
I IIIlUlIIIIIIIIIIIIIIMIMMIIIIIMIIIIIIIIIIIIII 
DE88008826 

One Source. One Search. One Solution. 

CIRCULATION IN GAS-SLURRY COLUMN REACTORS: 
FIRST QUARTERLY REPORT, QUARTER ENDING 
DECEMBER 31, 1987 

WEST VIRGINIA UNIV., MORGANTOWN. DEPT. 
OF MECHANICAL AND AEROSPACE ENGINEERING 

1987 

U.S. Department of Commerce 
Nat iona l  Techn ica l  In fo rmat ion  Serv ice  



One Source.  One Search.  One Solut ion.  

P r o v i d i n g  P e r m a n e n t ,  E a s y  A c c e s s  
t o  U . S .  G o v e r n m e n t  I n f o r m a t i o n  

National Technical Information Service is the nation's 

largest repository and disseminator of government- 

initiated scientific, technical, engineering, and related 

business information. The NTIS collection includes 

almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetic tape, diskette, multimedia, microfiche 
and paper. 

Search 

Link to 

the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of the bibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



D E 8 8 0 0 8 8 2 6  
I IIlIl]llllllltlllllllllIllllllillllllllllllUlllllllllllll 

A major purpose of the Techni- 
cal Information Center is to provide 
the broadest dissemination possi-- 
ble of_ information contained in 
DOE's Research and Development 
Reports tO business, industry, the 
academic community, and federal, 
state and local governments. 

Although a small portion of this 
report is  not reproducible, it is 
being made available to expedite 
the availability of information on the 
research discussed herein. 



D E 8 8 0 0 8 8 2 6  
I IIIIIIIIIIIIIIIItllillll!llllllllllllllllllllt 

,/ ~ 

~.~DO E / I:'C / 7 9 9 3 5 - -  2~, 

DE88 008826 

"CIRCULATION IN GAS-SLURRY COLUMN REACTORS" 

DRPA.ErlEENT OF ]~'BRGY. CONTRACT NUMBER D E - F ~  

F~RST qUAC'EBLY REPoEr - mmeOmT DOE/PC,t799.+~ ~- 

qUARTER m m m ~  lZ/31/] .s87 

L e, C3] ! . ,~  ff.o 
i r  ~ -i~ ~,ii  
., | I I  It "Z...ll ,= ,= ~ 

; i  ~ ' I - =  k ~ _  

+i+tt+++ 
+, + pr,. _..~-_- .~ + -Z ~ 

I= I= ~ . 1 1  " ~ . 1 =  I ~ l .  

Z:'z'epex~Iby 

I ~ T V I I ~ U N I " ~ I ' J t ' Y  

DEPAi~Mm~OFlq~CRANICALAND~PACVH~I~Mmm~G 

rqpsl Clark 
J o h n  Kuh~-- .~  

Ismafl 

~ - e d  for 

D E P ~  OF ~ J r ,  I ~ T T S B U ~  

PII-I'SBURGH ENERGY TECHNOLOGY CENTER 

DISTBIBUT]QN OF T ~  r -,.~.,7_,~.;E-_--~"T IS U ~ _ ! ~ g  



TABLE OF CONTKIqTS 

Table o~ C, onten~ ~ 1 l e  e t e e e w ~ e O I o 0 o o e e ~ a  

~USm~.L~.ee~o.eaqoQ.wet~ouo.e-..o0 

T e c h ~ c a l  A c h i e v e m e n ~  . . . . . . . . . . . . . . . . . .  4 

~ m m e d  R e s e a r c h  ~ r  N e x t  ~ . . . . . . . . . . . . .  11 

~ £ e r e g c ~ s  . . . . . . . . . . . . . . . . . . . . . . . .  14 

A p p e n d . ~  A:  BasJ .c  ~ . . . . . . . . . . . .  F o l l o w s  F i g u r e s  



SUNHART 

Dur ing  the  f i r s t  q u a r t e r  of  t h i s  r e sea rch  into  c i r cu la t ion  pa t t e rns  in 

bubble column reactors a literature survey has been undertaken and has 

revealed new, relevant articles which are currently in review. The laboratory 

scale bubble column to be used in the experimental reuurch has been 

d e s ~ n e d  a n d  is  unde r  cormtrucLion.  P r e ~ ¥  r e s e a r c h  us ing  a small 

ex i s t ing  column has ver i f ied the  use  of  r e s i s t ance  p r o b e s  fo r  measur ing local 

ga s  void f r a c t i o n  in the column a l t h o u g h  overal l  v o i d a ~  measured  is a little 

low. Data f rom this column a r e  p r e s e n t e d  to sho~  tha t  the  d i s t r i b u t o r  plate  

has  an  e f f e c t  on  c i rculat ion l~at tern.  A one-dimensional  model for  c i rcula t ion 

in non-Newtonian  sys tems  is p r e s e n t e d .  Research  u s i n g  laser  doppler  

ve loc imet ry  a n d  numerical  f l u id s  model ing ~ commence in the  next  q tmeter  

wh~e p robe  r e s e a r c h  ~ con t inue .  

2 



INTRODUCTION 

T~is contract research seeks to describe circulation patterns arising in 

bubble column reactors, which may be used £or Fischer-Tropsch Synthesis o£ 

on. The research involves experimental work in a laboratory scale bubble 

column, using both probes and laser doppler velocimetry. Theoretical research 

includes use of computational techniques to model the circulation pattern and 

the verification of simple one-dimensional models to describe circulation 

velocities. 



TECHNICAL ACHIEV]glq~qTS 

L i t e r a t u r e  S u r v e y  

A compu t e r i z ed  l i t e r a t u r e  s u r v e y  has r e v e a l e d  s e v e n  r e c e n t  j ou rna l  p a p e r s  

[1-7]  on  the  topic of  F i s c h e r - T r o p s c h  s y n t h e s i ~  in b u b b l e  column~. T h e s e  

p a p e r s  a re  now be ing  r e v i e w e d  by  the i n v e s t i g a t o r s .  In  addi t ion,  ~ l a r g e  

n u m b e r  o£ _vapers on  b u b b l e  column fundumenteds  w e r e  c i ted  i n - ' ~h~ - sea r ch :  

new, r e l e v a n t  p a p e r s  have  b e e n  acqu i r ed  and a r e  b e i n g  rev iewed .  

