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The r e s u l t s  of an expe r imen ta l  inves t iga t ion  into the boil ing of water ,  ethyl a lcohol  (96% 
aqueous solution),  and 13% NaCI solut ion under  condit ions of f r ee  motion at  p r e s s u r e s  
of 0.036-1 bar  a r e  p resen ted .  The expe r imen ta l l y  observed c h a r a c t e r i s t i c s  of the boi l ing 
mechan i sm at low p r e s s u r e s  a r e  d i scussed .  

The expe r imen t a l  appa ra tus  was housed in a t he r m a l  p r e s s u r e  chamber  with a c ons i de r a b l e  inner 
volume,  provided with a smoo th ly - r egu l a t ed  leak, enabling the p r e s s u r e  to be mainta ined to a high a c -  
cu racy  (:~0.15 mbar) .  The p r e s s u r e  over  the su r face  of the boil ing liquid was measu red  with an MChR-3 
m e r c u r y  manome te r  having a s ca l e  d iv is ion  of 0.1 mm Hg. 

As boil ing su r f ace  we used the end of a round rod 56 mm in d i ame te r .  The rod was of the composi te  
kind: the upper  sect ion,  30 mm long, was made of 99.72% pure nickel  and the lower sec t ion  of copper .  The 
two sec t ions  we re  joined by diffusion welding. The total  length of the rod was 96 mm. With this  c o n s t r u c -  
t ion,  boil ing occurs  on the nickel  su r face ,  which r e t a i n s  s tab le  c h a r a c t e r i s t i c s  over  a long per iod  of t ime;  
in the lower (copper) sec t ion  of the sample ,  s l ight  axia l  t e m p e r a t u r e  g rad ien t s  occur.  

The heat evolved by a l o w - r e s i s t a n c e  e l e c t r i c  hea te r  was rece ived  by the lower base  of the rod and a 
heat  concen t ra to r ;  f rom this ,  in turn,  it  was t r a n s f e r r e d  to the l a t e r a l  su r face  of the rod. 

The upper par t  of the rod was furnished with a c i r c u l a r  edge 4 mm long and 0.4 mm thick set  at  a 
s l ight  angle (about 15 ~ ) to the hor izonta l  su r face ;  this ensured sha rp  defini t ion of the boundary to the hea t -  
t r a n s f e r  su r face  and good sea l ing  along the p e r i m e t e r  of the edge - it a l so  e l imina ted  the fo rmat ion  of edge 
vapor  bubbles  at  the m e t a l - s u b s t r a t e b o u n d a r y .  The liquid was poured into a s t a in l e s s  s t ee l  v e s s e l  with an 
in te rna l  d i a m e t e r  of 130 mm and a height  of 200 ram. Di rec t ly  under the v e s s e l  was a condenser ,  which 
ensured  the comple te  r e t u r n  of the condensate  obtained f rom the boil ing liquid into the ves se l .  This en-  
abled us to keep the height of the column of liquid over  the heating sur face  and a l so  the NaC1 c onc e n t r a -  
t ion constant  (during the boi l ing of the solution). In o rde r  to keep the height of the column of liquid con- 
s tant  a t  the sa tu ra t ion  t e m p e r a t u r e  an a u x i l i a r y  hea te r  was employed.  

The expe r imen t a l  v e s s e l  and the t he rma l  p r e s s u r e  chamber  were  furnished with i l lumina t ing  s y s -  
t ems  fac i l i t a t ing  v isua l  obse rva t ion  and h igh- speed  mo t ion -p i c tu re  photography of the p r o c e s s  in t r a n s -  
mi t ted  light. 

In four hor izon ta l  c r o s s  sec t ions  of the rod s i tuated at  d i f ferent  depths in the nickel  sect ion,  copper  
- constantan the rmocoup les  were  placed - th ree  to each section. The good insula t ion  of the l a t e r a l  s u r -  
face of the rod and the high heat  r e l e a s e  to the liquid f rom the upper end of the rod ensured  the a lmos t  
total  absence  of r a d i a l  t e m p e r a t u r e  g rad ien t s  in the hor izonta l  c r o s s  sec t ions  of the sample  and a l inear  
t e m p e r a t u r e  va r i a t i on  along the axis  of the rod; this  enabled us to de t e rmine  the t he r m a l  flux (q) c a r r i e d  
away f rom the heating su r f ace  by r e f e r e n c e  to the ax ia l  t e m p e r a t u r e  g rad ien t  and the known t he r m a l  con-  
duct ivi ty  of the sample ,  and a l so  the t e m p e r a t u r e  of the heating su r face  (Tw) by l i nea r ly  ex t rapo la t ing  
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Fig. 1. Typical boiling curves  of water ,  ethyl alcohol~ 
and NaCI solution in vacuum (q, W/m2;  AT, ~ a: 1) 
water ,  200 mbar ;  2) water,  36 mbar;  b: 1) water,  60 
mbar ;  2) ethyl alcohol, 60 mbar ;  c: 1) 13% NaC1 solu-  
tion, 36 mbar;  2) ethyl alcohol, 36 mbar .  

