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Pa t te rns  and charac te r i s t i es  of flow through heated tubes are  investigated on the basis  of con- 
cepts of two-phase dispersed annular flow pat terns  [1] within the f ramework of the th ree -ve l -  
ocity and s ingle- temperature  equilibrium model,  with f lowrates  of the mixture  not too close 
to cri t ical .  Conditions for onset of burnout of the second kind, i.e., deter iorat ion in the t r ans -  
fer of heat leading to an abrupt r ise  in the tempera ture  of the heating surface,  and, as such, 
associated with desiccation of the thin film of liquid on the wall [2, 3], are investigated. Hy- 
draul ic  drag,  the f lo~rate of liquid in the film, and the true steam content by volume are 
among the fac tors  discussed.  Two-phase flow pat terns  in dispersed annular flow are charac-  
terized by the combined motion of the three components of the mixture:  vapor, the liquid 
wall film, and droplets .  The assumption entertained is  that each component of the mixture 
acquires  i ts  own velocity, and that the tempera ture  of the mixture  is equal, in each c ross  
section through the channel, to the saturation tempera ture  at the p r e s s u r e  prevailing in the 
par t icular  c ross  section. 

1. Basic  Equations 

We begin by considering the motion of a d ispersed  annular s tream through a cylindrical  tube. Ac- 
cording to our ea r l i e r  ar t icle  [1], we can state the differential  equations of conservation of m a s s  and of 
momentum in the projection onto the axis of this cylindrical  tube for each component of the mixture ,  plus 
the thermal  balance equation for the mixture  as  a whole. Fur ther ,  pa r ame te r s  referable  to the vapor, 
liquid film, and droplets  are designated consistently below by the respect ive subscr ipts  1, 2, 3: 
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H e r e  m j  (j = 1, 2, 3) i s  the  f low of m a s s  of the j - t h  c o m p o n e n t  of  the  m i x t u r e  th rough  the t r a n s v e r s e  
c r o s s  s ec t ion  of the channe l ,  such tha t  ml+  m2+ m~= m ,  w h e r e  m i s  the  m a s s  f l o w r a t e  of  the  m i x t u r e ;  p j ,  
p j~ u jm ,  and Um u a r e  r e s p e c t i v e l y  the  m e a n  and t r u e  d e n s i t i e s  and the v e l o c i t i e s  r e f e r r e d  to m e a n  f l o w r a t e  
and to m e a n  m o m e n t u m ;  a, i s  the  s t eam con ten t  by v o l u m e  in the  c o r e  of the  flow; F:(z) and F 2 ( z ) a r e  the r e -  
s p e c t i v e  p o r t i o n s  of the c r o s s - s e c t i o n a l  a r e a  p r e s e n t e d  by the channel  tha t  a r e  o c c u p i e d  by the f low c o r e  
and by the l iqu id  f i l m ,  such tha t  F~(z)+ F2(z) = F ,  w h e r e  F i s  the a r e a  of  the  channe l  t r a n s v e r s e  c r o s s  s e c -  
t ion;  Jk ,  (k ,  j = 1, 2, 3; k ~" j) a r e  the  i n t e n s i t i e s  of  the  m a s s - t r a n s f e r  p r o c e s s e s  o c c u r r i n g  be tween  the 
k - t h  andJ j - th  c o m p o n e n t s  of  the m i x t u r e ;  Ukj [k, j = 1, 2, 3; k ~ j) a r e  the  v e l o c i t i e s  at the  i n t e r f a c e  be tween  
the  c o m p o n e n t s  of the m i x t u r e ;  f i s  the  coup l ing  f o r c e  be tween  the  v a p o r  and the  d r o p l e t s ;  f12 i s  the  f r i c t i o n  
f o r c e  a c t i n g  on the f i l m - v a p o r  i n t e r f a c e ;  f w  i s  the  f r i c t i o n  f o r c e  o p e r a t i n g  be tw e e n  the l iquid  f i lm and the 
sol id  wa l l  of the channel ;  the  l a s t  t e r m s  in  the  r i g h t - h a n d  m e m b e r s  of the  m o m e n t u m  c o n s e r v a t i o n  equa -  
t i o n s  a r e  p r o j e c t i o n s  of the m a s s  f o r c e s  onto the z ax i s ;  e.. and e.  ~ a r e  the  m e a n  and t r u e  i n t e r n a l  e n e r g i e s  j 
r e s p e c t i v e l y ,  Qw i s the  e x t e r n a l  i n c r e m e n t a l  inf low of hea t  p e r  uni t  t i m e  i n t e r v a l  p e r  uni t  channel  length;  
qw i s  the e x t e r n a l  i n c r e m e n t a l  inf low of  hea t  p e r  unit  t i m e  i n t e r v a l  f r om a unit  a r e a  of the  channel  s u r f a c e .  

The  e q u a t i o n s  of s t a t e  of the p h a s e s  a r e  set  up in the fo rm 

P - 9t~ P2 .. . . .  p3 ~ : const, T 1 = T 2 - -  T 3 : T~ 

i, (p, T~) = i 2 (p ,T , )  + r (p ) ,  i.~ .... i 3 - -  % ( T , - -  1 '~ + p : 9 2  ~ 

He re  T s i s  the e q u i l i b r i u m  s a t u r a t i o n  t e m p e r a t u r e  c o r r e s p o n d i n g  to p,  i i s  the  s p e c i f i c  e n t h a l p y  ~ and 
r i s  the l a t en t  hea t  of  v a p o r i z a t i o n .  

S i m i l a r l y  a s  in [1], we ob ta in  the  r e l a t i o n s h i p  be tw e e n  p a r a m e t e r s  at  the  i n t e r f a c e  be tw e e n  the  c o m -  
p o n e n t s  of the m i x t u r e  and the  a v e r a g e d  c h a r a c t e r i s t i c s  of the f low p a t t e r n  

131 = U13 = U3 u, /212 =" /221 : /2"..3 : /22'~ U32 = U3U 

w h e r e  u~ i s  the v e l o c i t y  of the l iquid  s t r e a m i n g  o v e r  the  f i lm s u r f a c e .  

In the c a s e  of  t u r b u l e n t  f low th rough  the f i lm and c o r e  of  the  s t r e a m ,  a c c u r a t e  to the  o r d e r  0(nj 2) and 
0(n26/D), we have  r e  spe c t i v e l y  

u~ m = ~ j ~ - - u j  ( i : 1 , 2 , 3 ) ,  u 2' .= (t -!- n~) u~'' 

w h e r e  nj i s  the p o w e r  exponen t  in the p o w e r  d i s t r i b u t i o n  law of the  v e l o c i t y  of  the  j - t h  componen t  of the  
m i x t u r e  o v e r  the tube  r a d i u s ,  5 i s  the  m e a n  f i lm t h i c k n e s s ,  and D i s  the  tube i n n e r  d i a m e t e r .  

