o p e n i n g s ,  

t h r o u g h  s m a l l  h o l e s  i n  t h e  b o t t o m  r e t a i n i n g  s c r e e n ,  and. up 

i n t o  t h e  b e d .  T h e s e  w e re  f i x e d  i n  p l a c e  w i t h  A r m s t r o n g  a d h e ­

s i v e  p r i o r  t o  p a c k i n g  t h e  b e d .  Lead  w i r e s  w e re  s u f f i c i e n t l y  

r i g i d  t o  h o l d  t h e  t h e r m o c o u p l e s  i n  u p r i g h t  p o s i t i o n s .  T h e rm o ­

c o u p l e s  c o u l d  t h u s  be p l a c e d  a t  a n y  s e l e c t e d  d e p t h  i n  t h e  b e d ,  

o r  a t  t h e  p a c k e d - s e c t i o n  e x i t ,  j u s t  b e lo w  t h e  r e t a i n i n g  s c r e e n ,  

The t h e r m o c o u p l e  o p e n i n g s  w e r e  d e s i g n e d  to  s e r v e  a s  f l u i d  f l o w  

o u t l e t s ,  h o w e v e r ,  i t  was f o u n d  s a t i s f a c t o r y  t o  u s e  o n l y  t h e  

c e n t e r  e x i t  l i n e .  A t h e r m o c o u p l e  p l a c e d  i n  t h i s  c e n t e r  e x i t  

l i n e  c o u l d  be u s e d  t o  g i v e  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  

l e a v i n g  l i q u i d .

E x p e r i m e n t a l  M a t e r i a l s

F our  d i f f e r e n t  l i q u i d s  w e r e  u s e d  i n  t h e  e x p e r i m e n t a l  

p r o g r a m .  T h e s e  w e r e  d i s t i l l e d  w a t e r ,  by w t . g l y c e r o l

( a q u e o u s ) ,  60% by w t .  g l y c e r o l  ( a q u e o u s ) ,  a n d  e t h y l  a l c o h o l .  

S o u r c e s  a n d  s p e c i f i c a t i o n s  o f  t h e  l i q u i d s  a r e  g i v e n  i n  T a b l e  

9 o f  A ppend ix  H.

S o l i d  g l a s s  s p h e r e s  made up  t h e  p a c k e d  b e d s .  The  f o u r  

s i z e s  u s e d  w e re  0 . 0 0 3 8 ,  0 . 0 1 8 1 ,  0 . 0k 2 5 , a n d  0 . 1 1 8  i n c h e s  i n  

d i a m e t e r .  S o u r c e s  a n d  d e s c r i p t i o n s  o f  t h e  b e a d s  a r e  l i s t e d  

i n  T a b l e  10 o f  A p p e n d ix  H. The s p h e r e s  w e re  s c r e e n e d  u n t i l  a 

minimum o f  95% w e re  w i t h i n  two c l o s e s t  s t a n d a r d  s i z e s  i n  t h e  

U . S .  S i e v e  s e r i e s .  The d i a m e t e r  was t h e n  t a k e n  a s  t h e  mean 

o f  t h e  two s c r e e n  o p e n i n g s .
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P h y s i c a l  p r o p e r t i e s  o f  t h e  l i q u i d s  a n d  s o l i d s  a r e  p r e ­

s e n t e d  i n  A p p e n d ix  H f o r  t e m p e r a t u r e s  o v e r  t h e  r a n g e  o f  i n ­

t e r e s t  i n  t h i s  r e s e a r c h .  The d e n s i t i e s  o f  t h e  g l a s s  s p h e r e s  

w e r e  d e t e r m i n e d  t o  w i t h i n  1% by m e a s u r i n g  t h e  l i q u i d  volume 

d i s p l a c e d  by a  b e a d  s a m p l e  o f  known w e i g h t .

E x p e r i m e n t a l  P r o c e d u r e  

P r e l i m i n a r y  P r o c e d u r e s

The M i n n e a p o l i s - H o n e y w e l l  T e m p e r a t u r e  R e c o r d e r  was 

c a l i b r a t e d  u s i n g  a  L e e d s  a n d  N o r t h r u p  P o t e n t i o m e t e r  # 8 6 6 2 ,  

a s  p r e s c r i b e d  i n  t h e  L e e d s  a n d  N o r t h r u p  m a n u a l .

T h e r m o c o u p l e s  w e r e  c h e c k e d  a g a i n s t  t h e  b e s t  a v a i l a b l e  

t h e r m o m e t e r s  o v e r  t h e  e x p e r i m e n t a l  t e m p e r a t u r e  r a n g e .  The p r e ­

c i s i o n  o f  a l l  t h e r m o c o u p l e s  u s e d  was j u d g e d  t o  b e  b e t t e r  t h a n  

+ 0 , 2 ° F  b e t w e e n  ? 0 ° F  a n d  1 7 5 ° F .  A c c u r a c y  was w i t h i n  0 . 5 ° F .

P r i o r  t o  p a c k i n g  t h e  s p h e r e s ,  t h e r m o c o u p l e s  w h ic h  

w e r e  t o  be  l o c a t e d  w i t h i n  t h e  b e d  w e r e  f i x e d  i n  p o s i t i o n  and 

t h e i r  l o c a t i o n s  m e a s u r e d .  P o s i t i o n  m e a s u r e m e n t s  w i t h  r e s p e c t  

t o  t h e  t o p  o f  t h e  t u b e  w e re  w i t h i n  + 0 . 0 4  i n c h e s .  The t h e r m o ­

c o u p l e s  g e n e r a l l y  w e r e  p l a c e d  a p p r o x i m a t e l y  2 . 0  i n c h e s  from 

t h e  o u t l e t  e n d  o f  t h e  b e a d  p a c k  and  a p p r o x i m a t e l y  1 1 . 0  i n c h e s  

f r o m  t h e  e n t r a n c e  f a c e .  A l s o ,  p r i o r  t o  p a c k i n g ,  t h e  empty  

vo lum e  o f  t h e  t u b e  b e t w e e n  t h e  r e t a i n i n g  s c r e e n s  was m e a s u re d  

t o  a l l o w  a  c a l c u l a t i o n  o f  b e d  p o r o s i t y .

The b e a d s  w e r e  w e t  p a c k e d  u s i n g  a m e c h a n i c a l  s h a k e r ,  

w i t h  tw o t o  f o u r  i n c h e s  o f  w a t e r  m a i n t a i n e d  a b o v e  t h e  beads
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d u r i n g  p a c k i n g .  When t h e  f i n a l  b e d  h e i g h t  was r e a c h e d ,  t h e  

t o p  was s m o o t h e d ,  a n d  t h e  r e t a i n i n g  s c r e e n  f i x e d  i n  p o s i t i o n  

u s i n g  A r m s t r o n g  a d h e s i v e .  Once t h e  t o p  s c r e e n  was f i x e d  and  

t h e  e n t r a n c e  c ap  t h r e a d e d  o n ,  t h e  c o m p l e t e  t u b e  c o u l d  be  i n ­

v e r t e d  w i t h  no s h i f t i n g  o f  t h e  b e d .  F l u i d  f l o w  c o u l d  b e  i n  

e i t h e r  an upw ard  o r  downward d i r e c t i o n - .

Bed p o r o s i t y  was  c a l c u l a t e d ,  k n o w in g  t h e  em p ty  t u b e  

v o l u m e ,  b e a d  d e n s i t y ,  a n d  t o t a l  w e i g h t  o f  b e a d s  i n  t h e  b e d .  

P a c k i n g  a s  d e s c r i b e d  g a v e  p o r o s i t i e s  r e p r o d u c i b l e  t o  w i t h i n  

o n e  p e r  c e n t .

The p a c k e d  h e a t - t r a n s f e r  t u b e ,  w i t h  t h e  r a d i a t i o n  

s h i e l d  i n  p l a c e ,  was n e x t  i n s e r t e d  i n t o  t h e  h e a v y - w a l l e d  o u t ­

s i d e  c y l i n d e r  w h i c h  was f i x e d  i n  a  t r i - p o d  m e t a l  s t a n d .  The 

” 0 ” r i n g s  w e re  c lam p ed  i n t o  p l a c e .  The a s s e m b l e d  t u b e  was 

p l a c e d  i n  i t s  o p e r a t i n g  l o c a t i o n ,  l e v e l e d ,  a n d  a  vacuum was 

p u l l e d  on t h e  a n n u l a r  s p a c e .  The t u b e  was now r e a d y  f o r  o p e ­

r a t i o n  .

E x p e r i m e n t a l  Run P r o c e d u r e  

The e x p e r i m e n t a l  p r o c e d u r e  c o n s i s t e d  o f  b r i n g i n g  t h e  

b e d  t o  a c o n s t a n t  t e m p e r a t u r e ,  i n j e c t i n g  a  s t e p  f u n c t i o n  i n  

t e m p e r a t u r e  a t  one en d ,  a n d  m e a s u r i n g  t h e  r e s p o n s e  c u r v e  a t  

f i x e d  p o s i t i o n s .

I n  c o o l i n g  r u n s ,  t h e  p a c k e d  s e c t i o n  was h e a t e d  t o  a 

c o n s t a n t  s p e c i f i e d  t e m p e r a t u r e  t h r o u g h o u t  by  p r e h e a t i n g  t h e  

t e s t  l i q u i d  i n  t h e  c o n s t a n t - t e m p e r a t u r e  b a t h s  a n d  f l o w i n g  i t
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t h r o u g h  t h e  s e c t i o n  u n t i l  t h e r m o c o u p l e  r e a d i n g s  a t  t h e  i n l e t  

a n d  o u t l e t  a g r e e d .  I n i t i a l  b e d  t e m p e r a t u r e s  b e t w e e n  115°F 

a n d  180°F w e r e  u s e d ,  w i t h  a b o u t  1 3 0 - 1 5 0 ° F  b e i n g  t h e  u s u a l  

v a l u e .  The h o t  f l o w  t h r o u g h  t h e  b e d  was s t o p p e d .  The  e n t r a n c e  

c a p  ( s p a c e  a b o v e  p a c k i n g )  was f l u s h e d  o u t  a t  a  h i g h  f l o w  r a t e  

w i t h  c o o l  ( room  t e m p e r a t u r e )  t e s t  f l u i d .  T h i s  was d o n e  by 

c l o s i n g  i n  t h e  t u b e  e x i t  l i n e  a n d  o p e n i n g  t h e  e n t r a n c e - c a p ,  

f l u s h - o u t  l i n e .  F l u s h - o u t  was  c o n t i n u e d  u n t i l  t h e  e n t r a n c e  

t h e r m o c o u p l e s  i n d i c a t e d  a  c o n s t a n t  t e m p e r a t u r e .  The a p p r o x i ­

m a t e  f l o w  r a t e  f o r  t h e  r u n  was  s e t  u s i n g  t h e  f l o w  m e t e r .  A f t e r  

a l l o w i n g  a  few  s e c o n d s  f o r  f u r t h e r  t e m p e r a t u r e  a d j u s t m e n t  a t  

t h e  e n t r a n c e ,  f l o w  was s t a r t e d  t h r o u g h  t h e  t e s t  s e c t i o n  by 

s i m u l t a n e o u s l y  o p e n i n g  t h e  t u b e  e x i t  l i n e  a n d  c l o s i n g  t h e  

f l u s h - o u t  l i n e .  The t e m p e r a t u r e  r e c o r d e r  was s t a r t e d  a t  b h i s  

same i n s t a n t .  T o t a l  t i m e  o f  f l u s h - o u t  was  h e l d  t o  one  m i n u t e  

o r  l e s s  a n d ,  a s  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n ,  t h i s  p r o c e d u r e  

r e s u l t e d  i n  a s a t i s f a c t o r y  a p p r o x i m a t i o n  t o  a  t e m p e r a t u r e  s t e p  

f u n c t i o n .

Even w i t h  f l u s h - o u t ,  t h e  e n t r a n c e  t e m p e r a t u r e  t e n d e d  

t o  d r i f t  downward  1 - 3 ° F  d u r i n g  a  r u n .  T h i s  was  a p p a r e n t l y  

d u e  t o  a  c o m b i n a t i o n  o f  i n i t i a l  i n c o m p l e t e  c o o l i n g  o f  t h e  e n ­

t r a n c e  c a p  a n d  b a c k  d i f f u s i o n  o f  h e a t  o u t  o f  t h e  b e d .  To o f f ­

s e t  t h i s  d r i f t ,  a  s m a l l  r e s i s t a n c e  h e a t e r  was wound a r o u n d  t h e  

f e e d  l i n e ,  j u s t  a b o v e  t h e  e n t r a n c e  c a p .  By m a n u a l l y  c o n t r o l ­

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

+ 0 , 5 ° F  was m a i n t a i n e d  a t  t h e  p a c k e d - s e c t i o n  f a c e  e x c e p t  d u r i n g
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a p p r o x i m a t e l y  t h e  f i r s t  20 s e c o n d s  o f  a  r u n .  A d r i f t  o f  1 - 2 ° F  

s o m e t i m e s  o c c u r r e d  i n  t h i s  s h o r t  i n i t i a l  p e r i o d .  T h e s e  t o l ­

e r a n c e s  w e r e  e x c e e d e d  v e r y  s l i g h t l y  i n  a  few  o f  t h e  r u n s ,  w i t h  

no  n o t i c e a b l e  e f f e c t  on t h e  m e a s u r e d  t e m p e r a t u r e  p r o f i l e .  At 

i n t e r s t i t i a l  v e l o c i t i e s  o f  2 - 4  f t / h r  o r  l e s s ,  b a c k  d i f f u s i o n  

o f  h e a t  o u t  o f  t h e  b e d  p r e v e n t e d  c o m p l e t e  c o n t r o l  o f  t h e  i n p u t  

t e m p e r a t u r e .

D u r i n g  a  r u n  t h e  f l o w  r a t e  was  h e l d  c o n s t a n t  t o  +. 1% 

by  u s i n g  t h e  r o t a m e t e r  a s  an  i n d i c a t o r  and  m a n u a l l y  c o n t r o l ­

l i n g  t h e  r e s e r v o i r  a i r  p r e s s u r e .  F low  was m e a s u r e d  b y  c a t c h ­

i n g  t i m e d  s a m p l e s  o f  t h e  e f f l u e n t .  R a t e s  h a d  t o  b e  a d j u s t e d  

d u r i n g  a  r u n  b e c a u s e  o f  c h a n g i n g  p r e s s u r e  d r o p  a c r o s s  t h e  

p a c k e d  b e d  a s  t h e  h e a t  f r o n t  p r o g r e s s e d  down t h e  b e d .

The t e m p e r a t u r e s  a t  s i x  p r e - s e l e c t e d  p o i n t s  i n  t h e  

s y s t e m  w e r e  r e c o r d e d  d u r i n g  t h e  r u n .  The tw o c e n t e r  p o s i t i o n s ,  

a t  t h e  b e d  f a c e  a n d  w i t h i n  t h e  p a c k e d  s e c t i o n  ( p o s i t i o n s  1 a n d  

8 ,  s e e  F i g u r e  l 4 )  w e r e  a l w a y s  r e c o r d e d .  T h e s e  p o i n t s  w e re  

a l l  t h a t  w e re  r e a l l y  n e c e s s a r y  t o  t h e  d a t a  c a l c u l a t i o n s .  The 

o t h e r  t h e r m o c o u p l e s  p r o v i d e d  a u x i l l i a r y  i n f o r m a t i o n  on r a d i a l  

t e m p e r a t u r e  g r a d i e n t s  a n d  l e n g t h  e f f e c t s .  An e x p e r i m e n t a l  r u n  

c o n c l u d e d  when a l l  t h e r m o c o u p l e s  i n  t h e  bed  r e a c h e d  t h e  t e m ­

p e r a t u r e  o f  t h e  i n p u t  f l u i d .  A t y p i c a l  c o o l i n g - r u n  d a t a  s h e e t  

a n d  t e m p e r a t u r e  r e c o r d e r  c h a r t  a r e  shown i n  F i g u r e s  l 6  a n d  17»

Heating runs in vo lv ed  the same procedure, the d i f ­

f e r e n c e  be ing th a t  the  t e s t  s e c t io n  was f i r s t  co o le d  w ith
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Run * -  ? / C Data 3 u n e  a.c>. l'tc»/

Barorastrio  P re s s u re  -  732 -le Room Teiqperature 

S o l i d  -  glassbesoJs + C/.S. S /e ie  f s o r  -2rSc^

F lu id  -  d.s4.1lcd MvO 

Hoat T ransfer Tube -  8-1 

P o ro s ity , $ -  O- 3 ^

I n l e t  Temperature -  S  3 .S  

Flow Reading (Eotamstar) -  <9-0 

Measured Flow Rates

I n s u l a t i o n  S h e l l  P re s su re  -  ■<. / p-m

I n i t i a l  T anperature -  i d 7- 5"

Q3
cm

t
min cm/mln

V
f t / h r

t e a  - S O - S f r - O / W». a

9 3  y D-3J-> /  y/ 9
i / -  i - i . o - t s

9 4 -1 0-33.8 r y a . 3

Avg q(om^/min) -  O - S %  dirP#’

]&itrance P rehea t -  O • 32"

E ffe c tiv e  Thermal C onductiv ity , k , -  . t d B 3  

Remarks -

F i g u r e  1 6 -  Sam ple D ata  S h e e t ;  Run 7 IC
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r o o m - t e m p e r a t u r e  t e s t  l i q u i d  f o l l o w e d  by  s t e p - f u n c t i o n  i n j e c ­

t i o n  o f  h o t  t e s t  l i q u i d .

In  c h a n g i n g  f r o m  one f l u i d  s y s t e m  t o  a n o t h e r ,  t h e  o l d  

l i q u i d  was s i m p l y  f l u s h e d  o u t  o f  t h e  b e d  w i t h  t h e  new l i q u i d .  

T h i s  p r o c e d u r e  was s a t i s f a c t o r y ^  s i n c e  a l l  l i q u i d s  u s e d  w e re  

m i s c i b l e .  The  c o m p l e t i o n  o f  a  f l u s h i n g  o p e r a t i o n  was c h e c k e d  

u s i n g  a  r e f r a c t o m e t e r  t o  co m p are  t h e  i n p u t  l i q u i d  t o  t h e  e f ­

f l u e n t .

A i r  s a t u r a t i o n  o f  l i q u i d s  w h i c h  w e r e  r e u s e d  was p r e ­

v e n t e d  by  p e r i o d i c a l l y  h e a t i n g  t h e  l i q u i d s  t o  t e m p e r a t u r e s  

c o n s i d e r a b l y  a b o v e  t h e  e x p e r i m e n t a l  t e m p e r a t u r e  r a n g e  t o  d r i v e  

o f f  a b s o r b e d  a i r .

B o th  v e r t i c a l l y  u p w a rd  and  downward f l o w s  wero  u s e d  

i n  t h e  e x p e r i m e n t a l  w o rk  a n d  some c o m p l i c a t i o n s  a r e  d i s c u s s e d  

i n  t h e  n e x t  s e c t i o n  u n d e r  n a t u r a l - c o n v e c t i o n  c o n s i d e r a t i o n s .

O p e r a t i n g  C h a r a c t e r i s t i c s  o f  t h e  A p p a r a t u s  - 

E x p l o r a t o r v  D a t a

P r e l i m i n a r y  d a t a  w e re  t a k e n  t o  a n a l y z e  t h e  o p e r a t i n g  

c h a r a c t e r i s t i c s  o f  t h e  s e l e c t e d  e x p e r i m e n t a l  s y s t e m .  P a r t  o f  

t h i s  e x p l o r a t o r y  w o rk  was c a r r i e d  o u t  i n  a  c e l l  o f  a  d e s i g n  

s i m i l a r  t o  t h a t  p r e v i o u s l y  d i s c u s s e d .  The p a c k e d  s e c t i o n  was 

h e l d  b e t w e e n  two r e t a i n i n g  s c r e e n s  i n  a t h i n - w a l l e d  s t a i n l e s s  

s t e e l  t u b e  o f  a p p r o x i m a t e l y  3*5 i n c h e s  i n  d i a m e t e r  a n d  7 i n c h e s  

i n  l e n g t h .  The  c e l l  was  i n s u l a t e d  by  i n s e r t i n g  i t  i n t o  a  box 

p a c k e d  w i t h  sp u n  g l a s s .
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S t e p  F u n c t i o n  I n j e c t i o n  

One o f  t h e  w e a k e r  p o i n t s  o f  t h e  a p p a r a t u s  a p p e a r e d  t o  

b e  t h e  m e th o d  o f  i n j e c t i n g  a  t e m p e r a t u r e  s t e p  f u n c t i o n  i n t o  

t h e  b e d .  A p r e l i m i n a r y  c a l c u l a t i o n  was made t o  e s t i m a t e  t h e  

a m o u n t  o f  h e a t  c o n d u c t i o n  i n t o  o r  o u t  o f  t h e  b e d  d u r i n g  a  t w o -  

m i n u t e  f l u s h - o u t .  T h i s  i n d i c a t e d  t h a t  t h e  v e r y  maximum h e a t  

c o n d u c t i o n  w o u ld  b e  a b o u t  2% o f  t h e  t o t a l  h e a t  i n p u t .  An e x ­

p e r i m e n t a l  c h e c k  was made by  c o n d u c t i n g  e n t r a n c e - c a p ,  f l u s h -  

o u t  t e s t s  w i t h  t h e r m o c o u p l e s  a t  known p o s i t i o n s  j u s t  u n d e r  t h e  

p a c k e d - b e d  f a c e .  T h e s e  t e s t s  show ed  t h e  c a l c u l a t e d  maximum 

c o n d u c t i o n  r a t e  t o  b e  h i g h ,  a n d  t h a t  a  n e g l i g i b l e  a m o u n t  o f  

m i x i n g  b e t w e e n  t h e  b e d  l i q u i d  a n d  e n t r a n c e - c a p  l i q u i d  o c c u r r e d .  

A o n e - m i n u t e  f l u s h - o u t  p e r i o d  w o u ld  t h e r e f o r e  n o t  c a u s e  a d ­

v e r s e  e f f e c t s ,  a n d  a c t u a l l y  f l u s h - o u t  t i m e s  up  t o  two  m i n u t e s  

r e s u l t e d  i n  no  a p p r e c i a b l e  e f f e c t s  on t h e  t e m p e r a t u r e  r e s p o n s e  

c u r v e s  o f  t h e  b e d .

The  t e m p e r a t u r e  o f  t h e  i n j e c t e d  f l u i d  was c o n s t a n t  

a c r o s s  t h e  i n l e t  f a c e  o f  t h e  p a c k e d  s e c t i o n  t o  + 0 . 5 ° F  in
k

n e a r l y  a l l  r u n s .  In  some o f  t h e  l o w e r  v e l o c i t y ,  60% g l y c e r o l  

r u n s  t h e r e  was a s  much a s  a 3 ° F  t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  

t h e  c e n t e r  an d  o u t s i d e  r a d i u s .

I t  i s  e x p e c t e d  t h a t  t h e  r e s u l t s  w i l l  n o t  be  a f f e c t e d

d u e  t o  t h e  u s e  o f  a  s t a t i c  i n j e c t i o n ,  i . e . ,  f l u i d  f l o w  t h r o u g h  

t h e  b e d  s t o p p e d  d u r i n g  f l u s h - o u t .  T h i s  h a s  b e e n  c h e c k e d  i n  a

s t u d y  on t h e  l o n g i t u d i n a l  d i s p e r s i o n  o f  m ass  i n  p o r o u s  m e d ia

( 2 9 ) .
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W all  C o n d u c t i o n  a n d  Bed H eat  L o s s e s  

C a l c u l a t i o n s  i n d i c a t e d  t h a t  c o n d u c t i o n  down t h e  w a l l  

o f  t h e  h e a t - t r a n s f e r  t u b e  w o u l d  b e  n e g l i g i b l e .  T h i s  was e x ­

p e r i m e n t a l l y  v e r i f i e d  by  c o n d u c t i n g  p r e l i m i n a r y  r u n s  i n  w h i c h  

t h e  w a l l  t e m p e r a t u r e  was m e a s u r e d  a l o n g  w i t h  t h e  b e d  t e m p e r a ­

t u r e ,  The w a l l  t e m p e r a t u r e  d i d  n o t  l e a d  t h a t  o f  t h e  b e d .

A l s o ,  t h e  a p p e a r a n c e  o f  r a d i a l  t e m p e r a t u r e  g r a d i e n t s  w i t h i n  

t h e  b e d ,  i n  w h i c h  t h e  o u t s i d e  r e c o r d i n g  p o i n t s  r e a d  d i f f e r e n t  

f r o m  t h e  i n n e r  p o i n t s  w o u l d  h a v e  i n d i c a t e d  a  p o s s i b i l i t y  o f  

s i g n i f i c a n t  w a l l  c o n d u c t i o n .  No s u c h  r e s u l t s  w e r e  o b s e r v e d .  

C a l c u l a t e d  h e a t  l o s s e s  f r o m  t h e  b e a d  p a c k  w e r e  on t h e  

o r d e r  o f  1 , 5 ” 3% o f  t h e  h e a t  i n p u t  a t  a  w a t e r  f l o w  v e l o c i t y  o f  

4 , 5  f t / h r ,  d e c r e a s i n g  w i t h  i n c r e a s i n g  f lo w  r a t e .  The u s e  o f  

a  vacuum  d i d  n o t  s i g n i f i c a n t l y  r e d u c e  th e  a i r  t h e r m a l  c o n d u c ­

t i v i t y  ( 8 9 ) ,  b u t  c o n v e c t i v e  t r a n s f e r  was e s s e n t i a l l y  e l i m i ­

n a t e d ,  An e s t i m a t i o n  o f  r a d i a t i o n  i n d i c a t e d  t h a t  t h e  r a d i a t i o n  

s h i e l d  r e d u c e d  t h e s e  l o s s e s  t o  a  n e g l i g i b l e  v a l u e .

T e m p e r a t u r e  M easu rem en t  

T h e r m o c o u p l e s  w e r e  made o f  30 g auge  w i r e  a l l o w i n g  s m a l l  

j u n c t i o n  b e a d s  t o  be  f o r m e d  (on  t h e  o r d e r  o f  , 0 2  i n c h e s ) .  

H o w e v e r ,  a  s l i g h t  t i m e  l a g  w o u l d  o c c u r  in  t h e  h e a t i n g  o f  t h e  

t h e r m o c o u p l e  b e a d .  R e c o r d e d  t e m p e r a t u r e s  t h e r e f o r e  r e p r e s e n t  

some i n t e r m e d i a t e  v a l u e  b e t w e e n  t h e  t r u e  l i q u i d  t e m p e r a t u r e  

a n d  t h e  s o l i d - s p h e r e  t e m p e r a t u r e .  E s t i m a t i o n s  o f  t h i s  t i m e  

l a g ,  b a s e d  on l i t e r a t u r e  h e a t - t r a n s f e r  c o e f f i c i e n t  c o r r e l a t i o n s
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( s e e  C h a p t e r  I I )  i n d i c a t e d  t h a t  i t  h a d  n e g l i g i b l e  e f f e c t  on 

t h e  d a t a ,  w i t h  t h e  d i m e n s i o n l e s s  t e m p e r a t u r e  d i f f e r e n c e  

b e t w e e n  f l u i d  and  t h e r m o c o u p l e  b e i n g  l e s s  t h a n  . 0 1 .

V e l o c i t y  P r o f i l e s

T u b e - W a l l  E f f e c t s . I t  i s  known t h a t  v e l o c i t y  p r o f i l e s  

do  o c c u r  a c r o s s  a p a c k e d  t u b e  ( 2 6 ,  12 8 ,  l 6 l ) .  The f l o w  d e ­

v i a t e s  more f r o m  p i s t o n  f l o w  i n  a  g i v e n  t u b e  a s  t h e  p a r t i c l e  

s i z e  i s  i n c r e a s e d .  E x p e r i m e n t a l  s t u d i e s  ( 2 6 , 1 2 8 ,  l 6 l )  h a v e  

shown t h a t  a s  l o n g  a s  t h e  r a t i o  d p / d ^  ( p a r t i c l e  d i a m e t e r / t u b e  

d i a m e t e r )  i s  l e s s  t h a n  a b o u t  O.OU, t h e  a s s u m p t i o n  o f  p i s t o n  

o r  p l u g  f l o w  i s  g o o d .  The  r a t i o  d i d  n o t  e x c e e d  0 . 0 3 2  i n  t h i s  

w o r k .

The p r e s e n c e  o f  s i g n i f i c a n t  d e v i a t i o n s  f r o m  p i s t o n  

f l o w  due t o  t u b e - w a l l  e f f e c t s  was c h e c k e d  f o r  by  p l a c i n g  t h e r ­

m o c o u p le s  a t  t h e  same h e i g h t  b u t  a t  d i f f e r e n t  r a d i a l  l o c a t i o n s  

i n  t h e  b e d .  The o c c u r a n c e  o f  s y m m e t r i c a l  v e l o c i t y  p r o f i l e s  

w o u ld  h a v e  r e s u l t e d  i n  s y m m e t r i c a l  r a d i a l  t e m p e r a t u r e  g r a ­

d i e n t s .  R a d i a l  h e a t  f l o w  w o u ld  n o t  be o f  s u f f i c i e n t  m a g n i t u d e  

t o  e r a s e  a n y  l a r g e  t e m p e r a t u r e  g r a d i e n t s .  No s u c h  s y m m e t r i c a l  

r a d i a l  t e m p e r a t u r e  g r a d i e n t s  o c c u r r e d  i n  t h e  t e s t  p r o g r a m .  

S i n c e  t e m p e r a t u r e  r e s p o n s e  c u r v e s  w e re  m e a s u r e d  a t  " p o i n t s "  

i n  t h e  b e d  a n d  an a v e r a g e  o r  m i x i n g - c u p  v a l u e  was n o t  u s e d ,  

a n y  s m a l l  d e v i a t i o n s  f r o m  p i s t o n  f l o w  s h o u l d  n o t  s i g n i f i c a n t l y  

a f f e c t  t h e  r e s u l t s  ( 2 2 ,  2 5 ) .

C h a n n e l i n g . A d i s t o r t i o n  o f  t h e  f l u i d  f l o w  p a t t e r n
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t e r m e d  " c h a n n e l i n g "  o r  f i n g e r i n g "  o f t e n  o c c u r s  i n  p o r o u s  m e d ia ,  

P e t r o l e u m  e n g i n e e r s  a r e  f a m i l i a r  w i t h  t h i s  phenomenon i s  s y s ­

t e m s  w h e re  t h e  v i s c o s i t y  r a t i o  i s  u n f a v o r a b l e  ( 1 7 , 3 2 , 15 ^ )»  

T h a t  i s ,  when t h e  f l u i d  b e i n g  d i s p l a c e d  f r o m  a  p o r o u s  medium 

h a s  a  h i g h e r  v i s c o s i t y  t h a n  t h e  d i s p l a c i n g  f l u i d ,  c h a n n e l i n g  

n e a r l y  a l w a y s  r e s u l t s .  I n  t h e  p r e s e n t  w o r k ,  t h e  p o s s i b i l i t y  

o f  c h a n n e l i n g  d u e  t o  an  u n f a v o r a b l e  v i s c o s i t y  r a t i o  d i d  e x i s t  

i n  h e a t i n g - r u n  e x p e r i m e n t s .

I t  i s  a l s o  known t h a t  n a t u r a l  c o n v e c t i o n  can  c a u s e  

f i n g e r i n g  i n  p a c k e d  b e d s  ( 4 ^ ,  1 8 5 ) .  When one  f l u i d  f l o w s  

d o w n w ard ,  d i s p l a c i n g  a  l e s s - d e n s e  f l u i d ,  f l o w  " f i n g e r s "  may 

d e v e l o p .  T h i s  i s  a l s o  p o s s i b l e  i f  t h e  d i r e c t i o n  o f  f l o w  i s  

u p w a r d  a n d  a  m o r e - d e n s e  f l u i d  i s  b e i n g  d i s p l a c e d  by  a  l e s s -  

d e n s e  f l u i d .

I n  t h e  p r e l i m i n a r y  d a t a ,  i t  was  f o u n d  v e r y  e a r l y  t h a t  

u n d e r  c e r t a i n  c o n d i t i o n s  l a r g e  r a d i a l  t e m p e r a t u r e  g r a d i e n t s  

a p p e a r e d .  T h e s e  g r a d i e n t s  w e re  n o t  s y m m e t r i c a l  a c r o s s  t h e  

b e d .  U nder  d i f f e r e n t  c o n d i t i o n s  t h e y  r a n g e d  f r o m  a b o u t  a  3°F  

t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  t h e  c e n t e r  and  o u t s i d e  r a d i a l  

t h e r m o c o u p l e s  t o  a  d i f f e r e n c e  s e v e r a l  t i m e s  t h i s .  The o c ­

c u r e n c e  o f  s u c h  r a d i a l  t e m p e r a t u r e  g r a d i e n t s  was t a k e n  as  

d i r e c t  e v i d e n c e  o f  f l o w  c h a n n e l i n g  o r  f i n g e r i n g .  T a b l e  2 

g i v e s  a  summary o f  d a t a  i n  w h i c h  c h a n n e l i n g  o c c u r r e d .  For  

t h i s  s t u d y ,  d a t a  h a d  t o  b e  o b t a i n e d  a t  c o n d i t i o n s  w h e re  c h a n ­

n e l i n g  was i n s i g n i f i c a n t  and  t h u s ,  c o o l i n g  r u n s  w e r e  o f  p r i ­

m a ry  i n t e r e s t .



