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ABSTRACT

An a p p a r a tu s  was c o n s t r u c te d  f o r  th e  d e te r m in a t io n  o f  

thermodynamic p r o p e r t i e s  and c o n v e c t iv e  h e a t  t r a n s f e r  c o e f f i 

c i e n t s  f o r  p ropane  i n  th e  s u p e r c r i t i c a l  r e g io n .  Propane was 

c i r c u l a t e d  th ro u g h  a c lo s e d  h e a t  t r a n s f e r  loop  c o n ta in in g  an  

e l e c t r i c a l l y  h e a te d ,  h o r i z o n t a l ,  0 .3  in c h  I .D .  In c o n e l  tu b e .  

The tu b e  s e rv e d  a s  a f low  c a l o r im e te r  to  measure s p e c i f i c  

e n th a lp y  changes a t  TOO p s i a  a s  a f u n c t i o n  o f  th e  i n l e t  and 

e x i t  b u lk  f l u i d  te m p e r a tu re s  i n  th e  range  l6 5  -  250P. The 

e n th a lp y - t e m p e r a tu r e  b e h a v io r  was c o n s t r u c t e d  by a l e a s t  

s q u a re s  com puter f i t  u t i l i z i n g  th e  Schm idt o r t h o g o n a l i z a t i o n  

a lg o r i th m .  The d a ta  a r e  b e l i e v e d  a c c u r a t e  t o  0 .5  B tu /lbm .

The i s o b a r i c  h e a t  c a p a c i ty  was c a l c u l a t e d  from th e  e n th a lp y  

d a t a .  The thermodynamic r e s u l t s  a r e  t a b u l a t e d  and p r e s e n te d  

g r a p h i c a l l y  a s  a  f u n c t i o n  o f  t e m p e ra tu re .  C a lo r im e t r ic  d a ta  

were n o t  p r e v i o u s ly  a v a i l a b l e  f o r  propane in  t h i s  r e g io n .

Heat t r a n s f e r  c o e f f i c i e n t s  were d e te rm in e d  from  meas

u rem en ts  o f  th e  w a l l  t e m p e ra tu re  p r o f i l e  and h e a t  f l u x ,  and 

c a l c u l a t i o n s  o f  th e  b u lk  f l u i d  te m p e ra tu re  a t  v a r io u s  p o s i 

t i o n s  a lo n g  th e  tu b e .  The range  o f  v a r i a b l e s  s tu d i e d  was:

R eynolds Number: 80 ,000  to  800 ,000
Heat t r a n s f e r  r a t e :  10 ,000  to  120,000

B t u / h r . s q . f t .
B ulk  f l u i d  te m p e ra tu re  : l6 5  -  250F

iv



The e x p e r im e n ta l  c o e f f i c i e n t s  e x h ib i t e d  normal behav

i o r .  A f t e r  e n t r a n c e  e f f e c t s ,  th e  h e a t  t r a n s f e r  c o e f f i c i e n t s  

i n c r e a s e d ,  d e c r e a s e d ,  o r  rem ained e s s e n t i a l l y  c o n s ta n t  w i th  

l e n g t h  depend ing  p r i m a r i l y  on w h e th e r  th e  r a t i o  d f  the  w a l l -  

t o - b u lk  s p e c i f i c  h e a t  c a p a c i t i e s  was g r e a t e r  th a n ,  l e s s  th a n ,  

o r  a p p ro x im a te ly  u n i t y .  R e la t i v e  maximums were ob se rv ed  in  

th e  h e a t  t r a n s f e r  c o e f f i c i e n t s  a s  a f u n c t i o n  o f  b u lk  o r  w a ll  

t e m p e ra tu re  a t  c o n s t a n t  h e a t  f l u x  and Reynolds number. The 

r e l a t i v e  maximums became s m a l l e r  and l e s s  pronounced and were 

d i s p l a c e d  f u r t h e r  from th e  t r a n s p o s e d  c r i t i c a l  te m p e ra tu re  a s  

th e  h e a t  f l u x  was i n c r e a s e d .

An e x p re s s io n  f o r  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  

p ro posed  which r e p r e s e n t s  an  e x te n s io n  o f  P e tu k h o v 's  e q u a t io n  

t o  a c c o u n t  f o r  d e n s i t y  e f f e c t s :

' r ^  ^  k^j x 0 . 2 0  X Pb n O . 2 7  X Hb

T h is  e q u a t io n  c o r r e l a t e s  s u c c e s s f u l l y  l o c a l  h e a t  t r a n s f e r  

c o e f f i c i e n t s  f o r  p ropane  i n  th e  s u p e r c r i t i c a l  r e g io n .  The 

c o r r e l a t i o n  re d u c e s  t o  th e  c o n v e n t io n a l  e x p re s s io n  when a p p l i e d  

t o  r e g io n s  where p r o p e r t y  v a r i a t i o n s  a r e  sm a ll  and y i e l d s  con

s e r v a t i v e  e s t im a t e s  i n  th e  n e a r  t r a n s p o s e d  c r i t i c a l  s t a t e .
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FORCED CONVECTIVE HEAT TRANSFER AND THERMODYNAMICS 

IN THE SUPER CRITICAL REGION

CHAPTER I  

INTRODUCTION

W ith th e  developm ent o f  equipm ent f o r  h e a t  t r a n s f e r  

a t  ex trem e o p e r a t in g  te m p e ra tu re s  and p r e s s u r e s ,  th e  problem  

o f  v a r i a b l e  f l u i d  p r o p e r t i e s  has become more s e v e r e .  Large 

te u ip e ra tu re  d i f f e r e n c e s  betw een th e  f l u i d  and th e  c o n ta c t  

s u r f a c e  a t  o r d in a r y  c o n d i t io n s  can cause  a s e v e r a l f o l d  change 

i n  th e  p h y s i c a l  and thermodynamic p r o p e r t i e s .  However, a s  

long  a s  t h e s e  v a r i a t i o n s  a r e  u n ifo rm , th e  u s u a l  e m p i r i c a l  o r  

s e m i t h e o r e t i c a l  c o r r e l a t i o n s  u s in g  c o n s ta n t  o r  r e f e r e n c e  

s t a t e  p r o p e r t i e s  have g e n e r a l l y  been  s u c c e s s f u l  i n  p r e d i c t i n g  

th e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  When th e  p r o p e r ty  v a r i a 

t i o n s  a r e  b o th  i r r e g u l a r  and l a r g e ,  such  a s  o c c u rs  i n  th e  

c r i t i c a l  r e g io n  o f  a  f l u i d ,  th e  c o n v e n t io n a l  c o r r e l a t i n g  

te c h n iq u e s  have n o t  been  s u c c e s s f u l .

The m ajo r  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was to  

s tu d y  f o r c e d  c o n v e c t io n  h e a t  t r a n s f e r  i n  th e  s u p e r c r i t i c a l  

r e g io n  and to  d e v e lo p  a method o f  c o r r e l a t i n g  th e  r e s u l t s  

so  t h a t  p r e d i c t i o n s  m ight be made w ith o u t  h e a t  t r a n s f e r  meas

u re m e n ts .  P rop an e , whose c r i t i c a l  p o i n t  o c cu rs  a t  2 0 6 .3F and

1
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6 1 7 .4  p a l a ,  was s e l e c t e d  f o r  s tu d y  f o r  two r e a s o n s :  ( l )  th e

e a s e  o f  a t t a i n i n g  th e  c r i t i c a l  s t a t e  w i th o u t  a d v e rs e  e f f e c t s  

due to  h ig h  p r e s s u r e s  and t e m p e r a tu r e s ,  and (2) th e  a v a i l a 

b i l i t y  o f  p h y s i c a l  p r o p e r t y  d a ta  f o r  th e  c r i t i c a l  r e g io n .

I n  a d d i t i o n  to  th e  p h y s i c a l  p r o p e r t i e s ,  v i s c o s i t y ,  

th e rm a l  c o n d u c t iv i t y  and d e n s i t y ,  i t  i s  n e c e s s a r y  to  have an 

a c c u r a t e  knowledge o f  th e  s p e c i f i c  e n th a lp y  o r  i s o b a r i c  h e a t  

c a p a c i ty  i n  o r d e r  t o  d e te rm in e  th e  a c c u ra c y  o f  th e  r e s u l t s  

and to  s tu d y  th e  e f f e c t  o f  p r o p e r t y  v a r i a t i o n s  on th e  h e a t  

t r a n s f e r  c o e f f i c i e n t .  I n  th e  c r i t i c a l  r e g io n ,  th e s e  th e rm o 

dynamic d a ta  a r e  e i t h e r  n o n - e x i s t e n t  f o r  most f l u i d s  o r  th e y  

have b een  c a l c u l a t e d  from v o lu m e t r ic  d a t a ,  and a s  su c h ,  a r e  

s u b j e c t  t o  l a r g e  e r r o r s .  Hence, th e  a p p a r a tu s  was c o n s t r u c t e d  

t o  o p e r a t e  a s  a f low  c a l o r i m e t e r  i n  o r d e r  t o  m easure th e  

thermodynamic p r o p e r t i e s  o f  p ro p an e .

The e x p e r im e n ta l  method c o n s i s t e d  o f  m easu ring  th e  

en e rg y  t r a n s f e r r e d  to  p ropane  f lo w in g  t u r b u l e n t l y  th ro u g h  an  

e l e c t r i c a l l y  h e a te d  In c o n e l  t u b e ,  0 .3 5 8  i n .  o u t s i d e  d ia m e te r ,

0 .0285  i n .  w a l l  t h i c k n e s s ,  and 21 i n .  lo n g . The v a r i a b l e s  

m easured w ere: ( l )  b u lk  f l u i d  te m p e r a tu re s  a t  i n l e t  and

o u t l e t ,  (2 ) mass flow  r a t e ,  (3) e l e c t r i c a l  power d i s s i p a t i o n  

o r  h e a t  f l u x ,  (4) s t a t i c  f l u i d  p r e s s u r e s ,  (5 ) p r e s s u r e  d rop  

a c r o s s  th e  tu b e ,  and (6) th e  e x t e r n a l  w a l l  t e m p e ra tu re  p r o f i l e  

a s  a f u n c t i o n  o f  tu b e  l e n g t h .  A l o c a l  r a t h e r  th a n  an  a v e ra g e  

h e a t  t r a n s f e r  c o e f f i c i e n t  was d e te rm in e d  b ecau se  o f  p r o p e r t y  

v a r i a t i o n s  and e n t r a n c e  e f f e c t s .  The c o e f f i c i e n t  was d e f in e d  

by th e  e x p r e s s io n :
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w here:

= l o c a l  r a t e  o f  h e a t  t r a n s f e r  p e r  u n i t  I n s i d e  

w a l l  a r e a  

t ^  = i n s i d e  w a l l  te m p e ra tu re  

t^j = b u lk  f l u i d  te m p e ra tu re

The p ro b lem  o f  h e a t  t r a n s f e r  i n  th e  c r i t i c a l  r e g io n  

has  a t  l e a s t  two im p o r ta n t  a s p e c t s .  These a r e :  ( l )  th e

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

and (2) th e  e f f e c t  o f  th e  p r o x im i ty  t o  th e  c r i t i c a l  s t a t e  on 

th e  t r a n s p o r t  m echanism. The p r e s e n t  i n v e s t i g a t i o n  i s  a  

s tu d y  o f  t h e s e  p ro b lem s .



CHAPTER I I

SURVEY OP THE LITERATURE

Heat T r a n s f e r  C o r r e l a t i o n s  

Most e m p i r ic a l  and s e m i t h e o r e t i c a l  c o r r e l a t i o n s  f o r  

c o n v e c t iv e  h e a t  t r a n s f e r  a t t e m p t  to  c o r r e l a t e  th e  h e a t  t r a n s 

f e r  c o e f f i c i e n t  i n  te rm s o f  d im e n s io n le s s  g ro u p in g s  o f  th e  

v a r i a b l e s  c h a r a c t e r i z i n g  th e  geom etry  and f l u i d  p r o p e r t i e s .

A t y p i c a l  example o f  such  c o r r e l a t i o n s  i s

Nu = a Re^ P r°  (2)

where

Nu = N u s s e l t  number, hD/k 

Re = R eynolds number, DQ/u 

P r  = P r a n d t l  number, CpU/k 

a , b , c  = c o n s t a n t s

These c o r r e l a t i o n s  have n o t  b een  s u c c e s s f u l  i n  th e  c r i t i c a l  

r e g io n .  T h is  i s  p ro b a b ly  due to  th e  r a p id  and i r r e g u l a r  

v a r i a t i o n  o f  th e  p h y s i c a l  and thermodynamic p r o p e r t i e s  w ith  

te m p e ra tu re  so t h a t  i t  i s  d i f f i c u l t  t o  d e c id e  what v a lu e  to  

u se  f o r  t h e s e  p r o p e r t i e s  i n  th e  c o r r e l a t i o n .  D e i s s l e r  (7) 

has p ro posed  a r e f e r e n c e  te m p e ra tu re  r u l e  f o r  e v a l u a t i n g  th e  

N u s s e l t  and Reynolds numbers w hich  he fo rm u la te d  from

4
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c a l c u l a t e d  N u s s e l t  numbers f o r  s u p e r c r i t i c a l  w a te r .  B r in g e r  

and Sm ith (5) have t e s t e d  t h i s  r u l e  on e x p e r im e n ta l  h e a t  

t r a n s f e r  d a ta  f o r  ca rb o n  d io x id e  a t  1200 p s i a .  They found 

t h a t  th e  c o r r e l a t i o n  d id  n o t  f i t  t h e i r  d a t a .

O th e r  w o rk e rs  ( 1 5 ,1 9 ,3 2 ,3 6 ,  and 4o) have su g g e s te d  

th e  use  o f  r e f e r e n c e  t e m p e ra tu re s .  U t i l i z i n g  b o th  t h e o r e t i c a l  

and e x p e r im e n ta l  r e s u l t s ,  R ubesin  and Johnson  (3 2 ) ,  and l a t e r  

E c k e r t  (1 5 ) ,  Sommer and S h o r t  (36) and Young and J a n s s e n  (4o) 

found t h a t  h e a t  t r a n s f e r  c o r r e l a t i o n s  w i th  c o n s ta n t  p r o p e r t i e s  

co u ld  be a p p l i e d  t o  c a s e s  w i th  p r o p e r ty  v a r i a t i o n  i f  ^ h e  

p r o p e r t i e s  were e v a lu a te d  a t  an  a p p r o p r i a t e  r e f e r e n c e  te m p e ra 

t u r e .  These s t u d i e s  were concerned  w i th  b o th  la m in a r  and 

t u r b u l e n t  boun dary  l a y e r  f low  a c r o s s  f l a t  p l a t e s .  Knuth (20, 

21) has ex te n d ed  th e  a n a l y s i s  f u r t h e r  w i th  c o n s id e r a b le  s u c c e s s  

e x c e p t  f o r  c e r t a i n  ty p e s  o f  chem ica l r e a c t i o n s  (1 9 ) .  The s tu d y  

o f  r e a c t i n g  sys tem s was mojre p e r t i n e n t  to  s t u d i e s  i n  th e  n e a r -  

c r i t i c a l  r e g io n  b e ca u se  th e s e  system s have h ig h  e f f e c t i v e  h e a t  

c a p a c i t i e s .  However, th e  v a r i a t i o n  o f  h e a t  c a p a c i ty  w i th  

te m p e ra tu re  i n  a l l  th e s e  s t u d i e s  was n e v e r  so l a r g e  o r  i r r e g u 

l a r  a s  th e  v a r i a t i o n  in  th e  c r i t i c a l  r e g io n .  Because th e  

r e f e r e n c e  s t a t e  p ro c e d u re s  have been s u c c e s s f u l  o n ly  w i th  

sm a ll  o r  u n ifo rm  changes i n  p r o p e r t i e s ,  i t  would a p p e a r  d o u b t 

f u l  t h a t  such  an  a p p ro a ch  would be s u c c e s s f u l  in  th e  n e a r -  

c r i t i c a l  r e g io n .

Shitzm an (35) has p r e s e n te d  a d im e n s io n le s s  c o r r e l a 

t i o n  i n  th e  form o f  E q u a t io n  (2 ) .  The Reynolds and N u s s e l t  

numbers a r e  c a l c u l a t e d  u s in g  p h y s ic a l  p r o p e r t i e s  e v a lu a te d  a t
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th e  b u lk  f l u i d  t e m p e r a tu r e .  The P r a n d t l  number i s  ta k e n  a s  

th e  s m a l l e r  o f  th e  v a lu e s  computed a t  th e  w a l l  and b u lk  tem

p e r a t u r e .  Koppel and Sm ith  (23) a p p l i e d  S h i tz m a n 's  c o r r e l a 

t i o n  to  t h e i r  d a ta  and th o se  o f  B r in g e r  and Sm ith  (5 ) ,  D ick 

in s o n  and Welch (1 3 ) ,  and Pow ell (3 0 ) .  The c o r r e l a t i o n  was 

n o t  s a t i s f a c t o r y  on a Sh itzm an ty p e  p l o t .

D e i s s l e r  ( 7 ,8 ,9 ,1 0 ,1 1 )  has p ro p o se d  a model f o r  th e  

c a l c u l a t i o n  o f  temper a t u M  and v e l o c i t y  p r o f i l e s  f o r  t u r b u 

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

T h is  model i s  b a se d  on th e  ano lo g y  be tw een  h e a t  and momentum 

t r a n s f e r .  The f o l lo w in g  e q u a t io n s  f o r  th e  r a t e s  o f  momentum 

and h e a t  t r a n s f e r  p e r p e n d i c u l a r  to  th e  d i r e c t i o n  o f  flow  have 

been  used  by D e i s s l e r  t o  p r e d i c t  s e m i t h e o r e t i c a l  e x p re s s io n s  

f o r  th e  h e a t  t r a n s f e r  c o e f f i c i e n t s  :

^  + P*m) 0  (3)

q « - ( k  + pCpG^) 0 -  (4)

where

T = s h e a r  s t r e s s  

H « b u lk  v i s c o s i t y  

p » d e n s i t y

» eddy d i f f u s i v i t y  o f  momentum t r a n s f e r  

u = l o c a l  f l u i d  v e l o c i t y  

y = p e r p e n d i c u l a r  d i s t a n c e  from  w a l l  

q = r a t e  o f  h e a t  t r a n s f e r  p e r  u n i t  a re a  

k * th e rm a l  c o n d u c t iv i t y
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Cp = I s o b a r i c  h e a t  c a p a c i ty

= eddy d i f f u s i v i t y  o f  h e a t  t r a n s f e r  

gg * d im e n s io n a l  c o n s t a n t  

t  = l o c a l  f l u i d  te m p e ra tu re

D e i s s l e r  d e f in e d  d im e n s io n le s s  v e l o c i t y ,  t e m p e ra tu re  and 

d i s t a n c e  v a r i a b l e s ,

u "  -  ^  (5)

1 ( i  1 )  (7)
%  ̂ V̂f

1 /2
^  1

P. (8 )w

w hich upon s u b s t i t u t i n g  i n t o  E q u a t io n s  (3) and (4) y i e l d :

— » r w- + ^ -!s— 1 âïl (9)

a _  .  r  ^  j h  1 ( 1 0 )
^ * w P* pw  ̂ dy"*"

where th e  s u b s c r i p t  w d e n o te s  c o n d i t i o n s  a t  th e  w a l l ;  th e  

s u p e r s c r i p t  +, d im e n s io n le s s  v a r i a b l e s ;  and P i s  th e  d im en

s i o n l e s s  h e a t  t r a n s f e r  p a ra m e te r  d e f i n e d  by E q u a t io n  (7 ) .

In  o r d e r  to  i n t e g r a t e  E q u a t io n s  (9) and (10) to  o b 

t a i n  th e  v e l o c i t y  and te m p e ra tu re  p r o f i l e s  a c r o s s  th e  tu b e ,  

D e i s s l e r  assum ed:
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( l )  The eddy d l f f u e i v l t l e a  o f  momentum and h e a t  a r e  

e q u a l  and a r e  g iv e n  b y : ___ __

^  .  n ^ u V  [ l  -  « P  ( -  )  ]  , y+ < 26

( 11)

2 f  du'*’ Y  
e ^  dy+ ^

^  d2u+ y ; y  > 26 (12)

dy^

where m and n a r e  e x p e r im e n ta l ly  d e te rm in e d  

c o n s t a n t s .

(2) The v a r i a t i o n  i n  th e  s h e a r  s t r e s s  and th e  h e a t  

t r a n s f e r  r a t e  a c r o s s  th e  tu b e  has  a n e g l i g i b l e  

e f f e c t  on th e  v e l o c i t y  and te m p e ra tu re  p r o f i l e s ,  

i . e . ,  t/ t^  and q /q ^  a re  u n i t y .

(3) The p h y s i c a l  and thermodynamic p r o p e r t i e s  may be 

r e p r e s e n te d  by a lo g a r i th m ic  r e l a t i o n s h i p  o f  th e  

form :

where :

* = P, Py Cp, o r  k 

a , b  = c o n s t a n t s ,  d i f f e r e n t  f o r  eac h  

p r o p e r ty

W ith  th e s e  t h r e e  a s s u m p t io n s ,  D e i s s l e r  so lv e d  E q u a t io n s  (9) 

and (10) s im u l ta n e o u s ly  by  i t e r a t i o n  t o  o b t a i n  th e  v e l o c i t y  

and te m p e ra tu re  p r o f i l e s .  The p r o f i l e s  were th e n  i n t e g r a t e d  

to  g iv e  th e  b u lk  te m p e ra tu re  and v e l o c i t y  w hich were used  to
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c a l c u l a t e  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  from  E q u a t io n  ( l ) .  

D e i s s l e r  (lO) has p r e s e n t e d  r e s u l t s  f o r  s u p e r e r T t î c â l " w a te r  

i n  th e  form o f  a N u s se l t -R e y n o ld s  number p l o t  w i th  v a r io u s  

p a ra m e te r s  o f  P a t  c o n s ta n t  w a l l  te m p e ra tu re  and p r e s s u r e .

D e i s s l e r ' s  model has been  f a i r l y  s u c c e s s f u l  i n  p r e 

d i c t i n g  N u s s e l t  num bers . The s o l u t i o n ,  however, in v o lv e s  

le n g th y  i t e r a t i v e  c a l c u l a t i o n s  and hence i s  l i m i t e d  to  use  

w i th  h ig h  speed  com p u te rs .  I t  i s  a l s o  b a sed  on th e  a ssu m p tio n  

o f  c o n s ta n t  h e a t  f l u x  and s h e a r  s t r e s s ,  a s su m p tio n  (2 ) .  C a l 

c u la te d  e v id e n c e  i n d i c a t e s  t h a t  th e  v a r i a t i o n  o f  s h e a r  s t r e s s  

and h e a t  f l u x  w i th  r a d i a l  p o s i t i o n  does n o t  s i g n i f i c a n t l y  

a f f e c t  th e  p r o f i l e .  I t  would a p p e a r ,  however, t h a t  th e  a c 

c u ra cy  o f  t h i s  s u p p o s i t i o n  cou ld  be J u s t i f i e d  o n ly  on th e  

b a s i s  o f  e x p e r im e n ta l  v e l o c i t y  and te m p e ra tu re  m easurem ents .

Hsu and Sm ith  ( l8 )  have m od if ied  D e i s s l e r ' s  e x p r e s 

s io n  f o r  th e  eddy d i f f u s i v i t y  t o  a cc o u n t  f o r  th e  e f f e c t  o f  

d e n s i t y  v a r i a t i o n .  T h e i r  r e s u l t s  show t h a t  th e  d e n s i t y  e f f e c t  

improved th e  agreem ent w i th  th e  e x p e r im e n ta l  d a ta  o f  B r in g e r  

and Sm ith  (5 ) .

Ooldmann ( l6 )  has d eve lo ped  a t h e o r e t i c a l  a n a l y s i s  

o f  t u r b u l e n t  h e a t  and momentum t r a n s p o r t  w i th  v a r i a b l e  f l u i d  

p r o p e r t i e s .  His a n a l y s i s  d i f f e r s  from D e i s s l e r ' s  in  t h a t  th e  

c o e f f i c i e n t s  i n  th e  e x p re s s io n s  f o r  th e  eddy d i f f u s i v i t y  a r e  

assumed v a r i a b l e .  Ooldmann d e f i n e s  a tu r b u le n c e  damping 

f u n c t i o n  which he d e te rm in e s  from  D e i s s l e r ' s  c a l c u l a t e d  u n i 

v e r s a l  v e l o c i t y  p r o f i l e .  He i n t e g r a t e s  s im u l ta n e o u s ly  th e  

r a d i a l  t r a n s p o r t  e q u a t io n s ,  (3) and (4 ) ,  to  o b t a i n  the
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v e l o c i t y  and te m p e ra tu re  d i s t r i b u t i o n s .  These i n t e g r a t i o n s  

a r e  a l s o  s u b j e c t  t o  th e  a s su m p tio n  o f  c o n s t a n t  r a d i a l  s h e a r  

s t r e s s  and h e a t  f l u x .  The r e s u l t s  a r e ,  however, o n ly  s l i g h t l y  

d i f f e r e n t  th a n  th o s e  o f  D e i s s l e r .

D ic k in so n  and Welch (13 ) have measured h e a t  t r a n s f e r  

c o e f f i c i e n t s  f o r  s u p e r c r i t i c a l  w a te r  a t  3500 and 4500 p s i a .

They o b ta in e d  f i l m  co n d u c tan c es  g r e a t e r  th a n  th o s e  p r e d i c t e d  

by e i t h e r  D e i s s l e r ' s  o r  Ooldm ann's a n a l y s i s .  The h e a t  t r a n s 

f e r  c o e f f i c i e n t s  were c o r r e l a t e d  a s  a f u n c t i o n  o f  th e  w a l l  

t e m p e r a tu r e .

V is u a l  o b s e r v a t io n s  by  G r i f f i t h  and S a b e rsk y  (1 7 ) ,  o f  

f r e e  c o n v e c t iv e  h e a t  t r a n s f e r  from  a h o t  w ire  t o  P reon  114A, 

ten d  to  c o n firm  a b o i l i n g - l i k e  mechanism f o r  h e a t  t r a n s f e r  a t  

s u p e r c r i t i c a l  p r e s s u r e s  u n d e r  c e r t a i n  c o n d i t i o n s .  Ooldmann ( I 6 ) 

f i r s t  p o s t u l a t e d  a b o i l i n g - l i k e  mechanism i n  h i s  d i s c u s s i o n  o f  

D e i s s l e r ' s  p a p e r  ( 7 ) .  He su rm ised  t h a t  ". . . m acroscop ic  

c l u s t e r s  o f  l i q u i d - l i k e  m o le cu le s  'e x p lo d e ' a t  th e  h e a t -  

t r a n s f e r  s u r f a c e ,  move a s  g a s l i k e  a g g re g a te s  i n t o  th e  b u lk  o f  

th e  f l u i d  where th e y  ' c o l l a p s e '  a g a in  i n t o  l i q u i d l i k e  c l u s t e r s .  

