
MASTER’S THESIS
M—236

W OLF, H erbert O. CORRELATION OF SIEVE 
PLATE EFFICIENCY AS A FUNCTION OF  
OPERATING VARIABLES.

U n iversity  of D elaw are, M .C .E ., 1958 
E ngineering, ch em ica l

84 pp 2.75 nx 4.40

University Microfilms, Inc., Ann Arbor, Michigan

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CORRELATION OP SIEVE PLATE EFFICIENCY 

AS A FUNCTION OF OPERATING VARIABLES

by

H e rb e r t  0 . Wolf

A - th e s is  s u b m itte d  t o  th e  

F a c u l ty  o f  th e  U n iv e r s i ty  o f  D elaw are 

i n  p a r t i a l  f u l f i l l m e n t  o f  th e  r e q u i r e 

m en ts f o r  th e  d e g re e  o f  M aste r  o f  

Chpm ical E n g in e e r in g .

May 1958

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Approved

(

Approved  

Apr ro v ec

O

~~A -

   .V

P r o f e s s o r  i n  Charge o f  T h e s i s

Head o f  D epartm ent

Dean o f  S c h o o l  o f  G raduate  S t u d i e s

1)44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENT

The w r i t e r  vri.sh.es to  e x p re s s  

h i s  a p p r e c ia t io n  to  D r. J a c k  A. G e r s te r  

T o r h i s  h e l p f u l  s u g g e s t io n s  and c r i t i c i s m  

an d  to  D r. P. C. Chromey, o f  th e  Du Pont 

Company, f o r  h i s  h e lp  i n  th e  p r e p a r a t io n  

o f  th e  s t a t i s t i c a l  a n a ly s i s  u sed  in  t h i s  

w ork. Thanks a l s o  to  my v /ife , E r ik a  S. 

W olf, who h a s  been in s t r u m e n ta l  i n  

p r e p a r in g  th e  f i n a l  t h e s i s  copy.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

SUMMARY 1

INTRODUCTION AND BACKGROUND 3
APPARATUS 16

RUN PROCEDURE, ANALYSIS AND
EXPERIMENTAL MEASUREMENTS 23

RESULTS ’ 23

DISCUSSION 45 -

CONCLUSIONS 52

NOMENCLATURE 53

REFERENCES CITED 56

APPENDIX 58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLES

T ab le  No, T i t l e  Page

I  SUMMARY OP STATISTICAL CODING 31

I I  TEST OF STATISTICAL EQUATION 43

I I I  SUMMARY OF EXPERIMENTAL DATA 5 8

IV DRY PLATE PRESSURE DROP DATA .66

V STATISTICAL PROGRAM AMD MEASURED
EFFICIENCIES 69

VI REGRESSION COEFFICIENTS AND ANALYSIS
OF VARIANCE 70

V II  COMPARISON OF EXPERIMENTAL EFFICIENCIES
AND PREDICTED EFFICIENCIES 71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PICTURES

F ig u re  No. T i t l e Page

1 EXPERIMENTAL PLAN 15
2 . PLOW DIAGRAM 17

pla te  LAYOUT 18

4 GAS SAMPLING SYSTEM 21

5 MURPHREE PLATE EFFICIENCY CONTOURS 33

6 MURPHREE PLATE EFFICIENCY CONTOURS 34

7 MURPHREE PLATE EFFICIENCY CONTOURS 35

8 MURPHREE PLATE EFFICIENCY AS A FUNCTION 
OF WEIR HEIGHT 38

9 MURPHREE PLATE EFFICIENCY AS A FUNCTION 
OP WEIR HEIGHT 39

10 MURPHREE PLATE EFFICIENCY AS A FUNCTION 
OF WEIR HEIGHT 40

11 PREDICTED EFFICIENCY AND FROTH HEIGHT 46

12 PREDICTED EFFICIENCY AND FROTH HEIGHT 47

13 PREDICTED EFFICIENCY AND FROTH HEIGHT 48

14 DRY PLATE PRESSURE DROP 64

19 DRY PLATE PRESSURE DROP 65

16 HENRY'S LAW CONSTANT FOR SYSTEM 
KHo -  AIR -  WATER 77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SUMMARY

The e f f e c t s  o f  t h r e e  o p e r a t in g  v a r i a b l e s ;  l i q u i d  r a t e ,  

o u t l e t  w e ir  h e i g h t ,  and  g a s  r a t e ,  on o v e r a l l  p l a t e  e f f i c i e n c y  

on a  s ie v e  p l a t e  have  been  s tu d i e d ,  u s in g  th e  sy s tem  ammonia~ 

a i r - w a t e r .  Aramonia was a b s o rb e d  fro m  a i r  i n t o  w a te r ,  u s in g  a  

s i n g l e  2 4 - in .  d ia m e te r  t r a y  w hich had a  p e r f o r a t e d  a r e a  o f 

0 .2 1 5 0  s q u a re  f e e t .  The p e r f o r a t i o n s  c o n s i s te d  o f  2 ,5 3 4  1 / 8 - i n .  

d i 'm e t e r  h o le s  on 3 / 6 - l n .  e q u i l a t e r a l  t r i a n g u l a r  c e n t e r s  and  

p ro v id e d  a  f r e e  a r e a  e q u a l to  7 *6 9 $  o f  th e  s u p e r f i c i a l  to w er f r e e  

a r e a .  The s u p e r f i c i a l  to w er f r e e  a r e a  (2 .7 9 5  f t . 2 ) i s  d e f in e d  a s  

th e  to w er i n t e r n a l  a r e a  l e s s  th e  a r e a  o f  th e  se g m e n ta l i n l e t  

w a te r  dow n-com er. L iq u id  r a t e s  ra n g ed  from  1 ,7 4 0  to  10 ,7 0 0  l b s .  

p e r  ( h r . ) ( f t . 2 ) ;  g a s  r a t e s  ra n g e d  fro m  860 to  1 8 IO l b s .  p e r  ( h r . )  

( f t . 2 ) ;  and  w e ir  h e ig h t s  ra n g e d  from  a e ro  t o  4 .7 0  in o h e s .  The 

g a s  and l i q u i d  r a t e s  r e p o r te d  i n  t h i s  t h e s i s  a r e  c a l c u l a t e d  on 

th e  same b a s i s  a s  th e  p l a t e  f r e e  a r e a  c a l c u l a t i o n ,  i . e . ,  u s in g  

th e  s u p e r f i c i a l  to w er f r e e  a r e a  a s  d e f in e d  abo v e  i n  th e  c a l c u l a 

t i o n  o f  colum n f r e e  a r e a .

M urphree p l a t e  e f f i c i e n c i e s  from  6 0 .0 $  to  9 4 .0 $  w ere 

o b s e rv e d . From th e s e  d a ta  and a n a l y s i s  o f  th e  s t a t i s t i c a l  p r o 

gram , a  g e n e ra l  c o r r e l a t i o n  h a 3 been  com puted to  d e f in e  th e  

r e l a t i o n s h i p  o f  M urphree p l a t e  e f f i c i e n c y  to  th e  t h r e e  

o p e r a t in g  v a r i a b l e s .
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The d a ta  a rd  s t a t i s t i c a l l y - d e r i v e d  e x p re s s io n  show t n a t  

p l a t e  e f f i c i e n c y  can be in c r e a s e d  by in c r e a s in g  th e  l i q u i d  r a t e  

a n d /o r  by in c r e a s in g  th e  o u t l e t  w e ir  h e ig h t .  I n c r e a s in g  w e ir  

h e ig h t  p ro v ed  to  have th e  g r e a t e s t  e f f e c t  on e f f i c i e n c y  up to  

a b o u t 3 -7  in c h e s ;  a t - t h e  h ig h e s t  w e ir  h e ig h t ,  -i. 7 in c h e s ,  i t  was 

n o te d  t h a t  e f f i c i e n c y  d id  n o t  in c r e a s e  a s  one would p r e d i c t  from  

th e  d e r iv e d  e f f i c i e n c y  e q u a t io n . T ills ru n  p o in t s  to  th e  l i m i t  

o f  u s e  o f  th e  e q u a tio n  to  r e g io n s  o f s t a b l e  p l a t e  o p e r a t io n .
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INTRODUCTION AND BACKGROUND

The d es ig n e r o f  a s ie v e  p la te  d i s t i l l a t i o n  column 

ia  confron ted  w ith th re e  b a s ic  problem s:

(1) C a lcu la tio n  o f th e  optimum gas and l iq u id  r a te s  

in  th e  column.

(2) D eterm ination  o f th e  number of th e o re t ic a l  

s ta g e s  re q u ire d  f o r  th e  s e p a ra tio n .

(3) D eterm ination  o f a s u i ta b le  p la te  e f f ic ie n c y  to  

determ ine th e  number of a c tu a l  s ta g e s  re q u ire d  f o r  th e  

se p a ra tio n .

Follow ing the. g en e ra l procedure o u tlin e d  above, the  

d es ig n e r i s  e v e n tu a lly  con fron ted  w ith  th e  problem  of c o r r e l a t 

in g  a v a ila b le  l i t e r a t u r e  d a ta  on p la te  e f f ic ie n c y  to  th e  system 

w ith which he l a  concerned and then  computing a s u i ta b le  p la te  

e f f ic ie n c y  f o r  h is  p a r t i c u la r  system  based on th e se  d a ta .

The concept o f  p la te  e f f ic ie n c y  as  d efin ed  by 

Murphree (11) in  term s o f th e  vapor com positions i s :

■* ¥ jn  " Yout (*)
^ in  " ^ o u t

where mXout g iv es  th e  com position of th e  vapor in  eq u ilib riu m  

w ith th e  l iq u id  le a v in g  th e  t r a y .  Ejsjy th en  re p re s e n ts  th e  p e r 

cen t approach to  eq u ilib r iu m  of th e  o u t le t  gas and th e  l iq u id  

le av in g  th e  p la te .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P o in t  e f f i c i e n c y ,  w hich i s  p ro b a b ly  a  more 

fu n d am e n ta l d e f i n i t i o n  o f  th e  t r u e  e q u i l ib r iu m  c h a r a c t e r i s t i c s  

o f th e  p l a t e ,  i s  co n c e rn ed  w ith  an  i n f i n i t e l y  s m a ll p o r t io n  o f  

th e  p l a t e .  I n  t h i s  c a s e  p o in t  e f f i c i e n c y  r e p r e s e n t s  th e  p e r 

c e n ta g e  ap p ro ac h  o f  th e  g a s  i n  t h i s  sm a ll s e c t io n  to  e q u i l ib r iu m  

w ith  th e  l i q u i d  i n  th e  same s m a ll  s e c t i o n  o f  th e  p l a t e .  D e te r 

m in a tio n  o f  p o in t  e f f i c i e n c y  f o r  a s ie v e  p l a t e  i s  v e ry  d i f f i 

c u l t  a s  i t  i s  a lm o s t Im p o s s ib le  to  ta lce  a  l i q u i d  sam ple  from  

th e  p l a t e  w ith o u t  s im u l ta n e o u s ly  p u rg in g  g a s  w ith  th e  l i q u i d  

sam ple .

To make u s e  o f  th e  m ore fu n d a m e n ta l c o n c e p t o f  p l a t e  

e f f i c i e n c y ,  t h e  t r a n s f e r  e f f i c i e n c y  i s  em ployed. T ra n s f e r  

e f f i c i e n c y  (Eqq) i s  d e f in e d  a s :

Ennr = Y1 -  Y2 (2 )

w here mXAy  i s  th e  c o m p o s itio n  o f  th e  v a p o r  I n  e q u i l ib r iu m  w ith  

th e  a v e ra g e  l i q u i d  on th e  t r a y .  Eq0  th e n  re p i* e se n ts  th e  p e r c e n t  

a p p ro a c h  to  e q u i l ib r iu m  o f th e  o u t l e t  g a 3 W ith  th e  a v e ra g e  l i q 

u id  c o m p o s itio n  o f  th e  p l a t e .

T r a n s f e r  e f f i c i e n c y  th e n  r e p r e s e n t s  th e  mean v a lu e  o f  

a l l  th e  p o in t  e f f i c i e n c i e s  o f th e  p l a t e .  The t r a n s f e r  e f f i c i e n c y  

and th e  p o in t  e f f i c i e n c y  a r e  e q u a l  I f  t h e  p o in t  e f f i c i e n c y  i s  

c o n s ta n t  ev e ry w h ere  on th e  p l a t e .  T h is  c a se  i s  u s u a l l y  assum ed 

to  b e  t r u e  f o r  s i e v e  p l a t e s .
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H ie r e l a t i o n s h i p  o r M urphree p l a t e  e f f i c i e n c y  and 

t r a n s f e r  e f f i c i e n c y  can e a s i l y  ho se e n  by r e f e r r i n g  to  e q u a t io n s  

( l )  and  ( 2 ) .  I f  th e  l i q u i d  on th e  p l a t e  i s  th o ro u g h ly  m ixed a s  

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

v a p o r  b a s i s  would be i d e n t i c a l  w ith  th e  M urphree p l a t e  e f f i c i 

ency^ I t  can a l s o  be seen  t h a t  th e  t r a n s f e r  e f f i c i e n c y  can 

n ever  be g r e a t e r  th a n  100^ , w h ile ,  ow ing to  c r o s s - f lo w  and 

in c o m p le te  m ix in g  o f  th e  l i q u i d  on t h e  p l a t e ,  th e  M urphree 

p l a t e  e f f i c i e n c y  can  be g r e a t e r  th a n  1Q0 £. The r e l a t i o n s h i p s  

betw een  M urphree p l a t e  e f f i c i e n c y  and t r a n s f e r  e f f i c i e n c y  f o r  

c e r t a i n  c a s e s  o f  l i q u i d  f lo w s  a c r o s s  a  p l a t e  w ith  no m ix in g  h av e  

been  com puted by ¥ . K. L ew is, J r .  (1 0 ) w ith  th e  a s su m p tio n  t h a t  

th e  e q u i l ib r iu m  l i n e  i e  s t r a i g h t .

C o n s id e ra b le  r e s e a r c h  e f f o r t  h a s  been d i r e c t e d  to w ard  

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

In d e p e n d e n t v a r i a b l e s  c o n s id e re d  to  e f f e c t  t r a y  e f f i c i e n c y  

in c lu d e :  l i q u i d  d e p th  on th e  p l a t e ;  f r o t h  d e p th  on th e  p l a t e ;

l i q u i d  r a t e ;  v ap o r r a t e ;  h o le  s i z e ;  h o le  s p a c in g ;  t r a y  s p a c in g ;  

o u t l e t  w e ir  h e ig h t ; ,  and  th e  p h y s ic a l  p r o p e r t i e s  o f  th e  v ap o r and 

l i q u i d .  Much o f  th e  work w hich b a s  a p p e a re d  i n  th e  l i t e r a t u r e  

p r i o r  to  1950 I s  rev ie w ed  by H obinson  and  G i l l i l a n d  (13 ) and by 

Sherwood and P ig fo rd  ( 1 6 ) .  Muhh o f  th e  e x p e r im e n ta l  work 

r e p o r te d  I n  th e  l i t e r a t u r e  h a s  been  c a r r i e d  o u t I n  sm a ll d iam 

e t e r  l a b o r a to r y  co lum ns, i n  w hich e n t r a n c e ,  e x i t  and  w a ll  e f f e c t s
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p re d o m in a te . The r e s u l t s  o f  th e s e  e x p e rim en ts  a r e  th e r e f o r e  

d i f f i c u l t  t o  e v a lu a te  and e x t r a p o la te  to  th e  d e s ig n  o f  

com m ercial eq u ip m en t.

From th e  s ta n d p o in t  o f  th e  p r e s e n t  w ork, s e v e r a l  of 

th e s e  e a r l i e r  i n v e s t i g a t i o n s  m e r i t  re v ie w . W a lte r  and  Sherwood 

(17) s tu d i e d  th e  a b s o r p t io n  of ammonia and ca rb o n  d io x id e  in  

w a te r  u s in g  an  1 8 - i n ,  d ia m e te r  colum n. They showed t h a t  th e  

r a t e s  o f  a b s o r p t io n  o f  ammonia in  w a te r  were d e te rm in e d  a lm o s t 

e n t i r e l y  by th e  r a t e  o f  d i f f u s io n  o f  ammonia th ro u g h  th e  g a s  

f i lm .  D rick am er and  B ra d fo rd  (3 )  c o r r e l a t e d  p l a t e  e f f i c i e n c y  

w ith  th e  m o la r  a v e ra g e  v i s c o s i t y  o f  th e  fe e d  a t  a v e ra g e  tow er 

te m p e ra tu r e s  f o r  a  num ber o f  com m ercial colum ns. The .c o r r e la 

t io n  i s  l i m i t e d  a s  o n ly  one o f th e  many a c tu a l  v a r i a b l e s  e n t e r s  

i n t o  th e  c o r r e l a t i o n .

I n  an  a t t e m p t  to  f i n d  a  more t h e o r e t i c a l  b a s i s  f o r  

th e  c a l c u l a t i o n  o f  t r a n s f e r  e f f i c i e n c y ,  Geddee (6 )  p r e s e n te d  

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

f u s i o n a l  r a t e s  and b ased  on u n s t e a d y - s t a t e  m o le c u la r  d i f f u s i o n .  