TABLE 2

SUMMARY OF CHANNELING APPEARANCES
F lo w

Run T y p e  D i r e c t i o n  d p ( i n )  C h a n n e l i n g * C a u s e  o f  C h a n n e l i n g Comments

C o o l i n g

H e a t i n g

Up

Down

C o o l i n g Down

H e a t i n g Up

0 , ,0 k Z 5  A l l  s y s t e m s - N o  
0 . 1 1 8  A l l  s y s t e m s - N o

0 . 0 0 3 8  A l l  s y s t e m s - S e v

0 . 0 1 8 1  A l l  s y s t e m s - S e v

0 . 1 1 8  W a t e r
A l c o h o l
30% G l y c e r o l - S l t - S e v  
60% G l y c e r o l - S e v  

0 . 0 0 3 8  A l l  s y s t e m s - N o  
0 * 0 1 8 1  A l l  s y s t e m s - N o  
0 . 0 4 2 3  W a t e r - S i t - S e v  

( o t h e r  s y s t e m s  
n o t  t e s t e d )

0 . 1 1 8  W a t e r
A l c o h o l
30% G l y c e r o l - S i t -  N a t u r a l  C o n v e c t i o n  

S ev
60% G l y c e r o l - N o -  

S l t

U n f a v o r a b l e  V i s c o s i t y  
R a t i o

U n f a v o r a b l e  V i s c o s i t y  
R a t i o

U n f a v o r a b l e  V i s c o s i t y  
R a t i o

N a t u r a l  C o n v e c t i o n

0 . 1 1 8  W a t e r - S e v
A l c o h o l - S e v

C a l c u l a t e d  v a l u e s  
a g r e e  w i t h  t h o s e  f o r  
u p - f l o w  c o o l i n g  r u n s ;
w a t e r ,  d p  = 0 . 0 4 2 5 ” » 
D a t a  s c a t t e r - h i g h

C a l c u l a t e d  kg  v a l u e s  
a g r e e  w i t h  t h o s e  f o r  
u p - f l o w  c o o l i n g  r u n s ;  
60% g l y c e r o l ,
dp  = 0 . 1 1 8 "

N a t u r a l  C o n v e c t i o n

N o m e n c l a t u r e  i n  t h i s  co lu m n
No -  No s i g n i f i c a n t  c h a n n e l i n g .  R a d i a l  G r a d i e n t s  O 
S i t  -  S l i g h t  c h a n n e l i n g ,  R a d i a l  g r a d i e n t s  5 °  F 
S e v  -  S e v e r e  c h a n n e l i n g .  R a d i a l  g r a d i e n t s  >  5 °  F

-  3*

88
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In  t h e  u p - f l o w  c o o l i n g  r u n s  and d o w n - f l o w  h e a t i n g  r u n s ,  

n a t u r a l  c o n v e c t i o n  s h o u l d  n o t  h a v e  been a c a u s e  o f  f i n g e r i n g .  

Y e t  i n  d o w n - f l o w  h e a t i n g  r u n  e x p e r i m e n t s  w i t h  O.OO38  a n d  O .O I 8 I  

i n c h  b e a d s ,  s e v e r e  c h a n n e l i n g  was p r e s e n t  i n  a l l  l i q u i d  s y s ­

t e m s .  The m a g n i t u d e  o f  t h e  e f f e c t  was a  f u n c t i o n  o f  p a r t i c l e  

s i z e  a s  w e l l  a s  l i q u i d  v i s c o s i t y ,  i n d i c a t i n g  i t s  d e p e n d e n c e  

on v i s c o u s  f o r c e s  w i t h i n  t h e  b e d .  C h a n n e l i n g  d e c r e a s e d  w i t h  

i n c r e a s i n g  p a r t i c l e  s i z e  a n d  w i t h  d e c r e a s i n g  l i q u i d  v i s c o s i t y ,  

a n d ,  i n  f a c t ,  was i n s i g n i f i c a n t  i n  w a t e r  a n d  a l c o h o l  d o w n - f l o w  

h e a t i n g  r u n s  w i t h  0 , 1 1 8  i n c h  b e a d s .  T e m p e r a t u r e  l e v e l  was  a l ­

so  i m p o r t a n t ,  i n  t h a t ,  t h e  l a r g e r  t h e  i n i t i a l  t e m p e r a t u r e  

d i f f e r e n c e  b e t w e e n  d i s p l a c e d  a n d  d i s p l a c i n g  l i q u i d ,  t h e  l a r g e r  

t h e  r a d i a l  t e m p e r a t u r e  g r a d i e n t s .  The r a d i a l  t e m p e r a t u r e  

p r o f i l e s  w e r e  v e r y  f l a t  i n  a l l  u p - f l o w  c o o l i n g  e x p e r i m e n t s ,  

b e i n g  g e n e r a l l y  on t h e  o r d e r  o f  1 - 3 ° F  b e t w e e n  t h e  c e n t e r  a n d  

o u t s i d e  t h e r m o c o u p l e s .

The c a u s e  o f  f i n g e r i n g  i n  t h e  h e a t i n g  d a t a  was a p ­

p a r e n t l y  an  u n f a v o r a b l e  v i s c o s i t y  r a t i o .  S i n c e  t h e  d i s p l a c i n g  

f l u i d  h a d  a  l o w e r  v i s c o s i t y  t h a n  t h e  o r i g i n a l  b e d  f l u i d ,  i t  

s eem s r e a s o n a b l e  t h a t  f l o w  f i n g e r s  w ou ld  d e v e l o p  j u s t  a s  i n  

t h e  c a s e  o f  a  t w o - l i q u i d  s y s t e m  i n  w h ic h  t h e  d i f f e r e n t  l i q u i d s  

h a v e  d i f f e r e n t  v i s c o s i t i e s .  E x p e r i m e n t s  w i t h  t w o - l i q u i d  s y s ­

t e m s  h a v e  shown t h a t  w i t h  o n l y  s l i g h t l y  u n f a v o r a b l e  v i s c o s i t y  

r a t i o s ,  s e v e r e  c h a n n e l i n g  c a n  r e s u l t  ( l ? ) -  A t y p i c a l  h e a t i n g -  

r u n  t e m p e r a t u r e  d a t a  c h a r t  w i t h  c h a n n e l i n g  i s  shown i n  F i g u r e  

1 8 .  . A c o o l i n g  r u n  w i t h  no  s i g n i f i c a n t  c h a n n e l i n g  i s  s e e n
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/  9 1

i n  F i g u r e  17•

As shown i n  T a b l e  2 ,  p i s t o n  f l o w  o c c u r r e d  i n  b o t h  

h e a t i n g  a n d  c o o l i n g  r u n s  i n  t h e  0 . 1 1 8  i n c h  b e a d  s y s t e m  w i t h  

w a t e r  a n d  a l c o h o l  a s  t h e  l i q u i d  p h a s e s .  T h e s e  w e r e  t h e  o n l y  

h e a t i n g  r u n s  i n  w h ic h  f i n g e r i n g  was n o t  p r e s e n t .  A c o m p a r i s o n  

o f  t h e  h e a t i n g - a n d  c o o l i n g - r u n  d a t a  i s  made i n  A p p e n d ix  L ,

I n  d o w n - f l o w  c o o l i n g  r u n s  and  u p - f l o w  h e a t i n g  r u n s  

t h e  p o s s i b i l i t y  o f  f i n g e r i n g  d u e  t o  n a t u r a l  c o n v e c t i o n  w o u ld  

e x i s t ,  a n d  s u c h  f i n g e r i n g  d i d  o c c u r  w i t h  t h e  l a r g e r  s i z e  b e a d s .  

T h i s  was m o s t  a p p a r e n t  i n  t h e  0 . 1 1 8  i n c h  s p h e r e  p a c k .  W a te r  

a n d  a l c o h o l  d o w n - f l o w  c o o l i n g  r u n s  g a v e  e x t r e m e  r a d i a l  t e m ­

p e r a t u r e  p r o f i l e s .  One s u c h  r u n  i s  shown i n  F i g u r e  19•  When 

t h e  f l o w  d i r e c t i o n  was r e v e r s e d ,  t h e  r a d i a l  g r a d i e n t s  w e re  

f l a t  f o r  c o o l i n g  r u n s ,  b u t  h e a t i n g  d a t a  y i e l d e d  s e v e r e  g r a ­

d i e n t s ,  T h e s e  h e a t i n g - r u n  g r a d i e n t s  c o u l d  n o t  b e  e x p l a i n e d  

b y  an u n f a v o r a b l e  v i s c o s i t y  r a t i o  s i n c e ,  a s  shown i n  T a b l e  2 ,  

v i s c o s i t y  r a t i o  c h a n n e l i n g  d i d  n o t  a p p e a r  i n  t h e  w a t e r  a n d  

a l c o h o l  d o w n - f l o w  h e a t i n g  r u n s .  The g r a d i e n t s  w e re  a l s o  

l a r g e r  a n d  m ore  i r r e g u l a r  t h a n  t h o s e  c a u s e d  by  an u n f a v o r a b l e  

v i s c o s i t y  r a t i o .

N a t u r a l  c o n v e c t i o n  e f f e c t s  a r e  c o r r e l a t e d  b y  t h e  

G r a s h o f  n u m b e r ,

w h e r e ,  L = c h a r a c t e r i s t i c  l e n g t h

p = c o e f f i c i e n t  o f  t h e r m a l  c u b i c a l  e x p a n s i o n
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T h e  G r a s h o f  n um ber  a s  u s e d  h e r e  i s  b a s e d  on t h e  d i f f e r e n c e  

b e t w e e n  t h e  i n i t i a l  b e d  t e m p e r a t u r e  a n d  t h e  i n j e c t e d  l i q u i d  

t e m p e r a t u r e .  The  c h a r a c t e r i s t i c  l e n g t h  u s e d  w as  t h e  p a r t i c l e  

d i a m e t e r .  Some t y p i c a l  v a l u e s  a r e  shown i n  T a b l e  3 .  The 

s e v e r i t y  o f  c h a n n e l i n g  i n c r e a s e d  w i t h  i n c r e a s i n g  G r a s h o f  

n u m b er  a s  i s  e s p e c i a l l y  n o t i c e d  b y  e x a m i n a t i o n  o f  t h e  down- 

f l o w  c o o l i n g  d a t a .  I n  t h e  w a t e r - 0 , 1 1 8  i n c h  s p h e r e  s y s t e m  

t h e r e  w as  e x t r e m e  c h a n n e l i n g  a t  a  G r a s h o f  num ber  o f  a b o u t  

7 1 0 0 ,  w h i l e  o n l y  s l i g h t  c h a n n e l i n g  a p p e a r e d  i n  t h e  0 . 0 4 2 5  i n c h  

b e a d  p a c k  a t  a  v a l u e  o f  3 3 1 .  The f i n g e r i n g  a l m o s t  d i s a p p e a r e d  

w i t h  t h e  60%  g l y c e r o l - 0 . 118 i n c h  b e a d  s y s t e m  a t  Gr e q u a l  t o

1 6 2 .

Even t h o u g h  n a t u r a l  c o n v e c t i o n  d i d  n o t  c a u s e  m e a s u r ­

a b l e  c h a n n e l i n g  i n  s y s t e m s  w i t h  t h e  l o w e r  G r a s h o f  n u m b e r s  i t  

m i g h t  b e  r e a s o n e d  t h a t  i n  dow n-f low  c o o l i n g  r u n s  t h e r e  c o u l d  

s t i l l  b e  an  e f f e c t  on t e m p e r a t u r e  p r o f i l e s  r e s u l t i n g  i n  an 

i n c r e a s e  o f  c a l c u l a t e d  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t i e s  (S ee  

C h a p t e r  V, D a t a  R e d u c t i o n  S e c t i o n ,  f o r  d i s c u s s i o n  on e f f e c t i v e  

t h e r m a l  c o n d u c t i v i t y  c a l c u l a t i o n  p r o c e d u r e ) .  T h i s  was  c h e c k ­

e d  i n  tw o  s y s t e m s .  I n  t h e  w a t e r - 0 , 0 4 2 5  i n c h  s p h e r e  s y s t e m ,  

a t  a  G r a s h o f  nu m b er  o f  331» s l i g h t  c h a n n e l i n g  o c c u r r e d  i n  

m o s t  o f  t h e  d o w n - f l o w  c o o l i n g  r u n s .  C a l c u l a t e d  e f f e c t i v e  

t h e r m a l  c o n d u c t i v i t i e s  f o r  t h i s  d o w n - f l o w  d a t a  w e r e  i n  g e n e r a l  

a g r e e m e n t  w i t h  t h e  u p - f l o w  r e s u l t s ,  b u t  t h e  d a t a  s c a t t e r  was  

a p p r o x i m a t e l y  15% g r e a t e r  when t h e  d o w n - f l o w  v a l u e s  w e r e  i n ­

c l u d e d .  W i th  60% g l y c e r o l - 0 . 1 1 8  i n c h  b e a d s ,  a t  Gr e q u a l  t o
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TABLE 3

TYPICAL SYSTEM GRASHOF NUMBERS

Id p ( i n ) iT i -T o
( O p ) T a v g ( ° f )

W a t e r 0 . 0 1 8 1 4 o 115

E t h y l  A l c o h o l 0 , 0 1 8 1 4 0 115

W a te r 0 . 0 4 2 5 ko 1 1 5

W a t e r 0 . 1 1 8 ko 1 1 5

E t h y l  A l c o h o l 0 . 1 1 8 ko 1 1 5

30% G l y c e r o l  
( A q u e o u s )

0 . 1 1 8 ko 115

60% G l y c e r o l 0 . 1 1 8 ko 1 1 5

Gr

2 5 . 6  

2k.6

331

7 0 8 5

6 8 1 3

178?

162
( A q u e o u s )
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1 6 2 , n a t u r a l - c o n v e c t l o n  c h a n n e l i n g  a l m o s t  d i s a p p e a r e d  a n d  a  

b e t t e r  c h e c k  w as  o b t a i n e d .  H e r e ,  c a l c u l a t e d  e f f e c t i v e  t h e r m a l  

c o n d u c t i v i t y  v a l u e s  w e r e  i n  e x c e l l e n t  a g r e e m e n t  f o r  b o t h  u p -  

a n d  d o w n - f l o w  c o o l i n g  d a t a  ( s e e  F i g u r e  5 ^ ) »  B a s e d  on t h i s ,  

n a t u r a l  c o n v e c t i o n  was a s s u m e d  n o t  t o  i n f l u e n c e  t h e  d a t a  e x ­

c e p t  a s  i t  c a u s e d  f i n g e r i n g  i n  t h e  f l o w  p a t t e r n .  Where t h i s  

f i n g e r i n g  d i d  o c c u r  t o  a  m e a s u r a b l e  d e g r e e  ( 0 . 0^25 i n c h  a n d  

0 , 1 1 8  i n c h  s p h e r e s ) ,  t h e  c o o l i n g  r u n s  w e r e  c o n d u c t e d  w i t h  an 

u p w a r d  f l o w  d i r e c t i o n .

Summarv. V e l o c i t y  P r o f i l e s . The c o n c l u s i o n s  c o n c e r n ­

i n g  v e l o c i t y  p r o f i l e  e f f e c t s  a r e  s u m m a r i z e d  a s  f o l l o w s .

(1 )  The t u b e  w a l l  h a d  i n s i g n i f i c a n t  i n f l u e n c e  on t h e  

b e d  p a c k i n g ,  a n d  t h e  e f f e c t s  o f  d e v i a t i o n  f r o m  p i s t o n  f l o w  

n e a r  t h e  w a l l  w e r e  n e g l i g i b l e ,

(2 )  C h a n n e l i n g  o c c u r r e d  i n  n e a r l y  a l l  h e a t i n g  e x p e r i ­

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

b e i n g  d i s p l a c e d  a n d  t h e  i n j e c t e d  l i q u i d .  C o o l i n g  r u n s  w e re  

t h e r e f o r e  o f  p r i m a r y  i n t e r e s t  i n  t h e  e x p e r i m e n t a l  p r o g r a m .

(3 )  N a t u r a l  c o n v e c t i o n  c h a n n e l i n g  a p p e a r e d  i n  down- 

f l o w  c o o l i n g  d a t a  a t  h i g h  Gr v a l u e s .  T h i s  f i n g e r i n g  was  e l i ­

m i n a t e d  by  u s i n g  u p - f l o w  e x p e r i m e n t s .  Where m e a s u r a b l e  n a ­

t u r a l  c o n v e c t i o n  c h a n n e l i n g  was  n o t  p r e s e n t ,  u p - f l o w  a n d  

d o w n - f l o w  c o o l i n g  d a t a  w e re  i n  a g r e e m e n t .

Bed L e n g t h  E f f e c t

B e d - l e n g t h  e f f e c t s  w e r e  d e t e r m i n e d  by  m e a s u r i n g
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t e m p e r a t u r e  r e s p o n s e  c u r v e s  a t  b e d  d e p t h s  o f  6 , 7 7  a n d  1 1 . 04 

i n c h e s .  The r e s u l t s  a r e  d i s c u s s e d  i n  C h a p t e r  V,

D a t a  R e p r o d u c i b i l i t y  

E x p e r i m e n t a l  r e s u l t s  w e r e  r e p r o d u c i b l e .  F o r  two 

s p h e r e  s i z e s ,  0 , 0 0 3 8  a n d  0 , 0 1 8 1  i n c h ,  e x p e r i m e n t a l  r u n s  w e re  

m a d e ,  t h e  b e d  was r e p a c k e d  a n d  r e p e a t  r u n s  w e re  m a d e .  I n  b o t h  

c a s e s  t h e  d a t a  a g r e e m e n t  b e t w e e n  t h e  f i r s t  p a c k  a n d  t h e  r e ­

p a c k  w as  e x c e l l e n t  a n d  s t a t i s t i c a l  a n a l y s i s  showed t h a t  a t  a 

95 p e r  c e n t  c o n f i d e n c e  l e v e l  t h e r e  was no d i f f e r e n c e  i n  t h e  

d a t a  f r o m  t h e  d i f f e r e n t  p a c k s .

E x p e r i m e n t a l  D a t a  S e t s  

The e x p e r i m e n t a l  s y s t e m s  i n v e s t i g a t e d  a r e  s u m m a r iz e d  

i n  T a b l e  k ,

P r i m a r v  D a t a ,  P r i m a r y  d a t a  c o n s i s t  o f  c o o l i n g - r u n  

e x p e r i m e n t s  i n  w h i c h  t h e  b u l k  f l u i d  f l o w  p a t t e r n  was one  o f  

p i s t o n  f l o w .  The a v e r a g e  i n t e r s t i t i a l  f l u i d  v e l o c i t y  r a n g e  

i n  a l l  c a s e s  was  b e t w e e n  2 f t / h r  and  25 f t / h r .  The  t e m p e r a ­

t u r e  r a n g e  d i d  n o t  e x c e e d  70 °P  t o  1 8 0 ° F ,  The d a t a  a r e  t a b u ­

l a t e d  i n  A p p e n d ix  I ,  a n d  t h e  r e s u l t s  a r e  d i s c u s s e d  i n  C h a p t e r  

V.

A d d i t i o n a l  D a t a ,  A d d i t i o n a l  d a t a  c o n s i s t ,  f o r  t h e  

m o s t  p a r t ;  o f  r u n s  i n  w h i c h  c h a n n e l i n g  was p r e s e n t  d u e  e i t h e r  

t o  v i s c o s i t y - r a t i o  e f f e c t s  o r  n a t u r a l  c o n v e c t i o n .  T h e s e  d a t a  

a r e  d i s c u s s e d  i n  A p p e n d ix  L ,  h o w e v e r ,  a  q u a n t i t a t i v e  a n a l y s i s
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TABLE 4 

EXPERIMENTAL SYSTEMS

US S i e v e  

1 4 0 - 1 7 0

35-40  

l 6  -18

6 -7

d p ( I n ) 

0 .0 0 3 8

0 . 0 1 8 1

0 . 0 4 2 5

0 . 1 1 8

Ï

0.355

0 .356

0 . 3 6 0

0.353

L i q u i d s

W a te r
30% G l y c e r o l  (A q u e o u s )  
60% G l y c e r o l  (A q u e o u s )

W a te r
30% G l y c e r o l  (A q u e o u s )  
60% G l y c e r o l  (A q u eo u s )  
E t h y l  A l c o h o l

W a te r
30% G l y c e r o l  (A q u eo u s)  
60% G l y c e r o l  (A q u eo u s )  
E t h y l  A l c o h o l

W a te r
30% G l y c e r o l  (A q u e o u s )  
60%  G l y c e r o l  (A q u e o u s )  
E t h y l  A l c o h o l

A l l  s o l l d - p h a s e
p a r t i c l e s  w e r e  g l a s s  s p h e r e s
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o f  c h a n n e l i n g  was n o t  a t t e m p t e d .

Some h e a t i n g - r u n  d a t a  w e r e  t a k e n  i n  which  no c h a n n e l ­

i n g  a p p e a r e d  ( 0 , 1 1 8  i n c h  b e a d s ) .  T h e s e  a r e  t a b u l a t e d  a n d  

d i s c u s s e d  i n  A p p e n d ix  L.

k:: ■



CHAPTER V

PRESENTATION AND INTERPRETATION OF 

EXPERIMENTAL RESULTS

I n  C h a p t e r  I I I ,  d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  

l o n g i t u d i n a l  d i s p e r s i o n  o f  t h e r m a l  e n e r g y  r e s u l t i n g  f r o m  c o n ­

d u c t i o n ,  e d d y  d i s p e r s i o n ,  a n d  a  f i n i t e  f l u i d - s o l i d  h e a t -  

t r a n s f e r  r a t e  w e r e  p r e s e n t e d .  An a p p r o x i m a t i o n  was d e v e l o p e d  

w h i c h  a l l o w s  t h e  g e n e r a l  s o l u t i o n  t o  be  r e p r e s e n t e d  b y  t h e  

s i m p l e r  t h e r m a l - c o n d u c t i o n  e q u a t i o n ,  w i t h  t h e  d i s p e r s i o n  c h a r ­

a c t e r i z e d  b y  a  s i n g l e  p a r a m e t e r ,  k ^ .  T h i s  e f f e c t i v e  t h e r m a l  

c o n d u c t i v i t y  was shown t o  b e  t h e  sum o f  t h e  c o n t r i b u t i o n s  due  

t o  e a c h  i n d i v i d u a l  m e c h a n i s m .  D a t a  o b t a i n e d  u s i n g  t h e  e q u i p ­

m e n t  a n d  p r o c e d u r e  d e s c r i b e d  i n  C h a p t e r  IV p r o v i d e  a  means  o f  

t e s t i n g  t h e  a p p l i c a b i l i t y  o f  t h i s  m o d e l .  The  d a t a  a n d  i n t e r ­

p r e t a t i o n  o f  r e s u l t s  a r e  p r e s e n t e d  i n  t h i s  c h a p t e r  w h i c h  i s  

c o n c e r n e d  w i t h  w o r k  o f  p r i m a r y  i n t e r e s t ,  t h e  c o o l i n g - r u n  e x ­

p e r i m e n t s  w h e r e  n o  f l o w  c h a n n e l i n g  o c c u r r e d .

The r e s u l t s  a r e  p r e s e n t e d  i n  t h r e e  m a j o r  s e c t i o n s .

I n  t h e  f i r s t  o f  t h e s e  t h r e e  s e c t i o n s ,  t h e  m e th o d  o f  d e t e r m i n ­

i n g  e f f e c t i v e  c o n d u c t i v i t i e s  f r o m  t h e  d a t a  a n d  t h e  ’’f i t ” o f  

t h e  d a t a  t o  t h e  c o n d u c t i v i t y  e q u a t i o n  a r e  d i s c u s s e d .  S e c o n d l y ,

99
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t h e  r e s u l t s  o f  t h e  c o n d u c t i v i t y  c a l c u l a t i o n s  a r e  p r e s e n t e d .

I n  t h e  t h i r d  s e c t i o n ,  t h e  d a t a  a r e  c o r r e l a t e d  a s s u m i n g  t h e  

c a l c u l a t e d  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t i e s  a r e  t h e  sum o f  

t h e  m o l e c u l a r - c o n d u c t i o n ,  e d d y - d i s p e r s i o n ,  a n d  h e a t - t r a n s f e r  

c o e f f i c i e n t  c o n t r i b u t i o n s .  The r e s u l t s  a r e  c o m p a r e d  t o  o t h e r  

d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e .

A d i s c u s s i o n  o f  a d d i t i o n a l  d a t a  t a k e n  ( h e a t i n g  r u n s ,  

f l o w  c h a n n e l i n g )  i s  p r e s e n t e d  i n  A p p e n d ix  L.

R e d u c t i o n  o f  D a ta  

As p r o p o s e d  i n  C h a p t e r  I I I ,  t h e  c o n d u c t i o n  e q u a t i o n  

( I I I - 7 )  i s  u s e d  t o  d e s c r i b e  t h e  e x p e r i m e n t a l  r e s u l t s .  The 

a p p l i c a b l e  f o r m  o f  t h e  s o l u t i o n  was g i v e n  a s  E q u a t i o n  ( I I I -

3 4 ) ,

( 1 1 1 - 3 4 )

w h e r e  F = —~  CT* = ' \ j2K a n d  w h e re  R, t h e  s e c o n d  t e r m

o f  t h e  J e n k i n s - A r o n o f s k y  s o l u t i o n ,  h a s  b e e n  n e g l e c t e d .  The 

maximum v a l u e s  o f  R e n c o u n t e r e d  i n  t h e  d a t a  w e r e  g e n e r a l l y  

l e s s  t h a n  0 . 0 3 .  As shown i n  A p p e n d ix  E, R c o u l d  t h u s  b e  n e g ­

l e c t e d  i n t r o d u c i n g  o n l y  a  s m a l l  e r r o r  i n t o  t h e  kg  c a l c u l a t i o n .  

S i m p l i f i e d  e x p r e s s i o n s  f o r  R a n d  f o r  R^^x a l s o  g i v e n  i n

A p p e n d i x  E .

The p r o c e d u r e  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  kg v a l u e s  

f r o m  e x p e r i m e n t a l  d a t a  was d i s c u s s e d  i n  C h a p t e r  I I I  i n  c o n ­

n e c t i o n  w i t h  kg c a l c u l a t i o n s  f o r  t h e  n u m e r i c a l  s o l u t i o n s .
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B r i e f l y  t h e  m e t h o d  i s  a s  f o l l o w s :

1) P l o t  F v s ,  t ^  on p r o b a b i l i t y  g r a p h  p a p e r ,  t ^  b e i n g  

p l o t t e d  on t h e  p r o b a b i l i t y  s c a l e ,

2 )  Draw t h e  b e s t  s t r a i g h t  l i n e  t h r o u g h  t h e  d a t a  p o i n t s ,

3 )  R ead  t h e  F v a l u e s  a t  two p o i n t s ,  e , g , ,  a t  t ^ ^ . l  

a n d  tj^^=,9 ( t ^ = , l 6  a n d  t y = , 8 4  c o u l d  j u s t  a s  w e l l  b e  u s e d ) ,

4 )  S i n c e  s u b t r a c t i o n  o f  F v a l u e s  a t  t h e s e  two p o i n t s  

l e a d s  t o ,

1 -8 1 2 4  = ( F t = . i  -  F t . . , )  (V-1)

t h e n  k g  may b e  c a l c u l a t e d  f r o m ,

K = Ï 5 ^  ( F t = . l  -  F t . . , | 2  (V-2)

P h y s i c a l - p r o p e r t y  v a l u e s  w e r e  c a l c u l a t e d  a t  t h e  a v e r a g e  t e m ­

p e r a t u r e  o f  t h e  s y s t e m ,  ( T i + T o ) / 2 ,  T h i s  m e th o d  o f  c a l c u l a t i o n  

d e t e r m i n e s  kg  f r o m  t h e  " s p r e a d  i n  t i m e " o r  d i s p e r s i o n  o f  t h e  

m e a s u r e d  t e m p e r a t u r e  r e s p o n s e  c u r v e s ,  A t y p i c a l  d a t a  p l o t  on 

p r o b a b i l i t y  p a p e r  i s  s e e n  i n  F i g u r e  2 0 ,  I n  n e a r l y  a l l  c a s e s ,  

t h e  f i t  o f  t h e  d a t a  t o  a  s t r a i g h t  l i n e  on t h e  p r o b a b i l i t y  

p a p e r  was  e x c e l l e n t ,  e x c e p t  a t  s m a l l  a n d  l a r g e  t e m p e r a t u r e s  

( t ^  < , 0 5  o r  t ^  >  , 9 5 )  w h e r e  d e v i a t i o n s  s o m e t im e s  o c c u r r e d .

I n  a  few  r u n s ,  d e v i a t i o n s  f r o m  t h e  s t r a i g h t  l i n e  a p p e a r e d  a t  

a b o u t  t ^  = , 1  a n d  t y  = ,9 »  A c o m p a r i s o n  p l o t  o f  an  e x p e r i ­

m e n t a l  t e m p e r a t u r e  p r o f i l e  a n d  t h e  c a l c u l a t e d  p r o f i l e  u s i n g  

E q u a t i o n  ( I I I - 3 ^ )  i s  shown i n  F i g u r e  2 1 ,  The d i s p e r s i o n  and  

s h a p e  o f  t h e  e x p e r i m e n t a l  p r o f i l e  i s  w e l l  r e p r e s e n t e d ,  b u t  

t h e r e  i s  s l i g h t  d i s p l a c e m e n t  b e t w e e n  t h e  two c u r v e s  a l o n g  t h e
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RUN 1 3 1 C 
WATER

k ,  •  0 .5 8  B f u ./  hr. -  ff*  

V « 6 .2  « ./h r.
K « 0 .9 2  ft.

0.2

O EX PERM EN TA L POINTS

I

%
II
U.

- 0.2

- 0 .4 0 .9990.10 0 .9 0 0 .99QOOl oa 0 .5 0
t

o
ro

F i g u r e  2 0 -  C a l c u l a t i o n  o f  k g  ; t ^  v s .  F on 
P r o b a b i l i t y  P a p e r ;  Run 131C



103

1.0

C.3

0.6

0 .4

— f" -

RUN 131 C 
_  WATER

k j =0.58 Blu/he-1 
V « 6 2  ft./hr.
X = 0.92 ft.

I " "  " "

1 .**F /ft

1

/

o /
/

■ 'I' "■■■

—

0  EXPERIf 

-------------  CALCUL
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/
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1
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1 1 1

—

0.2

0.13.7 3 .9 4.1
Q  (M IN)

4 .3 4.5

F i g u r e  2 1 -  E x p e r i m e n t a l  a n d  C a l c u l a t e d  T e m p e r a t u r e  
P r o f i l e s ;  Run 131C
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t i m e  a x i s .  T h i s  d i s p l a c e m e n t  was a l s o  n o t e d  a n d  p r e v i o u s l y  

d i s c u s s e d  i n  C h a p t e r  IV w i t h  r e f e r e n c e  t o  t h e  n u m e r i c a l  s o ­

l u t i o n s ,  The o m i s s i o n  o f  t h e  s e c o n d  t e r m  o f  t h e  s o l u t i o n ,  R, 

a c c o u n t s  f o r  a  s m a l l  f r a c t i o n  o f  t h e  d i s p l a c e m e n t .  S m a l l  

e r r o r s  i n  s y s t e m  p r o p e r t i e s  s u c h  a s  t h e  s o l i d - p h a s e  h e a t  c a -
f

p a c i t y  o r  f l u i d - p h a s e  v e l o c i t y  a l s o  a f f e c t  t h i s  " s h i f t "  a l o n g  

t h e  a x i s .

C a l c u l a t e d  e f f e c t i v e  c o n d u c t i v i t i e s  f o r  a l l  c o o l i n g  

r u n s ,  i n  w h i c h  no  f l o w  c h a n n e l i n g  a p p e a r e d ,  a r e  t a b u l a t e d  i n  

A p p e n d ix  I .  A s a m p l e  c a l c u l a t i o n  a n d  a d d i t i o n a l  p r o b a b i l i t y -  

p a p e r  p l o t s  a r e  p r e s e n t e d  i n  A p p e n d ix  F ,

A l t e r n a t e  M e th o d s  o f  k@ C a l c u l a t i o n

A l t e r n a t e  m e th o d s  o f  d e t e r m i n i n g  k@ v a l u e s  f r o m  t h e  

d a t a  w e r e  a l s o  u s e d ,  p r i m a r i l y  f o r  c o m p a r i s o n  w i t h  t h e  p r o ­

c e d u r e  d i s c u s s e d  a b o v e .

N orm a l  D i s t r i b u t i o n  i n  0 ,  As shown i n  C h a p t e r  I I I ,  

a s  l o n g  a s  E q u a t i o n s  ( I I I - 1 4 ) ,  ( I I I - I 6 ) ,  a n d  ( I I I - 2 5 )  w e r e  

s a t i s f i e d ,  t h e  s o l u t i o n  f o r  a  p u l s e  i n p u t  i n t o  a  p a c k e d  b e d  

was  a p p r o x i m a t e l y  n o r m a l  i n  t h e  h o l d i n g - t i m e  v a r i a b l e ,  9 ,  

C o r r e s p o n d i n g l y ,  f o r  a  s t e p - f u n c t i o n  i n p u t  a s  u s e d  i n  t h e  e x ­

p e r i m e n t a l  p r o g r a m ,  a  p l o t  o f  t *  v s ,  0 on p r o b a b i l i t y  p a p e r  

s h o u l d  y i e l d  a  s t r a i g h t  l i n e .  S i n c e  t h e  m a g n i t u d e  o f  (2 k g /  

p yCy^ V x )  was  g e n e r a l l y  on t h e  o r d e r  o f  ,01  t o  , 0 2 5 , t h i s  

p o s t u l a t e  was c h e c k e d .  The  c u r v e s  o b t a i n e d  on p r o b a b i l i t y  

p a p e r  w e r e  a p p r o x i m a t e l y  l i n e a r  a s  shown i n  F i g u r e  2 2 ,



GLASS BEADS -  WATER

105

V = 20.5 ff./hr.
X = 0.92 ft
kg = E.OBfa/hr.-ft'f/ft.

RUN 321 C 
X EXPERIMENTAL DATA

o j o o S  6 j66i ^ t S  0.05 o ' »  5 ! »  o 4o  o . e o  o . e o  o a o

GLASS BEADS -  ETHYL ALCOHOL 
dp : 0.0181 Inch 
V = 9.01 ft./hr.
X = 0.92 ft.
kg = 0.476 Btu/hr.-ftf'F/ft. 

