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VAPOR-LIQUID CHANGE OF PHASE 
HEAT TRANSFER BEHAVIOR 

OF LIGHT HYDROCARBONS AND THEIR MIXTURES

By: Luther D. Clements

Major Professor: C. Phillip Colver

This work is a tripartite study of the effects of 
pressure cuid composition on vapor-liquid change of phase 
heat transfer in light hydrocarbons. The separate pheno
mena of natural convection and nucleate pool boiling in 
a saturated liquid, the burnout heat flux, and film con
densation in a vertical reflux condenser were investigated. 
The pure components propane, n-butane, and n-pentane and 
the binary systems propane - n-butane and propane - 
n-pentane were used.

The nucleate boiling data showed a pressure behavior 
consistent with that noted by previous investigators and 
a marked composition dependence of the boiling temperature 
difference. The natural convection data showed no parti
cular pressure influence and a composition dependence 
analogous with that in nucleate boiling. A correlation 
which allows prediction of the nucleate boiling AT for a 
pure component using the desired heat flux and the critical



properties of the material was developed. In addition, 
the composition dependence of the boiling temperature 
difference was related to the mixture relative volatility. 
A correction factor which accounts for mixture behavior 
in natural convection and nucleate boiling is proposed.

The film condensaticxi data showed no strong 
influence of either pressure or con^osition. The latter 
result is consistent with other investigators. The 
data appear to be in the turbulent flow regime and a 
correlation for the film condensation data is presented.

The burnout data show the classic dependence on 
pressure and the pure component data agree well with 
the Hoissis and Berenson correlation. There was a 
definite mixture effect present, with mixtures exhibiting 
burnouts as much as twice those of the pure conponents.
It was found that the relative volatility also repre
sented the composition dependence of burnout well. A 
modification of the Moissis and Berenson correlation is 
proposed for use in predicting mixture burnouts.
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VAPOR-LIQUID CHANGE OP PHASE 

HEAT TRANSFER BEHAVIOR 

OF LIGHT HYDROCARBONS AND THEIR MIXTURES

C h a p te r  1

N a tu ra l  C o n v ec tio n  and  N u c le a te  B o i l in g  B ehav io r

T h is  p o r t io n  o f  t h e  s tu d y  i s  s p e c i f i c a l l y  co n ce rn e d  w ith  

th e  e f f e c t s  o f  p r e s s u r e  and c o m p o s itio n  on th e  n a t u r a l  con

v e c t io n  and n u c le a te  b o i l i n g  b e h a v io r  o f  l i g h t  h y d ro ôa rb o n s , 

D ata  f o r  p ro p a n e , n -b u ta n e ,  n -p e n ta n e ,  p ro p an e  -  n -b u ta n e ,  

and p ro p an e  -  n -p e n ta n e  m ix tu re s  a re  p r e s e n te d .  The n a t u r a l  

c o n v e c tio n  d a ta  w ere l im i t e d  t o  th o s e  d a ta  p o in ts  w here no 

b u b b le s  em anated from  th e  h e a t e r  s u r f a c e .  These d a ta  alw ays 

f e l l  below  th e  b re a k s  v i s i b l e  in  some o f  th e  d a ta  p l o t s .

I n d iv id u a l  e x p r e s s io n s ,  w hich  r e l a t e  th e  e f f e c t  o f  p r e s 

s u r e  and th e  e f f e c t  o f  c o m p o s itio n  on n u c le a te  b o i l i n g  ^ T ,  

a r e  d e v e lo p ed  and com pared w ith  e x p e r im e n ta l  d a ta .  The 

n a t u r a l  c o n v e c tio n  d a t a  a r e  compared w ith  th e  McAdams 

c o r r e l a t i o n  and to  an  e m p ir ic a l  c o r r e l a t i o n  d ev e lo p ed  in  

t h i s  w ork. F o u r commonly u se d  n u c le a te  b o i l i n g  c o r r e l a t i o n s  

a re  com pared w ith  th e  e x p e r im e n ta l  d a ta ,  A m o d if ic a t io n  to  

com pensate  f o r  th e  e f f e c t  m ix tu re s  have  on n a tu r a l  c o n v e c tio n  

and n u c le a te  b o i l i n g  i s  p ro p o se d .



2

A. P u re  Component D ata

F ig u re s  1 -1 , 1 - 2 ,  and 1-3  p r e s e n t  d a ta  f o r  th e  p u re  

com ponents p ro p a n e , n -b u ta n e ,  and n -p e n ta n e , r e s p e c t iv e ly .  

N ote t h a t ,  as  e x p e c te d , i n  a l l  c a s e s  t h e r e  i s  a  s h i f t  to  a  

s m a l l e r  w ith  a n  in c r e a s e  in  p r e s s u r e .  The p ro p an e  and 

n -b u ta n e  d a ta  a g re e  c lo s e l y  w ith  t h e  d a ta  o f  S c ia n c e , e t  a l .  

( 5^ )  and th e  n -p e n ta n e  d a ta  a g re e  w ith  th o s e  o f  B erenson  (2 ) .

The n -b u ta n e  and n -p e n ta n e  d a t a  show some te n d e n c y  to  

com bine in to  a  s i n g l e  c u rv e  below  th e  b re a k  betw een  th e  n a t 

u r a l  c o n v e c tio n  and n u c le a te  b o i l i n g  r e g io n s .  T h is  ten d e n cy  

tow ard  a  m inim al e f f e c t  o f  p r e s s u r e  on  n a tu r a l  c o n v e c tio n  

h as a l s o  been  n o te d  by E lro d , e t  a l .  ( 1 7 ) ,  G o re n flo  ( 2 2 ) ,  

and D a n ilo v a  and K upriyanova  ( l 4  ) .  T here  a p p a r e n t ly  a re  no 

d a t a  a v a i l a b l e  f o r  n a t u r a l  c o n v e c tio n  i n  l i g h t  h y d ro c a rb o n s .

B. B in a ry  M ix tu re  D a ta

N a tu ra l  c o n v e c tio n  and n u c le a te  b o i l i n g  h e a t  t r a n s f e r  

d a ta  f o r  th e  b in a ry  sy stem s p ro p an e  -  n -b u ta n e  a r e  shown in  

F ig u re s  1 -4 ,  1 -5 , and 1 -6 ,  w h ile  d a ta  f o r  th e  sy s tem s p ropane  

n -p e n ta n e  a p p e a r  i n  F ig u re s  1 -7 , 1 -8 ,  and 1 -9 . A gain  i t  i s  

a p p a re n t  t h a t  an  in c r e a s e  in  p r e s s u r e  s h i f t s  th e  b o i l i n g  

c u rv e  to  lo w er a T s , Any e f f e c t s  due s o l e l y  t o  c o m p o s itio n  

a r e  n o t  im m ed ia te ly  s e e n  i n  th e  f i g u r e s .  I t  i s  n e c e s s a ry ,  

th e n ,  t o  lo o k  f o r  th e s e  e f f e c t s  i n  a  c r o s s - p l o t  a t  a  s i n g l e  

re d u c e d  p r e s s u r e .  F ig u re  1-10 shows d a ta  f o r  th e  p ro p an e  -  

n -b u ta n e  sy s tem  a t  a  red u c ed  p r e s s u r e  o f  0 .3 .  T here  i s  a  

d e f i n i t e  c o m p o s it io n a l  dependence . To i l l u s t r a t e  f u r t h e r  th e
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dependence o f  b o i l i n g  h e a t  t r a n s f e r  on c o m p o s itio n . F ig u re  1-11 

i s  a  c r o s s - p l o t  o f  and c o m p o s itio n . S im i la r  r e s u l t s  f o r  

th e  p ro p an e  -  n -p e n ta n e  m ix tu re s  a r e  shown i n  F ig u re s  1 -12  

and 1 -1 3 . The n a t u r a l  c o n v e c tio n  d a ta  i n  F ig u re  l - l 4  a ls o  

show a  c o m p o s itio n  dependence  s i m i l a r  to  t h a t  found in  

n u c le a te  b o i l i n g .

The r e l a t i o n  be tw een  c o m p o s itio n  and a T (n o ted  h e re  f o r  

n u c le a te  b o i l i n g )  i s  n o t  u n iq u e . S im i la r  r e s u l t s  have  b een  

r e p o r te d  by C i c e l l i  and B o n i l la  ( 1 0 ) ,  Huber and Hoehne ( 2 6 ) ,  

W rig h t, e t  a l .  ( 7 6 ) ,  and S t e m l i n g  and T ich acek  ( 64 ) .  Under 

some c ir c u m s ta n c e s ,  u s u a l ly  f o r  p a r t i a l l y  m is o ib le  m ix tu r e s ,  

v an  Wijk,  V os, and v an  S t r a l e n  ( ?4 )  and v an  S t r a l e n  (70 ,  72) 

found  t h a t  two maxima i n  th e  -  x  cu rv e  may be p r e s e n t .

Two maxima, w ith  a  minimum a t  th e  a z e o tro p ic  c o m p o s it io n , 

w ere  n o ted  by A fgan ( 1 ) .  T here  a p p e a r  to  be no s a t u r a t e d  

l i q u i d  m ix tu re  d a ta  f o r  n a tu r a l  c o n v e c tio n  i n  th e  l i t e r a t u r e .

C. The E f f e c t  o f  P r e s s u re  on N u c le a te  B o i l in g

The p ro n o u n ced , r e g u l a r  e f f e c t  o f  p r e s s u r e  on n u c le a te  

b o i l i n g  has p rom pted  a  few  a n a ly s e s  concerned  s p e c i f i c a l l y  

w ith  p r e d i c t i n g  th e s e  e f f e c t s .  The e a r l i e s t  o f  th e s e  a n a ly s e s  

r e s u l t e d  in  th e  e m p ir ic a l  r e l a t i o n

h •  5400 (P p) ( 1- 1 )

o b ta in e d  by C i c h e l l i  and B o n i l la  ( 1 0 ) .  D ata  f o r  p ro p a n e , 

n -p e n ta n e ,  and n -h e p ta n e  w ere u sed  to  c a l c u l a t e  t h i s  e x p re s s io n .
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The c o rre sp o n d in g  s t a t e s  p r i n c i p l e ,  combined w ith  th e  

maximum t h e o r e t i c a l  s u p e rh e a t  c a lc u la te d  from  th e  v an  d e r  

WaalB e q u a t io n  o f  s t a t e ,  p ro v id e d  L ie n h a rd  and S ch rock  (35) 

a means o f  r e l a t i n g  th e  sy s tem  p r e s s u r e  and th e  n u c le a te  

b o i l i n g  &T. The f i n a l  r e s u l t  o f  th e  d e r i v a t i o n  was th e  

e x p re s s io n

I n t é r ê t   ̂ O .0K P _< 0 .65  (1 -2 )  

^ re fe re n c e  r e f e r e n c e

G o re n flo  (2 2 ) p ro p o se d  th e  e m p ir ic a l  r e l a t i o n

a  = c qO'G [o .?U  + 2 . 2 p J  (1 -3 )

w here c i s  a  f u n c t io n  o f  th e  l i q u i d  b e in g  b o i le d .  He u sed  

d a ta  f o r  n u c le a te  b o i l i n g  r e f r i g e r a n t s  t o  d e te rm in e  th e  form  

o f  E q u a tio n  1 -3 .

A m a jo r sh o rtc o m in g  o f  E q u a tio n s  l - l  and 1 -3  i s  t h a t  

b o th  a r e  b a sed  on v e ry  sm a ll  d a ta  s e t s .  E q u a tio n  1-2  i s  more 

g e n e r a l ,  b u t  i t  does n o t  seem to  r e p r e s e n t  t h e  d a ta  a v a i la b le  

in  th e  l i t e r a t u r e  w e l l .  I t  i s  a p p a r e n t ,  t h e n ,  t h a t  a  s im p le , 

a c c u ra te  r e l a t i o n  betw een  p r e s s u r e  and a T would be a  d i s t i n c t  

a id  t o  t h e  d e s ig n e r .

The a p p ro a ch  ta k e n  in  t h i s  work was to  s e e k  a  d i r e c t  

r e l a t i o n  be tw een  th e  n u c le a te  b o i l i n g  a T, t h e  sy stem  p r e s s u r e ,  

and th e  n u c le a te  b o i l i n g  h e a t  f l u x .  U sing  th e  p r i n c i p l e  o f  

c o rre sp o n d in g  s t a t e s  a s  a  g u id e ,  th e  r e l a t i v e  te m p e ra tu re  

d i f f e r e n c e
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= aT/T^ (1-4)

and th e  red u c ed  p r e s s u r e

P p  "  P / ^ o  ( 1 - 5 )

w ere d e f in e d  as  c o r r e l a t i n g  p a ra m e te rs . A l a r g e  body o f  

n u c le a te  b o i l i n g  d a ta  f o r  o rg a n ic  l i q u i d s  and f o r  w a te r ,  

sum m arized in  T ab le  1 -1 , w ere u sed  to  o b ta in  th e  r e l a t i o n s h i p

ATp * 0.007 (q/A)°'^ (Pp)-0'*5 (1-6)

E q u a tio n  1 -6 , a s  shown in  F ig u re  1-15* f i t  th e  com posite  d a ta  

s e t  w ith  an  a v e rag e  a b s o lu te  d e v ia t io n  o f  2 9 .2 # , B ecause o f  

th e  w ide v a r i e t y  o f  h e a t e r  ty p e s  and s u b s ta n c e s  r e p r e s e n te d ,  

th e  r e s u l t s  in d ic a te  t h a t  a  d e s ig n e r  may u se  E q u a tio n  1 -6  to  ' 

e s t im a te  a c c u r a te ly  th e  te m p e ra tu re  d i f f e r e n c e  r e q u i r e d  to  

t r a n s p o r t  a  g iv e n  amount o f  h e a t  th ro u g h  a  known a r e a  a t  a  

s e t  o p e ra t in g  p r e s s u r e .  Use o f  th e  c o r r e l a t i o n  can  le s s e n  

th e  re q u ire m e n t f o r  l a r g e  amounts o f  e x p e r im e n ta l d a ta  to  

s u p p o r t  d e s ig n  c a l c u l a t i o n s .

D. E f f e c t  o f  C om position  on N u c lea te  B o il in g

A m ajo r o b je c t iv e  o f  t h i s  s tu d y  was t o  o b ta in  a  q u a n t i 

t a t i v e  r e p r e s e n ta t io n  o f  th e  e f f e c t  o f  m ix tu re s  on n u c le a te  

b o i l i n g .  I t  h as  o f t e n  been  n o te d  t h a t  m ix tu re s  b o i l  a t  aT s 

w hich a r e  much h ig h e r  th a n  th o s e  o f  th e  i n d iv id u a l  p u re  com

p o n e n ts . S t e m l i n g  and T ichacek  (64) o f f e r e d  th r e e  p o s s ib le

e x p la n a t io n s  f o r  t h i s  m ix tu re  b o i l in g  b e h a v io r i
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T able 1-1

D a ta  S o u rc e s  o f  P r e s s u re  E f f e c t s  i n  N u c le a te  B o l l in g

Reduced
A u thor S u b s ta n c e P r e s s u r e s H e a te r  tv o e

T h is  work P ropane 0 .3  -  0 .7 0 .811  In  d lam , h o r l z . , 
g o ld  p la t e d  c y l in d e r

M n -B u tan e 0 .1  -  0 .3 H

ft n -P e n ta n e 0 .0 5  -  0 .2 M

W rig h t, E thane 0 .0 3  -  0 .2 f#

S c la n c e ,
e t  a l .  ( 56 , 5 7 ) M ethane 0 .0 2 - 0 .7 0 .6 5  I n  d lam , h o r l z . ,  

g o ld  p l a t e d  c y l in d e r

fl E thane 0 .0 2 - 0 .5 N

ft P ropane 0 .0 2 - 0 .7 ft

n -B u tan e 0 .0 3 0 .3 tf

C i c h e l l i  and 
B o n i l l a  (1 0 )

n -P e n ta n e 0 .1 3 0 .6 4 3 .7 5  In  d lam , h o r l z . ,  
chromium d i s c

tt Benzene 0 .0 2 - 0 .6 5 t t

tt P ropane 0 .2 8 - 0 .6 t t

tt H eptane 0 .0 4 - 0 .2 9 t t

tt E th a n o l 0 .0 2 0 .5 6 tt

M e ss ie r  and 
B anchero  (3 9 )

A cetone 0 .0 2 0 .3 8 0 .0643  In  d lam , h o r l z . ,  
s t a i n l e s s  s t e e l  tu b e

tf E th a n o l 0 .0 2 - 0 .5 6 tt

tt Benzene 0 .0 2 - 0 .5 1 t t

f t F re o n  113 0 .0 3 - 0 .7 4 t t

H uber and 
Hoehne (2 6 )

Benzene 0 .0 2 - 0 .4 2 0 .3 7 5  In  d lam , h o r l z . ,  
s t a i n l e s s  s t e e l  tu b e
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1. Changes in  p u M ie a l  p r o p e r t i e s  due to  changes 
i n  c o m p o s itio n  a f f e c t  h e a t  t r a n s f e r .

2 . V ary in g  g row th  r a t e s  cau sed  by a  r e s i s t a n c e  t o  
mass t r a n s f e r  o f  th e  more v o l a t i l e  com ponent
i n to  th e  g row ing  v a p o r  b u b b le  a f f e c t  h e a t  t r a n s f e r .

3 . C hanging n u c lé a t io n  r a t e s  b e ca u se  o f  c o m p o s it io n a l  
d i f f e r e n c e s  a f f e c t  h e a t  t r a n s f e r .

I t  i s  f e l t  t h a t  c o m p o s it ic n a l- in d u c e d  e f f e c t s  b a sed  on 

p h y s ic a l  p r o p e r ty  v a r i a t i o n s  a r e  a  m inor in f lu e n c e .  W ith th e  

e x c e p tio n  o f  th e  c r i t i c a l  p r o p e r t i e s ,  e s t im a te d  m ix tu re  

t r a n s p o r t  p r o p e r t i e s  a r e  e s s e n t i a l l y  w e ig h ted  a v e ra g e s  o f  th e  

p u re  com ponent v a lu e s .  I f  t h e  e x i s t i n g  n u c le a te  b o i l i n g  

c o r r e l a t i o n s  c a n  be c o n s id e re d  v a l i d  f o r  m ix tu re s ,  p h y s ic a l  

p r o p e r ty  v a r i a t i o n s  o f  m inor m agn itude  have a  m inim al e f f e c t  

upon 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 .

C om position  e f f e c t s  on n u c lé a t io n  r a t e s  c o u ld  c e r t a i n l y  

a f f e c t  h e a t  t r a n s f e r  d r a m a t i c a l ly .  U n fo r tu n a te ly ,  v e ry  l i t t l e  

c o n c e rn in g  n u c lé a t io n  i n  b o i l i n g ,  even  f o r  p u re  l i q u i d s ,  i s  

p r e s e n t l y  known. F u r th e r  i n v e s t i g a t i o n  in to  th e  e f f e c t s  o f  

m ix tu re s  on b u b b le  n u c lé a t io n  i s  d ep en d en t upon an  in c r e a s e d  

know ledge o f  t h e  n u c lé a t io n  p ro c e s s  i n  p u re  f l u i d s .

One f a c t o r  a f f e c t i n g  n u c le a te  b c i l i n g  h e a t  t r a n s f e r  

w hich  has r e c e iv e d  some p re v io u s  a t t e n t i o n  i s  th e  b u b b le  

g row th  r a t e .  A n a ly t ic a l  s t u d i e s  i n  t h i s  a r e a ,  p a r t i c u l a r l y  

th o s e  o f  S c r iv e n  (58 ) and v an  S t r a l e n  (6 5 , 6 6 , 6 7 , 6 8 , 6 9 , 71) 

have shown t h a t  th e  b u b b le  g ro w th  r a t e ,  an d , h e n ce , th e  h e a t  

f l u x  b e h a v io r ,  may be s t r o n g ly  in f lu e n c e d  by l i q u i d  c o m p o s itio n .
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As shown by van  S t r a l e n  ( 6 7 )

% ,b  "  »AT (1 -7 )

I f  we p la c e  E q u a tio n  1 -7  in to  a  form  com parab le  w i th  F ig u re s  

1-11 and 1- 13» i . e . » c o n d i t io n s  o f  c o n s ta n t  red u c ed  p r e s s u r e  

and h e a t  f l u x ,  we s e e

<« i  (1-8)

I t  i s  o f  i n t e r e s t  to  d e te rm in e  th e  e f f e c t iv e n e s s  o f  E q u a tio n

1 -6  in  r e p r e s e n t in g  e x p e r im e n ta l  d a ta  f o r  m ix tu re s . B efo re  

t h i s  c an  be d o n e , th o u g h , th e  form  o f  th e  g row th  c o n s t a n t ,  p , 

f o r  a  m ix tu re  m ust be  d is c u s s e d .

