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TWO-PHASE FLOW STUDIES 

I. BACKGROUND 

The two-phase flow program concerns itself with the hydrodynamics and heat 

transfer characteristics of two-phase flows of interest to the geothermal 
community. The developing geothermal power industry has specific technical 

needs related to selecting the size, casing configuration, and production 

strategies for weils that will optimize the power plant's performance for the 
specific reservoir being developed. This infonnarion can be provided by 
improved hydrodynamic models of the flow of two-phase geothermal fluids. 

The two-phase flow regime is normally characterized by a series of flow 

patterns that are designated as bubble, slug, churn, and annular flow. The 

flow pattern i s  defined by the values of both the liquid and gas (or vapor) 

superficial velocities as depicted in the flow regime map shown in Fig. 1. The 

superflcial velocities are quantities computed on the basis that t'tie mass of 

each phase flows alone in the pipe, filling the entire cross-sectional area. 

Naturally flowing geothermal wells can operate over the entire flow pattern 
range, making it necessary to be able to predict pressure drops, holdup, and 

heat transfer rates for each pattern. The physical flow patterns associated 

with these two-phase flow regimes are shown in Fig. 2 for vertical flow. 

Bubble r Chvn 

Annular 

USG 
(SUPERFICIAL GAS VELOCITY) 

Fig. 1. Flow regime map for two-phase flows. 
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Fig. 2. Flow patterns for vertical two-phase flow. 

11. STRATEGY 
I \ 

Hydrodynamic models are available for bubble and slug flow, which allow 

the calculation of holdup, frictional pressure drop, and heat transfer for 

these two patterns from physically based models. The annular flow regime i s  

currently being investigated in several laboratories and improved hydrodynamic 

models for frictional pressure drop and heat transfer for this flow pattern can 

be expected within the near future. The flow pattern known as churn flow has 
received very little scientific attention, largely because it is a highly 

unsteady flow pattern with stochastic or random features. This lack of 

attention cannot be justified, however, because calculations predict that the 

c h u m  flow pattern will exist over a substantial portion of the two-phase flow 

zone in producing geothermal wells. Churn flow can also be expected in surface 

piping and equipment, thus its understanding and the development of a 

predictive hydrodynamic model are necessary to complete the analytical modeling 

of two-phase flows in geothermal systems. by 
the University of Houston under contract to Los Alamos. 

C h u m  flow is being investigated 

Most of the relevant expekmental data available on two-phase flows have 

been obtained from laboratory tests with flowing air-water mixtures (i.e., 

without a phase change). Air-water flows are technically two-component two- 

phase flows and lack the evaporation and condensation phenomena present in a 

true single-substance two-phase flow. Brown University has constructed and is 
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operat ing a unique flow research  f a c i l i t y  dedicated t o  two-phase flow of a 

s i n g l e  substance.  The o b j e c t i v e  i s  t o  compare the Brown Universi ty  one- 

component results wi th  the  ava i l ab le  two-component r e s u l t s  t o - e v a l u a t e  the 

s ign i f i cance  of  evaporat ion,  condensation, and compress ib i l i ty  e f f e c t s .  Brown 
Univers i ty  is conducting this research  under con t r ac t  t o  U s  Alamos. 

4 

111. CHURN FLOW STUDIES AT THE UNIVERSITY OF HOUSTON 

A .  Sta tus  of Exis t ing Corre la t ions  

The mathematical models of t h e  two-phase flow p a t t e r n s  a l r eady  developed 

by the  Univers i ty  of Houston have been used by o the r  i n v e s t i g a t o r s  developing 

computer models t o  s imulate  the e n t i r e  two-phase flow process.  These computer 

s imula t ions  are e n t i r e l y  dependent upon r e a l i s t i c  mathematical models of the  

complex flow phenomena, such a s  the  ones developed a t  Houston. Under a p r i o r  