L a r g e  Bubb le  Column 

The  l a rge  bubb le  co lumn for  the e x p e r i m e n t a l  r e s e a r c h  has  b e e n  

d e s i g n e d ,  and  is shown in f igur< '~ l .  The column will c o n s i s t  of 1/4 inch  wall 

p l ex ig l a s  (c lear  ac ry l i c )  p ipe  o f  8 1/2 inch i n t e r n a l  d i ame te r .  Three  s e c t i o n s ,  

e a c h  o f  2 1/2 f ee t  in  h e i g h t  wii1 be assembled  to p r o d u c e  the d e s i r e d  fu l l  

co lumn he ight -  F i g u r e  1 shows  t he  location of  the  p o r t s  which will be u s e d  to 

i n s e r t  p r o b e s  into t he  column.  The  lowest s ec t ion  well be bol ted to a p lenum 

c h a m b e r  p r o v i d e d  with a w a t e r  d r a i n  valve.  A d i s t r i b u t o r  plate will sepewate  

t h e  p lenum from the  column a n d  will be used  to  d i s t r i b u t e  the  gas  in to  the  

l iqu id .  Since i t  is a r g u e d  t h a t  the  na tu r e  of  ~ i n t r o d u c t i o n  has a s t r o n g  

e f f e c t  on  the r e s u l t i r g  mu l t i phase  flow, s e v e r a l  d i s t r i b u t o r s  have  b e e n  

d e s i g n e d ,  no tab ly  a p la te  with ho les  even ly  o v e r  i t~ s u r f a c e ,  a plate with one  

c e n t r a l  hole,  and  a p la te  wi th  ho le s  s i tua ted  to f a v o r  . n n . ' i ~ r  ~ introducr,,ioQ. 

T h e s e  a r e  i l l u s t r a t ed  in f i g u r e  2. 

Many of  the  ms te r ia l s  r e q u i r e d  for  column c o n s t r u c t i o o  a r e  a t  hand  and  

t he  r e m a i n d e r  a r e  on o r d e r .  Cons t ruc t ion  has commenced  on the  d ~ t r i b u t o r  

p l a t e s  a n d  the  column sec t i ons .  



Res is tance  P r o b e s  

Two r e s i s t a n c e  probes  have  been  des igned ,  c o n s t r u c t e d  a n d  t es ted  d u r i n g  

the  las t  two months .  Res is tance  p r o b e s  a r e  used in  mix tu res  of  gas and 

conducting liquid to determine whether at any instant in time gas or liquid is 

pre~en t  at a poin~- in the mixture. Figttre 3 shows the design of ~; probe, 

which consists of a thin stainless steel tube carrying an insulated wire which 

is connected to a needle insulated except at its tip. The stainless steel tube 

is invariably in. contact with the liquid along much of its length, while the 

small exposed tip is in contact with whatever phase is present at its location 

at any g-h, en time. Thus when the probe tip is in liquid, resistance measured 

between the tip and the'stainless steel sheath is low, but when the tip is 

surrounded by a bubble, the resistance is high. The probes used in the 

present research had the needle set into the end of the stainless steel tube 

with epoxy. For insulation, the protruding needle was then painted and the 

tip was l i gh t l y  sanded  to p rov ide  a v e r y  small s ens ing  a r ea .  The probe tip 

was b e n t  d o w n w a r d s  so t h a t  i t  would p ie rce  a r i s ing  bubb le .  The tes t ing  ol~ 

these  r e s i s t a n c e  probes  is p r e s e n t e d  in  t he  experimental  s ec t i on  below. 

Ex l~ r imen ta l  Work 

While wa i t i ng  for  the complet ion o f  the  l a rge  column, the  r e s e a r c h e r s  have 

adap ted  a smal le r  6 inch i n t e r n a l  d iamete r  column to pe r fo rm  experimental  

work wi th  p r o b e s .  The o b j e c t i v e  o f  the work wa~ to e s t ab l i sh  tha t  a 

r e s i s t ance  p r o b e  was capable o£ m e a s u r i n g  the  local b u b b l e  void  f rac t ion  in 

the  a i r - w a t e r  sys t em.  The six i n c h  co lumn used  for  t he  r e s e a r c h  is shown in 

f i gu re  4. This  column is 18 i n c h e s  h i g h  and  is p rov ided  wi th  4 por t s  £or 

probe acces s  a t  4 d i f f e ren t  h e i g h t s  in  t he  column. Air i s  i n t r o d u c e d  into the 

l iquid in  t he  column b y  means  of  a plenum chamber  a n d  d i s t r i bu to r  



a r r a n g e m e n t  s ;mi la ,  to t ha t  d e s i g n e d  f o r  t h e  l a r g e  column. D i s t r i b u t o r  p la tes  

were  r ead i ly  i n t e e c h a n g a b l e .  F lowrs te  of  a i r  is moni tored with a r o t a m e t e r .  

Exper imenta l  w o r k  was c o n d u c t e d  on  c i r c u l a t i o n  in an a i r - w a t e r  sys tem 

u s i n g  this  column.  T h r e e  t y p e s  of d i s t r i b u t o r  p la tes ,  m u s t r a t e d  in f i g u r e s  5a, 

b and  c were  u s e d  to i n t r o d u c e  the  a i r .  This  r e l ~ ' c h  is s~m;l~e to tha t  

pe r fo r med  by  Hills [8]. 

The  p robe  was i n c o r p o r a t e d  in a r e s i s t a n c e  b r i d g e  c i rcu i t  shown in f ~ u r e  

6. This circuit communicated with a Metra-byte 5kHz analog to digital (A to D} 

convertor in an IBM personal computer. The circuit was such that the A to D 

convertor received a direct current voltage clo-e to OV when the probe tip 

was in air  and 3.0 to 3.5V when it was in  water. It ie bel ieved thi~ latter 

voltage varied somewhat due to electrochemical effects since a direct cturrent 

c i r c u i t  was used .  Some o t h e r  r e s e a r u h e z ~  h a v e  e lec ted  to use  a l t e r n a t i n g  

c u r r e n t  to r e d u c e  mtLch e f f ec t s ,  bu t  th i s  d id  no t  a p p e a r  n e c e s s a r y  in this  

p re l imina ry  work.  

T h e o r y  d i c t a t e s  t h a t  the r e s p o n s e  f rom s u c h  a p robe  shou ld  be a s q u a r e  

wave,  g e n e r a t e d  b y  t h e  wwitching o f  p h a s e  a t  t he  p robe  tip. E x p e r i e n c e  has  

shown  that  t he  s igna l  pu l s e s  c o r r e s p o n d i n g  to bubb l e s  -.-e no t  s q u a r e ,  but  

r o u n d e d  b e c a u s e  o f  the  f in i te  t ip s ize  and  t h e  Lime taken f o r  l iqu id  films to 

d r a i n  from the  t ip  a n d  es tab l i sh  t h e m s e l v e s  on  the  tip. I t  is t h e r e f o r e  

n e c e s s a r y  to s e l e c t  a " c u t o f f "  vol tage  to d e c k l e  whe the r  the  p r o b e  t ip  is in 

g a s  o r  l iquid p h a s e  a t  a n y  i n s t an t  in time. Th is  was done  in the  fol lowing 

manner .  A BASIC p r o g r a m ,  l is ted m a p p e n d i x  A, was wr i t t en  to co l l ec t  the 

vo l t age  from t h e  probe a t  a l a rge  n u m b e r  o£ d i s c r e t e  times (general ly ,  1000) 

and at a slow sampling r a t e .  Each voltage was then ezamined to s e t  whether 

a bubb le  or  l iquid was p r e s e n t  a t  the  p r o b e  a t  t h a t  time, and  a t i m e - a v e r a g e d  

g a s  void f r a c t i o n  wss  computed .  To e s t a b l i s h  a c u t o f f  vol tage,  t he  p r o b e  was 

6 



operated at a fixed point with constant two phase flow conditions in the 

column. Time-averaged void fraction was computed using cuto£f voltages 

varying from 0 to 3V, as shown in figure 7. A voltage on the plateaLtx of 

t h e s e  plots ,  viz. 1.625V, was  s e l ec t ed  a s  c u t o f f  vo l t age  in the  pre l iminary  

r e s e a r c h .  This  c r i t e r ion  will be  examined more c a r e f u l l y  in  the  next  q u a r t e r ,  

: s i nce  t h e r e  is  d i s ag reemen t  a s  to  t he  cu to f f  vo l t age  tha t  shou ld  be  s e l e c t e d  

[8]. 

