
3. H. Mert and J. Clark, "Heat t ransfer  during boiling of cryogeni c liquids under normal, reduced, and 
almost zero-gravitycondit ions,"  Teploperedacha, C-86, No. 3 (1964). 

4. E . K .  Kalinin, I. V. Podzei, andS. V. Blokhin, Izv. Akad. NaukBSSR, Ser. F iz . -Energ .  Nauk, No. 4, 
24 (1971). 

5. V.V. Klimenko, Author's Abstract of Candidate's Dissertation (1975). 
6. O. Burggraff, ,Exact solution of the inverse problem in the theory of heat conduction," Teploperedacha, 

C-86 , No. 3 (1964). 
7. l~. K. Kalinin, "Nonstationary convective heat exchange and hydrodynamics in channels," Izv. Akad. 

Nauk BSSR, Ser. Fiz. -Tekhn. Nauk, No. 4 (1966). 
8. E . K .  Kalinin, I. I. Berlin,  V. V. Kostyuk, and E. M. Nosova, "Transit ion boil ingofcryogenicfluids," 

Teplofiz. Vys. Temp.,  14, No. 2 (1976). 
9. E . K .  Kalinin, I. I. Berlin,  V. V. Kostyuk, and Yu. SI Kochelaev, "Heat exchange in power apparatus 

elements during film boiling," Surveys of Science and Engineering [in Russian], VINITI (1972). 
10. V . A .  Grigor 'ev,  D. M. Pavlov, and E. V. Ametistov, "On the correlation of experimental data on heat 

exchange during boiling of certain cryogenic liquids in a free volume," Teploenergetika, No. 9 (1973). 

M O L E C U L A R  T H E R M O D Y N A M I C  M E T H O D  

H E A T  T R A N S F E R  IN L I Q U I D  B O I L I N G  

OF CORRELATING 

I .  P .  V i s h n e v  UDC 536.423 

A correlation is obtained for heat t r ans fe r  in boiling of various liquids. A classification of ma-  
terials in similarity groups is proposed. 

The present  thermodynamic method for analyzing the vapor-generation process has been used success-  
fully to develop important aspects of theory and to calculate many thermal processes.  Boiling involves very ~ 
complex physical processes  which depend on thermodynamic, hydrodynamic, and molecular factors.  

The well-established correlations of Kruzhilin, Kutateladze, Borishanskii, Tolubinskii, Labunstov, et 
al . ,  based on the thermodynamic method of analyzing the process ,  do not allow correlation of test  data on heat 
t ransfer  in bubble boiling of liquids with sharply differing physical propert ies  and process conditions. 

The method proposed by I. I. Novikov and V. M. Borishanski i  for obtaining correlat ions,  based on using 
the thermodynamic law f o r t h e  respective states,  although it enlarges the capability to calculate the influence 
of physical propert ies  of the boiling medium, does not however provide a broad correlation of heat t ransfer  in 
boiling of liquids under different hydrodynamic process conditions. 

The reasons for the unsatisfactory correlation with methods of thermodynamic analysis of test  data on 
heat t ransfer  in bubble boiling, in our opinion, lie in the deviation of individual propert ies  of substances from 
the general thermodynamic law for the respective states [8, 10, 52, 53], in the incomplete allowance for hy-  
drodynamic process conditions and the effect of the molecular properties of the material ,  part icularly the in- 
termolecular  interactions in phase transition, and also in the fact that existing methods for allocating sub- 
stances into thermodynamically similar groups do not take into account certain properties which characterize 
the behavior of different substances in the vapor-generation process.  

It is evident that the thermodynamic method of analysis,  while remaining important,  has lost its exclu- 
sive feature and must be supplemented. The supplement may take the form of analysis of the boiling process 
allowing for the molecular character is t ics  of the system. 

The main content of the molecular thermodynamic method is the fact that the boiling process is con- 
sidered from the viewpoint of simultaneous interaction of macro-  and micropart icles of material;  the alloca- 
tion of boiling substances to similarity groups is carr ied out on the basis of the influence of the thermodynamic 
propert ies of the substance in the corresponding process states,  and also the nature of interaction of molecules 
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art icle submitted February 13, 1978. 

394 0022-0841/79/3604- 0394507~ �9 Plenum Publishing Corporation 



and the i r  quantum-mechanical  s t ruc ture ;  a more  complete sys tem of original  equations and boundary conditions 
is used,  including the previously  de te rmined  initial sys t ems  of equations of Kruzhi l in ,  Kutateladze,  Bor i shan-  
skii, as well  as  additional boundary conditions [13]. 