A number o f  i n v e s t i g a t o r s  have c o n s id e re d  th e  p rob lem  

o f  b u b b le  g row th  i n  a  b in a ry  l i q u i d  m ix tu re . The r e s u l t s  o f

B ru i jn  ( 7 ) ,  S k in n e r  and B ankoff (5 9 , 6 0 ) ,  S c r iv e n  ( 5 8 ) ,  and

v an  S t r a l e n  ( 6 5 , 6 6 , 6 7 , 68 , 6 9 ,  71) a l l  have v e ry  s i m i l a r  

o r i g in s  and f i n a l  fo rm s. The e x p re s s io n

R ( t )  ■ pAP^t^ (1 -9 )

w hich  was shown t o  h o ld  t r u e  f o r  p u re  f l u i d s  ( s e e  A ppendix D) 

was assum ed to  a l s o  be  t r u e  f o r  m ix tu re s .  In  a d d i t i o n ,  i t  

h as  b een  assumed t h a t  th e  therm odynam ic e q u il ib r iu m  c o n d i t io n  

e x i s t s  a t  th e  v a p o r - l iq u id  i n t e r f a c e ,  and t h a t  t r a n s p o r t  o f  

th e  more v o l a t i l e  com ponent i n  th e  l i q u i d  to  th e  v a p o r  i n t e r 

f a c e  i s  by way o f  d i f f u s i o n .
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In  a d d i t i o n  to  an e x a c t  v a lu e  o f  p found from  th e  

s im u lta n e o u s  s o l u t io n  o f  two i n t e g r a l  e q u a t io n s ,  S c r iv e n  ( 58) 

p re s e n te d  two l i m i t i n g  v a lu e s  o f  th e  grow th  c o n s ta n t  f o r  

b in a ry  m ix tu re s .  In  th e  l i m i t  o f  sm aill s u p e r h e a t ,  i . e . , a s  

B*0 , th e  g row th  c o n s ta n t  i s

2 . - a

e « (2k ,
i f  .9  ,  (X . w  '

At th e  o th e r  e x tre m e , f o r  h ig h  s u p e r h e a ts ,

( 1- 1 1 )

van  S t r a l e n  ( 6 5 , 6 6 , 67 , 6 8 , 6 9 , 71) by an  a p p a re n t  a n a lo g y  

w ith  S c r iv e n * s  r e s u l t s  su g g e s te d  th e  somewhat s im p le r  r e l a t i o n

( W  * * , .  . t  ..- 1 I ' - " '

m

where

O 0

(1 -1 3 )

The te rm  (^T/G^ ) may be e v a lu a te d  e i t h e r  from  E q u a tio n  1- 1 3 

o r  g r a p h ic a l ly .
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A ttem pts t o  o b ta in  a  d i r e c t  r e l a t i o n  b e tw een  th e  v a lu e s  

f o r  th e  p u re  com ponent and m ix tu re  g row th  c o n s ta n t s  and t h e i r  

c o rre sp o n d in g  n u c le a te  b o i l i n g  Ts w ere u n s u c c e s s f u l .  The 

v e ry  awkward form  o f  t h e  g ro w th  c o n s ta n t  e q u a t io n s  made i t  

d e s i r a b l e  to  se e k  a  s im p le r  means o f  p r e d i c t i n g  m ix tu re  

b o i l i n g  b e h a v io r .

I t  has been  n o te d  by W rig h t, e t  a l .  ( 7 6 ) t h a t  th e  

n u c le a te  b o i l i n g  b e h a v io r  o f  a  m ix tu re  i s  d i r e c t l y  r e l a t e d  

t o  th e  m ix tu re  r e l a t i v e  v o l a t i l i t y .  I n s p e c t io n  o f  th e  m ix tu re  

g row th  c o n s ta n t  e q u a t io n s  shows t h a t  a  form  o f  th e  m ix tu re  

r e l a t i v e  v o l a t i l i t y  i s  a n  i n t e g r a l  p a r t  o f  e a c h  e x p re s s io n .

A t a  g iv e n  p r e s s u r e  and c o m p o s itio n  t h e  s a t u r a t i o n  te m p e ra tu re  

i s  f ix e d  and th e  r e l a t i v e  v o l a t i l i t y  d e f in e d  by 

^heavy^T p i s  & u n iq u e  v a lu e .  I t  i s  s u g g e s te d  t h a t  t h i s  r a t i o  

o f  K -v a lu e s , sy m b o lized  in  t h i s  work by a ^ ,  sh o u ld  be e f f e c t 

iv e  a s  a  c o r r e l a t i n g  p a ra m e te r  to  t a k e  in to  a c c o u n t th e  

c o n t r ib u t io n  o f  r e l a t i v e  v o l a t i l i t y  e f f e c t s  i n  b o i l i n g ,

E, N a tu ra l  C o n v e c tio n  C o r r e la t io n s

The e a r l i e s t  m a th e m a tic a l d e s c r i p t i o n  o f  n a t u r a l  

c o n v e c tio n  h e a t  t r a n s f e r  was p re s e n te d  by N u s s e l t  (4 4 ) ,

He u sed  d im e n s io n a l a n a l y s i s  t o  a r r i v e  a t  t h e  r e a l t i o n

Nu * f ( G r ,  P r )  ( l - l 4 )

f o r  a  v e r t i c a l  w a l l  c o n f ig u r a t io n .  L a te r  Hermann (2 4 )
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s o lv e d  th e  t r a n s p o r t  e q u a t io n s  d e s c r ib in g  la m in a r  n a t u r a l  

c o n v e c t io n  in  a  d ia to m ic  g a s  from  a  h o r i z o n ta l  c y l i n d e r  w ith

a  c o n s ta n t  w a l l  te m p e r a tu re .  The e x p re s s io n

Nujj -  0 .3 7 2  (G rjj)*  (1 -1 5 )

r e s u l t e d .  Hermann a ls o  fo u n d  t h a t  a  v e r t i c a l  w a l l  o f  h e ig h t

2 .5D  and a  h o r i z o n ta l  c y l i n d e r  o f  d ia m e te r  D have t h e  same 

h e a t  t r a n s f e r  c o e f f i c i e n t .  T h is  e q u iv a le n c y  was u se d  by 

E c k e r t  (1 5 )  t o  o b ta in  an  e x p r e s s io n  f o r  a l l  f l u i d s

»>D

T h is  e q u a t io n  has a ls o  b e en  su g g e s te d  f o r  u s e  w i th  l i q u i d  

m e ta ls  by  Hyman, e t  a l .  ( 2 7 ) .  I t  sh o u ld  be n o te d  t h a t  E c k e r t 

and  D rake (1 5 ) s u g g e s t  a  c o n s ta n t  o f  O.508  f o r  E q u a tio n  I -1 6  

An e m p ir ic a l  r e l a t i o n  f o r  la m in a r  n a t u r a l  c o n v e c tio n  fro m  a  

h o r i z o n t a l  c y l i n d e r ,  w h ich  h as found  w ide p o p u l a r i t y ,  i s  th e  

McAdams (3 7 ) c o r r e l a t i o n

NUjj -  0 .5 3  (Grjj P r ) ^  (1 -1 7 )

A num ber o f  n u m e ric a l s o l u t io n s  f o r  th e  N a v ie r  -  S to k e s  

e q u a t io n s  f o r  la m in a r  n a t u r a l  c o n v e c tio n  from  a  h o r i z o n t a l  

c y l i n d e r  have a p p ea re d  r e c e n t l y .  Of p a r t i c u l a r  i n t e r e s t  i s  

t h e  r e s u l t

NUjj «  (G rjj P r ) * .  f ( P r )  ( I - I 8 )

w here
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■

f ( P r )   -------------------------X-----------------   (1 -1 9 )
1 5 .5  + 2 8 .8  P r ’  + 2 8 .7  P r

o b ta in e d  by S e v i l l e  and C h u r c h i l l  (5 4 )  f o r  a  r i g h t  c i r c u l a r  

c y l i n d e r .  The f u n c t i o n a l  form  f o r  f ( P r )  was s u g g e s te d  by 

L a f e v r e 's  r e s u l t s  f o r  sh a rp -n o s e d  b o d ie s .

A l l  o f  th e  r e s u l t s  d is c u s s e d  above a r e  b a se d  upon th e  

a s s u m p tio n  t h a t  t h e  h e a t e r  s u r f a c e  i s  a t  a  c o n s ta n t  te m p e ra tu re .  

The w orks o f  C h iang  and Kaye (9 )  and Koh (2 9 ) h e lp e d  to  r e l a x  

t h i s  a s su m p tio n . They fo u n d  t h a t  a  p r e s c r ib e d »  n o n -u n ifo rm  

h e a t  f l u x  o r  w a l l  te m p e ra ru re  had o n ly  a  v e ry  s m a ll  e f f e c t  

on  t h e  n e t  n a t u r a l  c o n v e c t io n  h e a t  t r a n s f e r .

T u rb u le n t  n a t u r a l  c o n v e c tio n  h as b e e n  m odled by  E c k e r t  

and  J a c k s o n  ( I 6 ) .  They i n t e g r a t e d  th e  e q u a t io n s  o f  m o tio n  

and  e n e rg y  t o  f i n d

Nu^ •  0 .0 2 9 5  (G r^ )^ /^  ( P r )^ /^ ^ (1  + 0 .4 9 4  ( P r ) ^ / ^ ) “^ /^  ( 1- 2 0 )

o r#  a l t e r n a t i v e l y

NUgg -  0 .0 2 1  (G r^ P r ) ^ / ^  (1 -2 1 )

The above r e s u l t s  f o r  b o th  la m in a r  and t u r b u le n t  n a t u r a l  

c o n v e c t io n  s u g g e s t  t h a t  a n  e m p ir ic a l  r e l a t i o n  o f  th e  fo rm

NUjç •  C (G r^ P r ) *  (1 -2 2 )

s h o u ld  a d e q u a te ly  r e p r e s e n t  d a ta  i n  b o th  f lo w  re g im e s . As 

n o te d  in  th e  d i s c u s s i o n  o f  th e  e x p e r im e n ta l  d a t a ,  t h e r e  a p p e a rs
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t o  be a  m ix tu re  e f f e c t  i n  n a t u r a l  c o n v e c t io n  h e a t  t r a n s f e r  

i n  s a t u r a t e d  l i q u i d s .  F or t h i s  r e a s o n  th e  G rash o f num ber 

f o r  m ix tu re s  i s  m o d ified  by in c lu d in g  th e  r e l a t i v e  v o l a t i l i t y  

p a ra m e te r  s u g g e s te d  in  S e c t io n  D, The p a ra m e te r  e n te r s  a s  

a ÿ ^ , w here th e  ex p o n en t - i  was found  to  g iv e  th e  b e s t  r e p r e 

s e n t a t i o n  o f  t h e  e x p e r im e n ta l  d a ta .

The n a t u r a l  c o n v e c tio n  d a t a  ta k e n  i n  t h i s  s tu d y  w ere 

u sed  i n  a  l e a s t  s q u a re s  f i t  o f  E q u a tio n  1 -22  in  o rd e r  to  

o b t a in  th e  s u i t a b l e  e m p ir ic a l  c o n s t a n t s .  The f i n a l  r e l a t i o n ,  

w hich  i s  com pared w ith  th e  d a ta  i n  F ig u re  1- 1 6 , i s

Nug = 0 .4 2 3  (G rJ  (1 -2 3 )

T h is  e q u a t io n  f i t  t h e  d a ta  w i th  an  a v e ra g e  a b s o lu te  d e v ia t i o n  

o f  4 2 .2 # . The s lo p e  o f  th e  d a ta  ( ro u g h ly  midway be tw een  t h a t  

e x p e c te d  f o r  la m in a r  and t u r b u l e n t  f lo w ) seem s to  i n d i c a t e  

t h a t  th e s e  d a t a  l i e  a round  th e  l a m in a r - tu r b u le n t  t r a n s i t i o n .  

In d e e d , th e  r e s u l t s  o f  th é  i n v e s t i g a t i o n  o f  Hyman, e t  a l .  (2 ? )  

i n d i c a t e  t h a t  th e  l a m in a r - tu r b u le n t  t r a n s i t i o n  f o r  t h i s  d a ta  

s e t  would be a t  G r^Pr = 4 x 1 0 ? , o r  s l i g h t l y  below  th e  ra n g e  

o f  th e s e  d a ta .  A lso  shown i n  th e  f i g u r e  i s  a  l i n e  r e p r e s e n t in g  

th e  McAdams c o r r e l a t i o n ,  m o d if ie d  f o r  m ix tu re s .  The e q u a t io n  

i s  somewhat c o n s e r v a t iv e  i n  i t s  r e p r e s e n t a t i o n  o f  th e s e  d a ta ,  

p o s s ib ly  a l s o  s u g g e s t in g  t h a t  th e  d a ta  a r e  more n e a r l y  in  

t u r b u l e n t  f lo w  th a n  i n  la m in a r  f lo w .
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P . N u c le a te  B o i l in g  C o r r e la t io n s

The n u c le a te  b o i l i n g  d a ta  ta k e n  i n  t h i s  s tu d y  w ere 

com pared w ith  f o u r  o f  th e  more p o p u la r  c o r r e l a t i o n s  a v a i l 

a b le  i n  th e  l i t e r a t u r e .  T hese c o r r e l a t i o n s  a r e  th e  e q u a t io n s  

o f  M cNelly ( 3 8 ) ,  K u ta te la d z e  (3 2 ) ,  B o r is h a n s k i i  and M inchenko 

( 3 2 ) ,  and th e  Rohsenow c o r r e l a t i o n  a s  m o d ifie d  by S c ie n c e ,  

e t  a l .  ( 5 6 ) .  T hese e x p re s s io n s  w ere s e l e c t e d  b ecau se  o f  t h e i r  

d e m o n s tra te d  e f f e c t iv e n e s s  in  r e p r e s e n t in g  p u re  com ponent 

and m ix tu re  d a ta  ( 31» 7&).

I t  i s  e v id e n t  from  T ab le  1 -2  and F ig u re  1 -17  t h a t  th e  

c o r r e l a t i o n s  r e p r e s e n t  th e  p u re  com ponent d a ta  w e l l .  How ever, 

t h e  v a lu e s  i n  th e  t a b l e  a l s o  show t h a t  th e  m ix tu re  r e s u l t s  

le a v e  so m eth ing  to  be d e s i r e d .  A gain  th e  r e l a t i v e  v o l a t i l i t y  

p a ra m e te r ,  a y ,  was u sed  t o  ta k e  i n to  a c c o u n t th e  m ix tu re  e f f e c t s .  

I t  was found  t h a t  i n c l u s i o n  o f  aÿ ^  as a  d im e n s io n le s s  param 

e t e r  i n  th e  r i g h t  hand s i d e  o f  each  o f  t h e  c o r r e l a t i o n s  

s u b s t a n t i a l l y  im proved th e  r e s u l t s  a s  s e e n  in  th e  t a b l e .

The c o r r e l a t e d  m ix tu re  d a t a  a re  shown i n  F ig u re  1 -1 8 .

The m o d ified  c o r r e l a t i o n s  a re *  M o d ified  Sciance-R ohsenow

.181 1 .3 4 21 ( a l l  d a ta )  (1 -2 4 )
'-"I- i 

M odified  McNelly
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T ab le  1-2  

Summary o f  R e s u l ts  t 

N u c le a te  B o i l in g  C o r r e l a t i o n  T e s tin g

C o r r e l a t i o n P e rc e n t  A verage A b so lu te  D e v ia t io n  
P u re  M ix tu re t  M ix tu re*

Component U nm odified  M o d ified

Rohsenow- 
S c ia n c e *  
P u re  o n ly

4 2 .1

Rohsenow- 
S c ia n c e *  
M ix tu re s  o n ly

1 0 9 .8

Rohsenow- 
S c ia n c e *  
A l l  d a t a

5 0 .9 7 8 .4

M cN elly
-  33-1 1 0 1 .3 3 0 .3

K u ta te la d z e 4 2 .5 9 2 .7 3 7 .8

B o r i s h a n s k i i -
M inchenko 3 7 .3 3 0 2 .0 9 9 .4
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M odified  K u ta te la d z e

(1. 26)

M o d ified  B o rish a n sk ii-M in c h en k o

hB
Îc7s  .  8 .7  X lO--» « ;»  (1 -^ 7 )

I t  Should  be n o ted  t h a t  th e  r e s u l t s  c i t e d  in  T ab le  1 -2  f o r  

th e  S ciance-R ohsenow  e q u a tio n  in  i t s  u n m od ified  form  w ere 

o b ta in e d  from  a  l e a s t  sq u a re s  f i t  o f  b o th  th e  p u re  com ponent 

and th e  m ix tu re  d a ta .  F ig u re s  show ing th e  e x p e r im e n ta l d a ta  

com pared w ith  th e  p ro p o sed  c o r r e l a t i o n s  a r e  g iv e n  in  

r e f e r e n c e  11.

G. C o n c lu s io n s

1 . The e f f e c t s  o f  b o th  p r e s s u r e  and c o m p o s itio n  on 

n u c le a te  b o i l i n g  o b se rv ed  by p re v io u s  i n v e s t i g a to r s  have been  

c o n firm ed  in  t h i s  s tu d y .

2 . T here  i s  a  m in im al p r e s s u r e  e f f e c t  i n  n a t u r a l  

c o n v e c tio n  to  a  s a t u r a t e d  l i q u i d .

3 . L iq u id  c o m p o s itio n  seems to  c a u se  an  in c r e a s e  i n

i n  t h e  c a s e  o f  n a t u r a l  c o n v e c tio n  to  a  s a tu r a te d  l i q u i d  w hich 

i s  a n a lo g o u s  to  t h a t  n o ted  in  n u c le a te  b o i l in g .

4 . P u re  com ponent n u c le a te  b o i l i n g  ^ T s  may be p r e d ic te d  

a c c u r a t e ly  u s in g  th e  e x p re s s io n

a T -  « 0 .0 0 7  (q /A )° ‘ 3
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The d a ta  u sed  to  d e v e lo p  t h i s  e x p re s s io n  w ere r e p r e s e n te d  

w ith  an  a v e rag e  a b s o lu te  d e v ia t io n  o f  2 9 . 2# .

5 . The v a lu e s  o f  &*(%) may be u se d  to  r e p r e s e n t  th e  

t r e n d  o f  * )/^ '^ p u re  1* means t h a t  th e  r e l a t i v e

v o l a t i l i t y  form s a  v a l i d  b a s i s  f o r  p r e d i c t i n g  th e  in c r e a s e  

in  aT c au sed  by th e  p re s e n c e  o f  a  l i q u i d  m ix tu re .

6 . The e x p re s s io n

NUjj -  0 .4 2 3  (Gr^ P r) 0 .312

f i t  th e  n a tu r a l  c o n v e c tio n  d a ta  w ith  an  a v e ra g e  a b s o lu te  

d e v ia t io n  o f  4 2 .2 # . The n a tu r a l  c o n v e c tio n  d a ta  a p p e a r  to  

be in  th e  v i c i n i t y  o f  t h e  l a m in a r - to - tu r b u le n t  t r a n s i t i o n  

r e g io n ,  i n  agreem ent w ith  th e  p r e d i c t i o n  from  Hyman, e t  a l . (2 7 ).

7 . The te rm  i n  b o th  n a tu r a l  c o n v e c tio n  and n u c le a te  

b o i l i n g  c o r r e l a t io n s  s u b s t a n t i a l l y  im proved th e  a c c u ra c y  c f  

th e  c o r r e l a t i o n s  in  r e p r e s e n t in g  th e  e x p e r im e n ta l d a ta  from  

t h i s  w ork.

8 . The m o d ified  M cNelly n u c le a te  b c i l i n g  c o r r e l a t i o n  

b e s t  r e p r e s e n te d  b o th  t h e  p u re  component and th e  m ix tu re  d a ta .



C h a p te r 2

F ilm  C o n d en sa tio n  in  a  V e r t i c a l  R e flu x  C ondenser

The n a tu r e  o f  th e  l i q u i d  f i lm ,  p r im a r i l y  as i t  i s  

in f lu e n c e d  by c o n d e n se r  geo m etry , and  th e  e f f e c t s  o f  n o n - 

c o n d e n s ib le s  have p ro v id e d  s u b je c t s  f o r  th e  b u lk  o f  th e  f i lm  

c o n d e n s a tio n  s tu d i e s  i n  th e  l i t e r a t u r e .  T here  have  b een  

few  i n v e s t ig a t io n s  to  s tu d y  th e  e f f e c t s  o f  p r e s s u r e  o r  o f  

m ix tu re  c o m p o s itio n  i n  f i lm  c o n d e n s a tio n . H ence, i n  t h i s  

work th e  e f f e c t s  o f  p r e s s u r e  and o f  c o m p o s itio n  on th e  

c o n d en s in g  b e h a v io r  o f  l i g h t  h y d ro ca rb o n s a re  i n v e s t i g a t e d .  

D a ta  a t  s e v e r a l  p r e s s u r e s  f o r  p u re  p ro p a n e , n -b u ta n e ,  and 

n -p e n ta n e  and f o r  p ro p an e  -  n -b u ta n e  and p ro p an e  -  n -p e n ta n e  

m ix tu re s  a r e  p r e s e n te d  and exam ined f o r  in d ic a t io n s  o f  

p r e s s u r e  o r  c o m p o s it io n a l  in f lu e n c e s .  The d a ta  a r e  com pared 

w i th  N u s s e l t 's  e q u a t io n  f o r  la m in a r  f i lm  c o n d e n sa tio n  and a  

b e s t - f i t  e m p ir ic a l  e q u a t io n  w hich i s  s u g g e s te d  f o r  t u r b u le n t  

f i lm  c o n d e n sa tio n .

A. P re v io u s  S tu d ie s

The f i r s t  model o f  f i lm  c o n d e n s a tio n  was th e  d e s c r i p t i o n  

o f  la m in a r  f i lm  c o n d e n s a tio n  p re s e n te d  by N u s s e lt  (^ 5 )  in  

1916. H is f i n a l  e x p re s s io n  was

36
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2 v3 . i lr g / T k f
x i   1 (Z -1 )

H ere I s  th e  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 ,  w h ile  x  i s  

t h e  v e r t i c a l  d i s t a n c e  th e  f i lm  h as f a l l e n .

Most su b se q u e n t s t u d i e s  in  la m in a r  f i lm  c o n d e n s a tio n  

have  been  d i r e c te d  to w ard  r e l a x in g  o r  v e r i f y i n g  N u s s e l t 's  

o r i g i n a l  a s su m p tio n s . S tu d ie s  by b o th  Minkowycz and Sparrow  

(4 0 ) and F o o ts  and M ile s  (49 ) have shown t h a t  e f f e c t s  due to  

v a r i a b l e  f l u i d  p r o p e r t i e s  a r e  s m a l l .  Momentum e f f e c t s  w ere 

in v e s t i g a t e d  by S parrow  and Greg ( 6 l ) ,  w h ile  Chen ( 8 ) ,  Koh 

( 2 8 ) ,  and Koh, e t  a l .  (30 ) showed c o n d en sin g  b e h a v io r  i s  n o t  

s t r o n g l y  a f f e c t e d  by  i n t e r f a c i a l  s h e a r .  S u b c o o lin g  in  th e  

c o n d e n sa te  has been  c o n s id e re d  by Brom ley ( 5 ) .  Rohsenow (52) 

a llo w e d  f o r  th e  e f f e c t  o f  n o n - l in e a r  te m p e ra tu re  d i s t r i b u t i o n  

i n  th e  c o n d e n sa te . I t  i s  w orthy  t o  n o te  t h a t  a l l  o f  th e s e  

s t u d i e s  have te n d e d  to  j u s t i f y  th e  o r i g i n a l  a ssu m p tio n s  o f  

N u s s e l t .