The p rog ram shown  in  a p p e n d i x  A was a l so  u s e d  to col lect  local vo i da ge  

d a t a  f rom the  column with d i f f e r e n t  dis t r ibu tor  p l a t e s ,  a s  shown in f i g u r e s  5a, 

b and  c, and  a t  d i f f e r e n t  g a s  f lowra te s ,  u s i n g  an  a i r - w a t e r  sys t em in the  6 

inch  d iamete r  column. S ta t i c  h e i g h t  o f  l iquid in  the  colunm was typica l ly  11.5 

to 12 inches .  I n  eech  c a s e  t h e  p r o b e  t r a v e r s e d  a d iamete r  o£ the column. 

Data a r e  p r e s e n t e d  a s  follows: 

F i g u r e  8: 

F i g u r e  9: 

F i g a r e  I0: 

F i g u r e  11: 

F i g u r e  12: 

F i g u r e  13: 

D i s t r i bu to r  p la te ,  e v e n ,  f ig .  5a,  

Air flow, 7.41 scfm.,  t r a v e r s e  5" a b o v e  p la te .  

D i s t r i bu to r  p la te ,  even ,  f ig .  5e, 

Air f lew 12.87 scum., t r a v e r s e  5" a b o v e  plat~.  

D i s t r i bu to r  p la te ,  e v e n ,  £ig. 5a, 

Air Flow 10.46 scfm, t r a v e r s e  10.5" a b o v e  p la te .  

D i s t r i bu to r  p la te ,  even ,  f ig .  5a, 

Air flow 11.95 scfm, t r a v e r s e  10.5" a b o v e  p la te .  

D i s t r i bu to r  pla te ,  e v e n ,  f ig.  5a, 

Air f low 10.46 scfm, t r a v e r s e  5" a b o v e  p la te .  

D i s t r i bu to r  pla te ,  e v e n ,  f ig .  5a, 

Air f low 10.46 s c f , ~  t r a v e r s e  10.5" a b o v e  p la te  

(Note poor  s E r e e m e n t  with fig. 10 a t  same c.ond/tions) 

7 



(l~ote good agreement with fig. 12 for traverse 5" above plate at 

name conditions) 

Figure 14: Dis t r ibutor  plate, 9 hole, FIE. 5b, 

Air flow :5~1$~scfm, t r a v e r s e  10.5" above plate 

Figure 15: Dis t r ibutor  plate, 9 hole, fig. 5b, 

Air flow 7.41 scfm, t r a v e r s e  10.5" above plat~ 

Figure 16: Distr ibutor  plate, center  hole, _tiE. 5c, 

Air flow 5.18 scfm, Lraverse 5" above plate 

(Note h ~ h  cen te r  voidage) 

Figure 17: Distr ibutor  plata, cen te r  holet fiE. 5c, 

Air ilow 8.78 scfm, t r a v e r s e  5" above plate 

Figure 18: Distributor plate, center hole, fig. 5c, 

Air flow 5.18 sufm, traverse 10.5" above plate 

(Note more even voidaEe distribution than for fig. 16, which shows 

data tmken closer to the plate) 

Fi~u 'e  19: Dis t r ibutor  plate, cen te r  hole, fiE. 5c, 

Air flow 8.78 scfm, traverse 10.5" above plate 

(Note more even voidaEe distribution than for fiE. 17, which shows 

data taken closer to the plate) 

These da ta  f i r s t ly  show that the res is tance  probe  technique is working 

reliably in p red ic t ins  relat ive void fract ion across  the columa. Void 

d is t r ibut ions  were general ly  high aL the cen t e r  and low at  the walls, which m 

the expected distribution. Figures 16 and 17 also demonstrate the ability of 

the probe to detect  the " j e t t i n g "  of air from the single cent ra l  oril'i~e. 

Although f'l~Aree 10 and 13 show disagreement  between two mete of data  under  



s/mi]ar operating conditions, careful /nspection of the other data suggesf that 

voidage readings for figure 10 are unreasonably low. 

Nevertheless, i t  was also shown that the probe gene ra l ly  read too low 

void fraciton in the fol]owing way. Voidage data were taken using the even 

d i s t r i b u t o r  plate  wi th  a i r  f low of  10.46 scfm ac ro s s  the  column diameter  a t  5" 

and  10.5" above the d i s t r i b u t o r  pla te  ( f i gu re s  12 a n d  13). This  da t a  was u sed  

to es t imate  an  a v e r a g e  gas  void f r ac t i on  of 9.42~ in the  whole column, t~:y- - 

compar ing  t h e  a e r a t e d  column mixture h e i g h t  to t he  u n a e r a t e d  column l iquid 

he igh t ,  t he  ho ldup  was f o u n d  to be 17~. Al though  t h e r e  was some cLff£iculty 

in es t imat ing  the  mixture  he igh t ,  th is  does  show t h a t  the p robe  was measu r ing  

low voidages .  This  is  a t t r i b u t e d  to the  def lec t ion  of  bubb les  f rom the  p robe  

t ip,  t he  f a c t  t h a t  t h e  t ip  i s  of  f in i te  size and ,  pe rhaps ,  se lec t ion  of  too low a 

c u t o f f  vol tage .  F i g u r e  7 s u g g e s t s  t ha t  a n  i nc rease  in voidage  r e a d i n g  would 

r e s u l t  i f  cu to f f  Voltage were  ra i sed  to 2 . '5-vol tu .  This problem will be 

examined in the nex t  q u a r t e r ,  a s  d i s c u s s e d  below. 

Probe An~ie Ef fec t s  

I t  was su rmised  tha t  bubb les  were de f l ec ted  from the  p robe  tip more 

eas i ly  than  t h e y  would be ~_~a~ f a s t e r  pipe flow. Data show t h a t  the  ang le  aL 

which the  p robe  tip was b e n t  in f luences  the  measured  voidage,  as  pt-eeented 

in f i g u r e  20. This will be i n v e s t i g a t e d  in  more deta i l  next  q u a r t e r  s ince t h e s e  

r e s u l t s  con t r ad i c t  t h e  r e p o r t  of  Hills [ 8 ] . :  

One-Dimensimml NIodel 

The proposa l  f o r  th is  r e sea rc .  ~, d i s c u s s e d  the  one-d imens iona l  t u r b u l e n t  

model of  Clark e t  aL [9] and  the  f ac t  t h a t  a similar model could  be  deve loped  

fo r  non-Newtonian v i scous  sys tems .  This  model ~¢a8 developed  pr io r  to the 

