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B O I L I N G  C R I S I S  IN  F R E E - C O N V E C T I O N  C O N D I T I O N S  

B .  P .  A v k s e n t y u k  UDC 536.248.2 

A cavi tat ion model  of format ion  of vapor  f i lms  in t rans i t ion  boiling is p roposed ;  this model  r e -  
vea l s  the main  f ea tu re s  that  de t e rmine  the superhea t s  at c r i t i ca l  heat  f luxes .  

In [1] the re la t ion  q(AT) in liquid boil ing was c lea r ly  de te rmined  for  the f i r s t  t ime and the exis tence  of 
two e x t r e m a  was d i scovered .  The m a x i m u m  heat  flux (point C in Fig .  1) co r r e sponds  to the cessa t ion  of the 
intense heat  t r a n s f e r  c h a r a c t e r i s t i c  of nucleate  boiling and is  cal led the f i r s t  c r i t i ca l  heat  flux. The min imum 
at point E c o r r e s p o n d s  to the onset  of developed f i lm boil ing.  Transi t ion boiling (curve CE) is cha r ac t e r i z ed  
by a space - t ime  a l ternat ion of nucleate  and f i lm boiling on the given heat ing su r face .  The port ion DF of the 
s ing le -phase  convection curve  co r r e sponds  to the heat fluxes and, accordingly ,  to the superhea ts  at which 
v a p o r - p h a s e  fo rmat ion  a f t e r  s ing le-phase  convection leads  to the format ion  of a Stable vapor  f i lm on the hea t -  
exchange su r f ace ,  i . e . ,  to the degenerat ion of nucleate  boil ing.  The port ion CD of the t rans i t ion-boi l ing  curve 
(q* < q c r u s  < qc r i ,  ATcr i  < A T c r u s  < AT, )  co r r e sponds  to the c r i t i ca l  heat  f luxes for  unstable boiling on s u r -  
f aces  depleted of nucleat ion s i t e s ,  which were  exper imen ta l ly  inves t iga ted  in [2, 3]. Here  q ,  and A T ,  a re  the 
min imum heat  flux and superhea t  at which s ing le -phase  convection can change d i rec t ly  to  f i lm boil ing,  b y p as -  
sing the nucleate boil ing r eg i m e .  

According to the hydrodynamic  theory  of h e a t - t r a n s f e r  c r i s e s  [4], the t ransi t ion f rom nucleate to f i lm 
boiling (point C) is  due to r a d i c a l  a l tera t ion of the hydrodynamics  of  the two-phase  boundary l aye r ,  leading to 
a change in the h e a t - r e m o v a l  m e c h a n i s m .  The s tabi l i ty  c r i t e r ion  obtained for  the c r i t i ca l  heat  flux in this 
p a p e r  sa t i s fac to r i ly  d e s c r i b e s  the e x p e r i m e n t s  and al lows the predic t ion of p rev ious ly  unknown ef fec ts .  

Another  impor tan t  p a r a m e t e r  of the h e a t - t r a n s f e r  c r i s i s  in boiling liquids is the hea t ing- su r face  su p e r -  
heat  re la t ive  to the sa tura t ion t e m p e r a t u r e  ATcr  I at which a stable vapor  f i lm is  fo rmed  af te r  nucleate  boil ing.  
The f ac to r s  de te rmin ing  the value of this  quantity have not yet  been de te rmined .  

Kutateladze [5] found that  developed nucleate  boil ing,  which is c h a r a c t e r i z e d  by rapid  i nc rea se  in the 
h e a t - t r a n s f e r  coeff icient  with i nc rea se  in hea t - f lux  densi ty ,  is  followed by a specia l  suber i t ica l  boil ing r eg ime  
in which the h e a t - t r a n s f e r  ra te  is  p rac t i ca l ly  constant .  In Fig.  1 the cor responding  port ion of the q(AT) curve 
l ies  between the points B and C. The exis tence  of a r eg ime  with a p rac t i ca l ly  constant  h e a t - t r a n s f e r  ra te  was 
subsequent ly  d i s cove red  in expe r imen t s  on the bubbling of gas  into a liquid through a mic ropo rous  sur face  [6]. 

Thus,  the f i r s t  h e a t - t r a n s f e r  c r i s i s  in boil ing occu r s  when the law governing the h e a t - t r a n s f e r  ra te  dif- 
f e r s  f r o m  that  which o p e r a t e s  in developed nucleate  boil ing and, hence ,  the t rue  wail  superhea t  when q = qc r i  
i s  g r e a t e r  than in developed nucleate  boil ing.  Consequently,  the method of calculat ing ATcr  I [7] ba sed  on the 
use of the equations fo r  hea t  t r a n s f e r  in developed nucleate  boiling and the c r i t i ca l  heat  flux does not a lways 
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Fig.  1. H e a t - r e m o v a l  r eg imes  
for  vapor iza t ion  in f r e e - c o n -  
vection condit ions.  
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give co r r ec t  resul ts .  Es t imates  of ATcr 1 for  the h igh-pressure  region were made on the basis  of a the rmo-  
dynamic model of the boiling c r i s i s  in [8] and on the bas is  of a thermal  model in [9]. 

