
THE PHYSICO-CHEMICAL MECHAITISM OP SEAWEED DRYING

A t h e s i s  p r e s e n te d  hy 

R o b ert George G ardner, B .S c* t A .R .I .C .

i n  f u l f i lm e n t  o f  th e  re q u ire m e n ts  o f  th e  deg ree  

o f  D octo r o f  P h ilo so p h y  o f  Glasgow U n iv e rs ity *

T e c h n ic a l C hem istry  D ep artm en t, 
Royal Technio& l C o lle g e , 

Glasgow*

January> 1954



ProQuest Number: 13838749

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 13838749

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



ACKNOWLEDGMENTS

The a u th o r  w ish e s  to  th a n k  P ro fe s s o r  P .D . R i t c h ie ,  F .R .S .E . ,  

’•Young** P r o f e s s o r  o f  T e c h n ic a l C h em is try , f o r  p ro v id in g  f a c i l i t i e s  

to  do th e  work c o n ta in e d  i n  t h i s  th e s i s *  Thanks a r e  a l s o  due to  

Dr* T .J .  M i tc h e l l ,  P .R . I .C . ,  u n d er whose s u p e rv is io n  th e  r e s e a r c h  

was conducted*

The a u th o r  i s  a l s o  in d e b te d  to  th e  I n s t i t u t e  o f  Seaweed 

R esearch  f o r  th e  p r o v is io n  o f  a R esearch  S c h o la rs h ip  w hich made th e  

i n v e s t i g a t i o n  p o s s ib le *

Acknowledgment i s  a l s o  made to  th e  S t a f f  o f  th e  D epartm en ta l 

Workshop f o r  t h e i r  t e c h n ic a l  a s s i s t a n c e  i n  th e  f a b r i c a t i o n  o f  

a p p a ra tu s*



SUMMARY

D rying  o f  seaw eed i s  d e s i r a b le  to  red u ce  t r a n s p o r t  c o s t s ,  to  

p re v e n t  d eco m p o sitio n  and to  p e rm it easy  compounding in  f e e d in g  s t u f f s .  

D ry ing  and g r in d in g  may be a p r e l im in a ry  s ta g e  i n  th e  e x t r a c t i o n  o f  

a l g a l  c h e m ic a ls . In  a l l  c a se s  i t  i s  e s s e n t i a l  th a t  d ry in g  i s  cheap 

and  e f f i c i e n t ,  and t h i s  work i s  co nce rned  w ith  th e  i n v e s t i g a t i o n  o f t h i s  

p ro b lem .

The m ain seaw eed s tu d ie d  was L am in aria  c lo u s to n i  w hich i s  one o f th e  

commonest s u b l i t t o r a l  s p e c ie s  a ro u n d  B r i t i s h  s h o re s .  L. d i g i t a t a  i s  

a l s o  common and was com pared w ith  L. c l o u s t o n i : L. s a c c h a r in a  r e c e iv e d  

l e s s  a t t e n t i o n .

The p r i n c i p a l  p a r t s  o f  th e s e  seaw eeds a r e  th e  s t i p e  o r  stem  c o n ta in -  

- i n g  8 3 -8 6 $  w a te r  and th e  f ro n d s  o r  b la d e s  w ith  75“ 90$ w a te r .  A 

c o a t in g  o f  m u c ilag e  on th e  f ro n d s  c a u se s  a d h e s io n  o f c u t p ie c e s .

The p h y s ic a l  p r o p e r t i e s  o f  th e s e  p a r t s  made i t  p ro b a b le  t h a t  d ry e rs  

o f  th e  r o ta r y - 1 o u v r e ,  p n eu m atic  and th r o u g h - c i r c u la t io n  ty p e s  w ould be 

th e  m ost s u i t a b l e  f o r  seaw eed d ry in g , and t e s t s  were made on each o f 

th e s e .

I t  was shown t h a t  m inced L . c lo u s to n i  s t i p e  was r e a d i l y  d r ie d  i n  a 

r o t a r y - l o u v r e  d r y e r ,  b u t  t h a t  th e  s t i c k y  f ro n d  d id  n o t d ry  u n ifo rm ly .

A r a d io a c t i v e  t r a c e r  te c h n iq u e  was d e v ise d  to  m easure th e  r e t e n t i o n  tim e 

o f  th e  f ro n d  in  th e  d ry e r  drum. A l a r g e - s c a l e  pneum atic  d ry e r  d e a l t  

e a s i l y  w ith  chopped s t i p e  and w hole p l a n t ,  b u t  a g a in  f ro n d  d ry in g  was 

u n s a t i s f a c t o r y .  A th r o u g h - c i r c u la t io n  g r a s s  d ry e r  y ie ld e d  a  h ig h  

q u a l i t y  d r ie d  seaw eed meal from  chopped f r o n d .

From th e s e  t e s t s  i t  was d e c id e d  to  make a d e t a i l e d  in v e s t i g a t io n  o f  

th e  d ry in g  c h a r a c t e r i s t i c s  o f  seaw eed i n  a  la b o ra to ry  th r o u g h - c i r c u la t io n  

d r y e r .

The e x p e r im e n ta l p ro c e d u re  f o r  c u t s t i p e  was e s t a b l i s h e d  by p r e l im i -  

- n a r y  t e s t s  on th e  e f f e c t s  o f  i n i t i a l  w a te r  c o n te n t ,  i n t e r r u p t i o n  o f



d ry in g  and r e p e a t a b i l i t y .  The p r in c ip a l  f a c t o r s  s tu d ie d  w ere i—

Bed d e p th , ( 0 .5  -  7 1*0»

A ir  te m p e ra tu re ,  (120 -  34 0 °F ),

A ir  mass v e l o c i ty ,  (3  -  9*5 lb  p e r  s q . f t .  p e r  m in ),

S l ic e  th i c k n e s s ,  ( V l 6  “  i n )*

The e f f e c t  o f  a g i t a t i o n  was s tu d ie d ,  and th e  s t a t i c  p r e s s u r e  d i f f e r e n c e s  

o f  a i r  p a s s in g  th ro u g h  la y e r s  o f  d r ie d  and w et seaw eed w ere m easured .

The v a r i a b l e s  have been  r e l a t e d  to  th e  d ry in g  tim e s  and c o n s ta n t  r a t i o  

by e m p ir ic a l  e q u a t io n s .

RESULTS

Bed d ep th  i s  p ro b a b ly  th e  m ost c r i t i c a l  f a c t o r :  f o r  s t i p e  th e  o u tp u t 

r i s e s  to  a maximum v a lu e  a s  b ed  d ep th  in c r e a s e s  w h ile  f o r  f ro n d  an 

optimum o u tp u t o c c u rs  a t  a c r i t i c a l  b ed  d e p th . T h is  e f f e c t  ap p ea rs  to  

be in d e p e n d e n t o f  th e  shape o f  th e  p a r t i c l e s .

I t  h as  been  shown th a t  th e  optimum d ry in g  tim e  f o r  a  f ro n d  bed  i s

eq u a l to  tw ic e  th e  tim e  r e q u i r e d  f o r  a  s in g le  l a y e r  o f  th e  m a te r ia l  to  

d ry , and t h i s  f i n d i n g  p ro b a b ly  a p p l ie s  to  v e g e ta b le  m a te r ia l  g e n e r a l ly .  

F rond  e x h i b i t s  a  m arked s e a s o n a l  v a r i a t i o n  i n  d ry in g  tim e w hich h as  been  

r e l a t e d  to  chem ica l c o n s t i t u t i o n .

A g i ta t io n  o f  th e  f ro n d  b ed  d u r in g  d ry in g  p ro v ed  ad v an tag eo u s 

p a r t i c u l a r l y  i n  th e  l a t e r  s ta g e s  o f  d ry in g .

D rying  r a t e s  o f  seaw eed b ed s  have been  shown to  be ap p ro x im a te ly  

p r o p o r t io n a l  to  th e  w e t-b u lb  d e p re s s io n  o f  th e  i n l e t  a i r ,  i r r e s p e c t i v e  

o f  th e  a i r  d ry -b u lb  te m p e ra tu re :  th e  maximum s a fe  a i r  te m p e ra tu re  f o r  

L . c lo u s to n i  s t i p e  o r  f ro n d  i s  ab o u t 225°F*

The c o n s ta n t - d r y in g  r a t e  h a s  been  fo u n d  to  be d i r e c t l y  p ro p o r t io n a l  

to  a i r  v e l o c i t y ,  and a t  v e l o c i t i e s  o f  8 -  9 l b / ( s q . f t . ) ( m i n )  th e  d ry in g  

tim e s  te n d  to w ard  c o n s ta n t  v a lu e s  f o r  b o th  s t i p e  and f ro n d .

I t  was fo u n d  t h a t  th e  p h y s ic a l  d i f f e r e n c e s  betw een s t i p e  and f ro n d



had  more in f lu e n c e  on d ry in g  tim e  th a n  th e  d i f f e r e n c e s  betw een  th e  

seaw eed sp e c ie s*

A g r a p h ic a l  d e s ig n  m ethod h as  b een  d e v ise d  a p p ly in g  th e  w e t-b u lb  

d e p re s s io n  e v a p o ra tio n  c o e f f i c i e n t  to  th e  d e s ig n  o f l a r g e - s c a l e  

m u l t i s ta g e  t h r o u g h - c i r c u la t io n  d r y e r s .



PUBLICATIONS

P a r t  o f  th e  work d e s c r ib e d  i n  t h i s  t h e s i s  h a s  been  p u b lis h e d  

i n  th e  fo llo w in g  p a p e rs  : —

(1 )  ‘Through—c i r c u l a t i o n  d ry in g  o f seaweed* *—

P a r t  _I j L . c lo u s to n i  s t i p e

G ard n er, R.G. & M itc h e l l ,  T .J * , J* Sci* Pood A g ric * ,
1953 , 1 ,  113 o

( 2 ) P a r t  JLI s L . c lo u s to n i  f ro n d

G ard n e r, R.G. & M itc h e l l ,  T . J . ,  J .  S c i .  Food A g r ic . ,
1953 , 1 ,  237*

( 3 ) P a r t  I I I  : L* d i g i t a t a  s t i p e  and f ro n d  L* s a c c h a r in a
f ro n d

G ard n er, R.G. & M itc h e l l ,  T . J . ,  J* S c i .  Food A g ric* ,
1953, 1 ,  364.

( 4 ) 'A r a d io a c t iv e  t r a c e r  m ethod o f  e s t im a t in g  th e  r e t e n t i o n
tim e  o f  seaw eed i n  a  r o ta r y - lo u v r e  d ry e r* ,

G ard n er, R.G*, M itc h e l l  T .J*  & S c o t t ,  R*, Ghem. & In d . 
1952, p .4 4 8 .

( 5 ) ‘L arge  s c a le  d ry in g  t e s t s  on a  P eh rson  d u a l-p ro c e s s  ty p e
g r a s s  d ry e r* ,

G ard n e r, R.G*, S c o t t i s h  Seaweed R es. Ass* Rept* I 4 5 , 1951°



CONTENTS
Page

FRONTISPIECE

ACKNOWLEDGMENTS

SUMMARY

PUBLICATIONS

CONTENTS

1 . HISTORICAL INTRODUCTION 1

1 . 1 . Uses o f  Seaweed 2

1 .2*  The w ork o f  th e  I n s t i t u t e  o f  Seaweed
R esea rch  4

1*3* Seaweed d ry in g  12

2 . THEORY OF DRYING '  I 5

2 .1* The e v a p o ra tio n  o f  w a te r  17

2 *2 * Movement o f  w a te r  by d i f f u s io n  i n  a  s o l id
d u r in g  d ry in g  24

2*3* Movement o f  w a te r  by c a p i l l a r i t y  i n  a
s o l i d  d u r in g  d ry in g  34

2*4* D ry in g  o f  v e g e ta b le  m a te r ia l  4Q

3 . SURVEY OF DRYING EQUIPMENT 45

3*1* C l a s s i f i c a t i o n  o f  d ry e r s  45

3*2* D ire c t  d ry e r s  46

3*3* I n d i r e c t  d ry e r s  49

4 .  PRELIMINARY SELECTION OF A DRYER 51

4*1* D ir e c t  d ry e r s  51

4 * 2 , I n d i r e c t  d ry e r s  53

4*3* M isc e lla n e o u s  m ethods 54

5* LARGE SCALE TESTS ON COMMERCIAL DRYERS 56

5*1* R o ta ry -1 o u v re  d ry e r  57

5*2* P eh rso n  d u a l-p ro c e s s  c ro p  d ry e r  74

5*3* Templewood g r a s s  d ry e r  87

5 * 4 . G enera l c o n c lu s io n s  and f i n a l  s e l e c t i o n
o f  d ry e r  92



THEOUGH-CIRCULATI0 N DRYING OF SEAWEED
Page

95
6*1• P re v io u s  work on th r o u g h - c i r c u la t io n  

d ry in g 95
6 ,2 .  Raw mat e r i  a l 100

6*3* A p p ara tu s 101

6*4* D isc u s s io n  o f  e x p e r im e n ta l p ro ced u re 102

6.5*  E x p e rim en ta l p ro c e d u re 105

RESULTS: L . CLOUSTONI STIPE 110

7*1 . P a r t i c l e  s iz e 110

7 .2 .  I n t e r r u p t i o n  o f  d ry in g 110

7*3* R e p e a ta b i l i ty 111

7*4 . I n i t i a l  w a te r  c o n te n t 111

7*5* A g i ta t io n 112

7* 6 . Bed d ep th 113

7*7* S l ic e  th ic k n e s s 115

7,8*  A ir  v e l o c i ty 116

7*9 . T em pera tu re  and  h u m id ity 118

7*10oT em pera tu re  o f  seaw eed 121

7*11o C onstan t d ry in g  r a t e 122

7 * 1 2 o S ta tic  p r e s s u r e  drop 123

RESULTS: L . CLOUSTONI FROND 126

8 * 1 . Bed d ep th 127

8*2* P a r t i c l e  s i z e 128

8 .3 *  S e a so n a l v a r i a t i o n 130

8 .4 *  A ir  v e l o c i ty 132

8*5* T em perature and h u m id ity 133

8 * 6 , S t a t i c  p r e s s u r e  d ro p s 133

RESULTS: L . DIGITATA FROND AND STIPE;
L . SACCHARINA FROND 135

9*1* A g i ta t io n  e x p e rim e n ts 136

9«20 Time i n t e r v a l  betw een  h a r v e s t in g  and 
d ry in g 139



Page

9*3* A ir v e l o c i t y  140

9*4* Bed. d ep th  142

9 .5 .  E f f e c t  o f b ed  d ep th  on o th e r  v e g e ta b le
m a te r ia l  145

1 0 . THE DESIGN OF A CONTINUOUS THROUGH-CIRCULATION
DRYER FOR SEAWEED 151

1 0 .1 .  P re v io u s  work 152

1 0 .2 .  D esign  o f  a  d ry e r  f o r  L. c lo u s to n i  s t i p e  153

1 0 .3 .  D esign  o f a  d ry e r  f o r  L . c lo u s to n i  f ro n d  159

10 .4*  D is c u s s io n  o f  s c a le  f a c t o r s  163

1 0 .5 .  H eat su p p ly  I 64

REFERENCES



-  1 -

1 . HISTORICAL INTRODUCTION.

Seaweeds ra n g e  i n  s i z e  from  th e  t i n y ,  b r ig h t ly - c o lo u r e d  p la n ts  

fo u n d  in  ro c k  p o o ls  a t  low  t i d e ,  to  th e  g ia n t  k e lp  M a c ro c y s tis  

p y r i f e r a > w hich h a s  th e  d i s t i n c t i o n  o f  b e in g  th e  l a r g e s t  p la n t  i n  

th e  w o rld  ( l ) .

A m ethod o f  c l a s s i f y i n g  seaw eeds o r  m arine a lg a e  t h a t  i s  o f te n  

em ployed i s  d e te rm in e d  by th e  h a b i t a t  o f  th e  p la n t  i n  r e l a t i o n  to  

th e  t i d e s .  A lgae which a r e  u n co v ered  by th e  t i d e s  a r e  known a s  

" l i t t o r a l "  o r  ro c k  w eeds, w h i l s t  th e  p la n t s  w hich a re  r e v e a le d  o n ly  

by v e ry  low  neap  t i d e s  a r e  th e  " s u b l i t t o r a l "  seaw eeds. Some s p e c ie s  

can  even e x i s t  i n  th e  s p la s h  zo n e , w hich a s  th e  name im p lie s  i s  j u s t  

above h ig h  w a te r  m ark.

Common exam ples o f  B r i t i s h  l i t t o r a l  w eeds in c lu d e  A scophyllum  

nodosum o r b la d d e r  w rack , Bhodomenia p a lm a ta  ( d u l s e ) ,  Chondrus 

o r is p u s  w hich  i s  c a r ra g e e n  o r  I r i s h  M oss, and Chorda f i lu m  known as 

" s e a  b o o t l a c e s " .

The s u b l i t t o r a l  seaw eeds, a s  d i s t i n c t  from  th e  ro c k  w eeds, may 

be c o n s id e re d  a s  h a v in g  th r e e  d i s t i n c t  p a r t s ;  th e  s t i p e ,  f ro n d  and 

h o l d f a s t .

The s t i p e  i s  th e  r i g i d  s t a l k  w hich e n a b le s  th e  p la n t  to  s ta n d  

u p r ig h t ,  and c o rre sp o n d s  to  th e  stem  o f  la n d  p l a n t s .  I n  m atu re  

seaw eeds th e  s t i p e  h as  a lm o s t a c o n s ta n t  co m p o sitio n  s in c e  oom para- 

- t i v e l y  l i t t l e  p h o to s y n th e s is  ta k e s  p la c e .  The f ro n d  on th e  o th e r  

h an d , w hich can  b e  com pared w ith  l e a v e s ,  i s  shed  ev e ry  s p r in g  and i s  

th e  p a r t  o f  th e  p la n t  w here grow th i s  m ost v ig o ro u s . The chem ica l 

c o m p o sitio n  o f  th e  f ro n d s  v a r i e s  c o n s id e ra b ly  d u rin g  th e  y e a r  

d ep en d in g  on th e  s ta g e  o f  g ro w th .

The h o ld f a s t  re se m b le s  i n  ap p ea ran ce  th e  r o o ts  o f  o rd in a ry  

p l a n t s ,  b u t  th e  resem b lan ce  ends h e re  a s  th e  fu n c t io n  o f  t h i s  p a r t  

i s  to  an ch o r th e  p la n t  to  a  ro c k  o r  o th e r  s u i t a b le  o b je c t .

P ro c e e d in g  from  th e  w a te r* s  edge to  th e  s e a ,  th e  f i r s t  u n d e r-  

-w a te r  s p e c ie s  t h a t  w ould be e n c o u n te re d  i s  L am inaria  d i g i t a t a  -  th e  

"T ang le  o* th e  I s l e s " .  T h is  p la n t  ( F i g . l )  h as  a  smooth o v a l s t i p e
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te rm in a t in g  i n  a  f l a t  f ro n d  d iv id e d  in to  f i n g e r s  w hich gave i t  i t s  

name* Next i n  o rd e r  would be found  L am in aria  s a c c h a r in a , a  s p e c ie s  

w hich h a s  a  c r in k l e d  r ib b o n l ik e  fro n d *  F in a l ly  a t  d e p th s  o f  5 to  

7 fa thom s L , c lo u s to n i  w ould ap p ea r w ith  i t s  ro u g h , s tu r d y ,  s t i p e  

o f te n  s e v e r a l  f e e t  lo n g .  T h is  l a t t e r  s p e c ie s  i s  th e  commonest 

s u b l i t t o r a l  p la n t  in d ig e n o u s  to  S c o t t i s h  sho res*

Seaweed grow th  does n o t c o n tin u e  i n d e f i n i t e l y  a s  th e  w a te r  

in c r e a s e s  i n  d e p th , a s  m ight b e  su p p o sed , b u t beyond 8 o r  10 fathom s 

th e  grow th d im in ish e s  r a p id l y  a s  th e  s u n l ig h t  can n o t p e n e t r a te  to  

th e  s e a  bed*

1 .1  USES OF SEAWEEDS

P a s t  and p r e s e n t  u s e s  o f seaw eeds may b e  d iv id e d  in to  two 

c a te g o r ie s  d ep end ing  on w h e th e r th e  weed i s  u sed  ( a )  d i r e c t l y  i n  i t s  

f r e s h  o r  d r i e d  s t a t e  o r  (b )  a s  raw  m a te r ia l  f o r  th e  e x t r a c t io n  o f  

chem ica ls*

C r o f te r s  i n  S c o tla n d , I r e l a n d  and  W ales have u sed  seaw eeds a s  

fo o d  f o r  c e n t u r i e s ,  and d u r in g  th e  o c c u p a tio n  o f  th e  Channel I s la n d s  

by  th e  Germans in  th e  r e c e n t  w ar, th e  I s la n d e r s  w ere o b lig e d  to  u se  

c a r ra g e e n  to  th ic k e n  t h e i r  soups (2 )*  In  Ja p a n , seaw eed h a s  lo n g  

b een  p a r t  o f  th e  p e o p le f s d i e t  and some seaw eed v a r i e t i e s  a re  

re g a rd e d  a s  d e l i c a c i e s  by  gourm ets*

Seaweed h a s  a l s o  been  u se d  a s  a  manure f o r  p o ta to e s  and a s  

fe e d in g  s t u f f  f o r  p o u l t r y  and s to ck *  In  th e  S h e tla n d s , h a rd y  sheep  

som etim es r e v e r t  to  a  seaw eed d i e t  when th e r e  i s  a  s c a r c i t y  o f  

p a s tu re *  The v a lu e  o f  seaw eed m eal a s  a  f e e d in g  s t u f f  i s  u n d o u b t-  

- e d ly  enhanced  by  th e  io d id e s  and t r a c e  e lem en ts  c o n ta in e d  i n  th e  

p la n ts *

1 .1 .1 *  C hem icals from  Seaweed.

I n d u s t r i e s  u s in g  seaw eed a s  a so u rc e  o f  ch em ica ls  p ro b a b ly  

o r ig in a te d  w ith  th e  H eb rid ean  k e lp  b u rn e rs  who e x t r a c te d  soda  from  

th e  a sh e s  o f  th e  i n c in e r a t e d  p la n ts *  At one tim e  t h i s  was a
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f l o u r i s h i n g  t r a d e ,  a s  k e lp  was th e  p r in c i p a l  so u rc e  o f  sodium  

c a rb o n a te  f o r  soap  and g la ss -m a k in g , and  in  one y e a r  20 ,000  to n s  

w ere s e n t  to  Glasgow from  th e  W estern  I s l e s .  Prom t h a t  tim e  

onw ards, how ever, th e  f o r tu n e s  o f  th e  a lg a l  chem ica l in d u s t r y  

a l t e r n a t e l y  boomed and  slum ped.

Seaweed was s e r io u s ly  c h a l le n g e d  a s  a  Bource o f  soda  by im ports 

o f  S pan ish  b a r i l l a  soda fo llo w e d  by th e  d isc o v e ry  o f  th e  L eb lanc 

p ro c e s s  and  th e  r e p e a l  o f  th e  s a l t  t a x  which ended th e  k e lp e rs*  

p r o s p e r i t y .  The in d u s t r y  r e v iv e d  a g a in  when C o u r to is  d is c o v e re d  

io d in e  i n  seaw eed ash  w hich he u se d  i n  s a l t p e t r e  ra a n u fa c tu re , and 

Dr. Ure o f  Glasgow was th e  f i r s t  to  make io d in e  from  th e  k e lp e rs*  

h a r v e s t .  T h i r ty  y e a r s  l a t e r ,  how ever, Lem bert d is c o v e re d  io d in e  

i n  C h ile  s a l t p e t r e  and th e  k e lp e r s  no lo n g e r  h e ld  th e  monopoly o f  

t h i s  com m odity. The H aber p ro c e s s  f o r  s y n th e t ic  ammonia a ls o  

a f f e c t e d  seaw eed i n t e r e s t s  i n d i r e c t l y ,  s in c e  th e  C h ile a n  n i t r a t e  

in d u s t r y  f e l t  th e  c o m p e ti t io n  on t h e i r  m ain p ro d u c t and tu rn e d  to  

in c re a s e d  p ro d u c tio n  o f  io d in e  t o  o f f s e t  t h e i r  t r a d in g  lo s s e s .

T h is  i n  t u r n  s t im u la te d  r e s e a r c h  i n t o  im proved m ethods o f  io d in e  

e x t r a c t i o n  from  a lg a e ,  b u t  i n  s p i t e  o f  t h i s  th e  seaw eed io d in e  

in d u s tr y  s lo w ly  d e c l in e d .

The modern a lg a l  ch em ica l in d u s t r y  had  i t s  fo u n d a tio n  l a i d  a s  

f a r  b ack  a s  1883 when E .C .C . S ta n fo rd  o f  th e  N orth  B r i t i s h  Chemical 

Co. d is c o v e re d  a l g i n i c  a c id  i n  brown m arine  a lg a e  (3 )*  T h is  

d is c o v e ry  was n o t u t i l i s e d  u n t i l  1934 ( 4 ) when C.W. B onn iksen , a 

l e c t u r e r  in  London U n iv e r s i ty ,  fo u n d ed  a  company to  m an u fac tu re  

C e fo i l  -  a  t r a n s p a r e n t  w rap p in g  p a p e r  s im i la r  in  ap p ea ran ce  to  

C e llo p h a n e . D uring  th e  w ar when s u p p l ie s  o f  j u t e  became s c a rc e  

th e  M in is try  o f  Supply co n d u c ted  an in t e n s iv e  se a rc h  f o r  a  s u b s t i— 

- t u t e  f i b r e  s u i t a b l e  f o r  m i l i t a r y  cam ouflage m a te r i a l .  A lg in a te  

y a rn s  p ro v id e d  th e  answ er to  t h i s  q u e s t a s  th e y  had  th e  d e s i r a b le  

q u a l i t i e s  o f  w e a th e r and f i r e - r e s i s t a n o e  and c o u ld  n o t b e  d e te c te d  

by i n f r a - r e d  p h o to g ra p h y .
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1 .2 .  THE WORK OF THE INSTITUTE OF SEMEED RESEARCH.

At th e  end o f  th e  w ar th e  S c o t t i s h  Seaweed R esearch  A sso e- 

- i a t i o n  (S .S .R .A .)  was form ed to  d e te rm in e  "w hether t h e  p o s s i b i l i t y  

e x i s t e d  o f c r e a t i n g  a  s t a b l e  S c o t t i s h  seaw eed in d u s t r y  w hich  co u ld  

com pete w ith  th e s e  o f  o th e r  c o u n t r ie s  and  a t  th e  same tim e  p ro v id e  

a  c o n s id e ra b le  p a r t  tim e c r o f t e r  in d u s tr y  in  th e  H ig h lan d s  and 

I s la n d s "  (5 )«  I n i t i a l l y  th e  S .S .R .A . was su p p o rte d  b o th  by 

p r iv a t e  in d u s t r y  and th e  Government b u t  in  1951 th e  S c o t t i s h  S ea - 

-w eed R esearch  A s s o c ia t io n  was d is s o lv e d  and i t s  p la c e  ta k e n  by 

th e  T re a s u ry - f in a n c e d  I n s t i t u t e  o f Seaweed R esea rch .

S c o tla n d  was s e le c te d  a s  th e  h e a d q u a r te r s  o f th e  I n s t i t u t e  

p a r t l y  b e c a u se  o f  i t s  lo n g  a s s o c ia t io n  w ith  a  seaw eed in d u s t r y  b u t 

a l s o  b e c a u se  a  la rg e  p e rc e n ta g e  o f  B r i t a i n ’ s seaw eed grows around 

S c o t t i s h  s h o r e s .

1 .2 .1 .  B o ta n ic a l  S u rvey .

A fu n d am en ta l re q u ire m e n t f o r  th e  e s ta b l is h m e n t o f any in d u stry  

i s  a  know ledge o f  th e  q u a n t i ty  and  q u a l i t y  o f  th e  raw  m a te r ia l s  on 

w hich i t  i s  t o  be b a s e d .

A c c o rd in g ly  one o f  th e  f i r s t  t a s k s  th e  I n s t i t u t e  u n d e rto o k  was 

a  b o ta n ic a l  su rv e y  o f  th e  seaw eed grow ing aro u n d  th e  5>300 m ile s  o f  

S c o t t i s h  s h o r e s .

1 . 2 .1 . 1 .  L i t t o r a l  S u rvey . The su rv ey  o f  th e  p la n t s  g row ing  i n  th e  

zone betw een  h ig h  and low w a te r  mark was r e l a t i v e l y  s t r a ig h t f o r w a r d ,  

a s  th e  d e n s i ty  o f  grow th c o u ld  be m easured  by w eigh ing  th e  seaw eed 

o b ta in e d  from  one sq u a re  y a r d  o f  ro c k .  The p re d o m in a tin g  s p e c ie s  

w ere A. nodosum fo llo w e d  by F . v e s io u lo s u s .

T h is  su rv e y  by W alker (6 )  r e v e a le d  t h a t  th e r e  w ere a p p ro x i-  

-m a te ly  1 8 0 ,0 0 0  to n s  o f  ro c k  weed a ro u n d  S c o t t is h  s h o re s ,  o f  w hich 

n e a r ly  one t h i r d  grew  in  th e  v i c i n i t y  o f  Loch Maddy, N orth  U is t .

1 . 2 .1 . 2 .  S u b l i t t o r a l  S u rv ey . A p re l im in a ry  in d i c a t io n  o f  th e  

lo c a t io n  o f  s u b l i t t o r a l  weed b ed s  was o b ta in e d  by a  s tu d y  o f
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A d m ira lty  c h a r t s ,  w hich e l im in a te d  a r e a s  o f  mud and san d  on w hich 

seaw eed w i l l  n o t grow . O b se rv a tio n s  on b eac h es  n e a r  ro c k y  a re a s  

showed i f  a p p r e c ia b le  am ounts o f  weed w ere to r n  a d r i f t  by w in te r  

s to rm s . A e r ia l  r e c o n n a is s a n c e  was a l s o  u sed  to  g iv e  some id e a  o f  

th e  e x te n t  o f  th e  b e d s .

The la b o r io u s  t a s k  o f e s t im a t in g  th e  to n n ag es  and s p e c ie s  o f 

seaw eed i n  one such  b ed  was c a r r i e d  o u t by th e  q u a d ra t m ethod. A 

su rv ey  b o a t to o k  up p o s i t i o n  a t  a  d ep th  o f  1 fa thom , when a  s p r in g  

g rab  was lo w ered  o v e rb o a rd . T h is  g rab  c lo s e d  as  soon  a s  i t  touched  

th e  s e a  b ed  and  c o l l e c t e d  a l l  th e  p l a n t s  grow ing on h a l f  a  sq u a re  

y a r d .

When th e  seaw eed i n  t h i s  sam ple had  b een  w e i r e d  and  c l a s s i f i e d ,  

th e  s h ip  moved ou t a t  r i g h t  a n g le s  to  th e  sh o re  u n t i l  th e  tw o-fa thom  

p o in t  was re a c h e d  and a  seco n d  sam ple was ta k e n .  T h is  p ro ced u re  

was r e p e a te d  a t  one—fathom  i n t e r v a l s  u n t i l  th e  seaw eed grow th d i s -  

- a p p e a re d .  The b o a t  th e n  moved 200 y a rd s  a lo n g  th e  c o a s t  and  th e  

c y o le  o f  o p e r a t io n s  was r e p e a te d  on a  l i n e  p a r a l l e l  to  th e  f i r s t .

I n  t h i s  way an a c c u r a te  e s t im a te  o f  th e  y i e l d  o f  seaw eed i n  a  bed  

was o b ta in e d .

A more r a p id  m ethod was d e v e lo p e d  w ith  th e  a id  o f  th e  R .A .F . 

w hich e n a b le d  seaw eed b ed s  to  b e  p h o to g rap h e d  i n  d e t a i l  from  f a s t  

f l y i n g  a i r c r a f t .  Y ears  o f  b o a t w ork w ere th u s  saved  a s  o n ly  

o c c a s io n a l  c o n f irm a to ry  sam ples w ere now r e q u i r e d .

R e s u l ts  o f  t h i s  su rv e y  have in d i c a te d  t h a t  S c o t t i s h  c o a s ta l  

w a te r s  c o n ta in  a p p ro x im a te ly  1 0 ,0 0 0 ,0 0 0  to n s  o f  s u b l i t t o r a l  seaw eed, 

o f  w hich L . c lo u s to n i  c o n s t i t u t e s  ab o u t 90$ .  F our m i l l i o n  to n s  o f  

t h i s  t o t a l  i s  r e a d i l y  a c c e s s i b le ,  so t h a t ,  a s  th e  s u b l i t t o r a l  p la n ts  

r e q u i r e  ab o u t 4 y e a r s  to  grow  to  a  re a s o n a b le  s i z e ,  a  fo u r—y e a r  

h a r v e s t in g  c y c le  o f  one m i l l i o n  to n s  p e r  y e a r  h a s  been  s u g g e s te d .

1 . 2 .2 .  Chem ioal S u rv ey .

Chem ical a n a ly s i s  o f  th e  common s u b l i t t o r a l  seaw eeds h a s  been
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r e p o r te d  by B la ck  (7 “ 1 0 ) .

Sam ples o f  seaw eed ta k e n  a t  m onthly  i n t e r v a l s  o v e r s e v e r a l  

y e a r s  showed th e  s e a s o n a l v a r i a t i o n  in  chem ica l c o n s t i tu e n t s  w hich 

can be e x p e c te d  and h as  e n a b le d  th e  p o t e n t i a l l y  a v a i la b l e  q u a n t i -  

- t i e s  o f  a l g a l  c h em ica ls  to  be  a sse sse d *

I n  a d d i t io n  to  th e  a l g in a t e s  m en tioned  p re v io u s ly ,  s u b l i t t o r a l  

seaw eeds a l s o  c o n ta in  m a n n ito l ,  la m in a r in ,  f u c o id in ,  io d in e ,  

p r o t e i n s ,  and  sm a ll am ounts o f  s t e r o l s ,  p ig m en ts , and v ita m in s*

A lg in ic  A c id , th e  m ain s t r u c t u r a l  c a rb o h y d ra te  o f  brown s e a -  

-w eeds, i s  a  polym er o f  b e ta -D -  raannuronic a c id  w ith  a m o le c u la r  

w eig h t o f  th e  o rd e r  o f  185,000*

M an n ito l was f i r s t  d e te c te d  i n  L* s a o c h a r in a  by S tenhouse  ( l l )  

and i s  known to  be common to  a l l  brown seaw eeds. T h is  h ex a h y d ric  

a lc o h o l i s  a p p a re n t ly  i n  s o lu t i o n  in  th e  c e l l  s a p , f o r  i f  a  l i v in g  

p la n t  i s  im m ersed i n  d i s t i l l e d  w a te r  th e  m a n n ito l d i f f u s e s  outw ards 

th ro u g h  th e  c e l l  w a ll*  Comm ercial m a n n ito l i s  a t  p r e s e n t  s y n th e s -  

- i s e d  by th e  e l e c t r o l y t i c  r e d u c t io n  o f  f ru c to s e *

L am in a rin  in  m arine a lg a e  i s  c o n s id e re d  to  b e  r e s e r v e  fo o d  

m a te r ia l  and  i s  an a lo g o u s  to  th e  r o le  o f  s ta r c h  i n  la n d  p la n ts *

L am in a rin , w hich was f i r s t  i d e n t i f i e d  in  seaw eeds by 

Schm iedeberg  ( 1 2 ) ,  o c c u rs  p r i n c i p a l l y  i n  th e  fro n d s  o f  th e  Hiaeophyceae. 

The m o lecu le  c o n s i s t s  o f a  c h a in  o f  ab o u t 20 b e ta -D -  g lu co p y ran o se  

u n i t s  l in k e d  in  th e  1 :3  p o s i t i o n s  (1 3 ,1 4 )*  An i n t e r e s t i n g  f e a tu r e  

o f  t h i s  compound i s  t h a t  la m in a r in  e x t r a c te d  from  L* c lo u s to n i  i s  

w a te r  in s o lu b le  w hereas a n o th e r  form  p re p a re d  from  L* d i g i t  a t  a  and 

L« s a o c h a r in a  f ro n d s  i s  s o lu b le  i n  w ate r*  So f a r ,  no s a t i s f a c t o r y  

e x p la n a t io n  o f  t h i s  h as  b een  advanced*

F u c o id in  i s  a n o th e r  c e l l - w a l l  c o n s t i tu e n t  and i s  a  p o ly sa c c h a rid e  

m o n o -su lp h a te  e s t e r  b a se d  on fu c o s e .  I t  was f i r s t  d e s c r ib e d  by 

K y lin  ( 1 5 , 1 6 ) and th e  c o n s t i t u t i o n  h a s  b een  l a r g e ly  e v a lu a te d  by 

P e rc iv a l  & Ross (17)*

P r o te in s  o c c u r r in g  i n  seaw eed have r e c e n t ly  b een  s tu d ie d  by 

Channing & Young ( l 8 )  who d e te c te d  le u c in e ,  v a l in e ,  a l a n in e ,  and
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g lu ta m ic  and a s p a r t i c  a c id s  in  th e  h y d ro ly s a te s  o f  A* nodosum 

and L. s a o c h a r in a .

P igm en ts p r e s e n t  i n  th e  brown a lg a e  in c lu d e  o h lo ro p h y l l - a  (1 9 ) ,  

fu o o x a n th in  (2 0 ) ,  and b e ta - c a r o te n e  ( 2 l ) .  H e ilb ro n , Phypers & 

W right (2 2 ) i s o l a t e d  f u c o s te r o l  and i t s  c o n s t i t u t i o n  was e v a lu a te d  

by M acPhillam y (2 3 ) and Hey, Honeyman & P eal ( 24 ) .

V itam in s  B^, Bg and C a re  p r e s e n t  i n  th e  Fhaeophyoeae (2 5 ,2 6 )  

b u t  v i ta m in  A i s  a b s e n t .

1 . 2 .3 .  H a rv e s tin g  o f  Seaweed.

W ith th e  q u a n t i ty  and  q u a l i t y  o f  th e  seaw eed e s ta b l i s h e d  th e  

n e x t re q u ire m e n t i s  an  econom ic m ethod o f  h a r v e s t in g  th e  m a te r i a l .  

C o l le c t io n  o f  l i t t o r a l  seaw eed p r e s e n ts  no s e r io u s  o b s t a c l e s .

A l a r g e - s c a l e  h a r v e s t i n g  t e s t  a t  Loch Maddy ( 2 7 ) ,  in d ic a te d  

t h a t  th e  m ost e f f e c t i v e  p ro c e d u re  was to  fo l lo w  th e  r e c e d in g  ebb 

t i d e  down th e  b each  and  c o n tin u e  c u t t i n g  th e  seaw eed from  th e  ro ck s  

u n t i l  low  t i d e .  At t h i s  s ta g e  th e  c u t weed was fo rk e d  in t o  n e ts  

w ith  a  c a p a c i ty  o f  •§■ to n  o f  w et seaw eed and th e  n e t o p en in g s  were 

s e c u re d . C u tt in g  and  n e t t i n g  was c o n tin u e d , i n  t h i s  c a se  w orking  

i n  f r o n t  o f  th e  ad v an c in g  t i d e .  On co m p le tio n  o f  th e  d ay 1 s  work 

th e  n e t s  o f  seaw eed w ere f l o a t e d  o f f  th e  b each  and tow ed to  a 

c e n t r a l  p ro c e s s in g  s t a t i o n  by  a  sm a ll m o to r- la u n c h . Up to  24 

h a l f - t o n  n e t s  o f  seaw eed can  be  t r a n s p o r te d  i n  t h i s  manner* H a rv e s t-  

- i n g  r a t e s  o f  15 cw t. o f  weed p e r  man h ou r w ere c o n s i s t e n t ly  

m a in ta in e d  d u r in g  th e  t e s t .  I f  th e  ro c k s  a re  no t e n t i r e l y  denuded 

o f  seaw eed, th e  p la n t s  w i l l  r e c o lo n iz e  th e  a r e a .

The prob lem  o f  h a r v e s t i n g  s u b l i t t o r a l  seaw eed i s  much more 

c o m p lic a te d .

L . c l o u s to n i ,  th e  p redom inan t s u b l i t t o r a l  p la n t  a round  S c o t t i s h  

s h o re s ,  p r e f e r s  ro ck y  s e a  bed s f o r  i t s  n a tu r a l  h a b i t a t .  As i t  

seldom  grow s a t  d e p th s  ex ce ed in g  8 o r  10 fa th o m s, i t  i s  a p p a re n t 

t h a t  h a r v e s t i n g  must be c o n f in e d  to  h a za rd o u s  in s h o re  w a te r s .  I n
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a d d i t io n ,  th e s e  seaw eed p la n t s  a re  i n v i s i b l e  from  th e  b o a t ,  and 

a re  d e n se r  th a n  w a te r .  T h is  i s  in  c o n t r a s t  to  th e  C a l i f o r n ia n  

s p e c ie s  M. p y r i f e r a  w hich f l o a t s  to  th e  s u r fa c e  when c u t ,  making 

i t s  c o l l e c t i o n  a s im p le  m a t te r .

A s im p le  and e f f e c t i v e  h a r v e s t in g  g e a r  dev e lo p ed  by th e  

I n s t i t u t e  i s  th e  i n t e r m i t t e n t  g ra p n e l ,  w hich can be o p e ra te d  from  

sm all m o to r -b o a ts  o r  f i s h i n g  v e s s e ls *  These g ra p n e ls  ( F i g .2 ) a re  

d rag g ed  a lo n g  th e  s e a  bed  f o r  ab o u t two m in u te s , th e n  h o is te d  on 

to  th e  b o a t by a  d e r r ic k  and u n lo a d e d .

M ackenzie & Jack so n  (2 8 ) t e s t e d  th r e e  s iz e s  o f  th e s e  g ra p n e ls  

on weed b ed s  o f f  th e  A r g y l l s h i r e  c o a s t  and T able 1 l i s t s  th e  

q u a n t i t i e s  o f  seaw eed o b ta in e d  from  a  75 y a rd s  d rag  (b a se d  on 120 

t e s t s  i n  each  c a s e ) .

TABLE l c

G rapnel S iz e  1 f t  6 i n  2 f t  3 i n  3 f t  0 i n

A verage W eigh t/D rag , lb  161 233 328

Maximum W eig h t/D rag , lb  328 506 620

G rap n e ls  a r e  u s e f u l  f o r  p a r t  tim e  h a r v e s t in g  work on acco u n t o f  

t h e i r  ro b u s t  c o n s t r u c t io n  and low  c o s t ,  b u t th e y  a re  u n s u i ta b le  f o r  

l a r g e - s c a l e  c o l l e c t i o n  o f  seaw eed b e c a u se  o f  t h e i r  i n t e r m i t t e n t  

o p e r a t io n .

One s o lu t i o n  to  th e  p rob lem  o f  h a r v e s t in g  seaw eed c o n tin u o u s ly  

h a s  b een  p ro v id e d  by Hay (2 9 ) who d e s ig n e d  a  co n tin u o u s  sh o r t-h o o k  

g r a p n e l .  T h is  a p p a ra tu s  ( s k e tc h e d  i n  F i g . 3 ) c o n s i s t s  o f  a  tu b u la r  

fram e A a t ta c h e d  a t  i t s  u p p er end to  th e  s t e r n  o f th e  b o a t  and 

su p p o r te d  on th e  se a  bed  by  a p a i r  o f  ru b b e r  w heels B. S p ro ck e t 

w hee ls  a t  e i t h e r  end o f  th e  fram e c a r ry  a  w ire-m esh  conveyor b e l t  C 

w hich h a s  s e t s  o f  hooks f ix e d  a c ro s s  i t s  w id th  a t  r e g u la r  i n t e r v a l s .  

In  o p e r a t io n ,  th e  b o a t moves s lo w ly  fo rw ard  and th e  b e l t  i s  d r iv e n  

i n  th e  d i r e c t i o n  shown. As th e  b e l t  c o n ta c ts  a b ed  o f  seaw eed,
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th e  p l a n t s  a re  com pacted in to  a  9 i n  la y e r  u n t i l  a s e t  o f  hooks 

p u l l s  th e  s t i p e s  from  th e  ro c k s  and conveys them to  th e  b o a t*  I f  

th e  books c a tc h  on a l a r g e  ro c k , th e  d r iv in g  b e l t  m o m en ta rily  s l i p s  

u n t i l  th e  equipm ent i s  p u l le d  c l e a r  o f  th e  o b s tru c t io n *  The 

a rran g em en t o f  th e  hooks i s  such  th a t  th e r e  i s  l i t t l e  d an g er o f  

l a r g e  b o u ld e rs  b e in g  l i f t e d  from  th e  se a  bo ttom  and d ropped  in t o  

th e  m otor v e s s e l*  In  a d d i t io n  th e  framework i s  s u f f i c i e n t l y  

f l e x i b l e  to  e n a b le  th e  w heels  to  r i d e  over m ost o b s ta c le s *

F u r th e r  r e f in e m e n ts  have b een  made to  th e  d e s ig n  and i n  sev e ra l 

s h o r t  d u r a t io n  t e s t s  n e a r  Oban, h a r v e s t in g  r a t e s  o f abou t 5 t o n s /h r  

w ere o b ta in e d  i n  dense  bed s o f  L* c lo u s to n i  ( 3 0 ) .  Hay e s t im a te d  

( 3 l )  t h a t  a  r a t e  o f  17 t o n s /h r  s h o u ld  be p o s s ib le  u nder id e a l  

c o n d i t io n s  u s in g  a c o n tin u o u s  g ra p n e l s im i la r  to  th e  ex p e rim e n ta l 

u n i t  b u t w ith  a 2 f t  7 i n  w ide b e l t*

A t h i r d  sy stem , a t  p r e s e n t  b e in g  d ev e lo p ed  by th e  I n s t i t u t e ,  

i s  b a se d  on th e  c u t t i n g  and e n tra in m e n t p r in c i p l e  (32 )*  T e s ts  

have shown t h a t  r e c i p r o c a t i n g  r e a p e r  b la d e s  a re  c a p a b le  o f  c u t t in g  

o f f  th e  s t i p e s  c lo s e  to  th e  se a  b ed  w ith  rem a rk ab ly  s l i g h t  damage 

to  th e  c u t t e r s .  The s e v e re d  w hole p l a n t s  a r e  th e n  h y d r a u l i c a l ly  

conveyed to  th e  s u r f a c e  by a w a te r  i n j e c t o r  and f l e x i b l e  p ip in g .

1*2*4* E x t r a c t io n  and  U t i l i s a t i o n  o f  A lg a l Chem icals*

A lg in ic  a c id , th e  lo n g e s t  e s t a b l i s h e d  o rg a n ic  seaw eed ch em ica l, 

can  be  r e a d i l y  i s o l a t e d  by t r e a t i n g  th e  seaw eed w ith  d i l u t e  m in e ra l 

a c id  fo llo w e d  by a  w a te r  wash and e x t r a c t i o n  w ith  sodium c a rb o n a te  

s o lu t i o n .  T h is  i s  e s s e n t i a l l y  S ta n f o r d ’ s  o r ig i n a l  p ro c e s s  and  two 

modern v a r i a n t s  a r e  G reen’ s  'c o l d '  p ro c e s s  (33 ) and l e  G loahec—H erter 

p ro c e s s  (34 )*  The r e s u l t a n t  s o lu t io n  o f  crude sodium a l g in a t e  i s  

th e n  p u r i f i e d  and e v a p o ra te d  to  g iv e  a  w h ite  s t a r c h - l i k e  powder*

The c o n c e n tr a t io n  o f  th e  sodium  a l g in a t e  s o lu t io n  must be  k e p t below  

ab o u t 0.1J& d u r in g  p ro c e s s in g ,  o th e rw is e  th e  l i q u i d  becomes d i f f i c u l t  

to  f i l t e r  and may even  form  a  g e l .

The g e l—form ing  p ro p e r ty  o f  a l g in a t e  i s  u se d  i n  f o o d s tu f f s  f o r



-  10 -

cream  o r  t a b l e  j e l l y  m a n u fa c tu re , and to  th ic k e n  so u p s , s a u c e s ,  

e tc *  A r t i f i c i a l  c h e r r i e s  can  be m a n u fa c tu red  w hich w ith s ta n d  

re a s o n a b ly  h ig h  te m p e ra tu re s  and  so do n o t m e lt in s id e  a  cake

d u r in g  bak ing*

Sodium a l g in a te  h a s  a w id e sp re a d  a p p l ic a t io n  a s  an ic ec ream  

s t a b i l i s e r *  The c o l l o i d a l  n a tu re  o f  th e  a lg in a te  p re v e n ts  th e  

g row th  o f  i c e  c r y s t a l s  and  fo rm s a  homogeneous mix* A d d itio n  o f  

sodium  a l g i n a t e  to  f r u i t  sq u ash es  p re v e n ts  th e  fo rm a tio n  o f a  t h i c k  

sed im en t o f  f r u i t  p a r t i c l e s *

The a b i l i t y  o f  a l g in a t e  to  form  f i b r e s  was th e  main re a s o n  f o r  

t h e i r  developm ent d u r in g  th e  w ar f o r  cam ouflage n e t t in g *  A lg in a te  

f i b r e s  made from  th e  ca lc iu m  s a l t  o r  th e  f r e e  a c id  s u f f e r  from  th e  

g r e a t  draw back o f  b e in g  s o lu b le  in  weak a lk a l i*  T h is  d e fe c t  

p re v e n te d  t h e i r  w id e sp re a d  a d o p tio n  a s  a  t e x t i l e  f a b r i c ,  s in c e  th e  

m a te r ia l  d is a p p e a re d  d u r in g  w ashing* B e ry lliu m  and chromium 

a l g i n a t e s  a r e  more s t a b l e  i n  t h i s  r e s p e c t ,  b u t a re  c o rre sp o n d in g ly  

more e x p e n s iv e  * T hese a p p a re n t ly  in s u p e ra b le  d is a d v a n ta g e s  o f  

a l g i n a t e s  w ere  in g e n io u s ly  tu r n e d  to  good u se  i n  t e x t i l e s  by th e  s o -  

c a l l e d  * e c a f  f  d -d  * te c h n iq u e *

¥ e ry  f i n e  w o o lle n  y a rn s  can n o t be  woven a s  th e  te n s io n  o f  th e  

loom  sn a p s  th e  th r e a d s ,  b u t a  com posite  f i b r e  c o n s is t in g  o f  a  heavy 

a l g i n a t e  f i l a m e n t  tw is te d  w ith  an u l t r a - f i n e  w o o llen  one can be  woven 

s a t i s f a c t o r i l y *  Jhen  th e  r e s u l t i n g  f a b r i c  i s  g iv e n  th e  norm al 

f i n i s h i n g  s c o u r ,  th e  a l g in a t e s  d i s s o lv e ,  le a v in g  a  l ig h t - w e ig h t  c lo th  

w ith  th e  l i g h t n e s s  o f  c o t to n  b u t  th e  f e e l  and warmth o f  wool* 

A s tra k h a n  and  i n t r i c a t e  la c e s  can  s im i l a r l y  be  woven on a  tem porary  

b a c k in g  o f  a l g i n a t e  yarn*

S o lu b le  a l g in a t e  f i b r e s  have a l s o  p ro v ed  to  be o f  v a lu e  i n  

m ed ic ine*  A lg in a te  swabs may be l e f t  i n  th e  human body to  g iv e  

te m p o ra ry  s u p p o r t to  a  d e l i c a t e  o rg an , s in c e  th e  body f l u i d s  e v e n tu -  

—a l l y  d is s o lv e  t h e  compound# S im i la r ly ,  th e  h e a l in g  o f b u rn s  may be 

a s s i s t e d  by  th e  a p p l i c a t i o n  o f  an  a lg in a te  f i lm  d r e s s in g .  When th e
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new s k in  h as  fo rm ed  o v e r th e  wound, th e  a l g i n a t e  l a y e r  can  be 

rem oved by w ash ing  w ith  d i l u t e  sodium  b ic a rb o n a te  s o lu t i o n .  Sodium 

a l g i n a t e  s o lu t i o n  i s  a l s o  a  v a lu a b le  h a e m o s ta tic  ag en t a s  th e  ca lc iu m  

in  th e  b lo o d  fo rm s an  in s o lu b le  compound w ith  th e  a l g a l  chem ical*

The fo llo w in g  f in e  c h em ica ls  p r e s e n t  in  seaw eed have no t so f a r  

been  e x p lo i te d  on a com m ercial s c a l e .  E x t r a c t io n  p ro c e d u re s  f o r  

m ost o f  th e  o th e r  m ajo r a lg a l  c o n s t i tu e n t s  have been  d e v ise d  a t  th e  

I n s t i t u t e ,  and p i l o t  b a tc h e s  have been  p re p a re d  to  en ab le  p o s s ib le  

u s e s  to  be fo u n d  f o r  them by i n t e r e s t e d  i n d u s t r i a l i s t s .

M an n ito l can be i s o l a t e d  from  seaw eed on th e  la b o ra to ry  s c a le  by 

e x t r a c t i o n  w ith  a lc o h o l  o r weak a c id  (35 )*  L am inarin  i s  s e p a ra te d  

from  th e  a c id  e x t r a c t  and th e  m a n n ito l i s  re c o v e re d  from  th e  e v a p o ra -  

- t e d  f i l t r a t e  by s o lv e n t  e x t r a c t i o n ,  p r e c i p i t a t i o n ,  o r  th e  u se  o f  

io n -e x c h a n g e  r e s i n s .

P i l o t - p l a n t  work h a s  shown t h a t  m ethanol e x t r a c t io n  o f d r ie d  and 

ground  seaw eed i s  th e  most p ro m is in g  com m ercial m ethod o f m an n ito l 

e x t r a c t i o n  ( 3 2 ) .

M ann ito l i s  a t  p r e s e n t  em ployed in  th e  m an u fac tu re  o f  d e to n a to r s ,  

p h a rm a c e u tic a ls  and i n  s y n th e t ic  r e s i n  m a n u fa c tu re . I t  may a l s o  have 

some a p p l i c a t io n  a s  a su g a r s u b s t i t u t e  i n  a  d ia b e t i c  d i e t .

L am in arin  ( in s o lu b le  form ) can  be  e a s i l y  p re p a re d  on th e  sem i- 

t e c h n ic a l  s c a le  by a s in g le  h o t d i l u t e  a c id  e x t r a c t io n  o f  L .c lo u s to n i , 

fo llo w e d  by c e n t r i f u g a l  c l a r i f i c a t i o n  and p r e c i p i t a t i o n .  W ater 

s o lu b le  la m in a r in  i s  p r e c i p i t a t e d  from  th e  f i l t r a t e  by a lc o h o l a t  a 

c o n c e n t r a t io n  o f 85^  ( 3 6 ) .

B la in e  (3 7 ) h a s  d e m o n s tra te d  t h a t  s o lu b le  la m in a r in  h as  a  p o s s ib le  

o u t l e t  a s  d u s t in g  powder f o r  s u r g ic a l  g lo v e s .  A dhesions o r  o th e r  

a f t e r - e f f e c t s  can  b e  cau sed  by th e  u se  o f non—a b so rb a b le  d u s tin g  powders, 

such  a s  ta lc u m , b u t la m in a r in  i s  f r e e  from  t h i s  d e fe c t  a s  i t  i s  ab so rb ed  

by th e  body . A lpha—D -g lu co se  and m ethyl a lp h a -D -g lu c o s id e  can be

p re p a re d  from  la m in a r in .
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F u c o id in  can be p re p a re d  by e x t r a c t i n g  th e  d r i e d  m i l le d  

seaw eed th r e e  tim e s  w ith  te n  volum es o f  h y d ro c h lo r ic  a c id  (pH 2 - 2 .5 )  

a t  70°C, f o r  one h o u r ( 3 8 ) .  The c rude  p ro d u c t i s  i s o l a t e d  by 

f r a c t i o n a l  p r e c i p i t a t i o n  w ith  a lc o h o l and a  p u re r  p ro d u c t can  be 

o b ta in e d  on tre a tm e n t w ith  fo rm ald eh y d e . T h is  ch em ica l i s  so new 

th a t  i t s  m arke t a sse ssm en t i s  f a r  from  com ple te ; b u t i t  may have 

some a p p l i c a t i o n s  i n  th e  a d h e s iv e s  in d u s t r y .

1 .3 .  SEAWEED DRYING

In  th e  p re c e d in g  re v ie w  o f  seaw eed chem ical p ro d u c tio n  one 

im p o rta n t u n i t  o p e r a t io n  was o m itte d  -  th e  d ry in g  o f  th e  seaw eed.

A lthough a l l  th e  c o n s t i t u e n t s  can  be  e x t r a c te d  from  th e  d r ie d  

seaw eed, i t  i s  n o t a lw ays e s s e n t i a l  to  have th e  m a te r ia l  i n  t h i s  

c o n d i t io n .  A lg in ic  a c id  h a s  b een  e x t r a c te d  from  th e  f r e s h  p la n ts  

(39)> a lth o u g h  i n  B r i t a i n  i t  i s  custom ary  to  d ry  th e  a lg a e  n e a r  th e  

sh o re  and sen d  th e  d e h y d ra te d  p ro d u c t to  a  p ro c e s s in g  f a c t o r y .  I f  

o rg a n ic  s o lv e n ts  a re  u se d  a s  e x t r a c t a n t s ,  i t  w i l l  p ro b ab ly  be 

n e c e s s a ry  to  have th e  w a te r  rem oved from  th e  seaw eed, o th e rw ise  th e  

e x t r a c t  w i l l  be  co n ta m in a te d  w ith  m in e ra l s a l t s .  A nother advan tage  

o f d e h y d ra t io n  i s  t h a t  th e  r e q u i r e d  c o n s t i tu e n t  i s  c o n c e n tra te d  in  

th e  raw  m a te r ia l  so t h a t  e x t r a c t i o n  w i l l  u s u a l ly  be more e f f i c i e n t  

and l e s s  m a te r ia l  w i l l  have to  be h a n d le d  f o r  a g iv e n  o u tp u t .  I t  

sh o u ld  be  n o te d  a ls o  t h a t  th e  m ost s a t i s f a c t o r y  p i l o t —p la n t  e x t r a c t— 

- io n  p ro c e s s e s  a t  p r e s e n t  d e v ise d  f o r  m a n n ito l and fu c o id in  a re  b ased  

on d r i e d  m i l le d  seaw eed.

A lg in a te  p ro d u c tio n  in  t h i s  c o u n try  ap p ea rs  to  be b a se d  on c a s t  

seaw eed which i s  c o l l e c t e d  and  a i r - d r i e d  by c r o f t e r s .  T h is p a r t l y -  

d r ie d  seaw eed i s  s o ld  to  a  d ry in g  s t a t i o n  where i t  i s  f u r t h e r  d r ie d  

and g round  b e fo re  b e in g  d e sp a tc h e d  to  a  chem ical f a c to r y  f o r  e x t r a o t -  

- i o n .  A ir -d ry in g  e n a b le s  a  s u b s t a n t i a l  p ro p o r tio n  o f th e  w a te r  to  

be e v a p o ra te d  from  th e  seaw eed w ith o u t th e  u se  o f  f u e l ,  b u t lo n g  

d iy in g  tim e s  a r e  r e q u i r e d .  A se v e re  d isa d v a n ta g e  o f a i r - d r y i n g  i s



-  13 -

t h a t  i r o n d  can n o t be s a t i s f a c t o r i l y  d r ie d  in  t h i s  manner as  

d eco m p o sitio n  s e t s  i n ,  and a v a lu a b le  p a r t  o f  th e  p la n t  i s  l o s t .  

A i r - d r ie d  s t i p e  i s  s u i t a b l e  f o r  a l g in a te  p ro d u c tio n , b u t m ost of 

th e  re m a in in g  c o n s t i tu e n t s  a re  le a c h e d  ou t by th e  a c t io n  o f  r a i n  

and s e a .

As any f u tu r e  a lg a l  chem ical in d u s t r y  w i l l  a lm o st c e r t a i n l y  be 

co n ce rn ed  w ith  th e  p ro d u c tio n  o f th e  newer c a rb o h y d ra te  ch em ica ls  now 

b e in g  d e v e lo p e d , in  a d d i t io n  to  a l g i n a t e s ,  i t  w i l l  be e s s e n t i a l  to  

have f r e s h ly - h a r v e s te d  seaw eed a v a i l a b l e  f o r  th e  s t a r t i n g  m a te r i a l .

I f  t h i s  seaw eed canno t be e x t r a c te d  im m ed ia te ly , i t  must be p re s e rv e d  

w ith  i t s  c o n s t i tu e n t s  i n t a c t  u n t i l  i t  i s  co n v en ien t f o r  th e  p ro c e s s 

i n g  to  be co m p le ted . S to ra g e  o f  th e  m a te r ia l  i n  th e  d r ie d  and 

m i l le d  s t a t e  i s  a  s a t i s f a c t o r y  and c o n v e n ie n t method o f  p r e s e r v a t io n .

I t  fo l lo w s  t h a t  th e r e  a re  two p o s s ib le  s i t u a t i o n s  o f f a c t o r i e s  

f o r  th e  p ro d u c tio n  o f a lg a l  ch em ica ls  ( a )  a  c h a in  o f  f a c t o r i e s  w i th in  

easy  r e a c h  o f  th e  m ain seaw eed b e d s ,  u s in g  f r e s h  weed, o r  (b )  a  few  

c e n t r a l  f a c t o r i e s  o p e r a t in g  on d r ie d  seaw eed s u p p lie d  by sev ered  

d ry in g  s t a t i o n s  s i t u a t e d  on th e  c o a s t l i n e .

As th e  number o f  days s u i t a b le  f o r  seaw eed h a r v e s t in g  i n  S c o tla n d  

ran g e  from  100 to  200 p e r  y e a r  (3 2 ) ,  i t  i s  c l e a r  t h a t  any f a c to r y  

dependen t on f r e s h  seaw eed w ould b e  l i a b l e  to  numerous s to p p ag es  

u n le s s  b u f f e r  s to c k s  o f  seaw eed w ere h e ld .  An obvious m ethod o f 

s to ra g e  w ould be  by d ry in g , b u t  r e c e n t  ex p erim en ts  (32 ) have in d ic a -  

- t e d  t h a t  f r e s h  seaw eed may be p re s e rv e d  by e n s i la g in g .  I f  no 

d e g ra d a tio n  o f  ch e m ic a ls  ta k e s  p la c e ,  e n s i la g in g  would p ro b a b ly  be 

p r e f e r r e d  to  d ry in g  on acco u n t o f  i t s  low er c o s t .

I f ,  as  i n  c a se  ( b ) ,  th e  seaw eed was to  be  t r a n s p o r te d  f o r  

a p p re c ia b le  d i s ta n c e s  to  in la n d  f a c t o r i e s ,  d ry in g  i s  a p r e r e q u i s i t e .  

S u b l i t t o r a l  seaw eed u s u a l ly  h as  a  w a te r  c o n te n t ra n g in g  from  83 

so t h a t  i t  w ould b e  poor econom ics to  c a r ry  5 ^ 9  to n s  o f  w a te r  a lo n g  

w ith  ev e ry  to n  o f  seaw eed s o l id s ?  m oreover th e  b u lk  d e n s i ty  o f d r ie d  

seaw eed meal i s  much g r e a t e r  th a n  th a t  o f  th e  raw m a te r i a l .  In  th e  

e v en t o f  b ad  w e a th e r  p r o h ib i t in g  m echan ica l h a rv e s t in g ,  th e  d ry in g



-  14 -

s t a t i o n s  w ould a ls o  be l i a b l e  to  s to p p a g e s , b u t  i t  would d o u b tle s s  

be  p o s s ib le  to  c o l l e c t  c a s t  p l a n t s  to  keep th e  d ry e r  i n  o p e ra tio n *

T h is  seco n d ary  p ro d u c t would a t  l e a s t  be s u i t a b l e  f o r  a lg in a te  

p ro d u c tio n *  I f  i t  e v e n tu a l ly  became n e c e s s a ry  to  s to p  p ro d u c tio n  

a t  th e  d ry in g  s t a t i o n  f o r  a p e r io d ,  i t  i s  p ro b a b le  t h a t  th e  f i n a n c i a l  

l o s s  w ould be s m a l le r  th a n  t h a t  in c u r r e d  by th e  c lo s in g  down o f an 

e n t i r e  ch em ica l works*

The p re c e d in g  d is c u s s io n  h as  assumed t h a t  th e  seaweed was 

in te n d e d  f o r  chem ica l p ro d u c t io n .  I f ,  how ever, th e  seaw eed i s  to  be  

in c o rp o r a te d  i n  an im al f e e d in g  s t u f f s ,  i t  w i l l  r e q u i r e  to  be in  th e  

d r ie d  s ta t e *  T h is  o u t l e t  i n  i t s e l f  c o u ld  p ro b a b ly  abso rb  S c o tla n d ’ s 

p o t e n t i a l  p ro d u c tio n  o f d r i e d  seaw eed, a s  th e  annual m anufac tu re  o f  

d r ie d  f e e d in g  s t u f f s  in  B r i t a i n  i s  o f  th e  o rd e r  o f  15 m i l l io n  tons*  

E n s ila g e d  seaw eed would p ro b a b ly  be s u i t a b l e  f o r  s to c k  fe e d in g  b u t 

i t  w ould have to  be u t i l i s e d  l o c a l l y  a s  th e  t r a n s p o r t  c o s ts  w i l l  a g a in  

b e  h igh*

As a  r e s u l t  o f  th e  h ig h  w a te r  c o n te n t o f  f r e s h  seaw eed, i t  i s  

a p p a re n t t h a t  any d e h y d ra t io n  p ro c e s s  must in v o lv e  th e  minimum c o s t .  

T his i n  tu r n  r e q u i r e s  t h a t  th e  m ost s u i t a b le  d ry in g  method b e  found 

f o r  seaw eed and  th a t  th e  d ry e r  be  o p e ra te d  a t  optimum c o n d itio n s*

T h is  p r e s e n t  work on seaw eed d ry in g  i s  co nce rned  w ith  th e  

s o lu t i o n  to  th e  problem *
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2 . THEORY OP DRYING.

D ry ing  i s  n o rm a lly  ta k e n  to  mean th e  rem oval o f  a  l i q u i d  

( u s u a l ly  w a te r )  from  a s o l id  when th e  amount o f l i q u i d  p r e s e n t  i s  

r e l a t i v e l y  s m a ll ,  th u s  making a  d i s t i n c t i o n  betw een  d ry in g  and 

e v a p o ra tio n  o r d i s t i l l a t i o n .  D ry ing , in  g e n e ra l ,  a ls o  im p lie s  th e  

th e rm a l rem oval o f w a te r  to  d i f f e r e n t i a t e  th e  p ro c e s s  from  th e  

m ech an ica l u n i t  o p e ra t io n s  o f  f i l t r a t i o n ,  c e n t r i f u g in g  and p r e s s in g .  

D eh y d ra tio n  i s  a te rm  w hich a p p a re n t ly  was o r i g i n a l l y  in t ro d u c e d  by 

th e  d r ie d  f r u i t  in d u s t r y  o f  th e  W estern  U .S.A . to  d i s t in g u is h  betw een 

f r u i t  w hich had  been  s u n -d r ie d  in  th e  open and f r u i t  w hich had  been  

d e h y d ra te d  in  tu n n e ls  u n d er c o n t r o l l e d  c o n d i t io n s  (4 0 ) .  Nowadays 

th e  two te rm s a r e  a lm o st synonymous.

The fo l lo w in g  re v ie w  o f  d ry in g  th e o ry  i s  a lm ost w ho lly  t h a t  o f 

a d ia b a t i c  a i r - d r y i n g  o f s o l i d s ;  o th e r  p o s s ib le  methods have been  

b r i e f l y  c o n s id e re d  u n d er d ry in g  equipm ent (S e c tio n  3)«

When a  w a te r - s a tu r a te d  s o l i d  i s  exposed  to  a s tream  o f  a i r  u nder 

c o n s ta n t  c o n d i t io n s  o f te m p e ra tu re ,  h u m id ity  and v e lo c i ty ,  th e  s u r fa c e  

heh av es  a s  a  f r e e  w a te r  s u r f a c e  and d ry in g  p ro cee d s  a t  a  c o n s ta n t  r a t e .  

