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ABSTRACT

The n a t u r a l  gas h y d r a t e s  ar e  becoming a maj or  ener gy  

r e s o u r c e . P r o d u c t i o n  of  t hes e  r esour ces  depend 

on t he  d i s s o c i a t i o n  c o n d i t i o n s .  The model  which p r e d i c t s  

d i s s o c i a t i o n  uses xenon h y d r a t e  as a r e f e r e n c e  below 0°C.  

Ther e  a r e  some l a r g e  d i s c r e p a n c i e s  in the xenon h y d r a t e  

da t a  c u r r e n t l y  in t he l i t e r a t u r e .

Th i s  work e x p e r i m e n t a l l y  de t e r mi ne d  t he  d i s s o c i a t i o n  

p r e s s u r e  o f  x e n o n - w a t e r  h y d r a t e  a t  t e mp e r a t u r e s  above 0°C.  

Data by S. L . M i l l e r  was a v a i l a b l e  below 0 ° C . The Van der  

W a a l s - P I a t t e e u w  t h e o r y  and P a r r i s h - P r a u s n i t z  model were used 

t o  c a l c u l a t e  x e n o n - w a t e r  d i s s o c i a t i o n  p r e s s u r e .  Exper i men­

t a l  and c a l c u l a t e d  r e s u l t s  wer e  i n  a good a g r e e m e n t . K i har a  

pa r amet e r s  and cage occupancy r a t i o s  were o b t a i n e d .
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INTRODUCTION

N a t u r a l  gases under  p r e s s u r e  u n i t e  w i t h  w a t e r  t o form 

c r y s t a l l i n e  h y d r a t e s  a t  t e mp e r a t u r e s  both below and c o n s i d e r ­

a b l y  above 32° F .  The a c c u mu l a t i o n  o f  l i q u i d  w a t e r  in a 

n a t u r a l  gas p i pe  l i n e  w i t h  f a v o r a b l e  c o n d i t i o n s  o f  p r e s s u r e  

and t e mp e r a t u r e  may cause t he  l i n e  to become pl ugged w i t h  

a s o l i d  phase.

E a r l y  work on h y d r a t e s  o f  gaseous subst ances c a r r i e d  

on d u r i n g  t he  p e r i o d  o f  t h e o r t i c a l  s t u d i e s  by Vi  1 l a r d  ( 1 ,  2 ,

3 ) ,  de For cr and ( 4 ) ,  and o t h e r s  was r ev i ewe d by Sc hr oe de r .  

Hammerschmidt  ( 5 ,  6 ,  7)  d i s c o v e r e d  t h a t  gas h y d r a t e s  were  

t he  cause o f  pl ugged n a t u r a l  gas p i p e l i n e s .  S i nce  t h e n , 

h y d r a t e  f o r m a t i o n  has become o f  i n t e r e s t  i n  chemi ca l  t e c h ­

n o l o g y ,  e s p e c i a l l y  in the n a t u r a l  gas i n d u s t r y  . Howe v er , 

any s i t u a t i o n  in which w a t e r  and l i g h t  hydr ocar bon gases 

come i n t o  c o n t a c t  a t  low t e m p e r a t u r e s , h i g h  p r e s s u r e  can 

cause h y d r a t e s  to form.  A d d i t i o n a l l y ,  hy d r a t e s  have been 

suggested f o r  use i n underground s t o r a g e  o f  gases ( 9 ) ,  f o r  

d e s a l i n i z a t i o n  o f  sea w a t e r  ( 9 ,  1 0 ) ,  and f o r  gas s e p a r a ­

t i o n  ( 1 1 ) .  Because a knowl edge o f  h y d r a t e  f o r mi ng  t e mp e r a ­

t u r e s  and pr e ssur e s  ar e  needed in t hese  i n s t a n c e s ,  t he  con­

d i t i o n s  f o r  h y d r a t e  f o r m a t i o n  have been s t u d i e d  e x t e n s i v e l y .

I n t e r e s t  in gas h y dr a t e s  has been s t i m u l a t e d  i n r e c e n t  

y e ar s  by t he  d i s c o v e r y  o f  o i l  and n a t u r a l  gas in c o l d e r
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c l i m a t i c  r e g i o n s ,  such as A l a s k a ,  Canada' s  Nor t hwe s t  

T e r r i t o r y ,  and Russi an S i b e r i a .  N a t u r a l l y  o c c u r r i n g  gas 

h y d r a t e s  have been found in s e v e r a l  n a t u r a l  gas r e s e r v o i r s  

and r e c e n t  s t u d i e s  by Katz  e t  a l .  ( 1 2 ,  13)  have i n d i c a t e d  

t h a t  h y d r a t e s  may have formed in some o f  t he  o i l  r e s e r v o i r s  

in t hese  r e g i o n s .  Thi s  l a s t  p r e d i c t i o n  was based p r i m a r i l y  

upon t he  d i s c o v e r y  o f  an o i l  f i e l d  in A l a s ka  whi ch c o n t a i n e d  

v i r t u a l l y  no n - b u t a n e  or  l i g h t e r  c o n s t i t u e n t s  -  p r e c i s e l y  the  

c o n s t i t u e n t s  whi ch can form gas hy dr a t es  when c o n t a c t e d  w i t h  

w a t e r . I t  has been t h e o r i z e d  t h a t  t he  met hane,  e t h a n e ,  p r o ­

pane,  butane and o t h e r  l i g h t  gases coul d have been removed 

somet ime in our  r e c e n t  g e o l o g i c a l  pas t  by combi ni ng w i t h  

wa t e r  to form h y d r a t e s .

I f  h y dr a t e s  do e x i s t  i n  pe t r o l e um r e s e r v o i r s ,  t hey  can 

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

o i l .  F i r s t ,  the  h y d r a t e s  i n c r e a s e  the v i s c o s i t y  o f  t he  o i l  

by removi ng the l i g h t e r  components f rom i t ,  s e c o n d l y , the  

vapor  p r e s s u r e ,  or  t he  d r i v i n g  f o r c e  f o r  t he p r o d u c t i o n  o f  

t he o i l  i s  l owered by h y d r a t e  f o r m a t i o n  s i n c e  hy dr a t e s  

remove the gases w i t h  the h i g h e s t  vapor  p r e s s u r e . T h i r d l y ,  

t he  h y d r a t e s  w i l l  b l ock  t he  r e s e r v o i r  pores and g r e a t l y  

reduce the space a v a i l a b l e  f o r  the o i l , a probl em which  

c o u l d * a l s o  occur  in n a t u r a l  gas r e s e r v o i r s .  These problems  

have r e s u l t e d  i n  a renewed i n t e r e s t  i n t he  c o n d i t i o n s  a t  

which hy d r a t e s  f or m,  e s p e c i a l l y  when the h y d r a t e s  ar e  formed
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f rom a m i x t u r e  o f  h y d r a t e  f o r mi ng  c o n s t i t u e n t s , such as 

i s  t he  case i n  n a t u r a l l y  o c c u r r i n g  gas h y d r a t e s .

The c o n d i t i o n s  whi ch promote h y d r a t e  f o r m a t i o n  a r e  :

( 1 )  The gas must  be a t  or  below i t s  w a t e r  dew p o i n t  w i t h  

" f r e e "  w a t e r  p r e s e n t ,  ( 2 )  low t e m p e r a t u r e ,  ( 3 )  hi gh p r e s ­

s u r e ,  ( 4 )  h i gh v e l o c i t i e s ,  ( 5 )  p r e s s u r e  p u l s a t i o n s ,  ( 6 )  

any t ype  o f  a g i t a t i o n ,  ( 7 )  i n t r o d u c t i o n  o f  smal l  c r y s t a l s  

o f  h y d r a t e .  The methods now used to c o n t r o l  or  remove 

hy d r a t e s  a r e :  ( 1 )  p r e s s u r e  m a n i p u l a t i o n ,  ( 2 )  t e mp e r a t u r e

m a n i p u l a t i o n s ,  ( 3 )  i n h i b i t o r s ,  and ( 4 )  gas d e h y d r a t i o n .

In o r d e r  t o  s o l v e  t he p r a c t i c a l  problems caused by gas 

h y d r a t e s , an i n t e r e s t i n g  t h e o r e t i c a l  model  d e s c r i b i n g  t h e i r  

f o r m a t i o n  has been deve l oped ( 1 5 ) .  The n a t u r e  o f  gas h y d r a ­

tes  i s  q u i t e  unusual  i n  t h a t  t he  w a t e r ,  or  host  m o l e c u l e s ,  

form a c a g e - l i k e  s t r u c t u r e  which e n t r a p s  the  gas or  guest  

mo l e c u l e  i n  a non-s t o i  chi  ome t r i  c manner . Only t he  i n t e r ­

a c t i o n  o f  t he  guest  and host  mol ecul es  can s t a b i l i z e  t he  

l a t t i c e  s t r u c t u r e .  Anot he r  i n t e r e s t i n g  c h a r a c t e r i s t i c  of  

gas h y dr a t e s  i s  t h a t  two h y d r a t e  s t r u c t u r e s ,  d e s i g n a t e d  

S t r u c t u r e  I and S t r u c t u r e  I I  a r e  known to form f rom m i x ­

t u r e s  o f  n a t u r a l  gases and w a t e r .

The main o b j e c t i v e  o f  t h i s  work i s  to d e t e r mi n e  the  

d i s s o c i a t i o n  p r e s s u r e  o f  x e n o n - w a t e r  e x p e r i m e n t a l l y . Xenon 

gas was chosen f o r  t h i s  e x p e r i me n t  because i t  was used as 

r e f e r e n c e  h y d r a t e  f o r  t he  p r e d i c t i o n  o f  n a t u r a l  gas hy dr a t es
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below 0 ° C.  The data which ar e  a v a i l a b l e  f o r  xenon h y d r a t e  

above 0 °C do not  agr ee  w i t h  each o t h e r  as shown i n F i g u r e  1.  

The d i s s o c i a t i o n  p r e s s u r e  may p r o v i d e  a new p o t e n t i a l  f u n c ­

t i o n  between guest  mol ecu l es  and t he  ca ge ,  as suggest ed by 

Tse and Davi dson ( 1 4 ) .  Th i s  work uses a m o d i f i c a t i o n  o f  t he  

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

P r a u s n i t z  ( 1 5 )  t o p r e d i c t  t he d i s s o c i a t i o n  p r e s s u r e ,  a t  a 

gi v e n  t e m p e r a t u r e .

Xe non - wa t e r  h y d r a t e ,  l i k e  methane h y d r a t e  forms  

S t r u c t u r e  I .  Th i s  i s , i n  some s e ns e , a  model  h y d r a t e  because  

o f  t he  low p r e s s u r e  a t  which i t  forms and b e c a u s e , w i t h  a 

monatomic g u e s t , one d o e s n ' t  have to wor r y  about  a r o t a ­

t i o n a l  c o n t r i b u t i o n  to t he  p a r t i t i o n  f u n c t i o n .  I t  w i l l  be 

n o t i c e d  t h a t  a l t h o u g h  t h e r e  i s  a c o n s i d e r a b l e  range in  

Auq q , a l l  o f  t he s e  g i v e  v e r y  n e a r l y  t he  same degr ee  o f  

occupancy o f  t he  l a r g e  and smal l  cages as g i ve n  in T a b l e  1 

( 1 4 ) .
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4 0 0 . 0

3 0 0 . 0

2 0 0 . 0

1 0 0 . 0  -

*
★

t
*

*  

* :

*Bernhard ( 4 5 )  
*Ewmg&fonescu ( 4 6 )  
★Godchot ( 4 3 )
*  Forcrand ( 4 4 )

*
t

3.518 3.568 3.616

(T 'V  103xK ‘1)

J
3.664

FIGURE 1.

XENON HYDRATE DATA ABOVE 273°K
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TABLE 1

CALCULATED OCCUPANCY RATIOS OF CAGES 

IN XENON HYDRATE AT 273 °K

A y ( c a l /  
mo 1 e

Aut hor s  Method H^O) n 6^ / 6g

van der  Waals & 
P I a t t e e u w  ( 34)

Lennar d- Jones  Devons-  
s h i r e  cel  1 ; 12 - 6  p o t e n ­
t i a l

167 6 . 9 3 1 . 0 2 7

Davi dson ( 1 4 ) Same as above 265 6 . 1 2 0 . 9 7 8

P a r r i s h  & 
P r a u s n i t z  ( 1 5 )

L - J - D  cel  1 ; 12 - 6  
p o t e n t i a l  w i t h  
s p h e r i c a l  core

302 6 . 0 8 1 . 0 3 8

T e s t e r ,  B i v i n s  
& H e r r i c k  ( 1 4 )

Monte C a r l o  t r e a t ­
ment o f  12 - 6  p a i r -  
wi se  i n t e r a c t i o n s

302 6 . 0 1 0 . 9 8 8

R i pme e st e r  & 
Davi dson ( 1 4 )

Ex pe r i me nt :  129 
NMR e

1 . 3 0  
± 0 . 0:

where

Ay i s  t he  assumed excess f r e e  ener gy  o f  wa t e r  in t he empty 

h y d r a t e  over  i t s  v a l u e  i n i c e ;  n is t he  c a l c u l a t e d  number  

o f  w a t e r  mol e c u l es  per  xenon atom i n t he  e q u i l i b r i u m  h y d r a t e .
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LITERATURE REVIEW 

1 ) H i s t o r y  o f  Gas Hydr a t es

Gas h y dr a t e s  a r e  s o l i d  c r y s t a l l i n e  subst ances  w i t h  the  

appear ance  o f  snow or  l oose  i c e  and the ge ne r a l  f o r mul a  

M.n HgO, where M is t he  h y d r a t e  f or mi ng m o l e c u l e .  Hydr a t es  

ar e  compr i sed o f  guest  mol e cu l es  and host  m o l e c u l e s .  The 

host  mol ecul es  ( w a t e r ) form a l a t t i c e  which i s  s t a b i l i z e d  

by t he  i n c l u s i o n  o f  t he  gas mo l e c u l e s .

C l a t h r a t e  h y d r a t e s  o f  gases were f i r s t  r e p o r t e d  i n  the  

l i t e r a t u r e  in 1810 by Faraday ( 1 6 )  who a t t r i b u t e d  t h e i r  

d i s c o v e r y  to S i r  Humphrey Da v y . In the  l a t e  n i n e t e e n t h  

c e n t u r y ,  Vi  1 l a r d ,  de For cr and and o t h e r  i n v e s t i g a t o r s  found  

hy dr a t e s  o f  many l i g h t  gases i n c l u d i n g  me t h a n e , e t hane  and 

propane ( 1 7 ) .  However ,  i t  was not  u n t i l  1931 t h a t  Hammer-  

schmi dt  ( 1 8 )  d i s c o v e r e d  t h a t  gas hy d r a t e s  were t he  cause o f  

t he  pl ugged gas p i p e l i n e s  t h a t  were p l a g u i n g  t he  n a t u r a l  gas 

i n d u s t r y .  C o n f i r m a t i o n  by Deaton and F o r s t  ( 1946)  has l ed  

t o  the r e g u l a t i o n  o f  t he  w a t e r  c o n t e n t  o f  n a t u r a l  gas to the  

deve l opment  o f  improved mehtods o f  p r e v e n t i o n  o f  h y d r a t e  

pl ugs ( 1 9 ,  2 0 ) .

P r i m a r i l y  because o f  t h i s  p r ob l em,  many s t u d i e s  on the  

pr es sur e s  and t e mp e r a t u r e s  o f  h y d r a t e  f o r m a t i o n  f rom gases 

have been done in t he l a s t  f i f t y  y e a r s . These s t u d i e s  were  

g e n e r a l l y  aimed a t  d e f i n i n g  the  v a p o r - w a t e r - h y d r a t e
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e q u i l i b r i u m  f o r  b i n a r y  m i x t u r e s  o f  a pure gas and w a t e r .

Katz  ( 2 1 )  and S c a u z i l l o  ( 2 2 )  and o t h e r  a u t h o r s  ( 2 3 )  r e p o r t e d  

s t u d i e s  on l o w e r i n g  t he h y d r a t e  f or mi ng t e m p e r a t u r e  ( a t  a 

f i x e d  p r e s s u r e )  by t he  a d d i t i o n  o f  a n o n - h y d r a t e  f o r mi ng  

s ubst ance  such as sodium c h l o r i d e  or  e t h a n o l  t o  t he  w a t e r  

phase.  Thi s  " a n t i - f r e e z e "  e f f e c t  was a l s o  found to be 

p r e s e n t  when a n o n - h y d r a t e  f o r me r  was added t o t he  gas phase.  

E x c e l l e n t  d e t a i l e d  r e v i ews  o f  t h i s  e a r l y  work a r e  g i ven  by 

Katz e t  a l .  ( 2 4 ) ,  Byk and Fomina ( 2 5 ) ,  and t he  API  ( 2 6 ) ,

2)  S t r u c t u r e  o f  Gas Hydr a t e s

The h y d r a t e  l a t t i c e  s t r u c t u r e  was d e t e r mi n e d  t hr ough  

t h e  x - r a y  d i f f r a c t i o n  s t u d i e s  o f  Von S t a c k ! e b e r g  ( 2 7 ) ,

P a u l i n g  and Marsch ( 2 8 ) ,  and Cl aussen ( 2 9 ) .  Two t ypes o f  

h y d r a t e  s t r u c t u r e s ,  d e s i g n a t e d  s t r u c t u r e  I and I I ,  were  

found t o  form f rom l i g h t  n o n - p o l a r  hy dr oc a r bons .

The h y d r a t e s  o f  s t r u c t u r e  I ,  F i g .  2 afre c h a r a c t e r i z e d
o

by t he  c r y s t a l  l a t t i c e  p a r a me t e r  12 A . The u n i t  c e l l  is 

c o n s t r u c t e d  f rom 46 w a t e r  mol e c u l e s  and i n i t  t h e r e  a r e  e i g h t  

c a v i t i e s  a v a i l a b l e  f o r  gas m o l e c u l e s ,  i n c l u d i n g  two " s m a l l "  

c a v i t i e s  and s i x  " l a r g e . "  The " s ma l l "  c a v i t i e s  o f  s t r u c t u r e  

I a r e  r e g u l a r  pent agona l  dodecahedra w i t h  mean f r e e  d i a m e t e r  

% 5 . 1  °A.  Each o f  t he  s i x  " l a r g e "  c a v i t i e s  i s  t e t r a h e d r a l  

w i t h  a mean f r e e  d i a m e t e r  o f  about  5 . 8  ° A , formed by two 

opposi ng hexagons and 12 pentagons s i t u a t e d  between them.
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(o) T e i r o d e c o h e d r o n  (Structure I )  lb) Pentogonol Dodecohedron

(c) H eiodecohedron  (S tru c tu re l! )

FIGURE 2.

PACKING OF DODECAHEDRA IN THE HYDRATE UNIT CELL 

OF STRUCTURE I ( d ) , AND STRUCTURE I I  ( e ) . (TAKEN 

FROM MENTEN ( 4 9 ) ) .
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The hy dr a t e s  o f  s t r u c t u r e  I I ,  F i g 2 ar e  c h a r a c t e r i z e d  

by t he  c r y s t a l  l a t t i c e  p a r a me t e r  17 . 4  °A.  The u n i t  c e l l  i s  

c o n s t r u c t e d  f rom 136 wa t e r  m o l e c u l e s ,  c o n t a i n s  24 c a v i t i e s , 

i n c l u d i n g  16 " s ma l l "  and 8 " l a r g e . "  The " s ma l l "  c a v i t i e s ,  

l i k e  i n  s t r u c t u r e  I ,  a r e  pent agona l  d o d e c a h e d r a , but  some­

what  deformed as a r e s u l t  o f  whi ch t he  mean f r e e  d i a m e t e r  i s  

% 5 ° A - The " l a r g e "  c a v i t i e s  o f  s t r u c t u r e  I I  a r e  hexade-  

cahedr a  and 12 pent agons .  The mean f r e e  d i a m e t e r  o f  t h i s  

c a v i t y  i s  ^ 6 . 7  °A.

When the e f f e c t i v e  d i a m e t e r  o f  t he  h y d r a t e  f or mi ng  

mo l e c u l e  ( de f ^ ) < 5 . 1  ° A ,  then a h y d r a t e  o f  s t r u c t u r e  I i s  

formed in the pr esence o f  w a t e r . In p r i n c i p l e ,  a l l  o f  the  

e i g h t  c a v i t i e s  can be f i l l e d ,  e . g .  h y d r a t e s  o f  A r ,  Xe,  CH^,

HgS,  C02 , e t c . and c o n s e q u e n t l y  the i d e a l  f o r mu l a  o f  

t h i s  h y d r a t e  w i l l  be 8 M^. 46 H^O or  M ^ . 5 . 7 5  H^O, where  

can be a mol e c u l e  o f  A r ,  Xe,  CH^, e t c . I f  gas mol ecu l es  

l a r g e r  than 5 . 8  °A but  l e s s  t han 6 . 9  °A i n d i a m e t e r  are  

p r e s e n t , a t ype I I  s t r u c t u r e  c r y s t a l i z e s ,  e . g .  h y d r a t e s  of  

CgHg, i s o - c ^ H j g ,  CHC1g , e t c . The i d e a l  f o r mu l a  o f  the  

h y d r a t e  w i l l  be 8 M g . 136 HgO or  M g . 17 HgO, where Mg can be 

a mo l e c u l e  o f  CgHg, CHClg,  e t c . The p h y s i c a l  c h a r a c t e r i s t i c s  

o f  each o f  t he  two h y d r a t e  s t r u c t u r e s  ar e  p r e s e n t e d  in T a b l e  2.

