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C H A P T E R  II 

L IT E R A T U R E  R E V IE W

T w o-phase  flow  has been s tud ied  extens ive ly  over the pas t s ix ty  years. The 

usual a p p ro a c h  is an em p irica l one, s ince  a theore tica l ana lys is  is ex trem e ly  co m p le x . 

Som e theo re tica l s tud ies  have been m ade assum ing  a hom ogen eous flu id . The a dven t 

of the s p a c e  age  has focused  attention  on the p rob lem s o f s ing le  co m p o n e n t tw o- 

phase flow  o f c ry o g e n ic  flu ids. This has been p a rticu la rly  true เท the trans fe r o f la rge  

quan tities  o f c ry o g e n ic  p rope llan t w here  the pressure  d ro p  has been o b se rve d  to be 

m uch g re a te r than that p re d ic te d  by the norm al s ing le  co m p o n e n t in co m p re ss ib le  flu id  

flow  analysis.

M artine lli et al. (1944) fo llow ed  by Lockha rt and  M artinelli (1949) d e v e lo p e d  

co rre la tions  b a se d  on w ork done in a narrow  range  o f tem pera tu re  (7 0 -8 5 °F ) and  

pressure  (16-52 psia), w ith a lim ited n u m b e r o f liq u id -va p o r system s. A tte m p ts  to use 

these co rre la tion s  fo r system s ope ra tin g  at p ressu re  m uch g re a te r than 52 psia  can 

lead to serious errors.

Several m ethods have been p rese n te d  in the lite ra ture  to ca lcu la te  the  p ressu re  

d rop  un d e r flow  bo iling  cond itions. The M artine lli-N e lson  m ethod (1948) is b a se d  on a 

s lip -flow , w h ich  w as orig ina lly  d e ve lo p e d  fo r the annu la r flow  reg im e. The m ethod  

p ro p o se d  by  Levy (1960) is based  on a m o m e n tum -excha nge  m odel be tw een  liqu id  

and vapor. The hom ogeneous m odel is base d  on the assum ption  tha t v a p o r and  liqu id  

flow  at the sam e ve loc ity  so that the tw o -phases  m ay be trea ted  as a s ing le  flu id  w ith 

m ixture p rope rties . The tw o-phase p ressu re  d ro p  re la tions b a se d  on these  m ode ls  

involve d iffe ren tia l express ions tha t w ere  in teg ra te d  to exit cond itio ns . O ne im portan t 

result of the  la rge  num ber o f da ta  requ ired  in d e ve lo p in g  em p irica l o r sem i-e m p irica l 

co rre la tions is that it w as necessary  in d e ve lo p in g  w ha t is re g a rd e d  as one o f the best
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corre la tions  o f tw o -p h a se  flow  tha t of B aroczy (1966) to use da ta  fo r both  horizonta l and 

ve rtica l flow  w ith o u t a c c o u n t o f the ir d iffe ren t a ttitudes  in the final corre la tion .

The best a g re e m e n t o f A. de  La H arpe, ร . Lehongre , J. M o lla rd  and c. 
Johannès (1969) is o b ta in e d  w ith  the hom ogeneous m odel, a lthough  the p ressu re  d ro p  

values p re d ic te d  are cons is ten tly  on the low  s ide. The m o m en tum -excha nge  m odel o f 

Levy agrees  e qua lly  w ell w ith  the data  up to v a p o r qua lities  o f 70% , bu t the p re d ic te d  

va lues are con s is te n tly  on the high side.

