
T h is  d is s e r ta t io n  h a s  been  62-1751 
m ic ro f i lm e d  e x a c tly  a s  re c e iv e d

F L E M IN G , J a m e s  R ep lo g le , 1934- 
AN INVESTIGATION O F  THE E F F E C T  O F  HORI
ZO N TA L BARRIERS EST A THERM OGRAVITATIONAL 
LIQUID TH ERM A L DIFFUSION COLUMN.

T he U n iv e rs ity  of O klahom a, P h .D ., 1962 
E n g in ee rin g , c h e m ic a l

University Microfilms, Inc., Ann Arbor, Michigan



THE UNIVERSITY O F OKLAHOMA 

GRADUATE C O LLEG E

AN INVESTIGATION O F THE E F F E C T  O F HORIZONTAL BARRIERS IN 

A THERM OGRAVITATIONAL LIQUID THERM AL DIFFUSION COLUMN

A DISSERTATION 

SUBM ITTED TO TH E GRADUATE FACULTY 

in  p a r t ia l  fu lf illm e n t of the  re q u ire m e n ts  fo r  the

d e g re e  of 

DOCTOR O F PHILOSOPHY

BY

JAM ES R E PL O G L E  FLEM ING 

N o rm an , O klahom a 

1961



AN INVESTIGATION O F TH E E F F E C T  O F HORIZONTAL BARRIERS IN 

A THERM OGRAVITATIONAL LIQUID THERM AL D IFFU SIO N  COLUMN

A PPRO V ED  BY

DISSERTATION CO M M ITTEE



ACKNOW LEDGM ENT

A lthough  m a n y  in d iv id u a ls  a t  th e  U n iv e rs ity  of O klahom a 

c o n trib u te d  to  th e  co m p le tio n  of th is  in v e s tig a tio n , th e  a u th o r  w ish es  

to  e x p re s s  h is  e s p e c ia l  a p p re c ia tio n  to  D r. Jo h n  E . P o w e rs , who 

a c te d  a s  r e s e a r c h  d i r e c to r  th ro u g h o u t th e  w o rk . H is su g g es tio n s  

w e re  m o s t h e lp fu l a s  w e re  th e  ad v ice  and  c r i t i c i s m  of the  o th e r  

m e m b e rs  of th e  C h em ica l E n g in ee rin g  S taff.

T he au th o r, is  a lso  p a r t ic u la r ly  in d eb ted  to  M r. F ra n k  

M aginn is o f th e  R e s e a r c h  In s tru m e n t C om pany, N o rm an , O klahom a. 

M r. M aginn is gave  f r e e ly  o f h is  tim e  d u rin g  eq u ip m en t m o d if ica tio n s  

and  r e p a i r s  and  w as in v a lu ab le  in  h is  ro le  a s  a  co n su ltan t.

The f ig u re s  p re p a re d  by  M r, John  S a m a sk a , th e  typ ing  and  

p ro o fre a d in g  b y  A nn F le m in g  and  th e  typ ing  b y  J e w e ll L ibby  a r e  

a p p re c ia te d .

G ra titu d e  is  e x p re s s e d  fo r  th e  f in a n c ia l su p p o rt re c e iv e d  

d u rin g  th is  in v e s tig a tio n  fro m  th e  N a tio n a l S c ien ce  F oundation  and  

th e  C e lan e se  C o rp o ra tio n .

I l l



TA B LE O F CONTENTS

P ag e

LIST O F TA BLES ............................................................................  v ii

LIST O F ILLUSTRATIONS ............................................................ v iii

C h ap te r

I. INTRODUCTION ...................................................................  1

I I .  HISTORICAL BACKGROUND............................................  5

I I I . TH EO RETIC A L A N A LY SE S............................................  16

C onventional T h eo ry  fo r  th e  Open C olum n............  16
M a th e m a tic a l D evelopm ent......................................  17
E v a lu a tio n  of th e  C o n stan ts  H and  K fo r  th e
B atch  C a se .......................................................................  24
E v a lu a tio n  of th e  C o n stan ts  H and  K fo r  th e
C ontinuous F low  C a se ................................................  28

A p p lica tion  of th e  T ra n s p o r t  E q u a tio n ......................  29
S te a d y -S ta te  B atch  C a se ..................    29
T ra n s ie n t B atch  C a se ................................................ 39
C ontinuous F low  C ase ................................................  33

F low  of F lu id  P a s t  th e  B a r r ie r s :  E v a lu a tio n  of 0^ 67
S u m m ary .................................................................................  72

IV. EQ U IPM EN T..........................................................................  76

T h e rm o g ra v ita tio n a l C olum n and A u x ilia ry  E q u ip 
m ent* .  ................................................................................. 76
H o rizo n ta l B a r r i e r  S y s te m s ...........................................  89
A p p a ra tu s  fo r  D e te rm in a tio n  of R atio  of C -F a c to r s  94

V. EX PE R IM EN TA L  PR O C ED U R E...................................... 97

P ro c e d u re  fo r  O btaining P la te  S pac ing ...................... 98
P ro c e d u re  fo r  O btaining B a tc h -T ra n s ie h t D ata. . 105
P ro c e d u re  fo r  O btaining C ontinuous F low  D ata. . .  106
A n a ly tica l P r o c e d u re ........................................................... .107

VI. PR ESEN TA TIO N  AND IN T ER PR ET A T IO N  O F 
EX PER IM EN TA L RESULTS.............................................. 109

iv



C h ap te r P a g e

B atch  C a se ......................................................................... 110
E ffe c t of N u m b er of B a r r i e r s ...........................  110
E ffe c t of T e m p e ra tu re  D iffe ren ce  betw een
th e  P la t e s ..................................................................... 115
E ffe c t of B a r r i e r  D ia m e te r................................  116
E ffe c t of P la te  Spacing ...........................................  117

T ra n s ie n t  B a tch  C a s e . . . . . . . . . . . . . . . . . . . . . .  117
E ffe c t o f N u m b er of B a r r i e r s .  ................... 117
E ffec t of T e m p e ra tu re  D iffe ren ce  betw een
th e  P la t e s .....................................................................  130
E ffec t of B a r r i e r  D ia m e te r .................................. 140

C ontinuous F low  C a se .................................................. 145
E ffec t of N u m b er of B a r r i e r s ............................. 145
E ffe c t of T e m p e ra tu re  D iffe ren ce  betw een
the  P la te s .........................................................................; 155
E ffec t of B a r r i e r  D ia m e te r .................................  160

S u m m a ry . ............................................................. 16 4

VII. ADDITIONAL WORK......................................................  169

E v a lu a tio n  of th e  T h e rm a l D iffusion  C oeffic ien t. 169 
C olum n T h e o ry  and  O p era tio n  w ith  U nequal
P ro d u c t F low  R a te s  (Q  ̂ 4 ......................................... 17 1
R e su lts  o f E x p e r im e n ta l W ork w ith  P la s t ic  F low  
M odel........................................................................................ 177

VIII. CONCLUSIONS..................................................................... 182

BIBLIOGRAPHY................................................................................. 18 5

A PPEN D IC ES

A. COLUMN AND SYSTEM PA R A M ETERS FO R  .
SETS O F  EX PER IM EN TA L DATA...................... 188

B. TA BLES O F  EX PER IM EN TA L D A T A .  190

C. BA RRIER "DRAG" FA C TO R  DATA...................  201

D. ESTIM ATION O F LENGTH CORRECTION 
FA C TO R  (I r) ..................................................................  203

E . PH Y SICA L PR O P E R T IE S  O F E T H Y L- 
A LCO H O L- W ATER SYSTEM.................................. 209

F . WORK O F TREACY AND RICH (T6)(T7)
WITH HORIZONTAL BARRIERS..........................  211

V



P ag e

G. SUMMARY O F EQUATIONS USED TO CA L
CU LA TE PR E D IC T E D  TRANSIENT CURVES
FO R  WORK WITH BARRIERS...............................  216

H. SA M PLE CALCULATIONS.....................................  218

I. NOM ENCLATURE...................................................... 234

J . LIST O F R E FE R E N C E S............................................ 238

VI



LIST O F TA BLES

T ab le  P a g e

1. P la te  Spacing M e a su re m e n ts  T aken fo r  E x p e r im e n ta l
S e ts  1, M , Q, and  R . .....................................................................  103

2. C o m p ariso n  of B atch  S ep a ra tio n  w ith  F o u r  H o riz o n ta l
B a r r ie r s :  B a r r i e r  D ia m e te r  a  P a r a m e te r ........................  118

3. C olum n and  S y s tem  P a r a m e te r s  fo r  S e ts  of E x p e r i
m e n ta l D ata ........................................................................................ 189

4. E x p e r im e n ta l B a tc h -T ra n s ie n t D ata ..............................  191

5. E x p e r im e n ta l D ata  fo r  R a te -S e p a ra tio n  C u rv e s ......  196

6. B a r r i e r  "D ra g "  F a c to r  D a t a ....................   202

7. P h y s ic a l P r o p e r t ie s  of E th y l A lco h o l-W ate r S y s te m .. .  210

Vll



LIST O F ILLUSTRATIONS

F ig u re  P a g e

1. S ch em atic  D iag ram  of a  C e n te r^ F e e d , C on tinuous-
F low , T h e rm o g ra v ita tio n a l C olum n....................................  18

2. P ro p o se d  M odel fo r  a  C olum n w ith  H o rizo n ta l
B a r r ie r s :  B atch  C a s e .  .........................................................  33

3. D im e n sio n less  S e p a ra tio n  A s a  F u n c tio n  of D im en - 
s io n le s s  T im e w ith  D im e n sio n le ss  S am pling  (Flow)
R ate  A s a  P a r a m e te r ................................................................  43

4. P ro p o se d  M odel fo r  a  C olum n w ith  H o rizo n ta l
B a r r ie r s :  T ra n s ie n t C a se ..................................................... 46

5. S m all C olum n w ith  E n d -F e e d s : No Bulk F low . . . . . .  48

6. P ro p o se d  M odel fo r  a  C olum n w ith  H o riz o n ta l B a r 
r i e r s :  C ontinuous F e e d  an d  P ro d u c t W ith d ra w a l.. . .  58

7. S m all C olum n (in E n rich in g  Section) w ith  E n d -F e e d s :
C ontinuous F e e d  and P ro d u c t W ithdraw al......................  60

8. E n rich in g  S ec tion  of a  T h e rm o g ra v ita tio n a l C olum n
w ith  H o rizo n ta l B a r r i e r s  an d  C ontinuous F low . . . . . .  62

9. T h e rm o g ra v ita tio n a l T h e rm a l D iffusion  C o lu m n .. . .  77

10. C om ponent of One T r a n s f e r  P la te  w ith  W ate r J a c k e t. 79

11. D e ta il of T h e rm o co u p le  In s ta lla tio n  in  a  T r a n s fe r
P la te ......................................................     80

12. G ra v ity -F lo w  F e e d  S y s te m ...................................................  82

13. F e e d  and P ro d u c t P o r t  C o n s tru c tio n ................................  83

14. S am ple Tap C o n s tru c tio n ........................................................ 85

15. C o n tro l P a n e l........................................................................   86

16. C ooling and H eating  W ater S y s te m s ................................... 88

v iii



F ig u re  P a g e

17, B a r r i e r  F ra m e w o rk  w ith  F o u r  B a r r i e r s  Showing
T eflon  S p a c e r  D e ta il................................................................  90

18, B a r r i e r  F ra m e w o rk  w ith  F if ty  B a r r i e r s ........................  91

19, E ](p e rim en ta l A p p a ra tu s  fo r  th e  D e te rm in a tio n  of
the  R atio  of D rag  F a c to r s ....................................................... 96

20, P la te  Spacing M e a su re m e n t...................................................  99

21, L o ca tio n  of S tee l B a lls  U tilized  fo r  M easu rin g  P la te
Spacing ............................................................................................. 101

22, A n a ly tic a l In s tru m e n ts ............................................................  108

23, C o m p ariso n  of E x p e r im e n ta l R esu lts  w ith  E quation
(111-54) fo r  S tead y -S ta te  B atch  C ase  w ith  N H o rizo n 
ta l  B a r r i e r s ...................................................................................  I l l

24, S e p a ra tio n  A s a  F u n c tio n  of C olum n L ength . , , . ......... 114

25, C o m p ariso n  w ith  T h e o ry  of th e  T ra n s ie n t B eh av io r
of C olum ns w ith  Z e ro  and F o u r  H o rizo n ta l B a r r ie r s ,  122

26, C o m p ariso n  w ith  T h e o ry  of th e  T ra n s ie n t B ehav io r
of C olum ns w ith  Z e ro  and  Two H o rizo n ta l B a r r i e r s , , 125

27, C o m p ariso n  w ith  T h eo ry  of th e  T ra n s ie n t B eh av io r of
C olum ns w ith  Z e ro  and  E igh t H o rizo n ta l B a r r i e r s , , , ,  128

28, C o m p ariso n  w ith  T h eo ry  of the  T ra n s ie n t B eh av io r of
C olum ns w ith  Z e ro  and  S ix teen  H o rizo n ta l B a r r i e r s , , 129

29, C o m p ariso n  w ith  T h eo ry  of th e  T ra n s ie n t B eh av io r of
C olum ns w ith  Z e ro , Two, F o u r , E ig h t, and  S ix teen  
H o rizo n ta l B a r r ie r s :  H ig h er T e m p e ra tu re  D iffe ren ce , 131

30, E ffec t of th e  T e m p e ra tu re  D iffe ren ce  be tw een  th e  ,
P la te s  on th e  T ra n s ie n t  B eh av io r of a  C olum n w ith  Two 
H o rizo n ta l B a r r i e r s ..........................   133

31, E ffec t of the  T e m p e ra tu re  D iffe ren ce  betw een  the  
P la te s  on th e  T ra n s ie n t  B eh av io r o f a  C olum n w ith
F o u r  H o rizo n ta l B a r r i e r s .........................................................  136

IX



F ig u re  P ag e

32. E ffec t of th e  T e m p e ra tu re  D iffe ren ce  betw een  the 
P la te s  on th e  T ra n s ie n t B eh av io r of a  Colum n w ith  
S ix teen  H o riz o n ta l B a r r i e r s ....................................................  1 38

33. E ffec t of th e  T e m p e ra tu re  D iffe ren ce  betw een  the  
P la te s  on QJ., th e  F low  P a s t  th e  B a r r ie r s :  T ra n s ie n t
D a ta .  .................................................................................................  139

34. E ffec t of th e  B a r r i e r  D ia m e te r  on the  T ra n s ie n t 
B eh av io r of a  C olum n w ith  F o u r  H o rizo n ta l B a r r ie r s :
H ig h er T e m p e ra tu re  D iffe re n c e ........................................... 143

35. E ffec t of th e  B a r r i e r  D ia m e te r  on th e  T ra n s ie n t 
B eh av io r of a  C olum n w ith  F o u r  H o rizo n ta l B a r r ie r s :
L o w er T e m p e ra tu re  D iffe re n c e .............................................  144

36. C o m p a riso n  of R a te -S e p a ra tio n  C u rv es  fo r  F o u r 
H o riz o n ta l B a r r i e r s  w ith  D iffe ren t V alues of Q ,̂ th e
F low  P a s t  th e  B a r r i e r s .............................................................. 147

37. C o m p a riso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  F o u r  H o riz o n ta l B a r r i e r s ........................  149

38. C o m p a riso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  Two H o rizo n ta l B a r r i e r s ..........................  151

39. C o m p ariso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  E igh t H o riz o n ta l B a r r i e r s ........................  152

40. C o m p a riso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  S ix teen  H o rizo n ta l B a r r i e r s .....................  1 5 3

41. C o m p ariso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  F if ty  H o riz o n ta l B a r r i e r s ..........................  154

42. C o m p a riso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns 
w ith  Z e ro , Tw o, F o u r , E ig h t, S ix teen , and  F ifty  
H o riz o n ta l B a r r i e r s :  H ig h e r T e m p e ra tu re  D iffe ren ce . 156

43. E ffe c t of th e  T e m p e ra tu re  D iffe ren ce  betw een  th e  
P la te s  on th e  F low  P a s t  th e  B a r r i e r s ,  Con
tin u o u s F low  D a ta .  .............................................................. 158

44. E ffec t of th e  T e m p e ra tu re  D iffe ren ce  betw een  the  
P la te s  on th e  R a te -S e p a ra tio n  C urve  of a  C olum n
w ith  Two H o rizo n ta l B a r r i e r s ...............................................  159

X



F ig u re  P a g e

45. E ffe c t of th e  T e m p e ra tu re  D iffe ren ce  be tw een  the  
P la te s  on th e  R a te -S ep a ra tio n  C urve  of a  C olum n
w ith  F o u r  H o riz o n ta l B a r r i e r s ..................................................  161

4 6 . E ^ e c t  of th e  T e m p e ra tu re  D iffe ren ce  be tw een  th e  
P la te s  on th e  R a te -S e p a ra tio n  C urve  o f a  C olum n
w ith  S ix teen  H o riz o n ta l B a r r i e r s .............................................. 162

47. E ffec t of th e  B a r r i e r  D ia m e te r  on th e  R a te -S e p a ra 
tio n  C urve  o f a  C olum n w ith  F o u r  H o riz o n ta l B a r r ie r s :  
H ig h e r T e m p e ra tu re  D iffe re n c e .................................................. 165

48. E ffec t o f th e  B a r r i e r  D ia m e te r  on th e  R a te -S e p a ra 
tio n  C urve  of a  C olum n w ith  F o u r  H o riz o n ta l B a r r ie r s :  
L o w er T e m p e ra tu re  D iffe ren ce .............................................. 166

49. T h e rm a l D iffu sion  C oeffic ien t, a , f o r  th e  S y stem  
E th y l A lc o h o l-W ate r  A s a  F u n c tio n  of th e  C o n ce n tra 
tio n .........................    170

50. S e p a ra tio n  A s a  F u n c tio n  of th e  R atio  of P ro d u c t
F low  R a te s : Z = 0 .8 8 7 ..............................................................  175

51. S e p a ra tio n  A s a  F u n c tio n  of th e  R atio  o f P ro d u c t
F low  R a tes : Z « 5 .4 8 ................................................................  176

52. S e p a ra tio n  A s a  F u n c tio n  of th e  R atio  of P ro d u c t
F low  R a tes : Z = 0 .4 9  3 .  .............................................  178

53. D e te rm in a tio n  of the  R atio  of D rag  F a c to r s :  G ra p h i
c a l P re s e n ta t io n  of E jq )e r im e n ta l D ata ............................. 180

54. D is tu rb a n ce  of T e m p e ra tu re  G ra d ie n t.................................  205

55. D ata  of T re a c y  (T6) C o m p ared  w ith  E q u a tio n  (III-54). 214

56. S e p a ra tio n , A/Aq , As a  F u n c tio n  of D im e n sio n le ss
F low , Z ............................................................................................. 224

XI



AN INVESTIGATION O F THE E F F E C T  O F HORIZONTAL BARRIERS IN 

A THERM OGRAVITATIONAL LIQUID TH ERM A L DIFFUSION COLUMN

C H A PTER  I 

INTRODUCTION

In g e n e ra l, a c o n c e n tra tio n  g ra d ie n t a r i s e s  w hen a te m p e ra tu re  

g ra d ie n t is  app lied  to an  o r ig in a lly  u n ifo rm  m ix tu re . This phenom enon, 

w hich  is  c a lled  th e rm a l d iffusion , w as no ted  as e a r ly  as  1856 by Ludwig 

(L6) and su b seq u en tly  by S o re t (S4) in 1879; s in ce  th is tim e , th e rm a l 

d iffu sion  in  liqu ids o r so lid  so lu tio n s  has been  known as the Ludw ig- 

S o re t o r the S o re t e ffect.

Two m ethods of u tiliz in g  th e rm a l d iffu sion  fo r s e p a ra tin g  

m ix tu re s  have been  developed . One is  the s ta t ic  m ethod  in  w hich a 

te m p e ra tu re  g rad ien t is ap p lied  such  tha t no convec tion  c u r re n ts  a r is e ,  

and, in  add ition , th e re  is  no bu lk  flow . In g e n e ra l, a dev ice  fo r the 

s ta t ic  m ethod  c o n s is ts  of a s im p le  c o n ta in e r o r c e ll  f illed  w ith  a b in a ry  

m ix tu re . The bo ttom  of the c e ll  is  m a in ta in ed  a t som e te m p e ra tu re  

low er than  tha t a t the top of the ce ll , and a f te r  a p e rio d  of tim e (the 

tim e  depending on the d is ta n ce  betw een  the top and bo ttom  of the c e ll 

and on the b in a ry  sy s te m  u sed ), a c o n ce n tra tio n  d iffe ren c e  re s u lts  

be tw een  the top and bo ttom  of the  c e ll. The d e g re e  of s e p a ra tio n  in

1



such  a  c e ll  is  u su a lly  sm a ll.

C lu siu s  and  D ickel (C8) in tro d u ced  in  1938 a  seco n d  m ethod  

fo r  s e p a ra tin g  m ix tu re s  by th e rm a l  d iffusion . An a p p a ra tu s  u tiliz in g  

th e ir  m ethod  m u ltip l ie s  the  s e p a ra tio n  by m ean s  of convection  

c u r re n ts  in  a  m a n n e r  s im ila r  to  th e  way a  c o u n te r -c u r re n t  e x tra c tio n  

colum n p ro d u c e s  c o n ce n tra tio n  d iffe re n c e s  m an y  tim e s  g r e a te r  than  

the  d iffe re n c e  fo r  a  s in g le  s tag e . The a p p a ra tu s  is  com m only  ca lled  

a  th e rm o g ra v ita tio n a l co lum n, o r  C lu siu s  ̂ D ickel co lum n. T hese  

co lum ns can  be o p e ra te d  in  a  b a tch  o r  continuous m a n n e r , w h e re  the  

te rm s  b a tch  and  continuous r e f e r ,  re sp e c tiv e ly , to  the  a b se n c e  o r  

p re s e n c e  of bulk  flow th ro u g h  the  colum n.

S ince 1938, a  g re a t  d ea l of th e o re tic a l  and e x p e r im en ta l w ork  

has b een  done co n ce rn in g  th e  th e rm o g ra v ita tio n a l co lum n, but in d u s try  

has no t ye t a c c e p te d  th e rm a l d iffu sion  a s  a  p ro m is in g  m ethod  fo r 

s e p a ra tio n s . Two re a so n s  a r e  g iven fo r  th is  h e s itan cy . F i r s t ,  th e  

ab se n c e  of a  s a t is fa c to ry  k in e tic  th e o ry  of liqu ids m ak es  i t  p ra c tic a l ly  

im p o ss ib le  to  p re d ic t  a c c u ra te ly  th e  b eh av io r of a  g iven m ix tu re  when 

u sed  in  a  th e rm o g ra v ita tio n a l colum n. T hus, it  b eco m es n e c e s s a ry  to 

ex p lo re  e x p e r im e n ta lly  each  m ix tu re  c o n sid e red . Second, by n a tu re , 

th e rm a l d iffu sion  is  a  th e rm o d y n a m ic a lly  i r r e v e r s ib le  p ro c e s s  and 

re q u ire s  a  r e la tiv e ly  la rg e  am oun t of en erg y  fo r  a  given se p a ra tio n . 

H ence, it  can  be c o n s id e re d  only  fo r  s e p a ra tio n s  w h e re  th e  m o re  con

ven tiona l m e an s  of s e p a ra tio n  fa il to  s e p a ra te  econom i^g^^ÿ;,
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Since th e rm a l  d iffu sio n  is  in tritiÜ ically . an  ex p en siv e  p ro c e s s ,  

a  co lum n u tiliz in g  th is  m e th o d  fo r  s e p a ra tio n s  m u s t be d e sig n ed  fo r  

m ax im u m  effic ien cy . C o n s id e ra b le  w ork  h as  b een  done in  re c e n t 

y e a r s  in  an  a tte m p t to  im p ro v e  th e  s e p a ra tio n  a b il i ty  of th e rm a l  d if

fu sion  co lum ns. V ario u s  e x p e r im e n ta l in v e s t ig a to r s  (A2) (B9) (Cll)

(D4) (L4) (L5) (81) (58) (59) (T6) (T7) (V3) have  t r i e d  p ack in g s , s p a c e r s ,  

and b a ffle s  a s  w ell a s  o th e r  d e v ice s  in  th e  s e p a ra tio n  sp ace  in  an  

e ffo rt to  im p ro v e  co lum n p e rfo rm a n c e . M ost o f th e se  in v e s t ig a to rs  

have found r a th e r  s ta r t l in g  in c re a s e s  in  th e  s e p a ra tio n  e ffic ien cy  w hen 

o b jec ts  w e re  p laced  in  th e  s e p a ra tio n  sp ac e , bu t no g e n e ra l  e x p e r im e n 

ta l  a g re e m e n t h as  b een  no ted . One p ro b le m  th a t h a m p e re d  th e se  in v e s 

tig a tio n s  w as th e  la c k  of an  ad eq u a te  th e o ry  to  p re d ic t  co lum n p e rfo rm a n c e  

w hen o b jec ts  w e re  p la c e d  in  th e  s e p a ra tio n  sp ac e . Two re c e n t th e se s  

have  h e lped  f i l l  th is  void: L o ren z  (L4) s tu d ied  p ack ed  co lum n o p e ra tio n  

and found good a g re e m e n t be tw een  h is  th e o ry  and  e x p e r im e n ta l re s u lts ;  

in  ad d itio n , B o y er (B8) h a s  d ev eloped  a  s a t i s fa c to ry  th e o ry  to  p re d ic t  

co lum n p e rfo rm a n c e  w hen v e r t ic a l  b a r r i e r s  a r e  in tro d u ce d  in to  the  

se p a ra tio n  sp ace .

The p u rp o se  of th is  w o rk  th en  w as to  m ak e  a  th e o re tic a l  study  

and  e x p e r im e n ta l in v e s tig a tio n  of h o r iz o n ta l b a r r i e r s  in  a  p a r a l le l -  

p la te  th e rm o g ra v ita tio n a l th e rm a l  d iffu sion  co lum n. The w ork  w as an  

a tte m p t to  su p p lem en t th e  p re s e n t  th e o ry  co n ce rn in g  co lum n o p e ra tio n  

w ith  o b jec ts  in  the  s e p a ra tio n  sp ace  and  th u s  had  tw o o b jec tiv es :



1. P r e d ic t ,  on a  th e o re t ic a l  b a s is ,  th e  p e rfo rm a n c e  of
a  th e rm o g ra v ita tio n a l co lum n w ith  h o riz o n ta l b a r r i e r s  
in  th e  s e p a ra tio n  sp ace .

2. O btain  su ffic ie n t e x p e r im e n ta l d a ta  to ^ s t  th e  ad equacy  
of th e  th e o re t ic a l  developm ent.



C H A PTE R  II

HISTORICAL BACKGROUND

The in tro d u c to ry  c h a p te r  p ro v id e s  on ly  a  few  re fe re n c e s  

to  th e  l i t e r a tu r e ,  m o s t of w h ich  p e r ta in  to  co lum n  o p e ra tio n  w ith  

o b je c ts  in  th e  s e p a ra tio n  sp ac e . F o r  th e  r e a d e r  f a m il ia r  w ith  the  

f ie ld  of th e rm a l  d iffu sio n , C h ap te r  I s e r v e s  a s  an  ad eq u a te  in tro d u c 

tio n . H ow ever, fo r  th e  r e a d e r  le s s  w ell a cq u a in te d  w ith  th e  fie ld , 

th is  C h ap te r  on H is to r ic a l  B ackground  h a s  b een  inc luded . No a tte m p t 

h a s  been  m ad e  h e re  to  c o v e r  th o ro u g h ly  a l l  f a c e ts  of th e rm a l  d iffu sion  

bu t only  to  g ive a  r e p re s e n ta t iv e  sam p lin g  of som e of th e  w ork  done, 

w ith  sp e c ia l e m p h a s is  on p e c u l ia r  e ffe c ts  th a t  have  been  noted . (F o r 

a  co m p le te  h is to r ic a l  back g ro u n d , th e  r e a d e r  i s  r e f e r r e d  to  th e  th e s is  

by Von H alle  (V3) w hich  co n ta in s  an  e x c e lle n t an n o ta ted  b ib lio g rap h y . ) 

The f i r s t  th e o ry  a tte m p tin g  to  ex p la in  th e  S o re t e ffec t w as 

p re s e n te d  by V an 't Hoff (H6) in  1887. H is th e o ry  t r i e d  to  acco u n t fo r  

S o r e t 's  o b se rv a tio n s  on the  b a s is  of th e  o sm o tic  p r e s s u r e  of th e  aqueous 

so lu tio n  and  p re d ic te d  th a t a l l  so lu tio n s  shou ld  g ive th e  sa m e  s tea d y - 

s ta te  s e p a ra tio n  p ro v id in g  th a t th e  in i t ia l  c o n c e n tra tio n s  and ap p lied

te m p e ra tu re  g ra d ie n ts  w e re  th e  sam e .
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E a r ly  e x p e r im e n ts  w ith  aqueous so lu tio n s  c a r r ie d  out by 

B erch e m  (B6), A rrh e n iu s  (A3) (A4), E i le r t  (E l), W ereide  (W4), 

C hipm an (C7), and  T a n n e r (Tl) show ed V an 't H off's  s im p le  th e o ry  

in ad eq u a te . M ost of th e  above e x p e r im e n ta l w o rk  w as done w ith 

v e s s e ls  f il le d  w ith  a  liq u id  m ix tu re  w ith  h e a t be ing  su p p lied  to  one 

p o rtio n  of th e  so lu tio n  and  h e a t be ing  rem o v ed  fro m  a n o th e r p o rtio n . 

S am p les  w e re  w ithd raw n  and an a ly zed  a f te r  so m e len g th  of tim e . 

R em ix ing  and convec tion  c u r r e n ts  p lagued  th e se  e a r ly  e x p e rim en ts ; 

h en ce  r e s u l ts  w e re  g e n e ra lly  in a c c u ra te  and  no t rep ro d u c ib le .

C hapm an (C5) e ffe c tiv e ly  sum m ed  up th e  s ta tu s  of the  th e o 

re t ic a l  d ev e lo p m en ts  in  liq u id s  w hen he  s ta te d  th a t " th e  p ro s p e c t of 

a r r iv in g  a t  an  even  a p p ro x im a te ly  c o r r e c t  th e o ry  s e e m s  ra th e r  

re m o te . T h is  is  no t on ly  b e ca u se  of th e  ad d itio n a l d iff icu ltie s  p r e 

se n t  ̂ n  e v e ry  b ra n c h  of the  k in e tic  th e o ry  of liq u id s  as  co m p ared  

w ith  th e  c o rre sp o n d in g  th e o ry  of g a se s , but b e c a u se  th e  th e o ry  of 

th e rm a l  d iffu sion  even in  g a se s  is  u n u su a lly  com plex . "

"T hough  i t  is  d e p re s s in g  th u s  to  dw ell on th e  d iff icu ltie s  

w hich  a p p e a r  to  b e s e t  th e  th e o re tic a l  t re a tm e n t  of th e  S o re t pheno 

m enon , a  p ro p e r  e s tim a tio n  of th em  m ay  p re v e n t w a s te  of e ffo r t on 

unduly  s im p le  m e th o d s  th a t a r e  fo red o o m ed  to  fa i lu re . "

T h e rm a l d iffu sion  in  g a se s  w as f i r s t  p re d ic te d  th e o re t i 

c a lly  by Enskog (E3) in  1911, and in  1917 he p u b lish ed  th e  d e riv a tio n  

of th e  gas  co e ffic ien ts  f ro m  B oltzm annfs in te g ra l  equation  fo r  the



v e lo c ity  d is tr ib u tio n  func tion . C hapm an (C4) p re d ic te d  the th e rm a l 

d iffusion  phenom enon independen tly  in  1916, and w ith  D ootson (C6) he 

e x p e r im en ta lly  d e te rm in e d  va lu es  of the th e rm a l d iffu sion  co effic ien t, 

a, fo r the sy s te m s  c a rb o n  d io x id e -h y d ro g en  and su lfu r d io x id e- 

hydrogen . Ibbs (II) c o n firm e d  th e se  e x p e r im e n ta l r e s u l ts  in  1921.

A ll of the e a r ly  in v e s t ig a to rs  u sed  the s ta t ic  m ethod  in  

th e ir  e x p e r im e n ts . M ulliken  (M2)  in  1922 d e m o n s tra te d  th a t the s ta t ic  

m ethod  of th e rm a l d iffu sio n  could  not com pete  w ith  conven tional 

s e p a ra tio n  m e th o d s. H ow ever, although the s ta t ic ,  s in g le -s ta g e  

th e rm a l d iffusion  e x p e r im en ts  w ere  in e ffic ie n t fo r  s e p a ra tin g  gas 

m ix tu re s , e x p e r im en ts  of th is  type re m a in e d  of g re a t  th e o re tic a l  

in te r e s t  fo r the study  of the n a tu re  of in te r  m o le c u la r  fo rc e s  in  g a se s .

Thus i t  w as not u n til 1938, w hen C lu siu s  and D ickel (C9) 

developed  th e ir  h o t-w ire  th e rm a l d iffusion  colum n, th a t the p o s s ib il ity  

of u sing  th e rm a l d iffu sio n  as a  m ethod  of s e p a ra tio n  b ecam e  r e a l ly  

p ra c tic a l .  In the C lu siu s  and D ickel co lum n the s e p a ra tio n  ob ta inab le  

in  the s ta t ic  m ethod  is  m u ltip lied  by a cascad in g  e ffec t b ro u g h t about by 

convection  c u r re n ts .  T h is type of co lum n w as la te r  re f in e d  by B rew er 

and B ra m le y  (BIO), who su g g es ted  the u se  of c o n c e n tr ic  c y lin d e rs  

r a th e r  than  the h o t-w ire  type a p p a ra tu s .

The in tro d u c tio n  of the C lusiu s and D ickel co lum n, com m only  

c a lled  a  " th e rm o g ra v ita tio n a l colum n, " s e rv e d  to s t im u la te  in te r e s t  in 

th e rm a l d iffusion , s in ce  i t  tra n s fo rm e d  w hat had  p re v io u s ly  been
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e s s e n tia l ly  a  la b o ra to ry  c u r io s i ty  in to  a  p r a c t ic a l  m e a n s  fo r  e ffec tin g  

d iff icu lt s e p a ra tio n s . S ince i t s  in cep tio n , th e  th e rm o g ra v ita tio n a l 

co lum n h as  been  show n to  be  w e ll su ite d  fo r  p ro d u c in g  s m a ll  am o u n ts  

of h igh ly  e n r ic h e d  g aseo u s iso to p e s . C lu siu s  and  D ickel (CB) re p o r te d  

th e  p a r t ia l  s e p a ra tio n  of th e  iso to p e s  of neon and  of c h lo r in e ; B ra m le y  

and  B re w e r  (BIO), T a y lo r and  G lokk#er(T 2), and W atson (W3) th e  

en ric h m en t of th e  iso to p e s  of c a rb o n , and  o th e rs  (GS), (G9), (Nl), 

re p o r te d  e n r ic h m e n t of iso to p e s  of xenon , m e rc u ry , and  n itro g e n , a l l  

by th e rm o g ra v ita tio n a l m e an s .

N u m ero u s  th e o r ie s  h av e  b een  p ro p o se d  to ex p la in  th e  b eh av io r 

of th e  th e rm o g ra v ita tio n a l co lum n. T h e o re tic a l  p a p e rs  d ea lin g  w ith  

the  s e p a ra tio n  of g a se s  w e re  p u b lish e d  by B ra m le y  and  B re w e r  (B ll), 

C lu siu s  and  D ick el (CIO), F u r r y ,  Jo n e s , and  O n sag e r (F 7), Van d e r  

G rin ten  (G4), and by W aldm ann (Wl) (W2), a ll  s h o r tly  a f te r  th e  th e rm o 

g ra v ita tio n a l co lum n  p ro c e s s  w as d isc lo se d . D ebye (Dl) p re s e n te d  a  

th e o re t ic a l  t r e a tm e n t  of th e  p ro b le m  of s e p a ra tio n s  in  th e  liq u id  p h a se  

in  1939. A d e ta ile d  th e o ry  fo r  g a s  p h a se  s e p a ra tio n s  w as d e s c r ib e d  

in  G e rm an  in  1942 by F le isc h m a n n  and J e n se n  (F 2), and  in  th e  sam e  

y e a r ,  d eG ro o t (G5) p u b lish ed  in  F re n c h  a  v e ry  co m p re h en s iv e  study  

of th e rm a l  d iffu sio n  in  liq u id s  and  s o lid s . T h is s tudy  w as a lso  con

ta in e d  in  d e G ro o t 's  th e s is  (G6) f in ish e d  in  1945. One of th e  m o s t 

su c c e ss fu l t r e a tm e n ts  of co lum n th e o ry  w as p re s e n te d  by  F u r r y ,  Jo n es  

and  O n sa g e r (F7) in  1939, and  th e i r  th e o ry  w ill be  c o n s id e re d  l a t e r  in
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th is  w o rk  w ith  h o r iz o n ta l  b a r r i e r s .  In ad d itio n , Jo n e s  and  F u r r y  (J8) 

p u b lish ed  an  ex ce lle n t re v ie w  of co lum n th e o ry  in  1946.

In th e i r  m o n o g rap h  p u b lish e d  in  1952, G rew  and  Ibbs (G3) c o m p re 

h e n s iv e ly  rev iew ed  th e  th e o ry  and  e x p e r im e n ts  p e r ta in in g  to  th e  s ta t ic  

m e th o d  in  g a se s . T hey  c o n s id e re d  a lso  th e  s ta t ic  e ffec t in  liq u id s  and  

th e  th e rm o g ra v ita tio n a l co lum n. T hey concluded  th a t  the  co lum n th e o ry  

had  no t b een  su ffic ie n tly  p e r fe c te d  su ch  th a t s e p a ra tio n s  o b ta in ed  in  

th e rm o g ra v ita tio n a l co lu m n s could  be  u se d  fo r  th e  fu n d am en ta l s tudy  

of e i th e r  th e  g a se o u s  o r  th e  liq u id  s ta te . A th e o re t ic a l  t r e a tm e n t  th a t 

h a s  been  m ad e  a v a ila b le  re c e n tly  w as w ritte n  by A belson , Ro^'en , and  

H oover (Al) and  d e a ls  w ith  s e p a ra tio n  of iso to p e s  in  liq u id s .

A lthough n u m e ro u s  th e o r ie s  h ave  b een  p u b lish ed , th e  r e s u l ts  

a r e  s u b s ta n tia lly  in  a g re e m e n t and  d if fe r  p r im a r i ly  in  th e  a p p ro ach  

u se d  and  in  th e  d e g re e  o f ap p ro x im a tio n . H ow ever, e x p e r im e n ta l con

f irm a tio n  of the  th e o ry  h a s  no t been  e n tire ly  s a t is fa c to ry , and , in 

g e n e ra l , m e a s u re m e n ts  m ad e  in  th e rm o g ra v ita tio n a l co lum ns a g re e  

on ly  in  o r d e r  of m ag n itu d e  w ith  v a lu e s  c a lc u la te d  f ro m  g as  th e o ry  o r  

o b ta in ed  th ro u g h  s ta t ic  m e a s u re m e n ts .

One m e th o d  th a t h a s  b een  em ployed  to  t e s t  co lum n th e o ry  is  

changing  th e  e ffec tiv e  g ra v ita tio n a l f ie ld  cau s in g  co n vec tive  flow . T h is  

h a s  been  a cc o m p lish e d  in  two d iffe re n t w ays. T il v is  (T5) and F a r b e r  

and  L ibby (F I)  w o rk ed  out m e th o d s  of ro ta tin g  th e i r  co lu m n s, th e re b y
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in c re a s in g  th e  co n v ec tive  flow . C a r r  (CZ) and  P o w e rs  (P3) in c lin ed  

th e i r  co lum ns fro m  v e r t ic a l ,  th u s  a l te r in g  th e  e ffec tiv e  g ra v ita tio n a l 

f ie ld . The la t t e r  type  of in v e s tig a tio n  w as n e c e s s a r i ly  r e s t r i c te d  to  

a  p a r a l le l  •«plate ty p e  a p p a ra tu s .

S u llivan , Rupp e l, and  W illingham  (58) in v e s tig a te d  the 

effec t of ro ta tin g  one w a ll o f a  c o n c e n tr ic -c y lin d e r  th e rm o g ra v ita tio n a l 

co lum n and found th a t th e  h yd rodynam ic  flow  p a t te rn  ob ta ined  in c re a s e d  

th e  s e p a ra tio n  e ffic ien cy  of th e  colum n. H enke and  S tau ffer (H3) ro ta te d  

one cy lin d e r of th e i r  c o n c e n tr ic -c y lin d e r  co lum n in  o r d e r  to  c r e a te  an  

u p w ard  d rag  a t th e  co ld  w a ll and im p ro v e  co lum n effic ien cy . B eam s 

(B4) ob ta ined  a  p a te n t in  1950 on a  th e rm a l  d iffu sio n  d ev ice  w ith  m oving 

w a lls ; a  c i r c u la r  m e ta l l ic  b e lt  fo rm ed  th e  w a lls  of the  co lum n, and  th e  

sp eed  of th e  b e lt c o n tro lle d  th e  ra te  of co n v ec tiv e  flow . A p p a ra tu se s  

of th is  type  have  been  d is c u s s e d  th e p re tic a lly  by N iin i (NZ) and R a m se r

(R l).

T h e re  a r e  m an y  o th e r  fa c e ts  of th e rm a l  d iffu sio n  th a t have  

b een  in v e s tig a te d  e x p e r im e n ta lly  and c o n s id e re d  th e o re tic a lly .

The a p p ro a ch  to  s te a d y -s ta te  in  a  th e rm o g ra v ita tio n a l co lum n 

h as  re c e iv e d  a tten tio n  f ro m  n u m ero u s  in v e s t ig a to r s ,  deG roo t, G o r te r , 

and  H o o g en straa ten  (G7) show ed th a t e x p e r im e n ta l d a ta  on t r a n s ie n t  

co lum n b e h av io r o b ta in ed  w ith  co lum ns of d if fe re n t p la te  spac in g s  

a g re e d  w ith  th e o ry . P o w e rs  (P4) (PS) developed  eq u atio n s  to  c o r r e 

la te  th e  t r a n s ie n t  b e h a v io r of th e rm a l d iffu sion  co lum ns s e p a ra tin g



11

e q u i-m o la l b in a ry  liqu id  m ix tu re s  un d er b a tch  conditions (no flow).

Von H alle  (V3) c o n s id e re d  the a p p ro ach  to s te a d y -s ta te  fo r s e v e ra l  

types of th e rm a l d iffu sio n  co lu m n s, again  fo r the b a tch  c a se .

Hoffm an (H7) p re s e n te d  e x p re s s io n s  fo r  the co n cen tra tio n  in  a  t h e r 

m a l d iffu sion  co lum n a t any  tim e  both  w ith  and w ithout bulk  flow .

P o w e rs  and W ilke (P8) did a r a th e r  com ple te  study  on the 

effec t of flow in a  th e rm o g ra v ita tio n a l colum n. H eines, L a rso n , and 

M artin  (H2) a lso  in v e s tig a te d  co lum n o p e ra tio n  un d er continuous 

flow co n d itio n s , and th e ir  r e s u l ts  a re  in  a g re e m e n t w ith  P o w ers  and 

W ilke. L o n g m ire  (L3) d e sc r ib e d  the continuous th roughput r e c t i f i c a 

tion  of v a r io u s  o rg a n ic  liqu id  m ix tu re s  in  th e rm o g ra v ita tio n a l co lum ns 

and found th a t, in  g e n e ra l, the  o b se rv e d  se p a ra tio n s  w e re  ten  p e rc e n t 

g r e a te r  th an  the th e o ry  p re d ic te d . Jones ( J l)  and Jo n es  and F o re m a n  

(J8) have p u b lish ed  e m p ir ic a l  co nclusions b ased  on ex tensive  e x p e r i

m e n ta l in v e s tig a tio n  of the continuous s e p a ra tio n  of liq u id s . Jones 

and c o -w o rk e rs  have r e c e iv e d  n u m ero u s  p a ten ts  fo r the  continuous 

se p a ra tio n  of liqu ids by  th e rm a l d iffusion  (J2 -5 ). F r a z ie r  (F4)(F5) 

has o b ta ined  a  s e r ie s  of p a ten ts  re la tin g  to novel en d -feed  sy s te m s  

fo r feed ing  a g roup  of th e rm a l d iffusion  co lum ns. In add ition , F r a z ie r  

and c o -w o rk e rs  (F6) (G1) (G2) have done a c o n s id e ra b le  am ount of 

th e o re tic a l  and  e x p e r im e n ta l w o rk  to w ard s  developing the en d -feed  

sy s te m  of co lum ns.



I  1 2
I

O th e r e x p e r im e n ta l w o rk  h a s  been  re p o r te d  and  can  be u sed  

to  e v a lu a te  c e r ta in  a sp e c ts  of co lum n th e o ry . P o w e rs  and  W ilke (P8) 

conducted  s tu d ie s  of co lum n len g th , te m p e ra tu re  d if fe re n c e , and 

p la te  sp ac in g  a s  did  H e in es , L a rs o n , and M a rtin  (H2). Debye and 

B ueche (D4) and  Hi ro ta  and K im u ra  (H5) both  r e p o r t  d a ta  in  su b s ta n 

t ia l  a g re e m e n t w ith  th e  dependence  of p la te  sp ac in g  and  co lum n heigh t 

p re d ic te d  by  th e o ry . D o ch e rty  and  R itch ie  (D5) m ad e  an  ex ten s iv e  

in v e s tig a tio n  of in it ia l  s e p a ra tio n  ra te s  and  th e i r  d a ta  su p p o rt th e  con

c lu s io n  b a se d  on th e  th e o ry  of Debye (Dl) th a t th e  in i t ia l  r a te  of s e p a r a -  

tW u is  independen t of co lum n heigh t. C row nover (C l3) s tu d ied  th e  

e ffec t of co lum n leng th  on th e  b a tch  s e p a ra tio n  and  t r a n s ie n t  b e h av io r 

of a  c o n c e n tr ic -c y lin d e r  co lum n. V ich are  (V2) c o n s id e re d  th e  effec t 

of th e  r a te  and  s iz e  of sam p lin g  on th e  tr a n s ie n t  b e h a v io r of a  colum n 

o p e ra te d  w ith  no bulk  flow .

B ecau se  only one co lum n and flu id  sy s te m  n eed  be  u sed , one 

of th e  m o s t p o p u la r  and  conven ien t m eth o d s fo r  te s t in g  co lum n th e o ry  

h a s  b een  th e  u se  of p r e s s u r e .  M any e x p e r im e n ta l in v e s t ig a to rs  u sing  

p r e s s u r e  (D7) (P2) have b een  ab le  to  c o r r e la te  th e i r  d a ta  by using  

eq u a tio n s  of th e  fo rm  p re d ic te d  by th e  th e o ry . H ow ever, a lthough  the  

th e o ry  s e e m s  ad eq u a te  fo r  co n v ec tive  flow s in  th e  la m in a r  reg io n , it  

fa i ls  w hen th e  convec tive  flow  b eco m es tu rb u le n t. The th e o ry  p r e 

d ic ts  d e c r e a s e d  s e p a ra tio n s  w hen th e  p r e s s u r e  is  in c re a s e d  and 

tu rb u le n c e  o c c u r s ,  but the  s e p a ra tio n s  have been  found e x p e r im e n ta lly
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to  be  eq u a l to  o r  g r e a te r  th an  the s e p a ra tio n s  w hich  w ould be  p re d ic 

te d  a ssu m in g  co n d itio n s  of la m in a r  flow . D ric k a m e r , M ellow , and  

Tung (D7) a tte m p te d  to  acco u n t fo r  an  in c re a s e  in  s e p a ra tio n  w ith  

tu rb u le n c e  by develop ing  a  s e m i-e m p ir ic a l  m o d if ica tio n  of th e  th e o ry . 

B e c k e r  (B5) d is a g re e d  w ith  th e i r  th e o ry  m o d ifica tio n  fo r  u se  a t  low 

co n v ec tio n  r a te s ,  bu t found i t  s a t is fa c to ry  to  c o r r e la te  h is  d a ta  a t 

M gh co n vec tion  r a te s .  In 1953, Hi ro ta  and  K obayash i (H4) p u b lish ed  

d a ta  w hich  w as in  su p p o rt of D rick am er'* s  m o d ifica tio n ; ho w ev er, a s  

p o in ted  ou t by  s e v e r a l  a u th o rs  (P3) (V3), bo th  th e i r  th e o ry  and  u se  

of D r ic k a m e r 's  c o r re la t io n s  a p p e a r  to  be  in  e r r o r .  M ost re c e n tly , 

a  p a p e r  by  Bow rin g  (B7) on th e  s e p a ra tio n  of h e liu m  iso to p e s  p u rp o r ts  

to  su p p o rt D r ic k a m e r 's  e m p ir ic a l  c o r re c t io n s , bu t, a s  n o ted  by Von 

H a lle  (V3), th e  eq u a tio n s  a c tu a lly  u sed  to  c o r r e la te  h is  d a ta  w e re  

th o se  of Hi ro ta  and  K obayash i m en tio n ed  above. T hus, th e  questio n  

of tu rb u le n c e  is  s t i l l  th e  su b jec t of so m e d is c u s s io n  and h as  no t been  

s e tt le d  co m p le te ly .

