
T R U E  V A P O R  AND GAS C O N T E N T S  OF U N H E A T E D  

F L O W S  OF  M I X T U R E S  IN T U B E S  

A .  A .  T o c h i g i n  a n d  A .  P .  D a n i l i n  UDC 532.517.3 

An equation for  the determinat ion of the true vapor and gas contents in unheated tubes is con-  
s t ructed  on the basis  of the theory developed in the preceding r epor t s  and a number of r e l a -  
tionships noted in exper iments .  This equation genera l izes  the exist ing exper imenta l  mate r ia l .  

Since the publication of [1] the exper imenta l  data and the equation 

qo-'~ { 1 -  0,342 ( 1 - -  ~) (I - -  ~) } (1) 
[1 + 0.,0235 l,' Fr (1 - -  p):ff" (1.04 - -  ~) 

obtained in it have been used in calculations of the hydrodynamics  of mixtures  and have been analyzed (see 
[2-8], for  example).  

It follows f rom the analysis  conducted in these repor t s  that the values de termined by Eq. (1) a re  in 
full sa t i s fac tory  agreement  with the exper imenta l  values in the range of ~ and F r  studied in [1] but do not 
extend to low p r e s s u r e s  and small  veloci t ies .  In addition, one can de te rmine  (p f rom Eq. (1) only for 
vapor - l iqu id  flows and not for  gas - l iqu id  flows, such as o i l -gas ,  gas -condensa te ,  and g a s - w a t e r  mix-  
tu res ,  since bes ides  the other  p a r a m e t e r s  @ depends on ~. 
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Fig. 1. Comparison of Eq. (9) with exper imenta l  da ta  for  
ver t ica l  flows: a) authors '  data for  v a p o r - w a t e r  flow with 
p = 1.96 bar ,  d = 18 mm; b) data of [7] for  oxygen s t ream.  
Tube 9.4 mm, p = 2.2 bar :  1) w 0 = 0.18 m / s e c ;  2) 0.63; 
3) 0.48; 4) 0.625. T u b e l 4 . 9 m m ,  p = 1.6bar:  5)w 0 = 0.075 
m / s e e ;  6) 0.12; 7) 0.18; 8) 0.23. 
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The resul ts  of experimental  studies a re  presented below and an equation free of the above-mentioned 
drawbacks is constructed.  

Experimental  studies were conducted with the flow of a v a p o r - w a t e r  mixture under a p re s su re  of 
1.96 ba r  in a ve r t i ca l  tube with an inner d iameter  of 18 mm and a height of 3 m, The true vapor contents 
were  determined by i r radia t ing the tube with a broad beam of g a m m a - r a y s  at  four c ro s s  sections of the 
experimental  section by the method descr ibed in [11], as well as by the method of cutting off a section of 
the tube with two fas t -ac t ing  valves.  The resul ts  of the studies of the true vapor content a re  presented in 
Fig.  la .  

In genera l  all the hydrodynamic values a re  functions of the visually observed s t ruc tures  or fo rms  of 
the flow of the mixture .  However, it is not always justified to distinguish all the s t ruc tures  since the pr in-  
cipal hydrodynamic relat ionships are  prac t ica l ly  identical for  a number of s t ruc tures .  The studies showed 
that for the determinat ion of ~o it is sufficient to distinguish three modes:  plug flow, annular flow, and 
strat if ied flow. Those flows for  which a c lear  boundary of separat ion between phases is absent are  a s -  
sumed to be plug flows, i . e . ,  plug flow proper ,  plug flow with foaming, bubbling flow, etc. ;  annular flow 
includes annular flow proper  and d i spe rse -annu la r  or  core  flow; strat if ied flows include those with flat 
and wavy surfaces  of phase separat ion.  With the classif icat ion adopted only the plug and annular modes of 
motion of a mixture can develop in ver t ical  and inclined tubes, while in horizontal  and slightly inclined 
tubes all three modes can develop. 

An analysis  of the theoret ical  and semiempi r ica l  studies and the existing experimental  mater ia l  
makes it possible to establish a number of relat ionships for the flow of a mixture.  Taking them into 
account, one can write the following functional dependence for the determination of the true vapor and gas 
contents: 

In [1, 6, 8] it is shown that in the region of plug flow there is a dependence between ~0 and/3 when 
F r  = const  which is close to l inear,  i . e . ,  in this region the a and b entering into (2) must  be equal, so that 

= ~.~. ( 3 )  

Here k depends on Fr ,  increas ing with an increase  in F r ,  a n d  on the physical  proper t ies  of the liquid 
and gas.  