As lo n g  a s  th e  g a s / l i q u i d  i n t e r f a c e  rem a in s  s a tu r a t e d  th e  c o n s ta n t 

r a t e  w i l l  c o n t in u e ,  b u t when th e  su p p ly  o f  w a te r  to  th e  s u r fa c e  f a i l s  

to  meet t h i s  re q u ire m e n t a f a l l i n g - r a t e  zone ensues* The average  

m o is tu re  c o n te n t  o f th e  s o l i d  a t  th e  changeover i s  d e f in e d  a s  th e  

c r i t i c a l  m o is tu re  co n ten t*

The f a l l i n g - r a t e  p e r io d ,  w hich may in  some in s ta n c e s  be composed 

o f  two z o n e s , th e n  p e r s i s t s  u n t i l  d ry in g  i s  co m p le te . The two 

p r in c i p a l  mechanism s w hich have been  p o s tu la te d  f o r  w a te r  movement 

in s id e  s o l id s  d u r in g  d ry in g  -  d i f f u s io n  and  c a p i l l a r i t y  -  have been  

t r e a t e d  s e p a r a t e ly ,  to g e th e r  w ith  a d is c u s s io n  on th e  d ry in g  o f 

v e g e ta b le  m a te r ia l*

The u l t im a te  aim o f  m ost d ry in g  th e o r i e s  and fo rm u lae  i s  to  en ab le  

th e  d ry in g  tim e s  o r  r a t e s  f o r  v a r io u s  s o l id s  to  be p r e d ic te d  under a 

g iv e n  s e t  o f  a i r  c o n d itio n s *  W ater may be h e ld  i n  s o l id s  i n  a  wide
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v a r i e t y  o f  ways, e*g* i n  th e  i n t e r s t i c e s  betw een  g ra n u le s  o r  

f i b r e s ,  i n s i d e  c e l l s  e n c lo se d  by perm eable  o r  im perm eable membranes, 

a d so rb ed  on w a l l s  o r  i n  lo o s e  com bina tion  as  w a te r  o f  h y d ra t io n *  

C o n s id e r in g  th e s e  p o s s i b l e  numerous v a r i a t i o n s  i t  i s  h a r d ly  s u r p r i s i n g  

t h a t  t h e r e  i s  no one s o l u t i o n  to  cover  a l l  c o n d i t i o n s ,  and as  a r e s u l t  

o f  th e  c o m p le x i ty  o f  th e  e q u a t io n s  advanced  so f a r ,  i t  i s  f r e q u e n t l y  

much s im p le r  and more a c c u r a t e  to  conduct a  d ry in g  t e s t  on th e  

m a t e r i a l  i n  q u e s t io n  to  su p p ly  th e  in fo rm a t io n  re q u ire d *
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2 .1  THE EVAPORATION OF WATER

One o f  th e  e a r l i e s t  q u a n t i t a t i v e  o b s e r v a t i o n s  on t h e  evapo ra

t i o n  o f  w a te r  was made by John D alton  i n  1802 ( 4 1 ) .  He found  t h a t  

th e  e v a p o r a t io n  r a t e  of w a te r  from sm all  h e a t e d  pans was p r o p o r t i o n a l  

t o  th e  d i f f e r e n c e  betw een  th e  vapour p r e s s u r e  o f  th e  w a te r  and th e  

aqueous vapour p r e s s u r e  of th e  am bient a i r ,  and t h a t  t h i s  r e l a t i o n -  

- s h i p  was in d e p e n d e n t  o f  th e  a i r  te m p e ra tu r e .

S in ce  t h i s  e a r l y  o b s e r v a t i o n ,  th e  f i l m  concep t o f  e v a p o ra t io n  

h a s  been  d ev e lo p ed  which p o s t u l a t e s  th e  e x i s t e n c e  o f  a s t a t i c  gas 

f i l m  a d j a c e n t  to  the  e v a p o r a t in g  s u r f a c e .  The v a p o r iz in g  l i q u i d  

i s  t r a n s f e r r e d  th ro u g h  th e  l a m in a r  l a y e r  by d i f f u s i o n  and becomes 

mixed i n  th e  t u r b u l e n t  s t ream  beyond . Smith (42 )  s t a t e s  t h a t  a t  

normal te m p e r a tu r e s  th e  r a t e  o f  e scap e  o f  m o lecu le s  from a  w a te r  

s u r f a c e  w ould be  abou t 1500 l b / ( h r ) ( s q . f t . ) a c c o rd in g  to  t h e  k i n e t i c

th e o r y ,  b u t  b e c a u se  o f  th e  r e s i s t a n c e  o f  t h e  f i l m  p r a c t i c a l  r a t e s
- 4  -5a r e  o n ly  10 o r  10 t im es  a s  g r e a t .

Mass t r a n s f e r  th ro u g h  t h i s  g as  f i l m  may be e x p re s s e d  (43 )  by 

th e  e q u a t io n

dW/dO = K A (pw -  pa )  E q n . l

where dw/d© ® d i f f u s i o n  o r  d ry in g  r a t e ,  lb /^ i r ,

K » f i l m  c o e f f i c i e n t  o f  d i f f u s i o n ,  l b / ( h r ) ( s q . f t . ) ( a t m  p a r t i a l
p r e s s u r e  d i f f e r e n c e ) ,

A a d ry in g  s u r f a c e ,  s q . f t . ,

p ® p a r t i a l  p r e s s u r e  o f  w a te r  vapour i n  a i r ,  atm,£L
p > p a r t i a l  p r e s s u r e  o f  s a t u r a t e d  a i r  a t  th e  w a t e r / a i r

i n t e r f a c e ,  atm, = vapour p r e s s u r e  o f  w a te r  a t  th e  
s u r f a c e  t e m p e r a tu r e .

The h u m id i ty  d r i v i n g  f o r c e  may a l s o  be e x p re s se d  a s  l b  w a t e r /  

l b  d ry  a i r  u s in g  an a p p r o p r i a t e  f i l m  c o e f f i c i e n t .

I n  any d r y in g  p ro c e s s  t h e r e  i s  a  s im u l ta n e o u s  h e a t  t r a n s f e r  to  

th e  s u r f a c e  a s  th e  f low  o f  h e a t  must be eq u a l  to  t h e  l a t e n t  h e a t  o f  

v a p o r i z a t i o n  o f  t h e  w a te r .  Thus th e  g e n e r a l  h e a t  b a la n c e  f o r  the  

e v a p o r a t io n  becomes -
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Z dw/d« .  Z £ A (pw -  p j  » h A ( t  -  t  ) .......... Eqn.2« a s  a a
where Z * l a t e n t  h e a t  o f  w a te r  a t  t  .

8
Aa a s u r f a c e  a r e a  th ro u g h  which h e a t  f lo w s ,  s q . f t . ,

h a mean f i l m  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  b a se d  on As , 
B . T h . u / ( h r ) ( s q . f t . ) ( ° F ) ,

t & s a i r  t e m p e ra tu re  °F ,

t s  = te m p e ra tu re  o f  s u r f a c e  th ro u g h  which h e a t  i s  
t r a n s f e r r e d ,  F .

I f  a q u a n t i t y  o f  a i r  a t  te m p e ra tu re  t a  i s  b ro u g h t  i n t o  p ro lo n g ed  

and i n t i m a t e  c o n ta c t  u n d e r  a d i a b a t i c  c o n d i t io n s  w ith  w a te r  a t  a low er 

t e m p e ra tu r e ,  th e  s e n s ib l e  h e a t  o f  t h e  a i r  e v a p o ra te s  w a te r  u n t i l  th e  

a i r  becomes s a t u r a t e d  a t  the  w a te r  t e m p e ra tu r e .  T h is  te m p e ra tu re  ( t 1) 

which i s  a  c h a r a c t e r i s t i c  p r o p e r ty  o f  th e  a i r ,  i s  known as  th e  te m p era -  

- t u r e  o f  a d i a b a t i c  s a t u r a t i o n  (44)* The d i f f e r e n c e  betw een t a  and t* 

i s  a m easure  o f  th e  e v a p o r a t iv e  c a p a c i t y  o f  the  a i r .

I f  now a  sm a ll  w a te r  s u r f a c e  i s  i n s e r t e d  i n  a s t re a m  o f  a i r ,  i t  

w i l l  assume a te m p e ra tu re  t w r e s u l t i n g  from th e  dynamic e q u i l ib r iu m  

betw een  h e a t  su p p ly  and  w a te r  e v a p o r a t io n .  This  e q u i l ib r iu m  tem pera-  

- t u r e  t w i s  th e  w e t-b u lb  te m p e ra tu r e  o f  th e  a i r .  F o r tu n a t e ly ,  f o r  

w a t e r / a i r  system s a t  m odera te  t e m p e ra tu r e s  th e  w e t-b u lb  te m p e ra tu re  

and  a d i a b a t i c  s a t u r a t i o n  te m p e ra tu re  a r e  n u m e r ic a l ly  v ery  c l o s e ,  so 

t h a t  f o r  a d i a b a t i c  e v a p o r a t io n  th e  d ry in g  r a t e  i s  p r o p o r t i o n a l  to  

t a  -  t* r= t a  -  t w 8 w e t-b u lb  d e p r e s s io n .

E q u a t io n  2 r e p r e s e n t e d  th e  g e n e r a l  c a s e ,  b u t  f o r  a d i a b a t i c  

c o n d i t io n s  where t h e r e  i s  no h e a t  t r a n s f e r r e d  by r a d i a t i o n  and where 

As » A, a  s i m p l i f i e d  e q u a t io n  may be  u sed  s -  

aw/d« -  h„  A ( t a  -  t . J / z   E qn .3 .

where h Q = h e a t - t r a n s f e r  c o e f f i c i e n t  by c o n v ec t io n  and co n d u c t io n .

The h e a t  and m a s s - t r a n s f e r  c o e f f i c i e n t s  depend p r i n c i p a l l y  on th e  

f i l m  th i c k n e s s  which i s  c o n t r o l l e d  by th e  d i r e c t i o n  and v e l o c i t y  o f  

th e  a i r  s t ream  r e l a t i v e  to  th e  s u r f a c e .  T h is  was c l e a r l y  dem onstra ted  

by Shepherd  Hadlock & Brewer (4 5 )  wbo c o r r e l a t e d  th e  d a ta  o f  s e v e r a l
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w orkers  and e x p re s s e d  t h e  t r a n s f e r  c o e f f i c i e n t s  f o r  c o n s t a n t - r a t e  

d ry in g  i n  te rras  o f  th e  a i r  mass v e l o c i t y

K -  0 ,0512  F°*75 and h 0 = 0 .017  F°*7 6  B qn.4 .

where P = a i r  f lo w  p a r a l l e l  to  s u r f a c e ,  l b / ( s q , f t , ) ( h r ) ®

I n  th e  above e q u a t io n s ,  d ry in g  was assumed to  o ccu r  a t  th e  w e t-b u lb  

tem perature®

Sherwood & Comings ( 4 6 ) found  t h a t  th e  i n i t i a l  e v a p o ra t io n  

r a t e s  f o r  a wide v a r i e t y  o f  m a t e r i a l s  was s u b s t a n t i a l l y  t h e  same 

f o r  a g iv e n  s e t  o f  a i r  c o n d i t i o n s ,  d e m o n s t ra t in g  t h a t  th e  c o n s ta n t  

r a t e  was a f u n c t i o n  o f  th e  s u r f a c e  f i l m  and was independen t of th e  

m a t e r i a l  c h a r a c t e r i s t i c s .  I n  a d d i t i o n  th e  r a t e  o f  d ry in g  p e r  u n i t  

o f  s u r f a c e  a r e a  was u n a f f e c t e d  by sh r in k a g e  and i s  independen t o f  t h e  

t h i c k n e s s  of th e  solid®

2 , 1 , 1 ,  Mass T r a n s f e r  from  S in g le  S u r fa c e s

For non—a d i a b a t i c  e v a p o r a t io n  where h e a t  i s  no t s u p p l ie d  t o  t h e  

s u r f a c e  s o l e l y  by th e  a i r  s t re a m , th e  s u r f a c e  te m p e ra tu re  w i l l  be 

h ig h e r  th a n  th e  w e t -b u lb  t e m p e r a tu r e ,

Pow ell & G r i f f i t h s  (4 7 )  s t u d i e d  th e  e v a p o ra t io n  o f  w a te r  from a 

w e t t e d  s u r f a c e  m a in ta in e d  a t  a c o n s ta n t  te m p e ra tu re  i n  a t a n g e n t i a l  

a i r  cu rren t®  They d e r iv e d  th e  e x p r e s s io n  s -

d.w/ae = 2 ,12  107 x  0 ,77  y ( i v  -  Pa)(l + 0 .121  O' 0*8 5 )  E qn .5 .

where x  Sc y  -  l e n g th  and  b r e a d th  o f  th e  s u r f a c e ,  cm,

U -  a i r  v e l o c i t y ,  cm /sec .

The l o c a l  e v a p o ra t io n  a lo n g  th e  l e n g th  o f  the  s u r f a c e  d e c re a se d  from 

th e  l e a d i n g  edge so t h a t  th e  e v a p o ra t io n  was n o t d i r e c t l y  p r o p o r t i o n a l

t o  th e  a r e a ,  Powell ( 4 8 ) l a t e r  showed th a t  f o r  a l l  s o l i d  sh ap es  th e

r a t e  o f  e v a p o r a t io n  p e r  u n i t  a r e a  i n c r e a s e s  as  th e  s u r fa c e  a r e a  

d im in is h e s ,  and t h a t  l a r g e  s u r f a c e s  approach  a common v a lu e  r e g a r d l e s s  

o f  th e  shape o f  th e  o b j e c t ,  A sp h e re  gave t h e  h ig h e s t  r a t e  o f  

e v a p o r a t io n  f o r  a  s o l i d  o f  s p e c i f i e d  a r e a .
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W hile t r a n s f e r  c o e f f i c i e n t s  have th e  advan tage  o f  s i m p l i c i t y ,  

th e y  cannot be  e a s i l y  r e l a t e d  to  th e  p r o p e r t i e s  o f  th e  g as  f i l m ,  

b u t  t h i s  h a s  been  overcome by em ploying d ira e n s io n le s s  groups*

F ilm  p r o p e r t i e s  which a f f e c t  h e a t  t r a n s f e r  a r e  th e  h e a t  c a p a c i ty  

( c ) ,  v i s c o s i t y  ((/c) and th e rm a l  c o n d u c t iv i ty  (k )*  I f  th e s e  t h r e e  

q u a n t i t i e s  a r e  combined, i© e. C/*/k, a d irae n s io n le s s  p a ram e te r  i s  

o b ta in e d ,  known a s  th e  P r a n d t l  number (P r )  which in c lu d e s  a l l  th e  

r e l e v a n t  f a c t o r s *  The c o r r e s p o n d in g  group f o r  mass t r a n s f e r  i s  th e  

Schmidt number (S c)  = /A> /^)D where p  i s  th e  gas  d e n s i ty  and ]) th e  

d i f f u s i v i t y  o f  g a s  i n  th e  f i lm *

Colburn  (4 9 )  d eve loped  th e  d i ra e n s io n le s s  j  f a c t o r s  to  s im p l i f y  

th e  c o r r e l a t i o n  o f  h e a t  and mass t r a n s f e r  data*  The f a c t o r s  a r e  

d e f in e d  by  th e  f o l lo w in g  e q u a t io n s  *-

h ( P r ) 0 *67For h e a t  t r a n s f e r ,  *----------  • •*.© Eqn06o
I/* ( \0#6^

F or  mass t r a n s f e r ,  = Pgf M^So; ____  . . . . .  Eqn*7*
G

where p^p = l o g  mean p a r t i a l  p r e s s u r e  o f  i n e r t  gas  over  th e  g as  f i l m ,  

M a mean m o le c u la r  w eigh t o f  gas*

The a i r  v e l o c i t y  can  be e x p re s s e d  as  a d im e n s io n le ss  group by 

u s in g  th e  w e l l  known Reynolds number Re « Vdf / / * '  where V = a i r  

v e l o c i t y  and d = d ia m e te r  o f  duct* Colburn (49) showed t h a t  th e  

t r a n s f e r  c o e f f i c i e n t s  sh o u ld  n o t be p l o t t e d  a g a i n s t  Re s in c e  t h i s  was 

e q u iv a le n t  t o  p l o t t i n g  a v a r i a b l e  a g a i n s t  i t s e l f ,  and t h a t  t h i s  e r r o r  

c o u ld  be a v o id e d  by u s in g  th e  j  fac to rs©

M aise l & Sherwood (f?0) s t u d i e d  th e  e f f e c t  o f  tu rb u le n c e  i n  th e  

a i r  s t re a m  on th e  mass t r a n s f e r  o f  w a te r  from s in g l e  s p h e re s  and 

c y l in d e r s *  T urbu lence  i s  c h a r a c t e r i s e d  by i t s  s c a le  and i n t e n s i t y *  

S c a le  i s  th e  s i z e  o f  th e  e d d ie s  w hereas i n t e n s i t y  i s  r e l a t e d  to  the 

l o c a l  f l u c t u a t i o n s  o f  v e l o c i t y  a t  a g iv e n  p o in t  i n  th e  stream *

M aise l  & Sherwood showed t h a t  th e  tu rb u le n c e  i n t e n s i t y  i n c r e a s e d  the  

mass t r a n s f e r  s h a r p ly  b u t  th e  s i z e  o f  th e  e d d ie s  had  l i t t l e  e f f e c t*
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They co n c lu d ed  t h a t  th e  i n t e n s i t y  o f  th e  tu r b u le n c e  red u ce d  th e  

la m in a r  l a y e r  where m o le c u la r  d i f f u s i o n  c o n t r o l s ,  b u t  t h a t  th e  s c a l e  

h a s  l i t t l e  e f f e c t  on th e  o v e r a l l  t r a n s f e r  s in c e  th e  eddy d i f f u s i o n  

i n  th e  t u r b u l e n t  c o re  r e p r e s e n t s  o n ly  a sm all  f r a c t i o n  o f  th e  t o t a l  

r e s i s t a n c e  to  mass t r a n s f e r .

D ata  on th e  e v a p o ra t io n  o f  w a te r ,  carbon  t e t r a c h l o r i d e ,  and 

benzene  i n t o  s t re a m s  o f  a i r ,  ca rb o n  d io x id e ,  and helium  have been  

r e p o r t e d  by M aise l & Sherwood ( 5 l ) *  The r e s u l t s  were s u c c e s s f u l l y  

c o r r e l a t e d  a s  a  l o g a r i t h m i c  p l o t  o f  v e r s u s  Re0

L in to n  & Sherwood (52 )  i n v e s t i g a t e d  th e  s o l u t i o n  r a t e  o f  tu b e s ,  

c y l i n d e r s ,  p l a t e s  and sp h e re s  o f  b e n z o ic  a c i d ,  cinnam ic a c id  and 

b e t a —n ap h th o l  i n t o  w a te r  s t r e a m s 0 With th e s e  m a te r i a l s  th e  Schmidt 

numbers were i n  th e  range  1000 -  3000. I t  was found th a t  th e  

exponen t o f  th e  Schmidt group u se d  i n  th e  d e f i n i t i o n  of th e  f a c t o r  

was -  O.67  a s  h ad  been  p r e d i c t e d  by C h i l to n  & C olburn (53)*

2 . 1 . 2 .  Mass T r a n s f e r  from Beds o f  S o l id s

Gamson, Thodos & Hougen (5 4 )  i n v e s t i g a t e d  th e  c o n s ta n t - d r y in g  

r a t e  o f  beds  o f  s p h e r i c a l  and c y l i n d r i c a l  c a t a l y s t  p e l l e t s  and 

p r e s e n te d  t h e i r  d a t a  as  a  s i n g l e  l i n e  on a  lo g a r i th m ic  p l o t  o f  and 

jk  v e r s u s  Re. They d e f in e d  th e  e f f e c t i v e  p a r t i c l e  d ia m e te r  (Dp) o f  

a  c y l i n d e r  a s  t h a t  o f  a  s p h e re  w i th  t h e  same s u r f a c e  area*

Wilke & Hougen (55 )  ex ten d ed  th e  d a t a  o f  Gamson e t  a lo  f o r  

t u r b u l e n t  f lo w  t o  th e  s t r e a m l in e  r e g io n .  Taecker & Hougen ( 56 )  

e v a lu a te d  t r a n s f e r  f a c t o r s  f o r  the  e v a p o ra t io n  o f  w a te r  from R asch ig  

r i n g s ,  p a r t i t i o n  r i n g s  and  Beri s a d d le s  i n  a  packed tow er .  The 

p a c k in g s  h ad  a h ig h  p o r o s i t y  and c a p i l l a r i t y  t o  enab le  a  lo n g  c o n s ta n t  

r a t e  p e r i o d  to  be  o b ta in e d .  T aecker  & Hougen c o r r e l a t e d  j  f a c t o r s  

w i th  a Reynolds number i n  which Dp was r e p la c e d  by Ap (Ap = t o t a l  

s u r f a c e  a r e a  o f  p a r t i c l e )  a s  i t  was d i f f i c u l t  to  v i s u a l i s e  th e  s i g n i f i — 

-c a n c e  o f  th e  d ia m e te r  o f  a  B er l  s a d d le .  The d a t a  f o r  each o f  th e  

tow er p a c k in g s  gave s t r a i g h t  l i n e s ,  b u t  were d i s p la c e d  from th e  l i n e s
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o b ta in e d  by Gamson e t  a l . f o r  o th e r  shapes* As the  i n t e r n a l  

s u r f a c e s  o f  th e  r in g ’s were l e s s  a c c e s s i b l e  to  th e  a i r  s t re a m , th e  

j  f a c t o r s  f o r  t h e s e  shapes  were low er th a n  th e  common l i n e  f o r  

s p h e re s  and c y l in d e r s *

Hobson & Thodos (57) o b ta in e d  mass—t r a n s f e r  d a ta  f o r  o rg a n ic  

l i q u i d s  which had  been  ab so rb ed  on s p h e r i c a l  p e l l e t s  and were th e n  

e x t r a c t e d  by a w a te r  s t re a m  p a s s in g  th ro u g h  th e  bed* The system s 

w ere m ethy l e t h y l  k e to n e /w a te r  and i s o b u ty l  a l c o h o l /w a t e r .  Hobson 

& Thodos were a b l e  to  c o r r e l a t e  d a t a  on th e  b a s i s  of j  f a c t o r s  which 

a g re e d  w i th  th e  g e n e ra l  l i n e  of Gamson e t  a l o even a l th o u g h  th e  

Schmidt number showed a  2 0 0 0 - fo ld  v a r i a t i o n .  McCune & Wilhelm ( 5 8 ) 

l i k e w is e  o b ta in e d  a  s i m i l a r  c o r r e l a t i o n  f o r  th e  system  b e t a - n a p h t h o l /  

w a te r .

Gamson (5 9 )  a t t e m p te d  to  c o n s o l i d a t e  th e  e x i s t i n g  d a t a  on 

c y l i n d e r s ,  s p h e r e s ,  p a r t i t i o n  r i n g s ,  B e r l  s a d d le s  and f l a k e s  on to  

a  s i n g l e  l i n e .  He in t r o d u c e d  a new Reynolds number by c o n v e r t in g  

th e  p a r t i c l e  d ia m e te r  o f  a sp h e re  to  a s p e c i f i c  s u r f a c e  by th e  

r e l a t i o n s h i p  s -

6 ( l - E )  ^   ̂ Dr, G 6  G= — »----- *- so t h a t  P = ------
p a  , £ 0 w b ) a A

w here a  = e f f e c t i v e  a r e a  p e r  u n i t  volume o f  b ed ,  E * v o id  f r a c t i o n .
a ^

A p l o t  o f  j g / ( l - E )  0 v e r s u s  6 G/a>i4/ gave a  s i n g l e  l i n e  f o r  a l l  th e  

a v a i l a b l e  mass t r a n s f e r  d a t a  f o r  s p h e re s  i n  f i x e d  o r  f l u i d i s e d  beds* 

O th e r  sh ap es  when p l o t t e d  on th e  same g raph  gave s t r a i g h t  l i n e s  which 

were d i s p l a c e d  below  th e  l i n e  f o r  s p h e r e s .  This  was a t t r i b u t e d  to  

p o r t i o n s  o f  th e  p a r t i c l e  s u r f a c e s  i n  th e  bed  b e in g  u n a v a i l a b l e  f o r  

mass t r a n s f e r  owing to  c o n ta c t  w i th  a d ja c e n t  o b j e c t s .  In  the  case  

o f  s p h e r e s ,  th e  t o t a l  s u r f a c e  i s  a v a i l a b l e  a s  th e  p a r t i c l e - t o - p a r t i c l e  

c o n t a c t  i s  a t  a  p o i n t  o n ly ,  so t h a t  th e  maximum t r a n s f e r  w i l l  be 

o b ta in e d .  D ata  f o r  o th e r  commercial p ack in g s  were made to  f a l l  on 

th e  p l o t  f o r  s p h e re s  by  i n s e r t i n g  a shape f a c t o r  (jtf) i n  th e  Reynolds 

number, i . e .
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where th e  shape f a c t o r  e q u a ls  th e  f r a c t i o n  o f  t o t a l  s u r f a c e  

a v a i l a b l e  f o r  t r a n s f e r .  V alues o f  $  r a n g e d  from u n i t y  f o r  sp h e re s  

to  O.67  f o r  p a r t i t i o n  r i n g s .

The r e s u l t i n g  g e n e ra l  e q u a t io n  f o r  j  f a c t o r s  f o r  a f i x e d  b ed  o f  

s o l i d s  a t  Re(M) above 100 now becomes

j d  * [ |^ ]  * d -E )0 *2 .........Bqn»8.
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2 . 2 .  LiOVSMENT OF WATER BY DIFFUSION IN A SOLID 
DURING DRYING

D if f u s io n  may be d e f in e d  as  th e  spon taneous  in t e r m ix in g  o f  

m o lecu le s  o r  v e ry  sm a l l  p a r t i c l e s .  This  m ix ing , a c c o rd in g  to  th e  

k i n e t i c  th e o r y ,  i s  cau sed  by random th e rm al m otion  o f  th e  p a r t i c l e s  

co n c e rn e d .  D i f f u s io n  te n d s  to  t a k e  p la c e  from re g io n s  o f  h ig h e r  

c o n c e n t r a t i o n s  t o  a r e a s  o f  low er c o n c e n t r a t i o n s ,  and t h i s  d i f f u s i o n  

p o t e n t i a l  i s  i n c r e a s e d  a s  th e  c o n c e n t r a t i o n  g r a d ie n t  i s  i n c r e a s e d .

The g e n e r a l  d i f f e r e n t i a l  e q u a t io n  f o r  v a r i a t i o n  of  w a te r  c o n te n t  

i n  a  s o l i d  w i th  t im e  and d i s t a n c e  f o r  u n i d i r e c t i o n a l  f low  i s

T 0>2T)
a e  ■ I t e ? )  ..........

where T = w a te r  c o n te n t  s u b je c t  to  d i f f u s i o n  (d ry  b a s i s ) ,

0  = e l a p s e d  t im e ,

D = d i f f u s i v i t y  o f  th e  l i q u i d  th rough  th e  s o l i d ,

x  = d i s t a n c e  m easured from m id -p lan e  o f  s o l i d  i n  th e  d i r e c t i o n  
o f  d i f f u s i o n .

The g e n e r a l  d i f f e r e n t i a l  e q u a t io n  f o r  d i f f u s i o n  can  be i n t e g r a t e d  

f o r  v a r io u s  boundary  c o n d i t io n s  o n ly .

In  1921, Lewis (60) d e r iv e d  a  fo rm u la  f o r  th e  f a l l i n g - r a t e  p e r io d  

o f  d ry in g  f o r  s h e e t  m a t e r i a l .  T h is  fo rm u la  was based  on th e  s im p l i fy -  

- i n g  a ssu m p tio n s  t h a t  ( a )  t h e  w a te r - c o n t e n t  g r a d ie n t  from th e  c e n t r e  

l i n e  t o  th e  s u r f a c e  o f  th e  s h e e t  was l i n e a r ,  and th a t  th e  d i f f u s i o n  

r a t e  o f  w a te r  to  th e  s u r f a c e  was (b )  p r o p o r t i o n a l  to  th e  d i f f e r e n c e  

be tw een  th e  a v e ra g e  w a te r  c o n te n t  o f  th e  s h e e t  and th e  s u r f a c e  v a lu e  

and  ( c )  was i n v e r s e l y  p r o p o r t i o n a l  to  th e  d i s t a n c e  to  be t r a v e r s e d .

Lewis showed t h a t

-  dT 8 A r  T
d8 “ a(4A + r a )

Eqn.ICh

where T *= t o t a l  w a te r  c o n te n t  (d ry  b a s i s ) ,
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© = e l a p s e d  t im e ,

A = p r o p o r t i o n a l i t y  c o n s t a n t ,

r  = c o e f f i c i e n t  r e l a t i n g  e v a p o ra t io n  to  s u r f a c e  w a te r  c o n t e n t ,  

a  = t h i c k n e s s  o f  s h e e t .

I f  th e  a i r  c o n d i t i o n s  a r e  c o n s ta n t  and th e  i n i t i a l  w a te r  c o n te n t  

i s  s u f f i c i e n t l y  h ig h  t h e  e v a p o ra t io n  r a t e  i s  c o n s ta n t ,  so t h a t

8 A r  W
a(4A + r a )  * a  conB'ta n ‘fc ^  = ^ e  d ry in g  c o e f f i c i e n t .

On i n t e g r a t i o n ,

l o g  (T -  E) = — K0 + a  c o n s t a n t ,

o r ,  , [To -  e ]  Wo _
8  Ej “ s  " i” “ • • • • • E q n . l l .

where To = w a te r  c o n te n t  a t  ze ro  t im e ,

E = e q u i l ib r iu m  w a te r  c o n te n t  o f  m a t e r i a l ,

W = f r e e  w a te r  c o n te n t  a t  any tim e = T -  E,

Wo » i n i t i a l  f r e e  w a te r  c o n te n t .

W/Wo i s  c a l l e d  th e  u n acco m p lish ed  m o is tu re  change .

T h is  means t h a t  i f  t h e  d ry in g  r a t e  i s  l i n e a r  w ith  r e s p e c t  to  f r e e -  

w a te r  c o n t e n t ,  th e  t im e  i n  th e  f a l l i n g - r a t e  p e r io d  i s  p r o p o r t i o n a l  to  

th e  f r a c t i o n a l  r e d u c t io n  o f  f r e e - w a t e r  c o n te n t ,  i r r e s p e c t i v e  o f  th e  

v a lu e  o f  th e  f r e e —w a te r  c o n te n t .

I t  f o l lo w s  t h a t  where i n t e r n a l  d i f f u s i o n  r a t e  i s  h ig h  compared

w i th  th e  s u r f a c e  e v a p o ra t io n  r a t e ,  th e  d ry in g  c o e f f i c i e n t  K app roaches
2

2 r / a ,  w hereas  i f  d i f f u s i o n  i s  slow th e  c o n s ta n t  becomes 8 A/a •

C o n f irm a tio n  o f  th e s e  c o n c lu s io n s  was o b ta in e d  by Lewis from 

r e s u l t s  o f  d ry in g  ex p e r im e n ts  on th e s e  two c l a s s e s  o f  m a t e r i a l .  Data 

f o r  h e e lb o a r d  (g round  l e a t h e r  and p a p e r )  showed t h a t  K was i n v e r s e l y  

p r o p o r t i o n a l  to  th e  s h e e t  t h i c k n e s s .  Cord was d r i e d  by p a s s in g  i t  over  

a  h e a t e d  drum and i t  was d em o n s tra ted  t h a t  th e  e f f e c t  o f  a i r  v e l o c i t y  

was sm all  a s  i n t e r n a l  d i f f u s i o n  c o n t r o l l e d  th e  e v a p o ra t io n  r a t e  f o r  t h i s
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m a t e r i a l .  The d ry in g  r a t e  was found  to  be p r o p o r t i o n a l  to  th e  

i n v e r s e  sq u a re  o f  th e  tw ine  d ia m e te r .

Where i n t e r n a l  d i f f u s i o n  i s  very  slow i n  a t h i c k  l a y e r  o f  

m a t e r i a l  ( so ap  o r  wood) so t h a t  th e  d i f f u s i o n  g r a d ie n t  i s  n o t  

r a p i d l y  e s t a b l i s h e d ,  Lewis found  t h a t  th e  d ry in g  time was p r o p o r t i o n -  

- a l  to  t h e  s q u a re  o f  th e  th i c k n e s s  and to th e  sq u a re  o f  th e  l o s s  o f  

w a te r  from th e  s t a r t

Sherwood, i n  th e  f i r s t  o f  a s e r i e s  o f  p a p e rs  on th e  mechanism of 

d r y in g ,  p o s t u l a t e d  ( 6 l )  f o u r  g e n e ra l  ways in  which w a te r  ( i n  l i q u i d  

o r  vapour fo rm ) moved o u t  from  a s o l i d  d u r in g  d ry in g .

Case I  E v a p o ra t io n  a t  the  s o l i d  s u r f a c e :  r e s i s t a n c e  to

i n t e r n a l  d i f f u s i o n  sm all  compared w ith  the

r e s i s t a n c e  to  removal o f  vapou r  a t  the  s u r f a c e .

Case I I  E v a p o ra t io n  a t  th e  s u r f a c e :  i n t e r n a l  r e s i s t a n c e  

l a r g e  compared w ith  th e  s u r f a c e  r e s i s t a n c e  to  

vapou r  rem o v a l.

Case I I I  E v a p o ra t io n  i n  th e  i n t e r i o r  o f  th e  s o l i d :

r e s i s t a n c e  t o  i n t e r n a l  d i f f u s i o n  sm all compared 

w ith  th e  t o t a l  r e s i s t a n c e  to  vapour removal#

Case IV E v ap o ra t io n  i n  th e  i n t e r i o r :  i n t e r n a l  r e s i s t a n c e  

g r e a t  compared w i th  th e  t o t a l  r e s i s t a n c e  to  the  

rem oval o f  v a p o u r .

In  a  l a t e r  p u b l i c a t i o n  (62) he w ithdrew  Case I I I  as  i t  d id  no t occu r  

i n  p r a c t i c e .  He c o n s id e r e d  t h a t  e v a p o ra t io n  ta k e s  p la c e  i n s i d e  a 

s o l i d  b e ca u se  t h e  r e s i s t a n c e  to  l i q u i d  d i f f u s i o n  i s  high#

For Case I I  r e l a t i n g  to  an  i n f i n i t e  s la b  o f  th i c k n e s s  2& f 

Sherwood p ro v id e d  a  s o l u t i o n  o f  th e  d i f f u s i o n  e q u a t io n  by assum ing t h a t  

( a )  N ew ton 's  law  o f  d i f f u s i o n  h e ld  f o r  t h i s  c a s e ,  (b )  l i q u i d  d i f f u s i v i t y
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was c o n s t a n t ,  ( c )  d i f f u s i o n  to o k  p la c e  i n  a d i r e c t i o n  p e r p e n d ic u la r  

to  th e  s u r f a c e ,  (d )  i n i t i a l  l i q u i d  c o n c e n t r a t i o n  was u n ifo rm , and 

( e )  th e  r e s i s t a n c e  to  d i f f u s i o n  a t  th e  s u r f a c e  was n e g l i g i b l e ,  i . e .  

th e  s u r f a c e  was d ry  o r  a t  i t s  e q u i l ib r iu m  w a te r  c o n t e n t .  The 

s o l u t i o n  i s  g iv e n  on F ig .  4> Eqn. I

E q u a t io n  1̂  r e l a t e s  w/WQ to  D©/a f o r  a g iv en  s l a b .  Sherwood

p l o t t e d  w/w0 v e r s u s  Q on s p e c i a l  s c a l e s  to  f o r c e  th e  r e l a t i o n s h i p

i n t o  a  s t r a i g h t  l i n e  and e n a b le  th e  d i f f u s i o n  c o e f f i c i e n t  D t o  be

found  by com parison  o f  th e  s lo p e s  o f  th e  t h e o r e t i c a l  and e x p e r im e n ta l

l i n e s .  The r a t i o  o f  th e  two l i n e s  (on  a  sem ilog  p l o t )  g iv e s  th e  
2

q u a n t i t y  D /a  . As ’ a 1 i s  known, D can  be e v a lu a te d .

When d r y in g  t im e s  a r e  l a r g e ,  Eqn. may be s i m p l i f i e d  to  s -

\2
e  "w 8 — _lj_

w 0 -  T\ 2 V 2a

and hence -
dW -  TT D W „  , ,

Z e  =  . . . . . . . .4a
I n  o t h e r  w o rd s ,  when d i f f u s i o n  c o n t r o l s  over  a lo n g  p e r io d ,  th e  d ry in g  

r a t e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  th e  f r e e  w a te r  c o n te n t  and th e  l i q u i d  

d i f f u s i v i t y .  T h is  h o ld s  o n ly  when w/w0 i s  l e s s  th a n  a b o u t 0 .6 .

Sherwood ( 6 3 ) n ex t c l a s s i f i e d  th e  two d i s t i n c t  f a l l i n g - r a t e  

p e r io d s  ( o b t a i n e d  when d ry in g  p ap e r  p u lp ,  w h i t in g  and c l a y  s l a b s )  i n t o  

( a )  th e  zone o f  d e c re a s in g  w e t t e d  s u r f a c e  and (b )  zone o f  i n t e r n a l  

d i f f u s i o n  c o n t r o l l i n g .

F o r  zone ( a ) ,  he c o n s id e r e d  t h a t  e v a p o ra t io n  took  p la c e  a t  th e  

s u r f a c e  a f t e r  th e  c o n s t a n t - r a t e  p e r io d  was f i n i s h e d  and th e  d e c re a se  

i n  d ry in g  r a t e  r e s u l t e d  from d ry  p a tc h e s  a p p e a r in g  and r e d u c in g  th e  

w a te r  s u r f a c e  from  which e v a p o r a t io n  to o k  p l a c e .  He a r r i v e d  a t  t h i s  

c o n c lu s io n  from  e x p e r im en ts  w hich showed t h a t  th e  h e a t—t r a n s f e r  

c o e f f i c i e n t  d u r in g  th e  f i r s t  f a l l i n g - r a t e  p e r io d  was s u b s t a n t i a l l y  

t h e  same a s  th e  v a lu e  d u r in g  th e  c o n s ta n t—r a t e  p e r io d .  T h is  re a s o n — 

- i n g  was co n f irm ed  by th e  f a c t  t h a t  th e  h u m id ity  o f  th e  d ry in g  a i r
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i n f l u e n c e d  th e  d ry in g  r a t e  i n  t h i s  reg ion#

The zone where i n t e r n a l  movement o f  l i q u i d  c o n t r o l l e d  th e  r a t e  

o f  e v a p o r a t io n  was c h a r a c t e r i s e d  by the  h e a t - t r a n s f e r  c o e f f i c i e n t  

(from  th e  mid—p la n e  o f  the  s o l i d  to  th e  a i r  s t re a m )  d e c r e a s in g  s h a rp ly  

a f t e r  th e  c o n s t a n t - r a t e  p e r io d .  In  a d d i t i o n ,  a i r  v e l o c i t y  and h u m id ity  

had  l i t t l e  in f l u e n c e  on th e  d ry in g  r a t e  which was i n v e r s e l y  p r o p o r t i o n a l  

to  th e  s la b  t h i c k n e s s .

M o is tu re  d i s t r i b u t i o n  c u rv es  m easured i n  th e  s o l i d  a f t e r  d ry in g  

f o r  v a r io u s  t im e s  showed a zone a d j a c e n t  to  s u r f a c e  which had  a  un ifo rm  

m o is tu re  c o n te n t  low er  th a n  t h a t  o f  th e  i n t e r i o r .  This  s u g g e s te d  t h a t  

s u b s u r f a c e  e v a p o r a t io n  o c c u r re d  a s  th e  flow  o f  l i q u i d  was i n s u f f i c i e n t  

to  m a in ta in  e v a p o r a t io n  a t  o r  n e a r  th e  s u r f a c e .  Sherwood f u r t h e r  

showed t h a t  th e  lo c u s  o f  e v a p o r a t io n  depended on th e  n a tu re  o f  th e  

m a t e r i a l ,  e . g .  f o r  po rous  m a te r i a l  l i k e  p aper  p u lp  su b su rfa c e  evapora

t i o n  was more l i k e l y  to  occu r  th a n  i n  th e  c a se  o f  l e s s  porous m a te r i a l  

such a s  b r i c k  c l a y .

Newman ( 64 ) made a  u s e f u l  c o n t r i b u t i o n  to  th e  th e o ry  o f  d ry in g  by 

p r o v id in g  e q u a t io n s  which he showed were s o l u t i o n s  o f  th e  d i f f e r e n t i a l  

e q u a t io n s  f o r  d i f f u s i o n .  Making th e  same assum ptions  as  Sherwood ( 6 l ) ,  

Newman showed t h a t  E q n . I I ,  F ig .4 *  was a s o l u t i o n  f o r  th e  i n f i n i t e  s la b  

where T, Tjj and T0 a r e  r e s p e c t i v e l y  th e  w a te r  c o n te n ts  i n  th e  s o l i d  a t  

any t im e ,  a t  e q u i l ib r iu m  and i n i t i a l l y .  The e q u a t io n  e n a b le s  th e  

m o is tu re  c o n te n t  a t  any p o s i t i o n  X a f t e r  tim e © to  be e v a lu a te d .

S in ce  f o r  d ry in g  c a l c u l a t i o n s  th e  av e rag e  w a te r  co n te n t  a t  a  g iv e n  

tim e i s  more u s e f u l  th a n  th e  m o is tu re  d i s t r i b u t i o n  cu rv e ,  Newman i n t e g r a 

t e d  E q n . I I  and o b ta in e d  an e x p r e s s io n  g iv in g  th e  average  w a te r  c o n te n t  

as  a  f u n c t i o n  o f  t im e .  T h is  e q u a t io n  was i d e n t i c a l  w i th  t h a t  g iv e n  by 

Sherwood (Eqn<>_I, Fig<>4»)*

Newman p r o v id e d  s i m i l a r  e q u a t io n s  f o r  th e  c y l in d e r  and s p h e re .

A l l  th e  e q u a t io n s  embody th e  d im en s io n le ss  r a t i o  D©/a^ which can be 

p l o t t e d  a g a i n s t  th e  r a t i o  o f  i n i t i a l  to  f i n a l  f r e e  w a te r  c o n t e n t ,  g iv in g  

a  c h a r a c t e r i s t i c  cu rve  f o r  each o f  th e  t h r e e  s o l i d  sh ap es .
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In  a second  p a p e r  ( 6 5 ) ,  Newman c r i t i c i s e d  Sherw ood 's  p o s t u l a t e  

t h a t  th e  w a te r  c o n te n t  a t  th e  s o l i d  s u r f a c e  rem ained  i n  e q u i l ib r iu m  

w ith  th e  a i r .  He a rgued  t h a t  i f  t h i s  were s t r i c t l y  t r u e ,  th e  d ry in g  

r a t e  would be z e r o ,  s in c e  t h e r e  would be no d r iv i n g  f o r c e  to  cause 

ev a p o ra t io n *

Newman made th e  a l t e r n a t i v e  s u g g e s t io n  t h a t  th e  r a t e  o f  s u r f a c e  

e v a p o r a t io n  a t  any i n s t a n t  d u r in g  th e  f a l l i n g - r a t e  p e r io d ,  i s  p ro p o r

t i o n a l  to  th e  f r e e  w a te r  c o n te n t  a t  th e  s u r fa c e *  He p ro v id e d  

d i f f u s i o n a l  e q u a t io n s  f o r  t h e  c a s e s  where th e  i n i t i a l  w a te r  d i s t r i b u 

t i o n  i n  th e  s o l i d  was ( a )  u n ifo rm  and (b )  p a r a b o l i c ,

EqneI I I , F ig .4>  g iv e s  th e  s o l u t i o n  f o r  the  p a r a b o l i c  d i s t r i b u t i o n

where h = —,
D

M = s u r f a c e  e v a p o r a t io n  r a t e  l b / ( s q , f t , ) ( h r )  when s u r f a c e  
c o n c e n t r a t i o n  i s  1 l b / c u , f t , ,

ha  * Ma/D « a  d ira e n s io n le s s  r a t i o ,

Tm = w a te r  c o n te n t  a t  the  m id -p la n e ,  c o t / ^ n  = $ n / h a .

The i n t e g r a t e d  form  o f  E q n ,I I I  may be r e p r e s e n t e d  s im p ly  a s

W -  Tx « (Tm -  Tx ) A -  (Tm -  Ta) B«

Newman t a b u l a t e d  v a lu e s  o f  A and B f o r  d i f f e r e n t  v a lu e s  o f  ha  and 

D9/a^ f o r  th e  s l a b ,  c y l i n d e r  and s p h e r e .  Prom th e s e  e q u a t io n s  th e  

d i f f u s i v i t y  can be c a l c u l a t e d  and th e  r e l a t i v e  r e s i s t a n c e s  o f  th e  

s u r f a c e  f i l m  and i n t e r n a l  d i f f u s i o n  e v a lu a te d  ( 66 ) ,

Sherwood ( 6l )  had  p r e v io u s ly  g iv en  an e q u a t io n  f o r  an i n f i n i t e  

s la b  where i n t e r n a l  l i q u i d  d i f f u s i o n  c o n t r o l l e d  th e  d ry ing  r a t e  on th e

a s su m p tio n  t h a t  th e  i n i t i a l  m o is tu re  c o n te n t  d i s t r i b u t i o n  was uniform*

T h is  was t r u e  where l i q u i d  d i f f u s i o n  c o n t r o l l e d  from th e  s t a r t  o f  d ry in g ,  

b u t  i f  t h e r e  was an i n i t i a l  c o n s t a n t - r a t e  p e r io d ,  th e  w a te r  d i s t r i b u t i o n  

would be non-uniform * Sherwood showed t h e o r e t i c a l l y  ( 6 7 ) t h a t  i n  th e  

l a t t e r  c a se  th e  w a te r - c o n t e n t  d i s t r i b u t i o n  would be p a r a b o l i c  a t  th e  end 

o f  t h e  c o n s t a n t - r a t e  p e r io d .  T h is  has  been  confirm ed  by th e  e x p e r i -  

-m e n ta l  ev id en ce  o f  Troop and W heeler ( 68 ) on d ry in g  c la y  c y l i n d e r s .

U sing t h i s  f i n d i n g ,  Sherwood m o d if ied  a s o l u t i o n  o f  th e  b a s i c
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d i f f u s i o n  e q u a t io n  by C arslaw  ( 69 ) .  Sherwood’ s s o l u t i o n  i s  g iv e n  

a s  Eqn.IV  , F ig .4 *

where Ts = w a te r  c o n te n t  a t  th e  su r fa c e *

P re v io u s  d a t a  on b r ick c L ay  ( 6l ) ,  p l o t t e d  on s p e c i a l l y - s c a l e d  

p a p e r ,  gave an i n i t i a l  c u rv a tu re  due to  th e  non-un ifo rm  w a te r  

d i s t r i b u t i o n  a t  t h e  end o f  th e  c o n s t a n t - r a t e  p e r iodo  When th e  

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

D9 / a  (d  = e l a p s e d  tim e from c r i t i c a l  m o is tu re  c o n te n t )  f o r  Eqn.I^ 

on s p e c i a l  p a p e r ,  th e  l i n e  s t i l l  had  a marked c u rv a tu re*  Sherwood 

c o n s id e re d  t h a t  t h i s  d e p a r tu r e  from  th e  t h e o r e t i c a l  curve might be 

due to  a change o f  D w i th  w a te r  c o n ten t*

Sherwood and Comings ( 4 6 ) c a r r i e d  o u t  t e s t s  on c l a y s ,  sands and

po rous  p l a t e  and o b ta in e d  d ry in g  cu rv e s  w ith  a c o n s ta n t  r a t e  and two

f a l l i n g - r a t e  p e r io d s *  Sherwood and Comings concluded  from t h i s  t h a t

s u r f a c e  e v a p o r a t io n  c o n t r o l l e d  a t  f i r s t ,  th e n  l i q u i d  d i f f u s i o n  became

th e  v i t a l  f a c t o r ,  and t h a t  t h e i r  d a t a  d id  not su p p o r t  Newman’ s view

( 6 5 ) t h a t  t h e r e  was a f i n i t e  s u r f a c e  r e s i s t a n c e  d u r in g  d ry in g  i n  th e

second  f a l l i n g - r a t e  zone . They d i f f e r e n t i a t e d  Newman’ s c u rv es  to  
dE a*

o b t a i n  ° which th e y  p l o t t e d  a g a i n s t  E f o r  v a lu e s  o f  ha  r a n g in g

from 0 .1  to  10t(E * yf0 ) • T h is  p l o t  o f  d ry in g  r a t e  v e rs u s  m o is tu re  

c o n te n t  gave cu rv es  which were concave upward i n  the  f i r s t  f a l l i n g -  

r a t e  p e r i o d  and l i n e a r  i n  th e  second  f a l l i n g - r a t e  zone. T h is  

r e q u i r e d  th e  d ry in g  r a t e  t o  be a  f u n c t i o n  o f  ha  and hence a i r  v e l o c i t y  

a t  v e ry  low w a te r  r a t i o s  which was j u s t  th e  r e v e r s e  o f  e x p e r im en ta l  

f i n d i n g s .  Sherwood and Comings concluded  t h a t  Newman’ s th e o ry  o f  th e  

r e l a t i v e  m agnitude o f  i n t e r n a l  and s u r f a c e  r e s i s t a n c e s  to  d ry in g  d id  

n o t  e x p l a in  th e  two f a l l i n g - r a t e  p e r io d s  s a t i s f a c t o r i l y .

In  an e a r l i e r  p ap e r  ( 67 ) ,  Sherwood had shown t h e o r e t i c a l l y  t h a t  

th e  m o is tu re  c o n te n t  d i s t r i b u t i o n  i n  a s la b  o f  m a te r ia l  a t  th e  end of 

th e  c o n s t a n t - r a t e  p e r io d  would be p a r a b o l i c ,  p ro v id ed  i n t e r n a l  d i f f u -  

- s i o n  c o n t r o l l e d  t h e  movement o f  w a te r  a t  th e  c r i t i c a l  p o i n t e The 

tim e r e q u i r e d  f o r  a p a r a b o l i c  d i s t r i b u t i o n  to  be re a c h e d  depends on
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th e  n a t u r e  and th i c k n e s s  o f  th e  s l a b  and on th e  v a lu e  o f  th e  c o n s ta n t

e v a p o r a t io n  r a t e *  G i l l i l a n d  and Sherwood (7 0 )  d e r iv e d  an e x p re s s io n

(Eqn._V , P i g . 4 ) r e l a t i n g  th e  c r i t i c a l  m o is tu re  c o n te n t  o f  a  s l a b  to

th e  s u r f a c e  e v a p o r a t io n  r a t e  and th e  l i q u i d  d i f f u s i v i t y .  G i l l i l a n d

and Sherwood p r e s e n t e d  Eqn._V a s  a p l o t  o f  (^o ~ T) D P  v e r s u s
aM s ?

f o r  v a r io u s  f r a c t i o n a l  t h i c k n e s s e s .

Where M » s u r f a c e  e v a p o r a t io n  r a t e

= mass o f  d ry  s o l i d  p e r  u n i t  volume.

Hougen, McCauley & M arsh a l l  ( 7 l )  sounded a no te  o f  w arn ing  on 

th e  i n d i s c r i m i n a t e  a p p l i c a t i o n  o f  d i f f u s i o n a l  e q u a t io n s  to  d ry in g  

p rob lem s where o th e r  mechanisms o f  w a te r  movement were o p e r a t i v e 0 

They a d o p te d  as  a  c r i t e r i o n  th e  shapes  o f  th e  w a t e r - c o n t e n t / d i s t a n c e  

c u rv e s  a s  d e te rm in e d  e x p e r im e n ta l ly ,  and showed t h a t  th e  shape o f  th e  

d i s t r i b u t i o n  c u rv e s  c a l c u l a t e d  from the d i f f u s i o n  e q u a t io n s  d id  not 

a g re e  w i th  th e  o b s e rv e d  sh a p e s ,  a l th o u g h  th e  average  m o is tu re  c o n te n t  

o f  th e  m a t e r i a l ,  a f t e r  a g iv en  d ry in g  t im e , had  been  re a s o n a b ly  

a c c u r a t e l y  p r e d i c t e d  by th e  e q u a t io n s .

Hougen e t  a l . co nc luded  t h a t  d i f f u s i o n  o f  l i q u i d  w a te r  i n  s o l i d s  

d u r in g  d ry in g  o c c u r r e d  when bound w a te r  was b e in g  ev a p o ra te d ,  i . e .  

where th e  e q u i l ib r iu m  m o is tu re  c o n te n t  was below  th e  p o in t  c o r re sp o n d -  

- i n g  to  a tm o sp h e r ic  s a t u r a t i o n .  These c o n d i t io n s  were app roached  i n  

th e  l a s t  s t a g e s  i n  th e  d ry in g  o f  c l a y s ,  t e x t i l e s ,  paper and wood. I f  

th e  s o l i d  and w a te r  were m u tu a l ly  s o lu b le  ( a s  i n  th e  case  o f  soap ,  

g lu e ,  g e l a t i n e s  o r  p a s t e s )  th e y  c o n s id e re d  t h a t  d i f f u s i o n  to o k  p l a c e .  

Hougen e t  a l .  s u g g e s te d  t h a t  c a l c u l a t i o n s  made f o r  th ed e  c a s e s  sh o u ld  

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

c o n t e n t ,  te m p e ra tu re  and d e n s i t y .  Where th e  w a te r  i s  c o n ta in e d  i n  

c e l l  c a v i t i e s  and  i n t e r s t i c e s  o r  i s  p r e s e n t  on th e  s u r f a c e ,  Hougen 

e t  a l . con c lu d ed  t h a t  g r a v i t y  and c a p i l l a r i t y  c o n t r o l l e d  th e  l i q u i d  

movement •

Van A rsd e l  (7 2 )  c o n s id e re d  t h a t  th e  movement o f  w a te r  i n  

v e g e t a b le s  i n  th e  lo w -m o is tu re  r e g io n  (below  0 o2 lb  w a t e r / l b  B .D .S .)
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c o rre sp o n d e d  to  a system  in  which l i q u i d  d i f f u s i o n  c o n t r o l l e d .  He 

s u g g e s te d  t h a t  th e  f a i l u r e  o f  p r e d i c t e d  d ry in g  cu rv es  to  a g re e  w i th

- t i o n  d i f f e r e n c e  i s  t h e  d r iv i n g  p o t e n t i a l  and (h )  th e  d i f f u s i v i t y  i s  

in d e p e n d e n t  o f  m o is tu re  c o n te n t .

Van A rsd e l  d e v is e d  an approx im ate  num erica l method o f  c a l c u l a t i o n  

b a s e d  on mass b a l a n c e s  over  sm all  f i n i t e  s o l i d  t h i c k n e s s e s  f o r  sm all  

t im e  in c re m e n ts .  As th e  s tu d y  was co n f in e d  to  n e a r ly  d ry  m a t e r i a l ,  

s h r in k a g e  and te m p e ra tu re  g r a d i e n t s  were n e g l e c te d .

In  d i f f u s i o n  s t u d i e s ,  th e  c o n d u c t iv i t y  o f  th e  s o l i d  to  m o is tu re  

movement i s  r e f e r r e d  to  a s  p e r m e a b i l i ty  when th e  d r iv in g  f o r c e  i s  

v apou r  p r e s s u r e ,  and d i f f u s i v i t y  when the  p o t e n t i a l  i s  w a te r  c o n t e n t .  

The d i f f u s i b i l i t y  ( d ) i s  r e l a t e d  to  th e  p e r m e a b i l i ty  (p )  by th e  

e x p r e s s io n

where s  = w e ig h t  o f  d ry  s o l i d s  p e r  u n i t  volume.

P e r m e a b i l i ty  i s  u s u a l l y  e x p re s s e d  as  a f u n c t io n  o f  th e  m o is tu re  

c o n te n t  o f  t h e  m a t e r i a l ,  b u t  i t  can a l s o  be r e l a t e d  to  th e  vapour 

p r e s s u r e  v i a  th e  e q u i l ib r iu m  m o is tu re  c o n te n t  cu rv e .  I f  c o n s i s t e n t  

u n i t s  a r e  u s e d  th e  s o l u t i o n  o f  th e  b a s i c  d i f f u s i o n  e q u a t io n  w i l l  be 

th e  same w h e th e r  th e  d r iv i n g  p o te n t ia l ,  be vapour p r e s s u r e  o r  c o n c e n t r a -  

- t i o n ,  a l th o u g h  th e  in t e r m e d ia te  p o in t s  may d i f f e r  i f  th e  p e r m e a b i l i ty  

and d i f f u s i v i t y  a r e  assumed to  be c o n s ta n t  i n  t h e i r  r e s p e c t i v e  e q u a t io n s .

By assum ing  a  c o n s ta n t  p e r m e a b i l i ty  i n  a  sample o f  c a r r o t s ,

Van A rsd e l  o b ta in e d  s igm oid  m o is tu re  d i s t r i b u t i o n  cu rves  which had

e x p e r im e n ta l  r e s u l t s  was due to  assuming t h a t  ( a )  th e  l i q u i d  c o n c e n t r a -

D = P_d£
s dT

where i s  th e  m o i s t u r e - c o n te n t /v a p o u r - p r e s s u r e  iso th e rm  o f  th e  

m a t e r i a l .

The g e n e r a l  d i f f u s i o n a l  e q u a t io n  f o r  v a r i a b l e  p e r m e a b i l i ty  i s
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h i t h e r t o  b een  c o n s id e re d  to  be  i n c o n s i s t e n t  w ith  th e  b e h a v io u r  o f  

d i f f u s i o n  i n  s l a b s  (73)«

Van A rsd e l  assumed in  h i s  c a l c u l a t i o n s  t h a t  (a )  n e g l i g i b l e  e r r o r  

i s  in t r o d u c e d  when th e  f lo w  o f  w a te r  i n  th e  f i r s t  in c rem en t i s  b a se d  

on th e  i n i t i a l  p o t e n t i a l  g r a d ie n t  (b )  th e  tim e i n t e r v a l  s e l e c t e d  was 

s u f f i c i e n t l y  sm all  to  n e g l e c t  e r r o r s  due to  the  e f f e c t  o f  o th e r  

in c re m e n ts ,  a p a r t  from th o s e  im m edia te ly  a d ja c e n t  and ( c )  th e  s i z e  o f  

t h e  elem ent was sm all  enough to  e n a b le  th e  m o is tu re  c o n te n t  to  be 

b a s e d  on th e  p o t e n t i a l  a t  i t s  c e n t r e .

By t h i s  method th e  change o f  p a r t i a l  p r e s s u r e  was p l o t t e d  th rough  

th e  s o l i d  and th e  c o r re s p o n d in g  w a te r  c o n te n ts  were c a l c u l a t e d  from 

th e  vapour p r e s s u r e  i s o th e rm .  Van A rsde l i n v e s t i g a t e d  th e  e f f e c t  o f  

th e  change o f  p e r m e a b i l i t y  w ith  w a te r  c o n te n t  on th e  shape o f  the  

d ry in g  r a t e  c u rv e s ,  and found  t h a t  th e  c u rv e s  were comparable w ith  

t y p i c a l  e x p e r im e n ta l  r e s u l t s .  No s im ple r e l a t i o n s h i p  was found  

be tw een  th e  shape o f  th e  p e r m e a b i l i ty  f u n c t i o n  and th e  form o f  th e  

d ry in g  r a t e  c u rv e .

I t  h a s  a l s o  been  shown t h a t  th e  d ry in g  r a t e  i s  i n v e r s e l y  p ro p o r -  

- t i o n a l  to  th e  s q u a re  o f  th e  t h i c k n e s s ,  p ro v id e d  the  s u r f a c e  f i l m  

r e s i s t a n c e  i s  n e g l i g i b l e ,  i r r e s p e c t i v e  o f  the  form o f  th e  p e r m e a b i l i ty  

f u n c t i o n .  T h is  i s  a  c o n f i rm a t io n  o f  th e  c l a s s i c a l  th e o ry  o f  d i f f u s i o n .
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2 , 3 .  MOVEMENT OF WATER BY CAPILLARITY IN A SOLID
DURING DRYING

In  th e  p ro c e e d in g  s e c t i o n ,  th e  t h e o r i e s  o f  d i f f u s i o n a l  movement 

o f  w a te r  i n s i d e  s o l i d s  d u r in g  d ry in g  were c o n s id e re d .  Where t h e  

s o l i d s  a r e  g r a n u l a r ,  a s  i n  the  case  o f  san d s ,  c l a y s ,  w h i t i n g ,  e t c . ,  

o th e r  mechanisms may govern  th e  movement o f  w a te r .  Water movement 

i n  such  i n s t a n c e s  may be caused  by a b s o r p t io n ,  g r a v i t a t i o n a l  or 

s u r f a c e  t e n s i o n  e f f e c t s .

H aines  (7 4 i  75) s t u d i e d  e x t e n s i v e ly  th e  m o is tu re  d i s t r i b u t i o n  

i n  u n s a t u r a t e d  beds  o f  g r a n u la r  s o l i d s ,  u s in g  f o r  s i m p l i c i t y ,  sm a ll  

e q u a l l y - s i z e d  s p h e re s  a r r a n g e d  i n  c l o s e s t  p a c k in g ,  H aines co nc luded  

t h a t  th e  movement o f  w a te r  i n  such a b ed  was p roduced  by a s u c t i o n  

r e s u l t i n g  from  th e  i n t e r f a c i a l  t e n s i o n ,  and he d i s t i n g u i s h e d  t h r e e  

form s o f  w a te r  d i s t r i b u t i o n  i n  a b ed  o f  s p h e r i c a l  p a r t i c l e s .

I n  the  f i r s t  s t a t e  -  th e  p e n d u la r  s t a t e  -  th e  w a te r  i s  p r e s e n t  

as  s e p a r a t e  l e n s - s h a p e d  r i n g s  round  th e  p o in t s  o f  c o n ta c t  of th e  

s p h e r e s .  The f u n i c u l a r  s t a t e  o c c u rs  when th e  w a te r  co n te n t  i s  

i n c r e a s e d  u n t i l  a l l  t h e s e  r i n g s  l i n k  u p ,  fo rm in g  a  c o n t in u o u s  network 

o f  w a te r  a ro u n d  th e  a i r  p o c k e t s .  L a s t l y ,  th e  c a p i l l a r y  s t a t e  r e s u l t s  

when a l l  th e  i n t e r s t i c e s  o f  t h e  bed  a r e  f i l l e d  w ith  w a te r .  The

m o is tu re  c o n te n t s  f o r  th e s e  t h r e e  d i s t r i b u t i o n s  can be c a l c u l a t e d  from

a knowledge o f  th e  sh ap es  and s i z e s  o f  th e  i n t e r s t i c e s  formed by th e  

s i x  r e g u l a r  methods o f  p ack in g  s p h e r e s .

The mechanism o f  w a te r  movement p o s t u l a t e d  by H aines i s  as  

f o l lo w s
fro m

As th e  w a te r  i s  e v a p o ra te d ^ a  s a t u r a t e d  bed  o f  s p h e re s ,  th e  w a te r

s u r f a c e  i n  th e  w a i s t s  betw een two p a r t i c l e s  i n  th e  to p  l a y e r  i s

d e p re s s e d  i n t o  the  open ing , and a s u c t i o n  i s  developed  which i n c r e a s e s  

u n t i l  e v e n t u a l l y  a i r  i s  drawn in to  th e  p o re .  The v a lu e  o f  th e  su c t io n

a t  t h i s  i n s t a n t  i s  th e  e n t r y  s u c t i o n ,  which i s  a  measure o f  th e  f o r c e

te n d in g  to  draw w a te r  from th e  i n t e r i o r  to  the  s u r f a c e .

The v a lu e  o f  th e  e n t r y  s u c t io n  i s  g iv en  by the  fo rm u la

p s ,-Q. X -  . . . . .  Eqn. 15.
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where C * a c o n s ta n t  r a n g in g  from 1 2 .9  f o r  rhom bohedral p a c k in g  to  
4 .8 2  f o r  c u b ic a l  pack ing

Y = s u r f a c e  t e n s i o n  

g = g r a v i t a t i o n a l  c o n s ta n t  

p = d e n s i t y  o f  l i q u i d  

r  =» r a d i u s  o f  p o re .

In  a bed  o f  random packed  s p h e r e s ,  t h e  most open p o re s  ( c u b i c a l j

w i l l  have th e  lo w es t  e n t r y  s u c t i o n ,  and w i l l  t h e r e f o r e  be th e  f i r s t

to  suck  i n  a i r .

As d ry in g  p ro c e e d s ,  th e  w a te r  i n  t h e s e  c u b ic a l  p o re s  i s  drawn 

to  th e  s u r f a c e  by th e  h ig h e r  c a p i l l a r y  s u c t io n  o f  th e  f i n e r  pore  

sp a c e s  a t  th e  s u r f a c e .  C ubical p o re s  a t  i n c r e a s in g  d ep th s  i n  th e  

bed  open s u c c e s s iv e l y  u n t i l  th e  s u c t i o n  a t  th e  s u r f a c e  i s  s u f f i c i e n t l y  

h ig h  to  open th e  n ex t  most open p o re ,  th e  in c r e a s e d  s u c t io n  b e in g  

p ro v id e d  by th e  s l i g h t  r e t r e a t  o f  th e  re m a in in g  m en isc i i n t o  t h e  

w a i s t s .

A p o re  s i t u a t e d  h cm from th e  s u r f a c e  w i th  an e n t r y  s u c t i o n  o f  

Ph r e q u i r e s  a h ig h e r  s u r f a c e  s e c t i o n  t o  open i t ,  as  fo l lo w s

Ps  = Ph + t   Eqn.1 6 .

The p o re s  a r e  p r o g r e s s iv e ly  opened u n t i l  e v e n tu a l ly  th e  s u c t i o n  

p o t e n t i a l  i s  s u f f i c i e n t  to  open th e  f i n e s t  s u r f a c e  p o re s  (rhom bohedra l)  

when th e  s u r f a c e  e v a p o ra t io n  c e a s e s .  The s a t u r a t e d  w a te r  l e v e l  th e n  

r e t r e a t s  from th e  s u r f a c e  o f  th e  bed  and e v a p o ra t io n  ta k e s  p la c e  by 

vapour d i f f u s i o n  from th e  c e n t r e  o f  th e  bed .

H aines  m easured th e  s u c t io n  p o t e n t i a l  o f  beds  by u s in g  a Buchner

fu n n e l  co n n e c te d  to  a combined b u r e t t e  and manometer. The a p p a ra tu s

was f i l l e d  w ith  w a te r  and th e  s a t u r a t e d  bed  was p la c e d  i n  the  f u n n e l .

By means o f  a  two-way cook, w a te r  was ru n  out o f  th e  b u r e t t e  i n  sm a ll  

in c re m e n ts ,  so t h a t  th e  bed  had  to  su p p o r t  i n c r e a s in g  heads o f  w a te r .

E v e n tu a l ly ,  some o f  th e  s u r f a c e  p o re s  em ptied  and the  w a te r  which

d r a in e d  o u t  was m easured , to g e th e r  w ith  th e  s u c t i o n  h ead .
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C eaglske  & Hougen (73 )  a p p l i e d  th e  s u c t i o n  p o t e n t i a l  th e o ry  to  

th e  d ry in g  o f  s an d .  From th e  s u o t i o n - p o t e n t i a l / m o i s t u r e - c o n t e n t  

cu rve  th e y  c a l c u l a t e d  m o is tu re  c o n te n t  d i s t r i b u t i o n s  f o r  sand  beds 

o f  v a r io u s  d e p th s  which compared w e l l  w i th  d i r e c t  ex p e r im e n ta l  

d e t e r m in a t io n s .  Water d i s t r i b u t i o n  cu rv es  c a l c u l a t e d  from d i f f u s i o n  

e q u a t io n s  d id  no t ag ree  w ith  th e  ex p e r im en ta l  d a t a  as  th e  w a te r  f low  

was in d e p e n d e n t  o f  the  l i q u i d  c o n c e n t r a t i o n .

C eag lske  & Hougen co nc luded  t h a t  d u r in g  th e  c o n s t a n t - r a t e  p e r io d  

th e  w e t te d  s u r f a c e  a r e a  was m a in ta in e d  a t  a c o n s ta n t  v a lu e  by th e  

c a p i l l a r y  f lo w  o f  w a te r  from th e  i n t e r i o r .  When th e  m en isc i  a t  th e  

s u r f a c e  e v e n t u a l l y  re c e d e d  i n t o  th e  s l a b ,  th e  c o n s ta n t  r a t e  ended as  

th e  w e t te d  s u r f a c e  d im in ish ed  r a p i d l y  and th e  f i r s t  f a l l i n g  r a t e  p e r io d  

o c c u r r e d .  The second f a l l i n g  r a t e  p e r io d  ensues  when th e  s u r fa c e  

becomes d ry  and e v a p o ra t io n  t a k e s  p la c e  from the  i s o l a t e d  nodoids  of 

t h e  p e n d u la r  s t a t e  when vapour d i f f u s i o n  becomes th e  c o n t r o l l i n g  

mechanism.

P e a rse  O l iv e r  & H ew itt  ( 76) ex ten d ed  Haines* work to  in c lu d e  

g r a v i t a t i o n a l  and f r i c t i o n a l  e f f e c t s  by th e  u se  o f  a  m o d if ied  P o i s e u i l l e  

e q u a t io n  f o r  th e  r e s i s t a n c e  to  f lo w  th ro u g h  a  b ed .  Thus i f  th e  f lo w  

t o  th e  s u r f a c e  i s  to  be m a in ta in e d ,  the  s u r f a c e  s u c t io n  i s  g iv e n  by

P s  s  Ph + h  + H . . . . .  E q n . 1 7 »

where H = th e  f r i c t i o n a l  r e s i s t a n c e  th rough  d i s ta n c e  h .

F r i c t i o n a l  e f f e c t s  appea red  t o  be  most im p o r ta n t  f o r  p a r t i c l e  d ia m e te rs  

o f  0 .1  m icrons  and below , w hereas  c a p i l l a r y  f o r c e s  l a r g e l y  c o n t r o l l e d  

th e  f lo w  i n  th e  s i z e  range  o f  1 -  10 m icron .

