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SUMMARY

This th e s is  i s  concerned w ith the absorption o f carbon d ioxide in  water 

at p a r tia l pressures o f the order 1-20  atmospheres.

In the in tro d u ctio n , the l i t e r a tu r e  ©n the various types o f gas 

scrubbers has been surveyed w ith referen ce to  the absorption of a sp ar in g ly  

so lu b le  gas at high concentrations and p a r tia l p ressu res. From t h is  d is ­

cu ssio n , i t  was decided to  in v e s tig a te  the absorption phenomena of carbon 

d iox id e  in  water using  a countercurrent bubble type absorber.

Fart 2 o f th is  th e s is  d iscu sses  th e co m p ressib ility  and equilibrium  

data fo r  carbon d ioxide in  the pressure range 0-36  atmospheres and in  the 

temperature range 0- 100®C. A new equation of s ta te  fo r  carbon d io x id e , 

based on the b e a tt ie  eq u ation , i s  derived and co m p ress ib ility  and fu g a c ity  

charts have been drawn up using data ca lcu lated  from t h is  equation . The 

s o lu b i l i t y  data of carbon dioxide in  w ater, from various sources, are re ­

viewed and compared and a la rg e  sca le  s o lu b i l i ty  chart has been con structed . 

The a p p lic a b il ity  of h en ry 's law and the fu g a c ity  correction  to  Henry's law  

are a lso  d iscu ssed .

In Fart 3 the absorption phenomena o f carbon d ioxide in  water u sin g  a 

countercurrent bubble type absorber has been stu d ied . The e f f e c t  of the  

fo llo w in g  operating v a r ia b les  on the absorption ra te  has been determined;

( i )  liq u id  v e lo c i ty ,  in  the range 0 , 03- 0 ,2 0  f t . / s e c . ;  ( i i )  gas v e lo c i t y ,  

in  the range 0 . 06- 0 .25  f t . / s e c . ;  ( i i i )  p a r tia l pressure o f carbon d io x id e , 

in  the range 2 , 5-14  atmospheres; ( i v )  bed h e ig h t, in  the range 0 .5 -5 .5  f t . ;  

(v ) tem perature, in  the range 10-30®C; and ( v i )  p o ro sity  of gas d is tr ib u to r ,  

in  the range 70-10,000 m icrons. In gen era l, the bubble type absorber has 

proved su ccessfu l fo r  the absorption o f large q u a n tit ie s  o f carbon d iox ide  

from mixtures contain ing high percentages o f carbon d ioxide and i s  superior



to  packed and spray towers fo r  the absorption of th is  p a rticu la r  gas, 

F in a l ly ,  in  r a r t 4  of t h is  th e s is ,  the mechanism of form ation of 

gas bubble beds i s  in v e s tig a te d . Experimental data on the s i s e ,  number, 

and d is tr ib u tio n  of bubbles in  the bubble bed are d iscussed  in  r e la t io n  

to  the formation of f lu id is e d  and foam beds. The e f f e c t  of d if fe r e n t  

p o r o s it ie s  of gas d is tr ib u to r  on the bed d en sity  and bubble s iz e  and shape 

are a lso  in v estig a ted  fo r  various l iq u id s .  I t  i s  shown, that the bed 

d en s ity  at any su p e r fic ia l gas v e lo c ity  i s  a fu n ction  of the number of 

bubbles per ml. and the average volume of the bubbles produced.
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bAHA 1 

tic ixm

1.1,
'h is  th e s i s  in  concerned w ith  gas a b so rp tio n  a l  h igh  p a r t i a l  

p r e s s u re s ,  i n  ,,a r t i c u l a r  w ith • th e  a b so rp tio n  o f  carbon  d io x id e  by w ater 

a t  p a r t i a l  p re ssu re s  o f  th e  o rd e r  i - 2 0  atm ospheres.

the problem o f  removal o f  carbon d io x id e  from g as  m ix tu res  i s  

common!, encountered  in  in d u s try ,  where many p ro cesses  produce q u a n t i t ie s  

o f  pan co n ta iiiin g  from ID to  90 carbon d io x id e , th e  mrta.in-.ler b e in g  

02Qrgen, n itro g e n , carbon monoxide, hydrogen o r  m ix tu res  o f  th e se  com­

ponen ts. here  a re  s e v e ra l p o s s ib le  methods o f  removing carbon  d io x id e  

from th e se  g ases  s -

i  j Absor, f io n  in  c a u s t ic  a l k a l i  o r  ammonia to  form she c a r lo n av e s  

and b ic a rb o n a te s ;

2} Absor, l io n  in  ethaxolam ine, followed, by regenem tio :,, o f  th e  b a se ;

A) A bsorption  in  w ater.

In  re c e n t y e a rs  much work 1ms been don© on a b so rp tio n  o f carbon  

d io x id e  in  ethanola& ine by v a rio u s  w orkers such a s  Oxyder and fa lo n e y ^ , 

working w ith ackeu cow ers, and Jixon? and a lso  Oharabers and a l l '- ’, 

u sing  c e n tr i fu g a l  scrubbers  o f  th e  P iazza  s t i l l h e a d  ty p e , h ig h  absor,.-

t i o n  r a te  c o e f f ic ie n ts  h a w  been  o b ta in ed  bu t e thanolam ina s o lu t io n s

s u f f e r  from th e  d isadvan tages th a t  they  d e te r io r a te  by o x id a tio n  and 

ax*© c o rro s iv e  to  iron^*

.Vater scrubbing, however, r e s o r t s  in i  © restin g  p o s s i b i l i t i e s  fo r  

g a ses  c o n ta in in g  la rg e  p e rcen tag es  o f carbon d io x id e , e s p e c ia l ly  i f  

pressures g r e a te r  th a n  atm ospheric  a re  used, vhe e f f e c t  o f  in c re a se  in



pressure i s  to decrease the amount o f  scrubbing water required , owing to  

the g rea ter  s o lu b i l i t y  o f the gas at higher p ressu res, and to  reduce the 

volume of gas being handled, which i s  e s p e c ia l ly  important i f  large  

q u a n tit ie s  of gas are to  be tr e a ted . This reduction in  the q u a n tit ie s  o f  

m ateria l involved w i l l  decrease the sisse o f the absorber, p o ss ib ly  to  a 

sisse comparable w ith  or sm aller than th at of a scrubber using  a chemical 

absorption  p ro cess . Consequently, the r e la t iv e  advantages of water and 

chem ical absorption are c lo s e ly  linked w ith the r e la t iv e  coats o f gas 

compression compared with the co st o f ca u stic  or ammonia s o lu t io n s , in  

case ( 1 ) ,  and the coat of heat fo r  the regeneration of ethanolaraine, in  

case ( 2 ) .  P r a c tic a l evidence fo r  a b e n e fic ia l e f f e c t  of increased to ta l  

pressure on the absorption rate o f carbon d ioxide has been noted from  

ob servation s on o v era ll p la te  e f f ic ie n c ie s  in  p la te  absorbers, 0 * Connell^ 

and a ls o  Drickamer and Bradford^ have shown that p la te  e f f ic ie n c ie s  in crea se  

w ith  to t a l  p ressure,

1 .2 .  CARBON DIOXIDE AS A 3PAKIM3.T a o a g U  QAS

Carbon d iox id e  i s  one o f the l e s s  so lu b le  g a ses , having a Bunsen 

absorption c o e f f ic ie n t  of 1 f t ?  o f carbon d ioxide (ca lcu la ted  at M.f *F .) 

per f t ?  o f  water a t 15<*C and 1 atmosphere p a r tia l pressure of carbon d io x id e , 

t h i s  can be compared w ith an absorption c o e f f ic ie n t  of 785 fo r  ammonia, 

one o f the more so lu b le  g a ses . Consequently, very la rg e  q u a n tit ie s  ©f 

water are required fo r  the absorption of carbon d ioxide compared with th at  

required fo r  ammonia. According to  Sherwood and &igford? the rati©  of 

liq u id  to  gas flow s by w eigh t, fo r  carbon d io x id e , must exceed 880, w hile  

a s im ila r  liq u id  to  gas r a t io  fo r  ammonia i s  only about 5 .

The Whitman theory** o f absorption of a gas by a liq u id  assumes that



3.

when a  gas arid a  l iq u id  a r e  brought ir-.o  c o n ta c t in© m ain b u lk  o f  both  

f l . d a s  i s  in  iu ro u le n t flow  am. th u s  uniftozraly mixed# A djacent to  th e  

in t e r f a c e ,  however, and on e i t h e r  sia© o f i t ,  th e re  a re  assumed to  be th in  

f i lm s  o f  g a s  and l iq u id  i n  s tre am lin e  flow# I t  i s  f u r th e r  as t/nod th a t  

th e  r e a i  s tan c e  o f  th e  so lu b le  g as ‘«o mass t r a n s f e r  *s lo c a te d  w holly i n  

th e se  f l i ra s  ami th e  main b u lk  o f  both  f lu id s  o f f e r  no 'r e s is ta n c e . ..here 

i s  no ev idence o f an a -p re o ia b le  d if f u s io n  r e s is ta n c e  a t  th e  a c tu a l  i n t e r ­

face# 'h e re fo re , -h is r e s is ta n c e  i s  assumed to  be ®ero and th e  two phases 

m o  in  e q u ilib riu m  a t  a l l  p o in ts  on th e  surface#  In  a  l a t e r  paper howls 

and l& tnan9  r e l a t e  th e  in d iv id u a l  m a s  t r a n s f e r  c o e f f ic ie n t s  o f  tit© f i lm s  

w ith  th e  o v e ra l l  inass t r a n s f e r  c o e f f ic ie n ts  a m  show th a t  f o r  s l ig h t ly  

so lu b le  gases  the r e s is ta n c e  o f  th e  l iq u id  f ilm  to  m a o  t r a n s f e r  c o n tro ls  

th e  r a t e  o f  absorption#

i  1 '
H  = H  + t  . u ;

(where I»l i s  th e  o v e ia l l  mass t r a n s f e r  c o e f f ic ie n t  baseu on th e  l iq u ia  

piiase; kp and k& a re  th e  in d iv id u a l f ilm  mass t r a n s f e r  c o e f f ic ie n t s  o f  

l iq u id  an - gas r e s p e c t iv e ly 3 an  il i s  th e  h e m y ’s law c o n sta n t f o r  th e  g a sy

The c o e f f ic ie n t  1; i s  a me&s are o f  the s o lu b i l i ty  o f  th e  gas in  the  

liq u id# I t  i s  evident from e q u a tio n  (±) th a t  i f  h i s  s u f f i c i e n t ly  sm all, 

the gas film  resista n ce  may be n e g lig ib le  in  co ia .a riso n  w ith  the liq u id  

film  resistance#

A ra her more accurate c r ite r io n  fo r  d etem itting  th e  absorption  con­

tro llin g ; film  i s  described by horris and Jackson?^ using the dimensioriLess 

r a t io  p  /tip, where i s  the d en sity  o f  th e  so lu b le  gas a t i t s  a c tu a l 

temperature and pressure and t  i s  the t o t a l  pressure# For an absorption  

op eration  in  the absence o f any chem ical rea c tio n , Morris a m  Jackson g iv e



th e fo llo w in g  rough gui<i© fo r  determ ining the r e la t iv e  magnitudes o f  the  

gas aiid l iq u id  f ilm  re s is ta n c e s;

1 ) When <  8 x  1CT4 , gas film  co n tro l i s  l ik e ly ;

2 ) Mien > 0*8 # liq u id  f ilm  co n tro l i s  l ik e ly ;

3) For in term ediate v a lu es , the r e s is ta n c e  o f  both f ilm s  may be 

s ig n if ic a n t .

Applying t h is  guide to  the case o f  carbon d iox id e arid water# and 

using values o f  p  arid U ca lcu la ted  from data in  the In tern ation a l 

C r it ic a l  T ables, i t  i s  found m 1*06 a t  P i I* I'# I t  can there­

for© be assumed th at th e  absorption  o f carbon d ioxide by water i s  liq u id  

f ilm  co n tro lled  a t N*f*lV An in crease  in  to ta l  pressure may cause the gas 

f ilm  r e s is ta n c e  to  increase# s in c e  i t  ,i l l  reduce tine d ita sm ion less r a tio ,  

hov/ovor, an in crease  in  the dim ensionlesa r a t io  w i l l  a lso  be caused by 

an in crease  in  the p a r tia l pressure o f  th e  so lu b le  gas s in ce  t h i s  w il l

in crease  p  , For pure carbon d ioxide up to  x>reasurss o f  10 atm* i t  can

s a fe ly  be assigned th at th e  l iq u id  film  r e s is ta n c e  w i l l  predominate anei. 

co n tro l the r a te  o f  absorption*
c :■■••;P -

1*3. ABoOEmoff KA1K3

before d iscu ssin g  the types o f  gas absorption  equipment a v a ila b le  fo r  

a l iq u id  f ilm  co n tro lled  absorption process# i t  w il l  be h e lp fu l to  out­

l in e  the various u n its  used in  measuring the performance and e f f ic ie n c y  o f

an an absorption operation.

The p r in c ip a l unit used in  reporting the ra te  o f  an absorption  process 

i s  the o v era ll m s s  traxisfer c o e f f ic ie n t .  This i s  derived in  the Whitman 

two film  theoxy o f  absorption and i s  d efined  as;

3  #» &L(x *  — x )  — —  — — (8 )
%.

(where B i s  the ra te  o f  mass tr a n sfe r , x  i s  the concentration  o f  a
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bx; -1 <i :•, a product, %&> which reyrcuc to  the o v era ll capacity  e o o it ic ie n t  

c> a volume has i s .  Iiua Itj a  ro,,rerGnt.o th e  m te  o f  in., or; .base d if fu s io n  

a* -nolsB per unit ' iae -sr  a i l  volume er unit -aivirjg foi*ce X11 iexras Qi’ 

ooricv, ti'atior.'j fo r  a liquid, f ilm  controlled, ahsorvtion  ,jroa-ss, and i s  

ctehiae - hy the equations

Ba IV = KLa (x V -  x)dV — (3)

(where Ba in  t?*.e r a te  of mass i-rannfer a a moles ,i;-er u n it  vohme o f  equi.|>- 

mert airi V i s  the v»l.r?ie- o f th e  absorption  process

F or a c o u rh e rc u rre r i a-.-norptioi-i o .,o ra tio n  oq.u-iiion (3> can  be s i ia p i i -  

f l e e  to :

V  = a .  ................................   (.1;
ha/! Xj.

(where h i s  the hei ht o f  the Absorption procesK^ -. i s  the c r o s s -o e c t io m l  

area o f  column, and Ax.,.; i s  the mean d riv in g  force  in  term s o f concent r a t  ion s  

tiuxjughout the absorption volume;*

A more convenient metho-i o f  re p o r t  in;-; th e  $>erfortaaiK3e o f  an  absorption  

X-»xocess i s  basea on the h e ig h t o f a tr a n sfe r  un it wliicJi wa,s f i r s t  introduced  

by C h ilto n  and Colburn^*# hh is raetXiod i s  used fre q u e n tly  i n  p ra ctica l



d e sig n  work a s  i t  i s  sim ple and easy  to  c a lc u la te  and th e  r e s is ta n c e  to  

mass t r a n s f e r  i s  ex p ressed  in  th e  te r n s  o f  a n  ex p e rim en ta lly  d e tem in eu  

number which has th e  dim ensions o f  le n g th  only* ’Che b a s ic  concept i s  th a t  

e s tim a tio n  o f  th e  heigh t o f  a  to n e r  alw ays depends upon the  e v a lu a tio n  o f  

a  d e f in i t e  in te g r a l ,  such a s  ti-ie followd.ii f o r  a  l iq u id  f ilm  c o n tro l le d  

a b so rp tio n  p ro c e ss :

x;s
(K. ;•* u. )

o dx     _  P n
X  -  X

x-'
JL

where tide s u b s c r ip ts  1 ana 2 r e f e r  to  c o n c e n tra tio n s  o f  th e  ■ :nn i n  l iq u id  

i n  th e  i n l e t  and o u t le t  l i q u id  stream s re sp e c tiv e ly *  'Che va lue  o f  th e  

in t e g r a l ,  w hic i s  d im cn s io n less , ex p resses  th e  d i f f i c u l t y  oV ab so rb in g  

th e  s o lu te  from th e  g a s | i t  is . g r e a te r  th e  sm a lle r  th e  mean d r iv in g  fo rce  

and th e  l a r g e r  the re q u ire d  d i n ;  e in  gas com position# i l i i l t o n  and 

C olburn have c a l le d  i t  th e  number o f  t r a n s f e r  u n i t s  base  on th e  o v e ra l l  

l iq u id  phase d riv ig g  force#

I f  the  e q u i l i b r i a  and o p e r a t i c  l in e s  a re  s t r a i g h t ,  th e n  th e  v a lu e  

o f th e  in te g r a l  can  he ev a lu a te d  using  th e  lo g a rith m ic  ;u a n  d r iv in g  fo rc e . 

■ hen:

(6.)
p.-.v u i x2 ~ X*

A x lm
diere / *- / .. *■

A  > X .«p *** > y  *■* i S U  ^= JL.1 * — — — (7 )
(* ,+  -  xo;In  X “_____ 2J-
( * f  -  x g

I f ,  however, th e  e q u i l ib r i  .n a n d 'o r  o. e r a t l s g  l i n e s  a re  curved  th e n  th e  

in te g r a l  mast be solved g m p h ic a lly , tak ing  in to  account th e  e f f e c t  o f  

changes in  th e  mean d r iv in g  fo rc e  throughout th e  oolurrj%.



Frofu the  mjmb&r o f  t r a n s f e r  u n i ts  an-, i.ha ex.. e r i  mentally m easured 

•ov/or h e ig h t the  value o f  th e  Aei;qht o f  a.u o v e ra l l  t r a n s f e r  u n i t ,  f o r  a  

l iq u id  film  co n tro lle d . a b so rp tio n  p ro c e ss , becomes:

( j v t . u . ; ^  « TCTi l „ .  _  — — — (e)
(i'j* i * u# ;OL

The re la tio n sh ip  between Kjja ami (H# • iJm ^  :**s:

(h.T. U. )0^ e _        (9;

A v

(where L i a  the  l iq u id  r a t e  and i s  th e  d e n s ity  o f  th e  l iq u id ;  •

A+i even s im p le r method o f  rep o rt! ;-  . th e  a b so rp tio n  rade  la ta  i s  th e  

iise oi the absorption o ilicx o n q y , • v/i.-Lon i s  uo2 as aoIIow s•

X.) -  x.,
'■‘A “ "*Tf"--*      ““ (lO ;

x 2 ~ H

(based on th e  i n l e t  gas c o n c e n tra tio n s ; and a s :

Hr, -  X,tj .L
S * -  X1 1

(11)

(base ■ on th e  o u t le t  ;as concent ra tio n s /*

, :he ove a l l  aby o r.-i;io n  e f f i c i e n c ie s ,  ar*ri havn advan tages over 

th e  (luT . J. )qi. ana K^a. concep ts f o r  c m r e la i in -  tlie  d a ta  from c o u n te r -  

c u r re n t ab so rb ers  where l& r e amounts o f  rgas a rc  absorbed  and mean d r iv in  

fo rc e s  chan', e throughout th e  absorption-: o p ^ P i o n .  P  i s  more convenient; 

to  u se  i n  desig n  c a lc u la t io n s ,  s in c e  i t  av o i ,s th e  com ;•utaiion o f  mean 

concent r a t  io n  g ra d ie n ts ,  ana in  a d d it io n  can be use d irecvtly  in  c a lc u ­

l a t i n g  cower requ irem ents f o r  p re ssu re  absorbers*  (n .e -a c tio n  5 .2 , ; .

In  ' h is  r e s p e c t , 1lU i s  more u se fu l th en  ••% , s in e s  the  lafc '.er may have 

v a lu es  co n sid e rab ly  g r e a te r  th a n  100 f o r  count e re  ui -rent o p e ra tio n s .
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X. 4 . Ad .. uiuT IQh _ TO

I n d u s t r ia l  equipment f o r  as  a b so rp tio n  can  u su a lly  >?e c l a s s i f i e d  

a s  quo o f  thx-ee ty p e s , each sav ing  a s  i t s  p r in c ip a l  o b^eo tive  th e  

prom otion o f in te rp h a se  co n tac t between a s  an., l iq u id .  In  o rd e r  to  

invesw ir-ate th e  a b so rp tio n  o f carbon  <.dojd.de by w ater under p re ssu re  

«he l i t e r a t u r e  on the th re e  s tan d a rd  ty p es  o f a b so rp tio n  equipment has 

been surveyed to  f in d  which i s  most s u i ta b le  fo r  trie a b so rp tio n  o f  la rg e  

p c i cen t ages o f a  gas whose a b so r  -tion  r a t e  i s  c o n tro l le d  by th e  l iq u id  

f i lm  re s is ta n c e .

x. towers.

dpruy towers c o n s is t  o f  l o r  e empty chambers inuo th e  top o f  which 

th e  l iq u id  i s  sprayeu  by moans o f  m easles or o th e r  atomisin? d ev ice s ; 

th e  -droplets thus fc rn ed  a r e  thssn a llow ed  to  f a l l  to  th e  pot t e a  o f  th e  

tow er hnough a  stream  o f  gas c i r c u la t in g  upwards* Although d i f f u s io n  

i s  slow in s id e  ih o  d ro p s , th e  con tinuous fo rm atio n  o f  f r e s h  l iq u id  su r­

fa c e  a t  the  spray  nozzles  a llo w s  a b so rp tio n  &o ta k e  p lace  r a p id ly .  The 

gas f i lm  re s is ta n c e  around th e  *roys b e in  r e l a t i v e iy  sm all owirsg to  

the  v e lo c i t ie s  w ith  which th e  l i q u id  oro.; s a re  p r o f i l e d  in to  th e

'•■as.

th e  M in  d isadvan tages o f  t h i s  type o f  ab so rb e r i s  th a t  th e  drop­

l e t s  f i r s v  formed may c o a le sc e , th u s  re d u a ii^  th e  su rfa c e  a re a  f o r  ab­

s o rp t io n , arm th a t  th e  l iq u id  i s  l i a b l e  to  be e n tra in e d  in  th e  g as  stream  

even a t  low gas v e lo c i t ie s .

I n  gejtiexal spray  tow ers liuve been fotm u more s u i ta b le  f o r  a p p l ic a t io n s  

in v o lv in g  sm all changes in  com position  o f  th e  gas b e in g  t r e a te d ,  and 

where th e  gas film  re s is ta n c e  c o n tro ls  th e  r a te  o f  a b so rp tio n . T h is  i s  

ejcactly  o p p o s ite  to  th e ’ co n d itio n s  s p e c if ie d  above, so th a t  i i i i s  ty p e  o f



tower has been re jec ted  fo r  the study o f  the absorption o f  carbon d i­

oxide.

1.4 .2 .  Packed towers

The most common type o f  absorption equipment i s  the packed tower.

I t  c o n s is ts  o f  a v e r t ic a l s h e l l  set on adequate foundations, and f i l l e d  

w ith one o f  the numerous types o f  in er t packing m ateria l. The operation  

i s  u su a lly  countercurrent, the so lven t being d is tr ib u ted  over the packing 

a t the top o f  the tower and passing down over the packing in  th in  liq u id  

f i lm s , while the gas passes up through th e free  space between the wetted  

p a r t ic le s  o f  packing.

To ensure maxima absorption e f f ic ie n c ie s  i t  i s  necessary to  ob ta in  

maximum w etting o f the paekin m aterial by a good liq u o r  d is tr ib u tio n . 