DOE c o n t r a c t  aril cu r ren t  U s  Alaos  c o n t r a c t ,  t h e  Denver Research I n s t i t u t e  and 

Coury and Associates ,  Inc. have completed an inves t iga t ion  of  two-phase flow 

i n  geothermal wells. lbis p ro jec t  included the development of a computer model 

o f  t he  pressure  drop i n  wellbores during two-phase flow and the  a c q u i s i t i o n  of 
tes t  de ta  from flowing geothermal wells f o r  v a l i d a t i o n  of t he  model. In  a 

r e c e n t  r e p o r t  published by the  Denver Research I n s t i t u t e  e n t i t l e d ,  "Theoret ical  

and Experimental Research on Two-Phase Flow i n  Geothermal Well Bores," the 

i n v e s t i g a t o r s  t r i e d  var ious  mathematical models f o r  the  two-phase pressure  drop 

c a l c u l a t i o n s  t o  be  incorporated i n  t h e i r  computer model. Quoting from th is  

r e p o r t :  "A new s e t  of two-phase pressure  drop c o r r e l a t i o n s ,  developed a t  the  
University of  Houston, were coded and tested i n  the model. Results with t h i s  

new c o r r e l a t i o n  set showed the bes t  agreement t o  d a t e  between model pred ic t ions  

and f i e l d  test data." 

911s r ep resen t s  a strong t echnica l  endorsement of t he  mathematical models 

developed a t  Houston as opposed t o  those of fe red  by o the r  i nves t iga to r s .  

Computational problens d id  arise, however, i n  the  churn flow regime, which is 

t h e  b a s i s  f o r  conducting the  c u r r e n t  research  a t  the  Universi ty  o f  Houston. 

The c a l c u l a t i o n s  f o r  churn flow had t o  be based on a v a i l a b l e  models f o r  bubble, 

s l u g ,  and annular flow p a t t e r n s  and t h i s  approach l e d  t o  d i f f i c u l t i e s  and 

incons i s t en t  results . 
Tine o b j e c t i v e  of t he  cu r ren t  Univers i ty  of Houston research  i s  t o  develop 

a se l f - cons i s t en t  hydrodynamic model f o r  churn flow based on sound physical 

p r i n c i p l e s  that can be  used as a b a s i s  f o r  pred ic t ing  holdup, f r i c t i o n a l  
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pressure  drop ,  and hea t  t r a n s f e r  f o r  this f low p a t t e r n  i n  geothermal systems. 

This  m r k  i s  requi red  to  develop a t echn ica l  understanding of churn flow tha t  

can be  used in a v a i l a b l e  computer models along with the  existing-hydrodynamic 

models f o r  bubble and s lug  f low and the  improving models f o r  annular flow. 

These ac t iv i t i e s  are  summarized i n  Table I. 

B. The Trans i t i on  t o  Churn Flow 
4 

Churn flow rep resen t s  t h e  eyolu t ion  of t h e  s lug  flow p a t t e r n  as t h e  

s u p e r f i c i a l  g a s  o r  vapor v e l o c i t y  i s  increased beyond the t r a n s i t i o n  boundary. 

The h igh ly  unsteady f low p a t t e r n s  of  churn flow with t h e i r  s tochas t i c  o r  random 

s lug  

flow. The Univers i ty  of  Houston has performed a series of experiments on slug 
f low and i t s  t r a n s i t i o n  boundaries as  t h e  s t a r t i n g  point  i n  pursuing t h e i r  

understanding of churn flow. 

