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Within the scope of a three-veloci ty ,  th ree - t empera tu re ,  one-dimensional  steady model we consider  
the hydrodynamics of dispersed annular,  two-phase flows in cylindrical  channels, charac ter ized  by the con- 
cur rent  motion of an adhering liquid film and the core,  or  main body of the flow, which, in its turn, consists  
of a mixture of gas (vapor) and liquid droplets.  It is assumed that each component of the mixture has its 
own velocity and tempera ture .  Taken into account were  phase transi t ions,  the inhomogeneity of bulk ve-  
locities in the core and the film, and stripping of droplets f rom the surface of the film as well as prec ip-  
itation onto it. For  a description of the core of the flow, ideas developed in [1] were  used. The equations 
obtained were applied in the determination of the p res su re  drop, the distribution of liquid between the film 
and the core of the flow, the slippage between phases,  and the length of the s tabi l izat ion interval.  Concur-  
rent motion of gas and liquid in a single channel with and without heat exchange is widely employed inpower 
engineering and in the chemical industry. In such p rocesses  the dispersed annular regime of two-phase 
flow occurs  over a wide range of variat ion in p ressu re  and specific mass  flow rates  of the mixture a t r a t io s  
of the mass  flow rate of the vapor to the common flow rate of the mixture g rea te r  than 0.1-0.15, and this 
has been studied in many papers .  General questions on the hydr6dynamics of gas- l iquid mixtures ,  applied 
in par t icular  to a study of the motion of a two-phase flow in c i rcu lar  tubes, using hydrodynamic equations 
written for the mixture as a whole, were considered in [2]. In [3] the phenomenon of cr i t ical  heat exchange 
in the flow of s team-water  s t r eams  through tubes and in [4-6] hydraulic res is tance  were  studied. Papers  
[7, 8] are  devoted to the measurement  of tangential s t r e s ses  on a solid wall during flow of a two-phase cur -  
rent  by the e lect rochemical  method. Flow regimes  of two-phase s t r eams  are  considered in [9]. Mass ex- 
change and slippage between phases are investigated in [10-13]. The character of the motion of a liquid 
film is studied in detail in [14]. Among existing models describing the flow of two-phase streams through 
tubes, the model in [15] should be pointed out. However, in this model, as in many others (for instance, 
Levi's model), the distinction between the liquid in the core of the flow (in the form of droplets) and the liq- 
uid in the film (which move with substantially different velocities) is not taken into account. This leads, 
on the one hand, to incorrect results on the velocities of the phases, and on the other, to the inapplicability 
of this model in the description of phenomena in which the liquid film is an important factor (for example, 
investigation of hydraulic resistance and critical heat exchange, which is related to the desiccation of an 
adhering liquid film). 

1. Derivation of the Basic Equations. Suppose that a vapor-liquid mixture is flowing in a straight 
channel in the dispersed annular, stationary flow regime. We shall investigate the motion of such a medium 
under the usual assumptions made in the study of multiple-phase continuous media. We assume that in the 
core of the flow there is a second gas consisting of liquid droplets. The velocities and temperatures of the 
three components of the mixture (vapor, film, and droplets) can be different, and mass transfer between 
the phases is possible. There can be vaporization and condensation on the droplets and on the liquid film, 
and also stripping of droplets from the surface of the film and condensation onto it. 

Everywhere in what follows parameters relating to the gas, the liquid film, and the droplets will be 
denoted by subscripts 1, 2, and 3, respectively. 

- -  d r tg2  
dml = ]2x - -  ]12 -~- "]'31 - -  ]1~, ~ ~ "1"12 - -  ]21 -~ J32 - -  "]'2S, dz 
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Equations in differential form express ing conservat ion of mass  for the vapor,  the film, and the drop- 
lets are  as follows: 

dm--2-a ---- aria -- Jai Jr- J:3 -- Z32 dz 

( rn i=~pluIdF=p1Fiu l  TM, rn2=IP2u2dF=p~F~,U2m 
F~ 

rt$3= F,Ip3u3dF-~-PaFlle3m' P1 ~-'Pl~ P2 ~'~" P2~ [::~= Pa~ 

(1.i) 

Here mj (j =1, 2, 3) is the flux of the j - th  component of the mixture through a perpendicular  c ross  
section of the channel; p j, pjO ujm a re  respect ively the mean and the actual densities and the mean flow 
velocity of the j - th  component of the mixture; c~ is the spatial volume of the gas (vapor) in the core of the 
flow; Fl(z) , F2(z) a re  the portions of the c ros s - sec t iona l  area  of the channel that are  occupied by the core 
of the flow and by the liquid film respect ively ,  with Fl(z) +F2(z) =F,  where F is the area  of the perpendic-  
ular  c ross  section of the channel; and Jkj(k, j =1, 2, 3; k~  j) a re  the intensities of the p rocesses  of mass  
t r ans fe r  between components of the mixture,  Jkj -~ 0 being the amount of mat ter  of the k- th  component chang- 
ing into mat te r  of the j - th  component per  unit t ime per unit length of the channel. Here,  following [1], mass  
t r ans fe r s  between media are  by convention divided into two react ions (each of which, f rom kinetic consid-  
era t ions ,  has a forward and a r eve r s e  reaction).  The necess i ty  for this division is related to the fact that 
the mass  t r ans fe r s  k-~ j and j - -  k can lead to different changes in the momentum and energy of specific 
components of the mixture.  

