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1. INTRODUCTION 

Dur ing th i s  quar t :er  p rogress  has been made in all 3 areas of  the  

bubb le  column research  (proDe measurements,  laser doppler  anemometry 

anti numerical  model ing of  the two phase f low).  In pa r t i cu la r ,  bubb le  

ve loc i t ies  caP, now De in fe r red  from c ross - co r re l a t i on  of two probe 

s ignals ,  and the  numerical model ing has yielded c i r c u l a t i o n  

s t reaml ines fo r  a bubb le  column in laminar  f low. L iqu id ve loc i t ies  

can also be measured in a hexagonal tes t  column wi th the laser dopp le r  

velocimeter.  Detai ls of  t h i s  research p rog ress  fol low. 

2. RESISTANCE PROBE MEASUREMENTS 

The bu lk  o f  t he  a i r - w a t e r  vo id  p ro f i l e  data gather ing  is now 

complete, wi th p ro f i l es  avai lab le  fo r  two t r a v e r s e s  (at r i g h t  ang les  to  

one another )  at v a r y i n g  he igh ts  of  m ix tu re  in t he  column. Data has 

been taken at severa l  d i f f e ren t  he igh ts  and d i f f e r e n t  a i r  f l owra tes  in 

each c~lumn. F i gu res  2.1 to 2.6 p rov ide  data on the  column con ta i n i ng  

an unaerated water  he igh t  of  12 inches.  F igures 2.7 to  2.18 

p resent  data fo r  t he  unaerated water  h e i g h t  of 24 inches and F igu res  

2.19 to 2 .27-g ive  an incomplete data set  f o r  t he  case of an unaeratacl  

water  he igh t  of  36 inches.  Note tha t  the vo idage d i s t r i b u t i o n  is i n i t i a l l y  

re la t i ve l y  un i form v e r s u s  rad ius  near  the  bottom of the  column, bu t  

becomes more n o n - u n i f o r m  as the  top of  the  column is approached.  

Voidage is h ighes t  on the  center l ine .  These data ind icate  tha t  the  in i t ia l  

un i fo rm in ject ion of  bubb les  at the d i s t r i b u t o r  plate is a l tered by an 

i nwards  migrat ion of  bubb les  towards  the  cen te r l i ne  of  the column as 

they  r ise up the  column. 
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In  addit ion, hardware and sof tware has been developed to in fer  

ver t ica l  bubble veloci t ies in the column. This is achieved by 

c ross-cor re la t ing  the two vol tage signals from two separate resistance 

probe t ips,  the one t i p  beinQ located d i rec t ly  above the other.  A probe 

wi~h ver t ica l  t ip  spacing o f  3/8 inch (as shown in F igure 2.28) has 

been manufactured, and the two t i ps  have been tested separately in 

a i r  and water. Data is sampled rap id ly  (at 2000 HZ) from the probes, 

and stored in computer memory. The two s ignals are then 

cross-corre la ted to f ind the  bes t - f i t  - time lag between bubbles 

reaching the lower probe and the same bubbles reaching the upper  

probe. A cOpy of  the cross-corre la t ion program is a t tached. to  t h i s  

repor t  in Appendix A. F igure  2.29 shows h i£h resolut ion traces of 

vo l tage from the upper  and lower probes on the  same set of axes. 

The t r oughs  in each t race ind icate bubble presence, and the t ime 

delay between traces is ev ident .  The accuracy of the 

cross-cor re la t ion scheme and the  probe hardware has been determined 

by placing the probes in a stream of  bubbles r i s ing  f rom a point  source 

below the probes. One would expect the measured ve loc i ty  of th is  

s t r i ng  of bubbles to be s l i gh t l y  greater than the  r ise veloc i ty  of  a 

lone bubble in water, which is known to be about  240 ram/sac, fo r  

bubbles of  size between the Stokes and bubble cap regimes. The 

program showed a sa t i s fac to ry  r ise veloc i ty  of  255 mm/se~ I t  can 

now be used with conf idence to f ind the bubble veloci ty in 

c i rcu la t ing  systems. These bubble velocit ies can then be compared 

wi th  

and 

t h i s  

the l iquid veloci t ies predicted by the numerical modeling, 

by the one-dimensional models discussed prev ious ly  in 

research. The one-dimensional model has recent ly  been checked 
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fo r  t h i s  purpose,  and some processed data are a l ready  avai lable. 

F igure  2.30 shows the s h e a r - s t r e s s  prof i le  associated w i th  the  void 

f rac t ion  d i s t r i b u t i o n  and mean local dens i ty  d i s t r i b u t i o n  shown in 

F igures  2.31 anct 2.32 respec t i ve ly .  F igure  2.33 shows the  l iqu id  

vet~ci ty  d i s t r i b u t i o n  predic ted f rom the  shear  s t ress  d i s t r i b u t i o n  us ing 

water v i s c o s i t y  and a Prandt l  mix ing  length approach.  F igu re  2.34 

shows t h r e e  pred ic ted  l iqu id  ve loc i t y  p ro f i les  a r i s ing  f rom actual void 

data ~aken n the  column. Th is  wi l l  be compared wi th  bubb le  ve loc i ty  

data acqu i red  f rom the column d u r i n g  the  next  qua r te r .  