9 



a w a r d  o f  t h i s  c o n t r a c t ,  b u t  a f ~  c o p y  of  t h e  r e . a r c h  r e s u l t s  i n  t h e  f o r m  o f  

a :  p a p e r  i s  p r o v i d e d  in  a p p e n d i x  B. T h e  p r o g r a m  u s e d  ~o g e n e r a L e  t h e  

v e l o c i t y  p r o f i l e s  a p p e a r i n g  in  t h e  p a p e r  is  now a v a i l a b l e  f o r  u s e  in  t h e  

c u r r e n t  r e~m~rch .  " 
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PLAk'SED R E S ~  FO~ NEXT Q U a R T ~  

Column Cons t6uc t ion  

The l a r g e  column w~l b e  comple ted  and s i t u a t e d  in  a f lu ids  l a b o r a t o r y  

d u r i n g  the  next  q u a r t e r .  Two more p r o b e s  will b e  a s s e m b l e d  £or u s e  in the  

co lu -m and  the t h r e e  d i s t r i b u t o r  p la tes  d e s i g n e d  £or t he  column will b e  

machined.  UtilRi~s will be  c o n n e c t e d  to the c o l u m n .  Viscous  l iqu ids  £or l a t e r  

u se  in the  column will b e  i den t / f i ed  and  acqu f r ed .  

7- 

P r o b e  Resea rch  

F i r s t l y ,  the  d a t a  t a k e n  from the  small cohamn will b e  more comple te ly  

ana lyzed .  Secondly ,  fol lowing some pre l iminary  r u n s  t o  t e s t  the  new column, 

p r o b e  r e s e a r c h  will p r o c e e d  in  the  new column with a more:  ca re fu l  examinat ion  

of  c u t o f f  vo l t age  c r i t e r i a ,  s o  t h a t  local  v o i d a g e  may b e  measu red  more  

a c c u r a t e l y .  

"To th i s  end  a n  osc i l loscope  win  b e  c o - - e c ~ l  to  t~_e probe circ~t to 

moni tor  t he  s ignal  shape .  I n  add i t ion  the  i n v e s t i g a t o r s  may e l ec t  to t e s t :  

a n o t h e r  type of  vo idage  p r o b e  a long  wi th  the  r e s i s t a n c e  p r o b e .  This  s u c t i o n  

p r o b e ,  i l l u s t r a t ed  in  f ig ,  21, e x t r a c t s  a volume o f  mixlure  v i a  a v e r y  Lhin t u b e  

c o n n e c t e d  to  a g l a s s  tube ,  wh ich  is in h~rn c o n n e c t e d  to a small ve s se l  a n d  

v a c u u m  pump.  Void f r ac t i on  is  f o u n d  f rom a n  i n s p e c t i o n  of  r e l a t i ve  lengLi~s or' 

g a s  a n d  l iquid in the  g l a s s  t u b e .  

In  add i t ion ,  directior~ in  wh ich  t h e  t ip of  b o t h  t h e  r e s i s t a n c e  and  suclion 

p r o b e s  po-lnt may a f f e c t  r e s u l t s :  this win be  c a r e f u l l y  examined.  

Numerical  Simulat ions  

A r ead i l y  avai lable  c o m p u t e r  code ,  J-VEST (a code  su i t ab l e  £or s imula t ing  

time d e p e n d e n t ,  axisymmetr ic  v i s c o u s  f lows) (Leschz iner ,  1980) will be  loaded  

11 



on the  ~ r U - C o m p u t e r  sys tem.  The code  will be msde operaLional  and  tes ted  

for  a s ing le  p h a s e  gas  and  water  flow in a ver t ica l ly  s i t u a t e d  pipe. The 

l i t e r a t u r e  rev /ew will p rovide  informat ion  o n  the flow reg imes  in a typical  

g a s - s l u r r y  column reac tor .  A r eac to r  geomet ry  and  flow cond i t ions  win be 

se lec ted  in the  bubb le  flow re~um~. At tempts  win be made to s imulate  gas  flow 

in wa te r ,  r e p r e s e n t i n g  water  with a h i g h e r  d e n m t y  f luid.  The equa t ions  for  

the  g a s / w a t e r  m/xture  win be rev iewed a n d  documented .  

Lase r  Dopp~r  Ve]ocimetr~ 

The p ro j ec t  is s t i l l  ac t ive ly  r e c r u i t i n g  a s t u d e n t  to u n d e r t a k e  the Lase r  

Dopple Velocimetry (LDV~ r e sea rch .  Rate o£ p r o g r u s  d e p e n d s  on th is  

r ec ru i tmen t .  Dur ix~ the  next  6 months ,  the  exper imenta l  e f f o r t  to use  LDV 

will f ocus  on  two a r ea s .  F i r s t ,  LDV measurements  ~ be made in an  exis t ing  

air  j e t  fac / lRy,  to f ~ L ~ e  the  g radmate  s t u d e n t  with ope ra t ion  of the  LDV 

sys tem.  I t  is  p l anned  tha t  the  in f luence  of f ac to r s  such  as: 

a) F r e q u e n c y  sh i f t ing ,  

b) par t ic le  s eed ing  ra te ,  and  

c) angle  be tween  ve loc i ty  vec tor  a n d  opt ical  path.  

on the  da t a  a c c u r a c y  and  da t a  r a t e  will be sLudied.  Af te r  th i s  i n / t ~  phase  of  

s t u d y ,  LDV mesmarements  w~l be a t t e m p t e d  in a s / n g l e - p h a s e  water  flow in one 

of  the  p l e ~  columns.  Flow of the  water  will be Eene ra t ed  us /n~  a small 

s t i r r e r .  The goal  of  th i s  second phase  of s t u d y  wm be to de t e rmine  whe ther  

or  not  d a t a  can  be succes s fu l l y  ob ta ined  d i r ec t ly  t h r o u g h t  the  s ide  of  the 

c y l i n d r i c ~  plexiglas  column, or  w h e t h e r  it  will be n e o e s s a r y  to c o n s t r u c t  a 

f lat ,  opt ica l  window to view into  the cy l ind r i ca l  column ua ing  the  LDV system.  

12 



I f  needed,  this optical window will be c o n s t r u c t e d  using plexiglas, and an oil 

of  equal  r e f rac t ive  index to ~11 the gap  between the f lat  and  cylindrical  

sur faces .  

13 
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PROPOSED DISTRIBUTOR PLATE DESIGNS 

One hole for central air 

incroductlon 

Outermost ring of holes 
is for flange bolus 

Annular air introduction 

Even air in~roducuion 

FIGURE 2: Proposed distributor plate designs 
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D = 6 3/8 i n .  

DHole s = i]16 in. 

#Holes = 20 

Patneru - Equal D±stribution 

r A = .~875 in. 

r E = 1.21875 in. 

r C = 3.1875 in. 

= 60 ~ 

= 27.7 ° 

Figure 5a: Distributor plate used for even air distribution in 
small bubble column. 
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D = 6 3 /8  in. 

DHole = 3/16 iu. 

# Holes - 1 

Pa~tern - SinEle hole in center 
of plate. 

FiEure 55: Distributor plate with central air introduction used 
in small column. 



r A = 2.25 in. 

r B = 3.1875 in. 

e = 45 i 

D ~ 6 3/8in. 