F ilm  c o n d e n s a t io n  o f  m ix tu re s  has en jo y ed  a  s m a ll  b u t 

s te a d y  i n t e r e s t  th ro u g h  th e  y e a r s .  The f i r s t  f o rm u la t io n  o f  

th e  p rob lem  o f  c o n d e n s in g  b in a ry  v a p o r  m ix tu re s  was made by 

C o lbu rn  and Drew ( 1 2 ) .  They found  t h a t  l a t e n t  h e a t  exchange 

i s  th e  dom inant f a c t o r  i n  th e  c o n d e n sa tio n  p r o c e s s .  I n t e r 

f a c i a l  v a p o r - l iq u id  e q u i l ib r iu m  was assum ed, and th e  m ain 

them e o f  th e  C o lbu rn  and Drew s tu d y  was t o  d e te rm in e  th e  

i n t e r f a c i a l  te m p e ra tu re .
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C ondensing  d a ta  f o r  th e  e th a n o l-w a te r  b in a ry  r e p o r te d  

by W allace  and D av ison  (73) gave  p a r t i a l  v e r i f i c a t i o n  to  th e  

w ork o f  C olburn  and Drew. A l a t e r  i n v e s t i g a t i o n  by P re s s b u rg  

and Todd (50 ) found  t h a t  th e  C o lb u rn  and Drew a n a ly s i s  a llo w ed  

t h r e e  re a s o n a b le  c h o ic e s  f o r  th e  co n d en sin g  a T i

^^BP » T.

^^D P . T ,

ATy -  T,

dew p o in t  s u r f a c e  (2 -2 )

v a p o r  “ ^ s u r f a c e

E x p e rim e n ta l r e s u l t s  o f  P re s sb u rg  and Todd and o f  M irkov ich  

and M issen  ( 4 l )  showed t h a t  i s  th e  c o r r e c t  c h o ic e  f o r  

the^  m ix tu re  c o n d en s in g  AT. R e c e n tly , n u m e ric a l c a l c u l a t i o n s  

o f  S parrow  and M a rsc h a ll  (62) in d ic a te d  th e  same c o n c lu s io n .

T u rb u len ce  in  th e  c o n d en sa te  f i lm  g r e a t l y  enhances th e  

h e a t  t r a n s f e r  r a t e .  G r ig u l l  (2 3 ) has shown t h a t  t u r b u le n t  

f i lm  c o n d e n s a tio n  i s  a  complex f u n c t io n  o f  th e  d im e n s io n le s s  

g ro u p s

M  (2 -3 )
I 1

w hich i s  s im p ly  a  d im e n s io n le s s  form  o f  E q u a tio n  2 -1 .

Thus i t  i s  s u g g e s te d  t h a t  an  e m p ir ic a l  r e l a t i o n  o f  th e

form
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sh o u ld  be a d e q u a te  f o r  c o r r e l a t i o n  o f  f i lm  c o n d e n sa tio n  d a ta  

from  a  v e r t i c a l  s u r f a c e »  w ith  th e  v a lu e  o f  th e  exponent»  n» 

and th e  c o e f f i c i e n t*  C» d ep en d en t on th e  c o n d e n sa te  flow  

reg im e ,

B. R e s u l ts  and C o r r e la t io n

P u re  component f i lm  c o n d e n sa tio n  d a ta  f o r  p ropane»  

n -b u tan e »  and n -p e n ta n e  a r e  shown i n  F ig u re s  2-1» 2-2» and

2 -3  r e s p e c t iv e ly .  The c h o ic e  o f  th e  g roup  h ^ x  f o r  th e  

o r d in a te  s e rv e s  a s  a  means o f  e l im in a t in g  th e  p o s i t i o n  

dependence  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»  h ^ . E xam ination  

o f  th e  f ig u r e s  shows t h a t  i n  th e  c a s e s  o f  p ro p an e  and n -b u ta n e  

th e r e  i s  d e f i n i t e l y  no s y s te m a tic  in f lu e n c e  due to  p r e s s u r e ;  

any  p o s s ib le  p r e s s u r e  e f f e c t  in  th e  n -p e n ta n e  d a t a  i s  n o t  

c o n c lu s iv e .  Hence» th e s e  r e s u l t s  i n d i c a t e  t h a t  t h e r e  is »  a t  

most» a  v e ry  m inim al p r e s s u r e  e f f e c t  in  f i lm  c o n d e n s a tio n .

D ata  f o r  th e  p ro p an e  -  n -b u ta n e  and p ro p an e  -  n -p e n ta n e  

m ix tu re s  a r e  shown i n  F ig u re  2 -4 , The oT u sed  i n  c a l c u l a t i n g  

and p l o t t i n g  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  was th e  a T g p ,

T h is  f a c t  was v e r i f i e d  by com paring dew p o in t  and b u b b le  

p o i n t  te m p e ra tu re s  f o r  t h e  c o n d en sin g  m ix tu re s  w i th  th e  

c a l c u l a t e d  in n e r  w a l l  te m p e ra tu re s .  The in n e r  w a l l  tem pera 

t u r e s  ag re ed  w ith  th e  b u b b le  p o in t  te m p e ra tu re s  a t  a l l  t im e s ,

A t y p i c a l  c o n d e n se r  te m p e ra tu re  p r o f i l e  i s  shown i n  

F ig u re  2 -5 ,
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The la c k  o f  a  d e f i n i t e  c o m p o s itio n  e f f e c t  in  F ig u re  2 -4  

i s  r e a d i l y  a p p a re n t . F u r th e r ,  i t  c an  be s e e n  t h a t  th e  

m ix tu re  d a ta  compare w e l l  w ith  th e  p u re  component r e s u l t s .  

M ix tu re  d a ta  o f  W allace  and D avison (7 3 ) ,  P re s sb u rg  and 

Todd (5 0 ) ,  and M irkov ich  and M issen ( 4 l )  a ls o  in d ic a te  t h a t  

c o m p o s itio n  i s  n o t  a  m ajo r in f lu e n c e  on f i lm  c o n d e n sa tio n .

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  Onda, e t  aJU. (4 ? ) found  t h a t  

m ix tu re s  i n  a  f lo w -th ro u g h  p a r t i a l  c o n d e n se r  can  a ls o  be 

t r e a t e d  e s s e n t i a l l y  a s  p u re  com ponents.

As in d ic a te d  e a r l i e r ,  e x am in a tio n  o f  th e  r e l a t i o n s  f o r  

p r e d i c t i n g  f i lm  c o n d e n sa tio n  b e h a v io r  in d ic a te  t h a t  a  

d im e n s io n le s s  e x p re s s io n  o f  th e  form  o f  E q u a tio n  2 -4  sh o u ld  

be a d e q u a te  f o r  d a ta  r e p r e s e n ta t io n .  D ata  from  t h i s  work a re  

shown in  F ig u re  2 -6 , and may be r e p re s e n te d  by th e  e x p re s s io n

10.75h_ X ft
*  1» 1 .88  X 10"° (2 -5 )i V l A T  1

B est f i t  o f  th e  d a ta  shows an a v e rag e  a b s o lu te  d e v ia t io n  o f  

3 5 .7 # . Com parison o f  th e  d a ta  w ith  th e  N u s se lt  r e l a t i o n  seems 

to  in d ic a te  t h a t  th e  d a ta  were in  th e  tu r b u le n t  reg im e , 

b e ca u se  th e  s lo p e  i s  much l a r g e r  th a n  t h a t  o f  la m in a r  conden

s a t i o n .  I t  m ust be em phasised  t h a t  E q u a tio n  2 -5  was developed  

to  r e p r e s e n t  t u r b u le n t  f i lm  c o n d e n sa tio n  d a ta  from  a  v e r t i c a l  

r e f l u x  c o n d en se r . Use o f  t h i s  e x p re s s io n  to  p r e d i c t  tu r b u le n t  

f i lm  c o n d e n sa tio n  in  a  f lo w -th ro u g h  ty p e  co n d en se r i s  n o t  

w a rra n te d  w ith o u t f u r t h e r  s tu d y .
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I n  g e n e r a l ,  w i th  w e l l  behaved  m ix tu r e s ,  f i lm  c o n d e n s a t io n  

o f  a  b in a ry  m ix tu re  may be t r e a t e d  a s  c o n d e n s a t io n  o f  a  p se u d o -  

p u re  com ponent w i th  th e  p h y s ic a l  p r o p e r t i e s  o f  th e  b in a r y .

T h is  c o n c e p t h as  b e en  v e r i f i e d  u s in g  a  h o r i z o n ta l  p l a t e  

t o t a l  c o n d e n se r  by  s e v e r a l  a u th o r s  ( 4 l ,  $0 , 7 3 ) and u s in g  a  

v e r t i c a l  r e f l u x  c o n d e n se r  i n  t h i s  w ork . Onda, e t  a l .  (4 ? )  

a l s o  found  t h a t  a  m ix tu re  may be assum ed t o  a c t  l i k e  a  p se u d o - 

p u re  component i n  a  v e r t i c a l  f lo w - th ro u g h  c o n d e n se r .

T here  a r e  two m ix tu re  ty p e s  t o  w h ich  t h i s  n o t io n  o f  

a  p se u d o -p u re  com ponent d oes n o t  a p p ly .  O b v io u s ly  i f  one o f  

t h e  com ponents i s  a  n o n e o n d e n s ib le  g a s ,  t h e  f i lm  c o n d e n s a t io n  

b e h a v io r  w i l l  b e  a f f e c t e d .  A lso  t h e r e  c a n  a r i s e  a  p e c u l i a r  

s i t u a t i o n  when b o th  v a p o rs  a r e  c o n d e n s ib le .  In  some b in a r y  

s y s te m s , th e  s u r f a c e  t e n s io n  g r a d i e n t s  c a u se d  by t h e  c o m p o s itio n  

g r a d i e n ts  p r e s e n t  make th e  f a l l i n g  f i l m  u n s t a b le .  The n e t  

r e s u l t  i s  a  c o m b in a tio n  o f  d ro p w ise  and f i lm w is e  c o n d e n s a t io n . 

M irk o v ich  and M issen  ( 4 l )  have a d d re s s e d  th e  p rob lem  o f  

c o n d e n s a t io n  i n  t h e  p re s e n c e  o f  an  u n s t a b le  f i lm  a t  some 

le n g th .

C. C o n c lu s io n s  ,

1 . System  p r e s s u r e  has l i t t l e ,  i f  a n y , e f f e c t  on f i lm  

c o n d e n s a t io n  b e h a v io r .

2 . M ix tu re s  i n  f i lm  c o n d e n s a t io n  te n d  to  behave l i k e  

p u re  com ponen ts, e x h ib i t in g  no u n u s u a l  c o m p o s itio n  d ep en d en ce .

3 . E q u a tio n  2 -5  a d e q u a te ly  r e p r e s e n t s  th e  f i lm  co n d en sa 

t i o n  d a ta  f o r  b o th  t h e  p u re  com ponents and th e  m ix tu re s .



C h ap te r 3 

E f f e c t  o f  P re s s u re  and C om position  

on th e  F i r s t  C r i t i c a l  (B u rn o u t)  H eat F lu x

The f i r s t  c r i t i c a l  (b u rn o u t)  h e a t  f l u x  i s  p o s s ib ly  th e  

m ost in te n s e ly  s tu d ie d  phenomenon i n  b o i l i n g  h e a t  t r a n s f e r .

The r a p id f  p o t e n t i a l l y  d e s t r u c t i v e ,  in c r e a s e  i n  h e a t e r  w a ll  

te m p e ra tu re  a s s o c ia t e d  w ith  b u rn o u t makes a  know ledge o f  th e  

b u rn o u t h e a t  f l u x  b e h a v io r  v i t a l l y  im p o r ta n t t o  ex ch an g er 

d e s ig n .  Y e t, t h e r e  a r e  a  number o f  f a c t o r s  w hich  in f lu e n c e  

b u rn o u t t h a t  a r e  n o t  w e ll  u n d e rs to o d . In  t h i s  work th e  e f f e c t  

o f  p r e s s u r e  and o f  c o m p o s itio n  upon b u rn o u t was o f  p rim a ry  

im p o rta n c e .

Most o f  th e  d a ta  p r e s e n te d  h e re  w ere ta k e n  w ith  a  O.O61 

in c h  d ia m e te r  c a rb o n  ro d  h e a t e r .  Use o f  t h i s  h e a t e r  in s te a d  

o f  th e  g o ld  c y l in d e r  u sed  i n  th e  n a tu r a l  c o n v e c tio n  and 

n u c le a te  b o i l i n g  p o r t io n  o f t h i s  work was n e c e s s i t a t e d  b ecau se  

th e  co m p o site  h e a t e r  ten d ed  to  b rea k  v e ry  soon  a f t e r  b e g in n in g  

to  ta k e  b u rn o u t d a ta .  The h e a te r s  and th e  p ro c e d u re  f o r  

t a k in g  th e  d a ta  a r e  d e s c r ib e d  in  A ppendices A and B. The d a ta  

a r e  l im i te d  i n  th e  lo w e r red u ced  p r e s s u r e  ra n g e  b ecau se  

o p e r a t io n  below  room te m p e ra tu re  was n o t  p o s s ib l e .  At th e  

h ig h e r  red u c ed  p r e s s u r e s  o p e r a t io n  was l im i te d  by th e  d i f f i c u l t y  

in  m a in ta in in g  a  v e ry  la r g e  a p p a ra tu s  a t  r a t h e r  h ig h

48
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te m p e ra tu re s  and by te m p e ra tu re  l i m i t a t i o n s  on some o f  th e  

m a te r i a l s  o f  c o n s t r u c t io n .

A. P u re  Component B am out D ata

The p u re  com ponent b u rn o u t d a ta  f o r  p ro p a n e , n - b u ta n e ,  

and n -p e n ta n e  a r e  shown in  F ig u re s  3 -1 ,  3 -2 ,  and 3 -3  r e s p e c t 

i v e l y ,  In  F ig u re  3 -3  th e  n -p e n ta n e  d a ta  sh o u ld  n o t  be 

i n t e r p r e t e d  a s  a lw ays e x te n d in g  upw ardi p h y s ic a l  l i m i t a t i o n s  

p re v e n te d  ta k in g  d a ta  beyond th e  maximum o f  th e  b u rn o u t c u rv e . 

S im i la r  comments a p p ly  to  a  number o f  t h e  o th e r  d a ta  s e t s  

p re s e n te d  h e re .

A lso  shown in  F ig u re s  3-1» 3 -2 , and 3 -3  a re  p r e d i c t i o n s  

o f  b u rn o u t b e h a v io r  b ased  upon th e  e q u a t io n s  o f  M o iss is  and 

B erenson  (42)

% c (3 -1 )

and Noyes (43)

.  v-0 ,2 4 5

l ie

w here

n
T hese two e x p r e s s io n s ,  o u t  o f  th e  many b u rn o u t p r e d i c t i o n s  in  

th e  l i t e r a t u r e ,  have been  found to  by p re v io u s  i n v e s t i g a t o r s  

(1 3 , $6, 57 , 77) to  be p a r t i c u l a r l y  e f f e c t i v e  f o r  h y d ro c a rb o n s .
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The e x c e l l e n t  ag reem en t w ith  th e  M o ise is  and B erenson 

e x p re s s io n  i s  e v id e n t .

I t  i s  a ls o  o f  i n t e r e s t  to  n o te  th e  e x c e l l e n t  ag reem en t 

be tw een  th e  n -b u ta n e  d a ta  ta k e n  w ith  th e  c a rb o n  ro d  h e a te r  

and w ith  th e  g o ld  c y l in d e r .  T h is would seem to  s u p p o r t  th e  

la c k  o f  a  m ajo r s u r f a c e  dependence in  b u rn o u t.

B. M ix tu re  B urnout D ata

M ix tu re  b u rn o u t d a ta  f o r  th e  p ro p an e  -  n -b u ta n e  sy stem

a re  shown in  F ig u re  3 -4  and d a ta  f o r  th e  p ro p an e  -  n -p e n ta n e

sy stem  i n  F ig u re  3 -5 . C a re fu l  p e ru s a l  o f  th e s e  f ig u r e s  shows

t h a t  t h e r e  i s  a  d e f i n i t e  c o m p o s itio n  dependence p r e s e n t .

T here  i s  an  in c r e a s e  in  th e  b u rn o u t h e a t  f l u x  a t  a  g iv e n

red u c ed  p r e s s u r e  w h ich  i s  ro u g h ly  p r o p o r t io n a l  to  th e  l i q u i d

mole f r a c t i o n  o f  th e  l i g h t e r  com ponent.

The u se  o f  th e  red u c ed  p r e s s u r e  in  th e  e x p o s i t io n  o f  th e

m ix tu re  d a ta  can  le a d  t o  an  a m b ig u ity . T here  a re  two red u c ed

p r e s s u r e s  w hich can  be d e f in e d  f o r  a  g iv e n  m ix tu re . The t r u e

red u ced  p r e s s u r e  i s  th e  r a t i o  o f  th e  sy s tem  p r e s s u r e  to  th e

t r u e  m ix tu re  c r i t i c a l  p r e s s u r e ,  w h ile  t h e  p se u d o -red u c ed

p r e s s u r e ,  ? * , i s  t h e  r a t i o  o f  th e  sy stem  p r e s s u r e  to  th e  pseudo-
*

c r i t i c a l  p r e s s u r e ,  P ^ , w here

^ c  * * l^ c l  *2^c2 (3 -4^

*
F or m ix tu re s  o f  n e a r ly  th e  same v o l a t i l i t y  & P ^ , b u t f o r

m ix tu re s  o f  w id e ly  d i f f e r e n t  v o l a t i l i t i e s  P_ > P*.c c
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In  t h i s  work th e  c o r r e l a t i n g  re d u c e d  p r e s s u r e  i s

c a l c u l a t e d  u s in g  th e  p se u d o -re d u c e d  p r e s s u r e .  T h is  re d u c e d

p r e s s u r e  le a d s  to  maxima i n  th e  b u rn o u t c u rv e s  i n  th e  r e g io n  
*

0 ,2  < < 0 * 3  w hich  i s  i n  ag reem en t w ith  th e  e x i s t i n g

t h e o r i e s  and c o r r e l a t i o n s .  Use o f  th e  t r u e  re d u c e d  p r e s s u r e  

le d  to  s h i f t s  i n  th e  b u rn o u t maxima f o r  w hich t h e r e  i s  no 

p r e c e d e n t .

C. M ix tu re  B urnout C o r r e la t io n

A lthough  su c h  a  r e l a t i v e l y  d ra m a tic  c o m p o s itio n  dependence  

begs f o r  an e x p la n a t io n ,  r e l a t i v e l y  l i t t l e  h as  b een  done w ith  

r e g a rd  to  c o r r e l a t i n g  m ix tu re  b u rn o u t b e h a v io r .  K u ta te la d z e ,  

e t  a l .  (3 3 ) u sed  th e  r e l a t i o n

^ i c  = (3 -5 )

w here K = H ere AC i s  th e  c o n c e n t r a t io n  d i f f e r e n c e

o f  th e  more v o l a t i l e  com ponent be tw een  th e  l i q u i d  and v a p o r

and i s  th e  maximum v a lu e  o f  t h i s  c o n c e n t r a t io n  d i f f e r e n c e ,  m
F o r th e  e th a n o l  -  benzene  sy stem  f  (AC/&C^) was n e a r ly  l i n e a r .

By c o n t r a s t ,  v an  S t r a l e n  (71 ) u sed  th e  b u b b le  g row th  model 

d e s c r ib e d  in  C h a p te r  1 t o  o b ta in  an  e x p re s s io n  f o r  th e  b u rn o u t 

h e a t  f lu x  in  m ix tu re s .  H is f i n a l  e x p re s s io n  was

l i e ,m i x  ' (  ^ ) '  "̂ 1 0 , p u re  1 <3-6)

E q u a tio n  3-6  gave good r e s u l t s  when com pared w ith  d a ta  a t  one 

a tm o sp h ere  f o r  m e th y le th y l  k e to n e  in  w a te r  and f o r  

1- b u ta n o l  i n  w a te r .
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The m ix tu re  b u rn o u t p r e d i c t i o n  o f  v a n  S t r a l e n  d id  n o t  

p ro v e  e f f e c t i v e  f o r  th e  m ix tu re s  in v e s t ig a te d  h e re .

However* t h e  w ork o f  K u ta te la d z e ,  e t  a l .  (33) and th e  r e s u l t s  

i n  th e  n u c le a t e  b o i l i n g  and n a tu r a l  c o n v e c tio n  p o r t i o n  o f  

t h i s  work i n d i c a t e  t h a t  th e  m ix tu re  r e l a t i v e  v o l a t i l i t y  does 

p la y  an  im p o r ta n t  r o l e  i n  a l l  p h a se s  o f  b o i l i n g .  S in c e  th e  

M o iss is  and B erenson  c o r r e l a t i o n  i s  so  e f f e c t i v e  i n  r e p r e s e n t 

in g  th e  p u re  com ponent d a t a ,  a  m o d if ic a t io n  o f  t h i s  c o r r e l a t i o n  

u s in g  th e  r e l a t i v e  v o l a t i l i t y  te rm , a p t  was s o u g h t . I t  was 

found  t h a t  th e  m o d if ie d  M o is s is  and B erenson  r e l a t i o n

^Ic 0 .1 8  0 - 7 )

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

t h i s  w ork . The p u re  com ponent d a ta  f i t  E q u a tio n  3 -7  w ith  

a n  o v e r a l l  a v e ra g e  d e v ia t i o n  o f  8,0%  (p ro p an e  -  7»0%i 

n -b u ta n e  -  8.6%;  and n -p e n ta n e  -  7>7%)» A co m p ariso n  o f  

e x p e r im e n ta l  and  c a l c u l a t e d  p u re  com ponent d a ta  i s  g iv e n  i n  

F ig u re  3 -6 . The m ix tu re  b u rn o u t d a t a ,  shown i n  F ig u re  3-7» 

w ere  c o r r e l a t e d  w ith  an  a v e ra g e  a b s o lu te  d e v ia t i o n  o f  12,^%  

( 9 .6 ^  f o r  th e  p ro p an e  -  n -b u ta n e  sy s tem  and f o r  th e

p ro p an e  -  n -p e n ta n e  s y s te m ) . By c o n t r a s t ,  th e  u n m o d ified  

e q u a t io n  g av e  a n  a v e ra g e  a b s o lu te  d e v ia t i o n  o f  2 7 , 2%

(15«9^  f o r  th e  p ro p an e  -  n -b u ta n e  sy s tem  and 3 7 .9 ^  f o r  th e  

p ro p an e  -  n -p e n ta n e  s y s te m ) . E q u a tio n  3 -7  sh o u ld  a l s o  

a p p ly  t o  o t h e r  sy s te m s whose p u re  com ponent d a ta  a r e  r e p r e 

s e n te d  w e l l  by  th e  M o iss is  and B erenson  r e l a t i o n .
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D. C o n c lu s io n s

1 . The p u re  component d a ta  a r e  r e p r e s e n te d  w e l l  by 

th e  M o iss ls  and B erenson c o r r e l a t i o n .