In [13] a cor re la t ion  is der ived for  heat  t r a n s f e r  in boiling, and i t a l so  gives the thermodynamic basis  and 
an in terpre ta t ion of the basic p a r a m e t e r s  of the equation 

Nu = cM~Pr~'Wn~H-'T~. (1) 

Below we give a molecu la r  basis fo r  Eq. (1) and descr ibe  the method of analysis  of the boiling p rocess .  

The aggregate  state of an actual substance,  as is known, is de termined by in te rmolecu la r  bonds, on 
which depend p roper t i e s  of the substance such as capi l lary  phenomena,  thermal  capaci ty ,  thermal  expansion,  
v i scos i ty ,  thermal  conductivity,  latent  heat  of vaporizat ion,  vapor p r e s su re ,  work  function, the amount of work 
done by the vapor ,  and the internal  energy of vaporizat ion.  All these p roper t i es  are  in te r re la ted  and are  de -  
t e rmined  by the in te rmolecu la r  interact ion.  However ,  it is as yet  difficult  te re la te  these quantit ies uniquely 
with the energy  of collective in te rmolecu la r  in teract ion [8, 9, 52, 55, 58]. This is probably why there  has not 
ye t  in fact  been a theore t ica l  investigation of heat  t r ans fe r  of boiling of l iquids,  allowing fo r  the molecular  
p roper t i es  of the sys tem.  All the known cor re la t ions  have descr ibed  the p rocess  only with the help of t h e r m o -  
dynamic p a r a m e t e r s  without d i r ec t  calculation of the basis molecu la r  p roper t i es  of the mate r ia l .  No laws 
have been establ ished descr ib ing the heat t r an s f e r  p rocess  in boiling with the molecular  conditions. In this 
paper  we use the molecular  thermodynamic  method to analyze and descr ibe  the heat t r ans fe r  p rocess  in boiling 
of liquids of var ious kinds. 

Any change in the in te rmolecula r  in teract ions  with combination o rdecompos i t ion  of molecules  during 
phase t ransformat ions  is associa ted  with a r e a r r an g em en t  of the e lec t ron ic  shells and a var ia t ion of dis tances 
in the molecules  [2, 4, 9, 17]. T h e r e f o r e ,  the energy  expended in the change of aggregate  state of the ma-  
te r ia l  caia be de t e rmined ,  with sufficient accuracy ,  only if one takes into account the molecular  s t ruc ture  •f 
the substance [1, 2, 7, 8, 59]. However ,  the thermodynamic p a r a m e t e r s  Ts and L,  and also the L e n n a r d -  
Jones potential cannot account for  the molecu la r  s t ruc ture  of the substance and do not accura te ly  descr ibe  the 
energy  of in te rmolecula r  interact ion in the state [1, 7, 8, 10-12, 53, 56]. 

The energy  cha rac te r i s t i c  of in te rmolecu la r  in teract ions  depends in a complex way on the nature ,  
mass ,  and size of the molecules ,  the shape of t he i r  lat t ice s t ruc ture ,  the polari ty,  the polarizabil i ty,  
and other effects .  The change in the aggregate state of the liquid and vapor  is connected with the complex in-  
t e rmolecu la r  in teract ion and as ye t  there  is no method by which one could calculate these in teract ions  numer i -  
cally [2, 8, 9, 18, 57]. 

Because there  is a lmost  no potential  energy  of interact ion between molecules  in a gas, compared to 
molecules  in a liquid, it appears  possible to de termine  the energy of potential  in te rac t ion  of liquid molecules  
f rom the kinetic energy communicated by the molecules  in t ransi t ion of mater ia l  f r o m  the liquid to the vapor  
s ta te ,  i . e . ,  f rom the amount of heat  expended in complete breakdown of the bonds between molecules  in the 
l i qu id -va po r  phase t ransi t ion.  To do this ,  one must  consider  the change in energy of molecules  of different  
substances in the boiling p rocess  in r igorous ly  corresponding s ta tes ,  and allocate ma te r i a l s  to s imi la r i ty  
groups,  allowing for  the s t ruc tu re  of molecules  and the nature of the interact ions.  

Different  methods a re  known for  allocating substances to thermodynamical ly  s imi la r  groups [10, 12, 53, 
56, e ta l . ] .  Howevera l l  these methods have a number of defects .  The use of the principle  of equality of c r i t i ca l  
coeff ic ients ,  of Tru ton  number ,  and also Guldberg number  does not give positive r e su l t s ,  since the values do 
not prove to be constant for  the ma t e r i a l s ,  r e fe renced  to a pa r t i cu la r  group (or even a homologous) [1, 8, 10-  
12, 56]. These  methods do not provide a unique comprehensive charac te r i s t i c  for  the substance,  probably 
because  the p a r a m e t e r s  which they use do not take into account the molecular  p roper t i e s  of the substance. 

Below we descr ibe  the molecular  thermodynamic  method of classifying heat  t r an s f e r  agent mate r ia l s  by 
s imi la r i ty  groups,  accounting for  the molecular  and thermodynamic  proper t ies  of the boiling substances.  

