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. . G W U A L  TRANSITION OF NUCLEATE BOILING 

FROM DISCRETE-BUBBU REGIME 

TO MULTIBUB3LE REGIME 

by Yih-Yun Hsu 

Lewis Research Center  

ABSTRACT 94243 A 
A photographic s tudy was made of  over 5000 bubbles i n  t h e  nucleate’  

b o i l i n g  of methanol and water on a narrow hea t ing  s t r i p  a t  var ious  h e a t  

f l u x e s  and degrees of subcooling. The r e s u l t  showed that t r a n s i t i o n  from 

the  d iscre te -bubble  regime t o  t h e  multibubble regime w a s  gradual .  The 

f r a c t i o n  of hea t ing  area covered by multibubbles inc reases  wi th  t h e  i n -  

c r eas ing  h e a t  f lux and i s  p red ic t ab le .  The a r e a  f r a c t i o n  i s  a Poisson 

f u n c t i o n  of t h e  product of t h e  mean area  of i n f luence  of s i n g l e  bubbles 

and t h e  ins tan taneous  populat ion densi ty .  
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INTRODUCTION 

S ince  t h e  nuc lea t e  b o i l i n g  i s  recognized as a very e f f e c t i v e  means 

of h e a t  t r a n s f e r ,  a tremendous amount of e f f o r t  has been d i r e c t e d  toward 

the  understanding of t h i s  i n t e r e s t i n g  phenomenon. Among such e f f o r t s ,  

a good p a r t  has  been devoted t o  t h e  s tudy of bubbles. To f a c i l i t a t e  

observa t ion ,  s t u d i e s  usua l ly  were made on d i s c r e t e  bubbles. Thus, t h e  
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formulation of t h e o r i e s  on nuc lea t e  b o i l i n g  were based upon t h e  informa-’ 

t i o n  der ived from d i s c r e t e  bubbles (refs. 1 t o  3). These t h e o r i e s  were 

gene ra l ly  app l i ed  t o  t h e  e n t i r e  regime of nuc lea t e  bo i l ing .  However, 

r e c e n t l y  it has been becoming more and more c l e a r  t h a t  t h e r e  a c t u a l l y  

e x i s t  s e v e r a l  subdivis ions i n  nuc lea r  b o i l i n g ;  namely, a d i s c r e t e  bubble 

regime, a merging bubble regime, and perhaps a vapor-patch regime (refs.  4 

t o  7 ) .  It i s  evident  t h a t  t h e o r i e s  should be developed t o  d e a l  with each 

region ind iv idua l ly ,  as w e l l  as t o  p r e d i c t  t h e  t r a n s i t i o n  from one region 

t o  another. 

It i s  t h e  purpose of t h i s  paper t o  s tudy t h e  t r a n s i t i o n  of  t h e  

discrete-bubble  regime t o  t h e  merging-bubble regime. I n  r e fe rence  8, an 

abrupt  t r a n s i t i o n  po in t  was proposed, while i n  r e a l i t y  t h e  t r a n s i t i o n  i s  

gradual  and continuous. This paper w i l l  show how t h e  area covered by 

merging bubbles g radua l ly  inc reases  with inc reas ing  h e a t  f l u ,  and t h a t  

t h e  area f r a c t i o n s  f o r  merging bubbles can be r e l a t e d  with o t h e r  param- 

e ters  such as bubble s i z e  and instantaneous bubble population. The hope. 

i s  t h a t  i f  t h e  area f r a c t i o n s  covered by t h e  merging bubbles and t h e  

discrete-bubbles  a t  a given condi t ion are known, t h e  o v e r a l l  hea t -  

t r a n s f e r  c o e f f i c i e n t  can be synthesized by weighting t h e  c o n t r i b u t i o n s  

due t o  t h e  two bubbling mechanisms according t o  t h e i r  r e s p e c t i v e  area 

f r a c t i o n s .  

The experimental phase of  t h i s  work cons i s t ed  of a photographic 

s tudy of nucleate  b o i l i n g  of methanol and water on a -- by --inch hea t -  

i n g  s t r i p  under 1 atmosphere pressure.  The r e s u l t i n g  d a t a  were then  

1 3 
16 4 

analyzed by assuming a Poisson d i s t r i b u t i o n  of  bubbles,  
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NOMENCLATURE 

A 

a 

f 

h 

K 

k 

L 

M 

N 

n 

P 

R 

R 

S 

aTsub 

t 

a r e a  

empir ica l  a r e a  parameter used i n  equat ion (1) 

empir ica l  parameters used f o r  bubble growth rate 

bubble diameter  

bubble genera t ing  frequency 

g r a v i t a t i o n a l  a c c e l e r a t i o n  

t o t a l  number of a l l  s i n g l e  bubbles s tud ied  i n  one r o l l  of f i l m  

thermal  conduct iv i ty  

number of sample frames 

l e n g t h  of hea t ing  s t r i p  

average number of s i t e s  p e r  c e l l  

s i t e  populat ion 

ins tan taneous  bubble population 

p r o b a b i l i t y  according t o  Poisson func t ion  

hea t  flux 

bubble r ad ius  

bubble growth rate, dR/dt 

s tandard  dev ia t ion  a s soc ia t ed  wi th  average area f r a c t i o n  of merging 