. f e a t u r e s  are a marked depar ture  from the  r e g u l a r  and per iodic  f e a t u r e s  of  

Ekperiments f o r  f u l l y  developed tu rbu len t  sl*ig flow were conducted v f t h  

air-water mixtures  flowing i n  a vertical smooth P lex ig l a s  pipe with an i n s i d e  

d i a n e t e r  o f  5 cm and a l eng th  of  11 m. Air and water were mixed together  i n  an 

i n j e c t i o n  nozzle;  water flowed a x i a l l y ,  whi le  air  was i n j e c t e d  r a d i a l l y  through 

a ho r i zon ta l  row of  80 c y l i n d r i c a l  holes .  The range o f  condi t ions  covered i n  

these  experiments i s  shown i n  Fig. 3 where the, po in t s  r ep resen t  condi t ions  o f  

t h e  experimental  runs and the c u m e s  represent  the t h e o r e t i c a l  t r a n s i t i o n  

boundaries.  The s o l i d  t r i a n g l e s  i n  the  bubble f low regime and the s o l i d  

circles i n  the  churn flow regime are from previously repor ted  experiments. 

Open circles i n d i c a t e  s lug  flow was observed and the so l id  squares  i n d i c a t e  the  

Table I 

THEORETICAL AND EXPERIMENTAL STUDY 
OF CHURN FLOW IN VERTICAL TUBES 

JHE TECHNICAL PROBLEMS 
0 DEVELOP A PREDICTIVE MODEL FOR THE TRANSITION FROM SLUG TO CIWRN 

now. 
DEVELOP A PREDICTIVE MODEL FOR THE CHARACTERISTICS OF CHURN 
FLOW INCLUDING HOLDUP AND PRESSURE WOP. 

RELEVANCE 
SLUG AND CHWIN FLOW ARE KNOWN TO EXIST OVER MUCH OF THE LENGTH 
OF A FLASHWG GEOTHERMM WELL. H CHURN FLOW THE FLUID PATTERN IS 
HIGHLY CHAOTIC AND NO SUTABLE PREDICTNE MOW EXISTS. 
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Fig.  3.. Experimental date. plot.ted on flow r e g h e  map. 

t r a n s i t i o n  from bubble t o  s lug flow. The v e r t i c a l  and hor izonta l  s c a l e s  are 

the  s u p e r f i c i a l  l i q u i d  and gas  v e l o c i t i e s ,  respec t ive ly .  

Volumeaverage void f r a c t i o n  measurements ove i  a wide range of l i q u i d  and 

g a s  r a t e s  were accomplished by a special. quick c los ing  va lve  system, which 

cons is ted  of two i d e n t i c a l  va lve /ac tua tor  sets. The va lves  u t i l i z e d  were f u l l  

ported b a l l  va lves  so that when they were f u l l y  open the flow was completely 

unobstructed . The spring-diaphragm a c t u a t o r s  were designed t o  ensure a f a s t  

c los ing  a c t i o n  of t h e  ball valves .  me t o t a l  t i m e  i n t e r v a l  required t o  move 
the ball from a fully open to a fully closed pos i t i on  was determined a t  

0.053 6 .  The a c t u a t o r s  were connected t o  a common on-off e l e c t r i c a l  swltch t o  

ensure a simultaneous c losu re  of t h e  valves .  

The l e n g t h  of  t he  measuring s t a t i o n  was made s h o r t  (equal t o  0.346 m) so 

that i t  could en t r ap  the  c e n t r a l  por t ion  of  l i q u i d  s l u g s  o r  of Taylor bubbles,  

whi le  the d i s t a n c e  between the  i n j e c t i o n  nozzle and the  measuring s t a t i o n  was , 

made long (equal  t o  130 pipe  diameter) t o  ensure f u l l y  developed s lug  flow 

wi th in  the  measuring s t a t i o n .  The r e l a t i v e  experimental u n c e r t a i n t i e s  i n  the 

measured void f r a c t i o n s  were less than 1%. 