Below we present  a model of vapor - f i lm format ion in t rans i t ion  boiling, based on the decisive role of 
hydrodynamic dis turbances  in the boiling superheated layer  of liquid nea r  the wall. 

Experiments  on boiling on sur faces  with a great ly  reduced number  of nucleation sites [3] allowed these 
investigations to be made in the region of superheats  corresponding to transit ion boiling. The investigations 
showed that the mechanism of vapor - f i lm format ion in this, regime is of a cavitational nature.  There is 
avalanchelike production of microbubbles in the vicinity of the heater ,  due to dis turbances introduced into the 
metastable  superheated layer  of liquid by vapor bubbles, and the subsequent formation of a vapor  film. 

Since the boiling c r i s e s  are the boundary values of the t ransi t ion-boi l ing curve we can natural ly assume 
that the cavitational mechanism of vapor - f i lm format ion  opera tes  in the immediate vicinity of the f i rs t  heat-  
t r ans fe r  c r i s i s  in the boiling liquid (approach to c r i s i s  f rom the transit ion boiling side of the curve).  

We consider  an a rb i t r a ry  volume V,  of superheated liquid in a boiling wall layer .  We est imate the mean 
kinetic energy of pulsational motion of the liquid in this volume as p'v~,V,. Let n nucleation sites be formed in 
the considered volume of liquid. The work of their  formation is then equal to n o r  2 in o rde r  of magnitude. 

As a cr i te r ion  of vapor - f i lm format ion when q - qcr~, AT - ATcr l ,  we introduce the quantity 

naR~-.l(p'v~V,) = const. (1) 

On the bas is  of Hsu ' s  hypothesis [10] of a relation between the s izes of the nuclei and the mean thickness 
of the boundary layer ,  we es t imate  the radius of the nucleus for  developed boiling conditions as 

Using the resul ts  of [11]. we write 

R, ~ & (2) 

6 ~ v / v , ,  (3) 

v ,  ~ k A T ~ r  l ( ,~ r " ) .  (4) 

It is obvious that  the number  of nucleation si tes n is direct ly proport ional  to the volume V, .  Since in the 
presen t  model vapor - f i lm format ion is re la ted to the formation of vapor  bubbles within the superheated walt 
l ayer  the number  of nuclei per  unit volume n / V ,  can be determined in t e rms  of the strength charac te r i s t i c s  of 
the liquid. Such a charac te r i s t i c  is the cr i t ical  cavitation nucleus which, as distinct f rom the vaporization 
nucleus R, ,  is not a function of the superheat .  Taking the radius of the cr i t ical  cavitation nucleus (Fisher 
[12]) as a l inear  scale ,  we can write 

n l V , ~  {al[kT" In (NkT"lh)]}  31~'. (5) 
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Fig. 2. Correla t ion of experimental  data by Eq. (6). H20: 1) [13]; 
2) [16l; 3) [15]; 4) [17]. c ~ o :  5) [18]; 6) [8]; 7)author's data; 
8) [11]. C~6:  9)[13]; 10)[18]; l l )  author ' s  data. CCI~: 12) author ' s  
data; 13) [13]. N2: lli) [19]; 15) [20]; 16) [21]; 17) [22]; 18) [23]. 
O2: 19) [19]; 20) [24]; 21) [25]. H2: 22) [22]. C2F3C13: 23) [14]. 
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Fig.  3. Exper imenta l  qcr~ data for  water :  1) [26]; 2) [27]; 
3) [28]; 4) [29]; 5) [30]. I) Calculation f rom Eq. (10); II) f rom 
(9); qc r l ,  W/m2; P,  ba r .  

Substituting (2)-(5) in (1) and changing the subject  to ATcr t ,  we obtain 

hTcr t = const (oT"l D'/~ v'/4 (a/p,),/s {~l[kT" In (NkT"/h)]} 3/16. (6) 

The superheats  in boiling c r i s e s  have not ye t  been adequately invest igated exper imenta l ly  in comparison 
with the c r i t i ca l  heat  f luxes.  The effect  on ATcr  1 of the mate r i a l  of the hea t - t r ans f e r  surface and its rough -~ 
ness ,  which may be significant ,  as was shown in ~13, 14], fo r  ins tance ,  has not been determined.  