From t h e  p r e d i c t e d  e q u a t io n s  he c a l c u l a t e d  th e  t r a n s f e r  e f f i c i 

ency f o r  a  number o f  sy s tem s  f o r  which e x p e r im e n ta l  r e s u l t s  

were a v a i l a b l e .  The com parison  o f  t h e  c a l c u l a t e d  and e x p e r i 

m e n ta l  e f f i c i e n c i e s  w ere  good. Geddes p o i n t s  o u t  t h a t  t h i s  

s u c c e s s f u l  co m p ariso n  m s  m ost f o r t u n a t e  due to  th e  a s su m p tio n s  

r e q u i r e d  to  a r r i v e  a t  th e  working fo rm u la s .  G e s te r  (8 )  compared
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e x p e r im e n ta l  p l a t e  e f f i c i e n c i e s  f o r  hexane d e h y d ra t io n  w ith  

th o s e  c a l c u l a t e d  by  th e  m ethod o f  Geddec. In  t h i s  c a se  th e r e  

was q u i t e  a  l a r g e  d is c re p a n c y  i n  th e  c a lc u l a t e d  and e x p e r im e n t

a l  e f f i c i e n c i e s .  In  v iew  o f th e s e  r e s u l t s  and  ta k in g  i n t o  

c o n s id e r a t io n  th e  a s su m p tio n s  u se d  by Geddes to  a r r i v e  a t  M s  

d e r i v a t i o n ,  i t  m ust be co n c lu d ed  t h a t  t h i s  m ethod a t  b e s t  can 

o n ly  be u se d  to  o b ta in  a p p ro x im a tio n s  o f  a c t u a l  t r a n s f e r  

e f f i c i e n c i e s .

West, G i lb e r t  and Sh im izu  ( 1 8 ) a t te m p te d  to  m od ify  

G eddes’ a p p ro a c h  to  e v a lu a te  raas3 t r a n s f e r  c o e f f i c i e n t s  and 

r e l a t e  them to  i n t e r f a o i a l  a r e a  and  f r o t h  d e n s i ty .  To u t i l i z e  

t h e i r  a p p ro a c h , one m ust e s t im a te  th e  f r a c t i o n a l  v o id s  i n  th e  

f r o t h  and r e l a t e  t h i s  and a v e ra g e  b u b b le  r a d iu s  o f  th e  f r o t h  to  

e f f i c i e n c y  o f  th e  t r a y .  B i e i r  s tu d y  i s  b a sed  on th e  u s e  o f, 19 

and 83  1 / 8 - i n .  d ia m e te r  h o le  s i e v e  tra -y s . E x te n s io n  o f  t h e i r  

d a ta  t'o o th e r  l i t e r a t u r e  d a ta  p o i n t s  to  th e  h a z a rd  i n  e x te n d in g  

t h i s  ty p e  o f  c o r r e l a t i o n  to  p l a t e s  o f  d i f f e r e n t  d e s ig n  and  u t i l 

i z in g  sy s tem s o th e r  th a n  th e  one s tu d i e d  in  th e  e x p e r im e n ta l  

work.

T h is  g e n e ra l  ap p ro ach  to  e f f i c i e n c y  I s  s t i l l ,  how ever, 

th e  m ost p ro m is in g  a v a i l a b l e .  The p r im a ry  d i f f i c u l t y  i n  u t i l i z 

in g  t h i s  a p p ro a c h  I s  i n  d e f in in g  te rm s  su ch  a s  b u b b le  r a d iu s .

One can  c a l c u l a t e  b u b b le  r a d iu s  fro®  a  s in g l e  o r i f i c e  on th e  

p l a t d ,  b lit t h i s  r e a l l y  d o e s n ’ t  d e f in e  th e  b u b b le  r a d iu s  i n  th e
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f r o t h ,  a s  c o a le s c in g  of b u b b le s  o c c u rs  a t  o r  n e a r  th e  p l a t e  

s u r f a c e  and v a r i e s  th ro u g h o u t th e  f r o t h .  I t  a l s o  n e g le c t s  

th e  e f f e c t s  o f  th e  m ass t r a n s f e r  a r e a  o b ta in e d  i n  th e  form  o f
t

l i q u i d  d ro p s  p r e s e n t  in  th e  g a s  s tre a m  above th e  f r o t h .

One o f th e  m ost p ro m is in g  m ethods f o r  th e  

c o r r e l a t i o n  and  th e  d e te rm in a t io n  o f  p l a t e  e f f i c i e n c y  was 

p r e s e n te d  by O e r s te r  ( 7 ) .  These d a ta  a r e  co n c e rn ed  w ith  th e  

d e s o rp t io n  o f  oxygen from  w a te r  and  th e  a d i a b a t i c  h u m id i f ic a 

t i o n  o f  a i r  i n  a  1 3 - in .  b u b b le -c a p  colum n. Both o f  th e s e  p r o 

c e s s e s  m easure  d i r e c t l y  th e  t r a n s f e r  e f f i c i e n c y  f o r  th e  l i q u i d  

f i lm  and th e  g a s  f i l m ,  r e s p e c t i v e l y .  From th e s e  d a t a  th e  o v e r  

a l l  e f f i c i e n c y  f o r  sy s tem s w here b o th  g as  and l i q u i d  f i lm s  a r e  

o f Im p o rtan ce  can  be o b ta in e d , l i i i f l  e x p e r im e n ta l  ap p ro ach  i s  

s im i la r  to  th e  one u se d  by W a lte r  and  Sherwood (1 7 ) and to  

d a te  i s  th e  b e s t  m ethod a v a i l a b l e  f o r  p r e d i c t i n g  p l a t e  e f f i c i 

ency . S in ce  th e  e x p e r im e n ta l  d a ta  o f  th e s e  a u th o r s  d e a l  w ith  

a i r - w a t e r  sy s te m s , a  m ethod f o r  c o n v e rs io n  o f  th e  in d iv id u a l  

f i lm  r e s u l t s  o f  th e  t e s t  sy stem  to  any sy s tem  u n d e r  c o n s id e r a 

t io n  m ust be made. G e r s te r  s u g g e s ts  t h a t  th e  p u re -sy o te rn s  

in d iv id u a l  f i lm  r e s u l t s  be c o r r e c te d  in d iv i d u a l l y  by u s in g  a 

s u i t a b l e  r a t i o  o f  th e  Schm idt num bers o f  th e  two sy s te m s .

These c o r r e c t io n s  a r e :
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The t h e o r e t i c a l  b a s i s  f o r  th e  G e r s te r  c o r r e l a t i o n  i s  

th e  L ew is-U hitm an  tw o - f i lm  th e o ry .  In  th e  c a l c u l a t i o n  o f th e  

number o f  g a s - f t  l a  t r a n s f e r  u n i t s ,  (Nq) i s  c a l c u l a t e d  on th e  

b a s i s  o f  th e  change In  g a s  c o n c e n tr a t io n  p a s s in g  v e r t i c a l l y  

th ro u g h  th e  l i q u i d  on th e  p l a t e .  ®ie p o in t  e f f i c i e n c y  i s  th e n :

EqG -  1 -  exp K^aPZv (5)
%

The number o f  o v e r - a l l  g a s -p h a s e  t r a n s f e r  u n i t s  1 b d e f in e d  a s :

w08  “  - l n ( l - E o G) * KgaPZv ( 6 )

F u r th e r ,  s in c e

1 _ 1 + mG/L (7)

th en

-2 '."3 I5g lb  ( 1 ' Eob) "  US + t 5l
1 . m a /t, (5 )

The r e l a t i o n s h i p  betw een  th e  o v e r - a l l  m ass t r a n s f e r  

c o e f f i c i e n t  (K ^a) and  th e  I n d iv id u a l  g a s  (fe^a) and l i q u i d  (iCj-a)

c o e f f i c i e n t  i s :

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



S in c e  th e  two r e s i s t a n c e s  ( i n  e q u a t io n  9 ) r e f e r  to  

two d i f f e r e n t  m ass t r a n s f e r  m echan ism s, i t  i s  e x p e c te d  t h a t  th e  

two w i l l  he a f f e c t e d  d i f f e r e n t l y  by th e  v a r i a b l e  in f lu e n c in g  

e f f i c i e n c y .  S in c e  d e te r m in a t io n  o f th e s e  f a c t o r s  i s  n e a r ly  

im p o s s ib le  f p r  m ost sy s te m s , G -ers te r c o r r e l a t e s  th e  in d iv id u a l  

f i lm  r e s i s t a n c e s  i n  sy s tem s w here one p h a se  a c c o u n ts  f o r  a l l  o r  

a lm o s t a l l  o f  th e  r e s i s t a n c e  to  m ass t r a n s f e r .

O b je c t iv e s  o f  th e  p r e s e n t  w ork. Much o f  th e  v/ork 

r e p o r te d  i n  th e  l i t e r a t u r e  f o r  d e te rm in in g  s ie v e  p l a t e  e f f i c i 

e n c ie s  p r e s e n t  e i t h e r  p l a t e  e f f i c i e n c y  o r  th e  num ber o f  t r a n s 

f e r  u n i t s  a s  a  f u n c t io n  o f  g a s  r a t e ,  l i q u i d  r a t e  and  w e ir  h e ig h t .  

Hush and S t i r b a  (14 ) m easured  s ie v e  p l a t e  e f f i c i e n c y  f o r  sy stem s 

whoa*. .^ e e is ta n c e  to  m ass t r a n s f e r  a r e  in  th e  g a s  p h a s e . They 

f in d  t h a t  th e y  can c o r r e l a t e  t h e i r  d a ta  by th e  u s e  o f  th e  

G e r s te r  m ethod . B oss and G e r s te r  ( 5 ) c o r r e l a t e d  p l a t e  e f f i c i 

ency f o r  a  l i q u i d - f i l m  c o n t r o l l e d  system  on s ie v e  t r a y s  and 

found  t h a t  th e  most, im p o r ta n t  f a c t o r s  a f f e c t i n g  l i q u i d - f i l m  

e f f i c i e n c y  w ere th e  i n t e r f a c i a l  a r e a  a v a i l a b l e  w i th in  th e  

f r o t h  an d  th e  tim e  o f  c o n ta c t  o f  th e  l i q u i d  w ith  th e  g a s .  Jo n e s  

and P y le  (9 )  p r e s e n t  e f f i c i e n c y  d a ta  f o r  b u b b le -o a p  t r a y s  and 

s ie v e  p l a t e s  and  p o in t  o u t  th e  c o s t  and o p e r a t in g  a d v a n ta g e s  o f  

s ie v e  p l a t e s  o v e r  th e  b u b b le -e a p  t r a y .

A.11 o f  th e s e  a u th o r s  p r e s e n t  d a ta  f o r  d e te r m in a t io n  

o f  e f f i c i e n c y ,  b u t none o f  them  a t te m p t to  p r e s e n t  a  g e n e ra l
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c o r r e l a t i o n  o f  e f f i c i e n c y  a s  a f u n c t io n  o f  g a s  r a t e ,  l i q u i d  

r a t e  and w e ir  h e ig h t .  The e x p e r im e n ta l  p rogram  f o r  t h i s  s tu d y  

was t h e r e f o r e  e s t a b l i s h e d  to  d ev e lo p  a  g e n e ra l  c o r r e l a t i o n  o f  

p l a t e  e f f i c i e n c y  a s  a  f u n c t io n  o f  th e  t h r e e  o p e r a t in g  v a r i a b l e s .

C hoice o f  S ystem . The a ir -a m m o n ia -w a te r  -system was 

chosen f o r  t h i s  s tu d y  a s  t h i s  a y 3t e a  i s  e a sy  to  h a n d le  e x p e r i 

m e n ta l ly  and  o f f e r s  a  sy s tem  w here th e  g a e - f i l i a  c o n t r o l s  th e  

mass t r a n s f e r  px 'ocess.

A lso , th e  e q u i l ib r iu m  r e l a t i o n s h i p  o f  th e  sy stem  i s  

w e ll known, and b e cau se  o f  th e  low  v a lu e s  o f  m, p o in t  and 

M urphree e f f i c i e n c i e s  a r e  n e a r ly  i d e n t i c a l .

C hoice o f  E qu ipm en t. In  o r d e r  to  s t a y  w ith in  

c o n v e n ie n t ammonia c o n c e n t r a t io n  r a n g e s ,  a  s in g l e  s ie v e  t r a y  

was I n s t a l l e d  i n  t h e  e x i s t i n g  0 4 - in ,  d ia m e te r  colum n, a v a i l a b l e  

in  th e  U n iv e r s i ty  l a b o r a t o r i e s .  I t  was d e c id e d  to  u s e  a s u p e r 

f i c i a l  p e r f o r a te d  a r e a  o f  7 . 6 9$ , w hich was ac co m p lish ed  by th e  

u se  o f  2 ,5 3 4  l / 3 - l n .  d ia m e te r  h o le s  on 3/ 8 - l n .  e q u i l a t e r a l  t r i -  

a n g u la r  c e n te r s  (a  h o le  a r e a  o f  0 .2 1 9  f t .  ) .  I t  was f e l t  t h a t  

th e  d e s ig n  o f  t h i s  p l a t e  would be s i m i l a r  to  th e  g e n e ra l  p u rp o se  

p l a t e  u se d  i n  i n d u s t r y ,  th u s  p e r m i t t in g  th e  u s e  o f  a w ide ra n g e  

o f th e  o p e r a t in g  v a r i a b l e s .

Range o f  V a r ia b le s  S tu d ie d . L iq u id  r a t e s  were 

v a r ie d  from  1 ,7 4 0  to  1 0 ,7 0 0  l b e . / ( h r . ) ( f t . 2 ) ,  g a s  r a t e s  ran g ed
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fro m  860  to  1 ,8 1 0  l b s . / ( h r . ) ( f t . 2 ) and w e ir  h e ig h ts  ran g ed  from  

z-ero t o  4 .7 0  in c h e s .  The g as  and l i q u i d  r a t e s  a r e  b ased  on th e  

s u p e r f i c i a l  to w er f r e e  a r e a  ( 2 .7 9 5  f t . 2 ) .

I t  was f e l t  t h a t  th e s e  ra n g e s  o f  th e  o p e r a t in g  

v a r i a b l e s  would encom pass a  s e t  o f  c o n d i t io n s  w hich would y i e ld  

th e  maximum e f f i c i e n c y  f o r  th e  p l a t e  u n d e r  c o n s id e r a t io n .  I t  

was a l s o  f e l t  t h a t  th e s e  c o n d i t io n s  would y i e l d  a  g e n e ra l  c o r 

r e l a t i o n  o f  e f f i c i e n c y  which co u ld  be used  a s  a  b a s i s  f o r  th e
*

p r e d i c t i o n  o f  e f f i c i e n c y  a t  c o n d i t io n s  o f  e i t h e r  h ig h  o r  low 

g a s  and  l i q u i d  r a t e s .

E x p e r im e n ta l P la n . To o b ta in  a  g e n e r a l  c o r r e l a t i o n  

o f  p l a t e  e f f i c i e n c y  a s  a  f u n c t io n  o f  g a s  r a t e ,  l i q u i d  r a t e  an d  

w e ir  h e i g h t ,  a  s t a t i s t i c a l  p rogram  was I n i t i a t e d  to  d e v e lo p  a  

seco n d  d e g re e  p o ly n o m ia l e q u a t io n  w hich  would d e f in e  th e  d e s i r e d  

q u a d r a t i c  r e s p o n s e  s u r f a c e .  The g e n e ra l- fo rm  o f  t h i s  second  

d e g re e  p o ly n o m ia l, f o r  a  th r e e  v a r i a b l e  sy stem  i s :

Yu “  f to  + / 3 l x lu  + /3 ? x2u + /33*3u +

/3  n x i u 2 + & * u 2 + /3 33% u2 + d o )

^ 1 2 xlu*2u + A l 3 Xlu x3u + $ 23X2uX3u

In  t h i s  e q u a tio n  d e f in in g  re s p o n s e  s u r f a c e ,  ( p l a t e ' 

e f f i c i e n c y ) ,  c o n ta in s  l i n e a r  te rm s , sq u a re d  te rm s ajnd c ro s s  

p ro d u c t  te rm s  o f  th e  v a r i a b l e s  X^, X2 , and X^. ^ e s e  v a r i a b l e s  

r e p r e s e n t  l i q u i d  r a t e ,  w e ir  h e ig h t  and g a s  r a t e ,  r e s p e c t i v e l y .
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The c o e f f i c i e n t s  i n  t h i s  e q u a t io n  a r e  d e v e lo p e d  fro m  a  s e r i e s  

o f  c a r e f u l l y  p la n n e d  e x p e r im e n t* j in  t h i s  e a s e ,  a  r o t a t a b l e

seco n d  o r d e r  d e s ig n .  Cochran and Cox (1 )  p r e s e n t  a  d e t a i l e d

d i s c u s s io n  o f  t h i s  s t a t i s t i c a l  ap p ro ac h  to  an e x p e r im e n ta l  

p rog ram .

I t  was f e l t  t h a t  th e  e q u a t io n  would r e l a t e  th e  

p r im a ry  v a r i a b l e s  i n  such  a  way t h a t  t h e  b a s ic  f a c t o r s  a f f e c t i n g  

th e  m ass t r a n s f e r  o p e r a t io n  o c c u r in g  o n  th e  p la t©  w i l l  b e  d e f in e d  

by th e  seco n d  o r d e r  p o ly n o m ia l e x p r e s s io n .  T hus, an y  im p o r ta n t  

i n t e r a c t i o n  term ©  su c h  a s  g a s  ra t©  and l i q u i d  r a t e ,  g a s  r a t e  

an d  w e ir  h e i g h t ,  an d  l i q u i d  r a t e  and w e ir  h e i g h t ,  sh o u ld  be 

e s t a b l i s h e d  by  th e  s e l e c t e d  s t a t i s t i c a l  p rogram .

The r o t a t a b l e  d e s ig n  i s  c a r r i e d  o u t  i n  th r d e  p a r t* .