RUN 191 C

22

20
X EXPERIMENTAL DATA

z
S
wS
H

&oa QOOl 006 O K) 020 0.40 060
♦w

001 0990

F i g u r e  2 2 -  C a l c u l a t i o n  o f  kg ; t y  v s ,  0 on P r o b a b i l i t y  
P a p e r ;  Runs I 9 IC ,  321C
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E f f e c t i v e  t h e r m a l  c o n d u c t i v i t i e s  w e re  c a l c u l a t e d  b y  u t i l i z i n g  

t h e  f a c t  t h a t  t h e  t i m e  d i f f e r e n c e  b e t w e e n  t h e  l 6 t h  a n d  8 4 t h  

p e r c e n t i l e s  i s  e q u a l  t o  2 O ' , i . e . ,

(6 t= .81»  -  « t = . l 6 >  = 2 0- (V -3 )

Where  0^ was p r e v i o u s l y  d e f i n e d  i n  E q u a t i o n  ( 1 1 1 - 3 1 )  a s

0-2 = L i X l  5 -  ( I I I - 3 1 )
V Vp2

T h e  kg v a l u e s  c a l c u l a t e d  b y  t h i s  p r o c e d u r e  w e re  w i t h i n  5% 

a g r e e m e n t  w i t h  v a l u e s  d e t e r m i n e d  f r o m  t h e  p l o t s  o f  F v s .  t ^ .  

The  e r r o r  b e t w e e n  t h e  tw o m e th o d s  was  ran d o m .

S l o n e  M e t h o d . P r e s t o n  (1 3 8 )  d e v e l o p e d  a n  e x p r e s s i o n  

f o r  t h e  s l o p e  o f  t h e  t  v s ,  0 p r o f i l e ,  e v a l u a t e d  a t  t h e  t i m e ,

0  = x /V p .

d t  _ (V - 4 )
d® 20 ^Jn K 0

To u s e  t h i s  e q u a t i o n ,  a  p l o t  o f  e x p e r i m e n t a l  v a l u e s  o f  t ^  v s ,

6  i s  made a n d  t h e  s l o p e  e s t i m a t e d  g r a p h i c a l l y  a t  t h e  p o i n t  

t = . 5 «  The c o n d u c t i v i t y  i s  t h e n  d e t e r m i n e d  f ro m  E q u a t i o n  (V-

4 ) .  The r e s u l t i n g  a g r e e m e n t  b e t w e e n  t h i s  p r o c e d u r e  a n d  t h e  

p r o b a b i l i t y - p a p e r  m e th o d  was w i t h i n  a p p r o x i m a t e l y  5% f o r  t h e  

r u n s  c h e c k e d .

S i n g l e - P o i n t  M e t h o d . I n  t h i s  m e th o d ,  a  s i n g l e  v a l u e  

o f  t y  i s  s e l e c t e d  f r o m  t h e  d a t a  a t  a  f i x e d  x a n d  0 .  T h e s e  

v a l u e s  a r e  s u b s t i t u t e d  i n t o  E q u a t i o n  ( X I I - 9 )  a n d  a  v a l u e  o f  K 

i s  c a l c u l a t e d .  U n l e s s  t h e  d a t a  c o i n c i d e  e x a c t l y  w i t h  E q u a t i o n  

( I I I - 9 ) ,  a  d i f f e r e n t  K w i l l  be d e t e r m i n e d  f o r  e a c h  t y  s e l e c t e d ,

••• V
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a n d  a  s u i t a b l e  a v e r a g i n g  p r o c e s s  w o u l d  t h e n  b e  n e c e s s a r y .

T h i s  m e thod  o f  c a l c u l a t i o n  was n o t  u s e d  b e c a u s e  o f  t h i s  

d i f f i c u l t y .

L e n g t h  E f f e c t s  

To c h e c k  f o r  l e n g t h  e f f e c t s ,  i . e . ,  f o r  a  c h a n g i n g  k@ 

w i t h  l e n g t h  o f  t r a v e l  i n  t h e  p o r o u s  m e d i a ,  t h e r m o c o u p l e s  w e re  

l o c a t e d  a t  p o s i t i o n s  o f  6 , 7 7  i n c h e s  a n d  1 1 . 04 i n c h e s  f ro m  t h e  

b e d  e n t r a n c e .  C a l c u l a t e d  c o n d u c t i v i t i e s  a t  t h e s e  tw o p o s i ­

t i o n s  w e re  c o m p ar ed  s t a t i s t i c a l l y  f o r  t h e  w a t e r - . 0181 i n c h  

b e a d  s y s t e m .  A s t a t i s t i c a l  " t "  t e s t  showed t h e  d a t a  a t  t h e  

tw o  l o c a t i o n s  t o  be  i n  a g r e e m e n t  a t  a  95% c o n f i d e n c e  l e v e l .

A s i m i l a r  e v a l u a t i o n  i n  t h e  w a t e r - , 1 1 8  i n c h  b e a d  s y s t e m  a l s o  

I n d i c a t e d  no  c h a n g e  o f  t h e  c a l c u l a t e d  k ^  w i t h  l e n g t h  o f  t r a v e l ,  

L i t e r a t u r e  d a t a  on l o n g i t u d i n a l  h e a t  a n d  m ass  t r a n s f e r  i n  

p a c k e d  b e d s  i n d i c a t e  t h a t  l e n g t h  e f f e c t s  s h o u l d  n o t  b e  s i g n i ­

f i c a n t  ( 2 9 , 4 6 ,  7 6 , l 6 l ) .

E f f e c t i v e  T h e r m a l  C o n d u c t i v i t i e s  

E f f e c t i v e  t h e r m a l  c o n d u c t i v i t i e s  w e re  c a l c u l a t e d  f o r  

a l l  c o o l i n g  r u n s  i n  w h i c h  no f l o w  c h a n n e l i n g  o c c u r r e d .  A 

p l o t  o f  kg v e r s u s  vdp f o r  e a c h  l i q u i d  s y s t e m  was f o u n d  t o  

g i v e  a  sm ooth  c o n t i n u o u s  c u r v e  o v e r  a l l  p a r t i c l e  s i z e s  i n v e s ­

t i g a t e d ,  I n  F i g u r e s  2 3 ,  2 4 ,  a n d  2 5 ,  t h e s e  r e s u l t s  a r e  shown 

f o r  t h e  w a t e r  a n d  e t h y l  a l c o h o l  l i q u i d  s y s t e m s .  D a t a  s c a t t e r  

i s  on t h e  o r d e r  o f  + 5 t o  8 p e r  c e n t .  P l o t t i n g  k^  a s  a  f u n c ­

t i o n  o f  R e y n o l d s  number was n o t  s a t i s f a c t o r y ,  a s  t h e
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i n t r o d u c t i o n  o f  v i s c o s i t y  c a u s e d  t h e  d a t a  t o  s c a t t e r  ( F i g u r e  

2 6 ) .

S t a t i c  T h e r m a l  C o n d u c t i v i t y  

The s t a t i c  t h e r m a l  c o n d u c t i v i t y ,  k g ° ,  was n o t  m e a s u r ­

e d  d i r e c t l y  i n  t h e  e x p e r i m e n t a l  p r o g r a m .  T h e s e  were  o b t a i n e d  

by  e x t r a p o l a t i o n  o f  kg v a l u e s  b a c k  t o  z e r o  v e l o c i t y .  V a l u e s  

o f  k g °  t h u s  d e t e r m i n e d  w e re  i n  g o o d  a g r e e m e n t  w i t h  t h e  p r e ­

d i c t i v e  e q u a t i o n  o f  Euchen  (5 1 )  p r e v i o u s l y  d i s c u s s e d ,  E q u a ­

t i o n  ( I I - 2 6 ) ,  e x c e p t  f o r  t h e  e t h y l  a l c o h o l  s y s t e m  where  t h e  

p r e d i c t e d  v a l u e  was  l o w .  C a l c u l a t e d  a n d  e x t r a p o l a t e d  v a l u e s  

a r e  p r e s e n t e d  i n  T a b l e  5 .

P r e s t o n  ( 1 5 8 )  m e a s u r e d  k g °  i n  p o r o u s - m e d i a  s y s t e m s  

v e r y  s i m i l a r  t o  t h o s e  o f  t h i s  i n v e s t i g a t i o n .  G l a s s - w a t e r  and  

g l a s s - 2 0 %  g l y c e r o l  s y s t e m s  w e re  i n c l u d e d  i n  t h e  P r e s t o n  i n v e s ­

t i g a t i o n ,  a n d  t h e  r e p o r t e d  k g °  v a l u e s  a r e  w i t h i n  4% o f  t h e  

w a t e r  a n d  30% g l y c e r o l  e x t r a p o l a t e d  v a l u e s  o f  t h i s  w o r k .  Ap­

p l i c a t i o n  o f  P r e s t o n ' s  p r e d i c t i v e  e q u a t i o n .  E q u a t i o n  ( 1 1 - 2 7 ) ,  

t o  e t h y l  a l c o h o l  y i e l d s  a  k ^ °  o f  0 . 4 l ,  s u b s t a n t i a t i n g  t h e  

e x t r a p o l a t e d  num ber  f o u n d  i n  t h i s  w o r k .

V e l o c i t y  C om ponen t ,  k g ( v )

The v e l o c i t y  co m ponen t  o f  t h e  o v p r a l l  e f f e c t i v e  c o n ­

d u c t i v i t y  i s  d e f i n e d  a s

k g ( v )  = kg  -  k g °  (V -5)

w h e r e  kg i s  t h e  m e a s u r e d  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y .  

C a l c u l a t e d  v e l o c i t y  c o m p o n en t s  o f  kg a r e  t a b u l a t e d  i n  A p p e n d ix
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TABLE 5

STATIC THERMAL CONDUCTIVITIES

L i q u i d  S y s te m
E x t r a p o l a t e d  Euchen  E q u a ,  ( 1 1 - 2 6 )

W a te r

30% G l y c e r o l  
(A q u eo u s )

60% G l y c e r o l  
(A q u e o u s )

E t h y l  A l c o h o l

.51

.50

M

,ko

.45

.41

.2 7

.3 5 5

.3 5 5

.355

.3 5 5
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I ,  a n d  a r e  p l o t t e d  f o r  a l l  s y s t e m s  on l o g - l o g  p a p e r  a s  a  

f u n c t i o n  o f  v dp  i n  F i g u r e  27» The i n d i v i d u a l  l i q u i d  s y s t e m s  

a r e  a l s o  p r e s e n t e d  i n  F i g u r e s  (4 ? )  -  ( 5 0 )  o f  A p p e n d ix  M. Ca- 

c u l a t e d  k@(v) d a t a  f o r  t h e  s m a l l e s t  g l a s s  b e a d s  u s e d ,  , 0 0 3 8  

i n c h ,  a r e  n o t  shown on t h e  g r a p h s .  D a t a  s c a t t e r  i n c r e a s e s  

m a r k e d l y  a s  v dp  d e c r e a s e s  s i n c e  k g °  becom es  t h e  m a j o r  p o r t i o n  

o f  k g , a n d  k g ( v )  i s  o b t a i n e d  a s  t h e  d i f f e r e n c e  b e t w e e n  two

n u m b e r s  o f  t h e  same o r d e r  o f  m a g n i t u d e ,

A s t r a i g h t  l i n e  f i t  t o  a l l  t h e  d a t a  p o i n t s  i n  t h e  

e x p e r i m e n t a l  s e r i e s  w i t h  t h e  two l a r g e s t  b e a d  s i z e s  r e s u l t e d  

i n  t h e  e q u a t i o n ,

k g ( v )  = l 6 ( v d p ) ^ * ^  (V -6 )

A t  t h e  l a r g e r  v a l u e s  of v d p ,  t h e  d a t a  f i t  E q u a t i o n  (V -6 )  

w i t h i n  + l4%.  As seen  f r o m  t h e  d i s c u s s i o n  i n  t h e  n e x t  s e c t i o n ,  

t h e  e x c e l l e n t  f i t  o f  t h e  d a t a  t o  t h i s  e q u a t i o n  i s  f o r t u i t o u s ,

A s i g n i f i c a n t  c h a n g e  in  s y s t e m  p r o p e r t i e s  s u c h  a s  f l u i d  p h y s i ­

c a l  p r o p e r t i e s ,  b e a d  s i z e  o r  b e a d  p h y s i c a l  p r o p e r t i e s ,  w o u ld

r e s u l t  i n  d e v i a t i o n s  f rom  t h i s  c u r v e .

D a t a  C o r r e l a t i o n . Summ ation  o f  C o n d u c t i v i t i e s  

The t h e o r e t i c a l  a n a l y s i s  o f  C h a p t e r  I I I  i n d i c a t e d  

t h a t  a s  l o n g  a s  t h e  c o n d i t i o n .

i J ^ e   1 (V-7)

i s  m e t ,  t h e n ,  kg  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  sum o f  t h e  

i n d i v i d u a l  c o n d u c t i v i t i e s .  I n  t h e  e x p e r i m e n t a l  d a t a ,  t h e



115

—  GLASS SPHERES; ooier,oo4Z9‘ , a n a '

—  •  O  W X T E R , k $  >  0 . 5 1

— A A 3 0 % « lycerol. kg = 0 .5 0

— m a  60% GLYCEROL, 4  '  0  45
_  ▼ V ethyl ALCOHOL, kg » 0 4 0

N C fT E ; S O L D  S Y M B O L S  D E N O T E  
0 0 1 8 1 ’  B E A D S .

O R

0 0 8

0 0 6

0 0 4

002

0 0 0 4  0 0 0 6  0 0 0 8  O O l 0 4 0  0 8 0  0 8 0  1 00200 0 4  0 0 6  0 0 8  Q I O0 0 8  

vdp (ftV hr)

F i g u r e  2 7 -  V e l o c i t y  Component  o f  t h e  E f f e c t i v e  
T h e r m a l  C o n d u c t i v i t y ;  A l l  L i q u i d  S y s t e m s
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v a l u e  o f  t h e  g r o u p  ( 2 k g / p  v  x )  w as  b e t w e e n  a b o u t  . 0 1 0

a n d  . 0 2 5 . T h e r e f o r e ,  t h e  c o n c e p t  o f  a d d e d  v a r i a n c e s ,  o r  

e q u i v a l e n t l y  a d d e d  c o n d u c t i v i t i e s ,  was  u s e d  a s  a  c o r r e l a t i n g  

t e c h n i q u e .

^e ~ ^e ^wm  ̂  ̂ ^ha ( I H “3 2 )

I t  i s  a s s u m e d  i n  t h i s  s e c t i o n  t h a t  t h e  r a t e  o f  f l u i d -  

s o l i d  h e a t  t r a n s f e r  i s  c o n t r o l l e d  p r i m a r i l y  by  t h e  " f i l m "  r e ­

s i s t a n c e  a r o u n d  t h e  s o l i d  s p h e r e s .  T h e  i n t r a - p a r t i c l e  

c o n d u c t i o n  r e s i s t a n c e  was c a l c u l a t e d  a n d  i s  s u f f i c i e n t l y  s m a l l  

t o  b e  n e g l i g i b l e  w i t h i n  t h e  a c c u r a c y  o f  t h e s e  d a t a .  The 

m a g n i t u d e  o f  t h e  " f i l m "  r e s i s t a n c e ,  c h a r a c t e r i z e d  b y  kj^^,  i s  

d e t e r m i n e d  f r o m  e x i s t i n g  h e a t - t r a n s f s r  d a t a .  An e d d y - d i s p e r -  

s i o n  c o n t r i b u t i o n  i s  t h e n  c a l c u l a t e d  a s  t h e  r e m a i n d e r  o f  k@(v) 

a f t e r  s u b t r a c t i o n  o f  kha» a n d  a  c o r r e l a t i n g  c u r v e  i s  d e v e l o p e d  

f o r  kymO* E d d y - d i s p e r s i o n  v a l u e s  t h u s  o b t a i n e d  a r e  shown t o  

b e  c o n s i s t e n t  w i t h  l o n g i t u d i n a l  m a s s - t r a n s f e r  d a t a  i n  t h e  

l i t e r a t u r e .  D a t a  f ro m  t h e  two s m a l l e r  b e a d - s i z e  p a c k s  'w ere  

n o t  u s e d  i n  t h e  d e v e l o p m e n t  o f  a  c o r r e l a t i o n  b e c a u s e  o f  t h e  

l a r g e  s c a t t e r  o f  k g ( v )  a t  t h e  l o w e r  v d p  r a n g e .  H o w e v e r ,  t h e  

f i n a l  c o r r e l a t i n g  c u r v e  i s  c o m p a r e d  t o  a l l  o f  t h e  e x p e r i m e n t a l  

s y s t e m s ,

F l u i d - S o l i d  H e a t  T r a n s f e r  

A f i n i t e  r a t e  o f  h e a t  t r a n s f e r  b e t w e e n  t h e  f l u i d  a n d  

s o l i d  p a r t i c l e s  r e s u l t s  i n  a  d i s p e r s i o n  o f  t h e r m a l  e n e r g y  

w h i c h ,  u n d e r  t h e  r e s t r i c t i o n s  g i v e n ,  may be c h a r a c t e r i z e d  by
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E q u a t i o n  ( I I I - 3 4 )  w h e r e

* P w M  + "p  s C s ( l - * )

a n d

] ( I I I -3 0 )

The  a s s u m p t i o n  ( t o  b e  c h e c k e d  l a t e r )  h a s  b e e n  made t h a t  t h e  

s o l i d  i n t r a - p a r t i c l e  r e s i s t a n c e  i s  n e g l i g i b l e .  Knowing t h e  

s y s t e m  p r o p e r t i e s ,  k ^ a  may b e  d e t e r m i n e d  f r o m  h e a t - t r a n s f e r  

c o e f f i c i e n t  d a t a .  The  l i t e r a t u r e  d a t a  a v a i l a b l e  w e r e  p r e ­

v i o u s l y  d i s c u s s e d  i n  C h a p t e r  I I  a n d  a  summary p l o t  o f  r e p r e ­

s e n t a t i v e  l o w - v e l o c i t y  d a t a  i s  shown i n  F i g u r e  5 1 f A p p e n d ix  M. 

D a t a  a t  low  R e y n o l d s  n u m b e rs  Re < 1 0 ,  a r e  r e l a t i v e l y  s c a r c e .

The  c o r r e l a t i n g  c u r v e  ( jg, v s .  R e)  o f  D r y d e n ,  S t r a n g ,  

a n d  W i th ro w  ( 4 3 )  was u s e d  t o  c a l c u l a t e  h a .  T h i s  c u r v e  was 

s e l e c t e d  p r i m a r i l y  b e c a u s e  D ryden  e t  a l .  o b t a i n e d  d a t a  i n  

l i q u i d  s y s t e m s  a t  low f l o w  r a t e s ,  a n d  f u r t h e r ,  t h e  d a t a  a r e  

i n  g o o d  a g r e e m e n t  w i t h  o t h e r  a v a i l a b l e  r e s u l t s .  T h u s ,  v a l u e s  

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

v a l u e  f o r  t h i s  w o r k .  To c h e c k  on t h e  e f f e c t s  o f  u s i n g  an a l ­

t e r n a t e  Mj" f a c t o r  c o r r e l a t i o n ,  c a l c u l a t i o n s  w e re  a l s o  made 

u s i n g  t h e  c o r r e l a t i o n  o f  Y o s h i d a ,  R am asuam i ,  a n d  Hougen ( 1 9 0 ) .

The  p a r t i c l e  s u r f a c e  a r e a  p e r  u n i t  vo lume o f  b e d ,  " a , "  

w as  c a l c u l a t e d  f r o m

a = ..̂ 1 (V-9)
‘‘p
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In F i g u r e  2 8 ,  a  t y p i c a l  p l o t  o f  v s ,  v d p ,  a s  d e t e r ­

m i n e d  from t h e  d a t a  o f  D ry d e n  e t  a l , ,  i s  p r e s e n t e d  f o r  a l l  

t h e  l i q u i d  s y s t e m s .  C a l c u l a t e d  v a l u e s  f o r  r u n s  o f  t h e  ,0 ^ 2 5  

i n c h  a n d  , 1 1 8  i n c h  s p h e r e  s y s t e m s  a r e  g i v e n  i n  A p p e n d ix  J ,  

A l s o ,  i n  F i g u r e  5 2 ,  A p p e n d ix  M, «is d e t e r m i n e d  f r o m  t h e

Y o s h i d a  e t  a l ,  c o r r e l a t i o n  i s  p r e s e n t e d .

S o l i d  I n t r a - P a r t i c l e  R e s i s t a n c e , The s o l i d - p h a s e ,  

i n t r a - p a r t i c l e  r e s i s t a n c e  t o  h e a t  t r a n s f e r  r e s u l t s  i n  an e f ­

f e c t i v e  l o n g i t u d i n a l  c o n d u c t i v i t y  shown i n  A p p e n d ix  K t o  be

'^ = (h a )  =

T h e  t o t a l  t h e r m a l - e n e r g y  d i s p e r s i o n  r e s u l t i n g  f r o m  a  f i n i t e  

f l u i d - s o l i d  h e a t - t r a n s f e r  r a t e  i s  t h e n  c h a r a c t e r i z e d  by  

I kjjg^ +  J ® T h i s  e x p r e s s i o n  (V -IO )  was d e r i v e d  f r o m  t h e

w o rk  o f  D a i s l e r  ( 3 9 ) .  A b a s i c  a s s u m p t i o n  i s  t h a t  a n y  g i v e n  

s o l i d  p a r t i c l e  i s  s u r r o u n d e d  by  f l u i d  a t  a  c o n s t a n t  t e m p e r a ­

t u r e ,  While  t h i s  a s s u m p t i o n  i s  n o t  c o m p a t i b l e  w i t h  t h e  i d e a  

o f  l o n g i t u d i n a l  m o l e c u l a r  c o n d u c t i o n  t h r o u g h  t h e  s o l i d  p h a s e ,  

E q u a t i o n  (V - lO )  may be  u s e d  a s  a  f i r s t  e s t i m a t e  o f  t h e  i n t r a ­

p a r t i c l e  r e s i s t a n c e .

C a l c u l a t e d  v a l u e s  o f  a r e  t a b u l a t e d  i n  T a b l e  6

f o r  t h e  w a t e r  a n d  e t h y l  a l c o h o l  s y s t e m s .  The maximum v a l u e s  

o f  k s ( h a )  a r e  a s  h i g h  a s  , 3 0  f o r  w a t e r  a t  a  vdp  o f  , 2 4 6 ,  a n d  

•1 3  f o r  e t h y l  a l c o h o l  a t  t h e  same v d p .  T h i s  a m o u n t s  t o  a b o u t  

10% a n d  5% r e s p e c t i v e l y  o f  t h e  t o t a l  m e a s u r e d  kg f o r  t h e s e  

s y s t e m s  a t  t h e  g i v e n  c o n d i t i o n s .  I n t e r m e d i a t e  p e r c e n t a g e s
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GLASS SPHERES

« 0.353

08

04

02

0.24020016008
vdp (fff/ht)

F i g u r e  2 8 -  v s .  v d p ;  H e a t - T r a n s f e r  C o e f f i c i e n t
D a t a  f ro m  D r y d e n ,  S t r a n g ,  W i th ro w
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TABLE 6

SOLID-PHASE, INTRA-PARTICLE RESISTANCE

I ,  S y s t e m :  W a t e r - G l a s s  S p h e r e s  .
Tavg = 1 2 0 OF $ = .353

k s ( h a )

.246  . 3 0

.197  .19

.1 4 ?  . 1 1

.098  ,049

.049 . 0 1 2

I I .  S y s t e m :  E t h y l  A l c o h o l  -  G l a s s  S p h e r e s
Tavg = 100°F ^ = .353

—  ^ s ( h a )

.246  .13

.197  .085

.1 4 ?  .048

. 0 9 8  . 0 2 1

. 0 4 9  . 0 0 5
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w e r e  o b t a i n e d  f o r  t h e  g l y c e r o l s .  W h i l e  t h e  m a g n i t u d e  o f  t h e s e  

n u m b e r s  i s  n o t e w o r t h y ,  t h e  c o n t r i b u t i o n  o f  i n  t h e  e x ­

p e r i m e n t a l  r a n g e  i n v e s t i g a t e d  i s  c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  

o t h e r  m e c h a n i s m s  c o n s i d e r e d .  At i t s  maximum c o n t r i b u t i o n ,  i t  

i s  j u s t  a t  t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r .  F u r t h e r ,  t h e  

u n c e r t a i n t y  i n  t h e  h a  d a t a  u s e d  t o  o b t a i n  d o e s  n o t  seem

t o  w a r r a n t  i n c l u s i o n  o f  i n  t h e  p r e s e n t  c o r r e l a t i o n

c a l c u l a t i o n s .  I t  i s  s t r e s s e d  t h a t  u n d e r  o t h e r  e x p e r i m e n t a l  

c o n d i t i o n s  ( e . g , ,  b e a d s  o f  l o w e r  m o l e c u l a r  c o n d u c t i v i t y ,  

l a r g e r  v d p )  t h e  e f f e c t s  o f   ̂ s h o u l d  be  a c c o u n t e d  f o r .

B ab c o c k  ( 6 )  h a s  t r e a t e d  t h i s  p r o b l e m .

D a t a  t a k e n  b y  B ab co ck  ( 6 )  on o v e r a l l  l o n g i t u d i n a l  e f ­

f e c t i v e  t h e r m a l  c o n d u c t i v i t i e s  i n  a  w a t e r - l e a d  b e a d  ( . 1 1 8  i n c h )  

p o r o u s  medium a l s o  s u b s t a n t i a t e  t h e  a s s u m p t i o n  t h a t  kg^ ^ ^ ^  may 

b e  n e g l e c t e d  h e r e .  V a l u e s  o f  k g ( v ) ,  a t  m e a s u r e m e n t s  t a k e n  

o v e r  a  v dp  r a n g e  o f  , 0 7  t o  , 2 5 , w e r e  e s s e n t i a l l y  i n  a g r e e m e n t  

w i t h  g l a s s - w a t e r  d a t a .  H o w ev e r ,  a  l a r g e  a b s o l u t e  e r r o r  i n  

t h e  w a t e r - l e a d  k g ( v )  d a t a ,  r e s u l t i n g  b e c a u s e  k g °  was r e l a ­

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

b e t w e e n  t h e  tw o  d a t a  s e t s ,

Eddy D i s p e r s i o n  

The e d d y - d i s p e r s i o n  c o m p o n e n t  o f  k@(v) was c a l c u l a t e d  

a s  t h e  d i f f e r e n c e  b e t w e e n  k g ( v )  a n d  kj^a*

^#m^ = ( ^ e  -  kgO) -  k h a  ( V - l l )

T h e s e  d a t a  ( f o r  t h e  , 0 4 2 5  a n d  , 1 1 8  i n c h  b e a d s )  a r e  p l o t t e d  i n  

F i g u r e  29  a s  a  f u n c t i o n  o f  vdp  a n d  a r e  t a b u l a t e d  i n  A p p e n d ix
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J ,  A r e g r e s s i o n  a n a l y s i s  o f  the  w a t e r  a n d  e t h y l  a l c o h o l  d a t a  

showed t h e  b e s t  l i n e s  t h r o u g h  t h e  two d a t a  s e t s  t o  be  p a r a l l e l  

b u t  n o t  c o i n c i d e n t  a t  a  95% c o n f i d e n c e  l i m i t .

The e d d y - d i s p e r s i o n  c o n d u c t i v i t i e s  a r e  shown t o  b e  i n  

a g r e e m e n t  w i t h  a v a i l a b l e  l i t e r a t u r e  d a t a  a n d  a  c o r r e l a t i n g  

c u r v e  f o r  i s  t h e n  d e v e l o p e d .

C o m p a r i s o n  o f  t o  L i t e r a t u r e  D a t a ,  W h i l e  no

t h e r m a l - e n e r g y  l o n g i t u d i n a l  e d d ^ - d i s p e r s i o n  d a t a  a r e  a v a i l a b l e  

a t  t h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  t h i s  i n v e s t i g a t i o n ,  s e v e r a l  

s t u d i e s  h a v e  b e e n  made f o r  m ass  t r a n s f e r .  T h e s e  w e re  d i s c u s ­

s e d  «in C h a p t e r  I I ,  w h e r e  t h e  d i f f e r e n c e  i n  r e s u l t s  o b t a i n e d  

i n  l i q u i d  s y s t e m s  a n d  g a s  s y s t e m s  was  d e s c r i b e d .

I n  F i g u r e  3 0 ,  d a t a  f r o m  t h i s  s t u d y  f o r  t h e  w a t e r  and  

a l c o h o l  s y s t e m s ,  a s  w e l l  a s  t h e  l i t e r a t u r e  m a s s - t r a n s f e r  

d a t a ,  a r e  shown a s  a  p l o t  o f  Pe v e r s u s  R e ,  w h e re

Pe  .  (V-12)

a n d  f o r  h e a t  t r a n s f e r

T h i s  p l o t  i s  o n l y  f o r  c o m p a r i s o n  p u r p o s e s .  The h e a t - t r a n s f e r  

r e s u l t s  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  g a s - p h a s e  m a s s - t r a n s f e r  

w ork  o f  McHenry a n d  W i lh e lm  (120) a n d  a r e  som ew hat  b e l o w  t h e  

Pen, v a l u e s  o f  D e i s l e r  ( 3 9 ,  4 o ) ,  The h e a t - t r a n s f e r  P e  num bers  

a r e  c o n s i d e r a b l y  a b o v e  t h o s e  f o r  e d d y  d i s p e r s i o n  o f  m ass  i n  

l i q u i d  s y s t e m s .  F o r  t h e  s y s t e m s  sh ow n ,  t h e  m o l e c u l a r  c o n t r i ­

b u t i o n s  a r e  a s  f o l l o w s ;  ( l )  Dq, i s  n e g l i g i b l e  i n  t h e



10,

-  I oS-
—  K o oib ’ ,

— JCoair 
&oca#f|A oil*'
AO.in*

f&- =

r U -
r J

V O - l t * 'O M n > a  iM M U li ( t s i  
-o-aiiC iMteaaHMai40i,ea

k|a nwi t,f«K «  «(«SI DIM
• O  D IM " I

#  o o l t s V " ” * '

004 oat D M  dT

-I—U.

•A

- I  r

-i L

TV

; !

i> DO
ifi-

i - r

i - M -

-f-H-
I  i  I

4 U
TT

H t
! I :

H—I- - M -

S f c
V I

■ n rt t
4 —u

-i— r
!  l i

-1 »-

Hr

" 1  

•0 so ' IÔÛ « Ô Ô  « 0 0  « X X X »

•e-

F i g u r e  3 0 -  P e c l e t  Number v s .  R e y n o l d s  Number;  
H e a t - a n d  M a s s - T r a n s f e r  D a t a



125

l i q u i d - p h a s e  m a s s - t r a n s f e r  d a t a ,  (2 )  D,, i s  a p p r o x i m a t e l y  30% 

o f  (En, + Dg,) i n  t h e  g a s - p h a s e  m a s s - t r a n s f e r  d a t a  a t  a R e y ­

n o l d s  num ber  o f  2 7 ,  a n d  (3 )  Dj, i s  a b o u t  8% o f  (Ejj + i n  

t h e  h e a t - t r a n s f e r  r e s u l t s  a t  a  R e y n o l d s  num ber  o f  1 1 ,  The 

r e l a t i v e  i m p o r t a n c e  o f  D d e c r e a s e s  w i t h  i n c r e a s i n g  Re,

In  F i g u r e  31» w a t e r  a n d  e t h y l  a l c o h o l  d a t a  o f  t h i s  

i n v e s t i g a t i o n  a r e  c o m p ar ed  t o  t h e  m a s s - t r a n s f e r  r e s u l t s  i n  a 

p l o t  o f  E v e r s u s  v d p .  I t  i s  shown i n  t h i s  g r a p h  a l s o  t h a t  

t h e  e d d y  d i f f u s i v i t i e s  f o r  h e a t  t r a n s f e r  a n d  g a s - p h a s e  mass  

t r a n s f e r  f a l l  b e l o w  t h e  l i q u i d - p h a s e  m a s s - t r a n s f e r  r e s u l t s .

According to  the model of  Keulemans (95) fo r  eddy 

d i s p e r s i o n ,

E = n vdp ( 1 1 - 3 2 )

w h e r e  q i s  a  c o n s t a n t  c h a r a c t e r i s t i c  o f  t h e  p o r o u s  medium.

At t h e  same R e y n o l d s  number  t h e r e f o r e ,  two g e o m e t r i c a l l y  

s i m i l a r  p a c k e d - b e d  s y s t e m s  s h o u l d  h a v e  t h e  same q v a l u e ,  r e ­

s u l t i n g  i n  t h e  Pe n u m b ers  b e i n g  e q u a l  f o r  t h e  two s y s t e m s  

( p r o v i d e d  m o l e c u l a r  d i f f u s i v i t i e s  a r e  e q u a l ) .  H o w ev e r ,  m a s s -  

t r a n s f e r  r e s u l t s  w i t h  l i q u i d s  a n d  g a s e s  a r e  q u i t e  d i f f e r e n t ,  

n e c e s s i t a t i n g  an  e x p l a n a t i o n .