R. P. S ugden , K. อ . T im m erhaus, and อ .  K. E dm onds (1969) su g g e s te d  the 

poss ib ility  of co rre la tin g  the v a p o r qua lity  o f a hom ogen eous v a p o r-liq u id  m ixture  w ith  a 

m od ified  fric tion  fa c to r as a func tion  of the R eynolds n u m b e r base d  on the ave rage  

p rope rties  o f the flu id . S uch a p ro p o se d  co rre la tion  w ou ld  he lp  to s im p lify  the pressure  

d rop  ca lcu la tio n  fo r a tw o -p h a se  flow  trans fe r system  if the ave rage  v a p o r qu a lity  o f the 

flu id  be ing  trans fe rred  w ere  know n or co u ld  reasonab ly  be es tim ated . It m ay be qu ite  

d ifficu lt to  ob ta in . H ow ever, care fu l heat ba lance s  shou ld  be ab le  to p ro v id e  w o rka b le  

estim ates.

M ichael A. G ro lm es and Hans K. Fauske (1971) su g g e s te d  tha t a ch o ic e  o f the 

likely tw o -phase  flow  pa tte rn  in a g iven situation  shou ld  be m ade เท o rd e r to se le c t an 

a p p ro p ria te  tw o -phase  p ressu re  d ro p  m odel. The helium  da ta  o f A. de  La H arpe  et al. 

w ou ld  likely be c h a ra c te rize d  by a hom ogeneous flow  pa tte rn  b e ca u se  o f the  re lative 

go o d  ag reem en t w ith  the hom ogeneous pressure  d ro p  re lation. This is all tha t can  be 

said fo r lack  o f kn o w le d g e  o f o ther experim enta l cond itio ns  tha t w o u ld  pe rm it an 

in d e p e n d e n t a ssessm en t o f the flow  re g im e .'T h e  o rig ina l p ressure  d ro p  co rre la tion  o f 

M artinelli and Lockh a rt has recen tly  been show n to be in ag reem en t w ith  theore tica l 

cons ide ra tions  o f p ressu re  d ro p  for annu la r flow  by  G. B. W allis (1969). H ow ever, 

d e s ig n e rs  have often used the M artinelli co rre la tion  as m od ified  by  M artinelli and 

N elson fo r p ressures h ig h e r than one a tm osphere  w ithou t cons id e ra tio n  o f flow  pattern . 

The nature o f the M artine lli-N e lson  pressure  d ro p  co rre la tion  is such  tha t as the critica l 

p ressure  is a p p ro a ch e d , the co rre la tion  e ffec tive ly  beco m e s  a hom ogeneous m odel.



Flow pa tte rn  reg ions in tw o-phase  flow  are de fin e d  b y  o .  B aker (1958) in term s 

of m ass ve lo c ity  o f ga s  phase and ratio of liqu id  and m ass ve loc ities . The b o und aries  of 

the various reg ions  are based  on w ork  done by severa l inves tiga to rs  w ith  the a ir-w ater 

system  at a tm o sp h e ric  pressure.

Data o f flow  pa tte rns are often rep resen te d  in term s o f flo w  pa tte rn  m aps in 

w h ich  the reg ion  o f opera tion  o f each o f flow  pa tte rns is in d ica te d . Taitel and  D ukler 

(1976) have m ade  s ig n ifica n t p rog ress  in d e ve lo p in g  theo re tica l p ro ce d u re s  for 

p re d ic tin g  the flow  pa tte rn  in horizonta l flow. They iden tify  three b a s ic  pa tte rns from  the 

fin g e rp rin t o f the p o w e r spectra l dens ities  o f wall p ressure  fluc tua tio ns . For vertica l 

up flow  a c c o rd in g  to G ov ie r and A z iz  (1972) and  ve rtica l d o w n flo w  base d  on the w ork  of 

G olan and S tennm g (1969), the flow  pa tte rns and m aps are d e ve lo p e d .

