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ABSTRACT

An experimental  apparatus for  the study o f  gas hydrate  

format ion and i n h i b i t i o n  up to pressures of  1100 psia was 

designed,  constructed and consequently tes ted .  A high 

pressure l i q u i d  leve l  gauge wi th s i ght  glasses is used as 

e q u i 1i b r i u m , c e l 1.

The vapor,  l i q u i d  water ,  hydrate e qu i l ib r i um  l ines  for  

pure cyclopropane and pure methane were reproduced w i th in  

3% of  the published data ( 4 9 , 1 5 ) .  The equ i l ib r ium  data for  

cyclopropane,  in the presence of  5 molar methanol-water  

so lu t ion  was extended up to the quadruple point  where four  

phases (vapor ,  l i q u i d  water + i n h i b i t o r ,  l i q u i d  hydrocarbon,  

hydrate)  are present .

A computer a logar i thm to pre d i c t  the d is s o c ia t io n  

pressures of  gas hydrates in presence of  i n h i b i t o r s ,  based 

on a m odi f ica t ion  by Menten (75)  of  the Parr ish and 

Prausni tz  (54)  model was w r i t t e n  and tested .
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INTRODUCTION

The demand for  a large energy supply has been s t e a d i l y  

increasing during th i s  century and in the past decade man 

has had to look for  new and innovat ive  a l t e r n a t i v e s  

since the reserves of  the t r a d i t i o n a l  energy s u p p l i e r ,  o i l ,  

have become l i m i t e d  and have been involved in the wor ld 's  

p o l i t i c s  as a weapon against  the i n d u s t r i a l i z e d  countr ies .  

Hydrates of  na tural  gases are one of  the l a t e s t  a l t e r n a ­

t iv es  since only in the e a r l y  19701s large formations  

were found in the permafrost  regions and in the ocean s e d i ­

ments. The existence of  hydrates was f i r s t  shown in 1811 

by S i r  Humphrey Davy but only in 1934 an extensive research  

began.

Natural  gas hydrates are nonstochiometric inc lusion  com­

pounds in which a guest gas molecule is held by van der Waals 

forces in a metastable c ry s t a l  l a t t i c e ,  constructed by water  

molecules.  The c ry s t a l  s t ru c t u re  is s t a b i l i z e d  by the 

presence of  the guest molecule.  Indust ry  has considered 

hydrates a problem since they are responsible  f o r  p ipe ­

l i n e  plugging and most of  the past research d e a l t  wi th  

methods of  p r e d i c t i o n  of  condi t ion formation and d i f f e r e n t  

ways o f  i n h i b i t i o n .  Several  p r e d i c t i on  models have been 

postulated and as of  today the most widely used are those 

of  Parr ish (54)  and of  Robinson ( 5 2 , 5 7 ) .  Both models are
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based on s t a t i s t i c a l  mechanics and the only d i f f e r e n c e  

between them is the inc lusion  of  t h e o r e t i c a l  i n t e r a c t i o n  

constant  by Robinson.

In the f i e l d  of  prevent ion of  hydrate format ion,  the 

methods most commonly used are:

1) dehydration of  the gas phase,

2) add i t ion  of  i n h i b i t o r  l i k e  an alcohol  or an 

e l e c t r o l y t e ,

3) m odi f ica t ion  of  temperature or pressure so the 

formation condi t ion is not present anymore.

While the f i r s t  one requi res large volumes of  gas to be 

processed and the t h i r d  one is l i m i t e d  by operat ional  

c o n d i t i o n , the add i t ion  of  an i n h i b i t o r  is considered the 

most f l e x i b l e  a l t e r n a t i v e .  In order  to c a l c u l a t e  the  

amount of  i n h i b i t o r  req u i r ed ,  industry uses a, procedure 

obtained by Jacoby (34)  based on the r es u l ts  of  Hammer- 

schmidt 's i n v e s t i g a t i o n  in the 1930's.  Only in 1979,  

Menten (75)  proposed a new method, based on a modi f ica t ion  

of  P a r r i s h 's  model, which seems to obtain predic t ions  

e i ght  times more accurate than Hammerschmidts.

The main o b j e c t i v e  of  t h i s  work is to continue the 

study of  hydrate i n h i b i t i o n  by bui lding an apparatus to 

study hydrate e q u i l i b r i a  a t  high pressure and to t e s t  

Menten' s model f o r  hydrates of  gas mixtures.
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L i t e r a t u r e  Review:

A) H is tory  of  gas hydrates

Gas hydrate, form par t  of  the large fami ly  of  compounds 

c a l le d  c l a t h r a t e s .  A common fe a ture  of  a l l  c l a th ra t e s  is 

the f a c t  t h a t  they are formed by a host l a t t i c e ,  by i t s e l f  

thermodynamical ly unstable ,  which is  s t a b i l i z e d  by i n c l u ­

sion of  a second component. The forces binding t h i s  com­

ponent are s i m i l a r  in nature to in te rmolecular  forces in 

l i q u i d s .  T h e re f o r e , gas hydrates can be regarded as a sol id  

solu t ion  of  the second component in the host l a t t i c e .

The existence of  hydrates was f i r s t  discovered in 1811 

by S i r  Humphrey Davy and twenty years l a t e r  Faraday studied  

the hydrates of  ch lor ine  gas. In the second h a l f  of  the 

nineteenth century in Europe, a group of  French s c i e n t i s t s ,  

among them V i l l a r d  ( 1 , 2 , 3 , 4 )  and De Forcrand{5 , 6 ) , discovered  

and c o l le c te d  data on many add i t io na l  hydrates,  including  

C02 , CS2 , C2H2 , m 3, CH4 , C2H6 , C2H4 , C3H8 , N20,  Ar ,  Kr,  Xe.

At t h i s  p o in t ,  the i n t e r e s t  on hydrates was only in the 

academic community but towards the 1930‘ s,  due to the f a c t  

th a t  the gas and o i l  industry  had to go to higher pressures  

in t h e i r  p i p e l i n e s ,  and th a t  the occurrence of  p i p e l i n e  

f ree z i ng  had become a common source of  annoyance, several  

studies were s t a r t ed  to determine the causes of  these o 

problems. In 1934 E. G. Hammerschmidt ( 7 , 9 , 1 6 , 1 7 , 1 9 )
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discovered th a t  natural  gas hydrates were responsible for  

the plugging of  l i n e s .  Subsequently he published a ser ies  

of  a r t i c l e s  descr ibing the reason for  the format ion,  d i f ­

f e r e n t  ways o f  avoiding i t ,  and the f i r s t  equation for  t h e i r  

p r e d i c t i o n .  His studies were v e r i f i e d  by an in v e s t i g a t i o n  

sponsored by the U. S. Bureau of  Mines and the American Gas 

Associat ion under the supervision of  Deaton and Frost  (10,  

11, 15, 22 ) .  At the same t ime ,  several  other  i n v e s t ig a t o r s  

l i k e  Bechtold,  Wi lcox,  Carson and Katz ( 1 4 , 2 0 , 1 3 , 2 3 , 2 4 , 2 1 )  

s ta r t ed  studying the formation of  hydrates in the labora ­

tory  in order to get a b e t t e r  understanding of  t h e i r  occur­

ence under operat ing condi t ions and to f in d  other  methods 

f o r  pr ed i c t ing  t h e i r  format ion.

Only in the 1 9 5 0 ' s the molecular  s t ru c t u re  of  hydrates  

was determined as a r e s u l t  of  the in v e s t ig a t io n s  of  

von Stac ke lbe rg , Claussen, Mu e l l e r ,  Marsh and Paul ing (27,

2 8 , 2 9 , 3 0 , 3 1 , 3 2 , 3 3 ) .  Due to t h e i r  c r y s t a l - l i k e  s t ru c tu re  

van der Waals and Plat teeuw ( 3 8 , 3 9 , 4 0 )  were able to apply  

s t a t i s t i c a l  mechanics and der ived a ser ies of  fundamental  

equations based on the Lenard-Jones Devonshire c e l l  theory.

In the 1 9 6 0 ' s Kobayashi and coworkers ( 4 3 , 4 4 , 4 5 , 4 6 )  

studied the presence o f  hydrate^ at  extremely high pressures 

and temperature and then determined parameters fo r  the
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s t a t i s t i c a l  model. MtiKoy and Sinanoglu (48)  compared the 

re s u l ts  of  the p r e d i c t i on  of  hydrate formation using the 

s t a t i s t i c a l  mechanics model based on d i f f e r e n t  p o t e n t i a l s ,  

concluding th a t  the Kihara po te n t ia l  gave the best r e s u l t s .

In the e a r l y  197 0 's,  hydrate f i e l d s  were discovered  

in the permafrost  regions and in the ocean sediments,  making 

hydrates a possible a l t e r n a t e  energy resource.  Therefore ,  

a new f i e l d  of  research was open and i n v e s t i g a t o r s ,  such 

as Katz,  B i l l y  and Dick,  F rank l in  (6 8 ,7 1 , 6 9 )  studied the 

formation of  hydrates and t h e i r  p re d ic t ion  in nature.  At this  

point  the Russian s c i e n t i f i c  body suddenly began publ ishing  

a large amount of  knowledge p a r t i c u l a r y  in the area of  the 

occurrence and use of  hydrates in nature,  ( e . g .  Makogon 

( 5 3 ) ) .

During th is  per iod the research on the more t r a d i t i o n a l  

area of  hydrates i n v e s t i g a t i o n  did not stop.  In 1972 Parr ish  

and Prausni tz  (54)  used the van der Waals and Platteeuw  

approach wi th se.veral modi f ica t ions  to der ive  a new model

f or  the pr ed i c t ion  of  mixture of  gas hydrate format ion.  In 

1974 Katz and Holder (6 8 , 7 4 )  published the resu l ts  

of  t h e i r  studies on the format ion of  hydrates by l i q u i d  

hydrocarbons and Bishnoi (70)  began studying the k i n e t i c s  

of  hydrate format ion.
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Since then studies have been ca r r ied  out by .other  

researchers,  such as Kobayashi, H o ld e r , P a r r i s h ,  Robinson,  

and Sloan ( 5 9 , 6 3 , 6 5 , 6 7 , 5 6 , 6 1 , 5 2 , 5 7 , 6 2 , 6 4 )  on hydrate  

fo r ma t i on , water  content  of  gas forming hydrates , and 

thermodynamic parameters for  p r e d i c t i o n .

B) Nature and s t ru c tu re  of  gas hydrates.