3. LASER DOPPLER VELOCIMETRY WORK 

Pre l im ina ry  measurements o f  l i qu id  ver t ica l  ve l oc i t y  in a 

hexagonal bubb le  column have been made d u r i n g  the  past  q u a r t e r  us ing 

the laser  dopp le r  velocimeter (LDV). E f fo r ts  d u r i n g  t h e  nex t  qua r te r  

are aimed at ob ta in ing  s imu l taneous  measurement o f  all th ree  

components of l i qu id  ve loc i ty ,  and at also measur ing t he  bubble 

ve loc i ty  components  n o n i n t r u s i v e l y  us i ng  the  LDV. 

A schemat ic  of  the  hexagonal c ross -sec t ion  bubb le  column is 

shown in F igure  3.1: The column is made of p lex ig las,  and is 18 cm 

across "~ne f l a t s  o r  21 cm across t h e  diagonal,  and can accommodate 

water depths up to 18 cm. For the present, preliminary experiments an 

air bubble injection manifold with a single, central hole of 1/16 inch 

diameter has been used. This  r e s u l t s  in an in i t ia l  j e t  o f  a i r  which 

b reaks  i n to  nominal 1-2 cm d iameter  bubb les  app rox ima te l y  one 

t h i r d  of  the d is tance up the  column, which d r i v e s  a re la t i ve ly  

s t rong  water  c i r cu la t i on  which is u p w a r d s  near the  cen t ra l  column of 



air  bubbles, and downwards near the ou te r  walls of the column. 

This conf igurat ion is being sl:udied f i r s t  because i t  g rea t l y  

simpli f ies the measurement of l iquid veloci l :y because there is v e r y  

l i t t le  in~.erference wil:h the laser beams due to bubbles c ross ing 

through the beam p E h s  away from where 1:he laser beams cross in the 

measurement volume 1:o form inter ference f r i nges .  Also, the hexagonal 

cross-section has been selected because i t  e i iminEes the problems 

associated wil:h pene1:rEing a curved in ter face,  while st i l l  remaining 

nearly cy l indr ica[  in shape. Once be1:l:er al ignment methods are 

developed, i t  is hoped t h e  i t  will be possible To view into the f iowf ie ld  

normal 1:o one face o f  The column wii:h The 2-chan6e l  EDV, w h i l e -  

simultaneously focus ing  on 1:he same location wi th the 1-channel LDV 

system th rough  a neighbor ing face o f  the column, t h e r e b y  

allowing 3-D ve loc i ty  measurements to be made. 

Prel iminary ver t i ca l  l iquid ve loc i ty  measurements have been 

measured versus  ver t i ca l  depth at the t h ree  d i f f e ren t  radial locat ions 

indicated in F igure  3.1 (2.6, 4.5, and 6.4 cm from the center l ine).  A i r  

f low rate was nominal ly 2 SCFH. Average ver t ica l  l iquid ve loc i t y  

( in cm/sec) v e r s u s  ver t ica l  coordinate ( in cm) is shown in F igure 3.2, 

while RMS l iquid ver t i ca l  ve loc i ty  is shown in Figur'e 3.3. Measured 

vert ical l iquid ve loc i t y  is posi t ive (upwards)  at  2.6 ¢m and 4.5 cm 

(near  mid- rad ius) ,  and essential ly zero o r  s l i gh t l y  negative at  6.4 cm 

(approximately t w o - t h i r d s  the radius).  Fu tu re  measurements will be 

made at larger rad i i  to  confirm the  downwards l iquid ve loc i t y  

expected beyond 6.4 cm. Vertical l iqu id mean veloci ty is la rger  in 

the top half of  the  column. RMS l iquid ve loc i t y  is the same o rde r  o f  

magnitude as, or  la rger  1:han, the mean ve loc i ty .  Fluctuat ions are 
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l a rges t  a~ smaller raclii in the  rod half of the column. 

For  these p re l im ina ry  l i qu id  ve loc i ty  measurements  at an air  f low 

raze of 2 SCFH, the re  is essen t ia l l y  no r e - e n t r a i n m e n t  of  the ai r  in to  

"he downward moving o u t e r  l iqu id  flow. Thus ,  all LDV s ignals  

were generated by the silver-coated 5 ~m diameter glass 

mic rospheres  which were used to seec the l i qu id  f low. Part ic les of  

t h i s  s ize essent ia l ly  fol low the  l iqu id  flow. 

i~ is planned tha t  in t he  f u t u r e  l iquid ve r t i ca l  veloc=ties ~l t l  

be measured at a g rea te r  numbe r  of  radi i ,  and t ha t  t he  radial l iqu id 

ve loc i t y  component will be measured.  A i r  flow ra te  will be increased as 

much a~s is pract ical ,  and e f f o r t s  will be d i rec ted  at measur ing both 

the l iquicl ve loc i ty  d i s t r i b u t i o n  and the bubb le  ve loc i t y  d i s t r i bu t i on .  