the relationship between the sample tempera ture  and the coordinate of the c ross  section to the boiling s u r -  
face. 

The temperature head used in calculating the heat-transfer coefficient (c~) to the boiling liquid was 
defined as AT = T w - T s. The maximum error in determining AT in our experiments was no greater than 
7~c, while the maximum error in determining the heat-transfer coefficient was 16%. 

In order to confirm the reliability of the method chosen for measuring and analyzing the results, we 
studied the heat transfer associated with water boiling at atmospheric pressure. The resultant q = f(AT) 
relationship agreed closely with published data on boiling at clean heating surfaces. (The surface finish 
in our experiments corresponded to class 9-10 of All-Union State Standard 2789-59; the surface was period- 
ically carefully degreased with ethyl alcohol.) The picture of boiling at atmospheric pressure observed 
visually in our experiments also agreed closely with published data, comprising fixed centers of vapor 
formation from which the vapor bubbles rose in columns. Boiling at 0.036, 0.06, 0.1, and 0.2 bar differed 
sharply from boiling at 1 bar, even in external appearance. For low thermal fluxes (30-100 kW/m 2 for 
water),  there were extremely long pauses in the process  of vapor  formation,  af ter  which a vapor bubble 
appeared in an explosive manner on the heating surface,  attaining severa l  tens of mi l l imeters  in size; then 
another pause in vaporizat ion ensued. The break-off  d iameters  exceeded those calculated by the well-  
known Fr i tz  formula [7] by 1-2 orders  of magnitude. The formation of these large bubbles was a c c o m -  
panied by severe  perturbation of the liquid, which was partly ejected f rom the experimental  vessel .  

It should be noted that, up to the present t ime, monographs and review ar t ic les  on the boiling of 
liquids [1-6] have never mentioned any qualitative difference between boiling in vacuum and boiling at 
higher p ressures .  This apparently a r i ses  f rom the small  number of investigations devoted to boiling at 
p ressures  below atmospher ic ,  and also the charac te r  of the initial investigations on this subject. For  ex-  
ample, in [8], the a r t ic le  most  frequently quoted in reviews and monographs,  there were no visual obse r -  
vations of the process ,  and the order  of magnitude of the hea t - t rans fe r  coefficients at  the lowest p r e s -  
sures  (down to 0.037 bar) corresponded to f ree  convection ra ther  than developed boiling. 

However, s tart ing f rom [9], which was published in 1964, there followed a considerable number of 
investigations [10-16] f rom which it became clear  that qualitative changes occurred in the boiling process  
at p ressures  of the order  of 0.2-0.3 bar  and under. The increase  in the cr i t ical  size of the vapor nucleus 
due to the reduction in the density of the vapor leads to considerable hindrances in the format ion of the 
vapor phase; pauses accordingly occur in the process  of vaporization [10, 12], and there a re  considerable 
fluctuations in the tempera ture  of the heating surface.  At the moderately  low pressure  of 0.184 bar,  a 
complete "degeneration" of the bubble-type boiling process  was observed in [9]; an attempt was made in 
the same paper at providing a theoret ical  explanation for this effect. A direct  t ransi t ion f rom the mode 
of free convection to f i lm-type boiling was also observed in a number of other experiments  [11, 14]. In 
another ser ies  of investigations [10, 12, 13]~ however, at no p ressures  (down to 10 mm Hg) was any com-  
plete "degeneration" of bubble-type boiling detected. 
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Fig. 2. Proposed nature of the changes in the temperature of the heating surface for the transitional 
mode of heat t ransfer .  

Fig. 3. Pressure  (p, bar) dependence of the average temperature head corresponding to the onset of 
boiling ATo.b.: 1) water; 2) ethyl alcohol. 

