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ABSTRACT

An experim ental study was undertaken to  in v e s t ig a t e  the

in f lu en ce  o f  the su rface  gra in  s iz e  o f  the metal on the value o f  the

c o e f f i c i e n t  C r in  the Rohsenow Equation fo r  b o i l in g  heat t r a n s fe r ,  sr

The apparatus c o n s is te d  o f  a copper h ea t  tr a n s fe r  surface  

6 in ch es  in  diameter from which heat was tra n sferred  to a pool o f  b o i l 

ing w ater conta in ed  in s id e  a g la s s  b o i l e r .  Heat was su p p lied  to the 

surface through a copper b lock 9 inches in  diameter and 10 inches long. 

Heat f lu x  was computed from accurate measurements o f  e l e c t r i c  power 

supplied  and the heat l o s s e s .  Thermocouples loca ted  at p r e c i s e ly  known 

p o in ts  on the geom etric  ax is  o f  the heat tr a n s fe r  p la te  were used to 

measure the su rface  tem peratures.

The technique o f  varying the gra in  s i z e  o f  the t e s t  surface  

c o n s is te d  o f  e l e c t r o p la t in g  a layer o f  a metal onto the o r ig in a l  sur

face  at d i f f e r e n t  current d e n s i t i e s .  Grain s iz e  was determined accord

ing to standard metallographic. methods. Surface roughness was m aintained  

between 2 to 3 micro in ch es  rms as measured by a p ro f i lo m e te r .  Four d i f 

fe r e n t  m e t a l l i c  d e p o s it s  namely copper, n ic k e l ,  chromium and brass  were 

s tud ied  but on ly  the copper p la ted  su r fa ces  were e x te n s iv e ly  in v e s t ig a t e d .

B o i l in g  data  obtained  at atmospheric pressure on su r faces  

w ith  var ious  gra in  s i z e s  were p lo t te d  on lo g - lo g  s c a le s  as heat f lu x  

Q/A v s  AT^, the d i f f e r e n c e  between the mean surface  temperature and the

i i



sa tu ra t io n  temperature o f  the l iq u id .  These p lo t s  showed a d e f in i t e  

e f f e c t  o f  the gra in  s i z e  on b o i l in g  heat t r a n s fe r .  A pp lication  o f  the  

Rohsenow C orre la t ion  to the b o i l in g  data showed th a t  the c o e f f i c i e n t  

and the exponent r o f  the equation d id  not remain con stan t  fo r  a p a r t i c 

u la r  m e ta l - f lu id  combination but were in f lu en ce d  by the gra in  s iz e  o f  

the heat tr a n s fe r  su r fa c e .  and r decreased as the gra in  s i z e  o f  the

surface in crea sed .

A s l i g h t l y  m odified  form o f  the Rohsenow equation as g iven  

below i s  proposed, which takes in to  account the in f lu en ce  o f  gra in  s i z e  

o f  the surface fo r  p r e d ic t in g  b o i l in g  heat tr a n s fe r :

(0.044G +  0.228)Co AT .
—  x =(0.0018G +  0.0125) 
fg  Pr \ T ‘fg

/ _S/A_ l goq \

where G i s  d efin ed  as g r a in s  per l in e a r  inch  o f  a surface  d iv ided  by a 

con stant which fo r  copper was chosen as 600.
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CHAPTER 1 

INTRODUCTION

Modern research in  the f i e l d  o f  b o i l in g  heat t r a n s fe r  has 

rec e iv ed  in crea sin g  a t te n t io n  during the p a s t  two decades. This great  

a t te n t io n  bestowed by research ers  to b o i l in g  phenomena i s  mainly due 

to i t s  widespread a p p lic a t io n  in  problems a s so c ia te d  w ith  nu c lear  re 

actors  and o th er  s o p h is t i c a te d  equipment o f  the space age. With the 

advent o f  space tr a v e l  and the ready a v a i l a b i l i t y  o f  b o i l in g  l iq u id s  

to c o o l  various components o f  space v e h i c l e s ,  much e f f o r t  has been ex

pended in  order to ob ta in  a thorough understanding o f  the various  aspects  

o f  the  b o i l in g  mechanism. In  ad d it ion  to the above usages b o i l in g  has 

m anifold  a p p lic a t io n s  in  heat tr a n s fe r  equipment employed in  a m ultitude  

o f  chem ical in d u s t r ie s .

One type o f  b o i l in g  which i s  o f  most in t e r e s t  to us from the  

u t i l i t a r i a n  p o in t  o f  view i s  n u c lea te  b o i l in g  a lso  re ferred  to as sur

face b o i l i n g .  This type o f  b o i l in g  t r a n s fe r s  large  amounts o fh e a t  per 

u n it  time and area over moderate temperature d i f f e r e n c e s  between the  

heat t r a n s fe r  su rface  and the b o i l in g  l iq u id .

In n u c lea te  b o i l in g  o f  l i q u i d s ,  bubbles form and r i s e  in  

columns from p referred  lo c a t io n s  which are known as n u c lea t io n  cen ter s  

on the h eater  su r fa c e .  Previous in v e s t ig a t o r s  (j^,B^,C^,G^,K^) have 

e s t a b l i s h e d  th a t  f a c to r s  such as the m ater ia l o f  the heating

1



2

su r fa c e ,  the con d it io n  o f  the su rfacej  i t s  roughness or smoothness and 

the length  o f  time of its usage in f lu e n c e  the b o i l in g  behaviour by way o f  

a f f e c t in g  the number o f  s i t e s  a v a i la b le  fo r  bubble form ation . Research 

workers (C ,G ) have sp ecu la ted  that p i t s ,  scra tch es  or o th er  surface  

im p erfect ion s  provide most o f  the n u c le a t io n  s i t e s .

However disagreement i s  reported  between in v e s t ig a to r s  

as to whether m e t a l l i c  g ra in s  and a s s o c ia te d  gra in  boundaries  

o f  the heating  su rface  would act as n u c lea t io n  s i t e s .  C lark, H.B. e t  

a l.(C ,j)  employed two methods to determine whether grain  boundaries could  

a c t  as n u c lea t io n  s i t e s .  One way was to compare b o i l in g  curves fo r  a 

p o ly c r y s t a l l in e  z inc  and s in g le  z inc  c r y s t a l .  The second approach con

s i s t e d  o f  a search w ith  the microscope during ac tu a l b o i l i n g .  Through 

t h e ir  in v e s t ig a t io n ,  they concluded that gra in  boundaries have l i t t l e  

or no e f f e c t  on b o i l in g  n u c le a t io n .  These con c lu s ion s  do not agree with  

those  o f  Harrison and Levine (H^) who b o i le d  s t e a r i c  ac id  from two d i f 

f e r e n t  fa c e s  o f  a s in g le  c r y s t a l  copper and found that t h e i r  b est  b o i l 

ing  curves for  the above two ca ses  were separate  l i n e s .  The former 

research  group t r ie d  to ex p la in  t h i s  observed d iscrepancy between the  

two con c lu s ion s  by p o in t in g  out th a t  a p o s s i b i l i t y  e x i s t e d  that ox ides  

might have formed, due to exposure to a i r ,  on the heat t r a n s fe r  su rfaces  

used by Harrison and L evine . A ctua lly  very  l i t t l e  work has been done 

in  t h i s  area ou ts id e  the above mentioned two in v e s t ig a t i o n s .

The gra in  boundaries are known to be reg ions  o f  m i s f i t  or  

s tr a in e d  reg ions which y i e l d  to chemical and p h y s ica l  rea c t io n s  (S^).

I t  i s  a ls o  common knowledge to the m e t a l lu r g is t s  that the presence o f



g r a i n  boundar ie s  i n  p o l y c r y s t a l l i n e  m e ta l s  modify t h e i r  mechanical  p r o p e r t i e s  

c o n s id e r a b ly  and the  the rm al and e l e c t r i c a l  p r o p e r t i e s  to  a l e s s e r  e x t e n t  

as compared to  the  p r o p e r t i e s  o f  s i n g l e  c r y s t a l s  of  the  sane m e ta l s .  I t  

i s  t h e r e f o r e  c o n c e iv a b le  t h a t  the  g r a i n  b oundar ie s  which are  r e g io n s  o f  

h ig h e r  energy  might  p rov ide  fav o u rab le  n u c l e a t i o n  s i t e s  f o r  bubbles  to 

grow.

In  the  absence o f  s u p p o r t in g  ex p e r im en ta l  ev idence  f o r  the  

above in f e r e n c e  and owing to  the  c o n t r a d i c t o r y  r e s u l t s  r e p o r t e d  in  the  

l i t e r a t u r e ,  i t  was f e l t  t h a t  a thorough ex p e r im en ta l  i n v e s t i g a t i o n  o f  t h i s  

problem was needed.  Such an i n v e s t i g a t i o n  should  be ab le  to cover  wide 

range o f  g r a i n  s i z e s  and hence wide ly  v a r y in g  g r a i n  b o u n d a r ie s  of  th e  b o i l 

ing s u r f a c e .  With t h i s  aim in  mind, th e  fo l low ing  s tu d y  was under taken  

to o b t a i n  an u n d e r s t a n d in g  o f  th e  e f f e c t  of the  g r a i n  bou n d a r ie s  o f  the  

m e t a l l i c  h e a t  t r a n s f e r  s u r f a c e  on n u c l e a t e  b o i l i n g  b e h a v i o u r .  A s o l u t i o n  

to t h i s  problem i s  n o t  o n ly  of  academic i n t e r e s t  bu t  a l s o  d e s i r a b l e  from 

the  p o i n t  o f  view o f  d e s ig n in g  h e a t  t r a n s f e r  equipment.  As Westwater  

remarks (W^) the  s c i e n t i f i c  p r o g r e s s  i n  t h i s  f i e l d  s h ou ld  r eac h  a l e v e l  

a t  which e n g i n e e r s  w i l l  be ab le  to  d ec id e  what shape o f  n u c l e a t e  b o i l i n g  

curve i s  d e s i r e d  f o r  a  p a r t i c u l a r  a p p l i c a t i o n  and then  f a b r i c a t e  h e a t  

t r a n s f e r  equipment to  produce the  r e s u l t .  U n t i l  such a s t a g e  i s  reached  

i t  i s  im p e ra t i v e  t h a t  r e s e a r c h  a c t i v i t i e s  in  the  f i e l d  o f  b o i l i n g  be 

ex tended .  I t  i s  hoped t h a t  the r e s u l t s  o f  the  p r e s e n t  s tudy  w i l l  c o n t r i 

bu te  to  some e x t e n t  towards the a f o r e s a i d  goa l  by way o f  p ro v id in g  a 

b e t t e r  u n d e r s t a n d in g  o f  b o i l i n g  from m e ta l  s u r f a c e s .



CHAPTER XI 

LITERATURE REVIEW

A. General

The f i e l d  o f  b o i l in g  heat t r a n s fe r  i s  adequately covered  

by recen t books on heat t r a n s fe r  and in  sev era l o ther  monographs d ea l

ing e s p e c ia l ly  with the various  a sp ects  o f  b o i l i n g .  Books by McAdams 

(M^)j Jakob (J ^ ) ,  Rohsenow and Choi (R^) and by K utateladze (K,.) and 

more r e c e n t ly  by Tong (T^) deal e x te n s iv e ly  w ith  b o i l i n g .  E x ce l len t  

review  a r t i c l e s  by Westwater (W )̂ Leppert and P i t t s  ( l^ )  ana ^y Rohsenow 

(R^) are devoted e x c lu s iv e ly  to t h i s  f i e l d  and conta in  d e t a i l s  o f  theo

r e t i c a l  a n a ly s is  and experim ental r e s u l t s  obtained  by numerous i n v e s t i 

g a to r s  over the p ast  sev era l  y ea rs .

The f i r s t  a v a i la b le  l i t e r a t u r e  on b o i l in g  as a to p ic  o f  

s c i e n t i f i c  in t e r e s t  i s  by J .G . L e id e n fr o st  (L^), a German medical doctor  

who in  1756 reported the curious behaviour o f  'r e p u ls io n '  between a 

l iq u id  and a very hot s o l i d .  There was a lapse  o f  almost two c e n tu r ie s  

b efore  s c i e n t i f i c  a t t e n t io n  was again bestowed on b o i l i n g .  Nulciyama 

(N^) in  1934 reported an in t e r e s t i n g  o b serva tion  which r e s u lte d  in  the  

rapid advancement o f  the s c ie n c e  o f  b o i l in g  in  modern t im es . Nukiyama 

conducted a simple experiment by submerging a platinum wire in  water' 

at 212°F and heating  i t  e l e c t r i c a l l y  to produce b o i l i n g .  Based on h is  

o b se r v a t io n s ,  Nukiyama p red ic ted  the e x is te n c e  o f  se v e r a l  regimes o f  

b o i l in g  which was l a t e r  confirmed by Farber and Scorah (F^) and

4
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McAdams e t  a l .  (M ) . The p r o g r e s s  o f  b o i l i n g  h e a t  t r a n s f e r  r e s e a r c h  

w i t h i n  the t ime i n t e r v a l  between Nukiyama’s d i s c o v e ry  and the  p r e s e n t  

day i s  c h a r a c t e r i z e d  by an a lmost  e x p o n e n t i a l  growth r a t e .  Mention 

has to  be made o f  th e  p io n e e r in g  r e s e a r c h  works by Jakob ,  McAdams, 

Westwater ,  Rohsenow, B o n i l l a ,  Bankoff ,  K u t a t a l a d z e ,  G r i f f i t h ,  F o r s t e r ,  

Zuba,r, Myers and s c o re s  of  o t h e r  i n v e s t i g a t o r s  who have g r e a t l y  con

t r i b u t e d  to  an u n d e r s tan d in g  o f  b o i l i n g  phenomena dur ing  the  i n t e r v e n 

ing  y e a r s  s i n c e  Nukiyama's o b s e r v a t i o n s .  For  the  sake o f  c l a r i t y ,  in  

the  fo l l o w in g  d i s c u s s i o n  the  t h e o r e t i c a l  approaches  are d e a l t  w i th

b r i e f l y  whereas  the e x p e r im e n ta l  r e s u l t s  a r e  on ly  mentioned .

B. N u c le a t io n  f o r  Bubbles

The primary r eq u i re m en ts  f o r  n u c l e a t e  b o i l i n g  to  o c c u r  a re

e s s e n t i a l l y  two. First is  t h e  i n i t i a t i o n  o f  new bubb le s  which i s  r e f e r r e d  

to as t h e  n u c l e a t i o n  p ro ces s  s in c e  i t  s u g g e s t s  the  p resence  o f  some k in d  

o f  n u c l e i  a t  th e  p o i n t s  where the bubb le s  a r e  formed. Second i s  the  

growth o f  t h e s e  bubble s  by abso rb ing  h e a t  from th e  su r round ing  super  

h e a t e d  l i q u i d .  G enera l ly  t h e  t h e o r e t i c a l  t r e a t m e n t  o f  t h i s  problem 

c o n s i s t e d  o f  a t t e m p t s  to ana lyze  th e  above two a s p e c t s  s e p a r a t e l y  in  

o r d e r  to  d e r i v e  s u i t a b l e  c o r r e l a t i o n s  f o r  p r e d i c t i o n .

A n u c l e a t i o n  p ro c e s s  o c c u r r i n g  i n  a pool  o f  l i q u i d  can be 

c l a s s i f i e d  i n t o  two c a t e g o r i e s  namely the  homogeneous c a s e  and the 

h e t e ro g e n e o u s  c a s e .

1 . Homogeneous N u c lea t io n

In  homogeneous n u c l e a t i o n ,  bubble  n u c l e i  a r e  formed w i th i n  

th e  body o f  a pure l i q u i d .  N uc le i  fo rm a t io n  may be due to  a h igh
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energy  m o le c u la r  group r e s u l t i n g  from the the rm al  f l u c t u a t i o n s  o f  

l i q u i d  molecu les  o r  a c a v i t y  r e s u l t i n g  from a l o c a l  p r e s s u r e  r e d u c t i o n  

such as  o c c u r s  in  a c c e l e r a t e d  flow

( a )  The C l a s s i c a l  Rate Theory. The c l a s s i c a l  r a t e  th e o ry  

o f  n u c l e i  fo rm a t io n  advoca ted  by Volmer (Vg) and o t h e r s  c o n s i d e r s  n u c l e -  

a t i o n  as a thermodynamic e q u i l i b r i u m  s t a t e  fo l low ed  by a r a t e  p r o c e s s .  

Th is  model assumes t h a t  some molecu le s  in  a l i q u i d  have e x c e s s  ene rgy  

o v e r  o t h e r s .  This  i s  c a l l e d  a c t i v a t i o n  en e rg y .  These m o lecu le s  com

b in e  w i th  o t h e r  m olecu le s  and a c t i v a t e  them and g r a d u a l l y  b u i l d  up sev 

e r a l  a c t i v a t e d  c l u s t e r  o f  m o le c u le s .  These s upe rhea ted  l i q u i d  m o le c u la r  

c l u s t e r s  overcome r e s i s t a n c e  from f o r c e s  such as s u r f a c e  t e n s i o n  and 

v i s c o s i t y  to  form vapour  bu b b le s .

Volmer deve loped  a r e l a t i o n  f o r  the n u c l e a t i o n  r a t e  i n  a 

s u p e rh e a t e d  l i q u i d  which agreed  s u r p r i s i n g l y  w e l l  w i th  Wismer 's  d a t a  f o r  

s u p e rh e a t e d  e t h e r  a t  a tmospher ic  p r e s s u r e  (Wg) • This  i n d i c a t e d  the  

soundness o f  approach based  on the  r a t e  th e o ry  o f  n u c l e a t i o n  to  d e s c r i b e  

homogeneous b o i l i n g  phenomena. However assumptions  o f  thermodynamic 

e q u i l i b r i u m  between th e  l i q u i d  phase and th e  vapor  phase and t h a t  t h e  

boundary between th e  two phases  i s  a p lane  o f  zero t h i c k n e s s  which are  

i n c o r p o r a t e d  i n  the Volmer e q u a t io n  are  open to q u e s t i o n  (Wg)•

(b )  S t a t i s t i c a l  F l u c t u a t i o n  Theory .

Among th e  proponents  o f  a s t a t i s t i c a l  f l u c t u a t i o n  th e o ry  o f  

n u c l e a t i o n ,  mention has  to  be made o f  Re iss  His approach has

th e  advantage  t h a t  i t  does not  r e q u i r e  the assumptions  o f  e q u i l i b r i u m
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and sharply defined  boundary between phases which are incorporated  in to  

the c l a s s i c a l  rate  th eory . Even though l i g h t  s c a t t e r in g  measurements 

support the assumed f lu c t u a t io n s  o f  energy, d e n s ity  and temperature in .  

t h i s  th e o r e t i c a l  approach, i t  has been found l e s s  u s e fu l  because o f  the  

d i f f i c u l t y  involved  in  ev a lu a tin g  c e r ta in  terms (W^).

Common to  the above two t h e o r e t i c a l  approaches i s  the re

quirement th at  the l iq u id  must be superheated and the superheat must be 

g rea t  enough to  overcome su rface  ten s io n  e f f e c t s  tending to c o l la p se  

t in y  bubbles.

2 .  Heterogeneous N ucleation

The second type o f  n u c le i  formation which i s  c a l l e d  hetero

geneous n u c lea t io n  r e f e r s  to the formation o f  n u c le i  on fo re ig n  o b je c ts  

which may inc lude a s o l i d  s u r fa c e ,  suspended im p u r it ie s ,  c a v i t i e s  or 

grooves w ith in  the su rface  or  o ther preferred  lo c a t io n s .  In p ra c t ic e  

one almost always encounters heterogeneous n u c le a t io n  because o f  the 

presence o f  co n ta in er  w a lls  and heat tr a n s fe r  s u r fa c e s ,  and the l iq u id  

i s  ra re ly  fr e e  from d ust p a r t i c l e s ,  adsorbed g a s ,  absorbed g a s ,  and 

fo re ig n  io n s .  Heterogeneous n u c le a t io n  d i f f e r s  from the homogeneous 

n u c lea t io n  in  that th e  number o f  n u c le a t io n  s i t e s  and the work o f  

forming a nucleus may be a l t e r e d  due to the presence o f  these  fore ign  

o b j e c t s .

( a )  Theory. The mechanism behind the formation o f  n u c le i  

f o r  the bubbles in heterogeneous b o i l in g  systems i s  complex. The 

commonly accepted theory  i s  as fo l lo w s i  Let us co n s id er  a
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fr e e  s p h e r ic a l  vapor bubble at equ ilibr ium  in  a superheated l iq u id .  

Taking a fo rce  balance,

rcR2(pv-Pf) ~  ZftRa ( l )

or

Ap =  pv * p j -  f 5  (2 )

By means o f  the Clausius-C lapeyron equation w ith  the p r e fe c t  gas 

approximation, the pressure  d if fe r e n c e  may be rep laced  w ith  the temper

ature d i f f e r e n c e  as fo l lo w s :

h£ p h_ p
-Jfl.lv. = - f f l v (i\

dT T R T 2v  v v

where R i s  the gas c o n sta n t  o f  the vapor. S ince

» v - y  - K - ' s J O  (4>

equ ation s ( 2 ) and ( 3 ) can be combined to g iv e

2R (T J 2a
T -  T =  -----  (5 )

v s a t  hfgP^Rc

In equation  ( 5 ) ,  R i s  the  c r i t i c a l  rad iu s .  A bubble w i l l  grow i f  the c

s iz e  o f  the n u c le i  i s  g r e a te r  than R£ j i f  sm aller  the bubble w i l l  

c o l la p s e .

In ad d it ion  to the vapor at pv i f  an in e r t  gas at p a r t ia l

pressure p i s  present in  a bubble at eq u il ib r iu m , ex p ress io n s  ( 2) and 
8

( 5) have to be m odified  as fo l lo w s :

V I  “  -  V  (6)
R (T }2

v «  - -  pe>
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(b) P o s tu la t io n s  and Experimental Data on Bubble

N u c lea t io n . I n v e s t ig a te  g e n e r a l ly  ( R5 JĜ jC2^G3>N2,I>4  ̂ b e l i e v e  th a t  

bubbles o r ig in a te  a t  small c o n e - l ik e  c a v i t i e s  in  the heatin g  surface  

which con ta in  a trapped g a s .  A growing bubble on a heating  surface  as 

i l l u s t r a t e d  in  F ig .  1 i s  under the in f lu e n c e  o f  the.buoyancy force  and 

the force  due to surface  t e n s io n .  The bubble grows u n t i l  i t s  buoyant 

fo rce  i s  g r e a te r  than the fo r c e  due to su rface  ten s io n  when i t u s u a l ly  

breaks o f f  a t  the opening o f  the c a v i ty  and r i s e s  through the l iq u id .  

U sually  a bubble encompasses many c a v i t i e s  before  i t  detachesj  th u s ,  th i s  

vapor trapping p rocess  induces adjoin ing in a c t iv e  c a v i t i e s  in to  a c t i v i t y .  

A fter  a long period o f  continuous n u c le a t io n  a c a v i ty  w i l l  be completely 

d ep le ted  o f  trapped gas and rep laced  w ith vapor which w i l l  condense  

when the surface  temperature i s  reduced. A c o n ic a l  p i t  can not be f i l l e d  

w ith  l iq u id  without the expenditure o f  a g r e a t  amount o f  work, because  

the su rface  ten s io n  fo r c e s  w i l l  oppose the movement o f  l iq u id  in to  the 

t i p .  On the other hand, in  a p i t  w ith  rounded bottom, n u c le a t io n  w i l l  

ce a se  when the in e r t  gas i s  gone and the p i t  i s  f i l l e d  w ith  l i q u i d .  The 

above p o s tu la t io n s  o f  heterogeneous n u c le a t io n  from surface  c a v i t i e s  have

and Westwater (G^) G r i f f i t h  and W allis  (^3 ) an^ Kvrihara and Myers (K^) 

in  a d d it ion  to the h igh speed photographic ob serv a t io n s  o f  Westwater

been su b sta n t ia ted  by the experim ents o f  Corty and Foust

and h i s  coworkers (C^W,.). In t h e ir  experiments Corty and Foust (Cg) 

removed a l l  p o s s ib le  gases  and vapor from the h eatin g  surface  and 

found th at  a much higher degree o f  superheat i s  required to  cause

b o i l in g  under the same heat f lu x  which in d ic a te d
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that a c t i v i t i e s  o f  n u c lea t io n  s i t e s  were much reduced due to the 

reduced amount o f  trapped gas in  the c a v i t i e s .  Gaertner and Westwater 

(G^) d ev ised  a technique fo r  determining a c t iv e  n u c le a t io n  s i t e s  which  

c o n s is te d  o f  p la t in g  a th in  layer  o f  n ic k e l  on the copper heat tr a n s fe r  

surface during the b o i l in g  runs and subsequently  counting the number o f  

pin h o le s  in  the p la t e .  They observed th a t  the heat f lu x  was approxi

mately proportional to the square root o f  the number o f  s i t e s .  G r i f f i t h  

and W a ll is  (G^)* Preckshot and Coworkers Young and Hummel

(Y^) cre a te d  a r t i f i c i a l  c a v i t i e s  on the h e a t  tr a n s fe r  su r fa c e .  Their  

experim ental ob serv a t io n s  showed th at  p referred  n u c le a t io n  occurs from 

p r e -e x i s t in g  gas f i l l e d  c a v i t i e s  on the s u r fa c e .  S t i l l  photographs and 

motion p ic tu r e s  taken by Westwater e t  a l .  (C^) showed th a t  p i t s  w ith  

diam eters between 0 .0003 and 0.003 inches were very  a c t iv e  n u c lea t io n  

s i t e s .  Some s c r a tc h e s ,  a p la s t ic -m e ta l  in t e r f a c e  and a m obile speck  

o f  u n id e n t i f ie d  m ater ia l were a lso  found to  act as a c t iv e  s i t e s .  Han 

and G r i f f i t h  (H^) found th a t  the temperature o f  bubble i n i t i a t i o n  on a 

given surface  i s  a fu n c t io n  o f  the temperature c o n d it io n s  in  the l iq u id  

surrounding the c a v i ty  as w e l l  as the su r face  p r o p e r t ie s  them selves and 

developed a c r i t e r io n  fo r  bubble i n i t i a t i o n  from a gas f i l l e d  c a v i ty .  

Some th e o r e t i c a l  c o n d it io n s  for  m icroscopic  grooves or c a v i t i e s  to be 

e f f e c t i v e  vapor traps have been deduced by Bankoff ^ e s e

are e s s e n t i a l l y  o f  a geom etr ica l nature , and depend upon the l iq u id  

con tact  an g le ,  and assume q u a s i - s t a t i c  c o n d it io n s .  These g iv e  n e c e s 

sary , but n ot  s u f f i c i e n t  c o n d it io n s  for  n u c le a t io n .  A dynamic
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theory o f  pen etration  o f  l iq u id  in to  p o t e n t ia l  n u c lea t io n  s i t e  remains 

la r g e ly  to be developed* although some prelim inary work has been done 

by Bankoff (B^).