Even i f  th is  i s  obtained the liq u id  has a tendency to  flow  towards the 

w a lls  leav in g  unwetted lacking in  the middle. This lead s to  “chann elling '5 

o f  the liq u id  and gas streams through th e tower without obtain ing the  

maximum p o ssib le  interphas© con tact. Another ser iou s disadvantage o f  

packed towers i s  that the large  volumes o f solvent needed to  absorb a 

sparingly so lu b le  gas may flo o d  the packing and in terrupt the absorption  

process.

Cooper, Christ 1 and P eeiy i2  have in v estig a ted  th e  absorption  o f  

carbon d ioxide in  water in  a tower packed w ith R&schig r in g s and have 

found the (H.T. U, )q^ values to vary from 2 to  10 f t .  depending on the  

liq u id  to  gas flow  r a tio . These values may be compared w ith (H.T.U. ) 

valu es o f  the order o f  0 .3  to  2 f t .  fo r  a vexy so lu b le  gas such as  

ammonia. For equivalent absorption a packed column fo r  absorbing carbon 

dioxide must be about 5 tim es longer than a tower fo r  ammonia.

Consequently packed towers are more su ita b le  where th e  gas i s  vexy



so lu b le , the liq u id  rate  i s  low , and th e  charge in  com position o f  the gas 

i s  sm all and th erefore not su ita b le  fo r  absorbing large  q u a n tit ie s  o f  

carbon dioxide.

1 .4 ,3 . Gas bubble and p la te  columns

^uite opposite in  p r in c ip le  to  spray towers are the gas bubble u n its  

in  which th e gas i s  d ispersed  in  pools o f  l iq u id , or a continuous des­

cending liq u id  phase, in  the form o f  f in e  bubbles. The su b d iv ision  o f  

the gas stream may be accomplished by forc in g  th e gas through a porous 

plat© or cy lin d er  placed at the bottom o f  the absorption v e s s e l .  The 

sm all bubbles manufactured thus present a very large  surface o f  contact 

between the phases, interphase d iffu s io n  tak ing p lace as the bubbles are  

formed and as they r is e  up through the liquid* The liq u id  phase r e s is ­

tance i s  reduced by the motion o f  the bubbles as they r is e  upwards.

A p la te  tower i s  a sp e c ia l case o f  a gas bubble column, where the

liq u id  flow s across a s e r ie s  o f p la te s  through which the gas stream i s

r is ir f , .  The depth o f  liq u id  on each p la te  i s  about 3 in , so that the

contact time i s  only about 0 .2 5  aec. n everth e less  ana a lso

waiter and Sherwood^ have observed high mass tra n sfer  ra te s  fo r  carbon

dioxide in  water. (Valter and Sherwood using a bubble-cap tray  reix>rt

(h *T .U .^ j values fo r  carbon d ioxide in  water in  the range 0 .1  to  i  f t ,

a t su p e r fic ia l gas v e lo c i t ie s  in  -he range 0 .2 5  to  4 f t . / s e a .  and liq u id

v e lo c i t ie s  in  the range 0,025 to  0 .05  f t . / s e c ,
15D atta, Kapler and Newitt iiavo shown that a carbon d ioxide bubble 

o f  5 ma. diameter can be com pletely absorbed by r is in g  only 3 -4  f t .  in  

water a t room temperature and pressure. By using depths o f  the order o f  

5 f t ,  and passing the liq u id  countercurrent to  the gas the contact time 

may be increased to 3 sec . or  more, thus in creasin g  the time o f  contact 

during which absorption may take p lace.



Bhulman and M alst&d^ have stud ied  the use o f  countercurrent gas 

bubble columns fo r  absorption  and desorption o f  s l i h t l y  so lu b le  g a se s , 

carbon dioxide and hydrogen, a t atmospheric pressure. They concluded, 

that bubble columns are superior to  packed and spray towers where high  

liq u id  ra tes  are required and where the liq u id  f ilm  res is ta n ce  co n tro ls  

the rate  o f absorption# however, roost o f  the work o f Bhulman and 

Moistad. was carr ied  out at atmospheric pressure and was concerned w ith  

desorption* In ad d ition  the gases used were u ilu te  so th at the gas 

v e lo c ity  did not change appreciably during absorption or desorption#

The absorption o f  carbon d iox i e in  water using a bubble type 

absorber under pressure has been d iscussed  by Howard^ who d escrib es a 

few experiments in  which the carbon dioxide con ten t o f  a burner gas was 

reduced from 12 to  If. by absorption in  water at 75 lb . / in ?  gauge. For 

th is  p articu lar  burner g a s , Howard used th ree bubble type absorbers in  

s e r ie s  in  order to  accomplish the str ip p in g  and he came to  the con clu sion  

th at a continuous bubble type scrubber using ethanolamine was preferab le  

to  water scrubbing# As w ith the work o f  Shulman and Molstad the gas 

v e lo c ity  did not change appreciably throughout the absorber and h is  

p a r tia l pressures o f  in le t  carbon dioxide were only o f  the order o f  

10 lb . / i l l?

i . 5 .  ooi«a.uaions

In  conclusion  i t  can be sa id  that gas bubble columns are superior  

to  packed and spray towers fo r  the absorption o f  carbon d ioxide in  water 

where high liq u id  ra tes are required and where the liq u id  film  r e s is ta n c e  

co n tro ls  the ra te  o f  absorption# Gas bubble columns would th erefore  be 

most su ita b le  fo r  removing la rg e  q u a n tit ie s  o f  carbon d ioxide from con­

cen trated  m ixtures.

Very l i t t l e  work has been done on the e f fe c t  o f  pressure on the ra te



o f absorption o f  carbon d ioxide in  water or the rate o f absorption  from 

concentrated mixtures where the gas v e lo c i t ie s  change considerably  

throughout the colutrm and wrier© the operating l in e  i s  curved.

From th ese  considerations a countercurrent bubble type absorber 

su ita b le  fo r  high pressures and high concentra tio n s o f  carbon d ioxide lias 

been b u ilt  in  order to  study the e f f e c t  o f th ese  v a r iab les  on the ab­

sorp tion  ra te  o f  carbon dioxide in  water*. A bubble type absorber being  

preferred  to  a p la te  tower owing to  the d i f f i c u l t i e s  o f  manufacturing 

and m aintaining the la t t e r .



C MdM^SIBIUTT. FUOriCXTY ilTEj SOhOBlh XTX .DATA 
FOR OARBPTI DIOXIDE

2*1. Xm,RO.bOGi?IQW

In order to  evaluate the e f f ic ie n c y  o f  a gas absorption operation  

i t  i s  necessary to  know the equilibrium  data between the gas and. the  

absorbing liq u id  over the rang© o f  temperature fo r  which the scrubber 

w il l  be used* Purthermoace, in  a pressure absorber using a non-ideal gas 

as the so lu te , a knowledge o f  th e compr©»s i b i l i i y  data fo r  the gas i s  

e s s e n t ia l  in  order to  make accurate* ca lcu la tio n s  o f  gaseous volumes and 

v e lo c ity  cfianges taking p lace throughout tiae abnorber* As a prelim inary  

in v e s t ig a t io n , th erefo re , a lite r a tu r e  sn w ey  on co m p ressib ility  and 

s o lu b i l i ty  in  water o f carbon d ioxide was mad© fo r  th e range 0-l0G°Q 

and 0»-3  ̂ atmospheres*

2 .1 .1*  S o lu b ility  data

The fo llow in g  data on th e -s o lu b i l i ty  o f  carbon d iox ide in  water were 

a v a ila b le:

a) Bohr and Book^® (Wied. Amp* I iy/s* (3) ,1899,68,503*;
/

This paper g ives the s o lu b i l i ty  o f  carbon d ioxide in  water a t 1 atm*

paidi a l  pressure o f  carbon dioxide fo r  th e  temperatuaae, ranine Qr-60°C#

S o lu b i l i t ie s  are g iven  in  Bunsen Absorption c o e f f ic ie n t s ,  i . e . ,  the volume

o f gas (ca lcu la ted  at K*T.F, j absorbed by one volume o f liq u id  a t  a c e r ta in

temperature and p a rtia l pressure o f  gas, e*g*, ml. o f gas ml. o f  liquid*

b; ZelviriSteii^  ̂ ( J* Chem* Ind. (if* 3* 3 . E* j ,1957,4^,1250*)

This pager g iv e s  the s o lu b i l i t i e s  o f  carbon d ioxide in  water fo r

the isotherm s 0 ,1 2 .4 5 ,2 5 ,5 0 ,7 5  and 100°0 over a pressure range 0-90 atm*
The data g iven  are fa ir ly  complete fo r  th e  lower two isotherm s, eut a t

the higher temperatures only a few is o la te d  p o in ts  are included in  the



range 0-36 atm. The s o lu b i l i t i e s  are g iven  as the volume o f  gas 

(ca lcu la ted  at N.T.i • / absorbed by one volume o f water reduced to  0°C a t  

a c er ta in  p a rtia l pressure o f  gas. A method i s  a lso  g iven  fo r  ca lcu ­

la t in g  s o lu b i l i t ie s  at any temperature and pressure using the em pirical 

equation:-

S as ap -  bp^ - * * • * ' * • — (-12)

where S « s o lu b i l i ty  o f  gas, ml. o f  gas/m l. o f  water a t 0°C,

P  »  p a r tia l pressure o f  carbon dioxide in  aba. * 

and a <& fo = em pirical constants dependent on temmrature, 

c ) diebe and Gaady^ (J. Aaer.Chem* boo. ,1939 ,61 ,315 . 51940,62 , 815. )

These p&pem deal with the s o lu b i l i ty  o f  carbon d iox ide in  water 

at very high pressures w ith in  th e range 0-700 atm. „ only is o la te d  p oin ts  

on cer ta in  isotherms being in  the range 0-38 atm. The s o lu b i l i t i e s  are 

expressed as the vo!?m© o f gas (ca lcu la ted  a t N. :*P. } absorbed, by one 

gram, o f water at a cer ta in  to t a l  pressure, in  th is  case  25 atm.

Total Pressure 
(atm .)

Temperature
(°c)

c l  a b i l i ty  
•mVg.HgO;

25 18 19.51

25 31.04 14 .18

25 35 12.95

25 40 11.62

25 50 9.71

25 75 b.82

25 100 5.37

As w ill  be scon from above tine data a v a ila b le  are vcxy incom plete,

ana as a consoqueiice, the p o s s ib il i ty  was in v estig a ted  of using Henry *s 

law to ca lcu la te  the inquired s o lu b il ity  data*

2. 1*2* Henry*a Law'

This law s ta te s  that the s o lu b ility  o f a gas I s  d ir e c t ly  proportional



to  the p a rtia l pressure o f the gas.

p « kx (13)

where p » p a r tia l pressure o f  gas in  atm.

x a mole fr a c tio n  o f gas absorbed in  liq u id  a t sa tu ration  

and k * the Henry’s law constant.

Using Henry’s  law to  c a lcu la te  the s o lu b i l i ty  o f  carbon dioxide  

in  water a t  0° C and 30 atm. from tb s experim ental absorption c o e f f ic ie n t  

o f  Bohr and Bock o f  1 .713 a t 1 a tm ., i t  i s  found that x* the mole fr a c tio n ,  

i s  41.53 x  10~S. The experim ental value obtained by Z e lv in sk ii i s  

25.95  x  10*“° ,  which i s  only 60 o f  the amount predicted by Henxy’s  law  

(see  fa b le  6 ) .  This ca lcu la tio n  shows that Henry’s law i s  not accurate  

enough fo r  noxttial ea icu la t torts. However, i t  may be p o ss ib le  to  use the  

fu gacity  ami a c t iv ity  corrections to  Henry’s  law fo r  non-ideal gases and 

non -idea l liq u id s  r e sp ec tiv e ly .

The corrections to  Henry’s lav/ can be w ritten  th u s t -

where f  = fu gacity  o f  gas in  atm.

and a -  the a c t iv ity  o f  the gas in  solution*

As the s o lu b i l ity  o f carbon dioxide in  water i s  r e la t iv e ly  sm all, i . e . , 

the so lu tio n s are d ilu te , i t  can be assumed that a « x (the mole fra c tio n )  

i . e . , f  « kx.

The fu g a city  may be obtained from the equations -

O K’i

where ¥  » volume o f gas in  l it r e s /g .m o le ,  

T » temperature in  °K, 

p ss pressure in  atm ., 

and & « the id e a l gas constant.

(14)

ft"
In f  » (IS)
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To ca lcu la te  the fu g a city  an e x p lio it  volume equation o f s ta te  i s  

necessary in  order to  evaluate the in teg r a l above. The equation o f s ta te  

i s  a lso  u sefu l in  ca lcu la tin g  co m p ressib ility  data and th erefore  the 

lit e r a tu r e  survey a lso  covered equations of s ta te  fo r  carbon dioxide.

2 .2 . p-Y-T REhih’IQEhJIPd POP CARBON PIQXXjE

2 .2 .1 . Equations o f s t a t e

'he a lgebraic  rep resen tation  o f the p-V-T re la tio n sh ip  o f  f lu id s  i s  

an equation o f  state* F or p r a c tic a l purposes the most u sefu l equations 

o f  s ta te  are those e x p lic it  in  volume* a lth o u g h  the most accurate and 

common. ones are those e x p l ic i t  in  pressure.

Over 100 equations o f  s ta te  are recorded but only about 15 are in  

common use. I t  has been found that most known equations o f s ta te  used a t  

present* whether derived th e o r e t ic a lly  or em p ir ica lly , can be reduced to  

one o f  t wo foim s,

pY ~ a + bp + cpS , dp- - — — (16) ( e x p lic it  volume
type)

pV * a + + *̂ 5 + — — (i? )  ( e x p lic it  pressure
type)

a , b , c ,  1 , e tc . are functions dependent e n tir e ly  on temperature and the 

nature o f  the gas. The constants are evaluated frora the experim ental 

p-V-T data fo r  the f lu id .

I f  we reduce the above equations o f  s ta te  to  the com p ressib ility  

form, i . e .  , d iv ide through by RT, then

3 0 38 f r  * I t  * l f ~  + if" ” * —

a b . c  d
or M  . 0 = +  * ~Tr~~ + -X T' + ~~ Q}RT W T  1PBT VmT

where C « com p ressib ility  fa c to r  o f  the f lu id .

I f  in  ( l 8 ) we then su b stitu te  p a BT/V^, where Vp i s  th e id e a l gas

volume, then



I f  ET i s  included w ith in  the temperature fu n ction s the v ir ia l  forms

o f  the equation are obtained thus
&  -U.

C a * -t* *diL *h -»~rg- + «•— (21/ ( e x p l ic i t
% vi  v i  voltaic)

, of <y.
and C » + —§» + —̂  4- ds. 4 —«* ■*«*“ (*̂ 2 j ( e x p lic it

1 V *> p^ssur® )

m h sra 'q , * 'g# e tc .  are known a s  the v ir ia l  c o e f f ic ie n ts  and are

dependent upon some fu nction  o f  tem p era tu re  and the nature o f  th e  gas.

I f  the most common equations o f  s ta te  are transposed in to  the cck*-

p r e s s ib i l i ty  forms, we obtain  the ta b le  o f  v ir ia l  c o e f f ic ie n ts  shown a t

the end o f  th is  t i i e s i s ? where the constant© K, a , b , c s e tc . are dependent

on the nature o f the gas (fa b le  1 ) .

cxame o f  the eq u a tio n  seem to  have more constants than i s  s ta te d

in  column (4 ; , but t l i is  i s  because the la te r  constants are derived from

the e a r lie r  ones, e . g . , van tier Wa&ls1 equation, constant x ag.

Other common equations o f s ta te  such as the d ie ^ e r io i , Keyes and

Groodenough equations can a lso  be reduced to  approximately the same fora*

but com plications occur due to  the use o f  exponentials (b ie le r t e l  and

Keyes) and fra c tio n a l powers o f temperature (Goodenough). The B ened ict-

obb-Eubin equation f a l l s  in to  this* c la s s  anu i s  included in  Table 1 . to

show how nearly i t  approaches the general form. I t  w il l  be noted that

the exponential term i s  a fu nction  o f volume as w ell as o f  temperature

in  the Benedict-..obb-kubin equation*

Table t  compares b r ie f ly  the most common equations o f s ta te  and

lead s to  the fo llow ing conclusions:

a) On the whole, e x p lic it  volume equations require a grea ter  number
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o f v ir ia l  terms to give the same accuracy as e x p lic it  pressure  

equations over the same range o f  temperature and pressure.

b) A large  number o f  terms i s  required to  g iv e  even reasonable accuracy 

over small r a n g e s ,  e sp e c ia lly  near the c r i t ic a l  p o in t. A minimum • 

o f  f iv e  em pirical constants i s  required to  g iv e  reasonable accuracy.

c ) The v ir ia l  c o e f f ic ie n ts  appear to  fo llo w  a d e f in ite  s e r ie s  in  l/T .

2 .9 .2 .  E x p lic it  volume equation o f  s ta te  fo r  carbon dioxide

The c r i t i c a l  temperature o f  carbon dioxide i s  31. 04°C which occurs 

near the middle o f the temperature range Q~1Q0°C used in  th is  th e s is .

This fa c t in creases the d if f ic u lt y  o f obtaining an equation o f s ta te  which 

w i l l  accurately  portray the experimental data both above and below the 

c r i t i c a l  temperature.

The lit e r a tu r e  survey produced the fo llow ing  data on equations, o f  

s t a t e ,  e x p lic it  in  volume, fo r  carbon dioxide, 

a; Cawood and Patterson"1* (rrans.hoy, ooc, 193d,Addo, 77;.

This paper g ives an equation o f s ta te  fo r  carbon u ioxide o f  the  

forms-

Jp. = 1 -  Ap — — —• (23;

where A i s  a constant dependent upon teaperature.

This equation i s  only accurate over sm all pressure rsuiges (0-5  atm* a t  

most) and i s  o f  no xm& in  accurate determ inations o f  p h ysica l properties

over appreciable ranges.

b) Linhart22- (j.Phys.H hea.,1933,37,645; 1934,38,1091)

These papers give an equation o f the form :-

l L Z ±  „ p k ......................................  (24)
%  " I ,

where V . « the ultimate molal volnne o f carbon dioxide,<*U



19*

V i a Vcn’/ f o  where Vo » 1 a t f© a 2?3.13°K and i  atm,

( i . e .  . Charles law i s  assuned to  be obeyed

carbon d ioxide a t 1 atm .)

Vp a volume at pressure p* 

and k = a constant dependent on temperature.

This equation i s  not s u f f ic ie n t ly  accurate fo r  exact ca lcu lation s#  

a) i i c h o ls  and Ajciieis^3 (Pi©©* Boy#, *oc# 1956.Alb3.2Ql)

This g iv es  an equation o f the fo m ;~

pV as A + 33d + Cd2 + da3 + — —

where d » Am&g&t density  o f  the g a s , and A, B, C9 j 9 e t c . , are coiiatants 

dependent on temperature*

This portrays the data accu rately , but no sim ple method. sesum to  be 

a v a ila b le  fo r  In terp o la tin g  the constants for  isotherm s other than the  

ones used#

d; .Aaron and Turnbu l l2^ (J# Amer. Chern# Soe« .1942,44,2195) 

Hits paper g iv es  an equation o f  the fcsm i-

-—A*  ̂ ...if. .4

& & &
'JL J l 'JH

,A  ,5  «7i r  xv  i.r

£ Sk *
Xx i •“"Bf

Ar

A PI
r ii§ m?

irLr

A

R

A S  f t; io  t * i i  - 12
a v 3

r
T

(26)

vxhere i r  and Tr  a reduced pressure and temperature r e sp e c tiv e ly , and 

^ 5* ai*̂  em pirical constants*

This equation g iv es  accurate r e su lts  fo r  a very wide o f temperature

and pressure above the c r i t ic a l  point# The low est l im it  o f a p p lica tion  

i s  fj» s  1*30, which fo r  carbon dioxide corresponds to  a  Loupexature o f  

12T°C# This i s  25°C ou tsid e  tlie range O-IOO^C* th e  x-ange over which data 

are required*
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e) B e a t t ie ^  (Proc.Mat. /load. S c i* , ‘ash. , ;  ,19-30,16,14-.)

This paper g iv e s  the e x p lic it  volume equation derived from the 

Beattie-Bridgesnan e x p lic it  pressure equation. For carbon d ioxide th is  

e x p l ic i t  volume equation g iv es  an average d ev ia tion  o f  £k- (maximum 6. 6p&) 

over sm all temperature and pressure ranges. Ahen the equation was de­

r iv ed , B eattie  pointed out the p o s s ib i l i t y  o f adding ex tra  em pirical 

constants to  increase i t s  accuracy fo r  s p e c if ic  gases.

In conclusion  th erefo re , i t  was decided to  use the B ea ttie  equation, 

as a s ta r tin g  p o in t in  the c a lcu la tio n  o f  the p-V-T x e la tionai tips o f  

carbon dioxide.

2 .2 .3 .  Experim ental p-V-T d a ta  f o r  carbon d io x id e

A search o f  the l it e r a tu r e  provided the fo llow in g  data on the exp eri­

mental p-V-T re la tio n s  fo r  carbon d iox id e, 

a) Aniagat2  ̂ (In t. Grit. Tables, Vol. I l l ,  p . l i ) .

Tjaagat g iv es  th& p-V-T data fo r  carbon uioxicie over a wide pressure 

and temperature rarige but ou tsid e  tise range 0-56 atm. 

b ; Andrew27 (Phil.Traits. .1876.166.421. )

This paper give® various isotherm s o f  p-V data fo r  carbon d iox id e . 

Three o f  th ese  isothenas ( 6 .5,64,100°C) have experim ental r e su lts  in  the  

pressure range 0-36 atm. and w i l l  be used in  v er ify in g  the accuracy o f  

B e a tt ie 's  equation o f s ta te .

c J Michels and M ichels2*̂ (Proc.Boy. Soc. .1936 .A j55.2Q l.)

This paper l i s t s  pV data fo r  carbon d ioxide over e ig h t isotherm® 

(0- 100°CJ in  the pressure r&hge 0-56 atm. and w il l  be used in  v e r ify in g  

the accuracy o f B e a tt ie 's  equation o f  s ta te .

Comparison o f  Sxperimental Methods o f  Andrews and M ichels and M ichels. 

a) Temt^raturei Andrews measured h is  temperatures with a p r e c is io n  o f
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0.G loC but had d i f f ic u l t y  in  m aintaining constant temperature con tro l a t  

each isotherm* The low est isotherm "varied from 6*06 to  6 . 90°C, temperature 

being maintained by co ld  running water* The temperature was co n tro lled  

a t 64°C by vapour from b o ilin g  methyl a lcoh o l and at 100°C by steam*

M ichels and Michels used thermometers divided by l/lQ 0 ^ 1GC and 

maintained r ig id  temperature con tro l by using a thermostat# 

b; treasu re: Andrews used a mercury reserv o ir  suspended below two g la s s  

tubes containing a ir  and carbon d ioxide r e sp e c tiv e ly , A screw arrange­

ment forced mercury up the tubes compressing true g a ses , the volumes o f
i

which could be read to  O .lcc . The pressure was measured from the a ir  

volume using the equation

a _  _3_ ~  — (27)
*  Vj. •> 730

where pn « p re s su re  in  a tm .,

V0 -  volume o f a ir  at ,

= volume of a ir  observed at t°C ,

0t = the coeffic ien t; o f  expansion o f  a ir ,

and q, = the d ifferen ce  in  mercury le v e l  in  the a ir  and carbon

dioxide tubes.

