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ABSTRACT 

Liquid-phase-controlled mobile-interface mass-transfer coef f ic ien ts  

were measured for t r ans fe r  of dissolved oxygen i n t o  small helium bubbles 

i n  cocurrent turbulent  p ipe l ine  flow fo r  f i v e  d i f f e ren t  mixtures of 

glycerine and water. These coef f ic ien ts  were determined by t r ans i en t  

response experiments i n  which the  dissolved oxygen was  measured a t  only 

one pos i t ion  i n  a closed rec i rcu la t ing  loop and recorded as  a function 

o f  time. 

f a c i a l  areas,  the  mass-transfer coef f ic ien ts  were extracted from these  

measured t r ans i en t s  and determined as flmctions of pipe Reynolds number, 

Schmidt number, bubble Sauter-mean diameter, and gravi ta t iona l  or ienta-  

t i o n  of t h e  flow. 

Using an independent photographic determination of t h e  i n t e r -  

Two general  types of behavior were observed: 

(1) Above pipe Reynolds numbers f o r  which turbulent  i n e r t i a  forces  

dominate over g rav i t a t iona l  forces,  horizontal  and v e r t i c a l  flow mass- 

t r a n s f e r  coef f ic ien ts  were iden t i ca l  and varied according t o  t he  regression 

e quat i on 

Sh/Sc’’” = 0.34 Re”’94 (d  / D ) l ‘ ”  . 
VS 

The observed Reynolds number exponent agreed general ly  w i t h  other l i t e r -  

a ture  da ta  f o r  cocurrent p ipe l ine  flow but did not agree with expectation 

based on equivalent power d iss ipa t ion  comparisons with ag i ta ted  vesse l  

data. 

( 2 )  Below t h e  Reynolds numbers t h a t  marked the  equivalence of hor- 

i z o n t a l  and v e r t i c a l  flow coef f ic ien ts ,  t h e  horizontal-flow coe f f i c i en t s  

continued t o  vary according t o  t h e  above equation u n t i l ,  a t  low flows, 
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severe s t r a t i f i c a t i o n  of t h e  bubbles made operation impractical .  The 

ver t ical-f low coef f ic ien ts  a t  these lower Reynolds numbers underwent a 

t r a n s i t i o n  t o  approach constant asymptotes cha rac t e r i s t i c  of t h e  bubbles 

r i s i n g  through the  quiescent l iquid.  

viscous mixture tes ted ,  both horizontal  and ver t ical-f low coe f f i c i en t s  

underwent t h i s  t r ans i t i on .  

An expression was developed f o r  t h e  r e l a t i v e  importance of turbulent  

For small bubbles i n  t h e  most 

i n e r t i a l  forces  compared t o  g rav i t a t iona l  forces ,  Fi/Fg. 

served as a good c r i t e r i o n  f o r  es tabl ishing t h e  p ipe  Reynolds numbers 

above which hor izonta l  and ver t ical-f low mass-transfer coe f f i c i en t s  were 

ident ica l .  In  addition, it proved t o  be a usefu l  l i n e a r  sca l ing  f a c t o r  

fo r  ca lcu la t ing  the  ver t ical-f low coef f ic ien ts  i n  t h e  above mentioned 

t r ans  it ion  region. 

This r a t i o  

A seemingly anomalous behavior was observed i n  data  f o r  water 

(plus  about 200 ppm N-butyl alcohol) which exhibited a s i g n i f i c a n t l y  

smaller Reynolds number exponent than d i d  data  f o r  the  other  f l u i d  mix- 

tures .  To explain t h i s  behavior, a two-regime ' ' turbulence in te rac t ion"  

model was formulated by balancing turbulent  i n e r t i a l  forces  with drag 

forces.  The re la t ionship  of the  drag forces  t o  the  bubble re la t ive-f low 

Reynolds number gave r i s e  t o  the  two regimes with t h e  d iv is ion  being a t  

Reb = 2. The r e su l t i ng  bubble mean ve loc i t i e s  f o r  each regime were then 

subs t i tu ted  i n t o  Frgssling-type equations t o  determine the  mass-transfer 

behavior. The r e su l t i ng  Reynolds number exponent f o r  one of t h e  regimes 

(Re 

f o r  t h e  e f f ec t  of t he  r a t i o  of bubble mean diameter t o  conduit diameter, 

d /D, w a s  l e s s  than t h a t  observed. The mass-transfer equations 

2) agreed wel l  w i t h  the  observed data  but the  predicted exponent b 

VS 
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r e s u l t i a g  from t h e  other  regime (Re 

p a r t i c l e s  i n  ag i ta ted  vessels  and a l so  compared favorably with t h e  

water data  mentioned above. 

> 2) agreed wel l  with data  fo r  b 

For comparison, a second ana ly t i ca l  model was developed based on 

surface renewal concepts and an eddy d i f f u s i v i t y  t h a t  var ied with 

Reynolds number, Schmidt number, bubble diameter, i n t e r f a c i a l  condi- 

t ion,  and pos i t i on  away from an in te r face .  

a t e n t a t i v e  numerical so lu t ion  was obtained which t r ea t ed  a dimension- 

l e s s  renewal period, T,, as a parameter. 

in te rpre ted  as being a measure of t he  r i g i d i t y  of t h e  in te r face ,  T, + 0 

corresponding t o  f u l l y  mobile and T, + approximately 2.7 ( i n  t h i s  case) 

t o  f u l l y  r i g i d  interfaces .  

Using a d i g i t a l  computer, 

This renewal period was 
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CHAPTER I 

INTRODUCTION 

When gas bubbles a re  dispersed i n  a continuous l i qu id  phase, 

dissolved cons t i tuents  of su f f i c i en t  v o l a t i l i t y  w i l l  be exchanged between 

t h e  l i q u i d  and t h e  bubbles, e f f ec t ive ly  r ed i s t r ibu t ing  any concentration 

imbalances t h a t  ex is t .  Common prac t ices  involve contacting gas bubbles 

with an ag i ta ted  l i qu id  i n  such a manner t h a t  a r e l a t i v e l y  la rge  i n t e r -  

f a c i a l  area i s  available.  Techniques such as passing gas bubbles up 

through a l i q u i d  column or mechanically s t i r r i n g  a gas-liquid mixture i n  

a tank have been studied extensively and t h e  design technology f o r  these 

i s  r e l a t i v e l y  f i r m .  However, one method, cocurrent turbulent  flow i n  a 

pipel ine,  has not been given a great  deal  of a t tent ion.  A review of t h e  

l i t e r a t u r e  has shown t h a t  t h e  avai lable  data  a r e  in su f f i c i en t  t o  allow 

confident determination of the mass-transfer r a t e s  i n  such a system. 

This research, then, w a s  undertaken t o  provide addi t ional  information 

t h a t  w i l l  a i d  i n  determining l i qu id  phase control led mass-transfer r a t e s  

for cocurrent turbulent  flow of s m a l l  bubbles and l iquids  i n  a pipeline.  

The impetus for t h i s  work w a s  provided by the  Molten S a l t  Breeder 

Reactor (MSBR) Program of  the  Oak Ridge National Laboratory where recent  

remarkably successful operation of a molten s a l t  f'ueled nuclear reactor'  

has convincingly demonstrated the  f e a s i b i l i t y  of t h i s  power system. The 

economic competitiveness of an MSBR, however, depends t o  a s ign i f i can t  

extent  on t h e  breeding r a t i o  obtainable, The production within t h e  

l i q u i d  f u e l  of f ission-product poisons, p r inc ipa l ly  xenon-135, exer t s  

1 
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a s t rong influence on t h e  neutron economy of t h e  reac tor  and consequently 

on the  breeding r a t i o  i t s e l f .  

One method proposed fo r  removing t h e  xenon would requi re  in j ec t ing  

small helium bubbles i n t o  the  turbulen t ly  flowing regions of t he  fue l -  

coolant stream and allowing them t o  c i r c u l a t e  with the  f'uel. Since such 

bubbles would be def ic ien t  i n  xenon compared t o  t h e  nearby bulk stream, 

the  dissolved xenon would be t ransfer red  by turbulent  diffusion across 

t h e  concentration po ten t i a l  gradient. By continuous in j ec t ion  and 

removal of t h e  helium bubbles the  equilibrium xenon poisoning can be 

s ign i f i can t ly  reduced, Since a l a rge  amount of gas i n  the  f u e l  could 

influence t h e  r e a c t i v i t y  of t h e  core, t h i s  system would be l imi ted  t o  

low volume f rac t ions .  

Peebles" showed t h a t  removal o f  dissolved oxygen from a given mixture 

of glycerine and water by small helium bubbles could c lose ly  match t h e  

hydrodynamic and mass-transfer conditions i n  an MSBR and suggested using 

such a system i n  a s imil i tude experiment from which t h e  ac tua l  MSBR 

behavior might be inferred.  Other des i rab le  fea tures  of such a system 

include: (1) convenient var ia t ion  of t h e  Schmidt number by using d i f f e r -  

ent percentages of glycerine i n  water, ( 2 )  operation a t  room temperature 

using g lass  hardware t h a t  allows photographic measurements through an 

op t i ca l ly  c l ea r  system, and ( 3 )  easy measurement of the  dissolved oxygen 

content by commercially ava i lab le  instruments. Therefore an oxygen- 

glycerine-water system w a s  chosen f o r  t h i s  study. 

The object ive of t h e  program was t o  measure l i q u i d  phase control led 

ax ia l ly  averaged mass-transfer coef f ic ien ts ,  k, defined by 

f L k  dx 

L 
to x k r  
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The l o c a l  mass-transfer coef f ic ien ts ,  k a re  defined by 
X' 

J = k  a [C - C s ]  , 
X avg 

where J i s  the  mass t ransfer red  from t h e  l i q u i d  t o  the  bubbles per  unit 

time per  u n i t  volume of l iqu id ,  a i s  the  i n t e r f a c i a l  area pe r  u n i t  volume 

of l iqu id ,  C i s  t h e  bulk average concentration, and C i s  t h e  i n t e r -  

f ac i a 1  c onc en t r  a ti on, 

avg S 

These coe f f i c i en t s  need t o  be establ ished as  a function of Schmidt 

number, Reynolds number, bubble s ize ,  conduit diameter, g rav i t a t iona l  

or ien ta t ion  of t h e  flow ( v e r t i c a l  o r  hor izonta l ) ,  i n t e r f a c i a l  condition 

(absence or presence of a surface ac t ive  agent),  and the  volume f r a c t i o n  

of t h e  bubbles. The scope of t h i s  t h e s i s  i s  l imi ted  t o  t h e  ranges of 

var iables  l i s t e d  i n  Table I, below, which f o r  the most pa r t  represent 

l imits  of t he  experimental apparatus. Extensions of t h i s  program, how- 

ever, a r e  projected t o  include d i f f e ren t  conduit diameters and d i f f e ren t  

i n t e r f a c i a l  conditions. 

Table I. Ranges of Independent Variables Covered 

Variable Range 

Schmidt Number (weight percent of glycer ine)  370 - 3446 
( 0 ,  12.5, 25, 37.5, 50) 

Pipe Reynolds Number 8 x io3 - 1.8 x io6 
Bubble Sauter Mean Diameter 0.01 t o  0.05 inches 
Gas t o  Liquid Volumetric Flow Ratio 0.3 and 0.5 percent 
Gravi ta t iona l  Orientation of Flow Ver t i ca l  and Horizontal 
C onduit Diameter 2 inches 

The mass-transfer coef f ic ien ts  were extracted from measurements of 

t h e  coeff ic ient-area products, ka, and independent photographic measure- 

ments of t h e  i n t e r f a c i a l  areas per  unit  volume, a. The products, ka, 



4 

were establ ished by means of a unique t r ans i en t  response technique i n  

which t h e  changes i n  l i qu id  phase concentration were measured as  a f inc-  

t i o n  of time a t  only one pos i t ion  i n  a closed l i q u i d  r ec i r cu la t ing  system 

while helium bubbles were in jec ted  a t  the  t e s t  sect ion entrance and 

removed r i che r  i n  oxygen a t  t he  ex i t .  The apparatus f o r  generating 

these  small bubbles (with an independent cont ro l  of t h e i r  mean s i ze )  and 

e f f ec t ive ly  separat ing a high percentage from the  flowing mixture had t o  

be developed p r i o r  t o  the  s t a r t  of t h i s  research. These a r e  described i n  

Chapter I11 along with the  photographic equipment and technique f o r  estab- 

l i sh ing  t h e  i n t e r f a c i a l  areas. 

The r e s u l t s  of t h i s  study a r e  expected t o  be of immediate benef i t  

t o  t h e  MSBR Program and should a l so  prove u s e f i l  t o  workers i n  t h e  

general  chemical industry. Application may extend t o  such diverse  areas  

as  general  ex t rac t ion  of radioact ive elements from reac tor  e f f luents ,  

bubble l i f e t imes  i n  the  coolant of l i q u i d  metal f a s t  breeder reac tors ,  

and oxygen treatment of sewage ef f luents .  I n  addition, bene f i t s  of a 

f’undamental nature may be derived i n  t h a t  t h e  research concerns t r a n s f e r  

of a s ca l a r  i n  a turbulent  shear flow f i e l d  i n  which the  f l u i d  ve loc i ty  

f i e l d  e f f ec t ive ly  seen by the  bubbles i s  pr imari ly  due t o  t h e  turbulent  

f luctuat ions.  The cha rac t e r i s t i c s  of mass t r a n s f e r  between dispersed 

bubbles and a continuous l i q u i d  phase i n  turbulent  flow a re  thus seen 

t o  be of immediate s c i e n t i f i c  and p r a c t i c a l  importance. 



W CHAPTER I1 

LITERATURE REVIEW 

A comprehensive survey was made of l i t e r a t u r e  r e l a t ed  t o  mass 

t r a n s f e r  between small bubbles and l i qu ids  i n  cocurrent turbulent  flow. 

An exhaustive review o f  a l l  t h i s  l i t e r a t u r e  would be lengthy and some- 

what point less .  Consequently, only those works t h a t  a r e  considered 

representat ive of t h e  f i e l d  (not necessar i ly  of most s ignif icance)  a re  

included i n  t h i s  chapter and t h e  author intends no derogation or s l i g h t -  

ing  by t h e  omission of any work. N o  s ignif icance should be attached t o  

t h e  order i n  which references appear. For a f a i r l y  complete documenta- 

t i o n  o f  work r e l a t ed  t o  t h i s  subject,  t h e  reader i s  re fer red  t o  severa l  

excel lent  review a r t i c l e s .  3-8 

Experiment al-C ocurrent Flow 

There have been very few d i r e c t  measurements of  mass-transfer 

coe f f i c i en t s  f o r  cocurrent turbulent  flow of small gas bubbles and 

l iqu ids ,  perhaps because subs t an t i a l  spec ia l  apparatus seems t o  be 

required f o r  these  measurements. Recently Jepseng measured t h e  l i q u i d  

phase control led product of mass-transfer coef f ic ien t ,  k, and i n t e r -  

f a c i a l  surface area per  un i t  volume, a, for  ai r /water  flow i n  hor izonta l  

pipes  w i t h  and without s p i r a l  turbulence promoters. 

without turbulence promoters he cor re la ted  his  data by t h e  equation, 

For s t r a i g h t  tubes 

A s  shown i n  Chapter I V ,  page 58, t h e  energy d i s s ipa t ion  per unit 

W 

volume, can be represented as  

5 
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Therefore, Jepsen’s cor re la t ion  reveals t h a t  

Care must be taken i n  in t e rp re t ing  t h e  influence of Reynolds number 

on k when t h e  product, ka, i s  reported because t h e  i n t e r f a c i a l  area it- 

s e l f  may depend on t h e  Reynolds number. No attempt was made by Jepsen 

t o  separate  t h e  area from the  product. 

Scot t  and Hayduk,” i n  admittedly exploratory experiments, dissolved 

carbon dioxide and helium i n t o  water, ethanol, and ethylene g lycol  i n  

horizontal  flow pipelines.  Thus they did vary t h e  diff’usivity but,  l i k e  

Jepsen, d i d  not separate  t h e  ka product. 

Their r e s u l t s  were correlated by the  equation 

7 
ka = 0.0068 v o ~ * ~ ~  Po.o8 A9°90.39 

~1.88 

from which may be infer red  

S h -  Re/&090’61a . 
Lamont’’ and Lamont and Scott’“ dissolved, i n  s ing le  f i l e  fashion, 

r e l a t i v e l y  la rge  CO, bubbles in to  water under v e r t i c a l  and horizontal  

flow conditions. They d i d  not vary bubble diameter or Schmidt number. 

A t  s u f f i c i e n t l y  la rge  Reynolds numbers t h e i r  horizontal  and v e r t i c a l  

r e s u l t s  became ident ica l .  

correlated as  

The data above these  Reynolds numbers were 

k N ReoeS2 . 
Heuss, King, and Wilke13 studied absorption i n t o  water of ammonia 

and oxygen i n  horizontal  f r o t h  flow. The l i qu id  phase coef f ic ien ts  were 
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cont ro l l ing  only i n  the  oxygen runs and consequently they did not vary 

the  Schmidt number and t h e i r  r e s u l t s  were a l so  obtained as  the  product 

of ka. However, using estimates of surface area i n  f r o t h  flow, t h e i r  

data  reveal  

S h -  Re0” . 
Hariott14 reported mass-transfer coef f ic ien ts  f o r  p a r t i c l e s  of 

boric  acid and benzoic acid dissolving i n  water flowing cocurrently i n  

a two-inch pipeline.  A data  cor re la t ion  was not given but a l i n e  tan-  

gent t o  t h e i r  data  a t  t h e  high flow end would ind ica te  

Sh - Reoog3 . 
Figueiredo and Charles16 measured coef f ic ien ts  f o r  dissolut ion of 

NaCl p a r t i c l e s  car r ied  along as  a “ s e t t l i n g ”  suspension i n  water i n  

hor izonta l  flow. 

c i e n t s  previously measured f o r  t r a n s f e r  between a l i q u i d  and the  conduit 

i t s e l f .  

They cor re la ted  t h e i r  data  with mass-transfer coef f i -  

However, a l i n e  tangent t o  t h e  high flow end of t h e i r  data 

ind ica tes  

S h -  Re’’’ . 
Experimental-Agitated Vessels 

Often t h e  data f o r  t r a n s f e r  t o  bubbles or p a r t i c l e s  i n  ag i ta ted  

vessels  a r e  cor re la ted  i n  terms of t he  power dissipated.  

(1) we might r e l a t e  these r e s u l t s  t o  what would be expected f o r  f l o w  i n  

conduits. 

Using Equation 

Calderbank and Moo-Youn& corre la ted  data  f o r  d i f f e ren t  p a r t i c l e s  

and small bubbles dispersed i n  d i f f e ren t  l i qu ids  i n  ag i ta ted  vessels.  

Their equation, determined p a r t l y  through dimensional analysis,.  i s  
C 
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i .  -J 

Using Equation (1) t h i s  would give f o r  flow i n  conduits 

They a l so  ind ica t e  t h a t  i n  t h e  range of mean bubble diameters, 0.025 
N 

2 dvs -s 0.1 inches, the mass-transfer coef f ic ien ts  increase l i nea r ly ,  

undergoing a t r a n s i t i o n  from “small” bubble behavior where Sh - Scl’ 

“ large” bubble behavior where Sh N Scl/ ’. 
s i t i o n  corresponds t o  a change i n  i n t e r f a c i a l  condition from r i g i d  t o  

mobile. 

t o  

They conclude t h a t  t h i s  t ran-  

Shemood and Brian17 used dimensional analysis  t o  co r re l a t e  da ta  for 

p a r t i c l e s  i n  d i f f e ren t  ag i ta ted  l iquids .  

r e l a t ed  S%/SC’/~ t o  ( e  d4/v3)’13. 

and drawing a l i n e  tangent t o  t h e  high power d iss ipa t ion  end of t h e i r  

co r re l a t ing  curve gives 

Their cor re la t ion  graphical ly  

Using Equation (1) (with eV/p  = cm)  m 

Sh Sc113 (d/D)-’”“ . ( 3 )  

Barker and Treyball’ correlated mass-transfer coef f ic ien ts  f o r  boric  

acid and benzoic acid p a r t i c l e s  dissolving i n  water and 45% sucrose solu- 

t i o n s  with a s t i r r e r  Reynolds number, ReT, proport ional  t o  t h e  speed of 

ro ta t ion .  They reported 

k - ReTSae3 Scl/ &! . 
If the  power d iss ipa t ion  i s  assumed proportional t o  t h e  cube of t h e  

ro t a t ion  speed, then 

k -  Scl’” &! . 
The e f f e c t  of Schmidt number i s  not as would be infer red  from the  above 

because 69 was reported t o  be e s sen t i a l ly  proportional t o  Sc-l’ 

experiments. 

i n  t h e i r  
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Y The preceding are  representat ive of data  avai lable  t h a t  may have 

d i r e c t  app l i cab i l i t y  t o  cocurrent flow i n  conduits. Some other  works 

t h a t  may be of i nd i r ec t  i n t e r e s t  include cocurrent turbulent flow of 

dispersed l i q u i d  drops i n  a continuous l i q u i d  p h a ~ e , ' ~ - " ~  mass t r a n s f e r  

from a turbulent  l i q u i d  t o  a f r e e  i n t e r f a ~ e , " ~ - " ~  and innumerable s tud ies  

of t h e  motions of,  and mass t r a n s f e r  from, individual  bubbles or p a r t i -  

c l e s  under steady r e l a t i v e  flow conditions (e. g., References 26-30). 

For systems i n  which bubbles move s t e a d i l y  through a f lu id ,  some 

relevant  f indings include t h e  f a c t  t h a t ,  depending on bubble s i z e  and 

l i q u i d  propert ies ,  t he  bubble motion i n  a grav i ty  f i e l d  may vary from 

creeping flow t o  flow characterized by a turbulent  boundary layer.  

I r respec t ive  of t h i s ,  t h e  mass-transfer cor re la t ions  usua l ly  take two 

basic  " F r k s l i n g "  forms (neglecting t h e  constant term) depending on 

whether t he re  i s  a r i g i d  in t e r f ace  (no s l i p  condition) o r  a completely 

mobile i n t e r f ace  with i n t e r n a l  c i r cu la t ion  of t h e  f l u i d  within t h e  

bubble (or drop). 

t h e  former data  a re  cor re la ted  with 

In  subs t an t i a l  agreement with t h e o r e t i c a l  treatments,  

S% - R e  b Sc" 9 

and t h e  l a t t e r  

Good accounts of these  r e l a t i v e  flow equations and t h e i r  der ivat ions a re  

given by Lochiel and Calderbank31 and by Sideman. 2 2  

Discussion of Available Experimental Data 

It i s  seen t h a t  t he re  have been very few d i r e c t  measurements of 

mass t r a n s f e r  t o  small cocirculat ing bubbles i n  a turbulent  f i e l d  and 
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none t h a t  are  complete i n  terms of a l l  t he  independent variables.  The 

product, ka, i s  of ten  not separated, because of the  d i f f i c u l t y  i n  estab- 

l i s h i n g  the  i n t e r f a c i a l  area. This makes some of t h e  avai lable  data 

d i f f i c u l t  t o  i n t e rp re t  and of l imited value f o r  appl icat ion a t  d i f f e ren t  

conditions. 

Not enough experimental information i s  avai lable  t o  assess  t h e  

inf luence of Schmidt number on Sherwood number although the  Schmidt 

number exponent most of ten appears t o  vary between 1/3 and 1/2 - 
apparently determined by t h e  i n t e r f a c i a l  condition ( t h e  Schmidt number 

exponent may even be g rea t e r  than 1/2, e. g., Reference 10). 

The e f f e c t s  of bubble mean diameter and pipe s i z e  have received 

l e s s  a t t en t ion  than the  Schmidt number and, as  yet ,  no systematic e f f e c t  

can be confident ly  c i ted.  Calderbank and Moo-Young, however, observed a 

l i n e a r  dependence over a l imited range of bubble diameters i n  ag i ta ted  

ves s e l s  . 
The influence of Reynolds number has been the  most studied. From 

References 9-15, it would appear t h a t  Sherwood number f o r  gas- l iquid 

flow i n  conduits may vary with pipe Reynolds number t o  a power between 

0.9 and 1.1 (although Lamont’’ found it t o  be 0.52).  I n  contrast ,  t h e  

e f f ec t  of Reynolds number (turbulence l e v e l )  i n  s t i r r e d  vessels  (Refer- 

ences 16-18) would appear t o  y i e ld  a power between 0.6 and 0.8. 

apparent difference between ag i ta ted  vessels  and flow i n  conduits i s  

surpr is ing because one would think t h a t  flowing through a closed con- 

du i t  i s  j u s t  another way t o  s t i r  the  l iquid.  There should be l i t t l e  

fundamental difference i n  the  e f f ec t  of t h e  turbulence produced. 