Also, i t  is hoped t h a t  d i f f e r e n t  manifo lds wil l  be used which will 

i n j ec t  a i r  bubbles over  a l a r g e r  por t ion of  t he  column cross section. 

In as much as is pract ica l ,  measurements will be obta ined f o r  bubble  

i n jec t i on  manifolds and f low ra tes  which can be s imulated using the  

numer ica l  model. 

4. NUMERICAL SIMULATIONS 

4.1 I n t r o d u c t i o n  

The modeling of c i r cu l a t i on  in a bubble  column reac to r  has been 

conduc ted  t o  develop u n d e r s t a n d i n g  of the  p rocess  of  in teract ion 

between a dispersed phase (a i r  bubbles)  and c o n t i n u o u s  phase (water) .  

A complete mathematical model i nvo l v i ng  the momentum exchange between 

the two phases has been developed,  with atl t h e  t e rms  related to the  

two phases are developed empi r ica l ly  or  ana l y t i ca l l y .  A typ ica l  

exper imenta l  and theore t ica l  s t udy  fo r  a l i qu id  c i rcu la t ion  in a 

-7- 



gas - l i qu id  sys tem has been p resen ted  by Rietema and O t teng ra f  (1970). 

The numer ica l  s imulat ion has been per formed based on t h e i r  exper imenta l  

work.  Th i s  secl:ion is a summary of  the  work done to date fo r  the  

numerical  s imula t ion  of c i r cu la t i on  in a b u b b l y  reactor .  

". 
"- . :  

4.2 Mathematical Model 

Cons ider  an unsteady,  gas - l i qu i d  f low ins ide a v e r t i c a l l y  s i tua ted  

c i r c u l a r  reac to r  which is assumed to  be isothermal and non - reac t i ng .  

The mathematical fo rmula t ion f o r  such two-phase  f low is based on the  

conserva t ion  of  mass and momentum p r i n c i p l e  f o r  each phase. The 

gas - l i qu id  f low is assumed to be in t he  bubb l y  f low regime which is 

charac te r i zed  by a suspens ion o f  d i sc re te  a i r  bubb les  in a c o n t i n u o u s  

l iqu id  such  as water.  Let  Pl be t h e  l i qu id  macroscopic dens i t y ,  and #2 

be the  gas macroscopic dens i t y  such t h a t  p l= (1 -~ )p t ,  p2=~Pg, where  p~ 

and pg are the  microscopic dens i t i es  f o r  l i qu id  and gas respec t i ve l y ,  

and ~ is t he  vo id  f rac t ion  f o r  t he  gas. Let u 1 be the  l i qu id  ve loc i t y  

vec to r  (U l ,  V l ,  Wl) and u_2 t h e  gas ve loc i t y  vec to r  (u2,v2,w 2) in the  

axial x - ,  radia l  r - ,  and tangen t ia l ,  e-  d i rec t ions ,  respec t i ve ly .  

Equat ions For  L iqu id  Phase 

The c o n t i n u i t y  equat ion r e p r e s e n t i n g  the  conserva t ion  o f  mass f o r  

the  l i qu id  phase is 

Dpl 
D-~ + P l ( Z ' U l )  = apl + 7" (p lU1)  = 0 at - - (4 .1)  

where D( ) /D t  is the  subs tan t i a l  d e r i v a t i v e  and Z- is t h e  d i ve rgence  

o•erator.  The te rm Z.u 1 is zero f o r  an incompress ib le  f low. There  are 

no s o u r c e / s i n k  te rms in Eq.4.1 because t h e r e  is no phase change  due 
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to  ch~.-nical r e a c t i o n s  o r  t he rma l  changes .  

Eq.4.1 is r e w r i t t e n  in c o n s e r v a t i v e  f o rm  as 

For  numer i ca l  t r e a t m e n t  

1 a 1 a a 
aPl ~ ( P l r V l )  + ( PlWl ) + aT. r ar r a'~ ~x ( P lU l  ) = 0 ( 4 . 2 )  

The momentum ec lua t ions  f o r  l i q u i d  phase,  in v e c t o r  f o r m  (see f o r  

example  Cel ik ,  1986), a r e  

Dul 
P l y - -  = - ( 1 - = ) P  - =..- + F 1 2 ( u 2 - u l )  + P19 + f-c - w l~x  x u l / r  ( 4 . 3 )  

In  Eq.(4.3),  t h e  t e r m  7.,-_ is  t h e  s t r e s s  t e n s o r ,  g is  t he  a c c e l e r a t i o n  

o f  g r a v i t y ,  P is  t h e  m i x t u r e  p r e s s u r e ,  F12 is  t h e  momentum e x c h a n g e  

f u n c t i o n ,  _e x is t h e  u n i t  v e c t o r  in x -  d i r e c t i o n ,  and f¢  is  t h e  a d d i t i o n a l  

s t r e s s  v e c t o r  ( O, - . - e e / r ,  . - r e / r  ) in x - ,  r - ,  and  e - d i r e c t i o n s ,  

r e s D e c t i v e l y .  The  c o m p o n e n t s  o f  t h e  s y m m e t r i c  s t r e s s  t e n s o r  .-_ in 

c y l i n d r i c a l  c o o r d i n a t e s  f o r  Newton ian  f l u i d s  a re  

a u  2 
• - x x  : -P  + 2 a/~x - ~ ~ Z- u 

: r r  = -P  + 2~aa~ - --23 # Z . u  

1 aw v 2 
-ee = -P + 2p ( r  a'e + ~ ) - 3 /J Z-g 

• - r x  = "-xr = #( axC~V + a--r =lu ) 

aw I a v  w 
- re  : =er = P( ~ + ) r ~e r 

1 aU =)W 
-X" = %X = "( r T ;  + Tx ) 

