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FLOW-REGIME TRANSITIONS 
AT ELEVATED PRESSURES 

IN VERTICAL TWO-PHASE FLOW 

J a m e s  L. L. Baker  

SUMMARY 

Two-phase flow-regime transi t ions a t  elevated p r e s s u r e s  for  a 
single -component fluid, t r ichlor  omonofluorome thane ( ~ e f r i g e r a n t  - 1 1 ) , 
wcre  investigated fo r  forced-circulat ion,  upward flow in  a ver t ical ,  
rectangular conduit with internal dimensions of 0.380 by 1.050 in.  The 
two-phase mixtur'e was  generated by an electr ical ly-heated tube a t  a con- 
stant heat flux, which ranged f r o m  4,000 to 74,000 ~ t u / h r - s q  f t ,  mAss. 
flow r a t e s  f r o m  0.20 & . lo6 to 2.0 x l o 6  lb/hr-sq f t .  The or thobaric-densi ty  ' 
rat io  ranged f r o m  7 to  60. The m a s s  qualit ies based upon thermodynamic 
equilibrium ranged to 9070; however, most  of the data encompassed the 
segment f r o m  saturat ion to 5070~ 

The flow reg imes  were  observed i n  the unheated rectangular  s e c -  
tion by employing an X-ray  and television monitoring sys tem.  High- 
speed, color motion pictures  were  obtained which utilized a technique of 
directing blue iight f r o m  .above, and r e d  light f r o m  below, the c a m e r a  
center l ine to provide a method fo r  distinguishing liquid f r o m  vapor due 
to inversion of the color pattern.  

Three  principal flow reg imes  w e r e  delineated: churn, annular,  
and wispy-annufar flow. The la t te r  i s  a distinctive flow regime i n  which 
liquid agglomerates  o r  l igaments a r e  t ranspor ted  in  a .vapor  co re .  The 
plug-flow reg ime .  was not observed a t  elevated pre . ssures .  

. . 

 o or comparison of fluids a s  widely divergent in the i r  physical 
proper t ies  a s  R-11 and water ,  identical or thobaric-densi ty  ra t ios  were  
m o r e  suitable than reduced t empera tu re  o r  reduced p r e s s u r e .  With the 
fluorocarbon ref r igerant  group, the b a s i s  for  comparison i s  a r b i t r a r y  
because of the adherence of the group to the principle of corresponding 

: s ta tes .  Express ions  w e r e  developed to co r re l a t e  sur face  tension and 
, . liquid dynamic viscosi ty  for  the re f r igerants  and water  a s  a,  function of 

the reduced saturat ion p r e s s u r e .  Through an examination of these  c o r -  
re lat ions of the or thobaric  .p roper t ies ,  a simplified modeling of the flow- 
reg ime transi t ions was possible.  A comparison of the saturat ion proper  - 
t i e s  of R- 11 and water  a t  constant or thobaric-densi ty  ra t io  revealed t h a t  
the ra t ios  of the var ious proper t ies  were  relat ively constant over  the 



range of t e s t  conditions. An examination of the Taylor-Helmholtz and 
Kelvin-Helmholtz stabili ty c r i t e r i a  for  flow-regime transi t ions yielded 
r e su l t s  that  closely bounded the r e su l t  f r o m  consideration of a purely 
in te r t ia l  sys tem.  

Three  f low-regime transi t ions were  cor re la ted  i n  t e r m s  of the 
superf icial  liquid and vapor  velocities in  conjunction with the or thobaric-  
density ra t io  and an  orthobaric-pro'perty group. The t ransi t ion f r o m  churn 
to  annular flow and f r o m  churn  to  wispy-annular flow contained an ap-  
proximate dependency upon the squa re  root of the orthobaric-density 
rat io;  the t ransi t ion f r o m  annular to  wispy-annular flow contained a cube- 
root  dependency. The additional or thobaric-property groupvwas necessa ry  
to  br ing  into alignment the t ransi t ions fo r  the re f r igerants  and water .  

Local void-fraction distributions were  obtained fo r  s ix  or thobaric-  
density rat ios  b y  employing a gamma- ray  t ravers ing  unit. The average 
void fract ions w e r e  compared  to available void,data for  water  and a r e -  
f r igerant ,  R-22, a t  identical or thobaric  -density ra t ios .  Agreement within 
the data was  found. However, none of the existing correlat ions predicted 
the r e su l t s  over the en t i r e  range of quality and m a s s  flow ra t e .  An ex- 
press ion  fo r  the average  void fract ion was obtained for m a s s  flow r a t e s  
below 0.70 x l o 6  lb/hr-sq f t ,  which incorporated the mass- f low-ra te  
effect. A comparison of this  resu l t  with a fluorocarbon, R-22, and water  
ove r  a wide range of saturat ion p r e s s u r e s  yielded good agreement  fo r  
sys t ems  with low subcooling a t  the entrance of the heated section. 

The study of two-phase flow with e i t h e r  single- o r  mult i -  
component fluids has  led i n  recent  y e a r s  to  an  accumulation of a vast  
l i t e r a tu re  because of the importance of ,two-phase flow in the nuclear ,  
space ,  and chemical  f ie lds .  Two of the m o r e  recent  extensive.  compila- 
t ions a r e  due to  ~ o u s e '  and Kepple-and ~ u n ~ . ' ,  A single-coinpol1t11t fluid 
such a s  water  h a s  received wide attention in  the l i t e ra tu re .  Under forced  
circulat ion and heat  addition, var ious flow reg imes  have been encoun- . . 
t e red .  F o r  example,  liquid water  may  appear  a s  the continuous phase 
and the vapor a s  a d i spe r sed  phase,  and the resul t ing flow reg imes  a r e  
c lass i f ied  a s  bubble o r  f ro th  flow. Some regimes  may appear  to  be  ap -  
proximately continuously variable  in space and t ime ,  w.hile other  r eg imes  
m a y  have widely varying space. and t ime configurations, and the variat ion 
m a y  a l so  be  random. Since many flow reg imes  can occur  in a sys t em,  
i t  i s  important to know where  and how they occur  with respec t  to sys tem 
bulk variables  such a s  flow ra t e ,  geometry,  power input o r  removal ,  
p r e s s u r e .  10s s e s ,  and fluid proper t ies .  



To simulate  the effects of. two -phase,  single -component flow, the use  
of two-component sys t ems ,  such a s  a i r -wa te r ,  has  be-en prevalent due to  
the ease  of operation and construction of t e s t  equipment, and to  the low cost  
of such units re lat ive to some single-component s t ruc tu res .  The extension 
of these types of experiments  to sys tems in which the fluid i s  maintained 
a t  elevated p r e s s u r e s  o r  tempera tures  has  been based upon assumptions 
that the c o r r e c t  modeling pa ramete r s  have been obtained. Systems that 
a r e  investigated with a i r -wa te r  a s  the operating medium to simulate fluids,  
say water  a t  elevated p r e s s u r e s ,  may gross ly  ove r -  o r  under-estim8te"the 
effects of var ious fluid proper t ies .  The problem i s  especially pronounced 
when water  i s  an  operating fluid, since the normal  a tmosphere  proper t ies  
have ve ry  high values of liquid viscosity,  surface tension, and liquid-vapor 
density r a t io  compared to the value of these quantities a t  high p r e s s u r e s  
and tempera tures .  These above proper  t ies  undergo rapid d e c r e a s e s  in 
value f o r  relatively sma l l  tempera ture  changes a t  near -a tmospher ic  con- 
ditions. The thermodynamic proper t ies  do not change in  the same  func- 
tional relationship with p r e s s u r e  o r  t empera tu re .  The use  of the r e su l t s  
f r o m  the low-pressure  studies for  the application to  h igh-pressure  s i tua-  
tions requi res  that the c o r r e c t  s imi lar i ty  pa ramete r s  a r e  known, o r  that .. , 
the c o r r e c t  governing equations for  the phenomena under considerat ion 
a r e  obtainable. ' 

C 

, , '. 

Water,  which has a c r i t ica l  p r e s s u r e  of 3206 psia  and a c r i t ica l  
tempera ture  of 705OF, becomes a confinement problem, especially when 
visual observations of the flow regimes  a r e  des i red .  The flow reg imes  
must  be defined in t e r m s  of sys tem pa ramete r s  s o  that proper  boundary 
conditions may be applied to any proposed analytical model. An analyt-  
ical  model.  An analytical model predicting the t ransi t ion f r o m  regime to 
reg ime with associated p res su re -d rop  and hea t - t ransfer  cha rac te r i s t i c s  
i s  f a r  f r o m  realization s ince the flow reg imes  themselves a r e  not well- 
defined. 

In genera l ,  the determination of velocity distributions,  density 
profiles,  the velocity difference between phases,  and the effects of sys t em 
geometry have been empir ica l .  Cr i t ica l  heat  fluxes and "burn-out" s tudies  
a r e  face ts  of the two-phase flow problem that have been given considerable  
experimental  study, and they will not be considered in the present  invest i -  
gation other  than to  note instances of the i r  occurrence .  Another face t  of 
the problem i s  the stabili ty studies that a r e  encountered when a sys t em .is 
subjected to a mass-f low o r  power-input dis turbance.  This investigation 
i s  concerned with those flow phenomena that have a near ly  t ime-  
independent inlet  condition. Fluctuations in  the flow pat te rns  in  the t e s t  
sys tem a r e  ent i rely permiss ib le  under the for  elgoing condition; 

This investigation studies forced-circulat ion flow of a fluid that 
en te r s  an electr ical ly  heated' ver t ica l  sect ion under constant heat  flux and 
then passes  ver t ical ly  upward through a rectangular  t e s t  section. The 



effect of sys tem-sa tura t ion  p r e s s u r e  and a s e r i e s  of m a s s  flow ra t e s  is 
de termined for  m a s s  fract ions of vapor and quality f r o m  ze ro  to near ly  
complete vaporization. The flow pat terns  that occur  in  this sys tem a r e  
studied b y  utilizing a television monitoring sys tem that displays the ab-  
sorption pat terns  of high-energy X r a y s  passing through the t e s t  section 
and fluid, and by using high-speed, color  motion pictures  with preferen-  
t ially directed beams  of colored light fo r  distinguishing vapor bubbles 
f r o m  liquid drops;  The f o r m  of fluctuations in  the local  p r e s s u r e  drop  i s .  
a l so  considered since the f o r m  and magnitude of the-se r e su l t s  a r e  indica- 
t ive of some of the flow . reg imes .  

The determination of the t r ansve r se  vapor-volume-fraction d is -  
tribution, o r  voidage, and the overal l  mean value a r e  useful in de termin-  
ing the local  velocity difference and the mean velocity difference of the 
vapor and liquid. Void-fraction distributions were  obtained for  the ope r -  
ating fluid selected f o r  this  investigation a t  the s a m e  t ime that the visual 
observat ions w e r e  made.  T h e  fluid selected for  this investigation i s  t r i -  
chloromonofluoromethane, a commonly used ref r igerant ,  which i s  often 
designated a s  F reon-  11, R- 11, o r  F-'11. Void-fraction 'determinations 
fo r  the group of re f r igerants ,  called Freons. ,  i s  virtually nonexistent for  
operating conditions of elevated p r e s s u r e .  These void r e su l t s  should 
provide a n  additional pa ramete r  in  the at tempt  to  obtain a flow model 
among various fluids,  in par t icu lar ,  in  the comparison of var ious fluids 

' with water .  

Since the observat ion of van d e r  waals3  concerning the Law of 
Corresponding States,  var ious thermodynamic proper t ies  have b e e n c o r -  
re la ted  on the b a s i s  of reduced proper t ies ,  that i s ,  on the b a s i s  of the 
r a t io  of a par t icu lar  proper ty  to i t s  value a t  the c r i t ica l  point. This 
thermodynamic modeling has  i t s  bas i s  in  the s imi lar i ty  of molecular  
s t ruc tu res .  Under th is  f o r m  of p r e m i s e ,  the fluid considered for  th is  
investigation is selected as one that has  a low cr i t ica l  p r e s s u r e  and 
t empera tu re  s o  that a sys t em m a y  be  employed in  which the visual ob- 
serva t ions  may be made .  Hosler and ~ e s t w a t e r % t a t e d  that a t rue  t e s t  
of any analysis  of boiling-heat - t r ans fe r  phenomena i s  the comparison of 
Freon-11 and water .  Since Freon-11 possesses  the requi rements  of a 
low cr i t ica l -proper ty  s t a t e ,  i t  should provide the n e c e s s a r y  range of 
p r e s s u r e s  and t empera tu res ,  in addition to requir ing lower heat  fluxes 
to  accomplish the des i r ed  qualit ies a t  the exit of the t e s t  section. ~ e s t i n ~  
pointed out that the rendering of the viscosi ty  dimensionless  in the 
boundary-layer equations when a t empera tu re  profile ex is t s  tends to make 
modeling of the velocity profiles difficult. This observation may  render  
ce r t a in  r e g i m e s  uncorrelat ible  by  reduced physical proper t ies  o r  by the 
s tandard methods of dimensional analysis .  

Recent investigations of two -.phase, single - component flow in. 
ver t ica l  t e s t  sections with visual observations a t  high p r e s s u r e s  a r e  few 



in number.  The work of ~ i ~ ~ e t s , ~   arte ens on,^ and ~ o s l e r '  has added to the 
meager  knowledge of flow regimes .  In spite of these recent  investigations, 
there  i s  s t i l l  l i t t le bas ic  under standing of the fundamental mechanisms in-  
volved in two-phase, single-component, forced-convection flow with heat 
addition. A review of the l i te ra ture  by co l l i e r9  fo r  1935 to 1957 indicated 
a lack of knowledge of the flow regions.  A s e r i e s  of investigations was 
conducted by the Atomic Energy Resea rch  Establ ishment ,  Harwell ,  England, 
in which s t eam and water  were  mixed and injected into var ious shapes of 
tes t  sections.  A s e r i e s  of AERE repor t s  have since been published in  which 
data have been collected to  measure  the effects of var ious regions of flow. 
This group a l s o  published various studies of a i r -wa te r  sys t ems  employed 
to s imulate  the r eg imes  a s  shown in  Fig.  11.1. An example of this type of 
study i s  given by Hall-Taylor,  Hewitt, and   ace^'' concerning disturbance 
waves in annular flow of a i r -wa te r  ~mixtures .  

The review.work,of ~ o h r "  in 1960 on flow pat terns  in two-phase 
flow indicated that v e r y  l imited visual observations have been made  for  
ver t ical  two-phase flow. At present ,  considerable  effort i s  being made to  
alleviate the lack of visual studies.  F o r  fluids other  than water ,  the c u r -  
rent  work of Staub and zuber l2  utilizing Refrigerant-22 i n  electr ical ly  
heated g lass  tubes i s ' c i t e d  a s  an example of the . increased  in t e res t  in  the 
problem. 

The work of ~ i ~ ~ e t s ~  was to a l a rge  extent exploratory in  nature 
since no previous visual t e s t s  had been made on the h igh-pressure  region 
for  water .  His photographs have been subject to controversy in  the in t e r -  
pretation since they were  taken f o r  a single view and the re  was a lack  of 
depth perception. In addition, the appearance of bubbles in  the liquid that 
surrounded the inner  observation window added, to  the problem. It was  a l so  

. . '  difficult to a sce r t a in  whether the i r r e g u l a r  shapes appearing in  the t e s t  
section were  liquid o r  vapor .  In the present  study, a directed,  two-color 

, lighting sys t em produced a positive distinction between the two phases.  

  art ens on^ attempted to co r re l a t e  the r e su l t s  of two high-speed 
motion-picture c a m e r a s  operated simultaneously in  two planes separa ted  
a t  r ight angles.  ~ o s l e r '  provided the bes t  photographic r eco rd  by employ- 
ing a single heating s t r i p  wi th .a  p r i s m  mounted in  an  opposing wall and 
thus was able to obtain the two. des i r ed  views. His conclusion was that 
the bes t  observat ions could be obtained by utilizing a microscope for  1 

.viewing the reg imes .  vohr13 conducted a high- speed motion-picture study 
.of boiling-water flow in  a ver t ica l ,  rectangular  channel a t  a tmospher ic  

. p r e s s u r e .  He developed a technique for  measur ing  two-phase flow veloci- 
t ies  by superimposing two' cons.ecutive f r a m e s  by an  optical method. A 
f low-pat tern scale  was devel.oped in which the cha rac te r i s t i c  s ize  of the 

'. vapor and liquid volumes composing a f low.pat te rn  was measured .  Vohr 
used a single heating str.ip and took photographs normal  to  the surface.  



Analytical efforts to describe two-phase flow encountered extreme 
difficulties since a multiplicity of flow patterns has been observed which 
eludes simple descriptions. In comparison with single-phase flow, a simple 
laminar-turbulent transition i s  insufficient to describe the flow-pattern 
transition. In addition, in two-phase flow, dual equations of motion, energy, 
and continuity a r e  to be handled with added interfacial expressions. 
P rog re s s  has been made in the description of annular flow in which the 
liquid appears  a s  a f i lm on the wall and the vapor in the core .  The various 
theories  for  annular flow a r e  generally derived by assuming that Prandtl 
and von Karman theories  of turbulent flow apply to this situation. This 
fo rm of analysis was employed by Calvert and ~ i l l i a m s , ' ~  ~ e w i t t , ' ~  and 
Anderson, Haselden, and ~ a n t z o u r a n i s , ' ~  to cite some investigators fol- 
lowing the same general format.  The above fo rm of analysis would not 
appear to be applicable where bubble formation occurred in the liquid film. 

Change6 in flow patterns have been suggested a.s being caused by 
hydrodynamic instabilit ies in the bounding regimes for  annular flow. In 
part icular ,  Ostrach and ~ o e s t e l ' ~  reviewed the possible types of insta-  
bili t ies that may occur.  These authors .cited the caution that ,the applica- 
tion of external flow analysis to internal flow systems.  was not rigorously 
examined. That i s ,  the applications of the four principal types of 
hydrodynamic -flow instabilities, a )  Tollmien- Schlicting, b) Kelvin- 
Helmholtz, c) Rayleigh- Taylor, and d) Bernard,  may not lead to the 
cor rec t  evaluation of the physical situation. 

Other fo rms  of analysis followed the dimensional analysis pat- 
te rn ,  where either the governing parameters  a r e  assumed or  the govern- 
ing equations a r e  rendered dimensionally invariant. The examination uf 
a transition f rom one single-flow pattern to another has met  with some 
success  since the number of governing parameters  may be reduced by . 

considering the dominant factor in that particular transition. Haberstroh 
and ~ r i f f i t h ' ~  studied the transition f rom the annular to the slug-flow 
regime by employing a Froude-number analysis.  This fo rm of analysis 
implies that viscous -and intertace effects a r e  secondary. wallis" e m -  
ployed a modified Froude-number investigation of the annular-flow regime 
with entrainment. Some of ,his  preliminary resul ts  indicated that the 
effect  of viscosity and surface tension on tkiis phenomena was not known and 
that the Froude -number analysis did not adequately cover these variables.  

~ i n z e ~ '  developed equations for a flowing homogeneous suspension 
with s l ip  between the phases, which could be. applicable. to the bubble o r  
froth regime and to the liquid dispersed region. However, no solution of 
the equations i s  cited, and the difficulty in evaluating various t e r m s  may 
be near ly  insurmountable. Fo r  example, the induced mass  associated 
with a n  agglomeration of bubbles o r  drops in an  accelerating system i s  
unknown a t  present.  



~ a n k o f f ~ l  developeda  variable-density model o f ' apseudo~i~g lk - : f lu id  
for  two-phase flow which employed a power f o r m  fo r  the velocity and 
density (void) distribution. The unknown fac tors '  in h is  expressions a r e  
evaluated f rom experimental r e su l t s .  Extension of h is  r e su l t s  to  other 
experimental  data has  me t  with varying degrees  of success .  

In a recent  review of developments i1-i ver t ica l  two-phase flow, 
~ o v i e r "  summarized  t e s t  r e su l t s  for  the t ransi t ion of var ious flow pat- 
t e rns .  There i s  a lack of elevated p r e s s u r e  data evident in  this review.- 
The la rge  literatui-e f o r  t ransi t ions at  low p r e s s u r e s ' h a s  not established 
a definite mode of t ransi t ion i n  the various reg imes .  

.. In the review of past  effor ts  i n  t ~ ~ - ~ h a s e  flow resea rch ,  the 
emphasis  ha.a been confined in general  to low-pressu re  sys t ems ,  o r  to 
closed syste,ms in which-water has  been the fluid. There  is a genera l  
lack of information cqnc.eraing flow regimes  o r  pat terns  for  single-, 
component fluids' a t  elevated p r e s s u r e s .  Density, o r  void-fraction, d is  - 

"trEButions have been confined to  water  studies for  the most  par t .  To 
, . provide a be t te r  understanding of the governing p a r a m e t e r s  in  two -phase 

: flow, the examination of fluids other than water  a t  elevated conditions i s .  
. desirable .  In the follswing section, the existing flow pat terns  in  two- 

phase flow will be  descr ibed.  



II. DESCRIPTION O F  TWO-PHASE FLOW 

The t e r m  "two-phase flow" i s  considered to be representat ive of 
the simultaneous flow of liquid and vapor in  a closed conduit. The two prin-  
c ipal  orientations of the ma jo r  axis  of the conduit that have been considered 
in  the l i t e ra tu re  a r e  horizontal  and ver t ica l  flow. Upward flow in a ver t ica l  
conduit i s  the configuration employed in  this 'work.  The flow configuration, 
o r  flow pat te rn ,  in horizontal  sys t ems  will be considered for comparison,  
purposes  only. F o r  ve ry  high flow r a t e s ,  the direction of grav'ity m a y  be 
expected to  be of secondary importance in the a r rangement  of the liquid and 
vapor in. the conduit, and horizontal  and ver t ica l  sys tems m a y  exhibi t 'near ly 
the s a m e  flow-pattern orientations.  

In t ~ o - ~ h a s e  flow studies ,  two genera l  categories  a r e  present.ed: 
one. in which the liquid and vapor a r e  the s a m e  fluid ( i . e . ,  a single-component 
flow), and one in  which the liquid and, vapor a r e  d i s s imi l a r  fluids ( i .e . ,  a 
two- component flow). The majori ty  of two-phas e flow studies have involved 
water  a s  the liquid, and for  the la t te r  case  above,. air has  'beell Llle vapor 
o r  gas .  

The  r e su l t s  of a two-component flow study have been extended to 
predict ions c'oncerning single- component flows with varying degrees  of 
success .  In par t icu lar ,  the thermodynamic prop.erties of a single-component 
fluid v a r y  in a fixed manner  a s  sys t em p r e s s u r e  and tempera ture  a r e  
changed. F u r t h e r m o r e ,  with the addition o r  removal  of heat ,  the relat ive 
quantit ies of the liquid and vapor change. The advantage of a two-compOrietlt 
sys t em i s  that a par t icu lar  thermodynamic proper ty  m a y  be varied while , 

the remaining proper t ies  a r e  held a t  some fixed va1u.e~.  This  ,Coy111 of var i -  
a.tinn wi.11. be sat isfactory i f  the c o r r e c t  modeling p a r a m e t e r s  a r e  known, 
and i f  there  i s  no coupling of the controlling pa ramete r s  in  ,producing the 
var ious  configurations. 

The  method of injection of the liquid and vapor (or gas)  into a sys t em 
can  influence the'development of flow pat te rns .  This i s  analuguus to the 
variat ion in velocity distfibution in ' ~ i n ~ l e - ~ h a s  e fluids due to the entrance 
configuration. Thus, some regimes  in two-phase flow m a y  not exist  in 
v e r y  shor t  t e s t  sections because of the t ime required for a par t icu lar  
r e g i m e  to form.. A difference in flow pat te rns  m a y  a l so  be expected in 
s y s t e m s  where the two-phase mixture  i s  produced by an energy input r a the r  
than by injec.tion of the two phases separa te ly .  

Th.e m a t e r i a l  that follows descr ibes  the possible flow regimes  in 
both heated and adiabatic flow and the efforts made to present  the var ious . 

flow regimes  in flow maps  or  plots.  



A. Two-phase Flow Regimes . . 

The survey of flow regimes  for horizontal  . . and ver t ica l  flow by ~ o h r "  
descr ibed the individual .flow regimes  that had been observed in the l i te ra-  
tu re  before 1'960. The terminology employed by the various studies i s  
widely varying in the description of the flow regimes .  Seven basic  hori- .  
zontal flow regimes 'have  been descr ibed:  

1. Bubble flow. This reg ime.  is .  charac ter ized  by vapor o r  gas  
bubbles, which do not completely bridge the a r e a  normal  to flow. 

2 .  Plug flow. .Long vapor o r  gas plugs a r e  formed,  usually by 
coalescence of bubbles f rom the f i r s t  reg ime.  The vapor plugs a r e  sepa-  
para.t&d by liquid plugs, which m a y  o r  may  not contairl bubbles: 

3 .  Stratified flow. The vapor o r  gas  flows in a separated s t r e a m  
above the vapor-liquid interface,  which remains  relatively tranquil .  

4. Wavy flow. This regimk i s  a continuation of the previous one 
in  which the interface develops waves of increasing amplitude. 

5.  slug'f1;ow. This  reg ime occur s  with a complete bridging of .the 
channel by slugs of liquid, which may  contain bubbles. This liquid slug 
t r a v e r s e s  the channel a t  a rapid r a t e .  

6 .  Annular flow. This reg ime i s  charac ter ized  by an annulus of 
liquid on the channel walls with the vapor occupying the cent ra l  region o r  
co re .  

7 .  Spray flow. The 'liquid i s  d ispersed  i r i  vapor ,  which becomes 
' , the continuous phase.  In adiabatic flow, i t  m a y  be expected that the liquid 
. fo rms  patches on . the . walls if wetting occur s .  

This descr ipt ion of the horizontal  flow pat te rns  dogs not include some of 
the subdivisions of t,he flow r e g i m e s  that have been descr ibed  by some 
invest igators .  However,  i t  should be sufficient to allow a comparison of 
the ver t ica l  flow reg imes .  

The  listing of the p r i m a r y ,  ve r t i ca l  flow regimes  by Vohr included 
the following: 

1. Bubble flow. 'Vapor bubbles aided by buoyancy effects move 
through the liquid s t r e a m ,  which i s  considered ' the continuous phase.  

2 .  Pis ton  flow.. The vapor. fo rms  long plugs with a rounded leading 
sur face .  The liquid plugs that separa te  the vapor plugs m a y  contain en- 
t ra ined  buhh1.e.s. 



3 .  Semiannular,  d i spersed  plug flow, emulsion flow, turbulent 
flow, slug-annular flow. These  various te 'rms have been applied to the 
r eg ime  that s epa ra t e s  the previous flow regime f r o m  the fully developed 
annular reg ime.  This  reg ime i s  probably the m o s t  difficult to descr ibe .  
The flow s t ruc ture  i s  random in na ture ,  with both phases al ternately a t -  
tempting to  a s sume  the continuous fo rm 

4. Annular flow. This reg ime i s  charac ter ized  by an annulus of 
liquid on the channel wal l s ,  with the vapor occupying the cent ra l  region or  
co re .  

5.  Spray o r  d ispersed  flow. The liquid appears  in droplet  o r  liga- 
ment f o r m  and i s  d ispersed  in the continuous vapor. phase.  

By way of cont ras t ,  the clkssifi'cati6ns made by Nicklin and   avid son^^ 
for  ve r t i ca l  flow in a n  a i r -wa te r  sys t em a r e  a s  follows: 

1. Bubble flow. The bubbles a r e  small ,  In comparison with the 
flow a r e a ,  and the shape i s  not great ly  affected by the confining wal l s .  

2. Slug flow. The bubbles appear  a s  elongated f o r m s ,  which have 
. a  rounded lkading sur face  and a near ly  flat  bottom. The length va r i e s  by 
a s  much a s  seve ra l  hundreds of tube d iamete r s .  These  vapor slugs main-  
ta in the i r  identity a s  they move up the conduit. 

3 .  Semiannular flow. This  reg ime has an appearance s imi l a r  to  
the slug-flow reg ime  in that a l ternate  s lugs of liquid and gas (or  vapor)  
occur .  However,  the liquid regions al ternately tend to build up and break  
down, which r e su l t s  i n  a churning motion. The gas  slugs do not possess  
the charac ter i s t ic  rounded, o r  Taylor ,  nose.  

4. Annular flow. The liquid i s  maintained'on the walls ,  and the 
gas  flows in the c o r e .  The interface i s  wavy, and the amplitude 0.f the waves 
is not sufficient to f o r m  a liquid bridge. 

5. Mis t  flow. The liquid i s  c a r r i e d  in the f o r m  of droplets  swept 
f r o m  the walls by the gas flow. 

T h e r e  i s  an obvious s imi lar i ty  between the foregoing descr ipt ions of the 
flow regimes .  ,However, the descr ipt ive t e r m s  for  the r eg imes  a r e  slightly 
different . 

T o  add to  the descr ipt ive fo rms  mentioned above, the descr ipt ion by 
co l l i e rz4  for the flow reg imes  occurr ing  in  ver t ica l  flow with heat addition 
i s  included. F igures  11.1 and 11.2 i l lus t ra te  these r eg imes  and thei,r a s so -  
ciated tempera ture  effects.  
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Flow dur ing  H e a t i n g  during H e a t i n g  

The forced flow of a single-phase liquid upward through a ver t ica l  
conduit with a uniform wall  heat flux, i t s  t ransi t ion to var ious  types of flow 
reg imes ,  and the sub4eql.lent exit of a superheated vapor i s  shown in 
F ig .  11.1. The associated -wall and fluid t empera tu re s  a r e  i l lus t ra ted in 
F ig .  11.2. In the d iagrams,  the t ransi t ion f r o m  nucleate boiling to f i lm 
boiling, i . e . ,  a  blanket of vapor on the wal ls ,  i s  not shown. This t ransi t ion 
could occur a t  low qua'lities if sufficiently high heat flux i s  maintained. 

The individual flow reg imes  a s  they may  appear  in ver t ica l  flow 
with heat  addition a r e  summar ized  a s  follows: 

1.. Single-phase Liquid 

The forced-convection flow of single-phase liquid in a heated 
conduit has  been investigated by many.groups.  The many cor re la t ions  have 
been summar ized  by Knudsen'and ~ a t z . ' ~  The p r i m a r y  cor re la t ion  has  been 
based on three  dimensionless groups;  the Reynolds number ,  the P rand t l  
number ,  and the Nusselt  number .  Respectively,  they signify the effect of 
velocity, sys tem proper t ies ,  and heat t r a n s f e r .  F o r  a constant heat flux 
in this region, the wall tempera.t.11 r e  increased  l inear ly .  

2 .  Subcooled Boiling 

As the liquid approaches the saturat ion tempera ture  c o r r e -  
sponding to  the sys tem p r e s s u r e ,  bhbbles f o r m  on the walls because the 
wall t empera ture  i s  in excess  of the ' sa tura t ion  tempera ture .  These  'bubbles 



a r e  swept into the s t r e a m  and generally collapse a f te r  a shor t  distance in  the 
subcooled s t r e a m .  The heat- t r ans fe r  coefficient i nc reases  in this region. 
The wall  tempera ture  tends toward a constant value for  the constant-heat- 
flux situation. J icha and FrankZ6 presented wall- temperature profiles for  
subcooled boiling with a wide range of flow r a t e ,  sys t em p r e s s u r e ,  and 
heat  flux. A burn-out can  occur  in this region with a sufficiently high heat 
f l&  in which a t ransi t ion to f i lm boiling occurs  with a subsequent increase  
of wal l  tempera ture .  This phenomenon i s  not shown in Fig.  II. 1 .  

3 .  Nucleate Boiling with Bubble o r  Fro th  Flow 

When the main  s t r e a m  tempera ture  reaches  the saturat ion tem-  
pe ra tu r  e , the t e r m  bulk boiling i s  employed. The heat-  t ransfer  coefficient 
in  this region tends to r ema in  i-elativ.ely constant,  a s  docs t'he wall  tempera-  
t u r e .  Although the bulk tempera ture  tends to  dec rease  with increasing 
p r e s s u r e  drop, the change in  wall  tempera ture  i s  not appreciable.  

4. Nucleate Boiling with Slug, Churn, ' o r  F ro th  Flow 

This  region- i s  charac ter ized  by the coalescence of bubbles to  
f o r m  slugs of vapor interconnected with liquid containing bubbles. F ro th  o r  
churn  flow may  appear  dependent upon the surface-tension proper t ies  of the 
fluid. The slug-flow regime i s  unstable in the frequency .of slugging and in 
the entrainment  of sma l l  bubbles. The hea t - t ransfer  coefficient may in- . . 
c r e a s e  in this region in accordance with the magnitude of the m a s s  flow 

' ' 

r a t e .  The effect of high sys t em p r e s s u r e s  i s  not known for this region, nor 
i s  i t  known if slug flow exis ts  for  p r e s s u r e  approaching the c r i t ica l  p res su re .  

5 .  Annular Flow with Evaporization 

At high velocities,  the liquid tends to  collect in a thin fi lm on 
the wall  and the vapor collects in  the co re .  The hea t - t ransfer  mechanism 
i n  this  region i s  the evaporation of the liquid and the forced convection be- 
tween the vapor and liquid. , The presence  of bub'bles in the liquid filrri has  
not been determined i n  this region although they m a y  appear  under cer ta in  
sys t em conditions. The hea t - t ransfer  .coefficient r i s e s  ve ry  rapidly in  this 
region,  and the wall t empera tu re  remains  substantially the s a m e  a s  in the 
previous c a s e s .  

. . 