In  th e  f i r s t  p a r t  o f  th e  p ro g ram , a  2 ^ f a c t o r i a l  e x p e r im e n ta l

d e s ig n  i s  fo llo w e d  t o  d e v e lo p  th e  b a s ic  r e l a t i o n s h i p  o f  e f f i c i 

en cy  t o  th e  l i n e a r  te rm s  o f  e q u a t io n  ( 1 0 ) .  ® vis d e s ig n  p e r 

m i t s  e s ta b l i s h m e n t  o f  a n  e q u a t io n  o f  t h e  f o l lo w in g  form s

Y * bc  + bjXx + b 2X2 + b ^  (1 1 )

I n t e r a c t i o n  te n s *  o f  XjXg* Xgx 3 *nd x l* 2 * 3  ^aLa a l s o  be

d e te rm in e d  from  t h i s  b a s ic  2 ^ f a c t o r i a l  d e s ig n . 4 p a v ie s  ( 2 ) 

p r e s e n t s  th e  m ethod f o r  a n a ly s in g  th e  2 ^ f a c t o r i a l  e x p e r im e n ta l  

p ro g ram . T hese b a s i c  e x p e r im e n ts  i n d i c a t e  th e  m a g n it^ d #  o f  th e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lin ear*  c o e f f i c i e n t s  and th e  p o s s i b le  s i g n i f i c a n c e  o f  i n t e r a c t i o n  

te rm s .

In  th e  second  p a r t  o f  th e  p ro g ram , a  s e r i e s  o f  

e x p e r im e n ts  a r e  ru n  a t  s e l e c te d  c o n d i t io n s  to  o b ta in  th e  

d e t a i l e d  i n t e r a c t i o n  and  sq u a re d  te rm  e f f e c t s .

The t h i r d  p o r t io n  o f  th e  p rog ram  i a  a s e r i e s  o f  

r e p l i c a t e d  e x p e r im e n ts  ru n  a t  th e  c e n t e r  o f  th e  d e s ig n  to  

o b ta in  an  e s t im a te  o f  th e  e x p e r im e n ta l  e r r o r  In v o lv e d  i n  th e  

p rog ram .

The co m p le ted  p rogram  w i l l  th e n  p e rm it  c a l c u l a t i o n  

o f  th e  c o e f f i c i e n t s  (b 0 , b ^ , e t c . )  In  e q u a t io n  (10).. The s t a t 

i s t i c a l  a n a l y s i s  o f  th e s e  d a ta  w i l l  th e n  co m p le te  th e  p rogram  

and  d e f in e  th e  m oaning o f  th e  d e r iv e d  c o e f f i c i e n t s .

A b lo c k  p la n  o f  th e  e x p e r im e n ta l  p rogram  I s  shown in

F ig u re  1.

Ex p e r im e n ta l  M easurem en ts. At a  g iv e n  g a s  r a t e ,  

l i q u i d  r a t e  and o u t l e t  w e ir  h e i g h t ,  m easu rem en ts w ere made o f  

I n l e t  and o u t l e t  v a p o r  c o m p o s it io n s , o u t l e t  l i q u i d  c o m p o s it io n s , 

v a p o r  and l i q u i d  te m p e ra tu r e s ,  f r o t h  h e i g h t  and th e  p r e s s u r e  

d ro p  a c r o s s  th e  p l a t e .  O v e r - a l l  p l a t e  e f f i c i e n c y  was com puted 

d i r e c t l y  from  th e  c o m p o s itio n s  o f  th e  i n l e t  and  o u t l e t  g a s  and 

l i q u i d .
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FIGURE 1

Run

EXPERIMENTAL PLAN

V a r ia b le
No. h h X-5

9 -1 -1 -1

16 1 -1 -1

13 -1 +1 -1

11 1 1 - 1

14 -1 -1 1

10 1 -1 1

12 -1 1 1

15 1 1 1

25 - 1 .6 8 2 0 0

26 +1 .6 6 2 0 0

27 0 - 1 .6 8 2 0

2 8  • 0 +1 .6 8 2 0

23 0 0 -1 .6 8 2

24 0 0 + 1 .682

17 0 0 0

18 0 0 0

19 0 0 ‘0

20 0 0 0

21 n n 0

I n  t h i n  t a b l e ,  th e  f o l lo w in g  cod ing  system  h a s  been  used
.*1 « (L*-3 5 1 /1 5  
X2 * (W-1.6o2 i n ; )

■ Xo * (u a -6 5 ) /1 5
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APPARATUS

A 2 4 - in .  i n s i d e  d ia m e te r ,  s i n g l e - p l a t e  column was 

em ployed fo r. t h i s  s tu d y . ‘The s ie v e  p l a t e  was b o l te d  betw een  

two f la n g e d  s e c t io n s  o f  th e  colum n. A seg m en ta l downeomer was 

w elded  i n t o  each  o f  th e s e  s e c t io n s  to  h a n d le  th e  p l a t e s '  f e e d  

and  e f f l u e n t  w a te r  s tr e a m s . The lo w er s e c t i o n ,  3 8 - in .  h ig h ,  

was f i t t e d  w ith  two sm a ll L u e i te  windows to  p e rm it  o b s e rv a t io n  

o f  p l a t e  le a k a g e .  Two 1 2 - in .  by 1 9 - in .  L u c i te  w indows, s c r ib e d  

a t  1 - i n .  i n t e r v a l s  above th e  p la n e  o f  th e  t r a y ,  "were i n s t a l l e d  

I n  th e  u p p e r  s e c t io n  o f  th e  colum n to  p e rm it  m easurem ent o f  

f r o t h  h e i g h t .

The 2 4 - i n . ,  1 / 8 - l n .  t h i c k  p l a t e  was p e r f o r a te d  w ith  

2 ,5 3 4  1 / 8 - l n .  d ia m e te r  h o le s  on 3/ 8 - i n .  e q u i l a t e r a l  t r i a n g u l a r  

c e n t e r s .  An i n l e t  w e ir, 2 - 1 /2  i n .  h ig h  and 20 i n .  lo n g ,  was 

lo c a te d  d i r e c t l y  in  f r o n t  o f  th e  i n l e t  downcomer. The o u t l e t  

w e ir a ,  1 8  i n .  lo n g , w ere b o l t e d  i n  th e  p la n e  o f th e  o u t l e t  down 

com er. The d i s t a n c e  betw een  th e  i n l e t  w e ir  and th e  f i r s t  row 

o f  p e r f o r a t i o n s  m s  1 /2  i n . j  be tw een  th e  l a s t  row o f  p e r f o r a 

t i o n s  and  th e  o u t l e t  w e ir ,  1 - 1 /4  i n .  The le n g th  o f  l i q u i d  

t r a v e l  a c r o s s  th e  a c t i v e  p e r f o r a t e d  a r e a  was 1 3 -1 /0  i n .

A f lo w  d iag ram  o f  t h e  equ ipm ent i s  shown In  F ig u re  2 , 

and  a  d e t a i l e d  p l a t e  la y o u t  i n  F ig u re  3.
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C ity  w a te r  was f e d  to  th e  column from  th e  b u i ld in g  

c o n s ta n t - h e a d  sy s tem . Two b r a s s  o r i f i c e s  (1 .6 0  i n .  and  Q.6 9 6  

i n .  d ia m e te r )  f o r  m e te r in g  w a te r  f lo w  w ere m ounted i n  l 8 ~ f t .  

r u n s  o f  2 - i n .  and  1 - i n .  d ia m e te r  p ip e ,  r e s p e c t i v e l y .  The c a l i b 

r a t i o n  o f  t h e s e  o r i f i c e s  i s  r e p o r te d  by S c r iv e n  (1 5 ) .  Plow r a t e s  

w ere c o n t r o l l e d  by m eans o f  a  2 - i n .  g a te  v a lv e  and a  1 - i n .

H ancock f lo w  c o n t r o l  v a lv e  a r r a n g e d  in  p a r a l l e l .

A ir  was s u p p l ie d  by two S p en cer tu rb o -e o ra p re a s o rs , 

e a c h  r a t e d  a t  550  cu . f t . / m i n .  a t  20  0 2 . ,  m ounted in  p a r a l l e l  

an d  c o n n e c te d  t o  th e  colum n th ro u g h  a  1 0 - i n .  d ia m e te r  g a lv a n iz e d -  

i r o n  d u c t .  A ir  f lo w  was c o n t r o l l e d  by o p e r a t io n  o f  e i t h e r  one 

o r  b o th  o f  th e  c o m p re s so rs , and  by u se  o f  a  dam per I n s t a l l e d  

dow n stream  o f  th e  g a s  m e te r in g  o r i f i c e  p l a t e  and  j u s t  u p s tre a m  

o f  colum n g a s  e n t r y  p o r t .  A 4 .9 0 0 - in .  d ia m e te r  o r i f i c e  p l a t e  

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

4  f t .  fro m  th e  dow nstream  end o f  a  1 7 - f t .  ru n  o f  th e  d u c t*  a  

3 - f t .  l e n g th  f i l l e d  w ith  1 - i n .  s t r a i g h t e n i n g  v an es  was lo c a te d  

5 .5  f t .  u p s tre a m  o f  th e  o r i f i c e .  Vena c o n t r a c t s  t a p s  w ere 

l o c a t e d  10  i n .  u p s tre a m  and  6 . 8  i n .  dow nstream  o f  t h e  o r i f i c e .

A s t a t i c  p r e s s u r e  ta p  was lo c a te d  7 i n .  u p s tre a m  o f  th e  o r i f i c e .

L iq u id  ammonia wa3 drawn from  a  steam  ch ased  

co m m erc ia l c y l in d e r  and  m e te re d  a s  l i q u i d  th ro u g h  a  ro ta m e te r .

The f lo w  r a t e  was c o n t r o l l e d  by m eans o f  a  n e e d le  v a lv e  down

s tr e a m  o f  th e  r o ta m e te r .  The l i q u i d  ammonia was th e n  v a p o r l2ed
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I n  a  s te a m -h e a te d  f a l l i n g - f i l m  f l a s h e r ,  o p e r a t in g  a t  th e  a i r  

s u p p ly  d u c t  p r e s s u r e .  The v ap o r p a s s e d  th ro u g h  an  e l e e t r i c a l l y -  

h a a te d ,  p ack ed  s u rg e  cham ber w here any  e n t r a in e d  l i q u i d  c o l l e c t e d  

on  th e  p a c k in g  and  was v a p o r iz e d . The ammonia was i n j e c t e d  i n t o  

th e  a i r  su p p ly  d u c t  a t  an  elbow  2 f t .  u p s tre a m  o f  th e  s t r a i g h t e n 

in g  v a n e s .

I n l e t  an d  o u t l e t  g a s  sam p les  a r e  draw n th r o u $ i  

i n d i v i d u a l  a c id - b u b b le r s  w here t h e  ammonia was a b s o rb e d  an d  th e  

r e s i d u a l  a i r  was c o l l e c t e d  o v e r  w a te r .  The i n l e t  g a s -s a m p lin g  

a r ra n g e m e n t c o n s i s te d  o f :  (1 )  an  alum inum  p ro b e  w ith  s e v e r a l

s m a ll  h o le s  a lo n g  i t s  l e n g th ,  an d  sea led , a t  one end ; (2 ) a  

1 5 - in .  lo n g  a c id - b u b b le r  c o n ta in in g  a  f r i t t e d  g a s  d i s p e r s io n  

tu b e ;  (3 )  a  4 - I I t e r  a s p i r a t o r  b o t t l e  eq u ip p ed  w ith  a  th e rm o 

m e te r  and  m anom eter; (4 )  a  c a l i b r a t e d  2 - l i t e r  f l a s k ;  and  (5 )

, an  a s p i r a t o r .  The p ro b e  was i n s e r t e d  i n  th e  a i r  s u p p ly  d u c t  

j u s t  u p s tre a m  o f  i t s  e n t r y  i n t o  th e  colum n. The v a r io u s  compon

e n t s  w ere c o n n e c te d  i n  th e  o r d e r  l i s t e d  w ith  Tygon tu b in g ,  w ith  

a  b y p ass  betw een  th e  a s p i r a t o r  and a  p o in t  j u s t  u p s tre a m  o f  th e  

a c id - b u b b le r .  The b y p ass  was i n s t a l l e d  t o  p e r m it  p u rg in g  o f  

th e  sa m p lin g  sy stem . The o u t l e t  g a s -s a m p lin g  t r a i n  was i d e n t i 

c a l  to  t h a t  u se d  f o r  th e  i n l e t  g a s ,  w ith  th e  f o l lo w in g  e x c e p 

t i o n s :  (1 )  th e  o u t l e t  g a s  sam ple was draw n from  a  ta p  m ounted

f l u s h  w ith  th e  to p  o f  th e  d u c t  w a l l ;  an d  (2 )  a  2 - 1 / 2 - l l t e r  

a s p i r a t o r  b o t t l e  was u se d  in s t e a d  o f  th e  4 - l l t e r  b o t t l e  u se d  In  

th e  i n l e t  sa m p lin g  l i n e .

F ig u re  4 i s  a  f lo w  d ia g ram  o f  the g a s -s a m p lin g  sy s tem .
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The o u t l e t  w a te r- s a m p lin g  ta p  was lo c a te d  on th e  

d r a in  p ip e  le a d in g  fro ra  th e  column a t  a  s u f f i c i e n t  d i s t a n c e  

from  th e  column to  p e rm it  co m p le te  m ix in g  o f  th e  e f f l u e n t .

S ix  p l a t e  p ro b e s  w ere i n s t a l l e d  a t  v a r io u s  p o s i t i o n s  on th e  

p l a t e .  I t  was o r i g i n a l l y  a n t i c i p a t e d  t h a t  th e s e  p ro b e s  would 

s e rv e  a s  a  m eans o f  o b ta in in g  l i q u i d  p o in t  sam p les . As th e  work 

p r o g r e s s e d ,  i t  was fo u n d  to  be an  i m p o s s i b i l i t y  to  o b ta in  a  l i q 

u id  sam ple fro m  th e s e  p o in t  p ro b e s . I t  was f e l t  t h a t  b la n k in g  

o f f  a  p o r t io n  o f  th e  p l a t e  a ro u n d  th e s e  p ro b e s  was n o t a  f e a s 

i b l e  s o lu t io n  to  t h i s  sa m p lin g  p ro b lem  s in c e  th e r e  was no a r e a  

i n  th e  a c t i v e  b u b b lin g  le n g th  o f  th e  p l a t e  w hich c o n ta in e d  a n y 

th in g  re s e m b lin g  a c l e a r  l i q u i d  s e a l .  A no ther s e t  o f  th r e e  

sam p lin g  p o in t s  vtas lo c a te d  In  th e  o u t l e t  downcomer j u s t  beiow  

th e  u p p e r  edge and in  th e  p la n e  o f  th e  sieve  t r a y .

T herm om eters w ere p ro v id e d  f o r  o b ta in in g  th e  

te m p e ra tu re s  o f  th e  g a s  e n t e r in g ,  o f  th e  l i q u i d  e n t e r in g  and  o f 

th e  l i q u i d  le a v in g  th e  colum n. The p r e s s u r e  d rop  o f th e  a i r  

p a s s in g  th ro u g h  t h e - t r a y  was m easured  by means o f a  m anom eter 

a c r o s s  th e  p l a t e .  Two o th e r  m anom eters w ere i n s t a l l e d  above 

and  below  th e  p l a t e  to  m easu re  th e  s t a t i c  p r e s s u r e  in  th e  u p p e r  

and lo w er s e c t io n s  o f  th e  colum n.

I
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HUN PROCEDURE, ANALYSIS AND 
EXPERIMENTAL MEASUREMENTS

In  o r d e r  to  c a r r y  o u t a  r u n ,  th e  p re d e te rm in e d  a i r  

and  w a te r  f lo w  r a t e s  w ere e s t a b l i s h e d .  A f te r  h a v in g  e s t a b l i s h e d  

th e s e  r a t e s ,  th e  ammonia r a t e  m s  s e t  to  g iv e  a  1% to  2% by v o l 

ume ammonia c o n c e n t r a t io n  In  th e  i n l e t  g as  s tre a m . The system  

was th e n  a llo w e d  to  come to  e q u i l ib r iu m ,  a p e r io d  w hich waB a t  

l e a s t  5 to  7 m in u te s  (1 5 ) .  In  m ost c a s e s ,  sa m p lin g  was s t a r t e d  

10 to  12 m in u te s  a f t e r  s t a r t i n g  th e  ammonia f e e d .  ' The g a s -  

sa m p lin g  l i n e s  w ere p u rg e d  c o n t in u o u s ly  and w ere re a d y  f o r  samp

l i n g  a f t e r  th e  te n -m in u te  e q u i l i b r a t i o n  p e r io d .

The i n l e t  and o u t l e t  g a s  s tr e a m s  w ere sam pled  by 

p a s s in g  a  2000 c c . p o r t i o n  o f  each  s tre a m  .th rough  a b o u t 85  cc . 

o f  a c id - s c r u b b in g  s o l u t i o n .  The a c id  was c o n ta in e d  In  th e  1 5 - in .  

lo n g  a c id - s c r u b b in g  tu b e ;  s u f f i c i e n t  a c id  was added  to  th e  s o lu 

t i o n  to  p r o v id e  a t  l e a 3 t  a  200# excess  of the  a c id  a c t u a l l y  

r e q u i r e d - t o  n e u t r a l i s e  a l l  th e  ammonia i n  th e  cam ple . The 

am m o n ia -fre e  a i r  was th e n  c o l l e c t e d  o v e r  w a te r  i n  th e  a s p i r a t o r  

b o t t l e ,  w hich  had  o r i g i n a l l y  been  c o m p le te ly  f i l l e d  w ith  w a te r . 

The volum e o f  a i r  was m easured  by th e  am ount o f w a te r  draw n 

| from  th e  b o t t l e  i n t o  th e  c a l i b r a t e d  t w o - l i t e r  f l a s k .  A f te r  

s h u t t i n g  o f f  th e  f e e d  to  th e  sam p lin g  t r a i n ,  th e  te m p e ra tu re  

and p r e s s u r e  o f  th e  a i r  i n  th e  a s p i r a t o r  w ere r e c o rd e d . An 

e x c e s s  o f  d i l u t e  c a u s t i c  was th e n  ad d ed  to  th e  a c id  from  th e
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a c id - s c r u b b in g  tu b e . T h is sam ple was t i t r a t e d  w ith  d i l u t e  a c id  

to  th e  brom phenol b lu e  i n d i c a t o r  end p o in t .  P re v io u s  work by 

S c r iv e n  (15 ) shows t h a t  ammonia a b s o rp t io n  was co m p le te  when 

u s in g  th e  a fo re m e n tio n e d  p ro c e d u re . In  a l l  o f  th e  e x p e r im e n ta l  

ru n s  th e  o u t l e t  g a s  sam ples w ere f r e e  o f  e n t r a in e d  l i q u i d ,  f o r  

i t  was o b se rv e d  t h a t  no m o is tu re  a p p e a re d  i n  th e  g a s -s a m p lin g  

l i n e  a t  any  tim e .