P e a rse  e t  a l .  showed e x p e r im e n ta l ly  t h a t  ( a )  where g r a v i t y  and 

c a p i l l a r i t y  c o n t r o l s ,  the  c r i t i c a l  m o is tu re  c o n te n t  i s  indep en d en t o f  

th e  d ry in g  r a t e ,  b u t  v a r i e s  w ith  bed  dep th ; (b )  c a p i l l a r y  f o r c e s  

c o n t r o l  where th e  c r i t i c a l  m o is tu re  c o n te n t  i s  independent o f  b o th  bed 

d ep th  and d ry in g  r a t e ,  and ( c )  where th e  c r i t i c a l  m o is tu re  c o n te n t  i s  

p r o p o r t i o n a l  to  th e  d ry in g  r a t e  and bed  d e p th ,  . c a p i l l a r y  and f r i c t i o n a l  

f o r c e s  c o n t r o l .
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Some an o m alie s  i n  th e  e x p e r im e n ta l  d a t a  f o r  th e  f i n e r  s i z e s  

s u g g e s te d  t h a t  i n t e r n a l  v a p o r i z a t i o n  may have o c c u r re d  a s  a r e s u l t  

o f  th e  h ig h  s u c t i o n s  which were developed*

O l iv e r  & N ew itt  (77) c o n t in u e d  the  work d e s c r ib e d  in  the  

p r e c e d in g  p a p e r  by d e v i s in g  an a p p a ra tu s  f o r  m easuring  h ig h e r  s u c t i o n  

p o t e n t i a l s  d u r in g  d ry in g .  The improved a p p a ra tu s  u t i l i s e d  an u n g la z e d  

p o r c e l a i n  s u c t i o n  head  which was embedded i n  t h e  m a te r i a l  to  be d r ie d *

A m ercury manometer was u sed  to  measure th e  s u c t i o n s .

The s u c t i o n s  deve loped  by beds o f  47 m icron  d iam ete r  s i l i c a  

f l o u r  were re d u c e d  by i n c r e a s i n g  te m p e ra tu re  and p o r o s i t y .  The 

s u c t i o n - p o t e n t i a l  measurements were v e r i f i e d  by u s in g  them to  c a l c u l -  

- a t e  th e  m o is tu r e  d i s t r i b u t i o n s  i n s i d e  th e  bed  and comparing th e s e  

p r e d i c t e d  v a lu e s  w i th  th e  e x p e r im e n ta l  r e s u l t s *  Experim ents  on s i l i c a  

f l o u r  (15  m icron  d i a . ) had  p r e v io u s l y  shown t h a t  some v a r i a b l e  o th e r  

th a n  c a p i l l a r y  f o r c e s  and d ry in g  r a t e  a f f e c t e d  th e  d u r a t i o n  of th e  

c o n s t a n t - r a t e  p e r io d *  T e s t s  c a r r i e d  out a t  d i f f e r e n t  te m p e ra tu re s  

and  h u m i d i t i e s  p ro v ed  t h a t  th e  te m p e ra tu re  o f  the  bed  g r e a t l y  in f lu e n c e d  

th e  v a lu e  o f  th e  c r i t i c a l  m o is tu re  con ten t*

O l iv e r  & N ew itt f u r t h e r  showed t h a t  when h igh  s u c t io n s  a re  used  

th e  a i r  d i s s o lv e d  in  the w a te r  f i l a m e n t s  i n  th e  pore  sp aces  w i l l  come 

ou t o f  s o l u t i o n  and w i l l  e v e n t u a l l y  f i l l  th e  pore  and b re a k  th e  

c o n t i n u i t y  o f  th e  t h r e a d .  They c l a s s i f i e d  th e  beds i n t o  t h r e e  g ro u p s ,  

depend ing  on w h e th e r  th e  l i q u i d  movement i s  ( a )  independen t o f ,  (b )  

g r e a t l y  in f l u e n c e d  by, o r  ( c )  p a r t l y  in f lu e n c e d  by t h i s  v a p o r i z a t i o n  

e f f e c t .  They d em o n s tra ted  t h a t  th e  s u c t i o n  p o t e n t i a l  cu rves  f o r  5 

m icron  s i l i c a  f l o u r  ag re e d  w i th  group (b )  s in c e  the  s u c t i o n  re a c h e d  

a  maximum a t  900 cm w a te r  and a t  t h i s  p o in t  th e  c o n s ta n t  r a t e  p e r io d  

c e a se d ,  showing th e  i n a b i l i t y  o f  th e  bed  to  draw l i q u i d  t o  th e  s u r fa c e *  

I t  was a l s o  s u g g e s te d  t h a t  th e  v a r i a t i o n  o f  c r i t i c a l  m o is tu re  c o n te n t  

w ith  t e m p e ra tu re  f o r  15 m ic ron  s i l i c a  (g roup  c ) ,  was due t o  t h i s  

v a p o r i z a t i o n  e f f e c t  i n t e r f e r i n g  w ith  th e  mechanism o f  w a te r  movement 

when h ig h e r  t e m p e ra tu re s  were employed*

The s u c t i o n  p o t e n t i a l  te c h n iq u e  was u se d  by N ew itt & Coleman ( 78 )
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t o  s tu d y  th e  d r y in g  mechanism o f  c h in a  c l a y .  As the  p a r t i c l e  s i z e s  

o f  c h in a  c l a y  a r e  low er th a n  th e  s i l i c a  f l o u r  s t u d i e d  p r e v io u s l y  (7 7 ) ,  

N ew itt  & Coleman c o n s id e re d  t h a t  a  h igh  p e rc e n ta g e  o f  th e  w a te r  was 

a d so rb e d  on th e  s u r f a c e  o f  th e  s i l i c a t e s ,  and t h a t  th e  c a p i l l a r i t y  

th e o ry  was no lo n g e r  adequa te  f o r  ch in a  c l a y .

S upport f o r  t h i s  h y p o th e s i s  was a f fo rd e d  by th e  f a c t  t h a t  th e  

c r i t i c a l  m o is tu re  c o n te n t  f o r  c h in a  c la y  c o in c id e d  w ith  th e  c e s s a t i o n  

o f  s h r in k a g e  o f  th e  c l a y  p i e c e .  Shrinkage o f  c la y  i s  d i r e c t l y  

p r o p o r t i o n a l  to  th e  volume o f  w a te r  e v a p o ra te d ,  and i t  i s  g e n e r a l ly  

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

w a te r ,  and t h e s e  f i l m s  a r e  re d u c e d  i n  th ic k n e s s  as  d ry in g  p ro ceed s  

u n t i l  th e  p a r t i c l e s  a r e  i n  d i r e c t  c o n ta c t  and no f u r t h e r  c o n t r a c t i o n  

i s  p o s s i b l e .  C a p i l l a r y  s u c t i o n  was a p p a r e n t ly  unab le  to  m a in ta in  a 

c o n s ta n t  r a t e  i n  t h e  normal way and t h i s  was a t t r i b u t e d  to  the  w a te r  

b e i n g  im m o b il ised  by a d s o r p t io n  a c r o s s  th e  v e ry  f i n e  p o re s  and p a s s a g e s .  

T h is  v iew  was s u b s e q u e n t ly  co n firm ed  by s u c t io n  p o t e n t i a l  measurements 

c a r r i e d  o u t  w ith  a b a l a n e in g - p r e s s u r e  t e c h n iq u e .  I t  was a l s o  shown 

t h a t  th e  most im p o r ta n t  v a r i a b l e  a f f e c t i n g  th e  c r i t i c a l  m o is tu re  

c o n te n t  o f  a  w ide ran g e  o f  g r a n u la r  s o l i d s  i s  th e  s p e c i f i c  s u r f a c e ,  

which im p l ie s  t h a t  a d s o r p t i o n  p la y s  a l a r g e  p a r t .

N ew itt  & Coleman c o n s id e re d  t h a t  th e  osm o tic  im b ib i t io n  h y p o th e s i s  

g iv e s  a  s a t i s f a c t o r y  e x p la n a t io n  o f  th e  phenomena. T h is  th e o ry  

p o s t u l a t e s  t h a t  th e  c la y  p a r t i c l e  i s  su rrounded  by a c l u s t e r  o f  c a t io n s  

which o s m o t i c a l ly  h o ld  s e v e r a l  m o lecu le s  o f  w a te r .  This  im bibed  w a te r  

h a s  been  r e l a t e d  to  th e  b a se  exchange c a p a c i ty  o f  the c la y  w hich , i n  

t u r n ,  i s  r e l a t e d  to  i t s  degree  o f  d i s s o c i a t i o n  ( 79)o

The absence  o f  c a p i l l a r y  e f f e c t s  i n  c l a y  was dem onstra ted  by u s in g  

Teepol s o l u t i o n  to  reduce  th e  s u r f a c e  t e n s i o n  o f  the  w a te r  when p rep a 

r i n g  th e  p l a s t i c  c l a y .  No a l t e r a t i o n  i n  th e  normal s u c t i o n - p o t e n t i a l /  

m o is tu r e —c o n te n t  r e l a t i o n s h i p  o f  th e  c la y  was observed  i n  c o n t r a s t  to  

th e  s u c t i o n  p o t e n t i a l  curve f o r  15 m icron  s i l i c a  which v a r i e d  i n  d i r e c t  

p r o p o r t i o n  to  th e  s u r f a c e  t e n s i o n .  C onverse ly , th e  p re s e n c e  o f  

o sm o tic  im b i b i t i o n  i n  c l a y /w a te r  m ix tu re s  was dem onstra ted  by th e
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a d d i t i o n  o f  sodium s i l i c a t e  and h y d r o c h lo r i c  a c i d  which r e s p e c t i v e l y  

re d u c e d  and i n c r e a s e d  th e  s u c t i o n  f o r  a g iv e n  m o is tu re  c o n te n t ,  

p ro b a b ly  by v a r y in g  th e  d eg ree  o f  i o n i c  d i s s o c i a t i o n .

As a r e s u l t  o f  d ry in g  r a t e  and m o is tu re  d i s t r i b u t i o n  s t u d i e s ,  

H ew itt  & Coleman p o s t u l a t e d  t h a t  because  o f  th e  ad so rb ed  n a tu r e  o f  

th e  w a te r  i n  th e  c l a y  s t r u c t u r e ,  th e  w a te r  movement i n  th e  f a l l i n g  

r a t e  p e r i o d  was by vapour d i f f u s i o n .  V a p o r iz a t io n  i s  r e s t r a i n e d  

( a )  by th e  r e s i s t a n c e  o f  th e  i n t e r s t i c e s  to  vapour f low , and (b )  

by th e  r e d u c t i o n  o f  vapour  p r e s s u r e  a t  low er m o is tu re  c o n te n ts ?  

th e s e  two f o r c e s  a r e  s e l f - c o m p e n s a t in g ,  so t h a t  a t  any i n s t a n t  th e  

e v a p o r a t io n  r a t e s  a t  a l l  p a r t s  o f  th e  bed  a re  e q u a l .
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2 .4 .  THE DRYING OF VEGETABLE MATERIAL

When a p ie c e  o f  f r e s h l y  c u t  v e g e ta b le  i s  exposed  to  an  a i r  

s t re a m ,  th e  cu t s u r f a c e  a c t s  a s  a w a te r  s u r f a c e .  R e s u l t s  o f  e x p e r i -  

—m ents by Ede & H ales  (80) have shown, however, t h a t  th e  e v a p o ra t io n  

r a t e  o f  v e g e t a b le s  p e r  s q . f t .  o f  t r a y  a r e a  i s  3 to  4 t im e s  th e  v a lu e  

f o r  a w a te r  s u r f a c e  under  s i m i l a r  a i r  c o n d i t io n s .  T h is  p resum ably  i s  

b eca u se  o f  th e  l a r g e r  v e g e ta b le  s u r f a c e  a r e a  exposed p e r  u n i t  o f  t r a y  

a r e a .

Van A rsd e l  ( 8 l )  l i k e n e d  a  p ie c e  o f  cu t v e g e ta b le  to  a f i n e - g r a i n e d  

sponge s a t u r a t e d  w ith  w a te r  and c o n s id e re d  t h a t  i n  th e  i n i t i a l  s t a g e s  

o f  d r y in g ,  w a te r  may be f e d  to  th e  s u r f a c e  by c a p i l l a r y  s u c t i o n .  iVhen 

t h i s  method o f  t r a n s f e r  s t o p s ,  Van A rsde l  conc luded  t h a t  the  w a te r  

movement was by d i f f u s i o n  and t h a t  the  d i f f u s i v i t y  o f  th e  w a te r  i n  th e  

s o l i d ,  more th a n  any o th e r  f a c t o r ,  c o n t r o l l e d  th e  d ry in g  r a t e  o f  th e  

v e g e t a b l e .  The a p p l i c a t i o n  o f  d i f f u s i o n a l  e q u a t io n s  i s  g r e a t l y  com pli-  

- c a t e d  by the  f a c t o r s  such as  th e  s h r in k a g e  o f  th e  v e g e t a b le  and by th e  

f a c t  t h a t  th e  w a te r  i s  n o t  p r e s e n t  i n  th e  pu re  s t a t e  b u t  as  s o l u t i o n s  

o f  s u g a r s ,  s a l t s  and o th e r  c o n s t i t u e n t s .  As d ry in g  p ro c e e d s ,  th e s e  

s o l u t e s  become c o n c e n t r a te d  i n  th e  c e l l s  n e a r e r  th e  s u r f a c e  and t h i s  

c o n c e n t r a t i o n  g r a d ie n t  s e t s  up a d r i v i n g  f o r c e  cau s in g  a movement o f  

th e  d i s s o l v e d  s o l i d s  tow ards  th e  c e n t r e .

Because o f  th e  d i f f i c u l t i e s  enum erated  above, v e g e ta b le  d ry in g  

t e s t s  have te n d e d  to  be  s e m i - e m p ir i c a l ,  and d ry in g  d es ig n  d a ta  have 

u s u a l l y  to  be p ro v id e d  f o r  each in d i v id u a l  p ro d u c t .

Van A rsd e l  (81 )  c o n s id e re d  t h a t  i n  the  d ry in g  o f  f r u i t  and v ege-  

—t a b l e s ,  c a p i l l a r y  s u c t i o n  d id  n o t  p la y  a l a r g e  p a r t  i n  th e  mechanism 

o f  w a te r  movement. I n  th e  case o f  wood d ry in g  o r  sea so n in g ,  however, 

c a p i l l a r y  movement i s  much more im p o r ta n t .  Hawley (82) had p r e v io u s ly  

shown t h a t  d i f f u s i o n  o f  w a te r  co u ld  no t ta k e  p la c e  i n  wood when i t  was 

above th e  f i b r e  s a t u r a t i o n  p o i n t ,  i 0e .  th e  m o is tu re  c o n te n t  a t  which th e  

c e l l  w a l l s  a r e  j u s t  s a t u r a t e d .

Bateman, H off ,  & Stamm (83) concluded  t h a t  t h e r e  were t h r e e  

mechanisms o f  w a te r  movement o c c u r r in g  i n  wood d u r in g  d ry in g ,  ( a )
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c a p i l l a r y  movement (b )  l i q u i d  d i f f u s i o n  ( c )  vapour d i f f u s i o n .

C a p i l l a r y  movement i s  th e  p r i n c i p a l  means o f  t r a n s f e r  when th e  wood 

i s  above th e  f i b r e  s a t u r a t i o n  p o in t  and th e  c e l l  c a v i t i e s  a r e  com- 

- p l e t e l y  o r  p a r t l y  f i l l e d  w ith  w a te r .  The bound w a te r  i n  th e  c e l l  

w a l l s  moves by l i q u i d  d i f f u s i o n  th rough  t r a n s i e n t  c e l l  c a p i l l a r i e s  

which e x i s t  o n ly  i n  th e  p re se n c e  o f  w a te r .  The w a te r  vapour which 

can e x i s t  i n  wood above and below  i t s  f i b r e  s a t u r a t i o n  p o in t  d i f f u s e s  

to  th e  s u r f a c e  un d er  th e  in f l u e n c e  o f  vapour p r e s s u r e  g r a d i e n t s .  

Bateman e t  a l . found  t h a t  th e  d i f f u s i v i t y  o f  th e  w ater  th rough  th e  

wood was i n c r e a s e d  by u s in g  humid a i r  f o r  d ry in g  s in c e  th e  r e s u l t a n t  

s w e l l i n g  o f  th e  wood en ab led  th e  bound w a te r  to  d i f f u s e  more e a s i l y  

th ro u g h  th e  c e l l  w a l l s .  Woods w ith  h igh  s p e c i f i c  g r a v i t y  te n d e d  to  

have low er  d i f f u s i v i t i e s  as  th e  c e l l  w a l l s  were t h i c k e r  and th e  

c a p i l l a r y  volumes were lo w er .

Culpepper & Moon (8 4 ) made an e x te n s iv e  s tudy  of th e  e f f e c t  o f  

t e m p e ra tu r e ,  h u m id i ty ,  a i r  v e l o c i t y  and p a r t i c l e  s i z e  on th e  d ry in g  

o f  K e i f f e r  p e a r s .  The f r u i t  was ou t i n t o  segments which were th e n  

im p a led  on p in s  and su p p o r te d  i n  a h o r i z o n t a l  a i r  s tream  to  ensu re  

a c c e s s  o f  a i r  to  a l l  th e  s u r f a c e .  Culpepper & Moon p r e s e n te d  t h e i r  

d a t a  a s  p e r c e n ta g e  m o is tu re  (w et b a s i s )  v e r s u s  t im e ,  b u t  Smith (42) 

r e c a l c u l a t e d  t h e i r  r e s u l t s  to  th e  more co n v en ien t  dry  b a s i s  f o r  

com parison  w ith  o th e r  p r o d u c t s .  I t  was found  thaffe th e  d ry in g  t im es  

o f  d i f f e r e n t  s i z e d  segments were ap p ro x im a te ly  p r o p o r t i o n a l  to  th e  

s p e c i f i c  s u r f a c e  and t h a t  v e ry  l i t t l e  d ry in g  to o k  p la c e  from u n p ee led  

a r e a s .  D rying  t im e s  were i n v e r s e l y  p r o p o r t i o n a l  to  th e  W.B.D. and 

th e  r a t e  p e r  u n i t  W.B.D. in c r e a s e d  w ith  r i s i n g  te m p e ra tu re .

The d e h y d ra t io n  o f  p ru n es  was i n v e s t i g a t e d  by Gfuillou ( 8 5 ) .  He 

found  t h a t  th e  d ry in g  tim e cou ld  be e x p re s se d  by th e  e q u a t io n

Gp -  Q1 s log EL  Eqn.l8 .
K W2

where Q = d ry in g  t im e ,  h r .

Gfuillou r e l a t e d  th e  d ry in g  c o e f f i c i e n t  (k )  to  th e  te m p e ra tu re ,  h u m id ity  

and v e l o c i t y  o f  th e  a i r  s tream  by th e  e x p re s s io n
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o
where t  = a i r  te m p e ra tu r e ,  F, 

v  = a i r  v e l o c i t y ,  f t / m i n ,

II = r e l a t i v e  h u m id i ty ,  $ .

I t  was o b se rv e d  t h a t  th e  drying- r a t e  was in d ep en d en t o f  r e l a t i v e  

h u m i d i t i e s  below  40$. A d e s ig n  f o r  a prune d e h y d ra to r  was s u g g e s te d ,  

which embodied th e  f i n d i n g s  o f  the  e x p e r im en ta l  work.

A f u r t h e r  s tudy  o f  th e  d e h y d ra t io n  of  p ru n es  was made by P e r ry  

(86 )  who m easured  t h e  i n t e r n a l  t e m p e ra tu re s  o f  th e  f r u i t  d u r in g  

d r y in g .  From th e  s u r f a c e / a i r  te m p e ra tu re  d i f f e r e n c e ,  s u r f a c e  a r e a ,  

and d ry in g  r a t e  he c a l c u l a t e d  th e  th e rm a l  c o n d u c t iv i t y  o f  the  prune 

s u r f a c e .

He fo u n d  t h a t  th e  s u r f a c e  te m p e ra tu re  ro s e  s t e a d i l y  d u r in g  d ry in g  

and d id  n o t  rem a in  a t  th e  w e t-b u lb  te m p e ra tu re  f o r  any a p p re c ia b le  

tim e l a r g e l y  b ecau se  i n t e r n a l  r e s i s t a n c e  to  w a te r  movement was h igh  

compared t o  th e  s u r f a c e  p e r m e a b i l i t y .

P e r ry  a l s o  showed t h a t  th e  d ry in g  r a t e s  were u n a f f e c t e d  by changes 

o f  r e l a t i v e  h u m id ity  below  40$ b ecau se  th e  e q u i l ib r iu m  m o is tu re  c o n te n t  

o f  p ru n e s  d id  n o t  i n c r e a s e  a p p r e c ia b ly  u n t i l  t h i s  h um id ity  was exceeded . 

As th e  d ry in g  r a t e  was p r o p o r t i o n a l  to  th e  f r e e  w a te r  c o n te n t ,  any 

i n c r e a s e  i n  h u m id i ty  would i n c r e a s e  th e  e q u i l ib r iu m  w ate r  and red u ce  

th e  f r e e  w a te r  c o n te n t  so r e d u c in g  th e  d ry in g  r a t e .  Below 40$ R.H. 

th e  e q u i l ib r i u m  m o is tu re  rem ained  s u b s t a n t i a l l y  c o n s ta n t .  M o is tu re  

d i s t r i b u t i o n  cu rv es  o f  th e  p ru n es  d u r in g  d ry in g  su g g es ted  t h a t  th e  

m o is tu re  c o n d u c t iv i t y  d e c re a se d  w ith  d e c r e a s in g  m o is tu re  c o n te n t ,  so 

t h a t  d i f f u s i o n  e q u a t io n s  were n o t  a p p l i c a b l e .

Reeve ( 8 7 ) s t u d i e d  m ic r o s c o p ic a l ly  th e  p h y s ic a l  changes which 

o c c u r r e d  i n s i d e  c a r r o t s  and p o ta to e s  d u r in g  d ry in g .

I n  c a r r o t s  t h e r e  i s  an in n e r  oore o f  l i g n i f i e d  c e l l s  s e p a r a t e d  

from an o u t e r  r i n g  o f  s o f t e r  parenchymous c e l l s  by a cambium l a y e r .
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D u rin g  th e  i n i t i a l  s t a g e s  o f  d r y in g , th e s e  o u te r  c e l l s  form ed  a h a rd  

s h e l l  w h ich  o p p o se d  th e  s h r in k a g e  o f  th e  i n t e r i o r  c e l l s  and c a u s e d  

some o f  th e  in t e r m e d ia t e  c e l l s  to  b e p u l l e d  o p en . R eeve fo u n d  t h a t  

i f  c a r r o t s  w ere d r ie d  a t  te m p e r a tu r e s  e x c e e d in g  100°C  t h e r e  was a 

te n d e n c y  f o r  th e  i n t e r n a l l y  tr a p p e d  w a te r  to  v a p o r iz e  and g e n e r a te  

s u f f i c i e n t  p r e s s u r e  to  r u p tu r e  th e  i n t e r n a l  t i s s u e s .

In  p o t a t o e s  i t  w as o b s e r v e d  t h a t  m ost o f  th e  c e l l s  c o n ta in e d  

s t a r c h  g r a in s  w h ich  c o u ld  b e g e l l e d  on h e a t in g  t o  a te m p era tu re  o f  

6 5 °C . When p o t a t o e s  a r e  b la n c h e d  or  s c a ld e d  b e fo r e  d r y in g , a l l  th e  

s t a r c h  i n  th e  t i s s u e s  i s  g e l l e d  and c e l l  s h r in k a g e  i s  l i m i t e d .  R eeve  

d r ie d  sa m p les  o f  u n s c a ld e d  p o t a t o e s  a t  90°  C and fo u n d  th a t  a f t e r  2-§- 

h o u r s  d r y in g  i n t e r n a l  g e l a t i o n  h ad  ta k e n  p la c e  t o  w i t h in  ^00  m icr o n s  

from  th e  s u r f a c e ,  w h erea s  th e  s u r f a c e  c e l l s  s t i l l  had i n t a c t  s ta r c h  

g r a i n s .  S ta r c h  g r a in s  w ere s t i l l  p r e s e n t  a t  th e  p o ta to  s u r fa c e  a f t e r  

3-g- h o u r s  d r y in g ,  th u s  i n d i c a t i n g  t h a t  e v a p o r a t io n  n ea r  th e  s u r fa c e  

r e g io n s  h ad  r e ta r d e d  th e  te m p era tu re  r i s e  o f  th e  m a t e r ia l .  I t  a l s o  

f o l l o w s  t h a t  i n  t h i s  c a s e ,  th e  w a te r  had  moved to  th e  s u r fa c e  i n  th e  

l i q u i d  s t a t e  and n o t a s  v a p o u r , o th e r w is e  t h e r e  w ould  h ave b een  no 

e v a p o r a t iv e  c o o l i n g .

A d r y in g  p rob lem  w ith  c e r t a i n  s i m i l a r i t i e s  to  sea w eed  d r y in g , was 

d e s c r ib e d  b y  R o s in  ( 8 8 ) .  The m a t e r ia l  w as su g a r  b e e t  to p s  w h ich  

c o n s i s t  o f  l e a v e s ,  s t a l k s  and crow ns w ith  w id e ly  d i f f e r e n t  d r y in g  

c h a r a c t e r i s t i c s .  P r o lo n g e d  d r y in g  o f  th e  l e a v e s  had to  b e  a v o id e d  

o w in g  to  l o s s  o f  p r o t e in s ,  so  R o s in  s u g g e s te d  t h a t  d i s i n t e g r a t i o n  o f  

th e  m a t e r ia l  b e f o r e  d r y in g  w o u ld  r e d u c e  th e  d i s p a r i t y  o f  d r y in g  r a t e s ;  

b u t t h i s  w ou ld  in c u r  l o s s  o f  p la n t  j u i c e s  and t h e  mash w ou ld  b e  more 

d i f f i c u l t  to  h a n d le  i n  com m ercia l c ro p  d r y e r s .

A l t e r n a t i v e  p r a c t i c e s  a r e  t o  d ry  a l l  th e  m a t e r ia l  a t  a  lo w  

te m p e r a tu r e  ( l 4 0 ° F )  o r  i n  a s e l e c t i v e  p n eu m a tic  d ry er  w hich  w i l l  

s e p a r a t e  th e  two com ponents and g iv e  them d i f f e r e n t  tr e a tm e n t t im e s .

Cashmore (8 9 )  g a v e  a  g e n e r a l  su r v e y  o f  th e  d r y in g  o f  a g r i c u l t u r a l  

p r o d u c t s ,  w ith  r e f e r e n c e  t o  th e  p rob lem s and r e q u ir e m e n ts  o f  th e
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p a r t i c u l a r  m a t e r i a l  b e in g  t r e a t e d .  He recommended th e  u se  o f  th e  

s p e c i f i c  consum ption  (B .T h .u /lb  w a te r  e v a p o ra te d )  as  a s u i t a b l e  b a s i s  

f o r  com paring th e  e f f i c i e n c i e s  o f  d i f f e r e n t  ty p e s  o f  d r y e r s .

Tomkins (90) rev iew ed  th e  d i f f i c u l t i e s  en c o u n te re d  i n  the

d e h y d ra t io n  o f  s o f t  f r u i t s  and v e g e ta b le s  and c o n s id e re d  f u t u r e  

deve lopm en ts ,  w h ile  B arker & Thomas (91) summarised c u r r e n t  d e h y d ra t io n  

p r a c t i c e  f o r  v e g e t a b le s  and gave t y p i c a l  o p e ra t in g  d a ta  f o r  th e  v a r io u s  

c l a s s e s  o f  d ry e r  which a r e  used  f o r  t h i s  p u rp o se .

B a i le y  (9 2 )  p r e s e n t e d  a p ap er on g r a s s  d r y in g  i n  w h ich  he c o n -  

- s i d e r e d  th e  e f f e c t  o f  th e  g r a s s  s t r u c t u r e  on d ry in g  r a t e .  The e f f e c t  

o f  th erm a l damage on th e  chem ical  a n a l y s i s  o f  t h e  g r a s s  v^as o u t l i n e d  

t o g e t h e r  w ith  t h e  h ig h - te m p e r a tu r e  and lo w -te m p e r a tu r e  d r y in g  te c h n iq u e s  

w h ich  h a v e  b een  in t r o d u c e d  to m in im ise  t h i s  th erm a l d e g r a d a t io n .

B a i l e y  & H am blin  ( 9 3 )  d e s c r ib e d  th e  d evelop m en t o f  a  s ta n d a r d  

p r o c e d u r e  f o r  t e s t i n g  g r a s s  d r y e r s  a d o p ted  by  th e  N a t io n a l I n s t i t u t e  

o f  A g r ic u l t u r a l  E n g in e e r in g .  T h e ir  r e p o r t  in c lu d e d  a summary on th e

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

o f  s e v e r a l  p r a c t i c a l  p ro b lem s a r i s i n g  from  th e  t e s t i n g  o f  g r a s s  d r y e r s .
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3 .  SURVEY OF DRYING EQUIPMENT

The s e l e c t i o n  o f  a s u i t a b l e  d ry er  f o r  d e h y d r a t in g  sea w eed  w as  

c o n s id e r e d  by  s u r v e y in g  a v a i l a b l e  d e s ig n s  o f  d r y e r s  and s e l e c t i n g  

th e  th r e e  m ost p r o m is in g  t y p e s .

D rying  t e s t s  on th e s e  t h r e e  r e p r e s e n t a t i v e  commercial d ry e rs  

i n d i c a t e d  t h e  most s u i t a b l e  d ry in g  system to  u se  f o r  seaweed*

E x te n s iv e  l a b o r a t o r y  t e s t s  were th e n  c a r r i e d  ou t to  s tudy  th e  d ry in g  

c h a r a c t e r i s t i c s  o f  th e  seaweed and to  f i n d  th e  optimum o p e r a t in g  

c o n d i t io n s *

In  t h i s  su r v e y  th e  sea w eed  f e e d  h a s  b een  c o n s id e r e d  under th e  

h e a d in g s  o f  ( a )  s t i p e  and (b )  fro n d *  The a d v a n ta g e s  and d is a d v a n ta g e s  

o f  d r y in g  t h e s e  two p a r t s  o f  th e  p la n t  m ixed  or s e p a r a te d  a re  d is c u s s e d  

i n  S e c t io n  10* In  v ie w  o f  th e  p o s s i b i l i t y  o f  e i t h e r  s t i p e  o r  fr o n d  

b e in g  r e q u ir e d  a lo n e ,  ea ch  p a r t  o f  t h e  p la n t  h a s  b een  c o n s id e r e d  

in d e p e n d e n t ly *  P h y s ic a l  p r o p e r t ie s  o f  th e  s t i p e  and fr o n d  a re  

d e s c r ib e d  i n  S e c t io n  6 .2 *

3 . 1 .  CLASSIFICATION OF DRYERS

F riedm an  ( 9 4 )  s u g g e s t e d  t h r e e  m ethods o f  d ry er  c l a s s i f i c a t i o n :

( l )  by  th e  m e c h a n ic a l m ethod u s e d  to  con vey  th e  m a te r ia l  th ro u g h  th e  

d r y e r ,  ( 2 )  by  th e  ty p e  o f  m a t e r ia l  th e y  can  h a n d le , and ( 3 )  "by th e  

means o f  t r a n s f e r r i n g  h e a t  to  th e  s t o c k .

E xam ples o f  grou p  ( l )  w ou ld  b e r o t a r y ,  band o r  tr u c k  d r y e r s  b u t  

t h i s  d e f i n i t i o n  i s  so  l o o s e  t h a t  o p e r a t in g  c o n d it io n s  can  v a r y  w id e ly  

a lth o u g h  t h e  d r y e r s  may b e  o f  th e  same nom inal c l a s s .  T h is  m ethod  

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

The se c o n d  sy s te m  g ro u p s d r y e r s  u n d er t h e i r  s u i t a b i l i t y  f o r  

d r y in g  m a t e r ia l  o f  d i f f e r e n t  p h y s ic a l  fo r m s , e 0g .  s h e e t s ,  p a s t e s ,  f i n e  

p o w d ers, s l u r r i e s ,  e t c . ,  and can b e u s e d  to  e l im in a t e  d r y e r s  w h ich  a re  

in a p p l i c a b l e  t o  th e  p ro b le m .

M ethod 3 ,  w h ich  w as p ro p o sed  b y  M a rsh a ll (9 5 )?  i s  l o g i c a l  and h a s
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b e e n  w id e ly  u s e d  a s  i t  g i v e s  some i n d i c a t i o n  o f  th e  o p e r a t in g  

c o n d i t io n s  to  b e  e x p e c t e d .  D ry ers in  w h ich  h e a t  i s  t r a n s f e r r e d  t o  

th e  m a t e r ia l  by c o n v e c t io n  from  a s trea m  o f  h o t  g a s e s  a re  c a l l e d  

d i r e c t  d r y e r s .  I n d ir e c t  d r y e r s  a r e  t h o s e  i n  w h ich  h e a t  i s  t r a n s -  

- m i t t e d  to  th e  w et s to c k  th rou gh  a m e ta l w a l l  and th e  v a p o r iz e d  

l i q u i d  i s  rem oved  in d e p e n d e n t ly  o f  th e  h e a t in g  medium. An a l t e r n a t i v e  

name f o r  t h i s  c l a s s  i s  c o n d u c t io n  dryers©  A t h i r d  d i v i s i o n  i n  w h ich  

h e a t  t r a n s f e r  t a k e s  p la c e  by  r a d i a t i o n  i s  r e p r e s e n te d  by  i n f r a - r e d  or  

r a d ia n t - h e a t  d r y e r s .  A more r e c e n t  m ethod o f  d r y in g  i s  a l s o  in c lu d e d  

i n  t h i s  c l a s s ,  n am ely , d i e l e c t r i c  or  in d u c t io n  d r y e r s .

D ir e c t  and i n d i r e c t  d r y e r s  can  u s u a l l y  b e  f u r t h e r  s u b d iv id e d  i n t o  

b a tc h  and c o n t in u o u s  u n i t s .

3 . 2 .  DIRECT DRYERS

3 . 2 . 1 .  T ray or  T unnel D ry ers

In  m ost t r a y  d r y e r s ,  th e  h o t  a i r  i s  b low n  a c r o s s  th e  s u r fa c e  o f

th e  s o l i d  to  b e  d r i e d .  T h is  m ethod i s  a l s o  c a l l e d  o v e r -d r a u g h t  or

c r o s s - c i r c u l a t i o n  d r y in g .

Each d r y e r  h a s  a number o f  t r a y s  o f  w et m a t e r ia l  s ta c k e d  ab ove  

each  o th e r  i n  t r u c k s  w h ich  a r e  moved p r o g r e s s iv e ly  th rou gh  th e  tu n n e l  

i n  c o n t a c t  w ith  th e  h o t g a s e s .  The a i r  f lo w  can  e i t h e r  b e  c o n c u r r e n t  

or c o u n te r c u r r e n t  to  th e  f lo w  o f  m a t e r ia l  and a  tu n n e l d e s ig n  due to  

E id t  (9 ^ )  h a s  a c e n t r e  e x h a u s t  i n  w hich  p a r t  o f  th e  a i r  f lo w s  p a r a l l e l  

to  th e  m a t e r ia l  and p a r t  i n  o p p o s i t i o n .

As th e  g r e a t e s t  p a r t  o f  h e a t  and m ass t r a n s f e r  ta k e s  p la c e  a t  th e  

s u r f a c e  o f  th e  m a t e r ia l  l a y e r ,  th e  b ed  d ep th  o f  th e  s to c k  h a s  t o  be  

c o m p a r a t iv e ly  lo w  ( l  — l-g- i n )  o th e r w is e  th e  a i r  ca n n o t p e n e tr a te  t o  

t h e  lo w e r  s t r a t a  and d r y in g  b ecom es u n d u ly  p r o lo n g e d .

A ir  v e l o c i t i e s  u s e d  i n  tu n n e l d r y e r s  a r e  o f  th e  o rd er  o f  4 0 0  -  1000  

f t / m i n  to  g i v e  r a p id  h e a t  t r a n s f e r  and e l im in a t e  s t a t i c  a i r  p o c k e t s .  

D u c tin g  m ust b e  d e s ig n e d  a lo n g  w in d -tu n n e l l i n e s  a s  poor a i r  d i s t r i -  

- b u t io n  a c r o s s  th e  t r a y s  r e s u l t s  i n  a  r a p id  f a l l  i n  e v a p o r a t in g
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c a p a c i t y .  T unnel d r y e r s  a re  w id e ly  u s e d  f o r  f r u i t  and v e g e t a b le  

d r y in g ,  and e x t e n s iv e  r e s e a r c h  w ork w as c a r r i e d  o u t i n  t h i s  m ethod  

d u r in g  th e  r e c e n t  war f o r  th e  d e h y d r a ted  v e g e t a b le  program m e. The 

e x p e r ie n c e  th u s  g a in e d  i n  fo o d  d e h y d r a t io n  w as c o l l e c t e d  b y  th e  

D .S . I .R .  and M in is tr y  o f  Food i n  B r i t a i n  (9 7 )  and by th e  U .S .  

D epartm ent o f  A g r ic u l t u r e  in  A m erica  ( 8 1 ) .

T unnel d r y e r s  a r e  s u i t a b l e  f o r  a lm o st any ty p e  o f  m a t e r ia l  and  

h a v e  a  h ig h  d r y in g - c a p a c i t y  f o r  a g iv e n  f l o o r  a r e a .

3 .2 .2 ©  T h r o u g h -C ir c u la t io n  D ry ers

In  t h i s  c l a s s  o f  d ry er  g o o d  g a s / s o l i d  c o n t a c t  i s  a c h ie v e d  b y  

b lo w in g  th e  d r y in g  a i r  th ro u g h  a p erm ea b le  b ed  o f  s o l i d s .  The a i r  

f lo w  may b e  upw ard o r  downward and i n  some d e s ig n s  b o th  a r e  u s e d .

G ra n u la r , f i b r o u s  o r  f l a k y  m a t e r ia l s  may b e  d r ie d  i n  t h i s  manner 

and p a s t e s  o r  p ow d ers can  o f t e n  be p refo rm ed  to  a s u i t a b l e  p a r t i c l e  

sh a p e  f o r  a p o ro u s  b e d . F in e  d u s ty  m a t e r ia l s  a r e  u n s u i t a b le  f o r  

th r o u g h -d r a u g h t  d r y e r s .

M a r sh a ll and Hougen (9 8 )  show ed t h a t  d r y in g  r a t e s  a r e  h ig h  a s  a 

r e s u l t  o f  th e  l a r g e  s u r f a c e  a r e a  e x p o se d  t o  th e  a i r ,  good  c o n ta c t  w ith  

t h e  a i r  and s h o r t  d i f f u s i o n  p a th s  f o r  th e  w a te r  i n  th e  s o l id *

A ir  te m p e r a tu r e s  u se d  i n  t h r o u g h - c i r c u la t io n  d r y e r s  do n o t e x c e e d  

ab ou t 6 00°F  a s  l u b r i c a t i o n  p ro b lem s f o r  th e  m oving c o n v ey o r s  becom e 

s e r io u s  ab ove t h i s  v a lu e .  Normal s i z e  ra n g e  o f  th e  co n v ey o r  b e l t s  

a r e  2 -  9 f t  w id e  and 16 -  160  f t  lo n g .

3 < 2 .3 .  R o ta ry  D ry ers

3©2*3.1©  D ir e c t  S in g le  S h e l l .  The s im p le s t  form  o f  r o t a r y  d r y e r  i s  a  

h o llo w  m e ta l c y l in d e r  su p p o r te d  on r o l l e r s  and i n c l i n e d  a t  a  sm a ll  

a n g le  t o  th e  h o r i z o n t a l .  Wet s to c k  i s  added  a t  th e  u pper end and  

p r o g r e s s e s  t o  th e  d is c h a r g e  en d  by  v i r t u e  o f  th e  r o t a t i o n  and s lo p e  o f  

th e  drum. The h o t  g a s e s  can  be b low n p a r a l l e l  or c o u n te r c u r r e n t  to  

th e  s o l i d s  f l o w .  T h is  w ou ld  be a d ir e c t  s i n g l e - s h e l l  d r y e r .
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O th er d e s ig n s  h a v e  more e la b o r a t e  l i f t i n g  f l i n t s  i n s i d e  th e  

drum, in t e n d e d  to  drop th e  s o l i d s  in  c u r t a in s  th ro u g h  th e  h o t  g a s e s  

to  prom ote more r a p id  e v a p o r a t io n .  The a i r  may b e  h e a te d  by stea m  

p ip e s ;  o r  g a s e s  from  th e  co m b u stio n  o f  o i l ,  g a s ,  or  s o l i d  f u e l s  can  

b e u s e d .

R otary  d r y e r s  a re  d e s ig n e d  p r im a r i ly  f o r  f r e e  f lo w in g  g r a n u la r  

s o l i d s  b u t s t i c k y  m a t e r ia l s  can  so m etim es b e  h a n d led  by  u s in g  s t r a i g h t  

r a d i a l  f l i g h t s  and f i x i n g  l o o s e  c h a in s  i n s i d e  th e  drum. K nockers on  

th e  o u t s id e  o f  th e  drum a r e  a l s o  u s e f u l  f o r  d is lo d g in g  s t i c k y  m a t e r i a l s .

A s p e c i a l  ty p e  o f  r o t a r y  d r y e r  -  th e  r o t a r y  lo u v r e  -  b lo w s  th e  a i r  

th ro u g h  r a d i a l  g a s  c h a n n e ls  i n s i d e  th e  r o t a t i n g  drum. A ir  i s  b low n  

o n ly  th ro u g h  t h o s e  c h a n n e ls  w h ich  a r e  c o v e r e d  b y  t h e  m a t e r ia l ,  so  th a t  

th e  a i r  p a s s e s  th ro u g h  th e  b ed  o f  m a t e r ia l .

3 . 2 . 3 q2 q I n d i r e c t  -  D i r e c t . I n d i r e c t - d i r e c t  r o ta r y  d r y e r s  h ave two 

c o n c e n t r ic  s h e l l s  to  e n a b le  th e  g a s e s  to  h e a t  th e  s o l i d s  b y  c o n d u c t io n  

a s  w e l l  a s  b y  c o n v e c t io n .  The s o l i d s  f lo w  down th e  a n n u lu s  b e tw een  

th e  s h e l l s  and th e  a i r  f lo w s  th rou gh  t h e ' i n n e r  s h e l l  b e f o r e  c o n ta c t in g  

th e  s o l i d  s tr e a m  on th e  o u te r  s u r fa c e  o f  th e  in t e r n a l  s h e l l .  In  t h i s  

way th e  th erm a l e f f i c i e n c y  o f  th e  i n s t a l l a t i o n  i s  g r e a t e r  th a n  th e  

c o r r e s p o n d in g  s i n g l e  s h e l l  u n i t .  T h is  d ry er  i s  u n s u i t a b le  f o r  th erm -  

- a l l y  s e n s i t i v e  m a t e r ia l s  w h ich  t e n d  to  b e  o v e r h e a te d  by th e  m eta l 

s u r f a c e s .

T em p era tu res u s e d  on r o t a r y  d r y e r s  ra n g e  from  200 -  1 400°P  and  

e f f i c i e n c i e s  v a r y  from  a b o u t 55 ~ 7 5 $  f o r  d i r e c t  s i n g l e  s h e l l  d r y e r s  

and 75 -  8 5 $  f o r  i n d i r e c t - d i r e c t  d r y e r s .

3 . 2 . 4 .  P n eu m atic  C o n v ey in g  D ryers
I n  t h i s  sy s te m  th e  s o l i d  i s  e n tr a in e d  by th e  h o t  g a s  strea m  so  

t h a t  maximum c o n t a c t  o f  th e  s o l i d  and a i r  i s  o b ta in e d . T h is  d r y e r  

w orks b e s t  w ith  f r e e —f lo w in g  s o l i d s  w h ich  can  b e e a s i l y  d is p e r s e d .  

S lu d g e s  and f i l t e r  c a k e s  can  a l s o  b e h a n d led  a s  d i s i n t e g r a t o r s  a r e  

f r e q u e n t ly  i n s t a l l e d  i n  th e  c i r c u i t .  P a s t e s  a r e  so m etim es m o d if ie d
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by m ix in g  w ith  a p r o p o r t io n  o f  th e  d r ie d  p r o d u c t . S h red d ed , s t i c k y ,  

or a b r a s iv e  s o l i d s  a r e  g e n e r a l ly  u n s u i t a b le  f o r  p n eu m atic  d r y e r s  ( 9 9 ) .

T h ese d r y e r s  f i n d  t h e i r  g r e a t e s t  a p p l i c a t io n  f o r  h ig h  e v a p o r a t iv e  

r a t e s  (2 0 0 0  l b / h r  o r  m ore) and e f f i c i e n c i e s  ra n g e  from  25 -  70$  f o r  

lo w  te m p e r a tu r e s  and 65 -  75^  f o r  h ig h  te m p e r a tu r e s . A ir  te m p e r a tu r e s  

a r e  u s u a l l y  i n  th e  r e g io n  o f  300 -  1500°F  and an a v era g e  f i g u r e  f o r  th e  

a i r  v e l o c i t y  i s  75 f t / s e c .

F riedm an (9 4 )  s t a t e s  th a t  p n eu m a tic  d r y e r s  g e n e r a l ly  c o s t  l e s s  

th a n  r o t a r y  d r y e r s  f o r  th e  same e v a p o r a t io n  r a t e .

3 . 2 . 5 .  Spray D ry ers

Spray d r y in g  i n s t a l l a t i o n s  a r e  d e s ig n e d  p r im a r i ly  f o r  l i q u i d  f e e d s .  

A n o z z le  o r  a to m iz in g  d i s c  i s  u s e d  t o  sp ra y  a m is t  o f  l i q u i d  d r o p le t s  

i n t o  a  s tr ea m  o f  h o t  a i r .  D ry in g  t im e s  a re  v e r y  s h o r t  and th e r r a a l ly -  

s e n s i t i v e  p r o d u c ts  can  b e  t r e a t e d  w ith  th e minimum o f  d e t e r i o r a t i o n .

S pray d r y e r s  a r e  e x t e n s iv e ly  u s e d  f o r  d e h y d r a tin g  m ilk ,  e g g s ,  

p u r e e s ,  d e t e r g e n t  s o l u t i o n s ,  e t c . ,  and g e n e r a l ly  i f  a m a te r ia l  can  b e  

pumped i t  can  b e sp r a y  d r i e d .

3 .3 o  INDIRECT DRYERS

3 . 3 . 1 .  Vacuum S h e l f  D ry ers

M a t e r ia ls  to  b e  p r o c e s s e d  i n  t h i s  c l a s s  o f  d ry er  a re  p la c e d  on  

t r a y s  w hich  r e s t  on h e a te d  s h e l v e s .  T hese s h e lv e s  a re  c o n ta in e d  i n  a  

r i g i d l y - c o n s t r u c t e d  chamber w h ich  can b e  s u b j e c t e d  to  a vacuum . T h ese  

u n i t s  a r e  u s u a l l y  b a tc h ,  a lth o u g h  a c o n tin u o u s  ty p e  i s  a l s o  a v a i l a b l e .

Vacuum d r y e r s  o f  t h i s  ty p e  a r e  e m in e n t ly  s u i t a b l e  f o r  h e a t  

s e n s i t i v e  o r  e a s i l y  o x id i s e d  s o l i d s  and h ave good  f a c i l i t i e s  f o r  s o lv e n t  

r e c o v e r y .  Therm al e f f i c i e n c i e s  o f  60 -  8 0 $  can be o b ta in e d .

3 . 3 . 2 .  A g i t a t e d  Pan and Vacuum R otary  D ry ers

A g i t a t e d  pan d r y e r s  c o n s i s t  o f  s h a llo w , c i r c u l a r  p a n s , steam  

j a c k e t e d  on th e  b o tto m  and s i d e s ,  w h ich  can  b e a rra n g ed  t o  o p e r a te  

u n d er  a tm o sp h e r ic  c o n d i t io n s  o r  u nd er vacuum . A g i t a t io n  i s  p r o v id e d
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by s t i r r e r s  m ounted  on a v e r t i c a l  a x is *

Vacuum r o t a r y  d r y e r s  u s u a l l y  co m p r ise  a h o r iz o n t a l  c y l in d e r  w ith  

an a x i a l  s t i r r i n g  s h a f t  f i t t e d  w ith  a g i t a t o r  b la d e s .  In  b o th  ty p e s  

o f  d r y e r  a b a tc h  o f  m a te r ia l  i s  added th ro u g h  a m anhole, d r ie d ,  and 

th e n  d is c h a r g e d  th ro u g h  a lo w e r  o p e n in g . T h ese d r y e r s  a re  s u i t a b l e  

f o r  th e  ty p e s  o f  m a t e r ia l s  d e s c r ib e d  und er vacuum s h e l f  d r y e r s  w h ich  

r e q u ir e  m ix in g  d u r in g  d r y in g .

3 .3 * 3 .  Steam  Tube R otary  D r y e r s .

The g e n e r a l  arran gem en t o f  a steam  tu b e d ry er  i s  s im i la r  to  th a t  

o f  a d i r e c t  r o t a r y  d r y e r  e x c e p t  t h a t  th e  h e a t  i s  t r a n s f e r r e d  by  

c o n d u c t io n  and  r a d i a t i o n  from  lo n g i t u d in a l  steam  t u b e s .  V apors a r e  

rem oved  from  th e  drum by a n a tu r a l-d r a u g h t  chim ney so  th a t  c a r r y  o v e r  

o f  d u s t  i s  m in im is e d .

S tea ra -tu b e  d r y e r s  a r e  s u i t a b l e  f o r  d r y in g  g r a n u la r  m a t e r ia ls  th a t  

can  w ith s ta n d  h ig h  te m p e r a tu r e s  b u t must n o t b e  co n ta m in a ted  by p r o d u c ts  

o f  c o m b u st io n . E f f i c i e n c i e s  up to  9 0 $  a r e  o b ta in a b le  w ith  t h i s  ty p e  

o f  d r y e r  l a r g e l y  b e c a u s e  th e  steam  i s  co n d en sed  o n ly  a s  r e q u ir e d ,  th u s  

g i v i n g  a * s e l f - c h e c k in g *  e f f e c t .

3 . 3 . 4 .  Vacuum F re e z e  D ryers

T h is  ty p e  o f  d r y e r  o p e r a t e s  a t  low  te m p e r a tu r e s  and h ig h  v a c u a .

The w a te r  i s  f r o z e n ,  and u n d er th e  h ig h  vacuum th e  d r y in g  o c c u r s  by  

s u b l im a t io n .  W ater i s  rem oved from  th e  sy stem  a s  i c e ,  u s in g  s u r f a c e s  

c o o le d  b y  s o l i d  ca rb o n  d io x id e .

B e c a u se  o f  th e  lo w  te m p e r a tu r e s  u s e d , l o s s e s  o f  v o l a t i l e  c o n s t i t u 

e n t s  and d e n a tu r in g  o f  p r o t e in s  a r e  m in im ise d .
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4 .  PRELIMINARY SELECTION OF DRYER

4 . 1 .  DIRECT MYERS

4 . 1 . 1 .  T ray & T unnel D ry ers

T h is  c l a s s  o f  d ry er  i s  c l e a r l y  c a p a b le  o f  p r o d u c in g  a h ig h -  

- q u a l i t y  p r o d u c t ,  a s  th e y  h a v e  b een  e x t e n s i v e l y  u se d  f o r  fo o d  

d e h y d r a t io n .

They h a v e  th e  a d v a n ta g e s  o f  s im p le  c o n s t r u c t io n ,  h ig h  e f f i c i e n c y  

and h ig h  d r y in g  c a p a c i t y  f o r  a g iv e n  f l o o r  a r e a .  They a r e ,  h o w ev er , 

e s s e n t i a l l y  f a c t o r y  i n s t a l l a t i o n s  and r e q u ir e  more la b o u r  th an  m ost 

o th e r  d r y e r s ,  b e c a u s e  o f  th e  manual lo a d in g  o f  th e  t r a y s .  T h e ir  

u n s u i t a b i l i t y  f o r  h ig h  p r o d u c t io n  r a t e s  ( 9 4 )  i s  a fu r t h e r  d is a d v a n ta g e .  

H igh d r y i n g - c o s t s  can  b e  j u s t i f i e d  f o r  d eh y d ra ted  f o o d s t u f f s  w here c o s t  

i s  o f  s e c o n d a r y  im p o rta n ce  to  q u a l i t y ,  b u t i t  i s  s i g n i f i c a n t  th a t  g r a s s  

d r y e r s  (w h ich  a r e  d e s ig n e d  f o r  l a r g e  th ro u g h p u ts  and lo w - c o s t  o p e r a t io n )  

do n o t u s e  tu n n e l  d r y e r s  e x t e n s i v e l y .  D r ie d  g r a s s  i s  a com m odity o f  

r o u g h ly  th e  same v a lu e  a s  d r ie d  sea w eed  m eal (lO O ).

T unnel and tr a y  d r y e r s  w e r e , t h e r e f o r e ,  e x c lu d e d  from  fu r th e r  

c o n s id e r a t io n .

4 . 1 . 2 .  T h r o u g h -G ir c u la t io n  C onveyor D ry ers

I f  th e  sea w eed  i s  s u b d iv id e d  p r io r  t o  d r y in g , t h i s  ty p e  o f  d ry er  

w o u ld  b e  a p p l i c a b l e .

A d v a n ta g es  o f  t h i s  d r y e r  a re  th a t  h ea v y  b ed  lo a d in g s  may be u s e d ,  

e f f i c i e n c i e s  a r e  good  a s  th e  a i r  i s  b ro u g h t i n t o  in t im a te  c o n ta c t  w ith  

th e  s o l i d ,  and d r y in g  t im e s  a r e  s h o r t  a s  a r e s u l t  o f  th e  s m a lle r  

p a r t i c l e  s i z e s  w h ich  can  be u s e d .  S t ic k y  m a t e r ia l s  h ave b een  h a n d le d  

on t h i s  c l a s s  o f  d r y e r , som etim es w ith  th e  a id  o f  a p refo rm in g  d e v i c e .  

D ry in g  t im e s  and a i r  tem p era tu re  can b e c o n t r o l l e d  a c c u r a te ly  t o  s u i t  

v a r i a t i o n s  i n  th e  w et f e e d .

D e s ig n s ,  r a n g in g  from  s im p le  mat d r y e r s  t o  more com plex  m u l t i - s t a g e  

r e c i r c u l a t i o n  d r y e r s ,  a r e  u s e d  e x t e n s iv e ly  f o r  g r a s s  d r y in g .

I t  a p p e a red  t h a t  t h i s  sy stem  m e r ite d  fu r t h e r  i n v e s t i g a t i o n .
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4*1 <>3. R o ta ry  D ryers

T h is  c l a s s  o f  d r y e r  h a s  b e e n  u s e d  f o r  v e g e t a b le  m a t e r ia l ,  e . g .  

s u g a r - b e e t  p u lp  ( l 0 l ) o

H igh  te m p e r a tu r e s  and e f f i c i e n c i e s  h ave b een  o b ta in e d  w ith  h e a t -  

s e n s i t i v e  p r o d u c ts  b u t th e  i n d i r e c t - d i r e c t  r o t a r y  d ry er  i s  n o t  

s u i t a b l e  f o r  v e g e t a b le  m a t e r i a l s .

S t ip e  s h o u ld  b eh a v e  w e l l  i n  a r o t a r y  d ry er  b u t th e  fr o n d  w i l l  

p r o b a b ly  g iv e  t r o u b le  ow ing t o  i t s  s t i c k i n e s s .  I t  rem a in s t o  b e s e e n  

how s e v e r e  t h i s  s t i c k i n e s s  w i l l  b e ,  and w h eth er  i t  can  b e  c o n t r o l l e d  

by d e v ic e s  n o r m a lly  u se d  t o  rem edy t h i s  t r o u b le .

The r o t a r y - lo u v r e  d ry er  h a s  th e  com bined a d v a n ta g e s  o f  in t im a t e  

a i r / s o l i d  c o n t a c t  a s  i n  t h r o u g h - c i r c u la t io n  d r y e r s ,  and th e  m ix in g  

a c t i o n  o f  r o t a r y  d r y e r s ,  s o  th a t  i t  a p p ea red  to  b e a p r o m is in g  ty p e  

f o r  t e s t i n g .  B ark er & Thomas (9 1 )  c o n s id e r e d  th e  r o t a r y  lo u v r e  t o  be  

th e  b e s t  t y p e  o f  r o t a r y  d ry er  f o r  v e g e t a b le s .

The r o t a r y - lo u v r e  d ry er  was t h e r e f o r e  r e t a in e d  fo r  fu r t h e r  

i n v e s t i g a t i o n .

4 . 1 >4o P n eu m a tic  D ry ers

G rass d r y e r s  u s in g  th e  p n eu m a tic  c o n v e y in g  p r i n c i p l e  a re  i n  common 

u s e ,  and can  g iv e  h ig h  e v a p o r a t iv e  e f f i c i e n c i e s .

One a d v a n ta g e  o f  p n eu m atic  d r y in g  i s  th a t  a  la r g e  amount o f  f i n e s  

i n  th e  f e e d  p r e s e n t s  no prob lem  a s  th e s e  f l a s h  d r y in g  sy s te m s  f r e q u e n t ly  

h a v e i n t e g r a l  g r in d e r s  and d u s t  c o l l e c t o r s .  I t  sh o u ld  t h e r e f o r e  b e  

p o s s i b l e  t o  a c h ie v e  r a p id  d r y in g  t im e s  by c u t t i n g  th e  m a te r ia l  f i n e l y .  

S t ip e  s h o u ld  be am enab le to  t h i s  tr e a tm e n t b u t fr o n d  may b e  d i f f i c u l t  

t o  d i s p e r s e  i n  th e  a i r  s tr ea m  and may a l s o  ad h ere to  t h e  i n t e r i o r  o f  

th e  d u c t in g .

As t h e s e  d r y e r s  a r e  c la im e d  to  b e l e s s  e x p e n s iv e  th a n  o th e r  

d e s ig n s  a t  h ig h  p r o d u c t io n  r a t e s ,  i t  was d e c id e d  to  g iv e  t h i s  m ethod  

o f  d r y in g  f u r t h e r  c o n s id e r a t io n .
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4 . 1 . 5 .  S pray D ry ers

Spray d r y e r s  w ere  n o t  a p p l ic a b le  t o  t h i s  p ro b lem , a s  th e  f e e d  

m a t e r ia l  i s  in  th e  s o l i d  s t a t e .

4 * 2 . INDIRECT DRYERS

4 . 2 . 1 .  Vacuum S h e l f  D ry ers

Vacuum s h e l f  d r y e r s  w ould  u n d o u b ted ly  g iv e  a h ig h - q u a l i t y  

p r o d u c t , b u t  th e  lo w  o u tp u t and h ig h  o p e r a t in g  and h a n d lin g  c o s t s  

w ou ld  p r e v e n t  t h i s  p r o c e s s  from  b e in g  c o m p e t i t iv e .

4.2.2<> Vacuum F r e e z e  D ry ers

T h is  i s  p ro b a b ly  th e  d r y in g  p r o c e s s  par e x c e l l e n c e  f o r  b i o l o g i c a l  

m a t e r ia l ,  b u t  i n d u s t r i a l  u se  i s  a t  p r e s e n t  l i m i t e d  to  v a lu a b le  p r o -  

- d u c t s  su ch  a s  o ran ge j u i c e  c o n c e n t r a te s  ( 1 0 2 ) ,  b lo o d  p lasm a and  

p e n i c i l l i n .

4 .2 .3 o  A g i t a t e d  Pan D ry ers and Vacuum R otary  D ryers

Pan d r y e r s  w ere r e j e c t e d  a s  u n s u i t a b le  b e c a u se  o f  t h e i r  com para- 

- t i v e l y  lo w  o u t p u t s .

B a te -S r a ith  (1 0 3 )  e x p e r im e n te d  w ith  a  f u l l - s i z e  vacuum r o ta r y  

d r y e r  f o r  m eat d e h y d r a t io n  and fo u n d  d i f f i c u l t y  i n  p r e v e n t in g  th e  

n e a r ly - d r y  m eat from  b e in g  s c o r c h e d  by th e  h o t s u r f a c e s .  T h is  was 

l a r g e l y  a  r e s u l t  o f  th e  h ig h  th er m a l c a p a c i t y  o f  th e  d ry er  w a l l s .

F ron d  w o u ld  a lm o st  c e r t a i n l y  a d h ere  t o  th e  c o n d u c t in g  w a l l s  and  

re d u ce  th e  h e a t  t r a n s f e r  r a t e .

4 . 2 . 4 .  S tea m -tu b e  D ry ers

D r y ers  i n  t h i s  c a t e g o r y  a re  a t t r a c t i v e  b e c a u se  o f  th e  v e r y  h ig h  

e f f i c i e n c i e s  w h ich  may be o b ta in e d  w ith  s te a m -h e a te d  p la n t  u nder  

s u i t a b l e  c o n d i t i o n s ,  b u t t h i s  d is a d v a n ta g e  w ou ld  l a r g e l y  d is a p p e a r  i f  

t h e r e  w as n o t  an e x i s t i n g  b o i l e r  p la n t .  Frond w ould  v e r y  p ro b a b ly  

a g a in  c a u se  u n s a t i s f a c t o r y  o p e r a t io n  i f  t h e  p a r t i c l e s  a d h ered  t o  th e  

steam  t u b e s .  R e s u lta n t  s c o r c h in g  and c h a r r in g  w ould  c o n ta m in a te  th e  

rem a in d er  o f  th e  b a tch *
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4 » 2 .5 >  I n f r a - r e d  D ry ers

I n f r a - r e d  d r y e r s  a r e  a t  p r e s e n t  m a in ly  l i m i t e d  to  s u r fa c e  d r y in g ,  

and a r e  u n s u i t a b le  f o r  d r y in g  s o l i d s  i n  w h ich  in t e r n a l  movement 

c o n t r o l s .  J a p a n e se  w o rk ers (1 0 4 )  d r ie d  v a r io u s  t h ic k n e s s e s  o f  f i s h  

by t h i s  m ethod  and c o n c lu d e d  t h a t  in f r a - r e d  d r y in g  was u necon om ic f o r  

th e  d e h y d r a t io n  o f  lo w  p r ic e d  p r o d u c ts .

4 . 2 . 6 .  D i e l e c t r i c  D ry in g

D i e l e c t r i c  d r y in g  i s  a h ig h - c o s t  m ethod w h ich  can  b e  j u s t i f i e d  

o n ly  f o r  d r y in g  la r g e  i r r e g u l a r  sh a p e s  t h a t  w ou ld  o th e r w is e  r e q u ir e  

d a y s t o  d r y .  The p r i n c i p l e  o f  th e  o p e r a t io n  r e q u ir e s  th e  s o l i d  t o  be  

an i n s u l a t o r  so  th a t  i t  form s a c a p a c i t o r  when p la c e d  b etw een  th e  

e l e c t r o d e s .  As sea w eed  c o n ta in s  a s o l u t io n  o f  an  e l e c t r o l y t e  th e  

sy s te m  c o u ld  n o t f u n c t io n  e f f e c t i v e l y .

4o3 . MISCELLANEOUS METHODS

The f o l lo w in g  a l t e r n a t i v e  m eth ods h ave b een  p ro p o sed  f o r  d r y in g  

se a w e e d .

4 . 3 . 1 .  Drying by D i s t i l l a t i o n  i n  a  S o lv en t

A s i m i l a r  p r o c e s s  w as a tte m p te d  d u r in g  th e  War f o r  th e  d e h y d r a t io n  

o f  p o t a t o e s  by b o i l i n g  i n  an im m is c ib le  l i q u i d  ( 1 0 5 ) .  W ater w as 

rem oved from  th e  v e g e t a b le  s a t i s f a c t o r i l y  b ut t r a c e s  o f  th e  s o lv e n t  

c o u ld  n o t b e  rem oved from  th e  p o t a t o e s  w h ich  w ere r e n d er ed  u n p a la t a b le .  

S im i la r  d i f f i c u l t y  w ou ld  p ro b a b ly  b e  e n c o u n te r e d  i f  th e  seaw eed  was 

in t e n d e d  f o r  c a t t l e  f e e d in g .

4 0 3 .2 .  D r y in g  by  P la s m o ly s is

W alker ( 3 2 )  d e m o n stra ted  t h a t  seaw eed  fr o n d  c o u ld  be p a r t ly  

d ew a te red  b y  im m ersio n  i n  a c o n c e n tr a te d  b r in e  s o l u t io n  so th a t  th e  

c e l l  l i q u i d s  d i f f u s e d  ou tw ard s by  o s m o t ic  f lo w .  F u rth er  t e s t s  w ould  

b e r e q u ir e d  t o  a s c e r t a i n  i f  l o s s e s  o f  v a lu a b le  c o n s t i t u e n t s  o c c u r r e d .  

A p art from  t h i s ,  th e  p r o c e s s  w ou ld  be im p r a c t ic a b le  on  th e  i n d u s t r i a l  

s c a l e  a s  th e  m a in ten a n ce  o f  t h e  c o n c e n tr a te d  b r in e  w ou ld  r e q u ir e  e i t h e r  

a d d i t io n  o f  s a l t  c r y s t a l s  o r  e v a p o r a t io n  o f  t h e  d i l u t e d  s o l u t i o n .
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F in a l  s t a g e s  o f  d r y in g  w ou ld  p r o b a b ly  h a v e  to  b e  a c c o m p lish e d  i n  

c o n v e n t io n a l  a p p a r a tu s  w here th e  e x c e s s  s a l t  m ig h t c o n s t i t u t e  an  

a d d i t io n a l  c o r r o s io n  h a z a r d .

4 . 3 . 3 .  M ech a n ica l D ew a ter in g  M ethods

When f r e s h l y  h a r v e s t e d  L . c l o u s t o n i  s t i p e  i s  m inced  i n  a meat 

m in cer  and th e  d i s i n t e g r a t e d  m a t e r ia l  i s  a llo w e d  t o  d r a in  i n  a 

r e c e i v e r ,  a  c o n s id e r a b le  amount o f  l i q u i d  s e p a r a t e s  ou t from  th e  

p a r t i c l e s  on s t a n d in g .  T h is  f r e e  l i q u i d  was s e p a r a te d  r a p id ly  by  

c e n t r i f u g in g  g iv in g  a w e ig h t  l o s s  o f  2 5 -3 0 $ , d ep en d in g  on th e  i n i t i a l  

w a te r  c o n te n t  o f  th e  s t i p e .  A n a ly s is  o f  t h i s  f i l t r a t e  from  one su ch  

t e s t  i n d i c a t e d  t h a t  i t  c o n ta in e d  7 $  s o l i d s ,  2 0 $  o f  w hich  was m annitol©

Some o f  t h e  a d v a n ta g e s  o f  m in c in g  com bined w ith  c e n t r i f u g in g  

b e f o r e  d r y in g  a r e  t h a t  th e  seaw eed  h a s  a more u n ifo rm  w a te r  c o n t e n t ,  

th e  s m a l le r  p i e c e s  d ry  more r a p id ly  and th e  e v a p o r a t io n  lo a d  o f  th e  

d r y e r  i s  r e d u c e d . T h ese  a d v a n ta g e s  w ou ld  p r o b a b ly  b e  o f f s e t  by th e  

l o s s  o f  c h e m ic a ls  i n  th e  e x p r e s s e d  l i q u i d  a s  th e y  w ou ld  s t i l l  h ave to  

b e r e c o v e r e d  b y  e v a p o r a t io n .

I t  w as fo u n d  t h a t  no l i q u i d  c o u ld  b e  rem oved from  L. c lo u s t o n i  

fr o n d  by m in c in g  and c e n t r i f u g in g .

A t e s t  on a sm a ll h y d r a u l ic  p r e s s  i n  t h e  R oyal T e c h n ic a l C o l le g e  

show ed t h a t  l i q u i d  c o u ld  a l s o  b e p r e s s e d  from  m inced  L . c lo u s t o n i  s t i p e  

b y p r e s s u r e .

At 700 l b / s q . i n .  p r e s s u r e ,  a  2 7 $  r e d u c t io n  i n  w e ig h t was o b ta in e d  

u s in g  m in ced  s t i p e  ( p a s s in g  -g- m esh) b u t o n ly  ab out 3 $  c o u ld  b e  rem oved  

from  -g- i n  t h i c k  s t i p e  s l i c e s .  I t  w ou ld  a p p ea r  from  t h i s  t e s t  th a t  

th e  c r u s h in g  h ad  o c c u r r e d  i n  th e  m in cer  and th e  h y d r a u l ic  p r e s s  m e re ly  

s e r v e d  to  s e p a r a t e  o f f  th e  liq u id ®
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5 .  LARGE SCALE DRYING TESTS

From th e  p r e c e d in g  r e v ie w  o f  d r y e r s ,  i t  w as co n c lu d e d  t h a t  th r e e  

t y p e s  w h ich  m e r ite d  fu r t h e r  s tu d y  w ere : —

( a )  t h r o u g h - c i r c u la t io n ,

(b )  r o t a r y - lo u v r e ,

( c )  p n e u m a tic -c o n v e y in g  d r y e r s .

Seaw eed  d r y in g  t e s t s  on r e p r e s e n t a t iv e  d r y e r s  o f  th e s e  t h r e e  

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

f o r  th e  r o t a r y - lo u v r e  d ry er  t e s t s  and com m ercia l g r a s s  d r y e r s  w ere  

u s e d  f o r  th e  tw o r e m a in in g  t r i a l s .  'These l a t t e r  t e s t s  a l s o  g a v e  

p a r a l l e l  in f o r m a t io n  on th e  s u i t a b i l i t y  o f  e x i s t i n g  g r a s s  d r y e r s  f o r  

sea w eed  d e h y d r a t io n  and p r o v id e d  r e a s o n a b le  q u a n t i t i e s  o f  d r ie d  seaw eed  

f o r  t h e  e x t r a c t i o n  o f  c h e m ic a ls .  P n eu m atic  d r y in g  was r e p r e s e n te d  by  

th e  i n i t i a l  s t a g e  o f  a  P eh rso n  d u a l -p r o c e s s  cro p  d ry er  w h ile  th r o u g h -  

c i r c u l a t i o n  d r y in g  w as r e p r e s e n te d  b y  a  Templewood d o u b le -p a s s  co n v ey o r  

g r a s s  d r y e r .