Veloc i t i e s  and lengths  of Taylor bubbles and l i q u i d  s lugs  were measured by 

means of  a photographic technique which u t i l i z e d  a 16 mm movie camera a t  a 

speed of 16 frames/second. The photographs were taken with t h e  camera f ixed 

wi th  r e spec t  t o  the  v e r t i c a l  column. From these measurements, t h e  r a t i o  
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between the  l eng th  o f  t he  Taylor bubble and the length  of t h e  s lug uni t  (B) 
could be ca l cu la t ed  f o r  each gas-liquid flow rate pair. With the  measured 

va lues  am (void f r a c t i o n  of t h e  Taylor bubble), aLs (void f r a c t i o n  of t he  

l i q u i d  s lug) ,  and B ,  t he  volume-average void f r a c t i o n  of a complete s lug u n i t  

could be determined. Because of  t h e  v a r i a t i o n s  t h a t  occur i n  gas-liquid s lug  

flows , repeated measurements o f  void f r a c t i o n s ,  v e l o c i t i e s ,  l eng ths  of Taylor 

bubbles ,  and lengths  of  l i q u i d  s lugs  were taken f o r  each given pa i r  of 

s u p e r f i c i a l  v e l o c i t i e s .  

of  

Theore t i ca l ly  computed values  were obtained from the e x i s t i n g  slug flow 

model f o r  each experimental  condi t ion that was run. The experimental and 

t h e o r e t i c a l  r e s u l t s  f o r  B ,  as,  and am were compared and i n  a l l  cases  t h e  

agreement was very  good. The measured values  of am f e l l  i n  the narrow range 

of 83.2 t o  87.2X,  while the t h e o r e t i c a l  values  ranged from 85.8 t o  88.1%. With 

these  corsoboret ing r e s u l t s  a s  a s t a r t i n g  poin t ,  t he  Lhivers i ty  of Houston is 
i n i t i a t i n g  a s imi l a r  experimental program i n  the churn flow regime and i n  the  

t r a n s i t i o n  reg ion  between s lug and churn flow. 

C. Current Research 

The s lug  f low model has been completed and t e s t ed  aga ins t  experimental  

results from the  air-water two-phase v e r t i c a l  flow loop. A t echn ica l  paper has 

been prepared on these results. The bubble/slug and slug/churn flow t r a n s i t i o n  

boundary i n v e s t i g a t i o n  i s  progressing w e l l  and nearing completion. Fmphasis i s  

c u r r e n t l y  being d i rec ted  a t  flow experiments wi th in  the churn flow regime and 

on the  development of  new instrumentat ion t o  permit dynamic measurements of t he  

void fraction during churn f l o w .  

4 

A new rad io  frequency probe has been developed f o r  measuring the l o c a l  

void f r a c t i o n .  It has been used t o  measure the void f r a c t i o n  i n  s lugs  as t he  

condi t ions  f o r  churn flow were being approached. A poss ib l e  theory i s  that the  

local void f r a c t i o n  i n  the  s lugs  inc reases  t o  the  poin t  where coalescence takes  

p lace  and the s lugs  break up causing churning. Data from t h i s  new probe a r e  

being analyzed . 
The microwave c a v i t y  c ross -sec t iona l  average void f r a c t i o n  measurement 

system has been designed, constructed , and i n i t i a l l y  t e s t e d  . Major f r i n g e  

e f f e c t s  were noted t h a t  make the  system s e n s i t i v e  t o  condi t ions  ad jacent  t o  the 

ac  twl cav i ty  . Theore t ica l  and experimental i n v e s t i g a t i o n s  a r e  being 

undertaken t o  c o r r e c t  t h i s  problem. 

\ 

I 
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A new method f o r  dynamic measurement of  both the  d i r e c t i o n  and magnitude 

o f  This technique is  based on the 

use o f  a microprobe embedded i n  the  tube w a l l .  Measurements have been made 

over a range of gas  flow r a t e s  as  the  system moves from churn t o  annular flow. 