DHcle s = 1/16 in. 

#Holes = 9 

Pattern - One hole the center, 

bole 15/16" from the 

outer edge. 

Figure 5c: Nine hole distributor used in small column. 
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APPENDIX A: Basic Program 



BASICA PKOGKAH "l'O COLLKGT DATA 

LIST 
5 RE = 8 
18 D]H Xl(188B)~XZ(IOBe),X3(lO00) 
28 PRIIIT "How Han9 Data Sample~ Do You Mish T~ Take?" 
3B IIIPUT H 
46 8ASADR~ = [1138B 
~8 FOR I = I TO X 
68 OUT Bd$flDRZ ÷ ! !8  
78 XHZ = I l IP(BASnDRZ • l )  
?5 XZ = XH~TI6 
88 V = XZtlB/4896 
98 XI(1) = Y - 5 
118 X3(I) = X](]) 

13B IF X3(I)(I.G25 TIIEII X2(I)=! 
148 IF X3(D)I.625 THEI! X2(1)=O 
158 IF X2(]) = I TXEII RE = RE + I 
16B ELSE6010 17B 
178 HEXT ! 
24B PRIIlT "The Voidage is';RE/14tl6B ; "Percent" 
58B:STOP 
99~ EHD 
Ok 

IL]ST 2RUH 3LOAD" 4SnYE" 5CUIII 6, 'LPTI ?IROH 81ROFFgKEY OSCREEX 

l.]nce #05 sc~l.s th(- c : , , . . l ~ r  to  [) 

| . | n o  | I 0  . . . . . . .  ( l im,; l l ; ; i ,~l i : .  . i , , l  al-rri~.q X I , X 2 . X ~  

| , | l l e  # 2 0 - ' t O  . . . .  i n l m l  l i t l n i l , , - l -  e l f  S I I B I | ) t e s  t O  t..li|((~ 

I , l ne  140 seks  Ih(.- I,.,:~c- ; , d d r e s s  of" Lhe DAS[I-8 

l .Jne # 5 0 , | 7 0  - - -  |c)op Ih : , l  , - , , i , I . r o l s  | o f  $nmp]es  kaken 

] , | ne  IfiO I :e] ] .~ I),~:;II-H Lo 1:lzke a snmp le  

L i l l e  |TO I n p t i l ~  lh , :  v ; z l . e  111Lo i.he c o l i p u L e r  

L i l l e  | 75 .B0 .90  --corlvQl~l...-; , ' , . ; , d i n e  Lo -5  I.o +5 v o t t . s  

L i n e  #110-150  - -  de l . l : l ' , . i , , , :~  i l" I Ls  u b . b b ] e  oz" not. 

l , l n u  1240 i ) z - i . l - ,  t,1,l 11,,: l)(~rc~nL v o [ d a g e  
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NON-NEWTONIAN TWO-PHASE CIRCULATION IN BUBBLE COLUMNS 

NiEel N. Clark, Mechanical and Aerospace Engd.neering 
Rory L. C. Flemmer, Particle Analysis Center 

West Virginia University, MorEantown, WV 26506 USA 

ABSTRACT 

Gas-liquid and gas-slurry bubble columns are widely used in the 

mineral and enEineering industries, particularly for aeration {oxidation), 

synthesis of oil and flotation of mineral fines. Even though gas may be 

introduced into a bubble column evenly through a distributor plate over the 

whole column floor, circulation patterns generally develop in the column. 

These circulation patterns reduce Eae holdup and residence time in the 

column and must therefore be predicted for accurate column desiEn. This 

paper extends a force balance approach (oriad_nally used for turbulent 

sys t ems)  to  p r e d i c t  c i r cu l a t i on  in non-Newton ian  gas - l i qu id  mix tu res  a n d  

d e m o n s t r a t e s  how the  rheo lo~ica l  p r o p e r t i e s  will a f f e c t  a s ingle  c i r c u l a t i o n  

p a t t e r n  in a column. Wall s h e a r  s t r e s s  need  no t  be known in a d v a n c e  a n d  

is  in  fac t  ava i lab le  to  the  u s e r  of  the  model upon  so lu t ion  of  the  v e l o c i t y  

p ro f i l e .  



INTRODUCTION 

A b u b b l e  column c o n s i s t s  o f  a l a rge  t a n k  f i l led wi th  l iquid or  s l u r r y  

t h r o u g h  which  a gas  is  b u b b l e d ,  u s u a l l y  to a ch / eve  i n t e r p h a s e  mass  

t r a n s f e r .  These  columns a r e  u s e d  wide ly  t h r o u g h o u t  the  e n g i n e e r i n g  

industries (Sharma et al., 1982), particularly for the aeration of sludges. 

They also offer advantages over fixed beds for Fischer-Tropsch synthesis 

(Stern et al., 1985). A similar device, the Pachuca tank (Lamont, 1958; 

CIJark, 1984) is used for oxidation and mixing of slurries in the mineral 

processing industries. Bubble columns are also used for flotation to 

separate minerals or coal from ganEue material (Young, 1982; Harris, 1976). 

Although gas may be introduced evenly over the floor of a bubble 

column, a t  all  b u t  v e r y  low gas  t h r o u g h p u t s  wi th  c a r f u l l y  de s igned  d i s t r i -  

b u t o r s  (Siemes, 1958) b u b b l e s  coa lesce  and  c i rcu la t ion  p a t t e r n s  evo lve  in  

the  mixture .  Al though v e r y  complex p a t t e r n s  a r e  o b s e r v e d  in l a rge  p o n d s  

(Otero e t  al. ,  1985) a s imple c i r cu la t ion  p a t t e r n ,  wi th  t he  mixture r i s ing  a t  

t he  c e n t e r  and flowhtg down  a t  t he  colunm walls,  is  o f t en  o b s e r v e d  in  

b u b b l e  columns.  This p a t t e r n  has  b e e n  t e r m e d  "Eul fs t reaming"  b y  

F r e e d m a n  and  Davidson (1969). Clearly,  w h e r e  E~s is  i n t r o d u c e d  cen t r a l ly ,  

a s  in  P a c h u c u  t anks ,  c i r cu la t ion  a l so  t a k e s  p lace  a n d  is  o f t en  a c c e n t u a t e d .  

Explanat ion of  t h e  evo lu t i on  of  gu l f  s t r eaming  w h e n  gas  is e v e n l y  

introduced is lacking in the literature but an heur~tic argument for the 

development of the pattern can be presented; consider, a column with 

bubbles distributed evenly throughout its volume. The axial hydrostatic 

head over the height of the column is identical at any radius from the 

column center provided that all wall effects are neglected. Let one bubble, 

due to some mixing or perturbation, move inward away from the wall to near 

the column center. Since the gas void fraction in the column center is now 



s l igh t ly  g r e a t e r  t han  nea r  t he  wall t he  axial h y d r c m t a t i c  head is now 

g r e a t e r  n e a r  t h e  wall than  in the  c e n t e r .  Since the  mix tu re  u p p e r  s u r f a c e  

is  a t  the  same p r e s s u r e  o v e r  t he  whole c r o s s - s e c t i o n ,  t h e r e  must  be an  

inward  r a d i a l  p r e s s u r e  g r a d i e n t  a t  t he  bot tom of the  column.  The movement 

o f  mixture  r e s u l t i n g  from this  g r a d i e n t  c a r r i e s  more b u b b l e s  toward the  

c e n t e r ,  f u r t h e r  i nc r ea s ing  the  rad ia l  g r a d i e n t  so t h a t  a s t ab l e  c i rcu la t ion  

p a t t e r n  r a p i d l y  deve lops .  