The e ffec t of tu rb u le n c e  is  no t the  only  p e c u l ia r i ty  in co lum n 

p e rfo rm a n c e  th a t h as  b een  found e^q)erim en ta lly . A s e a r ly  a s  1939, 

B re w e r  and B ra m le y  (B9) (B ll) found th a t th e  p e r fo rm a n c e  of th e i r  

c o n c e n tr ic -c y lin d e r  co lu m n s w as im p ro v ed  w hen s p a c e rs  w e re  in t r o 

d uced  a t  in te rv a ls  in  th e  a n n u la r  sp ace  be tw een  th e  co lum n w a lls . 

B re w e r  and  B ra m le y  concluded  th a t th e  s p a c e r s ,  o r  b a ff le s , enhanced  

th e  s e p a ra tio n  by  inducing  s w ir ls  in  the  g a s , a  co n c lu s io n  w ith  w hich
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Jo n es  and  F u r r y  (J8) d is a g re e d . The w o rk  of D onaldson and  W atson 

(D6) in  1951 su p p o rted  th e  co n ten tio n s  of B re w e r  and  B ra m le y , when 

th ey  re p o r te d  th a t by in s e r t in g  w ire  tu rb u le n c e  p ro m o te r s  a t  five  c e n 

t im e te r  in te rv a ls  a long th e  co lum n leng th , th e  co lum n c h a r a c te r i s t ic s  

w e re  g re a tly  im p ro v ed . T re a c y  and R ich  (T6) (T7) found th a t com pound 

b a ffle s  o f s e v e ra l  t y p e s  gave  a  s ix -fo ld  in c re a s e  in  co lum n effic ien cy .

On th e  o th e r  hand, C o rb e tt and  W atson (Oil) in  1956 ex am in ed  co lum n 

p e rfo rm a n c e  in  th e  la m in a r  and  tu rb u le n t re g io n s  both  w ith  and  w ithout 

s p a c e r s ,  and  no s ig n ific a n t e ffec t w as o b se rv e d , th is  being  a ttr ib u te d  

to c a re fu l c o n s tru c tio n  of th e i r  co lum n. Saxena and  W atson (SI ) u se d  

s p a c e rs  fo r  c e n te rin g  th e  hot w ire  of th e i r  colum n; th e i r  r e s u l ts  su g 

g ested  an  op tim um  sp ac in g  in  th a t a  m ax im u m  s e p a ra tio n  w as ob ta ined  

a t  a  g iven  spac ing  and fe l l  w hen th e  s p a c e r s  w e re  p la c e d  c lo s e r  o r  

f a r th e r  a p a r t .  The a u th o rs  fe lt  th a t th e  s p a c e r s  in c re a s e d  th e  separSf- 

tidh  only  so long a s  th ey  s ig n if ic a n tly  im p ro v ed  th e  c e n te r in g  of th e  

hot w ire ; th e re b y  they  a g re e d  w ith  th e  co n clu sio n  of C o rb e tt and  W atson.

In f u r th e r  a tte m p ts  to  im p ro v e  th e  e ffic ien cy  of co lum n o p e r 

a tion , th e re  have  been  n u m e ro u s  and v a r ie d  m o d if ica tio n s . D ebye (D4) 

p u b lish ed  in  1948 the  r e s u l ts  of e x p e r im e n ts  w ith  p o ly m e r so lu tio n s  

in  w hich  the  a n n u la r  sp ace  of th e  th e rm o g ra v ita tio n a l co lum n w as packed  

w ith  g la s s  wool o r  a  s im i la r  m a te r ia l  to  r e ta r d  file v e r t ic a l  con v ec tiv e  

flow. A p a ten t w as is su e d  to  D ebye on th is  p ro c e s s  in  1951 (D2).

S u llivan , R uppel, and W illingham  (59) did a  m o re  q u an tita tiv e  study
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of colum n p e rfo rm a n c e  w ith v a r io u s  p ack in g s  and  foiihd th a t  the  

o b se rv ed  s e p a ra tio n  in c re a s e d  w ith th e  d en s ity  of th e  pack in g  and 

th a t th e  tim e  re q u ire d  fo r  the  s e p a ra tio n  a lso  in c re a s e d . P a p a y an - 

nopoulos (PI) d e v ise d  a  pack ed  colum n w ith  v a r ia b le  h e a t input 

s im ila r  to  th e  p ack ed  co lum n of Su llivan , R uppel, and  W illingham , 

and c la im ed  th a t i t  a llow ed  u se  of s l i t  w id ths (d is tan ce  be tw een  th e  

w alls) th ir te e n  t im e s  w id e r than  conven tional co lum ns and  th a t i t  

consum ed  o n e - f o r t i^ h  • the  en erg y  p e r  un it p ro d u c t. L o ren z  (L4) 

and L o ren z  and  E m e ry  (L5) developed  equations to  d e s c r ib e  a  th e r -  

m o g ra v ita tio n a l co lum n w ith  p ack ing , and  th e i r  eq u atio n s  show 

in c re a s e d  s e p a ra tio n s  w ith  pack ing , w hich i s  in  a g re e m e n t w ith 

o b se rv a tio n . M o st re c e n tly , B oyer (B8) co m p le ted  a  th e o re t ic a l  and 

e x p e r im en ta l in v e s tig a tio n  of v e r t ic a l  b a r r i e r s  in  a  p a ra l le l -p la te  

th e rm a l d iffu sion  co lum n, and h is  e x p e r im e n ta l r e s u l ts  a r e  in  a g r e e 

m en t w ith  h is  th e o ry .



CH A PTER  III

TH EO RETIC A L ANALYSES

As m en tio n ed  p re v io u s ly  in  C h ap te r II, F u r r y ,  Jo n e s , and 

O n sag e r (F7) have  dev elo p ed  a  r a th e r  su c c e ss fu l th e o ry  to  exp lain  

the  p e rfo rm a n c e  of a  th e  rm o g  ra v ita tio n a l th e rm a l d iffu sio n  colum n 

w ith  no o b jec ts  in  the  s e p a ra tio n  sp ace  (an "open" colum n); the  

f i r s t  p a r t  of th is  c h a p te r  on T h e o re tic a l A n a ly sés  is  c o n ce rn e d  w ith 

a  rev iew  of th is  con v en tio n al th e o ry  w ithout b a r r i e r s .  It is  then  

no ted  th a t, a lthough  th e  conven tional th e o ry  does not p r e d ic t  an  in 

c re a s e  in  th e  s te a d y -s ta te  b a tch  s e p a ra tio n  w hen h o r iz o n ta l b a r r i e r s  

a r e  p laced  in  the  s e p a ra tio n  sp ac e , i t  w as found e x p e r im e n ta lly  th a t 

such  an  in c re a s e  does o c c u r . An ex p o s t fac to  lin e  of re a so n in g  is  

then  u tiliz e d  to  develop a  m o d ified  th e o ry  to  ex p la in  th is  a p p a re n t 

d isc re p a n c y  w ith  th e  conventional th e o ry  fo r  th e  b a tch  c a s e . The 

m odified  th e o ry  is  then  expanded  to in c lude  th e  t r a n s ie n t  c a se  and 

the  continuous flow c a se .

C onventional T h eo ry  fo r  th e  Open C olum n 

In g e n e ra l , a  te m p e ra tu re  g ra d ie n t ap p lied  to  a  so lu tio n  in

16
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a the  rm og  ra v ita tio n a l th e rm a l d iffu sion  co lum n b r in g s  about two 

e ffec ts: (1) a flux  of one com ponent of the  so lu tio n  re la t iv e  to the  

o th e r  b ro u g h t about by th e rm a l  d iffu sio n  (See F ig u re  1. ), and (2) 

convec tive  c u r r e n ts  p ro d u c e d  by d e n s ity  d iffe re n c e s  in  the  so lu tio n  

n e a r  the  hot and co ld  p la te s . The n e t r e s u l t  of the  two e ffe c ts  is  to 

p ro d u ce  a c o n c e n tra tio n  d iffe ren c e  betw een  the  two ends of the  

colum n. T his c o n c e n tra tio n  g ra d ie n t, in  con junction  w ith  th e  a f o r e 

m en tioned  co n vec tion  c u r r e n ts ,  l im its  the  sep a ra tio n . (The s e p a 

ra tio n  is  defined  a s  the  c o n ce n tra tio n  d iffe re n c e  betw een  m a te r ia ls  

a t the  top and bo tto m  of the  colum n. )

M a th e m a tic a l D evelopm ent

In a b in a ry  so lu tio n  of com ponen ts  1 and 2, the  flu x es  of 

com ponent 1 due to  o rd in a ry  and th e rm a l  d iffu sion  re s p e c tiv e ly

a re :

J  = - D ^x - O D  8  X  (III-l)

8 Cl
■^y-OD " 8 y ( I I I -2)

T _ a  D c  c  dT
x - T D  " ~ T  n ^ 2 d x  (III-3)

w here

Jx  Q g  is  the  flux  of com ponent 1 in  th e  x -d ir e c t io n  
due to o rd in a ry  d iffu sion ,

Jy  Q jj the  flux  of com ponent 1 in  the  y -d ire c t io n  due 
to  o rd in a ry  d iffusion .



F ig u re  1

S ch em atic  D iag ram  of a  C enterm F eed , C ontinuous -  F low  
T he rm o g  ra v ita tio n a l Colum n

O
a .

oo

J x- t S

+ L

'X-OD

g

“10

>

Ü
I

+ u >

-L

ENRICHING
SECTION

X

S T R IP P IN G
SECTION

Cs.oS

18



19

D, th e  o rd in a ry  d iffusion  coeffic ien t,

J ^ -T D , th e  flux  of com ponent 1 in  the  x -d ir e c t io n  due to
th e rm a l  d iffusion ,

a , th e  th e rm a l d iffusion  coeffic ien t,

T , th e  ab so lu te  te m p e ra tu re ,

C]̂ , C2 , th e  f r a c tio n s  of com ponents 1 and 2 r e s p e c 
tiv e ly ,

X , th e  a x is  n o rm a l to  the  p la te s , and

y, th e  a x is  p a ra l le l  to  th e  p la te s  in  th e  d ire c tio n  of
n o rm a l convective  flow.

It h a s  been  a s su m e d  im p lic itly  th a t v a r ia tio n s  in th e  d ire c tio n  n o rm a l

to  th e  x -y  p lan e  can  be n eg lec ted .

Now define  v(x) a s  a  function  th a t r e p re s e n ts  th e  convec tive  

v e lo c ity  betw een  th e  p la te s . A p a r t ia l  d if fe re n tia l equation  can be 

ob ta ined  by com bin ing  E quations (III-l), (III-2), and ( I II-3) w ith  the  

above d efin ition  fo r  the  convective  velocity ; the  re su ltin g  equation  

w ill d e s c r ib e  the  f ra c tio n , C, in  th e  co lum n as  a function  of the  

t im e , t, and  th e  c o o rd in a te s  x and y. The equation  can be s im p lif ie d  

c o n s id e ra b ly  by a ssu m in g  th a t a and D a re  c o n s tan ts , th a t a  m ean  

te m p e ra tu re  le v e l, T, can  be used , th a t the  convec tive  v e lo c ity  fu n c 

tio n , v(x), is  not a  func tion  of y, and th a t end e ffec ts  a r e  n eg lig ib le . 

E quation  (III-4) is  th e  equation  ob ta ined  fro m  E qua tio n s  (III-l) , ( I I I-2), 

and ( I II-3) by app ly ing  th e  above a ssu m p tio n s  and the  cond ition  of 

continuity :
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9 Cl = D (9%1 + 9^C l ) -  g D dT 9 (C^C^) -  v(x) 9Cl
9 1 9 9 y2 T  dx 9 X 9 y

(III-4)

E quation  (III-4) is  a  p a r t ia l  d iffe re n tia l equation  of second 

o rd e r  in  x  and y. F u r r y ,  Jo n e s , and O n sag e r (F7) have shown how 

an  o rd in a ry ^  d if fe re n tia l  equation  of f i r s t  o r d e r  in  y and w ith con

s tan t co effic ien ts  can  be ob tained; the  f i r s t  o rd e r ,  o rd in a ry  d if fe re n 

t ia l  equation  th a t r e s u l ts  h as  becom e known a s  th e  t r a n s p o r t  e q u a tio n , 

E quation  (III-4) is  f i r s t  s im p lif ie d  by a ssu m in g  th a t s te a d y -s ta te  con 

ditions e x is t ( 90]^ /9 1  = 0) and  by a ssu m in g  th a t the  v e r t ic a l  d iffu sion  

te rm  (D 9 ^ C j/9 y ^ ) is  n eg lig ib le  in  c o m p ariso n  to  the  m a ss  flow  te r m  

[v(x) 9C%/9 yj. By f u r th e r  r e s tr ic t in g  the  so lu tion  to  cond itions of 

la m in a r  flow, th e  te m p e ra tu re  g rad ien t d T /d x  can  be re p la c e d  by 

AT/2W w h ere  AT is  th e  te m p e ra tu re  d iffe ren c e  and 2 w the  d is ta n ce  

betw een th e  p la te s .  With th e  above a ssu m p tio n s . E quation  (III-4) 

re d u c es  to

D 9^Ci -  _ 9 _  (C C ) -  v(x) _9Ç% = o
9 x2 T 2 w 9 X 9 y

(III-5)

Since th e re  is  no accu m u la tio n  of m a s s  a t the  p la te s  (x ), 

the  m a ss  t r a n s f e r r e d  in  (o r  out) by o rd in a ry  d iffu sion  m u s t equal th e  

m a s s  t r a n s f e r r e d  out (o r  in) by th e rm a l d iffu sion , and th is  g ives two 

boundary  cond itions w hich E quation  (III-5) m u s t s a tis fy

D 9 Cl - _u_D AT Cl Cy = 0  x  = ^ w
I T  I T  “ (III-6)
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E quation  (III-5) m u s t a lso  s a t is fy  a  m a te r ia l  b a lan c e  m ad e  a ro u n d

e i th e r  end of th e  co lum n, and  th is  g iv es  a  th i r d  b o u n d ary  condition

(fo r th e  e n ric h in g  s e c t io n - - s e e  F ig u re  1)

+w +w

0^ Ce = P Be /  C j y(x)dx - p Bg D /  8 ^1 dx
-oj -w 9 y

(III-7)

w h e re  th e  s u b sc r ip t  e d e s ig n a te s  th e  e n ric h in g  se c tio n  of th e  co lum n 

and w h e re

(Tq is  the  m a s s  flow  ra te  out of the  e n ric h in g  sec tio n .

Ce, th e  f ra c tio n  of com ponent 1 in  the  en ric h in g  sec tio n  
p ro d u c t s tre a m ,

Bg, th e  co lum n w idth  in  the  en rich in g  se c tio n , and

p , a  m e an  d en sity

A s im ila r  e x p re s s io n  can  be w ritte n  fo r  th e  s tr ip p in g  sec tio n  

of th e  co lum n

+Ü) +Ü)
-  0-g Cg = p Bg /  v(x)dx -  P Bg D ^ 8 ^  dx

8y
jC ,
£«•(a) —W

( I I I - 8 )

In te g ra tio n  of E quation  (I II-5) w ith  r e s p e c t  to  x  y ie ld s

D  8C i _ aD  AT Cj C£ - /  v(x) 8^1 dx = f(y)
8 X  T  2cj 8 y

■“  (III-9)

F ro m  the  b o u ndary  condition  g iven by E quation  (III-6) a t  x  = -o>, it 

is  found th a t th e  co n stan t of in te g ra tio n  f(y) = 0, and  re w ritin g  

E quation  (I II-9) y ie ld s
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_§2l  = _ 2 _  A T c ,  C , + 1 r v(x) 9 Cl dx 
9 X T 2 w ^  D ’' 9 y

(III-IO)

In o rd e r  to  s a tis fy  the  co n d itio n s  a t  x  = +u), th e  follow ing re la tio n  

m u s t hold

+ 'o )

I  v(x) ^ dx = 0 
-Î0 9 y

( i n - 11)

M o re o v e r , i f  it  is  a s su m e d  th a t  9C ^/9y is  independen t of x , E quation  

(111-11) can be s a tis f ie d  only if

+w
/  V (x) dx = 0 

-w  (111-12)

T hat is , i t  can  be s a tis f ie d  only  fo r  cond itions of no bulk flow o r  

b a tc h  co lum n o p e ra tio n .

In te g ra tio n  of th e  seco n d  te r m  of E quation  (111-7) w ith 

r e s p e c t  to the  v a r ia b le  x  y ie ld s

+C0 + W  X

e ^ e  ~ ^ ^ e   ̂ ^1 f  v(x)dx  ̂ - p f  9 Cj j- /  v(x)dx jd x
-u) -w 9 X -'dû

+iO
- p B^D /  9 Cl dx

-'dj 9 y
(111-13)

S ubstitu ting  in  E quation  (111-13) th e  e x p re s s io n  fo r 9C ^/9x ob tained  

in  E quation  (111-10) and a ssu m in g  th a t is  not a  function  of x  (as

w ell a s  dC^ l dy  independen t o f x):
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(Tft Cfi - C] 0-p - C1C 7 a. p B e  AT p  I \  v(x)dx  ] dx
T  2 «

+ w ^  

J -W
-w

+

a c i  r p

X  “

r P B e  p  { Cv(x)dx)^ dx + P D  \  dx
 ̂ D j  J8 y

-w (m-14)

w h e re  s u p e r -b a r s  in d ic a te  m ean  v a lu e s . 

Now defin ing

A +  “  XH  _ -  u p  B  A T- r  -  X p
■’7  2 ^  J  [ \ v (x)dx  ] dx

— W —CO

+C0 X  2

Kg = P B ^  ^  v{x)dx ] dx

Kjj 5 P B D ( dxJ
and

K = Kg + K j

(III-15)

-W '■CJ (III-I6)

+C0

(III-18)
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E quation  (III-14) can  be w ritte n

O'e (Ce -  Cj) -  C1C2 Hg -  (k  + K j  )
a y  ‘'e  (III_19)

o r ,  u tiliz in g  E quation  (111-18)

a i rITe(C, - Cl) = C1C2 He - 2^  k 
d y  ®

(111- 20 )

An ad d itio n a l te r m , Kp, is  so m e tim e s  in c lu d ed  in  E quation  

(111-18) in  an  a tte m p t to  acco u n t fo r  the  e ffec ts  of p a r a s i t i c  rem ix in g  

in  a  colum n. U nfo rtunate ly , Kp can only  be e v a lu a ted  e m p ir ic a lly , 

but the  w ork  of p re v io u s  in v e s t ig a to rs  (B8) (P3) fo r  th e  sam e  b in a ry  

sy s te m , e thy l a lc o h o l-w a te r , h as  shown th a t Kp is  n eg lig ib le  in  co m 

p a r is o n  to  Kg fo r  th e  co lum n d im en sio n s  and  te m p e ra tu re s  u se d  in  

th is  w ork  w ith  h o r iz o n ta l b a r r i e r s .  T h e re fo re , Kp w ill  be  a ssu m e d  

n eg lig ib le  th ro u g h o u t th is  w ork .

It w ill be shown in  su b seq u en t se c tio n s  of th is  c h a p te r  how 

E quation  (111-20) can  be u ti l iz e d  fo r  s e v e ra l  d iffe re n t c a s e s  of co lum n 

o p e ra tio n . F i r s t ,  ho w ev er, th e  ev a lua tion  of th e  c o n s ta n ts  H and K 

w ill be  co n s id e re d .

E v a lu a tio n  of the  C o n stan ts  H and  K fo r  the  B a tch  C ase  

Upon ex am in a tio n  of E quations (111-15) and (111-16), i t  can be 

seen  th a t th e  p ro b le m  of ev a lu a tin g  the  c o n s ta n ts  H and  Kg b eco m es 

p r im a r i ly  one of ob ta in ing  an  e x p re ss io n  fo r  th e  v e lo c ity  d is tr ib u tio n .
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v(x). The N a v ie r-S to k e s  eq u atio n  is  th e  u su a l co n v en ien t s ta r t in g  

p o in t f o r  th e  d e r iv a tio n  of th e  v e lo c ity  d is tr ib u tio n , an d  w ith  s u i t 

a b le  b o u n d ary  cond itions th e  eq u atio n  y ie ld s

“ ^  + JL  fL Y i^L  -R_g_ = 0
dy gg dx^ gc

R ew ritin g  E quation  (111-21) y ie ld s

d^v(x)
“dâ?

dP
dy

=  0

D iffe re n tia tin g  E quation  (111-22) w ith  re s p e c t  to  x  g iv e s

d^v(x)
dx3

_g_ JB. -  -Ë_ (ÉE) = 0
q 9x T| 8x dy

Now

9P = 9P dT ap dCi
9x 9T dx 9Ci dx

(111- 21)

(111- 22 )

(111-23)

(111-24)

The en c lo sed  te r m  above is  th e  s o -c a l le d  " fo rg o tte n  e ffe c t, " 

o r  e ffec t of c o n ce n tra tio n  on th e  d e n s ity  g ra d ie n t. N u m ero u s  a u th o rs  

(B8) (L3) (P3) (V3) have  p o in te d  out th a t n eg lec tin g  th is  t e r m  is  no t 

a lw ay s a  good a p p ro x im a tio n  and  can  le a d  to  a p p re c ia b le  e r r o r ,  p a r 

t ic u la r ly  in  c a s e s  of la rg e  p la te  sp ac in g  s. d eG ro o t (G7) d e te rm in e d  

a  m e a n  v a lu e  of 9C i/ 9x  to  u se  in  E q uation  (111-24):

0. 3 a  a t  __

(111-25)

9 Cl 
9x T  ( 2“ )
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A lthough E quation  (III-25) can  be u se d  to  im p ro v e  th e  in te r"  

p re ta tio n  of co lum n d a ta  in  som e c a s e s , u se  of E q u a tio n s  (1II"24) and 

(111-25) show s th a t th e  fo rg o tten  e ffec t can  be n e g le c te d  fo r  th e  b in a ry  

sy s te m  and colum n co nd itions c o n s id e re d  in  th is  w ork:

(III-24)

(III-26)

9P _ 8P dT + ^  dCi 
9x 9T dx  9C^ dx

= (7 .8  X  10~^ g r ^  ) ( 26. 7°C  ) + 1300 x  10“^ 
cm ^ -"K  . 0792cm

X (0. 3)(0.51)(g6. 7) 
(322) (0 .0792)

= (7. 8 X 10“^̂ ) (337) + (1300 x  10“^) ( 0 .16)

T hus, the  co n trib u tio n  by th e  te m p e ra tu re  e ffec t to9p  /9 x  is  m o re  

th an  tw elve  tim e s  g r e a te r  than  th e  co n trib u tio n  by the  fo rg o tten  

effect.

T h e re fo re , n eg lec tin g  th e  e n c lo sed  te rm  in  E q u a tio n  (111-24) 

and defining

P ? == -
9 T

(III-27)

dT _ AT
dx 2 CÜ

(III-28)

E quation  (111-24) b eco m es
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" ’ ^ T

(H I-29)

E q u a tio n  (H I-23) can  now be w ritte n  (s in ce  d P /d y  is  no t a  func tion  

of x)

d^v(x) + ^ T g A T  
dx3 2 o)Ti

(H I-30)

E q u a tio n  (H I-30) is  re a d ily  in te g ra te d  and  the  c o n sta n ts  

of in te g ra tio n  e v a lu a te d  th ro u g h  u se  of th e  b o u ndary  cond itions 

v(x) = - 0  a t  X  =  +  w

(H I-31)

v(x) = 0 a t  X  =  -  w

(H I-32)

and a s  b e fo re

+Ü)
V (x) d X = 0

-w
(HI-12)

F ro m  the  ab o v e , one a r r iv e s  a t E quation  (H I-33):

(H I-33)

If th e  e x p re s s io n  fo r  the  v e lo c ity  d is tr ib u tio n . E quation  (IH -33), 

is  su b s titu te d  in  E q u a tio n s  (HI-15) and (H I-16) and  th e  in te g ra tio n s
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c a r r ie d  out, th e  re su ltin g  e x p re s s io n s  fo r  H and a r e

P ® (2«)^ B (AT)2 
6*. T| T

K = (2 u)’  B (iT)^

(I II-34)

 9% b  nZ-

F in a lly , in te g ra tio n  of E quation  (III-17) y ie ld s

K , = 2 wpB D a

(I I I -35)

(I II-36)

E v a lu a tio n  of the  C o n stan ts  H and K fo r  the 
C ontinuous F low  C ase

F o r  m a s s  flow  th ro u g h  th e  co lum n, in  g e n e ra l, the  e x p re s 

s ions fo r  H and  K fro m  the  b a tch  c a se  a r e  u sed  even  though  the  a s 

sum ed  v e lo c ity  d is tr ib u tio n , v(x), is  d is to r te d  by  th e  ad d itio n  of 

bulk flow . T h is  is  th e  m o s t com m on m ethod  of hand ling  th e  flow 

c a se  and  h as  been  su c c e ss fu l in  m any  in s ta n c e s .

T h e re  have been  som e a tte m p ts  to  d e r iv e  an  e x p re ss io n  

fo r  th e  v e lo c ity  d is tr ib u tio n , v(x), fo r  the  flow  c a se  and  su b seq u en tly  

to in te g ra te  th is  new v e lo c ity  d is tr ib u tio n  in  E q u ations (III-I5) and 

(III-I6) in  o rd e r  to  a r r iv e  a t  e x p re s s io n s  fo r  H and Kg fo r  th e  c ase  

of flow . H ow ever, in  doing so , an  in co m p a tab ility  w ith  an  e a r l i e r  

a ssu m p tio n  is  m e t, nam ely , th a t ^ C i /9 y is  independen t of x  [in  

E q u ations (III-I2) and (III-I4)] ,and  th e  re su ltin g  e x p re s s io n s  fo r  H 

and X a r e  in v a lid .
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In. an  a tte m p t to  avo id  th is  d iff icu lty . P o w e rs  (P3) a s s u m e d  

th a t B C i / d y  w as no t independen t o f x  bu t v a r ie d  lin e a r ly ; th a t i s ,

= ( 1 + -y x) f  (y)d y

(111-37)

T h is  a ssu m p tio n  m ad e  i t  p o s s ib le  to  in c lu d e  a  bulk  flow ra te  te r m

in  th e  v e lo c ity  d is tr ib u tio n  and  hen ce  to  im p ro v e  on th e  eq u a tio n s

fo r  th e  con tinuous flow  c a s e . H ow ever, a s  po in ted  out by  H offm an

(H7), th is  a ssu m p tio n  is  no t e n tir e ly  s a t is fa c to ry  in  th a t i t  f a i ls  to

sa t is fy  th e  cond ition

9 / ®^1\ - _ +■js—  (-=---- ) -  0 a t  X = “ wO x o y

(111-38)

H offm an s ta te d  th a t th e  func tion  re p re se n tin g  0 C j/ 8y canno t be  a  

p o ly n o m ia l of f in ite  len g th , n o r  can  i t  be  a  co n stan t. H offm an d id  

not p r e s e n t  an  e x p re s s io n  fo r  ^C \/d  y  bu t a ssu m e d  th a t su ch  a  fu n c 

tio n  w ould be  of th e  fo rm

(111-39)

A p p lica tion  of th e  T ra n s p o r t  E quation  

S tead y -S ta te  B atch  C ase  

F o r  th e  c a se  w ith  no bu lk  flow  th ro u g h  the  co lum n, (O'@=0), 

E quation  (111-20) b eco m es
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9 y

(111-40)

Now if  on ly  c o n c e n tra te d  so lu tio n s  a r e  c o n s id e re d  (0. 3<C]5 0 .7  

w eigh t f ra c tio n ) . E q u a tio n  (III-40) can  be s im p lif ie d  by  a ssu m in g

th a t C%C2= 0. 25, and th e  re su ltin g  e x p re s s io n  can  be in te g ra te d  to 

g ive

e

(III-41)

E q u a tio n  (III-41) th en  g iv es  the  s e p a ra t io n , A@, fo r  th e  en rich in g  

s e c tio n  of a  co lum n. A s im ila r  e x p re s s io n  is  found fo r  the  s t r i p 

ping  sec tio n  of th e  co lum n, and  th e  to ta l  s te a d y -s ta te  b a tch  s e p a r a 

tio n , Aq, is  th en

Ao = Ae + Ag
(III-42)

HL 
Ao = 4K

(IIX-43)

w h e re  th e  s u b s c r ip t  in d ic a te s  th e  a b se n c e  of bulk  flow , and L is  the  

to ta l  co lum n len g th  (L = Lg + Lg). In E q u a tio n  (111-43) it h as  been  

a s s u m e d  th a t  H = Hg = Hg and K = Kg = Kg.

The u ltim a te , s te a d y -s ta te  b a tc h  s e p a ra tio n  in  a  th e rm o -  

g ra v ita tio n a l th e rm a l  d iffu sio n  co lum n  depends on th e  quo tien t of
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two v e lo c itie s : th e  v e lo c ity  in  th e  v e r t ic a l  d ire c tio n  b ro u g h t ab o u t 

by  th e  in te rn a l  co n v ec tive  c irc u la t io n , and th e  v e lo c ity  o f a  g iven  

m o le c u le  in  th e  h o r iz o n ta l d ire c t io n  re su ltin g  fro m  th e rm a l  d iffu 

sion . T he in s e r t io n  of h o r iz o n ta l  b a r r i e r s  in to  th e  s e p a ra tio n  sp ac e  

should  no t a ffe c t th e  v e lo c ity  in  th e  v e r t ic a l  d ire c tio n  s in c e  th e  in 

te rn a l  c irc u la t io n  (o r  ve lo c ity ) i s  independent of co lum n len g th  (See 

E q u a tio n s  ( I I I -33) and  (111-44). ), and  s im ila r ly  th e  v e lo c ity  in  th e  

h o r iz o n ta l d ire c tio n  should  no t be  a ffec ted  excep t in  th e  im m e d ia te  

re g io n  a ro u n d  each  b a r r i e r .  T h e re fo re , a s  a  f i r s t  a p p ro x im a tio n , 

one w ould p re d ic t  f ro m  co n v en tio n a l th e o ry  th a t th e  ad d itio n  of h o r i 

zo n ta l b a r r i e r s  in  th e  s e p a ra t io n  sp ac e  should , a t  b e s t ,  no t a ffe c t 

th e  b a tch  s te a d y -s ta te  s e p a ra tio n . If an  e ffec tiv e  len g th  is  c o n s id e re d , 

th en  th e  b a r r i e r s  w ould ten d  to  re d u c e  the  b a tch  se p a ra tio n .

H ow ever, n u m e ro u s  e x p e r im e n ta l ru n s  w ith  b a r r i e r s  show ed 

th a t th e  u se  of h o r iz o n ta l b a r r i e r s  in  a  colum n s ig n ific a n tly  in c re a s e d  

th e  b a tch  s te a d y -s ta te  s e p a ra tio n  o v e r  the  b a tch  s e p a ra tio n  in  th e  

sam e  co lum n w ith  no b a r r i e r s .  (See F ig u re  23. ) In ad d itio n , T re a c y  

and  R ich  (T6) (T7) have  done e3q>erim ental w ork  w ith  h o r iz o n ta l 

b a r r i e r s  in  a  c o n c e n tr ic -c y lin d e r  colum n fo r  th e  s e p a ra tio n  of a  

g a se o u s  m ix tu re  of n itro g e n  and  m eth an e . T h e ir  d a ta  a ls o  show in 

c re a s e d  s te a d y -  s ta te  b a tch  s e p a ra tio n s  when b a r r i e r s  a r e  in tro d u ced  

in to  th e  s e p a ra tio n  sp ac e . (T he d a ta  o f T re a c y  and  R ich  a r e  p r e s e n 

te d  and  d is c u s s e d  in  A ppendix  F . ) T hus, a  type  of ex p o s t fac to
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re a so n in g  m u s t be  u ti l iz e d  in  o rd e r  to  ex p la in  th is  a p p a re n t co n flic t 

w ith  conven tional th e o ry .

As p o in ted  out p re v io u s ly , th e  s te a d y -s ta te  b a tch  s e p a r a 

tio n  depends on th e  q u o tien t of two v e lo c itie s : th e  v e lo c ity  in  th e  

v e r t ic a l  d ire c tio n  b ro u g h t about by the  in te rn a l  c irc u la t io n , and  th e  

v e lo c ity  of a  g iven  m o le c u le  in  the  h o riz o n ta l d ire c tio n  re su ltin g  

fro m  th e rm a l d iffu sio n . Now if  the  m ag n itu d e  of th e  co n v ec tive  

v e lo c ity  w e re  re d u c e d  re la tiv e  to  the  h o r iz o n ta l flux , the  h o riz o n ta l 

flux  w ould beco m e m o re  im p o rtan t and co n seq u en tly  in c re a s e  the  

s e p a ra tio n  u n d e r b a tc h  cond itions. In v iew  of th is  and the  e x p e r im e n 

ta l r e s u l ts  w ith  h o r iz o n ta l b a r r i e r s ,  a  m odel is  su g g es ted  to  exp lain  

the  in c re a s e d  b a tch  s e p a ra tio n s  when h o r iz o n ta l b a r r i e r s  a r e  in t r o 

duced in to  the  s e p a ra t io n  space .

F ig u re  2 show s th e  p ro p o sed  m o d e l fo r  a  co lum n w ith  fo u r 

e q u a lly -sp a c e d  h o r iz o n ta l  b a r r i e r s .  The c irc u la t io n s  in  each  of the  

five sec tio n s  of th e  co lum n (num bered  1 th ro u g h  5 in  th e  F ig u re )  a r e  

equal, bu t a r e  so m ew h at s m a l le r  than  th e  f r e e  c irc u la t io n  in  th e  

open colum n (open co lum n m ean ing  no o b je c ts  in  th e  s e p a ra tio n  sp ace). 

The red u ced  c irc u la t io n  can  be exp la ined  by a  " tu rn -a ro u n d "  effec t 

a t th e  ends of each  of th e  five  sm a ll sec tio n s  show n in  F ig u re  2,

At the  ends, p a r t  of th e  c irc u la tin g  flu id  flow s p a s t  th e  b a r r i e r s  

w h e re a s  the  m a jo r i ty  of the  flu id  is  " tu rn e d  a ro u n d "  and  flow s back  

th e  opposite  s id e  of th e  co lum n. D uring th is  tu rn  a ro u n d , th e re  is  a
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P ro p o se d  M odel fo r  a  C olum n w ith  H o riz o n ta l 
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s m a ll  lo s s  of m o m en tu m , and  th e  m agn itude  of th e  c irc u la t io n  is  

re d u c ed  s lig h tly . The r e la t iv e  am ount of flu id  th a t flow s p a s t  the  

b a r r i e r s  is  thought to  b e  dependen t on th e  b a r r i e r  d ia m e te r  to  

p la te  sp ac in g  ra tio  and  a ls o  p ro p o r tio n a l to  th e  m ag n itu d e  of th e  

in te rn a l  c irc u la t io n . T h is  flow  p a s t  th e  b a r r i e r s  w ill be d is c u s s e d  

in  m o re  d e ta i l  l a t e r  in  th is  c h a p te r .

W ith th e  above m o d e l, E quation  (111-33) can  be  m o d ified  

to  acco u n t fo r  th e  in tro d u c tio n  of h o riz o n ta l b a r r i e r s :

No B a r r ie r s :  v(x) =^ T  ^  ̂ ^̂ 3 „ ^2%)
12 «  T)

N B a r r ie r s :  v(x) =-^ T  6 . 3 ^ ^2%) 1
12 w q " (1 + bN)

(111-33)

(III-44)

w h ere

N is  th e  n u m b e r of h o r iz o n ta l b a r r i e r s ,  and 

b is  an  e m p ir ic a l  co n stan t.

The above m o d ifica tio n  fo llow s fro m  th e  fa c t th a t the  m o m en tu m  

lo s s  should  be p ro p o r tio n a l to  th e  n u m b er of b a r r i e r s ,  and  hence  

th e  co n v ec tive  v e lo c ity  in v e r s e ly  p ro p o r tio n a l to  the  n u m b e r of 

b a r r i e r s .

Now if  th e  v e lo c ity  d is tr ib u tio n  g iven  by E q u a tio n  (111-44) 

is  su b s titu te d  in  E q u a tio n s  (111-15) and (III-16) and  th e  in te g ra tio n s
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N N N N c a r r ie d  out, th e  re s u lt in g  e x p re s s io n s  fo r  IT and Kc , and  K

a r e

= a g (2w)^B(AT)2

6 1 T T  (1 + bN)

(111-45)

K c  = P iW  B (AT)Z 
9 '.  D Ti-i (1 + bN )^

K j  = 2 fa) p B D

(111-46)

(III-47)

= Kc + K j

w h e re  th e  re m ix in g  t e r m ,  Kp, h a s  ag a in  b een  n eg lec ted .

(III-48)

F in a lly , re c a ll in g  E quation  (III-43), and  a ssu m in g  th a t 

and  K ^  a r e  th e  s a m e  f o r  each  of th e  (N + 1) sm a ll co lu m n s, the  

e x p re s s io n  fo r  th e  s te a d y - s ta te  b a tch  s e p a ra tio n  w ith  N h o r iz o n ta l 

b a r r i e r s  is

Aq = H ^ L
4 1 ^

(III-49)

w h e re  th e  s u p e r s c r ip t  in d ic a te s  th e  n u m b e r of h o riz o n ta l b a r r i e r s  

in  the  s e p a ra tio n  sp a c e , th e  s u b s c r ip t  in d ic a te s  th e  bulk flow  ra te  

a s  b e fo re , and  L  i s  th e  to ta l  co lum n leng th .
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N
A quick  ca lcu la tio n  show s th a t K j  is  n eg lig ib le  in  con>- 

Np a r is o n  to  Kg f o r  th e  co lum n d im en s io n s  and  sy s te m  being con

s id e re d  in  th is  w ork:

= 2 wp B D

= (. 0792 cm ) (. 912 g ra m  ) (9. 21 cm )
cm ^

(1. 07 X 10 ^ cm ^ ) (60 sec  ) 
s e c  m in

(III-47)

= . 00043 g ra m -c m  
^  m in

Since v a lu es  of Kg a r e  in  th e  ra n g e  f ro m  one to  te n  fo r  th is  w ork  

w ith  b a r r i e r s ,  i t  is  a p p a re n t th a t K ^  can  be n eg lec ted . T h e re fo re , 

E quation  (III-49) can  be w ritte n  s im p ly

(111-50)

S ubstitu ting  fo r  th e  H and  K*s in  E quations (III-43) and 

(III-50) y ie ld s

(No B a r r ie r s )  = 126 D ti L
g (2 w)4 T 

^ (III-51)

and

(N B a r r ie r s )  = 126* D r\ L  (1 + bN )
Pt  g (2 w)4 (III-52)
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H ow ever, one a d d itio n a l e ffec t, a  len g th  c o r re c t io n , m u s t 

be in c lu d ed  in  E quation  (III-52) b e fo re  a  s a t i s f a c to ry  e x p re s s io n  

fo r  th e  ra t io  of th e  b a tc h  s e p a ra tio n s  can  be o b ta in ed . T he b a r r i e r s  

c r e a te  a  zone of e s s e n t ia l ly  c o n s ta n t te m p e ra tu re  b e tw een  th e  p la te s . 

T h is  i s  b e ca u se  th e  s ta in le s s  s te e l  b a r r i e r s  have  a  m u ch  h ig h e r  t h e r 

m a l co n d u ctiv ity  th an  th a t o f th e  su rro u n d in g  a lc o h o l-w a te r  so lu tion  

(by a  f a c to r  of about fo r ty ) . T h is  a r e a  of c o n s ta n t te m p e ra tu re  

d is tu rb s  th e  l in e a r  te m p e ra tu re  g ra d ie n t be tw een  th e  p la te s  and  

re d u c e s  the  s e p a ra tio n  in  th e  reg io n  of d is tu rb a n c e . In ad d itio n , 

th e  " tu rn -a ro u n d "  e ffec t m en tio n ed  p re v io u s ly  n e c e s s i ta te s  s t i l l  

a n o th e r  len g th  c o r re c t io n . T h is  c o r re c t io n  a r i s e s  f ro m  th e  fa c t 

th a t a  f in ite  len g th  i s  n eed ed  fo r  th e  v e lo c ity  d is tr ib u tio n  to  be r e 

e s ta b lis h e d  a s  p a r t  of th e  f lu id  flow ing by  co n vec tion  r e v e r s e s  i ts  

d ire c tio n  of flow . T hat i s ,  in  each  of th e  (N + 1) s m a ll  co lum ns 

c r e a te d  by  th e  N b a r r i e r s ,  (See F ig u re  2.) th e r e  is  a  co n v ec tiv e  flow  

of f lu id , up a t  the  hot p la te  and  down a t  th e  co ld  p la te . N e a r  th e  top 

and  b o tto m  of each  s m a ll  co lum n, a  p o rtio n  of th e  co n v ec tiv e  s t r e a m  

r e v e r s e s  i t s  d ire c tio n  of flow: p a r t  of th e  s t r e a m  m oving  upw ard s  

a t  th e  ho t p la te  r e v e r s e s  d ire c tio n  and m o v es  dow nw ards a t the  

co ld  p la te , and  v ic e - v e r s a .  (R eca ll th a t p a r t  of th e  co n v ec tive  

s t r e a m  flow s p a s t  th e  b a r r i e r .  )

The len g th  c o r re c t io n  th en  is  com posed  of th e  sum  of the  

above tw o e ffec ts : th e  d is tu rb a n c e  of th e  l in e a r , te m p e ra tu re  g ra d ie n t
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c re a te d  by the b a r r i e r s ,  and  the len g th  n e c e s s a ry  to r e - e s t a b l i s h  

the  v e lo c ity  d is tr ib u tio n  a t the  ends of each  of the  s m a ll  co lu m n s.

The two e ffec ts  can  be com b in ed  in to  a  s in g le  te rm , w hich  s h a ll  be 

d esig n a ted  1^, and  defined  a s  the  len g th  of the  d is tu rb a n c e  c re a te d  

by a  s in g le  h o r iz o n ta l b a r r i e r .  In tro d u c in g  1  ̂ in  E quation  ( I I I -52) 

g ives

% 126a  DTI (L  - N lr) (1 + bN)
Pt  g ( 2 w ) ^ T

(I I I -53)

w h e re  ( L-N ly) is  an  "e ffec tiv e  len g th "  te rm .

D ividing E quation  ( I I I -53) by E q u a tio n  ( I I I -51) show s th a t the ra t io  

of the b a tch  s e p a ra t io n  o b ta in ab le  w ith  N b a r r i e r s  to th e  s te a d y -  

s ta te  b a tch  s e p a ra tio n  o b ta in ab le  in  the  open co lum n is  s im p ly

°  -  (1 + bN) ( ^ i i 2 ! h _ )

o ( I I I -54)

An a tte m p t w as m ade  on a  s e m i- th e o re t ic a l  b a s is  to  e s t i 

m a te  the m agn itude  of 1^. (See A ppendix  D. ) A value of sev en  p la te  

sp ac ings p e r  b a r r i e r  (Ij. - 0. 55 cm ) w as o b ta in ed  fo r a  len g th  c o r 

re c tio n  fa c to r  fo r  the  b in a ry  s y s te m  and co lum n conditions c o n s id e re d  

in  th is  w ork . A lthough th is  va lue  of the  leng th  c o r re c t io n  fa c to r  is  

c e r ta in ly  not ex ac t, i t  g ives one an  o rd e r  of m agn itude  v a lu e  w hich  

can  be u sed  to c a lc u la te  b a tch  s e p a ra tio n s  fro m  E quation  ( I I I -54).
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T ra n s ie n t  B a tch  C ase  

E q u a tio n  (III-4) w as d e r iv e d  e a r l i e r  by  com bin ing  th e  

b a s ic  r a te  eq u atio n , E quation  (III-l) , P ic k 's  law , a n  e iq ire ss io n  

d e sc r ib in g  th e  co n v ec tiv e  v e lo c ity , v(x), and  th e  co n tin u ity  cond i

tio n s :

(in -4 )

A s p o in ted  out p re v io u s ly , th e  n o n lin e a r ity  o f E quation  (111-4) m a k e s  

i t  d iff icu lt to  o b ta in  a  r ig o ro u s  so lu tio n . H ow ever, by fo llow ing th e  

p ro c e d u re  develo p ed  by  F u r r y ,  J o n e s , and  O n sa g e r (F7) th e  r ig h t-  

hand  s id e  of E q u a tio n  (1II-4) w as re d u c e d  to  a  func tion  of y a lone; 

th e  re su lt in g  eq u a tio n  w as E q uation  (III-20). F u r r y ,  Jo n es  and 

O n sa g e r o b ta in ed  a  som ew hat m o re  g e n e ra l  t r a n s p o r t  equation  th an  

E q u a tio n  (H I-20), and  f o r  th e  b a tch  c a s e  i t  can  be w ritte n

\  = H C, C ,  -  K ® Cl

(I I I -55)

w h e re  "^lis th e  n e t am oun t of one com ponen t w hich p a s s e s  th ro u g h  

a  c r o s s - s e c t io n  n o rm a l to  th e  w a lls  o f th e  th e rm o g ra v ita tio n a l 

co lum n. P o w e rs  (P4) (P5) h a s  p o in te d  ou t th a t E quation  (H I-55) can  

b e  u sed  to  study  th e  t r a n s ie n t  b e h a v io r  of a  th e rm a l  d iffu sion  co lum n  

by  com bin ing  i t  w ith  th e  co n tinu ity  co n d itio n s  (fo r a  d if fe re n tia l 

len g th  of colum n) fro m  w hich one g e ts
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(III-56)

w h ere  n is  th e  am ount of so lu tio n  p e r  unit leng th  of colum n.

2tt)Bp
(111-57)

Von H alle  (V3) has ob ta ined  a g e n e ra l so lu tion  to  an eq u a

tion  of the  sam e  fo rm  as  E quation  (111-56). In add ition , P o w e rs  

h as  p re s e n te d  a r e s t r ic te d  so lu tio n  of E quation  (111-56). P o w e rs ' 

r e s t r ic te d  so lu tio n  w ill be p re s e n te d  h e re  b ecau se  it ap p lie s  to 

the  r e s t r i c te d  e x p e r im e n ta l reg io n  in v es tig a ted  (C^C^ = 0. 25), and 

b e ca u se  the  fin a l equation  is  m uch  s im p le r  than  Von H a lle 's  g e n e ra l 

solution.

In o rd e r  to ob ta in  an a n a ly tic a l so lu tion  fo r  E quation  (111-56), 

P o w e rs  c o n s id e re d  only the  c a se  in  which a co n stan t a v e ra g e  value

of the  p ro d u c t of c o n c e n tra tio n s , C^C^, could be used . T h e re fo re , 

a s su m e  = 0. 25 and E quation  (111-56) re d u c es  to

(111-58)

E quation  (111-58) is  re a d ily  so lved  by s e p a ra tio n  of v a r i 

ab le s  and su b seq u en t expansion  in  a  F o u r ie r  s e r ie s  su b jec t to the  

fo llow ing b oundary  cond itions:
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(1) The c o m p o sitio n  a t  e v e ry  po in t in  th e  co lum n is  known 

a t  th e  b eg in n in g . T h a t i s ,  a t  t  = 0, th e  co m p o sitio n  is  

u n ifo rm  and  eq u a l to  C p  th ro u g h o u t th e  co lum n. M ath e

m a tic a lly

C = C p  f o r  a l l  y a t t  = 0

(III-59)

(2) The ends o f th e  co lum n (y = -  L) a r e  im p e rv io u s  to  flow; 

h en ce , th e  flu x  d e s c r ib e d  by E q u a tio n  (III-55) is  z e ro

a t th e  ends of th e  co lum n. In m a th e m a tic a l  te rm s

^ ^1 = H r ,  a t y  = i L  fo r  a l l  t
8 y  K  ^

(III-60)

(3) A ssu m e  th a t  th e  co lum n is  s y m m e tr ic a l  about y = 0 

(the v e r t ic a l  c e n te r  of th e  colum n) and  th a t th e  com po

s itio n  d o es  no t change a t  th is  p o in t; th a t is ,

C = Cp. a t  y  = 0 fo r  a l l  t
( in - 61)

A pplying th e se  b o u n d a ry  co n d itio n s , th e  so lu tio n  of E qu a

tio n  (III-58) is

A = - C _  = C iC g H  L  r 1 -  8
00

(III-62)
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w h e re  L is  th e  to ta l  len g th  of the  co lum n, and , a s  b e fo re , th e  su b 

s c r ip ts  e and s r e f e r  to  th e  en rich in g  and  s tr ip p in g  sec tio n s  r e s p e c 

tiv e ly . At s te a d y -s ta te  (t = *  )

K
(III-63)

_ ( 2 n + l ) " n ^  t
= r l -  8 I» e L  ht = f(e )

A00  ̂ n ^ 2  (2n+l)^
n=0

w h e re  § is  a  d im e n s io n le s s  tim e  q u an tity  defined  by

I  = n Kt

(III-64)

l 2 (111-65)

F ig u re  3 g iv es  A/ Aoo a s  a  function  of th e  d im e n s io n le s s  tim e  fa c to r ,

^ , and  th e  c u rv e  fo r  P  ■= 0 is  th e  c u rv e  g iven  by E quation  (III-64).