U s e  of t h i s  probe has  v e r i f i e d  not  only the  l a r g e  changes i n  shear stress 

magnitude t h a t  occur during churn flow, but  a l s o  the f a c t  t h a t  the  flow 

v e l o c i t y  a l t e r n a t e s .  i n  d i r e c t i o n  near the  w a l l  . These a c t i v i t i e s ,  represent ing 

s i g n i f i c a n t  new accomplishnents i n  two-phase flow research ,  a r e  summarized i n  

Table 11. 

t h e  wall shear stresses has been developed. 

I 

I V .  TWO-PHASE FLOW EXPERIMENTS AT BROWN UNIVERSITY 

A. Two-Phase Flow F a c i l i t y  

Brown Universi ty  has  constructed and i s  present ly  operat ing a unique 

two-phase flow research  f a c i l i t y  s p e c i f i c a l l y  designed t o  address flow problems 

o f  re levance t o  the  geothermal industry.  f a c i l i t y  

is t h a t  i t  i s  dedicated t o  two-phase flow of a s i n g l e  substance. Freon R-114 

is c u r r e n t l y  being used as the  working f l u i d  as t h i s  a l1o-a  two-phase 

experiments Through 

t h e  use of  f l u i d  dynamic s i m i l a r i t y  r e l a t i o n s ,  t h e  R-114 da ta  can be  

ex t rapola ted  t o  steam-water systems . 

An important f ea tu re  of t he  

t o  be performed a t  manageable temperatures and pressures  . 

Because g r a v i t y  plays an important r o l l  i n  a l l  two-phase flows, t he  

experimental  set-up i s  f l e x i b l e  enough t o  al low f l u i d  flow in hor fzon ta l ,  

v e r t i c a l  and inc l ined  d i r e c t i o n s  . The f a c i l i t y  allows the  v i s u a l  observat ion 

Table I1 

ACCOMPUSHMENTS 

0 SLUG FLOW MODEL COMPLETED AND TESTED. 

0 NEW RADIO FREOUENCY PROBE DEVELOPED FOR 
LOCAL VOID MEASUREMENTS. 

0 MICRO WAVE CAVITY CROSS-SECTIONAL AVERAGE 
VOID MEASUREMENT SYSTEM CONSTRUCTED. 

0 WALL SHEAR STRESS PROBE DEVELOPED AND TESTED 
IN CHURN FLOW.' 

0 BUBBLEISLUG AND SLUGICHU~N FLOW TRANSITION 
BOUNDARIES INVESTIGATED. 
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of t h e  f low p a t t e r n s  and the  determinat ion of t h e  f r i c t i o n a l  pressure lo s ses  i n  

a wide range of flows from purely l i q u i d  through two-phase flows of varying 

qua l i ty .  This f a c i l i t y  i s  uniquely capable of  producing experimental r e s u l t s  

t h a t  can be  used t o  check t h e  r e l i a b i l i t y  and a p p l i c a b i l i t y  of var ious 

two-phase flow models t h a t  are c u r r e n t l y  used to' model geothermal flow systems. 

It can a l s o  inves t iga t e  the flow i n  a typical geothermal w e l l ,  including the  

s t e p  changes i n  diameter t h a t  occur when the diameter of t h e  w e l l  casing 

changes; Photographs of  t h i s  f a c i l i t y  a t  Brown Universi ty  are shown i n  Figs. 4 
and 5 .  

4 

Brown Universi ty  is performing comparisons between the  da t a  obtained from 

t h e  two-phase f low t e s t i n g  f a c i l i t y  using R-114 a s  t he  working f l u i d  and 

p e r t i n e n t  two-phase two-component experimental da t a  ava i l ab le  i n  the open 

l i t e r a t u r e  . P a r t i c u l a r  a t t e n t i o n  is being d i rec ted  toward da ta  published by 

t h e  Univers i ty  of Houston on a i r /water  two-phase systems. Where s i g n i f i c a n t  

d i sc repanc ie s  are apparent i n  the  experimental da t a  from one-component and two- 

comppnent systems, a t tempts  w i l l  be made t o  cha rac t e r i ze  these d iscrepancies  i n  

terms of t h e  Reynolds number, Froude number, and Mach nmber  of t h e  flows. 
I 

I ! 