A p r o p o s e d  r e a s o n  h a s  b e e n  d i s c u s s e d  by s e v e r a l  a u ­

t h o r s  ( 1 7 ,  5 6 , 7 1 ) ,  a n d  i s  b a s e d  on t h e  r e s u l t s  o b t a i n e d  by 

T a y l o r  f o r  d i s p e r s i o n  i n  f l o w  t h r o u g h  a  c a p i l l a r y  t u b e .  B e ­

c a u s e  o f  v e l o c i t y  p r o f i l e s  w h i c h  d e v e l o p  i n  t h e  p o r e s  a n d  due  

t o  f l u i d  " t r a p p i n g "  e t c . ,  some o f  t h e  f l u i d  i n  t h e  p o r e s  w i l l  

b e  b y - p a s s e d  b y  t h e  d i s p l a c i n g  f l u i d ,  a t  l e a s t  t e m p o r a r i l y .
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T h i s  b y - p a s s e d  f l u i d  w i l l  a p p r o a c h  t h e  main  s t r e a m  c o n c e n t r a ­

t i o n  by  a  m o l e c u l a r  c o n d u c t i o n  p r o c e s s .  The r e s u l t  o f  t h i s  

b y - p a s s i n g  i s  a g r e a t e r  l o n g i t u d i n a l  d i s p e r s i o n  o f  m a s s ,  t h e  

d i s p e r s i o n  b eco m in g  g r e a t e r  a s  t h e  m o l e c u l a r  d i f f u s i v i t y  i s  

d e c r e a s e d .  C o n v e r s e l y ,  i f  t h e  f l u i d  h a s  a  v e r y  h i g h  m o l e c u ­

l a r  d i f f u s i v i t y ,  c o n c e n t r a t i o n  g r a d i e n t s  n o r m a l  t o  t h e  f l o w  

d i r e c t i o n  w h i c h  r e s u l t  b e c a u s e  o f  b y - p a s s i n g  w i l l  b e  q u i c k l y  

d i m i n i s h e d  a n d  t h e  r e s u l t i n g  l o n g i t u d i n a l  eddy  d i s p e r s i o n  w i l l

b e  r e d u c e d .  T h i s  e f f e c t  i s  c h a r a c t e r i z e d  by  (5 6 )
2

E ( 1 1 - 3 4 )

T h u s ,  on t h i s  b a s i s ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  g a s - a n d  l i ­

q u i d - p h a s e  m a s s - t r a n s f e r  d a t a  i s  a t  l e a s t  q u a l i t a t i v e l y  e x ­

p l a i n e d .

F o r  t h e  c a s e  o f  h e a t  t r a n s f e r ,  t h e  m o l e c u l a r  t h e r m a l  

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

g a s  m ass  d i f f u s i o n .  In  a d d i t i o n ,  m o l e c u l a r  c o n d u c t i o n  t h r o u g h  

t h e  s o l i d  p a r t i c l e s ,  a s  w e l l  a s  c o n d u c t i o n  f r o m  t h e  b u l k  

f l u i d ,  w i l l  a c t  t o  b r i n g  t h e  " b y - p a s s e d "  f l u i d  up  t o  t h e  m a i n ­

s t r e a m  t e m p e r a t u r e .  T h e r e f o r e ,  t h e  e f f e c t  o f  m o l e c u l a r  c o n ­

d u c t i o n  t h r o u g h  t h e  s o l i d  s h o u l d  be t o  d e c r e a s e  t h e  

l o n g i t u d i n a l  e d d y  d i s p e r s i o n .  Q u a l i t a t i v e l y  t h e n ,  w i t h  l i q u i d s  

f l o w i n g ,  t h e  e d d y - d i s p e r s i o n  c o e f f i c i e n t  f o r  h e a t  t r a n s f e r  

w o u l d  be  e x p e c t e d  to  be s m a l l e r  t h a n  f o r  t h e  c o r r e s p o n d i n g  

m a s s - t r a n s f e r  c a s e .  T h i s  was t h e  r e s u l t  o b t a i n e d  e x p e r i m e n ­

t a l l y .
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C o r r e l a t i o n  o f  Eddy D i f f u s i v i t y .  The two m e c h a n i s m s ,  

E q u a t i o n  ( 1 1 - 3 2 )  a n d  ( 1 1 - 3 ^ ) ,  a r e  n o t  a d d i t i v e  b u t ,  a  c o r ­

r e l a t i n g  e q u a t i o n  o f  t h e  f o l l o w i n g  f o r m  i s  s u g g e s t e d  ( 1 5 ,  1 7 ) ,

D “ It "

pi
( W - l k )

w h e r e  q a n d  m a r e  c o n s t a n t s  o b t a i n e d  f r o m  e x p e r i m e n t a l  d a t a  

a n d  w h e r e  m i s  g r e a t e r  t h a n  o n e .  The*k^„(j) d a t a  a r e  p l o t t e d  

i n  F i g u r e  32 w i t h  E/D as  a  f u n c t i o n  o f  v d p / D .  A l e a s t  s q u a r e s  

f i t  t o  a l l  t h e  d a t a  w i t h  a  v d p  v a l u e  g r e a t e r  t h a n  . 0 3  y i e l d e d  

q = . 1 1 5 ,  a n d  m = 1 . 2 5 .

(Vi ,1-23
| = . 1 1 5 | - ^ )  (v- i i )

T h i s  c u r v e  i s  a l s o  shown i n  F i g u r e  3 2 .

E q u a t i o n  (V-15)  w as  t e s t e d  a g a i n s t  t h e  m a s s - t r a n s f e r  

d a t a  o f  s e v e r a l  i n v e s t i g a t o r s .  A p l o t  o f  t h i s  e q u a t i o n  and  

t h e  g a s - p h a s e  d i s p e r s i o n  r e s u l t s  o f  McHenry a n d  V i l h e l m  ( 1 1 9 ,  

120)  a n d  D e i s l e r  ( 3 9 ,  ^ 0 )  i s  g i v e n  i n  F i g u r e  33» I n  F i g u r e  

3 4 ,  t h e  e q u a t i o n  i s  c o m p a r ed  t o  t h e  r e s u l t s  o f  l i q u i d - p h a s e  

m a s s - t r a n s f e r  i n v e s t i g a t i o n s  ( 1 2 ,  2 9 ,  l l 4 ) .  Sample  c a l c u l a ­

t i o n s  a r e  shown i n  A p p e n d ix  F .  Over t h i s  w id e  r a n g e  o f  f l u i d  

s y s t e m s .  E q u a t i o n  (V-15)  d o e s  a p p e a r  t o  s a t i s f a c t o r i l y  c o r ­

r e l a t e  t h e  e f f e c t  o f  t h e  f l u i d - p h a s e  m o l e c u l a r  d i f f u s i v i t y .  

H o w e v e r ,  a s  p r e v i o u s l y  d i s c u s s e d ,  f o r  h e a t  t r a n s f e r  c o n d u c t i o n  

t h r o u g h  t h e  s o l i d  p a r t i c l e s  s h o u l d  a c t  t o  d e c r e a s e  t h e  m ea ­

s u r e d  e d d y - d i s p e r s i o n  c o e f f i c i e n t .  T h i s  e f f e c t  h a s  n o t  b e e n  

i n c l u d e d  i n  E q u a t i o n  ( V - 1 5 ) .  F u r t h e r  i n v e s t i g a t i o n  w i t h  s o l i d
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8 0 I MCHENRY a  WILHELM (120) dp=0.127“
Hj-Nj

□  DEISLER a  WILHELM (40) dp =0.125" fAveioge value over 
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p a c k i n g  o f  d i f f e r e n t  c h a r a c t e r i s t i c s  i s  r e q u i r e d  t o  e s t a b l i s h  

t h e  i m p o r t a n c e  o f  t h i s  s o l i d - c o n d u c t i o n  m e c h a n i s m .

B ab c o c k  (6 )  m e a s u r e d  t h e  l o n g i t u d i n a l  e f f e c t i v e  t h e r ­

m a l  c o n d u c t i v i t i e s  i n  a  s y s t e m  o f  g l a s s  b e a d s  ( . 1 1 8  i n c h )  

a n d  S o l t r o l  ' '130*' ( P h i l l i p s  P e t r o l e u m  Company t r a d e  name f o r  

a  h y d r o c a r b o n  m i x t u r e ;  s e e  T a b l e  l 6  f o r  p h y s i c a l  p r o p e r t i e s ) .  

Eddy  d i f f u s i v i t i e s  w e r e  d e t e r m i n e d  f r o m  t h e  B a b c o c k  d a t a  i n  

t h e  same m a n n e r  a s  f o r  d a t a  o f  t h i s  i n v e s t i g a t i o n .  T h e s e  

a r e  p l o t t e d  i n  F i g u r e  35 a l o n g  w i t h  E q u a t i o n  (V -1 5 )»  w h e re  

t h e  a g r e e m e n t  i s  p o o r .  T h i s  d i s c r e p a n c y  h a s  n o t  b e e n  e x p l a i n ­

e d ,  b u t  two p o s s i b l e  r e a s o n s  may b e ;

(1 )  The  c a l c u l a t e d  h e a t - t r a n s f e r  c o e f f i c i e n t s  u s e d  i n  

t h e  d e t e r m i n a t i o n  o f  kjjg  ̂ an d  s u b s e q u e n t l y  a r e  t o o  h i g h .

A l o w e r  h a  w o u l d  i n c r e a s e  k^a»  d e c r e a s i n g  a n d  b r i n g  t h e

d a t a  i n t o  b e t t e r  a g r e e m e n t .

( 2 )  As d i s c u s s e d ,  t h e  c o n d u c t i o n  o f  h e a t  t h r o u g h  t h e  

s o l i d  b e a d s  s e r v e s  t o  d e c r e a s e  t h e  e d d y - d i s p e r s i o n  c o e f f i c i e n t .  

T h i s  e f f e c t  h a s  n o t  b e e n  i n c l u d e d  i n  E q u a t i o n  (V -1 5 )  a s  i t s  

i m p o r t a n c e  i s  n o t  known.

C o r r e l a t i o n  o f  Eddy D i f f u s i v i t y ;  k^g^ From C o r r e l a t i o n

o f  Y o s h i d a . R a m a s u a m i . H o u g e n . An a n a l y s i s  was made f o r  a l l  

e x p e r i m e n t a l  d a t a  o f  t h i s  i n v e s t i g a t i o n ,  i n  w h i c h ,  kjjg. v a l u e s  

w e r e  c a l c u l a t e d  f r o m  t h e  " j "  f a c t o r  c o r r e l a t i o n  o f  Y o s h i d a  

e t  a l ,  ( 1 9 0 ) r a t h e r  t h a n  t h e  D r y d e n ,  e t  a l ,  c u r v e .  The e d d y -  

d i s p e r s i o n  c o e f f i c i e n t ,  k^m^T was a g a i n  t a k e n  a s  t h e  r e m a i n d e r  

o f  k e ( v )  a f t e r  s u b t r a c t i o n  o f  k^^^. The r e s u l t i n g  p l o t  o f
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v s . ( v d p /D h )  i s  shown a n d  t h e  c a l c u l a t i o n s  d i s ­

c u s s e d  in  A p p e n d ix  M.

Summation  o f  C o n d u c t i v i t i e s  

"  The  t o t a l  e f f e c t i v e  c o n d u c t i v i t y ,  k© i s  a s s u m e d  to  be  

t h e  sum

= k e °  + kwm* + l=ha ( m - 3 2 )

I n  summary, t h e  i n d i v i d u a l  c o n d u c t i v i t i e s  on t h e  r i g h t  h a n d  

s i d e  o f  t h e  e q u a t i o n  h a v e  b e e n  d e t e r m i n e d  a s  f o l l o w s :

( 1 )  The  s t a t i c  c o n d u c t i v i t y ,  k@°, was  o b t a i n e d  by  

e x t r a p o l a t i o n  o f  t h e  kg d a t a  t o  z e r o  f l u i d  v e l o c i t y .  V a lu e s  

o f  k g °  a r e  g i v e n  i n  T a b l e  5 .

( 2 )  The e f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t ,  k ^ a ,  was 

c a l c u l a t e d  f r o m  E q u a t i o n  ( I I I - 3 0 ) ,  w i t h  t h e  ' j '  f a c t o r  c o r ­

r e l a t i o n  o f  D ryden  e t  a l .  (43)  b e i n g  u s e d  t o  o b t a i n  ha

( F i g u r e  2 8 ) .

( 3 )  A c o r r e l a t i n g  c u r v e ,  E q u a t i o n  ( V - 1 5 ) ,  was d e v e l o p ­

ed  f o r  t h e  e d d y - d i s p e r s i o n  c o e f f i c i e n t ,  k^^<j). T h i s  c u r v e  r e ­

s u l t e d  f r o m  an  e m p i r i c a l  * f i t "  t o  t h e  k^mt v a l u e s  c a l c u l a t e d  

f r o m  e x p e r i m e n t a l  d a t a .

The  r e s u l t i n g  p r e d i c t i v e  c u r v e s  o f  k@ a r e  p r e s e n t e d  

a l o n g  w i t h  t h e  d a t a  f o r  t h e  w a t e r  and  e t h y l  a l c o h o l  s y s t e m s  

i n  F i g u r e s  36 a n d  37* C a l c u l a t e d  c o n d u c t i v i t i e s  a r e  g i v e n  i n  

T a b l e  ? .  The  g l y c e r o l  d a t a  o f  t h i s  i n v e s t i g a t i o n  a r e  shown 

a s  F i g u r e s  54  a n d  55 a n d  T a b l e  28 o f  A p p en d ix  M. The maximum 

d e v i a t i o n  o f  t h e  d a t a  f r o m  t h e  p r e d i c t i v e  c u r v e s  i s  +_ 15%»
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TABLE 7

SUMMATION OF CONDUCTIVITIES; FROM DRYDEN, STRANG, WITHROW 

DATA; WATER AND ETHYL ALCOHOL SYSTEMS

W a t e r ;  T = 110°F  ^ = , 3 5 6

v d p  kg® ^ h a

. 0 1  .51  .0 0 3  . 0 2 9  .5 4 2

. 0 2  . 0 0 9  . 0 6 9  . 5 8 8

. 0 5  . 0 5 0  . 2 1 8  , 7 7 8

. 1 0  . 1 6 1  , 5 2 0  1 .1 9 1

. 1 5  . 3 1 9  . 8 6 0  1 . 6 8 9

. 2 0  . 5 2 0  1 . 2 3 0  2 . 2 6 0

. 2 4  . 7 0 5  1 . 5 3  2 . 7 4 5

E t h y l  A l c o h o l :  T = 95°F  $ = . 3 5 6

v d p  k e °  k e ( h a )  k^ m ^  k@

, 0 1  . 40  . 0 0 4  . 0 1 6  , 4 2 0
. 0 2  , 0 2 7  . 0 3 8  ,4 6 5
. 0 5  .0 6 5  . 1 2 1  . 5 8 6
, 1 0  , 2 1 3  . 2 8 8  ,9 0 1
. 1 5  . 4 2 2  . 4 7 5  1 . 2 9 7
. 2 0  . 6 9 8  . 6 8 0  1 . 7 7 8
. 2 4  .9 3 3  . 8 5 0  2 . 1 8 3
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L i t e r a t u r e  D a t a . B a b c o c k  (6 )  m e a s u r e d  o v e r a l l  e f f e c ­

t i v e  t h e r m a l  c o n d u c t i v i t i e s  i n  a S o l t r o l  ” 1 3 0 ” ( P h i l l i p s  P e ­

t r o l e u m  C o . )  -  g l a s s  b e a d  s y s t e m .  T h e s e  d a t a  a n d  t h e  p r e d i c t ­

e d  c u r v e  a r e  shown i n  F i g u r e  5 6 ,  o f  A p p e n d ix  M. The p r e d i c t e d  

c u r v e  i s  a p p r o x i m a t e l y  35% l o w .

H a d i d i  ( ? 6 )  c o n d u c t e d  a  l i m i t e d  number  o f  c o o l i n g  ru n  

e x p e r i m e n t s  i n  a  w a t e r - g l a s s  s p h e r e  ( l 4 0 - 1 7 0  m esh )  s y s t e m  o f  

t h e  same g e n e r a l  t y p e  a s  u s e d  i n  t h i s  i n v e s t i g a t i o n .  He 

f o u n d  kg t o  b e  a  c o n s t a n t ,  e q u a l  t o  0 , 6  B t u / h r - f t ^ ° F / f t ,  a t  

l i q u i d  v e l o c i t i e s  up  t o  7 . 6  f t / h r .  T h i s  i s  i n  a g r e e m e n t  w i t h  

t h e  p r e s e n t  w o r k ,

P r e s t o n  (1 3 8 )  made a  s i m i l a r  a n a l y s i s  t o  t h a t  o f  

H a d i d i .  H o w ev e r ,  h i s  e x p e r i m e n t a l  r u n s  w e re  a l l  h e a t i n g  r u n s ,  

i . e . ,  t h e  p a c k e d  b e d  was  f i r s t  c o o l e d  and  t h e n  h o t  l i q u i d  was 

i n j e c t e d  i n t o  t h e  b e d .  T h e s e  r e s u l t s  a r e  d i s c u s s e d  i n  Appen­

d i x  L a l o n g  w i t h  a d d i t i o n a l  w ork  o f  t h i s  i n v e s t i g a t i o n .

S t e a d y - s t a t e  l o n g i t u d i n a l  e f f e c t i v e  t h e r m a l  c o n d u c ­

t i v i t i e s  w e r e  m e a s u r e d  by  K u n i i  a n d  S m i th  (1 0 6 )  i n  b o t h  l i q u i d  

a n d  g a s  s y s t e m s  a n d  by  Y a g i  e t  a l .  ( 1 8 9 )  i n  g a s  s y s t e m s .  How­

e v e r ,  t h e  r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  do n o t  a p p e a r  

t o  b e  d i r e c t l y  a p p l i c a b l e  t o  t h e  s t e a d y - s t a t e  c a s e .  T h i s  i s  

s o  f o r  two r e a s o n s :

(1 )  At s t e a d y  s t a t e ,  t h e  l o n g i t u d i n a l  h e a t - t r a n s f e r  

r a t e  i s  n o t  c h a r a c t e r i z e d  b y  an a d d i t i o n  o f  t h e  v a r i a n c e s  f o r  

t h e  d i f f e r e n t  c o n t r i b u t i n g  h e a t - t r a n s f e r  m e c h a n i s m s .

(2 )  The  c o r r e l a t i o n  f o r  e d d y  d i s p e r s i o n ,  E q u a t i o n
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(V-15)>  I n c l u d e s  t h e  e f f e c t  o f  i n t e r a c t i o n  b e tw e e n  t e m p o r a r y  

f l u i d  b y - p a s s i n g  a n d  t r a p p i n g  w i t h i n  t h e  b e d ,  and  m o l e c u l a r  

c o n d u c t i o n  w h i c h  s e r v e s  t o  b r i n g  t h e  f l u i d  i n  t h e s e  " t r a p p e d ” 

a r e a s  u p  t o  t h e  m a i n - s t r e a m  t e m p e r a t u r e .  As d i s c u s s e d  by  

G o t t s c h l i c h  ( 7 1 )» t h i s  e f f e c t  s h o u l d  n o t  b e  a  s i g n i f i c a n t  

c o n t r i b u t i o n  a t  s t e a d y  s t a t e .



CHAPTER VI 

SUMMARY AND CONCLUSIONS

A f l u i d  i s  c o n s i d e r e d  a s  b e i n g  i n  o n e - d i m e n s i o n a l ,  

s t e a d y ,  p i s t o n  f l o w  t h r o u g h  a  hom ogeneous  p o r o u s  m ed ium .  At 

t h e  e n t r a n c e  f a c e ,  a s t e p  f u n c t i o n  i n  t e m p e r a t u r e  i s  im p o s e d  

on t h e  i n j e c t e d  f l u i d .  The r e s u l t i n g  h e a t  f r o n t ,  ( o r  c o l d  

f r o n t )  , moves t h r o u g h  t h e  p o r o u s  medium, w i t h  t h e r m a l  e n e r g y  

b e i n g  d i s p e r s e d  i n  t h e  d i r e c t i o n  o f  f l u i d  f l o w  a n d  away f r o m  

t h e  mean h e a t - f r o n t  p o s i t i o n  by  a  c o m b i n a t i o n  o f  h e a t - t r a n s f e r  

m e c h a n i s m s .  The  p a r t i c u l a r  d i s p e r s i o n  m e c h a n i s m s  o f  m o l e c u l a r  

c o n d u c t i o n ,  e d d y  d i s p e r s i o n ,  a n d  a  f i n i t e  f l u i d - s o l i d  h e a t -  

t r a n s f e r  r a t e  w e r e  c o n s i d e r e d .

G e n e r a l  d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  t h e  r a t e  o f  

h e a t  t r a n s f e r  w e r e  s o l v e d  n u m e r i c a l l y  u s i n g  a d i g i t a l  compu­

t e r .  S i n c e  t h e  c o m p u t i n g  t i m e  n e c e s s a r y  t o  c a r r y  o u t  t h e  

n u m e r i c a l  c a l c u l a t i o n s  was p r o h i b i t i v e ,  an  a p p r o x i m a t e  s o l u ­

t i o n  was  d e v e l o p e d  b a s e d  on t h e  p r e v i o u s  work  o f  Van D e em te r  

e t  a l ,  ( 1 7 5 )> a n d  K l i n k e n b e r g  a n d  S j e n i t z e r  ( l O O ) ,  To a r r i v e  

a t  t h e  a p p r o x i m a t i o n ,  v a r i a n c e s  f o r  t h e  d i f f e r e n t  h e a t - t r a n s f e r  

m e c h a n i s m s  w e r e  shown t o  b e  a d d i t i v e  u n d e r  p r e s c r i b e d  c o n d i ­

t i o n s  o f  p a r a m e t e r  s i z e s ,

l40
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The m a t h e m a t i c a l  m ode l  w as  c h e c k e d  e x p e r i m e n t a l l y  

w i t h  a  s y s t e m  w h i c h  c o n s i s t e d  e s s e n t i a l l y  o f  a  h o m o g e n eo u s  

p a c k e d  b ed  o f  s p h e r i c a l  p a r t i c l e s .  P r o v i s i o n  was  made t o  

a p p r o x i m a t e  t h e  i n j e c t i o n  o f  a  t e m p e r a t u r e  s t e p  f u n c t i o n  a t  

t h e  b e d  e n t r a n c e ,  a n d  t o  m e a s u r e  t h e  r e s p o n s e  t e m p e r a t u r e  

p r o f i l e  a t  a  p o s i t i o n  down t h e  b e d .  L i q u i d  s y s t e m s  f l o w i n g  

a t  r e l a t i v e l y  low  v e l o c i t i e s  w e r e  i n v e s t i g a t e d .

E f f e c t i v e  l o n g i t u d i n a l  t h e r m a l  c o n d u c t i v i t i e s  w ere  

d e t e r m i n e d  f r o m  e x p e r i m e n t a l  t i m e - t e m p e r a t u r e  d a t a  u s i n g  the  

c o n d u c t i o n - e q u a t i o n  s o l u t i o n .  T h e s e  k@ v a l u e s  w e r e  c o r r e l a t e d  

a s s u m i n g  th e m  t o  be  t h e  sum o f  t h e  c o n t r i b u t i o n s  f r o m  t h e  

i n d i v i d u a l  m e c h a n i s m s ,  k g ° ,  k^m^, and  k ^ a ,  i n  a c c o r d a n c e  w i t h  

t h e  m a t h e m a t i c a l  m o d e l .  The s t a t i c  c o m p o n e n t ,  k@°, was  ob ­

t a i n e d  b y  e x t r a p o l a t i o n  o f  kg d a t a  t o  z e r o  v e l o c i t y .  The 

*'J” f a c t o r  c o r r e l a t i o n  o f  Dryden  e t  a l ,  ( ^ 3 )  p r o v i d e d  a  means 

o f  c a l c u l a t i n g  h a  a n d  c o r r e s p o n d i n g l y  kha*  F i n a l l y ,  t h e  

e d d y - d i s p e r s i o n  c o n t r i b u t i o n  was o b t a i n e d  a s  t h e  r e m a i n d e r  o f  

k g  a f t e r  s u b t r a c t i o n  o f  k g °  a n d  k ^ a *  T h e s e  k^m<|) v a l u e s  were 

c o m p a r e d  t o  l i t e r a t u r e  m a s s - t r a n s f e r  d a t a ,  a n d  an  e m p i r i c a l  

c o r r e l a t i n g  c u r v e  was d e v e l o p e d  f o r  eddy  d i s p e r s i o n .

C o n c l u s i o n s

The f o l l o w i n g  m a in  c o n c l u s i o n s  may b e  d ra w n  f r o m  the 

r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,

1 ,  The  s o l u t i o n  t o  t h e  g e n e r a l  d i f f e r e n t i a l  e q u a t i o n s ,  

w h i c h  i n c l u d e  s e v e r a l  m e c h a n i s m s  f o r  t r a n s i e n t  l o n g i t u d i n a l
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d i s p e r s i o n  o f  t h e r m a l  e n e r g y ,  may b e  a p p r o x i m a t e d  by  a  s i m p l e  

c o n d u c t i o n - e q u a t i o n  s o l u t i o n  u s i n g  an e f f e c t i v e  t h e r m a l  c o n ­

d u c t i v i t y  w h i c h  i s  e q u a l  t o  t h e  sum o f  t h e  c o n t r i b u t i n g  c o n ­

d u c t i v i t i e s ,  w h e r e  e a c h  i s  a  m e a s u r e  o f  a  s e p a r a t e  mechanism^ 

T h i s  i s  t r u e  w i t h i n  p r e s c r i b e d  c o n d i t i o n s  o f  p a r a m e t e r  s i z e s .

2 ,  E x p e r i m e n t a l ,  l o n g i t u d i n a l ,  t h e r m a l - e n e r g y  d i s ­

p e r s i o n  d a t a  f i t  t h e  c o n d u c t i o n - e q u a t i o n  s o l u t i o n  a s  l o n g  a s  

p i s t o n  f l o w  o c c u r r e d .  V a l u e s  o f  t h e  e f f e c t i v e  t h e r m a l  c o n ­

d u c t i v i t y ,  k g , c a l c u l a t e d  f r o m  t h e  d a t a  s u b s t a n t i a t e  t h e  

a d d i t i v i t y  o f  t h e  i n d i v i d u a l  c o n t r i b u t i n g  c o n d u c t i v i t i e s :

^ e  * ^wm4^* a n d  k^a*

3 ,  U n d e r  p r e s c r i b e d  c o n d i t i o n s ,  t r a n s i e n t  l o n g i t u d i ­

n a l  d i s p e r s i o n  o f  t h e r m a l  e n e r g y  r e s u l t i n g  f r o m  a f i n i t e  h e a t -  

t r a n s f e r  c o e f f i c i e n t  b e t w e e n  f l u i d  a n d  s p l i d  may be  

c h a r a c t e r i z e d  b y  an e f f e c t i v e  c o n d u c t i v i t y ,  kj^^* a n d  t h e  

e q u a t i o n  f o r  t h e r m a l  c o n d u c t i o n .

4 ,  V a l u e s  o f  kg  o b t a i n e d  f r o m  d a t a  f o r  a g i v e n  l i q u i d  

i n c r e a s e  a s  a  sm ooth  f u n c t i o n  o f  t h e  p r o d u c t  o f  i n t e r s t i t i a l  

v e l o c i t y  a n d  p a r t i c l e  s i z e ,  i . e . ,  v d p .  F o r  t h e  s y s t e m s  

S t u d i e d ,  a t  v d p  v a l u e s  l e s s  t h a n  a b o u t  . 0 1 ,  kg may be  a ssum ed  

a  c o n s t a n t  e q u a l  t o  t h e  s t a t i c  c o n d u c t i v i t y ,  k g ° ,  w i t h  o n l y  

s m a l l  e r r o r .

5» The  c o r r e l a t i o n  d e v e l o p e d  f o r  e d d y  d i s p e r s i o n  a d ­

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

t h e  e d d y - d i s p e r s i o n  c o e f f i c i e n t .  The  e f f e c t  o f  s o l i d - p h a s e  

c o n d u c t i o n  on e d d y  d i s p e r s i o n  s h o u l d  b e  i n v e s t i g a t e d  f u r t h e r .
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NOMENCLATURE

a  = p a r t i c l e  a r e a  p e r  u n i t  b e d  v o lu m e ,

b  = c o n s t a n t

B = c o e f f i c i e n t  d e f i n e d  i n  E q u a t i o n  (K - 2 )

0 = h e a t  c a p a c i t y ,  B t u / # ° F

C = c o n c e n t r a t i o n ,  m o l e s / f t ^

^1 = PwCw* , B t u / f t 3  °F

C2 = P g C g ( l - * )  , B t u / f t 3  OF

D = m o l e c u l a r  d i f f u s i v i t y ;  P f o r  f l u i d - p h a s e  h e a t
t r a n s f e r ,  f t ^ / h r

d p  = p a r t i c l e  d i a m e t e r ,  i n  « o r  f t .

d t  = i n s i d e  d i a m e t e r  o f  t u b e ,  f t

E = e d d y - d i s p e r s i o n  d i f f u s i v i t y ,  kwm^/p  f o r  h e a t  t r a n s
f e r ,  f t 2 / h r

e r f  ~  d e n o t e s  e r r o r  f u n c t i o n .  E q u a t i o n  ( 1 1 - 1 5 )  

e r f c  - d e n o t e s  c o - e r r o r  f u n c t i o n ,  1 -  e r f  

F = x /  V © "-  Vp V®”

G = m ass  v e l o c i t y ,  b a s e d  on open  t u b e  a r e a ,  f / h r - f t ^

Gr = G r a s h o f  n u m b e r .  E q u a t i o n  ( I V - I )

go = 3 2 , 2  (# m a s s / #  f o r c e ) ( f t / s e c ^ )

H = m a s s - t r a n s f e r  c o e f f i c i e n t ,  # m o l e s / h r - a t m - f t ^

h  = h e a t - t r a n s f e r  c o e f f i c i e n t  , B t u / h r - f t ^  op

h a  = h e a t - t r a n s f e r  c o e f f i c i e n t ,  b a s e d  on u n i t  vo lum e  o f
p o r o u s  m e d i a ,  B t u / h r - f t 3  op

I  — d e n o t e s  B e s s e l  f u n c t i o n

j  —e m p i r i c a l  ' ' j "  f a c t o r ,  E q u a t i o n  ( 1 1 - 1 9 )

K = e f f e c t i v e  t h e r m a l  d i f f u s i v i t y  o f  p o r o u s  m e d i a ,  
ke / [pw C w $ + # s G s ( l - $ ) J  ' #  f t 2 / h r
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K° = e f f e c t i v e  s t a t i c  t h e r m a l  d i f f u s i v i t y  o f  p o r o u s  m e d i a ,

k e ° / [  PwCwO + P s C s ( l - < > ) ]  , f t ^ / h r

k@ = e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  o f  p o r o u s  m e d i a ,
B t u / h r - f t Z o p / f t

k g °  = s t a t i c  t h e r m a l  c o n d u c t i v i t y  o f  p o r o u s  m e d i a ,  i . e . ,
t h e r m a l  c o n d u c t i v i t y  o f  p o r o u s  m e d ia  w i t h  f l u i d  i n -  
p l a c e  b u t  n o t  m o v in g ,  B t u / h r - f t ^ ° F / f t

k@(v) = v e l o c i t y  d e p e n d e n t  co m p o n en t  o f  t h e  e f f e c t i v e  t h e r m a l
c o n d u c t i v i t y ,  B t u / h r - f t ^ ° F / f t

^®(num) ~ e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  o f  p o r o u s  m e d ia ;  c a l ­
c u l a t e d  f r o m  n u m e r i c a l  s o l u t i o n  t o  E q u a t i o n s  ( I I I - l )  
a n d  ( I I I - 2 ) ,  B t u / h r - f t ^ O F / f t

kj^ĝ  = e f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t  c h a r a c t e r i z i n g  a
f i n i t e  l ^ e a t - t r a n s f e r  r a t e  b e t w e e n  t h e  f l u i d  and  
s o l i d  p h a s e s  o f  p o r o u s  m e d ia ;  h e a t - t r a n s f e r  r a t e  
c o n t r o l l e d  by  f l u i d  " f i l m "  a r o u n d  p a r t i c l e .  E q u a t i o n  
( I I I - 3 0 ) ,  B t u / h r - f t 2 ° F / f t

kg  = p s e u d o  t h e r m a l  c o n d u c t i v i t y  o f  t h e  s o l i d  p h a s e  o f
p o r o u s  m e d i a ,  B t u / h r - f t ^ ° F / f t

k g '  =  k g ( 1 - 0 )

k g c  = m o l e c u l a r  t h e r m a l  c o n d u c t i v i t y  o f  s o l i d ,
B t u / h r - f t 2 ° F / f t

k g .  . = e f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t  c h a r a c t e r i z i n g  a
i h a )  f i n i t e  h e a t - t r a n s f e r  r a t e  b e t w e e n  t h e  f l u i d  and  

s o l i d  p h a s e s  o f  p o r o u s  m e d i a ;  h e a t - t r a n s f e r  r a t e  
c o n t r o l l e d  by  s o l i d  i n t r a - p a r t i c l e  r e s i s t a n c e .  
E q u a t i o n  ( V - I O ) ,  B t u / h r - f t  ° F / f t

k g y  = Schumann a n d  Voss  s t a t i c  t h e r m a l  c o n d u c t i v i t y .
E q u a t i o n s  ( 1 1 - 2 8 ) ,  ( 1 1 - 2 9 )  a n d  ( 1 1 - 3 0 ) ,  
B t u / h r - f t ^ o p / f t

kw = Toseudo t h e r m a l  c o n d u c t i v i t y  o f  t h e  f l u i d  p h a s e .
E q u a t i o n  ( I I I - 3 ) ,  B t u / h r - f t ^ O p / f t

k y  ' = kw4>

kwm = e d d y  d i s p e r s i o n  c o e f f i c i e n t ,  B t u / h r - f t ^ o p / f t
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= m o l e c u l a r  t h e r m a l  c o n d u c t i v i t y  o f  f l u i d ,  
B t u / h r - f t 2 ° F / f t

k^ = c o n s t a n t ,  E q u a t i o n  ( I I - 3 6 )

kg = c o n s t a n t ,  E q u a t i o n  ( 1 1 - 3 6 )

L = l e n g t h ,  f t

M = m o l e c u l a r  w e ig h t

m = e m p i r i c a l  c o n s t a n t

n = am ount  o f  a d s o r b a t e  on a d s o r b e n t .  E q u a t i o n  ( 1 1 - 3 5 )

P = p r e s s u r e - f i l m  f a c t o r  ( a n a l o g o u s  t o  t h e  mean p a r t i a l  
p r e s s u r e  o f  the  i n e r t  g a s  i n  a  s i n g l e  d i f f u s i n g  
c o m ponen t  i n  a s t a g n a n t  g a s ) ,  a tm .