H offm an (H7) h a s  t r e a te d  th e  g e n e ra l  c a se  of the  ap p ro a ch  

to  e q u ilib riu m  in  co lu m n s w ith  con tinuous bu lk  flow . In add ition , 

V ich are  (V2) re c e n tly  h a s  co m p le ted  an  in v e s tig a tio n  of th e  e ffec t 

of th e  r a te  of sam p lin g  on th e  t r a n s ie n t  b e h a v io r of a  th e rm o g ra v ita -  

t io n a l colum n (w ithout r e s e r v o i r s ) .  H e re to fo re  i t  h as  been  a ssu m e d  

im p lic itly  th a t sam p lin g  (n e c e s sa ry  to  d e te rm in e  co lum n p e rfo rm a n c e  

a s  a  function  of tim e) d id  no t a ffec t th e  t r a n s ie n t  b e h av io r of a  co lum n. 

H ow ever, it  is  a p p a re n t th a t sam p lin g  does in d eed  im p o se  a  bulk  flow
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on th e  co lum n, and  c e r ta in ly  freq u e n t sam pling  w ould a l te r  the 

t r a n s ie n t  b e h av io r of a  co lum n. In o rd e r  to  a p p ro x im a te  th e  m a g n i

tu d e  of th e  e r r o r  in tro d u ce d  by  sam pling , V ich are  a ssu m e d  th a t th e  

in te rm it te n t  sam p lin g  e ffe c tiv e ly  im p o sed  a  s m a ll  but continuous bulk  

flow . O’ , on th e  co lum n w h e re  O’ is  th e  to ta l m a s s  of sam p le  c o lle c te d  

d iv ided  by  th e  to ta l  t im e  of th e  tr a n s ie n t  run . In o th e r  w o rd s , a  

co lum n w ith  continuous feed  and  p ro d u c t d raw offs  of o- should  give 

th e  sam e  tr a n s ie n t  b e h a v io r a s  a  co lum n w h e re  sam p lin g  is  done a t 

p e r io d ic , sh o r t  in te rv a ls ,  th e  to ta l  m a s s e s  w ithdraw n  a t  the  end of 

th e  t r a n s ie n t  ru n  being  equal.

V ich are  p re s e n te d  h is  r e s u l ts  w ith  a  d im e n s io n le ss  flow , P , 

a s  the  p a ra m e te r :

P  = 0~L
K (III-66)

w h ere

O’ is  th e  m a s s  flow  p e r  un it tim e ,

L , th e  to ta l  co lum n leng th , and

K, th e  co n s tan t d efined  by E quations (111-18), ( I II-35), 
and (I I I -36).

F o r  th e  t r u e  b a tch  c a s e , (T= P  = 0. As P  in c r e a s e s ,  th e  dev ia tion  

fro m  th e  t ru e  b a tch  c a s e  in c r e a s e s ,  and  fo r  v a lu es  of P  g re a te r  

th an  o n e -te n th , th e  d ev ia tio n  b eco m es  a p p re c ia b le . (See F ig u re  3. ) 

The t r a n s ie n t  b e h a v io r of a  colum n w ith  no bu lk  flow  and 

w ith  no o b je c ts  in  th e  s e p a ra tio n  sp ace  can  be p re d ic te d  th ro u g h  u se
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of E q u a tio n  (III-64). I t c an  be se e n  fro m  th is  E q u a tio n  [o r  E q u a tio n  

(IU-65) ] th a t  th e  t im e  re q u ire d  to  re a c h  a  g iven  s e p a ra tio n  in  th e  

open co lum n is  p ro p o r tio n a l to  th e  sq u a re  of th e  co lum n  len g th . 

C o n sid e r now F ig u re  4A. The f i r s t  p a r t  of th e  F ig u re  show s a  co lum n 

w ith  fo u r e q u a lly -sp a c e d  h o riz o n ta l b a r r i e r s .  T he seco n d  p a r t  of 

th e  F ig u re  show s a n  analo g o u s c a se ; th a t i s ,  a  co lum n w ith  fo u r  

e q u a lly -sp a c e d  b a r r i e r s  is  analogous to  five  s m a l le r  co lu m n s in te r 

connec ted  b y  th e  s t r e a m s  . The s t r e a m s  0^ a r e  a l l  eq u a l, and  a r e  

c au sed  by th e  co n v ec tiv e  c irc u la t io n  fo rc in g  flu id  p a s t  th e  b a r r i e r s .

Now c o n s id e r  e ac h  of th e  s m a ll  co lu m n s show n in  F ig u re  

4B. R ec a ll th a t f o r  th e  cond itions e x is tin g  in  th e se  s m a ll  co lu m n s

(sm a ll s e p a ra tio n s  in  w hich  th e  p ro d u c t C^Cg = 0. 25), th e  t im e  to  

re a c h  e q u ilib r iu m  is  p ro p o r tio n a l to  th e  s q u a re  of th e  co lum n  len g th . 

(See E q u a tio n  (111-65).] T hus, each  s m a ll  co lum n w ill re a c h  e q u ili

b r iu m  tw e n ty -fiv e  t im e s  f a s te r  th an  a  s im i la r  co lum n fiv e  t im e s  a s  

long. A ssu m e  th e n  th a t each  of the  sm a ll  co lu m n s re a c h e s  e q u ilib r iu m  

in s ta n tan e o u s ly , an d  th a t th e r e  is  co m m u n ica tio n  b e tw een  th e  co lu m n s 

v ia  th e  eq u a l s t r e a m s ,  . F u r th e r ,  a s s u m e  sy m m e try  ab o u t th e  

x -a x is ;  th a t  i s ,  th e  s e p a ra tio n  w ill equal 2(Cg -  Cp). A t t im e  z e ro , 

th e  co lum ns a r e  a l l  f i l le d  w ith  feed  so lu tio n , C p . At tim e  z e ro  

p lu s , a l l  of th e  s m a ll  co lum ns w ill have  re a c h e d  th e i r  e q u ilib r iu m  

se p a ra tio n  (b e c au se  of th e  a ssu m p tio n  of in s ta n tan e o u s  eq u ilib riu m ) 

and , in  fa c t, th e  s e p a ra tio n , w hich sh a ll be  d e s ig n a te d  Ag, w ill b e
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the  sam e  fo r  each  of th e  co lum ns above th e  c e n te r  co lum n and tw ice  

a s  la rg e  a s  th e  s e p a ra t io n  in  th e  c e n te r  co lum n, w hich  s h a ll  be 

d esig n a ted  A]_,. T h is  is  s im p ly  b e ca u se  th e  b a tch  s e p a ra tio n  is  p r o 

p o rtio n a l to co lum n len g th , and  th e  co lum ns above th e  c e n te r  co lum n 

a r e  tw ice  a s  long a s  th e  co lum n cu t by th e  x -a x is .

N otice  th a t  th e  top of any  of th e  s m a ll  co lu m n s in  F ig u re  4B 

is  e n ric h ed  in  a  g iven  com ponent w hile the  bo ttom  of th e  sam e  colum n 

is  s tr ip p e d  of th e  com ponen t. T h e re fo re , e n ric h e d  m a te r ia l  is  

c a r r ie d  u p w ard s  and  s tr ip p e d  m a te r ia l  is  c a r r ie d  dow nw ards by th e  

s t r e a m s  0^ . T hus, a s  t im e  p a s s e s ,  th e re  w ill be a  n e t t r a n s f e r  of 

one com ponent up th e  co lum n and  of th e  o th e r  com ponent down the  

co lum n, so th a t, a lth o u g h  th e  se p a ra tio n  re m a in s  c o n s ta n t fo r  each  of 

the  s m a ll  co lu m n s, th e  a v e ra g e  co n ce n tra tio n  ch an g es . T h e re fo re , 

the  co n ce n tra tio n  d if fe re n c e  betw een  any  tw o co lu m n s, one above 

the  x -a x is  and  one below , m u s t change w ith  tim e .

C o n sid e r now any  colum n, n, in  th e  e n ric h in g  sec tio n  w ith  

e n d -feed s  such  a s  th e  one shown in  F ig u re  5. A m a te r ia l  b a lan ce  

a ro u n d  th e  co lum n g iv es

.  <r̂  (C „ + , + c „ . i  -  c  -  c  )
d t  °  O O D

(III-67)

w h ere

p is  th e  m e an  d e n s ity  of th e  flu id  in  co lum n n .
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V, th e  vo lum e of any  co lum n n,

Cjj, the  a v e ra g e  c o n c e n tra tio n  of com ponen t 1 in  co lum n

^n+lb> th e  c o n c e n tra tio n  of com ponent 1 in  th e  s t r e a m  le a v 
ing th e  b o tto m  of co lum n (n + 1),

Cn_i , th e  c o n c e n tra tio n  of com ponent 1 in  the  s t r e a m  le a v 
ing th e  top  of co lum n (n -1), and

Cn^i the  c o n c e n tra tio n s  of com ponent 1 in  th e  s t r e a m s
leav ing  th e  top and  b o tto m  of co lum n n.

S ince th e  s e p a ra tio n  in  th e  s m a ll  co lum n h as  b een  a s s u m e d  not a

func tion  of tim e :

c .  = c „ +  _ f B  = Cn + ^
°  2 2 (N+1)

(III-68)

(111-69)

(III-70)

w h e re  Aœ is  th e  s te a d y -s ta te  b a tch  s e p a ra tio n  fo r  th e  co lum n w ith  N 

e q u a lly -sp a c e d  b a r r i e r s .  S u b stitu tin g  E q u a tio n s  (I II-69) and  (III-70) 

in  E q u a tio n  (III-67) y ie ld s

d  C n  _  _!& _ ( C n + l o  +  ^ n - l ( j  -  2  C n ^ )
P V

(HI-71)

D efine R  -  Pc /  P V and su b s titu te  in  E q u a tio n  (III-71)
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dÇn_ = R (Cn+1 + - 2C^)
d t

(111-72)

w h e re  th e  s u b s c r ip ts  h av e  b een  d ro p p ed  s in ce  a l l  c o n c e n tra tio n s  

r e f e r  to  th e  s t r e a m  leav in g  th e  top of a  co lum n. E quation  (111-72) 

th en  d e s c r ib e s  th e  t r a n s ie n t  b eh av io r of co lum n n  in  th e  e n ric h in g  

se c tio n  a s  a  fu n c tio n  of th e  o v e rh e ad  c o n c e n tra tio n s  in co lu m n s (n + 1) 

and (n -  1). E q u a tio n  (111-72) is  v a lid  fo r  only  one po in t (the top) in  

th e  co lum n, but s in c e  e x p e r im e n ta l m e a s u re m e n ts  w e re  m ad e  a t 

th is  po in t, th is  is  th e  p o in t of in te r e s t .  It shou ld  be p o in ted  out ag a in  

th a t sy m m e try  abou t th e  x -a x is  h as  been  a ssu m e d ; co n seq u en tly , an 

e x p re s s io n  s im i la r  to  E q u a tio n  (III-72) can  be w rit te n  fo r  any  co lum n  

n in  th e  s tr ip p in g  se c tio n  (below  th e  po in t of sy m m e try ).

T h e re  a r e  tw o co lum ns above and  two co lum ns below  th e  

po in t of s y m m e try  (the  x -a x is ) ,  ho w ev er, w hich do not s a tis fy  E q u a

tio n  (111-72): th e  u p p e rm o s t (o r  b o tto m -m o st)  co lum n w hich h a s  no 

s t r e a m s  e n te r in g  o r  leav in g  one end, and  th e  c e n te r  co lum n (cu t by  

th e  x -a x is )  w hich  is  bu t o n e -h a lf  a s  long a s  th e  o th e r  co lum ns. F o r  

th e  u p p e rm o s t co lum n  a  m a te r ia l  b a lan c e  y ie ld s

dÇn±l = R  [ C n " C ^ + l +  '
d  t  (N + 1)
* (111-73)

and fo r  th e  c e n te r  co lum n

C l = C p  + ^
2 (N + 1) (III-74)
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w h ere

Cp, is  th e  co n ce n tra tio n  of com ponent 1 a t  the  p o in t of 
sy m m e try  w h e re  the  c o n ce n tra tio n  does not change 
w ith  t im e , and

is  th e  c o n ce n tra tio n  of com ponent 1 in  the  s tre a m  
leav in g  th e  top of the  c e n te r  colum n. The co lum ns 
a r e  n u m b e re d  fro m  th e  c e n te r  co lum n up.

In o r d e r  to  so lve  the  above eq u atio n s, it is  convenient to  

rem o v e  th e m  fro m  th e  tim e  dom ain by u se  of th e  L ap lace  t r a n s f o r 

m atio n . The L a p la ce  t r a n s fo rm  of E quation  (III-72) is

^n (^ ) ^ s + 2R f *"n+l^®  ̂ ^n-1^®^ 2R(N+1) ^  s + 2R

(III-7 5)

S im ila r ly , th e  t r a n s fo rm  of E quation  (III-73) is

h^(s+ 2R ) C
^n+1^®^ ■ s + R 2Rs(N+I)  ̂ F T

'F
R

(III-76)

and of E quation  (I I I -74) s im p ly

= S —  *  2ÎIOTIT
(III-77)

T hus, fo r  any n u m b e r of eq u a lly -sp a c ed  h o riz o n ta l b a r r i e r s ,  N, a 

sy s te m  of equations w ill r e s u lt  c o n s is tin g  of (N -2 )/2  equations of 

th e  type  given by E quation  (III-75), one equation  of the  type  g iven 

by E quation  (111-76), and one equation of the  type given by Equation 

(III-77). It is  c o m p a ra tiv e ly  easy  to  so lve  th e  sy s te m  of equations
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fo r  s m a ll N, bu t th e  p ro b le m  b eco m es p ro g re s s iv e ly  m o re  d iffi

cu lt a s  N g e ts  la r g e r .  The p ro b le m  e s s e n tia l ly  is  one of finding 

th e  in v e rs e  t r a n s fo rm  of th e  so lved  sy s te m  of eq u a tio n s. The 

in v e rs e  of th e  so lu tio n  p la c e s  i t  ag a in  in  th e  tim e  dom ain  and g iv es  

th e  d e s ir e d  tim e -d e p e n d e n t so lu tion . In g e n e ra l , finding th e  in v e rs e  

t r a n s fo rm  e n ta i ls  finding  th e  ro o ts  of a  (N /2 )th  o rd e r  p o lynom ia l 

w h e re  N is  ag a in  the  n u m b e r of b a r r i e r s .  V alues of N of z e ro , 

tw o, fo u r , e ig h t, s ix te en , and  fif ty  w e re  c o n s id e re d  in  the  t r a n 

s ie n t ru n  w ith  b a r r i e r s .  F o r  N = 0, th e  sy s te m  of equations is  

s im p ly

C t;. N=0
^ A 00C l(s) = ___  +

s 2 s
(III-78)

and in v e rs in g  g ives
N=0

(Cl - C p) = °°

(111-79)

o r ,  s in ce  (Ci -  C „) = A , 
^  2

(HI-80)

w hich  a r i s e s  f ro m  th e  fa c t th a t  in s ta n tan e o u s  e q u ilib riu m  w as 

a ssu m e d .

F o r  N = 2, th e  sy s te m  of equations is
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(s + 2R) C p

s + R 6R s s  + R

(III-81)

_  N^2
C}(s) - ^  4. '^oo

6 s

C om bining E nuations ( I I I -81) and  ( I II-82) y ie ld s

C N=2
[0 3 (6) -  ______________________ [ (8 + 3R) ,

s 6s ( 8 + R)

(III-82)

(III-83)

and the in v e rs e  of E quation  (III-83) y ie ld s  

A _ 2 (1 - e + 1
3TZ ' -  T

(III-84)
ISF-2

F o r  t  - 0, a /A oo - 1 , w hich  r e s u l ts  f ro m  the a ssu m p tio n  of in -
3

s tan tan eo u s  eq u ilib riu m  in  the  sm a ll  co lum ns.

F o r  four b a r r i e r s ,  the  s y s te m  of equations y ie ld s  a p o ly 

n o m ia l of second  o rd e r  (in  the  d en o m in a to r) and a  q u ad ra tic  so lu 

tio n  g ives the ro o ts  fo r the  in v e rs e  so lu tio n . (See A ppendix H. )

The e igh t b a r r ie r  and s ix te e n  b a r r i e r  c a s e s  give fo u rth  and eighth  

o rd e r  po ly n o m ia ls , and the po ly n o m ia l ro o ts  w e re  ob ta ined  by m u l

tip le  t r i a l  and e r r o r  in  th is  w o rk . F o r  r e a l ly  la rg e  va lu es  of N, the  

t r i a l  and e r r o r  m ethod  of ob ta in ing  ro o ts  is  cu m b erso m e , and a 

co m p u te r is  n e c e s sa ry .



54

It shou ld  be po in ted  out th a t  i t  is  u n n e c e s sa ry  th a t N be  an

even n u m b e r a s  im p lic itly  a ssu m e d . If an  odd n u m b e r of b a r r i e r s

a r e  eq u a lly  -sp aced , ho w ev er, one b a r r i e r  w ould fa ll  on th e  x -a x is ,

and a l l  (N + 1) co lum ns fo rm e d  by th e  N b a r r i e r s  (N odd) w ould be of

equal leng th . C onsequen tly , the  c a s e  w ith  N e q u a lly -sp a c e d  b a r r i e r s

(N odd) w ould y ie ld  a  sy s te m  of ( N - 1  ) equations of th e  type  g iven
2

by E quation  (111-75), and one equation  of th e  type  given by  E q uation  

(111-76). F o r  N = 1,

C i(s) = R  (s + 2R) +
s + R  ̂ s 4R s ■' s + R

(111-85)

and th e  in v e rs e  y ie ld s

— Rt
A = 1 + 1 (1 - e )

2 2 (111- 8 6 )

The c a lc u la tio n  fo r  N = 3 can  be found in  A ppendix H.

The c a s e s  fo r  N = 0 and N = 1 e m p h as ize  the  e r r o r  in t r o 

duced by a ssu m in g  in s ta n tan e o u s  e q u ilib r iu m  in  th e  sm a ll co lu m n s. 

H ow ever, th e  m agn itude  of th e  e r r o r  in tro d u ce d  by th is  a ssu m p tio n  

can  be ap p ro x im a ted . R eca ll th a t th e  re la x a tio n  tim e  in  the  (N + 1) 

sm a ll co lum ns is  p ro p o r tio n a l to th e  sq u a re  of th e  co lum n leng th .

The t r a n s ie n t  b eh av io r of th e  co lum ns can  th en  be ca lc u la te d  u s in g

N
E quation  (111-65) w h e re  L = L /(N  + 1) and  w h e re  K is  g iven  by 

E quation  (111-35). F o r  N = 0, E quation  (111-65) would th en  d e s c r ib e  

th e  t r a n s ie n t  b e h av io r of the  co lum n d ire c tly . F o r  o th e r  v a lu e s  of
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N, E q u a tio n  (III-65) can  be  u se d  to  in tro d u ce  a  c o r re c t io n , the

N
m ag n itu d e  of th e  c o r re c t io n  depending  on th e  m ag n itu d e  of L  .

T h is  c o r re c t io n  w ill be  d is c u s s e d  ag a in  in  C h ap te r  VI.

F u r th e r m o r e ,  i t  shou ld  be p o in ted  out th a t  i t  is  no t n e c e s 

s a r y  th a t th e  b a r r i e r s  be e q u a lly -sp a c e d  in  th e  co lum n  a s  a s s u m e d  

H ow ever, th e re  i s  no a p p a re n t ad v an tag e  to  sp ac in g  th em  o th e rw ise , 

an d  th e  th e o re t ic a l  d ev e lo p m en t b eco m es som ew hat m o re  involved  

m a th e m a tic a lly  s in ce  th e  s e p a ra tio n , Ag, w ould no t be  th e  sam e  fo r  

e a c h  s m a ll  co lum n.

C ontinuous F low  C ase  

U nder co n d itio n s  of con tinuous flow , feed  is  added  to  the  

c e n te r  of the  co lum n and  o v e rh e a d  and  bo ttom  p ro d u c ts  rem o v ed  

co n tin u o u sly  f ro m  the  ends of th e  co lum n. In a lm o s t any  co n ce iv 

ab le  in d u s tr ia l  a p p lic a tio n , th e  flow  c a se  is  th e  one of p r im a r y  

in te r e s t ,  s in ce  no a p p re c ia b le  am ount of p ro d u c t can  be ob ta ined  

u n d e r b a tch  con d itio n s .

Now c o n s id e r  E q u a tio n  (111-20) ag a in . A lthough Jo n es  and 

F u r r y  (J8 ) have  o b ta in ed  a  g e n e ra l  so lu tion  to  th is  fo rm  of th e  t r a n s 

p o r t  equation , a  s im p lify in g  a p p ro x im a tio n  can  be m ad e  fo r  th e  b in a ry  

s y s te m  in v e s tig a te d  in  co n n ec tio n  w ith  th is  w o rk  w ith  b a r r i e r s .  The 

liq u id  m ix tu re s  w e re  in  th e  c o n c e n tra tio n  ran g e  0. 3< C^<0. 7 w eight

f ra c t io n , and  th u s  th e  p ro d u c t Q  C 2 can  be a p p ro x im a te d  by  CjC2 = 

0. 25. W ith th is  s im p lif ic a tio n . E quation  (111-20) re d u c e s  to
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(T (C -  C“ ) = ^  » Q ^1 Kg
® ®  ̂ 4 T y

(III-87)

In te g ra tio n  of E quation  (III-87) o v e r  the  len g th  of th e  en rich in g  s e c 

tion , Lg, y ie ld s

_ -  (^e^e
(Cg -  C, ) = H e (I - e 

40-e
(III-88 )

S ince Cj is  the  m ean  c o n c e n tra tio n  of com ponent 1 a t th e  feed  po in t,

Cf = C p , and E quation  (III-88) can  be  w ritte n

.  ^ e ^ e

(Cg - C p) = ^ e  (1 - e ® )
40"g (III-89)

An analogous p ro c e d u re  is  fo llow ed fo r  the  s tr ip p in g  s e c 

tio n  of th e  colum n and  th e  r e s u l t  is

-  ^  s ^ s
fj Kg

(C p  - Cg) = ^8 (1 - e )
4 0"g (III-90)

The to ta l s e p a ra tio n  in  a  co lum n, en rich in g  m in u s s tr ip p in g  

co m p o sitio n , is  g iven  by

O' L  O' Le e s s
H Kg Kg

A = Ce - Cg = e ( l - e  ) +  s ( l - e  )
40* 4 0*g (III-91)

E quation  (III-91) can  be  re d u c ed  if  it  is  a ssu m e d  th a t = Hg = H,

Kg = Kg = K, O' ^ = O' g = O' , and Lg = Lg = L , and the
2

re su lt in g  equation  is
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2K
A = H (1 -  e )

2 (T (III-92)

As no ted  p re v io u s ly , the  co n stan ts  H and  K a r e  fro m  th e  b a tch  c a se

and a r e  g iven by E quations (1X1-34) th ro u g h  ( I II-36).

Now c o n s id e r  th e  c a se  of a  co lum n w ith  N e q u a lly -sp a c ed  

h o riz o n ta l b a r r i e r s .  F ig u re  6 show s a  s itu a tio n  s im ila r  to  th a t in 

the  p re v io u s  sec tio n  on the  t r a n s ie n t  b e h a v io r  of a  co lum n u n d e r 

b a tch  conditions. As in  th e  ba tch  c a s e , i t  is  a s su m e d  th a t a  co lum n 

w ith  N e q u a lly -sp a c ed  b a r r i e r s  p e r fo rm s  e ffec tiv e ly  in  th e  sam e  m a n 

n e r  a s  the  sum  of the  s e p a ra tio n s  given  by  the  (N + 1) sm a ll co lum ns. 

F o r  the  flow c a se , in  add ition  to the  flow , 0"^, b ro u g h t about by  the  

convective  c irc u la tio n , th e re  is  a  bulk  flow  of O’ g  g r a m s /m in  th ro u g h  

each  colum n above th e  feed  poin t and a  flow  of O’ g g ra m s  /m in  th ro u g h  

each  colum n below  the  feed  po in t. T ha t i s ,  in  c o n tra s t  to  th e  b a tch  

c a s e , in the  flow c a se  each  colum n h as  a  n e t bulk  flow of flu id  p a s s 

ing th ro u g h  it. A m a te r ia l  b a lan ce  im m e d ia te ly  m a k es  th is  obvious 

s in ce  m a ss  is  con tinuously  rem o v ed  f ro m  o v e rh e ad  a t a  r a te .  O’
V

and rem oved  fro m  the  bo ttom  a t a  ra te ,  O’g. T h e re fo re , the  feed . O’ p ,  

m u s t equal ( 0"  ̂ + O’ ^).

It is  a s su m e d  th a t O’g jo in s  th e  s t r e a m  O' ^ flow ing upw ard  

n e a r  th e  hot p la te  in  the  en rich in g  sec tio n , and  th a t O’ g jo in s  the  

s t r e a m  O'g flow ing dow nw ard n e a r  th e  coo l p la te  in  th e  s tr ip p in g
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se c tio n . In o th e r  w o rd s , i t  is  a s su m e d  th a t th e  bulk flow  d oes not 

oppose  th e  co n v ec tiv e  flow . It is  fu r th e r  a ssu m e d  th a t th e  ad d itio n  

of bu lk  flow  d oes not a l t e r  th e  v e lo c ity  d is tr ib u tio n , v(x), fo r  th e  

b a tch  c a s e  [defined  by  E q u a tio n  (III-44)]. A s im ila r  a ssu m p tio n  

o r ig in a lly  w as m ad e  by Jo n e s  and  F u r r y  (J8 ), and  i t  h a s  b een  p ro v en  

s a t is fa c to ry  ex cep t fo r  h igh  flow  r a te s .  (^3)

The c o n c e n tra tio n  d iffe re n c e  betw een  th e  o v e rh e ad  and  b o t

to m  s t r e a m s  leav in g  e ac h  o f th e  sm a ll co lum ns w ith  endf-feeds (See 

F ig u re  7. ) i s  g iven  by  a  m o d if ica tio n  of E q u a tio n  (III-89) fo r  th e  

e n ric h in g  sec tio n  of the  colum n:

-  T gL
jjN (N+1)

-  ]
(III-93)

w h e re

Chq is  th e  c o n c e n tra tio n  of com ponent 1 in  th e  o v e rh e ad  
s t r e a m  f ro m  co lum n n,

Cn^, th e  c o n c e n tra tio n  of com ponent 1 in  the  b o ttom  s tr e a m  
fro m  co lum n  n,

O’g, the  bu lk  flow  r a te ,  and

L, th e  to ta l  len g th  of the  colum n con tain ing  N h o r iz o n 
ta l  b a r r i e r s .  The leng th  of th e  s m a ll  co lum n, n, 
is  g iven  by  L /(N  + 1). F in a lly ,

NH g is  th e  c o n s ta n t defined  by E quation  (III-45), and

NK g , th e  c o n s ta n t d e fin ed  by E quation  (III-46). B oth of the  
l a t t e r  c o n s ta n ts  a r e  fo r  the  b a tch  c a se .



F ig u re  7

S m a ll C olum n (in  E n rich in g  Section) w ith  E n d -F e ed s : 
C ontinuous F e e d  and P ro d u c t  W ithdraw al

«EC,n+L

COLD

PLATE

Cn.

n

"►(«E+«%)Cn,

HOT

PLATE

6 0
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T hus, if  th e  co m p o sitio n  leav ing  th e  bo ttom  of a  sm a ll co lum n is  

know n, then  the  o v e rh e ad  co m p o sitio n  can  be c a lc u la te d  fro m  E q u a

tio n  (111-92). N otice  th a t th e  co m p o sitio n  is  f lo w -ra te  dependent; th a t 

i s ,  th e  c o n ce n tra tio n  d iffe ren c e  betw een  th e  o v e rh ead  and  bo ttom  

ex it s t r e a m s  depends on th e  m ag n itu d e  of th e  bulk  flow  ra te ,  0” ^

(o r (Tg).

C o n sid e r now F ig u r e 8A w hich show s th e  en rich in g  sec tio n  

of a  co lum n w ith  fo u r e q u a lly -sp a c e d  h o riz o n ta l b a r r i e r s .  The 

u su a l a ssu m p tio n  of sy m m e try  abou t thefeed-pojin t r e q u ire s  a  m o d i

fic a tio n  of E quation  (111-93) fo r  th e  feed  colum n s in ce  i t  is  but o n e - 

h a lf  a s  long a s  th e  o th e r  co lum ns (again  a ssu m in g  th a t th e  b a r r i e r s  

a r e  e q u a lly -sp a c ed ) . W ith th is  m o d ifica tio n  fo r  leng th , the  equation  

e x p re s s in g  th e  c o n ce n tra tio n  d iffe ren c e  betw een  th e  feed  and th e  o v e r 

h ead  ex it s t r e a m  fro m  th e  feed  co lum n is

-

N 2K ^ (N+1)
(C n- 1̂  -  Cp) = [  ̂ ‘  ® ]

(III-94)

T hus, a  c a lc u la tio n  can  be m ad e  fro m  co lum n to  co lum n m uch  

in  the  sam e  m a n n e r a s  a  p la te  to  p la te  c a lc u la tio n  in  a  d is til la tio n  

co lum n. (See F ig u re  BBw ) E qua tio n s  (111-93) and  (H I-94) g ive r e l a 

tio n sh ip s  betw een  the  o v e rh e ad  and  bo ttom  s tre a m s  leav ing  a  co lum n 

w h e re a s  a  v a p o r- liq u id  e q u ilib riu m  cond ition  g ives th is  re la tio n sh ip  

on a  d is t i l la t io n  t r a y .  M a te r ia l  b a la n c e s  can  th en  be m ad e  a ro u n d  th e



F ig u re  8

E n ric h in g  S ec tio n  of a  The rm o g  ra v ita tio n a l C olum n w ith  
H o rizo n ta l B a r r i e r s  and  C ontinuous F low

n + i

ARRIERS

n - i

FEED SYMMETRICAL 

W 'N T  T H ^ E

(A)

 FEED TRAY

COLUMN WITH BARRIERS
(B)
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s m a ll co lu m n s o r  a ro u n d  th e  in d iv id u a l d is t i l la t io n  t r a y s  in  o r d e r  

to  ob ta in  a  su ffic ie n t n u m b e r  of re la tio n s h ip s  to  so lv e  fo r  a l l  unknow ns.

F o llow ing  th is  p ro c e d u re  o f a  co lum n to  co lum n c a lc u la tio n , 

equations can  be  w r it te n  re la tin g  th e  o v e rh e a d  and  bo ttom  s tre a m s  

leav in g  e ach  of th e  co lu m n s in  th e  e n ric h in g  se c tio n  show n in  F ig u re  

8A:

N _ 9 e L

(111-95)

-  h N  , K ^ + 1)

(111- 96 )

„ N  2K^ (N+1)

(111-97)

The above e x p re s s io n s  g ive th re e  eq u a tio n s  bu t fiv e  unknow ns: Cg, 

Cn+l]j’ Cno» Cn^j» ^n -lo*  M a te r ia l  b a la n c e s  m ad e  a ro u n d  each  

of the  co lum ns above th e  fe e d  co lum n y ie ld  two o th e r  equations:

M a ss  In = M ass  Out 

( ^ e )  C n o  ■ C n + l y  + ^ e

(III-98)
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OcCn+lb + { O' c + ^  e) ^ n - lo  = ^ + ( (^c + ^  e) C„^

(III-99)

The sy s te m  of eq uations is  so lved  by  beginn ing  w ith  E quations 

(III-95) and (III-98) and  so lv ing  fo r  (Cg - ). E quation  (111-96)

is  then  u sed  in  con junction  w ith  E quation  (III-99) to so lve  fo r  

(Cg - Cj^_1q) and  fin a lly  E quation  (III-97) is  u sed  to  find  (Cg - C p). 

The re s u l t  is

-  ^ e L
0- K ^N + l) g. 2

Ag = (Cg - C p) = ( _ _ £ _ )  e_ r 1 - e i + ( c )
+ 0-g 40-^  ̂ " c + or e

N - h N 2K ^ (N+1)
e r 1 -  e i^N (N+1) i + e r 1 -  e ]

® 4 CT
(Ill-lOO)

D efining

^ e  =

(III-101)
(T L e

iN Z K
^Bg = [ 1 - e ]

40g
(III-102)

(T L 
e

h N 2 (N+1)”
= 4 ^  t ]

E quation  (I II-100) can be w ritte n

(III-103)
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= -^Be '  Ô  +

(I I I -104)

w h ich  g ives th e  s e p a ra tio n  in  th e  en rich in g  se c tio n  of a  co lum n w ith  

fo u r e q u a lly -sp a c e d  h o r iz o n ta l b a r r i e r s .

A s im ila r  e x p re s s io n  can  be w r it te n  fo r  the  s tr ip p in g  

p o rtio n  of the  column*

= ^ B ,  ( is )  +

(III-105)

w h e re

Gs = ""c
fc  + 0's

y N  - ^ ______
Ab = m m .

4cr^ J

and

h N  - '̂ 8O', L*

(XII-106)

(III-107)

N
F in a lly , the  to ta l s e p a ra tio n  A is  g iven by

+ * 8

and fo r N - 4 the  to ta l s e p a ra tio n  is  g iven  by

t f )  +

(III-108)

(III-109)
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E quation  (III-109) can  be s im p lif ie d  by  a ssu m in g  th a t A g -  A g^ - 

A g and A%̂  ̂ - A l  ̂ = A g  w hich  y ie ld s

A - 2 [ Ag(

( m - 110)

T hus, E quation  (III-llO) g ives the s e p a ra t io n  o b ta in ab le  in  a  co lum n 

w ith  fo u r e q u a lly -sp a c e d  h o riz o n ta l b a r r i e r s ,  w ith  bulk  flow  r a te  cr  ̂ ; 

(Tg and w ith  co n v ec tiv e  flow p a s t  the  b a r r i e r s ,  Cg. The e x p re s s io n  

fo r  the  s e p a ra tio n  g iven  by N equally= sp ac e d  b a r r i e r s  fo llow s e a s ily  

and  is

N
~T

A ^  -  2 [ A l  + Ag Z ] 
n -1

(III-111)

w h e re

(T + O-c

(I II -112)

and
(tL

k N(n +ï )
A g = H "  [ 1 - e 1

4(r

,N

(III -113)

N -
A t -  H 2 K^^(N+1)

^  - 4? "  ® ]
(H I-114)
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O nce ag a in  i t  shou ld  be  p o in te d  out th a t th e r e  is  no re a so n  

th e  b a r r i e r s  should  be  e q u a lly -sp a c e d  in  th e  co lum n. H ow ever, a s  

b e fo re , th e  g e n e ra l  e x p re s s io n  fo r  N b a r r i e r s  i s  s im p lif ie d  by 

a s su m in g  th e  b a r r i e r s  e q u a lly -sp a c e d , and  th e r e  s e e m s  to  be no 

ad v an tag e  g a in ed  by an  u n eq u al sp ac in g .

It h a s  a lso  b een  a s s u m e d  in  E quation  (I ll-I ll)  th a t  N is  

a g a in  an  even in te rg e r .  If a n  odd n u m b e r of e q u a lly -sp a c e d  b a r 

r i e r s  a r e  u se d , one b a r r i e r  w ill f a l l  a t th e  fe e d -p o in t, and  h ence  a ll  

(N + 1) co lum ns a r e  of th e  s a m e  len g th . T h u s, th e r e  is  no n eed  to 

t r e a t  th e  feed  co lum n  d if fe re n tly , and  th e  c a s e  w ith  N odd g iv es  

s im p ly .

N-1

= 2[ Ab ^ ]
n =0

(III-115)

Flow  of F lu id  P a s t  th e  B a r r i e r s ;  E v a lu a tio n  of

The te r m  fo r  flow of flu id  p a s t  th e  b a r r i e r s ,  0[,, is  an 

im p o r ta n t q u an tity  in  th is  w o rk  w ith  h o r iz o n ta l b a r r i e r s  a s  can  be 

se e n  by exam in ing  th e  eq u a tio n s  d e sc r ib in g  th e  t r a n s ie n t  b eh av io r 

o f a  co lum n w ith  b a r r i e r s  [E q u atio n s  (111-75) and (111-76)]and a lso  

th e  equation  d e sc r ib in g  th e  r a te - s e p a r a t io n  c u rv e  fo r  a  co lum n w ith  

b a r r i e r s  [E quation  (III-lll) in  co n ju n ctio n  w ith  E quation  ( I II-112) ]. 

E v a lu a tio n  of th is  t e r m ,  0^, m u s t th u s  be  c o n s id e re d .
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It w as fe l t  th a t fo r  cond itions of la m in a r  flow , th e  flow 

p a s t  th e  b a r r i e r s  shou ld  be p ro p o r tio n a l to  th e  m ag n itu d e  of the  

in te rn a l  co n v ec tive  c irc u la t io n . The flow  shou ld  a ls o  be a  function  

of th e  d is ta n c e  be tw een  the  p la te s ,  o r  th e  b a r r i e r  d ia m e te r  to  p la te  

sp ac in g  ra t io . T hus,

(^ g (B a r r i e r  D ia m e te r  ) ^  (C onvective  C ircu la tio n )
P la te  Spacing

(111- 116)

o r  re w ritin g

0^ = C (C onvective C ircu la tio n )

(111-117)

w h e re  th e  co e ffic ien t, C, is  dependen t on the  b a r r i e r  d ia m e te f  to 

p la te  sp ac in g  ra tio . T he con v ec tiv e  c irc u la t io n  can  b e  ob ta ined  

e a s ily . In  ob tain ing  an  e x p re ss io n  fo r  th e  c irc u la t io n , i t  is  conven - 

i ^ t  to  c o n s id e r  an  a v e ra g e  va lue  of th e  v e lo c ity  o v e r  o n e -h a lf  the  

d is ta n c e  betw een  th e  p la te s  r a th e r  th an  a  v e lo c ity  d is tr ib u tio n  a s  a  

func tion  of x. (The a v e ra g e  v e lo c ity  o v e r  th e  e n t i r e  p la te  spacing  is  

z e ro . ) In th e  v ic in ity  of th e  b a r r i e r ,  th is  v e lo c ity  d is tr ib u tio n  a s  a  

func tion  of x  h as  l i t t le  m ean in g , and hence  th e  a v e ra g e  v e lo c ity  is  

m o re  r e a l is t ic .  T h e re fo re ,
w

_  J _  r  3 2
A v erag e  v e lo c ity , v  = w \ -PT ghT  (x -  w x)

o 1 + bN
(111-118)
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-  2 „
V  = P tS  w A T

48n (1 + bN)

F in a lly , th e  c irc u la t io n  in  m a s s  p e r  un it t im e  is

C irc u la tio n , g ra m s  p e r  m in u te  = v  cm  x 
_  sec

w cm  X B cm  x  p g ra m  x  60 sec
cm ^ m in

C irc u la tio n  = ® P t P® ^   ̂ B A T

(III-119)

(III-120)

32 n (1 + bN)
(III-121)

The convec tive  c irc u la tio n  can  th u s  be ca lc u la te d  fro m  

E quation  (III-121), and th e  p ro b le m  of ob ta in ing  a  v a lu e  fo r  0^ in  

E quation  (III-117) b eco m es  one of ev a lu a tin g  th e  co effic ien t, C.

R a th e r th an  a tte m p t to  c a lc u la te  a  v a lu e  fo r  C (w hich m igh t not be 

p o ss ib le  anyw ay), it  w as dec id ed  to  ob ta in  an  e m p ir ic a l  va lue  of 

C fo r  one p a r t ic u la r  b a r r i e r  d ia m e te r  to p la te  sp ac in g  ra tio , and 

then  e x p e r im e n ta lly  d e te rm in e  v a lu es  of C fo r  o th e r  b a r r i e r  d ia m e te r  

to  p la te  sp ac in g  ra tio s  by  u se  of a  m o d e l flow  a p p a ra tu s . (The 

p la s t ic  m o d e l is  d e sc r ib e d  in  C h ap te r IV. ) The th e o ry  behind  the 

m odel is  a s  fo llow s.

F o r  la m in a r  flow , th e  d rag  im p a r te d  by a  body on a  flow ing 

flu id  is  p ro p o r tio n a l to  th e  flow  p a s t  the  body, and the  d ra g  is  given 

by (H8 )
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F j)  ^  a  UT1 Lx<|> W  
L-

(III-122)

w h ere

F j j  is  th e  d ra g  o r  r e s is ta n c e  of a  s in g le  b a r r i e r ,  

a , a  p ro p o r tio n a lity  c o n s ta n t, 

u, the  bulk s t r e a m  v e lo c ity ,

T), th e  flu id  v is c o s ity ,

Lix, th e  l in e a r  m ag n itu d e  a s s o c ia te d  w ith  th e  body (o r 
b a r r ie r )  p a r a l le l  to  th e  d ire c tio n  o f m o tion , and

X ( L ), a  d im e n s io n le s s  " sh a p e  ra t io "  function ,
L '

The q uan tity  com p o sed  of the  two c o n sta n ts , a<j>( L ), is
L '

dependen t on th e  re la tiv e  ra tio  of th e  b a r r i e r  d ia m e te r  to  th e  d is 

ta n c e  b e tw een  th e  p la te s  and  m u s t  be d e te rm in e d  e x p e r im e n ta lly  

ex cep t in  sp e c ia l  c a s e s , fo r  ex am p le , w hen th e  p la te s  a r e  so f a r  

f ro m  th e  b a r r i e r s  a s  to  no t d is tu rb  th e  flow . In th is  c a se , it 

could  be ev a lu a ted  s im p ly  a s  a  flu id  s tre a m in g  about a  r ig h t c i r 

c u la r  cy lin d e r. C om bining th e se  two c o n s ta n ts . E quation  (III-122) 

can  be w ritte n

F g  = C un d 
êc

(III-123)

w h ere

C is  th e  co effic ien t o r  " d ra g  fa c to r"  in  th is  c a se .
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d, th e  d ia m e te r  of th e  b a r r i e r ,  and 

gg, a  d im e n s io n a l co n stan t.

In  o r d e r  to  d e te rm in e  th e  c y lin d e r  d ra g , p r e s s u r e  d rop  

m e a s u re m e n ts  w e re  ta k en  a s  a  func tion  of th e  m a s s  flow  of flu id  

th ro u g h  th e  a b o v e-m en tio n ed  p la s t ic  flow  a p p a ra tu s . T he d ra g  

fo rc e  of th e  p la te s  is  g iven  by (C12)

dP  = 12 u n
dL  gc(2 w )2

(III-124)

w h e re

dL  is  th e  p r e s s u r e  d ro p  p e r  un it leng th , 

u, th e  a v e ra g e  s t r e a m  v e lo c ity , and

2 w , th e  d is ta n c e  b e tw een  th e  p la te s .

The d ra g  fo rc e  w as s u b tra c te d  fro m  th e  to ta l  p r e s s u r e  d rop  

to  g ive th e  c y lin d e r  d ra g .

The a v e ra g e  s t r e a m  v e lo c ity , u, w as c a lc u la te d  by d iv id ing  

th e  v o lu m e tr ic  flow  ra te  by th e  c ro s s - s e c t io n a l  a r e a  of flow . T h is 

is  one inad eq u acy  th a t th e  p la s t ic  m o d e l h as  in  th a t th e  a v e ra g e  s t r e a m  

v e lo c ity  u se d  in  E q u a tio n s  (111-123) and  (111-124) is  no t th e  sam e  a s  

th e  v e lo c ity  d is tr ib u tio n  e x is tin g  betw een  the  ho t and  co ld  p la te s  in  

a  th e rm o  g ra v ita tio n a l co lum n. H ow ever, only  th e  ra tio  of dIrag 

fa c to r s  a t  the  two cy lin d e r d ia m e te r  to  p la te  sp ac in g  ra t io s  w as 

d e s ir e d , no t the  a b so lu te  v a lu e s , and i t  w as fe lt  th a t any  e r r o r
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in c u r re d  in  u s in g  th e  a v e ra g e  s t r e a m  v e lo c ity , u, should  be n e a r ly  

th e  sam e  fo r  bo th  of th e  c y lin d e r  d ia m e te r s  c o n sid e re d .

R esu lts  of th e  e x p e r im e n ta l w o rk  w ith  the  p la s t ic  flow 

m o d e l a r e  found in  C h ap te r  VII.

S u m m ary

The con v en tio n al th e rm o g ra v ita tio n a l th e rm a l  d iffusion  

co lum n th e o ry  developed  by F u r r y ,  Jo n e s , and O n sag e r has been  

rev iew ed  in  th is  c h a p te r . The co n v en tio n a l th e o ry  does not p r e 

d ic t an  in c re a s e  in  th e  s te a d y -s ta te  b a tc h  s e p a ra tio n  w hen h o r iz o n 

ta l  b a r r i e r s  a r e  in tro d u ce d  in to  th e  s e p a ra tio n  sp ac e , bu t i t  w as 

found e x p e r im e n ta lly  in  th is  w o rk , and  in  th e  w o rk  of T re a c y  and 

R ich w ith  g a s e s ,  th a t su ch  an  in c re a s e  d o es  o c cu r . T hus, an  ex 

p o s t fac to  ap p ro a ch  w as u s e d  to  m odify  th e  conven tional th eo ry .

The m o d ifica tio n  is  e s s e n t ia l ly  a  " c o r re c t io n "  in tro d u ce d  to  accoun t 

fo r  the  lo s s  of m om en tu m  by the  c irc u la t in g  flu id  in  th e  v ic in ity  of 

th e  b a r r i e r s .  The c o r re c t io n  is  th e  b - te r m  in tro d u ce d  in  E quation  

(III-44). The m ag n itu d e  of b is  s m a ll  (b = 0. 035 fo r  th is  w ork), and 

th u s  th e  in c re a s e  in  th e  s te a d y -s ta te  b a tc h  s e p a ra tio n  fo r  a  s ing le  

b a r r i e r  is  sm a ll. The b a tc h  s e p a ra tio n  in  a  co lum n w ith  N eq u a lly - 

sp aced  h o riz o n ta l b a r r i e r s  can  be p re d ic te d  by E q uation  (III-53)

N
Aq = 126 g P n  (L  -  N l,.)(l + bN)

Pq-g (2 w ) T
(III-53)
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The e ffec tiv e  len g th  te r m  (L - Nl^) in  E quation  (I II-53) accoun ts

fo r  d is tu rb a n c e s  in tro d u ce d  by th e  b a r r i e r s .  T h ese  d is tu rb a n c e s

c o n s is t  of (1) th e -d is tu rb a n c e  of th e  l in e a r  te m p e ra tu re  g ra d ie n t

be tw een  th e  p la te s  in  the  reg io n  su rro u n d in g  th e  b a r r i e r  and

(2) th e  d is tu rb a n c e  of th e  v e lo c ity  d is tr ib u tio n  n e a r  th e  ends of

each  of th e  (N + 1) s m a ll  co lum ns c re a te d  by th e  N b a r r i e r s .

The len g th  c o r re c t io n , lj.i is  seven  p la te  sp ac in g s  p e r  b a r r i e r

(Ir = 0. 55 cm ).

The b a tch , t r a n s ie n t  b e h av io r of th e  s e r ie s  of (N + 1)

sm a ll co lum ns fo rm e d  by th e  b a r r i e r s  can  be p re d ic te d  by

(N - 2) equations of th e  type 
2

.N
Cn(s) = R r Cn+i(s) + C^_i(s) + ^  ”  i + C p

8 + 2R I 2R(N+1) J s + 2R

(III-75)

one equation  of the  ty p e

Cn+l(s) = ^  f C„(s) + hJ^(s+2R) i +
s + R 2RslN+I) •'

C f

2Rs(JN+l) s + R
(111-76)

and one equation  of th e  type

C l(s) = C p  ^ A#
2s(N+l)

(III-77)

The above equations (in L ap lace  tr a n s fo rm  fo rm ) fo r  the  tra n s ie n t  

case  w e re  d e riv e d  a ssu m in g  an  even n u m b er of e q u a lly -sp a c ed  

b a r r i e r s  and a ssu m in g  in s tan tan eo u s  e q u ilib riu m  in  each  of the  sm a ll
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co lum ns. O th er eq u atio n s  a r e  p re s e n te d  fo r  the  c a se  w hen N is  

odd. R eca lling  th a t in s ta n tan e o u s  eq u ilib riu m  w as a ssu m e d  in  the  

sm a ll co lum ns, i t  is  p o in ted  out th a t c o r re c t io n  is  n e c e s s a r y  when 

th e  tim e  to  eq u ilib riu m  in  th e  s m a ll  co lum ns b eco m es  la rg e  enough 

to  in tro d u ce  an a p p re c ia b le  e r r o r  (when N is  sm a ll) .