This 
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Theoretical  

It i s  convenient t o  iden t i fy  four  d i f f e ren t  ana ly t ica l  approaches 

designed t o  provide a descr ipt ion of mass t r a n s f e r  t o  bubbles from a 

turbulent  l i qu id  t h a t  may be  applicable t o  cocurrent flow. 

has chosen t o  name these (1) Surface Renewal, ( 2 )  Turbulence Interac-  

t i ons ,  (3)  Modeling of t h e  Eddy Structure,  and (4)  Dimensional Analysis 

(Empiricism). 

t h e r e  may be considerable overlapping among areas ( f o r  example, a cer- 

t a i n  degree of empiricism i s  evident i n  each). 

i nd i r ec t  equivalence among those within a given category. 

The author 

These do not necessar i ly  encompass a l l  approaches and 

There may be only an 

Some representat ive works have been categorized according t o  t h e i r  

approach and l i s t e d  i n  Table 11. 

given below. 

A b r i e f  discussion of each category i s  

Surface Renewal Models 

This category i s  of considerable h i s t o r i c a l  i n t e r e s t  espec ia l ly  t h e  

o r ig ina l  contr ibut ions of Higbie3" and Danckwerts. 3 3  

The so-called surface renewal models can be envisioned by imagining 

the  in t e r f ace  as being adjacent t o  a semi- inf ini te  f l u i d  through which 

turbulent  eddies having uniform concentrations cha rac t e r i s t i c  of t he  

continuous phase, per iodica l ly  penetrate  t o  "renew" t h e  surface. 

mass t r a n s f e r  then depends on the  r a t e  and depth of eddy penetrat ion and 

t h e  eddy residence time near t h e  surface (o r  t h e  d i s t r ibu t ion  of  eddy 

ages). 

of  the  diff 'usion equation 

The 

For a given eddy, t h e  o r ig ina l  models are  e s s e n t i a l l y  solut ions 

a2c 
3Y" 

- 8 -  . ac 
a t  - -  
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Table 11. Categories of Data Correlat ion for Mass Transfer 
from a Turbulent Liquid t o .  Gas Bubbles 

Brian and Beaverstock (40)" 
Danckwerts (33) 
Davies, Kilner, and Ra tc l i f f  (41)  
G a l - O r ,  Hauck, and Hoelscher (42)  
Gal-Or and Resnick (43) 
Harriot  (44) 
Higbie (32) 
King (25) 
Koppel, Patel ,  and Holmes (45) 
Kovasy (46) 
Lamont and Scot t  (12)  
Perlmutter (47) 
Ruckenstein (48) 
Sideman (49) 
Toor and Marchello (34) 

3. Modeling of t h e  Eddy 
Structure  

Banerjie, Scot t ,  and Rhodes ( 5 1 )  
Fortescue and Pearson (23) 
Lamont (11) 

2. Turbulence In te rac t ions  

Boyadzhiev and Elenkov (19) 
Harriot  (50) 
Kozinski and King (24) 
Levich (36) 
Peebles ( 2 )  
Porter,  Goren, and Wilke (20)  
Sideman and Barsky (21) 

4. Dimensional Analysis 
(Empiricism) 

Barker and Treybal (52)  
Calderbank and Moo-Young (16) 
Figueiredo and Charles (15)  
Galloway and Sage (53) 
Heuss, King, and Wilke (13) 
Hughmark (54)  
Middleman (38) 
Scot t  and Hayduk (10) 
Sherwood and Brian (17) 

a Reference number. 

V 



A s  shown by Toor and M a r c h e l 1 0 , ~ ~  t h e  " f i l m "  model f i r s t  introduced 

by Whitman36 corresponds t o  the  asymptotic solut ion of t h i s  equation a t  

long times (no surface renewal) where k would be proportional t o  B and 

Sherwood number would be independent of Schmidt number. The "penetra- 

t i on"  model f i r s t  introduced by Higbie3" and l a t e r  extended by Danckwerts"" 

corresponds t o  t h e  asymptotic solut ion a t  short  times where k would be 

proport ional  t o  dsl' or  Sh - Sc" ". Depending on the  d i s t r ibu t ion  of 

contact times between the  eddies and the surface, t he  t r a n s f e r  may take 

on cha rac t e r i s t i c s  of e i the r  or both of t he  above. 

King26 generalized t h i s  approach t o  include turbulence e f f e c t s  by 

replacing Equation (4 )  with 

where IJ- 

tance from t h e  surface as  

i s  an eddy d i f f u s i v i t y  which he a r b i t r a r i l y  l e t  vary with d i s -  e 

b 
P e N Y  

This model approaches t h e  same asymptote (Sh-  Scl'") a t  short  times but 

d i f f e r e n t  asymptotes a t  long times depending on t h e  value of b (with b = 

3, Sh - S C " ' ~ ~ ;  with b = 4, Sh - S C ~ ' " ~  >. 
To e s t ab l i sh  an ove ra l l  mass-transfer r a t e ,  it i s  necessary t o  

ass ign a frequency with which t h e  surfaces are  "renewed" ( o r  the  d i s t r i -  

bution of eddy ages). 

t h i s  model mostly involve the choice of d i f f e ren t  functions t o  describe 

The d i f f e ren t  extensions and modifications of  

t h e  randomness of t h e  eddy penetrations.  

s ign i f icant  information as  t o  t h e  e f f e c t  of bubble s ize ,  conduit s ize ,  

None of these models give 

o r  Reynolds number. They a re  mechanistically unsa t i s fac tory  because the  



hydrodynamic e f f ec t s  a r e  of ten  ignored o r  included by r e l a t i n g  the  eddy 

age d i s t r ibu t ion  i n  some way t o  the  flow f i e ld .  For example, Lamont and 

Scott’” assumed t h a t  t h e  f r ac t iona l  r a t e  of surface renewal, s, (k  d z )  
i s  given by 

s - Re dF . 
There i s  r e a l l y  no clear-cut way t o  e s t ab l i sh  a re la t ionship  between the  

r a t e  of surface renewal and t h e  hydrodynamics and, consequently, t he re  

i s  a heavy re l iance  on empiricism. The o r ig ina l  i n t en t  of these models 

w a s  t o  describe t r a n s f e r  t o  a surface (bubble) t h a t  has a d i s t i n c t  steady 

flow r e l a t i v e  t o  the  l iquid.  

Modeling of t he  Eddy Structure  

If the  f l u i d  ve loc i ty  f i e l d  i n  the  v i c i n i t y  of t h e  in t e r f ace  could 

be completely described, then t h e  computation of t r a n s f e r  r a t e s ,  i n  

pr inc ipa l ,  would be straightforward. However, a t  t h e  present time, 

t he re  a re  no sa t i s f ac to ry  descr ipt ions of t h e  d e t a i l s  of a turbulent  

ve loc i ty  f i e l d  and even i f  such were available,  t h e  mathematical account- 

ing of t h e  d i f f e r e n t i a l  t r a n s f e r  processes might become in t rac tab le .  

Consequently, there  have been idea l iza t ions  of t h e  eddy s t ruc tu re  with, 

admittedly, u n r e a l i s t i c  f i e l d s  and mass-transfer behavior has been com- 

puted based on these  ideal izat ions.  

Lamont’s work” provides an excellent example of t h i s  approach. He 

modeled t h e  eddy s t ruc ture  by considering individual  eddy c e l l s  t h a t  have 

a s inusoidal  form a t  a su f f i c i en t  dis tance away from the  in t e r f ace  

(corresponding perhaps t o  an individual  component of a Fourier decompo- 

s i t i o n  of t h e  turbulent  f i e l d ) .  

forces  dampen the  eddy c e l l  ve loc i t i e s  by an amount t h a t  depends on the  

A s  the  in t e r f ace  i s  approached, viscous 
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i n t e r f a c i a l  condition (mobile o r  r i g id ) .  Lamont calculated the  mass- 

t r a n s f e r  coef f ic ien t  f o r  an individual  eddy c e l l  as a m c t i o n  of t h e  

damping condition, f l u i d  propert ies ,  t h e  wave propert ies ,  and t h e  eddy 

energy. He then used a Kovasznay d i s t r ibu t ion  f’unction f o r  t he  energy 

spectrum and summed over a range of wave numbers t o  obtain the  ove ra l l  

coef f ic ien t .  The r e s u l t s  of t h i s  procedure were 

k -  (SC) (gmv)‘’ 

f o r  a mobile i n t e r f ace  and 

k - ( S C ) - ~  (cmV)’/  

f o r  a r i g i d  in te r face .  

Using Equation (l), these give 

Sh - Scl/ Reo’ 69 

and 

Sh N Sc’/ Reoo6’ Y 

respectively.  

The present wr i t e r  f e e l s  t h a t  t h i s  approach may represent a bridge 

between surface renewal models and turbulence theory and as  such deserves 

p a r t i c u l a r  mention. 

Turbulence In te rac t ions  

Some authors have attempted t o  analyze t h e  forces  and in te rac t ions  

between spheres and f l u i d  elements i n  a turbulent  f i e l d  t o  a r r ive  a t  

equations f o r  t h e  f luc tua t ing  motion of t h e  spheres. These equations 

a re  solved t o  obtain a “mean” r e l a t i v e  ve loc i ty  between the  bubble and 

t h e  f l u i d  .which i s  then subs t i tu ted  i n t o  a steady-flow equation (usual ly  

of t h e  FrGssling type) t o  e s t ab l i sh  the  mass-transfer coef f ic ien ts .  

work of L e ~ i c h ~ ~  i s  of t h i s  nature and Peebles2 used t h i s  approach i n  

The 
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h i s  document. For example, Peebles used t h e  r e s u l t  of H i n ~ e ~ ~  f o r  small 

gas bubbles 

which e s s e n t i a l l y  comes from an in tegra t ion  of the  equation 

where W i s  an added mass coef f ic ien t  f o r  an accelerat ing spherical  

bubble. The r e l a t i v e  ve loc i ty  i s  then 

Peebles used t h e  approximations 

i n  t h e  above which were then subs t i tu ted  i n t o  Frijssling type equations 

t o  obtain Sh - ReooG6 Scl’ a (d/D)-l/ for a mobile i n t e r f ace  and Sh - 
Sell (d/D)-” a f o r  a r i g i d  interface.  Reo. 4 6 

I n  a similar computation which included Stokes law t o  describe t h e  

drag experienced by the  bubble, L e ~ i c h ~ ~  obtained f o r  a mobile i n t e r f ace  

Sh N Re3/ Scl’ . 

Dimensional Analysis (Empiricism) 

Some workers have chosen t o  pos tu la te  t he  physical var iables  t h a t  

may be control l ing and have used standard dimensional analysis  techniques 

for ordering the experimental data. 

splendid example of t h i s  approach a s  applied t o  ag i ta ted  vessels.  Also 

f o r  ag i ta ted  vessels ,  Calderbank and Moo-Young’‘ used dimensional 

analysis  t o  obtain Equation ( 2 )  and Sherwood and Brian17 dimensionally 

The paper by Middleman38 i s  a 

r e l a t ed  S%/Scl’ t o  [c d4/v3I1’ ’. m 
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Also included under t h i s  category i s  a most i n t e re s t ing  cor re la t ion  

by Figueiredo and Charles15 f o r  a heterogeneous p ipe l ine  flow of s e t t l i n g  

pa r t i c l e s .  

f o r  flow of t h e  susFension t o  t h e  pressure gradient f o r  flow of t h e  

l i q u i d  alone and assumed tha t ,  i f  a l t e r ed  by the  r a t i o  d/D, it could 

a l so  represent t h e  r a t i o  of mass-transfer coef f ic ien ts  f o r  t h e  p a r t i c l e s  

t o  those f o r  t r a n s f e r  from the  l i qu id  t o  the  pipe w a l l .  They found t h a t  

they could, indeed, use t h i s  r a t i o  t o  co r re l a t e  t h e i r  da ta  f o r  a s e t t l i n g  

suspension with t h e  data  of Harriot  and Hamilton. 39 

They used an expression f o r  t h e  r a t i o  of pressure gradient 

Discussion 

It i s  seen t h a t  the  theo re t i ca l  descr ipt ion of mass t r ans fe r  t o  

bubbles i n  cocurrent turbulent  flow has by no means been standardized. 

There seems t o  be somewhat general  agreement as t o  the  e f f ec t  of Schmidt 

number. The Sherwood numbers f o r  cases of com-pletely r i g i d  in te r faces  

w i t h  zero tangent ia l  ve loc i ty  a t  t he  surface (no s l i p )  applicable t o  

s o l i d  spheres, very s m a l l  bubbles, and bubbles with surfactant  contami- 

nation i n  t h e  in t e r f ace  are generally predicted t o  vary with Schmidt 

number t o  t h e  one-third power. Completely mobile in te r faces  (negl ig ib le  

tangent ia l  s t r e s s  with non-zero i n t e r f a c i a l  ve loc i ty)  a re  general ly  pre- 

dicted t o  y i e ld  a s ~ ~ ’ ~  va r i a t ion  of  Sh. 

There i s  only scant and inconsis tent  information predict ing the  

e f f e c t s  of bubble and conduit diameter. For example, Levich predic t s  

no e f f ec t  of d/D while Peebles pred ic t s  S h -  (d/D)- l /” .  

There i s  general  disagreement as  t o  t h e  e f f e c t  of Reynolds number 

as  evidenced by t h e  f a c t  t h a t  exponents have been predicted t h a t  range 
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from 0.45 t o  > 1. These d i f fe ren t  exponents may not be mutually exclusive - 
however because an inspection of the  experimental data  shows disagreement 

i n  t h e  measured exponents also.  It may be t h a t  t h e  proper appl icat ion of 

these equations depends on su i t ab le  evaluation of t h e  conditions of t he  

experiment. 



CHAPTER I11 

D E S C R I P T I O N  OF EXPERIMENT 

This experiment w a s  designed t o  measure l i qu id  phase control led 

mass-transfer coef f ic ien ts  f o r  cocurrent p ipe l ine  flow of turbulent  

l i qu ids  with up t o  1% volume f r ac t ion  of small helium bubbles having 

mean diameters f iom 0.01 t o  0.05 inches. The l i qu ids  chosen were f i v e  

mixtures of  glycerine and water (0, 12.5, 25, 37.5, and 50% by weight 

of glycerine) each of which represent a d i f f e ren t  Schmidt number. The 

physical  p roper t ies  of these mixtures, obtained from the  l i t e r a t u r e ,  55 

a r e  shown graphical ly  i n  Appendix A and the  values used i n  t h i s  study 

f o r  t h e  given mixtures are  l i s t e d  i n  Table 111. 

Transient Response Technique 

A closed r ec i r cu la t ing  system w a s  used i n  which helium bubbles 

were introduced (generated) a t  t h e  entrance of a well-defined t e s t  

sect ion and removed r i che r  i n  oxygen a t  t h e  ex i t ,  allowing only the  

bubble-free l i q u i d  t o  rec i rcu la te .  

The products of mass-transfer coef f ic ien ts  and i n t e r f a c i a l  areas 

were measured by a t r ans i en t  response technique i n  which the  system was 

i n i t i a l l y  charged w i t h  dissolved oxygen. The oxygen was then progress- 

i ve ly  removed by t r ans fe r  t o  t h e  helium bubbles while t he  oxygen concen- 

t r a t i o n  w a s  continuously monitored as a function of time a t  a s ing le  

pos i t ion  i n  the  system. 

For a t e s t  sect ion of length,  L, and cross-sect ional  area, A, it 

can be shown (Appendix B) t h a t  t h e  r a t i o  of e x i t  concentration t o  i n l e t  

19 



Table III. Physical Properties of Aqueous-Glycerol Mixtures (25°C) 
Data of Jordan, Ackerman and Berger" 

Molecular 
Glycerol Henry's Law Diffusivity of Schmidt 
Content Density, p Viscosity, p Constant, H Modulus, SC 

Cd %> (lb/ft3) (lb/ft*hr) (atm*liters/mole) 
Oxygen, d9 x 10' 

(ft"/hr) (Dimensionless 

0 62.43 2.15 795.4 a. 215 419 8 

12.5 64.43 3.07 1127.6 12.865 370 

25 66.49 4.62 1421.0 9.261 750 

37.5 67.67 6.34 1621.8 4.650 2015 

50 69.86 10. a2 2011.1 4.495 3446 

( , 
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W concentration, C /C i s  a constant, K, given by e i' 

d K E C / C .  = y l + y  + e  , 
e 1  

where 

kaAL(1 + y) RTQ a 
y = -  and = 

HQg Qa 
I n  the  absence of a x i a l  smearing, each time the  f l u i d  makes a com- 

p l e t e  passage around the  closed c i r c u i t  (loop t r a n s i t  time, T, = Vs/QR) 

t h e  concentration a t  t he  measuring pos i t ion  would ( idea l ly )  decrease 

instantaneously from i t s  value, C,  t o  a value equal t o  KC. Therefore, 

i n  ac tua l i t y ,  t he  r a t io ,  C/Co, of the  concentration a t  any time t o  t h a t  

a t  an i n i t i a l  reference time ( s e t  equal t o  zero) would be given by 

S J 
C/Co = Exp [--I = Exp L V 

Therefore a p l o t  of h ( C / C o )  versus time would be a straight l i n e  of 

slope - ( h K ) Q  /V 

because a s igna l  t h a t  i s  merely proportional t o  the  oxygen concentration 

would have the  same slope. 

volumetric flow ra te ,  Q have been measured, t he  constant K can be 

extracted from t h e  slope of t h e  measured t rans ien t .  Having a measure 

a l so  of gas volumetric flow, Q and t h e  system absolute  temperature, T, 

and knowing R, H, A, and L, the  product, ka, can be  obtained from K 

through Equations ( 5 ) .  

then the  mass-transfer coef f ic ien ts  a re  f u l l y  determinable. 

Note t h a t  t h e  absolute value need not be measured a s' 

If the  system volume, V s J  and t h e  l i qu id  

a' 

g ' 

If an independent measure i s  a l so  made of "a," 
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This technique was selected a s  being superior t o  a once-through 

t e s t  t h a t  requires  an independent measurement of t h e  oxygen concentra- 

t i o n  a t  both ends of t h e  t e s t  sect ion f o r  reasons i l l u s t r a t e d  by t h e  

following comparison. 

In  a once-through system with a 37.5% mixture and conservative 

values of Q /Q 

number = 6 x lo4, and a mass-transfer coef f ic ien t  of 0.7 f%/hr, a t e s t  

sec t ion  length of -100 f e e t  would be required t o  obtain a concentration 

change across t h e  t e s t  sect ion of only 

= 1%, bubble mean diameter = 0.01 inches, Reynolds 
g R  

Ce/Ci = 0.9 . 
A t  t h i s  l e v e l  a small error i n  the  concentration measurement would be 

magnified i n  the  determination of  ka. In  cont ras t ,  t h e  same conditions 

i n  a t r ans i en t  t e s t  w i t h  only a 25-ft-long t e s t  sect ion would give a 

concentration change of C/Co 0.1 i n  only about seven minutes - grea t ly  

reducing t h e  e r ro r  magnification i n  ka. I n  re turn  fo r  t h i s  benef i t ,  t he  

values of t o t a l  system volume, Vs, and t h e  time coordinate, t, need a l so  

t o  be measured. These, however, a r e  parameters t h a t  can be measured 

very p rec i se ly  compared t o  t h e  concentration measurement. 

t h e  t r ans i en t  t e s t s  should r e s u l t  i n  more r e l i a b l e  data. 

Therefore, 

On the  other hand, t h e  concentrations i n  once-through t e s t s  a re  

measured a t  spec i f ic  loca t ions  t h a t  bracket t h e  region of i n t e r e s t  and 

only the  t ranspor t  behavior within tha t  region i s  important. Whereas i n  

t h e  t r ans i en t  t e s t s  a l l  mass t r a n s f e r  occuring outside the  t e s t  sect ion 

i s  extraneous and represents an "end ef fec t"  contr ibut ion t h a t  must be 

independently measured and accounted f o r  i n  determining t h e  "ka" product. 

This "end ef fec t , "  which would include mass t r ans fe r  occuring i n  the  
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bubble generating and separating processes, represents t h e  most ser ious 

disadvantage and e r ro r  source i n  t h e  t r ans i en t  measurements. The 

measurement and accounting f o r  t h e  "end e f f ec t "  a r e  discussed fu r the r  

on page 47. 

Apparatus 

I n  construct ing the  main c i r cu la t ing  systems of t he  experiment 

exclusive use was  made of s t a i n l e s s  s t e e l  or glass  hardware and a l l  

gaskets were Teflon. 

t h e  system f r e e  of contamination. Figure 1 i s  a photograph of t h e  

f a c i l i t y  with the  t e s t  sect ion mounted i n  t h e  v e r t i c a l  o r ien ta t ion  and 

Figure 2 i s  a diagram of t h e  main c i r c u i t  portion. 

(Appendix C )  i s  an instrument appl icat ion drawing o f  t he  system which 

includes an aux i l i a ry  flow c i r c u i t  used f o r  rotameter ca l ib ra t ion  and 

for spec ia l  t e s t s .  

This was p a r t  of ca re fu l  measures taken t o  keep 

Figure 28, page 1 2 1  

The main c i r c u i t  consisted of a canned ro to r  c e n t r i f i g a l  pump, 

th ree  p a r a l l e l  rotameters, a heat exchanger, t h ree  dissolved oxygen 

measuring sensors, a helium flow and metering system, a bubble generator, 

t h e  t e s t  section, a bubble separator,  a photographic arrangement f o r  

determining the  bubble i n t e r f a c i a l  areas and mean diameters, and a 

dra in-and-f i l l  tank equipped with scales  f o r  prec ise  determination of 

t h e  weight percent of glycerine i n  the  mixture. Further descr ipt ions 

of individual  components a re  given below. 

pump 
The main c i r cu la to r  was a 20 HP Westinghouse "100-A" canned ro to r  

constant speed cent r i fuga l  pump capable of del iver ing about 100 gpm a t  
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Figure 1. Photograph of the  Mass Transfer Facility. 
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about 180 f e e t  of head. 

s t a i n l e s s  s t e e l  and the  bearings were graphi ta r  - l u b r i c a t e d  so le ly  by 

t h e  loop f lu id .  

windings c i r cu la t ed  transformer o i l  through the windings and through an 

ex terna l  c i r c u i t  containing an aux i l i a ry  o i l  pump, a f i l t e r ,  and a small 

water-cooled heat exchanger. The pump was sa fe ty  instrumented t o  turn  

off on los s  of pressure i n  t h e  o i l  c i r c u i t  or on high temperature of 

t h e  motor housing. 

The motor cannings, housing, and impeller were 

An aux i l i a ry  c i r c u i t  required t o  cool t he  pump motor 

Liquid Flow Measurement 

The l i q u i d  flow r a t e  was control led by three  p a r a l l e l  s t a i n l e s s  

s t e e l  globe valves downstream of t h e  pump a t  t h e  entrances t o  the  rota-  

meters. 

and 8 gpm) were used f o r  measuring l i q u i d  volumetric flow ra tes .  

judicious use of the  rotameter scales ,  p a r a l l e l  rotameters provide 

g rea t e r  prec is ion  when measurements are  required over a wide flow range. 

In  each experiment, however, some flow was allowed t o  go through each 

rotameter t o  prevent having regions t h a t  might "lag" t h e  r e s t  of t h e  

loop during the  t r ans i en t  t e s t s  and thereby become concentration 

"capacitance" volumes. 