As a general ized p a r a m e t e r  descr ibing,  as will be shown below, the level  of in te rmolecular  interact ion 
in the above-mentioned p roce s s ,  we take the molecu la r  m a s s ,  which, according to Avogadro 's  law, M = (p/ 
Pc )Mc o r  M = (P/ltgo2)MO2. The number M was f i r s t  used in the heat  t r ans fe r  equation in boiling by V. M. 
Borishanski i  [58]. 
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Fig. 1. Influence of the p a r a m e t e r  M on the 
c lass i f ica t ion  of boiling liquids in s imi l a r i ty  
groups:  1) H2; 2) He4; 3) Ne; 4) N2; 5) 02; 6) 
A t ;  7) CH4; 8)r 9) H20; 10) C2HsOH; 11) 
ib_14; 12) ~-12; 13) Na; 14) K; 15) Hg; 16) F2;17 ) 
03; 18) Kr ;  19) Xe; 20) NH3; 21) Li; 22) C6H6; 
23) CO2; 24) C s.  

I t  is known [7, 8, 12] that the mo lecu l a r  m a s s  M is a consti tut ive quanti ty,  i . e . ,  it is re la ted  to the 
molecu la r  s t ruc tu re .  We the re fo re  postulated [19, 54] that the molecu la r  m a s s  of a subs tance ,  if one takes 
into account the nature of the molecu le ,  can desc r ibe  in a complex way the act ivi ty of mo lecu la r  in teract ions  
in a p roce s s  like phase t rans i t ion  of a substance  during vapor  format ion.  For  this kind of cha r ac t e r i s t i c  it is 
n e c e s s a r y  that  all  the subs tances  cons ide redbe  c lass i f i ed  in  phys ica l ly  s i m i l a r  groups ,  allowing fo r  the m o l e c -  
u lar  s t r u c t u r e  and the i r  in te rac t ions .  

On the bas is  of an ene rgy  table  (Table 1) of molecu les  fo r  c ryogenic ,  high-boi l ing,  and meta l l i c  liquids 
we have given: the re la t ive  mo lecu l a r  m a s s  of the subs tance ,  the molecu la r  s t r u c t u r e ,  the s imi l a r i ty  of the 
shape (or nature) of i n t e rmolecu la r  bonds,  and the in teract ion energy  between molecu les .  

I t  can be seen f rom Table  1 that m a t e r i a l s  which are  widely known, and for  which the boiling p ro ce s s  has 
been studied in detai l  exper imen ta l ly ,  a re  divided into s eve ra l  groups according  to s imi l a r i ty  in the nature 
of the i n t e rmolecu la r  bonds. In each group the subs tances  a r e  o rde red  by sequential  inc rease  in the re la t ive  
mo lecu l a r  m a s s  and by the complexi ty  of the s y s t e m  of e lec t ron ic  configuration of the molecules  and the i r  
nuclei.  

The f i r s t  group contains mainly  liquids with nonpolar  mono-  and dia tomic nonassoc ia ted  molecules  with 
a covalent  bond, the outer  orb i ta l  of which is populated by only P - e l e c t r o n s  (except fo r  H 2 and He4), and whose 
nuclear  charge  is even. This  group contains all the cryogenic  liquids. 

The second group contains predominant ly  liquids with po la r  mul t ia tomic  as soc ia t ive  molecules  with an 
ionic bond, whose outer  orb i ta l  is a l so  populated only by P e l ec t rons  with an even value of nuclear  charge.  
This  group contains liquids with a high boiling t e m p e r a t u r e  and complete ly  halogenized F reons .  

The thi rd  group contains liquids with a me ta l l i c  bond for  the molecules  (or a toms) ,  where  the outer  o r b i -  
tal  contains only+ S e l ec t rons ,  and the nuclear  charge  has  an odd value (except fo r  Hg). 

I t  is typical  that  in each group of Table  I subs tances  a re  located in the o rde r  of sequential  increase  in 
the number  of e lec t rons  in the ex te rna l  quantum level  or  in the two las t  levels ,  which indicates a connection 
between the re la t ive  molecu la r  m a s s  and the e lec t ron  configuration of the molecules  and with the s t ruc tu re  of 
t he i r  nuclei. A s i m i l a r  bond a l so  ex is t s  between the a tomic  m a s s  and i ts  e lec t ron ic  and nuclear  s t ruc tu re  [4, 
7, 10]. 