The con tinuous flow  c a s e  w as t r e a te d  by  ag a in  a ssu m in g  

th a t a  colum n w ith  N b a r r i e r s  p e r fo rm s  in  th e  sam e  m a n n e r  a s  the  

sum  of th e  se p a ra tio n s  g iven  by  the  (N + 1) sm a ll  co lu m n s. A r a te -

s e p a ra tio n  cu rv e  can  be p re d ic te d  by  u se  of E quation  (III-lll)
N

= 2 [ A l + Ag 2 1  ]
n=l

(III-lll)

w h ere

cr̂  + cr

- ct l
i r a + ï j

[ 1 -  e ]
4Cr

(III-112)

(III-113)

and
-  OL

2k N (n T i)
At = H r 1 -  e 1

^  - w ' -  ^
(III-114)

The te r m  R in  E quations (III-75) and  (III-76) and G in  

E quation  (III-112) both co n ta in  th e  q uan tity  C^, th e  flow  p a s t  th e  

b a r r i e r s .  It w as fe lt  th a t should  be a  func tion  of th e  b a r r i e r
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d ia m e te r  to p la te  sp ac in g  ra tio  and p ro p o r tio n a l to  the  m ag n itu d e  

of the  convec tive  c irc u la tio n . V alues of cr^ can  be ob ta ined  by 

u se  of E quation  (III-117)

o-g = C '  fC onvective C ircu la tio n )
(111-117)

if  v a lu es  of C a r e  known fo r  d if fe re n t b a r r i e r  d ia m e te r  to  p la te  

sp ac in g  ra tio s . [ The convec tive  v e lo c ity  can  be c a lc u la te d  fro m  

E quation  (III-121). ]



C H A PTER  IV 

EQUIPM ENT

C h ap te r III p re s e n ts  a  th e o re t ic a l  d evelopm en t fro m  w hich  

the  p e rfo rm a n c e  of a  th e rm o g ra v ita tio n a l th e rm a l d iffu sion  co lum n 

w ith  h o r iz o n ta l b a r r i e r s  can  be p re d ic te d . In  o rd e r  to  te s t  th is  

th e o re t ic a l  d ev e lo p m en t, i t  w as n e c e s s a ry  to  ob ta in  e x p e r im e n ta l 

d a ta . The th e  rm o  g ra v ita tio n a l co lum n u sed  to  a c q u ire  the  d a ta , the  

h o r iz o n ta l b a r r i e r  s y s te m s , and  the  a u x ilia ry  equ ipm ent u sed  in  

con junction  w ith  th e  co lum n a r e  d e sc r ib e d  in  d e ta il in  th is  c h a p te r . 

In ad d itio n , a  d e s c r ip tio n  is  g iven of th e  p la s t ic  m o d e l u tiliz e d  to 

e x p e r im e n ta lly  d e te rm in e  th e  ra tio  of C -v a lu es .

The rm o  g ra v ita tio n a l Colum n and A u x ilia ry  E qu ipm ent 

The th e  rm o g  ra v ita tio n a l th e rm a l d iffusion  colum n u se d  in  

th is  w o rk  w as of p a r a l le l - p la te  d esig n  a s  opposed  to  a  c o n c e n tr ic -  

cy lin d e r type  co lum n. (See F ig u re  9. ) The p la te s  w e re  fa b r ic a te d  

f ro m  th re e -e ig h th s  inch  304 s ta in le s s  s te e l  p la te  and  w e re  a p p ro x i

m a te ly  s ix ty  in c h es  long and s ix  in ch es  w ide. The p la te s  w e re  

g round f la t  on an  in d u s tr ia l  g r in d e r  and  p o lish e d  to  a  m ir r o r - l ik e  

f in ish  w ith  su c c e ss iv e ly  f in e r  g ra d e s  of e m e ry  p a p e r  (320-400-600).
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F ig u re  9

The rm og  ra v ita tio n a l T h e rm a l D iffusion  Colum n
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One p la te  w as h ea ted  by ho t w a te r  and th e  o th e r  p la te  cooled  by 

w a te r  w hich w as c o ld e r  th a n  th e  ho t w a te r . The w a te r  ja c k e ts  

fo r  the  p la te s  w e re  fo rm e d  by p lac in g  a  re c ta n g le  fa b r ic a te d  fro m  

o n e -in c h - sq u a re  c ad m iu m -p la ted  s te e l  b a r  beh ind  each  p la te . (See 

F ig u re  10. ) T h ese  re c ta n g le s  s e rv e d  a  dual p u rp o se  in  th a t they  

added a  co n sid e ra b le  d e g re e  of r ig id ity  to  the  p la te s  a s  w ell a s  

defin ing the  w a te r  ja c k e t vo lum e. The fin a l p la te  com ple ting  the  

w a te r  ja ck e t w as cu t fro m  o n e -e ig h th  inch  s te e l  sh ee t and  cad m iu m - 

p la te d  to h in d e r c o rro s io n . E ach  p la te  a s s e m b ly  (hot and  cold) w as 

b o lted  to g e th e r w ith  th ir ty - fo u r  b o lts  a ro u n d  i ts  p e r ip h e ry  and 

to rq u e d  to 100 in c h - lb s . T h ese  th ir ty - fo u r  b o lts  re m a in ed  in  p la ce  

a t a l l  t im e s . In ad d itio n , e ig h teen  b o lts  w e re  u sed  to  bo lt th e  two 

p la te  a s s e m b lie s  to g e th e r , and  th e se  a c te d  a lso  to  s e a l th e  w a te r  

ja c k e ts . The w a te r  ja c k e t g a sk e t m a te r ia l  w as n y lo n -f illed  n eo p ren e  

one inch wide and 0. 015 in ch  th ick . The m a te r ia l  and  th ic k n e ss  u sed  

fo r  the  w a te r  ja ck e t g a sk e tsw ere fo u n d  to  be c r i t ic a l  b e ca u se  of 

leak ag e . G asket s u r fa c e s  w e re  m ach in ed  sm ooth  to  fa c il i ta te  

sea lin g .

E ach  p la te  had  two c o p p e r-c o n s ta n ta n  th e rm o c o u p le s , one 

s i lv e r - s o ld e r e d  ap p ro x im a te ly  m idw ay  betw een  the  feed  in le t and 

o v e rh ead  p ro d u c t o u tle t and the o th e r  a p p ro x im a te ly  m idw ay betw een  

the  feed  in le t and bo ttom  p ro d u c t o u tle t. (See F ig u re  11 fo r  th e rm o 

couple d e ta ils . )
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C om ponents of One T r a n s fe r  P la te  w ith  W ater J a c k e t

Transfer
Plate

Neaprene
Gasket

Neoprene
Gasket

Backup
Bar

Water Jacket 
Plate

Bolting

3/8" Steel

1/8" Cadmium- 
Plated Steel

0.015 Nylon-filled 
Neoprene

l" Square 
Cadmium-plated 

Steel
0.015 Nylon-filled 

Neoprene

3/Gf‘ Stoinless
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D e ta il of T h e rm o co u p le  In s ta lla tio n  in  a  T r a n s fe r  P la te

2 4 - gouge Glass-Insulated 
Copper-Constantan Thermo
couple Wire

*----------- Stainless Tubing
ID: 0 .0 8 0 in.

Silver-solder FilletTin-Leod Solder 

Thermocouple — ■

Water
Flow

Stainless Steel 
Transfer Plate

f l

3,
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F eed ing  th e  co lum n w as a cco m p lish ed  by  g ra v ity  flow fro m  

a  f if te e n  gallon  a lum inum  feed  b a r r e l  w hose m e a n  le v e l w as seven  

and  o n e -h a lf  fe e t above th e  feed  in le t. The feed  le v e l in  the  b a r r e l  

w as o b se rv e d  by m e an s  of a  s ig h t g la s s  and  i ts  le v e l w as no t allow ed  

to  v a ry  m o re  than  one and  o n e -h a lf  in ch es  fro m  th e  m ean . The feed  

so lu tio n  w as d e g assed  on leav in g  the  feed  b a r r e l  by  p a ss in g  i t  th ro u g h  

a  h e a te r  w hose te m p e ra tu re  w as re g u la ted  w ith  a  P o w e rs ta t. In 

a l l  c a s e s  th e  te m p e ra tu re  o f the  feed  so lu tion  le av in g  the  h e a te r  was 

h ig h e r  th an  the hot w a te r  te m p e ra tu re  in  the  co lum n. The g a se s  

r e le a s e d  on heating  th e  feed  w e re  v en ted  th ro u g h  th e  s ig h t g la s s  w hich 

in  tu r n  w as connected  to  a  g la s s  c o n d en se r co o led  by tap  w a te r . (See 

F ig u re  12. ) The feed  so lu tio n  w as su b seq u en tly  coo led  b e fo re  in tro 

d u c tio n  in to  the colum n.

F e e d  e n te re d  th e  co lum n th ro u g h  a  feed  p o r t  c e n te re d  m idw ay 

b e tw een  th e  top and b o tto m  of th e  cold  p la te . F e e d  w as d is tr ib u te d  

la te r a l ly  a c r o s s  th e  p la te  by m ean s  of a  h e a d e r  and  fin a lly  e m erg ed  

th ro u g h  fo r ty  h o le s, one th ir ty -s e c o n d  of an  in ch  in  d ia m e te r , d r il le d  

e q u a lly -sp a c e d  in  the  in n e r  th re e  in ch es  of the  p la te . (See F ig u re  13 

fo r  d e ta i ls  of co n s tru c tio n . ) The o v e rh ead  p ro d u c t d raw off p o r t  in  

th e  ho t p la te  and bo ttom  p ro d u c t d raw off p o r t  in  th e  co ld  p la te  w ere  

c o n s tru c te d  s im ila r ly .

P ro d u c t s a m p le s  w e re  c o lle c te d  th ro u g h  th e  sa iq p le  ta p s  by 

g ra v ity  flow . The sam p le  ta p s  w e re  b a s ic a lly  tw e n ty -s ix  gauge 304
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G rav ity»F low  F e e d  S ystem

Condenser
Water Feed BarrelVent

Sight
Gloss

Pressure 
rp\ GougeFeed

Oegosser

Feed
Coaler

Globe
Volve
- t x -

Feed
Solution

Supply

Woter

Bonks of R o tom etersSample
Top

Product
Cooler

u

W oter-*

Sample
Top

Hypodermic 
Needle TubingColumn

Sample
Top Product

Cooler

Woter
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F e e d  an d  P ro d u c t P o r t  C o n stru c tio n

Nylon- Filled 
Neoprene Gaskets

Bolting Ring 1 /8 - inch 
Cadmium 
Plated Plate

I !!
water Jacket 

VolumeBrass' 0  -  Ring
Assembly

1/2 inch 
Stainless 
Tubing

water 
Jacket Bolt

Transfer Area

< — Fluid Entry 
(or Exit)

1/4-inch Stoinless 
Steel Tubing

Stainless Steel 
Transfer Plate
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s ta in le s s  h y p o d erm ic  n eed le  tubing; one end of the  tubing  w as f lu sh  

w ith  th e  p la te 's  su r fa c e  and  th e  o th e r  end ad ap ted  so th a t i t  would 

a c c e p t a  h y p o d erm ic  sy rin g e  fo r  sam p le  w ith d raw a l. When no 

sam p le  w as being  tak en , th e  tap  w as p lugged . (See F ig u re  14 fo r  

d e ta i ls . )

F o r  flow  ru n s , o n e -q u a r te r  inch  co p p er lin e s  w e re  u sed  to 

in tro d u ce  flu id  to  and  rem o v e  flu id  fro m  th e  co lum n. The p ro d u c t 

l in e s  w e re  equipped  w ith  v a lv es  p la ce d  ju s t  d o w n stream  fro m  the  

sam p le  ta p s . T h ese  v a lv e s  w e re  c lo se d  d u rin g  b a tch  ru n s  to  p re v e n t 

d iffu sion  in to  th e  p ro d u c t l in e s . The liqu id  in  the  p ro d u c t l in e s  w as 

coo led  in  the  sam e  c o o le r  a s  the  d e g a sse d  feed . The c o o le r  had 

ad eq u a te  h ea t t r a n s f e r  a r e a  to  b rin g  ex it te m p e ra tu re s  n e a r  room  

te m p e ra tu re .

Two banks of fo u r ro ta m e te r s  in  p a ra l le l  w e re  u sed  to  in d i

c a te  flow  r a te s .  One bank w as u sed  fo r  th e  o v e rh ead  p ro d u c t and 

one bank fox:;the bo ttom  p ro d u c t; each  in d ica ted  flow  fro m  0. 02 to  

200 g ra m s  p e r  m in u te . P ro d u c t flow  ra te  c o n tro l w as acc o m p lish e d  

th ro u g h  u se  of s ta in le s s  s te e l  h y p o d erm ic  n eed le  tub ing  of v a r io u s  

gauges and le n g th s . Two n eed le  v a lv e s  (AVECO S e r ie s  1050) in 

p a r a l le l  w e re  p la ce d  on each  p ro d u c t lin e  and  w e re  help fu l in  a d ju s t

ing and  equ a liz in g  flow  r a te s  a t flow s g r e a te r  th an  ap p ro x im a te ly  0. 20 

g ra m s  p e r  m in u te . (See F ig u re  15. )
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Sam ple Tap C o n stru c tio n

NOTE.' Stainless tubing silver- 
soldered to plate; 
Subsequent pinhote leaks 
rspdfred with tin-lead 
solder.

1/ 4" Copper Tubing

1/4 Tubing Tee

Tapered Teflon 
Plugs

l/2f'Stainless 
Tubing

-Washer 
■26 Gauge Hypodermic 
Needle Tubing (304SS)

i/4" Stolniess Tubing-

Stainless Steel—^  
Transfer Plate

NOTE.' Hypodermic needle tubing end is flush 
with transfer plate overhead and bottom 
product ports; Tubing end extends only 
three inches Into the tubing for the feed 
port since the concentration Is the 
some throughout.
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C o n tro l P an e l



87

A ll m a te r ia l  co n tac tin g  th e  feed  o r  p ro d u c t a lco h o l so lu 

tio n s  w as e i th e r  co p p e r , a lu m in u m , s ta in le s s  s te e l ,  te f lo n , g la s s ,  

o r  n eo p ren e .

The hot and  co ld  w a te r  sy s te m s  (See F ig u re  16. ) w e re  d e 

sig n ed  to  lim it  th e  te m p e ra tu re  d ro p  o r  r i s e  th ro u g h  th e  co lum n to 

le s s  th an  0. 6°C . B oth  th e  hot and  co ld  w a te r  lo o p s w e re  c lo se d  

sy s te m s ; th a t i s ,  th e  w a te r  w as re c irc u la te d . The ho t w a te r  w as 

h ea ted  by open s te a m  th ro u g h  a  sp a rg e  n e a r  th e  bo ttom  of an  in s u la 

ted  f if ty -f iv e  ga llon  b a r r e l ;  th e  co ld  w a te r  w as coo led  by  m ix in g  w ith 

tap  w a te r  in  a  s im i la r ,  in su la te d  b a r r e l .  E a c h  b a r r e l  w as equipped 

w ith  an  overflow  lin e  one foo t fro m  th e  top and w ith  a  s ig h t g la s s  so 

th a t th e  w a te r  le v e l cou ld  be  o b se rv ed . The s te a m  and  tap  w a te r  

r a te s  w e re  re g u la te d  by  H oneyw ell a i r - o p e r a te d  d ia p h ra g m  m o to r  

v a lv es  w hich w e re  c o n tro lle d  by B row n c i r c u la r - c h a r t  E le c tro n ic  

A ir -O -L in e  C o n tro lle rs . B row n iro n -c o n s ta n ta n  th e rm o c o u p le s  

s e rv e d  a s  sen s in g  e le m e n ts  and  w e re  lo ca ted  in  the  p ip e lin e s  ju s t  

u p s tre a m  fro m  the pum p in le ts .

Two o n e -h a lf  h o rse p o w e r W orth ington  c e n tr ifu g a l m o to r -  

pum p com b in a tio n s  p ro v id e d  flow ra te s  up to  th i r ty  g a llo n s  p e r  m in 

u te  in  th e  c lo se d  loo p s. S q u a re  edged o r if ic e s  w e re  c a l ib ra te d  in 

p la ce  and  w e re  u sed  in  con junction  w ith  m e rc u ry -u n d e r -w a te r  U -tube 

m a n o m e te rs  to  m e a s u re  w a te r  flow  r a te s .  S tan d a rd  one and  o n e -h a lf  

inch  globe v a lv es  w e re  u sed  on the  pum p in le t  l in e s  to  re g u la te  flow
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C ooling and  H eating  W ate r S y s tem s

To DrainTo Droln

® E

^  55-G ollon Barrels
Temperature Recorder-Controllers

Air-Operated Diophrogm Valves

Globe Valves

^  Centrifugal Pumps —

@  Orifices
Mercury Manometers

Thermometers

Thermogravitotionol Column
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r a te s  to  tw en ty -fiv e  g a llons p e r  m in u te  fo r  a l l  e x p e r im e n ta l  ru n s .

The ho t w a te r  e n te re d  a t  the  bo ttom  of the  w a te r  ja c k e t on th e  ho t 

p la te  and  flow ed c o u n te r -c u r re n t  to  th e  c o ld e r  w a te r  w hich  e n te re d  

a t  th e  top of th e  w a te r  ja c k e t on th e  co ld  p la te . In le t and  o u tle t ho t 

and  co ld  w a te r  te m p e ra tu re s  w e re  m e a s u re d  w ith  s ta n d a rd  m e rc u ry -  

in -g la s s  th e rm o m e te rs  w ith  0 .1 “ C g ra d u a tio n s . A ll w a te r  lin e s  w e re  

s ta n d a rd  one and  o n e -h a lf  in ch  and  w e re  in su la te d  w ith  A ir -O -C e ll  

p ip e  in su la tio n . S m all len g th s  of ru b b e r  h o se  w e re  u sed  to  connect 

th e  w a te r  lin e s  to  the  colum n to  m in im iz e  v ib ra tio n s  and  to  allow  

g r e a te r  f le x ib ility .

H o riz o n ta l B a r r i e r  S y s tem s 

A b a r r i e r  f ram e w o rk  (See F ig u re s  17 and  18. ) w as f a b r i 

ca ted  fro m  304 s ta in le s s  s te e l  sh ee t; th e  fram e w o rk -w a s  th e  sam e  

th ic k n e ss  a s  th e  d e s ire d  d is ta n c e  be tw een  th e  p la te s  and , in  fa c t, 

fix ed  th e  p la te  spacing . The fra m e w o rk  w as u tiliz e d  to  hold  the 

b a r r i e r s  and w as sandw iched, w ith  b a r r i e r s  and  g a sk e t, be tw een  

th e  t r a n s f e r  p la te s  w hich w e re  b o lted  to g e th e r . (See F ig u re  10. )

In o rd e r  to p re v e n t p o s s ib le  bowing of th e  p la te s  w hen tight

ened  on the  fram e w o rk , i t  w as n e c e s s a ry  to  p la c e  th r e e - q u a r te r  

in ch  w ide s ta in le s s  s te e l  s t r ip s  along  the  b o lt h o le s . T h ese  s t r ip s  

w e re  n e c e s s a ry  to  c o u n te rac t the  c a n ti le v e r  e ffec t w hich  ; su ited  

b e c a u se  th e  b a r r i e r  f ram e w o rk  w as e n tire ly  w ith in  th e  b o lt c i r c le .  

T he s t r ip s ,  one on each  edge of th e  p la te s ,  ra n  v e r t ic a l ly  th e  len g th
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B a r r i e r  F ra m e w o rk  w ith  F if ty  B a r r ie r s
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of th e  co lum n and  w e re  cu t f ro m  m a te r ia l  of the  sam e  th ic k n e ss  

a s  th e  fram e w o rk ; th u s , th e i r  th ic k n e s s  w as a lso  eq u al to  the  p la te  

spacing .

H o riz o n ta l b a r r i e r s  w e re  fa b r ic a te d  f ro m  304 s ta in le s s  

s te e l  h y p o d e rm ic  n e ed le  tub ing . T he b a r r i e r s  w e re  so ld e re d  

e q u a lly - sp ac e d  (w ith  one excep tion ) b e tw een  th e  top and  bo ttom  of 

the  b a r r i e r  f ra m e w o rk . T he s o ld e r  jo in ts  w e re  s c ra p e d  and  sanded  

flu sh  w ith  th e  f r a m e , and  a l l  jo in ts  w e re  c lea n e d  th o ro u g h ly  w ith 

co tton  and d is t i l le d  w a te r  to  rem o v e  t r a c e s  of a c id  flux  and  b its  of 

e x c e s s  so ld e r .

The b a r r i e r s  w e re  c e n te re d  in  th e  fra m e w o rk  so  th a t when 

in s ta lle d  in  th e  co lum n  th e y  w e re  p o s itio n e d  equf##RH0h#f*Pm;^both 

p la te s . A s m a ll  te f lo n  d isc  w ith  o u te r  d ia m e te r  equal to  the  p la te  

spac ing  and in n e r  d ia m e te r  th e  sam e  a s  th e  b a r r i e r 's  o u te r  d ia m e te r  

w as p o s itio n e d  on each  b a r r i e r  to  h e lp  p re v e n t c o n tac t of th e  b a r r i e r  

w ith  th e  p la te s  a s  a  r e s u l t  of th e  p o s s ib le  bow ing of th e  b a r r i e r .  (See 

F ig u re s  17 and  18. )

The in n e r  d im e n s io n s  of th e  b a r r i e r  f ra m e w o rk  defined  the  

w ork ing  vo lum e and  w e re  h e ld  c o n s ta n t d u rin g  a l l  ru n s  a t  a  w idth of 

9. 21 cm , a  len g th  of 145 cm , and  a  th ic k n e ss  (p la te  spacing) of 

0. 0794 cm . (See F ig u re  17. ) S ea ling  th e  w ork ing  vo lum e w as a c c o m 

p lish e d  by cu ttin g  a  g a sk e t f ro m  a  sh e e t of o n e -e ig h th  in ch  th ick  sponge 

n eo p ren e ; th e  in n e r  d im e n s io n s  of th e  g a sk e t w e re  cut a p p ro x im a te ly
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two p e rc e n t  s m a l le r  th an  th e  o u te r  d im en sio n s  of th e  fram e w o rk  in  

o r d e r  to  in s u re  a  good f i t  a ro u n d  th e  fra m e w o rk . W hen cut and 

re a d y  fo r  in s ta lla tio n , th e  g a sk e t w as a p p ro x im a te ly  o n e -e ig h th  

in ch  sq u a re  in  c ro s s  sec tio n . The fra m e w o rk  w as su p p o rted  v e r 

t ic a l ly  in  th e  co lum n d u rin g  in s ta lla t io n  by two fine  w ire s  so ld e re d  

to  th e  top of th e  f ra m e . T h ese  two su p p o rt w ire s  w e re  ru n  th rough  

th e  c e n te r  of th e  g ask e t w ith  a  n eed le , and  no tro u b le  w as encoun

te r e d  w ith  le ak ag e  in  th is  a r e a .  The sponge n eo p re n e  g aske ting  

m a te r ia l  p ro v e d  v e ry  s a t is fa c to ry  s in c e  no le a k s  w e re  o b se rv ed  

a t  any  tim e  and s in ce  i t  w as in e r t  in  e th y l a lco h o l so lu tio n s . The 

m a te r ia l  d id  have one c h a r a c te r is t ic  w hich p ro v e d  a  d isad v an tag e : 

i t  a c q u ire d  a  p e rm a n e n t s e t  w hen c o m p re ss e d  b e tw een  th e  p la te s  

fo r  a  p e r io d  of t im e . It w as th u s  n e c e s s a ry  to  cu t a  new  gask e t 

e ac h  tim e  th e  co lum n w as d is a s se m b le d .

The above " fra m e w o rk "  m eth o d  of sea lin g  th e  w orking  

v o lum e and  defin ing  the  p la te  spac ing  w as u tiliz e d  fo r  a l l  e x p e r im en ta l 

ru n s  w ith  b a r r i e r s ,  and  fo r  a l l  of th e  no b a r r i e r  ru n s  th a t w e re  u sed  

fo r  co m p ariso n  w ith th e  b a r r i e r  d a ta . T h ese  ru n s  w e re  included  

in  e x p e r im e n ta l s e ts  F  th ro u g h  T.

A c h a r a c te r is t ic  of g a sk e ts  th a t h a s  h a m p e re d  s e v e ra l  

p re v io u s  e x p e r im e n ta l in v estig a tio n s  w ith  p a ra l le l -p la te  colum ns 

(B8) (P3) is  " g a sk e t c re e p , "  o r  p la s t ic  d e fo rm a tio n . In th e se  in v e s 

tig a tio n s , a  g a sk e t w as c o m p re sse d  b e tw een  th e  t r a n s f e r  p la te s  and
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s e rv e d  the  d ua l p u rp o se  of sea lin g  and  defin ing  the w orking volum e. 

S ince the  d e g re e  of c re e p  is  la rg e ly  dependen t on the c h a r a c te r is t ic s  

of a  p a r t ic u la r  g a sk e t, i t  w as d iff icu lt in  th e se  p re v io u s  in v estig a tio n s  

to  re p ro d u c e  the  sam e  w ork ing  vo lum e (in p a r t ic u la r ,  th e  sam e  

p la te  spacing) each  tim e  a  new g a sk e t w as in s ta lle d . In add ition , 

th e  c re e p  is  a  func tion  of tim e . T h e re fo re , u n le ss  one w a its  a  p e rio d  

of tim e  fo r  a  g a sk e t to  " s e t t l e , "  th e  w ork ing  vo lum e w ill change so m e

w hat d u rin g  th e  c o u rs e  o f a  ru n . It should  be no ted  th a t th is  sam e  

m eth o d  of sea lin g  th e  w ork ing  vo lum e and defin ing  the  p la te  spacing  

w as u tiliz e d  fo r  e x p e r im e n ta l s e ts  A th ro u g h  E in th is  w ork . The 

g a sk e t w as in s ta lle d , the  b o lts  in s e r te d  and  to rq u e d  u n ifo rm ly  to  

100 in c h - lb s , and a  p e r io d  of one w eek a llow ed  fo r  the  g ask e t to  

s e t t le .  R ep ro d u c ib ility  of the  p la te  sp ac in g  w as not a  p ro b le m  h e re  

s in ce  a ll  of the  e x p e r im e n ta l ru n s  in  s e ts  A th ro u g h  E w e re  ru n  w ith 

the  sam e  g ask e t. T he equ ipm ent, o th e r  th an  the  g a sk e t, w as th e  sam e 

fo r  th e se  runs a s  d e sc r ib e d  above fo r  the  ru n s  in e x p e r im en ta l se ts  

F  th ro u g h  T.

A p p ara tu s  fo r  D e te rm in a tio n  of R atio  of C -F a c to rs  

The C -fa c to r  h a s  been  d is c u s s e d  p re v io u s ly  in  connection  

w ith  E quation  (III-121) in  C h ap te r III. A p la s t ic  m odel w as c o n s tru c te d  

in  o r d e r  to  d e te rm in e  e x p e r im e n ta lly  the  ra tio  of the  C -fa c to rs  a t  the 

two b a r r i e r  d ia m e te r  to  p la te  spac ing  r a t io s  c o n s id e re d  in  th is  w ork. 

The r e s u l ts  of th is  e x p e r im e n ta l w o rk  a r e  g iven in  C h ap ter VII.
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An e x p e r im e n ta l a p p a ra tu s  (See F ig u re  19.) w as fa b r ic a te d  

f ro m  P le x ig la s , th e  two p a r a l le l  p la te s  fro m  o n e -q u a r te r  in ch  sh e e t 

fo u r  fe e t long and one foot w ide. The p la te s  w e re  a p p ro x im a te ly  

th re e - fo u r th s  of an  in ch  a p a r t  (0 .768  inch). A r ig h t c i r c u la r  c y lin d e r 

w as p la ce d  eq u ally  d is ta n t be tw een  th e  p la te s  and  two d iffe re n t d ia 

m e te r s  w e re  u sed . A o n e -h a lf  inch  c y lin d e r  gave a  c y lin d e r  d ia 

m e te r  to p la te  spac ing  ra tio  of 0. 65 and  a  f iv e -e ig h th s  in ch  d ia m e te r  

c y lin d e r a  ra tio  of 0. 815. Both ra t io s  a r e  c lo se  to  the  b a r r i e r  to  

p la te  sp ac in g  ra tio s  u sed  in  th e  th e rm o g ra v ita tio n a l co lum n.

P r e s s u r e  ta p s  w e re  lo c a ted  tw o fe e t d o w n stream  and  one 

foo t u p s tre a m  fro m  the  c y lin d e r . The ta p s  c o n s is te d  of o n e -e ig h th  

in ch  h o le s  in  the  bo ttom  p la te  and w e re  co n nec ted  by o n e -q u a r te r  

in ch  ru b b e r  h o se  to  a  m a n o m e te r . P r e s s u r e  m e a s u re m e n t w as by 

m e an s  of a  d if fe re n tia l m a n o m e te r  u s in g  benza ldehyde  (sp ec if ic  

g ra v ity  = 1. 05) u n d er w a te r  a s  a  m a n o m e te r  flu id .

F low  ra te s  w e re  d e te rm in e d  by co lle c tin g  1000 m l of w a te r  

o v e r  a  m e a s u re d  p e r io d  of tim e . In le t and  o u tle t w a te r  te m p e ra tu re s  

w e re  m e a s u re d  in  o r d e r  to  o b ta in  an  a v e ra g e  v is c o s ity  fo r  the  flu id .
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E x p e r im e n ta l A p p a ra tu s  fo r  th e  D e te rm in a tio n  of 
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C H A PTER  V

EX PER IM EN TA L PRO CED U RE

The th e  rm og  ra v ita tio n a l co lum n, b a r r i e r  sy s te m , and 

a u x ilia ry  equ ipm ent have  b een  d e sc r ib e d  in  som e d e ta i l  in  C h ap te r 

IV. In th is  c h a p te r , the  p ro c e d u re  by  w hich  d a ta  w e re  a c tu a lly  ob

ta in e d  is  d e sc r ib e d . The m e a s u re m e n t of th e  p la te  sp ac in g  is  

d is c u s s e d  a t len g th  a s  w ell a s  the  m ethod  of ob ta in ing  t r a n s ie n t  

b a tch  d a ta , and  con tinuous flow d a ta .

Ten s e ts  of e x p e r im e n ta l d a ta  w e re  o b ta ined  u sin g  

h o riz o n ta l b a r r i e r s ,  and , in  add ition , s e v e ra l  s e ts  of d a ta  w e re  

tak en  w ith  no b a r r i e r s  in  th e  s e p a ra tio n  sp ace  so th a t the  r e s u l ts  

fro m  th e se  n o - b a r r i e r  ru n s  could be u se d  fo r  c o m p a riso n  w ith  the  

b a r r i e r  d a ta . A " s e t"  of s te a d y -s ta te  con tinuous flow d a ta  c o n s is te d  

of a  r a te - s e p a ra t io n  cu rv e  w ith  a l l  sy s te m  and co lum n v a r ia b le s ,  

o th e r  than  the  flow r a te ,  h e ld  co n stan t. D iffe re n t r a te - s e p a ra t io n  

c u rv e s  w e re  ob ta ined  w ith  th e  m ean? te m p e ra tu re  d iffe ren c e  betw een  

the p la te s ,  AT, b a r r i e r  d ia m e te r , d, and n u m b e r of b a r r i e r s ,  N, a s  

p a ra m e te r s .  C hanges in  AT could be m ad e  e a s ily  by se ttin g  the

te m p e ra tu re  r e c o r d e r - c o n t r o l le r  s. The b a r r i e r  d ia m e te r  and n u m b er

■
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of b a r r i e r s  cou ld  be changed by  p re p a r in g  a  b a r r i e r  f ra m e w o rk  w ith  

th e  d e s ire d  n u m b er of b a r r i e r s  of a  g iven  d ia m e te r . The a v e ra g e  

te m p e ra tu re  le v e l, T, p la te  sp ac in g , 2 w , p la te  w idth, B, and  feed  

c o n cen tra tio n , C p , w e re  h e ld  e s s e n tia l ly  co n stan t fo f  a l l  e x p e r i

m e n ta l ru n s  w ith  b a r r i e r s .

P ro c e d u re  fo r  O btain ing  P la te  Spacing 

S ince th e  p la te  sp ac in g  w as th e  m o s t im p o rta n t m e a su re m e n t 

so f a r  a s  a c c u ra c y  and p re c is io n  w e re  co n ce rn ed , the  m a n n e r  of 

m e a su r in g  th e  p la te  spac ing  fo r  a l l  of th e  e x p e r im e n ta l ru n s  w ith 

b a r r i e r s  w ill be  d is c u s se d  in  som e d e ta il. The p la te s  w e re  w ell 

c lean ed  w ith  fine  e m e ry  p a p e r  and  fin a lly  w ith  a  c lean  clo th . The 

p la te s  w e re  p o s itio n ed  by m e an s  of a lig n m en t p in s  and th e  e ig h teen  

a sse m b ly  b o lts  in s e r te d . A t th is  po in t th e re  w as no fra m e w o rk  o r  

g a sk e t betw een  the  p la te s .  A ll b o lts  w e re  tig h ten ed  to  ap p ro x im a te ly  

th ir ty  in c h - lb s  w ith  a  to rq u e  w ren ch  and  fin a lly  u n ifo rm ly  tig h ten ed  

to  100 in c h - lb s . The ho t and  co ld  w a te r  flow s w e re  s ta r te d , a llow ed 

to  re a c h  the  p r e s e t  te m p e ra tu re , and th e i r  flow ra te s  ad ju s ted  to  the 

o p e ra tin g  flow ra te  o i^ w e n ty -f iv e  g a llo n s  p e r  m inu te . When it  w as 

fe lt  th a t the  p la te s  had re a c h e d  th e ir  e q u ilib riu m  te m p e ra tu re , 

m ic ro m e te r  re a d in g s  (d esig n a te  - -  see  F ig u re  20) w e re  tak en  

a t each  of th e  e ig h t p a i r s  of s te e l  b a lls  w hich w e re  a tta ch ed  o p p o sx e
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one a n o th e r  a ro u n d  th e  p e r ip h e ry  of th e  ho t and  co ld  p la te s . (See 

F ig u re  21. ) T h re e  re a d in g s  w e re  tak en  a t  each  lo ca tio n  u sin g  a  

m ic ro m e te r  (m odified  Lufkin  M odel 1945V) cap ab le  of read in g  to  

0. 0001 inch . The co lum n w as th en  d is a s s e m b le d , th e  s t r ip s  p la ce d  

a long  the  b o lt h o le s , and th e  b a r r i e r  f ra m e w o rk  w ith  b a r r i e r s  and 

n eo p ren e  g a sk e t p o s itio n e d  in  th e  co lum n. T he f ra m e w o rk  a sse m b ly  

w as su sp en d ed  by two fine  w ire s  (w hich in  no w ay  a ffe c ted  co lum n 

op era tio n ) and  h e ld  in  p la c e  la te r a l ly  by th re a d  w h ere  n eed ed  u n til 

the  p la te s  w e re  a lig n ed  and b ro u g h t to g e th e r . A fte r  su ffic ien tly  

tig h ten in g  th e  b o lts  such  th a t the  fra m e w o rk  w as no lo n g e r f r e e  to  

m ove, the  th re a d s  w e re  c a re fu lly  rem o v ed  and  th e  tig h ten in g  co m 

p le te d , b o lts  be ing  to rq u e d  to  100 in c h - lb s . The a lco h o l feed  w as 

s ta r te d ,  th e  w ork ing  vo lum e allow ed to  f i l l  w ith  feed  so lu tio n , the  

o v e rh e ad  and  b o tto m  p ro d u c t flow ra te s  a d ju s te d , and  th e  co lum n 

o b se rv e d  fo r  a p p ro x im a te ly  th ir ty  m in u te s  to  ch eck  fo r  any  obvious 

le a k s . T h e re  being  none, the  hot and  co ld  w a te r  flow s w e re  s ta r te d  

a s  d e sc r ib e d  above, and  a f te r  s te a d y -s ta te  te m p e ra tu re s  had  b een  

re a c h e d , th re e  (o r  m o re )  m ic ro m e te r  re a d in g s  ( d e s ig n a te ^ .  ) w e re  

again  tak en  a t  e ac h  of th e  e igh t p a i r s  of s te e l  b a l ls .  The th re e  

re a d in g s  of and^j^ a t  each  po in t w e re  a v e ra g e d  and  su b tra c te d  

to  o b ta in  a  p la te  sp ac in g , 2 w , a t  each  of th e  e ig h t lo c a tio n s . The 

eigh t v a lu e s  of 2 “  w e re  th en  a v e ra g e d  fo r  a  fin a l g ran d  a v e ra g e .

In g e n e ra l, re a d in g s  of w e re  tak en  fo r  e v e ry  o th e r  p o in t on a



F ig u re  21

L o ca tio n  of S te e l B a lls  U tilized  fo r  M easu rin g  
P la te  Spacing

Overheod Port

Steel 
Bolls 57

Feed
Port

4060

20 '

Bottom Port

Overheod

or

HOT
PLATE

Feed ai

Steel Bolie 
(Enlorged)

COLD
PLATE

Bottom

( 0 ) Front view of transfer plote 
(Column Disossmnbled)

NOTE: Not to Scole

( b ) Side view of column 
(Assembled)

101



102*

ra te - s e p a ra t io n  cu rv e . It w as fe lt  th a t th is  w as su ffic ien t s in ce  no 

p la s t ic  d e fo rm a tio n  o r  " c re e p "  w as o b se rv ed  w ith  the  m eth o d  of 

g ask e tin g  u sed  in  th e  b a r r i e r  ru n s . E v idence  of th e  a b se n c e  of 

c re e p  is  d e m o n s tra te d  in  T able  1.

The v a r ia tio n s  of the  p la te  spac in g s  w ith  tim e  fo r  a  g iven  

e x p e r im e n ta l s e t (show n in  T ab le  1) a r e  fe lt to  be due a lm o s t en 

t i r e ly  to  m e a s u re m e n t e r r o r .  T h e re  se e m s  to  be no d efin ite  tre n d  

in  th e  read in g s  to  ju s tify  any  o th e r  conclusion . It can be no ticed , 

how ever, th a t s u c c e ss iv e  e x p e r im e n ta l s e ts  have Som ew hat lo w er 

a v e ra g e  p la te  sp ac in g s . T h is is  p ro b ab ly  b ecau se  the b a r r i e r  f r a m e 

w ork  and  spac ing  s t r ip s  w e re  sanded  c lean  each  tim e  the  co lum n 

w as d is a s se m b le d . T h is sand ing  ev iden tly  rem oved  enough m e ta l 

to change s lig h tly  th e  p la te  spac ing  o v e r a  p e r io d  of a  y e a r .

The above p ro c e d u re  u tiliz in g  s te e l  b a lls  to  m e a s u re  the 

p la te  sp ac in g  w as in tro d u ced  by B oyer (B 8 ) and w as found quite  

su c c e ss fu l fo r  m e a su r in g  th e  spacing . It should  be p o in ted  out, 

how ever, th a t i t  w as not n e c e s s a ry  to  have m e a su re d  the  p la te  

spac ing  in  th e  m a n n e r  d e sc r ib e d  above. The p la te  spacing  could 

have been  ob ta ined  d ire c t ly  by m e a su r in g  the th ic k n e ss  of th e  b a r 

r i e r  f ra m e w o rk  and  s t r ip s  along the  bo lt h o le s , s in ce  th e se  com ponen ts 

fixed  th e  p la te  sp ac in g , and  s in ce  no m e a su ra b le  c re e p  w as d e tec te d .

The in itia l& h ick n ess  of the  b a r r i e r  f ram e w o rk  and s t r ip s
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TABLE 1

P L A T E  SPACING M EASUREM ENTS TAKEN FO R  
EX PE R IM EN TA L SETS I, M, Q AND R

Set I Set M Set Q Set R

Day Spacing
cm

Day Spacing
cm

Day Spacing
cm

Day Spacing
cm

0* 0 .0792 0* 0 .0790 0* 0 .0 7 9 0 0* 0 .0 7 9 2

1 0 .0790 4 0 .0790 3 0 .0788 1 0 .0 7 9 2

2 0 .0792 5 0 .0790 8 0 .0788 3 0 .0 7 9 2

3 0 .0790 6 0 .0 7 9 2 9 0 .0 7 8 8 6 0 .0795

3 0 .0795 6 0 .0 7 9 2 17 0 .0790 10 O'. 0792

4 0 .0795 7 0 .0790 28 0 .0795

5 0 .0792 14 0 .0790 30 0 .0792

7 0 .0795 35

40

0 .0792

0.0791

* In it ia l p la te  sp ac in g  m e a s u re m e n t w as ta k en  on th e  day 

co lum n a s se m b le d .
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w as 0. 0794 cm . It can  be seen  in T ab les  1 and  5 th a t th e  p la te  s p a c 

ings fo r  th e  f i r s t  ru n s  w ith  b a r r i e r s  ( s e ts  F , G, H, e tc . ) had  a v e ra g e  

p la te  sp ac in g s  c lo se  to  th is  va lue . S u c c ess iv e  e x p e r im e n ta l ru n s  had 

som ew hat lo w er a v e ra g e  p la te  sp ac in g s , bu t th is  is  b ecau se  of the  

m e ta l  rem o v ed  by sand ing  each  tim e  th e  fra m e w o rk  and s t r ip s  w e re  

c leaned .

I t is  fe l t  by th e  a u th o r th a t d ir e c t  m e a s u re m e n t of th e  s t r ip s  

and fra m e w o rk  is  the  e a s ie s t  and m o s t p r e c is e  w ay to m e a s u re  the 

p la te  sp ac in g . The u se  of the  s te e l  b a lls  p ro v id ed  a  good check , but 

i t  is  fe l t  th a t m o re  e r r o r  is  en co u n te red  w ith  th e  b a lls  th an  by  d ire c t  

m e a s u re m e n t. It w ould be d e s ira b le , h o w ev er, to  find  a  m eth o d  o th e r 

th an  sand ing  to  c lean  the  fram e w o rk  and s t r ip s :  a  su itab le  so lv en t 

m igh t be u sed . The u se  of a  so lv en t would p re v e n t the  re m o v a l of 

m e ta l by sand ing , and th u s  a s s u re  re p ro d u c ib ility  of the  w ork ing  

volum e.

It should  be no ted  th a t the  " f ra m e w o rk "  m a n n e r  of g ask e tin g  

w as no t u sed  fo r  e x p e r im e n ta l s e ts  A, B, C, D, and  E . (T h ese  s e ts  

of d a ta  a r e  c o n s id e re d  u n d e r "A dd itiona l W ork" and a r e  independen t 

of the  w ork  w ith  h o r iz o n ta l b a r r i e r s .  ) In th e se  s e ts ,  the  g a sk e t i t 

s e lf  defined  th e  w ork ing  vo lum e and a  w eek  Was a llow ed  fo r  the  

g a sk e t to " s e t t le "  b e fo re  any  d a ta  w e re  tak en . (See C h ap te r IV. )

P la te  sp ac in g  m e a s u re m e n ts  w e re  tak en  fo r  e v e ry  run  in  th e se  e x 

p e r im e n ta l  s e ts .
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P r o c e d u re  fo r  O btain ing  B a tc h -T ra n s ie n t  D ata 

The above p ro c e d u re  fo r  co lum n s ta r t -u p  d e sc r ib e d  in  co n 

n ec tio n  w ith  th e  m e a s u re m e n t of th e  p la te  sp ac in g  w as follow ed in  a l l  

e x p e r im e n ta l ru n s  w ith  h o riz o n ta l b a r r i e r s .  H ow ever, w hen a  b a tch  

tr a n s ie n t  ru n  w as to  fo llow , the  o v e rh e a d  and  bo ttom  flow ra te s  w e re  

s e t  a t  a  v e ry  h igh  flow  ra te  of a p p ro x im a te ly  one hu n d red  g ra m s  p e r  

m in u te . It w as fe l t  th a t no d e te c ta b le  s e p a ra t io n  could o c c u r  w ith  

such  a  la rg e  flow  ra te  s in ce  i t  w as found e x p e r im e n ta lly  th a t no a p p re 

c iab le  s e p a ra tio n  o c c u r re d  a t  flow  r a te s  g r e a te r  than  a p p ro x im a te ly  

th re e  g ra m s  p e r  m in u te . When th e  ho t and  co ld  w a te r  sy s te m s  

re a c h e d  th e i r  p r e s e t  te m p e ra tu re s  (o r  a f te r  abou t five  m in u te s  of 

p u rg in g  th e  co lum n w ith  the  la rg e  p ro d u c t flow  ra te s ) ,  th e  v a lv es  on 

the o v e rh e ad  and  b o tto m  p ro d u c t l in e s  w e re  c lo se d  a s  ra p id ly  a s  p o s 

s ib le , and tim e  z e ro  fo r  th e  t r a n s ie n t  d a ta  w as d e s ig n a te d  a s  th e  tim e  

when the  v a lv e s  w e re  c lo sed . It shou ld  be no ted  th a t t r a n s ie n t  d a ta  

w e re  o b ta in ed  only  fo r  b a tch  ru n s . In g e n e ra l , an  a tte m p t w as m ad e  

to tak e  sa m p le s  a t  t im e  in te rv a ls  su ch  th a t v a lu e s  of a/  Aqo of 0. 2,

0. 4, 0. 6, 0. 8, and  1. 0 w e re  re a l iz e d . T h re e  sa m p le s  w e re  then  

tak en  a t t im e  in te rv a ls  la rg e  c o m p ared  to  th e  re la x a tio n  tim e  in  o r d e r  

to  in s u re  th a t s te a d y -s ta te  co nd itions h ad  b een  re a ch e d . In g e n e ra l, 

sa m p le s  w e re  ta k e n  about ten  t im e s  d u rin g  a  t r a n s ie n t  run . The 

th re e  re a d in g s  ta k en  a t s te a d y -s ta te  w e re  a v e ra g e d  fo r  th e  re p o r te d  

v a lu e s  in  th is  w ork . E ach  tim e  a  sam p le  w as w ithdraw n , one o r  two
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d ro p s  w as a llow ed  to  e sc a p e  b e fo re  the  sam p le  w as co llected .,' in  

o rd e r  to p u rg e  th e  tap  of p re v io u s  so lu tion . The sa m p le s  w e re  

c o lle c te d  in  h y p o d e rm ic  s y r in g e s  w hich f illed  by g ra v ity  flow. A p

p ro x im a te ly  o n e -h a lf  m i l l i l i t e r  of flu id  w as w ithd raw n  fro m  each  

sam p le  tap  each  t im e  a  re a d in g  w as taken . D uring  th e  tim e  betw een  

sam p lin g , the  in le t  and  o u tle t hot and cold w a te r  te m p e ra tu re s  w e re  

re c o rd e d , and the  te m p e ra tu re  r e c o r d e r - c o n t r o l le r  re ad in g s  w e re  

no ted . E igh t th e rm o c o u p le s  w e re  re a d  u sing  a  p re c is io n  p o te n tio 

m e te r ;  fo u r th e rm o c o u p le s  w e re  lo ca ted  in th e  co lum n (two in  each  

p la te ) , and o th e rs  w e re  lo c a te d  on th e  hot feed  lin e  out of th e  feed  

d e g a s s e r ,  and on the  co o led  feed  lin e  and o v e rh e ad  and bo ttom  p r o 

duc t lin e s  fro m  th e  p ro d u c t c o o le r . O th er m isc e lla n e o u s  in fo rm a tio n  

w as re c o rd ed : th e  ic e  b a th  te m p e ra tu re  fo r  th e  p o te n tio m e te r , the 

w a te r  te m p e ra tu re  in  th e  p ro d u c t c o o le r , th e  room  te m p e ra tu re , 

th e  m a n o m e te r  re a d in g s  fo r  ho t and cold  w a te r  s y s te m s , the  P o w e r-  

s ta t  se ttin g , and th e  liq u id  le v e ls  in the  feed  b a r r e l  and hot and cold 

w a te r  b a r r e l s .

P ro c e d u re  fo r  O btaining C ontinuous F low  D ata 

C ontinudus flow  d a ta  w e re  o b ta ined  in  a  m a n n e r  s im ila r  to 

the  b a tch  d a ta  ex cep t th a t  feed  w as in tro d u ce d  to  the  c e n te r  of the  

co lum n and o v e rh e ad  and  bo tto m  p ro d u c t co n tinuously  rem oved . 

P e r io d ic  sa m p le s  w e re  ta k en  fro m  the  o v e rh ead , b o tto m , and  feed  

sam p le  ta p s  u n til the  co lum n  re a c h e d  s te a d y -s ta te  con d itio n s . T h ree
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re a d in g s  w e re  ag a in  tak en  a t s te a d y -s ta te  and  a v e ra g e d  fo r  th e  r e 

p o r te d  v a lu e s .

A n a ly tica l P ro c e d u re  

P ro d u c t sam p les  (o v erh ead  and  bo ttom ) and  feed  so lu tio n s  

w e re  an a ly zed  fo r  w eight f ra c tio n  e th y l a lco h o l by  re f ra c t iv e  index  

w ith  a  B au sch  and  Lom b P re c is io n  R e f ra c to m e te r  (No. 33-45-01).

(See F ig u re  22. ) The re f r a c to m e te r  could  be  re a d  to  t  0. 005 s c a le  

u n its  c o rre sp o n d in g  to  a p p ro x im a te ly  0 .0007  w eigh t f ra c tio n  a lco h o l. 