Three p a r a l l e l  rotameters of d i f f e ren t  capac i t ies  (100, 40, 

By 

Because of t h e  l a rge  differences i n  v i s c o s i t i e s  over t h e  range of 

glycerine-water mixtures used, t h e  rotameters were ca l ibra ted ,  i n  place,  

f o r  both water and a 50% mixture, 

t h e  use of two i d e n t i c a l  6-inch-diameter, 6-feet-long g lass  tanks i n  

the  aux i l i a ry  c i r c u i t  valved together i n  such a way t h a t ,  while one was 

being f i l l e d ,  t h e  other was being drained. 

l eve r  reversed the  process before t h e  l i q u i d  could s p i l l  over t h e  top. 

These ca l ibra t ions  were obtained by 

Changing the  pos i t ion  of one 
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The time required t o  f i l l  ( o r  empty) a known volume of e i the r  of these 

tanks was measured over t he  e n t i r e  range of each rotameter. 

i b ra t ions  are  given i n  Appendix D. 

These ca l -  

Since the re  was only a small difference i n  t h e  ca l ib ra t ion  between 

0 t o  50% glycerine,  t h e  flow f o r  in-between mixtures was determined by 

l i n e a r l y  in te rpola t ing  between t h e  two curves according t o  t h e  viscosi ty .  

Temperature S tab i l i za t ion  

The f l u i d  temperature was measured a t  t he  i n l e t  and ex i t  of t he  t e s t  

sec t ion  by standard s t a i n l e s s  s t e e l  sheathed chromel-alumel thermocouples 

immersed i n  the  f lu id .  

t e s t  sec t ion  temperature held a t  25OC f o r  a l l  t e s t s  by a s t a in l e s s - s t ee l ,  

water-cooled, shell-and-tube heat exchanger. 

The f r i c t i o n  and pump heat were removed and the  

Gas Flow Measurement 

Helium f o r  generation of t h e  bubbles was obtained from standard 

commercial cyl inders  metered through a pressure regulator ,  a s a fe ty  

r e l i e f  valve, and a flow cont ro l  needle valve. 

was determined by measuring both t h e  e x i t  pressure and t h e  pressure drop 

across a 6-foot length of tubing of about 1/16-inch i n t e r n a l  diameter. 

The r a t e  of helium flow 

These measurements were made with a Bourden type pressure gage and a 

wa te r - f i l l ed  U-tube manometer, respectively.  

Cal ibra t ion  a t  atmospheric conditions was obtained p r i o r  t o  opera- 

t i o n  by comparing with readings from a wet- tes t  meter timed with a s top 

watch. The ca l ib ra t ion  a t  50 ps ig  e x i t  pressure (normal operating con- 

d i t i on )  i s  given i n  Figure 33, page 127 (Appendix D) .  The ca l ib ra t ion  
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and t h e  leak t igh tness  of t h i s  system were checked per iodica l ly  over 

t h e  course of t h e  experimental program. 

Dissolved Oxygen Measurement 

Two iden t i ca l  commercially avai lable  “Polarographic” type ins t ru-  

ments were used t o  measure the  dissolved oxygen concentration (Magna 

Oxymeter Model 1070, Magna Corporation-Instrument Division, 11808 South 

Bloomfield Avenue, Santa Fe Springs, Cal i fornia) .  Two were used so  

t h a t  an automatic continuous check was provided by comparing t h e  readings 

of one with t h e  other. 

t h e i r  e l ec t ro ly t e  or f a i l  simultaneously. 

ographic type sensors inser ted  i n t o  t h e  flowing l i q u i d  through penetra- 

t i o n s  i n  t ee s  provided f o r  t h a t  purpose. 

by t h e  sensors were fed through recording adaptors and t h e  r e su l t i ng  

mi l l i vo l t  s igna ls  recorded on a Brown Multipoint recorder having a 

measured chart  speed of 1.18 inches/sec. 

It w a s  f e l t  un l ike ly  t h a t  both would use up 

These instruments used polar- 

E l e c t r i c a l  s igna ls  produced 

Each sensor assembly consisted of an e l e c t r o l y t i c  c e l l  made up of 

a cathode, anode, and an e l ec t ro ly t e  mounted i n  a p l a s t i c  cy l ind r i ca l  

housing. The end of  t he  housing, containing the  c e l l ,  w a s  encased i n  

a t h i n  oxygen-permeable Teflon membrane which a l so  acted t o  contain the  

e lec t ro ly te .  

cathode causing a current t o  flow through t h e  system from cathode t o  

anode. The magnitude of t h i s  current i s  proport ional  t o  t h e  oxygen 

concentration i f  su f f i c i en t  l i q u i d  ve loc i ty  e x i s t s  (-2 f t / s e c )  t o  pre- 

vent concentration polar izat ion a t  t h e  membrane. 

The dissolved oxygen i s  e l e c t r o l y t i c a l l y  reduced a t  t h e  
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The response times for these  instruments a r e  grea te r  than 90% i n  

30 seconds. 

able  e r ro r  i n  t h e  t r ans i en t  t e s t s  i s  given i n  Appendix E. 

Since t h e  t r ans i en t  response technique used i n  these t e s t s  requires  

An analysis  showing t h a t  t h i s  response produces an accept- 

a s igna l  t h a t  i s  merely proport ional  t o  t h e  oxygen concentration, an 

absolute ca l ib ra t ion  of these instruments was not necessary. Neverthe- 

l e s s  ca l ib ra t ion  t e s t s  were made for two d i f f e ren t  mixtures of glycerine 

and water by bubbling a i r  through the mixtures a t  d i f f e ren t  pressures 

u n t i l  they became saturated.  Knowing t h e  s o l u b i l i t y  of oxygen i n  t h e  

mixtures, the  meter reading could be s e t  on t h e  calculated concentration 

f o r  an i n i t i a l  "set-point" pressure and subsequent readings a t  d i f f e ren t  

pressures  compared with calculated values (assuming a Henry's Law re l a -  

t ionship) .  Cal ibrat ions obtained i n  t h i s  manner are  shown on Figure 34, 

page 128 (Appendix D )  which includes readings made with a t h i r d  in s t ru -  

ment s imi la r  t o  t h e  Magna instruments but made by a d i f f e ren t  company. 

The response speed of t h i s  t h i r d  sensor proved t o  be slow compared t o  

t h e  Magna sensors and consequently it was used only as an independent 

monitor on t h e  operabi l i ty  of t he  Magna sensors throughout these experi- 

ment s. 

Bubble Generation 

Special  apparatus was required t h a t  could generate a dispers ion of 

small bubbles whose mean s i z e  could be control led and var ied over t h e  

range 0.01 t o  0.05 inches independently of t h e  pa r t i cu la r  l i q u i d  mixture 

being used and of t he  flow r a t e s  of gas and l iqu id .  

sidered and discarded as belng inadequate were (1) a f i n e  poros i ty  

f r i t t e d  g lass  disc  through which the  gas was blown i n t o  t h e  l iqu id ,  and 

Two devices con- 
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(2)  two p a r a l l e l  s t a i n l e s s  s t e e l  discs ,  a r o t o r  and a s t a to r ,  each 

equipped with intermingling blades. The gas-liquid mixture flowed 

between the  blades and t h e  gas w a s  broken i n t o  f i n e  bubbles by t h e  

shearing action. 

The bubble generator designed and developed f o r  t h i s  project  i s  

shown diagrammatically on Figure 3. 

verging diverging nozzle with a 1-inch-diameter t h roa t  and a 2-inch- 

diameter entrance and exi t .  The sec t ion  downstream of the  th roa t  

diverged a t  an angle of about 1 2  degrees. 

probe of maximum cross-sect ional  diameter of -0.812 inches was movable 

and could be c e n t r a l l y  posit ioned anywhere i n  the  diverging sect ion 

including the  th roa t  and exi t .  

c a r r i ed  t h e  gas i n t o  the system. The tube, i n  turn,  was supported by a 

"Swagelok" f i t t i n g  penetrat ing a f lange on the  end of t he  s t r a igh t  l e g  

of a t e e  connected t o  t h e  nozzle entrance. Four small posi t ioning rods 

near t he  throa t  centered the  probe within the  nozzle and helped support 

it. 

ing  vanes used t o  minimize t h e  l i q u i d  swirl induced by the  r i g h t  angle 

turn  a t  t he  t e e  entrance t o  t h e  nozzle. 

The l i q u i d  flowed through a con- 

A c e n t r a l  "plumb-bob" shaped 

This probe w a s  supported by a tube which 

They also acted as holders f o r  a sect ion of "honey-comb" s t ra ighten-  

Gas entered t h e  l i qu id  through 48 holes (1/64-inch-diameter) around 

t h e  probe periphery a t  i t s  maximum thickness and exi ted as  a s e r i e s  of 

p a r a l l e l  plumes which were broken i n t o  individual  bubbles by t h e  turbu- 

lence i n  the  diverging sec t ion  of the  nozzle. The mean bubble s i z e  f o r  

a given flow and mixture was control led by t h e  pos i t ion  of t h e  probe 

within the  nozzle 

t h e  mean bubble s i z e  produced). 

( t h e  c loser  the probe was t o  the  th roa t  t h e  smaller 

1' 
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Bubbles generated by t h i s  device were found t o  follow c lose ly  a 

s i ze  d i s t r ibu t ion  function proposed by Bayens‘“ and previously used t o  

descr ibe droplet  s i ze s  produced i n  spray nozzles, 

The f’unction, defined as f (  6)d6 = t h a t  f r a c t i o n  of t he  t o t a l  number 

I 

of bubbles t h a t  have diameters, 6, ly ing  i n  the range 6 f 1/2 d6, i s  

given by 

f ( 6 )  = 4 (C?/IT)~’’ 6“ Exp ( 4 6 ” )  (6) 

i n  which 

cx = [4JGN/6@IV3 . 
This function has been normalized so t h a t  

m 

J f(6)d6  = 1 . 
0 

An indica t ion  of t h e  s u i t a b i l i t y  of t h i s  d i s t r ibu t ion  function i s  

given i n  Figure 4 where measured cumulative s i z e  d i s t r ibu t ions  f o r  

bubble populations produced by t h e  bubble generator a r e  compared 

with the  d i s t r ibu t ions  calculated from t h e  f ine t ion  a t  d i f f e ren t  l i qu id  

flows and d i f f e ren t  r a t i o s  of gas t o  l i qu id  flows. The measured d i s t r i -  

butions were obtained by painstakingly scal ing t h e  s i zes  of a su f f i c i en t  

number of bubbles d i r e c t l y  off  photographs taken of t h e  bubble swarms a t  

each condition. These measured areas should be accurate within about 

10%. 

The range of mean bubble s i zes  capable of being produced by t h i s  

bubble generator were measured a t  a constant gas-to-liquid volumetric 

flow ra t io ,  Q /Q 

mixtures of glycerine and water, and d i f fe ren t  probe posi t ions.  

of 0.3% a t  d i f f e ren t  l i qu id  flow ra t e s ,  d i f f e ren t  
g A’ 

The r e s u l t s  are  shown on Figure 29, page 123 (Appendix D ) .  The mean 
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diameter used throughout t h i s  repor t  i s  t h e  "Sauter" mean defined by 

W 

so 6" f (6)d6  

which i s  the  volume-to-surface weighted mean commonly used i n  mass- 

t r ans fe r  operations . 

Bubble Se-Daration 

Since t h i s  pro jec t  uses the  t r ans i en t  mode of t e s t ing ,  bubbles t h a t  

r ec i r cu la t e  and ex t rac t  dissolved oxygen from t h e  l i q u i d  i n  regions out- 

s ide  t h e  t e s t  sect ion cons t i tu te  an e r r o r  source i n  the  measurements. 

Consequently a high degree of separation i s  des i rab le  f o r  t h i s  method 

of tes t ing .  Some techniques considered were (1) grav i t a t iona l  separa- 

t i o n  i n  a tank, ( 2 )  cen t r i fuga l  separation through t h e  use of vanes t o  

induce a s t rong vortex, and (3)  separat ion by flowing through a porous 

metal which might ac t  as  a physical  b a r r i e r  t o  t h e  bubbles. Each of 

these  had shortcomings t h a t  prevented t h e i r  use i n  t h i s  project .  For 

example, with g rav i t a t iona l  separation t h e  tank s i z e  required for t h e  

viscous mixtures was ponderously large.  This increases  t h e  system 

volume re su l t i ng  i n  a "sluggish" loop and an accompanying increase i n  

t h e  measurement error .  

With cent r i fbga l  separation there  were problems i n  s t a b i l i z i n g  t h e  

gaseous core of t h e  vortex over a wide range of operating conditions. 

I n  addition, l a rge  by-pass of bubbles ( i n e f f i c i e n t  separation) w a s  

observed and there  was too much l iqu id  carryover through the  gas removal 

duct . 
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The porous physical b a r r i e r s  t e s t e d  required la rge  f r o n t a l  areas 

or had prohib i t ive  pressure drops, and the  bubbles were observed t o  

regular ly  penetrate  these bar r ie rs .  

A s a t i s f ac to ry  separator  w a s  f i n a l l y  developed t h a t  combined fea- 

t u r e s  of each of t h e  above. A diagram of t h i s  separator  i s  shown on 

Figure 5. The liquid-bubble mixtures entered the  bottom of a 6-inch- 

diameter pipe. A s e r i e s  of Plexiglas  vanes j u s t  beyond t h i s  entrance 

created a s w i r l  flow within t h e  tank which tended t o  force  the  bubbles 

t o  t h e  middle. 

cone-shaped region with s ides  of 500-mesh s t a in l e s s  s t e e l  screen. When 

wetted by the  l iqu id ,  t h e  screen acted as  a physical  b a r r i e r  t o  t h e  

bubbles but allowed the  l i qu id  t o  pass through. The l i qu id  exi ted from 

t h e  separator  while t h e  bubbles continued t o  r i s e  through t h e  t runcated 

end of t h e  conical  screen t o  an in t e r f ace  where t h e  gas was vented 

through a small e x i t  l ine .  The system pressure l e v e l  was a l so  con- 

t r o l l e d  a t  t h i s  i n t e r f ace  by providing an aux i l i a ry  sweep of helium 

through t h e  ex i t  l ine.  

The spinning mixture flowed upward i n t o  a converging 

Good separat ion w a s  achieved with t h i s  apparatus over the  t e s t  con- 

d i t i ons  of t h i s  t hes i s .  No bubbles could be  detected i n  photographs 

taken downstream of t h e  separator.  However, with the  use of a l i g h t  

beam, some bubbles t h a t  appeared t o  be smaller than the  screen mesh 

s i z e  could be detected visual ly .  After  passing through t h e  pump and 

enter ing a higher pressure region these  bubbles apparently went i n t o  

solut ion because they could no longer be v i sua l ly  detected downstream 

of t h a t  region. If indeed they d i d  go i n t o  so lu t ion  along w i t h  t h e i r  

small amount of extracted oxygen, they would have hardly cons t i tu ted  
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a s ign i f icant  e r r o r  i n  the  mass-transfer measurements. Nevertheless, 

severa l  "special" t e s t s  were made i n  which about 10% of the  normal gas 

flow w a s  purposely introduced downstream of t h e  separator  and allowed 

t o  rec i rcu la te .  The measured r a t e s  of change i n  loop concentration 

under these  conditions were always l e s s  than 3% of t h e  normal r a t e  and 

t h e  e f f ec t  of t he  apparently much smaller amounts of by-pass therefore  

were f e l t  t o  be acceptable. 

This separator  was the  major f ac to r  i n  l imi t ing  t h e  ranges of 

Reynolds numbers t h a t  could be  obtained i n  t h i s  system. For a given 

mixture, as  flow was increased a flow r a t e  was eventually reached a t  

which the re  was an observed "breakthrough" of many la rge  bubbles t h a t  

would continue t o  rec i rcu la te .  A t  t h i s  l e v e l  of  flow it was necessary 

t o  terminate the  t e s t s  with t h e  p a r t i c u l a r  mixture. 

I n  addi t ion t o  t h e  flow l imi t ing  aspect of t h e  separator,  an 

unexpected l a rge  amount of mass t r a n s f e r  occurred there  -probably due 

t o  t h e  energy d iss ipa t ion  of  t h e  s w i r l  and t h e  r e l a t i v e l y  l a rge  amount 

of contact time between t h e  l i q u i d  and gas. 

an t ic ipa ted  "end e f f ec t "  resu l ted  t h a t  had t o  be accounted for i n  deter-  

mining t h e  mass-transfer coef f ic ien ts  applicable t o  the  t e s t  sect ion 

only. This correct ion resu l ted  i n  decreased r e l i a b i l i t y  of t h e  r e su l t s .  

Consequently a l a r g e r  than 

Test Section 

The t e s t  sec t ion  was considered as t h a t  port ion of conduit between 

t h e  bubble generator e x i t  and the  entrance of an elbow leading in to  the  

separator  entrance pipe ( see  Figure 1, page 24). 

sect ions of 2-inch-diameter conduit flanged together with Teflon gaskets. 

A s  encountered i n  the  d i rec t ion  of flow these were a 4-foot-long sect ion 

It consisted of f i v e  
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of g lass  pipe, a 10-foot-long sect ion of g lass  pipe, a 6 1/2-foot-long 

sect ion of s t a i n l e s s  s t e e l  "long-radius" U-bend, another 10-foot-long 

sect ion of  g lass  pipe, and a 5-foot-long sec t ion  of g lass  pipe, f o r  a 

t o t a l  of 35 1 / 2  f e e t  of length. 

were connected t o  t h e  r e s t  of t h e  loop piping through t h e  bubble gener- 

a t o r  t e e  a t  t h e  entrance and an elbow a t  t h e  ex i t  which served as pivot  

po in ts  t o  permit the  t e s t  sect ion t o  be mounted i n  any or ien ta t ion  from 

hor izonta l  t o  ve r t i ca l .  

The t e s t  sect ion and bubble generator 

Bubble Surface Area Determination - Photographic System 

The mean s izes  and i n t e r f a c i a l  areas per  u n i t  volume of t h e  bubble 

dispersions were determined photographically using a Polaroid camera and 

two Strobolume f l a s h  uni t s .  

taken through rectangular g lass  po r t s  f i t t e d  around the  cy l ind r i ca l  

g lass  conduit and f i l l e d  with a l i q u i d  having t h e  same index of refrac-  

t i o n  a s  the  glass.  The po r t  f o r  ' ' in le t"  p i c tu re s  was located about one 

foot  downstream from t h e  bubble generator ex i t  and t h e  "exi t"  po r t  was 

located about two f e e t  upstream from the  t e s t  sec t ion  ex i t .  

To reduce d i s t o r t i o n  t h e  photographs were 

The Polaroid camera was equipped with a spec ia l ly  made te lescopic  

l ens  t h a t  permitted taking photographs i n  good focus across the e n t i r e  

cross  sec t ion  of t he  conduit. The camera was semi-permanently mounted 

onto the  f a c i l i t y  s t ruc tu re  i n  such a manner t h a t  photographs could be 

taken a t  t h e  " in l e t "  por t  and then the  camera pivoted f o r  taking a sub- 

sequent p i c tu re  through the  "exi t"  port .  

t h e  t e s t  section, photographs were taken d i r e c t l y  through t h e  ports. 

For v e r t i c a l  o r i en ta t ion  of 

U 
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For hor izonta l  t e s t s ,  t h e  camera remained i n  i t s  "ve r t i ca l  or ientat ion" 

pos i t ion  and t h e  photographs were taken through high qua l i ty  f ront  sur- 

face  mirrors. 

With the  camera focused along t h e  ax is  of t he  conduit, bubbles 

c lose r  t o  t h e  camera appear l a rge r  and those fu r the r  away sppear smaller. 

To determine the  magnitude of t h i s  possible  e r ro r  source, small wires of 

known diameter were mounted ins ide  t h e  conduit across t h e  cross section. 

Photographs obtained a f t e r  focusing on t h e  cen t r a l  wire indicated l e s s  

than one percent maximum e r r o r  i n  the  apparent diameter reading. 

The Strobolume f l a sh  u n i t s  (one f o r  each po r t )  produced p ic tures  

of bes t  cont ras t  when mounted t o  provide d i f fuse  back l i gh t ing  i n  which 

t h e  l i g h t s  were aimed d i r e c t l y  i n t o  t h e  camera lens  from behind t h e  photo 

ports .  

photo po r t s  served as t h e  l i g h t  diff'users. 

Semi-opaque "milky" Plexiglas  sheets  between t h e  l i g h t s  and the  

Bubble diameters could have been scaled d i r e c t l y  off  t h e  photographs 

for each run and used t o  e s t ab l i sh  t h e  i n t e r f a c i a l  areas and mean diame- 

t e r s  j u s t  a s  w a s  done t o  va l ida te  the  bubble s i z e  d i s t r ibu t ion  f'unction. 

However, this proved to be such an onerous and time-consuming procedure 

t h a t  it would have been prohib i t ive  due t o  t h e  l a rge  number of experi- 

mental runs and need f o r  a t  l e a s t  two photographs for each run. Conse- 

quently, t he  following use was made of t h e  d i s t r ibu t ion  f'unction. 

The i n t e r f a c i a l  area per u n i t  volume i s  defined as 

W 

a f N n6" f ( 6 )  d6 
0 

and t h e  bubble volume f r a c t i o n  i s  given by 

m 
@ c r f(6) d6 . 

0 
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Recalling t h e  de f in i t i on  of the  Sauter mean diameter, Equation (7), it 

i s  seen from t h e  above tha t ,  regardless of t h e  form of t h e  d i s t r ibu t ion  

function, t he  i n t e r f a c i a l  area pe r  u n i t  volume can be expressed as  

For the  d i s t r ibu t ion  

grated t o  give 

3 /  

6m a E -  
d '  vs 

function of Equation (6), Equation 

4 /  

Therefore, by measuring the  volume f r ac t ion ,  @, it 

t o  count t he  number of bubbles per u n i t  volume from t h e  

use Equation (10) t o  es tabl ish the areas. Equation (9) 

(9) 

(8) may be in t e -  

was only necessary 

photographs and 

w a s  then used t o  

determine t h e  mean bubble diameters. Counting t h e  number of bubbles i n  

a representat ive area of t he  photographs was a considerably eas i e r  t a s k  

than measuring t h e  ac tua l  s i zes  of each bubble. However, it was then 

necessary t o  have an independent determination of the  volume f r ac t ion  

occupied by t h e  bubbles. 

HughmarkS4 presented a volume f r ac t ion  

r e l a t ed  a flow parameter, X, defined from 

t o  t h e  parameter 

where 

co r re l a t ion  t h a t  graphic a l l y  

x) m 

Z 3 (Re)'/ (Fr)l/ 8/Y'' 9 

Y Q ~ / ( Q ~  -t- Q ~ }  . 
For p >> p Equation (11) reduces t o  

g ' 
@ = X Q / Q  . 

g R  

I 
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Hughmark's co r re l a t ion  f o r  X a t  s u f f i c i e n t l y  l a rge  Z i s  near ly  f l a t  

with X changing from 0.7 t o  0.9 over a 10-fold change i n  Z. For t he  

conditions of t he  experiments i n  t h i s  report ,  X was considered t o  be 

constant a t  an average value of 0.73. 

When volume f r ac t ions  were measured i n  t h e  v e r t i c a l  flow tests,  

it was found t h a t  

@ = O.73 QgIQA 

gave a good measure of t h e  mean value f o r  a given t e s t  but t h a t  t he  

volume f r ac t ions  were sometimes considerably smaller than t h i s  i n  t h e  

r i s e r  l e g  of t h e  t e s t  sect ion and, a t  t he  same time, comparably l a r g e r  

i n  the  downcomer. It was apparent t h a t  t h i s  difference was due t o  

buoyancy driven r e l a t i v e  flow between t h e  bubbles and t h e  l iquid.  