The f i n a l  s e l e c t i o n  o f  a  d r y e r  f o r  sea w eed  w as made from  th e  

r e s u l t s  o f  t h e s e  t e s t s .
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5 . 1 .  ROTARY-LOUVRE DRYER TESTS

5 . 1 . 1 .  I n t r o d u c t io n

T h is  s e r i e s  o f  d r y in g  t e s t s  w as c a r r ie d  o u t on a p i l o t - p l a n t  

r o t a r y - lo u v r e  d ry er  a t  th e  I n s t i t u t e  o f  Seaw eed R e se a rch , Inveresk®

The r o t a r y - lo u v r e  d ry er  was f i r s t  d e s c r ib e d  by E rism an (1 0 6 )  

who c la im e d  th a t  th e  e f f i c i e n c i e s  o b ta in e d  w ith  t h i s  d ry er  w ere  

g r e a t e r  th a n  t h o s e  o f  c o n v e n t io n a l  r o ta r y  d r y e r s ,  due to  lo w er  e x h a u st  

te m p e r a tu r e . T h is  d ry er  d i f f e r s  from  th e  m a jo r ity  o f  o th e r  r o t a r y  

d r y e r s  i n  t h a t  th e  a i r  i s  b low n  r a d i a l l y  th ro u g h  th e  m oving b ed  o f  

m a t e r ia l  i n s t e a d  o f  a x i a l l y  b e tw e en  c a s c a d e s  o f  f a l l i n g  p a r t i c l e s .

I t  ca n  t h e r e f o r e  b e c la s s e d  a s  a  t h r o u g h - c ir c u la t io n  d ry er  ( 1 0 7 ) .

G o ld s t e in  ( l 0 8 )  d e s c r ib e d  th e  u s e  o f  t h i s  d ry er  f o r  g r a n u la te d  

s u g a r .  One a d v a n ta g e  o f  th e  p a r t i c l e s  r o l l i n g  in s t e a d  o f  c a s c a d in g  

w as t h a t  t h e  su g a r  c r y s t a l s  w ere n o t s c r a tc h e d  or pow dered to  any  

s e r io u s  ex ten t®

Sew age s lu d g e  h a s  a l s o  b een  d r ie d  i n  a r o t a r y - lo u v r e  d ry er  ( 1 0 9 ) .

E a r l i e r  sea w eed  d r y in g  t e s t s  on  a r o t a r y - lo u v r e  d ry er  h ave b een  

r e p o r te d  b y  J a c k so n  ( 1 1 0 ) ,  who u s e d  A scop h y llu m  nodosum and L® s a c c h a r in a  

( s t i p e ,  fr o n d  and p la n t  m ix ed ) w h ich  had  b e e n  so a k ed  i n  f r e s h  w a te r  u n t i l  

th e  m o is tu r e  c o n te n t  was a p p r o x im a te ly  50 $  ( 70$  f o r  L . s a c c h a r in a  s t i p e ) .  

T h is  w a te r  c o n te n t  a p p ro x im a ted  to  th a t  o f  a i r —d r ie d  sea w eed . W ith an  

i n l e t  a i r  te m p e r a tu r e  o f  5 7 0 °F , e f f i c i e n c i e s  o f  5 3 -6 2 $  w ere o b ta in e d  

when d r y in g  t o  a  f i n a l  w a te r  c o n te n t  o f  2 -3 $  (1 0 $  fo r  L® s a c c h a r in a  

s t i p e ) .  The d r y in g  o f  s t i p e  and fr o n d  s p e a r a t e ly  ga v e  h ig h e r  d r y in g  

e f f i c i e n c y  th a n  u s in g  th e  m ixed  p la n t .  The t e s t s  showed t h a t  th e  

l a t e r  s t a g e s  o f  d r y in g  seaw eed  can  b e a c c o m p lish e d  r e a s o n a b ly  e f f i c i e n t l y  

on  a r o t a r y - lo u v r e  d r y e r .

5 . 1 o2o O ther T e s t s  on R otary  D ry ers

D ry in g  t e s t s  on a  HB u e l l H r o t a r y  d ry er  w ith  Ao nodosum and  

L . d i g i t a t a  ( s t i p e )  h a v e  b een  c a r r ie d  o u t ( i l l )  i n  w hich  d r ie d  seaw eed
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was so a k ed  to  an i n i t i a l  w a te r  c o n te n t  o f  4 7 $ . T h is  ty p e  o f  d ry er  

h a s  a r o t a t i n g  drum eq u ip p ed  w ith  ‘'B u ttn e r ’* ty p e  c r u c ifo r m  s h e lv in g  

w h ich  i s  c la im e d  to  g iv e  even  d i s t r i b u t i o n  o f  m a te r ia l  and  ev en  g a s  

v e l o c i t y  th r o u g h o u t th e  drum c r o s s  s e c t i o n .

A ’’W illiam s'*  c u t t in g  m achine ( 1 1 2 ) ,  d e s ig n e d  to  s u b d iv id e  w h o le  

sea w eed  p la n t s ,  was t e s t e d  in  c o n ju n c t io n  w ith  th e  d r y e r .

The a v e r a g e  i n l e t  a i r  te m p e r a tu r e s  w ere 418 and 479°C f o r  th e  

A. nodosum and L. d i g i t a t a  r e s p e c t i v e l y  w ith  a th erm al e f f i c i e n c y  o f  

2 8 $  i n  ea ch  c a s e .  T h is  lo w  f i g u r e  was p a r t l y  ca u sed  b y  th e  t e s t s  

b e in g  c o n d u c te d  p r im a r i ly  to  a s s e s s  th e  s u i t a b i l i t y  o f  th e  W illia m s*  

c u t t e r  a s  a m ethod o f  s i z e  r e d u c t io n  f o r  a d r y e r , and n ot t o  d e te rm in e  

optimum d r y in g  c o n d i t i o n s .

K r a y b i l l  (1X 3) d e s c r ib e d  a m ethod  o f  d r y in g  cook ed  m in ced  m eat i n  

a r o t a r y  d r y e r .  The d ry er  drum was eq u ip p ed  w ith  l o u v r e - l i k e  v e n t s  

t o  a l lo w  th e  a i r  t o  p a s s  th ro u g h  th e  tu m b lin g  m ass o f  m ea t. The drum 

w as 7 f t  11 i n  d ia m e te r  x  24 f t  lo n g  and u s in g  a i r  a t  30Q°F th e  meat 

w as d r ie d  from  50$  t o  1 0 $  w a te r  i n  tw o h o u rs w ith  a p ro d u c t r a t e  o f  

1 0 0 0  l b / h r .  I t  w as n o t s t a t e d  s p e c i f i c a l l y  i n  th e  p ap er i f  t h e  d ry er  

w as a  r o t a r y  lo u v r e  o r  a  c o n v e n t io n a l  ty p e  r o t a r y  d r y e r , b u t t h e  h ig h  

v e l o c i t y  (8 0 0  f t / m i n )  s u g g e s t s  t h a t  th e  d ry er  w as o f  th e  c a s c a d in g  ty p e  

w ith  a x i a l  a i r  f l o w .

C la r k , P r a t t ,  Coleman & G reen (1 1 4 )  d e s c r ib e d  a m ethod o f  d ry in g  

M a cro cy st i s  p y r i f e r a , a seaw eed  fo u n d  o f f  th e  C a l i fo r n ia n  c o a s t .  The 

ch op ped  M. p y r i f e r a  (8 7 $  w a te r )  was f e d  i n t o  a  r o ta r y  d ry er  w ith  an  

i n l e t  a i r  te m p e r a tu r e  o f  1 2 0 0 - l8 0 0 ° F  and was d is c h a r g e d  a f t e r  20 m in u te s  

w ith  a w a te r  c o n te n t  o f  4 0 -6 5 $ . The seaw eed  was fu r t h e r  d r ie d  t o  5—1 5 $  

m o is tu r e  c o n te n t  on a c o n v e y o r -d r y e r  by means o f  a i r  a t  2 0 0 -2 6 0 °F  and a  

r e t e n t i o n  tim e  o f  30 m in u te s . The d ep th  o f  th e  seaw eed  b ed  w as 2—3 i n .

5 * 1 o 3 . D e s c r ip t io n  o f  R o ta ry -L o u v re  D ryer

T h is  d r y e r  c o n s i s t s  o f  a h o r iz o n t a l  drum w ith  a  s e r i e s  o f  r a d ia l  

p l a t e s  f i t t e d  t o  t h e  in t e r n a l  c ir c u m fe r e n c e  o f  th e  s h e l l ,  fo r m in g  g a s
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c h a n n e ls  i n t o  w h ich  h o t  a i r  i s  b low n by a f a n .  T h ese  c h a n n e ls  

ta p e r  i n  d ep th  from  i n l e t  t o  d is c h a r g e  so  th a t  th e  q u a n t i ty  o f  h e a t  

a v a i l a b l e  i s  i n  p r o p o r t io n  t o  th e  e v a p o r a t io n  lo a d .  T a n g e n t ia l  

lo u v r e s  a r e  a t t a c h e d  t o  th e  r a d ia l  p l a t e s  i n  su ch  a way th a t  th e  a i r  

ca n  p a s s  th ro u g h  th e  m a t e r ia l ,  w ith o u t  a l lo w in g  th e  s o l i d s  t o  f a l l  

i n t o  t h e  g a s  c h a n n e ls  ( s e e  F ig o  5 )*  The drum i s  su p p o r te d  by  r o l l e r s  

and i s  r o t a t e d  by an e l e c t r i c  m otor w ith  sp r o c k e t  c h a in  d r iv e .  Wet 

m a t e r ia l  i s  f e d  i n t o  th e  c o n ic a l  i n l e t  end th ro u g h  a sm a ll f e e d  

h op p er an d , m a in ta in in g  a c o n s ta n t  a n g le  o f  r e p o s e ,  t r a v e l s  t o  th e  

d is c h a r g e  en d  a s  a r e s u l t  o f  t h e  r o t a t i o n  o f  th e  drum and th e  in c r e a s in g  

in t e r n a l  d ia m e te r .  The p a r t i c l e s  r o l l  g e n t ly  o v er  each  o th e r  when th e  

a n g le  o f  r e p o s e  i s  e x c e e d e d  and s h o u ld  a lw a y s  form  a b ed  o v er  th e  i n l e t  

g a s  c h a n n e ls .  A m a n ifo ld  on th e  s t a t io n a r y  h ead  a t  th e  f e e d  end  

a d m its  h o t  g a s e s  o n ly  to  th o s e  c h a n n e ls  u n d ern ea th  th e  ch a rg e  o f  

m a t e r ia l  w h i le  th e  o th e r  c h a n n e ls  a re  i s o l a t e d  from  th e  i n l e t .  The 

d ep th  o f  th e  b ed  o f  m a t e r ia l  and i t s  t im e  o f  r e t e n t i o n  i n  th e  drum f o r  

a g iv e n  r a t e  o f  f e e d  can  b e  v a r ie d  b y  a l t e r i n g  th e  d ia m ete r  o f  th e  

d is c h a r g e  o p e n in g . E xhau st g a s e s  a re  c a r r i e d  away from  th e  drum 

th ro u g h  t h e  v a n ed  d is c h a r g e  end and c o l l e c t i n g  h o o d . The d is c h a r g e  

s e c t i o n  c o n s i s t s  o f  op en  v a n es  w h ich  a l lo w  th e  ex h a u st t o  p a s s  from  th e  

drum to  t h e  hood  a t  a r e l a t i v e l y  lo w  v e l o c i t y ,  th u s  p r e v e n t in g  m a te r ia l  

from  b e in g  c a r r ie d  o v e r .  A s m a ll  P er sp e x  o b s e r v a t io n  window on th e  end  

door o f  th e  d is c h a r g e  hood  and an in t e r n a l  e l e c t r i c  lamp e n a b le d  th e  

sea w e ed  b ed  t o  b e o b se r v e d  d u r in g  d r y in g  w ith o u t  d is t u r b in g  th e  a i r  

c o n d i t i o n s .  The l e n g t h  o f  t h e  drum i s  7 f t  6 i n  w hich  in c lu d e s  th e  

1 f t  6 i n  lo n g  d is c h a r g e  p o r t io n .  The o u t l e t  g a s e s  are  rem oved from  

th e  d r y e r  b y  an e x h a u s t  f a n ,  and p a s s  th ro u g h  a c y c lo n e  s e p a r a to r  w h ich  

c o l l e c t s  any e n t r a in e d  d u s t .  Dampers in  th e  d u c ts  b e fo r e  each  fa n  

e n a b le  th e  a i r  vo lum e t o  be v a r ie d  and th e  a i r  f l o w  can be m easured  by  

an  o r i f i c e  p l a t e  i n  th e  i n l e t  d u c t .

F i g s .  6 & 7 show th e  g e n e ra l  la y o u t  o f  th e  p i l o t - p l a n t  r o t a r y -  

lo u v re  d ry e r  u s e d  in  th e  t e s t s .

Hot g a s e s  f o r  d ry in g  a r e  drawn from an o i l - f i r e d  fu rn a c e  which
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b u rn s  gas  o i l  s u p p l ie d  by g r a v i t y  from an 8 0 - g a l lo n  ta n k  s i t u a t e d  

12 f t  above th e  f u r n a c e .  The fu rn a c e  c o n s i s t s  o f  a m ild  s t e e l  

c y l i n d e r  l i n e d  w ith  r e f r a c t o r y  b r i c k s  w ith  a s m a l le r  c o n c e n t r ic  

com bustion  chamber o f  the  same m a t e r i a l .  P rim ary a i r  was s u p p l ie d  

to  th e  b u rn e r  a t  5 l b / s q 0i n .  and secondary  a i r  f o r  com bustion e n t e r s  

th ro u g h  t h r e e  s h u t t e r e d  openings i n  th e  fu rn a c e  end. A chimney le a d s  

t o  th e  a tm osphere  from th e  duct a t  th e  end o f  th e  f u r n a c e ,  so t h a t  th e  

f l u e  g a se s  d u r in g  th e  h e a t in g  up p e r io d  may be d iv e r t e d  from th e  d r y e r .  

A c u t - o u t  i s  p ro v id e d  to  s to p  th e  o i l  supp ly  shou ld  th e  b u rn e r  go o u t .

The a i r  te m p e ra tu re  in  th e  i n l e t  duct i s  a u to m a t ic a l ly  r e g u la t e d  

be tw een  212-930°P by a  N e g r e t t i  & Zambra pneum atic  r e c o r d e r - c o n t r o l l e r  

which o p e r a t e s  a diaphragm v a lv e  i n  th e  o i l  supp ly  l i n e  to  th e  b u r n e r .

A b y -p a s s  v a lv e  i s  a l s o  p ro v id ed  i n  the  o i l  p ip e  to  p rev en t  th e  b u rn e r  

from b e in g  e x t in g u is h e d  when th e  c o n t ro l  v a lv e  i s  c lo s e d .  When th e  

r e l a t i v e  f lo w  o f  o i l  th rough  th e  two v a lv e s  i s  c o r r e c t l y  a d ju s te d ,  th e  

c o n t r o l l e r  w i l l  m a in ta in  th e  a i r  te m p e ra tu re  w i th in  fo u r  F a h re n h e i t  

d e g re e s .

5 . 1 . 4 .  E xperim en ta l  P rocedure

5 .1 .4 .1 »  Raw M a te r i a l s  L. c lo u s t o n i  p l a n t s  h a rv e s te d  in  th e  F i r t h  of 

F o r th  n e a r  G ranton d u r in g  th e  f i r s t  f o r t n i g h t  o f  F ebruary  1952, were 

u sed  th ro u g h o u t  th e  r o t a r y - l o u v r e  t e s t s .

The seaweed not im m edia te ly  r e q u i r e d  f o r  th e  t e s t s  was s to r e d  on 

a  c o n c re te  p a th  o u ts id e  th e  l a b o r a t o r y  and covered  w ith  a t a r p a u l i n .

Most o f  th e  seaweed was d r i e d  2 o r  3 days a f t e r  h a r v e s t i n g ,  b u t  

l i t t l e  d eco m p o si t io n  was observed  i n  p l a n t s  which were 7 days o ld  -  

p resum ably  a r e s u l t  o f  th e  f r o s t y  w e a th e r .

F ronds  were minced i n  a power m incer u s in g  a c u t t e r - p l a t e  w ith  

a - i n  d i a .  h o le s  as  some form o f s i z e  r e d u c t io n  was necessa ry  to  a l low  

th e  m a t e r i a l  t o  e n t e r  t h e  d ry e r  and form a  uniform  bed .  This  type  

o f  m incer was a p p a r e n t ly  u n s u i t a b l e  f o r  f r e s h  f ro n d  as th e  e x u d a t io n  

o f  m uc ilage  te n d e d  to  in c r e a s e  so t h a t  th e  in d iv id u a l  p ie c e s  o f  f ro n d
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were c o n n ec ted  w ith  an ad h es iv e  j e l l y ,  a lm ost fo rm ing  a s t i c k y  p a s t e .

The p a r t s  o f  the  f ro n d  a d ja c e n t  to  the  s t i p e  were more f r e e  o f  

m ucilage  and h e lp e d  to  make th e  m a te r i a l  l e s s  s t i c k y .

The s t i p e s  were chopped i n t o  ap p ro x im ate ly  1 - i n  l e n g th s  and minced 

to  p a s s  g—i n  h o l e s .  As m incing  caused  a c o n s id e r a b le  amount o f  w a te r  

to  s e p a r a t e  from the  s t i p e  on s ta n d in g ,  th e  m a te r i a l  was c e n t r i f u g e d  

b e fo re  d r y in g .

The c e n t r i f u g e  had  a removable s t e e l  b a s k e t  12 i n  d i a .  x 6§- i n  

deep w i th  a c a p a c i ty  o f  16 l b  o f  wet s t i p e .

Two m in u te s  c e n t r i f u g i n g  a t  1500 r .p .m .  ( g r a v i t y  r a t i o  = 384) gave 

a  p ro d u c t  w i th  a w a te r  r a t i o  o f  about 4 l h  w a te r / l b  bone-d ry  s o l i d s .

5*1*4*2. M a te r i a l  Sam pling: Samples o f  wet and d r i e d  seaweed were ta k e n

a t  th e  end o f  each ru n  and Table  2 shows t h a t  th e  r u n - t o - r u n  agreement 

o f  th e  i n i t i a l  w a te r  c o n te n t  was q u i t e  c l o s e .

M ois tu re  c o n te n t s  o f  th e  m a te r i a l  a t  d i f f e r e n t  p o s i t i o n s  a long  th e  

d ry e r  drum were e s t im a te d  from samples ta k e n  from th e  bed  a t  th e  end o f 

th e  t e s t .  The a i r  was sh u t  o f f ,  th e  drum was s topped  and samples were 

c o l l e c t e d  u s in g  a  lo n g -h a n d le d  sam pling  cup. The hand le  was marked 

o f f  i n  1 2 - in  l e n g th s  f o r  conven ience in  m easuring .

M o is tu re  c o n te n ts  were de te rm in ed  by d ry in g  the  samples i n  an 

e l e c t r i c  oven a t  220°F f o r  15 hours*  The samples were d r ie d  i n  the  

minced c o n d i t io n  as  th e  w a te r  c o n te n ts  were too  high to  a l low  th e  seaweed 

to  be g round .

5*1*4 .3 . D rying  Runs: The fu rn a c e  was l i t  and th e  r e f r a c t o r i e s  a l low ed

to  h e a t  up f o r  an  hour o r  two b e fo re  th e  t e s t .  When t h i s  was accom- 

—p l i s h e d  th e  damper was s e t  t o  p a ss  the  a i r  th rough  th e  r o t a r y  drum.

The r e c o r d e r / c o n t r o l l e r  was a d ju s t e d  to  th e  r e q u i r e d  te m p era tu re  

and th e  in s t ru m e n t  r e a d in g  v e r i f i e d  by a  mercury thermometer i n s e r t e d  

i n t o  th e  i n l e t  d u c t .  As soon as  th e  a i r  e n t e r e d  th e  d ry e r ,  seaweed was 

f e d  a t  th e  i n l e t  end to  form a bed  over th e  lo u v r e s .
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The a i r  v e l o c i t y  was a d j u s t e d  to  g iv e  a  p r e a r r a n g e d  r e a d in g  on 

th e  o r i f i c e  m e ter  and th e  dampers r e g u la t e d  to  g iv e  a s l i g h t  p o s i t i v e  
p r e s s u r e  i n  the  d ryer*

A f te r  a hed  had  been formed " b u f f e r "  seaweed was f e d  in  a t  r e g u l a r  

i n t e r v a l s  c o r re sp o n d in g  to  th e  d e s i r e d  h o u r ly  in p u t  r a t e .  When th e  

p ro d u c t  was b e in g  d is c h a rg e d  in  a s te a d y  s tream  th e  q u a n t i t a t i v e  t e s t  

was commenced.

L a b o ra to ry  a i r  te m p e ra tu re s  and h u m id i t i e s  were o b ta in e d  from 

s l i n g  p sych rom ete r  r e a d in g s .  The w a te r  c o n te n t  o f  th e  i n l e t  a i r  was 

c a l c u l a t e d  i n d i r e c t l y  from th e  l a b o r a t o r y  hum id ity  w ith  an a d d i t i o n  f o r  

th e  w a te r  g e n e ra te d  by com bustion o f  the  o i l .  Exhaust a i r  hum id ity  

was m easured by d ry -b u lb  and w e t-b u lb  therm om eters  s i t u a t e d  i n  th e  

o u t l e t  d u c t .

Gas o i l  f o r  th e  fu rn a c e  was f e d  by g r a v i t y  from th e  main supply  

ta n k  to  a s u b s i d ia r y  1 0 -g a l lo n  drum equipped  w ith  a s ig h t  g l a s s .  The 

o i l  volume was m easured to  an  accu racy  o f  about 0 .05  -  0 .02  g a l lo n s .

Wet and d r i e d  seaweed was c o l l e c t e d  i n  b in s  and weighed on a -g—to n  

b a la n c e  to  an a c c u racy  o f  l b .  The p roduc t was weighed as  d isch a rg e d  

from th e  d r y e r ,  i . e .  unground.

A sm all  hopper was s u p p l ie d  w ith  th e  d ry e r  to  guide th e  wet s to ck  

i n t o  th e  drum. T his  dev ice  was q u i t e  u n s u i t a b l e  f o r  minced f r e s h  

f r o n d ,  however, as  th e  m a te r i a l  choked th e  narrow  th r o a t  of th e  h o p p er .  

For a l l  th e  t e s t s  d e s c r ib e d ,  th e  hopper was removed and th e  seaweed was 

f e d  i n t o  th e  open end o f  th e  drum w ith  a sm all scoop.

The d u r a t io n  of  th e  t e s t  was l i m i t e d  by a v a i l a b i l i t y  o f  seaweed

and tim e r e q u i r e d  f o r  p r e p a r a t io n ,  b u t  was i n  most cases  one hour or

more a l th o u g h  th e  m a te r i a l  was u s u a l l y  f e d  in to  th e  d ry e r  f o r  double

t h i s  t im e .

A ir  v e l o c i t i e s  u sed  were th e  maximum t h a t  cou ld  s a f e ly  be employed 

w ith o u t  c a u s in g  l i f t i n g  o f  th e  bed  o r  blow ing p a r t i c l e s  out o f  the  

d r y e r .  P r i o r  to  and d u r in g  d ry in g  ru n s ,  th e  bed  was observed  p e r io d i—
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- o a l l y  to  en su re  t h a t  no b low holes  had o c c u r r e d .

There a p p ea rs  to  be an optimum f e e d - r a t e  f o r  seaweed p a r t i c l e s  

f o r  t h i s  d r y e r .  I f  th e  m a te r i a l  was added to o  s lo w ly ,  th e  r o t a t i o n  

o f  th e  drum and s h r in k a g e  o f  th e  m a te r i a l  caused  a gap i n  t h e  bed 

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

m a t e r i a l .  On th e  o th e r  hand, i f  th e  seaweed f e e d  r a t e  was too  r a p id  

th e  m a te r i a l  was d i s p la c e d  th rough  the  drum i n  too  s h o r t  a t im e  and 

d ry in g  was i n s u f f i c i e n t . The f e e d  r a t e s  u sed  (70  -  80 l b / h r )  . 

appea red  to  be n e a r  th e  optimum v a l u e »

T ab le  2 shows t h a t  d ry in g  was on ly  p a r t i a l l y  com plete . The o n ly  

rem a in in g  v a r i a b l e  t h a t  can be a l t e r e d  on t h i s  p a r t i c u l a r  d ry e r  i s  th e  

drum r o t a t i o n .  Throughout th e s e  t e s t s  th e  r o t a t i o n  was 4 r .p .m .  as  

th e  d r iv e  a t  th e  tim e o f  t e s t i n g  cou ld  n o t  r e a d i l y  be red u ce d .  I f  

th e  r o t a t i o n  were to  be red u ce d ,  the  r e t e n t i o n  tim e  o f  th e  m a te r ia l  

would b e  i n c r e a s e d  w ith  a c o r re sp o n d in g  r e d u c t io n  i n  f i n a l  w a te r  

c o n t e n t .

5«1q5 q R e s u l t s

P r i n c i p a l  d a t a  f o r  th e  t e n  t e s t s  a r e  s e t  o u t  i n  Table 2<> The 

e v a p o ra t io n  r a t e  was c a l c u l a t e d  from th e  f e e d  r a t e  and th e  te rm in a l  

m o is tu re  c o n t e n t s .  Prom th e  e v a p o ra t io n  r a t e  and th e  i n i t i a l  and 

f i n a l  a i r  h u m id i t i e s  th e  mass a i r  f low  was c a l c u l a t e d .  The c a l c u l a t e d  

a i r  f lo w  was h ig h e r  th a n  th e  r a t e  m easured by th e  o r i f i c e  p l a t e  

p resum ably  b ecau se  o f  th e  u n s u i t a b l e  p o s i t i o n  o f  the  in s t ru m e n t .

T ab le  3 i s  a h e a t  b a la n c e  f o r  one o f  th e  s t i p e  ru n s .  This h e a t

b a la n c e  was b ased  on the  g ro s s  c a l o r i f i c  v a lu e  o f  the  o i l ,  which means

t h a t  th e  h e a t  u se d  to  v a p o r iz e  th e  w a te r  formed by combustion i s  

w a s te d .  A more p r a c t i c a l  com parison may be made by u s in g  th e  ne t 

C.V. so t h a t  t h i s  te rm  d is a p p e a r s .  The s p e c i f i c  e v a p o ra t io n  f o r

T es t  8 would th e n  become 1 ,660  B .T h .u /lb  and th e  e f f i c i e n c y  63^.

v/hen th e  f ro n d  was added to  th e  r o t a t i n g  drum th e  m a te r i a l  te n d ed  to  

“b a l l  up" a t  f i r s t  and s t i c k  to  th e  m etal lo u v r e s .  In  some in s ta n c e s
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t h i s  a d h e s t io n  was s u f f i c i e n t l y  s t r o n g  to  form  a r i n g  o f  f ro n d  

p a r t i c l e s  s e a l i n g  o f f  th e  f i r s t  few in c h e s  o f  th e  a i r  ducts*  Frond 

p ie c e s  d id  no t r o l l  b u t  s l i t h e r e d  and broke i r r e g u l a r l y .

As d ry in g  p roceeded  th e  s t i c k i n e s s  became l e s s  u n t i l  on d isch a rg e  

i t  v/as p r a c t i c a l l y  n e g l ig ib le *  The p roduc t hov/ever s t i l l  c o n ta in ed  

numerous ag g lo m era te s  o f  f ro n d  p a r t i c l e s ,  so t h a t  th e  f ro n d  d id  no t 

p a s s  th ro u g h  th e  d ry e r  i n  a r e g u l a r  manner and in  th e  i n i t i a l  s ta g e s  

a t  l e a s t ,  d id  no t form a v e ry  s a t i s f a c t o r y  bedo

Llinced and c e n t r i f u g e d  s t i p e ,  in  c o n t r a s t  to  f ro n d ,  gave a most 

s a t i s f a c t o r y  bedo Very l i t t l e  a d h e s i o n  to  th e  lo u v re s  was observed ,  

and th e  p a r t i c l e s  r o l l e d  a lo n g  sm ooth ly , m a in ta in in g  a c o n s ta n t  ang le  

o f  r e p o s e .

The marked d i f f e r e n c e s  i n  c h a r a c t e r  o f  th e  beds formed by the 

s t i p e  and f r o n d  a r e  r e f l e c t e d  i n  the  f i n a l  w a te r  con ten t  o f  th e  p ro d u c t .  

With a i r  te m p e ra tu re  of 212°F th e  f i n a l  w a te r  r a t i o  f o r  s t i p e  was 

ap p ro x im a te ly  1*5 and f o r  f ro n d  2 .1 .

The cu rv es  o f  w a te r  c o n te n t  v e rs u s  p o s i t i o n  in  drum ( F ig s .  8 & 9) 

a r e  much more r e g u l a r  i n  the  case  o f  s t i p e  and p r e d r ie d  f ro n d  than  

th o s e  f o r  wet f r o n d .  This s u g g e s ts  t h a t  th e  s t i p e  w ate r  co n ten t  a t  

any one c r o s s - s e c t i o n  o f  th e  bed  was more homogeneous, and t h a t  th e  

s c a t t e r i n g  o f  th e  d a ta  f o r  f r o n d  r e s u l t e d  from samples which had adhered  

to  th e  drum and r e c e iv e d  lo n g e r  tim e o f  c o n ta c t  i n  th e  ho t a i r .

I f  i t  i s  assumed t h a t  a g iven  p o s i t i o n  i n  th e  drum i s  reac h ed  i n  

a p p ro x im a te ly  th e  same tim e f o r  s t i p e  and f ro n d ,  i t  appears  t h a t  s t i p e  

i s  d ry in g  more r a p i d l y  th a n  th e  f ro n d ,  presumably owing to  b e t t e r  

c o n ta c t  w i th  th e  d ry in g  a i r .  A lthough th e  w a te r  co n ten t  o f  th e  f ro n d  

f e e d  was 2 5 h ig h e r  th a n  th e  s t i p e ,  t h i s  shou ld  n o t  reduce th e  evapora

t i o n  a p p r e c ia b ly  s in c e  w a te r  can be removed from seaweed more r a p id l y  

i n  th e  e a r l y  s t a g e s  o f  d ry in g .  The s t i c k i n e s s  of the  f ro n d  may have 

a  much g r e a t e r  in f lu e n c e  on the  d ry in g  tim e th a n  has  th e  w a te r  c o n te n t .

The f r o n d  t e s t s ,  and to  a much l e s s e r  e x t e n t ,  th e  s t i p e  t e s t s ,
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i n d i c a t e  (F ig s*  8 & 9 ) t h a t  th e  d is c h a rg e  w a te r  c o n te n t  i s  low er  th a n  

t h a t  a t  t h e  e n t ra n c e  o f  th e  c o o l in g  s e c t i o n .  T h is  cannot e n t i r e l y  

he d is m is s e d  as  sam pling  e r r o r  and i t  i s  q u i t e  p o s s i b l e  t h a t  d ry in g  i s  

t a k in g  p la c e  i n  th e  c o o l in g  zone, as  a r e s u l t  o f  th e  exhaust a i r  p a s s in g  

over th e  seaweed and a l s o  by co n d u c t io n  o f  h e a t  from th e  main p a r t  o f  

th e  drum.

F ig .  9 shows c l e a r l y  th e  ad v an tag es  of u s in g  a deeper bed  w ith  

s t i p e .  The m a te r i a l  i s  d r i e d  more f u l l y  f o r  th e  same a i r  f lo w  and 

te m p e ra tu r e .  The a i r  i s  more e f f e c t i v e l y  u sed  w ith  a deeper bed 

because  o f  few er gaps and lo n g e r  c o n ta c t  t im e ,  b u t  an o th e r  f a c t o r  i s  

t h a t  th e  r e t e n t i o n  tim e w i l l  be in c r e a s e d  as th e  p a r t i c l e s  have a lo n g e r  

mean p a th  t o  t r a v e l  i n  th e  bedo

A com parison o f  th e  in p u t  and o u tp u t  r a t e s  o f  b o n e-d ry  seaweed 

r e v e a l e d  t h a t  t h e r e  was an  average  a p p a re n t  l o s s  o f  d ry  m a t te r  

( a . l . d . m . )  o f  about 15^»

There a re  f o u r  ways i n  which l o s s  o f  d ry  m a t te r  cou ld  occur i n  

t h e s e  d ry in g  t e s t s

( a )  P h y s ic a l  l o s s  due to  t e s t  p ro c e d u re .  *

(b )  P h y s io a l  l o s s  due to  th e  d ry e r  i t s e l f .

( c )  Chemical l o s s  as  a r e s u l t  o f  combustion o f
seaweed i n  the  d ry e r .

(d )  Chemical l o s s  th rough  b i o l o g i c a l  changes
i n  the  seaweed.

There i s  a p o s s i b i l i t y  o f  s o l i d s  l o s s  under th e  f i r s t  head ing  

e s p e c i a l l y  w ith  f ro n d  as  t h i s  m a te r i a l  was d i f f i c u l t  to  hand le  owing 

to  i t s  s t i c k i n e s s .  I t  was e s t im a te d  t h a t  th e  e r r o r  i n  w eighing was 

w i th in  l^b. L osses  o f  dry  m a t te r  c h a r a c t e r i s t i c  o f  th e  d ry e r  would 

m ain ly  be th e  c a r ry -o v e r  o f  small p a r t i c l e s  i n  th e  exhaust a i r .  T h is  

was m in im ised  by k ee p in g  the  bed  under o b s e rv a t io n  and a d ju s t in g  th e  

a i r  f lo w  to  a v a lu e  which avo ided  f l u i d i s i n g  t h e  bed .  For t h i s  r e a s o n  

th e  a i r  f lo w  u sed  f o r  th e  s t i p e  t e s t s  was low er th a n  t h a t  f o r  f ro n d  

r u n s .  S o l id s  r e c o v e re d  from th e  exhaus t cyclone were n e g l ig ib l e  i n
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amount s u g g e s t in g  t h a t  t h i s  m ethod  o f  c o n tr o l  w as s u c c e s s f u l*

I t  i s  th o u g h t th a t  th e  a* l*d *m . i s  m a in ly  th e  r e s u l t  o f  th e  

f o l l o w i n g  two f a c t o r s

( a )  The d ry er  may n o t  h ave r e a c h e d  s t a b l e  d r y in g  c o n d it io n s  a t  

th e  s t a r t  o f  th e  q u a n t i t a t iv e  t e s t  and a s  a r e s u l t  th e  sea w eed  w ou ld  

s t i l l  b e  f i l l i n g  up i n s i d e  th e  drum, h en ce  th e  d is c h a r g e  r a t e  w ould  

be l e s s  th a n  th e  f e e d  r a te *  T h is  e r r o r  w ou ld  o f  c o u r s e  be m in im ised  

by u s in g  lo n g e r  ru n  t im e s *

(b )  I d e a l l y ,  th e  in p u t  and o u tp u t r a t e s  s h o u ld  be m easured  o v e r  

s i m i l a r  t im e  i n t e r v a l s  s e p a r a te d  by  th e  tim e  o f  p a s s a g e  o f  th e  seaw eed  

th ro u g h  th e  d ryer*  As no e s t im a t e  o f  th e  r e t e n t i o n  t im e  was a v a i l a b l e  

u n t i l  t h e  end o f  t h e s e  s e r i e s  o f  t e s t s ,  i t  was d e c id e d  to  m easure th e s e  

r a t e s  s im u lta n e o u s ly *  T h is  r e d u c e s  any e r r o r  i n  tim e m easurem ent b u t  

s u b j e c t s  th e  o u tp u t  r a t e s  to  c o n s id e r a b le  e r r o r  i f  th e  e a r l i e r  f e e d  

r a t e s  w ere  n o t c o n s ta n t  and eq u a l to  th e  r a t e  u s e d  i n  th e  t e s t  proper*

B eca u se  o f  th e  a p p a ren t l o s s  o f  dry m a t te r , th e  e v a p o r a t io n  r a t e  

w as c a l c u l a t e d  from  th e  f e e d  r a t e  and th e  te r m in a l  w a ter  c o n te n ts*

5*1*6* R e te n t io n  Time

An e s t im a t e  o f  th e  r e t e n t i o n  t im e  o f  th e  sea w eed  in  th e  r o t a r y -  

lo u v r e  d r y e r  i s  u s e f u l  a s  i t  e n a b le s  d r y in g  r a t e s  i n  d i f f e r e n t  ty p e s  

o f  d r y e r s  t o  b e  compared*

5*1*6*!* P r e v io u s  Work: S u l l i v a n ,  H a ier  and R a ls to n  (115) ga v e  th e

f o l l o w i n g  fo r m u la  f o r  th e  r e t e n t i o n  t im e  o f  g r a n u la r  s o l i d s  i n  a 

r o t a t i n g  k i l n  ±
0*000317 Lqg

* = S d IT

w here Q = r e t e n t i o n  t im e , m in ,

L = k i l n  l e n g t h ,  f t ,

N = r o t a t i o n ,  r .p .ra*

S = s l o p e ,  f t / f t

q :b a n g le  o f  r e p o s e  o f  m a t e r ia l ,  d eg , 

d = k i l n  d ia m e te r , f t *
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Bayard (116) r e c o r r e l a t e d  th e  d a t a  o f  S u l l i v a n  e t  a l  i n t o  th e  

e x p r e s s io n

q  0.0000513 (q. + 24)L 
S d IT

The t im e  o f  passage  o f  m a te r i a l  i n  a k i l n  was g iven  by G in s t l i n g  

Z ilberm an  & Gvozdev (117) as  *-

d 0*00783 L 
S d N

u s in g  symbols a s  above,

J o h n s to n e  & Singh (118) s u g g e s te d  th a t  th e  e f f e c t  o f  th e  l i f t i n g

f l i g h t s  on th e  t im e  o f  passage  f o r  r o t a r y  d ry e r s  cou ld  be c o r r e c t e d  by

a p p ly in g  th e  f a c t o r  o f  1 .4  to  th e  e q u a t io n  g iv en  by S u l l iv a n  e t  a l .

The e q u a t io n  f o r  a  r o t a r y  d ry e r  would th e n  be j -
1.

n 0.00722 L q 2 
S d l

From s t u d i e s  o f  th e  r e s id e n c e  tim e of m a te r i a l s  in  a d ry e r  

8 i n  d i a .  x  4 f t  lo n g ,  P r u t to n ,  M i l l e r  & S h u e t te  (119) d e r iv e d  the  

fo rm u la

i l l  + “ v

where V = a i r  v e l o c i t y  f t / m i n ,

K » c o n s ta n t ,  r a n g in g  from O0 OO4 6  -  0 .0053 f o r  6  to  1 2  f l i g h t s ,

m = c o n s t a n t ,  v a ry in g  from - 0,00025  to  —0.00075  f ° r  p a r a l l e l  
a i r  f lo w  and +0,00033 to  +0.00133 f o r  c o u n te rc u r re n t  
f lo w .

Smith (120) gave th e  f o l lo w in g  fo rm ula  f o r  c a l c u l a t i n g  th e  

r e t e n t i o n  t im e  o f  s o l i d s  i n  a r o t a r y  d ry e r  : -

kL
0 S d N

k = 0o0042 to  0 .017 f o r  co u n te rf lo w , 0.0017 "to O.OO58 f o r  
p a r a l l e l  f lo w  d r y e r s .

F riedm an & M arshall ( l 2 l )  from an e x te n s iv e  s tudy  o f  r o t a r y  d ry in g
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o f  a v a r i e t y  o f  g r a n u la r  m a t e r ia l s  ( e . g .  wood c h ip s ,  sa n d s , p l a s t i c  

g r a n u le s )  p r o p o se d  th e  fo rm u la  : -

q  = £ *.?3L —  + 0 .O6 BLG 
S N  0V9 d -   f --------

w here B » 5 (D m)~^*^

B * a c o n s ta n t  d ep en d en t on th e  m a t e r ia l ,

Dm a w e ig h t  a v er a g e  p a r t i c l e  s i z e  o f  m a t e r ia l ,  m icro n ,

F = f e e d  r a t e  lb  d ry  m a t e r i a l / ( h r ) ( s q . f t .  o f  d ry er  c r o s s  s e c t i o n ) .  

The p lu s  s i g n  i s  f o r  c o u n te r c u r r e n t  f lo w  and th e  n e g a t iv e  s ig n  f o r  

p a r a l l e l  f l o w .

Saeman (1 2 2 )  g a v e  a t h e o r e t i c s  d e r iv a t io n  o f  th e  r e t e n t io n  t im e  

o f  s o l i d s  in  a  l i g h t l y  lo a d e d  k i l n  w h ich  a g r e e d  c l o s e l y  w ith  th e  

e m p ir ic a l  fo r m u la  o f  S u l l i v a n  e t  a l . He d e r iv e d  a m a th em a tica l 

r e l a t i o n s h i p  t o  e n a b le  t h e  b ed  volum e and tim e  o f  p a ssa g e  f o r  h e a v i ly  

lo a d e d  k i l n s  o r  r o ta r y -1 o u v r e  d r y e r s  to  be c a l c u la t e d  by t r i a l  and  

e r r o r  from  th e  p h y s ic a l  d a ta  o f  th e  s y s te m .

M ost o f  th e  f o r e g o in g  e q u a t io n s  g iv e n  f o r  r e t e n t i o n  tim e  o f  

m a t e r ia l s  i n  r o t a r y  d r y e r s  o r  k i l n s  r e f e r  to  g r a n u la r  f r e e - f lo w in g  

s o l i d s  i n  c y l in d e r s  s e t  a t  a  s l i g h t  s lo p e  to  th e  h o r i z o n t a l  In  

a d d i t io n  th e  d r y e r s  o f t e n  h a v e  l i f t i n g  f l i g h t s  d e s ig n e d  to  drop th e  

m a t e r ia l  i n  c u r t a in s  th ro u g h  th e  a i r  s tr e a m . The problem  i n  many 

c a s e s  h a s  b e e n  s i m p l i f i e d  a s  no d r y in g  o f  th e  m a t e r ia l  was a tte m p te d .

M easurem ent o f  th e  r e t e n t i o n  tim e  o f  seaw eed  i n  a r o t a r y - lo u v r e  

d ry er  i s  c o m p lic a te d  by th e  f a c t  th a t  th e  p a r t i c l e s  a re  n on -u n iform  

in  s i z e ,  w h ich  s h r in k  a s  th e y  p a s s  th rou gh  th e  d r y e r , w ith  co n seq u en t  

ch a n g es  i n  b u lk  d e n s i t y .  In  th e  c a s e  o f  m inced  fr o n d  th e  fra g m en ts  

a re  c o v e r e d  w ith  a m u c ila g e  w h ich  makes th e  f e e d  m a te r ia l  r e sem b le  

a s t i c k y  p a s t e .

In  v i e w  o f  th e  n a tu r e  o f  th e  fr o n d , i t  was d e s ir a b le  to  h ave a 

d ir e c t  m easurem ent o f  th e  t im e  o f  p a s s a g e  and a l s o  to  f i n d  th e  ran ge
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o f  r e t e n t i o n  t im e s  e n c o u n te r e d  w ith  t h i s  m a t e r ia l .

The f o l l o w i n g  r a d i o a c t i v e - t r a c e r  m ethod (1 2 3 )  was d e v is e d  to  

m easure th e  r e t e n t i o n  tim e o f  th e  fr o n d  in  th e  d r y e r .

3 o l* 7 »  R a d io a c t iv e - t r a c e r  Method o f  E s t im a t in g  th e  R e te n t io n  Time 
o f  F rond i n  a R o ta r y - lo u v r e  D ryer

As s m a ll  L . c lo u s t o n i  p la n t s  w ere n ot a v a i l a b l e ,  th e  t r a c e r  

m a t e r ia l  w as p r ep a re d  from  young L0 d i g i t a t a  p la n t s  w hich  w ere  

c o l l e c t e d  and k e p t a l i v e  and h e a l t h y  i n  a ta n k  o f  a e r a te d  and i l lu m in a -  

- t e d  s e a w a t e r .  I t  was c o n s id e r e d  t h a t  f o r  th e  p u r p o se s  o f  t h i s  t e s t  

th e  p h y s i c a l  d i f f e r e n c e s  b etw een  m in ced  L. d i g i t a t a  fr o n d  and m inced  

L. c l o u s t o n i  fr o n d  c o u ld  b e  d is r e g a r d e d .

F or a c t i v a t i o n ,  10 0  r a ic r o c u r ie s  o f  r a d io a c t iv e  o r th o p h o sp h o r ic  
32

a c id  (P  , h a l f  l i f e  = 14o3 d a y s )  w as added to  th e  s e a w a te r . D u rin g  

th e  f i r s t  24 h o u r s , th e  p la n t s  a b so rb ed  93^ o f  th e  r a d io a c t iv e  i s o t o p e  

and an a d d i t io n a l  4 $  i n  th e  sec o n d  2 4 -h o u r  p e r io d .  P hosphorus 32 was 

s e l e c t e d  m a in ly  b e c a u s e  i t  was r e a d i l y  o b ta in a b le  in  a s u i t a b l e  form , 

was s h o r t - l i v e d  and was known t o  b e  a b so r b e d . The sm a ll amount o f  

m in ced  s t i p e  from  th e  L . d i g i t a t a  s h o u ld  n ot v i t i a t e  th e  e x p e r im e n t.

About one h our b e f o r e  th e  t e s t ,  th e  t r e a t e d  p la n t s  w ere w ashed  f r e e  

o f  th e  r a d i o a c t i v e  s e a w a te r , a l lo w e d  to  d r a in  and m in ced .

D ry in g  c o n d i t io n s  w ere s t a b i l i s e d  on th e  r o t a r y - lo u v r e  d ry er  by  

f e e d in g  w et L . c l o u s t o n i  fr o n d  i n  sm a ll eq u a l-v o lu m e in c rem en ts  

(a p p r o x im a te ly  l^O g e v e r y  15 s e c o n d s )  f o r  o v e r  one h o u r . The m inced  

r a d i o a c t i v e  sea w eed  was th en  added ( c a .  200 g )  and r e g u la r  f e e d in g  

resum ed  w ith  th e  o r i g i n a l  f r o n d . The d r ie d  m a te r ia l  i s s u i n g  from  th e  

d is c h a r g e  end  o f  th e  d ry er  was c o l l e c t e d  o v er  tw o—m inute i n t e r v a l s  from  th e  

t im e  th e  t r e a t e d  sea w eed  was i n s e r t e d .  Each sam ple was w e ig h ed  b e fo r e  

b e in g  p la c e d  in  a r e p r o d u c ib le  p o s i t i o n  under a  G e ig e r -c o u n te r  tu b e  

c o n n e c te d  t o  a r a d ia t io n  m o n ito r  ty p e  1021 and th e  cou n t p er  sec o n d  

m inus th e  b ack grou nd  co u n t was r e c o r d e d .

The r e s u l t s  h ave b een  e x p r e s s e d  ( F i g .  1 0 )  a s  c o u n t s / ( s e c ) (1 0 0  g  o f  

p r o d u c t)  t o  a l lo w  f o r  th e  i r r e g u l a r i t i e s  i n  th e  d is c h a r g e  r a t e s ,  b u t
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sin e©  t h i s  a ssu m es th a t  each  p ro d u c t sam ple comes o u t o f  th e  d ry er  

w ith  a  u n ifo r m  c o n c e n t r a t io n  o f  r a d io a c t iv e  seaw eed  p a r t i c l e s ,  th e  

r e s u l t s  h a v e  a l s o  b een  p lo t t e d  a s  c o u n ts /s e c o n d  v e r s u s  mid—tim e  o f  sam ple  

i r r e s p e c t i v e  o f  th e  sam ple w e ig h t ,  a s  th e  cou n t s h o u ld  b e  p r o p o r t io n a l  

to  th e  a c t u a l  number o f  t r a c e r  p a r t i c l e s  b e in g  d is c h a r g e d  ( F i g .  1 1 ) •

I t  a p p e a rs  th a t  th e  modal r e t e n t i o n  tim e  i s  o f  th e  o rd er  o f  41 m in u te s ,

a lth o u g h  r a d i o a c t i v i t y  i s  s t i l l  p r e s e n t  a t  d o u b le  t h i s  t im e . I t  i s  

o b v io u s  t h a t  some o f  th e  w eed h a s  p a s s e d  s t r a ig h t  th rou gh  th e  d r y e r ,  

w h ile  some i s  s t i l l  r e t a in e d  a f t e r  80 m in u te s .

The fo u r  p ea k s  o c c u r r in g  a f t e r  50 m in u tes  p ro b a b ly  r e p r e s e n t  

q u a n t i t i e s  o f  fr o n d  w h ich  had a d h ered  to  th e  lo u v r e s  and becom e d e -  

- t a c h e d  a t  a l a t e r  p e r io d .

The d im e n s io n s  o f  th e  d ry er  w ere : -

Drum i n t e r n a l  d ia m e te r  a t  f e e d  end -  7 in
Drum i n t e r n a l  d ia m e te r  a t  d is c h a r g e  end -  11 i n

Drum le n g t h  -  7 f t  9 i a

D is c h a r g e  r in g  o p e n in g  -  5 in  d ia .

The r e t e n t i o n  t im e  o f  s o l i d s  i n  a r o ta r y  d ry er  i s  d e f in e d  a s  th e

h o ld -u p  d iv id e d  by th e  f e e d  r a t e .  In  th e  c a s e  o f  seaw eed  w h ich  h a s

a h ig h  w a te r  c o n t e n t ,  th e  above q u a n t i t i e s  can n ot b e e x p r e s s e d  on th e  

b a s i s  o f  th e  w et m a t e r ia l  a s  th e  w a te r  i s  b e in g  c o n t in u a l ly  e v a p o r a te d  

from  th e  sea w eed  a s  i t  p a s s e s  th rou gh  th e  d r y e r . I f ,  h ow ever, th e  

f e e d  r a t e  and h o ld —up a r e  e x p r e s s e d  on a b o n e -d ry  w e ig h t b a s i s ,  th e  

r e t e n t i o n  t im e  d e f i n i t i o n  becom es : -

lb  P .P .S .  h o ld -u p __________
lb  B .D .S . p er  h r f e e d  r a t e  

w here B .D .S . = b o n e -d r y  s o l i d .

When o p e r a t in g  c o n d it io n s  a r e  s t e a d y ,  th e  in p u t  B .D .S . r a t e  must 

eqU al th e  o u tp u t  B .D .S . r a t e  a s  r e q u ir e d  by th e  m ass b a la n c e .

I t  f o l l o w s  from  th e  above e x p r e s s io n  th a t  th e  a i r  tem p era tu re  w i l l
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have an e f f e c t  on th e  r e t e n t i o n  tim e i f  th e  seaweed i s  no t d r i e d  to  

a  p o in t  where no f u r t h e r  sh r in k ag e  o c c u r s .  As th e  s t i p e  d r i e s ,  th e  

b u lk  d e n s i ty  ( l b  w e t / c u . f t . )  d e c re a s e s  (T ab le  4 ) ,  bu t the  s o l i d s  

c o n te n t  in c r e a s e s  so t h a t  th e  o v e r a l l  B .D.S. b u lk  d e n s i ty  or 

Mc o n c e n t r a t i o n M of s o l i d s  ( l b  B .D .s /c u . f t o ) in c r e a s e s  as  th e  seaweed 

becomes d r i e r .  Thus f o r  a c o n s ta n t  B .D.S. f e e d  r a t e ,  h ig h e r  a i r  

t e m p e ra tu re s  w i l l  r e s u l t  i n  g r e a t e r  sh r in k ag e  o f  m a te r i a l  i n  th e  drum 

and w i l l  i n c r e a s e  th e  h o ld -u p  of B.D.S. i n  th e  d ry e r .

TABLE 4.
BULK DENSITY OF SEAWEED 

L . c l o u s t o n i  S t ip e  (M inced  to  p a ss  -gM d ia o )

W ater R a tio 0 .2 3 1 .5 3 2 .1 1 3 .9 6 6 4 5

B ulk  D e n s i t y , lb  w e t / c u . f t . 2 3 .0 2 7 .2 3 0 .5 34o2 4 4 .6

B ulk  D e n s i t y , lb  B .D . S / c u . f t . 1 8 .6 1 0 .7 9 .9 6 .9 6 02

T h is  e f f e c t  i s  i l l u s t r a t e d  by th e  s t i p e  Runs 8 & 9* In  each  

c a s e  a r i n g  was u sed  and th e  h o ld -u p  w e ig h ts  w ere a p p r o x im a te ly

e q u a l (2 7 « 5  and- 25 lb  r e s p e c t i v e l y ) .  Owing to  th e  d i f f e r e n c e  in  th e  

a v e r a g e  w a te r  c o n te n t s  o f  th e  b e d , h o w ev er , th e  c o r r e sp o n d in g  B .D .S .  

h o ld -u p s  w ere 8 .O5 and 1 2 .4 5  lb  g iv in g  r e t e n t i o n  t im e s  o f  32 and 

5 3 .5  m in r e s p e c t i v e l y .  I t  a p p ea rs  th e n , th a t  th e  e f f e c t  o f  in c r e a s in g  

te m p e r a tu r e  i n  th e  r e t e n t i o n  tim e  i s  p a r t ly  cu m u la tiv e  -  th e  h ig h e r  

te m p era tu re  g i v e s  a d r ie r  p ro d u ct w hich  i n  tu r n  c a u se s  a lo n g e r  

r e t e n t i o n  t im e  due to  th e  l a r g e r  h o ld -u p  o f  B .D .S .

The e x p r e s s io n  fo r  r e t e n t i o n  tim e in  term s o f  B .D .S . h o ld -u p  i s  

p r o b a b ly  t r u e  o n ly  f o r  th e  d ry er  a s  a w h o le , a s  th e  r e l a t i v e  r e s id e n c e  

t im e s  o f  th e  sea w eed  in  d i f f e r e n t  zo n es  o f  th e  d ry er  drum a re  p ro b a b ly  

g o v e r n e d  a l s o  by th e  b u lk  d e n s i t i e s  i n  a d ja c e n t  in c rem en ts  o f  volum e 

and by th e  mean r a d iu s  o f  th e  p a r t i c l e  patho In  th e  c o o l in g  zone  

t h e s e  v a r i a b l e s  a r e  e l im in a t e d  a s  th e  m a te r ia l  i s  no lo n g e r  s h r in k in g
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and th e  b ed  c r o s s  s e c t i o n  i s  u n ifo r m .

H e a v ie r  b e d - lo a d in g s  w i l l  o b v io u s ly  in c r e a s e  th e  h o ld -u p  and

r e t e n t i o n  tim e  o f  th e  d r y e r .

5 .1 .8 o  R e te n t io n  and D ry in g  T im et

The r e t e n t i o n  tim e in  th e  p re s e n t  r o t a r y - l o u v r e  d ry e r  does not 

equa l th e  d ry in g  time as  th e  l a s t  18 i n  o f  th e  drum i s  d es ig n ed  as  a 

c o o l in g  zone and no ho t a i r  i s  ad m it ted  a t  t h i s  r e g io n .

A lth o u g h  th e  c o o l in g  zon e i s  o n ly  o n e - f i f t h  o f  th e  drum le n g t h ,  

th e  b ed  c r o s s  s e c t i o n  i s  l a r g e r  and th e  h o ld -u p  o f  t h i s  p a r t  i s  

g r e a t e r  i n  p r o p o r t io n .

An e s t im a t e  o f  th e  r e t e n t i o n  tim e  i n  th e  c o o l in g  zon e may be 

o b ta in e d  by c a l c u l a t i n g  th e  a r e a  o f  th e  segm ent from  th e  d im en sio n s  

o f  th e  drum and d is c h a r g e  r i n g .  As t h i s  zo n e  i s  p a r a l l e l  th e  bed  

d ep th  i s  assum ed  to  b e  u n ifo r m , i . e .  th e  droop o f  th e  b ed  a s  i t  n ea rs  

th e  d is c h a r g e  i s  n e g le c t e d .

The B .D .S . h o ld -u p  can  th e n  b e c a l c u la t e d  from  th e  w a te r  c o n te n t  

and b u lk  d e n s i t y  o f  th e  p ro d u c t and th e  volum e o f  th e  seaw eed  b ed .

Thus f o r  Run 9 tb-e d r y in g  tim e  i s  a p p r o x im a te ly  tw o - th ir d s  o f  th e  

r e t e n t i o n  t im e e

5 . 1 o9o C o n c lu s io n s  from  R o ta ry -L o u v re  T e s t s

5 . 1 . 9 . 1 .  F ro n d : The h a n d l in g  c h a r a c t e r i s t i c s  o f  minced f r e s h l y

h a r v e s te d  L. c l o u s t o n i  f ro n d  re n d e r  i t  u n s a t i s f a c t o r y  as  a f e e d  m a te r i a l  

f o r  a r o t a r y - l o u v r e  d ry e r .  T h is  i s  a r e s u l t  mainly o f  the  m ucilage on 

th e  f ro n d  s u r f a c e  which cau ses  th e  p a r t i c l e s  to  adhere to  th e  drum 

i n t e r i o r ,  g iv in g  r i s e  to  uneven t re a tm e n t  t im e s .  T h is  co n c lu s io n  was 

con firm ed  by d i r e c t  o b s e rv a t io n ,  by a t r a c e r  te ch n iq u e  and by th e  

measurement o f  m o is tu re  c o n te n ts  a long  th e  drum.

In  a d d i t io n  to  g i v i n g  i n e f f i c i e n t  o p e r a t io n  o f  th e  d r y e r , th e  

a d h e s io n  o f  th e  fr o n d  t o  th e  d ry er  w ould  p ro b a b ly  g iv e  r i s e  to  s c o r c h in g  

and c o n ta m in a t io n  o f  th e  p r o d u c t .
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5 .1*9 .2«  S t i p e : Minced and c e n t r i f u g e d  L. c lo u s to n i  s t i p e  has good 

p h y s ic a l  p r o p e r t i e s  f o r  t h i s  k in d  o f  d ry e r  and g iv e s  a p roduc t  which 

may he d e s c r ib e d  as a g r a n u la r  m eal.

T e s t s  show ed th a t  g r e a t e r  e f f i c i e n c y  o f  e v a p o r a t io n  was o b ta in e d  

w ith  th e  u s e  o f  a d eep er  b e d , and th e  s t i p e  was s u c c e s s f u l l y  d r ie d  

i n  a s i n g l e  p a s s  t o  a w a ter  c o n te n t  o f  0 .2 3  lb  w a t e r / lb  B .D .S . w ith  a 

s p e c i f i c  e v a p o r a t io n  o f  ab ou t 1800  B . f h .u / l b  and an e s t im a te d  r e t e n t i o n  

t im e  o f  54 m in .

I t  i s  a n t i c i p a t e d  th a t  w ith  th e  u s e  o f  d eep er  b ed s  and p o s s ib ly  a i r  

r e c i r c u l a t i o n  on a  f u l l - s c a l e  d ry er  o f  t h i s  t y p e ,  h ig h e r  e f f i c i e n c i e s  

w i l l  b e  o b t a in e d .

E v a p o r a t iv e  e f f i c i e n c i e s  f o r  s t i p e  w ere in v a r ia b ly  h ig h e r  th an  

t h o s e  f o r  f r o n d , under s im i l a r  o p e r a t in g  c o n d i t io n s .
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5 . 2 .  PEHRSON DUAL-PROCESS CROP DRIER

5 . 2 . 1 .  I n t r o d u c t io n

The P eh rso n  d u a l—p r o c e s s  cro p  d ry er  was d e v e lo p e d  in  1936  by  

th e  I n g e n io r s f ir m a  J.M . & R.V. P eh rso n , S tock h o lm , Sweden, f o r  

d r y in g  h e te r o g e n e o u s  m ix tu r e s  o f  l e a f  and stem  g r a s s  w ith o u t  

r e d u c t io n  o f  n u t r i t i v e  v a lu e .

T h is  p a r t i c u l a r  d ry er  was e r e c t e d  a t  K enton , n ear Stow m arket, 

S u f f o lk ,  by r e p r e s e n t a t iv e s  o f  th e  Sw ed ish  f ir m  in  1 9 4 9 -5 0  f o r  th e  

E a s te r n  C o u n tie s  F arm ers’ C o -o p e r a t iv e  A s s o c ia t io n  L td . T h is  

P eh rso n  d r y e r  (m odel P -7 5 0  + T -2 5 0 ) ,  was th e  f i r s t  o f  i t s  k in d  t o  b e  

e r e c t e d  i n  G reat B r i t a in  and w as one o f  th e  l a r g e s t  g r a s s  d r y e r s  i n

th e  U n ite d  Kingdom. The r a t e d  o u tp u t o f  th e  p la n t  i s  22 cwt d r ie d

g r a s s  p e r  hour c o r r e sp o n d in g  to  an e v a p o r a t io n  o f  about 8 ,0 0 0  lb  

w a te r  p er  h o u r .

D u rin g th e  g r a s s  d r y in g  s e a s o n  i n  1950» "the E a ster n  C o u n tie s  

F a rm ers’ C o -o p e r a t iv e  A s s o c ia t io n  c u t ,  c o l l e c t e d  and d r ie d  g r a s s  

from  o v e r  120  fa rm s w it h in  a 20- m i l e  r a d iu s  o f  th e  d r y in g  s t a t i o n .

A r e v ie w  o f  one y e a r ’ s  g r a s s  d r y in g  a t  th e  K enton s t a t i o n  h a s  b een  

p u b lis h e d  ( 1 2 4 ) .  The c o s t  o f  th e  co m p lete  d r y in g  s t a t i o n  a t  Kenton  

w h ich  in c lu d e s  f i e l d  eq u ip m en t, d r y e r , b u i l d in g s ,  e t c . ,  w as s t a t e d  by  

th e  m anager t o  b e  about £ 6 0 ,0 0 0 .  The c o s t  o f  th e  d ry er  ( l e s s  

fu r n a c e )  g iv e n  by th e  G rass D ry in g  M iss io n  t o  th e  C o n tin en t i n  t h e i r  

r e p o r t  ( 1 2 5 ) was £ 1 7 , 0 0 0 .

M a n u fa c tu r er ’ s l i t e r a t u r e  on th e  P eh rso n  d ry er  (1 2 6 )  c la im s

th a t  i t  i s  s u i t a b l e  f o r  d r y in g  c a s t  sea w eed . Data g iv e n  f o r  lu c e r n e

(1 2 7 )  show th a t  th e  s p e c i f i c  e v a p o r a t io n  in c r e a s e s  from  I 58O t o  17 5 0  

B .T h.u /lb  w a te r  ev a p o r a te d  a s  th e  i n i t i a l  w a ter  c o n te n t  i s  red u ced  

from  8 5 /o t o  70 /C *

5 . 2 . 2 .  D e s c r ip t io n  o f  th e  D ryer

The d r y in g  p r o c e s s  i n  th e  P eh rson  d ry er  i s  c a r r ie d  o u t i n  th r e e  

s t a g e s  — a p n eu m a tic  to w er  d r y in g  s e c t i o n  and two r o ta r y  drum 

s e c t i o n s  ( F i g .  1 2 ) .  The chopped  w et m a te r ia l  i s  f e d  in t o  th e  b a se  

o f  th e  t a l l  d u ct by an e n d le s s  b u c k e t e l e v a t o r  w ith  b u c k e ts  36 in
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w ide, 6 i n  deep , spaced a t  6 i n  i n t e r v a l s ,  'The f e e d  e l e v a to r  

d is c h a rg e s  th e  wet s to c k  i n t o  a hopper f i t t e d  w ith  a r o t a t i n g  b re a k e r  

to  p re v e n t  th e  f e e d  from ag g lo m era t in g  b e fo re  i t  p a s se s  th rough  an 

a i r - t i g h t  s l u i c e  i n t o  th e  h o t  gas s tream .

The h o t  g a se s  ( l8 0 0  P) used  in  th e  pneum atic tower a re  drawn from 

an o i l - f i r e d  fu rn a c e  which bu rns  S h e l l  B r i to leu m . The o i l  b u rn e rs  

were m anua lly  o p e ra te d  th roughou t th e  t e s t s .

When th e  wet f e e d  i s  in t ro d u c e d  to  th e  gas s tream  in  t h e  tow er ,  

th e  s m a l le r  p a r t i c l e s  a re  swept upwards alm ost im m ediately  w h i l s t  th e  

h e a v ie r  p ie c e s  f a l l  i n t o  th e  ’’s e l e c t o r " .  T h is  mechanism com prises a 

s e t  o f  s i x  b a r s  mounted round a h o r i z o n t a l  s h a f t  by s t a r —shaped end— 

p l a t e s  and th e  whole assembly r o t a t e s  in  a co rre sp o n d in g  c a v i ty  i n  the  

r e f r a c t o r y  l i n i n g  o f  th e  tow er base  (P ig ,  1 3 ) ,  The h e a v ie r  p a r t i c l e s  

a re  c o n t i n u a l l y  exposed to  the  h o t  a i r  b l a s t  by th e  r o t a t i n g  b a r s  u n t i l  

th e y  have l o s t  s u f f i c i e n t  w eight to  enab le  them to  be c a r r i e d  upwards. 

S tones  and th e  l a r g e s t  p a r t i c l e s  a re  e v e n tu a l ly  r e j e c t e d  and f a l l  to  

th e  bo ttom  o f  th e  tow er ,  where th e y  a r e  removed from th e  system by a 

screw  conveyor.  The r a t e  o f  e v a p o ra t io n  in  th e  tower i s  so h igh  t h a t  

th e  g a se s  a r e  co o led  to  a te m p e ra tu re  o f  app rox im a te ly  300°P. The 

p a r t l y - d r i e d  s o l i d s  a re  removed from th e  a i r  s tream  a t  the  e x i t  end of 

th e  pneum atic  s ta g e  by a cyclone s e p a r a t o r .  The exhaust f a n  f o r  

in d u c in g  th e  a i r  th rough  th e  tow er i s  s i t e d  on the  ro o f  o f  th e  c y c lo n e .

The m a te r i a l  now p a s s e s  th rough  an a i r  s e a l  and i s  f e d  by a  worm 

conveyor i n t o  th e  f i r s t  drum. This r o t a r y  d ry e r  c o n s i s t s  o f  a c y l i n d r i 

c a l  s t e e l  drum about 8 f t  6 i n  d iam ete r  by 12 f t  lo n g  which has  a l a r g e  

number o f  " e y e l i d ” p e r f o r a t i o n s  on the  curved  s u r f a c e .  R o ta t io n  o f  t h i s  

drum (2 r  , p , m , ) im p a r ts  a r o l l i n g  and m ix ing  a c t io n  to  th e  p ie c e s  of 

m a t e r i a l ,  w h ile  t i n e s  b o l t e d  to  the  i n s id e  o f  th e  drum p reven t pack ing  

o f  th e  charge  and th e  fo rm a t io n  o f  gas ch an n e ls ,  i n  a d d i t io n  to  g iv in g  

even d i s t r i b u t i o n  o f  h e a t  and in t im a te  c o n ta c t  between th e  a i r  and 

m a t e r i a l .  D rying a i r  to  th e  drum i s  a t  a much lower tem pera tu re  (550- 

750°P) th a n  th e  a i r  i n  the  f l o t a t i o n  s e c t i o n .
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The d ry in g  g a se s  a re  blown t r a n s v e r s e l y  through th e  bed  o f  

m a te r i a l  by a h o t - a i r  fan  which draws gases  th rough  a b r i c k  duct from 

th e  f u r n a c e .  Between th e  b low er and th e  fu rn a c e  th e r e  i s  a te m p e ra tu re -  

r e g u l a t i n g /  a i r —m ixing  box in  which the g ases  a r e  reduced  to  th e  r e q u i r e d  

te m p e ra tu re  by d i l u t i n g  w ith  c o ld  a i r ,  A damper i s  a l so  f i t t e d  to  t h i s  

d u c t .  As th e  s m a l le r  p a r t i c l e s  i n  the  drum become d ry , th e y  a re  c a r r i e d  

out by the  ex h au s t  g ases  and re c o v e re d  in  the cyclone o r  e l s e  f a l l  

th ro u g h  th e  p e r f o r a t i o n s  to  th e  p la tfo rm  below* These f i n e s  a re  p u l l e d  

i n t o  a c e n t r a l  conveyor by a s e t  o f  s c ra p e r  b la d e s  bu t the  bu lk  o f  th e  

m a te r i a l  f lo w s  th rough  th e  drum and over an a d ju s t a b le  g a te  to  th e  worm 

conveyor,  A t h i r d  b a la n c in g  f a n  i s  used  so t h a t  the  drum i s  o p e ra te d  

under  a  s l i g h t  vacuum and th e  door may be l e f t  open to  observe th e  

m a te r i a l  d u r in g  d ry in g .  A f te r  th e  m a te r ia l  has  been d is c h a rg e d  from th e  

f i r s t  drum, a b u c k e t  e l e v a to r  p a s s e s  i t  to  a f e e d  chute l e a d in g  to  the  

second  drum. T h is  drum i s  i d e n t i c a l  to  the f i r s t ,  bu t o p e ra te s  a t  a 

low er te m p e ra tu re  (300 -  500°F ).

The d ry  p ro d u c t  i s  r a i s e d  to  the  m i l l  cyclone by a second bucket 

e l e v a t o r  and a pneum atic  conveyor. An a d j u s t a b l e  damper i s  p rov ided  i n  

t h i s  d u c t  so t h a t  th e  a i r  l i f t  may be v a r i e d  to  a l low  on ly  th e  l i g h t e r  

p a r t i c l e s  t o  be c a r r i e d  o v e r .  The p roduc t i s  th e n  f e d  by g r a v i t y  from 

th e  b ase  o f  th e  cyclone to  e i t h e r  o f  the  g r in d e r s  v i a  an a i r  s e a l  and 

worm conveyor.  The C h r is ty  & N o rr is  MB r i to n M swing hammer m i l l s  o p e ra te  

a t  3000 r ,p ,m .  and a re  d r iv en  by in d iv id u a l  60 H.P. e l e c t r i c  m oto rs .