3)  C o n d i t i o n s  f o r  For mat i on  of  Hydr a t e

A c l e a r  p r e s e n t a t i o n  o f  t he c o n d i t i o n s  of  f o r m a t i o n  o f
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T a b l e  2. PHYSICAL PROPERTIES OF HYDRATE

S t r u c t u r e  I

No. o f  w a t e r  mol e c u l es  per
u n i t  ce l  1 46

Number o f  c a v i t i e s / u n i t  c e l l

smal 1 

l a r g e

C a v i t y  r a d i u s ,  A

smal 1 

1 arge

3 . 9 4

4 . 3 0

C o o r d i n a t i o n  No

smal l

l a r g e

20

24

T y p i c a l  gases whi ch form 
t h i s  s t r u c t u r e Methane

Xenon

Argon

Krypton

Ethane

E t h y l e n e

Cyc l opr opane

LATTICE

S t r u c t u r e  I I  

136

16

8

3 . 9 1  

4.  73

20

28

Propane  

I s o - b u t a n e  

n - b u t a n e  

Cyc l opr opane
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h y d r a t e s  a c c o r d i n g  to t he  e q u a t i o n  M + n H^O ^ ^  M . n H^O, 

can be o b t a i n e d  by c o n s i d e r i n g  the d i agr am i n F i g u r e  3.

Thi s  f i g u r e  may be used to r e p r e s e n t  t he  b e h a v i o r  o f  a gas

whi ch forms a h y d r a t e  i n P-T c o o r d i n a t e s  on t h i s  d i agr am;  

Curve I c h a r a c t e r i z e s  t he  s a t u r a t i o n  vapor  p r e s s u r e  o f  t he  

h y d r a t e - f o r m i n g  s u b s t a n c e ,  whi ch i n  i t s  t u r n  i s  s a t u r a t e d  

w i t h  w a t e r  va por .  Curve I I  r e p r e s e n t s  t he  vapor  p r e s s u r e  o f  

t he  h y d r a t e - f o r m i n g  subst ance  M over  t he  h y d r a t e  i n  t he  p r e ­

sence o f  l i q u i d  w a t e r . Curve I T  is t he  vapor  p r e s s u r e  o f  M 

over  t he  h y d r a t e  i n  t he  pr esence  o f  i c e .  Curve I I I  i s  t he

v a r i a t i o n  o f  the  m e l t i n g  p o i n t  o f  t he h y d r a t e  to l i q u i d  

w i t h  t he  p r e s s u r e . Curve IV i s  t he  d e p r e s s i o n  o f  t he f r e e z ­

i ng p o i n t  o f  w a t e r  d u r i n g  t he  d i s s o l u t i o n  o f  M i n  i t  under  

p r e s s u r e . I n a d d i t i o n  to a d e f i n i t e  t e mp e r a t u r e  and p r e s ­

s u r e ,  i t  i s  a l s o  r e q u i r e d  t h a t  a c e r t a i n  amount o f  w a t e r  be 

p r e s e n t  b e f o r e  any h y d r a t e  f o r m a t i o n  i s  p o s s i b l e .  Water  may 

be s u p p l i e d  as a vapor  f rom the gas w e l l .  The gas is

u s u a l l y  s a t u r a t e d  w i t h  w a t e r  vapor  a t  t he emergent  t e mp e r a ­

t u r e  and p r e s s u r e  o f  the  w e l l  so t h a t  any decr ease  in t em­

p e r a t u r e  or  i n c r e a s e  i n  p r e s s u r e  w i l l  cause some w a t e r  vapor  

to l i q u e f y  and thus become a p o t e n t i a l  h y d r a t e  f o r me r .

Gas h y d r a t e s  ar e  not  n e c e s s a r i l y  formed as soon as t he  

p r o p e r  c o n d i t i o n s  o f  p r e s s u r e ,  t e mp e r a t u r e  and compos i t i on  

ar e  f u l f i l l e d .  I n one t e s t  ( 3 0 )  t h a t  was c on t i n u e d  f o r  a 

p e r i o d  o f  40 h o u r s , no gas h y d r a t e s  were formed even though
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" l i q u i d  + H2°

1 ia u i  d + hydrate

hydra te

G-H-I I

I ce + M

Mgas + H2°

Temperature
FIGURE 3. PHASE DIAGRAM ILLUSTRATING HYDRATE FORMATION
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the  p r e s s u r e  and t e m p e r a t u r e  and m o i s t u r e  c o n t e n t  were  such 

t h a t  t he  e x i s t a n c e  o f  gas h y dr a t e s  was e n t i r e l y  p o s s i b l e .  

U n f o r t u n a t e l y ,  t h i s  p e r i o d  o f  d e l a y  cannot  be u t i l i z e d  i n  t he  

p r o t e c t i o n  o f  gas l i n e s  a g a i n s t  h y d r a t e  f o r m a t i o n  because  

o t h e r  f a c t o r s  such as t he  movement o f  t he  gas t hr ough the  

l i n e ,  p u l s a t i o n s  caused by compr essor s ,  or  a n y t h i n g  t h a t  

mi ght  cause a s t i r r i n g  a c t i o n  w i t h i n  t he  s yst em,  t ends to  

d e s t r o y  t h i s  p e r i o d  o f  d e l a y  and cause t he  i mmedi a t e  f o r ma ­

t i o n  of  t he  h y d r a t e .  The i n t r o d u c t i o n  o f  a c r y s t a l  o f  t he  

h y d r a t e  w i l l  produce the  same e f f e c t .

4)  D e t e r m i n a t i o n  o f  Hyd r a t e  Numbers

The c ompos i t i on  o f  t he  h y d r a t e  m o l e c u l e ,  t h a t  i s ,  

t he  r a t i o  o f  gas to w a t e r  i n  t he  m o l e c u l e ,  can be c a l c u l a t e d  

f rom heats  o f  f o r m a t i o n  o f  t he  h y d r a t e  f rom l i q u i d  w a t e r  and 

f rom i c e .  S i nce  h y d r a t e s  a r e  nonst o i  c h i o m e t r i c , t he  v a l u e  o f  

n depends upon t he  P- T- X c o n d i t i o n  a t  whi ch i t  i s  measured.  

Two d i r e c t  methods o f  d e t e r m i n i n g  t he  c ompos i t i on  o f  hydr a t e s  

ar e  r e p o r t e d  i n t he  l i t e r a t u r e .  The f i r s t  method ( 3 1 , 3 2 )  the  

amount  o f  gas t aken up by a known amount  o f  wa t e r  i s v o l u -  

m e t r i c a l l y  measured and t he r a t i o  o f  gas mo l ec u l es  to w a t e r  

mol ecu l es  i s  found by assuming a l l  o f  t he  w a t e r  i s  c o n v e r t e d  

t o h y d r a t e .  A second method ( 3 3 )  i n v o l v e s  n u c l e a t i n g  h y d r a ­

t es  around a c e n t r a l  c o o l i n g  rod usi ng s i l v e r  i o d i d e  as a 

c r y s t a l  i n i t i a t o r .  The h y d r a t e  phase i s  then s e p a r a t e d  and
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a n a l y z e d . U n f o r t u n a t e l y , both o f  t hese  d i r e c t  methods have 

e x p e r i e n c e d  s i g n i f i c a n t  o c c u l u s i o n  o f  w a t e r  by t he  h y d r a t e ,  

making t he  ac cur a cy  o f  t hes e  methods q u e s t i o n a b l e .

A t h i r d  method,  whi ch i s  i n d i r e c t ,  pr oceeds as f o l l o w s :  

At  a t e m p e r a t u r e  o f  3 2 ° F ,  t he  f o l l o w i n g  e q u a t i o n  can be w r i t ­

ten f o r  t he  f o r m a t i o n  o f  h y d r a t e s  o f  A:

nHgO ( 1 )  + A ---------- > h y d r a t e  AHl i q  ( 4 - 1 )

nHgO ( s )  + A -----------» h y d r a t e  AH$ ( 4 - 2 )

nH2°  ( s '  _____ ^ ( nH20 ) w a t e r  AHf  ( 4 ' 3 )

w i t h  t he  i n d i c a t e d  e n t h a l p y  changes A H ^ ^ ,  AH^, AHf .

The f o l l o w i n g  must hol d:

AH^ = AHg -  A H ^ q  ( 4 - 4 )

In t h i s  e q u a t i o n ,  AHf  is j u s t  t he  l a t e n t  heat  o f  t he  f r e e z ­

i ng w a t e r ,  t he  e n t h a l p y  changes A H ^ g  and AHs a r e  found  

f rom P-T da t a  usi ng a m o d i f i c a t i o n  o f  t he  Cl a pe y r o n  e q u a t i o n

dCl nP)  _ AHl i q  or  s ( 4 - 5 )
dT ZRT2

where Z i s t he  c o m p r e s s i b i l i t y  f a c t o r . Hence , n can be 

d e t e r mi ne d  by d i v i d i n g  AHf  by t he  mol ar  l a t e n t  hea t  o f  f r e e z ­

i ng f o r  w a t e r .  Thi s  method makes t he  assumpt i on t h a t  the  

change i n  volume f o r  h y d r a t e  f o r m a t i o n  i s  equal  to t he  v o l ­

ume o f  gas e n c l a t h r a t e d  and t h a t  the  w a t e r  phase and h y d r a t e

phase c ompos i t i ons  do not  change w i t h  t e m p e r a t u r e ,
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5 ) Recent  Work in H yd r a t e  Thermodynamics

As ment i oned e a r l i e r ,  t he  x - r a y  di  f f r a c t i o n  work o f  

von S t a c k e l b e r g  and o t h e r s  enabl ed  t he  d e t e r m i n a t i o n  o f  t he  

s t r u c t u r e  o f  gas hy dr a t e s  and e x p l a i n e d  t he n o n - s t o i  c h i o -  

m e t r i c  n a t u r e  o f  h y dr a t e s  by s u g g e s t i n g  f r a c t i o n a l  occupancy  

o f  a c a v i t y  i s  j u s t  t he  f r a c t i o n  o f  a l l  i d e n t i c a l  c a v i t i e s  

whi ch have a gas mo l e c u l e  i n  them.

I n  1959 Van der  Waals deve l oped a s t a t i s t i c a l  t h e r mo ­

dynamic model  o f  c l a t h r a t e  compounds whi ch was a b l e  to p r e ­

d i c t  t he  h y d r a t e  d i s s o c i a t i o n  p r e s s u r e  o f  any m i x t u r e  o f  

h y d r a t e  f o r mi ng  gases and w a t e r . The deve l opment  i n c o r p o r a ­

t ed t he  f o l l o w i n g  b a s i c  assumpt i ons ( 3 4 ) :

1)  Each c a v i t y  i n  t he  h y d r a t e  has e i t h e r  one or  zer o  

gas mo l e c u l e s  i n  i t .  Mo doubl e  occupancy e x i s t s .

2)  The encaged gas mo l e c u l e  has t he same r o t a t i o n a l  

f reedom as i t  woul d i n  t he  gas p h a s e . Thi s  means t he  cage 

must be much l a r g e r  i n  a l l  d i mensi ons than t he  l a r g e s t  

di mens i on o f  t he  gas m o l e c u l e .  For many mol ecu l es  such as 

propane and b u t a n e , t h i s  assumpt i on i s  p r o b a b l y  i n v a l i d .

3)  Ther e  i s  no s o l u t e - s o l u t e  ( gas- gas ) i n t e r a c t i o n  

w i t h i n  the  h y d r a t e ,  and t he  s o l u t e  on l y  i n t e r a c t s  w i t h  i t s  

n e a r e s t  ne i g h b o r  w a t e r  m o l e c u l e s .

4)  The f r e e  ener gy  c o n t r i b u t i o n  o f  t he  w a t e r  mol e c u l e  

i s i nde pe nde nt  o f  t he  mode o f  d i s s o l v e d  g a s e s .
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5) A s p e c i f i c  p o t e n t i a l  f u n c t i o n  a c c u r a t e l y  d e s c r i b e s  

t he  w a t e r - s o l u t e  i n t e r a c t i o n .  For exampl e ,  t h i s  f u n c t i o n  

may be t he s p h e r i c a l  core  Ki hara p o t e n t i a l  or  t he  Leonard  

Jones f u n c t i o n .

The e q u a t i o n  t h a t  r e s u l t e d  f rom t h i s  deve l opment  i s :

Au” = y® -  y” = -  RT Z I n ( l - 2 6 m j )  ( 5 ' 1)

where i s  t he  d i f f e r e n c e  between t he  chemi ca l  p o t e n -
u

t i a l  o f  HgO in t he  empty h y d r a t e  l a t t i c e  and yw , t he  chemi cal  

p o t e n t i a l  i n  t he  f i l l e d  h y d r a t e  l a t t i c e ,  R is t he  gas con­

s t a n t ,  and Vm i s  t he  number o f  c a v i t i e s  o f  t ype  m per  wa t e r  

mol ec u l e  i n  t he  l a t t i c e .  In t he  case o f  gas h y d r a t e s  o f  

s t r u c t u r e  I ,  = 1 / 2 3  and = 3 / 2 3  ; i n  t he  case o f  h y d r a t e  

o f  s t r u c t u r e  I I ,  V^ = 2 / 1 7  and Vg = 1 / 17  ( 3 5 ) .  The f r a c t i o n  

o f  t ype  m c a v i t i e s  occupi ed by gas componet  1 is g i ven  by

6n u = W  (1 + 2 Cmjfj) (5-2)

where Cm is t he  Langmui r  c o n s t a n t  which is a f u n c t i o n  o f  

t e m p e r a t u r e  and t he  p o t e n t i a l  f u n c t i o n  p a r a m e t e r s , i . e .

C = C( T , a , e , a ) .  Here a i s  t he  m o l e c u l a r  d i s ­

t ance  p a r a m e t e r ,  e is t he  dept h o f  t he  b i n a r y  p o t e n t i a l  w e l l ,  

and a is t he  core  r a d i u s  o f  the  gas m o l e c u l e ,  us i ng the  

L e n n a r d - J o n e s - D e v o n s h i r e  c e l l  t -heory.  Van der  Waal s and
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P I a t t e e u w  showed t h a t  t he  Langmui r  c o n s t a n t  is g i ve n  by

where Vf( r ) i s t he  s p h e r i c a l l y  s y mme t r i c a l  p o t e n t i a l  in the  

c a v i t y ,  w i t h  r  measured f rom t he  c e n t e r .  McKoy and S i n a n o-

t he  Ki hara  p o t e n t i a l .  W( r ) i s  a f u n c t i o n  o f  t he  c e l l  r a d i u s ,  

t he  c o o r d i n a t i o n  number ,  Z,  and t he  n a t u r e  o f  t he  gas w a t e r  

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

and Pr a u; s n i t z ' s  approach t h a t  showed an improvement  over  

McKoy and S i n a n o g l u ;  i . e .  ( e / x ) ^ g -  and aAB t h a t  d e s c r i b e s  

the  host  and guest  mol ecu l es  i n t e r a c t i o n s  were d i r e c t l y  c a l ­

c u l a t e d  f rom t he  e q u i l i b r i u m  da t a  a l ong t he  i c e - g a s - h y d r a t e ,  

and w a t e r - g a s - h y d r a t e  e q u i l i b r i u m  l i n e .  P a r r i s h  and Pr aus-  

n i t z  used K i har a  p o t e n t i a l  whi ch i s  s l i g h t l y  more a c c u r a t e  

than t he  Lennar d- Jones  p o t e n t i a l s  used by Nagata and Kobay-  

a s h i ,  ( 3 7 , 3 8  ) .  For t wo- component s ,  e q u a t i o n  ( 5 - 1 )  can be 

r e w r i t t e n  i n terms o f  t he  Langmui r  cons t a n t s  as t he  f o l l o w ­

i ng

C( T)  = 47r/k /  exp ( - W ( r ) / k T )  r^ dr ( 5 - 3 )
o

gl u ( 36) d e r i v e d  W( r )  f o r  s p h e r i c a l  and l i n e  mo l e cu l es  o f

( 5 - 4 )

where f .  i s t he  f u g a c i t y  o f  t h e  gas component  j  and g i ven  

by t he  f o l l o w i n g  e q u a t i o n .

( 5 - 5 )
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where <J>j i s  t he  f u g a c i t y  c o e f f i c i e n t  o f  t he  gas component ,

Yj  i s  t he  mole f r a c t i o n  i n t he  gas phase o f  component  j  and 

P i s  t he  t o t a l  p r e s s u r e . At  e q u i l i b r i u m ,  t he  chemi ca l  p o t e n ­

t i a l  o f  HgO i n t he  h y d r a t e  phase equa l s  t h a t  i n  each o f  t he  

o t h e r  c o e x i s t i n g  p h a s e s . I f  i c e  is p r e s e n t ,

w a t e r  a t  T and P,  and Xy i s  t he  mole f r a c t i o n  o f  w a t e r  in  

t he  l i q u i d  p h a s e . Sources o f  gas s o l u b i l i t y  da t a  a r e  g i ven  

i n r e f e r e n c e  ( 3 9 ) .

Depending upon wh e t h e r  i c e  or  l i q u i d  w a t e r  i s  p r e s e n t ,  

we d e f i n e

Now e q u a t i o n  ( 5 - 8 )  can be r e w r i t t e n ,  i f  i c e  i s  p r e s e n t  as

where uJJ ( T , P )  i s  t he  chemi ca l  p o t e n t i a l  o f  i c e .  I f  

l i q u i d  w a t e r  i s  p r e s e n t .

( 5 - 6 )

ujj ( T ,  P) = Uy ( T ,  P) + RT I n  Xw ( 5 - 7 )

where yH ( T ,  P) i s  t he  chemi ca l  p o t e n t i a l  o f  pure l i q u i d

( 5 - 8 )

o r

( 5 - 9 )
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Aw,? ( T ,  P) = RT Z V In (1 + Z C f  ) ( 5 -10)
m m

o r ,  i f  l i q u i d  w a t e r  i s p r e s e n t  as

AuJj ( T ,  P) = RT Z Vm I n  (1 + ZCmf  j+ RT I n Xy ( 5 - 11)

OL IThe q u a n t i t y  Ayw or  Apw , when c a l c u l a t e d  f rom e q u a t i o n  

( 5 - 1 0 )  or  ( 5 - 1 1 ) ,  i s  c a l l e d  t he  c a l c u l a t e d  chemi ca l  p o t e n ­

t i a l  d i f f e r e n c e .

P a r r i s h  and P r a u s n i t z  ( 1 9 7 2 )  c a l c u l a t e d  an e x p e r i m e n t a l  

chemi ca l  p o t e n t i a l  d i f f e r e n c e  Ay^ ( T , P ) or  Ay^ ( T , P ) us i ng

a r e f e r e n c e  h y d r a t e  i n  two s t eps  ( 4 0 ) .
1)  For  t he  r e f e r e n c e  h y d r a t e ,  Ay^ ( T ,  PR) a t  t he  g i ven

t e m p e r a t u r e  T , and  r e f e r e n c e  h y d r a t e  d i s s o c i a t i o n  p r e s s u r e

PR, i s  found us i ng

T a
AvlW ( T ’ Pr ) / r T = Au“ ( T o ,  Po) / RTo -  /• dT

To RT

T . a
+ fJo ( d P / d T )  dT ( 5 - 1 2 )

where Po i s  t he  d i s s o c i a t i o n  p r e s s u r e  o f  t he  r e f e r e n c e  

h y d r a t e  a t  t he  i c e - p o i n t  t e mp e r a t u r e  To ; AhjJ and AvJJ a r e , 

r e s p e c t i v e l y ,  t he  mol a r  d i f f e r e n c e  i n  e n t h a l p y  and volume 

between the empty h y d r a t e  l a t t i c e  and i c e .  S i m i l a r l y ,  when



T-2499 21

l i q u i d  w a t e r  c o e x i s t s  w i t h  t he  h y d r a t e ,

« t  » .  v / R T  ■

+ / T f ( A v “ + Av^ ) / R t 3  ( d P / d T )  dT ( 5 - 1 3 )  
1 0

where Ah^ and A a r e  r e s p e c t i v e l y ,  t he  mol ar  d i f f e r e n c e  in  

e n t h a l p y  and volume between i c e  and l i q u i d  w a t e r .

2)  To o b t a i n  Ay^ a t  T and P,  when i c e  i s  p r e s e n t  we

use

Ay“ ( T , P )  = Ay" ( T , P r ) + Av" (P - PR) ( 5 - 1 4 )

and when l i q u i d  w a t e r  i s  p r e s e n t  :

AUy ■( T . P ) = Ayjj ( T , P r ) + (Av"  + AvJ)  (P - PR) ( 5 - 15)

I n t he  p r e s e n t  s t u d y ,  s i n c e  t he l i q u i d  w a t e r  i s  in

e q u i l i b r i u m  w i t h  t he  h y d r a t e  phase a t  a t e m p e r a t u r e  above

i t s  i c e  p o i n t ,  the chemi cal  p o t e n t i a l  d i f f e r e n c e  g i ven  by

e q u a t i o n  ( 5 - 1 )  can be w r i t t e n  as 
\

yW ( T>P)  = 4  ( T ' p ) ( 5 - 1 6 )
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H L
where ( T , P ) ,  ( T , P) a r e  t he  chemi cal  p o t e n t i a l  o f

h y d r a t e  and pure l i q u i d  wa t e r  a t  the g i ven  t e m p e r a t u r e  and 

p r e s s u r e .