Adding Eqs. (1.1), we obtain the equation of conservat ion of mass  for the whole sys tem 

3 
d~j_ 0 dz - -  j= l  

Projec ted  on the z axis, the equation of conservat ion of momentum for each medium separately is, 
account being taken of (1.1), 

gul  u 
rnl ~ = - -  aF1 ~ - -  p3FI/ - -  /12 + 3"~1 (u2, - -  ul ~) + Yl~ (ul u - -  ul~) + 

+ J13 (ul ~ - -  u,3) -}- Y31(u31 - -  u~) - -  PiFigl 

~ ~ -  dp+ 
m~ - ~ . . . .  ~ - K  /~2-- /~ + ] n  (u~--u2, )  § ]~2 (u~--u2~J + 

§ '/32 (u~2 - -  u~ ~) + Y~3 (u~" - -  u23) - -  P3F3g~ 
dp (1.2) 

dtz3u" - -  ( t  - -  a )  F 1 ~ "Jr- o a F 1 / - ~ -  ]13 (u13 - -  t/'3 u) -}- ']'31 (H'3 u --/2"31) -~- rt~3 dz " :  

+ J2a (u33 -- u~ u) + J3s (u3 u- --  uas) --  PaEig3 

F, F~ Fx 

Here uj (u) (j =1, 2, 3) is the mean momentum velocity of the j - th  component of the m e d i u m ; f  is the 
interaction force between the gas and the droplets,  r e f e r r e d  to a drop as unit of mass ,  because the veloc-  
ities of the phases in the core of flow do not coincide (friction, added masses ,  Magnus force,  etc.); f12 is 
the fr ict ional  force  on the surface separat ing the liquid f i lm and the gas (this force can be equated to its 
axial component because the c ross  section through which the main body of the flow passes  widens slowly, 
it being assumed that the thinning or thickening of the film along the length of the channel proceeds suffi- 
ciently slowly); a n d f w  is the frictional force between the liquid fi lm and the solid wall of the channel. The 
t e rms  JkjUkj (k, j =1, 2, 3; k r  j) r epresen t  the respective momentum changes of the var ious  components 
of the mixture due to mass  t rans fe r  f rom the k- th  to the j - th  component, Ukj being the velocity of the k-th 
component at the separat ion boundary between the k-th and j - th  components of the mixture.  The last  t e rms  
on the r ight-hand sides of Eqs. (1.2) are  the project ions of the body forces  on the z axis. 

Adding the appropriate  equations of (1.2), we obtain the projection on the z axis of the equation of con- 
servation of the momentum of the entire mixture 

3 3 

j = l  j~ l  
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In a manner s imi lar  to that used in connection with (1.2) one can obtain the equation for conservat ion 
of the energy of the entire mixture 

d ~, me ej -~  : :  - -  ~ [ p  (aF lu ,1  m -~  F2192 rn -Jr- ( t  - -  ~)  Flrgam)] - -  ~ msg s + q~,~ ' ~  j=l 
s=l (1.3) 

Y eS~ d F =  mse~, ~ Psus ~dF= ms(u') 2 
Fi Fj 

Here ej, ej0, uj e are ,  respect ively ,  the mean and the actual internal e n e r g y  and the energetic velocity 
of the j - th  component of the mixture,  and qw is the external heat influx per  unit t ime per unit length of the 
channel. 

We wri te  down equations for the internal energy of the film and the droplets,  considering the droplets 
and the liquid fi lm to be incompressible ,  p2e=p3O--const, since the work of p r e s su re  forces  f rom the vapor  
on the deformation of the droplets and film is equal to zero.  The surface energy of the liquid fi lm and the 
droplets can also be neglected. 

The internal energy of the film and the droplets will change on account of heat influx, heat exchange 
p rocesses ,  and energy dissipation due to the action of interphase frictional forces .  Moreover ,  the internal 
energy of the fi lm changes on account of energy dissipation result ing f rom friction on the wall of the chan- 
nel. Thus the equations for the internal energy of the film and the droplets have the fo rm 

d (m~e2) 
dz = qw - -  q21 ~-  ]12e1~ ~ J21e21 + ]82ea2 - -  ]~ae2a 

/ t l 
-i- ]13 (UI2 - -  U2 "it) + ]w'21#" --i- P ( f12  - -  f21)  t[ ~1 ~ l~2 ~ ") (1 o4) 

d (maea) 
dz : 98Faqa3 + Jiaels ~ ]3lea1 + Ji~e22 - -  Ja~e~. + 

t i 
+ ~)3Fll  (u13 - - / A 3  u) ~-  P ( ]15 - -  ] 3 1 ) (  pl ~ p3 ~ ) 

Here qzl is the heat exchange between the fi lm and the gas per  unit t ime per unit length of the channel; 
oh3 is the heat exchange between the gas and the droplets,  r e fe r r ed  to the unit of mass  of the dropletS;Jkjek j 
(k, j =1, 2, 3; k@ j) is the change in internal energy of the film or the droplets due to mass t ransfer  f rom 
the k- th  to the j - th  component of the mixture;  and ekj is the internal energy of mater ia l  undergoing a t r an -  
sition f rom the k- th  to the j - th  component. The last  t e r m s  in Eqs. (1.4) are  equal to the work of p re s su re  
forces  of the gas on the condensing and vaporizing mat ter .  

Together  with the equations of state,  the assumptions regarding Ukj, ekj, the relationship between 
uj m, uj u, uj e, and the relat ionships f o r f l 2 , f w ,  f , Jkj, q21, ql3, the sys tem of differential equations (1.1)- 
(1.4) form a closed sys tem in a region of continuous flow. 

2. Relationships among Pa rame te r s  on the Separation Boundary between Components of the Mixture 
and Averaged Charac ter i s t ics  of the Flow. For  u31 , u13 , el2 , el3 , e21 , e31 it is natural  to make assumpt ions '  
s imi lar  to those in [1]: 

US1 ~ ~13 ~ u3U~ el2 ~ el3 : e2s, e21 : e31 : eltl' 

Here the lower index s r e f e r s  to the saturated state.  As for u12 , u21 j u23 , u32 , e23 , e32 , we assume the 
following: 

U r =~ //'12 ~ U21t /-$23 = 2 ~ U32 USu~ g32 ~ e3 

In order  to obtain a relationship between uj m, uj u, uj e, u 2' and u2m , e23,and e 2 it is necessa ry  to p re -  
scr ibe velocity and tempera ture  profiles in the film and in the core of the flow. 

