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A method of invest igat ing fluctuations of the in ter face  by means  of a l a s e r  is  developed and 
the r e su l t s  of m e a s u r i n g  the th ickness  of the vapor  f i lm in fi lm boiling of F r e o n - l l 3  on a 
hor izontal  tube a r e  p resen ted .  

According  to cu r r en t  concepts ,  heat  t r a n s f e r  f rom a wall  to a liquid in f i lm boiling is accompl i shed  
through a l amina r  vapor  f i lm by hea t  conduction. In  the case  of  high t e m p e r a t u r e s  it is n e c e s s a r y  to take 
into account  a lso  heat  t r a n s f e r  by radiat ion.  In the re la t ionsh ips  obtained by Kuta te ladze  [1] and B r o m l e y  
[2] it  is sugges ted  that  the heat  t r a n s f e r  coeff icient  be de te rmined  by the t i m e - a v e r a g e d  thickness  of the 
vapo r  f i lm,  and the wave mot ion on the in ter face  is not taken into considera t ion .  

However ,  a t  heat  loads insignif icantly exceeding the min imum heat flux on a heat ing su r face  only 
s e v e r a l  m i l l i m e t e r s  long the in te r face  in fi lm boiling becomes  rough and wave motion is obse rved  a l m o s t  
on the ent i re  in ter face .  Fluctuat ions of the in ter face  can lead to a change of the heat  t r a n s f e r  coefficient .  
As Kap i t sa  [3] showed, the coeff icient  of  heat  t r a n s f e r  through a f i lm of running liquid should be g r e a t e r  in  

a wave r e g i m e  than in a wave le s s  l a m i n a r  flow. 

The need to take into account  wave mot ion on the in te r face  in the case  of f i lm boiling is pointed out in 
the exper imenta l  invest igat ion of Coury and Dukler  [4]. The authors  noted fluctuations of the t e m p e r a t u r e  
of the heating su r face  and heat  flux in fi lm boiling of F r e o n - l l 3  on a ve r t i c a l  p la te  and showed that  they a r e  
due to fluctuations of the in te r face .  

At p r e s e n t  the re  a r e  no invest igat ions in which the mot ion of the in te r face  during fi lm boiling was 
studied in detai l .  I t  is na tura l  that a wel l - founded cons idera t ion  of the effect  of wave mot ion on heat  t r a n s -  
f e r  is poss ib le  if  the ave r age  thickness  of the vapor  f i lm and the r egu la r i t i e s  of  the change of ampli tude 
and f requency  of the f luctuations as  a function of the densi ty  of the heat  flux a r e  known. Expe r imen ta l  in-  
ves t iga t ions  m u s t  be conducted to find these  c h a r a c t e r i s t i c s .  

High-speed  f i lming and photography a re  used widely in studying the m e c h a n i s m  of liquid boiling. High-  
speed f i lming,  for  example ,  was  used  for  studying the mot ion of a vapor  l a y e r  during fi lm boiling of va r ious  
l iquids on a ve r t i ca l  su r face  by Bor i shansk i i  and Fokin [5]. However ,  the exper ience  of us ing h igh-speed  
f i lming in this s tudy showed that  on analyzing the photographs  it is not poss ib le  to de t e rmine  the exac t  p o s i -  
t ion of the heat ing su r face ,  and so,  to find the actual  th ickness  of the vapor  f i lm. 

To inves t igate  the mot ion of the in te r face  during f i lm boiling we developed a method based  on the use  
of  continuous l a s e r  radia t ion.  The method p e r m i t s ,  f i r s t ,  obse rv ing  the behav ior  of  the in te r face  at  a quite 
smal l  d is tance f r o m  the wall  (up to 10 #) and, second,  obtaining the c h a r a c t e r i s t i c s  of the fluctuating m o -  
tion (film th ickness ,  ampli tude and f requency of fluctuations).  As the expe r imen ta l  sec t ion  we se lec ted  a 
hor izonta l ly  posi t ioned tube of d i a m e t e r  2 x 0.5 m m  which moved  re la t ive  to the l ight beam.  The posi t ion 
of the f luctuating in te r face  in t ime  was  r e g i s t e r e d  due to re f lec t ions  f rom it of the beam of continuous l a s e r  
radia t ion,  whose c r o s s  sec t ion  by m e a n s  of optical  devices  was  reduced  to a s ize  cons iderab ly  s m a l l e r  than 
the min imum th ickness  of  the vapo r  f i lm. The luminous flux was  r e c o r d e d  by a photomul t ip l ie r  (PM) l o -  

cated a t  the exi t  po r t  of the working v e s s e l  (Fig. 1). 
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Fig.  1. Scheme of in te r rup t ing  the l ight  b e a m .  