The chemi ca l  p o t e n t i a l  d i f f e r e n c e  between w a t e r  and t he  

empty h y d r a t e  i s  c a l c u l a t e d  i n a s i m i l a r  f a s h i o n  ( 4 1 ) .

~~ÏÏT = “ ÏÏTcT " T o  ^  dT + ' o  ^ T d p - 1 n X W ( 5 ’ 1 7 )

The f i r s t  t e r m on t he  r i g h t  i s  t he  r e f e r e n c e  chemi ca l  poten  

t i a l  ; t he  second t erm g i ve s  t he  t e mp e r a t u r e  dependence a t  

c o n s t a n t  ( z e r o ) p r e s s u r e .  The t h i r d  t er m c o r r e c t s  t he  pres  

sur e  to t he  f i n a l  e q u i l i b r i u m  p r e s s u r e . The l a s t  t erm  

c o r r e c t s  the  chemi cal  p o t e n t i a l  f rom t h a t  o f  a pure w a t e r  

or  i c e  phase to t h a t  w a t e r - r i c h  s o l u t i o n .

The t e m p e r a t u r e  dependence o f  t he  e n t h a l p y  d i f f e r e n c e  

i s g i ven  by

Ahw = AhW ( To)  + / T  ACPW dT
T o

where

ACpw ~ ( To)  + b ( T - T o )
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Avw = Av“ + A Vy

The thermodynami c p r o p e r t i e s  a r e  g i ven in T a b l e  3.

6) P r e d i c t i v e  Techni ques

The h y d r a t e  f o r mi ng  c o n d i t i o n s  coul d be p r e d i c t e d  by 

t he  f o l l o w i n g  ways:

a)  E a r l y  P r e d i c t i v e  Techni que

Katz  and coworker s  ( 4 2 )  showed t h a t  t he  h y d r a t e  

f o r mi ng  c o n d i t i o n s  coul d  be p r e d i c t e d  us i ng v a p o r - s o l i d  

e q u i l i b r i u m  c o n s t a n t  ana l ogus  to vapor  l i q u i d  e q u i l i b r i a .  

The e q u i l i b r i u m  c o n s t a n t s  were de t e r mi ne d  f rom t e r n a r y  

m i x t u r e  dat a  by Kobayashi  ( 1959)  and c o r r e c t e d  in GPA and 

API  handbooks ,

In t h i s  t e c h n i q u e  t hey  de t e r mi ned  t h a t  t he  c o n d i t i o n s  

f o r  i n i t i a l  h y d r a t e  f o r m a t i o n  a r e  o b t a i n e d  by s a t i s f y i n g  a 

r e l a t i o n s h i p  whi ch i s  ana l ogous to a dew p o i n t  c a l c u l a t i o n  

f o r  complex m i x t u r e s :

Kv - s , i  ■ V Xi

where-  Y . i s  t he  vapor  phase mole f r a c t i o n  o f  t he  h y d r a t e  

f o r mi n g  gas and X . i s  t he  s o l i d  phase mole f r a c t i o n  of  the  

same component  on a w a t e r  f r e e  b a s i s .  Thi s  method was not
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used in t h i s  work because i t  does not  d i s t i n g u i s h  between  

t he  two s t r u c t u r e s  o f  h y d r a t e s .

b) C u r r e n t  Techni que

C u r r e n t l y ,  many w o r k e r s ,  in p r e d i c t i n g  t he  d i s s o c i a ­

t i o n  cur ve  f o r  v a r i o u s  m i x t u r e s ,  use t he  P a r r i s h  and 

P r a u s n i t z  model  ( 1 9 7 2 ) .  The method is s l i g h t l y  more complex  

than t he  p r e v i o u s  method,  but  i t  has the f o l l o w i n g  a dva nt age s :

1) The e q u a t i o n s  ar e  r e l a t e d  to t he  h y d r a t e  s t r u c t u r e ,  

and 2)  t he  t h e o r e t i c a l  n a t u r e  o f  the  model a l l ows  i t  to be 

ex t ended beyond t he  gas ( V ) - l i q u i d  wa t e r  ( L ) - h y d r a t e  (H)  

r e g i o n .

The p r oc e dur e  f o r  d e t e r m i n i n g  h y d r a t e  f o r m a t i o n  p r e s ­

sures f o r  a g i ve n  gas a t  a g i ven t e mp e r a t u r e  is as f o l l o w s :

1)  Guess a p r e s s u r e .

2)  At  t he  guessed p r e s s u r e ,  f o r  t he  g i ve n  t e m p e r a t u r e  

and gas mole f r a c t i o n  o f  component ,  d e t e r mi n e  the  

f u g a c i t y  o f  component  f rom an e q u a t i o n  o f  s t a t e .

3)  Usi ng Cmj. v a l ues  f rom t he Ki har a  p o t e n t i a l  and
u

6mj va l ues  f rom s t ep two,  d e t e r mi n e  f rom 

e q u a t i o n  ( 5 - 4 ) .

4)  Usi ng c o n s t a n t s  f rom T a b l e  3 ,  c a l c u l a t e  fhom 

e q u a t i o n  ( 5-17)  a t  t he  t e mp e r a t u r e  and guessed  

p r e s s u r e .
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T a b l e  3 . THERMODYNAMIC PROPERTIES OF EMPTY HYDRATE 

( 6-PHASE)  AND LI QUID WATER RELATIVE TO ICE 

(g-PHASE)  AT 0 °C AND ZERO PRESSURE

S t r u c t u r e  I S t r u c t u r e  I I

lW uw , c a l / m o l e 310. 0 ' 2 2 4 . 0

3 ua
'W hw, c a l / m o l e 332 . 0 ' 245 . 0 '

VW ’  vw’ c c / mo l e 3. 0 ' 3 . 4

ACpw, c a l / m o l  K 

T > To 

T < To

9 . 1 1  -  0 . 0 3 3 6  (T - To)

0 . 1 3 4 9  - 0 . 0 0 0 4 7  ( T - T o )

a Dharmawar dhana, P. B. ,  Ph. D. T h e s i s ,  CSM ( 4 9 )  

^Von S t a c k e l b e r g  and M u l l e r  ( 3 5 )  

cWeast  ( .15)

^ H o l d e r ,  G. Cor bi n  and K. D. Papadopoul  es ( 4 1 ) .
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5) I f  t he  va l ues  o f  Ay i n  e q u a t i o n  ( 5 - 4 )  and ( 5 - 1 7 )  

ar e  e q u a l , then the P v a l ue  i s  c o r r e c t  f o r  h y d r a t e  

f o r m a t i o n  ; i f  n o t , g u e s s  a new v a l u e  o f  P and 

r e t u r n  to Step 2.

7) Revi ew o f  E x p e r i me n t a l  Data on Xe non - wa t e r  Hyd r a t e

The x e n o n - w a t e r  h y d r a t e  has been t he  s u b j e c t  o f  s t udy by 

many i n v e s t i g a t o r s .  The d i s s o c i a t i o n  p r e s s u r e  o f  t he  xenon-  

w a t e r  h y d r a t e  has been measured e x p e r i m e n t a l l y  above and below 

0° C.  E a r l y  work was done by For cr and ( 4 3 ) ,  who p l a c e d  xenon-  

w a t e r  i n  t he  e q u i l i b r i u m  c e l l  under  p r e s s u r e , and added a 

p i e c e  o f  i c e  to t he  syst em,  s i m i l a r  to " s e e d i ng"  r e q u i r e d  to  

form c r y s t a l s .  Godchot  ( 4 4 )  d i d  t he  same e x p e r i me n t  i n  1936 

but  he o b t a i n e d  d i f f e r e n t  d i s s o c i a t i o n  p r e s s u r e s . In 1939 

Ber nhard Braun ( 4 5 )  measured t he d i s s o c i a t i o n  p r e s s u r e  o f  

xenon h y d r a t e  a t  t e m p e r a t u r e  f rom 0°C to 2 0 ° C . The most  

r e c e n t  work was done by Ewing and l onescu ( 4 6 ) .  The e x p e r i ­

ment a l  a pp a r a t u s  o f  t he  most r e c e n t  work c o n s i s t e d  o f  a g a u g e , 

s t a i n l e s s - s t e e l  r e a c t i o n  v e ss e l  p r o v i d e d  w i t h  a ma gne t i c  

s t i r r e r ,  w a t e r  pump, and a c o n s t a n t  t e mp e r a t u r e  b a t h .  In 

t h i s  e x p e r i me n t  d i s s o c i a t i o n  p r e s su r e s  were measured between  

0 - 2 0 ° C . About  17 ml o f  d e i o n i z e d  w a t e r  were p l a c e d  i n the  

r e a c t i o n  v e s s e l  , and enough xenon was added to exceed the  

s o l u b i l i t y  o f  xenon i n  w a t e r , then the  system was a l l o we d  to
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e q u i l i b r a t e  a t  c e r t a i n  t e m p e r a t u r e . A f t e r  t he  system e q u i l i -  

b r i a t e d  ( t h e  p r e s s u r e  o f  xenon above t he s o l u t i o n ,  became

c o n s t a n t ) ,  a r e c o r d  was made f o r  the  p r e s s u r e  and t he  t e mp e r a ­

t u r e  .

The d i s s o c i a t i o n  p r e s s u r e  o f  x e n o n - w a t e r  below 0 ° C ,  was 

measured by B a r r e r  and Edge ( 4 7 ) .  The e x p e r i m e n t a l  a p p a r a ­

tus c o n s i s t e d  o f  a gas suppl y  l i n e  and a v o l u m e t r i c  s o r p t i o n  

syst em,  r e a c t i o n  v e s s e l .  A char ge  o f  d e i o n i z e d  w a t e r  was 

p l ac e d  i n  the r e a c t i o n  v e s s e l ,  and xenon gas was a d m i t t e d  to  

t he  r e a c t i o n  v ess e l  , t hen t he system was a l l o w e d  to reach  

e q u i l i b r i u m  a t  d i f f e r e n t  t e m p e r a t u r e ;  then t he  p r e s s u r e  and 

t he  t e m p e r a t u r e  was r e c o r d e d .

The most  r e c e n t  work was done by M i l l e r  ( 4 5 ) .  M i l l e r

measured two s e t s  o f  da t a  on x e n o n - w a t e r  h y d r a t e  ( - 6 7  to 0°C

and - 9 9  to 0 ° C ) .  The e x p e r i m e n t a l  a p p a r a t u s  c o n s i s t e d  o f  

g l ass  vacuum system w i t h  a mercur y  ma nomet er , w a t e r  bath and 

measur i ng  t e m p e r a t u r e  syst em.  In t h i s  e x p e r i me n t  d i s t i l l e d  

w a t e r  was p l a c e d  i n  t he  r e a c t i o n  v e s s e l  ( g l a s s  vacuum s y s t e m ) . 

At  each t e m p e r a t u r e  t he  e q u i l i b r i u m  d i s s o c i a t i o n  p r e s s u r e  was 

r e c o r d e d .

The more r e c e n t  work was done by D, W. Davi dson ( 1 4 ) .

Davi dson measured t he  occupancy r a t i o s  o f  cages i n xenon 
o

h y d r a t e  a t  273 K, d i r e c t l y  f rom t he NMR spect rum o f  t he  

129xe i s o t o p e  i f  t he  h y d r a t e  i s  made o f  D^O r a t h e r  than H^O.
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The 0 ' s  s p e c i f y  t he  - degree o f  occupancy o f  t he  

smal l  and l a r g e  c a g e s . The degree o f  occupancy o f  each 

ki nd o f  cage i s  r e l a t e d  to t he  p r e s s u r e  by a Langmui r  

e q u a t i o n  l i k e  e q u a t i o n  ( 5 - 2 ) .  One can c a l c u l a t e  t he  

Langmui r  c o n s t a n t s  f rom some model  o f  the p o t e n t i a l  o f  

i n t e r m o l e c u ! a r  f o r c e s  between the encaged mol e c u l e  and 

t he  w a t e r  mol e cu l es  which c o n s t i t u t e s  t he  c a g e . Th i s  i s  

commonly done by a d a p t i n g  t he  L e n n a r d - J o n e s - D e v o n s h i r e  

s p h e r i c a l  c e l l  model  f o r  l i q u i d s  to t he  h y d r a t e  case : the  

cage w a t e r  mo l ec u l es  ar e  smeared out  to form a un i f o r m  

s p h e r i c a l  s u r f a c e  and t he i n t e r a c t i o n  d e s c r i b e d  by K i har a  

1 2 - 6  p o t e n t i a l  f u n c t i o n .  S i nce  Langmui r  c o n s t a n t s  can be 

c a l c u l a t e d  f o r  l a r g e r  and s m a l l e r  cage t y p e ,  then t he  

occupancy r a t i o s  o f  cages can be c a l c u l a t e d  f o r  compar i son  

w i t h  t hose  o f  Davi dson whi ch were de t e r mi ne d  by NMR.
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THE EXPERIMENTAL APPARATUS AND PROCEDURE

I )  The E x p e r i me n t a l  Appar a t us

The p r e s s u r e ,  t e m p e r a t u r e  a t  whi ch h y d r a t e s  formed were  

measured f o r  x e n o n - w a t e r , us i ng equi pment  which was ver y  

s i m i l a r  to t h a t  used by many p r e v i o u s  i n v e s t i g a t o r s  ( 4 8 , 4 9  

5 0 ) .

The sc hema t i c  d i agr am o f  t he e x p e r i m e n t a l  system is  

shown in F i g .  4.  The d e s c r i p t i o n  o f  t he  a p p a r a t u s  i s  p r e ­

s ent ed under  t he  f o l l o w i n g  s u b s e c t i o n s .

a)  The e q u i l i b r i u m  c e l l ,

b) The p r e s s u r e  measur i ng s yst em,

c)  The t e m p e r a t u r e  measur i ng system and t he  a s s o c i a t e d  

c o n t r o l  syst em,

d) The a g i t a t i o n  and vacuum syst em,

e)  The gas c h a r g i n g  syst em,

f ) The l i q u i d  c h a r g i n g  system,

a)  The E q u i l i b r i u m  Ce l l

The e q u i l i b r i u m  c e l l  as i l l u s t r a t e d  i n  f i g u r e s  5 and 6 ,  

i s  a c y l i n d r i c a l  c e l l  in whi ch hy d r a t e s  a r e  measured.  The 

c e l l  d i mensi ons were : 2 i nch I . D. c y l i n d r i c a l  bore  and

5 i nches l ong.  I t  was c o n s t r u c t e d  o f  a b e a r i n g  br onze  a l l o y  

(83% c u , 7% t i n ,  7% l e a d ,  3% z i n c )  , w i t h  a t e n s i l e  s t r e n g t h  

o f  4 0 , 0 0 0  p s i a .  The des i gn p r e s s u r e  was in excess o f  1 , 0 0 0  

p s i a  f o r  an o p e r a t i n g  t e m p e r a t u r e  f rom - 22°F to 2 12° F .
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FIGURE 5. SCHEMATIC DRAWING OF THE EQUILIBRIUM 

CELL WINDOWS (TAKEN FROM ZERPA ( 4 8 ) ) .
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FIGURE 6.  THE EQUILIBRIUM CELL (TAKEN FROM ZERPA ( 4 8 ) ) .
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Cl os ur e s  on t he  c e l l  were made o f  t ype  410 s t a i n l e s s  s t e e l .  

Each c l o s u r e  was removabl e  and was a t t a c h e d  w i t h  s i x  3 / 8  

i nch b o l t s .  Rubber "0" r i n g  gasket s  were used as s e a l s  on 

t he  top and bot tom c l o s u r e s .  Two s i g h t  g l ass  windows were  

b u i l t  on o p p o s i t e  s i des  o f  t he  c e l l  in o r d e r  to obser ve  t he  

h y d r a t e  f o r m a t i o n .  The windows were 1 / 4  i nch p l e x i g l a s s  

w i t h  t e f l o n  g a s k e t  s e a l s .  Each window was a t t a c h e d  w i t h  

t w e l v e  1 . 8  i nch b o l t s .  The u l t r a s o n i c  t r a n s d u c e r  t h a t  p r o ­

duced a g i t a t i o n  o f  t he l i q u i d  i n t he  c e l l  was b o l t e d  t o  t he  

o u t s i d e  o f  t he  l owe r  p l a t e .  Th i s  was covered by a 3 i nch

I . D .  aluminum c o v e r .  The c e l l  was connect ed to t he  gas and 

w a t e r  c h a r g i n g  system t hr ough a 1 / 4  i nch tube a t t a c h e d  to  

t he  top p l a t e .  The p l a t i n u m  r e s i s t a n c e  t her momet er  was 

a t t a c h e d  to t he  top p l a t e  o f  t he  c e l l  by an Omega l o c k  

compr essi on f i t t i n g .  The e q u i l i b r i u m  c e l l  was suppor t ed  

by t h r e e  l egs  o f  4 . 5  i nch long i n s i d e  a 127 cubi c  i nch r e c ­

t a n g u l a r  box,  c o n s t r u c t e d  ma i n l y  f o r  bath f l u i d  d i s p l a c e m e n t ,

b) The Pr e s s ur e  Measur i ng System

The p r e s s u r e  measur i ng system c o n s i s t e d  o f  a He i se  Gauge,  

and a manometer  and t he t u b i n g  whi ch connect ed t he gauge w i t h  

t h e  e q u i l i b r i u m  c e l l .  The p r e s s u r e  gauge was a Bourdon tube  

gauge Model  CM f rom Dr e s s e r  I n d u s t r i e s ,  which i s  i n t e n d e d  

f o r  a b s o l u t e  p r e s s u r e  measurements.  The Hei se  gauge was 

c a l i b r a t e d  a g a i n s t  Ruska a i r  dead w e i g h t  t e s t e r .  The r e s u l t s
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o f  t he c a l i b r a t i o n s  ar e  g i ven,  in Appendi x  A. The c o n n e c t ­

i ng t u b i n g  between t he  gauge and t he  c e l l  was commerci a l  

1 / 4  i nch copper  t u b i n g .

c)  The T empe r a t u r e  Mea sur i ng  System and t he  A s s o c i a t e d

C ont r o l  System.

The t e m p e r a t u r e  in t he c e l l  was sensed by a 5 . 5  i nch l ong  

Omega,  t ype  PR-13 p l a t i n u m  r e s i s t a n c e  t e m p e r a t u r e  pr obe .  The 

t e m p e r a t u r e  was read by a d i g i t a l  r e a d out  Model  199 PI  f rom 

Omega. The t e m p e r a t u r e  r ange was f rom - 2 0 0  °C to - 8 0 0  °C 

w i t h  a c o n f o r m i t y  ± 1 count  (maximma) .  The p l a t i n u m  r e s i s ­

t anc e  and r e a d o u t  systems were c a l i b r a t e d  a g a i n s t  a M u e l l e r  

t e m p e r a t u r e  b r i d g e .  The r e s u l t s  o f  c a l i b r a t i o n s  a r e  g i ven  

in Appendi x  A.

The t e m p e r a t u r e  ba t h  was c o n s t r u c t e d  o f  0 . 5  i nch p l e x i ­

g l a s  s h e e t s .  The di mens i ons  o f  t he  bat h were as f o l l o w s ;

13 i nch in l e n g t h ,  7 . 5  i nches  in w i d t h ,  17 i nches  i n h e i g h t  

w i t h  an o v e r a l l  c a p a c i t y  o f  5 . 5  g a l l o n s .  The o u t e r  w a l l  o f  

the  bath was i n s u l a t e d  w i t h  1 i nch t h i c k  Amofex foam s h e e t s .  

The bat h  f l u i d  was Dow- Cor ni ng 200 s i l i c o n e  f l u i d  w i t h  a 

f r e e z i n g  p o i n t  o f  - 4 0  °F and v i s c o s i t y  o f  5 c e n t i s t o k e s .

.This f l u i d  was s e l e c t e d  m a i n l y  because o f  i t s  good d i e l e c ­

t r i c  p r o p e r t i e s .

The r e f r i g e r a t i o n  system was Model  Pc c - 24 A- 3  Bl ue M 

H e r ma t i c  r e f r i g e r a t o r  1 / 2  HP compressor  w i t h  an o v e r a l l



T-2499 35

heat  r emovabl e  c a p a c i t y  o f  3500 B t u / h r .  The t e mp e r a t u r e  

range was - 2 3 ° C  to room t e m p e r a t u r e  w i t h  the t e m p e r a t u r e  

c o n t r o l  w i t h i n  + 0 . 1 5  °C.  The r e f r i g e r a n t  F r e on- 1 2  emerged 

t hr ough a t h e r m o s t a t i c  expans i on v a l v e  and f l owed t hr ough a 

s t a i n l e s s  s t e e l  c o i l  o f  7 / 1 6  i nch O.D.  wound on a 7 inch  

m a n d r e l . The r e f r i g e r a t o r  was equi pped w i t h  a hot  gas by­

pass system to mi n i mi z e  under  s h o o t i n g  and to a l l o w  b e t t e r  

c o n t r o l  o f  t he  c o o l i n g .  The t e mp e r a t u r e  o f  the  bat h  was 

f u r t h e r  c o n t r o l l e d  by a Model  1440-GKU Thermomix c o n t r o l l e r ,  

f rom VWR S c i e n t i f i c  w i t h  a b u i l t  in immersed t h e r m o s t a t  o f  

7 50 w a t t  c a p a c i t y  and a 10 1 i t e r / m i  n c a p a c i t y  c i r c u l a t i n g  pump.  