In the case of turbulent flow in the film [16] at Reynolds numbers R 2 > 300-400(R 2 =u2m6/v2, where 
is the thickness of the liquid film and v2 is the coefficient of kinematic viscosi ty  of the liquid) and of tu r -  

bulent flow in the core  it can be assumed that the velocity profile conforms to the step law 

=~-%' ( 2~ )~k ( -~-~) 
-~-o~--~Tu_ , = i . k = t ,  3; O ~ r ~ <  
u~  ~ D - -  2 8  

u ~ _ B ( l _ _ ~ ) n ~  / D - - 2 6  D \  
(2.1) 
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w h e r e  D is the d i a m e t e r  of the channel ,  B and Uk~ a r e  cons tan t s ,  while nj = 
II0-'/6 (j = 1 ,  2, 3). 

Then within an accuracy of O(nj 2) and O(n 2 6/D) 

uj m - - u i  u = u j  e = u i  ( / = i ,  2,3), ~ 2 ' = ( l - b n 2 )  u2 m (2.2) 

F o r  l a m i n a r  flow of the f i lm (R 2 < 300-400) 

u 2 - - - - B ( t - - 4 r  2 / D  2) 

In this  c a s e  

u2 ~ = 4/3u~'~, u2' = 2u2 '~, u2 ~ = u2 '~ ]/r-~ (2 .3) 

F r o m  (2.2) and (2.3) the unif ied notat ion 

U2 u -~- a l u 2  m, ~2 ! ~ a2u2m~ u2 e ~ ~3~2 rn 

follows. 

3. Interaction between Components of the Mixture. In order to close the system of differential equa- 
tions obtained above it is necessary to obtain relationships for the strong interaction between components 
of the mixture ~f12, f ,  fw), thermal interaction (q21, q13, qw ), and the mass exchange between the media Jkj 
(k, j =1, 2, 3; ks  j). All these processes are complicated and still require detailed study. For their de- 
termination it is necessary to know the flow regime and the constitution of the film (the structure of its 
surface, the relationship between its wave characteristics and the thickness 5 and velocities of the phases, 
etc.), the constitution of the droplets (shape of the droplets, their dimensions, etc.). The frictional force 
between the gas and the film can be represented in the form 

/,2 ---- 1/2 C , ~  (D - -  26) p,~ (u,  - -  u~') ~, C1~ = C,~ (5 / D ,  R1, ~/~2), (3 .1 )  
B1 = (ul --  u2') (D --  26) / v~ 

Where vl is the coef f ic ien t  of k inemat i c  v i s c o s i t y  of the vapo r .  

The f r i c t ion  between the gas  (vapor) and the  f i lm is d i r ec t ly  r e l a t ed  to the flow r e g i m e s  of the s u r -  
face  of the l iquid f i lm,  which  a r e  d e t e r m i n e d  by the ve loc i t i e s  of the phases  and the th ickness  of the f i lm.  
By convent ion these  r e g i m e s  m a y  be divided into th ree  types :  a wave  type with l a r g e - s c a l e  waves ,  a r i p p l e  
wave  type ,  and a s m o o t h - f i l m  r e g i m e .  A tho rough  expe r imen ta l  inves t iga t ion  of the flow r e g i m e s  of the 
f i lm su r f ace  and of the d e m a r c a t i o n s  between t h e m  is s t i l l  needed.  Di rec t  m e a s u r e m e n t s  of the tangent ia l  
s t r e s s e s  on the s epa ra t ion  su r f a c e  between the gas and the l iquid f i lm when the p r o c e s s e s  of s t r i p p i n g m o i s -  
t u re  f r o m  this  su r f ace  and p rec ip i t a t ion  upon it a r e  o c c u r r i n g  do not s e e m  poss ib le  at  the p r e s e n t  t ime.  
We r e m a r k  that  the m e a s u r e m e n t  of the tangent ia l  s t r e s s e s  on the s epa ra t ion  su r f ace  between the l iquid 
f i lm and the sol id  wal l  of the channel  is poss ib le ,  fo r  ins tance ,  by the e l e c t r o c h e m i c a l  me thod  [7, 8]. 
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The coeff ic ient  of f r ic t ion  depends p r inc ipa l ly  on the nature  of the damping of the waves  in the same 
way as this  would take place  in rough tubes,  s ince  the core  of the flow moves  as if it  we re  in a channelwi th  
l iquid wa i l s .*  However,  t he i r  " roughness"  v a r i e s  marked ly  over  a wide range ,  depend.ing on the flow r e -  
gime of the f i lm and of the core  of the flow. 

The coeff ic ient  of f r i c t ion  for  flow of a s i ng l e -phase  fluid in a rough tube is approx imated  by [18] 

C 1 = [ 2 . 2 8 - - 4 1 g ( e / D - - 5 y * / D ) ]  -~, e / y * ~ 1 2  

C 1 = 0.0008 ~- 0.0553R[ ~ e / y* ~ 5 (3.2) 

F o r  5 < c / y * <  12 a l i nea r  va r i a t i on  between va lues  given by the f i r s t  and the second of the fo rmulas  
can be taken.  Here  e is  the height of a p ro tube rance  in the sand- roughened  pipe and 

As a f i r s t  approximat ion  we as sume  that  (3.2) is va l id  for  CI2 , the magnitude of the roughness  being 
v a r i a b l e ,  and we take i t  to be equal to the th ickness  of the f i lm [5] 

8 = t 1 8 ,  ' I = Y  ( 6 , / / 8 ) '  

On the bas i s  of an ana lys i s  of expe r imen ta l  data on hydraul ic  r e s i s t a n c e  in flows of ga s - l i qu i d  mix -  
t u r e s  through tubes [51 the mean value  ~ =6 can be obtained for the flow r eg ime  of a f i lm with ! a r g e - s c a l e  
waves .  In the flow r eg ime  of a f i lm with r i pp l e s  rl fa l l s  to 0.6-1.0 [5, 6]. 