The se l f - s imi la r i ty  of k with respec t  to the Froude number is established in [6]. In a test  with air  
- w a t e r  flows at near  a tmospher ic  p r e s s u r e s  it is shown that s tar t ing with F r  -- 4 the coefficient k ceases  
to increase  and remains  constant with a fur ther  increase  in Fr :  k = k = 0.81. This relationship is also 
graphical ly conf i rmed by the experimental  studies of [14, 15]. 

An analysis  of the experimental  data on v a p o r - w a t e r  flows for  different p r e s s u r e s  in the form of the 
dependence of k on F r  made it possible to establish the se l f - s imi la r  values F r  = F r  s of the Froude number 
s tar t ing with which k ceases  to grow and remains  a lmost  constant and equal to k. 

Since k and F r  s a re  constant for each given mixture it is c lea r  that they must  depend only on the 
physical  p roper t i e s  of the liquid and gas.  These dependences can be writ ten in the form 

k = 0.8(I + 1.5 1, ~(1 -i- ] /~-a;  Fr S = 2. I0-5 Ga (1 --7)- (4) 

Using k and F r  we can determine 

= k [1 - -  exp (-- n 1' Fr Frs-X)]. (5) 

Here the coefficient n must  be such that ~: ~ k when F r  = F r  s. By requir ing that when F r  = F r  s the 
ra t io  ~: .k  -1 differs f rom unity by no more  than 1-1.5% we find f rom (5) that n = 4.4. 

In the region of annular flow the dependence between (p and fl is nonlinear [1, 6] and is descr ibed by 
Eq. (2) when a ~ b. 

The values of a and b entering into (2) must  satisfy cer ta in  requi rements .  In the plug mode of flow 
they must  equal one another while in annular flow they must  provide for a given curvi l inear  nature of the 
dependence of q~ on/3. The requi rements  imposed on a and b will be satisfied if one takes b = 1.04 and 

a = 1.04--0.03Fr.Fr71 for F r ~ F r , ,  (6) 
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Fig.  2. Compar i son  of Eq. (9) with exper imenta l  data 
[1 ] for  v a p o r - w a t e r  flows in ve r t i ca l  tubes with Froude 
numbers  f r o m  7 to 2200. Tube 17ram: 1) p = 19.6 ba r ;  
2) 39.2. Tube 30mm.  3)p = 39 .2bar ;  4) 68.7; 5)117.7. 

a = 1 -i- 0,01Fr,.Fr-* for: Fr>-Fr , .  (7) 

H e r e t h e  numbers  F r ,  a r e  cons t ruc ted  with the help of the c r i t i ca l  gas (vapor) veloci ty  w ,  with r e sp ec t  
to r e v e r s a l  On the ba s i s  of the nonlinear  theory of the motion of l aye r s  of a v iscous  liquid together  with a 
gas  s t r e a m  [9] the following equation is  der ived [10] and conf i rmed  by the avai lable  exper imen ta l  data for  
the de te rmina t ion  of w , :  

[ gop~ ]u~ 
w, = 3.3 [(p _ p.~) p?~ . (8) 

1 '~176 I 
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Fig.  3. Compar i son  of Eq. (9) with exper imen ta l  data for  a i r  
- w a t e r  flows, a: data of [6] for  hor izonta l  and inclined a scend-  
ing flows, d = 56 mm:  1) data of [21], ve r t i ca l  tube, F r  = 0.1, 
d = 250 mm~ 2) the same ,  d = 500 m m .  b: ve r t i ca l  flows: 1) 
data of Wallis  et  a l . ,  taken f r o m  [3, 22], d = 25 m m ,  w01 = 0.03 
m / s e c ;  2) data of S m i s s e r t  taken f r o m  [3], d = 51 m m ,  w01 f r o m  
0 to 0.03 m / s e c .  
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F i g .  4. C o m p a r i s o n  of Eq.  (9) wi th  e x p e r i m e n t a l  da t a  f o r  v a p o r  
- w a t e r  f lows ,  a: da t a  of [19] fo r  a s c e n d i n g  f lows in i n c l i n e d  
t u b e s ,  d = 48 m m ,  p r e s s u r e  107.8 b a r :  1) w 0 = 0.17 m / s e c ;  2) 
0.33; 3) 0.57; 4) 0.97; p r e s s u r e  176.4 b a r :  5) w 0 = 0.77 m / s e c ;  
6) 0.96; 7 ) 1 . 5 2 .  b:  da ta  of [20] fo r  v e r t i c a l  tube of 7.7 m m :  1) 
p = 19.6 b a r ;  2) 35.3; 3) 68.7; I) wp = 400 k g / ( m  2 . s e c ) ;  II) 800; 
III) 2000; IV) 3000. 