Gas hydrates can be formed by pure gases or a mixture  

of  gases. Regardless of  the number of  components in the 

gas phase, hydrates are non-stochiometr ic inc lusion com­

pounds, in which the inc luded,  "guest , "  gas molecules are 

held by van der Waals forces in a metastable c rys t a l  l a t t i c e ,  

which is constructed from water molecules.  The "host" mole­

cules are held together  by hydrogen bonding. Depending on 

components of  the gas phase, gas hydrates c r y s t a l l i z e  in 

e i t h e r  o f  two cubic s t ructures  ( I  and I I ) .

The un i t  c e l l  of  s t ru c t u re  I  is i l l u s t r a t e d  in Fig* 1.

I t  contains 46 water  molecules which enclose two types of  

c a v i t i e s .  The smal ler  c a v i t i e s  are located at  the ver t ic es  

and center  of  the un i t  c e l l .  Each small c a v i t y  is  formed 

by a pentagonal dodecahedral s t ru c tu re  of  20 water  mole­

cules.  The remaining s ix  water molecules form bridges 

between the dodecahedral arrays in such a way to form a 

second type of  c a v i t y :  a t e trakaidecahedron having two

opposite hexagonal faces and twelve pentagonal faces.
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(o) Tetrodecohedron (Structure I ) (b) Pentagonal Dodecahedron

FIG. 1 HYDRATE LATTICE OF STRUCTURE I
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The molecules of  gases bound in s t ru c tu re  I hydrates 

are r e l a t i v e l y  small ( e .g .  CH4 , CgH^, Xe ) and in general  

occupy both types o f  c a v i t i e s  but some such as occupy

only the large c a v i t i e s .

The un i t  c e l l  o f  the hydrates c r y s t a l l i z i n g  in St ruc ture  

I I  is much more complex and is shown in F i g . 2. I t  contains  

136 water  molecules which also form two types of  c a v i t i e s .  

The smal ler  ones are d i s t o r t e d  pentagon dodecahedra. The 

l arge c a v i t i e s  are formed by a hexadecahedron s t ru c t u re  of  

28 water molecules.  Hydrates of  s t r u c t u re  I I  are formed 

only by molecules which are too large to be accommodated 

in s t ru c tu re  I .  This means th a t  they can only occupy the 

l a r g e r  c a v i t i e s ,  ( e . g .  CgHg).

Since the pentagonal dodecahedron c a v i ty  is common to 

both s t r u c t u r e s ,  i t  can be considered as the basis or back­

bone of  the hydrate c r y s t a l . In Fig.  3 th i s  c a v i t y  is  

depic ted ,  each ba l l  represent ing an oxygen atom. Each l i n e  

shown has a physical  meaning: two represent  chemical ly

reacted hydrogen atoms, the t h i r d  one a hydrogen bond. A 

f our th  l i n e ,  not Shown, represents a second hydrogen bond 

which connects the c a v i t y  to other  c a v i t i e s  so th a t  s t ru c ­

tures I and I I  can be formed.

Table 1 summarizes the pr in c i p a l  p ropert ies  of  gas 

hydra tes.
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(q) Hetodecohedron (StructureE ) (b) Pentogonol Dodecohedron

FIG. 2 HYDRATE LATTICE OF STRUCTURE I I
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Oxygen
Atom

Hydrogen
Bond

FIG. 3 HYDRATE LATTICE OF PENTAGONAL CAVITY
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Table 1 
HYDRATE LATTICE PROPERTIES

Structure I

Water molecules per un i t  c e l l  

Cavi t ies  per un i t  c e l l  

Smal 1 

Large 

Cavi ty  rad ius ,  A 

Small 

Large

Typical  gases which form t h i s  
s t ru c t u re

46

2

6

3.94

4.30

Methane 

Ethane. 

Ethylene

St ructure  11 

136

16

8

3.91

4.73

Propane 

i -Butane  

n-Butane
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C) Hydrate p r e d i c t i o n ,  equations and models.

A f t e r  the discovery by Hammerschmidt in 1934 tha tv  

hydrates were the cause of  p i p e l i n e  f r e e z i n g ,  a great  

e f f o r t  was undertaken by the s c i e n t i f i c  community to inves­

t i g a t e  the proper t ies  and behavior of  these new compounds.

At the same t ime,  the o i l  and gas industry  had a special  

i n t e r e s t  in a way of  p r e d i c t i n g  hydrate format ion.

As i t  usual ly happens when deal ing in a new area of  

research,  the f i r s t  p r e d i c t i o n  methods were obtained by 

f i t t i n g  data to empi r ical  equat ion.

Hammerschmidt (7)  determined the fo l lowing r e l a t i o n s h i p :

T = 8 . 9  P ' 285 (1)

T = Temperature,  F°

P = Absolute pressure,  I b s / s q . i n c h .
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I t s  major drawback was the lack of  a parameter which 

would express the e f f e c t  of  the forming gas composi t ion.

Subsequently,  Deaton and Frost  (11)  were able to come 

up wi th a r e l a t i o n  th a t  resolved the Hammerschmidt's s ho r t ­

comings and expressed the equation:

T -  a + 33.5 log P (2)

T = Temperature,  F

P = Absolute pressure,  lbs/sq inch

a = cons tant , var ies  w i th  type of  gas, value - 4 2 . 8  to 

-3 2 .1

Al l  o f  these f i r s t  expressions were not general  r e l a ­

t ions  and appl ied mainly to natural  gases or l i g h t  hydro­

carbons .

In 1939, Wi lcox,  Carson and Katz ( 2 3 ) ,  developed an 

empi r ica l  method for  p r e d i c t i ng  formation condi t ions which 

was based on the use of  vapor sol id  e qu i l ib r i um  constants , 

Kv-s,  in a manner s i m i l a r  to the vapor l i q u i d  equ i l ib r ium  

constants . The condi t ions of  hydrate formation from a 

multicomponent gaseous mixture are ca lcu la ted  using the same 

method as fo r  dew po int  c a lc u l a t io n s :

ZZi = 1.0 = r ,i (3)

Y|  = mole f r a c t i o n  of  i in gas phase

I. = mole f r a c t i o n  of  i in s o l i d  phase
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The values of  the so l id -vap or  equ i l ib r ium  constants 

were obtained from ternary  mixture data and for  non-fonm-  

ing gases* the constant was assumed equal to i n f i n i t y .

Thiis method is s t i l l  widely used. In f a c t , c h a r t s  of  vapor-  

s o l i d  e qu i l ib r i um  constants can be found in the Technical  

Data Book of  the American Petroleum I n s t i t u t e  and in the 

GPSA data book. In more recent  years Katz (68)  has exten­

ded t h i s  method to the four phase hydrate equ i l i b r ium  

between vapor , l i q u i d  water ,  mixture of  hydrates formers,  

and so l id  hydrate phase. Using the r e l a t i o n

K L - V .  r Vxi t4)

equation (3)  becomes

E1 z i = Zi V  Kv - L , i / K v_st = 1- °  (S)

and four phase hydrate condi t ion can be predicted.

Even though the method of  Katz and coworkers represent  

a grea t  step forward in the pre d ic t ion  of hydrate condi t ions ,  

there are two serious problems w i th in  i t :

1) As in the 1iqu id -vapor  equ i l ib r i um  constants , the 

Ky-s values are assumed to be funct ions of  temperature and

pressure only.  However, they have been shown to be h ighly

dependent on the composition of  the forming gases by Marshal l  

and Kobayashi ( 4 5 ) .
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2) Using t h is  approach, the format ion of  two d i f f e r ­

ent  hydrate s t r u c t u r e s , I and I I ,  cannot be taken into  

account because i t  is  a macroscopic method wi thout  a mole­

c u lar  theory basis.

Another macroscopic method was proposed in 1968 by 

McLeod and Campbell (47)  when report ing  the r e s u l t s  of  

t h e i r  study on hydrate format ion by na tural  gas mixtures  

at  high pressures.

The basis of  t h is  method is  in f a c t  th a t  the slope of  

the hydrate e q u i l i b r i u m  curve a t  any given temperature  

between 6000 and 10,000 psia is almost constant  and i t s  

average value is .0666.  Furthermore, the q u a n t i ty  AHv_s/ZR 

is considered as a constant  funct ion of  pressure and gas 

type only.

Th e re f o r e , using a modif ied Clapeyron equ at i on , the 

fo l lowing e q u a l i t y  holds:

^IS P = A--H- -̂-S = — ,  = .0666 (6)
dT ZRT T2

C. = Factor  equal to AHV_$/ZR
where* AHv-s = l & t e n t  heat of  phase t ransformat ion

Z = Co mp ress ib i l i ty  f a c t o r

T = Temperature,  R°

P = Absolute pressure,  1bs/sq inch

In the case the. forming gas is  a mixture ,  Raoul t*s  

Law is  assumed. T h e r e f o r e , the constant value is  ca lcu­

la ted  by using:
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The s t r uc t ur e  of  hydrates had to be determined in order  

f o r  a model based on molecular  theory to be proposed.  

T h e re f o r e , when von Stacke lberg ,  Claussen and Paul ing . 

et  a l ( 2 7 , 2 8 , 2 9 , 3 0 , 3 1 , 3 2 , 3 3 )  obtained such i n f o r m a t i o n , 

through x - ray  d i f f r a c t i o n  van der Waals and Plat teeuw ( 3 8 , 3 9 ,  

40) were f i n a l l y  able to postu la te  a s t a t i s t i c a l  model which 

r e l a t e s  the d i s s o c ia t i o n  pressure and temperature to the 

chemical po t e n t ia l  d i f f e r e n c e  between the empty and f i . l l e d  

hydrate l a t t i c e .  The p r e d i c t i on  method was der ived from 

a simple model which corresponds to the three dimensional  

g e n e r a l i z a t io n  of  ideal  l o c a l i z e d  adso rpt ion , and the f o l ­

lowing assumptions were the basis for  such analys is:

1) The c on t r i bu t io n  o f  the "host" (encaging) molecu­

les to the f ree  energy is independent of  the mode of  

occupation of  the c a v i t i e s  by the "guest” molecules.  This 

impl ies th a t  the spectrum of  the host l a t t i c e  is not 

a f fe c t e d  by the presence of  the solute molecules.

2) The encaged molecules are l o c a l i z e d  in the c a v i t i e s  

and a c a v i ty  can never hold more than one solute molecule.

3) The mutual i n t e r a c t i o n  of  solutes molecules is  

ne g le c te d , t h e r e f o r e , the p a r t i t i o n  funct ion fo r  the mole­

cule in i t s  cage is independent of  the number and types of  

solute  molecule present .
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4) C lassical  s t a t i s t i c  are v a l i d .