In the ease  of l a rge  I leynolds numbers  for  the g l m  (R 2 > 103) the influence of R 2 on ~ can evident ly  be 
neglec ted  and the dependence on 6 can be r e p r e s e n t e d  as  

'1 = N I - - N ~ e x p [ ( N 3 - - 6 ) N 4 1  (NI~ 6, N~..~ 5.5). 

where  N3, N 4 a r e  cons tants ,  de t e rmined  more  accu ra t e ly  through compar i son  with exper imen ta l  data on 
hydraul ic  r e s i s t a n c e .  

When the l iquid f i lm becomes  ve ry  thin there  is  the poss ib i l i t y  of i ts d i s in tegra t ion  [19]. Without go-  
ing into de ta i l s  of the d i s in tegra t ion  p r o c e s s  at  this  s tage ,  we a s sume  that, when the f i lm becomes  th inner  
than a ce r t a in  constant  th ickness  5 ~ it d i s in t eg ra t e s  and turns  into a dry  patch.  Accord ing  to the e s t ima te  
of [19] 6 ~ =20-50 #.  In this  case  the vapor  (gas) moves pa r t ly  along a wet,  and pa r t ly  along a dry wal l ,  and 
the re fo re  by convention an exp re s s ion  for  the f r i c t iona l  force  is then cons t ruc ted  f rom a combinat ion of 
(3.1) and f l  = C1rDp1~ for  ins tance ,  one of the fo rm 

fi~' = fi~ - -  (fi~ - -  f i )  (6 ~ - -  6) / 6 ~ 

We r e p r e s e n t  the f r i c t iona l  fo rce  between the l iquid f i lm and the so l id  wall  of the channel in the fo rm 

[,~ = Cw~Dp~~ '~ / 2, Cw = Cw (Re, 6 /D)  

*The assumpt ion  that  p r o c e s s e s  occu r r ing  in the flow of a gas  a round individual  waves on the su r face  of 
a f i lm a re  s i m i l a r  to those that  occur  at  p ro tube rances  of a rough sur face  was f i r s t  made as  fa r  b a c k a s  [17]. 
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The coefficient of friction C w depends on the flow regime of the liquid film. For a smooth tube in 
the case of the regime of developed turbulence in the flow of the liquid film R 2 > 1000 [20], one can obtain 
from (2.1), taking n 2 =I/?, 

C~ -- 0.0570 / R~ "~ (3.3) 

For  laminar  flow of a liquid film (R 2 < 400) 

C~ = 4 / R~ (3.4) 

As a f i r s t  approximation, a l inear interpolation between (3.3) and (3.4) can be taken in the transit ion 
regime 400 < R 2 < 1000. 

Of the forces  acting f rom the gas on the droplets the most  significant is the frictional force under 
the conditions considered here,  and this can be represen ted  as 

3 p,~ C,s(u,--u,)" ( ,u~--u, ld) 
t = "~- "~- ~ - ~  OIB = C18 (R13, a), R 1 8 =  Vl 

where d is the diameter  of the droplets .  

As a f i r s t  approximation it can be assumed that the spatial concentration of the droplets is sufficiently 
small  that the influence of ~ on C13 can be neglected. For  Ct~ the following functional relationship is r e c -  
ommended [21] over a wide range of the Reynolds number R~3: 

C1, = 2 4 ~  n u 4/t1~ "8~, 700 > R1, > 0 

The force  due to the effect of apparent  additional masses  can be neglected for  d -  > 10 -5 m and p ~ / p l  ~ > 

10 [1], and the projection of the Joukowski force onto the z axis vanishes.  

The appearance of droplets in the core  of the flow is due to the stripping of liquid f rom the c re s t s  
of the l a rge - sca l e  waves [14]. Therefore  the charac te r i s t i c  stripping rate is (ul"u2,). Fractionization of 
the droplets is usually es t imated by use of the Weber number W3, charac ter iz ing  the rat io of dynamic ef-  
fects to the capi l lary p res su re  

W~ = PI~ (u, -- u,')~ d 

Here (r 2 is the coefficient of surface tension of the liquid composing the droplets. In [22] considera- 
tions based on an approximate theory of elliptical deformation of the droplets due to an instantaneous ap- 
plication of the forces resulting from the flow around them yielded the characteristic number W3* =5.4, 
corresponding to their disintegration. We assume that droplets for which the Weber number exceeds this 
characteristic value disintegrate into droplets of smaller diameter with the same total mass, the diameter 
now corresponding to this characteristic value of the Weber number. 

To estimate the intensity of precipitation J32 we can use the empirical formula of [10] 

( p3 Io.74 R-o.,5 (D --26) (u~ -- u,') Ja~ --= 0:069.(D --  2a) Pl" (u~ -- u~') x-~-/ a~ , Ra~ ---- vl (3.5) 

Expression (3.5) is writ ten in t e r m s  of the var iables  used in this paper,  the charac te r i s t ic  velocity 
being taken as u3-u2'  , and not u 1. (In [10] the precipitation of droplets on an immovable wall was studied.) 
It should be r emarked  that, applying this empir ica l  relationship for the intensity of precipitation, into which 
the diameter  of the droplets does not enter ,  and keeping in mind that in the core of the flow the droplets 
move with a velocity close to that of the ambient medium, one can conclude that the diameter  of the droplets 
has little influence on the solution of the sys tem.  