Wi th t he thermomi x c o n t r o l l e r  and the Blue M r e f r i g e r a t o r  

t he  t e m p e r a t u r e  o f  the bat h was c o n t r o l l e d  w i t h i n  + 0 . 0 0 5  °C 

a t  a t e m p e r a t u r e  range a t  0 °C to 10 ° C .

d) The A g i t a t i o n  and Vacuum System

The u l t r a s o n i c  a g i t a t i o n  system c o n s i s t e d  o f  an u l t r a ­

soni c  t r a n s d u c e r  a t t a c h e d  to t he  bot tom p l a t e  o f  the  e q u i l i ­

br i um c e l l  and connect ed  to an u l t r a s o n i c  g e n e r a t o r  w i t h  a 

25 f o o t  l e a k  p r o o f  c a b l e .  The t r a n s d u c e r  assembl y c o n s i s t e d  

o f  a s t e e l  back b l o c k ,  a p a i r  o f  l e a d  z i r c o n a t e  t i t a n a t e  

f e r r o e l e c t r i c  e l ement s  w i t h  a c on n e c t o r  t ab and an a luminum 

f r o n t  b l o c k .

The u l t r a s o n i c  g e n e r a t o r  was a s o l i d - s t a t e  module which  

o p e r a t e d  f rom a commerci a l  120 V,  60 HZ e l e c t r i c a l  o u t l e t .
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The g e n e r a t o r  a l l o we d  t he  r e s o n a n t  f r e q u e n c y  o f  t he dynamic  

u n i t  t o c o n t r o l  the  g e n e r a t o r  and i t  is u s u a l l y  op e r a t e d  

a t  about  2 4 . 5  KHZ. The maximum power o u t p u t  was 75 w a t t s . 

The power i n p u t  to t he  u l t r a s o n i c  system was r e g u l a t e d  by a 

v a r i a c .  The u l t r a s o n i c  u n i t  was assembl ed by B l i s s  Sonic  

Company i n Fayet t ev i l l e ,  P e n n s y l v a n i a .  The u l t r a s o n i c  s y s ­

tem was des i gned f o r  an opt imum e f f i c i e n c y  w i t h  2 . 5  inches  

o f  l i q u i d  i n t he  c e l l .

The vacuum system c o n s i s t e d  o f  a vacuum pump, whi ch was 

connect ed t o t he  e q u i l i b r i u m  c e l l  v i a  1 / 4  i nch copper  t u b i n g  

t hr ough t he manometer .

The l i q u i d  ac et one  co l d  t r a p  was used on the up s t r eam  

o f  t he  pump to p r e v e n t  any c o n d e n s i b l e s  f rom e n t e r i n g  the  

pump and back d i f f u s i o n  o f  t he  pump o i l .  The o u t l e t  o f  the  

pump was vent ed to t he at mosphere  o u t s i d e  t he b u i l d i n g ,

e)  The Gas Char g i ng  System

The gas c h a r g i n g  system c o n s i s t s  o f  a s i z e  D xenon

c y l i n d e r ,  one v o l u m e t r i c  v o l u me t e r  and an assembl y o f  v a l v es  

and t u b i n g  connect ed to t he  e q u i l i b r i u m  c e l l .  The gas

r e g u l a t o r  had a d e l i v e r y  p r e s s u r e  o f  200 p s i .  The gas

a n a l y s i s  whi ch was p r o v i d e d  by Union Car b i de  C o r p o r a t i o n ,  

Li nde  D i v i s i o n ,  was as f o l l o w s :
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M a t e r i a l  P u r i  t y

Ar  < 1 ppm

CO, < 1 PPm

TH < 2 ppm
c

H2 < 1 PPm

0 2 < 1 PPm

Kr < 25 ppm

CHu < 1 PPm

H2 0 < 3 ppm

Ne < 1 PPm

N„  < 5  ppm

The gas was a n a l y z e d  c h r o m a t o g r a p h i c a l l y  and found to be 

99. 99% pure Xenon ( 0 . 01% k r y p t o n ) ,

f )  The L i q u i d  Cha r g i ng  System

The w a t e r  s o l u t i o n  was char ged to the e v a c u a t e d  c e l l  

f rom t he  250 ml b u r e t  w i t h  g r a d u a t i o n s  o f  1 . 0  ml .  The 

b u r e t  was open to the a t mospher e  and connect ed to a b e l l ows  

seal  v a l v e  and t u b i n g  assembl y  by a p p r o x i m a t e l y  s i x  i nches  

o f  1 / 4  i nch Tygon t u b i n g .  The r e ma i n i n g  t u b i n g  t h r o u g h o u t  

the  e n t i r e  e x p e r i m e n t a l  a p p a r a t u s  was 1 / 4  i nch copper  t u b i n g  

The v a l v e s  o f  t he  assembl y  wer e  c o mme r c i a l ,  1 / 4  i nch NUPRO 

B-4H b e l l o ws  v a l v e s .  A l l  o f  t he  va l v e s  in t he  system were  

t he  same.
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I I )  Pr ocedur e  

The pr oc e dur e  was,  i n ge ne r a l  , to de t e r mi n e  t he d i s ­

s o c i a t i o n  p r e s s u r e  o f  xenon h y d r a t e  above 0 °C.

The p r oc e dur e  f o l l o w e d  in o b t a i n i n g  d a t a :

1.  I n i t i a l l y ,  the e q u i l i b r i u m  c e l l  was t h o r o u g h l y  

c l e a ne d  and d r i e d .

2. The bot tom p a r t  o f  the e q u i l i b r i u m  c e l l ,  i . e .  t he  

u l t r a s o n i c  syst em,  bot tom c e l l  p l a t e  and t he  l egs  were  

connnect ed to t he  s h e l l  o f  t he  e q u i l i b r i u m  c e l l .

3.  The c e l l  was submerged in the  bat h and connect ed  

to t he  l i q u i d  and gas c h a r g i n g  system.  The c e l l  was then  

evacuat ed  and p r e s s u r i z e d  to about  90 ps i a  w i t h  he l i um f o r  

1eak c h e c k s .

4.  The va l ves  A1,  A5,  A6,  were kept  c l o s e d .  The v a l ves  

A 2 , A3,  A4,  A 8 , A9,  A10,  A l l ,  and A12 a l l  were opened

and t he  system was e v a cua t e d  o v e r n i g h t .

5. Gas i n l e t  v a l v e  A l l  w as  c l o s e d .  Two hundred m i l l i ­

l i t e r s  o f  doubl e  d i s t i l l e d  w a t e r  ( CO^ f r e e )  were then char ged  

to t he  e v a cua t e d  c e l l  f rom t he  250 m i l l i l i t e r  b u r e t  t hr ough  

t he  l i q u i d  f eed  v a l v e  A13.  Then the c e l l  was ev ac ua t e d  

a g a i n  f o r  smal l  i n t e r v a l s  o f  t i me .

6.  A f t e r  d e t e r m i n i n g  t he t e m p e r a t u r e  a t  which the f i r s t  

run would be made, t he  t h e r m o c o n t r o l  was s e t  and t he  system 

was c ool ed  down by t he  r e f r i g e r a t i o n  c o i l s  in t he  bat h  u n t i l  

t he  s e t  p o i n t  t e m p e r a t u r e  o f  t he  t h e r mo c o n t r o l  i s  r e ac he d .
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7. When t he  c e l l  and a l l  co n n e c t i n g  t u b i n g  had been 

t h o r o u g h l y  e v a c u a t e d ,  xenon was a d m i t t e d  to t he  system 

t hr ough t he  v o l u m e t e r .  The p r e s s u r e  a d m i t t e d  was e s t i m a t e d  

t o  be s l i g h t l y  h i g h e r  than t he  e x pe c t e d  h y d r a t e  f o r m a t i o n  

p r e s s u r e ,  s i m i l a r  t o  t he  " se ed i ng"  r e q u i r e d  t o form c r y s t a l s .  

Thi s  i n i t i a l  p r e s s u r e  was r ec o r d ed  when f or mi ng  h y d r a t e s .

The u l t r a s o n i c  g e n e r a t o r  was t hen t u r n e d  on f o r  good mi x i n g .  

A f t e r  t he  h y d r a t e s  had f o r m e d , a process r e q u i r i n g  r oug h l y  

seven h o u r s , t he  u l t r a s o n i c  a g i t a t i o n  was st opped because  

t e m p e r a t u r e  c o n t r o l  to 0 . 0 2  °C was not  p o s s i b l e  w i t h  the  

u l t r a s o n i c  g e n e r a t o r  on.

8.  The system was a l l o w e d  to reach e q u i l i b r i u m ,  and 

t hen p r e s s u r e  and t e m p e r a t u r e  were r e c o r d e d .  Then t he  

t e m p e r a t u r e  c o n t r o l  was s e t  to a d i f f e r e n t  t e m p e r a t u r e  f o r  

t he  nex t  dat a  p o i n t .
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EXPERIMENTAL RESULTS

The main aim in t he  p r e s e n t  work was t o  d e t e r mi n e  the  

d i s s o c i a t i o n  p r e s s u r e  o f  x e n o n - w a t e r  in the t e m p e r a t u r e  

r ange o f  2 7 3 - 2 8 3 ° K .  These e x p e r i m e n t a l  va l ues  var y  c o n s i d ­

e r a b l y  f rom t hose  de t e r mi ne d  by o t h e r  i n v e s t i g a t o r s .  The 

e x p e r i m e n t a l  r e s u l t s  g i ven  i n T a b l e  4 ,  were compared w i t h  

c a l c u l a t e d  v a l ues  i n F i g u r e  7.  The s o l i d  l i n e  was g e n e r a ­

t ed f rom t he  computer  program HYDXEN. FOR, whi ch can be 

found i n Appendi x B. Thi s  program is based on t he P a r r i s h -  

Pr ausni  t z  model us i ng pa r a me t e r s  o f  Dharmawardhana, e t  a l .  

( 1 9 8 0 ) .  The da t a  was a l s o  f i t  w i t h  a s t e p wi s e  m u l t i p l e  

l i n e a r  r e g r e s s i o n  pr ogram,  and the f o l l o w i n g  e q u a t i o n  f o r  

t he  xenon h y d r a t e  above 273°K r e s u l t e d :

I n P = 3 3 . 3 1 1 9 9 3  -  8257^082

where P is t he d i s s o c i a t i o n  p r e s sur es  p r e d i c t e d  i n p s i a .

T i s  t he c o r r e s p o n d i n g  d i s s o c i a t i o n  t e m p e r a t u r e  in °K.



T-2499 41

TABLE 4

DATA OF XENON HYDRATE OF THE PRESENT STUDY

T°F Pexp(Ps1a) pc a l ( p s i a ) D i f f e r e n c e

3 2 . 0 2 2 . 1 2 1 . 9 0 . 9
3 3 . 6 2 4 . 0 2 4 . 0 0 . 0
3 4 . 7 2 5 . 6 2 5 . 8 0 . 7
3 6 . 5 2 8 . 8 2 8 . 8 0 . 0
3 7 . 9 3 1 . 2 3 1 . 2 0 . 0
3 9 . 4 3 4 . 3 3 4 . 2 0 . 3
4 1 . 0 3 7 . 8 3 7 . 6 0 . 5
4 1 . 9 3 9 . 6 3 9 . 6 0 . 0
43 . 2 4 2 . 6 4 2 . 6 0 . 0
4 4 . 1 4 5 . 0 4 5 . 0 0 . 0
4 5 . 3 48.  5 4 8 . 5 0 . 0
4 6 . 6 5 2 . 2 5 2 . 2 0 . 0
4 7 . 5 5 5 . 0 5 5 . 0 0 . 0
4 8 . 6 5 8 . 7 5 8 . 7 0 . 0
5 0 . 0 6 3 . 7 63.  7 0 . 0

A y ( 0 , 0)  c a l / g mo l 3 1 0 . 0

c / k °K r s s . o

a °A = 3 . 4 8 2 9 9

a °A = 0 . 2 0 9 8

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MUTES

GOLDEN, COLORADO 80401
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400.0

300.0

200.0 ,

— Calcul ated 
O Present Work

100.0

3.518 3.566 3.614 3.662

T-1x 103x K '1
FIGURE 7.

PRESENT WORK ON XENON HYDRATE WITH 

CALCULATED VALUES.
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DISCUSSION

The o b j e c t  o f  t h i s  s t udy  was t o  f i n d  a b e t t e r  d i s s o c i a ­

t i o n  p r e s s u r e  cur ve  f o r  xenon h y d r a t e . These d a t a ,  a l ong  

w i t h  those  o f  M i l l e r  below 27 3 ° K , were used to o b t a i n  b e t t e r  

Ki har a  pa r a me t e r s  f o r  t he  s o l i d  h y d r a t e  mo d e l .

The r e s u l t  o f  t he  e x p e r i me n t  w i t h  o t h e r  i n v e s t i g a t o r s  

dat a  ar e  g i ven  in Appendi x B, and p r e s e n t e d  g r a p h i c a l l y  in 

F i g u r e  8.  In t h i s  f i g u r e  t he  c a l c u l a t e d  va l ues  a r e  g i ven  

by t he  s o l i d  l i n e .  The da t a  o f  t he  p r e s e n t  work a r e  in  

good agr eement  w i t h  those va l ues  c a l c u l a t e d  f rom t he  t h e o ­

r e t i c a l  model  .

At  t he  c o n c l u s i o n  o f  t h i s  w o r k , but  b e f o r e  t he  f i n a l  

t h e s i s  d e f e n s e , P r o f e s s o r  C. J.  P e t e r s ,  o f  t he  D e l f t  

U n i v e r s i t y  o f  T e c h n o l o g y ,  gave t h i s  l a b o r a t o r y  t he  t h e s i s  

o f  L . A a l d i j k ,  whi ch was done i n 1971 on xenon h y d r a t e s ,  

but  ne v e r  p u b l i s h e d .  The xenon dat a  o f  A a l d i j k  i s  a l s o  

shown in F i g u r e  8.  As may be seen,  t he  compar ison w i t h  the  

data of  t he  p r e s e n t  work i s  e x c e l l e n t .

I t  i s  c l e a r  f rom t he  l i t e r a t u r e  r e v i e w t h a t  the  

al ong the t h r e e - p h a s e  l i n e ,  coul d be e v a l u a t e d  i n two i n d e ­

pendent  r out e s  ^such as:  by knowing A]Jq" q A h ^ ' g ,  f rom

Dharmawardhana ( 1 9 8 0 ) ,  and t he  e q u i l i b r i u m  t e mp e r a t u r e s  and
6 - Hpr e ssur e s  one coul d e v a l u a t e  ApÇ*p us i ng the thermodynamic  

model o f  P a r r i s h - P r a u s n i t z ,  e q u a t i o n  ( 5 - 1 3 )  and ( 5 - 1 4 ) ,
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However in t h i s  s t udy t he  e q u a t i o n  gi ven by G. D. Ho l d e r

( 5 - 1 7 )  was used,  and by knowing the Ki har a  p a r a m e t e r s ,

e q u i l i b r i u m  t e m p e r a t u r e  and p r e s s u r e  one coul d e v a l u a t e  
3 - H

^ T , P  u s l n 9 t he  Van Der Waals and P l a t e e u w ' s  mo d e l ,

e q u a t i o n  ( 5 - 1 ,  5 - 2 ,  and 5 - 3 ) .

T h e r e f o r e  w i t h  t he  r i g h t  s e t  o f  K i ha r a  p a r a m e t e r s ,
3 -  H

$ p c a l c u l a t e d  f rom the two r out es  by usi ng e q u a t i o n s  

( a )  ( 5 - 1 7 )  and ( b)  ( 5 - 1 1 )  shoul d c o i n c i d e .  Thi s  concept

was used in o p t i m i z i n g  t he K i h a r a  p a r a m e t e r s . The core

d i a me t e r s  o f  the  g u e s t  mol e c u l e s  were o b t a i n e d  f rom the

work o f  Tee ,  e t  a l .  ( 3 ) .  Hence the o p t i m i z a t i o n  was done on

e / k  and a o n l y .

The Ki ha r a  pa r a me t e r s  were c a l c u l a t e d  usi ng M i l l e r ' s

dat a  below 273° K.  These da t a  were used in a s t e pwi s e

m u l t i p l e  l i n e a r  r e g r e s s i o n  p r o g r a m, and the f o l l o w i n g

e q u a t i o n  r e s u l t e d :

In P = 2 5 . 9 8 6 8 8 1  - — - 1 . 7 6 3 63 1  I n T

where P i s  t he d i s s o c i a t i o n  pr e s s u r e  f o r  xenon h y d r a t e

below 2 73° K,  and T i s  t he c o r r e s po nd i ng  t e mp e r a t u r e  i n °K

l ess  than 273° K.  M i l l e r  o b t a i n e d  two set s  o f  da t a  which

agr ee  w i t h  each o t h e r  v e r y  w e l l .  M i l l e r ' s  da t a  a l s o  agree

w i t h  the  d i s s o c i a t i o n  p r e s s u r e  c a l c u l a t e d  usi ng the  computer
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400

300

200

*Bernhard

*Forcrand
OPresent Work 
—  Calculated
#  L. Aaldaijk

44

100

3.518 3.568 3.616 3.664

(  T ‘’x  1 0 3 x K ' ' )

FIGURE 8

XENON HYDRATE DATA AND THE CALCULATED VALUES
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model  as shown i n F i g u r e  9.

The Ki ha r a  par a me t e r s  o b t a i n e d  f rom M i l l e r ' s  dat a  

below 2 7 3 ° K , were used to p r e d i c t  t he  da t a  o f  the p r e s e n t  

work above 273°K and ar e  seen in F i g u r e  7.  In t h i s  f i g u r e ,  

t he p r e d i c t e d  v a l ue s  ar e  g i ve n  as a s o l i d  l i n e .

In t h i s  work t he occupancy r a t i o s  o f  cages i n xenon-  

w a t e r  h y d r a t e  a t  273°K were c a l c u l a t e d .  The degree o f  

occupancy o f  each k i nd  o f  cage i s  r e l a t e d  to the gas f u g a -  

c i t y  by a Langmui r  e q u a t i o n .  In p r i n c i p l e ,  one can a t t e m p t  

to c a l c u l a t e  t he Langmui r  c o n s t a n t s  f rom some model  o f  

p o t e n t i a l  o f  i n t e r m o l e c u  1ar  f o r c e  between t he encaged  

mo l e c u l e  and t he  w a t e r  mo l e cu l es  which c o n s t i t u t e  t he c a g e . 

Si nce t he  Langmui r  c o n s t a n t s  were c a l c u l a t e d  the degree o f  

occupancy o f  t he  smal l  and l a r g e  cages can be o b t a i n e d  by 

usi ng t he  Langmui r  e q u a t i o n ,  and t he r a t i o  o f  cages in  

w a t e r - x e n o n  h y d r a t e  ( )  a t  273°K was c a l c u l a t e d .  Thi s  

r a t i o  was c a l c u l a t e d  w i t h  d i f f e r e n t  v a l ue s  o f  AUq~q and 

t he  r e s u l t s  o b t a i n e d  ar e  g i ve n  i n T a b l e  5.

The Davi dson v a l u e  o f  8^ / 9g  a t  273°K i s  equal  to 1 . 3 0 ,  

d e t e r mi n e d  by NMR me as ur eme n t , seems to compare w i t h  a 

AVq ” q o f  304 c a l / g mo l  by l i n e a r  i n t r a p o l a t i o n  f rom Ta b l e  6.  

Al so f rom T a b l e  6 i t  appears  t h a t  t he  Dharmawardhana,

P a r r i s h  and Sl oan ( 1 9 8 0 )  v a l u e  o f  Avq q equal  310 c a l / g mo l  

i s  most s u c c e s s f u l  i n f i t t i n g  t he  d a t a , and cor r esponds
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FIGURE 9.

. XENON HYDRATE DATA BELOW 273 °K WITH THE CALCULATED VALUES
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t o  0 ^ / 6 g  equal  t o  1 . 1 5 .  Th i s  i s  11.5% d i f f e r e n t  f rom 

the  NMR v a l u e ;  a l s o  t he  r e s u l t s  o f  t he  p r e s e n t  va l ue  o f  

ar e  b e t t e r  than t he  o t h e r  i n v e s t i g a t o r s  v a l ue s  as g i ve n  i n  

T a b l e  5 .

Davi dson suggest s  t h a t  a new p o t e n t i a l  f u n c t i o n  such 

as t h a t  which i s  g i v e n  by Meath ( 5 1 )  c ou l d  g i v e  a c l o s e  f i t

between Au q ' q and 6 ^ / 6 g  v a l u e s .