2 . T here  i s  a  d e f i n i t e  c o m p o s itio n  dependence o f  

b u rn o u t b e h a v io r  i n  th e  p ro p an e  -  n -b u ta n e  and th e  p ro p an e  

n -p e n ta n e  sy s te m s .

3. The c o r r e c t  red u ced  p r e s s u r e  to  u se  in  p l o t t i n g  

m ix tu re  b u rn o u t d a ta  i s  th e  p se u d o -re d u c e d  p r e s s u r e .

4 . The e x p re s s io n

^10

r e p r e s e n ts  th e  e x p e r im e n ta l d a ta  f o r  m ix tu re s  ta k e n  i n  t h i s  

s tu d y  w ith  an  a v e ra g e  a b s o lu te  d e v ia t io n  o f  1 2 .4 # .
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A ppendix Ai E x p erim e n ta l Equipm ent

The e x p e r im e n ta l  a p p a ra tu s  was a  m o d if ic a t io n  o f  th e  

f a c i l i t y  d e s ig n e d  and b u i l t  by S c ia n c e  (5 5 ) and u sed  by 

Brown (6 )  and by W right (7 5 ) .  The a d d i t i o n  o f  an  e n t i r e l y  

new v e r t i c a l  c o n d en s in g  sy s tem  p e rm itte d  th e  i n v e s t i g a t i o n  o f  

f i lm  c o n d e n s a t io n . A sc h e m a tic  d iag ram  o f  th e  e n t i r e  a p p a ra tu s  

i s  shown in  F ig u re  A l - l .  A sc h e m a tic  d iag ram  show ing th e  

a u to c la v e  and h e a t e r  m ounting i s  g iv e n  in  F ig u re  A l-2 ,  w h ile  

F ig u re  A l-3  shows th e  d e t a i l s  o f  th e  h e a t e r  c o n s t r u c t io n .

A d e t a i l e d  d e s c r i p t i o n  o f  th e  p ro c e d u re  f o r  c o n s t r u c t in g  th e  

h e a te r  was p re s e n te d  by W righ t (7 5 ) .

A. B o i l in g  V e sse l

The b o i l i n g  v e s s e l  was a  one g a l l o n ,  s t a i n l e s s  s t e e l  

a u to c la v e  m an u fac tu red  by A u to c lav e  E n g in e e rs , In c . The 

v e s s e l  was equ ipped  w ith  two in c h  d ia m e te r  q u a r tz  s i g h t  

g l a s s e s ,  o r i e n te d  180 d e g re e s  from  each  o th e r .  A s p e c i a l  

f e a t u r e  o f  t h i s  b o i l i n g  v e s s e l  was t h a t  th e  body o f  th e  a u to 

c la v e  was m ounted on a  pneum atic  j a c k ,  w hich a llo w ed  th e  

v e s s e l  to  be opened w ith o u t d i s t u r b in g  th e  r e s t  o f  th e  assem bly . 

The f ix e d  h e a d e r  f o r  th e  a u to c la v e  was equ ipped  w ith  two 

i - i n c h  d ia m e te r  c o p p e r bus b a rs  c o n ta in e d  i n  p r e s s u r e  g la n d s ,  

a  s m a ll  s e t  o f  c o p p e r c o o lin g  c o i l s  (n o t  u se d  in  t h i s  w o rk ), 

a  Conax MHM-062-Al6-T th erm o co u p le  p r e s s u r e  g la n d , and
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o p en in g s  f o r  th e  l i q u i d  c o n d en sa te  r e t u r n  and f o r  c o n n e c tio n  

w ith  th e  v a p o r b y -p a s s  l i n e  and th e  p r e s s u r e  m easu ring  sy s te m .

The b u lk  l i q u i d  te m p e ra tu re  in  th e  a u to c la v e  was m easured 

w ith  fo u r  Conax g r o u n d e d - t ip ,  m in e ra l I n s u l a t e d ,  s t a i n l e s s  

s t e e l  sh e a th e d  i r o n - c o n s ta n ta n  th e rm o c o u p le s . The th e rm o co u p les  

w ere a rra n g e d  so  t h a t  a  te m p e ra tu re  r e a d in g  was made a t  tw o- 

in ch  i n t e r v a l s  b e g in n in g  a t  th e  h e a te r  and a sc e n d in g .

B ecause a l l  e x p e rim e n ts  w ere co n d u c ted  above room tem p

e r a t u r e ,  i t  was n e c e s s a ry  to  p ro v id e  a u x i l i a r y  h e a t in g  to  

in s u r e  t h a t  t h e r e  would be no s u b c o o lin g  in  th e  l i q u i d  p o o l .

F o r ru n s  PR3 and PR4, su p p le m e n ta ry  h e a t in g  was p ro v id e d  by 

p a s s in g  steam  th ro u g h  a  co p p er c o i l  w rapped a round  th e  a u to 

c la v e .  T h is form  o f  a u x i l i a r y  h e a t in g  p ro v ed  to  be in a d e q u a te  

f o r  b u lk  te m p e ra tu re s  i n  e x c e ss  o f  110 F. F o r ru n s  PR5 th ro u g h  

IVIX3, a u x i l i a r y  h e a t in g  was done w ith  a  s i n g l e  a s b e s to s  

i n s u l a t e d  n ichrom e r e s i s t a n c e  h e a t e r .  S u b seq u en t ru n s  w ere 

p e rfo rm ed  u s in g  two a s b e s to s  i n s u la t e d  h e a t e r s .

The main body o f  th e  a u to c la v e  was i n s u l a t e d  w ith  a  

g a lv a n iz e d  m e ta l box c o n ta in in g  p e r l i t e .  The bus b a r  p r e s s u r e  

g la n d s ,  th e  l i q u i d  r e t u r n  l i n e ,  and th e  le a d  t o  th e  v a p o r  by

p a s s  l i n e  w ere a l l  i n s u la t e d  w ith  i - i n c h  th i c k  f i b e r g l a s s .

The h e a d e r  and th e  s i g h t  g la s s e s  w ere a l s o  in s u la t e d  w ith  

4 - in c h  f i b e r g l a s s .
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B. T e s t  H e a te r

The t e s t  h e a te r  u sed  in  t h i s  work was o f  th e  same d e s ig n  

a s  t h a t  u se d  by W right (7 5 ) .  I t  was a  c y l in d r ic a l#  co m p o site  

r e s i s t a n c e  h e a te r#  mounted h o r i z o n t a l l y .  The body o f  th e  

h e a t e r  was a  13/ I 6 - i n c h  d ia m e te r  by 3& -inch lo n g  c o p p e r 

c y l i n d e r .  The h e a t  t r a n s f e r  s u r f a c e  was g o ld  p la t e d  i n  an  

e f f o r t  to  a c h ie v e  a  s t a b l e  and i n e r t  s u r f a c e  w ith  w hich  to  

s tu d y  b o i l i n g  b e h a v io r .  The g o ld - p la te d  s u r f a c e  p ro v ed  to  be 

re m a rk a b ly  s t a b l e  th ro u g h o u t th e  c o u rs e  o f  th e  s tu d y .

E l e c t r i c a l  r e s i s t a n c e  h e a t in g  was p ro v id e d  by u s in g  a  1/ 16-  

in c h  d ia m e te r  g r a p h i t e  e le c t r o d e  lo c a te d  in  th e  c e n t e r  o f  th e  

c o p p e r  c y l in d e r .  The e le c t r o d e  was e l e c t r i c a l l y  i n s u l a t e d  

from  th e  r e s t  o f  th e  h e a t e r  by a 0 .0 2 - in c h  th ic k  b o ro n  n i t r i d e  

s l e e v e .

T em pera tu re  m easurem ents w ere made in  th e  h e a t e r  w ith  

f i v e  i r o n - c o n s ta n ta n  th e rm o c o u p le s . T hese th e rm o co u p le s  were 

f a b r i c a t e d  from  30 gauge Tem-Tex th erm o co u p le  w ire .  The 

th e rm o co u p le s  w ere i n s e r te d  in  0 .4 0 - in o h  d ia m e te r  by o n e - in c h  

deep  w e l l s .  The w e l ls  w ere s e t  a ro u n d  a  c i r c l e ,  a t  a  d i s ta n c e  

o f  5 /6 4 - in c h  from  th e  h e a t e r  s u r f a c e .  To e l im in a te  any 

ch an ce  o f  th e rm a l c o n ta c t  r e s i s t a n c e  a t  th e  th e rm o co u p le  beads# 

a  d ro p  o f  m ercu ry -ind ium  s o ld e r  was p la c e d  a t  th e  end o f  each  

w e l l .  The f a c t  t h a t  th e  s o ld e r  d id  n o t  a f f e c t  th e  th erm o co u p le  

r e a d in g  in  any way was shown by th e  e x c e l l e n t  ag reem en t betw een 

r e a d in g s  o f  th e  h e a t e r  th e rm o co u p le s  and th e  l i q u i d  th e rm o 

c o u p le s  when th e  h e a te r  was o f f .  The h e a te r  th e rm o co u p le
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le a d s  w ere co n n ec ted  t o  a  sc re v r-p o s t t e r m in a l  b o a rd  in s id e  

th e  a u to c la v e  and from  th e r e  to  le a d  w ire s  w hich  p a sse d  o u t 

o f  th e  a u to c la v e  th ro u g h  th e  Conax p r e s s u r e  g la n d .

A seco n d  t e s t  h e a te r  was u sed  f o r  th e  b u lk  o f  th e  b u rn 

o u t t e s t s .  T h is h e a t e r  c o n s is te d  o f  a  0 .0 6 l - in c h  d ia m e te r  

ca rb o n  r o d ,  2 ,8 0  in c h e s  lo n g . The h e a te r  was c l ip p e d  f i rm ly  

to  th e  same bus b a r  a rran g em en t u sed  f o r  th e  o th e r  t e s t  h e a te r ,

C, C ondenser

The c o n d en se r  u sed  was d e s ig n ed  s p e c i f i c a l l y  f o r  t h i s  

s tu d y , A d e s i r e  t o  s tu d y  th e  e f f e c t s  o f  p r e s s u r e  and comp

o s i t i o n  on f i lm  c o n d e n s a tio n  n e c e s s i t a t e d  a  co m p le te  r e d e s ig n  

o f  th e  o r i g i n a l  c o n d en se r  sy s tem . The new c o n d e n se r  was 

f u l l y  in s tru m e n te d  w ith  th e rm o co u p les  f o r  h e a t  t r a n s f e r  meas

u re m e n ts , To f a c i l i t a t e  th e  i n s t a l l a t i o n  and r e p a i r  o f  th e  

th e rm o c o u p le s , th e  c o n d e n se r  was made in  t h r e e  s e c t i o n s t  

th e  in n e r  (c o n d e n s in g ) tu b e ,  th e  o u te r  ( c o o la n t )  tu b e ,  and 

th e  m ounting  f la n g e  -  l i q u i d  r e t u r n  l i n e  a sse m b ly , A d iagram  

o f  th e  e n t i r e  c o n d e n se r  assem b ly  i s  shown in  F ig u re  A l-4 ,

The in s id e  tu b e  o f  th e  co n d en se r was f a b r i c a t e d  from  a 

f i v e  and o n e -h a l f  f o o t  lo n g , 2 - in c h  ID, s c h e d u le  80 s t a i n 

l e s s  s t e e l  p ip e .  Welded to  one end o f  th e  p ip e  was a  f - i n c h  

th ic k  by one in ch  w ide c o l l a r  c o n ta in in g  s i x  e q u a l ly  sp a c e d , 

i - i n c h  d ia m e te r ,  NF, b o l t  h o le s .  T h is  b o l t  c o l l a r  p ro v id e d  

a  means o f  a l ig n in g  th e  in n e r  tu b e  o f  th e  c o n d e n se r  d u r in g  

assem bly  and o f  s e c u r in g  th e  in n e r  tu b e  d u r in g  o p e r a t io n .
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A î^-inch  wide by 3 /8 - in c h  deep g ro o v e  was c u t  i n to  th e  c o l l a r  

t o  a llo w  th e  th e rm o co u p le s  s e t  i n  th e  o u te r  tu b e  o f  th e  con

d e n s e r  room to  s l i d e  th ro u g h  d u r in g  assem bly . The in s id e  tu b e  

was capped by a  2 - in c h  by 3 /4 - in c h , sc h e d u le  8 0 , s t a i n l e s s  

s t e e l  c o n c e n tr ic  r e d u c e r .  The in s id e  o f  th e  3 / 4 - in c h  d ia m e te r  

p o r t io n  o f  th e  r e d u c e r  was th re a d e d  to  a c c e p t th e  f i t t i n g  

c o n n e c tin g  th e  f i l l  l i n e  and th e  c o n d e n se r  b y -p a s s  l i n e .

A lso  f i t t i n g  o v e r  th e  to p  o f  th e  i n s id e  tu b e  was a  b e l l - l i k e  

p ie c e  made up o f  a  2 ^ - in c h  by 3 i - in c h ,  s c h e d u le  4 0 , s t a i n l e s s  

s t e e l  r e d u c e r ,  a  s i x  in c h  lo n g  p ie c e  o f  3 i - in c h  d ia m e te r ,  

s c h e d u le  4 0 , s t a i n l e s s  s t e e l  p ip e ,  and a  3& -inch ID , 300 

pound s t a i n l e s s  s t e e l  f l a n g e .  The f la n g e  se rv e d  a s  th e  u p p er 

mount f o r  th e  o u te r  j a c k e t  o f  th e  c o n d e n se r . Two Conax 

MHM-125-A8-T th erm o co u p le  p r e s s u r e  g la n d s ,  o r i e n te d  180 deg

r e e s  from  each  o t h e r ,  w ere  s e t  in to  th e  s i x  in c h  le n g th  o f  p ip e .

The o u te r  j a c k e t  o f  th e  c o n d e n se r  was a  f i v e  f o o t  by 3 i -  

in c h  ID, sc h e d u le  4 0 , s t a i n l e s s  s t e e l  p ip e .  A 300 pound 

s t a i n l e s s  s t e e l  f la n g e  was w elded to  each  end. The u p p e r 

f la n g e  was fa c e d  and had a  5 i - in c h  ID by 1 / 8 - in c h  deep  0 - r in g  

g roove  c u t  in to  i t .  T h is  0 - r in g  made a  s e a l  w i th  th e  f la n g e  

mounted on th e  to p  o f  t h e  in s id e  tu b e .  At e i t h e r  end o f  th e  

o u te r  j a c k e t ,  l8 0  d e g re e s  a p a r t ,  i - i n c h  d ia m e te r  h o le s  w ere 

c u t  and ^ - in c h  s ta n d a rd  p ip e  n ip p le s  w ere w elded on . The 

p ip e  n ip p le s  w ere th e  c o n n e c tio n s  f o r  th e  c o o la n t  su p p ly .

The l iq u id  r e t u r n  was a  1 0 - in c h  lo n g  by 3 / 4 - in c h ,  

s c h e d u le  80 s t a i n l e s s  s t e e l  p ip e  to p p ed  by a  2 - in c h  by 3 /4 -



76

inch*  sc h e d u le  8 0 , s t a i n l e s s  s t e e l  c o n c e n tr ic  r e d u c e r ,  a  2 -  

in c h  lo n g  p ie c e  o f  2 - in c h  ID, s c h e d u le  8 0 , s t a i n l e s s  s t e e l  

p ip e ,  and a  9 ^ - in c h  d ia m e te r  s t a i n l e s s  s t e e l  f l a n g e .  The 

f l a n g e  was fa c e d  and two l / 8 - i n c h  w ide 0 - r in g  g ro o v e s , one 

2 i - i n c h  ID and th e  o th e r  4 i - in o h  ID , w ere c u t  in to  i t .  The 

s m a l le r  0 - r in g  s e a le d  th e  in s id e  tu b e  o f  th e  c o n d e n se r  w ith  

th e  l i q u i d  r e t u r n  l i n e ,  w h ile  th e  l a r g e r  0 - r in g  s e a le d  th e  

o u t e r  ja c k e t  o f  th e  c o n d e n se r . The l i q u i d  r e t u r n  l i n e  was 

th re a d e d  to  f i t  i n to  th e  h e a d e r o f  th e  b o i l i n g  v e s s e l .  S c ia n c e  

(5 5 ) found  t h a t  a  c o n d e n se r  b y -p a s s  l i n e  was n e c e s s a ry  f o r  th e

a p p a ra tu s  t o  o p e r a te .  T h is  b y -p a s s  l i n e  was n e c e s s a ry  to

a s s u r e  e q u a l p r e s s u r e s  a t  th e  to p  and th e  bottom  o f  th e  con

d e n s e r ,  th e re b y  p e r m i t t in g  l iq u i d  r e f l u x  t o  r e tu r n ,  t o  th e  

b o i l i n g  v e s s e l .  The a d d i t io n  o f  a  much l a r g e r  c o n d e n se r  g r e a t 

l y  m ag n if ie d  th e  p r e s s u r e  e q u a l iz a t io n  p rob lem . The i n t e r n a l  

volum e o f  th e  new c o n d e n se r  was l a r g e  enough t h a t  th e  b o i l i n g  

v e s s e l  c o u ld  be e x h a u s te d  o f  l i q u i d  w ith o u t  d e v e lo p in g  s u f 

f i c i e n t  head to  c a u se  th e  c o n d en se r t o  dump. The a d d i t i o n  o f

a  much l a r g e r  b y -p a s s  l i n e  a l l e v i a t e d  t h i s  p rob lem  t o  a  g r e a t  

e x te n t .  The b y -p a ss  l i n e  u sed  in  t h i s  work was c o n s t r u c te d  

o f  o n e - in c h  ID, s c h e d u le  4 0 , s t a i n l e s s  s t e e l  p ip e .  The f i t t i n g s  

f o r  t h i s  u n u s u a l ly  l a r g e  p r e s s u r e  l i n e  w ere f a b r i c a t e d  i n  

th e  D e p a rtm en ta l M achine Shop. The u n iq u e  prob lem s p re s e n te d  

i n  c o n s t r u c t in g  f i t t i n g s  w hich would a d e q u a te ly  h o ld  p r e s s u r e  

f o r  a  p ip e  t h i s  l a r g e  r e q u ir e d  a  s p e c i a l  d e s ig n .
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The f i n a l  p r e s s u r e  s e a l  d e s ig n  com bined an 0 - r in g  s e a l  

w ith  a  v a r i a b l e  p r e s s u r e  co m p ressio n  r i n g .  As shown in  

F ig u re  A l-5 , th e  o u ts id e  w a l l  o f  th e  t u b in g ,  th e  two w a l ls  

o f  th e  c o m p ressio n  r i n g ,  and th e  r a i s e d  f a c e  o f  th e  p r e s s u r e  

f i t t i n g  c o m p le te ly  e n c lo s e  th e  0 - r i n g .  The r e s u l t i n g  f o u r 

way c o m p re ss io n  i s  p a r t i c u l a r l y  s u i t e d  f o r  u se  w ith  T e f lo n  

0 - r in g s  b ecau se  i t  c o u n te r a c ts  th e  m arked ten d e n cy  f o r  T e f lo n  

to  c o ld  flo w  when s u b je c te d  to  e le v a te d  te m p e ra tu re s  and 

p r e s s u r e s .  The s e a l  has been  u sed  i n  s t a t i c  s e r v ic e  a s  h ig h  

as 260 F and 400 p s i a  w ith o u t  f a i l u r e .

The c o n d e n se r  was in s tru m e n te d  a t  f i v e  p o i n t s ,  t e n  in c h e s  

a p a r t ,  w i th  tw e n ty  c a l ib r a t e d  c o p p e r -c o n s ta n ta n  th e rm o c o u p le s . 

The th e rm o co u p le s  w ere a rra n g e d  as shown in  F ig u re  A l-6  to  

g iv e  a  m easurem ent a t  th e  c e n t e r l i n e  o f  th e  c o o la n t  a n n u lu s ,  

th e  o u t e r  s u r f a c e  o f  th e  c o n d en se r w a l l ,  in s id e  th e  c o n d e n se r  

w a l l ,  and th e  c e n t e r l i n e  o f  th e  c o o la n t  a n n u lu s . T hese fo u r  

te m p e ra tu re s  a llo w e d  c a l c u l a t i o n  o f  l o c a l  co n d en sin g  c o e f 

f i c i e n t s  a t  f i v e  p o in ts  up  th e  c o n d e n se r .

A d d i t io n a l  m easm rem ents on th e  c o o la n t  s tre a m  w ere  u sed  

to  make an  o v e r a l l  h e a t  b a la n c e  on th e  e n t i r e  b o i l i n g  and con

d e n s in g  sy s tem . The co o lem t flo w  r a t e  was m easured w i th  a  

c a l i b r a t e d  F is h e r  and P o r t e r  Co. p r e c i s i o n  b o re  F lo w ra to r  

r o ta m e te r .  The c o o la n t  i n l e t  and o u t l e t  te m p e ra tu re s  w ere 

m easured w ith  a  m e r c u ry - in -g la s s  th e rm o m ete r.

The m ain body o f  th e  co n d en se r was i n s u la t e d  w ith  f o u r  

in c h e s  o f  P i t ts b u rg h -C o rn in g  Foam glass i n s u l a t i o n .  The Foam-
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g la s s  i n s u l a t i o n  was co v ered  w ith  0 . 003- in c h  th ic k  s t a i n l e s s  

s t e e l  f o i l .  T h is f o i l  a c te d  b o th  a s  a  h e a t  r e f l e c t o r  and as 

p r o t e c t i o n  f o r  th e  F oam glass . The r e s t  o f  th e  c o n d en se r  and 

th e  b y -p a s s  l i n e  f i t t i n g s  w ere i n s u la t e d  w ith  i - i n c h  t h i c k  

f i b e r g l a s s .  The tu b in g  in  th e  b y -p a s s  l i n e  was i n s u la t e d  w ith  

3A - i n c h  th ic k  A rm oflex foam ru b b e r  i n s u l a t i o n .

