
C H A P T E R  3
Experiment

3.1 Experimental Apparatus

T h e  g a s - liq u id  co n ta c tin g  ap p a ra tu s  em p lo y ed  in  th is  w o rk  is m ad e  o f  c lea r 
a c ry lic  p la s tic  in w h ic h  v a rio u s  p h en o m en a  can  be  w e ll o b se rv ed . A  series o f  
m e a su rin g  p o r ts  a re  a ttach ed  a lo n g  th e  co lum n  h e ig h t w ith  a v ertica l sp ace  b e tw een  
each  p o r t  o f  10 cm . T h ese  p o rts  a re  em p lo y ed  fo r th e  p re ssu re  d ro p  m easu rem en t and 
a lso  a re  u se d  as in je c tio n  p o in ts  o f  co lo r tra c e r  fo r  th e  m e a su re m e n t o f  liqu id  
v e lo c itie s  ( r is e r  and  d o w n co m er). F ig u re  3.1.1 sh o w s th e  ex p e rim en ta l se tup  o f  th is  
w o rk  w h e re  th e  d im en s io n s  o f  th e  ap p a ra tu s  are d e ta iled  in  F ig u re  3 .1 .2 .

D u r in g  th e  o p e ra tio n  o f  th e  co n tac to r, air is sp a rg ed  cen tra lly  th ro u g h  a p o ro u s 
sp a rg e r  a t th e  c o n ta c to r  base , and  gas v o lu m e tric  f lo w ra te  is c o n tro lled  by  a  ca lib ra ted  
ro ta m e te r  w ith  m in im u m  an d  m ax im u m  Usg o f  1.88 and  8.43 cm /s resp ec tiv e ly . A  
d isso lv e d  o x y g e n  (D O ) m e te r  (JE N W A Y  m odel 9 3 0 0 ) is u sed  to  m easu re  d isso lved  
o x y g e n  in  th e  d isp e rs io n  fo r  th e  e s tim a tio n  o f  m ass tra n s fe r  ra te .

T h re e  sc h e m a tic  sk e tch es  o f  g as-liq u id  c o n ta c to rs  in v es tig a ted  in th is  s tudy  are  
sh o w n  in  F ig u re  3 .1 .3 . T h e  firs t ty p e  (F ig u re  3 .1 .3  (a ))  re p re se n ts  a b u b b le  co lum n 
w h ich  h a s  th e  sam e  d im e n s io n s  as th e  o u te r  co lum n  o f  th e  A L C . A  no rm al co n cen tric  
tu b e  A L C  is il lu s tra te d  in  F ig u re  3 .1 .3  (b) w h ere  a  cy lin d rica l d ra ft tu b e  o f  207  cm. 
len g th  w ith  8 cm . d ia m e te r  is p laced  cen tra lly  in th e  o u te r  co lum n. S im ila rly , F ig u re
3 .1 .3  (c )  d e p ic ts  th e  c o n c e n tr ic  A L C  w ith  th e  sam e d im e n s io n s  w ith  A L C  in F ig u re
3 .1 .3  (b ), b u t th e  last one , th e  A L C -P , has tw o  p e rfo ra ted  p la te s  in se rted  p e rp en d icu la r 
to  th e  d ire c tio n  o f  liq u id  flo w  in th e  d ra ft tube. E ach  p la te  is 7 .4  cm. in d iam e te r and 
is p e r fo ra te d  w ith  v a riab le  n u m b ers  o f  holes. D e ta ils  o f  p la te s  g eo m e try  are  show n  in 
F ig u re  3 .1 .4 .
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It is n o te d  th a t the  A L C  in F ig u re  3 .1 .3  (c ) co n ta in s  tw o  p e rfo ra ted  p la tes , b u t 
th e  n u m b er o f  th e  p la tes  is va riab le .