One may s p e c u la te  t h a t  th e  g row th  and c o l l a p s e  o f  th e s e  c l u s 

t e r s ,  l i k e  th e  g row th  and c o l l a p s e  o f  b u b b le s  d u r in g  b o i l i n g  

a t  s u b c r i t i c a l  p r e s s u r e s ,  cause  enough a g i t a t i o n  to  r e s u l t  in  

h e a t  t r a n s f e r  c o e f f i c i e n t s  t h a t  a r e  s i g n i f i c a n t l y  h ig h e r  th a n  

p r e d i c t e d  i n  th e  p a p e r  ( D e i s s l e r ' s ) . "

Pow ell (3 0 ) has i n v e s t i g a t e d  s u p e r c r i t i c a l  h e a t  t r a n s 

f e r  to  oxygen and n i t r o g e n  i n  a v e r t i c a l  e l e c t r i c a l l y  h e a te d  

tu b e .  Under c e r t a i n  c o n d i t i o n s ,  he o b se rv ed  a " h o t - s p o t ”, a
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r e g io n  o f  th e  tu b e  w hich a t t a i n e d  a much h i g h e r  te m p e ra tu re  

th a n  th e  r e s t  o f  th e  w a l l .  The " h o t - s p o t "  seemed to  o c c u r  

when th e  b u lk  f l u i d  te m p e ra tu re  a p p ro ach ed  th e  t r a n s p o s e d  

c r i t i c a l  t e m p e r a tu re .  The t r a n s p o s e d  c r i t i c a l  te m p e ra tu re  

i s  d e f in e d  a s  th e  t e m p e ra tu re  a t  w hich th e  i s o b a r i c  s p e c i f i c  

h e a t  c a p a c i ty  i s  a maximum. Pow ell was a b le  t o  move th e  

" h o t - s p o t "  up and down th e  tu b e  by chan g in g  th e  l o c a t i o n  o f  

th e  t r a n s p o s e d  c r i t i c a l  t e m p e r a tu re .  No e x p la n a t io n  has  been  

found f o r  t h i s  u n u su a l  phenomena.

Perhaps  th e  f i r s t  p r a c t i c a l  p rob lem  i n  which p h y s i c a l  

p r o p e r t y  v a r i a t i o n s  were s e v e re  was i n  th e  h e a t in g  and c o o l 

in g  o f  v i s c o u s  p e tro le u m  f r a c t i o n s  where th e  v i s c o s i t y  change 

was l a r g e .  An e m p i r ic a l  m o d i f i c a t i o n ,  u s in g  th e  w a l l - t o -  

b u lk  v i s c o s i t y  r a t i o  was s u c c e s s f u l l y  in t r o d u c e d  by S i e d e r  

and T a te  (34) t o  c o r r e c t  th e  c o n v e n t io n a l  c o r r e l a t i o n .  

P e tukhov , K rasnoschekov , and P ro topopov  (28) r e c e n t l y  e x ten d ed  

th e  e m p i r i c a l  a p p ro a c h  to  a c c o u n t  f o r  o t h e r  p r o p e r t y  v a r i a 

t i o n s  i n  a d d i t i o n  to  v i s c o s i t y .  They o b ta in e d  th e  e x p r e s s io n .

w here:

pm " t *  -  tb  ( 5)

H = s p e c i f i c  e n th a lp y

b = s u b s c r i p t ,  d e n o t in g  b u lk  f l u i d  c o n d i t io n s  

from  th e  a n a l y s i s  o f  t h e i r  d a ta  t o g e t h e r  w i th  t e s t  d a ta  o f
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o t h e r  i n v e s t i g a t o r s  on h e a t  t r a n s f e r  to  s u p e r c r i t i c a l  ca rbo n  

d io x id e  (5) and w a te r  (1 3 ,2 5 ,  and 3 5 ) .  I n  a l l ,  720 e x p e r i 

m enta l p o i n t s  were c o r r e l a t e d ,  in c lu d in g  307 f o r  ca rbo n  d i 

o x id e .  A pprox im ate ly  90$ o f  th e  c o r r e l a t e d  d a ta  was w i th in  

i2 0 $  o f  th e  v a lu e  p r e d i c t e d  by E q u a tio n  ( l 4 ) . The i s o th e rm a l
I

b u lk  N u s s e l t  number, Nu^j, was g iv e n  by th e  e x p re s s io n  o f  

Petukhov and K i r i l o v  (2 7 ) ,

Where f^ i s  the f r ic t io n  factor  defined as

^
P h y s ic a l  and Thermodynamic P r o p e r t i e s  

The e x p e r im e n ta l  d e te r m in a t io n  o f  th e  h e a t  t r a n s f e r  

c o e f f i c i e n t  by th e  method u sed  in  t h i s  i n v e s t i g a t i o n  r e q u i r e d  

knowledge o f  th e  p r e s s u r e - te m p e r a tu r e  b e h a v io r  o f  th e  s p e c i f i c  

e n th a lp y  and f l u i d  d e n s i t y .  I n  a d d i t i o n  to  th e s e  v a r i a b l e s ,  

i t  was a l s o  d e s i r a b l e  to  have s i m i l a r  in f o rm a t io n  f o r  th e  

th e rm a l  c o n d u c t iv i t y ,  v i s c o s i t y ,  and th e  i s o b a r i c  h e a t  c ap a c 

i t y ,  i n  o r d e r  t o  d e te rm in e  th e  e f f e c t  o f  p r o p e r t y  v a r i a t i o n s  

on th e  h e a t  t r a n s f e r  c o e f f i c i e n t .

The v a r i a t i o n  o f  th e rm a l  p r o p e r t i e s  i n  th e  c r i t i c a l  

r e g io n  has been  w e l l  e s t a b l i s h e d  by numerous i n v e s t i g a t o r s .  

However, r e c e n t  m easurem ents o f  th e  t r a n s p o r t  c o e f f i c i e n t s .
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i . e . ,  v i s c o s i t y  and th e rm a l c o n d u c t iv i t y ,  have i n d i c a t e d  an 

u n u su a l  b e h a v io r  f o r  th e s e  p r o p e r t i e s  i n  th e  n e a r - c r i t i c a l  

r e g io n .  T h is  s e c t i o n  i s  a su rv e y  o f  th e  l i t e r a t u r e  on th e  

p h y s i c a l  and thermodynamic p r o p e r t i e s  f o r  p ro p an e .

D e n s i ty

The PVT d a ta  o f  Sage, Lacey, and c o -w o rk e rs  (3 1 ,3 3 ) ,  

D eschner and Brown (1 2 ) ,  B e a t t i e ,  Kay and Kaminsky (4 ) ,  and 

th e  American P e tro le u m  I n s t i t u t e  R e se a rch  P r o j e c t  44 (3) 

e s t a b l i s h  th e  v o lu m e tr ic  b e h a v io r  o f  p ropane  i n  th e  c r i t i c a l  

r e g io n .  These d a ta  have been  used  a s  th e  b a s i s  f o r  c a l c u l a t e d  

thermodynamic f u n c t io n s  f o r  p ropane r e c e n t l y  r e p o r t e d  by 

C a n ja r ,  P a t e l ,  and Manning (6 ) .  A c c o rd in g ly ,  t h e i r  v a lu e s  

were used  i n  t h i s  i n v e s t i g a t i o n .

F ig u re  1 i s  a  p l o t  o f  th e  d e n s i ty - t e m p e r a t u r e  r e l a 

t i o n s h i p  a t  700 p s i a .  The f u n c t i o n a l i t y  a t  o t h e r  p r e s s u r e s  

i n  th e  c r i t i c a l  r e g io n  i s  s i m i l a r .

V i s c o s i t y

The v i s c o s i t y  b e h a v io r  o f  p ropane  i n  th e  c r i t i c a l  

r e g io n  has been  a c c u r a t e l y  d e te rm in e d  by S t a r l i n g  (38) and 

S t a r l i n g ,  E ak in  and E l l i n g to n  (37 ) .  T h e i r  r e s u l t s  were ob

t a i n e d  u s in g  an  improved c a p i l l a r y  tu b e  v is c o m e te r  deve lop ed  

a t  th e  I n s t i t u t e  o f  Gas Technology. A b n o rm a l i t ie s  i n  th e  v i s 

c o s i t y  - d e n s i t y  i s o th e r m s ,  such  a s  r e p o r t e d  f o r  ca rbon  d io x id e  

i n  th e  n e a r - c r i t i c a l  r e g io n ,  were n o t  o b se rv ed  w i th  p ro pane . 

The v i s c o s i ty - t e m p e r a t u r e  b e h a v io r  a t  700 p s i a  i s  shown in  

F ig u re  2 .
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Therm al C o n d u c t iv i ty  

Leng and Comings (24) have m easured th e  th e rm a l  co n 

d u c t i v i t y  o f  p ro pane  i n  b o th  g a s  and l i q u i d  r e g io n s  a t  tem p er

a t u r e s  and p r e s s u r e s  above and below th e  c r i t i c a l  p o i n t .  They 

o b se rv e d  'hum ps ' i n  th e  th e rm a l  c o n d u c t iv i t y - p r e s s u r e  i s o th e rm s  

a t  p r e s s u r e s  i n  e x c e s s  o f  th e  s a t u r a t i o n  p r e s s u r e .  The m agni

tud e  o f  th e  hump d e c r e a s e d  a s  th e  te m p e ra tu re  i n c r e a s e d  and 

was s c a r c e l y  d e t e c t a b l e  above 19OP.

T h e i r  m easurem ents a lo n g  th e  i so th e rm  a t  222P showed 

a s h a rp  peak  i n  th e  ne igh bo rho od  o f  50 a tm o sp h e re s .  T h is  peak  

was b e l i e v e d  t o  be due to  c o n v e c t io n  s in c e  th e  th e rm a l  con 

d u c t i v i t y  d e c r e a s e d  a p p r e c i a b ly  w i th  a d e c r e a s e  i n  th e  tem 

p e r a t u r e  d i f f e r e n c e  a c r o s s  th e  f l u i d  l a y e r  i n  th e  c e l l .  Ac

c o r d in g ly ,  t h e y  a d j u s t e d  t h e i r  v a lu e s  to  smooth o u t th e  peak .

Owens and Thodos (26) have r e p o r t e d  th e  th e rm a l  con 

d u c t i v i t y  in c re m e n t ,  k  -  k ^ ,  where k® i s  th e  th e rm a l  conduc

t i v i t y  a t  one a tm o sp h e re  p r e s s u r e ,  to  be a power f u n c t i o n  o f  

th e  d e n s i t y  i n  th e  c ase  o f  a rg o n .  They show a s i n g l e  cu rve  

r e p r e s e n t i n g  th e  th e rm a l  c o n d u c t iv i t y  f o r  b o th  g as  and l i q u i d  

p h a s e s .  T h is  i n t e r e s t i n g  r e l a t i o n  has been  a t t r i b u t e d  to  

Abas-Zade ( l ) .  When p l o t t e d  i n  t h i s  fo rm , th e  d a ta  o f  Leng 

and Comings form ed a s i n g l e  cu rve  (w i th in  e x p e r im e n ta l  e r r o r )  

a s  shown i n  P ig u re  3 . T h is  c o r r e l a t i o n  was used  to  p r e d i c t  

th e  th e rm a l  c o n d u c t iv i t y  f o r  th e  h e a t  t r a n s f e r  s t u d i e s .

E n th a lp y  and I s o b a r i c  Heat C a p a c i ty  

These therm odynam ic p r o p e r t i e s  a r e  rev iew ed J o i n t l y
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b e c a u se  th e y  a r e  rêlatexÎT^ The I s o b a r l c  h e a t  c a p a c i t y ,  C^, l a  

th e  d e r i v a t i v e  o f  th e  s p e c i f i c  e n th a lp y  w i th  r e s p e c t  to  tem 

p e r a t u r e  a t  c o n s t a n t  p r e s s u r e .  P r i o r  t o  t h i s  i n v e s t i g a t i o n ,  

c a l o r i o m e t r i c  d a ta  were n o t  a v a i l a b l e  f o r  p ropane  i n  th e  

c r i t i c a l  r e g io n .  The thermodynamic f u n c t i o n s  r e p o r t e d  i n  th e  

l i t e r a t u r e  have g e n e r a l l y  been  c a l c u l a t e d  from  PVT d a ta  and 

low p r e s s u r e  s p e c i f i c  h e a t  v a lu e s  d e te rm in e d  c a l o r i o m e t r i c a l l y  

o r  from s p e c t r o s c o p ic  m easurem ents . The c a l c u l a t e d  f u n c t i o n s  

r e q u i r e  b o th  d i f f e r e n t i a t i o n  and i n t e g r a t i o n  o f  th e  PVT m eas

u re m e n ts .  T h is  p ro c e d u re  g e n e r a l l y  g i v e s  r e l i a b l e  r e s u l t s  

f o r  most r e g io n s  o f  p r e s s u r e  and t e m p e r a t u r e . However, i t  

i s  c l e a r  from  th e  v o lu m e t r ic  b e h a v io r  i n  F ig u re  1 , t h a t  th e  

d e te r m in a t io n  o f  d e r i v a t i v e s  i s  i n a c c u r a te  i n  th e  c r i t i c a l  

r e g i o n .

The e r r o r s  i n h e r e n t  i n  d i f f e r e n t i a t i o n  o f  PVT d a ta  on 

th e  c r i t i c a l  r e g io n  a r e  i n d i c a t e d  i n  F ig u re  4 .  The d a ta  

p l o t t e d  a r e  th o se  o f  Din ( l 4 ) ,  C a n ja r ,  P a t e l  and Manning ( 6 ) ,  

and Sage and Lacey (3 3 ) .  The o r d in a t e  r e p r e s e n t s  th e  d i f f e r 

ence  i n  s p e c i f i c  e n th a lp y  betw een  th e  te m p e ra tu re  i n  q u e s t io n  

and iSOF. Ifence, a l l  c u rv e s  have a v a lu e  o f  z e ro  a t  l80F .

T h is  method o f  p l o t t i n g  was used  to  e l i m in a t e  th e  v a r io u s  

r e f e r e n c e  s t a t e s  employed by th e  d i f f e r e n t  i n v e s t i g a t o r s .  The 

d a t a  o f  Din and C a n ja r  e t  a l .  were c a l c u l a t e d  e s s e n t i a l l y  from 

th e  same s e t  o f  PVT d a t a .  The d i f f e r e n c e  i n  th e  e n t h a l p i e s  

p r i m a r i l y  r e p r e s e n t s  d i f f e r e n c e s  i n  sm oothing and d i f f e r e n t i a 

t i o n  o f  th e  v o lu m e tr ic  d a t a .

S p e c i f i c  e n th a lp y  d a ta  a r e  r e q u i r e d  f o r  th e
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d e te r m in a t io n  o f  th e  b u lk  f l u i d  te m p e ra tu re ,  which s u b s e q u e n t ly  

I s  u sed  to  c a l c u l a t e  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  d e f in e d  by 

E q u a tio n  ( l ) .  The a c c u ra c y  o f  th e s e  d a ta  a r e  In c lu d e d  In  th e  

o v e r a l l  a c c u ra c y  o f  th e  h e a t  t r a n s f e r  c o e f f i c i e n t .  F o r t h i s  

r e a s o n ,  and b e cau se  o f  th e  d i f f e r e n c e s  I n  th e  a v a i l a b l e  e n 

th a lp y  d a ta  n o ted  above , th e  e x p e r im e n ta l  d e te r m in a t io n  o f  th e  

s p e c i f i c  e n th a lp y  was n e c e s s a r y  In  o r d e r  to  conduct a m eaning

f u l  s tu d y  o f  c o n v e c t iv e  h e a t  t r a n s f e r  In  th e  c r i t i c a l  r e g io n .



CHAPTER I I I  

THEORY

The p r e s e n t  d i s c u s s i o n  w i l l  be co nce rned  w i th  th e  

developm ent o f  an e q u a t io n  t o  a c c u r a t e l y  p r e d i c t  h e a t  t r a n s 

f e r  c o e f f i c i e n t s  f o r  f l u i d s  w i th  l a r g e  and i r r e g u l a r  p h y s i c a l  

p r o p e r ty  v a r i a t i o n s .  I n  o r d e r  t o  s i m p l i f y  th e  deve lopm en t, 

th e  d i s c u s s i o n  w i l l  be c o n f in e d  to  f u l l y  d e v e lo p ed  t u r b u l e n t  

f low  th ro u g h  c y l i n d r i c a l  t u b e s .  A side from  t h i s  l i m i t a t i o n ,  

th e  e q u a t io n  i s  to  be c o m p le te ly  g e n e r a l  and a p p l i c a b l e  t o  

any f l u i d  a t  any thermodynamic s t a t e  f o r  w hich  th e  p h y s i c a l  

p r o p e r t i e s  a r e  known. In  th e  l i m i t ,  th e  e q u a t io n  must p r e 

d i c t  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  c a s e s  where p r o p e r ty  

v a r i a t i o n s  a r e  sm a ll  o r  n e g l i g i b l e .

The p rob lem  o f  t u r b u l e n t  h e a t  t r a n s f e r  i n  c y l i n d r i c a l  

tu b e s  i s  u s u a l l y  so lv e d  by one o f  th e  f o l lo w in g  m ethods:

(1) th e  s im u lta n e o u s  s o l u t i o n  o f  th e  p a r t i a l  d i f f e r e n t i a l  

e q u a t io n s  f o r  th e  c o n s e r v a t io n  o f  e n e rg y  and momentum, and

(2) i n t e g r a t i o n  o f  th e  one d im e n s io n a l  t r a n s p o r t  e q u a t io n s  

( c f .  D e i s s l e r  ( lO ) ) .  The f i r s t  a p p ro a ch  i s  l e n g th y  and co n 

s e q u e n t ly  has been  used  o n ly  w i th  th e  a s su m p tio n  o f  c o n s ta n t  

p r o p e r t i e s .  The second method has been  employed by  D e i s s l e r  

(10) and Goldmann ( l6 )  to  so lv e  th e  case  o f  v a r i a b l e  p r o p e r t i e s

21
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f o r  s u p e r c r i t i c a l  w a te r .  B o th  p ro c e d u re s  r e q u i r e  e x te n s iv e  

i t e r a t i v e  c a l c u l a t i o n s  and a s  su ch  a r e  l i m i t e d  to  a p p l i c a t i o n  

w i th  h ig h  speed  co m p u te rs .  B ecause  o f  t h i s  l i m i t a t i o n ,  

n e i t h e r  o f  th e  above m ethods were c o n s id e re d  i n  th e  p r e s e n t  

i n v e s t i g a t i o n .  I t  may be t h a t  f u r t h e r  s tu d y  w i th  s i m i l a r  

t e c h n iq u e s  m ight p rove  f r u i t f u l .

C o n v e n tio n a l  c o r r e l a t i o n s  such  a s  E q u a t io n  (2) have 

been  v e ry  s u c c e s s f u l  f o r  p r e d i c t i n g  h e a t  t r a n s f e r  c h a r a c t e r i s 

t i c s  i n  th e  c a se  o f  sm a ll  p r o p e r t y  v a r i a t i o n s .  Hence th e  

a p p ro ach  used  i n  t h i s  s tu d y  was to  examine th e  e f f e c t s  o f  

p r o p e r ty  v a r i a t i o n s  on th e  p a ra m e te r s  in v o lv e d  in  t h e  N u s s e l t  

number,

Nu, .  ^  ( 18 )

E q u a t io n  ( l8 )  can be r e a r r a n g e d  u t i l i z i n g  th e  d e f i n i 

t i o n s  f o r  th e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  Reynolds and P r a n d t l  

num bers, and th e  d im e n s io n le s s  v e l o c i t y  t o  g iv e

.  (19)

I f  th e  f i r s t  te rm  in  th e  d e n o m in a to r  o f  (19) i s  m u l t i p l i e d  by 

th e  s p e c i f i c  h e a t  c a p a c i ty  a t  th e  w a l l ,  Cp%, th e  r e s u l t  i s  

D e i s s l e r ' s  d im e n s io n le s s  b u lk  t e m p e r a tu re ,  t ^ .  However, i n  

o r d e r  to  d e te rm in e  th e  b u lk  f l u i d  t e m p e ra tu re ,  t h e  e n th a lp y  

f l u x  must be  i n t e g r a t e d  a c r o s s  th e  tu b e .  The b u lk  te m p e ra tu re  

th u s  c o r re sp o n d s  t o  th e  b u lk  s p e c i f i c  e n th a lp y  a s  d e te rm in e d
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by
R

^ Hpur d r  2 ^ l lp u r  d r

\  '  I   -  — -------- —  (20)

\ p u r  d r
0

w here:

r  = r a d i u s  v a r i a b l e

R = I n s i d e  tu b e  r a d i u s

H ,p ,u  = p o i n t  v a lu e s  o f  t h e  s p e c i f i c  e n th a lp y ,  d e n s i t y  
and f l u i d  v e l o c i t y  a s  f u n c t i o n s  o f  t h e  r a d i u s  
v a r i a b l e

= b u lk  mass v e l o c i t y

Prom th e  e x p r e s s io n  f o r  th e  b u lk  e n th a lp y .  I t  I s  c o n v e n ie n t  

t o  d e f i n e  a  d im e n s io n le s s  e n th a lp y  and  mass v e l o c i t y ,

^  (21)

and

su c h  t h a t

^  P w  V .  .  f e r n  ( 23 )

where v ,  i s  th e  s h e a r  v e l o c i t y  d e f in e d  by E q u a t io n  (8 ) .  The

mean I n t e g r a t e d  s p e c i f i c  h e a t  c a p a c i t y ,  C , i s  e v a lu a te dpm
o v e r  th e  t e m p e ra tu re  I n t e r v a l  be tw een  th e  w a l l  and b u lk  

t e m p e r a tu r e s .
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^  Op (J t

E q u a t io n s  (1 9 ) ,  (22) and (23) may be combined to  y i e l d  an 

e x p r e s s io n  f o r  th e  N u s s e l t  number i n  te rm s o f  th e  new dim en

s i o n l e s s  v a r i a b l e s ,  i . e . .

» .  h ,

The d im e n s io n le s s  e n th a lp y  f l u x  i n  (25) i s  g iv e n  by th e  dim en

s i o n l e s s  form  o f  E q u a t io n  (2 0 ) ,

< ®b -  ̂ C
where R'*’ i s  th e  d im e n s io n le s s  tu b e  r a d i u s  d e f in e d  by E q u a tio n  

(6 ) .

The i n t e g r a t i o n  o f  th e  e n th a lp y  f l u x  a c r o s s  th e  tu b e  

r e q u i r e s  knowledge o f  th e  te m p e ra tu re  and v e l o c i t y  p r o f i l e s .  

However, t h i s  in f o r m a t io n  i s  n o t  known s in c e  th e  p r o f i l e s  a r e  

f u n c t i o n s  o f  th e  sy s tem  p a ra m e te r s .  D e i s s l e r  (11) and o t h e r s  

(3 , 16 ) have i n t e g r a t e d  th e  r a d i a l  t r a n s p o r t  e q u a t io n s  to  o b 

t a i n  th e  v e l o c i t y  and te m p e ra tu re  d i s t r i b u t i o n s .  They su b 

s e q u e n t ly  i n t e g r a t e  th e s e  r e s u l t s  to  y i e l d  th e  b u lk  tem p era 

t u r e  and v e l o c i t y .  The pu rp o se  o f  th e  p r e s e n t  developm ent i s  

to  i n v e s t i g a t e  th e  f e a s i b i l i t y  o f  r e p l a c in g  t h e s e  i n t e g r a t i o n s
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w ith  an  I n t e g r a t i o n  a t  c o n s ta n t  p r o p e r t i e s  w hich i s  th e n  com

b in e d  w i th  p a ra m e te r s  In v o lv in g  th e  p r o p e r t y  v a r i a t i o n s .

The I n t e g r a t i o n  o f  E q u a t io n  (26) can  be e x p re s s e d  In  

th e  form

which s a t i s f i e s  th e  r e l a t i o n

(H+ 0 + ) i  < (H+ < (H* 0*)_, (28)

where th e  s u b s c r i p t  ( l )  r e f e r s  t o  th e  edge o f  th e  l a m in a r  

l a y e r  and (c )  t o  th e  tu b e  c e n t e r .  The I n e q u a l i t y  e x p re s s e d  

by (2 8 ) I s  v a l i d  r e g a r d l e s s  o f  th e  p r o p e r t y  v a r i a t i o n s .

The b a s i c  form  o f  th e  N u s s e l t  number g iv e n  by  E q u a t io n  

(2 5 ) y i e l d s  a  b e t t e r  c o r r e l a t i n g  f u n c t i o n  when e x p re s s e d  In  

th e  form ,

 ̂ 2Tb (  ("b °b)tb (29)

where th e  s u b s c r i p t  t ^  r e f e r s  t o  c o n s t a n t  p r o p e r t i e s  a t  b u lk  

c o n d i t i o n s .  I f  th e  p r o p e r t i e s  d id  n o t  v a ry  a c r o s s  th e  tu b e  

r a d iu s  and th e y  were th e  same a s  th e  b u lk  v a lu e s .  E q u a t io n  

(2 9 ) would red u c e  to

Rew P iv  ,

The term  Nu^ I s  f r e q u e n t l y  r e f e r r e d  t o  a s  th e  I s o th e rm a l  b u lk
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N u s s e l t  nunflser s i n c e  o n ly  i n  th e  I s o th e r m a l  c a se  would th e  

p r o p e r t i e s  be c o n s t a n t .  Combining E q u a t io n s  (29) and  (3 0 ) ,

avg

The a v e ra g e  o r  b u lk  e n th a lp y  f l u x  i s  p r i n c i p a l l y  

a f f e c t e d  by th e  h e a t  t r a n s f e r  r e s i s t a n c e  n e a r  th e  tu b e  w a l l  

a s  i n d i c a t e d  by E q u a t io n  (2 8 ) .  T h is  r e s i s t a n c e  i s  c h a r a c t e r 

i z e d  by th e  th e rm a l  c o n d u c t i v i t y ,  and to  a  l e s s e r  d e g re e ,  th e  

h e a t  c a p a c i ty  and d e n s i t y  i n  t h i s  r e g io n  ( c f .  E q u a t io n  ( 4 ) ) .  

S in ce  th e  i n t e g r a t e d  e n th a lp y  f l u x  e v a lu a t e d  a t  b u lk  c o n d i 

t i o n s  i s  o n ly  a  f u n c t i o n  o f  b u lk  p r o p e r t i e s ,  i t  would seem 

r e a s o n a b le  t h a t  th e  r a t i o  o f  th e  two e n th a lp y  f l u x e s  m ight be 

r e p r e s e n te d  by an  e x p r e s s io n  o f  th e  form

<=.

where a ,  b ,  c ,  and d a r e  e m p i r i c a l  c o n s t a n t s .  The v i s c o s i t y  

r a t i o  has  b een  in t r o d u c e d  t o  a c c o u n t  f o r  i t s  e f f e c t  on th e  

v e l o c i t y  p r o f i l e .