Separate volume f r ac t ions  were therefore  determined f o r  each l e g  based 

on a mass balance. This mass balance between t h e  r i s e r  and downcomer 

sect ions i n  a constant area conduit takes  t h e  form 

- 

Lett ing 

and 

then 

v = v + v  r b 

'b v = v -  
d 

v + Vb 
@ / @  E N / N  = d r d r V - V b  

The bubble terminal  veloci ty ,  Vb, depends on t h e  bubble Reynolds 

number, Re ( E  V d / Y ) .  b b vs 
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If Reb < 2, then Stokes l a w  r e s u l t s  i n  

If Re > 2, then V b b i s  determined from a balance between t h e  drag 

force  [ ( C , P V " ~ / ~ ~ ~ )  (nd2,,/4) 1 and buoyancy ( p1-rd~~,g/g,6) t o  be 

where the  drag coef f ic ien t ,  Cd, i s  given by 

C = 18.5/Re:'6 . 
d 

It w a s  f'urther assumed t h a t  t h e  average of the  r i s e r  and downcomer 

volume f r ac t ions  could be calculated by 

m + Od r = 0.73 Qg/Qa 
2 

Then with i t e r a t i o n s  t o  es tab l i sh  dvs, Vb, and Reb, Equations (13) and 

(14) were solved t o  determine the  individual  l e g  v e r t i c a l  flow volume 

f rac t ions ,  and Equation (10) was used t o  es tab l i sh  the  i n t e r f a c i a l  areas  

per  u n i t  volume. The averages were used t o  ex t rac t  t he  mass-transfer 

coef f ic ien ts  from t h e  ka products. 

A s  a f'urther indicat ion of t h e  accuracy of t h e  d i s t r i b u t i o n  f'unction 

and the  v a l i d i t y  of t h i s  technique f o r  es tab l i sh ing  t h e  v e r t i c a l  flow 

surface areas,  Figure 6 com-pares some surface areas determined as out- 

l i ned  above with t h e  areas  measured d i r e c t l y  from the  photographs. 

experimental conditions f o r  t he  run numbers ident i fy ing  each point  a r e  

l i s t e d  i n  Table I V .  

The 

In  horizontal  flows the volume f rac t ions  were the  same i n  each l e g  

but s t r a t i f i c a t i o n  of t he  bubbles near the  top of t he  conduit, espec ia l ly  
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Figure 6. Coqarison of Interfacial Areas Per Unit Volume Measured 
Directly from Photographs with Those Established Through 
the Distribution Function. Vertical Flow. 
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Table IV. Experimental Conditions f o r  Runs Used t o  Validate 
Surface Area Determination Method f o r  Ver t i ca l  Flows 

Mixture 
Run No. QR ( a m )  Q ~ I Q ~  (%I (% glycer ine)  

71 
73 
76 
83 
85 
87 
91 
92 
93 
100 
104 

20 
20 
20 
40 
40 
40 
60 
60 
60 
80 
80 
20 
40 
10 
50 
20 
30 
l+O 
40 
20 
40 

0.5 
0.1 
0.1 
0.5 
0.1 
0.3 
0.1 
0.5 
0.3 
0.1 
0.5 
0.5 
0.5 
0.5 
0.3 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
50 
50 
50 
50 
37.5 
d 37.5 
37.5 
37.5 
37.5 17.5 
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V 

a t  low flows, inval idated t h e  use of Equation (14). It was found 

poss ib le  however t o  co r re l a t e  t h e  horizontal  flow volume f rac t ions  a t  

Q /Q = 0.3% with the  r a t io ,  V/Vb, of the  a x i a l  l i q u i d  ve loc i ty  t o  t h e  

bubble terminal ve loc i ty  i n  t h e  l iquid.  This cor re la t ion  i s  shown i n  

Figure 7 w i t h  t he  iden t i f i ca t ion  of the  randomly selected runs given 

i n  Table V. 

g R  

Table V. Experimental Conditions for Runs Shown on 
Horizontal Flow Volume Fraction Correlat ion 

376 
390 
382 
389 
391 
3 65 
35 5 
370 
168 

404 
Goo 

427 
422 

35 
50 
40 
50 
30 
60 
30 
30 
70 
30 
35 
55 
60 

0.033 
0.028 
0.059 
0.024 
0.037 
0.026 
0.049 
0.014 
0.014 
0.066 
0.061 
0.026 
0.030 

50 
50 
50 
50 
50 
0 
0 
50 
0 
37.5 
37.5 
37.5 
37.5 

For V/Vb l e s s  than 30, a l e a s t  squares l i n e ,  

m = 0.0018 + 0.021/(v/vb) , 
was used while f o r  v/v grea te r  than 30 a constant value,  

b 

$ = 0.0025 , 
w a s  used. Severe s t r a t i f i c a t i o n  prevented experimentation a t  values of 

V/V l e s s  than about 3. b 
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VOLUME FRACTION COR R E L AT1 0 N 
HORIZONTAL F L O W  IN A 2 - i n .  DIAMETER CONDUIT 
Q ~ / Q L  = 0.3% 

@ MEASURED FROM PHOTOGRAPHS 

v/vb 0.0188 QL(/.dp)0'5'5/d"s'.27 

WHERE Q L  = gpm 
= Ib,/ft.hr 

p = I b m / f t 3  
dvs = inches 

@ = 0.0018 t O . O Z l / ( V / V b )  
SQUARE L I N E  FOR DATA WITH v/vb e 3 0  - 

L E A S T  

n 0 
I 

0 10 2 0  30 40 50  60 7 0  

RATIO OF A X I A L  TO T E R M I N A L  V E L O C I T Y  ( v / v b )  

Figure 7. Correlation of Horizontal Flow Volume Fraction. 
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This horizontal  flow volume f r ac t ion  cor re la t ion  i n  conjunction 

with Equation (10) was used t o  e s t ab l i sh  t h e  horizontal  flow i n t e r f a c i a l  

areas per  u n i t  volume. An indicat ion of t h e  adequacy of t h i s  procedure 

i s  given i n  Figure 8 i n  which calculated and measured areas a re  compared 

f o r  t h e  runs iden t i f i ed  i n  Table V. 

End Effect 

I n  t h e  t r ans i en t  response mode of operation a l l  mass t r ans fe r  

occuring outside t h e  t e s t  sect ion (p r inc ipa l ly  i n  t h e  bubble separator 

and generator) must be independently measured and accounted f o r  i n  

es tab l i sh ing  the  ka products applicable only t o  t h e  t e s t  section. 

"End-effect" measurements were made a f t e r  a l l  other scheduled t e s t s  

were completed by moving the  bubble generator t o  a pos i t ion  a t  t h e  t e s t  

sec t ion  e x i t  which allowed t h e  bubbles t o  flow d i r e c t l y  from the  genera- 

t o r  i n t o  the  separator - e f fec t ive ly  by-passing the  t e s t  section. - A l l  

t e s t s  were then repeated dupl icat ing as  near ly  as possible  t h e  o r ig ina l  

conditions. With t h e  end-effect response so  measured, t he  correct ion 

was determined as follows. 

Consider three regions of mass t r a n s f e r  i n  s e r i e s  representing t h e  

bubble generator (Region l), the  t e s t  sect ion (Region 2) ,  and t h e  bubble 

separator  (Region 3). The o r ig ina l  measurements, indicated here  by a 

subscr ipt  lrI,tIr determined the  r a t i o ,  K 

t r a t i o n  across a l l  t h ree  regions. Therefore 

of t h e  ou t l e t  t o  i n l e t  concen- I' 

where K,,  K,, and K3 a re  the  o u t l e t  and i n l e t  concentration r a t i o s  across 

t h e  individual  regions. 
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Figure 8. Comparison of Measured and Calculated I n t e r f a c i a l  Areas 
Per U n i t  VoJume. Horizontal Flow. 
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The second se r i e s  of t e s t s ,  subscripted "11," with only t h e  bubble 

generator and separator  regions enter ing i n t o  the  mass t r ans fe r ,  deter-  

mined t h e  r a t i o  

KII = K1 K3 . 
Consequently t h e  desired r a t i o ,  K,, across the  t e s t  sect ion only, was 

determined from 

K - K a  = K /K I I1 

An estimate of t h e  e r ro r  involved i n  t h i s  procedure i s  given i n  Appendix 

G. 

Summary of Experimental Procedure 

The mode of experimentation was t r ans i en t  with the  independent 

var iab les  being Schmidt number (depending on percent glycerine i n  

glycerine-water mixtures), Reynolds number ( l i q u i d  flow), bubble mean 

diameter (control led by bubble generator probe pos i t i on ) ,  and t e s t  see- 

t i o n  o r i en ta t ion  ( v e r t i c a l  o r  horizontal) .  Other parameters t h a t  were 

held constant f o r  most of these t e s t s  include t h e  t e s t  sect ion conduit 

diameter ( D  = 2 inches) ,  t he  r a t i o  of gas t o  l i q u i d  volumetric flow 

( Q  /Q = 0.3%) and the  f l u i d  temperature (25OC). 
g a  

It was found t h a t  t h e  only e f f ec t  of volume f r ac t ion  up t o  1% was 

i n  t h e  highly predictable  change i n  surface area. N o  s ign i f i can t  

difference was detected i n  t h e  mass-transfer coef f ic ien ts  themselves 

which a re  on a u n i t  area basis.  Consequently with t h e  exception of 

some of t h e  ea r ly  runs most of t he  experiments were performed a t  a con- 

venient volume f r ac t ion  of 0.3%. I n  addi t ion it was found t h a t  f o r  t h e  

d i s t i l l e d  water runs (no glycer ine)  t he  rapid agglomeration of  t h e  
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bubbles a t  t he  flows obtainable prevented meaningful i n t e rp re t a t ion  of 

t he  data. Consequently a l l  water t e s t s  were performed with the  addition 

of about 200 ppm of normal bu ty l  alcohol which e f f ec t ive ly  inh ib i ted  t h e  

agglomeration but may have resu l ted  i n  a d i f f e ren t  surface condition 

compared t o  t h e  other  mixtures. The addition of t h i s  same amount of 

N-butyl a lcohol  t o  t h e  glycerine-water mixtures made no s ign i f i can t  

difference.  

For a given l i q u i d  mixture and or ien ta t ion  of t h e  t e s t  sect ion,  t he  

procedure followed t o  obtain a s e r i e s  of data  i s  out l ined i n  d e t a i l  

below: 

1. The loop was f i r s t  purged repeatedly with d i s t i l l e d  water t o  

remove r e s idua l  l i q u i d  from previous experiments and t h e  system allowed 

t o  dry by blowing a i r  through it overnight. 

2. The mixture of glycer ine and water t o  be used was p rec i se ly  

made up i n  t h e  weigh tank and then thoroughly mixed by vigorous s t i r r i n g  

produced by pumping the  l i q u i d  from t h e  bottom of the  tank back i n t o  t h e  

top. 

3. The loop was f i l l e d  using a small aux i l i a ry  pump and t h e  system 

operating pressure was s e t  a t  a nominal 40 ps ia  by helium pressure over 

t h e  in t e r f ace  i n  the  bubble separator. 

4. Liquid flow w a s  es tabl ished by energizing the  main loop circu-  

l a t o r  and the  flow was s e t  a t  the  desired l e v e l  by t h r o t t l i n g  through 

a l l  t h ree  rotameters. 

5. The system was charged with oxygen t o  about seven or eight  

p a r t s  per mill ion by passing oxygen bubbles through t h e  bubble generator, 

t h e  t e s t  section, and the  bubble separator.  The system was allowed t o  
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run a su f f i c i en t  time a f t e r  the  oxygen flow had been terminated t o  

insure  t h a t  t he  concentration readings were steady. 

6. The bubble generator probe pos i t ion  was s e t  t o  obtain the  

f i r s t  desired mean bubble diameter f o r  t he  given t e s t  conditions. 

7. The helium flow, having been prese t  t o  give Q /Q = 0.3% a t  
g J  

t h e  given l i q u i d  flow, was turned on i n i t i a t i n g  t h e  t r ans i en t  experiment 

which was usua l ly  allowed t o  continue for 10 t o  15 minutes. 

8. The oxygen concentration was continuously recorded and data  

sheet loggings were made of l i qu id  flow through each rotameter, t e s t  

sec t ion  i n l e t  pressure,  t e s t  sec t ion  pressure drop, helium pressure 

a t  t h e  cap i l l a ry  tube ex i t ,  pressure drop across the  cap i l l a ry  tube, 

loop temperature, bubble generator probe posi t ion,  and atmospheric 

pres  sure. 

9. About midway through the  t r ans i en t  for each t e s t ,  a Polaroid 

p i c tu re  of t h e  bubbles was made through one of t h e  photo por t s  (entrance 

or e x i t )  and then the  camera was pivoted and a p i c tu re  taken through t h e  

other  photo port .  

10. For the given l i q u i d  flow, t h e  bubble generator probe pos i t ion  

was var ied t o  produce d i f f e ren t  mean diameters. 

and usua l ly  obtained. 

repeated. Occasionally t o  produce ex t ra  l a rge  bubbles, t he  gas was 

introduced through t h e  tes t - sec t ion  i n l e t  pressure t a p  - bypassing t h e  

bubble generator i t s e l f .  

Five values were desired 

For each pos i t ion  the  above procedure (5-9) was 

11. The l i q u i d  flow was var ied over t h e  desired range and the  above 

procedure (5-10) was repeated f o r  each flow se t t ing .  
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Typical t r ans i en t  data of h C / C o  versus time taken d i r e c t l y  from 

t h e  oxygen concentration recording chart  i s  shown on Figure 9 which 

i l l u s t r a t e s  t he  constancy of t h e  slope (+h KI QA/Vs) .  

The system volume had been previously measured t o  be -2.52 f t 3  by 

f i l l i n g  t h e  system completely w i t h  water which was then col lected and 

I weighed. Using t h i s  and the  measured values of Q t h e  constants K a' 
were 

were 

determined from t h e  slopes of t he  curves. 

After a l l  v e r t i c a l  and hor izonta l  t e s t s  were completed, "end ef fec ts"  

measured by moving the  bubble generator t o  t h e  t e s t  sec t ion  e x i t  and 

repeating each experiment with the  o r ig ina l  conditions duplicated as 

near ly  as  possible.  

The values of K were then calculated from t h e  slopes of t h e  "end I1 
e f fec t "  curves and K's were calculated from 

K = K ~ / K ~ ~  . 
The products, ka, were extracted from K through Equations (5) .  

The bubble photographs were analyzed t o  obtain the  i n t e r f a c i a l  

areas per u n i t  volume and t h e  mean diameters. Typical examples of an 

i n l e t  and ex i t  photograph are  shown on Figure 10. The out l ined regions 

were used a s  the  sample populations f o r  counting the  number of bubbles 

per  u n i t  volume, N. 

The applicable volume f r ac t ion  cor re la t ion  [ei ther  Equations (13), 

(14), o r  (15)] was used t o  determine and Equations (10) and (9)  were 

used t o  ca lcu la te  t h e  i n t e r f a c i a l  areas per u n i t  volume and the  mean 

bubble diameters, respect ively.  Final ly ,  t he  averages of t he  i n l e t  and 

e x i t  areas were used t o  ex t rac t  k from the  ka products. 
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PHOTO 1854-71 

* 

Figure 10. Typical Examples of Bubble Photographs: a. Inlet b. Exit. 
Vertica3 Flow, 37.5% Glycerine-62.5$ Water, QJ = 20 gpm, 
Qg/Qk = 0.35, D = 2 inches, and hS = 0.023 inches. 



CHAPTER I V  

EXPEXIMENTAL RESULTS 

The experimentally measured mass-transfer t r ans i en t s  i n i t i a l l y  were 

converted i n t o  pseudo mass-transfer coef f ic ien ts  without any adjustment 

being made f o r  mass-transfer occurring outside the  t e s t  section. 

r e s u l t s  thus obtained are  not t h e  t r u e  mass-transfer coef f ic ien ts  

because s ign i f i can t  mass t r ans fe r  occurred i n  t h e  bubble generating and 

separat ing equipment. Nevertheless, considerable information can be 

gathered from t h i s  "unadjusted" data  because of i t s  presumed grea te r  

precision. 

t r a n s f e r  e f f ec t s  accounted f o r  a r e  presented l a t e r  i n  t h i s  Chapter. 

The 

The t r u e  mass-transfer coef f ic ien ts  with extraneous mass- 

Unadjusted Result s 

The "unadjusted" mass-transfer coef f ic ien ts  determined as out l ined 

i n  Chapter I11 as functions of bubble mean diameter, Reynolds number, 

o r i en ta t ion  of t h e  t e s t  section, and Schmidt number a re  given i n  Appendix 

H (Figures 35-44, pages 138-147). 

The "raw" data which cons is t s  of recorder char t s  of oxygen concen- 

t r a t i o n  versus time, innumerable photographs of bubble populations, and 

l o g  book records of flows, probe se t t ings ,  temperature, pressure and 

other  conditions a re  on f i l e  i n  the  Heat Transfer-Fluid Dynamics Depart- 

ment, Reactor Division of t he  Oak Ridge National Laboratory and are  

ava i lab le  upon request. 

It i s  in s t ruc t ive  t o  consider t h e  c rossp lo ts  (Figures 45-49, pages 

148-152). Similar t o  Lamont sl l  r e su l t s ,  t he  hor izonta l  and the  v e r t i c a l  

55 
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flow values were iden t i ca l  above s u f f i c i e n t l y  high Reynolds numbers. A s  

flows were decreased below these Reynolds numbers, however, t h e  v e r t i c a l  

flow coef f ic ien ts  were l a rge r  than the  hor izonta l  flow coef f ic ien ts  and 

seemed t o  asymptotically approach constant values. The hor izonta l  flow 

data,  on t h e  other  hand, continued along s t r a igh t  l i n e  var ia t ions  (on 

log-log'coordinates) u n t i l  e i t he r  t h e  flow w a s  too  low t o  prevent con- 

cent ra t ion  polar iza t ion  a t  t he  oxygen sensors or  i n  some cases severe 

s t r a t i f i c a t i o n  of  the  bubbles prevented f 'urther tes t ing .  The per t inent  

r e s u l t s  t o  be considered, based on these  unadjusted data,  a re  the  values 

of the  Reynolds number a t  which v e r t i c a l  and horizontal  flow r e s u l t s  

become i d e n t i c a l  and the  apparent asymptotes approached by t h e  v e r t i c a l  

flow coef f ic ien ts  a t  low flows. Mass t r ans fe r  occurring outs ide t h e  

t e s t  sec t ion  should not a f f e c t  e i the r  of these  and t h e i r  values should be 

the  same as f o r  t he  data  presented l a t e r  t h a t  represents  t he  t r u e  mass- 

t r ans fe r  coeff ic ients .  

Equivalence of Horizontal and Ver t ica l  Flow Mass Transfer 

It seems evident t h a t  g rav i t a t iona l  forces  (buoyancy) tend t o  

e s t ab l i sh  a steady r e l a t i v e  flow between t h e  bubbles and the  l i qu id  i f  

t h e  bubbles a re  f r e e  t o  move i n  t h e  v e r t i c a l  d i rec t ion  ( a s  they would 

be i n  v e r t i c a l  o r ien ta t ions  of the  t e s t  sect ions)  and a re  not r e s t r i c t e d  

by physical  boundaries (as  they would be i n  hor izonta l  o r ien ta t ions) .  

The bubbles are a lso  acted upon by i n e r t i a l  forces  generated by t h e  

turbulent  motions within the  l iquid.  These turbulent  i n e r t i a l  forces  

a r e  randomly directed and thus tend, on the average, t o  counteract t h e  

g rav i t a t iona l  forces.  Therefore it would be reasonable t o  assume t h a t  

i f  t h e  magnitudes of the turbulent  i n e r t i a l  forces, Fi, were known 
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compared t o  t h e  g rav i t a t iona l  forces ,  F 

be a measure of t h e  r e l a t i v e  importance of these forces  i n  es tab l i sh ing  

then t h e i r  r a t i o ,  F./F would 
g ' 1 g' 

t h e  mass-transfer coef f ic ien ts .  A t  su f f i c i en t ly  high values of Fi/F 
g 

one would ex-pect t h e  turbulent  forces t o  dominate and the re  should then 

be no de tec tab le  difference i n  t h e  horizontal  and v e r t i c a l  flow re su l t s .  

The g rav i t a t iona l  force  on a bubble of diameter, d, i s  t h e  weight 

of t h e  displaced f l u i d  

The turbulent  i n e r t i  1 force  exerted on bubble e s sen t i a l ly  

t rave l ing  a t  t h e  l o c a l  f l u i d  ve loc i ty  i n  a turbulent  l i qu id  i s  not so 

e a s i l y  determined. Consequently, use was made of dimensional arguments. 

I n  a turbulent  f l u i d  the  mean var ia t ion  i n  veloci ty ,  AV, over a 

distance,  1, (grea te r  than t h e  microscale) i s  given dimensionally by 

where ev  i s  the  power d iss ipa t ion  per  u n i t  volume. 

agrees with t h e  r e s u l t  of Hinze (Reference 37) f o r  t he  var ia t ion  i n  tur- 

bulent i n t e n s i t y  required t o  r e s u l t  i n  t he  Kolmogoroff spectrum law. 

The 1/3 power on h 

Similarly,  t h e  period, 8, f o r  such ve loc i ty  var ia t ions  i s  given dimen- 

s iona l ly  by 

A Following L e ~ i c h , ~ "  it i s  postulated t h a t  t h e  mean accelerat ion a 

undergone by a f l u i d  element of s ize ,  h ,  i s  
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A spher ica l  f l u i d  element with t h i s  mean accelerat ion must have 

experienced a “mean” force given by 

It i s  f’urther postulated t h a t  a bubble of diameter, d, i n  t he  turbulent  

l i q u i d  w i l l  be subjected t o  the  same mean forces  as  those exerted on a 

f l u i d  element of t he  same size.  Therefore the  mean turbulent  i n e r t i a l  

force  on t h e  bubble i s  given by 

Dividing by Equation (16) t h e  r a t i o  of i n e r t i a l  forces  t o  g rav i t a t iona l  

forces  i s  given by 

For flow i n  conduits, the  power d iss ipa t ion  pe r  u n i t  volume can be 

expressed as 

and t h e  pressure gradient can be determined from the  Blasius re la t ionship,  

dP f V” - = = ( f  p2/2gc D3 p )  Re” . dx D 2gc 

Using t h e  f r i c t i o n  f ac to r  f o r  smooth tubes, 

f = O.316/(Re)l1 > 

t he  power d iss ipa t ion  per  u n i t  volume i s  
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W Subs t i tu t ion  i n t o  Equation (18) and replacing t h e  bubble diameter 

by t h e  Sauter  mean gives 
P 1 

Since Equation (20)  w a s  es tabl ished on dimensional grounds, t he re  

e x i s t s  a propor t iona l i ty  constant of unknown magnitude. To e s t ab l i sh  

t h e  value t h a t  t h e  r a t i o  should have t o  serve as  a c r i t e r i o n  f o r  deter-  

mining when hor izonta l  and v e r t i c a l  flow mass-transfer coe f f i c i en t s  

become iden t i ca l ,  use w a s  made of the  data  of Lamont gathered from h i s  

repor t  as l i s t e d  i n  Table V I  below. 

Table V I .  Conditions a t  Which Horizontal and Ver t i ca l  Flow 
Mass Transfer Coeff ic ients  Become Equal (Lamont ‘ s  Data)” 

Case I Case I1 

Conduit Diameter, D ( inches) 5/16 5 /8 
Reynolds Modulus, Re io4 3 x io4 
Liquid Viscosity,  p (cent ipoise)  0.89 0.89 
Liquid Density, p (g/cm3) 1.0 1.0 

Bubble Diameter, d ( inches)  -5132 4 / 3 2  

Subs t i tu t ion  of t h e  da ta  of  Case I i n t o  Equation ( 2 0 )  gives 

A s  a check the  data 

F . /F  = 1.5 . 
= g  

of Case I1 a re  compared, 

\3 x 104 

For t h e  present  invest igat ion,  t he  l o c i  of po in ts  f o r  F./F = 1.5 
1 g  

as  ca lcu la ted  from Equation (20) a r e  shown on Figures 45-49, pages 148- 
W 

152. 
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It i s  seen t h a t  t h e  r a t i o  F./F seems t o  be a good predic tor  f o r  
1 g  

t he  equivalence of t he  horizontal  and v e r t i c a l  r e su l t s .  

Ver t ica l  Orientation Low-Flow Asymptotes 

A s  l i q u i d  flow i s  reduced, t h e  g rav i t a t iona l  forces  become more and 

more dominant over t h e  turbulent  i n e r t i a l  forces.  Consequently, a t  low 

flows, t he  v e r t i c a l  flow mass-transfer coef f ic ien ts  approach t h e  values 

t h a t  would be expected f o r  t he  bubbles r i s i n g  through a quiescent l iquid.  

The conditions of mass t r ans fe r  f o r  bubbles r i s i n g  through a column 

of l i q u i d  have been extensively studied (e. g., References 26-30). 