In l a m i n a r  f i lm f low,  at  n u m b e r s  R 2 < 300 to 400, w h e r e  R 2 = u2m6/v2,  v 2 i s  the  k i n e m a t i c  v i s c o s i t y  
c o e f f i c i e n t  of  the l iquid  

/22 u =: 4/3 //2 TM, //2' ~ 2 //2 

The e x p r e s s i o n s  fo r  f , / i 2 , / w  c o m p r i s e  the f o r c e  c o u p l i n g s  be tween  c o m p o n e n t s  of the m i x t u r e ,  a s  
s t a t ed  in a m a n n e r  s i m i l a r  to that  fo l lowed in [1] 

] 3 ~l" C13 (Ul--U3)3 Q [Ul- " u 3 1 d )  
4 O~ ~ d Ju,--u3[ C1~:-.: 613(tr a), l~j~ v--~" 

w h e r e  d i s  the  d r o p l e t  d i a m e t e r ,  and q i s  the  k i n e m a t i c  v i s c o s i t y  coe f f i c i en t  of the  v a p o r  

/a.,. = 1/2 Cr2.'tDlpa ~ (u l  - -  u2') 2, (712 = C:2 (6 / D ,  I t  1, R2) 

R1 =-: (u,  - -  us' ) D t / v l ,  D t = D - -  2 6  

D ~ 2, C,,. C,,  (B2,  ,5 I D)  1,,. = a P2 (u.,_")z I' 

The p r o c e s s  by which  m o i s t u r e  i s  r e m o v e d  f rom the f i lm s u r f a c e  in the hea ted  tube can  p r o c e e d  in 
r e s p o n s e  to two c a u s a l  f a c t o r s :  f i r s t ,  m o i s t u r e  can be d i s l o d g e d  f rom the  c r e s t s  of  l a r g e - s c a l e  p e r t u r b i n g  
w a v e s  ( d y n a m i c a l  s t r i p p i n g ) ;  second ,  in the  c a s e  of bubble  bo i l i ng  behaxdor  in the f i lm ,  l iquid  d r o p l e t s  can 
be  e n t r a i n e d  t o g e t h e r  ~x~ith the v a p o r  b u b b l e s  into the  c o r e  of the  f low [bubble s t r ipp ing)  [4]. We then have 

J23 = J2.~ ~ i -  J2~ ~' 

501 



w h e r e  J2 d i s  the i n t e n s i t y  of d y n a m i c a l  s t r i pp ing ,  J23 b i s  the  i n t e n s i t y  o f  bubble  s t r i pp ing .  Each  of  t h e s e  
two d i s t i n c t  s t r i p p i n g  p r o c e s s e s  o b e y s  i t s  own r e g u l a r i t i e s ,  so that  they  have  to be  s tud ied  s e p a r a t e l y .  We 
m a y  note  the fo l lowing with r e s p e c t  to bubble  s t r i p p i n g  b e h a v i o r :  when the flow v e l o c i t i e s  a r e  a p p r e c i a b l y  
high,  when the f i lm v e l o c i t y  i s  g r e a t ,  s u p p r e s s i o n  of bo i l ing  wi th in  the f i lm b e c o m e s  p o s s i b l e  [5]. In the  
p r e s e n c e  of  bubbl ing ,  the  i n t e n s i t y  of bubble  s t r i p p i n g  b e h a v i o r  i n c r e a s e s  d r a s t i c a l l y  a s  the e x t e r n a l  s p e c i -  
f i c  hea t  f lux and the f i lm t h i c k n e s s  i n c r e a s e .  I t  d o e s  not seem p o s s i b l e  to e s t i m a t e  the  e f fec t  of p r e s s u r e ,  
of  the  l iquid  f l owspeed  in the  f i lm,  of the d i a m e t e r s  of  the  vapor  bubb le s ,  e t c . ,  on the i n t e n s i t y  of  bubble  e n -  
t r a i n m e n t ,  s i n c e  e x p e r i m e n t a l  da t a  on bubble  e n t r a i n m e n t  a r e  a l m o s t  c o m p l e t e l y  l ack ing .  We shal l  a s s u m e  
tha t  m o i s t u r e  e n t r a i n m e n t  f rom t h e  s u r f a c e  of  the f i lm i s  d e t e r m i n e d  fo r  the m o s t  p a r t  by d y n a m i c a l  s t r i p -  
p ing ,  w h e r e a s  the r a n g e  of a p p l i c a b i l i t y  of t h i s  a s s u m p t i o n  can be e s t i m a t e d  when we c o m p a r e  the  n u m e r i -  
cal  and e x p e r i m e n t a l  d a t a  on the r a t e s  of l iquid flow th rough  the f i lm in a hea ted  tube and in an unhea ted  
tube,  and the n u m e r i c a l  and e x p e r i m e n t a l  d a t a  on burnou t  of  the second  kind.  A l i n e a r  r e l a t i o n s h i p  h a s  
been  p r o p o s e d  [1] for  the i n t e n s i t y  of  d y n a m i c a l  s t r i pp ing :  

�9 /z3 a I~D~pt~ - -  u / ) l  ~ - A (W2 - -  W * )  {Iv,., > W*), 

J d = O  { w ~ w * )  
A = •176176 '' [(u I - -  uO /u . , ' l " ,  We = 9z: ' ( tz / )~6fz , .  

(1.2) 

w h e r e  W* i s  the  W e b e r  c r i t i c a l  r a t i o  c h a r a c t e r i z i n g  the o n s e t  of d y n a m i c a l  s t r i p p i n g ,  W* = 20 to 50; ~ ,  
n, and m a r e  c o n s t a n t s  found f rom the e m p i r i c a l  da ta .  