To de t e rmine  the energy  bond between groups of molecules  fo r  di f ferent  subs tances  (graph 4 and Table  
1) expe r imen ta l  data f r o m  m o r e  than 70 inves t iga tors  on the boiling of 20 liquids was p rocessed .  F igure  1 
shows the resu l t s  of p roces s ing  in the coordinates  of the cor re la t ion  equation Eq. (1). It can be s e e n  in Fig. 1 
that all  the liquids cons idered  fall  into three  physica l ly  s im i l a r  groups ,  as was foreshadowed by Table  1. On 
the bas is  of graph 4 of Fig. 1, Table  1 shows the numer ica l  values  of the in teract ion energy  between molecules  
in the vapor -gene ra t ion  p r o c e s s .  
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T A B L E  2, C r y o g e n i c  L iqu ids  

Liquid 

Helium 

Hydrogen 

Neon 

Nitrogen 

Liquid 
air 50% 

Nz+Oz  

Argow 

Oxygen 

Oxygen 

Methane 

! 

Point { p, 
2 

~o. kg/cm 

; 1 
1 

3 0,71 
1,83 

65 .1 
I 

1 
9 1 

lO 1 
11 5,1 
12 8,5 
13 t 
14 1 
15 1 
16 4 
17 10 
18 I 
19 1 
2O 1 
21 1 
22 0,42 
23 7,72 
24 15,7 
25 1 

Ts,~ 

4,2 
4,2 
3,8 
4,9 
4,2 
4,2 
4,2 
4,2 
4,2 

20,2 
27,5 
31 
27,0 
27,0 
27,0 
32,5 
37,5 
77,3 
77,3 
77,3 
77,3 
7O 

100 
I l l ,2 
83,8 

T_A__~ 

0,811 
0,811 
0,733 
0,446 
0,81t 
0,811 
0,8t 1 
0,8t t 
0,8tl 
0,61 
0,83 
0,94 
0,61 
0,61 
0,61 
0,73 
0,84 
0,61 
0,61 
0,81 
0,61 
0,55 
0,79 
0,88 
0,59 

26 1 87,3 
27 4 103,4 
28 16 125 
29 32,9 I41 
50 1 90,2 
51 1 90,2 
52 1 90,2 
53 1 90,2 
54 1 90,2 
55 I 90,2 
56 1 90,2 
57 lO 120 
Y8 32,2 143 
59 I ii1,7 
t0 1 111,7 
H 14,1 156,5 
#2 37,8 183,7 

conducfivifics used are for the 

0,58 
0,68 
0,85 
0,94 
0,53 
0,53 
0,53 
0,53 
0,53 
0,53 
0,53 
0,776 
0,93 
0,58 
0,58 
0,82 
0,96 

Boiling conditions 

Free volume . 
Inambe t[d=86 
Free volume 
The same 

} 

} 

} 

} 

} 

Free volume 
The same 

Inatube I/d=560, H=0,4 
Fre.~ volume 
The same 

Inatube I/d=560, H=0,6 

Free volume 
The same 

I~atube I/d=106, H=0,4 
The same H=0,6 

H = 0 , 9  
i/d=330, H=0,8 
I/d=560, H=0,6 

Free volume 
The same  

Free volume 
The same 

*The thermal metal [39], 

Literature 
$OLI rC~  

[2o1" 
[201" 
[20]* 
[20]* 
1211 
[22] 
[23] 
I241 
i251 
[261 
[271 
[271 
[221 
[26l 
[28] 
[28] 
[28] 

[29-.33] 
[341 
I211 
[25] 
[23] 
[23] 
[23] 

[29-33] 

[25l 
[35] 
[35] 
[35] 

[29-33] 
[29.--33] 
[29--331 
[29--33] 
[29-33] 