H ie co m p o s itio n s  o f  th e  l i q u i d  sam ples le a v in g  th e  

p l a t e  were fo u n d  to  be c o n s ta n t  (maximum d e v ia t io n  n o te d  was 

t  l£ )  a f t e r  s te a d y  s t a t e  o p e r a t io n s  w ere ae lj^eved  on th e  p l a t e .  

T hree  I n s ta n ta n e o u s  o u t l e t  l i q u i d  sam ples w ere ta k e n  fro m  th e  

d r a in  p ip e  d u r in g  th e  g a s -s a m p lin g  o p e r a t io n s .  S u f f i c i e n t  

sam ple  was ta k e n  to  f i l l  a  250  c c . g r o u n d -g la s s  B to p p ered  f l a s k .

, T hese sam ples vrere a n a ly z e d  im m e d ia te ly  b y  t i t r a t i o n  w ith  d i l 

u t e  a c id  to  a  brom phenol b lu e  i n d i c a t o r  end p o in t .

D u rin g  th e  g a s -sa m p lin g  p e r io d ,  th e  v a r io u s  m anom eter 

and  th e rm o m ete r r e a d in g s  were r e c o rd e d . S p ray  and f r o t h  h e i g h t ,  

o b se rv e d  a s  th e  a v e ra g e  h e ig h t  above th e  t r a y ,  w ere a l s o  

re c o rd e d  a t  t h i s  tim e .
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T a b le  I I I  in  th e  A ppendix p r e s e n t s  a  summary o f  th e  

e x p e r im e n ta l  d a t a  and  th e  com puted fSurphree p l a t e  e f f i c i e n 

c i e s  f o r  a l l  a c c e p ta b le  ru n s .

P 'k t e r i a l  B a la n c e s . A raefceria l b a la n c e  f o r  ammonia* l lM ■>"■■■  .........   I I I l| '«!■ '« ■ M

h a s  been  c a l c u l a t e d  f o r  e ach  ru n  a s  pounds o f  ammonia a b so rb e d  

i n  fe h e m te r  le a v in g  th e  t r a y  p e r  u n i t  tim e  d iv id e d  by  poupd# o f  

ammonia s t r i p p e d  from  th e  g a s  p a s s in g  th ro u g h  th e  t r a y  p e r  u n i t  

t im e , e x p re s s e d  a s  p e r c e n t .  The a v e ra g e  m a te r i a l  b a la n c e  i s  

a b o u t 90%,

A ll b u t  one o f  the. m a te r i a l  b a la n c e s  ran g ed  from  88# 

t o  9$%, T hese b a la n c e s  w ere c o n s id e re d  a c c e p ta b le  a s  some w a te r  

i s  a lw ay s  i n  th e  sp a c e  below  th e  t r a y .  H ie incom ing  g a s  co n 

t a i n i n g  ammonia c o n ta c t s  t h i s  l i q u i d  b e fo r e  p a s s in g  th ro u g h  th e  

t r a y  and  th e r e b y  lo s e s  a sm a ll p o r t io n  o f  th e  ammonia. H ie 

l i q u i d  i n  th e  bo ttom  o f  t h e  to w e r  i s  c o n t in u o u s ly  r e p le n i s h e d  

by  p l a t e  le a k a g e .  . In  a l l  c a s e s  t h i s  le a k a g e  m s  sm a ll com pared 

to  th e  b u lk  o f  l i q u i d  f lo w in g  a c ro s s  th e  p l a t e .  T h is  l o s s  o f  

ammonia i s ' r e f l e c t e d  i n  t h e  m a t e r i a l  b a la n c e s  o b ta in e d .  I t  

a c c o u n ts  a t  l e a s t  f o r  a  p a r t  o f  t h e  d e v ia t i o n  o f  th e  b a la n c e  

fro m  th e  100#  e x p e c te d  v a lu e .  The re m a in in g  p o r t i o n  o f th e  d i f 

f e r e n c e  i s  u n d o u b te d ly  d u e  to  a n a l y t i c a l  e r r o r s .
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M urphree P l a t e  E f f i c i e n c i e s . P l a t e  e f f i c i e n c y  on a  

v a p o r  b a s i s  h a s  been  c a l c u l a t e d  by th e  fo rm u la :

Emv -  Yir . -  Yo u t
m  7 in    SXSSt

vthere Yin  d e n o te s  th e  e x p e r im e n ta l ly  m easu red  i n l e t  g a s  

c o m p o s it io n . I t  m s  c o n s id e re d  to  c o r r e c t  th e  I n l e t  g as  com

p o s i t i o n  to  a  p seu d o  v a lu e  w here th e  pseudo  v a lu e  re p re se n t®  a

v a lu e  c a l c u l a t e d  fro m  tr ie  o u t l e t  g a s  and  l i q u i d  c o m p o s itio n s .

T h is  m ethod o f  c a l c u l a t i o n  was t e s t e d ,  b u t t h e  m o d era te  v a r i a 

t i o n  i n  th e  i n l e t  c o m p o s itio n  h au  l i t t l e  e f f e c t  on t h e ' e f f i c i 

en c y , ow ing to  th e  n a tu r e  o f  e q u a t io n  (12) and  to  th e  liig h  

s o l u b i l i t y  o f  ammonia i n  w a te r .

The s lo p e  o f  th e  e q u i l ib r iu m  c u rv e , m, was e v a lu a te d  

a t  t tfe  a v e ra g e  te m p e ra tu re  o f  th e  l i q u i d  on th e  t r a y ,  u s in g  th e  

a m m o n ia -a ir -w a te r  e q u i l ib r iu m  d a ta  ta k e n  from  S c r iv e n  (1 5 ) .  

T hese d a ta  a r e  p l o t t e d  i n  Figux^e 16 an d  a r e  p r e s e n te d  i n  th e  

sam ple c a l c u l a t i o n  s e c t io n  i n  th e  A ppendix .

P o in t  and T ra n s f e r  E f f i c i e n c i e s . The e x p e r im e n ta l  

p rog ram  was co n cern ed  w ith  th e  m easurem ent o f  M urphree p l a t e  

e f f i c i e n c y ;  how ever, i t  i a  o f  i n t e r e s t  to  r e l a t e  th e s e  m easured  

e f f i c i e n c i e s  t o  th e  m ore fu n d a m e n ta l p o in t  e f f i c i e n c y  ( o r  tra n s*  

f e r  e f f i c i e n c y ,  in  th e  c a se  o f  s ie v e  t r a y 3 ) .  W. rC. L ew is, J r .  

(10) h a s  shown t h a t  th e  p o in t  e f f i c i e n c y  i a  i d e n t i c a l  to  th e  

p l a t e  e f f i c i e n c y  when th e  v a p o r  b e n e a th  th e  t r a y  i s  o f u n ifo rm
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c o m p o s itio n  and  when th e  l i q u i d  on th e  t r a y  I s  w e ll  m ixed . The 

o t h e r  ex trem e  c o n d i t io n  of p la te  b e h a v io r  I b " p lu g  f lo w " , i . e . ,  

t h e r e  i s  no b ack  m ix in g  o f  l i q u i d  i n  th e  d i r e c t i o n  o f  l i q u i d  

t r a v e l .  In  t h i s  c a s e  th e  l a r g e s t  d i f f e r e n c e  betw een  p o i n t  and  

p l a t e  e f f i c i e n c y  i s  o b s e rv e d . In  th e  c a s e  o f  p lu g  f lo w  (1 0 ) 

th e  two e f f i c i e n c i e s  a r e  r e l a t e d  by :

E0G ** w \ v ln(l+%/fflGj//LM) • (13)
mOjy/Ljj

H ence, f o r  th e  l i m i t i n g  c a s e ,

*00 *
a s  mGfl/Lfi 0

I t  can  b e  se e n  t h a t  f o r  s u f f i c i e n t l y  s m a ll  v a lu e s  o f  th e

two e f f i c i e n c i e s  w i l l  be  v e ry  n e a r ly  e q u a l  r e g a r d l e s s  o f  th e  m ix 

in g  s i t u a t i o n .  At a l l  e x p e r im e n ta l  c o n d i t io n s  o f  l i q u i d  and  g a s  

f lo w s ,  I t  was a p p a re n t  t h a t  m ix in g  was ta k in g  p l a c e  i n  th e  b u lk  

o f  th e  l i q u i d  on th e  t r a y .  S in c e  th e  v a lu e  o f  i s  sm a ll

f o r  a l l  th e  r u n s ,  and  s in c e  m ix in g  o f  f r o t h  was o b se rv e d  i n  th e  

e x p e r im e n ts ,  i t  I s  co n c lu d ed  t h a t  th e  m easu red  p l a t e  e f f i c i e n c y  

an d  p o in t  o r  t r a n s f e r  e f f i c i e n c y  a r e  i d e n t i c a l .

S e le c t io n  o f  th e  Range o f  O p e ra tin g  V a r ia b l e s . B e fo re  

p la n n in g  th e  s t a t i s t i c a l  p ro g ram , a  s e r i e s  o f  r u n s  w ere made to  

s e l e c t  maximum and minimum g a s  and l i q u i d  r a t e s  w hich w ould 

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

d i t i o n s  w ere d e te rm in e d  by a r b i t r a r i l y  o b s e rv in g  p l a t e  le a k a g e  

and  l i q u i d  e n tra in m e n t i n  th e  o u t l e t  g a s  a t  s e v e r a l  w e ir  h e ig h t s
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w h ile  v a ry in g  th e  g a s  and l i q u i d  r a t e s .  F o r  th e  t r a y  u sed  in  

t h i s  s tu d y ,  th e  loner  l i m i t  o f  g a s  r a t e  was a t  a  s l o t  v e l o c i t y  

o f  a b o u t 40 f t . / s e c .  At t h i s  c o n d i t io n ,  p l a t e  lealcage was 

f a i r l y  l a r g e  b u t was n o t c o n s id e re d  to  be s e v e re  enough to  r e 

q u i r e  th e  u se  o f a  l a r g e r  v a lu e  f o r  minimum g as  r a t e .  The u p p e r  

g a s  r a t e ,  a p p ro x im a te ly  a s l o t  v e l o c i t y  o f  100 f t . / s e c . ,  was 

l im i t e d  by th e  c a p a c i ty  o f  th e  S p en cer T u rb o -co m p resso rs . At 

t h i s  r a t e ,  a f a i r  am ount o f  f i n e  sp ra y  was e n t r a in e d  i n  th e  o u t 

l e t  g a s  s tre a m . These d ro p s  w ere o b se rv ed  to  be c o a le s c in g  in  

t h e  c a n v a s  p o r t io n  o f th e  o u t l e t  d u c t ,  li ie  u p p e r  l i m i t  o f g a s  

r a t e  was t h e r e f o r e  s e t  a t  a  v a lu e  o f  90  f t . / s e c . ,  where l i t t l e  

o r  no c o a le s c in g  o f  sp ra y  was n o te d  i n  th e  o u t l e t  d u c t .

L iq u id  r a t e s  i n  th e  column w ere d e te rm in e d  by th e  . 

e f f e c t s  o f  w e ir  h e i g h t ,  g a s  r a t e  and o u t l e t  down-cam er f r o t l i  

h a n d l in g  c a p a c i ty .  Thus, a t  a  z e ro  w e ir  h e ig h t ,  s u f f i c i e n t  l i q 

u id  had  to  be p a s se d  a c ro s s  th e  t r a y  to  p re v e n t  th e  t r a y  from  

"b lo w in g  d r y " ,  Thi3 c o n d i t io n  o c c u rs  a t  low  l i q u i d  r a t e s  when 

th e  g a s  r a t e  wa3 m a in ta in e d  a t  c o n d i t io n s  n e a r  th e  c e n te r  o f  

d e s ig n  g a s  r a t e  (a  s l o t  v e l o c i t y  o f 55 f t . / s e c . ) .  I t  was found  

t h a t  l i q u i d  r a t e s  o f  a b o u t 25  to  35 gpm would p r e v e n t  th e  t r a y  

fro m  b lo w in g  d ry  a t  th e  z e ro  w e ir  h e ig h t  c o n d i t io n .  A .w ater f lo w  

r a t e  o f  35 gpm wa3 th e n  e s t a b l i s h e d  f o r  th e  c e n te r  o f d e s ig n  con

d i t i o n .  The u p p e r  l i m i t  o f  l iq u id , r a t e ,  00 gpm, was d e te rm in e d  

by th e  head o f  w a te r  a v a i l a b l e  i n  th e  c o n s ta n t  head  w a te r  

sy s tem .
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W ith th e  g a s  ra n g e  l i m i t s  s e t  a t  s l o t  v e l o c i t i e s  

r a n g in g  from  40 to  90  f t . / s e c . ,  and  l i q u i d  r a t e s  o f  35 g p a  a t  

th e  c e n t e r  o f  d e s ig n  and  60  gpm a t  th e  u p p e r  f lo w  l i m i t ,  w e ir  

h e i g h t s  w ere v a r ie d  t o  d e te rm in e  t h e  ra n g e  o f  s t a b l e  o p e r a t io n .  

D u rin g  t h i s  e v a lu a t io n  s p e c i f i c  s e t s  o f  c o n d i t io n s  w ere fo u n d  

w here f r o t h  b u i l t  up  i n  th e  o u t l e t  l i q u i d  dow n-com er and r e s u l t e d  

i n  a n  e x a g g e ra te d  f r o t h  d e p th  on th e  p l a t e .  I t  was f u r t h e r  fo u n d  

t h a t ,  i n  some c a s e s ,  th e  f r o t h  on th e  p l a t e  and  i n  th e  down- 

com er c o u ld  be re d u c e d  t o  p e rm it  norm al o p e r a t io n  when ammonia

was f e d  t o  th e  i n l e t  g a s  s tre a m . S in c e  i t  was o f  I n t e r e s t  to

in c lu d e  ssero w e ir  h e ig h t  i n  o u r  e x p e r im e n ta l  d e s ig n  ( r e p r e s e n t i n g  

a  c o n d i t io n  o f  minimum f r o t h  h e ig h t  and l i q u i d  h o ld -u p  on th e  

p l a t e ) ,  w e ir  h e ig h t s  f o r  th e  s t a t i s t i c a l  p rogram  w ere v a r ie d  

fro m  z e ro  to  3 .3 6  in c h e s .
t

M easurem ent o f  F ro th  H e ig h t . H ie c h a r a c t e r i s t i c  o f  

th e  f r o t h  was o b se rv e d  a t  a l l  o p e r a t in g  c o n d i t io n s .  I t  was d i f 

f i c u l t  t o  d e f in e  th e  f r o t h  h e ig h t  to  b e t t e r  th a n  £  1 in c h  in  

m ost o f  th e  r u n s ,  B ie  r e a s o n  f o r  p l a c in g  t h i s  l i m i t  on f r o t h  

h e i g h t  i s  due to  th e  p h y s ic a l  a p p e a ra n c e  o f th e  a e r a te d  m ass o f  

l i q u i d  above th e  t r a y .  In  a l l  c a s e s  th e  f r o t h  on th e  t r a y  can 

be  b ro k en  down I n to  t h r e e  z o n e s :

(1 )  Zone 1 r e p r e s e n t s  an  a r e a  o f  f r o t h  d i r e c t l y

above the , t r a y .

(2 )  Zone 2 r e p r e s e n t s  an  a r e a  o f  l a r g e  e n t r a in e d  

d ro p s  o f  l i q u i d  r ip p e d  o u t  o f  Zone 1 by th e
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g a s  s tre a m . 'Haese d ro p s  t e n d  to  d ro p  b ack  

on th e  p l a t e , b u t  u s u a l l y  a t  a  p o in t  down 

th e  t r a y  and  a lo n g  th e  p a th  o r  l i q u i d  

t r a v e l .

(3 )  Zone 3 r e p r e s e n t s  a n  a r e a  o f  f i n e  s p r a y  

d r o p l e t s  t h a t  a r e  c a r r i e d  a t  l e a s t  21 

in c h e s  ab o v e  th e  l e v e l  o f  t h e  t r a y  and 

w hich , on c o a le s c in g  w ith  th e m s e lv e s  o r  

th e  a o lu m n 's  i n t e r i o r  s u r f a c e s ,  r e t u r n  t o  

th e  l i q u i d  on th e  t r a y .