At  a fixed d is tance  f rom the lower  gene ra to r  of the tube, equal to 6in s ,  as  long as  the in te r face  m o v e s  
f rom 5in s to 5mi n and back (Ttr) the l ight  beam p a s s e s  through the liquid and the PM signal  is equal to 
Umax.  When the in te r face  moves  f rom 5in s to 5ma x and back the l ight beam is r e f l e c t e d  and s c a t t e r e d  
f r o m  it and the PM signal  is equal to Umi n. In the case  of an i nc rea se  of the d is tance  f rom the tube 6in s 
the t ime  of in te r rup t ion  of the l ight beam by the vapor  f i lm d e c r e a s e s .  Such a 5in s when the v a p o r  f i lm 
c e a s e s  to in te r rup t  the l ight  b e a m ,  which is de t e rmined  by the cons tancy of the PM signal ,  equal to Umax,  
c o r r e s p o n d s  to the m a x i m u m  deviat ion of the in te r face  (Fig. 2a). 

To d e t e r m i n e  the durat ion of in te r rup t ion  of the light beam by the vapo r  f i lm,  the PM signal  was  c a l i -  
b ra t ed  by mechanica l  choppers  ( rotat ing sec to r  disks)  and by an e lec t roopt ica l  l ight  modula to r .  

During ca l ib ra t ion  in the case  of the mechan ica l  choppers  we de t e rmined  the dependence of the m a g -  
nitude of the PM signal on the ra t io  ~ / 2 ~  (Fig. 2c). The sum of the angles  of the s e c t o r s  ~ was found as  

t t  

~ ~v i. Ca l ib ra t ion  was  done a t  a chopping f requency  equal o r  c lose  to the expe r imen ta l l y  o b s e r v e d  f r e -  
i - = 1  

quency of f luctuat ions of the vapo r  f i lm.  

In Fig.  2c the a v e r a g e  beam t r a n s m i s s i o n  t ime  through the liquid is la id  out on the hor izonta l  l ine for  
va r i ous  d i s tances  f rom the tube, de t e rmined  so.  

Ttr = (q',/2~)T, 

where  T ,  the a v e r a g e  pe r iod  of f luctuat ions of the vapor  f i lm,  is found f rom the r e c o r d i n g  of the PM signal  
on a loop osc i l lograph  at  a d is tance between the light beam and tube equal to the a v e r a g e  th ickness  of the 

v a p o r  f i lm.  

The  reso lu t ion  of the method developed depends on the s ize  of the l ight beam and c h a r a c t e r i s t i c s  of the 
a p p a r a t u s .  To obtain g r e a t e r  sens i t iv i ty  of the method the l ight beam m u s t  be focused to a s ize  cons ide rab ly  
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Fig.  2. T r e a t m e n t  of  the m e a s u r e m e n t  data:  a) change of the PM 
signal in the e x p e r i m e n t ;  b) ca l ib ra t ion  cu rve ;  c) t ime  of l ight  
beam chopping by vapo r  f i lm.  5in s ,  #; U, mV;  T ,  m s e c .  
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Fig. 3. Basic  d iagram of device. 

s ma l l e r  than the average  thickness of the vapor  f i lm, equal to about 60 p in the case  of film boiling of 
Freon-113 at  a mean  t empera tu re  d i f ference  close to Atmi n according to B ro m ley  [2 ]. 

The d iamete r  of the spot at  the focus depends on the focal length of the focusing object ive and angular  
s ize of the light beam.  To reduce  the s ize  of the beam at the focus it  is advantageous to use an object ive 
w i ~  a sma l l e r  focal length, for  which purpose  the working sect ion must  be brought  up to the ent rance  por t  
of the working vesse l .  However ,  to mee t  the conditions of boiling in a large  vesse l  the distance between 
the heat ing surface  and the ent rance  por t  was se lec ted  equal to 30 mm.  