In our own opinion, this difference in the results may be explained by the fact that in [9, II, 14] boil- 
ing took place on heating surfaces of extremely small sizes (the maximum diameter of the heaters was 

5.0 mm in [II, 14] and 0.2 mm in [9]). Since the diameter of the vapor bubbles reaches several tens of 
millimeters at low pressures [I0, Ii, 14-16], for these heater diameters the first vapor bubble "covers" 
the whole surface and leads to the formation of a stable vapor film. On using the end of a round rod as 

boiling surface [10, 12, 13] no such effect could occur. (We note that in [17] there was a high proportion 
of the convective component of thermal flux, and hence a contraction of the zone of bubble-type vaporiza- 
tion, when boiling on thin wires at atmospheric pressure.) 

In our own experiments we found no complete "degeneration" of the zone of bubble-type boiling at 
any of the four pressures indicated. For each of the pressures studied and each of the three liquids, three 
modes of heat transfer appeared: free convection, a transitional mode, and stable boiling. In Fig. 1 these 
modes correspond to different sections of the q = f(AT) curve. 

The zone of free convection naturally offers nothing fundamentally new to our concept of convective 
heat transfer, unless we consider the fact that, as the pressure diminishes, this zone extends into the 
region of temperature heads which, under atmospheric conditions, would correspond not only to developed 
boiling but also to pore formation and critical conditions. Thus for water at 36 and 60 mbar the first, very 
rare vapor bubbles (l-2/min) only developed for__an average temperature head AT of over 20 ~ C, while the 
boiling of alcohol (at 0.036 bar) only started at AT = 38~ It is thus not surprising that the thermocouple 
recorded a very considerable superheating of the mass of liquid relative to the saturation temperature T s 
(by 2-3~ Even for boiling in the transitional mode the superheating of the mass of liquid is usually 0.1- 
I~ There is no doubt that, for the thermal fluxes preceding the onset of boiling, the liquid evaporates 
intensively from the open surface. We may reasonably suppose that the possible superheating of the mass 
of liquid and the temperature head at the onset of boiling depend on the area of the evaporation surface. 

Of greatest interest is the transitional mode of boiling. As noted earlier, for thermal fluxes of the 
order of 20-100 kW/m 2, boiling at the pressures here studied assumed an extremely unstable character. 

For pressures of 0.036 and 0.060 bar, the vaporization which occurs during the boiling of the water 
and salt solution (up to fluxes of the order of 80 kW/m 2) was of such a nature that the frequency of vaporiza- 
tion could be determined by simple counting of the number of bubbles formed in a given period. (For the 
fluxes indicated this frequency was no greater than 1 sec-i.) Then the frequency of vaporization increased 
and the pauses in the process shortened to fractions of a second, although we still failed to observe com- 
plete normalization of the water-boiling process up to thermal fluxes of 200 kW/m 2. The instability of 
the vaporization was naturally accompanied by sharp fluctuations in the temperature of the heating sur- 
face. The thermocouples placed in the section closest to the heat-transfer surface established tempera- 
ture fluctuations with an amplitude of 5-12~ These fluctuations were smoothed out as a certain stabili- 
zation of the process set in (with increasing thermal loading), and in the flux range q = 150-200 kW/m 2 
the amplitude of the temperature fluctuations in the upper cross section of the sample was no greater than 
2~ (It should be noted that, in the other three sample cross sections further from the heating surface, the 
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t empera ture  fluctuations were very  slight, so that over the whole range of thermal  loadings studied we 
were only able to determine the t ime-averaged values of q and T w.) 

The boiling of ethyl alcohol was, in general,  the same as for the other two liquids. However, the 
difference in thermophysical  propert ies  (the thermal  conductivity and heat of vaporizat ion were lower for 
the alcohol) had the effect that, in the boiling of alcohol, the amplitude of the tempera ture  fluctuations of 
the heating surface was considerably smal le r  than in the case of the boiling of water or salt solution, even 
in the region of least stable boiling, while for thermal  fluxes of q = 100 k W / m  2 these fluctuations were 
hardly noticeable at all. For  alcohol boiling at 0.1 and 0.2 bar, this value of the thermal  flux cha rac -  
ter ized the transi t ion to a fair ly stable form of boiling, reminiscent  of ordinary bubble-type boiling, a l -  
though the number of vaporizat ion centers  recorded on the fair ly large heating surface (some 25 cm 2) was 
only 3-5. The comparat ively  frequent spontaneous "switching on" or "switching off" of a par t icular  vapor -  
ization center  led to a 3-5~ fall or r i se  in tempera ture  respect ively in all c ross  sections of the sample 
(and of course  to an analogous change in AT). This is little doubt that such "switchings on" and "switchings 
off" of vaporizat ion centers  always occur when boiling at a tmospher ic  or higher p res su res  also, but in these 
cases  no effect is observed on the average charac te r i s t i c s  of the process ,  since the total number of boiling 
centers  is extremely large,  and the hea t - t ransfer  process  associated with boiling, although actually t r an -  
sient in nature, may be regarded as quasis ta t ionary (almost steady-state) .  Under our own conditions the 
t ransience of this process  appeared quite clearly.  (It should be noted that fixed vaporizat ion centers  failed 
to appear at all on the heating surface up to fluxes of some 200 kW/m 2 in the boiling of water and salt solu-  
tions at p res su res  of 0.036 and 0.60 bar. Under these conditions the bubbles "jumped" around the heating 
surface.) 

