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MULTIPHASE FLOW OF GAS-LIQUID AND GAS-COAL 
SLURRY MIXTURES I N  VERTICAL TUBES 

K. Javdani ,  S. Schwalbe, and J. F i sche r  

ABSTRACT 

This  r e sea rch  was done a s  a  suppor t  s tudy  f o r  t h e  SYNTHOIL 
process  and o t h e r  c o a l  l i q u e f a c t i o n  processes  be ing  developed t o  
produce c l ean  l i q u i d  f u e l s  from coal :  The o b j e c t i v e  of t h i s  work 
i s  t o  o b t a i n  experimental  d a t a  on f low c h a r a c t e r i s t i c s  f o r  upward 
flow of gas- l iqu id-so l id  mixtures  i n  v e r t i c a l  tubes  s imu la t i ng  

' cond i t i ons  i n  t h e  SYNTHOIL process .  Study of t h e  t r a n s p o r t  phen- 
omena of mult iphase mixtures  i s  of importance t o  many chemical 
engineer ing  ope ra t i ons  i n  gene ra l  and t o  some o th& c o a l  conversion 

1 processes  i n  p a r t i c u l a r .  .A b r i e f  review of t h e  a p p l i c a t i o n  of t h i s  
work t o  e x i s t i n g  processes  is  presen ted .  

The f i r s t  p a r t  of t h i s  program was devoted t o  s tudy  of the f low 
c h a r a c t e r i s t i c s  of two-phase gas - l i qu id  systems. The a p p l i c a b i l i t y  
of e x i s t i n g  c o r r e l a t i o n s  i n  t h e  l i t e r a t u r e  t o  t h i s  r e sea rch  was 
t e s t e d  a t  t h e  cond i t i ons  of high l i q u i d  v i s c o s i t y  and h igh  gas den- 
s i t y  t h a t  w i l l  e x i s t  i n  t h e  t u b u l a r  h e a t e r  of a  SYNTHOIL' p l a n t .  
The gas- l iqu id  flow d a t a  w e r e  then compared wi th  r e s u l t s  ob ta ined  
i n  three-phase gas- -s lur ry  experiments.  Gas-liquid mix tures  c o n s i s t -  
i n g  of n i t r o g e n  o r  helium and each of two types  of minera l  o i l s ,  of 
d i f f e r e n t  v i s c o s i t i e s ,  were used t o  provide d a t a  showing t h e  e f f e c t  
on flow c h a r a c t e r i s t i c s  of a  seven-fold v a r i a t i o n  i n  t h e  d e n s i t y  of 
t h e  gas  phase and a  seven-fold v a r i a t i o n  i n  t h e  v i s c o s i t y  of t h e  
l i q u i d  phase. I n  a d d i t i o n ,  two tubes  of d i f f e r e n t  d iameters  were 

;used i n  t h e  experiments  t o  provide  a means of e v a l u a t i n g  t h e  e f f e c t  
of t h e  v a r i a t i o n  of t h e  tube  d iameter  on t h e  f low c h a r a c t e r i s t i c s .  

I n  t h e  second p a r t  of t h i s  r e sea rch  program, t h e  flow charac- 
t e r i s t i c s  of gas -s lur ry  mix tures  w e r e  i n v e s t i g a t e d .  The coal s l u r r y  
was formed by adding pulver ized  Kentucky c o a l  t o  mine ra l  o i l .  Three 
d i f f e r e n t  c o a l  concen t r a t i ons ,  up t o  27.1 weight pe rcen t ,  were 
employed. Data on p re s su re  drop and s l u r r y  holdup f o r  t h e  th ree-  
phase system w e r e  ob ta ined  and were compared w i t h  t h e  d a t a  f o r  t h e  
flow of t h e  two-phase gas- l iqu id  mix tures .  

The fo l lowing  obse rva t ions  p e r t a i n  t o  t h e  behavior  i n  both t h e  
two-phase and t h e  three-phase systems. The t o t a l  p r e s s u r e  drop 
i n c r e a s e s  wi th  l i q u i d  flow r a t e  and, except  t o r  some r eg ions  of 
low-liquid and low-gas s u p e r f i c i a l  v e l o c i t i e s ,  i t  a l s o  i n c r e a s e s  

. w i t h  gas  flow r a t e .  The f r i c t i o n a l  component of t h e  p r e s s u r e  drop '  
was c o r r e l a t e d  us ing  t h e  M a r t i n e l l i  paramelrers. It ,was found t h a t  

. . t he  d e n s i t y  of t h e  gas  phase has  a  l a r g e  e f f e c t  on t h e  t o t a l  
p r e s su re  drop a t  l a r g e  va lues  of t h e  s u p e r f i c i a l  gas  v e l o c i t y  
corresponding t o  a  f i l m  flow regime. Tubes w i t h  sma l l  d iameters  
were found t o  produce l a r g e r  'p ressure  drops a t  a  given s u p e r f i c i a l  



v e l o c i t y .  This  e f f . ec t  was s m a l l  a t  low gas flow r a t e s  b u t  
i nc reased  as t h e  gas  flow r a t e  i nc reased .  

The l i q u i d  holdup i n  t h e  column decreased wi th  i n c r e a s i n g  
. gas flow r a t e  bu t  i nc reased  wi th  i n c r e a s i n g  l i q u i d  flow r a t e .  

Holdup inc reased  s l i g h t l y  w i t h  i n c r e a s i n g  v i s c o s i t y  of t h e  l i q u i d  
phase.  A t  lower d e n s i t i e s  of t h e  gas  phase,  l a r g e r  va lues  of 
l i q u i d  holdup were ob ta ined .  The'holdup d a t a  f o r  d i f f e r e n t  gases  
were p l o t t e d  a g a i n s t  a  modified s u p e r f i c i a l  gas v e l o c i t y  t h a t  was 
a  f u n c t i o n  of t h e  square  r o o t  of t h e  r a t i o  of t h e  d e n s i t i e s  of t h e  
two gases .  The l i q u i d  holdup d i d  no t  appear t o  be  a  f u n c t i o n  of 
t ube  diameter .  

It was observed that f i l m  f l o w  s t a r t s  a t  much lower , va lues  of 
s u p e r f i c i a l  gas  v e l o c i t y  than  had been previously repnrterl  f o r  t h e  
type 6 f  t.wn-phase mix tures  used i n  t h e s e  caperimcnts .  W i t h 5 1 1  the 

. . range of l i q u i d  v i s c o s i t i e s  employed 5n t h e s e  experiments  (22-140 
c p ) ,  t h e  l i q u i d  v i s c o s i t y  has  a  sma l l  e f f e c t  on t h e  I.ocation of 
t h e  til-m flow border  1.i .n~. Within t h e  s l u r r y  c o a l  c u ~ l c c u ~ r t l ~ l o n  

. . range (0-27.1 wt Z),  t h e  c o a l  s l u r r y  behaves l i k e  a  s ing le -phase  
homogeneous Newtonian l i q u i d ,  a l though t h e  e f f e c t i v e  v i s c o s i t y  of 
t h e  s l u r r y  changes with the cna.1 r n n r ~ n t r a t i o n ,  Consesuont l r ,  i f  
t h e  e f f e c t i v e  v i s c o s i t y  is  used,  t h e  r e s u l t s  ob ta ined  i n  t h e  two- 
phase flow experiments  a r e  equa l ly  a p p l i c a b l e  t o  t h e  flow of gas- 
s l u r r y  mix tures .  Experimental d a t a  ob ta ined  wi th  t h e  gas-s lur ry  
mix tures  v e r i f y  t h i s  conclusion.  Due t o  a d d i t i o n a l  s l i p  between 
t h e  c o a l  p a r t i c l e s  and t h e  l i q u i d  phase,  t h e  holdup va lues  i n  
gas-s lur ry  experiments  a r e  fnund t o  be  s l i g h t l y  l a r g e r  than  t h e  
corresponding va lues  f o r  gas - l iqu id  systems. 

Thio rbocarch project was dolw 'as a s u p p u r r  srcidji f o r  t h e  S.YN'I'HUIL process  
and o t h e r  c o a l  l i q u e f a c t i o n  processes  be ing  developed t o  produce c l ean  l i q u i d  
f u e l s  from c o a l .  The o b j e c t i v e  of t h i s  work i s  t o  o b t a i n  exper imenta l  d a t a  on 
flow c h a r a c t e r i s t i c s  f o r  upward flow of gas- l iqu id-so l id  mixtures  i n  v e r t i c a l  
t ubes  s imu la t i ng  cond i t i ons  i n  t h e  SYNTHOIL process .  

Study of t h e  t r a n s p o r t  phenomena of mii1,tiphase mix tures  i s  of importnncc. 
t o  many chemical engineer ing  ope ra t i ons  i n  gene ra l ,  and t o  some c o a l  conversion 
p roces se s  i n  p a r t i c u l a r .  I n  t h e  SYNTHOIL c o a l  l i q u e f a c t i o n  p roces s ,  a s l i i r r y  
composed of f i n e  c o a l  p a r t i c l e s  and t h e  recyc led  product  o i l  f lows i n  a  mix- 
Lure wich a p r e s s u r i z e d  s t ream 01 llydrogen. l I n  t h i s  p roces s ,  a s  seen '  i n  t h e  
f low s h e e t  diagram of F ig .  lY2  t h e  three-phase mixture  is  pumped i n t o  a  pre- 
h e a t e r  where i t s  temperature  rises t o  450°C. A t  t h i s  temperature  and under 
a  hydrogen p re s su re  of 2000-4000 p s i ,  t h e  molecular  c o a l  s t r u c t u r e  i s  broken 
up and most of t h e  c o a l  is  converted t o  a  l i q u i d  t h a t  i s  s o l u b l e  i n  t h e  c a r r i e r  
o i l .  'I'he mixture  t hen  e n t e r s  a  fixed-bed c a t a l y t i c  r e a c t o r  where a d d i t i o n a l  
l i q u e f a c t i o n  of c o a l  p a r t i c l e s ,  molecular  c rack ing ,  and d e s u l f u r i z a t i o n  occur .  
Subsequent ly ,  c o a l  ash  i s  removed, producing a  c l e a n  f u e l  p roduct .  An almost 
i d e n t i c a l  s i t u a t i o n  e x i s t s  i n  t h e  "H-coal" l i q u e f a c t i o n  process ;  t h e  only 
d i f f e r e n c e  is  t h a t  i n s t e a d  of a  fixed-bed r e a c t o r ,  an e b u l l a t i n g  c a t a l y t i c  
r e a c t o r  is  used f o r  t h e  f i n a l  s t a g e s  of c o a l  l i q u e f a c t i o n  and d e s u l f u r i z a t i o n .  
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Flow of three-phase gas- l iqu id-so l id  mixtures  i n  p ipes ,  t u b u l a r  h e a t e r s ,  
and r e a c t o r s  h a s  o t h e r  a p p l i c a t i o n s  i n  i n d u s t r i a l  chemical engineer ing .  A 
b r i e f  review of t h e s e  a p p l i c a t i o n s  and t h e  e x i s t i n g  processes  has  been pre- 
s e n t e d  by O ~ t e r g a a r d . ~  These a p p l i c a t i o n s  range from c a t a l y t i c  hydrogenat ion 
of o rgan ic  m a t e r i a l  (such a s  l i q u i d  petroleum f r a c t i o n s ,  f a t t y  o i l s ,  and glu- 
cose)  t o  c a t a l y t i c  po lymer iza t ion  of e thy l ene  i n  t h e  product ion  of c e r t a i n  
t ypes  of po lye thylene .  Despi te  t h e  r e l a t i v e l y  l a r g e  number of a p p l i c a t i o n s  
of three-phase (gas- l iqu id-so l id)  systems i n  chemical engineer ing  p roces se s ,  
a  survey of t h e  e x i s t i n g  l i t e r a t u r e  shows t h a t  l i m i t e d  r e sea rch  has  been 
c a r r i e d  ou t  on t h e  fundamental c h a r a c t e r i s t i c s  of t h e  flow of three-phase 
mix tures .  Most p rev ious  i n v e s t i g a t i o n s  of three-phase systems w e r e  concerned 
w i t h  t h e  behavior  of two-phase gas- l iqu id  mixtures  f lowing through f i x e d  o r  
f l u i d i z e d  beds of s o l i d  p a r t i c l e s  r a t h e r  than  t h e  n a t u r e  and p r o p e r t i e s  of 
t h e  flow of a  three-phase mixture .  5-7 

l ~ i  c u ~ ~ L r ~ l s i  i u  i l ~ r  s c a r c l ~ y  uf l l ~ e r q ~ u r t !  un ctlree-phase Flaw syscems, 8 
g r e a t  d e a l  of s c i e n t i f i c  and t e c h n i c a l  informat.ion has  accumulated i n  t h e  

. l i t e r a t u r e  on t h e  c h a r a c t e r i s t i c s  of two-phase flow systems. A g e n e r a l  index 
con ta in ing  over  5000 r e f e r ences  up t o  t h e  yea r  1966 on two-phase gas-liquid 
f low has  been compiled by Gouse.* More s p e c i f i c  a s p e c t s  of two-phase gas- 
l i q u i d  flow have been reviewed by s c o t t 9  and Alves. l o  More r ecen t  r e f e r e n c e s ,  
a long  wi th  a  comprehensive t rea tment  of experimental  and a n a l y t i c a l  a s p e c t s  of . 
two-phase flow i n  p i p e s ,  have been presen ted  by w a l l i s l 1  and Govier and Aziz. 12, 
The former r e f e r e n c e  emphasizes more a n a l y t i c a l  and fundamental a s p e c t s  of ,,- 

t h e  flow of two-phase mix tures ,  and t h e  l a t t e r  r e f e r e n c e  t r e a t s  t h e  problem +, 

from a  more p r a c t i c a l  p o i n t  of view and recommends des ign  procedures  s u i t a b l e  
f o r  d i f f e r e n t  s p e c i f i c  cond i t i ons .  

I n  a d d i t i o n  t o  t h e  numerous i n v e s t i g a t i o n s  concerning flow behavior  of 
two-phase mix tures ,  cons ide rab l e  a t t e n t i o n  has  been d i r e c t e d  toward h e a t  t rans- , ,  
f e r  and t o  some e x t e n t  toward mass t r a n s f e r  problems r e l a t e d  t o  t h e  flow of ; 

such mix tures .  Because of i t s  s p e c i f i c  a p p l i c a t i o n  t o  t h e  coo l ing  of nuc l ea r  ., 
r e a c t o r s ,  most of t h e  e x i s t i n g  l i t e r a t u r e  on two-phase flow h e a t  t r a n s f e r  
concerns hea t  t r a n s f e r  du r ing  two-phase flow wi th  a  phase change (namely, 
b o i l i n g ) .  The index compiled by . ~ o u s e ~  g ives  r e f e r ences  up t o  t h e  yea r  1966 
on t h i s  sub jec t ,  too .  Some experimental  r e s u l t s  on h e a t  t r a n s f e r  c o e f f i c i e n t s  
i n  d i f f e r e n t  f low regimes of two-phase flow i n  t h e  absence .of  phase change 
have been r epo r t ed  by Kudirka. l 3  Also, a  review of some p a s t  i n v e s t i g a t i o n s  
on h e a t  t r a n s f e r  i n  cocur ren t  gas - l iqu id  flow i n  p ipes  has  been presen ted  by 
s c o t t 9  and a  more r e c e n t  review by Alves . l 0  Ana ly t i ca l  techniqLes have been 
used f o r  p r e d i c t i n g  h e a t  t r a n s f e r  r a t e s  i n  two-phase flow systems,  e s p e c i a l l y  
i n  t h e  annular  f i l m  flow regime.14 Because of t h e  complexity of t h e  flow 
con f fgu ra t i ons  and t h e  need f o r  approximate s o l u t i o n s ,  t h e s e  techniques  have 

' 

n o t  been s u c c e s s f u l .  For t h i s  reason ,  e m p i r i c a l  o r  semi-empirical c o r r e l a t i o n s  
a r e  normally used i n  most of t h e  des ign  c a l c u l a t i o n s .  

The volume of l i t e r a t u r e  on mass t r a n s f e r  i n  two-phase flow is  r e l a t i v e l y  
sma l l  compared t o  t h a t  on h e a t  t r a n s f e r .  Again, reviews by s c o t t 9  and ~ l v e s l O  
g ive  some i n d i c a t i o n  of t h e  s t a t e  of t h e  a r t  on t h e  s u b j e c t  of mass t r a n s f e r  
i n  cocu r r en t  ga s - l i qu id  flow. Cichy e t  aZ. l 6  have proposed mathematical  
models f o r  i n t e r p h a s e  mass t r a n s f e r  i n  two-phase flow i n  p ipes  under d i f f e r e n t  
f low regimes and consequent ly  have der ived  equa t ions  f o r  t h e  p r e d i c t i o n  of 
i n t e r p h a s e  mass t r a n s f e r  c o e f f i c i e n t s  a t  d i f f e r e n t  cond i t i ons .  Recent publ i -  
c a t i o n s  p e r t a i n i n g  t o  mass t r a n s f e r  i n  t h e  flow of mult iphase mixtures  i n  
t ubes  and packed and f l u i d i z e d  beds have increased  t h e  volume of t h e  l i t e r a t u r e  
on t h i s  s u b j e c t  . 7-2 



The problem of immediate concern in this investigation is the flow 
characteristics of three-phase gas-liquid-solid or simply gas-slurry mixtures. 
Unfortunately, in contrast to the two-phase flow systems, very little tech- 
nical information is available on the flow behavior of gas-slurry mixtures. 
However, the properties of slurries themselves have been studied in more 
detail and it has been found that under certain circumstances and depending 
on the size and relative density of the solid particles, a slurry may have the 
flow properties of a homogeneous liquid.. When solid particles are small and 
their specific gravity is very close to that of the surrounding liquid, their 
settling rate will be minimal. Under these circumstances, the slurry behaves 
in the same manner as a liquid. 

Criteria for distinguishing between homogeneous and heterogeneous slurry 
behavior have been presented in a publication by Aude e t  Therefore, 
provided the criteria for the existence of a homogeneous slurry are satisfied, 
the problem involving the multiphase flow of gas-liquid-solid (gas-slurry) 
mixture reduces to that of a gas-liquid two-phase-flow; consequently, the 
analysis can be conducted using the established results for two-phase flow 
systems. 

It should be noted, however, that the physical properties and particularly 
a the rheological behavior of the homogcncous slurries may differ considerably 

. from those of an ordinary Newtonian liquid. For this reason, direct applica- 
. tion of the results obtained for two-phase flow of gas-liquid mixtures to 
, problems involving the flow of gas-slurry systems may not be possible. Never- 

. . theless, in the absence of any directly relevant data, the existing informa- 
tion on two-phase flow systems can be helpful in deciding which parameters are 
important in the study of gas-slurry systems and what kind of information 

. should be obtained. Such information can be quite useful if it is found that 
the homogeneous liquid-solid mixture behaves very much like a Newtonian liquid. 