( 4 . 4 )  

- g -  



The dilatation term ~._u will be neglected in the momentum equations, 

since the effect of th is term is minimal even for  a wide range of 

compressible f luid flows provided tha t  the Math number is less than 

0.30. I t  should be noted, however, that ~_.u will be kept in the equation 

of cont inu i ty  and the resul t ing equations would be valid fo r  many 

compressible f luid flow problems unless th is  term becomes very large 

under  unusual circumstances, i.e. Math numbers larger than 0.3. 
f -  

The term F12 (u_2-U_l) in Eq.(4.3) represents the momentum exchange 

for  l iquid-phase equations, likewise, F21(u2-u1) is the momentum 

exchange term for  gas-phase equations, hence F12=-F21. I f  the dilatation 

term Z.Ul is neglected, the three components of Eq,4.3 in x-, r - ,  e- 

directions, respectively, can be written in conservative form as follows 

x - Momentum 

a l a  l a  
= ~x ('-x)C) + 7 ~r (rTrx) + "r ~ (.'ox) + Plgx + F12(u2-ul) (4.5) 

r_ - Momentum 

~ + a  l a  l a  
at ~xx ( p l u l v l )  + ~ a'rr ( r p l v l v l )  + ~ a-e (p l v lw l )  - Pl r  

a 1 a , 1 a ~ +Plgr + F12(v2-v1) (4.6) : ~'xx (~×r) + F T~r ( r ' r r )  + 7 ~(,-ar) - r 

e - Momentum 

aPPiw_t + a l a  l a  
at a-xx (plulW1) + ~ ~'rr ( r p l v Iw l )  + ~ ~(PlWlWl)  + r 

- lO-  



a 1 a 1 a --re 
= Txx ( ' -xe)  + r a-rr ( r ' - e r )  ~ r ~ '~ ( -ee)  + +P lge  + F12(w2-w1)  (4 7) r 

I : c r  t h e  a x i s y m m e t r i c ,  n o n - s w i r l i n g  f l ow  case t h a t  wi l l  be 

i n v e s t i g a t e a ,  Eqs .4 .5 -4 .7  a re  g r e a t l y  s i m p l i f i e d .  T h e  f i na l  f o r m  o f  t h e  

t i qu id  p h a s e  e q u a t i o n s  w h i c h  wi l l  be s o l v e d  n u m e r i c a l l y  a re :  

Con~inuizy 

ap 1 + 1 a ( p l r V ~ )  ÷ a ~t ~ a~ ~X (PlUl) = 0 (4.8) 

x - Momentum 

~ ( P l U l  ) + T x ( p l U l U l )  + ~ T r ( r p l u l V l )  = _(l_=)~.~x + a au 1 

1 a , a u l ,  1 a . a v l ,  . -  ~ , ~  ) + - r r T r t r # t a x  ) P i g  + F12 (u2 -u1 )  ( 4 . 9 )  

r - Momentum 

+ T x ( P l U l V l )  + ~ ~ F r ( r p l v l v l  ) = - ( 1 - = ) ~ r  + ~-~xt~%r~-~x; ~_~tCPlV 1) a 1 a a . a v t .  

2 a . av 1 a . ~U l ,  2v l  + F 1 2 ( v 2 _ v l )  ( 4 . 1 0 )  + 7  TrLrJ= a~r~r ) + T x U ~ l a r  J - /~1 r = 

S i m i l a r  e q u a t i o n s  aPPly  t o  t h e  gas -phase  f l o w .  The momentum exchange 

f u n c t ~ o f ~ F 2 =  wi l l  be p r e s c r i b e d  e m p i r i c a l l y  in t h e  f u n c t i o n a l  f o r m  

F~2 = FI= (=, Reb)  (4.11) 

where ReD iS t h e  b u b b l e  R e y n o l d s  n u m b e r  d e f i n e d  aS 
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Reb=P l l u= -u l l db / /~ ,  wi th d b being the bubble diameter. The expl ic i t  

form of  Eg.4.11 is discussed in the next  subsect ion. 

I t  should be noted tha t  the way the pressure g rad ien t  terms should 

be handled in Egs. 4.8 - 4.10 is a controvers ia l  issue. There is 

considerable debate in the l i te ra tu re  (see fo r  example Stewart  et ah, 

1984) whether  v[(1-~)P] or  (1-~)7P should be used in these equations. 