C. Bubble Growth and Motion 

An e lu c id a t io n  o f  the mechanism o f  b o i l in g  i s  p o s s ib le  only  

i f  we ob ta in  a thorough understanding o f  bubble formation* growth and 

motion in  a superheated l iq u id .  Previous s e c t io n s  o f  t h i s  chapter  d e a lt  

with bubble formation. In t h i s  s e c t io n  research  in  bubble s ize*  growth 

and motion are b r ie f l y  d is c u s se d .
i

1 . Bubble S iz e  and Departure Frequency

At departure frana heated  s u r fa c e ,  the  bubble s i z e  

may be p re d ic te d  from a dynamic fo r c e  balance on the bubble.

F r i t z  (F4) and Wark (W )̂ der ived  equations fo r  p red ic t in g  the bubble 

diameter a t  departure as

The above equation c o r r e la te d  n i c e ly  the data fo r  hydrogen and water

vapor by Kabanow and Frumkin and by Jakob and Kipeke (J ^ ) .

When a bubble s t a r t s  to grow on a h eating  surface  a time

in t e r v a l  t^ i s  required fo r  i t  to  depart from the su rface  and a time

in t e r v a l  t£ i s  required to  heat the c o ld  l iq u id  which rushes behind the

bubble so that n u c lea tion  can occur a g a in .  The bubble frequency f  i s

then d efin ed  as l / ( t  + t _ ) .c d
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Jakob ( J j )  assumed that t^ = t^ and observed th at  the product 

o f  frequency and the bubble diameter at departure i s  a con stan t for  a l l  

l i q u i d s .  In t h e ir  experim ents, Hsu and Graham (Hg), an<* Westwater and 

Kirby (W )̂ n o t ic e d  that t^ i s  not n e c e s s a r i ly  equal to t c and a lso  Dg 

i s  not constant at high heat f lu x e s .  However on v e r i f i c a t i o n  o f  the 

r e la t io n s  o f  Jakob and F r i t z ,  Han and G r i f f i t h  (ll^) found th at  they are  

ap p lica b le  as long as the true (non equ ilib r ium ) bubble co n ta c t  angle i s  

used in  the e q u a tio n s .  A tten tion  has a lso  been focused  on the e f f e c t  o f  

heat f lu x ,  p ressu re ,  surface  o r ie n ta t io n  and other fa c to r s  in  determining  

the bubble shape and the w a it in g  period (j^,W^).

2. Bubble Growth Rate

Reasonably s u c c e s s fu l  attem pts to  ob ta in  exact  exp ress ion s  

fo r  bubble growth were made by P le s s e t  and Zwick an^ Forster

and Zuber (F^)* B esides  the above mentioned works, the a v a i la b le  theo

r i e s  include th ose  o f  Scriven  (S ^ ) ,  Han and G r i f f i t h  (H^), Bankoff and 

coworkers ( ^ , S ^ ) ,  Hamburger (H^), Dougherty and Rubin (D^), and Van Wijlc 

e t  a l .  (V^). They c la im  agreement w ith  th e  l im ited  experim ental meas

urements o f  E l l io n  (E^), Gunther and Kreith (G^), and Dergarabedian (D^).

S u c c e ss fu l  use o f  h igh speed photography to ob ta in  b asic  

knowledge o f  bubble formation and bubble growth was c a r r ie d  out by 

Westwater and coworkers (S g ) ,  Jakob ( j^ )  and Gunther and Kreith (G^).

For a rather  complex ca se  o f  binary m ixtures Scriven  (Sg)*

Bruiyn (®jq) an<1 Van S tra len  e t  a l . (V^) have attempted to  p red ic t

the bubble growth r a t e s .  Experimental data  fo r  b inary m ixtures are 

s ca rce .  P r a c t i c a l ly  no work has been done on the bubble growth
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ra tes  in  multicomponent l iq u id s .  Much remains to be

done experim enta lly  and t h e o r e t i c a l l y  in a l l  a sp ects  o f  bubble behaviour  

at s o l i d  su rfaces  such as n u c le a t io n ,  c o a le sc e n c e ,  departure and 

in te r a c t io n  (B^).

D. Factors A ffec t in g  N ucleate Pool B o il in g  

The complex b o i l in g  phenomena o f  l iq u id s  i s  a f f e c te d  by a
*

large number o f  v a r ia b le s  as d iscu sse d  below in  a d d it io n  to the p h y s ica l  

p r o p e r t ie s  o f  the b o i l in g  l iq u id .

1 . Nature o f  Liquid

( a) Water. Data fo r  water b o i l in g  a t  atmospheric pressure  

was f i r s t  reported by Nukiyama (N^) fo llow ed  by an e x te n s iv e  l i s t  of  

in v e s t ig a t o r s  as l i s t e d  in  the review a r t i c l e s  an  ̂ books

(M^,T^). The burn-out heat f lu x  obtained  in  experim ents for various  

heating  bod ies  which included  w ir e s ,  tubes and f l a t  su r faces  at d i f f e r 

ent p o s i t io n s  such as h o r iz o n ta l ,  v e r t i c a l ,  downward fa c in g  or upward 

fac in g  range from about 0 .482  to 2-69 as ta b u la ted  by I s h ig a i

e t  a l . ( l ^ ) .  The reported v a lu es  for  the c r i t i c a l  temperature d i f f e r 

ence range from about 40°F to 90°F with most v a lu e s  around 50°F (W^)•

The va lue  i s  dependent on the co n d it io n  o f  the h ea tin g  surface and 

other fa c to r s  d iscu ssed  below.

(b) Other L iq u id s . Experimental in v e s t ig a t io n  o f  the 

n u c lea te  b o i l in g  behavior o f  many ordinary l iq u id s  have been reported  

(W^)• The shape o f  b o i l in g  curves o f  s in g le  component l iq u id s  resemble  

that o f  water c l o s e l y ,  however w ith  the c r i t i c a l  heat f lu x  v a lu e s  con

s id era b ly  lower than that o f  w ater . The c r i t i c a l  temperature d i f f e r e n c e
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seems to be e s s e n t i a l l y  the same as for  w ater .

( c )  Liquid M eta ls . Liquid m eta ls  have d es ira b le  ch a ra c te r 

i s t i c s  as heat t r a n s fe r  media fo r  use in  atomic reac tors  and space  

v e h ic le s  where i t  i s  n ecessary  to remove heat from a surface at a very  

high ra te  w ith  the lowest p o s s ib le  surface temperature. Under th ese  

con d it io n s  l iq u id  m etals  have c e r ta in  advantages over water at h igh  

pressure because they are s ta b le  as l iq u id s  over a wide temperature  

range and have high heat t r a n s fe r  c o e f f i c i e n t s .  A summary o f  l iq u id  

metal pool b o i l in g  data i s  g iven  in  the book by Tong (T^). The w etta 

b i l i t y  o f  the  surface  and the surface  roughness seemed to in c r e a se  

g r e a t ly  the b o i l in g  heat t r a n s fe r  in  the case  o f  mercury (T j ) .

2. E f f e c t  o f  Pressure

Pressure i s  a v i t a l  fa c to r  in  n u c le a te  b o i l i n g .  At a g iven  

AT an in cr ea se  in  pressure causes  an in cr ea se  in  heat tr a n s fe r  ( ^ ) *

The maximum heat f lu x  and the c r i t i c a l  temperature d if fe r e n c e  are func

t io n s  o f  pressure a l s o .  The maximum heat f lu x  in crea sed  with pressure t i l l  

the c r i t i c a l  pressure was reached and then decreased w ith  pressure as 

shown by the experiments o f  C i c h e l l i  and B o n i l la  Farber and Scorah

(F^), Kazakova (K^) and McAdams (M^). Rohsenow and Clark (R^) and Kreith  

and Sommerfield (K^) have stud ied  b o i l in g  in s id e  n ic k e l  and s t a i n l e s s  

s t e e l  tubes a t  h igher p ressures  and observed s im i la r  r e s u l t s .

3 .  M aterial o f  the Heating Surface

The m ater ia l o f  the surface was found to a f f e c t  h eat tra n s fer  

under b o i l in g  liqu ids  in  the experiments o f  Agarwal and Hsu (A^),
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B o n i l la  and Perry (Bg ) ,  Corty and Foust (C3) and Mead e t  a l .  (M^).

Agarwal and Hsu conducted a s e r ie s  o f  experiments using  b o i l in g  FC-75 

l iq u id  and s t e e l  w ire p la te d  with var iou s  m e ta ls ,  namely n i c k e l ,  z in c ,  

copper, and cadmium. They observed that the d i f f e r e n c e . in  the p la t in g  

m a ter ia l  r e s u lte d  in  a d if fe r e n c e  in  heat t r a n s fe r .  For example copper-
2 0

p la te d  wire had a h eat t r a n s fe r  c o e f f i c i e n t  o f  3100 B t u / f t  .h r .  F, w h ile  

fo r  the same temperature d i f f e r e n c e  the h ea t  t r a n s fe r  c o e f f i c i e n t  fo r  

z in c -p la te d  wire was only  about 520. S im ila r ly  the h VsAT curves  obtained  

by Mead fo r  b o i l in g  water were d i s t i n c t l y  d i f f e r e n t  for  copper and s t a in -
c

l e s s  s t e e l .  The same trend was ex h ib ite d  by b o i l in g  methanol on copper  

and n ic k e l  and eth an o l on copper, g o ld  and chromium (W^). In a l l  th ese  

c a s e s  copper gave a g re a te r  heat t r a n s fe r  c o e f f i c i e n t  at a f ix e d  temper

ature d i f f e r e n c e  than did the  o ther m eta ls .

Agarwal and Hsu contend that h igh  thermal c o n d u c t iv ity  

m eta ls  such as copper, aluminum and s i l v e r  are n o t  e f f i c i e n t  mediums 

fo r  b o i l in g  heat t r a n s fe r .  Metals and a l l o y s  having r e l a t i v e l y  very  

low va lu es  o f  thermal d i f f u s i v i t y  seem to stand h ig h e s t  heat f lu x e s  and 

hence are e f f i c i e n t  mediums for  b o i l in g  h ea t  t r a n s fe r .

4 . Condition o f  the Heating Surface

The c h a r a c t e r i s t i c  pool b o i l in g  curve i s  a f fe c te d  by the 

c o n d it io n  o f  the su rface;  i t s  roughness o r  smoothness and the length  o f  

time i t  has been used. Rate o f  heat tr a n s fe r  fo r  rough su rfa ces  was 

found to be appreciably  h igher  than smooth su rfaces  by sev era l  i n v e s t i 

g a to r s  (Bg,C3 ,K^). In Berenson’s experim ents (B^) the n u c lea te  b o i l in g
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heat tr a n s fe r  c o e f f i c i e n t  varied  by 600^ owing to v a r ia t io n s  in  surface  

f i n i s h .  The rougher surface  w ith regard to b o i l in g  i s  that which has 

the g rea te r  number o f  c a v i t i e s  o f  appropriate s ize , ,  reg a r d le ss  o f  the 

r .m .s .  roughness. Surface roughness not only in f lu e n c e s  the in te r c e p t  o f  

the b o i l in g  cu rve , but a lso  i t s  s lo p e .  However, most o f  the c o r r e la t io n s  

ignore the dependence o f  the s lo p e  o f  the b o i l in g  curve on the surface  

c o n d it io n s .  This i s  undoubtedly due, at le a s t  in  p a r t ,  to the d i f f i c u l t y  

o f  d escr ib in g  surface roughness m athem atically . Kurihara and Myers (K^) 

were the f i r s t  to attempt to incorporate  surface e f f e c t s  quant:i t a t i v e l y  

in to  a c o r r e la t io n  o f  n u c lea te  pool b o i l in g  heat t r a n s fe r .

5. E f fe c t  o f  Aging

Surfaces  .that have been in  s erv ic e  fo r  long periods o f  time 

o f te n  require h igher AT fo r  the same h eat f lu x .  During one o f  t h e i r  ex 

perimental runs la s t in g  about 12 hours with copper s u r fa c e ,  Corty and 

Foust (C^) n o t ic e d  th a t  the AT required to maintain con stant  c o e f f i c 

ie n t s  in creased  approximately 3°F . This may be due p a r t ly  to the decrease  

in the amount o f  trapped gas, p a r t ly  to the fo u lin g  e f f e c t  o f  the s o l id s  

d ep os ited  on the surface  during the time o f  use or p o s s ib ly  due to an

n ea lin g  o f  copper surface  which might have changed the grain  s tru ctu re  

o-f  the su r fa ce .

6 . Mechanical A g ita tion

The data o f  Pramuk and Westwater (P^) obtained  fo r  b o i l in g  

methanol w ith a g i ta t io n  provided by a three inch  t r ip le -b la d e d  p ro p e llo r  

at speeds up to 1000 rpm. in d ic a te d  th at  the r a te  o f  heat t r a n s fe r  may
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be in creased  more than 100  ̂ by a g i t a t io n .

7. E f f e c t  o f  Geometrical Arrangements

N eith er  shape, s i z e ,  nor in c l in a t io n  seems to have much e f f e c t  

upon the ra te  o f  heat t r a n s fe r  to a l iq u id  b o i l in g  on a submerged surface  

as proved in  the experiments o f  Jakob and Linke (J ^ ) ,  McAdams (M^), and 

oth ers .  Recent work o f  the Japanese researchers  I s h ig a i  e t  a l .  ( l^ )  who 

stu d ied  pool b o i l in g  from a downward fa c in g  surface  su b s ta n t ia te d  the 

above c o n c lu s io n s .

8 . E f fe c t  o f  Gravity

The photographic ev idence obtained by S ie g e l  and Usislcin (S_)
* J

showed th at  at zero g r a v i ty  in  free  f a l l ,  n u c lea te  b o i l in g  stopped and 

a large  bubble o f  vapor surrounded a heating  su r fa ce .  As g r a v i ty  was 

in crea sed  from 1 to 20 G 's ,  Merte and Clark (M^) observed very l i t t l e  

change in  the p o s i t io n  o f  the n u c lea te  b o i l in g  curve in  the h igher range. 

However in  the con vection  region  and in  the beginning o f  n u c lea te  b o i l 

in g ,  an appreciable  s h i f t  in  the b o i l in g  curve was n o t ic e d  by them.

This was mainly due to in crea sed  n atura l con vection  as g r a v i ty  was in 

crea sed .

In co n c lu s io n  o f  t h i s  ch apter , i t  may be po in ted  out that  

in  s p i t e  o f  the voluminous t h e o r e t i c a l  and experim ental works reported  

in  the l i t e r a t u r e  in  b o i l in g  heat t r a n s fe r  to d a te ,  there are sev era l  

areas which need fu rth er  in v e s t ig a t i o n .  One can only  sp ecu la te  that a 

complete and thorough understanding o f  a l l  a sp ects  o f  b o i l in g  w i l l  pro

bably require in t e n s iv e  research for  sev era l  years to come.



CHAPTER I I I  

THEORETICAL CONSIDERATIONS 

A. General

B o il in g  phenomena are ch a ra cter ized  by the appearance o f  

sev era l regimes o f  b o i l i n g .  In each o f  those  regimes the c o n tr o l l in g  

mechanism o f  heat t r a n s fe r  i s  so complex th at  i t  has d e f ie d  the ingen

u i t y  o f  many in v e s t ig a to r s  in  t h e ir  attempts to develop s a t i s f a c t o r y  

th e o r e t i c a l  models. However there e x i s t s  agreement to a c e r ta in  degree  

as to  how h ea t  i s  being tra n sferred  in  the various regim es. P ostu la 

t io n s  have been made o f  the mechanisms and based on th ese ,a ttem p ts  have 

been made to develop th e o r e t i c a l  and s e m i- th e o r e t ic a l  ex p ress io n s  to  

p r e d ic t  the heat t r a n s fe r  behavior o f  b o i l in g  systems under a s e t  o f  

c o n d it io n s .  Preceeding a co n s id era t io n  o f  the e x i s t i n g  c o r r e la t io n s ,  i t  

i s  in d isp en sa b le  to examine how the d i f f e r e n t  regimes o f  b o i l in g  are 

encountered.

B. Types o f  B o il in g

The e x is te n c e  o f  mainly three regimes o f  b o i l in g  c a l le d  

n u c le a te ,  t r a n s i t io n  and f i lm  b o i l in g  have been e s ta b l i s h e d  c o n c lu s iv e ly

( m1, r5 , w3) .

Some o f  these  regimes have been fu rth er  subdivided by r e 

searchers f o r  the convenience o f  d e s c r ip t io n .

When a pool o f  l iq u id  i s  heated  gradually  at atmospheric
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p ressu re ,  the r e s u l t in g  b o i l in g  curve e x h ib i t s  a c h a r a c t e r i s t i c  shape 

as i l l u s t r a t e d  in  F ig .  2* The b o i l in g  curve i s  u s u a l ly  a p lo t  o f  the 

temperature d i f f e r e n c e  between the h e a t - t r a n s fe r  su r face  and the bulk 

l iq u id  on the x - a x is  and the heat f lu x  on the y~ax is  drawn on lo g - lo g  

paper.

In region  I heat i s  tra n sferred  to the l iq u id  by natural  

con vection  and p r a c t i c a l ly  no b o i l in g  takes p la c e .  Regions I I -A  and II-B  

encompass the n u c lea te  b o i l in g  regime which i s  o f  i n t e r e s t  for  the pre-  

sen t  study. In region  II-A  vapor bubbles form at favored  spots on the 

heat tr a n s fe r  surface  and are d is s ip a te d  in  the l iq u id  a f t e r  breaking  

away from the su r fa c e .  On fu rth er  in cr ea se  o f  the temperature d i f f e r 

en ce ,  larger  and more numerous bubbles form and r i s e  a l l  the way to the  

f r e e  l iq u id  su r fa ce .  The h eat f lu x  reaches a maximum at the h igher end 

o f  regime I I -B ,  beyond which l iq u id  no longer  i s  ab le  to  reach the heater  

su rface  at s u f f i c i e n t  rate  to  form the required amount o f  vapor. On . 

account o f  t h i s ,  e i t h e r  one o f  the fo llo w in g  two th in gs  can happen de

pending upon the type o f  h ea tin g  system being used.

When e l e c t r i c a l  heating  i s  used , as the e l e c t r i c  energy and 

hence the heat f lu x  i s  increased  beyond the peak v a lu e ,  the b o i l in g  pro

c e s s  cannot remove h eat equal to the e l e c t r i c a l  energy in p u t.  The d i f 

ference  between these two q u a n t i t ie s  causes a r i s e  in  in te r n a l  energy  

and hence temperature o f  the r e s is ta n c e  w ir e ,  which in  turn i s  accompan

ie d  by a fu r th er  decrease o f  heat f lu x .  In sh o r t ,  the system i s  unstab le  

and u n le s s  the e l e c t r i c a l  input i s  reduced, the system w i l l  proceed  

toward po in t ' b 1 in  F ig .  2 where the temperature o f  the r e s is ta n c e  wire
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i s  very h igh . Generally t h i s  temperature i s  above the m elting  p o in t  for  

most m eta ls ,  and the wire m elts  before reaching p o in t  *b * • This type of  

behaviour was observed f i r s t  by Nukiyama (N^) w ith copper w ir e s ,  but not 

with platinum w ires which have a much h igher  m eltin g  p o in t .  Po int ' a ' ,  

the peak heat f lu x  in  n u c lea te  b o i l in g  i s  v a r io u s ly  c a l l e d  the burn-out

p o in t  or c r i t i c a l  heat f lu x  p o in t .
1

However when o th er  than e l e c t r i c a l  h eating  i s  being used,  

the b o i l in g  curve goes through a t r a n s i t io n  reg io n ,  as shown in  F ig .  2.

At the t r a n s i t io n  b o i l in g  region an u nstab le  vapor f i lm  covers  the heat 

t r a n s fe r  surface which under the act ion  o f  c i r c u la t io n  cu rren ts  co l la p se s  

and reforms ra p id ly .  The thermal r e s is ta n c e  o f  t h i s  vapor f i lm  causes  

a reduction  in  heat f lu x  as observed in  region  I I I .  S tab le  f i lm  b o i l in g  

i s  encountered in  region IV in which the h ea ter  surface i s  in  con tac t  

w ith  on ly  the vapor phase which e x i s t s  as a f i lm  between the h ea ter  and 

the l iq u id .  The surface temperatures required  to maintain s ta b le  f i lm  

b o i l in g  are high and gradu ally  thermal ra d ia t io n  becomes the c o n tr o l l in g  

mechanism o f  heat t r a n s fe r  as in d ica te d  in  region  V.

C. N ucleate B o i l in g  Mechanism and C o rre la t io n s

1. General C onsiderations

To date se v e r a l  attempts have been made to d er ive  a gener

a l i s e d  c o r r e la t io n  fo r  the p red ic t io n  o f  the b o i l in g  behavior o f  f lu id -  

su rface  system s. These have not been very  s u c c e s s fu l  mainly because o f  

the i n a b i l i t y  o f  the in v e s t ig a t o r s  to f i t  a l l  the p h y s ica l  p ro p er t ie s  

and v a r ia b le s  invo lved  in  such systems in to  a s in g le  c o r r e la t io n .
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However c o r r e la t io n s  have been developed which have l im i t e d .a p p l i c a b i l i t y  

w ith in  a p a r t ic u la r  regime o f  b o i l i n g .  In the fo llo w in g  d is c u s s io n  some 

of the se m ith e o r e t ic a l  and em pirica l ex p ress io n s  a v a i la b le  fo r  n u clea te  

b o i l in g  regime w i l l  be considered  and t h e ir  l im ita t io n s  w i l l  be analysed.

2. P o s tu la t io n s  o f  the Mechanism o f  B o il in g

i' In n u c lea te  b o i l i n g ,  when the heating  su rface  i s  in d ir e c t

co n ta c t  w ith  the l iq u id ,  the  h ig h es t  temperature drop occurs through the  

th in  l iq u id  layer adjacent to the w a l l .  P rofessor  Jakob f i r s t

p o s tu la ted  that o n ly  a very  small part o f  the heat produced in  a h ea ter  

i s  d i r e c t ly  tran sferred  to the i n t e r i o r  o f  the bubbles adhering to the  

su r fa c e .  The main part o f  the energy makes a detour through the l iq u id  

owing to the high ra te  o f  con vection  e x i s t i n g  in the l iq u id  near the  

h eatin g  su rface .  The above ob serva tion s  were incorporated by Rohsenow 

(R ) in  developing a c o r r e la t io n  fo r  n u c le a te  b o i l in g  which w i l l  beO

con sid ered  in  d e t a i l  l a t e r .

F o rster  arid G r ie f  (F^) proposed a v a p o r - l iq u id  exchange 

mechanism in  which the in creased  heat t r a n s fe r  in n u c le a te  b o i l in g  was 

a t tr ib u te d  to a 'pumping a c t io n '  caused by the growth and c o l la p s e  o f  

vapor bubbles.

R ecently  Bankoff (B ) has d iscounted  the notion^propagated  

by F orster  and G r e if  (Fg)* Rohsenow and Clark (R^), Levy (L^) and others^ 

th a t  la te n t  heat transport plays on ly  a minor ro le  in  heat tr a n s fe r  at  

the heated su r fa c e .  As a matter o f  fa c t  la te n t  heat transport seems to 

co n tr ib u te  very s i g n i f i c a n t l y  to heat tr a n s fe r  near the c r i t i c a l  heat
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f lu x  range. Bankoff h ypothesised  the m icrolayer v a p o r iz a tio n  mechanism 

and pointed out that th in  l iq u id  fi lm s would e x i s t  at the base o f  vapor 

bubbles in  n u clea te  b o i l i n g .  These f i lm s  evaporate in to  the bubble r e 

moving heat very  r a p id ly .  Mesler and h i s  a s s o c ia te s  provided

experimental evidence for Bankoff's  p r e d ic t io n  when they measured a tem

perature f lu c tu a t io n  o f  sev era l degrees a t  the heat t r a n s fe r  surface
4

d ir e c t ly  beneath a number o f  growing bubbles.

3. C o rre la t io n s  of N ucleate B o il in g  Data

A rather large number o f  em p ir ica l and sem i-em p ir ica l f o r 

mulas have been proposed for  n u c lea te  b o i l in g  up to the present time.  

The most s a t i s f a c t o r y  d e s c r ip t io n  o f  experim ental data i s  provided by 

formulas incorporatin g  the d im en sion less  groups o f  the system, n otab le  

among them being the c o r r e la t io n s  o f  Rohsenow (^g)j F o rs ter  and Zuber 

(F^), F orster  and G rie f  (F^) and Levy (L ^ )•

(a )  Rohsenow1s C o r r e la t io n . Rohsenow assumes th a t  a major 

p ortion  o f  the heat in  n u c lea te  b o i l in g  i s  tra n s ferred  d ir e c t ly  from 

the surface to the l iq u id  and the bubbles act as a g i t a t o r s .  The s i z e  

o f  the bubble at the po in t o f  break o f f  i s  an important parameter be

cause when a bubble breaks lo o s e ,  the l iq u id  flow s behind and great  

a g i ta t io n  i s  achieved. Therefore Rohsenow p o s tu la te s  th at  there  should  

e x i s t  a bubble Reynolds number which measures the e f f e c t  o f  t h i s  in 

cre a se d  a g i ta t io n  on heat t r a n s fe r .  A comparison i s  made o f  n u c lea te  

b o i l in g  with heat tr a n s fe r  in  forced con vection  tu rb u len t  flow  without  

b o i l i n g .  In the l a t t e r  c a s e ,  the usual c o r r e la t io n  i s  o f  the form
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NK„ ‘  C< V NPr> «

Therefore one can expect a c o r r e la t io n  o f  s im ila r  nature to be s a t i s -  

fa ctory  a lso  fo r  n u c lea te  b o i l in g .

The d im en sion less  groups are d efin ed  as fo l lo w s i  

(Q/A) D

NNu . =  ( T  - T  ) k .  ^b w s a t 7 i

N .  =  ( 1 1 )
Reb

The d e f in i t i o n  o f  bubble Reynolds number i s  j u s t i f i e d  when we in te r p r e t  

i t  as the r a t io  o f  in e r t ia  to  v isco u s  fo r c e s ;  hence a s so c ia te d  with  

the i n e r t i a  o f  the bubble and |X|> a s so c ia te d  w ith  the f r i c t i o n  fo r c e  on 

the bubble are u sed . The term p o s tu la te d  above measures the

amount o f  l iq u id  a g i t a t io n  caused by the bubble motion.

D^, the maximum bubble diameter at departure or ju s t  before  

c o l la p s e  can be computed us ing  F r i t z ' s  ex p ress io n  (F^) :

/  2g a

Db -  < W ( l 2)
t

The heat tr a n s fe r  to the bubbles w hile  attached  to the surface can be 

w r it te n  w ith  good approximation as

W A>b = h£BPv " ^ b  £ <13>

where the bubbles on the average may be assumed as spheres .

