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One of the basic  p a r a m e t e r s  defining the intensi ty of heat  t r a n s f e r  on the boundary s e p a r a t -  
ing liquid and vapor  phases  is the superheat ing of the liquid during boiling. In a two-phase  
boundary l aye r  superheat ing const i tu tes  a va r i ab le  (fluctuating) quantity, which depends on 
s eve ra l  p a r a m e t e r s  of the s y s t em  and is of a s ta t i s t ica l  nature.  This  pape r  is devoted to a 
study of the s ta t i s t i ca l  nature  of the f luctuations in the superheat ing of a liquid. Star t ing f r o m  
exper imen ta l  data. obtained in measur ing  t e m p e r a t u r e  f luctuations in a two-phase  boundary 
l aye r  during the boiling of wa t e r  in contact  with a heated sur face ,  we c a r r y  out a s ta t i s t ica l  
ana lys i s  of the ampli tude of the f luctuations.  Based on this  ana lys i s ,  we de te rmine  the a v e r -  
age and the m ax i m um  superheat ing as  a function of the dis tance to the heated wall. To d e t e r -  
mine the m i c r o s t r u c t u r e  of the t e m p e r a t u r e  f luctuations and to study the i r  origin,  we took 
high-speed p ic tu res  of the head of a thermocouple  in contact  with the two-phase  medium. We 
es tab l i shed  that the p re sence  of va r ious  s ize  ampl i tudes  is assoc ia ted ,  in the main,  with two 
effects :  the exis tence  of a superhea ted  l aye r  on a bubble in the cour se  of i ts  growth and the 
convect ion of the liquid c lose  to the bubble. 

1. Descr ipt ion of the P rob lem.  It is a known fact  that  the an~ount of superheat ing of a liquid during 
boiling de t e rmines  the intensi ty of the vapor -phase  format ion  p r o c e s s  on the l i qu id -vapor  in terface .  A 
study of superheat ing of the liquid phase  in re la t ion  to the t e m p e r a t u r e  of boiling is of in te res t  in connec-  
t ion with the study of the mechan i sm of the boiling p roce s s .  The nature  of superheat ing during the f o r m a -  
tion of the vapo r  phase  in the p r e s ence  of a heating sur face  di f fers  f r o m  the superheat ing  of a liquid during 
homogeneous vapo r  fo rmat ion  [1-3]. This  di f ference is contained, f i r s t  of all, in the s ta t i s t i ca l  nature  of 
superheat ing.  I n , h e  case  of homogeneous vapor  format ion,  superheat ing is a s soc ia t ed  with f luctuations in 
the s tate  p a r a m e t e r s  in a m l c r o s y s t e m ;  in the case  of boiling at a heating sur face  the re  exist ,  in addition 
to these  fluetnatlons,  a lso  the f luctuations a r i s ing  f r o m  turbulence  of the liquid owing to the fo rmat ion  of 
vapor  bubbles on the heat ing sur face .  T e m p e r a t u r e  f luctuat ions in a two-phase  boundary l aye r  during the 
boiling of a liquid were  invest igated in [4-6]. It is evident f r o m  these  pape r s  that  the c h a r a c t e r  of the  t e m -  
pe r a tu r e  f luctuations depends on the phys icochemlca l  p r o p e r t i e s  of the liquid, on the heat flow at the heating 
surface ,  and on the quali ty and the fo rm of the sur face .  

E a r l i e r  s tudies  of the t e m p e r a t u r e  fluctuations in a two-phase  boundary l aye r  [7-10] showed that  the 
superheat ing fluctuations during the boiling of l iquids have a s ta t i s t ica l  c h a r a c t e r  with wel l -def ined s t a t i s t i -  
ca l  p a r a m e t e r s .  It was  shown by means  of an ampli tude and a harmonic  ana lys i s  of the t e m p e r a t u r e  f luc-  
tuat ions at va r ious  points of the boundary l aye r  that  the most  probable  superheat ing  of a liquid is a function 
of dis tance on the heated sur face  for  a constant  heat flow. It was  a lso  shown in these  pape r s  that  the m a x i -  
mum superheat ing can be substant ia l ly  l a r g e r  than the ave rage  superheating.  The p resen t  pape r  is devoted 
to a fu r the r  study of the nature  of the fluctuations,  t he i r  individual rea l iza t ions ,  and the s ta t i s t ica l  c h a r a c -  
t e r  of the f luctuations in va r ious  r e g i m e s  of boiling. 

