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I n t r o d u c t i o n  

A s  a n  a l t e r n a t i v e  t o  e l e c t r i c  power g e n e r a r i o n  by non-renewable energy 

s o u r c e s  such  as g a s ,  o i l  and c o a l ,  geothermal  b r i n e s  can be  used as hea t  

s o u r c e s  i n  power cyc le s .  I n  one d e s i g n ,  t h e  d r y  steam f l a s h e d  from t h e  

b r i n e  is  expanded i n  a t u r b i n e .  S i n c e  geothermal  tempera tures  a re  much 

lower  than  t h o s e  used i n  conven t iona l  steam power g e n e r a t i o n ,  t h e  use  of a 

working  f l u i d  w i t h  a c r i t i c a l  t empera tu re  much lower t h a n  t h a t  of steam has  

been  advoca ted .  Pu re  i s o b u t a n e  w a s  t h e  f i r s t  cho ice  of  working f l u i d .  By 

u s i n g  a m i x t u r e  of i s o b u t a n e  and i s o p e n t a n e ,  however,  two advantages  a r e  

o b t a i n e d :  t h e  l o c a t i o n  of t h e  c r i t i c a l  p o i n t  can be  opt imized by modifying 

t h e  compos i t ion ;  and t h e  performance of t h e  h e a t  exchanger  i s  improved 

because  t h e  m i x t u r e ,  c o n t r a r y  t o  t h e  pu re  f l u i d ,  undergoes t h e  i s o b a r i c  

phase  t r a n s i t i o n  from l i q u i d  d e n s i t y  t o  s u b c r i t i c a l  d e n s i t y  ove r  a range 

of t e m p e r a t u r e s ,  r a t h e r  t han  a b r u p t l y .  Fu r  t h e s e  r easons ,  t h e  demonst ra t ion  

p r o j e c t  which i s  b e i n g  c o n s t r u c t e d  under  sponsor sh ip  of t h e  Department of 

Energy w i l l  u s e  a 90 mol Z i s o b u t a n e  - 10 n o 1  % i sopen tane  mixture  as 

a working  f l u i d .  

1 

I n  t h e  d e s i g n  of t h e  power c y c l e ,  i t  i s  n e c e s s a r y  t o  have in fo rma t ion  

on t h e  thermodynamic and  t r a n s p o r t  p r o p e r t i e s  of t h e  working f l u i d .  Fo r  

t he  p a s t  s i x  y e a r s ,  g roups  a t  t h e  N a t i o n a l  Bureau of  S tanda rds  have worked 

a t  o b t a i n i n g  t h e  d a t a  b a s e ,  v a l i d a t i n g  e x i s t i n g  d a t a  and models and developing  

correlat ive and p r e d i c t i v e  methods f o r  e s t a b l i s h i n g  t h e s e  p rope r ty  v a l u e s .  

T h i s  r e p o r t  c o n t a i n s  t h e  d a t a  o b t a i n e d  under  t h i s  c o n t r a c t ,  t h e i r  e v a l u a t i o n ,  

and t h e  p r e d i c t i v e  methods,  p r e v i o u s l y  e x i s t i n g  ones  as w e l l  as t h o s e  developed 

f o r  t h i s  p r o j e c t .  The r e p o r t  c o n s i s t s  of t h r e e  p a r t s ,  two r e f e r r i n g  t o  t h e  

therniodynamic, t h e  t h i r d  t o  t h e  t r a n s p o r t  p r o p e r t i e s .  The approaches used i n  

t h e  two cases 

no predictive 

are socicwhat d i f f e r e n t .  I n  t h e  c a s e  of  t h e  thermodynamTc p r o p c r t i t s ,  

methods wtre a v a i l a b l e  even f o r  pu re  i sobu tane ,  l e t  a lone  f o r  

1 



t h e  mix tu res .  Thus, i n  t h e  e a r l y  s t a g e s  o f  t h e  work, t h e  vapor  p r e s s u r e  

and s e v e r a l  PV i so the rms  of  s u p e r c r i t i c a l  and l i q u i d  i sobu tane  were 

measured. 2 s 3 ’ 4  

from t h e  body of  d a t a  a v a i l a b l e  in t h e  l i t e r a t u r e ,  5 * 6  

v a l i d a t e d  d a t a ,  a thermodynamic s u r f a c e  w a s  cons t ruc t ed .  

no t  a c c u r a t e  i n  t h e  c r i t i c a l  reg ion .  

r e n o r m a l i z a t i o n  group theo ry ,  a separate n o n c l a s s i c a l  ( s c a l e d )  s u r f a c e  w a s  

c o n s t r u c t e d  f o r  t h e  c r i t i ca l  r e g i o n .  

T h i s  enabled  NBS s c i e n t i s t s  t o  select  t h e  r e l i a b l e  d a t a  

On t h e  b a s i s  o f  t h e s e  

This s u r f a c e  was 

On t h e  b a s i s  of t h e  Wilson-Kadanoff 

7 

For t h e  i sobutane- i sopentane  mix tu res ,  t h e  f i r s t  s t e p  was t o  o b t a i n  

(P,x,T) d a t a  f o r  t h e  c r i t i c a l  l i n e .  I n  t h e  p rocess ,  t h e  c r i t i c a l  p o i n t  of 

p u r e  i s o p e n t a n e ,  and vapor  p r e s s u r e  d a t a  between 370 K and t h e  c r i t i c a l  p o i n t  

(408 K) were measured. I n  a d d i t i o n ,  t h e  p r e s s u r e s ,  d e n s i t i e s  and composi t ions 

of c o e x i s t i n g  phases  of n i x t u r e s  of approximate ly  50 n o 1  % i sobu tane  - 

50 mol % i s o p e n t a n e  were measured i n  t h e  range  of 290-325 R. 

framework of a n o t h e r  c o n t r a c t ,  a g l o b a l  thermodynamic s u r f a c e  w a s  developed 

on t h e  b a s i s  of t h e  p r i n c i p l e  of g e n e r a l i z e d  cor responding  s t a t e s .  In 

p a r t  I1 of t h i s  r e p o r t ,  t h s  d a t a  f o r  pu re  i sopen tane  and f o r  t h e  c r i t i c a l  

l i n e  a re  used t o  deve lop  a n o n c l a s s i c a l  ( s c a l e d )  thermodynamic s u r f a c e  

f o r  t h e  mix tu res .  Th i s  s u r f a c e  w a s  in tended  t o  b e  v a l i d  w i t h i n  a range 

o f  approximate ly  3 K below t o  30 K above t h e  c r i t i c a l  l i n e .  

compare t h e  s c a l e d  s u r f a c e  f o r  t h e  mix tu re  w i t h  t h e  g l o b a l  s u r f a c e  

r e p o r t e d  e l sewhere .  * ”  U n f o r t u n a t e l y ,  t h e  agreement i s  not  good. Our 

c o n c l u s i o n  i s  t h a t  t h e  s c a l e d  s u r f a c e  needs f u r t h e r  b a s i c  work. 

Within t h e  

We w i l l  

The work on t h e  t r a n s p o r t  p r o p e r t i e s  has  been developed from a 

d i f f e r e n t  p e r s p e c t i v e .  P r e d i c t i v e  t echn iques  f o r  t h e  t r a n s p o r t  p r o p e r t i e s  

of hydrocarbon f l u i d s  were a v a i l a b l e  a t  t h e  o n s e t  of t h i s  p r o j e c t  i n  the  

form of t h e  program T W P  developed 5y NBS sc i en t i s t s1oy11  on t h e  b a s i s  o f  
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g e n e r a l i z e d  cor responding  states. The exper imenta l  program on t r a n s p o r t  

p r o p e r t i e s  was t h e r e f o r e  d i r e c t e d  a t  v a l i d a t i o n ’ o f  t h e  TRAPP program f o r  

pure‘ f l u i d s  and m i x t u r e s ,  o v e r  a s  l a r g e  a range  of  reduced tempera tures  and 

p r e s s u r e s  a s  e x p e r i m e n t a l l y  f e a s i b l e .  S i n c e  t h e  a v a i l a b l e  v iscometer  has  an 

upper  t e m p e r a t u r e  l i m i t  of 320 K ,  i n i t i a l l y  c ryogenic  f l ~ i d s ’ * - ~ ’  and some 

of t h e i r  m i x t u r e s  18-20 such  as n i t r o g e n ,  methane and e t h a n e  were s t u d i e d .  

T h i s  work l e d  t o  t h e  c o n c l u s i o n  t h a t  t h e  program TRAPP p r e d i c t s  v i s c o s i t i e s  

c o r r e c t l y  on t h e  5 5% l e v e l  f o r  d e n s i t i e s  s m a l l e r  t h a n  20 . 
C 

I n  t h e  second h a l f  of t h e  work, however, e x p e r i m e n t a l  s t u d i e s  were 

done of t h e  two i somers  normal b u t a n e  and i s o b u t a n e .  21 It w a s  then  found t h a t  

t h e r e  i s  a r a t h e r  s u b s t a n t i a l  i s o m e r i c  e f f e c t  i n  t h e  v i s c o s i t i e s  of the l i q u i d  

t h a t  i s  n o t  w e l l  p r e d i c t e d  by t h e  program TRAPP. An a l t e r n a t i v e  f o r n n l a t i o n  

of  t h e  v i s c o s i t y  of  l i q u i d  i s o b u t a n e  i s  proposed. T h i s  s t u d y  of t h e  

t r a n s p o r t  p r o p e r t i e s  of hydrocarbons h a s  enabled  u s  t o  i d e n t i f y  t h e  

r a n g e s  of e x p e r i m e n t a l  parameters  i n  which t h e  r e s u l t s  of t h e  prograrr! 

TRAPP can be used w i t h  conf idence .  

I n  t h e  f i r s t  two p a r t s  of  t h i s  r e p o r t ,  w e  w i l l  p r e s e n t  t h e  exper imenta l  

thermodynamic d a t a  o b t a i n e d  under  t h i s  c o n t r a c t ,  and g i v e  t h e  r e s u l t s  of t h e  

cor re la t ions  developed w i t h  e s t i m a t e s  of t h e i r  r e l i a b i l i t y .  I n  t h c  t h i r d  

p a r t ,  w e  w i l l  do s i m i l a r l y  for t h e  t r a n s p o r t  p r o p e r t i e s ,  and compare w i t h  

t h e  p r e d i c t i o n  of t h e  program TRAPP. In  Appendix A ,  w e  g i v e  a complete  

l i s t i n g  of t h e  p u b l i c a t i o n s  t h a t  have r e s u l t e d  from t h i s  p r o j e c t .  

3 



Part I 

Thermodynamic P r o p e r t i e s  of I sobu tane  and Isobutane-Tsopentane Mixtures  

1. Exper imenta l  d a t a  o b t a i n e d  under t h i s  c o n t r a c t  

1.1 Summary of  B u r n e t t  PVT d a t a  f o r  i s o b u t a n e  

I n  a h i g h - q u a l i t y  Burne t t  PVT a p p a r a t u s ,  expans ions  were performed a long  

two i so the rms  i n  t h e  s u p e r c r i t i c a l  f l u i d  and a l o n g  two i so the rms  i n  t h e  

s u b c r i t i c a l  vapor  f o r  a 99.38% pure  s a m p l e  of  i sobu tane .  In  a d d i t i o n ,  t h e  

vapor  p r e s s u r e  of  i s o b u t a n e  w a s  neasured  from 298.15 t o  398.15 K. 

have been pub l i shed ,  w i t h  a n  assessmat  of t h e  r e l i a b i l i t y  of t h e  d a t a .  2 y 3  

s u p e r c r i t i c a l  PVT d a t a  are  l i s t e d  i n  Tab le  11, t h e  v i r i a l  c o e f f i c i e n t s  a t  

t h e  f o u r  t empera tu res  i n  Tab le  1 2 ,  and t h e  vapor  p r e s s u r e  i n  Tab le  13. The 

a u t h o r s  estimate t h e  inaccuracy  of p r e s s u r e s  above 0 .5  >Pa as O.Cl%. The 

inaccuracy  of d e n s i t i e s  and c o m p r e s s i b i l i t y  f a c t o r s  i s  a t  most an  o r d e r  of  

magnitude l a r g e r .  

A l l  r e s u l t s  

The 

1 .2  C r i t i c a l - p o i n t  and c r i t i c a l - l i n e  d a t a  on i s o b u t a n e ,  i s o p e n t a n e  a d  

t h e i r  mix tu res  
\ 

1 . 2 . 1  V i s u a l  C e l l  

For  o b s e r v a t i o n  of t h e  meniscus d i sappea rance  i n  samples of i s o b u t a n e ,  

i s o p e n t a n e  and t h ? i r  mix tu res ,  a s i m p l e  o p t i c a l  c e l l  was c o n s t r u c t e d  (Fig.  11). 

It c o n s i s t s  of a s t a i n l e s s - s t e e l - 3 1 6  r i n g ,  o f  i n n e r  diameter  2.54 c m ,  t h i c k n e s s  

1 . 2 7  cm, sandwiched between two c i s c u l a r  s a p p h i r e  windows (of d i ame te r  5 cm, 

t h i c k n e s s  3 mm) by  means of  an aluminum c l a m p .  T in  f o i l  o f  0 .25 mm thickr?ess  

s e r v e s  as a g a s k e t .  T h i s  way, a disk-shaped c e l l  of nominal ly  6.5 cm3 volume 

i s  formed. The d i n e n s i o n s  of  t h e  r i n g  were c a l i b r a t e d  a t  20 O C  by t h e  NBS 

Netrolog:)’ D iv i s ion .  Fron? t h e  c a l i b r a t i o n ,  t h e  volume of  t h e  c e l l  a t  20 “ C  

was c a l c u l a t e d  t o  b e  6 . 4 4 8 4  cm , w i t h  an  u n c e r t a l n t y  of 0 .1%; t h e  th ickr ,ess  3 
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of t h e  t i n  f o i l  gaske t  has  been t aken  i n t o  account .  The c e l l  c o n t a i n s  a 

s t i r r e r ,  a so f t -magne t i c - s t ee l  rod which i s  moved around by means of a 

hand-operated e x t e r n a l  magnet. The volume o f  t h e  s t i r r e r  i s  126 mm . One 

end of a c a p i l i a r y  of 1 . 6  mm o u t e r  d i ame te r ,  0.b5 mm i n n e r  d i ame te r  and 

8 c m  l e n g t h  i s  welded i n t o  t h e  r i n g .  The o t h e r  end i s  s e a l e d  o f f  by means of  

a m i n i a t u r e  p r e s s u r e  v a l v e .  The combined volume i n  l i n e  and v a l v e  i s  2 2  mm , 

as c a l c u l a t e d  from t h e  d imens ions .  The c o e f f i c i e n t s  of  thermal  expansion of 

t h e  s t e e l  r i n g ,  which d e t e r n i n e s  t h e  c e l l  volume a t  t empera tu res  o t h e r  t han  

20 OC, i s  assumed t o  be 16 .5  x p e r  E; i n  t h e  range  of 20-200 " C .  This  

c o n c l u s i o n  w a s  reached  on t h e  b a s i s  of thermal  expansion d a t a  f o r  s t a i n l e s s  

s t e e l  304 i n  Ref .  2 2 ,  and t h e  o b s e r v a t i o n ,  i n  Ref.  2 3 ,  t h a t  t h e  s t a i n l e s s  

s t e e l s  304 and 316 have i d e n t i c a l  expans ion  c o e f f i c i e n t s  below 300 K. 

3 

3 

The assembled c e l l  and v a l v e  have a mass of j u s t  over  400 g .  The 

sample mass,  t y p i c a l l y  of t h e  o r d e r  of  1 . 5  g ,  i s  determined by weighings 

of t h e  empty and t h e  f i l l e d  c e l l  on a 1-kg ba lance  w i t h  r e s o l u t i o n  of 0 .5  rig. 

The c e l l  i s  connected t o  a mani fo ld  t h a t  c o n t a i n s  a m i n i a t u r e  Sensotech" 

s t r a i n - g a g e  p r e s s u r e  t r a n s d u c e r  and a n o t h e r  v a l v e  (F ig .  I 1). Sample gas  

ven ted  from t h e  c e l l  i s  cap tu red  above water  i n  an  i n v e r t e d  g radua ted  

c y l i n d e r .  The p r e s s u r e  t r a n s d u c e r  w a s  claimed by t h e  manufac turer  t o  be  

p r e c i s e  t o  0.1% i n  a t empera tu re  range  up t o  200 " C .  The arrangement of 

F ig .  1 p e r m i t s  i n - s i t u  c a l i b r a t i o n  of  t h e  p r e s s u r e  t r a n s d u c e r  w i t h  r e s p e c t  

t o  a dead-weight gage.  We found t h e  t r a n s d u c e r  performance s a t i s f a c t o r y  a t  

room t e m p e r a t u r e ;  p r e s s u r e  measurements a t  t empera tu res  above 130  'C, however, 

were hampered by s t r o n g  d r i f t s  of t h e  t r a n s d u c e r ,  o f t e n  as much as 10 kPa 

(0.1 b a r )  p e r  day;  t h e s e  measurements are t h e r e f o r e  no t  as r e l i a b l e  as w e  had 

hoped them t o  be  on t h e  b a s i s  o f  t h e  m a n u f a c t u r e r ' s  c l a im.  I n  t h e  measurrments 

on p u r e  i s o p c n t a n e ,  however, we mounted t h e  p r e s s u r e  t r ansduce r  o u t s i d e  t h e  

b a t h ,  s o  t h a t  t h e s e  p r e s s u r e s  hnvi, b c t t e r  r t l i a b i l i c y  tlian t h o s e  of rhc  mix tu res .  
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The measurement procedure is to weigh in the required amount of 

lsopentane, and then put in the matching amount of isobutane by means of a 

volume pump, so as to obtain a mixture of the desired composition at an 

overall fill density 5-10% above the estimated critical value. 

of isobutane and isopentane are obtained by weighing. 

hooked up to the manifold and placed inside a commercial "visibility bath" 

fflled with a low-vapor-pressure silicone oil; the temperature of the bath 

I s  controlled to a few hundredths K. The mixture is heated until the meniscus 

disappears from the cell at the top. 

while the line and pressure transducer sections are evacuated. 

expanded inbo the pressure transducer section. 

mixture does not phase-separate in the cell. 

with about 5% decrease in density. 

expansion, although this was done most of the time. 

the fluid is now ccoled in steps, and the pressure and temperature measured, 

until a dark brown color in the cell betrays the closeness of a phase 

separation. 

the meniscus appears. The meniscus level, at first appearance, and after 

vigorous stirring, is read with a cathetometer. It w i l l  generally be in 

the upper part of the cell. The cell is then heated until well into the 

one-phase region, while the fluid in the transducer is expanded into the 

inverted graduated cylinder (approximately 20 cm 

After the vent valve is closed, the sequence of pressure measurements and 

meniscus level determination is repeated. The critical point temperature and 

density are obtained by interpolating in the meniscus level measurements for 

meniscus disappearance at mid-level in the cell (after allowances for the 

capillary, valve and stirrer volumes are made). The critical pressure is 

obtained by extrapolating the isochoric pressures to the transition points, 

and interpolating between Lsochores. 

The amounts 

The cell is then 

The cell is then heated several degrees 

The fluid is 

Care is taken that the 

A full expansion corresponds 

It is not necessary to do a complete 

With the cell valve open, 

The cell valve is then closed and the temperature lowered until 

3 at room temperature). 

In several instances we stopped the 

6 
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sequence when the meniscus disappeared at mid-level, and immediately, in situ, 

calibrated the transducer with respect to a calibrated dead-weight gage. 