The s c re e n  a p e r t u r e  u sed  th roughou t th e s e  t e s t s  was 1 ,6  m»m, and th e  

p ro d u c t p a s s in g  th rough  th e  s c re e n  was blown in to  a bagging cyclone ,

5 . 2 , 3 .  P r e c u t t i n g
A Fox R ive r  c h a f f  c u t t e r  was u sed  to  chop the  seaweed p r i o r  to  

d ry in g .  T h is  machine has a conveyor b e l t  which guides t h e  m a te r ia l  

under a s p r in g —lo a d e d  f e e d  r o l l e r .  S e r r a te d  r id g e s  p u l l  th e  seaweed 

i n t o  th e  c u t t i n g  c y l in d e r  which chops the  m a te r ia l  a g a in s t  a f ix e d  b la d e ,

A d e l iv e r y  duct w ith  a fa n  d r iv e n  by & 40 H.P. P e t ro l  engine in c o rp o ra te d  

i n  th e  machine enab le  th e  chopped p roduct to  be blown in t o  any s u i t a b l e
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r e c e p t a c l e .  The c o s t  o f  t h i s  c h a f f  c u t t e r  i s  about £1 ,200 .

The c a p a c i ty  o f  th e  c u t t e r  was t e s t e d  by p a s s in g  3,670 lb  of 

f r e s h  L. c l o u s t o n i  s t i p e  th ro u g h  a t  as g r e a t  a r a t e  as  p o s s ib le  (w ith  

e i g h t  men lo a d in g  th e  seaweed on to  th e  co nveyor) .  This w eight o f  

s t i p e  r e q u i r e d  21 m inutes to  c u t ,  e q u iv a le n t  to  a th roughpu t o f  5 to n s  

o f  wet seaweed p e r  h o u r .  By v a ry in g  th e  conveyor b e l t  speed  in  r e l a t i o n  

to  th e  c u t t e r  speed , the  s i z e  o f  th e  p ie ce  can be regulated*, In  a l l  

th e s e  t e s t s  th e  machine was s e t  to  the  s m a l le s t  s iz e  which was nom inally  

i n .  I n  p r a c t i c e  the  s t i p e  p ie c e s  were about -g— i n  cubes on the  

average  and th e  f ro n d  p ie c e s  about 2 - in  s q u a re s .  The q u a n t i ty  of o v e r -  

- s i z e  p a r t i c l e s  amounted to  about 5$ (b ased  on th e  weight o f  m a te r ia l  

r e j e c t e d  from th e  s e l e c t o r  i n  the  dryer)*,

The g e n e ra l  im p res s io n  g a in e d  from t h i s  t e s t  was t h a t  th e  c u t t e r  

was w ork ing  w e l l  w i th in  i t s  c a p a c i ty .  The f ro n d s  d id  not cu t  s a t i s -  

- f a c t o r i l y  a s  th e y  became v e ry  s t i c k y  and showed a tendency to  choke th e  

c u t t e r s .  When the  whole p l a n t s  were t r i e d ,  the  s t i p e s  p rev en ted  the  

f ro n d s  from c lo g g in g  th e  machine to  any s e r io u s  e x t e n t .

With a  few m o d i f ic a t io n s  t h i s  type  o f  machine would appear to  be 

s u i t a b l e  f o r  p r e c u t t i n g  seaweed. A sc re e n in g  arrangem ent, such as a 

trommel, to  h o ld  back l a r g e r  p ie c e s ,  would g ive  a more homogeneous 

p a r t i c l e  s i z e  f o r  d ry in g .  The o v e r s iz e  p ie c e s  should  be r e c y c le d  

th rough  a sm alle r^m ach ine , perhaps  o f  a d i f f e r e n t  ty p e ,  a s  i t  i s  u n l i k e ly  

t h a t  th e  Pox E iv e r  c u t t e r  would f u r t h e r  reduce sh o r t  le n g th s  o f  s t i p e  

e f fe c t iv e ly * .  I f  th e  a i r  s tream  i s  used  f o r  s iz e  c l a s s i f i c a t i o n  as  i n  

t h i s  d r y e r ,  th e  r e j e c t e d  f r a c t i o n  cou ld  be  passed  through a sm a l le r  

c u t t e r  d i r e c t l y .  Th'is r e j e c t e d  f r a c t i o n  w i l l  co n ta in  s to n e s  and f o r e ig n  

m a t te r  from the  f e e d ,  and adequa te  p r e c a u t io n s  should  be ta k e n  to  p re v e n t  

th e s e  from e n t e r i n g  th e  c u t t e r .

5 * 2 .4 .  E xperim en ta l P rocedure

5 . 2 . 4 . 1 .  M a te r i a l  Measurement? The p o r t a b l e  weighing machine used f o r
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th e  in g o in g  seaweed was d es ig n ed  and c o n s t ru c te d  by th e  N ationa l 

I n s t i t u t e  o f  A g r i c u l t u r a l  E n g in ee r in g  f o r  t e s t s  on g r a s s  d ryers*

This  w eighb ridge  com prises  a r i g i d  p la t fo rm  sup p o r ted  a t  i t s  

c o rn e rs  by f o u r  low s t e e l y a r d s ,  each w ith  a c a p a c i ty  o f  4 ,000  lb  by 

1 lb* Ramps a t  e i t h e r  end o f  th e  p la t fo rm  enab le  t r a i l e r s  c o n ta in in g

seaweed to  be wheeled on to  th e  machine*

Large w ire  n e t s  had p r e v io u s ly  been p la c e d  in  the t r a i l e r ,  so t h a t

th e  lo a d  c o u ld  be dumped by opening th e  s id e  doors and p u l l i n g  out th e

n e ts*  Each t r a i l e r  has a c a p a c i ty  o f  about two to n s  o f  seaweed.

The seaweed was lo a d ed  in t o  th e  bucket f e e d  e l e v a to r  o f  the  d ry e r  

by a  t r a c t o r  equ ipped  w ith  a ,lHornr-I>raulic,, h y d r a u l i c a l ly - o p e r a t e d  

m echan ica l s h o v e l .  As th e  a r e a  su rro u n d in g  th e  e l e v a to r  was c o n c re te d ,  

any sm all  amounts o f  seaweed which f e l l  o f f  th e  m echanical shove l ,  e t c . ,  

were e a s i l y  swept up and f e d  to  th e  d ry e r ,  th e re b y  keeping  th e  lo s s e s  

o f  weighed m a te r i a l  to  a minimum.

The d r i e d  seaweed meal was c o l l e c t e d  i n  paper bags and th e  c o n te n ts  

a d ju s t e d  to  5 6 lb  n e t  on a sack b a la n c e .  The approxim ate f i l l i n g  tim e 

f o r  each b a g  was no ted  f o r  th e  second and t h i r d  ru n s .

IPuring a d ry in g  ru n ,  th e  m a te r i a l  coming from th e  tower cyclone 

was f r e q u e n t l y  sampled f o r  ev idence o f  s co rch in g ,  f o r  measurement o f  

m a te r i a l  te m p e ra tu re  and f o r  m o is tu re  c o n te n t .  These samples were tak en  

from th e  screw  conveyor f e e d in g  th e  m a te r i a l  to  th e  f i r s t  drum® By 

p u sh in g  up th e  v a lv e  hand le  i n  the  sam pling  tube  a hand fu l o f  m a te r ia l  

was o b ta in e d .  A l a r g e  b a s k e t  was p la c e d  undernea th  t h i s  sampling p o in t  

and th e  c o n te n t s  were r e c y c le d  p e r i o d i c a l l y .

L osses  o f  d ry  m a t te r  may have o c c u r re d  in  the f i l t e r  bags of th e  

hammer m i l l  as  i t  was im p ra c t i c a b le  to  empty th e  bags b e fo re  th e  t e s t s .  

There may a l s o  have been sm all amounts o f  f i n e s  undernea th  th e  drums 

which may have escaped  th e  s c r a p e r s .  I t  was observed t h a t  a q u a n t i ty  

o f  d r i e d  seaweed ( c i r c a  20 lb )  was c o l l e c t i n g  a t  th e  bottom o f  th e  bucke t 

e l e v a t o r s  by b e in g  m issed  by th e  edges o f  the  b u c k e ts .
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One f e a t u r e  c la im ed f o r  t h i s  d ry e r  i s  t h a t  o v e r s iz e  and heavy 

m a t e r i a l ,  such as s to n e s ,  i s  r e j e c t e d  from th e  f e e d  by the  s e l e c t o r  

and i s  removed by a screw conveyor* T h is  arrangem ent proved to  be 

e l i e c t i v e  f o r  th e  ru n s  on s t i p e s  and whole p l a n t s ,  as  chunks o f  s t i p e  

above about 1-g- -  2 i n  appea red  i n  the worm e x i to  A very  c le a n  cut 

s e p a r a t i o n  was ach iev ed ,  and v e ry  few small p ie c e s  were e j e c t e d  i n  t h i s  

way* 'This seaweed was c o l l e c t e d  in  bags and i t s  w eight deducted  from 

th e  w eigh t o f  feed*  Although a c e r t a i n  amount of d ry in g  had p robab ly  

ta k e n  p l a c e ,  th e  m o is tu re  c o n te n t  was assumed to  be t h a t  o f  th e  raw 

feed*

With f ro n d  on the o th e r  hand, a l a r g e  p ro p o r t io n  of the  feed  

(25 -  50/i) was r e j e c t e d  im m ed ia te ly ,  a l th o u g h  th e  s i z e s  o f  in d iv id u a l  

p ie c e s  were w e l l  w i th in  th e  f l o t a t i o n  l im i t s *  On opening the  i n s p e c t -  

—io n  door un d er  th e  s e l e c t o r ,  i t  was observed  t h a t  th e  f ro n d  was f a l l i n g  

i n t e r m i t t e n t l y  i n  cascades  which seemed to  i n d i c a t e  t h a t  th e  m a te r ia l  

was s t i c k i n g  t o g e th e r  and f a l l i n g  in  agglom erates*  At t h i s  s tage  a 

man was f u l l y  employed r e t u r n i n g  th e  whole o f  th e  r e j e c t  i n t o  the  fe e d  

e le v a to r*  E v e n tu a l ly  th e  b u lk  o f  th e  f ro n d  was c a r r i e d  over,  le a v in g  

on ly  th e  h e a v i e r  p ie c e s  o f  th e  seaweed p la n t  a d jo in in g  th e  s t i p e .  This  

f i n a l  r e j e c t  i s  th e  w eight rep o r te d *

5 e2*4*2. Tem perature  Measurements The i n l e t  tem pera tu re  to  th e  

pneum atic  tow er was in d i c a t e d  by a d i a l  thermometer and the  exhaust 

te m p e ra tu re  was re c o rd e d  on a therm ograph, as t h e  l a t t e r  v a lue  was 

im p o r ta n t  f o r  c o n t ro l  purposes* The r a t e  o f  f e e d  to  th e  s e l e c t o r  was 

a d j u s t e d  to  keep t h i s  exhaust te m p era tu re  i n  th e  r e g io n  o f  320 P* I n l e t  

and o u t l e t  te m p e ra tu re s  to  each drum were in d i c a te d  by m e rc u ry /s te e l  d i a l  

therm om eters*

Wet—b u lb  te m p e ra tu re s  of th e  a i r  l e a v in g  each drum were measured by 

d i a l  the rm om eters  o f  th e  e th e r  vapour type* The bu lbs  o f  th e se  

therm om eters  were k ep t  wet by a p ie c e  o f  m uslin  which dipped in to  copper 

d is h e s  (F ig* 15) suspended in s id e  the  drum. A le n g th  o f  ru b b e r  tu b in g
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was u sed  to  s ip h o n  w a te r  to  the  d is h e s  from a p a i l  p la c e d  on th e  ro o f  

o f  th e  d r y e r .

As th e  doors a t  th e  end o f  the  drum c a s in g s  were open th roughou t 

th e  t e s t s ,  i t  i s  p o s s i b l e  t h a t  th e  exhaust dry bu lb  te m p e ra tu re s  re c o rd e d  

a re  low due to  e n t ry  o f  co ld  a i r .

5 . 2 . 4 . 3 .  M a te r ia l  T em p era tu re s : The te m p era tu re  o f  m a te r ia l  l e a v in g

th e  pneum atic  d ry in g  s ta g e  was ta k e n  by o b ta in in g  a handfu l o f  th e  seaweed 

from th e  sam p ling  tube  a t  th e  base  o f  th e  tower cyc lone ,  and embedding a 

therm om eter i n  i t  u n t i l  th e  mercury r e a d in g  was c o n s ta n t .  Where the  

m a te r i a l  was moving a lo n g  th e  conveyor benea th  th e  drums, th e  therm ometers 

were suspended  in  th e  s tream  o f  m a te r i a l  and r e a d  a t  ten -m inu te  i n t e r v a l s .

5 . 2 . 4 . 4 .  Sam pling: Samples o f  th e  seaweed were tak en  a t  f i v e  s ta g e s  o f

th e  d ry in g  p r o c e s s ,  v i z : -

(1 )  v/et f e e d  -  from th e  bucket e l e v a t o r .

( 2 ) A f te r  pneum atic  tow er -  from sam pling  p o in t
( s e e  f lo w  s h e e t ,  P ig .  1 2 ) .

( 3 ) A f te r  drum 1 -  from overflow  a t  w e i r .

( 4 ) A f te r  drum 2 -  d i t t o .

( 5 ) M il le d  p roduc t -  sm all sample tak en  from
each bag .

At each sam pling  p o in t ,  sm all inc rem en ts  were taken  every te n  m inutes  

and th e  combined sample p la c e d  i n  a l a b e l l e d  8—oz sample b o t t l e  and 

d is p a tc h e d  to  th e  I n s t i t u t e  o f  Seaweed Research by p assenger  t r a i n 0 On

a r r i v a l  a t  th e  l a b o r a to r y ,  the  c o n te n ts  o f  each b o t t l e  were cu t i n t o

sm all p i e c e s  and th e  m o is tu re  c o n te n ts  determ ined  by an oven method a t  

212°P. The r e s u l t s  a r e  s e t  out i n  Table 4 .

5 . 2 . 4 . 5 .  Fuel and Power Measurement! During th e  ru n s ,  the  Kent o i l  m e te rs  

were r e a d  a t  t e n —m inute i n t e r v a l s  i n  a d d i t io n  to  read in g s  made a t  th e  s t a r t  

and f i n i s h  o f  each t e s t .  The o i l  te m p era tu re  was a lso  no ted .

The P-750 + T-250 type d ry e r  has  19 e l e c t r i c  motors w ith  a t o t a l  of 

130 H .P. e x c lu d in g  fu rn ace  equipment, p lu s  60 H.P. f o r  the  hammer m i l l .
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The average  power consumption f o r  th e  d ry in g  p l a n t  was s t a t e d  to  be 

140 k .w .h .  (1 2 8 ) .

5«2o4«6. A ir  V e l o c i t i e s : Two days b e fo re  th e  seaweed t e s t ,  the  o i l

b u rn e r s  were s t a r t e d  a t  low h e a t  i n  o rd e r  to  warm up th e  fu rn a c e  

r e f r a c t o r i e s  and dry  out th e  a i r  d u c t s .  This  a i r  a t  app rox im ate ly  212°P 

was drawn th rough  th e  tow er and p assed  ou t to  th e  arm osphere . An 

approx im ate  v a lu e  o f  t h i s  v e l o c i t y  was o b ta in e d  by t r a v e r s i n g  the  f a n  

o u t l e t  duct w ith  an anemometer. In  p r a c t i c e ,  the  a i r  e n t e r s  th e  tow er 

a t  1800°P and i s  coo led  to  app ro x im a te ly  300°F b e fo re  l e a v in g ,  so t h a t  

th e  v e l o c i t y  i n  th e  tower i t s e l f  w i l l  p robab ly  be very  much h ig h e r .  A ir 

above 300 F was no t p a s se d  through th e  empty tow er as  th e re  would be a 

r i s k  o f  d i s t o r t i n g  th e  f e e d  m achinery .

On th e  day p r i o r  to  th e  d ry in g  t e s t ,  s e v e r a l  to n s  of s i l a g e  were 

d r i e d  which gave th e  o b s e rv e r s  an o p p o r tu n i ty  o f  s e e in g  the  d ry e r  i n  

o p e r a t io n  and to  p e r f e c t  the  t e s t i n g  te c h n iq u e .  During th e  s i l a g e  t e s t ,  

duc t t r a v e r s e s  were made to  o b ta in  th e  a i r  v e l o c i t i e s  le a v in g  th e  two 

drums. These measurements (T ab le  5 ) p robab ly  r e p r e s e n t  approxim ate 

w orking  c o n d i t io n s  s in c e  th e  r e s i s t a n c e  of th e  bed o f  m a te r ia l  w i l l  have 

red u ced  th e  a i r  f lo w . I t  was im p ra c t i c a b le  to  measure a i r  f low s during  

th e  seaweed d ry in g  t e s t s .

5 . 2 . 4 . 7 .  Raw M a t e r i a l : The seaweed f o r  th e s e  t e s t s  (L. c lo u s to n i )  had

been h a r v e s t e d  d u r in g  th e  p re v io u s  week a t  Oban and s to r e d  in  th e  sea  i n  

l a r g e  n e t s .  Two days b e fo re  th e  t e s t  i t  was lo a d ed  on to  two o p en -s id ed ,  

r o o fe d ,  c a t t l e  t r u c k s  and se n t  by ro ad  to  S u f fo lk .  One lo a d  o f  s t i p e  

and f r o n d  a r r i v e d  on th e  a f te rn o o n  b e fo re  th e  t e s t  e n a b l in g  th e  s t i p e  to  

be chopped i n  r e a d i n e s s  f o r  th e  fo l lo w in g  day. This  m a te r ia l  was s to r e d  

o v e rn ig h t  on a c o n c re te  apron and was s h e l t e r e d  by the  le a n - to  r o o f .

The rem a in d e r  o f  th e  seaweed was un loaded  and l e f t  out in  the  open.

There were f r e q u e n t  showers o f  r a i n  d u r in g  th e  t e s t  which may account 

f o r  th e  in c r e a s e  i n  m o is tu re  c o n te n t  o f  th e  f ro n d  from 80^ a t  Oban to  Qlfo  

a t  Kenton.
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5«2>4.8» D rying Runs. As th e  b eh av io u r  of* seaweed d u r in g  d ry in g  i n  a 

d ry e r  o f  t h i s  type  was unknown, i t  was im p ra c t i c a b le  to  o p e ra te  th e  

d ry e r  u n d e r  p re a r ra n g e d  c o n d i t io n s .  A ir  te m p e ra tu re s  and volumes were 

a l t e r e d  to  g ive  a dry  p roduc t which co u ld  be ground i n  th e  m i l l s .  The 

c o n d i t io n s  had to  be such th a t  th e  e v a p o ra t io n  lo a d s  in  th e  drums were 

e q u a l ,  o th e rw is e  h e a t  would be w as ted  and s c o rch in g  would ta k e  p la c e .  

These r e s t r i c t i o n s  p a r t l y  account f o r  th e  wide v a r i a t i o n s  i n  th e  i n l e t  

drum te m p e ra tu re s  ( F ig .  1 6 ) .  I f  s u f f i c i e n t  q u a n t i ty  o f  seaweed had been  

a v a i l a b l e  f o r  a p ro lo n g ed  t e s t ,  no doubt a s u i t a b l e  s e t  o f  c o n d i t io n s  

would have been  found  when the  d ry e r  had s t a b i l i z e d .

Due to  th e  l a r g e  c ro s s  s e c t i o n  o f  th e  chopped seaweed p a r t i c l e s  i n  

r e l a t i o n  to  g r a s s ,  i t  was dec ided  to  reduce  th e  f e e d  r a t e  to  th e  minimum 

and g iv e  t h e  m a te r i a l  a maximum d ry in g  t im e .  The overflow  w e irs  a t  th e  

ends o f  th e  r o t a r y  drums were a l s o  a d ju s t e d  to  g ive  th e  maximum holdup 

volume.

v/hen th e  wet f e e d  f o r  each ru n  was f i n i s h e d ,  th e  pneumatic tower was 

i s o l a t e d  from th e  fu rn a c e  by a r e f r a c t o r y  b a f f l e ,  and the  b u rn e rs  tu rn e d  

down. The seaweed was a llow ed  to  rem ain  i n  th e  f i r s t  drum u n t i l  i t  was 

p a r t l y  d r i e d ,  th e n  th e  fa n s  were sh u t  o f f  and th e  drum allow ed  to  empty. 

L a s t ly  th e  rem a inder  o f  th e  seaweed was b ru shed  ou t from th e  r o t a t i n g  

drum. T h is  p ro c e s s  was r e p e a te d  f o r  the  second drum*

The tim e log^-sheet f o r  th o s e  v a r io u s  o p e ra t io n s  i s  i l l u s t r a t e d  in  

g r a p h ic a l  form f o r  the  f ro n d  t e s t  ru n  (F ig .  17) which v e r t i c a l  

d i s t a n c e s  a re  p r o p o r t i o n a l  to  t im e .

5 . 2 . 5 .  Labour Requirem ents

For normal ru n n in g ,  5 would be r e q u i r e d  • —

One chargehand who a d j u s t s  th e  c o n t r o l s ,  o i l  b u rn e rs ,  e t c . ,  and

o p e r a t e s  t h e  p l a n t  g e n e r a l ly .
One man lo a d in g  th e  chopped m a te r ia l  i n t o  th e  fe e d  e l e v a to r  w ith

th e  ''Horn D r a u l i c " .
One man o p e r a t in g  th e  Fox R iver p r e c u t t e r .

Two men b a g g in g ,  w eighing  and s t o r i n g  th e  p ro d u c t .
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T his  sch ed u le  exc ludes  a d m in i s t r a t i o n .  I t  a l s o  assumes t h a t  th e  

m a te r i a l  i s  lo a d e d  on to  th e  conveyor b e l t  of th e  Pox R iver c u t t e r .

The t e s t  on th e  c h a f f  c u t t e r  has  shown t h a t  i f  m echanical h a n d l in g  i s  

no t a v a i l a b l e ,  t h i s  la b o u r  item  may become excessive ,,

^ .2 o 6 P C on tac t Time

I t  was im p ra c t i c a b le  to  measure d i r e c t l y  th e  c o n ta c t  t im e  o f  th e  

seaweed p a r t i c l e s  in  t h e  pneum atic  tow er, b u t  on s t a r t i n g  up, i t  was 

o b se rv ed  t h a t  th e  f i r s t  p ie c e s  a r r i v e d  a t  the  sampling p o in t  about one 

m inute  a f t e r  th e  f e e d  had e n te r e d  th e  hopper .  The f ig u r e  g iven  by th e  

raan u fa c tu re rs  o f  5 -  10 seconds r e t e n t i o n  tim e i n  th e  s e l e c t o r  b e fo re  

g o ing  over  th e  tow er would appea r  to  be r e a s o n a b le .

I n  th e  r o t a r y  d ry in g  s t a g e s ,  a rough e s t im a te  o f  th e  d ry in g  time 

was o b ta in e d  from a s tudy  of th e  f ro n d  tim e lo g - s h e e t  (Pig* 17)• A 

t r i c k l e  o f  f i n e s  s t a r t e d  w i th in  10 m inutes from th e  beg inn ing  o f  the  

t e s t ,  b u t  s te a d y  f i l l i n g  o f  th e  bags was not a t t a i n e d  t i l l  45-50  m inutes 

from th e  s t a r t .  I f  th e  tim e of passage  th rough  th e  drum i s  assumed to

be equal to  th e  f i l l i n g  t im e , th e n  th e  r e t e n t i o n  time in  each drum

would be o f  th e  o rd e r  o f  25-30 m inu tes .

5 .2 .7 »  R e s u l t s
In  th e  perform ance t a b l e  o f  the  d ry e r  (T ab le  6) the f e e d  tim es  a re  

quo ted  as  93, 60 and 71 m inu tes  f o r  s t i p e ,  whole p la n t  and f ro n d  

r e s p e c t i v e l y .  Owing to  time l a g s  in  f i l l i n g  and emptying drums and 

th e  m i l l ,  th e  t o t a l  t im es  f o r  th e s e  runs  were 150 , 120 and 90 m inu tes .  

T h is  r a i s e s  a  d i f f i c u l t y  r e g a r d in g  th e  c o r r e c t  time to  use  f o r  c a lc u la — 

—t i n g  th e  o u tp u t  o f  th e  d r y e r .  The a l t e r n a t i v e s  are  f e e d  t im e ,  p roduc t 

t im e ,  o r  an av e rag e  " s tead y  c o n d i t io n s "  t im e .

The l a t t e r  co u ld  p o s s ib ly  be o b ta in e d  f o r  th e  f ro n d  run  by s e l e c t i n g  

th e  p e r io d  from 50-70  m inutes from the  s t a r t  when th e  tower was i n  opera

t i o n  and th e  p ro d u c t  was coming over a t  a s te a d y  rate© U n fo r tu n a te ly  

i n  th e  o th e r  ru n s  th e  p roduc t  r a t e  d id  not s te a d y  u n t i l  th e  f e e d  was

f i n i s h e d ,  and th e  p roduc t  r a t e  had been no ted  a t  i n t e r v a l s  o n ly .  This

method was no t u sed  as i t  seemed unwise to  s e l e c t  a sm all p o r t i o n  of the
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TABLE 6 .

PERFORMANCE FIGURES FOR PEHRSON DRYER (P-750 + T-250)

OPERATING ON SEAWEED

L. c l o u s t o n i STIPE WHOLE
PLANT

FROND

W ater c o n te n t  o f  raw 
m a t e r i a l ,  $ • ♦ a 83*8 8 3 .5 80 .8

W ater c o n te n t  o f  d r i e d  
m a t e r i a l ,  $ • • © 9*3 1 1 .6 9 .8

Weight o f  wet f e e d ,  lb • • • 8809 6316 5799
Weight o f  f e e d  r e j e o t e d , lb 420 170 39
Net w e ig h t d r i e d ,  lb • ♦ • 8389 6146 5760

Weight o f  d r i e d  p ro d u c t , lb 1365 1164 IO64

Loss o f  w e ig h t ,  lb • • O 7024 4982 4696
♦

Loss o f  d ry  m a t t e r ,  lb • • o 120 +14 146

Net e v a p o r a t io n ,  lb 0 • • 6904 4996 4550

F uel consum ption , g a l l  @ 160°F 168 121 103

Gross c a l o r i f i c  v a lu e  o f  
B .T h .u / g a l l  @ 160°F

f u e l ,  
• • • 169,500 169,500 169,500

B .T h .u / lb  w a te r  e v a p o ra te d  • • 4130 4100 3840

Feed t im e ,  rain • • • 93 60 71

* See T ab le  7 .
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t e s t  on which to  base  an o u tp u t  rate®

The n ex t a l t e r n a t i v e ,  the  time r e q u i r e d  f o r  th e  p roduc t  to  c o l l e c t  

i s  u n s a t i s f a c t o r y  as  th e  r a t e  i s  uneven a t  the  b e g in n in g ,  and i t  may 

r e p r e s e n t  th e  minimum c a p a c i ty  o f  th e  d ry e r  i f  th e  m i l l  was choking o r  

u n ab le  to  h an d le  th e  load*

In  the  c irc u m s ta n c e s  i t  was dec ided  to  base  th e  r a t e s  on the  f e e d  

t im e .  I t  may be a rgued  t h a t  i n  normal runn ing  th e  drums and m i l l  cou ld  

hand le  th e  f e e d  as  f a s t  as  i t  came from th e  tow er and e v e n tu a l ly  th e  

w eigh t o f  p ro d u c t  b e in g  d e l iv e r e d  would be e q u iv a le n t  to  th e  w eight of 

f e e d  e n t e r i n g .  The f e e d  r a t e  was a l s o  v e ry  n e a r ly  c o n s ta n t  du ring  th e  

t e s t  ru n .

The o u tp u t s  o f  d r i e d  p roduc t  were 0 .3 9 4 ,  0*52 and 0.398 to n s /h r  f o r  

s t i p e ,  whole p l a n t  and f ro n d .  From th e  m o is tu re  c o n te n ts  (d ry  b a s i s )  a t  

v a r io u s  p o i n t s  i n  the  d ry e r ,  th e  p e rc e n ta g e s  o f  w a te r  ev apo ra ted  i n  th e  

pneum atic  tow er were 45c/̂ » 48^ and 60^o r e s p e c t i v e l y .  The h ig h e r  p e rce n tag e  

o f  e v a p o ra t io n  i n  th e  tower f o r  f r o n d  may be accounted  f o r  by th e  r e c y c l in g  

o f  th e  r e j e c t e d  f e e d  m a t e r i a l .  The makers c la im  th a t  u s in g  g r a s s ,  60$ o f  

th e  m o is tu re  i s  removed i n  the  tow er .  The maximum tem pera tu re  o f  m a te r i a l  

l e a v in g  th e  tow er was 127°F.

The n e t  e v a p o ra t io n  was o b ta in e d  from th e  a lg e b r a ic  d i f f e r e n c e  o f  the  

l o s s  i n  w eigh t o f  th e  seaweed i n  p a s s in g  th rough  the  d ry e r  and the  a p p a re n t  

l o s s  i n  d ry  m a t t e r .  The dry m a t te r  l o s s  was c a l c u la te d  from the  i n l e t  

and o u t l e t  w e ig h ts  and m o is tu re  c o n te n ts  (Table  7)*

5 . 2 . 8 .  C onc lusions
The r e s u l t s  show th a t  th e  d ry e r  was ru n n in g  w e ll  within, i t s  r a t e d  

e v a p o ra t io n  lo a d .  A p o s s ib le  re a so n  f o r  t h i s  was t h a t  the  f e e d  e l e v a to r  

was s e t  a t  th e  lo w es t  f e e d  r a t e .  I t  i s  p ro b ab le  t h a t  the  f e e d  r a t e  cou ld  

be in c r e a s e d  and y e t  en ab le  th e  d ry e r  to d e l i v e r  a s u i t a b l e  d r ie d  p ro d u c t ,  

due to  more e f f i c i e n t  e v a p o ra t io n .  Table 8 shows th a t  i n  a l l  cases  th e  

exhaus t a i r  had  a r e l a t i v e  hum id ity  of l e s s  th a n  20$, so t h a t  the  a i r  

cou ld  s t i l l  ta k e  up more w a te r ,  a t  l e a s t  in  the f i r s t  drum. In  th e  l a s t  

drum, t h e r e  i s  ev idence  of o v e rh e a t in g  as  th e  m a te r ia l  was a t  a tem p era tu re



TABLE 7o 

APPARENT LOSS OF DRY MATTER

Run
Dry Matter Apparent

Loss
lb

i
Loss

input
lb

Output
lb

S tip e

Whole
P lant

Frond

1360

1 0 1 5

1106

1 2 4 0

1029

9 6 0

1 2 0  

Gain 14 

146

8 . 8

+1»4

1 3 .2

TABLE 8 .

AIR HUMIDITIES

A ir Q 
Temperature P

R ela tiv e
Humidity

t

Absolute
Humidity

g r /lbM ateria l P o s it io n Dry
bulb

Wet
bulb

S tip e Drum 1 1 8 0 113 14 346

Drum 2 161 1 0 6  . 1 8 271

Whole Drum 1 158 1 0 2 16 231
P lan t Drum 2 I 6 5 1 1 1 19 342

Prond Drum 1 2 1 2 113 6 2 9 2

Drum 2 154 104 19 2 6 0

Atmos-
p h erio
A ir

52 48 90 43
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o f  140--180 F. I f  th e  th roughpu t o f  seaweed was in c re a s e d  th e r e  would 

he l e s s  chance o f  t h i s  o c c u r r in g .

C o n s id e r in g  th e  s i z e  o f  th e  d ry e r ,  th e  q u a n t i ty  o f  seaweed a v a i l a b l e  

f o r  th e  t h r e e  t e s t s  was i n s u f f i c i e n t  to  g iv e  th e  d ry e r  t im e  to  reach  

s t a b l e  c o n d i t i o n s .  Also the  d ry e r  had no t been in  use  f o r  s e v e ra l  weeks 

p r e v io u s ly  so t h a t  th e  h e a t  l o s s e s  were p robab ly  e x a g g e ra te d .  The 

o v e r a l l  s p e c i f i c  e v a p o ra t io n  f o r  th e  d ry e r  on seaweed ranged  from 4130 

B.Th.U. p e r  lb  w a te r  ev a p o ra te d  f o r  s t i p e  to  384O B .T h .u / lb  f o r  f ro n d .

The f i g u r e  g iv e n  by a f i rm  o f  c o n s u l t in g  en g in e e rs  i n  Sweden on a r e c e n t  

t e s t  o f  a s i m i l a r  d ry e r  u s in g  g r a s s  was 1580 B„ThoU/lb (125 ) .  This  

d i s p a r i t y  may be due to  d i f f e r e n t  m a te r i a l s  b e in g  used , a lthough  the  

agreement betw een  f ro n d  and s t i p e  -  two m a te r i a l s  w ith  w idely  d i f f e r i n g  

p h y s ic a l  c h a r a c t e r i s t i c s  -  seems to  i n d i c a t e  t h a t  th e  d i f f e r e n c e  l i e s  i n  

th e  dryer©

I t  i s  r e a s o n a b le  to  assume th a t  under  s tead y  c o n d i t io n s  th e  s p e c i f i c  

e v a p o ra t io n  w i l l  approach th e  v a lu e  o f  I 58O B .T h .u /lb  which means t h a t  

th e  p ro b a b le  o u tp u t  w i l l  be 2 o r  2-g- t im es  the  v a lu e  o b ta in e d  i n  t h i s  

t e s t .

B ry ing  s t i p e  and f ro n d  to g e th e r  ( i . e .  whole p l a n t )  gave a g r e a t e r  

o u tp u t  th a n  f ro n d  o r  s t i p e  s e p a r a t e l y .  T h is  seems to  be due to  th e  cut 

s t i p e  p r e v e n t in g  th e  s t i c k i n g  to g e th e r  o f  the  f ro n d  p a r t i c l e s  r e s u l t i n g  

i n  a more porous bed o f  m a t e r i a l .  I t  shou ld  be n o ted ,  however, t h a t  th e  

average  i n l e t  a i r  te m p e ra tu re s  to  the  drums were th e  h ig h e s t  f o r  t h i s  ru n  

(T ab le  9 ) .

T h is  d ry e r  i s  t e c h n i c a l l y  capab le  o f  d ry in g  f r e s h  L. c lo u s to n i  s t i p e  

o r  whole p l a n t  ( a f t e r  chopping) to  a s u i t a b l e  c o n d i t io n  f o r  g r in d in g .

The d ry e r  ' i n  i t s  p r e s e n t  form i s  u n s u i t a b le  f o r  dry ing  fro n d ,  due to  th e  

p r e s e n t  f e e d in g  arrangem ents  f o r  th e  pneum atic tower and to  the  adhes ive  

n a tu re  o f  t h e  wet f e e d .  The ground seaweed meal o b ta in e d  from t h i s  t e s t  

was n o t  o f  good q u a l i t y  as  i t  had e v id e n t ly  been scorched  and had an 

u n p le a sa n t  Mo f f u odour. T h is  sho u ld  no t be e n t i r e l y  a t t r i b u t e d  to  th e  

d r y e r ,  however, s in c e  some decom position  o f  th e  wet seaweed may have
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o c c u r re d  i n  t r a n s i t  to  th e  d ry in g  s t a t i o n *  The a i r  te m p era tu re s  i n  

th e  drums were a p p a re n t ly  to o  h igh  and some o f  th e  l a r g e r  s t i p e  p ie c e s  

had b u r s t  open, p ro b ab ly  as  a r e s u l t  o f  r a p id  i n t e r n a l  v a p o r iz a t io n  o f  

w atero

The pneum atic  d ry in g  s e c t i o n  m inim ised  the  s t i c k i n e s s  o f  the f ro n d  

p ie c e s ,  and e n a b le d  them to  be d r i e d  more r e a d i l y  in  th e  r o t a r y  d ryers*  

I t  was n o t  known i f  any o f  th e  seaweed f ro n d  adhered  to  th e  i n t e r i o r  of 

th e  tow er and was bu rned ,  b u t  t h i s  p o s s i b i l i t y  may account f o r  the  

d ry -m a t te r  l o s s  f o r  f ro n d  b e in g  the  h ig h e s t  o f  th e  t h r e e  runs*
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5.3* TEMPLEWOOD GRASS DRIER

5*3.1° I n t r o d u c t i o n

ihe  th ro u g h — c i r c u l a t i o n  conveyor d ry e r  s e l e c t e d  f o r  t e s t i n g  was 

a Tempiewood Mk.2 Grass Dryer a t  G ilraerton E s ta t e s ,  Drem, East L o th ian .  

T h is  d ry e r  has  heen d e s c r ib e d  in  the l i t e r a t u r e  (129) and the  p ro to ty p e  

was t e s t e d  by the  N a tiona l  I n s t i t u t e  o f  A g r ic u l tu r a l  E n g in ee r in g  ( l 3 0 ) o

O utput o f  d r i e d  g r a s s  from t h i s  u n i t  was r a t e d  a t  4 cw t/h r  when 

fe e d in g  g r a s s  w ith  a w a te r  co n ten t  o f  80$. The d ry e r  was designed  to  

o p e ra te  a t  a maximum a i r  te m p era tu re  o f  300°F to  avo id  r a p id  s c o rch in g  

o f  th e  g r a s s  and consequen t l o s s  o f  d i g e s t i b i l i t y  in  th e  p r o te in  c o n te n t .

5°3*2. D e s c r ip t i o n  of Dryer

T h is  d ry e r  i s  a d o u b le -p a ss  th ro u g h -d rau g h t  conveyor type g ra s s  

d ry e r  u s in g  lo w - tem p era tu re  d r y in g - a i r  (300°P) w ith  r e c i r c u l a t i o n .

The w et g r a s s  i s  n o rm a lly  lo a d e d  on to  a f e e d  con veyor o f  th e  same 

w id th  a s  th e  d r y in g  c o n v e y o r s , w h ich  s lo p e s  upward from  1 f t  above 

ground l e v e l  and d is c h a r g e s  in t o  a cu rv ed  tro u g h  a t  th e f o o t  o f  th e  f e e d  

e l e v a t o r  ( F i g .  1 8 ) .  The g r a s s  i s  p u l l e d  up n in e  s lo p in g  ch a n n e ls  by 

t in e d  r o d s  d r iv e n  by  a  ^ 'tk ro w  c r a n k s h a ft  and i s  f i n a l l y  d isc h a r g e d  on  

to  th e  to p  d r y in g  co n v ey o r  w h ich  i s  a p p r o x im a te ly  6 f t  above ground  

l e v e l .

The d ry in g  conveyor b e l t s  a re  each 25.1 f^  long  by 5*38 f t  wide 

and c o n s i s t  o f  1 6 - in  lo n g  p an e ls  of - f - in  l i n k  w ire  supported  on each s id e  

by s p ro c k e t  c h a in s .  The g r a s s  p a sse s  a long  th e  top  o f  the  upper conveyor 

b e l t ,  th ro u g h  an o s c i l l a t i n g  tu rn o v e r  guide and i s  r e tu rn e d  by th e  bottom  

conveyor to  a d is c h a rg e  c ro ss -conveyor  benea th  the  fe e d  e l e v a to r .  The 

d is c h a rg e  conveyor p asse s  th e  d r ie d  m a te r ia l  to  a C h r is ty  & N orr is  

" B r i to n ” p r e b re a k e r  and hammermill f i t t e d  w ith  a bagging cyclone and dus t 

f i l t e r .

The f u rn a c e  i s  o i l  f i r e d  w ith  a lo w - p r e s s u re - a i r  b u rne r  and fo rg e  

blow er ty p e  f a n 0 Gas o i l  i s  f e d  from the  s to ra g e  tank  by a gear  pump. 

Secondary a i r  i s  ad m itted  to  th e  fu rn ace  by an opening round th e  b u rn e r
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and. d i l u e n t  a i r  i s  c o n t r o l l e d  by a damper a t  th e  r e a r  o f  th e  fu rn a c e .

The main c e n t r i f u g a l  f a n  draws th e  secondary  and t e r t i a r y  a i r  

th rough th e  fu rn a c e  and blows t h i s  h o t  a i r  in to  the  b r i c k  duct benea th  

th e  two co n v ey o rs .  This  d ry in g  a i r  p a s se s  upward th rough  the  p a r t l y  

d r i e d  g r a s s  on the  low er conveyor and th rough  the  w e t t e r  f e e d  on the  

to p  band. The exhaust a i r  from one t h i r d  of the  conveyor n e a r e s t  th e  

f e e d  end i s  d is c h a rg e d  d i r e c t  to  the a tm osphere, the rem ainder p a s s in g  

i n t o  th e  l a r g e  l e a n to  shed which houses th e  d ry e r  and fu rn a c e .  The shed 

th u s  a c t s  as  a r e c i r c u l a t i o n  duct and th e  f r e s h  a i r  f o r  th e  fu rn ace  e n t e r s  

from an  a d j a c e n t  door.

The f e e d  and d ry in g  conveyor speeds can be c o n t r o l l e d  by a hand- 

- o p e r a t e d  v a r i a b l e  d r iv e .  The o i l  b u rn e r  can be t h e r m o s ta t i c a l l y  o r  

m anually  c o n t r o l l e d  and th e  d ry in g  conveyor speed  can be a u to m a t ic a l ly  

r e g u l a t e d  t o  g iv e  a  c o n s ta n t  exhaust te m p era tu re  a t  a p o in t  on the  top  

band o n e - t h i r d  a lo n g  from th e  f e e d  end. The fu rn a c e  damper c o n t ro l s  the  

volume o f  d i l u t i n g  a i r  p a s s in g  through th e  fa n  and hence th e  a i r  v e l o c i t y  

th rough  th e  bed  o f  m a t e r i a l .

The horsepow er o f  th e  e l e c t r i c  motors i n  th e  i n s t a l l a t i o n  i s  

t a b u l a t e d  below

H.P.

Main Pan 1 2 .5

Furnace Blower 5

Peed & Drying Conveyor 1 .5

L e v e l le r  & E le v a to r 1

Cross Conveyor 1

P re b re a k e r  & M ill 50

5 » 3 .3 .  E x p e r im en ta l P roced u re

5 . 3 o3 . 1 .  A ir  T em perature : T hese w ere m easured  from  th e  d ia l  th erm om eters

p r o v id e d  on th e  d r y e r  a s  s ta n d a rd  eq u ip m en t. A r e c o r d in g  therm ograph  

was i n s t a l l e d  a s  p a r t  o f  th e  a u to m a tic  c o n tr o l  in s tr u m e n ts . A w e t-b u lb  

te m p e r a tu r e  m easurem ent was made u s in g  th e  arrangem ent d e s c r ib e d ' in  

S e c t io n  5 . 2 .4 « 2 e
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5»3.3«2© A ir  Flow* A rough e s t im a te  o f  th e  a i r  f low  th rough th e  d ry e r  

was made by t a k i n g  a v e r t i c a l  3 - p o in t  p i t o t  tube t r a v e r s e  o f  th e  i n l e t  

duc t betw een th e  f a n  and the  dryer© As th e r e  was on ly  one open ing  in  

th e  duct a f u l l e r  t r a v e r s e  could  not be made.

5»3©3.3o M a te r ia l  Measurement: A sack b a la n c e  was a v a i l a b l e  f o r

w eighing  th e  d r i e d  p ro d u c t  i n  the  paper b ags ,  bu t t h i s  method was 

im p r a c t i c a b le  f o r  v/eighing th e  wet f e e d  f o r  every  t e s t .  An e s t im a te  

of th e  t o t a l  amount of seaweed u sed  in  th e  t e s t s  was o b ta in ed  by lo a d in g  

th e  chopped f r o n d  on to  a l o r r y  and h av in g  i t  weighed on a w eighb ridge .

T h is  gave a n e t  w eight o f  28 cwt o f  seaweed.

5»3.3o4» F ue l Measurements T h is  f i g u r e  was e s t im a te d  by dip  rod  m easure- 

-m ents  a t  th e  s t a r t  and f i n i s h  of one d a y 's  t e s t i n g .  The average v a lu e  

o f  19 g a l l / h r  a g re e s  w e ll  w ith  th e  m a k e r 's  f i g u r e  o f  18,5 g a l l / h r .

5«3.3©5o Haw M a te r i a l :  A ll  the  t e s t s  c a r r i e d  out on t h i s  d ry e r  were

made on L. c lo u s t o n i  f ro n d  which had been h a rv e s te d  i n  the F i r t h  of F o r th ,  

n ea r  G ranton, from 16-22 November.

5«3o3o6© Drying Runs: The f i r s t  t e s t  w ith  whole f ro n d s ,  showed th a t  th e

e x i s t i n g  e l e v a t i n g  t i n e s  were u n s u i t a b le  f o r  seaweed, as  th e  f ro n d s  

s l ip p e d  down th e  i n c l i n e  alm ost as f a s t  as th ey  were p u l l e d  up© When 

th e  f ro n d s  were e v e n tu a l ly  d isc h a rg e d  from th e  d ry e r ,  some p a r t s  were 

c r i s p  b u t  where two a d ja c e n t  p a r t s  had  adhered , the  su r fa c e  was s t i l l  

w et.  I t  was dec ided  t h a t  p r e c u t t i n g  would be n ece ssa ry  and a "Papec" 

c h a f f  c u t t e r  was u sed  to  reduce  th e  f ro n d s  t o  p ie c e s  approx im ate ly  

1§— 2 i n  s q u a re  which were th e n  m a n u a l ly  l o a d e d  on to  th e  conveyor b e l t .

The d ry in g  conveyor b e l t  speed  could  be a l t e r e d  from about 1©9 — 6«7 f t /m in *  

( r e t e n t i o n  tim e  26 — 7*5 mi*0 b u t  a t  the  low est speed and w itn  an a i r  

te m p e ra tu re  o f  300°F, th e  f ro n d  was not co m ple te ly  dry when d isc h a rg e d .

I t  was a p p a re n t  from t h i s  t e s t  t h a t  th e  d ry e r  in  i t s  p re s e n t  form cou ld  

no t dry th e  chopped f ro n d  c o n t in u o u s ly .  For the  rem ainder o f  the  t e s t s ,  

th e  p l a n t  was o p e ra te d  b a tch w ise  by lo a d in g  up th e  to p  e l e v a to r ,  d ry in g  

f o r  about 15 m inu tes ,  ru n n in g  th e  conveyors t i l l  the  upper lo a d  was 

t r a n s f e r r e d  to  th e  low er band and s to p p in g  f o r  a f u r t h e r  p e r io d  o f  d ry ing .



-  90 -

When th e  change over was ta k in g  p la c e ,  th e  top  conveyor was r e lo a d e d  w ith  

wet weed.

O ther u s e f u l  in fo rm a t io n  o b ta in e d  from t h i s  s e t  o f  ru n s  was th a t  a i r  

te m p e ra tu re s  o f  300 and 250°F caused  p e r c e p t ib l e  s c o rch in g  in  the  p ro d u c t  

and th e  maximum i n l e t  a i r  te m p e ra tu re  which cou ld  s a f e ly  be u sed  was 

about 225°F. Frond d r i e d  a t  t h i s  te m p era tu re  and m i l le d  gave a good 

q u a l i t y  seaweed meal b a sed  on appea rance ,  odour and chemical a n a l y s i s .

'Ike d r y in g  tim e a t  t h i s  te m p e ra tu re  was 40-50 min p e r  b a tc h .

5 .3 .4 *  R e s u l t s

One q u a n t i t a t i v e  t e s t  was made, i n  which 472 lb  f rond  was loaded  

even ly  on to  th e  to p  d ry in g  conveyor, d r i e d  f o r  20 m inu tes ,  tu rn e d  over 

on to  th e  low er one and d r i e d  f o r  a f u r t h e r  15 m in u te s .  During th e  

tu r n i n g  and em ptying o p e r a t io n s ,  th e  ho t a i r  was s t i l l  p a ss in g  through 

th e  d r y e r .  As th e s e  p ro c e s s e s  took  14 m inutes each , th e  maximum p o s s ib le

d ry in g  t im e  would be 63 m inutes  and th e  minimum 50 m inu tes , .g iv in g  a mean

tim e o f  abou t 56 m in u te s .

As th e  i n i t i a l  w a te r  c o n te n t  o f  th e  f ro n d  was unknown, an assumed 

f i g u r e  o f  5*5 l b / l b  was ta k e n ,  from which the  t h e o r e t i c a l  p ro d u c t  w eight 

was c a l c u l a t e d .

O ther d a ta  f o r  t h i s  ru n  were a s  fo l lo w s  s-

Dry-bulb  te m p e ra tu re  = 225°F.

Wet-bulb te m p e ra tu re  = 110°F.

A ir  mass flow  = 1>330 Ib /m in , i ee .
G = 9»85 l b / ( s q . f t . ) ( m i n ) .

Weight o f  fe e d  *= 472 l b ,  i . e .  1^
= 3 . 5  l b / s q . f t .

Water c o n te n t  (a ssu m ed ) = 8 4 * 5 $  (5 * 5  l b / l b ) .

Weight o f  p ro d u c t  (measured) = 49 !*>•

Weight o f  p ro d u c t  ( c a lc d )  « 85 l b .

W ater co n te n t  o f  p roduc t  = 13 .6 5 $  (0 .16  l b / l b ) .

S p e c i f i c  E v ap o ra t io n  = 7>400 B.ThoU/lb.
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The w e ig h t  o f  b o n e -d ry  s o l i d s  e n te r in g  and l e a v in g  th e  d ry er  in  

th e  f i n a l  t e s t  d id  n o t a g r e e  ( l 2 06 lb  i n ,  4 2 .3  lb  o u t ) .  T h is  was

b e l i e v e d  to  b e  due to  th e  w e t t e r  m a te r ia l  a cc u m u la tin g  in  th e  p reb re a k e r

and n o t p a s s in g  t o  th e  m i l l  a s  i t  was to o  d en se  t o  be c a r r ie d  by th e

p n eu m a tic  h a n d lin g  system * I f  th e r e  was no l o s s  o f  p r o d u c t , th e  i n i t i a l

w a te r  c o n te n t  o f  th e  fr o n d  w ou ld  r e q u ir e  to  be 11©2 lb  w a t e r / lb  b one—d ry  

s o l i d  -  a m ost im p rob ab le  v a lu e .

5 » 3 « 5 q C o n c lu s io n s

T h is  t e s t  h a s  d em o n stra ted  th e  f e a s i b i l i t y  o f  d r y in g  fr o n d  on a 

f u l l - s c a l e  t h r o u g h - c i r c u la t io n  d r y e r , g iv in g  an e x c e l l e n t  q u a l i t y  seaw eed  

meal©

T w o -s ta g e  d r y in g  i s  an a d v a n ta g e  f o r  fr o n d  a s  th e  tu rn o v er  prom otes  

more u n ifo r m  d r y in g .  I t  was o b serv e d  d u r in g  th e  t e s t s  th a t  th e  fr o n d  

form ed  a r i g i d  b ed  w hich b ro k e  in t o  s h o r t  fr a g m en ts  as i t  r ea ch ed  th e  end  

o f  th e  u pp er b e lt©

The Tem plewood Mk.2 g r a s s  d ry er  in  i t s  p r e s e n t  form  i s  u n s u ita b le  

f o r  d r y in g  c h a f f  cu t L . c lo u s t o n i  fr o n d  e c o n o m ic a lly ,  due to  th e  d r y in g  

t im e  o f  th e  fr o n d  b e in g  to o  lo n g  t o  a l lo w  th e  d ry er  t o  be o p era ted  

c o n tin u o u s ly ©

At th e  s e c o n d  s t a g e  o f  d r y in g , th e  ex h a u st a i r  was o n ly  a few  

d e g r e e s  c o o le r  th a n  th e  i n l e t  a i r  and t h i s  h e a t  was l a r g e l y  w a ste d , 

w h erea s i n  norm al o p e r a t io n  i t  w ou ld  p a ss  th rou gh  th e  w et m a te r ia l  on th e  

to p  c o n v ey o r  b e l t .  T h is  a c c o u n ts  f o r  th e  e x c e s s i v e l y  h ig h  s p e c i f i c  

e v a p o r a t io n  o f  7 ,400 B .T h .u /lb  w a ter  e v a p o r a te d .

The e x i s t i n g  f e e d in g  arrangem ent i s  u n s a t i s f a c t o r y  f o r  lo a d in g  c h a f f -  

cu t fr o n d  on to  th e  to p  co n v ey o r  b e l t .  I f  th e  fr o n d  w ere sh red d ed  in t o  

lo n g  s t r i p s ,  sa y  % i n  w id e , i t  i s  c o n c e iv a b le  th a t  th e  lo a d in g  m echanism  

f o r  g r a s s  m igh t h a n d le  th e  seaw eed  s a t i s f a c t o r i l y .

The l i m i t i n g  a i r  tem p era tu re  f o r  d ry in g  s t a t i c  b ed s o f  L . c lo u s t o n i  

fr o n d  i s  a b o u t 2 2 5 °P , i . e .  t h i s  i s  th e  maximum a i r  tem p era tu re  w hich  th e  

seaw eed  can  w ith s ta n d  f o r  p ro lo n g e d  p e r io d s  w ith o u t s c o r c h in g .
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5 . 4 .  GEIJEHAL CONCLUSIONS AND FINAL SELECTION OF DRYER 

5 .4 .1 *  S t ip e

A l l  t h r e e  c l a s s e s  o f  d r y e r s  t e s t e d  a p p ea red  t o  "be t e c h n i c a l l y  

c a p a b le  o f  d r y in g  chopped  o r  m inced  L . c lo u s t o n i  s t i p e  i n  th e  f r e s h ly  

h a r v e s t e d  s t a t e .  The fem p lew ood  d ry er  was n ot t e s t e d  w ith  s t i p e  b u t  

num erous o th e r  t e s t s  on a s m a lle r  d ry er  h ave v e r i f i e d  th a t  s t i p e  can  

b e r e a d i l y  d r ie d  by  th rou gh  c i r c u l a t i o n  o f  h o t  a i r e

The r o t a r y - 1  ouvre d ry er  p rod u ced  a good p ro d u ct and f o r  a g iv e n  

o u tp u t w o u ld  p r o b a b ly  be more com pact th a n  e i t h e r  a co n veyor or  

p n e u m a tic -to w e r  d r y e r .

P n eu m atic  d r y in g  i s  ca p a b le  o f  rem ovin g  about h a l f  o f  th e  w a ter  

i n i t i a l l y  in  th e  s t i p e  i n  a fe w  s e c o n d s .  M inced s t i p e  co u ld  b e u se d  a s  

a f e e d  and th e  f i l t r a t e  s h o u ld  b e  pumped in t o  th e  tow er t o  p rev e n t l o s s  

o f  s o l u b l e s .  In  t h i s  way a d van tage  c o u ld  be ta k en  o f  th e  r a p id  d r y in g  

r a t e s  o f  f i n e l y  c u t  m a t e r ia l .

5 . 4 . 2 .  F rond

The s t i c k i n e s s  o f  th e  L . c lo u s t o n i  fr o n d  ca u sed  u n c e r ta in  r e t e n t io n  

t im e  and i r r e g u l a r  d r y in g  in  th e  r o t a r y —lo u v r e  d ry er  and w ould  a lm o st  

c e r t a i n l y  g i v e  tr o u b le  w ith  o th e r  d e s ig n s  o f  r o ta r y  d r y e r . A d h e s io n  

and b r id g in g  o f  th e  m a te r ia l  c o u ld  p o s s ib l y  b e  red u ced  by f i t t i n g  l o o s e  

c h a in s  i n s i d e  th e  drum b u t t h i s  w ould  in c r e a s e  wear and m ain ten an ce  c o s t s .

T here a r e  two a l t e r n a t iv e  m ethods o f  d ry in g  t h e r m a l ly - s e n s i t iv e  

v e g e t a b le  m a t e r ia l

( a )  By d r y in g  a t  te m p era tu re s  s a f e l y  b e lo w  s c o r c h in g  p o in t .

(b )  By f l a s h  d r y in g  in  h ig h -te m p e r a tu r e  g a s e s  fo r  a few  s e c o n d s .

B oth  s y s te m s  have b een  u se d  f o r  g r a s s  and th e r e  i s  c o n s id e r a b le  

c o n tr o v e r s y  a s  to  th e  r e l a t i v e  m e r it s  o f  th e  two s y s te m s .

M ethod ( a )  i s  c l e a r l y  a p p l ic a b le  to  seaw eed  b u t th e r e  i s  some 

d u b ie ty  a b o u t h ig h —te m p era tu re  d r y in g  o f  seaw eed  fr o n d  a s  th e  th ic k n e s s  

o f  th e  a l g a l  p a r t i c l e s  i s  s e v e r a l  t im e s  g r e a te r  th an  th a t  o f  g r a s s .  In
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th e  c a s e  o f  f r o n d s ,  w h i l s t  ch o p p in g  w i l l  red u ce  th e  a r e a  o f  th e  la m in a  

i t  w i l l  r a r e l y  s p l i t  i t  and red u ce  th e  t h i c k n e s s . I f  t h i s  i s  not d on e , 

th e  d r y in g  t im e s  w i l l  a lm o st in v a r ia b ly  b e  lo n g e r  th a n  th e  d r y in g  t im e s  

f o r  l e a f  g r a s s  u nder th e  same c o n d i t io n s .

P n eu m a tic  d ry in g  o f  fr o n d  i n  th e  P eh rson  d ry er  h a s  th e  ad v a n ta g e  

th a t  6 0 $  o f  th e  w a ter  can  be rem oved i n  a few  s e c o n d s . Prond d i s -  

-c h a r g e d  from  th e  to w er  had l o s t  m ost o f  i t s  s t i c k i n e s s  and c o u ld  b e  

h a n d led  i n  th e  r o ta r y  d r y e r s .  F e e d in g  d i f f i c u l t i e s ,  how ever, mean 

th a t  th e  fr o n d  w ould  h ave t o  b e  r e c y c le d  th rou gh  th e  tow er as i t  d id  n o t  

a lw a y s  becom e a ir b o r n e  a t  th e  f i r s t  a t t e m p t . Gordon ( l 3 l )  b as s t a t e d  

t h a t  r e c i r c u l a t i o n  o f  th e  f e e d  i n  f l a s h - d r y in g  sy s te m s  i s  u n d e s ir a b le  

i f  th e  m a t e r ia l  i s  h e a t  s e n s i t i v e *

As a l l  th e  w a te r  c o n te n t  o f  seaw eed  i s  n o t p r e s e n t  a t th e  s u r f a c e ,  

p n eu m a tic  d r y in g  w ould  h ave to  be c a r r ie d  o u t i n  s e v e r a l  s t a g e s .  I f  

th e  te m p e r a tu r e s  in  s u c c e s s iv e  s t a g e s  w ere n o t c o n s id e r a b ly  lo w er  th a n  

th e  i n i t i a l  s t a g e ,  th e  d anger o f  o v e r h e a t in g  and co m b u stio n  w ould  in c r e a s e  

r a p i d l y .  B a i le y  & H am blin (9 3 )  r e p o r te d  t h a t  b u rn in g  o f  th e  g r a s s  

o c c u r r e d  i n  th e  m a jo r ity  o f  h ig h -te m p e r a tu r e  p neum atic g r a s s  d ry er s  

t e s t e d  b y  th e  n a t io n a l  I n s t i t u t e  o f  A g r ic u l t u r a l  E n g in e e r in g . Seaweed  

fr o n d  w o u ld  p r o b a b ly  be more prone to  s c o r c h in g  th a n  l e a f y  g r a s s ,  s in c e  

th e  t h i c k n e s s  o f  th e  fr o n d s  may b e  t e n  t im e s  th a t  o f  th e  g r a s s .  C o n ta ct  

t im e  i n  th e  a i r  w ould  h ave t o  be e x ten d e d  t o  p erm it th e  in t e r n a l  w a te r  

to  e s c a p e .

I f  on th e  o th e r  hand , a i r  te m p era tu re s  are  red u ced  s u b s t a n t i a l l y  to  

p r e v e n t s c o r c h in g ,  th e  e f f i c i e n c y  o f  p n eu m atic  d r y in g  i s  r e d u ced  m a rk ed ly .

I t  w o u ld  ap pear t h a t  p n eu m atic  d r y in g  f o r  fr o n d  h as i t s  main  

a p p l i c a t io n  as  an i n i t i a l  d r y in g  s t a g e ,  a s  t y p i f i e d  i n  th e  P eh rson  d r y e r ,  

so  th a t  i n  e f f e c t  two d r y e r s  would b e r e q u ir e d  to  dry th e  fr o n d  c o m p le t e ly .

M it c h e l l  (1 3 2 )  s t a t e s  th a t  th e r e  i s  no e v id e n c e  to  su p p o rt th e  

c o n t e n t io n  t h a t  h ig h -te m p e r a tu r e  p n eu m atic  g r a s s -d r y e r s  g iv e  g r e a te r  

th erm a l e f f i c i e n c i e s  and h ig h e r  o u tp u ts  p er  man-hour when compared w ith
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low te m p e ra tu re  d ry e rs  o f  equal c a p a c i ty .  He found t h a t  the  apparen t 

l o s s  o f  d ry  m a t te r  i s  u s u a l l y  i n  the range 5-10$ f o r  h ig h - te m p e ra tu re  

g ra s s  d r y e r s  and ahout 3$ f o r  low -te rnpera tu re  d r y e r s .

T h r o u g h -c ir c u la t io n  d r y in g  was th e  o n ly  sy stem  w hich  h a n d led  th e  

fr o n d  s u c c e s s f u l l y  and p ro d u ced  a h ig h  q u a l i t y  p ro d u ct (u n d er  th e  t e s t  

c o n d it io n s  u s e d ) .  T h is  p r o c e s s  h as b een  u sed  fo r  meat d e h y d r a tio n  ( l ! 3 ) .

T h is  m ethod was n ot w id e ly  u se d  fo r  v e g e t a b le  d e h y d r a tio n  in  th e  

l a s t  w ar , b u t  w as com ing in t o  in c r e a s in g  u se  a s  th e  o p e r a t in g  problem s  

w ere o v erco m e . The h e a v ie r  b e l t  lo a d in g s  w hich  w ere p e r m is s ib le  in  

th r o u g h -d r a u g h t d r y e r s  red u ced  th e  d ry er  s i z e  a p p r e c ia b ly  when compared  

w ith  o v e r -d r a u g h t  d r y e r s  o f  th e  same c a p a c i t y .  The c o n tin u o u s  b e l t  

d is p e n s e d  w ith  th e  ca r  t r a n s f e r  t r a c k s ,  t r a y  w a sh in g  p la n t  and tr a y  

s to r a g e  s p a c e  w hich  was r e q u ir e d  f o r  tu n n e l d r y e r s  ( l3 3 ) »  B lade (1 3 4 )  

o u t l in e d  th e  a d v a n ta g e s  o f  a c o n tin u o u s  co n v ey o r  d eh y d ra to r  fo r  v e g e ta b le  

d r y in g  and L I i t c h e l l ( l 3 5 )  ^ as s u g g e s te d  th e  u se  o f  t h r o u g h - c ir c u la t io n  

d r y in g  f o r  p r e s e r v in g  n a tu r a l  p r o d u c ts  p r io r  to  e x t r a c t io n  o f  f i n e  

c h e m ic a ls .

A d d i t io n a l  advan tages  o f  t h r o u g h - c i r c u l a t i o n  conveyor d ry e rs  .are 

t h a t  th e  d r y in g  t im es  can be a l t e r e d  to  meet v a r i a t i o n s  of w a te r  co n ten t  

i n  the  raw m a te r i a l  and th e s e  tim es  can be h e ld  w i th i n  c lo se  l i m i t s .

As t h r o u g h - c i r c u l a t i o n  d ry in g  was th e  only  d ry ing  p ro cess  t e s t e d  by 

which b o th  s t i p e  and f r o n d  cou ld  be d r i e d  s a t i s f a c t o r i l y ,  t h i s  method 

was s e l e c t e d  f o r  f u r t h e r  s tudy  to  f i n d  th e  optimum working c o n d i t io n s  and 

to  s tu d y  th e  d ry in g  c h a r a c t e r i s t i c s  o f  th e  seaweed*
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6 . THROUGH-CIRCULATION DRYING OF SEAWEED

6 . 1 .  PREVIOUS WORK OH THROUGH-01RGULATIOH DRYING

Hop k i l n s  o r  o a s t s  a re  n a tu r a l-d r a u g h t  t h r o u g h - c ir c u la t io n  d r y e r s .  

B u r g ess  (1 3 6 )  h a s  d e s c r ib e d  work on hop d r y in g  from  1921 to  1933 on 

fo u r  s m a ll  e x p e r im e n ta l k i l n s  c o n s tr u c te d  by th e  I n s t i t u t e  o f  B rew in g .

The hop c o n e s  a re  about 1 to  2 i n .  in  le n g th  and to  1 i n .  i n  d ia m e te r ,  

w ith  i n i t i a l  m o is tu r e  c o n te n t s  o f  a p p r o x im a te ly  8 0 $ . They are  su p p o r te d  

on a lo o s e ly - w o v e n  h o r s e h a ir  c lo t h  w hich l i e s  on an open s l a t t e d  f l o o r  

m ounted s e v e r a l  f e e t  above an open  f i r e ,  and a r e  d r ie d  to  a m o is tu re  c o n te n t  

o f  about 6 $ . B u r g e ss  d iv id e s  th e  d r y in g  tim e  in t o  two p e r io d s ,  th e  

’ minimum t im e 1 r e q u ir e d  to  dry a s i n g l e  la y e r  o f  h o p s , and th e  ’ e x tr a  t im e ’ 

n e c e s s a r y  f o r  th e  l e v e l  o f  d r y n e ss  to  r i s e  th rou gh  th e  b ed  o f  h o p s . The 

t im e  r e q u ir e d  to  dry h ops from  80  t o  2/b a t  a c o n s ta n t  a i r  tem p era tu re  i s  

g iv e n  by  th e  e x p r e s s io n  s -

© .  i  r ? i 6 -5, k  *  6 2 5 0i  [ 7 1 6 .  

-  [ / • 047 ^ 73?

w here P = va p o u r p r e s s u r e  o f  w a te r  a t  tem p era tu re  o f  d ry in g  a i r ,  i n  
o f  m ercu ry ,

p — vap ou r p r e s s u r e  due t o  h u m id ity  o f  a tm o sp h ere , i n  o f  m ercury,

L * l o s s  i n  w e ig h t  d u r in g  d r y in g , o z / s q . f t .  o f  k i l n  f l o o r ,

Q s  d r y in g  t im e , m in,

V a e x i t  a i r  v e l o c i t y ,  f t /m in *

Owen (1 3 7 )  d e s c r ib e s  a s e r i e s  o f  e x p er im en ts  on th e  d e s i c c a t io n  o f  

s u g a r -b e e t  c o s s e t t e s  ( 2 .2  i n  x  0 .4  i n  x  0 .2  i n )  on th e  la b o r a to r y  s c a le  

and on t h e  p la n t  s c a l e .  The f a c t o r s  in f lu e n c in g  d ry in g  w hich  w ere 

s t u d ie d  in c lu d e d  th e  p o r o s i t y  and depth  o f  th e  b ed  o f  sugar b e e t ,  and 

th e  v o lu m e , p r e s s u r e ,  and tenqperature o f  th e  a i r  u s e d . T hese t e s t s  w ere  

a l s o  co n ce rn ed  w ith  th e  in v e r s io n  o f  th e  su g a r  d u r in g  d r y in g , and 

fo u n d  t h a t  th e  c r i t i c a l  te m p era tu re  o f  th e  m a t e r ia l  in  th e  m o is t  s t a t e

w as 2 2 0 °F , >

S c o t t  (1 3 8 )  em ployed  t h r o u g h - c ir c u la t io n  o f  a i r  to  s tu d y  th e  e f f e c t
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o f  te m p e r a tu r e  on g r a s s  d r y in g , The l i m i t i n g  tem p era tu re  for t h i s  

m a t e r ia l  was 300—350 P , above w hich  te m p e r a tu r e , b lo w h o le s  o f  sc o r c h e d  

g r a s s  r a p id ly  d ev e lo p ed *

M a rsh a ll & Hougen (9 8 )  s t u d ie d  a w id e v a r i e t y  o f  m a t e r ia l s  under  

s im i la r  c o n d it io n s  o f  t h r o u g h - c ir c u la t io n  d r y in g , and showed th a t  th e  

t im e s  r e q u ir e d  w ere much s h o r te r  th a n  co r r e sp o n d in g  t im e s  f o r  c r o s s 

c i r c u l a t i o n  d r y in g .  T hese w o rk ers e x p r e s s e d  th e  c o n s ta n t  d r y in g  r a t e  

by th e  fo r m u la

dJJf/40 = kG0 , 8 l (Hs -  H j

w here k = a c o n s t a n t ,

Es = s a t u r a t i o n  h u m id ity  a t  w e t-b u lb  tem p era tu re  o f  a i r ,

Ea= h u m id ity  o f  a i r ,  l b / l b  o f  a i r .

The v a lu e  o f  k was about 3 -6  f o r  c la y s  and p ig m e n ts , 2 5 -1 0 0  f o r  g ra n u la r

s o l i d s ,  and 1 1 0 -2 2 0  f o r  f i b r e s .