Jakob (j^ )  has shown that f o r  the case  o f  water and carbon

te tr a c h lo r id e ,  the product o f  the frequency o f  bubble formation and the

2 1 3 7 5 S
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diameter o f  the bubble when i t  leaves  the surface  i s  nearly  a constant  

v a lu e .

i . e .  fDfc = 0  ̂ , con stant (14)

S ince the t o t a l  heat f lu x  w i l l  be very nearly  d i r e c t ly  p rop ortion a l to 

the number o f  columns o f  bubbles,

Q /A ~ (Q /A )b (15)

or

(Q/A) = Cq hfg  pv n f  £ (16)

where the constant may be a fu n c t io n  o f  p ressu re .  The mass v e l o c i t y

o f  the vapor bubbles leav in g  the surface  may be w r it t e n  as

G. = “  D ^ f  p n (17)b 6 b v

s u b s t i t u t in g  equations (l2 )^(l6) ,  and ( l 7 )  in to  Eq. ( l l ) ,  we obtain  an 

e x p ress io n  for  the bubble Reynolds number as

N =  C p  r  (18)
Reb R H ^ h f g ^ g (p r py )

where the con stant CD in corp ora tes  the two co n sta n ts  C and C fromK d q

Eq. ( l 2 )  and (16) and i s  equal to / 2  Cd/Cq. Eq. (12) fo r  bubble

diameter can be s u b s t i tu te d  in  the exp ress ion  (10) fo r  bubble N u s se lt  
*

number to obtain

hNm = C p —  (19)
b n k-f V s(pf-Pv)

where constant C — / 2  C n <
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The f i n a l  exp ress ion  su ggested  by Rohsenow fo r  b o i l in g  h eat  

tr a n s fe r  i s  o f  the form:

V =  *  CV ’ V  ( 2 0 )D D

where N and N are d ef in ed  by Eq. (19) and (18) r e s p e c t iv e ly  and
l * U ib b

the .Erandtl number i s  eva luated  as usual from l iq u id  p r o p e r t ie s .

In applying the above ex p ress io n  fo r  c o r r e la t in g  the data  

o f  se v e r a l  experim enters, the terms CR> °n  and {3 were a l l  summed up 

in to  a s in g le  con stan t as shown below:

0 .3 3  „ 1 .7

hfg s f  V fg Vg(pr pv)'
( 21)

o r

XKu =  (co n s t )  (K f 3 ( K pr) - 0 - 7 ( 2 2 )

E xpression s ( 2 l)  and (22) are the f i n a l  forms o f  Rohsenow's c o r r e la t io n .  

In th ese  e x p ress io n s  the exponents 0 .33  and 1.7 were r e a l ly  obtained  by 

p lo t t in g  the experim ental data o f  sev era l  research  groups. I t  should  

a ls o  be noted th at  there i s  nothing d e f i n i t e  about the v a lu e s  o f  th ese  

exponents except th a t  they were found to f i t  the l im ite d  amount o f  data  

a v a i la b le  for  c le a n  heat tr a n s fe r  s u r fa c e s .  S ince i t s  p u b l ic a t io n ,  

Rohsenow's sem iem pirical ex p ress io n  (Eq. (2 1 ) )  has been found to c o r 

r e la t e  the data o f  sev era l s in g le  component f l u i d s  b o i l in g  on c lean  sur

fa c e s  and in  a l l  ca se s  the c o e f f i c i e n t h a s  been found to vary over wide 

range from 0 .0025 to 0 .015  depending upon the s u r f a c e - f lu id  combination  

as seen from Table I  o f  Appendix I .  Rohsenow a t t r ib u te s  these s ig n i f i c a n t
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v a r ia t io n s  observed by various experim enters mainly to a lack o f  in f o r 

mation on p, the co n ta c t  angle measurements fo r  the systems con s id ered .  

Part o f  the blame has a lso  been a t tr ib u te d  to the inaccuracy o f  the su r

face  temperature measurements which magnify the errors  in  (T -T )
S S o u

v a lu e s  used in  the com putations. Rohsenow argues th a t ,  owing to the 

above mentioned two f a c t o r s ,  th ere  i s  good reason to expect a d i f f e r e n t  

va lue  o f  C  ̂ to r e s u l t  fo r  every combination o f  kind o f  surface  and kind  

o f  f l u i d .  The author f i n a l l y  concludes that a d d it io n a l  inform ation r e 

garding the values  o f  p f o r  various  com binations o f  su r fa ces  and f l u i d s  

should c l a r i f y  t h i s  matter and produce a v a l id  c o r r e la t io n  f o r  a l l  such  

com binations.

(b) Forster-Zuber C o r r e la t io n . F orster  and Zuber developed  

a c o r r e la t io n  for n u c le a te  b o i l in g  heat tr a n s fe r  which i s  s im ila r  to  that  

o f  Rohsenow1s c o r r e la t io n  in  th a t  the former a ls o  in c luded  the dimension- 

l e s s  N u s s e l t ,  Prandtl and Reynolds numbers. However the exponents on the 

Reynolds and Prandtl numbers in  F orster  and Zuber equation  are roughly  

the same as those used fo r  ordinary fo rced  con vection  heat t r a n s fe r  where

as Rohsenow's c o r r e la t io n  co n ta in s  the Prandtl number term w ith  a nega

t i v e  exponent which has seemed ' i l l o g i c a l '  to many s c i e n t i s t s  (W^)•

According to t h i s  approach the a g i ta t io n  caused by the move

ment o f  the bubble boundary w h ile  bubbles are s t i l l  a ttach ed  to the h ea t

in g  surface  i s  the dominant mechanism in  in cr ea s in g  the heat tr a n s fe r .

The authors develop a n a ly t ic a l  e x p ress io n s  fo r  bubble ra d ii  and growth 

r a te s  s ta r t in g  from Lord R a y le ig h 's  c l a s s i c a l  equation  for  bubble dynamics 

o f  an incom pressib le  and in v i s c i d  f l u i d .
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E g  + i  i *  + -  ! x L 6 t ( 2 3 )
2 pjR p{

I t  was demonstrated by the authors th a t  the equation for  the growth o f  

vapor bubble in  a superheated l iq u id  i s  g iven  by

R =  2 / f  Ja ✓ aft  (24)
p|>AT

where Ja , the Jakob number i s  ~--------  and a « , the l iq u id  thermal d i f -
f g Pv

f u s i v i t y  i s  d e f in ed  as kj>/P^Cp. The r a d ia l  v e l o c i t y  o f  the bubble 

boundary i s  obta ined  by d i f f e r e n t i a t in g  Eq. (24) w ith  r e sp e c t  to  time't*.

The product o f  bubble radius and r a d ia l  v e l o c i t y  i s  a 

c o n s ta n t ,  independent o f  the bubble radius as shown belows

. CfPfAT 2
R R = (■ - V '  P  > (26)

fg  v

=  u Oj, Ja2 (27)

The authors a lso  assume th a t  the f i n a l  c o r r e la t io n  w i l l  be 

s im i la r  to the forced  convection  heat tr a n s fe r  c o r r e la t io n  o f  the form,

NNu =  ( c o n S t )  ( N R e ) m (N p r ) n  ( 2 8 )

The d im en sion less  groups in  the above exp ress ion  (28) have to be formu

la t e d .

The authors con sid er  the s t a t e  o f  l iq u id  motion in  the th in  

la y e r  o f  f l u i d  adjacent to the h ea tin g  surface  to be most important in
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in f lu en c in g  the heat t r a n s fe r .  Therefore they s u b s t i t u t e  the bubble 

r a d i i  and the bubble growth v e l o c i t i e s  fo r  the c h a r a c t e r i s t i c  length  

and v e l o c i t y  term r e s p e c t iv e ly  o f  the Reynold's number. The Reynolds 

number i s  now w ritten  as

The N u sse lt  number fo r  the system i s  d efin ed  as

N = (30)Nu kj>Al

where the length  R i s  obta ined  from c o n s id era t io n s  o f  bubble dynamics 

and i s  g iven  by

_  CjpjdT 1 1
h£ p p “p p -p

I g  V V co V 03

S u b s t i tu t io n  o f  Eq. ( 2 9 ) ,  (30) and (31) in to  (28) g iv e s  the f i n a l  form

o f •Forster-Zuber c o r r e la t io n :

^  ( W  A *  -  0 .0015 Ne  ° ' 62 N I
k| h fgP V AP ^  Pr

(32)

or
0 .6 2  I

NNu = 0 .0015  (NRe) (Bpr) J (33)

The main criticism of th e  above c o r r e la t io n  i s  that i t  p r e d ic ts  

the same heat tr a n s fe r  c o e f f i c i e n t  for a l iq u id  b o i l in g  on any hot sur

face  ( a l l  heterogeneous c a s e s )  or b o i l in g  in  the bulk ( th e  homogeneous

c a s e ) .  Such a p r e d ic t io n  i s  open to se r io u s  question  in  view o f  the
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ample experimental ev idence a v a ila b le  c o n tr a d ic t in g  such a behaviour  

o f  homogeneous and heterogeneous b o i l in g  system s.

var iou s  tr a n s fe r  mechanisms which have been proposed by previous research

ers  and reached a co n c lu s io n  in  favour o f  a v a p o r - l iq u id  exchange mechan

ism. According to t h i s  mechanism, during b o i l in g  the bubbles in  growth 

and c o l la p s e  act as h ig h ly  e f f i c i e n t  p is to n  pumps working at about 1000 

c y c le s  per second, which m echanically  pump the hot l iq u id  from the heat

ing s t r ip  to the bulk and the co ld  l iq u id  from the bulk to the heating  

su r fa c e .  This i s  the reason a t tr ib u te d  to the tremendous in cr ea se  in  

heat f lu x  observed a f t e r  b o i l in g  s t a r t s .  The authors use the experimen

t a l  data o f  Gunther and K reith  (G^) who measured the bubble r a d i i  and 

the temperature d is t r ib u t io n  near the h eatin g  su rface  during b o i l in g  and 

show q u a n t i ta t iv e ly  that the amount o f  heat tr a n s fe r r e d  by the vapor- 

l iq u id  exchange taking p lace  every time a bubble grows and then c o l la p se s  

on, o r  detaches from the h eating  su rface  i s  by i t s e l f  s u f f i c i e n t  to ac

count for  the heat f lu x  in  n u c lea te  b o i l in g  and claim  that the proposed  

mechanism e x p la in s  the observed i n s e n s i t i v i t y  o f  b o i l in g  heat f lu x  to 

the l e v e l  o f  su b coo lin g . They deduce a c o r r e la t io n  fo r  the pool b o i l in g  

heat f lu x  in  water at 14.7 - 700 p s ia  as

However the above c o r r e la t io n  has to be te s te d  w idely  as experimental 

data become a v a i la b le  before any op in ion  about i t s  v a l i d i t y  can be

( c )  F o rs ter -G r ie f  C o r r e la t io n . F o rster  and G rief analysed

Q/A =  4 .3  x 10
,  k»T Ap2 

,“5 K sa t  ri sa t

hf  p ) f g 'v '
W i  C(Cf Tsa taf  3

(34)
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expressed .

(d) L e v i 's  C o r r e la t io n . The g e n e r a l is e d  equation o f  Levi 

(1.3 ) to c o r r e la t e  the b o i l in g  data o f  a l l  f lu id s  independently  o f  

pressure and heating  s u r f a c e - f lu id  combination i s  o f  the form:

Q/A °  ^ } p r P ) \  (AT)3 (35 )s a t  i  v L

The above r e la t io n  was obta ined  from a s im p l i f i e d  model o f  bubble growth 

ra te  c lo s e  to the heated surface  and an em p ir ica l determ ination o f  the 

r e la t io n  between h e a t - t r a n s fe r  ra te  at the heated su rface  and th at  at 

the bubble su r fa c e .  F orster  and Zuber's equation  for  bubble growth rate  

was made use o f  by the author to ob ta in  the heat f lu x  to the bubble as 

shown below.

, a s  ( M J 2 c m " kJ 
\  -  V v  *  T h ^ T -  < »>

The t o t a l  heat f lu x  Q/A was assumed to be equal to  a con stant tim es the 

heat f lu x  to the bubbles,

i . e .  Q/A = i  ^  (37)

The d im en sion less  constant was found by em p ir ica l methods to be

2dependent upon the product Pv^£g an(J cou ld  be read d ir e c t ly  from a

p lo t  o f  v g Pyhfg provided by the author. I t  was n o t ic e d  that
L

good c o r r e la t io n  between the proposed equation and s e v e r a l  t e s t  r e s u l t s  

o f  o th er  experim enters was ach ieved .
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D. Grains and Grain Boundaries in  Metals  

and Their In flu en ce  on P h y s ica l  and Chemical Phenomena

1. In troductory  Remarks

The important r o le  p layed  by c r y s t a l s  or gra ins  and a s s o c i -  

ated  grain  boundaries in in f lu e n c in g  the engineerin g  p r o p e r t ie s  o f  a 

m etal can o n ly  be understood by reco g n iz in g  the importance o f  c r y s ta l  

s tru ctu re  f i r s t .  What i s  a c r y s t a l l i n e  s o l id ?  One way to answer t h i s  

i s  to  s ta t e  that a c r y s t a l l i n e  s o l i d  i s  one that d i f f r a c t s  x - r a y s .  In  

order that d i f f r a c t i o n  occurs th ere  must be a th ree  d im ensional scheme 

o f  r e p e t i t io n  o f  the atoms o r  m olecules  comprising the c r y s t a l s . -  Because 

o f  the bonding in  m etals  in  which th ere  i s  no d ir e c t e d  lin k a g e ,  each 

m etal atom t r i e s  to  surround i t s e l f  by as many o th er  atoms as p o s s ib l e .

This leads to  s tru ctu res  which are fa c e -c e n te r e d  cub ic  ( f e e ) ,  hexagonal 

c lo se -p a ck ed  (h ep ) ,  or  body-centered  cubic ( b e c ) . About seven ty  percent  

o f  the m e t a l l i c  elem ents c r y s t a l l i z e  in  th ese  s t r u c tu r e s .  The balance  

o f  the m e t a l l i c  elem ents are e i t h e r  hexagonal, rhombohedral, o r  orth or-  

hombic in s t r u c tu r e .

Engineering m a te r ia ls  are p o ly c r y s t a l l in e .  The presence  

o f  in te r n a l  surface  (or  gra in  boundaries as they are c a l le d )  and ex ter n a l  . 

su r fa ces  can g r e a t ly  a f f e c t  the v a r io u s  p ro p er t ie s  o f  a s o l i d  (S^)

2 .  Grain Boundaries

I t  would be l o g i c a l  to  d e f in e  a gra in  boundary and then to  

d escr ib e  i t s  p r o p e r t ie s .  McLean (M^) d e f in e s  the g ra in  boundary in  a  

p ie c e  o f  m etal as the boundary sep ara tin g  two c r y s t a l s  (or  'g r a in s ' )
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that d i f f e r  e i th e r  in  c r y s ta l lo g r a p h ic  o r ie n ta t io n ,  com position , or  

dimensions o f  the c r y s t a l  l a t t i c e ,  or in  two or a l l  o f  these  p r o p e r t ie s .

Boundaries can form on c r y s t a l l i z a t i o n  from a l iq u id ,  on the  

r e c r y s t a l l i z a t io n  o f  a s o l i d ,  on the a l lo t r o p ic  transform ation o f  a s o l i d ,  

on the p r e c ip i ta t io n  o f  one s o l id  from s o lu t io n  in  another s o l i d  as in  

the .case  o f  e l e c t r o p la t in g ,  or by the s in t e r in g  or the in t e r d i f fu s io n  o f  

small p a r t i c l e s  to form an aggregate . Although gra in  boundaries can be 

formed in  many ways, t h i s  does not n e c e s s a r i ly  mean th at  there are any 

d if fe r e n c e s  between the boundaries so gen erated . In a l l  ca ses  they are  

the reg ions o f  m i s f i t  between adjacent c r y s t a l l i n e  phases. The gra in  

boundary i s  c h a r a c t e r i s t i c  o f  p o ly c r y s t a l l in e  s o l id s  and i s  not found in  

amorphous m a te r ia ls .

3. Grain Boundary P rop erties

I t  can be sa id  that gra in  boundaries modify the p r o p e r t ie s  

of  the adjacent c r y s t a l s  rather than show separate  p ro p er t ie s  (S^)« The 

presence o f  grain  boundaries g r e a t ly  m o d if ie s  mechanical p r o p e r t ie s .  As 

compared to the p ro p er t ie s  o f  a s in g le  c r y s t a l ,  i t  w i l l  be found that  

y i e l d  and t e n s i l e  s tren g th s  o f  p o ly c r y s t a l l in e  m a ter ia ls  are in cr ea se d .  

The p l a s t i c i t y ,  as measured by the d u c t i l i t y  and reduction  in  area i s  

markedly decreased . The c leavage or fra c tu re  stren gth  i s  in creased , as 

i s  the fa t ig u e  stren gth  and creep s tren g th .  A ll o f  th ese  changes are 

dependent upon the number o f  grain  boundaries p resen t ,  or as i t  i s  more 

commonly s ta t e d ,  are g r a in - s iz e  dependent.

A comparison o f  the thermal and e l e c t r i c a l  p ro p ert ie s  o f
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s in g le  c r y s t a l s  versus p o ly c r y s ta l s  w i l l  show d i f f e r e n c e s  in  behaviour  

but u su a l ly  never more than 50-100*o changes. G enera lly ,  p ro p er t ie s  th at  

are a fu n ction  o f  e l e c t r o n ic  en erg ies  w i l l  be a f f e c t e d  by the presence  

o f  a boundary in  the sen se  that t h i s  region  i s  l i k e  a l a t t i c e  im perfec

t io n .  As such i t  r ep resen ts  an in te r r u p t io n  or d is c o n t in u i ty  in  the 

p o te n t ia l  f i e l d  in  which the  e le c tr o n s  move, but i t  i s  n ot a b arr ier  

th a t  com pletely  b locks e l e c t r o n ic  in terch an ge . The mechanical proper

t i e s ,  on the o th er  hand, depend on actu a l mass movements and the grain  

boundary b a rr iers  fo r  th e se  p rocesses  are s u f f i c i e n t l y  grea t  so as to  

modify the behaviour o f  the s o l id  as a w hole.

The gra in  boundary rep resen ts  a reg ion  o f  m i s f i t  between two 

o f  more c r y s t a l l i n e  l a t t i c e s .  The atoms in  such a boundary are shared  

by the adjacent c r y s t a l s ,  but the force  f i e l d  in  which th e  atom f in d s  

i t s e l f  i s  not uniform, s ince  i t  i s  n o t  a regu lar  part o f  e i th e r  o f  

the l a t t i c e s  i t  a d jo in s .  This v iew point r ep re se n ts  the gra in  boundary 

as being a problem o f  c r y s ta l lo g r a p h ic  d i s o r ie n t a t i o n ,  and, as in d ic a te d  

by experim ental ev id en ce ,  t h i s  i s  true f o r  c e r t a in  types o f  boundaries.  

Since i t  i s  a region o f  m i s f i t ,  one can a n t ic ip a t e  that i t  i s  a s tra in ed  

reg io n , and there are s e v e r a l  experim ental f a c t s  to  confirm t h i s .

The hardness o f  the m ater ia l adjacent to a boundary i s  

d i f f e r e n t  than in  the m atr ix .  S tu d ies  o f  m elt in g  p o in ts  in d ic a te  th at  

gra in  boundaries m elt b e fore  the m atrix m a te r ia l .  D if fu s io n  s tu d ie s  show 

th at  atoms move through g ra in  boundaries a t  a r a te  many orders o f  magni

tude g r e a te r  than through the c r y s t a l  l a t t i c e .  Chemical e f f e c t s  at 

boundaries are qu ite  pronounced. The e f f e c t  o f  ac ids  and a l k a l i e s ,  fo r
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example, when applied  to a p o lish ed  p o ly c r y s t a l l in e  surface  is  in var iab ly  

to a ttack  the grain boundaries more rap id ly  than the c r y s t a l s .  E le c t r ic a l  

measurements show th at  there i s  an emf s e t  up between boundaries and the 

matrix m ater ia l w ith  the boundary at the h igher energy l e v e l .  The impur

i t y  con ten t o f  grain  boundaries i s  h igher than the m atrix m a te r ia l .  Pre

c i p i t a t i o n ,  transform ation , and r e c r y s t a l l i z a t i o n s  occur f i r s t  at grain  

boundaries. The presence o f  gra in  boundaries, has an important bearing  

on transform ations from one a l l o t r o p ic  form to another, s in ce  the trans

formation i s  n uclea ted  f i r s t  at the boundaries. S im i la r ly ,  p r e c ip i ta t io n  

p rocesses  in  which a phase, compound, or element i s  r e je c te d  from a s o l id  

s o lu t io n  are quite  s e n s i t i v e  to gra in  boundary c o n d it io n s ,  s in ce  nuclea-  

t ion  almost in v a r ia b ly  s t a r t s  in  th ese  r e g io n s .  The foregoing are a few 

o f  the more important e f f e c t s  produced by the presence o f  boundaries (S^).

4. The General Theory o f  In te r fa c e s

I f  we co n s id er  a planar in te r fa c e  between two pure phases,  

from thermodynamic c o n s id e r a t io n s  i t  can be shown (Sy) that the Gibbs 

free  energy 1G' i s  r e la te d  to the i n t e r f a c i a l  t en s io n  ' o ’ between the  

two phases as fo llo w :

G =  a A (38)

or

a — G/A j (39)

i f  a i s  independent o f  i r t e r f a c i a l  area A. In applying the above gen

e r a l  deduction to s o l id  phases co n s id era b le  cau tion  must be ex er ted  

because w ith a c r y s t a l l i n e  s o l i d  cr i s  not independent o f  c r y s ta l
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o r ie n ta t io n  but i s  s tron g ly  dependent upon the types o f  c r y s ta l lo g r a p li lc  

planes forming the in t e r f a c e .  Also in  d er iv in g  the above r e la t io n ,  i t  

was assumed that a ,  equal to  the free  energy per u n it  area, i s  not a 

fu n ction  o f  area,an assumption which i s  not v a l i d  g e n e r a l ly  fo r  many s o l i d s .  

This r e ser v a tio n  i s  not important i f  the in te r fa c e  i s  a tom ica lly  d i s 

ordered or i f  the temperature i s  s u f f i c i e n t l y  e le v a te d  as in  the case  o f

high angle c r y s t a l  boundaries (S ^ ) .

5. Grain Boundary Triangle  o f  Forces: Dihedral Angle

An important fea tu re  which i s  made use o f  to determine grain  

boundary ten s io n  i s  the eq u ilib r iu m  arrangement where grain  boundaries  

meet. Grain boundaries n ea r ly  always meet three at a tim e. Let us 

con sid er  a t r i p l e  ju n ct io n  as shown in  Figure 2a below. The d ihedral angles

a ,p  and Y w i l l  tend to a d ju st  them selves in to  the low est energy

<Ta y

c ra p F ig .  2 a

c o n f ig u r a t io n  p o s s ib le .  At equ ilibr ium  we have from trigonom etry,

° a B  _  P a v  _  a f l Y

s in v  s in  p s in  a (40)

or

(41)
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The above equations are v a l id  fo r  l iq u id  phases. For s o l id s  

co n s id era t io n  has to be g iven to the fa c t  that O' i s  a fun ction  o f  cry-  

s ta l lo g r a p h ic  o r ie n ta t io n  o f  the boundary. As â  r e s u lt  there w i l l  e x i s t  

fo rce s  try in g  to shorten the boundaries^ in  add ition  th ere  may be angular  

fo rce s  attem pting to cause the boundary to  turn in to  a c r y s ta l lo g r a p h ic  

o r ie n ta t io n  having lower energy. For such a ca se  Herring (S^) derived  

the fo l lo w in g  r e la t io n s h ip :

So da

°a(3 " °ccy 0050  " V  C° S0 + I T  8 in * + ®in 0  =  °  (42)

For most in e m a l  boundaries in  s o l i d s ,  the change o f  i n t e r f a c i a l  ten sion  

with angle (~~) i s  sm a ll.  So Eq. ( 4 l )  i s  a good approximation in  these
qCXt

cases#

6 . Boundary Energies

Whatever the p r e c i s e  s tru ctu re  o f  gra in  boundaries the fa c t  

that the atoms at the boundary between two c r y s t a l s  must be d isp la ced  

from the p o s i t io n s  which they would occupy in  a c r y s ta l  and due to th i s  

there i s  departure from the p e r fe c t  c r y s t a l  s tru ctu re  means th at  each 

boundary atom on the average has more t o t a l  energy than a grain in t e r io r  

atom I t  does not immediately fo l lo w  that each boundary atom on

the average a lso  has more f r e e  energy. However, c a lc u la t io n s  done by 

Read and S tock ley  (R^) suggest th a t  t h i s  i s  so and experiment confirms  

i t  (M^). When m etals are heated to a temperature high enough f o r  a d ju st

ments to take p lace at the boundaries, except in  sp e c ia l  cases , those  

adjustments take p lace  that reduce the t o t a l  boundary area , there being
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th erefore  a n et tr a n s fe r  o f  atoms from p o s i t io n s  in  boundaries to p o s i 

t ion s  in  gra in  in t e r i o r s .  Grain boundaries a ls o  p o sse ss  an i n t e r f a c i a l  

ten s io n ,  the e x is te n c e  o f  which can be demonstrated exp erim en ta lly  by 

the phenomenon o f  thermal e tch in g  in  which gra in  boundary ten s io n  i s  

balanced ag a in st  surface t e n s io n .

J u s t  as the atoms along boundary in te r fa c e s  are in  p o s i 

t io n s  o f  h igher free  energy than are those  in s id e  the gra in , so the 

atoms at gra in  boundary junctions, being under the in f lu en ce  o f  three in 

stead o f  two competing f o r c e s ,  are in  p o s i t io n s  o f  s t i l l  h igher free  

energy. The free  energy per atom along a t r i p l e  ju n ction  i s  h igher than 

that per atom in  a grain  boundary by about o n e -th ird  o f  the f r e e  energy  

per atom in  the surface row o f  boundary atoms.

7. Methods o f  Measuring Boundary Energies

Methods e x i s t  ( ^ )  that are p o t e n t ia l l y  capable o f  

determining the absolute  magnitude o f  boundary e n e r g ie s  d i r e c t l y ,  but 

so fa r  with u ncerta in  accuracy. As y e t  i t  has not been p o s s ib le  to 

make a d ir e c t  measurement o f  the energy o f  a boundary and a l l  the d e te r 

m inations have been in d ir e c t  in  the sense  that in  each case the energy  

of a boundary has been compared w ith  th a t  o f  an ex ter n a l  su r fa ce ,  o f  

which the surface  energy i s  measured by some o th er  method.

In the t r ia n g le  o f  fo rce s  method, the angles  a , p , v  in  the  

f ig u r e  (F ig .  2a)ai*e measured on a s e c t io n ,  from which the r a t io s  between 

the t e n s io n s  can be determined with the a id  o f  equation (4 0 ) .  The ab

s o lu te  va lu es  o f  ten s io n s  can be determined ty  r e la t in g  the boundary
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ten s io n  to a ten s ion  which has been measured or can be measured with  

f a i r  accuracy in some o th er  in t e r f a c e .