In Fig.  2 the exper imenta l  data of different  authors  [8, 13-25] for  the cr i t ica l  superheats  in the boiling of 
var ious  liquids are  co r re l a t ed .  It is apparent  that the data are  given, with a sca t t e r  of +40%, by relat ion (6) 
with a constant equal to 0.5 in the ent i re  invest igated p r e s s u r e  range.  The sca t t e r  of the ATcr  ~ data is due not 
only to the dif ference in exper imenta l  p rocedu re s ,  but also to the effect  of the mate r i a l  of the h e a t - t r a n s f e r  
sur face  and its roughness ,  which is not taken into account in express ion  (6). 

Having express ion  (6) for  the c r i t i ca l  superheat  we can es t imate  the fract ion of heat brought f rom the 
h e a t - t r a n s f e r  surface through the liquid at heat  flux close to the conditions of the developed hydrodynamic 
c r i s i s  [11]: 

qL N ~.hTcr.~/6 ... (T"~o) ~/2 v -~/4 (~/p,)3/8 {o/[kT" in (NkT"]h)]} 9/I s. (7) 

We define the total heat flux in the case of the c r i s i s  in pool boiling as 

qcrt = qcrh~ qL, (8) 

where 

q'crh= krp"l/2 [go (p' - -  p,)]1/4 (9) 

is  the c r i t i ca l  heat  flux due to the purely  hydrodynamic mechanism [4]. 

F igure  3 compares  the exper imenta l  data fo r  the f i r s t  c r i t i ca l  heat  flux density in pool boiling of water  
with calculat ions (curve I) f rom the fo rmula  

qcr .---- 0.14 rp "~1~ [go" (p'-- p.)]lt4 + 10-5 (a~.T.)112 v-114 (~/p,)~/s {c;/.[kT" In (NkT"/h)]} y/~ (10) 
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Fig, 4. Critical heat flux as function of gravitational 

acceleration. Calculation= I) from (I0) for H2O; 

If) from (10) for N 2, O2; III) from (9): 1) H20 [32]; 

2, 3) H20 [31]; 4) N 2 [21]; 5) O 2 [33]. 
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and (9) (curve II). It is apparent  that the second t e rm  in express ion  (10) takes into account the removal  of heat 
through the liquid, which becomes  significant at reduced p r e s s u r e s .  

The exper imenta l  investigations of different  authors ,  ci ted in [31], on the effect  of gravitational forces  
on the f i r s t  c r i t i ca l  heat flux showed that re la t ion (9) sa t i s fac tor i ly  r ep re sen t s  the exper iments  when g > 0.1g 0. 
Here  go = 9.81 m / s e c  2. When g < 0,1g0, however ,  the exper iments  give a weaker  dependence of qc r l  on g and 
when g - - 0 ,  qc r  1 tends to a nonzero va lue .  

In Fig.  4 data on the cr i t ica l  heat  fluxes in the boiling of water ,  n i t rogen,  and oxygen are compared  with 
calculations f rom formulas  (9) and (10) in the reduced gravi ty  range.  Here  qcr0 is the c r i t i ca l  heat flux when 
g = go- It is apparent  that the introduction of a t e r m  independent of g into the express ion  for  qcr l ,  formula  
(10), provides  a more  accurate  charac te r iza t ion  of the dependence of qc r l  on the gravitat ional  constant when 
g/go < 0.I. 

NOTATION 

q, heat  flux; qcr l ,  c r i t i ca l  heat  flux; q c r u s ,  c r i t ica l  heat  flux in unsteady boiling; q . ,  minimum heat 
flux for  t ransi t ion f rom single-phase convection to film boiling; AT, surface superheat  re la t ive to saturat ion 
t empera tu re ;  ATcr l ,  surface superheat  in f i r s t  boiling c r i s i s ;  A T c r u s ,  surface superheat  in c r i s i s  af ter  un- 
stable boiling; AT , ,  minimum superheat  for  t ransi t ion f rom single-phase convection to film boiling; T",  satu- 
rat ion t e m pe r a tu r e ;  V . ,  volume of liquid in superheated wall l aye r ;  v , ,  mean pulsation velocity of liquid due 
to growing vapor  bubbles;  R , ,  radius of vapor-phase  nucleus in developed nucleate boiling; 5, mean thickness 
of boundary l ayer ;  r ,  heat  of vaporizat ion;  o, coefficient  of surface tension; ~, the rmal  conductivity of liquid; 
v, kinematic  v iscos i ty  of liquid; p ' ,  p",  densi t ies  of liquid and vapor;  k, Boltzmann constant;  N, Avogadro 's  
number ;  h, Planck 's  constant;  g, gravitat ional  acce lera t ion .  
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S T A B I L I T Y  OF O P E R A T I O N  OF A S T E A M - G E N E R A T I N G  C H A N N E L  

F R O M  L O W - F R E Q U E N C Y  P R E S S U R E  F L U C T U A T I O N S  

S.  M.  V t a s o v ,  E .  F .  R a t n i k o v ,  
R .  V .  R a d c h e n k o ,  A .  G .  S h a g a l o v ,  
a n d  A.  G.  S h t o i k :  

UDC 536.7 

The onset  and development  of v ibra t iona l  ins tab i l i ty  in a s t e a m - g e n e r a t i n g  channel is  inves t igated 
by an analys is  of the f luctuations of p r e s s u r e  and t e m p e r a t u r e  of the t r a n s f e r  fluid. 