R = atb 

bubbles 

subcooling temperature d i f f e rence  between s a t u r a t i o n  and bulk  

temperatures  

temperature  d i f f e r e n c e  between su r face  and bulk  

t i m e  

bubble growth per iod  
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av 

b 

B 

c a l c  

d 

exP 

F 

2 

m 

S 

sub 

t 

V 

t W wai t ing per iod 

W half-width of hea t ing  s t r i p  

X number of bubble si tes p e r  c e l l  

X number of bubbles i n  a c e l l  

B contact  angle,  r ad ians  

8 thermal l a y e r  t h i ckness  

A l a t e n t  h e a t  of vapor i za t ion  

I-L 

P densi ty  

U su r face  t ens ion  

cp a rea  f r a c t i o n  

Subscr ipt :  

average number of bubbles p e r  c e l l  

average 

bubble base 

bubble 

c a1 c u l a t  ed 

departure  

experimental 

F r i t z  equation of bubble depa r tu re ,  equat ion ( 9 )  

l i q u i d  

merging bubbles or multibubbles 

s i n g l e  bubble 

subcooling 

t o t a l  

vapor 



- 5 -  

L i t e r a t u r e  Survey 

As mentioned i n  t h e  INTRODUCTION, bubble i n t e r f e r e n c e  has been re- 

po r t ed  previously.  

i n  r e f e r e n c e  9. More r e c e n t  experimental f i nd ings  have been r epor t ed  

s i n c e  then. I n  gene ra l ,  t h e  bubble i n t e r f e r e n c e  can be  c l a s s i f i e d  i n t o  

two types, t h o s e  of v e r t i c a l  i n t e r f e r e n c e  and those  of la teral  i n t e r f e r -  

ence. The v e r t i c a l  i n t e r f e r e n c e  occurs between consecutive bubbles 

emitted from t h e  same nuc lea t ion  s i t e  i n  r a p i d  succession. This t y p e  of  

bubble i n t e r f e r e n c e  was c a l l e d  chain-bubbles i n t e r f e r e n c e  i n  r e fe rence  9. 

It w a s  a l so  r epor t ed  i n  r e fe rences  6,  8, 10, and 11. This t y p e  of bubble 

coalescence w a s  t h e  model u t i l i z e d  i n  r e fe rence  8 t o  d e r i v e  t h e  c r i t e r i o n  

f o r  t h e  t r a n s i t i o n  from t h e  discrete-bubble  regime t o  t h e  merging-bubble 

regime. Deissler used a similar model f o r  h i s  a n a l y s i s  of burnout heat 

f l u x  (ref. 1 2 ) .  

bubbles according t o  ref. 4) was the i n t e r f e r e n c e  between t h e  neighbor- 

i n g  bubbles due t o  c lose 'proximity,  a phenomenon not e n t i r e l y  un fami l i a r  

t o  t h e  urban o r  suburban dwellers.  As observed i n  r e fe rences  3, 4, and 

13, a growing bubble, while s t i l l  a t tached t o  t h e  hea t ing  su r face ,  would 

merge w i t h  a neighboring bubble. This merging could be caused e i t h e r  by 

c o n t a c t  o f  two growing bubbles or  by t h e  "up draught" of  a depa r t ing  bubble. 

The area of in f luence  of each bubble has been found t o  be roughly 2 bubble 

r a d i i  away from t h e  nuc lea t ion  center  (refs. 3 t o  5).  I n  e i t h e r  case,  t h e  

l a t e ra l -merg ing  bubbles could be p ic tu red  as mushrooms with two or more 

stems. These stems would be t h e  places  where vaporizat ion occurs. This 

t y p e  o f  coalescence has been included i n  those  b o i l i n g  models p o s t u l a t e d  

The earliest mention of it was probably t h a t  found 

The la teral  type of bubble coalescence ( o r  mushroom 
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i n  references 3 t o  5. As w i l l  be shown l a t e r  i n  t h e  s e c t i o n  RESULTS AND 

DISCUSSION, t h e  mushroom bubbles are far more f r equen t ly  observed than  

t h e  chain bubbles. 

cussed i n  t h i s  paper. 

Therefore,  t h e  mushroom bubbles w i l l  be t h e  ones d i s -  

Since t h e  l a t e r a l  coalescence i s  due t o  t h e  i n t e r f e r e n c e  of neighbors,  

t h e  d i s t r i b u t i o n  of bubbles should be known. I n  r e fe rence  14, it was 

found from t h e  d i s t r i b u t i o n  of t h e  s i tes  on a b o i l i n g  s u r f a c e  t h a t  t h e  

s i t e  population was d i s t r i b u t e d  according t o  Po i s son ' s  equat ion 

pM(x) = e-MoX 
X! 

where M = f a / A  and X = Na/A, b u t  no at tempt  

population d i s t r i b u t i o n  a p r i o r i ;  i n s t e a d ,  t h e  

was made t o  p r e d i c t  t h e  

c e l l  area, a, was used 

s t r i c t l y  as an empir ical  parameter t o  f i t  t h e  d a t a  with Poisson curves. 