A ll a n a ly se s  w e re  m ade a t  25°C  and  th e  r e f r a c to m e te r  w as c a l ib ra te d  

w ith  e th y l a lc o h o l-w a te r  so lu tio n s  a t  th is  te m p e ra tu re .  The r e f r a c to 

m e te r  p r i s m s  w e re  m a in ta in ed  a t  the  re q u ire d  te m p e ra tu re  of 25“ C 

by s tea d y  w a te r  flow  fro m  a  c o n s tan t te m p e ra tu re  bath .

P ro d u c t flow ra te s  w e re  d e te rm in e d  by  co lle c tin g  sa m p le s  

in  ic ed  b o ttle s  (to h in d e r ev ap o ra tion ) o v e r  a  m e a s u re d  tim e  in te rv a l .  

The am oun t of so lu tion  c o lle c te d  w as d e te rm in e d  by w eight d if fe re n c e , 

and  a l l  w eigh ings w ere  m ade  on a  R ig h t-a -W eig h  B alance  w hich  cou ld  

be re a d  to  0. 0001 g ram .

T h erm o co u p le  v o ltag es  w e re  m e a s u re d  on a  L eeds and 

N o rth ru p  P o r ta b le  P o te n tio m e te r  (No. 8662) and  th e  v o ltag es  con

v e r te d  to  te m p e ra tu re s  th ro u g h  u se  of s ta n d a rd  co n v e rs io n  ta b le s  

(LI). The p o te n tio m e te r  could  be  re a d  to  t  0. 001 m illiv o lt, w hich 

c o rre sp o n d s  to  a p p ro x im a te ly  i  0 , 4 “F . The re fe re n c e  ju n c tio n  w as 

m a in ta in ed  a t  a  co n stan t 32“F  by u s e  of c ru sh e d  ic e  and w a te r  in  a  

th e rm o s  b o ttle .
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F ig u re  22 

A n a ly tic a l In s tru m e n ts



C H A PTER  VI

PR ESEN TA TIO N  AND IN TER PR ETA TIO N S O F 

EX PE R IM EN TA L RESULTS

In C h ap te r III th e  th e o re t ic a l  t re a tm e n t  fo r  th e  open co lum n 

o r ig in a lly  developed  by  F u r r y ,  Jo n es  and O n sa g e r (F7) w as rev iew ed .

It w as p o in ted  out th a t, a lthough  conven tional th e o ry  d id  no t p re d ic t  

an  in c re a s e  in  th e  s te a d y - s ta te  b a tch  s e p a ra tio n  w hen h o r iz o n ta l b a r 

r i e r s  w e re  p la c e d  in  th e  s e p a ra tio n  sp ace , i t  w as found e x p e r im e n ta lly  

th a t su ch  an  in c re a s e  d id  o c c u r . An ex p o s t fac to  line  of re a so n in g  

w as th en  u se d  to develop  a  m o d ified  th e o ry  to  ex p la in  th is  in c re a s e  

in  th e  b a tch  s e p a ra tio n , and  su b seq u en tly  th e  th e o ry  w as expanded to  

in c lu d e  th e  t r a n s ie n t  c a s e  and  the continuous flow  c a s e . D ata o b ta ined  

u sin g  th e  equ ipm ent d e s c r ib e d  in C h ap te r IV p ro v id e  a  m e a n s  of t e s t 

ing th e  m o d ified  th e o ry , and  th e  d a ta  and in te rp re ta t io n  of th e  r e s u l ts  

a r e  p re s e n te d  in  th is  c h a p te r .

The e x p e r im e n ta l r e s u l ts  a r e  p re s e n te d  in  th re e  g ro u p s: (I) 

s te a d y -s ta te  b a tch , o r  no bu lk  flow , d a ta , (2) t r a n s ie n t  b a tch  d a ta , and  

(3) s te a d y -s ta te  con tinuous flow  d a ta . The e ffe c t of v a ry in g  th e  p a r a m 

e te r s  s tud ied  (N, AT, and  d) is  d is c u s s e d  in  each  of the  th re e  g ro u p s .

ÎÔ9



B atch  C ase

E ffec t of N um ber of B a r r i e r s  

The m o re  in te re s t in g  c a s e  w ith  h o r iz o n ta l b a r r i e r s  is  th e  

b a tch , o r  no bu lk  flow , c a se . E x p e rim e n ta l b a tch  ru n s  w e re  m ade  

w ith  z e ro , tw o, fo u r , e ig h t, s ix teen , and fif ty  h o riz o n ta l b a r r i e r s .  

The e x p e r im e n ta l d a ta  a r e  shown p lo tte d  in  F ig u re  23 and  a r e  p r e s e n 

ted  in  ta b u la r  fo rm  in  A ppend ix  B.

The s te a d y -s ta te  b a tch  s e p a ra tio n  w ith  b a r r i e r s  can  be 

ob ta ined  fro m  E quation  (III-53), and th e  ra tio  of th e  b a tch  s e p a ra 

tio n  w ith  b a r r i e r s  to  th e  b a tch  s e p a ra tio n  in  th e  open co lum n is  

given by E quation  (III-54).

^o =  (1 + bN)
.0  L (111-54)
^o

The v a lu e  of b in  E q u a tio n  (111-54) to  give the  e x p e r im e n ta l ra tio  

of b a tch  s e p a ra tio n s  w as d e te rm in e d  fo r  two and fo r  fo u r  b a r r i e r s  

a t the  te m p e ra tu re  d iffe ren c e  betw een the  p la te s  of 26. 7®C (w ith lr=

0. 55cm . See A ppendix D. ). It shou ld  be no ted  th a t b is  sm a ll 

(b=0. 035), so  th e  c o n trib u tio n  fo r  an  in d iv id u a l b a r r i e r  is  not g re a t.

The a v e ra g e  va lue  of b of 0. 035 w as th en  u sed  in  co n junc

tio n  w ith  E quation  (III-54) to  p re d ic t  the  b a tch  se p a ra tio n s  fo r  any 

n u m b e r of h o r iz o n ta l b a r r i e r s .  F ig u re  23 c o m p a re s  the  e x p e r im e n 

ta lly  o b ta in ed  b a tch  se p a ra tio n s  fo r  tw o, fo u r , e igh t, s ix te en , and 

fifty  b a r r i e r s .  N o tice  th a t , w h e rea s  the  p lo tte d  cu rv e  show s re a s o n 

ab le  a g re e m e n t w ith  the  d a ta  a t a  te m p e ra tu re  d iffe ren c e  of 26. 7®C



F ig u r e  23

C o m p ariso n  of E aqperim ental R e su lts  w ith  E qu a tio n  (111-54) 
f o r  S tead y -S ta te  B atch  C ase  w ith  N H o rizo n ta l B a r r i e r s

POINTS EXPERIMENTAL
e  A T *  2 6 .7 *0  
A  A T *  13.4*0

OURVE CALCULATED FROM 
EQUATION (n r -5 4 )  WITH 

b •  0 .0 3 5  
ly ■ 0 .55  cm

A t ■ 01132 WT. FRAC. EtOH AT AT " 2 6 7 %  
a ; - 01020WT. FRAO EtOH AT A T«13.4*0

20 30 40 SO 60
NUMBER OF BARRIERS

8 0
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(the so lid  c i r c le s ) ,  d a ta  a t  th e  lo w er te m p e ra tu re  d iffe re n c e  of.

13. 4° C (the so lid  tr ia n g le s )  a r e  h ig h e r  th an  th e  c u rv e  v a lu es .

T h e re  a r e  tw o p o s s ib le  ex p lan a tio n s  fo r  th is  in c o n s is te n c y : (1)

th e  v a lu e  of b m ay  be a  fu n c tio n  of th e  te m p e ra tu re  d iffe ren c e

betw een  the  p la te s ,  o r  (2) th e  va lue  fo r  a t  th e  lo w e r te m p e ra tu re

d iffe ren c e  m ay  be in  e r r o r .  (V alues on th e  o rd in a te  in  F ig u re  23
Na r e  o b ta ined  by d iv id ing  th e  b a tch  s e p a ra tio n  w ith  N b a r r i e r s ,  A^,

by  th e  b a tch  s e p a ra tio n  in  th e  open co lum n, A^. T h e re fo re  a

change in  A  ̂ a t  a  g iven  te m p e ra tu re  d iffe ren c e  w ill a ffe c t a l l  of th e

po in ts  p lo tted  a t  th a t te m p e ra tu re  d iffe ren c e . ) Two b a tch  ru n s  fo r

th e  open colum n w e re  tak en  a t  the  lo w e r te m p e ra tu re  d iffe ren c e :

A^ = 0. 0890 fo r  ru n  52H and A  ̂ = 0. 1150 fo r  ru n  83L. The two o o
p o in ts  w e re  a v e ra g e d  fo r  th e  re p o r te d  va lue  of 0. 1020 w eight 

f ra c tio n  e thy l a lco h o l s in ce  th e re  w as no a p p a re n t re a so n  to  p r e f e r  

one ru n  o v e r  th e  o th e r. N o tice , h ow ever, th a t  if  a  v a lu e  of A  ̂ of 

0. 1100 w e re  u sed , th en  th e  p o in ts  a t  th e  lo w er te m p e ra tu re  d iffe ren c e  

w ould a lso  fa ll  on th e  cu rv e . T hus, i t  is  d ifficu lt to  say  fo r  c e r ta in  

why th e  e x p e r im e n ta l p o in ts  a t  the  lo w er te m p e ra tu re  d iffe ren c e  a r e  

h ig h e r  than  the  cu rv e  v a lu e s . It should  be p o in ted  out th a t  such  a  

la rg e  d is c re p a n c y  in  the  b a tc h  s e p a ra tio n  is  u n u su a l, bu t the  au th o r 

h as  no re a so n a b le  ex p lan a tio n  fo r  th e  d iffe re n t v a lu es .

The w ork  of T re a c y  and R ich  w ith  h o r iz o n ta l b a r r i e r s  in 

g a se s  is  in c luded  in  A ppendix  F. T h e ir  b a tch  d a ta  w ith  N a s  a 

p a ra m e te r  can  a lso  be c o r r e la te d  by u se  of E quation  (111-54).
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It should  be no ted  th a t v a ry in g  the n u m b er of h o riz o n ta l

b a r r i e r s  in  a  co lum n  of fix ed  len g th  is  c lo se ly  ak in  to v a ry in g  the

len g th  of each  of the  (N+1) s m a ll  co lum ns fo rm e d  by the  N b a r r i e r s .

This is  b e ca u se  e ac h  of the  (N+1) s m a ll co lu m n s, each  one 1
N+1

as long as the open  co lum n, p e r fo rm s  as  if  i t  w e re  independen t of

the o th e r  s m a ll  co lu m n s. S ince the  n u m b er of b a r r i e r s  u sed  in  th is

w o rk  ran g ed  fro m  two to fifty , the  open co lum n (L  = 145 cm) w as

d iv id ed  in to  as m an y  as  fif ty -o n e  sm a ll  co lum ns (L= 145 = 2. 84 cm ).
5T

O th er in v e s t ig a to rs  (C13) (D4) (H5) (P3) have c o n s id e re d  colum n 

len g th  as  a p a r a m e te r ,  bu t no in v e s t ig a to r  has  c o n s id e re d  a la rg e  

enough ra n g e  of co lum n  len g th s  to te s t  the  th e o ry  ad eq u a te ly . An 

e x ce lle n t p a p e r co n ce rn in g  the co lum n len g th  as  a  p a ra m e te r  w as 

p re s e n te d  by C row nover (C13). H ow ever, C ro w n o v e r 's  da ta  a lso  

su ffe re d  f ro m  la ck  of a su ff ic ie n tly  la rg e  ra n g e  of co lum n leng ths.

It is  p re d ic te d  by th e o ry  th a t the s e p a ra t io n  should  be 

p ro p o r tio n a l to co lum n  leng th . How ever, th is  is  tru e  only if the 

va lu e  of b in tro d u ce d  in  th is  w o rk  is  equal to z e ro , and such  is  not 

the c a s e , fo r  it w as found e x p e r im e n ta lly  th a t b = 0. 035. The s t ra ig h t  

d a sh ed  line  th ro u g h  the d a ta  (o b ta ined  a t a te m p e ra tu re  d iffe ren ce  of 

26. 7 ° C) in  F ig u re  24 is  the b e s t  line  b a se d  on the  a ssu m p tio n  th a t 

the s e p a ra t io n  is  p ro p o r tio n a l to the  leng th . N otice  th a t fo r the 

s m a l le s t  leng th , the  s e p a ra t io n  is  off by a fa c to r  of two. C o n se 

quen tly , i t  w as a s s u m e d  th a t the s e p a ra t io n  w as p ro p o r tio n a l to the



F ig u re  24

S e p a ra tio n  a s  a  F u n c tio n  o f  C olum n Lengt^i

0.12

0.10

0.08

0.06

POINTS EXPERIMENTAL:
DASHED LINE ASSUMES SEPARATION 
PROPORTIONAL TO COLUMN LENQTHWT FRAO  ̂

Ftnw 004
SOLID LINE ASSUMES SEPARATION 
PROPORTIONAL TO EFFECTIVE 
LENGTH TIMES (l+bN ) WHERE N 
IS NO. 8ARRIEI|IS AND b'OiOSS

0.02

60 14040 80 1 0 0 2 02 0

LENGTH, CM

114
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effec tiv e  leng th  (L -N lr) . m u ltip lie d  by the  fa c to r  (1 +bN):

S ep a ra tio n  a E ffec tiv e  L ength  (1+bN ) (VI-1)

Since the s e p a ra tio n  is  known fo r N = 0 (Aq * 0. 1132 a t AT= 26. 7 “ C) 

S ep a ra tio n  = 7. 8x10 ^ (L -N l^) (cm) (1+bN) (VI-2)

E quation  (VI-2) w as then p lo tted  as  the continuous line  in  F ig u re  24 

w ith  b equal to 0. 035. It can  be s e e n  tha t, w ith  the ex cep tion  of one 

poin t, th is  line  r e p re s e n ts  the d a ta  v e ry  w ell. Thus b a se d  on th is  

d a ta , i t  can  be sa id  th a t the conven tional th e o ry  is  not q u an tita tiv e ly  

c o r r e c t  fo r  the  e ffec t of len g th  on the b a tch  s e p a ra tio n . H ow ever, 

the  e ffec t of leng th  is  sm a ll a s  can  be seen  by the value  of b of 0. 035.

E ffec t of T e m p e ra tu re  D iffe ren ce  B etw een the P la te s  

The conven tional as  w e ll a s  the  m odified  th e o ry  show s tha t 

the s te a d y -s ta te  b a tch  s e p a ra tio n  should  be independen t of the te m 

p e ra tu re  d iffe ren ce  betw een  the p la te s  (assu m in g  th a t <<Kc). 

H ow ever, it w as found e x p e r im e n ta lly  th a t the te m p e ra tu re  d iffe ren ce  

does in fluence  the b a tch  s e p a ra t io n  fo r both  an open co lum n and a c o l

um n w ith  b a r r i e r s .  Two te m p e ra tu re  d iffe ren c es  be tw een  the p la te s  

w e re  c o n s id e re d  e x p e r im en ta lly : an  av e rag e  te m p e ra tu re  d iffe ren ce  

of a p p ro x im a te ly  26. 7° C and an  a v e ra g e  te m p e ra tu re  d iffe ren ce  of 

about 13. 4° C. E x p e rim e n ta l d a ta  a r e  p re s e n te d  in  ta b u la r  fo rm  in  

A ppendix  B. In g e n e ra l, the  s e p a ra tio n  dependence on te m p e ra tu re  

d iffe ren ce  can  be re p re s e n te d  by



S e p a ra tio n  a t  H ig h e r T e m p e ra tu re  D iffe re n c e  _ / aTh  \ 0. 088
----------------------------------------------------------------------------------------------  - ' _ _ S -1 ( V I - 3)
S e p a ra tio n  a t  L o w er T e m p e ra tu re  D iffe re n c e  ^ I L

O th e r in v e s t ig a to r s  (B8) (HI) (P4) h av e  found a  s im i la r  d e 

p en dence  of th e  b a tch  s e p a ra tio n  on th e  te m p e ra tu re  d iffe re n c e , 

a lthough  no t n e c e s s a r i ly  of th e  sam e  o r d e r  of m ag n itu d e .

T h e o ry  d o es  p re d ic t  th a t the  te m p e ra tu re  d iffe re n c e  w ill 

a ffe c t th e  t r a n s ie n t  b eh av io r of a  co lum n, and  th is  e ffec t w ill be  d i s 

c u sse d  in  th e  se c tio n  on th e  " T ra n s ie n t  B atch  C ase . "

E ffec t of B a r r i e r  D ia m e te r  

O nly two b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra t io s  w e re  con 

s id e re d  e x p e r im e n ta lly  in  th is  w ork , and  only  two s e ts  of. d a ta  w e re  

o b ta ined  a t  th e  l a r g e r  b a r r i e r  d ia m e te r . T h e re fo re , i t  is  d iff icu lt 

to  d raw  any  co n c lu s io n  a s  to  th e  e ffec t of b a r r i e r  d ia m e te r  on co lum n 

p e rfo rm a n c e  b a se d  so le ly  on th is  d a ta . It i s  f e l t ,  ho w ev er, th a t  th e  

va lue  of b in  E q u a tio n s  (111-52) th ro u g h  (111-54) should  be e s s e n tia l ly  

independen t of th e  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra tio . A s m e n 

tio n ed  p re v io u s ly  in  C h ap te r 111, b a r i s e s  b e c a u se  of th e  m o m en tu m  

lo s s  a s  th e  c irc u la t in g  flu id  in  each  of th e  s m a ll  co lum ns r e v e r s e s  

i t s  d ire c tio n  in  th e  v ic in ity  of the  b a r r i e r .  T h is  m o m en tu m  lo s s  

should  no t be a  s tro n g  func tion  of th e  b a r r i e r  d ia m e te r  to  p la te  s p a c 

ing ra t io , and , fo r  a  f i r s t  a p p ro x im a tio n , one w ould not ex p ec t an  

a p p re c ia b le  change in  th e  s te a d y -s ta te  b a tc h  s e p a ra tio n  a s  th e  b a r r i e r  

d ia m e te r  i s  in c re a s e d  re la tiv e  to  the  p la te  sp ac in g  (as long a s  th e



Ii7

b a r r i e r  d ia m e te r  i s  no t eq u a l to  th e  p la te  spacing).

The lim ite d  e x p e r im e n ta l r e s u l t s  a r e  c o m p ared  in  T ab le  2. 

D ata  a r e  p re s e n te d  fo r  th e  s te a d y -s ta te  b a tch  s e p a ra tio n  fo r  fo u r 

b a r r i e r s  w ith  a  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra t io  o f 0 . 643 and  f' 

f o r  fo u r  b a r r i e r s  w ith  a  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra t io  of 

0. 803. It can  be  see n  in  th e  T ab le  th a t  th e  s e p a ra tio n  w ith  th e  la rg e  

d ia m e te r  b a r r i e r s  is  som ew hat lo w e r th an  th e  s e p a ra tio n  g iven  by 

th e  s m a l le r  d ia m e te r  b a r r i e r s  a t  bo th  th e  te m p e ra tu re  d if fe re n c e s  

c o n s id e re d  e:iq>erim entally. T he d if fe re n c e  in  th e  s e p a ra t io n  is  

s m a ll ,  h o w ev er, and  can  b e  aA A bifted  to  e3q>erim ental e r r o r .

E ffec t of P la te  Spacing  

No e x p e r im e n ta l w o rk  w as done w ith  th e  p la te  sp ac in g  a s  

a  p a r a m e te r ,  but i ts  e ffec t is  re a d ily  d is c e rn ib le  f ro m  ex am in a tio n  

of E q u a tio n s  (111-51) and  (111-52). T hat i s ,  a ssu m in g  th a t th e  va lue  

of b d o es  no t change a s  th e  p la te  sp ac in g  i s  v a r ie d , th e  b a tc h  S e p a ra 

tio n  is  in v e rs e ly  p ro p o r tio n a l to  th e  fo u r th  p o w er of th e  p la te  spacing  

fo r  bo th  an  open co lum n and  a  co lum n w ith  b a r r i e r s .

T ra n s ie n t  B atch  C ase

E ffec t of N u m b er of B a r r i e r s  

H o riz o n ta l b a r r i e r s  in c re a s e  th e  b a tch  s e p a ra tio n  a b ility  of 

a  g iven  co lum n, bu t th e  tim e  re q u ire d  to  re a c h  any  f ra c t io n  of the



TA B LE 2

COMPARISON O F BATCH SEPARATIONS WITH FOUR 

HORIZONTAL BARRIERS:

BARRIER DIAM ETER A PARAM ETER

C olum n and S y s tem  V alues:

B = 9. 21 cmL = 145 cm  
T = 322°K 

2 CO = 0. 079 1 cm
C p =  0. 40 w t. f r a c . EtOH

A. AT = 2 6 .7 ° C

B a r r ie r
Exp. No. B a r r ie r D iam ete r E x p e r im e n 
and Set D ia m e te r to P la te  

Spacing 
R atio

ta l
Sepn.

cm W eight
F ra c .
EtOH

90M
—

0.0508 0. 643 . 1330
1040 0 .0635 0. 803 . 1286

B. At  = 13.6° C
B a r r ie r

Exp. No. B a r r i e r D iam eter E x p e r im e n 
and Set D ia m ete r to P la te  

Spacing 
R atio

ta l
Sepn.

cm W eight
F ra c .
EtOH

102N 0 .0 5 0 8 0. 643 . 1233
117P 0 .0635

118

0. 803 . 1226
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s te a d y -s ta te  s e p a ra tio n  is  a p p re c ia b ly  lo n g e r th an  fo r  a  s im i la r  

open  colum n. T hus, in c re a s e d  s e p a ra tio n  a b ility  is  ob ta in ed  th ro u g h  

th e  u se  of b a r r i e r s ,  bu t w ith  in c r e a s e d  re la x a tio n  tim e s .

It w as found in  C h ap te r III th a t th e  t r a n s ie n t  b eh av io r of a  

co lum n w ith N e q u a lly -sp a c e d  b a r r i e r s  could  be p re d ic te d  by th e  

s im u lta n eo u s  so lu tio n  of a  sy s te m  of L ap laced  equations: one equa

tio n  of the  type  g iven  by E quation  (111-76)

N C
c  ,(s )  = R r C^(s) + ^co(s+2R) , + F

s + R  ̂ 2Rs(N+l) ■' s + R

(111-76)

( N - 2 ) equations of th e  type  given by  E quation  (111-75)
2

C„(s) = R ,  C „+ i(.) + C„ ( , )  +   + _ C j _
s + 2R '• 2R(N+1) S+2R

(111-75)

and one equation  of th e  ty p e  g iven  by E q uation  (111-77) 

C i(s)
s 2s(N+l)

(111-77)

The f in a l so lu tio n  of th e  sy s te m  of equations y ie ld s  a  s e r ie s  of
-c R t

n eg a tiv e  e ^ o n e n t ia l  te rm s  of the  type  e (See A ppendices G and H. ) 

w h e re  c is  a  c o n stan t, and R is  equal to^" ^ /p  V. The flow  p a s t  the  

b a r r i e r s ,  is  dependen t on th e  re la tiv e  ra tio  of the  d ia m e te r  of 

th e  b a r r i e r s  to  th e  d is ta n c e  betw een th e  p la te s ,  a s  shown by 

E quation  (111-116), and  a lso  it is  p ro p o r tio n a l to  the  m ag n itu d e  of th e
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convective  c irc u la t io n  given by E q u a tio n  (III-121). T h e re fo re , if  

a  v a lu e  fo r  O' g is  ob ta in ed  fo r  a  n u m b er of b a r r i e r s ,  N, of a  g iven  

b a r r i e r  d ia m e te r  to  p la te  spacing  ra t io ,  th en  a  new  ^ can be  c a l 

cu la ted  fo r  any  o th e r  n u m b er of b a r r i e r s  of th e  sam e  d ia m e te r  to  

p la te  sp ac in g  ra tio . T h is follow s s in c e  ®"c is  p ro p o r tio n a l to  th e  

convec tive  c irc u la t io n , and the  c irc u la t io n  is  in v e rs e ly  p ro p o r tio n a l 

to  (1 + bN) a s  g iven  by  E quation  (III-121).

C onsequen tly , a  va lue  fo r  ^ w as o b ta ined  e x p e r im e n ta lly  

fro m  th e  t r a n s ie n t  d a ta  fo r  fo u r e q u a lly -sp a c e d  b a r r i e r s  (See 

A ppendix B fo r  t r a n s ie n t  da ta . ), and th is  v a lu e  of ^ ^  w as then  u sed  

to c a lc u la te  a  new  G"̂  fo r  each  t r a n s ie n t  c u rv e  w ith  N b a r r i e r s  u sing  

the  re la tio n

(VI-4)

w h ere  b is  th e  sa m e  co n stan t a s  f i r s t  in tro d u ce d  in  E quation  (III-44). 

The e x p e r im e n ta l v a lu e  of fo r  fo u r  b a r r i e r s  w as ob ta ined  in  th e  

follow ing m a n n e r . The sy s te m  of eq u atio n s  fo r  N = 4 w as so lv ed  (See 

A ppendix H. ), and  th e  re su ltin g  equation  w as

A ^ 0. 20 + 0. 80 (1 - 0. 947e“ ’ - 0. 053e""^° 618Rt)
^ = 4

(H-10)

N=4
Now s in c e  R = % /p  V and s in ce  P and V a r e  known, c u rv e s  of A /A oo 

a s  a  function  of t  can  be c a lcu la ted  fo r  d iffe re n t v a lu es  of R (o r
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T he v a lu e  of R th a t gave  th e  b e s t  f it  of the  e x p e r im e n ta l t r a n s ie n t

d a ta  show n in  F ig u re  25 fo r  fo u r  b a r r i e r s  a t  a  te m p e ra tu re  d iffe re n c e

of 26. 7°C  gave a  v a lu e  of of 0. 070 g ra m /m in . [[The c u rv e  in

F ig u re  25 fo r  th e  open co lum n  w as c a lc u la te d  fro m  E q u a tio n  {III-65)i ]

W ith th is  v a lu e  of O’ , E q u a tio n  (VI-4) can  be w rit te n
N=4

~ O '070 (l+4b ) g ra m  
1+bN m in

(V I-5)

It should  be no ted  th a t an  e m p ir ic a l  v a lu e  of Jg  cou ld  have  

b een  ob ta in ed  f ro m  any  of th e  o th e r  t r a n s ie n t  c u rv e s  w ith  b a r r i e r s .

T he on ly  re a so n  fo r  s e le c tin g  the  fo u r b a r r i e r  t r a n s ie n t  d a ta  w as 

th a t th is  w as one o f th e  ru n s  u sed  to  find  th e  e m p ir ic a l  v a lu e  of b in  

E q u a tio n  (III-54).

The e ffec t of sam p lin g  on th e  t r a n s ie n t  b eh av io r of a  co lum n 

w as d is c u s s e d  in  C h ap te r  III. A d im e n s io n le s s  flow  te r m , P , w as 

found to  b e  th e  qu an tity  of in te r e s t ,  and  i t  w as concluded  by  th is  

a u th o r  th a t P -v a lu e s  g r e a te r  than  a p p ro x im a te ly  0 .1  in tro d u ce d  a  

sam p lin g  e r r o r  l a r g e r  th a n  a  ty p ic a l e x p e r im e n ta l e r r o r .  (See 

F ig u re  3. ) The v a lu e s  of P  fo r  the  t r a n s ie n t  ru n s  o b ta in ed  in  th is  

w o rk  ra n g e  fro m  0. 001 fo r  s ix te e n  b a r r i e r s  to  0. 035 fo r  tw o b a r r i e r s .  

It is  concluded , th e re fo re ,  th a t fo r  th is  ra n g e  of P -v a lu e s ,  th e  e ffec t 

o f sam p lin g  can  be s a t i s f a c to r i ly  n eg lec ted . [ It shou ld  b e  n o ted  (See 

F ig u re  3. ) th a t any  c o r re c t io n s  w ould, in  g e n e ra l, m ak e  th e  a g re e m e n t 

b e tw een  th e o ry  and e x p e r im e n t b e t te r .]



F ig u re  25

C o m p ariso n  w ith  T h e o ry  of th e  T ra n s ie n t B eh av io r of C olum ns
w ith  Z e ro  and  F o u r  H o riz o n ta l B a r r i e r s

O NO BARRIERS (RUN AGP) 
9  NO BARRIERS (RUN 74K) 
•  FOUR BARRERS (RUN BOM)

(m-65)
(H-IO)

FRACTION OF 
FINAL StFN.
IN MIALL 
COLUMN! 0.

NO BARRIER CURVE: EQUATION 
CARRIER CURVE; EQUATION 

ATsf 26.7«C 
d ■ QOSOBonv

1 0 0 »  « F M  IN SMALL COLUMNS 
EQUIVALENT TO A /^ «  0.E0

CURVES FROM EON. (B -S S )

400 BOO 1200 1600
t ,  M IN U TES

1 ----------- 1------------ L
3200

122
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The in s e r t  in  F ig u re  25 show s th e  m ag n itu d e  of th e  e r r o r

in tro d u ced  by a ssu m in g  in s ta n tan e o u s  e q u ilib r iu m  in  th e  (N + 1)

s m a ll  co lum ns. In o th e r  w o rd s , r a th e r  th an  re a ch in g  eq u ilib riu m

in s ta n tan e o u s ly , th e  s m a ll  co lum ns in  th e  co lum n  w ith  fo u r b a r r i e r s

re q u ire d  about tw enty  m in u te s  to  re a c h  n in e ty -f iv e  p e rc e n t of the

s te a d y -s ta te  s e p a ra tio n  a t  th e  te m p e ra tu re  d iffe re n c e  of 26. 7"C .

(The va lue  of n in e ty -fiv e  p e rc e n t  w as ch o sen  a r b i t r a r i ly .  ) T h is

tw enty  m in u te s  is  about one p e rc e n t  of th e  a p p ro x im a te ly  1900 m in u tes

needed  to  re a c h  n in e ty -fiv e  p e rc e n t  of th e  e q u ilib riu m  se p a ra tio n  in

th e  co lum n w ith  fo u r  b a r r i e r s ,  and  h ence  cou ld  be s a t is fa c to r i ly

n eg lec ted . H ow ever, i t  i s  a  s im p le  m a t te r  to  c o r r e c t  fo r  th e  e r r o r

by  adding  a  c o rre c t io n  (the tim e  to  re a c h  n in e ty -fiv e  p e rc e n t of the

e q u ilib riu m  sep a ra tio n ) to  a l l  of th e  t im e  v a lu e s  a t  w hich th e  tra n s ie n t

d a ta  po in ts  w e re  tak en . T his is  eq u iv a len t to  say in g  th a t t im e  z e ro

is  not th e  tim e  w hen th e  p u rg in g  flow s w e re  s topped , but th e  tim e

w hen th e  sm a ll co lum ns re a c h e d  n in e ty -fiv e  p e rc e n t  of th e i r  s tead y -

s ta te  se p a ra tio n . It should  be no ted  th a t w hen th e  (N + 1) sm a ll

co lum ns re a c h  s te a d y -s ta te  co nd itions (one h u n d red  p e rc e n t of the

s e p a ra tio n  a t in fin ite  tim e ), th e  s e p a ra tio n  in  th e  colum n w ith  the  N

e q u a lly -sp a c e d  b a r r i e r s  is  but Aqo /(N  + 1). T he te r m  is  the

s te a d y -s ta te  s e p a ra tio n  a t  in fin ite  tim e  in  a  co lum n w ith N h o riz o n ta l
N

b a r r i e r s ,  and should  no t be confused  w ith  A (o r A) w hich is  the  

s e p a ra tio n  a t  any  tim e  t.
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A dditiona l in s e r t s  show ing th e  m agn itude  of th e  e r r o r  

in tro d u ced  by th e  a ssu m p tio n  of in s ta n tan e o u s  e q u ilib r iu m  a r e  

found in  F ig u re s  31, 34, and  35 and  a r e  d is c u s s e d  in  co n n ec tion  

w ith  th e se  f ig u re s .

E quation  (V I-5) w as u se d  in  con junction  w ith  E q u a tio n s  

(111-75) th ro u g h  (H I-77) to  c a lc u la te  tr a n s ie n t  c u rv e s  fo r  th e  o th e r  

ru n s  w ith  b a r r i e r s .

F ig u re  26 c o m p a re s  th e  t r a n s ie n t  b e h av io r of co lum ns 

w ith  z e ro  (open colum n) and tw o h o riz o n ta l b a r r i e r s ,  b o th :a t a  

te m p e ra tu re  d iffe re n c e  of 26. 7® C . The open co lum n c u rv e  w as 

c a lc u la te d  fro m  E iquations (III-65) and th e  two b a r r i e r  c u rv e  fro m  

E quations (III-76) and  (III-77).

In  g e n e ra l, th e  b a r r i e r s  w e re  eq u a lly - sp aced  in  th e  

colum n. H ow ever, fo r  th e  tw o - b a r r i e r  ru n s , one b a r r i e r  w as m id 

w ay be tw een  the  c e n te r  of the  co lum n and  the  o v e rh ead  p ro d u c t 

draw off, and  th e  o th e r  b a r r i e r  w as m idw ay betw een  th e  c e n te r  of 

the  co lum n and th e  bo ttom  p ro d u c t draw off. T h is m e a n t th a t th e  

co lum n above th e  p o in t of sy m m e try  (the x -a x is )  w as th e  sam e  

leng th  a s  th e  top  co lum n, and th u s  th e  sy s te m  of eq uations is

C ,(s )  = R , C (s) + Æ ^ ( s''’2R) + C p

; ( s )  = _ 5 f _  ^ ^  ‘
'■ 8 4s

A t '

R

(VI-6) 

(VI-7)



F ig u re  26

C o m p a riso n  w ith  T h e o ry  of th e  T ra n s ie n t  B eh av io r of
C olum ns w ith  Z e ro  and  Two H o riz o n ta l B a r r i e r s

V IU .U C O P 0 j8  
a  In EON. 
IS-a)

40 ao  120 
t ,  MINUTES

ONO BARRIERS 
0NO BARRIERS 
A TWO BARRIERS

(RUN 40F) 
(RUN 74K) 
(RUN 631)

NO BARRIER CURVE; EON. (m-65) 
BARRIER CURVE: EON. (ST-8)

ATa26.7"C 
d *00506011)

APmOMH TO EQUIUBRNIM IN 
CENTER COLUMN IFNOM EON. OB-69)] 

L'TZaom

800 1200 1600 
t, M IN U T E S

2000 2400 2800 3200
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w h ere  a  is  a  f a c to r  th a t h a s  b een  in tro d u c e d  to  co m p en sa te  fo r  

th e  fa c t th a t  th e  c e n te r  co lum n d o es no t r e a c h  e q u ilib riu m  in s ta n 

tan eo u sly , T he v a lu e  of a  a s  a  fu n c tio n  of tim e  is  shown p lo tted  in  

th e  in s e r t s  in  F ig u re s  26 and  30, and  w as c a lc u la te d  fro m  E quation  

(III-65) [w ith  L = 72. 5 cm , = 0. 665, and  K = 0. 0102 (AT)^] .

N o tice  th a t th e  c o r re c t io n  in tro d u c e d  in  co nnec tion  w ith  F ig u re  25 

(b ecau se  of th e  a ssu m p tio n  of in s ta n ta n e o u s  eq u ilib riu m ) w ill not 

su ffice  fo r  th is  s p e c ia l  c a s e  w ith  two b a r r i e r s .  T h is is  b e c a u se  th e  

c e n te r  co lum n betw een  th e  b a r r i e r s  is  tw ice  a s  long a s  th e  top o r  

bo ttom  co lum n and r e q u ir e s  fo u r  t im e s  a s  long to  re a c h  eq u ilib riu m ; 

th u s , the  fa c to r  a  is  n e c e s s a ry  fo r  th is  s p e c ia l  c a se .

It shou ld  be p o in ted  out th a t  a  f a c to r  a  is  n eeded  only  b e c a u se  

th e  c e n te r  co lum n w as so  long , no t b e c a u se  of th e  unequal spac in g  of 

the  b a r r i e r s .  H ad th e  c e n te r  co lum n b een  s h o r t  enough such  th a t 

th e  a ssu m p tio n  of in s ta n tan e o u s  e q u ilib r iu m  in tro d u ce d  l i t t l e  e r r o r ,  

th en  th e  v a lu e  o f th e  f a c to r  a  w ould have  been  one and would have  had 

no effect.

Solving E q u a tio n s  (VI-6) and  (V I-7) and  tak in g  th e  in v e rs e

y ie ld s

A = (1 + a) -  (1 + 2a) _ -R t
~ W z  - ~ T ~  —  ® -

"  (VI-8)

N=2At t  = 0, A/Aoo = 0. 25 w hich r e s u l t s  f ro m  th e  fa c t th a t in s tan tan eo u s

e q u ilib riu m  s t i l l  h a s  been  a s su m e d  fo r  th e  top  and  bo ttom  co lu m n s..
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T he c o r re c t io n  d is c u s s e d  p re v io u s ly  in  co n n ec tio n  w ith  F ig u re  25 

acco u n ts  fo r  th is  e r r o r ,  and  i t  w as c a lc u la te d  th a t abou t th i r ty -  

five  m in u te s  w as re q u ire d  to  re a c h  n in e ty -fiv e  p e rc e n t  of eq u ili

b r iu m  in  th e  top and  b o tto m  co lum ns.

F ig u re s  27 and 28 c o m p a re  p re d ic te d  and  e3q>erim ental 

r e s u l ts  f o r  e igh t and  s ix te e n  b a r r i e r s .  T he eq u a tio n s  u se d  to  c a l

cu la te  th e  p re d ic te d  c u rv e s  fo r  th e se  c a s e s  w e re  o b ta in ed  in  the  

sam e  m a n n e r  a s  fo r  fo u r b a r r i e r s ,  and th e  eq u a tio n s  a r e  p re s e n te d  

in  s u m m a ry  fo rm  in A ppendix ,G. As p o in ted  ou t e a r l i e r  in  C h ap ter 

III, so lv in g  fo r  th e  f in a l equation  d e sc r ib in g  th e  t r a n s ie n t  b eh av io r 

of a  co lum n w ith  N b a r r i e r s  in v o lv es  finding  th e  ro o ts  of a  (N /2)th  

o r d e r  p o lynom ia l. T he ro o ts  of th e  re su ltin g  fo u r th  an d  eigh th  d e g re e  

p o ly n o m ia ls  fo r  N = 8 and N = 16 w e re  found by  t r i a l  and  e r r o r  in  

th is  w ork . In g e n e ra l, on ly  th e  s m a l le s t  ro o t c o n trib u te d  m a te r ia l ly  

to  th e  fo rm  of th e  t r a n s ie n t  c u rv e  [ r e c a l l  th e  fo rm (l -  e ) w h ere  c 

is  a  ro o t] , and  fo r  N = 8 and  N = 16 only  th e  two s m a l le s t  ro o ts  w ere  

u se d  to  c a lc u la te  th e  t r a n s ie n t  c u rv e s . (E ven th e  seco n d  s m a lle s t  

ro o t d id  no t c o n trib u te  enough to  be d e tec te d  on a  p lo t of a  t ra n s ie n t  

cu rv e . )

The in s e r t  found in  F ig u re  25 show ing th e  m ag n itu d e  of the  

e r r o r  in tro d u ce d  by th e  a ssu m p tio n  of in s ta n tan e o u s  e q u ilib riu m  in  

the  sm a ll  co lum ns h a s  b een  o m itte d  in  F ig u re s  27 and 28. In both 

c a s e s , th e  e r r o r  w as le s s  th an  one p e rc e n t  and  w as s im p ly  n eg lec ted .



F ig u re  27

C o m p ariso n  w ith  T h eo ry  of th e  T ra n s ie n t B eh a v io r of
C olum ns w ith  Z e ro  and E ig h t H o rizo n ta l B a r r i e r s

1.0

0.8

0.6

0.4

0.2

—

1 1 1

-  o

1 1 1 1 1

/
r _____________  2S"

------- A

Q N O  BARRIERS 
® N 0  BARRIERS 
A  EIGHT BARRIERS

(RUN 40F ) 
(RUN 74K) 
(RUN 1220)

i
NO BARRIER CURVE: EON. ( m  -  65) _  
BARRIER CURVE: EON. ( G -  3)

I

AT w. 26.7 “C 
d = 0.0508cm

k

—

_______ L _ 1 .......1_______ 1...... .......L „ 1 ....
1000 2550 3000 4000

t, M INUTES
7 0 0 0 8 0 0 0
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F ig u re  28

C o m p ariso n  w ith  T h eo ry  of the  T ra n s ie n t  B eh av io r of
C olum ns w ith  Z e ro  and  S ix teen  H o riz o n ta l B a r r ie r s

O  NO BARRIERS (RUN 40F)
®  NO BARRIERS (RUN 74 K)
■  SIXTEEN BARRIERS (RUN I30R)

NO BARRIER CURVE: EQUATION (IE-65) 
BARRIER CURVE: EQUATION (G-4)

AT« 26.7% 
d = 0.0508cm

2000 4000 %oOO 8<5'o3"
t, M IN U T E S

lû/Joô Î2ÎOÔ3 RjisS i6,iôo
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F ig u re  29 su m m a riz e s  F ig u r e s  25 - 28 and  show s th e  m ag n i

tu d e  of th e  e ffec t on th e  t r a n s ie n t  b e h a v io r  of a  co lum n b ro u g h t about 

b y  th e  in tro d u c tio n  of v a r io u s  n u m b e rs  of h o riz o n ta l b a r r i e r s  a t the  

te m p e r a tu r e  d iffe re n c e  of 26. 7°C . T he a g re e m e n t be tw een  th e  

p re d ic te d  c u rv e s  and  th e  e x p e r im e n ta l d a ta  is  s a t is fa c to ry  in  a l l  

c a s e s .

It shou ld  be  m en tio n ed  th a t an  a tte m p t to  ob ta in  t r a n s ie n t  

d a ta  fo r  th e  b a tch  ru n  w ith  fifty  b a r r i e r s  w as te rm in a te d  by  a  m a l

fu n c tio n  in  th e  hot w a te r  te m p e ra tu re  r e c o r d e r - c o n t r o l le r  b e fo re  

s te a d y - s ta te  cond itions had  been  re a c h e d . The tr a n s ie n t  d a ta  ob ta ined  

fo r  fif ty  b a r r i e r s  a r e  p re s e n te d  in  F ig u re  29 and in  A ppendix B. No 

th e o re t ic a l  c u rv e  w as c a lc u la te d  fo r  f if ty  b a r r i e r s  b e ca u se  of th e  

in c o m p le te  t r a n s ie n t  d a ta , and b e c a u se  a  co m p u te r so lu tio n  would 

h av e  b een  n e c e s s a ry  to  ob ta in  th e  f in a l equation .

E ffe c t of T e m p e ra tu re  D iffe re n c e  betw een th e  P la te s

As m en tio n ed  p re v io u s ly , th e o ry  p re d ic ts  th a t th e  te m p e ra tu re  

d if fe re n c e  be tw een  th e  p la te s  shou ld  in flu en ce  the  ap p ro a ch  to  eq u ili

b r iu m  in  a  g iven  colum n. H ow ever, th e  e ffec t o f te m p e ra tu re  d if fe r 

e n ce  on th e  t r a n s ie n t  b eh av io r of a  co lum n w ith b a r r i e r s  is  d iffe ren t 

th a n  th e  e ffe c t on an  open colum n. In sp ec tio n  of E quation  (I II-65) 

show s th a t th e  re la x a tio n  tim e  in  an  open  colum n is  in v e rs e ly  p ro p o r 

tio n a l to  K, and h en ce  to  th e  sq u a re  of th e  te m p e ra tu re  d iffe re n c e  a s  

s e e n  f ro m  E q u a tio n  ( I II-35). A tw o -fo ld  in c re a s e  in  te m p e ra tu re



F ig u re  29

C om parison with T heory of the T ransient B ehavior of Columns 
with Z ero, Two, Fou r, E ight, and Sixteen H orizontal 

B a rr iers: H igher Tem perature D ifference

I I  I I r r  I

O  NO BARRIERS 
9  NO BARRIERS 
A  TWO BARRIERS 
•  FOUR BARRIERS 
A  EIGHT BARRIERS 

SIXTEEN BARRIERS 
V  FIFTY BARRIERS

(RUN 40F) 
(RUN 74K) 
(RUN 631) 
(RUN 90M) 
(RUNI22Q) 
(RUNI30R) 
(RUNI47T)

WT. FRAC.

A V  26.7 *0  
d "> a0506om

NO BARRIER CURVE:
EQUATION (m-65) 

BARRIER c u r v e s :
EQUATIONS APPENDIX 0

4 0 0 0  6 0 0 0

t, MINUTES
8 0 0 0  lOpOO
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d iffe ren c e  should , th en , red u ce  th e  re la x a tio n  t im e  in  an  open colum n 

by a  fa c to r  of fo u r , and  th e  d a ta  ob ta ined  in th is  w ork  (See A ppendix B 

fo r  t r a n s ie n t  d a ta . ) a s  w e ll a s  th e  d a ta  of n u m ero u s  p r io r  in v e s t ig a to rs  

(B8) (HI) (H2) (L3) (P3) su b s ta n tia te  th is  te m p e ra tu re  d iffe ren c e  

dependence.

F o r  a  co lum n w ith  b a r r i e r s ,  R  is  th e  q u an tity  of in te r e s t  a s  

can  be see n  fro m  E qua tio n s  (111=75) and (111=76) o r  fro m  A ppendix H. 

S ince R  = (T^/p V, R  is  p ro p o r tio n a l to  (T ^ a lone fo r  changes in  the  

te m p e ra tu re  d iffe re n c e . Now (T  ̂ is  p ro p o r tio n a l to  th e  m agn itude  of 

the  convec tive  c irc u la t io n  w hich in  tu rn  is  p ro p o r tio n a l to  th e  f i r s t  

p o w er of th e  te m p e ra tu re  d iffe ren c e  a s  shown by  E q uation  (111=121). 

T h e re fo re , a  tw o=fo ld  in c re a s e  in  te m p e ra tu re  d iffe re n c e  should  

bu t h a lv e  th e  re la x a tio n  tim e  in  a  co lum n w ith  b a r r i e r s  w h e re a s  a 

s im i la r  te m p e ra tu re  d iffe ren c e  in c re a s e  in  an  open  colum n re d u c es  

th e  re la x a tio n  tim e  by a  fa c to r  of fou r.

C o m p ariso n  of th e  t r a n s ie n t  d a ta  (show n in  F ig u re s  30 - 32) 

ob ta ined  a t  th e  two te m p e ra tu re  d iffe re n c e s  c o n s id e re d  e x p e r im en ta lly  

in  th is  w ork  (ap p ro x im a te ly  26. 7°C  and 13. 4°C) show s th a t, indeed , 

th e  re la x a tio n  tim e  is  red u ced  by a  fa c to r  of two r a th e r  th an  fo u r 

w hen th e  te m p e ra tu re  d iffe re n c e  is  ha lved . F ig u re  30 c o m p a re s  the  

p re d ic te d  and e x p e r im e n ta l r e s u l ts  fo r  a  co lum n w ith  two b a r r i e r s .

The p re d ic te d  c u rv e  a t  th e  lo w er te m p e ra tu re  d iffe re n c e  w as calcu= 

la te d  in  th e  sam e m a n n e r  a s  d is c u s s e d  p re v io u s ly  fo r  F ig u re  26



F ig u re  30

E ffec t of th e  T e m p e ra tu re  D iffe ren ce  be tw een  th e  P la te s
on th e  T ra n s ie n t B eh a v io r o f a  Colum n w ith  Two

H o riz o n ta l B a r r i e r s

▲ ATn,«26.l“C (RUN 631)
V  û-çj,= I3.2“C (RUN70J) 

d « 0.0508cm 
BARRIER curves: EQUATION (BT-8)

0.8

0.6

0.4 1.0 AT-I3.2*C

VALUE OF 0.6 
■a" IN EON. 
(S I-8)

APPROACH TO EQUILIBRIUM 
IN CENTER COLUMN [FROM EQN.UI-69)] 

L • 72.9cm0.2 02
ISO 300 400 600

t ,  MINUTES

800 1600 2400 
t , M INUTES

3200 4000 4800 5600 6400
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ex cep t th a t  w as a p p ro x im a te ly  o n e -h a lf  a s  la rg e  ( s m a lle r

by  th e  ra tio  of th e  te m p e ra tu re  d iffe re n c e s : 13. 2® /Z 6.1" =

0. 507). N o tice  th a t ,  a lthough  th e  a g re e m e n t be tw een  e x p e r i

m e n t and  th e o ry  is  s a t is fa c to ry  fo r  two b a r r i e r s  a t  th e  h ig h e r  

te m p e ra tu re  d if fe re n c e , th e  a g re e m e n t is  p o o r a t  th e  lo w e r 

te m p e ra tu re  d if fe re n c e . A lthough th e re  i s  no w ay to  be c e r ta in ,  

th e re  is  a  p o s s ib le  ex p lan a tio n  fo r  th e  d is c re p a n c y  be tw een  

th e o ry  and  e x p e r im e n t a t  th e  lo w er te m p e ra tu re  d if fe re n c e . The 

b a tch  t r a n s ie n t  ru n  a t  th e  lo w e r te m p e ra tu re  d if fe re n c e  w as 

th e  n e x t - to - la s t  ru n  ta k en  in  e x p e r im e n ta l s e t  J .  D uring  th e  

l a s t  ru n  in  s e t  J  an d  th e  f i r s t  two ru n s  in  s e t  K (ru n s  72K and 

73K , su b se q u e n tly  th ro w n  ou t), e r r a t i c  co lum n b e h a v io r  w as 

n o ted  in  th a t  th e  c o n c e n tra tio n  of a lco h o l in  th e  o v e rh e a d  p r o 

du c t sam p le  w ould in c re a s e  and  th en  d e c r e a s e  a t  t im e s .  N o rm a l 

b e h a v io r  is  fo r  a  con tinuous in c re a s e  in  th e  a lco h o l c o n c e n tra tio n  

in  th e  o v e rh e ad  p ro d u c t u n til s te a d y -s ta te  co n d itio n s  a r e  re a ch e d . 

