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Resul t s  a re  p r e s e n t e d  of s imul taneous  m e a s u r e m e n t  of t e m p e r a t u r e  p ro f i l e s  and local  vapor  con- 
tent  in a boundary  l a y e r  in the boi l ing of wa te r .  

In a number  of boi l ing h e a t - t r a n s f e r  mode l s  fo r  l iquid boi l ing ,  use i s  made of data  such as the local  
c h a r a c t e r i s t i c s  of the p r o c e s s ,  e . g . ,  the f requency ,  sepa ra t ion  d i a m e t e r  and growth ra te  of bubbles ,  and the 
dens i ty  of v a p o r - g e n e r a t i n g  c e n t e r s .  However ,  for  suff ic ient ly  high hea t  flux, there  is  a m e r g i ng  of the vapor  
bubbles ,  and n e a r  the h e a t - t r a n s f e r  sur face  a region  f o r m s  with a cons ide rab le  volume vapor  concen t ra t ion ,  
and the individual  bubble model  i s  open to s e r i o u s  doubt. 

In o r d e r  to unders tand  the hydrodynamic  and t h e r m a l  p r o c e s s e s  n e a r  a h e a t - t r a n s f e r  sur face  and to 
c r ea t e  a phys i ca l ly  wel l - founded h e a t - t r a n s f e r  model  in developed boi l ing one mus t  know the phase d is t r ibu t ion  
laws .  F r o m  the va r ia t ion  in vapor  content in the wail  l a y e r  one can de te rmine  the d i f ferent  reg ions  on the 
boi l ing  cu rve ,  and for  l a rge  q the vapor  content can a lso  govern the c r i s i s  phenomenon.  

The impor t an t  p a r a m e t e r s  of bubble boi l ing are  the th ickness  of the heated boundary l a y e r  adjacent  to 
the heat ing sur face  and the t e m p e r a t u r e  p rof i l e  within this  l a y e r .  Expe r imen ta l  inves t iga t ions  of t e m p e r a t u r e  
p r o f i l e s  in the boundary  l a y e r  [1-4] have shown that  there  is  a definite link between the h e a t - t r a n s f e r  coeff ic ient  
and the th ic lmess  of the heated l a y e r .  The absolute  va lues  of 5 a re  quite sma l l  (for q = 233.103 W/m 2 5 is  
~ 0.09 mm [3]) for  sma l l  heat  flux, and as the hea t  flux i n c r e a s e s  the values  of 5 d e c r e a s e ,  which makes  it con- 
s i de r ab ly  more  diff icult  to de te rmine  these  va lues  e x p e r i m e n t a l l y .  

The th ickness  of the hea ted  l a y e r  is  de t e r m i ne d  f rom the t e m p e r a t u r e  prof i le  in the l iquid nea r  the hea t -  
t r a n s f e r  su r face .  The ins tantaneous  t e m p e r a t u r e  at any point in this  l a y e r  is  a va r i ab le  which f luctuates  with 
l a rge  ampli tude and f requency.  These t e m p e r a t u r e  f luctuat ions are  due to mixing of the l iquid within the 
hea ted  l a y e r ,  caused  by growth,  merg ing ,  and sepa ra t ion  of bubbles ,  which, in turn ,  is  c o r r e l a t e d  with the 
bubble flux. It i s  ve ry  p robab le  that the loca l  vapor  content is  a l so  the main f ac to r  in determL~ing these c h a r -  
a c t e r i s t i c s  of the boi l ing p r o c e s s .  The re fo r e ,  one should expect  a definite co r r e l a t i on  between 5 and ~ .  

The p r e s e n t  p a p e r  g ives  expe r imen t a l  da ta  on s imul taneous  m e a s u r e m e n t  of t e m p e r a t u r e  p ro f i l e s  and 
loca l  vapor  content above a hot sur face  in wa te r  boi l ing at a tmosphe r i c  p r e s s u r e .  