It is abundanently c lear  f rom Fig. la ,  b, c that, in the transit ional mode of heat t ransfer ,  an in- 
c rease  in the thermal  loading does not lead to any change in the average  tempera ture  head AT (the q = 
= f(AT) curve is here  vertical).  The mode clear ly  corresponds  to the ear l ie r  observed [9] S-shaped part  
of the q = f(AT) curve for the boiling of ethyl alcohol on a thin wire. An a = f(q) relationship corresponding 
to this region was presented in [12]; instead of values averaged for a specific thermal  flux, two extreme 
values of (~ were given - the maximum for  the instant at which T w fell during vaporization, and the mini-  
mum for the pauses in this process .  No such region on the q = f(AT) curves was established in [13]. In- 
stead zones of f ree  convection and developed bubble-type boiling were presented,  with a break in the region 
of unstable boiling. Our own method of determining the t ime-averaged values of q and T w enabled us for 
the f i rs t  t ime to establish the foregoing charac te r  of the q = f(AT) curve for the transi t ional  mode of heat 
t ransfer .  

This behavior of the relationship in question may be explained in the following manner. Starting f rom 
well established concepts as to the mechanism of boiling, the format ion of the vapor phase requires  the 
overcoming of an energy ba r r i e r ,  the magnitude of which may be character ized,  under otherwise equal 
conditions, by a cer ta in  minimum superheating of the liquid in the boundary layer  (relative to the sa tu ra -  
tion temperature)  at which the f i rs t  viable vapor space is able to develop. Let us suppose that, under our 
own conditions, a cer ta in  superheating of the wall ATma x (Fig. 2) corresponds  to this superheating of the 
boundary layer  of liquid. The format ion of a vapor bubble, together with its subsequent explosive growth, 
reduces  the wall t empera ture  to a value of Twmin; this reduction takes place very  quickly, in fact d u r i n g  
the period of growth of the vapor bubble, which under the present  conditions is no grea ter  than ~g = 0.05- 
0.08 sec. The subsequent "silent" or "idle" t ime of the bubble ~-d is very  considerable for boiling in vacuum 
(as already indicated, for fluxes of q = 100 k W / m  2 the vaporizat ion frequency in the boiling of water  is of 
the order  of 1 sec -1, i.e., the bubble period ~'bub = 1 sec, while "r d = 0.92-0.95 sec). During the "idle t ime" 
there is a r i se  in the tempera ture  of the heating surface,  which re turns  to its maximum value of Twmax, 
and the process  repeats  itself. 

We may suppose that under the conditions ~'d >> ~'g an increase  in the thermal  load only leads to an 
increase  in the frequency of vaporizat ion as a resul t  of a reduction in the "idle t ime";  the values of Twmax 
and Twmin will on average  remain  unaltered, so that the tempera ture  fluctuations of the heating surface 
will occur at an increasing frequency around the same average value of Tw (right-hand side of Fig. 2). 
Only when T d falls to values comparable with the bubble growth time ~-g will there be an increase  in the 
average value of the tempera ture  head AT as the thermal  loading increases ;  this in turn will lead to an 
increase  in the number of vaporization centers ,  and the normal  mechanism of bubble-type vaporizat ion 
will accordingly ensue. (In all the curves of Fig. 1 we notice a tendency toward the slope usually en- 
countered in bubble-type boiling, corresponding to the relationship q ~ AT 3 for thermal  fluxes of q > 100- 
150 kW/m2.) 
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It should be noted that, in prac t ice ,  the sur face  some t imes  develops not one but s eve ra l  bubbles 
(4-5, or occas ional ly  up to 10); the deviations of the hea t ing- su r face  t e m p e r a t u r e  f rom the ave r age  value 

of Tw va ry  accordingly.  