2. Analys is  of the T e m p e r a t u r e  Field near  a Vapor  Bubble during Boiling on a Horizontal  Surface.  
The analys is  of  the t e m p e r a t u r e  f luctuations in a two-phase  boundary l aye r  during the boiling of w a t e r  on 
a horizontal  sur face  is based  on an expe r imen ta l  m e a s u r e m e n t  of the  t e m p e r a t u r e  f luctuations at va r ious  
d is tances  f r o m  the heating surface .  To r e c o r d  the t e m p e r a t u r e  f luctuations we used a C h r o m e l - A l u m e l  
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Fig. 1 

micro thermocouple  made f rom 12.5-~-diameter  wires .  The dynamic response of the thermocouple was 
determined by a special ly developed method, descr ibed in [10]. The essence  of this method i s the  following: 
a beam of light is d i rected onto the head of the thermocouple,  behind which there is placed a photodiode. 
By cover ing  the light beam with a specified frequency, a periodic heating and cooling of the thermocouple 
head is achieved. The frequency response  of the thermocouple  is determined by measur ing  the emf of the 
thermoelement j  with a simultaneous record ing  of the l ight-beam intensity incident on the photodiode, and 
then compar ing  the resul t ing signals. 

Measurement  of the t empera tu re  fluctuations during boiling was made on the following experimental  
apparatus  [10]. The polished surface,  6 em 2 in area,  of an experimental  container  served as the heating 
surface.  Heat was supplied at the heating surface through a copper  rod soldered to the outer  horizontal  
side of the experimental  container.  The heat flow onto the heating surface was determined with the aid of 
five thermocouples  placed along the copper  rod. The tempera tu re  of the wall was determined by ext rapola t -  
ing the readings of these thermocouples  up to the heating surface.  A micro thermocouple  was placed on the 
lid of the experimental  container ,  allowance being made for its motion in a horizontal  plane. Vert ical  
motion of the heat probe was real ized by means of a micro thermal  screw,  which made it possible,  with 
sufficient accuracy ,  to determine the position of the head of the thermocouple  with respec t  to the heating 
surface.  The emf of the thermocouple  was compensated by the emf corresponding to the boiling t e m p e r a -  
ture and the difference obtained was fed to an amplif ier .  The signal, amplified 1000-fold, was then fed to 
an osci l lograph or  a special  magnetophone. 

The relat ive position of the thermocouple and a bubble during its growth was determined by a high- 
speed motion picture.  For  this purpose we used a "Neuss t motion-picture c a m e r a  with two objective lenses.  
One of these was used to expose the interaction of the two-phase boundary layer  withthe mierothermocouple ,  
the other  was d i rec ted  at the osci l lograph sc reen  recording  the micro thermocouple  signal. F r o m  the ex-  
posed fi lms we determined the t empera tu re  field surrounding a bubble in the course  of its growth. Succes-  
sive f r ames  f rom the film are shown in Fig. 1; these were taken for  a heat flow of q =17.5 W/cm 2 and a 
distance o f the  thermocouple  f rom the heating surface  equal to Ax=2.25 ram. For  the regime which is 
cha rac t e r i zed  by the presence  of individual nuclei and co r responds  to the heat-flow value q = 8.65 �9 104 W/m ~ 
and a p r e s s u r e  p = 1 atm, we made a s e r i e s  of film shots of a par t icu lar  vapor-format ion center  with var ious  
thermocouple  positions. The resul t s  of these measurements  are  shown in Fig. 2 for two different types of 
bubbles cha rac t e r i zed  by the same rate  of growth. The thermocouple  posit ions cor responded  to the follow- 
ing di stance s f rom the he ating surface:  Point 1, Ax = 0.5 mm;  Point 2, Ax = 1.5 ram; Point 3, Ax = 2.5 ram; Point 4, 
~x = 3.5 ram; and Point 5, Ax = 5.5 ram. As is  evident fro _mthese fig~ares, the tempera ture  field close to thebubbles  
complete ly  repeats  itself,  i.e., the nature of the var ia t ion  for  the var ious  real izat ions  of individual bubbles 
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is identical. This enables us to make the assumption that even for the var ious  thermocouple posit ions 
the nature of the var ia t ion of the tempera ture  field close to a bubble s tays the same. Fur the rmore ,  this 
assumption makes it possible to draw tempera tu re  h is tograms on which the distance of the thermocouple 
f rom the heating surface appears  as a parameter .  These curves  descr ibe  the var ia t ion of the  tempera ture  
in spatial coordinates ,  where now the t ime of bubble growth appears  as a parameter .  