Resnick and Gal-0rS7 have recommended f o r  sur fac tan t - f ree  systems 

They caution t h a t  t h i s  equation may give values s l i g h t l y  higher than t h e  

observed data i n  p a r t i c u l a r  f o r  lower concentrations of glycerol  i n  

water-glycerol systems. 

In  the  present invest igat ion,  t he  volume f r ac t ion  i s  low so t h a t  

t h e  above equation was approximated as  

and used t o  determine t h e  "calculated asymptotes" f o r  t h e  v e r t i c a l  flow 

r e s u l t s  as  indicated on the  various da ta  p lo t s .  

Mas s-Transf e r  Coeff ic ients  

With t h e  end-effect accounted fo r  as out l ined i n  Chapter 111, t h e  

mass-transfer coeff ic ients  measured i n  t h i s  invest igat ion a r e  given i n  

Figures 50-58, pages 153-161 (Appendix G ) .  The more revealing c rossp lo ts  
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of mass-transfer coef f ic ien ts  versus Reynolds number a re  shown i n  

Figures 11-15 which contain regression l i n e s  f i t t e d  t o  the  horizontal  

flow data  and calculated l i n e s  f o r  t he  v e r t i c a l  flow cases. Ver t ica l  

flow data  a re  not shown f o r  t h e  37.5% mixture because t h e  end e f f ec t  

adjustments were not sa t i s fac tory .  Excessive v ibra t ion  of t h e  bubble 

generation probe t h a t  occurred during the  37.5% experiments was elimi- 

nated by redesign of t h e  probe before the hor izonta l  data  were obtained. 

Time did not permit a reor ien ta t ion  of t h e  system t o  the  v e r t i c a l  posi-  

t i o n  t o  repeat the  runs. 

From these  f igures  i t  i s  seen t h a t  t he  horizontal  flow data f o r  

water (plus  N-butyl alcohol) apparently have a l e s s e r  slope than t h a t  

f o r  t h e  glycerine-water mixtures. Therefore a regression equation was 

determined f o r  t h e  water runs alone and a separate  regression equation 

was determined f o r  t h e  combined data  f o r  t he  12.5, 25, and 37.5% 

glycer ine mixtures. 

mixture (Figure 15) .  

obtained a t  Reynolds numbers l e s s  than t h a t  required f o r  Fi/F = 1.5. 

However, ins tead  of a steady march of the horizontal  flow data  down a 

s t r a i g h t  l i n e  as  observed f o r  t he  other  mixtures, t h e  small bubble 

hor izonta l  flow mass-transfer coe f f i c i en t s  tended t o  behave l i k e  those 

f o r  v e r t i c a l  flows. This behavior implies t ha t ,  i f  t he  l i qu id  i s  viscous 

enough, small  bubbles apparently can es tab l i sh  steady r e l a t i v e  flow con- 

d i t i ons  i n  t h e i r  r i s e  across t h e  conduit cross section. In  these  runs, 

t h e  pipe wal l  apparently did not s i g n i f i c a n t l y  i n h i b i t  t h e  bubble r i s e  

r a t e  during t r a n s i t  through t h e  t e s t  sect ion and, evidently,  t h e  bubbles 

behaved exact ly  as  i f  they were r i s i n g  through a v e r t i c a l  conduit. 

A t h i r d  behavior was observed f o r  t h e  50% glycerine 

It i s  seen t h a t  a l l  t he  data  f o r  t h i s  mixture were 

g 
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Figure 11. Mass Transfer Coeff ic ients  Versus Pipe Reynolds Number 
a s  a Function of Bubble Sauter-Mean Diameter. Water 
Plus -200 ppm N-Butyl Alcohol. 
Flow i n  a 2-inch Diameter Conduit. 

Horizontal and Ver t ica l  
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Figure 12. Mass Transfer Coeff ic ients  Versus Pipe Reynolds Number 
as  a Function of Bubble Sauter-Mean Diameter. 
Glycerine-87.5% Water. 
i n  a 2-inch Diameter Conduit. 
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Figure 13. Mass Transfer Coefficients Versus Pipe Reynolds Number 
as a Function of Bubble Sauter-Mean Diameter. 
Glycerine-75% Water. 
a 2-inch Diameter Conduit. 
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Figure 14. Mass Transfer Coeff ic ients  Versus Pipe Reynolds Number 
a s  a Function of Bubble Sauter-Mean Diameter. 
Glycerine-62.5% Water. 
i n  a 2-inch Diameter Conduit. 

37.5% 
Horizontal and Ver t ica l  Flow 
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Figure 15. Mass Transfer Coeff ic ien ts  Versus Pipe Reynolds Number 
as a Function of Bubble Sauter-Mean Diameter. 
Glycerine-53% Water. 
i n  a 2-inch Diameter Conduit. 

50% 
Horizontal and Ver t i ca l  Flow 
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These three  kinds of observed horizontal  flow behavior a re  f’urther 

i l l u s t r a t e d  on Figure 16 f o r  0.02-in. mean diameter bubbles. The 

regression slope of 0.94 f o r  the  glycerine-water mixtures agrees gener- 

a l l y  with t h e  l i t e r a t u r e  as  discussed i n  Chapter I1 and t h e  slope of 

0.52 f o r  t h e  water p lus  N-butyl alcohol is ,  coincidentally,  exact ly  what 

Lamont found, However, t h e  combined regression slope (0.79) f o r  a l l  the  

water data  which includes the  other  bubble mean diameters was greater  

than the  value f o r  t h e  0.02-in. bubbles by themselves. 

Calculating Ver t i ca l  Flow Mass-Transfer Coeff ic ients  

f o r  Fi/Fg Less Than 1 .5  

Since t h e  r a t i o  of turbulent  i n e r t i a l  forces  t o  grav i ta t iona l  

forces  i s  seen t o  be a good predictor  of t h e  Reynolds number a t  which 

hor izonta l  and v e r t i c a l  flow mass-transfer coef f ic ien ts  become ident ica l ,  

it i s  proposed t h a t  the varying r a t i o  might a l so  serve a s  a sca l ing  

fac tor  a t  a l l  Reynolds numbers t o  determine the r e l a t i v e  importance of 

t h e  purely turbulent  coef f ic ien ts  (Fi/F > 1.5)  and t h e  r e l a t i v e  flow 

coef f ic ien ts  ( v e r t i c a l  flow asymptotes). T h a t  i s ,  i f  t h e  values a re  

known f o r  t h e  s t r a i g h t  l i n e  va r i a t ion  a t  higher Reynolds numbers where 

v e r t i c a l  and horizontal  coef f ic ien ts  a r e  equal along w i t h  t he  v e r t i c a l  

flow asymptotes, it i s  proposed t h a t  t he  intermediate v e r t i c a l  flow 

mass-transfer coe f f i c i en t s  can be calculated by using F./F 

scal ing f ac to r  between t h e  two. 

Reynolds numbers a t  which turbulent  i n e r t i a l  forces  dominate over gravi-  

t a t i o n a l  forces,  t he  ac tua l  r a t i o  of  forces  a t  t h a t  condition a re  

assumed t o  be of t he  order of 10 t o  1 f o r  g rav i t a t iona l  forces  t o  begin 

g 

as  a l i n e a r  
1 g  

Since F./F = 1.5 appears t o  mark t h e  
1 g  
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Figure 16. Observed Types of Horizontal Flow Behavior, 
d = 0.02 inches and D = 2 inches. 
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t o  be negligible.  

p r i a t e  l i n e a r  scal ing f a c t o r  and t h e  v e r t i c a l  flow mass-transfer coef f i -  

Consequently 10 (Fi/F ) /1 .5  was chosen as  an appro- 
g 

c i en t s  were calculated from 

i n  which k i s  the calculated asymptote given by Equation (21)  and % i s  
a 

t h e  value a t  t he  given Reynolds number t h a t  would be obtained by extend- 

ing  the  s t r a igh t - l i ne  va r i a t ion  of t h e  horizontal  flow data. 

Using separate regression l i n e s  f o r  5, t he  v e r t i c a l  flow mass- 

t r a n s f e r  coef f ic ien ts  calculated from Equation (22) a r e  compared with 

t h e  da ta  on Figures 11-15, pages 62-66. 

Equation (22) provides a r e l a t i v e l y  good descr ipt ion of t he  data. 

Except f o r  t h e  5% mixture data, 

Comparison with Agitated Vessels 

A comparison of t he  horizontal  flow data with t h a t  of Sherwood and 

Brian17 for par t i cu la t e s  i n  ag i ta ted  vessels  i s  shown on Figure 17. 

Sherwood and Brian’s coordinates a re  used by converting c (E ev/p) 

through Equation (19) f o r  flow i n  conduits. It i s  seen tha t ,  although 

t h e  r e l a t i v e  magnitudes of t h e  coef f ic ien ts  a re  comparable on an equiva- 

m 

l e n t  power d iss ipa t ion  basis ,  there  i s  a Schmidt number separation of 

t h i s  data  ind ica t ing  mobile i n t e r f a c i a l  behavior. In  agreement with t h e  

f indings of other  invest igat ions reported i n  Chapter 11, the  va r i a t ion  

with Reynolds number f o r  flow i n  conduits i s  much s teeper  than would 

have been expected from t h e  ag i ta ted  vesse l  data. 

A possible  explanation f o r  t h i s  difference i n  slope observed between 

ag i ta ted  vessels  and flow i n  conduits may l i e  i n  t h e  r e l a t i v e  importance 

of  t he  g rav i t a t iona l  forces. For example, t he  data  of t h i s  research f o r  
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Figure 17. Equivalent Power Dissipat ion Comparison of Resul ts  
with Agitated Vessel Data. 



W 

71 

small bubbles i n  a 50% mixture of glycerine and water were obviously 

s t rongly g rav i t a t iona l ly  dominated as evidenced by the  equal i ty  of t h e  

hor izonta l  and v e r t i c a l  flow coef f ic ien ts  even a t  very low Reynolds 

numbers. A comparison of these "gravity-influenced" data  with Sherwood 

and Br ian ' s  cor re la t ion  shown on Figure 18 indicates  a remarkable s i m i -  

l a r i t y .  It may be t h a t  grav i ta t iona l  forces a re  general ly  l e s s  important 

f o r  flow i n  conduits than f o r  flow i n  ag i ta ted  vessels  where there  may be 

a grea te r  degree of anisotropy. 

Recommended Correlations 

A regression l i n e  through a l l  t h e  horizontal  flow data  except the 

water and the  50% mixtures has a Schmidt number exponent of 0.71 using 

t h e  l i t e r a tu re"  values of 8. These values of 8 (Figure 25, page 114, 

Appendix A )  f i r s t  increase with addi t ion of glycerol,  reach a maximum 

a t  about 12.5% glycerol,  and then decrease. 

s t r i k i n g  departure from t h e  Stokes-Einstein behavior usua l ly  observed 

f o r  aqueous mixtures. If, instead of using these values f o r  8, a smooth 

monotonically decreasing l i n e  i s  drawn through the  f i r s t ,  fourth,  and 

f i f t h  data points  of Figure 25 and t h e  values of 8 taken from t h a t  l i ne ,  

a regression analysis  y ie lds  a Schmidt number exponent of 0.58 - not 

much d i f f e ren t  than t h e  value of 0.5 expected f o r  mobile interfaces .  

This behavior represents a 

A regression analysis  of a l l  t he  horizontal  data  f o r  t h e  glycerine- 

water mixtures (except f o r  t he  5% mixture) using t h e  o r i g i n a l  values of 

a9 (Table 111, page 20) and forcing t h e  Schmidt number t o  have an exponent 

of 1 / 2  r e s u l t s  i n  t h e  equation, 

Sh = 0.34 S C " ~  ( d  VS / D ) l "  9 ( 2 3 )  
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with a standard deviation i n  Qr (Sh/Scl’ ”) of 0.19 and an index of 

determination o f  0.86. 

i s  shown i n  Figure 19. 

The comparison of t he  data  with t h i s  equation 

Since a Schmidt number exponent of 1/2 i s  expected on theo re t i ca l  

grounds and s ince t h e r e  i s  l i t t l e  loss  of precis ion by using t h i s  

exponent, it i s  recommended f o r  design purposes tha t  the  horizontal  

flow mass -t rans f e r  eo e f f i c  i e n t  s , s, be calculated from Equation (23) 

as long as  V/V i s  grea te r  than about 3. Operation below V/V = 3 i s  

not recommended because of severe s t r a t i f i c a t i o n .  

a l so  be used t o  ca lcu la te  t h e  v e r t i c a l  flow coef f ic ien ts ,  kv, as long 

as  Fi/Fg, as  determined by Equation (20),  i s  greater  than 1.5.  

wise, Equation ( 2 2 )  i s  recommended fo r  the  v e r t i c a l  flow coef f ic ien ts  

with t h e  asymptotic values, 

b b 

Equation ( 2 3 )  can 

Other- 

t o  be calculated from Equation (21). ka 7 

A s  evidenced by the  observed high Schmidt number exponent, these  

recommendations a re  f o r  contamination f r ee  systems only. For a con- 

taminated system with r i g i d  i n t e r f a c i a l  conditions, the  Schmidt number 

exponent i s  expected t o  be l / 3  and t h e  coef f ic ien t  multiplying t h e  

equation should also be d i f fe ren t .  In  t h e  absence of supporting experi- 

mental data,  a t e n t a t i v e  cor re la t ion  f o r  r i g i d  i n t e r f a c i a l  conditions 

might be infer red  from Equation ( 2 3 )  t o  be 

( d  /D)’*” . Sh = 0.25 Re0’”* SC’’~ 
VS 

The coef f ic ien t ,  0.25, w a s  obtained by multiplying 0.34 [ the coef f i -  

c i en t  of Equation (23) ]  by t h e  r a t i o  of rigid-to-mobile coef f ic ien ts  of 

equations appl icable  t o  bubbles moving s t ead i ly  through a liquid.31 

similar transformation of Equation (21)  would be required t o  obtain t h e  

r ig id- in te r face  values of t h e  v e r t i c a l  flow asymptotes. The above 

A 
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equation f o r  r i g i d  in te r faces  should be used w i t h  caution as  it has not 

been val idated by experimental data. 

observed l i n e a r  va r i a t ion  w i t h  (d  

t i o n  from rigid-to-mobile i n t e r f a c i a l  condition. 

in te r faces  no such t r a n s i t i o n  would be expected t o  occur and the  exponent 

on (dvs/D) might then be l e s s  than 1.0. 

In  addition the  experimentally 

/D) may have been caused by a t r ans i -  
VS 

For s t r i c t l y  r i g i d  



CHAPTER V 

THEORETICAL CONSIDERATIONS 

Two d i f f e ren t  viewpoints were considered t o  describe mass t r ans fe r  

between small bubbles and l i qu ids  i n  cocurrent turbulent  flow. I n  the  

f i r s t ,  a turbulence in te rac t ion  approach, t h e  bubbles were considered t o  

be subjected t o  turbulence forces  which impart random motions r e su l t i ng  

i n  "mean" r e l a t i v e  ve loc i t i e s  between t h e  bubbles and t h e  f lu id .  These 

"mean" ve loc i t i e s  were then considered as "steady" ( a l b e i t  multi-direc- 

t i o n a l )  and as d i c t a t ing  the  mass-transfer behavior. 

I n  the  second, a surface renewal approach, t h e  bubbles were viewed 

a s  being associated with a spherical  s h e l l  of l i qu id  f o r  an inde f in i t e  

time during which mass exchange takes  place by turbulent  diffusion.  

This i nde f in i t e  time was assumed t o  be r e l a t ed  t o  the  bubble s i z e  and 

t h e  average r e l a t i v e  ve loc i ty  between t h e  bubble and the  l iqu id .  

Turbulence In te rac t ion  Model 

A small bubble suspended i n  a turbulent  f i e l d  w i l l  be subjected t o  

random i n e r t i a l  forces created by t h e  turbulent  f luctuat ions.  Under the  

act ion of a given force,  i f  su f f i c i en t ly  pe r s i s t en t ,  t h e  bubble may 

achieve i t s  terminal ve loc i ty  and move a t  a steady pace through t h e  

l i qu id  before being redirected by another force encounter within the  

random f ie ld .  

ve loc i ty  i n  such a turbulent  f i e l d  could be determined, then a convenient 

formulation would be t o  use t h a t  ve loc i ty  t o  determine an average bubble 

If the  "average" value representing t h e  bubble r e l a t i v e  
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Reynolds number and s t ay  within t h e  confines of t h e  well-established 

W 

re lat ive-f low FrBssling-type equations t o  determine the  mass-transfer 

coeff ic ients .  

The movement of t h e  bubbles through the  l i q u i d  w i l l  be r e s i s t e d  

pr imar i ly  by viscous s t resses .  The drag force on a sphere moving 

s t e a d i l y  through a l i q u i d  i s  of ten  expressed i n  terms of a drag coef f i -  

c ien t ,  Cd, by the  equation, 

CdApv2b Cdn pa 
- , F =  - 

d 2gC 8gc 

i n  which t h e  drag coef f ic ien t  i s  i t s e l f  a f'unction of t h e  bubble 

Reynolds number, R% ( =  vb dp/p). 

coefficient-Reynolds number cor re la t ion  depends on t h e  p a r t i c u l a r  

In r e l a t i v e  flows, however, t he  drag 

Reynolds number range. Frequently, two regimes of flow a r e  iden t i f i ed  

with t h e  d iv is ion  occurring a t  Re z 2. Common cor re la t ions  f o r  t he  
b 

drag coef f ic ien ts  i n  these  two regimes a re  given below. 

For Re 5 2, 
b 

C = 24/Reb and Fd = 3rrp2 Reb/gco . ( 24-a ) 
d 

For 2 < Reb S 200, 

C d  = 18.5/Re0*6 and Fd = 18.5rrp2 Re:'*/8gcp . (24-b) b 

I n  Chapter I V ,  an expression was developed f o r  t h e  i n e r t i a l  forces  

experienced by a bubble i n  a turbulent  f l u id ,  

2 
1 (d/D)"l3 (Re)"/ . 

Fi Pg- 
L 

It might be reasonable t o  determine "mean" bubble ve loc i t i e s  from a 

balance between t h e  i n e r t i a l  forces  and the  drag forces for l a t e r  sub- 

s t i t u t i o n  i n t o  the  Friissling equations. If it i s  postulated t h a t  t h e  
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above two r e l a t i v e  flow regimes a l so  ex i s t  f o r  bubbles i n  a turbulent  

f i e l d ,  then two d i f f e ren t  s e t s  of equations describing t h e  mass t r ans fe r  

w i l l  r e su l t .  

d ispers ion of bubbles with a d i s t r ibu t ion  of  s i zes  may have bubbles i n  

e i t h e r  or both regimes simultaneously and t h e  mass-transfer behavior 

may be described by e i the r  s e t  of equations or take on cha rac t e r i s t i c s  

of a combination of t h e  two. 

t h e  two separate regimes a re  discussed below. 

Since t h e  i n e r t i a l  forces  depend on t h e  bubble s ize ,  a 

The mass-transfer equations r e su l t i ng  for 

Regime-1: Reb 5 2 

If t h e  bubble motion were predominantly governed by the regime, 

Re A balance 

between t h e  i n e r t i a l  and drag forces,  F. = F would then give f o r  t he  

bubble Reynolds number 

r; 2, t h e  drag forces would be given by Equation (24-a). b 

1 d’ 

Reb - (d/D)”/ Re’’’ . (26) 

By t h i s  formulation, t h e  bubble r e l a t i v e  flow Reynolds number 

depends only on the  r a t io ,  d/D, and on t h e  pipe Reynolds number which, 

f o r  a given bubble s ize ,  e s t ab l i sh  t h e  turbulence leve l .  The Sherwood 

number f o r  mass t r ans fe r  can therefore  be determined as  a funct ion of 

these  var iab les  by subs t i tu t ion  of Equation (26) i n t o  mass-transfer 

equations t h a t  have been establ ished as applicable t o  a sphere moving 

through a l iquid.  These are  the Frgssling-type equations which, f o r  

la rge  Schmidt numbers, usua l ly  take the forms 

S% - Reb’/ Scl’ a 

v 



W 

79 

f o r  mobile and r i g i d  in te r faces ,  respectively.  

Sh (D/d) Sh,, and subs t i t u t ing  Equation (26) gives for t h e  mobile and 

r i g i d  in t e r f ace  pipe Sherwood numbers applicable t o  cocurrent turbulent  

Making the  conversion, 

flow, 

(d/D)’/ (27) 

(d/D)’/ 2 ( 28) 

Sh - Scl’ “ Re””” 

and 

Sh - Re0”” 

r e  spec t i v e l  y. 

Consequently, i n  t h i s  regime, t h e  pipe Reynolds number exponent i s  

0.92. For comparison, the  experimentally determined value for t h e  

water-glycerine mixtures i n  t h i s  invest igat ion was 0.94. 

bubble diameter dependence, (d/D)l/ 3 ,  however i s  l e s s  than the  experi- 

mentally determined l i n e a r  var ia t ion.  Calderbank and Moo-Young’ point 

The theore t ica l  

out t h a t  t h e  l i n e a r  var ia t ion  they observed f o r  bubbles i n  t h i s  s i z e  

range probably resu l ted  from a t r a n s i t i o n  from r i g i d  t o  mobile i n t e r -  

f a c i a l  conditions because small bubbles tend t o  universa l ly  behave as  

r i g i d  spheres while l a rge r  bubbles require  the  presence of su f f i c i en t  

surface act ive ing red ien t s  t o  immobilize t h e i r  surface. 

If such a t r a n s i t i o n  i s  t h e  reason fo r  t h e  l i n e a r  va r i a t ion  i n  t h i s  

instance also,  then t h e  e f fec t  of conduit diameter w i l l  be d i f f e ren t  

from t h a t  implied i n  Equation ( 2 3 )  which did not include ac tua l  var ia -  

t i ons  i n  conduit diameter. Consequently, an t ic ipa ted  fu tu re  experiments 

with var ia t ions  i n  t h e  conduit diameter should help c l a r i f y  the  influence 

of bubble mean diameter. In  addition, exploratory experiments i n  t h i s  

study indicated t h a t  t h e  l i n e a r  va r i a t ion  d i d  not continue up t o  l a rge r  

bubble s i zes  and may, therefore,  be l imited t o  the  r e l a t i v e l y  narrow mean 
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diameter range of approximately 0.01 t o  0.05 inches. 

t he  dependence tended t o  lessen  u n t i l  above mean diameters of about 0.08 

A t  l a r g e r  diameters, 

inches where t h e  Sherwood number appeared t o  decrease with increasing 

bubble diameter. Since the  bubble generator was not general ly  capable 

of producing l a r g e r  bubbles, fur ther  inves t iga t ion  of t h e  bubble s i ze  

influence was not possible  i n  t h i s  experiment. 

Regime-2: Reb > 2 

If t h e  bubble motions were predominantly i n  t h e  regime, Reb > 2, t h e  

drag forces  would be given by Equation (24-b). 

would then give 

The balance, F. 1 = F d' 

The relat ive-f low bubble Reynolds number i n  t h i s  regime s t i l l  depends 

on the  var iables  t h a t  e s t ab l i sh  the  turbulence l e v e l  but t h a t  dependence 

i s  d i f f e ren t  from t h a t  of Regime 1. When subs t i tu ted  i n t o  t h e  Frgssl ing 

equations for mobile and r i g i d  in te r faces ,  t h e  r e s u l t s  a r e  

Sh - Scl' (d/D)-g'd 4.  2 

and 

Sh-  R e " * 6 6  ( d / D ) - o * d 4 . 2  9 ( 3 0 )  

r e s  p e c t ive ly  . 
For t h i s  regime t h e  Reynolds number exponent i s  0.66. Consequently, 

i f  bubbles i n  cocurrent tu rbulen t  flow experience d i f f e ren t  flow regimes 

s imi la r  t o  bubbles i n  r e l a t i v e  flow, a t r a n s i t i o n  would be expected a t  

higher pipe Reynolds numbers i n  which the  Reynolds number exponent would 

tend t o  become smaller. I n  the  present experiments, the  data f o r  water 

(p lus  -200 ppm N-butyl alcohol) with no glycerine added was obtained a t  

1 
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t h e  highest  range of Reynolds numbers covered. 

measured Reynolds number exponent f o r  the  water runs was lower than f o r  

t h e  glycerine-water mixtures and compared favorably with the  above 

r e su l t s .  

p a r t i c l e s  i n  ag i ta ted  vessels  [for example see  Equation (3)]. 