I t  has  b een  d e te rm in e d  by  c a l c u l a t i o n s  t h a t  when th e  

r a t i o  o f  th e  b u lk  to  w a l l  h e a t  c a p a c i ty  i s  r e p l a c e d  by th e  

b u lk  to  mean v a lu e ,  a  b e t t e r  c o r r e l a t i o n  i s  o b t a i n e d .  T h is  

i s  p ro b a b ly  due t o  th e  i r r e g u l a r  v a r i a t i o n  o f  th e  h e a t  c a p a c i ty  

w i th  t e m p e r a tu r e .  I n c o r p o r a t i n g  t h i s  id e a  w i th  E q u a t io n s  (31) 

and (3 2 ) ,
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c ^ y ® >

E q u a t io n  (33) has b een  u se d  t o  p r e d i c t  h e a t  t r a n s f e r  

c o e f f i c i e n t s  f o r  p rop an e  i n  th e  s u p e r c r i t i c a l  r e g io n .  The 

r e s u l t s  o f  th e s e  c a l c u l a t i o n s  a r e  p r e s e n t e d  i n  th e  R e s u l t s  

s e c t i o n .



CHAPTER IV

DESCRIPTION OP EXPERIMENTAL APPARATUS-

The e x p e r im e n ta l  a p p a r a tu s  c o n s i s t e d  p r i m a r i l y  o f  two 

e le m e n ts ,  a c lo s e d  h e a t  t r a n s f e r  loop  and an  e x t e r n a l  p r e s s u r e  

c o n t r o l  sys tem , A sch em a tic  f low  d iag ram  o f  th e  a p p a r a tu s  i s  

shown i n  F ig u re s  5 and 6 .

Flow D e s c r ip t io n  

In s t ru m e n t  g rad e  p ro p an e ,  99-5  mole p e r  c e n t  minimum 

p u r i t y ,  was c i r c u l a t e d  th ro u g h  th e  sy s tem  by a canned r o t o r ,  

c e n t r i f u g a l  pump. Leaving  the  pump, th e  f l u i d  p a sse d  th ro u g h  

a t u r b i n e - t y p e  f low  m e te r  and on th ro u g h  a n e ed le  v a lv e  which 

was u sed  to  m an ua lly  c o n t r o l  th e  flow  r a t e  i n  th e  lo o p . The 

a v e ra g e  f lo w  c o n d i t i o n s  a t  th e  m e te r  were d e te rm in e d  from  a 

p r e s s u r e  and te m p e ra tu re  t a p  dow nstream  from  th e  m e te r .  The 

f l u i d  th e n  p a sse d  th ro u g h  a s he11-a n d - tu b e  p r e h e a t e r  where i t  

was h e a te d  by low p r e s s u r e  steam  to  th e  d e s i r e d  t e m p e ra tu re .  

The f l u i d  was mixed and i t s  b u lk  te m p e ra tu re  measured w i th  a 

b a re  therm ocoup le  i n  th e  e n t r a n c e  m ixing  chamber. The f l u i d  

was h e a te d  e l e c t r i c a l l y  i n  th e  I n c o n e l  t e s t  s e c t i o n .  Thermo

c o u p le s  were l o c a t e d  on th e  o u t s id e  o f  th e  tube  w a l l  to  d e t e r 

mine th e  tu b e  t e m p e ra tu re  p r o f i l e .  At th e  o u t l e t  o f  th e  t e s t  

s e c t i o n ,  th e  f l u i d  was mixed and i t s  b u lk  te m p e ra tu re  a g a in

28
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m easured w i th  a b a r e  th e rm o co u p le .  P re s s u re  t a p s  were l o c a te d  

a t  e a c h  m ixing  chamber t o  m easure th e  sys tem  p r e s s u r e  and th e  

p r e s s u r e  d ro p  a c r o s s  th e  t e s t  s e c t i o n .  The h o t  f l u i d  from  

th e  t e s t  s e c t i o n  was co o le d  by  t a p  w a te r  In  t wo sh e 11 - a n d - tu b e  

a f t e r c o o l e r s  and r e tu r n e d  t o  th e  pump s u c t i o n ,  co m p le t in g  th e  

f lo w  c y c l e .

T e s t  S e c t io n

The t e s t  s e c t i o n  c o n s i s t e d  o f  an  In c o n e l  t u b e ,  29 I n .  

lo n g ,  0 .3 0 1  I n .  I n s i d e  d i a m e te r ,  w i th  a w a l l  t h i c k n e s s  o f  

0 .0 2 9  I n .  P o r t i o n s  o f  th e  t u b e ,  4 .5  I n .  a t  th e  e n t r a n c e  and 

3 .5  I n .  a t  th e  e x i t ,  s e rv e d  a s  f low  s t r a l g h t n e r s .  The r e 

m ain der  o f  th e  t e s t  s e c t i o n  was u sed  a s  an  e l e c t r i c a l  r e s i s t 

ance  h e a t e r .  D e t a i l s  o f  th e  t e s t  s e c t i o n  and th e  m ixing

cham bers a r e  shown I n  F ig u re  7 .

E l e c t r i c a l  power was s u p p l i e d  to  th e  tube  th ro u g h  

r u b b e r  I n s u l a t e d  a r c  w e ld in g  c a b l e s .  The c a b le s  were f a s t e n e d  

w i th  cap  sc rew s t o  th e  ends  o f  two c o p p e r  lu g s .  The low er 

ends  o f  th e  lu g s  were d r i l l e d  w i th  0 .3  I n .  h o l e s .  The t e s t  

s e c t i o n  was I n s e r t e d  th ro u g h  th e  h o le s  and s i l v e r  s o ld e r e d  

t o  th e  l u g s .

I n  o r d e r  t o  u se  th e  t e s t  s e c t i o n  a s  a r e s i s t a n c e  

h e a t e r .  I t  was n e c e s s a r y  to  e l e c t r i c a l l y  I n s u l a t e  th e  t e s t  

s e c t i o n  from  th e  r e s t  o f  th e  h e a t  t r a n s f e r  lo o p . The I n s u l a 

t i o n  was a c c o m p lish e d  a t  e a c h  end o f  th e  t e s t  s e c t i o n  w i th

e l e c t r i c a l l y - i n s u l a t i n g  p r e s s u r e  f i t t i n g s  a s  shown In  

F ig u re  7* Each f i t t i n g  c o n s i s t e d  o f  a 1 /2  I n .  male c o n n e c to r
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w ith  a t e f l o n  b u sh in g  and s l e e v e .  The t e f l o n  b u sh in g  e l e c 

t r i c a l l y  I n s u l a t e d  th e  t e s t  s e c t i o n  from  th e  f i t t i n g  and th e  

r e s t  o f  th e  lo o p . The p r e s s u r e  s e a l  was formed by e x t r u s io n  

o f  th e  t e f l o n  s le e v e  w i th  th e  c o n n e c to r  n u t .  The 1 /2  I n .  

c o n n e c to r s  were screw ed I n to  1 I n .  h ig h  p r e s s u r e  p ip e  t e e s  

w i th  1 /2  I n .  b u s h in g s .

Therm ocouples were s i l v e r  s o ld e r e d  to  th e  o u t s id e  o f  

th e  tu b e  w a l l  a t  1 I n .  I n t e r v a l s .  These th e rm o co u p le s  were 

24 g a g e ,  c o p p e r - c o n s ta n ta n  w i th  f i b e r  g l a s s  I n s u l a t i o n .  The 

therm ocoup le  l e a d s  were wound a round  th e  t e s t  s e c t i o n  s e v e r a l  

t im es  b e fo r e  p a s s in g  to  th e  te m p e ra tu re  measurement sys tem . 

T h is  p ro c e d u re  a id e d  In  re d u c in g  h e a t  c o n d u c t io n  l o s s e s  a lo n g  

th e  therm ocoup le  le a d  w ire s  by fo rm ing  a n e a r l y  I s o th e rm a l  

l e n g th .  I t  a l s o  h e lp e d  to  p r e v e n t  b reak ag e  a t  th e  therm o 

coup le  J u n c t io n  on th e  tube  w a l l  d u r in g  th e  movement o f  th e  

t e s t  s e c t i o n .

The m ixing chambers were 1 I n .  h ig h  p r e s s u r e  p ip e  

t e e s .  S u f f i c i e n t  m ixing o f  th e  f l u i d  o c c u r re d  in  th e  p ip in g  

p r i o r  t o  th e  e n t r a n c e  m ixing chamber so t h a t  no d i f f i c u l t y  

was e n c o u n te re d  In  th e  d e te r m in a t io n  o f  th e  e n t r a n c e  b u lk  

f l u i d  te m p e ra tu re .  The e x p a n s io n  o f  th e  f l u i d  from  th e  t e s t  

s e c t i o n  I n t o  th e  e x i t  m ixing chamber, however, d id  n o t  c r e a t e  

s u f f i c i e n t  tu r b u le n c e  to  I n s u r e  a un ifo rm  f l u i d  t e m p e ra tu re .  

T h is  p rob lem  was e l im in a te d  by w eld ing  a b a f f l e  I n s id e  th e  

m ixing t e e .  The b a f f l e  was c o n s t r u c te d  from 1 /8  I n .  a n g le  

I r o n  w i th  l 6  -  1 /8  In .  h o le s .

The f l u i d  therm ocoup le  a s s e m b l ie s  were screw ed I n to
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t h e  s i d e s  o f  th e  m ixing cham bers . Each assem b ly  c o n s i s t e d  o f  

a 3 /1 6  I n .  male c o n n e c to r  (Ermeto ty p e )  and 2 I n .  o f  3 / l 6  I n .  

O.D. t u b in g .  The therm ocoup le  w ire  was s e a le d  In  th e  b a se  o f  

th e  tu b in g  w i th  epoxy r e s i n .  The f l u i d  th e rm o co u p le s  were 24 

g a g e ,  f i b e r - g l a s s  I n s u l a t e d  c o p p e r - c o n s ta n ta n .

The t e s t  s e c t i o n  and m ixing chambers were I n s u l a t e d  

w i th  3 /4  I n .  o f  a s b e s t o s  ta p e  and 2 1 /2  I n .  o f  f i b e r  g l a s s .

Pump

The f l u i d  was c i r c u l a t e d  th ro u g h  th e  c lo s e d  lo o p  w i th  

a canned r o t o r ,  c e n t r i f u g a l  punç>, Chempump Model C P -3 /4 -3 /4 S .  

T h is  u n i t  was d e s ig n e d  to  h and le  30 0PM o f  f l u i d  a t  a 30 f t .  

d i s c h a r g e  h ead . The pump was t o t a l l y  e n c lo s e d  and a l l  p a r t s  

In  c o n ta c t  w i th  th e  f l u i d  were made o f  ty p e  316  s t a i n l e s s  

s t e e l .  The u n i t  was w a te r  co o le d  and eq u ip p ed  w i th  a th e rm a l  

c u t  o u t .  The m a jo r  a d v an tag e  o f  t h i s  ty p e  o f  pump was t h a t  

th e  c i r c u l a t i n g  f l u i d  was n o t  c o n ta m in a te d  w i th  l u b r i c a n t s .

E l e c t r i c a l  Power System and Measurement

E l e c t r i c a l  power f o r  th e  t e s t  s e c t i o n  was o b ta in e d  

from  a 210 v o l t ,  s i n g l e  p h a se ,  AC s o u r c e .  The so u rc e  was 

a p p l i e d  t o  a S u p e r io r  E l e c t r i c ,  Model P I 2 5 6 , a u to t r a h s f o r m e r  

( v a r l a c )  w i th  a power r a t i n g  o f  7 -5  KVA. The v a r i a b l e  o u tp u t  

v o l ta g e  o f  th e  v a r l a c  was s u p p l ie d  t o  a W estlnghouse  2 0 /1 0 :1  

s tep -dow n tran s fo rm e z  and I t s  o u tp u t  was f e d  th ro u g h  mzbber 

I n s u l a t e d  c a b le s  t o  th e  t e s t  s e c t i o n .  The low v o l t a g e  power 

sy s tem . In c lu d in g  a u x i l i a r y  eq u ip m en t,  had a maximum power 

r a t i n g  o f  7 -5  KVA.
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The power I n p u t  t o  th e  t e s t  s e c t i o n  was d e te rm in e d  

from  v o l t a g e  and r e s i s t a n c e  m easurem ents . The v o l ta g e  a c r o s s  

th e  t e s t  s e c t i o n  was m easured w i th  a  Weston Model 904 (8 ran g e )  

AC v o l tm e te r  which had a r a t e d  a c c u ra c y  o f  1 /2  p e r  c e n t  o f  

f u l l  s c a l e  d e f l e c t i o n .  The r e s i s t a n c e  o f  th e  t e s t  s e c t i o n  

was d e te rm in e d  I n d i r e c t l y  from  th e  a v e ra g e  tu b e  w a l l  tem p era 

t u r e  and a r e s i s t a n c e - t e m p e r a t u r e  c a l i b r a t i o n  c u rv e .

Plow M eter

Plow r a t e s  In  th e  c lo s e d  loop  were m easured w i th  a 

Waugh Model PL-SSB t u r b in e  flow  m e te r .  The m e te r  was d e s ig n ed  

w i th  a  f low  ran g e  o f  0 . 9  to  7*5 GPM and  had a  maximum p r e s s u r e  

d ro p  o f  4 .5  p s l .  The f re q u e n c y  o f  th e  o u tp u t  s i g n a l  from th e  

t u r b in e  m e te r  was m easured w i th  an  e l e c t r o n i c  s c a l e r  and a 

p r e c i s i o n  e l e c t r i c a l  t im e r ,  a c c u r a t e  t o  0 .1  s e c o n d s .  The 

v o lu m e t r ic  f lo w  r a t e  th ro u g h  th e  m e te r  was p r o p o r t i o n a l  to  

th e  f r e q u e n c y .

Heat E xchangers

The t e s t  s e c t i o n  e f f l u e n t  was co o le d  In  two s h e l l - a n d -  

tu b e  h e a t  e x c h a n g e rs .  One o f  th e  e x c h a n g e rs ,  Ross Model 201- 

6EP, c o n ta in e d  a p p ro x im a te ly  2 s q .  f t .  o f  s u r f a c e  a r e a  made 

up o f  3 /8  I n .  X 20 BWO seam less  s t e e l  tu b e s  I n  a  s i n g l e  p a s s .  

The o t h e r  a f t e r c o o l e r  was c o n s t r u c t e d  w i th  6 -  1 /4  I n .  s t a i n 

l e s s  s t e e l  tu b e s  l 6  I n .  lo n g .  The propane  was c i r c u l a t e d  

th ro u g h  th e  tu b e  s id e  o f  th e  ex ch a n g e rs  and was co o le d  by ta p  

w a te r  f lo w in g  th ro u g h  th e  s h e l l  s i d e .

The s h e 11-a n d - tu b e  p r e h e a t e r  was c o n s t r u c t e d  w i th  9 -
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1 /8  I n .  S chedu le  80 seam less  s t e e l  p ip e s  24 i n .  lo n g .  Propane 

was c i r c u l a t e d  th ro u g h  th e  tu b e  s id e  o f  th e  ex ch a n g e r  and was 

h e a te d  by  low p r e s s u r e  s team . The f l u i d  te m p e ra tu re  a t  th e  

e n t r a n c e  to  th e  t e s t  s e c t i o n  was r e g u la te d  by a d j u s t i n g  th e  

steam  p r e s s u r e  on th e  s h e l l  s i d e  o f  th e  ex ch an g er .

P r e s s u r e  C o n t ro l  System  and M easuring E lem ents 

The p r e s s u r e  c o n t r o l  sys tem  f o r  th e  h e a t  t r a n s f e r  

lo o p  i s  shown i n  F ig u re  6 .  The p r im a ry  e lem en t o f  th e  c o n t r o l  

sys tem  was a j a c k e t e d  c y l i n d e r .  The c y l i n d e r  was f a b r i c a t e d  

from  8 i n .  doub le  e x t r a  heavy se am less  s t e e l  p ip e  and had a 

volume o f  a p p ro x im a te ly  4 g a l l o n s .  A ccu ra te  c o n t r o l  o f  th e  

system  p r e s s u r e  was a c h ie v e d  by  r e g u l a t i n g  th e  c o n d e n sa t io n  

p r e s s u r e  o f  s team  in  th e  j a c k e t .

S t a t i c  p r e s s u r e s  i n  th e  h e a t  t r a n s f e r  loop  were 

measured by a 1000 p s i  H eise  Bourdon tu b e  p r e s s u r e  gage w i th  

2 p s i  s c a l e  g r a d u a t io n s .  The p r e s s u r e  d rop  a c r o s s  th e  t e s t  

s e c t i o n  was m easured on a B a r to n  Model 200 p r e s s u r e  d i f f e r e n 

t i a l  i n d i c a t o r  w i th  a  ran ge  o f  0 -100  i n .  o f  w a te r .

T em pera tu re  M easurements 

The t e s t  s e c t i o n  and f l u i d  therm ocoup le  l e a d s  were 

co n n ec ted  t o  t h r e e ,  Leeds and N o r th ru p ,  10 p o s i t i o n ,  th e rm o 

coup le  s e l e c t o r  s w i tc h e s .  The c o n n e c t io n s  and s e l e c t o r  

s w itc h e s  were housed i n  an  i n s u l a t e d  box to  reduce  th e rm a l  

EMP's a t  th e  c o p p e r - c o n s ta n t a n - b r a s s  j u n c t i o n s .  The therm o

coup le  v o l t a g e s  were r e f e r e n c e d  w i th  a  Jo sep h  Kaye and Company 

r e f e r e n c e  j u n c t i o n  and power s u p p ly .  The r e f e r e n c e  j u n c t io n
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was m a in ta in e d  a t  32P ±  0 .0 3 4 p .

The o u tp u t  v o l ta g e  from  th e  s e l e c t o r  s w i tc h e s  was 

grounded  th ro u g h  a 23 NPD c o n d e n se r  t o  red u ce  AC n o is e  i n  

th e  r e c o rd in g  sy s tem . The t e s t  s e c t i o n  therm ocoup le  v o l t a g e s  

were s u p p re s s e d  w i th  a  Leeds and N o rth ru p  p r e c i s i o n  p o t e n t i o 

m e te r ,  Model 8662. The r e s u l t i n g  BMP was obsez*ved on a 

B r i s t o l  D ynam aster, Model lPH -560, 0-lMV ra n g e ,  r e c o r d in g  

p o te n t io m e te r .  The BMP d e te r m in a t io n s  f o r  th e  t h r e e  f l u i d  

th e rm oco up les  were made w i th  a  Leeds and N o rth ru p  p r e c i s i o n  

p o t e n t io m e te r .  Model K2, a c c u r a t e  t o  0.0002MV.

G enera l

The lo op  and p r e s s u r e  c o n t r o l  sy s tem  was eq u ip p ed  

w i th  a vacuum pump and w a te r  a s p i r a t o r  f o r  e v a c u a t io n  b e f o r e  

th e  i n t r o d u c t i o n  o f  p ro p a n e .

The equipm ent was d e s ig n e d  f o r  a  maximum w orking p r e s 

su re  o f  1200 p s i a .  The p i p in g  was p r i m a r i l y  1 i n .  Schedu le  8o 

s e am less  s t e e l  a l th o u g h  o t h e r  s i z e s  were u sed  f o r  th e  pump and 

flow  m ete r  c o n n e c t io n s .

The maximum flo w  r a t e  was l i m i t e d  by th e  sy s tem  p r e s 

su re  d rop  and punq> c a p a c i ty  t o  a p p ro x im a te ly  5 .5  GPM.



CHAPTER V 

EXPERIMENTAL PROCEDURE

System  P r e p a r a t io n  and D ata  C o l l e c t i o n  

The p r e s s u r e  c o n t r o l  v e s s e l  and  h e a t  t r a n s f e r  loop  

were c h a rg ed  w i th  p ropane  a c c o rd in g  t o  th e  f o l lo w in g  p r o c e 

d u r e .  The sy s tem  was f i r s t  e v a c u a te d  w i th  a w a te r  a s p i r a t o r  

and th e n  w i th  a  vacuum pump. The p r e s s u r e  was checked w i th  

a m ercury  manometer and when conq>lete e v a c u a t io n  was i n d i 

c a t e d ,  t h e  v a lv e  was c lo s e d  be tw een  th e  vacuum pump and th e  

lo o p .  P ropane v a p o r  was b l e d  i n t o  t h e  lo o p  th ro u g h  th e  p r e s 

s u r e  c o n t r o l  v e s s e l  u n t i l  th e  p r e s s u r e  was a p p ro x im a te ly  30 

p s i g .  The p ropane  was v e n te d  t o  th e  a tm osp here  and th e  sys tem  

was e v a c u a te d  u s in g  th e  vacuum pump. The same p ro c e d u re  o f  

p r e s s u r i z i n g ,  v e n t i n g ,  and e v a c u a t io n  was r e p e a t e d .  A f t e r  

th e  second  p u r g in g ,  th e  p r e s s u r e  c o n t r o l  v e s s e l  was ch arg ed  

w i th  a p p ro x im a te ly  12 Ibm o f  l i q u i d  p ro p a n e .  The sy s tem  was 

th e n  re a d y  f o r  o p e r a t i o n .

The d a t a  f o r  each  ru n  were c o l l e c t e d  a f t e r  th e  a p p a 

r a t u s  was a t  s t e a d y  s t a t e  c o n d i t i o n s .  T h is  was d e te rm in e d  by 

m o n ito r in g  th e  i n l e t  and e x i t  m ix ing  chamber th e rm o co u p le s  on 

th e  te m p e ra tu re  r e c o r d e r  a t  a p p ro x im a te ly  10 m inute  i n t e r v a l s .  

I f  th e  r e c o rd e d  te m p e ra tu re  change was no g r e a t e r  th a n  0 .2 P

38
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o v e r  a  30 m inu te  sp a n ,  th e  sy s tem  was assumed to  be a t  s te a d y  

s t a t e .  As a f u r t h e r  c h ec k ,  th e  f l u i d  t e m p e ra tu re s  were meas

u r e d  a t  th e  b e g in n in g  and end o f  th e  p e r io d  r e q u i r e d  t o  c o l 

l e c t  th e  d a ta  ( a p p ro x im a te ly  15 m in u te s ) .  I f  th e  change was 

g r e a t e r  th a n  O .IP ,  th e  sy s te m  was assumed n o t  to  be a t  s te a d y  

s t a t e .

Heat T r a n s f e r  C o e f f i c i e n t  

The i r r e g u l a r  and r a p i d  v a r i a t i o n s  i n  p h y s i c a l  and 

therm odynam ic p r o p e r t i e s  i n  th e  n e a r  c r i t i c a l  r e g io n  make i t  

im p o s s ib le  t o  m a in ta in  a  c o n s t a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  

a lo n g  a f i n i t e  l e n g t h  o f  t u b e . Hence ; m easurem ents ta k e n  o v e r  

a  s e c t i o n  o f  tu b e  would l e a d  to  an  a v e ra g e  v a lu e  o f  h which 

would have l i t t l e  s i g n i f i c a n c e .  I t  was t h e r e f o r e  n e c e s s a ry  

t o  d e te rm in e  a  l o c a l  o r  p o i n t  h e a t  t r a n s f e r  c o e f f i c i e n t  d e 

f i n e d  by th e  e x p r e s s io n .

9w
t „  - (1)

where i s  th e  l o c a l  w a l l  h e a t  f l u x  and t ^  and t ^  a r e  the  

i n s i d e  w a l l  and  b u lk  f l u i d  te m p e ra tu re s  r e s p e c t i v e l y .

W all Heat F lux  

P o in t  v a lu e s  o f  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  were 

d e te rm in e d  f o r  p ropane  f lo w in g  th ro u g h  an  e l e c t r i c a l l y  h e a te d  

I n c o n e l  tu b e .  I n c o n e l  was s e l e c t e d  f o r  t h i s  i n v e s t i g a t i o n  

b e c a u se  i t  has  a  t e n s i l e  s t r e n g t h ,  com parable  to  most s t a i n 

l e s s  s t e e l s ,  and a v e ry  low te m p e ra tu re  c o e f f i c i e n t  o f
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e l e c t r i c a l  r e s i s t i v i t y .  The l a t t e r  v a lu e  I s  r e p o r t e d  a s  

7 X 10“^ I n  th e  ran g e  6 8 -9 3 0 P (2 ) ,  T h e r e fo r e ,  th e  e l e c 

t r i c a l  power d i s s i p a t i o n  was e s s e n t i a l l y  c o n s ta n t  a lo n g  th e  

tu b e  w a l l ,  even  th o u g h  th e  w a l l  t e m p e ra tu re  v a r i e d  b e cau se  o f  

changes I n  th e  f l u i d  te m p e ra tu re  and th e  h e a t  t r a n s f e r  

c o e f f i c i e n t .

The p o s i t io n - i n d e p e n d e n t  v a lu e  o f  th e  h e a t  f l u x ,  q^ , 

was d e te rm in e d  from  m easurem ents o f  th e  e l e c t r i c a l  en e rg y  

d i s s i p a t e d  I n  th e  t e s t  s e c t i o n  and th e  a v e ra g e  tu b e  w a l l  tem

p e r a t u r e .  The l a t t e r  v a lu e  was used  to  d e te rm in e  th e  av e rag e  

h e a t  l o s s e s  and th e  tu b e  e l e c t r i c a l  r e s i s t a n c e  from  a te m p e ra 

t u r e  - r e s i s t a n c e  c a l i b r a t i o n  (see  Appendix I  f o r  r e s i s t a n c e  and 

h e a t  l o s s  c a l i b r a t i o n s ) .  The h e a t  f l u x ,  q^ , was d e f in e d  a s

w here:

S f  “  2 ttRL “  2 ttRL

E « v o l t a g e  d ro p  a c r o s s  t e s t  s e c t i o n  

0 » r e s i s t a n c e  o f  t e s t  s e c t i o n ,  ohms 

R = I n s i d e  tu b e  r a d iu s  

L » t e s t  s e c t i o n  l e n g th  

Q = n e t  r a t e  o f  h e a t  g e n e r a t io n  

r a t e  o f  h e a t  l o s s e s  

J  * c o n v e r s io n  f a c t o r

W all T em pera tu re  

The w a l l  t e m p e ra tu re  was m easured a t  th e  o u t s id e  o f
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t h e  tu b e  s in c e  i t  was u n d e s i r a b l e  to  d i s t u r b  th e  f l u i d  p r o f i l e

i n s i d e  th e  t u b e .  The i n s i d e  w a l l  t e m p e ra tu re  was de tenrilhe<r 

from  th e  s o l u t i o n  o f  th e  d i f f e r e n t i a l  e n e rg y  b a la n c e  f o r  th e  

tu b e  w a l l .  Assuming u n ifo rm  v o lu m e t r ic  h e a t  g e n e r a t i o n  and 

n e g l e c t i n g  a x i a l  c o n d u c t io n ,  th e  d i f f e r e n t i a l  en e rg y  b a la n c e  

f o r  t h e  tu b e  w a l l  i s :

d
(35)

where :

r  = tu b e  r a d i u s  v a r i a b l e

k = th e rm a l  c o n d u c t iv i t y  o f  th e  tu b e  w a l l

§ = r a t i o  o f  o u t s id e  tu b e  r a d i u s  t o  i n s i d e  tu b e  r a d i u s .