When focusing with the WIndustar-50" object ive,  to obtain a spot at  the focus with a d iamete r  of 15 #, 
which provides  sa t i s fac tory  accuracy  of the method,  the d ivergence  of the light beam should be 1'.  Of the 
known light sources ,  a l a s e r  gives minimum beam divergence.  In addition, as  applied to the given p rob -  
lem the following r equ i r emen t s  were  taken into account: 1) continuity and stabil i ty of opera t ion  of the light 
source ;  2) minimum attenuation of the light beam on pass ing through the liquid in the working vesse l ;  3) 
minimum heating of the liquid near  the heating sur face  by the focused light beam. 

A gas l a s e r  mee ts  these r equ i rement s .  Th e re fo r e ,  as the light source  we se lec ted  the LG-55 H e - N e  
l a s e r  with a wavelength of 0.63 ~, whose divergence in s ingle-mode opera t ion was 10'. To reduce  this to 
the n e c e s s a r y  value we used a col l imation sys tem consis t ing of the co l l imator  objective of an OSK-2 optical  
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Fig.  4. Change of the local  thickness  of the vapor  film: l i  
At = 128~ q = 2.6 �9 104 W/m2; 2} 201.4 and 4.34 - 104; 3) 
253.5~ and 5.08.104 W / m  z. 

Fig.  5. Change of vapor  film th icknesses  as a function of 
the heat  flux; 1) 5rain; 2) 5 ; 3) 5ma x. 
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bench with a focal  length of 1600 m m  and d iaphragm ins ta l led  a t  i ts  focus a t  the exi t  of the beam f rom the 
l a s e r .  Af te r  co l l imat ion  and focusing of the l a s e r  beam the d i a m e t e r  of the spot  was  m e a s u r e d  by m e a n s  
of  a m i c r o s c o p e  without cons ide ra t ion  of the nonuniformi ty  of the d is t r ibu t ion  of the radia t ion .  As the c a l -  
culat ion showed,  the i n c r e a s e  of the t e m p e r a t u r e  of the work ing  liquid as  a consequence of the e f fec t  of the 
focused l ight  beam was  negl igibly s m a l l .  

The e r r o r  of de t e rmin ing  the m i n i m u m  th ickness  of  the vapo r  f i lm depends on the sens i t iv i ty  of  the 
method ,  i naccu racy  of m e a s u r i n g  the m o v e m e n t  of the work ing  sec t ion ,  and PM no i ses .  F o r  the m i n i m u m  
value of 5 m i  n o b s e r v e d  in the study,  equal to 30 #, the e r r o r  of i ts  de t e rmina t ion  was  about 15%. 

F igu re  3 shows a d i a g r a m  of the e x p e r i m e n t a l  device .  The light b e a m  f r o m  the l a s e r  1 p a s s e d  
through the co l l imat ion  s y s t e m  2 and was focused in the work ing  v e s s e l  9 n e a r  the lower  g e n e r a t o r  of the 
tube 8. The expe r imen ta l  sec t ion ,  fas tened in the side pipe connect ions  of the working  v e s s e l ,  was  moved  
v e r t i c a l l y  and hor izonta l ly  by a m i c r o m e t e r  device 15 and checked by m i c r o s c o p e  16. Af t e r  p a s s a g e  
through the work ing  v e s s e l  the l ight  beam s t ruck  the PM cathode 10, the s ignal  of  which was r e c o r d e d  by 
po t en t iome te r  14, and o b s e r v e d  on the double (SI-16) and s to rage  (SI-29) o sc i l l og raphs  12, 13. F o r  r e c o r d -  
ing on the loop osc i l l og raph  (N004 MI) 11 the PM signal  was  ampl i f ied  by a biopotent ia l  a m p l i f i e r  (UBPI-  
02). Mechanica l  choppers  or  an e l ee t roop t i ea l  l ight  modu la to r  (ML-3) w e r e  ins ta l led in f ront  of the ob-  
jec t ive  6. A bias  vol tage  was  suppl ied to the modula to r  3 f r o m  a sou rce  (UIP-I)  4 and a modula t ing  vol tage  
f rom a gene ra to r  (G5-15) 5. 

To mon i to r  the power  of the l a s e r  rad ia t ion  a p a r t  of i ts  beam was d i r ec t ed  by m e a n s  of a d iv ider  
pla te  ins ta l led  a f t e r  the co l l ima to r  to a photodiode,  whose signal  was  m e a s u r e d  by a F - 1 1 6 / 2  m i c r o -  
a m m e t e r .  