The thermal e tch in g  method has been used to r e la t e  grain  

boundary to  surface te n s io n s ,  and a lso  to determine the v a r ia t io n  o f  

g r a in  boundary ten s ion  w ith  o r ie n ta t io n  d if f e r e n c e  between the txro cry 

s t a l s  which the boundary se p a r a te s .  When m etals are heated in  a vacuum 

or  s u ita b le  atmosphere, grooves form where the gra in  boundaries meet 

th e  su r fa ce .  The angle a t  the bottom o f  the groove can be measured by 

s u i ta b le  experim ental techniques and r e la te d  to the grain boundary energy 

(M^). The two foregoing methods g iv e  only  r e l a t iv e  va lu es  o f  grain  

boundary te n s io n s .

The gra in  boundary energy might be determined d ir e c t ly  from 

the  energy re lea sed  during grain growth, assuming the energy evolved to 

come from the reduction in  grain boundary areas. Such measurements 

might be p o s s ib l e ,  and th e  method would be very d i r e c t .  (H^)

8 . In flu en ce  o f  O r ien ta tion  on I n t e r f a c ia l  Free Energy

Both the o r ie n ta t io n  d if fe r e n c e  between the two c r y s t a l s  

separated by the boundary and the d ir e c t io n  o f  the boundary w i l l  a f f e c t  

th e  energy o f  the boundary. N e ith er  e f f e c t  has been explored  thoroughly  

but enough measurements o r  observation s  have been made to show th at  both 

e f f e c t s  are small except over c e r t a in  ranges o f  o r ie n ta t io n  and d ir e c t io n  

(M ) .  The grain boundary energy as compared to the surface  energy has 

been shown to vary continuously  from a very small value a t  small angles  

through a range-of in creasin g  an g les  to a f a i r l y  steady maximum that
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p e r s i s t s  o v er  a c o n s id era b le  range o f  angles  and so fo r  p r a c t ic a l  pur

poses  the boundary energy may be considered  to be independent o f  o r ie n 

t a t io n  angle for a h igh angle  boundary (S^).

9. Summary o f  the Above D iscu ss io n  on Grain Boundaries

Grain boundaries e x i s t  in  m etals  as p h y s ic a l ly  d i s t i n c t  

reg ion s  from the g r a in s  on e i th e r  s id e .  Many p r o p e r t ie s  o f  m etals are 

a f f e c t e d  by grain boundaries . Some are a f f e c t e d  more or l e s s  d i r e c t ly ,  

w h ile  o th ers  are a f f e c t e d  in d i r e c t l y .

I t  i s  f a i r l y  c l e a r  th a t  the gra in  boundaries are in  a h igher  

energy sta^e than the adjo in ing  g ra in s  them selves .  This ex ce ss  energy  

apparently a c ts  as the d r iv in g  fo rce  fo r  the many p h y s ica l  and chemical 

r e a c t io n s  occurring  at the boundaries. I t  i s  probable that in  b o i l in g  

to o ,  the gra in  boundaries present in  the h e a t - tr a n s fe r  surface might 

r e a d i ly  provide favourable  s i t e s  fo r  the bubble n u c le i  to i n i t i a t e  and 

grow. In th at  ca se  the e x i s t e n c e  o f  a r e la t io n s h ip  between the b o i l in g  

r a te  and the ex te n t  o f  g r a in s  and grain  boundaries in  the surface  i s  quite  

c o n c e iv a b le .



CHAPTER IV 

APPARATUS AND EXPERIMENTAL PROCEDURE

A. Heat Transfer Equipment 

To design  an apparatus to  carry out an in v e s t ig a t io n  of th i s  

nature, co n s id era t io n  has to  be g iv en  to s e v e r a l  f a c t o r s .  The p r in c ip le  

aim o f  th is  study was to f in d  out the r e la t io n  between m icroscopic  gra in  

boundaries o f  the m e t a l l i c  surface and i t s  b o i l in g  c h a r a c t e r i s t i c s .  In  

order to observe any ap preciab le  e f f e c t s  o f  grain  boundaries on b o i l in g  

i t  was considered  d e s ir a b le  to conduct b o i l in g  s tu d ie s  from a surface  area 

as large as f e a s ib l e  so  as to  minimize the edge e f f e c t s .  Such a b o i l in g  

su rface  w i l l  be a true r e p r e se n ta t iv e  of a c tu a l  in d u s tr ia l  b o i l in g  equip

ment. In a d d it io n ,  due to  the numerous m e t a l l i c  gra ins  and gra in  boun

daries  present in  larger  su r fa c e s ,  a q u a n t i ta t iv e  e s t im ation  of the i n 

f lu en ce  of gra in  boundaries on b o i l in g  heat tra n s fer  might be more r e 

l i a b l e .

There was a p r a c t ic a l  l im i t a t io n  to  the s i z e  of the b o i l in g  

surface  used here due to  the a v a i la b le  power supply . A large ex p er i

mental surface  under n u c lea te  b o i l in g  con d it io n s  a t  atmospheric pres

sure requ ires  enormous amounts of h ea t .  A computation showed that  

w ith the a v a i la b le  heat source of approximately 20  k i lo - w a t t s ,  a sur

face  of 6 inch  diameter could  be used and operated conven iently  in the  

n u c lea te  b o i l in g  reg ion .

k2
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I t  was decided to have the h o r iz o n ta l  surface  immersed in  a 

pool o f  b o i l in g  water owing to the s im p l ic i t y  and experim ental conven i

ence o f  t h i s  type o f  system. E le c t r ic  power was chosen to provide heat  

not on ly  because o f  i t s  c l e a n l in e s s  but a lso  because i t  i s  a ccu ra te ly  

c o n tr o l la b le  and e a s i l y  measureable.

F ig .  3 i s  a schematic diagram o f  the b o i l in g  apparatus 

assembly. F ig . 4 shows the d e t a i l s  o f  the h ea ter  u n it  and heat tr a n s fe r  

su rfa ce .

1. Heat Transfer Surface

The h e a t - t r a n s fe r  surface was provided by a copper p la t e  o f  6 

inch diameter by 2*5 inch th ic k n e ss .  One fa c e  o f  t h i s  p la te  served as 

the surface  from which b o i l in g  was conducted; on the o ther face  h e l i c a l  

grooves o f  about 0 .5  inch depth by 0 .5  inch width to match the correspon

ding grooves o f  the heater  u n it  were m i l le d .  When mounted on top o f  the 

h ea ter  u n i t ,  the copper p la te  f i t t e d  smoothly in to  the grooves ensuring  

good thermal co n ta ct  at the ju n c t io n .  This arrangement, a t  the same 

time f a c i l i t a t e d  the easy separation  o f  the copper p la te  from the heavy 

h ea ter  to enable mechanical treatment and e le c t r o p la t in g  op era tio n s  to be 

c a r r ie d  ou t con ven ien tly  on the b o i l in g  surface  as w i l l  be descr ib ed  la t e r  • 

in  the experim ental procedure. In order to provide a continuous non

b o i l in g  su r fa c e ,  a 10 inch O.D. and 0 .25  inch  th ick  s t a i n l e s s  s t e e l  f in  

was f i t t e d  over the top surface o f  the copper p la te  usipg a 'parker' v ito n  

high temperature 'o ' r ing s e a l .  The b o i l in g  surface and the f in  were 

then machined to a smooth f in i s h  so that any p r e fe r e n t ia l  b o i l in g  at the 

edge o f  the copper surface was e l im in a ted .  E a r l ie r  an attempt was made
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to s i l v e r  so ld er  the f in  to the copper su rfa ce ,  but due to the occurance 

o f  uneven warping t h i s  technique was d iscarded .

2* Heater Unit

The heater  u n it  was made from a s o l id  copper c y l in d e r  10 in .  

diameter and 9 in . h igh . Twenty f i v e  high temperature chromalox c a r t 

r id ge  h e a te r s ,  each 5 / 8 in. in  diameter by 6~inclies long and having a capa

c i t y  o f  9 90  w atts  at 240  v o l t s  were embedded in to  s u i t a b le  h o le s  d r i l l e d  

v e r t i c a l l y  in to  the copper c y l in d e r  as shown in  F ig s .  4 and 5. The h eaters  

were supported on se v e r a l  la y e rs  o f  th in  mica and a la y er  o f  1 /8  inch  

copper sh eet  at the bottom o f  the copper c y l in d e r .  The top surface o f  

the c y l in d e r  was tapered and reduced to a diameter o f  6“  in c h e s .  

L on gitu d in a l,  tro p ezo id a l grooves o f  0 .5  inch depth, 0 .5  inch widthat the 

bottom and 0 .25  inch  w idthat the top were m il le d  in to  the surface  so that  

they matched the corresponding grooves at the bottom o f  the heating  sur

f a c e ,  thereby ensuring good thermal c o n ta c t .  These grooves a lso  prevented  

s e iz in g  o f  the co n ta c t in g  su rfa ces  and hence perm itted  t h e i r  easy separa

t io n  whenever needed.

3 . Power Supply

A schematic diagram o f  the e l e c t r i c a l  c i r c u i t  i s  g iven  in  

F ig .  6 . E le c t r ic  power fo r  the h ea ters  was obta ined  from a three phase 

220 v o l t  a . c .  source. Power input was c o n tr o l le d  by a 3^, 50 Amp.(W50G3M) 

v a r ia c  autotransformer made by General Radio Company. The v o lta g e  and 

current in  each phase was checked w ith  a 300 V v o ltm eter  and 50 ampere 

ammeter. Equal loading o f  the power l in e s  o f  the 3 system was ensured
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by connecting  8 h ea ters  to each o f  them. The h ea ters  were protected  

ag a in st  burn-out due to a cc id en ta l  over load ing  by in d iv id u a l  fu s e s .  In 

a d d it io n ,  the copper h eater  u n it  was provided w ith an ad ju stab le  thermo

s t a t i c  co n tr o l  and re la y  arrangement to au to m a tica lly  cu t  o f f  the power 

supply to the h e a te r s .  The therm ostatic  c o n tr o l  cou ld  be se t  a t  a pre

determined value to  ensure that the copper heater  u n it  would never a t ta in  

a temperature above the sa fe  operating temperature recommended fo r  the  

h e a te r s .  The heater  u n it  was p laced on top o f  a 2 inch th ic k  block o f  

Johns-M anville thermobestos in s u la t io n  and covered w ith two la y e rs  o f  

2 inch th ic k  thermobestos pipe in s u la t io n  on the s id e s .

4 . B o ile r  and Other A ccessor ies

B o il in g  took p lace in s id e  a 9 inch I . D . a n d  12 inch long 

Q.V.F. g la s s  flanged  pipe s e c t io n .  The g l a s s  s e c t io n  cou ld  be f i t t e d  to 

the top o f  the b o i l in g  surface by means o f  four b o l t s  whose t a i l  ends 

were screwed in to  a s t e e l  p la te  which was in  turn supported at four co r 

n ers  by the copper h eater  u n i t .  A twin gask et  c o n s i s t in g  o f  one layer  

o f  1/16 inch th ick  neoprene rubber and a second la y er  o f  t e f lo n  sheet o f  

the same th ick n ess  was used between the g l a s s  b o i l e r  and the h e a t - t r a n s fe r  

surface  to prevent le a k in g .

The top o f  the g la s s  b o i l e r  was c lo se d  w ith  a 1 inch th ick  

pyrex g la s s  p la te  in to  which two large tapered openings were ground to  

accommodate vapour o u t l e t  and return water i n l e t  l i n e s .  The i n l e t  l in e  

extended below the l iq u id  l e v e l  in  the b o i l e r  so th a t  any disturbance to 

the  b o i l in g  due to con vection  currents  from the retu rn ing  l iq u id  was
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avoided. An a d d it io n a l  opening in  the g la s s  cover p la te  f a c i l i t a t e d  

suspension o f  a c a l ib r a te d  thermometer to measure the b o i l in g  l iq u id  

temperature. The vapor was condensed in  a 'perfex ' 4 pass s h e l l  and 

tube heat exchanger c o n s i s t in g  in  each pass o f  tw enty-four 1 /4  inch  

copper tubes each 15 in ch es  long. The c o o l in g  water to  the h eat ex

changer was supp lied  from an overhead tank. A h eating  tape was wound 

around the condensate return l in e  to keep the condensate as c l o s e  to the  

sa tu ra tion  temperature as p o s s ib l e .

B. Temperature Measurements 

Nine thermocouple w e l l s  which c o n s is te d  o f  three s e t s  o f  

three thermocouples each were d r i l l e d  in  the h e a t - t r a n s fe r  p la te  as 

shown in  F ig .  7« One s e t  co n ta in in g  three thermocouples was 

located at the cen tre  o f  the 6 inch diameter p la t e .  The second s e t  o f  

three thermocouples was p o s it io n e d  a t  2 /3  rd. o f  the rad ius o f  the  

copper p la te  and the th ir d  s e t  was p o s i t io n e d  at 1/3 rd the rad iu s .  A ll  

three thermocouples o f  one s e t  were lo c a te d  d i r e c t ly  beneath one another  

at e x a c t ly  measured d is ta n c e s  from the b o i l in g  s u r fa c e .  The n earest  

three thermocouples be lon g ing  to a l l  three  s e t s  were s i tu a te d  at a d i s 

tance o f  3 /1 6  inch below the b o i l in g  su r fa c e .  The o th e r  two thermo

cou p les  o f  each s e t  were lo c a te d  at a d is ta n ce  o f  about 0 .76  inch and 

1.30 inch r e s p e c t iv e ly  from the h e a t - t r a n s fe r  s u r fa c e .  The exact lo c a 

t io n  o f  th e s e  thermocouples i s  g iven  in  Table 2 o f  Appendix I .  The 

thermocouples were made from 24 gauge t e f lo n  taped g l a s s  braided copper-  

constantan  w ire  and were s e a le d  in s id e  th in  copper tubing b efore  in s e r t io n
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in to  the thermocouple w e l l s .

Three a d d it io n a l thermocouples were welded to the s id e  edge 

of  the copper p la te  and covered with a la y e r  o f  'Thermon' heat tra n s fer  

cement in  order to prevent t h e ir  readings being a f f e c t e d  by ex tern a l con

v e c t io n  cu rre n ts .  These thermocouples were u se fu l  to compute the temper

ature at the top edge o f  the copper p la te  where i t  was jo in e d  to the 

s t a i n l e s s  s t e e l  s k i r t .  Two more thermocouples spot-w elded to the bottom 

o f  the s t a i n l e s s  s t e e l  s k ir t  aided the es t im a tio n  o f  heat lo s s  through 

the s k i r t .  Temperature measurements were made on a Leeds-Northrup type I< 

poten tiom eter  and were a lso  in te r m it te n t ly  recorded using  a P h i l ip s  12-. 

channel temperature record er . D e ta i l s  o f  computation u s in g  th ese  measure

ments are i l l u s t r a t e d  in  the la t e r  ch a p ters .

C. E le c tr o p la t in g

1. S e le c t io n  o f  the Method

To e lu c id a te  the ro le  o f  su rface  gra ins  on b o i l in g  heat  

t r a n s fe r  required  a s u i ta b le  technique o f  surface preparation  in  order  

to produce heat tr a n s fe r  su rfaces  o f  w idely  d i f f e r e n t  gra in  s i z e s .  Com

m er c ia l ly  a v a i la b le  samples o f  e l e c t r o l y t i c  cooper and o th er  non-ferrous  

m eta ls  u su a l ly  encompass very  l im ite d  range o f  gra in  s i z e s .  A technique  

which seemed to have con sid erab le  m erit f o r  th is  purpose was e le c t r o d e 

p o s i t io n .  Previous in v e s t ig a t io n s  made in  the f i e l d  o f  e le c tr o -

d e p o s i t io n  have shown that the s tru ctu re  o f  e l e c t r o d e p o s i t s  i s  i n f l u 

enced by v ar iou s  c o n d it io n s  which p er ta in  to  the e l e c t r o l y s i s .  As a 

r e s u l t  o f  th ese  works there i s  enough evidence to in d ic a te  that the gra in
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s iz e  can be v a r ied  over a te n fo ld  range fo r  p la te d  m etals  such as copper.  

The p la ted  la y e rs  w ith  var ious  gra in  s i z e s  could be obtained  by changing  

one or  more o f  the v a r ia b le s  during e l e c t r o l y s i s .  The p ro p er t ie s  in vo lved  

were current d e n s ity ,  temperature, a c id i ty  or p^, cathode p o te n t ia l , c o n 

cen tra t io n  o f  the m etal io n ,  a g i t a t io n ,  a d d it io n  agents ,  presence o f  

oth er  io n s ,  and co n d it io n  o f  the surface o f  the base m eta l.

Current d e n s ity  seemed to have appreciable  e f f e c t  on grain  

s iz e  and y ie ld e d  to e a s i e r  manipulation ( B ^ ,B ^ ) .  Therefore a l l  the o ther  

q u a n t i t ie s  were kept co n sta n t  and current d e n s ity  alone was var ied  fo r  

e le c t r o d e p o s i t io n  in  order to  g e t  d e p o s it s  o f  d i f f e r e n t  grain  s i z e  fo r  

each b o i l in g  run.

Two s e t s  o f  experiments were conducted, the f i r s t  s e t  w ith  

copper p la t in g  on the heat t r a n s fe r  surface  at d i f f e r e n t  current d e n s i

t i e s  and the second s e t  w ith  n ic k e l  p la t in g .  The second s e t  o f  runs was 

not as exhaustive  as the f i r a t  s e t  o f  runs. However, the trend o f  the  

experim ental r e s u l t s  were observed to be the same fo r  both s e t s  as 

i l l u s t r a t e d  in  la t e r  ch a p ters .  A few a d d it io n a l experiments w ith chromium 

and brass p la te d  su r fa ces  were ca rr ied  ou tj  however in  these  ca ses  the  

metal d e p o s it io n  was done by commercial e l e c t r o p la t e r s .

2. Arrangement o f  P la t in g  Bath

The e l e c t r o d e p o s i t io n  on the copper p la te  was conducted  

in s  .Je a tank o f  dimension 15 in .  by 15 in .  by 15 in .  made o f  a 0 .5  

inch th ick  epoxy p h e n o lite  sh ee t .  This m a te r ia l ,  in  a d d it io n  to i t s  

easy m a ch in a b il i ty ,  was found to be ch em ica lly  r e s i s t a n t  to the p la t in g
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s o lu t io n s  u sed  and water t i g h t  j o i n t s  were r e a d i ly  made by cementing the  

su rfa ces  w ith  an epoxy cement. The tank was f i l l e d  w ith about 25 l i t r e s  

of p la t in g  s o lu t io n .

The anode and the cathode were placed v e r t i c a l l y  in to  the  

square e l e c t r o l y t i c  tank and were supported by the two o p p o s ite  s ide  

w a l l s .  These e le c tr o d e s  were connected to the e l e c t r i c a l  c i r c u i t  by 

in s u la te d  le a d  w ires with th e  help  o f  copper clamps. An A.C. to  

D.C. r e c t i f i e r  u n it  w ith  b u i l t  in  vo ltm eter  and ammeter c o n s t i tu te d  the  

power source for e l e c t r o p la t i n g .  A ll su r fa ces  o f  the cathode except the  

fr o n t  b o i l in g  surface were prevented from coming in to  co n ta ct  with the  

p la t in g  s o lu t io n  by a coa tin g  o f  masking p a in t  or s t o p - o f f  lacquer . A fter  

the p la t in g  was completed, the masking p a in t  was s tr ip p e d  o f f  the su rfaces  

u sin g  a so lv e n t  'm icrostr ip  A',

The temperature o f  the e l e c t r o l y t i c  bath was c o n tr o l le d  by 

c i r c u la t in g  water from a con stan t  temperature water bath through g la s s  

c o i l s  immersed in th e  p la t in g  tank. Proper mixing o f  the tank during 

e l e c t r o l y s i s  was ensured by a con stant speed s t i r r e r .

3 . Preparation o f  the Cathode Surface

I t  was an e s s e n t i a l  requirement to ob ta in  an adherent, f a i r l y  

smooth, f l a t  d ep os it  o f  s u f f i c i e n t  th ick n ess  on the cathode, which la t e r  

formed the heat t r a n s fe r  surface  fo r  b o i l in g  experim ents. To f a c i l i t a t e  

t h i s ,  the treatment o f  the cathode surface  was c a r r ie d  out s y s te m a t ic a l ly  

w ith  grea t  care . To ensure the r e p r o d u c ib i l i ty  o f  the base su rfa ce ,  the 

cathode su rface  was p o lish ed  s u c c e s s iv e ly  w ith  emery papers o f  No. 2 , l j 0
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and 00 grades and then b u ffed . Further treatment o f  the e le c tr o d e  surface  

fo r  e l e c t r o l y s i s  was s im ila r  to the procedure fo llow ed by Gauvin aid 

Winkler (G^) and i s  descr ibed  below.

The e le c tr o d e  was degreased in  benzene and washed with d i s 

t i l l e d  water. Later i t  was etched fo r  a few minutes in  a s o lu t io n  con

ta in in g  435 ml. per l i t r e  o f  concentrated  s u l fu r ic  acid  and 72 ml. per  

l i t r e  o f  concentrated  n i t r i c  acid  and washed again in  d i s t i l l e d  water 

b efore  mounting in  the p la t in g  bath . The thermocouple w ires  were not 

removed from t h e ir  w e l l s  in  the copper p la te  during deposition^  however 

they were p ro tec ted  from the a ttack  o f  the e l e c t r o l y t e  by an a d d it io n a l  

la y e r  o f  p l a s t i c  tape wound over the p ortion s  o f  the w ires  which were 

submerged in  the s o lu t io n .  The e l e c t r o p la t in g  was u s u a l ly  c a r r ie d  out  

fo r  sev era l hours u n t i l  the p la ted  la y e r  was o f  s u f f i c i e n t  th ick n ess .

In the case  o f  copper d e p o s it io n ,  the th ick n ess  o f  the p la ted  layer  

averaged about 0 .003  in c h e s .  The n ic k e l  d e p o s it s  were about 0.001 in ch es  

t h ic k .

4 . Control o f  the Bath

As long as a good d e p o s it io n  was obtained  on the cathode su r fa ce ,  

r i g i d  co n tro l  o f  the bath was con sid ered  unnecessary. However,care was 

taken to maintain the p u r ity ,  com position  and a c id i ty  o f  the p la t in g  s o l 

u t io n .  At in t e r v a l s  the e l e c t r o l y t e  was f i l t e r e d  and the com position was 

measured by volum etric  methods and ad ju sted .  The pH v a lu es  were d e te r 

mined at room temperature with an automatic pH meter and g l a s s  e le c tr o d e s  

and adjusted  freq u en tly  by the a d d i t i o n o f  small amounts o f  su lphuric  

a c id  to the e l e c t r o l y t e .
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5. Copper D ep osit ion

The anocTe for copper p la t in g  was a 0 .5  inch th ick  by 9 inch  

diameter c i r c u la r  copper p la t e  o f  99.99-5 p u r ity  su pp lied  by Noranda 

Copper and Brass Company.

The p la t in g  s o lu t io n  c o n s is t e d  o f  125 gm. o f  reagent grade 

copper su lphate  and 50 gm. o f  Analar concentrated  su lphuric  acid  per 

l i t r e .  The a c id i ty  o f  the copper - l e c t r o l y t e  remained p r a c t i c a l ly  con

sta n t  during d e p o s it io n .  The e l e c t r o l y t e  was d iscarded  com plete ly  and 

replaced  w ith  fresh  so lu t io n  only once during the course o f  the present  

experim ents.

The current d e n s ity  used for copper p la t in g  ranged from

5 a m p /sq .f t .  to about 40 a m p /sq .f t .  p r ior  to f i n a l  e l e c t r o p la t in g  

standard surface  c h a r a c t e r i s t i c s  were imparted to  the cathode as recom

mended by Gauvin and Winkler (G^) by e le c t r o p la t in g  for  about an hour

2at a current d e n s ity  o f  2 amp/dm . The es tab lish m en t o f  such a steady  

s ta t e  cathode surface  ensured that the surface  s tr u c tu r e  o f  the base  

metal i s  not perpetuated o r  reproduced in  the fr e s h  d e p o s it .

6 . N ickel D ep o sit io n

The n ic k e l  anode was a th in  sh ee t  o f  n ic k e l  200, 12 inch by

6 inch by 0 .062  in c h ,  supplied  by the Huntington a l lo y  products d iv is io n  

o f  the In te r n a t io n a l  N ickel Company.

The n ic k e l  p la t in g  s o lu t io n  was o f  the Watt type con ta in in g  

300 gms. o f  NiSo^VH^O, 60 gms. o f  NiCl^H^O and 3C gms. o f  N̂ BO  ̂ per 

l i t r e  and was operated at a pH o f  about 5 at 35°C (B^). A fter d is s o lu t io n  o f
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the ch em ica ls ,  the n ic k e l  p la t in g  s o lu t io n  was tr e a te d  w ith a c t iv a te d  

carbon and f i l t e r e d  before use . A co tto n  anode bag was found to be 

advantageous to hold back e x c e ss iv e  amounts o f  lo o se  anode p a r t i c l e s  

generated during d e p o s i t io n .  An a d d it io n ,  once a day o f  one part o f  

30^ ^2^2  p ar ts  o f  e l e c t r o ly t e  was h e lp fu l  in  preventing  hydrogen

p i t t i n g .

The current d e n s ity  fo r  the e le c t r o d e p o s i t io n  o f  n ic k e l  varied  

from about 40 a m p /sq .f t .  to  65 am p /sq .f t .

7. Treatment a f t e r  E le c tr o d e p o s it io n

F ollow ing e le c t r o d e p o s i t io n ,  the cathode copper p la te  was 

removed from the e l e c t r o l y t e ,  the masking p a in t  la y e r s  were s tr ip p ed  o f f  

com plete ly  and the p la te  was washed in  d i s t i l l e d  water fo llow ed  by a 

r in s e  o f  d i s t i l l e d  w ater . In the next s t e p ,  the e l e c t r o p la t e d  heat tr a n s 

f e r  surface was p o l ish ed  w ith  s i l i c o n  carb ide papers o f  240, 320, 4 0 0 , 

and 600 g r i t s  mounted on a power operated hand gr in d er  and then bu ffed  on 

a b u ff in g  w heel.  Afterwards the surface  was washed s u c c e s s iv e ly  in  hot  

d i s t i l l e d  w ater and acetone and d r ie d .  The above treatment was found to  

p r o te c t  the surface  from atmospheric o x id a t io n  fo r  extended p er iod s .

8 . Roughness Measurements

Surface roughness measurements were made on the heat tr a n s fe r  

su rface  using a p ro f i lo m e te r ,  an instrument commonly used fo r  such measure

ments. The diamond t ip  o f  the instrument made a to and fro  motion along  

a l i n e  on the surface  which was in te r p r e te d  and recorded 1 j  the instrument 

as the roughness in  terms o f  root mean square (rms) value in  micro in ch es .
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For su rfaces  trea ted  c a r e f u l ly  as d escr ibed  p re v io u s ly ,  the average' 

roughness,which was computed as the mean o f  f i v e  measurements in  each 

d ir e c t io n  o f  the surface, never exceeded 3 m icroinches rms, and in  most 

c a s e s  i t  was around 2 .5  m icroinches. P ro fi lom eter  measurements made on 

the surface a f te r  b o i l in g  had taken p lace  in d ic a te d  an in cr ea se  in  

roughness to  a maximum of  5 m icroinches rms. This in c r e a se  could  be 

a ttr ib u te d  to a s l i g h t  s c a l in g  o f  the su rface  which occurred during 

b o i l in g .

