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The c r i t e r i a l  equations of heat  and m a s s  t r a n s f e r  a r e  der ived for  the evaporat ion of a l iq-  
uid boundary f i lm in the d i spe r sed -annu la r  mode.  The adiabatic  and nouadiabatic p r o c e s s e s  
a r e  cons iderable  under the conditions of the internal  p rob lem.  

There  have been a l a rge  number  of invest igat ions into the heat  t r a n s f e r  which occurs  during the 
motion of two-phase  flows inside ver t i ca l ,  sloping, and horizontal  tubes;  these  have been main ly  concerned 
with emuls ion and projec t i le  conditions of flow. 

Usual ly  an analogy has been drawn with a s ing le -phase  flow, and the deviation has been es t imated  
by introducing cer ta in  c h a r a c t e r i s t i c s  of a two-phase  flow into the calculat ing re la t ionsh ips .  

This approach cannot be justified when cons ider ing  spa r se ly - f i l l ed ,  d i spe r sed -annu la r  flows (the 
volume content of the liquid phase  being no g r e a t e r  than 1%), s ince it fails  to r evea l  the physical  p ic ture  
of the phenomenon. It  is well  known that  d i spe r sed -annu la r  flows a re  c h a r a c t e r i z e d  by the exis tence of a 
liquid boundary f i l m  and a gas core  ca r ry ing  drops of liquid inside it. The veloci ty  of the f i lm is low 
compared  with that of the gas ,  and a continuous exchange of liquid m a s s  takes place between the gas co re  
and the boundary f i lm.  

Fo r  high gas contents such as occur  in the d i spe r sed -annu la r  mode,  the convect ive component  of 
t he rma l  flow becomes  commensu rab l e  with the heat  of the phase  t r ans fo rmat ion ;  hence in flows of this 
kind the s t ruc tu ra l  method of studying heat  t r a n s f e r ,  i . e . ,  s epa ra t e  considera t ion  of heat  and m a s s  t r a n s f e r ,  
is p r e fe rab l e .  

We a re  not aware  of any sys t emat i c  invest igat ions into heat  and m a s s  t r a n s f e r  in the d i s p e r s e d -  
annular  mode [1, 2]. It is v e r y  important  that  such invest igat ions should be c a r r i e d  out in view of the fact  

Fig. I. Arrangement of the experimental appara- 
tus. I) High-pressure blower; 2) air conduits; 3) 
thermal flow meter; 4) electric heater; 5) upper 
working chamber; 6) supply of liquid; 7) liquid 
flow meter; 8) feeder used to form the annular 
boundary film; 9) working section; I0) copper 
-Constantan thermocouples in the working sec- 
tion; ii) lower working chamber; 12) liquid col- 
lector; 13) selection of liquid; 14) psyehrometer; 
15) electrical conductors for directly heating 
the working section with current from a welding 
transformer. 
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Fig. 2. Intensification of heat and mass transfer in 
dispersed-annular flows under adiabatic (a) and nonadia- 

batic (b) conditions (~b = 0.14 m; ire = 34,000 (a) and 

32,000 (b) ; t, ~ 

that the dispersed-annular mode is a working condition of practical importance in devices based on the 

principle of film-type evaporative cooling. 

Our experiments were conducted in vertical steel tubes with an internal diameter of 0.010, 0.012, 
and 0.014 m and a length/diameter ratio ofl/d = 91; 67.5; 44.0, with a wall thickness of 6 = 0.001 m, and 
also in copper tubes with an internal diameter of 0.014 m, an l/d ratio of 5, I0, 20, 30, and 40, and a 

diameter of 0.035 m (t/d = 40). 

The fact that the flow of the two-phase mixture in these experiments corresponds to the dispersed- 

annular mode was confirmed by direct observation and also existing data [7]. 

The experiments were conducted under adiabatic and nonadiabatic conditions. 

The arrangement of the experimental apparatus is shown in Fig. i. 

The moisture content at the entrance into the apparatus and at the exit from the working section was 
determined with an Asman psychrometer. 

The annular boundary layer of liquid at the exit from the working section was collected in a collector, 
and a vapor-gas phase containing only a small amount of suspended liquid passed into the lower working 
chamber. The readings of the psychrometer in the lower working chamber were verified by reference to 
the absolute humidity field in the exit section of the working part, recorded with a "wet" thermocouple 
and a laboratory probe [3]. Tests showed that the effect of the suspended phase passing into the lower 
working chamber could be neglected. 

The wall temperature was taken as equal to the temperature of the film. The Nu, Nu D, Re, Pr, and 
Pr D numbers were calculated in the usual manner for calculations of air-evaporative cooling [4]. The 
accuracy of the experimental work was verified by reference to the heat and material-balance equation; 
it was no worse than ~= 10%. 

The Nu and Nu D numbers determined in the experiments were compared with the Nu 0 and NUD0 num- 
bers calculated for the annular motion of a two-phase medium in a tube [4]. 

The experiments showed that heat and mass transfer was characterized by a greater intensity in the 
dispersed-annular mode than in the case of annular flow. By way of example, Fig. 2 shows the dependence 

of Nu/Nu 0 and NUD/NUD0 on the air temperature at the entrance into the working section under adiabatic (a) 
and nonadiabatic (b) conditions in relation to the mean wall temperature. The influence of the thermal 
field is considerable; it also differs under adiabatic and nonadiabatic conditions. 