In o r d e r  to e s t i m a t e  the  r a t e  at which d r o p l e t s  s e t t l e  onto the  f i lm in an unhea ted  channe l ,  J32', we 
can r e s o r t  to a s e m i e m p i r i e a l  f o r m u l a  [6] 

J 3 / = n D a 9 2  ~ (t--~z) vat=0.08t7 DIpz  ~ [(1--:x)i~l(u~ ---u.,')Ra., .~ 

Rs~ = O a ( u a -  u2' ) / v l  
(1.3} 

t I e r e  v31 i s  the v e l o c i t y  of the  d r o p l e t s  r e l a t i v e  to the v a p o r  in the t r a n s v e r s e  d i r e c t i o n .  A s s u m i n g ,  
in a f i r s t  a p p r o x i m a t i o n ,  that  the  r e l a t i v e  v e l o c i t y  v31 can be e s t i m a t e d  on the b a s i s  o f  Eqs .  (1.3) in the 
c a s e  w h e r e  t r a n s v e r s e  flow e x i s t s  f rom a f i lm Cheated tube) ,  we ge t  

J32 = J , ~ / - -  r)&~ ( t  - a )  (,(>2 / pjr (Jsr > ,]J~-, (1 - ~) (.~~ ,' ~.,)) 

J32 = 0 ,  J~,z'~:rljzl(l - -  ~)(02~ =) 
(1.4) 

Here  7/ is  an e m p i r i c a l  cons t an t  which can be e s t i m a t e d  f rom the i n t e r f a c e  m a r k i n g  off the  flow p a t -  
t e r n  with d r o p l e t s  se t t l ing  out  on the f i lm and the flow p a t t e r n  f r e e  of  such se t t l ing .  

F r o m  the t h e r m a l  b a l a n c e  equa t ion  fo r  the e n t i r e  m i x t u r e ,  fo r  l a r g e  p and l a r g e  f l o w r a t e s  of the m i x -  
t u r e  that  a r e  not too c l o s e  to c r i t i c a l ,  we have  

J21 - Qw/ r ,  J l ~ -  J1s - J3t =: 0 (1.5) 

The  s y s t e m  of e q u a t i o n s  (1.1) w a s  i n t e g r a t e d  n u m e r i c a l l y  ( so lv ing  the Cauchy p r o b l e m )  with p, w, xl ,  
and x 2 f ixed in the in i t i a l  c r o s s  s ec t ion ,  w h e r e  x~ = re .An and x j +  n24 x 3 = 1, w = m/F i s  the s p e c i f i c  m a s s  

J J 
f l o w r a t e  of the  m i x t u r e .  U s u a l l y ,  if  t h i s  i s  not e x p r e s s l y  s t i p u l a t e d ,  the  p a r a m e t e r s  of  the m i x t u r e  in the  
e q u i l i b r i u m  s ta t e  [1], i . e . ,  in a s t a t e  of the m i x t u r e  such tha t  the  s t r e a m  p a r a m e t e r s  wil l  undergo  v i r t u a l l y  
no change  at a l l  d o w n s t r e a m  wi thout  hea t ing ,  a r e  a c c e p t e d  a s  the  r e m a i n i n g  in i t i a l  da t a  at  the  e n t r y  to the 
hea ted  tube .  I n v e s t i g a t i o n  of  the s p e c i a l  f e a t u r e s  of Eqs .  (1.1) h a s  shown that  t h i s  e q u i l i b r i u m  condi t ion  
of  flow without  hea t ing  and low r e l a t i v e  p r e s s u r e  l o s s e s  in the  channel  Ap<< p c o r r e s p o n d s  to the nodal  s in -  
g u l a r i t y  of  the sy s t em (1.1). The  hea t ing  p r o b l e m  w a s  con t inued  f u r t h e r  out  to the channel  c r o s s  s ec t ion  
in which the l iquid  f l o w r a t e  in the f i lm van i shed .  T h i s  condi t ion  i s  t aken  a s  the condi t ion  of  o n s e t  of  b u r n -  
out  of  the second kind.  E x p e r i m e n t a l  m e a s u r e m e n t s  of  the  r a t e  of  l iquid f low in the f i lm and of f i lm t h i c k -  
n e s s e s  b e f o r e  the o n s e t  of burnou t  in w a t e r  [7, 8] and in f r e o n - 1 2  [9] c o n f i r m e d  tha t  a s s u m p t i o n .  

2 .  S o m e  R e s u l t s  

F i g u r e s  1-7 d i s p l a y  some  r e s u l t s  o f  n u m e r i c a l  i n t e g r a t i o n  t o g e t h e r  with e x p e r i m e n t a l  d a t a  f u r n i s h e d  
by v a r i o u s  a u t h o r s  in i l l u s t r a t i o n  o f  the  e f fec t  e x e r t e d  by p, w, x~, D, and qw on the  b a s i c  c h a r a c t e r i s t i c s  
of the d i s p e r  sed annu l a r  t w o - p h a s e  f low p a t t e r n  th rough  a h e a t e d  tube.  
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Fig. 1 

F i g u r e  1 shows an example  of the r e s u l t s  of c a l c u l a t i n g  the c h a r a c t e r i s t i c s  of d i s p e r s e d  a n n u l a r  flow 

along a tube unde r  i n l e t  p r e s s u r e  p = 69 b a r ,  w --: 1080 k g / m  2. sec ,  xl0 = 0.1,  x20 = 0o0, D = 10.2 a m .  The 
s u b s c r i p t  D denotes  p a r a m e t e r s  of e n t r y  to the unhea ted  s e c t i on  (AB for  the s t a b i l i z a t i o n  sec t ion ,  BS for  
the hea ted  sec t ion .  Thc spec i f i c  hea t  flux on the hea ted  sec t ion  qw = 7 �9 105 W.  m -2. Here  (p i s  the t rue  
s t e a m  con ten t  by  v o l u m e  in  the m i x t u r e ,  uj = u j / u  0 (j = 1, 2, 3), Z = 2z/TrD, II i s  the r e l a t i v e  p r e s s u r e  l o s s  
due to f r i c t i on ,  and is  equal  to the r a t i o  of p r e s s u r e  l o s s e s  due to f r i c t i on  in  t~ ,o-phase  flow to the p r e s -  
s u r e  l o s s e s  due to f r i c t i on  when w a t e r  f lows at  s a t u r a t i o n  t e m p e r a t u r e  and the s a m e  spec i f i c  m a s s  flow ra t e .  

