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Semiempirical  equations are obtained for calculat ing the relat ive 

values of the maximum and minimum heat loads and the correspond- 

ing temperature differences over a wide range of pressures in the case 

of pool boiling. 

The exis t ing  gene ra l i zed  f o r m u l a s  for the m a x i m u m  
and m i n i m u m  specif ic  heat f luxes qmax and qmin  can 
be used for su r f aces  with a p a r t i c u l a r  configurat ion,  
roughness ,  wet tabi l i ty ,  etc. The expe r imen ta l  va lues  
of qmax and qmin  obtained for boi l ing at su r faces  dif-  
f e r ing  in  s ize ,  c l ean l ines s ,  and roughness  and heated 
in va r ious  ways differ s t rong ly  f rom the calcula ted va l -  
ues and, as a ru le ,  lie outs ide the l imi t s  of unce r t a in ty  
of the constant  coeff ic ients  in  the gene ra l i zed  f o r m u -  
las.  We lack r e l i ab l e  analyt ic  r e l a t i ons  for ca lcu la t -  
ing qmax under  d i f ferent  boi l ing condit ions.  By means  
of the theory  of t he rmodynamic  s i m i l a r i t y  the method 
of r e l a t ive  ca lcu la t ion  of the m a x i m u m  and m i n i m u m  
heat  loads on the sa tu ra t ion  l ine and the co r r e spond ing  
t e m p e r a t u r e  d i f fe rences  can be success fu l ly  extended 
to any r ea l  sy s t ems .  

T h e r m o d y n a m i c  s i m i l a r i t y  was f i r s t  employed by 
Lukomski i  to ca lcu la te  the t he rmodynamic  p rope r t i e so f  
pure  subs tances  on the s a tu ra t ion  l ine and for boi l ing 
heat t r ans f e r .  

Subsequent ly ,  the method of gene ra l i za t i on  of the 
expe r imen ta l  data on the bas i s  of the theory of t he r mo-  
dynamic  s i m i l a r i t y  was used by such inves t iga to r s  as 
Rozen,  Rychkov, Bor i shansk i i ,  Novikov, Mos t insk i i ,  
Schrock,  L ienhard ,  e t c . ,  who obtained such useful  

r e l a t i ons  as qmax =f(P/Pc) and qmin  =fl(P/Pc) for pool 
boiling. Novikov [1] and l a te r  Schrock and Lienhard  
[2] obtained equat ions for the m a x i m u m  heat load r e -  
l a t ing  qmax with the c r i t i ca l  p a r a m e t e r s  Pc, Tc,  the 
,_~Iecular  weight, and the reduced  p r e s s u r e  P/Pc. 
These  r e l a t ions  cannot  be used to gene ra l i ze  data for 
qmax obtained under  d i f ferent  expe r imen ta l  condit ions.  

The method of gene ra l i za t ion  based on a broadened 
i n t e rp re t a t i on  of the law of co r r e spond ing  s ta tes ,  p r o -  
posed by Bor i shansk i i  [3], makes  it poss ib le  to c o m -  
pa re  data on the m a x i m u m  heat f luxes for any s u r f a c e -  
l iquid combinat ions .  In this  case  the sca le  of compar i son  
is not the c r i t i ca l  p a r a m e t e r s ,  as in [1,2], but the 
value of the s i m i l a r  quant i ty  q*nax at a se lec ted  a r b i -  
t r a r y  d i s tance  (with r e spec t  to p r e s s u r e  or t e m p e r a -  
ture) f rom the c r i t i ca l  point of the l iqu id -vapor  sys t em 

(P*/Pc = idem or T , / T  c = idem): 

qm~• = q~.xF (p / pr (1) 

The funct ion F(P/Pc) can be de t e rmined  f rom the ex-  

perimental data in the form 

F ( p / p r  = A(p /p r  (2) 