The p rocess  of stripping of droplets f rom the surface of the liquid film has been studied in many pa-  
pers ,  in par t icu lar  [5, 11, 14]. In most  of this work the intensity of stripping of the liquid equalizes that 
of the precipitation, though this is t rue only in the case of equilibrium. We define the equil ibrium case as 
a state of the sys tem in which the veloci t ies  of the components of the mixture along the tube do not vary  
(for flow of the mixture in an unheated channel). It has been shown [11] that for comparat ively thick films 
the gas velocity at  which stripping begins depends only on the surface tension c2 of the liquid and not on its 
v iscosi ty .  Therefore ,  in this case,  it can be assumed that the transit ion f rom a flow regime of the f i lmwith-  
out stripping of droplets to one with stripping is determined by equality of the dynamic p res su re  of the l iq-  
uid at some point of a wave c r e s t  and the capi l lary p re s su re  at the same point: 
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where  h is some constant  fac tor .  
the Weber  number  W 2 

hp~ ~ (u2') ~ / 2 = ~2 / 8 

Consequently the condition for the onset  of s t r ipp ing  is de t e rmined  by 

W~ -----, p~~ (u2')2 8 
oa 

�9 And the s t r ipp ing  of d rople t s  wil l  obviously p r oc e e d  with g r e a t e r  intensi ty ,  the g r e a t e r  the d ivergence  
of the value of W 2 f rom some c r i t i c a l  value W2*. 

In f i r s t  approximat ion  we can employ a l i nea r  r e la t ionsh ip  connecting the intensi ty  of the s t r ipping  
with the d ivergence  of W 2 f rom W 2. ,  

J% = A (W~ - -  W~*)  (W2 > W~*)t J~a - -  0 ~W~ ~< W2") 
n (D - -  25) 01 ~ (u, - -  u~') 

At the same t ime,  ana lys i s  of s t r ipp ing  phenomena with invocation of d imension theory  sugges ts  the 
following exp re s s ion  for  the p ropor t iona l i ty  coeff ic ient  A: 

A = u (02* / P~) [(Ul - -  us') / u~' l"  

where  u ,  n, m a re  constants .  Together  with W2* these  constants  can be e s t ima ted ,  for example ,  f rom ex-  
pe r imen t a l  data on c r i t i ca l  heat  exchange of the second kind in a heated tube, this  being r e l a t e d  to the d e s -  
iccat ion of the adher ing  l iquid f i lm.  F r o m  these  data [31 one de t e r m i ne s  va lues  of the mass  flow r a t e v a p o r  
content Xbn ~ (i .e. ,  the r a t io  of the mass  flow ra t e  of the vapor  to the common mass  flow ra t e  of the mixture  
in the channel) at  which complete  des icca t ion  of the l iquid f i lm occurs ,  and a lso  va lues  of the mass  flow 
r a t e  vapor  content XAp at which a change in flow r e g i m e s  of the l iquid f i lm  occu r s :  f r om a r e g i m e  with 
s t r ipp ing  of l iquid f rom i ts  su r face  to a r e g i m e  where  this  s t r ipp ing  c e a s e s .  Knowing the inc rement  in 
vapor  content due to vapor iza t ion  of the l iquid f i lm,  one can e s t ima te  the flow r a t e  in the f i lm both at the 
en t rance  to the heated por t ion of the expe r imen ta l  reg ion  and at  the moment  when the r e g i m e s  change. It 
has been shown expe r imen ta l ly  that  for r e l a t i ve ly  high heat  fluxes qw p rec ip i t a t ion  of d rople t s  on the f i lm 
does not occur  because  they a r e  blown off by the vapor  that is  evapora t ing  f rom the f i lm.  

The constants  ~t, n, and m can be de te rmined  f rom data on the flow r a t e  of l iquid in the f i lm.  By use 
of ce r t a in  cons idera t ions  [13] concerning the r e l a t i ve  s l ippage  ul/u2m the value of W 2. was e s t ima ted ,  which 
was found to be in the range 20-50. Reference  [4] g ives  r e s u l t s  of a s y s t e m a t i c  study of the hydraul ic  r e -  
s i s t ance  in flow of a v a p o r - w a t e r  mix ture  in tubes with and without an ex te rna l  heat supply,  the p r e s s u r e s  
at  the en t rance  having a range of p =49-196 ba r ,  and the spec i f ic  m a s s  flow r a t e s  of the mix ture  being in 
the range  w =500-2000 k g / m  2 �9  In the r e g i m e s  indicated above a two-phase  mix ture  can be cons ide red  
within the scope of a t h r e e - v e l o c i t y ,  but s t i l l  a s i n g l e - t e m p e r a t u r e ,  m o d e l , w h e r e  the t e m p e r a t u r e  of the 
mix ture  in eve ry  c r o s s  sec t ion  of the channel is  equal to the sa tu ra t ion  t e m p e r a t u r e  Ts for  the p r e s s u r e  
at  that c r o s s  sect ion.  Neglect ing the va r i a t i on  in in te rna l  energy of the f i lm and that  of the d rop le t s  with 
d is tance  along the channel (because of the s m a l l n e s s  of the r a t i o  Ap /p ,  where  Ap iS the p r e s s u r e  drop over  
some c h a r a c t e r i s t i c  distance) and the va r i a t i on  in the in te rna l  energy  of the f i lm due to the work  of f r i c -  

t ional  f o r ce s ,  we obtain f rom (1.4) 

J21 = q ~ / r ,  J l ~ :  Jla = Jsl = 0  

F o r  the components  of the mix ture  we take the s i m p l e s t  equations of s ta te ,  namely the equation of 
s ta te  of an ideal  gas for  the vapor  (gas) and the condition of i n c o m p r e s s i b i l i t y  for  the l iquid.  

4. Equations for  the Solution of the P rob lem.  Thanks to the s impl i f i ca t ions  made above,  we obtain 
a s y s t e m  of six d i f ferent ia l  equations of motion toge ther  with a known re l a t ionsh ip  for  T s =f(p) .  The Cauchy 
p rob l em for  this  s y s t e m  is to be so lved  in the case  of an ascending,  d i s pe r s e d , a nnu l a r ,  two-phase  flow in 
a v e r t i c a l  channel .  