[ I  

The f r i c t ion  fac to r  in wa te r  flow through a smooth tube was  t aken  a c c o r d i n g  to the B l a s i u s  fo rmu la .  
It i s  c l ea r  f rom Fig .  1 tha t  the ~ s t e m  p r a c t i c a l l y  a t t a i n s  the e q u i l i b r i u m  state on the AB i n t e r v a l .  The 
con t inuous  c u r v e s  for the BC i n t e r v a l  a re  a r r i v e d  at when the p a r a m e t e r s  at in le t  to the heated sect ion 
c o r r e s p o n d  to the e q u i l i b r i u m  state of the s y s t e m ,  while the b roken  c u r v e s  ind ica te  the s i tua t ion  when 
v i r t u a l l y  the e n t i r e  l iquid i s  concen t r a t ed  in the c r o s s  sec t ion  B and slip be tween vapor  and fi lm is  2, viz.  
the initi,~l cond i t ions  in the e x p e r i m e n t s  [8]. C l e a r l y ,  in the second i n s t a n c e  burnou t  ~denoted he re  and in 
what fol lows by the a s t e r i s k ,  with x 2 = 0) is  somewhat  m o r e  extended than the set of cond i t ions  f ea tu r ing  
e q u i l i b r i u m  p a r a m e t e r s  at the in le t .  The ex ten t  of a g r e e m e n t  be tween  n u m e r i c a l  and e x p e r i m e n t a l  da ta  
[8J i s  d i s c u s s e d  below. The dependence  of li on Z on the heated sec t ion  s t ands  out as  the s i m i l a r l y  e x p e r i -  
m e n t a l l y  d e t e r m i n e d  dependence  [10J based  on the h y d r a u l i c  d r ag  in a long tube.  

F i g u r e s  2 and 3 show e x a m p l e s  i l l u ~ r a t i n g  c o m p a r i s o n  of both ca lcu la ted  and e x p e r i m e n t a l  bu rnou t  
r e s u l t s .  The e x p e r i m e n t s  were  staged on a d i r e c t - f l o w  v e r t i c a l  tes t  stand.  Af ter  s u p e r c r i t i c a l  s team was  
th ro t t l ed ,  the n e c e s s a r y  s team content  xl0 at the in le t  to the unheated  sec t ion  was  a r r i v e d  at, a f ter  which 
the e q u i l i b r i u m  state  of the m i x t u r e  was  a t ta ined .  The m i x t u r e  then e n t e r e d  the 1.5 m o r  3 m long heated 
sect ion.  (The e x p e r i m e n t s  ove r  a 3 - m - l o n g  e x p e r i m e n t a l  i n t e r v a l  were  c a r r i e d  out jo in t ly  with F . P .  L a n t s -  
man. )  The unheated  and heated s e c t i o n s  were  of d i a m e t e r  D = 8 a m .  The sequence  in which the e x p e r i -  
m e n t s  we re  staged and the expe r i rnen t a l  a r r a n g e m e n t  a re  de ta i l ed  in [2]. The c r i t i c a l  vapor  content  Xbn. 
i . e . ,  the va lue  of x~ at the si te  where  the wall  t e m p e r a t u r e  r i s e s  abrup t ly  on account  of bu r nou t  brought  on 
by the film d r y i n g  out (x 2 = 0), was d e t e r m i n e d  in the e x p e r i m e n t s  as  a funct ion of the p a r a m e t e r s  p, w, 
qw" and xl0. F i g u r e  2 shows the c o r r e l a t i o n  of e m p i r i c a l  and t he o r e t i c a l  da ta  on a c o r r e l a t i o n  of e m p i r i c a l  
and p red i c t ed  data on Xbn a s  a funct ion  of x m for d i f f e r en t  p and w va lues .  

The e m p i r i c a l  data  po in t s  and c u r v e s  1, 2, 3 and 4 r e f e r  to p = 49 ba r  and r e s p e c t i v e l y  to w = 500, 
1000, 1250, and 1 9 0 0 k g - m  - 2 . s e c  -~, q w =  4"105 to 1.5"106 W . m  -2. The e m p i r i c a l  data po in ts  and curve  
5 a re  ob ta ined  at channel  in le t  p r e s s u r e  21 b a r  and at w = 1000 k g - m  -2- sec -1. The n u m e r i c a l  and e m p i r i -  
cal data  in Fig .  3 on the c r i t i c a l  vapor  con t en t s  as  a funct ion of qw at p r e s s u r e  49 ba r  a re  a lso i n s t r u c t i v e .  
The e m p i r i c a l  da ta  po in t s  1, 2, and 3 c o r r e s p o n d  t o w  = 500, 1000. and 1 9 0 0 k g . m  - 2 . s e c  -1. The f i l l ed - i n  
p o i n t s  we re  obta ined  on an e x p e r i m e n t a l  heated i n t e r v a l  of length l = 1.5 a m ,  and the hollow data  po in t s  
w e r e  ob ta ined  on an e x p e r i m e n t a l  heated i n t e r v a l  of length l = 3 m.  

It i s  c l e a r  f rom Fig .  2 that  the e x p e r i m e n t a l  da ta  on the c r i t i c a l  vapor  con ten t s  at fixed p and fixed 
w, and i n c r e a s i n g  x m, begin to i n c r e a s e  app re c i a b l y  from some value  x m = XAp tin F ig .  2, these  va lues  
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a r e  m a r k e d  by a c r o s s  on the a b s c i s s a  ax i s ) ,  whi le  only  t h o s e  Xbn v a l u e s  that  a r e  independen t  of  xl0 a r e  
i n d i c a t e d  in F ig .  3, to i l l u s t r a t e  the  e f fec t  of  qw a lone ,  it  i s  c l e a r  f rom F ig .  3 tha t  t h e r e  e x i s t s  a su f f i c i en t -  
ly b r o a d  r e g i o n  o v e r  which qw v a r i e s  and ~qthin which qw i s  v i r t u a l l y  wi thout  e f fec t  on Xbn tthe va lue  Xbn~ 
T h i s  i s  due [11] to the a b s e n c e  of any s e p a r a t i n g  out  of d r o p l e t s  f rom the c o r e  of  the  s t r e a m  onto the f i lm 
of  l iquid .  D r o p l e t s  s e t t l e  out  at  r e l a t i v e l y  low qw <qbn (F ig .  3), when the t r a n s v e r s e  s t r e a m  of v a p o r  f rom 
the f i l m ,  which  a c t s  to p r e v e n t  d r o p l e t s  f rom se t t l i ng  out  and i s  d i r e c t l y  p r o p o r t i o n a l  to qw '  d e c l i n e s .  In 
that  c a s e  the  v a l u e o f  Xbn i n c r e a s e s  by an amount  Ax 2, which e q u a l s  the i n c r e m e n t  in the  r e l a t i v e  r a t e  of  

l iquid  flow th rough  the f i lm on account  of  s e t t l i ng  of d r o p l e t s .  