The proper t ies  of  the hydrates were obtained using par ­

t i t i o n  funct ions fo r  solvent  and solute  which were der ived  

by recognizing the s i m i l a r i t y  between the p r o b a b i l i t y  of  

f in d in g  an x amount of  b a l l s  in an x number of  boxes and 

the p r o b a b i l i t y  of  f inding a solute  molecule in an enclosing  

l a t t i c e .

The f i n a l  equations obtained were :

(8 )

chemical po t e n t ia l  of  pure H?0 in f i l l e d  
hydrate l a t t i c e

chemical p o t e n t ia l  of  pure H90 in empty 
l a t t i c e

R Gas constant  1.987 cal /mole

v

T

m

Temperature,  K°

number of  c a v i t i e s  of  type m per water  
molecule

0,m = f r a c t i o n  of  type m c a v i t i e s  occupied by 
gas component I

2) ®ML = CML f L/ ^1 + j  CMj f j  * ^

where CML is the Langmuir constant  and f  is the fug ac i t y  

o f  the gas component. The f u g a c i t y  is  then r e l a t e d  to the
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mole f r a c t i o n  in the gas phase and to the t o t a l  pressure by

f L = y L <i>LP ( 1 0 )

Analyzing equations 8 and 9 once temperature and pressure 

are given,  the f u g ac i t y  can be ca lcula ted  using an equation 

of  s t a t e ,  \>m is determined by the s t ru c t u re  type ; t h e r e f o r e , 

the only unknown is the Langmuir constant .  This constant  

C j , represents the H^O-gas i n t e r a c t i o n  in the c a v i t y ;  in 

order to determine i t s  va lue ,  van der Waals and Platteeuw 

used the c e l l  theory introduced by Lennard-Jones and Devon­

sh i re  f o r  the study of  l i q u i d s .  The c e l l  theory can be 

appl ied to hydrates because a l l  c a v i t i e s  are approximately  

spher ical  and t h e i r  wal ls  consist  of  a r e l a t i v e l y  Targe 

number of  atoms. T h e r e f o r e , i t  is possible to suppose tha t  

the f i e l d  of  force act ing on a solute molecule in i t s  cage 

has a spher ical  symmetry. Furthermore two more assumptions 

have to be made:

1) The solute  molecule can r o t a te  f r e e l y  in t h e i r  

c a v i t i e s ;  in other  words, the r o t a t i o n a l  p a r t i t i o n  funct ion  

fo r  the motion in the c a v i t y  is the same as th a t  in the 

p e r fe c t  gas.

2) The po t e n t ia l  energy of  a solu te  molecule a t  a 

distance r from the center  of  i t s  cage is  given by the 

spher ical  symmetrical po t e n t ia l  w ( r )  proposed by Leonard^  

Jones and Devonshire.



T-2461 19

Even though these l a s t  two assumptions seem very 

s i m i l a r  to the former ones, they are much more r e s t r i c t i v e  

since only monoatomic gases as A, Kr , Xe and to a somewhat 

l esser  extent  the almost spher ical  molecules CH^, CF^, SFg 

s a t i s f y  them.

The L-J-D method assumes t h a t  the average c ont r i but io n  

to the po t e n t ia l  energy due to the i n t e r a c t i o n  of  solute  

molecule wi th  any of  the elements c o n s t i t u t i n g  the wal l  of  

i t s  cage can be described by the force law:

P (R) = 4e0 f ( c / R ) 12 -  ( ct/ R 6 ) } (11)

R = Distance between solute  molecule and p a r t i c u l a r  
elements of  wal l  considered

a = Distance f o r  which a t t r a c t i o n  and r e j e c t i o n  are 
in balance p = 0

e = Value of  - p(R) corresponding to the st rongest  
a t t r a c t i o n  which occurs at  R = 2a

which is independent of  the shape and s ize  of  i n t e r a c t i n g  

molecules.

The in te ra c t i o n s  are summed over a l l  the molecules d i s ­

t r i b u t e d  over the surface of  a sphere and the r e s u l t i n g  

f i e l d  w i t h in  the sphere,  averaged over a l l  o r i e n t a t i o n s ,  

is given by:



T-2461 20

w (r )  = w(0) + ( z e o/ a 2 ) 2 2 ( a / a ) 12- 10 ( a / a ) 6 (12)

r 2 + 0 ( r 4 )

e = value of  -p(R)  corresponding to the strongest
^ t.i m x» 4» D —■ O_____

F i n a l l y  the r e l a t i o n  determining the Langmuir constant  

is expressed by:

The agreement between the ca l cu l a t ed  d i ss o c i a t i on  pres­

sure using t h is  model and the experimental  values is qui te  

good f o r  monoatomic gases but i t  de t e r i o ra t e s  as the mole­

cules become l a r g e r  and less s p h e r i c a l . According to van 

der Waals and Plat teeuw (3 9 , 4 0 )  the reasons for  such r esu l ts  

could be found in (1 )  the hindered r o t a t i o n  of  non-spher i - 

cal molecules in t h e i r  c a v i t i e s ,  (2)  in the f a i l u r e  o f  the 

cent ra l  f i e l d  approximation in descr ibing the in t e r a c t i o n  

between solu te  molecule and a molecule in the l a t t i c e ;  

and (3)  hindered r o t a t io n  of  the molecule in i t s  c a v i t y .

a

a t t r a c t i o n  which a t  R -  2a

distance fo r  which a t t r a c t i o n  and r e j e c t i o n  
are in balance.

Z = number of  l a t t i c e  molecules in the wal l  of
c a v i t y .

w ( 0 )  = po t e n t ia l  at  center  of  c a v i ty

a core radius

C(T) = / e x p  -w ( r ) / k T (13)
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Only years l a t e r  another reason was found, which could 

expla in some of  the discrepancy between ca lcu la ted  and 

observed values

"The numerical values in the c a l c u l a t io n  

were der ived from bromine hydrates which do not  

form e i t h e r  s t ru c tu re  I or I I  ( 7 2 ) . “

Once t h i s  f i r s t  microscopic model was es ta b l i s he d ,  

many in v e s t i g a t o r s  set  out to improve i t .

In 1963, McKoy and Sinanoglu (48)  publ ished the resu l ts  

of  t h e i r  study which considered d i f f e r e n t  molecular  poten­

t i a l s  in the van der Waals and Platteeuw model. Using the 

fo l l owing  three d i f f e r e n t  po t e n t ia l  in the L-J-D c e l l  model :

1) L-J-D 12-6 2) Kihara 3) L-J-D 28-7

and several  s t a t i s t i c  ca lc u la t io ns  they were able to con­

clude th a t

1) To a good approximation the chemical po t e n t ia l  

of  the l a t t i c e  is  independent of  solute  occupa­

t io n  o f  the c a v i t y .

2) The encaged molecule is  confined p r e t t y  much to 

the center  of  the c e l l  and does not c o l l i d e  with  

the w a l1.

3) The shape and size  e f f e c t  of  the solu te  molecule 

in determining the force f i e l d  in the c a v i t y  can­

not be neglected.



T-2461 22

As a r e s u l t  of  the l a s t  conclusion,  the Kihara p o t e n t i a l , 

which assigns a core to each molecule and the re f or e  i n c l u ­

des the e f f e c t  of  the f i n i t e  s i ze  of  the molecules on t h e i r  

i n t e r a c t i o n , al lows to obtain improved d i ss o c i a t i on  pres­

sures f o r  r o d l i k e  molecules as N^, Og, and NO^.

Furthermore McKoy and Si nanoglu were able to determine  

t h a t  d i s s o c ia t io n  pressures are more s e n s i t i v e  to the para­

meters of  the in te rm ole cu lar  po t e n t ia ls  than are second

vi r i a l  c o e f f i c i e n t  data from which these parameters are 

determined.

During the same per iod,  Nagata and Kobayashi (43)  

studied the hydrates of  methane fo l lowing the same approach 

as van der Waals and Plat teeuw.  Instead of  using est ima­

ted L-J parameters, they f i t t e d  such parameters d i r e c t l y  

to the V-L-H e q u i l ib r iu m  data.  Furthermore,  they i n t r o ­

duced the concept of  a reference hydrate which made the 

c a l c u l a t i o n  of the chemical po t e n t ia l  d i f f e r e n c e ,  of  a given 

hydrate along i t s  three phase l i n e ,  e a s ie r .

In 1972, Parr ish and Prausni tz  (54)  came up wi th  a 

s l i g h t l y  more complex method t h a t  was based on van der 

Waal 's and Pla t teuw's  model. They used Kihara parameters in 

determining the c e l l  p o t e n t ia l  which was expressed by:

w( ft) = 27e a 12 (310 +  a c l i j .  - g !  ( 34 + a ^
R11r R R5r

(14)
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where

( l - r / R  - a/R)"N - (1 + r /R - a / R ) ' N ZN (15)

e = c h a r a c t e r i s t i c  energy

a = core radius

z = coord ina t ion number

R = c e l l  radius of  the c av i ty

N = 4 , 5 , 1 0 , 1 1

They kept the r e s t  of  s t a t i s t i c a l  model, equations as before

The Kihara parameters used, were determined from s ing le  and 

binary gas d i s s o c ia t io n  condi t ions and then used to p r e d i c t  

di s s o c ia t i on  condi t ions.

In t h e i r  model,  Parr ish and Prausni tz  did not c a l c u l a t e  

the d i s s o c ia t io n  pressure for  a given temperature d i r e c t l y  

from the r es u l ts  fo the s t a t i s t i c a l  method. They used a 

thermodynamic approach to phase e q u i l ib r i u m ,  and were able
•a • I

to determine* the same q u a nt i ty  or Ay^, depending i f  

ice or l i q u i d  water  is present ,  through two d i f f e r e n t  paths:

A) van der Waals and PIatteauw model

B) Thermodynamic d e r i v a t i o n

The d i s s o c i a t io n  pressure was then determined forc ing  

the d i f f e r e n c e  in the values of  the chemical p o t e n t i a l s .
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c a l cu la ted  using the two d i f f e r e n t  pa ths , to zero by i t e r a ­

t in g  on pressure.