p  = c o n s t a n t  i n  E q u a t i o n  ( 1 1 - 2 8 )  a n d  ( I I - 3 0 )

Pe = P e c l e t  n u m b er ,
E+D 

C P-
P r  = P r a n d t l  number ,  .y — f o r  h e a t  t r a n s f e r

k ^ c
R = s e c o n d  t e r m  o f  s o l u t i o n  t o  e q u a t i o n  o f  t h e r m a l  c o n d u c ­

t i o n ,  E q u a t i o n  ( I I I - 9 )
d V ^

Re = R e y n o l d s  number,  —R—- ' . —
^  d „  G

Re_ = m o d i f i e d  R e y n o l d s  n u m b e r ,  - P ■
^ VI

Rp = p a r t i c l e  r a d i u s ,  f t  o r  i n  

T = t e m p e r a t u r e ,  °F
T - T .

t  = a c c o m p l i s h e d  t e m p e r a t u r e  f r a c t i o n .
T i -  To

u m. dummy v a r i a b l e ,  E q u a t i o n s  ( 1 1 - 1 0 )  an d  ( 1 1 - 1 1  )

V = f l u i d  i n t e r s t i t i a l  v e l o c i t y ,  f t / h r

vp  = s q u a r e  h e a t - f r o n t  v e l o c i t y .  E q u a t i o n  ( I I - 5 ) ,  f t / h r

X = d i s t a n c e ,  f t

y ~  d e n o t e s  y d i r e c t i o n

y = d i m e n s i o n l e s s  d i s t a n c e ,  I /  ^ x
\kw*f
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= -J2S—2L— , d i m e n s i o n l e s s
PyCyÇv

z ~dummy v a r i a b l e ,  E q u a t i o n  ( I I I - 3 9 )

z ~ d e n o t e s  z d i r e c t i o n

Z = h a  (0  - x / v ) ,  d i m e n s i o n l e s s
P s C s ( l - O )

G r e e k  L e t t e r s

a g = t h e r m a l  d i f f u s i v i t y  o f  s o l i d  p h a s e ,  k g /  pgCg w h e r e  kg 
I s  a  p s e u d o  s o l l d - p h a s e  t h e r m a l  c o n d u c t i v i t y ,  f t ^ / h r

a y  = t h e r m a l  d i f f u s i v i t y  o f  f l u i d  p h a s e  I n c l u d i n g  b o t h  m o l e ­
c u l a r  c o n d u c t i o n  a n d  e d d y  d i s p e r s i o n ,  k ^ / p ^ C „ ,  f t ^ / h r

P = c o e f f i c i e n t  o f  t h e r m a l  c u b i c a l  e x p a n s i o n ,  E q u a t i o n  
( l V - 1 )

P = P w C w t / [  + P s C g ( l - $ ^ j

Y  = c o n s t a n t  c h a r a c t e r i z i n g  d i s t a n c e  b e t w e e n  s u c c e s s i v e  
m i x i n g  l a y e r s  In  p o r o u s  m e d i a ,  E q u a t i o n  (1 1 - 3 3 )

( = p h a s e  s h i f t

Tl = e m p i r i c a l  c o n s t a n t .  E q u a t i o n  ( 1 1 - 3 2 )

0  = t i m e ,  h r  o r  mln

0„ = s m a l l  I n c r e m e n t  o f  t i m e ,  h r  o r  mln

h a  \ 2 wX. = d i m e n s i o n l e s s  c o n s t a n t ,

P = v i s c o s i t y ,  # / f t - h r

p = d e n s i t y ,  # / f t ^

O’ = s t a n d a r d  d e v i a t i o n ;  (T^= v a r i a n c e ;  p a r t i c u l a r  v a r i a n c e s
d e n o t e d  b y  s u b s c r i p t s  a r e  d e f i n e d  i n  t e x t

(T * = s t a n d a r d  d e v i a t i o n  = ’\f2K

T = d i m e n s i o n l e s s  t i m e ,  I .,h a  v 0
I k *  01

(j) = p o r o s i t y ,  I . e . ,  p a c k e d - b e d  v o i d  f r a c t i o n ,  d i m e n s i o n l e s s

u) = f r e q u e n c y ,  c y c l e s / s e c
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S u b s c r i p t s

a v g  ~ d e n o t e s  an  a v e r a g e

h  -  d e n o t e s  a  h e a t - t r a n s f e r  c o e f f i c i e n t  o r  c o n s t a n t

i  d e n o t e s  i n l e t  f l u i d  c o n d i t i o n s ,  a t  x=0

m ~ d e n o t e s  a  m a s s - t r a n s f e r  c o e f f i c i e n t  o r  c o n s t a n t

max ~ d e n o t e s  maximum v a l u e

o ~ d e n o t e s  i n i t i a l  c o n d i t i o n s ;  a t  6 “ 0

s ^ d e n o t e s  s o l i d  p h a s e

s c  - d e n o t e s  m o l e c u l a r  c o n d u c t i v i t y  o f  s o l i d

w - d e n o t e s  f l u i d  p h a s e

wc - d e n o t e s  m o l e c u l a r  c o n d u c t i v i t y  o f  f l u i d

wm - d e n o t e s  e d d y  d i s p e r s i o n
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NUMERICAL SOLUTION DIFFERENCE EQUATIONS

The d i f f e r e n t i a l  e q u a t i o n s  t o  be s o l v e d  n u m e r i c a l l y  a r e ,

l ! w  _ _ 9 ^w
3 T  9 y 9 y2

X ( t w - t g ) ( I I I - 5 )

8 : t s  ^ 1 s ( t w " t s ) ( I I I - 6 )
9 T  w 8 y^ a  y  k g ( l - ( p )

b o u n d a r y  c o n d i t i o n s ,

tw = t s  = 0 , T = 0 , y >  0 (B-1)

tw = I j T  >  0 , y = 0 (B-2)

t g  = 1, T >  0 , y = 0 (B -3)

= tg  = 0 , a l l  0 , y = oo (E^4)

F l n i t e - d i f f e r e n c e  e q u a t i o n s  o f  t h e  f o r w a r d  d i f f e r e n c e  

t y p e  a r e  now f o r m u l a t e d *  L e t  ” 1” d e n o t e  an  i n c r e m e n t  i n  T 

a n d  " j "  an i n c r e m e n t  i n  y .  The f o l l o w i n g  s u b s t i t u t i o n s  a r e  

made f o r  t h e  p a r t i a l  d e r i v i t i v e s :

t  ; A -  t

(B -5 )

8 _ t  = L i . l  (B -6)
3 y j , i  Ay

i h .  = ^  * .1 -1 .1  ( b - 7 )
3y^ j , i

M ak in g  t h e s e  s u b s t i t u t i o n s  i n  E q u a t i o n s  ( I I I - 5 )  a n d  ( I I I - 6 ) ,  

l e t t i n g  t  = t y  a n d  T = t g ,  a n d  r e a r r a n g i n g ,

tj+1,1 + (I- 2:7 - = I - I 'Sf' tj .i

+ + X. t j - 1 , 1  + X A T T j j i  (B -8)



l 6 6

( B - 9 )

S t a r t i n g  w i t h  c o n d i t i o n s  ( B - l )  -  ( B - 4 ) ,  t ^  and  t g  a r e  c a l c u ­

l a t e d  a t  a l l  ” j ” p o i n t s  a t  t i m e  ( i + l ) .  The t i m e  i n c r e m e n t  i s  

i n c r e a s e d  t o  ( i + 2 )  a n d  t h e  c a l c u l a t i o n s  r e p e a t e d ,

D u s i n b e r r e  ( ^ 5 )  s u g g e s t s  a s  c o n v e r g e n c e  c r i t e r i a  t h a t  

t h e  c o e f f i c i e n t s  o f  a l l  t e r m s  i n  E q u a t i o n s  ( B - 8 )  a n d  ( B - 9 )  be  

p o s i t i v e .  T h i s  c o n d i t i o n  l e a d s  t o ,

A T S ' --------------- 1------------ ( B -1 0 )
_ L _  + 2 J L _  + X 
A y  2 ^ 2

A T  = ------- ----------------- 1----------------------- T-—  ( B -1 1 )
2 X — L .  + X r - f e î r r

w w k s ( i - 4 )
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SIMPLIFICATION OF THE ANALYTICAL SOLUTION FOR 

A FINITE HEAT-TRANSFER COEFFICIENT

The s o l u t i o n  t o  E q u a t i o n s  ( I I I - I ? )  a n d  ( I I I - I B ) ,  f o r  

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

t o  an e x p r e s s i o n  w h i c h  i s  G a u s s i a n  i n  t h e  h o l d i n g - t i m e  v a r i ­

a b l e ,  0 .  S t a r t i n g  w i t h  t h e  g e n e r a l  s o l u t i o n  f o r  a s t e p -  

f u n c t i o n  t e m p e r a t u r e  i n p u t ,  p r e v i o u s l y  g i v e n  i n  C h a p t e r  I I ,

w e x p  I -Y-Z |  I ^  (2 VŸZ) dZ

+ exp  | - Y - z |  I q  (2^[ŸZ) 
S u b s t i t u t i n g  f o r  Y a n d  Z a n d  l e t t i n g  C^ = P * 0 * 4  e n d  

~ P g C g ( l - 4 ) >

( 1 1 - 1 0 )

I f  " P  -  c |
| ( h a )  x ( 9 - x / v )

C l  C g  V
d e

+ exp Cj^v

F o r  a  p u l s e  i n p u t

^  ( e - x / v ) lI^CiV C2 J
( h a ) ^ x ( 9 - x / v )  

Cl Cg V

w _ h a
®o i J C i C g v x  ( e - x / v )

( e - x / v )

2- iM ^f i )  x(,e-.y. /v) (C -1)
W C i C g  V

U s i n g  t h e  a s y m p t o t i c  e x p a n s i o n  f o r  t h e  B e s s e l  f u n c t i o n .



169

h a x

0.2 h  n h a  ^  / f  ( S - x / v J  
y CiCgv

x ( 0 - x / v )  CjV

C2
( I I I - 2 0 )

C o m b in in g  e x p o n e n t s  a n d  r e a r r a n g i n g ,

h a & CgX

»o ( 0 - x / V ) C i v

e x p /I
f -  h a x  _ h a ( v e - x ) ] ^ 
L C^v Cgv J

(C-2)

Now, e x p a n d  a n d  r e a r r a n g e  t h e  n u m e r a t o r  o f  t h e  e x p o n e n t i a l  

a r g u m e n t .

&
Î Ï - h a & CgX

»0 k  n C o l / x ( o - x / v j  
y  C1 C2V

( 0 - x / v ) G i v

e x p

I h a  I 
C, (C-3)

"I ( x / v r  -  0 ) 2

* + | h a ( 0 - x / v ) j  g 2

L e t  a l l  h o l d i n g  t i m e s  b e  n e a r  t h e  mean h o l d i n g  t i m e ,  x /V p .  

W i th  t h i s  a s s u m p t i o n ,  x /V p  may be s u b s t i t u t e d  f o r  0 i n  a l l  

t e r m s  e x c e p t  t h e  n u m e r a t o r  o f  t h e  e x p o n e n t .  The r e s u l t  i s

V r  - h a  ClV

®o |_ 4  n C g^ x
e x p

kC2 *
i l  (x /Vp -  0 ) 2 ( C -4 )
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2 C^v h a  

g i v i n g  a s  t h e  s i m p l i f i e d  e x p r e s s i o n ,

- ( x / V p  -  9 ) 

2 O'

2-1

The n e c e s s a r y  a s s u m p t i o n s  w e r e

( I I I - 2 3 )

( I I I - 2 2 )

a n d

(ha) X ( e - x / v )  
Cl C2 V

2 C g ^  X

h a  0% V ^  I Vp<

( C -5 )

( 0 - 6  )
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ADDITION OF VARIANCES; VAN DEEMTER DERIVATION

The d e r i v a t i o n  o f  Van D eem te r  e t  a l .  (1 7 5 ) »  s i m p l i f y ­

i n g  t h e  s o l u t i o n  o f  E q u a t i o n s  ( I I I - 3 7 )  a n d  ( 1 1 1 - 3 8 )  t o  a 

■form w h i c h  i s  G a u s s i a n  a n d  i n  w h i c h  t h e  v a r i a n c e s  o f  t h e  i n ­

d i v i d u a l  d i s p e r s i o n  m e c h a n i s m s  a r e  a d d i t i v e ,  f o l l o w s .  The 

d i f f e r e n t i a l  e q u a t i o n s  f o r  h e a t  t r a n s f e r  a r e ,

PwCw* 4 ^  = -  V P w C j  4 ^  + M  4 ^  -  h a  ( T w - T j

9 T
PqCI ( 1 - 4 )  = h a  (T ^-T g)s S ' -  T. 0 0  

Now» l e t  C^ — P vr^w^ a n d  Cg — P g C g ( l —0 ) ,

The  s o l u t i o n  a c c o r d i n g  t o  L a p i d u s  a n d  Amundson (1 1 0 )  f o r  a 

s t e p - f u n c t i o n  t e m p e r a t u r e  i n p u t  i s

( I I I - 3 7 )

( I I I - 3 8 )

F ( 0 )  +
^2

F ( e )  d 0 (D-1)

w h e r e

F ( 0 )  =
-ha  0 /C

2
X z f dz

2 jJU \a .L .z (Q -z)
C l  Cg

(D-2)

w i t h  f  = h a  h a

The  c o r r e s p o n d i n g  s o l u t i o n  f o r  a  p u l s e  i n p u t  o v e r  a  s m a l l  

I n c r e m e n t  o f  t i m e ,  6 q , I s  d e r i v e d  f r o m  E q u a t i o n  ( D - l )  by  

d i f f e r e n t i a t i o n ,
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^ ' ( 8 )
8 ] (D-3)

w h e re

F'(e)  =
- h a  0 / Cg

d 8
■ Ÿ  “ w °

ex p  F r : : 2 d _  - z f 1  d  z -  h a  p(G)
r ^ w '  J  Cg

2-i SlisâzslÈzjd
C l Cg

(D -4 )

A p p l i c a t i o n  o f  L e i b n i t z * s  r u l e  y i e l d s

w
8, 28  "^n y 8

ex p - / x - v 8 ) _ h a 8

2 z \ / n c i \ ^
exp F g f z )  dz  ( I I I - 3 9 )

w h e r e

F o ( z )  = -ha  ( 8 - z )  _ h a  z
Cg Cl ]

Cl Cg
il l l-ko)

Assume t h e  B e s s e l  f u n c t i o n  a r g u m e n t  I s  s u f f i c i e n t l y  l a r g e  so  

t h a t  t h e  a s y m p t o t i c  e x p a n s i o n  may be  u s e d .  Then

F p ( z )  =
2

( h a )  z
Cl C2 ( 0 - z j ^

e x p -  h a
C i ( l - $ )

C l ( 8 - z ) \
(D-5)



R e a r r a n g i n g  a n d  m u l t i p l y i n g  t h e  n u m e r a t o r  an d  d e n o m i n a t o r  

o f  t h e  e x p o n e n t  by

( 8 - z )

P s C s

t h e r e  f o l l o w s  

1
z i l T

( h a ) ^  z

I

Cl 02 ( e - i ) 3
exp

-haCi 9  -  z / P
[ C i ( e - z ) | ? + ( C 2 z ) ^

(D -6)

w i t h  P -
Cl + C2

The  f o l l o w i n g  s i m p l i f i c a t i o n s  a r e  due  m a i n l y  t o  van  d e r  

W ae rd e n ,  B , L .  ^ r e f e r e n c e d  b y  Van D eem te r  e t  a l .  ( l ? 5 ) j .  I n  

t h e  i n t e g r a l  o f  ( l I X - 3 9 ) »  t h e  maximum v a l u e s  o f  t h e  e x p o n e n ­

t i a l s  a r e  a t  z = x / v  a n d  z = p 8 r e s p e c t i v e l y .  I f  t h e  e f f e c t s  

o f  l o n g i t u d i n a l  d i f f u s i o n  a r e  s m a l l  a n d  t h e  s o l i d - f l u i d  

t e m p e r a t u r e s  a r e  n e a r l y  e q u a l ,  a l l  r e t e n t i o n  t i m e s  i n  t h e  b e d  

w i l l  be  c l o s e  t o  t h e  mean 8 = x / p  v .  T h e r e f o r e ,  t h e  two 

maxima i n  t h e  i n t e g r a l s  a r e  c l o s e  t o g e t h e r .  The m a in  c o n t r i ­

b u t i o n s  o f  t h e  i n t e g r a l s  w i l l  be  i n  a s m a l l  r e g i o n  n e a r  t h e  

maxima w h e r e  z » p 0  w x / v .  T h e n ,  z may be r e p l a c e d  by 

x / v  o r  by  (3 8 e x c e p t  i n  t h e  n u m e r a t o r s  o f  t h e  e x p o n e n t i a l s .  

F2 ( z )  now s i m p l i f i e s  t o ,

F 2 ( z )  = -rrâss.
- \ j m

h a  Cj  ̂ V

2 p 2 CgSx
exp

- h a C , v  2

(D -7)
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2 M
v3

(D-8)

(D-9)
h a  Cj  ̂ V

As l o n g  a s  x i s  m a r k e d l y  d i f f e r e n t  f r o m  v 0 ,  t h e  f i r s t  t e r m  

o f  E q u a t i o n  ( i l l - 3 9 )  w i l l  b e  n e g l i g i b l e .  T h e r e f o r e ,  E q u a ­

t i o n  ( l J I - 3 9 )  r e d u c e s ,  upon  c o m b i n i n g  E q u a t i o n s  ( I I I - 5 9 ) j  

( D - 7 ) ,  (D -8 )  a n d  (D - 9 )  a n d  s u b s t i t u t i n g  z  = x / v  i n  a l l  t e r m s  

e x c e p t  t h e  n u m e r a t o r  o f  t h e  e x p o n e n t i a l s ,  t o

( r ^ W n "
exp - ( x / v - z )  

2 0-32

2 1

o - g T / r r
e x p - (  P e - z )

2 O' 2
dz (D-10)

The i n t e g r a l  may b e  a p p r o x i m a t e d .  The  e x p o n e n t i a l  a r g u m e n t s  

a r e  e x p a n d e d ,  c o m b i n e d  a n d  f a c t o r e d  f o r  z .  The r e s u l t  g i v e s ,

l e t t i n g  q = z -
+

V
V m '

0 -3  2  +

t w
Go 2 n  0 -3  (Tg

e x p  - '( + I x / v - g e ) -
2  0-32 0-^2

"( 0--^ J  + OTx^P 6)  
w h e re  a^ = ^— Y, - ,,^ .9.,...- ,  — a n d  b i  = 0 + a , ,

0-32 + 0-^2 1 1

2(  0-^2+0-^2) 

(D -11)

dq

L e t

y r  0-3 O'6
( D - 1 2 )
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Then

®° X ;  n i / 2 1  0-5 ^ + O' gZ)
e x p Ç ^ + ( x / v - P  e ) ^

2 (  0-^2^ 0-^2)
d ' l

( D - 1 3 )

' t  ' (  ( T + (T ^ 2 ) 2
w h e r e  ao = " a ^  a n d  b 2 = _ ^  "ij " u  bi

( 0 - /  + ( r / ) &
10 -  ""' * '
^ i f T  (T j

&  =
®o n -]f2( (T̂ 2+ (Tg%)

ex p - ( x / v -  P 9)
2 ( 0-5 2 + 0-^2 )

V T  0-3 (Tg

br
e x p  ( -ê ) dG

( D - l 4 )

E x a m i n a t i o n  o f  t h e  i n t e g r a l  i n  E q u a t i o n  ( D - l 4 )  shows t h a t  i t  

may b e  a d e q u a t e l y  a p p r o x i m a t e d  by 

*^2

e x p  ( -  i  ) d |  =
- / a g  00

e x p  ( - 1  ) d |  =~^~ü ( D - 1 3 )

The  s i m p l i f i e d  e x p r e s s i o n  i s  t h e n

w _
e O -\jz n (  0-32 +  ( T g ^ )

e x p - ( x / v -  P e ) ^  
2 ( 0-52 + FgZ)

(D - 1 6 )

o r

>0 1 / 2  n (  + Œg )
e x p

,2

2( CTi^ + ( T , 2 )

( x / V p - e ) 2  1 ( i i i _ 4 g )

2 2 w h e r e  0" ^ a n d  (T 2 a r e  d e f i n e d  a s

^  2 2 k„(|>  X
0- =-- Ï -------

1 C l  V V /

2 _  2 Cg * _  2kha  *
h a  C j v  V Vp

(D - 1 7 )

(D -18)
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The b a s i c  a s s u m p t i o n s  i n  t h i s  s i m p l i f i c a t i o n  a r e  now sum­

m a r i z e d ,

( h a )  z ( e - z )
Cl Cg

2x h a
V  C l

(D-19)

x_
Vx (D -20)

x_
Vx

(D-21)

E q u a t i o n s  (D -2 0 )  a n d  ( D -2 1 )  s p e c i f y  t h a t  t h e  d i s p e r s i o n  i n  

h o l d i n g  t i m e  due  t o  e i t h e r  o f  t h e  h e a t - t r a n s f e r  m e c h a n i s m s  

c o n s i d e r e d  i s  s m a l l  c o m p a r e d  t o  t h e  t o t a l  t i m e  o f  t r a v e l  i n  

t h e  b e d .
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SOME PROPERTIES OF THE JENKINS - ARONOFSKY SOLUTION 

TO THE THERMAL CONDUCTION EQUATION

The J e n k i n s  a n d  A r o n o f s k y  ( 9 2 )  s o l u t i o n  t o  t h e  t h e r m a l  

c o n d u c t i o n  e q u a t i o n ,  ( I I I - ? ) ,  i s

* = 2

+ — e 
2

e r f -  Vp f ë

PwCw$vx/k(
1 -  e r f

2 - ^
( I I I - 9 )

S i m p l i f i c a t i o n  o f  Second  Term 

The s e c o n d  t e r m  h a s  b e e n  d e s i g n a t e d  R. P r e s t o n  (1 3 8 )  

s i m p l i f i e d  R a s  f o l l o w s .  The  c o - e r r o r  f u n c t i o n  i s  e x p a n d e d  

i n  s e r i e s ,

e r f c  I s) e - s

■  2 s 2  ^  "  .........................

F o r  s = 3 ,  a l l  t e r m s  b e y o n d  t h e  f i r s t  may b e  n e g l e c t e d ,

- s 2
e r f c  ( s  ) S.

WIT
( E - 2 )

T h e r e f o r e  R r e d u c e s  t o

R =_ e
( z - w 2 )

w h e r e  z =

2 w Vn"
( I I I - 4 4 )

The  e r r o r  i n  u s i n g  t h i s  a p p r o x i m a t i o n  i s  a b o u t  5% of.  S. a t

s  = 3 .
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Maximum V a lu e  o f  R

The maximum R was d e t e r m i n e d  by d i f f e r e n t i a t i o n  o f  R

w i t h  r e s p e c t  t o  0 a n d  s e t t i n g  t h e  d e r i v i t i v e  e q u a l  t o  z e r o .

The s i m p l i f i e d  R e x p r e s s i o n ,  E q u a t i o n  ( I I I - 4 4 ) ,  was u s e d .

The r e s u l t s  o b t a i n e d  by  P r e s t o n  ( 1 3 8 )  w e re  a s  f o l l o w s .

(1 )  R „ , ^  o c c u r s  a t  —Ï — = 6  i . e . ,  t h e  a r r i v a l  t i m e  o f  max Vp

t h e  " s q u a r e " f r o n t .

e
P w M  vx

C a l c u l a t i o n  o f  k g , I m p o r t a n c e  o f  R

V a l u e s  o f  R^^^ e n c o u n t e r e d  i n  t h e  e x p e r i m e n t a l  d a t a  

w e re  g e n e r a l l y  .0 3  o r  l e s s .  The s i g n i f i c a n c e  o f  R v a l u e s  o f

t h i s  m a g n i t u d e  i n  t h e  d e t e r m i n a t i o n  o f  kg  i s  now e x a m i n e d

t h r o u g h  s a m p l e  c a l c u l a t i o n .  E q u a t i o n  ( I I I - 9 )  r e a d s

t *  = 1  [ l  - e r f  JSl— 1 + R ( E - 3 )
2 1 2 V k

o r

The m e th o d  o f  kg c a l c u l a t i o n  was d i s c u s s e d  C h a p t e r s  I I I  a n d  V, 

I t  c o n s i s t s  e s s e n t i a l l y  o f  t a k i n g  t h e  d i f f e r e n c e  i n  F v a l u e s  

a t  two t e m p e r a t u r e  p o i n t s ,  s u c h  a s  t ^  = .1 a n d  t,^ = . 9 . Fo r  

an R„,ax v a l u e  o f  . 0 3 ,  c a l c u l a t i o n s  show R a t  t ^  = .1  a n d  

t ^  = . 9  t o  be  on t h e  o r d e r  o f  . 0 0 5 .  T h i s  v a l u e  w i l l  be a s ­

sumed h e r e .  At t ^  = .1

2 ( . 1  - . 0 0 5 ) - 1 = “ e r f  ( E - 5 )
Z\[K
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. 8 1  = - e r f  —— ( E - 6 )
2fK

From e r r o r - f u n c t i o n  t a b l e s

F

2 ifK

At t ^  = .9

l i  = ,926? (E-7)

2 ( . 9  -  . 0 0 5 )  - 1 = -  e r f  (E -8 )
z f K

. 7 9  = - e r f  ( E - 9 )
Z\fK

-  .8 8 6 5  (E - lO )

a n d  f r o m  e r r o r - f u n c t i o n  t a b l e s

F

2 Y T

S u b t r a c t i n g  E q u a t i o n  (E - IO )  f r o m  E q u a t i o n  ( E - 7 ) ,

-  f t * . . ; )  = 1 - 8 1 3 2  I 2 - / T  I ( E - 1 1 )

N e g l e c t i n g  R, an  F d i f f e r e n c e  f a c t o r  o f  1 . 8 1 2 4  r a t h e r  t h a n  

1 . 8 1 3 2  i s  o b t a i n e d .  On t h i s  b a s i s ,  v a l u e s  u p  t o  a b o u t

. 0 7  may be a s s u m e d  n e g l i g i b l e  i n  t h e  e x p e r i m e n t a l  kg c a l c u ­

l a t i o n s .

D a ta  f o r  a  t y p i c a l  e x p e r i m e n t a l  r u n  a r e  shown on a 

p r o b a b i l i t y - p a p e r  p l o t  i n  F i g u r e  3 8 .  The e x p e r i m e n t a l  p o i n t s  

a r e  p l o t t e d  a s  t ^  v s .  F .  The s o l u t i o n ,  E q u a t i o n  ( I I I - 9 ) ,  i s  

a l s o  shown b o t h  i n c l u d i n g  and  n e g l e c t i n g  R . On t h e  p r o b a b i ­

l i t y  p l o t ,  a t  r e l a t i v e l y  low R v a l u e s ,  t h e  l i n e a r  c u r v e  i s  

m e r e l y  " g h i f t e d "  w i t h  n e g l i g i b l e  c h a n g e  i n  s l o p e .

D e t e r m i n a t i o n  o f  k@ by S l o p e  M e t h o d . P r e s t o n  ( 1 3 8 )  

h a s  shown t h a t  h i s  d e r i v e d  e x p r e s s i o n  f o r  t h e  s l o p e  o f  t h e



RUN 3 6 4 C 
ETHYL ALCOHOL

■O— DATA POINTS 
- A — CALCULATED CURVE 

EQUATION o n - 9 )

0 .4

CALCULATED CURVE 
R NEGLIGIBLE

0.2

-0 .4
0.01 0.100.001 0.90 0.99 0.999

oc
i\:

F i g u r e  3 8 -  I m p o r t a n c e  o f  R i n  J e n k i n s  -  A r o n o f s k y  
S o l u t i o n  to  t h e  T he rm al - Co n du c  t i o n  E q u a t i o n ;  Run T6UC
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v s .  0 c u r v e ,  e v a l u a t e d  a t  x/Vj> = 8,

d® 2 8 -^n K 0

i s  t h e  same w h e t h e r  o r  n o t  R i s  i n c l u d e d .

^ -------- *  ( v - 4 )
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SAMPLE CALCULATIONS

A. S am p le  C a l c u l a t i o n  o f  k - /  \ f r o m  t h e  N u m e r i c a l  S o l u -^ ®(numj

t i o n *

N u m e r i c a l  Run P - 5

X. = . 1 1 4 ,  a ^ / a g =  , 3 1 6

S p e c i f i c  C o n d i t i o n s

^ w= . 0 0 6 , a  g = . 0 1 9 ,

^  = . 3 5 5 ,  X = .35 f t  V = .

N u m e r i c a l  C a l c u l a t i o n  R esu

t * 0 F
(min)

.“982 1 5 . 7 6 - . 7 0 9 6

. 9 6 8 1 4 . 3 7 - . 6 1 4 7

.8 9 0 1 1 . 3 2 - . 3 6 9 1

.8 0 4 9 . 8 I 6 - . 2 3 3 7

. 7 4 3 9 . 0 6 6 - . 1 5 5 7

. 5 7 3 7 . 5 2 4 . 0 2 6 3

. 4 6 7 6 . 7 7 4 . 1 2 8 8

. 3 5 0 6 . 0 1 8 . 2 4 4 6

. 2 3 0 5 . 2 6 8 .3762

. 1 1 9 4 . 5 1 2 . 5 3 1 4

( F t = . l 6  ■ F t = . 8 4 )  -  *750 

From E q u a t i o n  ( I I I - 5 5 )

K= = .0 7 1 2 2  f t ^ / h r

k e ( n u m ) = ' * 7 1 = :
= 3 . 0 3 6  B t u / h r - f t ^ ° F / f t

A d d i t i o n  o f  C o n d u c t i v i t i e s :  

k „ 0  = , 1 3 2
k s ( l - 0 )  = .3 9 2   ̂ „
k^_ =  [ P g C s d - O ) ]  ^ ( 2 , 6 7 6 ) =  ( 2 0 . 6 3 )

ha" h a 1 3 1 9 . 9

k h a ~  2 : 3 8 0
kg=  . 1 3 2  + .3 9 2  + 2 . 3 8 0  = 2 . 30k

E q u a t i o n  ( l I X - 3 0 )

* R e f e r  t o  C hapter  I I I ,  T h e o r e t i c a l  I n v e s t i g a t i o n

S ee  F i g u r e  39



NUMERICAL RUN P - 5  

X = 0.114
0.8

^ = 0 . 3 1 6

X Numerically Calculated 
Points.

0.6

0.4

0.2

-0 .4

- 0.6

- 0.8 0 .3 0  0.50 0 .7 0ÔOÔT 0.01

F i g u r e  3 9 “ C a l c u l a t i o n  o f  *^e (nu m) ’ P r o b a b i l i t y  P a p e r
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B ,  Sam ple  C a l c u l a t i o n  o f  E x p e r i m e n t a l  k g ,  Run 359C, 30% 

G l y c e r o l ^

V = 1 9 . 8 2  f t / h r
vdp  = . 1 9 5  f t ^ / h r  T a v g  = 1 0 ^ .8 5  T .C .  P o s i t i o n  No. 1 & 8 
X = .9 2 1  f t  ^
T ( i n i t i a l ) =  1 2 3 . 8 °F  T ^ i ^ l e t ) -  8 ^ . 9  F T ( i n i t i a l )  ( i n l e t )  

= 3 7 . 9 ° F

e '
Time ___

T (m in )  t ^  x / Y ^  ^

1 2 2 . 2  4 . 4 0  . 0 4 2  3 . 4 0 0  2 . 7 1 4  .6 8 6
1 2 0 . 5  4 . 6 0  . 0 8 7  3 . 3 2 6  2 . 7 7 5  .5 5 1
1 1 7 . 7  4 . 8 0  . 1 6 1  3 . 2 5 6  2 . 8 3 4  .4 2 2
1 1 3 . 7  5 . 0 1  . 2 6 6  3 . 1 8 8  2 . 8 9 5  .2 9 3
1 0 8 . 8  5 . 2 1  . 3 9 6  3 . 1 2 5  2 . 9 5 3  . 1 7 2
1 0 3 . 3  5 . 4 1  . 5 4 1  3 . 0 6 7  3 . 0 0 9  . 0 5 8

9 8 . 4  5 . 6 1  . 6 7 0  3 . 0 1 1  3 . 0 6 5  - . 0 5 4
9 4 . 2  5 . 8 2  . 7 8 1  2 . 9 5 8  3 . 1 2 0  - . 1 6 2
9 1 . 0  6 . 0 2  . 8 6 5  2 . 9 0 7  3 . 1 7 5  - . 2 6 8
8 7 . 3  6 . 4 2  . 9 6 3  2 . 8 1 5  3 . 2 7 9  - . 4 6 4

F t = . l  -  '■ t= .9  = -8 4 0 "
From E q u a t i o n  (V -2)

K = ( = . 0 5 3 7  f t ^ / h r
1 3 . 1 3 9

kg = ( . 0 5 3 7 )  [PwCtf1> + P s C s ( l - * 0  = .0 5 3 7  ( 4 0 . 8 )

= 2 . 1 9  B t u / h r  -  f t ^ ° F / f t

^ R e f e r  t o  C h a p t e r  V, D a t a  R e d u c t i o n  S e c t i o n

*S e e  F i g u r e  4 0 ,  f o r  p l o t  o f  F v s .  t *  on p r o b a b i l i t y  g r a p h  p a p e r
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p.5

3 0  % GLYCEROL

« 395 C k # = 2 .l9  
> 3 6 0 0  k e« 2 .4 4

0 40.8

0.30 6

0 4 0.2

0.2

F

- 0.2 -0.1

-0.4 •02

- 0.6 ■03

■0.4- 0.8 0.01 OHO 0 3 0  0 5 0  0 7 0 0 .9 0 098

A40 5 ,

WATER 
o 327 C kg=0.796

X 3 2 6  0  kg = 0 8 6 8

0 .4

0 3 0,2

0.2

F

- 0.2-01

- 0 3-02

■0.4- 0 3

■0.5- 0 4 0 3 0  ' Ô50 070' OW

F i g u r e  k Q -  E x p e r i m e n t a l  D a t a ,  P r o b a b i l i t y - P a p e r  
P l o t s ;  Runs 3 5 9 C ,  3 6 0 C ,  3 2 6 c ,  3 2?C
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C a l c u l a t i o n  o f  T e m p e r a t u r e  P r o f i l e ,  E q u a t i o n  ( 1 1 1 - 3 4 ) .  