Consequen t ly ,  when qw > - qbn,  t h e r e  i s no change  in the  r a t e  of l iquid  flow th rough  the f i lm on account  
of  s t r i p p i n g  of  m o i s t u r e  and e v a p o r a t i o n .  The  i n t ens i t y  of e v a p o r a t i o n  i s  found f rom Eq. (1.5). The  con-  
s t a n t s  u ,  n, and m in Eq. (1.6) can be e s t i m a t e d  on the b a s i s  of the e x p e r i m e n t a l  va lue  of  Xbn, the  va lue  
of  x~0, the s p e c i f i c  hea t  f lux qw'  and f rom the so lu t ion  of  the  i n v e r s e  p r o b l e m ,  and Eq. (1.6) can a l s o  be 
used  to f ind the o n s e t  of  s e t t l i ng  out  of d r o p l e t s  onto the f i l m ,  i . e . ,  the  cons tan t  7/ in Eq. (1.4). The  in i t i a l  
m o i s t u r e  d i s t r i b u t i o n  at  the e n t r y  to the unhea ted  i n t e r v a l  i s  spe c i f i e d .  F o r  e x a m p l e ,  i t  i s  a s s u m e d  that  a l l  
of the  l iquid  i s  d i s t r i b u t e d  un i fo rm ly o v e r  the channe l  c r o s s  s e c t i o n -  th i s  cond i t ion  s i m u l a t e d  the  l iquid  
d i s t r i b u t i o n  a f t e r  t h r o t t l i n g  at  the  e n t r y  t o  the unhea ted  sec t ion  of the e x p e r i m e n t a l  a r r a n g e m e n t .  F u r t h e r  
on,  the c o n s t a n t s  n ,  n, and m a r e  so chosen  a s  to ge t  the n u m e r i c a l  and e m p i r i c a l  v a l u e s  of Xbn into c l o s e  

a g r e e m e n t .  

T h i s  p r o c e d u r e  was  fo l lowed  in [1] and >t, n, and m w e r e  d e t e r m i n e d  e m p i r i c a l l y  at  p = 49 b a r ,  w 
= 1900 k g . m  -2 �9 sec  -1, D = 8 m m ,  xl0 = 0.27, q,,= 1.21.106 W ' m  -2, Xbn= 0 .54 ;on  the b a s i s  of e m p i r i c a l  
d a t a  [12J for  p= 98 b a r ,  w= 2100 k g - m  -2 " s e c - f : D  = 8 m m ,  xl0 = 0.235, qw = 6 .2 .105  W . m  -2, Xbn = 0.37. 
The  v a l u e s  of the c o n s t a n t s  w e r e  found to be y, = 10 -5, n = - l . 0 ,  m = - 0 . 2 5 ,  7? = 1.8. "Subsequent n u m e r i c a l  
i n t e g r a t i o n  of the sys tem of e q u a t i o n s  (1.1) d e m o n s t r a t e d  tha t  the p r e d i c t e d  and e m p i r i c a l  Xbn v a l u e s  fo r  
d i f f e r e n t  p, w, D, and qw (a m u l t i p l i c i t y  of e m p i r i c a l  da t a  f u r n i s h e d  by d i f f e r e n t  a u t h o r s  on Xbn for  p>- 40 
b a r  have  been  c o l l e c t e d  in [3]) a g r e e  s a t i s f a c t o r i l y  in the r e g i o n  p>-45 b a r .  When p < 45 b a r ,  we have  n 
= 10 -T, n= 1.0, m = - 0 . 2 5 ,  and we obta in ,  f rom the condi t ion  that  n u m e r i c a l  and e m p i r i c a l  x, v a l u e s  co-  

... 2 on 
i n c i d e  at  p= 16 b a r ,  v =  1000 k g . m  -2 �9 s ec  -1, D= 8 m m ,  Xl0 = 0.24, qw = 1 . 0 2 - 1 0  s w . m -  , Xbn=0 .63 .  

Lack  of  a g r e e m e n t  be tween  the p a r a m e t e r s  at  p>- 45 b a r  and at  p < 45 b a r  shows  tha t  Eqs .  (1.2) do not 
a c c u r a t e l y  t ake  into account  the e f fec t  of  p r e s s u r e  on the i n t e n s i t y  o f  d y n a m i c a l  s t r i pp ing .  

I t  i s  ev iden t  f rom F i g .  2 tha t  the  n u m e r i c a l  and e m p i r i c a l  Xbn d a t a  a g r e e  s a t i s f a c t o r i l y .  When x10 
> XAp, Xbn i s  a f fec ted  by x~0. At  low Xl0 v a l u e s ,  we e n c o u n t e r  n u m e r i c a l  Xbn v a l u e s  s o m e w h a t  h i g h e r  than 
t h e i r  e m p i r i c a l  c o u n t e r p a r t s  a t  e l e v a t e d  p r e s s u r e s  ( see  c u r v e s  1, 2, 3, and 4). Th i s  s e e m s  to s tem f rom a 
f a i l u r e  to t ake  bubb le  e n t r a i n m e n t  of  m o i s t u r e  f rom the f i lm  into c o g n i z a n c e .  High qw v a l u e s  w e r e  r e -  

504 



0 0.J 

F i g .  4 

*1 
. 2  
, 5  
n# 

,k 

q u i r e d  in o r d e r  to a c h i e v e  burnou t  (x 2 = 0) on a hea t ed  sec t ion  
of  r e s t r i c t e d  length  when x l0 v a l u e s  w e r e  low in the e x p e r i m e n t s .  
A s  noted e a r l i e r ,  the  i n t e n s i t y  of  bubb le  e n t r a i n m e n t  r i s e s  m a r k -  

ed ly  a s  qw i n c r e a s e s .  