3.2 Experimental Methods

3.2.1 Experimental Preparation

1. C a lib ra te  th e  ro tam ete r by a  s im p le , co n v en tio n a l m e th o d , i.e. th e  re p la c e m e n t o f  
a ir  in w ate r.

2. F ill each  c o lu m n  w ith  w a te r  u p  to  th e  level o f  2 2 0  cm . In  th e  case  o f  A L C  and 
A L C  w ith  p e rfo ra te d  p lates, th is  level is 7 cm . a b o v e  th e  d ra ft tube.

3. S p a rg e  a ir th ro u g h  a p o ro u s sp a rg e r a t th e  c o n ta c to r  base. A  ro ta m e te r  is u se d  to  
ad ju st th e  S u p erfic ia l gas v e lo c ity , Usg, and  a lso  to  k eep  it co n s ta n t at th e  d ec id ed  
v a lu es, e .g . 1 .88 cm /s. B e fo re  any  m e a su re m e n t, th e  sy s tem  w ill b e  left ru n n in g  
u n til no  fu r th e r  changes in b u b b le  d is tr ib u tio n , n o r d isp e rsed  v o lu m e  is o b se rv ed . 
T h is  u su a lly  ta k e s  a few  seconds.

3.2.2 Measurement of overall gas holdup

1. R ead  th e  v a lu e  o f  liqu id  d isp e rs io n  h e ig h t and  u n a e ra te d  liq u id  h e igh t.
2. D e te rm in e  th e  overall g as  h o ld u p  a c c o rd in g  to  th e  ca lc u la tio n  in  S e c tio n  3.3.1 

(E q u a tio n  3 .4 ).

3.2.3 Measurement of gas holdups in downcomer and gas separator

1. C o n n ec t o n e  end  o f  th e  m a n o m e te r to  o n e  o f  th e  m easu rin g  p o rts  in  th e  
d o w n c o m e r o f  th e  co n tac to r (c h o o se  th e  lo w e s t p o rt 135 cm  fro m  th e  b a se  o f  th e  
c o n ta c to r)  w h ile  th e  o th e r end  o f  th e  m a n o m e te r  is o p en  to  th e  a tm o sp h e re , 
m easu re  th e  p re ssu re  d ifference .

2. C a lcu la te  th e  g as  ho ldup  in  th is  sec tio n  w h ic h  is th e  su m m atio n  o f  h o ld u p s  in 
d o w n co m er an d  gas sep ara to r, Eg+d. (see  E q u a tio n  3 .13 , S ec tio n  3 .3 .3  fo r  d e ta iled  
ca lcu la tio n )
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3. D isc o n n e c t th e  p o rt from  th e  m an o m e te r and c o n n e c t it again , th is  tim e  a t th e  to p  
o f  th e  d o w n c o m e r  (205 cm  fro m  th e  b ase  o f  th e  co n tac to r), read  th e  p re ssu re  
d iffe ren ce .

4. C a lc u la te  th e  g a s  ho ld u p  in th is  sec tion  w h ich  is th e  ho ld u p  in th e  g a s  sep a ra to r, Sg 
(S e e  E q u a tio n  3 .1 2 , S ection  3 .3 .2  fo r d e ta iled  ca lcu la tio n )

5. D e te rm in e  th e  d o w n co m er g a s  ho ld u p  from  E q u a tio n  3 .15 , S ec tio n  3 .3 .3 .

3.2.4 Calculation of riser gas holdup

S in ce  r is e r  g as  ho ld u p  can n o t be m easu red  d irec tly  d u e  to  ex p e rim en ta l
lim ita tio n , it is c a lc u la ted  fro m  th e  co n tin u ity  e q u a tio n  (E q u a tio n  3 .18  in  S ec tio n
3 .3 .4 )  u s in g  th e  in fo rm a tio n  o f  th e  overall, g as  sep a ra to r, and d o w n c o m e r g as  h o ld u p s
d e te rm in e d  a  p rio ri.