Both forms sa t is fy  the condi t ion tha t  when the corresponding momentum 

equations for the two phases are added, the resulting pressure gradient 

term must be vp. The equal pressure model (Stewart et ah 1984) will be 

adopted, i.e_ P~=P==P; this pressure will be distributed as (1-a)P and ~P 

between the liquid and gas phases, respectively. In this regard, the 

pressure gradient terms are being treated as part of the interracial 

momentum exchange. The surface tension effects will be included in the 

interracial momentum exchange function F, =; for different surface 

tension, ¢, the drag force and hence the terminal velocity of a bubble 

are d i f f e r e n t  I t  should be noted, however, i f  we include a pressure 

d i f ference -p=Pl-P==4~/db due to sur face tension,  t h i s  does not  al ter 

the form of the  above equat ion~ This  is because the bubble diameter 

d b and t h e  sur face tension, ~, are f ixed for  a given flow regime and 

hence P==P~+4~/d b = P+4~/d b and vp==vp again. 

Once F,= = F,= (=, Re b) is prescr ibed,  Eq~4.8 th rough  t,.lO wr i t ten  

fo r  both phases const i tu tes  a closed set  of  6 d i f ferent ia l  equat ions for  

the 6 unknowns,  namely =, P, u , ,  v , ,  u= and v=. For the in i t ia l  par t  ¢f  

the numerical s imulat ions these equat ions wh'~ be reduced to ~ equat ions 

and 4 unknowns by assuming a sl ip ve loc i ty  relat ion of the form 

u__ s = u_= - U, = f (=, Re b) (4.12) 

This exp l ic i t  form of Eq.4.12 is discussed in the fol lowing sections. 



In te r rac ia l  Momenl;um ExchanQe 

The momentum t r a n s f e r  between the  d i f f e r e n t  phases takes place v ia  

several  mechanisms, t he  most impor tan t  of  which being the  v iscous  drag 

force resu l t i ng  from the  shear  s t ress  at t he  in te r face  and the  form drag 

due to 1:he p ressu re  d i s t r i b u t i o n  on "the su r face  of  i nd i v i dua l  bubbles.  

Other  possib le mechanisms for  momentum t r a n s f e r  inc lude added mass 

ef fect ,  magnus ef fect  (due  to ro ta t ion) ,  p ressu re  grad ien t ,  and shear  

ra te e f fec ts  of  the  s u r r o u n d i n 9  f l u i d  (see fo r  example Hinze, 1972). For 

b r e v i t y  these forces wil l  not  be cons idered in the  p resen t  ana lys is .  

Ins tead,  all these e f fec ts  wil l  be lumped in to  the  drag f u n c t i o n  (Eel. 

4.11 ~. 

In  t he  bubb l y  f low regime, the  tota l  drag fo rce  can be re la ted to 

t h a t  of  a s ing le  bubb le .  H i r t  (1982) used the  fo l low ing  re la t ion f o r  

water droplets in steam. 

lu u I 
FI= = 43 ==(1_=) Pl  - t  - -= C D (4 .13)  

dp 

Where dp is the  d r o p l e t  pa r t i c le  diameter.  Syamlal and O'Brien (1988) 

suggested the  fo l low ing  empiricaJ re lat ion f o r  d ispersed sol id pa r t i c l es  in 

a con t inous  l i qu id  o r  gas phase 

3 = = ( 1 - = ) p l l u t -  U I 
-= C (4 .14)  F = - 

~2 4 dp 

where CO = is ano ther  empir ica l  drag f u n c t i o n  g iven by 

C= O CD ( Reb <= Reb/Vr ) 
= (4.15) 

Vr 2 



.Tn Eg. 4.15 CD=CD(Re b) is  t he  drag cx~ f f i c ien t  f o r  an isolated pa r t i c l e  

and V r is the  ra t io  o f  te rmina l  ve loc! ty  of  a g roup  of  par t i c les  to t h a t  

of  an isolated par t ic le .  Ne i ther  of  the  eEluations z~.13 o r  ~.15 is s t r i c t l y  

app l i cab le  to the  bubb l y  f low regime. However,  to  a f i r s t  approx imat ion 

t he  s impler  re lat ion used by H i r t  (1982) shou ld  be s u f f i c i e n t  f o r  o u r  

purposes ,  p rov ided t ha t  C D is replaced by an empir ical  re la t ion f o r  

bubb les  in water. 

Such a C D re lat ion can be der ived by 

exper imenta l  data pr=~sented by  C l i f f  et al. (1978). 

s / s tems ,  the  fo l lowing func t !on  is suggested.  

c u r v e  f i t ' t ing to  t he  

For  bubb les  in p u r e  

C D = a Reb -b  (4 .16)  

w i t h  

Re b < 2 a = 24 b = 1 . 0 0 0  

2 ~ Re b < 10 a = 2 3 . 6 6  b = 0 . 9 8 1  

10 < Re b < 100 a = 1 4 . 9  b = 0 . 7 8 0  

100 ~ Re b < 1000 a = 6 . 9  b = 0 . 6 1 3  

E.quations fo r  Gas Phase 

Ins tead  of  so l v i ng  f o r  t he  gas o r  momentum equat ions,  t he  gas 

ve loc i t i es  wi l l  be determined f r ~  a s l ip  ve loc i t y  re la t ion  (EEl. 4.12). For  

small vo id  ra t ios (i.e, d i l u te  d ispersed  phase) t he  9as ve loc i t ies  can be 

c_~lculated in the  r a d i a l - d i r e c t i o n  as 

v s = 0 o r  v l  = vg  (4.18) 

and the  axial d i rec t ion  as 

Ug = U s + u¢ 

where the  s l ip  ve loc i t y  Us = Ub=(1-=} (4.19) 

" l l .  