We a l so  r e a l i z e  f rom F i g .  3 tha t ,  g iven  the  s a m e  qw v a l u e s  
in the  r e g i o n  of high qw v a l u e s ,  the  d i s c r e p a n c y  be tween  the p r e -  
d i c t e d  and e m p i r i c a l  Xbn v a l u e s  i s  g r e a t e r  when the s p e c i f i c  r a t e s  
of  m a s s  f low of the m i x t u r e  a r e  s m a l l e r ,  i . e . ,  when f i lm t h i c k -  
n e s t s  a r e  g r e a t e r  [11. I t  w a s  a l so  shown [4] tha t  i n c r e a s e d  
f i lm t h i c k n e s s  e n t a i l s  a p p r e c i a b l y  h i g h e r  i n t e n s i t y  of  bubble  e n -  
t r a i n m e n t .  When p r e s s u r e s  a r e  l o w e r  ( see  cu rve  5, F i g .  2), 
wi th  high v e l o c i t i e s  on the p a r t  of  the c o m p o n e n t s  of the m i x -  

t u r e ,  the  e m p i r i c a l  Xbn v a l u e s  v a r y  i n v e r s e l y  x~4th xl0 and d i r e c t l y  with qw a c c o r d i n g l y .  The  r e a s o n  for  
tha t  i s  that  the v e l o c i t i e s  of the c o m p o n e n t s  of the  m i x t u r e  a r e  s u b s t a n t i a l l y  g r e a t e r  a t  low p r e s s u r e s ,  g iven  
the s a m e  v a l u e s  of w, whi le  the s u r f a c e  t e n s i o n  of the l iquid i s  a l so  m u c h  h i g h e r  and the f i lm t h i c k n e s s e s  
s m a l l e r .  T h i s  h i n d e r s  bubble  e n t r a i n m e n t  of m o i s t u r e  f rom the f i lm ,  i . e . , i t  h i n d e r s  p r e m a t u r e  e xhaus t i on  
of the f i lm.  At h i g h e r  qw v a l u e s ,  with o t h e r  c o n d i t i o n s  unchanged ,  the length  o v e r  which d y n a m i c a l  s t r i p -  
p ing  of m o i s t u r e  f rom the s u r f a c e  of the  f i lm t a k e s  p l a c e  b e c o m e s  s h o r t e r ,  and tha t  can have the e f fec t  of 
d e c r e a s i n g  the to ta l  amoun t  of  f luid s t r i p p e d  f rom the f i l m .  The  l iquid  e v a p o r a t e s  a t  a f a s t e r  r a t e  then than 
i t  i s  s t r i p p e d  f rom the s u r f a c e  of the f i lm.  Tha t  r e s u l t s  in h i g h e r  Xbn v a l u e s  at  h i g h e r  qw v a l u e s .  

F i g u r e  4 c o m p a r e s  v a l u e s  of the  r e l a t i v e  l iquid  f l o w r a t e  t h rough  the  f i lm x2, ob ta ined  n u m e r i c a l l y ,  
and d i r e c t  e m p i r i c a l  da t a  [7, 13], w h e r e  the  r a t e s  of l iquid  f low th rough  the  f i lm a r e  m e a s u r e d  a s  func t ions  
o f w ,  x 1, and q w a t  p= 69 b a r ,  D 5  1 2 . 6 m m  at a d i s t a n c e o f  2 9 0 D  f rom the tube in le t .  The  p o i n t s  1 , 2 ,  3 
c o r r e s p o n d  r e s p e c t i v e l y  to w =  1350, 2040, and 2700 k g . m  -~ .  sec  -~, and w e r e  ob t a ined  in a h e a t e d  tube [7], 
whi le  qw v a r i e d  o v e r  the  r a n g e  f rom 7 .25 .105  to 1 . 4 5 . 1 0  s W ' m  -2. P o i n t s  4 w e r e  ob t a ined  at w: :  1350 k g .  
�9 m -2 �9 see-~  in an unhea ted  tube [13]. A n a l y s i s  of  the  e m p i r i c a l  da t a  shows  tha t  t h e s e  w e r e  o b t a i n e d  rough ly  
to wi th in  • C a l c u l a t i o n s  fo r  a hea t ed  channel  w e r e  p e r f o r m e d  at in l e t  v a p o r  content  xl0 = 0.1 wi th  
e q u i l i b r i u m  p a r a m e t e r s  a s  the  i n i t i a l  d a t a ,  and the r e m a i n i n g  cond i t i ons  the  s a m e  a s  in the  e x p e r i m e n t s � 9  
N u m e r i c a l  r e s u l t s  ob ta ined  in an unhea ted  tube c o r r e s p o n d  to the e q u i l i b r i u m  s t a t e  of the s y s t e m .  It i s  
c l e a r  f rom F ig .  4 tha t  the  r e s u l t s  of the c a l c u l a t i o n s  a g r e e  c l o s e l y  wi th  the e m p i r i c a l  da t a .  

F i g u r e  5 d i s p l a y s  r e s u l t s  of c a l c u l a t i o n s  and e x p e r i m e n t s  [8] p e r t a i n i n g  to l iquid  f i lm t h i c k n e s s e s  in 
a hea ted  tube and in an unhea ted  tube  at  p =  69 b a r ,  a s  func t ions  of x~, w, D, qw" The  f i lm t h i c k n e s s e s  w e r e  
m e a s u r e d  by an e l e c t r i c  p r o b e  at a d i s t a n c e  of 145 D (Z = 92) f rom the tube in le t  D= 10.2 m m ,  and at  a 
d i s t a n c e  of  7 4 D ( Z  :: 47) in the  c a s e  of a D = 20.9 m m  tube.  The  a v e r a g e  l iquid  f i lm t h i c k n e s s  was  d e t e r -  
m i n e d  a s  the  d i s t a n c e  s e p a r a t i n g  the e l e c t r i c  p r o b e  and the  tube wal l  at  which the l ower  l i m i t  of  p u l s a t i o n s  
in the  t e n s i o n  d r o p  would be c l o s e  to the  va lue  of  the  t e n s i o n  d r o p  c o r r e s p o n d i n g  to a l a y e r  of m i s t ,  whi le  
p u l s a t i o n s  r e v e a l i n g  con tac t  wi th  the l iquid  would t ake  up ~50% of the  to ta l  t i m e  of contac t .  T h i s  l a s t  con-  
s t r a l n t i s a s s o c i a t e d  with the  fac t  tha t  i r r e g u l a r  undu la t ing  m o t i o n  t a k e s  p l a c e  on the s u r f a c e  of the  f i lm.  
The  r e s u l t s  ob ta ined  in the  e x p e r i m e n t s  can be i n t e r p r e t e d  a s  m e a s u r e m e n t s  of a v e r a g e  f i lm t h i c k n e s s e s � 9  
In F i g .  5 we have  the d a t a  poin ts :  1) w =  1080 k g - m  -~. s e e  -1, D = 10.2 m m ,  qw = 0; 2) w =  1080 k g . m  -~.  s e e  -1, 
D= 1 0 . 2 m ,  ~ v  ;~0 ,x l0=0 .16  0.48; 3) w= 1 0 8 0 k g . m  - 2 . s e e  -1, D= 1 0 . 2 m m ,  q ~ 0 ,  u n d e r h e a t e d ;  4) w= 2700 
k g - m  - e . s e e - I  D= 1 0 . 2 m m , q w  # 0 , x I 0 = 0 " 0 7 ; 5 )  w= 1 0 8 0 k g . m - 2 . s e e - 1  D= 2 0 . 9 r a m ;  qw # 0 , x m =  0.18 to 
1.26; 6) w= 1080 k g . m  -2 .  sec-~ ;  D= 20.9 r a m ,  qw ;~ 0, x~0= 0.48. 