[3s] 
[35] 
[371 

[351 
[38] 
[38] 
[38l 

The  p a r a m e t e r  B e x p r e s s e s  in d i m e n s i o n l e s s  q u a n t i t i e s  the  e n e r g y  e x p e n d e d  in b r e a k i n g  down the bonds  
be tween  m o l e c u l e s  of  the  l iqu id  in the  v a p o r - f o r m a t i o n  p r o c e s s .  F r o m  T a b l e  1 and F i g .  1 i t  can  be s e e n  tha t  
the  e n e r g y  of  i n t e r a c t i o n  be tween  m o l e c u l e s  in a p h a s e  t r a n s f o r m a t i o n  of  d i f f e r e n t  s u b s t a n c e s  b e l o n g i n g  to the  
s a m e  s i m i l a r i t y  g r o u p  v a r i e s  wi th  i n c r e a s e  in the r e l a t i v e  m o l e c u l a r  m a s s  of the  s u b s t a n c e .  In a t r a n s i t i o n  
f r o m  s u b s t a n c e s  of the  f i r s t  g roup  (l ine I) to  s u b s t a n c e s  of the  s e c o n d  and t h i r d  g r o u p s  ( l ines  II  and  III) .  the  
e f f e c t  of change  in e n e r g y  wi th  i n c r e a s e  of M is r e p e a t e d  p e r i o d i c a l l y .  W e  s h a l l  c a l l  t h i s  e n e r g y  change  in a 
p h a s e  t r a n s i t i o n  q u a s i p e r i o d i c .  Th i s  n a t u r e  of the r e l a t i o n s h i p  con t inues  th rough  T a b l e  1, d e p e n d i n g  on the 
e l e c t r o n i c  con f igu ra t i on  of the  m o l e c u l e s .  We note tha t  fo r  s u b s t a n c e s  whose  e x t e r n a l  o r b i t a l  is  popu la t ed  by 
P e l e c t r o n s  and whose  n u c l e a r  c h a r g e  i s  even  ( c r y o g e n i c  and h i g h - b o i l i n g  l i q u i d s ) ,  the  e n e r g y  in b r e a k d o w n  of  
m o l e c u l e s  in  v a p o r  f o r m a t i o n  d e c r e a s e  w i th  i n c r e a s e  of the  m o l e c u l a r  m a s s  of  t he  m a t e r i a l .  C o n v e r s e l y ,  f o r  
s u b s t a n c e s  c o n s i s t i n g  of m o l e c u l e s  w h o s e o u t e r o r b i t a l  i s  popu la t ed  b y  S e l e c t r o n s  and w h o s e  n u c l e a r  c h a r g e  
i s  odd ( m e t a l l i c  l i qu ids ) ,  the  t o t a l  e n e r g y  in b r e a k d o w n  of  m o l e c u l e s  d u r i n g  v a p o r  g e n e r a t i o n  i n c r e a s e s  wi th  
i n c r e a s e  of  m o l e c u l a r  m a s s  of the  s u b s t a n c e .  

The  c a u s e  of v a r i a t i o n  of e n e r g y  e x p e n d e d  in b r e a k d o w n  of m o l e c u l e s  d u r i n g  v a p o r  f o r m a t i o n  of d i f f e r e n t  
s u b s t a n c e s  i s  the  e f f ec t  of  s c r e e n i n g  of the n u c l e i  of the  m o l e c u l e s  by t h e i r  own e l e c t r o n s .  

T h u s ,  the  k ine t i c  e n e r g y  e x p e n d e d  in o v e r c o m i n g  the  i n t e r m o l e c u l a r  i n t e r a c t i o n s  in the  bo i l i ng  p r o c e s s  
d e p e n d s  on the q u a n t u m - m e c h a n i c a l  s t r u c t u r e  and the n a t u r e  of  the  bond be tween  the i n t e r a c t i n g  m o l e c u l e s .  

The  e f f e c t s  of  m o l e c u l a r  t h e r m o d y n a m i c  i n t e r a c t i o n  d e s c r i b e d  p e r m i t  u s  to  f o r m u l a t e  the  fo l lowing  l aw:  
the  e n e r g y  p r o p e r t i e s  of  m a t e r i a l s  d u r i n g  v a p o r  f o r m a t i o n  depend  in a q u a s i p e r i o d i c  m a n n e r  on the  n a t u r e  of 
the  i n t e r m o l e c u l a r  bonds  and on the r e l a t i v e  m o l e c u l a r  m a s s e s  of  the s u b s t a n c e .  
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TABLE 3. H i g h - T e m p e r a t u r e  Liquids  

Liquid 

Water 

Freon-14 
Freon-12 

Freon-22 

Ethyl 
alcohol 

Benzene 

Carbon  
dioxide 

Point 1 P' 
No. kglem 2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
t l  

T s , *K 

12 

13 
14 
15 
16 

17 
18 
19 

2O 
21 
22 
23 

24 
25 
26 

1 
1 
l 
1 

10 
5O 

100 
199,9 

i 
1,72 
5,76 
5,05 
3,62 
6,95 
9,38 
8,5 
1 

40,2 
59,6 
0,987 
2,72 
22,5 
36,2 
44,8 
64,4 
65,9 

373 
373 
373 
373 
453 
536 
584 
638 
145 
256 
293 
29O 
263 
283 
293 
289 
351 
486 
513 
348 
381,2 
50I 
537 
283 
298, ! 
298, 3 

r___t_8 
rcr 

0,577 
0,577 
0,577 
0,577 
0,7 
0,83 
0,9 
0,99 
0,64 
0,668 
0,76 
0,752 
0,713 
0,767 
0,795 
0,784 
0,68 
0,94 
0,995 
0,62 
0,68 
0,893 
0,957 
0,93 
0,96 
0,98 

Boiling conditions 

In a tubr H=l_ 
The same H=0,7 
The same H=0,5 

1/d=58, H=0,25 
Free volume 
The same 

Free volume 
Free volume 
The same 

Free volume 
The same 

Free volume 
The same 

Free volume 
The same 

Free volume 
The same 

]D 

J Literature 
source 

140] 
[401 
[40l 
[41] 
[421 
[42l 
[42] 
[42] 
[351 
[43] 
[43] 
[44] 

[431 
[43] 
[43] 
[441 
[421 
[421 
[42] 
[45] 
[451 
[45l 
[451 
[461 
[461 
[471 

TABLE 4. Lic 

 ?int 
Liquid ~o..  

