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A CORRELATION FOR B O I L I N G  HEAT TRANSFER 

TO SATURATED FLUIDS I N  CONVECTIVE FLOW 

..John C. Chen 

PBSTRACT 

An add i t i ve  mechanism of micro- and macro-convective hea t  

' t r a n s f e r  was formulated t o  represent  bo i l i ng  hea t  t r a n s f e r  

with ne t  vapor generation t o  saturated, '  non-metallic 'flui'ds 

i n  convective.flow. The f i n a l  equations a r e :  . 

h = 
rnic 

h= h + h  
m i c  mac 

The second equation w i l l  be recognized a s  t h e  Dittus-Boelter 

equation y i t h  t h e  add i t iona l  f ac to r  F. The two functions F 
j. 

and S a r e  defined a s  

where k e  is t h e  e f f e c t i v e  Reynolds number fo r  t h e  two-phase 

f l u i d  and AT is  ' the  e f f e c t i v e  superheat fo r  bubble growth. F 
e 

and S were obtained a s  functions of t h e  Mar t ine l l i  parameter 

and t h e  two-phase Reynolds number, respect ively .  

The co r r e l a t i on  was t e s t e d  with ava i lab le  data: fo r  water 

and .organic f l u id s .  Data from d i f f e r e n t  sources which could 

not  be  s a t i s f a c t o r i l y  . . cor re la ted  by ex i s t i ng  co r r e l a t i ons  were 

shown t o  be  q u i t e  wel l  cor re la ted  by t h e  one presen t ly  proposed. 

The average devia t ion between calcula ted and measured bo i l i ng  

coe f f i c i en t s  f o r  a l l  da ta  po in t s  from nine experimental cases 

was 211%. 

Brookhaven National Laboratory, Upton, N. Y. . 



Introduction 

It has become almost a  t r a d i t i o n  t h a t  any paper dea l ing  

with t he  s d j e c t  of bo i l ing  hea t  t r a n s f e r  should s t a r t  by . ' 

recognizing 'the complexity of the phenomenon. This complex- 

i t y  is  espec i a l l y  evident i n  t h e  case of convective b o i l i n g  

with ne t  generat ion of vapor. Under these  condition, t h e  

heat transfer is effected by the various flow parameters and 

t h e  vapor q u a l i t y  a s  wel l  a s  by t h e  parameters which a r e  per- 

, ' t i n e n t  i n  pool boi l ing.  Figure l a  i l l u s t r a t e s  the wide range 

of l o c a l  condit ions and d i f f e r e n t  flow regimes which could 

e x i s t  along t h e  length  of a  b o i l e r  fo r  such a case. Figure 

. 1 b . i l l u s t r a t e s  t y p i c a l  f l u i d  and wal l  temperature p r o f i l e s '  

corresponding t o  these  various flow regimes. I n  t h e  sub- 

.' cooled region, both t he  f l u i d  and t h e  wal l  temperatures in-  . . 

' crease  a s  t h e  l i q u i d  gains sens ib le  heat .  A t  t h e  po in t  where 

nucleate  bo i l i ng  s t a r t s ,  t he  wal l  temperature begins t o  de- 

crease. The f l u i d  temperature continues t o  increase  u n t i l  

.it reaches i ts sa tu ra t i on  value, from which po in t  on, it de- 

creases gradually corresponding t o  t h e  decreasing pressure.  

A s  t h e  f l u i d  progresses i n t o  t h e  annular flow regime with 

continuously increas ing vapor q u a l i t i e s ,  it i s  seen t h a t  t h e  

wal l  temperature decreases,  r e f l e c t i n g  an increas ing hea t  

t r a n s f e r  coef f ic ien t .  This condition of ten  e x i s t s  i n t o  t h e  

' fog-flow region. Final ly ,  l i qu id  def ic iency occurs and t h e r e  

i s  a sudden decrease i n  t h e  hea t  t r a n s f e r  coe f f i c i en t  with a 

corresponding rise i n  t h e  wal l  temperature. 

I n  view of t h e  widely d i f f e r e n t  conditions t h a t  could 

e x i s t  a t  va r ious  po in t s  along a bo i l e r ,  it i s  t h i s  au tho r ' s  

opinion t h a t  it ,would be e n t i r e l y  unprof i table  e i t h e r  t o  meas- 

u r e  over-a l l  "average" ' coef f ic ien t s  o r  t o  attempt t o  corre- 

l a t e  them. The only hope of obtaining r e s u l t s  which can be  



general ized is t o  work wi th  l o c a l  hea t  t r a n s f e r  coe f f i c i en t s .  ' 

Furthermore, s ince  t h e  mechanisms of hea t  t r a n s f e r  may be  

d i f f e r e n t  fo r  t h e  various flow regimes, it seems t h a t  any an- 

alytical study or correlation could be expected to apply 

' s t r i c t l y  t o  only one of t h e  poss ible  flow regimes. It i s  there-  

fo re  necessary t h a t  t h e  region of a p p l i c a b i l i t y  be c l e a r l y  de- 

f ined for  a p a r t i c u l a r  a n a l y t i c a l  study or  cor re la t ion .  The 

region of i n t e r e s t  i n  t h i s  s tudy is  defined by t h e  following 

condit ions:  

. 1. sa tura ted,  two-phase f l u i d  i n  convective flow 

2. v e r t i c a l ,  a x i a l  flow 

3 .  s t a b l e  flow 

4. no s lug  flow 

5. no l i q u i d  def ic iency 

6. hea t  f l ux  l e s s  than c r i t i c a l  f l ux  

These conditions usual ly  occur with annular flow or  annular- 

; m i s t  flow i n  t he  qua l i t y  range of approximately 1 t o  70%. 

