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The problem of the boiling of a pulse-heated liquid is considered with 
allowance for spontaneous vapor-phase centers. The theory is com- 
pared with the experimental data. 

Usual ly,  in ca lcu la t ing  vapor i za t ion  m e c h a n i s m s  the 
con t r ibu t ion  of f luc tuat ion  c e n t e r s  is  not taken into ac -  
count. However,  as e x p e r i m e n t s  on the pulse  heat ing 
of l iquids  show [1, 2], under  c e r t a i n  condi t ions  vapo r -  
iza t ion  depends s ign i f ican t ly  on spontaneous  ce n t e r s  of 
the f luctuat ion type. These  cen t e r s  develop at a suf-  
f i c ien t ly  high degree  of superhea t ing ,  and t he i r  n u m b e r  
may  become so g rea t  that  the bubbles  growing at them 
make the chief con t r ibu t ion  to vapor  fo rma t ion  while 
the a r t i f i c i a l  cen t e r s  play a secondary  ro le .  The re  
have also been  r e p o r t s  of l iquids  vapor ized  in a l a s e r  
beam [3]. The heat ing  t ime  in e x p e r i m e n t s  [1-3] was 
10-3-10 4 sec.  A s i m i l a r  s i tua t ion  develops when suf-  
f ic ien t ly  high t ens i l e  s t r e s s e s  a re  suddenly c rea ted  in 
a l iquid caus ing  cavi ta t ion.  

The f requency  of f luc tua t ional  nuc lea t ion  J, cm -3 �9 
sec -i ,  was theore t i ca l ly  de t e rmined  in [4-6]:  

J ~ exp [-- W/kT']. (1) 

Acco rd ing to  Z e l ' d o v i c h ' s  e s t ima te  [5] the t ime  r e q u i r e d  
to reach  a s t a t iona ry  d i s t r i bu t i on  of embryon ic  bubbles  
with r e spec t  to s ize  is ve ry  shor t  (about 10 -I~ sec); 
t he re fo re  nons t a t i ona r i t y  effects  wil l  be neglected.  In 
the subsequent  ca lcu la t ions  the funct ion J is given in 
the fo rm 

J = B exp$, (2) 

where  �9 depends on the p r e s s u r e  and t e m p e r a t u r e  of 
the l iquid and B = const .  The r e l a t ion  between the r a t e s  
of growth of the vapor bubble volume and t ime  is taken 
in the fo rm 

b (T) = kb (0) T k-r. (3) 

If the growth of the bubble is r e s t r a i n e d  by i ne r t i a  
fo rces  at i ts  boundary  (the Rayleigh case),  then k = 3, 
whereas  if the ra te  of growth is l imi ted  by the supply 
of heat ,  then k ~ 1/2.  The coeff ic ient  b depends  on the 
superhea t ing  of the l iquid.  We note that in the pulse  
r e g i m e  there  is no need to take into account  convect ion 
c u r r e n t s  in the l iquid at l e a s t  in the in i t ia l  stage of 
vapor iza t ion .  

We will  es tab l i sh  the c r i t e r i o n  of impuls ive  heat ing 
of a boi l ing l iquid when an impor t an t  pa r t  is played by 
spontaneous  cen t e r s .  The f rac t ion  of the l iquid con-  
ver ted  into vapor /3 at m o m e n t  ~ is  given by the in -  

t eg ra l  equat ion 

P " ~  8 (*) = - ~ -  J (T') [1 - 8  (t)] • 
0 

0 

~g 

" Si,( 4--~7a t, O)dt. (4) 

0" 

The t ime  ~ is reckoned f rom the m o m e n t  at which 
0 = T '  - T s = 0. The t e m p e r a t u r e  of the l iquid T '  de-  
pends on the method of heat ing.  The f i r s t  i n t eg ra l  on 
the right side of the equat ion d e s c r i b e s  the vapor f o r -  
mat ion  at spontaneous  cen t e r s .  