8 ,  

In a recent review article, Jeffrey and ~ c r i v o s ~ ~  discussed the general . 
rheological behavior or suspensions of rigid particles in liquids. Generally, 
it has been found that, for particles as small as a few microns or less, 
suspensions behave macroscopically as non-Newtonian fluids whose rheological 
properties are influenced by many factors, including particle size and con- 
centration. For this reason, any experimental results in the literature 
involving two-phase flow of a gas and a non-Newtonian liquid may prove to be 
helpful in analyzing the corresponding problems in gas-slurry flows. Unfor- 
tunately, only in the last few years has attention been focussed on problems 
involving two-phase flow of gases and non-Newtonian liquids. 26-30  Some 
experimental results that have been presented for pressure drop and holdup in 
vertical transport of a gas and a non-Newtonian liquid in cylindrical tubes 
show some differences from results with Newtonian liquids. However, due to 
a lack of sufficient data on this matter, generalization of the behavior of 
non-Newtonian liquids in two-phase flow can not be done with adequate confidence. 

Although various generalized correlations exist in the literature for the 
prediction of flow characteristics of gas-liquid mixtures, it is doubtful that 
these correlations can be applied to all types of liquids and to all types of 
gases under all circumstances. Moreover, their applicability to multiphase 
gas-slurry systems, which is of special concern in, this work, is not cle,ar. 
For this reason, an experimental program was undertaken to investigate the 
special features involved in the flow of such mixtures. Fortunately, the 



e x i s t i n g  r e s u l t s  on t h e  two-phase problems were found t o  be  u s e f u l  i n  s e t t i n g  
a  format f o r  t h e  r e sea rch  program. 

A. General Fea tu re s  of Mult iphase Flow . i n  V e r t i c a l  Tubes 

Genera l ly ,  two-phase flow s t u d i e s  involve  t h e  de te rmina t ion  of t h r e e  b a s i c  
c h a r a c t e r i s t i c s  of flow a s  a  func t ion  of t h e  f low'parameters .  These cha rac t e r -  
i s t i c s  are t h e  flow p a t t e r n ,  t h e  l i q u i d  holdup,  and t h e ' p r e s s u r e  drop.  I n  our 
fundamental r e sea rch  on t h e  f low of gas-s lur ry  mix tures ,  w e  w i l l  be  looking f o r  
t h e  same c h a r a c t e r i s t i c s .  To s i m p l i f y  t h e  problem, we w i l l  l i m i t  our a n a l y s i s  
t o  upward flow i n  c i r c u l a r  tubes .  I n  o r d e r  t o  become f a m i l i a r  w i t h  t h e  gene ra l  
behavior  of a two-phase f low system, a  b r i e f  d e s c r i p t i o n  of each of t h e  above 
c h a r a c t e r i s t i c s  w i l l  be  presen ted  h e r e  a long  w i t h  g e n e r a l  methods t h a t  have 
been recommended f o r  p r e d i c t i n g  them. 

B. Flow raeeerri 

Determinat ion of t h e  flow p a t t e r n  i n  a  mul t iphase  mixture  i s  t h e  most 
impor tan t  s t e p  i n  e v a l u a t i n g  t h e  c h a r a c t e r i s t t c s  o f  t h e  flow. I n  t u b u l a r  flow 
of gas- l iqu id  mix tures ,  d i f f e r e n t  p a t t e r n s  develop due t o  i n t e r a c t i o n s  between 
t h e  v e l o c i t i e s  and p h y s i c a l  p r o p e r t i e s  of t h e  phases.  These p a t t e r n s  r e l a t e '  
t o  d i f f e r e n t  flow regimes and, depending on the  c a n f i g u r a t i o n  of ea.ch pha.se, . 
t hey  a r e  r e f e r r e d  t o  a s  bubble  f low,  s l u g  flow, f r o t h  flow, annular  f i l m  flow, 
and m i s t  flow. The flow p a t t e r n s  t h a t  wnul..d he  ohserved i.n t h p s p  regimes are 
seen  i n  Fig.  2." This  f i g u r e  shows an example of t h e  complexity of two-phase 
flow. Obviously,  each f low regime r e q u i r e s  a  d i f f e r e n t  method of a n a l y s i s ,  and 
t h e r e f o r e  one has  t o  be  a b l e  t o  p r e d i c t  t h e  type  of flow regime i n  a  s p e c i f i c  
system. Actua l ly ,  i n  some cases ,  a sequence of flow regimes may deve.10~ due 
t o  changes i n  o p e r a t i n g  cond i t i ons .  I f  F ig .  2 is  considered a  s e c t i o n  of an 
evapora to r ,  then a  sequence of flow p a t t e r n s  occurs  a s  a  r e s u l t  of more and 
more l i q u i d  conve r t i ng  i n t o  vapor.  

I d e n t i f i c a t i o n  of t h e  flow pa. t tern in a given system is  n o t  easy.  Depend- 
i n g  on t h e  v e l o c i t i e s  of t h e  phases and t h e i r  p h y s i c a l  p r o p e r t i e s ,  d i f f e r e n t  
types  of flow p a t t e r n s  can be  e s t a b l i s h e d  i n  a  tube .  F ig .  3 shows flow p a t t e r n s  
observed i n  upward two-phase f low of a i r -water  mix tures  i n  c y l i n d r i c a l  tubes .  l 2  
General  c o r r e l a t i o n s  have been proposed f o r  t h e  de te rmina t ion  of t h e  ho1.1ndari.e~ 
between d i f f e r e n t  flow regimes. 1  l 2  However, th.eir v a l i d i t y  f o r  a l l  types  of 
ga se s  and l i q u i d s  is  ques t i onab le  s i n c e  most of t h e  exper imenta l  d a t a  have been 
ob ta ined  us ing  a i r -water  systems. 

F igure  4 shows a  gene ra l i zed  c o r r e l a t i o n  f o r  p r e d i c t i n g  t h e  boundaries  of 
v a r i o u s  flow regimes i n  upward flow of gas- l iqu id  mix tures  i n  c y l i n d r i c a l  
tubet;. l 2  This c o r r e l a t i o n  is  r epo r t ed  t o  b e  i n  g e u r r a l  agreement w i t h  most 
exper imenta l  r e s u l t s .  However, no e f f e c t  of v i s c o s i t y  o r  t ube  diameter  on flow 
p a t t e r n s  i s  ev iden t  i n  t h i s  model. This  r e s u l t  ha s  g e n e r a l l y  been v e r i f i e d  by 
some r e s e a r c h e r s ,  a l though some e f f e c t  of diameter  on t h e  f r o t h  and m i s t  regimes 
has  been r epo r t ed .  This  c o r r e l a t i o n  has  been recommended f o r  o v e r a l l  a s se s s -  
ment of t h e  flow p a t t e r n  t h a t  can b e  expected a t  s p e c i f i c  cond i t i ons .  It i s  
be l i eved  t h a t  t h i s  c o r r e l a t i o n  can be  used wi th  reasonable  confidence f o r  a l l  
ga s - l i qu id  systems. Unfor tuna te ly ,  cons ide rab l e  u n c e r t a i n t i e s  e x i s t  i n  t h e  
use  of t h i s  c o r r e l a t i o n  f o r  a  p r a c t i c a l  a p p l i c a t i o n  such a s  t h e  SYNTHOIL 
process .  The boundaries  t h a t  s e p a r a t e  d i f f e r e n t  flow regimes i n  Fig.  4 a r e  no t  
a s  exac t  a s  i s  shown, and cons ide rab l e  d e v i a t i o n  might occur  i n  c e r t a i n  ca se s .  



Fig.  2. 

Flow P a t t e r n s  That Can B e  
Observed I n  Upward Gas-Liquid 
Flow1 l  From One Dimensional 
Two-Phase Flow by G .  B. Wa l l i s ,  
1969. Used wi th  permission of 
McGraw-Hill Book Company. 

The u n c e r t a i n t i e s  a r e  r e l a t i v e l y  l a r g e  i n  t h e  SYNTHOIL process  because of 
t h e  r a t h e r  extreme v a l u e s  of t h e  p h y s i c a l  p r o p e r t i e s  (such a s  v i s c o s i t y )  of 
t h e  f l u i d s .  A l s o , , . t h e  e f f e c t  of t h e  s o l i d  p a r t i c l e s  on' t h i s  flow c l a s s i f i c a -  
t i o n  is  n o t  c l e a r .  These r e s u l t s  (Fig.  4) were ob ta ined  a t  long d i s t a n c e s  
from t h e  tube  en t r ance ;  i n  a  s h o r t  tube ,  f e a t u r e s  may d i f f e r .  The shape of a  
device  used t o  mix t h e  phases be fo re  they  e n t e r  t h e  tube  is  important  i n  
e s t a b l i s h i n g  a  flow regime, e s p e c i a l l y  i n  s h o r t  tubes .  For t h e s e  reasons ,  
c o r r e l a t i o n s  such a s  t hose  i n  Fig.  4 may no t  be  h e l p f u l  i n  c h a r a c t e r i z i n g  t h e  
t y p e  ul Ilow t h a t  occurs  i n  t h e  SYNTHOIL prncess .  I d e n t i f i c a t i o n  of t h e  flow. 
regimes should be  done i n  an experiment t h a t  s imu la t e s  t h e  a c t u a l  cond i t i ons  
e x i s t i n g  i n  t h e  SYNTHOIL process .  



FLOW DIRECTION 1 

0.1 1 .o 
Supeificiu l Gu 

Fig.' 3 .  Ef fec t  of t h e  Gas and Liquid Veloc i ty  on t h e  
P a t t e r n s  Developed i n  t h e  Flow of Air-Water 
Mixtures12 From The Flow of Complex Mixtures 
Through Pipes  by G. W. Govier and K. .Aziz.  
c 1972 by L i t t o n  Educat ionai  Publ i sh ing ,  ' I n c .  
Reprinted by permission of Van Nostrand 
Reinhold Company. 
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10 100 
s Velocity, VSG, f t . /sec.  



Modified Superficial Gas Velocity, XVs,, ft/sec 

Fig. 4.  A Generalized Cor re l a t ion  f o r  P r e d i c t i n g  
Flow pa t t e rns12  From The Flow of Complex 
Mixtures Through Pipes  by G. W. Govier 
and K. Aziz. c  1972 by L i t t o n  Educat ional  
Publ i sh ing ,  Inc.  Reprinted by permission 
of Van Nostrand Reinhold Company. 

C. Holdup 

I n  t h e  flow of mult iphase mixtures ,  each phase may have a  v e l o c i t y  which 
d i f f e r s  than t h a t  f o r  t h e  o t h e r  phase(s ) .  This has  normally been r e f e r r e d  t o  
a s  t h e  s l i p  v e l o c i t y  between phases. This s l i p  v e l o c i t y  causes one of t h e  
phases t o  accumulate wi th  r e s p e c t  t o  t h e  o the r  i n  t h e  tube  s o  t h a t  t h e  r a t i o  
of t h e  q u a n t i t i e s  of phases i n  a  tube  d i f f e r s  from t h e  r a t i o  of t h e  e n t e r i n g  
q u a n t i t i e s .  This  accumulation has been r e f e r r e d  t o  a s  t h e  holdup, which is a 
major c h a r a c t e r i s t i c  of t h e  flow. This  c h a r a c t e r i s t i c  has  a l s o  been repor ted  
i n  t h e  l i t e r a t u r e  i n  terms of s l i p  f a c t o r ,  holdup r a t i o ,  o r  volume f r a c t i o n  
of l i q u i d  ( 6 2  s i tu ;  c r o s s  s e c t i o n a l  average,  o r  vo lumetr ic  average)  i n  t h e  
column. l1  l 2  A s  mentioned previous ly ,  d a t a  corresponding t o  three-phase mix- 
t u r e s  cannot be  found; numerous d a t a  i n  t h e  l i t e r a t u r e  p e r t a i n  only t o  t h e  
flow of two-phase mixtures ,  mostly a i r -water  systems. A t y p i c a l  c o r r e l a t i o n  
is  given i n  Fig. 5. 31 The d a t a  f o r  t h i s  c o r r e l a t i o n  has been obta ined  i n  a 
1-in. p ipe ,  us ing  mixtures  of a i r  and l i q u i d s  having v i s c o s i t i e s  ranging from 
t h a t  of water  t o  30 cp. The e f f e c t  of tube  diameter  does no t  appear i n  t h i s  
c o r r e l a t i o n .  This  has  been checked a g a i n s t  a i r -water  d a t a  of o t h e r  s t u d i e s  i n  
which tube  diameters  ranging from 0.4  t o  3.24  i n .  were. used. General ly  good 
agreement has  been found. 
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D. P r e s su re  Drop 

P re s su re  drop i n  t h e  flow of mul t iphase  mixtures  i n  tubes  is  important  
f o r  t h e  des ign  of t u b u l a r  s e c t i o n s  of t h e  process  equipment and f o r  t h e  s e l e c - '  
t i o n  of putups and compressnrs.  I n  a d d i t i o n ,  abrupt  changes i n  t h e  s l o p e s  uf ' 

p r e s s u r e  drop curves can be  a t t r i b u t e d  t n  changes from one type  of flow t o  
ano the r  and hence can be used t o  i d e n t i f y  t h e  cond i t i ons  corresponding t o  
bo rde r  l i n e s  between d i f f e r e n t  flow p a t t e r n s .  /. 

The p re s su re  d r o p ,  measured exper imenta l ly  f o r  t h e  flow of a ~ n u l t i p h a s e  
mix ture  i n  a  v e r t i c a l  tube ,  u s u a l l y  c o n s i s t s  of (1)  t h e  p r e s s u r e  drop due t o .  
t h e  s t a t i c  head of t h e  mixture  i n  t h e  t ube  and (2 )  that  due t o  f r i c t i o n a l  
l o s s e s  and a c c e l e r a t i o n  e f f e c t s .  A r b i t r a r y  d e f i n i t i o n s  have been used t o  
s e p a r a t e  t h e s e  components from t.he t o t a l  p r e s s u r e  l o s s  and t o  uac t h e  f r i c -  
t i o n a l  component of t h e  p re s su re  drop t o  d e f i n e  dimensionless  q u a n t i t i e s  used 
i r l  g e n e r a l i z a t i o n  and c o r r e l a t i o n  o f  exper imenta l  d a t a  wi th  d i f f e r e n t  flow 
v a r i a b l e s .  Among t h e  dimensionless  quant i t i es  t h a t  h a w  h ~ e n  proposad f o r  
ga s - l i qu id  two-phase f low,  one can r e f e r  t o  t h e  M a r t i n e l l i  parameter32 t h a t  is  ' 

e s s e n t i a l l y  t h e  r a t i o  0.f t h e  f r i c t i o n a l  p r e s su re  drop of t h e  twn-phase. f low t o  
t h e  f r i c t i o n a l  p r e s s u r e  drop t h a t  would have e x i s t e d  i f  on ly  one phase was 
f lowing by i t s e l f .  Another q u a n t i t y  cha t  ha s  been def ined  a s  a  measure of 
f r i c t i o n a l  p r e s s u r e  drop i n  t h e  tube  is  t h e  convent iona l  f r i c t i o n  f a c t o r  ( f o r  
two-phase flow) based on t h e  s u p e r f i c i a l  v e l o c i t i e s  of gas o r  l i q u i d .  However, 
a s  was t h e  case wi th  t h e  de te rmina t ion  of flow p a t t e r n  and t h e  p r e d i c t i o n  of 
holdup, a l l  e x i s t i n g  c o r r e l a t i o n s  correspond t o  two-phase f low systems,  most ly  
i nvo lv ing  a i r  and water, and hence may n o t  ag ree  wi th  exper imenta l  d a t a  
ob t a ined  under a l l  cond i t i ons .  

It should be  reemphasized t h a t  t h e  c o r r e l a t i o n s  a v a i l a b l e  i n  t h e  l i t e r a -  
t u r e  f o r  p r e d i c t i n g  t h e  f low c h a r a c t e r i s t i c s  of two-phase mix tures  may n o t  be  
a p p l i c a b l e  i n  a  given s i t u a t i o n ,  e s p e c i a l l y  i f  t h e  p h y s i c a l  p r o p e r t i e s  of t h e  



f l u i d s  being s t u d i e d  a t  ANL d e v i a t e  g r e a t l y  from those  corresponding t o  t h e  
bu lk  of t h e  d a t a  used f o r  ob t a in ing  t h e  c o r r e l a t i o n s .  Indeed, such a  s i t u a t i o n  
e x i s t s  i n  t h e  SYNTHOIL process .  I n  a d d i t i o n  t o  s o l i d  p a r t i c l e s  be ing  p r e s e n t ,  
t h e  n a t u r e  and phys i ca l  p r o p e r t i e s  of t h e  gas  and l i q u i d s  involved make i t  
u n c e r t a i n  whether t h e  c o r r e l a t i o n s  i n  t h e  l i t e r a t u r e  can be  a p p l i e d  t o  t h e  
problem a t  hand. For t h i s  reason ,  a  series of experiments  was c a r r i e d  ou t  
us ing  f l u i d s  c los 'e ly  resembling those  used i n  t h e  SYNTHOIL p roces s ,  and t h e  
a p p l i c a b i l i t y  of t h e  c o r r e l a t i o n s  i n  t h e  l i t e r a t u r e  f o r  p r e d i c t i n g  t h e  flow 
c h a r a c t e r i s t i c s  i n  t h e  SYNTHOIL tubes  was t e s t e d .  