She f r o t h  h e i g h t s  r e p o r te d  i n  T a b le  I I I  o f  th e  A ppendix  

a r e  a n  a t te m p t  t o  d i f f e r e n t i a t e  betw een  Zones 1 and 2 . T h is  

a t te m p t  was made b e c a u se  Zone 2 s p ra y  h e i g h t  was fo u n d  t o  v a ry  

g r e a t l y  a t  d i f f e r e n t  g a s  r a t e s .  T h is  zo n e  c o n s i s t e d  o f  l i q u i d  

d ro p s  r i d i n g  i n  a  c o n t in u o u s  a i r  s tre a m  w h ile  Zone 1 was co n -
9

a id e r e d  t o  be  an  a r e a  o f  a e r a te d  l i q u i d  itfie re  a  c o n tin u o u s  l i q 

u id  f i l m  c o n ta in e d  g a s  b u b b le s  o f  v a ry in g  s i z e s .  S in c e  we c o u ld  

n o t  e s t im a te  th e  am ount o f  l i q u i d ,  th e  s i z e  o r  num ber o f  th e  

d ro p s  i n  Zone 2 ,  t h i s  a r e a  f o r  m ass t r a n s f e r  d o e s n 't  o f f e r  a  

m eans o f  c o r r e l a t i o n  t o  th e  o p e r a t in g  v a r i a b l e s .  She f r o t h  

h e ig h t  (Zone l )  can  be  r e l a t e d  t o  th e  o p e r a t in g  v a r i a b l e s ;  how

e v e r ,  i t  sh o u ld  be r e a l i z e d  t h a t  i t  was v e ry  d i f f i c u l t  t o  f i n d  

a  e h a rp  i n t e r f a c e  be tw een  Zones 1 and 2  and  t h e r e f o r e ,  f r o t h  

h e ig h t  v a r i e s  o v e r  a  f a i r  ra n g e  to  in c lu d e  w hat a p p e a re d  t o  be 

th e  zone i n t e r f a c e  c o n d i t io n .
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S t a t i s t i c a l  D e s ig n . In  p la n n in g  th e  s t a t i s t i c a l  

p ro g ram , th e  r o t a t a b l e  d e s ig n  was s e l e c t e d  f o r  th e  e x p e r im e n ta l  

w ork. T h is  p l a n  (shown I n  F ig u re  1 o f  th e  p r e v io u s  I n t r o d u c t io n  

And B ackground  S e c t io n )  p e rm its  r e a d y  c a l c u l a t i o n  o f  e x p e r im e n ta l  

e r r o r  and  p e r m i t s  e a sy  d e te r m in a t io n  o f  th e  c o e f f i c i e n t s  o f  th e  

l i n e a r  and  seco n d  o r d e r  te rm s  i n  th e  p ro p o se d  p o ly n o m ia l eq u a 

t i o n .  T a b le  I  p r e s e n t s  a  summary o f th e  m eaning o f  th e  co d in g  

sym bols u s e d  i n  th e  s t a t i s t i c a l  p rog ram .

TABLE I

SUMMARY OF STATISTICAL CODING

V a r ia b le
C oding Symbol 
X i, Xg o r  X3

0

+ 1

-  1

+  1 .6 8 2  

-  1.682

L iq u id  R a te ,
. . .....SB? ..........

35

50

20

60

9 .8

W eir H e ig h t, 
In c h e s

1.682

2 .6 8 2  

0 . 682

3 .3 6 4

0

Gas R a te , 
US* f P a -

65

80

50

9 0 .2 3

3 9 .7 7

NOTE:

The r e s u l t i n g  code i s  t h e r e f o r e :

L iq u id  R a te : 

W eir H e ig h t:  

Gas R a te :

X1 -  (L 1-35  gpm )/15 

X2 -  (W -1.682 i n . )

X^ » (u g -6 5  f t . ' / s e c .  ) / l 5
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The e x p e r im e n ta l  d a t a  w ere c o r r e l a t e d  v e ry  w e ll  by th e  

p ro p o se d  seco n d  d e g re e  p o ly n o m ia l e q u a t io n .  The f i n a l  form  of 

th e  e q u a t io n  vras:

Epjy -  7 9 .4 3  + 2 . 3 7 ^  + 6.76X 2  -  0 . l 4 x 3

+ 1 . 7 5 X2 * 2  ~ 1 . 3 3 X3 X3 + 1 . 52X3X3 (15)

•  O.ZBXj2 ~ + 0 .42X 32

The c o d in g  sym bols f o r  g a s  r a t e ,  l i q u i d  r a t e  and w e ir  h e ig h t  

a r e  u se d  i n  t h e  d e r iv e d  e x p r e s s io n  to  k eep  w orking v a lu e s  o f  

th e  v a r i a b l e s  a s  s m a ll  n u m b ers .

S e v e r a l  te rra s  i n  e q u a t io n  (1 5 ) have  l i t t l e

s i g n i f i c a n c e  when com pared t o  t h e  mean s q u a re  of th e  e x p e r i -
2  p

m e n ta l e r r o r .  T hese te rra s  a r e  th e  X3 , X1 and  X3 . Shey h av e , 

h o w ev er, b een  UBed i n  a l l  c a l c u l a t i o n s  u t i l i z i n g  th e  d e r iv e d  

c o r r e l a t i o n .  T3ie s t a t i s t i c a l  p rog ram  c a l c u l a t i o n s  a r e  p r e s e n te d  

i n  th e  A ppendix .

E q u a tio n  (1 5 ) was u t i l i z e d  to  p r e p a r e  a s e r i e s  o f  

e f f i c i e n c y  c o n to u r s  a t  g a s  s l o t  v e l o c i t i e s  o f  50  f t . / s e c .

(X3  m 6 5  f t . / s e c .  (X3  * 0 ) and  80  f t . / s e c .  (X3 * +1 ) .  l i ie s e  

e f f i c i e n c y  c o n to u rs  a r e  p r e s e n te d  i n  F ig u re s  5 , 6 and  7 .
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FIGURE L
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FIGURE b

MURPHREE PLATE EFFICIENCY CONTOURS 

AT THE GAS RATE LEVEL , X3 = 0

MAXIMUM LIQUID RATE, 
6 0  GPM

MINIMUM LIQUID RATE 
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FIGURE T

MURPHREE PLATE EFFICIENCY CONTOURS 

AT THE GAS RATE LEVEL , X3 = I

MINIMUM LIQUID RATE,  
0 GPM

MAXIMUM LIQUID RATE 
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’Hie f o re g o in g  f i g u r e s  p r e s e n t  l i n e s  o f  c o n s ta n t  

M urphree p l a t e  e f f i c i e n c y  a s  a  f u n c t io n  o f  th e  f ix e d  g a s  r a t e  

and  v a r io u s  c o m b in a tio n s  o f  w e ir  h e ig h t  and  l i q u i d  r a t e .  The 

r i d g e  l i n e  p r e s e n te d  on th e  p l o t  r e p r e s e n t s  th e  tu r n in g  p o in t  o f  

a  p a r a b o l i c  e q u a t io n ,  an d  s o l u t i o n s  o f  e q u a t io n  (15 ) above t h i s  

l i n e  a r e  d is c a r d e d  a s  b e in g  u n r e a l  v a lu e s .  V a rio u s  p o i n t s  o f  

th e  e x p e r im e n ta l  p la n  a r e  in c lu d e d  on th e  f i g u r e s  i n  o r d e r  to  

p r e s e n t  th e  ra n g e  o f  th e  e x p e r im e n ta l  d a t a  u s e d  to  d e r iv e  th e  

c o n to u r  m aps. The v a r io u s  e x p e r im e n ta l  p o i n t  e f f i c i e n c i e s  r e p 

r e s e n te d  on th e s e  f i g u r e s  f a l l  on e f f i c i e n c y  c o n to u r  l i n e s  which 

l i e  be tw een  th e  l i n e s  t h a t  hav e  been  p l o t t e d .  The c lo s e  a g r e e 

m ent o f  th e  e x p e r im e n ta l  d a t a  and e q u a t io n  ( 1 5 ) c a l c u l a t e d  

e f f i c i e n c y  i s  p r e s e n te d  i n  T ab le  V II  o f  th e  A ppendix . The m axi

mum d e v i a t i o n  n o te d  i s  l e e s  th a n  -  2 . 55#  e f f i c i e n c y  u n i t s ,  

w hich  i s  th e  maximum d e v i a t i o n  e x p e c te d  by  e x p e r im e n ta l  e r r o r .

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

w hich  can  be i n t e r p r e t e d  t o  r e p r e s e n t  th e  a f f e c t  o f  l i q u i d  h o ld 

up and  f r o t h  h e ig h t  on e f f i c i e n c y ,  a n d , o f  c o u r s e ,  r e l a t e  th e s e  

f a c t o r s  t o  th e  p a r t i c u l a r  c o n d i t io n  o f  w e ir  h e ig h t  and  l i q u i d  

r a t e  r e q u i r e d  to  a t t a i n  th e s e  c o n d i t io n s .  The m ost e f f e c t i v e  

way o f  i n c r e a s i n g  th e  l i q u i d  h o ld -u p  i s ,  o f  c o u rs e ,  by  I n c r e a s in g  

th e  w e ir  h e ig h t  on th e  t r a y .  C hanging w e ir  h e ig h t  a l s o  i n c r e a s e s  

th e  f r o t h i n g  a c t io n  on th e  t r a y  a t  any  g iv e n  s e t  o f  l i q u i d  and 

g a s  r a t e s .  B ecause  o f  t h i s  g e n e ra l  r e l a t i o n s h i p  we f i n d  sm a ll 

ch an g es  I n  w e ir  h e ig h t  a t  c o n s ta n t  l i q q i d  r a t e s  r e s u l t  I n  a  

r a p id  I n c r e a s e  i n  e f f i c i e n c y .
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I n c r e a s in g  l i q u i d  r a t e  a t  c o n s ta n t  w e ir  h e ig h t  and  g a s  

r a t e  p r im a r i l y  in c re a se ©  th e  f r o t h  h e ig h t  on th e  t r a y  and  th u s  

r e s u l t a  i n  an  in c r e a s e d  e o n t a c t  tim e  o f  th e  g a s  and l i q u i d  on th e  

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

on e f f i c i e n c y  th a n  do es th e  w e ir  h e i g h t .

Hhe e f f e c t  o f  g a s  r a t e  c a n n o t be se en  by  in s p e c t i o n  o f  

an y  s i n g l e  e f f i c i e n c y  c o n to u r  map. However, i f  t h e  t h r e e  c o n to u r  

maps a r e  exam ined a s  a  s e r i e s ,  i t  can be seen  t h a t  th e  r id g e  l i n e  

d i s p l a c e s  upw ards and t h e  e f f i c i e n c y  c o n to u rs  t o  th e  l e f t  a© g as  

r a t e  I s  in c r e a s e d  by m oving from  F ig u re  5 t o  F ig u re  6  t o  F ig u re  

7 . 'Che te rm s  i n  e q u a t io n  ( 1 5 ) w hich a r e  r e s p o n s ib le  f o r  t h i s  

e f f e c t  a r e  t h e  I n t e r a c t i o n  te rm s o f  g a s  r a t e  and  l i q u i d  r a t e  

(XXX3 ) an d  g a s  r a t e  and w e ir  h e ig h t  (XgX^) a s  th e  l i n e a r  and  

sq u a re d  g a s  r a t e  term© a r e  © m all.

A t c o n s ta n t  w e ir  h e ig h t  and  l i q u i d  r a t e s  th e  i n t e r a c t i o n  

te rm  X2X3  ha© more s ig n i f i c a n c e  th a n  th e  te rm  i . e . ,  th e  XgXg

c o e f f i c i e n t  i s  + 1 .5 2  and  th e  c o e f f i c i e n t  o f  th e  XjX^ te rm , -  1 . 3 3 . 

T hese two te rra s  r e p r e s e n t  th e  e f f e c t  o f  th e  i n t e r a c t i o n  te rm s  on 

g a e - l l q u l d  c o n ta c t  tim e  and  a v a i l a b l e  i n t e r f a e i a l  a r e a  f o r  mass 

t r a n s f e r .

E q u a tio n  (1 5 ) h a s  a l s o  b een  u t i l i z e d  to  p r e p a r e  a 

s e r i e s  o f  c u rv e s  w hich p r e s e n t  e f f i c i e n c y  a s  a f u n c t io n  o f  w e ir  

h e i g h t  a t  v a r io u s  l i q u i d  and g a s  r a t e s .  T hese f i g u r e s ,  F ig u re s  

S , 9  an d  1 0 ,  a r e  c r o s s - p l o t s  o f  e f f i c i e n c y  c o n to u rs  p r e s e n te d  i n  

F ig u re s  5 , 6  and  7 . ’
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FIGURE
MURPHREE PLATE EFFICIENCY AS A FUNCTION 

OF WEIR HEIGHT AT

GAS SLOT VELOCITY, = 8 0  fps  
AND INDICATED LIQUID RATES
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FIGURE 3
MURPHREE PLATE EFFICIENCY AS A FUNCTION

OF WEIR HEiGHT AT
GAS SLOT VELOCITY, u$ = 65 fps
AND INDICATED LIQUID RATES
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FIGURE i ‘
MURPHREE PLATE EFFICIENCY AS A FUNCTION 

OF WEIR HEIGHT AT

GAS SLOT VELOCITY , u$ = 5 0  fps 
AND INDICATED LIQUID RATES
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'Hie g en e ra l f e a tu re s  of F igures 8 , 9 and 10 re q u ire  

sane i n t e r p r e t a t i o n .  The in te r e s t in g  a sp e c ts  of th e se  p lo ts  a re  

th e  p r e d ic t io n  o f an optimum e f f ic ie n o y  a t  th e  la rg e r  va lues of 

weir h e ig h t ,  and th e  convergence (a c tu a l c ro ss -o v e r)  o f th e  

e f f ic ie n c y  curves a t  th e  lower w eir h e ig h ts .

The c ro ss -o v e r  o f e f f ic ie n c y  l in e s - shown on F igure 8, 

occurs a t  a  w eir h e ig h t of about 1 -1 /4  in .  and in d ic a te s  a 

d ec reased  e f f ic ie n c y  a t  lower w eir h e ig h ts  a s  th e  l iq u id  r a t e  i s  

in c re a se d . T his appears to  be an anomalous e f f e c t  as one would 

expect to  observe  in c reased  f r o th  h e ig h t and, th e re fo re ,  in c reased  

g a s - l iq u id  c o n ta c t time and in c re a se d  e f f ic ie n c y  as  th e  l iq u id  

r a t e  l a  in c re a se d . To ex p la in  th e  a c tu a l r e s u l t s ,  one mu3t 

examine th e  experim en ta l d a ta  f o r  two runs a t  a gas s l o t  v e lo o ity  

of 30 f t . / s e c .  and a w eir h e ig h t o f 0.682 in .  The l iq u id  r a te s  

f o r  th e se  runs were 20 and 50 gpm, r e s p e c tiv e ly . In th e  50 gpm 

'c a s e ,  a s ta b le  6 to  8 in . l iq u id  f r o th  h e ig h t was observed, 

w hile a t  th e  20 gpa r a te  a v io le n t ly  a g i ta te d  5 to  8 in .  f r o th  

h e ig h t was no ted . E ff ic ie n c ie s  were 7,0.80^ f o r  th e  50 gpm run 

and 7 1 .46% f o r  th e  20 gpm ru n . One o th e r  experim enta l observa

t io n  th a t  i s  s ig n i f ic a n t  i s  th e  c h a ra c te r  of th e  l iq u id  spray  

above th e  t r a y .  At th e  20 gpm r a t e ,  la rg e  d iam eter l iq u id  drops 

were c a r r ie d  by th e  gas as  much as  21 inches above th e  t r a y ,  w hile 

a t  th e  50 gpm r a t e ,  th e se  la rg e  d iam eter drops were confined to  a 

normal h e ig h t o f  about 12 in ch es  above th e  t r a y .  I t  can be con

cluded t h a t  th e  g r e a te r  amount o f  la rg e  d iam eter l iq u id  drops
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o b se rv e d  a t  th e  20 gpm l i q u i d  r a t e  a f f o r d  an  in c r e a s e d  m ass 

t r a n s f e r  a r e a  and g a s - l i q u i d  c o n ta c t  tim e  w hich r e s u l t *  i n  a  n e t  

in c r e a s e  i n  p l a t e  e f f i c i e n c y  above th e  v a lu e  one would e x p e c t i f  

a  s t a b l e  l i q u i d  f r o t h  had  been d e v e lo p e d  on th e  t r a y .

At th e  80 f t . / s e c .  g a s  s l o t  v e l o c i t y  and  w e ir  h e ig h t s  

o f  2 .6 8 2  i n . ,  a  s t a b l e  f r o t h  was o b se rv e d  a t  b o th  t h e '20 and 50  

gpm l i q u i d  r a t e s .  I n  t h i s  c a s e ,  an  e x c e s s  am ount o f  l a r g e  d iam 

e t e r  l i q u i d  d ro p s  w ere n o t  o b se rv e d  a t  th e  lo w er l i q u i d  r a t e ,  

and  one o b se rv e d  a  s i g n i f i c a n t l y  h ig h e r  p l a t e  e f f i c i e n c y  a t  th e  

h ig h e r  l i q u i d  r a t e .

Ih e  c r o s s - o v e r  o r  co n v e rg en ce  o f  e f f i c i e n c y  l i n e s  i s ,  

t h e r e f o r e ,  a t t r i b u t e d  to  a  c o n d i t io n  o f  u n s ta b le  p l a t e  o p e ra 

t i o n ;  i n  t h i s  c a s e ,  th e  f a i l u r e  to  e s t a b l i s h  s u f f i c i e n t  l i q u i d  

h ead  on th e  p l a t e  t o  c a u se  a t ta in m e n t  o f  a  s t a b l e  l i q u i d  f r o t h .

The maximum v a lu e s  o b ta in e d  i n  th e  c u rv e  a t  th e  

g r e a t e r  v a lu e  o f  w e ir  h e ig h t  i s  f e l t  t o  be r e a l -  and n o t  due to  a  

f a u l t  o f  th e  s t a t i s t i c a l  p ro g ram . One m ig h t e x p e c t  t h a t  i n c r e a s 

in g  th e  d e p th  o f  l i q u i d  on a  p l a t e  w ould alv*ays r e s u l t  I n  

in c r e a s e d  g a s - l i q u i d  c o n ta c t  tim e  a n d , t h e r e f o r e ,  I n c r e a s e d  

e f f i c i e n c y .  I h i s  w ould be t r u e  i f  th e  p l a t e  w ere a lw ay s i n  

s t a b l e  o p e r a t io n  a t  th e  h ig h e r  w e ir  d e p th ,  b u t  we n o te d  t h a t  a s  

w e ir  h e ig h t  in c r e a s e d  ( i n  th e  3 to  5 i n .  w e ir  h e ig h t  r e g io n ) ,  

th e  f r o t h  on th e  t r a y  su rg e d  v i o l e n t l y  a c r o s s  th e  p l a t e .  T h is  

s u rg in g  a c t io n  c r e a te d  some l i q u i d  d e p th s  g r e a t e r  th a n  th e
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a v e ra g e  f r o t h  h e ig h t ,  and  o th e r s  much lo v /e r. S tream s o f  g a s  

co u ld  be se en  j e t t i n g  th ro u g h  th e  p l a t e  a t  th e s e  o p e r a t in g  co n 

d i t i o n s  and u n d o u b te d ly  re d u c e d  g a s - l i q u i d  c o n ta c t  tim e  by g a s  

s h o r t  c i r c u i t i n g .  The e x a c t  u p p e r  a p p l i c a b i l i t y  l i m i t  o f  th e s e  

c u rv e s  sh o u ld  be c o n s id e re d  to  be a b o u t 3 t o  4 in c h e s .  At t h i s  

w e ir  h e ig h t  i t  i s  f e l t  t h a t  th e  p l a t e  i s  s t i l l  in  s t a b l e  

o p e r a t i o n .