The thermodynamic ana lysis  used to obtain AiA or eAp“ 

is as fol lows:

At e q u i1ibr im Pa = PB = PY (16a)

Ta = t B = Y
T (16b)

ya =
B YP i r (16c)

Therefore in the case o f  hydrate and ice

( T . p .  ) = ti“  ( T . P )  ( 1 7 )

u
Pw = Chemical p o t en t ia l  of  water in hydrate phase

= Chemical p o t e n t ia l  of  water in ice phase

and i f  l i q u i d  water  is present

uw ( T ’ P> ) = x i  (T . P )  + RT In xw (18)

u!" = Chemical p o t en t ia l ,  of  pure water in l i q u i d  phase

Xw • = Water mole f r a c t i o n

I f  we def ine

<  -  Uw - <  (19a)

AlJw = uw '  Uw (19b)
where p^ = chemical p o t e n t ia l  of  pure water in the

empty l a t t i c e
and r e w r i t e  equation (8)  f o r  any number of  gas components
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( 20 )

then by s u b s t i t u t i n g  (20)  in to  (19a) and H 9 b )

f i n a l l y  by using 17 and 18:

Ap“ = RT2vn) l n ( l  + Z C m j $ j ÿ j  P) (;

Auw = RT vm ln (1-T P) + lnxw) (;

So f a r  the r e l a t i o n s  f o r  and Ay are obtained using

(21b)

(21a)

only the r es u l ts  o f  the s t a t i s t i c a l  model and some basic  

thermodynamic laws; t h i s  represent ing path A. Path B i s  

developed by using the f a c t  th a t  the e f f e c t  of  pressure and 

temperature on the chemical po t e n t ia l  d i f f e r e n c e  can also 

be ca lcula ted  by using a t o t a l  d i f f e r e n t i a l  such as:

of  water  in the empty hydrate and water  in the Ice ( ) or 

in l i q u i d  ( L ) phase.

and by using thermodynamic r e la t i o n s

d i v i d i ng  equation 23 by RT, the fo l lowing  equation is 

obtai  ned

dAy = (3Au/3T)pdT + (9Ay/aP)ydP 

where Ay = AyW or Ay^, the chemical potent ia l  di f ference

( 2 2 )

dAy = ( -AH/T ) dT + AV dP 123)

d(Ay/RT) = - (AH/RT2) dT + (AV/RT)dP (24)
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where AH and AV are the molar enthalpy and molar volume 

d i f f e r e n c e  between hydrate and the coex is t ing phase ice  

or water  depending on the use.

For ice AH = Ahj^Q = molar enthalpy d i f f e r e n c e  between

hydrate and ice (25)

AV = AVq' q = molar volume d i f f e r e n c e  between

empty hydrate and ice (26)

For l i q u i d  water

AH = Ahj^Q + Ah^ = molar enthalpy d i f f e r e n c e

between empty hydrate and water (27)

AV = AVq~q + AV^ Molar volume d i f f e r e n c e  between

empty hydrate and water (28)

f  f  TAhw = Ah0+ / y  Acpw dT = enthalpy d i f f e r e n c e  between ice

and l i q u i d  water and f reez ing  

point  (29)

Avjj = volume d i f f e r e n c e  between ice and l i q u i d  water

Acpw = Acp° - a (T - Tq ) = d i f f e r e n c e  in heat capaci ty

between ice and water

Once Auq’ q is found ex pe r i m e n ta l l y ,  using a reference  

hydrate,  equation 23 is  in te gr a te d  and the r e s u l t s  are:  

fo r  ice
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Ay® ( T , P r ) /R T  = Ay“ (To, P%)/RTo -  fjQ AH^q/RT^cIT +

OC

f o r  water

' K w  AVo I o / RT dP (30a)

AyJ;(T,Pr) /RT = iuj;  ( To ,P r o ) /RT0 - / ^ 0 (Ah®'“ + Ah^) /RT2 dT +

P a t T 3r-0l j.
; Pat 0C(A'f0,0 + AVw ) / RT dP (30b)

Since the i n t e g r a t i o n  is car r ie d  out along the three phase 

e q u i l ib r iu m  l i n e  which is uni v a r i e n t , equations 3da and 30b 

can be s i m p l i f i e d

Av“ ( T , P r ) /R T  = Au“ ( To ,P r 0 ) /RT0 - f] Ah®'“ /RT2dT +

f] (Av®;“ / R T ) ^  dt  (31a)

AuJj’ ( T , P r ) / R T  = AwJ; ( To ,P r o)7RT0 -  / ^ ( A h ^ c ,  + Ah^J/RTgdT

Av? “ + Av.;f
+ ^  ° >CRT W) - 3 T -  dT (31b)
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where

T = Temperature,  K°

Pr = Reference Pressure,  atms

<  ( To ,P r 0 ) = Pr =

Aww (T o * Pro ) “ A^oIo + (Avo!ôCl + Avw) Pr =

To = 2 7 3 . 15K

F i n a l l y  AP w < I , P r ) s Atlw(T ,Pr )  are brought to the . 

e qu i l ib r i um  pressure using the fo l lowing  equations:

f o r  ice:  Ay“ (T,P)  = Ay“ ( T , P r )  + Av®'“ (P-Pr )

f o r  l i q u i d  water:  Au^(T.P)  = Ayjj (T , Pr )  + (Av^"“ + Avf ) +

(P -Pr )

To obtain the hydrate d i ss oc ia t ion  pressure the 

d i f f e r e n c e  between the AyJJ ( T , P) or Ay^(T,P)  ca lcula ted  

by equations (21a)  and (33a) or (21b) and (33b) depending 

i f  ice or l i q u i d  water is present ,  is forced to zero by 

i t e r a t i n g  on pressure.  This procedure is  possible  since  

once the temperature is f i x e d , a l l  the equations are 

only a funct ion of  pressure.  The pressure at  which the 

d i f f e r e n c e  between the Ayw(T ,P)  is then taken as the 

e qu i l ib r i um  value.

(33a)

(33b)
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The Par r ish and Prausni t z  (54)  s c i e n t i f i c  c on t r i bu ­

t ion  a t  this  time was not only a model s u i ta b l e  fo r  com­

puter  use. They extended the concept of  reference hydrates 

to both s t r u c t u r e ,  and expressed the reference hydrate  

pressure as:

In Pr = Ar + Br/T + Cr In T (34)

The reference hydrates f o r  each s t ruc tu re  are given 

in ta b l e  2.

Parr ish and Prausni tz  also developed empi r ica l  r e l a ­

t ions of  the type:

Cm! (T) = (Ame/T)exp (Bml/T)  (35)

Cm! = Langmuir constant

Ami = constant obtained by f i t t i n g  e q u i l ib r iu m  data

Bml = constant obtained by f i t t i n g  equ i l ib r i um  data

which enabled the c a l c u l a t i o n  of  the Langmuir constants

in the temperature range 260-300K wi thout  having to use

equations 14 & 13. They ca lcu l a ted  the Kihara parameters 

f o r  15 hydrates forming gases and new values for  

the chemical po t e n t ia l  d i f f e r e n c e  between empty hydrate  

and ice were c a lc u l a te d .

Several  years l a t e r ,  Ng & Robinson (52 ,5 7 )  modif ied  

the Parr ish and Prausni tz  program in order to obtain more
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Temperature
— r f r —

273.15

273.15

TABLE 2 

REFERENCE HYDRATES

Structure  I St ruc ture  I I

Xenon Bromochloro-
I FIworomethane

Methane Natural  Gas
Hydrate
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consistent  predic t ions  s p e c i f i c a l l y  fo r  the case in which 

the forming gas is a mixture of  gases.

The computer program was modif ied f i r s t  by adding a 

p r o p o r t i o n a l i t y  constant ,  which has not a t h e o r e t i c a l  

foundat ion,  to the equation of  the chemical po t en t ia l  

d i f f e r e n c e  der ived from the s t a t i s t i c a l  model.

Ng and Robinson modif ied equation for  multicomponent  

mixtures is:

Ayw = RT *j{l+3 (Oj-DYjZ - 2 («j - 1) Yj3} *

i v« ln (1 + I  Cmj f j )  + ln Xw ( 36)

where

= mole f r a c t i o n  of  the componet j .

Yj  = mole f r a c t i o n  of  the component j .

Secondly the f u g a c i t i e s  were evaluated by using the 

Peng-Robinson equation of  s t a t e .

Therefore the improved predict ions of  t h i s  program 

are a r e s u l t  of  both changes and cannot be d i r e c t l y  com­

pared to P a r r i s h 's  and Prausni t z 'js s i  nee t h e i r  f u g a c i t i e s

had been ca lcu la ted  by using the Chueh-Prausnitz eq. a less

accurate equation but the best a v a i l a b le  at  the t ime.
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In 1980, Dhamawardhana ( 7 6 ) ,  found exper imental ly  

the values of  APq” ** and and using a computer

program s i m i l a r  to Parr ish and Prausni tz  in which 

f u g a c i t i e s  could be ca lcu la ted  by one of  the fol lowing  

equation of  s t a te s :

1) Soave-Redlich-Kwong

2) Peng-Robinson

obtained new sets of  Kihara parameters f o r  the most common 

hydrate forming gases.

The set  of  parameters corresponding to the Peng- 

Robinson Equation of  State was then chosen on the basis 

of  being able to reproduce three phase eq u i l ib r i um  s ta te  

f o r  binary mixtures of  gases more accura te ly  than the 

o t h e r s .
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D) I n h i b i t o r s

The primary fa c tors  responsible f o r  the format ion of  

natural  gas hydrates are pressure,  temperature and gas 

composit ion.  Since pressures and temperatures are d ic t a te d  

by circumstances,  the only means a v a i l a b l e  to the gas 

industry  to avoid l i n e  obstruct ions caused by these com­

pounds l i e s  in changing the composition o f  the gas stream.  

This may be done by e i t h e r  removing c e r t a i n  const i tuents  

or by adding others.

In pr ac t ic e  the gas stream composition is changed by 

removing, water vapor in dehumidi fy ing or dehydrat ion p lants .  

However, th is  method has the l i m i t a t i o n  th a t  i t  can only 

be appl ied to large volumes o f  gas ; t h e r e f o r e , i t  is only 

used in main l in e s  leaving the gather ing systems, supplying  

these l i n e s ,  unprotec ted.

In the case of  changing the gas stream composition by 

adding c e r t a in  compounds, the gas industry  employs a lcohols ,  

e l e c t r o l y t e s  and g lyc o ls .  I n h i b i t o r  use a t  f i r s t  was 

l i m i t e d  to the removal of  hydrates o b s t r u c t i o n , but l a t e l y ,  

i n h i b i t o r s  have been added to l ines  to prevent  hydrate  

format ion.  The compounds used as i n h i b i t o r s  must meet the 

fo l lowing  requirements (53 ) :

1) The substance must e f f e c t i v e l y  power the tempera­

ture of  hydrate format ion.
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2) I t  must have a" low f ree z i ng  point .