In form ation  on inc lined  tube  flow  pa tte rns is rev iew ed  by  H ew itt (1982). The 

transition  tha t is m ost sensitive  to tube  inc lina tion  is that be tw een  s tra tified  and 

in term ittent flow s. W ork by Barnea et al. (1980) show s tha t even sm all tube  inc lina tions 

can d ra m a tica lly  a ffe c t this transition . For this p a rticu la r transition , the  e ffec ts  o f tube  

inc lina tion  are reasonab ly  well p re d ic te d  by  the Taitel and D ukler ana lys is , bu t this 

analysis d o e s  not p re d ic t the  re la tive  insensitiv ity  to tube  inc lina tion  o f som e o f the o ther 

transitions. A  ge n e ra lize d  flow  pattern  m ap fo r tubes  of any inc lina tion  is d iscu sse d  by 

Barnea (1987).

The b a s ic  p ro g ra m m e  PDROP has been d e ve lo p e d  by p. S joberg  o f CIG 

Process R & D G ro u p  in 1986 to ca lcu la te  p ressure  d ro p  in horizonta l p ip in g  system s 

on DOS. It hand les bo th  s ing le  phase and s ing le  co m p o n e n t tw o -p h a se  flow  situations. 

The tw o -phase  ca lcu la tio n  is based  on a m od ified  Lockhart-M artine lli m ethod. The 

Fanning fric tion  fa c to r is ca lcu la te d  w ith  the e xp lic it C hen equa tion . The p ipe  

ca lcu la tio ns  can  be se g m e n te d  to enhance  a ccu ra cy . PDROP also g ives  the poss ib ility  

to ca lcu la te  p ipe  d ia m e te r or p ip e  length  if the p ressure  d ro p  is g iven.

C ryodata  Inc.'s  G ASPAK p rog ram m e w as ava ilab le  in e ithe r a DOS or a 

w indow s version. The firs t G ASPAK a p p lica tio n  p ro v id e d  p ro p e rtie s  fo r 12 gases, this
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num ber has g row n  s te a d ily  fo r the  past few  years until to d a y  the m ost re ce n t vers ion o f 

G ASPAK 3.2 p ro v id e s  p rope rties  for 32 gases. All o f the p ro p e rtie s  o f flu ids  ob ta ine d  

from  G ASPAK are c a lcu la te d  using a m athem atica l m odel o f the equa tio n  o f state o f the 

flu id  in question . All o f the m ode ls used have been ca re fu lly  chosen  to p rov ide  the best 

p roperties  fo r tha t flu id . เท som e cases m ore than one ch o ice  is g iven  fo r a pa rticu la r 

flu id , this is b e ca u se  a new er and p ro b a b ly  a s ligh tly  m ore a ccu ra te  equa tion  o f state 

has recen tly  be co m e  ava ilab le  for a flu id  w here  an o ld e r equa tio n  o f s ta te  has been 

w id e ly  used fo r severa l years. P rovid ing both su rfaces  o ffers the user a ch o ice  and a 

m eans of c o m p a rin g  p ro p e rtie s  from  the new er equa tion  w ith  p ro p e rtie s  that m ay have 

used in the pas t from  the o ld e r equation . Som e of the flu ids  in c lude  transpo rt 

properties . G ASPAK are constan tly  be ing  m od ified  by  a d d in g  new p ro pe rties  and new  

flu ids, as they be co m e  ava ilab le .

GTC D ata o f B ritish O xygen  C om pany  P rocess P lants (BO CPP) is ava ilab le  as 

vers ion 6.0 and  m ay be  run on e ither VAX m ain fram e or PC and it has been linked w ith  

Lotus 123. This Fortran p rog ram m e p rov ides  the fo llow ing  ca lcu la tio n  op tions  such  as 

dew  po in t tem p e ra tu re  and pressure , b u b b le  po in t tem p e ra tu re  and pressure , 

tem pera tu re  from  en tha lpy , tem pera tu re  from  entropy, e tc. tha t are base d  on rigorous 

equations o f state. G TC Data is still be ing  d e ve lo p e d  to in c lude  a d d itio n a l ca lcu la tio ns  

and estim ations o f tran sp o rt p roperties . The lim ita tion o f this so ftw are  is that it is on ly 

su itab le  for use w ith th ree  flu ids, oxygen, n itrogen and argon.
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