- The v a l ue s  o f  8^ ,  6g,  Auq q and t he  r a t i o  o f  8^ / 8^  

ar e  g i ven  i n T a b l e  7.  By r e f e r r i n g  t o  Ta b l e  7 and Appendi x  

C one can c l e a r l y  n o t i c e  t he  d i f f e r e n c e  between the  

e x p e r i m e n t a l  and t he  t h e o r e t i c a l  v a l u e s .  The "NMR E x p e r i ­

me n t a l "  v a l ues  i n  T a b l e  7 and Appendi x  C were o b t a i n e d  

f rom Da v i d s o n ' s  NMR v a l ue s  combined w i t h  va l ues  o f  w a t e r  

mo l e c u l e s / x e n o n  mo l e c u l e  i n t he  h y d r a t e  (M) f rom t he  

e x p e r i m e n t .  The v a l ue s  o f  n were o b t a i n e d  using e q u a t i o n  

( 4 - 5 )  as i n d i c a t e d  on Page 17.  The reasons f o r  t h i s  

d i f f e r e n c e  a r e :

A. The d e t e r mi n e d  NMR da t a  i s  based on D^O a t  0 oC 

i n s t e a d  o f  H^O a t  the  same c o n d i t i o n .  That  t hese  da t a  

shoul d be d i f f e r e n t  i s  shown by F i g u r e  10.  The da t a  o f

F i g u r e  10 i s  o b t a i n e d  f rom c y c l o p r o p a n e  h y d r a t e  based on

both DgO and H^O. The dat a  o f  c y c l o p r o p a n e  h y d r a t e  i s  

o b t a i n e d  f rom t he  work o f  Hafemann and M i l l e r  ( 5 2 ,  5 3 ) .

B. The r ange o f  e / k ,  ov e r  whi ch we a t t e mp t e d  t o  f i t
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o - œ r ^ o o L n o o o o c o p - o c c o  

. • • * ’ ■ o O O O I oo o

OCXjœCOCMi—I ' 3-VOVDO'—"COvocvr^.
t v j e - i n c o —« « y r ^ c r t c v i u s c o i —i v c o c o
cvicvjcvjcvjmfnmpo«a"y^tnintr>vo

o o t - o o o ^ o o o o o o o o

O O o

8

r— <tjie •*"
U  VI 

|CL o .

f— «e« f-
u  1/1 o. o.

X f -a> v)û. Û.

CTiOCOOOCVlCVJVOOVOOvftCVJOf^C^- .^-iVLmoO'- 'V f^cicviLnoocvjLnooro
c v j c v j c v i c s j P o r o r n m « 3 - < r < r L n v n L n v o

OO'̂ -OOOOf̂ ™̂
o o o «■*

«—« VÛ O  O  CM CVJ 

*™i CD O ™™ •—«

0- i0 cooocvi(—i c o o i * —• t n c O r - v O ’a'Ln
................................................^ v i n c o ^ v f ^ o i c n m œ t v j m o i y

CMCMCMCMCocorvmiro-^-LnLnLnvc

vcMOifCMOTrmoicMwr^ooioo
O * — | c \ j c v j c \ j r ,r> c r ) < r < r ^ - L r > ^ " v f i

OPOt—icMOior^oicooivir .̂covoy
CMVcooi'-imooovccOvr'^'-ir^cviCMCMCMCororo«s-«3-̂ TLnLnmi£ivû

'-•OvooocMCOOOkOvoOtncMOr'.r̂
CM -̂LncO'^vrs.oiCMifioocMinoomCMcvjcvicMmcnrncnvvvLDuiLno



T-2499 51

t he  da t a  was 1 7 0 - 3 0 3  , f o r  sigma t he  range was 3 . 1 9 - 3 . 3 5  

and f o r  Ayg q t he r ange was 1 7 5 - 3 1 0 .  Tab l es  8 and 9 

i l l u s t r a t e  t he v a l ue s  o f  e / k , a and Ay^ q which f i t  the  

dat a  b e s t .

Accor d i ng  to t he  above d i s c u s s i o n ,  i t  i s suggest ed  

t h a t  t he d i s s o c i a t i o n  p r e s s u r e  o f  xenon shoul d be o b t a i n e d  

based on 0^O a t  0°C i n s t e a d  o f  H^O a t  t he same c o n d i t i o n ,  

i f  a compar i son to Da v i d s o n ' s  NMR r e s u l t s  i s  t o be made.
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T ABLE 7 .  COMPARI SON BETWEEN NMR AND THE T H E O R E T I C A L  VALUES
OF 0 L , 0 S , AND Aj j g  ̂g

NMR E x p . T h e r o e t i c a l

Cm! 4 . 9 2 4 4 . 5 5

^ms 1 . 4 1 7 0 . 2 5 2 7

Aj j g ^ g C a l  / gmol 1 7 5 . 8 3 0 4 . 0

Cm l / C ms 1 . 3 1 . 1 5



T-2499 54

FIGURE 8.  CALCULATION OF DISSOCIATION PRESSURE BELOW 

0°C AT DIFFERENT VALUES OF e / K  AND a AT 

CONSTANT Au0 ) 0  EQUAL TO 3 1 0 . 0  CAL/GMOL

e /K 193. 0 2 0 0 .0 2 03

o °A 3. 35 3 27 3 1906

1. 16 1 054 1 043

Pex. Pca l
Psia

P -  P i r 6X cal \ 1 Pca l
P -  P , z ex caIx Pcal

Psia

P - P .
/ ex c a lx .A n

Psia
I p  / iUU

ex
 ̂ p yiuu  

ex
l n Z -iUU

ex

2 1 . 8 2 1 . 8 0 . 0 2 2 . 1 1 . 3 2 1 . 4 1 . 8
1 9 . 7 1 9 . 7 0 . 0 2 0 . 1 1 . 9 1 9 . 4 1 . 5
1 6 . 4 1 6 . 5 0 . 6 1 6 . 9 3 . 0 1 6 . 3 0 . 6
1 3 . 5 1 3 . 8 0 . 2 1 4 . 2 5 . 2 1 3 . 7 1 . 4
1 1 . 1 1 1 . 4 2 . 6 1 1 . 8 5 . 9 1 1 . 3 1 . 7

8 . 6 8 . 9 3 . 4 9 . 3 7 . 5 9 . 0 4 4 . 4
6 . 7 7 . 0 4 . 3 7 . 4 9 . 4 7 . 1 5 . 6
5 . 3 5 . 6 5 . 3 5 . 9 1 0 . 2 5 . 7 7 . 0
4 . 4 4 . 6 4 . 3 4 . 9 1 0 . 2 4 . 7 6 . 4

3 . 1 3 . 3 6 . 1 3 . 6 1 3 . 8 3 . 4 2 . 6
2 . 3 2 . 5 8 . 0 2 . 7 1 4 . 8 2 . 6 1 1 .  5
1 . 2 1 . 9 3 6 . 8 2 . 1 4 2 . 8 2 . 0 4 0 . 0

1 . 0 1 . 2 1 6 . 6 1 . 3 2 3 . 0 1 . 2 1 6 . 6
0 . 6 0 . 8 2 5 . 0 0 . 9 3 3 . 3 0 . 8 2 5 . 0
0 . 4 0 . 5 2 0 . 0 0 . 6 3 3 . 3 0 . 5 2 0 . 0

0 . 2 0 . 3 3 3 . 3 3 0 . 3 3 3 . 3 0 . 3 3 3 . 3
0 . 2 0 . 2 0 . 0 0 . 2 0 . 0 0 . 2 0 . 0
0 . 1 0 . 1 0 . 0 0 . 2 5 0 . 0 0 . 2 5 0 . 0
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FIGURE 9.  CALCULATION OF DISSOCIATION PRESSURE ABOVE 

0°C AT DIFFERENT VALUES OF e / K  AND o AT 

CONSTANT Au0 Q EQUAL TO 3 1 0 . 0  CAL/GMOL

e/10 193 .0 200 .0 203 . 03

a A0 3 .3 5 3 .27 3. 2906

1 .1 6 1 .054 1 . 043

Pex.
Pcal :pe x -

p
ca l  m no pca1

( ex
- 3

C 3 l \ -j oo Pcal , Pe x -
p

ca l \ i oo
Psia Psia 1 >ex

- - 7 AvU Psia ( Pex
] 1UU Ps ia pe .

) 1UU

2 2 . 1 21 . 8 1 . 3 22 1 0 . 0 2 1 . 3 3. 6

2 4 . 0 23 8 0 . 8 24 0 0 0 2 3 . 3 2. 9

2 5 . 6 25 . 2 1 . 5 25 6 0 0 2 4 . 6 3. 9

2 8 . 8 27 8 3 . 4 28 1 2 4 2 7 . 1 5. 9

3 1 . 2 30 . 0 3 . 8 30 3 2 8 2 9 . 2 6 4

3 4 .  3 32 . 5 5 2 3 2 . 7 4 6 3 1 , 5 8 8

3 7 . 8 35 . 4 6 3 35 6 5 3 3 4 . 4 ' 8 9

3 9 . 6 37 2 6 1 37 3 5 . 8 3 6 . 1 8 8

4 2 . 6 39 . 9 6 . 3 4 0 . 0 6 1 3 8 . 7 9 1

4 5 . 0 41 . 8 7 1 41 . 9 6 . 8 4 0 . 5 10 0

4 8 . 5 44 . 5 8 . 2 44 . 5 8 . 2 4 3 . 2 10 9

5 2 . 2 47 7 8 . 6 47 . 6 8 . 8 4 6 2 11 5

5 5 . 0 50 1 8 . 9 50 . 2 8 . 7 51 3 6 7

5 8 .  7 53 3 9 . 2 53 . 1 9 . 5 4 8 5 17 4

6 3 . 7 57 4 9 . 8 57 . 2 10 . 2 55 2 13 3
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CONCLUSIONS

1) Data f o r  x e n o n - w a t e r  h y d r a t e  d i s s o c i a t i o n  p r e s s u r e  

were o b t a i n e d  between 273°K and 183°K.

2)  Usi ng Dharmawardhana1 s v a l ue s  f o r  Ajjg q , and Ahg g,  

Ki ha r a  par ame t e r s  were o b t a i n e d  to g i v e  good f i t s  to the  

da t a  o f  M i l l e r  and t he  dat a  o f  t he  p r e s e n t  work.

3)  The occupancy r a t i o  o f  cages i n xenon h y d r a t e  a t  

273°K was c a l c u l a t e d  and found t o agr ee  w i t h i n  11% w i t h  

the  NMR o b t a i n e d  r a t i o .  The d i s c r e p a n c y  was e x p l a i n e d  by 

t he  f a c t  t h a t  the  NMR da t a  used D^O i n s t e a d  o f  w a t e r .
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RECOMMENDATIONS

1) I t  i s  recommended t h a t  xenon h y d r a t e  d i s s o c i a t i o n  da t a  

be o b t a i n e d  a t  t e mp e r a t u r e  h i g h e r  than 283°K t o  expand t he  

d a t a  r ange .

2)  I t  i s  recommended t h a t  a new p o t e n t i a l  f u n c t i o n ,  such 

as t h a t  by M e a t h , e t  a l .  be used to d e s c r i b e  t he  g u e s t -  

cage i n t e r a c t i o n  f o r  h y d r a t e s .

3)  I t  is recommended t h a t  xenon h y d r a t e  d i s s o c i a t i o n  data  

be o b t a i n e d  based on D^O to ge t  a b e t t e r  compar i son w i t h  

the NMR dat a  o f  Dav i dson.
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NOMENCLATURE 

a = cor e  r a d i  u s , °A

Cm = Langmui  r c o n s t a n t  f o r  component  z i n c a v i t y

m, a t  m” *

f ^  = f u g a c i t y  o f  component  Z , atm

n = number o f  mole

hw = mol a r  e n t h a l p y  o f  pure i c e  and empty h y d r a t e

l a t t i c e ,  r e s p e c t i v e l y ,  c a l / m o l e  

K = Bo l t z ma n n ' s  cons t n a t , 1 . 3 8  x 1 0 ™^  e r g / ° K

P = t o t a l  p r e s s u r e , atm

PQ = d i s s o c i a t i o n  p r e s s u r e  a t  i c e  p o i n t ,  atm

Pp = d i s s o c i a t i o n  p r e s s u r e  o f  r e f e r e n c e  h y d r a t e ,  atm

r = r a d i a l  c o o r d i n a t e ,  °A

R = gas c o n s t a n t ,  1 . 9 8 7  c a l / m o l e  ° K ; c e l l  r a d i u s ,  °A

T = t e m p e r a t u r e ,  0 K

Tq = t e m p e r a t u r e  a t  i c e  p o i n t ,  2 7 3 . 1 6  °K

Y = mol a r  vol ume,  c c / mo l e

V^> = mo l a r  volume o f  pure i c e  and empty h y d r a t e

l a t t i c e ,  r e s p e c t i v e l y ,  c c / mo l e  

W( r )  = s p h e r i c a l l y  - s y mme t r i c  c e l l  p o t e n t i a l ,  ergs

Xy = mole f r a c t i o n  o f  l i q u i d  wa t e r

Y = mole f r a c t i o n  o f  component  z in gas phase

Y = mole f r a c t i o n  o f  component  z i n h y d r a t e  phase
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Greek L e t t e r s

m£

i n d i c a t e s  d i f f e r e n c e  i n thermodynami c p r o p e r t y  

v a l u e  o f  w a t e r  in two phase  

dept h o f  i n t e r m o l e c u ! a r  p o t e n t i a l  w e l l ,  erg  

f r a c t i o n  o f  c a v i t i e s  t ype  m occupi ed  by compo­

nent  £

y = chemi ca l  p o t e n t i a l ,  c a l / m o l e

y | j , y{j ,  y^,  y^ = chemi ca l  p o t e n t i a l  o f  w a t e r  in

t he  h y d r a t e  p h a s e , l i q u i d  phase ,  i c e  phase and 

empty h y d r a t e ,  r e s p e c t i v e l y ,  c a l / m o l e  

\>m = number o f  c a v i t i e s  t ype  m per  w a t e r  mo l e c u l e  in

t he  h y d r a t e

a = t he d i s t a n c e  p a r a me t e r  when t he K i ha r a  p o t e n t i a l

i s  z e r o ,  °A 

O« = f u g a c i t y  c o e f f i c i e n t

S u p e r s c r i p t s

0 = p r o p e r t y  a t  i c e  p o i n t

H = h y d r a t e  phase

L = l i q u i d  w a t e r  phase

R = r e f e r e n c e  h y d r a t e

a = i c e  phase

6 = empty h y d r a t e  phase
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S u b s c r i p t s  

j  , £

m =

W =

component  

c a v i t y  t ype  

w a t e r
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v i i i  APPENDICES

A. C a l i b r a t i o n s

1) C a l i b r a t i o n  o f  t he Pr e ss ur e  Gauge

The p r e s s u r e  gauge was c a l i b r a t e d  a g a i n s t  a Ruska a i r  

dead we i g h t  t e s t e r .  The range o f  p r e s s u r e  was f rom 15 to  

84 p s i a .  The r e s u l t s  o f  t he  c a l i b r a t i o n  ar e  shown i n  

T a b l e  A l .  The pr ocedur e  used to c a l i b r a t e  the p r e s s u r e  

measur i ng system i s  o u t l i n e d  below.

Pr ocedur e  : i n i t i a l l y  t he  p r e s s u r e  measur i ng system

was connect ed to t he  c a l i b r a t i o n  system.  Plug in the  dead 

we i g h t  t e s t e r  a f t e r  making sure  the motor  s wi t c h  i s  in  

t he " o f f "  p o s i t i o n .  The ne cessar y  we i g h t s  were removed 

usi ng t he t e s t  p r oc e dur e  in t he  manua l ,  so t h a t  t he p i s t o n  

does not  jump up sudd en l y .  At  i t s  mid p o s i t i o n ,  s wi t ch  

the  motor  on and l e t  the p i s t o n  move f r e e l y . The t e mp e r a ­

t u r e  o f  t he  dead w e i g h t  t e s t e r  as w e l l  as the b a r o m e t r i c  

p r e s s u r e  and the room t e m p e r a t u r e  were r e c o r d e d .  A l s o , 

t he  dead w e i g h t  number and t he  p r e s s u r e  gauge were r e cor ded  

d u r i n g  the  c a l i b r a t i o n .
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where

ma = ml  + m2

Ng = we i g h t  o f  p o s i t i o n

g£ = l o c a l  g r a v i t y

9 S = s t a n d a r d  g r a v i t y

Pg = d e n s i t y  o f  brass

Pai  r  = d e n s i t y  o f  a i r

Aq = ar ea  o f  t he  p i s t o n  a t  zer o ps i g  and a t  t he

r e f e r e n c e  tern. 32° C.

C = c o e f f i c i e n t  o f  s u p e r v i c i a i  expans i on  as

i n d i c a t e d  i n t he  t e s t  r e p o r t

B.P = b a r o m e t r i c  p r e s s u r e  in ps i a

AT = d i f f e r e n c e  between work i ng t e m p e r a t u r e  and 23°C
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T a b l e  Al
P. Pr essur e  o f

Wei ght  Number Gauge i n  p s i a  T °C

14 1 5 . 0  2 3 . 5

13 1 6 . 0  2 3 . 5

11 1 8 . 0  2 3 . 5

10 2 4 . 0  2 3 . 5

9 3 4 . 0  2 3 . 5

9 + 1 0  4 4 . 0  2 3 . 5

7 5 4 . 0  2 3 . 5

8 5 5 . 0  2 3 . 5

8 + 9  7 4 . 0  2 3 . 5

8 + 7  9 4 . 0  2 3 . 5

8 + 7 + 1 2  9 8 . 0  2 3 . 5

8 + 1 0  6 4 . 0  2 3 . 5

8 + 1 0 + 1 1  6 8 . 0  2 3 . 5

8 + 1 0 + 1 1 + 1 2  7 2 . 0  2 3 . 5

8 + 1 0 + 9  8 4 . 0  2 3 . 5

b a r o m e t r i c  p r e s s u r e  = 6 2 4 . 0 2 4  mm Hg = 1 2 . 0 6 9  p s i a .  From 

dat a  t a b l e  t he  p r e s s u r e  where c a l c u l a t e d  usi ng the  f o l ­

l owi ng  e q u a t i o n
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P o f  Hei  se 
Gauge,  ps i a

1 5 . 0

1 6 . 0  

1 8 . 0

2 4 . 0

3 4 . 0

4 4 . 0

5 4 . 0

7 4 . 0

9 4 . 0

9 8 . 0

6 4 . 0

7 2 . 0

8 4 . 0

6 8 . 0

Pcal  ps1a

1 5 . 0 6

1 6 . 0 6  

1 8 . 0 6

2 4 . 0 5  

3 4 . 0 4  

4 4 . 0 3  

5 4 . 0 2  

7 3 . 9 9

9 3 . 9 7

9 7 . 9 7  

6 4 . 0 1  

7 2 . 0

8 3 . 9 8

6 8 . 0 0 6

AP

0 . 0 6  

0 . 0 6  

0 . 0 6  

0 . 0 5  

0 . 0 4  

0 . 0 3  

0 . 0 2  

- 0 . 0 1  

- 0 . 0 3  

- 0 . 0 3  

0 . 0 1  

0 . 0  

- 0 . 0  2 

0 . 0 0 6
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2) C a l i b r a t i o n  o f  t he  Te mper a t ur e  Measurement

The t e mp e r a t u r e  measurement  system was c a l i b r a t e d  

a g a i n s t  a Leeds and Nor t hr up  model  8 . 6 9  M u l l e r  b r i d g e  i n  

c o n j u n c t i o n  w i t h  a Leeds and Nor t h r up  H - l e a d  nomi nal  25 ohm 

p l a t i n u m  r e s i s t a n c e  t he r mome t e r .  The Leeds and N o r t h r up  

assembl y was c a l i b r a t e d  by the N a t i o n a l  Bureau o f  S t andar ds  

to ± 0 . 0001°C.

Pr ocedur e  : The Omega p l a t i n u m  r e s i s t a n c e  t her momet er

and t he  Leeds and N o r t h r up  p l a t i n u m  r e s i s t a n c e  t her momet er  

were p l ace d  s i d e  by s i de  i n  hi gh q u a l i t y  c r y o s t a t  bath which  

hel d  a s e t  p o i n t  ± 0 . 005°C a t  a l l  t e mp e r a t u r e  w i t h i n  the  

e x p e r i m e n t a l  r a n g e . The da t a  o b t a i n e d  was f i t  as a second  

o r d e r  po l y nomi c a l  f u n c t i o n  o f  t he  Omega p l a t i n u m  r e s i s t a n c e  

r e a d i n g  T^ ( c ) .