The coeff icient  A and the exponents  m and n were  ca l -  
culated by I. L. Mos t insk i i  [4] for p ,  = 0.03Pc. The 
choice of p ,  depends on the p r e s s u r e  range  of in te res t .  
F ind ing  the funct ion F(p/pc) in fo rm (2) for d i f ferent  
p ,  and the va lues  of qmin,  Atmax,  and Atmin  cha rac -  
t e r i z ing  boi l ing c r i s i s  is of undoubted p rac t i ca l  i n t e r -  
est .  As far  as we know, there  has so far  been no such 
gene ra l i za t i on  of the expe r imen ta l  data for the m i n i -  
m u m  heat fluxes qmin  and the t e m p e r a t u r e  d i f fe rences  

Atmax,  A tmin- 
Our expe r imen t s  in pool boi l ing on the sa tu ra t ion  

l ine enabled us to gene ra l i z e  qmin,  Atmax,  and Atmin  
over a broad range  of p r e s s u r e s ,  including the neigh-  
borhood of the c r i t i ca l  point of the l iqu id-vapor  s y s -  
tem. The expe r imen ta l  appara tus  was desc r ibed  in 
[5, 6]. Boi l ing c r i s i s  in carbon dioxide and sulfur  hexa-  
f luor ide  [5, 7] was s tudied nea r  the c r i t i ca l  p r e s s u r e  
(P/Pc -~ 0.65-0.99)  us ing  va r ious  hea te r s :  rounded 
and hor izonta l  pol ished b r a s s  tubes  (approx. 4 m m  
diam.)  i n t e rna l l y  heated by a heat t r a n s f e r  agent, and 
p la t inum wire  (approx. 29 # diam.)  heated by d i rec t  
cu r ren t .  The boi l ing of n -pen t ane  and n -hexane  [6] was 
inves t iga ted  us ing  a hor izonta l  copper tube (approx. 4 
m m  diam.) i n t e rna l l y  heated by a heat t r ans f e r  agent,  
over  a broad p r e s s u r e  range  f rom a tmospher i c  to c r i t -  
ical.  The ava i lab le  data  of other  authors ,  obtained un-  
der  d i f ferent  expe r imen ta l  condi t ions,  were also used 
in the genera l i za t ion .  

F i g u r e  1 p r e s e n t s  our  data  for  n -pen tane  and n - h e x -  
ane boi l ing on hor izonta l  tubes [6], and the data of 
Morozov [8], Cichel l i  and Bonil la ,  Kazakova [9], Hoene 
and Huber  [10] for  other  l iquids  boi l ing on hea te r s  of 
d i f ferent  conf igura t ion,  d i f fe rent  s ize,  and different  
su r face  quali ty.  The expe r imen ta l  data  for  subs tances  
di f fer ing in their  c r i t i ca l  p a r a m e t e r s  and sharply  dif-  
f e ren t  condit ions of inves t iga t ion  are  genera l i zed  with 
a spread  of • in qmax/qmax = FI(P/Pc) coordinates ,  
where  qmax is the value of the m a x i m u m  specif ic  heat 
load (for the co r r e spond ing  subs tance  and heater) at 
p .  = 0.31Pc. We se lec ted  this p r e s s u r e  because  it c o r -  

, 
r e sponds  to the g r ea t e s t  value of qmax and the e r r o r  
in de t e r mi n i ng  it will  be much l e s s  than at p .  = 0.03Pc 
[3]. The equation for the m a x i m u m  heat load has the 
form [ii] 

qmax / qmax = 2.1 (p / pc) ~ (I - -  p / pc) ~ , 

p, = 0,31 Pc" (3) 
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Fig.  1. Genera l iza t ion  of exper imenta l  data on max imum specif ic  
heat fluxes qmax for  pool boiling (p. = 0~ 1, 2) n-pentane  and 
n-hexane (horizontal  tube), authors  ~ data; 3, 4) ethyl and methyl  
alcohols  (horizontal  plate) [8]; 5) methyl  alcohol (nichrome wire) 
[8]; 6, 7, 8) ethyl alcohol (horizontal  plate of different  orientat ion) 
[8]; 9, 10, 11, 12, 13) ethyl alcohol, n-pentane,  n-pentane  (dir ty s u r -  
face) ,n -hep tane ,  benzene (ch rome-p la ted  copper  plate), data of 
Cichell i  and Bonilla; 14) water  (horizontal  plate) [9]; 15) benzene 