1 .  E x p e r i m e n t a l  Equipment and Technique.  To m e a s u r e  the d is t r ibu t ion  of phases  the authors  used  a 
conduc tomet r ic  method,  which i s  based  on the use of d i f f e rences  in e l e c t r i c a l  conductivity between the l iquid 
and the vapor  [5, 6]. The average  loca l  vapor  content  as a function of t ime is de t e rmined  as the ra t io  of the 
to ta l  dwell  t ime  of vapor  at a given point to the total  n~easurement  t ime ,  i . e . ,  
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where AT i is  the t ime fo r  which the vapor  phase  is  continuously p r e s e n t .  The m e a s u r e m e n t  ce l l  (the face of 
the probe is  the h e a t - t r a n s f e r  surface)  i s  included in a s e r i e s  c i r cu i t  whose e l emen t s  a re  an ac o s c i l l a t o r  and 
a load r e s i s t o r .  The s ignal  taken f rom the r e s i s t o r  p a s s e s  through an ampl i f i e r  and then a d i s c r i m i n a t o r  
which s e p a r a t e s  out the r e q u i r e d  signal  ampli tude p a r t  for  subsequent  reduct ion.  The o s c i l l a t o r  c a r r i e r  f r e -  
quency of the o s c i l l a t o r  in the probe c i r cu i t  was 4000 Hz. 

T r a n s l a t e d  f rom I n z h e n e r n o - F i z i c h e s k i i  Zhurnal ,  Vol. 37, No. 2, pp .197-203,  August,  1979. Original  
a r t i c l e  submit ted  Ju ly  24, 1978. 

0022-0841/79/3702-0881507.50 �9 1980 Plenum Publ ishing Corpora t ion  881 



The c a r r i e r  f requency was modula ted  by low-f requency  s ignals  f rom the pas sage  of volumes  of vapor  
through the probe  face ,  and the s ignal  ampli tude va r i ed  f rom u l to u v. The d i s c r i m i n a t i o n  leve l  was set  in the 
region 77-78% of (ul - Uv), accord ing  to [7], which de r ived  the r a t io  ~l  and the t rue  volume vapor  content 
using synchron ized  h i g h - s p e e d  photographs  for  va r ious  leve ls  of d i s c r i m i na t i on .  A more  de ta i led  account of 
the technique for  m e a s u r i n g  ~l  is  given in [5]. 

F o r  s imul taneous  m e a s u r e m e n t  of t e m p e r a t u r e  p ro f i l e s  and local  vapor  content we used a rake  of 12 
p r o b e s ,  at the cen t e r  of which was loca ted  a N i c h r o m e -  Constantan thermocouple  with e l ec t rode  d i a m e t e r  
30 pm. The p robes  spanned an a r e a  of 6.4 • 6.4 mm and were  loca ted  at  the c o r n e r s  and the cen te r  of a cel l  
of d i a m e t e r  3.2 x 3.2 m m .  F o r  the vapor  content  m e a s u r e m e n t  over  the h e a t - t r a n s f e r  sur face  at constant  
height  we used a rake  of 9 p r o b e s  spanning an a r e a  of 3.6 • 3.6 ram,  loca ted  at the c o r n e r s  of a ce l l  of s ize  
1.8 x 1.8 r am.  F o r  t r a v e r s i n g  along the sur face  the probe  rake  was moved r e l a t ive  to the t r a v e r s e  axis  in 
such a way that  the min imum dis tance  between l ines  of ~ l  m e a s u r e m e n t  was 0.3 m m ,  and the max imum d i s -  
tance was 0.7 mm.  The d i s t ances  between the probe  t r a v e r s e  l ines  were  de t e rmined  f rom photography in two 
d i r e c t i ons  as the p r o b e s  were  moved r e l a t ive  to a fixed sca le .  The p robes  were  made up with insu la ted  Con- 
s tantan wire  of 0 .2 -mm d i a m e t e r .  

Location of the probe and the the rmocoup le  in a s ingle plane in se t t ing up the probe rake was accom-  
p l i shed  as  fol lows.  The the rmocouple  was a t tached r ig id ly  to the r a k e ,  and the probe  e l e c t r o d e s  ( i . e . ,  the 
wi re s )  could be moved and bent  somewhat  with r e s p e c t  to the the rmocoup le .  A c a l i b r a t e d  t r a v e r s e  mechan i sm 
(with d iv is ions  of 10 pm) was used  to lower  the en t i r e  rake  of p r o b e s  to the hea ted  su r f ace .  The p r o b e s ,  on 
r each ing  the su r f ace ,  p e n e t r a t e d  ins ide  the c a p i l l a r i e s  of the b e r y l l i u m  oxide until the thermocouple  touched 
the su r f ace .  The moment  of the rmocouple  contact  was de t e r m i ne d  f rom the e l e c t r i c a l  contact .  In th is  p o s i -  
tion epoxy r e s i n  was poured  over  the probe  e l e c t r o d e s  through a funnel.  This posi t ion was the point of or igin 
in conducting the t e s t s  (h = 0). The n ine -p robe  rake  was moved only hor izon ta l ly  at constant  height 80 pm in 
s teps  of 0.1 mm ove r  a length of 5 m m ,  and the 12-probe  rake  was moved  only v e r t i c a l l y  in s teps  of 0.05 m m  
n e a r  the su r f ace ,  and in s teps  of 0.2 mm for  h > 1 ram.  