E. Relevance of t h e  Research P r o j e c t  t o  t h e  SYNTHOIL Process  

I n  . t he  SYNTHOIL c o a l  l i q u e f a c t i o n  p roces s , '  t h e  feed  mixture  t o  t h e  pre-  
h e a t e r  v e s s e l  (upstream from t h e  c a t a l y t i c  r e a c t o r )  c o n s i s t s  of hydrogen, 
r ecyc l ed  o i l  product ,  and pulver ized  c o a l  p a r t i c l e s .  The f eed  o i l  mixture  has  
a  c o a l  concen t r a t i on  of about 35 w t .  %. A tempera ture  of 450°C is  maintained 
i n ; t h e  r e a c t o r ,  and t h e  hydrogen p r e s s u r e s  used have been i n  t h e  range of 2000 
t o  4000 psis. * The hydrogen flow r a t e  is r epo r t ed  t o  be  1300 s c f h ,  corresgond- 
i n g  t o  a  s l u r r y  flow r a t e  of 25 l b / h r .  These f i g u r e s  y i e l d  a  hydrogen t o  s l u r r y  
volume r a t i o  of approximately 70 t o  1 a t  450°C and 2000 p s i a  and 35 t o  1 at  
450°C and 4000 p s i .  The s l u r r y  flow r a t e  w a s  c a l c u l a t e d  assuming a s p e c i f i c  
g r a v i t y  of 1.1 f o r  t h e  s l u r r y .  Thus i n  t h e  SYNTHOIL p roces s ,  we encounter  a  
three-phase f low of gas ,  l i q u i d ,  and s o l i d .  The flow p r o p e r t i e s  of t h i s  
mixture  have a  d i r e c t  e f f e c t  on t h e  p h y s i c a l  and chemical changes t h a t  occur  
i n  t h e  process .  Phys i ca l  and chemical changes occur i n  t h e  fo l lowing  s t e p s :  
h e a t i n g  and coo l ing  of t h e  mixture  i n  t u b u l a r . h e a t e r s  'and c o o l e r s ,  d e v o l a t i l -  
i z a t i o n  and subsequent change i n  t h e  volume of t h e  c o a l  p a r t i c l e s ,  gene ra t i on  
of gases  due t o .hyd rogena t ion  and hydrocracking,.  and even tua l  d i s s o l u t i o n  and 
hydrogenat ion of c o a l  p a r t i c l e s  i n  t h e  p rehea t e r  and r e a c t o r .  T h e o r e t i c a l  
a n a l y s i s ,  a s  w e l 1 , a s  i n t e r p r e t a t i o n  of exper imenta l  d a t a  f o r  such changes,  
r e q u i r e s  an understanding of t h e  flow c h a r a c t e r i s t i c s  of t h e  mixture .  Also, 
optimum des ign ,  s ca l eup ,  and e f f i c i e n t  ope ra t i on  of t h e  SYNTHOIL process  a r e  
dependent on i n f o r m a t i o n a b o u t  t h e  f low c h a r a c t e r i s t i c s  of t h e  three-phase 
mixture  a t  va r ious  s t a g e s  of t h e  process .  F igure  6 shows a  schematic  repre-  
s e n t a t i o n  of one s t a g e  of t h e  process ,  namely, h e a t i n g  i n  t h e  t u b u l a r  pre- 
h e a t e r .  Heat t r a n s f e r  c o e f f i c i e n t  d a t a  a r e  needed f o r  t h e  des ign  of such hea t  

, exchange r s .  I n  f a c t ,  i n v e s t i g a t i o n s  t o  o b t a i n  such d a t a  are c u r r e n t l y  under 
way.33 Such d a t a  i s  normally ob ta ined  by measuring t h e  i n l e t  and o u t l e t  bu lk  
temperatures  and t h e  h e a t  f l u x  from t h e  wall.. Obviously, t h e  h e a t  t r a n s f e r  
r a t e  between t h e  w a i l  and t h e  mixture  i n s i d e  t h e  t ube  w i l l  depend. on t h e  t ype  

. of f low and on t h e , ; f r a c t i o n a l  amounts of l i q u i d  and s o l i d  i n  t h e  tube .  More- 
over ,  knowledge of t h e s e  f low c h a r a c t e r i s t i c s  i n s i d e  t h e  t u b u l a r  h e a t e r  i s  
e s s e n t i a l  f o r  c o r r e l a t i n g  t h e  exper imenta l  d a t a  and f o r  choosing a p p r o p r i a t e  
dimensionless  numbers C o  c o r r e l a t e  t h e  r e s u l t s .  Furthermore, u t i l i z a t i o n  of 
t h i s  d a t a  i n  t h e  des ign  and sca l eup  of t h e  a c t u a i  SYNTHOIL process  r equ i r e s .  
t h a t  t h e  flow p a t t e r n s  and f r a c t i o n a l  holdup i n  t h e  a c t u a l  scaled-up h e a t  
exchanger be  p red i c t ed .  
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11. OBJECTIVES 

The objectives of this research are to measure the important parameters 
of inultiphase upward flow in cylindrical tubes, using fluids that at ambient 
conditions closely resemble those that exist in the SYNTHOIL process at the 
prevailing temperature and pressure, and to produce results that will be help'- 
ful in clarifying the flow characteristics encountered in the SYNTHOIL process. 

i 

The parameters that were investigated were pressure drop and holdup during. 
upward flow of gas-slurry mixtures in cylindrical tubes. The types of flow 
regimes that occur under different flow conditions were identified. Although 
a large volume of data and a number of correlations for the prediction of these 
characteristics exist for gas-liquid systems, some experiments were carried out 
using gas-liquid mixtures as well. This was done because of the uncertainty of 
applying the existing correlations to the special gas-liquid systems of the 
SYNTHOIL process since the viscosity of the circulating-oil product in the 
SYNTHOIL process differs considerably from the viscosities of the liquids 
generally used in previous experiments. Also, due to the high pressure in the 
SYNTHOIL process, the density of the gas is considerably greater than was used 
in earlier experiments. Moreover, since the behavior of gas-liqiiid-sol.id (gas- 
slurry) flow had to be compared with the flow behavior of the mixture in the 
absence of the solid particles, it was essential that some experiments on the 
two-phase flow of gas-liquid systems also be performed. 

111. EXPERIMENTAL 

A. Apparatus 

The experimental unit used for measuring the flow characteristics is shown . 

.schematically in Fig. 7. It consisted of a vertical glass tube approximately 
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Fig. 7. 

Experimental Setup (not to scale) 

240 cm long which was used as the test section for measuring the pressure drop 
and holdup and for observing the flow patterns in the gas-liquid (or gas-slurry) 
flow. In order to determine the effect of the diameter of the tube on the 

.: above flow characteristics, experiments were conducted using two columns, one 
with 0.70-cm I D  and the other with 1.27-cm I D .  

The liquid or slurry was pumped from a tank through the annular space of 
the inlet scction into the bottom of the vertical. glass tube test section. An 
Oberdorfer helical rotary positive displacement pump was used for this purpose. 
This type of pump, designed to handle slurries and high viscosity liquids, was 
driven by a 1/3-hp a-c motor, and was equipped with a "Zero-Max" gear reduction 
drive to permit adjustment and control of the flow rate. 

The rate of flow of liquid into the column was measured with calibrated 
rotameters. However, use of the rotameters proved to be impractical for 
measuring the slurry flow rate during the gas-slurry experiments. The coal 
particles in the slurry lodged between the rotameter bob and the inner wall of 
the rotameter tube and prevented proper positioning of the bob. For this 
reason, the slurry flow rate was determined by measuring the pressure drop 
across a flow restriction. A.horizonta1 straight-tube viscometer was used to 
measure the slurry flow rate. By measurement of the pressure drop produced in 
this horizontal tube and use- of a predetermined' DAP/4L us.  8 % / ~  curve (equation) 
2 in Section C, below), the average velocity in the tube a n d  .hence the flow rate 
could be easily determined. The only disadvantage of'using this device for 



f low measurement i s  t h a t  t h e  p r e s s u r e  drop i n  t h e  t ube  i s  produced by v iscous  
e f f e c t s  and is  t h e r e f o r e  s e n s i t i v e  t o  v a r i a t i o n s  i n  temperature .  This  e f f e c t  
could have been minimized by us ing  a  ventur i -meter ,  b u t  because depos i t i on  of 
c o a l  p a r t i c l e s  i n  i t s  t h r o a t  t h a t  would have r e s u l t e d  i n  a  change i n  t h e  t h r o a t  
a r e a  and l o s s  of accuracy ,  t h e  i d e a  of u s i n g  a  ventur i -meter  w a s  d i scarded .  

Gas from a  p r e s s u r i z e d  c y l i n d e r  e n t e r e d  t h e  test  s e c t i o n  through t h e  c o r e  
of t h e  annu la r  i n l e t  s e c t i o n .  Gas flow rate from t h e  c y l i n d e r  was c o n t r o l l e d  
by a  p re s su re  r e g u l a t o r  and a  need1.e va lve  and was measured us ing  two Brooks 
ro t ame te r s ,  one f o r  h igh  flow r a t e s  arid one f o r  low flow r a t e s .  The read ings  
from t h e  ro t ame te r s ,  c a l i b r a t e d  a t  a tmospheric  p r e s s u r e ,  were c o r r e c t e d  f o r  
t h e  h ighe r  p r e s s u r e  t h a t  normally e x i s t e d . i n  t h e  gas l i n e  du r ing  t h e  exper i -  
ments. This p r e s s u r e  was measured wi th  a  mercury mamometer permanently con- 
nec ted  t o  t h e  p re s su re  t a p  on t h e  test s e c t i o n  n e a r e s t  t o ' . t h e  i n l e t  dev ice  
( s e e  Fig.  7 ) .  Both t h e  ].?.quid and t h e  gas  i n l e t  lines could b e  d i r e r t ~ d  
through b a l l  valvco t o  c i t h c r  tube .  

The gas- l iqu id  (gas-s lur ry)  mix ture  passed through a 1-arge s topcock a t  
t h e  t o p  of t h e  test s e c t i o n  i n t o  a  cyclone separaLor and was c o l l e c t e d  i n  a  
r e c e i v i n g  tank .  The cyclone s e p a r a t o r  cap tured  t h e  l i q u i d  d r o p l c t s  en t r a ined  
i n  t h e  mixture  i n  t h e  form of m i s t .  The r e c e i v i n g  tank  was connected t o  t h e  
atmosphere through a  20-cm-long column packed w i t h  sma l l  me ta l  Raschig r i n g s  
a s  a  p r ecau t ion  f o r  cap tu r ing  s t i l l - e n t r a i n e d  d r o p l e t s  and p a r t i c l e s .  I n  gas- 
l i q u i d  experiments ,  t h e  r e c e i v i n g  tank was connected t o  t h e  supply tank  s o  
t h a t  a cont inuous flow of o i l  was maintained du r ing  t h e  experiment.  I n  gas- 
s l u r r y  experiments ,  however, t h e  pumped s l u r r y  was kept  i n  t h e  r e c e i v i n g  tank 
u n t i l  t h e  end of t h e  experiment ,  a f t e r  which i t  was mixed thoroughly and 
r e t u r n e d  i n t o  t h e  supply tank.  In t h e  supply t ank ,  t h e  s l u r r y  was kept  w e l l  
mixed w i t h  a  118-hp "Lightning" mixer and by f r equen t  manual s t i r r i n g .  

Four p re s su re  t a p s  w e r e  provided on t h e  s i d e  of t h e  test s e c t i o n  a t  i n t e r -  
v a l s  of 6 1  cm. Pres su re  drop measurements were taken  between t h e  t o p  two t a p s ,  
l o c a t e d  134 cm and 195 cm from t h e  i n l e t  dev ice .  Depending on t h e  magnit l~de 
of t h e  p r e s s u r e  drop,  water  o r  mercury d i f f e r e n t i a l  manometers were connected 
t o  t h e  t a p s .  To prevent  t h e  l i q u i d  i n  t h e  test s e c t i o n  from e n t e r i n g  t h e  mano- 
m e t e r  tube ,  a  125-ml s epa ra to ry  funne l  was l o c a t e d  between each t a p  and t h e  
manometer tube a s  a  p r e s su re  v e s s e l .  Appropriate  minor c o r r e c t i o n s  were then 
a p p l i e d  t o  t h e  manometer read ing ,  which a c t u a l l y  measured t h e  p r e s s u r e  d i f f e r -  
ence  between t h e  v e s s e l s .  Such v e s s e l s  were used wi th  a l l  manometers i n  t h e  
equipment. 

The volumet r ic  f r a c t i o n  of t h e  I.i.q~.li.d (or  slurry) i n  t h e  test s e c t i o n  was 
measured by s h u t t i n g  o f f  t h e  l i q u i d  ( o r  s l u r r y )  and gas  inl.et, l i n e s ,  simul- 
t aneous ly  closfr'~g t h e  s topcock on t h e  t o p  of t h e  test s e c t i o n ,  and measuring 
t h e  amount of l i q u i d  ( o r  s l u r r y )  cap tured  i n  t h e  t e s t  s e c t i o n .  For t h i s  pur- 
pose,  bo th  t h e  gas and l i q u i d  i n l e t  l i n e s  were equipped w i t h  so l eno id  va lves  
t h a t ,  when a c t u a t e d ,  would t u r n  o f f  t h e  l i q u i d  pump and s t o p  t h e  flow of ' 

l i q u i d  and gas  i n t o  t h e  column. 

The es tab l i shment  of d i f f e r e n t  flow p a t t e r n s  and t h e i r  t r a n s i t i o n  from one 
regime t o  another  a s  a  f u n c t i o n  of t h e  l i q u i d  and gas flow r a t e s  was de t ec t ed  
v i s u a l l y .  Such v i s u a l  obse rva t ions  became more d i f f i c u l t  i n  gas-s lur ry  exper i -  
ments, e s p e c i a l l y  a t  low flow r a t e s  i n  s l u g  and f r o t h  flow regimes. 



B. Gas-Liquid Mixtures 

Since t h e  experiments w e r e  c h r r i e d  ou t  a t  ambient . p r e s su re  and temperature ,  
. t h e  l i q u i d s  and gases  t o  be  used were chosen i n  such a  way t h a t  t h e i r  phys i ca l  

. . 
p r o p e r t i e s  a t  ambient cond i t i ons  resembled those  of t h e  f l u i d s  i n  t h e  a c t u a l .  
SYNTHOIL process  a t  t h e  ope ra t i ng  cond i t i ons .  T h e . v i s c o s i t y  of t h e  c i r c u l a t i n g  
SYNTHOIL product  had n o t  been measured prev ' iously a t  ope ra t i ng  cond i t i ons .  
Only r e c e n t l y  have some v i s c o s i t y  measurements been made on SYNTHOIL l i q u i d  
between 49°C and 201°C..34 These measurements show t h a t  w i t h i n  t h i s  range ,  t h e  
v i s c o s i t y  of t h e  cen t r i fuged  SYNTHOIL product  v a r i e s  from about 6500 cp  t o  
about 6  cp. No d a t a . i s  a v a i l a b l e  on t h e  v i s c o s i t y  of t h e  SYNTHOIL prqduct a t  . '  

450°C. Also adding u n c e r t a i n t y ,  t h e  v i s c o s i t y  of t h e  product  SYNTHOIL is a 
very  s t r o n g  func t ion  of i t s  a spha l t ene  conten t  and t h e r e f o r e ,  depending on t h e  
degree of hydrogenat ion and l i q u e f a c t i o n  of c o a l ,  v a r i e s  cons iderab ly  from one 
ba t ch  t o  For t h i s  reason ,  t h e  l i q u i d  phase used i n  t h e  experiments  
had t o  be  s e l e c t e d  i n  such a  way t h a t  t h e  d a t a  ob ta ined  i n  t h e s e  experiments ,  
a long  w i t h  those  e x i s t i n g  i n  t h e  l i t e r a t u r e ,  would cover  a  wide range of l i q u i d  
v i s c o s i t y  and hence e s t a b l i s h  t h e  e f f e c t  of l i q u i d  v i s c o s i t y  on t h e  cha rac t e r -  
i s t i c s  of flow. Accordingly, two wh i t e  minera l  o i l s  manufactured by Matheson, ' 

Coleman, and B e l l  under t h e  t r a d e  names of "Blandol" and "Kaydol", wi th  v i scos-  
i t i e s  of 23.3 cp and 137 cp,  r e s p e c t i v e l y ,  a t  25°C were used i n  t h e  experiments .  
The p h y s i c a l  p r o p e r t i e s  of t h e s e  o i l s  t h a t  a r e  r e l e v a n t  t o  t h e i r  f low charac- 
t e r i s t i c s  and t h e i r  dependence on temp?-rature a r e  shown i n  Table  1. The 
v i s c o s i t y  d a t a  w e r e  ob ta ined  us ing  an Ubbelhode c a p i l l a r y  viscometer  f o r  t h e  

, Blandol o i l  and a  Brookfield Synchro-Lectric v i scometer  f o r  t h e  more v i s cous  
Kaydol o i l .  Surface t e n s i o n s  were measured wi th  a  plat inum r i n g  DuNouy su r -  
f a c e  tens iometer .  O i l  d e n s i t i e s  were determined w i t h  hydrometers.  

Table 1. Phys i ca l  P r o p e r t i e s  of Mineral  O i l s  

Type of Temperature  ensi it^ Vis 'cosity Sur face  Tension 
Mineral  O i l  ("c) (g /cc)  (CP) (dynelcp) ..' 

Bland01 22.5 0.843 
24.8 0.842 
27.0 0.840 

Kaydol 

I n  t h e  a c t u a l  SYNTHOIL p roces s ,  t h e  d e n s i t i e s  of hydrogen a t  450°C and 
2000 o r  4000 p s i  a r e  0.287 l b / f t  and 0.574 l b / f t 3  r e s p e c t i v e l y .  Obviously,  i t  
i s  impossible.  t o  f i n d  a  gas  having a  comparable d e n s i t y  a t  ambient cond i t i ons .  
Never the less ,  s tudy  of t h e  e f f e c t  of t h e  d e n s i t y  of t h e  gas  phase on t h e  flow 
c h a r a c t e r i s t i c s  could provide t h e  necessary  d a t a  f o r  e x t r a p o l a t i o n  of t h e  
r e s u l t s  t o  h ighe r  d e n s i t i e s .  For t h i s ' r e a s o n ,  experiments  were c a r r i e d  ou t  
u s ing  n i t r o g e n  and hel ium, which provided r e s u l t s  corresponding t o  a  sevenfo ld  
v a r i a t i o n  i n  t h e  d e n s i t y  of '  t h e  gas  phase. 



C. S l u r r i e s  

I n  t h e  s e l e c t i o n  of a  s u i t a b l e  s o l i d  p a r t i c l e  t o  be used i n  t h e  exper i -  
ments i nvo lv ing  t h e  flow of gas- l iqu id-so l id  mix tures ,  t h e  two most important  

. c h a r a c t e r i s t i c s . t o  cons ide r  w e r e  d e n s i t y  and t h e  n e c e s s i t y  of c r e a t i n g  a  "free-  
flowing" mixture .  Some of t h e  more obvious s o l i d s  such a s  g l a s s ' w e r e  qu i ck ly  
ru led '  ou t  because,  given t h e i r  d e n s i t y ,  t h e  s e t t l i n g  r a t e  was i m p r a c t i c a l  i n  
t h e  range of t h e  d e s i r e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  (-100 +230 mesh). A 
number of copolymers of t h e  type  used f o r  water  t rea tment  and f o r  i o n  exchange 

' 

columns were t e s t e d ,  b u t  even when t h e  s e t t l i n g  r a t e  could be  brought  i n t o  an 
a c c e p t a b l e  range,  t h e s e  p a r t i c l e s  were n o t  s u i t a b l e  because of t h e i r  tenden- 
c i e s  t o  c l i n g  t o  t h e  i n s i d e  g l a s s  w a l l  o r  t o  "clump" and thereby  prevent  t h e  
mix ture  from be ing  f r e e  f lowing.  Coal . i t s e l f  tu rned  out  t o  be  t h e  b e s t  o f . t h e  
m a t e r i a l s  t e s t e d ,  w i t h . i t s  densi'ty and s e t t l i n g  r a t e  be ing  r e l a t i v e l y  accep tab l e ,  
bu t  w i th  t h e  obvious d i sadvantage  t h a t  i t  presented cer ta . in  d i f f i r i i l t i ~ s  t n  

v i s u a l  obse rva t ion  of flow p a t t e r n s .  