A n a l y s i s  of  the  e m p i r i c a l  d a t a  shows  that  t h e s e  w e r e  found to wi th in  rough ly  ~20%. The  c a l c u l a t i o n s  
of  the  c o r r e s p o n d i n g  f i lm t h i c k n e s s e s  ( see  c u r v e s  1, 2, 4, 5, and 6) w e r e  c a r r i e d  out  for  the s t a t ed  e x p e r i -  
m e n t a l  cond i t i ons .  As in the  e x p e r i m e n t s ,  the  i n i t i a l  d a t a  h e r e  w e r e  the  p a r a m e t e r s  c o r r e s p o n d i n g  to the 
annu la r  f low p a t t e r n ,  i . e . ,  with a l l  of the l iquid  c o n c e n t r a t e d  in the  f i lm,  and s l i p  b e t w e e n  p h a s e s  equa l  to 2. 
Curve  3 d i f f e r s  f rom cu rve  2 in tha t  i t  w a s  p lo t t ed  fo r  f ixed  qw = 7 �9 105 W "m -2. 

We see  c l e a r l y  in F ig .  5 tha t  the n u m e r i c a l  and e m p i r i c a l  d a t a  on a v e r a g e  f i lm t h i c k n e s s e s  a g r e e  
s a t i s f a c t o r i l y  and on ly  at  r e l a t i v e l y  m o d e s t  w and x 1 v a l u e s  do the e m p i r i c a l  d a t a  l i e  be low the  p r e d i c t e d  
d a t a ,  a p p a r e n t l y  b e c a u s e  of the  p r e s e n c e  of an a p p r e c i a b l e  quant i ty  of  v a p o r  b u b b l e s  in the f i lm.  

F i g u r e  6 a f f o r d s  a c o m p a r i s o n  of n u m e r i c a l  and e m p i r i c a l  da t a  [14] on the t rue  v a p o r  con ten t s  by 
v o l u m e  qJ a s  func t ions  of x 1, w, qw at  p =  69 b a r ,  D= 7.7 m m  at a d i s t a n c e  of 53D (Z = 34) f rom the e n t r y  
to the  hea t ed  tube.  The  v o l u m e  con ten t  of v a p o r  was  m e a s u r e d  with the a id  of a b r o a d  b r e m s s t r a h l u n g  
b e a m .  Datq p o i n t s  1, 2, 3 c o r r e s p o n d  r e s p e c t i v e l y  to w= 800, 2000. 3000 k g . m  -~. s e e  - i .  The  c l u s t e r  of  
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data  po in t s  des igna ted  a was  ob ta ined  in the unheated tube,  while the c l u s t e r  of data  po in ts  des igna t ed  b 
was  obta ined  at qw = 1.16 �9 106 W .m -2. The m a x i m u m  abso lu te  e r r o r  in the d e t e r m i n a t i o n  of ~u was  +5%. 
C a l c u l a t i o n s  w e r e  c a r r i e d  out for Z = 0 in the case  of flow of a m i x t u r e  through an unheated  tube;  al l  of 
the l iquid was  found in the co re  of the s t r e a m  ( s imu la t i on  of a t h ro t t l i ng  globe va lve  in  the e x p e r i m e n t a l  a r -  
r a n g e m e n t ) .  The cont inuous  c u r v e s  a r e  r e f e r a b l e  to the e q u i l i b r i u m  sta te  of the s y s t e m ,  while  the dashed 
c u r v e s  c o r r e s p o n d  to data  for  the  c r o s s  sec t ion  located at a d i s t ance  of 140 D (Z = 90) f rom the in i t i a l  
c r o s s  sec t ion .  The data  for th is  c r o s s  s e c t i o n w e r e  taken  as  the i n i t i a l  data  at  the e n t r y  to the hea ted  sec t ion .  

It i s  ev iden t  in  F ig .  6 that  the p red ic t ed  data  and n u m e r i c a l  da ta  fit c lose ly  wi thin  the l i m i t s  of ex-  
p e r i m e n t a l  e r r o r .  Note that  the sp read  of e m p i r i c a l  da ta  po in t s  does  not al low us  to a s c e r t a i n  the effect  
of w on ~p, which s t e m s  f rom the r e s u l t s  of the n u m e r i c a l  ca l cu l a t i ons .  

F i g u r e  7 shows e x a m p l e s  of r e s u l t s  of c a l c u l a t i o n s  and e x p e r i m e n t s  [161 on hyd r a u l i c  d r ag  for  flow 
of a s t e a m - w a t e r  m i x t u r e  through a smooth ho r i zon t a l  tube and smooth v e r t i c a l  tube as  func t ions  of x~ and 
q_ at p= 98 b a r ,  w= 1000 k g . m  -2- s ec - t .  The i n n e r  d i a m e t e r  of the ho r i zon ta l  pa r t  of the tube is  11.1 m m ,  
t~at of the v e r t i c a l  p a r t  i s  8 m m .  T h r e e  p r e s s u r e  t aps  were  set  on the ho r i zon t a l  run .  The d i s t a n c e  sep-  
a r a t i n g  the f i r s t  and th i rd  tap i s  3 m ,  and that  s e p a r a t i n g  the second and th i rd  tap was  0.55 m.  On the 
v e r t i c a l  run ,  the d i s t a n c e  be tween  p r e s s u r e  t aps  was  0.6 m.  We note these  i n t e r v a l s  be tween  p r e s s u r e  
taps  as  a ,  b, and e, r e s p e c t i v e l y .  The r e l a t i v e  p r e s s u r e  l o s s e s  due to f r i c t i on  1] and the ana logous  r a t i o  
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of  p r e s s u r e  l o s s e s  H i (due to  f r i c t i o n  and to a c c e l e r a t i o n  of the  p h a s e s  and equa l  to the r a t i o  of  p r e s s u r e  
l o s s e s  i a  t w o - p h a s e  f low due to f r i c t i o n  and  a c c e l e r a t i o n  o f p h a s e s )  to t he  p r e s s u r e  l o s s e s  due to f r i c t i o n  
a lone  in f low of  w a t e r  at s a t u r a t i o n  t e m p e r a t u r e  with the s a m e  s p e c i f i c  m a s s  f l o w r a t e ,  i s  p lo t t ed  a s  the  
v e r t i c a l  in F i g .  7: 

dp 
L d= j ~ l  L dz Jt 

We have [Ij= II in the  e q u i l i b r i u m  s t a t e  of  t he  s y s t e m  in the tube.  The  e m p i r i c a l  d a t a  p o i n t s  1 in 
F ig .  7, with r e f e r e n c e  to I I , w e r e  ob t a ined  on i n t e r v a l s  a and b in the  a b s e n c e  of hea t ing .  The  e m p i r i c a l  d a t a  
po in t s  2 fo r  1-11 w e r e  ob ta ined  on i n t e r v a l  b at  q w  = 5.8:3. ]05 W . m  -2 a s  a func t ion  of the  a v e r a g e  Xlm = (xl0+ 