Let the heat  q be r e l e a s e d  in the l iquid pe r  uni t  in -  
i t ia l  volume pe r  un i t  t ime .  We wr i te  the heat  ba lance  
equat ion in the adiabat ic  approx ima t ion  

2r - d r  = 0 c ' 0 - - 8 ) +  8L. (5) 

0 

The t e m p e r a t u r e  of the vapor is  taken equal to T s. 
Without aecount  for f luc tua t ional  nuc lea t ion  the solu-  
t ion of sy s t em (4), (5) has the fo rm 

, , j)  
o(-0= p, 

L " -L- - -  p' 
0 0 

1: 

• l - - p ,  f~ vd'~ 
0 

An ana ly s i s  of th is  equat ion at q / p '  = const  shows that 
for smal l  q the t e m p e r a t u r e  of the l iquid at f i r s t  r i s e s ,  
but  with the deve lopment  of vapor  fo rma t ion  at the ex-  
i s t ing  c e n t e r s  p a s s e s  through a m a x i m u m  and tends to 
T s. At l a rge  q the t e m p e r a t u r e  i n c r e a s e s  mono ton ic -  
ally. An e s t ima te  based  on the theory  of [4-6] shows 
that spontaneous  nuc lea t ion  occur s  at a t e m p e r a t u r e  
0 ~< L / 5 ' .  It is  convenien t  to in t roduce  a pulse  r e g i m e  
c r i t e r i o n  in  t e r m s  of the d i m e n s i o n l e s s  complex 

= ( p" l 
Le 'k  p' / 

(7) 

The inequal i ty  K > 1 s e r v e s  as the condit ion of a t -  
t a i n m e n t  of the in tense  nuc lea t ion  t e m p e r a t u r e .  Ac- 
cording to Eq. (6) it  c o r r e sponds  to an inf in i te  i n c r e a s e  
in the t e m p e r a t u r e  of the l iquid.  At K >> 1 f luctuat ional  
nuc lea t ion  occur s  even at smal l  B, and the a r t i f ic ia l  
c e n t e r s  play a lmos t  no ro le .  
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If the heat ing of the liquid is so o rgan ized  that  T '  = 
= const,  then f r o m  Eq. (4) we can eas i ly  obtain a di-  
r ec t  es t imate  of the vapor  f rac t ion  of f luctuational  
or ig in  a: 

k+l J (T') ( 9' [~ ,~1/~ 
8 (1 - -  e) k (8) 

~ ( k +  i) \ 7 -  92-61 �9 

We assume  that  in the unper turbed  ease the  t e m p e r -  
a ture  of the wire  0+(0, T) v a r i e s  acco rd ing  to the law 
(9). Then the solution of the unper turbed  p rob lem co-  
incides with the known solution of the p rob lem of the 
t e m p e r a t u r e  f ield nea r  a wall [7]: 

O+(x,-0 = o+ (o, -0 2" r (n + 1) x 

We shall  now cons ider  Eq. (4) when fl << 1. We r e p -  
r e sen t  the var ia t ion  of liquid t e m p e r a t u r e  with t ime 
by a power  function 

0 (~) - -  x". (9) 

Moreover ,  we a s sume  that  K >> 1. Compar i son  of Eq. 
(1) with the express ion  (2) and the explicit  f o r m  of the 
re la t ion  W(T')  shows that  

0 dcD d~r ( d(D 1 -~ 
d r  >) 1; ~ \ ~ ]  ((1.  (10) 

Then the in tegrand in Eq~ (4) desc r ib ing  vapor f o r m a -  
tion at f luctuat ion cen te r s  has  a sharp ly  expres sed  
max imum at t = tm, and v - tm -~ k[$0-)] -1 << T. In the 
reg ion  of the max imum it is suff icient  to confine one-  
self to the l inear  t e r m  in the expansion of ~ (t) in the 
neighborhood of the point ?. In these  approximat ions  
exp res s ion  (4) is s implif ied and m a y  be r ep re sen t ed  
in the following fo rm:  

v"O:)~---F(k + 1)[dP(x)l--k--*b(x)J (T). (ii) 