The th e rm a l  c o n d u c t iv i t y  o f  I n c o n e l  can  be r e p r e s e n te d  by a 

l i n e a r  f u n c t i o n  o f  te m p e ra tu re  o v e r  th e  range  employed in  

t h i s  i n v e s t i g a t i o n .  Assuming th e  o u t s id e  o f  th e  tube  to  be 

p e r f e c t l y  i n s u l a t e d ,  th e  boundary  c o n d i t i o n s  a t  r  = §R a re  

g iv e n  b y :

t  = tg  , a t  r  = §R (36 )

d t
a ? a t  r  = §R (37)

The d i f f e r e n t i a l  e n e rg y  b a la n c e ,  e q u a t io n  (3 5 ) ,  can be i n t e 

g r a t e d  tw ic e ,  a p p ly in g  th e  boundary  c o n d i t i o n s  t o  o b ta in  th e  

te m p e ra tu re  d i s t r i b u t i o n  a c r o s s  t h e  tu b e  w a l l .  The d e s i r e d  

i n s i d e  w a l l  t e m p e ra tu re ,  t ^ ,  i s

(38)
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where k  l a  t o  be e v a lu a t e d  a t  t h e  a r i t h m e t i c  mean o f  t„  and
9

B ulk  F l u i d  T em pera tu re  

The b u lk  f l u i d  t e m p e r a tu r e ,  t ^ ,  was d e te rm in e d  by- 

means o f  th e  m acroscop ic  e n e rg y  b a la n c e .  F o r  a s t e a d y  s t a t e  

p r o c e s s ,  c o n s id e r in g  th e  sy s tem  b o u n d a r ie s  a s  t h a t  d e f in e d  by 

two a r b i t r a r y  p la n e s  norm al t o  th e  d i r e c t i o n  o f  f lo w  and th e  

i n s i d e  tu b e  w a l l ,  th e  b a la n c e  may be w r i t t e n  a s :

(39)

where :

= b u lk  s p e c i f i c  e n th a lp y  o f  th e  f l u i d

V = b u lk  v e l o c i t y  o f  f lo w in g  f l u i d

Z * e l e v a t i o n  above an  a r b i t r a r y  datum l e v e l  

9  = h e a t  t r a n s f e r r e d  p e r  u n i t  mass o f  f lo w in g  f l u i d

ST = work t r a n s f e r r e d  p e r  u n i t  mass o f  f lo w in g  f l u i d

g = a c c e l e r a t i o n  o f  g r a v i t y  

gg = d im e n s io n a l  c o n s t a n t  

A = l i n e a r  o p e r a t o r ,  d e f in e d  a s  o u t p u t - i n p u t

The te rm  i n v o lv in g  th e  change i n  th e  s p e c i f i c  k i n e t i c  en e rg y  

was n e g l i g i b l e  becau se  th e  v e l o c i t i e s  and t h e i r  changes were 

s m a l l .  The t e s t  s e c t i o n  i n  th e  e x p e r im e n ta l  a p p a r a t u s  was 

o r i e n t e d  h o r i z o n t a l l y  and t h e r e  was no work f o r  th e  system  a s  

d e f i n e d .  Thus e q u a t io n  (39) r e d u c e s  to

9  (40)
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The h e a t  t r a n s f e r r e d  p e r  u n i t  mass o f  f lo w in g  f l u i d  may be

th e  wal l  h e a t  f l u x  a s :

w L w RG^

where :

z ■ d i s t a n c e  from  p o in t  o f  power a p p l i c a t i o n  ( tu b e  
e n t r a n c e )

w * mass f lo w  r a t e  o f  f l u i d
P

* b u lk  mass v e l o c i t y ,  w/nR

Combining e q u a t io n s  (4o) and (4l) g iv e s  th e  change i n  th e  

s p e c i f i c  e n th a lp y  o f  th e  f l u i d  betw een  th e  tube  e n t r a n c e  

and a p o in t  a t  a  d i s t a n c e  z from th e  tu b e  e n t r a n c e ,  i . e . .

D

where th e  s u b s c r i p t  I  r e f e r s  t o  th e  e n t r a n c e  o f  th e  t e s t  

s e c t i o n .

The s p e c i f i c  e n th a lp y  o f  th e  f l u i d  i s  a f u n c t i o n  o f  

p r e s s u r e  and t e m p e r a tu r e .  S ince  th e  p r e s s u r e  drop  a c r o s s  th e  

t e s t  s e c t i o n  i s  s m a l l ,  th e  p r e s s u r e  d i s t r i b u t i o n  may be a s 

sumed l i n e a r  w i th  l e n g t h  ( z ) .  The e f f e c t  o f  p r e s s u r e  on tem 

p e r a t u r e  a t  c o n s t a n t  e n th a lp y  can be c a l c u l a t e d  from  v o lu m e t r ic  

p r o p e r t i e s  and th e  i s o b a r i c  h e a t  c a p a c i ty  by th e  r e l a t i o n
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where |i ' i s  th e  Joule-Thom son c o e f f i c i e n t  and

I n t e g r a t i n g  E q u a t io n  (43) o v e r  a sm a ll  p r e s s u r e  i n t e r v a l ,  th e  

i n t e g r a n d  i s  e s s e n t i a l l y  c o n s ta n t  and th e  r e s u l t  may be w r i t 

t e n  a s

*bz -  tb z  + (‘“z -  700) (45)

where t ' i s  th e  t e m p e ra tu re  c o rre sp o n d in g  to  th e  b u lk  s p e -  bz
c i f i c  e n th a lp y ,  a t  TOO p s i a  and n ' i s  th e  Joule-Thom son

c o e f f i c i e n t  a t  TOO p s i a  and t*  . T hus, E q u a t io n s  (42) and 

(45) can be u sed  to  c a l c u l a t e  th e  b u lk  f l u i d  te m p e ra tu re  a t  

any  l o c a t i o n  ( z ) .

P o in t  v a lu e s  o f  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  a lo n g  

th e  l e n g t h  o f  th e  tu b e  were c a l c u l a t e d  from measurement o f  

th e  h e a t  i n p u t  ( th ro u g h  d i s s i p a t i o n  o f  e l e c t r i c a l  e n e r g y ) ,  

e x t e r n a l  w a l l  te m p e ra tu re  p r o f i l e  (w ith  th e rm ocou p les  l o c a te d  

on th e  o u t s id e  o f  th e  t u b e ) ,  flow  r a t e  (w ith  a t u r b in e  flow  

m e te r ) ,  b u lk  te m p e ra tu re  and s t a t i c  p r e s s u r e  o f  th e  f l u i d  a t  

th e  tu b e  e n t r a n c e  m ixing chamber (w ith  a b a re  therm ocoup le  

and p r e s s u r e  g a g e ) ,  and p r e s s u r e  drop  a c r o s s  th e  t e s t  s e c t i o n  

(w ith  a d i f f e r e n t i a l  p r e s s u r e  g a g e ) .

Thermodynamic Measurements 

The a p p a r a tu s  was c o n s t r u c te d  so t h a t  i t  cou ld  be 

o p e ra te d  a s  a flow  c a l o r i m e t e r  to  o b t a in  s p e c i f i c  e n th a lp y  

d a t a .  T h is  was acco m p lish ed  by  m easuring  th e  b u lk  te m p e ra tu re
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o f  t h e  f l u i d  a t  th e  tube  e x i t .  T h us , th e  s p e c i f i c  e n th a lp y  

a t  th e  e x i t  t e m p e ra tu re  r e l a t i v e  to  t h a t  a t  th e  i n l e t  te m p e ra 

t u r e  was d e te rm in e d  a s  a f u n c t i o n  o f  th e  e x i t  t e m p e ra tu re .

The r e s u l t s  o f  such  m easurements d e s c r i b e  th e  s p e c i f i c  e n th a lp y  

b e h a v io r  o f  th e  f l u i d  o v e r  th e  ran ge  o f  t e m p e ra tu re s  s tu d i e d .

As d i s c u s s e d  i n  th e  L i t e r a t u r e  S u rv ey  s e c t i o n ,  such  d a ta  were 

n o t  a v a i l a b l e  f o r  p ropane  i n  th e  c r i t i c a l  r e g io n .  V a lues  

c a l c u l a t e d  from  v o lu m e tr ic  d a ta  a r e  s u b j e c t  to  l a r g e  e r r o r s  

i n  t h i s  r e g io n  becau se  o f  th e  r a p i d  changes i n  th e  p r o p e r t i e s .  

Hence, th e  a p p a r a tu s  was used  to  m easure th e  s p e c i f i c  e n th a lp y  

o f  p ro p an e  i n  th e  fo l lo w in g  m anner. The d e s i r e d  p r e s s u r e  

(700  p s i a )  and i n l e t  b u lk  te m p e ra tu re  were h e ld  c o n s t a n t  and 

th e  h e a t  in p u t  was v a r i e d .  The o u t l e t  b u lk  te m p e ra tu re  was 

n o te d  f o r  e a c h  v a lu e  o f  th e  h e a t  i n p u t .  The i n l e t  te m p e ra 

t u r e  was chosen  betw een 165 -  17OF and r e a d in g s  were ta k e n  a t  

v a r i o u s  e x i t  t e m p e ra tu re s  up to  t h a t  c o r re sp o n d in g  to  a h e a t  

f l u x  o f  a p p ro x im a te ly  100,000 B t u / h r .  sq .  f t .  I t  was im pos

s i b l e  t o  c o v e r  th e  e n t i r e  te m p e ra tu re  span  by v a ry in g  th e  h e a t  

f l u x  a lo n e .  T hus, a  h ig h e r  i n l e t  t e m p e ra tu re  was s e l e c t e d  

and th e  p ro c e d u re  r e p e a te d  u n t i l  th e  o u t l e t  t e m p e ra tu re  e x 

ceeded  25OP. The d a ta  from th e s e  ru n s  a r e  p r e s e n t e d  i n  th e  

R e s u l t s  s e c t i o n .

The i s o b a r i c  s p e c i f i c  h e a t  c a p a c i t y ,  Cp, was c a l c u 

l a t e d  from  th e  e n th a lp y ^ d a ta  from  th e  d e f i n i t i o n .
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The c a l c u l a t e d  r e s u l t s  o f  a r e  a l s o  p r e s e n t e d  i n  th e  R e s u l t s  

s e c t i o n .

P r e c i s i o n  o f  D ata

A flow  c a l o r i m e t e r  c a n n o t  be  o p e r a te d  a t  c o n s t a n t  

p r e s s u r e .  F o r th e  s p e c i f i c  e n th a lp y  d e t e r m i n a t i o n s ,  th e  

p r e s s u r e  d ro p  a c r o s s  th e  tu b e  was l i m i t e d  t o  a maximum o f  

1 .5  p s i .  The e f f e c t  o f  sm a l l  p r e s s u r e  changes was n e g l i g i b l e  

e x c e p t  n e a r  th e  t r a n s p o s e d  c r i t i c a l  t e m p e ra tu re ,  where th e  

p r e s s u r e  c o r r e c t i o n  c o u ld  be a s  h ig h  a s  1 .0  B tu /lb m . T h is  

e f f e c t  was c a l c u l a t e d  from th e  i n t e g r a t e d  form o f  E q u a t io n  

(44) and th e  d a ta  were a d j u s t e d  a c c o r d i n g l y  f o r  a l l  r u n s .

The e n th a lp y  d a ta  were u sed  to  check  th e  e n e rg y  

b a la n c e s  i n  th e  h e a t  t r a n s f e r  t e s t s .  The maximum d e v i a t i o n  

be tw een  th e  m easured  e l e c t r i c a l  e n e rg y  in p u t  and th e  s p e c i f i c  

e n th a lp y  change o f  th e  f l u i d  be tw een  th e  tu b e  e n t r a n c e  and 

e x i t  was 2 .1  B tu / lb m  and th e  a v e ra g e  d e v i a t i o n  was 0 . 3  B tu /lb m . 

The c o r re s p o n d in g  a v e ra g e  e n th a lp y  change was a p p ro x im a te ly  

23 B tu / lb m .

The p r e c i s i o n  o f  th e  e n th a lp y  d a t a  can be e s t im a t e d  

by  c o n s id e r in g  th e  a c c u ra c y  o f  th e  i n d i v i d u a l  m easurem ents 

r e q u i r e d  f o r  i t s  d e te r m i n a t i o n .  The f l u i d  th e rm o c o u p le s ,  

which were l o c a t e d  i n  the  i n l e t  and  e x i t  m ixing cham bers , 

were c a l i b r a t e d  to  0 .0 2P  a g a i n s t  a p la t in u m  r e s i s t a n c e  t h e r 

mometer u s in g  a  c o n t r o l l e d  t e m p e ra tu re  b a th  o f  t r i e t h y l e n e  

g l y c o l .  The c a l i b r a t i o n  ran g e  was d iv id e d  i n t o  s i x  a p p r o x i 

m a te ly  e q u a l  i n t e r v a l s  o f  40P e a c h .  R e s u l t s  o f  th e
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c a l i b r a t i o n  a r e  shown In  F ig u re  l 6 .

The e l e c t r i c a l  en e rg y  In p u t  was d e te rm in e d  from  v o l ta g e  

and r e s i s t a n c e  m easu rem en ts . The v o l tm e te r  was a c c u r a t e  to  

0 . 5$  o f  f u l l  s c a l e  d e f l e c t i o n  and was eq u ipped  w i th  e i g h t  s e p 

a r a t e  r a n g e s  so  t h a t  o p e r a t io n  was n e a r l y  a lw ays above h a l f  

s c a l e .  The tu b e  r e s i s t a n c e  was d e te rm in e d  I n d i r e c t l y  from  

th e  a v e ra g e  tu b e  w a l l  te m p e ra tu re  by a  r e s i s t a n c e - t e m p e r a t u r e  

c a l i b r a t i o n .  The c a l i b r a t i o n  was acco m p lish ed  by c i r c u l a t i n g  

f l u i d  a d l a b a t l c a l l y  th ro u g h  th e  I n s u l a t e d  tu b e  and m easuring  

th e  r e s i s t a n c e  by th e  p o t e n t l o m e t r l c  method. The c a l i b r a t i o n  

r e s i s t a n c e  m easurem ents were a c c u r a t e  t o  0 .0 7 # .  F o r  a more 

com ple te  d i s c u s s i o n  o f  th e  c a l i b r a t i o n  p ro c e d u re  and th e  

r e s u l t s ,  se e  Appendix I .

The t u r b i n e  f low  m ete r  was c a l i b r a t e d  by th e  m anufac

t u r e r  t o  0 . 3#  u s in g  w a te r  a s  th e  c a l i b r a t i o n  f l u i d .  F u r t h e r  

c a l i b r a t i o n  w i th  w a te r  and th e  m e te r  I n  p la c e  showed t h a t  

t h i s  l e v e l  o f  a c c u ra c y  cou ld  be m a in ta in e d  o v e r  th e  range  o f  

th e  m e te r  by  u s in g  th e  c a l i b r a t e d  m e te r  c o n s ta n t  c o r re sp o n d in g  

to  th e  f re q u e n c y  o f  th e  o u tp u t  s i g n a l .  Because o f  l i m i t a t i o n s  

Imposed by  th e  h e a t  exchange c a p a c i ty  o f  th e  lo o p .  I t  was 

Im p o ss ib le  t o  m a in ta in  th e  same m e te r in g  te m p e ra tu re  and , 

hen ce , k in e m a t ic  c o n d i t i o n s  a t  th e  m e te r  f o r  a l l  r u n s .  From 

d im e n s io n a l  a n a l y s i s  I t  can be shown t h a t  th e  v o lu m e tr ic  flow  

r a t e  th ro u g h  th e  m e te r  I s  a f u n c t io n  o f  th e  r a t i o  o f  th e  o u t 

p u t  f re q u e n c y  t o  th e  k in e m a t ic  v i s c o s i t y .  S in c e  p ropane  and 

w a te r  a r e  k i n e m a t i c a l l y  d i f f e r e n t ,  th e  m e te r  c a l i b r a t i o n  was 

checked w i th  p rop an e  I n  a  r e g io n  removed from  th e  c r i t i c a l
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s t a t e  by c a l c u l a t i n g  th e  m e te r  c o n s ta n t  from  th e  o v e r a l l  

e n e rg y  b a la n c e  u s in g  th e  e n th a lp y  d a ta  from  Din ( l 4 ) .  R e s u l ts  

o f  th e  c a l i b r a t i o n  a r e  g iv e n  I n  Appendix I  and a r e  d i f f e r e n t  

th a n  th o s e  o b ta in e d  u s in g  w a te r  a s  th e  c a l i b r a t i n g  f l u i d .  The 

p ropane  c a l i b r a t i o n  was u se d  t o  d e te rm in e  th e  mass f low  r a t e  

f o r  a l l  ru n s  w i th  an a c c u ra c y  o f  0 .6 ^ .

The s t a t i c  p r e s s u r e  I n  th e  m e te r in g  t a p  and th e  I n l e t  

and e x i t  m ixing  chambers was o b se rv ed  w i th  a H else  Bourdon 

tu b e  g au g e . The gauge was c a l i b r a t e d  by  th e  m a n u fa c tu re r  and 

checked w i th  a dead w e ig h t  t e s t e r .  The gauge was found  to  be 

a c c u r a t e  w i th in  1 .0  p s l .  The p r e s s u r e  d rop  a c r o s s  th e  t e s t  

s e c t i o n  was d e te rm in e d  w i th  a B a r to n  d i f f e r e n t i a l  p r e s s u r e  

gauge which was a c c u r a t e  t o  one In c h  o f  f l u i d  head .

The thermodynamic d a ta  a s  w e l l  a s  th e  h e a t  t r a n s f e r  

r e s u l t s  depend on th e  w a l l  t e m p e r a tu r e . These therm ocoup les  

were c a l i b r a t e d  I n  p la c e  a g a i n s t  th e  f l u i d  th e rm ocou p les  by 

c i r c u l a t i n g  p ropane  a d l a b a t l c a l l y  th ro u g h  th e  t e s t  s e c t i o n .  

T h is  method o f  c a l i b r a t i o n  was l im i t e d  to  a maximum tem p era 

t u r e  o f  27OP by th e  s team  p r e s s u r e  a v a i l a b l e  In  th e  p r e h e a t e r .  

At th e  maximum t e m p e r a tu r e ,  th e  d e v ia t i o n s  were I r r e g u l a r  and 

a s  l a r g e  a s  2 .8 P .  These c o r r e c t i o n s  from N a t io n a l  B ureau  o f  

S ta n d a rd  v a lu e s  a r e  a t t r i b u t e d  t o  th e  s i l v e r - s o l d e r e d  connec

t i o n s  on th e  tu b e  w a l l .  The d e v ia t i o n s  were l i n e a r  w i th  tem

p e r a t u r e  an d ,  t h e r e f o r e ,  were e x t r a p o l a t e d  t o  h ig h e r  tem p era 

t u r e s  t o  com plete  th e  c a l i b r a t i o n  f o r  th e  range  o f  w a l l  

t e m p e ra tu re s  s t u d i e d .  I n  th e  c a l i b r a t i o n  range  o f  7 0 - 27OP 

th e  th e rm ocou p les  were a c c u r a t e  t o  0 .2 P .
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Tube h e a t  l o s s e s  were d e te rm in e d  by s u p p ly in g  e l e c t r i 

c a l  e n e rg y  to  th e  t e s t  s e c t i o n  w i th  th e  sys tem  u n d e r  a vacujim. 

The a x i a l  t e m p e ra tu re  p r o f i l e s  o b ta in e d  i n  th e s e  t e s t s  were 

r e l a t i v e l y  f l a t  i n  th e  c e n t r a l  p o r t i o n  o f  th e  tu b e ,  (see  

F ig u re  18 , Appendix I ) .  T h is  i n d i c a t e d  t h a t  c o n d u c t io n  l o s s e s  

from  th e  ends o f  th e  tu b e  a r e  sm a ll  and would n o t  a f f e c t  th e  

p r o f i l e  i n  th e  c e n t e r  o f  th e  tu b e  i n  th e  a c t u a l  h e a t  t r a n s f e r  

t e s t s .  The e l e c t r i c a l  power d i s s i p a t i o n  n e c e s s a r y  to  m ain

t a i n  th e  c e n t r a l  p o r t i o n  o f  th e  tu b e  a t  v a r io u s  te m p e ra tu re  

l e v e l s  was a l s o  m easured d u r in g  t h i s  t e s t .  The r e s u l t s  o f  

t h e s e  ru n s  a r e  shown i n  F ig u re  19. A com parison  o f  th e s e  

v a lu e s  w i th  th e  m easured h e a t  i n p u t  d u r in g  a c t u a l  h e a t  t r a n s 

f e r  ru n s  a t  th e  same w a l l  t e m p e ra tu re  showed t h a t  th e  h e a t  

l o s s e s  d id  n o t  exceed  0 . 5^ ,  e x c e p t  on s e v e r a l  ru n s  a t  a low 

h e a t  f l u x  o f  a p p ro x im a te ly  1 0 ,0 00  B t u / h r .  sq . f t .

The maximum e r r o r  i n  th e  s p e c i f i c  e n th a lp y  d e te r m in a 

t i o n s  can  be o b ta in e d  from  th e  e r r o r s  i n  th e  i n d i v i d u a l  meas

u re m e n ts .  Combining E q u a t io n s  (4o) and ( 4 l ) ,  n e g le c t i n g  h e a t  

l o s s e s ,  and a p p ly in g  l o g a r i t h i m i c  d i f f e r e n t i a t i o n ,  th e  e r r o r  

i n  th e  s p e c i f i c  e n th a lp y  change i s  g iv e n  by

^  max

where E^^^ r e f e r s  t o  th e  f u l l  s c a l e  v o l ta g e  and 8 th e  e r r o r .  

T ak ing  an  a v e rag e  v o l ta g e  a s  t w o - t h i r d s  o f  E ^ ^ ,  E q u a t io n  (47) 

y i e l d s  a maximum e r r o r  o f  2 . 1#  o r ,  c o r r e s p o n d in g ly ,  0 .4  to
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0 .7  B tu / lb m  i n  th e  s p e c i f i c  e n th a lp y  change . T hus, th e  a v e r 

age  d e v i a t i o n  o f  0 .3  B tu / lb m  f o r  th e  e n e rg y  b a la n c e s  f o r  th e  

h e a t  t r a n s f e r  t e s t s  was w i t h in  th e  l i m i t s  p r e d i c t e d  by th e  

e r r o r s  I n  th e  I n d i v i d u a l  m easurem ents .

S e v e ra l  h e a t  t r a n s f e r  t e s t s  were made w i th  p ropane  

a t  low t e m p e r a tu r e s ,  100 -  l4 0 F ,  where th e  p r o p e r t y  v a r i a 

t i o n s  a r e  s m a l l .  The r e s u l t s  o f  one su ch  t e s t  a r e  p r e s e n te d  

I n  F ig u re  8 . The e x p e r im e n ta l  p o i n t s  shown a r e  th e  v a lu e s  

o f  t h e  I n s i d e  w a l l  t e m p e ra tu re  computed from  th e  o b se rv e d  

o u t s i d e  w a l l  t e m p e r a tu r e s  by  E q u a t io n  (3 8 ) .  The b u lk  te m p e ra 

t u r e  was m easured a t  t h e  tu b e  I n l e t  and e x i t  and th e  I n t e r 

m ed ia te  v a lu e s  were computed from  th e  e n e rg y  b a la n c e .  Equa

t i o n  (4 2 ) .  D e t a i l s  o f  th e  c a l c u l a t i o n  a r e  d e s c r i b e d  In  

Appendix I I I .  The h e a t  t r a n s f e r  c o e f f i c i e n t s  were computed 

from  E q u a t io n  ( l ) .  The v a lu e  o f  th e  h e a t  t r a n s f e r  c o e f f i 

c i e n t  a t  th e  c e n t e r  o f  th e  tu b e  I s  a p p ro x im a te ly  668 B t u /  

h r .  sq .  f t .  F , and I t s  v a lu e  computed from  th e  D l t t u s - B o e l t e r  

e q u a t io n  I s  691 . The D l t t u s - B o e l t e r  c o r r e l a t i o n .  E q u a t io n  

(2) w i th  a « 0 .0 2 3 ,  b ■ 0 .8 ,  c = 0 .4 ,  has  b een  s u c c e s s f u l  

f o r  c o r r e l a t i n g  t u r b u l e n t  h e a t  t r a n s f e r  d a ta  where p r o p e r t y  

v a r i a t i o n s  a r e  sm a l l  and  u n ifo rm . The d i f f e r e n c e  be tw een  

th e  m easured and  computed h e a t  t r a n s f e r  c o e f f i c i e n t s  I s  a p 

p r o x im a te ly  I n  t h i s  c a s e .  F o r  s i x  ru n s  a t  low te m p e r a tu re ,  

t h e  maximum d e v i a t i o n  was 13^ and th e  a v e ra g e  d e v i a t i o n  7$ .