This alleviated somewhat the problems that were caused by the strong drift 

of the pressure transducer. The barometric pressure is read on an aneroid 

gage wiTh a resolution of 25 urn of mercury. 

After all measurements are completed, the cell is removed, cleaned and 

weighed, after which the remaining sample is blown off and the empty cell 

weighed again. 

are calculated from the gasometry data, corrected for gas nonideality. 

of a successful series of measurements is that the gasometry data add up to 

the weight lbss observed. 

between the gasometry and weight data exceeded 15 mg. 

retained, the agreement was usually an order better than that.) 

uncertainty larger than 1% in the reported density results. 

The amounts released from the cell during the measurements 

Proof 

We have rejected those runs in which the mismatch 

(For those runs we 

Therefore, no 

The data obtained with this apparatus are summarized in Table I 4 (isochoric 

PpT data), Table I 5 (critical-line data), Table I 6 (vapor pressure of pure 

isopentane) and Table I 7 (dew-bubble data). We estimate the reliability of 

the data to b e  on the level of 20 mK in temperature, 4 kPa in pressure, 1% in 

density and 0..001 in composition. 

The isopentane used in this work was Phillips* research grade of 99.99+ mol 

percent claimed purity, the isobutane was Phillips* research grade, claimed t o  

be at least 99.9% pure. The isobutane liquid was analyzed by chromatography 

after the measurements of the isobutane vapor pressure and found to contain 

30 ppm of nitrogen and 300 ppm of propane. 

be determined. 

The n-butane content could not 

The isopentane was kept at atmospheric pressure and must therefore 

have contained some dissolved air. When introducing it as the first component 

into the visual-cell, we always overfilled and blew off some vapor by mild 

heating of the cell, thus eliminating most of the volatiles. 
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1.3 VLE d a t a  

A schemat i c  o f  t h e  VLE ce l l  and manifold is g iven  i n  Fig.  I 2. The 

p r e s s u r e  c e l l  is a s a p p h i r e  tube ;  s t a i n l e s s - s t e e l  p lugs  i n s e r t e d  in t h e  t u b e  

a t  b o t h  ends  seal  i t  by means o f  Samples are in t roduced  from a 

thermal-  compressor  which i s  removable and i s  f i l l e d  from a gas  b u r e t ;  t h e  

.amounts o f  t h e  components of a mix tu re  are de termined  by weighing. 

composi t ions  t h u s  o b t a i n e d  are r e l i a b l e  t o  2 0.0002 i n  mole f r a c t i o n .  

Mercury f i l l s  a c a l i b r a t e d  i n j e c t o r  pump, t h e  cap i l la r ies  and p a r t  of t h e  

sample c e l l  (F ig .  I 2). It is used t o  d i s p l a c e  t h e  sample  from t h e  thermal  

compressor  i n t o  t h e  ce l l ,  t o  serve as a p r e s s u r e - t r a n s m i t t i n g  medium and t o  

The 

25 

fill a l l  noxious volumes, so t h a t  t h e  mix tu re  s a m p l e  is s t r i c t l y  conf ined  t o  

t h e  s a p p h i r e  tube .  The b o r e  of t h e  s a p p h i r e  t u b e  w a s  c a l i b r a t e d  ove r  i t s  

l e n g t h  by means of t r i p l e - d i s t i l l e d  mercury; t h a t  of t h e  i n j e c t o r  pump was 

s i m i l a r l y  c a l i b r a t e d  by means of decane,  t h e  d e n s i t y  of which was d e t s m i n e d  

by pycnometry. The pump is c a l i b r a t e d  to - + 2 mm . The p r e s s u r e  i s  measured 

by means o f  a Validyne’k p r e s s u r e  t r a n s d u c e r ,  k e p t  a t  ambient tempera ture  and 

c a l i b r a t e d  w i t h  respect t o  a dead-weight tester.  The t r ansduce r  is  f i l l e d  

w i t h  mercury i n  o r d e r  t o  e l i m i n a t e  noxious  volumes. P r e s s u r e s  are measured 

t o  0.1% and head c o r r e c t i o n s  are made. The b a r o m e t r i c  p r e s s u r e  is read  on 

an a n e r o i d  gage w i t h  a r e s o l u t i o n  of  25 u m  of  mercury. 

immersed i n  a s t i r r e d  water b a t h ,  c o n t r o l l e d  t o  b e t t e r  than  1 mK. The 

tempera. ture  is read  on a q u a r t z  thermometer c a l i b r a t e d  w i t h  respect t o  

3 

The system is 

a s t a n d a r d  p la t inum r e s i s t a n c e  thermometer. The tempera ture  r e s o l u t i o n  is  

0.3 aX, t h e  accuracy  1 mK. 

VLE measurements are o b t a i n e d  by measuring t h e  meniscus l e v e l s  of 

mercury and t h e  vapor - l iqu id  i n t e r f a c e  of a predetermined amount of mix tu re  

p repa red  g r a v i m e t r i c a l l y ,  a t  measured v a l u e s  of pressure and tempera ture .  



A t  f i xed  P and T,  t h e  composi t ions  and d e n s i t i e s  of  c o e x i s t i n g  phases  a re  

n o n v a r i a n t s .  By i n t r o d u c i n g  a t  l e a s t  two samples of d i f f e r e n t  known 

composi t ions ,  t h e  d e n s i t i e s  of t h e  c o e x i s t i n g  phases  can b e  c a l c u l a t e d  from 

t h e  observed phase volumes and t h e  known t o t a l  mass. 26 

d e n s i t i e s  l i s t e d  i n  Table  I 8 were o b t a i n e d .  I n  t h i s  t e m p e r a t u r e  range ,  t h e  

vapor  d e n s i t i e s  a r e  t o o  low t o  b e  o b t a i n e d  w i t h  any accuracy  by t h i s  method. 

I n  t h i s  way, t h e  l i q u i d  

The VLE d a t a  have been proven h i g h l y  u s e f u l  i n  t h e  c o n s t r u c t i o n  of  a 

thermodynamic s u r f a c e ,  which is  under way under  a d i f f e r e n t  c o n t r a c t .  

2.  Thermodynamic s u r f a c e s  f o r  i s o b u t a n e  and f o r  i sobutane- i sopentane  m i x t u r e s  

2 . 1  Global  thermodynamic s u r f a c e  f o r  i s o b u t a n e  

On t h e  b a s i s  of v a l i d a t e d  PVT d a t a  f o r  i s o b u t a n e ,  a thermodynamic s u r f a c e  

was  c o n s t r u c t e d  t h a t  spans the r a n g e  of 250-600 K a t  p r e s s u r e s  from 0.1 t o  40 ?Pa. 

The s u r f a c e ,  and a comparison w i t h  d a t a ,  a r e  d e s c r i b e d  i n  d e t a i l  i n  two p u b l i c a t i o n s  

by Waman and Gal lagher .  2 9 3  

g i v e  d e n s i t i e s  t h a t  a re ,  i n  g e n e r a l ,  r e l i a b l e  t o  approximate ly  0.1%. The 

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

c o n s t r a i n e d  t o  t h e  p h y s i c a l  c r i t i c a l  p o i n t  because  such  c o n s t r a i n t  u s u a l l y  

l e a d s  t o  a d e t e r i o r a t i o n  i n  o t h e r  areas, such a s  i n  t h e  s u p e r c r i t i c a l  r e g i o n .  

I n  a s m a l l  r e g i o n  around t h e  c r i t i c a l  p o i n t ,  d e f i n e d  by 

A t  g iven p r e s s u r e  and tempera ture ,  t h e  s u r f a c e  w i l l  

0.985 < Tc/T < 1.015 

and 0.7 < pc/p < 1.3 

t h e  s u r f a c e  should  n o t  b e  used. 

d e f i n i n g  t h e  s u r f a c e  i n  a d i m e n s i o n l e s s  form (Lef s .  2 and 3 are dimens iona l ) .  

The Helmholtz f u n c t i o n  i n  t h i s  form can b e  expressed  a s  

I n  this r e p o r t ,  w e  w i l l  g i v e  t h e  e q u a t i o n s  

- - - -  - - -  - - -  
A = A0(T) + A,(v,T)  + A ~ , T )  + A ~ ( v , T ) ,  

- 
where A, i s  the ideal gas c o n t r i b u t i o n ,  w r i t t e r .  i n  t h e  form: 

9 



- -  
A, V and are the dimensionless Helmholtz free energy, volume and temperature, 

- - 
- y2 y3 yo + y1 IlnT + - -t - Y'Z j? -8 

1 

v -  T -  

t o  be defined shortly. AO0 - AO9 and xo are dimensionless constants listed 

9 

- 
In Table 19. AI is the "hard sphere" contribution, of the form 

- 
+ -  T 

- 

I- -1 

Y I ( 6 )  



The dimensionless quantities are defined as follows: 

I(8)  
- 
T = T/T*, 
- v = v/v*, 

P = PIP*,  
- 
- 
A = A/A**,  
- 
s = s/s**,  

where T*, V*, P* are dimensioned reference values listed in Table 1 9 ,  and 

A**, S** dimensioned reduction factors for free energy and entropy, resp., 

derived from V*, T* and P*. Also required is the reduced gas constant 

R** = R/S**. I(9) 

The other tfiermodycamic functions can be obtained from combinations of the 

derivatives of with respect to v and r in the usual way, for instance: 

av T 

aT v 

and 

2 .2  Global thermodynamic surface for isobutane-isopentane mixtures 

A global  thermodynamic surface for isobutane-isopentane mixtures, 

based on the global surface for isobutane, described in Sec. 2.1, as a 

reference, and on a generalized principle of corresponding states, is 

being developed under a di f ferent contract. 

preliminary results are.sumnarized hcrc. 

The principal equations and 
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The first s t e p  i n  t h e  p r o c e s s  i s  t o  c o n s t r u c t  a thermodynamic s u r f a c e  

f o r  i sopen tane  based  on t h a t  o f  i s o b u t a n e  as a r e f e r e n c e .  We d e f i n e  t h e  ra t ios  

- c - c  
f "  = T5 / T 4  

- c - c  h" = V5 / V 4  , 

- c - c  
go = P5 /P4 , 

where t h e  s u b s c r i p t  5 refers t3 i sopen tane .  t h e  s u b s c r i p t  4 t o  i s o b u t a n e ,  and 

t h e  s u p e r s c r i p t  c i n d i c a t e s  a c r i t i c a l - p o i n t  value, w h i l e  t h e  s jmbol  V i n d i c a t e s  

a molar  volune.  The p r o p e r t i e s  of i sopen tane  are made d imens ion le s s  by  means 

of  t h e  same r e f e r e n c e  c o n s t a n t s  as t h o s e  of i s o b u t a n e  (Table  19). By o u r  

cho ice  of r e f e r e n c e  c o n s t a n t s ,  T4 , P 4  - c  - c  and v happen t o  b e  u n i t y .  4 
The p r i n c i p l e  of  co r re spocd ing  s ta tes  p o s t u l a t e s  f o r  t h e  c c m p r e s s i b i l i t y  

f a c t o r  I, = PV/KT: 

cf . and f o r  the c o n f i g u r z t i o n z l  !iclmhclrz f ree  energy  A . 

f o r  a l l  values o f  V ,  T .  I t  i n p l i e s  t h a t  

f "  = he  go . 
Since no t w o  s u t s t a n c e s  obey t h e  p r i n c i p l e  o f  cor responding  s t a t e s  

accurntclp, Rowlir,snn e t  ar.d Ldelana e t  a1 proposed t o  g e n e r a l i z e  

t h e  p r i n c i p l e  5s t h e  u s e  o f  t w o  functions, 9 ( V , T )  end  @ ( V , T )  t h a t  ensu re  a n  

ex,ict r ~ i ~ p i n g  ~f Z a n d  ,I from one subs t ance  t o  the  o t h e r .  

- -  - -  

c f  

1 2  



We d e f i n e  t h e s e  f u n c t i o n s  by means of 1 

1 

d and 

- - - - c f  (Ts, T5) = f x4 c f  (V4 - = Vs/h, T4 = T5/f) -R**Ts l n h  , I(17) AS 

w i t h  h g iven  by 

i n  such  a way t h a t  1 

a 

d e p a r t  s i g n i f i c a n t l y  from u n i t y .  

bl  have  been set  equa l  t o  u n i t y  because  t h e i r  f i t t e d  v a l u e s  d i d  no t  1' 

The thermodynamic s u r f a c e  of i sopen tane  is completely d e f i n e d  by: 

t h e  r e f e r e n c e  Helmholtz f u n c t i o n  f o r  i s o b u t a n e  (Table  I 9 ) ;  t h e  idea l -gas  

Helmholtz  f u n c t i o n  f o r  i sopen tane ,  ob ta ined  by i n t e r p o l a t i o n  i n  t h e  t a b l e  

of Scott3'; t h e  shape  f a c t o r s  a and $ c h a r a c t e r i z e d  by t h e  c o n s t a n t s  l i s t e d  

I n  Tab le  I 10; and t h c  c r i t i c a l  c o n s t a n t s  of i s o b u t a n e  and i s o p e n t a n c  l i s t e d  
1 

' 3  

We have used t h e  expe r imen ta l  d a t a  a v a i l a b l e  for t h e  vapor  p r e s s u r e  of 

i s o p e n t a n e  (Table  I 6) and f o r  c o e x i s t i n g  vapor  and l i q u i d  d e n s i t i e s  

de te rmined  by Young3' a t  t h e  t u r n  of t h e  cen tu ry  t o  c a l c u l a t e  p o i n t  values 

of  e ( V 4 , T 4 )  and +(F4,Y4). We have r e p r e s e n t e d  0 anG Q as s imple  f u n c t i o n s  

of d e n s i t y  and tempera ture :  

- -  

8 = al + a2(04 - 1) + a3(T4 - 1) 

and 
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i n  Tab le  1 11. Since  t h e  c r i t i ca l  t empera tu re  of  t h e  g l o b a l  i s o b u t a n e  s u r f a c e  

is about  2 K above t h e  p h y s i c a l  cri t ical  p o i n t , ’ a  s imi la r  o f f s e t  w i l l  occur  i n  

t h e  i s o p e n t a n e  s u r f a c e .  

The nex t  s t e p  i s  t h e  development of a thermodynamic s u r f a c e  f o r  t h e  

m i x t u r e s  o f  i s o b u t a n e  and i sopen tane .  This is achieved  by a g a i n  invoking t h e  

p r i n c i p l e  of cor responding  states. 

volume V 

f r e e  energy from t h a t  of i s o b u t a n e  by t h e  r e l a t i o n s  

For a mix tu re  of composi t ion x,  molar 

and t empera tu re  Tx w e  o b t a i n  t h e  molar  c o n f i g u r a t i o n a l  Helmholtz 
X 

and 
- - - c f -  - - c f  - 

Ax (Vx,  Tx> = f x  Ax (V4 = Vx/h, T4 = Tx/fx)  -R**Tx lnhx . 

Here hx, f are d e f i n e d  by 
X 

and 

i n  I(21). We C C 

x ’ Tx L e f t  :c h e  d e f i n e d  a r e  t h e  p s e u d o c r i t i c a l  c o n s t a n t s  V 

have used t h e  fo l l cwing  Van-der-Waals-type mixing r u l e s  

vxc = (1-x) 2 c  v4 + 2x(1-x)v45 C + x 2 vs c’ ’ 

Tx C = ( ~ - X ) ~ T ~ ‘  + 2 x ( l - ~ ) T ~ ~  C + x 2 c  T5 , 

w i t h  t h e  coxblning r u l e s  

1 4  



and 

where 

c 113 + (v5c')1/3 

l 3  
C (v4 1 

2 = k [  v4 5 

C c c , 1 / 2  
T5 ' T4 5 9 

= 11 [T4 

C '  = v5 C Z q C / Z 5  C . 
v5 

The g u i d e s  i n  e s t a b l i s h i n g  t h e  parameter  v a l u e s  of k and II a r e  t h e  e x p e r i m e n t a l  

d a t a  on t h e  c r i t i c a l  l i n e  and v a p o r - l i q u i d  e q u i l i b r i a .  Obta in ing  t h e  l o c a t i o n  

of t h e  r e a l  c r i t i c a l  l i n e  from t h e  s u r f a c e  d e f i n e d  by T(2) - I ( 2 5 )  i s  n o t  

t r i v i a l .  We developed a s e a r c h  method t h a t  l o c a t e s  t h e  z e r o  of (a -S /ax  )PT a s  

t h e  c r i t i c a l  l i n e  i s  approached from t h e  one-phase reg ion .  S i n c e  t h e  c r i t i c a l  

t e m p e r a t u r e s  of t h e  g l o b a l  s u r f a c e s  f o r  i s o b u t a n e  and i s o p e n t a n e  are about  2 I( 

h i 3 h e r  thnn t h e  p h y s i c a l  v a l u e s ,  w e  r e q u i r e d  f o r  t h e  c r i t i c a l  l i n e  of t h e  m i x t u r e  

s u r f a c e  t h a t  i t  b e  d i s p l a c e d  by a s i m i l a r  amount from t h e  measured va lues .  The 

p a r a m e t e r s  k ar,d 1 were opt imized  by t h i s  procedure  (Table I 1 2 ) .  

3 2 

The g l o b a l  s u r f a c e  s o  d e f i n e d  f o r  t h e  m i x t u r e  w a s  used i n  t h e  comparisons 

w i t h  t h e  c r i t i c a l - r e g i o n  s u r f a c e  developed w i t h i n  t h e  framework of t h i s  

c o n t r a c t  (Part .  11). 

2.3 A s c a l e d  them.odynanic s u r f a c e  f o r  t h e  c r i t i c a l  r e g i o n  of i s o b u t a n e  

The g l o b a l  themlodynamic s u r f a c e  t h a t  w e  developed f o r  i s o b u t a n e  i s  

i n a c c u r a t e  i n  t h e  immediate v i c i n i t y  of t h e  c r i t i c a l  p o i n t .  I n  a r e g i o n  of  

t h e  s i z e  

401.8 K < T < 414 K 

3 
- -  

I(26) and 

t h i s  s u r f a c e  should  n o t  b r  used.  The modern t h e o r y  of c r i t i c a l  phenomena has  

provi-ded us w i t h  t h e  t o o l s  t c  d e s c r i b z  t h e  c r i t i c a l  r e g i o n  of f l u i d s .  

173.4 - p 2 322 kg/m 

The 
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principle of critical-point universality implies that the critical anomalies 

of all fluids and fluid mixtures can be described by the same scaled therm- 
32,33 The dynamic potential save for two arbitrary scaling constants. 

renormalization-group approach initiated by Kadanof f 34 and formalized by 

Wilson" predicts the critical exponents and amplitude ratios of the scaled 

potential, and the form of the corrections to scaling36. 

been applied to a number of fluids,37 so that a brief summary may suffice 

This potential has 

here. For some of the details, we refer to Part I1 of t h i s  report. 

The scaled thermodynamic surface is a relationship between the intensive 

thermodynamic variables pressure P, chemical p-otential u and temperaturc T. 

I(27) 

where the "starred" and "barred" variables are those defined in Sec. 2.1. 
.. 

The fundamental equation yields the therrnodynmic potential P as a 
.. .. 

function of IJ and T and has the form - - - .. - - . ,  .. 
P = Po (T) + Ap + Pll AIJ AT + AP I(28) 

with A T = T + l ,  

1 - .. - -  
The functions P (T) and u (T) are represented by truncated Taylcr scries 

expansions 

0 

- -  3 -  
uo (TI = vC - + x itI (Ki) '  

j=1 
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and Po(T) = 1 + Z P (AT)J . J 3 =l 

- - - 
The singular part AP in I(28) is related t o  Ap and AT by means of two 

auxiliary (parametric) variables r and 8 

- 2 2  AT = r(1-b 8 ) - CCV , 
- 

- 
AP = r ako po(8) + r B('+l)+*i aklpl (e)  . 