The working  c i r cu i t  of the device  cons i s ted  of an e v a p o r a t o r  with a condense r  and an aux i l i a ry  v e s -  
se l  with a condense r .  To e s t ab l i sh  a f i lm r e g i m e  of boil ing the working  sec t ion  was  hea ted  to a t e m p e r a -  
tu re  g r e a t e r  than that  co r r e spond ing  to the m i n i m u m  heat  flux for  the inves t iga ted  condit ions.  Af te r  this 
the liquid loca ted  in the aux i l i a ry  v e s s e l  and heated  to sa tu ra t ion  t e m p e r a t u r e  was  t r a n s f e r e d  to the w o r k -  
ing v e s s e l .  The expe r imen ta l  sec t ion  was  flooded with the liquid and a f i lm r e g i m e  of boil ing was  e s t a b -  
l i shed.  The t e m p e r a t u r e  of the working  sec t ion  was  d e t e r m i n e d  by m e a n s  of a C h r o m e l - A l u m e l  t h e r m o -  
couple ins ta l led  inside it. 

The  local  th ickness  of the vapor  f i lm was m e a s u r e d  dur ing f i lm boil ing of F r e o n - l l 3  on a hor izonta l  
tube under  condit ions of f ree  convect ion and a t m o s p h e r i c  p r e s s u r e .  The m e a s u r e m e n t  r e s u l t s  a r e  p r e -  
sented in Fig.  4 in the fo rm of the a v e r a g e  t ime  of t r a n s m i s s i o n  of the l ight  beam through the liquid a t  
va r i ous  d i s t ances  f rom the lower  g e n e r a t o r  of the working  tube. The data on f luctuat ions of  the in te r face  
were  obtained in the r anges  of heat  f luxes 2 .6-5 .08 .104 W / m  2 and t e m p e r a t u r e  d i f f e rences  128-253.5~ 

The cu rve  of the a v e r a g e  t ime  of t r a n s m i s s i o n  of the l ight beam through the liquid is plot ted on the 
a s sumpt ion  that  the devia t ions  of the in te r face  have a s y m m e t r i c  fo rm.  The  sha rp  m a x i m a  and m i n i m a  
n e a r  5ma x and 5mi  n can be conceived  as  a r e s u l t  of the s t a t i s t i ca l  superpos i t ion  of f luctuat ions with a d i f -  
f e r en t  ampl i tude.  The values  of 5min,  5 ,  and 5ma x i nc r ea se  with an i n c r e a s e  of  the hea t  flux in the in -  

ves t iga ted  range  of q (Fig. 5). 
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NOTATION 

are the minimum, instantaneous, and maximum deviations of the interface, #; 
are the minimum and maximum signals of the photomultiplier, mV; 

is the sum of sector angles; 
Is the beam chopping time by vapor film, msec; 
Is the average period of fluctuation of vapor film, msec ; 

is the heat flux density, W/m2; 
is the transmission time of light beam through liquid, msec; 
is the average photomultiplier signal, mV; 
is the d is tance  f r o m  heat ing su r f ace ,  ~; 
is the d i f fe rence  between t e m p e r a t u r e s  of the heat ing su r face  and sa tu ra t ion  of liquid 
co r r e spond ing  to the m i n i m u m  heat  flux, ~ ; 
is the d i f ference  between t e m p e r a t u r e s  of  the heat ing su r f ace  and sa tu ra t ion  of 

l iquid,  ~ 

825 



i t  
2. 
3. 
4. 
5. 
6. 

L I T E R A T U R E  C I T E D  

S. S. Kutateladze, Condensation and Boiling Heat Transfer  [in Russian], Moscow (1949). 
L. A. Bromley, Chem. Eng. Progr . ,  46 (1950). 
P.  L. Kapitza, Zh. Eksp. Teor.  Fiz., 1--8, No. 1 (1948). 
G. E. Coury and A. E. Dukler, Proc.  4th Int. Heat Transfer  Conf., Par i s  (1970). 
V. M. Borishanskii and B. S. Fokin, Trudy TsKTI, No. 57 (1965). 
Yu. A. Blagodarov et al. ,  Zh. Prikl.  Spektroskopii, 15, No. 6 (1971). 

826 