. . 
Backqround 

There have been a  number of experimental s t ud i e s  i n  t h i s  
I 

f i e l d  repor t ing data.  on systems wi thwa te r ,  organic f l u i d s  and 

even l i qu id  metals. I n  t h i s  present  analys is ,  we a r e  concerned 

. only with t he  f i r s t  two c l a s se s  of f l u id s .  I n  some of t he se  

, s tud ie s ,  the  authors presented equations co r r e l a t i ng  t h e i r  own 

' data .  I n  almost a l l  . . such cases,  it was implied t h a t  t he  cor- 

.' r e l a t i o n s  could be general ized t o  apply t o  o ther  systems. , 

One of t h e  f i r s t  major works i n  t h i s  area  was t h a t  of 

Dengler and Addoms [I] who i n  1952 obtained l o c a l  bo i l i ng  co- 

e f f i c i e n t s  fo r  water i n  upward v e r t i c a l  flow through a  one- . 

inch tube. They proposed t h e  following empirical  co r r e l a t i on  

for  t h e i r  .data.  

[l] Numbers i n  parenthes is  r e f e r  t o  numbered references  i n  

Bibliography. 



where h '  i s  evaluated b j  t'he conventional Dit tus-Boelter  equation. 
L .  

'. I n  t h e  above cor re la t ion ,  
F~~ 

represen t s  t h e  co r r ec t i on  f a c t o r  

t o  be appl ied  f o r  po in t s  where nuclea te  b o i l i n g  e x i s t s .  . 

I n  1956, Guer r ie r i  and Ta l ty  [ 2 ]  repor ted  l o c a l '  b o i l i n g  

c o e f i i c i e n t s  f o r  a number of organic l i qu id s  i n  .single-tube 

. ' .  , v e r t i c a l  b o i l e r s .  They were 'able ' t o  c o r r e l a t e  88% of t h e i r  

'data  t o  wi th in  +20% by t h e  following equations.  

I n  1959, Bennett and co-workers [ 3 ]  repor ted  da ta  f o r  water 

flowing v e r t i c a l l y  i n  'annular t e s t  sec t ions .  'The'y compared 

- t h e i r  d a t a  w i th .bo th  t h e  c o r r e l a t i o n  of Dengler and Addoms and 

t h a t  of  Guer r ie r i  and Ta l ty  but ,  i n  each case,  found consider-  

. ab l e  s c a t t e r .  They then proposed t h e i r  own c o r r e l a t i o n  where 
. .. 



t h e  l o c a l  hea t  f lux ,  q / ~ ,  was used a s  a m u l t i p l i c a t i v e  cor- 

r e c t i o n  f ac to r .  

I n  1960, Sani [4 ]  presented da ta  f o r  water i n  v e r t i c a l  

flow through a tube. The author compared h i s  r e s u l t s  wi th  t h e  

ava i l ab l e  co r r e l a t i ons  b u t  found t h e  deviat ions,  t o  be  q u i t e  

s u b s t a n t i a l .  No new c o r r e l a t i o n  was proposed. 

I n  1962, Schrock and Grossman [ 5 ]  published a r e p o r t  on 

force-convective bo i l i ng  of  water'  i n  tubes.  They introduced 

the b o i l i n g  number, B ~ ,  a s  an e x t r a  va r i ab l e  and obtained a cor- 

r e l a t i o n  of the form, 

The authors  repor ted  t h a t  t h i s  equation co r r e l a t ed  t h e i r  da t a  

t o  wi th in  +35%. However, when Sani [ 4 ]  compared his r e s u l t s  

wi th  th i s  co r r e l a t i on ,  he discovered t h a t  t h e  experimental ly 

measured c o e f f i c i e n t s  were almost twice a s  g r e a t  a s  those  pre-  

d i c t ed .  . 

There a r e  a number 0.f o the r  co r r e l a t i ons  repor ted  i n  t h e  

l i t e r a t u r e .  Most of them, however, dea l  w i t h e i t h e r  sub-cooled 

b o i l i n g  o r  b o i l i n g  with ho r i zon t a l  flow and t he r e fo re  a r e  ir- 

r e l evan t  t o  t h e  p resen t  study. 

Comparison of Exis t inq  Corre la t ions  

From a l e t e r a t u r e  sur'vey a s  summarized above, t h e r e  ap- 

peared t o  be a need f o r  t e s t i n g  t h e  various co r r e l a t i ons  aga in s t  

a r ep re sen t a t i ve  body of ava i l ab l e  da ta .  This was c a r r i e d  ou t  



w i t h  t h e  a i d  of a  d i g i t a l  computer and some of t h e  r e s u l t s  a r e  

shown i n  Figures 2,  3 ,  4, and 5. I n  t h e s e  f i g u r e s  t h e  pre-  

d i c t e d  va lues  of t h e  b o i l i n g  c o e f f i c i e n t s  have been p l o t t e d  

a g a i n s t  t h e  experimental  values,  t h e  45' l i n e  r e p r e s e n t i n g  
. i 

p e r f e c t  corre&ation: Due t o  l ack  of  space, only  a  r ep resen t -  

a t i v e  f r a c t i o n  of t h e  564 d a t a  p o i n t s  used i n  t h i s  check have 

been shown i n  t h e s e  f i g u r e s .  The range of  experimental  con- 

d i t i o n s  covered by t h e . d a t a  i n  t h i s  comparison a r e  summarized' 

i n  Table I. Figure 2 shows t h a t  whi le  t h e  c o r r e l a t i o n  of  Deng- 

. ,  l e r  and Addoms [l] r e p r e s e n t s  t h e  a u t h o r s '  own d a t a  f a i r l y  

we l l ,  it p r e d i c t s  c o e f f i c i e n t s  which a r e  t o o  h igh  when com- 

pared w i t h  d a t a  from o the r  sources.  Figure 3 shows t h a t  t h e  

equat ion  proposed by  G u e r r i e r i  and Tal ty[2]  c o r r e l a t e s  t h e i r  