Pu lver ized  Kentucky c o a l  fu rn i shed  by P i t t s b u r g h  Energy Research Center 
, 

was,added t o  Blandol o i l  f o r  making t h e  s l u r r y .  The s i z e  d i s t r i b u t i o n  of t h i s  
c o a l  i s  shown i n  Table  2. 

Table  2. S i ze  D i s t r i b u t i o n  of t h e  Pulver ized  
Coal Used i n  t h e  Experiment 

Percent  Weight of Coal P a r t i c l e  Mesh S i ze  

I n  t h e  gas - s lu r ry  f low experiments ,  t h r e e  d i f f e r e n t  mix tures  of 11.0,  
20.4, and 27.1 weight percent  c o a l  i n  Blandol o i l  were used a s  s l u r r i e s .  Sinc,e 
most of t h e  p a r t i c l e s  were sma l l e r  than  177 um and the5 r  s p e c i f i c  g r a v i t y  was 
approximately 1.1, t h e  coal-Bland01 o i l  mixture  could be  cons idered  a s  a homo- 
geneous s l u r r y . 2 4 .  D e n s i t i e s  of t h e  t h r e e  s l u r r i e s  as measured by hydrometers 
a r e  shown i n  Table  3 .  

Table 3 .  D e n s i t i e s  of S l u r r i e s  
-. - . . .. . - -- --. - - - . - . . 

, . . . 
. , ,; "' Coal (wt %) . . Temp (OC). Densi ty  (g/cm3) 



Determination of the rheological properties of slurries is essential in 
the study of their flow behavior. As was discussed in the previous section, 
depending on the size and concentration of the solid particles, slurries have 
been reported to act like non-Newtonian liquids. 25,  36 A horizontal straight- 
tube viscometer is a very simple device to measure the rhe~lo~ical'properties 
0f.a liquid and to determine the presence of any non-Newtonian behavior. In 
this device, the pressure drop-between two points along the tube -is measured 
as a function of the average velocity of the fluid in the tube. It can be 
shown37 that in the flow of any rheologically time-independent fluid in a 
tube, the shear stress at'the wall, T ~ ,  is related to the nomina1,shear rate 
in the tube, y, in the folTowing form: . 

where n', known as "the flow behavior index," characterizes the degree of non- 
Newtonian behavior of the fluid and k' is the consistency index of the fluid.. 
For the straight-tube viscometer of length L and diameter D, it can be shown 
that T~ = DAP/~L and Y = ~ u ~ / D  so that Equation 1 becomes: 

where AP is the pressure drop and um is the average velocity in the tube. 
' Simultaneous measurement of these two quantities in a given viscometer and a 

logarithmic plot of the resulting data would yield corresponding values for 
n' and k'. For n' equal to one, the fluid is Newtonian and the parameter k' 
becomes equal to the viscosity of the fluid. On the other hand, for values 
of n' different than unity, the fluid is non-Newtonian (for n' > 1 the fluid 
is called pseudoplastic, and for n' < 1 the fluid is called dilatant). Such 

." measurements were carried out using a straight 0.42-cm-ID glass tube, 60 cm 
long. The results obtained on the three slurries used in the experiments are 
presented in the next section. 

A Syneo-Lectric Brookfield viscometer was also used to measure the vis- 
cosity of the slurries at different angular speeds. The results of .such 
measurements and some of the apparent discrepancies with the results obtained 
-from the straight-tube viscometer also are discussed in the next section. 

IV. RESULTS 

A. Gas-Liquid Flow Characteristics 
. . 

.The flow characteristics were measured as a function of the superficial 
velocity of gas and liquid. In addition, by using two different gases, namely, 
nitrogen and helium, two.different 'liquids, namely, Bland01 and Kaydol mineral 
oils (see Se~tion.1II.B)~ and two different test sections (of 0.7-cm and 
1.27-cm inside diameter), the effects on flow characteristics of the density 
of the gas phase, the viscosity of the liquid phase,'and the diameter of the. 
tube were studied. 



1. Pres su re  Drop 

P re s su re  drops were measured between t h e  t o p  two p r e s s u r e  t a p s  on 
t h e  test  s e c t i o n  ( s e e  Fig.  7 )  which were 134 cm and 195 cm from t h e  i n l e t  
dev ice .  The exper imenta l  r e s u l t s  corresponding t o  t h e  f low of two d i f f e r e n t  
ga se s  w i th  two d i f f e r e n t  l i q u f d s  (producing a  combination of f o u r  d i f f e r e n t  
mix tures )  i n  two d i f f e r e n t  t e s t  s e c t i o n s  are presen ted  i n  F igs .  8 t o  13. I n  
t h e s e  graphs,  t h e  p r e s s u r e  drop per  u n i t  l eng th  between t h e  two t a p s  has  been 
p l o t t e d  as a  f u n c t i o n  of t h e  s u p e r f i c i a l  gas  v e l o c i t y  w i t h  t h e  s u p e r f i c i a l  
l i q u i d  ve loc . i ty  a s  a parameter .  Q u a l i t a t i v e  agreement e x i s t s  between t h e  
shape  of t h e s e  curves  and t h e  shape of curves  r epo r t ed  elsewhere f o r  o t h e r  

12 t ypes  of gas - l iqu id  mix tures .  

A s  is  mentioned above, t h e  p re s su re  drop,  AP, a s  measured i n  these 
experiments ,  accounts  f o r  t h e  t o t a l  p r e s s u r e  l o s s  due t o  t h e  s t a t i c  head of 
t h e  mixture  i n  t h e  t ube  and t h a t  due t o  t h e  f r i c t i o n a l  l o s s e s  (we assume t h a t  
p r e s s u r e  l o s s  due t o  a c c e l e r a t i o n a l  e f f e c t s  a r e  minimal).  A r b i t r a r y  d e f i n i t i o n s  
have been used t o  s e p a r a t e  t h e s e  components from t h e  t o t a l  p r e s s u r e  l o s s .  One 
such d e f i n i t i o n  l e a d s  t o  t h e  fo l lowing  equa t ion :  

i n  which APf i s  t h e  p r e s s u r e  l o s s  due t o  t h e  i r r e v e r s i b i l i t i e s  of t h e  flow and 

The f i r s t  term on t h e  r ight-hand s i d e  of Equation 3  r e p r e s e n t s  t h e  p re s su re  
l o s s  due t o  t h e  h y d r o s t a t i c  head of t h e  mixture  i n  t h e  tube ;  however, t h i s  
t e r m  does no t  i nc lude  t h e  e f f e c t  of f r a c t i o n a l  holdup of e i t h e r  phase.  Another 
t e r m  t h a t  i nco rpo ra t e s  t h i s  e f f e c t  i n  t h e  h y d r o s t a t i c  p r e s s u r e  l o s s  has  a l s o  
been suggested i n  t h e  l i t e r a t u r e ; 1 2  however, t h a t  term i s  n o t  p r e f e r r e d  because 
i t  r e q u i r e s  knowledge of a n  a d d i t i o n a l  flow c h a r a c t e r i s t i c ,  namely. holdup, 
i n  c a l c u l a t i n g  t h e  p r e s s u r e  drop. 

Study of F igures  8 t o  1 3  r e v e a l s  t h a t  t h e  t o t a l  p r e s s u r e  drop s t r o n g l y  
depends on t h e  magnitudes of t h e  l i q u i d  and gas s u p e r f i c i a l  v e l o c i t i e s .  A t  low 
v a l u e s  of VSL and VSG, t h e  t o t a l  p r e s su re  drop decreases  t o  a  minimum va lue  
w i t h  i n c r e a s i n g  gas  flow v e l o c i t y .  This  kind of behavior  can be  seen  c l e a r l y  
from some of t h e  d a t a  f o r  t h e  1.27-cm-TD column i n  Fig.  8 and 9 ,  where low 
va lues  of VSG a r e  employed. I n  t h i s  p a r t  of t h e  curve ,  t h e  magnitude of t h e  
t o t a l  p r e s su re  drop is  dominated by t h e  c o n t r i b u t i o n  from t h e  h y d r o s t a t i c  
p r e s s u r e  l o s s .  S ince  VSL pT, is  much larger than VSG PG,  t h e  r.nntrihiit.inn frnm 
t h e  s t a t i c  head dec reases  wi th  i n c r e a s i n g  va lues  of VSG, a s  seen  from t h e  f i r s t  
t e r m  on t h e  r i g h t  hand s i d e  of Equation 3. Also, a s  w i l l  b e  shown l a t e r ,  t h e  
l i q u i d  holdup i n  t h e  column decreases  a t  i n c r e a s i n g  va lues  of VSG and s i n c e  
t h e  l i q u i d  phase c o n t r i b u t e s  t o  almost a l l  of t h e  h y d r o s t a t i c  head l o s s ,  t h i s  
l o s s  dec reases  a t  h ighe r  va lues  of t h e  s u p e r f i r i a l  gas  v e l n c i t y ,  However, due 
t o  t h e  tendency of t h e  f r i c t i o n a l  p r e s s u r e  drop t o  i n c r e a s e  w i t h  gas  v e l o c i t y ,  
t h e  t o t a l  p r e s su re  drop passes  through a  minimum a t  some p o i n t .  

Yt 

Symbol d e f i n i t i o n s  a r e  l i s t e d  a t  t h e  end of t h i s  r e p o r t .  
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Fig. 8. Pressure Drop for the Flow of Nitrogen-Bland01 Oil in the 1.27-cm-ID Tube 



Fig. 9. Pressure Drop f o r  t t e  FLow of Helium-Bland01 Oil in the 1.27-cm-ID Tube 
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Fig. 10. Pressure Drop for the Flow of Nitrogen-Bland01 Oil Mixture.in the-0.7-cm-ID Tube 



Fig. 11. ' Fressure Drop for t h r  Flow of Helium-Bland01 Oil ~ i x t u r e  in t h e  0.7-cm-ID Tube 
. .  . . -. 





Fig .  1 3 .  P r e s s u r e  Drop f o r  t h e  P l c : ~  of Helium-Kaydol Oil Mixture  i n  t h e  0.7-cm-ID Tube 
" ,  . . . - -  x 



/ ' 
In  t h e  curves  corresponding t o  low l i q u i d  v e l o c i t i e s ,  a f t e r  t h e  

p re s su re  drop minimum, t h e  p re s su re  drop r i s e s  wi th  i n c r e a s i n g  gas v e l o c i t y  
u n t i l  a  maximum i s  reached. The curve then drops s l i g h t l y  t o  a  second minimum 

.and f i n a l l y  r i s e s  very  s t e e p l y .  .In curves  of h ighe r  s u p e r f i c i a l  l i q u i d  veloc-  
i t y ,  . t h i s  behavior  becomes l e s s  pronounced. This  can be  seen  more c l e a r l b  i n  
t h e  d a t a  of Fig.  10 through 13 ,  ob ta ined  wi th  t h e  0.7-cm-ID column, whose 
' smal ler  diameter  s e r v e s  t o  c r e a t e  much l a r g e r  va lues  of VSG f o r  t h e  same mass 
,flow r a t e s .  A t  i n t e rmed ia t e  ranges ( e . g . ,  VSL = 20 cm/sec i n  Fig.  l o ) ,  t h i s  
e f f e c t  dec reases  t o  a  po in t  where i t  appears  on ly  a s  a  minor change i n  t h e  
s l o p e  of - t he  curve.  A t  h ighe r  l i q u i d  v e l o c i t i e s ,  t h e  e f f e c t  appears  t o  be  
l o s t  a l t o g e t h e r .  

There have been many a t t empt s  t o  r e l a t e  t h e  occur rence  of maxima and 
minima i n  t h e  p re s su re  drop curves t o  t r a n s i t i o n s  from one . f low regime t o  
another  i n  t h e  tube .  General ly ,  t h e s e  a t tempts  have n o t  been very  s u c c e s s f u l ;  
t h e  boundaries  s e p a r a t i n g  d i f f e r e n t  flow regimes.have been loca t ed  i n  r eg ions  
o t h e r  than  those  corresponding t o  maximum o r  minimum p o i n t s  i n  t h e  p re s su re  
drop curves.  l 2  However, t h e r e  is  no doubt t h a t  t h e  apparent  changes i n  t h e  
t r end  of t h e  v a r i a t i o n  of t h e  p re s su re  drop i n  t h e  column i s  due t o  changes i q  
(1) t h e  flow mechanism and (2) t h e  i n t e r a c t i o n s  between d i f f e r e n t  dominant 
f o r c e s .  This  is e s p e c i a l l y  t r u e  f o r  t h e  1 a s t . p o r t i o n  of t h e  p re s su re  drop 
curve.  The r a p i d  rise of p re s su re  drop wi th  i n c r e a s i n g  s u p e r f i c i a l  gas v e l o c i t y  
d e p i c t s  a  r eg ion  where t h e  gas  i s  i n  t u r b u l e n t  motion and t h e  overwhelming con- 
t r i b ' u t i o n  t o  t h e  p re s su re  drop comes from t h e  i r r e v e r s i b l e  component, APf, which 
is  p r o p o r t i o n a l  t o  t h e  square  of t h e  v e l o c i t y .  I n  t h i s  r eg ion ,  l a r g e  i n e r t i a l  
f o r c e s  exe r t ed  by t h e  gas phase tend t o  en fo rce  t h e  es tab l i shment  of t h e  upward 
flow of a  wavy l i q u i d  f i l m  i n  t h e  column. The i r r e g u l a r i t y  of t h e  s u r f a c e  of 
t h e  l i q u i d  f i lm.produced  by t h e  presence  of t h e  s u r f a c e  waves c o n t r i b u t e s  s i g -  
n i f i c a n t l y  toward i n c r e a s i n g  t h e  i r r e v e r s i b l e  component of t h e  p re s su re  drop 
and caus ing  a  sha rp  i n c r e a s e  i n  t h e  t o t a l  p r e s su re  drop i n  t h e  column. The 
change i n  va lue  of t h e  p re s su re  drop i s  s o  pronounced t h a t  i t  can be  used a s  an 
i n d i c a t o r  f o r  t h e  onse t  of f i l m  flow i n  t h e  column. 

F igures  8 through 1 3  c o n s i s t e n t l y  show an i n c r e a s e  i n  t o t a l  p r e s s u r e  
drop w i t h  i n c r e a s i n g  s u p e r f i c i a l  l i q u i d  v e l o c i t y .  The reason  i s  t h a t  t h e  mag- 
n i t u d e  of t h e  h y d r o s t a t i c  and i r r e v e r s i b l e  components of t h e  t o t a l  p r e s su re  
drop depend on t h e  l i q u i d  v e l o c i t y ,  t h e  former a s  a ' r e s u l t  of i n c r e a s e  i n  l i q u i d  
holdup and t h e  l a t t e r  due t o  t h e  i n c r e a s e  of t h e  average v e l o c i t y  of t h e  mix- 
t u r e  i n  t h e  tube .  - 

The i r r e v e r s i b l e  component of t h e  p re s su re  drop,  APf, a s  def ined  by 
Equation 3,  can be  c a l c u l a t e d  by us ing  t h e  AP d a t a  f o r  va r ious  va lues  of VSL 
and VSG. Typica l  r e s u l t s  a r e  shown i n  Fig.  14 i n  which APf pe r  u n i t  l e n g t h  of 
t h e  t ube  is  p l o t t e d  a g a i n s t  t h e  s u p e r f i c i a l  gas v e l o c i t y ,  w i th  t h e  s u p e r f i c i a l  
l i q u i d  v e l o c i t y  a s  a parameter.  I n  gene ra l ,  t h e  r e s u l t s  f o r  o t h e r  cond i t i ons  
i n d i c a t e  t h a t  APf i n c r e a s e s  wi th  bo th  t h e  gas s u p e r f i c i a l ' v e l o c i t y  and t h e  
l i q u i d  s u p e r f i c i a l  v e l u c i t y ,  i n  a  manner shown i n  Fig:  14.  

There have been s e v e r a l  a t t empt s  t o  p re sen t  t h e  i r r e v e r s i b l e  p r e s s u r e  
drop d a t a  i n  t e r m s  of dimensioriless q u a n t i t i e s  and thereby  ob ta in  gene ra l  cor- 
r e l a t i o n s  t h a t  can be used f o r  any gas - l i qu id  mix ture .  l l ,  l 2  One such cor re -  
l a t i o n  is  obta ined  from a  separated-f low model proposed by Lockhart and 
~ a r t i n e l l i ~ ~  f o r  t h e  ho r i zu l l t a l  f low of gas- l iqu id  mix tures .  Tn t h i s  model, 
each phase i s  assumed t o  flow independent ly  from t h e  o t h e r  phase i n  two sep- 
a r a t e  h y p o t h e t i c a l  channels  i n  t h e  tube.  The c ros s - sec t iona l  a r e a  of t h e  
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0 VSL = 10.0 cm/sec 
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F i g .  14 .  I r r e v e r s i b l e  Camppnent of t h e  P r e s s u r e  Drop f o r  I h e  Flow of 
Ni t rogen-Blsndol  ' o i l  . ; ~ i x t u r e  i n  the 0 . i-ca- I D  T-.ke 



channel  f o r  t h e  flow of each phase i s  p ropor t i ona l  t o  t h e  amount .of t h a t  phase 
i n  t h e  tube.  The f r i c t i o n a l  p r e s su re  drop i n  t h e  t ube  can be  c o r r e l a t e d ,  when 
e x p r e s s e d . i n  terms of $L  and,$^, according t o  t h e  fo l lowing  r e l a t i o n s h i p :  

where 

and 

I n  t h e  above d e f i n i t i o n s ,  (?IL and &)G a r e  t h e  i r r e v e r s i b l e  p re s su re  

g r a d i e n t s  f o r  t h e  l i q u i d  phase and gas  phase,  r e s p e c t i v e l y ,  f lowing a s  a  s i n g l e  
phase i n  t h e  tube;  n  is  a  parameter whose va lue  depends on t h e  flow regime 
( laminar  o r  t u r b u l e n t )  t h a t  would e x i s t  i n  t h e  f low of e i t h e r  ~ h a s e  a lone .  
P l o t t i n g  of t h e  q u a n t i t y  $L u s .  $G according t o  Eq. 5 imp l i e s  t h a t  bo th  axes of 

: t h e  coo rd ina t e  would con ta in  t h e  d e s i r e d  q u a n t i t y  AP,/AZ. To avoid such a  s i t -  
L 

. u a t i o n ,  i t  i s  customary t o  express  '$L o r  G G  a s  a  func t ion  of t h e  q u a n t i t y  X 
where 

Accordingly, t h e  d a t a  ob ta ined  on t h e  0.7-cm-ID tube  was p l o t t e d  i n  t e r m s  of 
a g a i n s t  X, a s  shown i n  Fig.  15. The M a r t i n e l l i  curves ,  3 2  corresponding t o  

two extrcmc va lues  of n ,  denoted hy 4 a n d . b t t a r e  a l s o  p l o t t e d  i n  t h i s  
Jw .. . 

f i g u r e .  The n b t a t i o n  $ imp l i e s  t h a t  t h e  s i n g l e - ~ h a s e  f low o f . . e i t h e r .  l i q u i d  
=vv . 

o r  gas  i.s i n  t h e  laminar  regime, whereas $L corresponds t o  t h e  cond i t i on  t h a t  
t t 

t h e  s ing le -phase  flow of e i t h e r  l i q u i d  o r  gas is  i n  the t u r b u l e n t  regime. , 

Despi te  a  s l i g h t  s c a t t e r ,  t h e  agreement between t h e  d a t a  and t h e  M a r t i n e l l i  
curves  is  s a t i s f a c r o r y .  IL sl~uulcl be  no ted  t h a t  t h e  M a r t i n e l l i  cl-irvps f n r  
dLVt and $ L ~ ~  ( t h c  cond i t i ons  corresponding t o  $L namely, t u r b u l e n t  l i q u i d  

t v '  



o N2 and Blandol 

. . . . X He and 'Bland01 

1 + N2 and Kaydol . 