T h is  e x p lo r a to r y  s tu d y  was c o n tin u e d  by Gamson, Thodos & Hougen (54)» 

Prom a  s tu d y  o f  th e  d r y in g  o f  w e t te d  c a t a ly s t  p e l l e t s ,  th e y  d e r iv e d  an

e q u a t io n  f o r  th e  c o n s ta n t  r a t e  o f  e v a p o r a t io n  o f  w a te r  from  th e  s u r fa c e

o f  w et g r a n u la r  s o l i d s

d.W 0 .4 2 a G ° '5 9 (AH)m 
dfl =

w here a = d r y in g  a r e a ,  s q . f t , / c u . f t .  o f  b ed  volum e,

p = b u lk  d e n s i t y  o f  dry g r a n u la r  b e d , l b / c u . f t . ,

Dp = a v e r a g e  p a r t i c l e  d ia m e te r , f t ,

(AH)m = l o g  ( mean o f  i n l e t  and o u t l e t  h u m id ity  d r iv in g  f o r c e s  a c r o s s  
th e  a i r  f i lm  on th e  p a r t i c l e ) »

A more g e n e r a l  form  o f  th e  e q u a t io n  was a l s o  g iv e n ,  c o v e r in g  th e  v a p o r iz a t io n  

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

V/hen t h e  m o d if ie d  R eyn o ld s number fo r  g a s e s  p a s s in g  through  b ed s  o f

s o l i d s  i s  g r e a t e r  th a n  35^ , th e  f lo w  i s  tu r b u le n t ,  w h ereas s tr e a m lin e

f lo w  o c c u r s  when th e  v a lu e  i s  l e s s  th a n  4 0 .  W ilke & Hougen (55) ^ v e
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e q u a t io n s  f o r  th e  c o n s ta n t—d r y in g  r a t e  when th e  f lo w  was in  th e  s trea m — 

- l i n e  r e g io n ,

U o u n f ie ld  ( l 3 9 )  i n v e s t i g a t e d  th e  d r y in g  o f  w heat i n  a b a tch  th r o u g h -  

c i r c u l a t i o n  d r y e r , c o n s i s t i n g  o f  a v e r t i c a l  c y l in d e r  and a c o n ic a l  b a se  

w ith  p r o v i s io n  f o r  in t r o d u c in g  h o t a i r  th rou gh  a g r a t in g  in  th e  b o tto m .

The w h eat was c o n t in u o u s ly  c i r c u l a t e d  by a v e r t i c a l  worm.

Brown & Van A r sd e l ( 1 4 0 ) s tu d ie d  th e  t h r o u g h - c ir c u la t io n  d r y in g  o f  

w h ite  p o t a t o  s t r i p s  i n  sq u a r e ) and p r e s e n te d  t h e i r  d a ta  in  nomogra—

- p h ic  fo r m . The a p p a ra tu s  u se d  was a c a b in e t  d ry er  b a f f l e d  t o  d ir e c t  

th e  a i r  downward th rou gh  th e  v e g e t a b le  b e d . P e r fo r a te d  m eta l s h e e t  was 

u s e d  to  c r e a t e  a s u b s t a n t ia l  p r e s s u r e -d r o p , th u s  e n s u r in g  a r e a s o n a b ly  

u n ifo rm  a i r  d i s t r i b u t i o n  a t  a l l  p a r t s  o f  th e  b e d ,

Ede & H a le s  (8 0 )  d e s c r ib e d  t e s t s  on v e g e ta b le  and f r u i t  d e h y d r a tio n  

w ith  th r o u g h -d r a u g h t d r y e r s .  W ith v e g e t a b le s ,  i t  was d i f f i c u l t  to  

m a in ta in  s t e a d y  d r y in g  c o n d it io n s  d u r in g  a  t e s t  owing- to  th e  c o n tr a c t io n  

o f  th e  m a t e r ia l ,  and l i t t l e  work was d o n e . W ith f r u i t ,  h ow ever, th e  

e f f e c t  o f  t r a y  lo a d in g ,  a i r  s p e e d , and s p e c i f i c  s u r fa c e  on th e  r a t e  o f  

d r y in g  w ere  i n v e s t i g a t e d ,  Ede & H a le s  a l s o  i n v e s t i g a t e d  co m p r eh en s iv e ly  

th e  c r o s s - c i r c u l a t i o n  d r y in g  o f  s c a ld e d  p o ta to  s t r i p s ,  and d e v is e d  a u n i t  

w e t-b u lb  d e p r e s s io n  e v a p o r a t io n - c o e f f i c ie n t  to  c o r r e la t e  t h e i r  e x p e r im e n ts .

A l l e r t o n ,  B ro w n ell & K atz ( l 4 l )  s t u d ie d  th e  mechanism o f  f i l t e r - c a k e  

d r y in g  b y  t h r o u g h - c ir c u la t io n  o f  a i r ,  u s in g  g l a s s  b a l l s  ( I 6- I 5O T y le r  

m esh) and c r u sh ed  q u a r tz  ( 1 0 -2 4  m esh) w ith  w a ter  a s  th e  v a p o r iz in g  l i q u i d .  

A ir  f l o w  w as m a in ly  in  th e  s tr e a m lin e  r e g io n .  B ecau se o f  th e  lo w  a i r  

te m p era tu re  u s e d  ( 85—95°P)> an<i  s u r fa c e  ex p o sed , th e  a ir  l e f t

th e  b ed  o f  m a t e r ia l  v i r t u a l l y  s a t u r a t e d .  E v a p o ra tio n  was c o n s id e r e d  to  

ta k e  p la c e  i n  a narrow  zone (■§—4 i*1) w h ich  p a s s e d  th rou gh  th e  b e d , When 

t h i s  zon e r e a c h e d  th e  end o f  th e  b ed , th e  i n i t i a l  c o n s ta n t—r a te  p e r io d  

was s u c c e e d e d  by  a f a l l i n g - r a t e  p e r io d .  The d r y in g  r a t e s  w ere c o r r e la t e d  

on a v a p o r i z a t i o n - e f f i c i e n c y  b a s i s  s -

r /H  = E = (1 -  e- W ) and .1  = 2 . 72(H e)°*215( d r ° , 35W0°36
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where r  * r a t e  o f  d ry in g ,  and R = maximum r a t e  o f  d ry in g ,  l b / ( s q . f t . ) (m in ) , 

E = v a p o r i z a t i o n  e f f i c i e n c y ,

Y = d ry in g  f a c t o r ,  s q . f t . / l b ,  

d = p a r t i c l e  d ia m e te r ,  i n ,

Re = DG1 / > >  where 

D = p a r t i c l e  d ia m e te r ,  f t . ,

J(/L -  v i s c o s i t y ,  l b / ( f  t ) ( s e c ) ,

G1= mass v e l o c i t y ,  l b / ( s q . f t . ) ( h r ) .

Hendry & S c o t t  (142) rev iew ed  d i f f e r e n t  methods o f  p re s e n t in g  

ex p e r im e n ta l  d a t a  on d ry in g  and showed how th e s e  cou ld  be a p p l ie d  to  th e  

d e s ig n  o f  f u l l - s c a l e  d r y e r s .

D rying  t e s t s  on v is c o s e  s t a p l e  f i b r e  on th e  l a b o ra to r y  and p la n t  

s c a l e  were d e s c r ib e d  by Coles (143)* The fo l lo w in g  fo rm ula  was d e r iv e d  

f o r  th e  dow n-draught t h r o u g h - c i r c u l a t i o n  d ry in g  of v is c o se  f i b r e  : -

2c31og10Wo/w = 0.356G1 "230dH

where W0 & W = th e  i n i t i a l  and f i n a l  f r e e  m o is tu re  c o n te n t ,  l b / l b  o f
b one-d ry  p ro d u c t ,

dll = d i f f e r e n c e  between hum id ity  o f  a i r  s a tu r a t e d  a t  w e t-bu lb  
and th e  a c tu a l  h um id ity  o f  th e  a i r ,  lb  o f  w a te r / lb  
of a i r .

K r a y b i l l  (113) d e s c r ib e d  a p ro c e s s  f o r  d e h y d ra t in g  meat i n  a 2 - s ta g e  

co n t in u o u s  th r o u g h - c i r c u l a t i o n  d ry e r ,  10 f t  wide by 60 f t  long* The 

f r e s h  minced meat (55/» w a te r )  was lo ad ed  to  a depth o f  1-g- i n  and d r ie d  

to  34jfe m o is tu r e ,  when i t  was r e lo a d e d  to  a depth of 4~iw5 on a s econ& 

b e l t  and d r i e d  to  10^© The o u tp u t  was 1 ,0 0 0 -1 ,3 0 0  l b / h r .  The use o f  

a g r e a t e r  bed  d e p th  i n  the second s tag e  was made p o s s ib le  by the in c re a s e d  

p o r o s i ty  of th e  bed  o f  p a r t l y  d r ie d  m ateria l©

D uring th e  e a r l y  p a r t  o f  th e  War, th e  M in is t ry  of Pood c a r r i e d  out 

s e v e r a l  p i l o t —p l a n t  d ry in g  t e s t s  on v e g e ta b le s .  The f i r s t  o f  th e se  t e s t s  

(1 4 4 ) ,  on a Tomlinson* s s i n g l e - p a s s  th r o u g h - c i r c u l a t i o n  d ry e r ,  was used  

to  s tu d y  th e  d ry in g  o f  p o ta to  and c a r r o t  s t r i p s  and cabbage shreds© I t
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was found t h a t  c a r r o t s  and p o ta to e s  cou ld  he d r i e d  s a t i s f a c t o r i l y  i f  

due a t t e n t i o n  was p a id  to  the  a i r  flow  and s t r i p  s i z e ,  bu t th e  cabbage 

sh re d s  were blown o f f  th e  b e l t  v e ry  e a s i l y .  I f  th e  th ic k n e s s  o f  the  

cabbage l a y e r  was over 2 i n ,  th e  bed soon developed  b low holes  and 

sco rch ed  p a tc h e s ,  b u t  the  v e g e ta b le  s t r i p s  r a p i d l y  formed a porous 

co h e re n t  bed  which showed l i t t l e  sh r in k ag e  d u r in g  d ry in g .  I t  was 

c o n s id e re d  in a d v is a b le  to  use m u l t i - s t a g e  conveyors ,  as c o n s id e ra b le  

f r a c t u r i n g  o f  th e  s t r i p s  was a n t i c i p a t e d  a t  th e  t r a n s f e r  p o in t  when th e  

b ed  was b e in g  d i s i n t e g r a t e d  and refo rm ed .
f

A l a t e r  t e s t  was c a r r i e d  out on a B r i t i s h  Crop Dryer a t  Havenby 

(1 4 4 ) .  T h is  d ry e r  was a s i n g l e - p a s s  d e s ig n ,  94 f t  long  by 10 f t  wide 

w ith  th r e e  a i r  te m p e ra tu re  zones o f  160, 180 and 210°F© The wet 

m a te r i a l  p a s se d  th rough  th e  h ig h - te m p e ra tu re  zone f i r s t ,  so t h a t  as 

d ry in g  p roceeded  th e  bed  e n te r e d  th e  c o o le r  r e g io n s .  The exhaust a i r  

from th e  c o o le s t  zone was mixed w ith  h o t  g a se s  from a c o a l - f i r e d  fu rn ace  

to  form th e  su p p ly  a i r  to  the  middle zone and s i m i l a r l y  t h i s  exhaust was 

r e c i r c u l a t e d  th ro u g h  th e  h igh  te m p era tu re  zone©

On a t e s t  u s in g  p o ta to e s  cu t in t o  r id g e d  c o s s e t t e s  (maximum th ic k n e s s  

1 ra.m.) an o u tp u t  o f  1 ,000  lb  p roduc t p e r  hour w ith  a m o is tu re  con ten t  of 

9% was o b ta in e d .  The d ry in g  tim e was 3-J- h o u rs  when th e  i n i t i a l  bed

depth  was 5 i n .  T h is  i n s t a l l a t i o n  gave an e v e n ly -d r ie d  p roduc t f r e e  from

sco rch ed  p a t c h e s .

Ede (145) p re s e n te d  d a ta  on th e  e f f e c t  of bed depth  on th e  th ro u g h -  

c i r c u l a t i o n  d ry in g  of c a r r o t ,  p o ta to  and raeato

6 . 1 .1 .  P re v io u s  Work on Seaweed Drying
M itc h e l l  (lOO) d e s c r ib e d  some o f  the  i n d u s t r i a l  u ses  o f  r e d  and brown 

seaweeds and compared th e  methods of d ry in g  seaweed w ith th o se  used fo r  

g r a s s  and v e g e t a b l e s .

P re l im in a ry  work on th e  n a tu r a l  a i r —d ry in g  o f  f r e s h  L. saco h a r in a  

an -̂ Do A g i t a t a  was c a r r i e d  ou t in  t h i s  la b o ra to r y  by McLean & White ( 146 )

and Black & D uthie  (147)*
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O ther seaweed d ry in g  t e s t s  by Jackson  ( l l O ) ,  Anon, ( i l l ) ,  and 

c l a r k  e t  (114) have been  rev iew ed  in  S e c t io n s  5 . 1 . 1 .  and 5 .1 .2 .

6 .2  RAW MATERIAL

Seaweeds a re  a r ra n g e d  b o t a n i c a l l y  i n  groups o f  d escend ing  

m agnitude as  fo l lo w s  C lass  -  Order -  Genus -  S p e c ie s .

F r i t s c h  ( 148 ) has  d e f in e d  e leven  c l a s s e s  o f  which th e  brown seaweeds 

c o n s t i t u t e  th e  c l a s s  Phaeophyceae. The th r e e  s p e c ie s  s tu d ie d  i n  the  

p r e s e n t  i n v e s t i g a t i o n  b e lo n g  to  th e  genus L am inariaceae  which,' i n  tu r n ,  

i s  a b ran ch  of th e  o rd e r  L a m in a r i a le s .

S t r u c t u r a l l y ,  the s t i p e  o f  L« c lo u s to n i  c o n s i s t s  o f  a s u r fa c e  

m eris toderm  w ith  i t s  a c t i v e l y  d iv id in g  c e l l s  covered  by a mucilage l a y e r  

a c t in g  as  a c u t i c l e  ( P l a t e  l ) .  I n t e r n a l  to  th e se  sm all c e l l s  l i e s  th e  

o u te r  c o r te x  which i s  composed o f  w ider and p a l e r  c e l l s ,  w h ile  s t i l l  

n e a r e r  to  the  c e n t r e  occu rs  the  in n e r  c o r te x  w ith  lo n g e r  and sq u a re r  c e l l s  

( P l a t e  2 ) .  In  the  c e n t r e  o f  the  s t i p e  i s  th e  m edulla which i s  a t a n g le d  

mass o f  th r e a d s  of- hyphae. The to r tu o u s  p a th s  pursued  by th e se  hyphae 

can  be  c l e a r l y  seen  from P la t e  3 i n  which some o f  th e  c e l l s  have been  cu t 

t r a n s v e r s e l y  and o th e r s  l o n g i t u d i n a l l y  by th e  microtome. A l l  fo u r  

r e g io n s  j u s t  d e s c r ib e d  merge i n t o  each o th e r  g ra d u a l ly  so t h a t  no p r e c i s e  

l i m i t s  can be  d e f in e d .

The f r o n d  ( P l a t e  4 ) has  th e  same b a s ic  s t r u c t u r e  as  th e  s t i p e ,  b u t  

th e  m edu lla  i s  more la m in a r .  The t r a n s i t i o n  zone between th e  s t i p e  and 

f ro n d  i s  th e  a r e a  of a c t iv e  c e l l  d iv i s i o n  i n  th e  p l a n t .

Both th e  s t i p e  and f ro n d  o f  L. c lo u s to n i  p o sse ss  an in t e r c o n n e c t in g  

system  of m ucilage c a n a ls  s i t u a t e d  j u s t  below th e  meristem, b u t  i n  

L. d i g i t a t a  and L. s a c c h a r in a  th e  c a n a ls  a r e  c o n f in e d  to  the  fronds©

L. d i g i t a t a  s t i p e  i s  s im i l a r  i n  s t r u c t u r e  to  L. c lo u s to n i , except t h a t  

i t  i s  o v a l  i n  c r o s s - s e c t i o n .

The seaweed u sed  i n  th e  l a b o ra to r y  t e s t s  was h a rv e s te d  from two 

a r e a s  (K e r r e r a  I s l a n d ,  n ear  Oban, and Inchcolm I s l a n d ,  F i r t h  of D o rth ) ,



PHOTOMICROGRAPHS

PLATE 1 . T ran sv e rse  s e c t i o n  of L. c lo u s to n i  s t i p e  showing 
th e  pigmented, c e l l s  n e a r  th e  e p id e rm is .  The two 
l a r g e  r i n g s  on th e  extreme r i g h t  a re  mucilage 
c a n a l s .  (X200).

PLATE 2 e T ran sv e rse  s e c t i o n  of L. c lo u s to n i  s t i p e  showing 
th e  c e l l s  o f  th e  in n e r  c o r t e x .  (X200).



PLATE 3 .  T ran sv e rse  s e c t i o n  o f  L. c lo u s to n i  s t i p e  showing 
th e  hyphae i n  th e  m e d u l l a . ( X 2 0 0 )•

PLATE 4 . T ra n sv e rse  s e c t io n  o f  L. d i g i t a t a  f ro n d .  (X200).
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by a m u l t i -p ro n g e d  g rapne l  (F ig ,  2) towed by a m otor la u n ch .  The 

h o l d f a s t s  were removed and th e  p l a n t s  were d r i e d ,  g e n e r a l ly  w i th in  24 hours  
o f  h a r v e s t i n g .

As a s e t  o f  d ry in g  t e s t s  r e q u i r e d  s e v e ra l  weeks f o r  com pletion , i t  

was im p o ss ib le  to  ensure  t h a t  a l l  the  t e s t s  were s t r i c t l y  comparable, 

because  o f  v a r i a t i o n s  in  the  b io l o g i c a l  n a tu re  o f  th e  m a t e r i a l .  Whenever 

p o s s i b l e ,  t e s t s  on the  e f f e c t  o f  one v a r i a b l e  were performed c o n s e c u t iv e ly ,  

to  reduce  t h i s  v a r i a t i o n  to  a minimum©

6 .3 .  APPARATUS

The l a b o r a to r y  d ry e r  (F ig .  19) c o n s i s t s  o f  a c e n t r i f u g a l  f a n ,  d i r e c t l y  

coup led  to  a d , c .  m otor, which blows th e  a i r  over e ig h t  1-kw. b a r -e le m e n ts  

i n t o  a plenum chamber a t  th e  b a se ,  and thence  upwards through a v e r t i c a l  

duct ( l 2 i n  s q u a re )  i n  which the  b a s k e t  o f  wet m a te r ia l  r e s t s  on s to u t  

w ire  g au ze .  The l i d  f o r  the  d ry ing  chamber has an o u t l e t  (6  i n .  i n  

d ia m e te r )  f i t t e d  w ith  a Perspex  o b s e rv a t io n  window surmounted by an 

aluminium cone, and i s  c o u n te r -p o is e d  f o r  r a p id  opening. The o u ts id e  o f  

th e  d ry e r  i s  la g g e d  w ith  -5—i n  a s b e s to s  m i l lb o a rd .  Wet—bulb and dry-bu lb

therm om eters  a r e  f i t t e d  a t  th e  a i r  i n l e t  im m ediate ly  below th e  d ryer  bed , 

and a t  th e  o u t l e t  i n  the  Perspex  c y l in d e r*  Wicks on the  w et-bulb  therm o- 

—m eters  d ip  i n t o  sm all tu b e s  connec ted  to  l a r g e r  e x te rn a l  r e s e r v o i r s .  The 

i n l e t  d ry—b u lb  te m p era tu re  i s  r e g u la te d  by a Sunvic th e rm o s ta t  and r e l a y  

which c o n t r o l s  one o f  th e  h e a t e r s .  A 3—kw element f i t t e d  i n  a 5 ~ in duct 

p e rm i ts  h e a t i n g  o f  th e  a i r  e n t e r in g  th e  f a n .

A ir  v e l o c i t y  i s  v a r i e d  by a n in e—p o s i t i o n  s t a r t e r  on the  fa n ,  w ith  f i n e  

c o n t ro l  by a s e p a r a t e  r h e o s t a t .  An ammeter on th e  motor allow s easy 

d u p l i c a t i o n  o f  any p a r t i c u l a r  fa n  s e t t i n g .  A ir  v e l o c i t i e s  a re  measured by 

. an anemometer which was a push—f i t  i n  th e  to p  o f  the  aluminium cone<> A 

steam i n j e c t o r  i n  th e  e n t ry  duct enab les  the  hum id ity  of th e  i n l e t  a i r  to  

be in c r e a s e d  ( F ig .  19 i n s e r t ) .  The i n j e c t o r  i s  c o n t r o l l e d  manually by a 

steam v a lv e ,  and once s e t  f o r  a g iven  wet—bulb  tem pera tu re  r e q u i r e s  on ly

o c c a s io n a l  a d ju s tm e n t .
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A s t a t i c  p r e s s u r e —tube  mounted i n  the  i n l e t  duct was connected by 

ru b b e r  tu b in g  to  a d raught gauge r e a d in g  to  2 i n  o f  w a te r  gauge by 
0 .01  i n .

The removable c o n ta in e r  f o r  th e  wet m a te r ia l  (9 in  deep, approx.

11 i n  sq u a re )  was c o n s t ru c te d  of s h ee t  aluminium with a f l o o r  o f  3^ - i n  

copper gauze s t r e n g th e n e d  by a s t o u t e r  -J - in  mesh gauze. ■ A sbestos cord  

p re v e n te d  a i r  le ak ag e  between th e  edges o f  the  b ask e t  and th e  s id e s  of 
th e  d u c t .

6 . 4 . DISCUSSION OF EXPERIMENTAL 
PROCEDURE

6.4»1» Bed Depth

In  t h r o u g h - c i r c u l a t i o n  d ry in g ,  one o f  th e  p r i n c i p a l  v a r i a b le s  i s  th e  

bed t h i c k n e s s ,  which i s  b e s t  ex p ressed  as  a l i n e a r  dep th .  I t  i s  im p r a c t i -  

- c a b l e  to  m easure t h i s  a c c u r a te ly  i f  the  in d iv id u a l  p ie c e s  are  l a r g e ,  and 

th e  bed  lo a d in g  i s  th e r e f o r e  u s u a l ly  ex p re ssed  as lb  o f  wet s t o c k / s q . f t .  

o f  bed a r e a .  T h is  i s  no t e n t i r e l y  s a t i s f a c t o r y ,  however, as two b a t c h e s  

of  m a t e r i a l  w i t h  t h e  same wet lo a d in g  b u t  d i f f e r e n t  w a te r  co n ten ts  w i l l  

have d i f f e r i n g  q u a n t i t i e s  o f  bone-d ry  m a t e r i a l .  This work has dem onstra ted  

t h a t  f o r  seaweed w i th in  rea so n a b ly  c lo s e  l i m i t s  o f  i n i t i a l  w ater  c o n te n t ,  

th e  dry  lo a d in g ,  ( lb  o f  B . D . S / s q . f t . ) ,  r a t h e r  than  the  wet w eight 

governs th e  d ry in g  tim e (B .D .S. = b o ne-d ry  s o l i d ) .  This may be because  

th e  lo a d  w ith  th e  h ig h e r  w a te r  con ten t  w i l l  have a lower s o l id s  c o n te n t ,  

and t h e r e f o r e  a sm a l le r  p ro p o r t io n  of m a te r ia l  to  be d r ie d  in  the  d i f f u s io n  

p e r io d .

A lthough dry  lo a d in g  p robab ly  p ro v id e s  th e  more fundamental b a s i s  f o r  

e x p re s s in g  lo a d in g s ,  t h i s  system may be in co n v en ien t  f o r  i n d u s t r i a l  use 

u n le s s  f r e q u e n t  v a lu e s  o f  w a te r  con ten t  a re  a v a i l a b l e .

6 .4 .2 .  W eighings.
The p ro g re s s  o f  each experim ent was fo llow ed  by weighing the  sample 

p e r i o d i c a l l y .  I d e a l l y ,  t h i s  shou ld  be done c o n t in u o u s ly  w ithout removing

the  sample from the  d ry e r  (138, 149 )> t u t  t l l i s  te chn ique  r e q u i r e s  a
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c o r r e c t i o n  f o r  th e  u p th r u s t  o f  th e  a i r ,  any e r r o r  i n  a i r - f l o w  measurement 

b e in g  r e f l e c t e d  i n  c o r re sp o n d in g  w eigh t e r r o r s ,  and a i r  flow  i s  o f te n  th e  

v a r i a b l e  which i s  most d i f f i c u l t  to  measure a c c u r a te l y .  The com pensating 

advan tages  o f  th e  con tinuous  method a re  t h a t  a i r  c o n d i t io n s  can be kep t  

s te a d y  and th e r e  i s  no e r r o r  due to  c o o l in g  d u r in g  w eighing .

In  the  p r e s e n t  work, th e  b a s k e t  of seaweed v/as removed and weighed 

on a b a la n c e  o f  20 - lb  t o t a l  c a p a c i ty ,  c a l i b r a t e d  by 0.005 l b .  Weighings 

were e s t im a te d  to  0.001 lb  w ith  a p ro b ab le  accuracy  o f  i  0.001 l b .

6 04»3q M o is tu re  C ontent and Sampling

I n  th e  e a r l i e s t  t e s t s  o f  t h i s  S e r i e s ,  the  w a te r  con ten t of th e  seaweed 

was d e te rm in e d  by ta k in g  samples im m ediate ly  b e fo re  th e  drying ru n .  This  

method p roved  in a c c u r a t e ,  the  c a l c u l a t e d  w eight o f  B.D.S. sometimes 

exceed ing  th e  w eigh t o f  d r i e d  seaweed i n  the  b a s k e t .  This  may be a t t r i b u 

t e d  to  ( a )  sam pling  e r r o r ,  p robab ly  due to  d i f f e r e n c e s  in  w ater c o n te n t  

from p l a n t  to  p l a n t  and to  v a r i a t i o n s  i n  d i f f e r e n t  p a r t s  of the  same s t i p e ,  

and (b )  e r r o r  i n  d e te rm in in g  w a te r  c o n te n t .  This  e r r o r  may be c o n s id e ra b le  

because  o f  th e  l a r g e  amount of w a te r  i n  the  f r e s h  seaweed. I f  the p repa

r a t i o n  o f  th e  m a te r i a l  i s  slow, some p ie c e s  w i l l  d ry  o u t .

I f ,  however, the  w a te r  c o n ten t  o f  th e  d r i e d  p roduc t i s  determ ined, 

sm all d i f f e r e n c e s  do no t a f f e c t  the  B.D.S. e s t im a t io n  s e r io u s ly ,  and th e  

w ate r  c o n t e n t s ,  i n  the second h a l f  o f  th e  t e s t  a t  l e a s t ,  can be c a l c u la te d  

more a c c u r a t e l y .  F u r th e r ,  i f  th e  d r i e d  p roduc t i s  sampled a t  the  end of 

a ru n ,  i t  w i l l  g e n e r a l ly  have a more un iform  m oistu re  c o n te n t .  The w ate r  

co n ten t  o f  th e  bed  o f  seaweed i s  not uniform and must be expressed  as an 

average  v a lu e ,  which i s  b e s t  o b ta in e d  by d iv id in g  the  t o t a l  weight of 

w a te r  by th e  b o n e -d ry  w eight o f  th e  batcho

6 . 4o4> P a r t i c l e  S ize
Owing to  th e  l a r g e  c r o s s - s e c t i o n  o f  the  s t i p e s ,  i t  i s  necessary  to  

sub d iv id e  them to  ensure  r e a s o n a b ly  s h o r t  d ry in g  times* This in v o lv e s  an 

a t tem p t to  f i n d  an op tim a l p a r t i c l e  s i z e  i n  r e l a t i o n  to  speed of d ry ing  and 

c o s t  o f  p r e - c u t t i n g .  In  u p -d raugh t th r o u g h - c i r c u l a t i o n  d ry ing  a lower



l i m i t  to  th e  p ie c e  s i z e  i s  r e a c h e d  when th e  p a r t i c l e s  a re  f l u i d i z e d  by 
th e  a i r  s t re a m .

An obvious  method o f  red u c in g  th e  s t i p e  s i z e  i s  by s l i c i n g ,  and 

p r e l im in a r y  t e s t s  showed t h a t  -g-— i n  s l i c e s  d r ie d  i n  a r e a so n a b le  t im e .

I t  was n e c e ss a ry  to  c o n s id e r  p r a c t i c a l  means o f  s iz e  re d u c t io n  on th e  

i n d u s t r i a l  s c a l e ,  and i t  was l a t e r  found th a t  p ie c e s  of approx im ate ly  t h i s  

s i z e  c o u ld  be produced on f u l l - s i z e  equipment.

A h in g e d -k n i f e  arrangem ent used  in  the e a r l i e r  t e s t s  was l a t e r  

r e p la c e d  by a bacon s l i c e r ,  which gave even s l i c i n g  w ith  much g r e a t e r  

speed , k eep in g  th e  f a c t o r  o f  s l i c e  th i c k n e s s  c o n s ta n t  throughout the  t e s t s .  

The d ia m e te r  o f  th e  s t i p e s  in c r e a s e s  from about 1 i n  a t  th e  end n e a re s t  

th e  f ro n d  to  1^- i n  a t  the  h o ld f a s t  end, b u t  no a t tem p t was made to  c l a s s i f y  

th e  p i e c e s ,  a s  t h i s  v a r i a t i o n  would be encoun te red  i n  p r a c t i c e .  The l o s s  

of w a te r  due to  s l i c i n g  was p ro b ab ly  l e s s  th a n  1^,

M incing was a l s o  a t tem p ted ,  bu t i t  was found th a t  the  c ru sh ing  a c t io n  

i n  the  machine e x p re s se d  c e l l  sap , which was s e p a ra te d  by c e n t r i f u g in g ,  

g iv in g  a l o s s  i n  w eigh t o f  25-30^. The advantages  of mincing combined 

w ith  c e n t r i f u g i n g  b e fo re  d ry in g  a re  t h a t  th e  minced seaweed has a more 

u n ifo rm  w a te r  c o n te n t ,  the  sm a l le r  p ie c e s  dry more q u ic k ly ,  and th e  

e v a p o ra t io n  lo a d  i s  red u ce d .  These advan tages  would probably  be o f f s e t ,  

as  some o f  th e  chem ica ls  a re  c o n ta in e d  in  the ex p ressed  l i q u i d  and th e y  

would s t i l l  have to  be r e c o v e re d  by e v a p o ra t io n .

6«4«5« E q u i l ib r iu m  M ois tu re  Content
.Then a h y g ro sco p ic  m a te r ia l  rea c h e s  e q u i l ib r iu m  w ith  a i r  a t  a d e f i n i t e  

h u m id i ty ,  th e  co r re sp o n d in g  w a te r  co n te n t  o f  th e  s o l i d  i s  d e s ig n a te d  the  

e q u i l ib r iu m  m o is tu re  c o n te n t .  As seaweed i s  hyg roscop ic ,  the  e q u i l ib r iu m  

m o is tu re  c o n te n t  must be c o n s id e re d  when s e l e c t i n g  a value  f o r  the  commercial 

d ry  s o l i d ,  i 0e ,  th e  w a te r  co n ten t  o f  th e  m a te r ia l  when i t  i s  d isch a rg ed  from 

th e  d r y e r .  I f  th e  seaweed i s  over—d r ie d ,  i t  w i l l  r e g a in  w ater  from th e  

s u r ro u n d in g s  and so h e a t  w i l l  have been n e e d le s s ly  used  in  the  d ry e r .

Another p r a c t i c a l  a s p e c t  to  be c o n s id e re d  i s  th e  case o f  g r in d in g  o f  the
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p ro d u c t .  S t ip e  can be d i s i n t e g r a t e d  i n  an impact m i l l  when a t  a w ate r  

c o n ten t  o f  about 50c/c, bu t f ro n d  must be c r i s p  and f ree '  from wet p a tc h e s ,  

o th e rw ise  th e  m i l l  becomes c logged .

Black (150) r e p o r te d  v a lu e s  o f  the  e q u i l ib r iu m  m o is tu re  co n ten t  f o r  

L. c lo u s to n i  s t i p e  and f ro n d  f o r  v a r io u s  r e l a t i v e  h u m id i t i e s  a t  room 

te m p e ra tu r e .  A d d i t io n a l  d a ta  a t  77°F were o b ta in e d  i n  the  p re se n t  

i n v e s t i g a t i o n ,  u s in g  a s t a t i c  d e s ic c a to r  method w ith  s a tu r a t e d  s a l t  

s o lu t i o n s  f o r  hum id ity  c o n t ro l  ( 151) .

From th e  combined p l o t  in  F ig .  20 i t  i s  ev id e n t  t h a t  th e re  i s  a sharp

in c r e a s e  i n  m o is tu re  c o n te n t  a t  r e l a t i v e  h u m id i t i e s  o f  th e  o rder  o f  ’JQjU 

The f i n a l  m o is tu re  co n ten t  s e l e c t e d  f o r  th e  d ry ing  t e s t s  was 0.15 l b / l b  

(ap p ro x .  13 /o) t h i s  b e in g  a re a s o n a b le  compromise of the  two opposing 

f a c t o r s .  As i t  was d i f f i c u l t  to  d e t e c t  a w a te r  r a t i o  o f  0.15 by i n s p e c t -  

- i o n ,  th e  d ry in g  ru n 3 were con tin u ed  to  about 0 .1  l b / l b  and the  t im es  to  

0 .1 5  o b ta in e d  by i n t e r p o l a t i o n  from the  g rap h s .

6 .5 .  EXPERIMENTAL PROCEDURE

The f a n  was s t a r t e d ,  a d ju s t e d  to  th e  c o r r e c t  ammeter rea d in g ,  th e  

h e a t e r s  s w i tc h e d  on and c o n d i t io n s  a l low ed  to  s t a b i l i z e  a t  the  d e s i r e d  

te m p e ra tu re  (ap p ro x .  15 m in u te s ) .

B efo re  s l i c i n g  th e  seaweed, any b a rn a c le s  or p a r a s i t i c  growths were 

sc rap ed  o f f  th e  s t i p e ,  c a re  b e in g  ta k en  no t to  remove th e  o u te r  s k i n 0

I f  no t removed, th e s e  growths tended  to  crumble and to  be blown out of the

d ry e r  tow ards  th e  end of th e  t e s t ,  cau s in g  l o s s  o f  dry m a t te r .

The empty b a s k e t  was co u n te rp o is e d  011 the  ba lan ce  and the  d e s i r e d  

amount o f  s t i p e  s l i c e s  weighed in to  i t ,  w ith  random pack ing . A 1—i n  

l a y e r  o f  d i s c s  ^  i n  t h i c k  co rresponded  to  2*5 bed lo ad in g s  used

were m u l t i p l e s  o f  t h i s  f i g u r e .  As th e  i n t e r n a l  a r e a  o f  th e  b ask e t  f l o o r  

was O.896  s q . f t . , th e  t r a y  lo a d in g s  were m u l t ip l i e d  by 1.116  to  exp ress  

them as l b / s q . f t .

Im m edia te ly  b e fo re  a ru n ,  i n l e t  and o u t l e t  tem p era tu res  were reco rd ed
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and. ohe a tm o sp h e r ic  hum id ity  measured w ith  a w h i r l i n g  hygrometer* The 

s t a t i c  p r e s s u r e  was n o ted  when th e  d ry e r  was empty and closed*

The b a s k e t  was th e n  i n s e r t e d  i n  th e  d ry e r ,  th e  t im e r  was s t a r t e d  and

th e  l i d  c lo s e d .  The i n i t i a l  s t a t i c  p r e s s u re  was no ted  and the  e x i t  

t e m p e ra tu re s  were ta k en  every  m inute .  The b ask e t  was removed, weighed, 

and r e p l a c e d  in  th e  d ry e r  a t  r e g u la r  i n t e r v a l s ,  f i v e  m inutes f o r  th e  f i r s t

hour o f  d ry in g ,  t e n  m inutes  f o r  the  second hour,  and f i f t e e n  minutes

t h e r e a f t e r .  B efore th e  l i d  was c lo s e d ,  th e  s to p c lo c k  was r e s e t  to  zero  

so th a t  th e  m easured time i n t e r v a l  ( 5 , 10 o r  15 m inu tes)  r e p re se n te d  the  

a c t u a l  tim e the  m a te r i a l  was i n  th e  d ry e r ,  and was no t a f f e c te d  by any 

v a r i a t i o n  i n  th e  tim e occup ied  by a w eighing  (a v e ra g e ,  about 20 seco n d s) .

Anemometer re a d in g s  were ta k e n  about two m inutes b e fo re  each w eighing  

to  a l low  th e  ex h au s t  te m p e ra tu re  to  s tead y  a f t e r  th e  i n t e r r u p t io n  caused 

th e  removal o f  th e  b a s k e t  f o r  w eigh ing .

The experim en t was g e n e r a l ly  concluded  when th e  lo s s  in  weight was 

n o t  g r e a t e r  th a n  0 o005 lb  over 10 m in u tes ,  b u t  t h i s  f ig u re  depended to  some 

e x te n t  on t h e  o r i g i n a l  w eight o f  m a te r i a l  u sed .

A f te r  d ry in g ,  th e  seaweed was a l low ed  to  co o l ,  and samples were taken  

a t  th e  c e n t r e  and c o rn e rs  o f  the  b ed .  These in d iv id u a l  samples were 

combined and ground i n  a C h r is ty  & I lo r r i s  8—i n  la b o ra to r y —m il l  to  pass  a 

1—mm s c r e e n .  T h is  powder (5 g) was weighed in to  aluminium d ishes  

( 2-y- i n .  i n  d ia m e te r  x -g- i n  deep) p ro v id ed  w ith  t i g h t l y  f i t t i n g  l i d s ,  and 

d r ie d  in  an e l e c t r i c  oven f o r  f i v e  hours  a t  104 — 2 C. The d ish es  were 

coo led  and rew eighed , the  l o s s  i n  w eigh t b e ing  a t t r i b u t e d  to  w a te r .  The 

mean o f  d u p l i c a t e  d e te rm in a t io n s  was used  as a b a s i s  f o r  c a l c u l a t i o n s 0

603*1. Tem perature  and Humidity Measurements
Owing to  e r r o r s  a r i s i n g  from uneven a i r  f low  a t  the bend beneath  the 

bed , and to  r a d i a t i o n  from th e  e l e c t r i c  h e a t e r s ,  th e  i n l e t  dry-bulb 

therm om eter i n d i c a t e d  a few deg rees  h ig h .  As th e  o u t l e t  thermometer gave 

a much more a c c u r a te  v a lu e ,  th e  a i r  tem pera tu re  was measured here  a t  th e  

s t a r t  o f  a ru n ,  and th e  i n l e t  thermometer was u sed  to  measure any tem pera tu re
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f l u c t u a t i o n ^ • i n i s  in d ica ted ,  tn a t  th e  th e rm o s ta t  cou ld  c o n t ro l  th e  

te m p e ra tu re  to  — 1 F o r  b e t t e r 0 The a i r —te m p era tu re  v a r i a t i o n  a t  

d i f f e r e n t  p a r t s  o f  the  empty bed was about ±  5°F, bu t i t  i s  p robab le  t h a t  

t h i s  s c a t t e r  vvas reduced  when the b a sk e t  o f  seaweed was in  p o s i t i o n .

The o u t l e t  w e t-b u lb  therm ometer re a d  a degree o r  two h igh when the  

d ry e r  was empty j u s t  b e fo re  a t e s t .  This was a t t r i b u t e d  to  th e  compara- 

- t i v e l y  low a i r  v e l o c i t y  p a s t  th e  bu lb  and to  the  d i f f i c u l t y  of keeping  

th e  wick wet a t  h ig h e r  a i r  te m p e ra tu re s .  A c o r r e c t io n  v/as made by ta k in g  

th e  a tm o sp h e r ic  hum id ity  and f in d in g  the  w et-bu lb  tem pera tu re  co rrespond ing  

to  th e  d ry -b u lb  te m p e ra tu re  from a p sy ch ro m etr ic  c h a r t .  The d i f f e r e n c e  

between c a l c u l a t e d  and experim en ta l  w e t-bu lb  te m p e ra tu re s  agreed rea so n ab ly  

w e l l  w ith  th e  v e l o c i t y  c o r r e c t io n  c h a r t  drawn up by C a r r ie r  & Lindsay

( 152 ) .

603 . 2 0 A ir  V e lo c i ty  Measurement

The e x i t - a i r  v e l o c i t y  was o b ta in e d  by m easuring the time f o r  1000 f e e t  

o f  a i r  to  be r e c o rd e d  on an anemometer i n  the  o u t l e t  duct,  and the  va lue  

o b ta in e d  c o r r e c t e d  by the c a l i b r a t i o n  f a c t o r  f o r  th e  in s tru m e n t .  The mass 

f low  was c a l c u l a t e d  from th e  a re a  o f  the  o u t l e t  duc t and the  a i r  d e n s i ty .  

The c o r r e c t i o n  f o r  th e  e f f e c t  o f  d e n s i ty  on the  anemometer read in g  was 

n e g le c te d ,  as  t h i s  i s  u s u a l l y  sm all f o r  h igh a i r  v e l o c i t i e s  (153)* Because 

o f  f r e q u e n t  open ing  o f  the l i d ,  i t  was d i f f i c u l t  to  keep the d ry e r  a i r t i g h t  

and some a i r  le ak ag e  took  p la c e .  An experim ental f a c t o r  determ ined  from 

mass b a la n c e s  i n  15 t e s t s  a t  d i f f e r e n t  a i r  v e l o c i t i e s  was used  to  c o r r e c t  

f o r  t h i s  a i r  l e a k a g e .

6»5»3o C a l c u la t io n  o f  R esu l ts
The bone—dry  w eigh t o f  the seaweed was found from the  f i n a l  weight of 

p roduc t i n  th e  d ry e r  and i t s  w a te r  c o n te n t .  The w eights  of w ater  a s s o c ia — 

- t e d  w ith  t h i s  w eigh t o f  seaweed a t  each w eighing were next c a lc u la te d ,  and 

e x p re s se d  as th e  w a te r  c o n te n t  (d ry  b a s i s ) .

The cu rv es  o f  t o t a l  w a te r  r a t i o  v e r s u s  time f o r  each run  were p lo t t e d ,  

and th e  d ry in g  t im es  between r e q u i r e d  m o is tu re  c o n te n ts  in t e r p o la t e d .
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I t  was ob se rv ed  t h a t  th e  i n i t i a l  d ry in g  r a t e s  f o r  beds o f  2 i n  o r  

over were a p p ro x im a te ly  c o n s ta n t .  To enable  t h i s  c o n s ta n t  r a t e  to  be 

c a l c u l a t e d  a c c u r a t e l y , the  a p p r o p r ia te  p a r t  of the  graph was redrawn on a 

l a r g e r  s c a l e  so t h a t  th e  s lope  o f  th e  l i n e  was 45 • The b e s t  s t r a i g h t  

l i n e  was drawn th rougn  the  d a ta  and th e  two extreme experim en ta l p o in t s  

which l a y  s a t i s f a c t o r i l y  on t h i s  l i n e  were s e l e c t e d ,  and from th e  t e s t  

d a ta  the  d ry in g  r a t e  between th e se  two p o in t s  was ex p ressed  as lb  of w a te r /  

( lb  o f  B . D . S . ) ( h r ) .  In s ta n ta n e o u s  d ry in g  r a t e s  a t  o th e r  p o in t s  on th e  

curve were measured w ith  a ta n g e n t im e te r  (Fig* 21) d e sc r ib e d  by Simons 

(1 5 4 ) .

The cu rv es  o f  w a te r  co n te n t  v e rs u s  tim e were m ostly  p lo t t e d  as  o b ta in e d ,  

showing th e  v a r i a t i o n  in  i n i t i a l  m o is tu re  c o n te n ts ,  b u t  f o r  c l a r i t y ,  o th e r s  

were p l o t t e d  s t a r t i n g  from a c o n s ta n t  w a te r  c o n te n t  by s u b t r a c t in g  a 

c o n s ta n t  t im e  from each time o f  w eighing

6 .5 .4 »  U n its

6 . 5 o 4 a le T em pera tu re : A ir  te m p e ra tu re s  a re  g iven  in  °F as t h i s  s c a le  i s  

s t i l l  w id e ly  u s e d  i n  chem ical e n g in e e r in g  work*

6.5 .4»2*  H um id ity : In  t h i s  work, th e  psych ro rae tr ic  c o n d i t io n  of th e  a i r

i s  e x p re s se d  as  th e  w e t-bu lb  d e p re s s io n  (W .B.D.). T h is  to g e th e r  w ith  th e  

w e t-b u lb  te m p e ra tu re  (w .B .T .)  o r  th e  d ry -bu lb  tem pera tu re  (D .B .T .) i s  

s u f f i c i e n t  to  d e f in e  the  c o n d i t io n  o f  th e  a i r .  I f  d e s i r e d ,  th e  W.B.D. 

can r e a d i l y  be t r a n s l a t e d  i n t o  the m o is tu re  co n ten t  ( lb  w ater  per  lb  dry  

a i r )  o r  in t o  p e rc e n ta g e  r e l a t i v e  hum id ity  by re fe re n c e  to  a p sych rom etr ic  

c h a r t  o r  t a b l e s .  The t a b l e s  used  were th o se  by Macey (155) to g e th e r  w ith  

th e  nomograph p u b l i s h e d  by the  I n s t i t u t i o n  of H eating  & V e n t i l a t in g  

E ng ineers  and th e  Grosvenor psych ro rae tr ic  c h a r t  ( 156) .

6 . 5 . 4 . 3 .  A ir  V e lo c i ty ;  This  q u a n t i ty  i s  f r e q u e n t ly  expressed  as a l i n e a r  

v e l o c i t y ,  b u t  t h i s  s u f f e r s  from th e  d isad v an tag e  t h a t  a change of tem pera-  

—tu r e  o r  h u m id i ty  causes  an a l t e r a t i o n  in  the  a i r  v e l o c i t y .  The u n i t  

adop ted  in  th e  p r e s e n t  i n v e s t i g a t i o n  i s  th e  a i r  mass v e lo c i ty  G, lb  dry 

a i r / ( s q . f t .  bed  c ro s s  s e c t i o n ) ( m in ) , as t h i s  f u n c t io n  i s  co n s tan t  th roughout
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th e  d ry e r  and i s  independen t o f  te m p e ra tu re  and h u m id ity .

6 . 5 o5. N om enclature Used in  Seav/eed Drying T e s ts

Water c o n te n ts  a r e  ex p re s se d  on the  dry  b a s i s  as th e  r a t i o  o f  th e  

w eigh t o f  w a te r  to  th e  w eight o f  bone-d ry  s o l i d s .  This  system has  th e  

ad van tages  f o r  d ry in g  c a l c u l a t i o n s  t h a t  the  w eigh t o f  th e  bone-d ry  

m a te r i a l  i s  c o n s ta n t  th roughout a ru n ,  and the  w ate r  r a t i o  i s  d i r e c t l y  

p r o p o r t i o n a l  to  th e  e v a p o ra t io n  l o a d 0

In  t h i s  i n v e s t i g a t i o n ,  w e t - b a s i s  m o is tu re  c o n te n ts  a re  expressed  as 

p e rc e n ta g e s  to  d i f f e r e n t i a t e  them from the  w a te r  r a t i o  which i s  u s u a l ly  

g iven  as  a number.

The te rra  'b o n e -d ry  s o l i d 1 (B .D .S .)  i s  i n  common use in  dry ing  

l i t e r a t u r e  and i s  j u s t i f i e d  by the  f a c t  t h a t  i t  im p l ie s  th e  complete 

absence o f  w a te r ,  w hereas the  s im p le r  te rm  'd r y  s o l i d '  i s  d e f ined  by 

Marlow ( 157 ) a s  r e f e r r i n g  to  m a te r i a l  c o n ta in in g  w ater  in  eq u i l ib r iu m  with 

th e  a tm osphere .  The bone-d ry  seaweed i s  ta k e n  to  be th e  m a te r ia l  rem ain ing  

i n  th e  d i s h e s  a f t e r  oven d ry in g  under the  c o n d i t io n s  s p e c i f i e d  p re v io u s ly .

The p h ra se  'com m ercia l d ry  s o l i d '  ( C .D .S .)  u sed  i n  t h i s  work r e f e r s  to  

seaweed h av in g  a w a te r  r a t i o  o f  0 .1 5  ( l3 » 0 4 ^  w a te r  on the  wet b a s is )o  At

t h i s  w a te r  c o n te n t  th e  seaweed can be r e a d i l y  ground and s to r e d  s a f e ly .

Symbols

T =s t o t a l  w a te r  c o n t e n t ,  l b  o f  w a t e r / l b  o f  B.D.S. =  th e  w ater  r a t i o .

G = mass a i r  f l o w ,  lb  o f  dry a i r / ( m i n ) ( s q . f t .  o f  c r o s s - s e c t i o n a l  
a r e a  o f  b ed )

Ld = dry l o a d i n g ,  l b  o f  B . D . s / s q . f t o

L w = w et l o a d i n g ,  lb  o f  w et s e a w e e d / s q . f t .

E = o u tp u t  r a t e ,  lb  o f  C . D . s / ( s q . f t . ) ( h r ) .

Q = d r y in g  t im e ,  rain ( u s u a l l y  f o r  T = 5 "to ^ =  0*15)

dW/dQ =5 c o n s t a n t  d r y in g  r a t e ,  lb  of w a t e r / ( l b  o f  B .D .S .) (h r )

S = s l i c e  t h i c k n e s s ,  i n

t d D .B .T .  = d r y -b u lb  te m p e r a tu r e ,  F .

t w =
0

W .B.T. = w e t -b u lb  te m p e r a tu r e ,  F .

. “ *w = Y/.B.D. = w e t -b u lb  d e p r e s s i o n ,  ° F .

J.D.S. = b o n e -d r y  s o l i d
J.D .S. = commercial d ry  s o l i d
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7 . RESULTS» L. CLOUSTONI STIPE.

In  th e  ex p er im en ta l  work, when a s u i t a b l e  p a r t i c l e  s iz e  had been 

de te rm ined ,  th e  fo l lo w in g  minor f a c t o r s  were i n v e s t i g a t e d ,  namely 

i n t e r r u p t i o n  o f  d ry in g ,  r e p e a t a b i l i t y ,  i n i t i a l  w a te r  co n ten t  and a g i t a t i o n .  

A f te r  th u s  e n s u r in g  a sound experim en ta l  te ch n iq u e ,  the  major f a c t o r s ,  bed 

d ep th s ,  s l i c e  t h i c k n e s s ,  a i r  v e l o c i t y ,  te m p era tu re  and hum id ity ,  and 
p re s s u re  d ro p s ,  were s tu d ie d .

In  a l l  th e  t e s t s  r e p o r t e d ,  random pack ing  of th e  bed was used . The 

v a r i a t i o n  o f  th e  d ry in g  c o n d i t io n s  (g iv e n  on the g raphs)  i s  expressed  as 

th e  s t a n d a r d  d e v i a t io n  from the  mean.

7 .1 .  PARTICLE SIZE

P re l im in a ry  t e s t s  were c a r r i e d  ou t to  f i n d  a s u i t a b l e  p iece  s i z e  o f  

s t i p e  to  g iv e  re a s o n a b le  d ry ing  t im es  w ith  th e  a v a i l a b l e  a i r  tem p era tu res  

and v e l o c i t i e s .

P ig .  22 shows th e  marked e f f e c t  o f  th e  r e d u c t io n  of s iz e  on th e  d ry in g  

t im e .  The s i z e  s e l e c t e d  f o r  l a t e r  t e s t s  was a -§-in  s l i c e 0

7o2. INTERRUPTION OF DRYING

Gamson e t  a l . (54) found t h a t  th e  r a t e  o f  d ry in g  o f  c a t a l y s t  p e l l e t s  

was not g r e a t l y  a f f e c t e d  by th e  tim e l o s t  when th e  sample was removed from 

th e  d ry e r  f o r  w eigh ing . T h is  was v e r i f i e d  f o r  seaweed by mating two 

com parable t e s t s  on s l i c e s  cut from the  same b a tc h  o f  s t i p e  and d r ie d  on 

bhe same day, u s in g  a 1—i n  bed and w eighing  a t  3— and 15-m inute i n t e r v a l s  

r e s p e c t i v e l y .  Fig* 23 shows t h a t  th e  p o in t s  f o r  th e  15-m inute t e s t  f a l l  

on the same curve as the  3—minute t e s t ,  s u g g e s t in g  th a t  th e  e r ro r  caused 

by th e  w eigh ing  i n t e r v a l  i s  sm a l l .

Two p o s s i b l e  r e s u l t s  o f  the  i n t e r r u p t i o n s  were th a t  th e  basket and

seaweed co o led  d u r in g  the 20 seconds when they  were o u ts id e  th e  d ry e r ,  and

t h a t  the  seaweed was a g i t a t e d  s l i g h t l y  when th e  b ask e t  was re p la c e d  i n  th e  

d ry e r .  The f i r s t  f a c t o r  would te n d  to  reduce  the  dry ing  r a t e ,  whereas the

second would in c r e a s e  i t .
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7«3. REPEATABILITY TEST

x h is  t e s t  was des igned  to  f i n d  how c lo s e ly  d ry in g  tim es o f  seaweed 

would a g re e  when d ry in g  under c o n d i t io n s  as n e a r ly  i d e n t i c a l  as  p o s s i b l e .

A h a tc h  o f  5 lb  of s t i p e  was s l i c e d  and h a l f  o f  the m a te r ia l  d r ie d .  

Im m ediate ly  a f t e r  th e  f i r s t  h a l f  had been d r ie d ,  a second t e s t  was made 

u s in g  th e  rem a in in g  seaweed, which had been s to r e d  in  a l a rg e  b o t t l e .

F ig 0 24 shows t h a t  the  curves  a r e  v e ry  n e a r ly  c o in c id e n t ,  the  s l i g h t  

d i f f e r e n c e  b e in g  p ro b ab ly  due to  sm all v a r i a t i o n s  in  dry lo a d in g  and a i r  
v e lo c i ty . ,

I t  t h e r e f o r e  seems p o s s i b l e ,  under i d e a l  c o n d i t io n s ,  to  o b ta in  c lo se  

agreement w ith  a b i o l o g i c a l  m a te r ia l  such as  seaweed, from th e  same ba tch  

o f  m a t e r i a l .

7»4o EFFECT OF INITIAL WATER CONTENT

A f e a t u r e  o f  the dry ing  of b i o l o g i c a l  m a te r ia l  i s  th e  v a r i a t i o n  o f  

i n i t i a l  w a te r  c o n te n t  which makes d i r e c t  comparison of t e s t s  d i f f i c u l t .  

Brown & K i l p a t r i c k  (158) enco u n te red  t h i s  f a c t o r  when drying r i c e d  p o ta to e s ,  

and overcame i t  by making sm all time c o r r e c t io n s  so as  to  base  each t e s t  on 

a common m o is tu re  c o n te n t .

Three 2 e ^ - l b  p o r t i o n s  o f  f r e s h  s t i p e  s l i c e s  were p repared  from one 

b a tc h  o f  seav/eed and the  f i r s t  p o r t i o n  d r ie d  im m ediate ly . The two 

re m a in in g  p a r t s  were sp read  on t r a y s  i n  the  la b o ra to r y  and allow ed to  a i r -  

dry  f o r  1 and 5 days b e fo re  b e in g  d r ie d  under i d e n t i c a l  co n d it io n se

In  t h i s  way th r e e  t e s t s  were made w ith  seaweed of d i f f e r e n t  i n i t i a l  

w a te r  c o n te n t ,  b u t  w ith  th e  same bone-d ry  lo a d in g  p e r  u n i t  o f  b a sk e t  a re a .  

F ig .  25 shows t h a t  the  th r e e  curves  o f  w a te r  co n ten t  v e rsu s  time are  

c o in c id e n t ,  a tim e c o r r e c t i o n  b e in g  added to  th e  l a s t  two to  a llow  f o r  

t h e i r  low er w a te r  c o n te n t .

T h is  shows t h a t  samples of seaweed w ith  the  same bone-dry  load ing  w i l l  

r e q u i r e  th e  same tim e to  d ry  ( th rough  th e  same w a te r—conten t range) under 

th e  same d ry in g  c o n d i t io n s ,  i r r e s p e c t i v e  o f  t h e i r  o r ig in a l  w ater  c o n te n t .
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I t  f o l l o w s  t h a t  th e  amount o f  p r e v io u s  a i r  d r y in g  d o es  not a f f e c t  th e  

d r y in g  r a t e s  i n  l a t e r  s t a g e s .

7o5 AGITATION

The d r y in g  r a t e s  o f  d i f f e r e n t  l a y e r s  o f  a b ed  o f  seaw eed were s t u d ie d  

u s in g  t h r e e  b a s k e t s  w h ich  f i t t e d  i n s i d e  each o t h e r .  Each was lo a d e d  w ith  

2 ,5  l b  o f  sea w e ed ,  g i v i n g  a co m p o s i te  3 - i n  bed when th e  c o n t a in e r s  were  

a s s e m b le d .  The b a s k e t s  w ere w e ig h ed  s e p a r a t e l y  so t h a t  th e  a v era g e  w a ter  

c o n t e n t s  o f  each l a y e r  c o u ld  be c a l c u l a t e d  ( F i g .  2 6 ) .  This graph shows 

th a t  th e  w a te r  c o n t e n t s  o f  th e  t h r e e  l a y e r s  v a r y  w i d e l y  during d r y in g ,  and 

maximum d e v i a t i o n  o c c u r s  a t  an a v e r a g e  v a lu e  o f  about 3 . 2 5 .  At t h e  s t a r t  

o f  th e  d r y in g  t h e r e  i s  a p p a r e n t ly  no c o n d e n s a t io n  o f  w ater  on th e  upper  

l a y e r ,  a s  th e  upperm ost cu rve  shows a s m a l l  b u t  s i g n i f i c a n t  l o s s  i n  w e ig h t .  

I t  i s  a l s o  d e m o n s tr a te d  t h a t  th e  c o n s t a n t  d r y in g  r a t e s  o f  th e  co m p o s ite  bed  

a re  a c o m b in a t io n  o f  th e  f a l l i n g  d r y in g  r a t e  o f  th e  bottom  s e c t i o n  and 

i n c r e a s i n g  d r y in g  r a t e s  o f  th e  upper l a y e r s .

A d i s a d v a n t a g e  o f  s t a t i c  th ro u g h -d ra u g h t  d r y in g  i s  d i s c l o s e d ,  namely,  

t h a t  th e  b o tto m  l a y e r  i s  s u b j e c t e d  to  the f u l l  i n l e t - a i r  tem p eratu re  a f t e r  

i t  h a s  b e e n  d r i e d  u n t i l  th e  rem aind er  o f  t h e  b ed  i s  d ry .  T h is  d e f e c t  i s  

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

ow ing to  t h e  s h o r t e r  t im e s  i n v o l v e d ,  and i s  o f t e n  overcome i n  p r a c t i c e  by  

i n v e r t i n g  t h e  b ed  a t  i n t e r v a l s  or  by r e v e r s i n g  th e  a i r  f l o w .  A g i t a t io n  

h a s  t h e  added a d v a n ta g e  th a t  a g g lo m e r a te s  a r e  broken  up and s u r f a c e s  o f  

p i e c e s  w h ich  have ad hered  to  each  o th e r  are  e x p o se d .  F i g .  26 a l s o  shows  

t h a t  a l th o u g h  t h e  d r y in g  o p e r a t io n  i s  n e a r ly  com p lete  i n  th e  lo w er  l a y e r s ,  

th e  run a s  a w h o le  must be p r o lo n g e d  u n t i l  the to p  la y e r  i s  d ry .  I f  

m ix in g  i s  em ployed , l e s s  t im e  s h o u ld  be r e q u ir e d  to  dry th e  w hole  bed  to  an 

a v e r a g e  w a te r  c o n t e n t .  Other t e s t s  on seaw eed  s t i p e  w ith  r o t a r y  d ry ers  

showed t h a t  h ig h e r  a i r  te m p era tu re s  th a n  w ere p o s s i b l e  w ith  s t a t i c  th ro u g h -  

c i r c u l a t i o n  d r y e r s  c o u ld  be u s e d  b e f o r e  s c o r c h in g  r e s u l t e d .  T his  may be  

e x p l a i n e d  by  t h e  d u a l e f f e c t s  o f  in c r e a s e d  e v a p o r a t io n  by exp osu re  o f  new 

s u r f a c e s  and u n i f o r m i t y  o f  h e a t i n g  and d r y in g .  I f  a d ryer i s  o p era ted
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c o r r e c t l y ,  th e  m a te r ia l  shou ld  be d isc h a rg e d  when a t  an optimum w ater 

co n ten t  and b e f o r e  o v e rh e a t in g  becomes s e r io u s .

An e s t im a te  o f  th e  expec ted  t im e - re d u c t io n  on a g i t a t i o n  o f  the 

m a te r ia l  was o b ta in e d  from a t e s t  i n  which the s t i p e  s l i c e s  were tu rn e d  

over by hand every  10 m in u tes .  A s t a t i c  experiment was c a r r i e d  ou t f o r  

com parison . The s t i r r e d  sample d r ie d  in  about 8 6 ^  of th e  time taken  by 

th e  c o n t ro l  t e s t ,  and th e  c o n s ta n t  d ry in g  r a t e  was 4 o07 l b / ( l b  of B .D .S .)  

( h r )  f o r  a g i t a t i o n  compared w ith  3.65 f o r  a s t a t i c  bed*

7o6„ BED PSPT'H

In  c r o s s - c i r c u l a t i o n  d ry ing ,  l i g h t  lo a d in g  of th e  wet m a te r ia l  i s  

g e n e r a l ly  n e c e s s a r y ,  s in c e  the  a i r  cannot p e n e t r a t e  r e a d i ly  to  th e  lower 

re g io n s  o f  th e  bed  and d ry in g  i s  th u s  p ro longed . With th r o u g h - c i r c u la t io n  

d ry in g  th e  a i r  comes i n t o  c o n ta c t  w ith  a l l  p a r t s  of the  bed and much heav -  

- i e r  lo a d in g s  may be p r a c t i s e d .

S t ip e  s l i c e s ,  g i n  t h i c k ,  were d r ie d  a t  an average a i r  tem pera tu re  

of 157°F w ith  an average a i r  f low  o f  5*8 l b / ( s q ef t . ) ( m i n ) .  //hen th e se  

runs  were made, f i n e  speed  c o n t ro l  o f  th e  fa n  was n o t p o s s ib le ,  so th a t  

th e  av e rag e  a i r  f low  f o r  a ru n  d ec re ase d  as th e  bed th ic k n e s s  was in c re a s e d .  

The time r e q u i r e d  to  d ry  the  s t i p e  s l i c e s  from 5 ,0  to  0.15 w ater  r a t i o  was 

p l o t t e d  a g a i n s t  th e  d ry  lo a d in g ,  L^. This curve (F ig .  2 j ) , has the  

e m p ir ic a l  e q u a t io n  : -

O = 245 [log10( Ld + °*944) + 0,2323

The c o n s ta n t—d ry in g  r a t e  p l o t t e d  a g a in s t  the d ry  lo ad in g  g iv e s  a curve 

(F ig ,  28) which may be ex p ressed  by the e q u a t io n  s -

m / 6 . 6  = 1 .48  + iO1 ,0 3 -0 ”536^

The o u tp u t  o f  commercial dry seaweed (0 .15  l b / l b  of B .D .S .) ,  s t a r t i n g  

a t  an i n i t i a l  w a te r  r a t i o  o f  5» i s g iven  by

R = (b^  x 6 $ ) / q

When t h i s  o u tp u t  i s  p l o t t e d  a g a in s t  th e  dry load±ng (F ig .  29)» i t  i s  seen
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t h a t  th e  h i g h e s t  o u tp u t  i s  obtained, w ith  the  d eep es t  bed# The in c re a s e  

i n  o u tp u t  i s  most marked up to  bed dep ths  o f  about 3 i n  (Ld = 1 .2 ) ,  and 

t h i s  bed  th i c k n e s s  was used  f o r  th e  rem ain ing  t e s t s  as  i t  gave what was 

c o n s id e re d  a conven ien t d ry in g  t im e .  This q u a n t i ty  o f  seaweed was found 

j u s t  s u f f i c i e n t  to  cover the b ask e t  f l o o r  when d ry in g  was complete*

A complementary s e r i e s  was produced on the v a r i a t i o n  o f  ou tpu t and 

drying’ t im e  a t  d i f f e r e n t  bed dep ths  u s in g  minced and c e n t r i f u g e d  s t i p e  in  

p la c e  o f  th e  s l i c e d  m a t e r i a l .  When c e n t r i f u g e d  f o r  two minutes ( c e n t r i — 

- f u g a l  e f f e c t  » 8 2 0 ) ,  the i n i t i a l  w a te r  c o n te n t  was reduced  to  about 

4*5 l b / l b  o f  B .D .S. A s c re e n  a n a l y s i s  o f  t h i s  m a te r i a l  i s  given in  

T ab le  10 .

The cu rve  o f  d ry ing  t im e  f o r  4*5 to  0 .15 w ate r  r a t i o  (F ig .  27) has  an 

e q u a t io n  s i m i l a r  to  t h a t  f o r  th e  s l i c e s

Q = 2 3 9 [ lo g 10(Ld + 0 .9 3 )  + 0.0568]

TABLE 10.

SCREEN ANALYSIS OF MINCED AND CENTRIFUGED STIPE (MEDIUM CUTTER)

R e ta in e d on -J-in  mesh 0 • •  •

D i f f e r e n t i a l ,
%

0 .00

Cumulative,
i  • 

0.00

m -^-in  M • • ♦ • 47.10 47.10
11* e - i n  n •  • • • 31.40 73.50

M 3/ 3 2 - i n  " •  * •  • 4 .96 83.46

11 ^ / l 6 - i n  M •  * •  • 11.45 94.91

P a s s in g ^ / l 6 - i n  " •  • •  » 5.09

100.00

100.00

The c o n s ta n t  d ry in g  r a t e  d ec re ase s  as  th e  bed  lo a d in g  i s  in c re a se d  

(F ig .  2 8 ) ,  and th e  v a lu e  o f  th e  d ry in g  r a t e  i s  r e l a t e d  to  th e  dry lo a d in g



-  115 -

by the e x p r e s s io n  :~

aw _ 0.525
d© '  , 1.12

d

The curve  o f  d ry in g  tim e (T = 5 t o  T = 0 .15 )  v e rsu s  Ld f o r  minoed

s t i p e  was o b ta in e d  from th e  time v e rs u s  w ate r  co n ten t  curves  by s l i g h t  

e x t r a p o l a t i o n ,  i . e .  assuming th e  c o n s ta n t  d ry ing  r a t e  to  have the  same 

v a lu e  a t  h ig h e r  w a te r  c o n te n t s .  From t h i s  curve (F ig .  27) the  d ry ing  

time f o r  Ld = 1 02 l b / s q . f t .  was found, and th e  e q u iv a le n t  s l i c e - th i c k n e s s  

co r re s p o n d in g  to  t h i s  tim e i n t e r p o l a t e d  from F ig .  31. This gave a 

th i c k n e s s  o f  O.O675 i n  / l 6  i n  a p p r o x . ) .

7 .7 .  SLICE THICKNESS

F ig .  30 shows th e  e f f e c t  o f  s l i c e  th ic k n e s s  on the  time of dryingo 

The th i c k n e s s  has  v e ry  l i t t l e  e f f e c t  on th e  c o n s ta n t  d ry ing  r a t e ,  bu t 

reduces  th e  t im es  i n  th e  l a t e r  s ta g e s  c o n s id e ra b ly .  These d ry ing  t e s t s  

have been  c o r r e l a t e d  by th e  time r e q u i r e d  to  dry  th e  seaweed from a w ater 

r a t i o  o f  5 "to 0 .1 5 ,  an(l  F ig .  31 shows th e  d ry in g  tim e f o r  d i f f e r e n t  t h i c k -  

- n e s s e s .  The d a t a  a re  r e p re s e n te d  by a smooth curve which has the  e q u a t io n ; -

When th e  c o n s ta n t  d ry in g  r a t e  i s  p l o t t e d  a g a in s t  th e  s l i c e  th ic k n e s s  

(F ig .  32) th e  p o in t s  a re  f a i r l y  w idely  s c a t t e r e d ,  bu t l i e  on a smooth curve 

when c o r r e c t e d  f o r  th e  e f f e c t  of bed d ep th .  The s p e c i f i c  su r face  ( s q . f t . /  

lb  o f  wet seaweed) o f  th e  s l i c e s  was c a l c u l a t e d  assuming an average s l i c e  

d iam ete r  o f  1-g- i n  and the  c o n s t a n t - r a t e  p e r io d  when p l o t t e d  a g a in s t  the 

s p e c i f i c  s u r f a c e  gave a s t r a i g h t  l i n e .  I t  i s  u n l ik e ly  t h a t  the t o t a l  

s u r fa c e  o f  th e  m a te r i a l  was exposed to  the  d ry ing  a i r ,  but the  f r a c t i o n a l  

amount exposed was p o s s ib ly  s im i l a r  i n  each ca se .
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7 .3 ,  AIR VELOCITY

Tne a i r - f l o w  r a t e s  used  in  t h i s  s e r i e s  ranged  from about 3 to  10 l b /

( s q * f t , ) (m in ) • The fa n  speed was a d ju s te d  to  a p re a r ra n g e d  ammeter

r e a d in g  which was k ep t c o n s ta n t  d u r in g  a t e s t .  As d ry in g  p ro g re s se d ,  th e  

seaweed bed  c o n t r a c te d ,  i t s  r e s i s t a n c e  d ec reased ,  and the a i r  flow

c o n se q u e n t ly  in c r e a s e d  u n t i l  ap p rox im ate ly  midway through a t e s t ,  when

no f u r t h e r  s h r in k ag e  o ccu rred  (F ig .  4 4 ) .  The average mass a i r  flow  was 

ta k e n  f o r  a ru n .  No pronounced 'edge e f f e c t 1 was ap p aren t  f o r  the  s t i p e  

s l i c e s ,  s in c e  th e  s l i g h t  v i b r a t i o n  r e s u l t i n g  from th e  w eighing  o p e ra t io n  

caused  th e  p ie c e s  to  s e t t l e  down even ly .