Apparatus and Procedure 

The t e s t  was c a r r i e d  on i n s i d e  a 6-inch-diameter by 4-inch-high 

c y l i n d r i c a l  t ank  made of stainless s t ee l  and provided with viewing win- 

dows. The tank had provis ions f o r  a f i l l ,  a d r a i n ,  a p res su re  gage, 

e l e c t r i c a l  connections,  thermocouple l e a d s ,  and a u x i l i a r y  hea te r s .  The 

h e a t e r  was a t h i n ,  e l e c t r i c a l l y  conductive,  t r a n s p a r e n t  coat ing 1/16-inch 

wide, 1-inch long deposi ted on a 1- by 1- by 1/8-inch h e a t - r e s i s t i n g  g l a s s  

p l a t e .  

a mi r ro r  s i t u a t e d  beneath t h e  p l a t e  and i n c l i n e d  45'. Thus, t h e  camera 

aiming from a f r o n t  window saw simultaneously a f r o n t  v i e w  and a bottom 

view (through t h e  mi r ro r )  of t h e  image of any bubble generated on t h e  

hea t ing  surface.  

The p l a t e  was mounted h o r i z o n t a l l y  on a small B a k e l i t e  bench wi th  

The p l a t e  was clamped down by two copper clamps which 
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* a l s o  served as e l e c t r i c a l  leads.  The a c t u a l  hea t ing  area was 1/16 by 

3/4 inch ,  s i n c e  t h e  two end areas were covered by t h e  copper clamps 

( f i g .  1). The 1/16-inch-wide s t r i p  was used i n s t e a d  of a wider h e a t i n g  

area t o  a s s u r e  t h a t  no more than  two rows o f  bubbles were generated. This 

arrangement w a s  necessary t o  avoid confusion i n  t h e  f r o n t  view because of 

t h e  presence of overlapping rows of bubbles. Or ig ina l ly ,  an a l t e r n a t i n g -  

cu r ren t  source was used, b u t  due t o  t h e  low h e a t  capac i ty  of  t h e  hea t ing  

f i l m ,  t h e r e  were 120-cycle-per-second temperature f l u c t u a t i o n s  on t h e  

hea t ing  surface.  A t  lower h e a t  flux, when bubble f r equenc ie s  were low, 

t h i s  120-cycle-per-second f l u c t u a t i o n  apparent ly  d i d  no t  have a s e r i o u s  

e f f e c t .  However, as t h e  h e a t  f l u x  w a s  i nc reased  and bubble frequency f e l l  

i n  t h e  v i c i n i t y  of 120 cycles  p e r  second, t h e  a l t e r n a t i n g - c u r r e n t  f l u c t u a -  

t i o n  began t o  d i c t a t e  t h e  bubble frequency, and t h e  bubbles began t o  grow 

i n  unison. Thus, only those  runs where t h e r e  was no apparent synchroniza- 

t i o n  between bubbles and cu r ren t  waves were retained.  L a t e r ,  a d i r e c t -  

c u r r e n t  source was used. However, because of t h e  high vo l t age  app l i ed  t o  

t h e  e l e c t r o d e s  (60 t o  120 v ) ,  e l e c t r o l y s i s  would t a k e  p l a c e  i f  water w a s  

used. Thus, only methanol was used f o r  d i r e c t - c u r r e n t  runs. A t  t h e  be- 

g inn ing  o f  a series of runs, t h e  tank was loaded with a f r e s h  batch of 

pure methanol or d i s t i l l e d  water. The l i q u i d  was preheated t o  a d e s i r e d  

temperature  by t h e  a u x i l i a r y  heater .  The bu lk  temperature was c o n s t a n t l y  

monitored through thermocouple readings, and t h e  temperature leve l  w a s  

c o n t r o l l e d  by t u r n i n g  t h e  a u x i l i a r y  hea te r s  on and o f f .  The a u x i l i a r y  

h e a t e r s  were always off  while a c t u a l  t es t  runs were being c a r r i e d  out.  

The t e s t  h e a t e r  would be tu rned  on, s e t  at a d e s i r e d  h e a t  f l u x  by varying 
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from f r o n t  and bottom (mirror  image) w a s  deemed necessary t o  g e t  t h e  

t r u e  p i c t u r e  of bubble i n t e r a c t i o n .  

i n  o p t i c a l  d i s t a n c e  of the  two views, it was extremely d i f f i c u l t  t o  keep 

both views i n  sha rp  focus. Thus, t h e  o p t i c a l  q u a l i t i e s  of p i c t u r e s  were 

somewhat s ac r i f i ced .  Because of such d i f f i c u l t i e s ,  s t u d i e s  were l i m i t e d  

t o  those  runs w i t h  a moderate amount of merging t o  maintain t h e  accuracy 

of reading. 

p i c t u r e  analyzer. 

50 t o  100 frames were s tudied.  

t r a r i l y  stopping t h e  f i l m  50 t o  100 times a t  i r r e g u l a r  i n t e r v a l s .  

However, because of the d i f f e r e n c e  

The high-speed motion p i c t u r e s  were analyzed on a motion- 

A t o t a l  of 1 4  rolls were examined. For each r o l l ,  

The sample frames were s e l e c t e d  by arbi- 

On each frame, information about each of t h e  bubbles p re sen t  on t h e  

e n t i r e  heat  s u r f a c e  3/4 by 1/16 inch  were measured and recorded. 

d a t a  include: 

The raw 

(1) The l o c a t i o n  and s i z e  of each bubble ( t h e  s i z e  or diameter of a 

bubble i s  defined as the width of a bubble a t  i t s  widest pa r t .  I n  a f e w  

i n s t a n c e s ,  a mushroom bubble could have a very wide hovering bubble over- 

c a s t i n g  a l a r g e  area. 

width of the bubble stem below t h e  he igh t  of  an average s i n g l e  bubble. 