T a c t u a l  = 0 ' 3295 + ° - 9982 T r e a d i n g  + 0 - 002 Tr e a d i n g

Nor t h r up
p l a t i n u m

T0mega
p l a t i n u m AT

- 1 0 . 0 5 - 1 0 . 4 0 . 3 5
0 . 1 1 - 0 . 2 0 . 0 9
5 . 2 1 4 . 8 0 . 41

9 . 8 3 1 0 . 2 0 . 3 7
1 5 . 0 4 1 4 . 7 0 . 3 4
2 0 . 0 4 1 9 . 6 0 . 4 4
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B) Data o f  Xenon H y d r a t e  Below and Above 27 3° K.

i ) Data  o f  xenon h y d r a t e  below 273°K

1) M i l l e r  Dat a

a)  xenon h y d r a t e  Se t  I

- T ° c

0 . 0

2 . 5 1

6 . 7 4

1 0 . 9 9

1 5 . 4 2

2 0 . 6 6

2 5 . 7 7

3 0 . 3 8

3 4 . 0 8

4 0 . 2 7

4 5 . 1 7

5 0 . 1 0  

5 7 . 8 4  

6 4 . 2 4

7 1 . 1 1

7 9 . 1 2  

8 1 . 9 5  

8 6 . 8 6

1 1 3 0 . 3

1 0 1 6 . 2

8 5 0 . 6

7 0 0 . 2

5 7 4 . 8

4 4 5 . 0

3 4 6 . 0

2 7 1 . 9  

225 . 6

1 5 9 . 2

11 9 . 1

8 8 . 5

5 3 . 6  

3 4 . 1  

2 0 . 9  

7 0 . 8 9

8 . 6 2

5 . 6 7
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b ) Xenon H y d r a t e  Set  I I

- T° C Px e (mm)

0 . 0 1 130 . 3

2 . 2 7 1 0 3 2 . 0

6 . 3 8 8 6 2 . 1

1 1 . 2 3 6 9 4 . 9

1 5 . 3 9 5 8 1 . 5

2 0 . 0 0 4 5 7 . 2

2 3 . 7 5 3 7 9 . 6

2 5 . 0 6 3 4 6 . 2

2 8 . 5 0 2 9 8 . 7

3 0 . 2 6 2 7 2 . 2

3 5 . 4 8 2 0 5 . 7

3 7 . 0 9 1 8 9 . 2

4 5 . 8 6 1 1 3 . 4

5 5 . 8 2 6 0 . 8

6 6 . 6 3 2 8 . 7
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2)  B a r r e r  and Edge Data

Decompos i t i on  
Temp ( K) P r e s s u r e  (cm Hq)

2 6 8 . 2  9 . 1 0

1 5 3 . 3  4 8 . 6

2 3 8 . 2  2 3 . 1

2 3 9 . 4  1 4 . 5 3

2 2 3 . 0  1 0 . 1 6

2 1 1 . 2  4 . 9 0

i i )  Data o f  Xenon H yd r a t e  Above 273°K  

a)  P r e s e n t  Work

T°F Pxe ( Ps i a )

3 2 . 0  2 2 . 1

3 3 . 6  2 4 . 0

3 4 . 7  2 5 . 6

3 6 . 5  2 8 . 8

3 7 . 9  3 1 . 2

3 9 . 4  3 4 . 3

4 1 . 0  3 7 . 8

4 1 . 9  3 9 . 6

4 3 . 2  4 2 . 6

4 4 . 1  4 5 . 0

4 5 . 3  4 8 . 5

4 6 . 6  5 2 . 2
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a)  P r e s e n t  Work ( c o n t . )

T°F  Px e (ps, ' a)

4 7 . 5  5 5 . 0

4 8 . 6  5 8 . 7

5 0 . 0  6 3 . 7

b ) Data o f  For cr and

T°F Pxe ( Ps1a)

3 4 . 5 2  2 1 . 31

4 1 . 0  3 1 . 9 7

4 6 . 4  4 3 . 9 1

5 0 . 0  5 5 . 2 7

c)  Data  o f  Godchot

T°F Px e ( p s 1 a )

3 5 . 6  2 5 . 2 8

3 9 . 2  3 1 . 0 2

4 2 . 8  3 7 . 9 2

4 6 . 4  4 7 . 7 7

5 0 . 0  5 9 . 8 3
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d) Data by Ewing &

T°F

3 2 . 0

3 5 . 6

3 9 . 2

4 1 . 0

4 2 . 8

4 6 . 4

5 0 . 0

e ) Data by Ber nhard

T°F

3 2 . 0

3 5 . 6

3 9 . 2

4 2 . 8

4 6 . 4

5 0 . 0  •

Lonescu

px e ( p s < a )

2 2 . 3 4

2 5 . 9 7

3 1 . 9 9

3 6 . 5 5

4 1 . 1 4

4 9 . 7 1

6 0 . 7 3

Braun

Px e ( p s i a )  

2 2 . 1 2

27.  78 

3 4 . 6 9  

4 2 . 7 7  

5 3 . 2 1  

6 6 . 4 4
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f ) Data by Louwrens A a l d i j k

T°C Pxe*tm

0 . 0 1 . 5 0 4
0 . 3 4 1 . 5 6 8
0 . 4 1 1 . 571
0 . 6 7 1 . 6 13
1 . 2 8 1 . 7 1 7
1 . 6 0 1 . 7 7 1
1 . 6 8 1 . 7 8 7
2 . 5 9 1 . 9 4 6
3 . 5 2 2 . 1 4 4
4 . 5 1 2 . 3 6 8
5 . 5 2 2 . 6 4 1
6 . 4 1 2 . 9 0 5
7 . 4 7 3 . 2 3 1
8 . 5 1 3 . 5 8 3
9 . 5 1 3 . 9 7 7

1 0 . 4 7 4 . 3 9 4
11 . 5 1 4 . 8 6 5
12 . 51 5 . 4 3 9

9 . 0 3 3 . 8 2

10 . 1 3 4 . 2 7

1 0 . 9 0 4. 60
1 2 . 0 2 5 . 1 7
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C) Sample o f  C a l c u l a t i o n

E s t i m a t i o n  o f  H yd r a t e  numbers

From the P-T da t a  below and above 0°C t he  he a t  o f  

f o r m a t i o n  was c a l c u l a t e d  a c c o r d i n g  t o  t he  f o l l o w i n g  e q u a t i o n

I n P = A + y

Now by d i f f e r e n t i a t i n g  t he  above e q u a t i o n  we get

H f r  = B
T

From t he  C l a u s i u s  r e l a t i o n

d I n P _ AHd irr ■ t

Thus

Now t he  P-T da t a  was f i t  w i t h  a s t e p wi s e  m u l t i p l e  l i n e a r  

r e g r e s s i o n  program the f o l l o w i n g  v a l ues  o f  A and B a r e  

o b t a i n e d :

Range o f  t e m p e r a t u r e  A ’ B No. o f  Data
________________________________________________________________P o i n t s

0 to -  8 6 . 8  1 4 . 5 6 6 8 7 5  - 3 1 3 4 . 0 0  18

0 to 10°C 3 4 . 7 6 7  0 8 1 3 0 . 7 2  15
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C a l c u l a t i o n  o f  AH below and above Q°C

From t he  above t a b l e  B = - 3 1 3 4 . 0 0

AH1 = -R x B = 1 . 9 8 7  x 3 1 3 4 . 0 0  = 6 2 2 7 . 2 5 9  c a l / g mo l

AH2 = -R x B = 1 . 9 8 7  x 8 1 3 0 . 7 2  = 1 6 1 5 5 . 7 4  c a l / g mo l

C a l c u l a t i o n  o f  ji

n = AHgO -  AH ^
AH f

AH f  = 1 4 3 7 . 0 0  c a l / g mo l

_ _ 1 6 1 5 5 . 7 4  -  6 2 2 7 . 2 5 8  _ c gmoles H„0 
n 143 7 . 0 0 gmoles Xe

C a l c u l a t i o n  o f  Y gmoles o f  X ^ / g m o l es H^O

By us i ng t he  f o l l o w i n g  e q u a t i o n

^  where Y^ is t o t a l  moles o f  A i n  cl  a t h r a t e / m o l e

h 2 o

We g e t

Ya = s H n  = 0 - 1 4 4 7  gmoles X / gmol es  H20

C a l c u l a t i o n  o f  and

From van der  Wa l l s  and P l a t t e o u w  we have the  f o l l o w ­

i ng e q u a t i o n  :
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From Davi dson ( 1 9 8 0 )  NMR we know t h a t  t he  r a t i o  

between 9AL/ 9AS = 1 . 3 0

Thus

Now

eAL = 1 ‘ 3 0  8AS

YA = 2j  9AS + 2J  eAL

23 0AS + 2§  ( 1 - 3 0  eAS)

= 0 .2121  0AS 

Si nce i s  known then one can g e t  6^ g 

0 . 1 4 4 7  = 0 . 2 1 2 1  6 AS

" lo fir = °-6791

)AL = 1 . 3 0  0A S,= 0 . 8 8 2 9

C a l c u l a t i o n  e x p e r i m e n t a l  Lanqmu i r  cons t a n t s  

Langmui  r  e q u a t i o n  i s  g i v e n  as f o l l o w s :

eAi = CAi f A / 1  + CAi f A 

Where A i s  t he  mo l e c u l e  t ype

i i s  t he  c a v i t y  t ype  L or  S 

f o r  Xe a t  0°C we t a k e  f^ = 1 . 4 7 2  ATM
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f o r  smal l  c a v i t i e s

1 . 4 7 2  CAS 

0 - 6 7 9 1  = 1 + 1 . 4 7 2  CAS

s o l v i n g  f o r  CAS vie ge t  CAS= 1 . 4 3 7 7

f o r  1 ar ge  c a v i t i e s

1 - 4 7 2  CA 
0 . 8 8 2 9  = 1+ 1 - 4 7 2  Cal

s o l v i n g  f o r  CAL we ge t

CAL = 5 . 1 2 1 2

C a l c u l a t i o n  o f  chemi ca l  p o t e n t i a l  d i f f e r e n c e  Auq g c a l / g mo l

We know t h a t  t he  chemi ca l  p o t e n t i a l  d i f f e r e n c e  i s  g i ven  

by the f o l l o w i n g  e q u a t i o n :

Au ( T , P )  = RT E v i In (1 + CA f i )

-  RT{ 2 I  l n  ( 1 + CAS f i )  + 21  1n ( 1  +>CAL f i )  j

= 1 . 9 8 7 . v ( 2 7 3 . 0 ) ^ 2 J  i n ( j  + 1 . 4 3 7 7  x 1 . 4 7 2 )

o 7
+ In (1 + 5 . 1 2 1 2  x 1 . 4 7 2 ) j

= 5 4 2 . 4 5 / 0  / 0 . 0 4 9 4  + 0 . 2 7 9 7
L

= 1 7 8 . 5 3  c a l / g mo l
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D) Computer  Programs

i )  Computer  Program HYDXEN. FOR

The compute program HYDXEN. FOR c a l c u l a t e s  f o r m a ­

t i o n  c o n d i t i o n s  in mo i s t  gas m i x t u r e s .  The method o f  s o l u ­

t i o n  uses t he  s t a t i s t i c a l  thermodynami c t h e o r y .  The program 

i s  w r i t t e n  i n FORTRAN I V .  I t  i s  easy to u s e .

The Ki ha r a  p a r a m e t e r s ,  the numbers to i d e n t i f y  

t he  c a v i t i e s  o f  S t r u c t u r e s  I and I I  t h a t  cou l d  be f i l l e d  

by t he  guest  m o l e c u l e s ,  s o l u b i l i t y  da t a  and the c r i t i c a l  

p r o p e r t i e s  o f  t he  component  a r e  to be s u p p l i e d  t o t he  main 

program t hr ough t he  da t a  f i l e  F0R15.DAT in t he  f o l l o w i n g  

sequence :

1 s t  l i n e  = The Ki ha r a  par amt er s  

e/K,  a , a

2 nd l i n e  = I d e n t i f i c a t i o n  numbers to i n d i c a t e  

t he  p o s s i b i l i t y  o f  f i l l i n g  o f  t he  h y d r a t e  c a v i t i e s  o f  S t r u c ­

t u r e s  I and I .  Ar b i  t a ry numbers 20 and 0 . 0  were used to  

i n d i c a t e  f i l l e d  and empty c a v i t i e s .  The dat a  sequence is  

i 1 1 u s t r a t e d  b e l ow:

smal l  c a v i t y ,  l a r g e  c a v i t y ,  smal l  c a v i t y ,  l a r g e  c a v i t y  

S t r u c t u r e  I S t r u c t u r e  I S t r u c t u r e  I I  S t r u c t u r e  I I

3rd l i n e  = The s o l u b i l i t y  dat a  to c a l c u l a t e  t he  

s o l u b i l i t y  o f  component  i n l i q u i d  w a t e r .  The s o l u b i l i t y  

was c a l c u l a t e d  by t he  e q u a t i o n :
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R I n ( mol e f r a c t i o n  o f  = A + B/T + C 1n T + DT 

Component i i n w a t e r )

Where A , B,  C and 0 a r e  c o n s t a n t s . The nume r i ca l  

v a l ues  f o r  t he  c o n s t a n t s  A,  B, C and D f o r  xenon was t aken  

f rom t he  work o f  E . Wi l h e l m e t  a l . ,  ( 3 6 ) .  The da t a  

sequence i s  A,  B, C , D.

4 t h  l i n e  = The c r i t i c a l  p r o p e r t i e s .  The da t a  sequence  

ar e  g i ven  below:

c r i t i c a l  , c r i t i c a l  , c r i t i c a l ,  a c e n t r i c  

temp.  p r e s s u r e  volume f a c t o r

The e q u i l i b r i u m  d a t a  have to be s u p p l i e d  to t he  computer  

program t hr ough t he da t a  f i l e  FoR92.DAT i n  t he  f o l l o w i n g  

sequence:

Temp. ( ° F ) ,  f i r s t  guess f o r .  Vapor  phase o f  mole

p r e s s u r e  (Exp.  p s i a )  f r a c t i o n  o f  components 

H y d r a t e  s t r u c t u r e  and t he number o f  da t a  p o i n t s  have to 

be s u p p l i e d  to t he  program a t  e x e c u t i o n  a c c o r d i n g  to the  

FORMAT ( 3 0 G ) .

i i )  Computer  Program HYD. FOR

The program HYD.FOR reduces h y d r a t e  d i s s o c i a t i o n  

pres s u r e - t e m p e r a  tu re da t a  to o b t a i n  K i ha r a  ( s p h e r i c a l - c o r e )  

pa r a me t e r s  us i ng the  program CNEW. FOR f o r  o p t i m i z a t i o n .

The program i s  w r i t t e n  in FORTRAN. IV.  The c r i t i c a l  

p r o p e r t i e s  o f  t he  component ,  t he s o l u b i l i t y  da t a  and t he
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e q u i l i b r i u m  da t a  have t o be s u p p l i e d  to t he  computer  p r o ­

gram t hr ough t he  dat a  f i l e  FoRo7.DAT i n  t he  f o l l o w i n g  

sequence

1 s t  l i n e  = The c r i t i c a l  p r o p e r t i e s .  The da t a  

sequence a r e  c r i t i c a l  t e m p . ,  c r i t i c a l  p r e s s u r e ,  c r i t i c a l  

vol ume,  a c e n t r i c  f a c t o r .

2nd l i n e  = The s o l u b i l i t y  da t a  to c a l c u l a t e  the  

s o l u b i l i t y  o f  xenon i n l i q u i d  w a t e r .  The s o l u b i l i t y  was 

c a l c u l a t e d  by t he  e q u a t i o n :

R I n  (mol e f r a c t i o n  o f  xenon in w a t e r )

= A + !• + C I n  T +.  DTT

The numer i ca l  va l ue s  o f  c o n s t a n t s  A,  B, C , and D was t aken

f rom t he  ( 3 6 ) .  The da t a  sequence is A,  B, C , D.

3rd l i n e  = The e q u i l i b r i u m  da t a  ( i . e .  the  e x p e r i m e n t a l  

d a t a ) i n  the  f o l l o w i n g  s e q u e n c e .

T e mpe r a t u r e  ( ° F ) ,  P r e s s u r e  ( p s i a )

Hyd r a t e  s t r u c t u r e  and t he  number o f  da t a  p o i n t s  have

to be s u p p l i e d  to t he  program a t  e x e c u t i o n  a c c o r d i n g  to t he

FORMAT LOG
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c ----------------------------------------------------------------------------------------
C COMPUTER PROGRAM H Y D . F O R
C --------------------------------------------------------------------------------------------------------------------------------------------
C THE COMPUTER PROGRAM H Y D . F O R  REDUCES HYDRATE D I S S O C I O T I O N
C PRE SS UR- TEMPE RATURE DATA TO OBT AI N K I H A R A ( S P H E R I C A L - C O R E )
C PARAMETERS U S I N G  THE COMPUTER PROGRAM CENW. FOR .
C --------------------------------------------------------------------------------------------------------------------------------------------

D I M E N S I O N  T C ( 1 0 ) / P C ( 1 0 ) / W ( 1 0 ) / B ( 1 0 ) / P H I ( 1 0 ) / V C ( 1 0 ) / A K C 1 0 )  
1 / A ( 1 0 0 / 1 0 0 ) / Y ( 1 0 ) / T R ( 1 0 ) / P R ( 1 0 ) / C G ( 1 0 0 / 1 0 0 )

D I M E N S I O N  S 0 1 ( 1 0 ) , S 0  2 ( 1 0 ) , S 0 3 ( 1 0 ) , S 0 4 ( 1 0 )
NCOMP=l
R E A D ( 0 7 / 1 0 ) T C ( 1 ) / P C ( 1 ) / V C ( 1 ) / W ( 1 )
READ( 0 7 / 1 0 ) S 0 1 ( 1 ) / S 0 2 ( 1 ) / S 0 3 ( 1 ) / S Q 4 ( 1 )
R E A D ( 4 / 1 0 ) N H Y , N P T  
DO 2 7 9  I N P T = 1 / NPT 
R E A D ( 0 7 / 1 0 ) T / P 
Y ( l ) = l .
T T - T
PP=P
T = ( T - 3 2 . ) * 5 . / 9 . 4 -2 7 3 .  1 6  
P - P / Î 4 . 6 9 6

C CALL A C T ( S 0 1 , S 0 2 / S 0 3 / S 0 4 / T / A C T I / N C 0 M P )
R = 8 2 . 0 5 6  
I  D = - l
DO 97 1 = 1 / NCOMP 
DO 97 J = l , N C O M P  
A( 1 / J )  = .  0 
A M =. 0  
BM=.  0 
8 ( 1 ) = . 0 
A K C I ) = . 0  

97 CONT INUE
10 F O R M A T ( 1 0 G )

DO 1 1 = 1 / NCOMP 
T R ( I ) = T / T C ( I  )
I F ( Y ( I ) • E Q . • 0  ) GO TO 1 4 9  
P R ( I ) = P / P C ( I )
A ( I , I ) = . 4 5 7 2 4 * ( R * T C ( I ) ) * * 2 / P C ( I )
B ( I ) = . 0 7 7 8 * R * T C ( I ) / P C ( I )

10 3 F O R M A T ( I X / # I / A ( I I ) ' / I 2 / X / F 1 5 . 3 )
A K ( I  ) = .  3 7 4 6 4 4 - 1 .  5 4 2 2 6 *  W( I  ) - .  2 6 9 9 2 * W (  I )  * * 2  

1 0 2  F O R M A T ( I X , ' I z K ' / 1 2 , X , F 1 0 . 5 )
A K ( I )  = ( 1 . 4 . A K ( I ) * ( 1 . - S Q R T ( T R ( I ) ) ) ) * * 2  
A ( I , I ) = A K ( I ) * A ( I , I )

30 F 0 R M A T ( 1 X , ' T R / P R / A ( I , I ) / B ' / 5 F 1 3 . 4 / X )
1 4 9  CO NT INUE
1 CONTI NUE

DO 2 1 = 1 , NCOMP 
DO 2 0 = 1 , NCOMP 
I F ( Y ( J ) . E Q . . 0 )  GO TO 1 4 5  
I F ( Y ( I ) . E Q . . 0 )  GO TO 1 4 5
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A ( I / J ) = ( l . - C G ( I / J ) ) * S Q R T ( A ( i , I ) * A ( J / J ) )
8 1 F O R M A T ( 1 X / 2 ( I 2 / X ) / F 1 5 « 5 )
1 4 5  CO NT INUE
2 CONT INUE

DO 4 1 = 1 , NCOMP 
I F ( Y ( I ) . L E . . O )  GO TO 4 1  

4 1  CO NT INUE
B M = B M + B ( I ) * Y ( I )

4 C ONT I NUE
DO 7 5  1 = 1 , NCOMP
A K ( I ) = . 0  

7 5  C ONT I NUE
DO 3 J = l , N C O M P  
DO 3 1 = 1 , NCOMP 
I F ( Y ( I ) . E Q . . O )  GO TO 1 4 8  
I F ( Y ( J ) . E Q . . O )  GO TO 1 4 8  
A K ( J ) = Y ( I ) * A ( I , J ) + A K ( J )

1 4 8  CONT INUE
3 CONT INUE

DO 6 J = l , N C O M P  
A K ( J ) = 2 . * A K ( J )

8 5  F O R M A T ! i X , F I 5 «  4 )
6 C O NT INUE

DO 5 1 = 1 , NCOMP 
DO 5 J = l , N C O M P  

A M = A M + Y ( I ) * Y ( J ) * A ( I , J )
5 CONTI NUE
40 F 0 R M A T ( 1 X , 2 F 1 5 . 5 , X )

CALL V C U B E ( A M , B M , P , R , T , V , Z , I D )
83 F O R M A T ( I X , ' Z ' , F 1 0 . 5 )

A B = A M * P / ( R * T ) * * 2
B B = B M * P / ( R * T )
DO 6 2  1 = 1 , NCOMP
I F C Y ( I ) . E Q . . O )  GO TO 61  
A 1 = B ( I ) * ( Z - 1 . ) / B M  
A2 = ALOG( Z - B B  )
A 3 = A B / ( 2 * S Q R T ( 2 . ) * B B )

86  F O R M A T ( 1 X , 4 ( F 1 5 . 3 , X ) )
A 4 = A K ( I ) / A M - B ( I ) / B M  
A 5 = A L 0 G ( ( Z * 2 . 4 1 4 * B B ) / ( Z - . 4 1 4 * B B ) )

8 4  F 0 R M A T ( 1 X , 4 ( F 1 0 . 4 , X ) )
P H I ( I ) = A 1 - A 2 - A 3 * A 4 * A 5
P H I ( I ) = E X P ( P H I ( I ) )
P H I ( I ) = P H I ( I ) * Y ( I ) * P