D. Power S u p p lie s

An U l t r a s i l ,  Model 2 -IP 2 -1 0 -0 1 , " U d y lite "  d i r e c t  c u r r e n t  

power su p p ly  was u sed  d u r in g  most o f  th e  e x p e rim e n ts . T h is 

r e c t i f i e r  c o n v e rte d  208 v o l t ,  60 c y c l e ,  3 -p h ase  AC c u r r e n t  

to  a  v a r i a b l e  d i r e c t  c u r r e n t  o f  0 -20  v o l t s ,  O-lOOO am p eres , 

w ith  a  maximum r i p p l e  o f  5 p e r  c e n t .  In  a  few  in s ta n c e s  th e  

v o l ta g e  o u tp u t  from  th e  "U d y li te "  was n o t  ad eq u a te  f o r  th e  

h e a t  f l u x  needed . The a d d i t io n a l  v o l ta g e  was o b ta in e d  by 

c o n n e c tin g  a  S o ren so n , Model MA28-125, "N obatron" pow er su p p ly  

i n  s e r i e s  w ith  th e  " U d y l i te " ,  The combined power s u p p l ie s  

had a  c a p a b i l i t y  o f  14-56  v o l t s  and 0-125  am peres DC,

E. E x p e rim e n ta l M easurem ents

A ll  o f  th e  th erm o co u p le  m easurem ents w ere made w ith  a  

H e w li t t -P a c k a rd , Model 3460A, d i g i t a l  v o l tm e te r .  The Thermo

c o u p le  r e a d in g s  w ere made a g a in s t  r e f e r e n c e  ju n c t io n s  k e p t  in  

in s u la t e d  i c e  b a th s .  The a u to c la v e  th e rm o co u p les  w ere con 

n e c te d  th ro u g h  a  M inneapo lis-H oneyw ell 2 4 - p o s i t io n  r o t a r y  

th e rm o co u p le  s w itc h . T em p era tu res  a r e  b e lie v e d  to  be  a c c u ra te  

to  w i th in  0 .0 5  P.
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The system  p r e s s u r e  was m easured u s in g  a  W allace  and 

T iernan»  Model FÂ233 a b s o lu te  p r e s s u r e  gauge in  th e  ra n g e  

O-150  p s i a .  F o r ru n s  th ro u g h  MX3 a  0-2000 p s i  H e ise  gauge 

was u se d  f o r  p r e s s u r e s  i n  ex ce ss  o f  150 p s i a .  S u b seq u en t ru n s  

were made u s in g  a  O-lOOO p s i  H eise  g au g e , A o n e - in c h  t h ic k  

l a y e r  o f  r i g i d  u re th a n e  foam in s u la t e d  a l l  p r e s s u r e  le a d  l i n e s  

to  m in im ize e r r o r  due t o  h e a t  le a k s  i n  th e  p r e s s u r e  m easu r

in g  sy s te m . The W allace  and T ie rn a n  gauge c o u ld  be re a d  to  

0 .2  p s i a ;  th e  0-1000 p s i  H eise  gauge c o u ld  be re a d  to  1 p s i ;  

and th e  0-2000 p s i  gauge to  2 p s i .

The b o i l i n g  h e a t  f l u x  d e te rm in a t io n  was made by m easur

in g  th e  v o l ta g e  d ro p  a c ro s s  th e  h e a te r  and th e  c u r r e n t  p a s s in g  

th ro u g h  th e  h e a t e r .  A Sim pson Model 1700 m u lt i - r a n g e  v o l t 

m eter co u ld  g iv e  th e  v o l ta g e  d rop  a c r o s s  th e  h e a t e r  to  i  p e r  

c e n t .  The c u r r e n t  r e a d in g  was made w i t h .a  Sim pson Model 1701 

m u lt i - r a n g e  m i l l i v o l t  m e te r  and a  L eeds and N o rth ru p  0 .001  ohm 

s ta n d a rd  r e s i s t o r .  The a c c u ra c y  o f  t h e  c u r r e n t  m easurem ent 

was a l s o  f  p é r  c e n t .  The h e a t  f lu x  f o r  th e  co m p o site  h e a te r  

was c a lc u la t e d  from

q/A  «= 55 E I

The d im e n s io n a l c o n s t a n t ,  5 5 . ,  i s  changed to  915 . in  th e  

c a se  o f  th e  c a rb o n  ro d .
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F . E x p e rim e n ta l C hem icals

A ll  c h em ic a ls  u se d  in  t h i s  w ork w ere p ro v id e d  by th e  

P h i l l i p s  P e tro leu m  Company. A ll  w ere  "P u re"  g ra d e . A g as  

c h ro m a to g ra p h ic  a n a ly s i s  o f  th e  c h e m ic a ls  i s  g iv e n  i n  T ab le  A l - l ,

T ab le  A l- l  

A n a ly s is  o f  P ure  Components

P rim ary
S u b s ta n c e

P ropane

n -B u tan e

n -P e n ta n e

''2

0 .006

*

*

F r a c t i o n a l  C om position

0 .9 9 4  

0 .0 0 5  

*

^4

*

0 .9 9 5
*

"5
*

*

1.000

*

*

*

* None d e te c te d



Appendix 6t Experimental Method and Data Reduction
Experimental Method

A. Preliminary Steps
Before any series of experiments the autoclave and 

heater assembly were thoroughly cleaned with acetone. The 
system was then resealed, pressurized with dry nitrogen, 
checked for leaks, purged several times with nitrogen, and 
left sitting with a positive nitrogen pressure until ready 
for use.

Propane and n-butane were charged under their own vapor 
pressure. To do this, the vent line was opened slightly and 
the two valves on the gas line were opened. The vapor pressure 
of the liquefied gas forced liquid out of the inverted bottle, 
through the fill line, and into the system. The time required 
for the liquid level to pass the sight glass was measured 
with a stopwatch. The loading was continued for four times 
the length of time required to cover the sight glass, thus 
insuring at least five inches of liquid above the heater.

The n-pentane was loaded directly into the open autoclave. 
Then the system was sealed and pressure tested as described 
above. Following the leakage test, the nitrogen was vented 
and the n-pentane heated until it exhibited a vapor pressure 
of about 20 psia. Venting of the nitrogen and n-pentane 
continued until there was a correspondence between the

83



84

measured n-pentane vapor pressure and the vapor pressure 
calculated from the measured liquid temperature. In this 
manner all of the nitrogen could be flushed from the system.

The mixtures were made up iii situ. This was done by 
first loading the heavier component until the liquid level 
was in approximate proportion to the desired mixture composit
ion, That is, if a 50^ mixture was desired, thé autoclave 
would be filled about half way. Then the lighter component 
was added to the system. The mixture was boiled vigorously 
for one-half hour and allowed to sit over night to allow it 
to come to equilibrium. Before any series of mixture exper
iments, vapor pressure readings would be made to determine 
the approximate composition of the contents of the autoclave. 
The final composition determinations were made at each 
operating pressure by maintaining a steady-state vigorous 
boiling and taking liquid temperature and system pressure 
readings.

After the loading procedures had been completed, the test 
heater and, if necessary, the guard heaters were turned on. 
Before all nucleate boiling data runs the test heater was 
operated at 450-500 watts for a period of one hour. This 
conditioning period, combined with careful cleaning of the 
heater surface, was an attempt to maintain a stable and 
consistent heating surface.
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B. Taking Natural Convection and Nucleate Boiling Data
After the heater had been conditioned and the desired 

initial operating pressure attained, the power to the test 
heater was cut to nearly zero. The system was then allowed 
to equilibrate at the operating pressure. Once stable oper
ation had been resumed, the first data point was taken by 
measuring the autoclave and heater thermocouples in rapid 
succession. Upon completing the readings, the heat flux 
was adjusted upward, the condenser and guard heater adjusted 
as necessary, and the system allowed to re-equilibrate.

In natural convection, stabilization occurred in a 
matter of 3-5 minutes, while at fairly high heat fluxes the 
system could be stabilized in 10-15 minutes. When operating 
at intermediate heat fluxes (8,000-30,000 Btu/ft^hr) the 
system was at times very difficult to control and would require 
as much as 30-45 minutes to achieve steady state. However, 
once a stable condition was achieved the apparatus remained 
at that condition indefinitely. It was necessary at very high 
heat fluxes (>85,000 Btu/ft hr) to reduce the heat flux period
ically to allow liquid which had accumulated in the condenser 
to drain back into the autoclave.

The bulk of the natural convection and nucleate boiling 
data reported here were taken with increasing heat flux, 
Hcwever, there was a check for hysteresis. At one convenient 
pressure in each run, data would be taken at both ascending 
and descending heat flux. In this manner a measure of the
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h y s t e r e s i s  e f f e c t  was p o s s ib le  f o r  each  system  s tu d ie d .

T here  was an o b se rv a b le  h y s t e r e s i s  e f f e c t  o n ly  o n ce , in  th e  

c a se  o f  th e  63^  p ro p an e  -  37^ n -b u ta n e  m ix tu re  a t  184 p s i a .

0 . T ak ing  C ondensing D ata

C ondensing d a ta  w ere ta k e n  a t  th e  same tim e  a s  th e  

n u c le a te  b o i l in g  d a ta .  The m easurem ent o f  co n d en sin g  c o e f 

f i c i e n t s  was c a r r i e d  o u t  by f i r s t  t a k in g  a  p r e s s u r e  r e a d in g ,  

th e n  v o l ta g e  re a d in g s  on a l l  o f  th e  c o n d e n se r  th e rm o c o u p le s , 

th e n  a  w a te r  flow  r a t e  and te m p e ra tu re  m easurem ent, and f i n a l l y  

a  ch eck  on th e  sy stem  p r e s s u r e .  T h is  e n t i r e  p ro c e s s  to o k  3-5  

m in u te s . When th e  sy s tem  s t a b i l i z e d ,  te m p e ra tu re s  i n  th e  

c o n d e n se r  showed b a s i c a l l y  no v a r i a t i o n  o v e r  a s  much a s  an hour.

I t  sh o u ld  be n o te d  t h a t  a  s te a d y  w a te r  flo w  th ro u g h  th e  

c o n d e n se r  was n o t a lw ays n e c e s s a ry  f o r  s t a b l e  o p e ra t io n .  By 

c a r e f u l l y  c o n t r o l l i n g  th e  amount o f  c o o lin g  th e  c o n d en se r 

e x p e r ie n c e d , i t  was p o s s ib le  to  a c h ie v e  f a i r l y  s t a b l e  o p e ra t io n  

w ith o u t  a  c o n tin u o u s  w a te r  f lo w . A m inor problem  e n co u n te re d  

when th e  v ap o r c o n d en sin g  te m p e ra tu re  was below  ab o u t 90 P 

was t h a t  th e  c o n d en se r  was n o t  a d e q u a te  to  m a in ta in  a  s t a b l e  

p r e s s u r e  a t  v e ry  h ig h  b o i l i n g  h e a t  f l u x e s .

D. T ak ing  B urnout D ata

When th e  g o ld  p l a t e d  h e a te r  was b e in g  u s e d , b u rn o u t 

d a ta  w ere ta k e n  in  t h e  same m anner a s  t h a t  u sed  by p re v io u s  

i n v e s t i g a t o r s  ( 6 , 55 , 7 5 ) . The c a rb o n  rod  h e a te r  c a l le d  f o r  

a  somewhat d i f f e r e n t  method o f  d a ta  c o l l e c t i o n .  The sy s te m
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p r e s s u r e  was c o n t r o l l e d  m ain ly  by g u a rd  h e a t in g  b e ca u se  th e  

n e t  h e a t  o u tp u t o f  th e  c a rb o n  rod  was so  low . Once th e  

d e s i r e d  p r e s s u r e  was a t t a i n e d ,  th e  h e a t  f l u x  in  th e  c a rb o n  

ro d  was in c re a s e d  in - s m a l l  s te p s  u n t i l  b u rn o u t o c c u r re d .

B urnout was ev id en ced  by an  im m ediate in c r e a s e  in  th e  am per

age f lo w in g  th ro u g h  th e  h e a t e r .  The b u rn o u t p o in t  would 

th e n  be ta k e n  to  be th e  l a s t  s t a b l e  h e a t  f l u x  b e fo re  th e  

e x c u rs io n . D u p lic a te  m easurem ents w ere made a t  each  c o n d i t io n .

D ata  R ed u ctio n

E. N a tu ra l  C o n v ec tio n  and N u c lea te  B o il in g  D ata  R e d u c tio n

The r e d u c t io n  o f  n a tu r a l  c o n v e c tio n  and n u c le a te  b o i l i n g  

d a ta  was perfo rm ed  by  com pu ter. In p u t  f o r  th e  d a ta  r e d u c t io n  

p rogram  was th e  th e rm o co u p le  v o l ta g e  r e a d in g s ,  th e  h e a t e r  

v o l ta g e  and am perage r e a d in g s ,  and t h e  p r e s s u r e  m easurem ent.

The th erm o co u p le  m easurem ents w ere c o n v e r te d  to  te m p e ra tu re s  

u s in g  a  q u a d ra t ic  e q u a t io n  r e l a t i n g  th e rm o co u p le  v o l ta g e  to  

a b s o lu te  te m p e ra tu re . T h is  te m p e r a tu re - v o l ta g e  r e l a t i o n  

was o b ta in e d  by a l e a s t - s q u a r e s  f i t  o f  th e  p e r t i n e n t  ra n g e  

o f  a  s ta n d a rd  i r o n - c o n s ta n ta n  th e rm o co u p le  t a b l e .  The h e a te r  

in n e r  te m p e ra tu re s  w ere  av e rag ed  and th e  h e a t e r  w a ll  te m p e ra tu re  

was c a lc u la t e d  u s in g  th e  r e l a t i o n  d e v e lo p ed  by S c ie n c e  (5 5 ) .

The h e a t  f lu x  was c a l c u l a t e d  a s  shown i n  A ppendix A. A ll  

te m p e ra tu re  c a l c u l a t i o n s  w ere perfo rm ed  in  e x ten d ed  p r e c i s i o n  

v a r i a b l e s .
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F. C ondensing  D ata  R ed u c tio n

The co n d en sin g  d a ta  r e d u c t io n  was c a r r i e d  o u t  i n  two 

p a r t s .  In  th e  f i r s t  p a r t  th e  th e rm o co u p le  v o l ta g e  r e a d in g s  

w ere c o n v e r te d  to  te m p e ra tu re s .  T h is was done by u s in g  a  

q u a d r a t ic  e q u a tio n  r e l a t i n g  a b s o lu te  te m p e ra tu re  to  th e  

v o l ta g e  f o r  each  o f  th e  tw e n ty  th e rm o c o u p le s . Twenty s e t s  

o f  c o e f f i c i e n t s  w ere r e q u i r e d  in  o rd e r  t o  make th e  in d iv id u a l  

r e a d in g s  a s  a c c u ra te  a s  p o s s ib l e .  The te m p e ra tu re  m easu rem en ts, 

a lo n g  w i th  th e  n u c le a te  b o i l i n g  h e a t  f l u x ,  th e  i n l e t  and o u t

l e t  w a te r  te m p e ra tu re , and th e  w a te r  f lo w  r a t e  s e rv e d  a s  in p u ts  

f o r  th e  a c tu a l  co n d en sin g  d a ta  r e d u c t io n  program .

The c o n d en sin g  d a ta  r e d u c t io n  program  u sed  th e  co n d en se r 

te m p e ra tu re s  to  c a l c u l a t e  th e  l o c a l  h e a t  f l u x ,  in s id e  w a l l  

te m p e ra tu re ,  c o n d e n s in g -s id e  c o e f f i c i e n t ,  and w a te r - s id e  

c o e f f i c i e n t  a t  each  o f  f i v e  p o in ts  in  th e  c o n d e n se r . F our 

h e a t  d u t i e s  w ere c a l c u l a t e d ;  th e  h e a t  in p u t  from  th e  n u c le a te  

b o i l i n g  h e a t  f l u x ;  th e  s e n s ib l e  h e a t  change o f  th e  c o o la n t  

w a te r ;  th e  i n t e g r a l  o f  th e  h e a t  ab so rb ed  in  th e  c o o la n t  w a te r ;  

and th e  i n t e g r a l  o f  th e  h e a t  t r a n s f e r r e d  th ro u g h  th e  c o n d en se r 

w a l l .  In  m ost c a se s  ag reem en t betw een  th e  fo u r  h e a t  d u t ie s  

was w i th in  10-20# .

Two item s r e l a t e d  to  co n d en sin g  d a t a  r e d u c t io n  b e a r  

s p e c i a l  m en tio n . The f i r s t  i s  th e  l o c a t i o n  o f  th e  w a ll  

th e rm o co u p le s  and th e  h e a t  t r a n s f e r  c a l c u l a t i o n .  The w a ll  

th e rm o co u p le  lo c a t io n  was d e te rm in e d  a t  e ac h  p o in t  by 

m easu rin g  th e  d e p th  o f  th e  w e ll  and u s in g  th e  known in s id e
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and o u ts id e  d ia m e te rs  o f  th e  co n d en sin g  tu b e  t o  o b ta in  th e  

in s id e  w a l l  th ic k n e s s  by s o lv in g  th e  r i g h t  t r i a n g l e .  The 

r a d iu s  to  th e  th e rm ocoup le  lo c a t io n  was u sed  in  th e  a c tu a l  

c a l c u l a t i o n  in s te a d  o f  th e  w a ll  th ic k n e s s  to  m in im ize  th e  

r e l a t i v e  e r r o r  engendered  by  th e  s l i g h t  u n c e r t a in ty  in  th e  

w a ll  th ic k n e s s  m easurem ent. The h e a t  t r a n s f e r  e q u a tio n s  u sed  

to  re d u c e  th e  co n d en sin g  d a ta  a r e  p re s e n te d  in  B ird , e t  a l .  ( 3 ) .

A second  im p o rta n t c o n s id e r a t io n  was th e  in d iv id u a l  

c a l i b r a t i o n  o f  th e  c o n d e n se r  th e rm o co u p le s . A l l  o f  th e  t h e r 

m ocouples u sed  in  th e  c o n d e n se r  w ere c a l ib r a t e d  a t  th e  l iq u id  

n i t r o g e n  b o i l i n g  p o i n t ,  s o l i d  COg s u b lim a tio n  p o i n t ,  and w a te r  

b o i l i n g  p o in t .  These t h r e e  p o i n t s ,  p lu s  th e  i c e  p o i n t ,  

a llo w ed  c o n s t r u c t io n  o f  c a l i b r a t i o n  c u rv e s  f o r  each  therm o

c o u p le . These c u rv e s  w ere th e n  u sed  to  c a l c u l a t e  " c o r r e c te d "  

v o l ta g e  re a d in g s  f o r  u se  i n  th e  q u a d ra t ic  f i t t i n g  t>rogram.



A ppendix Ci P u re  F lu id  Bubble Growth T h e o rie s

Most o f  th e  bubb le  g row th  t h e o r i e s  w hich have been  

p ro p o sed  d e a l  w ith  th e  " a s y m p to tic "  grow th p e r io d  in  th e  

e b u l l i t i o n  c y c le .  The a sy m p to tic  g row th  p e r io d  i s  t h a t  tim e  

d u r in g  w hich  v is c o u s ,  i n e r t i a l ,  and s u r f a c e  te n s io n  fo r c e s  

a re  no lo n g e r  c o n t r o l l i n g  f a c t o r s  i n  bubb le  g row th . The 

a sy m p to tic  g row th  p e r io d  e x te n d s  from  ro u g h ly  one to  two 

m ic ro seco n d s a f t e r  grow th  b e g in s  u n t i l  bubb le  d e p a r tu r e .

A ll  o f  th e  m odels a re  b ased  upon an  i d e a l i z a t i o n  o f  a  

s p h e r i c a l  b u b b le  grow ing in  a  q u ie s c e n t  f l u id  medium. O th e r 

b a s ic  a ssu m p tio n s  made by th e  i n i t i a l  i n v e s t i g a t o r ,

B o sn jak o v ic  ( 4 ) ,  a re

1. The r e q u ir e d  l a t e n t  h e a t  o f  v a p o r iz a t io n  i s  s u p p l ie d  
to  th e  bu b b le  boundary  a s  a  r e s u l t  o f  a  s l i g h t  s u p e r 
h e a t in g  o f  th e  e n t i r e  b u lk  l i q u i d ,

2 . A f te r  a  s h o r t  i n i t i a l  p e r io d ,  th e  b u b b le  i s  s u r 
rounded  by a t h i n  boundary  l a y e r ,  th ro u g h  w hich 
h e a t  t r a n s f e r  i s  by c o n d u c tio n  o n ly .

3. T here  i s  a  s t a t e  o f  therm odynam ic e q u il ib r iu m  a t  
th e  b u b b le  boundary .

fl
U sing th e s e  a ssu m p tio n s , B o sn jak o v ic  was a b le  to  show

k
q/A = a l  =  ̂ (C—l )

w here q/A  i s  th e  h e a t  f l u x  d e n s i ty ,  a  i s  th e  r a t e  o f  e v a p o r

a t i o n  p e r  u n i t  a r e a ,  \  i s  th e  l a t e n t  h e a t  o f  v a p o r i z a t io n ,  k 

i s  th e  l i q u i d  th e rm a l c o n d u c t iv i ty ,  6 i s  th e  su p e rh e a te d
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boundary  l a y e r  th ic k n e s s ,  and *9^ i s  th e  l i q u i d  s u p e rh e a t in g .  