Fig. 4. Brown Universi ty  t w r p h a s e  f low f a c i l i t y  viewed from f i r s t - f l o o r  

Large tanks are f reon  booster  and accumulator s to rage  vesse l s .  l e v e l .  

Condenser, dump tank,  and chiller are loca ted  on basement l e v e l .  
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The two-phase flow f a c i l i t y  has a l r eady  been employed f o r  t he  successfu l  

measurement o f  pressure  drops i n  ho r i zon ta l  two-phase flows. The 10- t e s t  

s e c t i o n  has been reor ien ted  i n t o  a vertical conf igura t ion ,  and numerous t e s t  
1 

Fig .  5.  V i e w  of f low loop  with g l a s s  tes t  sec t ion  i n  hor izonta l  pos i t ion .  
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condi t ions  is made up of t h r e e  cont r ibu t ions :  l i q u i d  compressibi l i ty ,  vapor 

compress ib i l i ty ,  and phase-change compressibi l i ty .  The f i r s t  two of these  are 

a c t u a l l y  q u i t e  small because the  speed of sound i n  each case is high. Since 

t h e  low-qual i ty  sound speed is  only a few t e n s  of m / s ,  t he  bulk of the  

con t r ibu t ion  t o  the  f l u i d  compress ib i l i ty  comes from the phase change e f f e c t .  

No such e f f e c t  is present  i n  labora tory  work that involves  mixtures of a i r  and 

water s i n c e  both  components may be taken as incompressible. A s t rong  

a c c e l e r a t i o n  term w i l l  r e s u l t  from t h i s  phase-change compress ib i l i ty  e f f e c t  

t h a t  w i l l  lead t o  a more rap id  pressure  drop, o r  a l t e r n a t i v e l y  an increase i n  

s l i p  between the  phases o r  a decrease i n  void f r ac t ion .  

Work on the two-fluid model and a s i m i l a r i t y  a n a l y s i s  a r e  continuing on 

the  I theore t ica l  s ide .  Measurements i n  the  v e r t i c a l  test sec t ion  a r e  underway, 

and prepara t ions  are now being made t o  design,  f a b r i c a t e ,  and i n s t a l l  an abrupt 

areapchange test s e c t i o n  t h a t  wouid s imulate  a geothermal well  with B change i n  

prodiuc t i o n  cas ing  diameter . 
C. ‘(Allowable Void Frac t ions  

I 
l Brown Univers i ty  has  examined the  physical  mechanisms t h a t  impose l i m i t s  

on the ex i s t ence  of  two-phase flow i n  a ho r i zon ta l  pipe. t h i s  

a n a l y s i s  and the  use of t h e  H a r t i n e l l i  two-phase flow v a r i a b l e ,  they  have 

developed a method f o r  determining the  range of  poss ib le  void f r a c t i o n s  f o r  a 

g ive1  two-phase flow. This method allows a d i r e c t  comparison t o  be made f o r  

t he  oid f r a c t i o n  predicted by a v a i l a b l e  two-phase flow c o r r e l a t i o n s ,  as  w e l l  

as 5: etween c o r r e l a t i o n  p red ic t ions  and actual experimental r e s u l t s .  They have 

usedl t h i s  method t o  compare four  well-known void f r a c t i o n  c o r r e l a t i o n s  against 

each o t h e r  and with experimental  results obtained from the Brown Universi ty  

two-phase flow f a c i l i t y .  These comparisons are shown g raph ica l ly  in Fig. 10. 