The s ignal  f rom the m i c r o t h e r m o c o u p l e  went to the a m p l i f i e r ,  p a s s e d  through a low-f requency  f i l t e r ,  
and was r e c o r d e d  on a type N-115 loop o sc i l l og raph .  In th is  way we r e c o r d e d  the  t i m e - a v e r a g e d  t e m p e r a t u r e ,  

obtaIned by f i l t e r ing  out the f luctuat ing components .  

The h e a t - t r a n s f e r  su r face  was the face of a copper  rod  of d i a m e t e r  20 m m ,  covered  with a l a y e r  of 
n ickel  of th ickness  5-7 pro. To m e a s u r e  the hea t  flux, four  t he rmocoup le s  were  pos i t ioned  along the upper  
p a r t  of the rod .  

F o r  a given hea t  flux the p r o b e s  and the thermocoupte  were  set  up at a spec i f ic  dis tance f rom the hea t -  
t r a n s f e r  sur face  and the p r o b e s  were  connected,  in tu rn ,  to the m e a s u r e m e n t  in s t rumen t .  The m e a s u r e m e n t  
t ime ~ l  was 1 min ,  which was suff ic ient  for  s t a t i s t i c a l  averag ing  of the r e s u l t s .  The thermocouple  r ead ings  
were  r e c o r d e d  ove r  2-3 rain.  The accu racy  in de te rmin ing  loca l  vapor  content was 6-8% [7]. 

2. E x p e r i m e n t a l  Resul t s  and Ana lys i s .  In the f i r s t  s e r i e s  of t e s t s  we m e a s u r e d  the d i s t r ibu t ion  of local  
vapor  content ove r  the h e a t - t r a n s f e r  su r face  in an a r e a  of width 4.9 m m  and length 5 m m ,  pos i t ioned  at the 
c e n t e r  of the working sec t ion .  The heat  f luxes were  (349, 735,930) �9 103 W/m 2. In the second s e r i e s  of t e s t s  
we m e a s u r e d ,  s imul t aneous ly ,  the t e m p e r a t u r e  p r o f i l e s  andthe  loca l  vapor  content while the heat  flux was 
v a r i e d  f rom 490 �9 103 to 1 .13.  l 0  G W/m 2, The c r i t i c a l  heat  flux was 1.86 �9 106 W / m  2. In the th i rd  s e r i e s  of 
t e s t s  we m e a s u r e d  only the loca l  vapor  content for  q equal  to 1.13.106 and 1.44 �9 106 W / m  2. The c r i t i c a l  heat  
flux was 1.66 �9 106 W / m  2. It was a s sumed  that  the chosen a r e a s  were  r e p r e s e n t a t i v e  of the whole h e a t - t r a n s f e r  

su r face  in de te rmin ing  the ac tual  v a p o r - g e n e r a t i o n  c e n t e r s .  

a) Dis t r ibu t ion  of Vapor Content ove r  the H e a t - T r a n s f e r  Surface .  Using a phys ica l  model  of boi l ing  hea t  
t r a n s f e r ,  r e f e r e n c e s  [8, 9] have put fo rward  a gene ra l  c o r r e l a t i o n  for  the average  r e su l t an t  spec i f ic  hea t  flux. 
In o r d e r  to ca lcu la te  individual  hea t - f lux  components  one mus t  ave rage ,  ove r  t ime  and space ,  the f rac t ions  of 
su r face  occupied by the vapor  and the l iquid.  