Fig. 15. Generalizacim of t3e Pressure Drap Data Taken from the 
0.7-cm-ID ~ol-i%n-wi~h Lockhart-Maftinelli Correlations 



and laminar  gas  f low,  a r e  r a r e l y  cons idered)  l i e  between t h e  curves f o r  @ 
L w  

and @ L t t .  For t h i s  reason,  t h e  s c a t t e r  of t h e  d a t a  i n  Fig.  15 can be  expla ined ,  

p a r t l y ,  on t h e  b a s i s  of cond i t i ons  o t h e r  than  laminar-laminar o r  t u rbu len t -  
t u r b u l e n t  flow e x i s t i n g  i n  t h e  tube .  However, t h e  main reason  f o r  s c a t t e r  of 
t h e  d a t a  i s  t h a t  t h e  M a r t i n e l l i  model does no t  t r u l y . r e f l e c t  t h e  flow condi t ior i  
of t h e  two-phase mixture  i n  a l l  p o s s i b l e  two-phase f low regimes. I n  f a c t ,  only 
annular  f i l m  flow t r u l y  resembles a  s epa ra t ed  flow and t h u s . s a t i s f i e s  t h e  con- 
d i t i o n s  r equ i r ed  by t h e  M a r t i n e l l i  model. Most of t h e  d a t a  taken  from t h e  
0.7-cm-ID column corresponds e i t h e r  t o  f i l m  flow o r  t o  a  type  of s l u g  flow 
c o n s i s t i n g  of long gas  bubbles  and f o r  t h i s  reason  gene ra l l y  ag ree  w i t h  t h e  

. M a r t i n e l l i  curves .  On t h e  o t h e r  hand, most d a t a  taken  from t h e  1.27-cm-ID 
tube  correspond t o  regimes o the r  than  annular  flow o r  s l u g  flow w i t h  r e l a t i v e l y  
s h o r t  gas  bubbles  and long l i q u i d  s l u g s .  Therefore ,  g e n e r a l l y  poor agreement 
between t h e  d a t a  of t h e  1.27-cm-ID tube  and t h e  M a r t i n e l l i  curves  can be  ex- 
pec ted .  I n  f a c t ,  such behavior  was observed, a s  shown i n  F ig .  16 ,  i n  which t h e  
d a t a  taken  w i t h  t h e  1.27-cm-ID tube  have been superimposed on t h e  d a t a  of Fig.  
15. Thus, u s ing  t h e  M a r t i n e l l i  c o r r e l a t i o n s  f o r  t h e  e s t i m a t i o n  o f . . t h e  p r e s s u r e  
drop i n  t h e  tube  w i l l  b e  accep tab l e  only when t h e  e x i s t e n c e  of an annular  flow 
(or  a  con f igu ra t i on  resembling a  s epa ra t ed  flow) has  been confirmed. It should 
be noted t h a t  (as  seen  from Fig.  15)  t h e  u se  of t h e s e  c o r r e l a t i o n s  can only  
s e r v e  a s  a  means of ob t a in ing  approximate va lues  f o r  t h e  p r e s s u r e  drop. Exact 
va lues  can be  ob ta ined  only when experiments  a r e  c a r r i e d  ou t  under t h e  con- 
d i t i o n s  under cons ide ra t i on  (such a s  t h e  types  of f l u i d s  and t h e  magnitudes of 
t h e i r  f low r a t e s ) .  

Another sou rce  of s c a t t e r  i n  F i g u r e s 1 5  and 16 is  t h e  c o n t i n u a l l y  
changing n a t u r e  of t h e  two-phase flow. Even a t  g r e a t  d i s t a n c e s  from t h e  po in t  
of en t r ance ,  t h e  flow cannot b e . s a i d  t o  be  f u l l y  developed, a  s i t u a t i o n  t h a t .  
i s  normally overlooked i n  d e r i v i n g  c o r r e l a t i o n s  from sepa ra t ed  models. I n  f a c t ,  
t h e  type  of i n l e t  dev ice  used f o r  i n t roduc ing  t h e  gas a n d . t h e  l i q u i d  phases 
i n t o  t h e  tube  has  some e f f e c t  on t h e  way t h e  two-phase flow develops i n  t h e  
tube  and consequent ly  on t h e  p re s su re  drop. A s  mentioned b e f o r e ,  i n  a l l  exper i -  
ments, t h e  p re s su re  d r o p - d a t a  w e r e  ob ta ined  between t a p s  3  and 4  (134 cm and 
195 cm from t h e  i n l e t  dev ice ,  r e s p e c t i v e l y ) .  However, t o  examine t h e  depen- 
dence of t h e  p re s su re  , g r a d i e n t ,  on t h e  d i s t a n c e  a long  t h e  t ube ,  a  few measure- 
ments were taken  between t a p s  2 and 3 (73 cm and 134 cm from t h e  i n l e t  dev i ce ,  
r e s p e c t i v e l y )  i n  t h e  experiments w i t h  Blandol o i l  and n i t r o g e n  i n  t h e  1.27-cm- 
I D  tube.  The r e s u l t s  i n d i c a t e d  t h a t  g e n e r a l l y ,  t h e  p re s su re  drops between t h e  
h ighe r  t a p s  were c o n s i s t e n t l y  l a r g e r  than those  ob ta ined  between t h e  lower t a p s .  
Although t h e  d i f f e r e n c e  was no t  l a r g e ,  6 percent  a t  t h e  most, t h e  cons i s t ency  
of t h e  d a t a  f o r  d i f f e r e n t  flow r a t e s  shows t h a t  t h e  en t r ance  e f f e c t  i s  s i g n i f i -  
c an t .  

a .  E f f e c t  of t h e  ~ i s k o k i t ' ~  of t h e  Liquid Phase 

The use  of two types  o f . m i n e r a 1  o i l s ,  Blandol and Kaydol, pro- 
vided a  convenient  means of s tudying  t h e  e f f e c t  of t h e  v i s c o s i t y  of t h e  l i q u i d  
phase on t h e  p re s su re  drop. Resu l t s  ' ( t y p i c a l l y  der-ived from Figures  8 through 
1 3  f o r  two va lues  of approximately cons t an t  l i q u i d  flow r a t e s )  a r e  presen ted  
i n  Fig.  17 w i t h  n i t rogen  a s  t h e  gas  phase,  and i n  Fig.  18 wi th  helium a s  t h e  . . 
gas phase. I n  t h e  experiments  corresponding t o  t h e  d a t a  p o i n t s  of F igs .  19 and 
20, t he  v i s c o s i t y  of t h e  Blandol o i l  averaged 22 cp ,  whi le  t h e  v i s c o s i t y  of t h e  
Kaydol o i l  averaged 140 cp. It can be  seen  c l e a r l y  t h a t  t h e  h ighe r -v i scos i t y  
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Fig. 16 .  Comparison of the Data Taken from-the.g,Zx~m-dia Tube with Those from the 
1.27-cm-ID Tube Correlated xith the Lockhart-Martinelli Parameters 
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l i q u i d  produces much l a r g e r  va lues  of p r e s su re  drop,  and t h a t  t h i s  e f f e c t  i s  
g r e a t l y  enhanced wi th  i nc reas ing  l i q u i d  flow r a t e .  The v i s c o s i t y  e f f e c t  i s  
a l s o  found t o  be  in f luenced  by t h e  t ype  of t h e  gas  used. The i n c r e a s e  i n  t h e  
p re s su re  drop when n i t rogen  is  used a s  t h e  gas  phase is  g e n e r a l l y  l a r g e r  than  
t h e  corresponding i n c r e a s e  when helium i s  used. It should be  no t ed ,  howaver, 
t h a t  t h e  v i s c o s i t i e s  of t h e  two types  of minera l  o i l s  va ry  sevenfo ld  and t h a t  
gene ra l l y  t h e  enhancement of t h e  va lues  of t h e  p re s su re  drops i s  comparat ively 
sma l l ,  cons ider ing  the  l a r g e  v a r i a t i o n  i n  v i s c o s i t y .  Therefore ,  one can expect  
smal l  v a r i a t i o n s  of v i s c o s i t y  of t h e  l i q u i d  phase t o  have a  minimal e f f e c t  on 
t h e  t o t a l  p r e s s u r e  drop. 

P a r t  of t h e  v i s c o s i t y  e f f e c t  on t h e  p re s su re  drop can be  a t t r i -  
buted t o  an i n c r e a s e  i n  i t s  i r r e v e r s i b l e  component through t h e  v i s c o s i t y  
dependence of t h e  f r i c t i o n  f a c t o r .  In  a d d i t i o n ,  a s  w i l l  b e  shown l a t e r ,  an 
i n c r e a s e  i n  l i q u i d  v i s c o s i t y  produces a  l a r g e r  vo lumet r ic  holdup of t h e  l i q u i d  
phase i n  t h e  tube ,  thereby i n c r e a s i n g  t h e  magnitude of t h e  " t rue"  h y d r o s t a t i c  
p r e s su re  drop a s  w e l l .  S imi la r  comparisons, f o r  va lues  of t h e  s u p e r f i c i a l  
l i q u i d  v e l o c i t i e s  o t h e r  than  those  presen ted  i n  F ig .  17 and 18 ,  can be  e x t r a c t e d  
e a s i l y  from t h e  gene ra l  d a t a  of F igures  8  through 13. 

b.  E f f e c t  of Densi ty  of t h e  Gas Phase 

The use of two gases  (namely, n i t r o g e n  and helium) having a  
sevenfo ld  v a r i a t i o n  i n  t h e i r  d e n s i t y  provided a  means of s tudy ing  t h e  e f f e c t  of 
t h e  d e n s i t y  of t h e  gas  phase on t h e  t o t a l  p r e s su re  drop. This  e f f e c t  i s  shown 
i n  Fig.  19 and 20, which inc lude  d a t a  corresponding t o  t h e  use  of Blandol o i l  
and Kaydol o i l ,  r e s p e c t i v e l y ,  a s  t h e  l i q u i d  phase.  The major d i f f e r e n c e  
between t h e  helium and n i t r o g e n  curves seems t o  occur  a t  h igh  gas .  f low r a t e s ,  
corresponding t o  t h e  reg ion  dominated by f r i c t i o n a l  e f f e c t s .  It seems reason- 
a b l e  t o  assume t h a t  t h e  f o r c e s  due t o  t h e  i n e r t i a  of t h e  gas  phase become' 

. i n c r e a s i n g l y  important  w i th  a gradua l  i n c r e a s e  i n  t h e  gas f low r a t e  and even- 
t u a l l y  become a  dominant f a c t o r  i n  e s t a b l i s h i n g  t h e  c h a r a c t e r i s t i c s  of t h e  two- 
phase flow. Such a behavior  obviously e x i s t s  i n  Fig.  19 and 20, where a t  some 
h igh  va lue  of t h e  s u p e r f i c i a l  gas  v e l o c i t y  t h e  p r e s s u r e  drop  produced by 
n i t r q g e n  becomes cons iderab ly  l a r g e r  than t h a t  produced by helium. 

c .  E f f e c t  of Tube Diameter 

A s  can be  seen  from t h e  gene ra l  d a t a  i n  F igs .  8  through 13, t h e  
smaller-diameter  column tends  t o  e x h i b i t  much l a r g e r  va lues  f o r  p r e s s u r e  drop 
than  t h e  l a r g e r  column, f o r  t h e  same gas- l iqu id  mix tures  and f o r  s i m i l a r  va lues  
of gas  and l i q u i d  s u p e r f i c i a l  v e l o c i t i e s .  Under s i m i l a r  c o n d i t i o n s ,  t h e  hydro- 
s t a t i c  p r e s su re  drop a s  def ined  by Equation 3 i s  independent of t ube  d iameter .  
Therefore ,  t h e  l a r g e r  va lues  f o r  t o t a l  p r e s su re  drop i n  t h e  sma l l e r  t ube  is  
e n t i r e l y  due LU the r e s u l t i n g  i n c r e a s e  i n  f r i c t i o n a l  e f f e c t s .  A comparison of 
t h e  f r i c t i o n a l  components of t h e  p re s su re  drop f o r  t h e  two columns is  presen ted  
i n  Fig.  21. The d a t a  p o i n t s  i n  t h i s  f i g u r e  correspond t o  flow of n i t rogen -  
Blandol o i l  mixture  a t  t h e  s u p e r f i c i a l  l i q u i d  v e l o c i t i e s  of 8.7 cm/sec i n  t h e  
1.27-cm-ID tube  and of 10  cm/sec i n  t h e  0.7-cm-ID tube .  The d i f f e r e n c e  i n  
magnitude of t h e  i r r e v e r s i b l e  p r e s s u r e  drops i n  t h e  two tubes  is  more than  t h e  
amount t h a t  can be  accounted f o r  by t h e  s l i g h t  d i f f e r e n c e  i n  t h e  va lues  of the 
s u p e r f i c i a l  l i q u i d  v e l o c i t i e s .  
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Study of Fig.  21 shows t h a t  t h e  e f f e c t  of t h e  tube  diameter  on 
t h e  p re s su re  drop is smal l  a t  low gas flow r a t e s  ( s l u g  flow regime) bu t  
i n c r e a s e s  wi th  i nc reas ing  gas v e l o c i t y .  No d e f i n i t e  exp lana t ion  could be  
found f o r  t h i s  behavior .  It should be  noted aga in  t h a t  t h e  i r r e v e r s i b l e  
p re s su re  drop,  APf, a s  p resen ted  i n  Fig.  21, i s  j u s t  t h e  r e s u l t  of t h e  de f in -  
i t i o n  g iven  by Equation 3 and does no t  r e p r e s e n t  t h e  t r u e  va lue  of t h e  f r i c -  
t i o n a l  p r e s su re  drop. I n  o t h e r  words,  some of t h e  e f f e c t  of t h e  " t rue"  hydro- 
s t a t i c  p r e s su re  drop i s  s t i l l  i m p l i c i t l y  inc luded  i n  t h e  APf va lues  of F ig .  21. 
This  e f f e c t  can p a r t l y  be compensated f o r  by us ing  t h e  l i q u i d  holdup d a t a  i n  
t h e  h y d r o s t a t i c  p r e s su re  drop c a l c u l a t i o n s  i n  d e r i v i n g  APf va lues  t h a t  repre-  
s e n t  more c l o s e l y  t h e  t r u e  va lue  of t h e  i r r e v e r s i b l e  p re s su re  drop. However, 
t h i s  procedure would no t  change t h e  r e l a t i v e  behavior  of t h e  two curves  i n  
Fig.  21, s i n c e ,  a s  i s  shown below, t h e  va lue  of t h e  l i q u i d  holdup i n  t h e  t ube  
does n o t  change wi th  tube  diameter .  

2. Holdup 

A s  is mentioned above, t h e  vo lumet r ic  f r a c t i o n  of t h e  l i q u i d  phase 
i n  t h e  tube  was measured by c l o s i n g  t h e  s topcock on top  of t h e  test s e c t i o n  
and s imul taneous ly  s h u t t i n g  o f f  t h e . g a s  and l i q u i d  i n l e t  l i n e s  by a c t u a t i n g  
t h e  two so l eno id  va lues  ( see  F ig .  7 ) .  Therefore ,  t h e  holdup v a l u e s ,  calcu-  
l a t e d  by measuring t h e  volumes of l i q u i d  cap tured  i n  t h e  tube ,  represenr.  a 
vo lumet r ic  average  holdup between.. the i n l e t  dev ice  and t h e  t o p  of t h e  t e s t  
s e c t i o n  240 cm away. Data was ob ta ined  f o r  f o u r  combinations of two-phase 
flow r e s u l t i n g  from two minera l  o i l s  (Bland01 and Kaydol) and two gases  
(n i t rogen  and helium) i n  two tubes  of 0.7-cm and 1.27-cm-ID, r e s p e c t i v e l y .  The 
d a t a  ob ta ined  under d i f f e r e n t  cond i t i ons  a r e  presen ted  i n  F igs .  22 through 26 
a s  t h e  vo lumet r ic  f r a c t i o n  of t h e  l i q u i d  i n  t h e  tube ,  aL ,  us.  t h e  s u p e r f i c i a l  
gas v e l o c i t y  a s  a  parameter.  The r e s u l t s  gene ra l l y  show t h a t  t h e  l i q u i d  holdup, 
a ~ ,  d e c r e a s e s  w i t h  i n c r e a s i n g  s u p e r f i c i a l  gas  v e l o c i t y  and i n c r e a s e s  w i th  
i n c r e a s i n g  s u p e r f i c i a l  l i q u i d  v e l o c i t y .  