E x te n s io n  o f  E x p e r im e n ta l D a ta . B ire e  r u n s  w ere 

co n d u c ted  a t  g a s  s l o t  v e l o c i t i e s  o f  a b o u t 80 f t . / s e c .  an d  th r e e  

c o m b in a tio n s  o f  w e ir  h e ig h t s  and  l i q u i d  r a t e s  t o  s e e  i f  th e  s t a 

t i s t i c a l  e q u a tio n  w ould s u c c e s s f u l ly  p r e d i c t  e f f i c i e n c i e s  o u t 

s id e  th e  ra n g e  o f  th e  o r i g i n a l  e x p e r im e n ta l  d e s ig n .  T ab le  I I  

p r e s e n t s  a  summary o f  ru n  c o n d i t io n s ,  p r e d ic t e d  and  o b se rv e d  

e f f i c i e n c i e s .

TABLE I I  

TEST OF STATISTICAL EQUATION

M urphree 
V a r ia b le  E f f ic ie n c y

P r e d ic te d  By O bserved
h . *2 V E q u a tio n  ( 1 5 ) ,  $ E f f ic ie n c y ,  ^ Run

i 3 .0 0 1 9 6 .7 9 9 1 .2 8 31

i 2 .0 5 1 9 4 .6 1 9 3 .5 8 29

0 2 .0 5 1 9 0 .2 6 9 1 .3 3 30

The ag reem en t o f  th e  p r e d ic t e d  and e x p e r im e n ta l  d a ta  

a r e  r a t h e r  good f o r  runs 29 and  30 ,  and i t  l a  s a f e  to  say  t h a t  th e
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e q u a tio n  ca n  be  u s e d  t o  p r e d i c t  e f f i c i e n c y  v a lu e s  a t  p o in t s  

w hich a r e  n o t  f a r  rem oved from  th e  ra n g e  o f  th e  v a r i a b l e s  co v e re d  

i n  th e  o r i g i n a l  e x p e r im e n ta l  d e s ig n . H ie com p ariso n  o f  p r e d ic t e d  

and  o b se rv e d  e f f i c i e n c y  f o r  ru n  31 shows a  d i f f e r e n c e  w hich i s  

s i g n i f i c a n t l y  g r e a t e r  th a n  one would e x p e e t  fro m  e x p e r im e n ta l  

e r r o r ,  © ie  r e s u l t s  o f  t h i s  ru n  m ig h t h av e  been  p r e d ic te d  to  

show a  d e c r e a s e  i n  e f f i c i e n c y  a s  th e  p l a t e  was o p e r a t in g  a t  w hat 

a p p e a re d  to  b e  a  r a t h e r  u n s ta b le  c o n d i t io n .  T h is  co m b in a tio n  o f  

g a s  r a t e ,  w e ir  h e i g h t  and  l i q u i d  r a t e  g av e  a n  o p e r a t io n  w hich was 

c h a r a c t e r i z e d  by  s u r g e s  o f  l i q u i d  i n  t h e  d i r e c t i o n  o f  g a s  f lo w  

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

th e  g a s ,  on a  tim e  b a s i s ,  th ro u g h  a  s h a l lo w e r  d e p th  o f  l i q u i d ,  . 

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

From t h e s e  e x p e r im e n ts , th e  s t a t i s t i c a l  s tu d y ,  and 

p r e l im in a r y  e x p e r im e n ta l  w ork, i t  i s  co n c lu d ed  t h a t  th e  s t a t i s 

t i c a l l y  d e r iv e d  e q u a t io n  i s  v a l id  i n  th e  ra n g e  o f  o p e r a t in g  v a r i 

a b l e s  s tu d i e d  and  may be u se d  a t  o t h e r  o p e r a t in g  c o n d i t io n s ,  i f  

th e s e  c o n d i t io n s  do n o t  r e p r e s e n t  a  r e g io n  o f  u n s ta b le  p l a t e  

o p e r a t io n .  I t  i s  a l s o  co n c lu d ed  t h a t  t h i s  e q u a tio n  i s  s p e c i f i c  

f o r  th e  p a r t i c u l a r  p l a t e  d e s ig n  u se d  in  t h i s  s tu d y . A d d it io n a l  

e x p e r im e n ta l  work i s  r e q u i r e d  on th e  e f f e c t s  o f  v a r i a t i o n s  i n  

p l a t e  d e s ig n  t o  e n a b le  d ev e lo p m en t o f  a  m ore g e n e r a l  e q u a t io n  

t h a t  c o u ld  be u se d  s u c c e s s f u l l y  to  p r e d i c t  p l a t e  e f f i c i e n c y  f o r  

an y  o f  th e  many p o s s i b l e  p l a t e  d e s ig n s .
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4 5 .

D I S C U S S I O N

The s t a t i s t i c a l  p rog ram  fo llo w e d  i n  t h i s  work le a d s  

one to  th e  c o n c lu s io n  t h a t  w e ir  h e ig h t  and  l i q u i d  r a t e  a r e  th e  

two m ost im p o r ta n t  f a c t o r s  i n  d e te rm in in g  p l a t e  e f f i c i e n c y .

I t  was o r i g i n a l l y  hoped t h a t  s u f f i c i e n t l y  c o n s i s t e n t  d a ta  on 

f r o t h  h e i g h t  c o u ld  be o b ta in e d  from  t h i s  work to  d ev e lo p  a s e c 

ond o r d e r  p o ly n o m ia l e x p r e s s io n  w hich would have c o r r e l a t e d  

f r o t h  h e i g h t  t o  th e  o p e r a t in g  v a r i a b l e s  a s  h a s  been done f o r  

p l a t e  e f f i c i e n c y .  How ever, s in c e  th e  p h y s ic a l  c h a r a c t e r i s t i c s  

o f  th e  f r o t h  a r e  d i f f e r e n t  a t  n e a r ly  a l l  c o m b in a tio n s  o f  th e  

o p e r a t in g  v a r i a b l e s ,  i t  i s  now f e l t  t h a t  t h i s  ty p e  o f  q u a n t i t a 

t i v e  t r e a tm e n t  i s  n o t  p o s s i b l e .  I t  i 3  s t i l l ,  p e rh a p s , v a l id  to  

com pare th e  g e n e r a l  t r e n d s  I n  f r o t h  h e ig h t  and  p l a t e  e f f i c i e n 

c i e s  to  v a r io u s  c o m b in a tio n s  o f  th e  o p e r a t in g  v a r i a b l e s .  T h is  

ap p ro a c h  h a s  been  u se d  to  p r e p a r e  F ig u re s  11 , 12 and 13 , w hich 

p r e s e n t  p r e d i c t e d  p l a t e  e f f i c i e n c i e s ,  f r o t h  h e ig h t s  and e x p e r i 

m e n ta l e f f i c i e n c y  a t  th e  c e n te r  o f  th e  e x p e r im e n ta l  d e s ig n .

Each f i g u r e ,  t h e r e f o r e ,  h a s  two o f  th e  o p e r a t in g  v a r i a b l e s  f ix e d  

and shows th e  e f f e c t  o f  th e  o th e r  v a r i a b l e  on e f f i c i e n c y  and 

f r o t h  h e i g h t .  The cu rv e  r e p r e s e n t in g  f r o t h  h e ig h t  i n  each  ca se  

p r e s e n t s  a  sm ooth c u rv e  th ro u g h  th e  t  1 .6 8 2  and 0 coded v a lu e  

o b se rv e d  c o n d i t io n s .
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FIGURE I 1
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AS A FUNCTION OF GAS RATE AT THE DESIGN CENTER 
WEIR HEIGHT , X2 « 0; 1.682 in.
LIQUID RATE , X, = 0 ; 35 gpm

O EXPERIMENTAL EFFICIENCY DATA

85

70
-2 0 2

8

7

6

5

4

t-
x(T>
Li
x
X
H
O
trLL

3 » GAS RATE



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

FI GURE I ~

PREDICTED  

AS A
MU RPH R EE P L A T E  E F F IC IE N C Y  AND F R O T H  

F U N C T IO N  OF WEIR  HEIGHT AT THE DESIGN

LIQUID RATE , X, = 0 ; 35 gpm
GAS RATE , X3 = 0;  65 fps 
O EXPERIMENTAL EFFICIENCY DATA

90

8 0

0 70

>
2

Id

 f  1-.

60

2 0 2

10

8

6

h-X(£
UJX

o<r
u.

WEIR . H E IG H T

H E IG H T
CENTER



1— o
X
CD
UJ z
X

CD
XOo

UJO
c

X UJ OJX X
1 - 00co

o 1- - J
z <
< O

UJ u
> o- CVJ
o < X

UJ
O
u_
u_
LlJ

UJ
t—
<_l
Q_

U J
LUx
XQ-x

x
o
ZD
O

x
CO
UJ
X

x
UJ
S

o  ±

O
Z
ZDLl

<F-
<a
>■o
2
UJ

tf> o
^  u.u. 
in  u j  co
• ** _j

°  ?  
m z ; 

X  ^

- x
UJ UJ 
(— X< x
X  UJ

3 0
co

CD

Uj

00

1H9I3N HlOdd
ID

CVJ

—i----O'

j _ CVJinm
CD

n)

CO
U-

Q
U J

u j  o  X
ID

CD
<

Q
U J
XX

°/«O ‘ aw 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LI
QU

ID
 

RA
TE



F ig u re  11 i n d i c a t e s  th e  e f f e c t  o f  g a s  s l o t  v e l o c i t y ,  

v a r ie d  fro m  40 f t . / s e c .  {Xx m - 1 .6 8 2 )  t o  90  f t . / s e c ,  (Xx m + 1 .6 8 2 ), 

on p l a t e  e f f i c ie n c y *  The m ost s t r i k i n g  c o n d i t io n  t h a t  pic»sexjt.o 

i t s e l f  h e r e  i s  th e  d e v i a t i o n  o f  t h e  e x p e r im e n ta l  p o i n t s  fro m  

th e  p r e d i c t e d  e f f i c i e n c y  c u rv e . A lthough, t h e  d i f f e r e n c e  betw een  

th e  e x p e r im e n ta l  p o i n t s  and  p r e d i c t e d  c u rv e  I s  w i th in  t h e  maximum 

d e v i a t i o n  e x p e c te d  by e x p e r im e n ta l  e r r o r ,  i t  i s  f e l t  t h a t  a t  th e  

ex trem e  v a lu e s  o f  g a s  r a t e  a  c o n d i t io n  o f  h ig h e r  t i ia n  u s u a l  

p l a t e  le a k a g e  ( a t  40 f t . / s e c . )  an d  g r e a t e r  th a n  u s u a l  e n tra in m a n t 

o f  l i q u i d  ( a t  90 f t . / s e c . )  c a u se  t h e  e x p e r im e n ta l  p o i n t s  t o  b e  

d i s p la c e d  fro m  th e  p o s i t i o n  th e y  w ould occupy  i f  t h e s e  a f o r e -  

m e n tio n ed  o p e r a t in g  p ro b lem s d id  n o t  e x i s t .  ‘Thus, i f  p l a t e  

le a k a g e  w ere l e s s ,  I t  w ould be  e x p e c te d  t h a t  one w ould o b se rv e  a  

d e c r e a s e  i n  e f f i c i e n c y  (4 0  f t . / s e c . ) }  a n d , i f  e n t r a i r t a s n t  w ere 

l e s s ,  one w ould e x p e c t  t o  o b s e rv e  a n  in c r e a s e  I n  e f f i c i e n c y  (90  

f t . / s e e . ) ,  I h e  c u rv e  f o r  f r o t h  h e i g h t  shows a  s te a d y  in c r e a s e  

I n  f r o t h  a s  th e  g a s  r a t e  i s  i n c r e a s e d .  S in c e  th e  l i q u i d  r a t e  

an d  w e ir  h e ig h t  a r e  c o n s ta n t ,  one w ould a n t i c i p a t e  a  s l i g h t l y  

I n c r e a s e d  g a s - l i q u i d  c o n ta c t  a r e a  a s  t h e  f r o t h i n g  a c t i o n  o f  th e  

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

The b a s ic  a s su m p tio n  i n  th e  l a s t  s ta te m e n t  i s :  one m u st t r u l y

g e n e r a te  m ore I n t e r f a c i a l  a r e a  f o r  m ass t r a n s f e r  by  in c r e a s in g  

th e  g a s  v e l o c i t y .  A n o th er m y  o f  s t a t i n g  t h i s  a rg u m en t i s ;  a t  

h ig h e r  g a s  r a t e s ,  one sh o u ld  o b se rv e  a n  in c r e a s e  i n  th e  num ber, 

b u t  n o t  s i z e ,  o f  th e  g a s  b u b b le s  r i s i n g  th ro u g h  th e  l i q u i d  p h a s e , 

th u s  m a in ta in in g  a  h ig h  i n t e r f a c i a l  a r e a  p e r  u n i t  volum e o f  g a s .
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In  a c t u a l  o p e r a t io n ,  how ever, we f i n d  t h a t  a t  th e  h ig h e r  gaa 

r a t e s  we o b se rv e  a  g r e a t e r  c o a le s c in g  o f  t h e  g a s  b u b b le s . T h is  

e f f e c t  l e a d s  to  in c r e a s in g  th e  s u r f a c e  a r e a  o f a  b u b b le , b u t n o t  

to  an  in c r e a s e  i n  th e  s u r f a c e  to  volume r a t i o  o f  th e  a c t i v e  

b u b b le s .  I t  m ig h t, t h e r e f o r e ,  be e x p e c te d  t h a t  I n c r e a s e d  g a s  

r a t e s ,  a l th o u g h  in c r e a s in g  f r o t h  h e i g h t ,  do n o t  I n c r e a s e  m ass 

t r a n s f e r  a r e a  a n d , t h e r e f o r e ,  we sh o u ld  n o t  a n t i c i p a t e  an  i n 

c r e a s e  i n  e f f i c i e n c y .  D ec reased  g a s - l l q » i d  c o n ta c t  tim e  a t  h ig h e r  

g a s  r a t e s  would a l s o  te n d  t o  d e c re a s e  p la t©  e f f i c i e n c y .

S t a t i s t i c a l l y ,  we would p r e d i c t  t h a t  g a s  r a t e  i t s e l f  

d o es  n o t  c o n t r ib u t e  t o  p l a t e  e f f i c i e n c y ,  b u t  co m b in a tio n  o f  g a s  

ra t©  and  l i q u i d  r a t e ,  and g a s  r a t e  and w e ir  h e i g h t ,  do c o n t r ib u t e  

s i g n i f i c a n t l y  to  p l a t e  e f f i c i e n c y .

F ig u re  12 p r e s e n t s  th e  e f f i c i e n c y  c u rv e s  and f r o t h  

h e ig h t  c u rv e s  a s  w e ir  h e ig h t  was v a r ie d  from  z e ro  i n .  (Xg s - 1 . 6 8 2 ) 

to  3 .3 6 4  i n .  (X2 » + 1 .6 8 2 ) a t  c o n s ta n t  g a s  and l i q u i d  r a t e s .  The 

a f / i c i e n c y  cu rv e  and f r o t h  h e ig h t  c u rv e s  I n c r e a s e  m ark e d ly  a e  

w e ir  h e ig h t  i s  I n c r e a s e d .  H i is  in c r e a s e d  f r o t h  h e ig h t  p r im a r i l y  

r e p r e s e n t s  a  l a r g e  in c r e a s e  In  g a s - 1 1 q u id  c o n ta c t  t im e , and  t h e r e 

f o r e ,  r e s u l t s  i n  in c re a s e d  p l a t e  e f f i c i e n c y .  H ie n a tu r e  o f  th e  

f r o t h  i n  t h i s  c a s e  changed l e s s  m a rk ed ly  th a n  i t  d id  i n  th e  v a r y 

in g  g a s  r a t e  exam ple. L a rg e r  d ia m e te r  g a s  b u b b le s  were form ed 

a s  th e  d e p th  o f  l i q u i d  on th e  p l a t e  in c r e a s e d  bub th e s e  b u b b le s  

a lw ays had an in c r e a s in g  c o n ta c t  tim e fo r  mass t r a n s f e r ,  w hich i s  

not th e  c a se  a s  one in c r e a s e s  th e  gas r a te .
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F ig u re  13 p r e s e n t s  th e  e f f i c i e n c y  cu rv e  an d  f r o t h  

h e i g h t  d a t a  a e  l i q u i d  r a t e  was v a r ie d  from  9 . 8  gpm (X^ * - 1 . 6 8 2 ) 

t o  60 gpm (X^ m + 1 .6 8 2 ) . In  t h i s  c a se  i t  was o b se rv e d  t h a t  th e  

g a s  b u b b le s  te n d e d  to  be sw ept a lo n g  i n  th e  d i r e c t i o n  o f  l i q u i d  

t r a v e l  and  a p p e a re d  n o t  to  c o a le s c e  a s  had  been  o b se rv ed  a s  th e  

g a s  r a t e  and  w e ir  h e ig h t  w ere in c r e a s e d .  I t  a p p e a re d  t h a t  t h e  

B h earln g  a c t i o n  o f  th e  l i q u i d  d e c re a s e d  th e  a v e ra g e  g a s  b u b b le  

s i a e ;  t h u s ,  one o b ta in s  a  l a r g e r  g a s  s u r f a c e  a r e a  t o  volum e r a t i o  

a s  l i q u i d  r a t e  i n c r e a s e s .  TSois e f f e c t  and th e  I n c r e a s e d  f r o t h  

h e ig h t  r e s u l t s  i n  I n c r e a s e d  e f f i c i e n c y .