F o r  most o f  th e  h e a t  t r a n s f e r  t e s t s  t h e  w a l l  te m p e ra 

t u r e s  were o b se rv e d  t o  f l u c t u a t e  random ly , e v en  a t  te m p e ra 

t u r e s  lOOF below  th e  c r i t i c a l .  These f l u c t u a t i o n s  a r e  n o t
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u n d e rs to o d  b u t  a p p ea re d  to  be  r e l a t e d  to  th e  h e a t  f l u x ,  flow  

r a t e ,  and th e  w a l l  and f l u i d  t e m p e r a tu re s .  I n  g e n e r a l  th e  

l a r g e r  th e  h e a t  f l u x  a t  g iv e n  flow  r a t e  and f l u i d  tem p era 

t u r e ,  th e  g r e a t e r  was th e  f l u c t u a t i o n .  I t  was a l s o  o b se rv ed  

t h a t  c e r t a i n  th e rm ocou p les  had g r e a t e r  f l u c t u a t i o n s  u n d e r  a 

g iv e n  s e t  o f  c o n d i t io n s  th a n  o t h e r s . T h is  c h a r a c t e r i s t i c  i s  

p ro b a b ly  cau sed  by  d i f f e r e n t  amounts o f  s i l v e r - s o l d e r  a t  th e  

therm ocoup le  j u n c t i o n s .  Koppel (22) o b se rv ed  th e  same f l u c 

t u a t i o n  phenomena in  h i s  s tu d y  o f  ca rbon  d io x id e  i n  th e  c r i t 

i c a l  r e g io n .  He p o s t u l a t e d  t h a t  th e  f l u c t u a t i o n s  were 

r e l a t e d  to  i n s t a b i l i t i e s  a s s o c i a t e d  w i th  n e a r - c r i t i c a l  f l u i d s  

o r  t h a t  th e y  were th e  r e s u l t  o f  a b o i l i n g  l i k e  p r o c e s s  f o r  

h e a t  t r a n s f e r .  The f l u c t u a t i o n s  co u ld  a l s o  be e x p la in e d  on 

th e  b a s i s  o f  th e  p e n e t r a t i o n  model th e o r y .  The maximum a m p l i 

tu d e  o f  th e  f l u c t u a t i o n s  was 2 .5 P  and th e  a v e ra g e  f re q u e n c y  

was 1 c y c le  p e r  seco n d . The computed i n s i d e  w a l l  t e m p e ra tu re s  

a r e  b a sed  on th e  mean v a lu e  o f  th e  e x t e r n a l  w a l l  t e m p e ra tu re .

The e r r o r  i n  th e  w a l l  te m p e ra tu re s  caused  by f l u c t u a 

t i o n s  cou ld  r e s u l t  i n  an  e r r o r  o f  a b o u t  3̂  i n  th e  te m p e ra tu re  

d i f f e r e n c e ,  ( t ^  -  t ^ ) ,  a t  a  te m p e ra tu re  o f  270P. At h ig h e r  

w a l l  t e m p e r a tu r e s ,  th e  therm ocoup le  e r r o r s  a r e  l i k e l y  t o  be 

g r e a t e r  s in c e  th e  c a l i b r a t i o n  c u rv es  were e x t r a p o l a t e d  

l i n e a r l y .  However, th e  te m p e ra tu re  d i f f e r e n c e  w i l l  a l s o  be 

l a r g e r  and th e  p e r c e n t  e r r o r  w i l l  th u s  rem ain  a p p ro x im a te ly  

c o n s t a n t .  I t  i s  a l s o  p o s s ib l e  t h a t  t ^  c o u ld  be In  e r r o r  by 

a s  much a s  IP  due to  e r r o r s  I n  th e  e n th a lp y ,  f l u i d  te m p e ra 

t u r e  m easurem ents , and th e  f low  r a t e .  I t  t h e r e f o r e  seems
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u n l i k e l y  t h a t  th e  e r r o r  i n  th e  t e m p e ra tu re  d i f f e r e n c e  shou ld  

exceed  5% e x c e p t—I n  a  few -oaees-  o f  low hea t  f lu x e s  where 

( t ^  -  t ^ )  was o f  th e  o r d e r  o f  3 -  lOP. The e r r o r  I n  th e  meas

urem ent o f  q* was d e te rm in e d  I n  c o n n e c t io n  w i th  th e  s p e c i f i c  

e n th a lp y  change and  was found t o  be l e s s  t h a n  2 ^ .  On th e  

b a s i s  o f  t h e s e  c o n s i d e r a t i o n s  I t  I s  c la im ed  t h a t  th e  a c c u ra c y  

o f  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  I s  e x c e p t  In  th e  few

c a s e s  n o ted  p r e v i o u s ly .



CHAPTER VI 

RESULTS

T h is  i n v e s t i g a t i o n  produced  t h r e e  d i s t i n c t  s e t s  o f  

r e s u l t s :  (1) e x p e r im e n ta l  v a lu e s  o f  th e  s p e c i f i c  e n th a lp y

and i s o b a r i c  h e a t  c a p a c i ty  f o r  p ro pane  a t  700 p s i a ,  (2) e x 

p e r im e n ta l  h e a t  t r a n s f e r  c o e f f i c i e n t s  a t  th e  same c o n d i t i o n s ,  

and (3) c o r r e l a t i o n  o f  e x p e r im e n ta l  h e a t  t r a n s f e r  d a t a .  Ac
cordingly, th e  p r e s e n t a t i o n  i s  d iv id e d  i n t o  t h r e e  s e c t i o n s .

Thermodynamic P r o p e r t i e s

As d i s c u s s e d  in  th e  s e c t i o n  t i t l e d  E x p e r im e n ta l  P ro 

c e d u re ,  th e  r e s u l t s  a r e  i n  th e  form  o f  s p e c i f i c  e n th a lp y  

chan ges  a s  f u n c t i o n s  o f  th e  i n l e t  and e x i t  b u lk  f l u i d  tem

p e r a t u r e s .  Hence, i t  was n e c e s s a r y  to  c o n s t r u c t  th e  e n th a lp y -  

te m p e ra tu re  b e h a v io r .  The f i r s t  a p p ro a c h  i n v e s t i g a t e d  was a 

g r a p h i c a l  s o l u t i o n  to  th e  p rob lem . A f t e r  s e v e r a l  t r i a l s ,  th e  

method was d i s c o n t in u e d  b e ca u se  e r r o r s  a cc u m u la te d  a s  th e  

p l o t s  were e x te n d e d  to  h ig h e r  t e m p e r a t u r e s . The second  method 

u t i l i z e d  a l e a s t  s q u a re s  com puter f i t .  The b a s i s  f o r  a c c e p t 

a b i l i t y  o f  an  e q u a t io n  f o r  th e  e n th a lp y  was f o r  th e  a v e rag e  

d e v i a t i o n  e r r o r  t o  be e q u a l  t o  o r  l e s s  th a n  th e  maximum e x 

p e r im e n ta l  e r r o r  o f  th e  d a ta  (0 .4  -  0 .7  B tu / lb m ) .

The e n th a lp y - t e m p e r a tu r e  b e h a v io r  o f  a f l u i d  i n  th e

54
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c r i t i c a l  r e g i o n  i s  c h a r a c t e r i z e d  by an  i n f l e c t i o n  p o i n t  a t  the  

t r a n s p o s e d  c r i t i c a l  c o n d i t i o n s .  T h is  u n u su a l  b e h a v io r  i n  

c o n ju n c t io n  w i th  th e  a n a l y t i c i t y  o f  th e  e n th a lp y  f u n c t i o n  

s u g g e s te d  th e  p o s s i b i l i t y  o f  an  e x p r e s s io n  o f  the  form .

o = f ( x )  + P (x )  (48)

where

a = H - ÏÏ. t 
^c

:  = t  -  t o

t ç  = t r a n s p o s e d  c r i t i c a l  te m p e ra tu re  

f ( x )  = odd f u n c t i o n  o f  x 

E ( x )  = even  f u n c t i o n  o f  x

As a f i r s t  a p p ro x im a t io n ,  th e  odd and even  f u n c t io n s  were 

assumed t o  be s im p le  power s e r i e s  i n  x :

10

f ( x )  = % a^x^^ ^ (49)
i = l

and

P (x )  = ^  b^x^^ (50)
i = l

The c o e f f i c i e n t s  were d e te rm in e d  by  th e  " l e a s t  s q u a re s  c r i t e 

r i o n "  u t i l i z i n g  th e  Schm idt o r t h o g o n a l i z a t i o n  a lg o r i th m  (o f .  

P fen n in g  ( 2 9 ) ) .  The a v e ra g e  d e v i a t i o n  be tw een  th e  d a ta  and

th e  r e s u l t i n g  e q u a t io n  was found to  be g r e a t e r  th a n  th e  e s t i 

mated p r e c i s i o n  o f  t h e  e x p e r im e n ta l  d a t a .  Prom a g r a p h i c a l  

a n a l y s i s ,  th e  odd f u n c t i o n  e x h ib i t e d  p a r a b o l i c  c h a r a c t e r i s t i c s ,
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Hence, I t  ap p ea re d  r e a s o n a b le  to  r e p r e s e n t  f ( x )  by a combina

t i o n  o f  odd and even  f u n c t i o n s ,  b u t  r e t a i n i n g  th e  s ig n  p ro p 

e r t i e s  o f  th e  odd f u n c t i o n .  A s i m i l a r  a n a l y s i s  was employed 

f o r  th e  even f u n c t i o n ,  P ( x ) ,  to  g iv e

10

f ( x )  = % a ^ x l  (51)
i = l

and

w i th  th e  c o n d i t i o n s .

5
P (x )  = ^  b ^ x l  (52)

i F l

f ( x )  .  - f ( - x )  (53)

P (x )  = P ( -x )  (54)

The c a l c u l a t e d  c o e f f i c i e n t s  o f  E q u a t io n s  (51) and (52) gave 

an  av e rag e  d e v i a t i o n  o f  0 .2  B tu /lb m  f o r  75 e n th a lp y  changes 

u sed  i n  t h e i r  d e te r m in a t io n .  T h is  d e v i a t i o n  c o rre sp o n d s  to  

an  e r r o r  o f  a p p ro x im a te ly  0 .9 ^  i n  th e  e n th a lp y  change. On 

t h i s  b a s i s ,  i t  was assumed t h a t  th e  e n th a lp y  v a lu e s  a r e  a c c u 

r a t e  t o  0 .5  B tu /lb m .

Numerous r e f e r e n c e  s t a t e s  have been  employed in  p r e s 

e n t a t i o n s  and t a b u l a t i o n s  o f  s p e c i f i c  e n t h a l p i e s  f o r  p ro p an e . 

The American P e tro leu m  I n s t i t u t e  (3) has  r e c e n t l y  p u b l is h e d  

e x te n s iv e  t a b u l a t i o n s  o f  thermodynamic p r o p e r t i e s  o f  propane 

and o t h e r  h y d ro c a rb o n s .  To be c o n s i s t e n t  w i th  th e s e  d a t a ,  i t  

was d e s i r a b l e  to  r e p o r t  th e  r e s u l t s  on th e  b a s i s  o f  th e  f o l lo w 

in g  r e f e r e n c e  s t a t e :  th e  s p e c i f i c  e n th a lp y  o f  an  i d e a l  g a s  a t
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th e  a b s o l u t e  z e ro  o f  te m p e ra tu re  l a  n u m e r ic a l ly  z e r o .  I . e .

^  0 (55 ) _

where i s  th e  s p e c i f i c  e n th a lp y  i n  th e  i d e a l  g a s  s t a t e .  

C o n v ers ion  o f  th e  e n th a lp y  v a lu e s  t o  t h i s  r e f e r e n c e  s t a t e  

r e q u i r e s  a knowledge o f  th e  e n th a lp y  change be tw een  a b s o lu te  

z e ro  and th e  lo w e r  l i m i t  o f  t h i s  i n v e s t i g a t i o n ,  a p p ro x im a te ly  

i 68p  and 700 p s i a .  S in ce  th e  r e f e r e n c e  n o te d  above d id  n o t  

c o n ta in  com pressed  l i q u i d  d a ta  a t  th e s e  c o n d i t i o n s ,  th e  d a ta  

o f  D in ( l4 )  were used  to  compute th e  s p e c i f i c  e n th a lp y  r e l 

a t i v e  to  th e  i d e a l  g as  s t a t e .  D in 's  t a b u l a t i o n s  a r e  b ased  

on th e  r e f e r e n c e  s t a t e  o f  z e ro  s p e c i f i c  e n th a lp y  f o r  th e  

p e r f e c t  c r y s t a l l i n e  s o l i d  a t  th e  a b s o lu te  z e ro  o f  te m p e ra tu re .  

I n  o r d e r  t o  c o n v e r t  D in 's  v a lu e s  to  th e  i d e a l  g a s  r e f e r e n c e  

s t a t e  th e  s p e c i f i c  e n th a lp y  o f  th e  p e r f e c t  c r y s t a l l i n e  s o l i d

must be d e te rm in e d  r e l a t i v e  to  th e  i d e a l  g a s  a t  th e  a b s o lu te

z e ro  o f  t e m p e ra tu re .  Hence,

-  3% .  (B° - 3%) -  (3°  -  3%) .  c o n s t a n t  (56)

where th e  s u b s c r i p t  z e ro  r e f e r s  t o  a b s o lu te  z e ro  and th e

s u p e r s c r i p t  c , to  th e  c r y s t a l l i n e  s t a t e .  V a lu es  o f  th e  e n 

th a lp y  o f  th e  i d e a l  g a s  r e l a t i v e  to  i d e a l  g a s  s t a t e  a t  a b s o 

l u t e  z e ro  a r e  g iv e n  i n  r e f e r e n c e  (3 ) .  The e n th a lp y  o f  th e  

i d e a l  g a s  r e l a t i v e  to  th e  p e r f e c t  c r y s t a l l i n e  s o l i d  was d e t e r 

mined by  e x t r a p o l a t i n g  D i n 's  d a ta  to  z e ro  p r e s s u r e .  The 

value, o b ta in e d  f o r  th e  c o n s t a n t  i n  E q u a t io n  (5 6 ) i s

-= - 2 6 5 .5  B tu /lbm  (57)
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The s p e c i f i c  e n th a lp y  d a ta  d e te rm in e d  from  t h i s  i n v e s t i g a t i o n  

a r e  shown i n  F ig u re  9 and t a b u l a t e d  i n  T ab le  I .

The s p e c i f i c  h e a t  c a p a c i ty  a t  c o n s t a n t  p r e s s u r e  was 

c a l c u l a t e d  from th e  e n th a lp y  d a ta  by  means o f  E q u a t io n  (4 6 ) ,  

S u b s t i t u t i n g  th e  e x p r e s s io n  f o r  th e  s p e c i f i c  e n th a lp y .

E q u a t io n  (4 8 ) ,  i n t o  th e  d e f i n i t i o n  o f  th e  h e a t  c a p a c i ty  

y i e l d s

Cp = g f  = f ' ( x )  + F ' ( x )  (58)

The v a lu e s  o f  th e  h e a t  c a p a c i ty  th u s  computed a r e  t a b u l a t e d  

i n  T ab le  I  and p l o t t e d  i n  F ig u re  10. At th e  low er  te m p e ra tu re  

r a n g e ,  165 -  190F, th e  c a l c u l a t e d  h e a t  c a p a c i t i e s  from  E qua

t i o n  (5 8 ) e x h i b i t e d  s l i g h t  o s c i l l a t i o n s .  A c c o rd in g ly ,  th e s e  

v a lu e s  were r e p la c e d  by th e  smoothed r e s u l t s  o b ta in e d  from 

g r a p h i c a l  d i f f e r e n t i a t i o n  o f  th e  e n th a lp y  d a t a .

The a c c u ra c y  o f  h e a t  c a p a c i ty  d a ta  o b ta in e d  from th e  

d i f f e r e n t i a t i o n  o f  e x p e r im e n ta l  e n th a lp y  changes c an n o t  be 

a s c e r t a i n e d  i f  Cp i s  a  s t r o n g  f u n c t i o n  o f  t e m p e r a tu r e .  In  

r e g io n s  where th e  h e a t  c a p a c i ty  i s  r e l a t i v e l y  c o n s t a n t  (tem 

p e r a t u r e s  l e s s  th a n  19OF o r  g r e a t e r  th a n  2 4 o f)  Cp h as  a p p r o x i 

m a te ly  th e  s;;me a c c u ra c y  a s  th e  e n th a lp y  d a ta  -  (1 -2# ) 

p e r c e n t .  However, e r r o r s  may be l a r g e  n e a r  th e  t r a n s p o s e d  

c r i t i c a l  t e m p e r a tu re  due to  u n c e r t a i n t i e s  i n  th e  e x a c t  l o c a 

t i o n  o f  th e  t r a n s p o s e d  c r i t i c a l  t e m p e ra tu re .

The d e te r m in a t io n  o f  th e  t r a n s p o s e d  c r i t i c a l  te m p e ra 

t u r e  a t  700  p s i a  was more d i f f i c u l t  th a n  i n d i c a t e d  by K o p p e l 's
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TABLE I

THERMODYNAMIC PROPERTIES OP PROPANE AT 700 PSIA 

REFERENCE STATE: = 0 (IDEAL GAS STATE AT ABSOLUTE ZERO)

Tenper a t u r e ,  F H, B tu /lb m Cp, B tu /lbm P

168 4 7 .6 0 .81
173 5 1 .9 0 .8 6
178 5 6 .3 0 .92
183 6 0 .8 0 .9 8
188 6 5 .5 1 .03
193 7 0 .6 1 .0 8
198 7 5 . 9 1 .16
203 8 2 .0 1 .35
208 8 9 .7 1 .6 4
209 9 1 .4 1 .73
210 93 .2 1 .83
211 95.1 1 .96
212 97.1 2 .1 1
213 9 9 .4 2 .3 6
2 l4 10 1 .9 2 .6 7
215 1 0 4 .8 3 .13
216 108.2 3 .7 4
217 112 .3 4 .45
218 117.2 5 .3 3
219 123.0 6 .6 0
220 129.2 5 .7 0
221 134.5 4 .9 0
222 1 38 .9 4 .05
223 142 .7 3 .4 9
224 146 .0 3 .0 3
225 1 4 8 .8 2 .6 3
226 151.2 2 .32
227 153.4 2 .0 8
228 155.4 1 .8 9
229 157.2 1.72
230 158 .9 1 .60
231 160.4 1 .4 9
232 161.9 1 .40
233 163.2 1.32
234 164 .5 1.25
235 165.7 1 .1 9
240 171.6 1 .06
245 177.3 0 .9 9
250 182.7 0 .92
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s tu d y  o f  ca fb o n  d io x id e  i n  th e  n e a r  c r i t i c a l  r e g io n  (2 2 ) .

The p o i n t  o f  s t e e p e s t  a s c e n t  o f  th e  e n th a lp y - t e m p e r a tu r e  

i s o b a r  a p p e a re d  a t  a p p ro x im a te ly  21 9? . The a c c u ra c y  f o r  th e  

t r a n s p o s e d  c r i t i c a l  t e m p e ra tu re  i s  p ro b a b ly  no g r e a t e r  th a n  

±  0 .3 P .

The d a ta  p r e s e n te d  i n  T ab le  I  s e rv e  to  d e f i n e  w i th  

good a c c u ra c y  th e  b e h a v io r  o f  th e  e n th a lp y  and th e  h e a t  

c a p a c i t y  f o r  p ropane  a t  700 p s i a .  The r e s u l t s  a r e  s u b j e c t  

t o  c e r t a i n  e x p e r im e n ta l  e r r o r s  b u t  a r e  more a c c u r a t e  th a n  

any  p r e v i o u s l y  a v a i l a b l e .

E x p e r im e n ta l  H eat T r a n s f e r  Data

The e x p e r im e n ta l  a p p a r a tu s  was u sed  to  m easure t u r b u 

l e n t  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  p ropane  a t  700  p s i a  u n d e r  

th e  f o l lo w in g  ran g e  o f  e x p e r im e n ta l  c o n d i t i o n s :

R eynolds number: 8 0 ,0 0 0  to  000 ,000
Heat t r a n s f e r  r a t e :  10 ,000  to  110 ,000  B t u / h r . s q . f t .
B ulk  f l u i d  te m p e ra tu re  : 100? to  255?

The c r i t i c a l  p o i n t  o f  p ropane  o c c u r s  a t  6 1 7 .4  p s i a  and 2 0 6 .3 ? .  

The p r e s s u r e  i n v e s t i g a t e d  c o r re s p o n d s  to  a red u ced  p r e s s u r e  

o f  1 .1 3  and th e  t e m p e ra tu re  ran g e  to  a reduced  te m p e ra tu re  

i n t e r v a l  o f  0 .8 4  t o  1 .0 7 .

The r e s u l t s  o f  a t y p i c a l  e x p e r im e n t .  Run 8 c ,  a r e  shown 

i n  ? ig u r e  11. The w a l l  t e m p e ra tu re  i n c r e a s e s  c o n t in u o u s ly  

a lo n g  th e  l e n g t h  o f  th e  tube  a f t e r  a more r a p id  i n c r e a s e  i n  

th e  e n t r a n c e  r e g io n .  The l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  

c a l c u l a t e d  from  E q u a t io n  ( l )  d e c r e a s e s  i n  th e  e n t r a n c e  s e c t i o n  

and becomes r e l a t i v e l y  c o n s t a n t  i n  th e  re m a in d e r  o f  th e  tu b e .



350
A-

310 700

RUN 8C
U_ P » 700 PSIA

« 80.820 BTU/HR FT 
w » 345.8 LBni/HR 
th ,*  109.6 F

270 600
UJ
OC
ID

str
UJ
o_
Z
ui
I -

230 500

150 4 0 0

130

no
0 2 4 6 8 10 12 14 16 18 20

DISTANCE FROM TUBE ENTRANCE. INCHES

F ig u re  11 . R e s u l t s  o f  Run Number 8c

600  u_

U)



64

The b e h a v io r  o f  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  a f t e r  

th e  e n t r a n c e  r e g io n  w i l l  depend on th e  w a l l  and b u lk  tem pera 

t u r e  p r o f i l e s  a s  i n d i c a t e d  by th e  d e r i v a t i v e  o f  E q u a t io n  ( l ) .

dh _ 'iw
(59)

( t ,  -  tb ) 2  dz /  ^

Hence, th e  h e a t  t r a n s f e r  c o e f f i c i e n t  w i l l  i n c r e a s e ,  d e c r e a s e ,  

o r  rem ain  c o n s t a n t  depend ing  on w h e th er  th e  r a t i o  o f  th e  

s lo p e s  o f  th e  w a l l - t o - b u l k  te m p e ra tu re  p r o f i l e s  i s  l e s s  th a n ,  

g r e a t e r  th a n ,  o r  e q u a l  to  u n i t y .  The s lo p e s  o f  th e  two p r o 

f i l e s  a r e  p r i m a r i l y  r e l a t e d  to  th e  s p e c i f i c  h e a t  c a p a c i t i e s  

a t  th e  w a l l  and b u lk  f l u i d  t e m p e r a tu re s .  F o r a f u l l y  d e 

v e lo p e d  t u r b u l e n t  mass v e l o c i t y  p r o f i l e  and a c o n s ta n t  h e a t  

f l u x  boundary  c o n d i t i o n ,  i t  can be shown t h a t

d lL  dîL
ai“ ■ cTi“ '  (Go)

where 9 i s  a  c o m p lic a te d  f u n c t i o n  o f  th e  p r o p e r t i e s  n e a r  th e  

tu b e  w a l l  and w hich , i n  g e n e r a l ,  s a t i s f i e s  th e  c o n d i t i o n ,

=P «  ^  (61)

Combining E q u a t io n s  (6 0 ) ,  (6 1 ) ,  and th e  d e f i n i t i o n  f o r  th e  

s p e c i f i c  h e a t  c a p a c i ty

~  ^  (62)
« b  -  V

I f  th e  s p e c i f i c  h e a t  c a p a c i ty  i s  a m onotonie i n c r e a s in g  fu n c 

t i o n  o f  te m p e ra tu re  such  a s  f o r  s u p e r c r i t i c a l  f l u i d s  below
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t h e i r  t r a n s p o s e d  c r i t i c a l  t e m p e r a tu r e ,  > Cp^, and In  

g e n e r a l  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  I n c r e a s e s  w i th  l e n g t h  

a f t e r  th e  e n t r a n c e  r e g io n  ( c f .  F ig u re  1 2 ) .  S i m i l a r l y ,  I f  Cp 

I s  m onotonie d e c r e a s i n g ,  a n o lo g o u s  to  f l u i d s  s l i g h t l y  above 

th e  t r a n s p o s e d  c r i t i c a l  t e m p e r a tu r e ,  C^^ > Cp*, and h d e 

c r e a s e s  w i th  tu b e  l e n g t h  (F ig u re  1 3 ) .  When th e  r a t i o  o f  th e  

w a l l  to  b u lk  h e a t  c a p a c i t i e s  I s  a p p ro x im a te ly  u n i t y ,  h I s  

e s s e n t i a l l y  I n v a r i a n t  w i th  l e n g t h  (F ig u re  1 1 ) .

The e f f e c t  o f  th e  w a l l  h e a t  f l u x  on th e  h e a t  t r a n s f e r  

c o e f f i c i e n t  I s  I n d i c a t e d  I n  T ab le  I I .  In  th e  f i r s t  case  

l i s t e d ,  th e  R eyno lds numbers b a se d  on b u lk  p r o p e r t i e s  ranged  

from  313 ,000  to  3 17 ,000  w h i le  th e  b u lk  te m p e ra tu re  v a r i e d  

s l i g h t l y  from  2 1 7 .5F, a p p ro x im a te ly  one d e g re e  below th e  

t r a n s p o s e d  c r i t i c a l  t e m p e r a tu r e .  As th e  h e a t  f l u x  I s  I n 

c r e a s e d ,  th e  w a l l  t e m p e ra tu re  i n c r e a s e s  r a p i d l y  r e s u l t i n g  In  

a d e c r e a s e  In  th e  th e rm a l  c o n d u c t iv i t y  and h e a t  c a p a c i ty  a t  

th e  w a l l .  C o n se q u e n tly  th e  r e s i s t a n c e  t o  h e a t  t r a n s f e r  In  th e  

s u b la y e r  a d j a c e n t  to  th e  w a l l  becomes l a r g e  and th e  h e a t  

t r a n s f e r  c o e f f i c i e n t  d e c r e a s e s .  The e f f e c t  o f  I n c r e a s in g  th e  

h e a t  f l u x  I s  t o  I n c r e a s e  th e  te m p e ra tu re  g r a d i e n t  In  th e  su b 

l a y e r  and d e c r e a s e  th e  d e n s i t y .  The r e s u l t  sh o u ld  be a h ig h e r  

v e l o c i t y  g r a d i e n t  I n  th e  s u b l a y e r  and c o r r e s p o n d in g ly  a lo w er  

g r a d i e n t  In  th e  b u lk  c o re  o f  th e  f l u i d .  Wood and Sm ith (39) 

have m easured r a d i a l  v e l o c i t y  and te m p e ra tu re  d i s t r i b u t i o n s  

f o r  ca rb o n  d io x id e  In  th e  c r i t i c a l  r e g i o n .  They obse rved  

u n d e r  s i m i l a r  c o n d i t i o n s  a  f l a t t e n i n g  o f  th e  v e l o c i t y  and 

te m p e ra tu re  p r o f i l e s  a s  th e  h e a t  f l u x  was I n c r e a s e d .  These
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TABLE I I

EFFECT OF HEAT FLUX ON THE HEAT TRANSFER COEFFICIENT

P re s s u re  = 700 p s l a

Run No.