See f i g .  2 . )  

I n  such cases ,  t h e  bubble s i z e  i s  de f ined  as t h e  

( 2 )  The c l a s s i f i c a t i o n  of bubbles,  namely, whether t he  bubble w a s  a 

s i n g l e  bubble, or was merging with o t h e r  bubbles. The c r i t e r i o n  f o r  t h e  

merging bubbles was the phys ica l  con tac t  o f  two or more bubbles,  while  a t  

least  one bubble was s t i l l  a t t a c h e d  t o  t h e  h e a t i n g  surface.  

~ 
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(3) The number of a c t i v e  bubbles involved i n  a merging bubble, and 

( 4 )  The t o t a l  number of a c t i v e  bubbles n on t h a t  frame. 

From t h e  aforementioned raw d a t a ,  c a l c u l a t i o n s  were made, and t h e  follow- 

i n g  was deduced: 

(1) The average s i z e  of  s i n g l e  bubbles w a s  made over a l l  t h e  s i n g l e  

bubbles recorded i n  t h o s e  sample frames. This was expressed i n  terms of 

t h e  area f r a c t i o n  of i n f luence  of  s i n g l e  bubbles, a g a i n s t  t h e  t o t a l  area 

o r  cpso The area of i n f luence  of  t h e  bubble cps was computed by t h e  

equat ions 

and 

2 -1 w 
i f  Ds > W 

2 w - , / D v  + Ds s i n  

A t  
cps = 

The shaded areas i n  f i g u r e  3 are t h e  areas of i n f luence  of  s i n g l e  bubbles. 

Note t h a t  equat ion (2b) r ep resen t s  the area of  a p a r t  of a c i r c l e  with 

two segments c u t  o f f .  The mean area f r a c t i o n  averaged over a l l  t h e  

bubbles i s  

h n 

where h i s  t h e  t o t a l  number of all  t h e  s i n g l e  bubbles s tud ied  i n  t h e  

roll. 

( 2 )  The average s i z e  of t h e  a rea  covered by a merging bubble i n  a 

frame w a s  expressed as t h e  area f r a c t i o n  

summing up a l l  t h e  area f r a c t i o n s  covered by each merging bubble i n  t h e  

(pm, which was c a l c u l a t e d  by 
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same frame. 

from equations (Za) and (Zb) , except t h a t  Dm/Z was used i n s t e a d  of D,. 

The average area f r a c t i o n  of merging bubbles was computed over  all t h e  

frames, o r  

The area f r a c t i o n  of each merging bubble was a l s o  computed 

where k i s  number of sample frames and qm,i i s  t h e  sum of all t h e  

area f r a c t i o n s  of  merging bubbles i n  t h e  frame i. Also computed f o r  

each r o l l  of f i l m  was t h e  s tandard dev ia t ion  s a s s o c i a t e d  with t h e  

q m ,  av 

(3) The average instantaneous bubble populat ion d e n s i t y  nav was 

taken f o r  t he  t o t a l  number of sample frames, k, 

The t o t a l  number of a c t i v e  s i tes  N seen i n  a given roll of f i l m  

were a l s o  studied. The movie was p ro jec t ed  on a paper and a l l  t h e  s i tes  

where bubbles had ever  been generated were marked down. The range of 

condi t ions and t h e  d a t a  are t a b u l a t e d  i n  t a b l e  I. 

RESULTS AM) DISCUSSION 

General Descr ipt ion of Photographical Observation 

Before t h e  q u a n t i t a t i v e  study on bubble i n t e r f e r e n c e s ,  t h e  following 

q u a l i t a t i v e  d e s c r i p t i o n s  should be given: 

(1) The merging of bubbles was predominately due t o  l a t e r a l  coales-  

The merging took p l ace  when one growing bubble g o t  i n t o  t h e  area cence. 
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, of in f luence  of a neighboring bubble. 

c l a s s i f i c a t i o n  and r a w  data i s  contained i n  r e fe rence  15. 

A d e t a i l e d  l i s t i n g  of bubble 

( 2 )  The number of merging bubbles and t h e  area covered by t h e s e  

merging bubbles inc reased  with both the  i n c r e a s e  of bubble s i z e  and t h e  

instantaneous bubble population. 

he ld  constant ,  bo th  t h e  bubble s i z e  and t h e  instantaneous bubble popula- 

t i o n  inc reased  with h e a t  f l ux .  Thus increasing t h e  h e a t  f l u x  means i n -  

c r eas ing  t h e  area of merging bubbles. 

With p re s su re  and degrees of subcooling 

(3)  The l o c a t i o n  of merging bubbles appeared t o  be random. For a 

given l o c a t i o n ,  a t  one moment t h e r e  could be anything ranging from no 

bubbles,  one bubble, several d i s c r e t e  bubbles, t o  merging bubbles. How- 

ever, t h e  p r o b a b i l i t y  of having merging bubbles inc reased  with i n c r e a s -  

i ng  h e a t  f lux.  