Throughout h is  work Andrews assumed the com pressib ility  o f air- to  be 

unity ( i . e .  ? the volume fo r  an id e a l g a s ; , because a t that time no 

p-V-T data fo r  a ir  were a v a ila b le . I f  £  i s  known i t  i s  p o ss ib le  to  

co ix eo t Andrews* data to  true p ressures, but s in ce  he g iv es  no values fo r  

th is  correction  h is  data can be corrected  only approximately. Andrews 

s ta te s  that £  was never greater than 0 .25  atm ., but usu ally  considerably  

l e s s .  The maximum p o ssib le  error a r t s in  from th is  source i s  therefor©

2. Sfe occurring at 12 atm. f Andrews* low est pressure value.

In correcting fo r  the com p ressib ility  o f  a ir  £  has therefor© been
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ignored leav ing  th e  p re ssu re  equation as

? « ( l  + ctft) , .pA a —   — — — — (28)

Holborn and O tto^ g ive  the equation o f s ta te  fo r  a ir  at 0°C as: 

pV * (1.0006 -  0.000603p + 0 .00000302p2 ) — (29)

At K.T.i* p s  pG a 1 atm. and V « V0

th erefore  p0V0 as 1 .000

Since the manometer in  Andrews1 work i s  a t  6-7°C in  a l l  c a se s , a co rrection  

has to  be app lied  to  the above equation. The assumption o f  Charles * 

law i s  reasonably correct over such a sm all temperature range, which 

g iv e s  the equation as:

-  (1.0006 -  0.000603P ♦ 0 .0000080**) T/SW .13 (30)

where ? = temperature o f a ir  manometer in  °K.

Let th e numerical value o f  ca lcu la ted  from the above equation

be X. Then:

—  a# X (m&re pg » 1 atm. and » true pressure)
PoVo

i . e * ,  P^ = XV0A i  — — — —- (31)

d iv id in g  (31) by (28) we g et th at:

~  -  _ - J L   -  -  (32)
PA ( l  V i  t )

This g iv es  a method o f c a lcu la tin g  the true pressure from Andrews * data 

to  w ith in  2,Sp4,

Michel© and Michels used a gxaduatea tube over noercuxy. The pressure  

was Increased by an o i l  pump t i l l  the mercury touched a s o c i a l  make or  

break contact in  the tube a t a known volume lev e l#  The pressure was 

measured by a pressure balance and corrections a p p lies  fo r  the h eigh t o f  

mercury anu the hyd rostatic  head o f o i l ,  This gave p ie s  sure measurements



accurate \o  the fourth decimal place*

c) Carbon dioxide preparaiions jurairews obtained id s  carbon d iox id e  by

the a c -io n  o f OOg free  sulphuric acid  on marble cidps# fhe carbon d i­

oxide was u essica te^  by R is in g  i*c through U-tubes contain ing c iilo r id e -  

io n  fr e e  piaaice moistened w ild sulphuric acid#

d ic iio ls  ana r.Iichels obttiineu th e ir  carbon dioxide from a sp e c ia l rhree 

stage low temperature d i s t i l la t io n  process#

d, Conoiusions Praia the above oonsiaeraixona i t  usill be seen  that the  

rcstilta  o f  Michele and Michels axe the most accurate data a v a ila b le  and 

w ill  therefore be used as the b a s is  fo r  te s t in g  the accuracy o f  the

eq u atio n s  o f s t a t e  fo r  carbon dioxide* 

d#f#4, i-uUi used In  cuIc;J^a/lions>

Q̂ C a m im t& K ,

H —I 0* 06206 l i t r e  f atm#/g* mol# °K?

Gram m olecular volume o f OQg a t 2611 l it r e s *

The gram molecular volume o f  carbon d io x id e  can be o b ta in ed  from the

compres s i b i l i t y  d a ta  th u s:

M ichels anu M ich els^  |£ v e  the value o f  ( l  + \ } ,  the ccm p ressib ility

c o e f f ic ie n t  o f  carbon d ioxide at as 1*006824 and the gram m olecular

v o l u n e  i s  g iven  by the equation

KTo 0.08206 X 278.13________ ___
V .  " T T \*  C006B24  " 22*3611

2*8*5.# The B eattie  equation

The .Beattie Equation i s  gen era lly  m it t e n  as;

V = ( i r . + ») ( l  - € )  -  A RT — — (35)

fo r  one mole o f  g a s , v

where A = A0 ( t  -  ) ; B » Bq(i  -  b /^  )

€ * o / l f  T5 ; IT  a RT/p
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and fo r  carbon d ioxide

A0 » 5.0065 a « 0.07152

Bq -  0.10476 b » 0.07255

c  a 660,000

The s im p lif ie d  equation used in  ca lcu la tio n  i s

V « Q. 10476 4- RT -  5.0065 -  Q.QQ7579P + Q. 557064P
p RT m  r 2t 2

-  660,000 -  s a M a M  + sagk aae?  ~  (34)
t 5 RT4 R2#

Xf t h is  i s  w r itten  in  the general com p ressib ility  fo m  (see s e c t io n  2 . 2. 1 . )  

th is  g iv es:

C a 1 +  £ -(0 .1 0 4 7 6  -  ^ 0 1 0 2  _ ^OOjOOOx 
\  T Ts

-  ^ g (0 .007579 -  + J8y& L§j

♦ L-(^QSSt2£) — — — (35)
v 5 ^5

The volumes o f carbon d ioxide a t various temperatures and pressures have 

been ca lcu la ted  and compared with the experim ental values o f  M ichels and 

M ichels (Table 2A) and Andrews (Table 3A). The fou rth  colisan shows the  

d ifferen ce  between ca lcu la ted  and experim ental volumes, and th e  f i f t h  

column the percentage deviation*

Tables 2B and SB show th e  average and maximum d ev ia tion s o f  B e a t t ie 's  

e x p l ic i t  volume equation from experim ental r e s u lt s .  There i s  an average 

d ev ia tion  o f  2.5<$ and a maxiratra o f  11.89^ a t 0°0  and 33 .4  atm. fo r  the  

r e s u lt s  o f  Michels and M ichels.

From these ta b les  i t  i s  c le a r  that the B ea ttie  equation o f  s ta te  fo r  

carbon dioxide does not represent the data accu rately  enough f ° r  the cca­

put at ion. o f  physical p rop erties, e . g . , com p ressib ility  fa c to r s  and fu g a city



c o e f f ic ie n t s ,  and a more exact equation i s  required,

2, 2, 6, The new equation o f s ta te  fo r  carbon dioxide

From the d iscu ssio n  on equations o f  s ta te  i t  i s  seen that the grea ter  

the accuracy required the more constants are needed. The B eattie  equation

have been added from a con sideration  o f  the d ev ia tio n s o f  B ea ttie  *s 

equation from th e experim ental r e su lts  o f  M ichels and Michels*

The com p ressib ility  fora  o f  the new equation i s j

The term (-2 ,4 7  x  102^ /T ^ ) has been added to  the second v ir ia l  c o e f f ic ie n t  

and the term (-2 ,69354 x  has been added to  the fourth v ir ia l

c o e f f ic ie n t  o f  the B ea ttie  equation. The number o f  em pirical constants  

has been increased  to  seven*

The volume e x p lic it  form used in  the ca lcu la tio n s  i s :

fo r  1 mole o f  gas and where ® FT/p,

Using th is  new equation the volumes o f carbon dioxide a t th e tem­

peratures and pressures used fo r  the B ea ttie  equation have been ca lcu la ted  

and compared w ith the experim ental r e su lts  as before . (See the l a s t  two

columns o f  Table® 2 A and 3A ,)

i s  su ita b le  fo r  ad d ition  o f  ex tra  terns and two fu rth er em pirical terms

1 + -2L (0*10476 -  Qi«QlQ2 * QQQjjQQQ -  *J§Z J£.Jr£}?X)
fj» ij«5 (̂12

% (0.007679 -  l i ’-S&frS + .§§1% ! )

+ J L  (S S g s S g  .  ^ 693^ , x ..1Q1Q.) _
V® I® s 5

i

(36)

v  = o .io 4 7 6  + M _ a u o io a  .  360.000 .  2 .4 7  * 1027
p T T3 T12

^  (0.007S79 -  & .5S335 +

(37)
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The average and maximum d ev ia tio n s are shown underneath the values 

fo r  th e B ea ttie  equation in  Tables 2B and SB, There i s  an average 

d ev ia tion  o f  0 ,1 7  and a maximum o f  0 ,35':. at 0°G and 16 ,5  atm, fo r  the  

r e s u lt s  o f M ichels and M ichels,

A further t e s t  fo r  accuracy m s carried  out w ith  some random experi­

mental po in ts and the r e su lts  axe shown in  Table 4, The deviations are 

w ell w ith in  the average and maximum d ev ia tion s already found.

These d ev iation s are w e ll w ith in  reasonable lim it©  o f  error  and th is  

equation o f  s ta te  fo r  carbon dioxide w i l l  be used to  c a lcu la te  the physical 

prop erties o f  carbon d ioxide,

2 .2 .7 ,  The co m p ressib ility  fa c to r  o f  carbon d ioxide.

The com p ressib ility  fa c to r  o f  carbon d ioxide has been ca lcu la ted  from 

the new equation fo r  the isotherm s 0 , 10 , 15 , 20 , 25 , 55, SO, 75 and 100°C 

over the pressure range 0-36 atmospheres, The r e s u lt s  are shown in  

Table 5 uivier the column 0 ana have been p lo tte d  on a large  s c a le  to  show 

the v a r ia tio n  o f  G w ith pressure and temperature over the required range#

A photographic reproauction o f  th is  graph i s  shown in  P la te  I , These 

curves w i l l  a lso  be use a  fo r  ca lcu la tin g  gaseous volumes and v e lo c i t ie s  

o f  carbon d ioxide in  the pressure absorber,

At 0°G carbon d ioxide l iq u i f i e s  a t approximately 34 atm* and the 0°C 

iso th e m  has th erefore been stopped a t 33 atm*

From the graph i t  w il l  be seen  that as temperature in creases the  

co m p ressib ility  approaches u n ity , the value fo r  an id e a l gas* The curves 

a lso  tend to  approach stra ig h t l in e s  the h igher they are above th e  c r i t i c a l  

temperature o f  3 1 ,04°C,

2 .2 .8 ,  The fup;acit:v c o e f f ic ie n t  o f  carbon d ioxide

ill© fu g a c ity  i s  obtained from the equation
f r

In f  » * dp. ■— — ( i 6 )O KJL
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S u b stitu tin g  the new equation o f s ta te  fo r  V we g e t ,  on in teg ra tin g  and

s iia p lif / in g  ,

I n f  .  JL (0.10476 -  a tf lM B  -  M J I I O 8.  -
P Vi t  j ta

-  ~ | ( 0 . 007579 -  +

t (5002.59 _ 2.69S54 .X101 0 , „  (38)
3V3 T5 T*

wiiere m HS/p and f /p  « the fu gacity  co e ffic ien t*

The fu g a city  i s  obtained simply by m ultip lying the fu gacity  c o e f f ic ie n t ,  

f /p ,  by the pressure, p*

Tbs fu g a city  c o e f f ic ie n t  has been ca lcu la ted  fo r  the i  so t herns 

0 , 10 , 15 , 20 , 25 , 35, 50, 75 and 10G°C over th e pressure range 0-36 atau 

The values obtained are l i s t e d  in  Table 5 under f /p .  These r e s u lt s  have 

been p lo tted  on a large  sca le  chart showing the fu g a city  c o e f f ic ie n ts  

fo r  the various temperatures and pressures over the required range. A 

1 photographic copy o f  th is  chart i s  shown in  r la te  XI*

From the graph i t  w i l l  be seen that as the temperature in creases  

the fu g a c ity  c o e f f ic ie n t  approaches u n ity , the value fo r  an id e a l gas*

The curves a lso  tend to  approach s tra ig h t l in e s  as the temperature in ­

creases*

2*5* THE aOLUBIhXTT OF CAKBOfl DXOutldg IT* dATTR 

2*5,1* Units

As w i l l  be seen in  the in trod uction  (se c tio n  2*1*1,) the data a v a il­

ab le fo r  the s o lu b i l i ty  o f  carbon dioxide are in  d if fe r e n t units* For 

comparison a l l  u n its  have been transformed in to  Bunsen absorption co­

e f f i c i e n t s ,  i ,  © ., the volume o f  gas (ca lcu la ted  a t  H*T*P. } absorbed by 

1 volume o f  water at a c er ta in  temperature and p a r tia l pressure o f  carbon 

dioxide*
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S e lv in sk ii used u n its  o f  ml« o f  gas (ca lcu la ted  a t per ml.

o f  uaier reduced to  0°C and a c er ta in  r^artial pressure o f  carbon dioxide* 

Ihese u n its are changed to  Bunsen c o e f f ic ie n ts  by m u ltip ly ing  the 

£ e lv jn sk ii s o lu b i l i ty  by the r a tio  o f  the d en sity  o f  water a t t°C to  the 

den sity  o f water at 0°C* 

s . g . ,  At28°G r iigO -  0.99707 g . / a l .

a t 0»C " * 0.99987 g ./m l.

and the r a t io  » G. 99721

fh® ca lcu la ted  MLvirsskii s o lu b i l ity  at 25°€ and 10 atm. i s  

7*15 ml* gaa/sil* ra ter  whiloh i s  etpii valent to  a Bunsen co­

e f f ic ie n t  o f  7 .13  x 0.99721 « 7 .11

fhe  u n its used by v&ebe and Saddy are i n  s i .  o f  gas (ca lcu la ted  a t  

iV.i’. i * ) per Ig . o f  water a t  a c er ta in  to ta l preaaure and tempera!ore* 'Vo 

change s o lu b i l i ty  to  volume/voluiae i t  i s  oz&y neoassary  to  m ultip ly  by 

the d e n s ity  o f  w ater a t  th a t  tem perature.

to  change to t a l  pressure to  p a r tia l pressure i t  i s  necessary to  

correct for  the e f fe c t  o f  to ta l pressure on the p a r tia l pressure o f m te r  

vapour. .(.'he correct p a r tia l pressure can be ca lcu la ted  from  the roynting  

re la t io n sh ip  below?

where p and 1 ai'e the vapour prcasmfo a;*l the to ta l  pressure on the water 

res a c t i v e l y ,  V the p a r tia l mola! volume o f  m te r , and v the p a r tia l 

Eiolal volume o f  water vapour.

As tli© p a r tia l racial volumes are not known the mol&l volumes are 

used in  each case. At 100°C the p erfect gas law does not hold accurately  

enough fo r  saturated steam and the vapour pressure must be ca lcu la ted
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from Poyntlng* & r e la tio n sh ip  in  conjunction with the Callender equation  

o f  s ta te  fo r  steam, w hile at a l l  other temperatures the p erfect gas law  

can he used.

ifdebe and Caddy, using P o in tin g 's  re la tio n sh ip  and the Callender 

equation o f  s ta te  fo r  steam, obtained the p a r tia l pressure o f  vmter 

vapour at 100°C and 25 atm. to ta l  pressure as 1 .018 atm.

P a r tia l pressures fo r  the lower isotherms are evaluated as fo llow s:

-̂E a 1  » JL ,  ?  =* M/o (fo r  water) — (40)
,\P V /'V  /'

where M » m olecular weight and p  m d en sity  o f  water a t  I’°K.

How v  m RT/p (the p erfect gas law) so that:

E s: «ME>' «* m  f4l )
d P  RTp V /

i .  a. , d if fe r e n t ia l  fonu oan l>e w ritten  as

M  s s  -.-Lap — — — (42)
P RT./>

In tegratin g  th is  between Po and p fo r  l e f t  hand s id e  and pQ and P fo r  the

righ t hand s id e , we gets

l n  p£ * WZ> ~ po  ̂ ~~ ~~ — (43^

wliere pQ * water vapour pressure and p » water vapour pressure at P atm. 

e . g . , At 18°C pQ a 15.480 mm. o f  % « 0.0204 atm.

p  a 25 atm. p  » 0.99862 g ./m l.

then l°&m P ® p * 18.018 (25 ?_ „Q»J
^*u A 2.503 x  0.08206 x 291.13 x  0 .9986

p a  0.0208 atm.

i . e . ,  p a r tia l pressure o f  carbon  dioxide « 25 -  0.0208

-  24,9792 atm.

Mole fr a c t io n :

In s o lu b i l i ty  e ja cu la tio n s i t  i s  more usual to  use the mole fr a c tio n



o f  the gas in  the liq u id . This i s  obtained from the s o lu b i l i ty  co­

e f f ic ie n t  by use o f the equation:

18.016

where x i s  the mole fr a c tio n  o f  carbon d ioxide, HgO i s  the d en sity  o f

water a t t°C and i s  the Bunsen absorption c o e f f ic ie n t  a t t°C.

3 .3 .2.  Z e lv in a k ii♦s data

She data a v a ila b le  in  the pares sure range 0-36 atm. have been l i s t e d

under S e lv in sk ii experim ental mole fr a c tio n  in  Table 6 fo r  the iso th em s

0 f 23, 50. 75, and 100°C. As w ill be seen these data are v ery  incom plete, 

e sp e c ia lly  a t the higher temperatures, arid i t  i s  necessary to  use 

2elv±nskii*s equations to  f i l l  in  the blanks. These, as mentioned in. the

in trod u ction  (se c tio n  2.1 .1*} are empirical equations o f the form

8 xs ap — bp^ ( i 2 )

where S = s o lu b i l i ty  in  ml. o f  COg (ca lcu la ted  at N.T. ; per ml. o f

water a t 0°C.

P  sr p a r tia l pressure o f  COg in  atm.

and a&b » empirical constants dependent on temperature.

The constants given by "e lv in ak ii for- th e  various isotherms are 

l i s t e d  below:
TOC a b

0 1 .84  v 0.025

25 Q.755 0.0042

50 0.425 0.00156

75 0.308 0.000966

100 0.231 0.000322

Comparing the 28 exi >eriiaental p oin ts in . th e ta b les  w ith  th e co rres-

pomdng ca lcu la ted  values from the above equations, i t  m s  found th at the
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average deviation  was 0. 94- with a maximum o f  2 .64  •

Z e lv in sk ii p lo tted  th ese  constants agfcinat temperature and obtained  

a curve which would enable the constants to  be read, o f f  a t any required  

temperature. Ke checked th is  curve h r  ca lcu la tin g  expected s o lu b i l i t ie s  

at 12* 4S°C and confirmed them by exjxsrimeafc. The r e s u lt s  obtained are 

shown below, the em pirical equation being

S ® 1# 08p —Q.CUOSp2 (45)

p atm. Calculate^ x Experimental x x  lO® % dev.

1 0.865 0.878 1 .4 8

5 4*135 4.151 0.39

10 7.806 7.751 0.71

16 11.023 10.912 1 .0 2

20 13.763 13.660 0 .76

25 16.127 16.174 0 .2 9

30 18.027 18.471 2 .40

The curve, th erefo re , seams to  g iv e  a fa ir ly  accurate method o f  in te r ­

p o la tin g  s o lu b i l i t i e s  and a rep lica  o f  ie lv in s k i i  ’ s  ciiart has been  drawn 

p i e .  1 ) . This curve was used to  fin d  the constants fo r  the isotherm s 

10 , 15 , 20 and 35°C, from whion the values o f the s o lu b i l i t i e s  a t th ese  

temperatures were ca lcu la ted .

The constants were found to  be

f°C a b

10 1.231 0.0133

15 1 .000 0 .0089

20 0.862 0.0061

35 0.588 0.0025

The s o lu b i l i t ie s  ca lcu la ted  from Z elv in sk ii* s  equations are tabulated  

in  Table 6.  Since th ese  ca lcu la ted  values g iv e  a complete coverage o f  

the temperature and pressure ranges, they were used as a b a s is  for
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comparison of the experimental data, Henry’s law and the fopacity  cor­

rec tio n  to  Henry’s law,

2 .5 ,5 . The data  o f  Bohr and Book

The data o f Bohr and Bock fo r  the isotherms 0, 10, 15, 20, 25, 35 

and 50°C a t 1 atm, p a r t ia l  pressure of carbon dioxide have been used to  

ca lcu la te  th eo re tica l s o lu b ili t ie s  according to Henry’s law and the  re ­

su lts  are tabulated in  Table 6*

The Henry’s law constant fo r  each isotherm was calcu lated  from the 

data o f Rohr and Bock thus s

i t  0°C and i  atnu 3 » 1.9X3 ml. gas /ml* water

x  -  0.001385

K * p/x * i/0 .0 0 1 5 8 5  a 722.0  

Using t h i s  value o f  K in  the equation. x  » p/k. th e mole f r a c t io n  o f  carbon 

dioxide in  w ater can  be c a lc u la te d  f o r  any p re ssu re .

The deviations from. 2elv insk ii*s calcu lated  s o lu b ili t ie s  are  shown 

in. the column adjacent to  the Henry’s law data and show tlia t Herdsy’s la?/ 

cannot be applied with any accuracy above 1-2 atm. fo r  the low temperatures 

though a t  55 and 50°C the accuracy i s  w ithin £>* up to  10 atm*

At 75 and 100°C the value of Z d v in sk ii * s calcu lated  so lu b ili ty  a t  

1 aba* was used to  find the Henry’s constant and i t  w ill foe seen th at the 

accuracy rapidly improves t i l l  a t  ±0Q°Q i t  i s  possible to  ge t w ithin  gg 

o f the co rrect value a t  38 atm.

A deviation summary fo r iieniy’a lav/ i s  shown in  Tables 7 St 8.

The fugacity  co rrection  to  Henry’s law was a lso  applied  to  the re­

s u lts  of Bohr and Bock and the values obtained to o th e r  with 'the deviations 

are  shown in  Table 6* flere again a t  low temperatures the agreement i s  not 

good but i t  is  s t i l l  a considerable improvement over Henry’s law i t s e l f .

The deviation f a l l s  rap id ly  with increase in  temperature and a t  25°C i t
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w ill be seen that there is  a maximum deviation  of 6 a t 36 atm* Above 

25°G the deviations level out and legend more on the dev ia tion  of the 

data of Bohr and Boole from the data of & elvinskii a t 1 atm* ra th e r  than 

on the in ap p licab ility  of the fugacity  correction  to  H e n r y 's  law*. A 

deviation summary i s  given in  Tables 7 and 8.

Table 9 compares the deviation of the d a ta  of Bohr and Bock from 

k e lv in sk ii 's  experimental and calcu lated  values a t  1 atm* p a r t ia l  pressure 

of carbon dioxide* The average deviation is  5 *

F ig . 2 gives a graphical represen tation  of the deviation from ex­

p erim en ta l values of H enry 's lav/ and th e  fu g a c ity  c o r re c t io n  to Henry's 

law*

2.3 .4 . The data of lebe and Gaddy

The data of .iebe and G a u d y  at 25 atm. to ta l  p re ssu re  fo r the isotherms 

35s 50, 75 and 100°C were char ,od to Bunsen absorption c o effic ien ts  by 

the method shown in  the discussion on so lu b ility  un its (section  2 .3 .1 .J.

From these re su lts  the constants f o r  the fu>a c iry  c o rre c t io n  to  Henry's 

law were calcu lated  and the values obtai ned from the use of the correction  

a re  tabulate^ in  fable G a lo r^  ..1th the d e v ia tio n s  from helvinskAA *» 

calcu lated  re su lts . Deviation summaries are g iv en  in  fa b le s  7 and 8 and 

i t  w ill be seen th a t the data obtained are in  agreement w ith  S e lv in sk ii 's  

re su lts  with a maximum deviation of 3.G- though the average is  of the 

oxMor of 11.

Table 10 gives a comparison of in te rp o la ted  be lv in sk ii s o lu b il i t ie s  

(from Fig* l )  with the availab le  experimental data  o f Wiebe and Gaddy*

The deviations show that the accuracy of usiig. delviiuskii *s in te rp o la ted  

equations is  wiihiin an average of + 2,, of the- true  experimental data, m e 

deviation a t 18°G of 6 from the  experimental value is  ra th e r  high but as
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the o ther point s agree so well i t  seems reasonable to  assume th a t the

experimental re su it of ..'iebe and Gaddy i s  in  e rro r.