2 Here 6, 6 aid A are universal critical exponents, b a universal parameter 

and a, c, k and k are constants that differ from substance to substance. 

The functions p (6) and p (e )  are universal quadratic polynomials in e given 

elsewhere. 33'37 The parameters of the revised and extended scaled potential 

P are listed in Table I 13. Most of the parameters were determined by a f i t  

1 

0 1 
2 

0 1 

- 
t o  Beattie's critical-region PVT data, supplemented by data points generated 

from the global surface in the region where the latter is still valid, but 

within the range of validity of the scaled equaticn. 

p2 and p3 of the chemical potential w e r e  obtained by fitting to c 

from the global surface in the same range. The coefficients u and b were 

obtained by setting the energy and entropy 'of the critical-region surface 

The expansion coefficients - .. 
data generated V 

C 1 
- - 

equal to those of the global surface at the reference point of 438 K in 

temperature and 205 kg/m3 in density. 

Detailed information on this surface and tables of thermodynamic properties 

generated from it can be fcund in R e f .  7. 

The critical-region surface matches with the global surface in the 

supcrcritical region very xcll. There are some problems in the subcritical 

region near the saturation tboundary. There are very few reliable data in that 

1 7  



region; a l s o  the  ranges of v a l i d i t y  of the global and the  c r i t i c a l  surface 

do  not overlap below T . 
C 
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P a r t  11 

A Scaled Fundamental Equation f o r  Mixtures of I sobutane  

and I sopen tane  nea r  t h e  Gas-Liquid Cr i t i ca l  Line 

1. I n t r o d u c t i o n  

I n  P a r t  I, Sec. 2.3 of t h i s  r e p o r t  we  d i scussed  how t h e  thermodynamic 

behav io r  of a pure f l u i d  near a c r i t i c a l  po in t  is r ep resen ted  by a non- 

classical  scaled p o t e n t i a l .  I n  t h i s  par t  of t h e  r e p o r t ,  we e x p l o r e  t h e  

a p p l i c a t i o n  of t h e  s c a l i n g  laws t o  f l u i d  mix tu res .  I n  p r i n c i p l e ,  t h i s  i s  

s t r a i g h t f o r w a r d :  c r i t i c a l - p o i n t  u n i v e r s a l i t y  i m p l i e s  t h a t  t he  p r o p e r t i e s  of 

a l l  sys tems i n  the  class of I s i n g - l i k e  system s c a l e  i n  the  same way. T h i s  

class encompasses not  on ly  f l u i d s  and f l u i d  m i x t u r e s ,  but a l s o  many o t h e r  

sys tems,  such as u n i a x i a l  f e r romagne t s  pas s ing  through t h e i r  Curie po in t  and 

b i n a r y  a l l o y s  undergoing an o rde r -d i so rde r  phase t r a n s i t i o n .  The gene ra l -  

i z a t i o n  from one-component t o  two-component f l u i d  mix tu res  was made by 

G r i f f i t h s  and Wheeler3’, who po in ted  ou t  t h a t  t h e  mix tu re ,  a t  cons t an t  

a c t i v i t y ,  scales l i k e  the  p u r e  f l u i d .  

deve loped  a model based on t h i s  p r i n c i p l e ,  and a p p l i e d  i t  t o  t h e  mixture  of 

3helium and helium. 

coworkers 40*41 t o  mix tu res  of carbon d iox ide  and hydrocarbons,  and t h o s e  of 

Chang and Doiron4* f o r  carbon d i o x i d e  - e t h a n e  mixtures .  In o r d e r  t o  app ly  

t h e  Leung-Grif f it h s  model, we have t o  begin  wi th  c o n s t r u c t i n g  s i m p l e  s c a l e d  

e q u a t i o n s  f o r  i s o b u t a n e  and i sopen tane .  The s c a l e d  equa t ion  c o n s t r u c t e d  i n  . 

Sec. 2 .3  c o n t a i n s  c o n t r i b u t i o n s  from l iqu id -vapor  asymmetry and c o r r e c t i o n s  t o  

s c a l i n g ;  t h e  L e u n g - G r i f f i t b  model, however, cannot handle  t h e s e  r e f inemen t s .  

Thus,  f o r  i s o b u t a n e  and i s o p e n t a n e ,  s imple  scaled p o t e n t i a l s  have t o  be 

Leung and G r i f f i t h s 3 ’  subsequen t ly  

4 Other a p p l i c a t i o n s  fo l lowed,  such as those  of Moldover 
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developed that treat l i q u i d  and 

s c a l i n g  are taken i n t o  account  

vapor i n  a symmetric f a sh ion ;  c o r r e c t i o n s  t o  

[I an approximate f a sh ion  by haviag t h e  l e a d i n g  

c r i t i ca l  exponents  assume average  va lues  that d e p a r t  somewhat from t h e i r  t r u e  

asymptot ic  va lues .  In Sec. 2 of t h i s  p a r t  of the report, = develop t h e s e  

thermodynamic p o t e n t i a l s  f o r  t h e  pure f l u i d s .  In Sec. 3, we develop t h e  

Leung-Gr i f f i ths  model and i n  Sec. 4 we compare t h e  model with exper imenta l  

data 

Since t h i s  part of t h e  r e p o r t  was developed independent ly  from the  f irst  

p a r t ,  t h e r e  are some redundancies  and some minor changes i n  n o t a t i o n  t h a t  have 

no t  been e l imina ted  f o r  t h e  sake of c l a r i t y  and independent  r e a d a b i l i t y  of 

this p a r t  of t he  r e p o r t .  

20 



2. Scaled  fundamental equa t ion  for one-component fluids 

2.1 C r i t i c a l  power laws 

Le t  T be t h e  tempera ture ,  p t h e  d e n s i t y ,  P t h e  p r e s s u r e ,  V t h e  volume, p 

t h e  chemical p o t e n t i a l  per mole, A the Helmholtz f r e e  energy ,  S t h e  en t ropy ,  H 

the en tha lpy ,  Cv t h e  hea t  c a p a c i t y  at c o n s t a n t  volume, C P the heat c a p a c i t y  a t  

c o n s t a n t  p r e s s u r e  and % E p 

p r a c t i c e  we f i n d  i t  convenient  t o  i n t r o d u c e  a symmetrized c o m p r e s s i b i l i t y  

d e f i n e d  as 

-1 (ap/aP), t h e  i s o t h e r m a l  c o m p r e s s i b i l i t y .  I n  

The thermodynamic p r o p e r t i e s  are -de d i m e n s i o n l e s s  by e x p r e s s i n g  them i n  

terms of t h e  c r i t i c a l  tempera ture  T,, t h e  c r i t i c a l  d e n s i t y  pc  and t h e  c r i t i ca l  

p r e s s u r e  Pc. 
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Note that t h e  reduced e x t e n s i v e  p r o p e r t i e s  x, 5, B, 8, 'Ep, EV are all taken 

p e r  u n i t  volume r a t h e r  than  p e r  u n i t  mass. The reason i s  t h a t  t he  s i n g u l a r  

p a r t  of the e x t e n s i v e  thermodynamic p r o p e r t i e s  per  u n i t  volume appear t o  be 

an approximate ly  syuimetrlc o r  an t i symmetr ic  f u n c t i o n  of p - pc  as shown i n  

earlier papers  43944. 

p - p,, whi le  t h e  c o m p r e s s i b i l i t y  y1: = x,/p2 is no t .  I n  a d d i t i o n  we 

I n t r o d u c e  t h e  reduced d i f  f e r e n c c s  

AS a consequence xT is also a symmetric func t ion  of 

A? = ?  + I ,  

A;=;; - 1 ,  

11 (3a)  

II(3b) 

To represent t h e  s i n g u l a r  thermodynamic behavior  of f l u i d s  i n  t h e  v i c i n -  

i t y  of t h e  cr i t ical  p o i n t ,  we first d e f i n e  c r i t i c a l  power laws. The exponenrs  

of t h e s e  power laws depend on the prope r ty  cons idered  and on the pa th  along 

which the c r i t i ca l  po in t  is approached. The most i s p o r t a n t  c r i t i c a l  power 

laws are 

(A; = 0, A? > 0) , 

( c o e x i s t e n c e  boundary) , 

(A; = 0, A? > 0) , 

(A? = 0) . 
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44 The c r i t i c a l  exponents  a, B, y ,  6 a r e  r e l a t e d  by the exponent r e l a t i o n s  

The v a l u e s  of t h e  c r i t i c a l  exponents are u n i v e r s a l ,  i.e., t hey  are t h e  Same f o r  

a l l  systems be longing  t o  the same u n i v e r s a l i t y  class.  Theory p r e d i c t s  t h a t  

f l u i d s  nea r  t h e  gas - l iqu id  c r i t i c a l  po in t  belong t o  t h e  u p i v c r s a l i t & c -  Qf 
2. 

3-dimensional I s i n g - l i k e  s y s ~ e r n s ~ ~ .  The exponents  f o r  t h i s  universality class 

are c u r r e n t l y  known wi th  c o n s i d e r a b l e  accuracy  45*46. It is noted t h a t  t h e  

c r i t i c a l  power laws de f ined  by II(4) are the l e a d i n g  terms of expans ions  around 

t h e  c r i t i c a l  p o i n t  33,47 

2.2 Linear-model fundamental e q u a t i o n  

a 
As our fundamental  e q u a t i o n  we cons ide r  the p o t e n t i a l  P as a f u n c t i o n  of 

CI 

T and i. T h i s  p o t e n t i a l  s a t i s f i e s  t h e  d i f f e r e n t i a l  e q u a t i o n  

To f o r m u l a t e  a scaled fundamental  equation for the thermodynamic prop- 

e r t ies  of f l u i d s  n e a r  the  c r i t i ca l  p o i n t  two procedures  are c u r r e n t l y  

a v a i l a b l e .  The o l d e s t  approach is t o  fo rmula t e  a s imple  s c a l e d  equa t ion  t h a t  

i n c o r p o r a t e s  t h e  c r i t i ca l  power l a w s  de f ined  in II(4) without ,  q n a n a l y t i c  

c o r r e c t i o n s  t o  t h e  power laws. We have found t h a t  t h i s  apptoitd; y i e l d s  a 

r easonab ly  a c c u r a t e  r e p r e s e n t a t i o n  of t h e  thermodynamic p r o p e r t i e s  of f l u i d s  

i n  the c r i t i c a l  r e g i o n ,  bu t  w i t h  e f f e c t i v e  va lues44  f o r  t h e  c r i t i c a l  exponents 

t h a t  d i f f e r  s l i g h t l y  from t h e  t h e o r e t i c a l  v a l u e s  45*46 c a l c u l a t e d  f o r  th@,wi- 

v e r s a l i t y  class of I s i n g - l i k e  systems. A more r i g o r o u s  *?oach is t o  f m u l a t e  

< *  e. 
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a r e v i s e d  and extended sca l ed  fundamental  equa t ion  t h a t  i n c o r p o r a t e s  t he  most 

impor tan t  c o r r e c t i o n  terms to  t h e  asymptot ic  critical power l a w s  33,37. T h i s  

r e v i s e d  and extended s c a l e d  fundamental  equa t ion  has been shown t o  y i e l d  a 

good r e p r e s e n t a t i o n  of t h e  thermodykamic p r o p e r t i e s  of v a r i o u s  f l u i d s  i n  t h e  

cri t ical  region37 i n c l u d i n g  i sobu tane7  . The L e u n g - G r i f f i t h s  model3' is a 

g e n e r a l i z a t i o n  of the s i m p l e  s ca l ed  fundamental  equa t ion  t o  mixtures .  A gen- 

e r a l i z a t i o n  of t h e  r e v i s e d  and extended sca l ed  fundamental equa t ion  t o  

mixtures  is no t  yet a v a i l a b l e .  Before we are a b l e  t o  apply t h e  Leung- 

G r i f f i t h s  model t o  i sobutane- i sopentane  mix tu res ,  we f i r s t  need t o  r e p r e s e n t  

the thermodynamic p r o p e r t i e s  of t h e  i n d i v i d u a l  components nea r  t h e i r  c r i t i ca l  

p o i n t s  in terms of a s imple sca l ed  fundamental  equa t ion .  

The p o t e n t i a l  ? is w r i t t e n  as t h e  sum of a r e g u l a r  p a r t  Fr and a sca l ed  

p a r t  Fs 

LI 

The ' f u n c t i o n s  ?r(A?,AG) in I I ( 7 )  and ;(pc,T) E vo(AQ) i n  II(3c) are a n a l y t i c  

f u n c t i o n s  t h a t  can be approximated by t r u n c a t e d  Tay lo r - se r i e s  expansions:  

T 

n 
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I n  o rde r  t o  s p e c i f y  t h e  sca led  part Fs of t h e  p o t e n t i a l  one i n t r o d u c e s  a new 

set of v a r i a b l e s  r and 8 in the  one-phase r eg ion  t h a t  a r e  r e l a t e d  to  t h e  

p h y s i c a l  v a r i a b l e s  A? and A? by the  t r a n s f o r m a t i o n  

2 2  A? = r (1-b 0 ) , I1 ( l o a )  

I1 ( l o b )  

where a and b a r e  c o n s t a n t s .  Th i s  t r a n s f o r m a t i o n  i s  chosen such t h a t  8 = 0 

cor responds  to  t h e  c r i t i ca l  i sochore  Ap = 0 above t h e  c r i t i c a l  t empera ture ,  

8 = f l / b  t o  t h e  c r i t i c a l  i so therm A? = 0 and 8 = f 1 t o  t h e  two branches of 

t h e  coex i s t ence  curve. In t h e  linearlnodel scaled e q u a t i o n  adopted h e r e ,  t h e  

c o n s t a n t  b i n  t h e  t r ans fo rma t ion  equa t ion  I I ( l 0 a )  is  r e l a t e d  t o  t h e  c r i t i c a l  

A 

6-3 
6-1)(1-26) b2 = 

( 
II(l1) 

XI (12) 
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-$ . h .. " 

,> *:. 

2 

2b (2-a)(l-a)a . ' 
06-38-b 

- 4  XI( 13a) 

2 
66-3B-b a(2B6-1) 

2b (l-a)a P2  - - 2 a I I (13b)  

286-3 
0 XI (13c) 

W i t t r " ' &  * p o t e n t i a l  ^P s p e c i f i e d  by II(7), I I ( 9 )  and II(12) a l l  thernodynamics 

p r o p e r t i e s  can be de r ived  wi th  t h e  a i d  of t h e  d i f f e r e n t i a l  relation I I (6 ) .  

S p e c i f i c a l l y  one o b t a i n s  f o r  t h e  d e n s i t y  t h e  s imple  r e l a t i o n  

I 

L l ; = k r e  0 0 XI( 14) 

The s imple  s c a l e d  fundamental  e q u a t i o n  adopted h e r e  i s  known as t h e  " l i n e a r  

model" because of the l i n e a r  r e l a t i o n s h i p  between A; and 8. 

of t h e  r e l e v a n t  1Lnwr model e q u a t i o n s  i s  p resen ted  i n  Appendix B. 

A complete l i s t  

The ,iunplitudejs.%i, B ,  r ,  D of t h e  c r i t i c a l  power l a w s  de f ined  i n  II(4) are 

44 r e l a t e d  t o  t h e  l inear-model fundamental e q u a t i o n  by 

A = ak(2-a) ( l -a )po  , 

B = k/(b2-1)' , 

I I ( 1 5 a )  

I I ( 1 5 b )  

I' = k / a  , 

D - a(b2- l jb6-3 /k6  
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I n  summary, t h e  l inear-model  fundamental  e q u a t i o n  contains t h e  fo l lowing  

parameters :  t h e  two c r i t i c a l  exponents  8 and 6 ,  t h e  two parameters  a and k 

which t o g e t h e r  w i th  t h e  exponents  8 and 6 s p e c i f y  t h e  ampl i tudes  of t h e  crit- 

i ca l  power laws, t h e  c r i t i c a l  parameters  Tc, p,, Pc, t h r e e  p r e s s u r e  background 

parameters  PI, P2, P3 and f o u r  c a l o r i c  background pa rame te r s  vc, v l ,  v2 

and p3. The parameters  pc and p 

en t ropy .  I n  t h i s  r e p o r t  we adopt  t h e  convent ion  t h a t  t h e  energy  and t h e  

e n t r o p y  ŝ of i sobu tane  and of i s o p e n t a n e  are taken  t o  be z e r o  a t  t h e i r  respec-  

C L A I  . L I A  

A n A 

s p e c i f y  t h e  reference points of  energy  and 1 

t i v e  c r i t i c a l  p o i n t s .  T h i s  c o n d i t i o n  i m p l i e s  

n 

1 '  I I (16b)  

In our  prev ious  work we have found t h a t  t h e  s imple  l inear-model  funda- 

mental  equa t ion  can be used i n  a range  around the c r i t i c a l  p o i n t  approximate ly  

s p e c i f i e d  by . 44 

II(17) 

i f  f o r  t he  c r i t i c a l  exponents  t h e  fo l lowing  e f f e c t i v e  u n i v e r s a l  v a l u e s  are used 

8 = 0.355 , 6 = 4.352 , a = 0.100 , y = 1.190 11( 18) 

- 
and wi th  b2 as determined from II(11) 

b2 = 1.3909 . 
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2.3 Determinaton of parameters  for isobutane 

The sca l ed  fundamental  e q u a t i o n  presented  here  f o r  i sobu tane  is v a l i d  in 

the range 

I I ( 2 0 )  

407.6 K < T < 420.1 K , 

3 3 169 kg/m < p < 282 kg/m . 

The c r i t i ca l  t empera tu re  and t h e  c r i t i ca l  d e n s i t y  of i sobu tane  have been 

determined expe r imen ta l ly  as 5,6,7(c.f. Table I 11) 

T ' ' )  = 407.84  K , 
C 

II(21) 

3 (4) = 2 2 5 . 5  kg/rn3 = 3.8796 mol/dm . pc 

I n  t h i s  p a r t  of t h e  r e p o r t  w e  adopt  the  convetit ion t h a t  quan i t i e s  wi th  a 

s u p e r s c r i p t  (4 )  refer t o  pure i sobu tene  and those  wi th  a s u p e r s c r i p t  (5) t o  

pu re  i sopen tane .  
.c 

The c r i t i ca l  p r e s s u r e  P, and t h e  parameters  a ,  k, ? P2, and P 3  can be 

determined by f i t t i n g  the  l inear-model  equa t ion  t o  exper imenta l  equation-of- 

state da ta .  The primary exper imenta l  d a t a  a v a i l a b l e  f o r  t h i s  purpose are t h e  

- 1 9  

d a t a  r epc r t ed  by Beattie e t  a l .  48 9 4 9  

Reattie e t  81. cover only  a small p o r t i o n  of t he  range s p e c i f i e d  by I Z ( 2 0 ) .  

Spec f f i ca lLy ,  we have 174 d a t a  p o i n t s  r e s t r i c t e d  t o  temperatures between 

407.764 K and 408.314 K atid d e n s i t i e s  between 180.5 kg/m 2nd 270.2 kg/m .To 

Unfo r tuna te ly  tne expey immta l  d a t a  of 

3 3 

28 



cove r  t h e  e n t i r e  range s p e c i f i e d  i n  I I ( 2 0 ) ,  we supplemented t h e  exper imenta l  

d a t a  wi th  p r e s s u r e  d a t a  c a l c u l a t e d  from t h e  r e v i s e d  and extended sca l ed  

e q u a t i o n  e a r l i e r  c o n s t r u c t e d  f o r  i s o b u t a n e  by Level t  Sengers e t  a l .  