We now turn  to the solut ion 'of  the p rob lem of a 
wire  i m m e r s e d  in a tes t  l iquid and heated by a pulse 
of e l ec t r i c  cur ren t .  As shown in [1], the c o r r e s p o n d -  
ing different ia l  equation can be wri t ten  in the f o r m  of 
a one-d imens iona l  heat  conduction equation with homo-  
geneous boundary  and initial conditions 

c' 9' _ _  O'c Ox Ox q- q x, T, O, -~x ~=0 ' 

0 ( x =  oo, r ) ~ 0 ( x ,  x = 0 ) = 0 .  (12) 

The function q de sc r ibe s  the heat  sou rc e s  and sinks: 

q 2o)6 (x) p cd 0 0 I 6 (x) - -  """ = L p v .  
2 O'r ~=o 

It is a s sumed  that  the wire  ma te r i a l  has  good wet-  
tabi l i ty with r e s p e c t  to the liquid. 

Different iat ing (11) with r e s p e c t  to t ime, we obtain 

z)" (~)--~ r (k + 1) [O (~)]-k b (~) J (~). (13) 

Here  and hencefor th  the approximat ions  are  based  on 
inequal i t ies  (10). We r e p r e s e n t  the solution of Eq. (12) 
in the f o r m  0 = 0+ + 0_, 0+ being the solution of the 
unper turbed  p rob lem (~" = 0). Then for the p e r t u r b a -  
t ion 0_ we obtain the equation 

c'p' O 0___ = ~ %, .0 0_. _ 
O x Ox Ox 

d dO_ ,, .0 
- o c -~ -  a (x) ~ ~=o--  p Lv, 

0_ (x, o) = 0_ (o~, ~) = 0. (Z4) 

2 ~ ' ( ; - -Y)~nexpI - - ;~ ld~ , ,  y=~--~-p'c'/;~'~. (15) 
x-V-TJ (2,0! 
For  the approximate  solution of p rob lem (12) it is 

sufficient  to de sc r ibe  the t e m p e r a t u r e  field c o r r e c t l y  
at 

X V-~<< i. (16) v - - y  

This l a t t e r  inequali ty means  that  we mus t  cons ider  a 
thin walI l a y e r  x fo rming  only a smal l  pa r t  of the 
heated  l aye r  x0 = 2(3~'~-/P'C')  1/2 [8]. In this case ,  
neglect ing t e r m s  quadra t ic  in Y, instead of (15) we 
obtain 

0+(x, x)~O+(O, -0[1 
p(n 4- 1) 

1 /  | (17) r (n + 1/2) x v - ; ~ ]  L 

Equation (14) r educes  to the in tegra l  equation [9] 

0_(x, ' ~ ) + S  1 
pTc, x 

0 
§ 

• exp [-- (~ - -  xl 2 9'c'/4L' (~ - -  t)l V 9'c'd ~ d t  = O. 

2 V ~'~ (~ - -  t) 

In the approximat ions  a l ready  employed the solution 
of this equation has  the f o r m  

GJ (0, x) _ x 

- -0_(x ,  ~)=  0_~_x ~ x=0 ( I + R V ~ ( 0 '  ~)) 

where  

(18) 

pcd ~r162 r (k  + 1) 
R = 4 V L ~ - "  G = V ~ r ~ [ ~ b ( 0 ,  T)] k-Vl/2" 

In the exper imen t s  on pu lse -hea ted  wi res  in a liquid 
[1, 2], R{~) 1/2 >> 1. In this case  fo rmula  (18) takes the 
s imple r  f o r m  

--0_(0 ,  x)--  4p"L b(x)r(k+ 1) J(O, x) (19) 
o r  pcd [+(0, x)] ~+' I--g;-~ ~=o 