We conver t  to d imens ion les s  v a r i a b l e s  

28 2z 4rny u--L ( / = t ,  2,3), ~}* ----- --~-, Z ~-- --~-~-, M s - ~ ,  U j =  ulo 

2J~l 2 ]~  2Ja2 ] , =  ],nD 
J s l *  = ~ ,  dr2a * = plOul0D , Jas*  = ~ ,  2ulo ~ 

2112 2fw p = P 
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4rex 4~'--~ ~ = p~~ 6*~)us' ~D~ = P~~ (i - -  ~) (t - -  ~*)S us) 

H e r e  q u a n t i t i e s  d i s t i n g u i s h e d  by t h e  s u b s c r i p t  0 c o r r e s p o n d  t o  i n i t i a l  d a t a  a t  Z = 0. 

s t a t e  of  t h e  v a p o r  h a s  t h e  f o r m  

9~ ~ - p~o ~ PTo/PoT 

We w r i t e  t he  s y s t e m  of e q u a t i o n s  of  m o t i o n  in d i m e n s i o n l e s s  f o r m :  

H e r e  

a ( l  - -  8")2 72-au' _ 2 U ~  ( i  - -  6") ~--~ § U ,  ( i  - -  6* )  3 -72-d~ = y ~ .  

(28* - -  6 * ~ ) - - ~  + 2U3 (1 - -  ~ ) ~-~- = / ~ * "  d~5* Ja3" --  J2:t*k -- J2a" 

~,.~ dU~ . dO* 
( t  - -  ~ )  ( t  - -  ~ ) - J 2 -  - -  2 ( l  - -  a )  ( t  - -  8 * )  u 3  - i Z -  - -  

, 3 - -  d~ J~s* - -  Ja~.* 
- - ( 1 - - 8  ) usy2~ = a 

dU1 6,)3 dP a (l  - -  5")3 U l - ~ - -  + k a ( l  - -'-~- = bl 

a x  ( 2 8 *  - -  8 . 3 )  U dU~ • r  = - U  

- -  - -  u~ ~ + (1 - -  a) (I  - -  6") s dP ~ 
-32- - -  k 

b,  = - -  k ( t  - -  a)  ( t  - -  6 * p  l *  - -  h 3 *  + ]3x  * ( u s '  - u , )  - L a  ( l  - 6 * p  

b~ = tas* - -  l ;  - -  :~1"  ( U ;  - -  a,U3) - -  J *  (U3' - -  a~Y3) + 
+ J33" (U3 - -  a x U 3 )  - -  k L  ( 2 8 *  - -  8 *~) 

b a ---- k (t  - -  a) (t  - -  ~),)s/, _}_ j ~  (U 3, _ U3 ) _ kL (l  - -  ~) ( t  - -  8*) 3 

k = p s ~  L = ~Dg/2u lo  3, g = 9.81 m/sec 2 

T h e  s y s t e m  (4.1) h a s  one  f i r s t  i n t e g r a l  f o r  m a s s  

Mx + M 3  + M s  = S  = c o n s t  

S --  k [0"3 (25* - -  5"~) + Us (i - -  8") ~1 
a = (fix - -  kff3) (1 - -  5") 3 

f r o m  w h i c h  w e  o b t a i n  

S o l v i n g  (4.1) f o r  t h e  d e r i v a t i v e s ,  we  o b t a i n  

dff x (Ix dU2 

T h e  e q u a t i o n  of  

(4.1) 

G, dUB ~ Ga 
' d g  ~ G4a(i--8*) ~ ' ~ ~ G4k(28*--6 *~) ' dZ G,,%(t - - a ) ( t  --6*) 2 

d0* 1 [ G2] 
dZ = 2U2 (t - -  6*) k Ja3* - -  J3~* - -  Jan* - -  -~4 

dP t ' 3 
d---Z = ~1 [alkblU3 Us + b3U12U3S + axbsUx~Us~ --axU~U3U3b~] (4.2) 

Gx = ux {b~ [ ( 2 5 *  - -  6 .3 )  U s  ~ + ( t  - -  a )  ( t  - -  6* )  3 a,  U33] - -  

- - a  0 --~*)2 [bzU33 _}_ alb3V ~]} + al a (t  - - 6 " )  z V~Ysb~ 

G 3 = U 3 {b 3 [ka (t  - -  8*) 3 U a' + (l - -  a) (1 - -  6") '  U13] - -  
- -  (28* - -  8 .2) [baUx 3 -}-kbxUa3]} %- (28* - -  6 .3) U1Uab a 

Ga--- U3 {ba [(28*-- 6 *s) Y~2-} - alka (i  - -  6") s U23] - -  ( t - -  a)(t  - -  6*) 3 [kaxb~U3S+ 
§ bsUlS]} § a1(t - -  ~)(1 - -6 , )~  YaU~b 4 

aa = (26" - -  8 *s) U~'U3 3 + a, (t - -  ,5*) s [ kaU 3 s q- ( l  - -  a) Ua z] 

ba = kJsl*U3Us + (J32" - -  Jzx* - -  J3a*) UsU8 -}- (J3a* - -  Ja3*) UxU~ 

T h e  s y s t e m  (4.2) w a s  i n t e g r a t e d  n u m e r i c a l l y  w i t h  f i x e d  v a l u e s  o f  P0, w,  and  x a t  t he  e n t r a n c e  of  t he  
c h a n n e l  u n d e r  v a r i o u s  i n i t i a l  c o n d i t i o n s  in o r d e r  to s t u d y  t h e i r  i n f l u e n c e  on the  e q u i l i b r i u m  d i s t a n c e ,  i . e . ,  