Heat F lu x ,
p , h, 2

B t u / h r . f t ^ .  t ^ ,  F t ^ ,  F B t u / h r . f t  .F

B ulk  Reynolds Number = 3 .1 5  x 10^

126 9 ,700  217 .5  2 2 1 .7  2291
115 2 1 ,000  21 7 .5  2 2 8 .5  1901
112 44 ,96 0  2 1 7 .6  2 5 9 .4  1075
110 97,700  218 .7  392.1  563

B ulk  R eynolds Number = 1 .82  x 10^

I
2 9 ,600  175.5  2 02 .5  1095
39 ,300  175 .9  2 1 1 .8  1091

5 5 3 ,600  17 5 .9  2 2 3 .9  1129
15 7 3 ,10 0  176 .0  2 47 .3  1024
16 95,600  176 .6  2 9 0 .0  842
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o b s e r v a t io n s  a r e  I n  a c c o rd  w i th  th e  above r e a s o n in g .

F o r  th e  second  c a se  l i s t e d  i n  T ab le  I I ,  th e  b u lk  

R eynolds number was a p p ro x im a te ly  c o n s t a n t  a t  182 ,000  and th e  

b u lk  f l u i d  t e m p e ra tu re  was w e l l  below th e  t r a n s p o s e d  c r i t i c a l .  

As th e  h e a t  f l u x  i s  i n c r e a s e d ,  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  

rem a in s  a p p ro x im a te ly  c o n s t a n t  u n t i l  th e  w a l l  a p p ro a c h e s  th e  

t r a n s p o s e d  c r i t i c a l  t e m p e ra tu re .  The h e a t  t r a n s f e r  c o e f f i 

c i e n t  th e n  i n c r e a s e s  s l i g h t l y  due to  th e  l a r g e ,  i n c r e a s e  in  

th e  s p e c i f i c  h e a t  c a p a c i ty  i n  th e  s u b l a y e r .  However, a s  th e  

h e a t  f l u x  i s  f u r t h e r  i n c r e a s e d ,  th e  r e s u l t  i s  a d e c r e a s e  i n  

h a s  n o te d  i n  th e  p re v io u s  c a s e .

Wood and Sm ith  (39) p o s t u l a t e d  t h a t  th e  e f f e c t  o f  

h e a t  f l u x  on th e  h e a t  t r a n s f e r  c o e f f i c i e n t  co u ld  be a p p r o x i 

mated by an  e x p r e s s io n  o f  th e  form

The d a ta  i n  T ab le  I I  a r e  i n  ag reem en t w i th  t h i s  m odel, h  i s  

a  maximum a t  a w a l l  te m p e ra tu re  n e a r  th e  t r a n s p o s e d  c r i t i c a l .

The r a p id  d e c r e a s e  i n  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  

a s  th e  w a l l  t e m p e ra tu re  exceed s  th e  t r a n s p o s e d  c r i t i c a l  i s  

em phasized  i n  F ig u r e s  12 and l 4 .  I n  Run 101, th e  w a l l  tem 

p e r a t u r e  i s  s l i g h t l y  above t^  and rem ains  e s s e n t i a l l y  c o n s t a n t  

a lo n g  th e  e n t i r e  l e n g t h  o f  th e  tu b e .  A f t e r  e n t r a n c e  e f f e c t s ,  

th e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n c r e a s e s  r a p i d l y  w i th  tu b e  

l e n g t h .  I n  F ig u re  l 4 .  Run 12c, th e  w a l l  t e m p e ra tu re  s i m i l a r l y
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i s  a t  t ^ .  As th e  w a l l  t e m p e ra tu re  i n c r e a s e s  i t s  p r o f i l e  

a p p e a rs  r e l a t i v e l y  f l a t  u n t i l  i t  r e a c h e s  224? . In  t h i s  

i n t e r v a l  h i n c r e a s e s  w i th  l e n g t h ,  b u t  n o t  so g r e a t l y  a s  i n  

Run 101. At 224? th e  s lo p e  o f  th e  w a l l  t e m p e ra tu re  p r o f i l e  

m arkedly  i n c r e a s e s ,  r e s u l t i n g  i n  a d e c re a s e  i n  th e  s lo p e  o f  

h w i th  l e n g t h .  The r e a s o n  f o r  t h i s  a p p a re n t  sudden change i s  

n o t  u n d e rs to o d  b u t  i s  p ro b a b ly  caused  by th e  r a p id  d e c re a s e  

i n  th e  s p e c i f i c  h e a t  c a p a c i ty  and th e rm a l  c o n d u c t iv i t y  a t  t h i s  

t e m p e ra tu re .

Wood and Sm ith  (39) have concluded  from t h e i r  e x p e r i 

m en ta l o b s e r v a t io n s  on ca rbon  d io x id e  i n  th e  n e a r - c r i t i c a l  

r e g io n  t h a t  th e  r e l a t i v e  maximum i n  th e  h e a t  t r a n s f e r  c o e f f i 

c i e n t  i s  " p ro p e r ly  a s s o c i a t e d "  w i th  th e  b u lk  f l u i d  te m p e ra tu re  

and n o t  th e  w a l l  t e m p e r a tu r e . However, t h e i r  a rgum en ts  to  

su p p o r t  t h i s  c o n je c tu r e  a r e  i n c o n c lu s iv e .  They o b se rv ed  

r e l a t i v e  maximums i n  b o th  h v e r s u s  t^  and h v e r s u s  t ^  a t  

c o n s ta n t  h e a t  f l u x  and R eynolds number. I n  a  p l o t  o f  th e  

fo rm er  ty p e  (h v s .  t ^ ) ,  th e  r e l a t i v e  maximum o c c u rs  a t  a 

te m p e ra tu re  below  th e  t r a n s p o s e d  c r i t i c a l  t e m p e ra tu re  w h ile  

a p l o t  o f  th e  l a t t e r  y i e l d s  a r e l a t i v e  maximum a t  a te m p e ra tu re  

g r e a t e r  th a n  t ^ .  P o r  th e  l i m i t i n g  case  a s  th e  h e a t  f l u x  

ap p ro a ch e s  z e ro  -  e q u iv a l e n t  to  h e a t  t r a n s f e r  a t  c o n s ta n t  

p r o p e r t i e s  -  th e  two c u i^ e s  must c o in c id e  and an  a b s o lu te  

maximum w i l l  o c c u r  a t  th e  t r a n s p o s e d  c r i t i c a l  t e m p e ra tu re .  

Hence,

l im  h = h. (6 3 )
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and -  , ,
h t  < h^ i ; t  /  t ç  (64)

where I s  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  c o n s ta n t  f l u i d  

p r o p e r t i e s  e v a lu a te d  a t  t e m p e ra tu re ,  t .  The d a ta  o f  t h i s  

i n v e s t i g a t i o n  do n o t  in c lu d e  enough v a lu e s  f o r  one h e a t  f l u x  

and one flow  r a t e  to  form  a p l o t  o f  t h i s  n a t u r e .  However, an 

i n s p e c t i o n  o f  T ab le  VI r e v e a l s  t h a t  th e  r e l a t i v e  maximum in  

th e  h e a t  t r a n s f e r  c o e f f i c i e n t  becomes s m a l l e r ,  i s  l e s s  

p ronounced , and i s  d i s p l a c e d  f u r t h e r  from  th e  t r a n s p o s e d  

c r i t i c a l  t e m p e ra tu re  a s  th e  h e a t  f lu x  i s  i n c r e a s e d .

The e x p e r im e n ta l  h e a t  t r a n s f e r  d a ta  o b ta in e d  in  t h i s  

i n v e s t i g a t i o n  a r e  t a b u l a t e d  in  T able  V I, Appendix I I .  P o r 

each  ru n ,  th e  fo l lo w in g  d a ta  a r e  r e c o rd e d :  ( l )  i n s i d e  w a l l

te m p e ra tu re  p r o f i l e ,  (2) b u lk  f l u i d  te m p e ra tu re  a t  th e  tube  

i n l e t  and e x i t ,  (3) p r e s s u r e  a t  th e  tu b e  e n t r a n c e ,  (4) p r e s 

su re  d rop  a c r o s s  th e  t e s t  s e c t i o n ,  (5) w a l l  h e a t  f l u x ,  (6) 

mass f low  r a t e ,  and (7) th e  v a lu e  o f  th e  h e a t  t r a n s f e r  c o e f f i 

c i e n t  a t  a p o in t  11 in c h e s  from th e  tube  e n t r a n c e .  The h e a t  

t r a n s f e r  c o e f f i c i e n t s  were computed from  E q u a t io n  ( l ) .  A 

sample c a l c u l a t i o n  f o r  th e  r e d u c t io n  o f  t e s t  d a ta  i s  g iv e n  in  

Appendix I I I .

C o r r e l a t i o n  o f  Heat T r a n s f e r  Data 

A com parison  o f  th e  e x p e r im e n ta l  d a ta  w i th  th e  c o r r e l a 

t i o n  o f  Petukhov e t  a l . .  E q u a t io n  ( l 4 ) ,  i s  g iv e n  i n  T ab le  I I I .  

I t  i s  e v id e n t  from  t h e s e  r e s u l t s  t h a t  h i s  c o r r e l a t i o n  p r e d i c t s  

c o n s i s t e n t l y  h ig h  c o e f f i c i e n t s  (20 - 8 0 ^ ) . However, a s  th e
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TABLE I I I

COMPARISON OP EXPERIMENTAL DATA WITH PETUKHOV'S

CORRELATION ( l4 )

Run No,

P r e s s u r e  = 700 p s l a  

h  e v a lu a te d  a t  z = l l '

h ( e x p e r im e n ta l )  
B t u / h r . f t . 2 p

h ( c a l c u l a t e d )  
B t u / h r . f t . 2 p

H eat f l u x  
Iw * 10-3 

B t u / h r . f t .

I c 671 824 6 5 .1
2c 666 714 5 1 .6
3c 926 1056 8 4 .8
4c 918 963 6 0 .3
5c 1131 1242 9 7 .2
6c 1382 1443 112 .1
7c 601 705 5 5 .6
8c 426 789 8 0 .8
9c 810 961 7 6 .6

10c 900 1094 8 5 .8
2 1057 990 2 0 .5
3 1041 1011 2 9 .6
4 1076 1115 3 9 .3
5 1129 1334 5 3 .6
6 1136 1334 6 7 .6

13 1063 1143 3 9 .9
14 1123 1340 5 8 .5
15 999 1287 7 3 .1
l6 854 1218 9 5 .6
l i e 1033 1170 93 .1
12c 1274 1476 117 .5
13c 1706 1686 1 2 7 .8
l4 c 1040 1266 10 5 .5
49
53

1169 1480 8 2 .8
1060 l 4 l 6 8 1 .0

54 1123 1432 8 1 .4
56
57

983 1291 8 2 .1
1027 1346 8 1 .8

58 1033 1402 8 2 .3
62
64

1341
1451

9 8 .9
8 1 .5

66 828 1476 7 9 .6
75 914 1323 8 9 .1
76 811 1525 8 7 .6
79 719 1250 8 9 .2
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TABLE I I I  -  c o n t in u e d
Heat f l u x

h ( e x p e r im e n ta l )  h ( c a l c u l a t e d )  9* % 10 « 
B t u / h r . f t . B t u / h r . f t . 2 p  B t u / h r .  ft.*^

81 955 1385 8 3 .3
82 910 1365 8 3 .6
84 999 1458 8 2 .4
86 900 1519 8 4 .0
87 836 1542 8 4 .3
88 785 1488 9 2 .1
89 872 1035 8 0 .8
91 844 1076 97 .1
94 1053 1300 7 5 .3
96 951 1306 8 7 .6
99 1132 i486 7 0 .3

101 1776 1932 4 4 .3
103 2363 2666 4 3 .1
104 3490 3724 4 4 .8
105 3619 3794 4 4 .1
107 726 1405 9 2 .1
109 452 1205 107 .7
111 4048 4053 4 3 .7
115 1953 1944 2 1 .0
117 2896 2933 2 1 .1
118 3446 3187 2 0 .8
121 4951 4498 2 1 .6
122 4499 4511 2 0 .6
127 2108 2135 9 .8
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h e a t  f l u x 1 b  r e d u ced , th e  c o r r e l a t i o n  becomes more a c c u r a t e  

and I n  th e  l i m i t ,  th e  form  f o r  th e  i s o th e r m a l  N u s s e l t  number 

a c c u r a t e l y  p r e d i c t s  th e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h^!. The 

d i f f e r e n c e s  be tw een  th e  e x p e r im e n ta l  and  th e  c a l c u l a t e d  h e a t  

t r a n s f e r  c o e f f i c i e n t s  a r e  b e l i e v e d  due p r i m a r i l y  t o  th e  f o l 

lowing f a c t o r s :  ( l )  th e  p rep o n d e ran c e  o f  c o r r e l a t i n g  d a ta  a t

red uced  p r e s s u r e s  g r e a t e r  th a n  1 .1 5  and w i th  r e l a t i v e l y  sm a ll  

w a l l - t o - b u l k  f l u i d  te m p e ra tu re  d i f f e r e n c e s ,  and (2) an  i n c o r 

r e c t  form o f  th e  e q u a t io n  t o  a c c o u n t  f o r  r a d i a l  v a r i a t i o n s  o f  

th e  f l u i d  p h y s i c a l  p r o p e r t i e s .  The l a t t e r  r e a s o n  i s  more 

fu n d am e n ta l .

I n  o r d e r  t o  a p p ly  th e  c o r r e l a t i o n  p ro p o se d  i n  th e  

Theory s e c t i o n ,  i t  was n e c e s s a r y  t o  d e te rm in e  an  e x p r e s s io n  

f o r  th e  i s o th e r m a l  N u s s e l t  number and th e  unknown c o n s ta n t  

e x p o n e n ts .  P e tu k h o v 's  c o r r e l a t i o n  g iv e s  e x c e l l e n t  ag reem ent 

betw een e x p e r im e n ta l  and c a l c u l a t e d  h e a t  t r a n s f e r  c o e f f i c i e n t s  

f o r  sm a ll  w a l l - t o - b u l k  f l u i d  te m p e ra tu re  d i f f e r e n c e s .  Hence, 

E q u a t io n  ( l6 )  was used  to  p r e d i c t  th e  h e a t  t r a n s f e r  c o e f f i 

c i e n t  a t  c o n s t a n t  p r o p e r t i e s  e v a lu a t e d  a t  b u lk  c o n d i t i o n s ;

The p rop osed  c o r r e l a t i o n .  E q u a t io n  (3 3 ) :  can be w r i t t e n  a s
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which becomes l i n e a r  i n  th e  l o g a r i t h i m i c  form . The e x p o n e n ts ,  

( a ,  b ,  c ,  d ) ,  were d e te rm in ed  by th e  l e a s t  s q u a re s  c r i t e r i o n  

a s  d i s c u s s e d  p r e v i o u s ly .  Local h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  

40 ru n s  a t  p o s i t i o n s  co rre sp o n d in g  to  11 and 12 in c h e s  from  

th e  tu b e  e n t r a n c e  were u t i l i z e d  i n  t h e i r  d e t e r m i n a t i o n .  The 

computed v a lu e s  y i e l d  th e  fo l lo w in g  e x p r e s s io n :

. (  ®£m ^0-5'* C Pb (■ kb >.0.20 /  Mb -\0.02

E q u a t io n  (67) was u sed  to  compute h e a t  t r a n s f e r  c o e f f i c i e n t s  

f o r  e a c h  ru n  a t  f i v e  l o c a t i o n s :  9 th ro u g h  13 in c h e s  a t  1 in c h

i n t e r v a l s .  P o r  e a c h  ru n ,  th e  av e rag e  r a t i o  o f  h c a l c u l a t e d  to  

h e x p e r im e n ta l  f o r  th e s e  l o c a t i o n s  i s  shown i n  F ig u re  15 a s  a 

f u n c t i o n  o f  th e  b u lk  f l u i d  te m p e ra tu re .  A m a j o r i t y  o f  th e  

ru n s  (855^) have d i s c r e p a n c i e s  w i th in  ±10^ and o n ly  3$ d e v ia t e  

more th a n  20̂  from  th e  e x p e r im e n ta l  v a lu e s .  N ear th e  t r a n -  

posed  c r i t i c a l  t e m p e r a tu re ,  th e  r e g io n  o f  l a r g e s t  p h y s i c a l  

p r o p e r t y  v a r i a t i o n s ,  th e  c o r r e l a t i o n  y i e l d s  r e l a t i v e l y  l a r g e r  

d e v i a t i o n s .  However, th e s e  d i s c r e p a n c i e s  a r e  w i t h in  th e  

l i m i t s  o f  e r r o r  f o r  th e  combined p r e c i s i o n  o f  th e  e x p e r im e n ta l  

d e t e r m in a t io n  and th e  p h y s ic a l  p r o p e r ty  e v a l u a t i o n s .

E q u a t io n  (67) r e p r e s e n t s  an  e x te n s io n  o f  th e  c o r r e l a 

t i o n  o f  Petukhov and a s s o c i a t e s .  They e x c lu d e d  th e  e f f e c t  o f  

d e n s i t y  v a r i a t i o n s  and t h i s  does n o t  seem to  be w a r ra n te d  from  

e i t h e r  a t h e o r e t i c a l  o r  e m p i r ic a l  b a s i s .  S e m i t h e o r e t i c a l  

e x p re s s io n s  f o r  th e  h e a t  f lu x  and s h e a r  s t r e s s  c o n ta in  d e n s i t y  

e f f e c t s ,  c f . .  E q u a t io n s  (3) and (4 ) .  T h e r e f o r e ,  t h i s  e f f e c t
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was I n t r o d u c e d  i n  th e  c o r r e l a t i o n  (6 7 ) .

The e f f e c t  o f  v i s c o s i t y  on th e  h e a t  t r a n s f e r  c o e f f i 

c i e n t  i s  g e n e r a l l y  sm a ll  e x c e p t  f o r  c a s e s  o f  ex trem e v a r i a t i o n  

be tw een  th e  w a l l  and  b u lk  c o n d i t i o n s .  The c o n v e n t io n a l  c o r 

r e l a t i o n s  i n  th e  form  o f  E q u a t io n  (2) i n c o r p o r a t e  th e  b u l k -  

t o - w a l l  v i s c o s i t y  r a t i o  t o  th e  0 .1  -  0 . l 4  pow er. The u s u a l  

e x p o n en t  i s  much h i g h e r  th a n  th e  c a l c u l a t e d  expo nen t o f  0 .0 2 .  

However, an  a d ju s tm e n t  on th e  v i s c o s i t y  ex p o n en t  was n o t  

a t t e m p te d  b e ca u se  o f  o t h e r  d e f i c i e n c i e s  i n  th e  form  o f  th e  

e x p r e s s io n  (6 7 ) .  These d e f i c i e n c i e s  a r e  d i s c u s s e d  be low .

P o r  t u r b u l e n t  h e a t  t r a n s f e r  t o  f l u i d s  w i th  l a r g e  b u lk  

P r a n d t l  numbers -  c o r re sp o n d in g  to  s u p e r c r i t i c a l  f l u i d s  w i th  

b u lk  tenqper a t u r e s  n e a r  th e  t r a n s p o s e d  c r i t i c a l  t e m p e ra tu re  -  

E q u a t io n  (6 7 ) r e d u c e s  t o  th e  form

* > = (  %  r "  (  ^  T " '  (  ^  ^

(68)

where *(Rey) r e p r e s e n t s  a f u n c t i o n  o f  th e  b u lk  Reynolds num

b e r .  Along th e  c r i t i c a l  i s o b a r  a t  a p o s i t i o n  su ch  t h a t  t ^  

e q u a lg  th e  c r i t i c a l  t e m p e r a tu re ,  t h e  b u lk  s p e c i f i c  h e a t  

c a p a c i t y  becomes i n f i n i t e  and th u s  E q u a t io n  (68) p r e d i c t s  a 

h e a t  t r a n s f e r  c o e f f i c i e n t  o f  z e ro  v a lu e .  T h is  i s  o b v io u s ly  

n o t  c o r r e c t .  I f  i t  i s  assumed t h a t  E q u a t io n  (68) has th e  

r i g h t  fo rm , th e n  th e  exponen t on th e  r a t i o  c o n ta in in g  

must be 1 /3  i n  o r d e r  t o  p r e d i c t  a  f i n i t e -n o n ze ro  c o e f f i c i e n t  

a t  th e  c r i t i c a l  p r e s s u r e  f o r  t^  e q u a l  t o  th e  c r i t i c a l  tem 

p e r a t u r e .  The c o r r e l a t i o n  o b ta in e d  by  th e  l e a s t  s q u a re s
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method f o r c i n g  th e  Cp expon en t to  be 1 /3  was n o t  s a t i s f a c t o r y .  

Hence, th e  fo rm  o f  th e  e x p re s s io n  would n o t  a c c u r a t e l y  p r e d i c t  

h e a t  t r a n s f e r  c o e f f i c i e n t s  a t  th e  c r i t i c a l  p o i n t  o f  a f l u i d .

I t  I s  l i k e l y  t h a t  e x p re s s io n s  u t i l i z i n g  a s p e c i f i c  h e a t  

c a p a c i ty  e v a lu a t e d  a t  a f i x e d  te m p e ra tu re  w i l l  a l s o  be I n 

a d e q u a te  In  th e  v e ry  n e a r - c r i t i c a l  r e g io n

A side  from  th e  l i m i t a t i o n  a t  th e  c r i t i c a l  p o i n t ,  th e  

c o r r e l a t i o n  I s  o b v io u s ly  an  o v e r s i m p l i f i c a t i o n  o f  th e  I n t e g r a 

t i o n  f o r  th e  b u lk  e n th a lp y  f l u x .  T h is  I s  a p p a re n t  from Equa

t i o n  (3 1 ) w hich  re d u c e s  t o  th e  form

£gm °b ) t b

Opb IÇ 0+

The d lm e n s lo n le s s  e n th a lp y  f l u x ,  (2 6 ) ,  may be e x p re s s e d  a s

^1 , R"*" , .
iC  Gh = \  )  dy+ + \  H+0+ (  L - ^ L .  )  dy+
*b b R+ J  ^  R+ ^  R+ ^  R+ ^

0 y+
(7 0 )

where th e  s u b s c r i p t  1 c o rre sp o n d s  to  th e  p o s i t i o n  n e a r  th e  

w a l l  where th e  t r a n s i t i o n  from  E q u a t io n  ( l l )  t o  (12) o c c u r s .  

The f i r s t  I n t e g r a l  I s  n e g l i g i b l e  s in c e  R"*̂ »  y^ . P o r c o n s ta n t  

p h y s i c a l  p r o p e r t i e s ,  u t i l i z i n g  D e l s s l e r ' s  a s su m p tio n s  l i s t e d  

In  C h a p te r  I I  and S c h w a rz 's  I n e q u a l i t y ,  th e  I n t e g r a t i o n  o f  

t h e  second te rm  In  (7 0 ) I s  g iv e n  by th e  e x p r e s s io n

K  Kh -  (̂ b̂ t { C ^  [ C ^  )t ‘ (71)
"b “1
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where th e  s u b s c r i p t  t  r e f e r s  to  c o n s ta n t  p r o p e r t i e s  e q u iv a le n t  

t o  th e  p r o p e r t i e s  a t  t e m p e ra tu re  t .  Prom th e  d e f i n i t i o n s  o f  

th e  f r i c t i o n  f a c t o r ,  ( 17 )» and th e  d im e n s io n le s s  mass v e l o c i t y  

(2 2 ) ,  i t  fo l lo w s  t h a t ,

(<)t -  (72)
and

( 0 ^ ) t  » ~  12 .7  (73)

A com parison  o f  E q u a t io n s  ( l 6 ) ,  (3 0 ) ,  i l l ) ,  (7 2 ) ,  and (73) 

r e v e a l s  t h a t

(74)

A l l  o f  th e  q u a n t i t i e s  i n  e x p re s s io n s  (72) th ro u g h  (74) a re  

f u n c t i o n s  o f  p r o p e r ty  v a r i a t i o n s .  The f u n c t i o n ,  i s

more s e n s i t i v e  to  p r o p e r t y  v a r i a t i o n s  i n  th e  s u p e r c r i t i c a l  

r e g io n  s in c e  i t  depends on th e  s p e c i f i c  h e a t  c a p a c i ty .  

Hence, a c o r r e l a t i o n  o f  th e  form .

Nuv
C )  C - r  )

- . 7

(75)

was i n v e s t i g a t e d .  The s u b s c r i p t  f  r e f e r s  t o  f i l m  p r o p e r t i e s  

e v a lu a te d  a t  th e  a r i t h m e t i c  mean o f  th e  w a l l  and b u lk  tem

p e r a t u r e s .  A l e a s t  sq u a re  f i t  o f  th e  e x p o n en ts  d id  n o t  y i e l d  

a s a t i s f a c t o r y  c o r r e l a t i o n .  Minor m o d i f i c a t io n s  o f  th e  form
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o f  (75) were a l s o  I n v e s t i g a t e d  b u t  none o f  th e  forms s tu d i e d  

were a s  s u c c e s s f u l  a s  E q u a t io n  (6 7 ) .

The p ro p o se d  e q u a t io n ,  (6 7 ) ,  c o r r e l a t e s  s u c c e s s f u l l y  

l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  p ropane i n  th e  s u p e r 

c r i t i c a l  r e g io n  even  though  i t s  form  a p p e a rs  i n c o r r e c t .  The 

m ajo r a d v a n ta g e  o f  t h i s  ty p e  o f  c o r r e l a t i o n  i s  t h a t  i t  re d u c e s  

to  th e  c o n v e n t io n a l  e x p r e s s io n  when a p p l i e d  to  r e g io n s  rem ote 

from  th e  c r i t i c a l  s t a t e .  I t  a l s o  a p p a r e n t ly  y i e l d s  c o n s e rv 

a t i v e  e s t i m a t e s  f o r  h e a t  t r a n s f e r  c o e f f i c i e n t s  n e a r  th e  

t r a n s p o s e d  c r i t i c a l  s t a t e .

The a p p l i c a b i l i t y  o f  th e  p roposed  e q u a t io n  f o r  c a l c u 

l a t i n g  h e a t  t r a n s f e r  to  o t h e r  f l u i d s  i n  th e  s u p e r c r i t i c a l  

r e g io n  r e q u i r e s  f u r t h e r  v e r i f i c a t i o n .



CHAPTER V II  

CONCLUSIONS

The r e s u l t s  o f  an  e x p e r im e n ta l  i n v e s t i g a t i o n  o f  h e a t  

t r a n s f e r  i n  th e  s u p e r c r i t i c a l  r e g i o n . o f  p ropane  r e v e a l  t h a t  

th e  r e l a t i v e  maximum i n  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  a s  a 

f u n c t i o n  o f  e i t h e r  th e  b u lk  o r  w a l l  f l u i d  te m p e ra tu re  becomes 

s m a l l e r  and l e s s  p ro nou nced , and i s  d i s p l a c e d  f u r t h e r  from 

th e  t r a n s p o s e d  c r i t i c a l  te m p e ra tu re  a s  th e  h e a t  f l u x  i s  i n 

c r e a s e d .  P o r  sm a l l  w a l l - t o - b u l k  te m p e ra tu re  d i f f e r e n c e s ,  h 

can be c o r r e l a t e d  s a t i s f a c t o r i l y  by w e l l  known e q u a t io n s  

v a l i d  a t  c o n s t a n t  f l u i d  p r o p e r t i e s .  When th e  tenqpera ture  

d i f f e r e n c e s  a r e  l a r g e ,  th e  h e a t  t r a n s f e r  r a t e  depends p r i 

m a r i ly  on th e  r a d i a l  v a r i a t i o n  o f  th e  p r o p e r t i e s  and t h e i r  

d e r i v a t i v e s .