Figure  3 shows the var ia t ion of the t empera tu re  as a function of the distance to the heating surface 
for T --2, 3, 5 msec  for two different types of bubble. It is evident f rom these curves  that there  exists a 
the rmal  boundary layer  surrounding a bubble. It is also known that the maximum tempera ture  in the 
thermal  boundary layer  changes substantially with t ime as a resul t  of the elimination of heat through the 
surface separat ing the phases and, also, thanks to the nonstat ionary heat conduction in the surrounding 
liquid. The second of these p rocesses  leads to a var ia t ion in the boundary-layer  thickness.  In est imating 
the boundary-layer  thickness,  it is neces sa ry  to take into account the fact that the resul ts  were obtained 
through measurement  with a fixed the rmomete r ,  whereas  the thermal  boundary layer  moves with respec t  
to the the rmomete r  with a speed equal to the rate of growth of the bubbles. The veloci ty of the liquid 
motion close to a bubble can be determined on the bas is  of measurements  of the rate of bubble growth. 

It can be seen f rom the curves  in Fig. 3 that the boundary-layer  thickness 5 =0.5 mm for r =2 msec.  
The rate at which the thermal  boundary layer  moves due to growth of the bubble amounts to W =0.8 m/ sec  
at the given t ime ~ =2 msec.  This means that the microthermocouple  t r a v e r s e s  the boundary layer  in a 
t ime interval of r =0.63 msee, which is c lose  to the value of the t ime constant  for  the given thermocouple.  
It follows f rom this that a thermal  element used for  such rates  of boundary-layer  movement  r eco rds  only 
those tempera ture  changes present  in a boundary l ayer  of thickness 5 =0.2 mm. Therefore ,  in the m e a s u r e  
meats  ao thermal  boundary layer  can appear  at distances less  than A x = l . 5  ram. 
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On the bas i s  of the m e a s u r e m e n t s  shown in Fig. 3 we can  deter~ 
mine the r a t e  at which the m a x i m u m  t e m p e r a t u r e  moves  in the boundary 
layer .  F igure  4 shows how the r a t e  of change of this  max imum v a r i e s  
as  t i m e  i n c r e a s e s .  Curve  1 in th is  f igure  r e p r e s e n t s  the r a t e  of growth 
of a bubble plus the ve loc i ty  of the heat wave; curve  2 is the r a t e  
dR/dT of the bubbles  1 and 2. If f r o m  this  ra te  we subs t r ac t  the r a t e  of 
bubble growth, we obtain the ve loc i ty  of the heat wave in the nonsta:- 
t i ona ry  boundary layer .  The value of the ve loc i ty  so obtained mus t  be 
found to ag ree  with bubble-growth t heo r i e s  based  on the assumpt ion  of 
the exis tence  of a t h e r m a l  boundary l aye r  surrounding a vapo r  bubble, 
cont ro l l ing  the ra te  and m e c h a n i s m  of growth of a bubble. 

F o r  the ana lys i s  of the t e m p e r a t u r e  field surrounding a bubble, 
we s t a r t  f r o m  the one-d imens iona l  nons ta t ionary  heat-conduction equa-  
t ion 

OTIO~ = aO2T/Ox ~ (2.1) 

and the following boundary and initial  condit ions:  

Fig. 6 1" ( z  = O, ~ ~< 0) = T v 

1" (x ~ 8, �9 ~ 0) = 1"v (2.2) 
r ( z > 8 ,  ~..< 0) = 1,~ 

r ( z  = o, ~ > 0 )  = r s  

1,@ = ~ ,  ~ > 0 )  = r s  

This  makes  it poss ib le  to introduce f i r s t - o r d e r  impulse  functions in p lace  of the f i r s t  two boundary 
and initial  condi t ions ,  and to obtain the solution of Eq. (2.1) in the f o r m  

T (z,  t ) - -  r s r e_  ,/.a= ( 2 . 3 )  
TS = 2 (a~') v" 

f r o m  which we can then obtain the speed at which the max imum t e m p e r a t u r e  moves  in the boundary l ay e r :  

dx,,,/d'~ = (a/2"Ov, (2.4) 

and the value of the m ax i m um  t e m p e r a t u r e  

~Ts  
T (xm, T) = (2~e),/----------T ~ (2.5) 

