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An ana lys i s  is made of exper imenta l  and theore t ica l  data on the influence of the the rmophys ica l  
p r o p e r t i e s  of the sur face  ma te r i a l  on the fUm-boi l ing c r i s i s .  Cor re la t ions  a r e  given for  choice 
of opt imum coating th ickness .  It is shown that the s table  f i lm-boi l ing c r i s i s  t e m p e r a t u r e  is 
linked to the modified Blot number .  

In recen t  y e a r s  numerous  invest igat ions have been published [1-3], in which the f i lm-boi l ing  c r i t i ca l  
t e m p e r a t u r e  has been  found to depend s t rongly on the the rmophys ica l  p r o p e r t i e s  of the h e a t e r - s u r f a c e  m a t e -  
r ia l .  In [3] a theory  was put fo rward  to explain this co r r e l a t i on  :he bas i s  of a two-s tep  h e a t - t r a n s f e r  model ,  
s ta r t ing  f rom the p r e m i s e  that  the liquid does not wet the wall.  

The p r e s e n t  a r t i c l e  develops this theory  and c o r r e l a t e s  exper imenta l  and theore t ica l  data on the influence 
of the the rmophys ica l  p r o p e r t i e s  of the m a t e r i a l  su r face  on the f i lm-boi l ing  c r i s i s .  

It was shown in [3] that  the f i lm-boi l ing  the rmodynamic  c r i t i ca l  t e m p e r a t u r e  depends on osci l la t ions of 
sur face  t e m p e r a t u r e  

Tcr = rio : h Two . (1) 

If one cons iders  the fo rma l  analogy between t e m p e r a t u r e  osci l la t ions of a cooled su r face  under  f i lm-  
boiling conditions and s teady per iodic  var ia t ions  in the sur rounding-envi ronment  t e m p e r a t u r e  s then one can 
exp res s  the ampli tude of sur face  osci l la t ions in the f o r m  

A o --- h Two/A T r ----- f (Bi*), (2) 

where  ATcfb--  ( T w - T s ) A ~ / a  is the analog of the ampli tude of t e m p e r a t u r e  osci l la t ions of the environment  r e l a -  
t ive to f i lm boiling; Bi* ---- a/V" ~cp~. 

The main  object ive in analyzing the hydrodynamics  of osc i l l a to ry  mot ion of the vapor  f i lm is to e s t ima te  
the poss ib le  p a r a m e t e r s  of the osc i l l a tory  motion,  p r i m a r i l y  the f requency of the osci l la t ions .  

During osc i l l a tory  mot ion of a liquid and vapor  nea r  a hea te r  su r face  pa r t i c l e s  a r e  t r a n s f e r r e d  in a d i r e c -  
t ion pe rpend icu la r  to the sur face ,  and this has  a ve ry  substant ial  influence on the h e a t - t r a n s f e r  mechan i sm.  
In spi te  of the impor tance  of this p r o c e s s  for  p rac t i ca l  appl icat ions and for  design of ce r t a in  types  of heat  ex-  
changers ,  it has not h i ther to  been invest igated.  Analys is  of such osci l la t ions is rendered  difficult by the fact  
that the p a r a m e t e r s  of a boiling two-phase  med ium a re  not constant  and by the d ivers i ty  of p r o c e s s e s  exciting 
the osci l la t ions .  A cha rac t e r i s t i c  fea ture  of these  osci l la t ions is that they belong to the c l a s s  of s e l f - o s c i l l a -  
t ions,  i .e. ,  to se l f -exc i ted  osci l la t ions ,  s ince they a r i s e  in the absence  of any kind of per iodic  fo rces  varying 
with a known frequency.  For  a random pulse ,  under  conditions where  se l f -osc i l l a t ions  occur ,  smal l  motions 
of a med ium or  a body take on an osc i l l a to ry  c h a r a c t e r ,  i nc rease  up to a specif ic  value, and a r e  maintained 
due to supply of energy  f r o m  an  externa l  source ,  which cannot i tself  acqui re  osc i l l a to ry  p rope r t i e s ,  e.g.,  heat 
f rom a constant ly heated sur face ,  o r  r e s i s t a n c e  at  the in te r face  between two phases .  The p r o c e s s  of energy 
t r a n s f e r  to osci l la t ions of the medium can, in turn,  depend both on the hydromechanica l  mot ion  and a lso  on the 
h e a t - t r a n s f e r  phenomena.  The hydromechanica l  and t he rma l ly  induced osci l la t ions differ  accordingly  [4]. 