Run 3 5 9 c ,  30% G l y c e r o l

k@(From D a t a )  = 2 . 1 9

&
(min) F/& \pr ( c a l c u l a

4 ,4o 1.483 ,0180
4 . 6 0 1 . 1 9 0 .0462
4 .80 . 9 1 2 . 0 9 8 6
5 .01 . 6 3 3 .1854
5.21 . 3 7 2 . 2 9 9 4
5.41 . 1 2 5 .4299
5 . 6 1 - . 1 1 7 . 5 6 5 7
5.82 - . 3 5 0 *6897
6.02 - . 579 . 7 9 3 6
6.42 -1 .001 . 9 2 1 6

B t u / l i r - f t ^ ° F / f t  
K = . 0 5 3 ? f t ^ / h r

2 V k" = .4 6 3 0

P l o t  o f  t y  v s .  G -  F i g u r e  4 l

* E q u a t i o n  ( 1 1 1 - 3 4 )

D, a n d  k*Q$ C a l c u l a t i o n ,  Run 3 5 9 0 ,  30^  G l y c e r o l
kg= 2 . 1 9  B t u / h r - f t ^ ° F / f t  (From d a t a )
kg°=  . 5 0  ( T a b l e  5)
k g ( v )  = 2 . 1 9 - . 5 0  -  1 . 6 9  B t u / h j r - f t ^ ° F / f t  E q u a t i o n  (V-5)  
Tavg = 1 0 4 . 9 ° F  {
d p  = . 1 1 8  i n c h
vd p  = .1 9 5  f t ^ / h r ,  V = 1 9 . 8  f t / h r  

Re = f W  .6 6 . 3 9  = 3 . 6 9
3 . 5 1

kv,« =  LJ-S - i ---LLi—  E q u a t i o n  ( I I I -3 0 )
“  h a

2/3
I w

From F i g u r e  50 a t  Re = 3 . 6 9  D ryden  e t  a l .  c o r r e l a t i o n

h a  = ( j b $ )  P .C ^ T  | - ^ |  B t u / h r - f t ^ ° F

h a  = . 7 8 5  « 5 8 . 2 9  « 1 9 . 8  | a â Z L l ^ j " = / ’  

h a  ^ 7 4 , 2 0 0  B t u / h r - f t 3 o p  

* R e f e r  t o  C h a p t e r  V, D a t a  C o r r e l a t i o n  S e c t i o n
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3 0 %  GLYCEROL 
RUN 3 5 9  0

EXPERIM ENTAL DATA POINTS

0 8
CALCULATED CURVE 
EQUATION ( m -  3 4 )

0.6

0.4

0.2

6 .4

B (minj

F i g u r e  4 l -  E x p e r i m e n t a l  and  C a l c u l a t e d  T e m p e r a t u r e  
P r o f i l e s ;  Run 359C ;  30  P e r  C e n t  G l y c e r o l  S y s t e m
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V .   ____________ '  = ___________ :— ? 8 ^22_ ;  . 2 2 3  1 9 18____
^ PyfC„P+ P g C g ( l - * )  ( 5 8 . 2 9  X . 3 3 3 ) 4 ( 2 . 4 7  X 6 2 . 4  X . 202X . 6 4 ?)

Vj, = 1 0 . 0  f t / h r

k^_ = = .5 4 5  B t u / h r - f t Z o p / f t
h a  7 4 , 2 0 0

C a l c u l a t i o n  o f  k^g,({):

= k e ( v )  " *^ha 

kyml» = 1 . 6 9  -  . 545  = 1 . 1 4 5

P e c l e t  Number 

Pe = " 4 .
®h + ° h

E q u a t i o n  ( V - l l )

E q u a t i o n  (V -1 2 )

E, _ k * . * _  . ._______
h  ~ P ^ C ^ p  5 8 . 2 9  ^ .353

l ' l 4 ^  = . 0 5 5 7  f t ^ / h r

= r S è f f  =

E d d y - D i s p e r s i o n  C o r r e l a t i o n s

^  = 1 1 . 1 8  
®h

vd
^  = 3 9 . 1 6  
° h
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E .  E d d y - D i s p e r s i o n  C o r r e l a t i o n ,  L i q u i d - P h a s e , M a s s - T r a n s f e r  

L i t e r a t u r e  D a ta*

Example  C a l c u l a t i o n s ;

1 ,  C a r b e r r y  and  B r e t t o n  ( 2 9 )
(L = 3 mm, Re = 1 0 0 ,  Pe  = .^3 5 »  v d ^  ?  3 . 8 ?  f t ^ / h r ,
eJJ = 8 . 9 1  f t % / h r

Dm = 1 . 9 3 5  X 1 0 - 3  f t 2 / h r

^  = 4 . 6 1  X 105 
"ra
vd— <?
— B = 1 . 9 9 5  X 103
®m

2 .  C a i r n s  ( 2 2 ,  25)

^p  = 3 . 1 9 6  mm, Re = l 4 ? ,  Pe  = . 6 7 8 , v d „  = 6 . 2 0  f t ^ / h r .
Em = 9 . 1 4  f t ^ / h r  

Dm = 5 . 2 3  X 10-3  f t 2 / h r

5 a  = l . ? 4 6  X i o 3
Dm

Vd^ e
— Ê  = 1 . 1 8 5  X i o 3  
®m

L i l e s  a n d  G e a n k o p l i s  ( l l 4 )

dp = . 4 7  mm, Re = 6 . 5 4 ,  Pe = .3 7 0  E^ = . 636  f t ^ / h r  

vdp  = . 2 3 5  f t 2 / h r .  Dm = 3 . 4 7  X 10*3  f t 2 / h r  -  R e f  ( I I 8 )

5 a  = . 1 8 3 5  X 1 q3 
Dm

1 5 a  = . 0 6 7 8  V i o 3  
Dm

*
R e f e r  t o  C h a p ter  V, Data  C o r r e l a t i o n  S e c t i o n
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F .  Eddy D i s p e r s i o n  C o r r e l a t i o n ,  G a s - P h a s e ,  M a s s - T r a n s f e r

L i t e r a t u r e  D a ta*

1 .  McHenry a n d  W i lh e lm  (1 2 0 )

-  ^2  E q u i - m o l a r

= . 1 2 7  i n ,  Re = 2 6 . 8 , Pe = 2 . 2 6  + .0?

T avg  s  room temp 

Dm = 3»79 f t ^ / h r  G i l l i l a n d  E q u a t i o n ,  R e f  (19)

Em = 8 . 8 9  + .39  f t ^ / h r  

vdp = 2 8 . 6  f t ^ / h r

p, a v g  -  «0^1 # / f t - h r  C a l c u l a t e d  From C o r r e l a t i o n  i n  
McHenry (1 1 9 )

a v g = . 0 3 8 4  # / f t 3

^  = 2 . 3 5  + .10  
Dm

= 7 . 5 5
®m

D e i s l e r  ( 3 9 ,  40)

Hg -  Ng E q u i - m o l a r .  Room Temp.

Re r a n g e  3 . 8  -  4 8 . 4

Pe = 4 . 3 3  (Avg. v a l u e  o v e r  Re r a n g e )

®m “ 3 . 7 9  f t ^ / h r  G i l l i l a n d  E q u a t i o n  R e f  ( 1 9 )

Em = 2 . 5 7  ±  1 . 4 7  f t Z / h r

^  = . 6 7 9  ±  .388

p. = 7.35 
Dm

*
R e f e r  t o  Chapter  V, Data C o r r e l a t i o n  S e c t i o n
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IMPROVED APPROXIMATE SOLUTION TO THE GENERAL 

DIFFERENTIAL EQUATIONS

A p r o p o s e d  a p p r o x i m a t e  s o l u t i o n  t o  E q u a t i o n s  ( I I I - l )  

a n d  ( I I I - 2 )  w i t h  b o u n d a r y  c o n d i t i o n  ( I I I - 4 )  i s  g i v e n  by  t h e  

f  o l l o w i n g :

+ R (G-1)

*s  = ^<1  -  e r f
z v r l v e "

- Vf V ^  + W  R(G-2)
 ̂ I 8{ z  aVŸjj

w h e r e

R = exp
X PwCw* V
k * t + k s ( l - * y

e r f  c
2 ^ / W V T

_ ^ 4 *  + k s ( l ” >̂) + kjia 
"  P w V  + P s C s ( l - f )

O _ M  + k g ( l - $ )
K" =

pW^W$ ^  P s G g ( l

Y = h a  X
PwCw V

(G -3)

(G -4)

(G>5) 

(G-6 ) 

(G-7)

T h i s  a p p r o x i m a t i o n  r e s u l t e d  f r o m  a  c o m b i n a t i o n  o f  t h e  J e n k i n s  

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

E q u a t i o n  ( I I I - 9 ) »  a n d  t h e  K l i n k e n b e r g  a p p r o x i m a t i o n  t o  t h e  

s o l u t i o n  f o r  a  f i n i t e  h e a t - t r a n s f e r  c o e f f i c i e n t ,  E q u a t i o n s  

( 1 1 - 1 6 )  and ( I I - 1 ? ) .

The a p p r o x i m a t i o n  w as  c h e c k e d  by  a  c o m p a r i s o n  w i t h
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t h e  n u m e r i c a l  s o l u t i o n s  a s  shown i n  F i g u r e s  k 2  an d  4 ] .  T a ­

b u l a t e d  c a l c u l a t i o n s  a r e  g i v e n  i n  T a b l e  8 .  The  f l u i d - p h a s e  

t e m p e r a t u r e  a g r e e m e n t  b e t w e e n  t h e  n u m e r i c a l  s o l u t i o n  and

E q u a t i o n  ( G - l )  i s  g o o d ,  b u t  t h e  s o l i d - p h a s e  t e m p e r a t u r e

a g r e e m e n t  i s  o n l y  f a i r .  The  a p p r o x i m a t i o n  a p p e a r s  t o  be 

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

i n  t h i s  r e s e a r c h .  H o w ev e r ,  t h e  g e n e r a l i t y  of E q u a t i o n s  ( G - l )  

a n d  (G -2 )  h a s  n o t  b e e n  shown.  I t  s h o u l d  n o t  be  u s e d  f o r  Z

l e s s  t h a n  1 o r  Y l e s s  t h a n  2 ,

TABLE 8

CALCULATED TEMPERATURE PROFILES; NUMERICAL SOLUTION 

AND ANALYTICAL APPROXIMATION

I ,  P -  6 (C o m p u te r  Run)

X = . 3 4 2 ,  a  ^  = . 0 0 6 ,  Q!g = . 0 1 9 ,  kwt = . 1 3 2 ,  kg(l-(J>)= .392  

♦ = . 3 5 5 ,  kjjg  ̂ = . 2 6 4 ,  V = 6 f t / h r ,  0 = . 1 6 3  h r

N u m e r i c a l  S o l u t i o n  A p p r o x i m a t i o n

*. ( f t )  ^w ^w

, 3 0 7  . 9 9 4  .995
. 3 9 5  . 9 2 4  .933
. 4 3 9  . 8 1 5  . 82 ?
. 4 6 1  . 7 3 6  . 7 4 6
. 4 8 3  .6 4 2  ,647
. 5 0 4  .5 3 9  .537
. 5 2 6  . 4 3 4  . 4 2 4
. 5 4 8  . 3 3 2  .315
. 5 7 0  . 2 4 2  .2 21
. 5 9 2  . 1 6 6  .145
. 6 l 4  .1 0 8  .080
. 6 3 6  . 0 6 6  ,051
. 6 5 8  . 0 3 8  .027
. 7 0 2  . 0 1 0  .006
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TABLE 8 -  C o n t i n u e d

I I ,  P -  5 (C o m p u te r  Run) 

X. = . 1 1 4 , a ^  = . 0 0 6 , a g — . 0 1 9 , ky0 — . 1 3 2 , k g ( i-(j)) =

^ h a  “  2 , 4 6 , V = r . 2 6  f t / h r ,  X = .3 5  f t

N u m e r i c a l S o l u t i o n A o n r o x i m a t i o n
i s

.9 8 2 . 9 6 9 . 9 7 5 .9 6 3

.9 6 8 .9 4 7 .9 6 5 .9 3 6

.8 9 0 .8 3 0 . 8 7 7 .8 0 3

. 8 0 4 .7 1 4 . 7 9 6 .6 9 2

.7 4 3 .6 3 8 . 7 3 9 . 6 1 9

. 5 7 3 .4 4 1 . 5 7 2 .4 3 0

. 4 6 7 .3 3 2 . 4 5 8 . 3 1 6

.3 5 0 .2 2 3 . 3 3 4 .2 0 1

. 2 3 0 .125 . 2 2 0 .1 0 6

.1 1 9 .0 5 0 .1 3 3 .0 3 9

e  ( h r )

. 2 6 3  

. 2 4 0  

. 1 8 9  

. 1 6 4  

. 1 5 1  

. 1 2 5  

. 1 1 3  

. 1 0 0  

.0878  

. 0 7 5 2

I I I .  P -  25 (C om pu te r  Run)

^ = . 1 6 7 , (1 w = . 0 0 9 4 5 , a s = " 0 7 7 , = . 2 3 9 ,

k g ( l - 0 )  = 1 . 4 2 8 ,  kjjĝ  = 1 . 5 3 ,  V = 5 . 0  f t / h r ,  0 = .1 0 5 3  h r

X ( f t ) i s i w i s

. 1 1 3 2 . 9 7 3 .949 . 9 6 8 . 9 1 8

. 1 6 9 8 . 9 2 4 . 8 7 7 . 9 2 1 . 8 4 1

. 2 2 6 3 .8 3 1 . 7 5 9 .8 3 3 . 7 2 2

. 2 8 2 9 .6 8 9 .5 9 7 . 6 9 0 . 5 6 0

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

.3 9 6 1 .3 2 1 .2 4 2 . 3 1 7 .2 0 6

. 4 5 2 7 .1 6 6 .1 1 6 Y C 2 . 0

. 5 0 9 3 . 0 6 7 .0 4 3
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TABLE 8 -  C o n t i n u e d

IV .  P - 23 ( C o m p u te r  Run)

X. = .3 4 2 , a ^  = . 0 0 6 , 0 3 = . 0 7 7 , kw0 = . 1 5 2 ,

k g ( 1 - 0 ) = 1 . 4 2 8 ,  k h a  = . 2 3 2 , V = .4 6 1 f t

N u m e r i c a l  S o l u t i o n A n o r o x i m a t i o n
0 ( h r ) i w e  ( h r ) iw

. 2 1 0 .0 7 3 . 2 5 0 . 1 8 4

. 2 3 7 .1 3 2 . 2 8 0 . 2 6 3

. 2 5 2 . 1 7 4 . 3 3 0 .4 1 6

. 2 9 5 . 3 0 2 . 3 8 0 . 5 5 4

. 3 1 1 .3 5 2 .3 8 5 . 5 7 4

. 3 4 2 .4 4 8 .3 9 8 . 6 0 7

. 3 5 9 .4 9 5 . 4 2 0 .6 5 8

.3 6 9 .5 2 4 . 4 8 0 .7 7 3

.4 0 1 .6 0 5 .6 8 0 - .9 4 9

. 4 4 3 .6 9 6

. 4 5 9 .7 2 5

. 4 7 5 .7 5 8

C o m p u te r Run T e r m i n a t e d



P - 2 5  I
—  I* Numerical
—  •» Solution

tw Approximation, 
t j  Equotions G - l ,  G -2

Q£

06

or

02

020 0 3 0  
X ( f t )

0 .40 0 5 0

. t*  N um erical S o lu tion

t ^  A pprox im otion , 
E q u a tio n  ( G - l )  

I«w4’= 0 132
y i - $ l = 0 % 2 -------
kho = 0 2 6 4

0 6

1,

02

070060

\0

F i g u r e  4 2 -  C o m p a r i s o n  o f  t h e  I m p r o v e d  A n a l y t i c a l  
.A p p r o x i m a t i o n  w i t h  t h e  N u m e r i c a l  S o l u t i o n  t o  t h e  G e n e r a l  
D i f f e r e n t i a l  E q u a t i o n s ;  t  v s .  x



P - 5
Num erical
Solution

A pproxim ation, 
E q u a tio n s  G - l ,  G -2

- 0 .1 3 2  

y  I - # - 0 .3 9 2  

_  kha • 2 4 6

0 6

o r

02

0 2 40.16 

e  (tir.)

P  -  2 3

t ^  N um erica l Solu tion  

t ^  A pproxim ation, E qua tion  (6 - 1)

0.8
k ^ *  = 0 .1 5 2  

l y i - * ) - 1 .4 2 8  

“ ho = 0 .2 3 2

0.6

t.w

0 .4

02

MS' okT 'Uleo0 3 0
8 (tir)

ro
oo

F i g u r e  k j -  C o m p a r i s o n  o f  t h e  I m p r o v e d  A n a l y t i c a l  
A p p r o x i m a t i o n  w i t h  t h e  N u m e r i c a l  S o l u t i o n  t o  t h e  G e n e r a l  
D i f f e r e n t i a l  E q u a t i o n s ;  t  v s .  0
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TABLE 9

SOURCE AND SPECIFICATIONS OF LIQUIDS

D i s t i l l e d  W a te r
S o u r c e :  U n i v e r s i t y  o f  Oklahoma,  Power  P l a n t

E t h y l  A l c o h o l
S o u r c e :  A n d e r s o n  L a b o r a t o r i e s ,  F o r t  W o r t h ,  T e x a s

C a t a l o g  Number 385 
S p e c i f i c a t i o n s  :

E t h y l  A l c o h o l  - Not l e s s  t h a n  90%
M e th y l  A l c o h o l  -  Not more t h a n  5% 
I s o p r o p y l  A l c o h o l  -  Not more  t h a n .5% 
T o t a l  A l c o h o l s  -  N ot  l e s s  t h a n  99 .9%

R e f r a c t i v e  I n d e x  1 .3 5 9 3 5  ® 2 5 °  C

G l y c e r o l
S o u r c e :  J .  T .  B a k e r  C o , ,  P h i l l i p s b u r g ,  N. J .
S p e c i f i c a t i o n s :

A s s a y  (CgH^tOH)^) 96.0%
C o l o r  P a s s  ACS t e s t
D e n s i t y  Ô 25°C 1 .2 5 1
R e s i d u e  a f t e r  i g n i t i o n  .001%
N e u t r a l i t y  P a s s  ACS t e s t
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TABLE 10

SOURCE AND DESCRIPTION OF GLASS SPHERES

1 .  l k O - 1 7 0  US S i e v e  ( 0 . 0 0 3 8 " )
S o u r c e ;  M i n n e s o t a  M i n i n g  a n d  M a n u f a c t u r i n g  C o . ,  9 00  Bush  

A v en u e ,  S a i n t  P a u l  6 ,  M i n n e s o t a

D e s c r i p t i o n  :
C a t a l o g  Number 130 
3 M " S u p e r b r i t e "  G l a s s  B eads  
S o d a - l i m e - s i l i c a  g l a s s

2 .  3 5 - 4 0  US S i e v e  ( O . O l B l " )
S o u r c e :  M i n n e s o t a  M i n i n g  a n d  M a n u f a c t u r i n g  C o . ,  900  B ush
A v en u e ,  S a i n t  P a u l  6 ,  M i n n e s o t a

D e s c r i p t i o n :
C a t a l o g  Number 0?0
3 M " S u p e r b r i t e "  G l a s s  B ea d s
S o d a - l i m e - s i l i c a

3 .  1 6 - 1 8  US S i e v e  ( 0 . 0 4 2 5 ’*)
S o u r c e :  W. H, C u r t i n  a n d  C o . ,  H o u s t o n ,  T e x a s

S p e c i a l  O r d e r  -  M e lv i n  A d e r  ( S u b c o n t r a c t o r )

D e s c r i p t i o n  :
L e a d - s i l i c a  g l a s s

4 .  6 - 7  US S i e v e  ( 0 . 1 1 8 " )
S o u r c e :  W. H. C u r t i n  a n d  C o . ,  H o u s t o n ,  T e x a s

C a t a l o g  Number 9371

D e s c r i p t i o n  :
S o d a - l i m e - s i l i c a  g l a s s
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TABLE 11

CHEMICAL COMPOSITION OF GLASS SPHERES 

A p p r o x i m a t e  P e r c e n t a g e s  o f  M a jo r  C o n s t i t u e n t s

1 .  0 , 0 0 3 8 "  a n d  0 , 0 1 8 1 "  s p h e r e s
D e s i g n a t e d  by  m a n u f a c t u r e r  t o  r e s e m b l e  p l a t e  a n d  window 
g l a s s  i n  c o m p o s i t i o n .  C o m p o s i t i o n  d a t a  f r o m  R e f  ( 1 3 4 ) .

Compound A p p r o x i m a t e  ^
SlOg 72
Na20 13
CaO 12
MgO 2
(M is e )  1

2 .  0 , 0 4 2 3 "  s p h e r e s
C a l c u l a t e d  f r o m  s e m i - q u a n t i t a t i v e  s p e c t r o g r a p h i c  a n a l y s i s ;  
S h i l s t o n e  T e s t i n g  L a b o r a t o r y ,  171 4  W es t  C a p i t a l ,  H o u s t o n ,  
T e x a s

Compound A p p r o x i m a t e  ^

S i 0 2  60
PbO 30
K2 O 3
NaaO 3
( M is e )  4

3 . 0 , 1 1 8 " s p h e r e s
C a l c u l a t e d  f r o m  s e m i - q u a n t i t a t i v e  s p e c t r o g r a p h i c  a n a l y s i s ;  
S h i l s t o n e  T e s t i n g  L a b o r a t o r y ,  l ? l 4  West  C a p i t o l ,  H o u s t o n ,  
T e x a s

Compound A p p r o x i m a t e  ^

S i 0 2  69
CaO 8
Na20  16
K2 O 1
PbO 3
( M is e )  3



TAB1£ 12

THERMAL CONDUCTIVITY OF LIQUIDS AND SOLIDS 

U n i t s ,  B t u / h r  -  f t ^  ° F / f t  

T e m p e r a t u r e ,  °F

M a t e r i a l R e f 8 0 ° 1 0 0 ° 1 2 0 ° i 4 o ° 1 6 0 ° 180 °

G l a s s  0 . 0 0 3 8 " 1 3 4 . 5 4 .55 . 5 6 .57 .58 .5 9
B e a d s

0 . 0 1 8 1 " 1 3 4 . 5 4 .55 . 5 6 . 5 7 .58 .5 9

0 . 0 4 2 5 " $ .55 . 5 6

0 . 1 1 8 " 1 3 4 . 5 4 .55 . 5 6 . 57 .58 .59

W a te r 1 3 3 .357 . 3 6 3 . 3 6 9 . 3 7 5 . 3 8 1 .3 8 7

30% G l y c e r o l 1 2 6 . 2 8 0 .2 8 8 . 2 9 4 . 3 0 0 . 3 0 6
( A q u e o u s )

60% G l y c e r o l 1 2 6 . 2 2 0 . 2 2 2 . 2 2 4 .2.2.7 . 2 3 0
(A q u e o u s )

E t h y l  A l c o h o l * . 1 0 2 . 0 9 5 . 089 .082
133

Measured at 75°  F by Prabhudesai, University of Oklahoma, Sept., 196I,
^wb “ -104; Data extrapolated using this value and literature reference 

^ E s t i m a t e d  f r o m  d a t a .  R e f  (1 2 9 )  p .  2 2 1 .

2 0 5



M a t e r i a l

G l a s s  0 . 0 0 3 8 "  
B e a d s

0 . 0181"

0 . 0 4 2 5 "

0 . 118"

W a t e r

30% G l y c e r o l  
( A q u e o u s )

60% G l y c e r o l  
( A q u e o u s )

E t h y l  A l c o h o l

R e f

134

134

$

134

133

133

133

TABLE 13

SPECIFIC HEAT OF LIQUIDS AND SOLIDS 

U n i t s ,  B t u / # °  F 

T e m p e r a t u r e , °  F

. 2 0 2

.202

. 1 6

.202

8 0 °

. 9 9 9

.886

. 7 5 9

.586

(Mean v a l u e s  b e t w e e n  T^ = 8 0 ° F ,  T q = 1 5 0 ° F .  
T h e s e  v a l u e s  w e r e  u s e d  i n  a l l  c a l c u l a t i o n s )

100 °

. 9 9 9

, 8 8 0

. 7 5 4

.6 1 3

120 °

. 9 9 9

. 8 7 4

. 7 4 9

. 6 4 8

l 4 o °

1 . 0 0 0

.868

. 7 4 4

. 6 8 7

1 6 0 °

1 . 0 0 2

. 8 6 2

. 7 3 9

. 7 2 5

1 8 0 2

1 . 0 0 3

.7 6 5

*L i n e a r  i n t e r p o l a t i o n  b e t w e e n  R e f  ( I O 9 ) a n d  R e f  ( 1 2 3 )  

^ E s t i m a t e d  f r o m  d a t a ,  R e f  ( 1 2 9 )  p .  2 1 2 ,  R e f  ( I 6 2 ) p .  25
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TABLE l 4

DENSITY OF LIQUIDS AND SOLIDS

M a t e r i a l  

G l a s s  0 , 0 0 3 8 "  

0 * 0181 "  

0 . 0 4 2 5  

0 . 1 1 8 "

M a t e r i a l

W a te r

30% G l y c e r o l  
( A q u e o u s )

60% G l y c e r o l  
(A q u e o u s )

E t h y l  A l c o h o l

D e n s i t y  # / f t ^

155

156 

187 

154

R e f

133

1 2 6

126

109
133

8 0 ° F

6 2 . 2

6 6 . 8

7 1 . 7

4 8 . 9

D e n s i t i e s  w e r e  e x p e r i m e n t a l l y  d e t e r m i n e d

1 0 0 ° F

6 2 . 0  

6 6 . 5

7 1 . 4

4 8 . 3

D e n s i t y  # / f t ^

1 4 0 °F1 2 0 ° F

6 l . 6 

6 6 . 2

7.10

4 7 . 6

6 1 . 3

6 5 . 9

7 0 . 6

4 7 . 0

l 6 0 ° F

6 l . 0

6 5 . 6  

7 0 . 2

1 8 0 ° F

6 0 . 5

2 0 7



TABLE 15

M a t e r i a l  R e f

W a t e r  133

30% G l y c e r o l  126
(Aqueous)

60% G l y c e r o l  126
( A q u e o u s )

E t h y l  A l c o h o l  133

VISCOSITY OF LIQUIDS 

U n i t s ,  c e n t i p o i s e

8 0 ° F

.8 5 7

2.10

8 . 1 4

1 . 0 8

IOOOF

.686

1 . 5 5

5 . 4 ?

.3 8

1 2 0 ° F

. 5 6 0

1.20

3 . 8 8

. 7 3 5

l 4 o ° F

. 4 7 0

. 9 8

2 . 8 6

. 6 1 0

1 6 0 ° F  1 8 0 ° P

. 4 o 4  . 3 5 0

. 8 5

2 . 2 2

208
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TABLE 16

PHYSICAL PROPERTIES; SOLTROL " I 30"*

P *  = 4 0 . 8  # / f t 3  ® 60°F  

0^  = . 5 0  B t u / # ° F  ® 75°F

= .0 8 1 2  B t u / h r - f t ^ O F / f t  ® ? 5 ° F

P h y s i c a l  P r o p e r t y  V a l u e s  U sed  i n  C a l c u l a t i o n s :  

T = 110°F

P w  =  4 5 . 2  # / f t 3

C„ = .52  B t u / # ° F

k y c  = . 0 8 0  B t u / h r - f t ^ O F / f t

^  =  . 9 2  c p .

*
P h i l l i p s  P e t r o l e u m  Company T r a d e  Name, B a r t l e s v i l l e ,  Oklahoma
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EXPERIMENTAL DATA

I n d e x  t o  D a ta  

T a b l e s  1? t o  20*

US S i e v e 4) L i q u i d Run Numbers  
( I n c l )

l 4 o  -  170  . 3 5 5 W ate r 33C - lO lC
30% G l y c e r o l 1 0 6 c -  I I 8 C
60% G l y c e r o l 119C - 1 2 2 c

35 - ^ 0  . 3 5 6 W a te r 1 2 3 c -  1 6 3 c
30% G l y c e r o l 1 6 5 c -  1 7 9 c
60% G l y c e r o l 18 5 c -  1 9 0 c
E t h y l  A l c o h o l 1 9 1 c -  208C

3 7 5 c -  3 7 9 c

l 6  -  18 . 3 6 0 W a te r 3 9 3 c -  4 o o c
4 3 1 c -  4 3 9 c

30% G l y c e r o l 4 l2C -  420C
60% G l y c e r o l 401C -  4 i i c
E t h y l  A l c o h o l 4 2 2 c -  4 3 0 c

6 - 7 .3 5 3 W a te r 3 1 8 C - 3 4 oc
30% G l y c e r o l 34 7 c -  3 6 1 c
6o% G l y c e r o l 2 7 3 c -  2 9 3 c

3 4 i c -  346c
E t h y l  A l c o h o l 3 6 2 c -  3 7 3 c

*Where r u n  n u m b e r s  a r e  o m i t t e d  in  t h e  t a b l e s , t h e  r e a son  i s
one  o f  t h e  f o l l o w i n g ;  1) Run was a  h e a t i n g  r u n ,  2) C h a n n e l i r
o c c u r r e d ,  3) E x p e r i m e n t a l e r r o r  s u c h  a s  l o n g p r e h e a t , p o o r
i n l e t  t e m p e r a t u r e  c o n t r o l , e t c .
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TABLE 17

EXPERIMENTAL DATA} WATER SYSTEM

Run # vdp k e k e ( v ) ^ a v g Re

33C . 0 0 2 0 3 , 5 3 4 , 0 2 4 . 5 1  . 1 1 8 , 5 . 0 9 0
jk c . 0 0 1 6 8 . 5 7 7 . 0 6 7 .5 1 1 1 9 . 4 .0 7 5
35C .0 0 1 4 0 .5 7 7 . 0 6 7 .5 1 1 2 0 . 9 .0 6 4
3 6 c . 0 0 0 9 1 .5 6 1 .0 5 1 .5 1 1 2 2 . 7 .0 4 3
3 8 c . 0 0 3 0 0 .5 6 0 .0 5 0 .5 1 1 1 7 . 9 ,1 3 4
3 9 c . 0 0 3 9 5 .5 3 4 . 0 2 4 . 5 1 1 1 6 . 1 .1 7 4

. 0 0 4 9 8 . 5 4 0 . 0 3 0 .5 1 1 1 7 . 8 ,2 2 2
i^ic , 0 0 6 0 6 .5 0 9 -  . 001 . 5 1 1 1 4 . 8 .2 6 1
4 2 c .0 0 6 4 7 . 5 0 9 - . 0 0 1 .5 1 1 1 8 , 5 .2 8 9
4 3 c . 0 0 7 1 5 .5 1 9 .0 0 9 .5 1 1 1 8 , 2 . 3 1 9
i4-l4’C , 0 0 8 4 3 , 4 9 8  - - . 0 1 2 . 5 1 1 1 7 . 6 .3 7 6
t*5C . 0 0 9 1 7 . 5 1 9 .0 0 9 .5 1 1 1 9 . 4 , 4 0 9
4 6 c , 0 0 2 9 5 . 5 1 9 .0 0 9 .5 1 1 1 6 , 9 .1 3 0
4 7 c . 0 0 2 6 2 .5 2 9 .0 1 9 .5 1 1 1 6 , 5 .1 1 5
48C . 0 0 3 5 0 .5 4 5 .0 3 5 . 5 1 1 1 6 . 5 .1 5 4
4 9 c . 0 0 2 3 3 . 5 4 5 . 035 .5 1 1 1 9 . 5 .1 0 6
5 1 c . 0 0 1 7 2 .5 5 0 . 0 4 0 . 5 1 1 2 0 , 1 . 0 7 8
5 2 c .0 0 4 1 8 . 5 1 4 .0 0 4 . 5 1 1 1 9 . 4 .187
5 3 c . 0 0 4 7 5 . 5 0 9 - . 0 0 1 . 5 1 1 2 2 , 1 . 2 1 9
5 6 c .0 0 1 6 4 .5 4 5 .0 3 5 .5 1 1 1 7 . 2 , 0 7 2
5 7 c . 0 0 1 3 8 .5 5 0 , 0 4 0 . 5 1 1 1 6 . 7 . O f l
5BC , 0 0 2 1 9 .503 - . 0 0 7 .5 1 1 1 6 . 2 ,0 9 6
5 9 c . 0 0 3 2 0 . 5 2 4 ,0 1 4 . 5 1 1 1 3 . 3 .135
6 0 c . 0 0 3 8 7 .5 0 6 - . 0 0 4 . 5 1 1 1 5 . 7 .1 7 0
6 1 c , 0 0 4 5 s .5 1 4 .0 0 4 .5 1 1 1 3 . 9 .1 9 6
6 2 c . 0 0 5 0 5 .4 9 3 - . 0 1 7 .5 1 1 1 5 . 7 ,2 2 2
6 3 c . 0 0 5 6 2 .4 9 9 - . 0 1 1 . 5 1 1 1 7 . 8 ,251
6 4 c . 0 0 6 1 8 ,5 1 0 ,0 .5 1 1 1 7 . 2 ,272
6 5 c . 0 0 6 6 5 . 5 1 4 .0 0 4 . 5 1 1 1 8 , 2 , 2 9 7
6 6 c . 0 0 7 2 8 ,4 9 8 - . 0 1 2 . 5 1 1 1 7 . 2 .3 2 0
6 7 c . 0 0 7 4 5 . 5 1 4 .0 0 4 . 5 1 1 1 7 . 0 ,3 2 8
68C . 0 0 7 8 8 , 5 1 4 .0 0 4 . 5 1 1 1 6 , 9 .347
6 9 c . 0 0 8 1 2 .5 2 4 .0 1 4 . 5 1 1 1 9 . 8 .3 7 0
7 0 c . 0 0 3 7 0 .5 3 0 .0 2 0 . 5 1 1 1 5 . 8 .1 5 9
7 1 c . 0 0 4 4 4 .4 8 8 - . 0 2 2 . 5 1 1 1 5 . 0 ,191
7 2 c . 0 0 5 2 8