6 .  Liquid-dispersed d r  Spray Region 

The inc rease  of the vapor velocity i n  this region.entrains  liquid 
drops  f r o m  the thin, slow-moving liquid layer  on the wall .  The vapor con- 
s t i tutes  the m a j o r  portion of the fluid in this region and thus may  be con- 
s idered  a s  the continuous phase.  Liquid droplets  continually impinge on, 
and a r e  reentrained f rom,  the liquid on the wall .  The hea t - t ransfer  coeffi- 
cient i nc reases  rapidly with increasing quality. F o r  the hea t -addi t ioncase ,  
the actual  flow pat te rn  has  not been c lear ly  defined for this region. 



7.  Liquid-deficient Region 

The region i s  character ized by a sudden drop in  heat- t ransfer  
coefficient to that observed for d ry  s team,  and the wall temperature in- 
c r e a s e s  rapidly. The liquid fi lm tends to decrease  in thickness and finally. 
disrupt  with the resul tant  appearance of d r y  patches.  Finally, the liquid 
f i lm vanishes altogether.  

8. Single-phase Vapor 

The vanishing of the liquid film f rom the wall resu l t s  in the 
transit ion of the sys tem fluid to a superheated vapor with a low heat- 
t ransfer  coefficient. 

Nicklin 
Govic 

and David 
rZZ classified the "semiannularM regime a s  l is ted 'hy 
son a s  "Froth" flow. Figure 11.3 i l lustrates  the flow dis-  

tributions in typical two- component' 
sys tems.  It i s  difficult to por t ray  
the froth o r  semiannular regime in 
a single figure o r  photograph. High- 
speed motion pictures i l lustrate  the 
random, turbulent charac ter  of this 
type of flow. The t e r m  "semiannular 
or  "churn" may  be m o r e  descriptive 
of this regime.  

(1 (2) (31 (4) (5) 
BUBBLE SLUG SEMIANNULAR ANNULAR MIST The annular-flow regime,  

INCREASING GAS FLOW - when viewed by means  of motion 
pictures ,  ranges f rom a tranquil  

Fig.  11.3. Two-phase Flow pat te rns  surface with low-amplitude waves 
to one in which the waves a r e  of 

high amplitude with droplets separated f rom the peaks.  A spectrum of 
frequencies may  be seen  in this regime,  along with large-disturbance waves 
tra.vel.ing at higher velocities than low-level waves,  whlch a r e  a l so  present. '0 

A recent development in the description of flow regimes i s  that due 
to Bennett -- et a1. ,27 in which a new flow regime entitled "wispy-annular was 
determined, by X- ray  photographs and high- speed motion pictures .  This 
regime has the usual charac ter i s t ics  of the annular flow regime in that 
liquid film moves slowly along the walls with an agglomerated, entrained, 
liquid phase in the vapor co re .  To quote direct ly  f rom their repor t ,  the .. 
charac ter  of the new llow regime i s  such that "This (entrained) phase ap-  
peared to flow in la rge  agglomerates somewhat resembling ectoplasm. " 
The high- speed, 'color motion pictures obtained in this investigation revealed 
the same flow pattern a s  that obtained by Bennett e t  a l .  and a r e  discussed -- 
in Section VI. 



B. Two-phase Flow- reg ime Transi t ions 

The conditions governing the existence of a par t icular  flow regime 
a r e  in p a r t  due' to the thermodynamic and t ranspor t  proper t ies  of the fluid, 
the orientation and configuration of the containment vesse l ,  the turbulence 
of the fluid, the flow r a t e ,  and the r a t e  of energy input into the sys tem.  To 
predic t  the probable phase distribution, some information concerning these 
a spec t s  should be known. In general ,  the above quantities a r e  known to some 
degree .  However,  the coupling of the fo,rces acting within the sys tem i s  
not readi ly obtained. Since the p r e s s u r e  drop,  hea t  t r ans fe r ,  and void- 
f ract ion distribution depend to a la rge  extent on the flow regime,  the t ran-  
si t ion between various r eg imes  in t e r m s  of available pa ramete r s  i s  an  
essent ia l  facet of the problems encountered in  two-phase flow. 

What i s  general ly  meant  by a flow-regime transi t ion i s  that a small  
s e t  nf conditions ex is t s  in which the distinction between two adjoining r e -  
g imes  i s  indeterminate ,  and that two s e t s  of conditions bound this se t  such 
that  each se t  i s  identiliable a s  a par t icu lar  reg ime.  The demarcat ion of a 
f low-regime t rans i t ion  m a y  be made  on the bas is  of the mean  value of a 
t rans i t ion  se t ,  the upper bound, o r  the lower bound. In general ,  any of the 
above values would be  advantageous to the des igner .  

The  express ion  of a l l  possible t ransi t ions on a single plot o r  map 
in  t e r m s  of two p a r a m e t e r s  would be m o s t  des i rab le  for  a l l  fluids and op- 
erat ing conditions. The question that m a y  be asked of such a plot i s  whether 
i t  holds for  sys t ems  in which the fluid undergoes a ' t r a ~ ~ s f o r m a t i o n  of phase 
by heating, and for sys t ems  in which the two phases a re . in jec ted  separa te ly .  
Such a plot might ex is t  i f  one of i t s  p a r a m e t e r s  contains a t ransi t ion t ime-  
scaling factor ,  since the formation of sorrle r e g i ~ i l e s  m a y  not occur  within 
the confines of an individual pie,ce of equipment because of the length of the 
equipment and the t ime  available.  'She init ial  orientation of the phases 
would a l so  affect the developing flow pat te rn  and should be included in  the 
p a r a m e t e r .  

A genera l  map  covering a l l  possible situations in two-phase flow 
will  probably not be developed until t ransi t ions between reg imes  a r e  better 
understood. Some mechanisms for  t ransi t ions will  now be considered. 

The t ransi t ion f r o m  bubble to  slug, o r  plug flow, occurs  through the 
coalescence of a s w a r m  of. bubbles into an  elongated bubble with a rounded 
o r  bullet-shaped head and a somewhat f la t  bottom near ly  filling the conduit. 
The p a r a m e t e r s  that appear  to affect, the t ransi t ion a r e  the init ial  dis t r ibu-  
tion of the bubbles, the i r  size.3, the contact t ime ,  ahd, the proper t ies  of the 
fluid. Coalescence i s  a function of the su r face  tension of the fluid and the 
density ratio.28 T h e . s i z e  of the bubbles i s  affected by the flow of fluid and 
the r a t e  of energy input. Slug flow has  been observed ih subcooled boiling 
by Jegl ic  and  race,^? who found that the fokmatioli was  a functiori of the 
heat  flux. 



The bubble-flow regime 'may' . t ransfer  into the semiannular reg ime 
without the appearance of distinct vapor slug's of the previously descr ibed  
f o r m .  Kutateladze and ~ t ~ r i k o v i c h ~ ~  stated that slug flow does not appear  
in water  sys t ems  above approximately 1500 ps ia .  At sufficiently high flow 
r a t e s ,  bubble flow undergoes a t ransi t ion a t  increasing qualit ies to a dis-  
pe r sed  type 'of sys t em.  The spray-annular  type of reg ime would probably 
be encountered in adiabatic sys t ems ,  since the liquid would wet the wall 
and fo rm a f i lm.  

Nicklin and  avids son^^ indicated that two types of t ransi t ion occur  
in  slug flow. At low liquid velocities,  in  an  a i r -water  sys t em,  the t r ans i -  
tion to semiannular flow occurs  due to a phenomenon s imi lar  to  flooding 
of evaporators  in which an instability of the liquid f i lm produces a collapse 
of the gas  slug. This t ransi t ion was .said to occur  a t  a constant s u m  of the 
superf icial  velocities,  or . 

= a constant,  

where the superf icial  velocity i s  the average volumetr ic  flow pe r  unit a r e a ,  

. . and the subscr ip ts  sg and s J  r ep resen t  the gas  and liquid, respect ively.  
Thus, a t  low liquid flow r a t e s ,  an  increas.e in liquid flow reduces  the t ran-  
sition gas  velocity. The cause of t ransi t ion a t  high liquid flow. r a t e s  was 
stated to be caused by a different instability. It was suggested that the nose 
of the slug underwent an instabili ty,  which produced the t ransi t ion.  At the . 

higher liquid flow r a t e s ,  the t ransi t ion gas velocity increased  with in-  
c reas ing  liquid, velocity. 

A transi t ion c r i t e r ion  f r o m  slug to  homogeneous flows was developed 
by ~ o i s s i s ~ l  by equating the relat ive velocity of the vapor slug and the liquid 
flow to the ' re la t ive  velocity a t  liquid-vapor interface obtained f rom a s ta -  
bility analysis  of the Orr -Summerfe ld  equation. This  analysis  would imply 

, that the t.ransition i s  f r o m  slug flow to annular flow. However,  s ince the 
length of the vapor slug enters  into the solution, the analysis  m a y  be said 
to be applicable to the semiannular t ransi t ion to annular flow. That i s ,  
f o r  shor t  vapor- slug lengths, the semiannular  condition m a y  be 
approximated. 

An e1,ectrical- resis t ivi ty  probe to  de termine  whether a liquid bridge 
occurs  in the flow field was &iployed by Habers t roh  and Griffith18 and by 
Suo -- et al.'32 to determine the t ransi t ion f r o m  the bridging type of flow to 
an.n.l.l.lar o r  d ispkrsed  flow. This rrlethod would a l so  appear  to  yield the 
transit ion'  f r o m  bubble to slug flow. . 

\ 

The t ransi t ion f r o m  semiannular  to annular flow was approached 
by Habers t roh  and Griffith18 in a Froude-number type of analysis  in which 
the re  i s  no explicit dependency upon a Weber o r  Reynolds number.  



The i r  experimental  work provided , . two modes of, t ransi t ion expressions , 
which depended f o ~  a bound o n ,  a . . dikenaionl&& .. . . . ,:. superficial  liquid velocity. 
The transit ion, ekpSession's a r e  ' , 

. . 

V*' = 0.9 t 0.6Vf1 
g . . 

(11.~- 2) 

for  

V*' 5 1.0, 
f 

and 

for  

V*' r 1.5. 
f 

(I1 .B- 5) 

The  dimensionless  velocities employed above a r e  modifications of expres-  
s ions  employed by Wallis e t  a1.33 in the fo rms  -- 

and 

where  p i s  the density ra t io ,  pf/pg; and Vf and Vg a r e  the superIicia1 liquid 
and vapor ,velocities,  respect ively.  Habers t roh  and Griffith assumed that 
the density ra t io  was  l a rge  and therefore  replaced 1 - 1 / ~  by unity in  
Eq.  ( 1 1 . ~ - 6 )  and se t  - 1 equal Lu P ill Eq. (11.d-7). W a l l i ~  -- et  a1.19 v a r i e d  
the bracket  t e r m s  in the above expressions to  incorpora te  the effect  of 
entrainment  on the vapor density.  The implication of the above modeling 
p a r a m e t e r s  i s  that viscosi ty  and sur face-  tension effects a r e  of secondary 
importance.  While two-phase flow cannot be regarded  a s  a pure  iner t ia l  
sys t em,  the or thobaric-densi ty  ra t io ,  P,  for  single-component flulds In 
s o m e  functional relationship m a y  account for  the effect of surface tension 
and viscosity in  the cor re la t ions ,  since both thermodynamic proper t ies  
can  be expressed  a s  a function of the density ra t io .  Both surface tension 
and liquid viscosi ty  appear  in the ger-ieral flow- reg ime map produced by 
~ a k e r . ~ ~  However, the viscosi ty  t e r m  i s  suppressed  by the sma l l  value of 
the exponent on the t e r m .  In Section IV, the thermodynamic relationships 
a r e  considered for  or thobaric  conditions. 



The transit ion f rom annular flow to annular flow with droplet  en- 
t ra inment  was examined by van ~ o s s u m ~ ~  for horizontal  flow in a rectan-.  
gular duct with a variation of surface tension and viscosity of the fluids. 
Steen and  alli is^^ examined the t ransi t ion for cocurrent ,  ver t ica l ,  downward 
flow and compared experimental  resu l t s  of the fo rmer  and the analysis of 
~ u b e r . ~ ~  ' T h e  resu l t s  of van Rossum employed both a Weber number and 
Reynolds number based on the liquid-film thickness in the cor re la t ion  of 
the entrainment study. Essent ial ly ,  both van Ros.sum and Steen and Wallis 
found that the minimum gas velocity for  entrainment was  proportional to  
the surface tension and given by 

V, = Ca. (I1 .B- 8) 

The value of C was 0.82 for  the horizontal ,  .and 1.25 for  the ver t ical ,  down- 
ward flow, when V* i s  evpres  s ed in f t / s ec  and o in dyne/crn. . T h u s , :  the 
minimum gas velocity for  entrainment would be higher 'for the ver t ical  
downward flow a t  a given surface tension. The inlet conditions requi re  
consideration in these s tudies ,  s ince entrainment  may  occur ea r l i e r  than 
indicated by the above resu l t s .  

J .  van Rossum found that a t  sufficiently high velocities a c r i t i ca l  
Weber number becomes constant,  and i s  

where 6 i s  the liquid fi lm thickness,  and V i s  the mean gas velocity. A 
second pa ramete r  was defined a s  

where pf i s  the liquid dynamic viscosity.  When S* i s  g rea te r  than 5,  the 
c r i t ica l  Weber number becomes approximately 17. Recent experimental  
data  for  entrainment in  ver t ica l  sys t ems  by Wallis et  a1.19 would indicate 
a t rend  toward a constant Weber number.  ~ u b e r ~ ~  analyzed the resu l t s  of 
van Ros sum and developed seve ra l  bounding expressions for entrainment ,  
which were  subsequently compared by Steen and  alli is.^^ The la t te r  did not 
obtain ve ry  good agreement  except for a thick-liquid-film expression,  which 
suggested that 

V*pg - = a constant = 2 . 4 6 ( 1 0 ) - ~ ,  
ap 

where pg i s  the gas  dynamic viscosity.  The ,onse t  of entrainment then ap-  
pear.ed to be independent of ' the d iameter  of the sys t em.  Above a cer ta in  
minimum liquid-flow r a t e ,  the onset of entrainment  was  independent of the 
liquid flow. 



Continuing r e s e a r c h  a t  CISE, Milan, Italy, for flows in the annular- 
d ispersed  regime has  not indicated any la rge  effect of l iquid'or gas  viscos-  
i ty in this  regime.  Cravarolo and   ass id^^ indicated a dependency of the 
void fraction on surface tension and gas density. ,L i t t le  work has  been done 
in this  reg ime,  and the factors  involved remain  somewhat in doubt. In an  
adiabatic system, some wetting of the walls should be expected in most  
si tuations.  The t ransi t ion f rom bubble flow to annular -dispersed flow may 
take place a t  high m a s s  flow ra t e s  through the formation of liquid ligaments 
due to high shea r  fo rces , . t he  liquid ligaments then breaking up into droplets.  

Considerable l i te ra ture  concerning flow regimes  in horizontal '  flow 
a t  relatively low p r e s s u r e s  has  been presented in the fo rm o'f graphs o r  
flow maps .  Some investigators have considered the effect of the direction 
of the gravitational accelerat ion a t  ve ry  high f low' ra tes  to be a secondary 
effect and that some ver t ica l  flow pat terns  would be s imi lar  to the horizontal 
fo rms .  The principal flow-regime map in horizontal flow i s  due to 
who utilized data  f r o m  various investigations, principally a i r -water  sys tems,  
to  develop his flow map ,  which was employed in pipe-'line flow of oil'. Unfor- 
tunately, an examination of the calculated data pres'ented in his paper for  
gas-oi l  flow does not ag ree  with equations l isted for ' the pa ramete r s .  A 
recalculation of his  pa ramete r s  according to the given equations shifts the 
resu l t s  f rom one flow regime to another in  near ly  one-third of the l is ted 
r e su l t s .  The flow map  of i s  shown in Fig.  II.4. 
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Generalized Flow-r egime 
 rans sit ion Map 

'l'he c o o r d ~ n a t e s  for Bakerls  map a r e  G/X and X$'L/G where 

G = m a s s  .velocity of the gas  phase,  lb/hr- sq ft of total pipe a rea ;  

, L  = m a s s  velocity of the liquid phase,  lb/hr- sq ft of total  pipe 
a r e a ;  

X = [(pg/0.075)(pL/62.3)]1'z; 

pg = density of gas phase,  lb/cu ft; 



p~ = density of liquid phase,  lb/cu ft; . .  . 

2 !/3. P = (73/o)[(PJl)(62.3/PL-) I 9 

o = surfqce tension of liquid phase,  dyne/cnl; 

and 

PL = viscosity of liquid phase,  c P .  

The  numer ica l  fac tors  in Baker ' s  pa ramete r s  a r e  identified a s :  

0 .075  = 'density .of a i r  a t  s tandard p r e s s u r e  and tempera ture ,  
lb/cu ft; 

62.3 = density of water  a t  room tempera tu re ,  lb/cu f t ;  

73  = s u r f a c e  tension of water  a t  room tempera tu re ,  cIyn/crn; 

and 

1 = viscosity of water  a t  room tempera tu re ,  c P  (this i s  implied 
in the absc i s sa  of the Baker  plot). 

By rear ranging  the coordinates of the map,  the p a r a m e t e r s  m a y  be 
compared with other resu l t s .  Employing the equations l is ted in B a k e r ' s  
text ,  

where  C1 i s  a constant and the other t e r m s  a r e  the superf icial  gas velocity 
and the density rat io  a s  previously defined. Using the t e r m  for  sur face  
tension, '0, that has  been previously employed, 

where C2 i s  a constant. Thus,  for a single-component sy2tem under a given 
saturat ion p r e s s u r e ,  the plot reduces  to the superf icial  gas velocity a s  the 
ordinate,  and the ra t io  of superf icial  velocities a s  the absc i s sa .  The absence 
of an explicit d iameter  effect i s  par t icu lar ly  noticeable. In addition, the 
underlying assumption in  any plot of this  type i s  that the var ious r eg imes  
a r e  dependent in the s a m e  manner  on the fluid p rope r t i e s .  The data eval- 
uated in Table 1 of B a k e r ' s  paper  for  the fac tor ,  X, was erroneously cal-  
c l l l a t ~ d  on the bas i s  of 

Thus, in  the original equation the product of the two t e r m s  in  parenthes is  
i s  taken, whereas  the ra t io  of these t e r m s  i s  employed in the r e su l t s  pse-  
sented in Table 1. The effect upon the coordinates m a y  be examined by 
consi'dering the proportion . 



which provides only a slight modification in the coordi~ia tes  - i f  the liquid 
density i s  ve ry  near ly  equal to that of water  .at room tempera ture .  By way 
of comparison,  the saturated-liquid density of water  a t  1000 psia  (P = 20.6) 
i s  approximately 46.3 lb/cu f t ,  while R- 11 a t  P = 20.6 has  a saturated-  
liquid density of 75.3 lb/cu ft. In Section IV, the fluid proper t ies  a r e  exam- . 

ined and the r e su l t s  indicate that the ra t io  of the fluid property group for  
wa te r  and R -  11 in Eq.  (11.~- 13) i s  near ly  a constant when determined a t  
identical o.rthobaric-density ra t ios .  The value of thi.s constant i s  approxi- 
mate ly  0.25. The evaluation of Eq.  (113- 15) for the above conditions resu l t s  
in  f a c t o r s  of 0.828 for  R- 11, and 1.34 for  wa te r .  

A fixed t ransi t ion point in  Baker ' s  map  does not modify the resul tant  
superf icial  liquid velocity for  either f o r m  of .A. However, the superf icial  
vapor  velocity was inc reased  for water  and was reduced for  R-11 when 
Eq.  (11.13- 14) was  employed. F o r  the express ions  in Baker ' s  text,  the super-  

.. f ic ial  v.apor velocities for  R -  11 and 'water  would be identical,  while the 
superf ic ia l  liquid velocity of R- 11 would be. approximately 0.25 that of the 
w a t e r ,  a t  identical or thobaric-densi ty  ra t ios .  F,br Eq. (1I.B- 14) to hold, the 
m a s s  flow r a t e s  of the vapor  m u s t  be equal for. two fluids a t  a fixed t ran-  
si t ion point. The  f o r m  of the Baker plot does not allow a single constant 
quality to  be obtained a s  a condition for any ' t ransi t ion line that purports  to  
hold for  fluids such a s  water  and R- 11 when examined a t  identical . 
ortl iobaric-density ra t ios  .' Thus, the r e su l t s  o f ' ~ a b e r  s t roh  and Griffithl* 
a r e  incompatible with that of ~ a k e r ~ ~  i f  extended to fluids such a s  R- 11 and 
water  a t  elevated saturat ion p r e s s u r e s  . 

Representat ion of the various t ransi t ions was  shown by Griffith and 
 alli is^^ for  the slug-flow regime in an a i r -wa te r  sys t em.  The coordinates - 

employed in their  representat ion were  suggested by ~ o z l o v ~ ~  where  the 
volumetr ic  gas  fraction, ag/(ag + Qf),  i s  plotted a3 a function of the mix-  
t u r e  volumetr ic  Froude  number ,  

where  Q and Qf a r e  the a ~ e r a ~ e ' v o l u m e t r i c  flow r a t e s  of the gas  and liquid, 
g 

fespect ively;  A i s  the c ross-sec t ional  a r e a  of the pipe; and Dp i s  the pipe-  P 
d iamete r .  The superf icial  velocities a r e  thus ' the-average  volulnrlric flow 
r a t e  divided by cross-sec t ional  a r e a .  GovierZ2 suggested that Kozlov's 
representat ion was not in  accord  with other ' invest igat ions and should be 
discounted s ince the representat ion was based on insufficient data.  Froude-  
number modeling impl ies  that viscous and compressibi l i ty  effects a r e  neg- 
l igible.  The absence of a t e r m  with sur face  t'enkion impl ies  a l so  a minor  
effect due to the interfacial  conditions. 



A graphical representat ion,  somewhat s imi l a r  to the above type, was 
due to ~ o s t e r i n ~ '  in which the volumetric gas  fract ion was retained but the 
other coordinate wa's the mixture  velocity that i s  the sum of the superf icial  
velocities.  Hoogendoorn and Buitelaar4' employed the I1Kosterinl1 d iagram 
in the investigation of the effect of gas  density and of gradual vaporization 
in horizontal  gas-liquid flow. They employed a sys tem in which superheated 
Freon-  11 and water  were  the mixture,  and with flashing   re on- 11 a t  low 
p r e s s u r e s .  The t ransi t ion l ines were  shifted slightly due to change in gas 
density.  The effect of the vaporizing Freon-  1 1 was to inititae atomization 
a t  lower velocities and to shift the t ransi t ion to froth flow to lower veloc- 
i t ie s .  The range of- p'res s u r e s  investigated was smal l ,  and the smal les t  
density rat io  was in the o rde r  to 100. The t ransi t ion to spray-annular ,  o r  
atomization, indicated by this investigation supports the approximation of 
Eq. (11.~-  8) qualitatively. 

Extensivc r e s e a r c h  in ver t ica l  flow of two-component mixtures  by 
the l1Albertal1 produced cor re la t ions  of flow reg imes  in t e r m s  of 
p r e s s u r e  drop and superf icial  water  velocity, and in t e r m s  of gas  liquid- 
volume ra t io .  In par t icu lar ,  the plot of superf icial  water  velocity and a i r -  
water  volume r a t i ~ ~ ~ ' . ' i s  somewhat s imi l a r  to the Baker plot when fluid 
property values a r e  held constant.  The difference appeared in the u s e  of 
the superficial  gas 'velocity by Baker instead of the liquid-velocity t e r m .  
The cor re la t ions  of the l lAlbertal l  group do not contain any thermodynamic 
proper ty  relationships since.  there  was l i t t le var iat ion in  these values.  The 
~ l b e r t a  group found no effect of d iameter  in the bubble-to-slug o r  -plug 
t ransi t ion;  In the t ransi t ion f r o m  slug to froth flow, the d iameter  effect 
was to the one-third power; in the t ransi t ion f r o m  froth to annular flow, 
the re  was an  inversion of the d iameter  effect to the two-thirds power.  

The application of the generalized plot of ~ a k e r ~ ~ ' t o  s t eam and liquid 
water  data a t  elevated p r e s s u r e s  was made  by Goldman, F i rs tenberg ,  and 
~ o m b a r d i , ~ ~  where the coordinates for  the map were  the total  m a s s  flow 
r a t e  and the m a s s  quality. The presentat ion of flow pat te rns  in this  f o r m  
confines the r e su l t s  to  a single p r e s s u r e .  Thus, a family of t ransi t ion 
curves  would be necessa ry  to display the effect of sys t em p r e s s u r e .  This 
f o r m  of flow-regime map  was modified by Suo -- e t  a ~ . ~ '  for water  a t  1000 ps ia  
in  which the t ransi t ions f r o m  bubble and slug flow to d ispersed  w e r e  es t i - .  
mated by combining the d i spe r sed  t ransi t ion r e su l t s  of Habers t roh  
and Griff i thls  s emiannular transition,' '  and a constant- W eber-number rep-  
resentat ion due to ~ a 1 l i . s . ~ ~  The experimental  t ransi t ions were  obtained by 
utilizing a res i s tance  probe. The t ransi t ion that occur red  f rom the 
semiannular-to-dispersed regime was a t  a lower quality than would be p r e -  
dicted by the square  root  of the orthobaric-deAsity ra t io  representat ion of - 
~ r i f f i t h . ~ ~  

The total  m a s s  flow ra t e  and quality f o r m  of flow regime presenta-  
tion were  utilized by Bennett et  al.L'' for  water  a t  500 and 1000 ps ia  wherein -- 



high-speed motion p ic tures  and X - r a y  photographs were  employed to de ter -  
mine  the flow regime a t  the exit of a ver t ica l  heated tube. Thei r  work con- 
t a ined  a c r i t i c i s m  of the r e  s is tance-probe method1R~32~4h lor the determination 
of.  the annular t ransi t ion.  The wisp+-annular reg ime descr ibed by this 
r epor t  would appear  to be bounded by churn, or ' skmiannulas ,  flow a t  low 
qualities and. h i g h .  flow ra t e s ;  the annular reg ime at low m a s s  floiv r a t e s ;  : 

and by the dispersed-annular  flow regime a t  high qualit ies and high flow 
r a t e s .  The  t ransi t ion f r o m  annular to I1wispy-annular1' was indicated to  
have occur red  a t  a near ly  constant superf icial  liquid velocity. A s tatement  
that the t ransi t ion occur red  a t  increasing liquid velocities for  increasing 
p r e s s u r e  i s  not compatible with the ,da ta  presented in their  repor t .  A cal-  
culation of the superf icial  velocities f r o m  the quality and m a s s  flow r a t e  
listed. in their  tables  indicated an opposite effect.'..Their' r.epo,rted approximate 
values of t ransi t ion f r o m  annular to wispy-annular a r e  4.5 ft/sec a t  
1000 ps ia  and 3.5 ft/sec a t  500 ps ia .  Data available a t  present  do rlot appear  
to be sufficient to make  a definitive s tatement  concerning the f o r m  of th is  
t ransi t ion.  The r e su l t s  of this r epor t  and of Suo e t  al? appear  tu irlv,alidate 
a constant-quality t ransi t ion a s  suggested by Gri'ffith. 4 6 

Staub and ~ u b e r ~ ~  presented a t ransi t ion m a p  for  Refrigerant-22 fo r  
reduced p r e s s u r e s  of 0.12 and 0.22 for a l imited range of total  m a s s  flow 
r a t e s  in  the f o r m  of a superficial-velocity plot incorporating bubbly- slug, 
churn,  churn-annular,  and annular flow in their  t ransi t ion.  In par t icu lar ,  
the i r  study revealed an  absence of plug flow in the two-phase flow with heat 
addition. The t ransi t ion to annular flow in their  r e su l t s  i s  not predictable 
by the method of Habers t roh  and ~ r i f f i t h . "  

In summary ,  the information concerning the flow- reg imes  t ransi t ions 
of single- component fluids a t  elevated t empera tu res  i s  not extensive: The 
effect of the change in  fluid proper t ies  has  not been well-defined, nor has  
the effect of the configuration, o r  d iameter ,  m e t  with any conclusive resu l t s .  
The u s e  of a single plot to  r ep resen t  a l l  reg ime transi t ions for  a var ie ty  
of fluids with l a rge  changes in proper t ies  does not s e e m  feasible.  



111. STATEMENT O F  THE PROBLEM 

The flow regi'mes produced by constant-heat-flux addition to a . 

single-component fluid in forced-circulation, upward flow a t  elevated 
p r e s s u r e s  were  inv,estigated. Visual observations' of the flow reg imes  a r e  
made utilizing high- speed color motion pictures  and. a fluoroscope mon- 
i toring sys tem.  The s imilar i ty  of flow pat terns  and t ransi t ions between a 
t e s t  fluid, trichloromonofluoromethane', and water  i s  to  be established. 
The bas i s  for  the modeling cr i te r ion  will be shown in.Section IV, where 

' the or thobir ic-densi ty  rat io  i s  obtained a s  the p r e f e r r e d  modeling 
p a r a m e t e r ,  r a the r  than ,on  a reduced-pressure  o r  - tempera ture  bas i s  
through consideration of the thermodynamic and t ranspor t  proper t ies ,  and 
.the possible cause> of t ransi t ion between flow r-egimes. 

The t e s t  fluid at  nea r -  saturat ion conditions i s  heated electr ical ly  
through a s e r i e s  ol qualit ies Lo the l imit  of the sys tem.  The p r e s s u r e  range 
selected for these t e s t s ,  when modeled at  identical or thobaric  -density 
ra t ios ,  cor responds  to  a range of water  saturat ion p r e s s u r e  f r o m  approxi- 
mately 400 to 2000 psia .  The orthobaric-density rat io  involved ranged 
f r o m  7 to  60. The m a s s  flow r a t e s  based upon a rectangular  channel with 
a flow c r o s s  section of 1.050 by 0.380 in .  var ied  f r o m  0.20 x lo6 to  
2.0 x lo6 lb/hr-sq ft. 

The observat ions a r e  made in  an unheated, rectangular  channel 
above the heated section. Void-fraction t r a v e r s e s ' a r e  made during each 
t e s t  run  to  provide information concerning the change in void distribution 
a s  the flow r a t e  and quality a r e  var ied.  Local  p r e s s u r e  gradients  a r e  a l so  
obtained a c r o s s  the section of observation. 

The goal of this  i n v e s t i g a t i 0 n . i ~  to establ ish a correspondence in  
flow pat te rns  and the i r  t ransi t ion between two widely different fluids 

. ., 
(trichloromonofluoromethane and water ) .  An immediate  consequence of 
the existence of such corr,espondence i s  the possibil i ty.of . . ascertaining 

. the flow regime for  water  a t  high p r e s s u r e  by conducting experiments  on a ' 

. . 
single-component fluid a t  much lower t empera tu res  and p r e s s u r e s .  



IV. SIMILARITY METHODS 

To provide a method'of s imilar i ty  modeling for two-phase flow 
sys tems ,  the thermodynamic and t ranspor t  proper t ies  of var ious fluids 
mus t  be considered,.  Since the observation of van de r  waa l s3  concern- 
ing the Law of Corresponding States ,  var ious thermodynamic and 
t r anspor t  proper t ies  have been cor re la ted  on the bas is  of reduced 
p rope r t i e s ,  that i s ,  on the bas is  of the ra t io  of a par t icular  property to 
i t s  value a t  some' re ference  s tate .  In genera l ,  the reference s tate  has  
been the thermodynamic cr i t ica l  point. This  thermodynamic modeling 
h a s  i t s  bas i s  i n  the s imi lar i ty  of molecular s t ruc tures .  Under this  f o r m  
of p r e m i s e ,  the fluid considered for this  investigation was  selected a s  one 
' that has  a low cr i t ica l  p r e s s u r e  and t empera tu re  so that a sys tem could 
be employed in  which visual  observations could be made. Hosler  and 
wes twater4  stated that a t rue  t e s t  of any analysis  of boiling-heat-transfer 
phenomena i s  the comparison of water  and F reon-  1 1. The selection of 
trichloromonofluoromethane ( ~ e f r i g e r a n t -  l l o r  F reon-  11) for the operat-  
ing fluid met the requi rements  of low p r e s s u r e s  and t empera tu res ;  i n  
addition, lower heat  fluxes a r e  requi red  to  accomplish the des i red  exit 
conditions. 

The physical sys t em itself must  en ter  into consideration in  any 
method of modeling. Hence, to circumvent  the problem of adding an ,addi- 
t ional pa ramete r  to  the investigation, the t e s t  unit was  designed to fall  
within the r e a l m  of conduit s izes  most frequently appearing in the l i t e ra -  
t u r e  fo r  sys t ems  employing water  a s  'a working fluid. The p r i m a r y  ques-  
t ion to be answered i s  that of what bas i s  i s  to  be employed for modeling 
var ious  fluids.  To answer this  question, the physical proper t ies  of water  
and R- 11 must be examined. 

cuggenheim4* pointed out that no substance can be completely de- 
sc r ibed  i n  i t s  equation of s ta te  by prbposal  that contains only two adjust,- 
able  p a r a m e t e r s .  Many fluids a r e ,  however,  re latable  over  cer ta in  
regions b.y the. Law of Corresponding States  in  t e r m s  of their  c r i t ica l  
proper t ies .  The  l i t e ra tu re  contains many effor ts  to  re la te  a l l  substances 
in  the reduced.-property f o r m  with varying degrees  of success .  The Law 
of Corresponding States  impl ies  that a universal  constant exists49 such 
that  

and that 

- 
where  the reduced var iab les  a r e  P = Pcn, 7 = V c @ ,  and T = T,y. C e r -  
ta in  c l a s s e s  of fluids fall  into the above type of midel. In genera l ,  



correspondence has  been found when the outer e lectron shel l  of a molecule 
shows s imilar i ty  to another type of molecule. Two additional c l a s s e s  of 
flui'ds a r e  the polar and nonpolar types. of molecules.  F o r  example,  i t  has  
been suggested that the decrease  in viscosity at  constant tempera ture  of 
water  a s  i t  approaches condensation ( i .e . ,  the saturated-vapor  s ta te)  i s  due 
to  p re fe r red  alignment of the polar molecules in  "c lus t e r s , "  thereby 
allowing the " f ree"  molecules a g r e a t e r  collision-path length. F u r t h e r ,  
surface phenomena a r e  very different in  polar and nonpolar fluids.50 This 
point may be of importance in the study of two-phase sys t ems .  In polar 
fluids,  the increased.viscosi ty  and a g rea t  e last ic  s t rength of the fluid at  
i t s  surface,  par t icular ly nea r  a solid interface,  represent  the p r ime  dif- 
fe rences .  The most significant fluid in  engineering applications i s  water ,  
which i s  a polar  fluid and i s  not cor re la tab le  with ordinary nonpolar fluids 
such a s  the simp1.e s t raight  chain organic fluids (for example,  methane o r  
ethane).  The F.reon group i s ,  in  genera l ,  polar .  