S p e c i f i c a l l y ,  we c a l c u l a t e d  24 d a t a  p o i n t s  spaced by 5 kg/rn3 i n t e r v a l s  i n  t h e  

7 

3 3 
d e n s i t y  range 168 kg/m < P < 283 kg/m a t  each  of t h e  fo l lowing  tempera tures :  

412 K, 414 K, 416 K, 418 K and 420 K, We t h u s  obta ined  120 c a l c u l a t e d  d a t a  

p o i n t s  supplementing t h e  174 expe r imen ta l  d a t a  of B e a t t i e  et a l .  We ass igned  

t o  t h e  expe r imen ta l  and t o  t h e  c a l c u l a t e d  d a t a  p o i n t s  t h e  e r r o r  e s t i m a t e s  of 

Beat t ie  e t  a l . ,  namely 

3 u = MPa , uT = 0.005 K , u = 0.058 kg/m . 
P P 

I I ( 2 2 )  

It was found t h a t  t h e  l inear-model e q u a t i o n  r e p r e s e n t s  t h e s e  d a t a  K i t h  a 

reduced ch i -square  of 1.84. The parameter  v a l u e s  deduced from t h e  f i t  a r e  

g i v e n  i n  Tab le  I1 1. 
A h 

The pa rame te r s  uC and p were s e l e c t e d  i n  accordance  wi th  I I ( 1 6 ) .  The 1 
n h 

p a r a m e t e r s  u 2  and p can be determined from expe r imen ta l  s p e c i f i c  heat d a t a .  

I n  t h e  absence of expe r imen ta l  s p e c i f i c  h e a t  d a t a  f o r  i sobu tane  i n  t h e  cr i t -  

ical  r e g i o n ,  we r e s o r t e d  aga in  t o  t h e  r e v i s e d  and extended s c a l e d  equa t ion  f o r  

i s o b u t a n e  from which we gene ra t ed  c a l c u l a t e d  d a t a  f o r  t h e  s p e c i f i c  h e a t  a t  

c o n s t a n t  volume. A t o t a l  of 168 p o i n t s ,  at seven t empera tu res  a t  2 K i n t e r v a l s  

between 408 K 3nd 420 K and a t  5 kg/m3 d e n s i t y  i n t e r v a l s  i n  t h e  range from 

3 

L n 168 kg/m 3 t o  283 kg/m 3 , were used i n  t h e  f i t  t o  de t e rmine  u2-and u 3 ;  t h e  v a l u e s  

t h u s  ob ta ined  f o r  t h e s e  pa rame te r s  are g iven  i n  Tab le  I1 1. The d i f f e r e n c e s  

between C, v a l u e s  c a l c u l a t e d  from t h e  simple sca l ed  equa t ion  presented  here  and 
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t h o s e  c a l c u l a t e d  from t h e  o r i g i n a l  

about  3% very c l o s e  t o  t h e  cr i t ica  

rev i sed  and extended sca l ed  

po in t  and a r e  w e l l  w i th in  

equa t ion  are 

% a t  the  edges of 

t h e  range s p e c i f i c e d  by I I ( 2 0 ) .  The d i f f e r e n c e s  between C v a l u e s  c a l c u l a t e d  

from the  s i m p l e  s ca l ed  equa t ion  and those  c a l c u l a t e d  from the  r e v i s e d  and 

extended s c a l e d  e q a a t i o n ,  are generalIy about 3% i n  the range I I ( 2 0 ) ,  but  very 

close to t h e  c r i t i c a l  p o i n t ,  s p e c i f i c a l l y  on t h e  i so therm a t  408 K, t h e  

P 

d i f f e r e n c e s  become as l a r g e  as 20%.  

2 . 4  Determinat ion of parameters  f o r  i sopen tane  

The sca l ed  fundamental  equa t ion  p resen ted  he re  f o r  isopen-ane i s  v a l i d  i n  

t h e  range 

4 6 0 . 3  K C T < 4 7 4 . 3  K , 

3 3 177 kg/m < p < 294 kg/m . 
I1 (23) 

The c r i t i c a l - p o i n t  parameters  of i sopen tane  a r e  ( c . f .  Table  I 11): 

T = 4 6 0 . 5 1  K , 
C 

= 235 .57  kg/m3 = 3 . 2 6 5  rnol/drn 3 , pC 

P (5) = 3.371 MPa . 
C 
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I n  t h e  absence of expe r imen ta l  F‘iT d a t a  f o r  i sopen tane  i n  the  c r i t i c a l  

r e g i o n ,  we cannot de te rmine  the  parameters  a and k i n  the  s c a l i n g  f u n c t i o n s  

from exper imenta l  d a t a  d i r e c t l y  a l though  the  product  ak can be i n f e r r e d  fron: 

vapor p r e s s u r e  d a t a .  I n s t e a d  we assume t h a t  t he  s i n g u l a r  p a r t s  of  t h e  PO:E.T!- 

t i a l s  of i sobu tane  and i sopen tane  s a t i s f y  cor responding  s t a t e s  which In? l i t l s  

a and k t o  be t h e  same f o r  i sobu tane  and i sopen tane .  P r e v i o u s  work has sho-in 

t h i s  assumption t o  be v a l i d  when t h e  thermod:;nanic p r o p e r t i e s  of D 2 0  i n  the 

c r i t i c a l  r eg iona  are compared wi th  those  of  H20 i n  t h e  c r i t i c a l  r e g i o n ,  e v e n  

though t h e s e  f l u i d s  themselves do no t  s a t i s f y  cor responding  s t a t e s -  . 50 

n n L  

P2, Y froii; exper- 1’ 3 We determine  t h e  p r e s s u r e  background pa rame te r s  ? 

imen‘ial vapor-pressure  d a t a  g iven  i n  T a b l e  I 6. The va?or-pressure  &:a z r e  

r e p r e s e n t e d  by t h e  s imple s c a l e d  e q u a t i o n  

h 

where t h e  c o e f f i c i e n t  ?a of t h e  n o n a n a l y t i c  terc ,  i s  (c.f.(E.ZG) i n  .A;ipendi>: h j  

I I ( 2 6 )  

2 With t h e  p r e v i o u s l y  adopted v a l u e s  of b , a and k we f i n d  = 30.2137. IJ i tb  

e s t i m a t e d  expe r imen ta l  e r r o r s  

u = 0.01 K , o = 0.003 ?iFa T P , I T ( 2 7 )  
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the vapor-pressure  e q u a t i o n  I I (25 )  reproduces  t h e  expe r imen ta l  d a t a  wi th  a 

chi-square of 0.52 and w i t h  c o e f f i c i e n t s  

A ( 5 )  = 6.1720 , B2(5) = 18.0281 , cc P3 = 19.4960 
p1 

II(28) 

A d e t a i l e d  comparison between t h e  expe r imen ta l  and c a l c u l a t e d  vapor p r e s s u r e s  

i s  p resen ted  i n  Table  I 6. 
IC IC 

I n  o r d e r  t o  de t e rmine  t h e  c a l o r i c  background parameters  p2 and P 3  w e  need 

estimates for t h e  s p e c i f i c  h e a t .  Again expe r imen ta l  i n fo rma t ion  f o r  t h e  

s p e c i f i c  h e a t  of i s o p e n t a n e  i n  t h e  c r i t i ca l  r e g i o n  is  not a v a i l a b l e .  As a n  

a l t e r n a t i v e  we decompose t h e  s p e c i f i c  C, i n t o  t h e  idea l -gas  s p e c i f i c  h e a t  

Cv,id and an excess s p e c i f i c  h e a t  ACv = Cv - CvIid 

I1 (29) 

and assucle t h a t  t h e  excess s p e c i f i c  h e a t  c o n t r i b u t i o n s  AC ( 4 )  and ACv ( 5 )  f o r  V 

f s o b u t a n e  and i s o p e n t a n e  s a t i s f y  cor responding  states. For i s o b u t a n e  t h e  i d e a l -  

g a s  s p e c i f i c  h e a t  C ( 4 )  

. Waxman and Gal lagher  

is  c a l c u l a t e d  from t h e  g loba l  thermodynamic s u r f a c e  of 

(4) f o r  i sobu tane  i s  then The excess  s p e c i f i c  heat ACv 

v , i d  

3 

( 4 )  
‘v , i d  w i t h  C, ( 4 )  a g a i n  c a l c u l a t e d  from t h e  r e v i s e d  and ( 4 )  - deduced as Cv 

extended scaled e q u a t i o n  of s t a t e  f o r  i s o b u t a n e  g iven  i n  Pa r t  I. The excess  

I1 (30) 
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with 

F i n a l l y ,  t h e  t o t a l  s p e c i f i c  h e a t  C, (5) of i s o p e n t a n e  i s  obta ined  a s  t h e  

sum of the e x c e s s  s p e c i f i c  h e a t  ACv ( 5 )  e s t i m a t e d  on t h e  b a s i s  of cor responding  

states and t h e  idea l -gas  s p e c i f i c  h e a t  Cv,id ( 5 )  of i s o p e n t a n e  c a l c u l a t e d  from t h e  

g e n e r a l i z e d  cor responding  s t a t e s  s u r f a c e  d e s c r i b e d  i n  P a r t  I, Sec. 2.2.  Having 

t h u s  g e n e r a t e d  a set of Cv d a t a  f o r  i s o p e n t a n e  we f i t  t h e  simple scaled e q u s t o n  
A & 

t o  t h e s e  d a t a  t o  de te rmine  u2 and u3.  

s p e c i f i c  h e a t  d a t a  and t h e  v a l u e s  c a l c u l a t e d  from t h e  s imple scaled e q u a t i o n  are 

The d i f f e r e n c e s  between t h e  genera ted  

a t  most 2.2% very  near  t h e  c r i t i c a l  p o i n t  and w i t h i n  12 i n  most of t h e  range 

s p e c i f i e d  by II (23) .  

c o n v e n t i o n  t h a t  t h e  energy and e n t r o p y  of i s o p e n t a n e  are taken  t o  be z e r o  a t  

The c o e f f i c i e n t s  tc and a g a i n  a r e  fixed by t h e  1 

the c r i t i ca l  p o i n t .  

The parameters  f o r  i s o p e n t a n e  are a l l  g iven  i n  Table  I1 1. 

3. Scaled  fundamental  e q u a t i o n  f o r  f l u i d  m i x t u r e s  

3.1 Reduced thermodynamic v a r i a b l e s  

The s c a l e d  fundamental  e q u a t i o n  for f l u i d s  as d i s c u s s e d  i n  P a r t  11, See. 2 

39 can be g e n e r a l i z e d  by a procedure proposed by Leung and G r i f f i t h s  . However, 

t h e  e q u a t i o n s  used by Leung and G r i f f i t h ~ ~ ~  as w e l l  as by o t h e r s  40-42 are not  
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i n  d imens ionless  form u n l i k e  t h e  s c a l e d  e q u a t i o n s  used in t h i s  r e p o r t .  T h i s  

makes t h e  e q u a t i o n s  inconvenient  when one wants t o  change from one system of 

u n i t s  t o  a n o t h e r .  As a f i r s t  s t e p ,  t h e r e f o r e ,  w e  r e f o r m u l a t e  t h e  e q u a t i o n s  of 

Leung and G r i f f i t h s  so a s  t o  b r i n g  them i n t o  d imens ionless  form. 

W e  t r e a t  pure i s o b u t a n e  dS t h e  r e f e r e n c e  f l u i d  and we make t h e  thermo- 

dynamic p r o p e r t i e s  of t h e  mixtures  d imens ionless  wi th  t h e  a i d  of t h e  c r i t i ca l -  

poin t  parameters  Tc 

r e f e r e n c e  v a l u e s  l i s t e d  i n  Table  I 9. We t h u s  d e f i n e  f o r  t he  mixture  

( 4 )  of i s o b u t a n e ,  which a r e  t h e  "s ta r red"  ( 4 )  and P 
C 

( 4 )  
' pc 

U 1 
A h 

Let p 4  and p 5  be the molar d e n s i t i e s  and p 4  and p 5  t h e  chemical p o t e n t i a l s  of 

i s o b u t a n e  and i s o p e n t a n e  i n  t h e  mixture .  These q u a n t i t i e s  a r e  s i m i l a r l y  made 

d i m e n s i o n l e s s  as 

34 
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In t h i s  r e p o r t  we a l s o  cons ide r  t h e  mole f r a c t i o n  x of i sopentane  i n  the  
A 

m i x t u r e s  which is  r e l a t e d  t o  the  d e n s i t i e s  p 4  and E 5  by 

A A 

P5 . 
A 

P5 - X ' T  - 
P P4  + is 

I I ( 3 5 )  

As In t h e  case of t h e  one-component f l u i d s  we s h a l l  formula te  a funda- 

mental  equa t ion  f o r  t he  p o t e n t i a l  P̂. 

d i f f e r e n t i a l  equa t ion  

This  p o t e n t i a l  ^P s a t i s f i e s  t h e  

I1 ( 3 6 )  

.c 

Following k u n g  and G r i f f i t h s 3 '  w e  do not cons ide r  P a s  a f u n c t i o n  of 
A h  h 

p 4 ,  u 5  and T ,  bu t  as a f u n c t i o n  of a new set of v a r i a b l e s  5 ,  T and h which a r e  

r e l a t e d  t o  the  o r i g i n a l  s e t  of i n t e n s i v e  v a r i a b l e s  by 

A 

p5 
e 

5 =  A A D 

f = f - f c ( c )  

A A 

h = l n ( e  " + e'') - H ( < , T )  

I I ( 3 7 )  

I I (38 )  

I I ( 3 9 )  



T h e  v a r i a b l e  r; p l a y s  t h e  r o l e  of an i n t e n s i v e  composition v a r i a b l e  such t h a t  

C = 0 cor responds  t o  pure i sobu tane  and F = 1 t o  pure i sopen tane .  

t empera tu re  Tc( r;), t h e  c r i t i c a l  d e n s i t y  p c (  c )  and t h e  c r i t i c a l  p r e s s u r e  pc(S) 

are n o w  t r e a t e d  as f u n c t i o n s  of 5 r a t h e r  than  of t h e  mole f r a c t i o n  X. The 

critical parameters  of t h e  mixture  in d imens ion le s s  form are 

The c r i t i ca l  

15 h 

The f u n c t i o n  H(<,T) 

boundary. The v a r i  

r e p r e s e n t s  t h e  

b l e s  T and h a 

5 + 0 they  reduce t o  t h e  v a r i a b l e s  

va lue  of l n ( e  " + e p 5 ) ' a l o n g  t h e  phase 

e d e f i n e d  i n  such a way t h a t  i n  t h e  l i m i t  

A? and A: f o r  pure i sobu tane .  

3.2  Scaled fundamental e q u a t i o n  f o r  t he  mixture  

A 

In analogy t o  ZI(7) w e  decompose t h e  p o t e n t i a l  P a g a i n  i n  a r e g u l a r  par t  
A 

Pr and a s c a l e d  p z r t  TS 

The f u n c t i o n s  Pr(<,r,h) i n  II(41) and H ( < , T )  in I I ( 3 9 )  are a n a l y t i c  f u n c t i o n s  

t h a t  are r e p r e s e n t e d  by t r u n c a t e d  Tay lo r  series expans ions  i n  ana logy  t o  IT(8) 

and II(9): 

36 
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h 

The s i n g u l a r  p a r t  P6 is s p e c i f i e d  a s  

CI 

Ps ( 5  ,T ,h) = q(c )A?(? ,h)  

I I ( 4 3 )  

I I ( 4 4 )  

I I ( 4 5 )  

The f u n c t i o n  A?(T,h) i s  t o  be i d e n t i f i e d  w i t h  t h e  f u n c t i o n  A?(A?,&) def ined  

i n  Appendix B f o r  one-component f l u i d s .  S p e c i f i c a l l y  

- 2 2  
T = a ( s ) ~  = r(1-b e ) , I I ( 4 6 )  

I I ( 4 7 )  

CI 

The f u n c t i o n s  Qc(c), z c ( S ) ,  Pc(r) = P0(C), pi(S>, H i ( S ) ,  q(CF, a ( < )  a r e  a l l  

a n a l y t i c  f u n c t i o n s  of t h e  v a r i a b l e  5 and may be expanded i n  series of t h e  form 
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We n o t e  that t he  c o e f f i c f e n t s  a and k In  II(47) and I I ( 4 8 )  a r e ,  i n  p r i n c i p l e ,  

f u n c t i o n s  of the v a r i a b l e  F. However, as d i s c u s s e d  in P s r t  11, Sec. 2.4 f o r  

our  mixture  a = a(4)  = a(’) and k = k(4)  = k(’) are taken as c o n s t a n t s .  

A l ist  of e q u a t i o n s  f o r  v a r i o u s  thermodynamic p r o p e r t i e s  implied by t h i s  

fundainental  equat ior .  is presen ted  i n  Appendix C. 
~ 

3.3 Determinat ion of parameters f o r  i sobutane- i sopentane  mixtures  

The equa t ions  presented  in Part 11, Sec. 3.2, s p e c i f y  t h e  thermodynamic 

s u r f a c e  of t h e  mixture  i n  terms of the fo l lowing  c o n s t a n t s  (j = 0, 1, 2, 3 ) :  

In de termining  t h e s e  c o n s t a n t s  we need t o  impose t h e  c o n d i t i o n s  t h a t  t he  

fundamental  equa t ion  reproduce t h e  fundamental  equa t ion  f o r  p u r e  i sobu tane  i n  

t h e  l i m i t  5 + 0 and t h e  one for pure  i sopen tane  i n  t h e  l i m i t  t + 1. T h i s  

c o n d i t i o n  i m p l i e s  Che fo l lowing  r e l a t i o n s h i p s  between t h e  c o n s t a n t s  i n  t h e  

fundamental  equation’ of t h e  mixture  and those  i n  t h e  fundamental  equa t ion  of  

t h e  p u r e  components : 

II(50) 

II(51) 
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n 

The flrst two. tenus i n  t h e  expansion II(49) for T c ( F )  , Pc(C)  , F i ( C )  

Hi(C),  q(c),  a ( ~ )  are thus  comple te ly  s p e c i f i e d  by t h e  properties of t h e  pure 

components. I n  o r d e r  t o  determfne t h e  c o e f f i c i e n t s  of any hfgher-order  terms 

i n  the expans ions  we need thermodynamic p rope r ty  d a t a  f o r  t h e  mixture.  

t h i s  purpose we c o n s i d e r  c r i t i ca l  l i ne -da ta  and d a t a  f o r  t h e  dew-bubble curve 

d i scussed  i n  Part I and l i s t e d  i n  Tab les  1 5  and I 7. 

For 

The a v a i l a b l e  expe r imen ta l  i n fo rma t ion  i s  not s u f f i c i e n t l y  e x t e n s i v e  t o  

determine c o e f f i c i e n t s  of t h e  h ighe r  o r d e r  terms in the expansion II(49) f o r  

all of t h e  f u n c t i o n s  I c ( C ) ,  zc(?), Fi(C), H i ( C ) ,  q(C), E(<). In practice we 

o n l y  r e t a i n  higher o r d e r  terms in t h e  expans ions  f o r  F c ( ~ ) ,  PO(<) and P l ( < )  
and we restrict o u r s e l v e s  t o  t h e  fo l lowing  t runca ted  expansions:  

II(58) 

fI(59) 

II(60) 

II(6k) 

II(62) 

I I (63 )  
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I l ( 6 4 )  

I I ( 6 5 )  

I I ( 6 6 )  

expans ions  aye de termined  by t h e  c o n s t a n t s  i n  t h e  e q u a t i o n  f o r  pure i s o b u t a n e  

and i s o p e n t a n e .  The c o e f f i c i e n t s  of t h e  higher o r d e r  terms, i,e, pC2* Po2* 

Po3 and P12 are e s t i m a t e d ,  p r i m a r i l y  on t h e  basis of t h e  c r i t i c a l - l i n e  d a t a  

p r e s e n t e d  i n  Tab le  I 5 ,  as 

A A 

n -  - 

II (67)  

n 
P12 = 7 . 