In Fig. 5 a c o m p a r i s o n  is made of the d i sp lacement  r a t e  of the max imum t e m p e r a t u r e  in the t h e rma l  
boundary  l aye r ,  obtained on the bas i s  of Eq. (2.4), with that  obtained f rom expe r imen ta l  data. Also in this  
f igure  a re  shown the r e s u l t s  obtained using the Mikid - R o h s e n o w  re la t ionship  (see [11]). F igure  6 shows 
the va r i a t ion  of the m a x i m u m  t e m p e r a t u r e  in the immedia te  vic ini ty  of a bubble during the per iod of i ts  
growth and a lso  a c o m p a r i s o n  with Eq. (2.5) for  the bubbles  1 and 2. Curve 1 in Fig. 5 is the exper imenta l ly  
obtained heat-wave veloci ty;  cu rve  2 is based  on the Mlkid - R o h s e n o w  model;  cu rve  1 in Fig. 6 is based 
on Eq. (2.5) and cu rve  2 r e p r e s e n t s  the exper imen ta l  data for  the bubbles 1 and 2. 

The a g r e e m e n t  of r e su l t s  of m e a s u r e m e n t s  of the t e m p e r a t u r e  in the superhea ted  boundary  l aye r  
with the theory  based  on the exis tence  o f a n o n s t a t i o n a r y b o u n d a r y  l ayer  surrounding a bubble con f i rms  the 
assumpt ion  that  the superhea ted  liquid surrounding a bubble def ines  both the mechan i sm and the c h a r a c t e r  
of the bubble growth in the boiling p r o c e s s .  It is well  known that  superhea t ing  of the liquid c lose  to the 
heating su r face  r e p r e s e n t s  a f luctuating quantity,  the nature  of which, for  the exis tence  of individualbubbles ,  
can be desc r ibed  analy t ica l ly  with fa i r ly  good accuracy .  A be t t e r  descr ip t ion  is poss ib le  only at a spec i -  
fied d is tance  f rom the heating surface .  At the s t a r t  of bubble growth we obtain a max imum t e m p e r a t u r e  in 
the boundary l aye r  T m a x / r  0 =24~ which is subs tant ia l ly  l a r g e r  than the wall  t e m p e r a t u r e  fo r  a given heat 
flow. There fo re ,  the superhea t ing  value,  obtained f r o m  wa l l - t empera tu re  m e a s u r e m e n t s ,  r e p r e s e n t s  only 
an ave rage  value of the superhea t ing  f luctuat ions in the immedia te  vic ini ty  of the heated sur face .  We con-  
clude, then, that  in cons ide r ing  the superhea t ing  of a liquid c lose  to a heating sur face  during boiling, it is 
n e c e s s a r y  to take into account  superhea t ing  f luctuat ions and the i r  s ta t i s t i ca l  c h a r a c t e r .  
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3. Sta t is t ical  Analys is  of Superheat ing Fluctuat ions during Boiling. Bear ing  in mind the l a rge  num- 
ber of d ive rse  ef fec ts  on the value of the individual p a r a m e t e r s  of a two-phase  boundary layer ,  we can  
a s s u m e  that al l  quant i t ies  which define the t r a n s f e r  of mass ,  energy,  and momentum are  of a s ta t i s t i ca l  
nature .  A method has been worked out for  s ta t i s t i ca l ly  handling the superheat ing v a r i a b l e s  at each point 
of a two-phase  flow. The mic ro the rmecoup le  signal was t r e a t ed  as a continuous r andom function; by s t a t i s -  
t i ca l ly  analyzing the ampl i tudes  we can obtain a probabi l i ty  dis tr ibut ion f o r  each ampli tude of the signal 
in question. It i s  a s sumed  here  that  the continuous random functioff cons idered  sa t i s f i e s  the c r i t e r i o n  of 
ergodici ty,  in the major i ty  of c a s e s  the boundary- layer  t e m p e r a t u r e  fluctuations do sa t i s fy  this  condition. 