S ubsequen t in v e s tig a tio n  re v e a le d  a  p in -h o le  le a k  in  th e  o v e rh ead  

p ro d u c t p o r t ,  and  th e  co lum n w as to rn  down fo r  r e p a i r s .  T h is 

le a k  a llow ed  exchange be tw een  the  a lco h o l so lu tio n  in  th e  w ork ing  

vo lu m e in  th e  co lu m n  and  th e  w a te r  h ea tin g  th e  t r a n s f e r  p la te .

T h u s , i t  is  p o s s ib le  th a t th is  p in -h o le  le a k , w hich  w as d is c o v e re d  

l a t e r ,  m ig h t have  b een  re sp o n s ib le  fo r  th e  p o o r a g re e m e n t betw een  

th e o ry  and  t r a n s ie n t  d a ta  fo r  two b a r r i e r s  a t  the  lo w e r te m p e ra tu re  

d iffe re n c e .
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The in s e r t  in  F ig u re  30 ag a in  show s th e  m ag n itu d e  

of the  f a c t o r ^  a s  a  func tion  of tim e  w ith  te m p e ra tu re  d iffe re n c e  

a s  a  p a r a m e te r .  The ad d itio n a l e r r o r  b e ca u se  of th e  a ssu m p tio n  

of in s ta n tan e o u s  eq u ilib riu m  in  th e top  and bo ttom  co lum ns w as 

ca lc u la te d  to  be  th ir ty - f iv e  m in u te s  fo r  th e  h ig h e r  te m p e ra tu re  

d iffe re n c e , and 120 m in u te s  f o r  th e  lo w e r te m p e ra tu re  d iffe re n c e . 

C om pensa tion  fo r  th e se  e r r o r s  w as m ad e  by  adding c o r re c t io n  

tim e s  a s  d is c u s s e d  in  connection  w ith  F ig u re  25.

F ig u re  31 show s th e  e ffec t of te m p e ra tu re  d iffe re n c e  on 

a  co lum n w ith  fo u r  e q u a lly -sp a c e d  h o r iz o n ta l b a r r i e r s .  The 

m a n n e r of ob ta in in g  th e  cu rv e  a t  th e  h ig h e r  te m p e ra tu re  d i f f e r 

ence  h as  b een  d is c u s s e d  p re v io u s ly  in  connection  w ith  F ig u re  25. 

The c u rv e  fo r  th e  lo w e r te m p e ra tu re  d iffe ren c e  w as o b ta ined

using  th e  s a m e  eq u ation  a s  fo r  th e  h ig h e r  te m p e ra tu re  d if fe re n c e ,

^  f k  LcE quation  (H-10), but|:i*ith (L red u ced  by  th e  ra tio  of th e  te m p e ra tu re

d iffe re n c e s . T ha t i s ,

Or.(Lower AT) = (^ (H ig h er AT) x  13. 6°C
26 .7*C

(V I-8)
= (0 .0 7 0 (0 .5 0 9 )  = 0 .0 3 5 6  g ra m

m in

The a g re e m e n t b e tw een  th e o ry  and  e x p e r im e n t is  good.

The in s e r t  in  F ig u re  31 ag a in  show s the  m ag n itu d e  of 

the  e r r o r  in tro d u ce d  by th e  a ssu m p tio n  of in s tan tan eo u s  eq u i

lib r iu m . T he e r r o r  a t  the  h ig h e r  te m p e ra tu re  d iffe ren c e  is  0. 8



F ig u re  31

E ffec t of th e  T e m p e ra tu re  D iffe ren ce  betw een  th e  P la te s  on
th e  T ra n s ie n t B eh av io r of a  C olum n w ith  F o u r

H o rizo n ta l B a r r i e r s

1.0

•  ATn,=2&7"C (RUN 90M) 
0 A T „ » I3 .6 » C  (RUNI02N) 

d > 0.0508cm  

BARRIER CURVES: EON. (H-10)

0.8

0.6
A

0 .4 1.0 ÛT ■ 13.6*0

FRACTION O F.g  
FINAL SEPN.
IN SMALL 
COLUMNS 0  2

IOO%SERARATION IN SMALL COLUMNS 
EQUIVALENT TO A / U 2 0  
CURVES FROM EON. (m  -6 9 )0.2

20 40 60 60
I, MINUTES

1000 2000 3 0 0 0  4 0 0 0
f, M INUTES

5 0 0 0 6 0 0 0 7 0 0 0 8 0 0 0
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p e rc e n t  and  th e  e r r o r  a t  th e  lo w e r te m p e ra tu re  d iffe re n c e  2, 2 

p e rc e n t  of th e  tim e  to  re a c h  n in e ty -fiv e  p e rc e n t  of th e  e q u ilib r iu m  

s e p a ra tio n . O nce ag a in  co m p en sa tio n  w as m ad e  fo r  th e  above 

e r r o r s  in  th e  sam e  m a n n e r  a s  d e sc r ib e d  p re v io u s ly .

F ig u re  32 c o m p a re s  th e  e ffec t of te m p e ra tu re  d iffe re n c e  

on a  co lum n w ith  s ix te e n  e q u a lly -sp a c e d  b a r r i e r s .  T he  v a lu e  

of f o r  th e  lo w e r te m p e ra tu re  d iffe re n c e  w as o b ta in ed  f ro m  

0^ a t  th e  h ig h e r  te m p e ra tu re  d iffe re n c e  m u ltip lie d  by  th e  ra t io  

of te m p e ra tu re  d iffe re n c e s :

T = O.OTOr 1 + 4 ( .0 3 5 )i x  13. 5° C 
N=16 1 +16(.035) 2 6 .6"C

(V I-9)

(T = 0 .0259  g ra m
*=N=16 % Î T -

A gain th e  a g re e m e n t b e tw een  th e  p re d ic te d  c u rv e s  and  th e  e x p e r

im e n ta l r e s u l ts  is  e x ce lle n t.

F ig u re  33 re -e m p h a s iz e s  th e  fa c t th a t th e  re la x a tio n

tim e  in  a  co lum n w ith  b a r r i e r s  is  p ro p o r tio n a l to  AT and  no t to  
2

(AT) . E m p ir ic a l  v a lu e s  of w e re  o b ta ined  f ro m  e ac h  s e t  of 

t r a n s ie n t  d a ta  in  th e  sam e  m a n n e r  a s  d e sc r ib e d  fo r  th e  fo u r  b a r 

r i e r  c a s e . The e m p ir ic a l  v a lu e s  of w e re  th en  p lo tte d  a s  a  

fu n c tio n  of N in  F ig u re  33. T he v a lu e  of C in  E q u a tio n  (III-U 7), 

u se d  in  con junction  w ith  E q u a tio n  (III-121), w as o b ta in ed  w hich 

b e s t  re p re s e n te d  th e  d a ta  a t  th e  h ig h e r  te m p e ra tu re  d iffe re n c e



F ig u re  32

E ffec t of the  T e m p e ra tu re  D iffe re n c e  b e tw een  th e  P la te s  on
th e  T ra n s ie n t B eh av io r of a  C olum n w ith  S ix teen

H o riz o n ta l B a r r i e r s

■  6 %  " 2&6»C (RUN I30R) 
OATm = l3.5*C (RUN I35S)

d = 0 .0 5 0 8 cm  
BARRIER c u r v e s ; EQN. (G -4 )

0.8

0.6

0 .4

0.2

8Ô0Ô iziooo i6j^53 H^oô è8,iôô 3iJ)ô6
t, M INUTES

4 0 0 0
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F ig u re  33

E ffe c t of th e  T em peratur^e D iffe ren ce  betw een  th e  P la te s  on
0^, th e  F low  P a s t  th e  B a r r ie r s :  T ra n s ie n t D ata

0.07
POINTS EXPERMEN1AL- 
OBTAINEO FROM BEST FIT 
OF TRANSENT DATA 

O ATM2S.7«C 
A  AT* 13.4'C

0.06

0.05
CALCULATED FROM EQUATIONS 
(m-ll7) AND (ni-120 WITH 
C>a067S AND b" 0.0350.04

0.03

CALCULATED FROM EQUATIONS
(m-ii7) AND <nr-i2i) with

 .

0X)2
AND

0.01 iSSUMING ?4AT)

NUMBER OF BARRIERS
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(AT = 26. 7 “C);

= C • (C onvective  C ircu la tio n )

3
C irc u la tio n  = 5 # T  P g (2w ) B AT 

32 n (1 + bN)

= 5(7 .8xl0~^)(0 .912) (980)(0. 0792)^9. 21(aT) 
32(1.15xl0"^)(l + bN)

C irc u la tio n  = 0 ,0 4 3 5  AT g ra m
(1 + bN) m in

(HI-117)

(III-121)

(VI-10)

(VI-11)

and fin a lly

0^ = 0. 0435(AT)C g ra m
(1 + bN) m in

(VI-12)

I t w as found th a t C = 0. 0675 gave a  c u rv e  wBich w as a  good re p 

re s e n ta tio n  of th e  d a ta  a t  th e  h ig h e r  te m p e ra tu re  d iffe ren c e  in  

F ig u re  33. (The v a lu e  of C is  not a  function  of th e  te m p e ra tu re  

d iffe re n c e  betw een  th e  p la te s .  ) C u rv es  w e re  th en  c a lc u la te d  and

p lo tte d  in  F ig u re  33 a ssu m in g  th a t 0^ w as p ro p o r tio n a l to  (AT)

2
and to  (AT) , The d a ta  d e fin ite ly  in d ica te  a  f i r s t  p o w er depen

den ce  of on th e  te m p e ra tu re  d iffe ren c e . T he p o in t th a t is  off 

is  f o r  two b a r r i e r s  a t  th e  lo w er te m p e ra tu re  d if fe re n c e , and 

th is  ru n  w as d is c u s s e d  e a r l i e r  in  connection  w ith  F ig u re  30.

E ffec t of B a r r ie r  D ia m e te r  

E quation  (III-117) can  be u sed  to  p re d ic t  th e  e ffec t 

r e a l iz e d  by changing the  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra tio .
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= C • (C onvective  C ircu la tio n )
(III-117)

As p o in ted  ou t in  C h ap te r  III, th e  va lue  of C in  E q u a tio n  (III-117) 

i s  thought to  be  d ep enden t p r im a r i ly  on th e  b a r r i e r  d ia m e te r  to  

p la te  sp ac in g  ra t io . The v a lu e  of C a t a  ra tio  o f 0. 643 w as 

d e te rm in e d  above, an d  i t  w as found to  equal 0. 0675. (A va lue  

of C of 0. 0675 m e a n s  th a t 6. 75 p e rc e n t of th e  c irc u la t in g  flu id  

flow s p a s t  th e  b a r r i e r ,  and  93. 25 p e rc e n t of the  flu id  i s  " tu m e d -  

a ro u n d . ") The p ro b le m  th en  b eco m es one of ob ta in ing  a  v a lu e  of 

C a t  th e  la rg e  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra tio  o f 0. 803. 

The ra tio  of th e  C -v a lu e s  a t  th e  two b a r r i e r  d ia m e te r  to  p la te  

spac ing  r a t io s  w as d e te rm in e d  e x p e r im e n ta lly  in  a  p la s t ic  flow  

a p p a ra tu s , and  th e  e x p e r im e n ta lly  d e te rm in e d  ra tio  of th e  two 

C -v a lu es  w as 1 .4 9 . (See C h ap te r on A dditiona l W ork. ) In 

o th e r  w o rd s , th e  am o u n t o f c irc u la tin g  flu id  th a t flow ed p a s t  

th e  b a r r i e r s  w as 1. 49 t im e s  a s  g re a t  fo r  th e  s m a l le r  ra t io  a s  fo r  

th e  l a r g e r  r a t io . T h u s, th e  v a lu e  of C fo r  th e  l a r g e r  b a r r i e r  

d ia m e te r  to  p la te  sp ac in g  ra tio  is  0. 0675 /1 .49  o r  0. 0453, and

(L a rg e r  d ia m e te r  b a r r i e r s )  = .0435(. 0453)AT 
^  (1 + bN)

(VI-12)

F o r  fo u r  b a r r i e r s  of th e  l a r g e r  d ia m e te r  a t  a  te m p e ra tu re  d if

fe re n c e  of 26. 7®C

% = 4  = ° '°5 2 6
1 + (.035)4

(VI-13)
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= 0 ,0 4 6 2  g ra m  
m in

Using th e  above v a lu e  of C^, th e  s y s te m  of s im u ltan eo u s  equa

tio n s  g iven  by  E q u a tio n s  (III-75) th ro u g h  (111-77) w as so lv ed  to  

g ive th e  t r a n s ie n t  c u rv e s  fo r  fo u r  b a r r i e r s  of th e  la r g e r  d ia m e te r  

a t th e  two te m p e ra tu re  d iffe re n c e s  c o n s id e re d  e x p e r im e n ta lly  in  

th is  w ork . The sy s te m  of equations is  th e  sam e  a s  fo r  fo u r 

b a r r i e r s  of th e  s m a l le r  d ia m e te r , and  h en ce  th e  fin a l equation  

is  th e  sam e . T h u s , E quation  (H-10) is  u se d  in con junction  w ith  

th e  va lue  of 0^ above (0^ = 0. 046 g ra m /m in )  to  c a lc u la te  the  

p re d ic te d  t r a n s ie n t  cu rv e . The v a lu e  of Oj, a t th e  lo w er te m p e ra 

tu re  d iffe re n c e  of 13. 4 ° C (ac tu a lly  1 3 .7 ° C fo r  th is  case ) w as 

ob ta ined  f ro m  th e  v a lu e  of a t  th e  h ig h e r  te m p e ra tu re  d iffe ren c e  

by u sin g  th e  fa c t  th a t is  p ro p o r tio n a l to  AT:

O '(L ow er AT) = (T (H igher AT) x  1 3 .7 'C
26. 7°C

= (0. 0462)(0.513) = 0 .0237  g ra m
m in

(VI-14)

F ig u re s  34 and  35 c o m p a re  th e  e x p e r im e n ta l re s u l ts  w ith  the  

p re d ic te d  c u rv e s  fo r  fo u r  b a r r i e r s  of b o th  b a r r i e r  d ia m e te r s  

and a t th e  tw o te m p e ra tu re  d if fe re n c e s . The a g re e m e n t betw een  

th e  e x p e r im e n ta l r e s u l ts  and  th e  p re d ic te d  c u rv e s  is  v e ry  good.



F ig u re  34

E ffe c t of th e  B a r r i e r  D ia m e te r  on the  T ra n s ie n t B eh av io r 
of a  C olum n w ith  F o u r  H o rizo n ta l B a r r ie r s :  H ig h e r 

T e m p e ra tu re  D iffe ren ce

•  d= 0 .0508cm  (RUN 9 0 M)
*  d = 0.0635cm  (RUN IO40)

ÛTmî=26.7®C

0.8

BARRIER CURVES:
EQUATION (H-IO)0.6

0 .4  - 1. 0 -

FRACTION OF 0  6 
FINAL SEPN.
IN SMALL 
COLUMNS 0.2

100% SEPN. IN SMALL COLUMNS 
EQUIVALENT TO 0.20

CURVES FROM EOUOTION (15-65)0.2
20 30 40

t .  MINUTES

6 0 ? 30Ô? 360? 4800
t ,  M INUTES

143



F ig u re  35

E ffec t of th e  B a r r i e r  D ia m e te r  on th e  T ra n s ie n t B eh av io r 
of a  C olum n w ith  F o u r  H o riz o n ta l B a r r ie r s :  L ow er 

T e m p e ra tu re  D iffe ren ce

0  d" 0.0508cm (RUN I02N) 
X d" 0.0635om (RUNII7P) 

A1Çn«l3-6*C
BARRIER CURVES:

EQUATION (H-IO)

WALL COLUM# 
A/Al" MO 

KQUATION QS-tB)

t, MINUTE#

1500 3000 4500 6000 7500 9000 jo h o  \2I 00
t, M IN U TES
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The in s e r t s  in  F ig u re s  34 and  35 have  been  d is c u s s e d  

p re v io u s ly  in  connection  w ith  F ig u re s  25 and  31.

C ontinuous F low  C ase

E ffec t o f N u m b er of B a r r ie r s  

R a te -s e p a ra tio n  c u rv e s  w e re  ob ta ined  fo r  z e ro , tw o, 

fo u r , e ig h t, s ix te en , and  fif ty  b a r r i e r s .  (See A ppendix B fo r  

continuous flow  d a ta . ) The eq u ation  d e sc r ib in g  th e  r a te -  

s e p a ra tio n  c u rv e  fo r  N e q u a lly -sp a c e d  h o riz o n ta l b a r r i e r s  is  

E quation  (111-111):
N 
T

n=l
( l l l - l l l )

w here

c
(T̂ + O-

(HI-112)

and
— Ou

AB = H Ü r  ! . . m m r
4(T

-  (TL

= h “  r  l . e  ,

^ 4 T  ‘ J

(HI-113)

(HI-114)

In d e riv in g  E q uation  (HI-111), i t  w as a ssu m e d  th a t th e  o v e rh ead

Nand bo ttom  p ro d u c t r a te s  w e re  eq u al (0"= 0^ = 0^), th a t H g  and
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N N
K ^ fo r  th e  e n ric h in g  se c tio n  of th e  co lum n w e re  equal to  H g

Nand K g fo r  th e  s tr ip p in g  se c tio n  of th e  co lum n, and th a t th e  

N b a r r i e r s  w e re  e q u a lly -sp a c e d  in  th e  co lu m n .

As m en tio n ed  in  th e  p re v io u s  sec tio n , an  e m p ir ic a l  

v a lu e  of Og fo r  fo u r b a r r i e r s  w as o b ta ined  f ro m  th e  b e s t  f i t  of 

the  t r a n s ie n t  d a ta  fo r  fo u r  e q u a lly -sp a c e d  b a r r i e r s  a t the  te m 

p e r a tu r e  d iffe ren c e  o f 26. 7®C. It w as fe lt  th a t  th e  e m p ir ic a l  

va lu e  of 0^ m ig h t a lso  c o r r e la te  the  fo u r  b a r r i e r  flow  d a ta  a t 

the  sam e  te m p e ra tu re  d iffe re n c e  s in ce  i t  w as a ssu m e d  th a t 

th e  flow  p a s t  th e  b a r r i e r s  shou ld  be independen t of the  bulk  flow 

ra te .  H ow ever, i t  w as found th a t th e  r a te - s e p a ra t io n  cu rv e  

c a lc u la te d  u sin g  th e  v a lu e  of 0^ o b ta ined  fro m  th e  fo u r b a r r i e r  

t r a n s ie n t  d a ta  d id  not q u a n tita tiv e ly  r e p re s e n t  th e  e x p e r im e n ta l 

flow d a ta . (See th e  d a sh e d  lin e  in  F ig u re  36. ) The po in t th a t 

is  d is tu rb in g  h e re  is  th a t  any  " c o r re c t io n "  m ad e  fo r  th e  bulk 

flow opposing  th e  flow  p a s t  th e  b a r r i e r s  is  in  th e  w rong d i r e c 

tio n . T ha t i s ,  th e  su p p o sed  c o r re c t io n  m a k es  th e  d isc re p a n c y  

be tw een  th e o ry  and  e x p e r im e n t w o rse , s in ce  the  v a lu es  of 0^ 

fo r  th e  flow  c a s e  a r e  l a r g e r ,  r a th e r  th an  s m a l le r ,  th an  th e  

v a lu e s  of 0^ fo r  th e  t r a n s ie n t  c a se .

A p o s s ib le  ex p lan a tio n  of th e  la r g e r  va lue  of 0^ fo r  the  

flow  d a ta  m ig h t be a  changed  h y d ro d y n am ic  flow  p a tte rn , con

ce iv ab ly  even  tu rb u le n c e , n e a r  th e  b a r r i e r s  b e ca u se  of the  

in c re a s e d  flow . H ow ever, r e g a rd le s s  of th e  re a so n  fo r  the



F ig u re  36

C o m p ariso n  of R a te -S e p a ra tio n  C u rv es  fo r  F o u r  
H o riz o n ta l B a r r ie r s  w ith  D iffe ren t V alues 

of (T , th e  F low  P a s t  th e  B a r r ie r s

#  EXPERIMENTAL (SET M) 
EQUATION ( m - l l l )  WITH 
% '0 l l3  ORAM/MINUTE

—  EQUATION ( m - l l l )  WITH 
(fO jOTO  ORAM/MINUTE 
(oe OBTAINED EMPIRI
CALLY FROM FOUR BARRIER 
TRANSIENT DATA)

AT ■ 2S.T*C 
d • OASOSom

03 04 OA 06
r, GRAMS/MINUTE
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d isc re p a n c y , a  va lue  of fo r  a  r a te - s e p a ra t io n  cu rv e  w ith  a  

g iven n u m b e r of b a r r i e r s  m u s t be o b ta ined  in  one of two w ays:

(1) e m p ir ic a lly  fro m  a  r a te - s e p a r a t io n  cu rv e  w ith  N b a r r i e r s ,  

o r  (2) by find ing  a  re la tio n sh ip  be tw een  fro m  tra n s ie n t  d a ta  

and fro m  flow  d a ta . C onsequen tly , an  e m p ir ic a l  va lue  of 0^ 

w as ob ta ined  f ro m  the  fo u r  b a r r i e r  flow  d a ta  a t a  te m p e ra tu re  

d iffe ren c e  of 26. 7®C (show n in  F ig u re  36) in  the  follow ing m a n n e r .

V alues of Ag and Ag w e re  c a lc u la te d  a s  a  function  of

the  bulk  flow  ra te  fro m  E q u a tio n s  (III-113) and (III-114). [ The

N “4 N —4v a lu es  of H and K w e re  ca lc u la te d  fro m  E quations (III-45) 

th ro u g h  (III-48). ] By a ssu m in g  a  v a lu e  fo r  0^, t  can  be ob ta ined  

a s  a  func tion  of th e  bulk  flow  ra te ,  Oi f ro m  E quation  (III-112), and 

co n seq u en tly  a  r a te - s e p a ra t io n  cu rv e  can  be c a lc u la te d  using  

E quation  (111-111) w ith  N = 4. C u rv es  w e re  ca lc u la te d  fo r  d if

fe re n t v a lu es  of u n til th e  b e s t  f it  of the  fo u r b a r r i e r  flow 

d a ta  w as ob tained : a  va lue  of of 0 .13  g r a m /m in  gave the  b e s t  

f i t  of th e  continuous flow  d a ta  a s  show n by the  so lid  lin e  in  

F ig u re  36.

The ra te - s e p a ra t io n  c u rv e  fo r  a  co lum n w ith  fo u r b a r r i e r s  

i s  co m p ared  w ith  th e  r a te - s e p a ra t io n  cu rv e  fo r  the  open colum n 

in  F ig u re  37. N otice th a t th e  s e p a ra tio n  in  th e  colum n w ith  

b a r r i e r s  is  lo w er th an  th e  s e p a ra tio n  in  th e  open colum n a t a ll  

bulk  flow ra te s  g r e a te r  th an  a p p ro x im a te ly  0. 02 g ra m  /m in . T hus,



F ig u re  37

C o m p ariso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  F o u r  H o rizo n ta l B a r r ie r s

0.18

0.16

O  NO BARRIERS (SET F6K)
•  FOUR BARRIERS (SET M)

NO BARRIER CURVE: EON. (m -92)  
barrier CURVE: EQN. (IE-Ill)

AT» 26.6*C 
d ■ QOSOBcm

0.14

0.12

O.OB

0.04

0.02

0.2 0.3
(T, G R A M S/M IN U TE
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th e  u s e  o f b a r r i e r s  in  th is  c a se  w ould a p p a re n tly  a llow  g r e a te r  

s e p a ra tio n s  th an  th e  open  co lum n only  fo r  v e ry  low flow  r a te s ,  

r a te s  le s s  than  0 .0 2  g ra m /m in . (No e x p e r im e n ta l p o in ts  w e re  

tak en  in  th is  ran g e . )

[It shou ld  be p o in ted  out th a t th e  r a te - s e p a r a t io n  c u rv e  

fo r  the  open co lum n w as c a lc u la te d  f ro m  E q u a tio n s  (111-34), 

(111-35), and (111-92). The e x p e r im e n ta l p o in ts  p lo tte d  fo r  the  

open co lum n w e re  th e  a v e ra g e  of p o in ts  tak en  in  e x p e r im e n ta l 

s e ts  F , G, and K a t th e  h ig h e r  te m p e ra tu re  d iffe re n c e  of 26. 7°C , 

and e x p e r im e n ta l s e ts  H and L a t th e  lo w e r te m p e ra tu re  d iffe ren c e  

of 13, 4 °C . T h ese  s e ts  a r e  no ted  on the  g ra p h s  a s  s im p ly  s e t  

FGK and  s e t H L. ]

The e m p ir ic a l  v a lu e  of f o r  fo u r  b a r r i e r s  w as u sed  in  

con junction  w ith  E q u a tio n  (V l-4) to  p re d ic t  v a lu e s  of OJ, a t  the  

h ig h e r te m p e ra tu re  d iffe re n c e  a s  a  function  of th e  n u m b e r of 

b a r r i e r s :

or = O' ( 1 + 4b )
N N=4 1 + bN

(V l-4)

= 0 .1 3  ( 1 + 4b ) g ra m  
^  1 + bN m in

(Vl-15)

R a te -s e p a ra t io n  c u rv e s  w e re  th en  c a lc u la te d  fo r  tw o, e igh t, 

s ix te en , and  fif ty  b a r r i e r s  and th e  c u rv e s  c o m p a re d  w ith  th e  

e x p e r im e n ta l r e s u l ts  in  F ig u re s  38 th ro u g h  41. It shou ld  be



0.18

0.16

0.14

F ig u re  38

C o m p a riso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  Two H o rizo n ta l B a r r i e r s

O.ISV

0 .0 8 -
O NO BARRIERS (SET FGK)
A TWO BARRIERS (SET I)

NO BARRIER CURVE: EQUATION (IE-92) 
BARRIER CURVE: EQUATION (EI-lll) 

AT a  26.3“C 
d — 0.0508cm

0.1 0.2 03 0.4 0.5 06 0.7
0 - ,  GRAMS /  MINUTE
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F ig u re  39

C o m p ariso n  of R a t6“S ep a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  E ig h t H o riz o n ta l B a r r ie r s

O NO BARRIERS (SET FGK) 
A  EIGHT BARRIERS (SET Q)

NO BARRIER CURVE: EQUATION (01-92) 
BARRIER CURVE: EQUATION (IQ-Ill)

ÛT«26.6»C 
d = 0.0508cm

04 05 0.6 0.7
cr, GRAMS/MINUTE
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F ig u re  40

C o m p ariso n  of R a te -S e p a ra tio n  C u rv es  fo r  C olum ns
w ith  Z e ro  and  S ix teen  H o rizo n ta l B a r r i e r s

O NO BARRIERS (SET FGK) 
SIXTEEN BARRIERS (SET R )

NO BARRIER CURVE: EQUATION Qn-92) 
BARRIER CURVE: EQUATION (DEI-III)

ÛTa 26.6“C 
d = 0.0508cm

0.02 -

0.4 0.5 0.6 0.7
<r, GRAMS/MINUTE
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F ig u re  41

C o m p a riso n  of R a te -S e p a ra tio n  C u rv e s  fo r  C olum ns
w ith  Z e ro  an d  F if ty  H o riz o n ta l B a r r i e r s

0 .2 5

0.20 -

0 .1 5  -

A

I------- ÏI I

o NO BARRIERS (SET FGK) 
FIFTY BARRIERS (SET T )

NO BARRIER CURVE: EON. (H I- 9 2 )
BARRIER c u r v e ; EON. ( m - l l l )

A T «  26.6®C 
d = 0 .050 8cm

0.10

0 .0 5

0 0.1 0.4 0.5 ^  0.6
(T, G RAM S/M INUTE
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n o ted  th a t  in  c a lc u la tin g  th e  r a te - s e p a r a t io n  c u rv e s  f ro m  E q u a 

tio n  (I ll- I ll)  f o r  d if fe re n t v a lu es  of N , th e  v a lu e s  of Ag and  Ajj 

change a s  w e ll a s  th e  v a lu e  of G. The v a lu e  of G ch an g es  

b e c a u se  o f new  v a lu e s  of c a lc u la te d  f ro m  E q u a tio n  (VI-15).

T he v a lu e s  of Ag and  Aj^, g iven  by  E q u a tio n s  (III-113) and  (III-114),

N Nchange f o r  two re a so n s : (1) th e  e x p re s s io n s  f o r  H an d  K in c lu d e
2

th e  te r m s  (1 + bN) and  (1+bN) re s p e c tiv e ly , and  h en ce  a r e  a

fu n c tio n  o f th e  n u m b e r of b a r r i e r s ,  and  (2) th e  ex p o n en tia l te r m

in  E q u a tio n s  (III-113) and  (111-114) i s  a  fu n c tio n  of th e  n u m b e r of

Nb a r r i e r s  (independen t o f K ). T h e re fo re , i t  is  n e c e s s a r y  to  

c a lc u la te  G , Ag, and  Ag a s  a  func tion  of th e  bu lk  flow  ra te  fo r  

e a c h  v a lu e  o f N,

F ig u re  42 s u m m a r iz e s  a l l  of th e  con tinuous flow  d a ta  

and  th e  p re d ic te d  c u rv e s  a t  th e  h ig h e r  a v e ra g e  te m p e ra tu re  d if

fe re n c e  of 26. 6®C. T he a g re e m e n t be tw een  th e  p re d ic te d  

c u rv e s  an d  th e  e x p e r im e n ta l r e s u l ts  i s  good in  a l l  c a s e s .

E ffe c t of T e m p e ra tu re  D iffe ren ce  b e tw een  th e  P la te s  

The e ffe c t of te m p e ra tu re  d iffe re n c e  on con tinuous flow  

co lum n  p e rfo rm a n c e  in  th e  open co lum n  is  w ell-know n: in c re a s in g  

th e  te m p e ra tu re  d if fe re n c e  be tw een  th e  p la te s  in c r e a s e s  the  

s e p a ra tio n  a t  a  g iven  flow  ra te .  N u m ero u s  in v e s t ig a to r s  (B8)

(HI) (L3) (P3) h ave  show n th e  th e o ry  to  be q u a lita tiv e ly  c o r r e c t  

fo r  th is  e ffec t.



F ig u re  42

C om parison of R ate-Separation C urves for Colum ns 
with Z ero, Two, Four, Eight, S ixteen , and 

F ifty  H orizontal B a rriers: H igher  
Tem perature D ifferen ce

NO BARRIERS 
TWO BARRIERS 
FOUR BARRIERS 
EIGHT BARRIERS 
SIXTEEN BARRENS 
FIFTY BARRIERS

(SET FGK) 
(SET I) 
(SETM) 
(SET Q) 
(SET R) 
(SET T)

A % #26.6"C  
d " OiOSOBcm 

NO BARRER CURVE: EON. (E l-92) 
BARRIER c u r v e s :  E Q N .( m - l l l )

0.04 —

03 04 0.5 0,6 07
cr, GRAMS/MINUTE
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The te m p e ra tu re  d iffe ren ce  b e tw een  the p la te s  a l te r s

bo th  and as shown by E quations (III-45) and (111-45). The

dependence  of Tc on the te m p e ra tu re  d iffe ren c e  is  i l lu s tr a te d

in  F ig u re  43. E m p iric a l va lu es  of ctq w e re  ob ta ined  fro m  the

b e s t  f i t  of the r a te - s e p a ra t io n  da ta  fo r  each  va lue  of N in  the

sam e  m an n er as d e sc r ib e d  p re v io u s ly  in  connec tion  w ith  F ig u re

36. The e m p ir ic a l  va lu es  of o-̂  w e re  then  p lo tted  as a function

of the  num ber of b a r r i e r s  in  F ig u re  43. The v a lu e  of C in

E quation  ( I I I -117) tha t b e s t r e p re s e n te d  the v a lu es  of a t the

h ig h e r te m p e ra tu re  d iffe ren ce  of 26. 7°C  w as then  ob ta ined

(C'= 0. 1275), and add itio n a l cu rv es  w e re  c a lc u la te d  a ssu m in g

2
th a t Œg w as a function  of AT, and of (AT) . The d a ta  c le a r ly  

in d ic a te  a f i r s t  pow er dependence of cr  ̂ on the te m p e ra tu re  d if

fe re n c e  betw een  the p la te s .

F ig u re  44 show s the effect of te m p e ra tu re  d iffe ren ce  on 

continuous flow colum n p e rfo rm a n c e  of a co lum n w ith  two 

h o r iz o n ta l b a r r i e r s .  Once again , it  can  be seen  th a t an in c r e a s e  

in  te m p e ra tu re  d iffe ren ce  g ives a g r e a te r  s e p a ra tio n  a t a given 

flow  ra te .  The value  of cr̂ , fo r  the h ig h e r te m p e ra tu re  d iffe ren ce  

w as ob ta ined  fro m  E quation  (VI-15). The value  of (r^ fo r the  low er 

te m p e ra tu re  d iffe ren ce  w as then o b ta in ed  by u tiliz in g  the fac t 

th a t (T̂  is  p ro p o r tio n a l to AT:

o-c(Lower AT) - (r^(Higher AT) x l3 .2 ° C
26. 1°C

(VI-16)



F ig u re  43

E ffe c t o f th e  T e m p e ra tu re  D iffe ren ce  be tw een  th e  P la te s  .on
th e  F low  P a s t  th e  B a r r i e r s ,  0^: C ontinuous F low  D ata

POINTS EXPERIMENTAL-OBTAINED FROM 
BEST FIT OF RATE-SER&RATION DATA

O  ATM 26.7*0  
A  at «  13.4*0

CALCULATED M M N lOUATIOfM 
0 1 -1 1 7 )  AND o r - 1:11 WITH

c>aiars

e q u a t io n :

é — 6 — 'àr
NUMBER OF HORIZONTAL BARRIERS
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F ig u re  44

E ffe c t of the  T e m p e ra tu re  D iffe ren ce  b e tw een  the  P la te s  on
th e  R a te -S e p a ra tio n  C urve  of a  C olum n w ith  Two

H o riz o n ta l B a r r i e r s

A  A T m  = 2 6 .l» C  (S E T  I)

V  A T m  = 13 .2»C (S E T  J )

d = 0.0508cm

BARRIER CURVES: EQUATION (IQ-Ill)

0 - ,  G R A M S /M IN U T E

159
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= (0 .138)(0 .506)

= 0.07M) g ra m  
m in

F ig u re s  45 and  46 i l lu s t r a te  the  e ffec t of te m p e ra tu re  d iffe ren c e  

on co lum ns w ith  fo u r  and  s ix te en  b a r r i e r s .  The a g re em e n t 

betw een e x p e r im e n t and  th e o ry  is  e x ce lle n t in  a l l  c a s e s .

E ffec t of B a r r ie r  D ia m e te r

A s m en tio n ed  p re v io u s ly , two b a r r i e r  d ia m e te rs  w e re

stu d ied  in  th is  w ork  ( b a r r i e r  d ia m e te r  to  p la te  spacing  r a t io s  of

0. 643 and 0. 803). A gain  i t  i s  known th a t a s  the  b a r r i e r  d ia m e te r

is  in c re a s e d  re la tiv e  to  th e  p la te  spac in g , th e  v a lu e  of C in

E quation  (111-117) d e c r e a s e s  and hen ce  th e  flow p a s t  the  b a r r i e r s ,

P^, should  be d e c re a s e d . T h is  in  tu rn  e ffec tiv e ly  re d u c e s  G , a s

N Nshown by E quation  (111-112), and, s in ce  H and K a re  thought 

to  be  independen t of th e  b a r r i e r  d ia m e te r , in c re a s in g  the  

b a r r i e r  d ia m e te r  shou ld  red u c e  th e  s e p a ra tio n  a t  a  g iven flow 

ra te  (and, of c o u rs e , d e c re a s in g  th e  b a r r i e r  d ia m e te r  shou ld  

in c re a s e  th e  s e p a ra tio n ) .

As p o in ted  ou t in  th e  p re v io u s  sec tio n  on t r a n s ie n t  

b eh av io r. E q uation  (111-117) can  be  u sed  to  p re d ic t  the e ffec t 

re a liz e d  by  changing  th e  b a r r i e r  d ia m e te r  to  p la te  spacing  

ra tio . The v a lu e  o f C a t  the  sm a ll d ia m e te r  to  p la te  spacing  

ra tio  w as d e te rm in e d  above and  w as found to  equal 0.1275.

(See a lso  F ig u re  43. ) R eca llin g  th a t th e  ra tio  of C -v a lu es  a t



F ig u re  45

E ffec t of the  T e m p e ra tu re  D iffe ren ce  be tw een  th e  P la te s  on
th e  R a te -S e p a ra tio n  C urve  of a  C olum n w ith  F o u r

H o rizo n ta l B a r r ie r s

ATin'Ze.yC (SET M)
O ATm»l3.6“C (SET N)

d = 0.0508cm  
BARRIER CURVES; EQUATION (m - l l l )

0.08

0.3 0.4 05 0.6 0.7
0-, GRAMS/MINUTE

161



F ig u re  46

E ffec t of th e  T e m p e ra tu re  D iffe ren ce  b e tw een  the  P la te s  on
th e  R a te “S e p a ra tio n  C u rv e  of a  C olum n w ith  S ix teen

H o rizo n ta l B a r r i e r s

0.18

0.16
■  ATn, = 2 6 .6 “ C (SE T  R) 
O A T m = |3 .5 “ C ( S E T S )  

d >  0 .0 5 0 8 c m
BARRIER CURVES: EQUATION (H I-III)

0.14

0.12

0.10

A  0 .0 8  -

0 .0 6

0 .0 4

0.02 -

or 02 03 04 05 06 07 08 09
0-, GRAMS/MINUTE

1.0
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th e  two b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra t io s  w as found

e x p e r im e n ta lly  to  be  1.49 (See C h ap te r VII, ), th e  C -v a lu e  a t

the  l a r g e r  d ia m e te r  to  p la te  sp ac in g  ra tio  can  be  ca lcu la ted :

th e  C -v a lu e  a t  th e  la rg e  ra tio  is  eq u a lito  0 .1275/1 , 49 o r  0. 0857.

A v a lu e  of 0^ a t  th e  te m p e ra tu re  d iffe ren c e  o f 26. 7®C can  th en

be ca lc u la te d  f ro m  E q u a tio n  (71-12):

0^ (L a r g e r  d ia m e te r  b a r r i e r s )  = 0. 0435 (0. 0857)AT 
^  (1 + bN)

(VI-12)

F o r  fo u r b a r r i e r s  of th e  l a r g e r  d ia m e te r  a t  AT * 26.7 °C

, = : 0 .0 9 9 3  
l+(. 035)4

= 0. 087 g ra m
m in  (V I-17)

T h is  v a lu e  of 0^ o f 0. 087 g ra m /m in  fo r  th e  l a r g e r  b a r r i e r  

d ia m e te r  w as th e n  u sed  in  con junction  w ith  E q u a tio n s  (111-111) 

th ro u g h  (III-114) to  c a lc u la te  th e  r a te - s e p a r a t io n  c u rv e s  a t  th e  

two te m p e ra tu re  d if fe re n c e s  c o n s id e re d . The e ffe c t o f te m p e r 

a tu re  d iffe re n c e  w as in tro d u ce d  by  u s in g  th e  fa c t  th a t is  p r o 

p o r tio n a l to  th e  f i r s t  p o w er of AT. T h e re fo re , f o r  th e  lo w er 

te m p e ra tu re  d iffe re n c e

(^ = 0. 087 X 13. 6° C g ra m
2 6 .7®C m in

(VI-18)
= 0. 0443 g ra m  

m in
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F ig u re s  47 and  48 c o m p are  th e  p re d ic te d  and e x p e r im e n ta l 

r e s u l ts  a t th e  two te m p e ra tu re  d if fe re n c e s  co n sid e re d . The 

a g re e m e n t is  v e ry  s a t is fa c to ry .

S u m m ary

In th is  c h a p te r , e x p e r im e n ta l r e s u l ts  have been  p re s e n te d  

and  co m p ared  w ith  the m o d ified  th e o ry  developed  in  C h ap te r III. 

E x p e rim e n ta l d a ta  w ith  h o r iz o n ta l b a r r i e r s  in  the  s e p a ra tio n  space 

w ere  ob ta in ed  w ith  two, fo u r , e ig h t, s ix teen , and  fifty  b a r r i e r s .

In add ition , two te m p e ra tu re  d if fe re n c e s  w e re  in v e s tig a te d  e x p e r i

m e n ta lly  and s e v e ra l  ru n s  w e re  m ad e  w ith  the b a r r i e r  d ia m e te r  a s  

a  p a ra m e te r .  D ata w e re  a lso  o b ta ined  w ith  no b a r r i e r s  in  the  

se p a ra tio n  sp ace  in  o rd e r  to  c o m p are  th e  b a r r i e r  d a ta  w ith  open 

co lum n d a ta . T h ree  ty p es  of d a ta  w e re  o b ta ined  w ith  h o riz o n ta l 

b a r r i e r s :  (1) s te a d y -s ta te  b a tch , o r  no bulk  flow , d a ta , (2) t r a n 

s ien t d a ta  on a  co lum n o p e ra te d  u n d e r b a tch  co n d itio n s , and (3) 

s te a d y -s ta te  con tinuous flow  d a ta  w h ere  feed  w as added to  the  c en 

t e r  of th e  co lum n, and  o v e rh e ad  and  bo ttom  p ro d u c ts  w e re  rem oved 

con tinuously  f ro m  th e  ends of the  co lum n.

The b a tch  d a ta  show a g re e m e n t w ith  the  ex  p o s t facto  

th e o ry , and  in c re a s e d  b a tch  s e p a ra tio n s  re s u lte d  fro m  the 

add ition  of b a r r i e r s .  The in c re a s e  p e r  b a r r i e r  w as ap p ro x im a te l y

3. 5 p e rc e n t fo r  th is  w ork , (b ■ 0. 035), w ith  th e  p e rc e n t  in c re a s e  

fa llin g  off fo r  g r e a te r  n u m b e r of b a r r i e r s  b e ca u se  of an  e ffec tive  

len g th  c o r re c t io n  (L -  Nlj.). A lthough th e  th e o ry  does not p re d ic t



F ig u re  47

E ffec t of th e  B a r r i e r  D ia m e te r  on th e  R a te -S e p a ra tio n  C urve  
of a  Colvtmn w ith  F o u r  H o riz o n ta l B a r r ie r s :  H ig h e r 

T e m p e ra tu re  D iffe ren ce

A

O  NO BARRIERS (SET F6K) e FOUR BARRIERS: d "0.0508cm  (SET M) 
4  FOUR BARRIERS; d "00635cm  (SET 0) 

ATm»26.7*C
0.14 -

NO BARRIER CURVE: EQUATION (H I-92) 
BARRIER CURVES: EQUATION OH-111)

I I I I I 
OI o i  0.3 0 4  0.50 3  C T  ^

<r, GRAMS/MINUTE
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F ig u re  48

E ffec t of th e  B a r r i e r  D ia m e te r  on the  R a te -S e p a ra tio n  C urve  
of a  C olum n w ith  F o u r  H o riz o n ta l B a r r ie r s :  L o w er 

T e m p e ra tu re  D iffe ren ce

0. 2 — O NO BARRIERS (SET HL)
O FOUR BARRIERS: d = 0 .0 5 0 8 cm  (SET N) 
X FOUR BARRIERS: d = 0 .0 6 3 5 cm  (SET P)

AT a  13.6 ®C
NO BARRIER CURVE; EQUATION (ffl -9 2 )  
BARRIER CURVES: EQUATION (m  -111 )

0.4 05 0.6 0.7
(T, GRAMS/MINUTE

166
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an. e ffec t of th e  te m p e ra tu re  d if fe re n c e  on th e  b a tch  s e p a ra tio n , i t  

w as found e x p e r im e n ta lly  th a t th e  s te a d y - s ta te  b a tc h  s e p a ra t io n  

is  s lig h tly  d e c re a s e d  a s  th e  te m p e ra tu re  d iffe re n c e  b e tw een  th e  

p la te s  is  d ec reased *  O th e r e x p e r im e n ta l  in v e s t ig a to r s  have  

found a  s im i la r  d ependence  on th e  te m p e ra tu re  d iffe re n c e . The 

la ck  of o b s e rv e d  e ffe c t of th e  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  

ra tio  on th e  b a tch  s e p a ra tio n  su p p o r ts  th e  th e o ry .

T ra n s ie n t  d a ta  w e re  o b ta in ed  fo r  z e ro , tw o, fo u r , e ig h t, 

and s ix te e n  b a r r i e r s ,  and  a m az in g  a g re e m e n t be tw een  th e  

e x p e r im e n ta l r e s u l t s  and  p re d ic te d  c u rv e s  is  noted . P a r t i c u la r ly  

s tr ik in g  is  th e  fa c t  th a t  th e  re la x a tio n  tim e  in  a  co lu m n  w ith  

b a r r i e r s  is  p ro p o r tio n a l to  th e  f i r s t  p o w er of th e  te m p e ra tu re  

d iffe ren c e  r a th e r  th an  th e  sq u a re  of th e  te m p e ra tu re  d if fe re n c e , 

a s  is  t r u e  in  th e  open co lum n. The e ffec t of th e  n u m b e r of 

b a r r i e r s  and  of th e  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra t io  on th e  

t r a n s ie n t  b e h a v io r  of a  co lum n  w ith  b a r r i e r s  is  c o r r e c t ly  p re d ic te d  

by the  th e o ry : in c re a s in g  th e  n u m b e r of b a r r i e r s  o r  in c re a s in g  

the  b a r r i e r  d ia m e te r  re la tiv e  to  th e  p la te  sp ac in g  in c r e a s e s  th e  tim e  

re q u ire d  to  re a c h  s te a d y -s ta te  co n d itio n s . An e x p e r im e n ta lly  

d e te rm in e d  ra t io  of C - fa c to rs  w as u s e d  to  p re d ic t  th e  e ffec t of the  

b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra t io  on th e  tim e  to  re a c h  eq u i

lib r iu m . C o rre c tio n s  w e re  m ad e  f o r  th e  e r r o r  in c u r r e d  in  a ssu m in g  

in s ta n tan e o u s  e q u ilib r iu m  in  th e  s m a ll  co lum ns fo rm e d  by  th e  

b a r r i e r s .  An ad d itio n a l c o r re c t io n  w as n e c e s s a r y  fo r  th e  sp e c ia l 

c a se  w ith  two b a r r i e r s .  In g e n e ra l , good a g re e m e n t i s  n o ted  b e tw een  

the  p re d ic te d  c u rv e s  and  th e  e x p e r im e n ta l  r e s u l ts .

The s e p a ra tio n  a s  a  func tion  of th e  bu lk  flow  r a te  th ro u g h  

the  co lum n c o n s ti tu te s  th e  con tinuous flow  d a ta . R a te - s e p a ra t io n
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c u rv e s  w e re  o b ta in ed  fo r  z e ro , tw o, fo u r , e igh t, s ix te e n , and  

fifty  b a r r i e r s .  The e ffec t of th e  n u m b e r of b a r r i e r s  on a  r a te -  

s e p a ra tio n  c u rv e  is  c o r r e c t ly  p re d ic te d  by  th e  m o d ified  th eo ry : 

th e  s e p a ra tio n  a t  a  g iven flow  ra te  d ro p s  a s  th e  n u m b e r of b a r -"  - P  

r i e r s  is  in c re a s e d . It is  po in ted  out th a t a p p a re n tly  on ly  fo r  

v e ry  low  flow  r a te s  does a  co lum n w ith b a r r i e r s  o ffe r  an  ad v an 

tag e  o v e r  th e  open colum n. The^.e ffé c ts  of th e  te m p e ra tu re  d iffe ren c e  

be tw een  th e  p la te s  and  of th e  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  

ra tio  a r e  a lso  c o r r e c t ly  acco u n ted  fo r  by th e  th e o ry . L o w erin g  

th e  te m p e ra tu re  d iffe ren c e  and  in c re a s in g  th e  b a r r i e r  d ia m e te r  

re la tiv e  to  th e  p la te  sp ac in g  bo th  d e c re a s e  th e  s e p a ra tio n  a t a  

g iven flow ra te .  In a l l  c a s e s , th e  a g re e m e n t be tw een  th e  e x p e r i

m e n ta l d a ta  and  p re d ic te d  c u rv e s  is  e x ce lle n t.
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ADDITIONAL WORK

W o-k is  p re s e n te d  in  th is  c h a p te r  w hich  is  not d ire c t ly  

re la te d  to  th e  e x p e r im e n ta l w ork  w ith  b a r r i e r s  p re s e n te d  in  C h ap te r 

VI. T he ev a lu a tio n  of th e  th e rm a l  d iffusion  c o e ffic ien t, a , co lum n 

o p e ra tio n  w ith  unequal p ro d u c t flow  r a te s ,  and  th e  d e te rm in a tio n  of 

th e  C-CO e ffic ie n ts  a t  th e  two b a r r i e r  d ia m e te r  to  p la te  spac ing  ra t io s  

a r e  d is c u s s e d .