I t  may be  a r g u e d  t ha t  a b u b b l e  moving from the  c e n t e r  toward  the  wall 

could in i t i a t e  a r e v e r s e  p a t t e r n  and  indeed  such  p a t t e r n s  have  been  

o b s e r v e d  in  f lu id ized  beds  (Lin e t  al., 1985; Surma, 1985) a n d  a p p e a r  to be 

re la te~  to  s add l e  shaped  void  p ro f i l e s  o b s e r v e d  in  some low ve loc i ty  

gas - l iqu id  f lows  (Galaup, 1975; Se r i zawa  e t  al., 1975). However,  the  

g u l f s t r e a m i n g  o b s e r v e d  b y  F r e e d m a n  and  Davidson (up a t  t h e  c e n t e r ,  down 

a t  t he  wall) usually preva i l s  a t  h igh  gas  supe r f i c i a l  ve loc i t i e s ,  p e r h a p s  due  

to  wa!] e f f e c t s .  

P r e d i c t i o n  of  c i rcu la t ion  v e l o c i t y  is v e r y  i m p o r t a n t  s ince  it has  a 

p r o f o u n d  e f f e c t  on  g ~  holdup~ l iquid  mixing heat  t r a n s f e r  and  r eac t ion  in 

t he  column (Shah  e t  al., 1 9 ~ ) .  However ,  t he  ve loc i ty  is ~ e n e r a l l y  d i f f i cu l t  

to  measure ,  r e q u i r i n g  the  u se  of  a n e m o m e t r y  (which can  be  complicated in 

two phase  s y s t e m s )  o r  the  u se  o f  p r o b e  p a i r s  with c r o s a - c o r r e l a t i o n  o f  t he i r  

s ignals .  I n  c o n t r a ~ ,  the  local vo id  f r a c t i o n  is qu i te  r e a d i l y  measu red  us ing  

opt ica l  o r  r e a r . t a h o e  p r o b e s  (Galaupp 1975). The anedy t i s  p r e s e n t e d  below 

shows t h a t  t h e  v e l o c i t y  cListribution a c r o s s  a column can  be  found  from a 

combinat ion  of  vo id  f r ac t i on  m e a s u r e m e n t s  and  a rheo log ica l  r e l a t ionsh ip .  

LITERATURE SURVEY 

Bubble co lumns  have  been  re~-iewed in detai l  b y  S h a h  e t  al. (1982). 



Specific work on the prediction or modelling of mixture circulation is 

reported by Rietema {1982), Hills (1974), Freedman and Davidson (1969) and 

Miyauchi et al. (1981). Recently Molerus and Kurtin (1986) have developed a 

model for circtflation by considering concentric Ul0flow aRd downflow zones. 

These authors have all considered either turbulent or Newton~n viscous 

systems. The basic approach used in this paper to model non-Newtonian 

s y s t e m s  follows c l o s e l y  t h e  r e c e n t  t u r b u l e n t  mixing l eng th  model o f  Clark  e t  

al. {1987), 

GENERAL MODEL 

Let  us  c o n s i d e r  t h e  case  where  a gas  is  b u b b l e d  t h r o u g h  a co lumn £ree  

o f  baf f les  o r  d r a f t  t u b e s  con ta in ing  a l iqu id  o r  n o n - s e t t l i n g  s l u r r y  and  l e t  

u s  assume t h a t  we h a v e  a c c e s s  to t he  gas  v o i d  d i s t r i b u t i o n  as  a f u n c t i o n  of  

t h e  r ad ius ,  r ( r ) ,  a t  some h e i g h t  in  t h e  co lumn.  The ana lys i s  d e v e l o p e d  

below canno t  be  a p p l i e d  to  columns with a v e r y  shallow a s p e c t  r a t i o  s ince  

r ad i a l  ve loc i ty  c o m p o n e n t s  c h a r a c t e r i s t i c  o f  t h e  top  and  bo t tom o f  t h e  

column will be neglected. 

The time-average density, p(r), of the mixture at some radius is given 

by 

p { r )  = PL (1 - * ( r ) )  + PG ~( r )  (1) 

w h e r e  PL is the  l iqu id  o r  s l u r r y  d e n s i t y  a n d  w h e r e  the  gas  d e n s i t y ,  PG, is  

o f t e n  s e t  to  zero .  Le t .  u s  assume a wall axis1 s h e a r  s t r e s s  Tw (we sha l l  

show later that it need not be known a priori) in which case we can predict 

the axial shear stress at any radius (Clark etal., 1987; Levy, 1963) using a 

force balance 

T (r) = Tw[l + I~{~ - Pi{r))/(2 Tw)](r/R) (2) 



where R is the column radius, g is acceleration due to gravity ~ is the 

a v e r a g e  d e n s i t y  o v e r  t h e  c r o s s  s e c t i o n  

= R2 2 p (r) r dr (3) 

o 
a~ Pi j~ an average c~ity withJ_N a Padius r 

#i (r) - 12 F 2p {r} r dr (4) 
r J 

O 

Let us also assume that we have a rheolo~rical model for the fluid in the 

column, which as a first approximation ~ not account for the presence of 

the gas in the liquid or slurry. 

If this model can be inverted so as to yield du/dr as a function of 

T(r) (it c snnot be inverted reliably for Bingham plastics, for e~ample) then 

it can be used in conjunction with equation 2 to yield du/dr. Integrat£ng 

from the known boundary condition U : 0 at r : 11, the velocity U{r) can 

then be found. Integrating U(r) over the column cross-section yields a 

flowrate Q. 

Q = 2= ~ U {r)r dr (6} 
J 
O 

We will have found U(r) using an assumed value for Tw. If the correcZ 

value for Tw had be~n assumed, then Q : 0 because there is no ne__tt flow 

across a cross-section of the column, else we have assumed a Tw 

corresponding to a net up or down flow in the column. In this case the 

correct Tw must be found by trial and error. Experience has taught the 

authors that velocity distribution can be very sensitive to Tw. 