. 0 0 6 1 4
.5 0 3 - . 0 0 7 .5 1 1 1 8 , 5 , 2 3 6

7 3 c . 5 3 4 , 0 2 4 .5 1 1 1 8 , 8 . 2 7 4
7 4 c . 0 0 6 5 5 . 5 4 0 . 0 3 0 .5 1 1 1 8 , 5 .2 9 2
7 6 c . 0 0 7 6 3 . 5 3 9 ,0 2 9 .5 1 1 1 8 , 9 .341
86c . 0 0 1 4 9 .5 4 0 .0 3 0 .5 1 9 8 , 5 . 055
8 7 c .0 0 2 1 5 .5 2 9 .019 . 5 1 9 8 , 5 .0 8 0
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TABLE 17 - C o n t i n u e d

Run # v d p k g k e ( v ) T a v g Re

88C . 0 0 2 9 9 .535 .0 2 5 .51 9 9 . 4 .1 1 1
89c .00370

. 0 0 4 3 5
.5 3 9 . 0 2 9 .51 1 0 1 . 0 .139

90c . 5 1 4 . 0 0 4 .51 9 8 . 5 . 1 6 1
9 1 c . 0 0 5 1 1 .523 . 0 1 3 .51 9 8 . 7 .189
92c . 0 0 5 9 1 .5 5 1 . 0 4 l . 51 1 0 0 . 8 .2 2 2
93c
94c

. 0 0 6 3 8
P o o r  f i t

. 5 2 5
t o  e r f  c u r v e

.015 . 5 1 1 0 0 .7 , 2 4 0

9 5 c .00277 . 5 4 9 .039 .51 131.6 . 1 3 8
96c . 0 0 3 9 6 .498 - . 0 1 2 . 51 1 3 2 . 6 . 2 0 2
97c . 0 0 5 2 4 . 5 5 0 .o4 o . 5 1 1 3 4 . 3 . 2 6 8
980 . 0 0 5 5 2 . 5 2 4 .0 1 4 . 51 1 3 6 . 0 . 2 8 7
99c .00674 , 5 1 3 .0 0 3 .5 1 1 3 5 . 8 . 3 5 0

1000 . 0 0 7 8 7 .507 - . 0 0 3 .5 1 1 3 5 . 1 .4 0 8
1010 .00236 . 5 5 4 . 0 4 4 .5 1 1 3 3 . 9 . 1 2 1

1230 . 0 2 8 9 . 5 9 4 . 0 8 4 .5 1 1 1 1 . 0 1 .2 1 0
1240 . 0 2 5 4 . 5 9 4 . 0 8 4 . 5 1 1 1 1 . 0 1.070
1250 . 0 1 2 0 .567 .0 5 7 ,5 1 1 1 4 . 6 . 5 2 3
1260 • 0220 .5 8 3 . 0 7 3 .51 1 1 4 . 1 .9 4 6
127c .0191 . 5 7 7 .0 6 7 .5 1 1 1 4 . 2 .8 2 0
1280 .0337 . 6 4 5 . 1 3 5 .5 1 1 1 5 . 1 1 . 4 6 1
129c .0371 . 6 2 2 . 1 1 1 . 5 1 1 1 5 . 6 1 .6 3 5
1300 .0078 . 5 8 8 . 0 7 8 .51 1 1 5 . 1 . 3 4 0
131c .0093 . 5 8 4 .074 .5 1 1 1 7 . 2 . 4 1 2
1320 .0161 . 5 4 6 . 0 3 6 ,5 1 1 1 6 . 3 .7 0 8
133c .0178 . 5 5 7 .0 4 7 ,5 1 1 1 3 . 1 .7 6 1
1340 .0207 . 5 6 8 .0 5 8 . 5 1 1 1 3 . 6 .889
135c .0234 .600 . 0 9 0 .5 1 1 1 3 . 0 1 . 0 0 0
137c .0278 . 5 9 5 .0 8 5 .5 1 1 1 2 . 2 1 . 1 7 7
1380 .0312 . 6 1 7 .1 0 7 .5 1 1 1 3 . 6 1 . 3 4 0
139c . 0 3 1 7 . 6 4 6 , 1 3 6 . 5 1 1 1 5 . 3 1 . 3 7 4
l 4 oo .0359 . 5 8 4 . 0 7 4 .51 1 1 6 . 4 1 .5 8 5
l 4 lo . 0 1 2 0 . 5 5 1 , 0 4 l . 5 1 1 1 8 . 9 .5 3 9
1420 .0152 . 5 2 9 .0 1 9 .5 1 1 1 9 . 6 .6 9 4
1430 .0307 . 6 5 3 .1 2 3 .5 1 1 2 0 . 5 1 . 4 0 8
i 4 4 o . 0 3 5 2 . 6 3 8 .1 2 8 .51 1 2 1 . 3 1 . 6 1 3
145c .0305 . 6 1 5 .1 0 5 .5 1 1 1 3 . 7 1 . 3 1 3
1520 . 0 1 1 1 .550 .0 4 0 . 5 1 1 1 2 . 1 . 4 7 2
153c . 0 1 3 8 .5 5 8 . 0 4 8 . 5 1 1 1 4 . 0 .5 9 3
1540 .0134 .566 . 0 5 6 .5 1 1 1 4 . 8 .5 8 1
155c .0324 .594 . 0 8 4 .51 1 1 4 . 2 1 . 3 9 4
1560 .0301 . 5 4 0 . 0 3 0 .5 1 1 1 4 . 5 1 . 3 0 8
157c .0294 . 5 6 6 .0 5 6 ,51 1 1 6 . 2 1 . 3 0 0
1580 .0312 .571 . 0 6 1 .51 1 1 7 . 5 1 . 3 8 8
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TABLE 17 -  C o n tin u ed

Run # vdp ke k e ( v ) k e ° Ta v g Re

159c «0145 «544 .0 3 4 .5 1 1 2 9 .2 «706
160c «0217 «615 «105 «51 1 3 2 .7 1 .1 0 3
161c .0 2 9 3 «620 .1 1 0 «51 1 3 2 .5 1 .4 8 9
163c «0340 ,6 3 2 .1 2 2 c5 l 1 2 9 . 7 1 .6 9 7

3180 «181 1 .9 9 1 .4 8 «51 1 2 2 .9 8 .5 8
319c .1 4 6 1 .5 6 1 .0 5 «51 1 2 0 .0 6 .6 2
320c «123 1 «32 «81 «51 1 2 1 .2 5 «58
321c «202 2 .1 1 1 .6 0 «51 1 1 9 .4 9 .1 6
322c «246 2 .7 6 2 .2 5 «51 1 1 8 .6 1 1 .1 6
324c «184 1 .9 2 l« 4 l «51 1 2 4 .4 8 «72
325c «165 1«65 - 1 ,1 4 «51 1 1 5 .1 7 .1 8
326c «0695 «868 «358 «51 1 1 6 .9 3 .0 2
327c «0558 . .7 9 6 «286 «51 1 1 7 .8 2 «53
3280 ,1 1 4 1 .1 8 .67 .5 1 1 1 7 .5 5 .0 6
329c «0580 . «855 .345 «51 1 2 0 .8 2 .6 3
330c «0944 1 .1 1 «60 -.51 1 2 1 .2 4 .2 8
331c «232 2 ,4 3 1 .9 2 «51 1 2 0 .3 1 0 .52
332c «223 2 ,3 2 1 ,8 1 «51 1 2 0 .6 1 0 .11
3330 «255 2 .6 5 2 .1 4 «51 1 2 0 .5 1 1 .5 6
334c «230 2 .7 0 2 .1 9 .5 1 1 2 0 .4 1 0 .4 3
335c «0921 1 .0 0 «49 «51 1 0 1 .7 3 .2 6
336c .1 4 8 1 .5 7 1 .0 6 «51 1 0 1 .9 5 «24
337c «189 1 .9 4 1 ,4 3 «51 1 0 2 .3 6 .6 9
3380 «232 2 .7 0 2 .1 9 .5 1 1 0 5 .2 9 .1 5
339c «121 1 ,3 1 «80 «51 1 0 0 .0 4 .2 8
3400 «181 1 .9 2 l , 4 l .51 1 0 0 .0 6 . 4 l

393c «0433 «692 «182 «51 1 0 2 .2 1 .5 3
3940 «0270 «636 «126 «51 1 0 2 .4 .845
395c «069 .8 6 2 «352 «51 1 0 1 .6 2 .4 6
3980 «0216 «592 «082 «51 1 0 2 ,2 «765
399c «0378 «665 «155 «51 1 0 1 .3 1 .3 4
4000 .0 656 «805 «295 «51 1 0 0 .8 2 .3 2
4 3 1 c «0761 , «910 «400 «51 1 0 6 .6 3 .0 0
4320 ,.o4 6 i «712 «202 «51 1 0 7 .8 1 .8 2
433c «0219 «625 «115 «51 1 0 9 .2 «903
4340 ,0 6 4 6 «838 «328 «51 1 0 6 .9 2 .5 5
4 3 5 c «0328 «660 «150 «51 1 0 9 .1 1 .3 5
4 3 6 c «0818 «964 «454 «51 1 0 6 .5 3 .2 3
4 3 7 c ,0 4 7 1 .7 0 0 ,1 9 0 .5 1 1 0 8 .4 1 .9 4
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TABLE 18

EXPERIMENTAL DATA; ETHYL ALCOHOL SYSTEM

Run # v d p ke k@(v) k e ° Tavg Re

191c .0136 ,482 .082 .40 1 1 1 .4 .340
192c .0194 ,521 ,121 .40 1 1 2 .1 .489
193c .0269 .521 .121 .40 115.9 .700
194c , 0 3 6 4 ,544 .1 4 4 .40 116.2 .948
195c .0159 .449 .049 .40 1 1 2 .0 .400
196c .0193 .495 .095 .40 112.9 .490
197c .0236 .517 .117 .40 1 1 2 ,1 . 5 9 5
198c .0253 .557 .057 .40 113,9 . 646
200c .0291 .523 .123 .40 115.9 .758
2010 .0101 ,442 .042 .40 113.0 .255
202c .0107 . 4 l 4 .0 1 4 .40 1 1 0 ,8 .267
203c .0353 .628 ,228 .40 111.3 ,882
205c , 0 4 l 0 .597 .197 .40 113,2 l , 0 4 l
206c .0130 ,463 .063 .40 1 1 2 ,7 ,329
207c .0430 .560 .160 .40 l l 4 , 8 1.107
2080 .0165 ,476 .076 .40 1 1 4 .4 .422

362c .1 2 0 1.17 .7 7 .40 1 0 1 ,7 2 ,7 3
363c ,121 1.16 .76 ,40 9 3 ,0 2,61
3 6 4c ,162 1.49 1.09 .40 9 3 ,3 3,49
365c ,209 1.91 1.51 ,40 94,4 4,50
366c .093 .940 .540 ,40 96,3 2 ,0 0
367c ,076 .765 .365 .40 9 5 .8 1 .6 4
368C P o o r  f i t t o  e r f  c u r v e
369c .137 1 ,22 ,82 ,40 9 5 ,0 2 ,95
370c .068 .776 .376 ,40 9 5 ,9 1,47
371c ,248 2,36 1,96 ,40 91,9 5 ,0 2
372c .128 1 ,1 4 .74 .40 94,4 2,76
3 7 3 c , 1 5 8 1 ,4 4 1 , 0 4 .40 9 5 .8 3 .4 0

375c ,0236 ,489 ,090 .40 9 6 , 5 ,508
376c .0339 ,510 ,110 ,4 o 96,3 , 7 3 0
3 7 7 c ,0113 ,465 .065 ,40 9 9 ,3 ,400
378C .0194 .457 .057 ,4 o 9 8 ,8 ,687
3 7 9 c .0354 .514 .1 1 4 .40 9 9 . 4 1.25

4220 ,0676 .685 ,285 ,4 o 1 0 1 ,7 1,54
423c . 0 8 5 5 ,872 ,472 ,40 1 0 0 ,6 1 ,9 5
4 2 4 c .0915 .803 ,403 ,40 103,3 2 ,1 8
4 2 5 0 .0995 .875 .475 .40 103.1 2 .3 7
4260 .0516 .649 ,249 ,40 103,5 1,23
427c . 0 4 1 5 .569 ,169 .40 103.0 .989
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TABLE 18 -  C o n tin u ed

Run # v d p k e k e 1 v ) k  °K.0 T a v g Re

4 28 0 . 0 3 5 0 . 5 6 9 .1 6 9 . 4 0 1 0 5 . 0 .8 3 4
4 2 9 0 . 0 7 2 9 . 6 9 3 .2 9 3 . 4 0 1 0 5 . 0 1 . 7 4
4 3 0 -A 0 . 0 3 3 4 . 5 7 1 .171 . 4 0 1 1 2 . 2 .826
4 3 0 - 8  0 .1 0 6 1 . 0 5 .65 . 4 0 1 1 2 . 0 2 . 6 2
4 3 0 - 0  0 .0 9 8 9 1 , 0 4 .6 4 . 4 0 1 0 7 . 5 2 . 3 9
4 3 0 -D 0 . 0 3 3 7 .5 7 1 .171 . 4 0 1 0 9 . 2 . 8 3 4
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TABLE 19

%
EXPERIMENTAL DATA; 30 PER CENT GLYCEROL SYSTEM

ReRun # vdp k e k e ( v ) k e ° T a v g

106C . 0 0 3 7 1 . 5 3 7 .037 . 5 0 1 2 1 . 5 .0 8 7 6
1 0 7 c .0 0 3 4 2 . 5 2 7 .027 .5 0 1 2 1 , 5 .0 8 0 9
108C . 0 0 2 7 6 .5 2 1 .021 .5 0 1 2 1 . 3 .0 6 4
1 0 9 c . 0 0 5 6 0 . 5 2 7 ,027 . 5 0 1 1 7 . 0 .123
1 1 0 c . 0 0 5 4 8 . 5 3 1 .031 . 5 0 1 1 7 . 6 .123
l l l C . 0 0 4 2 7 .5 1 1 .011 . 5 0 1 2 0 . 9 .0 9 9
1 1 2 c . 0 0 2 1 0 .4 8 6 - . 0 1 4 . 5 0 1 1 9 . 7 .0 4 8
113c .00139 . 5 5 8 .058 .50 119.8 .032
l l 4 C P o o r  f i t  t o  e r f  c u r v e
115c . 0 0 6 5 5 . 5 3 7 .037 .50 1 2 0 . 1 .151
116c . 0 0 2 1 4 . 5 0 6 .006 .50 1 1 8 . 4 .0 4 8
117c .00389 . 5 1 1 .011 .50 1 1 8 . 2 .087
1180 . 0 0 5 6 5 . 5 0 6 .006 .50 119.2 . 129

156c . 0 1 3 8 .554 .054 .50 1 1 6 . 3 .296
166c . 0 1 8 2 .570 .070 .50 1 1 8 . 2 .408
167c , 0 2 1 6 .591 .091 .50 1 2 1 . 1 .501
I 6 8 C . 0 2 6 2 . 5 8 6 .086 . 5 0 1 2 0 . 0 .602
16 9 c . 0 2 6 7 . 5 5 9 .059 .5 0 1 2 1 . 1 .6 1 9
1 7 0 c . 0 3 1 4 .5 7 5 .075 . 5 0 1 2 0 . 8 . 728
1 7 1 c .0 2 8 7 .5 9 7 .097 .5 0 1 2 3 . 1 . 682
1 7 2 c . 0 1 0 7 . 5 8 0 .080 . 5 0 1 1 9 . 7 .247
1 7 3 c . 0 1 4 8 .5 3 3 .033 . 5 0 1 1 8 , 0 . 333
17^C . 0 2 7 2 .5 5 4 .054 . 5 0 1 2 1 . 5 . 630
1 7 5 c .0 1 2 0 . 5 6 4 . 064 . 5 0 1 2 3 . 3 .285
1 7 6 - 1  C . 0 2 0 6 . 5 8 6 . 086 . 5 0 1 2 2 . 9 .4 8 9
1 7 6 - 1 1 C .0 1 8 6 .5 5 9 .059 . 5 0 1 2 2 . 9 .443
177c . 0 2 0 9 . 5 8 6 .086 . 5 0 1 1 6 . 8 .456
I 7 8 C . 0 1 8 6 .5 8 0 .080 . 5 0 1 1 8 . 2 .419
1 7 9 c . 0 2 7 5 .5 9 1 .091 . 5 0 1 2 2 . 2 .649

3^7C . 1 4 7 1 . 6 1 1.11 . 5 0 1 0 7 . 6 2 . 9 8
3480 . 1 6 9 1 . 8 8 1 .38 . 5 0 1 1 1 . 5 3 . 4 3
3 4 9 c .2 0 0 2 . 1 9 1 .69 . 5 0 1 1 4 . 6 4 , 3 2
3500 .134 1 . 3 7 .87 .50 1 1 3 . 6 2 . 8 9
351c .119 1 . 3 0 .80 .50 1 1 6 . 0 2 . 5 7
3520 . 0 9 6 1.13 .63 .50 1 1 7 . 1 2 . 0 7
353c .0675 . 8 1 2 .31 .50 115.5 1 . 4 6
3540 .2 0 0 2 . 3 2 1 .82 .50 1 1 0 . 8 4 . 0 6
3550 .053 .790 .290 .50 1 2 0 . 1 1 . 2 1
3560 .071 . 9 1 6 . 4 l 6 .50 109.4 1 . 4 4
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TABLE 19 -  C o n tin u ed

Run # vdp ke k e ( v ) T a v g Re

3 5 7 c . 0 6 4 . 8 7 0 . 3 7 0 . 5 0 1 0 7 . 2 1 . 3 0
358C .0 8 9 1 . 0 3 . 5 3 . 5 0 1 0 6 , 3 1 . 6 8
3 5 9 c . 195 2 . 1 9 1 . 6 9 . 5 0 1 0 4 . 9 3 . 6 9
3 6 0 c . 212 2 . 4 4 1 . 9 4 . 5 0 1 1 6 . 8 4 , 5 8
3 6 1 c . 2 2 0 2 . 6 4 2 . 1 4 . 5 0 1 1 4 . 3 4 . 7 5

k l2 C .0753 . 8 3 7 .337 . 5 0 1 1 2 . 3 1 . 5 3
i f l 3 C . 0 5 8 3 .7 5 6 . 2 5 6 . '50 1 1 3 . 5 1 . 2 6
hike .0445 .7 4 2 . 2 4 2 . 5 0 1 1 7 . 0 .9 6 1
hi5 C . 0 3 0 8 . 6 3 8 .1 3 8 .5 0 1 1 8 . 8 . 7 0 3
ki6c . 0 8 0 4 . 9 0 7 . 4 0 7 . 5 0 1 1 7 . 2 1 . 7 4
hi7C .0589 . 8 8 1 .381 . 5 0 1 2 1 . 4 1 . 3 4
hl8C .0 2 7 9 .6 0 7 ,1 0 7 . 5 0 1 1 1 . 3 . 5 6 6
hi9C . 0 5 6 2 . 7 7 5 . 2 7 5 . 5 0 1 0 7 . 2 1 . 0 6
kzoc .0585 .7 9 5 . 2 9 5 . 5 0 1 1 3 . 8 1 . 2 6
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TABLE 20

EXPERIMENTAL DATA; 60  

ke

PER tOENT

k e ( v )

GLYOEROL SYSTEM

Run # vdp k e ° ' T a v g Re

1 1 9 c . 0 0 2 2 0 .4 9 1 . 0 4 l , . 4 5 1 1 7 . 3 . 0 1 4 8
1 2 0 c ,0 0 2 4 4 .4 9 1 . 0 4 l . 4 5 1 1 8 . 0 .0 1 6 9
1 2 1 c , 0 0 2 5 2 .4 6 2 ,0 1 2 .45 1 2 0 . 2 .0179
1 2 2 c .0 0 2 4 2 .4 4 4 — . 006 .45 1 1 6 . 4 .0161

185C . 0 1 2 7 .5 6 8 . 1 1 8 .45 1 1 6 . 5 .0861
1 8 6 c .0 1 8 5 .5 7 3 . 1 2 3 .45 1 2 3 . 7 .1 3 9
1 8 7 c . 0 1 9 4 .5 5 2 .1 0 2 .45 1 2 3 . 5 .145
1880 . 0 1 3 3 .5 6 8 . 1 1 8 . 45 1 2 1 . 0 . 095
1890 *0177 .5 6 3 .1 1 3 .45 1 2 3 . 5 .132
1900 .0 1 9 2 .5 1 2 .0 6 2 .45 1 2 5 . 5 .1 4 6

2 7 3 c ,121 1 . 2 3 . 7 8 . 45 1 2 6 . 3 . 987
2 7 5 c .1 1 8 1 . 2 2 .7 7 . 4 5 1 0 4 . 5 .6 8 7
27 7 6  : . 1 0 9 1 .1 2 . 6 7 .45 1 0 4 . 5 .635
278 0 . 1 0 9 1 . 0 9 . 6 4 .45 1 0 4 . 3 . 635
2 7 9 c . 1 0 9 1 .1 2 . 6 7 .45 1 0 4 . 4 . 635
2800 , 135 1 . 4 3 . 9 8 . 4 5 9 8 . 8 .7 2 8
281 0 , l 4 l 1 . 5 8 1 . 1 3 .45 9 9 . 5 .760
282 0 .1 5 5 1 . 7 7 1 . 3 2 .45 1 0 2 . 6 . 9 0 4
283 0 .1 7 3 2 . 0 0 1 . 5 5 .45 1 0 4 . 4 1 . 0 1
28U0 .1 7 5 1 . 8 9 1 . 4 4 .45 1 0 2 . 8 1 . 0 2
285 0 . 173 1 . 9 0 1 . 4 5 .45 1 0 3 . 6 1 .0 1
2860 . 1 8 9 2 . 0 5 1 . 6 0 .45 1 0 3 . 6 1 . 1 0
2876 .1 9 1 2 , 0 5 1 . 6 0 .45 1 0 3 . 1 1 .1 1
2880 .1 9 3 2 . 1 9 1 . 7 4 .45 105 .2 1 . 1 2
2896 . 192 1 .9 7 1 . 5 2 .45 l o 4 . 9 1 . 1 2
290 0 .0 8 5 5 .9 8 0 . 5 3 0 .45 1 0 2 . 7 .498
2910 .0 7 4 5 . 8 5 0 .4 0 0 .45 1 0 3 . 1 .4 3 4
292 0 .0 7 3 2 . 8 4 4 . 3 9 4 .45 1 0 3 . 9 .4 2 7
293 0 .0 7 1 7 . 8 5 0 .4 0 0 . 45 1 0 6 . 3 .4 1 8
3^ 1 6 .0 7 0 .8 9 3 . 4 4 3 .45 1 1 1 . 4 .4 4 8
342 0 .1 6 3 1 . 7 6 1 . 3 1 .4 5 1 0 9 . 7 1 . 0 4
343 0 . 1 4 6 1 . 4 7 1 . 0 2 .45 1 1 2 , 3 .9 3 4
3 4 4 0 .1 2 2 1 .3 5 . 9 0 .4 5 1 1 2 . 7 . 7 8 1
3 4 5 0 .195 2 . 2 5 1 . 8 0 . 4 5 1 1 3 . 9 1 . 3 7
3460 . 1 7 2 1 . 7 7 1 . 3 2 .45 1 1 4 . 7 1 . 2 0

4 0 1 0 . 0 5 2 9 .7 6 1 .3 1 1 .4 5 1 0 2 . 2 .2 8 5
4 0 2 0 . 0 5 3 2 . 6 5 8 . 2 0 8 .4 5 1 0 1 . 9 .2 8 7
4 0 3 0 .0 4 2 3 .7 3 8 .2 8 8 .45 1 0 4 . 0 .2 4 7
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TABLE 20 -  C on tin u ed

Run # vdp k e k e ( v ) k e ° T a v g Re

4o4c . 0 2 7 8 . 6 3 5 . 1 8 5  - , 4 5 1 0 5 . 2 . 1 6 2k05C . 0 2 3 7 .6 3 6 . 1 8 6 . 4 5 1 0 6 . 0 . 1 3 8ko6c . 0 3 6 . 5 9 9 .1 4 9 . 4 5 1 0 6 . 6 .2 1 0k07C . 0 5 2 6 . 6 7 0 .2 2 0 .4 5 1 0 6 . 3 .3 0 7k08C . 0 3 9 2 .6 9 1 . 2 4 1 . 4 5 1 0 1 . 9 . 2 1 1k0 9C , 0^22 . 6 9 1 .2 4 1 .45 1 0 3 . 8 . 2 4 6kioc . 0 2 4 6 . 7 1 0 . 2 6 0 .4 5 1 0 4 . 5 .1 4 3
4 l l C . 0 6 1 8 .7 8 0 .3 3 0 .45 1 0 3 . 5 .3 6 0
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TABLE 21

CORRELATION CALCULATIONS; WATER SYSTEM, HEAT-TRANSFER

COEFFICIENT FROM DRYDEN , STRANG, WITHROW

Run # vdp ^ h a Pe
Dh

318C .181 . 4 3 9 1 . 0 4 7 . 9 4 3 .3 7 3 0 , 0 2
3 1 9 c .146 . 303 . 7^7 5 . 7 5 3 .6 1 2 4 . 3 7
3 2 0 c  j .123 .2 2 6 . 5 8 4 4 . 4 9 3 . 7^ 2 0 , 5 3
3 2 1 c .202 .485 1 . 1 2 8 . 6 2 3 .5 2 3 3 . 7 2
3 2 2 c .2 4 6 . 733 1 . 5 2 1 1 . 6 9 3 . 2 4 4 1 . 0 7
3 2 4 c .1 8 4 . 451 .9 5 9 7 . 3 2 3 .6 7 3 0 . 9 2
3 2 5 c ,165 . 375 . 7 6 5 5 . 8 8 4 . 0 1 2 7 , 7 3
3 2 6 c .0695 . 085 . 2 7 3 2 . 1 0 3 .7 5 1 1 , 6 8
3 2 7 c .0558 .0 5 9 .2 2 7 1 . 7 5 3 .3 9 9 , 3 2
328C .1 1 4 .2 0 0 . 4 7 0 3 . 6 2 4 ,1 3 1 9 , 0 3
3 2 9 c .,0580 .0 6 3 .2 8 2 2 . 1 7 3 .0 7 9 , 6 8
3 3 0 c , 0 9 4 4 .1 4 5 . 4 5 5 3 . 5 0 3 .8 6 1 5 . 7 6
3 3 1 c .2 3 2 . 6 6 8 1 . 2 5 9 . 6 2 3 .6 5 3 8 , 7 3
3 3 2 c .2 2 3 .6 2 5 1 . 1 9 9 . 1 5 3 .6 8 3 7 , 2 3
3 3 3 c f.255 .7 7 0 1 . 3 7 1 0 . 5 4 3 .7 0 4 2  ,57
3 3 4 c . 2 3 0 . 6 5 8 1 . 5 3 1 1 . 7 7 3 .0 2 3 8 , 4 o
3 3 5 c .0921 . 1 3 8 . 3 5 2 2 , 7 5 4 . 1 9 1 5 , 7 2
3 3 6 c .1 4 8 . 315 . 7^5 5 . 8 2 3 .7 1 2 5 , 2 6
3 3 7 c .1 8 9 . 4 7 6 . 9 5 4 7 . ^ 5 3 .8 2 32  ,35
3 3 8 c . 2 3 2 .6 7 3 1 . 5 2 1 1 . 7 8 3 .0 8 3 9 , 3 2
3 3 9 c .121 .2 2 4 . 5 7 6 4 . 5 0 3 .7 6 2 0 , 6 5
3 4 oc .1 8 1 .4 4 5 .9 6 5 7 . 5 4 3 .6 3 3 0 . 8 9

3 9 3 c .0433 .0 4 3 . 1 3 9 1 . 0 6 1 3 .5 7 7 . 3 9
3 9 ^ 0 . 0 2 7 0 .0 1 6 . 1 1 0 . . 8 4 2 .5 0 4 , 6 1
3 9 5 c . 0 6 9 . 0 8 4 . 2 6 8 2 . 0 5 3 .8 6 1 1 , 7 7
3980 . 0 2 1 6 .011 . 0 7 1 . 5 ^ 2 2 , 3 8 3 , 6 9
3 9 9 c . 0 3 7 8 .0 2 9 .1 2 6 ,962 2 ,2 8 6 , 45
4 o o c . 0656 .0 7 7 . 2 1 8 1 . 6 6 4 , 1 9 1 1 , 1 9
4 3 1 c .0761 . 0 7 7 .3 2 3 2 . 4 7 3 . 7 4 1 2 , 9 0
4 3 2 c , 0 4 6 l .0 4 2 . 1 6 0 1 . 2 1 3 .5 1 7 , 8 1
4 3 3 c . 0 2 1 9 . 0 1 2 . 1 0 3 . 7 8 0 2 ,0 7 3 . 7 0
4 3 4 c .0646 . 0 7 5 .2 5 3 1 . 9 3 3 , 7 4 1 0 , 9 5
4 3 5 c . 0 3 2 8 .023 .1 2 7 .9 6 2 2 ,8 2 5 , 5 4
4 3 6 c .0818 .1 1 2 . 3 4 2 2 . 6 1 3 .8 5 1 3 , 8 6
4 3 7 c .0471 . 0 4 4 .1 4 6 1 . 1 1 3 .7 6 7 . 9 6

/
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TABLE 22

CORRELATION CALCULATIONS; ETHYL ALCOHOL SYSTEM; HEAT-TRANSFER

COEFFICIENT FROM DRYDEN, STRANG, WITHROW

Run # vdp ^ h a Pe vd^
»h

362c .120 .286 .484 1 4 .2 8 2 .4 2 3 7 .0 4
363c .121 .290 .470 13.74 2 . 4 8 36.56
3 6 4 c .162 .481 .609 17 .81 2.61 4 8 . 9 4
365c .209 .750 .760 2 2 .2 2 2.72 6 3 .1 4
366c .093 .187 .353 10.32 2 . 4 8 2 8 .1 0
367c .076 .134 .231 6.75 2 . 9 7 22.96
369c .137 . 359 .461 13.47 2 .8 7 4 1 . 3 9
370c .068 .110 .266 7.78 2 .3 5 20.54
371c .248 .978 .982 2 8 .1 4 2 . 3 8 74.92
372c .128 .320 .420 1 2 .2 8 2.92 38.67
373c .158 .461 .579 16.93 2.67 -4 7 .7 3

422c .0676 .111 .174 5.03 3 . 4 4 2 0 .8 6
423c .0855 .168 .304 8 . 7 9 2.69 26.39
4 2 4 c .0915 .189 .2 1 4 6.31 3 .9 7 2 9 .1 4
425c .0995 ,218 .257 7 . 5 8 3 . 6 8 31.69
426c .0516 .070 .179 5 . 2 8 2.60 16.43
427c .0415 .046 .123 3.63 2 . 8 4 13.22
4 2 8 c .0350 .034 .135 3.98 2.23 1 1 .1 5
429c .0729 .126 .167 4 . 9 3 3.91 23.22
430-A C .0334 .031 . l 4 o 4.23 2 .1 0 10.95
430-B C .106 .245 .405 1 2 .2 4 2.63 34.75
430-c C .0989 .217 .423 12.78 2.34 32.43
430-D C .0337 .032 .139 4 . 2 0 2.13 11.05

/
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TABLE 23

CORRELATION CALCULATIONS; 30 PER CENT GLYCEROL SYSTEM; HEAT- 

TRANSFER COEFFICIENT FROM DRYDEN, STRANG, WITHROW

Run # vdp ^ h a h ü 4
kw cr

Pe H a
Dh

3k7C . 1 ^ 7 ,3 3 9 , 7 7 1 . 7 , 4 9 3 , 4 5 2 9 , 3 4
jkBC . 1 6 9 ,>2 6 , 9 5 4 9 , 2 6 3 , 2 6 3 3 , 7 3
3k9 C . 2 0 0 , 5 6 8 1 , 1 2 1 0 ,8 7 3 , 4 5 3 9 , 9 2
350C . 13^ ,2 8 9 ,5 8 1 5 , 6 4 4 , 0 1 2 6 , 5 3
351C . 1 1 9 .2 3 5 ,5 6 5 5 , 4 9 3 , 6 4 2 3 , 5 6
352C ,096 , 1 6 2 , 4 6 8 4 , 5 4 3 , 4 4 1 0 ,0 1
353C • 0675 , 0 9 0 , 2 2 0 2 , l 4 4 , 2 8 1 3 ,3 7
35^0 ,2 0 0 , 5 6 8 1 , 2 5 1 2 , l 4 3 , 0 4 3 9 ,9 2
3550 . 0 5 3 ,0 5 9 ,2 3 1 2 , 2 2 3 , 2 2 1 0 ,4 1
3 56c .0 7 1 ,0 9 9 ,3 1 7 3 , 0 8 3 , 4 7 1 4 ,1 7
357C ,.o6k , 0 8 2 ,2 8 8 2 , 8 2 3 , 3 7 1 2 ,7 7
358C ,0 8 9 , 0 9 4 , 4 3 6 4 , 2 7 3 , 3 9 /T7V87
359C . 195 ,5 4 5 1 , 1 5 1 1 ,1 8 3 , 2 1 3 9 ,1 6
3 6 0 c ,2 1 2 , 6 2 5 1 , 3 2 1 2 ,8 2 3 , 0 5 4 1 , 9 8
3 6 1 c ,2 2 0 ,6 6 6 1 , 4 7 1 4 ,2 7 2 , 8 7 4 3 . 5 6

k l 2C , 0 7 5 3 ,1 0 3 ,2 3 4 2 , 2 3 4 , 6 5 1 5 , 0 3
k l 3C , 0 5 8 3 , 0 6 5 .1 9 1 1 ,8 2 4 , 1 1 1 1 , 5 4kikc ,04t^5 . 0 3 9 ,2 0 3 1 ,9 3 3 , 0 1 8 , 8 1
k l5 C , 0 3 0 8 ,0 2 1 , 1 1 7 1 , 1 0 2 , 8 7 6 , 0 5ki6c ,080i^ , 1 1 7 , 2 9 0 2 , 7 6 4 , 2 6 1 5 ,9 2
k l 7C , 0 5 8 9 , 0 6 7 , 3 1 4 2 , 9 6 2 , 9 1 1 1 , 5 7
kl8C , 0 2 7 9 , 0 1 7 , 0 9 0 , 8 5 7 2", 9 9 5 , 5 7
k l 9C , 0 5 6 2 ,0 6 2 , 2 1 3 2 , 0 5 3 , 7 1 1 1 , 2 9
k2 0 C , 0 5 8 5 , 0 6 5 , 2 3 0 ^ , 1 9 3 . 6 5 1 1 .5 8
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TABLE 24