E v a lu a tio n  of th e  T h e rm a l D iffusion  C oeffic ien t

D ata  w e re  o b ta in ed  (see  E x p e rim e n ta l S e t A. ) su ch  th a t th e
V,

th e rm a l  d iffu sion  c o e ffic ien t, a , could  be  c a lc u la te d  fo r  a  f if ty -o n e  

w eigh t p e rc e n t  a lco h o l feed . The c a lc u la te d  v a lu e  (See A ppendix H. ) 

of a  w as found to  su p p o rt th e  w ork  of C a b ic a r  and  Z a tk a  (C l) (See 

F ig u re  49. ) in  p re fe re n c e  to  th e  d a ta  p re s e n te d  b y  Van V elden, Van 

d e r  V oort, and  G o r te r  (VI).

T h is  v a lu e  of a  w ill be  d is c u s s e d  in  m o re  d e ta il in  th e  nex t 

se c tio n  of colum n o p e ra tio n  w ith  unequal p ro d u c t flow  ra te s .
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F ig u re  49

T h e rm a l D iffusion  C o effic ien t, a  , fo r  the  S ystem  E thy l 
A lco h o l-W ate r As a  F u n c tio n  of th e  C o n cen tra tio n
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Column T heory and O p e r a tiw  ^ t h  Unequal 
Product F low  Rate# ( t  4^ %)

N um erous e9q>erimental inT estigatione hare con firm ed  the  

th eory  of F u rry , Jon es, and O nsager (F7) fo r  cen te r -fee d  continuous- 

flow  th erm ogravitational colum ns w ith equal product flow  r a te s . In 

th e c a se  of unequal product flow  r a te s , ((^ 4 Equation (UI-91) 

ap p lies  from  conrentional theory

A = H . (1 -  e  K@ ) + (I “ e  K . )

(111-91)

P o w ers (P3) (P7) has shown that fo r  low  flow  r a te s , assu m in g  

th e colum n alw ays adjusts to y ield  it s  m axim um  sep aration , the  

follow ing ex p ress io n  can be d erived  fo r  unequal product flow  ra tes

.
A =  H I T  2 B K "

Z W  ( I - e  )
( v n - iK  -  ;

w h ere H = = H ,, K = K , = Kg, and L. = = Lg.
2

Powers^ data taken w ith unequal product flow  ra te s  w ere  

adm itted ly  in con clu sive , and the w ork done h ere  i s  an effort to  

c la r ify  the app licab ility  o f Equation (Y H -l).

In ord er to  fa c ilita te  p lotting and ca lcu lation . Equations 

(111-91) and (V U -l) a r e  A rst put in  d im en sio n le ss  form . In d im en sion -  

l e s s  form , Equation (III-91) b ecom es
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-  2XZ - 2 Z

(VII-2)

and  E q u a tio n  (VII-1) b eco m es

2 .  4XZ

(V II-3)

w h e re  A /a^ is  th e  f ra c t io n  of th e  s te a d y -s ta te  s e p a ra tio n  fo r  no 

b u lk  flow , and

X = ^
Os

(VII-4)

Z = ‘O'L 
2 K

(VII-5)

L  = L e  + L g

0 -=  0*e +  0 ’s

(VII-6)

(VII-7)

E q u a tio n s  (V II-2) and  (V II-3) ag a in  a s s u m e  th a t Hg = Hg, Kg = Kg, 

and  Lg = Lg = to ta l  co lum n len g th .

F o r  Z = 0 (no bu lk  flow ), b o th  eq u atio n s  re d u c e  to  A/Aq *  

I. 0 w hile  fo r  X = 0, E q uation  (V II-2) re d u c e s  to

A  = 0 .5 0  + 1 ( 1 .  e “^ ^  )
^  (VII-8)
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and  E q u a tio n  (V II-3) re d u c e s  to  s im p ly

—  =  1.0

(V II-9)

A t X = 1 (eq u a l p ro d u c t flow ra te s )  both  eq uations n e c e s 

s a r i ly  re d u c e  to  th e  sam e  e x p re ss io n  (See A ppendix H. )

A. = _L (1 - e"2)
ho Z '  (H-19)

E a r l i e r  s tu d ie s  (B8) (P3) (P7) in d ic a te  th a t, fo r  unequal 

p ro d u c t flow  r a te s  in  th e  ran g e  0. 5< X < 2 .0 ,  u se  of e i th e r  of th e  

above e x p re s s io n s  g iv e s  e s s e n tia l ly  the  sam e  re s u lt .  T h e re fo re , 

e x p e r im e n ta l w o rk  w as c o n ce n tra te d  m a in ly  n e a r  th e  e x tre m e s  of 

X, th a t i s ,  n e a r  X = 0 and  X = oq,

It w as d ec id ed  to  u se  a  fif ty  w eight p e rc e n t  a lco h o l feed  

so lu tio n  fo r  th e s e  ru n s  in  o r d e r  to  avoid  skew ing of the  th e o re t ic a l  

c u rv e s  b e c a u se  of ch an g es  in  th e  th e rm a l d iffu sion  co effic ien t, a  .

By exam in ing  F ig u re  49, i t  can  be seen  th a t th e  cu rv e  p re s e n te d  by 

Van V elden, Van d e r  V oort, and G o r te r  (VI) is  m o re  n e a r ly  f la t  in  

th is  reg io n  th a n  in  any  o th e r .

H ow ever, w hen a w as d e te rm in e d  fro m  ra teM separa tion  

d a ta  (See A ppendix  H. ), i t  w as found th a t th e  in d ic a ted  v a lu e  w as 

m o re  th an  th i r ty  p e rc e n t  h ig h e r  than  th e  v a lu e  re a d  fro m  the  cu rv e  

fo r  fiftyuone w eigh t p e rc e n t  a lco h o l (a = 0 ,8 3  v s a = 0. 63). T h e r e 

fo re , th e  c u rv e  p re s e n te d  by  C ab ica r and Z a tk a  (Cl) w as u sed  s in c e
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th e  e x p e r im e n ta lly  d e te rm in e d  v a lu e  of a  w as c lo se  to  the  cu rv e  

va lue .

It should  be  p o in ted  out th a t th e  d a ta  re p o r te d  by Van V elden, 

Van d e r  V oort, and G o r te r , and  C a b ic a r  and Z a tk a  have  been  c o r r e c te d  

a t h igh  c o n ce n tra tio n s  by th e  m ethod  su g g es ted  by P r ig o g in e  and  B u ess  

(P8), The c o r re c te d  v a lu es  w e re  o b ta in ed  fro m  ta b le s  p re s e n te d  by 

Von H alle  (V3), and th e  c o r r e c te d  v a lu es  a r e  p lo tte d  in  F ig u re  49.

E x p e rim e n ta l c u rv e s  w e re  tak en  fo r  s e v e ra l  d if fe re n t v a lu es  

of Z (w here  ag a in  Z = OL / 2K and  0"is th e  a v e ra g e  flow  ra te  fo r  a  

g iven e x p e r im e n ta l cu rv e ). E ach  e x p e r im e n ta l po in t tak en  fo r  a  cu rv e  

u su a lly  had a  0"a l i t t le  d iffe re n t f ro m  th e  a v e ra g e , O’, bu t no c o r r e c t  

tio n  w as m ade  fo r  th is  d ev ia tio n . The m ax im u m  d ev ia tio n  fro m  the 

a v e ra g e  w as s ix  p e rc e n t.

T h e o re tic a l c u rv e s  w e re  c a lc u la te d  fro m  E qua tio n s  (V II-2) 

and (VII-3) o v e r  the  e n tire  ran g e  o f X (z e ro  to  in fin ity ) w ith  Z a s  a  

p a ra m e te r ;  h ow ever, Z re m a in s  co n stan t fo r  a  g iven c u rv e . If the  

th e rm a l  d iffusion  co e ffic ien t, a , w e re  c o n s ta n t o v e r  th e  co n ce n tra tio n  

ran g e  c o n s id e re d , th e  th e o re t ic a l  c u rv e s  w ould be s y m m e tr ic a l  about 

th e  lin e  X = 1 (equal p ro d u c t flow s). H ow ever, a s  can  c le a r ly  be seen  

by re fe r r in g  to  F ig u re  49, o v a r ie s  ra p id ly  o v e r  a lm o s t the  e n tire  

co n ce n tra tio n  ran g e , and hence  th e  th e o re t ic a l  c u rv e s  a r e  skew ed 

acco rd in g ly . The th e o re t ic a l  and  e x p e r im e n ta l r e s u l ts  fo r  two Z - 

v a lu e s  a r e  co m p ared  in  F ig u re s  50 and  51.



F ig u re  50

S e p a ra tio n  As a  F u n c tio n  of th e  R atio  of P ro d u c t

F low  R ates : Z = 0. 887

1.0

0.6

— EQUATION onr-3)
 EQUATION c m -2 )
•  EXPERIMENTAL SET B 
Ao" 0.219 WT. FRAC.
I T -0.0933 GM/MIN 
Z >0.887

0.4

0.2
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X og/g

PRODUCT FLOW RATES
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F ig u re  51

S e p a ra tio n  A s a  F u n c tio n  of th e  R atio  of P ro d u c t
F low  R ates : Z = 5. 48

1.0
 EQUATION c m - 3)
 EQUATION d m - 2 )
•  EXPERIMENTAL SET C _  
A o-02I9W T. FRAC, 
y »  0 5 7 7  6M/MIN 
Z >5.48

0.8
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0.4

0.2

0.2 0.4 0 6 0 8 0 8 0 6 0 4 0.2

RATIO OF PRODUCT FLOW RATES
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A lthough i t  m a y  be a rg u e d  th a t th e  d a ta  a r e  in co n c lu siv e , 

th e  a u th o r  fe e ls  th a t a  p re fe re n c e  is  shown fo r  E quation  (V II-2).

S ince P o w e rs  in d ic a ted  th a t E quation  (VII-1) [o r  E q u a tio n  (VII-3) ] 

shou ld  ap p ly  only  a t  low  flow  r a te s ,  two ad d itio n a l p o in ts  w e re  tak en , 

one a t  X = 0 (Og/^ = 0) an d  one a t  X =<» i^Bpe ~ bo th  p o in ts  a t  a  

Z -v a lu e  of 0. 493 w hich c o rre sp o n d s  to  an  a v e ra g e  flow  r a te  of only 

0, 0519 g ra m sy m in . T h e se  two e x p e r im e n ta l p o in ts  a r e  co m p ared  

w ith  th e  th e o re t ic a l  c u rv e s  in  F ig u re  52. H e re  th e  r e s u l ts  a r e  in 

co n clu siv e  s in ce  th e  p o in ts  fa l l  n e a r ly  m idw ay  betw een  th e  two th e o 

r e t ic a l  c u rv e s . H ow ever, i t  b eco m es obvious th a t a s  one goes to  

lo w er and  lo w e r flow  r a te s ,  th e  d iffe ren c e  be tw een  E q u a tio n s  (VII-2) 

and  (VII-3) m u s t b eco m e e v e r  s m a l le r  s in ce  th e  two eq u atio n s  give 

th e  sam e  c u rv e  fo r  Z = 0 (no bu lk  flow  th ro u g h  th e  colum n).

R e g a rd le s s  of w h ich  of th e  two equations is  m o re  n e a r ly  

c o r r e c t  a t  th e  e x tre m e  v a lu e s  of X and  fo r  la rg e  Z -v a lu e s , two th in g s  

a r e  ap p a ren t: (1) e i th e r  E q u a tio n  (VII-2) o r  E quation  (V II-3) is  

ap p lic ab le  in  th e  ran g e  0. 5< X < 2. 0, and  (2) s e p a ra tio n  is  a lw ays 

g r e a te r  fo r  unequal th an  f o r  equal p ro d u c t flow  r a te s  (a ssu m in g  th a t 

th e  th e rm a l  d iH usion  c o e ffic ien t d o es  not v a ry  su ffic ie n tly  w ith  v a r 

ia tio n s  in  c o n ce n tra tio n  so  th a t th e  s e p a ra tio n  is  e ffe c tiv e ly  reduced ).

R e su lts  of E x p e r im e n ta l  W ork w ith  P la s t ic  F low  M odel

As m en tio n ed  p re v io u s ly , on ly  th e  ra tio  of th e  C -  co e ffic ien ts  

a t  th e  two c y lin d e r (b a r r ie r )  d ia m e te r  to  p la te  sp ac in g  ra t io s  w as



F ig u re  52

S ep a ra tio n  As a  F u n c tio n  of th e  R atio  of P ro d u c t

F low  R a tes : Z = 0. 493
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d e s ir e d ,  no t th e  a b so lu te  v a lu e s . One in ad eq u acy  of th e  p la s t ic  

m o d e l w as m en tio n ed  in  C h ap te r III; th a t  i s ,  th e  v e lo c ity  d is tr ib u tio n  

b e tw een  th e  p la te s  in  th e  m o d e l w as no t th e  sam e  a s  th e  v e lo c ity  d is 

tr ib u tio n  b e tw een  th e  p la te s  in  th e  th e rm o g ra v ita tio n a l co lum n. In 

ad d itio n  to  th is ,  th e re  w as a n o th e r  p o s s ib le  s o u rc e  of e r r o r  th a t  

w as in v e s tig a te d  e x p e r im e n ta lly  s in c e  i t  w as fe lt  th a t th e  e r r o r  m ig h t 

in flu en ce  no t o n ly  th e  a b so lu te  v a lu e s  of th e  C -c o e ff ic ie n ts , bu t th e  

ra t io  a s  w e ll. T he p o te n tia l e r r o r  w as th e  p o s s ib le  e ffe c t th a t  th e  

d is tu rb a n c e , c r e a te d  by  th e  c y lin d e r , m ig h t have  on th e  p r e s s u r e  

m e a s u re m e n t a t  th e  d o w n stre am  p r e s s u r e  ta p . S ince th e  l a r g e r  c y lin 

d e r  d ia m e te r  shou ld  c r e a te  a  l a r g e r  d is tu rb a n c e  th a n  th e  s m a l le r  

c y lin d e r  d ia m e te r ,  i t  w as fe l t  th a t th e s e  d if fe re n t d is tu rb a n c e s  cou ld  

a l t e r  th e  m ag n itu d e  o f th e  e r r o r  a t  th e  d o w n stre am  p r e s s u r e  ta p . The 

p r e s s u r e  ta p s  w e re  lo c a te d  one and  tw o fe e t f ro m  th e  c y lin d e r , so  i t  

w as a  s im p le  m a t te r  to  in v e s tig a te  th e  m ag n itu d e  of the  e r r o r  by  

m e re ly  r e v e r s in g  th e  flow ; th a t i s ,  th e  d o w n stre am  tap  b e ca m e  th e  

u p s tre a m  tap  and  v ic e - v e r s a .  No m e a s u ra b le  d if fe re n c e - in  th e  p r e s 

s u re  d ro p  cou ld  be found w hen th e  flow  w as r e v e r s e d ,  so  th e  d is tu rb a n c e  

e ffec t w as a s s u m e d  n eg lig ib le .

T h e re fo re , th e  e x p e r im e n ta l d a ta  a r e  a s su m e d  s a t i s f a c to ry  

w ithout c o r re c t io n s  and  w e re  u sed  to  c a lc u la te  th e  ra tio  of d ra g  

fa c to rs  a t  th e  two c y lin d e r  d ia m e te r  to  p la te  sp ac in g  ra t io s  e x p e r i

m e n ta lly  c o n s id e re d . F ig u re  53 p re s e n ts  th e  e x p e r im e n ta l r e s u l t s .



F ig u re  53

D e te rm in a tio n  of th e  R atio  of D rag  F a c to r s :  G ra p h ic a l 

P re s e n ta t io n  of E x p e rim e n ta l D ata

.021 POINTS EXPERIMENTAL
O %-INCH CYLINDER DIAMETER 
e INCH CYUNDER DIAMETER 

(Fo- DRAG FORCE, lb,/fl*)
.016

6LOPE»8.47kIO"«‘
.012

SLOPE-566 KlO" ft '.008

. 0 0 4 -

2.00.4 0 60 6
10*
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F o r  th e  o n e -h a lf  in ch  c y lin d e r , th e  s lope  of th e  lin e  th ro u g h  th e  d a ta

5
is  found to  be  5. 66 x  10 f t"  , an d  fo r  th e  f iv e -e ig h th s  in ch  c y lin d e r  

th e  s lo p e  i s  8 ,4 7  x  10^ f t T he ra tio  of th e  d ra g  fa c to r s  th en  is  

8 , 47/ 5. 66 o r  1 ,49 . In o th e r  w o rd s , th e  d ra g  im p a r te d  on th e  

flow ing flu id  by th e  l a r g e r  c y lin d e r  is  1. 49 t im e s  a s  g re a t  a s  th e  d ra g  

im p a r te d  b y  the  s m a l le r  c y lin d e r .



CH A PTER  VIII

CONCLUSIONS

The follow ing co n c lu sio n s  m ay  be d raw n  fro m  the  r e s u l ts  

of th is  in v e s tig a tio n  of th e  e ffec t of h o riz o n ta l b a r r i e r s  on th e  p e r 

fo rm an c e  of a  th e rm o g ra v ita tio n a l th e rm a l d iffu sion  colum n:

1, The u se  of h o riz o n ta l b a r r i e r s  in  a  p a ra l le l -p la te  t h e r 

m o g ra v ita tio n a l th e rm a l  d iffusion  colum n w ill in c re a s e  the  s te a d y -  

s ta te  b a tch  s e p a ra tio n , and  th e  ba tch  s e p a ra tio n  w ith  b a r r i e r s  can  

be p re d ic te d  by E q u a tio n  (III-53). The va lue  of b in the  E quation  

m u s t be d e te rm in e d  ex p e rim en ta lly .

2, An " e f fe c tiv e  leng th" c o rre c tio n  fa c to r  m u s t be u se d  in  

E quation  (III-53), p a r t ic u la r ly  when la rg e  n u m b e rs  of b a r r i e r s  a r e  

u sed . T h is  c o r re c t io n  fa c to r  a r i s e s  fro m  the  d is tu rb a n c e  c re a te d  

by th e  b a r r i e r s  in  th e  co lum n. A lthough the  len g th  of the  d is tu rb a n c e  

is  sm a ll fo r  a  s in g le  b a r r i e r  (in the  range  of a  few  p la te  sp ac in g s), 

th e  e ffec t is  a p p re c ia b le  w hen m any  b a r r i e r s  a r e  used .

3, The s te a d y -s ta te  b a tch  s e p a ra tio n  is  d e c re a se d  s lig h tly

w hen th e  te m p e ra tu re  d iffe ren c e  betw een th e  p la te s  is  d e c re a se d ,

a lthough  th e  th e o ry  p re d ic ts  no e ffect. The th e o ry  a lso  p re d ic ts  no

change in  th e  b a tch  s e p a ra tio n  when the b a r r i e r  d ia m e te r  is  changed
182
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re la t iv e  to  th e  p la te  sp ac in g , and  th e  l im ite d  e x p e r im e n ta l  r e s u l ts  

a r e  in  a g re e m e n t w ith  th e  th e o ry  fo r  th e  e ffec t o f th is  p a r a m e te r .

4 . A lthough h o r iz o n ta l  b a r r i e r s  in c r e a s e  th e  s te a d y -s ta te  

b a tc h  s e p a ra tio n , th e  re la x a tio n  t im e  i s  a lso  in c re a s e d  w hen b a r r i e r s  

a r e  added . The t r a n s ie n t  b e h a v io r  of a  co lum n w ith  b a r r i e r s  can  be 

p re d ic te d  b y  so lu tio n  of a  sy s te m  of eq u atio n s  g iven  by  E q u a tio n s  

(I II-75) th ro u g h  (III-77) f o r  a n  ev en  n u m b e r of e q u a lly -sp a c e d  b a r 

r i e r s ,  and  E q u a tio n s  (III-75) an d  (III-76) fo r  an  odd n u m b e r of eq u a lly - 

sp ac e d  b a r r i e r s .

5. The re la x a tio n  t im e  in  a  co lum n w ith  b a r r i e r s  i s  p ro p o r 

tio n a l to  th e  f i r s t  p o w er o f th e  te m p e ra tu re  d if fe re n c e  b e tw een  the 

p la te s  r a th e r  th a n  th e  sq u a re  of th e  te m p e ra tu re  d if fe re n c e , a s  is  

t r u e  fo r  th e  open  co lum n. T h is  i s  p re d ic te d  b y  th e  th e o ry , and  it is  

w e ll v e r if ie d  by  th e  e x p e r im e n ta l  d a ta .

6. In tro d u c tio n  of a  C - fa c to r  en ab le s  th e  c a lc u la tio n  of th e  

e ffe c t of th e  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra t io  on th e  t r a n s ie n t  

b e h a v io r  o f a  co lum n w ith  b a r r i e r s .  V alues of th e  C - fa c to r  can  be 

d e te rm in e d  e x p e r im e n ta lly  f ro m  a  p la s t ic  flow  m o d e l i f  a  v a lu e  of C

is  o b ta in ed  e m p ir ic a lly  f ro m  co lum n d a ta  a t  an y  g iv en  b a r r i e r  d ia m e te r  

to  p la te  sp ac in g  ra tio .

7. The ad d itio n  of b u lk  flow  to  a  co lum n w ith  b a r r i e r s  

ra p id ly  c a n c e ls  th e  ad v an tag e  g a in ed  by  b a r r i e r s  in  th e  b a tch  c a se . 

T h e re fo re , b a r r i e r s  o ffe r  an  advan tag e  u n d e r  co n d itio n s  of continuous
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flow  on ly  fo r  v e ry  low  p ro d u c t flow  r a te s .  R a te -s e p a ra t io n  c u rv e s  

fo r  co lum ns w ith  b a r r i e r s  can  be p re d ic te d  s a t i s f a c to r i ly  fro m  

E q u a tio n  (III-IU ) in  co n ju n c tio n  w ith  E q u a tio n s  (111-112) th ro u g h  

(III-114). The th e o ry  c o r r e c t ly  p re d ic ts  th e  e ffe c t of th e  n u m b er of 

b a r r i e r s ,  of th e  te m p e ra tu re  d iffe re n c e  b e tw een  th e  p la te s ,  and  of 

the  b a r r i e r  d ia m e te r  to  p la te  sp ac in g  ra tio  on th e  con tinuous flow  

p e rfo rm a n c e  of a  co lu m n  w ith  b a r r i e r s .

8. W hen u n eq u a l p ro d u c t flow r a te s  a r e  c o n s id e re d , fo r  

v a lu e s  of X (X = (^ /(^ ) in  th e  ra n g e  0. 5 '^X <2. 0, e i th e r  the  m o d if i

c a tio n  p ro p o se d  by  P o w e rs  (P3) (P 7), E quation  (V II-3); o r  th e  e q u a 

tio n s  f ro m  con v en tio n a l th e o ry . E q u a tio n  (V II-2) o r  th e  a v e ra g e  flow - 

r a te  eq u a tio n . E q u a tio n  (H-19) [ o r  E quation  (H I-92) ] , can  be u sed . 

H ow ever, o u ts id e  th e  a fo re m e n tio n e d  ran g e . E q u a tio n  (V II-2) is  

p r e f e r r e d  to  E q u a tio n s  (V II-3) o r  (H-19). In  ad d itio n , th e  s e p a ra tio n  

in  a  co lum n o p e ra te d  w ith  un eq u al p ro d u c t flow  r a te s  is  g r e a te r  th an  

f o r  eq u al p ro d u c t flow  r a te s .
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TA B LE 3

COLUMN AND SYSTEM  PA RA M ETERS FOR 
SETS O F EX PER IM E N T A L DATA

2w
M ean

AT
M ean

B C f
M ean

N

Exp.
Set

Included
Runs

P la te
Spacing

T em p.
Diff.

P la te
W idth

F eed
Com p.

No. 
B a r r .

B a r r ie r
D iam .

cm °C cm W eight
F ra c .
EtOH

cm

A 1-9 . 0792 2 7 .9 10. 16 . 5095 0
B 10-18 . 0795 27. 7 10. 16 . 5070 0 -
C 19-23 . 0792 27. 8 10. 16 . 5087 0 -
D 24-25 . 0795 27. 9 10. 16 . 5092 0 -
E 26-35 . 0795 2 7 .0 10. 16 . 3973 0 -

FG 36-45 10792 26. 5 9. 21 . 4012 0 -
H 46-54 . 0798 13. 3 9. 21 . 4021 0 -
I 55-63 . 0792 26. 1 9. 21 . 4019 2 . 0508
J 64-71 . 0795 13. 2 9. 21 . 4013 2 . 0508
K 72-81 . 0792 26. 8 9. 21 . 3986 0 -
L 82-88 . 0792 13. 6 9. 21 . 3986 0 -
M 89-96 . 0790 26. 7 9. 21 . 3966 4 . 0508
N 97-102 . 0792 13. 6 9 .21 . 3994 4 . 0508
O 103-111 . 0790 26. 7 9. 21 . 3997 4 . 0635
P 112-117 . 0790 13. 7 9. 21 . 3989 4 . 0635
Q 118-123 . 0790 26. 7 9. 21 . 3984 8 . 0508
R 124-134 . 0792 26. 6 9. 21 . 3981 16 . 0508
S 135-142 . 0792 13. 5 9. 21 . 3993 16 . 0508
T 143-147 . 0790 26. 7 9 . 21 . 3997 50 . 0508

Note: The colum n leng th , L w as h e ld  co n s tan t a t 145 cm , and the 
a v e ra g e  te m p e ra tu re  lev e l, T, w as fixed  a t 322°K fo r a ll  
e x p e r im e n ta l ru n s .
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T ab le  of E x p e rim e n ta l D ata
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TA B LE 4

EX PER IM EN TA L BAT C H -TRANSIENT DATA

Eaq). t Ce Cs A
No, Top B ottom
and T im e P ro d u c t P ro d u c t Cg—Cg
Set Com p. Com p.

W eight , W eight W eight
m in u te s F r a c . F r a c . F r a c .

EtOH EtOH EtOH

4 0 F 20 .4139 .3 8 9 4 .0235
40 .4192 .3 8 2 2 .0 3 7 0
60 .4231 . 3774 .0 4 5 6
90 .4291 .3 7 3 4 .0557

150 .4 3 5 9 .3 6 7 4 .0685
260 .4 4 0 8 .3 6 0 2 .0 8 0 6
400 .4 4 8 2 .3 5 6 3 .0919

2 ,8 0 5 .4551 . 3507 .1044
4 ,6 0 5 .4 5 2 5 . 3483 .1042

52H 20 .4 0 9 4 . 3954 .0140
40 .4109 .3 9 2 4 .0185
60 .4116 .3 9 0 9 .0207

'9 0 .4147 . 3880 .0267
120 .4154 . 3858 .0 2 9 6
180 .4177 . 3822 .0355
310 .4 2 5 4 . 3781 .0 4 7 3

470 .4 3 0 5 . 3734 .0571
1,010 .4 3 7 5 . 3634 .0741
1,430 .4 4 0 8 . 3589 .0819
1,730 .4416 . 3563 .0 8 5 3
2 ,3 9 0 .4 4 3 3 . 3538 .0895
2 ,490 .4 4 2 4 . 3538 .0886
2 ,870 .4416 . 3525 .0891

631 20 .4185 .3 9 2 5 . 0260
40 .4 2 2 3 .3 8 7 2 .0351
60 .4 2 4 6 .3851 .0395
90 .4 2 7 6 . 3808 .0468
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T A B LE 4 -  (continued)

t Ce Cs A

120 .4 2 9 8 . 3794 .0 5 0 4
180 . 4351 .3 7 4 0 . 0611
240 .4 3 8 4 . 3701 . 0683
330 .4 4 2 4 . 3668 . 0756
480 .4 4 8 2 . 3622 . 0860
720 .4 5 4 2 . 3563 .0 9 7 9
910 .4551 . 3538 .1013

1,180 .4 5 8 5 . 3513 .1072
1,500 .4 6 8 7 . 3501 .1186
1,810 . 4668 . 3482 .1186

2 ,960 .46&1 . 3464 .1187

30 .4 0 2 0 . 3879 .0141
90 .4087 . 3873 .0214

200 .4147 . 3822 .0 3 2 5
320 .4154 . 3721 .0 4 3 3
515 .4 2 5 4 . 3682 .0 5 7 2
820 . 4298 . 3628 .0 6 7 0

1,440 .4 4 2 3 .3561 .0 8 6 2
2,160 .4 4 7 4 . 3507 .0 9 6 7
3 ,380 .4 5 2 5 . 3465 .1060
4 ,4 4 0 .4 5 6 8 . 3452 .1116
5 ,7 7 0 .4 5 9 3 .3 4 4 0 .1153
6 ,3 7 0 .4 5 8 5 . 3435 . 1150

20 .4124 . 3865 . 0259
55 .4192 . 3767 .0 4 2 5

120 .4 3 4 3 . 3668 .0 6 7 5
290 .4 5 6 8 . 3557 .1011
600 .4 6 3 5 . 3477 .1158

1, 440 .4 6 6 9 .3 4 4 5 .1224
1, 680 .4651 . 3458 .1193
1,840 .4 6 3 5 . 3459 .1176

50 .4 0 7 2 . 3865 . 0207
265 .4 2 0 0 . 3714 .0 4 8 6

1,260 .4 5 2 5 . 3564 .0961
1,560 .4 5 0 7 .3 4 8 8 .1019
1,870 .4507 . 3476 .1031

631

70J

74K

83L
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TA B LE 4  (continued)

t Ce Cs A

2,610 .4626 .3 5 0 6 .1120
3 ,000 .4618 .3 4 8 8 .1130
3 ,450 .4 6 2 6 .3 4 7 6 .1150
4,110 .4 6 2 6 .3 4 7 6 .1150

40 .4124 . 3836 .0 2 8 8
190 .4 2 7 6 . 3728 .0 5 4 8
240 .4 2 9 8 . 3688 .0610
440 .4 4 0 0 .3641 .0 7 5 9
820 .4 5 4 2 . 3570 .0 9 7 2

1,020 .4610 .3 5 3 8 .1072
1, 220 .4 6 3 5 .3 5 2 0 .1115
1,630 .4 7 3 3 AS507 .1227
2,190 .4 7 6 2 .3 4 9 4 .1268
2 ,4 9 0 .4 7 6 2 .3 4 7 6 .1286
3 ,070 .4 8 0 0 .3 4 7 0 .1330
3, 300 .4 8 0 0 .3 4 7 0 .1330
3 ,480 .4 8 0 0 .3 4 7 0 .1330

130 .4124 .3 8 3 6 .0 2 8 8
360 .4 2 3 8 .3 7 7 4 .0 4 6 4

1,180 .4 3 8 4 . 3642 .0 7 4 2
1,820 .4 4 8 2 .3 5 7 0 .0912
2 ,9 3 0 .4 5 6 8 .3507 .1061
4,210 .4 6 4 3 .3 4 7 0 .1173
5 ,6 0 0 . 4669 .3 4 5 8 .1211
6 ,8 3 0 .4 6 8 7 .3 4 7 0 .1217
7 ,3 3 0 .4687 .3 4 5 4 .1233

40 .4154 .3 8 3 6 .0318
135 .4 2 0 8 .3801 .0407
335 .4 2 7 6 .3741 .0 5 3 5

1,140 .4 5 6 8 . 3570 .0 9 9 8
1,800 . 4626 .3 5 2 5 .1101
3 ,240 .4 7 0 5 .3 4 7 6 .1229
4,155 .4 7 4 3 i3 4 7 6 .1267
4 ,4 3 0 .4 7 6 2 . 3476 .1286
4 ,8 0 0 .4 7 6 2 .3 4 7 6 .1286

83L

90M

10 2N

1 0 4 0
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TABLE 4 - (C ontinued)

t Ce Cs A

110 .4 1 0 2 . 3887 . 0215
310 . 4162 . 3844 . 0318
740 . 4246 . 3788 . 0458

1, 560 . 4367 . 3675 . 0692
2, 890 . 4507 . 3551 . 0956
4. 400 .4559 . 3470 . 1089
6, 120 . 4602 . 3458 . 1144
7, 515 .4 6 7 8 . 3488 . 1190
9 , 2 2 0 . 4678 . 3476 . 1202

1 0 ,730 . 4687 . 3470 . 1217
13 ,340 . 4687 . 3458 . 1229
1 4 ,780 . 4669 . 3447 . 1222

40 . 4072 . 3880 . 0192
130 . 4132 . 3801 . 0331
360 .42 8 3 . 3741 . 0542
720 . 4416 . 3648 . 0768

1 .410 . 4602 . 3538 . 1064
2 ,9 1 0 . 4753 . 3453 . 1300
4, 350 . 4830 . 3440 . 1390
5, 940 . 4890 . 3429 . 1461
7, 440 . 4910 . 3417 . 1493

10 ,080 . 4940 . 3417 . 1523
11 ,520 . 4930 . 3417 . 1513
12 ,960 . 4920 . 3417 . 1503

220 . 4124 . 3880 . 0244
520 . 4208 . 3829 . 0379

1, 340 . 4359 . 3641 . 0718
2, 820 . 4576 . 3488 . 1088
4. 140 . 4687 . 3355 . 1332
5 ,6 1 0 . 4743 . 3263 . 1480
7, 370 . 4772 . 3226 . 1546
9,  000 .4791 . 3195 . 1596

10 ,500 . 4801 . 3189 . 1612
12 ,700 . 4840 . 3179 .1661
15 ,210 . 4840 . 3179 .1661

480 . 4109 . 3898 . 0211
1, 440 . 4238 . 3767 . 0471

117P

122Q

130R

135S



195

T A B LE 4 -  (continued)

t Ce Cs A

3 ,0 6 0 .4 3 8 4 .3 4 3 5 .0 7 4 9
4 , 590 .4 4 6 5 .3513 .0 9 5 2
7,140 .4 6 0 2 .3361 .1241
9 ,0 6 0 .4651 .3317 .1334
11, 500 .4 6 6 0 .3231 .1429
13, 000 .4 6 7 8 . 3205 .1473
15,900 .4 6 9 6 . 3169 .1527
18,830 .4 7 0 5 . 3138 .1567
23,130 .4714 .3129 .1585
2 8 ,7 9 0 .4714 .3100 .1614
33 ,000 .4 7 2 4 .3100 .1624
37 ,240 .4714 . 3095 .1619

300 .4 0 7 9 . 3909 .0170
1,915 .4 2 8 3 . 3721 .0 5 6 2

3 ,2 4 0 .4 4 0 0 . 3589 .0811
5 ,5 2 0 .4 5 9 3 . 3378 .1215
9 ,4 3 0 .4 8 3 0 .3124 .1706

135S

147 T
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TA BLE 5

EX PER IM E N T A L DATA FOR R A TE -SE PA R A T IO N  CURVES

a e  o-g
Exp, Top B ottom
No. P ro d u c t P ro d u c t
and F low  Flow  2
Set R a te  R ate

Ce
Top

P ro d u c t
C om p,

Cs A 
B ottom
P ro d u c t C g-C g 
Com p.

ATm
M ean
T em p.
Diff.

G ram s
m in

G ram s
m in

G ram s
m in

W eight
F r a c .
EtOH

W eigh t 
F r a c .  
EtOH

W eight
F r a c .
EtOH

°F

lA 0 .0 000 0.0000 0 .0 000 .6338 .4148 . 2190 50. 5
2A 0 .0 1 9 2 0 .0269 0 .0230 .6225 .4288 . 1935 5 0. 1
3A 0 .0 7 5 0 0 .0931 0 .0841 . 5873 . 4400 . 1473 50. 5
4A 3. 55 3. 87 3 .7 1 . 5085 . 5070 . 0015 50. 5
5A 0 .0 9 7 4 0 .0958 0.0966 . 5903 . 4455 . 1448 50. 1
6A 2 . 06 2 . 06 2 . 06 . 5073 . 5019 . 0054 50. 3
7A 0 . 286 0 .311 0. 298 .5491 . 4727 . 0764 5 0 .3
8A 0 .5 5 8 0. 561 0. 560 . 5307 .4840 . 0467 50. 1
9A 1. 16 1. 34 1. 25 .5168 .4995 . 0173 50. 4

lOB 0 .0000 0 .1678 0 .0839 . 6472 .4725 . 1747 51. 3
IIB 0. 1870 0.0000 0 .0935 . 5250 . 4065 . 1185 49. 2
12B 0. 0287 0.1648 0 .0967 .6357 .4706 . 1651 50. 8
13B 0. 1458 0. 0306 0 .0888 . 5410 .4127 . 1284 48. 5
14B 0 .1800 0 .0135 0 .0973 . 5164 .3924 ■ . 1240 48. 2
15B 0 .0000 0. 1848 0. 0915 .6492 .4766 . 1726 51. 8
16B 0. 0514 0. 1440 0 .0977 .6280 . 4660 . 1620 51. 0
17B 0 .1 2 6 0 0 . 0666 0 .0963 . 5515 . 4231 . 1284 49. 8
18B 0 .1 8 6 4 0.0000 0 .0932 . 5127 . 3856 . 1271 47. 8

19 C 1. 017 0 . 0000 0. 508 . 5081 . 3993 . 1088 48. 9
20C 0 .0 000 1. 234 0 .6 1 7 . 6594 . 5058 . 1536 51. 2
21C 1. 142 0.0000 0. 571 .5 1 4 4 . 4172 . 0972 49. 6
22C 1. 002 0 .1365 0 .569 .5136 .4533 . 0603 49. 9
23C 0.1601 0. 941 0. 551 . 5693 . 4981 . 0712 50. 5

24D 0 .1 0 4 8 0.0000 0 .0 5 2 4 .5132 . 3728 . 1404 48. 5
25D 0 .0000 0.1029 0 .0515 . 6757 . 4857 . 1900 5 1 .9



197

TA B LE 5 -  (continued)

ore (% Ce Cs A ATm2

26E 0.914 0 .8 2 5 0. 870 .4 0 7 2 . 3927 .0145 4 7 .8
27E 0 .0000 0 .0000 0.0000 .4 9 4 7 . 3404 .1543 4 8 .0
28E 0 .695 0. 658 0 .677 .4 0 7 7 . 3877 .0200 4 8 .0
29E 0. 0157 0.0317 0. 0237 .4 8 7 0 . 3482 .1388 4 7 .7
30E 0. 304 0. 327 0. 315 .4 2 0 0 . 3772 .0428 4 8 .9
31E 0.119 0.115 0.117 .4 3 8 9 . 3606 .0783 4 7 .2
32E 0.176 0.172 0.174 . 4266 . 3690 .0576 47.1
33E 1. 04 1.10 1. 07 .4015 . 3932 .0083 4 7 .7
34E 0 . 0541 0 .0 5 3 3 0 .0537 .4 5 4 2 . 3485 .1056 46. 6

36F 0.192 0.139 0.165 .4 3 2 3 . 3639 .0 6 8 4 4 7 .8
37 F 0 .727 0 .8 3 8 0 .7 8 3 .4172 . 3889 .0283 4 8 .2
38 F 0.0357 0. 0253 0 .0305 .4 5 4 2 . 3570 .0972 4 8 .2
39F 0 .4 4 4 0 .4 4 4 0 .4 4 4 - - .4 2 8 3 . 3846 .0437 47. 9
40 F 0 .0000 0.0000 0 .0000 .4 5 3 8 . 3495 .1043 48. 3

42G 1.42 1.10 1. 26 .4 0 7 7 . 3927 .0150 4 7 .9
43G 0 .0 6 7 2 0 .0 5 3 3 0 .0 6 0 3 .4 4 8 0 . 3595 .0885 47. 3
44G 2 .4 7 2. 37 2. 42 .4017 . 3997 .0020 4 7 .5
45G 0.297 0.271 0 .2 8 4 .4 3 2 0 . 3763 .0557 47. 0

46H 0.0649 0.0571 0 . 0610 .4 3 0 2 . 3749 .0553 24. 0
47 H 2 .0 5 2.10 2. 08 .4025 .4 0 2 3 .0002 24.1
48H 0.129 0.101 0.115 .4188 . 3818 .0370 2 3 .7
49H 0 .7 4 4 0. 656 0 .7 0 0 .4067 .4001 .0066 2 3 .9
50H 0 .245 0 .2 4 0 0 .2 4 2 .4119 . 3932 .0187 2 3 .9
51H 0 .4 2 0 0.431 0 .4 2 6 .4 0 7 9 . 3976 .0103 2 3 .9
52H 0.0000 0 .0000 0.0000 .4 4 2 4 . 3534 .0890 2 4 .4
53H 0 .9 5 2 1. 02 0 .987 .4 0 3 8 .4001 .0037 2 4 .0
54H 0.0398 0 .0240 0.0319 .4 2 9 8 . 3619 .0679 24.1

551 0.117 0.135 0.126 .4 4 0 0 . 3741 .0659 4 6 .8
561 0 .0 8 7 3 0.117 0.102 .4 4 9 9 . 3732 .0767 4 7 .0
571 1.99 1.89 1. 94 .4 0 3 5 . 3996 .0039 4 7 .0
581 0 .4 2 5 0. 337 0. 381 .4177 . 3860 .0317 4 6 .8
591 0 .7 9 0 0 .7 2 2 0 .7 5 6 .4111 . 3934 .0177 4 7 .0
601 0 .0605 0 .0420 0.0513 .4 5 2 2 . 3624 .0898 4 6 .8
611 0 . 229 0.261 0 .2 4 5 .4 3 0 3 . 3860 .0443 46. 6
621 1.33 1. 29 1. 31 .4 0 7 2 . 3976 .0096 4 6 .7
631 0.0000 0.0000 0 .0000 .4 6 6 9 . 3482 .1187 4 7 .0
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TA B LE 5 -  (continued)

0*6 Os
0^ + Og

Ce Cs A ATm2

64J 0 .0365 0.0391 0 .0378 , 4266 . 3696 .0570 * 2 3 .9
65J 0.109 0.109 0.109 . 4174 . 3822 .0 3 5 2 2 4 .0
66J 1.40 1. 35 1. 37 .4 0 2 3 .4016 .0007 2 3 .4
67 J 0. 650 0 .556 0. 603 .4 0 4 2 .3 9 8 4 .0058 23. 6
68J 0. 303 0 .267 0 .285 .4 0 9 4 . 3962 .0132 2 3 .7
69J 0.175 0.168 0.172 .4135 . 3919 .0216 2 3 .4
70J 0.0000 0.0000 0 .0000 .4 5 8 9 . 3437 .1152 2 4 .5
71J 0 .0875 0.0905 0 .0890 .4144 . 3772 .0 3 7 2 2 3 .4

74K 0 .0000 0.0000 0.0000 . 4669 .3446 .1223 49. 3
75K 0 .0800 0.0519 0 .0660 .4507 . 3532 .0 9 7 5 47. 9
76K 0 .828 0.811 0 .820 .4 0 9 4 . 3858 . 0236 48. 6
77K 0.0278 0 .0279 0 .0278 . 4669 . 3532 .1137 4 8 .0
78K 0.156 0.138 0.147 .4 4 2 4 . 3626 .0798 4 8 .0
79K 0 .5 9 4 0.571 0. 583 .4134 . 3801 .0330 48. 3
80K 1.50 1. 50 1. 50 .4013 . 3922 .0091 48 .1
81K 0 .2 7 3 0 .278 0. 276 .4 2 9 3 . 3736 .0557 4 7 .7

82L 0 .0 5 8 3 0 .0685 0 .0634 .4 3 3 4 .3745 .0 5 8 9 2 4 .4
83L 0 .0000 0.0000 0.0000 . 4626 . 3476 .1150 2 4 .5
84L 0.151 0.160 0.155 .4158 . 3798 .0360 2 3 .9
85L 0 .239 0 .305 0 .2 7 2 .4 0 7 2 . 3902 .0170 25. 3
86L 0 .5 7 2 0.571 0 .5 7 2 .4 0 2 8 . 3962 . 0066 2 4 .5
87L 1.22 1.14 1.18 . 3988 . 3976 .0012 2 4 .5
88L 0.0259 0.0268 0 .0264 .4381 . 3637 .0 7 4 4 23. 5

90M 0.0000 0.0000 0.0000 .4 8 0 0 . 3470 .1330 48. 3
91M 0.0507 0 .0509 0 .0508 .4 4 6 0 .3613 .@*#7 4 7 .7
92M 0. 580 0.571 0. 575 .4 0 4 5 . 3863 4&183 4 8 .7
93M 0.156 0.164 0.160 .4261 .3 7 7 2 .0489 48.1
94M 1. 39 1.41 1.40 .3 9 9 6 . 3919 .0077 4 8 .4
95M 0. 321 0 .288 0. 305 .4144 . 3836 .0308 48. 3

97N 0. 0246 0.0268 0.0257 .4 3 6 5 . 3723 .0 6 4 2 2 4 .5
98N 0. 514 0 .585 0 . 549 .4015 .3947 .0068 2 4 .4
99N 0. 326 0. 306 0. 316 .4 0 5 5 .3 9 4 4 .0110 24. 6

lOON 0.172 0.174 0.17 3 .4 0 9 2 . 3899 .0193 24. 6
lOlN 0.0551 0 .0602 0.0577 .4210 . 3794 .0416 24. 6
10 2N 0.0000 0.0000 0.0000 .4687 . 3454 .1233 24. 5
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TA B LE 5 -  (continued)

Pe 0‘s
^  + Os 

2 Ce Cs A ATm

1040 0.0000 0 .0000 0.0000 .4 7 6 2 .3 4 7 6 .1286 48 .1
1060 0.291 0 .3 4 2 0. 317 .4132 . 3937 .0195 48 .1
1070 0.0513 0 .0 5 2 2 0 .0520 .4 4 3 6 .3 7 7 4 .0 6 6 2 4 7 .4
1090 0 .0274 0 .0273 0 .0 2 7 4 .4 4 3 0 . 3637 .0 7 9 3 4 7 .9
110 O 0.157 0.156 0.157 .4251 .3 8 7 4 .0377 48.1
111 O 0 .833 0.831 0 .8 3 2 .4 0 9 6 . 3947 .0149 4 8 .2

112P 0.0557 0.0587 0 .0572 .4210 . 3872 .0 3 3 8 2 4 .7
113P 0 .6 2 4 0 .6 3 4 0 .629 .4 0 3 3 . 3967 .0 0 6 6 2 4 .7
114P 0.0302 0 .0306 0 .0 3 0 4 .4 2 3 8 . 3801 .0437 2 4 .8
115P 0. 348 0. 343 0 .3 4 6 .4 0 2 3 .3919 .0104 2 4 .9
116P 0.176 0.169 0.172 .4 0 6 8 . 3904 .0165 2 4 .5
117 P 0.0000 0.0000 0.0000 . 4669 .3 4 5 2 .1226 24. 3

1190 0.0343 0.0317 0.0330 .4579 . 3635 .0 9 4 5 4 7 .8
1200 0 .289 0. 388 0 .338 .4141 . 3934 .0207 4 8 .4
1210 0.117 0.103 0.110 .4227 . 3838 .0 3 8 9 48.1
1220 0.0000 0 .0 000 0.0000 .4 9 3 0 .3417 .1513 4 8 .0
1230 0 .722 0.701 0.712 .4057 . 3951 .0107 4 8 .0

124R 0.0465 0.0551 0 .0508 .4 3 4 6 .3817 .0 5 2 9 4 8 .7
125R 0 .292 0 .2 7 8 0. 285 .4 0 7 2 .3919 .0153 48. 6
126R 0.0270 0.0313 0.0291 .4 4 6 5 . 3639 .0826 4 8 .2
128 R 0.813 0 .5 9 6 0 .7 0 4 .4018 . 3969 .0 0 4 9 48 .1
129R 0.0826 0.0711 0.0768 .4111 . 3851 .0260 48. 3
130R 0.0000 0.0000 0.0000 .4 8 4 0 . 3179 .1661 4 8 .2
132R 0.154 0.157 0.156 .4 0 7 9 . 3912 .0167 47. 3
133R 0.154 0.191 0.172 .4 0 3 8 . 3892 .0146 47 .1

135S 0.0000 0.0000 0.0000 .4 7 2 8 .3106 .1622 24.1
136S 0.0788 0 .0 5 8 4 0 .0686 .4 0 5 2 .3 8 7 2 .0180 2 4 .7
137S 0.152 0.158 0.155 .4 0 3 5 . 3954 .0081 2 4 .4
138S 0.0251 0 .0 2 6 3 0 .0257 .4164 . 3824 .0 3 4 0 2 4 .4
139S 0. 322 0 .3 2 8 0. 325 .4013 . 3962 .0051 24.1
140S 1.17 1.15 1.16 .4001 . 3996 .0 0 0 5 2 3 .7
141S 0. 0137 0. 0143 0.0140 .4175 . 3710 .0 4 6 5 24. 5
142S 0. 672 0.641 0 .657 .4 0 0 6 . 3975 .0031 24.1
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TA B LE 5 ■» (continued)

0"e 0, Ô  + Os Ce Cs A A?™
2

143T 0.132 0 .0 9 5 3 0.113 . 4103 . 3905 .0198 4 7 .5
144T 0 .5 8 9 0 .507 0. 548 .4109 . 3999 .0020 4 6 .4
145 T 0 .048 0 .0 5 6 0. 052 .4139 . 3851 . 0288 4 7 .4
146 T 0 .2 0 8 0. 274 0 . 24# .4065 . 3924 .0141 47.1
147 T 0 .0000 0 .0000 0 .0 000 . 5378 .2 8 5 5 .2 5 2 3 4 7 .2



A PPE N D IX  C 

B a r r i e r  "D ra g "  F a c to r  D ata
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TA B LE 6 

BA RRIER "DRAG" FA C TO R  DATA

A. O n e-H alf Inch S ta in le s s  S tee l C y lin d e r

Seconds 
fo r  

1000 m l 
F low

u n j | .  io 8 * 
gc

T o ta l APf 

Ibf /ftZ

P la te  D rag  

Ibf /f t^

C y linder
D rag

Ibf /ft%

3 4 .9 1. 33 .0096 .0028 .0068
2 9 .5 1.58 .0132 .0 0 3 3 .0099
31.8 1. 47 .0107 .0031 .0076
23. 9 1.95 .0143 .0041 .0102
2 7 .5 1.69 .0141 .0036 .0105

B. F iv e -E ig h th s  Inch A lum inum  C y lin d e r

Seconds
fo r un d iq 8 •* T o ta l APf P la te  D rag

C y lin d er
D rag

1000 m l 
F low

gc
Ibf / f t 2 Ibf /ft% Ibf / f t 2

2 7 .6 2.10 .0 2 2 2 .0 0 3 6 . 0186
36. 5 1.59 .0159 .0027 . 0132
28 .7 2 .0 2 . 0210 .0 0 3 4 .0176
32 .0 1.81 .0188 .0031 .0157
4 0 .2 1. 44 .0117 .0 0 2 4 .0 0 9 3

* uTd 46. 5 X 10-8
g( seco n d s  f o r  1000 m l

5 8 .0  X 10
seco n d s  f o r  1000 m l

fo r  o n e -h a lf  inch  c y lin d e r

fo r  f iv e -e ig h ts  inch  
cy lin d e r



A PPEN D IX  D

E s tim a tio n  of L en g th  C o rre c tio n  F a c to r  (1^)
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E s tim a tio n  of L eng th  C o rre c tio n  F a c to r

A s po in ted  out in  C h ap te r  III, th e  len g th  c o r re c t io n  fa c to r ,  

Ij., i s  com posed  of th e  su m  of two e ffec ts : (1) the  len g th  of th e  

d is tu rb a n c e  of th e  l in e a r  te m p e ra tu re  g ra d ie n t be tw een  th e  p la te s  

c au se d  by  th e  b a r r ie r ( s )  and  (2 ) the  len g th  n e c e s s a ry  to  r e - e s t a b -  

l is h  th e  v e lo c ity  d is tr ib u tio n  a s  the  c irc u la t in g  flu id  r e v e r s e s  its  

d ire c tio n  a t  the  ends of each  of the  (N + 1) co lum ns c re a te d  by th e  

N h o riz o n ta l b a r r i e r s .  T h ese  two e ffe c ts  w ill be c o n s id e re d  s e p 

a r a te ly  in  an  a tte m p t to  d e te rm in e  an  o rd e r  of m agn itude  v a lu e  fo r

Ir-

1. C o n trib u tio n  to  Ij, by  d is tu rb e d  l in e a r  te m p e ra tu re

g rad ien t:

The te m p e ra tu re  g ra d ie n t be tw een  th e  p la te s  h as  been  

a s su m e d  l in e a r  and is  d e s ig n a te d  AT. Now a ssu m e  th a t th e  b a r r i e r s  

a r e  a t a  u n ifo rm  and co n stan t te m p e ra tu re  —— . T h is  a ssu m p tio n  

is  re a so n a b le  w hen i t  is  r e a l iz e d  th a t th e  th e rm a l co n d u ctiv ity  of a 

s ta in le s s  s te e l  b a r r i e r  i s  o v e r  fo r ty  t im e s  g r e a te r  th an  th e  th e rm a l  

co n d u ctiv ity  of th e  su rro u n d in g  a lc o h o l-w a te r  so lu tio n . F ig u re  54 

show s a  b a r r i e r  be tw een  two p la te s ,  one h e a te d  to  T y  and the  o th e r  

co o led  to  T q .
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-►

:--------Temperotüre Grodient
hot offer Passing Barriercold

A  It

Temperature Gradient in 
Undisturbed Region

+  CÜo

F ig u re  54. D is tu rb a n ce  of T e m p e ra tu re  G rad ien t

S y m m etry  abou t th e  c e n te r  lin e  can  be a ssu m ed ; th a t i s ,  

th e  d is tu rb a n c e  c re a te d  in  th e  s t r e a m  flow ing up n e a r  th e  hot p la te  

w ill be  eq u al to  th e  d is tu rb a n c e  in  th e  s t r e a m  flow ing down n e a r  

th e  co ld  p la te  s in ce  the  tw o c o u n te r - c u r r e n t  s t r e a m s  a r e  a ssu m e d  

to  be equal in  m a s s  flow  r a te .  C o n s id e r th e  convec tive  s t r e a m  

flow ing up n e a r  th e  hot p la te  (0<x< ). A ssu m in g  th a t p e r fe c t  m ix ing

o c c u rs  a ro u n d  th e  b a r r i e r  (s in ce  th e  flow  is  r e la tiv e ly  f a s t  p a s t  the  

b a r r i e r ) ,  th e  flu id  w ill lo se  i t s  l in e a r  te m p e ra tu re  g ra d ie n t. In 

fa c t, i t  i s  a s su m e d  th a t th e  g ra d ie n t is  z e ro  a f te r  th e  flu id  flow s 

p a s t  th e  b a r r i e r .  H ow ever, a s  soon a s  th e  flu id  flow s p a s t  the
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b a r r i e r ,  th e  te m p e ra tu re  g ra d ie n t w ill b eg in  to  be re -e s ta b lis h e d .