Ub= is the  terminal  ve loc i ty  of an isolated bubb le  in an i n f i n i t e  l i qu id  

medium. The e f fec t  o f  void rat io ,  =, on the s l ip  ve loc i t y  as g iven in Eq. 

4.20 is suggested by WaIlis(1962). Ub° can be ca lcu la ted by equat ing  

the  drag  force to the  d i f fe rence  of  the  buoyancy fo rce  and the  weight  

of the  bubble.  With the  drag re la t ion  Eq.4.16. t h i s  fo rce  balance resu l t s  

in 

4 (Pt-Pg) Ptdb b 
Ub= = [ 3a p= 9 db ( - - ~ - - - )  ] , / ( = - b )  (4.20)  

For example wi th b = 1 and a = 24, i.e., Stokes range Eg. 4.20 reduces 

to 

1 (p=-pg) 
Ub= - 18 ;~t g dbz (4.21)  

I f  t he  water  (o r  l i qu id )  is no t  pure ,  the  degree of  oontaminat ion may 

have s i g n i f i c a n t  in f luence  on Ub=. For th i s ,  t he  empir ica l  cu rves  

p resen ted  by C i i f t  et al. (1978) can be used. 

An a l t e rna t i ve  is to  use the  te rmina l  ve loc i ty  re la t ions  presented by 

Hewi t t  (1982, chap te r  2) where t h e  terminal  ve loc i t y  o f  bubb les  in clean 

f l u i d s  is expressed as a f u n c t i o n  of  Re b and the  Gali leo number 

Ga=g~t/pto'3. 

Equat ion  fo r  Void Fract ion 

The vo id ra t io  d i s t r i b u t i o n ,  = (x , r ) ,  is not  emp i r i ca l l y  speci f ied.  So 

the  d i s t r i b u t i o n  f unc t i on  fo r  = is determined ana l y t i ca l l y  in the  

numer ica l  s imulat ion.  I t  is assumed in the  p resen t  work  t h a t  =(x,r )  is 

_ l r ~ _  



not var ied in the vert ical o r  axial d i rect ion,  and thus  i t  may be 

prescr ibed in the radial d i rect ion by e i ther  a parabol ic func t ion  

d is t r i bu t ion  

c((r) = ¢"C:. ( 1 - ' - ~ )  (4..22) 

or  a cosine func t ion  d is t r ibu t ion  

~( r )  = =c( 1 + Cos(.~r/R} ) (4.23) 

Here R is the  tube  radius, and =c is the  center l ine value of  ~ which will 

be related to  the total gas hold-up =T and hence to the a i r  f low rate Qa- 

Based on the  exper iments s i tuat ion,  a smoothly va r y i ng  func t ion  o f  the 

form 

=( r)=0.5 =c(1 +Cos(.~r/R s)) r ~ R  s 

with (4.24) 

=(r)=O. r > R s 

was selected f o r  the  simulations. Here R s is the rad ius o f  the  bubble 

s t ree t  measured from the center  of  the  column reactor. The center  l ine 

value, =c, was determined from conservat ion of  mass f o r  t he  gas phase, 

i . e . ,  

I" Qa = 2= =( r )  u= (x , r )  r dr  (4.25) 
0 

4.3 Experimental Si tuat ion 

A laminar l iquid c i rcu lat ion and bubble s t ree t  format ion were 

invest igated in a Quickf i t  glass column (Rietema and Ot tengraf ,  1970). 

The geometric conf igurat ion f o r  the glass column is shown in Fig.4.1. 

The experimental condi t ions fo r  the case simulated numerical ly are l iquid 

densi ty  pc -1153 kg/m 3, l iquid v iscos i ty  #t=350 cp (0.35 kg/m-s) ,  a i r  

-16-  



f low rate Qa=11.4cm3/s, gas ho ld -up  =g=74 cm 3, bubb le  diameter db=0.54 

cm and bubb le  s t r e e t  diameter Ds=lO.O cm. The l iqu id  used in the  

exper iments  was a g lycero l  water so lu t ion .  The glass column had a 

diameter of  22 cm and a he igh t  of !22 cm. I n i t i a l l y  the  column was f i l l ed  

with the liquid solution up to a depth of 80 cm. If the gas hold-up of 

74 cm 3 is added to the liquid volume, the total mixture volume requires 

a column he igh t  of  80.195 cm. This  va lue was used in the  s imula t ions .  