3) I t  must be unreact ive  wi th natural  gas components.

4) I t  must be soluble in water .

5) I t  must have low v i s c o s i t y .

6) I t  must not be t o x i c .

7) I t  must have a low cost .

The choice of  i n h i b i t o r  is made e m p i r i c a l l y  since no 

q u a n t i t a t i v e  mechanism by w h i c h i i n h i b i t o r s  prevent hydrate  

format ion has been reported in the l i t e r a t u r e .  Q u a l i t a ­

t i v e l y  the behavior of  i n h i b i t o r s  l i k e  alcohols and gycols 

can be explained by the e f f e c t  tha t  these compounds have 

on the hydrogen bonds of  the water  molecules.

Studies on the e f f e c t  of  i n h i b i t o r s  s t a r te d  in 1937 

when J . T. Russel l  ( 1 2 ) ,  publ ished the r esu l ts  of  his 

research on the i n h i b i t i n g  e f f e c t  of  ammonia. According 

to Russe l l ,  a concent rat ion of  42 ppm of  ammonia was enough 

to prevent  hydrate format ion in the natural  gas he used in 

his experiments and consequently in the f i e l d  t e s t i n g .  His 

i n v e s t i g a t i v e  shortcomings were: 1) the f a c t  th a t  the

analysis of  the natural  gas was not given and 2) tha t  

no r e l a t i o n  between amount of  i n h i b i t o r  and the lowering  

of  the f ree z i ng  point  was developed.

Several years l a t e r  Hammerschmidt (15)  inve st iga te d  the 

f ree z i ng  point  lowering of  hydrate formation of  a natural
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gas using ethanol , methanol , n-propanol and ammonia in 

so lu t ion varying in concent rat ion from 5 to 20 weight  

percent .  As in Russe l l ' s  case, no analys is  of  the natural  

gas used is given by Hammerschmidt, and no experimental  

data are shown. Instead several  graphs of  d iss oc ia t io n  

pressure vs temperature f o r  the d i f f e r e n t  solut ions and 

an equation r e l a t i n g  the amount and type o f  i n h i b i t o r  to 

the lowering of  the formation point  are given.  This r e l a ­

t io n  is expressed by the formula:

d' = (2335 W) / (  100M - MW) (37)

where d = °F lowering of  f ree z i ng  po int  of  the gas

hydrate

M = Molecular  weight  of  the a n t i f r e e z e  

W = Weight percent  a n t i f r e e z e  compound 

2335 = constant

The constant  is the average value obtained from more 

than 100 experimental  de terminat ions .  The e f fec t ive ne ss  

of  the d i f f e r e n t  i n h i b i t o r s  is also discussed,  and the 

i n h i b i t o r s  are ranked in decreasing order as: ammonia,

methanol,  e thano l ,  n -propona l , ammonium b icar bon at e , 

acetone. Regarding ammonia, Hammerschmidt1s observat ions  

are t o t a l l y  contrary  to R us se l l ' s  since he observed the 

the formation of  so l id  compounds, carbonates of  ammonia.
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when carbon dioxide is present  in the gas ; t h e r e f o r e ,  the 

use o f  ammonia as an i n h i b i t o r  is discouraged.

In l a t e r  years ,  Powell (18)  continued Hammerschmidt's 

work, whi le  M i l l e r  and Strong (8)  determined the e f f e c t  of  

acetone,  methanol , ethanol and potassium hydroxide on pro­

pane hydrates.  Kobayashi (87)  determined exper imenta l ly  the 

hydrate decomposition condi t ions for  methane, ethane and 

two natural  gases wi th solut ions  of  ethanol and sodium 

ch lo r id e  br ine .  He also t r i e d  to pr e d ic t  the e f f e c t  of  

sodium c h l o r i d e , dissolved in wate r ,  on the condi t ion of  

methane hydrate format ion ,  using the concept of  chemical  

e q u i l i b r i a .  He concluded th a t  at  tha t  time there were not  

enough thermodynamic and v a p o r - l i q u i d  e qu i l ib r i um  data to 

enable c a l c u l a t i o n  of  the hydrate formation con di t ions ,  and 

fu r the rm ore , tha t  some df  his assumptions in c a l c u l a t i n g  

the f u g a c i t i e s  might cause la rge  errors  in the predicted  

d i s s o c i a t i o n  pressure.

During the same period another i n v e s t i g a t o r ,  A. P. 

Pieron ( 2 6 ) ,  using the react ion equation for  hydrate f o r ­

mation.

A + nH20 -— *•' A • n H20 (38)

where A = hydrate forming gas

n = number of  water  molecules per mole of  A 

in hydrate
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and the chemical e q u i l ib r iu m  concept was able to der ive  

the fo l lowing  equation:

nRln a = uAnH20 - yA - n'y^H^O T/T -

A'n H20 -  uA - N ' u°H20 To/ T o (39)  

where a^H^O = a c t i v i t y  of  water at  To

To = e q u i l ib r iu m  temperature of  t h i r d  component 

at  To

a HgO = A c t i v i t y  of  water at  T 

T = e q u i l ib r iu m  temperature

which is s i m p l i f i e d  by using the r e l a t i o n  + -4h~/T^

f i r s t  to

nRTlnau n / _  = AH* 1/T - 1/To (40)
2 H20

and then by assuming:

1) AH* independent of  temperature and presence of

i n h i b i t o r

2) The a c t i v i t y  c o e f f i c i e n t  of  water is  equal to 1.0

3) The mole f r a c t i o n  of  t h i r d  component is small  

enough such th a t :

1n = * XT-C
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t o  a t  -  -  a y a i  ( 4 1 )

where AT = e q u i l ib r iu m  temperature lowering in C°

n = number o f  moles water per mole of  hydrate

R = gas constant  (1 .987 x 10” 3 Kcal /mole °K)

AH = heat of  format ion of  one mole o f  hydrate

at  temperature To 

Xy ç = mole f r a c t i o n  in water  l a y e r

I f  the weight  percent  and molecular  weight of  the i n h i b i t o r  

are sub st i tu te d  fo r  the mole f r a c t i o n ,  AH1 ca lcu la ted  using 

an approximate equ a t io n , and To assumed equal to an average 

value from Hammerschmidt ( ) then equation becomes

AT = ( 2232W) /M (100 - W) (42)

AT = lowering of  f re ez ing  po int  of  hydrate f o r m a t i o n , F°.

Comparing equation (42)  wi th Hammerschmidt's, both 

equations are of  the same form and the d i f f e r e n c e  in 

constants is  only 4%, which is qu i te  remarkable considering  

the d i f f e r e n t  nature of  both d e r i v a t i o n s . On the other  

hand, th i s  t h e o r e t i c a l  equat ion does not represent  any 

improvement over Hammerschmidt's.

From P ie r on ' s work to 1979, no one had postulated  

another equation r e l a t i n g  i n h i b i t o r s '  p roper t ies  to tempera­

ture lowering of  hydrate format ion ; in f a c t ,  industry  is
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c u r re n t l y  using a procedure deviced by Jacoby ( 3 4 ) ,  in 

1955, which is based on Hammerschmidt's equat ion,  his vapor 

to l i q u i d  composition r a t i o  of  methanol in natural  gas data  

and on Katz vapor -so l id  constant .

In 1979, P. Menten, (75)  in order to take in to  account  

the presence of  i n h i b i t o r s ,  modif ied the equation for  the 

chemical po t e n t ia l  d i f f e r e n c e  between water  in the empty 

l a t t i c e  and in the l i q u i d  phase, obtained from s t a t i s t i c a l  

mechanics, w i th in  the Parr ish and Prausni tz  model. The 

modif ied equation appears as fo l lows:

aJ-CT.P)  -  RT Zv In U + C f )  + RT In (y xu ) (43)
w m m m w w

where R = gas constant ,  1.987 cal /mole  

T = temperature K° 

vm = number of  cavat ies  of  type m per water  

molecule 

Cm = Langmuir constant  

f  = f uga c i ty  

Yw = a c t i v i t y  c o e f f i c i e n t  of  water

w = mole percent  of  water in l i q u i d  phase

The a c t i v i t y  c o e f f i c i e n t  yw» obtained from the Wilson 

e qu a t io n , takes care of  the presence of  the i n h i b i t o r  in the

w ater ,  whi le in case of  a v o l a t i l e  i n h i b i t o r ,  the gas fuga­

c i t y  must be modif ied accordingly .
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This new model has only been used for  the pred ic t ion  

of  the e f f e c t  of  i n h i b i t o r s  on pure gas hydrate formation  

condi t ions producing re s u l ts  e ight  times more accurate  

than Hammerschmidts.

One purpose of  th is  work was to in v e s t i g a t e  how 

accurate t h i s  model can p r e d ic t  the format ion condi t ion  

f o r  hydrates of  gas mixtures.
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5) Experimental  Apparatus

Experimental  apparat i  s i m i l a r  to the one used in th is  

study have been used successfu l ly  fo r  high pressure e qu i ­

l i b r i u m  studies throughout the s c i e n t i f i c  community ( 1 3 , 2 3 ,  

7 3 , 7 4 ) .  A modi f ica t ion  has been made in order to al low a 

f a s t e r  and more precise way of  sampling the phases at  equ i ­

l i b r iu m .  The apparatus and the labora tory  f a c i l i t i e s  are 

shown in Figs.  4 and 5. For a c l e a r e r  d e s c r i p t i o n ,  the 

apparatus is presented under the fo l lowing separate subsec­

t ions :

1) Equi l ib r ium c e l l ,  which al lows the hydrate forming 

phase and water take brought in to  contact .

2) Mixing system which al lows the l i q u i d  and gas 

phases to obtain b e t t e r  contact .

3) Temperature measuring and control  system which 

measures the temperature in the equ i l ib r ium  c e l l  and controls  

i t  by means of  a temperature bath.

4) Pressure measuring system which measures the pres­

sure in the equ i l ib r i um  c e l l .

5) Liquid and gas charging system which al lows the 

e qu i l ib r i um  c e l l  to be f i l l e d  wi th the required components 

of  each phase.