Gene ra l i za t i on  of t h e  holdup d a t a  is  always d e s i r e d ,  from both  aca- 
demic and p r a c t i c a l  p o i n t s  of view. A g e n e r a l  c o r r e l a t i o n  t h a t  ha s  been recom- 
mended f o r  des ign  purposes12 i s  t h a t  of Hughmark and pressburg .  31 This  
c o r r e l a t i o n  was shown i n  Fig.  5. The holdup d a t a  corresponding t o  d i f f e r e n t  
cond i t i ons  ob ta ined  i n  our experiments  are:compared wi th  t h i s  c o r r e l a t i o n  i n  
Fig.  .27. Despi te  some s c a t t e r ,  t h e  q u a n t i t y  X' seems t o  be  a  r e l a t i v e l y  
s u i t a b l e  parameter f o r . c o r r e l a t i n g  t h e  g e n e r a l  holdup d a t a .  Also, r ega rd ing  
t h e  t r end  of t h e  v a r i a t i o n  of a~  wi th  X ' ,  q u a l i t a t i v e  agreement of t h e  d a t a  
w i th  t h e  Hughmark-Pressburg c o r r e l a t i o n  i s  observed. However, q u a n t i t a t i v e l y ,  
t h e  agreement i s  poor and t h e  d a t a  c o n s i s t e n t l y  i n d i c a t e s ' h i g h e r  holdup va lues  

' t h a n  t h e  Hughmark-Pressburg c o r r e l a t i o n .  Th i s  k ind  of disagreement i s  n o t  
unexpected, s i n c e  t h e  c o r r e l a t i o n  was de r ived  e m p i r i c a l l y  on t h e  b a s i s  of d a t a  
ob ta ined  i n  tubes  approximately 740 cm l o n g Y 3 l  wh i l e  t h e  p re sen t  d a t a  was 
ob ta ined  i n  tubes  240 cm long.  Because of t h i s  developing n a t u r e  of t h e  two- 
phase flow, holdup i s  a  l o c a l  v a l u e  t h a t  changes al.nng t h e  tube .  The e x i s t e n c e  
of s l i p  between t h e  gas and t h e  l i q u i d  phase causes  accumulat ion of l i q u i d  
phase nea r  t h e  bottom of t h e  tube  s o  t h a t  when s t eady  s t a t e  i s  reached,  a  pro- 
f i l e  corresponding t o  t h e  a x i a l  v a r i a t i o n  of t h e  l i q u i d  holdup i s  e s t a b l i s h e d  
i n  t h e  tube.  Because of t h e  d i f f i c u l t i e s  involved w i t h  t h e  measurement of t h e  
l o c a l  va lues  of holdup, t h e  shape of such a  p r o f i l e ,  e s p e c i a l l y  i n  t h e  
v i c i n f t y  of t h e  i n l e t  s e c t l u ~ ~ ,  i s  not known. However, diie t o  t h e  accumulation 
of l i q u i d  phase toward t h e  bottom, i t  i s  r ea sonab le  t o  assume t h a t  s t a r t i n g  



Fig. 2 2 .  Average VoPumetric Liquid Holdu~ for ths Flog of 
Nitrogen-Bland01 Oil Mixtures.iE the 1.27-cm-ID Tube 



Fig. 23. Average Volumetric Liquid Holdup for the Flow of 
~itrogen-~landol Oil Mixtures in the 0.7-cm-ID Tube 





Fig. 25. Average Volumetric Liquid Holdup for the Flow of. 
Nitrogen-Kaydol Oil Mixtures in the 0.7-cm-ID Tube 



Fig. 26. Average Volumetris Liquid Holdu? f o r  the  Flow of 
Helium-Ksydol O i l  Mixtures i n  t h e  0.7-m-ID F ~ b e  



- ' A  

0 N2 and Blandol 0.7 cm diameter column 

N2 and Blandol 1.27 cm diameter column 

x He and Blandol 0.7 cm diameter column 

A N2 and Kaydol 0.7 cm diameter column. 

Fig. 27. Correlstion of the Holdup Data with the Hughmark-Pressburg 
, Parameter and Comparison with Hughmark-Pressburg Correlation 



a s h o r t  d i s t a n c e  above t h e  i n l e t  s e c t i o n ,  t h e  l o c a l  va lues  of t h e  l i q u i d  
holdup decrease  a long  t h e  tube.  Such a  q u a l i t a t i v e  p i c t u r e  of t h e  v a r i a t i o n  
of l o c a l  holdup i n  t h e  tube  can account f o r  t h e  discrepancy found between t h e  
d a t a  and t h e  Hughmark-Pressburg c o r r e l a t i o n  i n  Fig.  27. According t o  t h i s  
argument, t h e  vo lumet r ic  average holdup taken  on a  740-cm-long tube  (cor res -  
ponding t o  Hughmark-Pressburg experiments)  should be  sma l l e r  t han  t h e  vo lumet r ic  
average  holdup t aken  on a 240-cm-long tube  (corresponding t o  t h e  d a t a  ob ta ined  
i n  t h i s  work). An impor tan t  po in t  f o r  cons ide ra t i on  i n  comparing d i f f e r e n t  d a t a  
from d i f f e r e n t  sou rces  is  t h e  geometry of t h e  i n l e t  s e c t i o n  used i n  t h e  exper i -  
ments. As  i s  mentioned above, t h e  developing n a t u r e  of t h e  two-phase flow 
a long  t h e  t ube  depends on t h e  geometry of t h e  i n l e t  s e c t i o n  and t h e  way t h e  two 
phases  a r e  brought  i n t o  c o n t a c t  a f t e r  e n t e r i n g  t h e  tube.  

From t h e  d i s c u s s i o n  presen ted  above and comparison of t h e  d a t a  w i th  
t h e  gene ra l  co r r e l a t i . on  of Hughmark-Pressburg presen ted  i n  Fig.  27, we may 
conclude t h a t  t h e  a p p l i c a t i o n  of t h e  correlations i n  t h e  I . . iF .cra . t~ . l .~ :~  .to' a 
sPeci . f lc  case can be u s e f u l  on ly  for o l r t a i n i ~ ~ g  approximate va lues  (w i th in  about 
20 pe rcen t )  f o r  t h e  l i q u i d  holdup. Accurate va lues  can be  ob ta ined  only i f  
experiments  a r e  c a r r i e d  ou t  under t h e  r equ i r ed  s p e c i f i . ~  cond i t i ons .  

! 

! ' a .  E f f e c t - o f  t h e  V i scos i t y  nf  t h e  Liquid Phase 

The e f f p r t  nf the v i ~ c o c i t y  of the liquid p l ~ a s r  un rhe volumet r ic  
average  l i q u i d  holdup is  presen ted  i n  F igs .  28 and 29 which con ta in  t h e  d a t a  
corresponding t o  n i t r o g e n  and helium a s  t h e  gas phase,  r e s p e c t i v e l y .  The d a t a  
i n  t h e s e  two f i g u r e s ,  which correspond t o  two d i f f e r e n t  va lues  of l i q u i d  super- 
f i c i a l  v e l o c i t y ,  have been e x t r a c t e d  from t h e  gene ra l  d a t a  of F igs .  22 through 
26. The r e s u l t s  show t h a t  t h e  holdup f o r  Kaydol o i l ,  whose v i s c o s i t y  averaged 
140 c p  f o r  t he se . expe r imen t s ,  i s  c o n s i s t e n t l y  l a r g e r  t l .~an t h e  holdup f o r  Bland01 
o i l ,  which had an average v i s c o s i t y  of 22 cp. This  e f f e c t  seems t o  b e  t h e  same 
when e i t h e r  n i t r o g e n  o r  hel ium was used a s  t h e  gas  phase. However, cons ide r ing  
t h a t  t h e r e  w a s  a  sevenfo ld  v a r i a t i o n  i n  t h e  l i q u i d  v i s c o s i t y ,  t h e  change i n  t h e  
v a l u e  of t h e  holdup was comparat ively sma l l  (about 20 percent  cha~lge  i n  hold11.p 
is vbserved f o r  700 pe rcen t  change i n  l i q u i d  v i s c o s i t y ) .  This behavior  can be 
cons idered  a s  i n d i c a t i n g  t h a t  t h e  i n e r t i a l  f o r c e  of the gas phase is  t h e  dom- 
i n a n t  f a c t o r  i n  c o n t r o l l i n g  t h e  s l i p  between t h e  phases and consequent ly  t h e  
holdup,  and t h a t  t h e  f o r c e s  r e l a t e d  t o  t h e  v i s c o s i t y  of t h e  l i q u i d  phase a r e  
less impor tan t .  This  can h e  examined more c a r e f u l l y  by looking  a t  t h e  e f f e c t  
of t h e  d e n s i t y  of t h e  gas phase on t h e  l i q u i d  holdup. 

b. E f f e c t  of the Densi ty  of t h e  Gas Phases 

F igure  30 shows a compari.snn qf holdup d a t a  f o r  hel ium-l iquid 
mix tures  w i t h  t hose  f o r  n i t rogen - l i qu id  mix tures .  It i . s  seen. t h a t ,  f o r  conctont  
mass flsw raLe, t h e  l i q u i d  holdup produced by hel ium i s  c o n s i s t e n t l y  l a r g e r  
t han  t h a t  produced by n i t r o g e n .  This  i s  another  i n d i c a t i o n  t h a t  t h e  i n e r t i a l  
f o r c e  of t h e  gas  phase is  a  dominant parameter i n  caus ing  holdup of t h e  l i q u i d  
phase.  I n  f a c t ,  i f  t h e  i n e r t i a l  f o r c e  of t h e  gas  phase i s  t h e  most dominant 
parameter ,  t h e  holdup d a t a  corresponding t o  d j  f f  rent gases  should be  cor re -  
l a t e d  a s  a  f u n c t i o n  of p G 1 / 2 ~ S G ,  r e g a r d l e s s  of t h e  type  of t h e  gas .  Therefore ,  
f o r  t h e  same i n e r t i a l  f o r c e ,  t h e  s u p e r f i c i a l  v e l o c i t y  of t h e  hel ium, compared 
t o  t h a t  of n i t r o g e n ,  should b e  l a r g e r  by a  f a c t o r  equa l  t o  t h e  square  r o o t  of 
t h e  r a t i o  of t h e  d e n s i t i e s  of t h e  two gases .  For t h i s  reason ,  a  p l o t  of aL 
US. a modified s u p e r f i c i a l  gas v e l o c i t y ,  V S G ( ~ G / ~ N 2 )  'I2 , w a s  prepared a s  shown 
i n  F ig .  31. I n  t h i s  and s i m i l a r  p l o t s ,  e f f e c t s  due t o  t h e  densi ty  of t h e  



0 Kaydol VSL = 46.8 cm/sec 

A Bland01 VSL = 42 .6  cm/sec 

FLg. 28.  Effec: of t h e  V i s c o s i t y  of t h e  L iqu id  Phase on t h e  L iqu id  Holdup 
i n  t h e  0.7-cm-1D.Tube When Ni t rogen  i s  Used as t h e  Gas Phase 



0 Kaydol VSL = 46.8 cmlsec  . 

Kaydol VSL = 2 . 1  c m l s e c .  
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Fig. 29.  EEfect of t h e  i ' i s c o s i t y  of t h e  ~ i ~ u i d  Phase on t h e  L iqu id  Holdup 
in t h e  0.7-cm-ED "be When Helium i s  Used as t h e  Gas Fhase 



0 H e  and Kaydol 2 .1  cmlsec  

A N2 and Kaydol 2 .1  cmlsec 

0 H e  and Blandol  2.5 cmlsec  

N2 and Blandol  2.5 cmlsec  

Fig.  30. E f f e c t  of t h e  Densi ty  of t h e  Gas Phase on 
t h e  L iqu id  Holdup i n  t h e  0.7-cm-ID Tube 



JC He and Kaydol VSL = 2 .1  ,cm/sec 

A N2 a d  Kaydol VSL = 2.1 cmlsec 

X He axil Blandol VSL = 2.5 cm/sec 

0 N2 and Blandol VSL =. 2.5 cmlsec 

~ i g .  31 .  Cor re l a t ion  of   old up Data, Co-rresponding t o  r i f f e r e n t  
Gases, wilh a - ~ o b i f i e d  supe;fici%1 Gas Veloccty . 



gas phase on l i q u i d  holdup can be  included i n  t h e  va lue  of t h e  a b s c i s s a  and 
rega.rdless  of t h e  type  of gas ,  a  s i n g l e  curve r e s u l t s .  This  approach permi ts  
g e n e r a l i z a t i o n  of t h e  holdup d a t a  f o r  gases  of d i f f e r e n t  d e n s i t i e s .  

c .  E f f ec t  of t h e  Tube Diameter 

Comparison of t h e  d a t a  i n  F igs .  22 and 23 i n d i c a t e s  t h a t ,  f o r  
cons tan t  va lues  of t h e  gas s u p e r f i c i a l  v e l o c i t y  and l i q u i d  s u p e r f i c i a l  v e l o c i t y ,  
t h e  l i q u i d  holdup i s  almost independent of t h e  tube diameter .  For f i l m  flow i n  
t h e  tube ,  when t h e  l i q u i d  entrainment  i n  t h e  gas and t h e  waviness of t h e  f i l m  
s u r f a c e  a r e  neglec ted ,  t h e  r a t i o  of t h e  average f i l m  th i ckness  t o  t h e  tube  
diameter is  p ropor t iona l  t o  t h e  average volumetr ic  l i q u i d  holdup. Since t h e  
l i q u i d  holdup i s  independent of t h e  tube  diameter ,  we can conclude t h a t  t h i s  
r a t i o  is  independent of t h e  tube  diameter  t oo .  This  r e s u l t  can have an impor- 
t a n t  a p p l i c a t i o n  i n  sca leup  of t h e  processes ,  a l lowing t h e  holdup d a t a  taken 
from a  sma l l  column t o  be  used f o r  t h e  des ign  and a n a l y s i s  of l a r g e  columns. 

3. Flow P a t t e r n s  

Visua l  observa t ion  was t h e  only method used t o  determine t h e  type of 
flow p a t t e r n  e s t a b l i s h e d  i n s i d e  t h e  tube  a s  a  func t ion  of gas  and l i q u i d  flow 
r a t e .  Prel iminary a t tempts  t o  photograph a  d iagonal  s h e e t  of t h e  flow i l l umi -  
na ted  by a  r o t a t i n g  l a s e r  beam proved unsuccessfu l  i n  record ing  t h e  d i s t r i b u t i o n  
of t h e  phases i n  t h e  tube and hence t h e  flow p a t t e r n .  S imi l a r  a t tempts  u s ing  
f l a s h  photography d i d  not  improve t h e  r e s u l t s .  

There a r e  some u n c e r t a i n t i e s  involved wi th  t h e  use  of v i s u a l  obser- 
v a t i o n  a s  a  b a s i s  f o r  i d e n t i f i c a t i o n  of t h e  flow p a t t e r n .  This  is  e s p e c i a l l y  
t r u e  under cond i t i ons  which correspond t o  t r a n s i t i o n s  between flow p a t t e r n s .  
I n  f a c t ,  t h e  r ecogn i t i on  of a  c e r t a i n  type  of flow p a t t e r n  i n  t h e  tube ,  i n  t h e  
v i c i n i t y  of t r a n s i t i o n  from one flow regime t o  another ,  becomes a  mat te r  of 
personal  judgment of t h e  observer .  For t h i s  reason,  no q u a n t i t a t i v e  agreement 
can be expected t o  exi-s t  between t h e  p r e d i c t i o n s  of d i f f e r e n t  i n v e s t i g a t o r s .  

The occurrence of d i f f e r e n t  flow p a t t e r n s  i s  a  s t r o n g  func t ion  of t he ,  
gas and t h e  l i q u i d  flow r a t e s .  For t h i s  reason ,  a  coo rd ina t e  system u t i l i z i n g  
t h e  s u p e r f i c i a l  l i q u i d  v e l o c i t y  a s  t h e  o r d i n a t e  and t h e  s u p e r f i c i a l  gas ve l -  
ocity as the a b s c i s s a  can be used t o  p l o t  t h e  con.di.tions under which d i f f e r e n t  
flow p a t t e r n s  w i l l  occur.  Such p l o t s  a r e  presented i n  F igs .  32 through 37 f o r  
d i f f e r e n t  gas- l iqu id  mixtures  f lowing i n  tubes of two d i f f e r e n t  s i z e s .  Because 
of u n c e r t a i n t i e s  involved i n  i d e n t i f y i n g  t h e  type of flow near  t h e  t r a n s i t i o n  
reg ions ,  t h e  l o c a t i o n  of t h e  border  l i n e s  s e p a r a t i n g  t h e s e  reg ions  should b e  
considered t o  be  only approximately c o r r e c t .  For t h i s  reason ,  t h e  use  of 
Figs .  32 through 37 f o r  i d e n t i f i c a t i o n  of t h e  flow p a t t e r n  is  recommended only 
when t h e  gas and t h e  l i q u i d  flow r a t e s  correspond t o  reg ions  f a r  from t h e  
border  l i n e s .  The degree of u n c e r t a i n t y  can be  seen  from t h e  s c a t t e r  of d a t a  
i n  each graph. 

a .  E f f ec t  of t h e  Vi scos i ty  of t h e  Liquid Phase 

Comparison of Fig. 34 wi th  Fig. 36 and a l s o  F ig .  35 wi th  Fig.  
37, corresponding t o  flow mixtures  t h a t  involve  a sevenfo ld  v a r i a t i o n  i n  t h e  
l i q u i d  v i s c o s i t y ,  th.at  t he  v i s c o s i t y  of t h e  l i q u i d  phase has  very  
l i t t l e  e f f e c t  on t h e  l o c a t i o n  of t h e  border  l i n e s ,  e s p e c i a l l y  t h e  one repre-  
s e n t i n g  t h e  s t a r t  of annular  f i l m  flow, which i s  of importance i n  t h e  a n a l y s i s  



2 4 6 8 1600 
VSG, c m l s e c  

Fig. 32.  Flow P a t t e r n s  Corresponding t o  the Flow of Nitrogen-Bland01 
O i l  Yixtures  i n  the 1.27-cm-ID Tubs 



Fig. 33. Flow Patterns Corresponding to the Flow of Helium-Bland01 
Oil Mixtures in the 1.27-cm-ID Tube 



Fig.  34. Flow Pattern.3 b r r e s p o n d i n g  t o  t h e  Flow of Nitrogen-Bland01 
O i l  Mixtures i n  t h e  0.7-cm-ID Tube .. 
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Fig. 35. Flow Patterns Corresponding to .the Flow of Helium-Bland01 
Oil Mixtures in the 0.7-cm-ID Tube 



Fig. 36. Flow Patterns Correspcnding to the Flow of Nitrogen-Kaydol 
Oil Mixtures ir- the 0.7-cm-ID Tube.' 