I n  t h i s  d i s c u s s io n ,  we h a v e  n o t  f a c e d  th e  p ro b lem  o f 

r e c i r c u l a t i o n  w hich  o c c u rs  a t  h ig h e r  g a s  r a t e s ,  o r  th e  p rob lem  

o f  t h e  l a r g e  l i q u i d  d ro p s  c a r r i e d  away from  th e  b u lk  o f  th e  

f r o t h .  I t  i s  r a t h e r  d i f f i c u l t  t o  e s t im a te  th e s e  e f f e c t s  a n d , 

t h e r e f o r e ,  no a t te m p t  h a s  been  made to  c h a r a c t e r i z e  them  a s  v a r i 

a b l e s  i n  th e  m ass t r a n s f e r  o p e r a t io n .

Wie d e te r m in a t io n  o f  g as  f i lm  t r a n s f e r  e f f i c i e n c i e s  

f o r  t h e  c o r re s p o n d in g  o v e r a l l  p l a t e  e f f i c i e n c y  h a s  n o t  been  com

p u te d  a s  no e x p e r im e n ta l  d a ta  o f  th e  l i q u i d  f i lm  e f f i c i e n c y  w ere 

ta k e n  d u r in g  t h i s  s tu d y .  S in c e  we o b se rv e d  l a r g e  v a r i a t i o n s  i n  

f r o t h  c h a r a c t e r i s t i c s  a t  th e  v a r io u s  o p e r a t in g  c o n d i t io n s ,  i t  was 

f e l t  t h a t  d a ta  f o r  th e  t r a y  sh o u ld  be d e te rm in e d  e x p e r im e n t

a l l y  and  n o t  by th e  u s e  o f  c o r r e l a t i o n s  o f  th e  ty p e  p r e s e n te d  by 

Rush (1 4 ) o r  West ( 1 8 ) .
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The p r i n c i p a l  c o n c lu s io n  to  be drawn from  t h i s  v/ork 

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

f e r  o p e r a t i o n  i s  p r i m a r i l y  a f u n c t i o n  o f  t h e  w e ir  h e i g h t  and l i q 

u id  r a t e .  I t  i s  f e l t  t h a t  i n c r e a s e d  e f f i c i e n c y  i s  o b s e rv e d  a s  

one i n c r e a s e s  t h e s e  v a r i a b l e s  b e c a u se  o f  a  c o m p lic a te d  r e l a t i o n 

s h ip  o f  i n c r e a s e d  g a s - l i q u i d  c o n t a c t  t im e  and  i n c r e a s e d  i n t e r -  

f a c l a l  a r e a  f o r  mass t r a n s f e r .

The g e n e r a l  c o r r e la t io n  d eveloped  by th e  s t a t i s t i c a l  

program i s  v a l id  over  th e  range o f  v a r i a b le s  s tu d ie d  and can be 

extended  to  o th e r  o p e r a t in g  c o n d it io n s  p rov id ed  one does not  

have an' o p e ra t in g  c o n d it io n  which produces u n s ta b le  p la t e  op era 

t i o n .  The c o r r e la t io n  I s  undoubtedly  s p e c i f i c  f o r  th e  p la t e  

used  in  th e  stu d y . I t  i s  obvious th a t  a g e n e r a l  c o r r e la t io n  o f  

the a v a i la b le  mass t r a n s f e r  area  in  the  f r o t h  i s  d e s ir a b l e  in  

ord er  t o  prepare a more g e n e r a l  c o r r e la t i o n  which cou ld  then  be 

U3ed to  p r e d ic t  e f f i c i e n c i e s  as  a fu n c t io n  o f  o p e r a t in g  v a r ia b le s  

a s  w e l l  a s  a fu n c t io n  o f  she p l a t e  d e s ig n .
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NOMEN&̂ ATUKE

b » g en er a l  c o e f f i c i e n t s  o f  s t a t i s t l e a l  eq u a tio n ,
s u b s c r ip t s  r e f e r  to  a s p e c i f i c  com bination  
o f  v a r ia b le s

C » o r i f i c e  c o e f f i c i e n t

d . f .  * d e g r e e s  o f  freedom

D » d i f f u s i v i t y ,  CBi.^/sec.

* liurphree p l a t e  e f f i c i e n c y ,  ';■>

20G " T ransfer  e f f i c i e n c y ,  #

F «* ga s  column F - f a c t o r  = ,  f t . / s e c .   ̂ l b . / f t . ^

?3 *» g a s  s l o t  F - f a c t o r  -  us \|~jo~, f t . / s e c .  \j l b . / f t . ^

g «* oonveraion  c o n s ta n t ,  ( f t . ) ( l b . m a s s ) / ( l b . f o r c e ) ( s e c . ) ( s e c . )

G »  gas s u p e r f i c i a l  masc v e l o c i t y ,  l b . / ( h r . ) ( f t . “ )

* g a s  s u p e r f i c i a l  m olar mass v e l o c i t y ,  lb .r ii o l e a / ( h r . ) ( f t . 2 )

;-Qa “ £a ® f i l i a  t r a n s fe r  c o e f f i c i e n t ,  I b . m o l e s / ( h r . ) ( f t . 3 )
(u n i t  mole f r a c t io n )

kra *=» l iq u id  f i l m  t r a n s f e r  c o e f f i c i e n t ,  I f c . ia o le s /O ir .) ( f t .  3)
(u n it  mole f r a c t io n )

™ o v e i a l l  mass wrajfisfer c o e f f i c i e n t ,  I d. i.joI e o / ( l i r .  ) ( f t . 3 )
( u n i t  m ole f r a c t i o n )

L* m l i q u i d  r a t e ,  g a l . / a i n .

L « l i q u i d  s u p e r f i c i a l  isaso v e l o c i t y ,  l o . / ( h r . ) ( f t . S ;

Lj,j » l iq u id  s u p e r f i c i a l  molar mass v e l o c i t y ,  l b . n o l e s / ( h r .  ) ( f t . 2 )

m *» s lo p e  o f  e q u il ib r iu m  curve

M.S. «=* mean square

Nq » number o f  g ac. t r a n s f e r  u n ite
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sx number o f  l iq u id  t r a n s fe r  u n i t s

Nqg =* number o f  o v e r a l l  gas  t r a n s fe r  u n i t s

Np «= Schmidt number. H' /  P ^°c
P » ga s  p r e s s u r e ,  atmospheres

A  P *» o r i f i c e  p ressu r e  drop, i n .  H20 or in .  Hg.

S2 «= o r i f i c e  a re a , f t . 2

S .S . ** sum o f  squares

u = s u p e r f i c i a l  column gas v e l o c i t y ,  f t . / s e c .

us  * g a s  v e l o c i t y  through p e r fo r a te d  a rea , f t . / s e c ,

W « . o u t l e t  i /e ir  h e ig h t ,  in .

W * g a s  r a t e ,  lb . /r a in .

X-̂  * coded l iq u id  r a t e ,  (L 1 -35gpm)/15

X2 *= coded u e ir  h e ig h t ,  (W-1 .6 8 2  i n . )

X  ̂ = coded gas r a t e ,  (us ~6 5 ) / l 5

XAy  =* average t r a y  l iq u id  com position

•^out * o u t l e t  t r a y  l iq u id  com position

Yin 50 column i n l e t  gas com position

Yout  = -column o u t l e t  gas com position

Y =* o r i f i c e  expansion  f a c t o r

Yj » p o in t  i n l e t  gas com position

Yg «= p o in t  o u t l e t  gas com position

Zv  = e f f e c t i v e  l iq u id  depth , f t .
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Greek L e t te r s

« g e n e r a l  c o r r e la t in g  c o e f f i c i e n t  in  g e n e r a l  s t a t i s t i c a l  
eq u a tio n

P* * v i s c o s i t y ,  c e n t ip o l s e s

p  -  d e n s i t y ,  l b . / f t . "

£  » summation s ign

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 6 .

REFERENCES CITED

(1 )  Cochran, V/.G., and G.M. Cox, "Experim ental D e s ig n s5' ,  2nd e d . ,  
Chapt3 . 3 and 8A, John W iley and Sons, I n c . ,  New York, 1957

(2 )  D a v ie s ,  O .L ., "The D esign  and A n a ly s is  o f  I n d u s t r ia l  
Experim ents". 1 s t  e d . ,  Chapt. 7 ,  O liv er  and Boyd, London, 
England, 1954

(3) Drickamer, H .G., and J .R . Eradford, TRANS. AM. INST. CHEM. 
ENGRS., 39, 319 (1943)

(4 ) F o ss ,  A .S . ,  T h e s is ,  "L iquid-F ilm  E f f i c i e n c i e s  on S iev e  
T r a y s ' ,  U n iv e r s i ty  o f  Delaware, June 1954

(5 )  F o ss ,  A .S . ,  and J .A . G erstor , CHEM. ENGG. PROG., 52 , 28 (1956)

(6) Geddes, R .L .,  TRANS. AM. INST. CHEM. ENGRS., 4 2 , 79 (1946)

(7) G e rs ter ,  J .A . ,  A.P. Colburn, W.E. Bonnet, T. Cannody, CHEM. 
ENGG. PROG., 45, 716 (1949)

( 8 ) G ester , G .C ., J r . ,  CHEM. ENGG. PROG., 4 3 , 117 (1947)

(9) Jo n es , J . B . , and C. P y le ,  CHEM. ENGG. PROG., 5 1 , 424 (1955)

(10) Lev/is, W.K., J r . ,  IND. ENGG. CHEM., 23 , 399-402  (1936)

(11) Murphree, E .V .,  IND. ENGG. CHEM., 17, 747 (1925)

(12) P erry , J .H . ,  'Chemical Engineers* Handbook", 3rd  e d . .
McGraw-Hill Look Company, I n c . ,  New York, 1950, pg. 403

(13) Robinson, C .S . ,  and F.R. G i l l i l a n d ,  "Elements o f  F r a c t io n a l  
D i s t i l l a t i o n " , 4 th  e d . ,  Chapt. 17 , McGraw-Hill Book Company, 
I n c . ,  New York, 1956

(14) Rush, F .E . ,  J r . ,  and C. S t ir b a ,  A. I. Ch. E. JOURNAL, 3, 336 
(1957)

(15) S e r iv e n , L .E . , I I ,  M.Ch.E. T h es is  in  Chemical Engineering,' 
U n iv e r s i ty  o f  Delaware, 1953

( 1 6 ) Sherwood, T .K ., and R.L. P ig fo rd , "Absorption and E x tr a c t io n " ,  
2nd e d . ,  Chapt. 3 ,  McGravMIill Book Company, Inc.., New York, 
1952

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(IT) W alter, J . F . ,  and T.K. Sherwood, IND. ENGG. CHEM., 33, 493 
(1 9 4 1 )

(18) West, F oB ., W.D. G i lb e r t ,  and Toru Shim izu, IND. ENGG. CHEM., 
44 , 2470 ( 1 9 5 2 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A P P E N D I X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58*

f ̂  <*! $2 'V
OOW  W W O O iO H H H ri #  •  *  *r»* W f*

& £ U .• « » I<*> <**&%,*

^ 8 * R S 8 S t » 8 S 5 8 » 8 S « S ^ ^ 8 ^i  • * * • "» • • «O O I O H O ^ H
Q Q O
WWW

4  S 3
«O tf\<n< y\fno\cn<»nvO 'rf>  \<n u \  w \ »r\ <y irtV N tA tfx  tJv C ftO

O t T l O l A U N i P i U M r v Q l A O t f V V M r j l A l A O i n O  «A

j j a a u s s a a s - * ^ '  "«  ri i~} H s s i s r s s
•  •  •v? trviA H H H

I O tf\«\«rttr»tria\M>0 O ^ O O O i A O O N ^ ©
' n s s s s a a a l a s s a a s j a a s sSi

<s\ j\if\
a a s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

IK/
TK

*. 
1-

41
1 

4*
ta 

fo
r 

2-
to

ch
 

llm
 

%t
a 

25 
i» 

vM
ch

 
the

 
I-

in
ch

 
vf

ttc
r 

lla
e 

m<
i 

us
ed



o oo o o o o o o o e o o o o o  o  o  o  « ♦ • * * * • » » * ! » * • • « # • »  •?-ce OV?Q aiONONO <9*

^ . o . ^ o ^ o p ^ o o ^ o o o V ^  o q o  
m p v ©  c - p  i n o s  t-»va u v o p  op o « >  r^

e

P  O • 9  q  O o o o o o n q o o
Al»(0 *-*-*•>• *~«0 H e  Ottrv

3 S S S S a aV S S 3 a S S 8 S S  I

4* h  <**-0 ^  u\vc v> h p  w\«? .*
v 0

«

° . o 3

3 3 3
o o o  • • •

I t *
0  0 0 0 9  AO«\WMf>00 0 6 ^ 0  0  0  0 0  OOP
s M s a s & ^ s s s i a s i a a ^ a a a  a s »

£ H O n n o v e W O Q O O O O D O O O O O  P P P  “ - • • * * • • • • • • • • • • • • • *  • * *

f t *

S jg i f t
i-t w » m ^ t  cm < n j*  <m r t w « f ^ < n m ( M j e  <xj * n «  h

. . . . . . .  . ^ _____________________  3 8 3 1
Cl ¥V^ -<* w-tf m<y H J*-CJ lAtCitfV

• • • » • * • » * * • • • £ • • • • * #  4 4 *
0 0 0 0 0 0 0 0 0  9  0 0 0 0 0 0 0 0 0 0  ooo

&  a  a  3  S 3  S S  S 3  S  S  <3 8  S ? «  » «  s s &i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a
s

s
is

ts
a

s
ia

a
a

i.
s o .

&^  
a i

#  •  ♦  •

JCM

*
*

!>»

.1

f f l ® 8 P S & 3 ® 8 ? : * S & 8 3 R R 3 S &  E r& S  
R £ a « a & & & ® 8 & R S ® 8 £ S 8 R 8  8 8 »ri

Miiffttffftll ti$
S a l S S 8 » s S & i f s ? $ B 8 1 ? g  t '§ &

o  o' O O O C) o  o' <) o  o  o  c5 o  o o  o' O O O OO ©

a

i
I liiilliil %

.   J 8 8 8 8  _•  • • • • • • • ♦ • • • • • •  if * * ♦ *o o o o o o o o o o o o o o o o o o o o

* 1
•88 9 'Z

§88  
•  •  *o  o  o

°-§i, w
i l f l l l ^ I ^ y § S l i a a a a l s
O Q O O O O O O O O O O O O O O O O O O  o o o

§

1

1

II
la
co

a

a

»

I

I*

¥V i

S & S S S S R R K R R K R R i R K I & a i R K  R K R  • • • • • • • • • • • • • * » « * • «  « • •\0 V<______. H Hf { r i r i 4 4
fcr cS H vq c? vq

5!gf5!

3  £ 3  &S*$ S E T S i g ® ^  S S »
£ £ d £ i £ e s $ 4 < £ 4 8 d 2 $ $ 4 4 d  F fcfc

;
i

%

I
cw

!l *■< cu ro^t H  n  H  d  H S 'S  <d $  S?o5 iwH 5\Tc3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

I» 
al
l 

ru
ne

 
b
o
tt
o
a 

so
et
io

a 
of
 

co
bs

tn
 

va
* 

va
t 

vi
tk
 

v
a
ta

r 
ea

ua
la
g 

a 
no

D
-M

as
ur

ed
 

lo
ss

 
of
 

lo
le

t 
ga
s 

£8
3 

la 
t&

i®
 

li
q
u
id



crtrt'rfrtT 'frtT '^TtrJD tr^r 
<r> ff\’r&1&

04
K S ' J S » » ' 5 3 8 8 l 8 f 8 S 8 8 8 ! 8 8 8 S  S 8 S  < « • « • « • < < * • • • • • • • • • *  ♦ • •'/) H H ’̂ «V 3 H rt 0»9V£J'.W^!J'. q\ «£tr';P <3> <£ *2 Q <2*** ̂ ss&assssSssfstIf fSf

o
*5fii

j \  £ S S < 3 § U 3 P 3 5 3 3 S S .® ;8  a g a t e s !
•I N m o  o - .o o t - w a  S 1*! c-i * a -5- qy o on

Jj! ^vS* <̂v£> O'.O It- V> <V% r*>î  «£> cr» fk & irrn
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C a l i b r a t i o n s

The c a l i b r a t i o n  of  t h e  w a te r  o r i f i c e s  i s  r e p o r t e d  by 

S c r lv o n  ( l a ) .and t h e r e f o r e  c a l i b r a t i o n  c u rv e s  .for v.n.tcr f lo w  

r a t e s  w i l l  n o t  be i n c l u d e d  i n  t h e  y rcsc-n t  work.

Trie a i r  f lo w  r a t e s  f o r  th e  s t a n d a r d  4 . 9 0 0 - i n .  d i a m e te r  

o r i f i c e  i n  t h e  1 0 - i n .  d u e t  were c a l c u l a t e d  by u s in g  th e  s t a n d a r d  

o r i f i c e  e q u a t i o n  r e p o r t e d  by P e r r y  ( 1 2 ) .

V » c y s 2 2 s y ° i A P  x (1C.)