Analysis 

Based upon t h e  gene ra l  q u a l i t a t i v e  d e s c r i p t i o n  of bubble i n t e r f e r -  

ence observed photographically,  a model w i l l  be pos tu l a t ed  t o  account 

q u a n t i t a t i v e l y  f o r  t h e  area f r a c t i o n  covered by t h e  merging bubbles. 

a n a l y s i s  w i l l  b e  c a r r i e d  ou t  i n  two s teps:  The f i rs t  s t e p  w i l l  be t o  

seek t h e  r e l a t i o n  between t h e  a r e a  of a merging bubble with t h e  quant i -  

t i e s  such as t h e  mean area of inf luence of a bubble and t h e  instantaneous 

bubble populat ion,  provided t h e  l a t t e r  two are given. The second s t e p  

w i l l  be t o  a t tempt  t o  estimate t h e  area of i n f luence  and t h e  i n s t a n t a -  

neous bubble populat ion from t h e  more b a s i c  information such as h e a t  

f l u x ,  subcooling, and t o t a l  bubble population ( o r  s i t e  populat ion) .  The 

purpose i s  t o  estimate t h e  area o f  merging bubbles from t h e  aforementioned 

b a s i c  information. 

The 
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(1) Basic Model - The b a s i c  model f o r  bubble i n t e r f e r e n c e  i s  

descr ibed i n  t h e  following manner: 

(a)  Each bubble has an area of inf luence,  which i s  t h e  area wi th in  

1-bubble-diameter d i s t a n c e  from t h e  nuc lea t ion  cen te r .  This  assumption 
, 

i s  based upon t h e  observat ions made i n  r e fe rence  3. 

( b )  Since each bubble grows, the area of i n f luence  i s  based upon t h e  

time-mean bubble s i z e .  

( c )  Two bubbles w i l l  merge i f  one i s  l o c a t e d  wi th in  the  area of in-  

f l u e n c e  of t he  o the r .  

( d )  The bubbles are assumed t o  be  d i s t r i b u t e d  according t o  a Poisson 

d i s t r i b u t i o n .  

populat ion as found i n  r e fe rence  14 ,  b u t  a l s o  t o  t h e  instantaneous bubble 

population. Note t h a t  a t  any moment, only p a r t  of t h e  si tes are a c t i v e l y  

occupied by bubbles, while  t h e  rest  are i n  t h e  wai t ing period. 

( 2 )  Poisson D i s t r i b u t i o n  - The following equat ion i s  used t o  express  

This d i s t r i b u t i o n  i s  assumed t o  apply no t  only t o  - s i t e  

t h e  previously pos tu l a t ed  model i n  mathematical form: 

e-ppx 
X! 

P J X )  = - ( 3 )  

where P,(x) i s  the  percentage of c e l l s  each of which has  x bubbles i n  

i t .  whi le  t h e  average number of bubbles p e r  c e l l  i s  

where As i s  t h e  mean area of  i n f luence  of  a s i n g l e  bubble o r  t h e  area of 

a c e l l ,  nav i s  the average instantaneous bubble populat ion on a t o t a l  
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. 
hea t ing  area A t ,  and cps i s  t h e  area f r a c t i o n  As/At. Note t h a t  equa- 

t i o n s  (1) and (3) are similar i n  form except t h a t  t h e  s i t e  populat ion N 

~ 

I 

i ’  

was used i n  equation (1) , while t h e  instantaneous bubble populat ion 

was used i n  equation (3) and t h a t  i n  equation (3)  t h e  c e l l  area w a s  de- 

n 

f i n e d  as t h e  area of i n f luence  of a bubble. 

S ince  it i s  assumed t h a t  bubbles w i l l  merge when two or more bubbles 

are p r e s e n t  i n  one c e l l ,  t h e  percentage of c e l l s  t h a t  contain merging 

bubbles i s  

o r  

P CI ( x  > 2)  = 1 - ~ ~ ( 0 )  - P,(I) = 1 - e-navlPs(l + navrps) (5-4 

S ince  

or more bubbles or merging bubbles, it i s  t h e  area f r a c t i o n  covered by 

merging bubbles 

Pp(x > 2 )  i s  by d e f i n i t i o n  t h e  percentage of ce l l s  covered by two 

cpm = P ~ ( X  > 2)  = 1 - e-nad’s(l + navcps) ( 6 )  

This equat ion w i l l  g i v e  t h e  area f r a c t i o n  of  merging bubbles i f  t h e  mean 

ins t an taneous  bubble populat ion 

s i n g l e  bubble are known. 

mental ly  or a n a l y t i c a l l y .  The next two s e c t i o n s  c o n s t i t u t e  t h e  second 

s t e p  of a n a l y s i s ,  namely, determination of nav and As a n a l y t i c a l l y .  

nav and mean area of i n f luence  of a 

These two terms can e i t h e r  be obtained experi-  

(3)  Mean Area of Inf luence of  a S i n g l e  Bubble - According t o  t h e  

assumed b a s i c  model, t h e  mean area of i n f luence  i s  t h e  a r e a  wi th in  

1 bubble diameter from t h e  nucleation c e n t e r ,  and t h e  bubble diameter 

i s  t h e  t i m e  average of a growing bubble 



- 1 4  - 

Dav = 1 Jtg D( t ) d t  
tg 

o r  

Rav = 1 f g  R(  t ) d t  
tg 0 

('7) ' 