F o r  two-phase flow sys tems ,  the viscosity and surface tension of a 
fluid a r e  generally required,  in addition to  the P -V-T  data.  It i s  often 
necessa ry  to  fi t  expressions to  the available data  in  o r d e r  to  obtain the 
des i r ed  t e s t  condition. The modeling of viscosity h a s  been approached by 
various methods in  the absence of complete data.  This  aspect  will be con- 
s idered  in  the following sect ions.  

The p r ime  assunlplion in most  fluid-flow studies i s  that th.e 
equilibrium- state propert ie  s a r e  applicable to dynamic situations. This  
i s  definitely open to ques.tion in  the appearance in  flow sys tems  of a 
dynamic surface tension that i s  significantly different f r o m  the s tat ic-  
surface-  tension m e a ~ u r e r n e n t . ~ ~  It i s  a l so  known that the .?elaxation . t ime,  
o r  t ime to reach  equilibrium, i s  not the same  for  the vibrational,  rotational,  
and t ranslat ional  energ ies  of a molecule.  It will  be a s sumed  in th is  in- 
vestigation that the equilibrium- s tate  proper t ies  a r e  suffici.ent for de te r -  
mining the fluid condition of the two-phase flow sys tem.  

Reduced proper t ies  have been used  in  previous hea t - t ransfer  work 
in  boiling. ~ a n k o f f ~ '  p r e  sented the maximum heat flux in 'nucleate sub- 
cooled boiling a s  a function of reduced p r e s s u r e  in evaluating the difference 
between the fluid saturat ion t empera tu re  .and the wall  tempera ture .  No one 
has  pointed out a physical reason  for  the. above cor re la t ion  o r  that a maxi- 
m u m  occurs  at  some reduced p r e s s u r e .  A. recent  cor re la t ion  of peak and 
minimum heat flux for  nucleate pool boiling by Lienhard and ~ c h r o c k ~ ~  
utilized a reduced-pressure  correlat ion.  However,  the sca t t e r  in the i r  
data  about the " ' theoretical" curve  i s  probably due, on the whole, t o  an in-  
herent  assumption in the i r  dimensional analysis  that the ra t io  of the Weber 
number to the drag  coefficient i s  a constant. Some of the questions con- 
cerning cor re la t ions  based on dimensionless  groups that exhibit success  
in  some instances and wide deviations.'in o the r s  will be shown in  the follow- 
ing sections to be in  pa r t  due to  the var'ious means  -of represent ing the 
physical proper t ies .  



A. Thermodvnamic and T r a n s ~ o r t  P r o ~ e r t i e s  

To establish a model for  comparing water  and the "Freon"  group, 
we must  examine the variation of thermodynamic and t ranspor t  prop- 
e r t i e s  of these fluids a s  a function of the saturation conditions, that i s ,  
the variation of the proper t ies  a s  a function of e i ther  the saturation 
p r e s s u r e  o r  the saturat ion tempera ture ,  since the two pa ramete r s  a r e  
not independent along the saturation l ine.  An examination of the fluids 
may be initially considered in t e r m s  of the reduced p r e s s u r e  (the rat io  
of the saturat ion p r e s s u r e  to  the c r i t ica l  p r e s s u r e ) ,  arid in t e r m s  of the 
reduced tempera ture  (the ra t io  of the saturation tempera ture  to  the 
c r i t i ca l  t empera tu re ) .  If Pr and T r ,  respectively,  represent  the afore-  
mentioned ra t ios ,  a plot of the log Pr ve r sus  1 / ~ ~  for  a var iety of 
substances will revea l  that no two vapor -p res su re  curves  overlap,  as 
w a s  shown by   art in.^^ Thus,  there  i s  no universal  vapor -p res su re  plot 
in  t e r m s  of the reduced p r e s s u ~ e - r e d u c e d  tcmpera turc  p a r a m e t e r s .  
The re fo re ,  i t  can  be concluded that any correlat ion that exhibits a single- 
p a r a m e t e r  representat ion of many fluids in  t e r m s  of the reduced sa lu ra -  
t ion p r e s s u r e  will no1 have a s ingle-parameter  representat ion in  t e r m s  of 
the reduced saturat ion tempera ture .  

1.  Saturation P rope r t i e  s 

The saturat ion thermodynamic proper t ies  that a r e  usually 
employed in flow- sys t em calculations have been obtained originally by 
experiments  in  which the rma l  equilibrium has  been attained. A s e r i e s  of 
s ta t ic  the rma l  equilibrium state  points in which thermodynamic proper t ies  
such a s  p ressure ,  t empera tu re ,  and specific volume (o r  density) a r e  111ed- 

su red  and connected a s  a continuous function r ep resen t s  the saturat ion line 
fo r  the liquid o r  vapor.  Other thermodynamic point functions, such a s  
enthalpy and entropy, a r e  obtained f r o m  indirect  measurements  since 
both a r e  calculated quantit ies f r o m  other  measurements .  The variation 
of these  equilibrium proper l ie  s ,  a s  determined f r o m  these  s tat ic  equilib- 
r i u m  t e s t s ,  i s  assumed to hold in  most  f low-system analyses .  

P r i m a r i l y ,  in  modeling the "Freon"  group with wa te r ,  i n t e re s t  
in  the variation of the saturat ion proper t ies  a s  a function of e i ther  sa tu ra -  
t ion p r e s s u r e  o r  t empera tu re  sliould be a f i r s t  concern of an investigation. 
In th is  respec t ,  the var iat ion of the ra t io  of th.e saturation-liquid and 
saturat ion-vapor  densi t ies  a s  functions of reduced saturat ion tempera ture  
o r  p r e s s u r e  i s  shown in F igs .  IV, 1 and IV.2, since this  rat io  exhibits the 
g rea te  s t  variation over. the nor.ma1 operating rang'e for'. most. fluids .. . . .  

. . . . . . 
. . .  . , . .  . , . . .  . . .  . .  . . . . . . . . . . . . 

..' : .  . . : The saturation-density rat io  i s  .define.d. a s  . ' ' . . . 

. .  . . .  , . . . .  

. . P .pf/pg , . .  . . . (IV .A- 1) 



where the saturation-liquid'and saturation-vapor densit ies are.indicated. 
by the subscripts  f and g ,  respectively. The saturation- reduced p r e s s u r e  

ratio,  which will be r e fe r red  to a s  
the reduced p res su re  in the follow- 

- 
ing text,  i s  given by 

- 
P r  ~ s a t / p c ,  (IV .A- 2) 

- 

where the saturation p res su re  i s  - 
represented by the subscript sa t , "  
and the c r i t ica l  p res su re  given by - 
the subscript "c .  'I The cr i t ical  

- pressu re  i s  defined a s  the p res su re  
a t  which the saturation-liquid density - 
i s  equal to the saturation vapor den- 
sity. The saturation- reduced tem-  - 
pera ture  rat io  i s  given by 

- 

Tr  E ~ s a t / ~ c ,  (IV. A- 3) 

where the saturation and cr i t ical  
tempera tures  a r e  represented by the 
subscripts  sat" and "c , "  respec-  
tively. Any set of consistent absolute 

0.7 o 8 o 9 I o units may be employed with the above 
quantities. 

REDUCED TEMPERATURE, T, 

Fig. IV.1. Orthobaric-density Ratio as a Function Figure IV. 1 indicate s that 
. of Saturation Temperature separate  curves  a r e  found for the 

. various "Freon1[ fluids and water ;  
in  Fig.  IV.2, the "Freon" group is represented by a single curve,  which i s  
separated f r o m  the water  resu l t s .  In Fig.  1.V. 1, only the bounding curves 

Fig. IV.2 
W 

Orthobaric -density Ratio .as a 0 ,, 
Function ofSaturat10n Pressure { 

m 
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f o r  the Fr.eons a r e  shown. Thus, an immediate conclusion a s  to the r ep re -  
sentation of v a r i o u s ~ r e o n s  within the group can be made. That i s ,  experi-  
mental  modeling that requi res  a correspondence 'with.jn the F reon  group 
should be made on the bas i s  of reduced p res su re  when the density ratio i s  
the ,prime factor .  In subsequent sections,  the variation of other propert ies  
will  indicate that a model for  the F reons  within the group should be made 
on the bas i s  of reduced p r e s s u r e .  

The plots of density rat io  ve r sus  both reduced p res su re  and 
reduced tempera ture  show that there  i s  no correspondence between the 
water  resu l t s  and the F r e o n  group. That i s ,  modeling on the basis  of the 
density rat io  does not c a r r y  over in an interchange of fluids when the 
c r i te r ion  of reduced p r e s s u r e  o r  reduced tempera ture  i s  selected. 

F igures  IV.3 and IV.4 show the saturated-liquid densit ies fo r  
the F reongroup  and water  in  t e r m s  of the reduced-saturation tempera tures  
and p r e s s u r e s .  The ratio of the saturated-liquid density to the cr i t ical  

density i s  employed in these plots, 
3 o and an unusual qudlity i a  noted in 

the plots in that at  any selected r e -  
duced tempera ture  o r  p res su re  the 
reduced saturated- liquid density of 

4 2 2 5 water  i s  g rea te r  than that of the 
* 
t 
U) 

Freons .  In pract ice,  the F reon  group 
z 
Y 
0 

i s  noted for  a more  dense liquid phase 
a 
3 

than water  on the absolute bas is .  F o r  
0 
-1 2 0  

example, K-  11 has  a liquid d c n ~ i t y  of 
d 
w approximately 9 2  lb/cu ft a t  room 
5 
a 3 t empera ture ,  con~pnrcd  to  w a t ~ r  with 
I- a V) a value of 6 2 . 3 .  
0 
W 
0 1.5 
3 ,  
0 
w 

.Figure IV. 3 indicates that the 
K ent i re  Freongroup can be represented 

a s  a single functio~i of the reduced 
tempera ture ,  which shni~ ld  have been 

1.0 
0.7 0.8 0.9 1 . 0  expected i f  the law of rect i l inear  di- 

REUUCEO TEMPERATURE, T, amete r s  i s  to hold for the Freon group. 
In Fig.  IV.4, the reduced saturated- 

Fig. IV.3. Siltllrated- l i qu id  Density as a Fuilction liquid densities for  the F~~~~~ are 
of Saturation Temperature 

represented by the bounding curves. 

It i s  again seen that the reduced-property r ep re  sentation does 
11ot bring about a correlat ion of the water  and F reon  group. 

A more  extended review of the thermodynamic propert ies  i s  
included in this  section since i t  was necessary  to smooth some prel imi-  
nary  data55 for  F- 11 at  elevated p r e s s u r e s .  



1.0 e a r  d iameters  i s  shown in  
o 0 . 1  o . e  0 .3  0 . 4  0 . 5  0.6 0.7 0.8 0.9 1.0 

REDUCED PRESSURE. P, . Fig .  IV. 5 in which the ortho- 

The estimation of 
saturated-fluid densit ies 'has . 

been the object of numerous 
publications over many .de - ' 
cade s ,  and identical for'mats 
a r e  republished a s  new meth- 
ods.  Typical examples of 
this  aspect  a r e  cited by Scott 
and   ill on^^ in  a discussion 
ori the use  of reduced t'em- 
pera ture  s for the dk scription 
of the orthobaric densi t ies .  

A typical represen-  
tation' of the law of recti l in- 

ba r i c  o r  saturation densit ies 
Fig. N.4. Saturated-liquid Density as a Function of a r e  represented and the mean 

Saturation Pressure 
density i s  indicated. The 

general  expression for  the law of rect i l inear  d iameters  for  any orthobaric 
property,  F, i s  given by . 

F o r  the saturation densit ies,  the expression will be al tered slightly by 
employing the definition that the saturated-liquid and vapor densit ies a r e  
identical a t  the cr i t ical  point; then, 

- 

I .  
-- 

CRITICAL POINT - 

1.0 

REDUCED TEMPERATURE, Tr 

Fig. IV.5. Representation of  the Law.of Rectilinear Diameters 



The value of c f o r , t h e  F r e o n  group was suggested a s  0.93 by   is em an."' 
This  constant va r i e s  slightly with e a c h F r e o n i n  the group, and the ortho- 
b a r i c  densi t ies  a r e  represented  more  accurately by plots fo r '  the individual 
m e m b e r  in  the group. The constant c contains both the c r i t ica l  t empera -  
t u r e  and the c r i t ica l  density.  

The representat ion of the difference in or thobaric  densi t ies  
h a s  a long his tory a s  indicated by Scott and   ill on^^ in  the f o r m  

Pf - Pg = Do(l  - ~ , ) n .  
(IV .A- 6) 

A value of 3/10 for  the exponent was given by Ferguson and ~ i l l e r : ; ' ?  
~ i s h t i n e ~ ~  provided a table in which n vari-ed f r o m  0.25 to 1/3 for  var ious 
compounds. The F r e o n s  have exponents slightly l e s s  than 0.3 1. 

After a slight rear rangement ,  the 01-thobaric density of e i ther  
phase should be attainable from' E q s .  (IV.A-5) and (1v.A-6) a s  

where  the plus and minus signs represent  the liquid and vapor densi t ies ,  
respect ively,  and Dl i s  ~ ~ / 2 ~ ~ .  

'1'0 check tlie concistency nf the F r e o n  orthobaric  densi t ies ,  the 
s u m  of the or thobaric  densi t ies  a t  each t empera tu re  was  formed and 
Eq. (IV .A- 5)' was employed t.o f o r m  the expression 

whilch shol.11,cl be a monotonic function over  the en t i re  range of t cmpera -  
t u r e s .  In this  manner ,  the new high-pressure  data  were  analyzed in con- 
junction with s tandard plots of the densi t ies  a s  a function of tempera ture  
to a sce r t a in  any data  deviations.  Appendix B contains the or iginal  values 
of the proper t ies  of R -  1 1.  / 

An. al ternate  representat ion of Fig.  IV.2 i s  shown in  Fig.  IV.6 
in  which the rec iproca l  of the reduced p r e s s u r e  i s  employed. A l inear  
representat ion of the or thobaric  density rat io  can  be approximated over a 
considerable range of redilcad p r e s s u r e .  The water  data a r e  represented ,  
f r o m  a p r e s s u r e  of 100 ps ia  to approximately 2500 psia ,  by the l inear  
portion of the plot. 
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RECIPROCAL OF REDUCED PRESSURE I /P ,  

Fig. IV.  6.  Linearity Repre sentation of the 
Orthobaric - density Ratio 

2.  Surface Tension 

The surface tension exhibited in  thermodynamic equilibrium 
may be considered to be the excesb Cibb's f ree  energy (the enthalpy minus 
the product of the absolute tempera ture  and the entropy) between the f ree  
energy of a surface layer  of molecules and that of a layer  a t  some distance 
f r o m  the surface.  The general  t rend  has  been to employ experimental data 
to derive expressions that relate the surface tension to the p r e s s u r e ,  the 
tempera ture ,  the enthalpy, the density, o r  the parachor .  The surface ten- 
sion of a fluid has  usually been considered independent of p r e s s u r e  for '  
subcooled sys tems.  However, i f  a gas  at high p r e s s u r e  i s  maintained over 
a liquid, then the surface tension dec reases  with increasing gas  p r e s s u r e ,  
and the decrease  i s  a function of the gas  employed.60 A decrease  of 50% 
was attained for p r e s s u r e s  extending to  150 a tm.  At moderate p r e s s u r e s ,  
gas  pressire. in  a two-component mixture would not be expected to have a 
very la rge  effect on the surface tension. 

Due to the interrelationship of p res su re  and tempera ture  along . . 

the saturation l ine,  a relationship might be formulated for  surface tension 
a s  a function of saturation p res su re .  . This  resul t  i s  shown in  Fig.  IV.  7 
where the surface tension has been placed i r i  a reduced f o r m  by employing 
a reference surface tension. The following approximate general  ex- 
pression for surface tension a s  a function of saturation p r e s s u r e  for the 
F reons  and water  has  been obtained: 



where  a i s  the surface tension a t  the reduced saturation p r e s s u r e ,  P r ;  
and G o . o 3  i s  the surface tension at a reduced saturation p r e s s u r e  of 
Pr = 0.03. The above expression for surface tension can be successfully ' 

employed i f  the surface tension a t  any saturation p r e s s u r e  i s  known. This 

. method of presentation of the surface tension was suggested by the work 
of Borishansky, Novikov, and ~ u t a t e 1 a d . e ~ ~  relating li,quid viscosity and 
the rma l  conductivity a s  a function of reduced saturation p res su re .  

Fig. IV.7 

Surface Tension as a 
Function of Reduced 
Saturatiori Presswe 

.REDUCED PRESSURE (pR = P/ PCR) 

The reference values for  the surface tension at  the standard 
reduced p res su re  arc given in Table I. The experimental data for two of 
the F r e o ~ l s  w e r e  obtained f r o m  a paper by Steinle. 6 7. 

TABLE I. Physical Cullstants 

O'o.03  '0 .03  Crit ical  Cri t ical  Cri t ical  
  EX^.), (Parachor) ,  P r e s s u r e ,  Temp,  Derisity, 
dyn/crn dyn/crn psia  O F  cu ft/lb 

Water 



Various formulations for the surface tension a s  a function of 
other thermodynamic variables  .could be considefed a t  this. point. Two r e p r e  - 
sentations of significance in  the following text a r e  the r e p r e  sentation of 
the surface tension a s  a function of the reduced tempera ture  and a s . a  
function of the difference of the or thobaric  densi t ies .  The variation of 
surface tension with reduced tempera ture  can be written a s  

where a. i s  a constant peculiar to each fluid, and m i s  approxi:matel'y 
a constant for  a l l  (unassociated) liquids with a value of about 1.2. In a 
study of the value of the exponent, ~ e r ~ u s c ~ n ~ ~  indicated that the equation 
was  presented by van de r  Waals in 1894. This  exponent var ies"from fluid 
to fluid and only yields approximate values fo r  the numer ica l  value l is ted 
above. 

The parachor ,  [P I ,  i s  defined a s  

where M i s  the molecular weight. ~ u ~ d e n ~ ~  devoted an ent i re  book to the 
subject of calculat i i~g parachors  for many f lu idsby  utilizing additive con- 
tributions f r o m  the'  molecular s t r u c t u r e  of a fluid. The parachor  pe rmi t s  
a comparison of molecular volumes at  constant surface tension. Thus, i t  
makes some allowance for the effect upon molecular volumes of the l a rge  
fo rces  due to molecular a t t ract ions.  Since the or iginal  book i s  not readily 

. . 
. . 

available,  the t e r m  "pa rachorV i s  definedlie.re' a s  the combination of two Greek  
words (.nap&. = set by the side of, and ~ h p a  = space) .  In the absence of 
any data  on a par t icular  fluid, the surface tension. may be est imated i f  the 
or thobaric  densi t ies  and the molecular weight a r e  known, along with the 
mol.ecular s t ruc ture .  

The surface tension, when expressed  a s  a function of the dif- 
fe rence  of the or thobaric  densi t ies ,  was found by ~ a c l e o d ~ ~  to be of the 
f o r m  

where C i s  a constant independent of t empera tu re ,  and p was taken by 
Macleod to .be  equal to  4. This  expression led Sugden to the definition of the 
parachor .  ~ e r ~ u s o n ~ ~  l is ted values of p for s e v e r a l  fluids and indicated 
that the value of p var ied f r o m  fluid to  fluid. F o r  most  substances,  the 
deviation f r o m  the value of 4 set  by Macleod i s  not l a rge .  There fo re ,  a 

. . 



ru l e  of thumb for  the variation of surface tension with density may be taken 
a s  

o r ,  the. parachor  i s  a good :app'roximati'o~-r for.  surface. tension. 

An interest ing resu l t  i s  obtained by equating Eqs .  (1v.A- 10) and 
(1v.A- 12 )  and rear ranging  them to yield 

(IV .A- 14) 

If the genera l  values of m and p a r e  taken a s  1.2 and 4, .I-espe,ctively, a s  
suggested above, the resul tant  expression will be identical to  the value 
l i s ted  for  n i r i  Eq. (1V.A-6). 

In l a t e r  sect ions,  the above relationships for  surface tension 
will  be extended to the problem encountered in two-phase flow of evaluating 
the effect of var ious  dimensionless  groups.  

The dynamic viscosity,  which appears  a s  a coefficient in the 
visco1.l s s t r e s s - t enso r  in the equation of motion. for  both the vapor and the 
liquid, h a s  been examined a s  a function of var ious thermodynamic proper-  
t i e s .  in  par t icu lar  a s  a function of t empera tu re  and density. In the l i t e ra -  
ture, n n  r.nmpletely sat isfactory method h a s  been cited that will predict  the 
viscosity of a liquid f r o m  i t s  molecu la r  s t ruc ture  o r  f r o m  the physical 
proper t ies .  In genera l ,  ,experimental 'measurements  have. pro.vided the des i r ed  
viscosity data. ~ o n d i ~ ~  applied a simple lilolecular theory for  non- 
associating liquids and produced some w'ork over a l imited range o'f t empera ture  
and p r e s s u r e  for  fluids that have their  liquid viscosity in the functional 
relationship of 

where  p f  i s  the dynamic liquid viscosily alld A and B arc constants.  

Thodos -- e t  a l .  presented a s e r i e s  of cor re la t ions  for the vis-  
cosity of pure substances over  a considerable range of p r e s s u r e s  and 
t empera tu res .  6 7 9 6 8 ; 6 9  The fluids were separated into polar  and nanpnl a r  
groups and fur ther  subdivided into c l a s s e s  of fluids.  Both reduced t em-  
pe ra tu re  and reduced density were  considered a s  var iables .  Thc viscosity 
t e r m  was  expressed  a s  the difference between the viscosity a t  elevated 
p r e s s u r e  and t empera tu re ,  and the viscosity at  a tmospheric  p r e s s u r e  and 
the same  tempera ture .  This  difference was  t e r m e d  the res idual  viscosity.  



In the dense ga'seous and liquid regions,  the residual viscosity was ex- 
pressed  a s  single-valued function of reduced density for  polar substances.  

The F reons  were  included in 

- t h i s  ~ o r r e l a t i o n . ~ ~  It then should 

bas is  (using the viscosity at  a r e -  
duced p res su re  of 0.03 a s  a re ference) .  The independent variable i s  the 
reduce,d p res su re .  Results for the F reons  a r e  added to the plot, a s  well a s  

r n ~  
4 be expected that an extension of 
i" 1 0 -  I I I I I 1 1 1  

s'ome additional water  data.  The curve drawn through the data in the or ig-  
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inal paper has  been omitted and, in i t s  place, a straight line i s  drawn 
through the water and F reon  data. The resultant expression for the liquid 
viscosity i s  given by 

(IV. A- 16) 

'j lo-' -~ 
10 I o - ~  16' I difficult a s  in any extrapolation. 

REDUCED PRESSURE P P PCR 
( R = /  1 * Figure  IV. 8 i s  an expansion of the 

graph presented by Borishansky 
Fig. IV.8. Liquid Dynamic  Viscosity as a Function of et a1.61 in which the liquid dynamic 

Reduced Satura t ion  Pressure -- 
viscosity i s  plotted on a reduced 

for  

the l imited viscosity data for the 
F reons  can be made. 

A vast l i t e ra ture  i s  avail- 
able on two-phase flow studies 
ca r r i ed  out at  low p r e s s u r e s  and 
tempera tures .  Par t icu lar ly  num- 
erous  among these studies a r e  
thoseemploy inga i r -wa te r  sys tems.  
Extension of these resu l t s  to 
sys tems at elevated p r e s s u r e s  i s  
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The representat ion in  Fig.  IV.8 does not fully disclose the 
rapid dec rease  in liquid viscosity.  F o r  example,  the liquid viscosity of 
water  dec reases  nearly fourfold in a change of tempera ture  ranging f r o m  
normal  room tempera tu re  to the normal  boiling point. At the reference 
reduced p r e s s u r e  of 0.03 (approximately 96 psis), the water  liquid vis-  
cosi ty  h a s  decreased  by a factor of eight f r o m  the room-tempera ture  
value.  In addition, the gradient of viscosity with tempera ture  i s  very 
l a r g e  for  low t empera tu res .  Thus, velocity profiles should be significantly 
affected by smal l  tempera ture  gradients  in the liquid a s  opposed to  those 
found a t  elevated t empera tu res .  Lumped pa ramete r  representat ions at 
low t empera tu res  would appear  to  be m o r e  likely to  have sca t tc r  in com- 
par i son  of resu l t s  than those a t  higher conditions. 

The law of rec t i l inear  d i amete r s  was applied to  the or thobaric  
o r  saturation viscosi t ies  by s ta r l ing  et a1.70 Data for water  were  examined 
graphically.  A l inear  portion occur s  above 400 psia .  A curvature nea r  
the c r i t ica l  point appears  approximately a t  2800 psia .  Thus, the sum of 
the or thobaric  dynamic viscosi t ies  may be wri t ten a s  . . 

where  a1 and bl a r e  constants.  If the law of rect i l inear  d i amete r s  held 
exactly,  then a1 would be equal to  twice the c r i t ica l  .viscosity, o r  

(IV .A- 18) 

The use  of Eq. (IV.A- 18) instead of Eq.  (1v.A- 17) would mean that unity has  
replaced a constant with a value of 1.15 for  the waler  d a t c i n  the f i r s t  t e r m  
on the right-hand side of Eq.  (1v.A-18). 

At this  point, the reduced t empera tu re  may be replaced 'by the 
orthoharic-densit; difference a s  given by ' E ~ .  (1V:.A- 5) ,  yielding 



where A and B a r e  constants of. a par t icu lar  fluid. Fur the r  r ea r range-  
ment of the above expression can be made a s  follows: 

The values of the constants c and c l .  fo.r water  are .approximately 0.636 
and 0.462,.respectively, with cl/c equal to 0.726. F o r  the range of validity 
of Eq. (IV.A-21), the magnitude v a r i e s  f r o m  1/6 to 1/2, which covers  a ' .  
saturation p r e s s u r e  range f r o m  approximately 400 to 2800 ps ia  for water .  

A fur thkr  simplification of the vis.c'b sity rat io  can .be obtained 
by approximating 'the liquid viscosity by Eq. (IV..A- 16) and utilizing the 
resu l t  f r o m  Fig.  IV.7, that the or thobaric  density rat io  i s  near ly  propor-  
tional to the reciprocal  of the reduced p r e s s u r e ,  which then reduces 
Eq. (IV.A-21). t o  

(IV. A- 2 2) 

The effect of the viscosi t ies  in  the interpretat ion of single-component 
sys t ems  may be obscured by an empir ica l  correlat ion in which the . ' . ,  . .  

orthobaric-density rat io  may satisfy the variat ion in  some sys t em con- 
dition by a complicated function without including explicitly the viscosi t ies .  

The rat io  of the dynamic liquid viscosity to  the surface ten- 
sion can be expressed  in  t e r m s  of Eqs .  (1v.A-9) and (1v.A- 16) a s  

. . 

This  ra t io  inc reases  for increasing p r e s s u r e s .  A ,comparison of the r e fe r -  
ence donstant for  water  .and F- 11 indicates a rat io  of approximately 6.30 
f o ~  F- 1 l to  water .  ~ ~ & ~ a r i s o l i  of  he resul t s  a t  identical density ra t ios  
indicates,that the rat io  i s  .approximately 6.6. 

The method of selection.of the reference- 'reduced property for 
the liquid dynamic vise-osityand the surface tension h a s  no apparent 
theoret ical  bas i s  f r o m  any c lass ica l  thermodynamic .considerations.  The 
pai t idular  reduced p r e s s u r e  selected i s  a compromise . in that the reference 
point provides agreement  among the fluids in the neighborhood of that 
point. There  i s  a deviat ionthat  grows a s ' t h e  data  points extend fur ther  



away f r o m  the re ference  value. Thus, the segment of the reduced-pressure  
coordinate that spans the region of g rea te s t  in te res t  and provides the 
c loses t  approximation to  a single representat ive function i s  chosen. The 
reference  point i s  then the value that yields the leas t  deviation over the 
range of in te res t .  This resu l t  i s  not unexpected since i t  was  pointed out 
e a r l i e r  in  this  section that no substance can be completely descr ibed in 
i t s  equation of s ta te  by any proposal that contains only two adjustable pa-:: 
r a m e t e r s .  Thus both methods of correlat ing the two fluid proper t ies  a r e  
a t  bes t  only approximations of the t r u e  variat ions,  and were  developed to 
facil i tate calculation of the effect of each property on the flow topology. 

B.  Dimensional G r o u ~ s  

The problem of determining the conditions whereby a par1;icular 
flow regime can exis t  and the t ransi t ion f r o m  that regime to another could 
i n  principle 'be d e t e r m k e d  i f  the equations of motion, continuity, a.nd s tate ,  
together with the appropriate  init ial  and boundary conditions and the con- 
stitutive relationships a r e  known, and a solution obtained. In prac t ice ,  
very  few solutions a re .  obtainable for  even the s implest  of sys tems.  An 
appeal i s  then made to  methods such a s  dimensional analysis  where the 
governing p a r a m e t e r s  a r e  assumed f r o m  physical requirements .  Another 
method is that of inspectional analysis ,  which applies the principle that ,  i f  
a se t  of mathematical  equations i s  invariant under a group, then the same 
i s  t r u e  of all  consequences of these equations.71 Thus,  a t ransformation i s  
sought for  the descr ipt ive equations that will yield a s imilar i ty  condition. 
Both of the aforementioned methods requi re  experimental  evidence for  thc 
confirmation of the analy s i s  . 

The t rans i t ion  between flow regimes  can be considered as a hydro- 
dynamic stability problem. The stability problem may be considered a s  
follows: given a p r e s s u r e  field and a velocity distribution, which a r e  ail 
exact time-independent solution of the Navier -Stoke s equations, the sulu- 
t ion i s  given an init ial  disturbance. If the disturbance d ies  oul a s  tiine 
becomes  la rge ,  the flow i s  said to  be s table ,  i1 not, i t  i s  unstable.  
~ h a n d r a s e k h a r , ~ '  among o thers ,  studied the l inear-s tabi l i ty  problem in 
unbounded flows. The l inear -  stability approach neglects quadratic t e r m s  
i n  the dis turbances.  These  t e r m s  give r i s e  to  nonlinearit ies,  which pro-  
duce difficulties in  obtaining a solution. These  quadrat ic  t e r m s  a lso  damp 
the sys t em and prevent an  unbounded inc rease  i n  the amplitudes and allow 
another flow to be established. Two methods of solution, which a r e  stan- 
d a r d  in  the approach to the l inear-s tabi l i ty  problem, a r e  the Laplace 
t r a n s f o r m  i n  t ime with a study of the dis turbances a t  la rge  t imes ;  and the 
normal-mode type of analysis  in which var iab les  a r e  separated to  pro-  
duce a time-dependent function and a spatial-dependent function. The 
la t te r  f o r m  i s  m o r e  prevalent in the l i te ra ture .  The normal-mode analysis  
w a s  applied by ~ i ~ ~ e t s ~  in  a study concerning the liquid f i lm stability for  



conditions approaching burn-out in . forced convection. ~ o i s s i s ~ l  utilized 
the method in a study of the' t ransi t ion f r o m  slug flow to homogeneous flow. ' 

The basic  difficulty involved in applying the unbounded-flow- 
stability r e su l t s  i s  that the effect of the enclosure,  such a s  in conduit flgw, 
i s  generally neglected because of the complexity of the situation. An 
example in.which the analysis  for an essentially unbounded situation, proved 
effective in a smal l  confinement i s  the analysis of ~ a ~ l o r ~ ~  for the in-  
stability of liquid sur faces  accelerated in a direction perpendicular to * .  

the i r  planes. The subsequent experimental  investi  ation of ~ e w i s ~ ~  in  a 
vertical .  channel, whose c r o s s  section was  2+. by 1 7 2 in.  provided ample .. 
confirmation of the analysis .  The effect of the channel wal ls  was  to  . . 

develop the instability a t  a fas te r  ra te  for  the m o r e  viscous fluid. The 
. . velocity of propagation of gas  co'lumns upwa.rd, :through a liquid l aye r ,  

initially given a downward acceleratiori, was  proportional to  the square root 
of the product of the radius  of the g a s  t ip  and the s u m  of the' gravitational 
accelerat ion 'and the init ial  acceleration. ' Taylor had initially shown that. 
the r a t e  of development of the instabili ty was p.roportiona1 to 

p . -  1 ' . 

p - t  1 "  . F- 
' . 

. . . . .  where p i s  the o.rthobaric-density rat io .  The t ransi t ion f r o m  the slug-.  
flow regime to the ,semiannular may be related to this  f o r m  of instability. 

. . Thus, a s  the, sys t em p r e s s u r e  inc reases ,  the r a t e  tends to  dec rease .  