Sodium 1 

Sodium 2 
Potassium 3 

4 
5 

Cesium 6 
Mercury 7 

8 

uid Meta l s  

P ,  o K 
kg/m ~ r,. 

0,147 973 
0,922 1133 

l 1033 
1095 2,04 
1033 

0,006 613 
l 629 

4,5 718 

�9 T 8 

0,385 
0,448 
0,486 
0,515 
0,486 
0,322 
0,431 
0,432 

Boiling conditions 

Free volume 

Free volume 
Free volume 
The same 
Inatube l/d-~60 

Free volume 
Free volume 
The same 

Literature 
S o u r c e  

[48] 
[48] 
[49] 
[49] 
[51l 
[48] 
[5o] 
[48l 

What  has been  sa id  above is ev idence  that  one of the i m p o r t a n t  d i m e n s i o n l e s s  p a r a m e t e r s  gove rn ing  the 
bo i l ing  p r o c e s s  of l iqu ids  of d i f f e r en t  types  is the n u m b e r  M, the m o l e c u l a r  m a s s .  Howeve r ,  no laws were  
e s t a b l i s h e d  in  a p r e v i o u s  pape r  [58] for  the in f luence  of M on the bo i l ing  p r o c e s s  for  d i f f e ren t  l i qu id s ,  and the 
phys i ca l  m e a n i n g  of th is  was  not  iden t i f i ed ,  t ak ing  into account  the n a t u r e  of i n t e r a c t i o n  and the s t r u c t u r e  of 
the m o l e c u l e s  of the bo i l ing  s u b s t a n c e .  

The  va l id i ty  of the above c l a s s i f i c a t i o n  of m a t e r i a l s  by s i m i l a r i t y  groups in  the m o l e c u l a r  t h e r m o d y n a m i c  
method  of a n a l y s i s ,  and of the law e s t a b l i s h e d  is  c o n f i r m e d  by the fac t  that  by u s i n g  these  one can c o r r e l a t e  
the e x p e r i m e n t a l  r e s u l t s  of bubble bo i l ing  of d i f f e ren t  l iquids  in a s ing le  t echn ique ,  f r o m  h e l i u m  to l iquid  
m e t a l s  at  low and n e a r - c r i t i c a l  p r e s s u r e s  (Fig. 2), and obta in  c o r r e l a t i o n s  for  n u m e r i c a l  eva lua t ion  of hea t  
t r a n s f e r  d u r i n g  boi l ing  in a f r ee  vo lume  and in tubes  with n a t u r a l  flow c i r cu l a t i on :  for  c r y o g e n i c  l iquids  we have 

Nu = 9M-~176176 

for  h i g h - t e m p e r a t u r e  bo i l ing  l iquids  we have 

Nu = 9M - ~  . lpr o. 3s..,Ow ' 7H-m-l~ 

and for  l iquid  m e t a l s  we have 

Nu = 0 8M ~176176 7T~ 
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Fig. 2. Hea t - t r ans fe r  in bubble boiling: a) cryogenic  liquids 
(the pa ramete r s  of the experimental  points are  given in Table 
2).; b) h igh- tempera ture  liquids (the pa rame te r s  of the exper i -  
mental  points are  given in Table 3); c) liquid metals  (the 
p a r a m e t e r s  of the experimental  points are  given in Table 4). 

These formulas  have been checked, and with them we can calculate to an accuracy  up to ~20% theheat  
t r ans fe r  coefficients in bubble boiling of the liquids l is ted in Table 1 in the following range of p a r a m e t e r s :  
W = 0.15-106; M = 2-200; H = 0.25-1; T T = 0.32-0.99; P r  = 2 .41-3-7 ,9" | / /d=1-560;  d = 1-40 mm with circulat ing 
velocit ies up to 1 m/sec .  