6) Chromatograph which al lows the sampling of  thé 

d i f f e r e n t  phases i n . t h e  e q u i l ib r iu m  c e l l .
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FIG. 4 LISTING

1. Gas Mixture Cy l inder

2. High Pressure Helium Cyl inder

3. Po s i t iv e  Displacement Pump

4. Low Pressure Gauge

5. High Pressure Gauge

6. Temperature Probes D i g i t a l  Readouts

7. Recorder

8. Temperature Control  fo r  Bath

9. Vacuum Pump

10. Cooling Unit

11. Main Power Sitchboard

12. Mi xer

13. Equi l ib r ium Cel l

14. E l e c t r i c  Motor f o r  Mixing System

15. Chromatograph Control Panel

16. Constant Temperature Bath
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FIG. 5 LISTING

1. High Pressure Gauge (0 - 2000 Psia)

2. Low Pressure Gauge (0 - 1000 Psia)

3. Gas Mixture Cyl inder

4. High Pressure Helium

5. Po s i t iv e  Displacement Pump

6. Vacuum Pump

7. Buret te  fo r  Liquid Phase Storage

8. Cold Trap

9. Base Heater

10. Constant Temperature Bath

11. E l e c t r i c  Motor

12. Cooling Coil

13. Equi l ib r ium Cel l

14. Cont rol led Heater

15. Temperature Control

16. Plat inum Resistance Thermometer

17. High P u r i ty  Helium Cyl inder
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7) Vacuum system.

1. Equi l ib r ium c e l l :  (F igure 6)

The e q u i l ib r iu m  c e l l ,  a standard heavy duty,  hijjh pres­

sure l i q u i d  level  gage is a Jerguson s ing le  sect ion t r a n s ­

parent  glass model, ser ies T - 3 0 , whose pressure r a t i n g  at  

100°F is 2000 ps i .  The outside dimensions of  the gage are:  

length 15 3 / 8 ,  height  3 1 / 4 " ,  width 4 7 /1 6 ,  whi le the 

v i s i b l e  sect ion of  the glass measures 12 5/8" x 5 /8 " .  The 

gage has a one piece l i q u i d  chamber, machined from a so l id  

bar of  cold r o l l e d  s t e e l , two interchangeable sect ional  

stee l  gage covers,  four  gaskets and a set of  two glasses.  

Al l  the parts are t i g h t l y  locked over the l i q u i d  chamber 

w i th  special  bol ts  and nuts.  Special  low f low Tef lon gas­

kets are used on the l i q u i d  chamber side in order to prevent  

the leakage of  gas by d i f f u s i o n  through the gaskets.  Two 

1/2" N.P.T.  female end connections are welded over the 

gage o u t l e t s .

One end of  the c e l l  is connected to the r es t  of  the 

apparatus by 1/8" s ta i n l es s  s tee l  tubing and a plat inum  

res is tance  thermometer is inser ted  in the gage through the 

same end. At the other  o u t l e t ,  by means of  a ser ies  of  

globe va lves ,  a sample of  the c e l l  contents can be w i t h ­

drawn- and d i r e c t l y  run through the chromatograph.



T-2461 47

< \

o r \ o
o o
o o
o o
o o
o o
o o
o

\
0

at

ro
CP

FI
G

. 
6 

.. 
EQ

UI
LI

BR
IU

M
 

CE
LL

 
DE

TA
IL

S



T-2461 48

2. Mixing system

A p a i r  of  custom made s t a in le ss  steel  brackets is  

attached to the top par t  of  the gage by the same bo l ts  

which hold i t  together .  On the brackets two steel  bear ­

ings,  one per bracket ,  are mounted in such a way to al low  

the gage to be suspended from a steel  rod and to rock up 

to an angle of  35° on i t s  l o n i t u d i n a l  ax is .  Figure 7 

shows the support ing assembly.

A s teel  cable connects the gage to a bearing mounted 

on the shaf t  of  a 1/2 hp e l e c t r i c  motor. The speed at  

which the shaf t  is r o t a t i n g  is c on t ro l l ed  by a gear box.

3. Temperature measuring and control  system.

To measure the temperature inside the c e l l ,  an Omega, 

Platinum Resistance thermometer,  type PR 12, is inser ted  

in the l i q u i d  chamber of  the c e l l .  The leads are i n s u l a ­

ted wi th TFE Te f l on ,  and a high temperature epoxy is used 

as moisture sea lant .  A 1 /8"  s t a i n l e s s  steel  sheath., pres­

sure t i g h t , covers the leads up to the connection head. 

(Figure.  (5).The Platinum Resistance thermometer is connected 

to a d i g i t a l  readout.  The accuracy of  the instrument in 

the temperature range 0-30 C° is 1.0% and the c a l i b r a t i o n  

is  given in Appendix A.

To control  the tempera ture , a constant temperature  

bath of  a 45% d ie th y l  g l y c o l -w a t e r  mixture is used. The 

so lu t ion  is contained in a 36" long,  16" wide and 24" high
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galvanized s teel  tank of  1/8" thickness.  Two 25 3/4"  long 

and 6 1/4" high windows of  1/8" th ick  p le x ig lass  are located  

in the f r o n t  and back sides of  the tank to al low visual  obser­

vat ion of  the c e l l  and i t s  contents.

As a sa fe ty  measure a m i r ror  arrangement is  set  up so 

th a t  observat ion can be done wi thout  standing d i r e c t l y  in 

f r o n t  of  the c e l l .  The tank is  insula ted a l l  around,  

except for  the window areas,  by two layers of  1/2" th ick  

i n s u l a t io n  and by a wood casing.  The bath can be raised  

and lowered by a winch and pu l ley  assembly (See Fig.  8 ) .

The tempera ture ,o f  the bath is kept at  the desired  

value by the use of  a r e f r i g e r a t i o n  co i l  of  a s ing le  stage 

cool ing u n i t ,  wi th a capaci ty  of  850 w a t t s ,  a base 2000 

watts immersion heat er ,  manually con t ro l led  by â var iac  

and by a 500 watts s i m i l a r  heater  connected to a temperature  

c o n t r o l l e r .  The heater  response is propor t iona l  to the 

temperature d i f f e r e n c e  between the set  point  valve and the 

temperature in the bath which is  measured by a res istance  

thermometer contained in a s t a i n l e s s  s t e e l ,  copper nickel  

plated sheath.

The mixture in the bath is mixed by two s t i r r e r s  which 

as fo r  the heaters end cool ing c o i l ,  are s i tu a te d  so to al low  

an unhindered view of  the c e l l .  The temperature of  the 

bath is monitored by several  i ron-constantan on thermocouples 

to ensure proper mixing of  the f l u i d .
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4. Pressure measuring system.

The pressure in the apparatus is measured by two Heise,  

Bourdon tube gauges, type CM, with pressure ranges of  

0-1000 psi and 0-2000 ps i .

The gauges are operated by the e f f e c t  of  i n t e r n a l  

pressure on a Bourdon tube which is oval in cross 

sect ion and bent in to  a c i r c u l a r  arc.  The pressure w i th in  

the tube tends to s t r a ig h te n  i t  and the motion of  the f ree  

end of  the tube is t ransmi t ted to the graduated d i a l . Both 

gauges read gauge pressure, but when they were c a l i b r a t e d ,  

the graduated d ia ls  were adjusted so th a t  absolute pressure 

could be read d i r e c t l y .  The accuracy of  the gauges is 1.0% 

of  the f u l l  scale inc luding the e f f e c t  of  h y s t e r i s i s ,  and 

no compensation for  temperature e f f e c t s  is required since  

both gauges are operat ing w i th in  the l i m i t s  ( -2 5 °F  to 125°)  

of the b u i l t  in thermal compensator. C a l i b r a t i o n  curves fo r  

both gauges are in Appendix A.

5. Liquid and gas charging systems.

The l i q u i d  phase is stored in a 500 ml graduated buret  

which through 12" of  tygon t u b i n g , a union bonnet l i f t  

check va lv e ,  pressure r a t i n g  of  6000 psi a t  70°F.  , and a
Q

90 bend made wi th 1/4" 316 s . s .  is connected to a p o s i t i v e  

displacement pump. The pump is a Ruska model , type 2250-  

801,  wi th a pressure r a t i n g  o f  8000 p s i . This type of
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pump works on the p r i n c i p l e  of volume displacement.  A 

plunger of  given diameter is forced in to  the l i q u i d  f i l l  

c y l i n d e r  by a measuring screw. The volume displaced is 

shown on a l i n e a r  scale in cubic cent imeters .  (Figure 9 ) .

The pump is connected to the e q u i l ib r iu m  c e l l  by an assem­

bly of  1/8" 316 s . s .  tubing and 1/8" Nupro s . s . -2BJ shut-  

o f f  valves.  AH f i t t i n g s  are of  the Swage!ock type.

The gas phase, in c o n t r a s t ,  is stored in commercial gas 

cyl inders  of  d i f f e r e n t  types and sizes depending on the 

contents and t h e i r  p r op e r t ie s .  The gases are charged into  

the system by means of  pressure regula tors  choosen accord­

ing to the guide l ines of  the Matheson Gas Company.

For the cyclopropane experiment a r eg u la tor  model 510 

which al lowed a discharge pressure of  up to 120 psi g was 

used. For the natural  gas mixture runs a new r eg u la tor  

model 4 - / I , wi th a discharge pressure of  1000 psig,  had 

to be used. The gases are introduced in to  the c e l l  through 

the same tubing and valves assembly used for  the l i q u i d  

phase.

6. Chromatograph

The chromatograph is  not commercial ly a v a i l a b l e .  Instead  

i t  was put together  using a thermal con duct iv i t y  c e l l
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d e t e c to r ,  a vol tage r eg u l a t or  power supply c o n t r o l , a 

v a r i a b l e  input  recorder  and a 3 1 long,  1/8" diameter c o l ­

umn. The thermal c on duc t iv i t y  c e l l  is a model 10-077 by 

Gow Mac consist ing of  a metal tube wi th two pa i r  of  bore 

holes in which four  Rhenium-Tungsten f i l a m e nt  are placed.  

A l l  four  f i l aments  are swept by a gas f low in such a way 

t ha t  one p a i r  only is in contact  wi th the c a r r i e r  gas,  

whi le  the other  can rece ive  the column e f f l u e n t .  The 

f i l aments  are heated by the power supply control  and are 

connected e l e c t r i c a l l y  in to  a Wheatstone br idge.

The elements lose heat to the block depending upon the 

thermal con du c t iv i t y  of  the gas. Th e re f o r e , when the 

c a r r i e r  gas passes through both sets of  f i laments the 

network is balanced and the e l e c t r i c a l  output  is zero.

When the sample e x i t i n g  the column passes through a pa i r  

of  elements the temperature and res is tance changes pro­

duce an imbalance on the br idge which is  monitored by the 

recorder .

The column is  made by using standard 1/8" copper tubing  

packed wi th Poropak compound made by Hewlet t  Packard and 

is immersed in a por table  constant  temperature bath set  

to maintain a temperature of  115°F.