D. Experimental Procedure fo r  B o il in g  Runs 

Before a b o i l in g  run was s ta r te d ,  the h e l i c a l  con tactin g  

grooves o f  both the heater  proper and the heat tr a n s fe r  p la te  were 

ground with emery papers to remove a l l  m e t a l l i c  o x id es  l e f t  from p rev i

ous runs. This procedure was ca rr ied  out to ensure good thermal con tact  

between the two co n ta c t in g  f a c e s .  The g la s s  b o i l e r  was then b o lte d  to 

the top o f  the heat tr a n s fe r  surface and con n ection s  to the steam con

denser were made. The d i s t i l l e d  water used in  the b o i l in g  runs was de

gassed  by heating  i t  to  the b o i l in g  temperature in  a separate s t i l l  and 

then f i l t e r e d  through a micropore f i l t e r  o f  s i z e  10 Mp, Four l i t r e s  o f  

t h i s  water was transferred to the b o i l e r .  Power to the h eaters  were switched  

on and in creased  grad u ally  to the upper va lue  below which the b o i l in g  was 

to be conducted. The b o i l in g  was allowed to take p lace  fo r  an i n i t i a l  

p eriod  o f  three hours u n t i l  steady s t a t e  i s  reached before the f i r s t  s e t  

o f  readings were taken . One s e t  o f  read ings c o n s is te d  o f  measuring a l l  

the thermocouple read ings , vo ltm eter  and ammeter read ings ,  b o i l in g



59

temperature and manometer pressure read ings, the co o la n t  i n l e t  and o u t l e t  

temperature readings and i t s  flow r a te .  The power input to the h ea ters  

was decreased in s tep s  at in t e r v a l s  o f  45 minutes and readings were taken. 

Preliminary runs showed th a t  an in t e r v a l  o f  45 minutes between power 

changes was s u f f i c i e n t  fo r  the b o i l in g  to  s t a b i l i z e  and for  the thermo

cou p les  to reach thermal eq u ilib r iu m . Once readings had been taken at 

the low est heat f lu x ,  the b o i l in g  run term inated, the top portion  o f  the 

apparatus was dismantled and the heat tr a n s fe r  p la te  was removed to 

f a c i l i t a t e  fu r th er  treatm ent.

E. E stim ation  o f  Grain S iz e  D is tr ib u t io n

1. S e le c t io n  o f  Method

The n ext s tep  c o n s is t e d  o f  e s t im a t in g  the grain  s i z e  d i s t r i 

bution o f  the b o i l in g  su r fa c e .  Developing a su i ta b le  procedure for  de

termining and exp ress in g  the gra in  s iz e  o f  the d ep o s ited  metal on the  

heat t r a n s fe r  surface  presented sev era l problems. The large s iz e  o f  the 

p la te  presented i t s e l f  as a d i s t i n c t  b a r r ie r  to the adoption o f  the usual  

m etallographic  t o o l s  fo r  the gra in  s iz e  determ ination . In the usual  

m etallograph ic  p r a c t ic e  (K^), a small m etal specimen o f  s i z e  3 /4  to I 

inch in  c r o s s  s e c t io n  i s  embedded in  a c i r c u la r  b a k e l i t e  mold to f a c i l i 

t a te  e a s ie r  handling during p o lish in g  and e tch in g  procedure. In ad d it ion  

such a small specimen can be e a s i l y  p laced  on the viewing s tage  o f  the  

laboratory  m icroscopes, thus e l im in a t in g  any v ib r a t io n  during observa

t io n  through the m icroscope. The s iz e  o f  the p la te  in  the present exper

iments precluded the adoption o f  any such convenient technique. However
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the t im ely  a v a i l a b i l i t y  on the market o f  a portab le  p o l i s h in g  u n it  

'portamet' and a portab le  'u n itron ' depth measuring R ollscope  reduced 

the d i f f i c u l t i e s  to a great e x te n t .

The 'portamet' p o l i s h e r  c o n s i s t e d  o f  a v e r t i c a l l y  mounted 

motor supported on ad ju stab le  tr ip od  l e g s .  A rubber d isk  h o lder whose 

s h a ft  was ro ta ted  from above by the motor moved in  a h o r iz o n ta l  p lan e.  

Sm aller c i r c u la r  abrasive  d isk s  o f  varying g r i t  s i z e s ,  pasted  to the  

bottom surface  o f  the rubber d isk  ho lder produced the d es ir e d  abrasive  

a c t io n  on the su r fa ce .  The r e s u lta n t  e f f e c t i v e l y  p o l ish ed  area was 

approximately 1 inch in  d iam eter. The three  le g s  o f  the portamet could  

be p o s i t io n e d  d i r e c t ly  on the heat t r a n s fe r  surface  and p o l is h in g  could  

be done at the d es ired  sp o t .

During o b serva tion  o f  the gra in  s tr u c tu r e ,  the microscope  

cou ld  be p laced  d i r e c t ly  above the p o l ish e d  spot on th e  heat tra n s fer  

s u r fa c e ,  being supported on i t s  two f e e t .  As long as the copper heat  

t r a n s fe r  p la t e  was held  f irm ly  on a t a b le ,  the microscope remained free  

from the d e le te r io u s  e f f e c t s  o f  v ib r a t io n  during v i s u a l  ob serva tion  and 

photomicrography. The microscope con ta in ed  a b u i l t - i n  mechanism for  

photomicrography. A camera coupling  tube with attached  p r o je c t io n  lens  

was rec e iv e d  as standard equipment. A 35 mm. 'Cannon' camera back loaded  

w ith  a f i lm  ca rtr id g e  was screwed on to the coupling  tube and photographs 

o f  th e  gra in  s tru ctu re  o f  the metal su rface  was taken whenever d e s ir e d .

To ob ta in  c l e a r  v i s io n  o f  the grain  s tru ctu re  for  coun ting ,  

a p o l i s h in g  and e tch in g  technique was developed a f t e r  co n s id era b le  

p r a c t ic e  and with c o n t in u a l ob servation  o f  a number o f  important precautions.
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2. Grinding and P o lish in g  Procedure

The purpose o f  the grinding and p o lis h in g  o p era t io n s  was to  

secure a small area o f  f l a t ,  m ir r o r - l ik e  spot on the h ea t  tr a n s fe r  sur

fa ce  and at the same time to leave the metal under th at  spot as nearly  

as p o s s ib le  in  i t s  o r i g in a l ,  undisturbed c o n d it io n .  The fo llow in g  pro

cedure was fo llow ed  to obtain  the above o b je c t iv e

The portab le  p o l ish in g  u n it  was p o s it io n e d  on the surface  

and i t s  tr ip o d  le g s  were adjusted  so th a t  the u n i t  was p e r f e c t ly  l e v e l .  

Fine grinding o f  a spot on the su rface  was c a r r ie d  out by using  su cces

s iv e  abrasive d isk s  o f  320, 4 00  and 600 g r i t s  attached  to  the rubber

p ortion  o f  the abrasive pad holder w ith  water as lu b r ic a n t .  When g r in d 

ing with one abrasive d isk  was completed and before  proceeding with  

another d is k ,  the p o lish ed  spot was thoroughly washed in  running w ater.  

The o r b i t a l  path o f  the abrasive d isk s  produced a p o l ish ed  area o f  about 

1 inch  in  diam eter.

The f in a l  p o l is h in g  op era tion s  were done fo r  the purpose 

o f  removing any scra tch es  introduced dux*ing previous gr ind ing  and to 

u lt im a te ly  produce a uniformly p o lish e d  s c r a tc h - fr e e  su r fa c e .  In t h i s  

o p era t io n ,  a gamal p o l is h in g  c lo th  d isk  was f ix e d  to a sponge rubber 

d isk  holder and used w ith  two grades o f  alumina as p o l is h in g  medium. 

Water suspensions o f  alpha alumina w ith  an average p a r t i c l e  s i z e  of  

about 0 .3  micron and the gamma m o d if ic a t io n  o f  alumina o f  uniform

p a r t ic l e  s i z e  o f  l e s s  than 0 .1  micron were used.

When the f in a l  p o l is h in g  op era tion s  were com pleted, the
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specimen was thoroughly washed in  running w ater, swabbed with water-wet  

co tto n  to remove the la s t  tra ce s  o f  c l in g in g  abrasive and f i n a l l y  rubbed 

w ith tr ic h lo r o e th y le n e  and dried  in  a warm stream o f  a ir .

3 . Etching Technique (K^)

The purpose o f  e tch in g  was to bring about c o n tr a s t  between 

the grain  stru ctu re  o f  the p la ted  surface by s u i ta b le  chemical attack  

o f  the po lish ed ^ >ot. For d ep os ited  copper m eta l,  sev era l e tchants  were 

t r i e d  before s e le c t in g  a s a t i s f a c t o r y  reagent which was composed o f  5 

p arts  o f  ammonium hydroxide, 5 parts  o f  d i s t i l l e d  water and 3 p arts  o f  

3 per cent hydrogen p erox id e .  An etchant was made up and used immedi

a t e ly  because o f  i t s  tendency to d e te r io r a te  r a p id ly .  The etchant con

s i s t i n g  o f  50 ml. o f  con cen trated  n i t r i c  a c id  and 50 ml. o f  g la c ia l  

a c e t i c  ac id  was found to be s u i ta b le  for n ic k e l  p la te d  su r fa c e s .

During e tc h in g ,  the reagent was swabbed on th e  surface  o f  

the p o lish ed  spot with a t u f t  o f  c o t to n .  Etching time v a r ied  anywhere 

between 10 seconds and 60 seconds. At t im es the e tch in g  procedure had 

to be repeated on the same spot a few tim es before a h igh q u a lity  etched  

s tru ctu re  c h a ra c te r ised  by a c e r ta in  b r i l l i a n c e  cou ld  be obta ined . This  

ex h ib ite d  d e l i c a t e  c o n tr a s t s  between the g ra in s  when viewed under the 

microcope as seen in  the photomicrographs (F ig .  7 a ) .

A fter  t r e a t in g  the surface  w ith  the e tch in g  s o lu t io n  for  

the required length  o f  t im e, the etched  sp o t  was immediately washed with  

tap water and then w ith d i s t i l l e d  water. F in a l ly  i t  was rinsed  with  

a lcoho l and dried c a r e f u l ly  in a stream o f  hot a i r  from a hair  dryer.
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The specimen was then ready fo r  m icroscopic exam ination.

4 . Determination o f  Grain S ize

To q u a n t i ta t iv e ly  ch a ra c te r ize  the grain s i z e  o f  the d ep os i

ted  m eta l,  a method was selected^w hich  due to i t s  s im p l ic i t y  had been 

found p a r t ic u la r ly  u s e fu l  by in v e s t ig a to r s  ^or a**°ys an<1 non"

ferrou s  m eta ls .  The method referred  to as the I n te rcep t  method co n s is te d  

o f  determining by count,  at some appropriate m a g n if ic a tio n ,  the number o f  

g r a in s  in terc ep ted  by a l i n e  engraved on the eyep iece  o f  the m icroscope. 

The ar ith m etic  average o f  f i v e  or s ix  counts o f  g ra in s  were taken by ro

ta t in g  the eyep iece  and p o s it io n in g  the l in e  along the b i s e c t o r s .  Know

ing the ac tu a l length  o f  the l in e  and the m a g n if ic a t io n ,  the grain  s iz e  

cou ld  be expressed  as the average number o f  gra ins  per l in e a r  u n it  i . e . ,  

g ra in s  per inch or gra ins  per m i l l im e te r .  In the presen t experiments  

the gra in  determ inations were made at three or more d i f f e r e n t  p o lish ed  

sp o ts  fo r  each run and an o v e r a l l  average va lu e  o f  g ra in s  per l in e a r  

leng th  was computed.



CHAPTER V

EXPERIMENTAL RESULTS

The experim ental data taken on e le c tr o d e p o s i te d  su rfaces  o f

copper, n i c k e l ,  chromium and brass  in  t h i s  b o i l in g  in v e s t ig a t io n  were

ta b lu la te d  as shown in  Table 3 , o f  Appendix I .  The temperatures in d ic a te d

by the three s e t s  o f  thermocouples are t - , t  , e t c .  up to t Q . The lo -
1 Z y

c a t io n s  o f  th ese  thermocouples were measured accu ra te ly  from the s id e s  

and the top surface o f  the copper p la te  and recorded in  Table 2. Appro

p r ia te  c o r r e c t io n s  were made during every  run to in c lu d e  the th ick n ess  

o f  the e le c tr o d e p o s ite d  metal la y e r s .

The temperature at the top edge o f  the copper heat tr a n s fe r  

su rface  was computed from the readings o f  three  thermocouples t ^ Q , t ^ , t ^  

which were welded to the s id e  edge o f  the copper p la t e .  For the same 

power input these  thermocouples were found to show v i r t u a l l y  constant  

readings in  the experim ents as v e r i f i e d  by sev era l repeated  measure

ments. During e l e c t r o d e p o s i t io n  th ese  thermocouples when l e f t  in  p la ce ,  

were l i a b l e  to constant a ttack  by the p la t in g  s o lu t io n s .  Their lo c a t io n s  

were a lso  a source o f  inconvenience during machining on the la the fo r  the 

removal o f  p la ted  la y e rs  between runs and th ere fo re  th ese  thermocouples 

were removed during l a t e r  runs. The readings o f  t^^ to  t^ ara tab u la ted  

in  Table 4 along with the corresponding power in p u ts .  The tem peratures  

o f  the s t a i n l e s s  s t e e l  f i n  were measured by means o f  two a d d it io n a l  

thermocouples t ^  an<* welded to i t s  bottom and are recorded in
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Table 6 . The exact lo c a t io n s  o f  a l l  the thermocouples are g iven  in  

Table 2.

To c a lc u la t e  the net heat input Q to the b o i l in g  l iq u id  the  

fo l lo w in g  procedure was adopted. F ir s t  the t o t a l  heat l o s s  was computed. 

This in v o lv e d  the r a d ia l  heat l o s s  through the heavy 4 inch  th ic k  th e r 

mal in s u la t io n  around the heater  block and the l o s s  through the s ta in 

l e s s  s t e e l  f i n .  In order to e s t im ate  the heat l o s s  through the in s u la 

t io n ,  the method descr ib ed  by Kurihara (K^) was fo llow ed  as below: c o ld

water a t  tap temperature was fed to the g la s s  b o i l e r  at a known rate  

and drained out at the same r a te .  The h ea ters  were switched on and 

r a ise d  to the maximum heat in p u t.  Even a f t e r  three hours o f  h ea t in g ,  

the temperature r i s e  o f  the outer  in s u la t io n  was found to  be n e g l i g i b l e .  

However, when water in  the b o i l e r  was heated  by an immersion h e a te r ,  

w ith in  a short time there was an appreciable  temperature r i s e  o f  the > 

h ea ter  enclosure  in d ic a t in g  that i t  was being heated c h i e f l y  by tr a n s fe r  

o f  h eat from the b o i l in g  l iq u id  through the f in  and not by r a d ia l  con

duction  from the h ea ter  b lock .

A fter  having thus determined th at  a s i g n i f i c a n t  p ortion  o f  

the heat lo s s  was through the s t a i n l e s s  s t e e l  s k i r t ,  the problem was 

approximated to that o f  heat d is s ip a t io n  through an annular f i n  Of u n i

form th ick n ess  when heat i s  rece iv ed  through one o f  i t s  edges whose' 

temperature i s  known and tran sm itted  on one s id e  to water at b o i l in g  

temperature and on the o th er  t o - a i r  at room temperature. The above 

problem has been so lv ed  p r ev io u s ly  m athem atically  (M^). The d e t a i l s

o f  computation for  the heat lo s s  from the f in  u s in g  t h i s  s o lu t io n  have
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been g iven  in  Appendix I I .  The net heat input 1Q* to the b o i l in g  l iq u id  

through the heat tr a n s fe r  surface was then equal to the t o t a l  heat input  

to the heater  minus the h eat lo s s  through the f i n .  The heat l o s s  ranged 

from about 3 per cen t at h igh  h eatin g  r a te s  to s l i g h t l y  more than 30 

per cen t  at very  low v a lu es  o f  heat f lu x  as shown in  Table 7.

The temperatures at the surface  o f  the copper ^ la te  were 

c a lc u la te d  by simple l in e a r  ex tra p o la t io n  o f  the four s e t s  o f  temperature 

obta ined  from thermocouple read ings. F ig .  8 shows the surface tempera

ture d i s t r ib u t io n  o f  a t y p ic a l  run from which one can observe the v a r ia 

t io n s  in  the surface temperatures which are h igher in magnitude at h igh  

heat f lu x e s  and much lower a t  low heat f lu x e s .  This v a r ia t io n  was un

avoidable  in  the experim ents due to  the large  s i z e  o f  the copper p la te  

used and the design  f e a tu r e s  o f  the h ea ter  employed. However e f f o r t s  

were made to reduce the v a r ia t io n  as fa r  as p o s s ib le  and in cr ea se  the 

r e p r o d u c ib i l i ty  o f  thermocouple measurements by thoroughly c lean in g  

both the meshing fa c e s  o f  the  copper p la t e  and the h eater  b lock between 

runs and f ix in g  the p la te  in  the same p o s i t io n  on the heater  in  every  

run.

The equation f o r  heat tr a n s fe r  in  b o i l in g  can be expressed

as

Q =  hAAT (43)

A s in g le  value fo r  AT cannot be used in  Eq. (43) because o f  the v a r ia 

t io n s  observed in  the su rface  temperature. Expressing in  terms o f  a 

small d i f f e r e n t i a l  element dA, Eq . (43) becomes

dQ = hAT dA (44)
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I n te g r a t in g  Eq. (44 ) over the whole area o f  the heat tr a n s fe r  su r fa ce ,

A

Q = h /  A T dA (45)m J
o

where h i s  the mean b o i l in g  c o e f f i c i e n t .  I f  the mean temperature m

d if fe r e n c e  AT i s  d efin ed  as m
A

J& £  dA 

o _AT =  
m

f  A T d (f - ) 2 (46)
J  o

then

Q = h M T  (47)m m

t 2To ob ta in  AT , v a lu es  o f  AT vs  (— ) have to be p lo t t e d  as  
m o

in  F ig .  9 fo r  every  s e t  o f  readings and g r a p h ic a l ly  in te g r a te d .  This

procedure was ra th er  time consuming whereas a numerical in te g r a t io n  

method u s in g  the d i g i t a l  computer y ie ld e d  r e s u l t s  o f  good accuracy and 

was found to be much s im pler . Hence by the use o f  a numerical in te g r a 

t io n  m ethodjvalues o f  AT  ̂ were c a lc u la te d  as i l l u s t r a t e d  in Appendix I 

and the r e s u l t s  obtained  were tabu lated  in  Table 5 and 7. An error  

a n a ly s is  c a r r ie d  out on the experim ental measurements i s  reported in

Appendix I I I .  This y ie ld e d  an est im ate  o f  erro rs  as fo l lo w s:
Q/A ATm Grain Count 

High heat f lu x  (250000 B tu /h r .f t^ )  +1 */ + 2 / +5 */•

Low heat f lu x  (11000 B t u /h r . f t 2) +  5'/ +5 V4 +5*/*
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CHAPTER VI 

DISCUSSION AND CORRELATION

A. D iscu ss ion  o f  R esu lts  

The experim ental r e s u l t s  obta ined  here were p lo t t e d  on log-lqg 

paper as Q/A, the heat f lu x  aga in st  AT^, the d if fe r e n c e  between the  

mean surface temperature and the sa tu ra t io n  temperature corresponding  

to th e  lo c a l  p ressu re .  These p lo t s  are shown in F ig s .  10 to 22 fo r  

copper p la te d  su r fa c e s ,  23 for  n ic k e l  p la te d  s u r fa c e s ,  and 24 and 21 for  

su r fa ces  o f  brass and chromium.

The r e s u l t s  o f  Runs Cul and Cu2 on copper su rfaces  

are considered  sep a ra te ly  from those o f  the la t e r  runs because o f  the  

fo l lo w in g  reasons:

( i )  In run Cul, the f r e s h ly  machine worked copper p la te  

was used and subjected  to heat tr a n s fe r  at high heat f lu x  fo r  the f i r s t  

t im e . Some unknown fa c to r s  which are probably due to the in te r n a l  r e 

alignment and r e o r ie n ta t io n  o f  gra ins  o f  the fresh  copper metal when 

su b jec ted  to  heat may have con tr ibu ted  to the observed s h i f t  in  the  

Q/A v s .  AT curve which i s  a c tu a l ly  s h i f t e d  downwards as compared to the  

second run on the same su rface  as seen from F ig .  10. The run ca r r ie d  

out on the i n i t i a l  copper surface  gave a com parative ly  h igher va lue

f o r  the Rohsenow con stan t C c than the second run as can be seen fromsr

Table 9 .

( i i )  During runs Cul and Cu2, the power input to the h eater  

was decreased s tep w ise  and fo llo w in g  an in te r v a l  of half an hour the temperatures
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were measured. This time in te r v a l  was not q u ite  s u f f i c i e n t  fo r  the  

thermocouple readings to s t a b i l i z e .  Therefore in  l a t e r  runs the 

in t e r v a l  between power changes was in creased  to 45 minutes and was 

adequate fo r  the thermocouples to a t ta in  steady s ta te  temperatures.

A fter  the two i n i t i a l  runs, subsequent runs were conducted  

on the heat tr a n s fe r  p la te  which had already undergone a few c y c le s  o f  

h eatin g  and c o o l in g .  The data fo r  th ese  l a t e r  runs were found to be 

more c o n s is t e n t  and reproducib le .

Runs Cu 3 and Cu 5 were intended to determine the minimum 

roughness below which t h i s  parameter cea se s  to appreciably  in f lu en ce

b o i l in g  from heat t r a n s fe r  su r fa c e s .  Once the minimum rms roughness

was a v a i la b le  the experim ental su r fa ces  cou ld  be trea ted  and brought 

as c lo s e  as p o s s ib le  to th a t  roughness. This procedure would e l im in ate  

roughness as a parameter and ensure smooth su rfaces  o f  comparable 

roughness fo r  use in  the experim ental runs. The rms roughness range 

s tu d ied  was very l im ite d  and var ied  from about 2 . 6  micro in ches to  

about 7 micro in ch es  o n ly .  Repeated p o l is h in g  and b u ffin g  op eration s

c a r r ie d  out on the su rface  as described  in  the e a r l i e r  chapter f a i l e d

to produce su rfaces  smoother than about 2 to 3 micro in ch es rms so 

th a t  no minimum roughness was e s ta b l i s h e d .

The r e s u l t s  o f  runs Cu 3 to Cu 5 p lo t te d  tog e th er  in  F ig .  11 

seem to fo l lo w  the genera l observation  o f  previous workers (B^,C^,K^) 

namely a higher va lu e  o f  the s lope o f  the curve o f  Q/A vs AT with in 

c r e a s in g  roughness. In o th er  words an in crea se  in  heat tr a n s fe r  was 

observed with in cr ea s in g  rms roughness fo r  the same temperature
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Mean Temp. D iffe ren ce , °F

FigJ.1 Boiling Data for Water on Copper Surfaces of Varying
Roughness.
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d if f e r e n c e  w ith in  the con fined  range o f  o b serv a t io n .  I t  should be 

noted here that some research groups have found the heat tran s

fe r  to in cr ea se  and subsequent y to  decrease  as the rms roughness i s  

fu r th er  in cr ea se d .  These changes in  heat tr a n s fe r  have been a t tr ib u te d  

not on ly  to the varying rms roughness but a lso  to the surface  prepara

t io n  technique employed (V^). I t  has a lso  been su ggested  (B^) th a t  rms 

roughness i s  not the s ig n i f i c a n t  parameter in  b o i l in g  because the  

'rougher' su rface  with regard to b o i l in g  i s  that which has the grea ter  

number o f  c a v i t i e s  o f  appropriate s i z e ,  r eg a r d le ss  o f  the rms roughness. 

Since the presen t work was not p a r t ic u la r ly  concerned w ith  studying the  

e f f e c t  o f  th ese  fa c to r s  on b o i l i n g ,  fu r th e r  in v e s t ig a t io n  along t h i s  

l in e  to cover  wider range o f  roughness was not c a r r ie d  o u t .  Succeeding  

experim ental runs were confin ed  to ex p lo r in g  the r o le  o f  surface g-.ains  

on b o i l in g  heat tr a n s fe r  w ith  the n o ta b le  excep tion  o f  run Cu 10B which 

was devoted to f in d in g  the e f f e c t  o f  ag in g . During th e se  experiments  

the surface roughness was always brought to  a va lue  w ith in  2 to 3 micro 

inches  rms before  s ta r t in g  a b o i l in g  run.

Four d i f f e r e n t  m etals  namely copper, n i c k e l ,  chromium and 

b rass  were s tud ied  fo r  b o i l in g  heat t r a n s fe r .  As mentioned e a r l i e r ,  

during each run one p a r t ic u la r  m etal was e l e c tr o d e p o s i t e d  on top o f  the  

copper s u r fa c e .  This c o n s t i tu te d  the a c tu a l  heat t r a n s fe r  su r fa ce .  

During e le c t r o p la t in g  from con ven tion a l p la t in g  b a th s ,  the  important 

v a r ia b le s ,  namely the composition o f  the p la t in g  s o lu t io n ,  i t s  pH va lue  

and i t s  temperature were maintained at f ix e d  v a lu es  except  for  the  

current d e n s ity  which was v a r ied  fo r  each run over  the recommended
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□ Run Cu 64
Copper P lated  Surface 
Grains 512/inch  
Roughness 2 .8  RMS3
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F ig .12 Boiling Data for Water on Copper Plated Surface.
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Q Run Cu 7

Copper P la ted  Surface 
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F ig . 13 Boiling Data for Water on Copper P lated  Surface.
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Fig. 1U Boiling Data for Water on Copper Plated Surface.
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•  Run Cu 9
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FigJ.5 B o ilin g  Data for Water on Copper P lated  Surface.
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F ig .l6  Boiling Data for Water on Copper Plated Surface.
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□ Run Cu 11
4
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F ig . 17 Boiling Data for Water on Copper P lated  Surface.
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■ Run Cu 124
Copper P la ted  Surface  
Grains 1678/inch  
Roughness 2 .2  RMS3

2

10 20 30 4 0  60 80
Mean Temp. D if fe r e n c e , AT , °F' nr

F i g . 18 Boiling Data for Water on Copper Plated Surface.
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F ig . 19 Boiling Data for Water on Copper P lated Surface.
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•  Run Cu 15

Copper P la te d  Surface 
G rains 95 5 / inch 
Roughness 2.k  RMS

806 020 403010

Mean Temp. D iffe re n c e , AT , °F' in
Fig . 21 Boiling Data for Water on Copper Plated Surface.
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p la t in g  range in  order to ob ta in  d i f f e r e n t  grain  s i z e s  o f  the d ep os ited  

m eta l.  Before s ta r t in g  the b o i l in g  run on th e .p la t e d  su rface ,  i t  was 

p o lish ed  w ith a power machine Sander and then b uffed  in  order to e l im 

in a te  any d ir e c t io n a l  v a r ia t io n s  in  rms roughness v a lu es  as commonly 

e x h ib ite d  by m echanically  p o lish ed  samples (V^) and to reduce the rough

ness  to  a va lue  between 2 and 3 micro in ch es .