If w 2 > w ,  the l i qu id  in the f o r m  of an annu lus  m o v e s  u p w a r d  a long  the wa i l  in  the d i r e c t i o n  of the  gas  
s t r e a m  and  s t a b l e  a n n u l a r  f low o c c u r s .  If w 2 < w .  the  l iqu id  f lows down a long  the s u r f a c e  of the wal t ,  i n -  
c r e a s i n g  in t h i c k n e s s  and f o r m i n g  p lug  f low in i n c l i n e d  and v e r t i c a l  tubes  and p lug  o r  l a y e r e d  flow in h o r i -  
z o n t a l  and  s l i g h t l y  i n c l i n e d  t u b e s .  The  ang le  of i n c l i n a t i o n  of  the tube does  not  a f f ec t  w . ,  s i n c e  the a n n u l a r  
f o r m  of  f low a r i s e s  a t  high v e l o c i t i e s  of  the m i x t u r e  [12]. 

F i n a l l y ,  we ob ta in  

q~= 1- -  I - -0 .8  1-~:1:51/ '? l - - e x p  - -4r4  / /  F r  +~. (9) 
1 -~- t / ~  - 1 , 0 4  - -  

H e r e  F r  s and a a r e  d e t e r m i n e d  f r o m  (4), (6), and (7). 

In the c a s e  when F r .  >> F r  >> F r  s and 0 - / 3  -- 1 o r  F r  >- F r  s and  0 ~ /3  < 0.9, then (9) t a k e s  the  s i m -  
p l e  f o r m  (p = k/3. 

Equa t ion  (9) s a t i s f i e s  a l l  the b o u n d a r y  cond i t i ons :  when F r  = 0 we have  (p = 0; when 3/ = 1 we have  
~p =/3; w h e n / 3 = 0 w e  have (p  = 0 ;  w h e n / 3 = l w e h a v e  (p<- 1; when/3 = 0  ((p = 0 )  w 2 t a k e s  on the l i m i t i n g  
f ina l  v a l u e .  The  e x i s t e n c e  of p o i n t s  wi th /3  = 1 and  (p _ I i s  c o n f i r m e d  by  the e x p e r i m e n t a l  da t a  of [6, 5, 
7, 16, 17]. 

The  e f f e c t  of the  tube  d i a m e t e r  on ~0 in  Eq.  (9) i s  t aken  in to  a c c oun t  by  the F r o u d e  n u m b e r  of the m i x -  
t u r e .  The  d e p e n d e n c e  of ~o on the d i a m e t e r  a s  we l l  a s  on v t o c c u r s  only a t  r e l a t i v e l y  t o w m i x t u r e  v e l o c i t i e s  
when F r  < F r  s .  Th i s  d e p e n d e n c e  d e c r e a s e s  a s y m p t o t i c a l l y  wi th  an i n c r e a s e  in  the m i x t u r e  v e l o c i t y  and fo r  
F r  >> F r  s the d i a m e t e r  and  v t have  a l m o s t  no e f f ec t  on (p. 

In F i g s .  1 - 4  the  d e p e n d e n c e s  d e t e r m i n e d  f r o m  Eq.  (9) ( so l id  l i nes )  a r e  c o m p a r e d  with  the  e x p e r i m e n -  
t a l  da t a .  On the whole  t h e i r  a g r e e m e n t  i s  wi th in  the  l i m i t s  of the e x p e r i m e n t a l  e r r o r .  