61 CO NT INUE
6 2  C O NT I NUE

CALL A M U ( T , P , S O I , S 0 2 , S 0 3 , S 0 4 , D M U 2 , N H Y , N C O M P )  
C A C T I = 0 . 0

W R I T E ( 1 0 , 3 0 0 ) T T , P P , P H I ( 1 ) , P H I ( 2 ) , D M U 2 , A C T  I  
3 0 0  F 0 R M A T ( 1 X , 6 ( F 1 0 . 3 , X ) )
2 7 9  CONT INUE
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STOP
END



5

6
7
8

9
C
1 5

10

C
20

C
30
40

86

S UBROUTI NE V C U B E ( A , B , P , R , T , V , Z , I D )  
D = B - R * T / P
E = - ( 3 . * B * B + 2 . * R * T * B / P - A / P )
F = B * B * B + ( R * T * B * B - A * B ) / P

G = ( 3 . * E - D * D ) / 3 .
H = - ( 9 . * D * E - 2 7 « * F - 2 . * D * D * D ) / 2 7 .
I F ( G * * 3 . / 2 7 . > H * H / 4 . . L E . 0 . )  GO TO 10
S = - H / 2 . + S Q R T ( G * * 3 . / 2 7 . + H * H / 4 . )
T T = - H / 2 . - S Q R T ( G * * 3 . / 2 7 . + H * H / 4 . )
I F ( S ) 5 / 6 / 6
S = - ( ( - S ) * * ( l . / 3 . ) )
GO TO 7
S = ( S ) * * ( l . / 3 . )
I F ( T T ) 8 , 9 , 9
T T = - ( - T T ) * * ( l . / 3 . )
GO TO 15
T T = ( T T ) * * ( l . / 3 . )

S I N G L E  REAL ROOT 
V = S + T T - D / 3 .
GO TO 40
THETA = ( A C O S ( - . 5 * H / S Q R T ( - G * * 3 / 2 7 . ) ) ) / 3 .  
V l = 2 . * S Q R T ( - G / 3 . ) * C O S ( T H E T A )• 
V 2 = 2 . * S Q R T ( - G / 3 . ) * C O S ( T H E T A + 2 . 0 9 4 4 )
V 3 = 2 . WS Q R T ( - G / 3 . ) * C O S ( T H E T A * 4 . 1 8 8 8 )
I F ( I D ) 2 0 , 3 0 / 3 0  

TAKE LARGEST V FOR VAPOR 
V = A M A X 1 ( V 1 , V 2 , V 3 ) - D / 3 .
GO TO 40
TAKE SMALLEST V FOR L I Q U I D  

V = A M I N 1 ( V 1 , V 2 , V 3 ) - D / 3 .
Z = P * V / ( R * T )
RETURN
END
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SUBROUTI NE A M U ( T , P , S O I , S 0 2 , S 0 3 , S 0 4 / D M U 2 , N H Y , N C O M P )  
D I M E N S I O N  S 0 1 ( 1 0 ) , S 0 2 ( 1 0 ) , S 0 3 ( 1 0 ) , S Q 4 ( 1 0 ) , X ( 1 0 )  
I F C T . L T . 2 3 7 . 1 6 )  A C T I = 0 . 0  
NCOMP=l
DO 1 1 = 1 , NCOMP
X ( I ) = S 0 1 ( I ) + S 0 2 ( I ) / T + S 0 3 ( 1 ) * A L 0 G ( T ) + S 0 4 ( I ) * T
X ( I ) = E X P ( X ( I ) / 1 . 9 8 7 )
X W = 1 . - X ( I )

1 CO NT INUE
ACT1 = 1 • 9 8 7 * T * A L O G ( X W )
I F ( N H Y . G T . l )  GO TO 2 0  

C CALCULATE STRUCTURE I  P R O P E R T I E S
V = 6 . / 4 6 .

C CALCULATE STRUCTURE I I  P R O P E R T I E S
2 0  V = 8 . / 1 3 6 .

I F ( N H Y . G T . l )  GO TO 6 0  
C CALCULATE STRUCTURE I  P R O P E R T I E S

D V = 4 . 5 9 8
I F ( N H Y . E Q . l )  GO TO 2 3 3  

2 3 3  D H = 3 3 2 . 0
D M = 3 1 0 •
I F C T . G T . 2 7 3 . 1 6 )  GO TO 7 0  
DV=3 .
GO TO 70

C CALCULATE STRUCTURE I I  P R O P E R T I E S
60 D V = 4 . 9 9 8

D H = 2 4 5 .
D M = 2 2 4 .
I F C T . G T . 2 7 3 . )  GO TO 7 0  
D V = 3 . , 4  

7 0  T O = 2 7 3 . 1 6
C CALCULATE ENTHALPY I N T E G R A L

H I N T = ( l . / 1 . 9 8 7 ) * ( D H * ( l . / T - l . / T O ) + 2 6 1 6 . 3 9 8 * ( l . / T -  
I l . / T 0 ) + 2 0 . 6 1 6 6 * A L O G ( T / T Q ) - 0 . 0 2 1 1 6 3 * ( T - T 0 ) )

I F C T . L T . 2 7 3 . 1 6 )  H I N T = ( 1 . / I . 9 8 7 ) * ( D H * ( 1 . / T - l . / T O )  
1 - 1 9 . 0 5 3 * ( 1 . / T - 1 . / T O ) - 4 . 4 6 4 E - 3 * A L O G ( T / T O ) + 2 . 3 9 0 E - 4 " ( I - T C ) )  

1 1 5  F O R M A T ( 1 X , 2 F 1 5 . 5 )
I F ( N H Y  . E Q . 1 ) D V = 4 . 5 9 8
DMU2 = ( D M / ( 1 .  9 8 7 * 2 7 3 . 1 6 )  ♦ H I N T )  * ( 1 . ’9 8 7 * T ) - A C T I  + D V * 0 . 0 2 4 1 5 2 * P  

1 1 2  F Q R M A T ( 1 X , 3 ( F 1 0 . 4 , X ) )
RETURN
END
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SUBROUTI NE A C T ( S O I , S 0 2 , S 0 3 , S 0 4 , T , A C T I , N C O M P )  
D I M E N S I O N  S 0 1 ( 1 0 ) / S 0 2 ( 1 0 ) / S Q 3 ( 1 0 ) / S Q 4 ( 1 0 ) / X ( 1 0 )  

C I F ( T . L T . 2 7 3 . 1 6 )  GO TO 2 0 0
DO 1 1 = 1 , NCOMP
X ( I ) = S 0 1 ( I ) + S 0 2 ( I ) / T + S 0 3 ( I ) * A L O G ( T ) + S 0 4 ( I ) * T  
X ( I ) = E X P ( X ( I ) / 1 . 9 8 7 )
X S U M = X S U M + X ( I )

1 CONTI NUE
XW=1• - X SU M
A C T I  = 1« 9 8 7 * T * A L Q G ( X W )
XSUM=• 0

2 0 0  I F ( T . L T . 2 7 3 . 1 6 )  A C T I = . 0
RETURN 
END
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D I M E N S I O N  C L ( 4 / 1 0 ) / E P ( I 0 ) / S I G P ( 1 0 )
1 ,  P H I ( 5 0 / 5 0 ) / A M ( 5 0 ) / T X ( 5 0 )  
2 / C B ( 4 / 1 0 ) / C P ( 1 0 )  

R E A D ( 0 8 / 1 0 ) C B ( l / l ) , C B ( 2 , l ) , C B ( 3 / l ) , C B ( 4 / i :

N=0
R E A D ( 0 4 Z 1 0 ) E P ( 1 ) , S I G P ( 1 ) , N H Y  
R E A D ( 0  4 / 1 0 ) N T / D E P / D S I G P  
R E A D ( 0 4 / 1 0 ) N R U N / NNX 
X I N C = - N N X * D S I G P  

1 2  REWIND 10  
T D E V I = . 0  
D E V I = . 0 
DO 1 1 1 = 1 , NT
READ( 1 0 , 1 0 ) T , P , P H I ( 1 , 1 ) , P H I ( 2 , 2 ) , D M U 2 , A C
T = ( T - 3 2 . ) * 5 . / 9 . + 2 7 3 . 1 5
TT-T
P = P / 1 4 . 6 9 6
PP=P
CALL L A N G ( T , C L , E P , S I G P , G B , C P )
I F ( N H Y . G T . l )  GO TO 3
A M l = 2 . * A L O G ( l . + C L ( l , l ) * P H I ( l , l ) ) / 4 6 .
A M 2 = 6 . * A L 0 G ( l . + C L ( 2 , l ) * P H I ( l , l ) ) / 4 6 .
GO TO 4

3 A M 1 = 1 6 . * A L 0 G C 1 . + C L ( 3 , 1 ) * P H I ( 1 , 1 ) ) / 1 3 6 .  
A M 2 = 8 . * A L 0 G ( 1 . + C L ( 4 , 1 ) * P H I ( 1 , 1 ) ) / 1 3 6 .

4 A M U C A L = ( A M 1 + A M 2 ) * 1 . 9  8 7 * T T + A C  
D E V I - A B S ( A M U C A L - D M U 2 )
T D E V I = D E V I + T D E V I

1 CONTI NUE
D E V I M = T D E V I / N T  

1 1 0  F O R M A T ( I X , #T T T ' , 3 ( F 1 5 . 5 , X ) )
N=N + 1

I F ( N . G T . l )  GO TO 90  
D S A V E= D EV I M  
S I G P ( 1 ) = S I G P ( 1 ) + D S I G P  
GO TO 12  

90 D I F = ( D E V I M - D S A V E ) / D S I G P
D S A V E= D EV I M

I F ( D I F )  4 0 , 7 0 , 6 0  
40 N N X = N N X - 1

I F ( N N X . E Q . O )  GO TO 7 0  
N N X = - 1  
GO TO 1 0 0  

60  NNX=NNX+1
I F ( N N X . E Q . O )  GO TO 7 0  
NNX= 1 
GO TO 1 0 0

7 0  W R I T E ( 4 , 2 0 2 ) D E V I M , E P ( 1 ) , S I G P ( 1 )
W R I T E ( 0 1 , 2 0 ) D E V I M , E P ( 1 ) , S I G P ( 1 ) , C P ( 1 )  
N I T = N I T + l

/ C P ( 1 )
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I F ( N I T . G T . N R U N )  STOP 
S I G P ( l ) = S I G P ( l ) f X I N C  
N=0
E P ( l ) = E P ( l ) - O E P  
GO TO 1 2  

1 0 0  S I G P ( 1 ) = S I G P ( 1 ) + D S I G P  
GO TO 12  
STOP

10  F O R M A T ( 1 0 G )
20  FORMAT ( I X / 3 ( F I  1 . 5 / 2 X ) / F I 2 .  8 )
2 0 2  FORMAT( 1 X / 3 ( F 1 5 . 5 / X ) )

END



o 
n

T-2499 91

S UBROUTI NE L A N G ( T , C L , E P , S I G P , C B , C P )
D I M E N S I O N  A ( 4 ) , Z ( 4 ) , C B ( 4 / 1 0 ) , K S ( 1 0 ) , C L ( 4 , 1 0 ) ,  

1 X ( 2 0 ) , W T ( 2 0 ) , S I G P ( 1 0 ) , E P ( 1 0 ) , C P ( 1 0 )
NP T =1 0
NP=5
D A T A ( X ( J ) , W T ( J ) , J = 6 , 1 0 ) / . 1 4 8 8 7 4 3 3 8 9 , . 2 9 5 5 2 4 2 2 1 4 7 ,

1 . 4 3 3 3 9 5 3 9 4 1 . . 2 6 9 2 6 6 7 1 9 3 . . 6 7 9 4 0 9 5 6 8 3 . . 2 1 9 0
2 8 6 3 6 2 5 . . 8 6 5 0 6 3 3 6 6 2 7 . . 1 4 9 4 5 1 3 4 9 2 . . 9 7 3 9 0 6 5 2 8 5 ,  
3 . 0 6 6 6 7 1 3 4 4 3 /

DATA ( A ( I ) , Z ( I ) , 1 = 1 , 4 ) / 3 . 9 5 , 2 0 . , 4 . 3 , 2 4 . , 3 . 9 1 , 2 0 . , 4 . 7 3 ,  
1 2 8 . /

DATA P I , B K / 3 . 1 4 1 6 , 1 . 3 8 0  4 E - 1 6 /
DO 2 2  J = 1 , N P  
X ( J ) = - X ( N P T - J + 1 )
W T ( J ) = W T ( N P T - J + 1 )

2 2  CONTI NUE

KBLOW=C 
DO 5 J = l , l  
DO 1 1 = 1 , 4  

1 C L ( I , J ) = . 0
C = C P ( J )
E K = E P ( J )
E C = E P ( J ) * B K  
R C = S I G P ( J ) * 1 . 1 2 2 4 6 2  
DO 5 1 = 1 , 4
I F  ( C B ( I , J ) . L T . l . )  GO TO 5 
R C A = R C / A ( I )

C A = C / A ( I )
NEWTON RAPSON METHOD FOR F I N D I N G  L I M I T S  ,  YL 
F I R S T  GUESS S = . 4  
S = . 4
R C A 6 = R C A * * 6  
R C A 1 2 = R C A * * 1 2  
DO 2 N = l , 20
I F  ( S . G T . 1 . 0 . O R . S . L E . 0 . 0 )  GO TO 6 
U M = 1 . / ( 1 . - S - C A )
U P = 1 . / ( 1 . + S - C A )
U M 5 = U M * * 5  
U P 5 = U P * * 5  
DA4 =UM5+ UP5  
D A 5 = U M 5 * U M + U P 5 * U P  
D B 6 = D A 4 + C A * D A 5  
U M 1 1 = U M * * 1 1  
U P 1 1 = U P * * 1 1  
D A 1 0 = U M 1 1 + U P 1 1  
D A 1 1 = U M 1 1 * U M + U P 1 1 * U P  
D B 1 2 = D A 1 0 + C A * D A 1 1  
D B = R C A 1 2 * D B 1 2 - 2 . * R C A 6 * D B 6  
A 1 0 = U M 1 1 / U M - U P 1 1 / U P  
A 1 1 = U M 1 1 - U P 1 1
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B 1 2 = ( . 1 * A 1 0 * C A * A 1 1 / 1 1 . 0 )  
A 4 = U M 5 / U M - U P 5 / U P  
A 5 = U M 5 - U P 5  
B 6 = A 4 / 4 . + C A * A 5 / 5 .  
B = R C A 1 2 * B 1 2 - 2 . * R C A 6 * B 6  
W = Z ( I ) * E K / ( 2 . * S * T ) * B  
D W Y = - W / S + Z ( I ) * E K * D B / ( 2 . * S * T )  
D S = S - ( W - 1 0 . ) / D W Y
I F ( A B S ( ( D S - S ) / D S ) . L T . 0 . 0 1 )  GO TO 3 
S=DS  
YL =S
G AUSS IAN I N T E G R A T I O N  
P = 2 . * P I * A ( I ) * * 3 / ( T * 1 3 6 . 2 ) * Y L  
S Q = . 0
DO 4 N = 1 , N P T  
Y = Y L * ( X ( N ) + l . ) / 2 .
U P = 1 . / ( 1 . + Y - C A )
U M = 1 . / ( 1 . - Y - C A )
U P 5 = U P * * 5  
U H 5 = U M * * 5  
A 4 = U M 5 / U M - U P 5 / U P  
A 5 = U M 5 - U P 5  
B 6 = A 4 / 4 . + C A * A 5 / 5 .
U P 1 1 = U P * * 1 1  
U M 1 1 = U M * * 1 1  
A 1 0 = U M 1 1 / U M - U P 1 1 / U P  
A 1 1 = U M 1 1 - U P 1 1  
B 1 2 = ( . 1 * A 1 0 + C A * A 1 1 / I 1 . )  
B = R C A 1 2 * B 1 2 - 2 . * R C A 6 * B 6  
W = Z ( I ) * E K / ( 2 . * Y * T ) * B

4 S Q = S Q + E X P ( - W ) * Y * * 2 * W T ( N )  
C L ( I , J ) = P * S Q

5 C ONT INUE  
RETURN

6 KBLOW=2 
W R I T E ( 4 , 7 )

7 F O R M A T d X , ' P R O B L E M  BLOW U P ' )
RETURN
END
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c --------------------------------------------------------------------------------------------------- -
C COMPUTER PROGRAM HYD XE N. F OR
C --------------------------------------------------------------------------------------------------------------------------------------------------------
C THE COMPUTER PROGRAM H YD X E N . F O R  CALCULATE H YD R AT E -F O RM A TI O N
C C O N D I T I O N S . T H E  METHOD OF S O L U TI O N  USES S T A T I S T I C L  THERMODNAMIC
C THEORY OF VAN DER WAALS AND PLATTEEUW.
C --------------------------------------------------------------------------------------------------------------------------------------------------------

D I M E N S I O N  C L ( 4 / 1 0 ) / P H I ( I 0 ) / Y ( 1 0 ) / D M U ( 2 )
D I M E N S I O N  E P ( 1 0 ) / S I G P ( 1 0 ) / C P ( 1 0 ) / C B ( 4 / 1 0 ) / S 0 1 ( 1 0 )  

l / S 0 2 ( 1 0 ) / S Q 3 ( 1 0 ) / S 0 4 ( 1 0 ) / T C ( i O ) / P C ( 1 0 ) / V C ( 1 0 ) / '#f (10)
D I M E N S I O N  D ( 2 ) , V U ( 2 ) , V L ( 2 )

1 4 0  F O R M A T ( 1 X / 4 ( F 1 0 . 5 / X ) )
R E A D ( 4 / 1 0 ) N H Y , N N  
NCOMP=l  
P I N C X - . 0 0 1  
DO 21 I = l , N C O M P
R E A D ( 1 5 , 1 0 )  E P ( I ) , S I G P ( I ) Z C P ( I )

3 0 4  F O R M A T ( 1 X Z 4 ( F 1 0 . 5 / X ) )
21  CONT INUE

DO 3 I = l , N C O M P
R E A D ( 1 5 / 1 0 ) C B ( 1 / I ) / C B ( 2 / I ) / C B ( 3 / I ) / C B ( 4 / I )

3 CO NT INUE
DO 4 I r l / N C O M P
R E A D ( 1 5 / 1 0 )  S 0 1 ( I ) / S 0 2 ( I ) Z S 0 3 ( I ) / S 0 4 ( I )

4 C O NT INUE
DO 6 I r l / N C O M P
R E A D ( 1 5 / 1 0 ) T C ( I ) / P C ( I ) / V C ( I ) , W ( I )

6 CONTI NUE

DO 1 I X = 1 / N N  
R E A D ( 0 2 / 1 0 ) T / P / Y ( 1 )
D S = .  0
NG=NG+1
NSF=0
NR = 0
NEWPT=0
PEX=P
P = P / 1 4 . 6 9 6
T = ( T - 3 2 . ) * 5 . / 9 . ♦ 2 7 3 . 1 5  

5 3 0  CONTI NUE
CALL L A N G t T / C L / E P / S I G P / C P / N C O M P / C B )

2 5  F O R M A T ( 1 X / 2 ( F 1 0 . 5 , X ) )
C L ( 4 / 4 ) = 4 . 0 4 0 8 1 5 / T * E X P ( 2 6 8 7 . 9 7 4 4 / T )  
C L ( 4 / 5 ) = 7 . 0 4 6 6 1 9 / T * E X P ( 3 0 8 3 . 9 0 4 4 / T )
CALL A C T ( S 0 1 / S 0 2 / S 0 3 / S 0 4 / T / A C T I / N C 0 M P / Y )

1 1 1  CONT INUE
DO 6 6 0  K = l , 2 

9 0 0  F O R M A T ( 1 X / 5 ( F 1 0 . 4 / X ) )
1 1 2  CALL P E N G C T / P / N C O M P / Y / P H I / T C / P C , V C / W )

CALL A M U C ( T / P / N H Y , A M U )
1 0  F O R M A T ( 3 0 G )
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6 1 0
1 7

1 8

6 2 0
1 9  '

20 

7 1 1  

7 0 1  

6 9 4  

6 6 2

6 6 0

800

I F ( N H Y . G T . l )  GO TO 18  
DO 1 7  1 = 1 / NCQMP 
I F ( Y ( I ) • EQ. . 0 )  GO TO 6 1 0  
C S M L = C L ( 1 , I ) * P H I ( I )
CSMLS=CSMLS+CSML
C L G = C L ( 2 , I ) * P H I ( I )
CLGS=CLG+CLGS
CONT INUE
C O NT I NUE
AM1 = 2 *  * A L O G ( 1 . ♦ C S M L S ) / 4 6 .
AM2 = 6 . * A L O G ( 1 • + C L G S ) / 4 6 .
D M C A L = ( A M 1 + A M 2 ) * 1 . 9 8 7 * T
C S M L S = . 0
C L G S = . 0
GO TO 20
DO 1 9  1 = 1 / NCOMP
I F ( Y ( I ) . E Q . . O )  GO TO 6 20
C S M L = C L ( 3 , I ) * P H I ( I )
CSMLS=CSMLS+CSML
C L G = C L ( 4 , I ) * P H I ( I )
CLGS=CLG+CLGS
C O NT INUE
C O NT I NUE
AM1 = 1 6 . * A L 0 G ( 1 . + C S M L S ) / 1 3 6 .
A M 2 = 8 . * A L O G ( l . + C L G S ) / 1 3 6 .
D M C A L = ( A M 1 + A M 2 ) * 1 . 9 8 7 * T
C S M L S = . 0
C L G S = . 0
DEL=AMU-DMCAL
W R I T E ( 0 3 / 7 1 1 ) P / D E L
F O R M A T ( 1 X , 2 ( F 1 0 . 4 , X ) )
W R I T E ( 2 0 / 7 0 1 ) P / D E L , D P S , D S / A M U Z NG, NR
F O R M A T d X ,  ' P / D E L / D P S / D S ,  AMU, N O R D , NSF 5 ( F 10 . 3 ,  X ) ,  2 (  I  3 ,  X ) )
I F ( N R . E Q . l )  GO TO 7 0 2
CO N TI NU E
D ( K ) = D E L
D P S = A B S ( D E L ) * 1 C 0 . / A M U  
I F ( D P S . L T . . 1 )  GO TO 80  
P = P + P I N C X  
C O NT I N UE
C P S = ( D E L / A M U * 1 0 0 )
I F ( A B S ( D P S ) . L T . . l )  GO TO 80  
NEWPT=NEWPT+1  
I F ( N E W P T . E U . l )  GO TO 8 0 0  
N T E S T = D S / A B S ( D S ) + D E L / A B S ( D E L )
I F ( N T E S T . E Q . O )  GO TO 7 0 2  
I F ( A 3 S ( D E L ) . G T . A B S ( D S ) )  GO TO 7 0 3  
PS = P 
DS=DEL
P = P - D E L / ( ( D ( 2 ) - D ( 1 ) ) / P I N C X )
K=0
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GO TO 1 1 1  
8 0  T = ( T - 2 7 3 . 1 5 ) * 9 . / 5 . + 3 2 .