Runs Cu 6 to Cu 16 were ca r r ie d  out on copper p la ted  su rfa ces  

whose gra ins  ranged from about 150 to 1700 per l in e a r  in ch .  F ig s .  12 to  

21 represent the data obtained  in  th ese  runs. For run Cu 10B, the ex

perimental s e t -u p  o f  the previous run namely Cu 10A was allowed to remain 

in t a c t  for th ree  days w ithout d is tu rb in g  the pool o f  water over the 

su rface  and the run was repeated. The data o f  runs Cu 10A and Cu 10B 

p lo t te d  togeth er  in  F ig .  16 show th at  the s lope o f  Q/A vs  AT fo r  the  

aged surface i s  s l i g h t l y  l e s s  s teep  than th at o f  the f r e s h ly  p o lish ed  

su r fa ce .  Also at high heat f lu x e s  the aged su rface  seems to require  

a h igh er  AT to  m aintain a p a r t ic u la r  heat f lu x  whereas at low heat  

f lu x e s  i t  req u ires  lower AT than the fresh  surface to su s ta in  the same 

amount o f  heat f lu x .  I f  fo u l in g  and d e p le t io n  o f  trapped gas are the 

only  fa c t o r s ,  then the aged surface  would have e x h ib i te d  higher temper

ature d i f f e r e n c e s  c o n s i s t e n t ly  to su s ta in  the h eat f lu x e s  as reported  

by Corty and Foust (C ^). The presen t ob serv a t io n s  su ggest  that p o s s i 

bly another factor , namely the annealing o f  the copper surface  could  

have occurred to a l t e r  the s to red  energy o f  the p la te d  surface dur

ing run Cu 10A which in  turn may have con tr ib u ted  to the observed  

anamoly in heat t r a n s fe r  during run Cu 10B.
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2-2 5

Copper P la te d  Surfaces

GRAINS/INCHRUN

■ Cu 12 
o Cu 1U 
* Cu 15

8 0603020
Mean Temp. D iffe re n c e , AT^, °F

F ig .22 Comparison of Boiling Data for Hater on Copper
P lated  Surfaces of D iffe ren t Grain S izes.
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In g e n e r a l .a l l  the p lo t s  representing  runs on copper surfaces

e x h ib i t  decreasing  s lo p es  fo r  the Q/A vs  AT curve w ith  in cr ea s in g  number

o f  g ra in s  as seen from Table 8 . A lte r n a te ly  an in c r e a se  in  h eat tr a n s fe r

i s  observed w ith an in cr ea se  in  grain  s i z e  or a decrease  in  the number o f

gra in s  per u n it  area o f  the su r face  even though the rms roughness was

maintained at more or l e s s  the same va lue in  a l l  the experim ental runs.

Figure 22 shows a combined p lo t  o f  Q/A vs  AT fo r  four ty p ic a l  runs on

copper p la ted  su r fa c e s .  I t  w i l l  be u s e fu l  to compare the two runs Cu 12

and Cu 8 which had the maximum d if fe r e n c e  in  surface gra in  s i z e s .

From F ig .  22, at a AT o f  30°F:m

RUN GRAINS/INCH Q/A, B tu/H r.Ft2

Cu 12 1678 8 x 104

Cu 8 146 2 .25 x 105

Ratio o f  heat f lu x e s  i s  approximately equal to 2 .8 .

A comparison can a ls o  be made o f  the temperature d if fe r e n c e

AT at a p a r t ic u la r  heat f lu x  fo r  the above two runs as fo l lo w s :  m
5 7At a heat f lu x  o f  about 2*25 x 10 B tu /h r .F t  ,

RUN GRAINS/INCH AT ,°Fm

Cu 12 1678 43

Cu 8 146 30

I t  i s  seen that there i s  a d if fe r e n c e  o f  about 13°F between

the AT v a lu e s  fo r  the two runs con sid ered  at an a r b i t r a r i ly  chosen heat m

f lu x .

I t  can a lso  be observed from F ig .  22 th a t  the p lo t s  fo r  

in d iv id u a l  runs tend to separate  fu r th er  at h igher v a lu es  o f  heat f lu x
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N ick el P lated  Surfaces

■ Run Ni k

G rains 1500 /in ch  
Roughness 2 .7  RMS

♦  Run Ni 1

G rains 8 5 0 /inch
Roughness 2 .9  RMS

30 60 8020 4010
oMean Temp. D iffe re n c e , AT , F9 fu*

F ig . 2 5  Comparison of Boiling Data for Water on Nickel Plated
Surfaces o f D ifferen t Grain Sizes.
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or temperature d i f f e r e n c e .

F ig .  23 d isp la y s  the data of runs Ni 1 and Ni 4 which had the 

g r e a te s t  gra in  s iz e  d e v ia t io n  among the runs on n ic k e l  p la te d  s u r fa c e s .

Again the trend o f  the data c l e a r ly  in d ic a te s  an in cr ea se  in  heat tr a n s fe r  

with in c r e a s in g  gra in  s i z e .  Thus c o n s is t e n t  r e s u l t s  were obtained  w ith  

both n ic k e l  and copper d ep osited  su r fa c e s .

The above r e s u l t s  were somewhat unexpected s in c e  one would 

presume that the sm aller  the g r a in s ,  the larger  w i l l  be the grain  boundary 

area q u a n t i ta t iv e ly  per u n it  area o f  the su rface  and hence grea ter  w i l l  be 

the number o f  p o te n t ia l  n u c lea t io n  s i t e s .  According to t h i s  view or conten

t io n ,  a t  a p a r t ic u la r  AT heat f lu x  should be h igher for the sm aller gra in -  . 

s i z e  su rface  whereas the present experim ental r e s u l t s  show the o p p o s ite .

An exp lanation  fo r  the above behavior was sought from the  

works o f  previous in v e s t ig a t o r s  (b^ ,C ^ ,C ^ )on  c a v i t i e s  and grooves.

Bankoff's  t h e o r e t i c a l  work (B^) su ggests  th at  c r i t i c a l  c a p i l la r y  radius  

fo r  n u c lea t io n  a t  atmospheric pressure l i e s  in  the f a i r l y  narrow range of  

0 .2  to  1 .2  x 10**  ̂ cm. Corty and Foust (C^) computed the s i z e s  o f  s im p l i 

f i e d  c o n ic a l  c a v i t i e s  from observed con tact angles  and measured super

heats and found them to  be about 10  micro inches or approximately  

-40 .25  x 10 cm. for  pentane, ether and freon  113 b o i l in g  on copper and

n ic k e l  s u r fa c e s .  Clark et  a l . tC ^ )  in  t h e ir  experiments id e n t i f i e d  a c t iv e

bubble-producing s i t e s  as p i t s  w ith  diameters between 0.0003 and 0.003

-4  -3inch or about 7 .5  x 10 and 7 .5  x 10 cm. In h i s  c l a s s i c  book on grain  

boundaries McLean (M )̂ observes th at  ordinary g ra in  boundaries such as 

those  found in  m etals  prepared in  conventional ways are three atomic
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Brass P la ted  Surfaces

□ Run Br 1

Grains too Small 
Roughness 2 .2  RMS

O Run Br 2

2 0 0 0 / in c hGrains 
Roughness 2.U RMS

□ 0

10 2 0 30 4 0 60 80

Mean Temp. D iffe r e n c e , AT , °F
10

F ig .2^ Comparison of Boiling Data for Water on Brass Plated
Surfaces of D iffe ren t Grain S izes .
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Run Cr 1

4 Chromium P lated  Surface  
Grains too sm all 
Roughness 2 .9  RMS
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4
0

10 20 8030 40 60

Mean Temp. D iffe r e n c e , &T , °Fm

F ig .25 Boiling Data for Water on Chromium P lated  Surface.



.2diameters wide and for  a grain  s i z e  of 10  cm, the gra in  boundary width

w i l l  be o f  the order o f  10  ̂ cm. In the present work, the grain s i z e s

-2  -3var ied  from about 1 .7  x 10 cm. to  1 .5  x 10 cm. and th e r e fo r e  the grain

-7  - 8boundary width probably varied  from 10 cm. to  10 cm. One might ex

pect the gra in  boundaries to  become narrower as the grain  s i z e s

decrease . Such narrowing might p o s s ib ly  render them l e s s  favourable to  

i n i t i a t e  n u c le a t io n .  Even though there  i s  no evidence a v a i la b le  to  d ir 

e c t l y  r e la t e  the r o le  of grain  boundaries in  b o i l in g  to  th at  played by 

grooves and c a v i t i e s ,  i t  i s  con ce ivab le  that th ere  might e x i s t  a minimum 

width of the gra in  boundary which i s  most favourable fo r  i n i t i a t i o n  and 

growth o f  bubbles. There might a ls o  e x i s t  an optimum grain  s i z e  o f

the heat tr a n s fe r  su rface  fo r  n u c lea te  b o i l in g  to  be a t  a premium r a t e .

I t  was attempted to  check the above con c lu sion s  further by 

conducting experiments on chrome p la te d  and brass p la ted  s u r fa c e s .  How

ever th ese  were not very s u c c e s s fu l  mainly because the deposited  gra ins  

of the above two m etals  were too sm all to  be counted a ccu ra te ly  by the  

grain  s i z e  es t im a tio n  method employed in  the p resen t experim ents. E s t i 

mates o f  the gra in  s i z e s  o f  e le c tr o d e p o s ite d  brass and chromium are a v a i l 

a b le  in  the l i t e r a t u r e  (B^). They are of the order of 2 x 10”  ̂ cm. and 

such small gra in  s i z e s  could only be measured u s in g  more s o p h is t ic a te d  

m eta llograph ic  techniques such as x-ray  or e le c tr o n  d i f f r a c t i o n .

Further experiments w ith  d ep osited  su rfa ces  of chromium and brass were 

th ere fo re  d isco n t in u ed . In any case ,  the r e s u l t s  of the three  runs, two 

on brass and one on chromium e le c t r o d e p o s i t s  are  included  in  Tables 2 to  

9 and p lo t te d  in  F ig s .  24 and 25 fo r  comparison w ith the e a r l i e r  data on



9^

copper and n ic k e l  p la ted  s u r fa c e s .

B. C orrelation  o f  B o i l in g  Data 

Even though many in v e s t ig a to r s  have attempted to  der ive  

genera l c o r r e la t io n s  for  b o i l in g  heat tr a n s fe r  (F^jF^jL^jRg), none o f  

th e ir  equations have been found to com pletely  s a t i s f y  the voluminous 

experimental data’ a v a i la b le  in  th is  f i e l d .  This s t a t e  of a f f a i r s  i s  due 

to  th e  fa c t  that the above c o r r e la t io n s ,  in  s p i t e  o f  in c lu d in g  a l l  the  

con ceivab le  p h y s ica l  p ro p ert ie s  of the b o i l in g  system, are in v a r ia b ly  

d e f ic i e n t  in  q u a n t i ta t iv e ly  d escr ib ing  the e f f e c t  o f  the surface  condi

t io n  o f  the heater on b o i l i n g .  . The equation of Rohsenow (Rd) incorpor-o

ates  a constant term and exponents r and s as shown below:

CpAT
=  C h_ s

fg

where C =  (constant)  p where p i s  the co n ta c t  a n g le .  Rohsenow in ferred  

that the constant should be a fu n ction  o f  the p a r t ic u la r  f lu id -h e a t in g

su rface  combination. This seemed to  be the case  as proven by the .au th or  

h im self  on applying h is  c o r r e la t io n  to  s e v e r a l  s e t s  o f  experim ental data 

(Table 1, Appendix I ) .

The exponent ’s ’ accounts for  su rface  c le a n l in e s s  and takes

up a va lue  o f  1 .0  fo r  water (V^). ’ r ’ i s  the  rec ip ro ca l  of the s lop e

obtained by f i t t i n g  the experim ental heat f lu x  -  super heat data o f  a

b o i l in g  system by the l e a s t  square method. Rohsenow i n i t i a l l y  recommended

a f ix e d  va lue of 0 .33  for t h i s  exponent.- However, recen t com pilation  by 

Vachon e t  a l . (1^) o f  t h e ir  own data and th a t  o f  other in v e s t ig a to r s  has
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Fig ,2.6 C orre la tion  of Pool-Boiling Data for Water on
Copper Surface.
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□ Run Cu 6

4 Copper P lated  Surface  
Grains 512 /in ch
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F ig , 2 7  C orre la tion  of Pool«Boiling Data fo r  Water on
Copper P lated  Surface.
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F ig .28 C orre la tion  of Pool-Boiling Data for Water on
Copper P lated  Surface.
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F ig , 2 9  C orre la tion  of Pool-Boiling Data for Water on
Copper Plated Surface.
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F ig .30 C orre la tion  of Pool-Boiling Data for Water on
Copper P lated  Surface.
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A Run Cu 10A

— Newly Copper P la ted  Surface
-  Grains 58V in c h
_  Cgfi o .o ikkr. 0.250  <

•4 -

30 40 6020
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F ig . 31 C orre la tion  of Pool-Boiling Data for Water on
Copper P la ted  Surface.
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Fig. 52  C o rre la t ion  of Pool-Boiling Data fo r  Water on
Copper P la ted  Surface.
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□ Run Cu 11

4  _  Copper P lated  Surface
Grains lU^5'/in c h
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e s ta b l ish e d  that va lu es  ranging from 0 .05  to  0 .89  for  ' r ’ are obtained  

in a c tu a l  experim ents.

. Vachon e t  a l .fV ^ ) in v e s t ig a te d  the p o s s i b i l i t y  th a t  r and 

could  be fu n ctio n s  o f  both the surface  preparation  as w e ll  as  the l iq u id -  

su rface  combination by' summarizing the b o i l in g  data from l i t e r a t u r e  in  

such a way th a t  data from a p a r t ic u la r  l iq u id - s u r fa c e  combination and a 

p a r t ic u la r  preparation  technique are grouped under the same head ings.

Their work provides evidence to support the premise th a t  both r and 

Cg£ do vary depending not only on the l iq u id - s u r fa c e  combination but 

a ls o  on the surface  preparation techn ique.

As d iscussed  in  the e a r l i e r  ch a p ters ,  the  present experimental 

work attempted to  e lu c id a te  the e f f e c t  o f  m e t a l l i c  gra ins  and grain  boun

d ar ie s  of the surface  on b o i l in g  heat t r a n s fe r .  This was achieved by 

m aintaining the same surface  preparation tech n iq u e ,  the rms roughness of 

the su rface  and the l iq u id -s u r fa c e  combination in  the runs and a l t e r in g  

only the s i z e s  of the s u r fa c e  grains  by e l e c t r o p la t in g  methods. Then by 

u sin g  the Rohsenow equation to  f i t  the experim ental d a t a , i t  would be pos

s i b l e  to  deduce whether th ere  i s  any d e f i n i t e  dependency of and r on 

the su rface  g r a in s .  Such an approach should in d ic a te  the d i f f e r e n c e s  in  

b o i l in g  heat tr a n s fe r  i f  any, caused by v a r ia t io n  of m e t a l l i c  grain  s i z e s .

Employing the Rohsenow equation , the experim ental data fo r  a 

p a r t ic u la r  e le c tr o d e p o s ite d  su rface  w ith a d e f i n i t e  gra in  s i z e  was p lo t te d  

making use o f  the l e a s t  square curve f i t t i n g  tech n iq u e. These p lo t s  are 

given  as F igures 26  to  37  f o r  copper s u r fa c e s .  The recommendations o f  

Vachon e t  a l . lV ^ )  were followed in  the computations fo r  these  p lo ts  as
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descr ibed  below:

1. Values of the in te r c e p t  Cg£^> anc* exponent r^, for  

each su rface  were obta ined , the value of r^, being the r e c ip r o c a l  of the

s lop e  o f  the l e a s t  squares f i t  for each run.

2 .  Values o f  the in te r c e p t  Cgf 2 ^or  e a c ^ su rface  were 

obtained u s in g  a va lu e  of 0 .33  for the exponent r ^ as o r i g in a l ly  suggested  

by Rohsenow.

3 .  Values o f  an(* r 3 f ° r eacb surfacew ere obtained ,

the va lue o f  r^ being the rec ip ro ca l of the average of the s lo p es  o f  the

le a s t  squares curve f i t s  fo r  the data o f  a p a r t ic u la r  m eta l.

Table 9 g iv e s  the va lu es  of C , r , : C , r and C
6 s f l  1 ’ s f 2 2 s f 3

and r^ obtained through the computations as described  above. These 

v a lu es  are a l s o  represented  by corresponding l in e s  in  F ig s .  2 6  to  57*

On ca r e fu l  perusal o f  Table 9 and the f ig u r e s ,  i t  can be seen  that C 

and r va lu es  for  the same s u r fa c e - l iq u id  combination do vary appreciably  

depending upon the gra in  s tru ctu re  even though other v a r ia b le s  were kept 

unchanged. The composite p lo t  (F ig .  38) e x h ib i t s  t h i s  v a r ia t io n  c l e a r ly  

for  copper p la ted  su r fa c e s .  In the presen t work for  copper p la ted  su r

face  w ith  b o i l in g  water the var ied  from 0.0135 to  0 .0175 and the s lope

r^ var ied  from about 0 .2 3 6  to  0 .3 5 0  whereas for  n ic k e l  p la ted  su r fa ce -

water combination C and r ,  varied  from 0.0146 to  0.0167 and 0.273 tos f l  1

0.379 r e s p e c t iv e ly .

In  Table 10 the d ev ia t io n  o f  r^ c a lc u la te d  fo r  in d iv id u a l  

su r fa ces  from a va lue o f  0 .33 and a r^ va lue  fo r  the whole group of  

experiments on the same metal surface  are g iv e n .  The d e v ia t io n  of
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from corresponding va lu es  o f  CS£ 2 andt Cs f 3 are almost n e g l i g ib l e  as 

seen from Table 9 . S c r u t in iz in g  Table 10 one can appreciate  that using  

a f ix e d  value o f  0 .3 3  fo r  r^ g iv e s  r i s e  to more d ev ia t io n  p rop ortion ate ly  

from the in d iv id u a l  experim ental v a lu e s  o f  r^ than th e  d ev ia t io n s  o f  the 

corresponding average v a lu e s  o f  r^.

For design  purposes, proper care should be taken in  choosing

the va lu es  o f  C and r fo r  u se  w ith the Rohsenow C o r r e la t io n .  A complete
S £

knowledge o f  the surface  c h a r a c t e r i s t i c s ,  the su rface  roughness, the sur

face preparation techniques used and the su rface  gra in  s iz e  are pre

r e q u is i t e s  f o r  choosing the proper v a lu es  o f  and r .  On the b a s is  o f  

the experim ental o b serva tion s  a v a i la b le  now, there i s  s u f f i c i e n t  evidence  

to warrant a reco n s id era t io n  o f  the e a r l i e r  notion  (&g) th at  a value o f  

Q/A and i t s  corresponding va lu e  o f  AT i s  a l l  th at  i s  needed to c o r r e la te

the b o i l in g  data and to ev a lu a te  fo r  one p a r t ic u la r  m e ta l - f lu id  com

b in a t io n .  The present in v e s t ig a t io n  has introduced another parameter 

namely the surface  grain  s i z e  whose in f lu e n c e  on n u c lea te  b o i l in g  heat  

tr a n s fe r  has to be included  in  any s a t i s f a c t o r y  c o r r e la t io n .

Having e s ta b l i s h e d  the in f lu e n c e  o f  g r a in s  and grain  boun

d a r ie s  on b o i l i n g ,  e f f o r t s  were made to modify the Rohsenow equation s u i t 

ably to  incorporate  th ese  e f f e c t s .  The in te r c e p ts  and the exponents

r^ were p lo t te d  sep a ra te ly  in  F ig .  29 and 40 aga in st  'G I' ,  the concentration  

o f  the m e ta l l ic  gra ins  o f  the surface expressed  as the number o f  gra ins  per  

l in e a r  inch . I t  can be seen from the graphs that and r^ show good

l in e a r  r e la t io n s h ip s  ag a in st  GI, w ith  the c o e f f i c i e n t  o f  c o r r e la t io n s  o f  

the l in e a r  f i t s  o f  about 0 .9 5  and 0 .9 6  r e s p e c t iv e ly .  On in c lu d in g  the
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observed l i n e a r i t i e s  in to  the Rohsenow c o r r e la t io n ,  the fo llow in g

m odified  equation was obtained for  use w ith  the copper s u r fa c e s .

fg
.= (0 .0018  G + 0.0125}

(0.044G+0.228)
i , C- W * °

where G i s  the grain  r a t io  and i s  defined  as the r a t io  o f  number of gra ins

per l in e a r  inch  of a sample to  the grains  of a su rface  having 600 gra ins  

per l in e a r  in c h .  The number 600 was chosen because the o r ig in a l  unplated  

su rface  used in  the presen t experiments had about 600 grains  per inch  

and was made from e l e c t r o l y t i c  copper of 99.98,0 p u r ity .  Other commercially  

a v a i la b le  copper m etal su rfaces  are l i k e l y  to  have gra in  s i z e s  c lo s e  to  

th is  number and the va lue  o f  C a t  th is  grain  s i z e  i s  approximately th at  

reported in the  l i t e r a t u r e  (Refer Tables 1 and 9 ) .  In Table 11 a compari

son i s  made, o f  the experim ental va lues  o f  C and r and the c a lc u la te d  

valu es  using  the above m odified c o r r e la t io n .  Figure 41 i s  a p lo t  o f  the  

b o i l in g  data o f  a l l  runs on copper p la ted  su rfa ces  c o r r e la te d  w ith  the 

m odified  equation . The spread o f  the experim ental data  around the co r 

r e la t in g  l in e  o f  the p lo t  was estim ated  to be + 1 0  per c e n t .

s i z e  cou ld  in f lu e n c e  the magnitude o f  th e  co n ta ct  angle 'J3' because con

t a c t  angle i s  one o f  the major parameters which seems to  con tr ib u te

I f  a growing bubble at a h ea tin g  surface i s  considered , as 

in  Figure 1, the co n ta c t  angle 1p * can be expressed  in  terms o f  the sur

face  ten s io n  fo rce s  a c t in g  a t  the point o f  co n ta c t  between l iq u id ,  vapor

The problem then le a d s  to an in v e s t ig a t io n  o f  how the grain

s i g n i f i c a n t l y  to the observed v a r ia t io n s  in  the va lu es  o f  C (R0)»s t  8
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and s o l i d .  For the s o l i d  gra in  face  the r e la t io n s h ip  fo r  the con tact  

angle i s
a -  a,sv Is  fcos p -  ---- —--------------------------------------- (50)

° l v

For the gra in  boundary, the above r e la t io n s h ip  should be 

m odified  as fo l lo w s:  •

°bv “ ° l s  /„> ,cos p  -----    (51)
° lv

I n t e r f a c ia l  ten s io n  data agv between s o l i d  gra in  face-vapor

and a^v , between gra in  boundary-vapor are reported in  the l i t e r a t u r e  at

e le v a te d  temperatures fo r  copper m etal (M^,S^) and are g iven  in  Table

14. Their r a t io  fo r  a high angle boundary i s  approximately 3 :1 .

In the p resen t in v e s t ig a t i o n ,  fo r  a p a r t ic u la r  l iq u id -s u r fa c e

combination the f lu c tu a t io n s  o f  the i n t e r f a c i a l  te n s io n s  o , and a, weres i  lv

probably i n s i g n i f i c a n t  and the on ly  v a r ia t io n  would have occured in  agv 

o f  Eq. 50 or  o f  Eq. 51 owing to the v a r ia t io n  in  r a t io s  o f  the g ra in s  

and grain  boundaries. I f  the proper i n t e r f a c i a l  t e n s io n  va lu es  fo r  the  

g r a in s  and grain  boundaries are s u b s t i tu te d  in  Eq. 50 and Eq. 51 resp ec

t i v e l y ,  i t  can be seen that the co n ta c t  angle p w i l l  be h igher fo r  the  

gra in  boundaries than fo r  the g r a in s .  This means the g re a te r  the number 

o f  ga in s  per u n it  area o f  the surface  and hence the more grain  boundaries  

q u a n t i t a t iv e ly ,  the h igh er  w i l l  be the e f f e c t  o f  co n ta c t  angle on the bub

b l e s ;  which in  turn w i l l  probably show up in  the form o f  a h igher Cg£* The 

p resen t experim ental o b serva tion s  seem to su b s ta n t ia te  such an in fere n c e  as 

can be seen from the data in  Table 9 .  However fu r th er  confirm ation  o f  the  

above deduction depends upon the a v a i l a b i l i t y  of axurate v a lu e s  o f  i n t e r f a c i a l
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te n s io n s  a and a, on one s id e  and a r e la t io n s h ip  con n ectin g  the sv bv

co n ta ct  angle p to Cg  ̂ and r on the o th e r .  F in a l ly  as Bankoff* pointed  

o u t ,  th e  o v e r - a l l  co n ta c t  angle may n ot  g iv e  much inform ation  about.the  

m icroscopic con tac t  a n g le ,  which probably v a r ie s  from p o in t  to  point on 

the su r fa c e .  The fu ture  a v a i l a b i l i t y  o f  the above two types o f  con tact  

angle measurements and t h e ir  in t e r - r e la t io n s h ip  may h e lp  in  fu r th er  

e lu c id a t io n  o f  n u c lea te  b o i l in g  mechanism from su r fa c e s .

D iscu ss io n  by Bankoff on the paper o f  G r i f f i t h  and W allis  (G^).



CHAPTER V I I

CONCLUSIONS AND RECOMMENDATIONS

The fo l lo w in g  i s  a summary o f  the ob servation s  obtained and

con clus ion s  reached a f t e r  an a n a ly s is  o f  the experimental data o f  the

present in v e s t ig a t io n :

1. B o il in g  data obtained on su r fa ces  w ith  various

grain  s i z e s  were p lo t te d  as heat f lu x  Q/A vs mean temperature d if f e r e n c e

AT between the su rface  and sa tu r a t io n  temperature. These graphs show a m

d e f in i t e  e f f e c t  o f  grain  s i z e s  o f  the su rface  on b o i l in g  heat t r a n s fe r .

At a g iven  AT , the  heat f lu x  was higher fo r  a surface  w ith  a r e l a t i v e l y  m

larger  gra in  s i z e .  The s lo p e  o f  the b o i l in g  curve in creased  gradually  

as the gra in  s i z e  o f  the surface  in cr ea se d .