A complete  set of c o e f f i c i e n t s  f o r  i sobu tane - i sopen tane  mix tu res  is 

presen ted  i n  Appendix D. 

t h e  s c a l e d  fundamental  e q u a t i o n  are p resen ted  in-Appendix  E. 

Tab le s  of thermodynamic p r o p e r t i e s  c a l c u l a t e d  from 
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4, Discuss ion  of r e s u l t s  

4.1 Comparison wi th  expe r imen ta l  d a t a  

The sca l ed  fundamental  equa t ion  f o r  t h e  mixture  was cons t ruc t ed  i n  such a 

way as to  reproduce t h e  thermodynamic p r o p e r t i e s  of t h e  pure components. I n  

a d d i t i o n  w e  can make a comparison w i t h  t h e  exper imenta l  d a t a  f o r  t h e  c r i t i c a l  

p o i n t  and the c o e x i s t e n c e  curve d a t a  for the mixture  as a f u n c t i o n  of concen- 

tration presen ted  i n  Tab les  I 5 and 17. 

The c r i t i c a l  parameters  of t h e  mixtures  are given by the  f u n c t i o n s  ? , (c ) ,  
A 

pc(s) and Pc(r), where < is r e l a t e d  t o  t h e  mole f r a c t i o n  x of i sopentane  by 

X c +  11 (68 )  

In Tab le  I1 2 we l i s t  the  c r i t i c a l  parameters  of t he  mixture c a l c u l a t e d  from 

t h i s  equa t ion  for v a r i o u s  va lues  of t he  composi t ion;  these  c a l c u l a t e d  v a l u e s  

a r e  t o  be compared wi th  t h e  exper imenta l  va lues  given e a r l i e r  i n  Table I 4. 

The cornparison fs made i n  Fig. I1 I .  We cons ide r  t he  agreement with t h e  

expe r imen ta l  d a t a  s a t i s f a c t o r y .  
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The exper imenta l  c o e x i s t e n c e  curve  d a t a  p r e s e n t e d  i n  Table  I 7 are compared 

wi th  c o e x i s t e n c e  curve data c a l c u l a t e d  from our fundamental  e q u a t i o n  a t  c o n s t a n t  

composi t ions  x i n  F ig .  I1 2. Here t h e  agreement i s  on ly  approximate ;  t h e r e  are 

s y s t e m a t i c  d i sagreements  between t h e  expe r imen ta l  and c a l c u l a t e d  s l o p e s  of t h e  

c o e x i s t e n c e  curve  d a t a .  

We t r i e d  t o  improve t h e  agreement between exper iment  and t h e o r y  by a l lowing  

f o r  nonzero va lues  of t h e  c o e f f i c i e n t s  HO2 and H 1 2  i n  the expans ion  I I ( 4 9 )  

for H o ( < )  and H1(<). 

change i n  t h e  v a l u e s  obta ined  f o r  t h e  thermodynamic p r o p e r t i e s  from our  funda- 

mental  e q u a t i o n .  

T h i s  p rocedure ,  however, d i d  not  l ead  t o  a s i g n i f i c a n t  

4.2 Comparison wi th  g l o b a l  thermodynamic s u r f a c e  f o r  i sobu tane - i sopen tane  

mixtures  

The a p p l i c a t i o n  of t h e  scaled fundamental  e q u a t i o n  t o  the f l u i d  mix tu re  

i s  a t  any g iven  conpos i t i on  res t r ic ted t o  a r e g i o n  around t h e  c r i t i c a l  p o i n t  

approx ima te ly  g iven  by II(17). 

fundamental  e q u a t i o n  u s i n g  g e n e r a l i z e d  co r re spond ing  states. T h i s  fo rmula t ion  i s  

v a l i d  f a r  away from t h e  c r i t i c a l  l i n e  but ceases t o  be v a l i d  near t h e  c r i t i c a l  

l i n e .  One can i n v e s t i g a t e  t h e  c o n s i s t e n c y  of t h e  two procedures  by comparing t h e  

two thermodynamic s u r f a c e s  a t  t empera tu res  and d e n s i t i e s  where both  s u r f a c e s  a r e  

expec ted  t o  be a p p l i c a b l e .  In  P a r t  I, we d i s c u s s e d  such  a test  f o r  p u r e  

i s o b u t a n e  and found good c o n s i s t e n c y  of t h e  g l o b a l  and s c a l e d  s u r f a c e s  a t  

In P a r t  I we have developed a g l o b a l  a n a l y t i c a l  

s u p e r c r i t i c a l  c o n d i t i o n s .  Here, we d i s c u s s  such a comparison f o r  an equimolar 

mix tu re  of i sobutane- i sopentane  (x  = 0 . 5 ) ;  a t  t h i s  composition t h e  d i f f e r e n c e s  

between t h e  two p r e d i c t i o n  methods are l i k e l y  t o  be l a r g e s t .  

43 



An equimolar  n i x t u r e  of i sobu tane  and i sopen tane  has a c r i t i c a l  temper- 

a t u r e  of 437.7L K and a cr i t ica l  d e n s i t y  of 3.569 mol/dm3. 

f o l l o w s  t h a t  our  s ca l ed  fundamental  equa t ion  should be v a l i d  a t  tempera tures  

up t o  452 K and at d e n s i t i e s  from 2.7 mol/dm t o  4.5 mol/dm . In  Table  XI 3 

we p r e s e n t  a comparison between t h e  p r e s s u r e  and i t s  f i r s t  d e r i v a t i v e s  as 

c a l c u l a t e d  from the  g l o b a l  a n a l y t i c a l  fundamental  equa t ion  a t  452 K and t h o s e  

c a l c u l a t e d  from the  s c a l e d  fundamental  equa t ion .  It i s  seen t h a t  t h e  d i f f e r -  

ences  are st i l l  s u b s t a n t i a l .  The d i f f e r e n c e s  i n  t h e  pressures are of the  o r d e r  

of 5% and f o r  t he  d e r i v a t i v e s  they  i n c r e a s e  up t o  15% f o r  the  thermal  p r e s s u r e  

c o e f f i c i e n t  and up t o  20% f o r  t h e  c o m p r e s s i b i l i t y .  In the  absence of d i r e c t  

expe r imen ta l  EW d a t a  f o r  t h i s  mix ture  one cannot a s c e r t a i n  which of t h e  two 

s u r f a c e s  y i e l d s  the  more a c c u r a t e  va lues  a t  t h i s  temperature. Yoreover, the 

procedure  f o r  apply ing  t h e s e  fundamental  equa t ions  t o  the  mixture  is n o t  

un ique .  If we compare t h e  p r e s s u r e s  c a l c u l a t e d  a t  452 K from our fundamental  

e q u a t i o n s  wi th  those c a l c u l a t e d  from the  g l o b a l  s u r f a c e  but  with a d i f f e r e n t  

set of c o e f f i c i e n t s ,  we f i n d  d i f f e r e n c e s  of t h e  o r d e r  of 3% but wi th  t h e  

o p p o s i t e  s ign !  We conclude t h a t  the  d i f f e r e n c e s  quoted i n  Table  I1 3 a r e  a 

measure’ of t he  u n c e r t a i n t y  wi th  which the  p r o p e r t i e s  of t hese  mixtures a r e  

p r e d i c t e d  wi th  c u r r e n t l y  a v a i l a b l e  t echn iques ,  when t h e  a v a i l a b l e  d a t a  base 

for  t h e  mixture  i s  modest t o  s c a n t .  

From II(17) i t  

3 3 

4 . 3  Concluding remarks 

The procedure devised  by h u n g  and G r i f f i t h s 3 ’  l e a d s  t o  a sca l ed  funda- 

mental  e q u a t i c n  t h a t  c o r r e c t l y  reproduces  the  sca led  fundarneiital equa t ion  f o r  

t h e  p u r e  components near  their r e s p e c t i v e  c r i t i c a l  p o i n t s .  In  o r d e r  t o  

c a l c r i l a t e  t he  p r o p e r t i e s  of t he  mixture  one needs t o  spec i fy  the  fo l lowing  
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A 

f u n c t i o n s :  

t h i s  purpose we cons ide red  an expans ion  of t h e  form (of I I (49 ) )  

T c ( r ) ,  ; c ( ~ ) ,  Ti(<), H i ( C ) ,  q ( 5 )  and a ( < >  as a f u n c t i o n  of 5 -  For 

II(70) 2 
f (Z)  = f o  + flC + f25(1-5) + f35  (1-5) + ... 

The c o e f f i c i e n t s  f o  and f l  f o r  a l l  t h e  f u n c t i o n s  mentioned above a r e  comple te ly  

de te rmined  by , t he  p r o p e r t i e s  of t h e  pure components as shown i n  Sec. 3 . 3  

of P a r t  T I .  T h e r e f o r e ,  if we were t o  assume t h a t  a l l  f u n c t i o n s  were l i n e a r  

f u n c t i o n s  of 5 ,  we could p r e d i c t  t h e  p r o p e r t i e s  of t h e  mix tu res  from t h e  

p r o p e r t i e s  of t h e  pure components. 

p c ( s ) ,  ?,(<), Hi(<) ,  q ( 5 )  and E ( < )  a r e  l i n e a r  f u n c t i o n s  of 5 i s  n o t  j u s t i f i e d .  

I n  our  approach we took t h e  energy  and t h e  en t ropy  of t h e  pure components 

U n f o r t u n a t e l y ,  t h e  assumption t h a t  ^ T c ( < ) ,  
L 

t o  be z e r o  a t  t h e i r  r e s p e c t i v e  c r i t i c a l  p o i n t s .  This choice  was made so as t o  

bring t h e  e q u a t i o n s  i n t o  t t e i r  most simple form. A d i f f e r e n t  choice  of t h e  

r e f e r e n c e  p o i n t s  f o r  zero  energy and en t ropy  would a f f e c t  t h e  v a r i a b l e  5 

t h rough  i t s  d e f i n i t i o n  II(37). Hence i f  t h e  f u n c t i o n s  f ( 5 )  were l i n e a r  f o r  

one  cho ice  of r e f e r e n c e  p o i n t s  f o r  ze ro  energy  and en t ropy ,  t hey  would no 

l o n g e r  be l i n e a r  f o r  ano the r  choice .  We do no t  know a p r i o r i  f o r  which cho ice  

t h e  l i n e a r  approximat ion  would be optimum. T h i s  problem has a l s o  been men- 

t i o n e d  by Leung and G r i f f i t h s  i n  t h e i r  o r i g i n a l  paper .  In our approach we 

t o o k  t h e  r e f e r e n c e  p o i n t s  as the  c r i t i c a l  p o i n t s  of t h e  pure f l u i d s  and 

r e t a i n e d  n o n l i n e a r  terms i n  t h e  expans ions  f o r  i c ( < ) ,  P o ( < )  and F1(<) on ly .  

However, i f  we a t a k e  ano the r  set  of r e f e r e n c e  p o i n t s  f o r  z e r o  energy  and 

e n t r o p y  and r e p e a t  t h e  same procedure  d e s c r i b e d  i n  t h i s  r e p o r t  we do o b t a i n  

d i f f e r e n t  v a l u e s  f o r  t h e  p r e s s u r e s  of t h e  mix tu re .  

A 
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The t a b l e s  p re sen ted  i n  t h i s  r e p o r t  are t h e  b e s t  we can o b t a i n  wi th  the  

In fo rma t ion  and methods p r e s e n t l y  a v a i l a b l e ,  However, i n  o r d e r  t o  develop a 

method which can t r u l y  p r e d i c t  t h e  thermodynamic p r o p e r t i e s  of f l u i d  mixtures  

n e a r  t h e  c r i t i c a l  p o i n t s ,  it w i l l  be necessa ry  t o  deve lop  a procedure for 

a p p l y i n g  t h e  s c a l i n g  laws t o  mix tu res  i n  a manner which i s  less s e n s i t i v e  t o  

t h e  cho ice  of t h e  r e f e r e n c e  p o i n t s  of ze ro  energy  and en t ropy .  
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P a r t  I11 

V i s c o s i t i e s  of  Hydrocarbons and T h e i r  Mixtures  

1. Exper imenta l  v i s c o s i t y  d a t a  ob ta ined  under  t h i s  c o n t r a c t  

1.1 Apparatus  

V i s c o s i t y  v a l u e s  a r e  o b t a i n e d  from t h e  damping of a p i e z o e l e c t r i c  

q u a r t z  c r y s t a l ,  5 c m  l ong ,  0 . 5  cm i n  d i a m e t e r ,  mounted i n  a p r e s s u r e  c e l l  

f i l l e d  w i t h  t h e  f l u i d  of  i n t e r e s t .  The a p p a r a t u s  i s  d e s c r i b e d  i n  Refs .  12-14. 

The r ange  i s  100-300 I; i n  t empera tu re ,  a t  p r e s s u r e s  up t o  30 ma. The 

a p p a r a t u s  i s  most s u i t e d  f o r  measurements i n  t h e  s a t u r a t e d  and compressed 

l i q u i d .  The v i s c o s i t y  Is d e r i v e d  from t h e  measured bandwidth of t h e  resonance  

c u r v e ,  A i ,  by means of t h e  r e l a t i o n  

111 (1) 

wheke 2 i s  t h e  f l u i d  d e n s i t y ;  ‘.I i s  t h e  c r y s t a l  mass; S i s  t h e  c r y s t a l  s u r f a c e  

area a d j u s t e d  f o r  t he rma l  expansion and h y d r o s t a t i c  compression; and f i s  t h e  

r e s o n a n t  f r equency  of t h e  c r y s t a l .  

S i n c e  t h e  dampicg i s  r e l a t e d  t o  the product  of v i s c o s i t y  and d e n s i t y ,  

whi le  i t  i s  measured a s  f u n c t i o n  of p r e s s u r e  and t empera tu re ,  i t  i s  n e c e s s a r y  

t o  have  independent  i n fo rma t ion  on t h e  e q u a t i o n s  of s t a t e  of t h e  f l u i d s  

s t u d i e d .  I n  t h e  c a s e s  w e  have s t u d i e d ,  t h i s  i n f o r m a t i o n  was a l w a y s  a v a i l a b l e ,  

w i t h  a n  imprec i s ion  f a r  smaller (about  0.2%) than  t h a t  of t h e  measured bandwidth 

( t y p i c a l l y  of t h e  o r d e r  of a p e r c e n t ) .  

v i s c o s i t y  d a t a  i s  e s t ima ted  t o  b e  no l a r g e r  t han  + 2 X ,  excep t  f o r  t h e  

b u t a n e s ,  where t h e  imprecision o c c a s i o n a l l y  was as much as  + 3%. 

The inaccuracy  of t h e  r e p o r t e d  

- 

- 
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1.2 Data for methane, ethane and propane 

The viscosity data for methane, ethane and propane have all been 

published in the archival literature. l4-l7 

Fig. I11 I, those for ethane in Fig. I11 2 and those for propane in Fig. 111 3. 

These figures make clear how the viscosity coefficient of a typical non-polar 

fluid depends on density and temperature. 

the dependence on density is much 'simpler' than the dependence on pressure, 

especially at temperatures near the critical temperature of the fluid. 

Figure I11 2 shows that, at reduced densities smaller tharr about 2.5 pc (about 

1 7  m o l  L-' for ethane), the viscosity typically increases weakly with both 

temperature and density. However, at reduced densities larger than about 

2.5, the viscosity increases strongly with density and decreases weakly with 

temperature at fixed density. We shall call these density ranges the 

'gas-like1 and 'liquid-like1 density ranges, respectively. 

We display the methane data in 

It is important to recall that 

For the listings of the original data we refer to the literature cited. 

1.3 Data for nitrogen-ethane and methane-ethane mixtures. 

The viscosities of pure nitrogen, pure methane and for approxiniately 

30-7C, 50-50 and 7C-30 m o l  % mixtures are reported in R e f .  19. The data 

for the 50-50 mixture are displayed in Fig. I11 4 .  The viscosities of 

a,pproxinately 30-70, 50-50 and 70-30 mol % mixtures of methane and ethane 

are reported in Ref. 20. The data for the 50-50 mixture are shown in Fig. 111 5. 

1 . 4  Viscosity data for normal and isobutane. 

T h e  viscosity of saturated and compressed liquid normal butane was measured 

a t  temperatures betwecn 140 and 300 K, and at pressures to 30 EPa. Densities 

ranged from 9.8 to 12.8 mol/dnl . 
arc l i s t e d  i n  Table IIT 1, those  of  the saturated l i q u i d  normal butane in 

3 T n e  viscosities of the compressed liquid 



Table 111 2. The data are displayed in Fig. I11 6. 

The viscosity of saturated and compressed liquid isobutane was measured at 

temperatures between 120 and 300 K and at pressures to 30 MPa. 

3 ranged from 9 . 4  to 12.9 mol/dm . 
isobutane are listed in Table I11 3, those of saturated liquid isobutane in 

Table I11 4 .  The data are displayed in Fig. 111 7. 

Densities 

The viscosities of compressed liquid 

2. The representation of the viscosity of hydrocarbon mixtures. 

2.1 Corresponding-states model 

A program for predicting the viscosities of hydrocarbon mixtures was 

10,11 developed at NBS and is available in the literature under the acronym TRAPP. 

This program is based on an extension of the generalized principle of 

corresponding states discussed in Part I, Sec. 2.2. The reference fluid is 

methane. The shape factors are not tailor-made for each substance; rather, 

they are generalized functions of volume and temperature that depend on the 

characteristics of the hydrocarbon of interest through only one parameter, 

the acentric factor, by a procedure developed by Leach and Leland. 28 

For the mixing rules used in the program TRAPP we refer to the 

literature. The adjustable constants in the combining rules are 

set equal to unity. 

The viscosity of the mixture at specified pressure, temperature and 

Starting points are the composition is obtained in the following steps. 

equation of state and viscosity formulations, in terms of density and 

temperature, for the reference fluid. The program begins by finding the 

density of the mixture and thc equivalent density and temperature of the 

refercnce fluid, using the generalized principle of corresponding states 

for thc mixture. Once the densities are known, a simple expression connects 

the viscosity of  the mixture to that of the reference fluid at the corresponding 
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d,ens i ty  and tempera ture .  The  program TR4PP claims an  accuracy  of about  

seven  p e r c e n t  i n  t h e  p r e d i c t i o n  of  t r a n s p o r t  p r o p e r t i e s  of hydrocarbon 

mixtures .  10,11 

2.2  Comparison of t h e  co r re spond ing- s t a t e s  model w i t h  expe r imen ta l  d a t a  

for methane, e thane  and propane 

F i g u r e  I11 8 compares our d a t a  f o r  methane a t  100 K w i th  a c o r r e l a t i n g  

e q u a t i o n  f o r  methane only.'' 

s a t u r a t e d  and compresed l i q u i d  e thane  and propane,  r e s p e c t i v e l y ,  w i th  t h e  

c o r r e s p o n d i n g - s t a t e s  model. 

d e n s i t i e s  between 1 .6  and 3 . 2 .  The comparisons,  a long  w i t h  o t h e r s  i n  t h e  

p u b l i c a t i o n s  c i t e d ,  s u p p o r t  t h e  o b s e r v a t i o n  t h a t ,  i n  t h e  ' g a s - l i k e '  d e n s i t y  

r ange ,  most o f  t h e  d i f f e r e n c e s  between ou r  measurenxnts 2nd t h e  model are  

s m a l l e r  t han  7 p e r c e n t ,  and t h a t  t h e  model i s  l i k e l y  t o  be  s a t i s f a c t o r y  f o r  

many e n g i n e e r i n g  c a l c u l a t i o n s .  However, a t  reduced d e n s i t i e s  l a r g e r  t h a n  

abo'ut 2 . 5 ,  w 2  f i n d  t h a t  i n  most c a s e s  t h e  d i f f e r e n c e s  are  s u b s t a n t i a l l y  

l a r g e r  t han  7 p e r c e n t ,  and t h a t  they t y p i c a l l y  i n c r e a s e  s t r o n g l y  w i t h  

d e n s i t y .  