3.2.5 Measurement of liquid velocity

1. In je c t c o lo r t r a c e r  d irectly  in to  th e  m easu rin g  p o rt, 185 cm ., fro m  th e  b a se  o f  th e  
co lu m n ,

2. M e a su re  th e  tim e  req u ired  fo r  th e  co lo r tra c e r  to  flo w  a lo n g  a fix ed  d is ta n c e  in 
d o w n c o m e r, i.e. 130 cm. T ra c e r  is a lso  in jec ted  v ia  th e  lo w est p o rt to  d e te rm in e  
r is e r  liq u id  v e lo c ity .

3. C a lc u la te  r ise r  an d  d o w n co m er liqu id  v e lo c ity  by  u s in g  E q u a tio n s  3 .1 9  and  3 .2 0  
in  S e c tio n  3 .3 .5 .

3.2.6 Measurement of volumetric mass transfer coefficient

1. Im m e rse  a  d is so lv e d  o x y g en  p ro b e  in to  th e  g a s  sep ara to r, th e  co m p le te ly  m ix ed  
re g io n  o f  each  co lum n.

2. P u rg e  p u re  n itro g e n  in to  th e  sy stem  to  rem o v e  all d isso lv ed  o x y g e n  and  w a it un til 
th e  D O  m e te r  in d ic a te s  0%  sa tu ra tio n  o f  D O  in w a te r.

3. S to p  th e  n itro g e n  flow , and  im m ed ia te ly  sp a rg e  th e  co m p ressed  a ir a t d e s ig n ed  
v o lu m e tr ic  f lo w ra te s  (d e ta iled  la te r) and read  th e  D O  v a lu e  a t ev ery  5 seco n d s 
u n til th e  v a lu e  b e c o m e s  co n stan t.



4. C a lc u la te  th e  v o lu m e tric  m a ss  tra n s fe r  co e ffic ien t from  E q u a tio n  3 .2 2  in S ec tio n
3 .3 .6 .

3.2. 7 Experimental repetition

1. R e p e a t ev e ry  e x p e rim e n t at v a r io u s  Usg, i.e. 2 .8 3 , 3 .76 , 4 .70 , 5 .64 , 6 .58 , 7 .52  and 
8 .45 ๗ ร.

2. R e p e a t e x p e rim e n t w ith  all d e s ig n s  o f  g as-liq u id  co n tac tin g  system .

3.3 Calculations

3.3.1 Calculation of overall gas holdup

T h e  o v e ra ll g as  h o ld u p  is d e te rm in e d  by  th e  v o lu m e  e x p a n s io n  m ethod . T h e  
e x p an d ed  d isp e rs io n  v o lu m e  re p re se n ts  th e  v o lu m e  o f  g as  in th e  sy s tem  acco rd in g  to  
th e  fo llo w in g  eq u a tio n :

VG =  VD - VL
w h ere

Vg =  ex p an d ed  g as  v o lu m e  o r overall g a s  v o lu m e  [cm 3] 
Vd =  d isp e rsed  liq u id  v o lu m e  [cm 3]
Vl =  u n a e ra te d  liq u id  v o lu m e  [cm 3]

(3 .1 )

T h e  f lu id  v o lu m e  in th e  sy s te m  can  be ca lcu la ted  fro m  th e  p ro d u c t b e tw een  
c ro ss  sec tio n a l a re a  (A) and flu id  h e ig h t (H):

II (3 .2a)

h ence , VD = A Hd (3 .2b )

and Vl =  AHl (3 .2 c)

w h e re
A =  c ro ss  sec tio n a l a re a  o f  th e  co lu m n  [cm 2]
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Hd =  d isp e rs io n  h e ig h t [cm ]
Hl =  u n a e ra te d  liq u id  h e ig h t [cm ]

I f  So is th e  gas f ra c tio n  in  th e  ex p an d ed  flu id  v o lu m e  in  th e  c o n ta c to r , o n e  can 
ca lcu la te  th e  overall g a s  h o ld u p  by:

V g  = S o A H d  (3 .2 .d )

C o m b in in g  E q u a tio n s  3 .1 , 3 .2b , 3 .2 c  and  3 .2 d  y ie lds:

S o A H d  =  A H d  - AH I  (3 .3 )

H d
(3 .4 )

T h e  u n ae ra ted  liq u id  h e ig h t and  d isp e rs io n  h e ig h t can  be  m e a su re d  (S ec tio n  
3 .2 .2 ) and  h en ce , the  o v e ra ll g a s  h o ld u p  can  b e  c a lc u la ted  acco rd in g ly .

3.3.2 Calculation of gas holdup in tile gas separator

D o w n c o m e r g as  h o ld u p , E d , to g e th e r  w ith  g a s  h o ld u p  in  b o th  g a s  se p a ra to r  and 
d o w n co m er, s g + d ,  can b e  e s tim a te d  fro m  h y d ro s ta tic  p re s su re  d iffe re n c e s  b e tw een  
co lum n an d  m an o m e te r m e a su re d  acco rd in g  to  th e  p ro c e d u re  in S ec tio n  3 .2 .3 .

F o r  g a s  ho ldup  in  th e  g a s  s e p a ra to r  :

ÂPcolumn ~ AP manometer (3 .5 )

w h e re  APmanometer is th e  p re s su re  d iffe ren ce  read  fro m  th e  m a n o m e te r  w hen  
one end o f  th e  m an o m e te r is  a tta c h e d  to  th e  co lu m n  a t th e  h e ig h t o f  2 05  cm  fro m  th e  
bo ttom . E q u a tio n  3.5 can  b e  tra n s fo rm e d  in to  th e  fo llo w in g :

pg(Ho -  Hj) = pigAZ (3 .6 )
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w h ere  p  on  th e  left hand s id e  rep re sen ts  th e  d e n s ity  o f  th e  d isp ersio n :

( P l Sl  +  P g S g ) g iH D  - H  1) =  pigAZ (3 .7 )

S ince Pg «  Pi, it is rea so n ab le  to  n eg lec t th e  seco n d  te rm  in th e  f irs t b rack e t 
o n  th e  left hand  s id e  o f  E q u a tio n  3 .7  and  th is lead s  to :

pLSig{HD- H 1) = pigAZ (3 .8 )

sl(Hd - H 1) =  AZ
sin ce

El =  1 - Sg 
E q u a tio n  3.9 b eco m es

(3 .9 )

( 3 . 1 0 )

(7 - Sg)(HD- H 1) = AZ (3 .1 1 )

T his lead s  to  an  exp ressio n  fo r  th e  gas h o ld u p  in  th e  g as  sep a ra to r:

w h e re

£g
= 1 - w f w o

(3 .1 2 )

Eg = gas frac tio n  in g as  s e p a ra to r  (g a s  se p a ra to r g a s  h o ld u p ) [-] 
Sl = liquid  frac tio n  in g a s  s e p a ra to r  [-]
Pl = liqu id  d en s ity  [g /cm 3]
Pg = gas d en sity  [g /cm 3]
Azi = d iffe ren ce  o f  liqu id  h e ig h t in  m an o m ete r, m e a su rin g  at 

po in t H1 [cm]
Hi = h eigh t o f  m easu rin g  p o rt in  g a s  se p a ra to r  at 205  cm . fro m  

th e  b o tto m  o f  th e  c o lu m n  [cm ] 
g = g rav ita tio n a l a cc e le ra tio n  [0๗ ร2]
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3.3.3 Calculation of downcomer gas holdup

In  th is  w o rk  th e  d o w n c o m e r and g as  se p a ra to r  g as  h o ld u p , £g+d1 is e s tim a ted
from :