'■* 2 . B o il in g  curves for a 1-1 gra in  s i z e s  tend to  converge

a t  low va lu es  o f  Q/A.

3 .  The observations seem to in d ic a te  th a t  n u c lea te  

b o i l in g  i s  in f lu en ced  by the gra in s  and a s so c ia te d  gra in  boundaries of 

the heater  su r fa c e .

4 .  Application of the Rohsenow c o r r e la t io n  to  the b o i l in g  

data shows that the  c o e f f i c i e n t  C^ and the exponent r o f  the equation  

do not remain constant fo r  a p a r t ic u la r  m e ta l - f lu id  combination but are 

in f lu en ced  by the gra in  s tru ctu re  of the heat tra n s fer  s u r fa c e .

5*. and r tend to  decrease  as the number o f gra ins

decreases  (or as the grain  s i z e  in c r e a s e s ) .

117
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6 . and r p lo t te d  s e p a r e t ly  a g a in s t  the number

of gra ins per u n it  length  o f  the su rface  show l i n e a r i t i e s .

7. 7 . A s l i g h t l y  m odified  form of the Rohsenow C orrela

t io n  has been proposed which takes in to  account the in f lu en ce  o f  grains  

and grain  boundaries on b o i l in g  heat t r a n s fe r .  The m odified  equation  

was found to  f i t  the experimental data w ith  a spread of +  10  per c e n t .

The fo llo w in g  recommendations are made for  fu ture s tu d ie s :

1 . Further b o i l in g  in v e s t ig a t io n s  should be conducted  

u sin g  su rfaces  w ith  d i f f e r e n t  s i z e s  of gra ins  p referab ly  in  the d ir e c 

t io n  of in cr ea s in g  grain  s i z e s .  Such a study w i l l  probably in d ic a te  

whether any optimum grain s i z e  e x i s t s  for the b o i l in g  to  be h igh ly  

e f f i c i e n t  from a p a r t ic u la r  metal s u r fa c e .

2 . B o i l in g  s tu d ie s  should be carr ied  out using  sur

fa ces  produced by other m e ta l lu r g ic a l  tech n iq ues .

3 . Experimental s tu d ie s  u s in g  su rfa ces  with other  

m etal d ep o s its  such as z in c ,  go ld , s i l v e r ,  platinum, e t c .  are the next  

l o g i c a l  s t e p s .

4 .  E ffo r ts  should be made to produce a uniform ra d ia l  

temperature d is t r ib u t io n  over the surface  o f  the heat tr a n s fe r  p la t e .

5. The b o i l in g  curves fo r  d i f f e r e n t  grain  s i z e s  

obtained in  the present experiments show a tendency to separate  more at  

higher heat f lu x e s .  Therefore i t  w i l l  be worthwhile to  carry out ex p e r i

ments at higher heat f lu x e s  extending up to  the c r i t i c a l  heat f lu x .  The 

equipment used in  the present study was operated only a t  70 per cent of  

i t s  t o t a l  c a p a c i ty .
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6 . The need fo r  accurate bubble con tact  angle measure

ments i s  e v id e n t .  The a v a i l a b i l i t y  of o v e r -a l l  con tac t  an g les  and m icro

scop ic  contact angles  which probably vary from po in t  to  po in t  on the su r

face and th e ir  in t e r - r e la t io n s h ip  w i l l  f a c i l i t a t e  fu r th er  c l a r i f i c a t i o n  

of the complex phenomenon of n u c lea te  b o i l i n g .



APPENDIX I 

HEAT TRANSFER DATA
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TABLE 1

C Values o f  the Rohsenow C o rre la t io n  with r=0.33 and s=1 .7  (Reference T ) sf  i

Surface-F lu id  Combination Cg .̂

Water - n ic k e l  0 .0064-

Water -  platinum 0 .013

Water -  copper 0 .013

Water - b rass  0 .006

Water - n ic k e l  and s t a i n l e s s  s t e e l  0 .013

Water -  s t a i n l e s s  s t e e l  0 .0 1 4

Carbon te tr a c h lo r id e  -  copper • 0 .013

Benzene -  chromium 0 .010

N-Pentane -  chromium 0.C15

Ethyl a lcoh o l - copper 0 .0027

Isopropyl a lcohol -  copper 0 .0025

35$ Potassium carbonate -  copper 0 .0054

50$ Potassium carbonate -  copper 0 .0027

N-Butyl a lcoho l -  copper 0 .0030
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TABLE 2 

Thermocouple Locations

1. Thermocouples Located in  the Copper P la te

. No. D istance from the 
Wall in  inches

D istance from the Top 
Surface in  inches

*1
3.015 0 .217

fc2
3.015 0 .765

fc3 3 .015 * 1 .302

fc4 2.003 0 .217

fc5 2.003 0 .7 7 4

‘ 6
2.003 1.324

*7
1 .0 0 0 0.217

fc8
1 .0 0 0 0.767

fc9
1 .0 0 0 1 .314

2. Thermocouples lo c a te d  on the eflee o f  the Copper P la te

T.C. No. D istance from the Top
Surface in  inches

t 10 0 .313

t  n  0 .797

t 12 1.188
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Thermocouple Locations (continued)

3 . Thermocouples attached  to the  

bottom surface  o f  the S t a in le s s  S t e e l  Fin

T.C. No. D istance from the w all  o f  the  
Copper P la te  in  inches

t 13 0 .250

1.750
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TABLE 4

TEMPERATURE MEASUREMENTS AT THE EDGE OF THE COPPER PLATE

285.37

281.78

274.45

269 .52

262.97

257.71

253.22

248 .74

245.45

240 .62

236 .34

230.43

229 .30

225.27
%

223.62

314.50

309.18

297.57

290.00

280.43  

273.15  

266.56

259.00  

254.08

248.41

242.48

235.45  

232.81

228.43

226.45

367.86

358.62

340.52

329.69

314.50

302.11

293.11

281.37

274.22  

264.59

256.41

245.41

239.00

232.93  

227.77

255.63

254.18

250.55

247.53

244.11  

241.61

238.55

236.49

234.49

231.72

228.74  

227.39  

225.84  

224.68  

223.88

211.02

210.98

210.96

210.96

210.95

210.95

210.94

210.94

210.92

210.92

210.90

210.90

210.90  

210.88 

210.88

AT °F 
4

44.61  

43 .20  

39.59

36.57  

33.16  

30.66

27.61  

25.55

23.57  

20.80  

17.84

16.49  

14.94  

13.80

12.50
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TABLE 6

TEMPERATURE MEASUREMENTS AND COMPUTED 
HEAT LOSS FROM THE STAINLESS STEEL FIN

Run No. Q
Btu t l3 fcl4 * 0

e
1

em Heat Lo 
Btu

42200 229.10 215 .16 231.50 2 1 2 .8 6 222.18 1631

39063 227.28 214.90 229.44 212.80 2 2 1 .1 2 1591

33985 224 .40 214.42 226 .10 212.72 219.41 1530

29610 223.50 214.41 225.12 2 1 2 .6 8 218 .90 1481

25953 223.22 214 .20 224.83 212.63 218.48 1452

22656 220.95 213 .70 224.24 212.52 217.38 1398

19427 2 2 0 .2 0 212 .60 221.51 211*35 216.43 1357

16253 219.48 211 .90 220.75 210.59 215.67 1318

14003 218 .80 210.92 220 .14 209.60 214.87 1273

11400 218.36 210.15 219.81 208.75 214.28 1235

9339 217 .94 209.83 219.32 208.50 213.91 1207

7395 217.46 208.62 218.98 207.14 213.06 1132

5850 216.95 208.35 218.50 206.90 212 .70 1090

4248 216.60 208.50 218.02 207.12 212.57 1070

3225 216.22 208 .55 217.57 .207.33 212.45 1052
36180 226.12 217.91 227.50 216.54 2 2 2 .0 2 1561

33223 224.62 216.88 225.97 215.55 220.76 1520

31157 223.33 214 .70 224.82 213.28 219.05 1463

27248 2 2 2 .1 0 212 .72 223.73 211.03 217.38 1401

24895 221.30 212 .14 222.81 210.75 216.78 1362

22372 220.32 211.50 221.50 2 1 0 .0 2 215 .94 1330

18721 219.43 211.16 220.84 209.76 215.28 1291

15737 218.93 2 1 1 .0 0 220.32 209.64 214.96 1270

13347 218.70 210.72 2 2 0 .1 2 209.40 214.76 1256

10690 218.20 210.42 219.56 209.12 214.01 1225

9036 217.80 210.30 219.10 208.98 214.01 1200

7200 217.42 2 1 0 .1 2 218.71 208.91 213.81 1181

A

B
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Run No. Q t ,„  t , .  0 -  6 . 0  Heat Loss„ 13 14 0 1 m d.Btu Btu

6284 217.00 210.03 218 .24  208 .84  213 .54  1154

5717 216.90  209.61 218.21 208.41 213.31 1132

4337 216.71 209.58 217.98 208.38 213.18 . 1117
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TABLE 7

HEAT FLUX vs TEMPERATURE DIFFERENCE

Run No. T ota l Heat In p u t, Fin Loss 
Q Btu/H r. Btu/Hr.

42390 1643

37598 1576

33092 1513

28874 1453

25086 1400

21430 1349

—18307 1305

15430 1264

12242 1220

10413 1193

8273 1164

6307 1136

4546 1111

3277 1094
42390 1643

37598 1576

28874 1453

21563 1351

18430 1307

15430 • 1264
12901 1229

1*0524 1195

8273 1164

6451 1138

5457 1124

4669 1113

3276 1094

1 Heat Loss Heat Flux Q/A, 
B tu /H r.F t2

AT ,°F  m

3 .9 209740 37.51

4 .2 185600 35.47

4 .6 162890 33 .86

5 .0 141620 32 .15

5 ,6 122530 30.48

6 .3 104100 28.78

7 .1 88360 27.06

8 . 2 73860 25 .70

1 0 .0 57790 24.36

11 .5 48570 23.03

14 .0 37790 21.95

1 8 .0 27880 20 .55

25 .5 19000 19.19

3 3 .4 12610 16.81

3 .9 209740 31 .49

4 .2 185590 29.98

5 .0 141620 27.83

6 .3 121800 26.21

7 .1 104770 24 .04

8 . 2 88980 2 2 .6 6

9 .5 73860 21.23

1 1 .4 61120 20.83

14 .0 49130 19.28

17 .6 37790 18.36

2 0 .6 28610 17.39

23 .8 19620 16.17

3 3 .4 12600 14.59
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Run N o .  T o t a l  H e a t  I n p u t ,  F i n  L o s s
Q Btu/Hr. Btu/H r.

Cu 3 44946 1679

42390 1643

37424 1574

33256 1515

28874 1453
25086 1400

21563 1351

18430 1307

15655 1268

12952 1230

10505 1195

8191 1163

6379 1137

4577 1112

3276 1094

Cu 4  44273 1670

42389 1643

37423 1574

33092 1513

28874 1453

25086 1400

21563 1351

18430 1307

15543 1266

12901 1229

10505 1195

8273 1164

6343 1137

4669 1113

3225 1093

Heat Loss Heat Flux Q/A, 
B tu /H r.F t2

AT ,°F  m

3 .7 222630 34 .40

• 3 .9 209740 32.79

4 .2 184720 30 .20

4 .6 163710 28 .10

5 .0 141620 26.77

5 .6 122530 25.13

6 .3 104770 23 .74

7 .1 88980 22.17

8 .1 75000 20.87

9 .5  * 61370 19.38

11 .4 49040 17.83

14.2 37380 16.85

17.8 28240 15.75

24 .3 19160 14.36

3 3 .4 12600 12.85

3 .8 219240 3 6 .1 4

3 .9 209750 35 .49

4 .2 184710 32 .85

4 .6 162890 30 .8 2
5 .0 141620 28 .20

5 .6 122530 27.26

6 .3 104770 24 .69

7 .1 88980 22.98

8 .1 74430 21 .32

9-5 61110 19.07

11.3 49040 17.49

14 .2 37790 16.69

17.9 28060 15.77

23.8 19620 14.99

33 .9 12350 13.93
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Run N o .  T o t a l  H e a t  I n p u t ,  F i n  L o s s  $  H e a t  L o s s  H e a t  F l u x  Q /A , AT , ° F
Q B t u / H r .  B t u / H r .  B t u / H r . F t ^  m

42390 1643 3 .9 209740 32.67

37598 1576 4 .2 185590 30.58

33092 1513 4 .6 162890 28.59

28874 1453 5 .0 141620 26.77

25229 1402 5 .6 123200 25.56

21696 1353 6 .2 105450 23 .86

18430 1307 7 .1 88980 22 .56

15543 1266 8 .1 74430 21 .14

12799 1227 9 .6 60600 19.74

10505 1195 11 .4 49040 18.51

8191 1163 14 .2 37380 17.37

6307 1136 18 .0 27880 16.36

4669 1113 23.8 19620 14.92

3276 1094 3 3 .4 12610 14.01

44703 1676 3 .7 221400 32 .80

42390 1643 3 .9 209740 32.18

37772 1579 4 .2 186470 30.91

33256 1515 4 .6 163710 29.57

29181 1458 5 .0 143170 27.75

25229 1402 5 .6 123250 25.98

21563 1351 6 ..3 104770 24.75

18737 1311 7 .0 90530 23 .73

15486 1265 8 . 2 74140 22 .63

12696 1226 9 .7 60080 20 .89

10413 1194 11;5 48590 19.86

8191 1163 14 .2 37380 18 .04

6343 1137 17.9 28060 17.05

4577 1112 24 .3 19160 16.17
3200 1092 34 .1 12220 15.07
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Run N o .  T o t a l  H e a t  I n p u t ,  F i n  L o s s  4> H e a t  L o s s  H e a t  F l u x  Q /A , AT , F
Q Btu/Hr. Btu/Hr.

Cu 7 39325 1600

33584 1520

29335 1460

25229 1402

21830 1354

18430 1307

15543 1266

12799 1227

10505 1195

8232 1163

6307 1136

4669 1113

3200 1092

Cu 8 43792 1663

38922 1595

33256 1515

29181 1458

25229 1402

21830 1354

18430 1307

15318 1263

12901 1229

10367 1193

§191 1163

6307 1136

4577 1112

3200 1092

Btu/H r.Ft^

4 .1 194300 3 2 .3 4

4 .5 165360 29.61

5 .0 143950 27.79

5 .6 123250 25.48

6 .2 106120 24 .26

7 .1 88980 23.26

8 .1 74430 2 2 .1 1

9 .6 60600 20 .74

11 .4 49040 19 .64

14 .1 37580 18.76
1 8 .0 27880 17.80

23 .8 19620 16.85

3 4 .1 12220 15.62
3 .8 216810 31 .09

4 .1 192270 29 .75

4 .6 163710 28.27
5 .0 143170 26.81

5 .6 123250 25.76

6 .2 106120 24.55

7 .1 88980 23.41

8 . 2 73290 2 2 .04

9 .5 61120 20 .92
11 .5 48340 19.61

1 4 .2 37380 18 .74
1 8 .0 27880 17.92
2 4 .3 19160 17.08
3 4 .1 12220 16.13
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Run No. T o ta l  Heat I n p u t ,  F in  Loss $  Heat Loss H eat F lux Q/A, AT ,°F
Q B tu /H r.  B tu /H r.  B tu / H r .F t2 m

44893 1679 3 .7 229460 3.4.00

42390 1643 3 .9 216350 33 .25

37946 1581 4 .2 193090 31 .44

32765 1508 4 .6 165970 30.30

29181 1458 5 .0 147210 28.63

25229 1402 5 .6 126520 26.96

21563 1351 6 .3 107330 25 .50

18430 1307 7 .1 90920 24.15

15543 1266 8 .1 75810 22 .80

12799 1227 •9 .6 61440 21.31

10505 1195 11 .4 49430 19.58

81' 1163 14 .2 37320 18.45

6451 1138 17 .6 28210 17.08

4608 1112 24.1 18560 15.92

3174 1092 3 4 .4 11050 14.46

44703 1676 3 .7 228470 34 .14

42390 1643 3 .9 216350 32.91

37598 1576 4 .2  . 191270 31.69

33256 1515 4 .6 168540 29.98

28874 1453 5 .0 145600 28.32

25086 1400 5 .6 125770 26.98

21696 1352 6 .2 108020 25.36

18430 1307 7 .1 90920 24 .05

15430- 1264 8 . 2 75220 23.06

12799 1227 9 .6 61440 21.81

10413 1194 1 1 .4 48950 20.40

8191 1163 14 .2 37320 19.50

6307 1136 18 .0 27460 18.61

4602 1112 24 .2 18560 17.57

3174 1092 3 4 .4 11050 16.32
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Run No.

Cu 10B

Cu 11

T o ta l  Heat I n p u t ,  F in  Loss f, Heat Loss Heat F lux Q/A, AT ,°F
Q B tu /H r.  B tu /H r.  B tu /H r .F t^  m

44703 1676 3 .7 228470 35 .30

42389 1643 3 .9 216350 34 .11

37598 1576 4 .2 191270 31.58

32929 1510 4 .6 166820 29 .52

28874 1453 5 .0 145600 27.88

25086 1400 5 .6 125760 26 .63

21563 1351 6 .2 107330 24.93

18430 1307 7 .1 90930 23.51

15430 1264 8 . 2 75220 22 .04

12696 1226 9 .7 60900 20.33

10321 1193 1 1 .6 48470 19 .02

8191 1163 14 .2 37320 18.01

6164 1134 1 8 .4 26710 16.75

4608 1112 24 .1 18560 15 .60

3123 1091 3 4 .9 .10790 14.38

44514 1673 3 .8 227480 43 .29

42205 1641 3 .9 219390 42 .76

37424 1574 4 .2 190360 40 .86

33092 1513 4 .6 167680 38 .92

28874 1453 5 .0 145600 36 .60

25086 1400 5 .6 125770 34 .50

21430 1349 6 .3 106630 32.01

18430 1307 7 .1 90920 30 .06

15430 1264 8 . 2 75220 28.68

12799 1227 9 .6 61440 25.95

10321 1193 1 1 .6 48470 23.95

8191 1163 14 .2 37320 21.97

6236 1135 18 .2 27080 19 .92

4608 1112 24 .1 18560 18.42

3174 1092 3 4 .4 11050 16.85
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Run No

Cu 12

1*

Cu 13

T o ta l  Heat I n p u t ,  F in  Loss $ Heat Loss Heat F lux  Q/A, AT ,°F
Q B tu /H r.  B tu /H r. B tu / H r .F t 2 m

44514 1673 3 .8 227480 44 .57
42574 1646 3 .9 217320 43.91
37424 1574 4 .2 190360 41 .78
32765 1508 4 .6 165970 39.67
28874 1453 5 .0 145600 37 .64
25086 1400 5 .6 125770 3 5 .0 4
21563 1351 6 .3 107330 3 2 .7 4
18431 1307 7 .1 90920 3 0 .30
15543 1266

rH•00 75810 28 .70
12799 1227 9 .6 61440 25.38
10505 1195 11 .4 49430 23.11
8191 1163 1 4 .2 37320 21.87
6164 1134 1 8 .4 26710 20.37
4608 1112 24.1 18560 18.63
3174 1092 3 4 .4 11050 16 .24

44514 1673 3 .8 227480 43.. 81
42574 1646 3 .9 217320 42 .85
37946 1581 4 .2 193090 40 .17
33092 1513 4 .6 167680 37.57
28720 1451 5 .1 144790 35 .22
25229 1402 5 .6 126520 3 3 .05
21563 1351 6 .3 107330 3 0 .8 4
18430 . 1307 7 .1 90920 28.95
15430 1264 8 . 2 75220 26.79
12799 1227 9 .6 61440 24.65
10321 1193 1 1 .6 48470 22.71
8355 1165 13.9 38180 ‘ 2 1 .1 0

6236 1135 18 .2 27080 19.67
4608 1112 24 .1 18560 1 8 .14
3174 1092 3 4 .4 11050 16.28
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Run N o .  T o t a l  H e a t  I n p u t ,  F i n  L o s s  $  H e a t  L o s s  H e a t  F l u x  Q /A , AT ,  F
Q B t u / H r .  B t u / H r .  B t u / H r . F t 2 m

Cu 14 45651 1689

43310 1656

38294 1586

33584 1520

29795 1466

25802 1410

21963 1356

18798 1311

15881 1270

13208 1233

10690 1198

8437 1166

6594 1140

4608 1112

3328 1094

Cu 15 45461 1687

42758 1649

37598 1576

33420 1517

30391 1475

25516 1406

21963 1356

18676 1310

15993 1272

13106 1232

10597 1195

8437 1166

6522 1139

4608 1112

3328 1094

3 .7 233430 .38 .64

3 .8 221180 37.76

4 .1 194910 36 .34

4 .5 170260 35 .62

4 .9 150420 33.67

5 .5 129520 32 .35

6 . 2 109420 30.78

7 .0 84320 29.41
8 . 0 77580 27.76

9 .3 63590 25.86

1 1 .2 50400 23.33

13.8 38610 21.45

17.3 28580 19.35

24.1 18560 17.18

32 .9 11860 14.97

3 .7 232430 36.33

3 .9 218280 35 .65

4 .2 191270 33 .64

4 .5 169400 32.08

4 .9 153540 30.69

5 .5 128020 29.31

6 . 2 109420 27.62

7 .0 92210 26.36

8 . 0 78170 25.18

9 .4 - 63050 23.88

11.3 49920 22.13

13.8 38610 20.55

17.5 28580 18.84

24.1 18560 17.21

32 .9 11860 15.45
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Run No. T ota l Heat Input, Fin Loss
Q Btu/Hr. Btu/Hr.

Ni 1 45326 1685

43420 1658

37946 1581

32765 1508

29335 1460

25802 1410

21963 1356

18430 1307

15881 1271

13106 1232

10597 1195

8355 1165

6307 1136

4608 1112

3225 1093

Ni 2 46970 1708

42390 1644

38120 1583

33584 1520

29335 1460

25516 1406

22096 1358

18799 1312

15881 1271

13208 1233

10690 1198

8437 1166

6379 1137

4669 1113

3328 1094

$  H e a t  L o s s  H e a t  F l u x  Q /A , AT , ° F
B t u / H r . F t 2 m

3 .7 232030 37.28

3 .8 222160 37.15

4 .2 200580 35 .50

4 .6 177340 33 .70

5 .0 154480 32 .04

5 .5 136060 31.03

6 . 2 115450 29 .40

7 .1 94270 28.23
8 . 0 79080 26.63

9 .4 62900 25.43

1 1 .2 49200 23.63

13.9 39380 22 .50

1 8 .0 30870 20.72
24 .1 23380 19.38

33 .9 14030 17.53
3 .6 242440 35 .73
3 .9 221510 34.61

4 .2 201150 32.91
4 .5 177820 31.25
5 .0 155760 29 .50

5 .5 134420 28 .32

6 . 1 115170 26.72
7 .0 96720 25.59
8 . 0 .81190 24.62

9 .3 65000 23.10

1 1 .2 51130 21.57
13.8 40460 2 0 .2 2

17.8 32280 18.90

23.8 23310 17.62
3 2 .9 14260 16.23
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Run N o .  T o t a l  H e a t  I n p u t ,  F i n  L o s s
Q B t u / H r .  B t u / H r .

47857 1720

43792 1663

37772 1579

33748 1522

29488 1462

26461 1420

22096 1358

19167 1317

16106 1274

13311 1235

10597 1196

8437 1166

6451 1138

4587 1112

3225 1093

45474 1686

43433 1658

39107 1597

33758 1522

29651 1464
25810 1410

22235 1360

19050 1315

15998 1272

13417 1236

10877 1200

8439 1166

6524 1139

4732 1114

3329 1094

Heat Loss Heat Flux Q/A, 
B tu /H r.F t2

AT ,°F  nr

3 .6  . 244980 44.21

3 .8 223700 42.26

4 .2 192180 39 .45

4 .5 171110 37.03

5 .0 148810 34.45

5 .4 132960 32 .54

6 . 1 110110 30.17

6 .9 94780 28.67

7 .9 78760 26.80

9 .3 64120 24.68

11 .3 49920 22.29

13.8 38610 20.93

17.6 28210 19.92

24 .2 18450 18.55

33 .9 11320 16.64

3 .7 237020 45 .12

3 .8 226330 44.07

4 .1 203690 41 .62

4 .5 175680 39 .14

4 .9 154180 36.57

5 .5 134070 34.28

6 .1 115360 32 .00

6 .9 98680 29.49
8 . 0 82700 27.51

9 .2 69190 25.52
1 1 .0 55900 23.35

13.8 43130 21.69

17.5 33110 20.30

23 .5 23720 18.64

32 .9 16380 16.95



Run N o . T o t a l  H e a t  I n p u t ,  F i n  L o s s  ^  H e a t  L o s s
Q B t u / H r .  B t u / H r .

47482 1715 3 .6 247460

45285 1684 3 .7 235960

43139 1654 3 .8 224730

37608 1576 4 .2 195790

33593 1520 4 .5 174770

29343 1460 5 .0 152530

25523 1406 5 .5 132530

22369 1362 6 . 1 116020

18804 1312 7 .0 97370

15998 1272 8 . 0 82680

13315 1235 9 .3 68640

10693 1198 1 1 . 2 54910

8603 1168 13 .6 43980

6596 1140 17 .3 33470

4670 1113 23.8 23400

3328 1094 32 .9 16370

48779 1733 3 .6 249810

43754 1663 3 .8 223500

38885 1594 4 .1 198010

34413 1531 4 .4 174600

30214 1472 4 .9 152610

26192 1416 5 .4 131560

22590 1365 6 . 0 112700

19255 1318 6 . 8 95240

16186 1275 7 .9 79170

13349 1235 9 .3 64320

10877 1200 1 1 . 0 51380

8631 1169 13.5 39620

6644 1141 1 7 .2 29220

4855 1116 2 3 .0 19850

3380 1095 3 2 .4 12130

H e a t  F l u x , 0 / 4
B t u / H r . F t 2
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AT ,°F  nr

42 .40

41.25

38.95  

36.89  

35.02  

32 .04

30.07  

28.11

25.51  

24.49  

22.82  

20.61  

18.83

17.17

15.07  

12.81  

52.01

46.51  

44.35  

41.55  

39.29

36 .94  

33.86

31 .64

30.94

29.17  

26.88  

24.32  

21.93

19.65

16.96
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Br 2

T otal Heat Input,  
Q Btu/Hr.