An e q u a t io n ,  (6 7 ) ,  i s  p ro posed  which c o r r e l a t e s ,  w i th  

good a p p ro x im a t io n ,  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  p r o 

pane a t  700  p s i a .  The m ajo r  a d v a n ta g e s  o f  t h i s  ty p e  o f  

c o r r e l a t i o n  a r e  i t s  s i m p l i c i t y ,  th e  f a c t  t h a t  i t  red u c es  t o  

a  c o n v e n t io n a l  e x p r e s s io n  when p h y s i c a l  p r o p e r ty  v a r i a t i o n s  

a r e  s m a l l ,  and t h a t  i t  p r e d i c t s  c o n s e r v a t iv e  v a lu e s  f o r  th e  

h e a t  t r a n s f e r  c o e f f i c i e n t  n e a r  th e  t r a n s p o s e d  c r i t i c a l  s t a t e .

The form  o f  th e  p rop osed  c o r r e l a t i o n  i s  shown to  be

82
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I i n c o r r e c t  from an  a n a l y s i s  o f  th e  h e a t  t r a n s f e r  c o e f f i c i e n t

a t  th e  c r i t i c a l  p r e s s u r e  when th e  b u lk  f l u i d  te m p e ra tu re

! e q u a l s  th e  c r i t i c a l  t e m p e r a tu r e .  I t  i s  l i k e l y  t h a t  c o r r e l a 

t i o n s  u t i l i z i n g  a  s p e c i f i c  h e a t  c a p a c i ty  e v a lu a te d  a t  a 

r e f e r e n c e  te m p e ra tu re  w i l l  a l s o  be in a d e q u a te  n e a r  th e  

c r i t i c a l  s t a t e .
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NOMENCLATURE

P
Ag = C r o s s - s e c t i o n a l  tu b e  a re a  a v a i l a b l e  f o r  f lo w , f t

2
= I n s i d e  tube  w a l l  a r e a  a v a i l a b l e  f o r  h e a t  t r a n s f e r ,  f t  

a «= E m p ir ic a l  c o n s ta n t

b = E m p ir ic a l  c o n s ta n t

Cp = L oca l  i s o b a r i c  s p e c i f i c  h e a t  c a p a c i t y ,  B tu /lb m  P

Cp^ = I s o b a r i c  s p e c i f i c  h e a t  c a p a c i ty  e v a lu a t e d  a t  b u lk  
te m p e ra tu re

C = Mean i n t e g r a t e d  s p e c i f i c  h e a t  c a p a c i ty  d e f in e d  by
E q u a t io n  (24)

Cp„ = I s o b a r i c  s p e c i f i c  h e a t  c a p a c i ty  e v a lu a t e d  a t  w a l l  
te m p e ra tu re

c = E m p ir ic a l  c o n s ta n t

D = I n s i d e  tube  d ia m e te r ,  f t

d = E m p ir ic a l  c o n s ta n t

E = V o l tag e  d rop  a c r o s s  t e s t  s e c t i o n ,  v o l t s

P (x )  = Even f u n c t i o n  o f  x i n  E q u a tio n  (48)

f  * F r i c t i o n  f a c t o r ,  d e f in e d  by  E q u a t io n  (17)

f ( x )  « Odd f u n c t io n  o f  x i n  E q u a t io n  (48)
2

Q = L oca l mass v e l o c i t y ,  pu, lb m /h r  f t

Op = B u lk  mass v e l o c i t y  g iv e n  by W/A^

0+ ■> D im en s io n le s s  mass v e l o c i t y ,  d e f in e d  by  E q u a t io n  (22)

Op = D im en s io n le s s  b u lk  mass v e l o c i t y  when 0 = Op
p

g * A c c e l e r a t i o n  o f  g r a v i t y ,  f t / s e c
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2gg «= D im ensiona l c o n s t a n t ,  32 .1 7  Ibm f t /  I b f  sec

ÏÏ » S p e c i f i c  e n th a lp y  o f  f l u i d ,  B tu /lb m

* B ulk  s p e c i f i c  e n th a lp y  o f  f l u i d  d e f in e d  by E q u a t io n  (20)

= S p e c i f i c  e n th a lp y  e v a lu a te d  a t  w a l l  te m p e ra tu re

IT*’ = D im e n s io n le s s  e n th a lp y ,  d e f in e d  by E q u a tio n  (21)

= D im e n s io n le s s  b u lk  e n th a lp y ,  d e f in e d  by E q u a t io n  (23)

h = L ocal h e a t  t r a n s f e r  c o e f f i c i e n t ,  B t u /h r  f t ^  P 
»

h. = L ocal h e a t  t r a n s f e r  c o e f f i c i e n t  e v a lu a te d  a t  c o n s t a n t  
f l u i d  p r o p e r t i e s  a t  t e m p e r a tu re ,  t

J  = E nergy c o n v e r s io n  f a c t o r  i n  E q u a t io n  (34)

K = Plow m e te r  c o n s t a n t ,  p u l s e s / g a l l o n

k = Thermal c o n d u c t iv i t y  o f  f l u i d ,  B t u /h r  f t  P

k^ «= Therm al c o n d u c t i v i t y  e v a lu a t e d  a t  b u lk  c o n d i t i o n s

k j  *= Thermal c o n d u c t iv i t y  o f  I n c o n e l

k^ = Thermal c o n d u c t iv i t y  e v a lu a t e d  a t  w a l l  t e m p e ra tu re

L * Tube l e n g t h  i n  f t

m = E m p ir ic a l  c o n s t a n t  i n  th e  e x p r e s s io n  f o r  th e  eddy 
d i f f u s i v i t y .  E q u a tio n  (12)

n = E m p ir ic a l  c o n s t a n t  i n  th e  e x p r e s s io n  f o r  th e  eddy 
d i f f u s i v i t y .  E q u a t io n  (11)

Nu = N u s s e l t  number, hD/k

Nu' = I s o th e rm a l  N u s s e l t  number
I

Nu^ = I s o th e rm a l  N u s s e l t  number e v a lu a t e d  a t  t ^

P = A b so lu te  s t a t i c  f l u i d  p r e s s u r e ,  p s i a

P r  = P r a n d t l  number, Cpp/k

Pr^ * P r a n d t l  number e v a lu a te d  a t  b u lk  p r o p e r t i e s

Pr^ = P r a n d t l  number e v a lu a te d  a t  c o n s t a n t  f l u i d  p r o p e r t i e s
a t  t e m p e r a tu r e ,  t

Ç = Heat t r a n s f e r r e d  p e r  u n i t  mass o f  f lo w in g  f l u i d ,  B tu /lb m
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Q = Net r a t e  o f  h e a t  g e n e r a t i o n ,  B t u / h r

= R a te  o f  h e a t  l o s s  from tu b e ,  B t u / h r  

q ■ L oca l r a d i a l  h e a t  f l u x ,  B t u / h r  f t ^

= R a d ia l  h e a t  f l u x  e v a lu a t e d  a t  th e  tu b e  w a l l  

R = I n s i d e  tu b e  r a d i u s ,  f t

R^ = D im e n s io n le s s  tu b e  r a d i u s ,  d e f in e d  by E q u a t io n  (6)
when y  * R

Re * R eyno lds number, DO/p

Re^ «= R eynolds number e v a lu a te d  a t  b u lk  f l u i d  p r o p e r t i e s

r  * R ad ius v a r i a b l e ,  d i s t a n c e  from  tu b e  c e n t e r ,  f t

T = A b so lu te  t e m p e r a tu r e ,  Rankine

t  = T e m p e ra tu re ,  P

t^  « B ulk  f l u i d  t e m p e r a tu re ,  P

tg  = C r i t i c a l  t e m p e r a tu r e ,  P
I

tg  = T ran sp o sed  c r i t i c a l  t e m p e r a tu re ,  P

t  « E x te r n a l  tu b e  w a l l  t e m p e ra tu re  o b se rv e d  w i th
th e rm o c o u p le ,  P

t ^  * I n s i d e  tu b e  w a l l  t e m p e ra tu re ,  P

t"*" ■ D im e n s io n le s s  t e m p e r a tu re ,  d e f in e d  by E q u a t io n  (7)

u = L oca l f l u i d  v e l o c i t y  i n  a x i a l  d i r e c t i o n ,  f t / s e c

u^  « D im e n s io n le s s  v e l o c i t y ,  d e f in e d  by  E q u a t io n  (5)

u ^  ■ D im e n s io n le s s  b u lk  v e l o c i t y

v ■ B u lk  f l u i d  v e l o c i t y ,  f t / s e c

V* = S h e a r  v e l o c i t y ,  d e f in e d  by E q u a t io n  (8)

W * Work t r a n s f e r r e d  p e r  u n i t  mass o f  f lo w in g  f l u i d ,
B tu / lb m

w = Mass flow  r a t e ,  Ibm /h r

X  * P a ra m e te r  d e f in e d  a s  ( t  -  t ' ) ,  Pc
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y  » P e r p e n d ic u la r  d i s t a n c e  from  tu b e  w a l l ,  f t

D im e n s io n le s s  d i s t a n c e  from  tu b e  w a l l ,  d e f in e d  by 
E q u a t io n  (6)

Z ■ E le v a t i o n  above a n  a r b i t r a r y  datum  l e v e l ,  f t

z = A x ia l  l e n g t h  v a r i a b l e  m easured from  tu b e  e n t r a n c e ,
i . e . ,  d i s t a n c e  from  p o i n t  o f  power a p p l i c a t i o n ,  f t

P = D im e n s io n le s s  h e a t  t r a n s f e r  p a ra m e te r ,  d e f in e d  by
E q u a t io n  (7)

A = L in e a r  o p e r a t o r ,  d e f in e d  a s  o u tp u t  minus in p u t

6 = E r r o r

Cjjj = Eddy d i f f u s i v i t y  o f  momentum, f t ^ / h r

= Eddy d i f f u s i v i t y  o f  h e a t  t r a n s f e r ,  f t ^ / h r  

U = V i s c o s i t y ,  I b m / f t  h r

u '  = Jou le-Thom son c o e f f i c i e n t ,  P / p s i a

= V i s c o s i t y  e v a lu a t e d  a t  b u lk  t e m p e ra tu re

= V i s c o s i t y  e v a lu a t e d  a t  w a l l  t e m p e ra tu re

Ç « R a t io  o f  o u t s i d e - t o - i n s i d e  tu b e  r a d i i
o

p = D e n s i ty ,  I b m /f t

Pl5 = D e n s i ty  e v a l u a t e d  a t  b u lk  te m p e ra tu re

p^ = D e n s i ty  e v a l u a t e d  a t  w a l l  te m p e ra tu re

a * H -  TL , B tu / lb m
® 2 

T * S h e a r  s t r e s s ,  I b f / f t

* S h e a r  s t r e s s  a t  tu b e  w a l l

<P « F u n c t io n a l  n o t a t i o n

♦ * Any o f  th e  p h y s i c a l  and t r a n s p o r t  p r o p e r t i e s  in
E q u a t io n  (13)

0 « Tube e l e c t r i c a l  r e s i s t a n c e ,  ohms

S u b s c r i p t s

b « B ulk  c o n d i t i o n s
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c « C r i t ic a l  s t a t e

f  = Film  c o n d it io n s , ev a lu a ted  a t  the a r ith m e tic  mean
o f  th e  w a ll and b u lk  tem perature

I  = C on d ition s a t  tube entran ce

0 « C on d ition s a t  tube e x i t

t  « C on d ition s corresponding to  con stan t f lu id  p r o p e r tie s
e v a lu a ted  a t  tem perature, t

w = Wall c o n d it io n s

0 = A bsolute zero  re fer e n c e  tem perature

1 * P o s it io n  o f  t r a n s i t io n  from Equation (11) to  (12)

S u p e rscr ip ts

0  » C r y s ta l l in e  s t a t e

0 = Id e a l gas s t a t e



APPENDIX I

C a lib r a tio n s
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F lu id  Thermocouple C a lib r a tio n s  

The f lu id  th erm ocou p les, lo c a te d  In the I n le t  and 

e x i t  m ixing chambers and downstream from th e  flow m eter, were 

c a lib r a te d  to  0 .02P  a g a in s t  a p latinum  r e s is ta n c e  thermometer. 

The thermometer and therm ocouples were p la ced  In  a w e l l -  

a g lta te d  c o n sta n t tem perature bath  o f  t r ie th y le n e  g ly c o l .

The bath  assem bly c o n s is te d  o f  a 9 l i t e r  s i lv e r e d  dewar f la s k  

w ith  a wooden top  and a v a r ia b le -sp e e d  a g i t a t o r .  Temperature 

c o n tr o l o f  the b a th  was accom plished  w ith  a B ay ley  propor

t io n a l  c o n tr o l le r  w ith  a 25 w att c o n tr o l h e a te r . The r e s i s t 

ance o f  th e  p latinum  thermometer was determ ined w ith  a Leeds 

and Northrup M ueller  b r id ge  a ccu ra te  to  ± 0 .00001  ohms. The 

therm ocouple EMF's were measured w ith  a Leeds and Northrup 

p r e c is io n  p o te n tio m ete r . Model K2, a ccu ra te  to  0 .0002  MV.

The therm ocouples were c a lib r a te d  from 95 -  3^0? In  

approxim ately  40F I n t e r v a ls .  The r e s u l t s  o f  the c a l ib r a t io n  

are shown In  F igure l 6 .

T est S e c t io n  R e sis ta n ce  C a lib r a tio n  

The e l e c t r i c a l  r e s is ta n c e  o f  th e  t e s t  s e c t io n  was 

determ ined by the p o te n tlo m e tr lc  method. The accu racy  o f  

t h i s  method was checked by measurements u s in g  th e  M u eller  

b rid g e  a t  two tem p eratu res. The agreem ent between the two 

methods was e x c e l le n t ;  ± 0 .00001  ohms. The r e s is ta n c e  meas

u r in g  c ir c u i t  c o n s is te d  o f  a 6 v o l t  source and th ree  r e s i s t 

an ces In s e r ie s  -  a 0 .0 1  ohm p r e c is io n  r e s i s t o r ,  the t e s t  

s e c t io n ,  and a v a r ia b le  r e s is ta n c e  f o r  c o n tr o l l in g  the
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Figure l6 .  F lu id  Thermocouple C a lib ra tio n
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p o t e n t i a l  d ro p  a c r o s s  th e  known r e s i s t a n c e .  The BMP m easu re 

ments a c r o s s  th e  s ta n d a rd  r e s i s t a n c e  and th e  t e s t  s e c t i o n  

were made w i th  a Leeds and N o rth ru p  p r e c i s i o n  p o te n t io m e te r .  

Model 8662.

The c a l i b r a t i o n  was acco m p lish ed  by  c i r c u l a t i n g  

p ropane  a d i a b a t i c a l l y  th ro u g h  th e  i n s u l a t e d  tu b e  and meas

u r in g  th e  p o t e n t i a l  d rop  a c r o s s  th e  s ta n d a r d  r e s i s t o r  and th e  

t e s t  s e c t i o n .  The r e s i s t a n c e  o f  th e  t e s t  s e c t i o n  was c a l c u 

l a t e d  from th e  e x p r e s s io n

"tube '  0 -01  ( I - l )
®0.01

where E r e f e r s  to  th e  measured BMP. The te m p e ra tu re  o f  th e  

t e s t  s e c t i o n  was d e te rm in e d  from  m easurem ents o f  th e  b u lk  

f l u i d  te m p e ra tu re  a t  th e  i n l e t  and e x i t  m ixing cham bers. The 

r e s u l t s  o f  th e  c a l i b r a t i o n  a r e  shown i n  F ig u re  17. The m axi

mum te m p e ra tu re  t h a t  co u ld  be a c h ie v e d  by  t h i s  method was 

275P. F o r  h e a t  t r a n s f e r  ru n s  a t  h ig h e r  w a l l  t e m p e r a tu re s ,  

th e  r e s i s t a n c e  was o b ta in e d  by l i n e a r  e x t r a p o l a t i o n  o f  th e  

c a l i b r a t i o n  c u rv e .

Tube Heat Loss C a l i b r a t i o n  

The tu b e  h e a t  l o s s e s  were d e te rm in e d  by su p p ly in g  

e l e c t r i c a l  e n e rg y  to  th e  t e s t  s e c t i o n  w i th  th e  h e a t  t r a n s f e r  

lo o p  u n d e r  a vacuum. A t y p i c a l  w a l l  t e m p e ra tu re  p r o f i l e  f o r  

one o f  th e s e  t e s t s  i s  shown in  F ig u re  l 8 .  The r e l a t i v e  f l a t 

n e s s  o f  th e  p r o f i l e  i n  th e  c e n t r a l  p o r t i o n  o f  th e  tube  i n d i 

c a t e s  t h a t  c o n d u c t io n  l o s s e s  from  th e  ends o f  th e  tu b e  a re
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s m a l l  and would n o t  a f f e c t  th e  p r o f i l e  i n  th e  c e n t e r  o f  th e  

tu b e  In  a c t u a l  h e a t  t r a n s f e r  t e s t s .

The e l e c t r i c a l  power d i s s i p a t i o n  n e c e s s a r y  t o  m ain- 

- t a i n - t h e  c e n t r a l  p o r t i o n  o f  th e  tu b e  a t  v a r io u s  te m p e ra tu re

l e v e l s  i s  summarized i n  T ab le  IV and p l o t t e d  i n  F ig u re  19 .

The h e a t  l o s s e s  were l i n e a r  w i th  w a l l  t e m p e r a tu r e .

F low m eter C a l i b r a t i o n

The Waugh t u r b in e  flow  m e te r  was c a l i b r a t e d  i n  p la c e  

u s in g  w a te r  by m easu ring  th e  number o f  p u l s e s  r e c o rd e d  on 

th e  s c a l e r ,  th e  amount o f  w a te r  c o l l e c t e d ,  and th e  o b s e r v a t io n  

p e r i o d .  The r e s u l t s  o f  th e  c a l i b r a t i o n ,  t a b u l a t e d  i n  T ab le  V, 

show t h a t  th e  m e te r  h as  an  a c c u ra c y  o f  0 . 3$ .

From d im e n s io n a l  a n a l y s i s  i t  can be shown t h a t  th e  

v o lu m e t r ic  flow  r a t e  th ro u g h  th e  m e te r  i s  a f u n c t i o n  o f  th e  

r a t i o  o f  th e  s i g n a l  f re q u e n c y  to  th e  k in e m a t ic  v i s c o s i t y  o f  

t h e  f lo w in g  f l u i d .  S in c e  p ropane  i n  th e  s u p e r c r i t i c a l  r e g io n  

a t  700 p s i a  h as  a k in e m a t ic  v i s c o s i t y  o f  1/5  t o  1/10  t h a t  o f  

w a te r ,  th e  m e te r  c a l i b r a t i o n  was checked i n  a r e g io n  removed 

from  th e  t r a n s p o s e d  c r i t i c a l  s t a t e .  The m e te r  c o n s t a n t  was 

c a l c u l a t e d  from  th e  o v e r a l l  e n e rg y  b a la n c e  u s in g  th e  e n th a lp y  

d a t a  o f  D in ( l 4 ) by th e  r e l a t i o n

6%

where f  i s  th e  m e te r  s i g n a l  f re q u e n c y  i n  ops and K i s  the  

c o n s t a n t  i n  p u l s e s / g a l .  R e s u l t s  o f  th e  c a l i b r a t i o n  a r e  shown 

i n  F ig u re  2 0 . As i n d i c a t e d  from  d im e n s io n a l  c o n s i d e r a t i o n s .
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TABLE IV

HEAT LOSSES AS A FUNCTION OP TUBE WALL TEMPERATURE

C e n t r a l  tu b e  E l e c t r i c a l  Power
w a l l  t e m p e r a tu r e .  D i s s i p a t i o n ,  Heat L oss,

P w a t t s  B t u / h r

199 5 .8  19.9

300 12.1 41.3

361 16.3  55.6
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TABLE V

TURBINE FLOWMETER CALIBRATION 

T est F lu id  -  Water

Meter S ig n a l  Meter C onstant,
Flow R ate, gpm Frequency, ops p u l s e s / g a l l o n

3.106  173.42 3349
3.105  173.29  3348
2.546  141.85  3343
1.988  110.91 3347
1.420  79.36  3353
1 .383  7 7 .2 6  3352
1 .081  60 .6 1  3363
0 .8 9 8  5 0 .3 1  3360
0 .8 7 9  4 9 .2 5  3361
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the r e s u l t s  are d i f f e r e n t  than th ose  obtained  u s in g  w ater.  

Table V. The propane c a l ib r a t io n  was used to  d stermine the  

mass flow  ra te  f o r  a l l  runs w ith  an accuracy o f  0 . 6 # .



APPENDIX I I  

Experim ental Heat T ransfer  Data
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TABLE VI 

EXPERIMENTAL AND CALCULATED DATA

Thermocouple read in gs are In s id e  w a l l  tem peratures In P; 
l o c a t io n  o f  therm ocouples I s  g iv e n  In Table V II. Values  
rep orted  f o r  h^j are heat t r a n s f e r  c o e f f i c i e n t s  a t  a p o in t  
1 1  In . from the  upstream p o in t  o f  e l e c t r i c a l  power a p p l ic a 
t i o n .
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EXPERIMENTAL AND CALCULATED HEAT TRANSFER DATA 

Thermocouple Number
Run 2 3 4 5 6 7 8 9

Ic 192.9 197 .6 202.7 2 0 6 .9 2 0 8 .6 2 0 9 .9 211.4 211 .1
2c 170.8 174 .5 178 .6 180 .6 181 .8 1 8 3 .9 186 .0 187 .3
3c 193.9 198 .3 2 0 3 .3 204.4 20 6 .1 2 0 8 .4 2 0 9 .8 211 .5
4 c 160.9 164.2 167 .5 169 .5 170 .6 171 .5 173.2 174 .7
5c 190.5 194 .3 198 .1 1 9 9 .9 202.0 204.1 204.8 206 .6
6c 188.3 18 9 .9 19 5 .0 197 .6 199 .4 2 0 0 .7 2 0 1 .9 203 .1
7 c 189 .5 19 3 .9 198 .7 2 0 0 .9 2 0 3 .8 204.8 20 7 .6 208 .7
8c 2 3 1 .6 241.8 2 5 3 .0 26 1 .3 2 7 1 .8 2 8 1 .3 29 0 .6 300 .4
9c 196 .6 201.2 2 0 5 .7 207 .5 2 0 9 .6 211.5 213 .5 21 5 .0

10c 201.6 2 0 5 .0 210.2 212.6 214.1 2 1 5 .9 2 1 7 .8 218 .7
11c 1 9 4 .8 199 .0 202.4 204.5 2 0 6 .8 2 0 9 .3 209 .5 212.0
12c 20 5 .3 2 0 8 .4 211.9 21 5 .1 216 .5 21 8 .1 2 1 8 .9 220.3
13c 17 7 .8 180 .4 180 .5 185 .6 18 7 .9 188 .6 189 .9 191 .4
l 4c 2 0 7 .8 211.4 2 1 5 .9 218 .1 220.0 221.3 222.3 224.0

1 177 .6 178 .3 17 8 .7 1 7 8 .9 179 .3 1 7 9 .8 179 .9 180 .1
2 185 .0 18 5 .9 186 .7 187.1 187 .6 1 8 8 .9 18 8 .9 188 .9
3 194.2 195.3 196 .5 197 .0 197 .5 199 .1 199 .6 19 9 .8
4 201.0 202.6 204.3 204.9 2 0 5 .4 2 0 6 .4 20 6 .6 207 .2
5 214.3 21 5 .4 21 8 .1 2 1 8 .8 2 1 9 .8 22 0 .5 221.1 221.4
6 224.9 2 2 7 .0 2 2 9 .2 2 3 1 .0 2 3 2 .8 23 5 .1 235 .3 23 6 .4

13 204.4 2 0 6 .0 2 0 7 .7 2 0 8 .4 208 .2 2 0 9 .9 210.8 211.0
14 2 1 8 .8 220 .7 222.5 2 2 3 .6 224.5 2 2 5 .9 226 .5 22 8 .0
15 2 3 0 .6 2 3 4 .9 2 3 8 .7 240.2 242.6 246.3 24 7 .3 248.9
16 2 6 7 .5 279 .2 2 8 6 .3 2 8 9 .8 29 0 .0 2 9 2 .8 29 4 .0 29 4 .4
49 2 3 2 .7 237 .1 241.1 243.5 245 .2 248.3 249.3 2 5 1 .9
50 2 3 9 .0 246.0 2 5 1 .7 25 4 .2 25 6 .6 2 5 8 .8 2 5 8 .6 26 0 .3
51 248.0 25 7 .1 264.9 26 7 .6 2 7 0 .7 2 7 3 .0 27 4 .2 275 .1
52 2 5 1 .4 .2 5 9 .8 26 5 .2 268 .6 2 6 9 .9 2 7 2 .0 27 2 .7 274 .2
53 242.1 248.3 2 5 3 .5 257 .2 25 9 .4 26 1 .1 262 .2 2 6 3 .8
54 248.2 253 .2 2 5 8 .1 26 0 .6 26 2 .1 26 6 .5 264.7 264.8
55 244.9 248.0 2 5 1 .5 253 .2 2 5 4 .0 2 5 5 .3 2 5 5 .7 2 5 6 .8
56 2 6 9 .6 27 4 .1 27 7 .3 27 9 .1 2 7 8 .9 2 8 0 .8 28 1 .3 2 8 2 .0
57 272 .2 2 7 4 .4 2 7 7 .9 2 7 8 .9 279 .5 2 8 0 .9 282 .1 28 2 .5
58 2 7 5 .8 27 7 .5 2 7 9 .8 2 8 0 .8 2 8 1 .6 2 8 3 .4 2 8 3 .4 284.9
59 2 6 9 .7 2 7 2 .9 2 7 6 .5 2 7 7 .6 2 7 7 .9 2 7 8 .8 279 .2 28 0 .7
60 2 6 5 .6 2 7 1 .9 2 7 5 .6 27 7 .2 2 7 8 .4 2 7 9 .5 27 9 .5 28 0 .3
62 306 .6 309 .1 31 3 .3 316 .1 31 7 .9 32 1 .1 324.5 328 .1
63 3 0 6 .8 30 9 .9 31 2 .6 3 1 7 .0 317 .6 3 2 0 .0 323 .0 325 .8
64 2 8 5 .3 287 .1 2 9 1 .5 295 .2 2 9 7 .8 2 9 9 .4 302 .5 302 .5
65 28 5 .1 287 .2 2 9 0 .8 2 9 3 .0 2 9 4 .9 2 9 7 .8 29 9 .5 302 .2
66 28 6 .2 2 8 9 .4 2 9 3 .5 2 9 5 .9 29 8 .1 3 0 1 .6 3 0 5 .8 307 .7
67 304.4 309 .5 3 1 5 .6 31 9 .4 323 .4 3 2 7 .7 331 .1 33 6 .0
68 324.8 33 2 .6 341.0 346.4 351 .1 35 7 .7 36 3 .0 369 .6
73 2 9 6 .4 301 .7 3 0 8 .0 311 .1 314.9 3 1 8 .7 3 2 1 .8 325 .7
74 2 8 8 .4 2 9 0 .0 292.6 2 9 4 .9 29 5 .5 2 9 6 .9 29 8 .4 29 9 .7
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Thermocouple Number
Run 10 11 12 13 14 15 16 17