2.3*5* Conclusions

1. She s o lu b ili t ie s  of carbon dioxide in  water a t  high p a r t ia l  pressures 

calcu lated  from henry 's law and the  fi^& city correction  to  iienry’s 

law, based on the absorption co effic ien ts  of Bohr’ anu Bock, a re  always 

higher than actual experimental s o lu b il i t ie s ,  (fable 6, 7, 8 and Pig* 2).

2. Ilerary*® law can only bo used up to  6 atm* with an accuracy of *_ 

tiio-ugh tue  accuracy rap id ly  improves with increase  in  temperature above 

33°C.

3. The fugacity  oorxeotion to  luxury's law using the -data of Bohr and Bock
cat, l  atm* improves the accuracy. blow 25 C the co rrection  can be 

use., up to 10 adj. v.-idn an accuracy or ^  5 . Above 25°C the deviations 

are positive  by a constant value of about B-4i widen ind icates a con­

s tan t exi erimental e rro r in  the data of e i th e r  Bohr and Bock o r 

&elvixiskii. Allotfdug fo r  th is  constant deviation trie fugacity  co rrection  

applies almost exactly at temperatures above S0°C. (fables 6, 7 and 8.}

4. The re s u lts  obtained, by 'Bohr and Bock disagree 'with those extrapolated  

from Z elv iiisk ii’s equations a t 1 atm. by about 2^ and th is  i s  the 

experimental e rro r indicated  above. (2able 9 j.

5. In  general the app lica tion  of the fugacity  eo rrec rion to  Henry’s law 

usihg a sing le  value o f  iebe and Gaddy gives excellen t agreement with 

3elviriSk.il *s data above 2bQC. (Tables 6, 7 am  8).

6* inoe the  fugacity  co rrec tion  applies well only above 30°C, i t  is

reasonable to  aasuae th a t below 50°G solu tions o f  carbon dioxide are 

not idea l and th a t some so r t of caapound is  forrae-a* Gonsequently- the 

o rig in a l assumption th a t x  » a i s  invalid  below 30°C.

7* Because s a tu ra te d  s o lu tio n s  o f  carbon d iox ide  appear n o n -id ea l below
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30°C th e  fu g a c ity  c o r re c t io n  to  s in g le  p oin ts o f both Bohr and .'Book 

and Vfieb® and Gaddy I s  in a c c u ra te . Consequently i t  was found b e t t e r  

to  in te r p o la te  2 e lv in s k ii* a  c o n s ta n ts  a t  10, 15 , 20 and 55dG from 

F ig . 1 . rhe accuracy  o f  th e  in te r p o la t io n  was checked a t  18 , 31.04.

35 and 40°G and was found to  be good w ith in  £  % . Table 10 shows 

how v/ell t h i s  in terp o la tio n  can  be made.

In conclusion  i t  can be sa id  that E e lv in s k ii’s equations can be used 

to  ca lcu la te  s o lu b i l i t ie s  to  w ith in  + 2 o f  the true experim ental va lu es. 

This i s  s u f f ic ie n t ly  accurate fo r  engineering designs and. fo r  the c a l-  

cu la tio n  o f mean driving forces fo r  absorption ra tes. Therefore, the  

values o f the s o lu b i l i ty  ca lcu la ted  fxom Z e lv in s k ii*s equations were 

p lo tte d  on a large sca le  graph, p lo t t in g  the p a r tia l pressure o f  carbon 

d ioxide against the mole fr a c tio n  o f carbon dioxide in  water fo r  the  

isotherm s 0 , 10 , 15 , 20, 25 , 35, 50, 75 and 100°G. As rather a large  

gap in  the experimental values occurs between 0 and 25°0 K elv in sk ii*s  

experimental data a t 1 2 ,43°C have a lso  been p lo tte d  on the chart. A 

photograph o f  th is  chart i s  shown in  P la te  I I I .
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PART 3

Tag ApauJftrTIOfl Off GAH9QJM DIOXIBB Id  ?/ATKR \Smm  Pk&SSURE 
aSX.MG A GAS BUBBLE COLUMW

3.1 . IMTROajUCXIOK

From the conclusions drawn in  the in troduction  to  th is  th e s is  a gas 

bubble column was b u i l t  capable of working a t  high pressures and handling  

gas mixtures contain!ug high concentrations of carbon dioxide*

This absorber was used to  study the e f fe c t  o f the fo llow in g  operating  

v a r ia b les  on the absorption rate of carbon dioxide:

a) pressure,

b) temperature,

e ) gas r a te ,

a ) liq u id  r a te ,

©) liq u id  l e v e l ,

f ) types of d istr ib u to rs

5 .2 .  JilQUIPMSNT MX? QPiiiMiXOH

A flow  sheet o f the absorption process and equipment used i s  shown 

in  F ig . 3 .

Absorption column:-  The bubble column consisted  o f a 3 in .  nominal bore 

c la s s  *CP s te e l  p ip e, 8 f t .  long and flanged a t both ends. The column 

was f i t t e d  with sig h t g la sse s  fo r  reading the liq u id  le v e l  and w ith  ten  

pet-cocks fo r  removing liq u id  samples at various heigh ts fo r  a n a ly s is .

A bursting  d isc  holder was ©Iso f i t t e d  and a fter  te s t in g  the column up 

to  1200 I b ./ in ?  gauge a bursting d isc  s e t  fo r  500 lb^ /in ?  was f i t t e d  in  

the holder.

la t e r  phase: -  Water from the Glasgow C ity  water mains was pumped in  at 

the top o f the column, v ia  a 300 ga llon  storage tank, by an S.C .D . L td .,  

treb le -cy lin d er  plunger pump. This pump was capable of d e liv er in g  up to
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6 gal*/mlii* of water a t pressures up to 450 lb * /in f gauge and the flow 

ra te  could be continuously adjuste ..-hil® the puap was in  operation* 

the e x i t  water ra te  from the column was measured by a rotameter# /is 

th i s  measurement was taken a t atiaoapheric pressure i t  was impossible to  

read the water ra te  during an absorption operation owing to the carbon 

a io x id e  absorbeu a t  high pressures coming out of solution# The method 

employed, therefo re , was to  se t the pump to  give the desired, flow ra te  

before s ta r tin g  a run and to  check th is  reading a t  the end*

Gas phase:-  the carbon dioxide m s generated from an 1*0#X* Ltd* fenguin 

L iq u ifie r  which was cnarged in i t i a l ly  with about bo lb , of so lid  carbon 

dioxide (’ orikold'1) . Nitrogen, -die diluent gas was supplied from a 

cylinder of 165 f t?  capacity# Bouh gases were metered through o r if ic e s  

and mixed before passing in to  the base of the column by means of a su itab le  

gas d is tr ib u to r .

these o rif ic e s  consisted of brass blocks through which m e  d r i lle d  

a small hole of 0*063 in . diameter* Bourdon gauges a t  each end of the 

block gave the pressure drop correspondi% to  the desired flow rate# A 

d e ta iled  drawing is  shown in  Fig# 4*

d iffe ren t flow ranges could be obtained by p a r t ia l ly  f i l l i n g  the 

o r if ic e s  with wires o f various diameters# Before and a f te r  each run 

the o r if ic e s  were calib ra ted  a t th e ir  operating pressure by allowing 

each gas in  turn  to be bipassed to  a dry gas mater to  measure the  flow 

ra te  a t atmospheric pressure# The combined gas ra te  m e  a lso  measured 

and an analysis sample of the  gas mixture taken to confirm the ind iv idual 

readings. The same gas meter measured, the e x it  gas ra te  from the  column 

a f te r  absorption, so tliat a l l  gas flaw ra te s  were obtaiiusd on the  same 

b asis .

The pressure drop across the o rif ic e  varied from 50 to  400 lb . / in ?



3 / 8  Dl  A. CLASS C 
STEEL PIPE 
S C R E WE D  3/ 8" B .S . P

rn̂
LO

3 / 8 " D l A  CLASS C 
STEEL PIPE 
SCREWED 3 / 8 "  B. S .  P

B O D f  MADE FROM 
I '12 SQUARE BRASS BAR

2 -  HOLES TAPPED 
3 / 8 "  8. S.P.  TO TAKE 
STANDARD MALE -  
FEMALE 9 0 °  BE ND  
AND PRESSURE GAUGE.

NOTE
TAPER IS 

S T A N D A R D  DRILL 
TAPER.

DIAMETER A 
C 0 20R!FICE = 0  0 6 8  

N 2 ORLFlCE - 0  0 3 4

Fig.4  DETAIL O F  O R I F I C E  PLATE



so  th a t  a i re h e a te r  was provided  b e fo re  aaoh o r i f i c e  to  p rev en t i t s  

b lockage w ith  ic e  due to  th e  tem peratu re  drop caused by th e  Toule-Thomson 

e f f e c t .

The in l e t  gas com positions n o n aally  used were i n  th e  rang© 80 to  9CH- 

earbon d io x id e , the  r e s t  be in ?  n i t r o  gen#

O perations- The ab so rb er pressure could be a d ju s te d  anywhere in  th e  range 

0 to  450 l b . / in ?  gauge b t h r o t t l i n g  back th e  e x i t  pas and w ater v a lv e s , 

a l l  the  tim e keeping th e  l i q u i  le v e l  in. th e  s ig h t f l a s s  co n s ta n t.

'ffimn the  p la n t had reached s tead y  s t a t e ,  th e  e x i t  g as  r a t e  a f t e r  

a b so rp tio n  -was measured on th e  gas m eter and samples o f th e  gas tak en  

f o r  analysis*  -ampless o f  th e  l iq u id  cou ld  be ta k en  from th e  column a t  

v a rio u s  l iq u id  le v e ls  by u s in  ; th e  pet«-cocks* The procedure m s  to  r e ­

le a s e  th e  sample under an. a c c u ra te ly  known v o lu te  o f  s ta n d a rd  c a u s t ic  

soda so lu tion . (0*1 o r  0.2&N) i n  a  m easuring f la s k  u n t i l  th e  re q u ire d  

volume o f iiq a iU  (u su a lly  25 m l.) had bean  co llec ted *  F o r t h i s  purpose 

100 ml. Measuring f la s k s  -were reca lib ra te ::, to  a llo w  f o r  th e  volume. o f  the  

d e liv e ry  tube under th e  c a u s tic  s o lu t io n  a lre ad y  in  th e  f la s k .

The pas samples were analysed i n  a M aefariane Gas A nalysis U nit 

using mercury as the co n ta in in g  f lu id .  The amount o f carbon dioxide in  

the sample m s  ob ta ined  by tak in g  a measured volwm t absorbing the caxbon 

d io x id e  m th  33T c a u s tic  po tash  s o lu t io n  and m easuring th e  re s id u a l volume.

The carbon d iox ide  in  th e  w ater was o b ta in ed  by f i r s t  measuring th e  

t o t a l  a lk a l i  (carbonate  and hydroxide) w ith  s ta n d a rd  a c id  ( 0 .1M) using  

m ethyl orange as in d ica to r*  The carb o n ate  was th en  p re c ip i ta te d  w ith  

barium  c h lo rid e  so lu tio n  ana th e  ijyaroxide i n  s o lu t io n  t i t r a t e d  w ith  

s tan d a rd  a c id  using phenolpfothaleia as  in d ic a to r .  At l e a s t  th re e  d e te r -  

mii'iatioiis were c a r r ie d  out on each  sample.

The feed  w ater was a lso  analysed, f o r  c a r to n  d io x ia e  a t  th e  end o f
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each, run. the  carbon dioxide content o f th is  in le t  water was always 

in  the range 0 .08  x  1CT3 to  0.12 x  1CT3 lb.m ole/ft^ of water. By the 

complete analysis o f both the liq u id  and gas streams in  th is  way. i t  

was p o ss ib le  to  o b ta in  a m aterial ba lan ce  around the plant teased upon 

carbon dioxide, fhe accuracy o f the sm pling  and analysing techniques 

i s  confirmed by the consistency o f  the m a te r ia l  balance  ' obtained which 

averaged a t  99 .4 ’ fo r  68 runs with a n  average d ev ia tion , o f 1 .2 , .

■3. S. &A3 PXdTKJBUfOBS

fhe gas was bubbled obtmtereurxent to  the water by forcing the gas 

through sintered, bronze d iscs obtained from Metal and P la s tic  Compacts Ltd* 

Coarse, medium and fin e  porous d iscs were ava ilab le  the p o ro s itie s  of 

which were measured by the method described in  P art 4 of th is  th e s is  

(section 4 .3 .) . These d iscs were f i t t e d  in to  a cylindrical, holder, a 

d e ta iled  drawing of which i s  shown in  Pig. 5,

Another type o f gas d is tr ib u to r  was constructed from indented 

nickel s t r ip  1 in . wine with indentations evexy 2 nmu along i t s  length  

oil one side only* These s t r ip s  were packed in to  a square brass holder 

with e ith e r  the indentations of one s t r ip  facia?, the p la in  surface of 

the next s t r ip  or with the  indentations of a lte rn a te  strip®  facing each 

o ther, diagrams o f  the holder and the two arrangements of s tr ip s  are  

shown in  Figs. 6 and 7. The pressure drop across the packed indented 

s t r ip s  was about 30 times le s s  than -that across the porous discs.

Other gas d is tr ib u to rs  investigates, were an open 3 /8  in . pipe am  

a brass p la te  o f area 0.0307 f t .  d r ille d  with four i /8  in* diameters holes.

fable 11 summarises the dimensions and p o ro sitie s  of the  various 

gas d is tr ib u to rs  used in  the bubble column.

Almost a l l  the  measurements cm the e ffe c ts  of gas v e lo c ity , l iq u id  

v e loc ity , bed heigh t, temperature and pressure were made with the f in e s t
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o f  the s in te r-a  bronse uiaes. in  operation, thi;- d isc  gave a small

pressure drop o f between 5 and. 10 lb . / in ?  across the gas d is tr ib u to r  o r 

bubbler. Ihe values o f  th is  pressure drop under various conditions i s  

c le a r ly  seen by referring to  the large tab le  o f  r e su lts  included in  the 

fo ld e r  afc he back o f  th is  tlneals.

5 .4 . liSKdTriBo OP l^ tqqdE : BUgBSM&JS

In  the absorber the gas i s  bubbled countercurrent to  the liq u id .

At any in sta n t the liquid, holds a ce rta in  volume of gas so th a t the 

d en sity  of the bubble bed is  le ss  than th a t o f pure water. As a consequence, 

the lev e l o f the liqu id  reg istered  by the sigh t g lass a t the s id e  of the 

column i s  always le ss  than the bed level inside the coluron. In  order to  

be ab le  to  estim ate the bed level inside the absorber experiments were 

conducted in  a 3 in . diameter g lass column to find the bed leve ls  inside  

the column a t various sigh t g la ss  levels fo r  d iffe ren t gas and liq u id  

v e lo c itie s , in  the g lass unit the locations o f the bubbler and the s ig h t 

g la ss  were arranged to be the same as the arrangements in  the metal 

pressure column.

Fig. 8 shows the res tilts  fo r  the fine  porous d isc a t the various 

v e lo c i t ie s  o f  gas and liq u id  used in  the absorber. Fig. 9 g iv es  the 

r e s u lt s  fo r  the o ilier  gas d is trib u to rs  used.

In  the calcu lation  of bed densities i t  has been assumed th a t the 

l iq u id  and gas v e lo c ities  are so low th a t f r ic tio n a l ana contractiona! 

e f fe c ts  can be neglected. I f  th is  i s  so the bed density can be c a l­

cu la ted  from the equation;

p  -  iSiiJk — — *'*-* (46)
rb -  hB

where hB and hL are  the bed and sight g lass heights respective ly , above 

the surface of the disc a i s  the density of water. I he re su lts  i rom
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the g la s s  column were confirmed on tlie  m etal pressure absorber where the 

bed was not v is ib le  by using the pet-cocks to  lo c a te  the bed le v e l  in s id e  

the u n it.

Bed t e n s i t ie s  at d if fe re n t ;;as v e lo c i t ie s  fo r  station ary  liq u id  are 

i l lu s tr a te d  by F ig . ID fo r  the f in e ,  medium and coarse d iscs  and. fo r  the  

two arrangements o f indented s t r ip  in  F ig . 11,

In general a l l  tb s curves show the same c h a r a c te r is t ic s , namely 

that the bed d en sity  decreases with an increase in  gas v e lo c ity  u n t il  a 

more or le s s  constant average value i s  obtained. S im ilar c h a r a c ter is tic s  

are w e ll known in  the r iu id is& tion  o f s o l id  p a r t ic le s  'by g a ses  and liq u id s . 

b% low gas v e lo c i t ie s  the gas bubbles r is e  inuepenbent o f  one another, but 

as the v e lo c ity  in creases the bed becomes a turbulent mass o f  r is in g  and 

r ec ircu la tin g  bubbles. As the v e lo c ity  i s  increased fu rth er , the bed 

reaches a point where large plugs o f gas are formed which cause the bed 

le v e l  to  r is e  ana f a l l  a? out some mean value. The maximum and minimum 

le v e l s  ê re shown by the l im its  o f  th e shaded- areas in  F igs. 9 and 10. In  

g en era l, the curves show that the f in e r  porous d is c s  g ive  the lower bed 

d e n s it ie s .

fh e e f f e c t  o f  l iq u id  v e lo c ity  i l lu s tr a te d  by Fig* 8 i s  to  lower the  

bed d en sity  presumably by reducing the teim in al v e lo c ity  o f  r is e  by the 

bubbles in  the bed, thus causing more bubbles to  be held  in  suspension. 

However, in creases in  liq u id  v e lo c ity  above 0*144 f t . / s e c .  seem to  cause 

the bed d en sity  to  increase again. I b is  increase may be caused e ith e r  

by s l ig h t  f r ic t io n a l  or con traction s! e f fe c t s  across the bubbler or by 

the e f f e c t  o f  l iq u id  v e lo c ity  on the sis©  or msnbt.r o f  bubbles produced by 

the d is c . At no p o in t, however, do the bed d e n s it ie s  at the h igher liq u id  

v e lo c i t ie s  d if f e r  by more than IQo from the values fo r  the sta tion ary  

l iq u id . 1 he accuracies o f  the bed. le v e ls  computed from F igs. 8 and 9 are
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estim ated to be about + 2 fo r  gas v e lo c i t ie s  lower than 0.15 f t . / s e c ,  

and ♦ 5 for higher gas v e lo c i t ie s .

further work has been dona on th is  subject and a lso  on the e f fe c t s  

of the properties of ta© liq u id  on. the s iz e  and d is tr ib u tio n  of bubbles 

in  flu id ified  foam beds and th is  wor& i s  presentee, as Fart 4  of th is  

th e s is .

3 . 5. dA HH f  -u V

1 bubble of a cer ta in  a ise  w i l l  r i s e  with a cer ta in  term inal 

v e lo c ity  or: r ise  in w ater. I f  the water i s  given a downward v e lo c ity  

equal to that oi the terminal v e lo c ity  of r i s e ,  then the buboie w il l  re ­

main station ary  with respect to  the column* fu rther in creases in  liq u id  

v e lo c ity  w i l l  carry tne bubble in  the s a m e  d i r e c t i o n  as the liq u id , risnce, 

the e f fe c t  of too great a r e la t iv e  iiq u io  to  gas v e lo c ity  w il l  be to  

cswry*bubbles out of the e x it  water l in e ,  carry-over in  the region of 

the bubbler may be caused by the and tie a acce lera tion  of the water in  the 

annular space between the bubbler ana the 3 in . p ip e. In is  e f f e c t  has 

been observed in  the g la ss  column* Ihe o v era ll a f fe c t  of carry-over i s  

an apparent lo s s  o f gas revealed by a decrease in  the m aterial balance 

around the p lan t, the e f fe c t  o f increased r e la t iv e  su p e r fic ia l g a s-liq u id  

v e lo c ity  on the m aterial balance i s  shown in  r ig .  12 , As the r e la t iv e  

v e lo c ity  i s  increased beyond 0 ,3  f t . / s e e .  there i s  & drop in  the m aterial 

balance corresponding to  * carry-over'4, hence, w ith the p articu lar  

arrangement used in  th is  case i t  i s  advisable to  operate under cond itions  

such that the sum of the su p e r fic ia l liq u id  and gas v e lo c i t ie s  does not 

exceed 0 ,3  f t . / s e c .

3*6. flflg AluAASSlQfli Or1 AhSUHIrTloft KaffaS

3 .6 .1 .  Equilibrium curve for carbon dioxide in wa te r .

fo r  the ca lcu la tio n  of the mean driv in g  fo rces  causing absorption
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i t  i s  necessary so have availab le  accurate values fo r  the s o lu b ili t ie s  of 

carbon dioxide in  water over the  temperature and pleasure rang© to  be 

studied . This has been done in  f a r t  2 of th is  thes is  and these re su lts  

w ill be used in  the calcu lations.

5 .S .2. Operating l in e .

Since as much as 90 of the carbon dioxide entering the plant may 

be absorbed, the composition o f the gas may change from. 85;.' down to  dOl 

carbon dioxide. As a consequence the operating lin e s  may have a i>ro- 

nouncei curvature, while the equilibrium  curve may be .almost s tra ig h t. 

Operating lin e s  fo r  various changes in  gas coaijposition arc p lo tted  in  

Fig. 13. Inspection of the curves shows th a t the  curvature becomes le ss  

pronounced as the change in  gas composition between in le t  and o u tle t be­

comes sm aller. I t  m s therefo re  decided, to  investiga te  the point a t  

which the curvature of the operating lin e  -was so small th a t the logarithm ic 

mean concentration gradient could be used to  ca lcu la te  the values of 

(H* f  . u. )qt and Kj-a. In  add ition , the method of Carey and tfilliamson^® m s 

investigated . This method allows fo r  the curvature of trie operating lin e  

by determining the driving force midway between the in le t  and o u tle t 

liq u id  compositions ami then correcting  the arithm etic  mean driv ing  force 

based on the in le t  and o u tle t compositions fo r  the  much la rg e r  uriving 

force in  the middle. The comparison of the logarithm ic mean driv ing force, 

the driv ing force obtained by the  method o f Carey and Vvilliamson ana trie 

driv ing force obtained by graphical, in teg ra tio n  i s  shown in  Table 12. The 

re s u lts  are expressed in  the number of tra n s fe r  un its fo r  convenience.

A comparison, of the raetuod of Carey and il'iiamson with the method 

o f  graphical in teg ra tio n  siiows that the two methods agree w ith a maximum 

deviation  o f  b e tte r  than 4.-. She logarithm ic moan driving force deviates 

from the driving force calcu lated  by graphical in teg ra tio n  by le s s  titan
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4 fo r  gas composition charges le s s  than 18 , by Si fo r  cosi]»sition 

changes le ss  than 28 , and by 16- fo r  composition changes le ss  than 40 *

In  th is  connection the change i  gas cxmrosition i s  merely the d ifference 

in  composition between the in le t  and o u tle t gas. As a re su lt of the corn-* 

pari.sone in  Table 12, the logarithm ic mean driv ing  force was used fo r  gas 

composition changes leas  than 186, the three point method of Carey and 

.-illiam.-on fo r composition changes le ss  than 40 and g rea te r than 1 0 ,  

and gra'j h ica l in teg ra tio n  fo r  a l l  com.'osition oharimas g rea te r than 4Qi.

I t  must be pointed out th a t in  the computation of mean driving 

forces i t  i s  assumed th a t a f lio d ised  buhbl@-l>ed operates under tru e  

countercurxent conditions* Xn actual .. rac ■ ic e , Tig, 19 shorn th a t the 

liq u id  -iay be completely mixed fo r  d istances up to  1 .5  ft* from the gas 

in le t .  As a consequence, the mean concent ra tio n  gradient computed from 

the in le t  arid o u tle t l iq u id  concentrations may be higher than th a t ob-

ta;L nea in  p rac tice .