With the  a i d  of 

I 
1 The hor i zon ta l  scale is t h e  M a r t i n e l l i  v a r i a b l e  (X), which d a t e s  back t o  

the  o r i g i n a l  two-phase f low c o r r e l a t i o n  proposed by Mar t ine l l i .  M a r t i n e l l i  

expressed h i s  v a r i a b l e  as t h e  r a t i o  of  t he  s u p e r f i c i a l  l i q u i d  pressure drop t o  

the  s u p e r f i c i a l  gas  pressure  drop, i.e., 

x2 E(%) 

l i q u i d  ( s u p e r f i c i a l )  gas  ( s u p e r f i c i a l )  



Fig. 6. Rising swarm of  s m a l l  bubbles. This shows the three-dimensional 

of the flow i n  t&t a large  number o f  bubbles r i s e  together i n  

Note that  very l i t t l e  coalescence is 

nature 

a tube without much interact ion.  

taking place d e s p i t e  the large  number of  bubbles. 



Fig. 7. Mature Taylor bubble. This nearly per fec t ly  symmetrical bubble i s  

l i q u i d  about 8.2- in.  

column . 
long and is growing longer a s  i t  rises i n t o  the 



-1 3- 

Fig .  0. Mature Taylor bubble. 

the lower portion of t h i s  11-in. 

beginning of  the end for the bubble. 

A pattern of r ipp les  or waves can be seen about 

These r ipp les  mark the long bubble. 
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Fig. 9. Collapsing Taylor bubble. In t h i s  remarkable photograph we see  the 

pronounced r i p p l e d  f low in which waves have overspread the ent i re  

surface o f  the Taylor bubble. In a few tenths o f  a second, the bubble 
w i l l  vanish in a blur o f  f ro th .  I 
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MARTINELLI  VARIABLE , X 

Fig. 10. Holdup as a func t ion  of H a r t i n e l l i  var iab le .  

\ 

The v e r t i c a l  scales a r e  the holdup (H) and the  void f r a c t i o n  ( a ) ,  which 

a r e  r e l a t e d  by the  simple expression: 

H - 1 - a  . 

When H = 1 t h e  flow i s  e n t i r e l y  i n  the  l i q u i d  s ta te ,  and when H = 0 

( a  - 1), the  flow i s  e n t i r e l y  i n  the  vapor o r  gaseous s t a t e , .  Based on the  

d e f i n i t i o n  of t he  Mar t ine l l i  v a r i a b l e  (X), i t  i s  c l e a r  that t h e  holdup w i l l  

approach un i ty  a t  l a r g e  va lues  of X and w i l l  approach zero a t  small  of 

X. 

the  Brown ana lys i s ,  i t  may be concluded t h a t  two-phase flow can 

e x i s t  only between the  limits of  equal  phase v e l o c i t i e s  and equal w a l l  shear 

stresses. 0 a s  t h e  r a t io  of  t h e  average gas  v e l o c i t y  t o  the  average 

l i q u i d  v e l o c i t y  (0 = w /w  ), one boundary of  t h e  allowable two-phase flow 
l . 3 1  

reg ion  w i l l  be the  0 - 1 l i n e .  'Ibis rep resen t s  t he  no-sl ip  case and r e s u l t s  i n  

t h e  highest  void f r a c t i o n  f o r  a given value of X. The l i m i t  of  equal  wall 

shear  stresses produces the  m a x i m u m  s l i p  r a t i o  and results i n  the  lowest void ' 

(a  = 0) ,  

values  

Based on 

Defining 
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f r a c t i o n  f o r  a given value of  X. Both of these  l lmi t ing  cases  a r e  p lo t ted  i n  

Fig,  10 and the  reg ion  between them represents  t h e  envelope of allowable 

two-phase flows . 
Dukler has compared severa l  void f r a c t i o n  c o r r e l a t i o n s  i n  an attempt t o  

f i n d  one t h a t  g ives  t h e  bes t  agreement with the  experimental r e s u l t s  contained 

i n  his  data bank. The c o r r e l a t i o n s  tha t  he- tes ted  a r e  the  ones proposed by 