The s imp le s t  model  fo r  hydromechanica l  exci tat ion of osci l la t ions in fUm boiling may  be r ep resen ted  
as  follows. Under the influence of the Arch imedean  fo rce  along a heated wall the re  is an inc rease  in the flux 
of vapor  which adjoins the wall  on one side and the liquid on the other .  If the medium in te r face  su r face  bends 
a t  the s a m e  point due to random events ,  the f r ic t ion  at this point i n c r e a s e s ,  and, consequently,  this randomly 
occur r ing  wave on the in te r face  su r face  begins to grow. The growth of the wave is bounded by s t ab i l i z ing fo rces  
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Fig. 1. Relation between variations in the vapor- f i lm 
thickness (c) and the hea t - t r ans fe r  coefficient (a and b). 

of surface  tension, by gravi ty  forces ,  or  by other s imi la r  forces .  But a wind blowing with constant velocity 
excites waves on the surface  of the r e s e r v o i r s .  Here the excitation is l inear  in nature.  For  a weak wind no 
waves a re  excited at all, but they appear  at once when the wind increases  above a specific value, and the re -  
af ter  increase  in propor t ion to any subsequent increase  in the wind. The angular  frequency w of gravitat ional  
waves is associa ted  with the i r  length l and is given in the form [5] 

r = 2 . ~ I  = V ~ 2 ~ q / {  (3) 

It should be noted that a wave with a length g rea t e r  than the liquid depth is quickly attenuated due to 
f r ic t ion at the base,  while a wave with a very  small  amplitude is attenuated more  strongly by internal molecu-  
l a r  friction. Thus, waves a re  excited which have a limited length range, depending on the wave amplitude, on 
the liquid viscosi ty,  and on other factors .  

It shou]d be understood that all that has been said, taking account of Eq. (3), re fers  also to the frequency 
of the oscil lat ions.  

In most  cases  the governing forces  in wave formation are  considered to be gravi ty forces  and surface 
tension. In such cases  the angular  frequency is given in the form [6] 

z <4) 

For Taylor--Helmholtz  instability the plus (+) sign refers  to the case  where the vapor is above theiiquid, 
and the minus ( - )  sign refers  to the case  where the liquid is above the vapor.  It should be noted that in boil-  
ing on a ver t ical  surface,  cer ta in  forces ,  analogous to gravity forces ,  may also act in the horizontal direction, 
due to various causes (e.g., hydrostat ic  p ressure ) .  When the frequency goes to zero  in Eq. (4) and subsequently 
the previously real values of w become imaginary,  we mean that there  is hydromechanical  instability of the 
interface between the media, which usually leads to the medium breaking down into separate  sect ions.  F rom 
this condition, taking into account the experimental ly established fact that the turbulent vapor core  is saturated 
with liquid (a dispersoid),  we can est imate the o rder  of magnitude of wavelength for which breakdown of the 
interface surface occurs .  For  cryogenic liquids, and also for water,  /c r  < 1 �9 10 -2 m. 

In o rder  to determine the numerical  value f of the oscil lation frequency we investigated oscillations of 
surface t empera tu re  of a specimen during cooling in liquid nitrogen, oxygen and helium. Analysis  of the r e -  
sults showed that the oscil lat ion frequency for local values of t empera ture  on the hea t - removal  surface of a 
cooled specimen af ter  immers ion  in liquid nitrogen, oxygen, and helium was 28-35 Hz. Comparison of the data 
on frequency of su r face - t empera tu re  oscillations and frequency of vapor-f i lm oscil lations,  obtained for  a family 
of liquids differing in thermophysica l  proper t ies  [7], shows that the data exhibit good agreement .  One can con-  
clude that the surface t empera tu re  in film boiling varies  periodical ly with the vapor- f i lm oscil lat ion frequency. 
The oscil lation frequency depends slightly on the thermophysical  proper t ies  of the liquid and on the specific 
heat flux, and when ca r ry ing  out different types of design est imates one can assume that it is constant and equal 
approximately to 30 Hz. 