H eat w ill flow in  fro m  T y  by conduction  and out to  by  conduction .

Now le t  q be the  am ount of h e a t gained  o r  lo s t  by conduction:

q  = (Bcm)(cJcm)(Aycm)(p gm  )(Cp c a l )(AT -  AT)
cm ^ g m -°C  2 4

(D-1)

F o r  conduction,

q = AT k^A (At)
2w (D-2)

q = AT k^(BAy)(At)
2w (D-3)

w h e re  is  the  th e rm a l  conductiv ity . E q uating  q 's  (w here  Ay = Al

and V = Ay ) g ives 
At

a  = p Cp
2 k t

(D-4)

S ubstitu tin g  fo r  v  fro m  E quation  (111-119) y ie ld s

96 k t Ti (1 + bN)
(D-5)

F o r  the  co lum n d im en sio n s  and p h y s ic a l p ro p e r t ie s  of the  

b in a ry  sy s te m  s tu d ied  in  th is  w ork

— 3
Al = 1. 6x10 (AT)

(1 + bN)
(D -6 )

R eca llin g  th a t th e re  is  an  equal leng th  of d is tu rb a n c e  in  bo th  th e
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hot and  co ld  c irc u la tin g  s t r e a m s ,  th e  to ta l  len g th  of th e  d is tu rb a n ce  

fo r  fif ty  b a r r i e r s  ( N = 50) a t  a  te m p e ra tu re  d iffe re n c e  of 26. 7 “ C

I S

Al = 50 X 2 (1. 6 X 10 ^ X 26. 7 ) = 1. 2 cm
1 + 50 X .0 3 5

2. C on tribu tion  to  ly  by  " tu m -a ro u n d "  effect:

N ea r th e  ends of each  of th e  (N + 1) s m a ll  co lum ns fo rm ed  

by  th e  N h o riz o n ta l b a r r ie r s , th e  c irc u la t in g  flu id  d iv ides: p a r t  of 

the  flu id  flow s p a s t  the  b a r r i e r  and  p a r t  of th e  flu id  r e v e r s e s  i ts  

d ire c tio n  and  flow s back  th e  opposite  s id e  of th e  co lum n. The 

a ssu m e d  v e lo c ity  d is tr ib u tio n  g iven  by  E q u a tio n  (111-44) is  d is to r te d  

by  th e  tu m -a ro u n d , and  a  fin ite  len g th  of co lum n is  n e c e s s a ry  to  r e 

e s ta b lis h  th is  v e lo c ity  d is tr ib u tio n . The p ro b le m  is  th u s  one of e s t i 

m a tin g  th e  m agn itude  of th is  leng th  of co lum n n e c e s s a ry  to  r e - e s ta b 

lis h  th e  a ssu m e d  v e lo c ity  d is tr ib u tio n .

An analogous p ro b le m  w as s tu d ied  fo r  s e v e ra l  m onths a t  th e  

U n iv e rs ity  of M ich igan  a s  a  p o ss ib le  su b jec t fo r  a  P h . D. th e s is .  

H ow ever, the  p ro b le m  w as found too d iff icu lt to  hand le  b ecau se  of th e  

co m p lica tio n s  in tro d u ced  by th e  c o rn e r s  of th e  co lum n. P e rs o n a l  

co m m unication  w ith  D r. C. S. Yih a t th e  U n iv e rs ity  of M ichigan  

co n firm ed  the d ifficu lty  of the  p ro b le m . D r. Y ih s ta te d  th a t th e re  

is  no fe a s ib le  way to  ev a lu a te  the  m ag n itu d e  of th e  " tu rn -a ro u n d "  

leng th , but th a t, a lthough  he knew of no w ay to  p ro v e  i t ,  he  fe lt
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c e r ta in  th a t  th e  v e lo c ity  d is tr ib u tio n  is  r e - e s ta b l is h e d  in  two o r  

th re e  pl&te w id ths fo r  low G rash o f n u m b e rs .

In v iew  of th e  above s ta te m e n t, a  len g th  c o r re c t io n  of 

th r e e  p la te  sp ac in g s  w as u sed  fo r  th e  " tu m -a ro u n d "  e ffec t. T h is  

g iv es  a  to ta l  of s ix  p la te  sp ac in g s  fo r  e ach  b a r r i e r  s in ce  two co lum n 

ends a r e  invo lved  w ith  each  b a r r i e r .

A to ta l  len g th  c o r re c t io n  fa c to r  of sev en  p la te  sp ac in g s  

w as th en  u se d  (Ij. = 0. 55 cm ) fo r  each  b a r r i e r .  The to ta l len g th  

c o r re c t io n  fa c to r  can  be  a p p ro x im a te d  by  tak in g  th e  sum  of th e  

len g th s  fo r  th e  d is tu rb e d  te m p e ra tu re  g ra d ie n t and  th e  tu rn -a ro u n d  

e ffec t. A lthough th e  len g th  fo r  the  d is tu rb e d  te m p e ra tu re  g ra d ie n t 

is  a  fu n c tio n  of th e  co n v ec tive  v e lo c ity , i t  w as a s su m e d  equal to 

one p la te  sp ac in g  p e r  b a r r i e r  fo r  a l l  ru n s . T h is  g iv es  a  co n s tan t 

len g th  c o r re c t io n  fa c to r ,  I r ,  and is  m o re  conven ien t to  w ork  w ith.

T he v a lu e  of Ij, = 0. 55 cm  w as th en  u sed  in  con junction  

w ith  E q u a tio n  (III-54) to  give the  cu rv e  in  F ig u re  23,
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V alues fo r th e  d en sity , p, the  v is c o s ity , T|, and the co n stan t

p r e s s u r e  h ea t c ap a c ity , Cp, fo r  the  sy s te m  ethy l a lcoho l and w a te r

w e re  taken  fro m  the  In te rn a tio n a l C r i t ic a l  T ab les (1-2). V alues of the

te m p e ra tu re  c o e ffic ien t of expansion , P-p = - 8 P , w e re  ob ta ined
8 T

by d e te rm in in g  the  s lo p es  of the above te m p e ra tu re -d e n s i ty  d a ta . The 

d a ta  p re s e n te d  by F ra n k e  (F3), Lem onde (L2), and Sm ith and S ta rro w  

(S3) w e re  the s o u rc e s  of the d iffu sio n  co effic ien t v a lu es . T h e rm a l 

conductiv ity  v a lu e s  w e re  o b ta ined  fro m  d a ta  g iven by B a tes , H azzard , 

and P a lm e r  (B3).

TA B LE 7

PHYSICAL PR O PE R T IE S  OF ETH Y L ALCOHOL-W ATER SYSTEM

Com p.

T

A v e r .
Tem p.
L evel

P

D ensity

prpT- 8 p
8 T

Pp.. 10^

5
D- 10

Diff. 
C o ef.

■n

Coef.
of

V ise .

kt

T h e rm a l
Cond.

Cp

Heat
Cap.

Weight g ra m s g ra m s c m 2 c en ti- BTU BTU
F ra c .
EtOH

°K cm ^ c m ^ -°C sec po ise h r - f t ^ - 'F lb - °F

0 .4000 322 0 . 9121 7. 79 1. 07 1. 15 0. 23 0. 984

0.5095 322 0 .8978 7. 80 1. 00 1. 17 0 . 20 0. 931
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W ork of T re a c y  and R ich  (T 6) (T7) 
w ith  H o rizo n ta l B a r r ie r s



T re a c y  (T 6 ) and  T re a c y  and  R ich  (T7) c o n s id e re d  the  u se  

of h o r iz o n ta l b a r r i e r s  in  a  th e rm o g ra v ita tio n a l co lum n fo r  the  

se p a ra tio n  of a  b in a ry  gas m ix tu re  of n itro g en  and m e th an e . They 

u se d  a  c o n c e n tr ic  c y lin d e r  co lum n w ith  a  w all sp ac in g  (2.w ) of 1. 94 

cm . The b a r r i e r s  had  in n e r  and  o u te r  d ia m e te r s  such  th a t the  ra tio  

of th e  b a r r i e r  d ia m e te r  to  th e  w a ll sp ac in g  w as 0. 83. An op tim um  

b a r r i e r  sp ac in g  w as found in  th a t th e  s e p a ra tio n s  in c re a s e d , cam e 

to  a  m ax im u m , and  th en  d e c re a se d . T re a c y  and R ich a tte m p ted  to 

ex p la in  th is  o p tim um  sp ac in g  on th e  b a s is  of a  c o n tro lle d  tu rb u len c e  

concep t. T hat i s ,  a s  the  d is ta n c e  b e tw een  b a r r i e r s  w as d e c re a se d , 

th e  tu rb u le n t re m ix in g  w as red u ced , but a t th e  sam e  tim e  (fo r con^ 

s ta n t p o w er input) th e  ho t s u rfa c e  te m p e ra tu re  w as d e c re a s e d  b ecau se  

of th e  add ition  of conducting  m a te r ia l .  The red u c tio n  of tu rb u len c e  

in c re a s e d  th e  se p a ra tio n ; the  d e c re a s e d  te m p e ra tu re  red u ced  the  

se p a ra tio n .

A s im ila r  o p tim um  b a r r i e r  sp ac in g  (o r n u m b e r of b a r r ie r s )  

is  p re d ic te d  by E q u a tio n  (III-54) in  C h ap te r III. H ow ever, th e  opti" 

m u m  h e re  is  fe lt  to  be due to  th e  com bined  e ffec ts  of th e  red u ced  

c irc u la t io n  w hich in c r e a s e s  the  s e p a ra tio n , and  th e  n e c e s s a ry  e ffe c 

tiv e  leng th  c o r re c t io n  w hich ten d s  to  red u ce  th e  s e p a ra tio n .

An a tte m p t w as m ad e  to  find  su ita b le  v a lu es  of b and Ij, 

su ch  th a t E quation  (111-54) could be u sed  to  f i t  the  d a ta  of T re a c y  

(T 6). It w as found th a t a  va lue  of b of 0.12 and  a  v a lu e  of Ij. of 0. 7 3
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cm  u se d  in  co n ju n ctio n  w ith  E quation  (III-54) gave a  cu rv e  w hich w as 

in  good a g re e m e n t w ith  th e  d a ta . (See F ig u re  55. ) The v a lu e  of b 

se e m s  la rg e  p e rh a p s , bu t i t  is  w ith in  the  ran g e  th a t m ig h t be ex p ec ted .

T re a c y  and  R ich  d id  en co u n te r one c u rio u s  fac t: a s b e s to s  

b a r r i e r s  c o n s tru c te d  w ith  th e  sam e  d im en sio n s  a s  the  m e ta l  b a r r i e r s  

d id  no t a p p re c ia b ly  a l t e r  th e  s e p a ra tio n  a b ility  of a  co lum n. A co lum n 

w ith  a s b e s to s  b a r r i e r s  gave e s s e n tia l ly  the  sam e  se p a ra tio n  a s  a  

s im i la r  open co lum n, r e g a r d le s s  of th e  n u m b e r of a s b e s to s  b a r r i e r s  

u sed . T re a c y  and  R ich  w e re  unable  to  ex p la in  th is  anom aly . T h is 

a u th o r a s  w e ll w as u n su c c e ss fu l  in  ob ta in ing  an  ex p lana tion , fo r  E q u a

tio n  (III-54) is  in  no m a n n e r  dependen t on th e  b a r r i e r  m a te r ia l .  A sb e s to s  

b a r r i e r s  shou ld  a l t e r  on ly  th e  m agn itude  of th e  len g th  c o r re c t io n  te rm , 

and i t  is  d iff icu lt to  co n ce iv e  of a  su ita b le  ex p lana tion  b a se d  so le ly  

on th is  fa c to r .

T re a c y  p re s e n te d  t r a n s ie n t  d a ta  fo r  one run  w ith  th i r ty - s ix  

h o r iz o n ta l b a r r i e r s .  H o w ev er, q u an tita tiv e  c o m p ariso n  of the  d a ta  

w ith  the  th e o ry  of C h a p te r  III is  p re c lu d e d  s in c e , w ith but one s e t  

of d a ta , a  v a lu e  of (T ^ can  b e  found su ch  th a t a  f i t  is  a s s u re d . It 

can  be sa id , h o w ev er, th a t  th e  d a ta  a r e  a t le a s t  in  q u a lita tiv e  a g r e e 

m en t; th a t i s ,  th e  t im e  to  re a c h  th e  s te a d y -s ta te  s e p a ra tio n  w as 

in c re a s e d  by th e  ad d itio n  of h o r iz o n ta l b a r r i e r s .

One r a te - s e p a r a t io n  cu rv e  w as a lso  p re s e n te d  fo r  th i r ty -  

s ix  h o r iz o n ta l b a r r i e r s .  Treacy* s re p o r te d  d a ta  fo r  th is  c a se  a r e



F ig u re  55

D ata  of T re a c y  and  R ich  (T6 ) C o m p ared  w ith  
E q uation  ( I I I -54)

2.8

2 .5

2.2

1.9
POINTS EXPERIMENTAL (T 6 )  

CUR VE CALCULATED FR O M  
EQUATION ( m - 5 4 )  W IT H  

b «  0.12 
L *  0 .7 3 cm

i . a 2 0  3 0
NUMBER OF HO RIZO NTAL B A R R IER S

5 04 0 6 0
BA R R IER S
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s u rp r is in g  b ecau se  th e  s e p a ra tio n s  w ith b a r r i e r s  a t  a l l  flow  r a te s  

w e re  equal to  o r  g r e a te r  th an  th e  s e p a ra tio n  in  th e  open co lum n a t 

th e  sam e  bulk  flow  r a te .  T h is  is  in  d ire c t  co n flic t w ith  th e  re s u l ts  

ob ta ined  in  th is  w o rk , and  h en ce  cannot be  e3q>lained, even q u a lita 

tiv e ly , fro m  a  th e o re t ic a l  s tan d p o in t. S e v e ra l e x p e r im en ta l 

tech n iq u es  (sam pling  p ro c e d u re  and flow  r a te  m e a su re m e n ts )  u sed  

by  T re a c y  in tro d u ced  e x p e r im e n ta l e r r o r s .  T h ese  e r r o r s  could 

be  u sed  a s  a  p o s s ib le  b a s is  fo r  exp lana tion  of the  above d isc re p a n c y , 

bu t th e  au th o r-fee ls  th a t in su ffic ie n t d a ta  w e re  ob ta ined  to  ju s tify  

su ch  an  a tte m p ted  ex p lan a tio n .



A PPEN D IX  G 

S u m m ary  of E qua tio n s  U sed to  C a lcu la te  P re d ic te d  

T ra n s ie n t C u rv es  fo r  W ork w ith  B a r r i e r s
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T he follow ing eq u a tio n s  w e re  th e  a c tu a l eq u atio n s  u se d  to 

c a lc u la te  th e  p re d ic te d  t r a n s ie n t  c u rv e s  fo r  th e  w o rk  w ith  h o r iz o n ta l 

b a r r i e r s .

Two B a r r i e r s  (sp e c ia l c ase ):

A = /I + a, . ,1 + 2a , -R t 
^ 2  (— ) + ( - 4 ^ )  ®

(G-I)

w h e re  a  is  g iven  by  E q u a tio n  ( I II-65) w ith  L  = 72, 5 cm , p = 0. 665, 

and  K = 0. 0102 (AT)^.

F o u r  B a r r ie r s :

= 0 .2 0  + 0. 80 (1 - .  947e-0" 382Rt _ , 053e“2. 6l 8Rt)
.N=4

(G-2)

E ig h t B a r r ie r s :

__É _ = J L  + ( 1 -  . 893"°* _ . 085-R t)
N=8 9 9

(G-3)

S ix teen  B a r r ie r s :

^  ^  U -  . -  .  0 3 e - “ -

*  (G -4)

A s m e n tio n ed  e a r l i e r ,  only  the  ro o ts  th a t c o n trib u te d  enough to  be

d e te c te d  on a  f ig u re  w e re  u sed . T h is  is  th e  re a so n  th a t th e

eq u atio n s  fo r  N = 8 and  N = 16 do no t show m o re  te r m s .



A PPEN D IX  H

S am ple  C a lcu la tio n s
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T ra n s ie n t B eh av io r of a  C olum n w ith  F o u r

E q u a lly -S p aced  H o rizo n ta l B a r r i e r s

It w as found in  C h ap te r III th a t th e  t r a n s ie n t  b e h a v io r  of a

co lum n w ith  N e q u a lly -sp a c e d  h o riz o n ta l b a r r i e r s  can  be p red ic ted

by  so lv ing  a  sy s te m  of f i r s t - o r d e r  d if fe re n tia l equations: one

equation  of th e  type

= R r C M +  ^  ( S  + 2R )
s + R I 2R s(N  + 1) J 8 + R

(III-76)

( N -  2) equations of th e  type  
2

N
C .I» ) = R ,

s + 2 R  ̂ 2R(N + 1)J s + 2R

(III-75)

and  one equation  of the  type

N
C i(s) = _ £ f  + 0̂0

s 2s(N  + 1)
(III-77)

Now fo r  N = 4 , th e  sy s te m  of eq u atio n s  is

:^(s) = R  . C2 (s) + ^ ( s + 2 R )  - +
s + R  '• 10 Rs J 8 +

C2 (s) = R r € 3(8) + C j(s) + 0̂0 1
s + 2R  ̂ lOR J

R
(H-1)

8 + 2R
(H-2)

r  aN
C .(s) = ^  ^

s 10 s (H-3)
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Solving E q u a tio n s  (H-1) th ro u g h  (H-3) s im u lta n eo u s ly

y ie ld s

N j  2
Cct(s) -  . = Aao (s^  + 5R s + 5R )

I s  J 10 s (s^  + 3Rs + R^)
(H-4)

The p ro b le m  now is  one of finding the  in v e rs e  t r a n s fo rm  

of E quation  (H -4). By fa c to rin g  th e  d en o m in a to r, th e  in v e rs e  

t r a n s fo rm  can  be o b ta in ed  w ith  th e  a id  of p a r t ia l  f ra c tio n s :

rCct(s) - (s^  + 5R s + 5R^)________
 ̂ S '*  10 s (s + 0. 382R) (s + 2. 618 R)

= A + B + C
s s + 0. 382R s + 2. 618R

(H-5)

E v a lu a tin g  th e  c o e ff ic ie n ts , A, B , and C y ie ld s

rC 3( s ) - ^ i  = , 5 -  3 .789  ° 0.211
 ̂ s 10 s s + 0. 382R s + 2 . 618R '

(H -6)

The in v e rs e  t r a n s fo rm  of E quation  (H -6) is  o b ta ined  

e a s i ly  and g ives

(C3 -  C p) = ^  (5 -  3. 7 8 9 e "° ’ _ 0. 211e"^‘
10

(C 3 -  C p) = (1 -  0 .7 5 8 e "° -  382Rt ^ 0 . 042e"^*
2

(H-7)

Now R =
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3 ^

*  0. 912 gm  ^  (0. 079Qcm)(9. 21cm)(145 cm )
5

R = 0. 00364 mini ^

F in a lly , s in c e  (C^ -  C p) » —̂  (equal s e p a ra tio n  fo r  

en rich in g  and s tr ip p in g  p o r tio n s  of th e  colum n)

A ^ (1 .  0. 758 e -  _ 0. 042e“* ^OSSt)

(H -8)

R ew ritin g  E q u a tio n  (H -8) y ie ld s

= 0. 20 + (0, 80 -  0. 7 5 8 e"’ °°^38t _ 042e“* °°^^^)
^oo (H -9)

and fin a lly

= 0. 20 + 0. 80(1 -  0. 94 7 e“* Q. 053e"’ ° °^ 5 tj

(H-10)

w h e re

A is  th e  to ta l  s e p a ra tio n  (C^ -  C^) a t  tim e  t ,  and 

NAqo i s  th e  s te a d y - s ta te  s e p a ra tio n  a t  in fin ite  tim e w ith  
N b a r r i e r s .

E q uation  (H-10) is  show n p lo tte d  in  F ig u re  25.

F o r  th e  t r a n s ie n t  c u rv e  a t  th e  lo w e r te m p e ra tu re  d if fe re n c e . 

E q u a tio n s  (III-117) and  (III-121) a r e  u tiliz e d  to  c a lc u la te  a  new  A 

new  R is  th en  o b ta in ed  and  su b s titu te d  in  E q u a tio n  (H-7). F o r  fo u r 

b a r r i e r s  a t th e  lo w e r te m p e ra tu re  d iffe ren c e :
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R = 0. 00185 m in  ^

and  fin a lly

^  = 0. 20 + 0. 80 (1 - 0. 947 e " ’ 0 5 3 e"‘

(H-11)

If an  odd n u m b e r of b a r r i e r s  is  u sed , th en  th e  sy s te m

of equations to  be  so lved  is  g iven  by (N - 1) equations of th e  type
2

given by E q u a tio n  (III-7 5), and one equation  of the  type  given by 

(111-76). F o r  N = 3:

■ T T T t  I C l '- I  * l * - ï ^

4 “ " "
1̂̂ ®̂  8 + 2R [ ^2^®) s 8R 8 + 2R

CH-13)

and th e  so lv ed  sy s te m  y ie ld s

 j  = 0. 25 + 0. 75 (1 - .  873 e‘ °* ^®2Rt _  ̂ iz7 e~ ^ '  618Rtj

^  00 (H-14)

D e te rm in a tio n  of T h e rm a l D iffusion C o effic ien t, a

T h e rm a l d iffusion  c o e ffic ien ts  a r e  g e n e ra lly  d e te rm in e d  

fro m  s ta tic  c e ll  m e a s u re m e n ts , but P o w e rs  (P6) h as  developed  a 

m ethod  fo r d e te rm in in g  th e  th e rm a l  d iffusion  co effic ien t fro m  data  

ob ta ined  in con tinuous flow  th e rm o gra v ita tio n a l co lum ns.

The p a r t ia l  d if fe re n tia l equation  d e sc r ib in g  the  b eh av io r 

of th e  continuous flow th e rm o g ra v ita tio n a l co lum n w as d e riv e d
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e a r l i e r ,  and  the  r e s u l t  w as E quation  (III-92):
H - 0- L

A = —  (1 - e 7K - )

(m -9 2 )

w h e re  H and K a r e  c o n sta n ts  depending  on co lum n and sy s te m  

p a r a m e te r s .  T h ese  c o n sta n ts  can  be ev a lu a ted  u sin g  E q u a tio n s  

( I II-34) and  (III-35) fo r  th e  open  colum n.

P o w e rs  (P3) h a s  shown th a t  th e  th e o ry  is  not q u an tita tiv e , 

bu t th a t  the  a c tu a l co lum n p e rfo rm a n c e  can  be re p o r te d  by  an  

equ atio n  s im ila r  to  E quation  (III-92) bu t w ith  th e  c o n s ta n ts  H and 

K d e te rm in e d  e m p iric a lly :

^ ( 1 .  e

A s b e fo re , th e  lim it  a s  the  flow  ra te  a p p ro a c h e s  z e ro , a — » 0, is

A_ = ^ e x p t ^
4K

(H-16)

D ividing E quation  (H-15) by E q uation  (H-16) y ie ld s

A

^o

- (rl;
= 2.K   (1_ e ^^<dxpt )

<r L (H-17)

D efining

Z = (T L
T K — ,

(H-18)

E q u a tio n  (H-17) b eco m es

(1 .  (H .19)

E q u a tio n  (H-19) is  shown p lo tte d  in  F ig u re  56.

Now fo r  any  r a te - s e p a ra t io n  c u rv e , the  only unknown 

in  E q u a tio n s  (H-17) o r  (H-19) is  (a ssu m in g  th a t a  p o in t h as  been

ta k e n  u n d e r b a tch  cond itions). T h e re fo re , if a  s e t of e x p e r im e n ta l 

d a ta  is  f it te d  to  the  cu rv e  given by E quation  (H-19), th e  b e s t  f it  y ie ld s
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S ep a ra tio n , A/A , As a  F u n c tio n  of D im e n sio n le ss  F low , Z
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the e x p e r im e n ta l v a lu e  of (and a lso  Aq). T hus, can

be c a lc u la te d  f ro m  E quation  (H-16) know ing Kexpt arid A^.

Since the  th e rm a l d iffu sio n  c o e ffic ien t a p p e a rs  only in  the  

e x p re s s io n  fo r H g iven by  E quation  ( I I I -34), a  re la t io n  m u s t be 

ob ta ined  be tw een  H and H g ^ f  P o w e rs  (P3) has defined  the 

c o r re c t io n  fa c to rs
H

0H - expt
H (H-20)

0K  ̂ ^ e x p t
K (H-21)

w h e re  and i/)ĵ  a r e  r e la te d  ex p o n en tia lly  by
0 . 8

(H-22)

A v a lu e  fo r K can  be o b ta ined  f ro m  E quations ( I II-18),

(H I-35), and ( I II-36) s in ce  e v e ry  te r m  is  known. H ence, a  va lue  

fo r (j>ĵ  can  be ob ta ined  s in ce  a  is  ob ta in ed  f ro m  the b e s t

f it of the d a ta  to the c u rv e  g iven  by E q u a tio n  (H -19). F in a lly , a 

v a lu e  fo r is  o b ta in ed  fro m  E q u a tio n  (H -22) w hich  r e la te s  to 

a va lue  fo r H is  then  e a s ily  c a lc u la te d  f ro m  E quation  (H -20).

U sing H and E quation  ( I I I -34), a v a lu e  fo r  the th e rm a l d iffu sion  

co effic ien t, a , is  then  o b ta ined . A sam p le  c a lc u la tio n  fo llow s fo r 

e x p e r im e n ta l s e t A.

E x p e rim e n ta l Set A 

P a ra m e te r  V a lu es:

-4  / 'B - 10. 16 cm  p-p = 7 .8 0  x 10 grry ° C -c m '
C p  = . 5095 w t. f r a c .  EtOH "n = 0 .  0117 g r r /c m -s e c
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D = 1, 0 X 10"'^ c m ^ /s e c  p = 0. 8978 g m /c m ^
g =980 c m /s e c ^  2 w = 0. 0792 cm
L = 145 cm  
T = 322-K  

AT = 27. 9°C

In th is  s e t , a  b a tch  run  w as tak en  to  o b ta in  a  v a lu e  fo r  Aq . 

Aq = . 2190 wt. f r a c . EtOH (Run lA)

^  ^  ^  ^ e x p t. ^ e x p t.
_____________________________________________Ao_______________________ __

W eight g ra m s  g ra m -c m
F ra c . m in  m in
EtOH

2A .1935 ' 0. 0230 .8 8 3 0. 24 7. 00
3A .1 4 7 3 0.0841 . 673 0. 87 7. 00
5A .1448 0 .0966 . 661 0. 92 7. 62
7A .0 7 6 4 0 .2 9 8 . 349 2. 68 8. 06
8A . 0467 0. 560 . 213 4 .6 8. 83
9A .0 1 7 3 1 .2 5 . 079 12. 6 7. 18

The a v e ra g e  is  7. 62 g r a m -c m /m in . U sing th is  value

of Kgjqj^, a  Zga,ic can  be c a lc u la te d  using  E quation  (H-18) and p lo tted  

on F ig u re  56 to  see  how w e ll i t  f i ts  the  c u rv e . The v a lu e  of Aq can 

be a d ju s te d  fo r  a  b e t te r  f it  if  d e s ire d . U sing th e  above a v e ra g e  value 

fo r  Kgxpt*

_A _ ^ c a l c  = _________
^o ^ (^ex p t) &V8

.8 8 3  ................... .............................. 0, 218
. 67 3 ................................................... 0 .8 0
. 6 6 1    0 . 9 2
. 349   2 .8 3
.2 1 3    5 .3 2
.0 7 9  .................................................. 11.9
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The above v a lu e s  of A/A© and Z a r e  p lo tte d  in  F ig u re  56; th e  fit 

s e e m s  s a t is fa c to ry . U sing E q uation  (H-16) to  find

Aq = ^ e x p t  ^
^  ^ e x p t

^ e x p t  = 4  ^ ^ e x p t  
L

= 4(. 2190)(7. 62) 
146

= . 0462 g ra m  
m in

Now c a lc u la te  K u sin g  E q u a tio n s  (III-18), ( I I I - 35), and  (III-36):

(III-18)
K = Kc + %d

K j  = 2h>p B D
( I II-36)

Kjj = (. 0792 cm )(. 8978 gm  )(10 .16 cm )(l. 0 x  10"^ c m ^ (60 s e c  )
cm ^ se c  m in

K j  = . 00043 g ra m -c m  
m in

2
K r =  ^T p (2W)7 B (AT)^

9 /

gm  gm  cm
= (7. 8 X 10~‘̂ cm 3 -°C  )^(. 8978 cm 3 )(980 sec^)^

T 1  Z Ë E 1  s p .... , 2
(1. 0 X  10" sec  )(1 .17 X  10" c m -s e c )

x (.0 7 9 2  cm )^(10 .l6  cm )(2 7 .9 "C )^

Kg = 0 .14  g m -c m  
sec

Kg = 8. 4 g m -c m  
m in
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K = K c  ( Kj  < < K J

4 ^  = ^ e x p t = 7. 62 = 0. 910
K 8 .4

4>H=‘f>K^ =(0.910)°*®  = 0 .9 2 8

4> = ^ e x p t = 0 .9 2 8
H

H = 0. 0462 = 0. 0498 g ra m
0. 928 m in

= 0. 00083 g ra m  
sec

F in a lly , fro m  E quation  (I II-34), th e  th e rm a l d iffu sion  

co effic ien t is

a - H 6 1 n T ________
0IJ. p g (2w )^ B (AT)'

gm  gm
a = (0. 00083sec )(720)(1.17 x  10"^cm -sec)(322°K ) 

(7 .8  x lO -4  gm  )(0 .8978  gm ) (980 cnQ  
cm^® C cm ^ sec2

;   1 ___________________________________

(0 .0792  cm )3(10 .l6  cm )(27. 9 ”C)^

a = 0 .8 3

U nequal O v erh ead  and  B ottom  P ro d u c t F low  R ates  

The follow ing c a lc u la tio n s  w e re  m ad e  fo r  e x p e r im e n ta l 

s e t  B , Runs 10-18:

P a r a m e te r  V alues:
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B = 10.16 cm  
C p  = . 5070 wt. f r a c .  EtOH  

D = 1. 0 X 10"® c m ^ /s e c  
g = 980 c m /s e c ^
L? = 145 cm  
T = 322 "K 

AT = 2 7 .7 “C

P  T  = 7. 80 X 10" '^gm /*C -cm ^ 
Tj = 0.0117 g m /c m - s e c  
p = 0 ,8978  gm /cm ®

2w = 0. 0795 cm

Run Os (T Ce Cs A X

g ra m s
m in

g ra m s
m in

g ra m s
m in

W eight
F r a c .
EtOH

W eight
F r a c .
EtOH

W eight
F r a c .
EtO H

10 B 0.0000 0.1678 0 .0839 . 6472 .4725 .1747 0 .0
11 B 0. 1870 0 .0000 0 .0935 . 5250 .4 0 6 5 .1185 00
12B 0.0287 0.1648 0 .0967 . 6357 .4 7 0 6 .1651 0.175
13B 0.1458 0. 0306 0 .0888 .5410 .4127 .1284 4 .7 6
14B 0.1800 0.0135 0 .0 9 7 3 .5164 . 3924 .1240 13. 33
15B 0.0000 0.1848 0.0915 .6 4 9 2 .4 7 6 6 .1726 0 .0
16B 0. 0514 0.1440 0 .0977 . 6280 . 4660 .1620 0. 35
17 B 0.1260 0 .0 6 6 6 0 .0 9 6 3 .5515 .4231 .1284 1 .8 9
18 B 0.1864 0 .0000 0 .0 9 3 2 . 5127 . 3856 .12 71 00

T he a v e ra g e  flow  r a te .  O’, fo r  the  above n ine  ru n s  is  . 0933 g ra m  /m in , 

and  th e  K fo r  th e se  co lum n cond itions is  7. 62 g r a m -  cm  /m in  fro m  

th e  p re v io u s  p a r t  of th e se  Sam ple C alcu la tio n s .

Now fro m  E quation  (H-18)

Z =’0' L
2Kexpt

= (. 0933 gm ) (145 cm)
_______m in ___________

2 (7. 62 g m -c m  ) 
m in

= 0. 887 (d im en s io n le ss )
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R e c a ll E q u a tio n s  (V II-2) and  (V II-3) and  E quations (V II-8) and 

(V II-9):

A _ l + x  r , I t  ° 2 XZ -  2Z 1
Aq " 4Z f ® 1 + X) + ( I -  e rnC) J

Ao = ° * 5 0 +  ^  (I -  e (X = 0)

(VII-2)

(VII-8)

(VII-3)

^  = . . 0

(V II-9)

S ince  a  v a lu e  fo r  Z is  known, c u rv e s  of a /Aq v e r s u s  X can  be 

c a lc u la te d  by u se  of th e  above fo u r eq u a tio n s, E q u a tio n s  (VII-2) 

and  (VII-8) f ro m  conven tional co lum n th e o ry , and E q u a tio n s  (VII-3) 

and  (VEI-9) f ro m  P o w e r^  m o d ifica tio n . The c u rv e s  w ould be 

s y m m e tr ic a l  about the  po in t X = I. 0 excep t th a t th e  th e rm a l  d if

fu s io n  co e ffic ien t, a , is  a  function  of the  a v e ra g e  c o n ce n tra tio n  

in  th e  co lum n. T h e re fo re , th is  v a r ia tio n  in  a w ith  c o n ce n tra tio n  

m u s t be tak en  in to  acco u n t. F ro m  E qua tio n s  (VII-4) and  (V II-7) it  

is  know n th a t —

Os 2

so th a t g-
2 0"= 0*3 ( ^  + 1) = 0's (X + I)
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°8 = _ 2 £ _
1 + X

(H -23)

and

% = X O g  = 2 0-X
1 + X

(H-24)

A m a te r ia l  b a lan ce  a ro u n d  the  co lum n g iv es  

+ = ((1̂  + Cp

S u b stitu tin g  fo r  C g, w h ere  Cg = A + Cg, y ie ld s

CTg (A + Cg) + Og Cg = (0^ t  0^) C f

CH-25)

(H-26)

^ s  " ^  ^
2 C

CH-27)

Now fo r  a  g iven X and Z , one can  c a lc u la te  v a lu e s  of

_A  f ro m  E q u a tio n s  (V II-2), (V II-3 ), (V II-8), and  (V II-9). F o r
^o
ex am p le , fo r  X = 0, Z = 0 .8 8 7 , E quation  (V II-8) g ives

—2Z
_A ^ 0. 50 + (1 -  e )
Ao " 4Z

= 0. 50 + (. 282)(.83I)

= 0 .7 3 4

Since Aq i s  known, a  va lue  of A/A^ y ie ld s  in  tu rn  a  v a lu e  fo r  A, 

A *  (0 .734 )(. 2190)

A = . 1607 wt. f r a c .  EtOH
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T hen Qé and  0^ can  be o b ta in ed  fro m  E q u a tio n s  (H -23) and  (H-24):

°s = 2 (T = 2 (.0933)
1 + X 1 + 0

0^ = . 1866 g ra m  
m in

0^ = X 0  ̂ = 0

F in a lly , s in ce  C p  is  known, Cg can  be c a lc u la te d  f ro m  E quation

(H -27) and  th en  Cg fo llow s s in c e  A is  known

C g  = C p  -  A  Cg___

20-

Cg = C p  = .5070  w t. f r a c .  EtOH 

Cg = A  + Cg = . 1607 + .5 0 7 0  

= . 6677 w t. f r a c .  EtOH  

The a v e ra g e  co lum n c o n c e n tra tio n  th en  is  s im p ly  

C = Cg + Cg

CH-28)

C = . 6677 + . 5070

C = . 5874 w t. f r a c . EtOH 

and a  v a lu e  fo r  a can  be o b ta in ed  fro m  F ig u re  4 9 . Now fro m  

F ig u re  49v. is  found to  be 

a. = . 825

F o r  the  e n tire  s e t of B ru n s , th e  a v e ra g e  feed  co n cen 

tr a t io n  is

Cp* = . 5070 w t. f r a c . EtOH
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and

= . 7 9 2

Since th e  s e p a ra tio n . A, i s  p ro p o r tio n a l to  a  , fiie 

r a t io  of th e  s e p a ra t io n s , a /Aq, can  b e  c o r r e c te d  fo r  d iffe ren t 

v a lu e s  of a  by m u ltip ly in g  th e  ra t io  by  th e  a a t  th e  a v e ra g e  con

c e n tra tio n  found above, and  then  d iv id ing  by th e  a ob ta in ed  fo r  

th e  a v e ra g e  feed  c o n c e n tra tio n  fo r  the  e n tire  e x p e r im e n ta l s e t. 

T h e re fo re , th e  ra t io  of th e  s e p a ra tio n s  can  be c o r r e c te d  fo r  the  

v a r ia t io n  in  a :

' ■ ^ L r . c e d

The above c o r re c te d  v a lu e  is  th en  p lo tte d  an one poin t 

(a t X = 0) on th e  c u rv e  fo r  conven tional th e o ry  fo r  a  Z -v a lu e  of 

0 .8 8 7 . The re m a in in g  p o in ts  a r e  c a lc u la te d  f ro m  E quation  (V II-2), 

e x cep t fo r  X = w h ich  i s  c a lc u la te d  in  the  sa m e  m a n n e r  a s  the  

above p o in t.

A s im i la r  p ro c e d u re  is  fo llow ed  fo r  P o w e rs*  m o d ifica tio n  

u s in g  E q u a tio n s  (V II-3) and  (V II-9).
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a  = g e n e ra l  co n stan t

b = e m p ir ic a l  co n stan t; a lso  a  s u b sc r ip t  to  id en tify  s t r e a m s  
leav in g  th e  bo ttom  of a  colum n

B = co lum n w idth

c = g e n e ra l  co n stan t

C = c o n s ta n t dependen t on th e  re la tiv e  ra tio  of th e  b a r r i e r  
d ia m e te r  to  the  p la te  spacing

Cp= h e a t c ap ac ity  a t  c o n s ta n t p r e s s u r e

Cj = co n ce n tra tio n  of com ponent 1

Cg = c o n ce n tra tio n  of com ponent 2

Cg = c o n c e n tra tio n  of com ponent 1 leav ing  th e  en rich in g  sec tio n

Cg = co n ce n tra tio n  of com ponent 1 leav ing  the  s tr ip p in g  sec tio n

C p  = co n ce n tra tio n  of com ponent 1 in  the  feed

d = b a r r i e r  d ia m e te r  

D = d iffu sion  co effic ien t

e = s u b s c r ip t  to  id en tify  v a r ia b le s  in  th e  en rich in g  sec tio n  (y>0) 

Fj)= d ra g  fo rc e  by a  s in g le  b a r r i e r  

g = lo c a l a c c e le ra tio n  of g ra v ity  

gc = d im e n s io n a l co n stan t 

H = co n stan t defined  by E quation  (111-15)

H ^= co n stan t g iven by  E quation  (III-45)

235
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K = co n stan t defined  by E quation  (III-18)

Kg = co n stan t defined  by E quation  (I II-I6)

NKg = c o n stan t given by E quation  (111=46)

K j = c o n stan t defined  by E quation  (III-17)

Kp = e m p ir ic a l  co n stan t added  to m a th e m a tic a l dev e lo p m en t to 
acco u n t fo r  e ffe c ts  of p a r a s i t i c  rem ix in g

= th e rm a l conductiv ity

Ij. = leng th  of d is tu rb a n c e  c re a te d  by a  s in g le  h o riz o n ta l b a r r i e r

L = to ta l  co lum n len g th  (L = Lg + L^)
/'

Lg= len g th  of e n rich in g  sec tio n  

Lg= leng th  of s tr ip p in g  sec tio n  

n = index  n u m b er 

N = n u m b e r of h o riz o n ta l b a r r i e r s

o = s u b sc r ip t  to id en tify  s t r e a m s  leav ing  the  top of a  co lum n

P  = p r e s s u r e ;  a lso  d im e n s io n le s s  flow  te r m  defined  by E q u a 
tio n  (111-66)

R = ( t / p  V

s = s u b sc r ip t  to  id en tify  v a r ia b le s  in the  s tr ip p in g  sec tio n  (y< 0); 
a lso  L ap lace  t r a n s fo rm  v a r ia b le

t = tim e

Tr i  = te m p e ra tu re  of hot and c d d  p la te s ,  re s p e c tiv e ly

T = m ean  o p e ra tin g  te m p e ra tu re

AT= m e an  te m p e ra tu re  d iffe ren c e  betw een  hot and co ld  p la te s  

u  = bulk  s t r e a m  v e lo c ity

v(x) = g e n e ra l  v e lo c ity  d is tr ib u tio n  function
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V  = averag e  v e lo c ity  g iven  by  E q u a tio n  (III-119)

X = a x is  n o rm a l to  p la te s

y = a x is  p a r a l le l  to  p la te s  in  th e  d ire c tio n  o f convective  
c irc u la t io n

X = d im e n s io n le s s  flow  defined  by E q uation  (VII-4)

Z = d im e n s io n le s s  qu an tity  defined  by E quation  (V II-5) 

a = th e rm a l  d iffu sio n  co effic ien t

p-p = change in  d e n s ity  w ith  te m p e ra tu re  —

^  = p la te  sp ac in g  m e a su re m e n t

A = s e p a ra tio n  (en rich in g  m in u s  s tr ip p in g  com position )

Ag = s e p a ra tio n  in  the  e n ric h in g  se c tio n  of th e  co lum n

Ag = s e p a ra tio n  in  th e  s tr ip p in g  sec tio n  of th e  co lum n

Ag = s e p a ra tio n  in  any  colum n, n, defined  by  E quation  (III-113)

AL = s e p a ra tio n  in  c e n te r  co lum n cu t by  x -a x is ,  defined  by 
E quation  (III-114)

NAg = s e p a ra tio n  w ith  no bulk  flow and N b a r r i e r s  

Aoo = s te a d y -s ta te  s e p a ra tio n  (at in fin ite  tim e)

^ = d im e n s io n le s s  flow  defined  by  E q uation  (III-112)

q = co effic ien t of v is c o s ity  

^ = so lu tion  p e r  un it len g th  of co lum n

^ = d im e n s io n le s s  tim e  q uan tity  defined  by E quation  (III-65) 

p = d en s ity

(T = a v e ra g e  m a s s  flow  ra te

0 -=  S
1 n

= m a s s  flow  p a s t  b a r r i e r s  b ro u g h t about by convective  
c irc u la tio n
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= e n ric h in g  sec tio n  bulk  flow  ra te

= feed  bu lk  flow ra te

= s tr ip p in g  sec tio n  bulk flow ra te

T = ailnount of-com ponent one p a ss in g  th ro u g h  a  c ro s s -s e c t io n  
of th e  co lum n n o rm a l to  th e  p la te s

<|)(^^ = d im e n s io n le s s  sh ape  ra t io  func tion

= c o r re c t io n  fa c to r  defined  by E quation  (H-20)

= c o r re c t io n  fa c to r  defined  by E quation  (H-21)

2cj = d is ta n c e  betw een  th e  hot and  co ld  p la te s
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