The term bubble r a d i u s  R ( t )  can be obtained through bubble growth 

information. Although many t h e o r e t i c a l  equat ions are available, it i s  

more convenient t o  use  t h e  empir ical  expression R = a t  , where b = 0.4 

(ref.  1 6 )  w i l l  be used. Since t h e  process  of computing the time-average 

r a d i u s  Rav involves i n t e g r a t i o n  of R (  t )  , small dev ia t ions  i n  R(  t )  

u s u a l l y  w i l l  be evened out. 

b 

Thus 

As t o  t he  depa r tu re  r ad ius  Rd, Staniszewski 's  empi r i ca l  expression w i l l  

be used 

Rd R F ( ~  + 10- 44, R d )  

where RF i s  the  depa r tu re  r ad ius  according t o  F r i t z '  equation 

Rd i S  i n  f e e t  p e r  second, 8 i s  the  con tac t  ang le  i n  r ad ians ,  and R i s  

i n  feet .  

Unfortunately t h e  growth rate a t  d e p a r t u r e  Q involved i n  the above 

equat ion can no longe r  be  c a l c u l a t e d  from t h e  expression R = atb, p a r t l y  

because t h e  exponent b a c t u a l l y  varies with t i m e  and p a r t l y  because t h e  

, 

c o e f f i c i e n t  a should be  a func t ion  of an experimental  cond i t ion  such as 
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h e a t  f l u x ,  subcooling, pressure,  cavi ty  s i z e ,  e t c .  Thus an expression 

f o r  t h e  growth rate 

used. 

R as a func t ion  of  t h e  t e s t  cond i t ion  should be 

Although many bubble growth equations are available, only a f e w  con- 

s ide red  t h e  effect  of t h e  bulk turbulence by inc lud ing  terms t h a t  desc r ibe  

t h e  thermal l a y e r  or t h e  h e a t  d i s s i p a t i o n  t o  t h e  bulk. 

t i o n s  are those  proposed i n  references 3, 1 7 ,  and 18. The equation i n  

r e fe rence  1 7  would be q u i t e  convenient t o  use  i f  both ATw and qw were 

known. Unfortunately,  t h e  growth expressions i n  r e fe rences  3 and 18 are 

r a t h e r  clumsy t o  use. However, i f  only t h e  bubble growth rate a t  depar- 

t u r e  i s  of i n t e r e s t ,  t h e  s i t u a t i o n  i s  somewhat s impler  because of t h e  

f a c t  t h a t  i n  t h e  l a t e r  s t a g e  of bubble growth t h e  s e n s i b l e  h e a t  s t o r e d  

i n  t h e  superheated l a y e r  enveloping the bubble should have been long  s i n c e  

exhausted. 

bubble base. 

shown i n  ref. 1 9 . )  While l o s i n g  heat  t o  t h e  surrounding bulk, t h e  bubble 

growth rate a t  depa r tu re  can be e a s i l y  de r ived  by following t h e  procedure 

i n  r e fe rence  3 

Among such equa- 

Therefore t h e  bubble should be r ece iv ing  hea t  only from t h e  

(This  h e a t  may be i n  the  form of evaporation of microlayer  as 

Ab where - 0.25 i f  t h e  bubble a t  departure  can be assumed as a t r u n c a t e d  

sphe re  wi th  c o n t a c t  angle  between 45' t o  60' (c. f .  , ref. 3) and t h e  i s  

t h e  thermal  l a y e r  thickness .  The information about thermal l a y e r  t h i ckness  

of a b o i l i n g  f l u i d  i s  very meager, but t h e r e  are a f e w  measurements (ref. 6 

AB 
8 
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and 20).  Therefore, i f  t h e  thermal l a y e r  t h i ckness  6 i s  known, by 0 

us ing  equations (8) t o  (lo), t h e  bubble depa r tu re  s ize  can be determined. 

(4) Instantaneous Bubble Population - The instantaneous bubble popu- 

l a t i o n  should be  d i f f e r e n t i a t e d  from the commonly used term "bubble popu- 

l a t i o n " .  

columns are counted during the running of a motion p i c t u r e  or t h e  number 

of aureole  l e f t  on a p l a t e  af ter  b o i l i n g ,  only t h e  populat ion of t h e  bubble 

nucleat ion s i tes  i s  shown, b u t  not  t h e  bubble populat ion a t  any moment. 

The r e l a t i o n  between s i t e  populat ion N 

l a t i o n  n can be l i kened  t o  t h a t  between t h e  number of  houses i n  a block 

and t h e  number of families a c t u a l l y  a t  home a t  a given moment. 

t o  see t h a t  t h e s e  two populat ions can be  t i e d  by t h e  equat ion 

The la t te r  a c t u a l l y  i s  a misnomer. When t h e  number of bubble 

and t h e  instantaneous bubble popu- 

It i s  easy 

+ 

N = t g ,  avfavN 
23 , a v  

t g , a v  + tw,av 
nav = 

The v a r i a t i o n  of N as func t ion  of q has been r epor t ed  i n  many p laces ,  

and, unfortunately,  t h e  r e s u l t  varies widely. The d i f f i c u l t y  stems from 

the d i v e r s i t y  of su r face  condi t ion and h y s t e r e s i s  (refs. 2, 6, and 21) .  