M a r t i n e l l i ,  Hoogendoorn, thjghark,  and Bankoff. He came t o  the  conclusion t h a t  

a l though none of  t hese  c o r r e l a t i o n s  was e n t i r e l y  s a t i s f a c t o r y  over the  whole 

range of h i s  d a t a ,  t h e  one by Hughmark performed the bes t  o v e r a l l ,  followed 

c l o s e l y  by Hoogendoorn's. Pred ic t ions  based on these c o r r e l a t i o n s  are a l s o  

p lo t t ed  i n  Fig. 10. Hughark's and Hoogendoorn's c o r r e l a t i o n s  appear a s  

cons tan t  s l i p  l i n e s  t h a t  correspond t o  a s l i p  r a t i o  of between 2 and 3, 

suggest ing t h a t  two-phase flow proceeds with cons tan t  s l i p  r a t i o .  Mar t ine l l i ' s  

c o r r e l a t i o n  f a l l s  between the previous two near the m i d d l e  of t he  void f r a c t i o n  

range and d i v e r t s  a t  the  two ends of t he  range. Mar t ine l l i ' s  c o r r e l a t i o n  

suggests ,  however, t h a t  two-phase flow proceeds with an increasing s l i p  r a t i o .  

Bankoff's c o r r e l a t i o n ,  although i t  f a l l s  between Hoogendoorn's and Hughmark's 

c o r r e l a t i o n s  a t  the  lower ha l f  of t he  void f r a c t i o n  range, eventua l ly  d i v e r t s  

and l e v e l s  o f f  a t  a void f r a c t i o n  value of about 0.7. 

Experiments performed a t  Brown do not cover the  e n t i r e  void f r a c t i o n  

range. Within the  range covered, however, the  void f r a c t i o n s  observed a r e  

lower than those predicted by the  c o r r e l a t i o n s  a t  a given X, al though they  f a l l  

c lo se  t o  Hoogendoorn's co r re l a t ion .  These r e s u l t s  were obtained during the 

f low of R-114, which evaporates  as  i t  flows downstream. This phase change 

r e s u l t s  i n  an increase  of  t he  amount-of vapor and consequently a decrease i n  

the  Pean d e n s i t y  of  t he  flow. The 

pressure  decreases  more r ap id ly  and the vapor is acce lera ted  f a s t e r  than the 

l i q u i d .  Thus, t h e  s l i p  r a t i o  increases  and the  void f r a c t i o n  decreases.  It 

can be concluded t h a t  compress ib i l i ty  e f f e c t s  reduce the  void f r ac t ion .  

This g ives  r i s e  t o  compress ib i l i ty  e f f e c t s .  

None of t h e  c o r r e l a t i o n s  t e s t e d  take compress ib i l i ty  e f f e c t s  i n t o  

cons idera t ion ,  s i n c e  they are developed from experimental  r e s u l t s  obtained 

during two-component (e.g., air-water) two-phase flow, where the  f l u i d s  can be 

considered incompressible,  Consequently, these c o r r e l a t i o n s  overestimate void 

f r a c t i o n s  taken during the  flow of a one-component f l u i d .  



-1 7- 

The void f r a c t i o n  graph developed i n  t h i s  s tudy can be a ve ry  use fu l  too l  

i n  Besides showing 

t h e  al lowable void f r a c t i o n  reg ion ,  it has t h e  advantage that .experimental  

r e s u l t s  from many experiments obtained under many f low condi t ions  can be 

ind ica t ed  on i t  . Furthermore, curves  corresponding t o  var ious void f r a c t i o n  

c o r r e l a t i o n s  can e a s i l y  be superimposed on it. Consequently, t h i s  method can 

se rve  t o  compare experimental r e s u l t s  aga ins t  c o r r e l a t i o n s  and c o r r e l a t i o n s  

a g a i n s t  each o t h e r  . 

the  f u t u r e  assessment of  void f r a c t i o n s  i n  two-phase flow. 