F igu res  111 9 and 10 compare our  d a t a  f o r  

The d e n s i t i e s  shown correspond t o  reduced 

2.3 Cornparison of t h e  co r re spond ing- s t a t e s  model w i th  d a t a  f o r  t h e  mixtures  

of n i t r o g e n  and methane, and those  of methane and e thane  

The v i s c o s i t y  measurements on pu re  methane, e thane  and propane have 

r evea led  some of t h e  s t r e n g t h s  and weaknesses of t h e  co r re spond ing- s t a t e s  

mods1 a p p l i e d  t o  p u r e  f l u i d s .  

perfornied on nitrogen-methane and methane-ethane mixtures  s e r v e  t o  

answer t h e  q u e s t i o n  of whether t h e  model degrades  i f  a p p l i e d  t o  m i s t u r e s .  

The v i s c o s i t y  measurements t h a t  w e  have 

19,70 

The c a s e  of t h e  n i t rogen-mcthmc mixtures  is  n o t  c l e a r - c u t .  As i s  

shown i n  F i g .  111 11, t h e  measured v i s c o s i t i e s  o f  the  30-70, 53-50 'ind 70-30 

so 
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mol % mixtures  d e p a r t  s y s t e m a t i c a l l y  from t h e  model, b u t  t h e  d e p a r t u r e s  a r e  

g e n e r a l l y  w i t h i n  5%. The concent ra t ion-dependence  a t  f i x e d  molar d e n s i t y  

and t empera tu re  i s  n o t  p a r t i c u l a r l y  w e l l - p r e d i c t e d  (Fig.  I11 12) b u t  t h e  

problem i s  caused  by poor  p r e d i c t i o n  of t h e  pu re -n i t rogen  v i s c o s i t y ,  a 

r e s u l t  pe rhaps  n o t  s u r p r i s i n g  g iven  t h a t  t h e  model was developed f o r  use  

i n  hydrocarbon m i x t u r e s .  

The methane-ethane m i x t u r e s  form a more i n t e r e s t i n g  t e s t  case .  I n  

F i g .  I11 1 3 ,  w e  show a comparison of pure-methane and pure-ethane v i s c o s i t i e s  

w i t h  t h e  c o r r e s p o n d i n g - s t a t e s  model. Up t o  15% d e p a r t u r e s ,  of o p p o s i t e  

s i g n s  f o r  t h e  two f l u i d s ,  a r e  found a t  t h e  h i g h e s t  d e n s i t i e s .  Note t h a t  t h e  

r e f e r e n c e  v i s c o s i t y  v a l u e s  of t h e  model have been  s h i f t e d  w i t h  r e s p e c t  t o  t h e  

c o r r e l a t i o n  f o r  pu re  methane (F ig .  I11 8) i n  o r d e r  t o  r e p r e s e n t  v i s c o s i t i e s  

o f  t h e  h e a v i e r  hydrocarbons  more c l o s e l y .  I n  F ig .  I11 1 4 ,  w e  shown v i s c o s i t i e s  

of t h e  approx ima te ly  3565 mol % methane-ethane m i x t u r e  ove r  t h e  e n t i r e  range  of 

d e n s i t i e s .  S i n c e  a t  t h e  lowes t  d e n s i t i e s  t h e  agreement i s  w i t h i n  5 % ,  and t h e  

l a r g e s t  d e p a r t u r e s  a r e  w i t h i n  li%, t h e r e  seems i n  t h i s  case t o  b e  no f u r t h e r  

d e g r a d a t i o n  of t h e  model i f  extended t o  m i x t u r e s .  

2 . 4  Comparison of t h e  c o r r e s p o n d i n g - s t a t e s  model w i t h  d a t a  f o r  normal an3 

i s o b u t a n e  

Of most i n t e r e s t  t o  t h e  o b j e c t i v e s  of  t h i s  p r o j e c t  are ,  of cour se ,  o u r  

d a t a  on t h e  v i s c o s i t i e s  of normal and i sobu tane .  

Measured normal  bu tane  v i s c o s i t i e s  were compared w i t h  t h e  g e n e r a l i z e a  

co r re spond ing  s t a t e s  model. Measured and c a l c u l a t e d  s a t u r a t e d  l i q u i d  

v i s c o s i t i e s  a r e  shown i n  F ig .  I11 15. The d i f f e r e n c e s  between t h e  measured 

and c a l c u l a t e d  v a l u e s ,  f o r  bo th  compressed and s a t u r a t e d  l i q u i d ,  a r e  shown i n  

F ig .  111 1 6 .  A t  lower  d e n s i t i e s  (L 2.5 o ) t h e  d i f f e r e n c e s  a r e  s m a l l e r  than 

5 p e r c e n t ,  which i s  t y p i c a l  of o t h e r  f l u i d s  we have examined i n  t h i s  reduced 

c 
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d e n s i t y  range.  t h e  d i f f e r e n c e s  i n c r e a s e  w i t h  

d e n s i t y  t o  a maximum d i f f e r e n c e  of  about  25 p e r c e n t ,  which is  a l s o  t y p i c a l  of  

o u r  comparisons f o r  o t h e r  f l u i d s  i n  t h i s  reduced d e n s i t y  range.  

At d e n s i t i e s  l a r g e r  t han  2.5 p 
C 

Comparisons of measured s a t u r a t e d  l i q u i d  i s o b u t a n e  v i s c o s i t i e s  w i t h  

t h e  same extended co r re spond ing  s t a t e s  model are shown i n  F igs .  111 15, 16,  

D i f f e r e n c e s  between measured and c a l c u l a t e d  v i s c o s i t i e s ,  f o r  b o t h  s a t u r a t e d  

and compressed l i q u i d  d a t a ,  a re  shown. 

d e n s i t y  from about  15 p e r c e n t  a t  t h e  lowes t  d e n s i t i e s  t o  ove r  100 p e r c e n t  

a t  t h e  h i g h e s t  d e n s i t i e s .  

much l a r g e r  f o r  i s o b u t a n e  than  f o r  normal butane ,  which is somewhat 

s u r p r i s i n g  c o n s i d e r i n g  t h a t  t hey  are isomers .  

The d i f f e r e n c e s  i n c r e a s e  w i t h  

A t  t h e  h i g h e s t  d e n s i t i e s  t h e  d i f f e r e n c e s  are  

Our measurements under  t h i s  c o n t r a c t  have t h e r e f o r e  r evea led  an isomer 

e f f e c t  on  v i s c o s i t y  t h a t  i s  much l a r g e r  t h a n  t h e  g e n e r a l i z e d  co r re spond ing- s t a t e s  

model i s  c a p a b l e  of g iv ing .  

used  w i t h  c a u t i o n  a t  d e n s i t i e s  h i g h e r  t han  2~ 

mixfu res  of  i n t e r e s t  i n  geothermal  power c y c l e s .  

T h i s  s u g g e s t s  t h a t  t h e  program T W P  should  b e  

f o r  t h e  i sobutane- i sopentane  
C 

2 .5  An improved fo rmula t ion  of hydrocarbon v i s c c s i t i e s  

Hildebrand5* h a s  shown t h a t  t h e  e q u a t i o n ,  

@ = B(V - Vo)/Vo , 111 (1) 
- -1 where Q = rl i s  c a l l e d  t h e  f l u i d i t y ,  E is an empir ical .  parameter ,  and V is  

t h e  e s t i m a t e d  molar volume a t  4 = 0,  can c o r r e l a t e  a l a r g e  amount of v i s c o s i t y  

d a t a  f o r  l i q u i d s  a t  low reduced t empera tu res .  

0 

It is  known t h a t  equa t ion  III(1) 

is a s a t i s f a c t o r y  approximat ion  only  w i t h i n  l i m i t e d  ranges of  tempera tures  

and p r e s s u r e s .  53 

c h a r a c t e r i z e  t h e  v i s c o s i t y  behav io r  o f  l i q u i d s  w i t h i n  t h e s e  ranges .  

N e v e r t h e l e s s ,  i t  p rov ides  a r e l a t i v e l y  s imple way t o  

Eq. III(1) s u g g e s t s  t h a t  a p l o t  o f  t h e  i n v e r s e  v i s c o s i t y  v e r s u s  t h e  volume 

shou ld  be  l i n c a r .  T h e  s l o p e  of s u c h  a p l o t  should g i v e  the parameter  B ,  t h e  
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-1 extrapolated intercept with the rl 

such fluidity plots for the liquids ethane (Fig. I11 17), propane (Fig. 111 18), 

and normal and isobutane (Fig. I11 19). It is obvious that these representations 

are simpler and more revealing than the viscosity vs. density plots. 

cases of ethane and propane, the constant V seems to be virtually independent 

of temperature, while the saturation boundary is closely approximated by a 

straight line. 

= 0 axis the parameter Vo. We have made 

In the 

0 

The dependence of the fluidities of the butanes on molar volume is 

shown in Fig. I11 19. The fluidities of the compressed liquid increase 

linearly with volume at fixed temperature; the fluidities of the saturated 

liquid also increase linearly with volume except at the lowest temperatures. 

The parameter B is clearly dependent on temperature at low reduced 

temperatures. Estimates of V obtained by linear extrapolation of the 

isotherms to @ = 0, are also slightly dependent on temperature. The 

literatures3 indicates that the compressed liquid isotherms would probably 

be non-linear at volumes smaller than we have measured. The behavior shown 

in Fig. I11 19 suggests that equation III(l), if modified to include 

dependences on temperature, can be used for correlating our data. 

therefore examjned our d a t a  making use of equation III(l), modi f i ed  to 

include dependences of B and V on temperature. For normal butane, the 

temperature dependences are described by 

0’ 

We have 

0 

I11 (2) 5 2  B(T) = 0.287 exp (-0.198 x 10 /T ) 

and 

Vo(T) = 0.074 + 3.33 x T , 1x1 (3) 

Figure I11 20 -1 where T is in kelvins, V in L mol 

shows a comparison of our data with equations III(l), (2)  and ( 3 ) .  Most of the 

differences between measured and calculated viscosizies are smaller than 3 percent. 

and B in pPa-l*s-l/(L*mol-l). 
0 
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For isobutane the temperature dependences are described by 

I11 ( 4 )  5 2  B(T) = 0.420 exp ( -0 .354  x 10 /T ) 

and 

Vo(T) = 0.0698 x 10-5T . 111 (5) 

Figure 111 21 shows a comparison of our data for isobutane with equations 

LII(l), (4) and ( 5 ) .  As for normal butane, most of the differences between 

measured and calculated viscosities are smaller than 3 percent. 

We conclude that a simple Hildebrand equation with few adjustable parameters 

seems to be effective in describing hydrocarbon viscosities in the range from 

2 t o  3 pc. 

not predictive. 

However, unlike TRAPP, the Hildebrand equation is not global and 
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Appendix B 

Scaled equa t ions  for  one-component f l u i d s  

B . l  Reduced thermodynamic q u a n t i t i e s  

L 

pc 

’ 

’ 

’ 

u 1  
û = ,.- 

pc 

C 
H T  

^H = - . -  

vr pc 

B . 2  Thermodynamic r e l a t i o n s  

d̂ H = -Td^v + 

A -  

d? = -Td% - pdp 

w i t h  

n An k = P - T U  

B1 

Tc 

pc 
- . -  ’ 



B . 3  Fundamental equations 

with 

A? - ? + l  

3 

i= 1 

h 

Po(A?) = 1 + C ^p,A"Ti 

E2 

(B.4a) 

(B.4b) 

(B .  4c) 

(B. Sa) 

(B. Sb) 



B . 4  Derived thermodynamic quantities 

n 

P = 1 +(.@) 
A T  

n 

Xr=(-) A? 

B3 

(B. 11) 



B. 5 Parametric equations 

2 2  A? = r (1 -b  6 ) 

A; = r % e ( i - e 2 )  

(-IT = r8k0 

= rl-aak(so + s 2 6  2 ) 

2 2 
-y ,k 1 - b (1 -25 )e  

a 1 + q2e 2 + 4 4 0  4 

(1-a)(l-3b 2 ) ( s o  + s,b 2 1 - 2B6s28 2 2  (1-b 1 

1 + q2e2 + q4e 4 

-a 6 (-1; = r ak 

(B. 12)  

( B .  13)  

( 8 . 1 4 )  

( B .  15) 

(B. 1 6 )  

(B. 17) 

(B. 18) 

(B. 19)  

with 



2 B6 - 30 - b ay 

2b4(2-a>( l-a)a 
= 

2 66 - 3B - b a (2 f6 -1 )  

2b2( 1 - a ) ~  
= -  

p2 

- 206 - 3 
p 4  - 2a 

B(6-3)  
2 2b a 

= -  
s2 

t - b2(206-3) 
94 

BS 

(B.20) 

(B.21) 

( B . 2 2 )  

(B.  23) 

(B .  24) 

(B.25) 

(B.26) 



B e  6 Thermodynamic properties in one-phase region 

2 2  ? = -1 + r(1-b  e 

h 

p = 1 + r8ke 

(Bo 27) 

(B.28) 

(B.29) 

"v d^Po(Af) -P h C ~ ' ; ~ ( A ? )  + r 1-0 ak(so + s2B 2 ) 

d? d? 

(B.30) 

(B.31) 

(B.32) 

a(1-0~) - ( i - 3 e 2 )  
(Be 33) 

1 -u dPo (A? ) 
+ r ak(s + s b2) + Gr86'1a80 

1-b2( 1-2B>e2 (:); = d? 0 2  

(B.34) 1 2 d2^P,( A? ) h d 2."o (A? ) (i-a)(so + s2e - m 2 e  
+ r-'ak i'[ d?* 1 - b2(i-2s)e2 t =  - p  

d? V 

( B .  35) 

B6 



B . 7  Thermodynamic properties i n  two-phase region 

2 3 = -1 + r(1-b ) (B.36) 

(B.  37) 

(B. 38) 

dp0(A?) A d ig@ 1 ( 2 - ~ t ) r ' - ~ a k ( p ~  + p2 + P,) 
(B.39)  2 

"v ' P  + 
df d? 1-b 

(2-a)(l-a)raak(po + p2 + p4) 
(B.40) 1 d2io(A?) 

+ 
V dy2 ( 1-b2 )2 

B7 



Appendix C 

Scaled equations f o r  f l u i d  mixtures 

C. 1 Reduced thermodynamic quantities 

CI p 4  

U 
= - (4) 

"*C 

c1 



C . 2 Fundamental equations 

n 

LL5 e 
c =  n n 

T = ^T - ?$) 

h = l n ( e  " + eP5) - H ( ~ , T )  

and 

c2 



c 3  

(C. 9) 

(C.10) 

(C. 12) 

(C. 13) 

(C. 14) 

(C. 15) 

(C. 16) 



C.3 Parametric representation 

(C. 17) 

h = rB6a0(1-e2) (C. 18) 

(C. 19) 

c 4  



t 
C . 4  Derived thermodynamic q u a n t i t i e s  

D e n s i t i e s  : 

Mole f r a c t i o n  of isopentane: 

(C.20) 

( C . 2 1 )  

(C. 22) 

Not a t  i o n  t 

n 

c5 



Specific energy: 

(4) ? - ;HT pc t 

Pc 
A 

P 
= -(4) . 

Specif ic  enthalpy: 

P H = U - -  
P 

Isochoric thermal pressure coeff ic ient:  

Compressibili{y: 

( C . 2 4 )  

(C.25) 

( C .  2 6 )  

(C.27) 

C6 



Response function : 

S p e c i f i c  heat at constant volume : 

S p e c i f i c  heat at constant p r e s s u r e :  

(C ,29) 

(C.  30: 

c7 



Auxiliary functions: 

(C.35) 



Appendix D 

Parameters  f o r  i sobu tane  - i sopentane  mixtures  near  the  c r i t i c a l  l i n e  

%O = -1 

cc 

= 1  %o 

poo 

p l o  

cc 
= 1  

cc 
= 5.8840 

* 
= -15.789 20 

cc = o  30 

= 1  HOO 

= 5.8840 
10 

= -28.659 20 

H30 = -25.543 

= 1  QO 

aO = 1  

= 0.11437 
? C l  

= -0.15842 

cc 
= -0.17735 1 

cc 
P l l  = -0.15089 

h 

= -3.1202 p2 1 

cc 

= 23.089 '31 

HO1 = -0.022491 

= 0.92834 H1l 

= -23.22 H2 1 

Hgl = 3.7432 

-0.15401 9 1  

a l  = 0.11264 

h 

= 0.06 c2 

CL 

= 0.16 p02 

h 2  = 7  

cc 

Po3 = -0.03 

D1 



Appendix E 

T a b l e s  of thermodynamic p r o p e r t i e s  

I n  t h i s  Appendix we p r e s e n t  t a b l e s  of thermodynamic p r o p e r t i e s  f o r  

i s o b u t a n e  - i s o p e n t a n e  m i x t u r e s  c a l c u l a t e d  from t h e  s c a l e d  fundamental  

e q u a t i o n .  S p e c i f i c a l l y  we  l i s t  t h e  p r e s s u r e  i n  MPa, t h e  thermal  p r e s s u r e  

c o e f f i c i e n t  ( a P / a T ) p , x  i n  Mpa/K, t h e  i s o t h e r m a l  c o m p r e s s i b i l i t y  

5 = P- l (aP /aP) , , x  i n  l /FPa ,  t h e  s p e c i f i c  h e a t  Cv i n  kJ/kg K, t h e  s p e c i f i c  

h e a t  C i n  kJ/kg K and t h e  s p e c i f i c  e n t h a l p y  H i n  kJ/kg as a f u n c t i o n  of t h e  

d e n s i t y  p i n  kg/m and t e m p e r a t u r e  i n  K for two composi t ions ,  namely x = 0.1 

and x = 0.5, where x r e p r e s e n t s  t h e  mole f rac t - ion  of i s o b u t a n e .  

P 
3 

El 



El Thermodynamfc p r o p e r t i e s  of i sobutane  - Gsopentane a t  x = 0.1 

Table  E l .  

Table  E2. 

Table E 3 .  

Table E4. 

Table  E5. 

Tab le  E6. 