P = P * 1 4 . 6 9 6
D P S U M = D P S U M * A B S ( P E X - P )  
* R I T E ( 4 , 4 3 ) Y ( 1 ) , T , P E X , P  

7 K=0
N=0  
NR=0  
NC1=0  
NU1=0  
NUM=0

NU=0
NRC=0

43  F 0 R M A T C 1 X , ( F 8 . 3 , X ) / 3 ( F 7 . 1 , X ) )
1 CONT INUE

PDMN=DPSUM/NN  
K R I T E ( 1 0 , 3 4 ) PDMN 

34 F O R M A T ! I X , F 1 0 . 2 )
STOP

7 0 2  CO NT INUE
DEL=AMU-DMCAL  
D P S = A B S ( D E L ) * 1 0 0 . / A M U  
I F ( N R . E Q . l )  GO TO 51

51 I F ( D P S . L T . . 1 )  GO TO 80  
DSAVE=DEL

5 2  F O R M A T ( 1 X , 2 ( F 1 0 . 3 , X ) )
NR=1
NRC=1*NRC
I F ( N R C . G T . l )  GO TO 6 6 8
U1=DEL
U2 = DS
U3 = P
U4=PS

4 4  F O R M A T ( 1 X , 4 ( F 1 0 . 5 , X ) )
GO TO 6 9 0

6 6 8  U2=DEL
U4 = P
N U M = D E L / A B S ( D E L )  
I F ( N U M ) 6 7 0 Z 6 7 2 , 6 7 6  

6 7 0  U 1 = A M A X 1 ( V U ( 1 ) , V U ( 2 ) )
GO TO 6 7 5  

6 7 6  U 1 = A M I N 1 ( V U ( 1 ) , V U ( 2 ) )
GO TO 6 7 5  

6 7 2  * R I T E ( 4 , 6 8 1 )
6 8 1  F O R M A T d X , ' C H E C K  C O N V E R G E N C E ' )  

STOP
6 7 5  CONTI NUE

DO 6 8 2  1 1 = 1 , 2
I F ( U l . E Q . V U d l ) )  U 3 = V L (  I I )

6 8 2  CONT INUE
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6 9 0

4 9

7 0 3

7 0 4

P = ( U 1 * U 4 - U 2 * U 3 ) / ( U 1 - U 2 )
V U ( 1 ) = U 1
V U ( 2 ) = U 2
V L ( 1 ) = U 3
V L ( 2 ) = U 4
F O R M A T d X ,  "VU & V L " ,  4 (  F 1 0 .  4 ,  X )  ) 
GO TO 1 1 1
T = ( T - 2 7 3 . 1 5 ) * 9 . / 5 . + 3 2 .  
P = P S * 1 4 . 6 9 6  
k R I T E ( 1 0 / 7 0 4 ) T , P E X , P  
FORMÀTC 2 3 X , ' * ' , 3 ( F 1 0 . 3 ) , X )
GO TO 7
STOP
END
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S UBROUTI NE A M U C ( T , P , N H Y , D M U 2 )
10  F 0 R M A T ( 3 F )

I F ( N H Y . G T . l )  GO TO 20  
C CALCULATE STRUCTURE I  P R O P ER T I ES

V = 6 e / 4 6 .
C CALCULATE STRUCTURE I I  P R O P ER T I ES
20 V = 8 . / 1 3 6 .
C CALCULATE LN OF A C T I V I T Y
C CALCULATE STRUCTURE I  P RO P E R T I E S

D V = 4 . 5 9 8  
D H = 4 0 2 .
D M = 3 1 0 . 0  
GO TO 70

C CALCULATE STRUCTURE I I  P R O P E R T I E S
D V = 4 . 9 9 8  
0 H = 2 4 5 .
D M = 2 2 4 .

7 0  T 0 = 2 7 3 . 1 5
C CALCULATE MUO/ RTO AT P O , T O
C CALCULATE ENTHALPY I N T E G R A L

H I N T = ( 1 . / 1 . 9 8 7 ) * ( D H * ( 1 . / T - 1 . / T 0 ) + 2 6 1 6 . 3 9 8 * ( 1 . / T -
I l . / T 0 ) + 2 0 . 6 1 6 6 * A L O G ( T / T 0 ) - . 0 2 1 1 6 3 * ( T - T 0 ) )

I F ( T . L T . 2 7 3 . 1 6 )  H I N T = ( 1 . / I . 9 8 7 ) * ( D H * ( 1 . / T - l . / T O ) 
1 - 1 9 . 0 5 3 * ( 1 . / T - 1 . / T O ) - 4 . 4 6 4 E - 3 * A L O G ( T / T O ) * 2 . 3 9 0 E - 4 * ( T - T O ) )  

I F ( N H Y . E Q . l )  D V - 4 . 5 9 8
CALL A C T ( S O I , 5 0 2 , 5 0 3 , 5 0 4 , 1 , A C T I , N C O M P / Y )
C M U 2 = < D M / ( 1 . 9 8 7 * 2 7 3 . 1 6 ) ♦ H I N T ) * ( 1 . 9 8 7 * T ) - A C T I * D V * 0 . 0 2 4 2 1 5 2 * P  

1 1 5  F 0 R M A T ( 1 X , F 1 5 . 2 )
RETURN
END
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SUBROUTI NE L A N G ( T , C L , E P , S I G P / C P , N C O M P , C B )
D I M E N S I O N  A ( 4 ) , Z ( 4 ) , C B ( 4 , 1 0 ) , K S ( 1 0 ) , C L ( 4 , 1 0 ) ,  

1 X ( 2 0 ) , W T ( 2 0 ) , S I G P ( 1 0 ) , E P ( 1 0 ) , C P ( 1 0 )

NP T =1 0
NP=5
D A T A ( X ( J ) , W T ( J ) , J = 6 , 1 0 ) / . 1 4 8 8 7 4 3 3 8 9 , . 2 9 5 5 2 4 2 2 1 4 7 ,

1 . 4 3 3 3 9 5 3 9 4 1 . . 2 6 9 2 6 6 7 1 9 3 . . 6 7 9 4 0 9 5 6 8 3 . . 2 1 9 0
2 8 6 3 6 2 5 . . 8 6 5 0 6 3 3 6 6 2 7 . . 1 4 9 4 5 1 3 4 9 2 . . 9 7 3 9 0 6 5 2 8 5 ,  
3 . 0 6 6 6 7 1 3 4 4 3 /

DATA ( A (  I ) , Z (  I ) ,  1 = 1 ,  4 ) / 3 . 9 5 , 2 0 . , 4 . 3 , 2 4 . , 3 .  9 1 ,  2 0 . ,  4 . 7 3 ,  
1 2 8 . /

DATA P I , B K / 3 . 1 4 1 6 , 1 . 3 8 0 4 E - 1 6 /
DO 2 2  J = 1 , N P  
X ( J ) = - X ( N P T - J + 1 )
V » T ( J ) = W T ( N P T - J * 1 )

2 2  CONTI NUE

KBL0W=0
DO 5 J = l , N C O M P  
DO 1 1 = 1 , 4  

1 C L ( I , J ) = . 0
C = C P ( J )
E K = E P ( J )
E C = E P ( J ) * B K  
R C = S I G P ( J ) * 1 . 1 2 2 4 6 2  
DO 5 1 = 1 , 4
I F  ( C B ( I , J ) • L T . 1 • )  GO TO 5 
R C A = R C / A ( I )
C A = C / A ( I )

C NEWTON RAPSON METHOD FOR F I N D I N G  L I M I T S  ,  YL
C F I R S T  GUESS S = . 4

S = . 4
R C A S = R C A * * 6  
R C A 1 2 = R C A * * 1 2  
DO 2 N = 1 , 2 0
I F  ( S . G T . 1 . 0 . O R . S . L E . 0 . 0 )  GO TO 6 
U M = 1 . / ( 1 . - S - C A )
U P = l . / ( l . + S - C A )
U M 5 = U M * * 5
U P 5 = U P * * 5
DA4 =UM5+ UP5
D A 5 = U M 5 * U M + U P 5 * U P
D B 6 = D A 4 + C A * D A 5
U M 1 1 = U M * « 1 1
U P 1 1 = U P * * 1 1
D A 1 0 = U M 1 1 + U P 1 1
D A 1 1 = U M 1 1 * U M + U P 1 1 * U P
D B 1 2 = D A 1 0 + C A * D A 1 1
D B = R C A 1 2 * D B 1 2 - 2 . * R C A 6 * D B 6
A 1 0 = U M 1 1 / U M - U P 1 1 / U P
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A 1 1 = U M 1 1 - U P 1 1
B 1 2 = ( . 1 * A 1 0 + C A * A 1 1 / 1 1 . 0 )
A 4 = U M 5 / U M - U P 5 / U P
A 5 = U H 5 - U P 5
B 6 = A 4 / 4 . + C A * A 5 / 5 .
B = R C A 1 2 * 8 1 2 - 2 . * R C A 6 * B 6
W = Z ( I ) * E K / ( 2 . * S * T ) * B
D W y = - W / S + Z ( I ) * E K * D B / ( 2 . * S * T )
D S = S - ( W - 1 0 . ) / D W Y
I F ( A B S ( ( D S - S ) / D S ) . L T . 0 . 0 1 )  GO TO 3
S=DS
YL=S
GAUSS IAN I N T E G R A T I O N
P = 2 . * P I * A ( I ) * * 3 / ( T * 1 3 6 . 2 ) * Y L
S Q = . 0
DO 4 N = 1 / N P T  
Y = Y L * ( X ( N ) + l . ) / 2 .
U P = 1 . / ( l . + Y - C A )
U M = 1 . / ( 1 . - Y - C A )
U P 5 = U P * * 5
U M 5 = U M * * 5
A 4 = U M 5 / U M - U P 5 / U P
A 5 = U M 5 - U P 5
B 6 = A 4 / 4 . + C A * A 5 / 5 .
U P 1 1 = U P * * 1 1
U M 1 1 = U M * * 1 1
A 1 0 = U M 1 1 / U M - U P 1 1 / U P
A 1 1 = U M 1 1 - U P 1 1
B 1 2 = ( . 1 * A 1 0 + C A * A 1 1 / 1 1 . )
B = R C A 1 2 * B 1 2 - 2 . * R C A 6 * B 6
W = Z ( I ) * E K / ( 2 . * Y * T ) * B

4 S Q = S Q + E X P ( - W ) * Y * * 2 * W T ( N )
C L ( I , J ) = P * S Q

2 7 0  F O R M A T ( 1 X , 4 ( F 1 0 . 5 , X ) )
5 CO NT INUE  

RETURN
6 K8LOW=2  

W R I T E ( 4 , 7 )
7 F O R M A T d X , ' PROBLE M BLOW U P ' )

RETURN
END
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97
10

1 0 3

102

30
1 4 9
1

81
1 4 5
2

41

4

75

S UBROUTI NE P E N G ( T , P , N C Q M P , Y , P H I , T C , P C , V C , W )
D I M E N S I O N  T C C 1 0 ) , P C ( 1 0 ) , W ( 1 0 ) , B ( 1 0 ) , P H I ( 1 0 ) / V C ( 1 0 ) , A K ( 1 0 )  

1 , A ( 1 0 0 , 1 0 0 ) , Y ( 1 0 ) , T R ( 1 0 ) / P R ( 1 0 ) , C G ( 1 0 0 / 1 0 0 )
DATA C G ( 1 , 7 ) , C G ( 1 , 8 ) , C G ( 1 , 9 ) , C G ( 2 , 7 ) , C G ( 2 , 8 ) , C G ( 2 , 9 ) /  

1 C G ( 3 / 7 ) , C G ( 3 , 8 ) / C G ( 3 , 9 ) , C G ( 4 , 7 ) , C G ( 4 , 8 ) , C G ( 4 , 9 ) ,  
2 G G ( 5 , 7 ) / C G ( 5 , 8 ) / C G ( 5 , 9 ) , C G ( 6 , 7 ) , C G ( 6 , 8 ) / C G ( 6 / 9 ) /  
3 C G ( 7 , 8 ) , C G ( 7 , 9 ) , C G ( 8 , 9 ) / . 0 3 6 , . 1 , . 0 8 5 , . 0 5 , . 1 3 , . 0 8 4 ,
4 . 0 8 , . 1 3 5 , . 0 7 5 , . 0 9 , . 1 3 , . 0 6 , . 0 9 5 , . 1 3 , . 0 5 , . 0 9 5 , . 1 2 5 , . 0 6 5 ,
5 - . 0 2 , . 1 8 , . ! /

R - B 2 . O 5 6
I 0 - - Î
DO 97  1 = 1 , NCOMP
DO 97  J = l , N C O M P
C G ( J , I ) = C G ( I , J )
A ( I , J )  = .  0
AM=.  0
BM = .  0
B ( I ) = . 0
A K ( I ) = . 0
CO NT INUE
F O R M A T ( I O G )
DO 1 1 = 1 , NCOMP 
T R ( I ) = T / T C ( I )
I F ( Y ( I ) . E Q . . O )  GO TO 1 4 9  
P R ( I ) = P / P C ( I )
A( I , I ) = . 4 5 7 2 4 * ( R * T C ( I ) ) * * 2 / P C ( I )
B ( I ) = . 0 7 7 8 * R * T C ( I ) / P C ( I )
F O R M A T d X ,  ' I , A ( I I ) ' , I 2 , X , F 1 5 . 3 )
A K ( I ) = . 3 7 4 6 4 + 1 . 5 4 2 2 6 * W ( I ) - . 2 6 9 9 2 * W ( I ) * * 2  
F O R M A T d X ,  # I , K ' , I 2 , X , F 1 0 . 5 )  
A K ( I ) = ( 1 . + A K ( I ) * ( 1 . - S Q R T ( T R ( I ) ) ) ) * * 2  
A d , I )  = A K ( I ) * A ( I , I )
F O R M A T d X ,  #T R , P R , A ( I , I ) , B ' , 5 F 1 3 . 4 , X )
CONTI NUE
CONT INUE
DO 2 1 = 1 , NCOMP
DO 2 J = l , N C O M P
I F C Y ( J ) . E Q . . 0 )  GO TO 1 4 5
1 F ( Y ( I ) . E Q . . 0 )  GO TO 1 4 5
A ( I , J ) = ( 1 . - C G ( I , J ) ) * S Q R T ( A ( I , I ) * A ( J , J ) )
F 0 R M A T ( 1 X , 2 ( I 2 , X ) , F 1 5 . 5 )
CONT INUE
CONTI NUE
DO 4 1 = 1 , NCOMP
I F ( Y ( I ) . L E . . O )  GO TO 4 1
CONT INUE
B M = B M + B ( I ) * Y ( I )
CONT INUE
DO 7 5  1 = 1 , NCOMP
A K ( I ) = • 0
CO NT INUE
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DO 3 J = l , N C O M P
DO 3 1 = 1 / NCOMP
I F ( Y ( I ) . E Q . . 0 )  GO TO 1 4 6
I F ( Y ( J ) . E Q . . O )  GO TO 1 4 8
A K ( J ) = Y ( I ) * A ( I , J ) + A K ( J )

1 4 8  CONT INUE
3 CO NT INUE

DO 6 J = l , N C O M P  
A K ( J ) = 2 . * A K C J )

8 5  F O R M A T ( 1 X / F 1 5 . 4 )
6 CONT INUE

DO 5 1 = 1 / NCOMP 
DO 5 J = l , N C O M P

A M = A M + Y ( I ) * Y ( J ) * A ( I , J )
5 CO NT INUE

CALL V C U B E ( A M / B M / P / R / T / V / Z / I D )
A B = A M * P / ( R WT ) * * 2
B B = B M * P / ( R * T )
DO 6 2  1 = 1 , NCOMP
I F ( Y ( I ) . E Q . . O )  GO TO 6 1  
A 1 - B ( I ) * ( Z - 1 . ) / B M  
A 2 = A L O G ( Z - B B )  
A 3 = A B / ( 2 * S Q R T ( 2 . ) * B B )

8 6  FORMAT( 1 X / 4 ( F 1 5 . 3 / X ) )  
A 4 = A K ( I ) / A M - B ( I ) / B M  
A 5 = A L O G ( ( Z * 2 . 4 1 4 * B B ) / ( Z - . 4 1 4 * 3 B ) )

6 4  F O R M A T ( I X , 4 ( F 1 0 . 4 , X ) )
P H I ( I ) = A 1 - A 2 - A 3 * A 4 * A 5  
P H I ( I ) = E X P ( P H I ( I ) )  
P H I ( I ) = P H I ( I ) * Y ( I ) * P

61 CONT INUE
6 2 CONTI NUE.

RETURN
END
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SUBROUTI NE V C U B E ( A , B , P , R , T , V , Z , I D )  
D = B - R * T / P
E = - ( 3 . * B * B + 2 . * R * T * B / P - A / P )  
F = B * B * B + ( R * T * B * B - A * B ) / P  

G = ( 3 . * E - D * D ) / 3 .
H = - ( 9 . * D * E - 2 7 . * F - 2 . * D * D * 0 ) / 2 7 .
I F ( G * * 3 . / 2 7 . + H * H / 4 . . L E . O . )  GO TO 10
S = - H / 2 . + S Q R T ( G * * 3 . / 2 7 . + H * H / 4 . )
T T = - H / 2 . - S Q R T ( G * * 3 . / 2 7 . + H * H / 4 . )
I F C S ) 5 / 6 / 6
S = - ( ( - S ) * * ( l . / 3 . ) )
GO TO 7 

S = ( S ) * * ( ! • / 3 . )
I F ( T T ) 8 / 9 / 9  
T T = - ( - T T ) * * ( l . / 3 . )

GO TO 15  
T T = ( T T ) * * ( l . / 3 .  )

S I N G L E  REAL ROOT 
V = S + T T - D / 3 .
GO TO 40
THETA = ( A C O S ( - . 5 * H / S Q R T ( - G * * 3 / 2 7 . ) ) ) / 3 .  
V l = 2 . * S Q R T ( - G / 3 . ) * C O S ( T H E T A )  
V 2 = 2 . * S Q R T ( - G / 3 . ) * C O S ( T H E T A > 2 . 0 9 4 4 )  
V 3 = 2 . * S Q R T ( - G / 3 . ) * C O S ( T H E T A + 4 . 1 3 8 8 )
I F ( I D  ) 2 0 ,  3 0 ,  30  

TAKE LARGEST V FOR VAPOR 
V = A M A X l ( V l , V 2 / V 3 ) - D / 3 .
GO TO 40 

TAKE SMALLEST V FOR L I Q U I D  
V = A M I N l ( V l , V 2 , V 3 ) - D / 3 .
Z = P * V / ( R * T )
RETURN
END
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S UBROUTI NE A C T ( S O I , S 0 2 Z S 0 3 , S 0 4 , T , A C T I , N C O M P , Y ) 
D I M E N S I O N  S 0 1 ( 1 0 ) / S Q 2 ( 1 0 ) , S 0 3 ( 1 0 ) , S 0 4 ( 1 0 ) , X ( 1 0 )  
D I M E N S I O N  Y ( 1 0 )
DO 1 1 = 1 , NCOMP 
I F ( I . E Q . 6 )  GO TO 2
X ( I ) = S 0 1 ( I ) + S 0 2 ( I ) / T + S 0 3 ( I ) * A L O G ( T ) + S 0 4 ( I ) * T
X ( I ) = E X P ( X ( I ) / 1 . 9 8 7 )
I F ( Y ( I ) . E Q . 0 . 0 ) X ( I ) = 0 . 0
X S U M = X S U M + X ( I )

2 X X = . 0
1 CONT INUE
8 F O R M A T ( 1 X , F 1 0 * 8 )

XW=1 . - X SU M
A C T I = 1 . 9 8 7 * T * A L O G ( X W )
X S U M = . 0
I F ( T . L T . 2 7 3 . 1 6 )  A C T I = . 0
RETURN
END