Ai r  10ubbles were fo rmed by means of  i n jec t i on  needles. Accord ing  to 

exper iments ,  the  ve r t i ca l  baff les were placed along the wall, t h u s  a 

reasonably  symmetr ica l  s t r e e t  could be created.  The ef fect  of  ba f f les  is 

not  considered at  p r e s e n t  s tudy .  

4.4 Computational Deta i ls  

The mathematical model has been i nco rpo ra ted  in a readi ly  ava i lab le  

computer  code, TEACH (Gosman and [der iah ,  1976; Durs t  and Loy, 1984). 

The code is based on t he  f i n i te  volume approach (see fo r  example 

Patankar ,  1980) and i t  is su i tab le  f o r  numerical  so lu t ion  of  

incompressib le,  s teady ,  s ing le  phase f low p r o b l e m s  All the necessary  

modi f icat ions have been made to inc lude  t h e  second phase in t he  

ca lcu la t ion p rocedure .  At  p resent  the  computer  program can be used to  

calcu late both components  of the l i qu id  ve loc i t y  d i s t r i b u t i o n  in an 

ax isymmetr ic  c o n f i g u r a t i o n ,  as well as the  p r e s s u r e  d i s t r i b u t i o n  f o r  any 

g iven  void f rac t ion  rad ia l  d i s t r i bu t i on .  

The calculat ion domain was f ixed at 80.2 cm in the  axial and 11 cm 

in the  radial d i r ec t i ons ;  due to symmetry ,  on l y  hal f  o f  the  column needs 

~o be considered in  the  s imulat ions.  The un i fo rm gr id  d i s t r i b u t i o n  is 

used in axial and radia l  d i rec t ions  wi th  ~x=O.O4m and Ar=O.Olm fo r  



test ing of the numerical procedure. An adapted gr id d ist r ibut ion should 

be used for  more accurate c~lculation, since the computer code is able 

to accommodate a variable step size. 

In i t ia l ly ,  the liquid veloci ty field is not known. The gas velocity, Ug, 

was calculated from 

ug = u~ + u s 

where ut  is liquid velocity and u s is the slip velocity between the two 

phases. To start the calculations the liquid velocity was set equal to 

zero and the slip velocity was c~Iculated from Us = Ub-(1-=), Ub= is 

prescribed as a function of the bubble Reynolds number, Ub~=5.23 crn/s 

calculated by Eq.4.21. For the conditions summarized above, an ~c value 

of 0.0985 was calculated with ut=O. Once ~c is determined, ~(r) can he 

calculated by Eq.4.24 and the result ing ~ d is t r ibut ion at x=O is depicted 

in Fig. 4.2. Then the computer program continues to solve the l iquid 

momentum equations for u= and v=, and solve l iquid cont inu i ty  equations 

for  pressure. The liquid velocit ies are corrected af ter  the pressure 

calculation. The result indicates that the solution converges after about 

300 i terat ion steps. A relaxation factor of 0.7 was used for the =(r) 

calculation in the f i r s t  100 i terat ion steps. 

4.5 Results and Discussion 

Rietema and Ottengraf (1970) have presented the velocity profi les 

from the i r  experimental work, see Fig.4.3. The veloci ty profiles were 

measured half way up the column height (at x=4Ocm) by following very 

small dispersed air bubbles, which move at the local l iquid velocity. 

The operating conditions used for  the numerical calculations are the 

same as the experiments: the dimensionless air  flow rate 

- 1 8 -  



cl a= (8# / -p  ~ g D" )Qa = 

Qa=l 1.4cm3/s, a i r  

d imension less s l ip  

0.3874x10 -~, where  D is column diameter ,  and 

flow rate; Diameter rat io #,=Ds/D=0.454; and 

ve loc i ty  (/~ t / p  = g D = }us=O.428xlO-'.  The bubb le  

Reynolcls number  Re b is about  0.9 accord ing  to the ca lcu la t ion ,  so the 

Stokes equa t ion  can be used fo r  such a laminar flow. The vo id  f rac t ion  

~(x, r )  is ca lcu la ted at each g r id  po in t  of the cross sect ion along the 

axial d i rec t i on .  Fig. 4.2 shows the  resu l t  of the  voicl f rac t ion  

c~isl:r ibutions. The cu rve  at x=O is t he  vo id f rac t ion d i s t r i b u t i o n  imposed 

at the in le t  o f  the  column. The vo id f rac t ion  d i s t r i b u t i o n  changes 

g radua l l y ,  bu~ a f te r  half way up the  column (x--4Ocm), t he  d i s t r i b u t i o n  

seems u n l i k e l y  to change any more_ The l iqu id  ve loc i ty  p ro f i l e  f rom the  

exper iments  is shown in Fig.4.3, and t he  l iqu id  ve loc i ty  p ro f i l es  f rom the 

calculat ion are shown in Fig. 4.4. By compar ing the  r e s u l t s  at x=4Ocm, 

the magn i tude  of  l iqu id  ve loc i ty  in t he  calculat ion at t he  reac to r  center  

l ine is aDout tw ice  tha t  in the  exper iment ,  however t h e  shade of 

ve loc i ty  p ro f i l e  and magni tude o f  l i qu id  ve loc i ty  near t he  wall are close 

tc t ha t  f rom the  exper iment.  