These formulas  descr ibe  heat t ransfer  on different heating sur faces  of thickness less  than 0.5-1 mm with 
a technical p rocess  purity of 6 -< pm: 

N O T A T I O N  

Nu = (q/~-~t)(a/7-yv) ~ is the Nussel t  number  for  boiling; 
P r  =v/a is the Prandt l  number;  

*As in Russian O r i g i n a l -  P t tb l i sher .  
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H =h/l 
W = [q(//d)0"65/LT v v ] ( a / (T  - T v )~ 

M = (T/Yc)MC 
T T = Ts /Tcr  

q, qc r t  
C 

% "/v 
T C ,  TO 2 , M C ,  MO 2 

k 
(Y 

At 
P 

a = } J c ~  

h 
d , l  
L 
Ts 
Tcr  
m = [2900.(//d)-1"65] l ' k .  lo-k;  
m 1 = [1300.(//d)-1.65] I-K. 10-1.35k; 

is the apparent liquid level in a vert ical  tube; 
is the analogue of the Reynolds number for boiling, where the reduced 
velocity of motion of the vapor is taken as the governing parameter ;  
is the relative molecular mass of the substance; 
is the thermodynamic similarity parameter  for the substance, describing 
the relative kinetic energy of thermal motion of the molecules; 
are the specific and critical heat flux density; 
is the specific heat of the liquid; 
are the specific weight of liquid and vapor; 
are the specific weight and the molecular mass of carbon dioxide and 
oxygen; 
is the thermal conductivity of the liquid; 
is the surface tension; 
is the temperature difference; 
is the kinematic viscosity of the liquid; 
is the thermal diffusivity; 
is the absolute level or the hydrostatic head of the liquid in the tube; 
are the inner diameter and the length of the tube; 
is the heat of vapor formation; 
is the boiling temperature;  
is the crit ical temperature;  

k = q/0.1qcr 1 
For boiling in a free volume H = l , l / d  = 80. 

L I T E R A T U R E  C I T E D  

1. E . A .  Moelwyn-Hughes, Physical Chemistry,  Pergamon (1964). 
2. I . K .  Kikoin and A. K. Kikoin, Molecular Physics [in Russian], Fizmatgiz, Moscow (1963). 
3. Zh. Fichini, Lambrozo-Bader ,  and Zh. K. Dezepi, Basic Physical Chemistry [Russian translation], 

Mir, Moscow (1973). 
4. Physics Encyclopedia, Vol. 3 [in Russian], Soy. ~.ntsik. , Moscow (1963). 
5. Physics Encyclopedia, Vol. 1 [in Russian], Soy. Entsik. ,  Moscow (1960). 
6. Physics Encyclopedia, Vol. 2 [in Russian], Soy. Entsik. ,  Moscow (1962). 
7. M.V.  Vol'kenshtein, Molecular Structure and Physical Propert ies  [in Russian], Izd. Akad. Nauk SSSR, 

Moscow-Leningrad (1955). 
8. J. Hirschfelder,  C. Curtis, and R. Bird, Molecular Theory of Gases and Liquids, Wiley (1964). 
9. L . D .  Landau, A. I. Akhiezer,  and E. M. Lifshits, General Physics Course: Mechanics: Molecular 

Physics [in Russian], Nauka, Moscow (1969). 
10. M . P .  Vukalovich and I. I. Novikov, Thermodynamics [in Russian], Mashinostroenie, Moscow (1972). 
11. I . S .  Badyl'kes, Working Substances of Refrigeration Equipment [in Russian], Promizdat,  Moscow (1952). 
12. S. Bretshnaider,  Propert ies  of Gases and Liquids [in Russian], Khimiya, Moscow-Leningrad (1966). 
13. I . P .  Vishnev, Inzh.-Fiz.  Zh., 32, No. 5 (1977). 
14. I . P .  Vishnev, Khim. Neft. Mashinostr.,  No. 5 (1973). 
15. I. P. Vishhev, Khim. Neft. Mashinostr.,  No. 3 (1973). 
16. D . I .  Mendeleev, The Periodic Law [in Russian], Izd. Akad. Nauk SSSR, Moscow (1958). 
17. M. Kh. Karapetyants and S. I. Drakin, Structural Materials [in Russian], Vys. Shkola, Moscow (1970). 
18. I . Z .  Fisher ,  Statistical Theory of Liquids, Univ. of Chicago Press  (1964). 
19. I. P. Vishnev, Heat and Mass Transfer -5 ,  Vol. 3, Pt. 1, Minsk (1976), p. 3. 
20. I . P .  Vishnev, V. V. Gorokhov, and Ya. G. Vinokur, Khim. Neft. Mashinostr.,  No. 9 (1975). 
21. V . A .  Grigor 'ev et al., Report M~I Conf. 1968-69 [in Russian], MIni, Moscow (1969). 
22. L . B .  Dinaburg, Cryogenics, 7, No. 3 (1971). 
23. D .  N. Lyon, Adv. Cryog. Eng., 10 (1965). 
24. I . S .  Boisen et ai. ,  Adv. Cryog. Eng., 13 (1968). 
25. S. Kugler and I. K. Crossley, I. I. R. Comm. l ,  London (1969). 
26. Bivelogua, R. Knoner, and G. Vol'f, Cryogenics, 6~ No. 1 (1966). 
27. S .R .  Klass et al. ,  Adv. Cryog. Eng., 5 (1960). 
28. I . M .  Astrik et al., Adv. Cryog. Eng., 12, (1967). 