5.6 .5 . Absorption rafees

Absorption ra te s  can be expressed by an o v era ll absorption effic iency  

based on the iidlet gas, by an overall e ffic iency  :-V , based on the 

o u tle t gas, by the or by the K^a concepts, where

*a * 3C,
b a  “  -  - -  - -  d o ;

E* a ' l 3 - *— -*•> — (i t )
k x irm y

X1 1

( i n ' j -  -  -  -  <«>

Q* =s (4)h AAXg

For an explanation of these symbols see the  in troduction  (se c tio n  1 * 3 .)
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I t  must be noted, however, that the- gas v e lo c ity  through the unit -may 

change considerably since as much as 90;: o f  the incoming carbon aioxide  

may be absorbed. For instance, in  a ty p ica l run where 8Q > o f  the in ­

coming gas was absorbed, the in le t  su p erfic ia l g^s v e lo c ity  was 0.11 f t  . / s e c .  

and t t e  ou tlet .gas ve loc ity  was only 0*044 ft* /sec*  herefore, the 

■values of (11* '*!!*) and K â calculated from equations (8) ami (4) are 

overall average values, since the ins-.antaneous values at ary point in

the column may vary considerably from the A. .le t to  the o u tlet.
$

Th© overall absorption e f f ic ie n c ie s ,  1% and % , k w  advantages over 

the (li*% I f * a n d  K-a concepts fo r  co rre la ting  the data from counter- 

current bubble absorption plants where large amounts o f gas are absorbed.

i® n&re convenient to  use in  design calcu lation s since i t  avoids the 

oceaputation o f mean coiictntration gradient® by graphical in tegration  or 

by the method of Carey and Vdlliamson. In  add ition  can ‘be used d irec tly  

in  the ca lcu lation  o f power requirements fo r  pressure absorbers* In  

th is  resj.H30t, E^ i s  ®ox*e usefu l' than since the l a t t e r  may have values 

considerably g rea te r than 10(11 fo r  countercurrent operations* fhe use of 

in  ca lcu lating  these power requirements i s  shown in  Appendix 1 of th is  

th es is .

from. these considerations,, therefo re , the re su lts  obtained from the 

absorption column have been expressed as overa ll absorption e ff ic ie n c ie s  

based on the in le t  gas,

Average (H,*U*)0- and- Ida  values have a lso  been included fo r  the 

comparison of the performance of bubble absorbers with packed towsr s  and 

to  i l l u s t r a te  the general e ffe c ts  of gas ve loc ity , liq u id  velocity , pressure, 

tem perature, bed height and porosity  on the absorption rate*

I t  is  important to  re a lis e  th a t absorption from ris in g  bubbles i s  a 

complex physical phenomenon and th a t the ra te  co effic ien ts  B ., (K.T.U.),_■£* (At



and K.ja are mo.*:-© in  o f  un,..iric*&X eorrnlario.;:. variab le!i

ra le  constants of an exact physioal significance* Fhese ra te  constants 

‘by themselves may have very l i t t le :  x’ta c tic a l  s ign ificance , since the 

attainm ent of hi^u absorption ra te s  does not necessarily  ind ica te  large  

amounts of absorption# On the contra iy , i t  i s  possible to  obtain, ox- 

ceedin* ;ly high absorption. ra te s  under conditions where there  i s  very 

l i t t l e  m ateria l absorbed, ihe designer of absorption equipment i s  more 

o ften  faced with the problem of a tta in in g  a p rac tic a l operating condition, 

■where high ra te s  o f absorption are coupled wi:h large amounts o f m ateria l

aosox Dvm. oj - *e. plcUiL-*-

O* 7 . ix& -.3QjLu o

A complete l i s t  of a l l  the  runs ca rried  out in  the  absorber together 

w r t i i  v U h -roes data oaioulauo^ — these r o s i X L  •*$ i ...■ > i v e . j .  m  u - .ic  X a r ^ e  

tab le  enclosed, in  a fo ld e r a t  the back o f tliis  th es is . Appendix XI 

s ' a t  a xc ~±. . o ± lo  j.. ti^e roiodtiS.

5*7*1. ffhe effect of s upms'Xci.al .as a~ 1. liguiu velocities on tr1.

l it  order to  determine the  e ffec ts  of su p e rfic ia l gas a id  liq u id  

v e lo c itie s  on. the absorption effic iency  experiments were conducted under 

conditions such th a t the bed heigh t, in le t  p a r t ia l  pressure of carbon 

dioxide, to ta l  absorber i>ressure a a i the temperature were constant. A 

p lo t of against in le t  su p e rfic ia l gas velocity  ijq, i s  shown in  Fig, 14, 

using the su p e rfic ia l liq u id  velocity  uL as a paiwneier. 2he re su lts  are 

corrected  to  an in le t  p a r t ia l  pressure of carbon dioxide of 75 lb . / i n f  abs. f 

a  bed height o f 1,5 f t .  and a temperature of 15°C. Since the gas velocity  

changes considerably as absorption proceeds i t  i s  d if f ic u lt  to  teoid.e 

whetlver the in le t ,  o u tle t or average gas v e lo c itie s  should be used, to 

c o rre la te  the data. As a c*>iisequenoe, the data p lo tted  zisduqg each 

o f the variab les separately* She irALct and average su p e rfic ia l gas



OV
ER

AL
L 

AB
SO

RP
TI

ON
 

EF
FI

CE
NC

Y

l O O

TEMPERATURE = 15  "C 
BED HEI GHT =  1-5 f t

PARTIAL PRESSURE OF C 0 2 =  7 5  Ib /  i n f  a b s  

FI NE P OR OU S  D I S C .

L IO U ID VEL OCI T Y  

U L =  0  0 5 2  f t . / s e c  

= O -  l O O  f t . / s e c  

U L =  O  1 4 4  f t . / s e e  

Uj_ =  O* 1 7 0  f t . / t e e  

U ^  =  O'  2 0 0  f t . /  sec

0 0 4  0 0 6  0 - 0 8  O- l

INLET SUPERFICIAL GAS VELOCITY,
0 1 5

U q  f t .  /  s e c .

0-2 0 - 3

Fig.14. E F F E C T  O F  LIQUID AND GAS V E L O C I T I E S  
ON A B S O R P T I O N  E F F I C I E N C Y .

\



v e lo c it ie s !  correlated , the data equally  w s ll;  th erefore i t  was decided to  

use the in le t  su p e r fic ia l gas v e lo c ity  as the c o r r c la t ii^  variab le  s in ce  

i t  i s  more con.veid.ent for  design  purposes*

The s u i^ r f ie ia i  gas v e lo c i t ie s  are ca lcu la ted  from the gas ra tes  

measured at atmospheric pressure using the com p ressib ility  data fo r  

carbon dioxide already g iven  in  Bart 2 o f  t i l l s  th e s is .  For the purpose 

o f th is  ca lcu la tio n  the eem p ressib ility  o f  n itrogen  was assumed to  be 

u n ity , tha value fo r  an id e a l gas, over the rang© o f  pressures and 

temperatures used.

At constant liq u id  v e lo c ity  the absorption e f f ic ie n c y  i s  observed 

to  in crease  with in creases in  gaa v e lo c ity  u n t il  a constant value o f ab­

sorp tion  e f f ic ie n c y  i s  obtained which i s  independent o f fu rth er  in creases  

in  gas velocity*  At the lower liq u id  v e lo c i t ie s  o f  0*052 and 0*100 ft* /sec*  

th e absorption e f f ic ie n c y  r is e s  to  a maximum before reaching a constant 

value* In a l l  c a se s , a constant value o f  the absorption i s  a tta in ed  a t  

gas v e lo c i t ie s  greater than about 0 ,1 7  f t , /W o , An explanation  o f  th is  

phenomenon can be obtained by referrin g  to  th© bed d en sity  curves o f  

Fig* 8* I t  w il l  be noted that the bed density  decreases to  a constant 

value a t a gas v e lo c ity  o f  about 0*17 f t , / s e c .  so th a t tine i n i t i a l  r is e  

in  absorption e f f ic ie n c y  with gas v e lo c ity  i s  probably due to  an increase  

in  th e amount o f gas in  the bed, and the absorption o f f ie ien cy  becomes 

constant when the bed density  becomes constant,

Experiments that w il l  be presented in  Part 4 o f t h is  th e s is  show 

that the average bubble volume in  the bed does not change much with gas 

v e lo c ity , but th at as the gas v e lo c ity  in creases the number o f  bubbles 

per un it volume o f bed increases* The i n i t i a l  r ise  o f  absorption e ff ic ie n c y  

w ith gas v e lo c ity  can therefore be explained as an in crease in  th e  gaa 

hold-up which in creases the surface area for  absorption* From these



co n sid era tio n s, the region  where th e  absorption e f f ic ie n c y  in creases with  

gas v e lo c ity  w il l  be referred  to  as the " r isin g  hold-up" region and the  

con d ition  where th e  absorption e ff ic ie n c y  becomes independent o f  gas 

v e lo c ity  w il l  be termed the "constant hold-up** region, flic region be­

tween the two w il l  be termed the "transition" region*

In the r is in g  hold-up region  and a t constant liq u id  v e lo c ity  th e  * 

absorption e f f ic ie n c y  i s  proportional to  u§*°k

The e f fe c t  o f liq u id  v e lo c ity  i s  a ls o  i l lu s t r a t e d  by F ig , 14, At 

constant gas v e lo c ity  the e f fe c t  o f  increasing  th e  liq u id  v e lo c ity  i s  

to  decrease the absorption e f f ic ie n c y  up to  a l iq u id  v e lo c ity  o f  0 ,144  

f t , / s e c *  At t il ls  poin t fu rther in creases in  liq u id  v e lo c ity  up to  

0,200 f t , / s e e ,  have a r e la t iv e ly  sm all e f fe c t  upon the absorption  

e ff ic ie n c y  p a rticu la r ly  in  the constant hold-up region . In th e  r is in g  

hold-up region  the absorption e f f ic ie n c y  i s  d ir e c t ly  proportional to  

uE0*43 and in  the constant hold-up region i t  i s  proportional to  u£^* 

a t constant gas v e lo c i t ie s .

Fig* 15 shows tb® e f f e c t  o f  liq u id  v e lo c ity  in  both 'the r is in g  

hold-up and the constant hold-up regions, In  th e  risiiqg hold-up region  

the  l iq u id  v e lo c ity  lias a  greater  e f f e c t  upon the absorption e f f ic ie n c y  

than in  the constant hold-up region .

F ig s, 20 and 21 show the e f fe c t  o f  l iq u id  and gaa v e lo c i t ie s  on the 

average Kja a id  (IJ.i’.U . )0L toIubs. The r is in g  hold-m> ana the oonataat 

hold-up regions are a lso  apparent wiiaxt p lo t t in g  th ese  variab les as i s  

the r e la t iv e ly  sm all e f f e c t  o f  liq u id  v e lo c ity  on th e absorption co­

e f f ic ie n t  above 0 .144  f t . / s e c ,  Tkxi s  l a t t e r  e f f e c t  has been noticed  in
OQ

packed towers by fan  Ardsel t who found that an. increase in  liq u id  

v e lo c ity  r e la t iv e  to  the gas flow  caused an increase in  the ab so rb  io n  

c o e f f ic ie n t  u n til  a " c r it ic a l*  v e lo c ity  was reached, a f te r  which further  

increase;?, had l i t t l e  e f f e c t .
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5 .7 .2 . 1'he e f f e c t  o f bed height

The e f f e c t  o f  'bed height on the absorption e f f ic ie n c y  was in v e s t i­

gated by holding a l l  other var iab les a t constant le v e l s .  F ig . 16 i l l u s ­

tr a te s  the e f fe c t  o f 'bed height on 3£A, average (K. *m U* Q̂L and K*& when 

the p a r tia l pressure o f  carbon d ioxide i s  75 I b . / l tS  abs. and th e  tem­

perature i s  15°C a t various liq u id  and gas v e lo c i t ie s .

In th e r is in g  hold-up region  the o v era ll absorption e f f ic ie n c y  i s  

proportional to  hP* w hile in  the constant hold-up region  the e f f ic ie n c y  

i s  proportional to  h P * f o r  bed h e igh ts between 0 .4  and 5*5 f t .  However, 

the p lovs o f  %  versus bod height on lo g - lo g  paper ex h ib it  a s l ig h t  our- 

vat ore and th is  i s  a ttr ib u ted  to  th e  e f f e c t  o f  the r a t io  o f  bed height 

to  column diameter a t  large  bed h eigh ts.

The e f f e c t  of 'bed height on the average (li. f . ii. )q^  i s  t o  cause an  

in crease  in  th is  value proportional to  hP*® xi\ th e r is in g  hold-up region  

and to  hP* ^  in  the constant hold-up region.

Average K| a  values decrease with in creases in  bed heights according  

to  If®*® in  the r is in g  hold-up region  and in  the constant hold-up

reg ion . however, a t  bed h e i# it s  grea ter  than 4  f t . , an in crease  in  

average K^a and a corresponding decrease in  average (h* T. tf. ) values are 

observed? in d ica tin g  th at fo r  long columns, where absorption i s  alm ost 

com plete, there i s  a region  a t the top which does not behave as a f lu id is e d  

bod. In th is  region  i t  might be expected that t . e  resid u al bubbles are 

so  sm all th at they r is e  independently w ith vezy l i t t l e  recircu lation *

5 .7 .0 .  The e f f e c t  o f pressure

The e f fe c t  o f  pressure was in v estig a ted  by making measurements a t  

constant bed h eigh ts a*id temperatures. Tim r e su lts  shown in  F ig . 17 are 

corrected  to  a bed height o f  1*5 f t .  and a temperature o f  15°C.

1’he e f f e c t  o f  pressure on th e o v era ll absorption e f f ic ie n c y  i s  the
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same in  'both the r is in g  hold-up and constant holu-up regions and i s  

v ir tu a lly  independent of gas and liq u id  v e lo c i t ie s  in  these regions* For

in le t  p a r t ia l pressures o f  carbon d ioxide in  the range 2 .5  atm* to  14*0 atm.
-0  ^5the absorption e ff ic ie n c y  i s  proportional to  p ’ •

X» the r is in g  **ol&-up region average Kya decreases with in creasin g  

p a r t ia l pressure o f carbon d ioxide according to  p*^5*^ w hile in  th e  con­

stan t hold-up region th e e f f e c t  o f  pressure i s  much g rea te r , being  

proportional to  p*i» ̂ *

0 5The average (H* T* U, was found to  be proportional to  p * * in  the

r is in g  hold-up region and |P* in  the constant hold-up region*

The effect/ o f  increasin g the pressure i s  to  decrease th e  absorption  

r a te , so th a t i t  may be im practicable t o  absorb carbon d iox ide in  water 

a t p a r t ia l  pressures higher than 200 lb * /in*  obs* # s in ce  the e f f e c t  o f  

increasing the pressure on the s i s e  o f  the absorber may be o f f s e t  by the  

decrease in  the absorption effic ien cy *

5*7*4, the e f f e c t  o f  temperature

Hi© e f f e c t  o f temperature on t p  average (M*T. U* and average K^a 

i s  shown in  Fig* IS* The data are correla ted  to  a bed height o f  1*5 ft*  

and an in le t  p a r tia l pressure o f  carbon dioxide o f  75 lb * /in ?  abs*

The e f fe c t  o f  temperature i s  to  in crease  th e  absorption ra te  in  both  

the r is in g  and constant hold-up rogiotis. Ifewrar* the e f fe c t  i s  s l ig h t  

being proportional to  ip * 1 fo r  E& and iT®*1 f o r  average (li*T# U. jgg in  

both regions and fo r  the temperature range 10 to  3Q°C* The temperature 

e f f e c t  i s  independent o f  gas and liq u id  v e lo c i t ie s  in  both regions* Tem­

perature has a s l ig h t ly  greater e f f e c t  on % a s in ce  the exponent o f  t  m s  

found t o  be 0*15 fo r  both regions*

5*7*5* General co rre la tio n  equations

For the r is in g  hold-up region  th e  o v era ll absorption e f f ic ie n c y  i s
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given with an average d eviation  of + 6% from the experim ental value by 

the equation*.

uQ.6i ,0 .3 3  ,0 .1
B . = 0 .66  — —  x- ------2-J------- — — — (4-7)

A 6 .4 9  0 .3 3E>

A deviation summary i s  given in  Table 13.

Equation (47) can be used for su p e r fic ia l liq u id  v e lo c i t ie s  in  the  

range 0.052  to  0.200 f t . / s e e . ,  su p er fic ia l gas v e lo c i t ie s  in  the range 

0.04  to  0 .15  f t . / s e c . ,  bed heights in  the range 0*4 to  5*5 f t . ,  p a r tia l  

pressures of carbon d ioxide from 2.5 to  1 4 .0  atm. and temperatures in  the  

range 10 to  30° 0 .

Equation (47) can only be used i f  the values of E& calculated does 

not exceed th© value of %  calculated from the equation below

ba = %20 * h ?!3?.   (48)
«gA 0 p°-33

Equation (48) d e fin es  the l im its  of the r is in g  hold-up reg io n , and 

i s  the equation o f the broken l i n e ,  MB, shown in  F ig . 1 4 , fo r  various  

bed h e ig h ts , temperatures and p a r t ia l pressures of carbon d io x id e .

For the constant hold-up region the absorption e f f ic ie n c y  i s  inde­

pendent of the su p e r fic ia l gas v e lo c ity  and i s  given by the equation:

s .  = o * s l ,  * i 0 ' 22 , * _ £ : ! .......................  (49)
ug*15 p0 *33

Equation (49) g ives values of isA with an average deviation  of £  g/J 

from the experimental values and Table 14 summarises th is  d ev ia tio n .

This equation ap p lies  to  a l l  liq u id  v e lo c i t ie s  in  the range 0 .030 to  

0.200 f t  . / s e c . , and to  a l l  gas v e lo c i t ie s  greater than 0 .17  f t . / s e e , ,  i . e . ,  

fo r  a l l  gas v e lo c i t ie s  to  the r ig h t of the v e r t ic a l  l in e  BG in  F ig . 14 .

For the tr a n s it io n  region the absorption e f f ic ie n c y  i s  best obtained

by using equation (49) which g iv es  calcu lated  va lu es of fiA w ith in  + %



o f  the experim ental resa lt*  (See sable 14;•

Equation (47; ana (49; show that the absorption e f f ic ie n c y  can be 

mad© to  approach 10Q by in creasin g  the bed height or by deoreasihg the  

pressure. Obviously, absorption e f f ic ie n c ie s  o f 100 or g rea ter  are 

im p ossib le , and when values o f  more than 100 are oalou lated  from 

equations (4?) arid (49) i t  may be assumed that the water leav in g  the 

absorber i s  almost saturated  a t  the p a r tia l pressure of carbon d iox id e  

in  the incoming gas.

5 .7 .6 . Concentration gradients in  f lu iu ls e d  bubble-beds

Concentration changes through th e  bubble-bad were determined by 

taking o f f  l iq u id  sta p les  a t various d istan ces above the porous d iffu se r  

p la te  by the sampling technique previously  described. The d isso lv ed  carbon 

dioxide in  the various samples was obtained 'fay t it r a t io n . The r e su lts  

are shown in  Fig. 19, and the data tabulated  in  the large  ta b le  a t  the 

back. The r e s u lt s  in d ica te  that there are three concentration regions 

in  a f lu id is e d  bubblo-bed:

1) A region of about 1§ in . c lo se  to  the porous d isc  where there i s  a 

sharp drop in  concentration. A s im ila r  "end e f f e c t ” has been d iscussed  

by Geankoplis and hixort^ fo r  a countercurrent spray-type ex tra ctio n  

column.

2) A region o f about 1 f t .  above the porous d isc  where the concentration  

does not change much w ith d istan ce . This region  probably corresponds to 

the com pletely " flu id ised ” region where; the bubbles and liq u id  are con­

t in u a lly  rec ircu la ted  in  the d irectio n  o f flow . This w i l l  r e su lt  in  com­

p le te  mixing and a liq u id  o f uniform composition.

3) A region where the gas leaves ana the liq u id  en ters. In th is  region  

there i s  a sharp change in  concentration. This may be caused, by a 

s t r a t i f ie d  layer  o f  water which has not been mixed in to  the f lu id is e d  region,
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This shaxy break in concentration i s  observed f o r  bed heights o f  about 

1*5 f t .  o r le s s , but fo r  heights g rea te r than th is  the concentration 

change i s  not so sharp but i s  s t i l l  apparent.

The presence o f a steep concentration gradient above distances o f  

about 1 f t .  from the porous d isc  Indicates tha t fo r  bed height to  diameter 

ra tio s  of g rea te r than 4 there i s  not complete mixing in  the  bubble-bed*

3.7 .7* rihe e f fe c t  of  p la te  poro s ity

To a scer ta in  the e f f e c t  o f  p la te  p o ro s ity , measurements were made o f  

average (H*T. U. ) (̂  and average K^a* using seven d iffe re n t gas d is ­

tr ib u to rs  with w idely varying p o r o s it ie s . The experiments were carried  

out a t a constant s u p e r f ic ia l  liq u id  v e lo c ity  o f  0 .144  f t . , / s e c .  , and a p

constant su p e r fic ia l gas v e lo c ity  o f  0 .125 f t . / s e c * ; the r e s u lt s  war© 

corrected  to  a bed height of  1 .5  f t# , a .partia l pressure o f  caxbon dioxide  

o f  75 lb . / in . abs. and a temperatiare o f  15°G* Table 15 summarises the resu lts . 

Table 15 shows that there i s  no s ig n if ic a n t  e f f e c t  o f  p o rosity  up to  

average pore diameters of 3180 miciojis* The r e su lts  fo r  the two arrange­

ments o f  indented s t r ip  (see F ig. 7) are id e n t ic a l ,  even though one arrange­

ment has more than tw ice  th e number o f  holes in the same area  as the other.

The r e su lts  from the indented s tr ip  are id e n t ic a l with those from the  

porous d iscs# even though the area o f  the indented s t r ip  bubbler was only  

0.0814 f t?  compared w ith  0.0307 f t?  fo r  a l l  the porous discs* This would 

in d ica te  th at the area o f  the bubbler i s  not a s i^ s if ic a n t  factor .

In order to  determine the p oin t a t  which th e nisaber and e ls e  o f the  

h o les  in  the bubbler s iu i i f ic a n t ly  a ffe c te d  the absorption r a te , d isc s  

with ± /8  in . diameter holes and open 5 /8  in . p ipes were in v estig a ted . A 

p la te  w ith only four i / 8  in . diameter h o le s , spaced. 7 /8  iru apart a t the  

corners o f  a square, gave a value o f  8^ which d iffe re d  by only 4.6a from  

the average value o f  %  obtained fo r  the indented s tr ip  and porous d isc s



54.
while the s in g le  3 /8  in .  hole gave values which d iffered  by only 13*j£*

From the in v e stig a tio n  of the e f f e c t  of p o ro s ity , the conclusion

reached i s  that the pore s i z e ,  number and d is tr ib u tio n  of h o le s , and the 

area of the bubbler p la te  can be varied over a wide range without a pro­

found e f f e c t  on the absorption r a te .

