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We have  u n d e r t a k e n  an e x p e r i m e n t a l  s t u d y  of the r e g i m e  fo r  the t r a n s i t i o n  f r o m  nuc l ea t e  
to f i lm  bo i l i ng  on a h o r i z o n t a l  tube.  We have  d e r i v e d  the r e l a t i o n s h i p  be tween  the h e a t -  
t r a n s f e r  c o e f f i c i e n t  and the s p e c i f i c  hea t  flux, a s  we l l  a s  the r e l a t i o n s h i p  be tween  the  
a l coho l  con ten t  in the m i x t u r e  and the c r i t i c a l  v a l u e s  of the hea t  flux, the  h e a t - t r a n s f e r  
c o e f f i c i e n t ,  and the a v e r a g e  t e m p e r a t u r e  d i f f e r e n c e .  

In s t u d y i n g  the h e a t - t r a n s f e r  c r i s i s  we p r i m a r i l y  m a k e  use of e l e c t r i c a l  he a t i ng  of the h e a t i n g  s u r f a c e  
b e c a u s e  of the  r e l a t i v e  s i m p l i c i t y  of the  e x p e r i m e n t a l  i n s t a l l a t i o n  in th i s  e a s e ,  and b e c a u s e  of the  s i m p l i c i t y  
in c a r r y i n g  out  the e x p e r i m e n t s ,  in add i t i on  to the  fac t  tha t  the e x p e r i m e n t a l  e r r o r s  a r e  s m a l l .  H o w e v e r ,  
f r o m  a p r a c t i c a l  s t andpo in t ,  in the  e a s e  of e l e c t r i c a l  h e a t i n g  i t  is  d i f f i cu l t  to e s t a b l i s h  r e l i a b l y  the i n s t an t  
of the h e a t - t r a n s f e r  c r i s i s  and to p e r f o r m  t e s t s  on e x p e r i m e n t a l  h e a t i n g  s u r f a c e s  of s u b s t a n t i a l  g e o m e t r i c  
d i m e n s i o n s ,  so  tha t  the d i a m e t e r  of m o s t  t e s t  e l e m e n t s  i s  no g r e a t e r  than  s e v e r a l  m i l l i m e t e r s .  The e r i t i -  
e a l  hea t  f luxes  a c h i e v e d  in e l e c t r i c a l  hea t i ng  a r e  d e t e r m i n e d  e i t h e r  a t  the i n s t an t  a t  which  the h e a t - r e l i e f  
s u r f a c e  b u r n s  out,  o r  a t  the  i n s t an t  a t  which  the f i lm  bo i l i ng  r e g i m e  s e t s  in. 

The t r a n s i t i o n a l  r e g i m e  f r o m  n u c l e a t e  to f i lm  bo i l i ng  p r e c e d e s  s t a b l e  f i lm  bo i l i ng  [1, 3]. The o n s e t  
of the  t r a n s i t i o n a l  r e g i m e  c o r r e s p o n d s  to the  i n s t a n t  a t  which  the c r i s i s  in nuc l ea t e  bo i l i ng  s e t s  in. 

We can  i n v e s t i g a t e  the  t r a n s i t i o n  r e g i m e  f r o m  d e v e l o p e d  n u c l e a t e  bo i l ing  to f i lm  bo i l i ng  by  h e a t i n g  the 
e x p e r i m e n t a l  h e a t i n g  s u r f a c e  with a s a t u r a t e d  w a t e r  v a p o r .  In the e a s e  of v a p o r  hea t ing  we can e s t a b l i s h  
the  b o i l i n g  c r i s i s  p r e c i s e l y ,  b e c a u s e  the  wa l i  t e m p e r a t u r e  fo r  the h e a t i n g  s u r f a c e  has  been  f ixed.  