401 



29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 

37. 
38. 
39. 

40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 

49. 
50. 
51. 

52. 

53. 

54. 

55. 

56. 
57. 
58. 

59. 

I. P. Vishnev and N. K. Elukhin, 
I. P. Vishnev and N. K. Elukhin, 
N. K. Elukhin and I. P. Vishnev, 
I. P. Vishnev and N. K, Elukhin, 
N. K. Elukhin and I.  P. Vishnev, 

Inzh.-Fiz. Zh., 3, No. 5 (1960). 
Tr. VNHKI1VtASh, No.  3 (1960). 
Kislorod, No. 4 (1959). 
Trudy VNIIKIMASh, No. 6 (1963): 
Trudy VNIIKIMASh, No. 7 (1963). 

M. E. Ivanov and N. K. Elukhin, Kislorod, No. 3 (1958). 
D. N. Lyon, Chem. Eng. Progr . ,  S 'S,  No, 87 (1968). 
M. P. Malkov, A.G. Zel'dovich, A. B. Fradkov, and I. B. Danilov, Paper 2323, Second International 
Conference on Peaceful Uses of Atomic Energy, Izd. Akad. Nauk SSSR, 6, Moscow (1958). 
Yu. M, ~ Kirichenko, V. V. Tsibul 'skii and A. V. Kostromeev, Inzh.-Fiz. Zh.,~ 2_.1, No. 2 (1971). 
S. T. Syens et at., Adv. Cryog. Eng., 12(1967). 
M. P. Malkov, I. B. Danilov and Ya. G: Zei'dovich, Handbook of the Physics and Engineering Basics 
of Cryogenics [in Russian], Energiya, Moscow (1973). 
V. I. Tolubinskii, Author's Abstract of Doctoral Dissertation, Kiev (1950). 
N. Yu. Tobilevich, Author's Abstract  of Candidate's Dissertation, Kiev (1948). 
V. M. Borishanskii ,  Author's Abstract  of Doctoral Dissertation, Leningrad {1958). 

G .  N. Danilova, Trudy TsKTI, Leningrad, No. 57 (1965). 
G. V. Ratiani and D. L Aveliani, Trudy TsKTI, Leningrad, No. 57 (1965). 
D. A. Labuntsovand V. S. Golovin, Trudy T-sKTI, Leningrad, No. 58 (1965). 
E. V. Khane and G. Faiershtain, Heat and Mass Transfer ,  Vol. 9, Pt 1, Minsk (1972). 
V. 1 ). Skripov and G. P. Nikolaev, Izv. Vyssh. Uchebn. Zaved., Energ.,  No.4 (1964). 
V. L Subbotin, D. I. Sorokin, D. M. Obechkin, and A. P. Kudryavtsev, Heat Transfer  with l~Ietals 
Boiling under Natural Convection [in Russian], Nauka, Moscow (1969). 
BoniUa et al. ,  Liquid Metal Heat Transfer  Tech. Meeting, Sept. 1963, Vo!. 1 (1963). 
N. N. Korneev, Teploenergetika, No. 4 (1954). 
V. M. Borishanskii, K. A. Zhokhov, e t al., Progress  in Investigation of Heat Transfer  and Hydrodyna- 
mics of Two-Phase Flow: Boiling of Potassium in Tubes [in Russian], Nauka, Leningrad (1973). 
V. A. Kirillin, V. V. Sychev, and A. E. Sheindlin, Engineering Thermodynamics [in Russian], Energiya, 
Moscow (1968). : 
E. E. Shpil'rain and P. M. Kessel 'man,  Basic Theory of the Thermophysical Propert ies  of Materials 
[in Russian], Energiya, Moscow (1977). 
I. P. Vishnev, "Intermolecular interactions in boiling of cryogenic liquids," All-Union Science and 
Engineering Conference onRefrigeration and Cryogenic Technology, Tashkent, TPI  (1977). 
D. I. Mendeleev, Basic Chemistry, 1st ed., Par t  1 {1869); Goskhimizdat, 13th ed., Vol. 7 (1947); 
Collected Works, Vol. 13, Izd. Akad. Nauk SSSR, Leningrad-Moscow (1949). 
L S. Badyl 'kes,  Propert ies  of Refrigerants [in Russian], Pishchepromizdat,  Moscow (1974). 
H. N. Temperly,  Physics of Simple Liquids, American Elsevier (1968), 
V. M. Borishanskii, Heat  Transfer  and Hydrodynamics in Vapor Generators,  TsKTI~ No. 62, Lenin- 
grad (1965). 
D. A. Labuntsov, Teploenergetika, No. 9 (1972). 

402 