Unless some c h a r a c t e r i s t i c  parameter o t h e r  t han  rms roughness of a su r -  

f a c e  can be found t o  account f o r  s i z e  d i s t r i b u t i o n  of cav i ty ,  it i s  f u t i l e  

t o  t r y  t o  c o r r e l a t e  N a g a i n s t  q. However, the s i t e  populat ion N i s  

s t i l l  a quant i ty  much easier t o  determine experimental ly  than  t h e  i n s t a n -  

taneous bubble population n. Thus, it i s  s t i l l  worthwhile t o  o b t a i n  n 

through N. 

The mean frequency fav can e a s i l y  be determined through the  expres- 

s i o n  i n  reference 1 7  
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so 

The t i m e  of growth per iod  tg can r e a d i l y  be ca l cu la t ed  through 

provided R ( t )  and Rd are known. As mentioned before ,  i f  an empir ica l  

expression i s  used 

b-1 Rd = abtg  

o r  

bRd 
tg = 

Thus from equat ions (a), (lo), and (17)  t h e  growth per iod  t can be  c a l -  

cu la ted .  S t r i c t l y  speaking, equation (10) can be  used t o  r ep lace  equa- 

t i o n  (16), only when t h e  empir ica l  form (eq. ( 1 6 ) )  i s  i d e n t i c a l  t o  t h e  

a n a l y t i c a l  form (eq. (10)).  However, an underestimated growth rate d 
t ends  t o  g ive  an overest imated growth per iod  

depa r tu re  diameter  Ddo 

pensa te  each o t h e r  i n  t h e  product of mean bubble populat ion and mean a r e a  

of i n f l u e n c e  

g 

tg and an underestimated 

The r e s u l t  i s  t h a t  t h e  two e r r o r s  tend  t o  com- 
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(5) Calculat ion of  Area F rac t ion  Covered by In f luence  of a S ing le  

Bubble ( c P ~ ,  av)  talc 

covered by a s i n g l e  bubble can be  computed from t h e  time-averaged diameter 

from (Dav) talc - The mean in f luence  area f r a c t i o n  

of  a bubble Dav by using equat ions ( 2 a )  and (2b ) ,  except t h a t  Dav w i l l  

be used i n  t h e  p l a c e  of D. The cps t h u s  computed w i l l  be (cps,av)calc. 

S t r i c t l y  speaking, (cp,, av 1 talc should be an average of (cps)celc which, 

i n  t u r n ,  should be computed from Since 

only an est imat ion was intended, (cps,av 1 talc 

from (Dav)cdc*  

D ( t )  as shown i n  equat ion (2c ) .  

can be d i r e c t l y  computed 

Comparison of Experimental Data with Analysis 

The q u a n t i t a t i v e  r e s u l t  w i l l  be compared with t h e  model derived i n  

t h e  sec t ion  Analysis i n  two s t e p s  a l so .  

whether t he  a r e a  f r a c t i o n  of merging bubbles 

d i s t r i b u t i o n  (eq. ( 6 ) )  can be used t o  re la te  (pm with t h e  experimental  

values  of t h e  mean area of i n f luence  of a s i n g l e  bubble 

mean instantaneous bubble populat ion nav,exp. The second s t e p  w i l l  be 

t o  t e s t  whether equations (8)  and (11) can be used t o  p r e d i c t  

and nav, exp r e s p e c t i v e l y  and whether t h e  c a l c u l a t e d  product 

can be used t o  p r e d i c t  t h e  merging bubble area f r a c t i o n  

The f i rs t  s t e p  w i l l  be t o  check 

'pm based upon t h e  Poisson 

and t h e  
s , exP Cp 

Cps,exp 

( qsnav) talc 

~ p ~ , ~ ~ ~ .  

(1) The Relat ion Between Area F r a c t i o n  of  Merging Bubbles % 

Against Product of Measured Values of Mean Area of  In f luence  of S i n g l e  

Bubbles and Mean Instantaneous Bubble Populat ion (n,fls)exp (i. e. , t h e  

average number of bubbles p e r  c e l l )  - To t e s t  equat ion ( 6 ) ,  (%,avIexp 
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a 

* was p l o t t e d  a g a i n s t  (na+ps,av 1 exp i n  f i g u r e  4 ( a ) .  

s e n t s  equation ( 6 ) .  

one roll of f i l m .  

n a t e s  t o  show the  s tandard dev ia t ions  a s soc ia t ed  w i t h  each area f r a c t i o n  

of merging bubbles f o r  t h e  samples studied. Judging from t h e  f i g u r e s ,  t h e  

model i s  f a i r l y  close.  Thus, i f  the mean bubble population nav and t h e  

mean area of i n f luence  of s i n g l e  bubbles a r e  given, t h e  a r e a  covered 

by merging bubbles can be calculated.  The values of nav and cps,av can 

e i t h e r  be obtained experimentally i n  the  same way t h a t  f i g u r e  4 was con- 

s t r u c t e d ,  o r  they can be estimated from tes t  condi t ions through bubble 

The s o l i d  curve repre-  

Each c i r c l e  represents  the  mean values  obtained from 

Figure  4(b)  shows a similar p l o t  on r ec t angu la r  coordi-  

cp, 

depa r tu re  size,  bubble growth r a t e ,  and frequency by using t h e  a v a i l a b l e  

equations. 