. 7 )  Vacuum System

Vacuum was suppl ied to the equ i l ib r ium  c e l l  and
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chromatograph by a Duo-Seal Vacuum pump.

Two acetone-dry Ice cold traps were used to avoid condes-  

able vapor from going in to  the pump. The reason f o r  two 

cold traps is the f a c t  tha t  water  trapped in the system,  

when loading the c e l l ,  accumulates a t  the bottom of  the 

t rap and f r e e z e s , clogging the l i n e .  There fore ,  the f i r s t  

t rap is a r egu la r  b o i l i n g  f l a s k  where most of  the water  is 

co l l e c te d  and can f reeze wi thout  clogging the l i n e .
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6) Experimental Procedures

The experimental  determinat ion of  hydrate formation  

condi t ions required the fo l lowing  sequent ial  steps,  ( r e f e r  

to Figure 5 fo r  f low diagram).

1) The e q u i l ib r iu m  c e l l  and connecting tubing are 

pressur ized wi th helium to about 100 psig by opening valves 

1 , 2 ,  and 5 and then closing 5.

2) The valves to the pressure gauges (1 & 2) are 

closed in order to prevent  l i q u i d  from get t in g  trapped in 

the Bourdon tubes.  The r es t  of the system is then vented 

by opening valve #7.

.3) The tubing and c e l l  are washed several  times wi th  

d i s t i l l e d  water .  This is accomplished by pumping through 

valve 4,  120 ml o f  double d i s t i l l e d  water ,  using the pos i ­

t i v e  displacement pump, and al lowing the c e l l  to rock fo r  

15 to 20 minutes.  The system is then f lushed wi th helium 

(valves 5 & E are open) forc ing as much water as possible  

out through the sample port  connectiion and vent (valves A,

B, C and 7 are open and then c losed) .

4) The cold traps are loaded wi th the dry ice -a c e -  

tone mixture so th a t  the temperature is lowered to -80F 

maximum.

5) The vacuum pump is  turned on and valve 6 is open 

al lowing the system to be evacuated.  Vacuum is maintained
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fo r  15-20 minutes.  Valve 6 is then closed,  valves 1 and 2 

are slowly opened and tiren the system is vented through 

valve 7. Valve 6 is reopened and vacuum is maintained fo r  

20-30 minutes.

At t h i s  po int  the c e l l  is ready to be loaded wi th the 

l i q u i d  phase, stored in the 500 ml graduated b u re t t e .  For 

the runs in which an i n h i b i t o r  was used, the methanol solu­

t io n  was made up by weight ing the desired amounts of  water  

and alcohol  wi th a M e t t l e r  balance. To check the 

concent rat ion of  the r e f r a c t i v e  index the so lu­

t io n  was measured before and a f t e r  the experimental  run.

6) The p o s i t i v e  displacement pump is charged al lowing  

the l i q u i d  to enter  the c y l i n d e r .  Usual ly 200 ml were 

introduced in the pump. Using the pump 80 ml of  l i q u i d  

are introduced in the system through valve 4 s*o th a t  the 

c e l l  l i q u i d  chamber is 30%-60% f u l l .

7) The l i q u i d  in the c e l l  is deareated.  In the case 

of  pure w a t e r , vacuum is  pu l led on the system u n t i l  water  

s t a r t s  bo i l i n g  and is l e f t  on f o r  several  minutes. When 

the methanol-water  solu t ion  is  used, the c e l l  tempera-,  

ture is lowered u n t i l  so lu t ion  f reezes completely and then 

vacuum is pul led (see step 5 ) .

8) The system is t r i p l e  d i l u te d  wi th the gas to be

used. The t r i p l e  d i l u t i o n  is obtained by the fo l lowing
, / procedure:
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A) Pressur ize system to desired pressure by closing  

valve E, opening F and 5 and adjus t ing the reg u l a ­

tor  of  the storage c y l i nd e r .

B) Al low gas to remain in c e l l  fo r  10 minutes,  then 

open valve 7 and vent system u n t i l  pressure is 

equal to 15 psia.  \

C) Open valve 6 and pu l l  vacuum.

Repeat steps A,B, and C three t imes.  When a v o l a t i l e  

i n h i b i t o r  is present  the above procedure has to be ca r r ied  

out whi le  the so lu t ion is s t i l l  f r o z e n .

At th i s  po int  the system is ready to be pressur ized  

to the requi red value for  the p a r t i c u l a r  r u n . The tempera­

ture  is increased so th a t  the l i q u i d  phase is present  and 

a value several  degrees ( 5 -1 0 °F )  above the hydrate forma­

t ion  temperature is reached.

9) The c e l l  is pressur ized to a value higher than the 

highest  required hydrate formation pressure,  as the system 

must be supersaturated to form hydrates,  (see step 8 ) .

10) The i n i t i a l  condi t ions are recorded,  then the.  

mixing system is turned on whi le  cool ing is s t a r t e d .  Tempera­

ture and pressure are recorded at  regular  time i n t e r v a l s  

throughout the cool ing cyc le .  Pressure decreases slowly  

as the temperature drops u n t i l  hydrates form, then i t  s t a r t s  

decreasing at  a much f a s t e r  r a t e .  The c e l l  contents have 

to be several  degrees (us ua l l y  4-5 °F)  below the hydrate
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formation temperature before hydrates w i l l  appear.  A f t e r  

a s iz a b l e  amount of  hydrates is  formed, the heaters are 

turned on.

11) The ra te  of  heat ing is decreased to a value of  

.1 - .2 F/hour as the temperature increases and when the 

l a s t  hydrate c r y s t a ls  disappear the temperature is kept  

constant f o r  s ix  hours whi le  the pressure is monitored 

f o r  any change. This temperature and i t s  corresponding 

pressure are then recorded as the three phases e qu i l ib r i um  

c o n d i t i o n s .

12) The pressure is dropped to the next desired value  

and step 10 to 11 are repeated.

During the low pressure runs,  the pressure drop was 

achieved by opening the c e l l  sample-port  valves A and C 

and a l lowing the desired amount of  gas to leave the c e l l  

and to be sent d i r e c t l y  to the chromatograph.

At high pressures,  a sample of  the gas phase was f i r s t  

introduced by opening valve A in to  the sample loop,  then

valve A is closed and valve C is opened sending the 

sample to the chromatograph. The pressure in then reduced

to the desired value by opening valve 7.

Deta i led  in s t ru c t i o n s  f o r  the use of  the chromato­

graph are in Appendix D.
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7) Experimental Results

To t e ^ t  the apparatus several  v a p o r - l i q u i d  water -hydra te  

equ i l ib r i um  curves were obtained exper imenta l ly  and compared 

to data in the l i t e r a t u r e .

For the low pressure range , 0-100 ps ia ,  the three  

phase data by Hafeman and M i l l e r  (49)  f o r  cyclopropane and 

pure water  were reproduced whi le  the eq u i l ib r i um  l i n e  data by 

Menten (75)  fo r  cyclopropane and a 16.5 weight  percent  methanol-  

water so lu t ion  was extended to the quadruple point  where 

v a p o r - l i q u i d  hydrocarbon- l iquid water-and hydrate coe x is t .

These r es u l t s  are given in ta b l e  3 and p lo t t e d  in Figure 11.

The s o l id  l in e s  were generated using the computer program 

HYD2. FOR which can be found in Appendix C.

For the high pressure range, above 300 ps ia ,  the data by 

Deaton and Frost  (22)  f o r  methane and pure water was reproduced 

in the temperature range 2 7 3 . 7 0 - 2 7 9 . 15K. Higher temperature  

could not be achieved due to the l i m i t a t i o n  posed by the 

pressure of  the storage c y l i nd e r  (700 p s i a ) .

These r e s u l ts  are given in table  4 and p l o t te d  in Figure

12.
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TABLE 3
EXPERIMENTAL VALUES OF DISSOCIATION 

CONDITIONS OF CYCLOPROPANE HYDRATES

Liquid Phase 
Composition
Wt% CH,OH Temperature

3 U ) _____

0 .0  289.65

281.09

278.93

276.15

Pressure 
( KPA)

570.89

192.38

145.45

103.06

16.5 282.76

278.20

276.17

466.10

288.78

216.52
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TABLE 4

EXPERIMENTAL VALUES OF DISSOCIATION 

CONDITIONS OF METHANE HYDRATES

Temperature
(K)

279.28

278.28  

273.83

Pressure
(KPA)

4738.00

4225.00  

2723.42
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DISCUSSION

The re s u l ts  of  the cyclopropane-pure water hydrate  

experiment are compared in ta b l e  5 to the experimental  

values obtained by Hafemann and M i l l e r  ( 4 9 ) ,  and f a l l  

w i th in  a 3% e r r o r  margin. The accuracy of  the previously  

taken data is not known, but M i l l e r  has been quoted by 

Zerpa (75)  to consider a 2% e r r o r ,  extremely good.

For the cyclopropane -5M methanol-water  solut ion  

r e s u l t s ,  the only source o f  comparison is the data obtained  

by Menten ( 7 6 ) ,  a t  a lower temperature range. T h e re f o r e , 

the best l i n e  through her data was obtained by l i n e a r  

regression and e x t ra po la te d .  In order to have an idea of  

how accurate t h i s  e x t r a p o l a t i o n  would be, the values of  

temperature and pressure corresponding to the i n t e r s e c t io n  

of the v a p o r - l i q u i d  water -hydra te  e qu i l ib r i um  l i n e  wi th the 

cyclopropane vapor pressure curve were ca l cu l a t ed  by s imul­

taneously solving the two equat ions.  These values represent  

the format ion condi t ions for  a quadruple p o in t ,  which in the 

presence of  a pure gas, is determined by f i x i n g  one v a r i a b l e ,  

as the phase ru l e  equation shows:

F = C + 2 - P = l
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where F = degree of  freedom

C = number of  components = 3 (cyclopropane,  

water ,  methanol)

P = phases = 4 

At these condi t ions the four  phases present  are:  gas,

l i q u i d  hydrocarbon, l i q u i d  water ,  and hydrate and by 

choosing the composit ion,  temperature and pressure are 

f i x e d .