The influence of the thermal field on heat-transfer processes may be allowed for by introducing 
the complex 

At 

T 

where At is the absolute temperature difference between the wall and the core of the flow, T is the mean 
temperature of the gas core under adiabatic conditions (~ and the mean wall temperature under non- 
adiabatic conditions. In both cases the power index of O is approximately 1/3. 
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Fig.  3. Correla t ion between the experimental  data relating to heat t r ans fe r  under adiabatic condi-  
tions in tubes with different internal d iameters  [a) au thors '  data (1-45; data f rom [1] (5, 6); b) 

g (P'--P") V g(P'--P") 

1) 0 .01m;2)  0.012; 3) 0.014; 45 0.035; 55 0.0508; 65 0.1016 

The fact  that the heat and mass  t r ans fe r  is more  vigorous in the d ispersed-annular  mode than in the 
annular flow of a two-phase mixture i . e . ,  (without flow disruption of the drops) may  be explained by the 
interaction of the liquid boundary film with the gas core  of the flow as well as the disruption and prec ip i ta -  
tion of the drops,  i . e . ,  by hydrodynamic c i rcumstances ,  which a re  ve ry  complicated and depend on a whole 
number of fac tors .  These c i rcumstances  a re  p r imar i ly  affected by the velocity and density of the gas 
flow, the density of the liquid phase,  the surface tension of the liquid, the geometr ical  s ize of the heat-  
t r ans fe r  element,  the drop exchange coefficient between the core and the liquid film, the v iscos i ty  of the 
liquid and gas phases,  and so on. 

According to [5-12] these variables may be united into the following dimensionless complexes:  

VW d . 

= - ;  Re"; - - = , S  ' ~' 

V g(o' --p") 
(I) 

In o rde r  to obtain general ized cr i te r ia l  relationships f rom the heat and mass  t r ans fe r  we made a 
c loser  study of the effect of the gas-phase  density, the surface tension of the liquid, and the v iscos i ty  of 
the liquid on the t r ans fe r  p roces ses .  

The effect of the density of the gas phase on heat and mass  t r ans fe r  i~ a d ispersed-annular  flow was 
studied under adiabatic conditions, varying the absolute p r e s s u r e  in the working section f rom 1.0 �9 10 "~ 
N / m  ~' to 0 .2 .10 ~ N /m 2. The effect of the surface tension was studied in solutions of sodium oleate of 
var ious concentrat ions.  The surface tension was varied in these experiments f rom 29.6 �9 10 -3 N / m  to 
72 �9 10 -8 N/m.  

In o rde r  to study the effect of v iscos i ty  we used aqueous solutions of glycerin of various concent ra -  
t ions.  The rat io ~"/D'  in these experiments  varied f rom 2.5 �9 10 -2 to 3 �9 10 -8. 

Analysis of published data [8-12] showed that the exchange of drops between the core  of the flow and 
the liquid boundary fi lm in d ispersed-annular  flows with a low concentrat ion of the suspended phase was 
charac te r ized  by a coefficient proport ional  to (Re") -~ 

We found that the complexes (I) in the cr i te r ia l  equation had the following power indices: 

11 ~o.5 ~. ~-o.2s 

;(7) I 
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Figure 3 presents a correlation between the experimental data under adiabatic conditions, expressed 
in the coordinates 

\ ~' / _ Nuo, 3 - -  I l ~0.5 

N% (~e") ~ iT/ 
- -  NUD,. ~ (~1i ~ 

t ~ s  
A similar correlation was obtained under nonadiabatie conditions. 

Figure 3a incorporates the results of [I] analyzed by the method here proposed. 

The correlation of the experimental data yielded the following criterial equations for describing the 
processes of heat and mass transfer under adiabatic conditions: 

3 ~ -  , , --0.5 l l  0.5 : ,,/vt 
N u  o 

NuD 45~-R~ (Re") -~ 
= -o- 5 

N=o. t ~ )  L I ; )  ' 
0.025K0~0,1; 104KRe"<I05I 

4<K<20; 3.8 < IJI~ < 1 3  

and under nonadiabatic conditions: 

Nu = 7 0 ~ 0  (Re.)-o.5 ( ll ~0.~ ( ~. ~-o.~5 
N~o t ~ /  i T /  ' 

~l--~ r -~ NUo = 12]/K 7" (Re")-~ / ' 1 
NUDo \-~-= J \ 7 ]  

0 . 0 2 5 < 0 < 0 . 1  

for  

(1) 

(2) 

(3) 

(4) 

104<Re"<  105 , 4 < K < 2 0 ,  3.8<ll/i2 < 13. 

Since in the exper iments  the length of the working par ts  was 40-90 d iamete rs ,  we made some special  
exper iments  to establ ish the influence of the entrance sect ion.  The exper iments  showed that under d is -  
pers ion-annula r  conditions of flow the influence of the entrance section made itself felt  for  l / d  values of 
under 40 d iamete r s .  This conclusion agrees  with existing data regarding the influence of the length of the 
entrance section on the hydrodynamics  of the d ispers ion-annular  mode [8]. 
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NOTATION 

reduced veloci ty of the phase,  m / s e c ;  
densi ty of the phase,  kg/m3; 
sur face  tension of the liquid, N /m;  
dynamic viscosi ty ,  N .sec/m2; 
gravitat ional  acce lera t ion ,  m / s e e  2; 
l inear  dimension, length of the working sect ion,  m; 
internal  d iameter  of the working section,  m. 

S u p e r s c r i p t s  

" gaseous phase; 
' liquid phase. 
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