For a  s p h e r i c a l  bubb le  a  = so

a9 k
•  - f —  (c -2 )

Take 6 « ( a t ) ^  = (k t /^ ^ c  ) » th e  th e rm a l boundary  l a y e r  th ic k -  

n e ss  f o r  t r a n s i e n t  c o n d u c tio n  in  a  s e m i - i n f i n i t e  body w ith  a 

p la n e  b o u n d a ry , and i n t e g r a t e  E q u a tio n  C-2 u s in g  R(0) = 0 

to  g e t

R ( t)  = 2 A 9 .(a t)&  = &69.t& (C -3)
r v

B efo re  f u r t h e r  u t i l i z i n g  E q u a tio n  C-3» i t  i s  i n t e r e s t i n g  

to  n o te  th e  r e s u l t s  o f  a  few o th e r  i n v e s t i g a t o r s  in  th e  f i e l d  

o f  b u b b le  g ro w th . F o r s t e r  and Zuber (20 ) u sed  th e  ex ten d ed  

R ay le ig h  e q u a tio n  to  o b ta in  th e  e x p re s s io n

R ( t)  + Rq l n | | - j --£- ^  ô e^C n a t)^  « c^aO ^t^  (Ce4)

F o r th e  b u b b le  r a d iu s  h e re  * (2 a T / Xa0q ) and R  ̂ i s  th e

r a d iu s  a t  w hich grow th  r e s u l t i n g  from  th e  s u p e rh e a t  te rm  and

e v a p o ra t io n  te rm  become e q u a l, van  S t r a l e n  ( 65 ,  6 7 ) has

in d ic a te d  t h a t  ( R ( t ) - l ) / ( R ^ - l ) te n d s  to w ard s z e r o ,  to  g iv e  a
»

r e s u l t  l i k e  t h a t  o f  B o sn jak o v ic . A somewhat s i m i l a r  a n a ly s i s  

by P l e s s e t  and Zwick (48 ) r e s u l t e d  in  th e  e x p re s s io n

R ( t)  A8o ( a t ) *  = c ;A 9 o t*  (C -5)



Appendix Di T herm o-P hysica l  P ro p e r ty  E s t im a tio n

W ith th e  e x c e p tio n  o f  th e  s a tu r a t e d  l i q u i d  and v a p o r  

d e n s i t i e s ,  th e  p u re  com ponent p r o p e r t i e s  came from  two s o u rc e s .  

S a tu r a te d  p u re  com ponent d a ta  f o r  p ropane  and n -b u ta n e  w ere 

ta k e n  from  S c ia n c e  ( 5 5 ) ,  w h ile  d a ta  f o r  n -p e n ta n e  w ere o b ta in e d  

from  G a l la n t  (2 1 ) .

S a tu r a te d  l i q u i d  and v a p o r  d e n s i t i e s  w ere c a l c u l a t e d  u s in g  

th e  m o d ified  B enedict-W ebb-R ubin  (MBWR) e q u a tio n  p r e s e n te d  by 

Kwok (3 4 ) . The p u re  com ponent p a ra m e te rs  and th e  p a ra m e te r  

m ix ing  r u l e s  su g g e s te d  by Kwok w ere used  f o r  p u re  com ponent 

and m ix tu re  c a l c u l a t i o n s .

The vapor-liquid equilibrium data of Sage, et al. (46,
53) f o r  b o th  th e  p ro p an e  -  n -b u ta n e  and th e  p ro p an e  -  

n -p e n ta n e  system s w ere u sed  to  d e te rm in e  m ix tu re  c r i t i c a l  

p r o p e r t i e s .  K -va lues c a l c u l a t e d  from  th e s e  d a ta  w ere compared 

to  K -c h a r ts  in  th e  NGPA E n g in e e r in g  D ata Book (1 8 ) ,  and th e  

800 p s i  convergence  p r e s s u r e  c h a r t s  w ere found to  be a d e q u a te  

f o r  u se  in  p r e d i c t i n g  v a p o r - l iq u id  e q u il ib r iu m  f o r  th e s e  two 

sy s te m s . T e m p e ra tu re -c o m p o s itio n  d iagram s w ere c o n s t r u c te d  

f o r  each  o f  th e  p r e s s u r e s  s t u d i e d ,  and th e s e  d iag ram s w ere 

u sed  to  d e te rm in e  v a p o r  and l i q u i d  c o m p o s itio n s .

T here  i s  a  co m p le te  la c k  o f  p ro p e r ty  d a ta  f o r  th e  m ix

tu r e s  u sed  in  t h i s  s tu d y .  F o r t h i s  r e a s o n ,  m ix tu re  p r o p e r ty
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d a ta  w ere e s t im a te d  u s in g  p u re  com ponent v a lu e s .  M ix tu re  

l a t e n t  h e a ts  o f  v a p o r i z a t i o n  and h e a t  c a p a c i t i e s  w ere c a l 

c u la te d  u s in g  th e  l i n e a r  m ix ing  r u l e s

■ * 1^1 *  * 2*-2 (0 - 1 )

% mix ' *l*pl + * 2 V  (0-2)

L iq u id  m ix tu re  v i s c o s i t i e s  w ere c a l c u l a t e d  u s in g  th e  method 

o f  Huang, e t  a l .  (2 5 ) who p roposed

'  ---- 7 ^ -----—  (D -3a)

A* « (D -3b)

F i l ip p o v  and N ovoselova  (1 9 ) su g g e s te d  th e  e x p re s s io n

^m ix * ^1*1 ̂ 2*2 - 0 '7 2 |k i  -  kgl (D -4)

w hich a p p l ie s  o n ly  to  c a l c u l a t i n g  th e  l i q u i d  th e rm a l con

d u c t i v i t y  f o r  b in a ry  m ix tu re s .  The m ix tu re  s u r f a c e  te n s io n s  

w ere c a lc u la t e d  u s in g  t h e  e x p re s s io n

-------- 1 ^  (D_3)
mix “ o^Xg + Og*!

w hich  was d ev e lo p ed  by  S ta c k e rs k y  ( 6 3 ) . B in a ry , i n f i n i t e  

d i l u t i o n  d i f f u s i o n  c o e f f i c i e n t s  w ere e s t im a te d  w ith  th e  

r e l a t i o n
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° i 2 •  ( i . ^ C V g /v ^ ) ^ / ^  + ( V g A i ) )  ( c - 6 )
/ z  V

s u g g e s te d  by l u s i s  and R a t c l i f f  ( 3 6 ) , The m ix tu re  d i f f u s i o n  

c o e f f i c i e n t w a s  c a l c u l a t e d  by th e  method o f  R athbun (5 1 ) .

^ 1 2  ~ (* 1^21 ^ 2° 1 2  ̂ d | l n  x ^ )  (0 -7 )

In  t h i s  work d'[ l n  x^ ) ^  T h is  i s  e q u iv a le n t  to  th e  a ssu m p tio n

o f  an  i d e a l  l i q u i d  s o l u t i o n ,  th e  v a l i d i t y  o f  w hich was su p p o rte d  

by th e  good com parison  o f  f u g a c i t i e s  c a l c u l a t e d  from  id e a l  

s o l u t io n  th e o ry  w ith  th o s e  e s t im a te d  from  th e  MBWR e q u a tio n .

The s t a i n l e s s  s t e e l  th e rm a l c o n d u c t iv i ty  was g iv e n  by

k s  8 .0 8  + 0 .0052  T (D -8)

and th e  co p p e r th e rm a l c o n d u c t iv i ty  was g iv e n  by

k » 2 4 9 .2  -  0 .031  T (D -9)



Appendix Ei Natural Convection and 
Nucleate Boiling Data

In this appendix the original experimental data for 
natural convection and nucleate boiling are summarized.
For each datum the following items are listedi datum number»

gpressure, psia, heat flux, Btu/ft hr, heater wall temperature, 
degrees R, and the temperature difference between the heater 
wall and the temperature of the saturated liquid bath, degrees R, 
The datum number PR1201 may be broken into the parts PR, which 
indicates propane, 12, for run number 12, and Ol, for point 
number 1. Other descriptors used are NB for n-butane, NP for 
n-pentane, and MX for mixtures. The symbol * after a datum 
number indicates a point where no bubbles are visible on the 
heater.
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P ropane

D ata  No. P r e s s u re  
p s  l a

H eat F lu x  
B tu / f t ^ h r ^ w a l l '* AT,R

PR1201 185. 113. 558.11 0 .4 3
PR1202 186. 776 . 559.51 1 .5 5
PR1203 186. 1570 . 559.83 2 .1 2
PR1204 186. 2770 . 560.50 2 .8 1
PRI205 186. 3900. 561.19 3 .4 3
PRI205 186. 5135. 561.96 3 .9 8
PR1207 1 8 7 . 6910 . 562.94 4 .6 6
PR1208 186. 8390 . 562.92 5 .0 9
PRI209 183. 12240. 562.76 6 .2 8
PR1210 187. 16200. 565.73 7 .2 8
PR1211 186. 21100. 566 .34 8 .4 8
PR1212 187. 27800. 568,16 9 .91
PR1213 187. 36710. 569 .86 1 1 .5 4
PR1214 189 . 43580. 571.97 13 .17
PRI215 184. 23050 . 566.48 9 .2 9
PRI216 183. 9380. 562 .24 5 .8 7
PRI217 183. 3850. 560 .54 3 .5 2
PR1218 1 85 . 8 91 . 559.30 1 .71

PRI301 186. 157. 558.13 0 .5 2
PRI302 185 . 368 . 558.36 0 .9 8
PR1303 1 8 4 .5 892 . 559.31 2 .2 4
PRI304 1 8 4 .5 160O. 560.26 3 .3 6
PRI305 1 8 4 .5 2503 . 560.77 4 .0 6
PRI30& 185. 3556. 561.42 4 .6 2
PRI307 1 8 5 .5 5350 . 562.28 5 .0 6
PR l3O8 184. 7591 . 561.76 5 .3 4
PRI309 1 85 . 9511 . 562.54 5 .66
PRl 310 185. 13175. 562.59 5 .91
PR l311 1 85 . 17730. 563.02 6 .0 9
PR l312 185. 23115 . 562.79 6 .0 2
PR l313 1 8 4 .5 27580. 563.13 6 .61
PR l314 185. 37040. 563.76 7 .0 2
PRl 315 1 8 6 .5 48280. 566.20 8 .7 4

PR l146 246 . 117. 580 .20 0 .5 0
PR l147 247 . 645. 581.28 1 .2 2
PR l148 247 . 2174 . 582.31 2 .3 2
PRl149 246 . 5190. 583.13 3 .4 0
PRl 150 248 . 8800, 585 .04 4 .6 9
PRl 151 247. 15580. 586.33 6 .4 8
PRl152 246. 24420. 587.91 8 .2 3
PRl153 2 4 5 . 31955. 588.99 9 .8 4
PR l154 2 46 . 68270. 596.16 1 6 .7 0
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P ropane  -  c o n tin u e d

D ata  No. P re s s u re
p s i a

H eat F lu x  
B tu / f t ^ h r

a t . r

PRl13^ 308. 130. 599.51 0 .7 5
PRIX35 308 . 718 . 599 .73 1 .3 7
PRl136 307. 1689. 600.12 1 .9 3
PRl 137 308. 3110. 600 .88 2 .5 2
PR l138 308 . 4829. 601 .59 3 .12
PRl139 308. 7840. 602 .75 4 .0 0
PR1140 309. 12350. 603 .86 5 .01
PRl1^1 308. 21100. 605 .08 6 .6 0
PR l142 308 . 28070. 605.99 7 .6 8
PRl 143 302. 36710. 606 .25 9 .0 3
PRl144 308. 50490. 610,71 11.51
PR1145 308. 58150. 612 .90 14 .09

PR1119 370. 93. 615.71 0 .4 7
PRl120 370. 167. 615.62 0 .6 4
PR1121 370. 634. 616 .28 1 .0 6
PR l122 370. 1827. 617 .08 1 .7 2
PRl123 370. 3360. 617.21 2 .4 l
PRl124 369. 6050. 618 .25 3 .2 3
PRl125 370. 10180. 619.07 4 .0 7
PRl 126 370 . 13810. 619.79 4 .6 0
PRl127 371. 18200. 620 .65 5.21
PR1128 370. 26260 . 621 .56 6 .1 5
PRl129 370 . 33490. 622 .69 7 .1 0
PRl130 372. 44X70. 624 .84 8 .9 9
PRl131 370. 50400. 624.02 10 .78
PRl 132 369. 59020. 629 .76 14 .72
PR1133 367. 59895. 630 .77 16 .18

PRl 105 4 3 2 . 348. 630 .60 0 .6 7
PRl106 4 3 2 . 1347. 630.81 1 .3 9
PRl107 4 32 . 2652. 631 .15 1 .7 0
PR l108 4 3 2 . 4250 . 631 .74 2 .1 4
PR1109 4 32 . 6600. 631.97 2 .5 2
P R lllO 4 3 2 . 8840. 632 .69 2 .8 6
PRIX11 433 . 13390. 633 .19 3 .5 7
PR1112 4 3 3 . 18020. 633.78 4 .1 9
PR1113 4 3 2 . 24010. 634.56 5.11
PR1114 4 3 2 . 29740. 635 .96 6 .0 0
PR1115 432 . 34850. 639.02 9 .1 4
PR1116 4 3 2 . 45220. 639.87 9 .9 4
PR1117 4 3 2 . 51610. 639.89 10 .36
PR1118 4 3 2 . 55380. 640.31 10 .15
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P ropane -  c o n tin u e d

D ata  No. P r e s s u r e
p s i a

H eat F lu x  
B tu / f t ^ h r ^ w a ll 'B a T,R

PR l001 w . 10040. 646 .96 4 .2 8
PR l002 494 . 15275. 647 .79 5 .1 4
PR l003 494 . 21670. 648.12 5 .48

PR l101 4 9 4 . 12920. 647 .35 5 .09
PR l102 4 9 4 . 19460. 647 .66 5 .29
PR1103 494 . 33300. 647 .80 5 .4 0
PR1104 494 , 40130 . 647 .98 5 .36

n*> B utane

NB0201* 5 4 .7 147. 562.11 0 .1 6
NB0202* 5 5 .6 750 . 567 .83 4 .9 0
NBO203* 5 4 .9 2107 . 573 .83 11 .90
NB0204 56.5 5200. 577.20 13 .76

NBO3OI* 5 5 .0 4 3 3 . 566.51 4 .0 4
NBO302* 5 5 .0 1703. 572 .75 10 .57
NBO303* 5 4 .9 4177. 574 .66 13 .0 0
NBO304 5 5 .4 7440. 577 .20 14 .9 9
NBO305 5 4 .9 13095. 578.81 17 .32
NBO3O6 5 4 .5 19650. 580 .12 19 .15
NBO307 5 4 .8 27730. 582 .10 2 0 .6 4
NBO3O8 55 .2 35455. 583 .78 2 1 .8 3
NBO309 5 5 .2 47485. 585.46 2 3 .5 0
NBO31O 5 6 .9 59700. 588 .28 2 4 .4 0
NBO3I I 54 .8 37190. 583.23 21 .81
NBO312 5 5 .0 19620. 579 .77 18 .09
NBO313 54 .8 8028. 575 .33 13 .9 5
NB0314* 5 5 .0 2018. 571 .13 8 .89

NB0212* 110. 240. 612 .63 1.11
NBO213* 110. 1056. 616 .74 5 .1 4
NB0214* 110 . 2709. 619.31 7 .6 3
NBO215 110 . 4470 . 621 .05 9 .6 2
NBO216 110. 9286. 622.51 10 .98
NBO217 110. 14595. 624 .27 1 2 .6 7
NB0218 110. 25120. 626 .47 1 5 .2 4
NBO219 I l 4 . 43560 . 632 .02 1 8 .1 0
NBO32O 110. 47120. 628 .48 17 .27
NBO321 110. 67710. 631 .60 19 .97



99

n - Butane -  c o n tin u e d

D ata  No. P re s s u re
p s i a

H eat F lux  
B t u / f t  h r ^ w a l l '* aT ,R

NB0220* 137 . 1986. 634 ,9 2 6 .1 0
NB0221 137 . 5270. 6 3 7 .2 0 8 .3 9
NB0222 137 . 8576. 638 ,71 9 .7 7
NB0223 137 . 15470. 640 ,6 3 1 1 .5 5
NB0224 137 . 25690. 6 4 2 ,3 8 13 .64
NBO225 137 . 42100. 6 4 4 ,7 8 15 .69

NBO322 137 . 31300. 6 4 3 ,1 5 14 .46
NBO323 1 3 6 .5 47025. 6 4 4 ,3 7 15 .72
NBO324 137 . 65835. 646 ,2 6 17 .32

NBO226 163 . 8590 . 6 5 1 .9 3 8 .4 2
NBO227 165 . 16878. 6 5 4 ,9 3 10 .25
NB0228 167 . 27260. 6 5 7 .5 4 1 1 .5 6
NBO229 165 . 39715. 6 5 7 .9 5 1 3 .0 7
NBO23O 167 . 61450. 6 6 1 ,0 7 1 6 .07
NBO325 163 . 30320. 6 5 6 ,0 4 12 .62
NBO326 165 . 47520. 6 5 8 ,7 0 1 3 .3 9
NBO327 167. 68850. 6 6 1 ,0 0 1 5 .2 5

n -P e n tan e

NPOlOl* 2 3 .8 78. 580 ,0 9 0 .2 9
NP0102* 2 3 .8 213. 58 0 .35 0 ,3 8
NPOIO3* 2 3 .8 402. 581 ,1 2 0 .6 9
NP0104* 2 3 .9 865. 5 8 2 ,20 1 .5 3
NPOIO5* 2 4 .0 1824. 587 .61 6 .7 2
NPOIO6* 2 4 ,0 3038. 5 9 3 .47 1 2 .39
NPOIO7* 2 4 .1 4453 . 5 9 8 .1 4 1 6 .9 4
NP0108 2 4 .3 5917. 60 0 ,23 18 .62
NPOIO9 2 4 .0 10760. 60 2 ,66 22 .51
NPOllO 2 4 ,0 16630, 6 0 5 .9 7 2 6 .1 9
NPOlll 2 4 .1 24490. 60 9 ,22 2 9 .0 9
NP0112 2 4 .2 33620. 6 1 2 ,6 3 32 ,22
NPOII3 2 4 .9 45140. 617 . l4 3 4 ,8 6
NP0114 2 5 .4 55540. 6 2 0 ,78 3 7 .2 4

NP0201* 3 6 .6 109. 6 0 7 .9 8 0 .2 5
NP0202* 3 6 .8 306. 6 0 8 ,7 0 0 .7 4
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n -P e n ta n e  -  c o n tin u e d

D ata  No, P re s s u re
p s i a

H eat F lux  
B tu / f t^ h r ^ w a ll 'B AT.R

NPO203* 3 6 .7 652. 609 .60 1 .7 8
NP0204* 3 6 .6 1233. 611 .90 4 .3 1
NPO205* 3 6 .5 2314. 618 .23 1 0 .8 6
NPO206* 3 6 .5 3527. 621 .20 14.01
NPO207 3 6 .6 5135. 620.71 13 .3 6
NP0208 3 6 .8 7423. 622 .88 15 .42
NPO209 3 6 .6 12160. 625 .50 18 ,35
NP0210 3 7 .0 18350. 629 .26 2 1 .6 6
NP0211 37 .5 27440. 633 .08 24 .51
NP0212 3 6 .8 34020. 634 .39 2 7 .1 6
NPO213 3 6 .8 44000. 636.87 2 9 .6 9
NP0214 3 6 .0 55260. 638.21 32 .25
NPO215 36 .2 72930. 6 4 l .6 6 35 .32

NPOII5* 4 9 .0 334. 628 .46 0 .7 8
NPOII6* 4 8 .6 702 . 629 .17 2 .1 8
NP0117* 4 8 .9 1315. 632 .65 5 .3 0
NPOII8* 4 8 .9 2342. 636 .10 8 .6 5
NP0119* 4 8 .9 3451. 635 .83 8 .6 2
NP0120* 4 8 .9 5290. 637.72 10 .49
NP0121 4 9 .0 7377. 639.72 12.31
NP0122 4 9 .1 12150. 642.81 15 .63
NPO123 4 8 .8 I 818O. 644.81 18 .15
NP0124 4 9 .1 27065. 647 .84 2 0 .7 6
NP0124 4 9 .0 34980. 649 .45 2 2 .5 9
NP0126 4 9 .3 44740. 651.57 2 4 .1 5
NPO127 4 9 .7 56950. 655 .26 2 7 .1 4
NP0128 4 8 .8 70220. 657 .14 30 .30

NPO3OI* 4 8 .8 134. 627 .58 0 .5 8
NPO302* 4 8 .8 182. 627 .75 0 .5 9
NPO303* 4 9 .0 271 . 628 .25 0 .8 4
NPO304* 4 8 .9 4 l0 . 628 .95 1 .5 8
NPO309* 4 9 .0 616 . 629.92 2 .41
NPO306* 4 9 .0 839. 631.29 3 .9 0
NPO3O7* 4 8 .9 1273. 633 .53 6 .2 8
NPO3O8* 4 8 .9 1810. 636.09 8 .6 6
NPO309* 4 9 .0 2929 . 639.23 12 .12
NPO3IO 49 .1 4110. 640 .56 13 .19
NPO3I I 49 .1 6572. 642.02 14 .69
NPO312 4 8 .6 11240. 643.63 17 .22
NPO313 49 .1 17640. 646.23 19 .08
NP0314 4 9 .5 24200. 647.79 2 0 .2 9
NPO3 1 5 4 9 .2 31450. 648.22 2 0 .9 8
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n -P e n ta n e  -  c o n tin u e d

D ata  No. P re s s u re
p s i a

H eat F lu x  
B tu / f t ^ h r ^ w a ll 'R AT,R

NPO316 4 9 .6 44510. 650 ,6 4 2 2 .8 6
NPO317 4 9 .0 28200. 649 .00 2 1 .5 4
NPO318 4 9 .6 20405. 648 .6 5 2 0 .3 6
NPO319 4 9 .5 13020. 646,81 18 .6 9
NPO320 4 9 .3 8593. 644 .18 16 .42
NPO321 4 8 .8 3896. 639 .13 12 .07
NPO322 4 8 .5 1386. 632 .96 5 .6 6
NPO323* 4 8 .3 557. 62 9 .56 2 .9 9

NPO129 9 6 .4 17030. 692.61 13 .31
NPO130 9 7 .3 22880. 694 .82 14 .59
NPO131 9 8 .2 31140. 696 .74 15 .82
NPO132 9 7 .9 42150. 697 .99 17 .32
NPO134 9 8 .2 55800. 699 .48 18 .22

P ropane  - n -B u tane  M ix tu re  1 (43#  P ro p a n e )