t h e  d i s t a n c e  a t  w h i c h  a s t a t e  of  the  s y s t e m  i s  e s t a b l i s h e d  w h e r e  the  v e l o c i t i e s  of t he  c o m p o n e n t s  of  t he  m i x -  
t u r e  do no t  v a r y  a l o n g  the  c h a n n e l .  T h e  c a l c u l a t i o n s  w e r e  c a r r i e d  o u t  f o r  f l o w s  of  the  m i x t u r e  in an  u n -  
h e a t e d  c h a n n e l .  D a t a  on the  t h e r m o d y n a m i c  p r o p e r t i e s  of  w a t e r  and  w a t e r  v a p o r  w e r e  t a k e n  f r o m  [23]. C a l -  
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cu la t ion  of  the  p r o b l e m  w a s  p e r f o r m e d  up to  the  c r o s s  s e c t i o n  w h e r e  an e q u i l i b r i u m  s t a t e  of the  s y s t e m  
w a s  e s t a b l i s h e d .  The p r e s s u r e  g r a d i e n t  a t  th i s  c r o s s  s e c t i o n  w a s  c o m p a r e d  wi th  the p r e s s u r e  d rop  p e r  
uni t  d i s t a n c e  a long  the channe l  o b t a i n e d  in [4], l e a v i n g  body f o r c e s  out of accoun t .  By m a t c h i n g  r e s u l t s  w i th  
the  e x p e r i m e n t a l  da ta  fo r  p =49 b a r ,  w =2000 k g / m  2 " sec ,  p =98 b a r ,  w =2000 k g / m  2 . s e c ,  and  D =8 m m ,  a 
r e f i n e m e n t  of the  v a l u e s  of N 3 and N 4 w a s  ob t a ined  (N3=60 #,  N4=4 �9 10 -3/2-1).  

F r o m  a c o m p a r i s o n  wi th  e x p e r i m e n t a l  da t a  on the  c r i t i c a l  hea t  exchange  fo r  the  s a m e  r e g i m e s  the  
fo l lowing  v a l u e s  w e r e  ob ta ined :  

= 0 . l - J0  -~, n = - -  t .0 ,  m = - -  0.25 

The  f i l m  t h i c k n e s s  a t  wh ich  d i s i n t e g r a t i o n  beg in s  was  taken  to  be 6 ~ = 50 #.  Va lues  of the  c o n s t a n t s  
o b t a i n e d  h e r e  cannot  be c o n s i d e r e d  to be f ina l .  T h e i r  f u r t h e r  r e f i n e m e n t  r e q u i r e s  a c o m p a r i s o n  of n u m e r -  
i ca l  and  e x p e r i m e n t a l  r e s u l t s  f o r  v a r i o u s  c h a r a c t e r i s t i c s  of  a d i s p e r s e d ,  a n n u l a r ,  t w o - p h a s e  f low, in p a r -  
t i c u l a r  wi th  a d i r e c t  m e a s u r e m e n t  of the  f low r a t e  of the  l i qu id  in the  f i l m  o v e r  a wide  r a n g e  of v a r i a t i o n  
in the  r e g i m e  p a r a m e t e r s .  R e g r e t t a b l y ,  da t a  on the f low r a t e  of l iqu id  in a f i l m  a r e  v e r y  m e a g e r  at  the  
p r e s e n t  t i m e .  

5. A Few R e s u l t s .  F i g u r e s  1-5  show a few r e s u l t s  of the  n u m e r i c a l  i n t e g r a t i o n  tha t  i l l u s t r a t e  the 
in f luence  of p,  w,  and x on v a r i o u s  f low c h a r a c t e r i s t i c s  of a d i s p e r s e d ,  a n n u l a r ,  t w o - p h a s e  flow in an  un-  

h e a t e d  channe l .*  

F i g u r e  1 shows  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  [4] on the  h y d r a u l i c  r e s i s t a n c e  fo r  v a p o r -  
w a t e r  f lows in a s m o o t h  v e r t i c a l  tube wi th  d i a m e t e r  D = 8  ram.  The s p e c i f i c  m a s s  f low r a t e  x of the  v a p o r  
con ten t  is  p lo t t ed  a long  the  h o r i z o n t a l  ax i s  and  the  r e l a t i v e  p r e s s u r e  d rop  II i s  p l o t t e d  a long  the v e r t i c a l  
a x i s ,  the  l a t t e r  be ing  equa l  to the  r a t i o  of the  p r e s s u r e  d rop  in a t w o - p h a s e  flow due to f r i c t i o n  and m a s s  
exchange  be tween  p h a s e s ,  d i s r e g a r d i n g  p r e s s u r e  v a r i a t i o n s  r e s u l t i n g  f r o m  the  a c t i o n  of body f o r c e s ,  to  
the  p r e s s u r e  d r o p  due to  f r i c t i o n  in a f low of w a t e r  a t  the  s a t u r a t i o n  t e m p e r a t u r e  

dp 

C u r v e s  1, 2, 3, and  4 c o r r e s p o n d  to p r e s s u r e s  of  49, 49, 98, and 98 b a r ,  c u r v e s  l a n d 2  be ing  c a l -  
c u l a t e d  fo r  w =1000 k g / m  2 �9 s e c  and  the o t h e r s  fo r  w =2000 k g / m  2 � 9  Thus  i t  is  ev iden t  tha t ,  wi th in  the  
l i m i t s  of the m o d e l  unde r  c o n s i d e r a t i o n ,  c a l c u l a t i o n  of the  in f luence  of w on II i s  a s u c c e s s .  

F o r  p =98 b a r ,  w = 1000 k g / m  2 . s e c ,  x =0 .2 ,  and  D = 8 r am,  F ig .  2 shows  an  e x a m p l e  of the  v a r i a t i o n  
in 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  f low as  a funct ion of d i s t a n c e  f r o m  the  e n t r a n c e  to  the  channe l  
and  v a r i o u s  in i t i a l  cond i t i ons .  

We note  tha t  the  d i s t a n c e  a t  w h i c h  the e q u i l i b r i u m  s t a t e  i s  e s t a b l i s h e d  ( th is  be ing  a t  the c r o s s  s e c -  
t ion  w h e r e  t h e r e  is  equi l ibr ium,J32  ~ J23) depe nds  s t r o n g l y  on 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 .  F o r  c o m p a r a t i v e l y  low v a l u e s  of w and x th i s  d i s t a n c e  is  l a r g e r  than  i t  i s  f o r  l a r g e  w and x.  Th i s  
a g r e e s  c o m p l e t e l y  wi th  the  da ta  of [11]. The  e q u i l i b r i u m  d i s t a n c e  d e c r e a s e s  wi th  an i n c r e a s e  in p r e s s u r e .  