Exper ience  in the operat ion of hea t -power  ins ta l la t ions  of the channel type shows that the flow of t r a n s f e r  
fluid can become  unstable ,  with concomitant  f luctuations of the flow r a t e ,  p r e s s u r e ,  and channel walt t e m p e r a -  
ture  [1, 2]. Depending on the hydrodynamic  c h a r a c t e r i s t i c  of the channel,  the heat  load, and the p a r a m e t e r s  
of the t r a n s f e r  fluid the instabi l i ty  can be aper iod ic ,  man i fes ted  in a va r iab le  hydrodynamic  cha rac t e r i s t i c  of 
the channel,  or  osc i l l a to ry .  

Aperiodic  instabi l i ty  a r i s e s  in a channel with low hydraul ic  r e s i s t ance  and it  can usual ly  be e l imina ted  
by inc reas ing  the channel r e s i s t ance  by the instal la t ion of ba f f l e  p la tes .  Osc i l l a to ry  instabi l i ty  is c h a r a c t e r -  
ized by quas iper iodic  changes in the t he rmophys i ca l  p a r a m e t e r s  of the flow, occu r s  m o r e  often than aper iodic  
ins tabi l i ty ,  and is  not a lways e l imina ted  by s imple  throt t l ing [3]. Flow instabi l i ty  adverse ly  affects  heat  t r a n s -  
f e r  and p r o m o t e s  the onset  of the h e a t - t r a n s f e r  c r i s i s .  

An impor tan t  f a c t o r  f o r  improv ing  the re l iabi l i ty  and safety  of opera t ion of channel- type hea t -power  
ins ta l la t ions  is e a r l y  predic t ion of hydrodynamic  instabi l i ty  of the s t e a m - g e n e r a t i n g  channels .  F o r  ins tance ,  
it was shown in [4] that the s p e c t r u m  of s t eam-con ten t  f luctuations comple te ly  de t e rmines  the s tabi l i ty  r e s e r v e  
of the channel and can se rve  as an indicator  of the onset  of hydrodynamic  ins tabi l i t ies .  Our invest igat ions of 
osc i l l a to ry  ins tabi l i ty  were  made on a l abo ra to ry  appara tus  consis t ing o f a  c l o sed  c i rcula t ion loop with a con- 
s t an t - l eve l  tank containing ou tgassed  dis t i l led wa te r  (Fig. l a ) .  Pump 1 dr ives  wa t e r  f rom the t he rmos t a t  2 
through a f l owmete r  3, the working channel 4, and a g lass  inspection tube 5. Power  f r o m  an ac l ine,  mon i -  
:tored by the m e a s u r i n g  unit 8, is  de l ivered  to the working channel 4 through an a u t o t r a n s f o r m e r  6 and power  
t r a n s f o r m e r  7. D u r i n g t h e  m e a s u r e m e n t s  the t e m p e r a t u r e  of the fluid at  the ent rance  and exit  of the working 
channel ,  a n d  a lso  the p r e s s u r e  at i ts  ex i t ,  were  r eco rded .  

The t e m p e r a t u r e - m e a s u r i n g  c i rcu i t  includes a C h r o m e l -  Copel thermocouple  9 with t ime  constant  0.2 
s e c ,  p laced  in the flow of fluid, a d c  ampl i f i e r  10, and a c o m p e n s a t o r  11 fo r  the constant  component  of the 
s ignal ,  which i n c r e a s e s  the sensi t iv i ty  of the sy s t em.  

The p r e s s u r e  is m e a s u r e d  with a spec ia l ly  designed meehanot ron  t r ansduce r  ! 2  (Fig. lb) ,  based  on a 
6MKh2B mechano t ron ,  with a power  unit 13. The wide dynamic range (from 10 N / m  2 to 104 N/m2) and the 
0- to 100-Hz t r a n s m i s s i o n  band allow this t r a n s d u c e r  to be used for  m e a s u r e m e n t  o f  s ta t ic  p r e s s u r e  or  p r e s -  
sure  f luctuat ions.  

The signal  of the m e a s u r i n g  c i rcu i t s  was r eco rded  by a mult ichannel  r e c o r d e r  14. 
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