MXOlOl* 145 . 81. 582 .40 0 .51
MX0102* 145. 1040. 586.81 5 .7 6
MXOIO3* 145. 4503 . 592 .82 11 .77
MX0104 145 . 10370. 595 .95 15 .22
MXOIO5 1 4 6 .5 19070. 599 .17 18 .20

MXOIO6* 174 . 111. 599.52 0 .9 8
MXOIO7* 174 . 1018. 604 .09 5 .4 2
MX0108* 174 . 4229. 609 .6 0 10 .62
MXOIO9 175. 10076. 613 .05 13 .58
MXOllO 174. 19210. 6 l4 .6 6 16 .63
MXOlll 175. 28300. 617 .38 18 .79
MX0112 176. 47260. 622 .38 2 2 .7 0
MXOII3 185. 74780. 632 .63 2 6 .9 6
MX0114 174 . 36640. 618 .70 2 0 .6 2
MXOII5 173 . 13680. 611 .17 14 .1 7
MXOII6 174 . 1944. 602 .97 4 .7 4

MX0117* 204. 117. 614 .30 1 .2 4
MXOII8* 2 0 3 . 1072. 616 .87 4 .5 8
MXOII9* 204. 4520 . 623 .33 9 .8 4
MX0120 204. 9960 . 626 .19 12 .61
MX0121 207 . 18880. 629 .6 4 1 5 .1 4
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Propane -  n - B utane M ix tu re  1 (43# P ro p an e) -  c o n tin u e d

D a ta  No. P re s s u re
p s i a

H eat F lux  
B tu / f t ^ h r ^ w a ll 'R AT,R

MX0122 206. 29260. 631 .0 4 17 .62
MX0123 202. 43960. 632 .68 20 .79
MX0124 204. 73430. 639 .65 2 5 .5 5
MX0125 208. 95290. 655 .60 23 .1 0
MX0126 215. 130000. 664 .6 5 30 .57
MX0134 208. 97300. 645 .48 2 8 .2 8

MX0127* 227. 1067. 627 .07 4 .2 6
MX0128* 231. 4186. 633 .79 9 .5 6
MX0129 232. 9533. 636 .92 11 .69
MX0130 233. 19960. 640 .0 4 14 .68
MX0131 242. 31370. 646 .25 17 .15
MX0132 232, 48070. 645 .40 20 .82
MX0133 236. 75030. 660 .11 24 .72

MX0135 262. 7743. 648 .13 1 1 .5 5
MX0136 264. 18160. 652 .89 14 .85
MX0137 263. 28700. 654.71 17.01
MX0138 263 . 45140. 659 .39 20 .78
MX0139 267. 76100. 675 .43 2 5 .5 8

Propane  - n -B u tan e  M ix tu re  2 (1 #  P ro p an e)

MX0201* 111. 76 . 609 .33 1 .06
MX0202* 111. 683. 612 .14 3 .8 4
MXO203* 111. 3443. 614 .8 6 6 .4 8
MX0204 111. 8821. 616 .82 8 .5 8
MXO205 111. 17270. 618 .39 10 .70
MX0206 112. 29730. 621 .72 13 .06

MXO207* 139. 898. 631.11 3 .18
MX0208* 139. 3396. 633 .1 4 4 .8 6
MXO209 139. 8840. 635 .14 6 .6 7
MX0210 139. 17120. 637 .05 8 .61
MX0211 139. 27730. 638 .85 10 .80
MX0212 l4 0 . 45045. 641 .73 12 .81
MXO213 l4 0 . 75490. 644 .80 15 .50
MX0214 139. 32020. 639 .76 11 .54
MXO215 139. 12550. 636 .82 8 .2 8
MXO216* 139. 3285. 633 .68 5 .2 4
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P ropane -  n -B u tane  M ix tu re  2 ( l ‘% P ropane) -  c o n tin u e d

D ata  No. P re s s u re
p s i a

H eat F lux  
B t u / f t  h r ^ w a l l '* AT.R

MX0217 165. 10010. 650 .43 6 .7 0
MX0218 166, 18515. 653 .20 8 .0 2
MX0219 166. 29810 . 654 .35 9 .71
MX0220 167. 46290. 657 .09 11 .38
MX0221 166. 75490 . 659 .2 7 14 .20

Propane -  n -B u tan e  M ix tu re  3 (63#  P ropane)

MXO3OI* 184. 109 . 585 .14 1 .9 7
MXO302* 184. 430 . 5 8 6 .9 4 4 .1 9
MXO303* 184. 1165 . 589 .29 6 .7 7
MXO304* 185. 4348. 595.51 12 .70
MXO305* 183. 9353. 598 .44 17 .67
MXO306 184. I 8 O6 O. 60 4 .80 2 2 .0 4
MXO307 183. 28900 . 6 0 5 .5 8 2 4 .7 5
MXO3O8 183. 57110. 6 l 4 .2 l 32 .32
MXO309 184. 25730 . 603 .48 2 2 .3 9
MXO31O 183. 12740. 597 .0 5 16 .36
MXO311 183. 5090. 592 .09 10 .69
MXO312 182. 2200. 587 .63 6 .8 2
MXO313 182 252 . 584 .39 3 .2 8

MXO314* 245 . 73 . 6 1 0 .06 2 .4 4
MXO315* 243. 523. 610 .92 4 .0 0
MXO316* 243. 1228. 612 .86 5 .74
MXO317* 244. 4720 . 619 .99 12 .09
MXO318 245 . 11660. 625 .72 18 .06
MXO319 244. 25870. 6 2 9 .6 4 2 2 .2 0
MXO320 244. 48670. 636 .52 2 8 .9 4
MX0321 248. 76150 . 648 .61 32.11

MXO322* 304. 374 . 632 .42 3 .2 3
MXO323* 303. 1588 . 634 .49 5 .5 7
MXO324* 303. 5350. 6 39 .8 9 10 .58
MXO325 306. 13870. 647 .37 17 .15
MXO326 302. 31780. 651 .47 2 2 ,2 8
MXO327 302 . 56330. 661 .03 31 .55
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Propane -  n -B u tan e  M ix tu re  3 ( 63# P ropane) -  c o n tin u e d

D a ta  No. P re s s u re
p s i a

H eat F lu x  
B t u / f t  h r

a t , r

MXO328* 362. 1303. 653.36 5 .32
MXO329* 363. 6349. 659.16 10 .62
MXO330 365 . 17400. 666.27 16 .87
MXO331 365. 37640. 672.49 2 3 .7 0

P ropane  -  n -P e n ta n e  M ix tu re  1 (l?S P ro p an e)

MX0401* 4 9 .0 197. 625.58
MX0402* 4 8 .9 4 6 l . 627.28
MX0403* 4 8 .8 1103. 631 .24
MX0404* 4 8 .9 2031. 635.87
MX0405* 4 9 .0 3410. 640.13
MX0406* 4 9 .3 5091. 642.26
MX0407 4 9 .5 6564. 641 .84
MX0408 4 9 .9 7917. 643.69
MX0409 50 .3 10360. 646.36
MX0410 5 1 .0 13840. 649.58

MX0411* 7 4 .9 142. 659.81
MX0412* 7 4 .9 196. 659.59
MX0413* 7 4 .8 580. 662.08
MX0414* 7 4 .8 1590. 667.37
MX0415 7 4 .8 2620. 670.20
MX0416 7 4 .8 3832. 670.49
MX0417 7 5 .0 5608. 672.79
MX0418 7 5 .1 7318. 674.53
MX0419 7 5 .3 9660 . 677.12
MX0420 7 5 .7 15120. 680.20
MX0421 7 5 .3 22347. 681.70
MX0422 7 5 .2 31090, 683.43
MX0423 75 .1 39700. 684.66
MX0424 7 5 .7 50700. 687.30
MX0425 7 5 .0 40800. 684.35
MXG426 7 4 .0 19140. 679.83
MX0427 7 3 .9 6745. 672.46
MX0428* 7 3 .5 2017. 666.77
MX0429* 73 .2 668. 663.03

1 .5 5
3 .71
7 .8 0

1 3 .6 4
17 .05
18.86
17 .57
18.86
2 0 .5 3
2 3 .3 6

1 .9 8
1 .4 5
3 .9 0
9 .2 0

12 .23
1 2 .3 7
14 .23
15 .54
17 .65
19 .8 4
22 .16
2 4 .1 4
2 5 .6 6  
27 .6 0  
25 .86  
22 .10  
14 .82

9 .3 9
5.86
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P ropane  -  n -P e n ta n e  M ix tu re  1 {1% P ro p an e) -  c o n tin u e d

D ata  No. P re s s u re
p s i a

H eat F lu x  
B tu / f t ^ h r ^ w a ll 'B AT,R

MX0430 9 7 .8 21300. 697 .85 17 .68
MX0431 9 9 .4 27510. 700 .47 1 8 .8 7
MX0432 1 0 0 .0 37450. 7 02 .44 2 0 .3 4
MX0433 9 9 .0 46475. 7 02 .76 2 1 .6 7
MX0434 100 .3 59350. 7 05 .45 2 3 .1 4
MX0435 100 .0 73980. 707 .93 2 5 .3 9

P ropane -  n -P e n ta n e  M ix tu re  2 (396 P ropane)

MXO518* 126 .9 50 . 689 .86 1 .9 5
MX0519* 126 .3 510. 690 .15 3 .0 6
MXO52O* 125 .5 1248. 696 .05 1 0 .1 7
MXO521* 12 5 .5 2402. 698 .80 1 3 .5 6
MXO522* 125 .9 4220. 700,61 1 5 .52
MXO523* 126 .3 6159. 702 .18 1 6 .9 8
MXO524 127 .3 9104. 703 .08 1 7 .6 5
MXO525 1 2 8 .5 12960. • 705 .09 1 8 .26

MXO5OI* 153. 143. 7 1 6 .3 4 1 .6 4
MXO502* 153. 402. 7 1 7 .1 4 2 .1 6
MX0503* 153.2 1093. 719 .68 4 .3 9
MX0504 1 5 3 .5 2151. 721 .63 5 .9 0
MXO505 152T.5 3465. 723 .16 7 .7 3
MXO5O6 153 .8 5227. 7 2 4 .4 4 8 .6 3
MXO5O7 154. 7438 . 72 6 .0 5 9 .9 9
MXO5O8 155. 10650. 727 .67 11 .00
MXO509 152 .5 21980. 726 .09 1 4 .6 4
MXO5IO 155. 35460. 730 .08 1 6 .5 8
MX0511 1 5 2 .5 41980. 730 .08 19 .62
MX0512 154. 53920. 7 3 2 .5 0 2 1 .9 3
MXO513 157. 68490. 736 .66 2 2 .0 5
MXO514 157. 44180. 734 .14 1 9 .3 3
MXO515 157. 24930. 731 .20 15 .6 3
MXO516 1 56 .5 8675. 727 .05 10 .72
MXO517 1 55 .5 1334. 721 .82 5 .5 6
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Propane -  n -P e n ta n e  M ix tu re  3 (38#  P ropane)

D ata  No. P re s s u re
p s i a

H eat F lux  
B t u / f t  h r ^ w a ll 'R AT,R

WX0601* 173. 51. 631 .59 2 .1 0
MX0602* 172. 245 . 631 .65 4 .2 2
MX0603* 171. 586. 633 .76 6 .1 4
MX0604 170. 976 . 636 .19 9 .2 6
MXO605 170. 1542. 638 .79 11 .7 4
MXO606 170. 2713. 642 .79 16 .4 8
MXO607 170 .5 4770. 647 .49 2 0 .9 5
MXO6O8 172. 8042. 6 52 .4 4 2 5 .0 0
MXO609 175. 11290. 65 7 .18 27 .41
MXO61O 172. 16020. 658 .00 30 .49
MXO611 172. 26570. 66 3 .20 35 .03
MXO612 172. 37390. 667 .75 40 .21
MXO613 173 .5 57640. 673 .64 4 6 .1 7

MX0614* 231. 48. 674 .46 3 .09
MXO6 1 5* 228, 273 . 668 .53 4 .3 2
MXO616* 225 . 825. 674 .46 7 .8 3
MXO617* 223 . 1718. 677 .1 4 11 .62
MXO618 222. 2585. 678 .82 14 .22
MXO619 221. 4955. 683 .72 19 .58
MX0620 222. 8287. 687 .6 4 23 .7 9
MX0621 225 . 17415. 694 .8 4 2 8 .0 5
MX0622 225 . 28160. 698 .17 3 3 .0 0
MXO623 226. 38390. 702 .33 36 .1 5
MX0624 221. 48845. 702 .29 39 .78
MXO625 221. 58510. 7 0 5 .7 0 4 2 .8 4
MX062& 219 . 32760. 695 .77 35 .72
MXO627 223 . 9173. 688 .18 2 3 .2 3
MX0628 220. 2185. 676 .83 12 .8 8
MXO629* 218. 197. 667 .27 4 .2 0

MXO63O* 287. 73. 706 .77 2 .51
MXO631* 285. 525. 710 .42 5 .02
MXO632* 282. 1274. 7 1 2 .5 5 8 .6 7
MXO633 281. 2734. 715 .37 12 .66
MXO634 280. 5044. 718 .09 16 .02
MXO635 280. 7591. 720 .6 5 18 .32
MXO636 281. 12435. 7 2 4 .2 4 2 1 .5 4
MXO637 283. 18600. 727 .72 2 3 .9 0
MXO638 286. 27270. 731 .0 8 2 6 .7 6
MXO639 287. 36570. 734 .43 28 .01
MX0640 285. 48550. 736 .22 34 .48
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Propane -  n -P e n ta n e  Mixture* k  (6$#  P ropane)

D a ta  No. P re s s u re
p s i a

H eat F lu x  
B tu /ft"^ h r ^ w a ll 'B AT.R

MXO7OI* 172 . 100. 588 .13 2 .9 8
MXO702* 170 . 342. 587 .88 4 .2 5
MXO703* 169. 714. 589.99 7 .09
MXO704* 169 . 1436. 594.52 12 .41
MXO705 168. 2282. 598 .52 16 .41
MXO706 169 . 3603. 603 .88 2 1 .5 3
MXO707 170. 4829. 609.02 2 7 .2 0
MXO7 O8 171. 6550. 6 l4 . 58 3 0 .9 4
MXO709 171. 9068. 619.21 35 .59
MX0710 170. 13580. 623 .70 4 0 .0 8
MXO7 I I 172. 17640. 627 .36 4 2 .5 6
MXO712 170. 25570. 630 .15 4 6 .2 9
MXO713 170. 37670. 634.61 5 0 .39

MX0714* 227. 9 4 . 615.21 0 .8 6
MX0715* 227 . 502. 618 .57 4 .3 9
MXO716* 227. 1263. 623 .51 9 .8 9
MX0717* 226. 2159. 627 .26 1 4 .2 4
MXO718 225. 3051. 630 .62 1 7 .8 4
MXO719 225. 4601. 635 .89 2 3 .4 6
MXO72O 225. 6441. 639 .73 2 7 .0 9
MXO721 226. 9178. 644 .57 31 .28
MXO722 225 . 12720. 646 .75 3 4 .5 9
MXO723 226. 17360. 6 49 .74 37.41
MXO724 226. 22850. 6 52 .45 3 9 .66
MXO725 225. 30400. 654 .16 4 1 .7 9
MXO726 225. 39585. 656 .38 4 4 ,1 0
MXO727 226 . 51420. 659 .80 4 6 .2 0
MXO728 226 . 27350. 652 .92 39 .27
MXO729 224. 14870. 645 .59 34 .0 5
MXO730 226 . 7199. 638 .46 2 6 .2 3
MXO731 224. 3276. 6 29 .69 18 .3 7
MXO732* 223 . 1181. 620 ,46 9 .3 6

MXO733* 290 . 123. 646 .63 1 .8 9
MXO734* 290. 312. 647 .32 2 .9 4
MXO735* 290 . 644. 649 .52 5 .08
MXO736 291 . 1083. 653 .10 8 .4 9
MXO737 290 . 1968. 656 .76 1 2 .4 5
MX0738 290 . 2830. 659 .53 1 5 .27
MXG739 290 . 4027. 662 .96 1 8 .5 5
MXO740 2 90 . 6252. 666 ,5 4 2 2 .7 0
MX0741 290 . 8428. 669 .27 2 4 .8 6
MX0742 290 . 11590. 671 .13 2 7 .0 2
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P ropane -  n -P e n ta n e  M ix tu re  4 ( 65^  P ropane) -  c o n tin u e d

D a ta  No. P re s s u re  H eat F lu x  , ,R AT,R
p s i a  B tu / f t^ h r

MX0743 290. 16365. 673 .24 2 9 .0 6
MX0744 291 . 21925. 675 .68 30 .84
MX0745 290. 29220. 677 .69 33 .05
MX0746 289. 38610. 679 .98 35 .50
MXO747 292 . 48290. 683 .09 38 .68
MX0748 287. 6CS1O. 694.01 44 .0 9



A ppendix F t B urnou t D ata

In  t h i s  ap p en d ix  th e  o r i g in a l  e x p e r im e n ta l d a ta  f o r  

th e  tu r n o u t  h e a t  f l u x  a re  sum m arized. F o r each  datum th e  

fo l lo w in g  item s a r e  l i s t e d t  datum  number» b u rn o u t h e a t  f l u x ,  

sy s te m  p r e s s u r e ,  and red u ced  p r e s s u r e .  In  th e  c a se  o f  m ix tu re s ,  

t h e  p se u d o -red u c ed  p r e s s u r e  i s  g iv e n  in  p la c e  o f  th e  t r u e  

re d u c e d  p r e s s u r e  f o r  th e  re a so n s  c i t e d  i n  C h ap te r 3. The 

num bering  sy stem  i s  th e  same as u sed  w ith  A ppendix E,

Datum num bers fo llo w e d  by th e  sym bol * a r e  in d ic a t iv e  o f  

p o in t s  ta k e n  w ith  th e  go ld  h e a te r .  A l l  o th e r  p o in ts  w ere 

ta k e n  u s in g  th e  c a rb o n  rod  h e a te r .
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I l l

n -B u tan e  -  c o n tin u e d

D ata  No. H eat F lux  
B tu / f t^ h r

P re s s u re
p s ia

Reduced
P re s s u re

NBO501 110000. 33 .5 0 .061
NBO502 113000. 35 .0 0 .064
NBO503 114000. 36 .0 0 .065
NBO504 111000. 3 6 .4 0 .066
NBO505 111500. 36 .9 0 .067
NBO506 129000. 6 2 .5 0 .1 1 4
NBO507 129000. 62 .7 0 .114
NBO508 140000. 85 .8 0 .156
NBO509 137000. 86 .2 0 .157
NBO51O 143000. 105 .0 0.191
NBO511 142000. 105 .5 0 .192
NBO512 150000. 119 .8 0 .218
NBO513 148000. 119 .8 0 .218
NB0514 149000. 120.1 0 .219
NBO515 152000. 148 .0 0 .269
NB0416 149000. 147 .8 0 .268
NBO517 149000. 148.2 0 .270
NBO518 148000. 171. 0.311
NBO519 150000. 171. 0 .311
NBO52O 149000. 171. 0 .311
NBO521 151000. 192. 0 .349
NBO522 150000. 192. 0 .349
NBO523 145000. 212. 0 .386
NBO524 149000. 213. 0 .387
NBO525 150000. 213. 0 .387
NBC526 145000. 235 . 0 .428
NBO527 147000. 235. 0 .428
NB0528 146000. 235 . 0 .428

n -P e n tan e

NP0401 114000. 15 .0
NP0402 127000. 21 .5
NP0403 134000. 30 .7
NP0404 138000. 44 .0
NP0405 137500. 44 .2
NP0406 139000. 57.0
NP0407 146000. 57 .0
NP0408 144000. 5 7 .4
NP0409 148000. 70 .3

0 .036
0 .0 4 4
0 .063
0 .0 9 0
0 .090
0 .116
0.116
0 .117
0 .1 4 4
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n -P e n ta n e  -  c o n tin u e d

D ata  No. H eat F lu x  
B tu / f t ^ h r

P re s s u re
p s i a

Reduced
P re s s u re

NP0410 151000. 7 0 .3 0 . 1 #
NP0411 156000. 9 2 .1 0 ,1 8 8
NP0412 157000. 9 2 .2 0 .188
NP0413 160000. 106 .2 0 .2 1 7
NP0414 162000. 106.1 0 .217

Propane -  n -B u tane  M ix tu re  1 P ro p an e)

MX0141* 204600. 143. 0 .2 2 4
MX0142* 196600. 159. 0 .2 5 0
MXOl#* 197000. 161. 0 .2 5 3
MX0149* 191200. 165. 0 .2 5 9
MX0146* 188000. l6 4 . 0 .2 5 7
MX0148* 184400. 189. 0 .2 9 7
MX0149* 177000. 219 . 0 .3 4 4
MXOI5O* 167600. 251 . 0 .3 9 4
MXOI51* 159800. 271. 0 .4 2 5
MXO152* 157400. 286. 0 .4 4 9
MXO153* 151600. 301. 0 .4 7 3

P ropane -  n -B u tane  M ix tu re  2 ( l ^  P ro p an e)

MX0222* 222400. 88. 0 .158
MXO223* 206200 . 8 9 . 0 .1 5 9
MX0224* 192200. 8 9 . 0 .1 5 9
MXO225* I 668OO. 93. 0 .1 6 7
r.'DC0226* 151400. 9 6 . 0 .172
MX0228* 150000. 100. 0 .1 7 9
MXO229* 16O8OO. 106. 0 .1 9 0
MXO23 O* 157400. 114. 0 .2 0 4
MXO23I* 167200. 126. 0 .226
MXO232* 167200. 128. 0 .229
MXO233* 170000. 135. 0 .242
MXO234* 163400. 140. 0 .251
MXO235* 157800. 142. 0 .2 5 4
MXO236* 151200. 144. 0 .2 5 8
MXO238* 145600. 175. 0 .3 1 4
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P ropane -  n -B u ta n e  M ix tu re  4 (3 5 ^  P ropane)

