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Evaporation of a liquid f rom a free surface is considered for p re s su res  in the surrounding 
medium of 1.33 �9 103 and 2.67 �9 103 N/m 2. On the basis  of an experimental  study, a mechanism 
was established for the effect of mass  t ransfer  on heat t ransfer  during evaporation under con-  
ditions of free convection. 

At the present  time, one can consider  the effect of t r ansverse  mass  flow on the intensity of heat t r ans -  
fer  to be an experimentally established and theoretically substantiated fact. 

Most invest igators [1, 2] have come to the conclusion that this effect is determined by the direction 
of the t ransverse  mass  flow. Thus, the thickness of the boundary layer  increases  during evaporation into 
the gas flow and the heat t ransfer  coefficient decreases  with an increase in density of the t r ansverse  flow 
of matter .  

But along with these papers there are also papers  in which the intensifying effect of evaporation on 
heat t ransfer  was established [3, 4]. The reason fo r  this contradiction must be sought in the fact that heat 
and mass  t ransfer  during evaporation is charac ter ized  by exceptional complexity and includes a large num- 
ber  of diverse phenomena which are organically interrelated [5]. The creation of a new phase appears dif- 
ferently depending on the intensity of the basic process .  If conditions are such that a p rocess  uncomplicated 
by mass  t ransfer  is charac ter ized  by high intensity, the formation of a new phase cannot change it signifi- 
cantly. On the other hand, if the fundamental process  is by nature of low intensity, the role of secondary 
phenomena (formation of a new phase) increases .  If they are  of considerable intensity, conditions may be-  
come complicated in such a way that they become of controlling importance, fundamentally changing the 
nature of the process .  

Actually, the nature of the effect of mass  t ransfer  on heat t ransfer  depends on the ratio of the t rans-  
verse  flow velocity v to the basic gas flow velocity Uo~. 

We consider  evaporation of a liquid into an evacutated gaseous medium under free convection. In this 
case, the motion of the v a p o r - g a s  medium created by a temperature  difference is not charac ter ized  by 
high intensity and, controlling the density of the t ransverse  flow of vapor  by means of a heater  installed 
within the liquid, one can obtain a vapor  velocity both less and g rea te r  than the velocity of the external 
v a p o r - g a s  medium. 

Heat and mass  t ransfer  during evaporation under conditions of free convection are described by the 
fundamental conservation laws. Mathematical formulation of the laws for conservation of mass,  momen-  
tum, and energy for flow under conditions of free convection leads to a complex system of equations and 
boundary conditions [6] which appears impossible to solve analytically at the present  time. 

To study this process ,  we completed an experimental  investigation of jointly occurr ing  p rocesses  of 
heat and mass  t ransfer  during evaporation of a liquid f rom a free surface into an evacuated gaseous medi-  
um. 
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Fig. 1.. Diagram of experimental apparatus. 

The experiments were performed in a vacuum apparatus, for which a schematic diagram is shown in 
Fig. I. A comparison method was used to evaluate the effect of mass transfer on heat transfer in the ex- 

periments. For this purpose, two model working bodies were placed in the vacuum chamber at the same 

time: a dry body and a liquid body located at an identical level in the horizontal plane and having identical 
surface heat transfer. 

As the dry body, we used the thin copper plate I, which was hermetically sealed in a cylindrical plas- 

tic cup with a thermally insulated lateral surface. Distilled water, which circulated at known velocity un- 

der the plate, acted as a heat-transfer agent in this case. Tile copper plate was covered with a layer of 

lampblack having a radiation coeffieient approximately equal to the radiation coefficient of water. The tem- 

perature of the liquid surface and of the surface of the model dry body were kept the same. 

Thus radiant heat flow was identical to both bodies. Temperature of the surface of the copper plate 

was kept constant by means of thermostat 3. The difference in temperatures at the inlet and outlet was 

measured with a differential thermocouple. The flow rate of the heat-transfer agent was determined by 

the volume method. Knowing the flow rate of the heat-transfer agent and the temperature difference at 

the cup inlet and outlet, one can determine the heat flow to the surface of the dry body. Excluding the ra- 

diant component and heat loss, we determine from the equation of heat balance the density of convective 
heat flow and the corresponding value of the heat-transfer coefficient. 