The t ransi t ion f r o m  annular flow to ' the  froth o r  semiannular flow 
may be .character ized a s  an instability in  the vapor -liquid interface that 

- . l eads  to  bridging of the channel. This  prablem was  t rea ted  by ~ o i s s i s ~ l  
who assumed an infinite thickness of the vapor layer .  Z'he solution to  the 
'standard velocity-propagation equation ( see ,  for  example,  Milne- 
' ~ h o m s o n ~ ~ ) f o r  waves at  an interface of two fluids bounded above and be- 

. . 'low by rigid horizontal  planes is .  sought fo r  a wave of sma l l  amplitude, 
which has  a .sinusoidal'  variation. The genera l  expression may be wri t ten 
a s  

. .  . 

k p ( ~  - c)' coth (kh) t k p l ( v l  - c ) ~  ~ 6 t h  ~ ( k h i )  = g ( p  - P I )  t ak2,  

. where k i s  the wave number;  c ' i s  the wave speed; 0 i s  the interfacial  
- tension;. p ,  V, and h a r e  the density,  velocity para l le l  to the interface,  

and:depth of the lower-'fluid, respectively; the pr imed quantities r ep resen t  
the upper fluid; and . g  i s  the gravitational accelerat ion.  .This expression 
r ep resen t s  a combined 'Taylor-Helmholz. instability' for  a constant, velocity 
para l le l  to,  and an accelerat ion normal  to , ,  the interface.  



The following quantities a r e  defined: 

W = Weber Number = pLu2//o, 

and 

F = Froude Number = U ' / ~ L ,  (1V.B - 3) 

where  U i s  a charac ter i s t ic  velocity, and L i s  a charac ter i s t ic  length. 
Thus,  on substitution and rear rangement ,  Eq. (IV. E- 1 )  becomes 

2 
. .. 

. . . , 
, . W'T +: .F-:l( .I ~ 0 t h  :(kh) 

The .above equation has  been rendered  dimensionally invariant,  and the 
dimensional groups a r e  a Weber number ,  a Froude number ,  and the density 
rat io .  In Moissis '  analysis  for a ver t ica l  wall ,  the second t e r m  on the 
left-hand side does not appear ,  and a s  a cdnsequence of taking the thickness 
of the vapor layer  to be very  l a rge ,  cofh.(kh1) i s  set  equal to unity, The r e -  
sult  i s  Eq. (10) in Moiss i s '  .paper,  which i s  

where  t h e  s ~ i b s c r i p t s  f and g r e fe r  to the liquid and vapor ,  respectively.  
At this  point, the above expression could be made dimensionally invarianl 
and yield a Webei- numbcr and the density ratio.  However, Moissis  con- 
s idered  the l inearized stability solution and obtained 

The analysis  continued with the assumptions that i t  was  possible to neglect 
the interfacial  shea r ,  momentum chaliges, and p r e s s u r e  fo rces .  The liquid- 
f i lm  thickne.ss was  then oblaiucd by a balance ol the gravity a.nd w a l l  shear  
fo rces .  The -bubble r i s e  velocity was  considered proportional to the square 

1 

root of the piper  d iameter .  A fur ther  assumption. was  made that the most  
unstable wave length could be expressed  a s  ten  t imes  the f i lm thickness.  
'I'he solution s t i l l  r e ~ n a i ~ l e d  ihdetcrminate ,  since the length of the liquid 
slug entered the express ions  and no single value could be assigned to i t .  
The length of the bubble was a1s.o a var iable .  Therefore  the analysis  was 
made on the bas i s  of var ious possible bubble lengths.  The limiting s ta -  
bility c r i te r ion  was  finally obtained a s  



W E ( O . ~ F R ~ ' ~  + c)' = (32T/10)(1 - h*)' h*, (1v.B-7) 

where 

and 

gDi coth (kh) WE = Pf- 
0 p coth (kh) + 1 ' 

where h* i s  h/Dp, D is. the pipe d iameter ,  
P 

Ap i s  the c ross-sec t ional  a r e a  
of the pipe, Q/A i s  the superf icial  velocity, and L: i s  the liquid slug length 
divided by the pipe d iameter .  The author then compared h is  r e su l t s  with 
a i r -water  data  with the number of equivalent. pipe d iamete r s  for  the bubble 
length a s  a p a r a m e t e r .  F r o m  the graphical  representat ion,  i t  appeared 
that a bubble length in  excess  of ten d iamete r s  was  requi red  to produce the 
t ransi t ion f r o m  slug to froth flow in comparing the calculation with visual 
observat ions.  No limiting c 'r i terion was  set  i n  the work that would permi t  
a bound to be made on the t ransi t ion f r o m  slug flow to froth or annular 
flow. In reviewing the method of analysis ,  i t  appeared that Moissis  was 
examining the t ransi t ion f r o m  annular to  slug flow, not a s  was  stated in the 
conclusions that the t ransi t ion was  f r o m  the nonhomogeneous slug flow to a 
homogeneous fog o r  froth-flow region. 

The most  significant portion of the preceding discussion of the 
l inearized stability problem i s  that a Weber number ,  Froude  number ,  and 
the density ra t io  appear  when the equations a r e  rendered  dimensionally in- 
var iant .  Since the effect of density ra t io  may be obscured in  Eq. (IV.B- 1 O ) ,  
a fur ther  reduction may be made. For ,  a thin liquid l a y e r ,  the t e r m  
coth (th) can be approximated by l/kh and the following simplification made 

The wave length, given by 2n/k, i s  fur ther  reduced by the assumption that  
t h e  c r i t ica l  wave lcngth i s  approxir-uaLely 10h. This  yikld.s 



~ h u s ,  f o r  p>> ~ / 5 ,  

To. i l lus t ra te  the effect. of increasing the saturation p r e s s u r e ,  the surface 
tension can be approximated by the difference in  saturat ion 'densi t ies  t.0. 
yield the Weber number in  Moissis '  analysis a s  

which indicates, the rapid r i s e  in  the limiting-stability Weber l~u inbe r  a s  the 
sys t em p r e s s u r e  i s  increased .  

The Froude  number ,  F R ,  based upon the volumetric flow ra t e ,  can 
be wri t ten a s  i n  Eq.  (1V.B- 9 )  in the following form:  

where  x i s  the m a s s  quality, and Go i s ,  the LuLal liiass flow rntc  pe r  unit 
a r e a .  F o r  a fixed flow r a t e  and quality, .the volumetric Froude number de- 
c r e a s e s  with inc reas i~ lg  sy sterli p ressu re .  Thc volumetric ~ r o i l r l e  nnrnber 
does not appear  to be a l a rge  factor in Eq. (1Vi.B-7) since i t  appears  in  the 
square- root  f o r m ,  and ' the magnitude of the h'roude number in the a i r -water  
sys t ems  was i n  the order .of  100. Therefore ,  i t s  contriLutiol~ i s  of the 
o r d e r  of a factor  of two added to the expression for  C in Eq. (1V.B-8). 
Since bubbles do not appear  to affect the r i s e  of another bubble, when the , 
separat ion distance i s  Illore thail approximately five d iamete r s ,  t h e  l imit-  
ing stability c r i t e r ion  should b e  encountered when the liquid- slug thickness 
approaches ze ro .  Thus, the value of C' approaches 3.'15. The effect of the 
Froude  number on th is  t ransi t ion i s  then smal l  for  ra ther  substantial  
changes in. i t s  value. 

A fur ther  es t imate  of the variation of the f i lm thickness ,  h ,  for  the 
l imiting stability c r i t e r i a  i s  seen f o r  the c a s e  in which the thickness i s  
much l e s s  than the pipe d iameter .  F r o m  Eqs .  (1v.B-7) and (IV..B- 14), the 
f i lm  thickness  i s  approximately proportional to t'he cube of the pipe diam- 
e t e r ,  inversely proport ional ' to  the density rat io ,  and inversely proportional 
to  the cube of the liquid dens i ty . ,  



The question of the effect of viscosity on the analysis initiated f r o m  
Eq.  ( I ~ B -  1 )  was in par t  answered by ~ a n k o f f , ~ ~  when he expressed  the r e -  
sult of equating the r a t e  of viscous work to the r a t e  of dissipation of energy 
in  the wave in the f o r m  

exp[ -2k2.t(p + P ' ) / ( P  + P I ) ] .  (IV. B-  1 6 )  

Reference to ~ilne- hornso on^^ i s  indicated for  the.above expression.  The 
instability c r i te r ion  then become s 

where p and p '  a r e  the viscosi t ies .  At low sys tem p r e s s u r e s ,  the liquid 
viscosity would dominate the above expression.  .The  use  of Eq. (IYA-20a) 
reduces Eq. (1'v.B- 17) to  

The effect of viscosity would appear  to  be reduced a t  elevated p r e s s u r e s .  
Single-component fluids &ill  suffer f r o m  the functional relationships that 
connect' the var ious physical proper t ies .  Thus,  empir ica l  expressions 
which employ drily seve ra l  of the many possible p a r a m e t e r s  can desc r ibe .  
p rocesses  i f  the functional 'relationship i s  made sufficiently complicated. , '  

The effects of.surfiice tension and viscosity on the ~ a ~ l o r '  instability were  \ 

investigated by Bellman and ~ e n n i n ~ t o n , ~ ~  and they concluded that surface 
tension has  a damping effect on the instability but entered only to the 
one-fourth power in  the resu l t s .  The effect of viscosity was  shown to r e -  
duce the r a t e  of growth of the amplitude ol t i e  dis turbance a t  any p a r t i c ~ l l a r  
frequency.- ~ u n t ~ '  showed that Taylor instabili ty is most  affected by vis-  
cosity differences in the fluid when the density difference i s  la rge .  When 
the rat io  of density difference to the s u m  of the densi t ies  i s  l a rge ,  the mode 
of maximum instability resembled  the Taylor inviscid solution.73' F o r  

,. . s'mall values of the ra t io ,  the solutions resembled  the r e su l t  of 
~ h a n d r a s e k h a r ~ ~  for  equal kine.matic v iscos i t ies .  In these  l inearized 
analyses ,  the ,density rat io  appears  to  play a prominent par t .  Thus,  in 
f low-regime transi t ions,  the den'sity rat io  apparently i s  the proper  model- 
ing pa ramete r  to  init iate an examination of the effect of elevated p r e s s u r e s  
and t empera tu res .  Of course ,  other proper t ies  must  come into the control 
p a r a m e t e r s  to provide a p rec i se  d.i.stinction. 

The t ransi t ion f r o m  slug flow to' semiannular  flow' may be descr ibed 
a s  a f o r m  of Kelvin-Helmholtz instability i n  the liquid bounded above by 
the base  of a vapor bubble and be lowby the nose of a r is ing bubble. The 
flow of liquid may be idealized a s  flowing f r o m  the wall  along the upper 
portion of the liquid and toward the wall  in the lower portion. Instability 



of the liquid portion may resu l t  when the outflow of liquid tends to exceed 
the inflow f r o m  above (that i s ,  a s  the vapor bubbles tend to merge) .  This 
could occur  a s  a spike of vapor r is ing along one side of the channel. If 
only the effect of surface tension i s  included, and the interfaces considered 
near ly  paral le l ,  the Kelvin-Helrnholz instability is supre s sed when the 
velocity difference, expressed  by ~ h a n d r a s e k h a r  ,72 is. 

where  U1 and U 2  a r e  the velocities paral le l  to the surface.  These veloc- 
i t i e s  a r e  not direct ly  known a s  a function of input flow r a t e s  o r  the super-  
f ic ial  velocities.  The above expression show s that the velocity difference 
v a r i e s  approximately a s  the square  root of the derlsity rat io ,  and the fo l~ r th  
root  of the surface tension. F r o m  Eq.  (IvA- 13), 

where  C i s  a combination of the constants.  O r ,  employing the absolute 
value of the velocity difference, one obtains fo r .  an equality 

where  for  l a rge  values of the density rat io ,  ( P  t 1)'12 may be replaced by 
P1/', and the l a s t  fac tor  can h e  replaced by unity. ~ r i f f i t h ~ ~  suggested that 
the t ransi t ion t u  arulcilar flow f r o m  slug flow (more  probably, semiannular)  
var ied  in  the s team-water  syktem i n  llis i i~vest igat ion as  approximately 
the square  root of the density rat io  f o r  var ious saturat ion p r e s s u r e s .  The 
f o r m  of.the surface-tension relat ionship ' for  water  does not follow p re -  
c isely the relat ionship given 1n Eq. (IV.B - 13 ) .  However,  the above resu l t  
i s  only approximate since the interface has  some curva ture  and the re  i s  a 
viscous effect due to the flow nea r  the walls .  The velocity of the liquid 
flowing out of the space between the two vapor in te r faces  i s  a function of 
the height of the liquid space and the relat ive velocity of the approach of 
the two vapor spaces .  

The instabi l i t ies  descr ibed in  the preceding paragraphs  do not take 
into account the interfacial  work o r  any vaporization f r o m  the interface.  
I t  i s  a l so  tacitly a s sumed  that dis turbances that predominate in  the l inear  
ana lys is  would a l so  predominate in the nonlinear for mi-11at.j on. Thus ,  the 
r e s u l t s  should be taken a s  a possible guide to the fluid p a r a m e t e r s  that may 
govern the t rans i t ions  in  flow reg imes .  



. . 
C. Proposed  Similarity Method 

The thermodynamic proper t ies  of the 'Freons  and water  indicate that 
' 

no single index of two independent proper t ies  can be selected tq establ ish a 
one-to-one correspondence between the fluids. Employing a reduced- 
p r e s s u r e  o r  reduced-temperature crite.rion does not bring the fluids into 
a single universal  relationship. An inner  examination of the re f r igerants  
a s  a group could be made on ei ther  of the above pa ramete r s ,  but the in- 
clusion of water  a s  a fluid of in t e re s t  a l t e r s  the problem. As an .example 
sf-,'the . . .breadth of the problem, Van de r  Walle and ~ a m e i n ' ~  determined that 
15 s imilar i ty  p a r a m e t e r s  governed the genera l  flow equations for  an m i - .  
symmetr ic  vertical '  boiler under natural  circulation. The problem a t  hand 
can be simplified to some extent by considering the conditions surrounding 
the present  range of in te res t .  

In two-phase flow at elevated p r e s s u r e s ,  the question of what flow 
regimes  exist  i s  to be answered,  a s  well  a s  what the  t ransi t ions a r e .  Since 
the problem must  be cdncerned with in te r faces  and the i r  or ientat ions,  the 
sur face  tension and viscosity must  be considered in  addition to the densi t ies  
of the phases.  The liquid dynamic viscosi ty ,  has  been shown a s  a function 
of saturation p r e s s u r e ,  and i t  undergo'es i t s  g rea te s t  dec rease  nea r  s tandard 
atmospheric  conditions. Thus, la rge  gradients .  should not be expected 
again until the fluid approaches the c r i t ica l  region. . The dynamic viscosity 

. 

of the saturated vapor undergoes a relatively slo'w inc rease .  F o r  example,  
t he re  i s  an approximate 30010 inc rease  for  water  vapor in  the p r e s s u r e  range 
f r o m  200 to lOOO'psia, while i t  i s  only 1170 in the range f r o m  500 to 1000 psia.  
Thus, for  the most  part , .  the viscosity of the saturated.  vapor i s  relatively 
constant. The appearance of the ra t io  of dynamic viscosi t ies  of liquid and 
vapor in previous,studi.es relat ive to void-fraction and p res su re -d rop  c o r r e l a -  
t ions has  found the rat io  appearing to  some fract ional  power. As was  p r e -  
viously. stated in an e a r l i e r  'section, the viscosity rat io  ranges  f r o m  6 to  2 
for  water  over a p r e s s u r e ,  range f r o m  400 to 2800 psia .  The initiation of en- " 
t ra inment  in ann.11ar flom7 as indicated ia Section 11-B'would be affected by 
the liquid viscosity and the surface tension. F u r t h e r ,  i f  the stability analyses  
of the preceding se'ction a r e  qualitatively c o r r e c t ,  then the orthobaric-density 
ra t io  would become a major  factor  in  the flow pat te rns  in  the elevated p r e s -  
s u r e .  region. Since. surface tension may not .play' the major  role  in  governing 
the.phase distributions,  i t  would be m o r e  advantageous to  fix the or thobaric-  
density ra t io  a n d  exarnine' the ensuing flow pat te rns .  Thus,  the t e s t  pa ram-  
e t e r s  a r e  formulated on the bas i s  of a s.eries .of . exper iments  a t  
orthobaric-density ra t ios  that . a r e  .in ack6rd with existing information . 

concerning water-flow pat te rns  a t  high p r e s s u r e s .   he var iab les  within 
each set  will be the 'mass flow ra t e  and the therrpddynaniic quality. 



V. EXPERIMENTAL APPARATUS AND OPERATIONAL PROCEDURE 

A closed forced-circulation loop was designed and constructed with 
provision for  the inclusion of a three-unit ,  interchangeable tes t  facility 
composed of a heated t e s t  section, a transit ion section, and an unheated 
t e s t  section. The loop was designed for  operation with trichloromono- 
'fluoromethane, Refr igerant-  11, a s  the fluid. Auxiliary sys tems for the 
void'-fraction determination, the X-ray  monitoring of the flow pat terns ,  
and the photographic tes t s  were  developed. The principal i tems will be 
considered  individual^.^. 

A. The Forced-circulation LOOD 

The closed forced-circulation loop was constructed of welded 
s ta in less -s tee l  components with the exceptison of severa l  flanged connec- 
tions, which w e r e  included for  interchanging various elements of the 

, 

equipment. A flow diagram of the loop i s  show-n in  Fig. V. I .  
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~ i g .  V. 1. Schematic Diagram of Forced-  
circulation Loop 

A Wes tinghouse, Model 30-A, totally enclosed, centrifugal pump 
was employed in  the loop. It was originally desiglled for  operation with 
water  as  a fluid with an inlet p r e s s u r e  of 2000 psi  and water  temperature 
of 600°F, and i ts  ra ted head of 35 ps i  a t  20 gal/min was attainable by 
water. a t  600°F. In operation with R-11 as  the fluid, the pump delivered a 
head in excess of 50 ps i  for  the major  portion of the t e s t  runs.  



The flow proceeded f rom the pump. through a 1-in. ,  Schedule-40 line . . 
and passed  through a th ree  -valve manifold, through a sharp-edged orifice,  
and into a horizontal  prehea ter .  F r o m  the horizontal  prehea ter ,  the flow 
entered a ver t ica l  prehea ter  and then passed  through the main throttling 
valve into the ver t ica l  t e s t  unit. Flow exited f r o m  the t e s t  unit into a .2 - in . ,  
Schedule-40 line,  where  i t  could be directed into one 'or both of the horizon- ,  
tal  condensers by control valves in the line. Condensate flowed through a 
horizontal  subcooler and into a downcomer .connected to the suction of the 

pump. A by-pass  l ine was included in the: sys t em around the pump. 'The 
l o o p  was suppo'rted by constant-support hangers located on each condenser 
a t  the ver t ica l  t e s t  unit. The 'loop was insulated by a combination of 
1 -in; -thick, molded-magnesite pipe insulation and bats .  of l*-in. -thick; spun 

. f iber  glass  with an aluminum-foil backing. 

The horizontal  heater  was a 6- in .  pipe, 5 ft  long, containing th ree  
Calrod hea ters  ,each ra ted  a t  7i kW. 'Two of the hea ters  were  wired  for  
on-off o'peration; the,  th i rd  was connected to. a var iable  t r ans fo rmer .  The 
horizontal hea ter  contained a vent l ine in which a rupture disc  assembly  
with a p r e s s u r e  rating of 1000 ps i  was inser ted.  These hea te r s  w e r e  only 
employed in the .higher t e s t  s e r i e s  to eliminate excessive sub-  
cooling of the fluid. 

The ver t ica l  prehea ter  consisted of a 3-in. pipe, 2 f t  long, contain- 
ing three  Calrod hea te r s ,  each ra ted  a t  2 kW. Two of the hea te r s  were  
wired for  on-off operation; the third was connected to a var iable  t r a n s -  
f o r m e r  for  fine control of the inlet-fluid tempera ture .  

The two horizontal  condensers a r e  identical in design and consisting 
of four 3/8-in. -diam U-tube units mounted in a 6- in. ,  Schedule-40 pipe. 
Cooling water  was d i rec ted  intv the tubes through a sharp-edged orif ice  for  
flow measurement .  Control valves w e r e  located in the cooling-water l ine 
before and af ter  the condenser.  Thus,  a condenser could be effectively 
removed f r o m  the sys t em by excluding cooling water  f r o m  i t .  The control 
valve a t  the cooling-water exit permit ted operation of the condenser a t  
conditions where  pressur iza t ion  of the cooling water  was n e c e s s a r y  to 
suppress  boiling in the cooling-water tubes. A vent lilie f r o m  each con- 
denser  contained connections for  a vacuum line and a rupture d isc  assembly.  
Each cooling-water supply line contained a check valve ups t r eam of each 
unit as  a safety precaution against a tube rupture.  

A h o r i ~ o n t a l  subcooler was constructed of 6 - i r l . ,  Schedule-40 pipe, 
2 ft  long, and contained two 3/8-in. -diam U-tubes. The cooling-water 
sys t em for  the subcooler was designed in a s imi l a r  manner  to the cooling- 
water  sys t em for  the condensers .  

Flow ra t e s  in  the loop w e r e  determined f r o m  the p res su re -d rop  
measurements  obtained f r o m  .a sharp-edged orifide connected through. 



flange p r e s s u r e  taps to a different ial-pressure t ransducer .  Lengthy hori-  
zontal l ines w e r e  run f r o m  the or if ice  location to the t ransducer  to eliminate 
var iable-densi ty  effects in  p r e s s u r e  -drop measuremen t s .  Standard ASME 
orif ice  flanges w e r e  employed in  the sys tem,  and th ree  s izes  of or i f ice  plates 
w e r e  constructed. The or if ice  p r e s s u r e  gradient was t ransmi t ted  by the 
d i f fe rent ia l -pressure  t ransducer  to a cha r t  r eco rde r ,  and the output was 
monitored on a Wheatstone-bridge potentiometer.  The or if ice  flow was 
cal ibrated by an in-place,  weigh-tank t e s t . .  Three  temperature-compensated,  
d i f fe rent ia l -pressure  t r ansduce r s  were  employed with ranges of 0 to 1 psid, 
0 to 2 psid,  and 0 to 5 psid.  Each t ransducer  was cal ibrated in a sepa ra t e  
known-pres s u r e  facil i ty.  

The cooling-water flow r a t e  for  each unit was determined .by employ- 
ing a s tandard or if ice  plate connected a c r o s s  a 60-in. manometer .  Each 
or if ice  was cal ibrated by the use  of the s tandard weigh-tank tes t .  

To reduce flow oscillations induced by the pump and prehea ter  s y s -  
t em,  the major  p r e s s u r e  drop in  the sys t em was taken a c r o s s  a throLLling 
valve approximately 5 ft  f r o m  the inlet  to the t e s t  section. The high p r e s -  
s u r e  developed by the pump was isolated 'by the. throttle valve and provided 
a means of suppress ing  boiling in  the prehea ters  located between these two 
components of the sys t em.  . T h e  flow r a t e  to the t e s t  section was a l so  
controlled by the throt t le  valve. The amount of fluid i n  the sys t em and the 
conditions in the condensers  s e t  the p r e s s u r e  level in the loop. 

The loop had a capacity of sl ightly l e s s  than 5 cu ft, which r e p r e -  
sented a charge weight of 450 lb  of R-11 a t  room tempera ture .  To operate  
a t  the various t e s t  conditions, an accumulator sys t em was installed so that 
the fluid could be charged into, o r  withdrawn f rom,  the sys t em on the suction 
s i d e  of the pump. The accumulator was of the shell-and-bag type construc-  
tion with nitrogen as an operating gas fo r  pressur iza t ion .  A sepa ra t e  tubing 
network permit ted the charging of the accumulator f r o m  a tank of R-11. The 
accumulator could be by-passed and the loop charged direct ly  f r o m  the 'R-11 
tank. 

A sepa ra t e  installation was .employed for  distillation of the R-11 
before charging the loop. The R-11 took on a yellowish cas t  when'heated 
without p r io r  disti l lation. This was di.ie to an inclusion of a foreign sub-  
s tance  in  the commerc ia l  grade  of the fluid. Distillation prevented a 
r ecu r rence  of the yellow cas t  to the fluid and i s  recommended f o r  experi-  
ments  in  which the common, commerc ia l  re f r igerants  a r e  employed. The 
soi1rc.e. of R-11 for  these  tes t s  was the E.  I. Du,Pcnt Company, whose t r ade  
name  f o r  the re f r igerant  i s  F reon-  11. Thus, i t  i s  m o r e  consistent to employ 
the t e r m  F- 1 1 r a the r  than R- 11 for  the fluid in  ' these t e s t s .  

.The thermocouple locations a r e  indicated in Fig.  V. 1. and r ep resen t  
the fluid and cooling-water t empera tu res .  The thermocouples w e r e  shielded 



iron-constantan, 24-gauge units and were calibrated in a hipsometer-type 
unit. Output f rom these thermocouple units were connected through a 
selector switch-box assembly and an ice-bath cold junction to a Wheatstone- 
bridge potentiometer. The accuracy of the thermocouples was within one 
degree over the temperature range employed. 

Figure V.2 shows the instrumentation equipment and controls in an 
isolation location from the flow loop, which was shielded from the labora- 
tory a rea  by aluminum sheeting. 
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The local pressure drops in the vertical test section were obtained 
from the output of temperature-compensated pressure  transducers and 
recorded on a Sanborn Model 150 recorder. These transducers were of the 
differential-pressure type and varied in range from -+_I to 215 psid. The 
range of the system pressure, flow rale, and distance between the taps 
determined the transducer unit employed. The transducers were calibrated 
for a range of uulpul f rom 6 to 10 mV to cover the full-scale pressure 
rating of each unit. Each transducer was calibrated by applying a known 
differential pressure and reading the output of the transducer on a 
Wheatstone-bridge potentiometer for  a fixed excitation voltage. 



The Sanborn recorder consisted of a four-channel unit with three 
stabilized d. c. preamplifiers capable of reproducing the waveform of an 
input signal f rom 0 to 10,000 cps with a sensitivity of 0.1 mV per division. 
The performance data with driver amplifier and recorder indicated a 
frequency response of 0 to 100 cps, a recording system drift of approxi- 
mately 0.1 division, per  hour, and a recording system sensitivity from 0.1 
to 0.2 mV per division. A low-level preamplifier with zero suppression 
was employed periodically to examine the output of the pressure transducer 
across  the flow orifice. 

The Sanborn recorder had a horizontal chart plane with nine chart 
speeds from 0.25 to 100 mm/sec. A stylus marker  recorded 1-sec time 
intervals on the chart. The width of each recording section was 5 cm, and 
the stylus was zeroed at the center of each strip. The desired attenuator 
scale was calibrated a t  intervals during a se t  of tests to eliminate the effect 
of drift. The attenuator had 11 selector settings from 1 to 2000. 

A portable, Sciaky ignitron-controlled, power supply provided a.c. 
power for the test  section. The power supply contained two separate trans - 
former  units, which had an input voltage supply of 440 V. The ignitron units 
controlled the phase shift in the power cycle, and the power control was 
continuously variable over the test  range. Occasional line-power demands 
external to the test unit caused a slight drift in the power to the test  section. 
These slight excursions were  noted, and the time for equilibrium to occur 
in the test  system was extended to compensate for the shifts. Any shift 
during a test was sufficient cause for eliminating that particular run. Since 
the power supply was water-cooled and an interlock tr ip connected to that 
circuit, a high external demand for water would, on occasion, produce a 
power -trip. 

The electrical energy input to the test section was measured by two 
methods. The power input was obtained directly f rom a portable Weston 
wattmeter. In practice, two separate wattmeters were  employed, depending 
upon t h e  pnwer level. The power input was also obtained by utilizing an a.c. 
Weston voltmeter and an a.c. Weston ammeter.  These units were typical 
portable units with 1/4% precision of full scale. These units were calibrated 
by comparison with units of standard known outputs, The current across the 
tes t  section was reduced by a step-down transformer so that standard-range 
instruments could be used. 

Three Heise bourdon-tube pressure  gauges were  incorporated into 
the loop for the determination of the static pressure  a t  the inlet of the heated 
section, a t  the inlet ul the unheated section, and in  the horizontal preheater. 
Calibration curves were  obtained for these gauges by means of a deadweight 
test .  A maximum deviation of 3/4 ps i  was noted in the up-and-down cali - 
bration tests for  these units over the test  range of pressures .  A comparison 



of the indicated pressure  with the corresponding temperature in the test 
section, when i t  was occupied by a saturated vapor, indicated a negligible 
deviation from the saturation temperature corresponding to the pressure.  

Iron-constantan thermocouples were attached to the heated section 
with glass tape. One thermocouple was approximately 6 in. below the exit 
f rom the heated section, and another was approx'imately 6 in. above the inlet. 
The output of the couples were .connected to Brown Pyr  -0-Vane temperature - 
indicating units with scales f rom 0 to 600°C. A variable-temperature 
selection tr ip was connected to the power-supply interlock, thereby per-  
mitting any wall-trip temperature to be selected. In general, the setting 
was made at approximately 400°C. Normally, a r i se  in wall temperature, 
indicating the overheating of the test section, was readily noted, and the 
power decreased o r  the flow increased. Operation of the unit a t  tempera- 
tures in excess of 6Q0°F .would result in a breakdown of the fluid and 
produce a "coking" in the heated section if prolonged periods a t  these high 
temperatures were sustained. Several instances were noted of the wall 
temperature rising to a high value and then diminishing to a value somewhat 
of the order of the setting before a change in the power o r  in the flow. 

B. The Test-section Assembly 

The vertical test-section assembly consisted of a heated section, 
a transition section, and an unheated section. Two units were designed to 
operate as  heated sections: one, a rectangular section, and the other, a 
round tube. The transition section was designed to provide a smooth tran- 
sition from the circula'r to the rectangular conduit. The unheated section 
was of rectangular cross section, with pressure-tap locations along the 
minor dimension. 

Figure V . 3 . i ~  a cross-sectional view of the rectangular test  unit 
designed to incorporate a visual access port for photographic studies of 
the flow patterns. The heater element was constructed of A-nickel with 
outside dimensions of 1.250 by 0.625 in. and a wall thickness of 0.125 in. 
This element was elecirically insulated from the containment shell by 
Durabla insulation str ips.  Thermocouples were  inserted through the 
Durabla into the a rea  a t  the outer surface of the heater element and elec- 
trically insulated from the heater by thin sheets of mica. The pressure  
jacket and cover plates were machined f rom Type 304 stainless steel. The 
total length of the unit after assembly, was 4 4  in. The visual access win- 
dows were 35 in. long and were located on thc minor dimension of the 
heater element. Single sections of optical glass were  employed with nom- 
inal dimensions of 1+ by 3/4 in. by 36 in. long: The pressure-jacket 
assemblyis  showninFig .  V.4. ' 
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Several problems were encountered in providing a leak-free assem- 
bly of the rectangular heating unit. The assembly of the components of this 
unit required that a single copper bus bar  be soldered to the A-nickel 
element; then this unit was inserted into the pressure  jacket in which the 
thermocouples and Durabla insulation had been placed on one side. The 
Durabla insulation for the other portions were then inserted, ,and the unit 
clamped at the bus bar end. Heater s tr ips were then placed in the inner 
section, and dry ice was applied to the outer-jacket. The purpose of this 
procedure was to provide the maximum expansion possible in the inner 
element. The final, terminal copper bus bar was then attached to the a s -  
sembly. Slight cracks developed initially in the nickel element, which 
produced substantial leakage under pressure.  This problem was somewhat 
masked by the failure of several  glass sections during assembly and testing. 
In addition, the glass sections required extensive assembly tr ials ,  since 
many failures resulted f rom improper loading procedures. Appendix D con- 
tains the loading procedure developed by tr ial  and e r r o r  for the assembly 
of long, glass units. Continued modifications of the nickel rectangular 
section were required. A narrow groove was machined around the periphery 
of the nickel section to provide a better sealing surface for the gasket betwee 
the glass and the metal section. Since sealing the rectangular section 
presented a lengthy delay in the tests,  a Type 304 stainless -steel tube of the 
same length a s  the rectangular section was assembled with copper bus-bar 
attachments and included in the loop. The electrically heated tube had a 
heated length of 34i in. and an ID of 1; in. The use of this unit reduced the 
upper limit on the qualities obtainable without undergoing a burn-out. 

The transition-section assembly, shown in Fig. V.5 consisted of a 
rectangular insert  with a circular-to-rectangular transition cone, and a 
2-in., Schedule-40, stainless -steel pipe, which added rigidity to the system 
and provided a standard flange connection to facilitate interchangeability of 
components. The rectangular transition piece was drawn from Type 304 
stainless -steel tubing with a resultant internal section 1.050 by 0.380 in., 
with a tolerance of k0.005 in. and an overall tolerance of k0.003 in. The 
wall was 1/16 in. thick, dud Ule total length was 36 in. The inser t  was 
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welded into an end piece, and a pressure-tap hole was drilled and deburred. 
The pressure-tap fitting was 1/8-in. tubing, welded into a countersunk hole. 
A thermocouple fitting was welded to the wall of the pipe, and a shielded 
thermocouple was inserted so  that i t  butted against the insert.  The location 
was approximately 4 in. from the exit. 

Figure V. 6 is  an ass  embled view of the rectangular, unheated, test 
section. The rectangular-flow channel was formed of the same material as 
the transition piece, and identical tolerances were maintained. The overall 
length of the section was 45; in. after Heliarc welding of the end plates. 
Backup plates added rigidity to the unit and were insulated from the inner 
section by Durabla gaskets. Between the cover plates, metal spacers con- 
strained the section in the minor dimension. The void traverses were made 
a t  locations between these spacers.  Several spacers were removed at the 
location of the fluoroscope centerline to provide an uninterrupted path for 
the X-ray beam. A slot was milled in the two cover plates to provide an 
access port for void traverses llormal to the major dimension. 