(horizontal  tube) [10]; I) f r o m  Eq. (3). 
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Fig.  2. Genera l iza t ion of exper imenta l  data  on the min imum 
specif ic  heat f luxes qmin for  pool boiling (p. = 0o31pc): 
1, 2) propyl  and ethyl alcohols  (horizontal  n i ch rome  plate) 
[12]; 3, 4) n-pentane  and n-hexane  (horizontal  tube), authors  v 
data; 5) i sooctane  (horizontal  rod) [13]; 6) water  (n ichrome 

wire) [14]; I ) f r o m  Eq. (4). 

If one of the values of the m a x i m um  heat load (qmax 
or  q~nax) is known, we can eas i ly  find the qmax for  
any p r e s s u r e  f r o m  fo rmula  (3). Fo r  the case  of pool boil-  
ing on a horizontal  plate one of the values of the max i -  
mum heat load can be ca lcula ted  f r o m  the genera l ized  
re la t ions  of Kutateladze,  S terman,  Kruzhil in,  Labun-  
tsov,  Alad 'ev ,  Bor ishanski i ,  et al. In the  case  of boil-  
ing on su r faces  of d i f ferent  conf igurat ion it is mos t  
re l iab le  to de te rmine  one of the values of qmax in (3) 
f r o m  exper iment .  The effect of the g e o m e t r y  fac tor ,  
which takes into account  the roughness  and conf igura-  
tion of the heat t r ans f e r  sur face ,  the method of hea t -  
ing, e t c . ,  is excluded. 

In Fig. 2 we have plotted our experimental data for 
n-pentane and n-hexane over a broad pressure range 
in * qmin/qmin = F2(P/Pc) coordinates, together with the 
data of Morozov [12], Borishanskii [13], Petukhov and 
Kovalev [14] for other substances obtained under differ- 

ent experimental conditions (P/Pc < 0.6). 

For P*/Pc = 0.31 on the basis of (2), considering 

that qmin/qmin = 0 at P/Pc = 0 and P/Pc = i, in the 
range P/Pc ~- 0-i correct to • we have [ii] 

qmi, / q~i~ = 1.67 (p / pK) 0"24 (1 - -  p / pc) 0'61, 

p,  = 0.31 Pc" (4) 
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Fig. 3. Genera l i za t ion  of e x p e r i m e n t a l  data  on t e m p e r a t u r e  dif-  
f e r e n c e s  co r r e spond ing  to m a x i m u m  speci f ic  heat  f luxes (p .  = 
= 0.9Pc): 1, 2) n -pen tane  and n -hexane  (hor izontal  tube), au tho r s '  
data; 3) n -hexane  (tube with wide fins),  au tho r s '  da ta  [6]; 4, 5, 
6) carbon dioxide (rounded tube, p la t inum wire ,  hor izonta l  tube), 
au tho r s '  data; 7) sulfur  hexaf luor ide  (hor izontal  tube), au tho r s '  
data; 8) ethyl alcohol,  inside ve r t i ca l  tubes [15]; 9, 10) ethyl a l -  
cohol and n -pen tane  (hor izontal  plate) ,  data  of Cichel l i  and Boni l -  

la; I) f r o m  Eqs.  (5) and (6). 
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Fig. 4. Generalization of experimental data on the temperature 

differences corresponding to the minimum specific heat fluxes 

(p, = 0.gpc): I) from Eq. (7); 1-7) see Fig. 3. 