Ic - ^ 15^ - 2 1 6 .3 21 7 .1 2 1 8 .4 219.0 219 . 7- 221.1 222.2
2c 189 .6 190 .1 19 1 .3 192.7 193 .0 19 4 .0 19 5 .8 197.2
3c 2 1 3 .8 214.2 21 5 .1 216 .1 21 6 ,3 2 1 7 .6 2 1 9 .0 2 1 9 .9
4c 176.2 177 .0 178 .1 179.1 179 .7 180 .5 181 .7 183 .1
5c 20 8 .7 2 0 9 .0 2 0 9 .9 210,7 211.1 212.4 2 1 3 .8 214.3
6c 205 .1 20 5 .2 2 0 5 .9 2 0 6 .9 20 7 .3 20 8 .7 210.1 2 1 1 .9
7c 210.4 212.1 2 1 3 .4 214.8 21 5 .7 21 6 .5 2 1 8 .0 21 9 .3
8c 313 .3 32 0 .8 3 2 3 .6 327 .5 328 .2 330 .0 334 .4 33 5 .9
9c 2 1 6 .8 2 1 7 .6 2 1 8 .1 21 9 .3 2 1 9 .8 220.2 221,5 2 2 2 ,7

lOc 220.1 22 0 .5 221.3 222.2 222.6 2 2 3 .4 224,8 2 2 6 .0
11c 2 1 3 .9 214.3 2 1 5 .1 216 .2 2 1 6 .6 2 1 7 .4 2 1 8 .8 2 1 9 .4
12c 221,9 222.3 2 2 2 .7 224,7 224,8 2 2 5 .8 22 7 .7 2 2 8 .8
13c 193 .0 193 .5 194 ,5 196 ,7 196 ,8 197 .8 19 8 .9 200.0
l 4c 2 2 5 .9 2 2 6 .4 2 2 7 .1 2 2 8 .8 22 9 .2 23 0 .6 23 3 .1 2 3 5 .0

1 180 .4 180 .4 18 0 ,9 181.1 181.5 18 1 .8 182 .0 182 .3
2 189.5 189 .5 19 0 .0 189 .9 18 9 .9 190.2 190 .6 19 1 .0
3 200.5 200.6 201.2 201,3 201.2 201.6 202,2 202.5
4 208 .3 2 0 8 ,4 2 0 9 .4 2 0 9 .9 210,3 2 1 0 .7 211,4 211,8
5 222.6 2 2 3 .0 2 2 3 .4 223 .5 2 2 3 .7 224,8 225 .2 2 2 5 .6
6 23 8 .0 23 9 .1 2 3 9 .3 2 3 9 .9 240.2 242,6 244.7 246,3

13 211,6 212,0 212.4 21 2 .5 212.8 213 ,2 214,0 214,6
14 228 ,2 2 2 8 ,8 2 2 9 .7 23 0 .3 23 0 .5 23 1 .1 2 3 2 ,4 23 3 .2
15 252 ,1 2 5 3 .6 2 5 4 ,0 25 5 .6 2 5 5 .6 25 8 .4 260 .5 2 6 2 ,0
16 296 ,2 2 9 8 ,0 2 9 7 .4 2 9 8 ,4 2 9 8 .4 30 1 ,3 302 ,5 30 3 .8
49 25 4 .7 2 5 5 .6 25 5 .3 2 5 6 ,7 2 5 7 .4 260 .1 2 6 1 ,4 2 6 2 .4
50 263 .6 263 .2 26 3 .1 264.1 264.4 26 6 .1 2 6 8 ,0 2 6 8 .7
51 278 ,3 279 .2 27 9 .1 279 .6 2 7 9 .8 281 ,2 28 2 ,9 2 8 3 .8
52 276 .6 276 .5 27 6 .5 2 7 6 .8 277 .2 2 7 8 .4 2 7 9 .9 2 8 0 ,0
53 266 .2 266.4 2 6 6 .0 266.8 26 6 .7 26 8 ,7 270 ,1 27 0 ,5
54 267 .3 2 6 7 .3 2 6 6 .9 26 7 .2 2 6 8 .0 2 6 9 .0 270 .5 271 .1
55 258 .5 258 .1 2 5 7 .9 25 8 .6 2 5 8 .9 25 9 .6 2 6 0 ,4 2 6 0 ,8
56 28 3 .4 284,0 2 8 3 .9 28 3 .3 28 3 .6 2 8 8 ,7 287 .2 287 .5
57 284.4 284.6 284,0 284.7 284,7 28 5 .6 2 8 7 .0 2 8 8 .0
58 286.6 28 7 .1 2 8 6 .9 288 .2 288.3 2 8 9 .9 291 .2 292 .2
59 2 8 2 .8 282 ,5 2 8 2 ,3 28 3 .0 28 3 .2 284.6 286 .2 2 8 7 .9
60 28 2 .4 28 2 ,5 2 8 2 ,4 2 8 3 .0 2 8 3 .0 284.0 28 5 .6 2 8 5 .7
62 332 .8 336 .1 3 3 7 .9 341.8 34 5 .7 350 .1 357 .5 35 7 .7
63 330.2 334 .1 33 4 .5 339 .2 33 9 .6 343 .2 348,8 35 0 .5
64 305 .4 3 0 6 .9 3 0 8 .0 311 .1 312 .2 314.5 31 6 .9 31 8 .0
65 30 5 .9 307 .1 30 8 .1 309 .4 311 .5 3 1 3 .9 3 1 6 .9 3 1 7 .8
66 311 .0 3 1 3 .0 314,0 317 .3 320 ,5 32 1 .8 324.5 324.7
67 340.3 342,0 343 .7 348,0 351 .5 354 .5 358 ,5 359 .2
68 377 .2 380 ,1 38 1 .7 390 .2 394 .2 398 .4 399 .5
73 329 .0 330 .5 33 2 .8 337.6 340,2 342,3 342,3 34 3 .8
74 302 ,8 304.2 304.7 306 .6 307 .6 309 .2 31 2 .0 313 .3
75 30 3 .9 305 .7 3 0 5 .7 30 7 .4 3 0 8 .6 31 0 .0 314.5 31 5 .6
76 32 3 .9 325 .3 327 .1 330 ,7 332 .4 3 3 4 .9 337 .7 339 .3
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Thermocouple Number
Run 1 ) 11 12 13 14 15 16 17

77 338.1 341.2 342,0 345 .3 347 .5 348.6 351. 9 35 3 .4
79 342.9 3 4 5 .9 347 .1 3 5 0 .0 3 5 2 .8 35 4 .0 356. 6 35 8 .0
81 2 9 6 .0 2 9 7 .3 2 9 6 .8 2 9 9 .0 2 9 9 .4 300 .5 302. 8 3 0 3 .9
82 301.3 30 3 .0 3 0 3 .6 306 .1 307 .7 309 .6 312. 3 313 .5
84 2 9 4 .7 295 .1 29 5 .3 2 9 7 .4 2 9 9 .4 300 .7 303. 4 304.3
85 29 9 .2 2 9 9 .4 30 0 .4 3 0 2 .8 304.1 30 5 .7 309. 0 309 .3
86 30 8 .3 309 .2 310 .3 312 .7 31 5 .3 31 7 .4 319. 2 32 0 .8
87 31 8 .0 318 .5 32 0 .0 323 .6 325 .5 327 .4 330. 1 331 .6
88 333.7 335.5 337 .2 240.4 343 .2 346.2 347. 3 34 9 .4
89 3 3 0 .0 33 1 .5 333.1 334 .1 33 5 .5 33 7 .0 338. 7 341.7
90 36 0 .3 362 .3 366 .1 367 .5 37 0 .6 372 .2 373. 7 37 5 .8
91 3 5 0 .0 352 .5 35 4 .8 356 .5 3 5 7 .9 360 .1 361. 6 364.1
94 30 2 .5 30 2 .7 303 .7 3 0 4 .9 30 5 .6 30 6 .7 307. 6 30 9 .8
95 316 .7 3 1 7 .4 319 .1 320 .7 3 2 1 .0 322 .7 323. 7 32 5 .4
96 31 9 .0 320 .1 32 1 .6 32 3 .0 32 3 .8 32 5 .8 327. 0 3 2 8 .9
97 3 1 2 .9 31 3 .4 314.1 31 6 .4 317 .7 318 .7 319. 5 321 .7
98 2 9 9 .4 2 9 9 .9 301 .2 302 .1 30 3 .4 304.8 305. 8 307 .2

100 2 9 8 .3 2 9 8 .0 2 9 7 .6 2 9 8 .8 29 8 .3 2 9 8 .8 300. 9 301 .3
101 222.7 2 2 2 .9 223 .2 2 2 3 .3 223 .1 22 3 .4 223. 6 22 3 .7
102 2 3 0 .3 230 .2 2 3 0 .7 231 .1 2 3 1 .4 2 3 1 .4 231. 5 2 3 1 .9
103 2 3 6 .9 23 6 .6 2 3 7 .4 2 3 7 .8 2 3 7 .9 2 3 8 .3 238. 4 239 .2
104 2 3 1 .4 231 .1 2 3 1 .6 2 3 1 .6 2 3 1 .6 2 3 1 .9 232. 1 23 2 .4
105 2 2 9 .3 22 9 .1 22 9 .7 2 2 9 .8 2 2 9 .9 2 3 0 .0 230. 0 2 3 0 .5
106 27 1 .3 2 7 0 .7 2 7 0 .3 271 .2 27 1 .2 27 2 .1 273. 3 274 .2
107 342.7 343 .3 3 4 7 .8 350 .3 3 5 4 .9 357 .2 359. 2 36 2 .4
109 4 5 7 .0 459 .5 458 .5 46 9 .4 47 3 .7 470 .2 469 . 1 •
110 409.0 413.9 413.9 424.1 4 2 9 .4 420.2 « «
111 2 2 5 .4 22 5 .5 2 2 5 .8 2 2 6 .4 2 2 6 .3 224.3 ♦ *
112 2 5 5 .9 256 .2 2 5 5 .6 25 7 .1 2 5 7 .9 2 5 9 .4 • *
115 2 2 7 .9 2 2 7 .6 22 7 .7 228 .1 228 .1 22 6 .3 * *
116 2 2 6 .6 ,2 2 6 .6 23 0 .2 2 2 6 .8 2 2 7 .0 2 2 5 .3 * «
117 22 3 .1 222.7 222.4 222.8 222.9 2 2 0 .7 « «
118 2 2 2 .9 222.7 2 2 2 .9 2 2 3 .3 2 2 3 .3 221.2 * «
120 224.5 224.1 224 . 2 224.5 224.7 222.6 * «
121 2 2 3 .3 2 2 2 .7 222.8 2 2 3 .0 222.9 220.6 * *
122 221.8 221.4 221.1 2 2 1 .5 221.4 2 1 9 .3 * *
124 2 5 1 .8 251 .2 25 1 .2 25 2 .5 2 5 2 .9 * « «
125 2 1 9 .6 219 .2 2 1 9 .4 2 1 9 .7 2 1 9 .4 « « «
126 2 2 1 .9 2 2 1 .7 2 2 1 .7 221.8 222.0 * « *
127 224.1 2 2 3 .8 2 2 3 .9 224.0 2 2 3 .9 * « *

* No Thermocouple S ig n a l
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Thermocouple Number I n l e t O u t l e t AP,
Run 18 19 20 21 t p .  P t b .  P p a l

l e 223.4 224.8 2 2 6 .0 227 .1 1 0 1 .9 135 .8 0 .4 3
2c 197.8 198 .7 199 .5 201.1 99.2 126 .7 0 .4 3
3c 220.6 2 2 1 .7 222.5 2 2 3 .0 106.5 138 .3 0 .82
4c 183.7 184.9 1 85 .7 186 .8 100.0 123.2 0.84
5c 214.7 2 1 6 .4 2 1 7 .8 2 1 9 .2 108 .5 137 .4 1 .32
6c 212.2 2 1 3 .4 214.2 2 1 5 .3 110.8 137.2 2.00
7c 220.0 221.0 222.2 2 2 3 .7 102.8 136.6 0 .3 2
8c 3 3 9 .6 3 3 7 .3 339 .2 341.1 109 .6 154 .3 0 .2 9
9c 2 23 .3 224.7 2 2 5 .9 2 27 .2 105 .6 139 .0 0 .6 0

10c 226 .5 2 2 7 .9 2 2 9 .9 2 31 .1 1 0 7 .9 141.3 0 .7 3
11c 220.0 2 2 0 .9 2 2 1 .7 222.5 1 08 .4 139.2 1.01
12 c 2 2 9 .8 2 3 1 .0 2 3 2 .2 2 3 3 .4 113 .3 145 .4 1.46
13c 200.1 2 0 1 .3 202.4 2 03 .5 1 0 6 .9 1 3 0 .9 3 .3 0
l 4c 2 3 6 .4 2 3 8 .3 2 3 9 .9 241.2 106 .6 141.8 1.04

1 182.3 1 82 .5 1 8 2 .8 183 .0 1 66 .4 1 7 0 .9 0 .9 0
2 191.1 191.2 1 9 1 .4 1 92 .0 167 .2 173 .7 0.88
3 202 .5 2 0 2 .7 2 0 3 .2 2 0 3 .8 168.1 177 .5 0 .8 9
4 212.0 212.3 2 1 2 .9 2 1 3 .9 166.2 17 8 .9 0 .9 0
5 2 26 .0 2 2 6 .5 2 2 6 .3 2 2 7 .0 167 .1 184.2 0 .8 9
6 246.3 2 4 7 .0 244.4 2 4 3 .9 168.5 189 .0 0 .8 3

13 2 1 5 .0 2 1 5 .5 2 1 5 .7 2 1 5 .9 168.5 181 .5 0 .8 2
14 233 .5 2 3 4 .2 2 3 3 .9 23 4 .4 168 .1 186 .7 0 .81
15 2 6 2 .9 2 6 3 .7 2 6 0 .7 2 6 0 .0 1 68 .4 191.2 0 .7 7
16 303 .6 3 0 3 .6 3 0 2 .4 3 0 1 .9 169 .4 197 .6 0 .7 6
49 2 61 .7 2 6 2 .3 2 5 9 .3 2 5 8 .6 172 .1 193 .6 1 .0 7
50 2 6 7 .9 2 6 7 .1 2 6 5 .6 264.4 172 .5 194 .3 0 .9 7
51 2 83 .3 2 8 3 .5 2 8 3 .0 282 .1 172 .5 196 .6 0 .7 4
52 2 8 0 .0 2 7 9 .5 27 9 .2 2 7 8 .8 179.2 201.0 0 .8 1
53 2 7 0 .1 2 7 0 .2 2 6 8 .7 267 .2 178.1 198.5 0 .9 9
54 2 7 0 .8 2 7 0 .4 2 6 8 .7 26 7 .5 184.2 203 .2 1 .01
55 260 .5 2 6 0 .3 2 5 8 .5 2 5 7 .4 191 .6 207 .2 1 .35
56 2 8 7 .8 2 8 9 .0 2 8 9 .9 2 9 0 .9 189 .3 2 0 8 .5 0.84
57 288 .7 2 8 9 .1 2 8 9 .7 290 .2 193 .7 211.0 0 .8 7
58 2 9 2 .8 2 9 4 .0 294 .2 2 9 4 .4 197 .5 213 .1 0 .9 0
59 2 8 7 .8 2 8 7 .7 2 8 8 .6 2 8 9 .4 191.1 2 0 9 .7 O..81
60 2 8 6 .0 2 8 6 .0 2 8 5 .7 2 8 5 .4 185 .6 206 .2 0 .7 9
62 364.9 3 6 9 .9 3 7 5 .4 38 2 .4 2 0 3 .6 2 1 7 .3 0 .9 4
63 355 .4 3 57 .3 3 60 .5 3 6 6 .9 199.5 2 1 6 .0 0 .8 3
64 320 .7 3 2 3 .9 3 2 5 .9 3 2 7 .9 2 1 0 .7 2 1 8 .4 0 .9 9
65 320 .8 32 2 .1 3 2 4 .8 327 .7 212.0 2 1 8 .7 1 .03
66 327 .7 3 3 0 .3 332 .2 334 .1 214.4 220.0 1.07
67 362 .4 3 66 .2 3 6 8 .6 371 .1 214,6 220.8 i . l 4
68 4o6.6 4 0 7 .6 4 0 9 .8 413.7 2 1 5 .8 2 22 .3 1 .1 9
73 347 .3 3 4 9 .9 35 2 .1 354 .4 2 1 6 .9 222.8 1.24
74 315 .7 31 8 .7 3 2 1 .6 323 .8 194.2 212.4 0 .8 3
75 318 .3 321 .1 324 .1 32 7 .0 197 .3 214.1 0.86
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TABLE V II

LOCATION OP THERMOCOUPLES

tuple Number z ,  in c h e s

2 1.0
3 2 .0
4 3 .0
5 4 .0
6 5 .0
7 6 .0
8 7 .0
9 8 .0

10 9.0
11 10.0
12 11.0
13 12.0
14 13.0
15 14.0
16 15.0
17 1 6 .0
18 17.0
19 1 8 .0
20 19.0
21 20.0

z i s  d i s t a n c e  from  e n t r a n c e ,  i . e . ,  d i s t a n c e  from 
p o i n t  o f  power a p p l i c a t i o n  i n  d i r e c t i o n  o f  flow



APPENDIX I I I

Sample C a lc u la t io n s



SAMPLE CALCULATIONS

I .  Low-Temperatu re  T e st  Run, 2C

A. D eterm ination  o f  Maas Plow Rate, w 

O bservations:

Flowmeter p u lse  count = 48 ,100  p u lse s

Meter c o n d it io n s :  t  = 9 9 -3P
P = 7 0 3  p s ia

O bservation per iod  = 546 .24  sec

Flowmeter s ig n a l  frequency , f  = p u l s e s / s e c
= ? 4 8 ,1 0 0 ) / (5 4 6 .2 4 )
= 0 8 . 0 6  ops

D e n s ity  a t  meter c o n d it io n s  = 0 .48 50  gm/cc

Kinematic v i s c o s i t y  a t  meter = O. 1 8 9 8  c tk s

R atio  o f  frequency  to  k inem atic  v i s c o s i t y
= (8 8 . 0 6 ) / ( 0 . 1 8 9 8 ) = 464 c p s /c t k s

Meter C onstant, K (See Figure 20) = 3302 p u l s e s / g a l

V olum etric  f low  r a te  = 6 0  f / k
= 6 0 (8 8 . 0 6 ) / ( 3 3 0 2 )
= 1 .500  gpm

Mass flow  r a te  o f  f l u i d  a t  d e n s i ty  = 0 .4 8 5 0  gm/cc
= 3 8 8 . 4  lbm/hr

B. C a lc u la t io n  o f  D i t t u s - B o e l t e r  h:

In s id e  tube c r o s s - s e c t i o n a l  a r ea ,  A« = ttD ^/4  

=  TT(0 .0 2 5 0 8 )2 /4  = 0 . 0 0 0 4 9 4  s q . f t .

Bulk f l u i d  temperature (See example c a lc u la t io n  
d e sc r ib ed  in  IIC below) = 114.2F

Pressure  = 7 0 O p s ia

116
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Mass v e l o c i t y ,  0^ = w/Aq = (3 8 8 .4 ) / ( 0 . 000494)
= 7*77 X l o 5 I b m / h r . s q . f t .

Therm al c o n d u c t iv i t y  a t  t^  (2 4 ) = 0.05306 B t u / h r . f t . P  

V i s c o s i t y  a t  t ^  (36) = 0.1972 I b m / h r . f t .

S p e c i f i c  h e a t  c a p a c i ty  a t  t ^  (14) = 0.644  B tu / lb m  P 

R eyno lds number = DO^/yi^

= ( .0 0 2 5 0 8 ) (7 .7 7  X 10^ ) / ( 0 . 1972)

= 9 .987  X 10^

P r a n d t l  number = O^^Pj^/k^

= (0 . 644) ( 0 .1 9 7 2 ) / ( 0 .0 5 3 0 6 )
= 2 .39

H eat t r a n s f e r  c o e f f i c i e n t  from  Eq. (2 )

^  = 0 .0 2 3  (Re^)®'® ( P r ^ ) ° '^

_ ( 0 .0 2 3 ) ( 0 .0 5 3 0 6 ) ( 9 .9 8 7  X 10^ ) ° '® ( 2 . 39) ° ’ ^
^ “   (0.O25Ü8)------ --------------- ------

h *= 689 B t u / h r . s q . f t , P

I I . R e d u c t io n  o f  T e s t  Data  f o r  T y p ic a l  Run 

Run No. 62 

O b s e rv a t io n s  :

V o l ta g e  = 11 .07  v o l t s  

Average tu b e  w a l l  te m p e ra tu re  = 346p 

I n l e t  b u lk  f l u i d  te m p e ra tu re  = 203 . 57F 

O u t l e t  b u lk  f l u i d  te m p e ra tu re  = 217 . 29?

P r e s s u r e  a t  tu b e  e n t r a n c e  = JOO p s i a  

P r e s s u r e  d ro p  a c r o s s  t e s t  s e c t i o n  = 0.94  p s i  

P low m eter p u l s e  co un t = 56,640  

M eter c o n d i t i o n s :  t  = 145 . 3?  P = 703 p s i a

M eter o b s e r v a t io n  p e r io d  = 500 . 18 sec
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A. C a lc u la t io n  o f  Wall Heat Flux:

Tube r e s i s t a n c e  (See Figure 17) = 0 ,030564  ohms
2

E l e c t r i c a l  power d i s s ip a t e d  = E /O
= (1 1 .0 7 )  / ( O . 030564)
= 1 3 , 6 8 5  B tu /h r

Tube heat l o s s e s  (See F igure 1 9 ) = 52 B tu /h r

Net ra te  o f  heat tr a n s fe r r e d ,  Q = (13 ,685  - 52)
= 1 3 , 6 3 3  B tu /h r

In s id e  tube su rfa ce  a r ea .  A, = ttDL
= TT(0 . 0 2 5 0 8 ) (2 1 ) / 1 2
= 0 . 1 3 7 9  s q . f t .

Wall heat f lu x  = Q/Ai
= (1 3 ,6 3 3 ) / (0 .1 3 7 9 )
= ^ , 8 7 0  B t u / h r . s q . f t .

B. C a lc u la t io n  o f  O vera ll  Heat B alance:

Mass flow  r a te ,  w (See example c a lc u la t io n  In lA)
= 4 3 7 . 3  Ibm/hr

I n l e t  s p e c i f i c  en th a lp y  a t  700 p s ia  = 8 2 . 9  Btu/lbm

S p e c i f ic  en th a lp y  a t  Tq and 700 p s ia  = 113 .7  Btu/lbm

Pressure c o r r e c t io n  on e x i t  en th a lp y  = 0 .4  Btu/lbm

S p e c i f i c  en th a lp y  change, AlL = (113-7 -  8 2 . 9  + 0 . 4 )
= 3 1 . 2  Btu/lbm

S p e c i f i c  heat Input, Q = Q/w
= ( 1 3 ,6 3 3 ) / ( 4 3 7 .3 )
= 3 1 . 1 8  Btu/lbm

D e v ia t io n  (^ -  AÎ^) = 3 1 .2  -  3 1 .2  = 0 .0  Btu/lbm

C. C a lc u la t io n  o f  Bulk Temperature a t  z = 1 1 .O"

S p e c i f i c  en th a lp y  change between z = 0 and z = 1 1 .O"
= (1 1 / 2 1 ) X ( o v e r a l l  en th a lp y  change)
= 0 . 5 2 4  (3 1 . 2 )
= 16 .33  B tu /lb m

S p e c i f i c  en th a lp y  a t  z = 1 1 . O" = 8 2 . 9  + 16 .33
= 9 9 . 2 3  Btu/lbm
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Bulk te m p e ra tu re  a t  ÏÏ «= 99.23 B tu /lb m  and P = 700 p a la
= 2 1 2 . 8?

P r e s s u r e  c o r r e c t i o n  on te m p e ra tu re  (See Eq. (45 ))
= - ( 0 . 15) ( 0 . 94) ( 0 . 524)7 (2 . 5 )
= - 0 . 03?  (N e g l ig ib le )

B a lk  f l u i d  te m p e ra tu re  a t  z = 11 . O" = 212 . 8?

D. C a lc u la t io n  o f  I n s id e  W all Tem pera ture  

E x te r n a l  w a l l  te m p e ra tu re  = 349 . 8?

Assume te m p e ra tu re  d rop  a c r o s s  tub e  w a l l  = 12?

Thermal c o n d u c t iv i t y  o f  In c o n e l  a t  344? ( a r i t h m e t i c  
mean te m p e ra tu re )  = 9.58  B tu /h r  f t  ?

R a t io  o f  o u t s id e  to  i n s i d e  tube  r a d i u s ,  §
= (0 . 3585)7 (0 . 301) = 1.191

^  -  (1 . 191) ( 1 . 191) = 1 . 4l 8

T em pera tu re  c o r r e c t i o n  from  Eq. (38) ,

( 9 8 , 8 7 0 ) (0 .0 1 2 5 4 )  r 1 ( 1 .4 l8 )  In  (1 . 1 9 1 ) 1
— ^  L g- -  '■ - c r . '4 î F  - ' r ) —  J

tg  - tw = 1 1 .9 ?

I n s i d e  w a l l  t e m p e ra tu re  = 34 9 .8  - 11.9  = 337 . 9P

S in ce  th e  assumed te m p e ra tu re  change o v e r  th e  w a l l  
t h i c k n e s s  i s  a p p ro x im a te ly  th e  same a s  th e  computed 
d i f f e r e n c e ,  i t  i s  no t  n e c e s s a ry  to  r e a d j u s t  th e  
th e rm a l  c o n d u c t iv i t y .

E. C a lc u la t io n  o f  th e  Heat T r a n s f e r  C o e f f i c i e n t

”  “ * ^90 B t u / h r . s q . f t  ,