3 .8 .  OfcPhHlSOh GOUflTKRCU.vHIMT B'OhBhE-m^ ABSuKhMRS WITH PACiQSti TQWhBS

f i g ,  20 compares absorption ra te s  fo r  packed towers using data av a il­

able in  the l i te ra tu re  with absorption ra te s  fo r bubble-type absorbers ob­

tained in  th is  th e s is . For bubble-type absorbers the average K-̂ a values 

range from 75 to  about 500 Xb.mole/hr, jf t 'i ,lb .m o le /f t^ , while the operating 

values fo r packed towers l i e  in  the range 4 to  75 lb  .m ole/hr. ,ft^,lfo^nole/ft? 

depending upon the liqu id  v e lo c ity , gas ve loc ity  and the type of packing 

F ig , 21 compares the data of Cooper, C h ris tl and Peery*2 fo r the 

absorption of carbon dioxide in  water in a packed tower with the data 

available a t present fo r the absorption of carbon dioxide in  water fo r 

countercurrent bubble-type absorbers. The (H .T .U .)^  values fo r  bubble- 

type absorbers l ie  in  the range 0.75 to  3*5 ft*  a t an in le t  p a r t ia l  

pressure of 75 lb  ./ in ';  a b s ., while the average (H.T .8 ,)q^  values fo r packed 

towers l ie  in  the range 2.75 to 9 f t*

Shulraan and Molstad1  ̂ have made measurements of the ra te  of absorption 

of carbon dioxide by water in  a 2 in , diameter g lass bubble column a t 

atmospheric pressure and three liqu id  ra te s . Their re su lts  a t 1 atm. to ta l  

pressure and a bed height of 1 f t .  are compared with the average (H .f .U .)^  

values, obtained in  th is  th e s is , a t an in le t  p a r t ia l  pressure of 5,1 atm. 

of carbon dioxide and a bed height of 1 ,5  f t ,  in  F ig . 20. The re s u lts  in  

th is  th e s is  are somewhat lower than, those of Shulraan and Moistad because 

of the higher p a r t ia l  pressure, higher bed heights and because the values 

are average (H .T .U .R values between in le t  and o u tle t gas v e lo c itie s .
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In general i t  may bo concluded that bubble-type absorption towers 

g iv e  absorption ra tes  which are from !3-10-fo ld  g rea ter  than those o f packed 

topers*

3 .9 . o isqibtion

The ob jectiv e  o f  th is  work has been to  determine th e e f f e c t s  o f various 

operating  v a r ia b les  on the "behaviour o f  a bubble-tjpe water scrubber fo r  

carbon dioxide under conditions where large  q u a n tit ie s  o f so lu b le  gas are 

absorbed* The r e su lts  show th at the bubble-type scrubber i s  superior to

the packed tower fo r  the absorption o f  carbon d ioxide in  water where the  

l iq u id  film  resistance? i s  b e liev ed  to  con tro l the ra te  of absorption. The 

reason fo r  th is  i s  undoubtedly connected w ith th e  ra te  of* renewal o f the  

l iq u id  film* /hen a bubble r is e s  i t  must disp lace  i t s  own volume o f  liq u id  

as i t  r is e s  through i t s  own diameter. I t  may therefore be expected that 

the liq u id  film  around the bubble i s  renewed each time i t  moves through 

one diameter. In  general i t  can be expected th a t the volume o f  a bubble-

type tower w il l  be about t /3 r d  to  i/lO th  o f  the voluae o f  a packed tower
/

fo r  the same amount o f  absorption depending on the operating pressure.

The bubble tower has the ad d ition al advantages o f  b e tte r  mixing through 

f lu x d isa tio n  and the r e la t iv e  independence o f  th© performance upon the 

mechanism of bubble formation and d is tr ib u tio n , in v e stig a tio n s  o f  the  

e f fe c t  o f  p orosity  o f  the gas d istr ib u to r  plat© show that th© perfoxraance 

o f  the absorber i s  in se n s it iv e  to  changes in  the number, s iz e  and d i s t r i ­

bution  o f  th e h o les in  the gas d is tr ib u to r  over a wide range. The reason  

fo r  th is  behaviour i s  that the bubbles in  th© f lu id ia e d  bed r e su lt  from 

the coalescence o f  two or more bubbles e ith e r  in  the flu id ia e d  bed i t s e l f  

or in  th e region  o f  the gas d is tr ib u to r  p la te . A recent paper by ueleby  

and Tueon3* shows how two or more bubbles leaving; a Jet ©ay coa lesce  under 

viscous solutionis o f  g lycer in e  in  water, Evidence w i l l  be presented in
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Fart 4 o f  th is  th e s is  to  show that the bubble s iz e s  in  a f lu id is e d  bed 

fo llo w  a p rob ab ility  d is tr ib u tio n  and r e su lt  from the coalescen ce o f  two 

or more bubbles*

The e f fe c t  o f gas rate i s  to  increase the absorption rate in  the r is in g  

hold-up region* The explanation o f th is  has been ascerta in ed  by photo­

g r a p h ic  bubble-bode and measuring the number and. size- o f the bubbles as 

th© gas v e lo c ity  i s  increased* For water i t  was found th at th© average 

bubble volume in creases only s l ig h t ly  with gas v e lo c ity , but the number 

o f  bubbles per u n it volume in creases more rapid ly  thus causing a r is e  in. 

the surface area fo r  absorption* The point a t which the absorption ra te  

becomes independent o f  the gas v e lo c ity  corresponds to  the point a t  whioh 

the bubble~be& holds as much gas as i t  can, and fu rther in creases in  gas 

v e lo c ity  cause the form ation o f  plugs or lagge bubbles o f gas. Observations 

in  the g la s s  column show that there i s  much turbulence and r ec ir cu la tio n  

a t low  gas v e lo c i t ie s  in  the r is in g  hold-up region so th at i t  may be in ­

correct to  r e fe r  to  th is  region  as the "stream line*, a tern  used by Shulmaa 

and Molstad.

The e f f e c t  o f  liq u id  v e lo c ity  upon the absorption  ra te  i s  b e st i l l u s ­

tra ted  by the e f f e c t  o f  l iq u id  v e lo c ity  on average Xja* The average KLa 

in crea ses  w ith in creases in  both the liq u id  arid gas v e lo c i t ie s .  The e f fe c t  

o f  increasin g  the liq u id  v e lo c ity  should be to  increase th e  eddy d if fu -  

s iv i t y  in  the liq u id  f ib a  moving round the bubble* Although grea ter  

liq u id  v e lo c i t ie s  increase the absorption ra te  the o v era ll e f f e c t  on E^ i s  

a decrease and on (li«T. ii. )q-̂  an in crease. The reason fo r  th is  i s  that 

both and (IUT.U.Jqj are functions o f  a liq u id  ra te  t©»a other than that 

involved in  th© e f f e c t  o f  liq u id  rate  on absorption ra te . For in sta n ce ,

(H.T. U*)qt i s  r e la ted  to  K^a by the fo llow in g  equation:

<*•*•*>« - - - - (9)
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.iince the average K^a in  F ig. 20 -varies with liq u id  v e lo c ity  in  proportion
0 56to  uj * then (K* T. U. should increase with liq u id  -velocity according

j 0• 4A:to  Ut *

The decrease in  absorption ra te  c o e f f ic ie n ts  w ith increase in  bed 

height shown in  F ig . 16 i s  a phenomerion which can be explained on the 

theory- that in  columns where the bed height to  diameter r a t io  i s  la rg e , the  

surface area per unit volume fo r  absorption changes as th e  d istan ce from 

the bubbler p la te  in creases. As a bubble r is e s  i t s  volume decreases due

to  absorption and hence the surface area decreases. I f  th e ra te  o f bubble
\

r ec ir cu la tio n  in  the bed i s  l e s s  than the ra te  o f  absorption then there  

w ill  be a gradual change in  bubble volume and surface area fo r  absorption  

with d istance from the bubbler. t

The e f f e c t  o f  increasin g the in le t  p a r tia l pressure o f  carbon d ioxide  

i s  to  decrease the absorption ra te  as shown by F ig . 17. I f  the absorption  

o f  carbon dioxide in  water i s  com pletely liq u id  film  co n tro lled , then the  

e f f e c t  o f  pressure could be explained by supposing that the d if fu s io n  co­

e f f i c i e n t  o f  d isso lv ed  carbon dioxide i s  in fluenced by concentration* How­

ever , under the h igh ly turbulent conditions in  a f lu id is e d  bed i t  i s  to be 

expected th at the s t a t ic  d iffu s io n  c o e f f ic ie n t  i s  n e g lig ib le  compared w ith  

the eddy d if fu s iv ity  and i t  i s  d i f f ic u l t  to  v is u a lis e  how the concentration  

o f  d isso lv ed  carbon dioxide could in flu en ce  the eddy d if fu s iv ity . Another 

explanation  i s  that the so lu tio n  o f  carbon dioxide in  water under pressure  

i s  p a r t ia l ly  con tro lled  by the gas film  res is ta n ce  and the e f f e c t  o f  

pressuxe i s  to  increase th is  r es is ta n ce .

The e f f e c t  o f  increasing the temperature i s  to  in crease  the absorption  

ra te  in  both the r is in g  hold-up and th e constant hold-up reg ion s, as would 

be expected fo r  a d iffu s io n  con tro lled  mechanism in  both region s. However, 

bhulman and Molstad observed a negative temperature c o e f f ic ie n t  a t atfaostherie



pressure fo r  low gas v e lo c i t ie s .  I t  may be th at the e f fe c t  o f  the higher  

X>ressures i s  to  increase the proxortion o f  the gas film  res is ta n ce  enough 

to  reverse th e temperature c o e f f ic ie n t .

The concentration gradient oat a i l lu s t r a te d  by F ig . show th at there  

i s  a sn a il "end e f f e c t ” a t the bubble p la te  and a large  "end e ffe c t*  at 

the water in l e t .  Th© end e f f e c t  a t the water in le t  can be explained by 

the presence o f  a s t r a t i f ie d  layer  o f  fresh  water not com pletely mixed in ­

to  the f lu id is e d  bed. In order to  a scerta in  th e cause o f  the end e f f e c t  

a t the gas bubble p la te , experiments were conducted in  the g la s s  column o f  

the same dimensions as the pressure* u n it. In the g la s s  unit a la y er  o f  

bubbles was observed ju st below the g as d is tr ib u to r  so that absorption  

would s t i l l  continue to a s l ig h t  ex ten t a f t e r  the liq u id  had passed the  

d is tr ib u to r . In ad d ition  a few v e iy  sm all bubbles, about 1 mu. in  diam eter, 

were observed suspended in  th e  liq u id  below the bubbler. 'The sampling 

point fo r  th© water leav ing  the column was 10 in* below th© surface o f  the 

bubble plat© so th at the so c a lle d  11 end e f f e c t ” in  th is  case  could be 

a ttr ib u ted  to a sm all amount o f  absorption In th is  region. I t  was not 

p o ss ib le  to  obtain  samples c lo se r  to  the bubble p la te  than about 4 in .

s in ce  large q u a n tities  o f  gas issu ed  with the liq u id  from th© sampling
/

point and i t  was im possible to  obtain constant m aterial balances.

F in a lly  i t  can be s ta te d  th at the bubble-typ© absorber has proved to  

be successful!, fo r  the absorption o f  la rg e  q u a n tities  o f  carbon dioxide from 

gas m ixtures where most o f  th© gas c o n s is ts  o f  carbon dioxide. The percentage 

o f  carbon dioxide absorbed can be made to approach 1GG. by increasing the 

bed height in  the region 0 .5  to  6 .0  f t . ,  decreasing the p a r tia l pressure o f  

carbon d ioxide in  the range 2 .5  to  14 .0  atm ., increasing  the l iq u id  to gas 

v e lo c ity  r a tio  in  th© range 0 .2  to 2 .5  and decreasing the temperature.
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4 . 1. IWî Oi*UGTIOM

Recent work shows th a t in  cer ta in  cases absorption ra tes  from moving 

bubbles are grea ter  than absorption ra te s  form moving liquid film s such

as those present in  packed towers,
18 'Shulman and Molstad have described a method fo r  the absorption and

desorption o f  carbon dioxide in  d ilu te  m ixtures where the gas i s  bubbled

countercurrent to  the liq u id  a t  atmospheric pressures. The previous

se c tio n  o f  th is  th e s is  (Fart 3) lias d iscussed  th© operation o f  a babble

column fo r  carbon dioxide a t high iJartial pressures o f carbon d ioxide where

most o f  the so lu b le  gas i s  removed. The absorption medium in  both cases

could be described as a flu ic iise d  bubhle-bed. The conclusions reached

were that ra tes o f  absorption in  bubble-type absorbers are fa s te r  than the

rates in  packed towers when the ra te  o f absorption i s  co n tro lled  by the

liq u id  film  res is ta n ce .

In con trast to  the f lu id is e d  bubble-bed a number o f authors have d is -

cussed the use o f  foams fo r  the absorption o f  gases. Pozin e t  a l  have

d iscussed  absorption from a foam which flowed across a s ie v e  p la te  through

which the gas was forced . Helsby and B ir t ^  have described an apparatus

for  the abso lu tion  o f  carbon dioxide from d ilu te  m ixtures in  aqueous

©thanolamine so lu tio n s  where the liq u id  v e lo c ity  was so low (0.0005 f t . / s e c . )
2p

that a foam was produced. Dixon and K iff  have discussed, the use o f per­

forated  and porous .plates fo r  the formation o f  bubbles and foams o f  3Qj 

monoethanolamino. These authors have d iscussed the ra te  o f  absorption o f  

carbon dioxide in  manaethanolamine so lu tio n s  in  r e la t io n  to the number, 

s iz e  and d is tr ib u tio n  o f  h o les  in  the gas d istr ib u to r .

Very l i t t l e  work has been done on th© mechanism of formation am



operation of fluidjLsed and foam beds* V e r s o h o o h a s  measured the den­

s i t i e s  of various bubble beds as a function of gas velocity  uftinp water, 

methanol and a glycerine-w ater mixture, Verschoor observed th a t water 

and organic liq u id s a l l  show ooale3cen.ce of small bubbles emerging from a 

porous p la te  and th a t th is  coalescence can be suppressed by the  addition 

o f small qu an titie s  of  a c e tic  acid  to  water* The coalescence o f bubbles 

near je ts  has recen tly  been confirmed photographically by Helsby and 

Ihnon • However no work has been done on the s is e , number and d i s t r i ­

bution o f bubbles in  the bubble-feed i t s e l f  in. re la tio n  to  the  formation of 

fliiid ised  and foam beds fo r  the  absorption of gases# This aspect o f f lu i ­

dified beds has therefore been studied and. leads d ire c tly  on from the pre­

lim inary work done on liq u id  hold-up fo r determining the height of the 

bed in  the pressure column#

4*2. B&fiRXKBKTAL

The apparatus used i s  shown in  Fig. 22# I t  consists  o f a 5.14 in . 

in te rn a l diameter g lass column in  which the liq u id  to  be studied i s  placed. 

The gas i s  bubbled through the  liq u id  using porous metal o r g la s s  d iscs. 

The gas flow ra te  i s  held constant by using the flowmeter, P, and th e  gas  

flow leaving the column i s  accurately measured on a dry gas meter. The 

bed heigh t, h??9 and the laanosaeter reading, h^, are read on the same s c a le  

so th a t the bed density can be computed from th© equation;

P  a  a ^ lL3i —. — — — (46)
-  %

I

where p ^  i s  the density o f  the liq u id  being studied* In th is  way the bed 

density can be determined over a range of superfic ia l gas v e lo c i t ie s .

In  order to  determine the s iz e , shape and d is tr ib u tio n  of the  bubbles 

the flu idified  bed was photographed using a  p la te  camera in  conjunction 

with an e lec tro n ic  flash#
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The liq u id s  studied were acetone, a n ilin e , e thy l a ce ta te , monoeuhano- 

lamine, water, g lycerine , gpyoerine-watez* m ixtures and so lu tions of ace tio  

acid  in  water* The Sases used were n itrogen, oxygen and carbon dioxide.

She manometer, M, which contained e ith e r  water o r mercury, was used 

to  measure the pressure drop across the gas d is tr ib u to r  a t  various gas 

flow  rates*

4. 5. K)K.ChiTf Of ChU jOIdlRIBUIUR

The p la te s  used fo r  the d is tr ib u tio n  o f  the gas through th© liq u id  

were e ith e r  o f s in tered  g la s s  or s in tered  bronze such th a t the p o r o s it ie s  

varied  over a wide range. Other types o f  bubble d is tr ib u to r  were th e  two 

arrangements o f indented n ick el s tr ip  already described in  s e c t io n  3 ,4 ,

The pressure drop across the bubbler or gas -tjjistributor i s  obtained  

by sub tracting  the  hydrosta tic  pressure due to  the  bubble bed from the  

back pressure read on manometer M.

_i' 1 “ r M ~ V b  ~~

The r e su lt in g  pressure drop A  P i s  th e sum o f the fr ic t io n a l  and contrac­

t i o n !  pressure drops due to  the flow  o f gas through th e  porous p la te ,

A  > aisd the BiaximiM bubble pressure required fo r  th e form ation o f  bubbles 

a t the p la te  su rface, A P 0 .

AF = AF0 + APf — — — (51)
I

I t  i s  w ell known that during the formation o f a bubble a t  a j e t  the p ressure  

f i r s t  in creases u n t il  the bubble i s  a hemisphere whose radius i s  equal to  

that o f the j e t ,  and then decreases as the bubble grows larger . Consequently 

i f  the pressure drop across th e p la te , A .P, i s  p lo tte d  again st gas v e lo c ity  

and the r esu lt in g  l in e  i s  extrapolated to sere gas flow  then th e  in tercep t  

w il l  be A P 0 , or the maximum bubble pressure.? which i s  independent o f g a s  

v e lo c ity . The average pore diam eter can then be ca lcu la ted  from the 

equation:



<3 =   ( 5 2 )
A *o

. i
where X i s  the surface tension  of the liq u id .

Fig* 23 shows ty p ica l p lo ts  of AP against the su p e r fic ia l gas v e lo c i ty ,  Uq.«

I t  i s  observed in  F ig , 2j5 that the p lo ts  of A P versus Uq. can. be divided  

in to  three regionss

1) A region at low gas v e lo c i t ie s  where A F  in creases rapidly  w ith in ­

creases in  su p e r fic ia l gas v e lo c ity , This region can be ascribed to  an 

in crease  in  the maximum bubble pressure as sm aller pores in  the bubbler 

coir© in to  operation*

2) A region wnere A J? increases l e s s  rapidly w ith gas v e lo c i ty . This 

region can be attributed  to  the stream line flow  of gas through the pores,

3) A region where increases in  gas v e lo c ity  have very l i t t l e  e f f e c t  upon 

A P , This can be attributed  to  the turbulent flow  of gas through the 

pores.

I t  was found th at i f  the l in e  for  the stream line flow  region was ex­

trapolated to  zero gas v e lo c ity  then the pressure drop obtained, A  J?0 , could 

be used to  ca lcu la te  the average pore diameter with good rep ro d u c ib ility .

The pore diameter obtained w i l l  be an average value fo r  the case where the 

maximum number of h o les are in  operation for  the p articu lar  liq u id  used.

Table 16 summarises the p o r o s it ie s  obtained by th is  method fo r  s ix  

bronze d is c s ,  three g la s s  d is c s  and the two arrangements of indented nic&el 

s t r ip ,  using water as the liq u id  in  the column. Table 17 g ives the p o r o s it ie s  

o f p la tes  F2 and J?3 determined fo r  various other liq u id s  and s o lu t io n s . The 

r e s u lt s  show that the average pore s iz e  of a porous p late  depends upon the 

physical properties of the liq u id  used , in  p articu lar the surface ten s io n .

In general i t  would appear that the lo?/er the surface ten sion  of the liq u id  

the lower the average pore s iz e  fo r  the same porous p la te . However, acetone 

appears to  be an exception sin ce  i t  g ives an average pore s iz e  which i s  in
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agreement with tha t obtained by pure water, even though the surface tension 

of acetone is  26 dynes/a^ compared w ith 72 dynes 'c&n fo r  water.

I t  may be in fe rred  th a t the pore diameters o f  a porous p la te  vary 

over a wide range and tha t in  general there i s  a  tendency fo r  the la rg e s t 

pores to  be used, fox* bubble formation. However, sm aller pores may be brought 

in to  action  by using liqu id s of lower surface tension.

4 .4 . M3 D£K3XTXis3

Fig 24 shows how th© bed densities fox" various pure liq u id s vary with 

su p e rfic ia l gas velocity . All the curves have the same general shape.

The bed density decreases and the gas hold-up increases as the su p e rfic ia l 

gas veloc ity  Increases, u n til  a  more or le ss  constant value of 'bed density 

i s  reached over the range stud ied , At tM s point plugs o f g as a re  formed 

which cause the bed leve l to r is e  and f a l l  as the plugs are discharged a t  

the surface. In the  cases of a c e t ic  a c id  and eth y l a ceta te  plug formation  

causes the bed d en sity  to  r i s e  from a minimum value, to  a constant average 

value between the maximum and minimum lev e ls*  I t  was ascerta in ed  a t  th© 

beginning o f the in v estig a tio n s  th at the bed d en sity  curve m s  independent 

o f  the gases “used (Og, and COg), and independent o f the amount of9 l iq u id  

in  the column fo r  a p articu lar  porous plat© and liq u id .

The bed d e n s it ie s  o f  various g lyeerin e-w ater so lu tio n s  are shorn in  

Fig* 2b. The e f f e c t  o f  adding g lycerin e  to  water i s  to  lower th e bed 

d en sity  curve below that fo r  pure water up to  concent rat ions o f  about 68h 

by m ig h t o f  glycerine# At 84 w t.$ glycerines the bed den sity  curve l i e s  

between those o f  pure g ly cer in e  and those of9 pure water. I t  i s  ev ident 

that the bed d e n s it ie s  o f  g ly cer in e  so lu tio n s  bear very l i t t l e  r e la t  io m h ip  

to  the bed d e n s it ie s  o f  the pure components. G lycerine so lu tio n s  contain ing  

from 13 to  68 wfc«$> glycerin© have good foaming p rop erties. At low gas 

v e lo c i t ie s  in  th ese  so lu tio n s the bubbles r is e  to  the surface to form sta b le
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64.
'bubble r a fts  on top o f a f lu id ls e d  bubhle-bed contain ing mainly liq u id s As 

the gas v e lo c ity  i s  increased the foam r a ft  in creases in  volume u n t il  a t  

a cer ta in  gas v e lo c ity  the whole bed becomes a mass o f foam where the gas 

i s  the main con stitu en t, irla^e I?  snows a f lu id ls e d  bubbla-bed c o n s ist in g  

mainly o f  liq u id  with a foam r a ft  on top consisting' mainly o f gas. th is  

can be termed a ”two-phase® bubble-be a.

F ig . 26 compares the behaviour o f  a c e t ic  ac id  so lu tio n s  w ith  th at o f  

pure water and pure a c e t ic  acid* I t  i s  evident that the behaviour o f  

a c e t ic  acid  so lu tio n s  i s  qu ite out o f proportion to  th e amount o f  a c e t ic  

a c id  present, i’he behaviour o f a c e t ic  a c id  so lu tio n s  in  concentrations  

as low as 0 .0 4  to  0*42 wi.*S i s  comparable with behaviour o f  g ly cer in e  

so lu tio n s  contain ing 13 to  68 wt*£, g ly cer in e . Further in creases in  a c e t ic  

a c id  concentration  from 0*42 to 3 .6  wfc#y have no n o ticeab le  e f f e c t  u ŝon the 

bed d en sity . With a c e t ic  a c id  so lu tio n s  a ntwQ-phase!? reg ion  m s  observed  

a t  low gas v e lo c i t ie s  between th e f lu id is e d  reg ion  and the region  o f  com­

p le te  foam.