Thus, variat ions in vapor-f i lm thickness lead to variations in local values of hea t - removal  coefficients,  
which, in turn, cause fluctt~ations in surface t empera tu re  with a specific frequency. Here there a re  two possible 
forms for the variat ion in hea t - removal  coefficient:  smooth s teady-s ta te-per iodic  and pulse- type (Fig. 1). 
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TABLE 1. Cri t ical  Tempera ture  for Stable Film Boiling as a 
Function of the Thermophysical  Proper t ies  of the Specimen 
Surface 

Specimen X, W/ W.h/ 
material m �9 deg '~ kg �9 deg p, kg/m s Bi*= ~____ 1 ~,cor Tcr 

Steel Khl8N9T 
M-3 copper 
FP-734 
Lead 
Melchior 
Kovar 
Ice 
Wax 
GF 

9,5 
300 

0.22 
37,2 
8,5 

14,4 
2,7 
0,075 
0.74 

0,068 
, 0,056 

0,15 
0,027 
0,07 
0,1 
0,3 
1,7 
0.071 

7900 
8930 
1400 

11340 
8842 
8340 
926 
960 

1060 

0,0175 
0.00315 
0,167 
0,0118 
0,0172 
0,0112 
0,0425 
0.109 
0,162 

115 
110 
180 
113 
114 
111 
129 
150 
170 

Fig. 2. 

( T c r -  'r~o)/(:rcr - 'rs) i - . - - - - ~ .  ! 

q;O BI* 

The cr i t ical  t empera tu re  for  stable film boiling 
as a function of the Bl* number.  

A quantitative interpretat ion of the tes t  data to determine the amplitude of t empera tu re  oscillations on 
the surface and, therefore ,  of the cr i t ical  t empera tu re  for stable film boiling was based on the formal  analogy 
between react ion of the body surface to change of local hea t - removal  coefficient in film boiling and the react ion 
of the body surface  to periodic variat ions in medium tempera ture  during convective heat t ransfer .  For  the 
la t te r  case  a mathematical  theory has been developed with which one can determine the amplitude of t empera-  
ture  oscillations as a function of the thermophysical  proper t ies  of the surface [8]. 

We examined the solutions of cer ta in  problems concerning s teady-s ta te  periodic oscillations of medium 
tempera tu re  and an intermit tent  heat flux to a body. The basic objectives in the analysis  of these solutions 
a re  the following. 

1) to determine the main pa rame te r s  and the group arguments  governing the response  of a cooled object 
to change under the hea t - removal  conditions; 

2) to est imate the influence of oscillation frequency on the amplitude of wall su r face - t empera tu re  osc i l la-  
tions; 

3) to determine the influence of wall  (or coating) thickness of the cooled object on the amplitude of su r -  
f ace - t empera tu re  oscillations and cooling rate; 

4) to compare  the numerical  values obtained f rom the solutions examined in o rde r  to cor re la te  the ex- 
per imental  data. 

The thermophysical  proper t ies  assumed for  the various mate r ia l s  a re  given in Table 1. The amplitude 
of the variat ion of the hea t - removal  coefficient was assumed to have two values:  Aa=  100 W/m 2. deg, which 
corresponds  to a smooth s teady-s ta te -per iodic  variation, and Aa = 1000 W/m 2 �9 deg, which cor responds  to a 
sharp increase  in hea t - removal  coefficient during passage  of the trough of the wave. The frequency of the 
vapor- f i lm oscillations and therefore  of the hea t - removal  coefficient is assumed to be 30 sec -1. Simultaneously, 
in o rder  to verify the possibil i ty of high-frequency oscillations influencing the amplitude of su r f ace - t empe ra -  
ture  fluctuations, in numerical  examples we assumed f = 1000 sec -1, which corresponded to the possible t ime 
of contact of the liquid with the wall. 

In spite of a difference of a f a c t o r o f t w o t o  three in absolute value s of the relative amplitude of t empera tu res  
oscillations at the forward boundary, calculated for  four different boundary-value problems,  the solutions ob- 
tained allow important  conclusions to be made. 