. own r e s u l t s  q u i t e  w e l l  b u t  p r e d i c t s  c o e f f i c i e n t s  much lower 

than  those  measured by Dengler and Addoms and by Sani .  This  

. c o r r e l a t i o n ,  however, appears t o  p r e d i c t  c o e f f i c i e n t s  of  t h e  

r i g h t  order  of magnitude when compared wi th  t h e  d a t a  of  ~ c h r o c k  

and Grossman. Figure 4 shows t h a t  Benne t t ' s  [ 3 ]  c o r r e l a t i o n  

appears t o  p r e d i c t  reasonable  values f o r  t h e  m a j o r i t y  of t h e  . 

water  d a t a  al though t h e  s c a t t e r  i s  q u i t e  g r e a t .  However, t h e  

- p r e d i c t e d  c o e f f i c i e n t s  a r e  approximately 50% t o o  low when com- 

pared  wi th  t h e  organic  da ta .  I n  genera l ,  t h e  c o r r e l a t i o n  of  

Schrock and Grossman [5 l , a s  shown i n  Figure 5, appears  t o  b e  

b e t t e r  than  t h e  o t h e r  t h r e e .  W i t h  r e s p e c t  t o  t h e  o rgan ic  da ta ,  

t h i s  c o r r e l a t i o n  g ives  values.  which a r e  approximately 30% t o o  

low. The c o r r e l a t i o n  does appear t o  b i s e c t  t h e  w a t e r ' d a t a  a l -  

though t h e  s c a t t e r .  ranges from a +30% t o  -50%. 

I n  genera l ,  it appears t h a t  none of t h e  c o r r e l a t i o n s  i s  

, e n t i r e l y  s a t i s f a c t o r y  f o r  genera l  use.  I n d i c a t i o n s  a r e  t h a t  

t h e  p e r t i n e n t  v a r i a b l e s  have not  been c o r r e c t l y  accounted f o r  

i n  t h e s e  c o r r e l a t i o n s .  , 



Deriva t ion  of  Equations 

It i s  p o s t u l a t e d  t h a t  t h e r e  a r e  two b a s i c  mechanisms which 

t a k e  p a r t  i n  t h e  h e a t  t r a n s f e r  process  f o r  t h e , b o i l i n g  of  s a t -  

u ra ted  f l u i d s  w i t h  f l o w .  Thess a r e  (1) t h e  o rd ina ry  macro- 

convect ive mechanism of h e a t  t r a n s f e r  which normally opera tes  ' 

wi th  flowing f l u i d s ,  and ( 2 )  t h e  micro-convective mechanism 

a s s o c i a t e d  wi th  bubble-nucleation. and growth. It i s  f u r t h e r  

p o s t u l a t e d  t h a t  t h e s e  two mechanisms a r e  a d d i t i v e  i n  t h e i r  con- 

t r i b u t i o n s  t o  t o t a l  h e a t  t r a n s f e r .  The concept of a d d i t i v e  

c o n t r i b u t i o n s  i s  n o t  new. Rohsenow [ 6 ]  i n  1952 f i r s t  suggested 

t h a t  t h e  h e a t  t r a n s f e r  a s s o c i a t e d  wi th  convection and w i t h  

b o i l i n g  can be  added. Gambill C7] r e c e n t l y  app l i ed  t h e  addi-  

t i v e  concept t o  c o r r e l a t e  b o i l i n g  burnout da ta .  I n  both  of 

t h e s e  cases ,  sub-cooled nuc lea te  b o i l i n g  was t r e a t e d ,  and t h e  

. .  au thors  found t h a t  t h e  convect ive and t h e  b o i l i n g  c o n t r i b u t i o n s  

could be  super-imposed without  modif ica t ions .  I n  t h i s  p r e s e n t  

s tudy,  we are i n t e res ted  i n  s a t u r a t e d  b o i l i n g  wi th  n e t  vapor 

generat ion,  and it i s  f e l t  t h a t  f o r  t h i s  case  t h e  two mechan- 

i s m s  would n o t  have t h e i r  normal e f f e c t s  b u t  would be  modified 

by  e f f e c t s  of q u a l i t y  and by t h e  i n t e r a c t i o n  of one mechanism 

on t h e  o the r .  Under t h i s  genera l  premise, equat ions descr ib-  

i n g  t h e s e  two mechanisms were formulated a s  follows. 

Considering first t h e  macro-convective mechanism, it was 

recognized t l ~ d t  a t  t h e  two l i m i t s  of 0% and 100% q u a l i t y ,  t h e  

macro-convective h e a t  t r a n s f e r  should be descr ibed  by  t h e  Di t tus -  

. Boel ter  type  of  c o r r e l a t i o n .  It was then  p o s t u l a t e d  t h a t  i n  

t h e  two-phase reg ion  where t h e r e  a r e  both  l i q u i d  and vapor 

p resen t ,  t h e  macro-convective h e a t  t r a n s f e r  should s t i l l  b e  

descr ibed  by a modified form of  t h e  Dit tus-Boel ter  equat ion.  

h 
0.8 0.4 ;L 

mac 
= 0 . 0 2 3  (Re) (P r )  D 



I n  t h i s  equat ion,  t h e  P rand t l  and t h e  Reynolds numbers a n d ' t h e  

thermal conduc t iv i ty  r ep resen t  e f f e c t i v e  va lues  a s s o c i a t e d  wi th  

t h e  two-phase f l u i d .  We may d e f i n e  t h r e e  par3meters a s  r a t i o s  

of those quantities divided by the liquid quantities. 

F = ( ~ e / ~ e  ) 
0.8 #'L 0.8 

L 
= (Re x -) 

DGz 

I n  t h e  case  of  o rd ina ry  f l u i d s ,  i. e . ,  no t  l i q u i d  metals ,  t h e  

P r a n d t l  nurtibers of t h e  l i q u i d  and of t h e  vapor a r e  normzlly of  

t h e  same magnitude. The Prand t l  number of  t h e  two-phase f l u i d  

should t h e r e f o r e  a l s o  b e  of t h e  sime magnitude. Furthermore, 

.. s i n c e  t h e  h e a t  i s  t r a n s f e r r e d  through an  annular  f i l m  of l i q u i d  

adhering t o  t h e  wal l ,  it is  expected t h a t  t h e  l i q u i d  proper-  

t i e s  would have t h e  dominant e f f e c t .  For t h e s e  reasons  it is  

reasonable  t o  assume.. '~at.p and y may be  taken t o  be  u n i t y  a s  

a f i r s t  approximation. Eq. (5) may then  b e  re -wr i t t en  a s  
>.  