X~e)/2, w h e r e  Xle  i s  the f low v a p o r  con ten t  at  the  ex i t  f r om the  hea ted  s e c t i o n .  The  v a p o r  conten t  i n c r e -  
m e n t  on t h i s  i n t e r v a l  A x =  x,,~ - x ~ n =  0.085. E m p i r i c a l  d a t a  po in t  3 fo r  II~ w a s  ob t a ined  on the i n t e r v a l  
such  tha t  qw = 1.16 �9 l 0  G W �9 m -2. The e m p i r i c a l  d a t a  po in t s  2 w e r e  u s e d  in  c a l c u l a t i n g  the  d e p e n -  
dence  of  the r e l a t i v e  p r e s s u r e  l o s s e s  due to f r i c t i o n  II on Xlm [14] ( see  c u r v e  5). C u r v e  1 i s  p l o t t e d  
n u m e r i c a l l y  for  the c a s e  of f low of the  m i x t u r e  th rough  an unhea ted  tube  in the e q u i l i b r i u m  s ta t e  of the s y s -  
t e m .  C u r v e s  2 and 6 a r e  p lo t t ed  for  the e x p e r i m e n t a l  cond i t i ons ,  i . e . ,  u s ing  n u m e r i c a l  d a t a  on the p r e s s u r e  
d r o p  and on x l m  on the i n t e r v a l  b to c o n s t r u c t  the d e p e n d e n c e s  o f I I  and l I  1 on X~m. Curve  3 (g iv ing  the d e -  
p e n d e n c e  of  I] 1 on x 1 at  qw = 1.16 �9 10 G W - m  -~) and c u r v e s  4 and 7 (giving the d e p e n d e n c e s  of [l and [II on x~ 
at  qw = 5.8"~. 105 W . m  -~) w e r e  p lo t t ed  for  feed  of  a m i x t u r e  such tha t  xm= 0.1 to the  tube  in le t .  

F i g u r e  7 m a k e s  i t  c l e a r  tha t ,  s t a r t i n g  with a c e r t a i n  va lue  x I [or Z in the  hea ted  tube ,  F ig .  1), the  
i n c r e a s e  s lows  down and the r e l a t i v e  p r e s s u r e  d r o p s  d i m i n i s h .  The  h y d r a u l i c  d r a g  r e a c h e s  i t s  c r i t i c a l  
poin t .  As  x m i n c r e a s e s ,  the  c r i t i c a l  po in t  of  the  h y d r a u l i c  d r a g  sh i f t s  t oward  h i g h e r  x 1 v a l u e s  ~as we c l e a r l y  
r e a l i z e  f rom c o m p a r i n g  c u r v e s  2 and 4). N u m e r i c a l  c a l c u l a t i o n s  b a s e d  on  tha t  m o d e l  showed tha t  the  p h e -  
nomenon  of  c r i t i c a l  h y d r a u l i c  d r a g  i s  due in the  m a i n  to the  c o m b i n e d  e f fec t  of two f a c t o r s :  on the one hand,  
with i n c r e a s i n g  x I s l i p  be tween  the v a p o r  and the  l iquid  f i lm i n c r e a s e s  [1], so that  f r i c t i o n  be tween  the v a p o r  
and f i lm l i k e w i s e  i n c r e a s e s ,  whi le  on the o t h e r h a n d ,  the  i n c r e a s e  in x~ i s  a c c o m p a n i e d  by a d e c r e a s e  in the  
t h i c k n e s s  of the f i lm and a s  a c o n s e q u e n c e  a d e c r e a s e  in the r o u g h n e s s  of the f i lm ,  and that  in tu rn  e n t a i l s  
l e s s  f r i c t i o n  be tween  the v a p o r  and the  f i lm .  The  twofold in f luence  e x e r t e d  by x 1 r e s u l t s  in the a p p e a r a n c e  
of c r i t i c a l  h y d r a u l i c  d r a g .  We i n f e r  f rom a c o m p a r i s o n  of c u r v e  1 with c u r v e s  6 and 7 tha t  qw e x e r t s  only  
a n e g l i g i b l e  e f f ec t  on H in the r e g i o n  p r i o r  to the  c r i t i c a l  h y d r a u l i c  d r a g .  

We a l so  in fe r  f rom the above  d i s c u s s i o n  tha t  s i m u l a t i o n  of the  flow of m i x t u r e  th rough  r e a l  s t e a m -  
g e n e r a t i n g  t u b e s  in which  w a t e r  u n d e r h e a t e d  up to s a t u r a t i o n  t e m p e r a t u r e ,  o r  a w a t e r - s t e a m  m i x t u r e  of 
low s t e a m  conten t  x 1. i s  fed to the  in le t  of the  t u b e s ,  by s h o r t  e x p e r i m e n t a l  s e c t i o n s  wi th  feed  of m i x t u r e  to 
the in le t  a t  d i f f e r e n t  xl0 v a l u e s ,  can be a c h i e v e d  on ly  up to a c e r t a i n  ful ly  s p e c i f i e d  va lue  of x m ( see  c u r v e s  
2 and 4 in F i g .  7). O t h e r w i s e  the e f fec t  of Xl0, s ay  on Xbn. I1, Ill, wi l l  beg in  to be fe l t .  Tha t  m e a n s  tha t  a 
s u f f i c i en t l y  long unhea ted  i n t e r v a l  [1] on which  the e q u i l i b r i u m  s t a t e  of  the  s y s t e m  would be a t t a ined  would 
have to be p r o v i d e d  ahead  of the hea ted  s e c t i o n .  
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