SPECIFIC CASES 

The Eeneral theory presented above has been applied previously to 

turbulent flow {Clark et RL, 1987) and verified using air-water data of Kills 

(1974). No closed solution was found, so that U(r) and Q had to be 

determined by numerical integration. An analytic, yet not very tractable, 

solution can be found for the viscous New+~n£sn case, where 

du 
T (r) = ~ ~ (7} 

do that 

- ~ ~ , -~ (8) 

Since void fraction in the most common ~alfstreaming pattern is a 

maximum at the center and a minimum at the wall, it can be described with 

reasonable a c c u r a c y  (Zuber and Findlay, 1964) by an equation of the form 

where Zc is the void fraction at the column center. 

p ( r )  = PL - PL % + PT. *c  {~-]P 
o r  

2P L 
Pi = PL (1 - ~c) + 2 + p  

Comb~ing e q u a t i o n s  8, 9 ~ 10 

d u / d r  = ~ + t ~  (p~I) 

where 

Tw + J ~ _  _ 
A - ~ 2 .  

and 

B = EPL 

(9) 

Hence one finds that 

(10) 

Co L ( I  - ~c) 

-~-1 p (lOa) 

(11) 

( l la)  

(rib) 



so  t h a t  

Ar 2 . B r P  +2 
U(r) - 2 + l+p + C (12) 

where  C can be f o u n d  f rom the  no-s l ip  c o n d i t i o n  a t  the  column wall. The 

two d i f f e r e n t  p o w e r s  o f  r in eqn.  12 pe rmi t  t h e  desc r ip t ion  of a r e v e r s i n g  

ve loc i ty  prof i le .  
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Figu re  1: Scheme for  ca lcu la t ing  ve loc i ty  profi le .  



F o r  t h e  n o n - N e w t o n i a n  c a s e  a c l o s e d  s o l u t i o n  b e c o m e s  c u m b e r s o m e  o r  

i m p o s s i b l e ,  s o  t h a t  c o m p u t e r  s o l u t i o n  is  f a v o r e d .  The  s c h e m e  s h o w n  in 

F i g u r e  1 is  r e a d i l y  e m p l o y e d .  

RESULTS 

A c o m p u t e r  p r o g ~ u n  w a s  w r i t t e n  in  ~UICKBASIC to  d e s c r i b e  c i r c u l a t i o n  

of a p o w e r  law fluid, w h e r e  

r ~ dn  n 
T = k [ ~ J  (13) 

In each rheoloEical case considered below, holdup in the center of the 

column, z. 2 was taken as 20~ (the maximum value) and equation 9 was 

chosen to represent the voidage distribution with the exponent p : 3. This 

corresponded to an average gas void fraction of 9.6~ A lm diameter 

co lumn w a s  c o n s i d e r e d .  

T h e  e f f e c t  o f  v a r y i n g  b o t h  k a n d  n f o r  p o w e r  law f l u i d s  was  

d e t e r m i n e d .  F o r  n = 1 (a N e w t o n l a n  f lu id )  k w a s  v a r i e d  t o  p r o d u c e  t h e  

v e l o c i t y  d i s t r i b u t i o n s  s h o w n  in  f i g u r e  2. T h e m  d i s t r i b u t i o n s  a r e  al l  of  

s~m~l,r s h a p e  b u t  v a r y  in  t h e i r  m a g n i t u d e  of  v e l o c i t y .  T h e  r a d i i  a t  w h i c h  

z e r o  v e l o c i t y  o c c u r s  r e m a i n s  c o n s t a n t  a n d  t h e  wall  s h e a r  s t r e s s  r e n m i n s  t he  

same.  T h i s  i s  r e a s o n a b l e  s i n c e  t h a t  s h e a r  s t r e s s  is  ~ a l l y  b a l a n c i n g  the  

u n e q u a l  d i s t r i b u t i o n  o f  d e n s i t y ,  w h i c h  i s  t h e  s a m e  in  e a c h  c a s e .  

F o r  l o w e r  v i s c o s i t i e s  t h e  v e l o c i t i e s  c a l c u l a t e d  a r e  v e r y  h iEh .  I n  r e a l i t y  

t u r b u l e n t  m o m e n t u m  t r a n s f e r  wou ld  s e r v e  to  r e s t r i c t  t h e s e  v e l o c i t i e s  s o  t h a t  

t h e  p r e s e n c e  o f  t u r b u l e n c e  in  p a r t  o f  o r  t h r o u E h o u t  t h e  who le  o f  t h e  

co lumn m u s t  be  c o n s i d e r e d .  

A simple way of dealinE with the pomsibility of turbulence is to use a 

rheoloE/csd model which takes into account momentum transfer by both 

viscous and turbulent mechanisms. For a turbulent model, m/xinE lenEth 
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Figure  2: Effect  of v iscosi ty  {for Newtonian liquids, n = 1) on the c/rculat ion 
velocity. Turbulent  e f fec ts  were  neglected.  



t h e o r y  is p r o p o s e d ,  s ince  i t  has  f o u n d  Eood a g r e e m e n t  with da t a  f o r  

t u r b u l e n t  w a t e r  c i r cu l a t i on  as  d e m o n s t r a t e d  b y  Clark e t  al. (1987). S h e a r  

s t r e s s  was a c c o r d i n E l y  t a k e n  as  

f ) d u  n ~2p t I f  ~ d u  d~ 
T = k  t- -J + 114) 

~here 12 is the m/xiDE length used by Clark et sl., (198"/) 

and p = PL(I-¢), the local mean f l u i d  d e n s i t y .  

F i f u r e  3 shows  d i s t r i b u t i o n s  g e n e r a t e d  u s i n g  the  combined v i s c o u s  a n d  

t u r b u l e n t  model fo r  t h e  same cond i t i ons  as  f i g u r e  3. Velocit ies of t h e  l e s s  

v i s c id  f lu ids  a r e  c o n s i d e r a b l y  r e d u c e d  d e m o n s t r a t i n g  t h a t  t u r b u l e n t  

momentum t r a n s p o r t  was s i gn i f i c an t l y  l a r g e r  t h a n  v i s c o u s  e f f e c t s  in t h o s e  

c a s e s .  

Equa t ion  14 p r o v i d e d  some d i f f i c u l t y  in  t h e  a n a l y s i s  s ince  d u / d r  was  

r e q u i r e d  as  a f u n c t i o n  of  T ( r )  r a t h e r  t h a n  v i ce  v e r s a .  In  p r a c t i c e  a 

N e w t o n - R a p h s o n  method was u s e d  to f ind  d u / d r ,  t a k i n g  ~ to p r e s e r v e  

t h e  a p p r o p r i a t e  s ign  of t h e  d i f f e r e n t i a l  

The  va l ue  o f  n was also v~- ied ,  f rom 0.375 ( s h e a r - t h i n n i n E )  to  n -- 2 

(d i l a t an t  f lu id)  fo r  c o n s t a n t  k. Resu l t ing  p r o f i l e s  a r e  shown in f i E u r e  4. 

For  low v a l u e s  of n b o t h  t h e  c e n t r a l  ( u p w a r d )  and  a n n u l a r  (downward)  

v e l o c i t y  d i s t r i b u t i o n s  ~ecome f l a t t e r  and  t e n d  t o w a r d s  t he  pluE fl~w 

d ~ t r i b u t i o n  (an  u p w a r d  p l u g  in  t he  c e n t e r  wi th  a downward  a n n u l a r  p luE)  

which  would be  f o u n d  when  n t e n d s  to ze ro .  I t  was e v i d e n t  t h a t  

s h e a r - t h i n n i n E  f lu id s  would pe rmi t  v e r y  h igh  ve loc i t i e s  in the  column a n d  

t h a t  t r a n s i t i o n  to  a t u r b u l e n t  mode was  poss ib le .  