0.8 
k 

h = 0.023(ReL) . (Pr ) .  0.4 2 
mac L D 

F 

The only  unknown functi ,on i n  Eq. (9)  is  F, t h e  r a t i o  of  t h e  . 

two-phase Reynolds number t o  t h e  l i q u i d  Reynolds number, baaed 

on t h e  l i q u i d  f r a c t i o n  of t h e  flow. This r a t i o  i s  s t r i c t l y  a 

flow parameter;  and t h e r e f o r e  by analogy t o  momentum t r a n s f e r  

i n  two-phase flow, it may be  assumed t h a t  F is  a func t ion  of  

t h e  M a r t i n e l l i  parameter X 
tt' 

This p o s t u l a t e  has heen v a r i -  

f i e d  and t h e  a c t u a l  dependence of F on X obta ined  by com- 
tt 

p a r i s o n  wi th  experimental  da ta .  

T h e ' a n a l y s i s  of F o r s t e r  and Zuber [8] was taken a s  a b a s i s  

f o r  t h e  formulat ion of  a micro-conve'ctive mechanism of  h e a t  



t r a n s f e r .  The Fors te r  and ZuSer a n a l y s i s  was der ived  f o r  t h e  

'case of  pool b o i l i n g  and r e s u l t e d  i n  t h e  fol lowing equat ion 

f o r  t h e  b o i l i n g  Nusselt'number. 

These equat ions a r e  based on t h e  premise ' t h a t  t h e  Reynolds num- 

b e r  f o r .  micro-convective b o i l i n g  h e a t  t r a n s f e r  i s  governed by  

t h e  growth r a t e  of bubbles.  This r a t e  i s  descr ibed  by t h e  

Rayleigh equat ion which Fors te r  and Zuber solved t o  show t h a t  

t h e  product  of t h e  bubble r a d i u s  and t h e  bubble growth r a t e  

is  a cons tan t  f o r  a s p e c i f i c  superheat .  

A s  i l l u s t r a t e d  i n  Fig. 6 f o r  t h e  case  of b o i l i n g  from a super- 

hea ted  wall ,  whether i n  pool  b o i l i n g  o r  convect ive b o i l i n g ,  

t h e  degree of superheat  ackudl ly  is  no t  cons tan t  ac ross  t h e  

boundary l aye r .  Due t o  t h i s  f a c t ,  t h e  Reynolds number used 

i n  t h e  Forster-Zuber equat ion a c t u a l l y  i s  an e f f e c t i v e  Rey- 

nolds number r e p r e s e n t a t i v e  of some mean, e f f e c t i v e  superheat .  

The d i f f g r e n a e  bctween t h i s  e f f e c t i v e  superheat  and t h e  w a ' l l  

superheat  i s  smal l  f o r  t h e  case  of  pool  b o i l i n g  and wzs neg- 

l e c t e d  i n  Fors te r  and z u b e r i s  de r iva t ion .  'However, t h i s  d i f -  

f e rence  cannot be  neglec ted  i n  t h e  case  of  convect ive b o i l i n g  

s i n c e  the . t empera tu re  g r a d i e n t  is  now dependent on flow r a t e  



and vapor q u a l i t y  and would g e n e r a l l y  be much s t e e p e r  than  i n  

t h e  corresponding pool  b o i l i n g  case  wi th  t h e  same w a l l s u p e r -  

h e a t .  

I n  us ing  Fors te r  and zuber ' S  formulat ion t o  r e p r e s e n t  

micro-convective h e a t  t r a n s f e r  i n  convect ive b o i l i n g ,  t h i s  e f -  

f e c t  was taken i n t o  account by w r i t i n g  Eq. (10) i n  terms of  

e f f e c t i v e  AT and AP. 

0.79 0.45 0.49 0.25 

k~ C p ~  P~ gc  0.24 0.75 
. h = 0*00122 

0.5 0.29 0.24 0.24 
 AT^) . (AP e .) ( 1 2 )  

mic 
X a UL pv 

Then a suppression f a c t o r ,  S, was def ined  a s  t h e  r a t i o  of  t h e  

' 

e f f e c t i v e  superheat  t o  t h e  t o t a l  superheat  of t h e  w a l l  

The r a t i o  i s  a r b i t r a r i l y  taken t o  t h e  0.99 power i n  o rde r  t h a t  

S would appear t o  t h e  f i r s t  power i n  t h e  f i n a l  equat ions.  

By t h e  Clausius  and Clapeyron equation, 

(AT) O *  99 
T 0.75 

. =  ( - 1 (AT) O *  24 (ap) O *  75 
1 . ~ ~ 3  T 

AT 
For - << 1, we can w r i t e ,  

T ' I  

and, 



Conbining wi th  Bq.  ( 1 2 ) ,  we then  o b t a i n  an expression f o r  t h e  

micro-convective c o e f f i c i e n t  i n  terms of t h e  suppress ion  fac-  . 

2 
t o r  and t h e  t o t a l  supergeat. 

The suppress ion  f a c t o r ,  S, approaches u n i t y  a t  ze ro  flow r z t e  

and ze ro  a t  . i n f i n i t e  flow r a t e .  It was pos tu la ted ,  s u b j e c t  t o  

experimental  v e r i f i c a t i o n ,  t h a t  i n  a l l  ranges of flow S can b e  

rep resen ted  a s  a  funct ion  of t h e  l o c a l  two-phase Reynolds num- 

b e r .  

The t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  t hen  oStained a s  

t h e  sum 

h = h .  + h  
mic mac 

.. . 