The large difference in the values of q_max (qmin) 
for different experimental conditions here is much re- 
duced. The scatter of the experimental points is not 

greater than 15% (30%). 

The data on the relative temperature differences 

corresponding to the maximum specific heat fluxes, 
obtained for boiling under a variety of conditions, lie 
close to the averaged curve (Fig. 3). The same graph 
includes the data of Lukomskii and Madorskaya [15] on 
ethyl alcohol boiling in a vertical tube at low circula- 

tion rates and the data of Cichelli and Bonilla for ethyl 
alcohol and n-pentane boiling on a horizontal chrome- 
plated copper plate. Our values of Atma x for carbon 
dioxide boiling on various heaters and sulfur hexaffuo- 

ride were obtained only near the critical pressure (P/Pc > 

> 0.6), so that the scale value of the temperature dif- 
, 

ference Atma x was taken at p, = 0.9Pc. On the pres- 

sure interval up to P/Pc = 0.3 the dependence of Atma x 
on reduced pressure takes the form 

At~ax/At~ax=3.74(p/pc)-~ p, =0 .9  Pc- (5) 

At p > 0.3pc the data are generalized by a straight 
line: 

Atmax/At*~ax=8.42(1--p/pc), p, =0.9 Pc- (6) 

Correct to • (about ii0 values were used) the 

temperature difference Atmin (Fig. 4) corresponding 
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to the c e s s a t i o n  of f i lm  boi l ing  is  given by the equa-  
t ion 

Atm~n/ Atm~n=9.0(l--p/pe ), p, =0 .9  Pc- (7) 

One of the va lues  of A t m i n  in Eq. (7) is  d e t e r m i n e d  
for  the given p r e s s u r e  e i the r  by e x p e r i m e n t  or  f r o m  
B e r e n s o n ' s  f o r m u l a  [16] fo r  the c o r r e s p o n d i n g  boi l ing 
condi t ions .  

The  me thod  of g e n e r a l i z a t i o n  of the e x p e r i m e n t a l  
da ta  us ing s c a l e  va lues  is  P a r t i c u l a r l y  r a t i o n a l  and 
p r o m i s i n g .  It p e r m i t s  the c o m p a r i s o n  and ca l cu l a t i on  

of qmax,  qmin,  A tmax ,  and A t m i  n at any p r e s s u r e  
fo r  t h e r m o d y n a m i c a l l y  s i m i l a r  s u b s t a n c e s  in the s a t -  
u ra t ion  s ta te .  Data  on the spec i f i c  heat  f luxes  and t e m -  
p e r a t u r e  d i f f e r e n c e s  can be obta ined  for  c a s e s  of 
boi l ing on s u r f a c e s  of d i f f e ren t  s i ze ,  conf igura t ion ,  
r oughnes s ,  etc.  

NOTATION 
qmax and qmin  a r e  the m a x i m u m  and m i n i m u m  

spec i f i c  heat  f luxes  ( f i r s t  and second  c r i t i c a l  heat  f lux 
dens i t i e s ) ;  A t m a  x and A t m i n  a r e  the t e m p e r a t u r e  d i f -  
f e r e n c e s  c o r r e s p o n d i n g  to qmax and qmin;  A t m a x  = 
= t m a  x - t s,  A tmin  = tmi  n - ts;  t m a  x and tmi  n a r e  
the wall  t e m p e r a t u r e s  c o r r e s p o n d i n g  to the m a x i m u m  
and m i n i m u m  of the spec i f i c  heat  flux along the i soba r ;  
t s is  the s a t u r a t i o n  t e m p e r a t u r e ;  Pc and T c a r e  the 
c r i t i c a l  p r e s s u r e  and t e m p e r a t u r e ;  p ,  is  the s c a l e  

p r e s s u r e ;  q * a x ,  q~nin, /\t~nax, At~nin a r e  the va lues  
c o r r e s p o n d i n g  to s ca l e  p r e s s u r e .  
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