The experimentally 

I n  addition, Equation ( 3 0 )  compares qui te  well  w i t h  data  f o r  

It i s  f e l t  t h a t  t h e  poss ib le  existence of d i f f e ren t  flow regimes 

even i n  cocurrent turbulent  flows i s  an important concept t h a t ,  i f  

f 'urther developed, could help explain some of t h e  apparent discrepancies 

i n  t h e  l i t e r a t u r e  data. 

slopes observed i n  t h i s  study and may be t h e  reason f o r  observed d i f f e r -  

ences between mass t r a n s f e r  i n  ag i ta ted  vessels  and i n  conduits. 

more l i ke ly ,  however, t h a t  t h e  l a t t e r  difference i s  due t o  g rea t e r  

g rav i t a t iona l  influence i n  ag i ta ted  vessels.  

For example, t h i s  may explain t h e  d i f f e ren t  

It i s  

Surface Renewal Model 

I n  t h i s  analysis  each bubble i s  considered t o  be surrounded by, and 

exchanging mass with, a spherical  s h e l l  of turbulent  l i q u i d  i n  which the  

turbulence i s  isotropic. 

A mass balance (Appendix F) i n  a spher ica l  d i f f e r e n t i a l  element of 

f l u i d  r e s u l t s  i n  t h e  equation 

Making Reynolds assumptions, 

u = u '  , r 

and time averaging gives 
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I n  turbulent  s ca l a r  t r ans fe r ,  t he  

assumed t o  be expressible with an eddy 

However, it i s  more convenient here  t o  

- 
"Reynolds" term p 'C ', i s  of ten  

diff 'usivity,  E, defined by 

use a recent  eddy v i scos i ty  def i -  

n i t i o n  by Phi l l ips ,68 f o r  which an analogous de f in i t i on  f o r  an eddy 

d i f f u s i v i t y  i n  spherical  coordinates would be 
- 

- ( r 2 u c )  d I /  = p e - - ( r 2 s )  d dC . 
d r  

- 

Using t h i s  def in i t ion ,  Equation ( 3 2 )  i s  expressed more simply as 

( 3 3 )  

The view i s  now t o  be taken tha t ,  on the  average, a bubble remains 

associated with a spher ica l  s h e l l  of l i q u i d  f o r  some inde f in i t e  time 

a f t e r  which i t s  surface i s  completely "renewed" - t h a t  i s ,  associated 

with an e n t i r e l y  d i f fe ren t  spherical  s h e l l  of l i qu id  t h a t  has an i n i t i a l  

uniform concentration cha rac t e r i s t i c  of t h e  bulk f lu id .  It i s  f e l t  t h a t  

t he  times of associat ion between the bubble and a given region of l i qu id  

should be r e l a t ed  t o  t h e  magnitude of t h e  turbulent  i n e r t i a l  forces  o r  

a l t e rna t ive ly  t o  t h e  mean r e l a t i v e  ve loc i ty  between the  bubble and t h e  

l i q u i d  as es tabl ished by the  balance of t h e  i n e r t i a l  and t h e  viscous 

r e s i s t i n g  forc  es . 
Therefore a nondimensional time f o r  comparison purposes i s  proposed 

t o  be 

tvb t, I - 
d o  
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Using t h i s  de f in i t i on  along with t h e  following addi t iona l  def in i t ions  

of dimensionless quan t i t i e s  

Equation (34) can be expressed i n  nondimensional form as  

Assuming t h e  bubble motion i s  predominantly i n  Stokes’ regime, Equation 

(26) can be used t o  estimate R% and subs t i tu ted  i n t o  t h e  above equation 

t o  give 

where C ,  i s  a propor t iona l i ty  constant of unknown magnitude but assumed 

t o  be of t h e  order -lo-”. 

Regime-2 of t h e  previous model by using Equation (29 )  for R%. 

boundary conditions f o r  Equation (35) would be 

A s imi la r  equation can be developed f o r  

Logical  

1. 

2. 

C, ( 0 ,  r,) = 1, 

C, ( t  > 0, 1/2)  = 0, and 

The t h i r d  boundary condition above a r i s e s  from equating t h e  volume 

f r a c t i o n  w i t h  t h e  r a t i o  of bubble volume t o  equivalent sphere volume. 
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A solut ion of Equation (35) would give C, as a f'unction of r, and 
- 

t,. If a radial  average, C*, i s  defined as  

c* (t,) = 

then the  Sherwood number 

Sh 

as a function of  time can be expressed as  

If a bubble i s  assumed t o  remain associated with a f l u i d  element f o r  

some unspecified time, T,, then t h e  average Sherwood number f o r  t h a t  

period i s  

rn 
I* f Sh (t,) dt, 

J O  - 
Sh = 

T* 

The above analysis  i s  s imi la r  t o  normal surface renewal models i n  

t h a t  t h e  dimensionless time period T, i s  analogous t o  a surface age. 

There i s  no r e a l  bas i s  f o r  being able t o  r e l a t e  T, t o  t h e  flow hydrody- 

namics o r  t he  surface conditions;  however, it could be t r ea t ed  as a 

parameter and the mass-transfer coef f ic ien ts  determined a s  a function 

of t h i s  parameter. "Surface age" d i s t r ibu t ions  could then be establ ished 

from t h e  experimental data  or specif ied a r b i t r a r i l y  j u s t  as  they have 

been i n  other  surface renewal models. 

t i o n  has been t h a t  t h e  surface i s  "renewed" each time the  bubble t r a v e l s  

For example, one common assump- 

( r e l a t i v e  t o  the  f l u i d )  a distance equal t o  i t s  diameter. With the  

formulation used here, t h i s  assumption would be p a r t i c u l a r l y  convenient 

because then T, = 1. 
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a surface renewal model. 

85 

with i t s  boundary conditions i s  considered as  

For a solution, a function, 

must f i r s t  be establ ished t o  describe t h e  va r i a t ion  i n  eddy d i f fus iv i ty .  

I n  a r r iv ing  a t  h i s  eddy v i scos i ty  def in i t ion ,  Phi l l ips68 used a 

Fourier decomposition of t h e  turbulent  f i e l d  and, by an elegant analysis ,  

determined the  contr ibut ions t o  t h e  l o c a l  eddy v i scos i ty  due t o  each 

component "wave" making up the  f i e ld .  

Through a p a r a l l e l  analysis  f o r  mass t r ans fe r ,  it i s  infer red  here  

t h a t  t h e  individual  component contributions t o  the  eddy d i f f u s i v i t y  a re  

proport ional  t o  t h e  energy of t h e  t ransverse ve loc i ty  f luc tua t ions  and 

inverse ly  proport ional  t o  t h e i r  wave number, 

Defining f (n )dn  as  t h e  f r a c t i o n  of eddies t h a t  have wave numbers i n  

t h e  range n +_ 1 / 2  dn, and summing the  contr ibut ions over a l l  wave numbers 

gives 

If Kolmolgoroff's energy spectrum i s  used, t he  d i s t r ibu t ion  function 

defined above can be assumed t o  be inverse ly  proport ional  t o  t he  wave 

nuuiber, 

f ( n >  - l / n  , 
and Equation (38) becomes 

'e - Jn (?/n2) dn . (39) 

To assess  t h e  e f f e c t  of t h e  in te r face ,  use was made of Lament's'' 

analysis  i n  which he idea l ized  each component as  a s inusoidal  viscous 
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"eddy c e l l "  i n  which the  ve loc i t i e s  a re  damped by viscous s t r e s s e s  as  

an in t e r f ace  i s  approached. 

( p a r a l l e l  t o  t h e  in t e r f ace ) ,  

H i s  analysis  gave f o r  a spac ia l  average 

where y i s  a coordinate defined as  y I r - d/2 and t ( y )  i s  a damping 

fac tor  depending on the  i n t e r f a c i a l  condition. Lamont's solut ion of 

t h e  viscous "eddy-cell" equation gave f o r  a r i g i d  in te r face ,  

5, = [0.294 ny s inh ny + 0.388 s inh ny 4.388 ny cosh ny] , 
and f o r  a mobile in te r face ,  

5, = EO. 366 s inh ny -0.089 ny cosh ny] . 

In  addition, it i s  assumed here t h a t  only t h e  range of eddy s i zes  smaller 

than, o r  equal t o ,  t h e  bubble diameter i n t e r a c t  with a bubble t o  produce 

eddy t r a n s f e r  t o  the  bubble i t s e l f  and t h a t  each of these  eddies i s  

e f f ec t ive ly  damped only i f  it i s  within a dis tance from t h e  in t e r f ace  

equal t o  the  wave size.  

minimum given by t h e  Kolmolgoroff microscale f o r  pipe flow, 

The eddy s i zes  assumed present range from a 

t o  an a r b i t r a r y  maximum of one-half t he  pipe diameter, 

= D / 2  . 'max 

Consequently, using Equation (39), t he  r a t i o  of eddy d i f f u s i v i t y  effec-  

t i v e  t o  t h e  bubble a t  a pos i t ion  y t o  t h e  eddy d i f f 'us iv i ty  ex i s t ing  away 

from the  in te r face ,  p /po, i s  calculated from t h e  following r e l a t ions :  e 

1. For rr/y > v/d, 
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P O  
- -  

A numerical in tegra t ion  of Equation (40) with Amax = d i s  shown on 

Figure 20 f o r  both mobile and r i g i d  damping. 

The ac tua l  r e l a t i v e  eddy d i f f b s i v i t y  var ia t ion  calculated from 

Equation (40)  w i l l  not approach u n i t y  i n  midstream as  i n  Figure 20 

because t h e  in t eg ra t ion  of t he  numerator i s  t o  include only eddies up 

t o  t h e  s i z e  of the bubble diameter whereas the  denominator i s  t o  be 

in tegra ted  over a l l  wave s i z e s  i n  t h e  f i e l d .  

Comparing t h e  mobile and r i g i d  in t e r f ace  curves on Figure 20 ind i -  

ca tes  t h a t  t h e  two conditions would r e s u l t  i n  very l i t t l e  d i f fe rence  i n  

mass-transfer behavior f o r  an e s s e n t i a l l y  passive bubble being acted 

upon simultaneously by many eddies - a r e s u l t  not t oo  displeasing 

in tu i t i ve ly .  A s ign i f i can t  difference i n  behavior then, by t h i s  

formulation, must come about by assigning a longer renewal period, T,, 

t o  r i g i d  in t e r f aces  than t o  mobile in te r faces .  

The va r i a t ion  of I.,/& required f o r  a so lu t ion  t o  Equation (35) can 

be obtained from t h e  product 

i f  t h e  values f o r  eddy diff 'us ivi ty  i n  midstream, 1-1 , are  knm. 
0 
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Figure 20. Dimensionless Variation of Eddy Di f fus iv i ty  with 
Distance from an Interface.  Effect  of Surface 
Condition. 
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For t h e  standard de f in i t i on  of eddy d i f fus iv i ty ,  Groenhof5' gives 

a cor re la t ion  applicable t o  t h e  midsection of a pipe, 

E = 0.04 t,/+ D . 
Let t ing  T~ = f p v2/8gC and f = O.316/Re1I4 for smooth tubing, then E 

from Equation (42) i s  given by 

E/v = 0.04 h/fTg Re = 0.04 d-8 Re7/ . (43) 

P h i l l i p ' s  de f in i t i on  of eddy v i scos i ty  reduces t o  t h e  standard 

de f in i t i on  i n  the  midsection of a pipe. Consequently, it i s  acceptable 

t o  convert Equation (43) t o  

Po/&!! = 0.04 d m  Sc Re 7 / 8  , 
which along with Equation (41) and Equations (40) f u l l y  determine a 

f o r  use i n  solving Equation (35). 

(44) 

It i s  r ea l i zed  t h a t  P h i l l i p ' s  analysis  fo r  eddy v i scos i ty  i s  not 

s t r i c t l y  appl icable  near an in t e r f ace  nor i s  the  "eddy-cell" i dea l i za t ion  

a r e a l i s t i c  p i c tu re  of t he  turbulence. Nevertheless, t he  va r i a t ion  i n  

eddy d i f f u s i v i t y  based on these concepts was determined through Equations 

(43) and (40). It i s  f e l t  t h a t  t h e  behavior of a pseudo-turbulence such 

as  t h i s  may be s imi la r  t o  a r e a l  turbulent  f i e l d  i n  t h a t  t h e  e s s e n t i a l  

fea tures  a re  re ta ined  and t h e  t rends  predicted i n  t h i s  manner may be 

useful.  For example, f o r  t h e  condition of turbulent  t r a n s f e r  t o  a con- 

du i t  wal l  i t s e l f  t he re  have been measurements of  t he  standard eddy 

d i f f u s i v i t y  d is t r ibu t ions .  Therefore, a comparison was made i n  Figure 

2 1  of eddy d i f f u s i v i t i e s  calculated i n  t h e  above manner with S le i che r ' s  
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Comparison of Calculated Values with 
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data.60 For t h i s  appl icat ion of t r a n s f e r  t o  a conduit, t h e  value of d 

i n  Equation (boa) ( the  maximum eddy s i z e  i n  t h i s  case) was a r b i t r a r i l y  

s e t  equal t o  1 / 2  of t he  pipe radius, ro, and the  coef f ic ien t  i n  Equation 

(43) was adjusted s l i g h t l y  t o  require  pe/v t o  coincide exact ly  with 

S le i che r ' s  value i n  the  pipe midsection a t  Re = 14,500. Considering the  

d i f fe rence  i n  t h e  eddy d i f f u s i v i t y  def in i t ions ,  t he  comparison i s  favor- 

able  and it appears t h a t  use of a pseudo-turbulence idea l i za t ion  such as 

t h i s  may provide a unique means of pred ic t ing  eddy v i scos i ty  and eddy 

d i f f u s i v i t y  var ia t ions .  

and t h e i r  va r i a t ion  was not the  primary concern of t h i s  t hes i s ,  fu r the r  

development of these concepts was not considered. 

Since the  determination of eddy d i f f u s i v i t i e s  

Equations (35), (36), ( b o ) ,  and (44), which represent t h e  present  

surface renewal model were programmed on a d i g i t a l  computer and numeri- 

c a l  so lu t ions  obtained using T, as a parameter. 

complete evaluation of t h i s  computer program and the  r e s u l t s  can only 

be presented here as ten ta t ive .  

t h e  exponents obtained f o r  an equation of the  form 

Time did not permit a 

Figure 22 i l l u s t r a t e s  t h e  values of 

S% - Re" Scb (d/D)' 

as a funct ion of T,. 

exponent was 1/3 (corresponding t o  r i g i d  in t e r f aces )  was approximately 

2.7. 

Sherwood number was e s s e n t i a l l y  independent of t he  bubble diameter and 

var ied according t o  

The value of T, f o r  which the  Schmidt number 

A t  t h i s  value of T,, t h e  so lu t ion  f o r  the  time-averaged pipe 

S h -  Reoo8' scl' . (45) 

The computer results as T, approached zero appeared t o  approach t h e  

c l a s s i c a l  penetrat ion solut ion of Equation (35) obtained fo r  IJ- / 69 = 0, e 
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Figure 22. Numerical Results of the Surface Renewal Model. Plots 
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Sh - JSc (d/D)8/ Re”’ / (d/D) 

o r  

Sh Scl/ Re0” ( d/D) 9 

which i s  i d e n t i c a l  t o  Equation (27). Consequently, i f  t h e  surface 

renewal period, T*, i s  in te rpre ted  as  being a measure of t h e  r i g i d i t y  

of t h e  in te r face ,  T, -t 0 being cha rac t e r i s t i c  of mobile in te r faces  and 

T, -+ -2.7 ( i n  t h i s  case) being cha rac t e r i s t i c  of r i g i d  in te r faces ,  then 

t h i s  surface renewal model may be useful.  

Neither t h i s  model nor t h e  preceding turbulence in t e rac t ion  model 

s a t i s f a c t o r i l y  pred ic t  the  observed va r i a t ion  of pipe Sherwood number 

w i t h  bubble diameter f o r  t h i s  range of bubble s izes .  Ind i rec t  support 

i s  therefore  provided fo r  t h e  supposition t h a t  t h e  observed l i n e a r  

va r i a t ion  may be the  r e s u l t  of a t r a n s i t i o n  from r i g i d  t o  mobile 

behavior. 



CHAPTER V I  

SUMMARY AND CONCLUSIONS 

Transient response experiments were performed using f i v e  d i f f e ren t  

mixtures of glycer ine and water. Liquid-phase-controlled mass-transfer 

coef f ic ien ts  were determined f o r  t r a n s f e r  of dissolved oxygen i n t o  small 

helium bubbles i n  cocurrent turbulent  gas-liquid flow. These coef f i -  

c i en t s  were establ ished as  functions of Reynolds number, Schmidt number, 

bubble mean diameter, and g rav i t a t iona l  o r i en ta t ion  of t h e  flow. 

An ana ly t i ca l  expression was obtained f o r  t he  r e l a t i v e  importance 

of turbulent  i n e r t i a l  forces  compared with g rav i t a t iona l  forces ,  Fi/Fg. 

For conditions i n  which t h i s  r a t i o  was g rea t e r  than -1.5, t h e  va r i a t ion  

i n  t h e  observed mass-transfer coef f ic ien ts  with Reynolds numbers was 

l i n e a r  on log-log coordinates with i d e n t i c a l  behavior f o r  hor izonta l  

and v e r t i c a l  flows. = 1.5, t he  hor izonta l  coe f f i c i en t  va r i -  

a t ion  continued t o  be " l inear"  u n t i l  t h e  r a t i o  of l i q u i d  a x i a l  ve loc i ty  

t o  bubble terminal veloci ty ,  V/Vb, decreased t o  about 3, where severe 

s t r a t i f i c a t i o n  made operation impractical .  The v e r t i c a l  flow coe f f i -  

c i e n t  s underwent a t r a n s i t i o n  from t h e  " l inear"  va r i a t ion  and approached 

constant asymptotes cha rac t e r i s t i c  of bubbles r i s i n g  through a quiescent 

l iqu id .  

f a c t o r  f o r  describing the  v e r t i c a l  flow coe f f i c i en t s  i n  t h i s  t r a n s i t i o n  

region f o r  which Equation (22)  i s  the  recommended correlat ion.  

Below F. /F 
1 g  

The va r i ab le  r a t i o  of F. /F proved t o  be a u se fu l  l i n e a r  sca l ing  
1 g  

The Schmidt number exponent f o r  t he  s t r a igh t - l i ne  port ions of t h e  

da ta  was observed t o  be grea te r  than 1/2 based on physical  property 

data fo r  8 which may be suspect. F i t t i n g  the  data  with a Schmidt number 
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exponent of 1/2 resu l ted  i n  only s l i g h t l y  l e s s  prec is ion  than f o r  

t h e  case i n  which the  ac tua l  regression exponent was used, and a 

d e f i n i t i v e  choice could not be made between t h e  two. Based on theo- 

r e t i c a l  expectations, a Schmidt number exponent of 1 / 2  would seem t o  

be appropriate,  and consequently, t h e  recommended cor re la t ion  i s  

Equation ( 23). 

The va r i a t ion  i n  mass-transfer coef f ic ien t  with bubble mean diameter 

over t h e  range covered was observed t o  be l i n e a r  i n  agreement with t h e  

f indings of Calderbank and Moo-Young'' f o r  ag i ta ted  vessels.  Some pre- 

l iminary runs made with bubble mean diameters outs ide t h e  range of t h i s  

repor t  indicated t h a t  t h e  l i n e a r  var ia t ion  does not continue but  t h a t  

t h e  coe f f i c i en t s  l e v e l  of f  a t  both smaller and l a r g e r  diameters. 

Furthermore t h e  coef f ic ien ts  t e n t a t i v e l y  appear t o  decrease slowly w i t h  

increasing mean diameters above about 0.08 inches. 

Consistent with findings of other  invest igat ions,  t h e  Reynolds 

number exponent was s ign i f i can t ly  grea te r  than expected based on ag i ta ted  

vesse l  da ta  comgared on an equivalent power d iss ipa t ion  basis .  

explanation i s  t h a t  there may e x i s t  g rea te r  g rav i t a t iona l  influence i n  

ag i ta ted  vessels.  Another i s  the  postulated existence of d i f f e r e n t  

bubble r e l a t i v e  flow regimes. 

One 

A seemingly anomalous behavior was observed f o r  t h e  Reynolds number 

va r i a t ion  i n  t h a t  t h e  data  f o r  water (plus  about 200 ppm N-butyl alcohol) 

exhibited s i g n i f i c a n t l y  smaller Reynolds number exponents and a corres-  

pondingly smaller exponent f o r  t h e  r a t i o ,  (d/D), than t h a t  f o r  t he  

glycerine-water mixtures. There may have been a difference i n  t h e  

i n t e r f a c i a l  conditions ( theadd i t ion  of t he  sur fac tan t  c rea tes  a " r ig id"  
W 
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i n t e r f ace  while t he  glycerine-water mixtures apparently general ly  had 

"mobile" i n t e r f a c i a l  behavior). However, under steady r e l a t i v e  flow 

conditions t h i s  would r e s u l t  i n  no difference i n  the  Reynolds number 

exponent. Consequently, it was postulated t h a t  th is  difference resu l ted  

from the  possible  exis tence of d i f f e ren t  bubble r e l a t i v e  flow regimes. 

I n  support of t h e  above contention, a two-regime "turbulence 

in te rac t ion"  model was formulated by balancing turbulent  i n e r t i a l  forces  

w i t h  drag forces t h a t  depend on t h e  bubble r e l a t i v e  flow Reynolds num- 

ber. The r e s u l t i n g  mean bubble ve loc i t i e s  were subs t i tu ted  i n t o  

"Fr8ssling" equations t o  determine t h e  mass-transfer behavior. 

r e su l t i ng  Reynolds number exponent f o r  one regime (Reb < 2) agreed very 

wel l  w i t h  t h e  experimental value f o r  t h e  glycerine-water mixtures and 

t h a t  f o r  t h e  other  regime (Re > 2) compared favorably with t h e  water 

data  and with ag i ta ted  vesse l  data  on an equivalent power d i s s ipa t ion  

basis .  

The 

b 

The dependence of Sherwood number on t h e  bubble-to-conduit diameter 

r a t i o ,  d/D, predicted by t h e  in t e rac t ion  model did not agree with the  

observed l i n e a r  var ia t ion.  Calderbank and Moo-Youn$ pointed out t h a t  

t h e  l i n e a r  va r i a t ion  they observed i n  ag i ta ted  vesse ls  f o r  bubbles of 

t h i s  s i z e  range probably resu l ted  from a t r a n s i t i o n  from ''small'' bubble 

t o  "large" bubble behavior. 

present observations, however, t he re  was no s a t i s f a c t o r y  means f o r  v a l i -  

dat ing th i s .  

Such a t r a n s i t i o n  could a l so  explain t h e  

For comparison, a second ana ly t i ca l  model was developed based on 

surface renewal concepts which could a l so  include d i f f e ren t  flow regimes. 

This model incorporated an eddy d i f f u s i v i t y  t h a t  var ied with Reynolds 
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number, Schmidt number, bubble diameter, i n t e r f a c i a l  condition, and 

pos i t ion  away from the  interface.  

es tabl ished by using a pseudo-turbulent model i n  which t h e  turbulence 

The va r i a t ion  of eddy diff 'usivity was 

was simulated by superposed viscous eddy-cells damped by the  bubble 

i n t e r f a c e  i n  a manner determined by Lamont." 

The surface renewal model assumed t h a t  t h e  "renewal" period f o r  t h e  

bubbles was r e l a t ed  t o  t h e  bubble "mean" ve loc i ty  r e su l t i ng  from a 

balance between turbulent  i n e r t i a l  forces  and viscous r e s i s t i n g  forces ,  

thus allowing the  cas t ing  of t he  equations i n t o  nondimensional form with 

t h e  pipe Reynolds n u d e r ,  t he  Schmidt number, and d/D as parameters. A 

closed so lu t ion  of t h e  equations was not obtained but a t e n t a t i v e  numer- 

i c a l  so lu t ion  employing a d i g i t a l  computer indicated t h a t ,  i n  t h e  limit 

of small dimensionless renewal period, T, - in te rpre ted  as representing 

mobile i n t e r f a c i a l  behavior, the  c l a s s i c a l  penetrat ion so lu t ion  of t h i s  

p a r t i c u l a r  form of the  d i f f i s i o n  equation resul ted.  