The two unknowns i n  t h e  above equat ions a r e  t h e  Reynolds 

number f a c t o r ,  F, and t h e  suppression f a c t o r ,  S. These two / 

func t ions  were determined empi r i ca l ly  from experimental  d a t a  

by t h e  fol lowing procedure. 

A f i r s t  e s t ima te  of F was obtained by p l o t t i n g  t h e  r a t i o  

of experimental  two-phase h e a t  t r a n s f e r  c o e f f i c i e n t  d iv ided  

' 
by t h e  l i q u i d  c o e f f i c i e n t  a s  a  funct ion  of t h e  r e c i p r o c a l  Mar- 

t i n e l l i  parameter.  Using t h i s  e s t ima te  of  F, values  of h 
mic 

were obtained from Eq.  (17) and (18) by s u b t r a c t i n g  t h e  e s t i m -  

a t e d  va lues  of h  from t h e  experimental  da ta .  The r e s u l t s  
rnac 

were then  5:otted a g a i n s t  two-phase Reynolds nuniber and a  b e s t -  

f i t  curve was obtained f o r  S. Using t h i s  f i r s t  e s t ima te  of 

t h e  S funct ion ,  a  second es t ima te  of F was c a l c u l a t e d  from t h e .  

experimental  d a t a  and compared wi th  t h e  o r i g i n a l  e s t i m a t e  of 

F. This i t e r d t i v e  procedure was repeated  f o r  a  t o t a l  of t e n  

t r i a l s ,  a t  t h e  end of  which, t h e  two funct ions  were found t o  
' 

remain r e l a t i v e l y  cons tan t  from one t r i a l  t o  t h e  next  and were 



assumed t o  have converged. I n  t h i s  procedure, only  d a t a  from 

experiments wi th  s u b s t a n t i a l  macro-convective h e a t  t r a n s f e r  

were used t o  c o r r e l a t e  t h e  F  funct ion ,  and only  d a t a  from ex- 

periments wi th  s u b s t a n t i z l  micro-convective h e a t  t r a n s f e r  were 

used t o  c o r r e l a t e  t h e  S funct ion .  This s e l e c t i v e  weighting of 

t h e  d a t a  served t o  inc rease  p r e c i s i o n  i n  t h e  de terminat ion  of  

t h e  two funct ions .  The r e s u l t s  a r e  shown i n  Pigs.  7 and 8. 

The shaded a r e a s  on t h e s e  two p l o t s  r e p r e s e n t  t h e  s c a t t e r  o f  

t h e  d a t a  around t h e  two c o r r e l a t i n g  funct ions .  Z t  i s  seen 

'. t h a t  F  inc reases  wi th  inc reas ing  va lues  of t h e  r e c i p r o c a l  Mar- 

. t i n e l l i  parameter, i n d i c a t i n g  t h a t  t h e  e f f e c t i v e  turbulence  

a s s o c i a t e d  wi th  two-phase flow inc reases  wi th  i n c r e a s i n g  vapor 

f r a c t i o n .  The suppression f a c t o r ,  S, i s  seen t o  approa.ch ur-i ty 
, 

a a t  low values  of t h e  two-phase Reynolds number and decrease.  

.. asyq-tj)totically t o  ze ro  a t  high values of t h e  two-phase Reynolds 

number. These r e s u l t s  a r e  reasonzble i n  i n d i c a t i n g  t h a t  a t  

low flow rzkes  and low f r a c t i o n  vapor t h e  b o i l i n g  mechanism 

p lays  a  r e l a t i v e l y  important p a r t ,  wkereas , a t  h igh  flow r a t e s  

and h igh  f r a c t i o n  vapor, t h e  b o i l i n g  i s  suppressed end t h e  

macro-convective h e a t  t r a n s f e r  mechanism becomes i n c r e a s i n g l y  

important.  

The f i n a l  c o r r e l a t i o n  i s  given by Eqs. ( 9 ) ,  (17) ,  and (18) . 

wi th  t h e  two c o r r e l a t i n g  funct ions ,  F and S, r ep resen ted  graph- 

i c a l l y  i n  Figs.  7 and 8. 

Comparison wi th  experimental  d a t a  

This c o r r e l a t i o n  was t e s t e d  a g a i n s t  a v a i l a b l e  d a t a  f o r  

both  water and organic  f l u i d s ,  The comparisons a r e  shown i n  

Figs.  9 and 10. It is  seen t h a t  t h i s  c o r r e l a t i o n  f i t s  t h e  d a t a  

from a l l ,  r a t h e r  than  from julst one o r  two, of t h e  sources.  It  

a l s o  reduces t h e  s c a t t e r  q u i t e  s ~ b s ' t a n t i a l l y .  The p o i n t s  pre-  

. sen ted  i n  Fig.' 9  i n c l u d e , d a t a  f o r  water,  methanol, cyclohexane, 



. . 

a n d p e n t a n e .  T h e  mechanism and r e s u l t i n g  equat ions  p o s t u l a t e d  ' . . 

above appear t o  c o r r e l a t e  a l l  t h e s e  d a t a  q u i t e  wel l .  The 

average d e v i a t i o n  f o r  Dengler and AdBomc ' water'  d a t a  was 14.7%; 

f o r  Schrock and Crossman's water data, 15.1%; f o r  ~ u e r r i ~ r i  

a n d T a l t y 1 s  methanol da ta ,  11.3%; f o r  t h e i r  cyclohexane da ta ,  

13.6%; and f o r  t h e i r  pentane da ta ,  11.9%. It i s  i n t e r e s t i n g  

t o  note  t h a t  one of  t h e  sets  b e s t  c o r r e l a t e d  by t h i s  formula- 

t i o n  is  t h e  d a t a  of  Sani  f o r  water i n  downflow through a  tube.  

The d e v i a t i o n  f o r  t h i s  s e t  of d a t a  i s  only 8.5%. This  ind ic -  

, .  . a t e s  t h a t  f o r  t h e  range of  flow condi t ions  encountered, t h e  

d i r e c t i o n  of  v e r t i c a l  flow makes no apprec iab le  d i f f e r e n c e .  