F i g u r e  5 shows the  e f f e c t  o f  a c c o u n t i n g  f o r  t u r b u l e n c e  us inE e q u a t i o n  
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FIGURE 3 

FiEure 3: Velocity p rof~es  for  the same liquids cons idered  in FiE'ure 2, bu t  
with t u r b u l e n t  ef fec ta  included.  
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4: V e l o c i t y  p r o f i l e s  f o r  p o w e r  l a ~  l i q u i d s  (k = 10, n = 0.375 to  2) 
n e g l e c t i n g  t u r b u l e n t  e f f e c t s .  
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Figure 5: Velocity profiles for the same l iquids considered in Figure 4. bu t  
with t u r b u l e n t  e f fec t s  inc luded.  



14 rather than equation 13. Velocities of shear th~nninE fluids are 

considerably reduced by the added turbulent momentum transport. The 

ratio between turbulent a n d  viscous transport is d e m o n s t r a t e d  further by a 

calculation for the circulation of banana puree, with n : 0.46 and k = 6~ 

{Levenspiel, 1984) and with the same void distribution used in previous 

ca]culations. FiEure 6 shows the computed velocity prof'de toEether with 

the ratio between eddy and mo|ecular contributions to the momentum 

transport. AlthouEh the eddy contribution dominates over much of the 

radius, they are both the same order of magnitude. 

All of the above calculations have been for the same void distribution, 

given by equation 9 with z c - 20~ and p - 3. FiEures 7 a n d  8 show the 

effect of chanEinE ~c to 25%, I0~ and 5~ while m,~nt~in~n~ the sane 

distribution shape. As expected, circulation velocities are reduced by 

d e c r e a s i n g  the  ne t  vo id  f r a c t i o n  in t he  column.  D i s t r i b u t i o n s  r e t a i n  a 

s im Sa r  s h a p e .  

DISCUSSION 

T h e r e  c a n  be  no d o u b t  t h a t  t he  p r o p o s e d  model  h a s  s e v e r a l  p r a c t i c a l  

l imi ta t ions  a s  d i s c u s s e d  below,  a l t h o u g h  to  t he  a u t h o r s '  k n o w l e d g e  t h e r e  is  

no  more  a c c u r a t e  me th od  o f  p r e d i c t i o n  c u r r e n t l y  avmTmble. 

F i r s t l y ,  in h e i n e  two  d imens iona l ,  t he  model  c a n n o t  be  app l i ed  to sha l low 

ponds or columns. However, most columns have an acceptable depth to 

diameter rstio so that the model can be applied with radial velocities 

neElected. In very large columns multiple circulation cells may develop so 

that the sinEle cell prediction used above may be invalid. 

Secondly, the g~s void distribution was assumed to vary from a 

~ u m  at the center of a minimum at the wan and an equation to describe 
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~i&'ure 6: Velocity profile and  ratio of v iscous  to tu rbu len t  e f fec t s  for 
circulat ion of banana  puree ,  
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Figure 7: Effect of void fraction on circulation of a Newtordan liquid in a 
column. Cent~rline void fractions are shown. 
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Figure  8: E f f e c t  o f  vo id  f r a c t i o n  on  c i r c u l a t i o n  o f  a s h e a r  t h i n n i n g  l iqu id  in 
a co lumn.  Cen t e r l i ne  void  f r a c t i o n s  a r e  shown. 



t he  t y p i c a l  form was p r o p o s e d .  F l a t t e r  void p ro f i l e s  t h a n  t he  one p r o p o s e d  

r e d u c e  c i rcu la t ion  and  s a d d l e  shaped  p ro f i l e s  will cause  a r e v e r s e  

c i r c u l a t i o n  p a t t e r n  (Clark e t  al.,  1987). Dis t r ibu t ions  c a n  v a r y  widely: f o r  

example,  Rietema and  O t t e n g r a f  119701 have  o b s e r v e d  a c e n t r a l  bubble  

" s t r e e t  ~ in  a column of v i s c o u s  l iquid  with a b u b b l e  f r e e  annu lus .  I t  would 

be wise to  measure  the  a c t u a l  vo id  profi le  f o r  a more  p rec i se  ve loc i ty  

p r e d i c t i o n .  Void f r a c t i o n  is  f a r  more readi ly  m e a s u r e d  t h a n  local ve loc i ty  

( for  example ,  with r e s i s t a n c e  p r o b e s ) ,  so t ha t  t h e  model  is still of  g r e a t  

bene f i t .  

T h i r d l y ,  the  p r e s e n c e  o f  t h e  a i r  bubbles  in t h e  l iqu id  will a f f ec t  t he  

s y s t e m  t h e o l o g y .  One is  t e m p t e d  to  a r g u e  tha t  t he  bubble,~ can  t ransmi t  no  

s h e a r ,  so t ha t  a r ev i s ed  s h e a r  s t r e s s  r e la t ionsh ip  

T ( r )  - 11 - r ( r ) )  k ~ 1161 

would be  employed,  bu t  l a t e r a l  movement  of b u b b l e s  c a n  e n h a n c e  momentum 

t r a n s f e r ,  as  can the  flow of  l iqu id  a r o u n d  the  r i s i n g  b u b b l e  (Clark a n d  

Flemmer,  1985a, 1985b). Small b u b b l e s  can also c a u s e  v i s c o s i t y  changes  in  

the  l iqu id .  

Desp i t e  t h e s e  l imitat ions,  t h e  model o f f e r ed  a b o v e  p r o v i d e s  a r easonab le ,  

simple e s t ima te  of  ve loc i ty  d i s t r i b u t i o n  in a b u b b l e  c o l u m ~  

A f i na l  i n t e r e s t i n ~  o b s e r v a t i o n  is tha t  t he  r a d i u s  a t  which maximum 

d o w n w a r d  ve]oc'ity occurs, rma x, is f ixed by the wall s h e a r  and  void prof i le .  

At th i s  r a d i u s  the  c h a n g e  in  v e l o c i t y  d u / d r  is  z e ro  a n d  hence  the  s h e a r  

s t r e s s  mus t  be zero.  Since  t h e r e  is no radial  p r e s s u r e  va r i a t i on ,  d P / d z  (z 

= axial  he i gh t )  must be t he  same f o r  the  cy l i nde r  b o u n d e d  b y  rmax and  f o r  

t he  whole  column c r o s s - s e c t i o n .  The value of rmax can  be found  from a 

fo r ce  ba l ance  us ing  the  c r o s s - s e c t i o n a l  a v e r a g e  d e n s i t y  ~, the  a v e r a g e  



density within the cylinder bounded by rma x, pi(rmax), and the wall shear, 

Tw. No other radius is predetermined in this fashion, but it would appear 

that the radius at which liquid velocity is zero does not vary over a wide 

range. Typically from our calculations the liquid velocity was zero at a 

radius of 0.65R for viscous cases with r tending to 0.7R as turbulent e f f e c t s  

dominated. Experimental work on viscous glycerol-water solution in a 22cm 

diameter column by Rietema and Ottengraf {1970) to be showed/approximately 

0.58R for U -- 0, while the data of Hills (1974) for turbulent systems show 

closer to 0.71~ This supports our conclusions. 
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