Exper imenta l ly ,  a sharp  per turba t ion  due to v igo r -  
ous boiling is observed  in the monotonic  var ia t ion of 
the wire  t e m p e r a t u r e  0+ with t ime.  It is poss ib le  to 
e s t ima te  the obse rved  value of the pe r tu rba t ion  0- and 
m e a s u r e  the t e m p e r a t u r e  T* at which it occur s .  In the 
exper imen t s  [1, 2] 0_ ~ 10-1-10-2~ The t e m p e r -  
a ture  T* can be calculated us ing f o r m u l a s  (1) and (19) 
and compared  with the exper imenta l ly  m e a s u r e d  tern-  
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p e r a t u r e .  Such a c o m p a r i s o n  has  been  made  for  n -  
hexane and methyl  alcohol at va r ious  p r e s s u r e s  P. In 
both cases  good a g r e e m e n t  i s  obtained between the ex-  
p e r i m e n t a l  and ca lcula ted  va lues  of T*. This shows 
that  vapor  fo rma t ion  at f luctuat ion cen t e r s  ac tua l ly  
has  cons ide rab le  impor t ance  in connect ion with the 
rapid  t r a n s f e r  of the l iquid to the m e t a s t a b l e  s ta te .  
The data for  n - h e x a n e  are  p r e sen t ed  in the table.  

Data on the Pu l se  Heat ing of 
n -Hexane  (r ~ 3 �9 10 -4 sec) 

cons tan t  or  bubble  growth exponent;  L is  the la tent  
heat  of evapora t ion;  p is  the densi ty ;  c is  the specif ic  
heat ;  X is the t h e r m a l  conduct ivi ty;  F(k) and 5(t) are  
the g a m m a  and del ta  funct ions ;  w is  the r a t e  of heat  
r e l e a s e  in wi re  pe r  un i t  a r e a  of l a t e r a l  su r face .  The 
quan t i t i e s  k ' ,  p ' ,  c ' ,  T '  r e l a t e  to the l iquid;  the 
quan t i t i e s  ~, p, c to the wi re ;  the quan t i t i es  p", T" to 
the vapor .  ,4 dot denotes  d i f fe ren t ia t ion  with r e spec t  
to t ime ;  the subsc r ip t  s denotes  the s a tu ra t ion  l ine .  A 
p r i m e  denotes  the m e a n  value.  

P, bar 

1.0 
2.9 
5.0 

I1.2 
16.0 
20.6 
25.7 

T s, "C 

68.7 
106 
I30 
172 
193 
209 
224 

T*, "C 

Experiment Calculation 

189 188 
192 191 
195 194 
205 203 
213 211 
220 218 
228 227 

F r o m  fo rmu la  (19) it can be seen  that  in p r inc ip l e  
it i s  poss ib le  to use  e x p e r i m e n t s  with d i f fe ren t  pulse  
dura t ions  to study the t e m p e r a t u r e  behavior  of the 
spontaneous  nuc lea t ion  f requency .  

NOTATION 

J = B exp 4, i s  the nuc lea t ion  f requency;  W is the 
work of fo rmat ion  of c r i t i ca l  nuc leus ;  x, d a re  the 
d i s tance  f rom the sur face  and the d i a m e t e r  of the 
wi re ;  q is the power  of heat  source  per  uni t  volume 
of l iquid;  ~ is the f rac t ion  of in i t ia l  m a s s  of l iquid 
conver ted  into vapor;  ~2 is the dens i ty  of a r t i f i c i a l  
vapor  phase c e n t e r s ;  v is  the volume of vapor bubble  
(v = brk);  v" is the volume of vapor  per  uni t  volume 
of the l iquid;  r is  the t ime ;  T is  the t e m p e r a t u r e ;  0 = 
= T' - Ts;  0+ and ~_ a re  the u n p e r t u r b e d  t e m p e r a t u r e  
and p e r t u r b a t i o n  due to boi l ing;  k is Bo l t zmann ' s  
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