Previously,  t h e r e  was some u n c e r t a i n t y  on t h i s  ques t ion  s i n c e  

Schrock and Grossman had n o t  been a b l e  t o  denons t ra t e  con- 

s i s t e n c y  between t h e i r  upflow r e s u l t s  and S a n i ' s  downflow re- 

s u l t s .  

Figure 10 shows f u r t h e r  comparisons of  t h i s  c o r r e l a t i o n  . 

wi th  experimental  r e s u l t s .  Resul t s  f o r  benzene and heptane 

a r e  presented  h e r e  along wi th  r e s u l t s  f o r  water taker. by Ben- 

n e t t  e t  a l .  It i s  i n t e r e s t i n g  t o  note  t h a t  Benne t t ' s  d a t a  

'% can a l s o  be  c o r r e l a t e d  by t h i s  formulat ion i n  view of  t h e  f a c t  
- - 

t h a t  h i s  c o e f f i c i e n t s  were obtained on annu l i  whereas t h e  o t h e r  

datas  were a l l  obtained on round tubes.  The equ iva len t  diam- 

: 
' e t e r  used t o  c o r r e l a t e  Benne t t ' s  annular  d a t a  was four  t imes 

. . 
t h e  c r o s s  s e c t i o n a l  a r e a  divided by t h e  hea ted  per imeter .  The 

. average dev ia t ions  f o r  Benne t t ' s  water d a t a  and f o r  t h e  ben- 

zene and heptane d a t a  of  G u e r r i e r i  and T a l t y  a r e  10.8%, 6 .3%,  

and 11.0% r e s p e c t i v e l y .  

Another method o f .  t e s t i n g  t h i s  c o r r e l a t i o n  i s  t o  s e e  i f  

it can p r e d i c t  c o r r e c t l y  t h e  w a l l  temperature p r o f i l e  a long 

t h e  l eng th  of a  b o i l e r  when a l l  o t h e r  condi t ions  a r e  given. 

, Some r e s u l t s  'from such .  t e s t s  a r e  shown i n  Fig. 11. P a r t  (a )  
2 

2 

, 



shows a comparison with da ta  from one of Schrock and Grossman's 

runs i n  which t h e  incoming l i q u i d  was sub-cooled. seen 

t h a t  f o r  t h e  i n i t i a l  lengths  of t h e  b o i l e r ,  t h e  measured wal l  

temperatures diverge from the calculated values. flowever, for 

' later lengths  of t h e  b o i l e r  where vapor q u a l i t y  becomes g r ea t e r .  

than 2% and annular flow could e x i s t ,  t h e  ca l cu l a t ed  wa l l  tem- 

peratures are seen to be verified by the experimental-measure- 

ments. Pa r t ,  (b) of t h e  same f i gu re  shows r e s u l t s  of a  com- 

par ison wi th  da ta  from one of S a n i ' s  runs.  I n  t h i s  case, t h e  
. . 

f l u i d  entered  wi th  7% vapor qua l i t y ,  and annular  flow l i k e l y  

ex i s t ed  through t h e  e n t i r e  length  of t h e  b o i l e r .  It i s  seen 

t h a t  t h e  ca lcu la ted  and measured wall '  temperatures a r e  i n  good 

agreement. 

It i s  a l s o  of i n t e r e s t  t o  s e e  i f  t h i s  c o r r e l a t i o n  can tor- 

.. r e c t l y  p r e d i c t  t h e  v a r i a t i o n  of t h e  r a t i o  h/h w i t h  Martin- 
L 

e l l i  ,parameter X 
tt- 

The major i ty  of da ta  ava i l ab l e  i n  t h e  lit- 

e r a t u r e  a r e  presented a s  p l o t s  of h/h vs. l/xtt. Many in -  
L 

v e s t i g a t o r s  [a] ,  [3], C53 have found t h a t  a t  high values of 

l/xttJ t h e  da ta  converge t o  a  s i n g l e  l i n e ;  whereas a t  low 

- -  values of l/xtt, t h e  da ta  seem t o  diverge i n  parameter curves. 

This divergence has not  been s a t i s f a c t o r i l y  reproduced by any 

of t h e  previous t h e o r e t i c a l  equations.  Fig. 1 2  shows curves 
. , 

of h/h ca lcu la ted  by t h i s  co r r e l a t i on .  It is seen t h a t  t he se  
L 

ca lcu la ted  curves do show t h e  c h a r a c t e r i s t i c  divergence a t  low-- 

values of 1 / ~  and, i n  f a c t ,  when compared with experimental 
tt 

da ta  f o r  i d e n t i c a l  condit ions (Curve 2 ) ,  exce l l en t  agreement 

is  obtained. Furthermore, t h e  above ana ly s i s  i nd i ca t e s  t h a t  

a t  high values of 1 / ~ ~ , ~  t h e  r a t i o  h/h should converge t o  t h e  
0.8 

L 

r a t i o  (Re/ReL) , . i . e . ,  t h e  F funct ion.  

' ~ a b i e  I l is ts  t h e  &anrj@ of experimental condi t ions  cov- 

ered by t h e  da ta  which.were used i n  t h e  var ious  comparisons 

above. Table I1 summarizes t h e  average .dev ia t ions  f o r  t h i s  

' J 



and f o r  t h e  o t h e r  c o r r e l a t i o n s  when t e s t e d  a g a i n s t  t h e s e  da ta .  

It  i s  .seen t h a t  t h e  'combined av-erage d e v i a t i o n  f o r  t h i s  cor-  

r e l a t i o n  i s  &11%, appr.oximately one-third t h e  ' d e v i a t i o n s  ' f o r  t h e  

o t h e r ' c o r r e l a t i o n s .  Thus it appears t h a t  f o r  t h e  range o f  con- 

d i t i o n s  l i s t e d  i n  Table I, t h i s  c o r r e l a t i o n  markedly improves 

t h e  chances of  a c c u r a t e l y  p r e d i c t i n g  two-phase b o i l i n g  coef- 

f  i c i e n t s .  