F ig. 27 shows the e f f e c t  o f gas v e lo c ity  on the bed d en sity  fo r  sea  

' water compared w ith fresh  water fo r  two porous p la te s . I t  i s  evident th at 

sea  water in  i t s  behaviour i s  more akin to  that o f  g lyccrin e-w ater and 

a c e t ic  acid-w&ter foams than i t  i s  to  the f lu id ls e d  bads produced by pure 

l iq u id s , fh e  sea water curves ex h ib it a pronounced mixdsam. and bed den­

s i t i e s  as low as 0 ,35  g*/ml. arc observed* 'The sea  water used had a 

e h lo r in ity  o f  16 and was obtained from the F irth  o f  03yd© near th e entrance 

to  Lodi Loqg* fhe sea water had a  surface ten sio n  o f 58*7 dynes/cm. at 

20°0 in d ica tin g  the presence o f  surface a c tiv e  agents probably due to the 

decay o f  l iv in g  animal ana p lant organisms. F ig , 27 a lso  shows th at 

varia tion s in  feed d e n s it ie s  w ith  gas v e lo c ity  can be used i-o d etect d i f f e r ­

ences in  p orosity . The porous g la s s  p la tes  B3 and PS m ve average pore
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diameters which d if fe r  by about 15 j and th is  d ifferen ce  shows up as a 5 i 

d ifferen ce  in  bed d en sity  fo r  sea water. A s im ilar  d ifferen ce  i s  observed 

fo r  d iffe re n t liq u id s  over a wide range o f porous p la te s . In general the 

more porous, p la te s  produce the higher bed d e n s it ie s ,  but th is  i s  not 

n ecessa r ily  so s in ce  the bed density  i s  a fu nction  o f both s iz e  and the  

number o f  bubbles per unit volume o f  bed.

I t  i s  evident that fo r  pure liq u id s  there i s  a region  o f  r is in g  hold­

up where the bed density  decreases with in creases in  gas v e lo c ity  and a 

constant hold-up region m ere the bed holds the maximum amount o f  gas and 

fu rther increases in  gas flow  produce large  bubbles or plugs o f  gas which 

cause the bed le v e l  to  r is e  and f a l l  about some mean value* For s o lu t io n s ,  

gas bubbles form sta b le  bubble r a fts  a t the surface in stea d  o f  bursting  so  

th at the f lu id is e d  bed passes th r o i^  a * two-phase" region  to  form a com­

p le te  mass o f  foam when further in creases in  gas v e lo c ity  cause plugs o f  

gas to  farm in  the foam.

4*5. PLUS- FORMATION

The best conditions fo r plug formation are those in  which the ra te  of 

bubble format ion is  very high and the velocity  o f bubble r is e  i s  low. In  

th is  respect pure glycerine was found to be the ideal liquid* H a te s  V(a) 

to  (h) I l lu s t r a te  the mechanism of plug formation in  g lycerine. At low 

gas v e lo c itie s  only a  few holes in  the centre of the porous p la te  are used 

and as the flow ra te  increases a g rea te r proportion of the p la te  area  i s  

used. At higher gas v e lo c itie s  small bubbles co llec t in  groups o f approxi­

mately the same shape as the large bubble which f in a lly  re s u lts . These 

groups coalesce to  produce a large  bubble or plug which as i t  r i s e s  co llec ts  

in  i t s  wake- o ther sm aller bubbles which may o r may not be ccabined with 

the la rg e r  one before the plug reaches the surface of the liquid* He!spy 

and Tmon*^ have observed a sim ilar phenomenon in  the formation of bubbles
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a t je ts  under glycerine so lu tions, They have shown that during bubble 

formation a t single je t s  two or more bubbles may coalesce to  produce a 

single bubble w ithin a snort d istance of the je t  a t high gas r a te s .  I t  

i s  evident th a t coalescence takes place on a large scale in  a bubble-bed 

during plug formation*

4 * 6 . BUBBLE R5BULT8

4 ,6 .1 . Bubble shapes

By photographing bubble-beds in  various stages of development and 

examining the enlarged photographs i t  was possible to  show the v aria tio n  in  

bubble shape with bubble s iz e * In general the shape of most of the bubbles 

in  the flu id ised  and foam beds observed was th a t of an oblate spheroid.

F ig . 28 is  a p lo t on log-log paper of the major axis b of the oblate spheroid 

against the minor axis a fo r  bubbles of nitrogen in  six  d iffe ren t liq u id s , 

Bach point i s  an average taken from a t le a s t  30 bubbles and the accuracy 

of measuring the major and minor axes i s  about + 5b. For liq u id s  w hose 

v isc o s itie s  l i e  in the range 0*5 to  1*3 cen tipo ise , a l l  the bubbles l ie  

on the same s tra ig h t line  ind ica ting  tha t bubble shape i s  in sen sitiv e  to 

v isco sity  in th is  range. However, a sim ilar p lo t fo r gXyc-erine-water 

solutions of v isco sity  11,6 centipoise also on Fig* 28 shows th a t the 

bubbles tend to become spherical as the liqu id  v isco sity  increases.

For liq u id s of v isc o s itie s  in  the range 0*5 to  1*3 cp. the re la tio n  

between a and _b can be sin^plified to :

b = 1.2a — — — (53)

For co rre la tion  purposes the equivalent spherical diameter, De , has some 

advantages over e ith e r  a or jb and is  the variable  most often used in  the 

l i t e r a tu r e .  The diameter of a sphere whose volume i s  equal to  th a t of an 

oblate spheroid i s  given by:

De = (ab2)l /3  — — — (5V)
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Substitu ting  equation (53) in to  equation (54) we gets

De ss 1 ,13a — — — — (55)

4*6*2, Bubble s ize  d is t r ib u t ion

An examination of enlarged photographs of both flu id ise d  and foam 

beds shows tha t the bubble sizes are  not uniform, %  measuring a la rge  

number o f bubbles i t  was possible to a sce rta in  the number of bubbles o f each 

s ize  present in  a typ ical 'bed* The re su lts  are i l lu s t r a te d  in  Fig, 29 fo r  

a f lu id ise d  bed o f nitrogen bubbles in  pure water using d isc  D5 o f porous 

bronze. I t  is  evident th a t the bubble sizes follow a typ ica l p robab ility  

d is tr ib u tio n  about the most probable size  which was found to  vary with the 

porosity  of the gas d istribu to r^  gas velocity  and th e  properties of the 

l iq u id  phase* The presence of a probab ility  funclion was confirmed by 

p lo ttin g  the bubble diameter a g a in st the cumulative percentage o f bubbles 

with a size  lower than t il ls  value on log-p robab ility  paper* The re su lt 

was a s tra ig h t lin e .

The bubbles sm aller than the most xxrobable size  observed may have been 

formed a t very small pores o r they may have been broken o f f  from o th e r  

bubbles by the action  of the container wall or by c o llis io n  with o th e r  

bubbles. The sizes la rg e r than the most probable bubble s iz e  could c i th e r  

be produced by larger  pores o r  by coalescence. The p robab ility  o f  c o a le s ­

cence in  the body of the liq u id  seems to be a le ss  l ik e ly  phenomenon th an  

coalescence close to  the bubbler p la te  since most bubbles seem to  co a le sce  

by being sucked upwards in to  the s l i p  stream of the bubble ahead. The 

coalescence of bubbles moving in  opposite d irec tions appears u n lik e ly  s in c e  

the moving film s o f liq u id  around the fro n t am  sides would ten d  to  r e p e l  

o ther bubbles,

4*6,3, S ffeo t o f l iq  i a properties on average bubble diameter

F ig , 30 i l lu s t r a te s  the e ffe c t of su p e rfic ia l gas velocity  upon the
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68,

average bubble diameter fo r  various pure l iq u id s  a a l  f o r  porous p la te  3P2* 

Each bubble d iam eter i s  ax- average o f the  d iam eters of a t l e a s t  t h i r t y  

bubbles in  th e  bed,

The e f f e c t  o f increasing , the  gas velocity  i s  to in c re a se  th e  average 

bubble sis© but the- e f f e c t  fo r  the pure liq u id s  i s  v&xy much le s s  than th a t 

f o r  th e  -ly ce rin e~ w ate r solu tions and sea  water. For in stan t in  eii$rl ace­

ta te  the equivalent spherical d im e te r  only dianges from 2*42 to 2*95 mm* 

as the velocity  increases from 0*0568 to 0*18 f t .  / s e c ,; while the bubble 

diameter in  63 wt*;.. glycerine in  water so lu tion  changes from 1*5 to  2*5 mm* 

in  the same range; a much la rg e r  e ffe c t.

The la r g e s t  bubbles produced fey p la te  PS are produce a under water and 

the sm allest are produced under 68 wfc.y- glycerine in  water so lu tion , a l ­

though the surface tension of water i s  72 dynes/om, and th a t of 68 wfc.b 

g lycerine  68 <fynaes/oa*, a n ifferenoe of only 4 dynes/an. That surface 

tension  appears to have some e ffec t upon average bubble diameter is  i l l u s ­

t r a te d  by ec#iq&ring o tly l ace ta te , ace tic  acid  an- water. Ethyl ace ta te  

has a surface tension of 24*6 dynes -'em* , a ce tic  a c id  lias a value of 27.8 

dynes/can * water a value of 72 dynes/'em. and the bubble sizes a re  observed 

to  increase as the surface tension increases, but not proportionally .

Table 17 shows tliai the average pore siae fo r  a ce tic  acid ana ethyl ace ta te  

using p la te  12 are about h a lf the aw? age pore size  fo r water so th a t the 

sm aller average bubble s iz e s  a t the lower surface tensions are p rob ab ly  due 

to  the u t i l i s a t io n  of smaller* pores.

'dig, 30 shows th a t su p e rfic ia l gas velocity  has a much more profound 

e ffe c t upon bubbles in  foams of 7 wt,y and 68 wi*;b glycerine in  w ater than 

i t  docs fo r  the pure liquids* The reason fo r  the v a ria tio n  in  bubble sizes 

with gas velocity  fo r  foams may be th a t the porous p la te  produces la rg e r 

bubbles as the amount of liq u id  availab le  becomes lo ss  o r there i s  a  g rea ter
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ra te  o f coalescence in  foams* Observations on s in g le  bubbles in  a foam 

shows that foam bubbles once formed are very s ta b le  and r e s is ta n t  to  co a les­

cence* Hence the most probable explanation  fo r  th e  v a r ia tio n  o f bubble 

diameter with gas v e lo c ity  i s  that as the r a tio  o f gas to l iq u id  increases  

in  the foam, the film  o f liq u id  over the porous p la te  becomes th inner and 

a la rg er  bubble i s  then formed from gas is su in g  frra  severa l adjacent pares* 

Fig* 30 a lso  shows th a t the bubble s iz e  in  sea water beds in creases  

w ith gas v e lo c ity . This would in d ica te  th at a sea  water bubble-bed behaves 

more l ik e  a foam than as a f lu id is e d  bed, a fa c t  m ilch  i s  confirmed by the 

muon lower bed d e n s it ie s  observed with sea. water compared w ith  fr e sh  water*

4 . 6.4 .  E ffec t o f  p la te  p orosity  on average bubble diameter

F ig . 31 i l lu s tr a te a  the e f fe c t  o f  plat© p orosity  on the average bubble 

size*  For the pure l iq u id s , water and e th y l a ceta te  there i s  no d etectab le

e f f e c t  w ith in  the l im its  o f  experimental error for  p la te s  P2 and PS. B’or
•* ffoams o f  7 wt.% and. 68 wt.% g lycer in e  in  water so lu tio n s  the bubble s iz e s  

produced by p la tes  P2 ana PS d if fe r  considerably in  the same solution*

However, as the su p e r fic ia l gas v e lo c ity  i s  increased th© average bubble 

s i  ze s . produced by the two p la te s  tend to  approach th e same value for* each 

so lu tio n ,
5;

She conclusion  reached i s  that foams are more s e n s it iv e  to  changes in  

plat© p orosity  than are f lu id is e d  bubble beds. S e n s it iv ity  to  th e number 

and p orosity  o f the holes in  the d is tr ib u to r  p la te  may become a ser iou s  

drawback in  the use o f  foam scrubbers where the pores may become blocked by 

d ep osits  from so lu tio n . The in s e n s it iv ity  o f  f lu id is e d  bubble-bads to  the 

number and p orosity  o f th© h o les  in  the d is tr ib u to r  p la te  has been already- 

noted in  the absorption column, where the absorption rate i s  not considerably

a ffe c te d  by the s iz e  and porosity  o f  the bubbler. (S ection  3.7* 7*)

4*8*5. E ffe c t o f l iq u id  properties on bubble density

The bubble density  i s  defined as the numberj> f bubbles per ml. o f
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bubble bed, The nwSbev o f  bubbles per ml. can be ca lcu la ted  from the bed 

d en sity  and the average bubble •volume. P lo ts  o f bubble d en sity  aga in st  

su p e r f ic ia l gas v e lo c ity  are g iven  in  F igs. 52 am  55.

F ig . 52 i l lu s t r a t e s  the e f f e c t  o f  liq u id  properties on bubble d en sity . 

Th© foaming g ly cer in e  so lu tio n s  (7 and 68 w i.$ ) show a decrease in  bubble 

den sity  with an increase in  gas v e lo c ity , lb© 68 wt.% g ly cer in e  in  water 

so lu tio n  shows a vexy high bubble d en sity  o f  between 50 ana. 500 bubbles 

per ml, The decrease in  bubble d en sity  w ith in crease  in  gas v e lo c ity  in  

foaming media Is  probably caused by the i n i t i a l  formation o f  much larger  

bubbles a t the porous p la te  as the ra tio  o f gas to liq u id  becomes higher.

For the pure liq u id s  F ig s. 52 and So show tlia t the e f f e c t  o f  increasin g  

the gas v e lo c ity  i s  to  increase the bubble d en sity  a t low gas v e lo c i t ie s  

to g iv e  a constant bubble d en sity  at gas v e lo c i t ie s  o f  grea ter  than about 

0 .1  f t . / s e c .  In the iso la te d  case o f porous p la te  1*2 the gas v e lo c ity  

has vexy l i t t l e  e f f e c t  upon bubble d en sity . I t  w i l l  be noted th a t the 

number o f  bubbles per ml. o f  bed fo r  water i s  o f  th e  order 1 to  7 fo r  a l l  

the gas d is tr ib u to r s , very much lower than the bubble d en sity  o f  foam beds. 

This i s  the phenomenon that exp la in s the e f f e c t  o f gas rat© on the absorp­

t io n  e f f ic ie n c y . The increase in  tin© bubble d en sity  in creases the surface  

area fo r  absorption and thus the absorption ra te  in creases. The poin t a t  

which the absorption rate  becomes independent o f  the gas v e lo c ity  corres-  

ponds to  the paint where the bubble bed Isolds as muon gas a s  i t  can* i . e .  , 

where the curve of bubble d en sity  against gas v e lo c ity  f la t te n s  out. See 

curve for  porous d isc  D5 in  F ig . 35, th is  being the gas d is tr ib u to r  used 

in  the experiments on th e absorber.

4 .6 .6 .  E ffe c t o f  p la te  porosity  on bubble d en sity

F ig  33 shows that for  pur© liq u id s  the plat© p orosity  lias very l i t t l e  

e f f e c t  upon th® number of bubbles per  ml. o f  bed. The porous bronze d isc s
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and g lass  p la tes  g iro  low bubble d en sitie s  ( l  to  7 bubbles per ml*) and 

sliow a s lig h t v a ria tio n  of bubble density with porosity , This confirms 

the re la tiv e  in se n s itiv ity  o f absorption ra te  lo porosity  o f the gas d is­

tr ib u to r  (section  5 ,7 ,7 , )

For the so lu tions of glycerine in  water which fo m  foazas even the 

19$ difference in  porosity o f p la tes  P2 and PS can have an appreciable 

e ffe c t on the  bubble density,

4 .7  vuloci i f i  o f ix ,;h  i i ;

The average velocity  of r is e  of bubbles in  a bubble-bed can be com­

puted from the  equation;
f  P- ^

ug * ug, . — — — (56)

The average v e lo c ity  o f bubble r is e  i s  p lo tted  against equivalent sp h erica l 

bubble diameter in  F ig , 34 so th a t the v e lo c i t ie s  o f  r is e  in  bubble beds 

may be compared w ith the v e lo c ity  o f  r is e  fo r  s in g le  fr e e  r is in g  bubbles.
I < ’ ' •. , f • .

However, i t  must be remenbered that the motion o f bubbles in  a f lu id is e d  

or foam bed i s  hindered by th© c lo se  proximity o f  other bubbles so that 

the v e lo c ity  o f  r i s e  in  a bubble-bed i s  not constant at a p a rticu la r  bubble 

s iz e  but varies w ith the den sity  o f the bubbles in  th e  bed.

The broken l in e s  in  F ig . 34 represents the v e lo c i t ie s  o f r i s e  o f  s in g le  

fr e e  r is in g  bubbles in  an in f in it e  liq u id  as a fu n ction  o f  bubble diameter. 

The v e lo c i t ie s  o f r i s e  in  a c e t ic  acid  and e th y l a ceta te  were obtained free* 

the data o f  Peebles ana G-arber^. The v e lo c i t ie s  o f  r is e  o f s in g le  bubbles 

in  pur© water and sea water have been det©m ined by Thomson, Houghton and 

R itc h ie ^  by tim ing the r is e  o f  bubbles proa need s in g ly  a t a j e t .  I t  was 

found that bubbles r is in g  in  sea water could ex h ib it a sp ir a l motion or 

they could r is e  without sp ir a l motion even though th e ir  diameters were 

id e n t ic a l. Sp iral motion was u su ally  observed when th© j e t  producing the 

s in g le  bubbles was vibrated a t  the time o f  bubble b reak -off. Sp iral and
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non -sp iral motions were only observed fo r  bubbles whose diam eters were in  

the range 1 to 4 jmu A s im ila r  e f f e c t  has been observed by 1 take42 fo r  

oaygen bubbles r is in g  in  caproic acid  so lu tio n s . Apparently the e f f e c t  o f  

d isso lv ed  im purities o f  c er ta in  types i s  to  suppress th e sp ira l type o f  

r is e .

Th© curves for  sp ir a l and non-apiral r is e  are p lo tte d  on F ig . 34. In  

sea  water the v e lo c ity  o f  sp ir a l r i s e  i s  somewhat l e s s  than th a t in  pure 

water by an. amount which cannot be accounted fo r  by the sm all d ifferen ce  

in  d en sity  and v is c o s ity . Measurements o f  surface ten sion  showed th at o f  

sea  water to  be 58*7 %nes/cm, compared w ith  72 dynes/aa. fo r  pure waior 

so th at the d ifferen ce  in  v e lo c i t ie s  o f r i s e  i s  undoubtedly connected w ith  

th e presence o f surface a c tiv e  agents.

Comparison o f  v e lo c i t ie s  o f  r is e  in  f lu id is e d  and foam beds shows th a t  

in  general they are lower than th e  corresponding v e lo c i t ie s  o f  r is e  fo r  

s in g le  bubbles. This i s  to  be expected due to  the hindering e f f e c t  o f the 

other bubbles in  the bed, dea water has v e lo c i t ie s  o f r is e  in  ‘bubble-beds 

which, are le s s  than h a lf  those o f  s in g le  bubbles, w: uch bears out tlie  

su pp osition  that sea water bubble-beds are more c lo s e ly  a l l i e d  to  foams than 

to  f lu id is e d  beds.

An in te r e st in g  fa c t  th at oou 'be observed in  F ig . 34  i s  th a t sometimes 

the v e lo c ity  o f  r is e  in  a bubble bed can be greater than th e v e lo c ity  o f  

r is e  o f  a s in g le  fr e e -r is in g  bubble, l id s  would not be expected on the  

theory o f  hindered r is e .  For in stan ce , the v e lo c i t ie s  o f r is e  o f  bubbles 

in  e th y l aceta te  and water beds are greater  than the v e lo c i t ie s  o f  r is e  

fo r  s in g le  bubbles as i s  seen from F ig, 34. In other experiments an average 

bubble v e lo c ity  o f  1 .7  f t . / s e c ,  was observed in  water and 2 .7  ft#  / s e c .  in  

e th y l aceta te  under conditions whore the bubble density  m s very high . 

V e lo c it ie s  o f  r is e  in  bubble beds greater than th e  v e lo c i t ie s  o f  r is e  o f



s in g le  bubbles o f the same diameter ©an be  explained by the formation o f  

plugs o f  gas in  the liq u id  such that u& in  equation { 56} becomes large  

w hile the bed density  P<g raasaina approximately the aeaae. This i s  oan« 

film ed  by th® observation th at high bubble v e lo c i t ie s  in  bads are always 

observed in  the region  o f  "bumping" where plugs o f  gas cause th e  bed le v e l  

to  r is e  and f a l l  about an average value. ^

4.8. :>i6casdiaK'.
The beu d en sity  a t any su p e r fic ia l gas v e lo c ity  i s  a fu n ctio n  o f  th e  

number o f bubbles per ml. and the average volume o f  the ’bubbles. In  these 

resp ec ts  f lu id is e d  arid foam beds lave been found to  behave d if fe r e n t ly .

In flu id ise d  beds the bed d en sity  decreases ana tb s gas hold-up incj^eases, 

because the number o f bubbles per ml. increases while the average bubble 

s i m  remains approximately constant and independent, o f ..as v e lo c ity . At 

h i^ ier  gas v e lo c it ie s  both the number o f  bubbles per ml# am  the bubble 

diameter tern  to  become constant. I t  may therefbf© be concluded that in  

the " risin g  hold-up" region th© increase in  absorption rat© w ith gas velo - 

c ily  i s  caused by an increase in  surface area fo r  absorption; and in  the 

"constant hold-up" region the surface area becomes constant as does the 

absorption rate#

In general, foams abom a wider change o f bed density with gas v e lo c ity  

than do flu id iseu  beds. Foams usually contain a much la rg er  number of 

bubbles per ml# than do flu id ised  beds and the bubbles are sm aller. The 

e ffe c t  o f increaaiuf tta» gas flow rate with foams i s  to  ueorease the suxaiber 

o f  bubbles per ad. and to increase the average bubble a ise , a behaviour 

%uit© d ifferen t from tM t o f flu id ised  bubble beds.

Foams are sen sitiv e  to the .'porosity o f the gas d istr ib u tor uaect fo r  

introduction o f the gas in to  the liq u id , vfaile flu id ised  beds are r e la tiv e ly  

in se n sitiv e  to  the number, s is e  and d istrib u tion  o f the pores.



I t  i s  in ter e st in g  to  d iscu ss th e  stages in  th© fom at ion  o f a foam 

from a f lu id is e d  bed# At low gas v e lo c i t ie s  the bubbles r is e  more or l e s s  

independently through the l iq u id  and t be bod may be termed "dilu te" . At 

h igh er gas v e lo c i t ie s  th e bed expands fu rther and the bubbles can no lon ger  

r is e  independently but are hindered by the motion o f other bubbles# The 

bod soon becomes a turbulent mass o f  r is in g  and rec ircu la tin g  bubbles 

where the t e m  "flu id ised"  may be co rrectly  applied# Further in creases in  

gas v e lo c ity  cause plug formation with consequent bumping#

The conversion o f  a f lu id is e d  bed to a foam bed i s  c lo s e ly  lin k ed  with  

the behaviour o f  th e bubbles when they reach the surface# For pure liq u id s  

the bubbles are seen to  burst immediately w hile in  th e  i n i t i a l  s ta g es  o f  

foam formation the bubbles c o l le c t  on the surface in  th e  form of r a fts  

which appear to be q u ite  stable# The race a t  which the bubbles burst i s

very much lower fo r  foams than fo r  f lu id is e d  beds# I f  th e ra te  o f  bu rstin g
*
i s  slow er than the rate a t which the bubbles reach the surface then the 

foam r a ft  w i l l  expand u n til  the rate o f  bubble formation equals the bursting  

rate  at the surface o f  the foam. The volume o f  foam in creases as th© gas 

flow  increases u n t il  the ** two-phase" region becomes e n t ir e ly  foam. :Vhen 

the amount o f  liq u id  a v a ila b le  a t the porous p la te  surface becomes low then  

plugs o f  gas are formed in  th e  foam.