The ca lcu la ted stream f u n c t i o n  con tou rs  fo r  the  l i q u i d  phase are 

plol-~eO in Fig.4.5. Th is  stream f u n c t i o n  is def ined as 

~. = 2= ] = p t  uil r d r  (4 .26)  

The resu l t  has been improved and t h e r e  is no f low separa t ion  pred ic ted .  

I t  is seen t h a t  the  usual c o u n t e r  c lockwise rec i r cu la t i on  1o~ttern is 

p red ic ted  c o r r e c t l y  fo r  the l i qu id  phase. 
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4.6 Concl usions 

Progress has been made in the numerical simulation for the bubbly  

flow in a ver t ica l ly  situated circular reactor. 

The mathematical model for !iquid-ga~ two-phase flow has been 

developed. A slip veloci ty relation is prescribed empirically from which 

the gas phase veloci ty is calculEed. The results show that  the 

simplified model for  the gas phase is workable for the general 

p red iction. 

The void f ract ion ~(r) is described by a smoothly vary ing cosine 

function, The void fract ion distr ibut ion funct ion is a key point in the 

connection of the l iquid and gas phases calculations. The reGults from 

the liquid veloci ty prof i le has indicated that  the function for  the ~(r) 

distr ibut ion is in good agreement with the experiments. For f u t u r e  

investigations, 1:he e(r)  function will be tested and matched more 

realistically to the experimental situation, such as including the baffles 

e,~fect. 

The numerical resul ts show the correct pat terns and shapes fo r  the 

scream lines and l iquid velocity prof i les in comparison of the 

experimental results, but  there is the discrepancy in the magnitude of 

the liquid veloci ty at the centertine of the column. 
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Figure 2.11 Vo|dage Prof i le  at 6" (2 f t .  of water and Qg = 7.3 CFR) 



.30 

VOIDAGE PROFILE(Prob(; ~ ! ft) 
2 f~ of Water @ ~',3 cfm 

9 8 -  

B 6 -  

B B -  

20  

16 

14 

19 

I0 

8 

4 

2 

0 

1 

! 

I I I I I I I 

0,7"~ 0t3 O,L~ 0 0,~'f3 013 O,'i'~ 

Cy/[t) Dl~ance From OenLer 

Figure 2.12 Votdage Pro f i l e  at 12" (2 f t .  of water and Qg = 7.3 CFM) 
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Ftgure 2.13 Voldage Pro f l |e  at 18" (2 f t .  of water and Qg = 7.3 CFH) 
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Figure 2,14 Voldage Prof i le  at 24" (2 fL, of water and Qg = 7,3 CFH) .: 
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VOIDAGE PROFILE(Probe @ 1/2  ft) 
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Figure 2.15 Votdage P r o f i l e  a t  6" (2 f t .  o f  water and Qg = 10.4 CFM) 



40 

VOIDAGE PROFILE(Probe @ 1 ft) 
,o f( of Water @ 10,4 cfm 

3 0  - 

, 3 0 -  

, 2 0 -  

I 0 -  

0 I I I 

I 0,~/~ O~ O,L~ 
I I I I 

0 0 , ~  0,~ O,T~i 

(y/B) Dl~ence From Center 

Figure 2.16 Voidage Pro f i le  at 12" (2 f t .  of water and Qg = 10.4 CFM) 
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Figure 2.17 Votdage Prof i le at 18" (2 f t .  of water and Qg = 10.4 CFH) 
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Figure 2.19 Voldage Prof i le  at 18" (3 f t .  of water and Qg = 4.6 CFH) 
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Figure 2,20 Voidage Pro f i le  at 24" (3 f t .  of water and Qg = 4.6 CFH) 
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Figure 2.21 Vo|dage Pro f l le  at 36" (3 f t .  of water and Qg = 4.6 CFH) 
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VOIDAGE PROFILE(Probe @ 1.5 ft) 
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Figure 2.22 Voidage Prof i le at 18" (3 f t .  of water and Qg = 7.3 CFM) 
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F|gure 2.23 Voldage P r o f i l e  at 24" (3 f t .  of  water  and Qg : 7.3 CFM) 
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FigurB 2,24 Voldage Prof i le  at 36" (3 f t .  of water and Qg = 7.3 CFM) 
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Figure 2.25 Votdage Pro f i le  at 18" (3 f t .  of water and Qg = 10.4 CFM) 
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Figure 2.26 Voidage Profile at 24" (3 f t .  of water and Qg = 10.40FH) 
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SHEAR STRESS PROFILE(1 ft of water) 
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Figure 2.30 Shear stress p ro f i l e  at 6" (1 f t .  of wato," and Qg - 4.6 CFH) 
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Figure 2.31 Voldage p ro f i l e  at 6" (1 f t .  of water  and Qg = 4.6 CFN) 
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Figure 2.32 Mixture density p ro f i l e  at 6" (1 f t .  of water and Qg = 4.6 CFM) 
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Figure 2.33 Liquid velocl ty prof1|e at 6" (I f t .  of water and Qg : 4.6 CFN) 
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