In F ig .  3 v a l u e s  of the  r e l a t i v e  flow r a t e  of l i qu id  in the  f i l m  ~ =m-l/(m ~ + m  2 + m  3) ob ta ined  n u m e r l  
i c a l l y  a r e  c o m p a r e d  wi th  the  e x p e r i m e n t a l  da t a  of [12], w h e r e  the  f low r a t e  of l i qu id  in the  f i l m  was  m e a -  
s u r e d  a s  a func t ion  of w and  x a t  p = 6 9  b a r  and  D = 1 2 . 5  m m  at  a d i s t a n c e  200 D f r o m  the e n t r a n c e  to the  
tube  (points  1 c o r r e s p o n d  to w = 5 4 4  k g / m  2 � 9  and  po in t s  2 to w = 9 5 0  kg /m2 � 9  In t h e s e  e x p e r i m e n t s  
cond i t ions  a t  the  e n t r a n c e  w e r e  such  tha t  a t  the  in i t i a l  c r o s s  s e c t i o n  m o s t  of the  l i qu id  was  in the  c o r e  of 
the  f low.  The  s o l i d  c u r v e s  r e f e r  to the  e q u i l i b r i u m  c r o s s  s e c t i o n  and  the  d a s h e d  c u r v e s  r e f e r  to the  c r o s s  
s e c t i o n  of the  channe l  w h e r e  the  m e a s u r e m e n t s  w e r e  m a d e ,  tha t  i s ,  a t  a d i s t a n c e  of 200 D f r o m  the  e n -  
t r a n c e .  The  c a l c u l a t i o n s  w e r e  c a r r i e d  out  fo r  the  c a s e  w h e r e  a l l  the  l i q u i d  was  in the  c o r e  of  the  f low a t  
the  i n i t i a l  c r o s s  s e c t i o n .  F r o m  F ig .  3 i t  i s  c l e a r  t ha t  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  f a i r l y  we l l  w i th  the  
e x p e r i m e n t a l  da t a .  

F i g u r e  4 e x h i b i t s  the  dependence  of  6* on x.  The  d a s h e d  c u r v e s  1 and 2 i n t e r p o l a t e  the e x p e r i m e n t a l  
da ta  of [11] fo r  a t w o - p h a s e ,  a r g o n - w a t e r  f low in a v e r t i c a l  tube wi th  D = 2 5  m m ,  p = 2 1 . 4  b a r ,  a t  r o o m t e m -  
p e r a t u r e ,  fo r  v a l u e s  w = 1000 and  2000 k g / m  2 . s e c ,  r e s p e c t i v e l y .  The  s o l i d  c u r v e s  d i s p l a y  th i s  d e p e n d e n c e ,  
ob t a ined  n u m e r i c a l l y  u n d e r  the  s a m e  cond i t i ons ,  a t  a d i s t a n c e  of 5 m f r o m  the  e n t r a n c e .  F r o m  the  e x p e r i -  

*A s e p a r a t e  p a p e r  by the  a u t h o r  w i l l  be devo ted  to an i n v e s t i g a t i o n  of  c h a r a c t e r i s t i c s  of  f low of a d i s p e r s e d  
a n n u l a r  s t r e a m  in a h e a t e d  channe l .  
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mental a r rangement  in [11] it is difficult to es t imate  the conditions at the entrance.  Calculations were ca r -  
r ied out for the case where all the liquid was in the core of the flow at the initial c ross  section. Neverthe-  
less  it can be seen that there is good qualitative agreement  between resul ts  of the calculations and the ex- 
per imental  data. 

Figure 5 shows the influence o f w  and x on 5* and on the slippage S12 --Ul/U2 m for p=98 bar  and D= 
8 mm. Here the curves  1, 2, and 3 for 5* and S12 re fe r  respect ively  to w=500,  1000, and 2000 kg/m2,  sec.  
The dashed horizontal  line cor responds  to the value $12 = (p2~176 for  annular,  two-phase flows proposed 
in [13]. Obviously such a simple dependence cannot approximate the data on slippage, which depends not 
only on the p r e s su re ,  but on x and w as well. 

Thus, for many charac te r i s t i c s  of d ispersed annular flow fair ly sat isfactory agreement  with the ex- 
per imental  data of var ious  authors has been obtained, notwithstanding the approximate charac te r  of certain 
es t imates .  Of course ,  this agreement  could, to some degree,  be a resul t  of mutual influence of the assump-  
tions that were made. But at the same t ime the approach we have developed also enables us to est imate 
the effect of var ious p rocesses  and interactions on the general  picture of the flow in a dispersed annular 
s t ream.  For  instance, as a resul t  of the numerical  integration of the sys tem (4.2), we can note that the 
constants entering into relat ionships for the force of fr ict ion f l  2 and the intensity of stripping f rom the film 
surface J23 influence the flow charac te r i s t i c s  fair ly independently of one another.  The f i rs t  influences the 
p re s su re  gradient s trongly,  while the second affects the flow rate  and thickness of the liquid film. An in- 
vestigation of the influence of the value of the cr i t ical  number W2* , which charac te r i zes  the onset of r e -  
moval of mois ture  f rom the f i lm surface,  was ca r r i ed  out. It was found that a decrease  in W2* f rom 40 to 
15 has little effect on charac te r i s t i c s  of a d ispersed annular flow. We also r e m a r k  that our construct ive 
procedure  makes it possible,  on the basis of quantities that are  easily measured  experimental ly (w, 1I, J32, 
x), to obtain pa rame te r s  and relat ionships for var ious  p rocesses  in two-phase,  dispersed,  annular flows 
that would be difficult to determine experimental ly,  especial ly at high p r e s su re s  and tempera tures  (uj, mj 
(j =1, 2, 3), 5, (~, J23, equil ibrium distance, etc.).  

In conclusion the author thanks V. E. Doroshuka and S. S. Kutateladze for useful discussions andval -  
uable comments .  
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