CORRELATION CALCULATIONS} 60 PER CENT GLYCEROL SYSTEM; HEAT- 

TRANSFER COEFFICIENT FROM DRYDEN, STRANG, WITHROW

Run # vdp ^ha kwc0
Pe

Dh
2 7 5 c ,1 1 8 .237 . 5 3 3 6 . 8 u 3 , 6 6 2 8 , 5 0
2 7 7 c , 1 0 9 ,205 , 4 6 5 5 , 9 3 3 , 8 1 2 6 , 3 3
2 7 8 0 , 1 0 9 ,205 , 4 3 5 5 , 5 5 4 , 0 2 2 6 , 3 3
2 7 9 c , 1 0 9 .205 , 5 3 3 6 , 8 0 3 , 3 7 2 6 , 3 3
280C , 1 3 5 .302 , 6 7 8 8 , 6 5 3 .> 1 3 2 , 7 7
2 8 1 0 , l 4 i .326 , 8 0 4 1 0 , 2 6 3 , 0 4 3 4 , 2 2
2 8 2 0 ,1 5 5 ,387 ,9 3 3 1 1 , 9 0 2 , 9 0 3 7 , 4 4
283 0 ,1 7 3 ,424 1 . 1 3 l 4 , 4 l 2 , 7 1 4 1 , 7 9
284 0 , 175 ,435 1 . 0 1 1 2 , 8 8 3 , 0 5 4 2 , 2 7
285 0 ,1 7 3 ,424 1 , 0 3 1 3 , 1 4 2 , 9 5 4 1 , 7 9
286 0 ,1 8 9 .557 1 . 0 4 1 3 , 2 7 3 , 2 0 45  ,65
2 8 7 c ,1 9 1 .567 1 , 0 3 13 , l 4 3 , 2 6 46 , l 4
288 0 ,1 9 3 .578 1 , 1 6 l 4 , 8 0 2 , 9 5 4 6 , 6 2
28 9 0 ,1 9 2 ,572 , 9 ^ 8 1 2 , 0 9 3 , 5 4 4 6 , 3 8
290 0 , 0 8 5 5 ,133 , 3 9 7 4 , 5 4 3 , 4 1 2 0 , 6 5
2 9 1 c ,0 7 4 3 ,105 ,2 9 5 3 , 7 6 3 . 7 9 1 8 , 0 0
2 9 2 c ,0 7 3 2 ,100 , 2 9 4 3 , 7 5 3 , 7 3 1 7 , 6 8
29 3 0 .0 7 1 7 .097 .3 0 3 3 . 8 6 3 . 5 6 1 7 . 3 2

3 4 1 0 , 0 7 0 .093 ,3 5 0 4 , 4 5 3 , 0 8 1 6 , 7 9
3 4 2 0 . 1 6 3 .377 ,9 3 3 1 1 , 8 6 3 , 0 4 3 9 , 0 9
3 4 3 c .1 4 6 .3^6 , 6 7 4 8 , 5 6 3 , 6 7 3 5 , 0 1
3 4 4 0 .1 2 2 .252 , 6 4 8 8 , 2 3 3 , 1 6 2 9 , 0 5
3 4 5 0 ,1 9 5 ,588 1 , 2 1 1 5 , 3 0 2 , 8 4 4 6 , 4 3
3 4 6 0 .1 7 2 .469 .8 5 1 1 0 . 7 6 3 . 4 8 4 0 . 9 5

4 0 1 0 . 0 5 2 9 ,053 ,2 5 8 3 , 2 3 3 , 0 5 1 2 , 8 4
4 0 2 0 . 0 5 3 2 .054 ,1 5 4 1 , 9 3 4 , 4 o 1 2 , 9 1
403C .0 4 2 3 .037 ,2 5 1 3 , 1 4 3 , 1 4 1 0 , 2 2
4 o4 o . 0 2 7 8 ,017 .1 6 8 2 . 1 0 2 , 1 6 6 , 7 1
405C , 0 2 3 7 .013 .1 7 3 2 , 1 6 1 , 8 2 5 , 7 2
406C , 0 3 6 ,027 , 1 2 2 1 , 5 3 3 , 4 4 8 , 7 0
4 0 7 0 ,0 5 2 6 ,052 ,1 6 8 2 , 1 0 4 , 1 0 1 2 , 7 1
4 0 8 0 , 0 3 9 2 ,032 ,2 0 9 2 , 6 1 2 , 6 4 9 , 5 1
4 0 9 c .0 4 2 2 .037 . 2 0 4 2 . 5 5 2 , 8 8 1 0 , 1 9
4 1 0 0 .0 2 4 6 ,014 . 2 4 6 3 . 0 8 1 . 4 5 5 , 9 ^
4 1 1 0 . 0 6 1 8 .045 .2 8 5 3 . 5 6 3 . 2 6 1 4 . 9 3
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SOLID-PHASE INTRA-PARTICLE RESISTANCE

D e l s l e r  (3 9 )  c o n d u c t e d  a f r e q u e n c y - r e s p o n s e  a n a l y s i s  

o f  l o n g i t u d i n a l  mass  t r a n s f e r  i n  a  g a s - p o r o u s  s o l i d ,  p a c k e d - 

b e d  s y s t e m .  F o r  an  i n p u t  i n t o  t h e  b e d  o f  t h e  f o r m ,

X(0)  = Xm + A (0 )  c o s  (u) 0)  (K -1 )

w h e r e  X i s  m ole  f r a c t i o n  o f  a  s e l e c t e d  g a s  a n d  Xjj, i s  t h e  mean 

X v a l u e ,  t h e  o u t p u t  may b e  w r i t t e n  a s

X(L) = X„ + A (0 )  e -B  c o s  ( w - c O )  (K -2 )

A (0 )  i s  t h e  a m p l i t u d e  o f  t h e  i n p u t  s i n e  c o n c e n t r a t i o n  w a v e .

The t e r m  e"® i s  an a m p l i t u d e  a t t e n u a t i o n  f a c t o r  a n d  e i s  t h e  

p h a s e  s h i f t ,  D e i s l e r  d e r i v e d  an e x p r e s s i o n  f o r  B w h i c h  h o l d s  

u n d e r  c e r t a i n  c o n d i t i o n s  c o n c e r n i n g  s y s t e m  p a r a m e t e r s .  The  

m a s s - t r a n s f e r  m ech an ism s  c o n s i d e r e d  s i g n i f i c a n t  i n  t h e  d e ­

v e l o p m e n t  w e r e  l o n g i t u d i n a l  d i f f u s i o n  a n d  e d d y  d i s p e r s i o n  i n  

t h e  g a s  p h a s e ,  a n d  i n t r a - p a r t i c l e  d i f f u s i o n  i n  e a c h  p o r o u s  

s o l i d  p a r t i c l e .  I n  t h i s  m o d e l  t h e n ,  a  f i n i t e  r a t e  o f  f l u i d -  

s o l i d  mass  t r a n s f e r  was t r e a t e d ,  b u t  t h e  r e s i s t a n c e  f o r  t h i s  

t r a n s f e r  was  a s su m e d  t o  be  i n  t h e  s o l i d  p a r t i c l e  a n d  n o t  i n  

a  f l u i d  " f i l m "  s u r r o u n d i n g  t h e  p a r t i c l e ,  D e i s l e r ’ s e x p r e s s i o n  

f o r  B i s ,  f o r  t h e  a n a l o g o u s  c a s e  o f  h e a t  t r a n s f e r ,

(I) L
B = ’ p s ^ s  (  1 -<D)

15 P w ^ w ^ V
(K -3 )

E q u a t i o n  (K -3 )  may b e  r e a r r a n g e d  t o  g i v e

- S _  = [P   ^.P.. . t    (K -4 )
« 2  P wCwf V k g c ( l - p )  15 p^C^(^ V Vp2
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The  s e c o n d  t e r m  on t h e  r i g h t  i s  e q u a l  t o  o n e - h a l f  t h e  f l u i d -  

p h a s e  v a r i a n c e  f o r  t h e  m e c h a n i s m s  o f  c o n d u c t i o n  a n d  e d d y  

d i s p e r s i o n  [ S e e  E q u a t i o n  ( X I I - 1 2 ) ] .  The f i r s t  t e r m  may a n ­

a l o g o u s l y  be t a k e n  a s  t h e  v a r i a n c e  f o r  t h e  s o l i d - p h a s e  i n t r a ­

p a r t i c l e  r e s i s t a n c e ,

2 .  2 |> Y  L < K . ; )
^  15 PwCw$ V k s c ( l - 4 »

An e f f e c t i v e  l o n g i t u d i n a l  c o n d u c t i v i t y  f o r  t h e  s o l i d - p h a s e  

r e s i s t a n c e  i s  t h e n  w r i t t e n  a s

The  c o n d i t i o n  f o r  a p p l i c a t i o n  o f  t h i s  e x p r e s s i o n  f o l l o w s  f ro m  

E q u a t i o n  ( I I I - 1 ^ ) ,

-    < 1  (K-6)
P V  X

I t  may b e  a s s u m e d  a s  a f i r s t  a p p r o x i m a t i o n  t h a t  kg

i s  a d d i t i v e  w i t h  t h e  o t h e r  c o n d u c t i v i t i e s  p r e v i o u s l y  d i s c u s ­

s e d ,  However  i t  i s  d i f f i c u l t  t o  r e c o n c i l e  t h e  a d d i t i o n  o f  

^ ® ( h a )  k g ( l - ( | ) ) ,  s i n c e  t h e  a s s u m p t i o n s  u s e d  i n  t h e  two

m o d e l s  a r e  c o n f l i c t i n g .  T h a t  i s ,  i n  d e r i v i n g  t h e  “ s ( h a )  

p r e s s i o n ,  e a c h  s p h e r i c a l  p a r t i c l e  i s  a s su m ed  t o  b e  s u r r o u n d e d  

by  f l u i d  a t  one  t e m p e r a t u r e ,  i , e , , t h e  t e m p e r a t u r e  g r a d i e n t s  

w i t h i n  a  p a r t i c l e  a r e  s y m m e t r i c a l .  The  t e r m  k g ( l - ^ )  a c c o u n t s  

f o r  c o n d u c t i o n  i n  a  l o n g i t u d i n a l  d i r e c t i o n  b e c a u s e  o f  l o n g i ­

t u d i n a l  t e m p e r a t u r e  g r a d i e n t s  w i t h i n  t h e  p a r t i c l e s .

/
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ADDITIONAL WORK

The a d d i t i o n a l  w o rk  p r e s e n t e d  i n  t h i s  a p p e n d i x  c o n ­

s i s t s  o f  d a t a  i n  w h i c h  f l o w  c h a n n e l i n g  o c c u r r e d  in  t h e  

p o r o u s  m e d i a , a n d  t h e  l i m i t e d  amount o f  h e a t i n g - r u n  d a t a  i n  

w h i c h  n o  m e a s u r a b l e  c h a n n e l i n g  was p r e s e n t .  T h e s e  d a t a  w e r e  

d i s c u s s e d  i n  C h a p t e r  IV ,

H e a t i n g - R u n  D a t a ,  No C h a n n e l i n g

In  t h e  , 1 1 8  i n c h  b e a d  p a c k e d  b e d ,  no m e a s u r a b l e

c h a n n e l i n g  was  o b s e r v e d  i n  h e a t i n g  r u n s  w i t h  w a t e r  o r  e t h y l

a l c o h o l  w h e re  t h e  f l o w  d i r e c t i o n  was d o w nw ard .  T h i s  was i n

c o n t r a s t  t o  r u n s  w i t h  s m a l l e r  s i z e  b e a d s  a n d  r u n s  w i t h

l i q u i d s  o f  h i g h e r  v i s c o s i t y ,  (S e e  T a b l e  2 ) ,  The c h a n ^ n e l in g

w h i c h  d i d  o c c u r  i n  h e a t i n g  r u n s  was d i s c u s s e d  i n  C h a p t e r  IV ,

a n d  was p r o p o s e d  t o  b e  t h e  r e s u l t  o f  a n  u n f a v o r a b l e  v i s c o s i t y

r a t i o  b e t w e e n  t h e  d i s p l a c i n g  a n d  d i s p l a c e d  l i q u i d s .  The

a b s e n c e  o f  f i n g e r i n g  i n  t h e  w a t e r  and e t h y l  a l c o h o l  -  ,1 1 8

i n c h  b e a d  s y s t e m s  i n d i c a t e s  t h a t  t h e  v i s c o u s  r e s i s t a n c e  o f
Ï

t h e  b e d  a t  t h e s e  c o n d i t i o n s  was r e d u c e d  t o  a  p o i n t  s u c h  t h a t  

m e a s u r a b l e  f l o w  f i n g e r s  w e r e  n o t  f o r m e d .  H ow ever ,  a more  

s e n s i t i v e  m e a s u r i n g  s y s t e m  t h a n  u s e d  h e r e  w o u ld  q u i t e  l i k e l y  

i n d i c a t e  t h e  p r e s e n c e  o f  s m a l l  f l o w  f i n g e r s .

E f f e c t i v e  t h e r m a l  c o n d u c t i v i t i e s  w e r e  c a l c u l a t e d  f o r  

s y s t e m s  w h e re  t h e r e  w as  a  n e g l i g i b l e  am o u n t  o f  c h a n n e l i n g .  

T h e s e  d a t a  a r e  shown i n  F i g u r e  4 4  and a r e  t a b u l a t e d  i n  

T a b l e s  25 a n d  2 6 ,  The  k@ v a l u e s  f o r  e t h y l  a l c o h o l  a r e  i n



3.4

H fiA TIN G  RUNS 

G L A S S  S P H E R E S  . d

W A T E R

E TH Y L  ALCOHOL

+  •‘h o -------------

f k h o *  DRYDEN, STRANG. WITHROW »31

U.

1.0

02
0.10 0 .14 0.18

vijp (ft.*/hr.)
0.22 0 .3 00 .2 6

F i g u r e  Ul*- H e a t i n g - R u n  D at a ;  E f f e c t i v e  Th ermal  
C o n d u c t i v i t y  v s .  vdp;  Water  and  E t h y l  A l c o h o l  S y s t e m s
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TABLE 25

EXPERIMENTAL HEATING-RUN DATA; WATER SYSTEM

Run # vdp k e ( v ) T a v g Re

209H . 1 6 8 2 . 2 8 1 . 7 7 .51 1 0 1 . 4 6 . 3 3
211H . 0 9 6 1 1 . 3 7 .86 .51 1 0 5 . 1 3 . 7 8
2li4-H . 1 1 3 1 .4 2 .91 .51 105 . 1 4 . 4 2
215H .1 2 7 1 . 5 9 1 . 0 8 .51 1 0 5 . 4 4 . 9 9
216H .1 4 3 1 . 7 4 1 . 2 3 .51 1 1 0 . 2 5 . 9 3
217H . 1 5 9 1 .8 2 1 . 3 1 .51 1 1 0 . 1 6 . 5 6
218H . 1 7 1 2 . 0 9 1 . 5 8 .51 1 1 0 . 5 7 . 0 5
219H .1 8 2 2 . 2 9 1 . 7 8 .51 1 1 0 . 6 7 . 5 0
220H . 1 9 6 2 . 4 0 1 . 8 9 .51 1 1 0 . 9 8 . 2 0
221H .2 1 1 2 , 6 2 2 . 1 1 . 51 1 1 1 . 2 8 . 8 0
222H .2 2 0 2 . 8 8 2 . 3 7 .51 1 1 1 . 0 9 . 0 7
223H .2 4 5 3 . 1 6 2 . 6 5 .51 1 1 1 . 1 1 0 .2 3
22^H . 0 6 l 4 .95 .4 4 .51 1 0 6 . 7 2 . 4 6
225H . 0 7 8 9 1 . 1 6 .65 .51 1 0 7 . 7 3 . 2 5
226H , 0 6 9 6 1 . 1 0 .59 .51 1 0 7 . 8 2 . 8 7
2 3 OH .1 0 8 1 . 3 8 .8 7 .51 94  . 9 3 . 8 0
2 3 IH . 1 5 7 1 . 8 4 1 . 3 3 .51 9 5 . 6 5 . 5 8
2 3 2 H .2 0 1 2 . 2 9 1 . 7 8 . 51 9 5 . 3 7 . 0 9
2 3 7 H . 0 9 3 4 1 .2 3 .72 .51 1 2 4 . 7 4 . 4 6
2 3 9 H .1 8 5 2 . 3 6 1 . 8 5 .51 1 2 8 . 6 9 . 0 8
240H . 1 0 9 1 . 4 ? . 96 .51 1 2 2 . 1 5 . 0 6
2UIH .1 4 1 1 .8 5 1 . 3 4 .51 1 2 2 . 3 6 . 5 4
242H . 2 0 3 2 . 7 8 2 . 2 7 .51 1 2 4 . 5 9 . 5 7
243H . 2 2 6 3 . 1 8 2 . 6 7 ,51 1 2 4 . 1 1 0 . 6 9
246H .1 1 1 1 . 5 1 1 . 0 0 .51 1 2 3 . 8 5 . 2 6
2 k 7 ^ . 1 5 1 1 . 9 4 1 . 4 3 .51 1 3 0 . 9 7 . 1 5
2li8H . 1 7 0 2 . 1 4 1 . 6 3 .51 1 3 1 . 2 8 . 0 5
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TABLE 26

EXPERIMENTAL HEATING-RUN DATA; ETHYL ALCOHOL SYSTEM

Run # _vdp ke \Cq { v ) k e ° Tavg Re

2 9 6 H . 1 5 9 1 . 2 6 . 8 6 .40 9 6 . 3 3,42
2 9 8 H . 1 3 0 ,99 ,59 .40 9 2 , 1 2 . 6 3
2 9 911 .100 . 7 5 ,35 .40 9 2 , 1 2 . 0 3
3 OOH . 0 7 9 1 . 66 . 2 6 .40 9 2 , 5 1 . 6 0
3 OIH ,0638 .64 .24 .40 9 2 . 9 1 .37
3 O8H . 0 7 5 5 . 6 7 . 2 7 .40 98 .3 1 . 7 2
3 0 9 H .111 .83 . 4 3 .40 98 .1 2 . 5 3
3 IOH . 0 6 8 3 . 6 7 . 2 7 .40 9 6 . 5 1 , 4 7
3 IIH . 2 7 3 2 .40 2 .0 0 .40 100.1 6 .22
312H . 2 6 5 2 . 3 0 1 . 9 0 .40 101.1 6 .04
3 1 ^H . 2 6 8 2 . 2 9 1.89 .40 9 6 . 9 5 ,77
315H . 2 6 8 2 . 2 9 1.89 .40 97 ,7 6 .11
3 1 6 H . 2 3 0 2.12 1 . 7 2 .40 9 4 , 7 4 . 9 5
3 1 7 H .221 2 . 3 1 1 . 9 1 .40 9 4 . 2 4 . 7 6
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a g r e e m e n t  w i t h  t h e  c o r r e s p o n d i n g  c o o l i n g - r u n  d a t a ,  F i g u r e  

2 5 ,  b u t  t h e  w a t e r  kg v a l u e s  a r e  h i g h e r  t h a n  t h e  c o o l i n g -  

r u n  r e s u l t s ,  F i g u r e  23» The  f i t  o f  t h e  e x p e r i m e n t a l  t e m ­

p e r a t u r e  p r o f i l e s  t o  t h e  c o n d u c t i o n - e q u a t i o n  s o l u t i o n .  

E q u a t i o n  ( 1 1 1 - 3 4 ) ,  was g o o d  f o r  t h e  w a t e r  d a t a  b u t  o n l y  f a i r  

f o r  e t h y l  a l c o h o l .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  4 5 ,

The d i f f e r e n c e  i n  m e a s u r e d  e f f e c t i v e  t h e r m a l  c o n d u c ­

t i v i t i e s  b e t w e e n  t h e  w a t e r  h e a t i n g  a n d  c o o l i n g  r u n s  h a s  n o t  

b e e n  e x p l a i n e d .  An i n i t i a l  p o s t u l a t e  w o u ld  be  t h a t  t h e  

u n f a v o r a b l e  v i s c o s i t y  r a t i o ,  w h i l e  n o t  c a u s i n g  m e a s u r a b l e  

c h a n n e l i n g ,  d o e s  r e s u l t  i n  an  i n c r e a s e d  e d d y  d i s p e r s i o n .

T h i s  r e s u l t  h a s  b e e n  n o t e d  i n  a  m a s s - t r a n s f e r  i n v e s t i g a t i o n  

o f  l o n g i t u d i n a l  d i s p e r s i o n  ( l ? ) .  H o w ev e r ,  t h i s  i s  n o t  s u p ­

p o r t e d  by  t h e  e t h y l  a l c o h o l  d a t a  w h e r e  t h e  h e a t i n g  a n d  

c o o l i n g  r e s u l t s  a r e  i n  a g r e e m e n t .  A d d i t i o n a l  w ork  on t h e  

e f f e c t  o f  an u n f a v o r a b l e  v i s c o s i t y  r a t i o  i s  n e e d e d ,

H e a t i n g - R u n  D a t a  w i t h  C h a n n e l i n g  

I n  m o s t  o f  t h e  h e a t i n g  r u n  e x p e r i m e n t s ,  f l o w  c h a n n e l ­

i n g  was i n d i c a t e d .  An a t t e m p t  t o  c a l c u l a t e  v a l u e s  o f  kg  

f r o m  s u c h  d a t a  y i e l d e d  p o o r  f i t s  t o  E q u a t i o n  ( 1 X 1 - 3 4 ) ,  T a ­

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

p r e s e n t e d .

P r e s t o n  (138 )  c a r r i e d  o u t  h e a t i n g - r u n  e x p e r i m e n t s  i n  

h i s  i n v e s t i g a t i o n  a n d  v a l u e s  o f  kg d e t e r m i n e d  a r e  c o n s i d e r ­

a b l y  h i g h e r  t h a n  t h e  r e s u l t s  o f  t h i s  w o r k .  T h i s  i s
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0.5,

04
WATER
RUN 2 0 9 H

0.3
2.28

02

- 0.1

-02

-03

-0.4 ok) 0.50 Oto 
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0.4 ETHYL ALCOHOL 
RUN 310 H

03

0.2

- 0.1

- 0.2

-03

-0.4 0.9980.30 0.50 0.70 0.90 0.980.01 0.10

F i g u r e  k 5 -  H e a t i n g - R u n  D a t a :  P r o b a b i l i t y - P a p e r  
P l o t s ;  W a te r  a n d  E t h y l  A l c o h o l  S y s t e m s

/
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i l l u s t r a t e d  i n  F i g u r e  4 6 .  The d i f f e r e n c e  i s  b e l i e v e d  t o  

be  t h e  r e s u l t  o f  f l o w  c h a n n e l i n g  w h i c h  m o s t  p r o b a b l y  o c c u r ­

r e d  i n  P r e s t o n ' s  s y s t e m .  F u r t h e r ,  i n  h i s  e x p e r i m e n t a l  a p ­

p a r a t u s ,  P r e s t o n  m e a s u r e d  t h e  p a c k e d - b e d  e f f l u e n t  t e m p e r a t u r e  

a t  t h e  o p e n i n g  o f  t h e  e x i t  t u b i n g ,  A " m i x i n g - c u p "  t e m p e r a ­

t u r e  was t h u s  o b t a i n e d .  S i n c e  an a v e r a g e  e f f l u e n t  t e m p e r a ­

t u r e  was m e a s u r e d ,  f l o w  c h a n n e l i n g ^  wpy,ld c a u s e  a s p r e a d  o f  

t h e  t e m p e r a t u r e  p r o f i l e  r e s u l t i n g  i n  a l a r g e r  a p p a r e n t  k ^ .

The e f f e c t  o f  c h a n n e l i n g  on m e a s u r e d  d i s p e r s i o n  c o e f f i c i e n t s  

h a s  b e e n  d i s c u s s e d  by C a i r n s  and  P r a u s n i t z  ( 2 5 ) .

As a  c h e c k  on t h i s  h y p o t h e s i s ,  s e v e r a l  h e a t i n g  r u n s  

w e r e  made i n  t h e  w a t e r  -  . 0 1 8 1  i n c h  b e a d  s y s t e m  i n  w h ic h  an 

a v e r a g e  p a c k e d - b e d  e f f l u e n t  t e m p e r a t u r e  was m e a s u r e d .  T h i s  

was d o n e  i n  a  m anner  s i m i l a r  t o  t h a t  o f  P r e s t o n ,  by  i n s e r t ­

i n g  a  t h e r m o c o u p l e  i n  t h e  m o u th  o f  t h e  p a c k e d - b e d  e x i t  t u b ­

i n g .  The s c a t t e r  i n  t h e  r e s u l t i n g  c a l c u l a t e d  e f f e c t i v e  

t h e r m a l  c o n d u c t i v i t i e s  was  l a r g e  due  t o  a  p o o r  f i t  o f  t h e  

d a t a  t o  E q u a t i o n  ( 1 1 1 - 3 4 ) ,  h o w e v e r ,  t h e  c a l c u l a t e d  k@ v a l u e s  

w e r e  i n  good  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  P r e s t o n .  E x p e r i ­

m e n t a l  c o n d u c t i v i t i e s  a r e  shown i n  T a b l e  2 ? .

N a t u r a l  C o n v e c t i o n  C h a n n e l i n g

C h a n n e l i n g  c a u s e d  by n a t u r a l - c o n v e c t i o n  e f f e c t s  

was d i s c u s s e d  i n  C h a p t e r  IV .  E f f e c t i v e  t h e r m a l  c o n d u c t i v i ­

t i e s  w e re  n o t  c a l c u l a t e d  f o r  t h e s e  r u n s  a s  t h e  d a t a  f i t  t o  

E q u a t i o n  ( I I I -3 4 )  was v e r y  p o o r .
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TABLE 27

HEATING-RUN DATA; EFFECTIVE THERMAL CONDUCTIVITY DETERMINED 

FROM THE AVERAGE PACKED-BED EFFLUENT TEMPERATURE

A , G r e e n  D a t a
G l a s s  B ea d s  -  W a t e r  
dp  = ,0 1 8 1  i n c h

B, P r e s t o n  D a t a
G l a s s  P a r t i c l e s  -  
W a te r
80 -  100 mesh 
dp  = , 0 0 6 3  i n c h  (A vg , 

o f  s c r e e n  op en  -

Run # vdp k e k g i v ) vdp
i n g

ke k e ( v )

l k 6 K . 0 1 7 6 2 . 2 7 1 . 7 6 , 0 0 0 4 6 9 1 . 0 7 .5 8

l k 7 H . 0 2 3 6 2 . 1 7 1 . 6 6 . 0 0 1 6 3 1 . 2 9 . 8 0

148H , 0 2 7 4 2 . 4 9 1 , 9 8 .0 0 2 5 0 1 . 2 9 .8 0

l49H , 0 3 2 8 2 , 6 6 2 . 1 5 , o o 4 o 1 . 4 6 . 9 7

162H . 0 2 9 6 2 . 8 0 2 . 2 9 .0 0 6 2 5 1 . 9 1 1 . 4 2

164H . 0 3 2 7 2 . 0 - 3 . 0 1 , 4 9 - 1 . 3 9 . 0 0 9 1 9 2 . 0 4 1 . 5 5

. 0 1 1 7 2 . 6 6 2 . 1 7

/
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E d d y - D i s p e r s i o n  C o r r e l a t i o n ;  k ^ a  f r o m  Y o s h i d a ,  Ramasuarai ,  

Hougen  ” j ” F a c t o r  C o r r e l a t i o n  

The ” j "  f a c t o r  c o r r e l a t i o n  o f  Y o s h i d a ,  R am asuam i ,  

a n d  Hougen ( 1 9 O) i s

Jh  "  . 9 1  R e g " ' ^ l  ( L -1 )

w h e r e

a n d  w h e re  ^ i s  t h e  s p h e r i c i t y  ( 1 , 0  f o r  s p h e r e s )  a n d  was

d e f i n e d  i n  E q u a t i o n  ( I I - I 9 ) .  E q u a t i o n s  ( L - l ) ,  ( L - 2 )  a n d

(V -9 )  w e re  u s e d  t o  d e t e r m i n e  h a  and c o r r e s p o n d i n g l y  f o r

t h e  l i q u i d  s y s t e m s  s T u d i e d .  P l o t s  o f  k^g^ v e r s u s  vdp  f o r  î

t h e s e  l i q u i d  s y s t e m s  a r e  shown i n  F i g u r e  5 2 .

C a l c u l a t i o n s  o f  t h e  e d d y - d i s p e r s i o n  c o e f f i c i e n t ,

kwmO; w e re  t h e n  made f o r  t h e  e x p e r i m e n t a l  c o o l i n g - r u n  d a t a

j u s t  a s  d i s c u s s e d  i n  C h a p t e r  V j^See E q u a t i o n  ( V - l l ) J .  A p l o t
vd

o f  v e r s u s  — £  i s  shown in  F i g u r e  53» a n d  a  s t r a i g h t
®h

l i n e  f i t  t o  t h e  d a t a  y i e l d e d

Ï w s 4  = . 0 8 4  ( I f a l  (L -3 )
k w c ?  1 ®h I

V a l u e s  o f  k^m^ a r e  a p p r o x i m a t e l y  30% b e l o w  c o r r e s p o n d i n g  

v a l u e s  u s i n g  t h e  D ry d e n  e t  a l ,  (43)  " j "  f a c t o r .
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TABLE 28

SUMMATION OF CONDUCTIVITIES; k ^ a  FROM DRYDEN, STRANG, WITHROW 

DATA; 3 0 ^  GLYCEROL, 60% GLYCEROL, AND SOLTROL " 1 3 0 "  SYSTEMS

30$  G l y c e r o l ;  T -  IIQOF = .3 5 6

vdp k e ° kha ke

.0 1  . 5 0 .0 0 3 .0 2 9 .5 3 2

.02 .0 1 .0 6 9 . 5 7 9

.0 5 . 0 5 2 .2 1 8 .7 7 0

. 1 0 .175 .520 1 . 1 9 5

. 1 5 . 3 4 9 . 860 1 . 7 0 9

. 2 0 . 5 6 8 1 . 2 3 0 2 . 2 9 8

. 2 4 .7 7 2 1 . 5 3 2 . 8 0 2

60$  G l y c e r o l :  T = 105°F 4) = . 356

vdp  kgO ^ h a ke

.0 1  . 4 5 . 0 0 3 .027 . 4 8 0

.0 2 .01 .0 6 4 .5 2 4

.0 5 . 0 5 3 .203 .7 0 6

. 1 0 . 1 7 8 .4 8 0 1 . 1 0 8

.1 5 .3 7 2 .805 1 . 6 2 7

. 2 0 . 6 2 5 1 . 1 5 0 2 . 2 2 5

. 2 4 . 8 5 0 1 . 4 5 0 2 . 7 5

S o l t r o l  "130"  B ab c o c k  D a t a  T = 110°F A = . 3 5 9

vdp  kg * k e

. 0 1  . 3 7 .0 0 4 . 013 .3 8 7

.0 2 .0 1 2 .031 .4 1 3

.0 5 .0 5 8 .0 9 7 .5 2 5

. 1 0 . 1 9 3 .2 3 0 .7 9 3

.15 .3 8 6 .382 1 . 1 3 8

. 2 0 .6 3 3 .545 1 . 5 4 8

. 2 4 . 8 6 0 . 680 1 . 9 1 0

.3 0 7 1 . 3 0 7 .9 3 0 2 . 6 0 7

.3 4 5 1 . 5 8 5 1 . 0 7 0 3 . 0 2 5



ERRATA
HEAT TRANSFER WITH A FLOWING FLUID THROUGH POROUS MEDIA 

Ph. D. Thesis, Don W. Green, Univ. ,of Oklahoma, 1962

1. Figures 28 and 52 should be interchanged, that is, the graph on 
page 246 should go with the title and figure number on page 119, 
and the graph on page 119 should go with the title and figure number 
on page 246.

2. On page 137 in the heading row on the bottom-half of the table 
kg (ha) should read .

3. On page 227, the next to last sentence should read, "Delsler's 
expression for B, for the analogous case of heat transfer, may 
be correctly shown to be.

B
?

[PsCad-'O)] Rp L k̂ 0L r  PsCsd-ofi 2P3CJ1-0)

_ p«V _
+ ------------ + 1

PwC»*15 p„0„ÿv kgo (1-0) PwVir-

(Equation 49, page 147 of Reference 39 appears to be in error. )

4. In Figure 52, page 246, the second and third units of the-abscissa 
should read 0. 04 and 0. 08 respectively.

( K -  ) )