PRESSURE TAP COVER PLATES 7 

Fig .  V.6 .  Unheated, Rectangular, Test-section 
As s embly 

Local pressure-drop ~r~easurements  were made in the unheated 
section. The four pressure-tap holes were constructed by welding 1/8-in. 
tubing into countersunk holes, which were drilled through thc section and 
the end plates with subsequent deburring. The tubing was run horizontally 
to the exterior of the enclosure surrounding the vertical-test-section as -  
sembly to eliminate any variation in density in the vertical legs of the 
tubing connected to the differential-pressure transducers. Pressure-  
gradient measurements were made across thrcc  element^ of the unheated 
section. The length between taps for the overall pressure drop was 44% in. 
The intermediate length was 14Ein.  between the two taps located on .the 
unheated section; the length was 14% in. for the pressure-drop measure- 
ment a t  the exit end of Lhe ulheatcd section. 

The rectangular sections were aligned by inserting a rectangular 
block with a connecting rod into the space between the sections, and by 
tightening the flange bolts. The spacing block was then removed from the 



units. Durabla gaskets were  employed between a l l  flanges and formed an 
effective sea l  af ter  the sys t em had been heated. Movement between the 
sections was great ly  inhibited. This became apparent when attempts to 
dis a s  s emble the s ections we r e  made.  Thermal  insulation of the s ections 
was effected by l aye r s  of spun f iber-glass  insulation. The outer  wrapping 
was covered with bonded aluminum foil to reduce the radiation loss .  

C. The Fluoroscope Monitoring Sys t em 

Flow pat terns  in  h igh-pressure  sys  tems w e r e  observed by ~ohanns* '  
through the combination in a fluoroscopic sys t em of an X- ray  tube, collima- 
to r ,  image-intensifier tub.e, and a television monitoring network. The 
investigation by Johanns into the feasibil i ty of employing s tandard X- ray  ' 

equipment for  the delineation of flow patterns encompassed an examination 
of the absorption chai-acteristics of various containment mater ia l s  which 
could be' utilized with h igh-pressure  water  sys tems.  The use  of single 
photographic plates with X - r a y  sources  i s  commonplace in many industr ia l  
f ields and has been employed in two-phase flow investigations, a s  for  exam- 
ple in the work of Bennett, -et -- a1.7 However, the p r i m a r y  question of whether 
sufficient detail  could be obtained f r o m  a continuous observation of moving- 
flow configurations was in doubt. The principal problem was whether 
sufficient high-energy photons f r o m  the X- ray  source  could penetrate  the 
conduit walls and s t i l l  be of low enough energy to meet  the absorption r e -  
quirement  in the fluid. 

The examination of the absorption charac ter i s t ics  of X-ray  photons 
of various energy levels in  water ,  s teel ,  titanium, and aluminum by Johanns 
provided the information required for  the use  of a s imi l a r  installation in  
this investigation. Both t i tanium and aluminum a r e  bet ter  conduit ma te r i a l s  
than s tee1 for  the X- ray  sys tem.  However, the problem of the s t rength of 
the ma te r i a l s  under high press .ures  mitigated a compromise  in the high- 
p r e s s u r e  water  s tudies .  Such a problem i s  reduced in sever i ty  fo r  sys t ems  
incorporating the common r efr igcrants  as a wvrking fluid. 'l'hin-wall stain-. 
l e s s  s tee l  was sufficient for  the present  study. 

The schematic  layout of the fluoroscope sys t em i s  shown in  Fig.  V. 7 .  
Due to the shielding requi rements ,  the X- ray  and fluoroscope location was 
fixed a t  approximately 150 equivalent d iameters  f r o m  the exit of the heated 
section. The X- ray  beam was collimated a t  the X - r a y  source  and 'was a l so  
collimated nea r  the t e s t  section by movable lead panels,  which reduced the 
background radiation to a safe level.  The X- ray  beam t r ave r sed  the un- 
heated rectangular t e s t  section in a path normal  to the minor  dimension. 
The vidicon image-intensifier unit was adjusted a t  a distance f r o m  the t e s t  
section to provide a magnification of approximately four to one when the 
image  was t ransmi t ted  through the television c a m e r a  unit to the monitor 
sc reen .  The lead shielding employed as  a collimator a l so  prevented any 
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Fig. V.7.  Schematic Diagram of The image viewed a t  this posi-  
Fluoroscope Sys t em tion was not rrlag~lified to any 

degree and presented a sha rpe r  
picture  of thc flow pat tern.  As a safety precaution, the m i r r o r  arrangement  
was not continuously employed. 

The operating conditions for  the X-ray  unit were  determined by 
balancing the level of sharpness  obtained by increasing the cur rent  level a t  
fixed voltage with the inc rease  of image persis tence a t  increasing cur rent  
levels.  The operating conditions for  the television viewing for  the present  
investigation were  a voltage of 120  kV and 'a  cur rent  of approximately 3 mA. 
At high fluid flow ra t e s ,  the image would tend to pe r s i s t  for higher cu r ren t s .  
Therefore,  the prec ise  sett ing of the unit was dependent upon the flow 
conditions. 

As with most  visual uLs ei4vatis l~s,  the viewer develops a discrimi.- 
nating eye, which tends to render  the observatiolls subjective ra ther  than 
objective. This i s  unfortunately t rue  of both single phuLugl;aphs and motion 
pictures .  Thus, the description of an event can a t  most  be consistent with 
another event, only if the observer  a s s e r t s  the same  c r i t e r i a  fo r ' t he  desig- 
nation of s imi1a r i . t~ .  To remove some e l e ~ n e n t  of observer  prejudice, the 
randomized block type ul  lactor ial  tcot program js ideally the best fo rm of 
t e s t  selection. The major  problem of the t ime required for the present  
sys t em to reach equilibrium was a counterbalancing factor in deciding the 
f o r m  of the actual t e s t  program.  To provide operating experience in the 
observing of  flow pat terns ,  the sys tem was maintained in natural  c i rcula-  
tion, and the developing flow patterns were  observed. A sig~lificant aid in 
the init ial  observations of plug flow was obtained by observing the void 
t r a v e r s e  char t  r eco rde r  a t  fixed position some distance below the X-ray  
equipment. The rapid response of the chart  pen to both bubbles and vapor 
slugs yielded an indication that the pat tern w a s  nearing thc monitor field., 
The interfaces were  in sha rp  outline with the liquid appearing as  the darker  
element.  The churn patterns were  quite c lear  in the a l te r~ la t ing  downflow 
of the liquid. In annular flow with large-amplitude waves, the walls of the 



section appeared to oscil late,  s ince the liquid fi lm was the da rke r  element.  
The obvious uncertainty of whether a liquid bridge o r  a liquid annulus 
passed could not be rectified f rom the television monitor alone. � he s imul-  
taneous recording of the local p r e s s u r e  drop and i t s  corresponding osci l la-  
tions was a secondary method of rectifying the uncertainty, although a band 
of flow conditions could be ascr ibed  to one flow regime o r  another.  The 
use  of the high-speed, color motion pictures  added another dimension to the 
determination of the flow pat terns .  

The determination of what i s  seen  in . the television monitor becomes 
l e s s  distinct as' the liquid and vapor velocities a r e  increased.  The percep-  

. . tion of high-velocity droplets in an annular .core  would appear  a t  best  a s  

. . s t reaks  for  high. concentrations.  As the sys t em saturat ion p r e s s u r e  is  
ra ised,  the difference in vapor and liquid velocities decreases  and the pe r -  
ception i n ~ p r o v e s  for  a given quality and flow .rate .  However, a s  the densit ies 

. . become m o r e  near ly  of the s a m e  magnitude, the difficulty again a r i s e s  in  
: 

distinguishing between the phases.  The range of usefulness of the fluorosCdpe 
sys t em i s  thus confined to moderate  veloci.ties fo r  h igh-pressure  sys t ems  
when d i rec t  viewing i s  employed. It i s  possible,  however, to r e c o r d  the 
p rogram on video tape. fo r  repeated viewing, which should provide a bet ter  
background for  judgment. The photographs taken by Johanns w e r e  not of 
sufficient quality to employ a s  single f r a m e  reproductions . Therefore,  
this study did not attempt to produce any. of these f i lms.  

D. Photographic Equipment and Techniques 

The use  of s t i l l  photographs and high-speed motion pictures  to r e -  
cord the various flow regimes  i n  two-phase flow has been prompted in p a r t  
by the variance in  visual interpretat ions of flow pat terns .  Unfortunately, 
even high-speed motion pictures  have not c lear ly  dissipated the personal  
interpretat ion of the events recorded  in the fi lm. One difficulty has  been 
the inability of an obse rve r  to in t e rp re t  an oddly-shaped region a s  being 
ei ther  liquid o r  vapor.  With the advent of higher-speed,  color fi lm, the 
delineation of bubbles and droplets in two-phase flow has been great ly  i m -  
proved. A two-color lighting sys t em was descr ibed by Cooper, Hewitt, and 
pinchin." A single-color light source  ( say  blue) i s  directed f r o m  above 
the plane of vision a t  a nar row angle to the normal ,  and a second light source  
(say  r ed )  i s  d i rec ted  f r o m  below in  a symmetr ica l  position. With the lighting 
ar ranged in the above manner ,  a vapor bubble will be seen  a s  possessin.g a 
bluc upper sur face  and a r ed  lower surface.  A liquid droplet ,  on the other  
hand, will  have a r e d  upper sur face  and a blue lower surface.  The a r range-  
ment  shown in Fig. V.8 was employed in the p resen t  photographic study in 
which a Fas tex  c a m e r a  with framing speeds up to 8000 f r ames  p e r  second 
was utilized. The c a m e r a  was tilted a t  a slight downward angle. 
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Fig.  V.8. Schematic Diagram of High- a r e  normally s e t  by the p a r -  

speed, Color, Motion-picture ticular phenomenon to be 
Arrangement  studied. F o r  example, an 

armular liquid fi lm on the wall 
and liquid droplets in the core  would require  a lighting arrangement  s imi lar  . 
to the one hescr ibed  above when large-amplitude waves may be present  on 
the liquid surface.  F o r  the above lighting sequence, the high-amplitude 
waves would have a r e d  surface,  whereas low-amplitude waves would lose 
the predominant r e d  color and appear  a s  da rk  lines in the liquid surface.  
Since the liquid fi lm and the wave move a t  ra ther  low speeds,  the subse-  
quent camera  speed need not bc ve ry  fast .  The liquid droplets .in the core  
m a y  have velocities in the o r d e r  of 100 ft/sec and requi re  vexy high camera  
speeds to slow down the action. 

The effects of various types of lighting arrange~mlents and the. r c ~ u l t s  
obtained f rom these methods s-hould be mentioned. ?'he two general  ~nlelliods 
for  illumination a r e  incident and t ransmit ted light. Incident light i s  t r ans -  
mitted in  the s a m e  general. direction a s  the point of viewing. The back 
reflectance i s  the source  for photographic viewing, although the majori ty  
of the light i s  t ransmit ted through l l ~ e  test  section. This method i s  s o m e -  
what insensit ive to the many high lights and configurations when a nar row 
angle of incidence i s  involved. With obliquely-lit sur faces ,  such as  described 
above, the sha rp  outline of waveforms such a s  appear in annular flow a r e  
given 1,arge. degrees of c ~ ~ t r a s t .  

Transmit ted light produces refraction effects and thus allows a 
survey  of sma l l  refract ion effects. Bubbles appear in profile and a r e  m o r e  
sharply defined. Three  types of transmittZd light a r e  employed: 
1) collimated o r  focused sys tems,  2 )  diffuse sys tems,  and 3 )  dark-ground 
sys tems.  



The f i r s t  s ys tem i s  employed to examine dimensionally-small 
effects. The light must travel through the liquid in the r ea r  of the test 
section before passing out of the section, and thus variations in intensity 
a r e  sometimes incorrectly interpreted. The use of a mi r ro r  o r  p r i sm 
can reduce the observer e r ro r .  

The second system avoids the variation of intensity as  described - 
above but also reduces the amount of information that i s  conveyed. The 
third system depends on reflection and refraction a t  interfaces that yield 
sharp contrasts, but the evaluation of the results i s  again in doubt. 

In the present system, a light background was used to ra ise  the 
general intensity during the high-speed, motion-picture study. The general 
effect was the transmission of a background through the liquid, During the 
presence of bubbles, there was very little transmission of background light. 

E. Void Distribution by Gamma- ray Attenuation Method 

The volumetric vapor void fraction i s  determined through a tech- 
nique described by Hooker and Its principle is  based on the 
absorption of photons as  gamma rays pass through the material,  with the 
intensity decreasing exponentially with the distance traversed. The amount 
of absorption is  proportional to the intensity of the radiation and to the 
thickness of the material a t  a given point. Thus, 

dI = -uaI ds, 

where 

I = intensity of radiation ( ~ / h r ) ,  

ua = linear absorption coefficient of the material 
traversed (cmrl),  

and 

ds = thickness of the material t raversed (cm). 

For  a collimated beam of monoenergetic gamma rays of initial intensity I,-,, 
integra.t.inn of the above equatiu~i yields 

when s is the material  thickness. 

Three assumptions a r e  inherent in this method: 1) the gamma r a -  
diation i s  monoenergetic, 2 )  the vapor mixture can be represented by 



layers of vapor and liquid perpendicular to the incident radiation, and 
3 )  the radiation received by the scintillation crystal passes only through 
the vapor -liquid mixture. 

Deviations from the second as sumption were considered by Hooker 
and popper. 82 

The physical arrangement of the gamma-ray unit i s  shown in 
Fig. V. 9.  A thulium- 170 source, which decays to ytterbium- 170 by beta 
emission, i s  contained in a lead shield, and the emission beam i s  directed 
through the test  section onto a scintillation crystal mounted on the face of 
a photomultiplier tube. This assembly i s  shielded from extraneous light 
and i s  cooled by a water jacket to maintain the unit a t  constant temperature. 
The light o ~ ~ t p u t  of the fluorescent crystal i s  proportional to the incident 
radiation. Thus, the current  output of the photomultiplier  reflect^ the 
amount of absorption of photons. The current output of the photomultiplier 
i s  amplified a r d  recordcd by an inking pen on a coiltinuous recorder. The 
system i s  calibrated by taking readings for the test section filled with 
liquid and then with vapor at the same test pressure.  This form of cali- 
bration i s  not always readily obtainable, and a correction chart may be 
obtained for correction factors obtained a t  normal pressures  and tempera- 
tures.  (See Appendix B for correction factors.) 

SOURCE 

P.M. TUBE 

TRANSITION 

HOLDER 

SECTION 

Fig. V. 9. Void-traverse Equipment 



The source  employed in these tes t s  was a 23-R unit a t  2 in. The 
vert ical  s l i t  a t  the photomultiplier-tube receptacle  was 1/32 in. wide. The 
horizontal  t ravers ing  length was s e t  a t  approximately 1/2 in.  s o  that the 
test-sect ion wall would a l so  be t raversed .  The output f r o m  the 
photomultiplier-tube unit was recorded on a 0 -  10-mV s t r i p  r eco rde r  with 
a char t  speed of 3 in./min . The t r ave r s ing4speed  was s e t  s o  that a com- 
plete t r a v e r s e  of the section ac ross  the nar row dimension requi red  4 to 
5 min, which corresponded to a t r a c e  of approximately 13 in. 

The. void7traversing wiit i s  shown in  Fig.  V .9 . ' i n  a position along 
the transit ion section. The ver t ica l - t ravers ing  sys t em was designed f o r  
var iable  speed s o  that a . c a m e r a  could be mounted on the assembly  and 
photographs taken along the vert ical  direction. Ln the void- t raverse  appli- 
cation, a rapid ver t ica l  movement was not requi,red. The horizontal-  
tra.ve.rse mechanism was designed to incorporate  a constant-speed motor  
dr ive with an interchangeable'worm-gear dr ive fo r  maintaining low 
translational speeds.  To maintain alignment, both the source  and photo - 
multiplier assembl ies  were  driven f r o m  the s a m e  shaft. The location of 
the wall  on the void t r a c e  was eas i ly  obtained s ince the passage  of the 
t r a v e r s e  a c r o s s  the wall  ,produced a minimum in , the  void t r a c e  a s  the 
t r a v e r s e  passed  out a c r o s s  the Durabla gasket between the rectangular  
t e s t  section and the cover plates. 

The constancy of the t ravers ing  speed was examined by measuring 
the distance along the void t r a c e  a t  a given level nea r  the point of entry 
into the wall. As the void profile passed  into the wall, a s t raight  line 
could be passed  through the t r ace  on both s ides  of the profile,  which p e r -  
mitted a check on the repeatabili ty of the spacing. The major  e r r o r  
involved in these void measurements  occur red  a t  the location n e a r  the 
wall  where  a l a rge  gradient existed in the t r ace .  The a r e a s  involved 
represented  one-sixth of the total  a r e a .  

' 
The local void fraction can be obtained f r o m  the output signal of 

the photomultiplier tube, which i s  recorded  on the s t r i p  r eco rde r  when 
the output signals for  the full (liquid) and empty (vapor)  conditions in  the 
channel a r e  known, s ince the relationship for  local  void fraction8' i s  .given 

by 

where  v i s  .the output signal,  and the subscr ip ts  E and F rep resen t  the 
empty and full signals,  respectively.  The c r o s s  section was subdivided into 
12  segments and the mean value recorded , for  each segment.  Empty and.ful1 
readings a t  the s a m e  locations w e r e  a l so  , recorded seve ra l  t imes during 
each tes t  p.eriod. The i  k values were  then reduced to local  void fractions by 



a digital-computer p rogram.  The average of these local  void fractions 
yielded the mean value of void fract ion for  the t e s t  section. 

The vert ical  placement of .the void t r a v e r s e  was readily controlled 
through the instrumentation. All void mea'surements w e r e  taken a t  a level 
sl ightly above the lower p r e s s u r e  tap fpr  the intermediate  p r e s s u r e  drop. 
Severa l  runs w e r e  made  a t  various poiit ions along the unheated section, 
but the resu l t s  showed no significant var iance.  Thus the tes t s  were  c,on- ': 

ducted a t  a position approximately 120 equivalent diameters  f rom the exit 
of the heated section. 

The bas ic  assumption made  in ' these  resu l t s  i s  that the t ime 'of 
t r a v e r s e  was long enough, and the , local  c r o s s  section sma l l  enough, that 
the . t ime average and the space  average were. identical. The sensit ivity of 

. . 
the unit was sufficient to respond to a vapor plug, a t  no liquid flow, with 
rapid sweep f r o m  full  to empty when the t r a v e r s e  was stationed a t  some 
channel position. 

F r o m  the resu l t s  of previous t e s t  p rograms ,  i t  was estimated 'that 
a maximum e r r o r  of 10% in void determinations i s  t o ' be  expected. Very 
l i t t le  dr i f t  was noted in the empty-'full .readings taken over  a 4-hr period. 

F. T e s t  P rocedure  and .Data Analysis 

The procedures  for  charging, operating, and cleaning the loop a r e  in-  
cluded he re .  The physical burn-out of seve ra l  p~'e11eatcr c l e m e n t ~  and t e s t  
sect ions occur red  during the testlng period.  The possible causes and 
techniques f o r  prevention of r ecu r rences  of t h c ~ e  fai lures  a r e  descr ibed.  

In operation, the loop was s table  for  the most  par,t.  However, ocveral  
instances of flow instabili t ies within the loop w e r e  observed in which flow 
fluctuations w e r e  s o  l a rge  and expanding in  amplitude that the power supply 
and pump w e r e  dropped f r o m  serv ice .  These high instabili t ies resulted 
when a rapid,  l a rge  change in eilhelq flaw o r  power was at.teApted, The 
operational procedure  was modified to prevent r ecu r rences  of these 
excursi.ons. 

T h c  destruct ion of seve ra l  prehea ters  was due to a combination of 
fac tors .  In the init ial  design of the horizontal  p rehea te r ,  a baffle ring was  

placed over the hea te r s  where  the fluid entered the hea ter .  This baffle 
prevented fluid circulation n e a r  the point a t  which the hea ter  elements 
en tered  the horizontal  section. This situation resul ted in a fai lure  of a 
hea ter  during the init ial  shakedown of the loop. Uuring the irlitial operation 
of the loop, a ver t ica l  hea ter  was also destroyed due to a faulty heater  e le -  
ment .  Destruction of the hea ters  produced deposits in the sys tem,  which 
w e r e  removed by filling the loop with alcohol, heating, p res su r ing  with 
nitrogen, and then circulating. The sys t em was then flushed with R-11 
and drained. 



Two t e s t  sections were  destroyed during the' t e s t  p rogram.  The f i r s t  
burn-out occur red  when the air-supply p r e s s u r e  to the remote-control  valve 
in the exit line f r o m  the tes t  section was reduced through a supply-line fail.- 
u r e  and the valve closed during the operation a t  a high heat flux. The burn-  
out detector,  which a t  the t ime consisted of a thermocouple attached n e a r  the 
exit of the heated section, failed to operate .  Upon removal  of the insulation, 
the tube was observed to havefa i led  a t  the inlet  end of the t e s t  section. A 
substantial  amount of "cokingI1 had occur red  in the region of the fai lure .  
The deposit of the"l'substance, which was due to the breakdown of the R- 11, 
appeared a s  rings inside the t e s t  section. Exposure to the atmosphere had 
produced subsequent flaking of the t e s t  section even though the section was 
cleaned with a wi re  brush.  This flaking tendency was a l so  noted in  a 
separa te  facil i ty employing Freon-1 14 a s  a t e s t  fluid a f te r  a burn-out had 
occurred .  In 'both instances,  the t e s t  sections were  of the s a m e  s ta in less -  
s tee1 composition. ' '  

In the second burn-out of a heated section,.  the fai lure  occur red .a f t e r  
the sys t em had been rapidly depressur ized  d u t  to a gasket fa i lure .  A 
pinhole opening developed in the section upon r e p r e s  sur izing the sys  tem.  
The a r e a  of this fa i lure  was bulged out f r o m  the section, and i t s  location 
was intermediate  between the copper bus.;bars.  Subsequent examination of 
the damaged section over  a per iod of t ime revealed continual sca le  f o r m a -  
t ion..  This sca le  was not soluble in R - l  l o r  in the alcohol. Spectrochemical 
analysis of the residue indicated the p resence  of i ron  and nickel a s  the ma jo r  
constituents. However, the par t icu lar  compounds that m a y  have formed wer.e 
not ascer tained.  

The final burn-out in the sys t em occur red  when two prehea ters  fai led 
near ly  simultaneously during the warm-up of the loop fo r  some of the 
photographic work. This fai lure  was believed to be due . to  a flow stoppage, 
but the actual cause was not determined.  

The. loop was init ially p res su r i zed  with nitrogen and a slight amount 
of re f r igerant  to facil i tate a leak t e s t  uti1izing.a s tandard  halogen leak-  
detector unit. Other than minor .  leaks in the valve packings, the s y s t e m  

.was  secure  f r o m  leakage through any of the elements  through p r e s s u r e s  to 
1000 psia .  

The sys t em was purged with nitrogen, and the Heise p r e s s u r e  gauges 
and differential  p r e s s u r e  t ransducers  w e r e  isolated f r o m  the sys t em.  A 
vacuum pump with a knock-out t r a p  using acetone and d r y  i ce  was employed 

" to draw down the sys tem.  The vacuum was maintained overnight and the 
loop checked fo r  leakage. The ref r igerant ,  which had been previously dis - 
tilled in a sepa ra t e  sjrs't'em, was vented into the evacuated loop. The con- 
denser  and the subcooler water  w e r e  used to maintain a low p r e s s u r e  in  the 
sys tcm.  To cs~mplete  charging of the system,.;an auxi l iary re f r igerant -  
holding tanlc.was p res su r i zed  with nitrogen and the'.charging completed. 



The accumulator for  pressur iz ing  the loop was charged with re f r ig-  
e r a n t  to approximately one-half i ts  capacity. To attain the proper  operating 
p r e s s u r e ,  the loop was slowly heated and fluid ei ther  added o r  removed to 
reach  the tes t  condition. The sys t em was vented under p r e s s u r e  to remove 
any noncondensibles that m a y  have been in the charging fluid. All of the 
p res su re - t ap  l ines w e r e  vented to the atmosphere.  The venting procedure 
was employed a t  intervals  throughout the testing period. Since the poss i -  
bil i ty of a breakdown of the fluid was evident for  the high-temperature 
operat ions,  the loop was recharged  a t  intervals  during the s e r i e s  of tes t s .  

Operating procedures .  var ied  in  accordance with the p r e s s u r e  level 
of the t e s t  s e r i e s .  F o r  the low-level p r e s s u r e  t e s t s ,  the sys t em could be 
brought up to a s table  operating condition within 3 o r  4 h r  f r o m  a s ta r t -up  
a t  room tempera ture .  Thus, a no rmal  s t a r t -up  and shul-dowa could be 
attained on a day-to-day ar rangement .  This method could not be employed 
effectively a t  the elevated pressures  becaus c of the prolonged warm-lip 
per iod.  Therefore,  the loop was operated.  coiltiiluously for  periods of :5 o r  
6 days.  

The operati& of the loop. with the glass  tes t-sect ion unit installed 
was made continuous s ince  the fai lure  of the glass  during a cool-down 
would have resu l ted  in  considerable downtime for  replacement.  Only one 
fa i lure  of a g lass  sect ion occurred  during 'operation, and this was attributed 
to a faulty g iass  section. 

The instrumentat ion units w e r e  calib'rated periodically throughout ' 
the testing sequences.  In par t icu lar ,  the  Sanborn r ecorde r  for the differential 

was reca l ibra ted  af ter  each run in  o r d e r  to minimize dliift. The 
c i rcu i t ry  for the differential-flow p r e s s u r e  drop was.  checked for  dr i f t  during 
the operating sequence, and periodic comparisons with a portable potentiom- 
e t e r  reading w e r e  made. 

I 

The t ime  requi red  to reach  equilibrium was minimized when the flow 
r a t e  was changed while a constant heat  flux was maintained, a s  opposed to a 
change i n  heat flux a t  constant flow ra t e .  Basic t e s t  sequences w e r e  s e t  as  
constant heat flux-variable flow r a t e  se t s .  

The information obtairled for  e a c h  s e t  nf the daily tes t s  was refined 
to yield the m a s s  flow ra t e ,  the qualit ies,  and .the superf icial  velocities 
based upon inlet  conditions to the unheated section. The data w e r e  subse-  
quently recorded on punch ca rds  for  fur ther  computer calculations.  
Appendix C contains a s u m m a r y  of the flow data and the void-fraction 
determinat ions.  

An energy balance for  the loop components was obtained by circulating 
p res su r i zed ,  preheated liquid through the loop a t  s eve ra l  tempera ture  levels.  



F r o m  these t e s t s ,  the heat loss  f r o m  the sys t em was made a l inear  function 
of the saturation tempera ture  of the .fluid over  the t e s t  range of tempera tures .  
The energy losses  on the suctibn s ide of the pump w e r e  not minimized s ince . . 
' the pump operation was m o s t  s table  when the fluid was subcooled. The p r e -  
hea ters  w e r e  of sufficient s i ze  to bring the fluid to the des i red  inlet  t e s t  
condition. Some uncertainty entered into'the condenser heat balance during 
some operational conditions when the auxiliary condenser was employed as  
a ' s y r g e  tank to dampen any sys t em oscillations.  It thereby produced some  
unaccountable loss  in the balance. p r i m a r i l y ,  the energy balance for  the 
three-uni t  t e s t  section was m o r e  cr i t ica l  for  R-11 determinations than i t  
would have been for  water ,  s ince the re  is. an order-of-magnitude difference 
in  the latent heat of vaporization. The tempera ture  level of the sys t em was 
relatively low, and the maximum fluid-saturation tempera ture  for  the t e s t  
s e r i e s  was 325OF. The heat loss  fo r  the test-sect ion assembly  was approxi- 
mately 0 .g  ~ t u / s . e c  at 180°F, and i t  was considered constant af a par t icu lar  
saturat ion p r e s s u r e ,  although. the heater-wall  tempera ture  r o s e  a s  a function 
of the inc rease  in power level. . . . .  . 



VI. EXPERIMENTAL RESULTS 

This section examines the r e su l t s  of the t e s t  program for  the effects 
of the orthobaric-density ra t io  and m a s s  flow ra t e  on the flow pat terns  pro-  
duced by a constant heat-flux addition i n  the upward, ver t ical  flow of F-'11. 
The X-ray monitor observations of the flow pat terns  in  an  unheated, r e c -  
tangular channel located above the electr ical ly-heated t e s t  section a r e  
compared  with the.color  motion pictures  taken with a Fas t ex  c a m e r a .  The 
local  void fract ions and the average .void fract ions obtained during the 

: s e r i e s  of t e s t s  a r e  presented,  and these . r e su l t s  a r e  compared with water  
data  a t  identical or thobaric  -density ra t ios .  

Six se t s  of t e s t s  w e r e  made a t  constant orthobaric-density ra t ios ,  
which var ied  f r o m  7 to 60. This densi ty-rat io  range spans an  equivalent 
water -sa tura t ion-pressure  range f r o m  approximately 400 to 2000 psia .  
The m a s s  flow r a t e  based upon the c ross-sec t ional  a r e a  of the unheated 
rectangular  t e s t  section ranged f r o m  0.2 x l o 6  to 2.0 x l o 6  lb/hr-sq f t .  
The m a s s  qualit ies based upon thermodynamic equilibrium ranged to 9070; 
however,  the major i ty  of the data  encompassed the range f r o m  saturat ion 
to  50%. The subcooled boiling region was  not included in the study. In 
genera l ,  the t e s t  conditions were  l imited by the depar ture  of the wall 
t empera tu re  to values above 600°F where  continued operation would have 
resu l ted  in  a breakdown of the fluid with resul tant  deposits in the sys tem.  

The local pres ,sure gradient in  the unheated section and i t s  charac-  
t e r i s t i c  oscil lations w e r e  obtained. The f o r m  of the oscil lations is some-  

.what indicative of the various.flow reg imes  encountered in  this study. 

T h e  flow reg imes  observed a t  s m a l l  values of the or thobaric-  
:density r a t io  a r e  descr ibed ,  and the approximate regions of occurrence  
a r e  presented graphically.  

.A.  Description of Flow Pa t t e rns  

The x-ray 'generator and fluoroscope moni tor .were  a r ranged to 
yield a magnification of approximately four to one on the television sc reen .  
The mi r ro r -op t i ca l  s y s t e h  produced a near ly  one-to-one image,  which 
yielded sha rpe r  detai ls  than the magnified image.  Flow pat terns  observed 
i n  the unheated t e s t  section normal  to the sma l l e r  dimension.were r e -  

. corded along with the assoc ia ted  local p r e s s u r e  gradients  and local void 
f rac t ions .  After the t e s t  s e r i e s  employing the X-ray  unit., t he -  rectangular  
t e s t  section unit was replaced by the t e s t  section containing the optical 
g l a s s  windows that were  normal  to the sma l l e r  channel d imins ion .  Inlet- 
fluid conditions were  fixed in a n  approximation of previous t e s t  conditions, 
and a s e r i e s  of 'high-speed, color motion pictures  was obtained. The flow 
pat te rns  observed by the two methods w e r e  compared.  . 



Ideally, if a mass . f low ' ra t e .were  to 'be  fixed, the.expected flow 
pat terns  would proceed .with increasing m a s s  quality through all-liquid, . 

bubble, plug, semiannular ,  and annular ,  to  d ispersed  flow. The actual  
flow pat terns  encountered. a r e  dependent upon the magnitude of t h e  m a s s  
flow ra t e  and the initial fluid conditions fo r  a fixed geometry.  Since this 
study did not include the subcooled boiling region, the initiation of bubble- 
flow was not observed. 

, . 

The flow pat terns  observed with the'fluoroscope monitoring sys t em 
and the high-speed, color motion pictures  were  compared. The resu l t s  a r e  
descr ibed in the following .paragraphs.  

1. . Bubble Flow 

Qnly a few isolated t e s t s  indicated bubble flow in the net 
quality region a t  ve ry  low qualit ies and high flow ra t e s .  Bubble flow was 
not observed in these t e s t s  for superf icial  liquid velocities below approxi-.  
mately 3 ft/sec. The quality range over  which bubble flow may  exis t  a t  
smal l  or thobaric-densi ty  rat ios  would appear  ,to be ve ry  na r row for  r e -  
f r igerants  that possess  smal l  latent heats  of vaporization. 

2 .  Plug Flow 

Plug flow with the charac ter i s t ic  bullet-shaped vapor heads 
that maintain the i r  identity a s  they move up the charinel did not appear  in  
the forced-flow sys tem a t  elevat.ed p r e s s u r e s .  This type of flow could 
only be generated a t  the lower p r e s s u r e s  in nonforced circulation flow. 
F o r  forced-convection, saturated flow, the churn-type flow pat tern was 
developed for  the lowest flow r a t e s  and qualit ies.  It i s  to be concluded 
that the plug-flow regime i s  - not attained i n . a  boiling sys t em a t  net quali- 
t ies  a t  elevated pre  s su re  s . 

3 .  Slug Flow 

Slug flow, in which vapor s lugs near ly  filling the channel a r e  
in te rspersed  with sma l l e r  vapor .bubbles, occurred  but had a tendency to 
collapse o r  agglomerate  into a churning flow. This churn-slug type of 
flow has  been included into a single reg ime along.with what some invest i -  
gators  ca l l  the churn-annular reg ime,  since a s h a r p  distinction could not 
be made between the two flows. 