Fin Loss 
Btu/Hr.

dp Heat Loss Heat F lux, Q/A 
B tu /H r.F t2

AT ,°F m

49298 1741 3 .5 252530 39.96

44123 1668 3 .8 225430 38.60

39002 1596 4 .1 198620 37.31

34468 1532 4 .4 174890 35.50

30368 1474 4 .9 153420 33.81

26383 1418 5 .4 132560 31.48

22679 1366 6 . 0 113170 29.91

19337 1319 6 . 8 95670 27.54

16298 1277 7 .8 79760 26.01

13519 1238 9 .2 65220 24.13

10938 1201 1 1 . 0 51700 23.03

8603 1168 13.6 39480 21.98

6715 1142 17 .0 29590 21.03

4855 1116 2 3 .0 19850 19.47
3380 1095 3 2 .4 12130 17.68
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TABLE 8

SLOPE AND COEFFICIENT OF CORRELATION OF Q/A v s  AT PLOTS

Run No. G rains/inch  Slope o f  the C orrela tion
Q/A vs AT P lo t  C o e f f ic i e n t

Cu 12 1678 2.802 0 .9 9 0

13 1550 2.864 0 .987

11 1445 2.938 0 .9 9 2

14 1216 3.073 0 .998

15 955 3.438 0 .997

9 730 3.337 0 .991

2 620 3.562 0 .987

10A 584 3.845 0 .9 8 0

6 512 3.453 0 .9 8 8

7 4 0 0 3.733 0 .9 7 5

8 146 4.091 0 .983

Ni 4 1300 2.592 0 .991

3 1033 2.953 0 .981

1 ' 850 3 .642 0 .997

2 675 3.482 0 .993

Cr 1 too small 2.297 0 .997

Br 1 too small 2.781 0 .993

2 . ~ 2 0 0 0 3.441 0 .9 8 2
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TABLE 10

PERCENT DEVIATION OF EXPONENTS r 2 AND r3 FROM IN ROHSENOW CORRELATION

Run No. Percent  
D eviation  o f  

r ana r^ Values  
from Values

Percent o f  r 2 
Values w ith in  

D evia tion  
Percentage

Percent o f  r 
Values w ith in  

D evia tion  
Percentage

Cu 1 to 10$ 50.0$ 50.0$
Cu 15 20$ 75.0$ 87 .5$

25$ 81 .3$ 93.8$
30$ 87.5$ 1 0 0 . 0$

40$ 1 0 0 . 0$ “

Ni 1 to 10$ - -

Ni 4 15$ 50.0$ 75.0$

20$ 75.0$ 1 0 0 . 0$

25$ 1 0 0 . 0$ -
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TABLE 11

COMPARISON BETWEEN EXPERIMENTAL VALUES

OF C ,  AND r AND CALCULATED VALUES USING THE MODIFIED s f
ROHSENOW CORRELATION (Eq. 49) FOR COPPER PLATED SURFACES

Run No. Grain Ratio  
_ . e r a in s / in c h  

600

Experimental Values 

Cs f

C alcu lated Values

r

Cu 12 2.797 0.0175 0.350 0.0175 0.351

13 2.583 0.0168 0.340 0.0171 0 .342

11 2.408 0 .0174 0.335 0.0168 0 .334

14 2.027 0.0161 0.324 0 .0161 0.317

15 1.592 0 .0150 0.289 0 .0154 0.298

9 1.217 0.0139 0.294 0.0147 0.282

* 2 1.033 0 .0134 0.273 0 .0144 0.273

10 0 .973 0 .0143 0.250 0.0143 0.271

6 0.853 0.0138 0.283 0.0140 0.266

7 0 .667 0.0137 0.255 0.0137 0.257

8 0.243 0.0136 0.236 0.0130 0.239

O rig ina l unplated  copper surface
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TABLE 12 

PROPERTIES OF WATER

Temperature F

S p e c i f i c  Heat, B tu /lb m“°F

• V is c o s i ty ,  lb / f t . h r .J m
D en sity  o f  Saturated  L iquid ,

lb  / c u . f t .  m
D en sity  o f  Saturated  Vapour,

lb  / c u . f t .  m
Thermal C ond uctiv ity  o f  
Saturated  L iquid , B t u /h r . f t .  F

Surface Tension o f  Saturated  
L iquid , l b ^ / f t .

Latent Heat o f  V aporiza tion ,
B tu /lb m

200

1 .004

0 .7400

60 .13

0 .3 9 2

212

1.00697

0.6876

59.81

0.0373

0.393

0 .0042

970.6

TABLE 13

PROPERTIES OF AHR AT ATMOSPHERIC PRESSURE

Temperature, F

V i s c o s i t y , l b  / f t . h r .J 3 m
Thermal C on d u ctiv ity ,  

B t u /h r . f t . ° F

S p e c i f i c  Heat, B tu /lb  -°Fm

100

0.0459

0.0157

0 .240

150

0 .0484

0.0167

0.241

220

1.007

0.6500

59.63

0.395

200

0.0519

0.0181

0.241
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TABLE 14

ABSOLUTE INTERFACE FREE ENERGIES IN ERGS/CM2

Metal
4-

I n v e s t ig a to r Value
G

Temperature
Range

Copper Grain Boundary B a iley  and Watkins 640 800-900°C

Sears 860 800°C

Fuliman 490 945°C

Van Vlack 595 1000°C

Mean 646

Copper Metal Hutting 1650 32.5°C

U din ,Shlaer,W ulff 1650 1000°C

Ratio o f  in t e r fa c e  f r e e  en erg ies 646
1650

1
3

The su rface  tension , or i n t e r f a c i a l  ten s io n  i s  id e n t i c a l  nu m erica lly  to 

the surface  f r e e  energy i f  expressed  in  the same type o f  u n i t s .* *

R atio o f  i n t e r f a c i a l  ten s io n s  fo r  copper gra in  boundary and copper s o l id
. Gb _  °b _  1 m eta l, ,sv osv

*
McLean, D .,  Grain Boundaries in  M eta ls ,  Oxford a t  the Clarendon 

P r e ss ,  1957, pp. 76 -80 .

Sw alin , R .A ., Thermodynamics o f  S o l id s ,  John Wiley and Sons I n c . ,  
New York, 1962, p. 181, 204.
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APPENDIX II  

SAMPLE CALCULATIONS

A. C a lcu la t ion  o f  Heat Loss 

Follow ing the method o f  W.H. Murray (M^) and using  the  

temperature measurements t ^  t ^  ° f  the s t a i n l e s s  s t e e l  f in  g iven  in  

Table 6 , an equation  was developed to e s t im ate  the h ea t  lo s s  from the f in  

at various  h eat in p u ts  as i l l u s t r a t e d  below:

$  =  7T

p l a n e  o f

SYMMETRY
F I N  BASEi

Z2Y

F I G - 4 2  DIAGRAM OF T H E  C I R C U L A R  FIT,’ OF  

UNI FORM T H I C K N E S S
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The s t a i n l e . s  s t e e l  f in  i s  con sid ered  as rec e iv in g  heat  

through one edge whose temperature i s  known and tra n sm itt in g  to the sur

rounding medium through the exposed su r fa ces .  A d i f f e r e n t ia l ' e q u a t io n  o f  

h eat f low  can be s e t  up by making a heat balance on the elem ental p a r t i c l e  

as i l l u s t r a t e d  in  the figure(Fig.42)which y ie ld s

^ e + i l g + i _ i A  = h_e . (52)
. 2  r Br 2 a .2 Icydr r

The s o lu t io n  o f  the above equation fo r  0 ,  the temperature at  

any p o in t  on the f i n ,  i s  an i n f i n i t e  s e r ie s  in v o lv in g  m odified  B e sse l  

Functions o f  the f i r s t  and second kind and may be w r it te n  as

Tl:~co
6 =  E, (A coslx £  +  B sin|i. $ ) [ I  (mr) +  C K (mr) 1 (33)n- 1  n *n n 'n  v L p,n y n p,n ' J '

where m = / r ~  and A , B , C , u, are four arb itrary  c o n sta n ts  whose V ky n 3 n 5 n n J

v a lu e s  are eva luated  u sin g  proper boundary c o n d it io n s .  This r e s u l t s  in  

a ra th er  com plicated  ex p ress io n  f o r  the temperature 0 as g iven  in  the  

o r i g in a l  paper (M^).

The equation fo r  heat t r a n s fe r  through the f in  i s  then  

exp ressed  as — y*h<?dA, which fo r  the s p e c ia l  case  o f  uniform tempera

ture around the inner edge o f  the f in  reduces , a f t e r  s u b s t i tu t in g  the 

ex p ress io n  fo r  to a sim pler  form:

Qf  = l*'n̂ 0 r0 A ky x § ( 5 4 )

where

I^(mR) Kj (mrQ) “ K^(mR) X^( mr^)
 ̂ I^(mR) K^mr^) +  K^(mR) I^m r^) (55)
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Br A pp lication  o f  Equation (54) to Compute Heat Loss

From Table 6 , at  t o t a l  heat input o f  39063 Btu

=  2 2 7 .28°F and t , .  = 214.90°F  
113 • -14

The temperature 0 o f  the in ner  edge o f  the f in  was c a lc u la -

£§;! by l in e a r  e x tr a p o la t io n  along the f i n  radius and cou ld  be assumed to 

h§ unifprm ground the edge without any s e r io u s  p r io r .

gggygptipn from i t s  top surface to  water at near b o i l in g  temperature and 

tFP^sfpr by con vection  from i t s  bottom su rface  to a i r  at room 

Igrtipgppturp. These two p arts  were computed sep a r a te ly  and added togeth er  

60 £FFiV0  £6 fbe t o t a l  heat lo s s  gs shown below.

| f  hggt from Fin to Water on One S ide

The convection  hea;. i t t -n s fer  c o e f f i c i e n t  h was c a lc u la te d  ‘ -------------- ----- cw

ysjpg fhe fo llo w in g  g p r r e la t io n  o f  Fishenden gnd Sanders (M^):

6  ppmputed = 229.44°F  
P

The heat lo s s  from the f in  p o n s is te d  o f  th e  heat t r a n s fe r  by

~  (aL3A t)^ (56)

(57)

L — giam eter o f  f in  — 10 in ch es

gnd

r- p. 14 fo r  heated su rfaces  fa c in g  upward 

A t f= temperature d if fe r e n c e  between the mean temperature o f

the  s u r f a c e  and th e  te m p e ra tu re  o f  t h e  am bient f l u i d .

= 221.12 - 211.34 -  9 .78°F
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The p h y s ica l  p ro p er t ie s  Cj>, k, p, p. ancl p^of the f l u i d  were 

eva luated  a t  a f i lm  temperature halfway between the mean temperature of

the surface  and the temperature o f  the ambient f l u i d .  At the f i lm

,  221.12 + 211.34 .............o„temperature o f  ------------   216.23 F, the p h y s ic a l  p ro p er t ie s  o f

water were eva luated  from Table 12 and s u b s t i tu te d  in  Equation (56) to

ob ta in  a h  = 150 — r  . From Equation (54),
h r . f t  F

Q, o r  Q l o s s  to water =  r x  / h icy x E (58)xlw------------------------------ r-----  o o V cw ’
■ , ' _  / ncw

To eva lu a te  m̂  ~  \J~

150.6
1 0 .1  x 12 x  1 /8

=  3 .153  inch  ̂ u n i t s

m r =  3 .153  x 3 =  9 .46w o

m R =  3 .153  x 5 =  15.77  w

S u b s t i tu t in g  the corresponding v a lu e s  o f  the m odified  B essel  

fu n c t io n  (W^) in  Equation (55) y i e ld s  a va lu e  very c l o s e  to u n ity  fo r  § .  

Therefore from Equation ( 5 8 ) ,  Q̂ w =  1503.5 B tu /hr.

2. Heat Loss from Fin to  Air

The h eat tr a n s fe r  co e ff ic ien t  h was c a lc u la te d  as beforeca

u s in g  the fo l lo w in g  c o r r e la t io n  which i s  a p p lica b le  fo r  coo led  p la te s  

fa c in g  downwards in  the laminar range (M^).

L P2S p / t  c , , i  0 .25
hca  =  ° - 2 7 1— 3 —  <1 r h  ^

M*

The f i lm  temperature o f  a ir  ~  — ^  +  = 147.56°F . S u b s t itu t in g

the p h y s ica l  p ro p er t ie s  o f  a ir  eva lu ated  from Table 13 at the above f i lm



172

temperature in  Equation ( 5 9 ) ,

h =  1.285  ca

_  r ca _  /1 .2 8 5 ___________  _  » . . - 1
ma V ky V 10.1  x 12 x 1/8 ° ‘ 2912  lnch

m r =  0 .2912  x 3 =  0 .8736  a o

m R =  0 .2912 x 5 =  11.456  a

From Equation (55) us ing  proper v a lu e s  o f  m odified  B esse l  fu n c t io n s ,  §

was c a lc u la te d  to  be 0 .6 7 7 3 .

Q or  Q l o s s  to a ir  =  2v0  r , / h W x §^la  o o * ca  ;  5

= 8 7 . 5  B tu /hr.

Total h eat lo s s  at a heat input o f  39063 Btu i s  then equal to  the sum o f

Q lo s s  to  water and Q lo s s  to  a i r .

i . e .  Q t o t a l  l o s s  =  Q, +  Q =  1503.5 +  8 7 .5lw l a

— 1591 B tu /h r .

.S im ila r  h eat l o s s  c a l c u la t io n s  were made at o th er  power inputs

and the r e s u l t s  obtained  were tab u la ted  in  Table 6 . A l in e a r  b es t  f i t  o f

the above r e s u l t s  y ie ld e d  an equation  o f  the form,

Q lo s s  =  0 .01406 *Q input +  1047.5  (60)

w ith  a c o e f f i c i e n t  o f  c o r r e la t io n  o f  b e t t e r  than 0 .9 8 .  In a l l  the sub

sequent experim ental runs, E q u ation .(60) was u t i l i z e d  to  c a lc u la t e  the

t o t a l  h ea t  l o s s e s  through the s t a i n l e s s  s t e e l  f i n  and th ese  are recorded

in  Table 6 .
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3. Heat Loss Check

Run C u . 11

Total heat input 44514 Btu/hr

Condenser w ater i n l e t  temperature, °F — 38.1°F  

Condenser w ater o u t l e t  temperature, °F =  72«1°F

Watef flow ra te — 20.95 lbs/m inute

=  1257 lb s /h r .

Heat tra n sferred  from steam to c o o l in g  water

1257 x 1 x (7 2 .1  -  38 .1 )  =  42738 B tu /hr.

Heat unaccounted,

Qlo s s  2 =  44514 -  42738 

= 1776 B tu /hr.

Heat lo s s  through the f in  as c a lc u la te d  p rev io u s ly  (Table 6 ) ,

Q, . =  1673 Btu/hr  lo s s  1

Q lo s s  2 _  1776 _ ,
Q i o s s l  ~  1673 _ 1 ' 06

4 . C a lc u la t io n  o f  Surface Temperatures

Run No. Cu. 11

Total heat input =  44514 But/hr  
(Table 6 )

Temperatures in d ica te d  by thermocouples in  F:

=  253.71  

t 2 =  297.22  

t 3 =  328.79

t .  =  270 .00  4

t 5 = 313 .36  

tg =  369.35

t ? =  283.11  

t g =  327.35  

t 9 =  391.00
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Thermocouple p o s i t io n s  from the top surface  (Table 2) in  in ch es:

t ,  P . 217 t  =  0 .217  t_  =  0.217*• 1 4 7

p„ =  p . 765 t .  -  0 .7 7 4  t .  =  0 .767i. ' p o

?= 1.302 t ,  ;= 1 .324  t n =  1.314r3 6 9

Simply J.pnear e x tra p o la t io n  gave the corresponding temperatures o f  the

Surface gs shown below (Table 5 ) :

T , = 2 40 .53°F T ?= 248.33°F T =  258.96°F
61 ** 82  So

Thg P  ̂ PPr?rP*-a?;i 0P 9  ̂ above l in e a r  b est  f i t s  were

Pr9?4 ?§spP?t:ivpiyf

§ r g g ig u ig t ip n  pf AT

ggpyrgtipn pemperature Tj, porresponding to the lo c a l  pressure

s  I | i , g 7 e F

A? =  r Tj = 29.33°F

M g  =  -  T| -  47 ,76°F

AT.i the pprrpsponding temperature d i f f e r e n c e  o f  the top edge o f  theCj" '
pppper p lg te  was ob ta ined  from Table 4, i . e .  AT  ̂ =  44 .61°F .

x 2fh e  gbove AT v a lu e s  were p lo t t e d  ag a in st  (— ) as shown inr o
F ig ,  f>, Vsing g pomputer progrgmme, numerical in te g r a t io n  was performed

l* 9 A
fpp v a lu e s  p f ( ^ ) -  from 0 to 1 to ob ta in  a AT o f  43.29 F. Values o f-   m '

AT  ̂ W§?§ pbtained  gs above fo r  p ther power inputs gnd tabu lated  aga in st

pprrgptpd h eat f lu x  Q/A in  Table 7.
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C. A pplication  o f  Rohsenow’s C orre la t ion  to th e  Data 

Rohsenow's c o r r e la t io n  i s  (Equation ( 4 8 ) ) ,

S f e  -  c  f j a Z A .  f v  /  3 , s
hfg  s f  / g ( p r pv ) p

For w ater the prandtl number exponent s — 1. Rearranging the above 

equation  and taking logarithm s on both s id e s ,

L o8[^ T  =  Los c *£ +  r  Los / 5 p p  {61)

The above exp ress ion  tak es the form o f  a. l in e a r  f i t  on lo g - lo g  paper.

The p h y s ica l  p r o p e r t ie s  o f  water were ob ta ined  at the average 

s a tu r a t io n  temperature corresponding to  the lo c a l  pressure readings  

during a run. Typical v a lu e s  o f  th ese  at standard c o n d it io n s  are g iven  

in  Table 12 and c o r r e c t io n s  were applied  fo r  d e v ia t io n s  from standard  

c o n d it io n s  encountered in  the actu a l runs.

Example:' Run Cu. 11

Average s a tu r a t io n  temperature t̂ > ~  211.20°F

=  1 .00688 B tu /lb  ,°F  m

=  0 .6 9 0 lb / f t . h r .  m,

=  0 .393 B t u /h r . f t . ° F

h
fg

=  970.86 Btu /lb m

PJ =  5 9 .8 4 lb / c u . f t .  m

Pv = 0 .03675 lb / c u . f t .  • m

a “  0 .0042 lb / f t .  £
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From Table 7 va lu es  o f  Q/A and AT were s u b s t i tu te d  in  Equation (61)m

and by the l e a s t  square method the b es t  v a lu e s  o f  the  slope r and the  

in te r c e p t  Log C  ̂ were eva luated .

Slope r =  0 .3348  

Log Cs f  =  -1 .7 5 9 3

hence3

Cs f  =  0 ,0 1 7 4  ( Table 9)
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APPENDIX II I  

ERROR ANALYSIS 

The fo llo w in g  are the p o s s ib le  sources o f  error  in  the  

presen t experim ental measurements:

1. Errors in  measuring the power input.

2. Errors in  computing the heat l o s s e s .

3 . Errors in  measuring and e x tra p o la t in g  the thermo

couple read ings .

4. Errors in  the grain, s i z e  determ ination.

1. Errors in  Measuring the Power Input

T.he ammeter and vo ltm eter  used in  power measurements were 

c a l ib r a te d ,  p e r io d ic a l ly  checked a g a in s t  standard instruments and proper 

c o r r e c t io n s  were app lied  to the read ings. P o s s ib le  errors  due to p ara lla x  

in  reading meters were as fo l lo w s :

Weston A.C. Voltmeter 0  -  75v +0.25v

75 -  150v +0 . 25v

150 -  300v Hf).50v

Weston A.C. Ammeter 0 -  10A j<). 05 A

10 -  2 0 A + 0 .0 5 A

20 -  50A + 0 . 10A

Errors in  measured power in p u ts  on account o f  the above 

p a r a lla x  err o r s  are,

High f lu x  ( l9 0 v ,2 5 A ,in  each phase) 0 .75$

Low f lu x  (50v, 6A, in  each phase) 1.50$
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2The power lo s s  ( i  R lo s s )  in  th e  w iring between the meters  

an3 the c a r tr id g e  h ea ters  was computed from the s i z e ,  length  and r e s i s 

tance o f  the copper conductors used . This quantity  was very small 

(maximum o f  0.25^) and was subtracted  from the meter readings to ob ta in  

the c o rr ec ted  power in p u ts .

2 . Errors in  Computing the Heat L osses

There are three p o s s ib le  sources o f  heat l o s s :

(a )  heat l o s t  from the top surface o f  the s t a i n l e s s

s t e e l  f in  to  water.

(b) heat l o s t  from the bottom surface  o f  the s t a i n l e s s  

s t e e l  f i n  to  the thermobestos in s u la t io n .

( c )  heat l o s t  from the h ea ter  u n it  i t s e l f  to  the th er -  

mobestos b lock  in s u la t io n .

The heat l o s t  through the s t a i n l e s s  s t e e l  f i n  has been 

computed and appears in  Appendix I I .  This was su btrac ted  from the t o t a l  

heat f lu x  to  ob ta in  the co rrec ted  heat f lu x  in  Table 7 . However the f in  

equation  used incorporates  some assumptions and an approximate es t im ate  

o f  the erro rs  introduced  due to th ese  w i l l  be +5$ o f  the computed l o s s .

In the above c a lc u la t io n s  the bottom su rface  o f  the f in  was 

assumed to lo se  heat to atmospheric a ir  whereas i t  a c tu a l ly  tra n sferred

heat to th e  a sb estos  in s u la t io n  packed underneath. I t  w i l l  be p r esen t ly

shown th a t  the heat l o s s  through modes (b ) and (c )  when added to g eth er  i s  

num erica lly  equal to the heat lo s s  from f i n  to atmospheric a ir  and th ere 

fo r e  no s i g n i f i c a n t  error i s  introduced by the above assumption.
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The su rface  o f  the heater  u n it  was approximately at 400°F ' 

at the h igher ranges o f  heat f lu x  ancf the ou ter  su rface  o f  the in s u la t io n  

was a t  100°F. From the inform ation book let on thermobestos in s u la t io n ,

Surface In su la t io n
Diameter Temp. Thickness Temp. Heat l o s s / f t .

10"  400°F 4 "  100°F 110 Btu/hr.

For a 9" length  o f  in s u la t io n ,  h eat lo s s  i s  110 x 0 ,7 5  “  8 2 .5  Btu/hr.

Heat lo s~  from the f i n  to in s u la t io n ,

Q_ F-I =  kMT l o s s  mean

= 0.105X [ ( ^ ) 2 -  (^ ~ )2 ] x 116

~  5 Btu/hr.

Total heat l o s s  to in s u la t io n ,  (b) +  (c )  — 8 7 .5  Btu/hr,  

which i s  equal to the heat lo s s  from the f in  to atmospheric a ir  as 

c a lc u la te d  in  Appendix I I .  A probable error  o f  +10^ was assigned  to the  

above c a lc u la t io n s .

3 . Errors in  Measuring and E xtrapolating  Thermocouple Readings

The thermocouples used were p e r io d ic a l ly  c a l ib r a te d  in  an 

o i l  bath. They were p ressed  aga in st  the surface  o f  c o n ta c t  and h eld  in  

p o s i t io n  w ith s p r in g s .  Great care was taken to in s u la t e  the ju n ction s  

o f  thermocouples, lead  w ires  and connecting p o in ts  on the sw itch es .

A fter  c a r e fu l ly  fo l lo w in g  the a fo resa id  procedure, one can assume that  

the errors  in  temperature readings because o f  the above fa c to r s  are l i k e l y  

to be very sm all.  The m i l l i v o l t  potentiom eter had a d ia l  which can be 

read to +0.002 mv. This might have introduced an erro r  o f  +0.1°F in  the
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temperature measurements.

Another source o f  error i s  due to the e x tr a p o la t io n  o f  the 

thermocouple readings to ob ta in  the su rface  temperatures. The thermo

couples  were embedded at t y p ic a l  lo c a t io n s  which were r e p r e se n ta t iv e  o f  

the whole area o f  the  heat tra n sfer  s u r fa c e .  A s in g le  va lu e  o f  the e x tr a 

p o la ted  surface  temperature was est im ated  to have an error  o f  + 0 .5 °F .  

Assuming an error  o f  0 .1°F in  the s a tu r a t io n  temperature o f  the liqu id.,  

a t o t a l  error  o f  + 0 .7°F  in  the c a lc u la te d  AT va lu es  i s  probable. This 

error when expressed  in  percentage amounts to about +5$ at AT o f  15°F and 

+2$ at a AT o f  40°F.

4. Errors in  the Grain S ize  Determination

During each run three r e p r e se n ta t iv e  sp o ts  were s e le c t e d  

and p o lish ed  on the su r fa ce .  At each sp o t ,  s ix  counts were made by ro

ta t in g  the ey ep iece  o f  the microscope and counting the number o f  the  

gra ins  b is e c te d  by the 0 .01  inch long r e t i c l e  l i n e .  A ty p ic a l  gra in  count 

as measured in  Run Cu 12 i s  g iven  below:

Spot 1 Spot 2 Spot 3

No. o f  
g ra ins

D ev ia tion  
from Mean

No. o f  
g ra in s

D eviation  
from Mean

No. o f  
gra ins

D ev ia t ion  
from Mean

16 0.78 17 0 . 2 2 17 0 . 2 2

15 1.78 17 0 . 2 2 19 2 .2 2

16 0.78 18 1 .2 2 17 0 . 2 2

15 • 1.78 17 0 . 2 2 17 0 . 2 2

16 . 0 .78 18 1 . 2 2 18 1 .2 2

16 0.78 17 0 . 2 2 16 0 .78
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Average number o f  grain  — 16.78 per 0 ,01 inch

= 1678 per inch .

Average r e l a t i v e  d ev ia t io n  from mean = 14 .88 /18  — 0.8267

67 x 1 

16.78

. . .  0 .8267 x 100 _  ^percent d ev ia t io n  from mean — ■— ------------------ — 5Jo

C a lcu la t io n  o f  t o t a l  error  

High heat f lu x :

Total f lu x  Q ~  47500 B tu /hr.
Fin and Q̂ — 1600 B tu /hr.
Body Losses 100 B tu /hr .
Wire Loss Q — 160 B tu /hr.

Total error =
Qf +  Q f  +Q f  I- Q f  
^ T 1  2 2 3

Q - (Q1+ Q2+Q3)

Low heat f lu x :

Total f lu x  
Fin and 
Body Loss 
Wire Loss

Q -  3075 B t u /h r . . 
Q3— 1000 Btu/hr.  
Q2~  70 Btu/hr.
Q3^  10 B tu /hr.

Fraction  error

f  =  0 .0075  
f  =  0 .05  
f 2=  0 . 1
f^'- n e g l ig ib le  

x 100 ^  ljg

F raction  error  
f  =  0.015  

f  =  0 .05  
=  0 . 1  

f^ =  n e g l ig ib le

Total error — 5$

The free  con vection  heat t r a n s fe r  mechanism probably s t a r t s  

to in f lu e n c e  at low h ea t  f lu x e s j  hence the g re a te r  error  i s  at the 

lower end o f  the b o i l in g  curve. The err o rs  w i l l  l i e  between the above 

two extremes at other v a lu e s  o f  heat f lu x .

A summary o f  the estim ated  err o rs  in  the presen t in v e s t ig a t io n

i s  as fo l lo w s :  ’ Q/A ATm Grain
« count

• High heat f lu x  (250000 B tu /hr. f t^  AT~40°F) +1# +2fo +5#

Low heat f lu x  (11000 B t u / h r . f t 2 AT —15°F) +5# +5jg +5%
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