Amplitudinal  Analysis .  Fo r  each thermocouple  posi t ion the the rmecouple  signal was en te red  into a 
m e a s u r i n g  magnetophone in a flow of r o = 15 sec with a record ing  speed of ~V 0 =75 c m / s e c .  The signal on 
the magnetophone f i lm was  fed through a l inear  ampl i f i e r  and supplied as  input to a f requency  c o n v e r t e r  in 
which the signal was  conver ted  f r o m  analog to digital fo rm,  subsequent to which it was  d i rec ted  to a b inary  
r eg i s t e r .  F r o m  the b inary  r e g i s t e r  the signal was  fed to a digital computer ,  which c a r r i e d  out an ampl i -  
tude ana lys i s  of the signal. Since the signal was  slowed by a f ac to r  of 16 (the f i lm was  p r o c e s s e d  at a ra te  
of 4.7 c m / s e c ) ,  and since the osc i l l a to r  in the c i rcu i t  t r ans la t ing  the signal into digital  f o r m  worked  at a 
f requency of 500 Hz, the durat ion of each d i s c r e t e  ampli tude amounted to A r =0.12 msec .  In the ampli tude 
ana lys i s  we took 120,000 ampli tudes ,  which c o r r e s p o n d s  to signal durat ions  of r 0 =15 sec. 

If the number  of ampl i tudes  at level  K for  the va lue  of the signal  is HK, where  H is the total  number  
of ampl i tudes  cons idered ,  then the probabi l i ty  of the appearance  of a K-th  level  ampli tude in the total  signal 
is 

K 

Thus, fo r  the probabi l i ty  densi ty we have 

P (2") = P (Tg_~ ~ T ~ TK)/AT' (3.2) 

T e m p e r a t u r e  f luctuations were  m e a s u r e d  at the following five different  thermocouple  locat ions,  Ax = 
0.5, 1.5, 2.5, 3.5, 5.5 ram, during the boiling of wa te r  at a tmospher i c  p r e s s u r e  and with a heat flow of q = 
8.65 W / c m  2. The ampli tude dis t r ibut ions  obtained a r e  shown in Fig. 7. Boiling under  these  conditions 
c o r r e s p o n d s  to a r eg ime  of sepa ra te ,  identical  bubbles.  The heating e lement  location, se lec ted  exact ly  
above thevapor-f_ormat ion cen te r ,  co r r e sponded  to the r eg ime  cons ide red  in the f i r s t  pa r t  of our  paper .  
It is evident f r o m  the ampli tude dis t r ibut ions  that  t he re  a r e  two c h a r a c t e r i s t i c s  for  the superheat ing of a 
liquid at each of the points cons idered .  The s m a l l e r  value of superhea t ing  co r r e sponds  to superheat ing  of 
the liquid located at some dis tance f r o m  the su r face ,  separa t ing  the phases ,  while the l a r g e r  value c o r r e -  
sponds to  superheat ing in the t h e r m a l  boundary l aye r  surrounding the bubble. Superheat ing of the liquid 
located at a d is tance f rom the separa t ion  sur face  a s s u m e s  a constant  value,  while the superheat ing  in the 
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thermal  boundary layer is of the same nature as that obtained in considering the individual bubbles in the 
analysis of the films. Therefore  the results  shown in Fig. 7 relate to the temperature  fluctuations exactly 
above the single vapor-formation center.  

For well-developed bubble boiling, when the number of vapor-formation centers  is uniformly distr ib-  
uted over t h e  heating surface, the position of the thermocouple is observed to have a significantly smaller  
influence on the nature of the temperature  fluctuations close to the heating surface. Figure 8 shows the 
amplitude distributions of the temperature  fluctuations during the boiling of water with a heat flow of q = 
27.7 W/cm 2. This regime of boiling corresponds to well-developed bubble boiling. Two values of super-  
heating of the liquid are c lear ly  visible. The smaller  superheating value relates  to the superheating of the 
surrounding liquid located at a specified distance from the phase_separation surface; the larger  value cor -  
responds to superheating in the thermal boundary layer.  In this case significantly smaller  superheating 
of the surrounding liquid is observed since for such a regime it represents  an average superheating of the 
liquid. In its charac ter  and size the maximum superheating is equal to the superheating demonstrated in 
the case of single bubbles, thus confirming that the temperature  fluctuation signal contains information 
concerning superheating in the thermal  boundary layer.  

Superheating of a liquid at some distance from the heating surface fluctuates over a range of ampli- 
tudes, which makes it possible to assume that the superheating of a liquid at a wall can be significantly 
larger  than the superheating obtained by measuring the wall temperature.  

Temperature  fluctuations have a s tr ict ly defined charac te r  for various flow conditions in a two-phase 
mixture. 

An analysis of temperature  fluctuations in a two-phase flow makes it possible to determine an aver -  
age local volumetric vapor content for a two-phase mixture. 
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