‘ ^ - ท H f k )
(3 .1 3 )

w h ere
A7.2 =  d iffe ren ce  o f  liq u id  h e ig h t in  m a n o m e te r  m e a su rin g  

a t Hi [cm]
H2 =  h e igh t o f  m easu rin g  p o n  in  d o w n c o m e r  a t th e  h e ig h t o f  

135 cm  from  th e  b o tto m  o f  th e  c o lu m n  [cm ]

T h e  v o lu m e  o f  g a s  in  b o th  d o w n co m er and  g as  se p a ra to r  is th e  su m m a tio n  o f  
each  in d iv id u a l g a s  vo lu m e:

T o ta l v o lu m e  o f  g a s  in = V o lu m e  o f  g as  in + V o lu m e  o f  gas
g as  se p a ra to r  and  d o w n co m er g as  sep a ra to r in  d o w n c o m e r

ร , —■‘ รพ ^

รg+d[{Ad + Ar)(HD -  Hot) +  AD(HDT -  H2)] =  Sg(AD + Ar)(HD -  Hot) + sAÂHdt -  H2)
(3 .1 4 )

R e a rra n g e  th is  e q u a tio n  g iv e s  th e  eq u a tio n  fo r th e  e s tim a tio n  o f  d o w n c o m e r  gas 
h o ldup :

+ A \ H d - H d t )+ A {Hdt- H 2) ] - eg(Ad + A j H D- H  131.)
Ad {h  DT ~ H  2 )

(3 .1 5 )

w h ere
£d = d o w n co m er gas h o ld u p  [-]
Ar -  r ise r c ro ss sec tio n a l a rea  [cm 2]
Ad = d o w n co m er c ro ss  sec tiona l a re a  [cm 2] 
Hot = h e ig h t o f  d ra ft tu b e  [cm ]



3 . 3 . 4  C a l c u l a t i o n  o f  r i s e r  g a s  h o l d u p

T h e  su m m a tio n  o f  th e  am o u n t o f  gas in riser, d o w n co m er, and  gas se p a ra to r  is 
th e  o v e ra ll g a s  h o ld u p  :

S0Vt =  £rVr + SdVd + <%fg (3 .1 6 )

£0H[)(Ad + Ar) = £rArHoT + SdAdHm + Sg(Ad + Ar){Ho-H dt) (3-17)

R e a rra n g e  th is  e q u a tio n  to  give:

£oH p { A D +  A r ) - £ d A d H DT - £ g { A d + A , . ) ( H d  - H 0 7 )
A , .H d t

(3 .1 8 )

w h e re
Vt = to ta l v o lu m e  o f  flu id  in  th e  co lu m n  [cm 3]

E q u a tio n  3 .1 8  is u se d  to  ca lcu la te  th e  r ise r gas ho ldup .

3.3.5 Calculation of liquid velocity

O n ce  th e  a v e ra g e  tim e  th a t t ra c e r  needs to  trav e l a lo n g  a  fix ed  d is ta n c e  in 
rise r, tr, and  d o w n c o m e r, td, is m easu red , th e  r ise r and  d o w n c o m e r liq u id  v e lo c itie s  
can  c o n se q u e n tly  b e  ca lcu la ted  as fo llow s:

vLr = K
‘r

(3 .1 9 ) '

(3 .2 0 )

w h e re
Vir = r ise r liq u id  v e lo c ity  in  [cm /s] 
vLd =  d o w n co m er liqu id  v e lo c ity  [cm /s]
Lr =  a fixed  d is tan ce  tra c e r trav e l a lo n g  in  r is e r  [cm ]
Ld= a  fixed  d is tan ce  tra c e r  tra v e l a lo n g  in d o w n c o m e r [cm ]



tr =  th e  tim e  tra c e r  needs to  f lo w  a  d is tan ce  Lr [ร] 
td =  th e  tim e  tra c e r  needs to  f lo w  a  d is tan ce  Ld [ร]
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3.3.6 Calculation of volumetric mass transfer coefficient