4. Semiannular o r  Churn Flow 

In the terminology employed in the fluoroscope study, the t e r m  
"churn" denoted the reg ime a t  low liquid and vapor superf icial  velocities 
where the downflow of liquid was evident f o r  collapsing liquid br idges.  At 



higher flow r a t e s ,  the "churning" motion was not a s  evident on the te le-  
vision monitor and the flow had an  appearance of alternating liquid and 
vapor slugs.  The high- speed motion pictures  revealed a retardat ion of 
the upward flow of bubbles near  the walls due to a downflow of liquid. The 
liquid slugs were  t ransport ing bubbles. Bubbles nea r  the walls would 
hesi ta te  and then elongate a s  they acce lera ted  upward. Patches,  which 
suggested an at tempt  to f o r m  an annular liq,uid f i lm,  appeared with c r o s s -  
sectioned pat terns  upon the passage of the agglomerated slug. At low 
flow r a t e s ,  this reg ime had a . t rans i t ion  into the annular regime.  At the 
higher flow r a t e s ,  the t ransi t ion was to the wispy-annular regime.  This 
reg ime was  charac ter ized  by high l o c a l ~ p r e s s u r e - d r o p  oscillation, which 
possessed  a f o r m  somewhat different f r b m  the bounding reg imes  a t  higher 
qualit ies.  

A distinction i n  reg ime definition i s  'now made i n  which the 
region f o r m e r l y  identified a s  semiannular,  i s  separated into the churn 
flow (al ternately called semiannular henceforth) and the separa te  reg ime,  
which is t e rmed  wispy-annular flow. 

5. Annular Flow 

The usual  connotation fo r  annular flow is employed in these 
r e su l t s  wherein the walls of the conduit .are covered by a f i lm of liquid 
while the cent ra l  c o r e  contains vapor and.possibly some entrained liquid . 

drops .  The cha rac te r  of the liquid f i lm may va ry , f rom a slow-moving . 

t ranqui l  liquid, with small-dis turbance waves on the interface,  to a highly 
dis turbed surface on which 'both small-distur'bance.waves and f a s t e r -  
moving, high-amplitude, ro l l  waves .exist 'simultaneously. Liquid droplets  
a r e  entrained in the vapor core  f r o m  the high-amplitude waves.  These 
droplets  may r e t u r n  to the.l iquid f i lm a t  var ious downstr'eam points. The 
annular  region may be charac ter ized  a s  quiet-annular o r  unsteady- 
annular ,  depending upon the magnitude. of the lo'cal p res su re -d rop  osc i l -  
lations.  The region with the high-amplitude rol l  waves has  the g rea te r  
amplitude in p res su re -d rop  oscil lations.  

. . The high- speed,  color  'motion pictures  revealed ' the high- 
amplitude rol l  waves a s  bright r e d  bands moving upward in the direct ion . 

of flow, while the low-amplitude disturbance waves appeared a s  d a r k  
na r row l ines .  The liquid f i lm had a neutral ,  o r  gray ,  appearance in  the 
undisturbed regions of the interface.  Before the abrupt  r i s e  in hea ter -  
wall tempera ture ,  the liquid f i lm had only smal l -  disturbance .wave s on 
the interface and substantial  droplet  entrainment in  the c o r e  foh low totdl 
m a s s  flow r a t e s .  The appearance of this  "normal"  annular flow occur red  
only a t  low liquid superf icial  velocities of the o r d e r  of 2 f t /sec.  Since 
the photographs were  taken in the unheated section, a liquid f i lm would 
pe r s i s t ,  s o  that an annular-spray reg ime would be found a t  the l imit  of 
this  region of flow. 



No bubbles were  seen in the liquid fi lm in any of the motion 
pictures of the annular-flow t e s t s  that provided a distinction f r o m  the 
bounding semiannular flow regime.  

A comparison of the fluoroscope observations with the motion- 
picture r e su l t s  indicated that the l imit  of the television-monitor delinea- 
tions was in the region of the high-amplitude roll-wave region of the 
annular flow, since the region near  the wall gave the impress ion  of a n  
expansion and contraction during this type of flow, whereas  the ve ry  thin 
liquid fi lm associated with the low-amplitude disturbance waves was not 
discernible .  Due to the high' velocities and smal l  droplet  s i zes ,  i t  was 
not possible to distinguish liquid droplets  in the vapor co re  by the fluoro- 
scope method. 

6 .  Wispy-Annular o r  Ligamenl Flow 

A separa te  classifidation of one type of annular flow, which 
i s  distinct f rom.  the usual  connotation, was made by Bennett -- e t  alZ7 i n  
which the t e r m  "wispy-annular " was coined. The appearance of the usual 
liquid f i lm on the walls of the conduit i s  supplemented by a different f o r m  
of flow in  the co re .  The vapor in the .core appeared to t ranspor t  agglom- 
e r a t e s  of liquid, which take on the appearance of billowy clouds of liquid 
r is ing in a s imi l a r  manner  to a wispy, turbulent s t r e a m  of cigaret te  
smoke. The inner flow i s  not continuous and i s  probably due to shee ts  
o r  l igaments of liquid being torn  f r o m  the highly-disturbed liquid f i lm .  
A major  problem in viewing this inner  co re  i s  the difficulty imposed by 
the liquid f i lm on the surface of the section. In the fluoroscopic observa-  
t ions,  the flow was descr ibed '  a s  s t reaming with intermit tent  segments  of 
vapor s lugs.  The fluoroscope method was not encumbered by the wall  
liquid f i lm but did suffer f r o m  the fact  t ha t  the flow in the c o r e  was  ve ry  
rapid.  The color  motion pictures  had the lighting a r ranged  s o  that the 
co lor -pa t te rn  a r rangement  was abruptly dis turbed when the wispy c o r e  
was present .  F r o m  the d isar rayed  nature of the inner flow pat tern,  i t  
seemed likely that vapor bubbles were  entrained in  the agglomerate .  The 
distinguishing fea ture  of this  flow regime i s  that the agglomerate  appeared 
to flow upward through the co re  while the re  was a liquid f i lm on the wall, 
whereas  in semiannular  flow the liquid fi lm would al ternately f o r m  and 
disappear  a s  a mixture of liquid and vapor passed the obse rve r .  

This flow regime was charac ter ized  by high p res su re -d rop  
oscil lations.  The nature of these oscil lations appeared to  be  different 
f r o m  the f o r m  developed in the semiannular ,  o r  churn, r eg ime .  

The s t reaming nature of this  flow would appear  to  give r i s e  
to the shearing of l igaments  of liquid, which would subsequently b reak  up 
into liquid droplets  a s  the m a s s  flow r a t e  i s  increased .  Since the liquid 
l igaments a r e  in contact with the liquid f i lm on t h e w a l l  during some 



portion of their  existence, an electr ical-  res i s tance  probe would probably 
indicate a bridging of the conduit and thus lead to an erroneous conclusion 
a s  to the condition of the flow regime.  The resu l t s  of Suo -- et a ~ . ' ~ '  for  water  
a t  1000 psia  revealed that the t ransi t ion to annular,  o r  dispersed,  flow 
occur red  at  a substantially lower quality than predicted by the proposed 
cor re la t ion  of Habers t roh  and ~ r i f f i t h . ' ~  These differences a r e  la rge  
enough to question the quantitative resu l t s  of the electr ical-  res i s tance-  
probe method. 

A f i lm containing brief segments  f r o m  some of thc high- speed, 
color  motion p ic tures  obtained during the t e s t  s e r i e s  has  been compiled. 
The churn, annular ,  and wispy-annular reg imes  a r e  included. The f i lm 
segments  were  taken at  e i ther  3000 o r  6000 f r a m e s  pe r  second. Since 
the period of each sect ion i s  approximately one minute, the f i lm does not 
r ep resen t  the en t i re  range of configurations that occur but r a the r  represents  
some  of the m o r e  pertinent features .  The f i lm i s  available and may be 
borrowed f r o m  the Argonne National Laboratory. The original f i lms and 
data of the t e s t s  a r e  on f i le  a t  the Argonne National Laboratory. 

B. Flow-regime Transi t ions 

The flow regimes  that a r e  most  prominent in the net quality, 
forced-circulat ion flow a t  low orthobaric-density ra t ios  in  ver t ica l  flow 
a r e  bubble, churn,  annular ,  and wispy-annular. Plug flow i s  absent in  
the two-phase flows produced by heat input a t  these conditions. Bubble 
flow occur red  only a t  ve ry  low qualities and high flow ra t e s  in  the net 
equilibrium- sa tura t ion  region. Numerical  resu l t s  of the var ious s e r i e s  
of t e s t s  a r e  tabulated in Appendix C,. In Fig.  VT.l, t he  tes t  resu l t s  a r e  
plotted in  t e r m s  of the superf icial  liquid and vapor velocities for  a s e r i e s  
of fixed inlet  p r e s s u r e s  to the unheated, rectangular t e s t  section. Con- 
sequently, the plot r ep resen t s  a pa ramete r  of orthobaric-density rat ios  
that w e r e  selected to cor respond to the density rat io  for  which a se t  of 
flow-regime information was available. In th ree  of the cases ,  flow- 
r eg ime  data f o r  water  w e r e  known fo r  s a t i ~ r a t i o n  p r e s s u r e s  of 415, 615, 
and 1000 p!sia. The data for  water  a t  1000 psia  were  obtained by the 
e lec t r ica l -  r e s i s  tance-probe method,32 and by X-ray  photographs and 
high-speed motion pictures.z7 In both cases ,  the flow was upward in a 
ve r t i ca l  tube with inside d iameters  of 0.4 and 0.497 in., respectively.  
Ddla f u r  water  at 500 ps ia  was a l so  available f r o m  the above investiga- 
tions. A l imited amount of data for  Refrigerant-22 was available for  
reduced p r e s s u r e s  of 0.12 and 0.22 in  a 0.4-in. tube.47 The or thobaric-  
density rat io  i s  identical for  R-22 and R- 11 a t  the s a m e  reduced p r e s s u r e ;  
t he re fo re  the higher reduced p r e s s u r e  corresponded to a l imited s e r i e s  
of t e s t  runs in this R-22 data. 
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Fig. VI. 1.  Churn, Wispy-annular, and Annular 
Flow Transit ions for Four  
Orthobaric -density Ratios 

The transit ions for  churn, annular,  and wispy-annular flow a r e  
shown in '  composite in  Fig.  VI. 1 for  orthobaric -densi ty .rat ios  of 58.0, 
37.7, 20.6, and 24.4. Thela . s t  density rat io  cited represented the value . 

cor.responding to a reduced pressure .  of 0.22, which was identical to an 
R-22 .fluid t e s t  p r e s s u r e ,  employed by Staub and ~ u b e r  .47 The three  p re  - 
ceding values a r e  representative of the orthobarid-density ra t ios  of water  
a t  415, 615, and 1000 psia,  respectively.  The s team-water  resu l t s  of the 
electr ical-resis tance-probe study by ~ r i f f i t h ~ ~  for  215, 415, and 615 psia  
were  available for comparison with the present  study. The e.ffect of 



elevated pressure  was a1s.o investigated a t  orthobaric-density ratios 
corresponding to 1500 and 2000. psia for  water.  The data -obtained a t  
these elevated conditions were not sufficient to warrant  inclusion in 
Fig.  VI.l. The observations a t  the two higher orthobaric-density rat ios,  
11.8 and 7.5, were  1imited.in that no large distinction in the streaming to 
annular flow-type observations were  discernible,  and the local pressure  
,oscillations had diminished considerably over the range of test  data that 
was in contrast  to the resul ts  a t  lower pressures-.  It would appear that 
the annular-dispersed regime.was entered f rom the wispy-annular regime 
without an  appreciable change in  the flow pattern observed. The void- 
fract ion determinations taken a t  these two conditions a r e  included in a 
la ter  section. 

The transition f rom-churn to annular flow a t  low, superficia.l. 
liquid velocities i s  seen in  Fig. VI.l to occur a t  lower vapor superficial 
velocities as  the orthobaric-density ratio decreased, i.e., a s  the system 
pressure  increased.  No distinction i s  made on the plot for  the inception 
of entrainment in the annular region. The minimum vapor velocity for  
kntrainment, a s  indicated by Eq. (11.~-8) ,  ranged from 15.7 to 9.3 ft/sec 
fo r  decreasing orthobaric-density rat ios of the plot. By way of contrast,  
the expression predicts's value of 23 ft/sec for water a t  1000 psia: 

The annular region i s  represented by the data along the vertical 

. . axis  and increased in size a s  the superficial liquid velocity increased.  
The.genera1 trend i s  a rapid r i s e . i n  the transition-vapor superficial 
velocity above superficial liquid velocities of approximately 2 ft/sec. 
There i s  a tr'ansition zone that separates the annular .regime, f r o m  the 

.wispy-annular regime,  which occupied the region to the. r.ight of the 
transition band. The transition points a r e  not included in Fig. VI. I . .  This 
transition occurred a t  very slightly increasing, superficial liquid veloci- 
t ies .    he Harwell studyz7 for water a t  1000 psia (an orthobaric-density 
rat io of 20.6) indicated a nearly constant, superficial liquid velocity in the 
transition f rom wispy-annular to annular flow. The resul ts  of Haberstroh 
and ~ r i f f i t h ' ~  indicated a constant quality-line transition to annular flow 
above a liquid superficial liquid velocity ofapproximately 2 ft/sec, fo r  
which the value of 0.291 i s  obtained f rom Eq. (1I.B-4). The resul t  was 
indicated a s  nearly independent of diameter .  . . 

The lower bounds for the annular and wispy-annular regimes a r e  
indicated for  the churn-flow regime that incorporated the various sub- 
divisions of this regime.  The' transition line increase'd in the superficial 
vapor velocity bound with increasing orthobaric -density ratio (i .e . , 
decreasing p ressure ) .  'l'he transition f rom churn to wispy-annular 
occurred  a t  decreasing vapor superficial velocity for increasing. super-  
f icial  liquid velocity a t  constant orthobaric-density ratio.  Thus, the 
churn-flow regime reached a maximum.in a narrow range f rom 1 to 3 ft/ 
s e c  .for t he .  superficial 'liquid '.v.elocit)r,, and had a range of maximum 
superficial vapor velocities f rom 5 to 10 ft/sec. 



The part ia l  uncertainty in establishing the transit ion f rom wispy- 
annular to annular flow was due to the nature of the flow regimes  and the 
subjective interpretat ion of the fluoroscope and motion-picture resu l t s .  
This added to the spread that occurred in  that no sha rp  deviation, o r  change, 
in patterns would be expected. 

To establish the c o r r e s ~ o n d e n c e  between the resu l t s  of t h i s  investi-  
gation a t  a par t icular  orthobaric-density rat io ,  data f rom' the  two se t s  of ' 

runs that coincide with the s team-water  data of ~ r i f f i t h ~ ~  a t  415.and 616 psia 
a r e  plotted in' Fig.  VI.2. The solid, square  points represent  'the annular flow 
points  of this study, and the open se t  that of the water .  The c i r c l e s  r e p r e -  
sent data that may have been annular flow in this study; in the resistance-probe 

Fig.  VI.2. Annular Flow Comparison of R-11 and Water 
' a )  Orthobaric -density Ratio: 5 8.7 

b) Orthobaric-density Ratio: 37.1 



method, the c i r c l e s  r ep resen t  annular flow with occasional,  thin, liquid 
br idges .  The water  data  were  compr ised  of the resu l t s  f r o m  t e s t s  in 
t h r e e  tubes with diam.eters of 0.375, 0.625, and 0.875 in. The annular-  
flow points fo r  the R-11 data occur  a t  lower,  superficial  vapor velocities.  
The t ransi t ion line predicted by Haberstroh and Griffith, a s  l is ted in  . 

Eq.  (1I.B-4), is shown a s  a dashed constant-quality line (0.153 and 0.197, 
respect ively) .  The data  f o r  the s team-water  tend to tu rn  toward higher 
qualit ies a t  1arge .va lues  of the superf icial  vapor velocity. The t rend  
toward a t ransi t ion l ine of near ly  constant,  superficial  liquid velocity 
was suggested by the s team-water  data of ~ a r w e l l ' ~  f o r  p r e s s u r e s  of 
500 and 1000 psia ,  where  the X-ray and motion pictures  were  employed. 
The t rans i t ion  f r o m  wispy-annular to  annular flow has no apparent 
d i amete r  effect, a t  l eas t  f o r  the range considered in the foregoing data ,  
The t ransi t ion line obtained f r o m  the present  investigation c r o s s e s  th.e 
constant quality-line t ransi t ion.  The upper bound of this  t ransi t ion a t  
constant or thobaric-densi ty  ra t io  in t e r m s  of the superf icial  vapor 
veloci ty  was not determined.  

In Fig.  VI.2, the .water  data  were  taken direct ly  f r o m  the original 
r epor t  by Griffith fo r  identification of the reg ime since the re  is  some 
discrepancy with the l a t e r  repor t  by Haberstroh and Griffith where the 
data  were  again presented.  The or iginal  data  interpretat ion of the flow 
r e g i m e , i s  employed in  the present  graphical r e su l t s  s ince the deviations 
do not affect the present  comparison.  Whether o r  not a "break-point" 
ex is t s  for  the s team-water  data a s  suggested by the l a t e r  r epor t  i s  
purely subjective.  

In E'igs. 'V'P.3, 4, 5, and 6, the t ransi t ion l ines  a r e  indicated a s  
representat ive of the var ious  t ransi t ion regions r a the r  than. presenting 
a sha rp ,  definitive separat ion of the flow reg imes .  Express ions  a r e  
developed in the following paragraphs  to indicate the variation of these 
t rans i t ions  with a change in  the or thobaric-densi ty  rat io .  No transi t ion 
l ine is shown f o r  the t ransi t ion f r o m  bubble flow to e i ther  semiannular  
o r  wispy-annular flow. 

The t ransi t ion f r o m  churn to  annul.ar i s  represented  by the data 
below superf icial  liquid velocities of approximately 2 ft /sec.  F o r  the 
low-velocity range ,  the expressinn nf Haberstroh and Griffith, as given 
by Eq. (1I.B-2), contains a d iameter  effect. However, the use  of a n  equiva- 
lent d i amete r ,  the minor  dimension, o r  the ma jo r  dimension in  this ex-  
p res s ion  yielded values that  w e r e  too high. This express ion  was employed 
to evaluate the annular t rans i t ion  f o r  R - 2 2  a.t r e d l ~ r e d  ~ F C S S U S C S  of 0.12 
and 0.22 f r o m  the  r e su l t s  of Staub and Zuber.  Again, the predicted value 
was  too high. In par t icu lar ,  a t  the s a m e  orthobaric-densi ty  rat io ,  R-11 
and R- 22 have higher vapor densi t ies  (and thus,  higher liquid densi t ies)  
than wa te r .  The sur face  tensions a r e  lower than that fo r  water ,  with 
approximately the s a m e  values a t  identical reduced p r e s s u r e s ,  a s  can be 



Fig. VI.3.  Flow Regimes a t  an  Orthobaric-density 
Ratio of 20.6 
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Fig. VI.6. Flow Regimes a t  an Orthobaric-density 
Ratio of 58.0 

seen f rom Eq. (1V.B-9). The l inear  stability analysis of Section 1V.B for  a 
combined Taylor -Helmholz instability indicated a dependency of the velocity 
on the surface tension, the density, and the density rat io .  At superficial  
liquid velocities approaching zero ,  i t  will be assumed that the Weber number 
i s  dominant, compared to the Froude number.  F o r  two fluids, the equality 
in Eq. (IV.B-6) i s  then assumed to hold, and the transit ion superficial-vapor- 
velocity rat io  i s  given approximately a s  



Thi.s express ion  implies  that the t e r m  
. . 

k [ ~  coth (kh) +.l ] 
coth (kh) 

is approximately identical for the. two fluids.  This approximation was 
considered in Section IV. B. The saturation-density rati0.s for  identical 
or thobaric  -density r a t io s -  i s  

Pfl - Pg1 - -. - (VI .B-2) 
Pf' . Pg2 " 

which el iminates  any problem connected with a question of whether the 
liquid o r .  vapor density r a t io  should. be employed. 

An expression is proposed to  incorporate  the variation in  the churn-  
annular t rans i t ion  f r o m  fluid to fluid a t  constant or thobaric  -density rat io .  
The r e su l t  of Eq.  (VI. B-1) i s  selected a s  representat ive of the superficial  
vapor velocity f o r  t rans i t ion  a t  vanishingly sma l l  superf icial  liquid veloci- 
t i e s .  Equation (1I.B-2) m a y  be modified by the following expression fo r  
elevated p r e s s u r e s  and single - component fluids : 

where  the operational definitions of Eqs .  (11.B-6) and (1I.B-7) a r e  employed, 
and the above express ion  reduces to the resu l t  of Haberstroh and Griffi th 
when employed with water  a s  a fluid and a t  l a rge  or thobaric-densi ty  ra t ios .  
The interchangeabili ty of the l iquid-saturation-density ra t io  with that of 
the vapor i s  a s s u r e d  by Eq.  (V1.B-2). The surface tension-density t e r m  in  
the above express ion  i s  near ly  constant for  the range of or thobaric  -density 
r a t io s  considered,  which reduces  the coefficient by approximately a factor  
of one -half. 

Bel te r  agreement .is obtained by employing the expression.  developed 
above with the lower-surface-tension fluids. ,However,  fo.r fluids with 
nea r ly  identical sur face ' tens ions ,  the effect  of the var iat ion of vapor density 
would appear  i n  the r e su l t s  'a t ,  identical or thobaric  -density ra t ios .  



The question may a r i s e  a s  to whether the Kelvin-Helmholtz insta-  
bility c r i te r ion ,  a s  expressed  by Eq. (1v.B-18a), should be employed. The 
same thermodynamic propert ies  are-.involved, but in- .different degrees .  of 
importance.  The velocity difference in this  expression i s  that of the local 
liquid and vapor velocities and a s  such i s  not. readily identifiable with the 
known velocities in  the sys tem.  Thus,. the Taylor - Helmholtz expre s.sion is 
employed a s  a rough approximation. . 

If a s t r ic t ly  empir ica l  expression i s  employed td cori-ect the churn-  
annular t ransi t ion expression to eliminate the surface-tension property,  
Eq. (VI. B-3) may be wri t ten a s  . . , * . . 

. . . . .  

(VI. B-4) 

where the saturation-vapor densi t ies  a r e  evaluated a t  the s a m e  orthobaric-  
density rat io ,  and Eq. (V1.B-2) may  be employed in a n  a l te rna te  f o r m  of the 
above expression.  The coefficient of the constant t e r m  i s  intermediate  
between the r e su l t s  that would be .dbtained by using th; Kelvin-Helmholtz 
and Taylor-Helmholtz l inear-s tabi l i ty  c r i t e r i a .  The values obtained f o r  the 
modifying fac tors  for  the.churn-annular  t ransi t ion express ion  a r e  .relatively 
constant over  the t e s t  range and ark  approximately 0.49, 0.61, and 0.70 for  
the 'T'aylor-Helmholtz, vapor-density ra&, and the ~ e l v i n - ~ e l r k h o l t z  
methocl.~, respect ively.  ' The separat ion of iner t ia l  effects f r o m  the effects 
of surface f o r c e s  i s  not .establ ished by the .above f o r m  of express ibn  for  
the t ransi t ion.  

The general  f o r m  of the churn-annular t ransi t ion express ion  may 
be examined to establ ish whether a single representat ion of the t rans i t ion  
may  be  made on a graph of m a s s  flow r a t e  ve r sus  quality a t  a se t  
o'rthobaric -density rat io .  At constant quality, m a s s  flow ra t e ,  and 
or thobaric-densi ty  ra t io ,  the superf icial  vapor (a l so  liquid) velocities a r e  
inversely '.proportional to  the liquid (or  vapor) -density ra t ios  for  two 
fluids.. O r ,  

(VI. B -5) 

. . 

which i s  obtained f r o m  the'definit ion of the superf icial  velocity. The churn-  
annular t ransi t ion expression m a y  be wri t ten in the f o r m ,  

. . 
, . 

where the coefficients C and D contain any geometry  and f luidlproperty 
effect. 'The express ion  may  be rewr i t ten  a s  



If the expression holds for two fluids such that C1 = Cz, xl = xz, and 
pl = P2, where the subscripts 1 and 2 represent  the two fluids, the following 
may be obtained: 

Upon rearrangement,  

(VI .B -9) 

At identical m a s s  flow ra tes  (i .e; ,  G1 = G2), 

Thus, the approximation given by Eq. (VI.B-4) would provide a 
transition line on the mass  -flow-rate -ver  sus -quality type of plot, which 
would be identical for two fluids if  the coefficients C and D a r e  correct ly 
chosen to represent  the geometry effect and the fluid-property effect. 
The transition lines have been plotted in F ig .  VI.7 for an  orthobaric - 
deusily rat io of 20.6 (equivalent to a saturation-water p ressure  of 1000 psia) 
for  the expressions given for the transitions. 

The c h u r ~ l  flow to wispy-annular transition does appear to be 
direct ly represented by the preceding analysis.  Ilowever, Fig. VI. 1 showed 
that the transition could be represented by a linear transition form. In 
Fig.  VI.8, the churn flow and wispy-annular points a r e  plotted with a r e -  
ducing parameter  of the square root of the orthobaric-density ratio operat- 
ing on the superficial vapor velocity. The resul ts  a r e  somewhat 
satisfactorily handled in this reduction. Reference i s  made to Fig. VI.3, 
where the resul ts  of the water data a r e  plotted a s  solid symbols fo r  the 
Harwell resul ts  and a s  c i rc les  with c rosses  for  the transition points of 
Suo -- et  al.32 The transition f rom churn to wispy-annular flow occurred a t  
higher values of the superficial vapor velocity'for water than for  the R-11. 
The transition line may be brought into agreement by the addition of the 
effect of the liquid (or  vapor) density to the one-half power to the linear 
expres  siorl such that 

> 

(VI. B-12) 
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Fig.  VI.7. Mass Flow Rate and Quality Representation of the Transit ions 
a t  an  Orthobaric-density Ratio of 20.6 
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Fig.  VI.8. Churn to Wispy-annular Flow-transit ion Correlat ion 

where Co i s  a constant assumed identical for  a l l  fluids, and Do i s  established 
a s  containing the vapor density of R- 11 a t  identical orthobaric -density rat io  
for  the fluid. barom the graphical resu l t s ,  Co = 0.194 and Do = 1.6(pg)g!ll 
f o r  a superficial  liquid velocity grea ter  than approximately 2 ft/sec. 'l'he 
f o r m  of this expression would resu l t  in  the vanishing of the churn regime a t  
approximately 8 ft/sec for  the superficial  liquid velocity i n  the net quality 
region. However, the bubble -flow regime does enter  into the net-quality 
regime;  thus the churn regime would vanish a t  lower liquid velocities. This 
i s ,  of course ,  predicated on Lhe assulilptiurl uf a liilaar t ra~ls i t ion .  The 
churn-flow regime would vanish for a m a s s  flow ra te  of approximately 
2 x l o 6  lb/hr-sq ft  for  this  expression a t  /3 = 20.6. 

It i s  then concluded that although the orthobaric -density rat io  
a l t e red  the level of the transit ion f r o m  churn to wispy-annular flow in  the 
f o r m  of the square  root of the function, the vapor density entered into the 
t ransi t ion expression when two fluids a r e  compared a t  identical or thobaric-  
density rat ios .  The t ransi t ion descr ibed he re  has  a s imi lar  variation to 
the effect of gas  phase density observed i n  the a i r -water  study of Brown, 
Sullivan, and Govier. 4 3 

The original,  generalized, flow-regime map a s  presented by ~ a k e r ~ ~  . 

had a s  i t s  ordinate the superficial  vapor velocity divided by the square root 



of the density rat io ,  a s  given by Eq. (11.~-13) and shown in  Fig.  11.4. The 
absc i s sa  contained a strong dependency on the surface tension and a weak 
dependency on the liquid viscosity,  a s  given in  Eq. (11.~-14).  The t r a n s i -  
tion f r o m  froth o r  bubble flow to annular flow in the Baker  plot occur red  
a t  approximately constant quality a t  a fixed sys t em p r e s s u r e ,  w.hich i s  the 
resu l t  indicated by Haberstrqh and Griffith for  high flow r a t e s .  The 
orthobaric-density rat io  a l so  appeared in the coordinates in  the square  
root f o r m .  The liquid density i s  shown to have a one-third power effect 
f o r  a l l  t ransi t ions,  which i s  con t ra ry  to the r e su l t s  in this  and other  in-  
vestigations.  The s t rong effect of surface tension does not become ap-  
parent  explicitly a t  high sys t em p r e s s u r e s ,  and should become a minor  
contributing factor in  some of the t ransi t ions.  The t ransi t ion in slug to 
annular flow occurs  f i r s t  a t  slightly decreas ing  superf icial  vapor velocity 
for  decreasing quality, and then a t  increasing vapor velocity. The r e su l t s  
of this investigation indicated that at: l.ow m a s s  flow r a t e s ,  the superf icial  
vapor velocity for  the annular t ransi t ion increased  with decreasing quality 
until the.wispy-annular t ransi t ion was reached;  then the t ransi t ion quality 
increased  again. The t ransi t ion f rom churn to  wispy-annular flow occurred  
a t  decreas ing  superficial  vapor velocities for  decreasing quality. The 
square- root  effect of the or thobaric  density was  apparent  in the .churn  
t ransi t ions.  However, i t  did not appear  to be the proper  effect for  all 
t ransi t ions.  In addition, the ' effect of the saturat ion density a t  var ious 
t ransi t ions was not of the s a m e  magnitude for  a l l  t ransi t ions.  

The t ransi t ion f r o m  wispy-annular ,to annular -d ispersed  flow 
appeared to be caused by  the break-up  of the agglomerates  i n  the c o r e  
into droplets .  This t ransi t ion then may be  a function of the s a m e  fluid 
proper t ies  a s  those that g0ver.n the initiation of sp ray  in  annular flow. 
These proper t ies  a r e ,  i n  the main, sur face  tension, viscosi ty ,  and the 
orthobaric-density rat io .  A charac ter i s t ic  Weber number m a y  exis t  f o r  
the t ransi t ion.  However, no constant Weber number based upon a single 
geometr ical  length could b e  obtained f r o m  the present  data.  Since l iga-  
ments  of liquid apparently a r e  to rn  f r o m  the liquid f i lm,  l inearized 
stabili ty analyses  would not adequately de.scribe the t ransi t ion.  . 

The t ransi t ion f r o m  -wispy-annular to annular flow was  shown in 
Figs .  VI.3, 4, 5 ,  and 6 f o r  the individual or thobaric-densi ty  ra t ios .  The 
p rec i se  position of the t ransi t ion line i s  not obtained s ince a band would 
be m o r e  rea l i s t ic  for  the t ransi t ion.  The t rans i t ion  zone does not en-  

- compass  a wide - range of superf icial  liquid velocities.  A slightly inc reas  - 
i.ng superf icial  liquid velocity i s  obtainable f o r  the t ransi t ion.  Within the 
spec t rum of the points of uncertainty,  the . t rans i t ion  l ine could'be set-  a s  
l inear  with a ,  separat ion between orthobaric-densi ty  ra t ios  .in t e r m s  of 
the superf icial  liquid velocity varying a s  the cube root  of the or thobar ic -  
density ra t io .  However, t he re  i s  no justification f o r  such a . se t t ing  of the 
t ransi t ion due to  the spread  in  the t ransi t ion zone. In comparison with 



the water data of Bennett et  al . ,  the transition occurred a t  lower superficial 
liquid velocities for  identical vapor velocities; o r  conversely, for a fixed 
liquid velocity, the R- 11 had a higher vapor velocity. The transition in the 
G-x plane would be identical for R-11 and water i f  the ratio of superficial 
vapor velocities along a constant-quality line in the superficial-velocity 
plane were  inversely proportional to the liquid-density ratio.  The ratio i s  
in the order  of 0.6 1 for  R- 11 to water.  This would imply that the super - 
ficial liquid velocities a r e  separated by the same ratio. Identical plots of 
the transition lines would then be obtained. The transition line appeared 
to occur a t  higher mas s  flow ra tes  for the R-11 when compared to the 
water  data.  Again, the band of transition cannot be made clear-cut ,  a s  
observation of the motion pictures of the flow regimes resul ts  in subjec- 
tive conclusions. 

The proposed transition f rom slug to annular flow a s  given by 
Haberstroh and Griffith contained two inflection points for the.ir air-water  
data.  The final inflection point led to a constant-quality line, which was 
extrapolated to estimate the tran'sition a t  elevated p ressures .  f the.cube 
root of the orthobaric-density ratio suggested a s  a rough,.estimate of the 

. . transition from..wispy-annular,to annular flow in the preceding paragraph 
i s  employed to extend the a i r -water  data to elevated p ressures ,  the t rans i -  
tion line would be between 3.2 and 3.8 ft/sec a t  500 psia ' for  the range of 
the transition superficial liquid velocities, and between 4.2 and 4.8 ft/sec 
fo r  water a t  1000 psia. This would be . in  agreement with the Harwell 
statementz7 a s  . to  the constant superficial-liquid-velocity magnitudes, but 
.not with their  l isted data.  The discrepancies involved in the second 
transition-inflection point wiil now be .  considered. 