Sumrnar y 

The case of b o i l i n g  h e a t  t r a n s f e r  t o  s a t u r a t e d ,  o rd ina ry  

.. f l u i d s  i n  convect ive flow was t r e a t e d  i n  t h i s  s tudy  wi th  t h e  

hope of developing a  method f o r  p r e d i c t i n g  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 s .  For t h e  regime of  annular  o r  annular  mist-flow, 

it was p o s t u l a t e d  t h a t  t h e  t o t a l  . h e a t  t r a n s f e r  is  comprised 

of  con t r ibu t ions  from micro-convective and macro-convective 

mechanisms. The micro-convective con t r ibu t ion  t o  h e a t  t r a n s -  

f e r  was then  der ived  from t h e  Fors te r  and Zuber c o r r e l a t i o n  

f o r  pool  b o i l i n g  h e a t  t r a n s f e r .  A Dittus-Boelter type  of 

equat ion was formulated t o  account f o r  t h e  macro-convective 

con t r ibu t ion .  I n  t h e s e  formulations,  two ,d~msns ion less  func- 

t i o n s ,  S  and F, were proposed t o  account f o r  t h e  suppress ion  

of nuc lea te  b o i l i n g  by t h e  forced convective flow and f o r  t h e  

i n c r e a s e  i n .  turbulence  due t o  two-phase flow..  These two cor-  

r e l a t i n g  funct ions  were determined empi r i ca l ly  from a v a i l a b l e  

d a t a  and a r e  presented  g raph ica l ly .  

Using t h i s  c o r r e l a t i o n ,  it wzs shown t h a t  t h e  w a l l  tem- 

p e r a t u r e  p r o f i l e  a long a  b o i l e r  and t h e  curves of h/h- vs .  
L 

can be  p red ic ted  c o r r e c t l y .  I n  t e s t i n g  t h i s  c o r r e l a -  
lIXtt 
t i o n  a g a i n s t  a l l  p e r t i n e n t  d a t a  from n ine  experimental  cases  ' . 

r epor ted  i n  t h e  l i t e r a t u r e  f o r  both  water and organic  f l u i d s ,  

t h e  average d e v i a t i o n  was found t o  be  211%. This i s  a  sub- 

s t a n t i a l  improvement over e x i s t i n g  c o r r e l a t i o n s .  



This correlation is recommended for use in predicting boil- 

ing heat transfer coefficients for saturated, non-metallic fluids 

in convective flow. While the same type of mechanism is ex- 

pected to apply also to boiling liquid metals, the specific 

correlation presented here would not be applicable without mod- 

ification. For water and organics it is expected to be applic- 

able in the quality range of approximately 1 to 70% vapor. 
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i TABLE1 . . I 

i 
i ~ a n q e  o f  Condi t ions  f o r  Data Used i n  Tes t i nq  C o r r e l a t i o n  

I 
I * .  

P r e s s u r e  Flow V e l .  Qua l i t y  WA /A 

Reference  F l u i d  Geometry Flow ' (ps ia)  . ( f t / s e c  l i q .  ) ( w t .  %) ( ~ t u ) /  ( h r )  ( f t 2 )  

I 

wate r  

t u b e  ,UP 8- 40 0.2-4.8 15-71 

t u b e  UP 42-505 0.8-14.7 3-50 

4  wa te r  t u b e  down 16- 3 1  0.8-2.7 2-14' 1.4-5.0 

3 wate r  . annulus  . UP 15- 35 0.2-0.9 1-5 9  3.2-16 . 

2 methanol  t u b e  UP , 15 1.0-2.5 1-4 0.7-1.7 

cyclohexane t u b e  

! 
I . .2' pen tane  t u b e  UP 15 0.9-2.2 2-12 0.3-1.2 
i 
3 

i 2 hep tane  t u b e  UP 15 1.0-2.4 2-10 0.2-0.9 

1 2  benzene t u b e  
UP 15  1.0-2.4 2-9 0 . 4 4 . 3  

I 

I 
t-' 
03 
I 



. - 

TABLE I1 . 

. . Comparison of  C o r r e l a t i o n s  

Data 

I 

Averaqe Percen t  Deviat ions  f o r  Cor re l a t i ons  

Dengler Guerr i e r i  Bennett  Schrock Th i s  

& Addoms & T a l t y  & Grossman C o r r e l a t i o n  e t  a l .  . 

~ e n ~ l e r  & Addoms (wate r )  3 0 . 5  - 6 2 . 3  2 0 . 0  2 0 . 3  14.7  

Schrock & Grossman (water)  , 

San i  (wate r )  

Bennet t  e t  a l .  (wate r )  

G u e r r i e r i  & T a l t y  (methanol) 

G u e r r i e r i  & T a l t y  (cyclohexane) 

G u e r r i e r i  & T a l t y  (benzene) 

G u e r r i e r i  & T a l t y  (heptane)  

G u e r r i e r i  & T a l t y  (pentane)  

Combined average f o r . a l l  d a t a  

J. C. Chen 

. .. . . . . .  