A s  T, approached a value of approximately 2.7 ( i n  t h i s  case),  t he  

computer so lu t ion  was independent of (d/D) and resu l ted  i n  a Schmidt 

number exponent of -l/3. Therefore, t h i s  value of T ,  w a s  interpreted 

as  represent ing r i g i d  i n t e r f a c i a l  behavior. 

Exp l i c i t  r e s u l t s  based'on t h e  models described above along with a 

l i s t i n g  of  the  more s ign i f i can t  observations of t h i s  study a r e  given 

below: 

1. Bubbles generated i n  a turbulent  f i e l d  a r e  wel l  characterized 

by the  d i s t r i b u t i o n  function 

f (  6 )  = 4 ($/IT)'' " 6" E xp ( -6" )  , 
where 

a [4 ,& N / 6 @ J V 3  . 
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2. The average volume f r ac t ions  occupied by gas i n  bubbly flow 

a r e  approximated by Hughmark's correlat ion64 only a t  higher flows. In 

horizontal  flow, when t h e  r a t i o  of a x i a l  ve loc i ty  of t he  l i q u i d  t o  t h e  

bubble terminal ve loc i ty  i s  below -25, Hughmark's cor re la t ion  predic t s  

volume f r ac t ions  lower than those observed. 

t h e  volume f r ac t ions  a r e  higher i n  downcomer l egs  than i n  r i s e r  legs,  

they can be establ ished by using Hughmark's cor re la t ion  f o r  t h e  mean 

and accounting f o r  t h e  buoyant r e l a t i v e  ve loc i ty  of t h e  bubbles i n  each 

leg. 

I n  v e r t i c a l  flow, while 

3. A t  low turbulent  flows s t r a t i f i c a t i o n  of the  bubbles i n  hor i -  

zontal  conduits prevented operation f o r  r a t i o s  of a x i a l  ve loc i ty  t o  

bubble terminal  ve loc i ty  below -3. 

4. Even a t  Reynolds numbers wel l  i n t o  the  turbulen t  regime, hor i -  

zontal  and v e r t i c a l  flow mass-transfer coef f ic ien ts  d i f f e r .  The Reynolds 

numbers above which they become equivalent a re  marked by t h e  dominance 

of turbulent  i n e r t i a l  forces  over g rav i t a t iona l  forces.  

5. A s  Reynolds numbers a r e  reduced, v e r t i c a l  flow mass-transfer 

coe f f i c i en t s  approach asymptotes cha rac t e r i s t i c  of bubbles r i s i n g  through 

a quiescent l iquid.  The r a t i o  of turbulent  i n e r t i a l  forces  t o  grav i ta -  

t i o n a l  forces  serves as  a usef'ul l i n e a r  sca l ing  f a c t o r  f o r  estimating 

t h e  mass-transfer coeff ic ients  a t  these lower Reynolds numbers. 

6. The e f f ec t  of  Reynolds number on Sherwood number f o r  flow i n  

conduits i s  not as would be expected based on comparison with ag i ta ted  

vesse l  data  on an equivalent power d iss ipa t ion  basis .  

observed turbulence-dominated data  are correlated by 

For example, t h e  

Sh/Scl/ = 0.34 Reoog4 (d/D)l * O  ( 2 3 )  
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whereas one obtains  from t h e  ag i ta ted  vesse l  data of Calderbank and 

Moo-Youn$ f o r  small bubbles 

Sh/Scl/ = 0.082 Reom6' > ( 2 )  

Sh/Scl' - (d/D)-"'l" . (3) 

and of Sherwood and Brian17 f o r  pa r t i cu la t e s  

I n  t h i s  t h e s i s  t he  two-regime turbulence in t e rac t ion  model and t h e  

surface renewal model exhib i t  i d e n t i c a l  r e s u l t s  f o r  mobile in te r faces  

i n  the  "Stokes" regime (Reb 5 2) ,  

Sh - Scl/ Reo *' ( d/D)l/ , 
which compares wel l  with t h e  observations represented by Equation (23). 

I n  t h e  second regime (Re > 2) ,  t he  turbulence in te rac t ion  model b 

f o r  r i g i d  in t e r f aces  r e s u l t s  i n  

Sh-  sc1/3 R e 0 * 6 6  (d/D)-O*2/4*2 

and the  r i g i d  in t e r f ace  in t e rp re t a t ion  of the  surface renewal model 

gives 

Sh - Scl/ 

as compared, for example, with Equations ( 2 )  and (3) .  

7. The observed l i n e a r  var ia t ion of Sherwood number with bubble 

diameter was not predicted theore t ica l ly .  Consequently, following 

Calderbank and Moo-Young," it i s  conjectured t h a t  t h i s  va r i a t ion  r e -  

s u l t s  from a t r a n s i t i o n  from r i g i d  (small  bubbles) t o  mobile ( l a r g e  

bubbles) i n t e r f a c i a l  behavior f o r  t h i s  s i z e  range. 

Data of t h i s  study t h a t  were obviously g rav i t a t iona l ly  in f lu -  8. 

enced compare favorably with data  for par t i cu la t e s  i n  ag i ta ted  vessels ,  

giving r i s e  t o  t h e  speculation t h a t  g rav i t a t iona l  forces may be more 

i n f l u e n t i a l  i n  ag i ta ted  vesse ls  where the re  may e x i s t  a grea te r  degree 

of anisotropy compared with flow i n  conduits. 



C W T E R  V I 1  

RECOMMENDATIONS FOR FURTHER STUDY 

Experimental 

Time did not permit a complete inves t iga t ion  of t h e  e f f e c t s  of a l l  

t h e  independent var iables .  Consequently, project ions of t h i s  study i n t o  

t h e  fu tu re  include experiments involving va r i a t ions  of t h e  conduit diam- 

e t e r  and t h e  i n t e r f a c i a l  condition. 

w i l l  help clar i f 'y  t he  ro l e  of d/D, i n  pa r t i cu la r  with regard t o  t h e  

observed l i n e a r  va r i a t ion  of mass-transfer coe f f i c i en t  with bubble diam- 

e te r .  These projected s tudies  will a l so  attempt t o  extend the  ranges of 

var iab les  covered through improvements i n  t h e  bubble generating and 

separat ing equipment. 

t h e  magnitude of t h e  "end-effect" and thereby provide g rea t e r  prec is ion  

t o  t h e  data. Parenthet ical ly ,  t h e  high r a t e s  of mass t r a n s f e r  observed 

i n  the  bubble separator  may qua l i fy  it f o r  f i r t h e r  inves t iga t ion  as a 

possible  e f f i c i e n t  in- l ine gas-liquid contactor. 

It i s  an t ic ipa ted  t h a t  these  s tudies  

It i s  hoped t h a t  these  improvements w i l l  reduce 

For p r a c t i c a l  purposes it i s  recommended t h a t  mass-transfer r a t e s  

a l so  be measured i n  regions of flow d iscont inui t ies  such as  elbows, t ee s ,  

valves, ventur is ,  and abrupt pipe s i z e  changes. An object ive of  these 

"discontinuity" s tud ies  would be t o  t e s t  Calderbank and Moo-Young' s 

hypothesis t h a t  mass-transfer r a t e s  can be universa l ly  cor re la ted  with 

the  power d iss ipa t ion  ra tes .  

A s  a d i r ec t  extension of t h e  work of t h i s  t hes i s ,  others  might con- 

s ide r  use of d i f f e ren t  f l u i d s  t o  provide a more de f in i t i ve  va r i a t ion  of 

t h e  Schmidt number and of t he  i n t e r f a c i a l  condition. The s tudies  could 
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have t h e  addi t iona l  object ive of demonstrating t h a t  surface tension i s  

not an i n f l u e n t i a l  var iab le  other than f o r  i t s  e f f e c t  on t h e  mobili ty 

of t he  interface.  

sca le  movements of bubbles i n  cocurrent turbulent  flow and t h e  eddy 

s t ruc tu re  very close t o  t h e  in t e r f ace  would help guide fu r the r  theoret-  

i c a l  descr ipt ions and may help va l ida t e  the  dimensionally determined 

expression f o r  t h e  average turbulent  i n e r t i a l  forces.  

Experiments designed t o  look a t  the  ac tua l  small- 

One contention of t h e  present work, t h e  possible  exis tence of 

d i f f e ren t  flow regimes yielding d i f f e ren t  Reynolds number exponents, 

should be fu r the r  tes ted.  A subs t an t i a l ly  widened range of Reynolds 

number f o r  a given bubble s i z e  i n  a viscous f l u i d  might uncover a t ran-  

s i t i o n  from one regime t o  another. 

I n  p r a c t i c a l  appl icat ions,  t h e  i n t e r f a c i a l  area avai lable  f o r  mass 

t r a n s f e r  i s  equally as  important as  t h e  mass-transfer coeff ic ient .  

Therefore, f o r  systems i n  which r e l a t i v e l y  long term rec i r cu la t ion  of 

t h e  bubbles i s  ant ic ipated,  t h e  bubble dynamic behavior becomes of 

i n t e r e s t .  For example, more information i s  needed on bubble breakup 

and coalescence w h i c h  tend t o  es tabl ish an equilibrium bubble s i z e  i n  

a turbulent  f i e ld .  More important perhaps, i s  t h e  e f f e c t  of bubbles 

passing through regions with l a rge  changes i n  pressure (e ,  g., across a 

pump) where they may go i n t o  solut ion and, as  t he  pressure i s  again 

reduced, renucleate  and grow i n  s ize .  The e f f ec t s  on mean bubble s i zes  

and t h e  i n t e r f a c i a l  areas  avai lable  under such conditions a re  not wel l  

known and t h i s  p a r t i c u l a r  aspect of bubble behavior could provide a 

f rui t ful  f i e l d  f o r  fur ther  research. 
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Theoretical  

Two extreme viewpoints were taken i n  t h i s  report  i n  which bubbles 

were considered as  being e i t h e r  e s s e n t i a l l y  passive i n  a turbulent  f i e l d  

with t h e  mass-transfer behavior being governed by t h e  "sweeping" of t h e  

surface with random eddies or, a l te rna t ive ly ,  as  moving through t h e  t u r -  

bulent l i q u i d  and es tab l i sh ing  a boundary-layer type of behavior. 

The "surface renewal" model developed i n  t h i s  repor t  was only ten-  

t a t i v e l y  evaluated. Further development of t h e  model i s  an t ic ipa ted  and 

addi t iona l  solut ions should demonstrate t h e  technique by which surface 

renewal concepts can be applied t o  cocurrent turbulent  flow. 

A complete mechanistic descr ipt ion of mass t r a n s f e r  between bubbles 

and l i qu ids  i n  cocurrent turbulent  flow would presumably include t h e  

t r ans i en t  e f f e c t s  of a developing boundary l aye r  as  a bubble i s  acceler-  

a ted i n  f i r s t  one d i rec t ion  and then the  other  by random i n e r t i a l  forces.  

Superimposed on t h i s  would be t h e  e f f e c t s  of t h e  surrounding eddy s t ruc-  

t u r e  and t h e  cha rac t e r i s t i c s  of t he  eddy penetrat ions through t h e  

developing boundary layer.  

these simultaneous e f f ec t s  should be considered w i t h  possible  solut ions 

on a d i g i t a l  coqu te r .  

Further e f f o r t s  t o  t h e o r e t i c a l l y  descr ibe 

The use of pseudo-turbulent f i e l d s  (e.  g., an eddy-cell s t ruc ture)  

t o  determine the  t ranspor t  r a t e s  and t o  e s t ab l i sh  such proper t ies  as  an 

eddy diff 'us ivi ty  should provide usefu l  i n s igh t s  i n t o  t h e  ac tua l  behavior 

i n  r e a l  f l u i d s  and should help pred ic t  data trends. For example, t h e  

multiple boundary l aye r  s t ruc tu re  es tabl ished by Busse'l for t h e  vector  

f i e l d  t h a t  maximizes momentum t ranspor t  i n  a shear flow strongly resembles 



103 

an a r t i f i c i a l  eddy-cell s t ructure .  S t a r t i ng  with such a s t ruc ture ,  one 

could work tlbackwardsll t o  ca l cu la t e  eddy v i s c o s i t i e s  (for example) as a 

m e t i o n  of pos i t ion  away from a s o l i d  boundary. 
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APPENDIX A 

PHYSICAL PROPERTIES OF AQUEOUS -CLYCEROL MIXTURES 
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Figure 23. Schmidt Numbers of Glycerine-Water Mixtures. 
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Figure 24. Henry's Law Constant for  Oxygen S o l u b i l i t y  i n  Glycerine- 
Water Mixtures. 
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Figure 25. Molecular Diffusion Coeff ic ients  f o r  Oxygen i n  Glycerine- 
Water Mixtures. Data of Jordan, Ackerman, and Berger. 
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APPENDIX B 

DERIVATION OF EQUATIONS FOR CONCENTRATION CHANGES 

ACROSS A GAS-LIQUID CONTACTOR 

Consider t he  cocurrent flow of a gas and a l i qu id  i n  a constant 

area p ipe l ine  of cross  sect ion A and length L. I n  a d i f f e r e n t i a l  

element of  length dR, a dissolved const i tuent  of concentration F i n  
C 

t h e  l i q u i d  i s  t r ans fe r r ed  i n t o  the  gas as  shown below. 

A mass balance f o r  t h e  dissolved const i tuent  gives 

Q a dE = +a Ac dR (c - C s )  (B-1) 

Q d c  = +ka Ac dR (c - C s )  , g g  
- 

where F i s  the  l i q u i d  phase average concentration, C 

concentration, and C i s  the  concentration ex is t ing  a t  the  gas-liquid 

interface.  

i s  t h e  gas phase 
g 

S 

Dividing Equation (B-2) by Equation (B-1) gives 
- 

&a 
Qg 

dC 

dC 
A=--. - 

In tegra t ing  Equation (B-3)  and l e t t i n g  F = 0 when F = C i  gives 
g 

03-31 

If t h e  i n t e r f a c i a l  concentration i s  assumed t o  be a t  "equilibrium" 

and the  s o l u b i l i t y  of t h e  dissolved const i tuent  i s  expressible  by Henry's 



Law, then 

118 

HCs = F RT . 
g 

Subs t i tu t ing  Equation (B-4) i n t o  Equation (B-5) gives 

c = E  ( $ ) ( C i 4 )  - . 
s H  

(B-5) 

Equation (B-6) can be subs t i tu ted  i n t o  Equation (B-1)  t o  obtain 
- 

Q dF = +a Ac dR [F - (RT/H)(Q /Q ) ( C i  - C ) ]  R R g  

Expanding and dividing by Q dR gives a 

where B ‘ = ka Ac (1 + y)/QR and y = (RT/H) (QR/Qg) . 
Use of t h e  in tegra t ion  f ac to r  eB’’ permits t he  following so lu t ion  

A t  R = 0, F = C therefore  the  constant of in tegra t ion  i s  i’ 

and 

Therefore t h e  r a t i o  of t h e  e x i t  ( R  = L )  t o  i n l e t  concentration, Ce/Ci, 

i s  

or defining B I R’L, 
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W where 
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APPENDIX C 

INSTRUMENT APPLICATION DRAWING 
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APPESSDIX D 

INSTRUMENT CALIBRATIONS 
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Figure 29. Bubble Size Range Produced by the  Bubble Generator. 
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Figure 30. Calibrat ion of Rotameter No. 1 (100 g-pm). 
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ORNL-DWG 71-8009 

CAL IBRATION O F  ROTAMETER 2 
FOR TWO M I X T U R E S  OF GLYCERINE 
AND WATER 
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Figure 31. Calibrat ion of Rotameter No. 2 (40 g p m ) .  
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Figure 34. Cal ibrat ion of  Oxygen Sensors i n  two Mixtures of 
Glycerine and Water. 



APPENDIX E 

EVALUATION OF EFFECT OF OXYGEN SENSOR RESPONSE SPEED 

ON THE MEASURED TRANSIENT RESPONSE OF THE SYSTEM 

Instrument responses a re  typ ica l ly  exponential i n  nature. Thus, 

i f  t h e  sensor reading i s  defined as  Cr,  and the  ac tua l  loop concentra- 

t i o n  as  

response equation of t he  form 

(both functions of time) it i s  safe  t o  assume an instrument 

where Kr i s  an instrument response coef f ic ien t .  

The t r ans i en t  response of  t h e  loop i t s e l f  i s  given by an equation 

Therefore, Equation (E-1) can be expressed as  

r + Kr C r  = Kr Coe 4 t  L . dC 

d t  
- 

Integration of Equation (E-2) with the initial condition C = C at 

t = 0 gives 

r 0 

4 t  4 t  = A e  r + B e  L 

(E-2) 

(E-3) 

The manufacturers s t a t ed  response time for  t h e  Magna oxygen sensors 

i s  90% i n  30 seconds. This response r e s u l t s  i n  a value of 

K = 4.61 . r 

The maximum observed r a t e  of change of oxygen concentration i n  t h e  

t r ans i en t  experiments corresponded t o  

129 



% = 0.75 . 
(On t h e  average, t h e  experiment t r ans i en t s  resu l ted  i n  % < 0.3.) 

fore,  f o r  t h i s  case, A = 4 . 1 9 ,  B = 1.19 and 

There- 

C /Co = l .19e-0*76t - 0.19e-4*61t , r (E-4) 

An examination of Equation (E-4) shows t h a t  as  time progresses t h e  

second term becomes negl ig ib le  compared t o  t h e  f irst ,  and t h e  measured 

slope approaches t h e  ac tua l  t r ans i en t  slope of 0.75. For example, t h e  

measured slope fo r  t h i s  "worse'' case i s  0.74 a r t e r  only one minute of 

t r ans i en t  compared t o  t h e  r e a l  value of 0.75. Therefore, t o  fbrther 

minimize t h i s  possible  e r ror ,  t h e  slopes of t h e  measured t r ans i en t s  were 

taken only from t h e  f i n a l  s i x  minutes of t he  curve permit t ing an i n i t i a l  

"response adjustment" time of severa l  minutes. The e r ro r  due t o  t h e  

instrument response, then, i s  assumed t o  be negl igible .  
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n e t  convection = (out- in)  = 

MASS BALANCES FOR THE SURFACE RFNEWAL MODEL 

a (urc 1 l 
4m2 7 d r  + 8mdr ( U  C )  ’ 

Consider a d i f f e r e n t i a l  region i n  a spher ica l  s h e l l  of f l u i d  

surrounding a bubble as shown below, 

Mass balances f o r  t h e  concentration, C, of a dissolved const i tuent  

within t h e  l i q u i d  are  obtained as  follows: 

Convection 

in :  ur c 4nr2 

a (urc) 
out: 4rr (r + dr)” [Ur C + dr 

ac 
a r  in:  k~ 4nr2 - 

ac a2c 
ar2  

out: r9 417 ( r  + dr)’ [ ar + - d r ]  

- .- . .. -. . . 
a 2C ac 

a r  net  d i f f i s i o n  = (out- in)  = d9 4nr2 - d r  + r9 81-rrdr - 



Storage 

lcn ac net  l o s s  = - [(r  + dr )3  - r3] at 3 

Summing the  contributions (F-1) through (F-3) gives 

U L  

Dividing by 4m2 d r  gives 
- 

1 2 
r + - (urc) = 0 . 

ac a(r2u r c) 
a t  a r  

Making t h e  Reynolds assumptions 

c = i ? + C ‘  
u = u t  , r 

subs t i t u t ing  i n t o  Equation (F-h), expanding 

a2i? a2c’ 2 ai? + - ai? + - = a  ac‘ [- 
a r 2  a r 2  a t  a t  + - + - -  

r a r  

and co l l ec t ing  terms gives 

r a r  

2 
+ a o + a o + 3  ar a r  r (u?) f r  (u’c’) . (F-5) 

The time average of a quantity,  C, i s  defined as 

Jt-‘’ C d t  - 
c z m  

i n  which t h e  time in te rva l ,  (ta - t l ) ,  i s  long enough f o r  t h e , t i m e  

average of the f luc tua t ing  quan t i t i e s  i n  Reynolds assumption t o  be 

ze ro  but short  compared t o  t h e  t r ans i en t  changes i n  c. 
time average of Equation (F-5) gives 

Therefore, a 





APPENDIX G 

ESTIMATE OF ERROR DUE TO END-EFFECT ADJTJSTMENTS 

The measured r a t i o s  of ex i t - to - in l e t  concentration, K, across a 

gas-liquid contacter  were extracted from the  measured slope, S, of t h e  

log-concentration versus time data  by the  r e l a t ion  

The e r ro r  involved i n  measuring the various quan t i t i e s  used t o  e s t ab l i sh  

K a r e  estimated t o  be 

- A5 - 0.01 , 
S 

and 

0.03 . nQ, 
QR 
- N  

Consequently, t h e  e r r o r  i n  K can be estimated from 

Kmin K -  DK max 
K K , - N  

where 

and 

(s + &)(V + nvs) 
= Exp [- S 

Kmin (Q, - AQ,) 
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The minimum r a t i o  measured f o r  K was -0.9, therefore  t h e  maximum estimate 

of the e r r o r  i s  

I n  Chapter 111, t h e  r a t i o ,  K2 ,  applicable t o  t h e  t e s t  sect ion above 

was calculated from 

where K 

section, and the  bubble separator  together,  and KII was t h a t  across 

j u s t  t h e  bubble generator and bubble separator.  Therefore, t he  maximum 

was t h e  measured r a t i o  across the  bubble generator, t h e  t e s t  
I 

instrument-precision induced e r ro r  i n  KB i s  estimated t o  be 

&a K2,max Ka, min 
- N  

K2 KZ 

1 + 0.02 1 - 0.02 

< 10% . N K I / K I I  (1 - 0.02 ) . K I / K I I (  1 + 0.02 ) - 

I n  es tab l i sh ing  K and KII i n  separate  t e s t s ,  t h e  i n a b i l i t y  t o  I 

exact ly  dupl icate  conditions r e s u l t s  i n  an e r r o r  grea te r  than t h e  above. 

An estimate of t h e  maximum magnitude of t h i s  e r ro r  can be had by examin- 

ing the  data  f o r  t h e  75% water-25% glycerine mixture (Figure 13, page 63). 

Before t h e  end-effect adjustment, t h e  calculated v e r t i c a l  and hor izonta l  

flow mass-transfer coef f ic ien ts  f o r  t he  0.02-inch mean diameter bubbles 

were e s s e n t i a l l y  ident ica l .  However, a f t e r  t h e  adjustment they d i f f e red  

by-25%. It i s  f e l t  t h a t  t h i s  d i f fe rence  mostly a r i s e s  from t h e  inab i l -  

i t y  t o  exac t ly  recrea te  t h e  v e r t i c a l  flow conditions as  a r e s u l t  of 

a l t e r a t i o n s  made i n  the  bubble generator between t h e  o r i g i n a l  t e s t  and 
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t h e  end-effect t e s t .  Consequently t h e  hor izonta l  flow da ta  a re  consid- 

ered t h e  more "exact" although they should s t i l l  r e f l e c t  t h e  -10% error 

estimated due t o  measurement precision. 
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ORN L-DWG 7 1-7965 

0 
V 

n 
W 
I- 
v, 
3 
3 

38 
WATER t -200 ppm N-BUTYL ALCOHOL 
VERTICAL FLOW IN 2-in. CONDUIT 

36 t SCHMIDT NO. 4 f9  

3 4  

32 

30  

28 

26 

24  

0.3 0.5 

0 a 
U I 
A A 

V 
0 4  

+ +  
h A  

a :  

QL (gpm) 

20 

35 

4 0  

50  

6 0  

65  

80  

100 

Re - 

35,583 
62,269 

71,165 

88,955 

106,748 

1 15,642 

142,381 
177,913 

3 

Y 

0 . 0 8  0 0.01 0.02 0.03 0 0 4  0.05 0.06 0.07 

d,,, BUBBLE MEAN DIAMETER (in.) 