The electrical-resistance-prohe.rnethod of determining the t rans i -  
tion to annular flow.at high.mas s veloc.itie's 18~32246~'as. .employed by Habe.r s.t.roh 
and Griffith18 to..develap an  expre's sio'mfor the tr.an'sitiori:in':terms of a con-, 
stant quality, dependent only upon the o'rthobaric-density ratio.  The 
range of validity of the.constant-quality.transition i s  given by Eq. (113-5) 
in.  t e r m s  of the superficial liquid velocity. The .predicted values of the 
transition.quality a r e  17.5 and 29.170 fof water a t  500 and 1000 psia, 
respectively. The. resul t  i s  included in Fig. VI.7 for  comparison with the 
t ransi t ion points obtained by Suo e t  a1.32 Excluding the higher mas s -  
velocity transition points, the .measured values obtained for 1000 psia 
a r e  qualities of 0.14, 0.101, 0.150, a1.d 0.161 for rriass flow. ra tes  of 0.4, 
0.8, 1.22, and 1.22.x l o 6  lb/hr-sq ft, respectively,. , Theseva lues  a r e  much 
l e s s  than the.predicted valu.e.of 29.170, which cas t s  some doubt a s  to the 
effectiveness of the e lec t r ica l - re  sistance probe for quantitative .measure -  
ments,. particularly for  .the.wi spy -annular transition to annular flow. Only 
two points were available for  the ,500-psia water data. The. transition 
qualities t h e r e w e r e  0.167 and 0.105, respectively, a t  0.41 and 1.22 x l o 6  lb/ 
h r -  sq  ft. .The' .probe measur-ements' fo r  .5:00-. and. 1000-psia water did 



not ag ree  with the t ransi t ions obtained f r o m  the X-ray and motion-picture 
resu l t s  of the Harwell study. Either the extrapolated prediction of the 
constant-quality t ransi t ion i s  incorrec t ,  o r  the resis tance-probe method 
i s  open to question a s  a tool for  quantitative measurements .  The physical 
propert ies  of R-11 were  not amenable for  the use of a probe of this design; 
thus the observed flow pat terns  could not be compared by this  method. 

The approximate expression for  the t ransi t ion f rom wispy-annular 
to annular flow may- be  written a s  

where Dl i s  unity for R- 11. The difference in  the t ransi t ion resu l t s  for  
R- 11 and water  differed by some factor that could be expressed  in t e r m s  
of e i ther  the liquid o r  vapor density a t  identical orthobaric-density ra t ios  
f o r  the previous t ransi t ions.  In addi.tion,. the effects of viscos'ity and s u r -  
face tension could not be separated.  The factor  Dl i s  apparently indepen- 
dent of d iameter  effects.  It a l so  could be expressed  a s  

(VI .B- 14) 

a t  identical orthobaric-density ra t ios .  The discussion of B a k e r ' s  flow- 
reg ime m a p  in Section 1I.B led to a difference in t ransi t ion superf icial  

liquid velocity such that the R- 11 value was 0.25 that of the water  a t  , 

identical or thobaric-densi ty  ra t ios .  This t ransi t ion i s  approximately 
cor re la ted  by the above express ions .  However, no upper l imit  can  b e  
given. 

The t ransi t ion expressions obtained in  this  investigation a r e  com-  
pared in Fig.  VI.7 with the t e s t  r e su l t s  a t  an or thobaric-densi ty  ra t io  of 
20.6. Included in  the plot a r e  the e lec t r ica l - res i s tance-probe  r e su l t s  of 
Suo -- e t  a1.32 and the Harwell  dataz7 for  water  a t  1000 psia.  Only some 
representat ive points for  the R- 11 r e su l t s  have been shown. If 
Eq. (VI.B-14) i s  employed to r e l a t e  the water  data  with the R-11 resu l t ,  
then the single line shown in  the figure a s  Eq. (V1.B-13) r ep resen t s  both 
fluids. A transi t ion band for  the wispy-annular to  annular flow would 
extend downwards toward the intersect ion of Eqs . (V1.B-3) and (V1.B- 12) 
and would include the uncertain data points. The constant-quality t r a n s i -  
tion suggested by Haberstroh and Griffith i s  shown with the lower l imit  
extending to the c r i t e r ion  stated by the i r  work. 'l 'heir r e su l t  d i sag rees  
with the e lec t r ica l -  res i s tance  -probe t ransi t ion points. 

Ultimately, a s  the sys tem p r e s s u r e  approaches the c r i t ica l  p r e s -  
s u r e ,  i t  might be  expected that bubble flow would have a t ransi t ion to 
wispy-annular in a d i r ec t  manner  with a fur ther  t ransi t ion to annular - 
dispersed .  The t e s t  r e su l t s  for  or thobaric-densi ty  ra t ios  comparable  
to water  a t  1500 and 2000 psia did not indicate any substantial  p r e s s u r e  



oscillations,  no r  were  distinct flow pat terns  observed by the fluoroscope 
method. The general  appearance of the flow a t  very sma l l  or thobaric-  
density. ra t ios  was that of s t reaming flow. F o r  the l imited flow ra t e s  
involved a t  elevated p r e s s u r e s ,  no distinction could be made for  a t r ans i -  
tion f r o m  wispy-annular to annular flow. 

The local p r e s s u r e  gradients obtained during the s e r i e s  of t e s t s  
a re . i l l u s t r a t ed  by examples  f r o m  the t e s t  s e t  for  an orthobaric-density 
r a t io  of 20.6. Three  differential p r e s s u r e s  were  determined. Sequen-' 
t ially,  the overal l ,  intermediate ,  and exit  lengths of the unheated rectan-  

.gu lar  section a r e  displayed for  t ransducer  differential-pressure.ratings 
of 15, 5, and 5 psid, respectively.  The ze ro  for  each char t  i s  centered 
and was cal ibrated before  each run.  A timing m a r k  along the.edge of the 
s t r i p  indicated an interval  of 1 sec .  The char t  sett ings were  adjusted to  
r ep resen t  e i ther  1 o r  2 m ~ / c m .  The t r ansduce r s  were  calibrated fo r  
a 10-mV range for  the different ial-pressure rating. F o r  the annular 
flow r u n s ,  1 m ~ / c m  was employed fo r  the intermediate p res su re -d rop  
recording;  the overal l  p re s su re -d rop  recording was se t  a t  1 mV for  these 
f igures ;  the exit  p r e s s u r e  drop  remained a t  2 m ~ / c m .  The output of the 
r e c o r d e r  c a r r i e d  an e lec t r ica l  noise, 'which was not removed by any 
damping capacitor and remained in evidence, par t icular ly in the overal l  
p re s su re -d rop  reading. F igures  VI.9, 10, 11, 12, 13, and 14 i l lus t ra te  
the effect of f low.regime on the local  p r e s s u r e  drops.  Churn, wispy- 
annular ,  and annular flows a r e  represented ,  and the effect of flow r a t e  
i s  i l lus t ra ted  in  F igs .  V I . ' ~  and 10, where  the quality i s  approximately 
0.11 and the m a s s  flow r a t e s  a r e  0.46 and 1.04 x l o 6  lb/hr-sq f t ,  r e spec -  
tively. The f o r m e r  s e t  i l lus t ra tes  the churn-annular t ransi t ion region; 
the la t te r  i s  in  the wispy-annular region.  h here i s  a sca le  change for  
the: intermediate  p res su re -d rop  recording in these two graphs.)  

F igure  VI. 11 r ep resen t s  the churn-flow oscillations in  which the 
quality was 0.07 and the m a s s  flow r a t e  was 0.67 x lo6 .  The cha rac te r  
of the fluctuations in  this f igure. tended toward periodic bands of osci l -  
lations,  which moved a t  intervals  along with the occasional damping of 
the pressur 'e drop .  In Fig.  VI.12, the.wispy-annular region i s  represented  
a t  a quality of 0.15 and a t  a flow r a t e  of 0.72 x lo6 .  The band of osci l -  
lations i s  not s e e n ' i n  this  f igure  a s  compared to the f o r m e r .  This run  
was  nea r  the t rans i t ion  to annular  flow. Annular flow i s  shown in  
Fig.  VI.13, in which the intermediate  r eco rde r  setting was changed to 
1 m ~ / c m  to magnify the oscil lations.  The value of the quality was.  0.39, 
and the m a s s  flow r a t e  was 0.54 x l o 6 .  The oscil lations have been damped 
considerably.  The occasional oscil lations a r e  probably due to the high- 
amplitude waves that were  evident in. the high-speed motion p ic tures .  The 
f inal  f igure  i s  a n  indication of the sys tem p r e s s u r e  drop  before an ex- 
curs ion  i n  the wall  t empera tu re .  F igure  VI.14 indicates annular flow a t  
a quality of 0.38 and a m a s s  flow r a t e  of 0 . 3 6 . ~  l o 6 .  
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Fig. VI.9. Local P ressure  Gradients for an Orthobaric-density Ratio of 20.6 a t  a 
Quality of 0.11 and a Mass Flow Rate of 0.46 x 10' lb/hr-sq ft  
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Fig. VI. 10. Local Pressure Gradients for an Orthobaric-density Ratio of 20.6 at a 
Quality of 0.11 and a Mass Flow Rate of 1.04 x lo6 lb/hr-sq ft 
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Fig.  V I . l l .  Local Pressure  Gradients for an Orthobaric-density Ratio of 20.6 a t  a 
Quality of 0.7 and a Mass  Flow Rate of 0.67 x 1 o6  lb/hr- sq  ft 
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Fig. VI. 12. Local Pressure Gradients for an Orthobaric-density Ratio of 20.6 at  a 
Quality of 0.15 and a Mass Flow Rate of 0.72 x lo6  lb/hr-sq ft 
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Fig. VI. 13. Local Pressure Gradients for an Orthobaric-density Ratio of 20.6 at a 
Quality of 0.39 and a Mass Flow Rate of 0.54 x lo6 lb/hr-sq ft 
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Fig. VI. 14. Local Pressure Gradients for an Orthobaric -density Ratio of 20.6 
at a Quality of 0.38 and a Mass Flow Rate of 0.36 x lo6 lb/hr-sq ft 
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The local p res su re -d rop  fluctuations ranged to 2 psi  in the la rges t  
values seen  in these plots. The iner t ia  of the recording pen may have 
accounted for  some of the spread .  Operation of the cha r t  speed a t  various 
values did not appear  to produce any g rea t  deviations in  the spread  of the 
p res su re  -drop oscil lations.  The r ecorde r  was employed to determine the 
f o r m  of the p res su re -d rop  oscillation f o r  slug flow by operation during 
nonforced-flow conditions. The charac ter i s t ic  of this type of flow i s  some-  
what different f r o m  the churn-type flow encountered during the forced-flow 
conditions. 

The tes t  procedure involved a fixed heat flux with a variation of' 
flow ra t e .  In general ,  the flow ra t e  was reduced in the t e s t  s e r i e s  in o r d e r  
to pass  through the various t ransi t ion regions.  The wall t empera tu res  of 
the heated section remained constant a s  the sys t em condition passed into 
the annular reg ime.  A subsequent reduction of flow led to  a slight depres -  
sion of the wall tempera ture  before a rapid r i s e .  At low m a s s  flow r a t e s ,  
the heat flux required fo r  this r i s e . i n  wall tempera ture  var'ied, whereas a t  
high flow r a t e s ,  a nearLy constant heat flux.value was obtained for  the 
depar ture  of the wall tempera tures  to  high values.  At low flow ra t e s ,  the 
mot ion-pic ture , resu l t s  indicated the existence of sp ray  droplets  and a 
thin, tranquil ,  liquid f i lm.  At high flow r a t e s ,  the wispy-annular flow 
regime was in  evidence a t  the . . increased wall  - tempera ture  condition. 
During seve ra l  points in the s e r i e s  of t e s t s ,  the wall t empera tu re  was 
allowed to r i s e  without the burn-out t r i p  in  the c i rcu i t .  It was found that  
the wall t empera tu rewould  6ccasionally r i s e  to a high value and then de -  
c r e a s e  to  near ly  the s a m e  value before the r i s e .  Since the wall t empera -  
tu re  would undergo a n  excursion to values of approximately 1000°F, the 
number of a t tempts  to  repea t  these .excurs ions  was l imited to prevent the 
breakdown of the fluid. T h e ~ w a l l  tempera ture  tended to inc rease  slightly 
a t  a given sys t em p r e s s u r e  a s  the heat  flux was increased .  The inc rease  
was not substantial ,  and no accura te  values were  obtained due . to  the 
l imited precis ion in reading the indicated values.  No "burn-outs " were  
sustained.in the churn-flow region. Although the t e s t s  were  not designed 
to s e a r c h  for  this  r e su l t ,  a n  occasional random .excursion might have 
been expected. 

The observations of the t ransi t ions occurr ing in  this study may be 
summarized  a s  follows: 

1. The or thobaric-densi ty  ra t io  i s  the proper  modeling pa ramete r  
f o r  comparison of re f r igerants ,  such  a s  R-  11 , .with water .  Within the r e -  
f r igerant  group, modeling on the reduced p r e s s u r e  o r  reduced t empera tu re  
would be sufficient fo r  this  group because 6f the redLced property relation- 
.ship among the .member  s .  . . 

2. . The t ransi t ion f r o m  churn to annular flow occurred  a t  low 
superficial  liquid velocities,  which w e r e n o t  predictable by the express ion  



f o r  a i r -wa te r  and s team-water  sys t ems  without modifications'. The . t r ans i -  
tion fo r  R-  11 (and R-22 of a different study) occurred  a t  e a r l i e r  super'ficial 
vapor velocities than predicted by  Eq. (1I.B-2). By consideration of the 
l inearized stabili ty analysis  for  the Taylor-Helmholtz and the Kelvin- 
Helmholtz problems,  bounds could'be obtained on the modificatton of the 
t ransi t ion expression.  The rat io  of the fluid density (ei ther  liquid o r  
vapor)  of the re f r igerant  and water  a t ' t he  same orthobaric-density rat io  
would modify the expression to yield the c o r r e c t  direction for  the expres- '  
sion that was given a s  Eq. (V1.B-3). The upper l imit  of this t ransi t ion 
appeared  to be of the o r d e r  of 1 to  2 ft/sec for  the superf icial  liquid 
velocity. 

3 .  The t ransi t ion f r o m  churn to a flow regime descr ibed a s  
wispy-annular flow occur red  a t  decreas ing  superficial  vapor velocities 
for  increasing liquid velocities.  An express ion 'was  obtained for  the t r an -  
si t ion in t e r m s  of the squa re . roo t  of the orthobaric-density rat io ,  and 
given approximately by Eq. (VI.B-12). The square- root  t e r m  does not 
entirely. effect a cor re la t ion  s ince the comparison of these r e su l t s  with 
that of water  a t  identical or thobaric-densi ty  ra t ios  indicated that the vapor 
(or  liquid) density entered the correlat ion.  The square .  root of e i ther  
saturat ion density would br ing the data into agreement .  

4. Plug flow did not appear  in  the net-quality r e su l t s  of these 
t e s t s  for  the forced-circulation, h igh-pressure  conditions. 

5. The t ransi t ion f rom wispy-annular flow to annular flow was 
init iated a t  lower superf icial  vapor velocities for  decreas ing  or thobaric-  
density ra t ios .  The t ransi t ion band i s  ve ry  na r row when plotted on 
superficial-velocity coordinates.  In comparison with the available water  
data ,  the t ransi t ion occur red  at slightly lower superf icial  liquid velocilies 
a t  a given or thobaric-densi ty  rat io .  No d iameter  effect was evident. The 
t rans i t ion  line i s  one of near ly  constant superficial  liquid velocity. An 
approximation of the change with orthobaric-density ra t io  can be made by 
one-third-power effect of the  above rat io ,  a s  given by Eq. (V1.B-13). 
F r o m  the sp read  in the t ransi t ion band, a definite t ransi t ion c r i t e r ion  
cannot be made.  F o r  a given quality, the R- 11 t ransi t ion takes place a t  
a slightly higher m a s s  flow ra t e  than water  a t  the same  orthobaric-density 
rat io .  

6 .  A compar ison  of the e lec t r ica l - res i s tance-probe  r e su l t s  be-  
tween two different investigations for  water  revealed that the probe may 
be inadequate a s  a quantitative device fo r  the wispy -annular to annular 
t ransi t ion.  The probe apparently i s  a s  subjective a s  motion pictures  in 
the m a t t e r  of interpretat ion.  

7. The possible effects of iner t ia l  ~ o n t r o l l e ~ ~ ~ r o c e s s e s  and those 
governed by sur face  and viscous' effects could not be uncouple'd, since the 



variations in.  t ransi t ions can be  effectively t e rmed  .in ei ther  fo rm.  A 
recent  study b.y Shearer  and  avids son'^ investigated theini t ia t ion of 
standing-wave formation due. to  gas  blowing upward over a liquid fi lm 

.and employed a co.mbination of a Weber - and Reynolds -number r ep resen-  
tation of the c r i t ica l  gas.veloci.ty a t  which the standing wave.was fo rmed .  
Their r e su l t s  indicated .that the development employed in obtaining 
Eq. (VI.B-3') was substantiated. Their  resultant definition of the.  Weber 
number . led  to  a coefficient modification in  Eq. ( ~ 1 . ~ 3 )  which was c lose r  
in magnitude to the r e su l t  given in Eq: (v1.B-4) where the ra t io  of sa tu ra -  
tion densit ies.  was.employed. Thus, the proper .  modification for  the churn.- 
to-annular t ransi t ion i s  s t i l l  uncertain.  

C.  Local Void Frac t ions  

Local void fract ions were  determ-ined in the unheated rectangular  
-channel, and the reduced values a r e  . l is ted in Appendix C. The channel 
width was a rb i t r a r i ly  subdivided into 12 sections.  Thus, each  -element 
represented  ,the. width of the collimating window a t  the photomultiplier 
tube. The.minimum t ime required to t r a v e r s e  each element ,  which was 
approximately 1/32 in.  wide, was 20 sec .  T h e t e m p o r a l  and spatial  
averages .  were ,  therefore ,  assumed to b e  sufficiently close for  a mean 
value to be assigned to each element.  

The void f rac t ions  obtained in the.unheated section above a heated 
section should be. lower a t  a fixed quality and m a s s  flow r a t e  than the 
values that would b e  obtained in  the heated section. A comparison of the 
average void fract ion obtained in  a mass- f low-ra te  range comparable  to ' 

the R-22 .study47 indicated that a t  the s a m e  quality and m a s s  flow ra t e ,  
the void fract ion was slightly lower t h a n  that obtained in the heated s e c -  
tion. The difference was approximately 5'7'0. A change - in  distribution of 
the vapor toward the core,would re.present an  inc rease  in s l ip  rat io ,  
i.e.,  a dec rease  in the. void fraction. 

Examples of the effect of m a s s  flow ra t e ,  quality, and or thobaric  
density on the voidifract ion profile a r e  given in Figs .  VI.15, 16, and 17. 
F o r  a given m a s s  flow ra t e  and quality, increasing the sys t em p r e s s u r e  
(i.e.,  decreas ing  the or thobaric  .density) dec reases  the average  void pro-  
f i le .  F o r  . increasing quality, the. void profile becomes flattene'd. F o r  
fixed quality and density rat io ,  the local void profile becomes  f la t ter  with 
increasing f low.ra te .  The .void profile i n  the - semiannular  o r  churn region 
i s  somewhat parabolic in .na ture .  The. t ransi t ion into annular and wispy- 
annular flow flattens the profile. 
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Fig. VI.15. Local Void-fraction Profiles for 

x = 0.075, 0.086, and 0.070, 
and for ~ / 1 0 ~  = 0.628, 0.657, 
and 0.668 

F e -  CHANNEL WIDTH - 
Fig. VI.10. Local Void-fraction Prulilse lor 

x = 0.193, 0.207, and 0.188, 
and for ~ / 1 0 ~  = 0.926 and 
1.02 



2 4 6 8 10 12 
I 1 I Figures  VI.18, 19, 2'0, 21, and 
0 0 

' o 22 show the average'  void fract ion a s  

. e C  O a function,of the M a s s  quality, based 
upon thermodynamic equilibrium, 
with the data separated a rb i t r a r i ly  
into the resul ts  for  m a s s  flow r a t e s  
above and below 1.0 x 10' lb/hr-sq ft. 
Fo r  comparison, the void-fraction 
data of Janssen and ~ e r v i n e n ~ ~  a r e  in-  
cluded in F igs .  VI.19 and 2 1. Their  
resu l t s  were  obtained for  s team-water  
flow in a ver t ical ,  rectangular chan- 
nel (1/2 by 1 s  in.). The m a s s  flow 
ra te  for  the s team-water  data in  
Fig. VI.19 was approximately 
0.5 x 10' lb/hr-sq ft ,  with a p res su re  
of approximately 600 psia.  In 
Fig.  VI.21, the m a s s  flow ra t e s  f o r  
the s team-water  data a t  1000 psia 
were  0.25, 1.0, and 2.0 x 10' lb/ 
h r  - sq  ft .  With the extensive number 
of void-fraction correlat ions available 
in the l i te ra ture ,  these three  co r re l a -  
tions were  selected on the bas is  that 
the orthobaric-density rat io  and 
quality were the only required quanti- 
t i es  fo r  determining the void fraction. 
Thus, the momentum model of ~ e v ~ ~ ~  
and the correlat ions of von ~ l a h n ~ '  
and ~ o l o m i k ~ ~  a r e  included, in addi- 
tion to the homogeneous -flow model. 
None of these models contains a 
mass-f low-rate  effect and a s  such 
cannot yield a prec ise  representation 

1- CMANNEL w I DTH -1 of the void fraction. Levy's momentum 
model provided a lower bound on the 

Fig. VI.17. Local Void-fraction Profiles for 
void fractions obtained in this inve s t i -  

x = 0,324. 0.287, and 0.313, gation, but i t  does not provide a lower 
and for ~ / 1 0 ~  = 0.453, 0.474, bound for flow ra t e s  below those 
and 0.46 utilized in this r e s u l t .  Since Polomiks7 

presented severa l  expressions for 
void fraction, the particular '  expression employed in F igs .  VI.18 through 
VI.22 was Eq. (24) in  his paper.  
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The following expressions were  employed to calculate the  various 
void models. Levy's momentum model yields the quality 

when the void fract ion a i s  ze ro  a t  x = 0. The expression employed by 
von Glahn i s  

(VI.  C-2) 

~ x ~ r e s  sionZ4 in ~ b l o m i k '  s paper was rear ranged to vbtairl 



These expressions were  placed in the preceding fo rms  to facilitate a 
digi tal-computer-program calculation of the correlat ions in t e r m s  of the 
orthobaric -density rat io  and the void fraction. 

To add further  correlat ions,  such a s  Bankoff's variable-d.ensity 
model2' o r  Martinelli  and Nelson's would not produce any bet ter  
resul t s  in  correlat ion of the void fraction. Since Staub and zuber4'  ex-  
amined Levy' s mixing-length theory,89 which included a m a s s  -flow- ra t e  
effect for  R-22 corresponding in par t  to the resul t s  of Fig. VI.20, it-, 
should suffice to  say that the calculation of the voids exceeded the ~ - . 2 2  ' 

data, .which in tu rn  were  higher than the  resul t s  of the present  investiga- 
tion at identical m a s s  flow ra te s  and qualities. 

It can be inferred,  f r o m  the average-void-fraction graphs,  th.at the 
higher m a s s  flow ra te s  approach the homogeneous-flow model a s  the sys -  
t em saturat ion p r e s s u r e  i s  increased,  i.e., a s  the orthobaric-density rat io  
dec reases .  Thus, the slip rat io ,  defined a s  

approaches unity. The data points that indicate void fractions in.  excess  of 
the homogeneous model (S = 1) for the low-quality region a r e  probably due 
to the combined e r r o r s  evident in  the energy-balance-and mass-f low-rate  
determination. It i s  l e s s  likely that an entrance effect that would lower the 
slip rat io  below unity would pe r s i s t  in the channel. 

No correlat ion of void fraction that purports  to  predict this ,quantity - 
can be given ser ious  consideration unless  the effect of m a s s  flow ra te  i s  
included. Alternately, the flow regimes  at a part icular  quality and sys tem 
p r e s s u r e  a r e  character ized by different void profiles,  which a r e  a function 
of the m a s s  flow ra te  and the method of generation. '  Thus, the gradient of 
void generation as  a function of energy input and vaporization due to a de-  
c rease  in sys tem p r e s s u r e  should enter  the consideration in addition to the 
degree  of depar ture  f r o m  thermodynamic equilibrium in  the f o r m  of the 
generation of superheated liquid o r  vapor and subcooled vapor.  

During the process  of examining the 'effect of flow ra te  upon the void- 
fraction re su l t s ,  an empir ical  expression was obtained to incorporate the 
m a s s  flow ra te  into a n e x p r e s s i o n  for  the void fract ion in t e r m s  of the 
orthobaric-density rat io  and the quality. Of the severa l  expressions con- 
tained in  Polomik 's  paper,87 Eq. (22) was found to have limited agreement  
with data  for  s team-water  .systems. In addition, .it contained no mass-f low- 
ra te  effect .  By. chance, i t  was'  found that a mass-flow effect could be ob- 
tained i f  the expression were  compared with a constant mass-f low-rate  line 
with the orthobaric-density ratio replaced by a variable that contained both 



the m a s s  flow ra te  and the orthobaric-density ratio.  The following ex- 
press ion  i s  obtained: 

where a. i s  the average void fraction, and 

An alternate expression i s  given a s  

The m a s s  flow ra te ,  G, i s  given in lb/hr-sq ft. F o r  systems with heat ad- 
' 

dition, the value of C i s  approximately 2.95,  and the exponent, n, is.0.686. 
'The apparent upper bound on the constant, C,  given above i s  the m a s s  flow 
ra te  corresponding to the s t a r t  of wispy-annular flow. The constant m a s s -  
flow-rate l ines a r e  shown in Fig. VI.23 with Y a s  the parameter .  
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Fig. VT. 2 3 .  L,nw-ma.ss-fl.nw-rate Cnrre la t i .on  
for Average Void Fract ion , 



Figure  VI.24 compares  the predicted average-void fraction l r0.m 
Eq. (V1.C-7) with the resu l t s  of three separ'>te investigations. The d'ata 
present'ed by Staub and ~ u b e r ~ ~  for R-22 a t  a reduced p r e s s u r e  of 0.12 and 
a p of 47.1 were  obtained a t  various degrees  of s,ubcooling ,for ver t ical  
flow in a 0.4-in. tube with heat addition. The void fraction appeared to in- 
c rease  a s  the inlet conditions approached saturation. The s team-water  
data  of ~ . o o k ~ O  for  natural circulation .in ver t ical ,  rectangular,  ,multichannel 
sections- have been included for  a saturation of 614 psia  ( P  = 37.1) 
The two tes t  runs selected were  chosen on the bas is  .of the extent of the 
m a s s  quality. Steam-water void fractions obtained by Egen, Dingee, and 
chastainsl  for  2000 psia  ( P  = 7.3) a r e  shown. The m a s s  flow ra te  was con- 
stant a t  approximately 0.66 x lo6 lb/hr-sq ft ,  but the subcooling was varied 
over a wide range. The grea tes t  range of subcooling occurred in  the la t te r  
case ,  which may account for the scatte'r in the resu1. t~.  The closer  a fluid 
i s  to the saturation condition at  elltrance to a boiling section, the bet ter  the 
agreement  with Eq. (V1.C-7). The upper l imit  of the m a s s  flow ra t e  that 
may be employed in  the expression i s  probably a function- of ,the level of 
the sys tem pressu re .  Arbi t rar i ly ,  the value may be s e t ' a t  approximately 
0.7 x lo6 lb/hr- sq ft. The m a s s  flow r a t e s  above 1 x lo6  lb/hr-sq ft- do not 
follow the suggested trend indicated by the expression. Since subcooling 
presented a wider band of void fractions at  a given quality and m a s s  flow 
ra te ,  the effect of subcooling (or  heat flux level) en ters  the prediction of 
the void fraction. 
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Void-fraction Correlation 



In summary,  the .average void fraction for a given orthobaric-density 
ra t io  and quality i s  a function of the m a s s  flow r a t e  and the degree of sub- 
cooling ( o r  heat-flux level).  At low m a s s  flow r a t e s  and qualities below ap- 
proximately 40%, the void fraction may be estimated by Eq. (V1.C-7) for 
inlet-flow conditions approaching saturation. The various graphs of the 
average  void fract ion indicate that the prediction of the void f rom m a s s  
quality and orthobaric-density rat io  alone i s  not sufficient to account for the 
variation of experimental values. Hence, any prediction that does not in- 
corpora te  a mass- f low-ra te  effect i s  a t  best an approximation. 

In general ,  the higher the m a s s  flow ra te  at a given quality, the 
higher the void fraction, o r  alternately,  the lower the slip ratio.  As the 
orthobaric-densi ty rat io  dec reases  ( i .e . ,  the sys tem p r e s s u r e  inc reases ) ,  
the n e a r e r  the void fract ion approaches the homogeneous flow k o d e l .  In 
addition, the flow reg imes  that occur due to the mass-f low-rate  effect must  
be taken into account in that the void profile i s  a l tered in accordance with 
the part icular  flow regime encountered at a fixed quality. 



VII. CONCLUSIONS AND RECOMMENDATIONS . 

The flow regimes.and their  t ransi t ions associated with a single- 
component fluid were investigated for a range of mass.f low r a t e s  and quali- 
t i es  a t  a s e r i e s  of fixed'orthobar.ic.-density rat ios .  The fluid se l ec ted fo r  
this  study was trichloromonofluoromethane, R -  1 l.,. since it possessed a low 
cr i t ica l  pres.sure and temperature,  which facil i tated the observation of 'the 
flow patterns.  In addition, the comparison of this  fluid with the flow-reg-ime 
resu l t s  of water provides a r igorous t e s t  of any similar,ity 'analysis. The 
additional information of the local-void-fraction profiles and the average 
values for this  re f r igerant  a t  elevated p res su res  provided data in an a r e a  
that was lacking in any extensive resu l t s  fo r  either horizontal or  ver t ica l  
two-phase flow. . . 

The general  level of the change in physical propert ies  of this study 
presented some ra ther  simplifying relationships,  whichmay not h o l d a t  . 

either very  high orthobaric-density ra t ios  or near  the c r i t ica l  point.. The. 
range of orthobaric-density rat io  was f rom 60 to 7.5, which i s  considered 
a s  a range of moderate  variations in thermodynamic and t ranspor t  propert ies .  

F r o m  the resu l t s  of this investigation, the selection of the orthobaric- 
density rat io  a s  a modeling parameter  for comparison of fluids a s  widely 
divergent in their  physical propert ies  a s  R-  11 and water was shown to be the 
proper basic modeling parameter .  At a fixed orthobaric-density ratio,  the 
flow-regime transit ions were dependent upon other fluid propert ies .  The 
examination of the physical propert ies  of water and those of the F reon  group 
,indicated that neither the reduced p r e s s u r e  nor  the reduced tempera ture  were  
adequate to express  a s ingle-parameter  function of the proper t ies .  The use of 
the orthobaric-density rat io  does not provide a s ingle-parameter  function for  
the physical propert ies .  Two expressions were developed to cor re la te  the 
surface tension and the dynamic liquid viscosity a s  a function of the reduced 
saturation p res su re .  A reference property a t  a reduced p res su re  of 0 .03  was 
selected, which provided a corre1atio.n over a wide range of reduced p r e s -  
sures .  The orthobaric-density ra t io  for both water a n d t h e F r e o n s  could be 
expressed a s  a linear function of the rec iproca l  of the reduced-saturation 
p res su re  with separate  slopes for the fluids. Within the F reon  group, the 
orthobaric -density rat io  was expressible  a s  a. single-valued function of the 
reduced saturation p res su re .  The correlat ion for the surface tension was 
obtained a s  

where the values of a r e  given in Table I. The dynamic liquid viscosity 
was expressed a s  



and the re fe rence  values  a r e  l isted in Section 1V.A-3. 

The investigation of /..L~/O d isclosed that a t  identical  or thobaric  - 
density ra t ios ,  th is  r a t i o  had an approximately constant value of 20/3 when 
R -  11 was compared with water .  In the examination of the fluid-property 
group employed by ~ a k e r ,  34 this group possessed  a near ly  constant value of 
0.25 when this grouping was  compared for  R-11 and water a t  identical  
or thobaric-densi ty  r a t i o s .  The e r r o r s  involved in B a k e r ' s  paper were  con- 
s idered  in Section 1I.B. 

The flow reg imes  observed by the fluor.oscope inet l~od and in the high- 
spe'ed, color motion p ic tures  were  categorized a s  bubble, churn (or s emi -  
annular ), wispy -annular,  and annular flow. The appearance of the dist inctive 
flow reg ime t e r m e d  wispy-annular flow agreed  with the recent  observations 
of the Harwell  for water .  An agglomerated,-entrained,  liquid phase 
was t ranspor ted  in the vapor co re  while there  was a slow-moving liquid fi lm 
on the walls.  This  entra inment  of liquid l igaments probably occur red  through 
the shear ing of wave c r e s t s  and the break-up of liquid br idges .  The break-up 
of these l igaments into droplets  leads  t o  the d i spersed  annular-flow reg ime.  
T h e r e  was an absence of plug flow a t  elevated p r e s s u r e s .  The churn-flow 
reg ime  was employed a s  a descr ipt ive t e r m  for both churn-slug and churn-  
annular flow. 

The flow-regime data were  presented in the f o r m  of a graph of super-  
f ic ia l  vapor ,and superf ic ia l  liquid velocity for  fixed or thobaric  -density ra t ios .  
A comparison o f t h e  t ransi t ion zones obtained for the re f r igeran t ,  R -  I I, did 
not cor respond to  the values  indicated for s team-water  systems' .  The l inear -  
ized stabil i ty ana lyses ,  which led to  the Taylor-Helmholtz and Kelvin- 
Helmholtz stability c r i t e r i a ,  were  examined. Application of these  r e su l t s  
led to  a t ransi t ion express ion  for churn to .annular flow, which could be 
represen ted  a s  e i ther  a function of the surface- tension and liquid-satiiration- 
density ra t ios  between R -  11 and water ,  o r  a s  a function of the liquid (or 
vapor ) saturation-density ra t io  alone when the fluids were  compared a t  iden- 
t i ca l  orthobaric-density ra t ios .  The resul tant  express ion  for the t ransi t ion 
f rom churn to  annular flow was 

which was a modification of the Habers t roh  and Griffith resul t ."  The t r an -  
si t ion could a l s o  be expressed  a s  



where the superficial  velocities a r e  expressed  in ft/sec. It was not possible 
to  distinguish between a purely inertial ,  controlled sys tem and one in which 
the interfacial  forces  a r e  dominant. The values obtained for the modifying 

a  factor,^ for the churn-to-annular transit ion expression a r e  relatively con- 
stant over the t e s t  range and a r e  approximately 0.49, ,0.6 1, and 0.70 for the 
Taylor -Helmholtz, vapor -density ratio,  and Kelvin-Helmholtz methods, 
respectively.  