In the cup 2 containing liquid, an electrical heater 4 was mounted by means of which the density of 

vapor flow could be changed over large limits without changing the external conditions for the process. 

Decrease in mass during evaporation was measured with the VTK-500 scales 5 with a scale division of 0.i 

g. Temperature of the liquid surface was measured by twocopper-constantanthermocouples which were 

moved by means of the micrometer screw 6. The temperature field in the neighborhood of the surface of 

the dry body 7 and that in the neighborhood of the surface of the liquid 8 were also measured. Partial 

pressure of the vapor in the chamber was measured by pumping off a portion of the vapor-air medium 
with subsequent freezing, 9. 

The experiments were performed at medium pressures of 1.33 �9 103 N/}n 2 and 2.67 �9 103 N/m 2. In order 

that the externaloonditions in the chamber not change, the difference in temperature between the medium 

and the surface of the working body was kept approximately constant. The vacuum chamber was covered 
by a thermal shell containing the electric heater i0. The required temperature of the chamber wails was 
obtained by means of this heater, which was regulated by the autotransformer ii and the control ammeter 
12. 
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Fig. 2. Relative coefficient of heat t ransfer  (a) and relative den- 
sity of v a p o r - a i r  medium (b) as function of density of t ransverse  
vapor flow: 1) P = 2.67-103N/m2; 2) P = 1.33.103N/m2; 3) r a -  
tio between density of v a p o r - a i r  medium near  liquid and density 
near  dry surface.  
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Fig. 3. Tempera ture  distribution near  the surface of 
evaporation, P = 1.33-103 N/m 2, y in mm- 1) Jm" 103 
= 0.240; 2) 0.275; 3) 0.418; 4) temperature  dis tr ibu-  
tion near  dry surface.  

In all the experiments,  the temperature  of the liquid during evaporation was held below the tempera-  
ture of the surrounding medium; thus the convective heat flow and the vapor  flow from the surface were in 
opposite directions.  

F r o m  an analysis of the experimental  results ,  we see (Fig. 2a) that for small densit ies of t ransverse  
vapor flow, the coefficient of heat t ransfer  which is accompanied by mass  t ransfer  is g rea te r  than the co-  
efficient of heat t ransfer  for the dry body and with an increase in density of vapor fiow, the ratio C~k/C~k0 
increases  to some maximum value typical of the par t icular  p ressure .  With subsequent increase in the den- 
sity of vapor flow, the ratio ak/C~k0 decreases  and may become less than one. 

During the evaporation of distilled water,  the molecular  weight of which is one and one-half t imes 
less than the molecular  weight of air, the density of the v a p o r - g a s  mixture alongside the surface of evap- 
oration is lower in comparison to the density of the gaseous medium alongside the dry surface (Fig. 2b, 
curve 3). But since the intensity of evaporation is insignificant, the condition Ps/P~ > 1 is still satisfied 
near  the surface.  Thus a picture of very complex motion is observed; on the one band, convective motion, 
which is directed downwards from the surface of evaporation (drainage flow) and on the other hand, t rans -  
verse  motion of the vapor, which is created by the drop in p a r t i a l p r e s s u r e s  near  the surface of evaporation 
and in the medium, are  imposed on the motion result ing f rom free convection. All this leads to an inten- 
sification of heat t ransfer  in comparison with a dry body. With subsequent increase in the density of t rans-  
verse  vapor flow, ps /p~  approaches one, but becomes less than one at small distances from the surface,  
i. e . ,  f ree  convection at a few mil l imeters  f rom the surface is directed upwards because of the effects of 
buoyant forces .  One obtains a picture of extremely unstable convective motion upon which is superimposed 
diffusion motion of the vapor produced by differences in part ial  p re s su res .  Motion along the surface is in- 
tensified. One can suppose that some production of turbulence occurs  in the medium, which also gives rise 
to an increase in the intensity of heat t ransfer .  
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R e l a t i v e  hea t  transfer coe f f i c i en t  as  a func-  
t ion of the v e l o c i t y  r a t i o  Vs/U: 1) P = 1.33 �9 103 N/m2; 
2) P -- 2 .67-  103 N/m 2. 