START OF FILM FLOW 
0 END OF FROTH FLOW 
A START OF FROTH FLOW 
A END OF SLUG FLOW 

Fig. 37. Flow Patterns Corresponding to the  low of Helium-Kaydol 
Oil Mixtures in the 0.7-cm-ID Tube 



r e l e v a n t  t o  t h e  SYNTHOIL process .  . T h i s  is  i n  complete agreement wi th  Govier 's  
c o r r e l a t i o n  ( see  Fig.  4) which Znd ica t e s ' no  e f f e c t  of t h e  v i s c o s i t y  of t h e  
l i q u i d  phase on t h e  flow p a t t e r n s .  Despi te  such a  q u a l i t a t i v e  agreement, t h e r e  
i s  a l a r g e  q u a n t i t a t i v e  disagreement between t h e  l o c a t i o n  of t h e  f i l m  border  
l i n e  obta ined  i n  t h e s e  experiments and t h a t  suggested by Govier ' s  c o r r e l a t i o n .  
The parameter Y i n  Govier 's  c o r r e l a t i o n  i s  approximately equa l  t o  1.18 f o r  bo th  
minera l  o i l s .  The parameter X i n '  t h i s  c o r r e l a t i o n  s t r o n g l y  depends on t h e  type  
of t h e  gas and is  equal  t o  1.17 o r  0.61, depending on whether n i t r o g e n  o r  helium 
i s  used a s  t h e  gas phase. For t h e s e  va lues  of X and Y ,  Govier 's  p r e d i c t i o n  
sets t h e  s t a r t  of t h e  f i l m  flow a t  s u p e r f i c i a l  gas v e l o c i t i e s  much h igher  than  
were a c t u a l l y  found. For example, f o r  t h e  flow of nitrogen-Bland01 o i l  mixture 
i n  t h e  0.7-cm-ID tube  a t  a  s u p e r f i c i a l  l i q u i d  v e l o c i t y  of 10 cm/sec, Fig. 34 
p r e d i c t s  t h e  s t a r t  of t h e  f i l m  flow a t  a  s u p e r f i c i a l  gas v e l o c i t y  equal  t o  
260 cm/sec. On t h e  o t h e r  hand, f o r  t h e  same cond i t i ons ,  Govier 's  c o r r e l a t i o n  
(Fig.  4 )  pu t s  t h e  s t a r t  of t h e  f i l m  flow a t  a  s u p e r f i c i a l  gas v e l o c i t y  of 
approximately 1000 cm/sec. The f a c t  t h a t  t h e  bulk  of t h e  d a t a  i n  Govier 's  
c o r r e l a t i o n  corresponds t o  mixtures  involv ing  l e s s  v i scous  l i q u i d s ,  namely 
water ,  may be  t h e  reason f o r  such a  l a r g e  quan t i t a t i ve .  disagreement.  . Although. 
t h e  s c a t t e r  of d a t a  makes t h e  exac t  l o c a t i o n  of the fi.1.m-flow border l i n e  i.n 
Figs .  32 through 37 unce r t a in ,  i t  seems ( e s p e c i a l l y  f o r  t h e  helium curves)  t h a t  
f i l m  flow starts a t  s l i g h t l y  lower gas v e l o c i t i e s  when t h e  more v iscous  o i l  i s  
used. For t h i s  reason ,  d e s p i t e  Govier 's  c laim,  t h e r e  might be  a  v i s c b s i t y  
e f f e c r  Chat would push t h e  f i l m  border  l i n e  t o  h igh  gas v e l o c i t i e s  when t h e  
v i s c o s i t y  of t h e  l i q u i d  phase changes from about 22 cp ( f o r  Bland01 o i l )  t o  ,'. 
approximately 1 cp ( f o r  wa te r ) .  Except f o r  t h i s  specu la t ion ,  t h e  l o c a t i o n  of ' 

t h e  f i l m  border  l i n e  i n  t h e  range of v a r i a b l e s  considered i n  t h i s  work was 
found t o  be i n s e n s i t i v e  t o  s l i g h t  changes i n  t h e  v i s c o s i t y  of t h e  l i q u i d  phase. 

E f fec t  of t h e  Density of t h e  Gas Phase 
-- 

The e f f e c t  of t h e  d e n s i t y  of t h e  gas phase on t h e  flow p a t t e r n  
i n  t h e  tube  can be deduced by comparin.g Fig.  32 w i t h  F i g . . 3 3 ,  FCg. 34 w i t h  ' ' 

Fig.  35, and Pig.  36 wi th  Fig. 37; each p a i r  corresponds t o  t h e  f l o w  of n i t r o -  
gen o r  helium wi th  a d i f f e r ~ n t  l i q u i d  in a d i f f e r e n t  tubc.  The r e s u l t s  con- 
s i s t e n t l y  show ' t h a t  wi th  increased  gas dens i ty  ,' annular  f i l m  flow starts a t  
lower s u p e r f i c i a l  gas v e l o c i t i e s .  Again, t h i s  i s  i n  q u a l i t a t i v e  agreement 
wi th  Govier 's  c o r r e l a t i o n  which sugges ts  t h a t  t h e  s u p e r f i c i a l  v e l o c i t y  of 
Relfum a t  t h e  s t a r t  of t h e  f i l m  flow is  h ighe r  than  t h e  corresponding va lue  f o r  
n i t r o g e n  b$ a f a c t o r  of Cp / - Such a cube r o o t  dcpcndcnce does no t  

N2 He 
seem t o  be  v a l i d  f o r  t h e  da t a  prpspntpd i n  Wig€. 32 co 37. Inatcad,  i t  sccu~s 
t h a t  i n  some r eg ions ,  t h e  modi f ica t ion  of t h e  s u p e r f i c i a l  gas v e l o c i t y  through 
m u l t i p l i c a t i o n  by t h e  square  r o o t  of t h e  dens i ty  r a t i o  produces g r e a t c r  success  
i n  g e n e r a l i z i n g  t h e  d a t a  and producing a  s i n g l e  f i l m  border  1.j.n.e f o r  pre ,d ic t ion  
of tl.~t! start of annular  f i l m  flow f o r  bo th  gases .  This  may be  another  c l u e  
t h a t  t h e  i n e r t i a l  f o r c e  of t h e  gas phase i s  t h e  dominant f a c t o r  f o r  onse t  of 
annular  two-phase flow. 

The u n c e r t a i n t i e s  involved with t h e  . o c a t i o n  of t h e  boundary 
l i n e  i n h i b i t  v e r i f i c a t i o n  .of t h e  exac t  dependence of t h e  flow p a t t e r n s  on t h e  
gas dens i ty .  However, t h e  d e f i n i t e  conclus ion  t h a t  even wi th  h igh ly  v iscous  
l i q u i d s ,  f i lm  flow s t a r t s  e a r l i e r  wi th  a h ighe r  d e n s i t y  gas is  va luab le  i n f o r -  
mat ion .  



c .  E f fec t  of t h e  Tube Diameter 

Govier 's  c o r r e l a t i o n  sugges ts  t h a t  t h e  type  of flow e s t a b l i s h e d  
i n  two-phase flow does not  depend on tube  diameter.  A s i m i l a r  conclusion can 
be der ived  by .comparing t h e  flow p a t t e r n s  presented i n  Figs.  32 and 34 and a l s o  
Figs.  33 and 35. Despi te  t h e  u n c e r t a i n t i e s  i n  mapping the  flow f i e l d ,  no 
s i g n i f i c a n t  d i s l o c a t i o n  of t h e  f i l m  border  l i n e  i s  observed i n  going from t h e  
1.27-in.-ID tube  t o  t h e  0.7-in.-ID tube.  

B.   as-~iauid-solid Flow C h a r a c t e r i s t i c s  

The gas-s lur ry  experiments were conducted by mixing pulver ized  c o a l  p a r t i -  
c l e s  ( see  Sec t ion  1II .C)  wi th  t h e  Blandol o i l  and pumping t h e  mixture i n t o  t h e  
tube  through t h e  annular  device  i n  t h e  same manner a s  i n  t h e  two-phase flow 
experiments.  Three s l u r r i e s  of 11.0,  20.4, and 27.1 w t  % c o a l  i n  o i l  were used. 
Procedures used t o  measure t h e  p re s su re  drop and holdup r e s u l t i n g  from t h e  flow 
of gas-s lur ry  mixtures  were s i m i l a r  t o  those  used i n  t h e  two-phase flow exper i -  
ments. Determination of t h e  flow p a t t e r n s  by v i s u a l  observa t ion  became more 
d i f f i c u l t  because of t h e  dark mixture produced by t h e  flow of c o a l  s l u r r y  i n  
t h e  tube.  

1. Rheological  p r o p e t t i e s  o f '  t he  S l u r r i e s  

The t h r e e  s l u r r i e s  used i n  t h e  experiments behaved very  much l i k e  a 
homogeneous l i q u i d  because t h e  c o a l  p a r t i c l e s  were smal l  and t h e i r  dens i ty  was 
not  much d i f f e r e n t  from t h e  d e n s i t y  of t h e  Blandol o i l  ( s ee  ~ e c t i b n  1 I I .C) .  
Rheological  behavior  of t h e  s l u r r i e s  was determined exper imenta l ly ,  us ing  a  ' 

s t r a i g h t - t u b e  viscometer of diameter  D and l eng th  L, and measuring t h e  p re s su re  
drop, AP, f o r  d i f f e r e n t  va lues  of t h e  average v e l o c i t y  of t h e  s lurry, 'U, ,  i n  
t h e  viscometer .  The r e s u l t s  were p l o t t e d  according t o  Equation 2, a s  shown i n  
Fig.  38. It i s  seen t h a t  a  l i n e a r  r e l a t i o n s h i p  e x i s t s  between t h e  shea r  s t r e s s  
a t  t h e  w a l l ,  DAP/4L, and 8u,/D, which r e p r e s e n t s  a  nominal shea r  r a t e  i n  t h e  
tube.  I n  a d d i t i o n ,  i t  i s  seen t h a t  t h e  s t r a i g h t  l i n e s  through t h e  d a t a  p o i n t s  
f o r  each s l u r r y  pass  through t h e  o r i g i n ,  i n d i c a t i n g  t h e  absence of any y i e l d  
s t r e s s .  This  i n d i c a t e s  t h a t  f o r  s l u r r i e s  conta in ing  up t o  27.1 w t  % c o a l  i n  
t h e  minera l  o i l ,  t h e  exponent n '  i n  Equation 1 o r  Equation 2 is  equal  t o  one 
and t h e  s l u r r y  can be  c o n s i d e r e d , t o  be  a  Newtonian l i q u i d .  Apparently,  a s  seen  
Irom the d i f f e r e n c e  i n  the  s lopes  o f  t h e  l i n e s  i n  Fig. 38, i n c r e a s i n g  t h e  c o a l  
concen t r a t ion  simply i n c r e a s e s  t h e  v i s c o s i t y  of t h e  s l u r r y  without  a f f e c t i n g  
i t s  Newtonian behavior .  The s l i g h t  s c a t t e r  i n  t h e  d a t a  of Fig.  38 is  due t o  
smal l  v a r i a t i o n s  of t h e  temperature dur ing  t h e  measurements. ,The v i s c o s i t i e s  
of t h e  s l u r r i e s  a s  determined from t h e  s l o p e s  of t h e  corresponding l i n e s  . i n  
Fig. 38 a r e  given i n  Table 4. 

A variable-speed Syncho-Lectric Brookfield viscometer  was a l s o  used 
t o  d e t e c t  t h e  e x i s t e n c e  of any non-Newtonian behavior  i n  t h e  s l u r r y .  The va lue  
of t h e  viscometer d i a l  reading  (p ropor t iona l  t o  v i s c o s i t y )  was found t o  decrease  
wi th  inc reas ing  speed of r o t a t i o n  of t h e  bob, i n d i c a t i n g  a  dependence of t h e  
v i s c o s i t y  on t h e  r a t e  of shea r ,  which is c h a r a c t e r i s t i c  of non-Newtonian be- 
havior .  The disagreement between t h e  r e s u l t s  ob ta ined  from t h e  s t r a i g h t - t u b e  
viscometer  and those  found wi th  t h e  Brookfield viscometer  can b e  expla ined  on 
t h e  b a s i s  of t h e  d i f f e r e n c e  i n  ranges of measurement f o r  t h e  two devices .  The 
r a t e  of shea r  produced by the  ro ta t . ing  bob of t h e  viscometer  was c a l c u l a t e d  t o  
be  less than  90 sec-I f o r  t h e  h ighes t  speed of r o t a t i o n , 3 7  whereas, a s  can b e  
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Table  4. V i s c o s i t i e s  ,o f  S l u r r i e s  

Temperature S l u r r y  V i scos i t y  
("c) (wt % c o a l  i n  Bland01 o i l )  (CP) 

.2 8.5 0 .0  19.9 
29.4 11.0 24.1 
28.4 20.4 32.6 
28.0 27.1 38.5 

seen  from Fig .  38, t h e  r a t e  of shea r  i n  t h e  s t r a i g h t - t u b e  v i scometer  was . 
g e n e r a l l y  one o rde r  of magnitude l a r g e r .  For t h i s  reason ,  one can s p e c u l a t e  
t h a t  t h e  s l u r r i e s  may possess  a  s l i g h t  non-Newtonian behavior  i n  t h e  r eg ions  
of low shea r  r a t e s  nea r  t h e  o r i g i n  (Fig.  38) .  However, because of t h e  h igh  
s h e a r  r a t e s  normally involved i n  t h e  flow of two-phase mix tures ,  t h e  e x i s t e n c e  
of such a  small r eg ion  can be  overlooked and t h e  s l u r r y  can be cons idered  a  
Newtonian l i q u i d  f o r  a l l  p r a c t i c a l  purposes.  S imi l a r  v i s come t r i c  experiments  
have i n d i c a t e d  t h a t  s l u r r i e s  con ta in ing  g l a s s  sphe re s  of about 50 vm and s o l i d  
concen t r a t i ons  up t o  55 w t  % e x h i b i t  no non-Newtonian behavior .  38  

Since  t h e  c o a l  s l u r r y  behaves l i k e  a  homogeneous Newtonian l i q u i d ,  
t h e  flow c h a r a c t e r i s t : i c s  of gas -s lur ry  mix tures  can be  ob ta ined  from t h e  r e s u l t s  
f o r  gas - l iqu id  flow (with a  l i q u i d  having p h y s i c a l  p r o p e r t i e s  s i m i l a r  t o  t hose  
of t h e  s l u r r y ) .  For t h i s  reason,  t h e  ex t ens ive  amount of in format ion  presen ted  
earlier on t h e  flow c h a r a c t e r i s t i c s  of gas-mineral o i l  mix ture  should apply 
d i r e c t l y  t o  t h e  flow of gas-mineral o i l - c o a l  mix tures .  This  a p p l i c a b i l i t y  was 
t e s t e d  by comparing t h e  p re s su re  drop and holdup d a t a  corresponding t o  t h e  flow 
of gas-s lur ry  mixtures  t o  those  of t h e  gas-mineral o i l  mix tures .  

2. P re s su re  Drop 

Since t h e  c o a l  s l u r r i e s  a c t  l i k e  homogeneous Newtonian l i q u i d s ,  one 
can a n t i c i p a t e  t h a t  t h e  t o t a l  p r e s su re  drop r e s u l t i n g  from t h e  upflow of gas- 
s l u r r y  mixtures  would be  i d e n t i c a l  t o  t h a t  ob ta ined  f o r  t h e  gas-mineral o i l  
mix ture  a t  equ iva l en t  cond i t i ons .  I n  f a c t ,  such a  behavior  was observed,  a s  
shown i11 Fig.  39. The prcseure  drop curves  for the gas-s lur ry  mix tures  con- 
t a i n i n g  11 wt % c o a l  behave e x a c t l y  l i k e  t h e  curves  corresponding t o  gas- 
Blandol o i l  mix tures .  For t h e  sake  of comparison, d a t a  f o r  p r e s s u r e  drop 
r e s u l t i n g  from t h e  flow of nitrogen-Bland01 o i l  mixtures  a t  a  s u p e r f i c i a l  
l i q u i d  v e l o c i t y  of 10 cm/sec a r e  shown i n  t h i s  f i g u r e  too.  Comparison of F ig .  
39 w i th  Fig.  10  r e v e a l s  t h a t  t h e  u se  of 11 percent  c o a l  s l u r r y  y i e l d s  t h e  same 
p r e s s u r e  drop a s  t h a t  r e s u l t i n g  from t h e  use  of t h e  p l a i n  o i l .  

The v i s c o s i t y  of t h e  11 percent  s l u r r y  d i f f e r s  on ly  s l i g h t l y  from t h e ,  
v i s c o s i t y  of Blandol. a i l .  To b c  e x a c t ,  f o r  t h e  data  i.n Fig.  39,  cond i t i ons  
w e r e  such t h a t  t h e  p l a i n  o i l  and t h e  11 percen t  s l u r r y  had v i s c o s i t i e s  equa l  t o  
22 and 24 cp ,  r e s p e c t i v e l y .  P re s su re  drop va lues  a r e  a lmost  i n s e n s i t i v e  t o  such 
a sma l l  v a r i a t i o n  i n  v i s c o s i t y  ( s ee  Sec t ion  1V.A). The v i s c o s i t y  of t h e  s l u r r y  
i n c r e a s e s  r a p i d l y  w i th  c o a l  concen t r a t i on .  Therefore ,  s i n c e  t h e  p re s su re  drop 
i s  no t  t o t a l l y  independent of t h e  v i s c o s i t y  of t h e  l i q u i d  (o r  s l u r r y )  phase,  
one should a n t i c i p a t e  t h a t  hi-gher p r e s s u r e  drops would r e s u l t  f o r  more concen- 
t r a t e d  s l u r r i e s .  Such behavior ,  which i s  c o n s i s t e n t  w i th  t h e  d i s c u s s i o n  
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f i g .  39 .  Pressure  Drop f o r  t h e  Flow of Nitrogen and 11 Percent  C o a l  S lu r ry  (made wi th  
Blandol o i l )  i n  t h e  0.7-crn-iD Tube. Also ir-cluded f o r  canparison a r e  some 
d a t a  p o i n t s  from Fig. l o = , £ ~ r u t h e  flow of -. + nitrogen-Ylandol I* .-. a o i l  mixtures.  



presented  e a r l i e r  on t h e  e f f e c t  of v i s c o s i t y  on p re s su re  drop,  is shown i n  
Figs.  40 and 41 f o r  s l u r r i e s  of t h r e e  d i f f e r e n t  concen t r a t ions .  The cor res -  
p o n d i n g . v i s c o s i t i e s  a r e  given i n  Table 4. 

The s c a t t e r  of d a t a  f o r  gas-s lur ry  experiments is  gene ra l ly  l a r g e r  
- than  f o r  gas- l iqu id  mixtures .  This  i s  t r a c e a b l e  t o  d i f f i c u l t i e s  involved w i t h  

c o n t r o l  o f ' . t h e  s l u r r y  flow r a t e  us ing  t h e  s t r a i g h t - t u b e  viscometer  ( s ee  Sec t ion  
I I I . C ) ,  s e t t l i n g  of t he  c o a l  i n  t h e  s l u r r y  i n  t h e  r e s e r v o i r ,  o r  even clogging 
of t h e  p re s su re  t a p s  on t h e  column by c o a l . p a r t i c l e s .  Spec ia l  p recaut ions  were 
taken t o  e l i m i n a t e  t h e s e  problems i n s o f a r  a s  poss ib l e .  