P re s su re  i n  MPa as a func t ion  of p in kg/m3 and T i n  K 

for x = 0.1 

Thermal p re s su re  c o e f f i c i e n t  (ap/aT) i n  MPa/K as a func t ion  

of p i n  kg/m3 and T i n  K for x = 0.1 
P * X  

I so thermal  c o m p r e s s i b i l i t y  I$, = p-'(ap/aP> 

f u n c t i o n  of p in kg/m3 and T i n ' K  f o r  x = 0.1 

in 1/Mpa as a 
T,x 

S p e c i f i c  hea t  CV,* in kJ/kg K as a func t ion  of p in kg/m3 and 

T i n  K f o r  x = 0.1 

i n  kJ/kg K as a func t ion  of p i n  k g / m  3 and 
S p e c i f i c  hea t  Cp*x 
T in K for  x = 0.1 

S p e c i f i c  en tha lpy  H i n  kJ/kg as a func t ion  of P i n  kg/rn3 and 

T in K for x = 0.1 

E2 



Table E l  -- 

Pressure 

rEnsr i r  : 1 eo .U 1 7rl mb 1tU.O 

4 e31 1 
4.264 

4 m t l l  
4.158 
4 a105 
4.052 

4 a 0 0  
s ,911 

S a 8 V b  

1.841 

3 .754 

J *68 1 
3 e62 7 

s .78a 

190.0 200.U 2?U.O 240.0 

4.628 
4.558 

4.488 

18418 
4.S48 

4. 278 

4.209 

4 m l t O  

4.071 
4.003 

3 . 9 3 s  

3-16? 
S.8"O 
3.7sr 
3.668 

260 -0 

4.71s 
4.667 

4 .so0 
4.512 

4 .I ss 
4 05119 

4.2r3 
4.207 
4.171 
4 . O S 6  

3 m982 

3 0908 

3.135 
3 e 7 6 2  

S o 6 9 1  

27n.O 280.0 29C.C sro.0 
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Table E2 

DP/DT 
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Table E4 

Spec Heat CV 

OENtf 1 Y  : 

T t P F  

427.  I O  
4260t 'O  

425.!0 

4 2 4  10 

473 LO 
4 i 2 . C O  

421.  I O  
42CoC9 
4190LO 
4 1 8 0  (0 
417.  io  
4 1 6 . ( 0  
415mtO 
4 1 4 . t 0  

413.10  
412mCO 

trl 
0 

4 1 1  -10 

41OoCO 

160.0  170.0 1tO.O 190.0 ZOO.(, 21fl.3 220.0 23000 240.0 t 5 @ . 0  260.0 27P.0 290.0 29C.C 300.0 

1.4 15 
Z 0416  

2 e441 
2 a486 
2 .4 ;r 
2.439 
2 e 5  C 7  
2.51? 

2 05 2 1  
2.542 
i.fSo 
2 
2 - 6 5 ?  
2 .64b 

2.471) 
t . 4 8 2  

i? 0481) 
2 0434 
2mSi)l 
7 0509 
2 .SI8 
2.529 

7 m543 
2 mS59 
2.580 
? 0606 

2 - 6 4 3  
2 e700 

d 0480 
2.485 
2 m491 
2 0498 
2 . S O 6  

2.515 
2 e 5 2 5  
2 05 38 

z 0553 

2 0572 

2 0596 

z .e29 

Z e 6 7 5  

2.7111 

2 .479  
2 m4 85 
2.491 

2 m4 90 

2.507 
2 0 5  17 
2.520 
2.542 

2.5 59 
2 . 5 8 0  
2m6U7 
2.644 
2.7Ol 
2 . 8 1 s  

2 0475 
2.481 
2.486 
2 0495 
2 SO4 

2.514 

2 0526 

2 0541 
2 5 5 9  
2 0 5 8 1  
2m61U 
2.651 

2 . 7 1 4  
2.846 

2 0460 
2.465 
2 e 4 1 2  

2.479 
20487 
2 .497  

2.509 
2.523 
2 .541  
2.563 ~ 

2.591 
2 0631 
2.693 
2 .I 18 

7.448 2.435 
2.453 2.439 
2 0459  2.445 
2.466 2.451 
2.474 2.458 
7.483 2.466 
2 .494  2.416 
2.508 2.488 

2.524 2.502 
? e 5 4 4  2.520 
2 o s 7 0  7 -2.543 
2.606 2.574 
2.661 2.619 
2.764 2.698 

2.967 

2.4r)s 
2.406 

2 . 4 1 0  
2 .414  
2 . 4 2 0  
2 .425  
2 04'2 
2.441 
2 0 4 S 0  

2.462 
2 . 4 7 7  
2 o b Q 7  
2 0523 
2 . 5 6 3  
Z 0654 

2.166 2.568 2*?5('  
2.388 2.1110 20.52 
20.91 2.372 2.?53 
2.595 2.374 2.154 
2.399 2 . 3 7 7  2 . ? S t  
2.4OS 2.581 2.?5C 
2.409 2.315 i o 3 6 1  
2.415 , 2 e S 8 9  2 . ? 6 4  

2 . 4 2 s  2 .395  Z . ? O L  

2.412 2 . 4 0 2 ,  20S72 
2.443 2 . 4 1 0  2.?71 
2 . 4 5 1  2 . 4 2 0  2.?8? 
2.476 2.432 2019? 

2.502 2 . 4 4 9  2.4U! 

2.545 2 . 4 7 1  2 .411  
2.62a ~ ~ ~ 1 0  2 . 4 s t  

2 0 4 6 t  
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Table E6 

Enthalpy 

T t C f  

4 ? 7 .  to 

4 2 6 . t 0  

4 2 5 . 1 0  

4?4mCO 

4 2 3 .  (0 
4 2 2 .  ;O 

421mC0 

4 2 C e  (0 
419mCC 

418.C0 

417. [ O  

416.10 

1 1 S m ( 0  
414.  ( 0  

4 1 3 . ( 0  

412oLO 

4 1 1 . ( 0  

4 1 9 . 1 0  

m 
03 



E2. Thermodynamic p r o p e r t i e s  of i sobutane  - i sopentane  a t  x = 0.5 

Table E7. 

Table  E8.  

Table  E9. 

Table E10. 

Table  E l l .  

Table  E12. 

Pressure  i n  MPa as  a func t ion  of p i n  kg/m3 and T i n  K 

f o r  x = 0.5 

Thermal pressure  c o e f f i c i e n t  (ap/aT) i n  Mpa/K as a func t ion  

of p i n  kg/rn3 and T i n  K f o r  x = 0.5 
P ,x 

I so thermal  compress ib i l i t y  % = p-'(ap/aP),,x i n  l/MPa as a 

f u n c t i o n  of p i n  kg/m3 and T i n  K f o r  x = 0.5 

3 S p e c i f i c  hea t  C i n  kJ/kg K as a func t ion  of p i n  kg/m and v sx 
T i n  K f o r  x = 0.5 

S p e c i f i c  heat C i n  kJ/kg K as a func t ion  of p i n  kg/m 3 and 
P s* 

T i n  K f o r  x = 0.5 

S p e c i f i c  en tha lpy  H i n  kJ/kg as a f u n c t i o n  of p i n  kg/m3 and 
T i n  K f o r  x = 0.5  

E9 
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Table E7 

Pressure 

4 0053 4 e120 
&.GI? 4 0079 

?.973 4 4 3 ?  

3.934 3.901 

3.894 3 . V S 4  
3.814 s . v i z  

3.814 3.870 

3.774 5.828 

3 . 7 3 4  3 , 1 9 6  

S.693 3 .144  

3.653 3.101 

3.612 5.6S9 

3.571 5.616 

3.530 3.574 

4.1 85 
4.142 

4.098 

4.054 

4.011 
3 .v a7 

3.V23 
3.879 

3.835 
3.791 
3.7 47 

3 07 us 
3.6 59 

3.6 15 
3.570 

4.sn9 

4.455 

4 0 4  00 
4.316 

4.202 

4.238 

4.1@4 

4.131 

4.071 

4.024 

3.970 

3.91 7 

3.864 
3.812 
3.759 
3.107 

3.656 

4 . 5 t 3  
4.52* 

4.160 
b o l l ?  

4.359 

4.299 

4 . 2 4 3  

4.166 

4 01 3 1  
4.075 

4.019 

5.964 

3.9lJQ 

f o A 5 4  

3.199 

5.742 

3 .691 

3.63q 

4.66s 4.753 
4.603 4.690 

4 0 5 4 4  4.627 
40484 4.564 

4.424 4.502 
4.365 4.439 

4.506 4 - 3 7 ?  

4 .24?  4.315 
4.189 4.254 

4.1S0 4.192 

4.072 4.131 

4.014 4.@?O 

3.956 4.009 
1.899 3.v49 
3.142 3.889 

30785 3.829 

3.129 3.??0 
Sm6?3 3.712 

3.619 3.654 

4 0856 
4 .TO9 

4 e722 

4 0 6 %  

4 S90 
4 0 5 2 1  

4 0458  

4.393 

6 0328 
4 0263 
4 199 

4.114 

4 0070 
4 007 
3 0943 

3 0880 

3.818 
3 .?5& 
3 0694 

3.633 

5 0115 
5 .Ob0 

4 0965 
4 0890 

4 0815 
4 0741 

4 .&& 7 
4 os93 

4 .s20 
4 oh47 

4 0374 

4 0301 
4 e229 
4 0157  
4 0086 

4.015 

3.944 

3 0873 

3.804 
3 .I? 4 
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Table I 1 

Supercritical PVT data for isobutane 

T = 423.15 K T = 448.15K 
3 P, MPa P ,  kg/m P, MPa P t  k g h  3 

20.750 
4.754 

10.840 
4.600 
3.977 
6.426 
4.452 
3.747 
5.403 
4.352 
3.571 

15.982 
4.690 
4.078 

457.9 
257.2 
406.9 
228.5 
128.3 
349.3 
196.2 
110.2 
314.1 
176.4 

438.4 
246.3 
138.3 

99.91 

10.024 
5.770 
4.377 
3.018 

10.024 
5.770 
4.377 
6.757 
5.060 
3.675 
7.480 
5.328 
3.946 

349.6 
196.3 
110.3 

349.6 
196.4 
110.3 
261.2 
146.7 

292.5 
164.2 

61.97 

82.39 

92.24 

uncertainty 0.01% 0.1% 

T1 



Table I 2 

377.594 
394.261 
423.15 
448.15 

V i r i a l  c o e f f i c i e n t s  

6 10 c. 5 10 B. 

m3/kg 

of i sobu  t ane 

9 10 D. 

(m3/kg> 

lO'lE. 

-647.4 + 0.7 9.86 + 0.16 
-592.2 'T 0.2 10.66 7 0.08 

8.62 7: 0.01  
-501.5 z 0.3 8.91 T 0.07 7.9 2 0.8 -3.0 - + 0.3 
-440.3 - + 0.1  - 

'ma** 
3 

kg/m 

41 
81 
150 
100 

B, second v i r i a l ;  C ,  t h i r d  v i r i a l ;  D, f o u r t h  v i r i a l ,  E, f i f t h  v i r i a l .  
V i r i a l  c o e f f i c i e n t s  correspond t o  t h e  c o e f f i c i e n t s  of a f i n i t e  d e n s i t y  
series r e p r e s e n t a t i o n  of t h e  c o m p r e s s i b i l i t y  f a c t o r .  

T2 

C 



Table I 3 

Vapor pressure of i s o b u t a n e  

298.15 
303.15 
308.15 
313.15 
318.15 
323.15 
328.15 
333.15 

0.3500 
0.4043 
0.4641 
0.5304 
0.6032 
0.6836 
0.7725 
0.8683 

333.15 
343.15 
353.15 
363.15 
373.15 
383.15 
393.15 
398.15 

0.8676 
1.0867 
1.3432 
1.6408 
1.9855 
2.3819 
2.8361 
3.0879 

Uncertainty 0.002 0.01% 

T3 



Table I 4 

Isochoric PpT data near the critical line 
65.07/34.93 mol % isobutane/isopentane mixture 

T ,K P , m a  

p = 251.9 kg/m 3 

157.535 3.801 
157.424 3.795 
157.362 3.791 
156.558 3.804 

157.415 3.796 
157.918 3.766 
156.635 3.747 
156.563 3.742 

156.474 3.735 
156.389 3.730 
156.333 3.726 
156.330 3.726 

155.811 3.693 
155.761 3.693 
155.697 3.690 
155.719 3.692 

155.628 3.686 
155.497 3.678 
155.425 3.673 
155.245 3.661 

uncertainty 
0.02 0.004 

T,K P ,MPa 

3 p = 241.2 kg/m 

156.582 3.729 
156.520 3.726 
156.444 3.721 
156.468 3.722 

156.328 3.714 
156.113 3.701 
155.708 3.676 
155.536 3.666 

3 
p = 230.8 kg/m 

156.503 3.703 
156.369 3.696 
156.286 3.691 
155.974 3.675 
155.865 3.668 

3 
P = 216.7 kg/m 

156.606 
156.533 
155.972 
156.233 

156.364 
156.413 
156.458 
156.529 

3.700 
3.696 
3.665 
3.681 

3.689 
3.691 
3.693 
3.698 

T4 



Table I 5 

Critical-line d a t a  in isobutane/isopentane mixtures 

x, mol % iC 5 Tc p c  pc 

MPa 3 K mol/dm 

0 407.84 3.880 3.629 
0.2001 419.92 3.781 3.677 
0.3493 428.71 3.662 3.650 
0.5073 437.35 3.649 3.615 
1 460.51 3.265 3.371 

uncertainty 0.02 1% 0.004 

T5 



Table I 6 

Vapor pressure of isopentane 

400.529 

411.407 

411.390 

425.513 

437.593 

447.995 

454.576 

458.582 

459.562 

460.504 

1.2477 

1.5208 

1.5222 

1.9387 

2.3593 

2.7761 

3.0728 

3.2698 

3.3192 

3.3698 

0.02 0.004 

'talc' 

1.2467 

1.5230 

1.5226 

1.9373 

2.3570 

2.7770 

3.0755 

3.2718 

3.3218 

3.3707 

pexp-pca 1 c 

. O O l O  

-.0022 

-. 0004 

.0014 

.0023 

- .0009 

-.0027 

- .0020 

-. 0026 

- .0009 

uncertainty 

F i t t ing  equation I I (25) .  

T6 

(’exp-’ca 1c) ’’ exp % 

.08 

-.15 

-.03 

.07 

.10 

-.03 

-.09 

-.06 

-.08 

-.03 



Table I 7 

Dew-bubble curve d a t a  

X 
mol % i C 5  

0 .2001 

0.2001 

0.2001 

0 .3493 

0 .3493 

0.3493 

0.3493 

0.3493 

0.3493 

0.5073 

0.5073 

0 .5073 

0.5073 

uncertainty 

0.001 

p, m o l / d m  3 
T ,K 

419.75 

419.88 

420.01 

3.993 

3.832 

3.673 

4 

0 

8 

8 

427.99 4.336 

428.14 4.161 

428.41 3.996 

428.56 3.826 

428.71 

428.89 

3.661’ 

436.88 4 .  OOS7 

437.11 3.825l 

437.28 

437.42 

0.02 

3. 6625 

3.629l 

1% 

P, MPa 

- 
3.676 

- 
3.661 

3.658 

3.650 

3.650 

- 
8 3.62 

3 . 6 ~ ~  

3.62 

0.004 
(x = 0.20 and 0 . 3 5 )  

0.01 (x = 0 . 5 0 )  

T7 



Table I 8 

VLE data 

T x, mol X iCs P ,MPa 

288.890 0.4968 0.1685 
0.5010 0.1653 
0.5097 0.1632 

298.337 0.4968 0.2270 
0.5010 0.2238 

308.327 0 .4968 0 .3045 
0.5010 0.2994 

318.496 0.4968 0.4029 
0.5010 0.3965 
0.5097 0.3894 

328.480 0.4968 0.5145 
0.5010 0.5139 

T8 

3 p ,  mol/dm 

9.3110 
9.3041 
9.2790 

9.1483 
9.1449 

8.9542 
8.9469 

8.8137 
8.7712 
8.8082 

8.6170 
8.5955 



Table I 9 

Parameters of the dimensionless 
Helmholtz function of isobutane 

Primary reference constants 

T* = 407.84K 

p* = 3.8796 mol/dm 

P* = 3.6290 MPa 

3 

Secondary reference constants 

A** = p" = 0.93541 kJ/mol 
P" 

s** = - '* = 2.29356 J/(mol.K) p*T* 

p* li2 
a** a (pn' = 126.86 m/s 

Physical constants 

M = 0.0581243 kg/mol 

R = 8.31441 J/ (mo1.R) 

T9 



Table I 9 (Continued) 

Coefficients of dimensionless Helmholtz function 

XO = 7.9688113 

A00 = 27.849029 A05 = 2.5515510 
AOL = 58.138236 A06 = -53.012165 
A02 = -.050937 A07 = 3.343460 
A03 = 2.525250 A08 = -.119451 
A04 = 346.65236 A09 = -38.124442 

YO = .15388314 
Y 1  = -.39169870-001 
Y 2  = -.25198404-003 
Y 3  = .98802205-006 

ZO = .38796166 

B11 = -.96153074+001 
B 2 1  = .27935713+002 
B 4 1  = -.12569635+003 
B 5 1  = .54406550+003 
B61 = -.47948565+003 
B8l = .14134133+003 
B 1 2  = -.12372626+002 
B32 = -.34731447+002 
B52 = -.57569010+003 
B62 = .53210066+003 
B 7 2  = .41502454+003 
B82  = -.42359614+003 
B13 = .58118955+002 

A20 = .30020353+001 
A21 = -.61529971+001 
A22 = -.14570002-001 

A24 = -.90043710-004 
A23 = .13342155 

A10 = 3.6250 

T10 

B23 = -.50009149+002 
B43 = .23153999+003 
B63 = -.38080769+003 
B83 = .26120687+003 
B14 = -.22934154+002 
B64 = -.14503027+002 
B15 = -.10167777+002 
B25 = .30142576+002 

B85 = .25502886+002 
B55 = -. 33549797+002 

B26 = -.53441617 
B86 = .37213690-001 



Table I 10 

Coefficients determining shape factors 9 and 0 

1 

-0.021 

1 1 bl 

b2 

a 

+O. 0065 =2 

-0.065 b3 -0.015 a3 



Table I 11 

Critical parameters of isobutane and isopentane 

TqC = 407.84 R 

C 3 V4 = 0.2578 dm / m o l  

P 4 =  = 3.629 HPa 

C Z4 = 0.2759 

T12 

T5 C = 460.51 K 

V5 C = 0.3079 dm 3 /mol 

P5 C = 3.3707 FiPa 

Z5 C = 0.2711 



Table I 12 

Combining-rule parameters k and L 

k = 0.995 

a = 1.002 

T13 



Table I 13 

Parameters of the revised and extended 
scaled thermodynamic potential of near-critical isobutane 

Critical Parameters 

= 3.6290 MPa 
pC 

Tc = 407.84 K 
3 = 225.5 kg/m pc 

Critical Exponents 

B = 0.325 

6 = 4.82 

Al = 0.50 

Parameters in Scal.ing Functions 

a = 22.0163 

k; = 1,19385 

kl = 0.50552 

Pressure Background - 
P1 = 5,8858 
- 
P2 = -22.0805 

Thermal Background 
- 
lJc = -4.9535 

p1 = -21.6912 

T14 

c = -0.0096833 

b2 = 1.3757 

Pa r ame t e r s 

= -0.06820ge 

Parameters 
- 
u2 = -32.2295 

p3  = -33.5271 
- 

I 



Table I1 3 

Par2meters for the simple scaled equations of isobutane and isopentane 

isobut ane isopentane 

Molar mass M = 0.0581243 kg/mol H = 0.0721512 kg/mol 

T(5)  = 460.51 K Cr i t i c a 1 par ame t e r s T(4)  C = 407.84 K 

p ( 4 )  C = 3.8796 mol/dm P C  

p:') = 3.62906 x 106 Pa 

C 

3 3 ('I = 3.265 mol/dm 

p ( 5 )  = 3.371 x 106 Pa 
C 

Parameters in scaling B 0.355 

functions 6 = 4.352 

a = 20.7234 

k = 1.44675 

b2 = 1.3909 

B = 0.355 

6 4.352 

a = 20.7234 

k = 1.44675 

b2 = 1.3909 

- ( 4 )  i(5) = 6.1720 

n ( 4 )  = -15.7886 n ( 5 )  p2 = -18.0281 

- ( 4 )  = 0 n(5) p3 = 19.4960 

Pressure background P1 = 5.8840 1 

parameters p2 

p3 

n n = 1  cIC = 1  

p1 
- ( 4 )  - ( 5 )  = 

Ca 1 or i c bac kgr ound 
IrC 

- ( 4 )  = 

Ir2 

v 3  

- ( S I  
parameters cIl p1 v 1  

n ( 4 )  = -28.6595 u 2  = -41.6268 

n(4)  = -25.5431 -(') p 3  = -15.4912 

1 

Range of validity 407.6 K < T < 420.1 1c 460.3 K < T < 474.3 f: 

2 . 4 4 9  nol/dm p 4 4.081 niol/dm 3 3 3 
2.908 mol/dm3 < p < 4.852 mol/dm 

T15 



Table 11 2 

Calculnted critical-point parameters of isobutane-isopentane 
mixtures as a function of t h e  mole fraction x of isopentane. 