The transit ion f rom churn to wispy-annular flow occurred a t  higher 
values of the superficial  vapor velocity for water than for R-31 a t  identical 
orthobaric-density rat ios .  An expression in which no diameter  e f fec t  is 
included was obtained for the transit ion f rom churn to wispy-annular flow a s  

where the velocities a r e  expressed  in ft/sec, and the vapor densit ies a re .  
evaluated a t  identical orthobaric -density ra t ios .  This  expression inter sec ts  
the churn-to-annular -flow expression. However, physically, there  does not 
appear to be a s h a r p  discontinuity in these t ransi t ions.  A smoothed t r ans i -  
tion line was shown in the plot of m a s s  flow ra t e  v e r s u s  quality in Fig.  VI.7 
joining the two expressions.  The expression given by Eq. (v1.B- 12) would 
resu l t  in the vanishing of this regime a t  a superficial  liquid velocity grea ter  
than the actual  value since the bubble-flow transi t ion was not considered in 
the limiting value. 

The t ransi t ion f rom wispy-annular flow to annular flow occurred  a t  
near ly  constant superf icial  liquid velocity a t  a given orthobaric-density , 

rat io .  There  was not a g rea t  spread  in the t ransi t ion zone on the plot of 
superf icial  velocity. A nearly cube root of the orthobar ic -density-ratio 
dependency was noted in the data for the transit ion. An approximate ex-  
pression was obtained for the wispy-annular to annular flow transi t ion a s  

where Dl  was unity for R-11. A comparison of the t ransi t ion for water a t  
identical orthobaric-density ra t ios  indicated that some factor separated 
the data f rom the R-11 resu l t s .  The cube-root dependency appeared to hold 
fo r  the water  r e su l t s  a l so .  The factor Dl  may involve the s;i-face tension 
and the viscosity of the fluids. However, it was indicated pr,eviously that 
the differentiation between the iner t ia l  effects and the interfacial  e f fec ts  was . 



not possible. As an approximation for the variation of Dl between the water 
data  and R -  11, the following -1expression was given 

, ' 

which leads to  identical t ransi t ion. l ines  in Fig.  VI.7. 

In conclusion, the t ransi t ions observed at elevated p r e s s u r e s  a r e  best  
cor re la ted  in t e r m s  of the orthobaric-density rat io .  That another fluid- 
property t e r m  i s  requi red  to t rans la te  r e su l t s  f r o m  one fluid sys tem to 
another was expected f rom thermodynamic considerations.  The linear - 
stabili ty analyses  for  open sys tems presented reasonable bounds for the 
t rans i t ions .  An extensive examination of the stability relationships i s  r e -  
quired to determine m o r e  prec ise  information for  fluid flow in.clbsed s.y.stems. 

The r c  sulto of the void-fraction detern~inat ioi ls  indicate tliat no press 
ent cor re la t ion  that excludes the mass-f low-rate  effect can be considered 
adequate.  It would a l so  appear that subcooling o r  the heat-flux level  m u s t  be 
taken into account for an adequate account of the var iab les  involved. This  
factor  becomes evident when the expression that was obtained for the m a s s -  
flow-rate effect was examined in Fig.  VI.24. F o r  m a s s  flow r a t e s  below 
approximately 0.7 x l o 6  lb/hr - sq  ft, the following expression was determined 
f o r  the average  void fraction 

where Y / ~ c ( G / ~ o ~ ) ~ :  C i s  approximately 2.95, and the exponent n is 
0.686. This  r e su l t  was compar'ed to  s team-water  and R-22 sys t ems  w'ith 
good success  for  fluids that a r e  near  saturat ion a t  entrance to the heated 
section. It i s  concluded, f rom this. investigation, that the flow regime is 
important  in the determination of the void fract ion in a given system, since 
the average  void fract ion is not uniquely determined, f r o m  the knowledge of 
.the m a s s  quality and the sys tem-sa tura t ion  conditions. The increase  in 
m a s s  flow ra te ,  in general ,  tends to  increase ,  the void fraction a t  a fixed 
quality and or thobar  ic -density rat io .  The average  void fraction approaches 
the homogeneous flow model  a s  the sys tem p r e s s u r e  approaches the c r i t i ca l  
point. This  was evident in  the absence of distinguishing cha rac te r i s t i c s  in 
the flow pat terns  a t  elevated p r e s s u r e s ,  i.e., a t  low orthobaric  -density rat ios .  

The following recommendations for continued investigations arelmadk: - 

1. The findings of the flow-regime transi t ions obtained in this  study 
should be extended to- l iquid-metal  sys tems.  A cu r so ry  look a t  the available 
l i t e ra tu re  o f . the  therodynamic and t ranspor t  proper t ies  of liquid meta ls  



indicates that some of the genera l  property relationships obtained in this  
investigation can be applied. The use of the fluoroscope and X-ray unit 
would facil i tate an  investigation of this  type. In addition, it would be r e c -  
ommended that single -plate, X-ray photographs be utilized. This  may en- 
ta i l  a modification of the present  unit, but the r e su l t s  would be beneficial 
in obtaining resu l t s .  that could not be photographed under the high-speed, 
color,  motion-picture techniques employed in this study. Several  orthobaric - 
density-ratio levels could be investigated to  determine the correspondence. 

2.  The high-speed, color motion pictures  of the type obtained in 
this  investigation should be given fur ther  .study to determine local bubble 
and liquid velocities a s  well a s  wave velocities and amplitudes in  annular 
flow. A m o r e  comprehensive photographic study a t  a low-pressure level  
can be initiated to determine the zone of entrainment of liquid droplets .  The 
prec ise  causes  for the development and terminat ion of the wispy-annular 
flow regime should be examined, both experimentally and analytically. 

3 .  The effect of diameter  has  not been established in any of the 
investigations to  a sat isfactory degree.  It would be beneficial  t o  consider 
a fixed externa l  loop and to  va ry  the shape, s ize,  and length of the t e s t  faci l -  
ity. In par t icular ,  the proper  equivalent diameter  to be employed fo r  non- 
c i rcu lar  conduits must  be established. 

4. An extension of the investi.gati.nn. t o  flow reg imes  in the subcooled 
boiling region to  determine the effect of heat-flux level  and m a s s  flow r a t e  
upon the pat terns  would be a logical extension of the program of employing 
fluids for simulation of s team-water  sys tems.  However, i t  should be e s -  
tablished to  what extent both plug and bubble flow exis t  in fluid sys t ems  such 
a s  R -  11 in comparison with the s team-water  sys tems.  The governing f ac -  
t o r s  in these flow reg imes  a r e  unknown for sys t ems  involving single- 
component fluids a t  elevated p r e s s u r e  s .  

5 .  Tn a n  intermediate  region along the saturat ion curve,  the viscos-  
ity and surface tension undergo a la rge  gradient a s  the or thobaric-densi ty  
ra t io  dec reases .  This  region i s  between the atmospheric  a i r -water  studies 
and the present  investigation. A fur ther  examination of the flow pat terns  and 
their  t rans i t ions  in this  region may present  m o r e  complicated functional 
relationships,  and this  r e a l m  should be investigated. This  a r e a  may present  
the g rea te s t  problems for analysis ,  since the gradients  of the var ious  prop- 
e r t i e s  should be taken into account. 

6 .  In the selection of the par t icular  fluorocarbon a s  a modeling 
fluid, the fluid mus t  be chosen on the bas i s  of the operating t empera tu re  
level  that will be attained by the sys tem.  To reduce the uncertainty in the 
energy balance, the t e s t  fluid .should be such that the operating t empera tu re  
of the. equipment i s  at ,  o r  near ,  room tempera ture .  The o r d e r  -of-magnitude 
dif.ference in the .latent heat of vaporization between the r e f r ige ran t s  and 
water  i s  the p r ime  factor in modeling accuracy  for  hea t - t ransfer  r e su l t s .  



APPENDIX A 

During the experimentation, empty and full determinations were  
c a r r i e d  out with the void-traverse equipment. In general ,  the empty and 
full  readings did not coincide with the tempera ture  of the part icular  tes t  
run. ,There fo re ,  these readings had to be correc ted  to  the t e s t  condition. 
The following derivations were  made fo r  the correct ion fac tors .  A s e r i e s  
of t e s t  empty-full determinations was instituted to verify the derivations 
and the assumptions made.  Within the accuracy of the equipment involved, 
the t e s t  resul t s  verified the correct ion fac tors  developed in the following 
paragraphs .  

The voltage output for  an  empty reading i s  

VE = C exp( -ugxo). 

where  

The voltage output for  a full reading i s  

VF = c exp( -ufxo). 

'l'he above relationships hold i f  the empty and full readings a r e  taken at the 
s a m e  tempera tures ;  otherwise,  C l  = c ~ ( T ) ,  ug = ug(T) ,  and uf = uf(T).  
The absorption c'oefficient can be approximated by 

ug = apg and uf = aPf, 
I '  

where  a i s  a proportionality constant. 

If the empty reading i s  taken at a different p r e s s u r e  but at  the same  
tempera ture  a s  the full reading, i t  follows that 

and 

where the p r i m e  denotes the saturat ion condition corresponding to  the dif-  
fe rent  p r e s s u r e  for  the empty reading. The above expressions may  be 
wri t ten a s  



. . .  . - . . .  . . , 
and . . 

Thus, the correct ion i s  obtained a s  

where the saturation-density ratio,  pf/p i s  given a s  P .  Now, consider  an 
g1 

empty-full rat io  obtained a t  a different tempera ture  than the des i red  empty- 
full ratio.  It. i s  seen, f r o m  Eq. (A-4),  that 

The variation in the empty-full i-atios. i s  approximately a'function of 
the liquid- density rat ios  at  the different tempera tures  when the saturation- 
density rat io ,  P ,  i s  la rge .  F o r  example, the s&turatien-density rat io  for  
water  at  1000 psia  i s  approximately 20. Thus, 1 / ~  is  0:05, which represents  
a rathe t s m a l l  factor when the actual  empty-fuI1 i a t io  i s  determined at  some 
va.l.ur: of not f a r  removed f r o m  this value. The void. f ract ion,  a,  
can be written a s  

Thus, this expression provides a means of' correct ing the void fract ion f o r  
empty-full rat ios  taken a t  some other condition. 

The expression fo r  the full readings taken at  different. conditions i s  
given by 



where ds i s  the thickness bf the s tructural  mater ia l  and us i s  the absorption 
coefficient f o r  the s t ructura l  material .  Hence, the additional t e r m  in the 
void-fraction relationship is  given by 

The evaluation of the second t e r m  on the right-hand side of Eq. (A-9) i s  
dependent upon the ratio of the change in absorption coefficient: ul the s t ruc-  
t u r a l  mater ia l  to the value of the absorption coefficient of the liquid. The 
second t e r m  may be written a s  

where ds/xo i s  of the order  of 1/8 and k ( l  - 1//3), i s  of the o rder  of unity. 
The change in the absorption coefficient for  the s t ructura l  mater ia l  i s  de- 
pendent upon the change in the density of s teel  with temperature.  Thus, 
the change in absorption coefficient for the s t ructura l  mater ia l  is  negligible 
for  smal l  changes in temperature.  Hence, the second t e r m  may be neglected. 
Or ,  the correct ion t e r m  may be approximated by 

The local void fraction, a , ,  i s  determined by 

i n .  v /v P /P 

a, = 
( F )  - ( 1 fZ) a 

v / ) ~  k ( l - l / ~ ) ~  ' 

(A- 11) 



APPENDIX B 

P rope r t i e s  of F- 11 a t  High Tempera tu re s  

The or thobaric  proper t ies  of trichloromonofluorometharie a t  elevated 
t empera tu re s  w e r e  obtained in  a pre l iminary  data f o r m  a s  mentioned i n  
Section 1V.-A and checked for  consistency by the expressions obtained i n  
that  section.  Table I1 includes the or iginal  information.  The ort 'hobaric- 
liquid enthalpy indicated very little deviation f r o m  a smoothed curve  and 
was employed direct ly  without modification in  graphical  fo rm.  The latent 
heat  of vaporization showed slight. deviations f r o m  a smoothed curve  above 
a saturat ion t empera tu re  of 3'00°F and was employed in  graphical  f o r m  a s  
shown in F ig .  B.1. 

TABLE 11. Prope r t i e s  of F-  1 l a t  High T e m p e r a . t ~ ~ r e s *  

Liquid and Saturated Vapor 
(pre l iminary)  - .  . 

Volume, Heat C onterit, 
~ t u / l b  ( - 4 0 ' ~ )  cu ft/lb 

Temp,  P r e s s u r e ,  
OF p s i a  Liquid Vapor Liquid Latent Vapor 

*This table  i s  through the cour tesy  of R. C .  Downing, E.I .  du Pont de 
Nemours  & Company, Wilmington, Delaware.  



Fig. B . l  . 

Latent Heat of Vaporization 
for Freon-11 

2 0 0  3 0 0  4 0 0  100 
TEMPERATURE, OF 

The orthobaric-density rat io  i s  shown in Figs.  B.2 and B.3, This 
rat io  had the la rges t  ,deviations since it  was formed f rom the saturated- 

. . 
liquid and -vapor densities that exhibited deviatiqns individually. The . 

saturated-liquid density i s  shown in Figs.  B.4 and B.5. 

0 
110 180 IYO 200 210 ZLO 230 300 a10 a20 aao a l e  aso aco 370 360 390 

TEMPERATURE, O F  TEMPERATURE O F  ' 

Fig. 8.2. Orthobaric-density Ratio for. , Fig. 8.3. Orthobaric-density Ratio for 
Freon-11 a t  160-230'~ Freon-11 at 220-390'~ 

. . , .  . 
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SATURATED-LIQUID DENSITY, Pf, lblcu 11 

Fig. B.4. Saturated-liquid Density for Freon-11 below 300°F ' 

290 
48 . 52 56 60 64 68 

SATURATED - LIQUID DENSITY, P,, Ib/cu 11 

Fig. B.5. Saturated-liquid Density for Freon-11 a t  290-380'~ 

The saturated-vapor density i s  not shown since i t  can be obtained. 
f rom the included figures. The saturation line as  a function of p ressure  
and temperature i s  also omitted. 
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APPENDIX C 

' summary of' Data , .  

. . 

: The data for the .R-11 -study were incorporated into a digital- 
. c o k p u t e r  format,  a n d  the possible dimensional groupings were evaluated. 

, In Table 111, the mask flow rate,  quality, heat flux, and the superficial 

. liquid.'and -v;l.por velocities a r e  incorporated, along with the reduced p res -  
sure '  and orthobaric -density ratio. ' In' Table IV, the local void fractions a r e  
listed with the individual test  number corresponding to i ts  counterpart in 
Table 111. . ' 

. . 

., The data from this investigation a r e  on file with the Reactor Engi- 
n e e r i n g  ~ i v i s  ion, Argonne ~ a t i b n a l  ~ a b o r ~ t o r ~ ,  ~ r ~ o n n e ,  Illinois. The 
motion picture entitled ~ ~ ~ w o - ~ h a s e  Flow Pat terns  of R- 1 l'! i s  available 

. . f rom. the  above source. . ' . 



TABLE 111. Data for R-  1 1 Study 

Run 
No. 

P 
- r - 

1 .5568 
2 ,5568 
3 .5600 
4 ,5615 
5 ,5584 
6 ,5623 
7 .5571 
8 .5626 
9 e5618 

10 .5677 
11 .5582 
12 *5590 
13 a5614 
14 .5644 
15 .5573 
16 ,5612 
17 .5628 
18 ,5620 
19 e5653 
20 .5614 
21 a5588 
22 .5582 
23 ,4086 
24 .4099 
25 ,4078 
26 ,4094 
27 .4078 
28 .4070 
29 .4088 
30 .4096 
31 .4080 
32 .4100 
33 ,4103 
34 .4110 
35 .4086 
36 .4086 
37 .4086 

Qual. ' 
X 

-040. 
-084 
.I70 
,119 
.257 
.063 
.?I1 
,267. 
-467 
.236 
el98 
a219 
,342 
,143 
-208 
,238 
-289 
.I39 
-191 
.223 
,233 
.276 
,179 
-197 
.384 
-304 
.248 
el98 
.326 
.24i 
.I97 
a234 
.254 
.081 
.I10 
el47 
,156 

V s ~ '  
v 
s g' 

ft ' - ft 
sec - s ec - 
5.06 1.62 
3.66 2.56 
2.37 3.64 
3.71 3.75 
2.12 5.55 
5.39 2.71 
2.39 4.81 
1.93 5.22 
.99 6.48 

1.67 3.79 
3.36 6.22 
2.38 5.01 
1.48 5.78 
3.74 4.61 
3.13 6.20 
2.86 6e71 
2.04 6.14 
4.45 5.37 
1.94 3.39 
3.12 6.67 
3.13 7.13 
2.45 7.03 
2.45 6.36 
3.10 8.98 
1.44 10.70 
2.14 11a10 
2.72 10.67 
3.60 10.63 
2.14 12.30 
3.20 12.04 
3.96 11.57 
3.74 13e52 
3.46 13.95 
3.67 3.80 
2.82 4.15 
2.25 4.61 
3.01 6.63 

Heat 
Flux 

103, 

- - 
Btu 

h r  f t Z  



TABLE I11 ( ~ o n t d .  ) 

Run 
No. - 
38 
39  
4 0 
4 1  
42 
43 
44 
45 
46 
4 7 
48 
49 
5 0 
5 1  
52  
53  
54 
55 
56 
57 
58 
59  
6 0 
6 1  
62 

. 6 3  
64 
65 
66 
67 

Heat 
Flux 

lo3,  

Btu 
h r  f t 2  

4.4 . 7 2 3 
47.276 
31.787 
31.489 
31.319 
3 1 . 5 3 1  
33.063 
33.276 
33 .021  
33 .021  
33  1 4 8  
46.085 
45.999 
46.510 
47.361 
48.042 . 
48.297 
46.638 
48.085 
23 .361  
23 .361  
23 .361  
23 .531  
23 .531  
24.042 
23.914 
61.702 
61.617' 
61,702 
61.787 



TABLE I11 ( ~ o n t d . )  

Run 
No. - r 

68  .2518  
69  .2533  
70 .2518  
7 1  .2510  
72 .2510  
73  .2502  
7 4  . 2 5 0 2  
7!3 ,25111 
76 ,2510  
77 .2494  
.78 - 2 5 2 5  
79  .2525  
80 .2533  

. 8 1  . 2518  
8 2  .2510  
8 3  .2486  
84  ,2525  
8 5  ;2494 
8 6  ,2533  
87  .2510  
.88 .2510 
89  .2510  
90 .2525  
9 1  .2494  
9 2  ,2533  
93  .2518  
94 .2510 

' 95  . 2525  
9 6  .2502  
97  ,2502  

Heat 
Flux 

lo3,  

Btu . . 

h r  ft2 



TABLE 111 ( ~ o n t d .  ) 

Run 
No. - 
98 
99 

100 
101 
102 
103 
10 4 
105 
$06 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
217 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 

H e a t  
Flux 

l o3 ,  

B t u  
h r  f t 2  



TABLE 111 ( ~ o n t d : )  

Heat 
Flux 

v 
sg' 

lo3,  

f t  - Btu 
s e c  h r f . t 2  - 



TAB LE I11 (C ontd. ) 

Run 
No. 

P 
- r - 

Heat 
Flux 

lo3,  

Btu 
hr ft2' 



TABLE I11 ( ~ o n t d . )  

Run p 
No. - r - 

v 
sgJ  

ft 
sec 

9.36 
7.85 
7 . 85 
1.82 
4 . 55 
3.35 
9 67 
9 56 
90.06 
1.20 
2.00 
5.87 
3.02 

21.99 
22.44. 
40.19 
19e11 
20 . 81 
23.29 
41.57 
34.94 
28.43 
24.86 
6.75 
4.33 
2.29 

H e a t  
Flux 

lo3,  

Btu . 

h r  f t 2 ,  



TABLE 111 ( ~ o n t d .  ) . 

Heat 
Flux 

G I ~ O ~ ,  v s ~ *  v 
sgJ  

lo3, 

Run 
No. 

P 
- r . - - 

Btu 
h r  f t 2 '  

53.148 
62.893 
52.638 
12.936 
13.021 
12.936 
12.808 
6.097 
6.170 
6.170 

21.872 
12.936 
13.234 
12.765 
6.097 
6.170 
6.170 
4.059 

28.808 
72.851 
28.595 
29.234 
7 4 . 0 4 2  
74.510 
74 4 510 



TABLE IV. Void Data for R- 11 Study 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
2 0 
2 1 
2 2 
23 
2 4' 
2 5 
2 6 
2 7 
2 8 
2 9 
3 0 
3 1 
32- 
3 3 
3 4 
3 5 
3 6 
3 7 

Loca l  Void Values 

.I486 .I559 

.2968 .3099 
,5374 .5400 
.4186 .4024 
,6153 ,5771 
.2250 .2232 
.5639 .5567 
,5924 .5934 
.6470 -6581 
.6416 .6332 
.6456 .6154 
.6668 .6244 
,7359 .6912 
.5768 .5916 
.6129 ,6086 
.6456 .6323 
.6762 .6729 
.5977 .6224 
.6845 .6909 
.5688 .6064 
.6305 .6044 
.6375 ,6285 
.a640 .a461 
.a164 .8054 
.8943 ,8670 
.a534 .8446 
.a487 .8220 
.7401 .7368 
.a272 ,8069 
.7790 .7532 
.7805 .7609 
.76oi ~ 5 9 4 .  
.7790 .7748 
.7623 .7529 
.7638 .7769 ' 

.7896 .7866 

.7799 .7866 



TABLE IV ( ~ o n t d . )  

Run 
El0 . 

3  8  
3 9  
4  0  
4 1 
4 2  
4  3  
4  4  
4 5 
4 6  
47  
4 8  
49 
5 0  
5 1 
5 2  
5 3 
5 4  
5 5  
5 6  
5 7  
5 8  
5 9  
6 0  
6 1 
6 2  
6  3  
6 4  
6  5  
6  6 
6 7  

~ o c a l  'Void Values 

.7974 . 7 9 8 8  

.a498 .a518 

.7874 .7993 
,7527  ,7670 
.7915 ,8083  
.a414 .a548 
. 5 1 9 1  .5282  
.6232  .6256 
.6688  .6493 
.7167 .7099 
. 7 4 7 1  .7737 
.a188  .a243 
.7299 ,7358 
.7723  .7748 
. 7 7 7 1  .7712  
.7993  .7987 
- 9 0 5 6  .a104  
. 8 5 2 1  ,8508 
.a804  .a683 
.6782 .6860 
.5905 .5789 
- 6 7 3 7  .6549 
,7713  .7595 
.8074 . a 0 2 1  
- 7 5 0 1  .7306 
.a223 .7936 
.8566 . a 2 9 1  
.8436 .a224 
. 8 3 1 1  . 8 1 6 1  
.a302 .a067 



TABLE IV ( ~ o n t d . )  

Run 
No. - 
6 8 
6 9 
7 0 
? 1 
7 2 
7 3 
7 4 
7 5 
7 6 
7 7 
7 8 
7 9 
8 0 
6 1 
P 2 

.e 3 
8 4 
85 
8 6 
8 7 
13 8 
8 9 
9 0 
9 1 
9 2 
9 3 
9 4 
9 5 
9 6 
9 7 

Local Void Values 

.a063 e8I.18 

.a203 .El77 

.a382 .a330 

.8538 ,8695 

.9081 .9081 

.9790 .9741 

.7905 .7691 

.7903 .7904 

.8115 .a196 

.9650 .a832 

.5079 .6112 
e5710 ,6600 
,7034 .7092 
.7659 .7715 
-8380 .a302 
.8553 ,8735 
.a961 .9178 
.go33 .9020 
e9665 e9644 
.9741 ,9636 

1.0217 1.0025 
1.0272 1.0326 
.a282 -8219 
.a623 e8818 
e6631 ,6680 
.6906 .7322 
.7374 .7716 
.a012 .8100 
-8589 e8523 
.8942 ,8843 



TABLE IV ( ~ o n t d . )  

Run 
No. 

9 8 
9 9 

100 
10 1 
102 
10 3 
104 
10 5- 
10 6 
10'7 
108 
109 
11 0 
11 1 
112 
11 3 
114 
115 
11 6 
117 
11 8 
110 
120 
12 1 
122 
123 
124 
125 
126 
127 
128 
12 9 
1 3 0 
131 
132 

L o c a l  Void Values  

,9070 .8176 
.a051 .7653 
,8857 .88b7 
.a939 .8865 
,7783 .7375 
.4056 .3821 
.5312 .5210 
.5801 .6032 
.7112 .6542 
.5606 .5489 
.5813 .6646 
.7542 .7277 
,8558 ,8635 
,6717 .6698 
.6366 .6194 
.7166 .7383 
.7926 ,7799 
.8735 . .8618 
,7255 .7096 
.8352 .a330 
.9461 .9381 
.9107 .8919 
.a066 .8148 
.a141 .8071 
.a492 .8464 
.8666 ,8686 
.7013 .6878 
.7403 .7268 
.7308 .7262 
.813i ,8255 
,6848 .7029 
.7604 .7484 
.a538 .8268 
.a331 .8297 
.a627 ,8608 



TABLE IV ( ~ o n t d . )  

Run 
No. - 
1 3  3 
1 3 4  
1 3 5  
1 3 6  
1 3 7  
1 3 8  
1 3  9 
1 4  0 
1 4  1 
1 4 2  
1 4  3 
1 4  4 
1 4  5 
1 4  6 
1 4  7 
1 4 8  
1 4 9  
1 5 0  
1 5  1 
1 5 2  
1 5  3 
1 5 4  
1 5  5 
1 5 6  
1 5 7  
1 5  8 
1 5  9 
1 6  0 
1 6 1  
1 6 2  

Local Void Values 

- 8 4 9 0  .€I577 
.9294 .9269 
.8727 .8676 
.9122 . 9 2 3 1  
- 7 9 1 1  . 8 0 3 1  
.h005 .6054 
- 7 6 4 4  .7625 
.8585 .8574 
m9334 e9404 
.9347 .9199 
.8324 e8073 
.3993 e3807 
-6'020 .6039 
.8973 .8768 
,9051 ..8792 
.9184 e9074 
e9080 ,8769 
. 7 3 8 1  .7264 
.8603 .8508 
- 9 0 2 5  e9100 
e8980 .9029 
.8974 .9276 
.6847 .6953 
.8OP1 .8034  
- 9 0 9 7  e9071  
.7476 .7244 
.8382 ,8104 
.8918 .8885 
.5125 .5110 
.6890 .6872 



Run 
No. 

1 6 3  
1 6 4  
1 6 5  
1 6 6  
1 6  7  
1 6 8  
1 6  9  
1 7  0  
1 7 1  
1 7 2  
1 7  3  
1 7 4  
1 7 5  
1 7  6  
1 7 7  
1 7  8  
1 7 9  
1 6  0  
1 8  1 
1 E 2  
1 8 3  
1 8  4  
1 8  5  
1 8 6  
1 8 7  
1 8  8  

' 1 8 9  
1 9  0 
1 9 1  
1 5 2  
1 9 3  
1 9 4  
1 9 5  
1 9 6  

Local Void Values 

. 7883  , 7992  

. a440  . a343  
..4706 . 4944  
, 7307  ' . 7222  
. 7 8 3 1  . 7624  
. a538  , 8358  
,8690 . 8697  
,8885 , 8838  
. 3108  . 3264  
. 4536  . 4378  
. 5224  . 5 3 1 1  
. 5775  .5910 
,5575 . 5723  
.R541 .a527  
. 9503  ,9338 
. 9 0 0 2  . 8924  
, 8442  , 8509  
.t3767 ' .a536 
. 5 8 4 1  . 5625  
. h473  . 6334  
. 6 5 9 1  . 6276  
, 7232  . 6995  
. 7404  . 7276  
. 9084  . 9048  
. 9 0 5 2  . 9118  
. 9000  , 8914  
. 9002  .9095 
. 7867  . 7 9 3 9 -  
. 7 7 0 1  , 7993  
. a 8 6 8  . a836  
. a868  . 8914  
. a 9 2 1  , 8965  

, . a933  , 9054  
. a656  . a939  



TABLE IV ( ~ o n t d . )  

Run 
No. 

1 3 7  .7364 
1 3 8  . ? D l 2  
1 3 9  ,3992 
290 .342E 
2  0 1 .4394 
202  .371E 
203 .570@ 
204  . 1 6 5 f  
205  .4684 
2  0 6  . 2536  
20 7  .490?- 
20 8  . h i 9 1  
209  .2919  
2 1  0  1.078C 
2 1 1  1 . 3 1 5 3  
212  1 . 3 8 2 8  
213  .6676  
2 1  4  . h i 3 1  
2 1  5  1. rlR93 
2 1  6  . R920 
2 1  7  .6770 
2 1  8  . 787?  
2 1  9  . 6765  
2 2  0  . 3 1 9 1  
22  1 ,4067  
222  .0749  

Local Void Values 

.9393. .9654 

.a217 .8266 

.7023  .6956 
, 7 3 2 1  .7105 
.8534 .a595  
.7689 .7552  
, 9 3 2 1  .9160 
.a459 .9280 
.a456 .a324 
.6219 .6144 
,7607 .7573 
.9100 .9080 
.7175 .7214 
.9879 .9662  
.9836 .9716 
.9791  .9609 
.8882 .a636 

1.0034 .9785 
1.0334 1 .0203 

.9838 . 9 8 1 1  

.9478 . 9 3 3 1  

.9558 .9326 

.9133 .a979 

.7386 .7305 

.6674 .6548 

.5283 .5180 



Run 
No. - 
2 2 3  
224 
2  2  5  
2  2 6  
227 
2 2  8  
229  
230 

- 2 3 1  
232  
2  3  3  
234 
2 3 5  
2  3  6  
237 
238  
239  
240 
2 4 1  
242  
243 
2  4  4  
245 
2  4  6  
247 

Local Void Values 

.R685 .a712  

.9106  .9414  
,9056  .9217 
.8674 .7897 
.9298  .a534  
.8770 . 7 8 6 1  
.7896 .7102  
. 6 6 5 1  .5683 
.8190 .7402 
.R722 .7944 
.9690 .8934  
.7490 ,8142  
.7313 ,9278  
,7396 ,8043  
.4432 e4817 
.6462 . . 6789 
.7796 . 8 5 9 1  
.7300 .76.68 
,6684 .6397 
,9126  .9126 
,5615 .5759 
. a 8 3 1  .8828 
,9486  .9489 
,8686  .8834 
.R819 .8703  



APPENDIX D 

Installation of Glass  Section 

The installation of therec tangula ;  g l a ~  s section (1 f b y  36 by 7/8 in.  
thick) proved to be ve ry  difficult and resul ted in many broken sect ions.  
p r i m a r i l y ,  the major  difficulty occurred  when the bolts a t  e i ther  end of  the 
longest dimension were  employed. A shearing fai lure  took place a t  a point 
approximately '3 to 4 in. f rom the end. The final procedure involved tight- 
ening the nuts along the, length of the section in a preferent ial  o r d e r  and 
eliminating the end ,bolts.   he g la s s  itself iihould'be f r e e  f rom s t r e s s -  
concentrating chips o r  cra'cks, e i ther  in the face o r  along the edge. S t r e s s -  
relieving of the g lass  i s  highly recommended.  ~ n c l u s i o h s  o r  voids inside 
the g lass  did not present  any difficulties in  the present  installation. The 
p r ime  consideration i s  to  place 'the g lass  in riompression and to avoid any 
tension-producing situations. 1f ' improperly c a r r i e d  out, the tightening 
sequence i s  one sobrce 'of  tension prodbction. The following procedure 'was 
successfully employed: 

1. All nuts were  hand-tightened. ' 

2. A calibrated t ~ ' ~ ~ u e  wrench was  used to apply 50 in.-lb to the 
nuts nea res t  the center  of the section. This torqu'e was applied.alternately 
above and below the cen te rwork ing  toward the ends.  

3 .  The torque was  to be uniform; therefore  the s a m e  procedure  
was followed for  reapplying the 50-in.-lb torque.  The center  nuts did not 
have the initially applied torque af te r  the tightening sequence was  completed 
There fo re  the tightening was repeated seve ra l  t imes .  

4. The torque was increased  in  25- to 50-in.-lb increments .  
/ 

I t  was found that 100 in.-lb of torque were  sufficient for seallng the 
g lass  sectiorl for p r e s s u r e s  of 200 ps ia .  I t  i s  recommended that sys t ems  
should be undertorqued in a cold condition and p res su re - t e s t ed  to determine 
the p r e s s u r e  requi red  for  leakage. In the hot-test  condition, the sea l  will  
generally be m o r e  efficient than in  the cold tes t .  Since the expansion of the 
par t icu lar  sys t em i s  not easi ly  predictable ,  the t r i a l - and-e r ro r  method of 
sealing i s  to be expected. 

When the g lass  section i s  removed af ter  the sys t em has been heated, 
par t icu lar  c a r e  should be exerc ised  in removing the torque load. Reversing 
the tightening procedure was  successful .  S t r e s s  concentrations a r e  nor - 
mally found upon rapid cooling and a r e  to be avoided. The g lass  may  fa i l  
when the bolt torque i s  removed, especially when rapid cooling of the g lass  
has  occurred .  
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