R e f e r e n c e s  [5, 6] ou t l ine  the r e s u l t s  of t h e s e  e x p e r i m e n t s  on the d e t e r m i n a t i o n  of the c r i t i c a l  d e n s i t y  
of the  hea t  flow for  the  bo i l i ng  of w a t e r  and o t h e r  l i qu ids  when the h e a t i n g  s u r f a c e  is  h e a t e d  by v a p o r .  How- 
e v e r ,  the va lue  for  q e r  ob ta ined  in the c i t ed  r e f e r e n c e s  fo r  w a t e r  a moun t s  a p p r o x i m a t e l y  to 0.7 �9 10 6 W / m  2, 
w h e r e a s  for  e l e c t r i c a l l y  h e a t e d  h o r i z o n t a l  c y l i n d e r s ,  a c c o r d i n g  to the  da ta  of [2-4] and o t h e r  r e s e a r c h e r s ,  
the  va lue  of q e r  fo r  w a t e r  amoun t s  to about  1.2 �9 10 ~ W / m  2. Such d i v e r g e n c e  in the m a g n i t u d e s  of the c r i t i c a l  
hea t  flow be tween  v a p o r  and e l e c t r i c a l  h e a t i n g  i s  e x p l a i n e d  in [3, 4] by  the  n o n u n i f o r m i t y  in the hea t  flow 
about  the  c i r c u m f e r e n c e  of the tube in the e a s e  of v a p o r  h e a t i n g  as  a c o n s e q u e n c e  of the  h e a t i n g  of the l o w e r  
p o r t i o n  of the tube by the c o n d e n s a t e ,  w h e r e a s  in the  c a s e  of a r e l a t i v e l y  low va lue  fo r  the a v e r a g e  m a g n i t u d e  
of the  hea t  flow i t s  l oca l  v a l u e s  at  the u p p e r  ha l f  of the tube m a y  r e a c h  and even  e x c e e d  the t r ue  c r i t i c a l  
v a l u e s .  

R e s u l t s  f r o m  an e x p e r i m e n t a l  s tudy  of q e r  in the bo i l i ng  of w a t e r - a l c o h o l  and o t h e r  b i n a r y  m i x t u r e s  
w h e r e  the h e a t - e x c h a n g e  s u r f a c e  i s  h e a t e d  e l e c t r i c a l l y  a r e  p r e s e n t e d  in [7-10]. In the r e l a t i o n s h i p s  be tween  
the m a g n i t u d e  of the c r i t i c a l  hea t  flow and the c o m p o s i t i o n  of the m i x t u r e ,  as  g iven in the c i t e d  r e f e r e n c e s ,  
the  m a x i m u m  c o r r e s p o n d s  to the m a x i m u m  d i f f e r e n c e  be tween  the con ten t  of the l o w - b o i l i n g  c o m p o n e n t  in the 
v a p o r  and l iquid  p h a s e s .  In [7, 9] the m i n i m u m  has  been  found as  a funct ion of q c r  = f(C) fo r  s m a l l  c o n c e n -  
t r a t i o n s  of a l coho l  in the so lu t ion .  In [7, 8] the v a l u e s  of  c~ and At have  been  d e t e r m i n e d  for  the o n s e t  of 
the  c r i s e s .  

T e c h n o l o g i c a l  Ins t i t u t e  of the F o o d  I n d u s t r y ,  Kiev.  T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i c h e s k i i  Z h u r n a l ,  
Vol. 16, No. 4, pp. 610-616,  A p r i l ,  1969. O r i g i n a l  a r t i c l e  s u b m i t t e d  June 18, 1968. 
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Fig. 1, The function a 2 = f(q) for water  and water  
- a l c o h o l  mixtures :  a) 3 vol. % C2HsOH; b) 5 vol. %; c) 
10 vol. %; d) 20 vol. %; e) 35 vol.% ; f) 45 vol. %; g) 60 
VOI.r~C; h) 75 vol. %; i) 98 vot. ~; j) water. 

It is the purpose of this paper  to investigate the regime of t rans i t ion  f rom nucleate to fi lm boiling, to 
~tetermine the cr i t ical  heat flows, the coefficients of heat t ransfer ,  arid the difference in t empera tu res  
between the wall and the medium in the boiling of water  and w a t e r - a l c o h o l  mixtures  in a large volume at 
a tmospher ic  p res su re  on a horizontal  tube when the heat-exchange surface is heated by vapor. 

In studying the transit ion regime for water we employed the method of heating the experimental  tube 
by moving saturated water  vapor through it at high speed. This made it unnecessary  to intensi fythe  t rans fe r  
of heat between the condensing vapor  and the tube walls, since we were unable to achieve the required heat 
flows in previous experiments  involving heating by means of a nonmoving vapor; if at all possible, we sought 
in this way to avoid the nonuniform distribution of the heat flow about the c i rcumference  of the tube. 

in the case of w a t e r - a l c o h o l  mixtures  the experimental  tube was heated with a aonmoving saturated 
vapor. 

The outside d iameter  of the experimental  tube was 10 ram, and its inside d iameter  was 5.7 ram; the 
tube itself was made of pure copper.  The working length of the tube was 235 mm. The wall tempera ture  
was determined by means of eight thermoeouples  located on the outside of the tube in two sections separated 
from each other  by 100 ram, with four thermocouples  in each sect ion.  