T h e  o x y g en  m ass tra n s fe r  is m easu red  u s in g  a  d y n a m ic  m ethod . 
(B a n d y o p ad h y ay  et al. , 1967; V a n ’t R iet, 1979; and  S o b o tk a  et al., 1982) T he 
d isso lv ed  o x y g en  p ro b e  is su b m e rg e d  above  th e  d ra ft tu b e  to  m e a su re  ch an g es  in 
d isso lv ed  o x y g en  c o n c e n tra tio n  in  th e  d isp ersio n , and  th e  kia is d e te rm in e d  by:

V ^ - = ท La { c ' - c )  (3 .2 1 )

w h e re
c  =  b u lk  c o n c e n tra tio n  o f  d isso lv e d  o x y g en  [g /c m 3] 
c *  =  eq u ilib r iu m  oxy g en  c o n c e n tra tio n  w ith  th e  g a s  ab o v e  th e  

d isp e rs io n  [g /cm 3] 
kifl =  m ass  tra n s fe r  co e ffic ien t [1 /s]

A ssu m in g  th a t c *  is c o n s ta n t fo r  sm all sca le  sy stem s, E q u a tio n  3 .21 can be 
in te g ra te d  to

ln (l - c ) = - k 1at  (3 .2 2 )

w h e re
c - c „c  = c * - c „ (3 .2 3 )

and
Co =  in itia l co n cen tra tio n  o f  d is so lv e d  o x y g en  [g /c m 3]

3.3. 7 Calculation of Sauter mean diameter

T h e  m e a su re m e n t o f  b u b b le  s iz e  is p e rfo rm ed  u s in g  th e  d ig ita lly  p h o to g ra p h ic  
tech n iq u e  w h e re  all eq u ip m e n ts  a re  a ssem b led  a c c o rd in g  to  th e  a r ra n g e m e n t show n  in 
F ig u re  3 .5 . T he d ig ita l v id e o -re c o rd e r  em p lo y ed  in  th is  w o rk  is S O N Y  M in i D ig ita l 
V id eo  C asse tte  M o d e l D C R -T R V  20E .
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T h e  b u b b le s  are  c a p tu re d  in a  “ s till” m o d e  u s in g  an  a p p ro p ria te  “ im ag e  
p ro cess in g  so ftw a re” . S au te r  m ean  d ia m e te r  is th en  c a lc u la te d  by m e a su rin g  gas 
b u b b le  d ia m e te rs  (as d ep ic ted  in F ig u re  3 .6 )  and  u s in g  th e  fo llo w in g  co rre la tio n : (see 
a lso  F ig u re  3 .6 )

d = Hci2 xb (3 .2 4 )
w h e re

a, b~  b u b b le  d im e n s io n s  illu s tra te d  in F ig u re  3.6

In  fac t, th is  c a lc u la tio n  re su lts  in  a  “ e q u iv a le n t” m ean  d ia m te r  w h e re  the  
su rface  a re a  o f  th e  b u b b le  w ill be  eq u a l to  th e  sp h erica l b u b b le . H o w e v e r , i f  th e  
n u m b er o f  sam p lin g  b u b b le s  is n o t ex trem e ly  h igh , th is  d ia m e te r  can b e  u se d  as a 
S au te r m ean  d iam eter.
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Figure 3.1 Experim ental setup
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Figure 3.2 Dimensions of airlift contactor
'Jl
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Figure 3.3 Gas-liquid contactors em ployed in this work, (a) Bubble column, 
(b) Concentric ALC (c) Concentric ALC with baffle plate
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Plate Holes size 
diameter (mm)

Number of 
holes

A-l 3 13

A-2 3 21

A-3 3 37

B-4 4 13

B-5 4 21

B-6 4 37

C-7 5 13

C-8 5 21

C-9 5 37

Figure 3.4 Perforated plates geometry
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F ig u re  3.6 Gas bubble dim ensions for the calculation o f  Sauter mean diam eter
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