The p l o t s  o f  d ry in g  time v e rsu s  a i r  f low  f o r  15 t e s t s  a re  shown in  

F ig .  33» These ru n s  had to  be c l a s s i f i e d  in to  two groups, depending on 

th e  p l a n t  h a b i t a t ,  b e fo re  c o r r e l a t i o n  could  be a t tem p ted .  P la n ts  from 

Oban r e q u i r e  abou t 2 0 /  lo n g e r  time f o r  d ry in g  a t  h ig h e r  a i r  v e l o c i t i e s  

th a n  p l a n t s  ta k e n  from the F i r t h  o f  F o r th .  The d a ta  can be r e p re s e n te d  

by two e q u i l a t e r a l  h y p erb o lae  w ith  e q u a t io n s

Q = G /(0 e0103G -  0 .0 2 )  . . .  Oban

0  = G/(0.013G -  0 .03 )  **o Inchcolm

The s c a t t e r i n g  o f  th e  d a ta  a t  low a i r  v e l o c i t i e s  may be due to  the Reynolds 

number app roach ing  th e  t r a n s i t i o n  v a lue  between tu rb u le n t  and s t re a m lin e  

f lo w . As th e  a i r  f low  in c re a s e s  th e  s c a t t e r  i s  reduced , and i f  the  same 

e q u a t io n s  h o ld  beyond G = 10 th e  d ry ing  time w i l l  approach a l i m i t ,  so t h a t  

any in c r e a s e  i n  a i r  flow  w i l l  have a n e g l ig ib l e  e f f e c t .

The p l o t  of c o n s ta n t  d ry in g  r a t e s  v e rsu s  a i r  f low  (F ig .  34) i s  a 

s t r a i g h t  l i n e  hav ing  th e  eq u a t io n

dW/d© = O.64G + 0 .34

By e x t r a p o l a t i o n  t h i s  g iv es  a v a lu e  of 0 .34  l b / ( l b  of B .D .S .) (h r )  f o r  th e  

d ry in g  r a t e  when G = 6 ( i . e .  s t a t i c  a i r  c o n d i t io n s ) .

D rying r a t e s  a re  f r e q u e n t ly  exp ressed  as a power fu n c t io n  of a i r
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v e l o c i t y .  A d i s t i n c t i o n  shou ld  be drawn between th e  index  of a r a t e  

( o f t e n  the  c o n s ta n t  r a t e )  and th e  index  f o r  the  dry ing1 t im e .  The tim e 

index  may be re g a rd e d  as  th e  in v e r s e  o f  an 'a v e ra g e  ra te*  index  between 

s p e c i f i e d  w ater  c o n te n t s .  The v e l o c i t y  index  o f te n  changes as d ry ing  

p ro c e e d s ,  -so t h a t  the  index  f o r  th e  'av e rag e  r a t e 1 w i l l  depend to  some 

e x te n t  on the  l i m i t s  o f  w ate r  co n ten t  chosen.

M a r sh a l l  & Hougen ( 9 8 )  showed t h a t  th e  c o n s t a n t  d r y in g  r a t e  o f  ch a r— 

—c o a l  was p r o p o r t i o n a l  to  th e  0 o8 l —power o f  th e  a i r  flow * whereas damson 

e t  a l . , ( 5 4 ) w ith  w e t t e d  c a t a l y s t  p e l l e t s ,  o b ta in e d  a v a lu e  o f  Oe59o 

Working w i t h  v i s c o s e  ra y o n  f i b r e ,  C o les  (1 4 3 )  o b ta in e d  a v e l o c i t y  in d e x  o f  -  

1 .2 5  f o r  t h e  t im e  o f  d r y in g .

B u r g e s s  ( 1 3 6 )  found  th a t  th e  'minimum t im e '  f o r  hops was r e l a t e d  t o  

th e  -  0 .3 9 -p o w e r  o f  th e  a i r  s p e e d ,  and Ede & H a le s  (8 0 )  found  th a t  d r y in g  

r a t e s  f o r  f r u i t  (T = 6 t o  T = 2 )  v a r i e d  a s  t h e  0 .4 -p o w e r  o f  th e  a i r  v e l o c i t y  

f o r  t h r o u g h - c i r c u l a t i o n  d r y in g .  The p l o t  o f  a i r  v e l o c i t y  c o r r e c t i o n  

f a c t o r s  g i v e n  by Brown & Van A r sd e l  f o r  p o ta t o  s t r i p s  i s  b r o a d ly  s i m i l a r  t o  

F ig*  33* The in d e x  f o r  th e  t im e  o f  d r y in g  was -  0 . 4  i n  th e  range 5°7  -  10*3  

l b / ( s q . 0f t ,  ) (  m i n ) .

The d ry in g  tim es  i n  the r e g io n  G = 6-9*5 l b / ( s q . f t ,  ) (min) f o r  Inchcolm 

seaweed a r e  ap p ro x im ate ly  p r o p o r t io n a l  to  the  — 004~power of the a i r  f low .

B urgess  (1 3 6 )  p o in te d  out t h a t  th e  h ig h e r  v e l o c i ty  in d ic e s  o b ta in ed  by 

o th e r  w orkers  on e v a p o ra t io n  were o b ta in e d  from f r e e  w ate r  su r fa c e s  or i n e r t  

w e tte d  s o l i d s  and no t from i n i t i a l l y  l i v i n g  p la n t  m a te r ia l*  He f u r t h e r  

su g g es ted  t h a t  th e  low er v e l o c i t y  in d ic e s  fo r  hops and p la n t  m a te r ia l  may be 

r e l a t e d  to  th e  tim e r e q u i r e d  to  k i l l  the  m a te r ia l  in  th e  d ry e r .

The v e l o c i t y  in d e x  (s= l )  f o r  th e  c o n s ta n t  d ry in g  r a t e  o f  s l i c e d  seaw eed  

s t i p e  i s  h ig h e r  th a n  t h a t  f o r  i n e r t  s o l i d s ,  p o s s i b l y  b eca u se  t h e  a i r  

a p p ro a ch es  t h e  l i m i t  o f  i t s  w a t e r - c a r r y i n g  c a p a c i t y ,  owing t o  th e  u se  o f  a 

d eep er  b e d .
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7 .9 .  TEMPERATURE AND HUMIDITY ' '

For t e s t s  on te m p era tu re  and h u m id ity ,  a 3 - in  bed  o f  -J - in  th io k  

s l i c e s  was u sed  th ro u g h o u t .  The hum idity  of th e  a i r  i s  ex p ressed  as  th e  

wet—bulb  d e p re s s io n  (v /.B .D .) ,  i n  agreement w i th  the  r e a so n s  put fo rw ard  by 
Ede & H ales  ( 8 0 ) .

The t e s t s  were formed in to  f i v e  s e r i e s  (Table 1 1 ) .

TABLE 11,

S e r i e s D .B .T .,  °F W.B.D., °F G, l b / ( s q . f t . ) ( m i n )  average
1 120-212 44-116 7o2, Oban, Apr.
2 143-205 66-111 4 .5 , Inchcolm, J u ly  and S ep t .
3 157 27-57 7 .0 , Oban, June
4 120-180 44 8 .3 , Inchcolm, Oct.
5 200-340 108-228 10 ( sm a l le r  d ry e r ) , Inchcolm, Jun

I n  S e r i e s  1, o n ly  th e  d ry -b u lb  tem p era tu re  (D .B .T .)  was c o n t ro l l e d  so

th a t  th e  a b s o lu t e  hum id ity  o f  th e  d ry in g  a i r  ( lb  o f  w a te r / lb  o f  a i r )  was

t h a t  o f  th e  a tm osphere .  S e r ie s  2 was produced a t  a low er a i r  v e l o c i t y  to  

enab le  h ig h e r  te m p e ra tu re s  to  be a t t a i n e d .  The hum idity  s e r i e s  (S e r ie s  3) 

u t i l i z e d  s t e a m - in j e c t i o n  to  g ive  h ig h e r  w et-bulb  te m p era tu re s  (W.B.T.) a t  a 

c o n s ta n t  d ry -b u lb  v a lu e .  The p la t  o f  co n s tan t  d ry in g  r a t e  v e rsu s  V/.B.D. f o r  

S e r ie s  1 and 3 (F ig .  35) and f o r  S e r ie s  2 (F ig .  36) i s  a s t r a i g h t  l i n e  

p a s s in g  th rough  th e  o r i g i n ,  as  fo l lo w s  : -

dW/dQ = 0 . 0 5 7 ( t (i -  t w) . .  S e r ie s  1 and 3 

dW/dO ■ = 0 .0 3 7 4 ( td -  t w) . .  S e r ie s  2

The c o r re s p o n d in g  p o in t s  f o r  S e r ie s  4 a re  in. c lose  agreement w ith  each 

o th e r ,  b u t  th e  c l u s t e r  l i e s  above th e  s t r a i g h t  l i n e  f o r  th e  co n s tan t  r a t e  

(F ig .  3 5 ) .  T h is  i s  p ro b ab ly  due to  th e  d i f f e r e n t  source o f  th e  p la n ts  u sed

and to  th e  h ig h e r  a i r  v e l o c i t y .

The d ry in g  tim e  g iv e s  a smooth curve when p l o t t e d  a g a in s t  V/.B.D. (F ig .  37)•
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Ihe  curve  f o r  mass flow  7 »1 was extended, by r e s u l t s  o b ta in e d  a t  h ig h e r  

te m p e ra tu re s  i n  a sm a l le r  s i m i l a r  d ry e r  which had a b a sk e t  6 in  square 
( S e r i e s  5)«

I t  i s  o f te n  s t a t e d  t h a t  when a m a te r ia l  i s  n e a r ly  dry the  V/.B.D. o f  

th e  a i r  h as  l i t t l e  e f f e c t  on the  d ry in g  r a t e  and t h a t  t h i s  r a t e  depends 

m ain ly  on th e  D.B.T. o f  the  a i r .  T h is  e f f e c t  i s  i l l u s t r a t e d  by S e r ie s  4, 

where th e  V/.B.D. was c o n s ta n t  b u t  the  D.B.T. was in c re a s e d .  With D.B.T. 

o f  120, 140 and 180°F, th e  d ry in g  tim es  were 187, 177 and I 67 m inutes 

r e s p e c t i v e l y .

The p l o t  o f  d ry in g  r a t e s  a t  d i f f e r e n t  w a te r  c o n te n ts  versus  th e  

W.B.D. (F igo 35) shows t h a t  a l though  th e r e  i s  some s c a t t e r i n g  o f  the 

p o i n t s ,  t h e r e  i s  no s i g n i f i c a n t  d e v ia t io n  from a s t r a i g h t - l i n e  r e l a t i o n -  

- sh ip o  The d ry in g  r a t e s  a re  t h e r e f o r e  p ro p o r t io n a l  to  th e  W.B.D. even 

a t  w a te r  c o n te n ts  as low as 0©2 l b / l b  of B.D.S. These p o in ts  in c lu d e  

ru n s  a t  d i f f e r e n t  D.B.T. and ru n s  a t  c o n s ta n t  D.B.T. u s ing  hum id if ied  a i r  

( S e r i e s  1 and 3 ) .  I t  was observed  t h a t  th e  h ig h e r  W.B.D. a re  u s u a l ly  

a s s o c i a t e d  w ith  h ig h e r  D.B.T. and t h a t ,  w i th in  l i m i t s ,  the  V/.B.D. o f  a 

sample o f  a i r  w ith  a c o n s ta n t  a b s o lu te  hum idity  in c r e a s e s  i n  d i r e c t  p ro p o r t 

i o n  to  tl^e D.B.T. The d ry ing  r a t e s  f o r  S e r ie s  2 show a s im i la r  r e l a t i o n -  

- s h i p  to  th e  V/.B.D. (F ig .  3 6 ) .

The p r o p o r t i o n a l i t y  o f  th e  d ry in g  r a t e s  to  the  W.B.D. a t  low w ater  

c o n te n ts  may perhaps depend on th e  l a y e r  dry ing  e f f e c t  (F ig .  26), which 

r e s u l t s  i n  com para tive ly  wet samples o f  seaweed b e in g  p re s e n t  in  upper

s t r a t a  o f  th e  bed u n t i l  n ea r  the  end o f  a run© For a g iven  W.B.D. th e se

w e t t e r  p ie c e s  would dry more r a p id l y  th an  the average , and would te n d  to

in c r e a s e  th e  p r o p o r t i o n a l i t y  of the  b e d -d ry in g  r a t e  as a whole.

Ede & H ales (80) d r i e d  ^ / l 6—i n  x ^ / l 6—i n  p o ta to  s t r i p s  i n d i v id u a l ly  and 

a l s o  i n  a l a y e r  by c ro s s  f low  of a i r  a t  a D.B.T. o f  158 F. They found 

t h a t  the  d ry in g  r a t e s ,  excep t a t  the  beg inn ing  o f  a ru n ,  showed a c l e a r  

d e p a r tu re  from p r o p o r t i o n a l i t y  to  th e  W.B.D. This  d ep a r tu re  was more 

pronounced i n  th e  experim en ts  w ith  in d iv id u a l  s t r i p s .  A f u r t h e r  s e r i e s
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by Ede & H a l e s ,  w i th  ^ / l 6 - i n  x “/ 4 - i n  p o ta to  s t r i p s  on t r a y s  w ith  a lo w er  

bed  i o a u i i i g  and. d i f f e r e n t  D .B .T , ,  i n d i c a t e d  t h a t  th e  d ry in g 1 r a t e s  were  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  v/.B.D. a t  w a ter  c o n t e n t s  r a n g in g  from 5 i o  

0 . 2  l b / l b  o f  B .D .S .  Hide & H a les  a t t r i b u t e d  t h i s  d i f f e r e n c e  p a r t l y  to  t h e  

e f f e c t  o f  th e  s m a l le r  s t r ip - d i m e n s i o n  and th e  d i f f e r e n t  D .B .T . The e f f e c t  

o f  th e  n o n -u n ifo rm  d r y in g  on th e  r e l a t i o n s h i p  to  th e  V/.B.D. s u g g e s t e d  f o r  

t h r o u g h - c i r c u l a t i o n  d r y in g  may a l s o  ap p ly  t o  th e  t r a y —d r y in g  e x p er im en ts  

on p o t a t o e s .  Ede & H a le s  showed g r a p h i c a l l y  th e  v a r i a t i o n  i n  w ater  

c o n t e n t  o f  p o t a t o  s t r i p s  on a s i n g l e  t r a y  d u r in g  d r y in g ,  and th e  p o i n t s  

o b t a in e d  a g r e e  f a i r l y  w e l l  w i th  F i g .  2 6 .  The t h i c k n e s s  o f  th e  s t i p e  s l i c e s  

u s e d  i n  th e  p r e s e n t  work (-g- i n )  i s  l e s s  th an  th e  s m a l le r  d im en sion  o f  th e  

p o t a t o  s t r i p s ,  w h ich  may a cc o u n t  f o r  th e  a b sen ce  o f  any s e r io u s  d ep a rtu re  

from th e  p r o p o r t i o n a l i t y  t o  t h e  V/.B.D.

Brown & Van A r sd e l  ( 1 4 0 )  gave  d r y in g - t im e  nomographs f o r  th e  th r o u g h -  

c i r c u l a t i o n  d r y i n g  o f  ^ / 3 2 ~ i n  sq uare  p o ta to  s t r i p s .  The f i r s t  p e r io d  

(w a te r  c o n t e n t s  4 t o  0*2  l b / l b  o f  B .D . S . )  appears to  be a lm ost  e n t i r e l y  

d ep en dent on th e  V/.B.D. and o n ly  s l i g h t l y  dependent upon th e  D .B.T . In  

th e  ra n g e  o f  0*2  t o  0 . 0 6  t h e  r e v e r s e  i s  t r u e .

I t  w ou ld  appear  t h a t  th e  p r o p o r t i o n a l i t y  o f  th e  d ry in g  r a t e  to  V/.B.D. 

may b e  u s e d  w i t h o u t  s e r i o u s  er r o r  f o r  seaw eed  w ith  a v er a g e  w ater  c o n t e n t s  

down t o  a b o u t  0 . 2  l b / l b  o f  B . D . S . , b e lo w  w hich  th e  D .B .T .  i s  i n c r e a s i n g l y  

im p o r t a n t •

I f  th e  d r y in g  r a t e s  a t  a l l  w a te r  c o n t e n t s  a re  d i r e c t l y  p r o p o r t io n a l  t o  

th e  V /.B .D .,  th e  t im e  o f  d r y in g  s h o u ld  be i n v e r s e l y  p r o p o r t io n a l  t o  th e  

W.B.D. The cu rv e  f o r  t h i s  r e l a t i o n s h i p  ( F i g .  37? d o t t e d  l i n e )  shows t h a t  

th e  agreem ent w i th  o th e r  e x p e r im e n ta l  p o i n t s  i s  good e x c e p t  a t  th e  e x tr e m e s .  

T h is  cu rv e  was b a s e d  on a r e f e r e n c e  run o f  I 64 m in utes  a t  58 F v/.B.D., 135 F 

D .B .T . and i t  was s e l e c t e d  b e c a u s e  i t  g ave  th e  b e s t  agreement w i th  t i g .  35°

Ede & H a le s  s u g g e s t e d  th e  u s e  o f  th e  w e t-b u lb  d e p r e s s io n  e v a p o r a t io n -  

c o e f f i o i e n t ,  i . e .  l b  o f  w a t e r / ( l b  o f  B .D .S .  ) (h r ) (v / .B .D .  i n  F ) , s i n c e  th e  

d r y in g  r a t e s  w ere p r o p o r t i o n a l  t o  th e  W.B.D. As t h i s  has b een  shown t o
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h o ld  ap p ro x im a te ly  f o r  t h r o u g h - c i r c u l a t i o n  d ry in g  o f  seaweed, the  b a s ic  

curves f o r  d ry in g  time and r a t e s  p e r  u n i t  'W.B.D. (°F) a re  p l o t t e d  f o r  

the  r e f e r e n c e  experiment a t  a W.B.D. o f  58°F r e f e r r e d  to  p re v io u s ly  

(F ig s .  38 and 39) • These curves  r e f e r  to  -J - in  s t i p e  s l i c e s  a t  a bed 

loading* o f  l e28 lb  o f  B . D . S . / s q . f t .  and an a i r  flow o f  7„5 l b / ( s q . f t . ) (m in ) . 

Drying t im es  sh o u ld  be d iv id e d  and r a t e s  m u l t ip l i e d  by the  W.B.D. i n  °F .

For o th e r  lo a d in g s  and a i r  speeds , tim es shou ld  be d iv id e d  and r a t e s  

m u l t i p l i e d  by th e  f a c t o r s  g iv e n ,  which a re  tak en  from F ig s .  27 and 33,

This  b a s i s  o f  d ry e r  d e s ig n  i s  s t a t e d  by Hendry & S co tt  (142) to  be a t  

l e a s t  as  a c c u r a te  as  o th e r  methods, w ith  the a d d i t io n a l  m eri t  of s i m p l i c i t y .

7 .1 0 .  TKuPSRATURE OF SEAWEED DURING DRYIHG

The i n t e r n a l  te m p e ra tu re  o f  a -g-in s l i c e  o f  L. c lo u s to n i  s t i p e  was 

measured d u r in g  d ry in g  by a copper-eu reka  therm ocouple. A small r a d i a l  

h o le  was d r i l l e d  th rough  th e  o u te r  s k in  o f  the  s l i c e  and the  couple pushed 

home so t h a t  th e  j u n c t io n  was embedded in  the  c e n t re  and d id  not b reak  

th rough  th e  cu t  s u r f a c e  o f  the  s l i c e .  A s in g le  l a y e r  o f  s im i la r  s t ip e  

s l i c e s  ( l y i n g  f l a t )  was p la c e d  in  the  b ask e t  so t h a t  samples could be 

a b s t r a c t e d  p e r i o d i c a l l y  f o r  w a te r - c o n te n t  d e te rm in a t io n  as th e  customary 

p rocedu re  o f  w eigh ing  th e  b a s k e t  and co n ten ts  v/as im p ra c t ic a b le .

The p l o t  o f  m a te r ia l - t e m p e r a tu r e  v e rsu s  time (F ig .  40) shows th a t  th e  

seaweed te m p e ra tu re  ro s e  c o n t in u o u s ly  during  d ry in g  and d id  not rem ain a t  

th e  W.B.T. f o r  any a p p re c ia b le  le n g th  o f  t im e. At a w ater  con ten t o f  

0 o25 th e  seaweed was 5°F below the  D.B.T. and i t  reached  the  D.B.T. when 

a t  a w a te r  c o n te n t  o f  approx im ate ly  0.15* Ede & Hales (80) o b ta in ed  

s u b s t a n t i a l l y  s im i l a r  r e s u l t s  f o r  th e  i n t e r n a l  tem pera tu re  of a p o ta to  

s t r i p  d u r in g  d ry in g .

S hrinkage  o f  th e  in d iv id u a l  s l i c e s  i s  i l l u s t r a t e d  in  F ig .  41» 'which 

was p r e p a re d  from f u l l - s i z e  photographs o f  the  s l i c e s .  The samples shown 

were s e l e c t e d  as  b e in g  rea so n a b ly  t y p i c a l  of the  b a tc h .  During th e  f i r s t  

t e n  m inu tes  o f  d ry in g ,  th e  s l i c e s  c o n t ra c te d  s l i g h t l y  in  d iam eter and th e  

s u r f a c e  w a te r  d r i e d  o f f .  S l ig h t  c u r l i n g  became n o t ic e a b le  a t  a w ater
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r a t i o  o f  2 -3 ,  and b u c k l in g  became seve re  below 1, the  m a te r ia l  f i n a l l y  

assuming th e  shape o f  a tw is te d  sad d le  when d ry . (lum bers on F ig .  40 

co rre sp o n d  to  the  s e c t i o n  numbers on F ig .  4 1 ) .  This  ag rees  w ith  th e  

o b s e r v a t io n  ( l i g .  44) t h a t  the  s t a t i c  p re s s u re  drop o f  a 3 - in  bed of 

s t i p e  s l i c e s  becomes c o n s ta n t  a t  an average w ater  r a t i o  o f  1—1©5, when 
the  ’b u lk  o f  th e  sh r in k ag e  w i l l  have o ccu rred .

The i n i t i a l  d ry in g  p e r io d ,  when l i t t l e  sh r inkage  o ccu rs ,  may 

co rre sp o n d  to  th e  l o s s  o f  w ate r  from the  c e l l  c a v i t i e s ,  whereas severe  

sh r in k ag e  might ensue when tne  c e l l  w a l l s  dry and change t h e i r  shape <> 

l h i s  w a te r  c o n te n t ,  which would co rrespond  to  the  f i b r e  s a t u r a t i o n  p o in t  
o f  wood, ap p ea rs  to  be o f  th e  o rd e r  o f  2 .0 ,

7 .1 1 .  CONSTANT DRYING RATE

The i n i t i a l  d ry in g  r a t e s  o f  seaw eed -s t ip e  beds of th r e e - in c h  depth 

or more a r e  l i n e a r .  l i a r s h a l l  ( 159 ) i l l u s t r a t e d  a w a te r -c o n te n t  v e rsus  

t im e curve  f o r  p o ta to  i n  which he su g g es ted  t h a t  th e  i n i t i a l  s ta g e s  be 

approx im ated  to  by a s t r a i g h t  l i n e  to  s im p l i fy  c a l c u l a t i o n s ' f o r  des ign  

p u rp o se s .  For th e  seaweed t e s t s  th e  r a t e s  a re  l i n e a r  (v / i th in  small 

e x p e r im e n ta l  e r r o r )  and a re  not ap p ro x im a tio n se I t  was a l so  observed 

t h a t  th e  exhaust a i r  from the  d ry e r  was u n s a tu r a te d  and f u r t h e r  i n v e s t ig a -  

- t i o n  r e v e a le d  t h a t  i n  most ca se s  th e  ou tpu t a i r  from th e  deepest beds was 

about 90^ a b s o lu te  h u m id ity .  I t  appears  th e r e f o r e  t h a t  as th e  d ry ing  a i r  

approaches  t h i s  v a lu e ,  i t s  c a p a c i ty  f o r  e v a p o ra t in g  much more w ater  f a l l s  

away r a p i d l y .  T h is  i s  i n  l i n e  w i th  th e o ry  i n  t h a t  the  a i r  would r e q u i r e  

an i n f i n i t e l y  deep bed  to  reach  s a t u r a t i o n  under a d i a b a t i c  c o n d i t io n s .

I t  a p p e a rs ,  th e n ,  t h a t  mass t r a n s f e r  f o r  deeper seaweed—beds i s  of th e  o rd e r  

of a *90 /̂  e q u i l ib r iu m  s t a g e 1 f o r  th e  a i r  c o n d i t io n s  s p e c i f i e d .

Brown ( l6 0 )  d id  no t observe c o n s t a n t - r a t e  d ry ing  in  t e s t s  w ith th ro u g h -  

c i r c u l a t i o n  d ry in g  o f  square  p o ta to  s t r i p s  when u s ing  i n l e t  a i r

c o n d i t io n s  o f  140°F D .B .T ., 120°F vV.B.T. and l b / ( s q . f t . ) ( m i n )  a t  a bed 

lo a d in g  o f  3 lb  of wet m a t e r i a l / s q . f t .  T h is  may reasonab ly  be a t t r i b u t e d  

to  the  c o m p a ra t iv e ly  l i g h t  lo a d in g  used , s in ce  the  c o n s tan t  d ry ing  r a t e s
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f o r  seaweed beds below 8.35 I t  o f  wet s e a w e e d / s q . f t .  had on ly  a t r a n s i e n t  

e x i s t e n c e  and, as  shown in  P ig .  40» a u n i t  l a y e r  o f  s t i p e  s l i c e s  has no 

c o n s ta n t  r a t e  w h a tev e r .  C onstan t d ry in g  r a t e s  have a lso  been observed  

by the a u th o rs  f o r  t h r o u g h - c i r c u l a t i o n  d ry in g  o f  th r e e - in c h  beds of 

c lo v e s ,  brewer* s g r a in ,  s u g a r -b e e t  and p ea t  w ith  a i r  c o n d i t io n s  a p p ro x i
m a t i n g  to  th o s e  f o r  s t i p e  in  f a b l e  18.

A nother f a c t o r  t h a t  would te n d  to  p ro long  the  c o n s ta n t  drying r a t e  f o r  

v e g e ta b le  m a te r i a l  i s  s h r in k a g e .  As th e  bed c o n t ra c t s  i t s  r e s i s t a n c e  

d e c re a se s  and f o r  a c o n s ta n t  f a n  s e t t i n g  the  a i r  v e lo c i ty  shou ld  in c r e a s e ,  

so t h a t  th e  in c r e a s e d  a i r  f low  would c o u n te ra c t  th e  reduced  w ater p ic k -u p  

caused  by th e  m a te r i a l  becoming d r i e r .

7 .1 2 .  STATIC PRESSURE DROPS

S t a t i c  p r e s s u r e  d rops were measured by ta k in g  the  draught-gauge 

r e a d in g  when th e  bed  o f  seaweed was i n  p o s i t i o n  with the d ryer  c lo sed ,  and 

d ed u c t in g  th e  r e s i s t a n c e  o f  th e  d ry e r  and b ask e t  a t  the  same a i r - f l o w  r a t e .  

P lo t s  o f  s t a t i c  p r e s s u r e  drop v e rs u s  mass a i r  f low  a re  g iven  in  F ig s .  42 

and 43 f o r  beds  o f  f r e s h  and d r i e d  s t i p e  s l i c e s ,  u s in g  a i r  a t  room 

te m p e ra tu re .

Vifhen th e  p re s s u re  d rops a re  ex p ressed  as i n  of w ater  g a u g e / f t  of bed 

dep th ,  th e  v a lu e s  f o r  th e  1 - i n  l a y e r s  a re  Lg- to  2-J- tim es the  value f o r  the  

deep e s t  b e d s .  T h is  i s  th e  r e v e r s e  of what would be expec ted  i f  com pression 

was t a k in g  p la c e ,  and may be th e  r e s u l t  o f  e r r o r s  be ing  m agnified  when th e  

p r e s s u re  d rops a re  very  sm all and bed th ic k n e s s e s  a re  d i f f i c u l t  to  measure 

a c c u r a t e l y .  This  e r r o r  was n e g l ig ib l e  f o r  depths g r e a t e r  than  3 i n .

Using f r e s h l y  s l i c e d  s u g a r -b e e t  c o s s e t t e s ,  Owen (137) found th a t  the 

s t a t i c  p r e s s u r e  drop a t  c o n s ta n t  a i r  v e l o c i t y  was d i r e c t l y  p ro p o r t io n a l  to  

th e  bed  d e p th ,  and he d e r iv e d  the  fo l lo w in g  eq u a t io n  f o r  the  p re s su re  d ro p : -

X = ( 0 . 0015V -  0 .09)Z
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where X = s t a t i c  p r e s s u re  drop, i n  o f  w ater  gauge,

Z = bed  th i c k n e s s ,  i n .

bpaugh (161; s tu d ie d  the  r e s i s t a n c e  of beds of dehydra ted  v e g e ta b le s  

to  me ubrough-flov/ o f  a i r ,  u s in g  bed depths  up to  36 in  and a i r  v e l o c i t i e s  

o f  37—170 f t / m i n .  Spaugh found t h a t  th e  v a lu e s  o f  the p re s s u re  drop p e r  

u n i t  bed  dep ths  a t  d i f f e r e n t  h e ig h ts  in  th e  bed were f a i r l y  w idely  s c a t t e r e d ,  

and showed no d e f i n i t e  c o r r e l a t i o n .  He concluded from t h i s  th a t  the  p ack in g  

e f f e c t  was n e g l i g i b l e  f o r  d ehyd ra ted  v e g e ta b le s  up to  36- i n  beds .

A g e n e ra l  e q u a t io n  f o r  d ehyd ra ted  v e g e ta b le s  given by Spaugh i s  ; —

Q = (C^v/Cg -  b )nr

where Q = s t a t i c  p r e s s u re  drop i n  o f  w ate r  g a u g e / f t  of bed,

C^, Cg = e x p e r im e n ta l  c o n s ta n t s ,

b = f t  o f  p e r i m e t e r / s q . f t .  of b in  c r o s s - s e c t i o n ,  

n =3 e x p e r im e n ta l  exponen t.

Spaugh su g g e s te d  t h a t  when b i s  g r e a t e r  than  u n i ty  th e  s im pler e q u a t io n  
nQ s CwV may be u sed ,  where C i s  ag a in  an e x p e r im e n ta l ly  determ ined c o n s ta n t ,  

and w = a i r  d e n s i t y ,  l b / c u . f t .  (For th e  p re s e n t  d ry e r ,  b = 4 .2 3 ) o He

a ls o  showed t h a t  the  e f f e c t  o f  th e  a i r  v i s c o s i t y  cou ld  be n e g le c te d  f o r  th e  

range  o f  te m p e ra tu re s  s tu d ie d  (room tem pera tu re  to  200°F).

The s t r a i g h t  l i n e s  on F ig s .  42 and 43 may be r e p re s e n te d  by th e  e q u a t io n : -

Q = GGn

The exponent n v a r i e s  from 1 .76  to  1 .88  f o r  d r ie d  s t i p e  and from 1 .75

to  1 .92  f o r  wet s t i p e  s l i c e s .  Spaugh o b ta in ed  v a lu es  rang ing  from 1 .60

f o r  f l a k e d  onions to  1 .82  f o r  s t r i p  p o ta to e s ,  and Coles gave a va lue  o f  1 .5  

f o r  a bed  o f  v i s c o s e  f i b r e .

l iq u a tio n s  f o r  p r e s s u re  drops of seaweed beds (random packing) have been 

d e r iv e d  from the average  v a lu e  of th e  exponents and the p re s s u re  drop from 

th e  d e e p e s t  beds* These eq u a t io n s  a re

Q = Q .Q llG ^ * ^  f o r  d r ie d  s t i p e  s l i c e s ,
1 o

Q = 0.027G * f o r  f r e s h  s t i p e  s l i c e s .
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From Fig„ 44> which shows th e  v a r i a t i o n  o f  p re s s u re  drop d u r in g  a d ry ing  

run ,  s h r in k a g e  appears  to  he n e g l i g i b l e  a f t e r  a w a te r  con ten t  o f  1 -1 .5  

l b / l b  o f  B .D.S. i s  re a c h e d .
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8 .  RESULTS: L. CLOUSTQNI FEOND

ihe f ro n d s  o f  the s u b l i t t o r a l  seaweed sp e c ie s  L. c lo u s to n i  used  i n  

t h i s  i n v e s t i g a t i o n  formed f l a t  hrown s t r i p s  18—24 ift long  by 3—6 i n  wide 
and about / l 6  i n  th ick*

The f ro n d s  r e c e iv e d  24 hours  a f t e r  h a r v e s t in g  were covered  w ith  a 

m ucilage c o n ta in in g  sodium a l g i n a t e ,  which caused th e  b la d e s  to  adhere to  

each o t h e r .  They decomposed w i th in  about 48 hours of h a r v e s t i n g  i f  s t o r e d  

w et, and decom position  was o f te n  most marked a t  p o in t s  where two p ie c e s  had 

adhered .

D if f e r e n c e s  i n  chemical c o n s t i t u t i o n  between frond  and s t i p e  which
o.f£

a r i s e  from t h e i r  d i f f e r e n t  functions^show n i n  Table 12 compiled from a paper 

by B lack (1 0 ) .

TABLE 12*

L. CLOUSTQNI, HARVESTED OBAN, 1947

V/ater c o n t e n t  ( l b  w a t e r / l b  o f  B .D . S . )
Frond  

. . .  2 •7 -606
S t ip e

4 0 6—6 .1
T o t a l  a sh  (d r y  b a s i s )  jo 13-37 30-38
A l g i n i c  a c i d  (d r y  b a s i s )  Jo 8-19 19-23
L a m in a r in  (d ry  b a s i s )  Jo 1-32 N il

M a n n ito l  (d r y  b a s i s )  Jo 6-23 5-9
A verage  w e ig h t  (450 s a m p le s ) ,  lb • . .  1 0 5 2.6

S p e c i f i c  G ra v ity  ( w e t ) 1.041 I .O 72

These f i g u r e s  a re  the minimum and maximum v a lu es  o b ta in ed  f o r  1947°

E x t r a c t i o n  of th e  v a r io u s  c o n s t i t u e n t s  has been h in d e red  in  the  p a s t  

by th e  d i f f i c u l t y  o f  h a r v e s t i n g  and d ry ing  f r e s h  seaweed. Cast seaweed i s  

not so s u i t a b l e ,  as  some of th e  so lu b le  c o n s t i tu e n t s  may be leach ed  out by 

th e  sea  o r  by r a i n  w a te r .  I f  th e  f ro n d  i s  no t d r ie d  prom ptly , many o f  th e  

o rg an ic  compounds a re  degraded by b a c t e r i a l  a c t i o n 0

The ex p e r im e n ta l  p rocedu re  used  f o r  f rond  was s im i la r  to  t h a t  d e sc r ib e d  

in  S e c t io n  6 . 5 . w ith  the  fo l lo w in g  s l i g h t  m o d i f ic a t io n s .

The p r e p a re d  f ro n d  v/as weighed in to  th e  b ask e t  and th e  bed l e v e l l e d  o f f
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w ith o u t any p re s s u re  be ing1 a j^p lied . Ho method of a r r a n g in g  th e  p ie c e s  

was p o s s i b l e j  so the  bed was packed a t  random. During d ry ing !  th e  d a rk -  

brown f ro n d  changed to  a dark—green  c o lo u r .  When steam i n j e c t i o n  was used  

to  hum id ify  the  i n l e t  a i r !  the co lou r  changed i n i t i a l l y  to  a b r i g h t —g reen  

shade which u l t i m a t e l y  became dark g reen .  As th e  mucilage d r ie d ,  th e  

v a r io u s  p a r t i c l e s  were cemented to g e th e r  u n t i l ,  a t  th e  end o f  the t e s t ,  th e  

e n t i r e  bed  co u ld  be l i f t e d  o u t  as a mat.

In  most o f  th e  t e s t s  r e p o r t e d ,  the seaweed f ro n d  was minced b e fo re  

d ry in g .  The f a c t o r s  s tu d ie d  were: bed dep th , p a r t i c l e  s i z e ,  a i r  v e l o c i t y ,  

a i r  te m p e ra tu re  and w et-bu lb  d e p re s s io n ,  and th e  seasonal v a r i a t i o n  o f  th e  

d ry ing  t im e s .

P h y s ic a l  d i f f e r e n c e s  between the  f ro n d  and s t ip e  have a profound e f f e c t  

on t h e i r  d ry in g  c h a r a c t e r i s t i c s .

Frond p a r t i c l e s  a re  s t i c k y  and f l e x i b l e  i n  c o n t ra s t  w ith  the u n ifo rm ly -  

s iz e d ,  r i g i d ,  n o n - s t ic k y  s t i p e  s l i c e s .  This  causes the f ro n d  bed to  show 

a marked e d g e - e f f e c t ,  produced  by th e  sh r inkage  o f  th e  m a te r ia l s  from th e  

edges o f  t h e  b a s k e t ;  hence th e r e  i s  s h o r t - c i r c u i t i n g  o f  th e  a i r  through th e  

r e s u l t i n g  s p a c e s ,  le a d in g  to  uneven d ry in g .  In  the bed o f  s t i p e ,  on the  

o th e r  hand, th e  s l i c e s  a re  s u f f i c i e n t l y  mobile to  f i l l  up any gaps formed 

d u r in g  d r y in g .

The s t i p e s  have a re a so n a b ly  uniform w ater  con ten t th roughout th e  y e a r ,  

b u t  th e  f r o n d  w a te r  co n te n t  can vary  up to  th r e e  tim es  i t s  minimum v a lu e .

In  a d d i t i o n  to  the  in c re a s e d  d ry in g  time caused by th e  g r e a t e r  ev ap o ra tio n  

lo a d ,  the  f r o n d  a l s o  o f f e r s  more r e s i s t a n c e  to  d ry ing  a t  the  time of y e a r  

when th e  w a te r  c o n ten t  i s  h ig h e s t .  With th e  s t i p e ,  no marked seasonal 

change o f  d ry in g  tim e was observed .

8 .1 .  BED DEPTH.

The e f f e c t  o f  in c re a s e  o f  bed depth was s tu d ie d  f o r  minced and shredded 

fro n d  a t  an  i n l e t  a i r  te m p era tu re  o f  1^ 6  F. The curves o f  d ry ing -t im e  

v e rsu s  d ry—lo a d in g  a re  g iven  i n  F ig .  45<> Both curves a re  concave upwards.
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showing t h a t  "the d ry ing  time in c re a s e s  r a p id l y  f o r  sm all inc rem en ts  o f  

dep th .  ./hen th e  o u tp u t  v e rs u s  b ed - lo a d in g  curve i s  c l o t t e d  (F ig .  46 ) f o r  

minced f ro n d ,  i t  may be seen  th a t  th e re  i s  a marked optimum lo a d in g ,  a t  

0.45 lb  o f  B . D . S . / s q . f t .  o r  l —lVr i n  deep. ( in te rm e d ia te  p o in t s  on th e  

o u tp u t  curve were i n t e r p o l a t e d  from th e  curve in  F ig .  45 ) .

The p o i n t s  f o r  the  sh redded  seaweed a re  more s c a t t e r e d  b u t  i t  i s  

p ro b ab le  t h a t  th e  o u tp u t  curve i s  o f  a s im i l a r  form to  t h a t  f o r  minced 

f ro n d ,  w ith  a s l i g h t l y  h ig h e r  optimum p o in t  a t  0 .6  l b / s q . f t .  ( 4- 4g- in  d e e p )c 

I t  would a t  f i r s t  appear from th e se  curves  t h a t  sh redd ing  was s u p e r io r  to  

m incing i n  g iv in g  s p e e d ie r  d ry in g ,  b u t  th e se  t e s t s  a re  not comparable as 

th e  p la c e  and tim e  of h a r v e s t i n g  were d i f f e r e n t .  The comparison t e s t  

between th e  two forms o f  p r e - c u t t i n g  showed th a t  mincing was f a s t e r #

I t  i s  su g g e s te d  t h a t  th e  d i s p r o p o r t io n a te  in c re a s e  o f  dry ing  tim e w ith  

i n c r e a s in g  b ed  depth and th e  low optimum lo ad in g  a re  the  r e s u l t  o f  two 

f a c t o r s :  ( a )  th e  s t i c k i n e s s  o f  th e  f ro n d ,  (b) the  la c k  o f  r i g i d i t y  of th e  

m a te r i a l .

The m ucilage  te n d s  to  f i l l  th e  i n t e r s t i c e s  between th e  in d iv id u a l  

p a r t i c l e s ,  p r e v e n t in g  th e  read y  access  o f  a i r ,  and th e  la c k  r i g i d i t y  of th e  

f r e s h  f r o n d  a l low s th e  low er s t r a t a  to  be compressed i n t o  a compact mass.

T h is  i s  p a r t l y  confirm ed by t h r e e  t e s t s  w ith  minced L. o lo u s to n i  f ro n d  which 

had been p r e —d r ie d  i n  a r o t a r y  d ry e r  a t  300 F. The p a r t i c l e s ,  a t  a w a te r  

r a t i o  o f  0 .5  l b / l b  had l o s t  a l l  s t i c k i n e s s ,  bu t were s t i l l  f l e x i b l e .  Beds 

o f  t h i s  m a t e r i a l  l £ ,  and 5 i n  th i c k  were s u c c e s s fu l ly  d r ie d ,  showing t h a t  

heavy lo a d in g s  may be p r a c t i s e d  when the  e f f e c t  o f  the  mucilage i s  minimized# 

The d ry in g —tim e v e rsu s  lo a d in g  curve (F ig .  47) s t i l l  shows a s l i g h t  upward 

c u rv a tu re ,  p ro b ab ly  caused  by com pression o f  the  lower l a y e r s  w ith  h e a v ie r  

lo a d in g s .

8 .2 .  PARTICLE SIZE 

E a r l i e r  experim en ts  showed t h a t  6- i n  le n g th s  of f ro n d  could  not be 

d r ie d  s a t i s f a c t o r i l y  as  a bed , as  th e  o u ts id e  of the  l a y e r  was o f ten  c r i s p
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w hile  th e  in n e r  p a r t s  were wet and s t i c k y .  Where two s t r i p s  had s tu ck  

to g e th e r ,  th e  a i r  could  not p e n e t r a te  and the  dry ing  time became e x c e s s iv e .

I t  was a p p a re n t  t h a t  some form o f  s u b d iv is io n  of th e  f ro n d  was r e q u i r e d ,  

not on ly  to  in c re a s e  th e  s p e c i f i c  s u r f a c e ,  b u t  a l so  to  a llow  th e  d ry ing  a i r  

to  reac h  a l l  the  j j a r t i c l e s  forming th e  bed . I f  the  p ie c e s  a re  too  f i n e l y  

cu t o r  a r e  c ru sh ed ,  more mucilage te n d s  to  exude from th e  fragm ents  and 

some of th e  advan tages  o f  s iz e  r e d u c t io n  a re  l o s t .

M incing i s  e f f e c t i v e  f o r  d i s i n t e g r a t i o n  of the  f ro n d ,  bu t the d es ig n

o f  the m incer has  a n o t i c e a b le  e f f e c t .  Where th e  m a te r ia l  i s  ex truded  

th rough  sm all  h o le s ,  c o n s id e ra b le  amounts of mucilage a re  produced and the

seaweed becomes l i k e  a s t i c k y  p a s t e .  The domestic mincer used  in  the

p re s e n t  work has  an e x te r n a l  c u t t i n g  r in g  which g ives  more o f  a sh e a r in g  

a c t i o n .  In  a l l  th e  t e s t s  on minced f ro n d ,  th e  l a r g e s t  c u t t e r  was used  

g iv in g  p ie c e s  about f  i n  x i n  i  ^ / l 6  i n .

T e s ts  were a l s o  c a r r i e d  out on frond  which had been shredded in  a 

r o t a r y  b e a n -c u t te r - ,  T h is  machine (F ig .  4 8 ) produced f ro n d  s t r i p s  ^ / l 6  i n  

wide by about, 6 i n  lo n g .  T h is  method of p r e - c u t t i n g  seemed to cause l e s s  

ex u d a t io n  o f  m ucilage th a n  m incing . A d i r e c t  comparison between shredded 

and minced f ro n d  was made from t e s t s  on th e  same b a tch  o f  seav/eed (Table 1 3 ) .

TABLE 13*

L. CLOUS TOUT FROND HARVESTED AT INCHCOLM ON 14 MARCH, 1952

D•B .T .  = 156°F Wet lo a d in g  = 4*375 l b / s q . f t .

Bed d e p th ,  in
Dry lo a d in g ,  lb  o f  B . D . S / s q . f t 0 ♦.

onW et-bulb  d e p re s s io n ,  S . . . . .
Mass a i r  f low , l b / ( s q . f t . )(min) . .
D rying  tim e (T = 5 ^ = 0*15)» * m̂ n
S t a t i c  p r e s s u re -d ro p ,  i n  (w a te r)  ••

* T = t o t a l  w a te r  c o n te n t ,  lb  w a te r / lb  of B.D.S. 
( i . e .  w a te r  r a t i o )

Shredded Minced

5 2
O.65 0.68

76 74
8 .1 7o9

76*5 62o5
0.17 0.36
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I h i s  shows t h a t  minced, fr o n d  d r i e s  more r a p i d l y  th a n  th e  s t r i p s  f o r  

p l a n t s  h a r v e s t e d  i n  March (when th e  a l g i n i c  a c i d  c o n te n t  i s  h i g h e s t ) .  

Comparable d r y in g  t im e s  f o r  L. c l o u s t o n i  s t i p e  are 68 m in u te s  f o r  m inced  

s t i p e  and 110  m in u tes  f o r  s t i p e  s l i c e s ,  -g- i n  t h i c k .  I t  sh o u ld  he n o te d  

th a t  t h e  h u lk  d e n s i t y  and s t a t i c  p r e s s u r e  drop o f  th e  sh red d ed  fr o n d  hed  

are  much lower  th a n  th e  v a l u e s  f o r  t h e  m inced fr o n d .

T ro u b le  was e x p e r ie n c e d  w ith  th e  fr o n d s  s l i p p i n g  on th e  f e e d  drum o f  

th e  r o t a r y  s h r e d d e r ,  and i n  th e  r e m a in in g  t e s t s  ( e x c e p t  b e d -d ep th  r u n s )  

m inced f r o n d  was u s e d  to  re d u c e  th e  p r e p a r a t io n  t im e .  I t  i s  th ou gh t t h a t  

t h i s  d i f f i c u l t y  c o u ld  be overcome on i n d u s t r i a l  sh r e d d in g  m achinery ,  

p o s s i b l y  by th e  u s e  o f  s p ik e d  f e e d —drums. I t  may h e r e  be o b serv e d  that..,

u n l i k e  th e  s t i p e ,  no w a te r  can be s e p a r a t e d  from th e  m inced fr o n d  by c e n t r i — 

- f u g i n g .

8 .3  o S3AS0ML VARIATION

The s e a s o n a l  change i n  w a te r  c o n t e n t ,  which  i s  o f  e s p e c i a l  i n t e r e s t  

as  r e g a r d s  d r y in g ,  i s  p l o t t e d  a s  th e  w a ter  r a t i o  i n  F i g .  49* I t  can r e a d i l y  

be s e e n  t h a t  t h e  w a te r  c o n te n t  i s  h i g h e s t  i n  th e  s p r in g  (A p r i l -H a y )  and 

l o w e s t  i n  t h e  autumn (S e p te m b e r -O c to b e r ) . The m in era l  m a tte r  c o n te n t ,  

e x p r e s s e d  a s  t o t a l  a s h ,  e x h i b i t s  s i m i l a r  maxima and minima ( F i g .  4 9 )  as  

a l s o  d o es  a l g i n i c  a c i d  (M arch). On th e  o th e r  hand, la m in a r in  and m a n n ito l  

a re  a t  a maximum i n  th e  autumn, th e  la m in a r in  curve b e in g  th e  i n v e r s e  o f  th e  

t o t a l  ash  g ra p h .

S ev en  d r y in g  t e s t s  under s i m i l a r  c o n d i t io n s  were made a t  d i f f e r e n t  t im e s  

b etw een  March and S eptem ber. V/hen th e  d r y in g  t im e s  f o r  th e  w a te r—co n te n t  

range 5 - 0 . 1 5  a re  p l o t t e d  ( F i g .  49> broken  l i n e )  i t  can be se e n  th a t  th e  d r y in g  

t im e r e a c h e s  a maximum i n  t h e  s p r in g  and appears to  be a t  a minimum i n  th e  

autumn. (The t im e  f o r  September was o b ta in e d  by e x t r a p o la t io n ,  a s  th e  

i n i t i a l  w a te r  c o n te n t  was o n ly  2 .0 5 ) *  T h is  cu rve  f o l l o w s  th e  t o t a l —ash  

l i n e ,  and th e  i n c r e a s e d  d r y in g  t im e i s  prob ab ly  r e l a t e d  to  th e  red u ced  vapour  

p r e s s u r e s  c a u s e d  by th e  h ig h e r  s a l t  c o n c e n t r a t i o n s .
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The t o t a l  ash of th e  f ro n d s  c o n s i s t s  of s o lu b le  and in s o lu b le  s a l t s .  

B lack ( 7 ) found t h a t  th e  p r in c i p a l  s ea so n a l  v a r i a t i o n  occu rred  in  the  

w a te r - s o lu b l e  c o n s t i t u e n t s  which were presumably in  s o lu t i o n  i n  th e  c e l l  

sap , and tn e y  w i l l  n a t u r a l l y  in f lu e n c e  th e  vapour p r e s s u re .  The in s o lu b le  

m inera l m a t te r  does not vary  w idely  throughout the  y ea r  and i s  com para tive ly  

low ( th e  average va lue  fo r  th e  seven dry ing  t e s t s  be ing  5ft of the w eight o f  

the  bone—dry  frond )o  This  means th a t  the  so lu b le  ash co n te n t  w i l l  fo l lo w  

th e  t o t a l —ash cu rv e ,  bu t th e  a c tu a l  v a lu es  w i l l  be about 5$ le s s *  The 

t o t a l —ash co n ten t  has been r e t a i n e d ,  as l i t t l e  in fo rm a tio n  i s  a v a i la b le  on 

th e  s o lu b le  ash c o n te n t  of seaweed.

The maximum d ry in g  tim e may be r e l a t e d  a lso  t  0 the  a l g i n i c  a c id  

c o n te n t .  The a l g i n i c  a c id  would be expected  to  reduce the d ry in g  r a t e  of 

a seaweed bed  i n  two ways, e x t e r n a l l y  by th e  p ro d u c tio n  of mucilage on th e  

s u r f a c e  of th e  f r o n d  p ie c e s ,  and i n t e r n a l l y  by i t s  a f f i n i t y  f o r  w a te r .

The l a t t e r  e f f e c t  would p robab ly  be more n o t ic e a b le  i n  the  l a t e r  s tag es  o f  

d ry in g .  I t  a p p ea rs ,  however, t h a t  the  s a l t  c o n c e n tra t io n  i s  the  o v e r r id in g  

f a c t o r  c o n t r o l l i n g  d ry in g  tim e, s in c e  th e  peak v a lu e  of a l g i n i c  a c id  o ccu rred  

two months b e fo re  th e  maximum d ry in g  time was reached ,  whereas the t o t a l  ash 

maximum c o in c id e d  w ith  t h i s  maximum drying t im e .

The comparison o f  f r o n d -d ry in g  tim es f o r  a g iven w ater  con ten t range 

( i . e 0 5“ Ool5 w a te r  r a t i o )  g iv e s  some in d i c a t i o n  of th e  r e s i s t a n c e  to  d ry in g ,  

p ro v id ed  o f  course  t h a t  a l l  o th e r  c o n d i t io n s  a re  s im i l a r .  In  view of the  

wide v a r i a t i o n  of th e  i n i t i a l  w ate r  con ten t of the  f ro n d ,  i t  i s  more 

r e a l i s t i c  t o  compare th e  t im es  r e q u i r e d  to  dry from the  i n i t i a l  c o n d i t io n  

to  a s ta n d a r d  f i n a l  m o is tu re  c o n te n t .  This curve i s  shown i n  F ig .  49 

( f u l l  l i n e )  and i n d i c a t e s  t h a t  th e  minimum dry ing  time may be about one- 

q u a r t e r  of th e  peak v a lu e  ( i 0e .  130 minutes i n  May—June to  33 minutes in  

S ep tem ber) .

I f  th e  f ro n d  was being  h a rv e s te d  and d r ie d  fo r  the even tua l  e x t r a c t i o n  

of any one p a r t i c u l a r  compound, th e  seaweed would n a t u r a l ly  be c o l l e c t e d  i n  

th e  month when th e  c o n s t i t u e n t  was a t  i t s  maximum. None of the  major 

c o n s t i t u e n t s  appear to  have t h e i r  peak va lue  a t  th e  time of th e  lowest
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d ry in g  r a t e ,  but i f  th e  h a r v e s t i n g  o f  f ro n d  f o r  a l g i n i c  a c id  i s  

c o n t in u e d  a f t e r  March, th e  seaweed w i l l  become p r o g r e s s iv e ly  more 

d i f f i c u l t  to  d ry .  A lg in ic  a c id  i s  a t  p re s e n t  the p r in c i p a l  commercial 

a l g a l  chem ica l,  b u t  i t  i s  a lm ost in v a r i a b ly  e x t r a c te d  from th e  s t i n e .

The cu rves  f o r  w a te r  c o n te n t ,  t o t a l  ash and a l g i n i c  ac id  (F ig .  49) 

a re  ta k e n  from r e s u l t s  r e p o r t e d  by Black (lO) f o r  f ro n d  h a rv e s te d  a t  

Oban i n  1947* B e te rm in a tio n s  made on the m a te r ia l  from the  dry ing  

t e s t s  r e p o r t e d  ag ree  i n  g e n e ra l  w ith  B lack ’ s r e s u l t s .

T h is  s e a so n a l  change i n  th e  d ry ing  r a t e  of f ro n d  p rec lu d es  any 

r ig o r o u s  com parison, b u t  th e  g en e ra l  e f f e c t  of any one v a r i a b le  w i l l  

p ro b a b ly  be th e  same a t  any time of  the  y e a r ,  a lthough  th e  ac tu a l  v a lu e  

of th e  d ry in g  r a t e s  w i l l  have a l t e r e d .

Owing t o - h a r v e s t in g  d i f f i c u l t i e s  caused by bad w ea the r ,  i t  was 

n e c e s s a ry  to  c o l l e c t  p l a n t s  from d i f f e r e n t  a re a s ,  so t h a t  the  seasona l  

v a r i a t i o n  t e s t s  a re  no t s t r i c t l y  comparable, bu t they  g ive  some in d i c a t i o n  

of t h e  f l u c t u a t i o n s  to  be ex p ec ted .  I t  i s  apparen t t h a t  any d ryer  f o r  

seaweed must be s u f f i c i e n t l y  f l e x i b l e  i n  o p e ra t io n  to  cope with th e se  

v a r ia t io n s®

8 .4 .  AIR VELOCITY

T his  s e r i e s  o f  t e s t s  was done on 2—i n  beds o f  minced fro n d ,  which, 

a l th o u g h  g r e a t e r  th a n  th e  optimum bed—lo a d in g ,  a re  n e v e r th e le s s  s u f f i c i — 

- e n t l y  c lo s e  to  be o f  v a lu e .  At th e  time o f  t e s t i n g ,  the  maximum a i r  

f lo w  of t h e  d ryer  was about 7 l b / ( s q . f t . ) ( m i n ) ,  so t h a t  only fo u r  runs  

were a t te m p te d .

The e f f e c t  of mass a i r  f low  on th e  d ry in g  time (F ig .  50) has a 

s i m i l a r i t y  to  the  co rresp o n d in g  curve fo r  s t i p e ,  and i t  i s  p robab le  t h a t  

t h i s  f ro n d  curve w i l l  a l so  l e v e l  o f f  a t  h ig h e r  a i r  f low s. I t  may be 

conc luded  t h a t  the  minimum a i r  f low  should be 7 l b / ( s q . f t .  )(min)®

The p lo t  of c o n s ta n t  d ry in g  r a t e  a g a in s t  a i r  flow shown in  F ig .  51
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a p p e a r s  t o  be l i n e a r ,  b ut d i f f e r s  from t h a t  o f  s t i p e  i n  t h a t  th e  

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

8 . 5 ,  TEIvjPERA'i'URE AMD HUMIDITY

S ev en  t e s t s  w ere c a r r i e d  o u t  a t  an a v era g e  d r y - lo a d in g  o f  l v-10 

l b / s q . f t ,  (Lj- i n  a p p r o x . ) .

As th e  seaw eed  was h a r v e s t e d  i n  August and Septem ber, the w a te r  

r a t i o  was o n ly  2 , 4 —3 . 0 .  The c u r v e s  o f  w ater  c o n te n t  v e r s u s  t im e  were

drawn and th e  in s t a n t a n e o u s  d r y in g  r a t e s  a t  w a ter  r a t i o s  o f  2 . 5 ,  0 . 6  

and 0 , 2  w ere d e te r m in e d .

T h ese  d r y in g  r a t e s  ( F i g .  5 2 )  show a l i n e a r  r e l a t i o n s h i p  to  t h e  

w e t - b u lb  d e p r e s s i o n  ( v / . B . D . ) s i m i l a r  t o  t h a t  f o r  s t i p e .  I t  i s  most 

l i k e l y  t h a t  t h e  d r y in g  r a t e s  a t  h ig h e r  w a ter  c o n te n t s  w i l l  obey th e  same 

r u l e .  A t e s t  u s i n g  h u m id i f i e d  a i r  ( l7 0 ° F  B .D .T .)  a g r e e s  r e a s o n a b ly  

w e l l  w i t h  th e  o t h e r  p o i n t s  o b t a in e d  from t e s t s  u s in g  h e a te d  a i r  o f  normal 

room h u m id i ty .

As t h e  d r y in g  t im e o f  th e  fr o n d  v a r i e s  so  w i d e l y  w ith  the s e a s o n ,  

i t  was c o n s i d e r e d  u n w ise  t o  c o n s t r u c t  a curve f o r  u n i t  on which

t o  b a s e  a d ry er  d e s i g n .  I f ,  how ever, th e  d r y in g  t im e f o r  a g iv e n  

W.I3.D. i s  known t h e n  t h e  d ry in g  t im e  f o r  any o th e r  W.B.D. may be  e s t im a t e d  

by p r o p o r t i o n  w ith  r e a s o n a b le  a c c u r a c y .

8 . 6 .  STATIC PRESSURE DROPS

The s t a t i c  p r e s s u r e  drops o f  b ed s  o f  d r ie d  m inced L» o l o u s t o n i  f r o n d  

w ere m easured  by n o t in g  t h e  d raught—gauge r e a d in g  when th e  bed  was i n  

p o s i t i o n  w i t h  t h e  d ry er  c l o s e d ,  and d e d u c t in g  th e  r e s i s t a n c e  o f  t h e  d ry er  

and b a s k e t  a t  th e  same a i r —f l o w  r a t e .  P l o t s  o f  s t a t i c  p r e s s u r e  drop  

a g a i n s t  a i r  f lo w  a re  g iv e n  i n  F i g ,  53 w ith  a i r  at room te m p era tu re .

T hese  r e s u l t s  c o u ld  be  d i r e c t l y  a p p l i e d  t o  th e  d e s ig n  o f  u n i s h i n g  b in s  

w hich  a r e  u s e d  to  c o n d i t i o n  n e a r ly  dry m a t e r ia l  to  a s ta n d a rd  m o is tu re  

c o n t e n t .  The main f e a t u r e s  o f  t h e s e  b in s  are  th a t  deep beds and lo w  a i r
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v e l o c i t i e s  a re  used .

The deepes t  hed (9  in )  was p rep a red  f i r s t  and weighed so t h a t  th e  

rem a in in g  l a y e r s  cou ld  be measured by w eight, as t h i s  was more a c c u ra te  

th a n  d i r e c t  l i n e a r  measurement. S t a t i c  p re s s u re  drops f o r  wet f ro n d  

a re  shown i n  Table 13. I t  can be seen  from Table 14 t h a t  the  s t a t i c  

p r e s s u r e  drop p e r  u n i t  of bed depth  d ecreases  to  a c o n s ta n t  va lue  as th e  

bed lo a d in g  i s  in c r e a s e d .  This c h a r a c t e r i s t i c  was observed  w ith  beds 

of L, c lo u s to n i  s t i p e  s l i c e s  (S e c t io n  7 » 1 2 .) .

The v e l o c i t y  index  a l s o  te n d s  to  a constan t v a lu e  w ith  in c re a s in g  

d e p th s ,  and th e  average  v a lu e  ( I 085) i s  c lo se  to  th e  in d ic e s  f o r  s t i p e  

( l . 8 3  and 1 .8 0  f o r  d r i e d  and f r e s h  s l i c e s  r e s p e c t i v e l y ) .  A form ula 

r e l a t i n g  th e  p re s s u re  drop to  a i r  flow  f o r  d r ie d  f ro n d  beds (random 

pack ing )  h as  been  d e r iv e d  from th e  p re s s u re  drop of th e  9~in bed and 

th e  av e ra g e  exponent

P = 0 o0l83G1#85 

where P » s t a t i c  p r e s s u re  d rop , i n  w a t e r / f t  of bed ,

G = a i r  mass v e l o c i t y ,  l b / ( s q , . f t .  ) (m in ) .

TABLE 14*

STATIC PRESSURE DROPS OF BEDS OF L. CL0USTQ1TI FRO IIP 
( MIFCED AITO DRIES)!

G a 9 l b / ( s q . . f t . ) ( m i n )

Bed d e p th ,  i n  1 3  5 7
P re s s u re  drop, i n  ( w a t e r ) / f t  bed 2.28 1 .4 0  1*20 1 .08 

V e lo c i ty  index  1*7° l o 98 I 085 I .85

9

1.07

I 087
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9o RESULTSi L* DIGITATA FROND AND STIPE;
L* SAC CHARI NA FROND

In  the p rev ious s e c t io n  the p h y sica l and chem ical d iffe r e n c e s  

betw een the two p a rts  o f  the p lan t — s t ip e  and frond — were compared 

and con trasted *  P h ysica l d if fe r e n c e s  between th e  th ree  common 

s u b l i t t o r a l  seaweeds used in  th e  drying t e s t s  are d escrib ed  below ( 1 6 2 )*

L* c lo u s to n i has a sturdy s t ip e  w ith a c ir c u la r  cro ss—section *  The 

ep id erm is, or ou ter sk in , o f the s t ip e  i s  rough and o fte n  has adherent 

p a r a s it io  growths (F ig*  l ) *  The s t ip e  i s  surmounted by a f l a t  palmate 

frond* The p lan t anchors i t s e l f  f irm ly  to  rocks and i s  normally found  

in  s tro n g  tid ew a y s, th e  b u ffe t in g  of th e  w ater b ein g  apparently b en e fi— 

- o i a l  to  i t s  growth*

L, d ig i t a t a  has a smooth oval s t ip e  which r a r e ly  has any p a r a s it ic  

growths* The fron d  i s  d iv id ed  in to  l i n g e r s 1 from which the p lant 

d e r iv e s  i t s  name* T his s p e c ie s  p re fers  medium tideways*

Lo saooharina c o n s is t s  o f a s o f t  f l e x ib le  s t ip e  and a s in g le  cr in k led  

frond* I t  u s u a lly  a tta c h e s  i t s e l f  to  s h e l l s  or sm all sto n es  and thus 

o f f e r s  l i t t l e  r e s is ta n c e  to  dislodgm entj i t  i s  consequently  found on ly  

on sandy sea -b ed s in  s h e lte r e d  waters*

B lack (lO ) measured th e  season a l v a r ia tio n  o f the fr e sh  w eight o f  

sam ples o f th ese  th ree  s p e c ie s  over a tw o-year period* Table 15 , taken  

from h is  paper, summarises th e  average w eight o f the p lants*

I t  would appear from Table 15 th a t the h ea v ie st  p la n t i s  L* o lo u sto n i  

fo llo w e d  by L* d ig i t a t a * The fronds o f  L* d ig ita ta  and L* sacoharina  

are h ere h ea v ie r  than the corresponding s t ip e s ,  whereas the rev erse  i s  

tru e  fo r  L* o lo u s to n i* Although th ese  g e n e r a lisa t io n s  are not r ig id  

and w i l l  vary w ith  the h a b ita t  o f th e  p la n t, they  hold  fo r  the seaweed 

sam ples r e c e iv e d  fo r  th e drying te s ts*
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TABLE 15o

COMPARISON OF THE WEIGHTS OF THREE COMMON 
SUBLITTQRAL SEAWEEDS

Maximum Minimum Average
( 4 5 0  p la n ts )

w t . , lb w t„ ,1 b w t . , lb

L. o lo u s to n i Frond 2 .06 1 . 1 2 1*50
(L uing I s la n d ) S tip e 3 .94 1 .5 0 2 .63

L. d ig i t a t a Frond 4 . 1 8 0 .7 5 2.13
(A t la n t ic  B ridge) S tip e 0 .9 4 0 .31 O. 5 6

L. sa cch a r in s le n d 2 . 2 5 0*44 1 .31
(Shuna Is la n d ) S tip e 0 . 5 0 0 .19 0*44

In a l l  th e  t e s t s  on L. d ig i ta ta  fron d , the raw m ateria l was minced b efore  

drying* F a ctors s tu d ie d  were* a g ita t io n  o f the frond bed, the e f f e c t  o f  

sto ra g e  betw een h a rv estin g  and drying o f th e frond, and the e f f e c t  o f  a ir  

v e lo c i t y  and bed depth on L. d ig i t a t a  frond and s t ip e .  Seasonal vA ria- 

—t io n  o f  drying tim e was a lso  observed fo r  L. d ig ita ta  frond, but there  

were in s u f f i c i e n t  d ata  to  a llow  t h i s  e f f e c t  to  be eva lu ated .

9 .1 .  AGITATION EXPERIMENTS

During drying, a bed o f  minced seaweed frond sh rin k s away from th e  

b asket s id e s  a llow in g  part o f the a ir  to  s h o r t -c ir c u it  the bed. An 

experim ent on s t ip e  s l i c e s  (F ig . 26) v e r i f ie d  th a t the upper la y e r  o f  

th e  bed d id  not dry ap p reciab ly  u n t i l  the la t e r  s ta g e s  o f the run. I t  

fo llo w s  th a t  th e  upper ce n tr a l paht o f  th e  bed w i l l  be the la s t  to  dry 

as i t  i s  remote from conduction  from th e  w a lls , and t h is  w i l l  prolong  

th e  d ry in g  op eration  as a w hole.

One p o s s ib le  remedy fo r  th is  con d ition  i s  to  rev erse  the a ir  flow  

about h a l f  way through th e  drying op eration . This would be su ita b le  fo r  

m a te r ia ls  l i k e  s t ip e ,  which are non-adherent, but w ith  frond th e  s h o r te n  

- in g  o f  th e  d ry in g  tim e would not be so marked s in oe the gaps in  the bed



-  137 -

would reduce the e f f e c t iv e n e s s  o f  con tact w ith  the a i r .  A g ita t io n , on 

th e  o th er  hand, i f  properly  a p p lied , i s  eq u iva len t to  in v e r tin g  the bed  

and, in  a d d itio n , la r g e r  masses con ta in in g  wet knots are broken up and 

the sp a ces  caused by edge shrinkage are c lo se d . The fo llo w in g  a g ita t io n  

t e s t s  were ca rr ied  out to  f in d  i f  th ere  was an optimum number o f  ^ ag ita tio n s*  

fo r  a bed o f seaweed fron d .

A common b a s is  o f  comparison fo r  th ese  t e s t s  i s  d i f f i c u l t  to  estab 

l i s h  s in c e  the drying  tim es (between th e same l im it s  o f  water con ten t)  

fo r  d if f e r e n t  degrees o f  a g ita t io n  are not known u n t i l  the end o f  th e  run. 

Consequently th e  a g ita t io n  cannot be spaced out a t equal time—in te r v a ls  

betw een th e  i n i t i a l  and f in a l  w ater-con ten t l im it s .  I f  a run i s  ca rr ied  

out w ith , say , th ree  a g ita t io n s  a t twenty-m inute in te r v a ls ,  and the f in a l  

w ater con ten t i s  reached  f iv e  m inutes a f te r  the l a s t  a g ita t io n , then  the  

o p era tio n  i s  s t r i c t l y  a fo u r -s ta g e  p rocess but the number o f • e f f e c t iv e 1 

s ta g e s  would probably be nearer 3 .2 5 .  Although t h is  ooncept o f an 

e f f e c t i v e  s ta g e  i s  not w holly  s a t is fa c to r y  in  th a t i t  g iv e s  r i s e  to  

f r a c t io n a l  s ta g e s , i t  has been adopted in  an attem pt to  proportion  out 

th e r e la t iv e  e f f e c t  o f  m ixings and to  enable comparisons to  be drawn.

An e f f e c t i v e  s ta g e  i s  ob ta ined  by d iv id in g  the •ag ita ted *  drying time 

(betw een s p e c if ie d  l i m i t s )  by the tim e in te r v a l between s t ir r in g s .