Obviously the e s s e n t ia l  d ifferen ce  between f lu id is e d  and foam i s  bound 

up w ith the s t a b i l i t y  o f  th© bubbles a t  the liq u id  surface# I t  would 

appear that bubbles are more s ta b le  at a liq u id  surface when they are formed 

in  so lu tio n s  rather than in  pure substances# A veiy  important property 

when dealing w ith  foam formation i s  obviously the " e la s t ic ity "  o f  the f ilm  

o f  liq u id  around the bubble# In so lu tio n s i t  would appear that th e  bubble 

film s are isore e la s t ic  and more r e s is ta n t to  bursting than bubbles formed 

in  pure liquids*



APPENDIX I

5 .1 , BreaODtKfflON

The e f fe c t  o f  running a hubble-type absorber under pressure as com­

pared with atmospheric pressure i s  to  reduce the diam eter  o f  the absorber.

A reduet ion in  s iz e  w il l  reduce the space occupied by the absorberf i f  th is  

i s  lojpwrtant, and ?my reduce the in it ia l ,  co st o f  m ateria ls and construction . 

Against th is  must be balanced the cost o f  power fo r  compression and pimping 

to  the h igher pre&sure.-

5 .2 . POhSR aALCULilTlOliP

th© to t a l  power required to operate a pressure scrubber w i l l  foe the  

sum o f  th e  xx>wer required to  compress the in le t  gas and th e  power required  

to  pump the water in to  the c o l um , 

a ) Gas compression power

The compression power i s  given by the follow ing equation, assuming a l l  

compression stages are ad iabatic  w ith no clearance and using the o v era ll  

compressor e f f ic ie n c y  BQs

I f  i t  i s  p o ss ib le  to  recover power by the decompression o f  the o u t le t  

gas from th© absorber then the only power required i s  that fo r  the compres­

s io n  o f  the gas which i s  absorbed.

where z  i s  th e fr a c tio n  o f  gas absorbed and yo  th e  mole fr a c tio n  o f  the  

so lu b le  component o f  the in le t  gas stream 

k) Water power

The water rower can foe computed by assuming Henry ®s law and an o v era ll

*  - i
Compress ion  power



absorption e f f ic ie n c y , 3^, based on the in le t  gas,
(9 l

f t ,  COg a t X* . • i . / f t ,  water a t sa tu ration  = i t  PcOg — (59)

* .... (60)

f t ;  water /  lb ,m ole GOo absorbed a t satu ration  » .
S t f P  (61)

I f  a fr a c tio n  £  o f  the incoming so lu b le  gas i s  absorbed, then

lb , mole/sec* OOg absorbed = ygsG —  — (62)

'The amount o f  w ater  required can be obtained by combining equations (61) 

and ( 02) ,
^  ^ ETrtSSQ* ,  xf t * /s e c ,  o f  water » —J l— —  — (63)

3^?

I t  i s  assumed in  the d erivation  o f equation (63) that the water leav in g  the 

absorber i s  saturated a t the p a r tia l pressure o f  the incomiug so lu b le  gas.

However, the water w i l l  only reach a fr a c tio n , o f i t s  sa tu ration  value

. iiSLzG-
f t , / s e c ,  o f  water « — (61)

1 >iy*A

I f  the water i s  a v a ila b le  a t a pressure Pw, then;

water power a -  pwi (05)
“Nr “A

Taking the o v era ll e f f ic ie n c y  o f  the water pimp to  be Sp, then;

water power « ^ 2 ^ L - ( P  -  Pw) —■ — (66 )
0t Ft'A’,P

c ) Total power

The to ta l power requirement i s  the sum o f  the water power and the 

compression power,
ofl-ir_*W jj y y i  W«!» *A P _

— (67)
sGgrgSHT " £ -  l

P ) R .
OT-bSq» ... O 1

Eo m  • 1 « V » A
JU *** 5lTT*rP

5*3, THS FRACTION OF SOLTJBLS GA3 ABSORBED. g.

For design purposes i t  i s  necessary to be ab le to  c a lcu la te  the amount 

o f so lu b le  gas absorbed quickly and e a s i ly . This can rea d ily  be achieved



77.

from equation (64) thus;

Transposing equation (64-) and le t t in g  L be the liq u id  rat© we get

z  33 —..«.« — — ( 68)
RTtfi

now i f  the id e a l gas law and Henry * s law are obeyed

l i e . s.
z  » A *  — — — — (69)

?o0V

P S* 5 /where ~  fo r  1 lb .m ole, and 6V i s  the gas ra te  in  f t . / s e c .  5 then;is. v

2 “ SA ™   (70)
«e

I f  the id e a l gas law and Hemy*s law are not obeyed, then the absorp­

t io n  c o e f f ic ie n t  must be obtained fo r  each p a r tia l pressure o f  so lu b le  gas 

and a correction  made fo r  the com p ressib ility  o f the gas. 'Hie fra c tio n  o f  

gas absorbed then becomes

z » Ea (Mil) ..................................  (71)
^  V /

5 .4 . TKS FRAGl'ION OF GAKBOh DXOXXDS ABdUBB&D

This th e s is  lias been concerned with the absorption o f  carbon dioxide  

fran a bubble-type absorber. Section  5 .7 .5 . g iv e s  a general co rre la tio n  

equation fo r  the behaviour o f  the absorption e f f ic ie n c y , under various 

operating conditions. I f  th is  value fo r  i s  now su b stitu ted  in  equation© 

(70) and (7 1 ), one obtains the fra ctio n  o f  carbon d ioxide th a t th is  £>arti- 

cu lar  absorber w il l  absorb under oort&xn con d ition s.

For th© r is in g  hold-up region  and where the gas obeys the id e a l law  

and the so lu tio n  obeys H enry  * s law

) ur0^52 (h n iz * 0 .86  .!Sl - WR — — (72)
( %  ) ^ 0 7 3 9  (P)

I f  Henry*s law and the id ea l gas law are not obeyed then equation (72) 

must be corrected fo r  the var ia tio n  o f  co m p ressib ility  and s o lu b i l i ty  with  

pressure.
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% » 0* 86
#*141

(73)

For th e constant holu*up region and an absorber pressure such th a t  

the gas obey© the id ea l n m  law  and the so lu tio n  obeys henry's law , th e  

fo llow in g  equation can be used to  compute the fraction  o f  carbon  d ioxide  

absolved#

Kquation (74) can be corrected  fo r  d ev ia tion s from  th e  id e a l gas law  

am  henry's law as fo llo w s $

2he com pressib ilitie©  and s o lu b i l i t ie s  o f  carbon d ioxide can be obtained a t  

various p a r tia l pressures and temperatures froaa i art 2 o f th is  th e s is .

I n s p e c t io n  o f  ih© ahow equations that the cosriitions f o r

absorbin.; almost a l l  o f  the i n c m i s i carbon d ioxide are h i h bed le v e l, low 

p ressures, &Th absorption c o e f f ic ie n t  (low temperature) ana high liq u id  

to gas v e lo c ity  r a t io s  fo r  th is  p articu lar  absorber.

{%■)

0 .8 5
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co m p ressib ility  c o e f f ic ie n t

absorption e f f ic ie n c y , fr a c tio n  o f saturation  based on in le t

gas

o v era ll compressor e ffic ien cy- 

o v era ll liq u id  pump e f f ic ie n c y

m s s  flow  rate  of gas lb .m o le /se c .

height of absorption bed f t ,

volum etric liq u id  flow  rat© f t ? / s e c .

p a r tia l pressure o f soluble gas atm,

to ta l  pressure of absorption process atm,

in le t  pressure of gas atm,

in le t  pressure of water atm.

un iversal gas constant 

number of compression stages

Bunsen absorption c o e f f ic ie n t  v o l , /v o l .

temperature °C.

Temperature °&.

gas v e lo c ity  f t  , / s e e .

liq u id  v e lo c ity  f t  , / s e c .

molecular volume of gas f t? /lb ,in o le .

mole fr a c tio n  o f so lub le  component in  gas stream, 

fr a c tio n  of gas absorbed 

r a t io  of s p e c if ic  h ea ts .
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APF3HDIX I I ,

Summary of pressure "bubble column data  
u sed  in  p a r t 3 o f  t h i s  t h e s i s .

E f f e c t s  o f  l iq u id  and gas v e l o c i t i e s . ( P i g s .  1 4 ,1 5 ,2 0  &  21)

A b sorp tion  r a te s  c o r r e c te d  to :

h a 1 . 5 f t .  , t a 15°C , p a 5 .1  atm. O O w •

Run u_ f t . / s e c .
Ho. In Out V (H .T .U . )0Ij V
\  *

0 .0 3 0  f t . / s e c .

76 0 .2 4 9 0 .2 3 2 7 0 .2 1 .2 8 95

^  = 0 .0 5 2  f t . / s e c .

18 0 .0 4 3 0 .0 3 5 4 4 .5 2 .2 5 76
62 0 .0 6 5 0 .0 3 9 6 1 .0 1 .4 9 129
19 0 .0 8 6 0 .0 5 8 7 0 .3 1 .2 0 165
20 0 .1 1 0 0 .0 8 2 7 3 .4 1 .0 8 179
21 0 .1 4 8 0 .1 1 7 6 7 .5 1 .2 7 167
22 0 .1 6 8 0 .1 3 6 6 6 .6 1 .3 3 154
65 0 .2 5 2 0 .2 2 6 6 3 .5 1 .4 5 130

0 .1 0 0  f t . / s e c .

23 0 .0 4 3 0 .0 1 9 3 2 .9 3 .2 2 114
24 0 .0 6 2 0 .0 3 0 4 3 .0 2 .3 0 154
25 0 .1 0 4 0 .0 5 5 6 3 .1 1 .3 4 267
26 0 .1 4 4 0 .0 9 0 6 5 .5 1 .3 3 269
37 0 .1 8 8 0 .1 3 9 6 2 .6 1 .4 6 252
78 0 .2 4 9 0 .1 9 1 6 3 .8 1 .5 8 230



Rim

N o.

f t . / s e c . 

In Out e aA ( II .T .U .  ) 0L *La

\  - 0 .1 4 4  f t . / s e c .

15 0 .0 6 2 0 .0 1 8 3 5 .6 2 .4 4 237
61 0 .0 9 3 0 .0 4 1 4 3 .4 2 .2 6 232

2 0 .1 1 3 0 .0 5 0 4 9 .0 1 .9 3 257
5 0 .1 1 5 0 .0 4 9 5 0 .0 2 .0 5 248
3 0 .1 1 6 0 .0 5 6 4 4 .7 2 .4 0 212
1 0 .1 1 9 0 .0 5 0 4 8 .5 1 .9 9 257
4 0 .1 2 7 0 .0 5 2 5 3 .0 1 .8 0 286

59 0 .1 5 0 0 .0 9 4 4 9 .4 2 .0 6 254
16 0 .1 8 3 0 .1 1 8 5 3 . 5 1 .8 5 283
17 0 .2 1 0 0 .1 4 0 5 3 .0 1 .8 3 271

0 .1 7 0  f t . / s e c .

28 0 .0 7 5 0 .0 2 4 4 0 .7 2 .3 0 270
29 0 .1 1 0 0 .0 4 4 5 1 .8 1 .8 1 340
30 0 .1 4 8 0 .0 6 7 5 9 .9 1 .4 3 432
31 0 .1 6 4 0 .0 7 8 5 6 .4 1 .6 5 362
32 0 .2 1 4 0 .1 1 9 5 6 .9 1 .7 2 352

^  * 0 .2 0 0  f t . / s e c .

33 0 .0 8 2 0 .0 2 4 3 8 . 3 2 .6 5 276
34 0 .1 1 6 0 .0 2 9 4 9 .6 1 .7 2 407
35 0 .1 4 3 0 .0 5 4 5 2 .1 1 .7 4 410
36 0 .1 8 1 0 .0 7 5 5 6 .2 1 .5 7 455
37 0 .2 7 0 0 .1 1 1 5 6 .0 1 .6 7 418



E f f e c t s  o f  b e d  h e i g h t . ( F i g .  1 6 )

Absorption rates corrected to:
p sb 5 .1  atm. COg # t  »  15°C. 

s  0 .1 4 4  f t . / s e c . ,  u& a 0 .1 0 6  f t . / s e c .

Run h e aA (H .T .U .)
V

12 0 .3 8 2 8 .9 1 .0 5 468

9 0 .6 7 3 5 .4 1 .4 0 372

13 1 .2 8 3 9 .0 2 .3 1 230

5 1 .7 5 5 0 .0 2 .2 3 229

7 2 .1 8 5 1 .0 2 .7 0 190

6 2 .8 9 5 3 .5 3 .4 4 149

60 4 .0 0 6 1 .5 3 .7 4 140

14 5 .3 9 7 8 .4 2 .5 6 198

n o # o CJ
I

CO f t . / s e c . , %  * 0 .0 6 5  f t . / s e c .

63 0 .4 3 3 8 .6 0 .8 5 218

62 1 .5 0 6 1 .0 1 .49 . 129

64 3 .1 0 7 6 .0 1 .9 2 99

t L .  » 0 .0 5 2  f t . / s e c 0 .2 5 3  f t . / s e c .

66 0 .5 5 5 0 .3 0 .7 8 181

65 1 .5 0 6 3 .5 1 .4 5 130

67 2 .7 5 7 0 .5 2 .1 3 101



Effects of -partial pressure, (Pig. 17) 
A b sorp tion  r a te s  c o r r e c te d  to :  

h a  1 .5  f t * ,  t  at 15°C.

Rim P ba <h . t . u . ) ol

38 2 .9 0 6 2 .5 1 .3 1

58 5* 26 5 0 .4 2 .6 4

40 8*01 4 7 .2 2 .0 8

41 1 0 .8 8 3 9 .4 2 .8 3

42 1 3 .6 0 3 4 .9 3 .3 5

a; 0* 052 f t . / s e c . , -û  s= 0 .0 6 3  f t . / s e c .

68 2 .5 8 7 0 .1 1 .0 7

62 5 .1 0 6 1 .0 1 .4 9

69 1 2 .1 0 4 7 .5 2 .2 0

* 1
as 0* 062 f t . / s e c . , %  « 0 .2 4 8  f t . / s e c .

74 2 .8 6 7 7 .4 0 .9 7

65 5 .1 0 6 3 .5 1 .4 5

75 6 .6 4 5 8 .7 1 .6 7

V

391

263

254

191

164

171

129

90

328

130

106



E f f e c t s  o f  t e m p e r a t u r e * (F ig .  1 8 )

Absorption rates corrected to:
h as 1 .5  f t . ,  p = 5 .1  atm. COg.

» 0 .1 4 5  f t . / s e c . ,  U q  » Q .127 f t . / s e e .

E-un t SA (h . t . u . ) ol V
1 10 4 8 .2 2 .0 0 257

58 1 5 .5 4 9 .9 1 .9 9 263

54 20 5 1 .1 1 .9 3 274

57 25 5 2 .3 1 .9 3 270

56 2 9 .1 5 3 .5 1 .8 5 286

« 0 .0 5 2  f t . / s e c . ,  H q  a 0 .0 6 3  f t . / s e c .

70 12 5 9 .9 1 .5 0 128

62 1 9 .1 6 2 .4 1 .4 7 153

72 2 9 .4 6 4 .5 1 .3 8 141

vl^  a 0 .0 5 2  f t . / s e c . ,  » 0 .2 4 9  f t . / s e c .

71 12 6 5 .1 1 .4 1 148

65 IB 6 4 .4 1 .4 5 135

73 2 9 .4 6 8 .4 1 .2 7 193

77 1 5 .5 6 6 .7 1 .1 8 178
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‘ ‘ 03 03 CQ CQ 03 03 03 CQ 03

OLOOOUQOOOOOLOCOCOOOLOOOOOLO 
OiHCOcDC>H'030COcD£b^030CO<Db-^»03 00003 
O  CO lO  0 3  LO _rH  H O ^ C O O O O C O t O b O O O b O J H i

O r H t O t D O O O c O L O C O O H C O i O C D C O O s o d r H O Q c O c O  
r d r H v d v d 0 3  0 2  0 3 C Q 0 2  0 3  0 3 c O c O c Q c O C O c Q

O  P  CQ H 1 LQ tD CO O  OQ ^  LO UO CO O  03  ril UQi CD 00 O  CQ CO 
rH rH H  rH rH rH 03 03 03 03 03 03 CO CO CO

Is
ot
he
rm
 

25 
C

03 CU pi b- t> 03 cO
CO H1 O Q j  O  cO '-jL

H H H H  CQ CQ . 2 

+ H- H* H- +  +  H*

CQ 00 LQ Ci ^  CO d  d  b  O  i-O CQ CO '0  O  CO 0 - C  I 
uQ £ - O  03 to  £> CO O  o  H  CO O  CO O  H  H  <-■ b- !

:Q 03 co tO CO- to  CO CO vQ ^  

H~ H* +  +  Jr +  H- H* H* H-

. u UO LO LO u*. 

*4" *4* “i" *4** *i”

j

J

O  o  uo -si1 CO CD rH CO OrH0303O>^b-rH 
O  O  CQ H* LO b- CO ^

• • • • • • • a
O  O  H  CQ CO -H LO CD

O  O  b -  ̂  b -  LO CD CD rH CD OQ d  H  C» O  lO ,>•
£> s? O'i 03 03  CO O  ^  CO UO CG Ci 00 0- tO £> rH L>
Ci O  O  H  r l  O  H  LO O  LO O  CO l-  CO CO -p O  CQ

CD CO CQ O  tH rH CQ CQ tO CO *0  
rH rH vH rH rH tH  rH rH H rH H -h 4h

b- O  O  03 O  O  CD
^  02 O CQ CO ^  OiC32 b- r H  r H  CD CO LOO'* CQ CQ CO cD rjL LO

• • • • « • •  
O  rH CO LO b  C3 OH

o  o  o  03 c:CO CD O  - _ _ _ _ _ _ — - - - -  . ,  -
O  £- CD !’ CD rH CO CO O  CO CO C
CD 0 > Gi <0 b- c_: LQ CD C  00 O  CO O  cD
OQ Gi CO - : CQ tC; LO 03 rH LO CD O  h* *o

D  C  ^  O  O to 0- 
CO 03  lO  
CO CQ Hi

rH 03  ^  Q O  O  O  O  H  H  03 rji L Q  C D  
rH rH rH H rH rH rH 03  03  CQ 02 03 OQ CQ

O  CO 02 CQ
3 ("

CO rH CO O  O  ^  O  
•

tH 03 LO rp ^0 0 -  CO 

+ + + + + + +

CO 03 rHt'-OOSCDOOtOriirHCOrHO :•* CO

CO O  rH CO '41 CD CD CD C- CO O  rH CQ ^  Oi o  O  L ,■
d  H  H  H  d  d  H  d  d  d  03 03 03  CQ 03 CQ CQ

+  + H -  H* +  H * + H * H - H - T ' r  +  H * - r - r  +  ' f <DP
r—f
Co>

rd
cd

p

<D

O

O 'D C.Q '41 O C 0 O 4 1 
O rH tC -D G  03 CD CO 
O CO 03 rH c.O D r i b  . • • » • • • •
O  O  rH 0 3  C O  ^  CD c O
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D e v i a t i o n  summary o f  t h e  v a l u e s  o f  E^ 

c a lc u la te d  from  eq u a tio n  ( 4 9 )  fo r  th e  

t r a n s i t io n  and c o n sta n t h o ld -u p  reg ion s*

Run
No.

^A^ca *̂c#
1.

) SA(exp . 
2.

)
1. -  2 . %  dev

8 5 3 .5 4 8 .9 + 4 .6 + 9 .4
10 4 7 .7 4 8 .6 - 0 .9 - 1 .9
11 5 0 .9 5 2 .9 - 2 .0 —3 . 8
16 5 2 .4 5 3 .9 - 1 .5 - 2 .8
17 5 7 .9 5 3 .7 + 4 .2 + 7 .8
20 6 6 .5 7 2 .8 - 6 .3 - 8 .7
21 6 7 .2 6 9 .2 - 2 .0 - 2 .9
22 6 6 .3 6 7 .0 - 0 .7 - 1 .0
26 6 0 .2 6 5 .1 - 4 .9 - 7 .5
27 6 1 .2 6 3 .6 —2 .4 - 3 .8
30 5 6 .5 5 9 .9 - 3 .4 - 5 .7
31 5 5 .9 5 5 .7 +0. 2 + 0 .4
32 5 6 .5 5 7 .1 —0 .6 - 1 .0
36 5 5 .4 5 6 .8 - 1 .4 * - 2 .5
37 5 5 .4 5 6 .8 - 1 .4 - 2 .5
39 7 0 .6 7 2 .3 - 1 .7 - 2 .4
44 5 7 .2 5 5 .9 + 1 .3 + 2 .3
65 6 8 .5 6 4 .5 + 4 .0 + 6 .2
66 5 5 .0 5 1 .6 + 3 .4 + 6 .6
67 7 7 .5 7 1 .8 + 5 .7 + 7 .9
71 6 4 .6 6 4 .4 + 0 .2 + 0 .3
73 . 7 0 .6 6 7 .2 + 3 .4 + 5 .1
74 8 2 .0 7 8 .4 + 3 .6 + 4 .6
75 6 1 .6 5 8 .9 + 2 .7 +4. 6
76 6 7 .5 6 9 .3 - 1 .8 - 2 .6
77 6 7 .5 6 5 .3 + 2 .2 + 3 .4
78 6 1 .7 6 1 .9 - 0 .2 —0 .3

o♦oHr** p o in t s  s= 27 ; average d e v ia t io n  = 4

No. o f ' +ve p t s . *  12 ,* ave. d e v ia t io n (+ ve) :

No. o f  -v e  p t s .  = 17 ; ave. d e v ia t io n  ( - v e )  = 2.9%

Maxm. +ve d e v ia t io n  = 9.4% ; maxm. -v e  dev. = 8.7%
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TABLE 16

P o r o s i t i e s  o f  gas d is t r ib u t o r s  
u s in g  w ater .

D is tr ib u to r T h ick n ess

in .

Area
_. 2 f t ?

P o r o s ity

m icrons

Porous g la s s  PI 0 .1 6 0 0 .0 2 9 7 .3

P2 0 .1 6 0 0 .0 2 6 81

P3 0 .1 6 0 0 .0 3 0 114 .

Porous b ronze D1 0 .1 2 3 0 .0 3 0 7 1330

D2 0 .1 2 3 0 .0 3 0 7 " 634

D3 0 .1 2 6 0 .0 3 0 7 408

D4. 0 .1 2 6 0 .0 3 0 7 364

D5 0 .1 2 1 0 .0 3 0 7 72

D6 0 .1 2 1 0 .0 3 0 7 170

In d en ted
s t r i p  A. 1 .0 0 0 .0 2 1 4 1150

In d en ted
s t r i p  B. 1 .0 0 0 .0 2 1 4 810



TABLE 17 .

E f fe c t  o f  l iq u id  p r o p e r t ie s  
on p o r o s i ty .

L iq u id . S u rface
te n s io n

d y n es / cm.

P o r o s ity , m icrons

P2 P3

Water 7 2 .9 81 114

Sea w ater 5 8 .7 75 107

A cetone 2 6 .2 82 76

A c e t ic  a c id 2 7 .8 49 • 56

E th y l 'a c e ta t e 2 4 .6 45 74

S3 wt.% g ly c e r in e 7 2 .3 80 93

37 w t + %  g ly c e r in e 7 1 .3 83 88

49 wt.% g ly c e r in e 7 0 .0 81 89

58 wt.% g ly c e r in e 6 9 .0 ' 80 89
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