With  f u r t h e r  i n c r e a s e  in the d e n s i t y  of t r a n s v e r s e  v a p o r  flow, p s / p ~  < 1, the mot ion  b e c o m e s  d i r e c t e d  
s t r i c t l y  upwards ;  n e a r  the s u r f a c e  of e v a p o r a t i o n ,  the v a p o r  c o n c e n t r a t i o n  r i s e s ,  which  b e g i n s  to have an 
e f fec t  on the t e m p e r a t u r e  d i s t r i b u t i o n  a round  the s u r f a c e  of e v a p o r a t i o n .  In th is  c a s e  (curve  3, F ig .  3), 
t h e r e  is  no s h a r p  r i s e  in the t e m p e r a t u r e  of the m e d i u m  n e a r  the s u r f a c e ,  i . e . ,  a dense  v a p o r  l a y e r  of con-  
s i d e r a b l e  t h i c k n e s s  is  f o r m e d  a l o n g s i d e  the  s u r f a c e  of e v a p o r a t i o n  p r e v e n t i n g  the p e n e t r a t i o n  of "hot"  m o l -  
e c u l e s  to the s u r f a c e  of e v a p o r a t i o n  and l ead ing  to a r e d u c t i o n  in hea t  t r a n s f e r .  A l so ,  fo r  c o n s i d e r a b l e  
d e n s i t i e s  of v a p o r  flow, hea t  t r a n s f e r  c o m p l i c a t e d  by  m a s s  t r a n s f e r  can b e c o m e  l e s s  than the hea t  t r a n s f e r  

of a d r y  body.  

F o r  o t h e r  r a t i o s  T s / T ~ ,  fo r  e x a m p l e  w h e r e  P = 2.67 �9 103, the zone of i n t e n s i f i c a t i o n  of hea t  t r a n s f e r  
b e c a u s e  of m a s s  t r a n s f e r  is  sh i f ted  al though the m e c h a n i s m  r e m a i n s  the s a m e .  One can t h e r e f o r e  conc lude  
that  the e f f ec t  of m a s s  t r a n s f e r  on hea t  t r a n s f e r  is  d e t e r m i n e d  not  only  by the d e n s i t y  of t r a n s v e r s e  v a p o r  
flow but  a l so  by  the t e m p e r a t u r e  r a t i o  T s / T  ~.  It is  p o s s i b l e  t h e r e  is  s t i l l  a r e a s o n  fo r  i n t e n s i f i c a t i o n  of 
hea t  t r a n s f e r  which  we have  not  c o n s i d e r e d  but  which exh ib i t s  c o n s i d e r a b l e  in f luence  on the p r o c e s s .  We 
c o m p a r e d  o u r  r e s u l t s  wi th  the r e s u l t s  of t h e o r e t i c a l  [7] and e x p e r i m e n t a l  [8] w o r k  which  d e s c r i b e  t r a n s p i r a -  
t ion coo l i ng  unde r  c o n d i t i o n s  of f r e e  convec t ion ,  in them,  a d e t a i l e d  a n a l y s i s  was  made  of the hea t  t r a n s -  
f e r  m e c h a n i s m  in the p r e s e n c e  of m a t e r i a l  in jec t ion  th rough  a p o r o u s  s u r f a c e  (cy l inder )  wi th  c o n s i d e r a t i o n  
of t h e r m a l  d i f fus ion  and d i f fus ion  t h e r m o .  Of c o u r s e ,  the p r o c e s s  of hea t  and m a s s  t r a n s f e r  d u r i n g  e v a p o -  
r a t i on  of a l iquid u n d e r  c o n d i t i o n s  of f r ee  convec t ion  cannot  be made  c o m p l e t e l y  s i m i l a r  to the p r o c e s s  of 
hea t  and m a s s  t r a n s f e r  with in j ec t ion  of m a t e r i a l .  We t h e r e f o r e  made  only a q u a l i t a t i v e  c o m p a r i s o n  of 
ou r  r e s u l t s  wi th  the r e s u l t s  of the p a p e r s  men t ioned  above .  