(2) Comparison of Calculated and Measured Bubble Departure Diameters 

De,exp - To est imate  ( P ~ , ~ ~ ,  it i s  necessary t o  know t h e  Against Dd, c a l  

depa r tu re  diameter Dd. Equations ( 8  and ( 9 )  were used t o  compute Dd 

with depa r tu re  growth r a t e  Rd computed from equat ion (lo). The thermal 

l a y e r  t h i ckness  used i n  equation (10) was determined from t h e  experi-  

mental measurement i n  r e fe rence  10 by matching t h e  h e a t - t r a n s f e r  c o e f f i -  

c i e n t  f o r  t h e  case of water (varying roughly around 2X10'3 f t ) .  For t h e  

case  of methanol, t h e  thermal l a y e r  thickness  was assumed t o  be 2~1-0'~ 

f e e t .  The c a l c u l a t e d  values of Dd are then compared with t h e  experi-  

mental ones der ived through equation ( 7 ) .  

f i g u r e  5. It can be  seen t h a t  most po in ts  a r e  wi th in  a k20 percent e r r o r  

l i m i t ,  which i s  about t h e  same as the 25 percent  e r r o r  limit of equa- 

t i o n  (8). 

6 

The comparison i s  shown i n  
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(3) Comparison of Calculated and Measured Mean Instantaneous Bubble' 

Population nav,calc Against nav,exp - To t e s t  equat ion (11) , t h e  mean 

instantaneous bubble populat ion nav w a s  c a l c u l a t e d  from t h e  experimen- 

t a l l y  determined s i t e  populat ion N t o g e t h e r  with t h e  c a l c u l a t e d  f re-  

quency fa, and growth pe r iod  tg,av. The bubble frequency fa, was 

ca l cu la t ed  from equat ion (13) by using t h e  c a l c u l a t e d  depa r tu re  diameter 

Dd,cal. The growth per iod tg,av was c a l c u l a t e d  from equat ion ( 1 7 )  by 

us ing  Dd,calc and %,talc (from eq. (10)) .  The comparison with 

nav,exp The +60 percent  e r r o r  l i m i t s  are a l s o  

shown i n  the f i g u r e ,  which are t h e  e r r o r  l i m i t s  a s s o c i a t e d  with equa- 

t i o n  (12). 

0 

i s  shown i n  f i g u r e  6. 

(4) Comparison of Measured Merging Bubble Area F r a c t i o n  (cp,) exp 

with That Obtained From t h e  Calculated Average Instantaneous Bubbles 

per c e l l  ( n a f l s ) , d C  - By using equat ions ( 2 a )  and (2b )  , qs,av 

puted from D a v , c d c .  I n  f i g u r e  7 ,  t h e  product (cps,avnav)cdc was 

p l o t t e d  with t h e  average area f r a c t i o n  of merging bubbles c.pm,av. 

was cam- 

Also 

Although shown i n  f i g u r e  7 is  t h e  t h e o r e t i c a l  curve from equat ion ( 6 ) .  

t h e r e  i s  s c a t t e r i n g ,  t h e  result i s  s t i l l  q u i t e  g r a t i f y i n g  consider ing 

a l l  t h e  crude assumptions being made and t h e  l a r g e  e r r o r  l i m i t s  a s soc i -  

a t e d  with empiricism of equat ions (8) and (12) .  Thus, it i s  shown t h a t  

an est imate  of  t h e  area covered by merging bubbles can be based upon t h e  

t e s t  condi t ions (hea t  f l u x ,  p re s su re ,  subcooling, e t c .  ) provided t h a t  

t h e  s i t e  population i s  known. 
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CONCLUDING REMARKS 

In the nucleate-boiling regime, if both discrete bubbles and merging 

bubbles are present, the overall heat-transfer coefficient will have to 

be determined by considering the contribution due to both bubbling 

mechanisms. Even if the heat-transfer process of each mechanism was 

known, a weighting factor is needed to determine the relative contribu- 

tion of each mechanism. 

One possible weighting factor would be the area fractions of merging 

bubble and discrete bubbles. Based upon the result obtained from the 

boiling of methanol and water on a narrow heating strip, it is found that 

the transition from the discrete-bubble regime to the merging-bubble 

regime is gradual. Furthermore, the results showed that area fraction 

of merging bubble can be predicted satisfactorily from the Poisson dis- 

tribution if the average number of bubbles per cell (the cell is defined 

as the average area of influence of a single bubble) is known. 

It is desirable to be able to determine the average number of bubbles 

per cell a priori. A method of estimating this item based upon crude 

assumptions and empirical equations was proposed in this report. The 

maximum error associated with the estimated values was roughly 100 per- 

cent, which might be due to the large errors introduced in the basic 

empirical equations. If a better method is available for estimating 

the bubble size and bubble population, more accurate estimations of 

the number of bubbles per cell and, thus, of the area fraction of merg- 

ing bubbles might be possible. 
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Figure 1. - Setup of heating element. 
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Figure 2. -Various configurations of bubbles. 
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Figure 3. -Calculation of area fraction of heating strip covered by influence 
of bubble. 
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