D ata  No. H eat F lu x  
B t u / f t  h r

P re s s u re
p s i a

Reduced
P re s s u re

MX0801 187000. 126 .2 0 .217
MX0802 187000. 127 .2 0 .218
MX0803 190000. 139 .4 0 .243
MX0804 188500. 139 .3 0 .242
MX0805 188000. 153. 0 .267
MX0806 186000. 153. 0 .267
MX0807 186000. 167. 0 .292
MX0808 186000. 167. 0 .292
MX0809 181000. 179. 0 .3 1 4
MX0810 180000. 178. 0 .312
MX0811 177000. 178. 0 .312
MX0812 178000. 188. 0.331
MX0813 179000. 188. 0.331
MX0814 180000. 188. 0.331
MX0815 176000. 195. 0 .344
MX0816 179000. 195. 0 .344

Propane -  n -B u tan e  M ix tu re  5 (229$ P ropane)

MXO9 OI 158000. 7 0 .8 0 .125
MXO902 161000. 7 2 .4 0 .127
MXO903 164000. 7 3 .6 0 .127
MXO904 166000. 8 6 .0 0 .152
MXO905 167000. 8 8 .0 0 .1 5 5
MXO906 168OOO. 8 9 .0 0 .157
MXO907 172000. 109 .6 0 .1 9 4
MXO9 O8 172000. 110 .4 0 .196
MXO909 171000. 124 .6 0.221
MXO91O 172000. 125 .0 0 .222
MXO91I 167000, 1 36 .3 0 .242
MXO912 170000. 136 .2 0 .242
MXO913 171000. 1 3 6 .4 0 .242
MX0914 171000. 145 .4 0 .260
MXO9 1 5 I 68OOO. 145 .3 0 .260
MXO916 166000. 152. 0 .272
MXO917 166000. 152. 0 .272
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Propane -  n -B u tan e  M ix tu re  6 (70^  P ro p an e)

Data No. Heat Flux 
Btu/ft"^hr

Pressure
psia

Reduced
Pressure

MXlOOl 175000. 131 .6 0 .216
MX1002 176000. 131 .9 0 .216
MX1003 184000. 142 .5 0 .2 3 5
MX1004 184000. 1 43 .5 0 .236
MX1005 186000. 143 .7 0 .237
MX1006 187000. 155. 0 .260
MX1007 189000. 156. 0 .261
MX1008 190000. 157. 0 .262
MX1009 195000. 169. 0 .2 8 4
MXIOIO 192000. 170, 0 .2 8 5
MXlOll 193000. 170. 0 .2 8 5
MX1012 191000. 188. 0 .3 1 8
MX1013 195000. 188. 0 .318
MX1014 189000. 188. 0 .318
MX1015 195000. 190. 0 .319
NX1016 193000. 205 . 0 .3 4 4
MX1017 196000 . 205 . 0 .3 4 4
MX1018 193000. 205. 0 .3 4 4
MX1019, 195000. 219. 0 .3 7 0
MX1020 194000. 219 . 0 .3 7 0
MX1021 194000. 235 . 0 .3 9 6
MX1022 190000. 234 . 0 .3 9 5
MX1023 188OOO. 234 . 0 .3 9 5
MX1024 190000. 233 . 0 .3 9 3
MX1025 190000. 243 . 0 .409
MX1026 190000. 242. 0 .408

P ropane -  n -P e n ta n e  M ix tu re  5 (5 ^  P ro p an e)

MXllOl 155000. 4 1 .8 0 .0 8 4
MX11.02 151000. 4 1 .4 0 .083
MXIIO3 141000. 4 9 .0 0 .097
MX1104 143000. 4 9 .0 0 .097
MXIIO5 155000. 58 .8 0 .119
MXIIO6 155000. 58 .7 0 .118
MXIIO7 171000. 9 2 .0 0 .1 8 5
MX1108 170000. 9 2 .3 0 .1 8 5
MXIIO9 176000. 110 .3 0 ,222
MXlllO 172000. 110.2 0 .222
M X llll 174000. 110 .5 0 .222
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P ropane  -  n -P e n ta n e  M ix ture  6 {27% P ropane)

D ata  No, H eat F lu x  
B t u / f t  h r

P re s s u re
p s i a

Reduced
P re s s u re

MX1201 216000. 99 .^ 0.191
MX1202 216000. 9 9 .6 0.191
MX1203 210000. 113 .0 0 .219
MX1204 209000. 113.1 0 .219
MX1205 216000 . 133 .0 0 .266
MX1206 213000. 133 .0 0 .266
MX1207 208000. 143 .0 0 .276
MX1208 208000. 143 .0 0 .276
MX1209 207000. 142 .0 0 .274
MX1210 213000 . 6 5 .0 0 .122
MX1211 212000. 6 6 .0 0 .124
MX1212 210000. 6 9 .5 0 .131
MX1213 213000. 6 9 .7 0 .132
MX1214 216000. 79 .2 0.151
MX1215 216000. 79 .2 0.151
MX1216 220000. 9 4 .0 0 .178
MX1217 221000. 9 5 .0 0 .180
MX1218 219000. 9 5 .2 0.181

Propane -  n -P e n ta n e  M ixture 7 ( 4 l^  P ropane)

MX13OI 254000 . 119 .0 0 .216
MX1302 252000. 118.0 0 .214
MX1303 252000. 1 2 1 .4 0 .221
MX1304 248000. 136 .4 0 .245
MX1 305 248000. 136 .8 0 .246
MXI306 244000. 145 .8 0 .264
MXI307 244000. 147 .0 0 .270
MXI3O8 244000. 157. 0 .291
MXI309 244000. 157. 0 .291
MXI3IO 238000. 167. 0 .310
MX13I I 237000. 167. 0 .310
MXI312 234000. 177. 0 .328
MXI313 234000. 177. 0 .328
MXl314 232000. 186. 0 .346
MXI315 230000. 187. 0 .348
MXl316 228000. 196. 0 .368
MX1317 226000. 195. 0 .364
MXl318 226000. 198. 0 .370
MXl 319 224000. 205 . 0 .387
MXl320 224000. 204. 0 .385



I l 6

P ro fa n e  -  n -P e n ta n e  M ix tu re  8 ( 6 l^  P ro p an e)

D ata  No. H eat F lu x  
B tu / f t ^ h r

P re s s u re
p s i a

Reduced
P re s s u re

MX1401 256000. 145 .0 0 .252
MX1402 256000. 145 .0 0.252
MX1403 259000 . l4 l .O 0.247
MXl404 261000. 140 .0 0 .245
MX1405 253000 . 158. 0 .278
MX14o6 252000. 159. 0 .280
MX1407 249000 . 175. 0 .312
MX1408 248000. 175. 0.312
MX1409 243000 . 187. 0.330
MXl410 244000. 189. 0 .334
M Xl4ll 241000. 205. 0.361
MX1412 241000. 205. 0.361
MXl413 234000. 215. 0 .382
NXl4l4 235000. 215 . 0.382
MX1415 230000 . 225 . 0 .399
MXl4l6 232000. 225 . 0 .399

Propane - n-Pentane Mixture 9 Propane)

MXl 501 252000 . 181. 0 .300
MXl 502 251000. 181. 0 .300
MXl503 254000 . 195. 0 .323
MXl 504 254000 . 195. 0 .323
MXlSO5 253000 . 212. 0 .350
MXl506 254000 . 216. 0.341
MXl507 250000. 235. 0 .389
MXl508 248000. 234. 0 .388
MXl509 253000 . 262. 0 .434
MXl510 250000 . 261. 0 .432
MXl511 251000 . 261 . 0 .438
TXI512 252000 . 274 . 0 .460
MXl513 252000. 275 . 0.461
MXl 514 252000 . 289. 0 ,488
MXl515 251000 . 289. 0 .488
MXl 516 249000. 301. 0 .507
MXl 517 248000. 300. 0 .506



A ppendix Gt C o n d e n sa tio n  D ata

In  t h i s  a p p en d ix  th e  o r i g in a l  e x p e r im e n ta l  d a ta  f o r  

f i lm  c o n d e n sa tio n  a r e  sum m arized. F o r each  datum  th e  

fo l lo w in g  item s a r e  l i s t e d i  datum  num ber, sy stem  p r e s s u r e ,  

f i lm  c o n d e n sa tio n  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  te m p e ra tu re  

d i f f e r e n c e  be tw een  th e  c o n d en se r w a ll  and th e  b u b b le  p o in t  

l i q u i d ,  and th e  d i s t a n c e  from  th e  to p  o f  th e  c o n d en s in g  

s u r f a c e  to  th e  th e rm o co u p le  l o c a t i o n .  The num bering  system  

used  i s  th e  same a s  i n  th e  p re v io u s  a p p e n d ic e s .
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Propane

D a ta  No, P re s s u re
p s i a B tu / f t^  h r  F

AT, P X ,  f t

FRI201 185. 2234 . 0 .9 7 4 .1 7
PR1202 iB it. 7386. 0 .1 4 2 .5 0
PR1203 184. 2864. 0 .5 1 4 .1 7
PR120Z4. 187. 1791. 1 .4 7 4 .1 7
PR1205 - ■186. 1945. 0 .7 8 2 .5 0
PR1206 186 . 931 . 1 .8 8 3.33
PR1207 186. 1188. 2 .5 2 4 .1 7
PR1208 186. 1346. 0 .9 0 0 .83
PR1209 186. 988. 2 .0 6 2 .5 0
PR1210 186. 894. 2 .9 3 3 .33
PR1211 186. 1370. 2 .8 2 4 .1 7
PR1212 187. 1286. 1 .3 4 0 .83
PR1213 187. 747 . 2 .9 4 2 .5 0
PR1214 187. 754 . 3 .8 6 3 .33
PR1215 187. 1052. 3 .6 7 4 .1 7
PR1216 189. 601 . 3 .2 1 0 .83
PR1217 189. 648. 4*07 2 .5 0
PR1218 189. 757. 4 .2 6 3 .33
PR1219 189. 94 4 . 4 .4 3 4 .1 7

P R llO l 245 . 1269. 0 .9 3 2 .5 0
PR1102 245. 764 . 1 .6 5 3 .3 3
PR1103 245 . 750 . 5 .0 3 4 .1 7
PR1104 245. 2980. 0 .5 0 2 .5 0
PR1105 245 . 542. 2 .9 0 3 .33
PR1106 245 . 688. 5 .4 9 4 .1 7
PR1107 245 . 2152 1 .8 1 0 .83
PR1108 245. 544. 5 .9 8 2 .5 0
PR1109 245. 653 . 7 .4 2 3 .33
P R lllO 245 . 828. 8 .5 6 4 .1 7
P R l l l l 305 . 813. 4 .7 8 4 .1 7
PR1112 302 . 5423. 0 .2 4 2 .5 0
PR1113 302 . 768 . 1 .7 8 3 .3 3
PR1114 302 . 771. 5 .7 8 4 .1 7
PR1115 310 . 917. 2 .4 6 2 .5 0
PR1116 310 . 4 5 7 . 5 .3 2 3 .33
PR1117 310 . 670 . 8 .5 9 4 .1 7

PR1118 365 . 1164. 1 .5 8 2 .5 0
PR1119 365 . 387. 1 5 .3 6 4 .1 7

PR1120 4 9 5 . 224. 6 .8 6 4 .1 7
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n-B u tane

Data No. Pressure
psia Btu, r F

a t , p X ,  f t

NB0301
NB0302
NB0303
NB0304
NB0305
NB0306
NB0307
NB0308
NB0309
NB0310
NB0311
NB0312
NBO313
NB0314
NBO315
NBO31A
NBO317
NBO318
NBO319
NBO32O

NBO321
NBO322
NBO323
NBO324
NBO325
NBO326
NBO327
NBO328
NBO329

NBO33O
NBO33I
NBO332
NBO333
NB033^
NBO335

NBO33A
NBO337
NBO338
NBO339
NBO340
NB0341

5 4 .4
5 4 .4
5 4 .7
5 4 .7
5 4 .7
55 .1
55 .1
5 5 .1
5 5 .2
5 5 .2
5 5 .2
5 5 .2
5 6 .9
5 6 .9
5 6 .9
5 6 .9
5 4 .9
5 4 .9
5 4 .9
5 4 .9

8 2 .5
8 2 .5  
8 2 .0  
8 2 .0  
8 2 .0
8 2 .4
8 2 .4
8 2 .4
8 2 .4

1 0 9 .9
1 0 9 .9
1 0 9 .9  
110 .0  
110 .0  
1 10 .0

1 3 6 .5
1 3 6 .5
1 3 6 .7
1 3 6 .7
1 3 6 .7
1 3 6 .7

1012 .
I 6 l4 .
1382.
1101 .
1221 .
1056.

7 5 4 .
1032.
2130 .

Ill:
91 1 .

2239 .
600.
680.
788,

2041.
1484.

690 .
1239.

751 .
1163,
1402,

91 5 .
756 .
808.
596 .
500.
636.

^y i:
790 .

1085.
524.
704.

1597 .
795 .

1752.
2204.

682.
550.

1 .3 4
1 .92  
1.10  
2 .10
3 .1 3
1 .9 3
3 .3 3
3 .6 9  
1.11

U l
5 .13
1 .5 5
5 .11
5 .5 5
6 .1 9
0 .4 7
1 .6 9  
3 .5 7  
3 .5 9

1 .10
3.18
1 .3 3  
3 .2 6  
7 .4 8  
2 .02  
4 .8 4  
7 .0 4

10.22

0 .2 7
1 .7 3  
6 .1 5
1 .7 3  
5.10  
9 .81

0 .4 3
5 .11  
0 .1 4
0.61
3 .6 3

1 1 .70

3 .3 3
4 .1 7
2 .5 0
3 .3 3
4 .1 7
2 .5 0
3 .3 3
4 .1 7  
0 .8 3
2 .5 0
3 .3 3
4 .1 7  
0 .8 3
2 .5 0
3 .3 3
4 .1 7  
0 .8 3
2 .5 0  

.33  

.17I

3 .3 3
4 .1 7
2 .5 0
3 .3 3
4 .1 7  
0 .8 3
2 .5 0  

.33  

.17I

2 .5 0  
.33  
.17

2 .5 0  
.33  
.17

.33

.1 7
0 ,8 3
2 .5 0

.3 3

.1 7I
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n -P e n ta n e

D ata  No. P re s s u r e
p s i a

h x
B tu / f t2 h r  F

a t ,  P X ,  f t

NPOlOl 2 4 .1 1419. 3 .5 8 4 .1 7
NP0102 2 4 .2 1143. 5 .89 4 .1 7
NP0103 2 4 .9 888. 9 .5 7 4 .1 7
NP0104 2 5 .5 1057. 9 .0 8 4 .1 7
NP0105 2 4 .1 1848. 1 .2 7 3 .3 3

NP0106 3 7 .2 3023. 0 .17 2 .5 0
NP0107 3 7 .2 1144. 2 . 2 1 4 .1 7
NP0108 3 6 .7 1056. 3 .4 3 4 .1 7
NPOIO9 3 6 .0 920 . 1 .4 4 3 .33
NPOllO 3 6 .0 893 . 7 .3 6 4 .1 7
N PO lll 3 5 .9 2784. 0 .4 4 2 .5 0
NP0112 3 5 .9 747 . 3 .0 5 3 .3 3
NPOII3 3 5 .9 740. 9 .0 5 4 .1 7

Propane--n -B u tane  M ix tu re 1
( 63% P ropane— 37^ n -B u tan e )

D a ta  No. P re s s u r e
p s i a B tu / f t2 h r  F

AT, F X ,  f t

MXOlOl 1 4 6 .4 732 . 1 .9 3 0 .83
MX0102 1 4 6 .4 167 . 9 .1 2 2 .5 0
MXOIO3 1 4 6 .4 91 . 1 2 .1 0 3 ,3 3
MX0104 1 4 6 .4 186. 1 2 .5 5 4 .1 7

MXOIO5 174. 272 . 6 .92 2 .5 0
MXOIO6 174 . 115 . 1 3 .1 4 3 .33
MXOIO7 174. 271 . 14 .52 4 .1 7
MX0108 176. 1346. 2 .6 6 0 .83
MXOIO9 176. 211. 10 .9 6 2 .5 0
MXOllO 176. 231 . 11 .99 3 .33
MXOlll 176 . 290 . 13 .83 4 .1 7m o i i 2 175. 1623. 1 .7 9 0 .83
MXOII3 175 . 221. 8 .31 2 .5 0
MX0114 175. 9 4 . 10 .66 3 .33
MXOII5 175. 244. 13 .29 4 .1 7

MXOII6 185. 852 . 4 .6 9 0 ,83
MX0117 185. 333. 8 .9 8 2 .5 0
MX0118 185. 372 . 9 .7 5 3 .3 3
MXOII9 185. 438 . 11 .32 4 .1 7
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P ro p an e-n -B u tan e  M ix tu re  1 
( 63^  P ro p an e— 37^ n -B u ta n e )— C ontinued

D ata  No. P re s s u re
p s i a

hx
B tu /f tZ h r  F

AT, P X, f t

r/DC0120 207. 823. 1 .23 2 .5 0
M 0121 207. 202. 11 .91 4 .1 7
MX0122 2 0 3 . 783. 1 .21 2 .5 0
MXOI23 20 3 . 137. 13 .53 3 .3 3
r/IX0124 203 . 281. 1 6 .5 5 4 .1 7
MX0125 202. 1835. 0 .69 0 .83
MX0126 202. 182. 10 .72 2 .5 0
MX0127 202. 24 3 . 11 .93 3 .3 3
MX0128 202. 327 . 15 .52 4 .1 7
MXOI29 200. 481. 5.71 0 .83
MXOI30 200. 340. 8 .7 8 2 .5 0
MXOI3I 200. 4 l4 . 10 .43 3 .3 3
MXOI32 200. 4 4 3 . 12 .47 4 .1 7
M O I33 203 . 713 . 12 .70 0 .83
MXOI34 2 0 3 . 427 . 1 0 .5 4 2 .5 0
MXOI35 2 0 3 . 595. 1 0 .2 5 3 .3 3
MXOI36 2 0 3 . 691. 10 .88 4 .1 7

MXOI37 242. 1167. 0 .97 0 .83
MXOI38 242. 184. 6 .1 9 2 .5 0
MXOI39 242 . 187. 12 .99 4 .1 7

MX0140 264. 336. 4 .11 2 .5 0
MX0141 264. 246. 9 .72 3 .3 3
M 0142 264. 338. 14 .68 4 .1 7

P ro p an e-n -B u tan e  M ix tu re  2 
(195 P ro p an e—99% n -B u ta n e )

D ata  No, P re s s u re
psia hx

B tu / f t2 h r  P
2 iT , P X# ft

MX 02 01 
MX 02 02 
MXO203

165 .
1 6 8 .
1 6 8 .

753 .
4 7 7 .
575.

3 .5 9
3 .0 3
5 .50

4 .1 7
.3 3
.17i
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P ro p a n e -n -Butane M ix tu re  3
(4-3^ P ropane— 57?S n -B u ta n e )

D ata  No. P re s s u re
p s i a

hx
B tu / f t2 h r  F

AT, P X ,  f t

1.̂ X0301 185. 1188. 2 .6 9 0 .8 3
MXO302 185 . 366. 6 .3 4 2 .5 0
r.^0303 185 . 338. 7 .8 8 3 .3 3
I.’X0304 185. 486. 9 .3 0 4 .1 7

P ro p a n e -n -P e n ta n e  M ix tu re  1 
(1 ^  P ropane— 99^ n -P e n ta n e )

D a ta  No, P re s s u re
p s i a B tu / f t ^ h r  F

AT, F X ,  f t

MX0401
MX0402

7 5 .3
7 5 .3

129.
1152.

4 .9 8
0 .5 8

2 .5 0
4 .1 7

P ro p a n e -n -P e n ta n e  M ix tu re  3 
(38 “̂  P ro p an e— 629S n -P e n ta n e )

Data No. P re s s u repsia hx
B tu / f t2 h r  F

a t , f X, f t

MXO6OI 2 2 3 . 587. 2 .2 6 0 .8 3
MX0602 2 2 3 . 151 . 8 .5 9 2 .5 0
MXO603 2 2 3 . 171. 12 .03 3 .33
MX0604 2 2 0 .5 210. 8 .3 9 2 .5 0
MXO605 221. 315. 5 .2 4 3 .3 3
MXO606 221. 201. 9 .8 8 4 .1 7

MXO607 283. 387. 3 .26 2 .5 0
MXO6O8 283. 2 29 . 8 .6 9 3 .3 3
MXO609 283. 2 57 . 2 2 .6 8 4 .1 7
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P ro p a n e - n - P e n ta n e  M ix tu re  4
( 65^  P ropane— 35*  ̂ n -P e n ta n e )

D a ta  No. P re s s u r e
p s i a

,i^x. 
B tu / f t ^ h r  P

aT, F X, f t

MXO7 OI 170 . 3028. 0 .33 2 .5 0
MXO702 170 . 6620. 0.21 3 .3 3
MXO703 170. 514. 3 .69 4 .1 7
MXO704 1 7 0 . 1537. 0 .74 2 .5 0
MXO705 170. 467. 4 .5 7 Ü .I7
MXO706 1 72 . 945 . 1 .33 2 .5 0
MXO707 172. 530. 2 .6 8 3 .3 3
MXO7 O8 172 . 4 2 9 . 5 .25 4 .1 7
MXO709 1 6 9 . 379. 4 .9 6 2 .5 0
MXO7IO 1 6 9 . 911 . 3 .52 3 .3 3
MXO7 I I 1 6 9 . 514. 5 .83 4 .1 7
MXO712 1 7 1 . 302. 5 .52 0 .8 3
MXO713 171. 432 . 5 .19 2 .5 0
MX0714 171. 484 . 6 .28 4 .1 7

MXO715 2 2 5 . 428. 3 .83 2 .5 0
MXO716 2 2 5 . 1104. 3 .61 3 .3 3
MXO717 2 2 5 . 490 . 9 .31 4 .1 7
MXO718 2 2 7 . 385. 5 .49 2 .5 0
MXO719 2 2 7 . 1022. 4 .7 5 3 .3 3
MXO720 2 2 7 . 460 . 10 .78 4 .1 7

MXO72I 2 9 1 .5 4 7 2 . 3 .49 2 .5 0
MXO722 2 9 1 .5 1107. 4 .11 3 .3 3
MXO723 2 9 1 .5 428 . 13.32 4 .1 7
MXO724 285 „ 431 . 5 .17 2 .5 0
MXO725 285 . 520. 7 .73 3 .3 3
MXO726 285. 4 4 9 . 12 .62 4 .1 7