Figure 35. Unadjusted Mass Transfer Data. Water Plus ,200 ppm 
N-Butyl Alcohol. Ver t ica l  Flow. 
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ORNL-DWG 71-7966 

R e  . 

I I WATER t -200 ppm N - B U T Y L  ALCOHOL 
HORIZONTAL FLOW IN 2-in. CONDUIT 

- Q, (gpm) 
Q,/QL = 0.3% 
S C H M I D T  NO. = 419 0 5 0  88,955 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

d,,, B U B B L E  M E A N  DIAMETER ( in.)  

Figure 36. Unadjusted Mass Transfer Data. Water Plus -200 pprn 
N-Butyl Alcohol. Horizontal Flow. 
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ORNL- DWG 7 1-7967 

12.5 O/o G L Y  CE R I NE 
&/QL = 0.3% 
VERTICAL FLOW IN 2-in. CONDUIT 
SCHMIDT NO. 370 

Re QI ( g p m )  - w I THOUT* w I TH" 

0 15 19,288 
0 I 20  25,718 
a A 35 45,006 

0 + 5 0  64,294 
v v 65 83,583 

* ADDITION OF -200 ppm N-BUTYL ALCOHOL 

' I  

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

d u s t  BUBBLE MEAN DIAMETER (in.) 

Figure 37. Unadjusted Mass Transfer Data. 12.5% Glycerine-87.5% 
Water. Vertical Flow. 
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iORIZONTAL FLOW IN 2-in CONDUIT 
2 5% GLYCERINE 
iCHMIDT NO = 370 
2 g / Q ~  = 0 3% 

85 75 

ORNL-DWG 71-7968 - 
Re - Q, (gpm) 

0 35 45,006 
0 5 0  64,294 
A 6 5  83,583 
A 7 5  96,442 
v 8 5  109,302 

16 

14 
c L 
r 
\ + 
+ Y 

I- 12 
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LL 
LL : 10 
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W 
LL 
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$ 8  
LL 
I- 

cn 
cn 
a 
2 6  
n 
W 
k 
cn 
3 

0 ’ 4  
a z 
3 

1 

2 

0 
0 0.ot 0.02.  0.03 0.04 0.05 0.06 0.07 0.08 

dvs, BUBBLE MEAN DIAMETER ( in.)  

Figure 38. Unadjusted Mass Transfer Data. 12.5% Glycerine-87.5% 
Water. Horizontal Flow. 
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ORNL-DWG 71-7969 

t 

I 

WITHOUT* w I TH* QL (gpm) R e  - 

0 0 20 17,636 

U I 30 26,454 

n A 40 35,272 

0 ' 5 0  4 4,090 
v 7 60 52,908 

*ADDITION OF - 2 0 0  ppm N-BUTYL ALCOHOL 
I I 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

d v s ,  BUBBLE MEAN DIAMETER (in.) 

v 

Figure 39. Unadjusted Mass Transfer Data. 25% Glycerine-75$, Water. 
Vertical Flow. 
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ORNL-DWG 71 -7970 

Figure 40. Unadjusted Mass Transfer Data. 25% Glycerine-75% Water. 
Horizontal  Flow. 
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v v 4 5  29,429 

-*ADDITION OF -200 ppm N-BUTYL ALCOHOL 

ORNL-DWG 7 1-7971 

37.5% GLY CE R IN E 
SCHMIDT NO. = 2015 
Q g / 0 ~  = 0.3% 
VERTICAL FLOW IN 2 - i n .  CONDUIT 

0 0.01 0 .02  0.03 0.04 0.05 0.06 0.07 0.08 
dvS, BUBBLE MEAN DIAMETER ( i n . )  

Figure 41. Unadjusted Mass Transfer Data. 37.5% Glycerine-62.5% 
Water. Vert ical  Flow. 
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37.5"10 GLYCERINE 
SCHMIDT NO. = 2015 

HORIZONTAL FLOW IN  2 - i n .  CONDUIT 

- Q g / Q ~  = 0.3% - 

OR N L-DW G 7 i -7 9 7 2 

Re - QL (gpm) 

1 3 0  19,6! 9 

1 40  26,159 
L 4 5  29,429 
7 5 0  32,699 
r 55 35,968 ___ 
1 60  39,238 
I 7 0  45,777 

22,889 - D 35 

0 0.01 0 .02  0.03 0.04 0.05 0.06 0.07 0.08 

dvs,  BUBBLE MEAN DIAMETER (in.) 

Figure 42. Unadjusted Mass Transfer Data. 37.5% Glycerine-62.5$ 
Water. Horizontal Flow. 
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I 1 

j O %  GLYCERINE 
SCHMIDT NO. = 3 4 4 6  
dERTICAL FLOW IN 2-1n  CONDUIT 
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d , , ,  BUBBLE MEAN DIAMETER (in.) 

Figure 43. Unadjusted Mass Transfer Data. 50% Glycerine-50% 
Water. Ver t ica l  Flow. 



OR N L- D WG 7 1 - 79 74 
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

dvs, BUBBLE M E A N  D I A M E T E R  ( i n . )  

Figure 44, Unadjusted Mass Transfer Data. 5% Glycerine-50% 
Water. Horizontal Flow. 
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Figure 45. Unadjusted Mass Transfer Coeff ic ients  Versus Pipe 
Reynolds Number as  a Function of Bubble Sauter-Mean 
Diameter. 
Horizontal and Ver t ica l  Flow. 

Water Plus -200 ppm N-Butyl Alcohol, 
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Figure 46. Unadjusted Mass Transfer Coeff ic ients  Versus Pipe 
Reynolds Number as a Function of Bubble Sauter-Mean 
Diameter. 12.5% Glycerine-87.5% Water. Horizontal 
and Ver t i ca l  Flow. 
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Figure 47. Unadjusted Mass Transfer Coeff ic ients  Versus Pipe 
Reynolds Number as a Function of Bubble Sauter-Mean 
Diameter. 25% Glycerine-75% Water. Horizontal and 
Ver t ica l  Flow. 
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Figure 48. Unadjusted Mass Transfer Coeff ic ients  Versus Pipe 
Reynolds Number as  a Function of Bubble Sauter-Mean 
Diameter. 37.5% Glycerine-62.5% Water. Horizontal 
and Ver t ica l  Flow. 
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ORNL-DWG 71-7988 

I I 
5 0 %  G L Y C E R I N E  
S C H M I D T  NO. = 3 4 4 6  
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P I P E  R E Y N O L D S  NO., R e  Z V D / v  

Figure 49. Unadjusted Mass Transfer Coeff ic ients  Versus Pipe 
Reynolds Number as a Function of Bubble Sauter-Mean 
Diameter. 5% Glycerine-5% Water. Horizontal  and 
Ver t ica l  Flow. 
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ORNL-DWG 7 1-7975 

QL (gpm)  Re 
0 2 0  3 5 7 8  3 
0 3 5  62,269 
n 5 0  88,955 

A 7 0  124,537 

v 8 0  142,328 
v I00 177,913 

r20, 35 

I 

50, 70 -i 
N - B U T Y L  ALCOHOL - W A T E R  + -200 ppm 

S C H M I D T  NO.  = 4 19 
Q g / Q ~  = 0.3'10 
V E R T I C A L  FLOW IN 2 - i n .  C O N D U I T  

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

dvs, B U B B L E  M E A N  D I A M E T E R  (in.) 

Figure 50. Mass Transfer Data Adjusted f o r  End-Effect. Water Plus 
-200 ppm N-Butyl Alcohol. Ver t ica l  Flow. 



ORNL-DWG 71-7976 

0 50 88,955 
0 6 0  106,746 
A 7 0  124,537 

- A  8 0  142,328 

V 9 0  160,119 

--- LEAST SQUARES L I N E S  PASSING THROUGH 
ORIGIN FOR DIAMETERS UP TO 0.035 

0 0.01 0.02 0.03 0 .04  0.05 0.06 
dvS, BUBBLE MEAN DIAMETER ( i n . )  

Figure 51. Mass Transfer Data Adjusted for End-Effect. Water Plus 
,200 ppm N-Butyl Alcohol. Horizontal Flow. 
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ORNL- DWG 71 -797 7 

R e  - QL (gpm) 

0 2 0  25,7 18 
- a  35 45,006 
n 50 64,294 
A 6 5  83,583 

SCHMIDT NO. = 370  
Q ~ / Q L  = 0.3% 
VERTICAL FLOW IN 2- in .  CONDUIT 

dvs, BUBBLE MEAN DIAMETER (in.) 

Figure 52. Mass Transfer Data Adjusted f o r  End-Effect. 12.5% 
Glycerine-87.5% Water. Vertical  Flow. 



ORNL-DWG 71-7978 

12.5% G L Y  C ER I N f  
SCHMIDT NO. = 370 
Q,/QL = 0.3% 
HORIZONTAL FLOW I N  2-in. CONDUIT 

Re QL (gpm) - 
0 35 45,006 

- 0  50 64,294 
A 65 83,583 
A 7 5  96,442 
v 8 5  109,302 - --- LEAST SQUARES LINES PASSING THROUGH 

ORIGIN FOR DIAMETERS UP TO 0.035 in. 

0 0.01 0.02 0.03 0.04 0.05 0.06 

dvS, B U B B L E  MEAN DIAMETER (in.) 

Figure 53. Mass Transfer Data Adjusted f o r  End-Effect. 12.5% 
Glycerine-87.5% Water. Horizontal Flow. 
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ORN L-DWG 74-7979 

1 
25% GLYCERINE 
SCHMIDT NO. = 750 
Q ~ / Q L  = 0.3% 
VERTICAL FLOW I N  2-in. CONDUIT 

Re Q, (gpm)  - 
0 2 0  17,636 
0 3 0  26,454 
n 4 0  35,272 
A 5 0  44,090 
V 6 0  52,908 

0 0.01 0.0 2 0.03 0.04 0.05 0.06 

dvs, B U B B L E  MEAN DIAMETER ( in . )  

Figure 54. Mass Transfer Data Adjusted f o r  End-Effect. 25% 
Glycerine-75% Water. Ver t ica l  Flow. 
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ORNL-DWG 71-7980 

25% GLYCERINE 
SCHMIDT NO. = 750 
Q ~ / Q L  = 0.3% 

QL ( 9 P m )  Re 

0 40 3 5F7 2 
0 45 39,681 
A 50 44,090 
A 55 48,498 
V 65 57,317 
v 75 66,l 3 5 

- - 

- 
LEAST SQUARES LINES PASSING THROUGH 
ORIGIN FOR DIAMETERS UP TO 0.035 in. 

I I i I 
0 0.01 0.02 0.03 0.04 0.05 0.06 

dvs,  BUBBLE MEAN DIAMETER (in.) 

Figure 55. Mass Transfer Data Adjusted f o r  End-Effect. 25% 
Glycerine-75% Water. Horizontal Flow. 
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SCHMIDT NO. = 2015 
) ~ / Q L  = 0.3% 
iORIZONTAL FLOW I N  2-in. CONDUIT 

. 

I 
Re 

I 
QL (4pm)  - 

0 35 22,889 
- e 40 26,159 

n 4 5  2 9,429 
A 5 0  32,699 

v 5 5  35,968 
-'I 6 0  39,238 

0 70  45,7 77 

0.01 0.02 0.03 0.04 0.05 0.06 

d V S ,  BUBBLE MEAN DIAMETER (in.) 

Figure 56. Mass Transfer Data Adjusted for End-Effect. 37.54'0 
Glycerine-62.5% Water. Horizontal Flow. 
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5 0 %  GLYCERINE 
SCHMIDT NO. = 3 4 4 6  
VERTICAL FLOW I N  2-in. CONDUIT 

I I 
Re QL (gpm) - 

0.01 0.0 2 0.03 0.04 0.05 0.06 0.07 
dvs, BUBBLE MEAN DIAMETER (in.) 

Figure 57. Mass Transfer Data Adjusted f o r  End-Effect. 50% 
Glycerine-5% Water. Ver t ica l  Flow. 
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50% GLYCERINE 
SCHMIDT NO. = 3446 
HORIZONTAL FLOW IN 2-in. CONDUIT 

I I 

30 12,205 
40  16,272 
4 5  18,306 
5 0  20,342 
55 22,374 

- 
0 
a 
A 
A 
V 

- 

I I 
0 0.01 0.02  0.03 0.04 0.05 0.06 0.07 

dvs,  BUBBLE MEAN DIAMETER (in.) 

Figure 58. Mass Transfer Data Adjusted f o r  End-Effect. 50% 
Gly c er i n e  - 5% Water . Hori zont a 1  Flow. 
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c LIST OF SYMBOLS 

a Bubble i n t e r f a c i a l  area per unit  volume 

a Mean accelerat ion of a f l u i d  element of s i ze  h i n  a turbulent  

f i e l d  
h 

A Conduit cross  sec t iona l  area 

Bubble projected cross  sec t iona l  area 

C Local concentration of a dissolved const i tuent  i n  a l i qu id  
- 
C 

C ’  

C 

‘d 

avg 

‘i 

e 
C 

c O  

S 
C 

d 

vs d 

E 

Time averaged component of C 

Turbulent f luc tua t ing  component of C 

Bulk-average concentration of a dissolved const i tuent  i n  a l i q u i d  

Drag coef f ic ien t  f o r  a bubble moving through a l i qu id  

Gas-liquid contactor i n l e t  value of C 

Gas-liquid contactor e x i t  value of C 

I n i t i a l  value of C 

I n t e r f a c i a l  value of C 

avg 

avg 

avg 

Bubble diameter 

Sauter-mean diameter of a bubble dispersion 

[= 6 3 f ( 6 ) d 6  / s 2 f ( s ) d 6 ]  

Conduit diameter 

co m 

0 0 

Molecular d i f fus ion  coef f ic ien t  

Eddy v i scos i ty  

Blasius f r i c t i o n  co e f f i c i e n t  

Bubble s i z e  d i s t r ibu t ion  f’unction 

Frequency d i s t r i b u t i o n  f’unction for turbulent  eddies of wave 

number n 



Fd 

Fi 

gC 

H 

J 

kX 

k 

kh 

kv 

ka 

K 

Kr 

L 

M 

n 

N 

P 

Qg 

Qa 
R 

r 

S 
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Drag force on a bubble moving through a l i q u i d  

Mean i n e r t i a l  force on a bubble due t o  turbulent  f luc tua t ions  

Gravi ta t ional  force on a bubble (buoyancy) 

Gravi ta t ional  accelerat ion 

Dimensional proport ional i ty  constant r e l a t i n g  force t o  t h e  

product of mass and accelerat ion 

So lub i l i t y  constant i n  Henry's Law re l a t ions  

Mass t r ans fe r  per  u n i t  time per  u n i t  volume of l i q u i d  

Local mass-transfer coef f ic ien t  

Axial ly  averaged mass-transfer coe f f i c i en t  

Horizontal flow values of k 

Ver t ica l  flow values of k 

Low f l o w  asymptotic value of k 

Ratio of t e s t  sect ion ex i t - to - in l e t  concentration, C /C 

Loop response coef f ic ien t  

Oxygen sensor response coef f ic ien t  

Test sect ion length 

Mass of a f l u i d  element 

Wave number of a turbulence component 

Number of bubbles per un i t  volume of l i q u i d  

Local pressure i n  the  conduit 

Volumetric flow r a t e  of gas bubbles 

Volumetric flow r a t e  of l i q u i d  

Universal gas constant 

Radial coordinate 

Fract ional  r a t e  of surface renewal 

v 

e i  



t 

T 

U r 
I 

U 

- 
U n 
V 

'b 

g 
V 

v b 

'r 

'd 

AV 

vS 

W 

X 

X 

Y 

Z 

Time coordinate 

Absolute temperature 

Radially directed ve loc i ty  i n  spherical  coordinates 

Fluctuat ing component of U 

Contribution t o  u '  of eddies of wave number n 

Liquid a x i a l  ve loc i ty  

Bubble terminal ve loc i ty  within a l i q u i d  i n  a grav i ty  f i e l d  

Mean f luc tua t ing  ve loc i ty  of a bubble in  a turbulent  f l u i d  

r 

Mean f luc tua t ing  ve loc i ty  of a f l u i d  element i n  a turbulent  f i e l d  

Relative mean f luc tua t ing  ve loc i ty  between a bubble and t h e  l i q u i d  

Bubble t o t a l  ve loc i ty  i n  the  r i s e r  l e g  of a v e r t i c a l  t e s t  sect ion 

Bubble t o t a l  ve loc i ty  i n  t h e  downcomer l e g  of a v e r t i c a l  t e s t  

sect ion 

Mean var ia t ion  i n  ve loc i ty  over a given dis tance i n  a turbulent  

f i e l d  

Volume of the  closed r ec i r cu la t ing  experiment system 

Added mass coef f ic ien t  f o r  an accelerat ing spher ica l  bubble 

Axial coordinate 

A flow parameter used by Hughmark i n  cor re la t ing  volume f r ac t ions  

Ratio of l i qu id - to - to t a l  volumetric flow [Q,/(Q, + a,)] 
A flow parameter used by Hughmark i n  co r re l a t ing  volume f r ac t ions  

Greek Symbols 

a Parameter i n  bubble s i z e  d i s t r ibu t ion  f'unction 

Gas-liquid contacter  parameter [s ka AL (1 + y)/Q ] B a 
Y Gas-liquid contacter parameter [e RTQ 
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c m 

€ v 

h 

'min 

'max 

I-1 

'e 

'e, n 

I-10 

V 

5 
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'm 

7W 
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m 

'd 

'r 
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Bubble diameter used i n  d i s t r ibu t ion  f'unction (same as d) 

Energy d iss ipa t ion  per u n i t  mass i n  a turbulent  l i q u i d  

Energy d iss ipa t ion  per  u n i t  volume i n  a turbulent  l i qu id  

Distance sca l e  i n  a turbulent  l i qu id  

Minimum eddy s i z e  i n  a turbulent  l i qu id  

Maximum eddy s i z e  i n  a turbulent  l i qu id  

Liquid v i scos i ty  

Eddy diff 'us ivi ty  

Contribution t o  p 

Undamped eddy diff 'us ivi ty  away from an in t e r f ace  

Kinematic v i scos i ty  ( z  p/p)  

I n t e r f a c i a l  damping function f o r  viscous eddy c e l l s  

Rigid in t e r f ace  form of 5 

Mobile in t e r f ace  form of 5 

Liquid densi ty  

Wall shear s t r e s s  

Bubble volume f r ac t ion  

Bubble volume f r ac t ion  i n  the  downcomer l e g  of a v e r t i c a l  t e s t  

sect ion 

Bubble volume f r ac t ion  i n  the  r i s e r  l e g  of a v e r t i c a l  t e s t  

sec t ion  

from turbulent  component of wave number n e 

Dimensi onle s s Quan t i t i e s  

c* Dimens ionles  s cone ent r a t  ion  ( ?!/Co) 

Radial average of C, 
- 
c* 
Fr  Froude number (G V2/gD) 

Peb b 
Bubble Peclet  number (E Re Sc) 



r* 

r*e 

Re 

Re 

Re 

b 

T 

s c  

Sh 

Sh 
- 

s% 
t * 
T* 
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Dimensionless r a d i a l  coordinate ( 3  r /d )  

Dimensionless radius of spherical  s h e l l  of l i qu id  surrounding a 

bubble 1/2 @’’ ] 

Pipe Reynolds number ( E  VDp/p) 

Bubble Reynolds number (E vbdp/p) 

S t i r r e r  Reynolds number defined as the  product of t he  s t i r r e r  

ro t a t ion  speed, square of t h e  s t i r r e r  diameter, and I-I divided 

by t h e  kinematic v i scos i ty  

Schmidt number (E p/pB) 

Pipe Sherwood number (E kD/B) 

Time average of Sh 

Bubble Sherwood number (E kd/B) 

Dimensionless time coordinate (E tvb/d) 

Period f o r  surface renewal 





ORNL- TM- 3 718 

INTERNAL DISTRIBUTION 

1. L. G. Alexander 
2. J. L. Anderson 
3. C.  F. Baes 
4. H. F. Bauman 
5. S. E. Bea l l  
6. E. S. B e t t i s  
7. R. Blumberg 
8. E. G. Bohlmann 
9. H. I. Bowers 

10. R. B. Briggs 
11. S. Cantor 
12. D. W. Cardwell 
13. C. J. Claffey 
14. H. D. Cockran 
15. C. W. Col l ins  
16. E. L. Compere 
17. J. W. Cooke 
18. L. T. Corbin 
19. W. B. C o t t r e l l  
20. J. L. Crowley 
21. F. L. Cul le r  
22. J. H. DeVan 
23,. J. R. DiStefano 
24. S. J. Di t to  
25. W. P. Eatherly 
26. D. M. Eissenberg 
27. J. R. Engel 
28. D. E. Ferguson 
29. L. M. F e r r i s  
30. M. H. Fontana 
31. A. P. Fraas 
32. J. H. Frye 
33. L. C. Fu l l e r  
34. W. K. Furlong 
35. C. H. Gabbard 
36. W. R. Gambill 
37. W. R. Grimes 
38. A. G. Grindel l  
39. R. H. Guymon 
40. R. L. Hamner 
41. T. H. Harley 
42. W. 0. Harms 
43. P. N. Haubenreich 
44. R. E. Helms 
45. P. G. Herndon 
46. D. M. Hewett 
47. H. W. Hoffman 
48. W. R. Huntley 
49. H. Inouye 

50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 

59-63. 
64. 
65. 
66. 
67. 
68. 
69. 
70 
71. 
72. 
73. 
74 
75 
76. 
77 
78 
79. 
80. 
81. 
82. 
83 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 

92- 93 0 

94. 
95 0 

96 
97 
98 
99. 
100. 
101. 
102. 
103. 

J. K. Jones (K-25) 
W. H. Jordan 
P. R. Kasten 
R. J. Ked1 
J. J. Keyes, Jr. 
S. S. Kres l i s  
0. H. Klepper 
J. W. Koger 
A. I. Krakoviak 
T. S. Kress 
J. A. Lane 
Kermit Laughon, AEC-OSR 
A. W. Longest 
M. I. Lundin 
R. N. Lyon 
H. G. MacPherson 
R. E. MacPherson 
C. L. Matthews, AEC-OSR 
H. E. McCoy 
H. C. McCurdy 
D. L. McElroy 
H. A. McLain 
L. E. McNeese 
J. R. McWherter 
A. P. Malinauskas 
A. S. Meyer 
A. J. Mil ler  
W. R. Mixon 
R. L. Moore 
J. W. Michel 
F. H. Nei l1  
E. L. Nicholson 
T. S. Noggle 
P. Pa t r ia rca  
A. M. Perry 
H. B. Piper 
D. M. Richardson 
R. C. Robertson 
M. W. Rosenthal 

W. K. Sar tory 
Dunlap Scot t  
R. L. Senn 
J. H. Shaffer 
Myrtleen Sheldon 
J. D. Sheppard 
M. D. Silverman 
M. J. Skinner 
G. M. Slaughter 

H. M. Roth, AEC-OR0 



104. 
105. 
106. 
107. 
108. 
109. 
110. 
111. 
112. 
113. 
114. 
115. 
116. 
117. 
118. 
119. 
120. 
121. 
122. 
123. 
124. 
125. 

126-127. 
128. 

129-131. 
132. 

A. N. Smith 
G. P. Smith 
I. Spiewak 
R. A. Strehlow 
D. A. Sundberg 
J. R. Tallackson 
0. K. Tal lent  
R. E. Thoma 
D. G. Thomas 
D. B. Trauger 
W. E. Unger 
J. L. Wantland 
A. M. Weinberg 
J. R. Weir 
J. C. White 
G. D. Whitman 
R. P. Wichner 
L. V. Wilson 
M. M. Yarosh 
Gale Young 
H. C. Young 
F. C. Zapp 
Central  Research Library 
Y-12 Document Reference Section 
Laboratory Records Department 
Laboratory Records Department (RC)  

EXTERNAL DISTRIBUTION 

133. Norton Haberman, AEC-Washington 
134. Milton Shaw, AEC-Washington 

Division of Technical Information Extension (DTIE) 
137. Laboratory and University Division, OR0 

Director,  Division of Reactor Licensing 
Director, Division of Reactor Standards 
Executive Secretary, Advisory Committee on Reactor Safeguards 

135-136. 

138-140. 
141-142. 
143-147. 


	HELP: 
	home: 