We determined the amount of condensate formed on the experimental  tube for the case  of heating with 
a nonmoving vapor. The specific heat flux was calculated from the relat ionship 

q y 

When heating with a moving vapor,  we measured  the condensate formed on the experimental  tube, as 
well as the amount of vapor found behind the experimental  tube. The specific heat flux in this ease is equal 
to 
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Fig. 2. The relat ionship 
between the alcohol coneen- 
t rat ion in the mixture and 

the values of qer, C~2er, and 
Ater. 

q=( D'r+l)2-(i'-i2)~ --Qloss)71' W/m 2. 

The average wall t empera ture  was assumed to be equal to the 
ar i thmetic  mean of eight points onthe tube. The tempera ture  of the liquid 
was assumed to be equal to the saturat ion temperature .  

The average tempera ture  difference Z~tav = t w - t l i  q, deg. 

The hea t - t r ans fe r  coefficient c~ 2 = q/At, W / m  2. deg. 

RESULTS OF THE INVESTIGATION 

Table 1 shows the experimental data on the regime for the transi- 
tion from nucleate to film boiling. 

Figure 1 shows the results from an investigation of the transition 
regime in boiling, in coordinates of ~2 = f(q). The points A on these 
curves denote the onset of the transition from nucleate to film boiling. 
The specific heat fluxes and the coefficients of heat transfer at point A 
correspond to the critical values. 

For water the value of qcr from the data of our experiments is 
1.4" 10 6 W/m 2, which is in good agreement with the data of other re- 
searchers, who obtained similar values for qcr in the case of water 
when the heat-exchange surface is heated electrically. Thus qcr is in- 
dependent of the means employed to heatthe surface. 

Figure 2a shows the cr i t ical  heat flux as a function of mixture composition, on the basis of the data 
f rom Fig. 1. This function exhibits two ext remal  values: a minimum corresponding to low concentrat ions 
of alcohol in the solution (approximately 3 vol. ~c), and a maximum which cor responds  to an alcohol concen- 
trat ion of 10-20 vol. % 

It should be noted that the absolute value of qcr  for the mixtures  in our experiments  is somewhat 
lower than in [7-9]. However, in the case of ethyl alcohol the value of qcr  is in agreement  with the data 
of other authors [8, 9] within the Iimits of experimental  e r ro r .  

Figures  2b and c show the hea t - t r ans fe r  coefficient c~ 2 and the average tempera ture  difference ~tav, 
corresponding to qcr,  as functions of the alcohol concentrat ion in the solution. 

For  the transi t ion regime in the boiling of water  we find local formations of an unstable film on the 
tube surface,  and the dimensions of this film increase  as the p re s su re  of the heating vapor r i ses .  

In the boiling of w a t e r - a l c o h o l  mixtures we also observed visually the formation (in the region of the 
t ransi t ional  regime) of a film about the tube, this film being more  stable in the upper portion and unstable 
in the lower portion of the tube, forming separate  spots 1.5-2 mm in thickness. Here we c lear ly  saw the 
formation of finely dispersed vapor bubbles at the film surface,  and these are  charac te r i s t ic  of developed 
nucleate boiling. In addition to the visual observation,  this could be seen from the readings of the thermo-  
couples, with the tempera ture  at the points of thermocouple insert ion r is ing on occasion to the tempera ture  
of the heating vapor. 

Qloss 

D 

D~ 

D~ 

r 

q and qcr 
t w and tli q 

NOTATION 

denotes the heat losses  of the installation, in W, determined from calibration tests  as 
a function of the p res su re  of the heating vapor; 
is the quantity of condensate formed on the experimental  tube when heated with a non- 
moving vapor, kg; 
is the quantity of condensate formed on the experimental  tube when heated by a moving 
vapor, kg; 
is the quantity of vapor passing beyond the experimental  tube when it is heated by a 
moving vapor,  kg; 
is the heat of vapor formation, J / k g ;  
are,  respect ively,  the specific and the cr i t ica l  heat flux, W/m2; 
are,  respect ively,  the tempera ture  of the wall and of the liquid, deg; 
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/~tav and Atcr 

~2 and ~2cr  

i 1 and i 2 

f 
T 

C 

are ,  r e spec t ive ly ,  the av e r age  and the c r i t i ca l  t e m p e r a t u r e  difference,  deg; 

a re ,  r e spec t ive ly ,  the h e a t - t r a n s f e r  coefficient  and the c r i t i ca l  h e a t - t r a n s f e r  coefficient  
for the wall  and the bo i l ing  liquid, in W / m  2 �9 deg; 
a re ,  r e spec t ive ly ,  the enthalpies  of the vapor  ahead of and beyond the exper imenta l  tube, 
J / k g ;  
is the hea t -exchange  sur face  of the exper imen ta l  tube, m2; 
is the duration of the tes t ,  sec;  
is the alcohol content in the mix ture ,  % by volume.  
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