The drying tim es w ith  d if fe r e n t  degrees of m ixing cannot be d ir e c t ly  

compared beoause o f  v a r ia t io n s  in  th e  dry lo a d in g s . This has been over— 

-come by in te r p o la t in g  th e  corresponding time fo r  a s t a t i c  bed a t the  

same dry load in g  from F ig . 58, and exp ressin g  the e f f e c t  o f a g ita t io n  as  

a p ercentage o f the s t a t i c —bed drying tim e. In t h i s  way, th e  s e r ie s  of 

t e s t s  were rendered independent o f dry lo ad in g .

A g ita t io n  o f minced L. d ig ita ta  frond was ca rr ied  out a t regu lar  

tim e—in te r v a ls  from th e s ta r t  o f the run im m ediately a f te r  the basket had 

been w eighed . Mixing was done by hand and required 80-100 seconds at 

the s t a r t  (when the frond  was s t ic k y )  and 4 0 -5 0  seconds fo r  the p a rtly  

d r ie d  m a te r ia l. Interm ediate w eighings were a lso  taken to  enable the
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curves to  be p lo tte d  accurately*  Pig* 5 4  i l lu s t r a t e s  some ty p ic a l  

runs w ith  a g ita t io n , and shows c le a r ly  the kinks in  th e  ourves oaused  

by th e  sudden in crea se  o f  drying r a te  a fte r  the bed had been disturbed*

As th e  i n i t i a l  water r a t io  o f  the runs in  t h is  s e r ie s  strad d led  7*0, 

t h is  va lu e  was s e le o te d  as the upper l im it  o f w ater content in  preference  
to  th e  v a lu e  o f  5 . 0  used in  other t e s t s .

A p lo t  o f  the percentage red u ction  o f drying tim e (T * 7 .0  to  T « O .I5 ) 

fo r  v a r io u s  e f f e c t iv e  s ta g e s  i s  g iven  in  P ig . 5 5 * The p o in ts  are some- 

-what s c a t te r e d , as would be expected  for  such v a r ia b le  m ater ia l, but i t  

appears th a t the e f f e c t  o f a g ita t io n  f a l l s  o f f  a f te r  th ree or four s ta g es  

( i . e .  two or th ree  a g i t a t io n s ) .  In sp ectio n  o f P ig . 5 4  su ggests  th a t  

s t i r r in g  i s  more e f f e c t iv e  in  the la t e r  s ta g es  o f drying, and th is  i s  borne 

out by P ig . 5 6  which shows the e f f e c t  o f a g ita t io n  on the f i r s t  and second  

p a rts  o f  th e  drying ru n s. I t  i s  apparent that s t ir r in g  brings about on ly  

a sm all tim e-red u ctio n  ( 5 $) in  the range T « 7  to  T » 3  ( w h ic h  corresponds 

approxim ately to  th e  constant drying^rate p er io d ), whereas the drying  

tim e in  th e  l a t t e r  part o f  th e  run (T * 3 to  T -  0 .1 )  may be reduced to  

40$  o f  th e  time fo r  a s t a t i c  bed . This may p o ss ib ly  be exp la ined  by the  

f a c t  th a t a t the s ta r t  o f  the run th e  exhaust a ir  i s  alm ost sa turated  and 

cannot p ick  up much more w ater even from fr e sh ly  exposed su r fa c e s . Towards 

th e  end o f  a run t h is  co n d itio n  does not h o ld , and the a ir  can then dry 

th e  w et su rfa ces  more rea d ily *  A fter  s t ir r in g  o f th e  bed has been  

s u f f i c i e n t  to  expose a l l  th e wet fragm ents, and the a ir  can penetrate  

e a s i l y ,  th e  c o n tr o ll in g  fa c to r  becomes the ra te  o f  r e le a s e  o f water from  

th e  c e l l s *

T ests  on ro ta ry -lo u v re  and th ro u g h -c iro u la tio n  dryers have shown th a t  

a g it a t io n  i s  in e f f e c t iv e  in  th e  e a r l ie r  s ta g es  o f  drying frond . This 

may be exp la in ed  by the ob serva tion  th at the fronds i n i t i a l l y  had only  

i s o la t e d  patches o f  m ucilage, so that mixing in  the wet s ta te  probably 

coa ted  a l l  o f  th e  su rface  w ith  m ucilage making con d ition s worse. I f  

in s te a d , th e frond i s  allow ed to  dry undisturbed u n t i l  the mucilage 

c o a g u la te s  th e  in d iv id u a l p a r t ic le s  can then be separated and dried  to  

com pletion*
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F igs*  55 & 5 6  show m u ltis ta g e  drying w ith equal resid en ce  tim es  

in  each s ta g e , but i t  appears from Fig* 5 6  that b e t te r  r e s u lt s  would be 

ob ta in ed  w ith  unequal drying stages* This would mean th at i f  a th r e e -  

sta g e  drying p rocess were planned fo r  frond, i t  would probably be b e t te r  

to  a g ita t e  th e bed a t o n e-h a lf and th ree-q u arters  o f  the drying tim e, 

ra th er  than a t o n e-th ird  and tw o-th ird s o f  the tim e.

I f  a continuous conveyor—b e l t  through—c ir c u la t io n  dyyer i s  used fo r  

seaw eed, and the bed depth i s  p r o g r e ss iv e ly  in creased  by reducing the  

speed o f  th e  lower b e l t s ,  then the in te r v a l between a g ita t io n s  w i l l  

in c r e a se  towards th e end o f the run (assuming b e l t s  o f  equal length )*

T e s ts  on p re-d r ied  minoed frond (F ig . 47) showed th a t much h eav ier  

lo a d in g s  oould be used  in  the la t e r  s ta g e s  o f drying (when the s t ic k in e s s  

o f the p a r t ic le s  was reduced) w ith  a re su lta n t in crea se  in  output* This 

would in d ic a te  th a t th e  e f f e c t  o f in crea sin g  output by u sin g  deeper beds 

and by frequency o f  s t ir r in g  are in  op p osition , and t h e ir  r e la t iv e  

im portance w i l l  have to  be assessed*

I t  should  be noted , however, th a t the above a g ita t io n  experim ents 

were c a r r ie d  out w ith  an average bed load in g  (L^) o f  0 ,9 2  lb  o f B .D .S /s q .f t .  

A g ita t io n  w i l l  probably a llo w  the optimum bed load in g  fo r  frond to  be 

s u b s ta n t ia l ly  increased*

9*2* TIME INTERVAL BETVBEN HARVESTING ARP DRYIHS

As i t  was im possib le  to  ensure th a t a l l  drying t e s t s  were ca rr ied  out 

at e x a c t ly  th e  same tim e a f te r  h a rv estin g , three t e s t s  were made in  which 

wet L. d ig i t a t a  frond was kept in  a lo o s e ly  c lo sed  sack in  the lab oratory  

fo r  v a ry in g  periods b efo re  drying to  f in d  i f  t h i s  a ffe c te d  the drying  

tim e. The seaweed was harvested  a t InchColm Is la n d , F ir th  o f Forth , on 

2 A p r il ,  1952. R esu lts  o f the t e s t s  are se t  out in  Table 16.
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TABLE 16*

EFFECT.OF TIME INTERVAL BETWEEN HARVESTING AND DRYING 
L. DIGITATA FROND

Time between h a rv estin g  and drying, days 
D .B .T ., °F  

W .B.T ., °F 

G, lb /( s q * f t*  )(m in)

L^, lb  o f B .D .S /sq .f t*

drying, days 1 2 3
• • • 160 159 157
• • • 8 2 8 1 8 1

• * • 7 .75 7*8 7.75
• • ♦ 0.644 0 * 6 4 0 0 * 6 6 8

O .I5 ) ,  min 57 64*5 79*5

A p rev ious t e s t  on L, o lo u s to n i s t ip e  (Fig* 25) d id  not revea l any 

marked a lt e r a t io n  o f  drying tim e on standing, and i t  i s  p o ss ib le  that 

the behaviour o f  L* d ig ita ta  frond  may be r e la te d  to  the exudation of 

m ucilage on th e  su rface  o f  the p lan ts*  By the th ird  day th e frond  

showed co n sid erab le  ev idence o f decom position. Comparatively l i t t l e  

w ater appears to  have been l o s t  s in c e  the i n i t i a l  water content decreased  

o n ly  from 7*7 to  7*35 lb / lb  o f B .D .S . over the th ree days.

9*3* AIR VELOCITY

9*3*1* L* d ig it a t a  Frond

The curve o f drying tim e (T * 5 to  T » 0*15) versu s a ir  mass v e lo c it y  

fo r  L* d ig i t a t a  frond i s  shown in  Fig* 57 an& Table 17 l i s t s  the drying  

c o n d itio n s  used*

The curve o f  drying tim e versu s a ir  mass v e lo c ity  fo r  L* o lo u sto n i 

frond  i s  drawn on the same graph fo r  comparison* I t  i s  apparent th a t  

th e  curves are s im ila r  in  shape and th a t the L* d ig ita ta  frond d r ie s  in  

about 60# o f  the tim e req u ired  fo r  L* o lo u sto n i* I t  should be noted  

from Table 17 that the dry load in g  o f the L. d ig ita ta  was lower than  

th a t o f  L. o lo u sto n i fron d . The reduction  in  drying tim e w ith  in c r e a s in g  

a ir  flo w  f a l l s  o f f  a f t e r  a ra te  of about 8  lb /(sq * ft* )(m in )  i s  reached, 

although i f  a ir  r e c ir c u la t io n  i s  u t i l i z e d ,  the a ir  flo w  w il l  probably 

have to  be in crea sed  to  compensate fo r  the in creased  hum idity«
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The curve o f drying 'time fo r  L» d ig i t a l  a frond may be represented  
by th e  equation  *-

Q -  634G“l a 7

The smooth curve fo r  Lo o lo u sto n i frond i s  given by an equation o f  th e  
same form

0 -  1620G~ 1 # 4

TABLE 17.

EFFECT OP AIB MASS VELOCITY ON SEAWEED DBXIffG
H abitat Month D .B .T ., W .B.T., Ld*

°F °F lb  B .D .!
L. c lo u s to n i frond Oban May 1 5 6 83 0 .75
L . d ig i t a t a  frond Oban May 159 83 0.71
L. o lo u s to n i s t in e Oban Mar.-May 157 84 1 * 2 0

L. d ig i t a t a  s t in e Oban and
Inchcolm May 159 83 0 .9 7

9*3*2. Lo d ig ita ta  S tip e

Fig* 57 i l lu s t r a t e s  th e curve o f drying time versu s a ir -f lo w  r a te  

f o r  Lo d ig i t a t a  s t ip e  a t ah average D.B.T. of 157°F* The corresponding  

curve fo r  L0 c lo u s to n i s t ip e  i s  included  fo r  comparison (Table 17)* Th® 

marked s im ila r ity  in  appearance between the curves fo r  s t ip e  i s  fu rth er  

confirm ed by th e ir  em p irica l equations which are both rectangular  

hyperbolae

Q m g/(0*013G «• 0*03) ** L* d ig ita ta  s t ip e

£  « G /(0 .01030 -  0 .0 2 ) * . L* c lo u sto n i s t ip e

A ll th e  curves shown in  F ig . 57 are fo r  samples harvested  at Oban, 

but th e  curve fo r  Inohoolm L» c lo u sto n i s t ip e  i s  superimposable on the  

graph fo r  L. d ig ita ta  and th e  equations are th erefore  id e n tic a l*
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9*4* BED DEPTH 

9*4*1* L. d ig ita ta  Frond

The e f f e c t  o f bed depth on th e  drying tim e o f  minced L* d ig ita ta  

frond was in v e s t ig a te d  w ith  an in l e t - a i r  temperature o f  159°F*

D rying co n d itio n s  are l i s t e d  in  Table 18* This curve (F ig . 5 8 ) i s  

concave upward and th e  output fo r  T » 5 "to T ■ 0.15 reaches an optimum 

v a lu e  a t a dry lo a d in g  o f  0 * 5 3  lb  o f  B .D .s /s q .f t*  or l j - i n  i n i t i a l  bed- 
depth .

The L* d ig ita ta  frond  p a r t ic le s  forming the bed were s t ic k y  and 

f l e x i b l e  and the fr e sh  L* d ig ita ta  and L* c lo u sto n i fronds were almost 

in d is t in g u is h a b le  in  appearance when minced. Curves fo r  bed depth 

v ersu s  tim e fo r  th e se  two sp e c ie s  o f  fronds are g iven  on the composite 

graph (F ig* 58)* The two curves should be reasonably comparable s in ce  

th e  L* d ig it a t a  was h arvested  a t Oban in  A p ril, 1952, and the L* c lo u s to n i  

at Oban in  May, 1951* Black (1 0 ) found that the ash contents o f fronds 

taken from th e  same l o c a l i t y  in  d if fe r e n t  years were reproducible to  

w ith in  a month*

Comparison o f the two sp e c ie s  su ggests  that s l i g h t ly  heavier bed- 

lo a d in g s  may be p r a c tise d  w ith  L* d ig ita ta  ( 0 * 5 3  lb /s q * ft*  as aga in st  

O. 4 5  l b / s q . f t .  fo r  L* o lo u s to n i)* These optimum bed-load ings are 

a p p lic a b le  on ly  i f  th e  bed i s  undisturbed during the drying run and i f  

th e frond  i s  loaded when wet and stick y*  I f  p a r tly  dried  frond i s  

load ed , the optimum lo a d in g  can be in creased  as d iscu ssed  previously*

I t  i s  c le a r  th a t th e  c lo se  s im ila r ity  o f  the p h ysica l nature o f  the  

fronds r e s u l t s  in  th e s im ila r ity  o f  the e f f e c t s  o f bed depth on the  

drying tim e o f  the two s p e c ie s .

9 .4*2* L. sacoharina Frond
Owing to  d i f f i c u l t i e s  o f ob ta in in g  su p p lies o f t h i s  sp e c ie s , only  

s ix  t e s t s  were ca rr ied  o u t. The fronds rece iv ed  were much th inner and 

more f l e x i b l e  than th o se  o f e ith e r  L* o lou ston i or L* d ig ita ta *  As a 

r e s u l t ,  th e  beds o f L. sacch arin s were very com pressib le, and s l ig h t  

v a r ia t io n s  in  packing appeared to  cause wide f lu c tu a t io n s  in  drying time*
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The fo u r  p o in ts  shown as c i r c le s  in  P ig . 5 8  rep resen t the four bed- 

depth experim ents and i t  can be seen that the drying tim es correspond  

roughly to  those fo r  L* c lo u sto n i frond . Two p a irs  o f  te s ts*  in  whioh 

sam ples o f  L. sa ccharina and L. c lo u sto n i fronds were harvested  a t the 

same tim e and p lace  and d ried  under oomparable co n d itio n s , in d ica ted  

tlaa t I j .  saccharina  required  two to  four tim es the drying time fo r  

k* c lo u s to n i . This was a ttr ib u te d  to  a compression e f f e c t ,  which may 

have been exaggerated by the use o f  young fronds* Xi* saccharina s t ip e s  

were not s tu d ied  s in c e  they represented  a very sm all f r a c t io n  o f th e  

p la n t (T able 15)* I t  would be uneconomical to  separate th ese  s t ip e s  

from th e  fron d s, and in  any oase they would probably in crea se  the  

p o r o s ity  o f  the bed i f  they  were minced w ith the fronds*

9*4*3* L. d i g i t a t a  S tip e

The dry ing-tim e versu s bed-depth curve fo r  L* d ig ita ta  s t ip e  i s  

p lo t te d  on P ig . 5 8 . The equation  fo r  t h is  curve i s  *-

0  « 2 9 6 [lo g 10(Ld + 2 .02 ) -  0 .102]

and i t  i s  o f  the same type as th e curve fo r  s l ic e d  L* c lo u sto n i s t ip e  

a ls o  in c lu d ed  in  P ig . 5 8 *

I t  i s  obvious th a t the L. d ig ita ta  s t ip e  d r ie s  in  about 90# the 

tim e req u ired  fo r  L. c lo u s to n i sp ecies*  I t  should be s ta ted , however, 

th a t th e  m ajority  o f  the L, d ig ita ta  s t ip e s  used were apparently from 

younger p la n ts  and th e  c r o s s - s e c t io n  o f  the s t ip e  was sm aller than th a t  

L* c lo u s to n i . The la r g e s t  L* d ig ita ta  s t ip e  se c t io n  encountered in  

th e se  t e s t s  was an e l l ip s e  about 1̂ - in  x ^  in  but most were nearer 

|  i n  x  |  in  w ith some even sm aller* This sm aller s i s e  may in crea se  the  

d ry in g  r a te  to  some ex ten t but i t  i s  p o ss ib le  that the th ick n ess rather  

than th e  diam eter o f th e  s t ip e  s l i c e s  i s  the c o n tr o llin g  fa c to r . The 

ep iderm is or outer sk in  o f p la n ts  i s  o ften  intended to  prevent the lo s s  

o f water* I f  the s l ic e - th io k n e s s  i s  kept constant then the sk in  w i l l  

rep re se n t a h igher percentage o f  the to ta l  surface area o f  the s l i c e  as
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th e  diam eter ia  reduced. The sk in  w il l  probably not lo s e  w ater so 

r e a d i ly  as a out su r fa ce , e s p e c ia l ly  as the normal movement o f  water  

in  the s t ip e  w i l l  p o ss ib ly  be lo n g itu d in a l rather than rad ia l*

The s tr ik in g  s im i la r i t i e s  o f  drying c h a r a c te r is t ic s  e x is t in g  

betw een the s t ip e s  and fronds r e s p e c t iv e ly  o f  the two sp e c ie s  su ggests  

th a t the p h y sica l d if fe r e n c e s  between the two p arts o f the same p lan t  

have a fa r  g rea ter  e f f e c t  than the d iffe r e n c e s  between the two sp ecies*

I t  sh ou ld  be noted, however, th a t the three p la n ts  belong to  the same 

genus* The chem ical and b io lo g io a l d iffe r e n c e s  appear to  govern the  

d if fe r e n c e  in  tim e o f  drying between the th ree  sp ecies*

I f  the p h y sica l d if fe r e n c e s  o f  s t ip e  and frond con tro l the r e la t io n 

s h i p  o f drying  tim e to  bed depth, and to  a le s s e r  ex ten t a ir  v e lo c ity ,  

then th e se  d if fe r e n c e s  should  be general and-apply to  vegetab le  m aterial 

oth er than seaweed*

I t  has been suggested  in  S ec tio n  8*1* th at the optimum bed-load ing  

v a lu e  fo r  th ro u g h -c ircu la tio n  drying o f  frond was caused by compression  

o f  th e  low er la y e r s  o f th e  bed preventing the ready a cce ss  o f  a ir*  As

th e  bed depth i s  in crea sed  th e lower s tr a ta  are p ro g ress iv e ly  compressed

and con seq u en tly  th e  drying tim e in crea ses  sharply* In  a d d itio n , the  

frond  p a r t ic le s  are s t ic k y  and f l a t  and they would be p a r tic u la r ly  

s u s c e p t ib le  to  th is  e f f e c t .  However, the t e s t  w ith  shredded frond, 

which formed a much more porous bed, s t i l l  gave the c h a r a c te r is t ic  upward 

cu rv a tu re . The s t ip e ,  on the other hand, was in  th e  form o f f l a t  d is c s ,

but was more r ig id  and apparently was not markedly compressed even when

minced*

The p h y sica l c h a r a c te r is t ic s  o f m ateria l in  the two c la s s e s  may be 

summarized
C lass 1 .  -  R igid  or granular, forming a porous bed.

Only s l ig h t  compression o f lower layers*
Examplesi S tip e or s ta lk s*

C lass 1 1 . -  P a r t ic le s  are s o f t ,  f l e x i b le ,  e a s i ly  
compressed* Bulk d en sity  in creases  
markedly w ith in cr ea sin g  bed-depth*
Examples: Frond or leaves*
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9*5. e f f e c t  o f  bed depth on o th er  v eg eta b le  m ateria l

T his theory has been te s te d  fo r  the through—c ir c u la t io n  drying o f  

oth er v eg eta b le  m aterial*  Through—c ir c u la t io n  drying t e s t s  fo r  potato*  

hops and oarrot have been published  ( 1 4 0 , 163, 145) and t e s t s  on brewers*

spent gra in  have been carr ied  out on the present dryer. The p h ysica l 

appearance o f  th ese  m ateria ls  i s  l i s t e d  below and the drying con d ition s  
used  are g iven  in  Table 18*

TABLE 18.
'

THROUGH-CIRCULATION DRYING OP VEGETABLE MATERIAL
M aterial D.B.T.

0 F

- —■ waxer 
W.B.T. G, Content 

0  lb / ( s q .f t . ) ( m in )  lb / lb  o f  
** Average B .D .S.

In it ia l  F in a l
L. c lo u s to n i frond  (minced) 1 5 6 8 1 7.1 5 .0  0 .1 5

L. d ig i t a t a  frond (m inced) 159 83 7 .8 5 .0  0 .15

L. c lo u s to n i s t ip e  (-&-in s l i c e s )  157 8 2 5 .8 5 .0  0 .15

L. d ig i t a t a  s t ip e  ( - i- in  s l i c e s ) 157 8 2 7 .8 5 .0  0*15

P otato  { ? / 32- x  V 3 2 - in  s t r ip s ) 1 5 0 90 6 * 0 4 .1 5  0 . 2

Brewers* spent gra in 1 8 0 90 4 .6 3 .25  0 .1 5

Hops 149 8 0 2 .4 4 . 0  0 . 0 2

Carrot ( ^ / l 6 -  x  ^ / l 6 - i n  s t r ip s ) 1 5 8 1 2 6 2 7 . 0 6 . 0  0 . 1 5

P otato  -  This v eg e ta b le  was cut in to 5/3 2 - in square s tr ip s which were

then steam -soalded  a t atm ospheric pressure fo r  four minutes ( l6 0 ) .  The 

curve was p lo t te d  from th e  bed—lo a d in g  fa c to r s  g iven  in  a U.S* Department 

o f  A g ricu ltu re  p u b lic a tio n  ( 1 4 0 ) .

Hops -  The hop cones used were approxim ately J  in  diameter and 1 in  

long* They c o n s is t  o f  a ce n tr a l a x is  or *strig*  surrounded by le a fy  

b r a c ts .  The bulk d en s ity  o f beds o f  hops v a r ie s  w ith  the hop v a r ie ty ,  

th e  r ip e n e ss  o f the con es, and the m oisture content* Burgess found ( 1 6 4 ) 

th a t th e  bulk  d en sity  o f  the hop beds in crea ses  w ith  greater bed-depths 

(T able 19) in d ic a t in g  th a t s l ig h t  com pression o f the lower la y e rs  was
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ta k in g  p la c e . The cones d id  not pack very t ig h t ly  to g e th er , however, 
and o ffe r e d  on ly  s l ig h t  r e s is ta n c e  to  a ir  f lo w .

TABLE 19.

BULK DENSITY OF HOP BEDS OF DIFFERENT DEPTHS ( l 6 d ) .

Bed depth, Bulk d en s ity ,
in  lb /c u o f t .

I f  . . .  4 .2 0

8 f  . . .  5 .04

I l f  . . .  5 .4 0

i & i  . . .  5 .6 4

I f  . . .  3 .0

5 f  . . .  3 .96
10^ . . .  4 .2 0

1 3 i  . . .  4 .44

Carrot — The ca rr o ts  were cleaned , peeled , and cut in to  s tr ip s  

V l 6 i n  x  *Vl6 in  c r o s s - s e c t io n ,  which were sca ld ed  b efore being d ried .

The a ir —flo w  r a te  used fo r  th e  carrot t e s t s  was very much higher than  

th a t fo r  th e  other v e g e ta b le s .

Brew ers1 Spent Grain -  This i s  a waste product from th e brewing 

in d u str y  and the sam ples used had a water content o f  7 6 - 8056 . In  t h is  

c o n d it io n  th e  gra in s were sodden and tended to  pack down in  a mushy mass. 

Towards th e  end o f  th e  drying run th e  sm aller husks became f lu f f y  and were 

l i a b l e  to  become airborne, and consequently  a lower a ir  v e lo c ity  had to  be 

u sed .

The tim e versus bed—load in g  curves fo r  the above vegetab le  m ateria ls  

and fo r  seaweed are p lo t te d  on a com posite graph (P ig . 5 8 ) w ith the  

experim ental p o in ts  om itted  fo r  c l a r i t y .  P ig . 5 8  i s  intended to  i l l u s 

t r a t e  the shape o f the curves fo r  each m ateria l and i s  not a d ir e c t
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comparison o f  drying tim es* I t  shows th a t potato  and carrot s t r ip s  

behave in  a s im ila r  manner to  s t ip e  s l i c e s ,  whereas spent gra in  

resem bles the frond curves although th e in crease  in  curvature i s  not so 

sharp* Hops appear in  a mid-way p o s it io n  as the e f f e c t  of bed depth  

i s  l in e a r .  P o ss ib ly  the la r g er  m aterial s iz e  produces a bed w ith  a 

g r e a te r  percentage o f voids* Spheres are the id e a l p a r t ic le  shape fo r  

through—c ir c u la t io n  drying and hops approximate to  th is  shape. Prom a  

study o f th e  tim e versu s bed—depth curves, i t  i s  seen th at none o f them, 

on producing the smooth curve, would pass through the o r ig in  but would 

in te r c e p t  the ordinate* This fa c t  was observed fo r  hops by Burgess (163)  

who c a l le d  t h is  tim e in te r c e p t  the ‘minimum tim e1, i«e*  the time requ ired  

fo r  a s in g le  la y e r  o f  th e  m ateria l to dry under the same a ir  con d ition s  

used  fo r  dry in g  the bed*

I t  i s  now p o s s ib le  to  p o s tu la te  th ree  typ es o f tim e versus bed-depth  

curves fo r  th ro u g h -o iro u la tio n  drying o f  v eg eta b les: ^ype I ,  curve 

concave upward; Type I I ,  curve concave downward; OJype I I I ,  lin ear*

9*5*1* Trpe I* Curve Concave Upward

Examination o f th e  curves fo r  frond in  Pig* 58 su g g ests  th at they may 

be parab o lic*  The co n d itio n  fo r  t h is  type of curve to  reach a turning  

p o in t i s  b e s t  con sid ered  by an example*

Let L * Bed load in g  ( lb  o f B .D .s /s q * f t .)

Q •> drying time (min)
„2

Let ® * aL + b

where b ® minimum tim e, min, a « a constant
2

How the output r a te  R * l/ « ,  th ere fo re  R « L/(aL + b)

The co n d itio n  fo r  R to  have a turn ing value ( in  t h i s  connection i t  

i s  a maximum) i s  th a t dR/dL » o*

J S  (a!.2 + t )  -  L(gaL) b -  aL2 

i ’ 9 ' 31 ‘  (aL2 + b ) 2 (aL2 + b )2
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For dfi/dL to  be o , aL  ̂ must equal b •

The va lu e  of Q to  g iv e  the optimum output i s  th erefore  Q «= 2b, and 

the v a lu e  o f  L when Q equals tw ice  the minimum time g iv e s  the optimum 
bed-load ing*

T his r e s u l t  has been v e r i f ie d  by an examination o f  the experim ental 

ourves fo r  frond (d r ie d , fr e sh  and shredded) and fo r  brewers* g ra in .

In th e se  in s ta n c e s  th e  minimum tim e was obtained by ex tra p o la tio n  o f th e  

ourve* This f in d in g  en ab les an estim ate  o f  the optimum drying tim e fo r  

t h i s  c la s s  o f m ateria l under any con d itio n s o f tem perature, humidity and 

a ir  v e lo o i t y  to  be o a lc u la te d  from one experiment -  a t e s t  using a s in g le  

la y e r  under the same con d ition s*  The actu a l value o f  would s t i l l  

have to  be determined by experiment but th is  should req u ire only two or 

th ree  fu r th e r  runs, e .g .  p re-d r ied  frond* The preceding mathematical 

treatm ent a p p lie s  s t r i c t l y  on ly  to  a p arab olic  fu n c tio n , but i t  i s  

p o s s ib le  th a t most curves o f  a s im ila r  shape can be c lo s e ly  approximated 

to  by a parabola*

The ourves fo r  the o th er  vegetab le  m ateria ls  o f t h i s  type in  Fig* 5 8  

can be rep resen ted  q u ite  w e ll by a parabola in  the reg io n  near the  

optimum tim e, so  th a t th e  fa c to r  o f  2 appears to  be s u f f i c ie n t ly  accurate  

fo r  p r a c t ic a l  use*

9*5*2* Type II* Curve Concave Downward

This type o f ourve cannot be so r e a d ily  trea ted  m athem atically as 

th ere  i s  some u n certa in ty  as to  th e  shape o f  the curve fo r  v a lu es beyond 

th e  d eep est beds used . The e f f e c t  o f  bed depth on the output can, 

however, be p red ic ted  from co n sid era tion  o f the evaporation  r a te s  o f beds 

o f  d if f e r in g  lo a d in g s . F ig . 59 i s  a p lo t  o f  t o t a l  evaporation ra te  in  

lb  o f  w a te r /(s q * ft* )(h r )  versu s drying tim e between w ater r a t io s  o f  

T « 5 . 5  and T * 0*15 fo r  L. c lo u sto n i s t ip e  s l i o e s .  To enable the runs 

to  be more e a s i ly  compared, tim es are expressed  as a percentage o f the  

d ry ing tim e between T ■* 5 « 5  0 * 1 5  fo r  each in d iv id u a l run*

A study o f F ig . 59 r e v e a ls  th a t fo r  h igher bed-1 oadings the i n i t i a l
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con sta n t evaporation  r a te s  are approxim ately equal, due to  the exhaust air  

approaching the l im it  o f i t s  water uptake. Evaporation i s  more e f f i c i e n t  

fo r  th e d eep est beds because the constant ra te  extends over a la r g er  tim e 

f r a c t io n  o f th e drying run and a lso  the evaporation r a te  i s  s t i l l  a t a 

reason ab ly  h igh  va lu e when the m ateria l reaches the d ischarge w ater 
c o n te n t.

The maximum evaporation  th a t could take p lace  fo r  the co n d itio n s o f  

th e  t e s t  would occur i f  th e  exhaust a ir  was saturated  throughout the run. 

I t  can be seen  th a t th e deepest bed approaches most c lo s e ly  to  t h is  s ta t e  

o f  a f f a i r s ,  and i t  may be p o stu la ted  th a t as the depth i s  in creased  the 

area  in  th e upper r ig h t  s id e  o f  the graph w i l l  become a sm aller and 

sm a ller  fr a c t io n  o f the w hole. C learly  then the evaporation , and hence 

th e  ou tp u t, w i l l  approach a l im it in g  v a lu e , so th a t, w ith in  l im it s ,  the  

deeper th e  bed the h igh er the output becomes.

The areas under th e  ourves in  Pig* 59 g iv e  the quantity  o f water 

evaporated  ( in  the run tim e) fo r  each bed-depth. This average evapora

t i o n  r a te  fo r  a run i s  proportional to  the output, find w i l l  have the  

same r e la t io n  to  bed load in g  as th e  curve o f output versus bed depth 

g iv e n  fo r  L. c lo u s to n i s t ip e .  T his type o f curve appears to  be o f the 

same genera l c la s s  as the l in e a r  type ( e .g .  hops) and the curves fo r  

s t ip e  may in  fa c t  become l in e a r  in  the reg ion  o f  h igher b ed -load in gs.

These co n sid era tio n s  are based on th e assumption that the laws w i l l  

h o ld  fo r  th e  g rea ter  depths, but i t  i s  obvious that compression must 

e v e n tu a lly  occur even w ith  com paratively r ig id  veg eta b le  m ateria l, and 

th e  curves w i l l  then behave as Type I .  As a r e s u lt  o f a ir -p ressu re— 

drop measurements w ith  beds o f  sugar-beet c o s s e t t e s ,  Owen (137) concluded  

th a t  com pression was n e g lig ib le  fo r  beds o f  th is  m ateria l up to  12 in  

deep . I t  i s  probable th a t the p h ysica l c h a r a c te r is t ic s  o f sugar-beet 

c o s s e t t e s  would not be w id ely  d if fe r e n t  from th ose o f s t ip e  s l i c e s .
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9o5*3» Type H i t  Linear (Upward)

Let 0  m b + KLy

where b » minimum tim e, and K ■ con stan t.

Then R » —  -----------  « —r-5 -----
Q b + KL b/L + K

As L , b/L o $ th erefo re  R -*► i/K  « a con stan t.

T herefore so long as th e tim e versus bed-depth r e la t io n sh ip

rem ains l in e a r ,  th e  output w i l l  approach a lim it in g  value a sy m p to tica lly . 

The output w i l l  not have an optimum value and so th e  bed depth w i l l  be 

determ ined by p r a c t ic a l co n sid era tio n s , e .g .  dryer s iz e  and fan  power.

I f  th e e f f e o t  o f  bed depth on the output ra te  i s  adopted as a c r i t e r io n ,  

i t  appears th a t th e  Type I I I  curve i s  a sp e c ia l case o f  Type I I .  The 

p h y sica l c h a r a c te r is t ic s  o f  both typ es are defined  in  C lass I .
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1Q>_THELD|SIGR OF A CONTIHTJQTJS THR0UQH-CI5CUT.ATTOff DRIER
FOR SEAWEED.

As has a lread y  been emphasised, drying o f  seaweed must be 

accom plished a t a minimum co st s in ce  the product may be required  s o le ly  

as a raw m ateria l fo r  chemical p rocessin g .

Drying c o s ts  may be grouped under th ree  main headings

•  (a ) Fuel and power c o s ts

(b ) C apital and maintenance charges

(c )  Labour c o s t s .

In  th e  case o f seaweed w ith  i t s  high w ater content the f i r s t  item  

i s  c r i t i c a l  s in c e  th e evaporation  r a te  i s  high in  r e la t io n  to  the  

p rod u ction  r a te  and fu e l  c o s ts  can e a s i ly  become th e la r g e s t  s in g le  item  

o f  exp en d itu re.

The c a p ita l  c o st  should be considered  in  r e la t io n  to  the frequency  

o f  o p era tion  o f  the d ryer. An in s t a l la t io n  in  continuous use could  

probably j u s t i f y  a much h igher c a p ita l c o st  than a p lant which i s  on ly  in  

sea so n a l u s e . G enerally  speaking, fo r  a given evaporation r a t in g , the  

more expensive the dryer the h igher the thermal e f f ic ie n c y  becomes and 

th e  manpower requirem ents are low er.

S im ila r ly  i f  the throughput o f a dryer i s  in creased  the manpower 

c o s t s  u su a lly  account fo r  a sm aller fr a c t io n  o f the c o s t s ,  s in ce  approxi— 

-m a te ly  th e same number o f men are required  to  operate a dryer reg a rd less  

o f  i t s  s i z e .

Ramage & Rasmussen (133) found that in  commercial vegetab le  dehydra- 

- t i o n  p r a c tic e  the t o t a l  running charges fo r  one month were o ften  equiva

l e n t  to  th e  f i r s t  c o st  o f  th e  dryer, although the example they quoted 

was f o r  a tu n nel-tru ok  dryer which req u ires more personnel both fo r  

d ryin g  and m ateria l p rep aration .

I t  would appear th a t there w i l l  be an optimum capacity  fo r  a seaweed 

d ry in g  s t a t io n ,  governed by fa c to r s  such as s i z e ,  d en sity  and proxim ity
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of th e  seaweed b ed s. Obviously the transport c o s ts  o f the wet m ateria l 

to  the dryer w i l l  in crea se  w ith  d istan ce  u n t i l  they reach a po in t where 

i t  would be more econom ical to  i n s t a l l  a second drying s ta t io n  nearer  
to  th e  weed bed.

B earing in  mind that most o f  the dryers would p o ss ib ly  be s itu a te d  

in  remote l o c a l i t i e s  where th e  seaweed growth i s  most p r o l i f i c ,  i t  w i l l  

probably be most econom ical to  construct dryers o f  moderately high  

cap acity*  Extra c a p ita l expenditure on the dryer would probably be 

reg a in ed  in  the red u ction  o f  fu e l fr e ig h t  charges occasioned  by the 

h ig h er  thermal e f f ic ie n c y  ob tained .

Recent work on the drying o f seaweed beds c o n s is t in g  o f a mixture 

o f  minced L. c lo u s to n i frond  and s l ic e d  s t ip e  showed (165 ) that the 

output curve had a maximum va lu e  o f 0 .4  lb  C .D .sX sq .ft)(h r) a t a lo a d in g  

o f  approxim ately 1 .25  lb  B .D .S /s q .f t .  (F ig . 6 0 ) . This i s  lower than  

the frond optimum output o f  0 .5 2  l b / ( s q . f t . ) ( h r )  at * 0.45  'fcb® 

corresponding s t ip e  output o f  0 .6  l b / ( s q . f t . ) ( h r ) ,  su ggestin g  that the  

fron d  c o n tr o ls  th e  drying c h a r a c te r is t ic s  o f  the mixed bed*

In th e  fo llo w in g  pages, design  methods are presen ted  fo r  dryers 

u sin g  s t ip e  or frond as the fe e d . I t  may not be p o s s ib le  or economical 

to  sep ara te  th ese  two components o f the seaweed p la n ts , but i t  i s  d esira b le  

from th e  a sp ect o f e f f i c i e n t  drying and p o ssib ly  fo r  subsequent e x tr a c tio n  

o f  any p a r tic u la r  c o n s t itu e n t . This sep aration  need not be 100$ e f f i c i —

—e n t, however, s in c e  sm all amounts o f contam ination would not s e r io u s ly  

a f f e c t  th e  drying p r o p er tie s  o f e ith e r  o f  the beds.

1 0 .1 . PREVIOUS WORK

W hile the d esign in g  o f  truck-and-tray  tunnel dehydrators fo r  

v e g e ta b le s  has been g iven  f u l l  a t te n t io n  in  the l i t e r a tu r e ,  very few  

d esig n  methods have been published  fo r  th rou g h -c ircu la tio n  dryers.

Brown & Van A rsdel ( 140 ) presen ted  nomographs fo r  the through- 

draught drying o f p ota to  s t r ip s  and demonstrated how t h is  data could be
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u sed  to  c a lo u la te  the water con ten t/tim e r e la t io n sh ip  for  h e a v ily  

load ed  beds by su bd iv id in g  the bed in to  a number o f th inner la y e r s .

M arshall (166) provided data fo r  th e th ro u g h -c ircu la tio n  drying  

o f  fo o d s tu f f s ,  in  which he demonstrated the advantages to  be gained  by 

m ixing and re lo a d in g  v eg eta b le  beds during drying. In  one in sta n ce , 

th e  con sta n t—drying r a te  o f  a bed o f d iced  beet was nearly doubled by 

m ixing th e  bed when about 4 0 $ o f  the water had been removed.

Burton ( 1 6 7 ) recommended the use o f  m u ltistage dryers fo r  vegetab le  

dehydration , as t h i s  enabled th e h eatin g  load  at various s ta g es  o f  

d ry in g  to  be proportioned  more a ccu ra te ly . He advocated the use o f  

f in is h in g  b in s  where v e g e ta b le s  are to  be dried  to  low  f in a l  water 

c o n te n ts .

1 0 .2 . DESIGN OF A DRIER FOB L. CLOUSTONI STIPE

S evera l fa c to r s  to  be considered  in  a dryer d esign  are apparent 

from the lab oratory  t e s t s .

(a )  The maximum D.B.T. o f  the a ir  should not exceed 2^j°F fo r  s t a t i c  

beds o f  L. o lo u sto n i s t ip e  as scorching takes p lace at temperatures 

above t h i s  v a lu e .

(b ) There i s  e v id e n tly  l i t t l e  advantage to  be gained by u sin g  a ir  

f lo w s  g rea te r  than 8 -9  lb / ( s q .f t . ) ( m in )  fo r  s t ip e  beds, sinoe the o v e r a ll  

d ry in g  tim e i s  not g r e a t ly  shortened a t h igher a ir  v e l o c i t i e s ,  although  

i t  would probably be advantageous to  use higher a ir  v e lo c i t ie s  in  the  

i n i t i a l  s ta g e s  when th e constant drying ra te  in cr ea se s  l in e a r ly  w ith a ir  

v e lo c i t y  (F ig . 34 ) .

( c )  The minimum bed depth should be 3 in  (L^ * 1 .2 8  lb  B .D .S /s q » f t .)

as th e  output d ecrea ses  ra p id ly  below th is  v a lu e . The shrinkage o f  the  

bed appears to  be v ir tu a l ly  complete a t a water r a t io  o f 1 -  1»5> 80 

th a t t h i s  may be a convenient p o in t to deepen the bed to  make more 

e f f e c t i v e  use o f  th e  drying a ir .



TYPE I
X

d

t y p e  n
( E Q U A L

S P E E D S )

X
a

■a

D

D

r ~ t
T Y P E  H A  CT-  -------

*

D .

----------1

t t
  O-N.
♦ ♦ P

T Y P E  m  d  

(UNEQUAL 
S P E E D S )  p A ' C r

T Y P E  m

♦

.a
X)

D

2)

D
t t

FLOW SHEETS FOR CONTINUOUS
THROUGH-CIRCULATION DRYERS
F = FEE D ; P = P R O D U C T ;   . A I R ' ,

FIG. 61.
SOLID



-  154 -

1 0 o 2 .1 . Type I  S in g le -S ta g e  Conveyor Dryer*

Example 1 .

A continuous th r o u g h -c ircu la tio n  dryer 60 f t  long x 6  f t  wide i s  

to  he used to  dry L. c lo u sto n i s t ip e  s l i c e s  (•§■ in  th ic k ) from a water 

r a t io  o f  5 . 5  to  0 .1 5 . The a ir  flo w  r a te  i s  to  be 7<>5 lb / ( s q .f t . ) ( m in )  

a t 220 P D.B.T. and 95P°-F W.B.T. which i s  heated  from a ir  a t 50°F  

D .B.T. 49°P W.B.T. I f  th e seaweed load ing on the b e l t  i s  3 lb  B .D .S / 

s q . f t . ,  determine (a )  the drying tim e (b) the output o f  C.D.S. per h r,

( c )  th e  evaporation  r a te  and (d ) the s p e c if ic  evaporation*

(T o ta l heat o f  a ir  a t 49°** W.B.T. * 12 B.Th.u/lb a t 95°P W.B.T.

-  54.9 B .T h.u /lb).

(a )  Prom the b a s ic  drying tim e curve fo r  L. c lo u sto n i s t ip e  (P ig . 3 8 ) , 

O « 170 h r /l° P  W.B.D. Loading fa c to r  fo r  L^ « 3 .0  i s  0 .7 2 .

For G » 7 .5 ,  fa c to r  « 1 .

Hence fo r  125°P W.B.D. and « 3 .0 ,

Drying time «= II2_*_§2. _  1 . 8 9  hr -  1X4 min.
0 . 7 2  X 125

(b ) Output o f C .D .S. « 360 1 ^ - « 6 5 6  lb  C .D .s/h r .

(o )  Evaporation -  S , .  3  0 6 O lb /h r .
1 0I 5

(d ) Heating Load •  7*5 x  60 x (54.9 — 12) x  60 x 6

* 6, 950,000 B.Th.u/hr.

S p e c if ic  Evaporation « 3 ^0 6 0 ^  * B .T h .u /lb .

T h is example rep resen ts  the sim p lest d esign  o f th ro u g h -c ircu la tio n  

dryer and i t  can be so lv ed  by the d ire c t  a p p lica tio n  o f the b a s ic  drying  

curve (P ig . 6 l )  fo r  s t ip e  g iven  in  S ection  7*9® 1  ̂ 1® assumed fo r  the

p resen t th a t th ere  i s  no ’’sc a le  up” fa c to r  in vo lved  in  th e c a lc u la t io n s  

fo r  the f u l l  s iz e d  dryer.

T h is layou t o f  dryer has a high output because the seaweed i s
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su p p lied  w ith  hot dry a ir  a t a l l  s ta g es  o f drying, but has the  

disadvantage th a t the heat economy i s  correspondingly low*

10o2*2* Type II* Double-Stage Conveyor Dryer

In t h is  d es ig n , the 60 f t  b e lt  i s  rep laced  by two superimposed 

b e l t s  30 f t  lo n g , the upper one d ischarging on to the lower (P ig . 6 l ) .  

The h o t a ir  le a v in g  the d ried  seaweed at the discharge end o f the dryer 

p a sse s  through th e fre sh  seaweed on the upper b e l t ,  thereby improving 

the thermal e f f ic ie n c y  at the co st o f a lower output*

Example 2 .

A tw o-stage th ro u g h -c ircu la tio n  dryer w ith  b e l t s  30 f t  x  6 f t  i s  to  

be u sed  to  dry L* c lo u s to n i s t ip e  s l i c e s  ■J- in  th ick  from 5<>5 to  0*15 

w ater r a t io  u s in g  a ir  co n d itio n s s im ila r  to  those in  Example 1* Both 

b e l t s  are to  be operated  a t th e  same speed and th e  load in g  i s  to  be 

3 lb  B .D .s / s q . f t .  C a lcu la te  (a )  the drying tim e (b ) the water r a t io  

a t th e  changeover (o )  product ra te  (d) th e  evaporation ra te  and (e )  the  

s p e c i f i c  evaporation*

The problem in  t h i s  in sta n ce  i s  to  determ ine the to ta l  drying time 

such th a t th e tim es in  each stage  are equalo This i s  com plicated by 

th e  fa c t  th a t th e  supply a ir  to  the upper b e lt  i s  not constant as i t s  

hum idity v a r ie s  a long the len g th  o f  the dryer*

A t r i a l  and error method can be used in  which an assumed value fo r

th e  water r a t io  a t the turnover (T0) i s  taken* Prom th e b a s ic  curve, 

th e  tim e fo r  the seaweed to  dry from Tc to  0*15 on the lower b e lt  can be  

computed. Prom th e  average evaporation  ra te  the average exhaust temp- 

—eratu re  can be eva luated  u s in g  a mass b a lan ce . Using the average

W.B.D. from the bottom b e l t ,  the drying time fo r  5*5 to  Tc oan then be

found. This p rocess i s  rep eated  u n t i l  the two drying tim es are eq u al. 

To o b v ia te  the p o ss ib ly  ted io u s  c a lc u la t io n s , the fo llo w in g  graphical 

d esig n  method has been d ev ised  which i s  more p o s it iv e  in  a c t io n .
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1 0 .2 .3 .  Graphical Design Method fo r  Double-Stage Dryer

(1 )  Prom the b a s ic  drying curve c a lc u la te  the water—con ten t/tim e  

curve fo r  the low er b e lt  and p lo t  i t  on a reverse time s c a le ,  i . e .  

w ith  zero tim e a t 0 . 1 5  water r a t io .

( 2 ) S e le c t  su ita b le  time increm ents and in te r p o la te  the term inal 

w ater r a t io s  fo r  each increment from the curves.

( 3 ) C a lcu la te  th e  average evaporation ra te  per increment and hence 

th e  o u t le t  D.B.T. and W.B.D.

( 4 ) Prom the b a s ic  curve and the appropriate W.B.D., compute the  

w ater con ten t a t the end o f each su ccess iv e  tim e increm ent.

( 5 ) P lo t th e  w a te r -r a tio /t im e  curve fo r  the upper b e lt  u n t i l  i t  

in t e r s e c t s  th e  corresponding curve fo r  the lower b e l t .  This in t e r -  

- s e c t io n  g iv e s  th e  water con ten t a t the turnover and the drying tim es  

on each b e lt  (which are equal in  t h i s  c a s e ) .

T his grap h ica l method i s  shown in  P ig . 62.

The w ater p ick  up in  lb  water per lb  dry a ir  i s  given  by

I'd  ( « 0  -  T , )

0 0

where T0 and T̂  » the term inal w ater con ten ts fo r  each increm ent,

Q a th e  increm ental tim e (m in).

The c a lc u la t io n s  are con ven ien tly  s e t  out in  tab u lar form u sin g  a 

10-m inute tim e in te r v a l (T able 2 0 ) .

Terminal
Water R atios A T

O.1 5  -  0 .2 0  0 .05
0 .2 0  -  0 .2 8  0 .08
0 .2 8  -  0 .4 0  0 .12
2 .4 0  -  O.6 5  0 .25
O.6 5  -  1 .0 5  0 .4 0
1 .0 5  -  1 .6 0  0 .55
1 .6 0  -  2 .2 0  0 .6 0
2 .2 0  -  2 .9 0  0 .70

TABLE 20. 
Water Pick up Exhaust Air from lower b e lt

l b / l b Humidity D.B.T. W.B.D
l b / l b °P °P

0.0020 0.0092 211 116
0.0032 0.0104 206 111
0.0048 0.0120 200 105

0.0100 0.0172 177 82
0.0160 0.0232 151 56
0,0220 0.0292 125 30
0.0240 0.0312 116 21
0,0280 0.0352 99 4
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As d ry in g  i s  assumed to  take p lace  at a constant W.B.T. (95°P) the  

D.B.T. can be ob tained  from the exhaust humidity u s in g  a psychrom etric  

ch a r t. The tim e sc a le  o f the b a s io  chart fo r  s t ip e  (F ig . 38) i s  

graduated in  10-hour d iv is io n s  fo r  u n it  W.B.D., so that from a knowledge 

o f  the W.B.D. and the re lev a n t lo a d in g  fa c to r , the number o f  th ese  

d iv is io n s  corresponding to  the 1 0 -m inute in te r v a l can be c a lc u la te d , and 

the w ater r a t io  at the end o f  the increment can then be read o f f  from 
the cu rve•

(a ) (b )  By in te r p o la t io n  th e drying tim e on each b e l t  i s  72 min and 

th e  w ater r a t io  a t th e 'tu rn over  i s  2 , 3 .

( c )  Product ra te  « —  — —  * 518 lb  C .D .s/h r.

(d ) Evaporation r a te  * — S.i .3.5. 6P. „ 2 , 4 1 0  lb /h r .

( e )  Heating Load .  450(54*9 -  12) 180 B .T h.u /hr.

-  3 ,4 80 ,000  B.Th.U/hr.

S p e c i f ic  e v a p o ra tio n  = liffiA -O SS a 1 ,440  B .T h .u /lb .
2 , 4 1 0

I t  can thus be seen  th a t the h ea tin g  load  i s  halved  by superimposing  

th e  b e l t s ,  and th a t the a ir  i s  much more e f f e c t iv e ly  used than in  a s in g le 

p ass d ryer. The tw o-stage  dryer i s  operating  w ith an equ ivalent bed 

lo a d in g  o f  6  lb  B .D .S /s q .f t .

An a lte r n a t iv e  way o f  ach iev in g  the same r e s u lt  i s  by having the two 

b e l t s  arranged in  s e r ie s ,  so th at th e exhaust a ir  from the second h a lf  o f 

the drying cy c le  i s  blown through the w et, fre sh  m aterial (F ig . 61 )•

The same graph ical method could  be adopted fo r  the design  o f t h is  type 

o f  d ryer, although t h i s  tandem dryer arrangement would be l e s s  compact.

Example 3 .
For comparison, the design  fo r  a dryer id e n t ic a l  to  that o f E x.2 

has been c a lc u la te d , except th a t the bed load in g  on each b e lt  was reduced  

to  h a l f  th e  value o f the previous example ( i . e .  L4  =* 1 , 2 8  l b / s q . f t . ) .
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The co rresp o n d in g  d a ta  f o r  E x .3 . a re  *-

D ry ing  tim e ( t o t a l )  

P ro d u c t r a t e  

E v ap o ra tio n  r a t e  

S p e c i f ic  e v a p o ra tio n

92 min.

345 lb / h r
1 ,600  lb / h r  

2 ,1 8 0  B .T h .u /lb .

T his shows c l e a r ly  th e  advantage of u s in g  th e  d eep est conven ien t 

bed  f o r  s t i p e .  A d ry e r  w ith  in te rm e d ia te  c h a r a c te r i s t i c s  can be 

o b ta in e d  i f  th e  low er b e l t  i s  o p e ra ted  a t  h a l f  th e  speed  o f th e  top  

b e l t  th u s  d o u b lin g  the  bed lo a d in g  on the  low er band.

1 0 .2 .4 .  Type I I I .  D ouble-S tage Conveyor Dryer 
(U nequal b e l t  sp eed s)

Example 4o

I f  th e  d ry e r  o f Ebc.2. i s  ru n  so th a t  th e  to p  b e l t  lo ad in g  i s  1 .2 8  
lb  B .D .S / s q . f t .  and th e  low er i s  2 . 56 , c a lc u la te  th e  o u tp u t and evapora

t i o n  r a t e s  and th e  s p e c i f i c  e v a p o ra tio n .

The problem  i s  approached  in  a s im i la r  manner to  Etc.2 . f o r  th e  

c a l c u la t io n  o f  th e  tim es  on th e  bottom  b e l t .

The tim e a x is  f o r  th e  upper b e l t  i s  now p lo t te d  on a  s c a le  tw ice  

t h a t  o f  th e  low er b e l t  (F ig .  63) ,  s in c e  f o r  a g iven  le n g th  increm ent o f 

th e  d ry e r ,  th e  seaweed on th e  upper b e l t  w i l l  on ly  be exposed to  th e  a i r  

f o r  h a l f  th e  tim e o f th e  m a te r ia l  on th e  low er b e l t .  The curve f o r  th e  

to p  b e l t  i s  p lo t t e d  in  th e  u su a l way u n t i l  i t  i n t e r s e c t s  th e  curve f o r  

th e  low er b e l t .  The o u tp u t can be c a lc u la te d  from th e  B .D .S. f lo w /h r  

on e i t h e r  b e l t  u s in g  th e  a p p ro p r ia te  bed  lo a d in g  and re s id e n c e  tim e , 

s in c e  th e  flow  o f  B .D .S . th rough  th e  d ry e r  must be c o n s ta n t .

The o u tp u t and e v a p o ra tio n  r a t e s  f o r  t h i s  arrangem ent a re  r e s p e c t 

i v e l y  408 and 1 ,9 0 0  l b / h r  and the  s p e c i f i c  ev ap o ra tio n  i s  1 ,8 3 0  B .T h .u / lb .

The s u b s t i t u t i o n  o f  m inced s t ip e  f o r  s l i c e d  s t ip e  would in c re a s e  th e  

o u tp u t when a  s in g le - s ta g e  d ry e r  i s  u sed , b u t f o r  m u ltis ta g e  d ry e rs  

th e  d ry in g  tim e has  a d im in ish in g  in f lu e n c e  on th e  o u tp u t . As th e
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e f f ic ie n c y  ° f  evaporation  i s  in creased , the output w i l l  ev en tu a lly

depend on the w ater uptake cap a c ity  o f th e  drying a ir .

1 0 .3 . DESIGN OF A DRYER FOR L. CLOUSTONI FROND

Some of the drying c h a r a c te r is t ic s  o f  L. c lo u s to n i and L. d ig ita ta  
frond  are summarized below .

(a )  To prevent scorch in g  o f  the frond, the a ir  D.B.T. should
not exceed  225°F.

(b ) A ir v e l o c i t i e s  above approxim ately 8  lb / (  s q .f t .) (m in )
r e s u lt  in  a com paratively sm all red u ction  in  drying  
tim e.

( c )  There i s  an optimum bed lo ad in g  fo r  frond which appears
to  vary w ith  the p a r t ic le  s iz e  and the tim e o f year
when the p lan t was h arvested .

(d ) A g ita t io n  o f  the frond bed during drying brings about a
marked red u ctio n  in  drying tim e, p a r t ic u la r ly  i f  the 
bed i s  broken up in  the la t e r  sta g es  o f  drying.

(e )  The drying tim es fo r  frond show a su b sta n tia l seasonal
v a r ia t io n .

1 0 * 3 .1 . Type I .  S in g le -S ta g e  Conveyor D ryer 

Example 5 .

I f  th e  dryer d escrib ed  in  E x .l .  i s  loaded w ith  minced L. c lo u s to n i  

fron d , u sin g  s im ila r  a ir  co n d itio ®  , determine (a )  drying tim e, (b )  

production  r a te ,  (o )  evaporation  r a te , and (d) s p e c i f ic  evaporation .

In S ec tio n  8 .1 .  i t  was shown th a t th ere was an optimum bed lo ad in g

fo r  frond which gave the maximum output. The experim ental run which was

c lo s e s t  to  the peak in  F ig . 46 was s e le c te d  to  form th e b a s ic  drying curve 

fo r  L. c lo u s to n i frond, and i t  i s  p lo tte d  on a sem ilog graph in  F ig . 6 4 . 

This curve s t r i c t l y  a p p lie s  only to  Oban seaweed h arvested  in  May.

The bed load in g  in  t h i s  t e s t  was 0*382 lb  B .D .S /s q .f t .  at 156  F 

D .B .T ., but i t  w i l l  be assumed th a t the optimum bed load ing for  th is

m ateria l w i l l  be th e same i f  a ir  a t 220°F D.B.T. i s  used .
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(a )  Ld -  0 .382  lb  B .D .s / s q . f t .

G -  7*2 lb / ( s q .f t . ) ( m in )
W.B.D. -  125°P

Drying tim e (7 5 °?  W.B.D.) * 53 .3  min

Thus drying tim e a t 125°F » 53 .5  x  75
— 1 2$ “ 32 .1  min

(b ) Output -  ~  *  ^ 3 2 a 'X' X 6°  “ 301 lb /h r

(o )  Evaporation ra te  « 1 9 1  = 1%14o lb / hr

(d ) Heat Input * 7 .2  x  360 x  60 x 42 .9

-  6 ,680 ,000  B .Th.u/hr

S p e c if ic  evaporation  .  6 ^ 0 0 0  _ 5 , 86o p .^ . p / n ,

I t  i s  ev ident th a t the e f f ic ie n c y  o f  drying frond i s  much lower 

than th a t o f  s t ip e ,  la r g e ly  due to  the com paratively shallow  bed th a t  

must be u sed . The p o s it io n  can be improved by u sin g  a tw o-stage dryer.

1 0 .3 .2 .  Double-Stage Conveyor Dryer (Type I I  )

Example 6 .

I f  th e dryer in  Ex.5 i s  rep laced  by a d ou b le-b elt dryer (30 f t  x  6 f t )  

determ ine the corresponding drying d ata . The b e lt  speeds are to  be 

eq u a l.

The d esign  method d escribed  in  10.2* can be ap p lied  to  th is  problem, 

from which the to ta l  drying time o f  34 min was ob ta ined . The output was 

on ly  s l i g h t ly  sm aller (279 lb /h r )  but the s p e c i f ic  evaporation was 

markedly reduced to  2 ,510  B .T h .u /lb .

P ig .  47 fo r  p re -d r ied  frond shows th a t much h eavier bed load in g s may 

be employed when th e frond i s  dried  to  l e s s  than 0 .5  water r a t io .  Mo 

f ig u r e s  are a v a ila b le  fo r  m ateria l a t in term ediate water r a t io s  e .g .  

s ta r t in g  from 1 .5  -  2 .0 ,  but i t  seems probable th a t the bed lo ad in g  could  

be p r o g r e ss iv e ly  in crea sed  w ith improved e f f ic ie n c y  o f drying. Moreover
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th e  tr a n s fe r  p o in ts  at the end o f  the b e l t s  w i l l  g iv e  some degree o f  

a g ita t io n  to  the bed and w i l l  promote more rap id  drying as i l lu s t r a t e d  
by P ig s .  55 & 5 6 *

A th r e e -s ta g e  dryer can, however, be designed in  which the drying  

from T, 0 .5  to  T, 0 .15  i s  carr ied  out a t the heavy bed load in g , so th a t  

the l a s t  b e l t  i s  in  e f f e c t  a f in is h in g  b in .

1 0 .3 .3 .  Type IV T rip le -S ta g e  Conveyor Dryer 

Example 7 .

A th ree—stage dryer fo r  minced L. c lo u sto n i frond i s  to  be designed  

as shown in  P ig . 61, such th at th e load in g  on the f in a l  b e lt  i s  to  be 

in crea sed  t e n fo ld . The bed load in g  fo r  the f i r s t  two sta g es  i s  0 .382  

lb  B .D .S / s q . f t . ,  and th e a ir  co n d itio n s are id e n t ic a l  to  those in  Ex«5«

I f  the dryer i s  30 f t  lon g  by 6  f t  w ide, eva luate (a ) drying time in  

each s ta g e , (b) the len g th  o f the l a s t  b e lt  (c )  product and evaporation  

r a te s  and (d ) s p e c i f io  evaporation .

The example can be so lv ed  by f i r s t  computing the D.B.T. o f the  

exhaust a ir  from the deepest bed (B e lt  3) and hence c a lc u la t in g  the 

m oisture content o f  the frond on th e  top  b e lt  as i t  le a v e s  the zone above 

th e th ir d  s ta g e . The remainder o f  th e  problem now becomes s im ila r  to  

th a t o f  E x .6 , except th a t the term inal water content i s  d if f e r e n t .

(a )  Prom th e  b a s ic  curve fo r  frond at Ld ■ 3 .82  (F ig . 6 4 ) the drying  

tim e fo r  T, 0 .5  to  T, 0 .15  » 11 .5  min fo r  125°P W.B.D. The s l ig h t  

v a r ia t io n s  o f  the bed depth and a ir  v e lo c ity  may be n eg lected  in  th is  

low w ater content r eg io n .

The average w ater p ick  up in  t h is  tim e i s  0 .0762 lb / lb  o f a ir  

corresponding to an exhaust D.B.T. o f  150 F. As the top b e lt  i s  only  

in  co n ta ct w ith th is  a ir  fo r  1 . 1 5  the lo s s  o f water w i l l  be sm all and 

has been n eg le c ted .

The graphical. s o lu t io n  fo r  the range 5*5 to  0 .5  water r a t io  i s  given  

in  P ig . 6 5  from which i t  can be seen  th at the drying tim e i s  12 .5  min.
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Hence the time on the top b e lt  i s  12*5 + 1.15 » 13 .65  min, and on the  

low er b e l t s  12 .5  and 11 .5  min r e s p e c t iv e ly ,

(b ) Let the length  o f the th ird  b e lt  « X f t  and the speed o f  the  
second b e lt  * Y f t /m in .

Hence X « 11 ,5  x 0.1Y and a lso  X * 3 0 -12 ,51 .

Thus 1.15Y « 3 0 -1 2 ,5Y whence T = 2 .2  ft /m in  and X » 2 .53  f t

(o ) Product ra te  (c a lc u la te d  from top b e lt )

-  180 x  0 ,382  x  69   _ _ . /.
13765  * 149. lj>, C .D .s/hr

Evaporation ra te  » 1,625 lb /h r .

(d ) Heat input * 3 ,340 ,000 B .T h.u /hr.

Hence, s p e c i f ic  evapora-
- t io n  s  2,060 B .Th.u/hr

I t  may be p o s s ib le  to reduce th is  s p e c if ic  evaporation f ig u r e  s t i l l  

fu r th er  by r e c ir c u la t io n  o f the a ir .

As h as  been  shown in  S e c tio n  8 .3 .  th e  d ry in g  tim e o f  f ro n d  v a r ie s  

w ith  th e  seaso n , so th a t  th e  o u tp u t o f d r ie d  p roduct w i l l  l ik e w ise  

f l u c t u a t e .  The b e l t  speeds o f  th e  d ry e r shou ld  be capab le  o f  c o n tro l  

w ith in  wide l i m i t s  to  enab le  th e  d ry e r  to  be adap ted  to  th e  p r e v a i l in g  

c o n d i t io n s .

Dryers o f  la r g er  cap acity  than those in  the examples can be designed  

by in c r e a s in g  the len g th  and breadth o f the conveyors. The la r g e s t  

b e l t  w idth used in  normal p ra ctice  i s  about 10 f t .

I t  i s  recommended that p a irs  o f  sp iked r o l le r s  be in s t a l le d  a t the  

end o f  the b e lt s  to  ensure th a t the frond p a r t ic le s  in  the p a r tly  dried  

bed are separated and do not form wet knots on the fo llo w in g  b e l t .  I t  

i s  a lso  suggested  th a t shredding, i f  p ra ctica b le  on th e la rg e  s c a le ,  

should  be used as i t  g iv e s  a bed with grea ter  p o ro sity  r e s u lt in g  in  lower

fan  power requirements
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1 0 .4 . DISCUSSIOH OP SCALE FACTORS

The preceding c a lc u la t io n s  have n eg lected  one fa c to r  — the e lu s iv e  

" sca le  up" fa c to r  which i s  requ ired  to  a llow  fo r  d iffe r e n c e s  between  

lab oratory  and commercial operating  co n d itio n s . This fa c to r  c o n s is t s  

o f  a number o f  components which are summarized below .

Uneven a ir  d is tr ib u t io n  i s  probably the major inherent cause o f  

error in  th r o u g h -c ircu la tio n  drying . Ede (145) found th a t beds o f  

v eg eta b le  m ateria l had a tendenoy to  develop weak sp ots through which 

th e  a ir  passed more r e a d ily  than the remainder. The r e su lta n t  in creased  

drying and shrinkage made the blowhole worse and preserved the con d ition  

which Ede d escrib ed  as " a u to c a ta ly tic  drying".

The co n d itio n  was not ser io u s  in  the case o f the laboratory  t e s t s  on 

s t ip e  s in c e  the s l ig h t  movement o f the basket when i t  was removed fo r  

w eighing tended to  f i l l  up any la rg e  v o id s . The r e la t iv e ly  deep beds 

used fo r  s t ip e  should le s s e n  the chances o f  any channel p e r s is t in g  from

the bottom to  the top o f  the la y e r .

Edge e f f e c t  -  the shrinkage o f  the bed away from the basket w a lls  -

was n o ticea b le  in  the case o f  frond but the maladjustment o f th e a ir  was

p o s s ib ly  m inim ised by the r e la t iv e ly  high r e s is ta n c e  o f  the gauze on th e  

basket f lo o r .  In  f u l l  s iz e  p ra c tic e  the edge e f f e c t  would be very much 

sm aller  due to the bed perim eter per u n it  area bein g  low er. The drying  

r a te  fo r  a g iven  v e lo c ity  on the sm all dryer w i l l  th erefore  be conserva-  

- t i v e  i f  the la rg e  dryer i s  su p p lied  with a ir  uniform ly d is tr ib u te d .

I f  the a ir  flow  i s  uneven, the p red ic ted  drying tim es can be in  ser io u s  

e rr o r .

Conduction from the basket w a lls  w i l l  tend to  in crease the drying  

r a te s  fo r  the lab oratory  runs but th is  i s  mainly confined  to  the i n i t i a l  

s ta g e s  o f  drying. R adiation  errors should be n e g lig ib le ,  s in ce  the 

su rface  exposed to  ra d ia tio n  i s  a sm all fr a c t io n  o f  th e  t o t a l  surface  

a v a ila b le  fo r  mass tr a n s fe r , e s p e c ia l ly  where deep beds are in vo lved .

I t  appears, th e r e fo r e , th a t the dual e f f e c t s  o f  edge e f f e c t  -  the
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in c r e a se  o f  drying ra te  by conduction and the decreased r a te  by the a ir  

sh ort c ir c u it in g  the bed — are in  o p p o sitio n . I t  i s  probable th a t th e  

a ir  leakage w i l l  be the predominant fa c to r  but th e ir  r e la t iv e  magnitudes 

can on ly  be eva luated  by t e s t s  on d if fe r e n t  s iz e s  o f d ryers .

The use o f  the p ro p o rtio n a lity  o f the drying ra te  to  W.B.D. fo r  

c a lc u la t in g  drying r a te s  at h igher tem peratures may in v o lv e  an error as 

the b a s ic  curve was based on a run at a moderate tem perature. This 

error should a lso  be con servative  s in ce  h igher tem peratures w i l l  tend to  

shorten  the drying tim es a t the t a i l  end o f the drying run. The bed 

lo a d in g  and a ir  v e lo c ity  fa c to r s  should be used ca u tio u sly  s in ce  they  are 

average va lu es  fo r  the to ta l  drying time and may not h o ld  fo r  drying  

r a te s  at in term ed iate  water co n ten ts .

1 0 .5 . HEAT SUPPLY

In  order to  ob ta in  maximum fu e l  e f f ic ie n c y ,  a d ir e c t  f ir e d  furnace  

should  be used in  which the combustion products are d ilu te d  with a ir  

and passed through the seaweed bed. I f  complete combustion i s  secured  

and the dryer i s  adequately lagged , the proportion o f th e c a lo r i f ic  va lu e  

of the fu e l which i s  tra n sferred  to  the drying gases should be h igh .

S u itab le  f u e ls  may be s o l id  l iq u id  or gaseou s. Gas i s  very conven i-  

-e n t  in  use a s  i t  i s  r e a d ily  co n tro lled  and i s  c lea n , but would not be 

a v a ila b le  in  remote l o c a l i t i e s .  O il fu e l  has th e advantage o f sim ple 

c o n tr o l, comparative ease o f  sto ra g e , and uniform q u a lity , but th ere must 

be no danger o f  unburnt l iq u id  contam inating the seaweed in  th e  event o f  

flam e f a i lu r e .

Coal—f ir e d  h ea ters  can a lso  be used, but the furnace req u ires ca re fu l 

d esign  to g iv e  c lean  sm okeless combustion when u sin g  high v o la t i le  c o a ls .

The method recommended fo r  a seaweed dryer i s  a sem i-producer furnace, 

f ir e d  w ith gasworks coke. The p r ice  o f  t h is  coke i s  about 2 /3 r d  th a t  

o f  o i l  when the fu e ls  are compared on the co st per therm; a lso  the co st  

o f the s o l id  fu e l  furnace i s  l e s s  due to i t s  sim pler co n stru ctio n .
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Storage o f  the coke presents no problem, as i t  can be stacked  in  

the open i f  n ecessary .

A ty p ic a l  d esign  fo r  such a furnace has been described  (168) where 

i t  i s  seen  th a t the method o f c o n tr o ll in g  the a ir  tem perature i s  by 

a d ju stin g  the secondary a ir  damper. In a seaweed dryer an in crease  

in  the a ir  v e lo c i t y  would be p referab le  to  a r i s e  in  the a ir  tem perature.
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