Nomenclature 

b o i l i n g  number;. 
Bo XG 

C~ 
h e a t  capaci ty ,  . ( ~ t u )  / (Lb) ( O F )  

D dia*eter,  ( F t )  

p r e s s u r e  drop along b o i l e r ,  ( p s f )  / ( F t )  

0.8 F Reynolds number factor, (Re/ReL) 

F~~ 
Dengler and Addoms ' c o r r e c t i o n  factor . ,  s e e  Eq. (1) 

.. G mass flow v e l o c i t y ,  ( ~ b )  / ( ~ r )  (F t2 )  
. .. 

gc 
. -. g r a v i t a t i o n a l  cons tan t  

h  two-phase h e a t  t r a n s f e r  c o e f f i c i e n t ,  ( ~ t u )  / ( H r )  (F t2 )  ( O F )  

h i  t o t a l  l i q u i d  h e a t  t r a n s f e r  c o e f f i c i e n t ,  s e e  Eq. (1) 

, h~ 
f r a c t i o n  l i q u i d  h e a t  t r a n s f e r  c o e f f i c i e n t ,  s e e  Eq. (2) 

j Jou le  ' s cons tant ,  775  (F t )  ( ~ b )  / (Btu) 

k thermal conduct iv i ty ,  (Btu) / (Hr) ( F t )  ( O F )  

N% 
Nussel t  number . f o r  bubble, s e e  Eq. (10) 

P  p r e s s u r e  ( p s f )  
E 

. - Pr P r a n d t l  number 

4 / ~  h e a t  f lux ,  (Btu) ( H r )  ( ~ t ~ )  

. r 
b. 

r a d i u s  of  bubble, s e e  Eq. (10) 

Re ' e f f e c t i v e  Reynolds number f o r  two-phase f l u i d  . 

R% . Reynolds number f o r  bubble 

Re Reynolds number f o r  l i q u i d  f r a c t i o n  
L. 

S suppression factor ,  (AT /AT) 
0.99 

e  

. T temperature,  ( O R )  

x ,  weight f r a c t i o n  vapor 

z 0.9 pv 0.5 pL 0.1 

Xtt 
M a r t i n e l l i  parameter, (-1 (-1 (-1 

X 
PL p v 

z weight f r a c t i o n  l i q u i d  



difference in vapor pressure corresponding 

superheat, 
Tw 

- T: 
s 

effective superheat with flow, see Eq. (13) 

latent heat of vaporization, (~tu) / (Lb) 

viscosity, (Lb) / (Ft,) ( H r )  

P density, (Lb) / (Ft3) 

CJ -... vapor-liquid. surface tension, (Lb) / (Ft) 

Subscripts : 

none value for two-phase fluid 

e effective value with flow 

L value for liquid 

s value at saturation condition 

v .  value for vapor 

w value at wall condition 



Captions f o r  I l l u s t r a t i o n s  

,Ficjure 1 Conditions Along Boi ler  

(a) FLOW Regimes 

(b) Longitudinal  Temperature P r o f i l e s  

Figure 2 Comparison of Cor re la t ion  of Dengler and Addoms wi th  
. . 

Experimental Resul t s  from Various Sources 

Figure 3 Comparison of Cor re la t ion  of  G u e r r i e r i  and T a l t y  wi th  

Experimental Resul t s  from Various Sources 

; % F i g u r e  4 Compar'ison of Cor re la t ion  of  Bennett e t  a l .  w i t h  

~ x p e r i m e n t a l  ' ~ e s u l t s  from Various Sources 

Figure 5 Comparison of ' ~ o r r k l a t i o n  of  Schrock and Grossman w i t h  

Experimental Resul t s  from Various Sources 

Figure 6 Temperature P r o r i l e s  f o r ' P o o l  ~ o i l l n g  and f o r  Convective 

Boi l ing  wi th  t h e  Same To ta l  Superheat 

Figure 7 Reynolds Eurriber Factor ,  F 

Figure 8 Suppression Factor,  S .' 
Figure 9 Comparison of t h i s  Cor re la t ion  w i t h  Experimental Re- 

s u l t s  from Various Sources 

Figure 10 Fur ther  Comparison of t h i s  Cor re la t ion  w i t h  Experi- 

. . mental Resul t s  from Various Sources 

' Figure 11 Comparison of Calculated and Measured Wall Temperatures 

( a j  Data of Schrock and Grossman 

, (b) Data. of  Sani 

. Figure 12 Calcula ted  and Measured Rat ios  of  h/h L a s  ??unctions 

of  t h e  M a r t i n e l l i  Parameter 
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DATA - 
0 0 WATER (DENGLER 8 ADDOMS) 

2 A WATER ( SANI  ) 
o WATER ( SCHROCK ~c GROSSMAN) oo . 
n 
n 

o METHANOL (GUERRIERI 8 TALTY  ) 

Q: 
a ' CYCLOHEXANE ( GUERRlERl & TALPI)  . 

a 
v PENTANE ( GUERRIERI 8 TALTY 1 - 0 O o  

-t- 
~ L L  't- 

h ,  EXPERIMENTAL, (BTU)/ (HR).(SQ . FT) . ( O F )  

, . . . . . . . . . . . , 
. ~ i g .  2 

Chen : ' 
...J*..- c ...-- -.-- -- 
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- - DATA 

WATER ( SCHROCK 8 GROSSMAN) 
o METHANOL (GUERRIERI 8 TALTY)  
0 CYCLOHEXANE ( GUERR I ERI 8 TALTY) 
v PENTANE ( GUERRIERI 8 TALTY) 
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CK 
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1 I 1  1 1 1 1 1  

h, EXPERIMENTAL, ( BTU)/ ( HR) (SO FT) ( O F )  

. . , .  

Fig. 3 
t 0 Phan 



lo5 - I I I I t  I ( 1  I I 1 1 1 1 1 1  - - - DATA - 
- ' O WATER (DENGLER 8 ADDOMS) 

A WATER ( S A N I )  - 
, WATER (SCHROCK 8 GROSSMAN) 

o METHANOL (GUERRIERI 8 TALTY) 
CYCLOHEXANE (GUERRIERI 8 TALTY) 

+ 
Q, 

- ' v  PENTANE (GUERRIERI 8 TALTY) 

. , 

- - - - 
- 
- 
- 
- 

- 
- .  - - - 

- 

..., . . -  . 
i Fig. 4 
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POOL BOILING CONVECTIVE BOILING 
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j Fig. 6 
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; J. C. Chen 
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Fig. 7 
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ANNULAR FLOW 
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FRACTION OF DISTANCE ALONG BOILER 

Fig. 11 

J. C. Chen 
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Fig. 12 
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