X 

0 

0.2001 

0.3493 

0:s 

0.5073 

1 

Tc 
K 

407.84 

419.40 

429.14 

437.71 

438.09 

460.51 

T1G 

pc 
MPa 

3.880 3.629 

3.774 3.677 

3.670 3.662 

3.569 3.616 

3.564 3.613 

3 . 265 3.371 



Table I1 3 

Differences bctween thermodynamic property values F global 
calculated from thc global equation (Sec. 2.2 of Part I) 
and thermodynamic property values F scaled calculated from 
the scaled fundamental equation for an equimolar mixture 
of isobutane and isopentane (x = 0.5) at T = 452 K. 

- 1 /F in % (Fglobal Fscaled scaled Quantity listed: 

P 

3 mol/dm 

2.702 

2.886 

3.070 

3 255 

3.439 

3.623 

3.807 

31 992 

4.176 

4.360 

F = P  

x 

6.1 

5 -  8 

5.5  

5 .  1 

4.6 

4.2 

3.7 

3.2 

2.7 

2.2 

= (qp+ 
x 

0.8 

3; 4 

5-8 

8.0 

10.0 

11 -8 

13 2 

14.3 

15.1 

15.5 

= 
x 

- 5.6 
-10.9 

-15.1 

-17.9 

-19.5 

-19.8 

-19.3 

-18.1 

-16.5 

-14.8 

Note:  T, = 437.71 K, P, = 3.569 mol/dm’, H = 0.065137 kg/rnol. 

T17 



Table  111 1 

Viscosit ies  of compressed l i q u i d  normal butane 

T = 300.00 K 

33 -9166 10 -548 221.4 

30.6994 10 -495 217.9 

28.1542 10.450 212.9 

24.7677 10.369 205 - 4  

21 5095 10.327 201.3 

17.7614 

14.4315 

10.2694 

7.6515 

4.8175 

1.7289 

30.0269 

27.0472 

24.6018 

21.4561 

17.9370 

14.6209 

11.7832 

7.94(17 

5.1172 

1.8463 

10.252 

10,181 

10.086 

10.021 

9.947 

9 0859 

T = 250.00 K 

11.201 

11.162 

11.130 

ll.Qt37 

11 0037 

10.988 

10 . 945 

1c 0884 

10.837 

ld.781 

T18 

192.3 

18% . 2 

175.8 

170.8 

164.3 

157.8 

337 . 3 

327.3 

322.7 

316.2 

305.9 

299.3 

292 . 5 

283.6 

275.9 

267.1 



P, MPa 

31.0293 

30.2055 

27 .go13 

24.6365 

21.3166 

17.9753 

14.4286 

11.1406 

7.9864 

5.1249 

2.0330 

31.2351 

2&.0523 

24.7734 

21.1814 

17.7851 

14.3967 

11.3084 

8.1990 

5.4201 

2.1837 

Table  I11 1 (Continued). 

-1 
p,  rno1.L 

T = 200.00 K 

11 -928 

11.920 

11.898 

11.865 

11.831 

11 0797 

11.759 

11.723 

11.687 

11.654 

11.618 

T = 180.00 K 

12.219 

12.191 

12 -162 

12 . 129 
12.098 

12.065 

12.035 

12.004 

11.976 

11 -942 

646.1 

632.7 

618.5 

606.0 

587 .O 

573.8 

560.5 

550 . 1 
533.8 

519 . 1 
5137.6 

880.7 

851 .Y 

835.6 

613.8 

797.9 

782 . 3 
760.8 

745 04 

729.9 

703.7 



Table 111 1 (Continued) 

P, r.Pa 

32.2269 

30.0563 

27 . 0460 

24.4627 

2 1  . 1290 

16.9623 

14.4448 

11.4655 

8 -0570 

4.6655 

1.4602 

29.1128 

26 . G3G1 

24.0565 

21.4113 

17.8222 

14.6675 

7.9562 

5.0882 

1.7692 

-1 p,  1nol.L 

T = 160.00 K 

12.519 

12.503 

12.479 

12.458 

12 . 430 

12 . 395 

12.374 

12 . 348 

12.317 

12.286 

12.257 

T = 150.00 K 

12.644 

12.625 

12.605 

12.51;5 

12.556 

12.530 

12.474 

12.450 

12.420 

1381 . 8 

1368 . 3 

1317.8 

1282.6 

1248.5 

1230.0 

1196 .O 

1169.8 

1130.3 

1098.3 

1073.4 

1809.5 

1785.9 

1736.8 

1663.2 

1641.7 

1562.4 

1512.4 

1443.8 

1400.2 

T20 



P ,  MPa 

Table 111 1 (Continued) 

T 

30.2935 

27.7097 

24.6230 

21.2652 

17.4590 

15.4894 

12.8373 

10.2410 

7.41 74 

4.6766 

1.5161 

p ,  rno1.1-l 

= 140.00 K 

12.802 

12 . 784 
12.761 

12.736 

12.707 

12.692 

12.672 

12.G51 

12.628 

12.606 

12.579 

T21 

‘2, uPa.s 

2565.4 

2486 . 9 
2440.3 

2384.6 

2320 1 

2264.0 

2199.7 

2117 .4 

2055.3 

2012.5 

1952.4 



Table.111 2 

Viscosit ies  of saturated liquid normal butane 

136.00 

138.00 

140.00 

145.00 

150 .OO 

155.00 

160.00 

170.00 

180.00 

190.00 

200*00 

220.00 

240.00 

250.00 

260.00 

280.00 

12.634 

12.601 

12 . 566 

12.486 

12.405 

12.324 

12.243 

12.081 

11.920 

11.757 

11.593 

11.262 

10 . 922 
10.749 

10.572 

IO 204 

2234 . 9 
2013 . 1 
1899.7 

1592.1 

1332 . 7 
1200.4 

1047.2 

816.9 

690-3 

571.5 

485.2 

368 2 

288 . 7 
259.8 

233 -4 

189 .O 

T22 



Table I11 3 

Viscosities of compressed l i q u i d  i s o b u t a n e  

P,  W a  

32 -0838 

28.5975 

25.1765 

24.3521 

21.5145 

13.2143 

16.6258 

14.8533 

14.6597 

13.4571 

11.4848 

7 . 6669 

4.1001 

,8064 

.4145 

31,6827 

27 -9692 

24 .!is52 

21.0120 

19.2675 

17.5178 

-1 
p ,  mo1.L 

T = 300.00 K 

10.250 

10.182 

10.112 

10.094 

10.032 

9.957 

9.919 

9.875 

9.870 

9.839 

9 . 787 

9.679 

9.568 

9.453 

9.439 

= 250.00 K 

10.970 

10.917 

10.866 

10.811 

10.784 

10.755 

T2 3 

223.8 

215.6 

206.3 

2d3.4 

197.7 

188.2 

188.2 

181.8 

184.7 

181.5 

175.0 

166.0 

155.9 

148.2 

147.1 

377 08 

3ti%. 3 

349.7 

338.7 

327.8 

327 .7 



Table 111 3 (Continued) 

P ,  Wa 

15.5723 

14.0358 

11.6838 

10.7614 

7.3892 

3.1925 

31 . 2686 

28 . 1272 

24.8552 

21.3494 

17.6364 

16.8536 

14.0934 

'12.6896 

10.7472 

7.3582 

3.0687 

p ,  no1.L-l 

10 . 723 

10.697 

10.656 

10.640 

10.57& 

10.496 

T = 200.00 K 

11.687 

I1 -654 

11.619 

11 . 580 

11.538 

11 . 528 

11.496 

11.479 

11 e455 

11.412 

11 -356 

314.7 

316.8 

302 . 7 

304.7 

295.0 

279 . 9 

748 . 8 

731.7 

711.1 

682.6 

658.1 

643.6 

638.0 

609.6 

620.2 

601 .4 

583.8 

T24 



P, Wa 

Table I11 3 (Continued) 

T 

31 04359 

28.0430 

24 -4960 

21.0666: 

17 -6586 

13.9976 

10.5922 

7.4037 

3.3993 

34.1087 

30.6682 

27.1278 

25 -6699 

21 a9056 

18.3818 

14.8377 

11.1760 

7.9163 

4.4249 

1.6752 

-1 p, utob L 

= 180.00 I: 

11.978 

11 0947 

11.913 

11.880 

11.846 

11 0808 

11.772 

11.737 

11.691 

T = 160.00 K 

12.251 

12.263 

12.235 

12 . 223 
12 . 191 
12.160 

12.128 

12.095 

12.064 

12.029 

12.002 

"25 

1093.6 

1064.2 

1017.0 

979 .9 

945.5 

909 . 3 
884 . 3 
858 . 0 
836.7 

1842 . 7 
1802 . 2 
1688.6 

1694.5 

1656.0 

1584.2 

1505.8 

146s .4 

1441 .O 

1381.8 

1346.0 



Table 111 3 (Continued) 

P, W a  

32.3674 

29.3326 

25.9258 

22.6434 

18.5270 

14.9878 

14.8903 

11.5634 

10.8120 

7.7792 

7 . 3933 
3.3096 

34.4848 

31.4535 

27 . 5545 
24.0140 

20.3420 

16.9C83 

15.1308 

12.4894 

9.7485 

-1 
p,  rno1.L 

T = 150.00 K 

12.423 

12.400 

12 . 374 
12.348 

12.315 

12.286 

12 . 285 
12.256 

12.250 

12.223 

12.219 

12.182 

T = 140.0C K 

12.584 

12.564 

12.536 

12.510 

12.483 

12.457 

12.443 

12.422 

12.400 

)1, p a  

2459 . 5 
2412.6 

2341.6 

2240 . 8 
2145.4 

2077 . 1 
2116.8 

1972.2 

1981.1 

1996 . 1 
1944.2 

1890.5 

3540.3 

3482 9 

3226.3 

3156.6 

3014.1 

2957.9 

2966.6 

2826.7 

2722.5 

T26 



P, MPa 

7.5270 

4 . 9825 

2.2351 

32 . 8042 

29 -3833 

26.0042 

22.4957 

18.9878 

15 -4475 

11.91375 

7.2201 

2.9658 

32.3245 

29.1835 

25 -8556 

22.4324 

19.0082 

15.4097 

11 -8763 

7.7479 

2.7303 

Table  I11 3 (Continued) 

-1 p, I i IOl*L 

12.381 

12.359 

12.335 

T = 135.0G K 

12 -647 

12 -624 

12.600 

12 . 576 

12.550 

12.524 

12.496 

12.459 

12.424 

T = 130.00 K 

12 -717 

12.6Y7 

12.675 

12.651 

12.628 

12.602 

12.576 

12.544 

12.504 

T2 7 

q, uPa.s 

2640.4 

2597.0 

2512.6 

4404 .4 

4310.2 

4143.9 

3994 . 0 

3878 .8 

3671.2 

3523.9 

3352 .i 

3137.1 

5358 04 

5239.7 

5049 . G 
4849.0 

4708.6 

4515.2 

4359.5 

4214.7 

4028 . 7 



Table 111 3 (Continued) 

P,  l e a  

33 . 4321 
30.2429 

27 . 1840 
23 -9961 

20 -3856 

16.9765 

13 . 1952 
9.8415 

6.4430 

2.8559 

33 . 14G9 
30.2300 

27.0404 

23.9612 

20.2683 

16.6658 

13.1879 

10.4375 

7 . 5484 
3.2824 

T' = 125.00 K 

12.798 

12.778 

12.759 

12 -738 

12.7 14 

12.691 

12.665 

12.64L 
_- 

12.615 

12.587 

T = 120.00 K 

12.870 

12 . 853 
12.834 

12.815 

12.791 

12.769 

12.744 

12.725 

12.704 

12.673 

T28 

7088 . 0 
6803 .O 

6562 . 1 
6244 . 6 
6078.9 

5742 . 6 
5553.6 

5366 . 3 
5138.3 

4800 . 9 

9302.9 

8772.1 

8604.2 

8269.6 

7925.3 

7516.3 

7371.2 

7198.2 

6908.2 

6471.3 



Table I11 4 

Viscosities of saturated liquid isobutane 

115.00 

115.00 

116.00 

118.00 

120.00 

125.00 

130.00 

135.00 

140.00 

140.00 

145.00 

150.00 

155.00 

160.00 

160.00 

160.00 

170.00 

180.00 

180.00 

180.00 

190.00 

200.00 

200.00 

1 p, rildl*L- 

12.733 

12.733 

12.716 

12 -683 

12.647 

12.567 

12 -481 

12.401 

12.315 

12.315 

12.235 

12.150 

12.070 

11.984 

11.984 

11.984 

11.817 

11.651 

11.651 

11.651 

11.483 

11.313 

11.313 

Ti2 9 

?, UPd*S 

8188 . 7 
8224 -1 

7652.4 

6919 .O 

6334.7 

4694.8 

3751.3 

2999.1 

2447 . 3 
2412.9 

20531.6 

1747.5 

1480 . 5 
1272.1 

1287 .2 

1301.5 

975.3 

829.3 

803.5 

797 5 

C51.9 

539.0 

531 .5 



220. ou 
220 000 

240 . 00 

240.00 

250.00 

260.00 

260 .OO 

280.00 

280.00 

Table 111 4 (Continued) 

10.969 

10.969 

10.614 

10.614 

10.431 

10.243 

10.243 

9.853 

9.853 

396.2 

393.1 

301 .8 

298.7 

262.2 

231.9 

234 . 2 

183.9 

184 . 9 

T30 

- -  

'\ 

:. . - .-. 
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Fig. I 1 hrrangement of v i s u a l  c e l l ,  pressure transducer, 
thermostated bath and thermometer for  the oberserva- 
tion of meniscus disappearance i n  pure f luids and 
mixtures. 
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* 

vent 

Fig. I 2 Arrangement of visual c e l l ,  thermal compressor (T-C), 
injector pump (I-P) and pressure transducer (P) used for  
density and composition determinations in tinary f l u i d  
mixtures. During oberservations, the entire manifold 
is f i l l e d  with  mercury, and the c e l l  i n  psr't. 

F2 



3.7 

Fig.  I1 1 The cr i t i ca l  l i n e  of lsobutane-isopentane 
mixtures plotted against the mole fraction x of 
isopentane: (a) cr i t i ca l  temperature, (b) cr i t ica l  
density and (c) cr i t i ca l  pressures. The points 
represent the experimental data of Table I 5 and the 
curves are calculated from the Leung-Criffiths equations. 

- - 
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Density, mol/dm3 Temperature, K 

( a )  (b) 

Fig. I1 2 Comparison between experfmental and calculated dew- 
bubble curve data  a t  various mole f r ac t ions  x of isopentane 
(a) coexistence curves near the  top of the dome i n  t h e  
temperature densi ty  plane, and ( b )  vapor-pressure 
curves i n  the pressure - temperature plane. The points 
represent  t h e  experimental data  of Table I 7 and the curves 
the  values ca lcu la ted  from the  Leung-Criffiths 
equa t 1 on. 
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Fig. 111 1 Viscosity of compressed gaseous and l i q u i d  methane a3 
a f u n c t i o n  of density along various  isotherms. 
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Fig. I11 4 Viscosity of conpressed gaseous and l i q u i d  50.115 mol 5 
nitrogen + 49.885 mol 
along various Isotherms. 

methane as a function of density 

F8 



DENSITY, m o l P  

Fig. I11 5 Viscosity ol" compressed gaseous and liquid 0.50217 mol 
methane + 49.783 mol 5 ethane as a function of density. 
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Fig. I11 6 Viscosity of compressed gaseous and l i q u i d  normal 
butane at saturation and along various lsotherms. 
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Fig. I11 7 Viscosity of compressed gaseous and l i q u i d  isobutane 
at  saturation and along various isotherms. 
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Fig. 111 8 Comparison of t h e  v i s c o s i t y  of methane a t  100 K with 
the c o r r e l a t i o n  of Ref. 51. 
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Fig .  I11 9 Comparison of the  v i s c o s i t y  of ethane w i t h  t h a t  pre- 
d i c t e d  by t h e  general ized corresponding-states  model. 
o, 290 K ;  *, 250 K; 0 ,  200 K; A, 150 K; 0,130 K ;  , 
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Fig. I11 10 Comparison of' t h e  v i s c o s i t y  of propane with t h a t  
p r e d i c t e d  by t h e  g e n e r a l i z e d  c o r r e s p o n d i n g - s t a t e s  
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Fig.  I11 1 1  Comparison of the v i s c o s i t y  of a 50.115 mol % 
nitrogen--49.885 mol 5 methane mixture w i t h  that  
predicted by the general ized corresponding-states 
model. Q, 155 K; 0 ,  140  K; 0, 120 K; A, 110 K; 

V , 100 K. 
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Fig .  111 1 2  Viscosity of compressed l i q u i d  nitrogen + methane 
mixtures and t h e i r  pure components as a function of 
composition a t  f i x p d  molar densi ty  (28.12 mol*l i ter- ' )  
and a t  f ixed temperature (100 K). The present mea- 
surements, ; mole f r a c t i o n  average of the pure 
component v i s c o s i t i e s ,  - - - ; generalized corre- 
sponding s t a t e s  model ,--- . 
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Fig. I11 13 Comparison of t he  viscosity of compressed l i q u i d  
methane arid e t h a n e  w i t h  t h e  g e n e r a l i z e d  c o r r e -  
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Fig. 111 1 4  Comparison of the  v i scos i ty  of. a 35.528 mol % 
methane-65.472 mol 5 ethane mixture w i t h  the gener- 
a l i z e d  corresponding-states model. 
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and temperature. 

F21 



0.000 126 

0.000 100 

0.00007 5 

0.000050 

0.000025 

C 
OA 6 - 

MOLAR VOLUME, L-mol-' 

Fig. I11 18 Dependence of the f l u i d i t y  of propane on molar 
volume and temperature. 
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Fig. I11 19 Dependence of t h e  f l u i d i t i e s  of s a t u r a t e d  and 
compressed l i q u i d  normal butane and i s o b u t a n e  on 
molar volume and temperature .  
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Fig. I11 20 P e r c e n t a g e  d e p a r t u r e s  of t h e  v i s c o s i t y  of no rma l  
b u t a n e  from a H i l d e b r a n d - t y p e  correlatir? e q u a t i o n .  
0, 300 K ;  8 ,  250 K;O, 230 K; A,  180 K; 1, 160 K; 0, 
150 K; 0 , 140 K. 0, s a t u r a t e d  l i q u i d .  
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Fig. I11 21 Percentage departures of the viscosity of isobutane 
from a H i l d e b r a n d - t y p e  correlating e q u a t i o n .  Q , 
300 K; 8 ,  250 K; 4,  200 K ;  A*, 180 K ;  0, 160 K; O ,  
150 K; 6 , 140 K; V , 135 K; A ,  130 K; 0 , 125 K; 
a , 120 K. 0, saturated l i q u i d .  
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