1 - 0 “

The a i r  r a t e s  d e t e r m in e d  by u s e  of  t h i s  e q u a t i o n  were th e n  

c o n v e r t e d  to  h o l e  ' v e l o c i t i e s  and h o le  F - f a c t o r s ,  and p l o t t e d  a s  

a f u n c t i o n  of  d ry  p l a t e  p r e s s u r e  d ro p .  F i g u r e  14 sliov/s d ry  p la t e  

p r e s s u r e  drop  a s  a f u n c t i o n  of  F and compares th e  d a t a  o f  t h i s  

work t o  t h a t  o f  Jo n es  and Pyle  ( f ) .  In  b o th  c a s e s ,  t h e  d a t a  a r e  

f o r  1 / 3 - i n .  d i a m e t e r  h o l e s  on 3 / S - i n .  c e n t e r s  w i th  a  l / 3 - l n .  

p l a t e  t h i c k n e s s  used  f o r  ou r  p r e s e n t  s tu d y  and a 1 / 1 6 - i n . p l a c e  

t h i c k n e s s  i n  th e  Jo n e s  and Pyle  work.

F ig u r e  lp  shows d ry  p l a t e  p r e s s u r e  drop a s  a f u n c t i o n  

o f  h o l e  v e l o c i t y  and compares t h i s  work t o  a  g e n e r a l  c o r r e l a t i o n  

o f  d r y  p l a t e  p r e s s u r e  drop d eve loped  by Foss  ( 4 ) .  The d ry  p l a t e  

p r e s s u r e  drop  da to. a r e  shown i n  T ab le  IV.
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o /  .

S t a t i s t i c a l  Program

The b a s i c  e x p e r i m e n t a l  program v;as p la n n e d  t o  p e r m i t  

c o r r e l a t i o n  o f  e x p e r i m e n ta l  d a t a  by a second d e g re e  p o ly n o m ia l  

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

t i o n  o f  g a s  r a t e ,  l i q u i d  r a t e  and v,-elr h e i g h t  was t h e n  d ev e lo p ed .  

The a n a l y s i s  o f  t h i s  b a s i c  program i s  d i s c u s s e d  i n  d e t a i l  by 

Cochran and Cox ( l ) .

Treble \T p r e s e n t s  t h e  s t a t i s t i c a l  p rogram , measured  

K urphrec  e f f i c i e n c i e s , ,  and e q u a t i o n s  f o r  t h e  s o l u t i o n  o f  th e  

c o e f f i c i e n t s  i n  t h e  second d e g r e e  p o ly n o m ia l  e q u a t i o n .  Table  VI 

p r e s e n t s  a summary o f  t h e  r e g r e s s i o n  c o e f f i c i e n t s ,  a n a l y s i s  of  

v a r i a n c e  and th e  d e r i v e d  p o ly n o m ia l  e q u a t i o n .  T ab le  V I I  compares 

e f f i c i e n c i e s  c a l c u l a t e d  f rom  th e  d e r iv e d  e q u a t i o n  and th e  a c t u a l  

e x p e r i m e n t a l  r e s u l t s .

Prom th e  a n a l y s i s  o f  v a r i a n c e  (T a b le  VI) and th e  

com par ison  o f  t h e  m easured  e x p e r i m e n t a l  e f f i c i e n c i e s  to  t h e  p r e 

d i c t e d  e f f i c i e n c i e s  (T ab le  V I I ) ,  i t  can be seen  t h a t  t h e  d e r iv e d  

second d e g r e e  p o ly n o m ia l  e q u a t i o n  i s  a good r e p r e s e n t a t i o n  of  

th e  expo..\La e i i t a  1 da b a .

The maximum d e v i a t i o n  one can e x p e c t  by u s e  of  t h e  

e q u a t i o n  i s  ±  2 .3d  e f f i c i e n c y  p e r c e n t .  This  I s  a l s o  t h e  l a r g e s t  

d e v i a t i o n  o b se rv ed  i n  th e  s i x  r e p l i c a t e d  e x p e r im e n t s  a t  t h e  c e n t e r  

o f  th e  e x p e r i m e n t a l  d e s ig n .
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The sm a ll mean s q u a re  v a lu e  o b ta in e d  f o r  th e  s ix  

r e p l i c a t e d  e x p e r im e n ts  i n d i c a t e s  th e  a c c u ra c y  o f  th e  e x p e r im e n ts  

m e asu rem e n ts .

I t  sh o u ld  be n o te d  ( s e e  T ab le  I I I )  t h a t  th e  d e s i r e d  

g a s  s l o t  v e l o c i t y  was n o t  o b ta in e d  in  an y  o f th e  r u n s .  The maxi 

mum d e v i a t i o n  betw een  th e  d e s i r e d  and a c tu a l ly - o b t a in e d  s l o t  v e l  

o c i t y  was 6$; th e  a v e ra g e  d e v i a t i o n  v/as a b o u t 2 .5 ^ .  S in c e  t h e  

l i n e a r  and sq u a re d  te rm s o f  g a s  h o le  v e l o c i t y  a r e  u n im p o r ta n t 

i n  co m p ariso n  to  th e  l i q u i d  r a t e  and  w e ir  h e i g h t ,  no c o r r e c t io n  

f a c t o r  m s  e m p lo y e d 'to  a c c o u n t f o r  th e s e  d e v i a t i o n s .  The d e v ia 

t i o n  i s  o b v io u s ly  a c c o u n te d  f o r  by th e  sm a ll l a c k  o f  f i t  mean 

s q u a re  o b ta in e d  in  th e  v a r ia n c e  a n a l y s i s .
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TABLE V
gEmgngax. m xam  abp MauBggp im esacigs

So % f a * 2 *1 *2 XjXj *2 *3MMW» £ 2 £

-1 -1 - 1 -a J-l 1 1 1
->-1 -1 - 1 -1 -1 4-1 1 1 1
-1 -1 -1 -1 41 **jL 1 1 1
-*a. +1 -1 a - 1 •  x 1 1
-1 -1 *-1 - 1 1 1 1
-'1 -1 -■-i -1 -*-1 -1 1 1
-1 -^ l *1 - 1 *1 4-1 1 1 1
*1 +1 -m - a -*-1 *-1 1 1 1 .

- 1.662 0 0 0 0 0 2«8eS 0 0
0 0 0 0 0 2 .0 2 8 0 0

0  ••1 .69 2 0 0 0 0 0 2.028 0
0 -*-1.682 0 0 0 0 0 2 .8 2 3 0
0 0 - 1.682 0 0 0 0 0 2.626
0 0  *-1.682 0 0 0 0 0 2 .326
0 <i <? 0 0 0 0 c 0
0 Q 0 0 0 0 0 0 0
0 0 0 0 c 0 0 0 0
0 0 0 0 0 0 0 0 e
0 0 c 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

L S s

7 1 .1 9
7* .© $
t^ .12  
87.83  
71-V6 
70.8? 
83 .75  
8 0 .8 8  
7^.88 
8*.*6 
6 1 .9 7  
88.11 
8 e .0  
78 J *
*>•39
80.32
79.eo
76.88
79 .09
8 0 .0 7

Whor«: 

*1 • U*-35)/!5 

Xg = (W«l„^e2 i a . )

X3 * (S-65)/13

SolutlOTx*:

bc • 0.166338 (Oy) -0.056791 £ ( i ly )  

t>i = 0.07322^ <iy)

^  = 0.0625 ( iiy )  -*- 0,006669 2)vHy> - 0.056791 (Oy)

« 0.125  d i y )
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TABLE VI

15& . &
V 79M

■■ t m . h. a .3 T
(a y ) H 3*T$
( 3 r ) *  !•$ &

*3 -  0. 1*
( U r ) ha 1.73
iUt't —i-OJSfo

*13 • - * . »
(« 3 r ) 12*10 1 . 5*
M r )'• J- . • 1 0 & .3 *

h i *  9 .0 0
om 4 f * M * h s -  1*33
( f i t r ) 1 0 & 0 .& H i o .te
2  ( U r ) 3106»«$

- 5 5 M ,8 .
m c r w t a w s 7 0 I-J 5 3 833*70
iW CHR GffQMB 2SSBS *$ *5 0 6 15*10
U c k  o r  t o 01*27 5 fc*C5
musmmtm, imca S .f^ - 5 1 .7 3
*9ua &20.1O 1*

% r  » T&M + * . 375̂  4. - -t x - m i i f e  - l - » V s
* o jA & f  -  i*53%® ■*■ o .te s t^
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EXPEaZKEMTAIt DATA:
T<s^ 5. « a t& r I n ,  14 C.

TsEip. ii«afc€tr o u t ,  *5.

T«J8s». v a p o r  i n ,  °C.
;

tt& ter r a t e  aanosaefcer r e a d in g ,  in*  E^G
1 .6 o o » la .  d ia m e te r  o r l f i a c  i r /* 2 - in .  p ip e

Gas O r i f i c e  H anom eter r e a d in g ,  i n .  .DSP

S t a t i c  P ressu re  saanwaefcer r e a d in g ,  i n .  Hg,

B aro m ete r r e a d in g ,  ass. Hg. -75 6 . J
3% . - B ra s s  c o r r e c t io n  i t  22° c . - 2 .7  
B a ro m e tr ic  P r e s s u r e  c o r r e c t e d ,  nsa. Hg.

P re s s u r e  Drop a c r o s s  ploxv  and f r o t h ,  i n .  H^O

S t a t i c  P re s s u re  above p l a t e  and f r o t h ,  tn.HgC*

S t a t i c  P r i c s u r s  belo ts t r a y ,  in ,

H e ig h t o f  f r o t h  on p l a t e
W ithout in  v ap o r s t r e s s ,  i n .
With IE I-.: in  vapor ^treani, i n .

PI-Î  /lo tasK ster r e a d in g

I n l e t  Qfas o a u p le :

B u b b le r  c h a rg e  -  l l . DD .rai. txf o .

N HC1 p lu s  10 3 a . KgO
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2000 ml. of  is& ter d i s p la c e d  fro m  a s p i r a t o r  b e t  t i e

^©sip. o f  i n e r t s  c o l l e c t e d  o v e r  w a te r  «  15*C.

I n e r t s  c o l l e c t i o n  p r e s s u r e  ^ - 5 4 .0  «aa, Eg.
«

C a u s t ic  r e q u i r e d  to  n e u t r a l i s e  th e  a c id  
b u b b le r  c o n t e n t s  * 3 4 .0 0  m l. o f  0 .0 4 0 5 2 6  N JaaQH

O u t le t  Gas Sswaple:

B u b b le r  c h a rg e  -  5 2 .3 0  m l. o f  0 .0 4 8 9 4 4  fl HC1 
p lu s  2 0 'a l .

2000 m l. o f  w a te r  d i s p l a c e d  from a s p i r a t o r  b o t t l e

Temp, of  I n e r t s  c o l l e c t e d  o v e r  w a te r  »  15 °C. 

I n e r t s  'C o l l e c t io n  p r e s s u r e  *  -6 4 .0  tenu Hg. 

C a u s t ic  r e q u i r e d  to  n e u t r a l i s e  th e  a c id  
b u b b le r  c o n t e n t t  * 5 2 .0 0  » 1 , o f O . 040526 ?j NaOM

O u t le t  L iq u id  S am ple:

Sam ple Wo. 1322 1325 1 3 2 6
m l. o f  0 .0 4 8 9 4 4  N HC1 ~*~ ~  " ------'*
to  n e u t r a l tz&  25  a l .
o f  sam p le  3 0 .6 5  2 9 .9 5  2 3 .6 5

C a lc u l a t i o n  o f  I n l e t  Gae C o m p o sitio n :

A b so lu te  p r e s s u r e  a t  v& tcb i a l a t  g a e  i n e r t s  w ere 
c o l l e c t e d  «  b a ro m e tr ic  p r f e s m ir e '+. g ag e  p r e s s u r e  
o f  c o l l e c t i o n  -  v a p o r  p r e s s u r e  o f  w a te r  a t  
c o l l e c t i o n  te m p e ra tu re  m 7 5 5 .3  * 5 4 .0  -  1 2 .8  «
6 8 8 .5  J*a. Hg.

Stole f r a c t i o n  NS^ i n  Sam ple * m oles NHv
3 iooXSFTJBg “ B e l t s ’ In e rb a i

H o le a  HH3  *  I . I I 626  X 1 0 ^

M oles I n e r t & »  FV »  ** 0 ,076445

mf ~ 1 .1 1 8 2 6  I  IQ -3 *  0 .0 1 4 4 1 7
3 i 7 n 7?2T Y T [q,af ^ r Ts;o ,r5T O

i
i
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C a lc u la t io n  o f  O u t l e t  Qas C o m p o sitio n :

A b so lu te  p r e s s u r e  a t  w hich i n l e t  g a s  i n e r t s  w ere 
c o l l e c t e d  »  b a ro m e tr ic  p r e s s u r e  + gag© o r e s s u r e  * 
7 3 5 .3  -  6 4 .0  -  6 9 I . 3  wra. Kg.

S o le s  KK^ ■« 0 .4 5 2 4 1 9  x 1 0 ’ ^

H o les  i n © r t s ■« ( ^ 9 1 .3 ) ( 2 )  *> C .0 7 6 7 5 6 5

-  0 .0 0 5 3 SO
* fe .S p im *  I  1 0 -3  + 0 . o r S t s f e

C a lc u l a t i o n  c l  c o m p o s itio n  o f  O u t le t  llcp x id  sam p le : 

J to lea  m ^ n t e r  HgO »- (K a c id ) ( r a l .  a c i d  1 
(ju I. aaagsle)

A verage a c id  t i t e r  » 3 0 .6 5  +  2 9 , 9 5  4- 2 9 3 5  * 3 0 .1 5  m l. 

S  « 3  *  . ( 0 . 0 4 ^ ^ 0 , 1 5 )  -  0 .0 5 9 0 3

C a lc u la t io n  ©f V apor $lo\r H a te :

V apor f lo w  r a t e  i s  c a l c u l a t e d  tey th e  fo rm u la  

Y  -  C Y S o

\
2|t(i p  1 A** ^

~ 5 s r

Y  In  I b . /m in .

A ?  * 5 .4 1  .A h , l b . / f t . 2

A h  « p r e s s u r e  d ro p , i n .  DBF, =» 5 .9 5

/3  -  4 ’ 9/1 0  « 0 .4 9

32 * ( T T / 4 j ( 4 .9 / i a } e  «  0 .1 3 0 9  f t-* 2 

C «• 0 .6 1 4

Y * 0 .9 9 5 7

b]_ «  th e  d e n o i ty  o f  th e  I n l e t  g,as lalxVare u p s tre a m
. ->f* fcVm* f5 y r*  f* 4 ^ .<•». '} * ;&  ✓rtf* 1’ t n n  .-vo *t

/ig.
f r a c t i o n  KH-?; th e  b a la n c e  l a  a i r .
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P i  a / r o .0 1 4 4 1 7 ) (0 .0 4 ^ 2 )  -t- (0 .-935533)(Q .0308J7 '

*  O .07#537 l b . / f t . 3
*

m en  W * ( 0 .6 1 * )  (0*9957) (0 .1 3 0 9 )

. ,  \ i £ ) l j g . r . . a l ( . r ( ?  • % >!  f 5 a o i

T  -  ( 0 . 3 ) “  ( j a - 0 ; -
«  6 1 .5 2  l b .  / r i l n .

lb * /© In . a l t e r i n g  Coluan i n  Gas S tream :

I b . / a l n .  NH-a *  ( l b .A t i n .  iaixtsjareJ(m f ( 1 7 ) *
■ W ^ s r j 7 ( i ' f T " T  w  ■ J - rS )

I 6 l .5 £ ) ( 0 .a i* * i7 > ( 1 7 )  ~  © .5230 i b . / a l n ,
■ f o : o i W 7 ] ( i t ) ^ : # 5 5 5 j 5 T i r r  '

l b . / a i r , .  i n e r t a  i n  I n l o t  Gan »  0 1 .5 2  -  0 .5 2 3 0  -
l b .  A i n ,

l b . /w i n .  NH3 L eav in g  Column i n  a a s  S tream ;

Ib ./R iin ,. -  ( l b . /w i n .  i n e r t  )[ssf KH3 ) ( 1 7 ) «*
*(B r'a‘i r T ( 2 9 }

(6 0 ,9 9 70 ) ( Q,0 0 5 8 6 )(1 7 )  » 0 .2 1 0 8  I b . / a i n .  
( o . 2 9 )

I b . / s s i r . .  L eav in g  Column i n  L iq u id  S tre& n:

i b . / a i n .  M£^ * ( l b . / a i r ? .  HpC)(N i®3 ) ( r f )  «
1000  '

( 2 9 1 .5 5 ) ( 0 . 0 5 9 0 3 ) (1 7 )  * 0 .2 9 2 6  I b . / a i B .

J t e t e r l a l  E& lanoe, a c t

t  « 10Q.X ‘ I b . / k l n .  NH* i n  U s u i &
T F ^ C n r im 'f in  ' i n l e T g ^ i T : 7 m r i C "  «a3 a

o u t l e t  ga$

-  100 X 0 .2 9 2 3  -  9 3 .7 0 /
TCr^3CT^:C2lu3-

1

J
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C a lo u ia t i o o  o f  o v e r a l l  P l a t e  Stf lc lmey on a  V apor B a s i s :  

S,_c «* Yin - Yo'ut
m  m r ^ s z s s t

uiX cu t:  au'erage tarcperafcure on p l a t e  * 14 .5*
H e n ry 's  law c o n s t a n t ,  K, f r o a  F ig u re  16 , » 7 .7 6 3

Gkju.ilipriucr. p a r t i a l  p r e s su r e  o f  HHo »  (;•:) (ti m u )
■- (7 .7 6 3 ) (0 .0 5 9 0 3 )  « 0 .4 5 8 3 5  5

sjX o u t  » ( e q u i l .  p . p .  IiH~) «* 0 .4 5 6 2 5  « 0 .00060S
T b aro m etrlc T ^ p re ssu re ) T5T>o

'E .-, -  0 .014417  -  0 .0 05660 v....................... .....„
™ zn f f  Kirrr v  x 100 '** 6 i . y ? $

1I . . . . ■ ■
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



n

in
g

o
UJ

X  i
z  - S '

(M

in

u .

fO

tn
o

3

CO

Q
ro

c m

O <x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