However ,  prolonged observa t ion  shows that both the f requency of vapor iza t ion  and the ampli tude of 
the t e m p e r a t u r e  f luctuations on ave rage  r e m a i n  unchanged for  any par t i cu la r  t he rma l  flux, so that  the 
foregoing qual i ta t ive explanation of the h e a t - t r a n s f e r  mechan i sm in the t rans i t ional  mode sa t i s fac to r i ly  
app rox ima te s  the t rue  picture ,  despi te  the ideal izat ion envisaged. 

The exis tence  of a t rans i t iona l  zone on all  the q = f(AT) curves  (Fig. 1) indicates that the value of 
AT cor responding  to this zone const i tutes  a pa r t i cu la r  "average"  t e m p e r a t u r e  head, s ta r t ing  f r o m  which 
boiling is able to take place f r ee ly  under the conditions in question. To each p r e s s u r e  the re  co r re sponds  
a pa r t i cu la r  t e m p e r a t u r e  head a t  which boiling takes  place. F igure  3 gives the logar i thmic  f o r m  of the 
re la t ionship  ATo.b. = f(p) (p ressu re  dependence of the mean temperature__ head at  the onset  of boiling). This  
re la t ionship  is identical  for  wa te r  and alcohol. The inc rease  in ATo.b. with decreas ing  p r e s s u r e  is en-  
t i r e ly  natura l  and follows f r o m  the explanation given, for  example,  in [9]. 
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N O T A T I O N  

specific thermal flux; 
temperature of heating surface; 
saturation temperature of the liquid determined from the pressure over its surface; 
temperature head; 
heat-transfer coefficient; 
growth time of vapor bubbles; 
"idle" time; 
period of bubbles; 
pressure of the system; 
temperature head at the onset of boiling. 

LITERATURE CITED 

1. V . M .  Bor ishanski i ,  in: Quest ions of Heat  T r a n s f e r  and the Hydrodynamics  of T w o - P h a s e  Media 
[in Russian] ,  G]~I (1961). 

2. V . P .  Isachenko et al . ,  Heat  T r a n s f e r  [in Russian] ,  ]~nergiya (1965). 
3. S . S .  Kutateladze,  Fundaments  of the Theory  of Heat  T r a n s f e r  [in Russian] ,  Mashgiz (1962). 
4. W . M .  Rohsenow, in: Modern P r o b l e m s  of Heat  T r a n s f e r  [Russian t ranslat ion] ,  t~nergiya (1966). 
5. L. Lepper t  and K. Pit ts ,  in: P r o b l e m s  of Heat  T r a n s f e r  [Russian t ranslat ion] ,  Atomizdat  (1967). 
6. E. I .  Nesis, Uspekhi Fiz. Nattk, 87, No. 4 (1965). 
7. W. Fritz and W. Ende, in: Questions on the Physics of Boiling [Russian translation], Mir (1964). 
8. D.S. Cryder and A. C Finalborgo, Trans. Amer. Inst. Chem. Engrs., 33, 346-362 (1937). 
9. C.J .  Rallis and H. N. Jawurek, Inst. J. Heat and Mass Transfer, 7, No. 10, 1051-1068 (1964). 

m 

10. V.I. Deev et al., Teplo6nergetika, No. 8 (1965). 
11. N.N. Mamontova, Zh. PriM. Mekhan. i Tekh. Fiz., No. 3 (1966). 
12. V.I. Petrovichev et al., in: Questions of the Heat Physics of Nuclear Reactors [in Russian], Atom- 

izdat (1968). 
13. J. Rabin, R. Beaubouef, and G. Commerford, Chem. Engng. Progr. Sympos. Series, No. 57, 61, 

249-257 (1965). 
14. S.S. Kuateladze and N. N. Mamontova, Inzh.-Fiz. Zh.,. 12, No. 2 (1967). 
15. R. Cole and H. Shulman, Chem. Engng. Progr. Sympos. Series, No. 64, 62, 6-16 (1966). 
16. R .A .G .  Cole, ChEJ, 13, No. 4, 779-783 (1967). 
17. S.S. Kutateladze et al., Inzh.-Fiz. Zh., 12, No. 5 (1967). 

425 