The  d e p e n d e n c e  of (p on x (F ig .  4b) c a l c u l a t e d  f r o m  (9) f o r  wp = 400 and 2000 k g / ( m  2 �9 see )  a t  p = 19.6 
b a r  m e r g e d  in to  the  s ing le  c u r v e  1, whi l e  the  d e p e n d e n c e  f o r  wp = 400 and 3000 k g / ( m  2 �9 see )  a t  p = 35.3 
b a r  and  fo r  the  s a m e  wp a t  p = 68.7 b a r  m e r g e d  in to  c u r v e s  2 and 3, r e s p e c t i v e l y .  

C o m p a r i s o n s  which  a r e  not  p r e s e n t e d  in th i s  a r t i c l e  showed  tha t  Eq.  (9) a g r e e s  no w o r s e  than Eq.  (1) 
wi th  the e x p e r i m e n t a l  da ta  of  [1]. Equa t ion  (9) i s  in  fu l l  s a t i s f a c t o r y  a g r e e m e n t  wi th  the  e x p e r i m e n t a l  da ta  
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(Fig. 2 of [15] and Fig.  9 of [14]) for  a i r , w a t e r  flows in ver t i ca l  and hor izonta l  tubes 26 m m  in d i ame te r  
for  m a s s  flow r a t e s  of wa te r  of f r o m  300 to 5000 kg/h .  Equation (9) a g r e e s  well  with the data of [2] for  
v a p o r - w a t e r  flows in a ve r t i ca l  tube 50 m m  in d i ame te r  at a p r e s s u r e  of 11.3 ba r ,  while for  p r e s s u r e s  of 
40-94 b a r  it a g r e e s  no worse  than the equation of the author  of [2]. The expe r imen ta l  data (Fig. 30 of [18]) 
for  flows of a v a p o r - w a t e r  mix tu re  at  a p r e s s u r e  of 138.7 b a r  in ve r t i ca l  tubes f r o m  25 to 60 m m  in d i am-  
e t e r ,  as  well  as  the data of the All-Union Sc ien t i f i c -Resea rch  Insti tute of the Gas Industry (Fig. 66 of [6]) 
obtained for  the bubbling (6 = 1) of a i r  through a dynamic wa te r  l ayer  in tubes f r o m  12.5 to 75 m m  in d i a m -  
e t e r  which were  ve r t i ca l  or  inclined at angles  of 1, 2, and 9 ~ to the horizontal ,  a r e  desc r ibed  quite s a t i s -  
fac tor i ly  by Eq. (9). 

Thus,  Eq. (9) is ver i f ied  for  ascending flows which a r e  ve r t i ca l  and inclined at  dif ferent  angles  and 
for  hor izonta l  flows of m i x t u r e s  in al l  f o r m s  except  the s t ra t i f i ed  fo rm.  Here  there were  the following 
r a n g e s  of variat ion:  tube d i a m e t e r s  f r o m  7.7 to 75 m m  and in one case  250 and 500 ram; F r  f r o m  0.1 to 
6000; T f r o m  0.001 to 0.23; a f r o m  74 to 3 MN/m;  v 1 f r o m  1.63 to 0.126 cSt. 

and/3 
W 

W2 

W01 
W0 
W, 

wp 

P 
Pcr  

= ppclr; 
Pl and P2 
T = P2P~I; 
Yl 

d 
O~ 
g 
F r  = w2(gd) -I 
F r ,  = w2,(gd) -i  ; 

F r  s 
Ga = g / v ~ ( ~ / g p l ) 3 / 2  

N O T A T I O N  

a re  the t rue and flow ra te  vo lumet r ic  vapor  contents;  
is  the veloci ty of the mix ture ;  
is  the 
is the 
is  the 
is  the 
is the 
is the 
is the 

mean veloci ty  of the gas (vapor); 
reduced veloci ty  of the liquid; 
c i rcula t ion  veloci ty;  
c r i t i ca l  gas veloci ty with r e s p e c t  to r e v e r s a l ;  
m a s s  velocity;  
p r e s s u r e ;  
c r i t i ca l  p r e s s u r e ;  

a r e  the densi t ies  of the liquid and gas;  

is  the coeff icient  of k inemat ic  v i scos i ty  of the liquid; 
is the coefficient  of the sur face  tension;  
is  the tube d i ame te r ;  
is the angle of inclination of the tube to hor izontal ;  
is the acce le ra t ion  of gravi ty ;  
is  the Froude number  of the mix ture ;  

is  the s e l f - s i m i l a r  value of the Froude number  (Eq. (4)); 
i s  the Gali lean number .  
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