Under the conditions examined (f = 30 sec - i  and An--1000 W/m 2- deg) the application of a low- thermal -  
conductivity coating to a metal leads to an increase  in the amplitude of tempera ture  oscil lat ions on the surface 
by a fac tor  of severa l  tens, and the amplitude reaches a value in excess of 10% of the relat ive amplitude of 
oscillations in the coefficient of heat removal  f rom a solid body to the surrounding medium. 
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The main  complex  governing the ampli tude of t e m p e r a t u r e  osci l la t ions on the sur face  of an object  cooled 
under  f i lm-boi l ingcondi t ions  is the modified Bi* number .  The l a r g e r  the value of Bi*,  the l a r g e r  the ampli tude 
of the s u r f a c e - t e m p e r a t u r e  osci l la t ions .  The exper imenta l  data obtained a r e  in sa t i s fac to ry  a g r e e m e n t  with 
theore t ica l  ca lcula t ions  for  values  As  = 1000 W / m  2 -deg and 30 sec -1. The ag reemen t  de t e r io ra t e s  apprec iab ly  
fo r  the values  As  = 100 W / m  2" deg and f=  1000 sec -1. Var ia t ion  in osci l la t ion f requency in the range 20-50 Hz 
does not in any way affect  the numer ica l  r e su l t s .  

The ave rage  value of h e a t - r e m o v a l  coeff icient  for  a pulsed var ia t ion  in heat flux 

~av = czm q0 § % (1 - -  ~0), (5) 

where  a m -  1000 W / m  2. deg; s 0 = 100 W / m  2 �9 deg. For  ~70 = 0.042; C~av = 137 W / m  2. deg; fo r  7/o = 0.083, Say = 175 
W / m  2. deg which a r e  in good a g r e e m e n t w i t h  expe r imen ta l  data  obtained e a r l i e r  [9]. 

F rom the solutions obtained the conclusion was drawn that the coating th ickness  in mos t  c a se s  should be 
taken as a =  0.05-0.1 ram, since any fu r the r  i nc rease  in coating th ickness  does not give an apprec iab le  influence 
in A0, but leads to an i nc rea se  in t h e r m a l  r e s i s t ance .  Fo r  a d e c r e a s e  in coating th ickness  the influence on the 
ampli tude of s u r f a c e - t e m p e r a t u r e  osci l la t ions d e c r e a s e s .  

This conclusion ag ree s  well  with ideas as to the nature  of exci tat ion of t e m p e r a t u r e  pe r tu rba t ions  inside 
a body [8]. The at tenuation coefficient  K fo r  the t e m p e r a t u r e  osci l la t ions  is re la ted exponentially to t h e t h e r m a l  
wavelength z : 

K --= exp (--  x 2 n/z). (6) 

With an accu racy  sufficient for  engineer ing pu rposes  (+5%), one can  a s s u m e  that at a depth of x = 0.5z 
the t e m p e r a t u r e  f luctuations a r e  comple te ly  smoothed out. 

The exper imenta l  data obtained for  spec imens  of var ious  m a t e r i a l s  and coatings of th ickness  x = 0.5z 
can be c o r r e l a t e d  in the fo rm 

( r c r  - Tto) / (Tcr  - -  7 , )  = f (Bt*) (7) 

and a r e  shown in Fig. 2. It can be seen  that the exper imenta l  data a r e  in good ag reemen t  with ideas as to the 
nature  of the the rmodynamic  c r i s i s  in f i lm boiling. 

N O T A T I O N  

T , t e m p e r a t u r e ;  % t ime;  l, length; c, specif ic  heat; 7% specif ic  t he rma l  conductivity; p, density; K =ATw0/ 
ATw, ra t io  of the absolute  values of ampli tude of t e m p e r a t u r e  osci l la t ions on the su r face  and at a depth; 6, 
th ickness ;  s ,  h e a t - r e m o v a l  coefficient;  a, su r face  tension; 7? 0, re la t ive  t ime  of fluctuations; f, osci l la t ion f r e -  
quency; x, c u r r e n t  coordinate;  q, specif ic  heat  flux; z = 2~/"~a--'~, length of t h e r m a l  wave; a,  t he rma l  diffusivity.  
Indices:  lo, l imi t ing overheat ;  w, wall; w 0, wall  surface;  Cfb, medium re la t ive  to f i lm-boi l ing  model; e r ,  c r i s i s ;  
s, sa tura t ion.  
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