3 .  Holdup 

Holdup'data  f o r  t h r e e  d i f f e r e n t .  s l u r r i e s  a t  cons t an t  s u p e r f i c i a l  
l i q u i d  v e l o c i t i e s  a r e  presented  i n  Fig. 42. The holdup d a t a  f o r  Blandol o i l  
a t  t h e  same s u p e r f i c i a l  l i q u i d  v e l o c i t y  (reproduced from Fig. 23) i s  a l s o  

-shown i n  Fig.  42 f o r  comparison. Despi te  Yhe s c a t t e r  of t h e  d a t a ,  t h e  gene ra l  
behavior  of t h e  holdup'  curves agrees  w i th  t h e  r e s u l t s  presented  f o r  flow of 

I gas- l iqu id  .mixtures .  Except f o r .  a few d a t a  p o i n t s ,  t h e  r e s u l t s  gene ra l ly  show 
t h a t  more concent ra ted  s l u r r i e s  produce l a r g e r  holdups i n  t h e  column. Since 
holdup is no t  ove r ly  s ens i t i i r e  t o  ' s l i g h t  v a r i a t i o n s  i n  v i s c o s i t y ,  t h i s  i nc rease .  . 
i n  holdup can no t  b e  a t t r i b u t e d  e n t i r e l y  t o  t h e  i n c r e a s e  i n  v i s c o s i t y  a t  h igher  
c o a l  concen t r a t ions .  However, i nc rease  might a l s o  b e  due t o  t h e  a d d i t i o n a l  
s l i p  between t h e  c o a l  p a r t i c l e s , a n d  t h e  l i q u i d  phase. 

4. Flow P a t t e r n s  

Flow of t h e  c o a l ' s l u r t y  produced a  dark  mixture i n s i d e  t h e  tube ,  
making v i s u a l  observa t ion  f o r  t h e  i d e n t i f i c a t i o n  of t h e  flow p a t t e r n  imprac-, 

. . t i c a l .  For t h i s  reason ,  t h e  l o c a t i o n  of t h e  boundary l i n e s  s e p a r a t i n g . d i f f e r e n t  
. flow regimes i n  gas-s lur ry  flow could no t  be  i d e n t i f i e d  d i r e c t l y .  However, t h e  

s l u r r y  behaves l i k e  a  homogeneous Newtonian l i q u i d  and t h e  r e s u l t s  presented  
. e a r l i e r  on t h e  flow p a t t e r n s  e s t a b l i s h e d  f o r  t h e  flow of g a s - ~ l a n d o l  o i l  mix- 

' 

t u r e s  can b e  used f o r  t h e  p r e d i c t i o n  of flow p a t t e r n s  i n  t h e  gas-s lur ry  mixtures  
as we l l .  The only r e l e v a n t  phys i ca l  proper ty  of t h e  s l u r r y  t h a t  d i f f e r s  from 
t h a t  of t h e  Blandol o i l  i s  v i s c o s i t y  which ( a s  shown e a r l i e r )  does no t  a f f e c t  
t h e  l o c a t i o n s  of t h e  boundary l i n e s  s i g n i f i c a n t l y .  



x 11% Coal Slurry VSL = 11.8 cm/sec 

0 20.4% Coal Slurry VSL = 11.5 cm/sec 

t5 27:lZ Coal Slurry VSL = 11.7 cm/sec 

O ~laijol vSL = 10.0 cm/sec 

Fig. 40.. Pressure Drops Cofrespc.nding to the Flow of Nitrogen-Slurry-Mixtures. in the 
3.7-cm-ID Tube with the Concentration of the Slurry as a Parameter 

. . . . 



0 27.1% Coal Slurry VSL = 11.7 cmlsec 
. . 

X 20.4% Coal Slurry VSL = 11.0 cmlsec 

0 11.0% Coal Slurry VSL = 11.7 cmlsec . 
. . 

Fig. 41. . Pressure .Drops Corresponding to the Flow of ~elium-slurry Mixtures in the 
0.7-cm-ID Tube with the Concentration of the Slurry as a Parameter 



A Blandcll VSL = 10.0 cmlsea 

X 11.0% by w t  Coal' i n  Blandol VSL = 10.0 cmlsec 

0 2 0 . 4 %  b y  ut Coal i n  Blandol VSL = 10.0 cmlsec 

0 27.1% -by w t  Coal i n  Blandol VSL = 10.0 cm/sec 

Fig. 4 2 .  Holdup Values Correspc~rding t o  t h e  Flow cf  Witro.3en-Slurry Mixtures i n  t h e  
0.7-cm-ID ' ~ u b e  wi th  t h e  Cor-centration of t h e  Slilrry as a Parameter 



V. SLMMARY AND CONCLUSIONS 

In  an experimental  research  program, done a s  a  suppor t  s tudy  f o r  t h e  
development of t h e  SYNTHOIL and o t h e r  c o a l  l i q u e f a c t i o n  processes ,  d a t a  were 
obtained on p re s su re  drop, l i q u i d  ( s l u r r y )  holdup, and flow p a t t e r n s  r e s u l t i n g  
from t h e  upward flow of gas- l iqu id  and gas-s lur ry  mixtures  i n  c y l i n d r i c a l  tubes .  

The f i r s t  p a r t  of t h e  program was devoted t o  s tudy  of t h e  flow cha rac t e r -  
i s t i c s  of two-phase gas- l iquid systems. This  was done f o r  two reasons :  (1) 
t o  t e s t  t h e  a p p l i c a b i l i t y  of t h e  e x i s t i n g  c o r r e l a t i o n s  a t  cond i t i ons  of h igh  
l i q u i d  y i s c o s i t y  and h igh  gas d e n s i t y  t h a t  e x i s t  i n  t h e  t u b u l a r  h e a t e r  of t h e  
SYNTHOIL process  and (2) t o  use  t h e  gas- l iqu id  flow d a t a  a s  a  frame of r e f e r -  
ence f o r  comparison wi th  t h e  r e s u l t s  ob ta ined  i n  three-phase gas-s lur ry  exper i -  
ments. The use of gas- l iquid mixtures  c o n s i s t i n g  of n i t r o g e n  o r  helium and 
each of two types of mineral  o i l s  of d i f f e r e n t  v i s c o s i t i e s  provided d a t a  
showing t h e  e f f e c t  on flow c h a r a c t e r i s t i c s  of sevenfold v a r i a t i o n  i n  t h e  den- 
s i t y  of t h e  gas phase and sevenfold v a r i a t i o n  i n  t h e  v i s c o s i t y  of t h e  l i 'qu id  
phase. I n  a d d i t i o n ,  us ing  two tubes of d i f f e r e n t  diameters  i n  t h e  experiments 
provided a  means of eva lua t ing  t h e  e f f e c t s  of vary ing  t h e  tube diameter  on t h e  
flow c h a r a c t e r i s t i c s .  

In  t h e  second p a r t  of t h i s  r e sea rch  program, t h e  flow c h a r a c t e r i s t i c s  of 
gas-s lur ry  mixtures  were i n v e s t i g a t e d .  Three s l u r r i e s  w i th  d i f f e r e n t  c o a l  
concen t r a t ions  of up t o  27.1 w t  % were employed. The experimental  procedure 
used f o r  gas- l iqu id  systems was repea ted  i n  t h e  gas-s lur ry  experiments.  Data 
on p re s su re  drop and s l u r r y  holdup were c o l l e c t e d  and were compared wi th  those  
obta ined  w i t h  gas- l iquid mixtures .  

The fo l lowing  conclusions p e r t a i n  t o  t h e  flow behavior  of t h e  gas- l iqu id  
and gas-s lur ry  mixtures  used i n  t h e s e  experiments:  

1. The t o t a l  p ressure  drop i n  t h e  tube  i n c r e a s e s  w i th  l i q u i d  flow r a t e  
and, except  f o r  reg ions  of low l i q u i d  and gas s u p e r f i c i a l  v e l o c i t i e s ,  i t  
i n c r e a s e s  wi th  gas flow r a t e  too.  This  behavior  i s  i n  agreement wi th  t h e  
observa t ions  of o t h e r  i n v e s t i g a t o r s .  

2. I f  t h e  f r i c t i o n a l  component of t h e  p re s su re  drop, APf, is  c a l c u l a t e d  
as defined i n  Equation 3 ,  this pressl i re  drop can b e . c o r r e l a t e d  us ing  t h e  
M a r t i n e l l i  parameters.  Such c o r r e l a t i o n  is  s a t i s f a c t o r y  only i n  t h e  r eg ions  
corresponding t o  annular  f i l m  flow o r  t h e  kind of s l u g  flow i n  which t h e  l eng th  
of t h e  gas s l u g  i s  cons iderably  longer  than  t h e  l eng th  of t h e  l i q u i d  s l u g ,  s o  
t h a t  t h e  assumption concerning t h e  e x i s t e n c e  of a  s epa ra t ed  flow model becomes 
v a l i d . .  I n  t h e s e  reg ions ,  t h e  M a r t i n e l l i  c o r r e l a t i o n s  can e s t ima te  t h e  f r i c -  
t i o n a l  component of t h e  p re s su re  drop wi th  20 t o  30 percent  e r r o r .  

3. T o t a l  p re s su re  drop i n c r e a s e s  w i th  v i s c o s i t y  of t h e  l i q u i d  phase. 
However, t h i s  i nc rease  i s  smal l  i f  only s l i g h t  v a r i a t i o n s  i n  v i s c o s i t y  a r e  
considered.  The v i s c o s i t y  dependence of t h e  p re s su re  drop is  a l s o  a  func t ion  
of t h e  l i q u i d  flow r a t e ,  t h e  type of t h e  gas ,  and ( t o  a  sma l l e r  e x t e n t )  t h e  
gas flow r a t e .  

4. The d e n s i t y  of t h e  gas phase has  a l a r g e  e f f e c t  on t h e  t o t a l  p re s su re  
d rop .on ly  at l a r g e  va lues  of t h e  s u p e r f i c i a l  gas v e l o c i t y  corresponding t o  t h e  
f i l m  flow regime. The i n e r t i a l  f o r c e  of t h e  gas phase becomes i n c r e a s i n g l y  



important  w i th  gradual  i n c r e a s e  i n  t h e  gas flow r a t e  and even tua l ly  dominates 
t he ' . e s t ab l i shmen t  of t h e  c h a r a c t e r i s t i c s  of t h e  two-phase flow. 

5. Tubes wi th  sma l l e r  d iameters  produce l a r g e r  p re s su re  drops. This  
e f f e c t  i s  sma l l  a t  low gas flow r a t e s  bu t  i nc reases  a s  gas flow r a t e  is  
inc reased .  

6 .  The l i q u i d  holdup i n  t h e  column decreases  wi th  i n c r e a s i n g  gas flow 
r a t e  b u t  i nc reases  w i th  i n c r e a s i n g  l i q u i d  flow r a t e .  This behavior  is i n  agree- 
ment wi th  obse rva t ions  of o t h e r  i n v e s t i g a t o r s .  

7 .  Gene ra l i za t ion  of t h e  d a t a  obta ined  under d i f f e r e n t  cond i t i ons  can be  
done s a t i s f a c t o r i l y  u s ing  t h e  Hughmark-Pressburg parameter.  However, quant i-  
t a t i v e  agreement of t h e  holdup d a t a  wi th  t h e  Hughmark-Pressburg c o r r e l a t i o n  i s  
poor and t h e  bulk  of t h e  d a t a  corresponds t o  h ighe r  va lues  of l i q u i d  holdup. 
The developing nature of two-phase f 1n~r along the & ~ a g t h  of t h c  r . n l i i m n  mnkr.- n 

prope r ty  l i l c c  holdup a  func t ion  of che l eng th  of t h e  tube.  Grea ter  l i q u i d  
holdups a r e  obta ined  i n  s h o r t e r  columns. 

8. Ge.nerally, holdup i n c r e a s e s  wi th  t h e  v i s c o s i t y  of t h e  l i q u i d  phase. 
However, a s  i n  t h e  case  of p re s su re  drop, t h e  change i n  holdup is  n e g l i g i b l e  
when t h e  v i s c o s i t y  of t h e  l i q u i d  phase is  v a r i e d  only  s l i g h t l y .  

9 .  For lower d e n s i t i e s  of t h e  gas phase, l a r g e r  va lues  of l i q u i d  holdup 
a r e  obta ined .  This  behavior  can be  i n t e r p r e t e d  by cons ider ing  t h e  i n e r t i a l  
f o r c e s  of t h e  gas phase a dominant f a c t o r  i n  c o n t r o l l i n g  t h e  s l i p  between t h e  
phases and, consequent ly,  t h e  holdup. On t h i s  b a s i s ,  t h e  holdup d a t a  f o r  d i f -  
f e r e n t  gases  can be  c o r r e l a t e d  us ing  a  modified s u p e r f i c i a l  gas v e l o c i t y  t h a t  
i n c l u d e s  t h e  square  r o o t  of t h e  r a t i o  of t h e  d e n s i t i e s  of t h e  two gases .  

10. The l i q u i d  holdup does no t  seem t o  be  a  func t ion  of tube  diameter .  
This  means t h a t  i n  f i l m  flow reg ions ,  i f  entrainment  i n  t h e  gas phase and t h e  
wavy s u r f a c e  of t h e  l i q u i d  f i l m  a r e  ignored ,  t h e  r a t i o  of t h e  f i l m  th i ckness  
t o  t h e  tube  diameter  i s  no t  a  func t ion  of cube diameter .  

11. The flow p a t t e r n s  r e s u l t i n g  from t h e  flow of gas- l iqu id  mixtures  used 
i n  t h e s e  experiments gene ra l ly  fo l low t h e  same sequence r epor t ed  i n  t h e  lit- 
e r a t u r e  ( s lug ,  f r o t h  and annular  f low).  Q u a n t i t a t i v e l y ,  however, t h e  r e s u l t s  
do n o t  ag ree  wi th  Govier ' s  correlation--especial.l.y f o r  p r e d i c t i o n  nf  t h e  occur- 
rence  of f i l m  flow. For flow of t h e  two-phase mixtures  used i n  t h e s e  experi-  
ments, f i l m  flow starts a t  much lower va lues  of t h e  s u p e r f i c i a l  gas v e l o c i t y .  

12.' Within t h e  range of l i q u i d  v i s c n s i . t i e s  employed i n  t h e s e  experiments 
(22-140 c p ) ,  t h e  l i q u i d  v i s c o s i t y  does not  seem t o  have a l a r g e  e f f e c t  on t h e  
l o c a t i o n  of t h e  f i l m  flow 'border l i n e .  This  i s  i n  agreement w i th  Govier ' s  
p r e d i c t i o n  t h a t  es tab l i shment  of t h e  flow p a t t e r n s  is  independent of t h e  v i s -  
c o s i t y  of t h e  l i q u i d '  phase. 

13. The d e n s i t y  of t h e  gas phase has a p rono~~nced  e f f e c t  on t h e  l o c a t i o n  
of t h e  boundary s e p a r a t i n g  reg ions  of d i f f e r e n t  flow p a t t e r n s .  A gas w i t h  a  
h ighe r  d e n s i t y  produces f i l m  flow a t  cons iderably  lower va lues  of s u p e r f i c i a l  
gas  v e l o c i t y .  By cons ider ing  t h e  i n e r t i a l  f o r c e  of t h e  gas phase a s  t h e  dom- 
i n a n t  f a c t o r  i n  p roduc ing . f i lm  flow, one may conclude t h a t  t h e  l o c a t i o n  of t h e  
f i l m  boundary changes wi th  t h e  s q u a r e . r o o t  of t h e  r a t i o  of t h e  d e n s i t i e s  of 



the gases. 'Such. an effect is found to. be approxzmately valid on the basis of 
data obtained in this work. Govier's suggestion, that the location of the 
boundary depends on the cube root of the ratio of the densities, does not seem 
to work as well. 

14. In agreement with Govier's correlation; the tube diameter does not 
- . seem to affect the flow velocities required for the onset of the film flow 

pattern. , 

15. With.in the slurry concentration range (0-27.1 wt %) and for the size 
of the coal particles,used, the coal slurry.behaves like a single-phase homo- 
geneous Newtonian liquid. However, the viscosity of the slurry.changes with 
coal concentration. For this reason, if the effect of viscosity on the flow 
characteristics is accounted for, the results obtained in the two-phase flow 
experiments are equally applicable to the flow of gas-slurry mixtures. Experi- 
mental dat.a obtained with gas-slurry mixtures justify this conclusion. Due to 
additional slip between the coal particles and the liquid phase, the holdup- 
values in gas-slurry experiments are found to be slightly larger than.the 
corresponding values for gas-liquid systems. 

NOMENCLATURE 

:: D Diameter. of the tube viscometer, cm 

' Acceleration of gravity, 981 cm/sec2 

g c Unit conversion constant 

% Two-phase mass flow rate entering the tube = VSL pL + VSG PGy 
g/cm2 sec 

k ' Consistency index of the fluid, defined by Eq. 1 

L Length, of the tube visco"et'er, cm 

n A quantity used in the Lockhart-Martinelli correlation as defined by 
Eq. 5 

I 
n Flow behavior index of the fluid, defined by Eq. 1 

P Pressure, dyne/cm2 

AP Pressure drop, .dyne /cm2 

Apf Irreversible component of the pressure drop, dyne/cm2 

Urn Average velocity in the tube viscometer, cm/sec 

"M Mixture velocity in the tube = VSG + VSL, cm/sec 

'S G Superficial gas velocity, cm/sec or ft/sec 

v s ~  Superficial liquid velocity, cm/sec or ft/sec 



Lockhart-Martinelli pktameter as defined by Eq. 8; also, the para- 
meter used in .Govier's correlation for flow pattern prediction 

X' " ,Hughmark-Pressburg correlation parameter (see Fig. 5) . . 
. . 

Parameter used in Govier's flow pattern correlation = 

Z Distance along the test section, cm 

a~ Average volumetric. holdup of the liquid (slurry) in t h e  tube, 
dimensionless 

Y Shear rate in the tube, reciprocal second 

u~ .Viscosity of the gas, cp 

' VL 
' 

Viscosity of the liquid, cp, 

P~ Denslty oi air at standard atmospheric conditions, g/cm3 

OG Density of the gas phase, g/cm3 

P~ 
Density of the liquid.phase, g/cm3 

.P Density of water, g/cm3 

. . 
0 Liquid-gas interfacial tension, dynelcm 

Shear rate at the tube wall, dyne/cm 

Lockhart-Martinelli parameter, defined by Eq. 7 

Lockhart-Martinelli parameter, defined by Eq. 6 
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