Tes t s  to m e a s u r e  the s u r f a c e - a v e r a g e d  v a p o r  content were  c a r r i e d  out at a constant  height  of 80 pm. To 
obtain the a r i t h m e t i c  average  value ~ a double averag ing  was p e r f o r m e d :  over  the width of the a r e a  for  al l  the 
p r o b e s ,  and along the length with s teps  of 0.1 m m ,  i . e . ,  ~ was obtained f rom 450 values  of ~l" 

F i g u r e  1 shows ~ as a function of the heat  flux. The f igure  a lso  shows the e xpe r i m e n t a l  data of [10] in 
t e r m s  of the r e l a t i ve  f r ac t ions  of the a r e a  in contact  with the bubbles  (line 1) and vapor  (line 2). Since the 
v a p o r  content was m e a s u r e d  in a plane 0.08 m m  d i s t an t  f rom the wal l ,  a d is tance  g r e a t e r  than the th ickness  of 
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F ig .  1. Rat ios  of the bubble con tac t  a r e a  s b Qine 1), the vapo r  
con tac t  a r e a  s v (line 2) with the su r f ace  [10], and the ave rage  
v a p o r  content  as  a function of heat  flux q,  W / m  2. 

F ig .  2. Ratio be tween h e a t - t r a n s f e r  coef f ic ien t  ~ ,  W / m  2 .deg  K, 
and ex t r apo l a t ed  hea ted  l a y e r  th ickness  5, ram:  1) p r e s e n t  data;  
2-5) data  of [1-4]. 

the microlayer under the bubbles in these conditions, the values of ~ fail between tines 1 and 2, and with in- 

crease of q the values of ~ draw near to the values of s b. 

Thus, from the measured vapor content one can obtain, to a certain approximation, the ratio of the 

fractions of surface occupied by vapor and liquid for different heat fluxes and pressures. These data can be 

used to determine the separate heat-flux components. 

b) Temperature Profiles above the Heated Surface. The distribution of time-averaged temperature was 

measured up to h = 3 ram. Starting from h = 0.5-0.7 mm the thermocoup[e remained at a constm]t tempera- 

ture, practically coincident with the saturation temperature. Values of surface temperature for h = 0 were 

obtained using a moving thermocouple and also by extrapolating the temperatures measured by the thermo- 

couples in the copper rod. These two values showed good interagreement, which is evidence that the tem- 

perature measurements are reliable. Usually the extrapolated thickness of the heated layer was determined 

as the distance from the wal[ at which the tangent to the temperature profile at the surface intersects the line 

of constant liquid temperature in the enclosure [I-4]. The heat-transfer coefficient as a function of heated 

layer thickness is shown in Fig. 2. Figure 2 also shows the data of [I-4]. 

From Fig. 2 it can be seen that 5 and ol are linked for both regions by the expression 

5 ~ ~-~. (2) 

For the first region n = 1.2, and for the second region the exponent n = 0.54 was proposed in [2], and the value 

n = 0.49 was proposed in [I]. Comparison of the present data with Eq. (2) shows that the data are in good 
agreement with this relation. 

c) Local Vapor Content Profiles. The profiles of variation of vapor content with height are shown in 

Fig. 3. The points here are the average values of ~l, measured by the 12 probes. For comparison the ex- 

perimental data of [II] are shown for one heat flux value. For q = 490 �9 103 W/m 2 the vapor content increases 

smoothly to the value ~ = 40~ for h ~ 1.6 ram, and ~ remains practically unchanged at greater height. As the 

heat flux increases the maximum vapor content increases, while h~ decreases. In the heat flux range investi- 
gated we find that 

h~q = const. (3) 

The s a m e  re la t ion  between h~  and q is obta ined f r o m  the expe r imen t a l  da ta  of [11]. 
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Fig.  3. Vadat ion revapor  content with height h, 
mm, above the heat- t ransfer  surfaee: 1-,5) heat 
f lux of (490,668, 835, 1130, 1140) �9 103, respec- 
t ive ly ;  6) 1200.103 W/m 2. 

Near  the h e a t - t r a n s f e r  sur face  re la t ive ly  low values  of ~ are  observed .  There fo re ,  in this region there  
is a l aye r  with a cons iderable  amount of liquid, and the region with inc reased  volume concentrat ion of vapor  
occupies  the space above this l aye r .  With i nc rea se  of heat  flux the density of active vapor -gene ra t ion  cen te r s  
i n c r e a s e s ,  the dis tance between the growing bubbles  d e c r e a s e s ,  and the bubbles  merge  at e a r l i e r  s tages  of 
growth,  which leads to the region with enhanced vapor  content being displaced toward the h e a t - t r a n s f e r  su r face .  
This may  explain re la t ion  (3) between hq~ and the heat  flux. 