The  f u n d a m e n t a l  r e s u l t  of t he se  p a p e r s  is that  the in jec t ion  of gas  into the b o u n d a r y  l a y e r  f i r s t  l e a d s  
to an i n c r e a s e  in the hea t  t r a n s f e r  c o e f f i c i e n t  fo r  s m a l l  flow r a t e s  of the in j ec t ed  gas ,  and then the hea t  
t r a n s f e r  c o e f f i c i e n t  b e g i n s  to fa i l  wi th  a r i s e  in the gas  flow r a t e .  The in i t i a l  r i s e  r e s u l t s  f r o m  an i n c r e a s e  
in the buoyan t  f o r c e s  p r o d u c e d  by  the in jec t ion  of a l i g h t e r  gas  at  the s u r f a c e .  With  h i g h e r  flow r a t e s ,  the 
i n c r e a s e  in the b o u n d a r y  l a y e r  c o u n t e r a c t s  the buoyan t  f o r c e ,  and the hea t  t r a n s f e r  c o e f f i c i e n t  d e c r e a s e s .  

As the in jec t ion  p a r a m e t e r ,  we take the quan t i ty  

PsVs / r(gr)l/2P= 
P~(gr):/2 H= ' 

w h e r e  r is  the r a d i u s  of the c y l i n d e r .  

K we a r b i t r a r i l y  make  e v a p o r a t i o n  s i m i l a r  to gas  in j ec t ion  and look fo r  the r a n g e  of in j ec t ion  p a r a -  
m e t e r  v a l u e s  ob ta ined  in ou r  e x p e r i m e n t s ,  we see  that  the in jec t ion  p a r a m e t e r  u n d e r  our  c ond i t i ons  v a r i e s  
f r o m  0.01 to 0.1, which  c o r r e s p o n d s  to that  r a n g e  of the in jec t ion  p a r a m e t e r  in [7] fo r  which t h e r e  was  ob-  
s e r v e d  i n t e n s i f i c a t i o n  of hea t  t r a n s f e r  b e c a u s e  of m a s s  t r a n s f e r ,  i . e . ,  we ob ta ined  q u a l i t a t i v e l y  s i m i l a r  
r e s u l t s .  

Thus  the c r e a t i o n  of a new phase  a c t u a l l y  a p p e a r s  d i f f e r e n t l y  depend ing  on the v e l o c i t y  r a t i o  Vs/U. 
We took the quan t i ty  v s = Jm/P fo r  the v e l o c i t y  of t r a n s v e r s e  v a p o r  flow and the f r e e  convec t ion  v e l o c i t y  
was  c h a r a c t e r i z e d  by  the quan t i t y  u = 0~.5/~g/AT, which  O. K r i s h e r  i n t roduced  as  a c h a r a c t e r i s t i c  of f r ee  
mot ion  [9]. 

F i g u r e  4 shows the d e p e n d e n c e  of the i n t e n s i t y  of hea t  t r a n s f e r  a c c o m p a n i e d  by  m a s s  t r a n s f e r  on the 
v e l o c i t y  r a t i o  Vs/U , f r o m  which  the b e h a v i o r  ob ta ined  is  c l e a r l y  seen .  
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N O T A T I O N  

is the medium pressure ,  N/m2; 
is the density, kg/m3; 
is the dynamic viscosity, kg/m.  sec; 
is the gravitational acceleration, m/sec2; 
m the thermal expansion coefficient; 
m the characterist ic dimension, m; 
is the density of t ransverse  vapor flow, kg/m 2. sec; 
are the heat- t ransfer  coefficients of moist and dry bodies, respectively, W/m 2. deg. 

S u b s c r i p t s  

s denotes the surface; 
~o denotes the medium. 
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