Analys is  of the var ia t ion  in shape of the probe  signal r eco rded  by the osc i l lograph with vary ing  dis tances  
f r o m  the h e a t - t r a n s f e r  sur face  and q = eonst  shows that the same  values of ~ occur r ing  at different h a re  due 
to different  f requencies  of l i q u i d -  vapor  phase  exchange.  The s m a l l e r  h i s ,  the more  frequent  is  the phase  ex-  
change,  and the t ime  for  which a given phase  is p r e sen t  d e c r e a s e s .  This is evidence of s t rong mixing of liquid 
in the immedia te  vicini ty of the heat  su r face ,  due to the fo rmat ion  of a la rge  n u m b e r  of bubbles .  With inc rease  
of heat  flux the phase  exchange f requency i n c r e a s e s .  

Thus,  o v e r  the en t i re  region of hea t - f lux  var ia t ion  there  is a l aye r  on the h e a t - t r u n s f e r  surface  enr iched 
with liquid, which also mainly  de t e rmines  the h e a t - t r a n s f e r  intensi ty in boil ing.  

Compar i son  of the expe r imen ta l  r e s u l t s  with the data of [11], shown in Fig.  3, indicates  good ag reemen t  
both in the na ture  of the dependence of ~ on h, and in the levels  of ~.  

A fea ture  of g rea t  i n t e r e s t  in the h e a t - t r a n s f e r  p r o c e s s  in bubble boiling is  the l aye r  of th ickness  h e  (see 
Fig .  3) containing the m a x i m u m  value of vapo r  content.  As was noted above,  the th ic lmess  of the heated  liquid 
l a y e r  6 and the vapor  content p a r a m e t e r s  a re  ve ry  probably  the bas ic  governing f ac to r s  for  the boiling p r o c e s s .  
The re fo re ,  a definite re la t ionship  should ex is t  between these  f ac to r s .  

F igure  4 shows the re la t ion between the quanti t ies  8, a ,  and the vapo r  content parameters.  Inthe rangeof 
heat  flux inves t iga ted  the re la t ionship  between 8 and he (F ig .  4a) and a and Cmax (Fig. 410) is  given by the 
following express ion :  

0,7, 6~h~ , ~ N q 0 m a  x .  ( 4 )  

o,o~ .... / ~  
0,02 -o  

i 

qol 
05 I 

I 

h~p 2 

2 

qs 

/ 
/ 

I I 

O,5 

7 

b 
I I 

17 cPm~• 

Fig.  4. Relation between 5, m m ,  ~ ,  W / m 2 . d e g  K, and 
the vapor  content p a r a m e t e r s .  1) data of [11]. 
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The data of [11], p re sen ted  in Fig.  4, show good ag reemen t  in bas ic  c h a r a c t e r  with our  expe r imen ta l  
r e s u l t s ,  but they dif fer  in absolute magni tude.  This may  a r i se  f rom two causes .  F i r s t l y ,  i t  is known that the 
quant i t ies  a and qcr  a re  g rea t ly  influenced by the sur face  condit ions,  which may  poss ib ly  differ  in our  expe r i -  
ments  and in [11]. This is conf i rmed  indirect ly  by the different  values  of qcr  obtained in our  tes t s  (1.66 �9 106) 
and in the t e s t s  of [11] (1.23.106 W/m2), and also by the values  of a at the same values of q. Secondly, the 
exper imen ta l ly  m e a s u r e d  value of ~l  depends on the chosen level  of d iscr iminat ion  (the level  of the difference 
in ampli tudes  of s e n s o r  signal in the vapor  u v and in the liquid u/, at which the t ime  of liquid p re sen t  at a given 
point is summed) .  In our  t e s t s  the d i sc r imina t ion  level  was ~78% of (ul - Ub), while in [11] it coincided with 
the ampli tude of the s e n s o r  signal in the liquid. 

N O T A T I O N  

~,  h e a t - t r a n s f e r  coeff icient ;  q, specif ic  heat  flux; qc r ,  c r i t i ca l  heat  flux; 5, ex t rapola ted  th ickness  of 
heated t h e r m a l  l aye r ;  r  q~l, ave rage  and local average  vapor  content; 7, t ime ;  Sb, s v, a r e a  of sur face  con-  
tac t  of bubbles  and vapor ;  h e ,  height at which the m a x i m u m  vapor  content value is at tained; ul ,  u v, amplitude 
of s enso r  signal in the liquid and in the vapor .  
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