To be able to use the vapor pressure eq u i l ib r i um  

curve for  pure cyclopropane the assumption th a t  almost  

no water  or methanol would dissolve in the gas phase had 

to be made. The s o l u b i l i t y  of  water in hydrocarbons has 

been invest iga t ed  by McKetta and Katz (80)  and in the 

desired temperature range the amount of  water  dissolved  

is of  the order of  less than .004 mole f r a c t i o n  whi le  

according to Menten ( 7 6 ) ,  the amount of methanol is between 

.008 and .006 mole f r a c t i o n ,  there fore  j u s t i f y i n g  the 

assumption made. The experimental  values obtained are 

shown in ta b l e  5 and f a l l  w i th in  a 3% e r r o r ,  and the 

experimental  quadruple point  is w i th in  2.5% of  the mathe­

m a t i c a l l y  predicted value.  The r esu l ts  of  the high pres­

sure t e s t i n g  wi th methane are also given in tab l e  5,  and,  

as in the previous cases, f a l l  w i th in  the 3% e r r o r  margin,  

showing a cons is tent  e r r o r  throughout the whole pressure 

range.
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TABLE 5
COMPARISON BETWEEN EXPERIMENTAL 

DATA AND LITERATURE VALUES

Components Temperature Exp. Press Ref .Press % DIFF
(K) (KPA) (KPA)

Cyclopropane, 289.65 570.89 587.95 .2.989

Pure water 281.09 192.38 196.25 2.'009

278.93 145.45 148.79 . 2 J 2 91

276.15 103.06 104.26 1.164

Cyclopropane 282.76 466.10 4 7 6 . 411 2.212

16.5 %Wt. 278.20 288.78 2 9 6 . 001 2.501

CHgOH 276.17 216.52 216.66 .068

Methane, 279.28 4738.00 4826.33 1.998

Pure water 278.28 4225.00 4350.00 2.960

273.83 2723.42 2804.77 2.987

These values were obtained by e x t r a p o l a t i o n  of  the 
publ ished data.
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In order  to t e s t  the v a l i d i t y  of  the modi f ica t ion  made by 

Menten (75)  in Par r ish and Prausni tz  model to take in 

account the presence of  i n h i b i t o r s ,  f i r s t  the e f f e c t s  of  

d i f f e r e n t  thermodynamic parameters on the predic t ions  

of  d i s s o c ia t i on  pressure a t  a given temperature were 

examined, then these r esu l ts  were compared to those 

obtained using Dharmawardhana’ s a logar i thm.

In tab l e  7 the r es u l t s  of  the e f f e c t  of  using a 

d i f f e r e n t  equation of  s t a t e  in c a l c u la t in g  the fug ac i t y  

and of  using the data f i t t e d  equation instead of  the 

s t a t i s t i c a l  model to obtain the Langmuir constant  are 

shown. In the second column the experimental  values of  

d i s s o c ia t io n  pressure f o r  hydrates of  methane gas in the 

presence of  a 15% by weight  e thano l -water  mixture  

(Kobayashi ( 8 7 ) )  are given.  The t h i r d  and fourth  columns 

are the predicted values using the P i t z e r - C u r l  c o r r e l a t i o n  

or the Peng-Robinson equation to c a l c u l a t e  the f u g a c i t y .

As expected the e f f e c t s  of  using a more accurate equation  

of  s t a t e  are more not iceab le  a t  high pressures.  The use 

of  d i f f e r e n t  methods to obtain the Langmuir constant  did 

not produce any changes in the predic t ions  as i t  is shown 

by comparing the values of  columns four  and f i v e  wi th  

those of  columns two and thr ee .

One of  the l i m i t a t i o n s  of  Menten1s a logar i thm as i t  

was w r i t t e n ,  consisted in the f a c t  th a t  i t  could only be



T-2461 70

TABLE 6
COMPARISON BETWEEN PARRISH'S AND DHAMAWARDHANA' S 

PARAMETERS FOR METHANE

Parr ish Dharmàwardhana
*  1

Ay(TqPq ) cal /gm mole
*  i

Ay(ToPo) cal /gm mole

Kihara Parameters:  

e /k  

a 

a

302

275

153.17

3.2398

.3000

310

332

156.72

3.2000

.3834

Constants in Langmuir 

Equation (3 5 ) :

Small Cavi ty  

AML 

BML

Large Cavi ty  

AML 

BML

.0037237

2708.8

.018372

2737.9

.0027711

2752.8047

.014865

2878.0682

* i
Methane when pure w i l l  form s t ruc tu re  I hydrates only  
th e r e f o re  the values corresponds to t h i s  s t ruc tu re  only.
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was w r i t t e n ,  consisted in the f a c t  th a t  i t  could only be

used to p r e d i c t  hydrate format ion condi t ions f o r  pure gases.

Therefore Dharmawardhana1s computer program, which could

be used f o r  gas mixtures ,  was modif ied so i t  could take

in to  account the presence of  i n h i b i t o r s .  I f  the same

equation of  s t a t e ,  method of  c a l c u l a t i n g  the Langmuir 
3 -i0C 3

constant ,  Ayo , AhQ , and Kihara parameters are used in 

both programs, the same predic t ions  fo r  d is so c i a t i on  pressures 

are obtained,  showing th a t  the programs are equ iv a le n t .

Table 8 gives the values of  t h i s  comparison in columns 

four  and f i v e .

In columns three and f i v e  the e f f e c t  of  using d i f f e r e n t  
3“ac 3-<*

sets of  Ayo, AhQ, and Kihara parameters is shown. As i t

can be seen the d i f f e re nce s  in predicted values are much

gre ater  than any of  the previous d i f fe re nce s  due to changes

in other  q u a n t i t i e s .  The parameters used correspond to

those ca l cu l a t ed  by Parr ish and those obtained by Dharma-
6-

wardhana. The l e t t e r  found Ayo, the chemical po t en t ia l

d i f f e r e n c e  of  water  in the empty hydrate l a t t i c e  and of
3-

water in the ice phase, and AhQ, the molar enthalpy  

d i f f e r e n c e  in the same two previous phases, exper imenta l ly  

and then obtained the Kihara parameters by regressing on 

three phases e q u i l ib r iu m  data f o r  binary mixtures.
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Since the c a l c u l a t io n  of  these parameters is dependent on 

what equation of  s ta te  is used, Dharmawardhana compared 

the r esu l ts  obtained by using the fo l lowing  equations of  

st a t e  :

1) Soave Redlich Kwong

2) Peng Robinson

and chose those from the second since al lowed him to f i t  

the a v a i l a b l e  data the best .  P a r r i s h ' s ,  and instead were 

ca lc u la ted  values obtained by f i t t i n g  a l l  the a v a i l a b l e  

three phases e q u i l ib r iu m  data for  pure gases and the Kihara 

constant  were ca lc u la t ed  using the Soave Redlich Kwong 

equation to obtain f u g a c i t i e s  and regressing on the same 

data used to f ind  the two previous constants.  Table 6 sum­

marizes the values fo r  these parameters f o r  methane hydrates 

found by the two researchers.

The predicted d i s s o c ia t io n  pressures using Dharma­

wardhana parameters are in much greater  e r r o r  then when 

Pa r r i s h 's  values are used and do not show any appreciable  

Improvement over Hammerschmidt's values,  shown in column 

seven. Columns f i v e  and s ix  instead show the e f f e c t  of  

using a data f i t t e d  equation versus the s t a t i s t i c a l  model 

in c a l c u l a t i n g  the Langmuir constant .  Very large d i f f e r e n ­

ces are obtained in the predic t ions  which could not be
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d i f fe r e nc e s  are obtained in the predic t ions  which could 

not be explained.

As a r e s u l t  of  t h i s  f i r s t  a n a ly s is ,  the model was found
$-«< 3-°<

to be very dependent on the values of  Ayo, AhQ , and the 

Kihara parameters. Bet te r  r es u l ts  should be expected whi le  

pr e d ic t in g  d i s s o c ia t i on  condi t ions fo r  pure gases by using 

P a r r is h 's  parameters because of  how they were obtained.

To f u r t h e r  t e s t  the v a l i d i t y  of  the m odi f ica t ion  pro­

posed by Menten, c o n f i d e n t i a l  data obtained from Exxon fo r  

a gas mixture of  88% methane and 12% propane f o r  three  

d i f f e r e n t  methanol water solut ions was pred ic ted .  These 

pred ic t ions  were compared to Hammerschmidt's and in almost  

every instance the o lder  empi r ica l  method est imates the 

format ion condi t ions much more c lo s e l y .  For the two lower  

methanol concentrat ions the o lder  method predicts  the equ i ­

l i b r i u m  condi t ions w i t h in  a 20% e r r o r  whi le  the values ob­

ta ined using the computer program increase wi th pressure  

from a 25% e r r o r  up to 40%.

In order  to e s tab l i sh  i f  the large e r r o r  in pr e d i c t i on  

using the modi f ied Dharmawardhana' s a logar i thm is due to 

the model i t s e l f  not being capable of  p r e d i c t i ng  format ion  

condi t ions accura te ly  when i n h i b i t o r s  are present  or to the 

parameters used, the p r e d i c t i on  for  pure water was forced
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to coincide wi th the experimental  values and the d i f f e r e n c e  

between experimental  and predicted curves a t  a given pres­

sure was subtracted from the res t  of  the predicted curves. 

As a r e s u l t  of  t h i s  procedure i t  would seem th a t  a t  low 

methanol concent ra t ions ,  the model would pr e d i c t  more 

accura te ly  whi le a t  higher concentrat ions the pre d ic t ion  

is in the same range as Hammerschmidts. No explanat ion  

could be found f o r . t h e  behavior  of the model a t  high 

i n h i b i t o r  concent ra t ions ,  by analyzing the values of  

parameters such as f u g a c i t y ,  and a c t i v i t y  c o e f f i c i e n t .

At th i s  point  i t  would seem th a t  the m odi f ica t ion  to take  

in account the presence of  i n h i b i t o r s  in hydrates of  

gas mixtures is not a grea t  improvement wi th respect  to 

Hammerschmidt's p r e d i c t i o n ,  and th a t  the format ion  

condi t ion fo r  hydrates th a t  c r y s t a l i z e  in s t ru c t u re  I are 

predicted more ac cura te ly  than for  s t r u c t u re  I I .

In order to ensure the above conclusions more 

experimental  data on natural  gas hydrates in presence of  

i n h i b i t o r s  should be taken keeping in mind t h a t  both type 

of  s t ructures  should be in v e s t ig a t e d .



T-2461 77

CONCLUSIONS

1 . )  An apparatus has been constructed and tested success­

f u l l y  on s ing le  components for  measurements of  three  

and four  phases hydrate i n h i b i t i o n .

2 . )  A computer program, which combines the re s u l ts  of

Dhamarwardhana (77)  and Menten (76)  has been w r i t t e n

and tested .

3 . )  Tests using the above program show accurate pr ed ic ­

t ions  f o r  i n h i b i t i o n  of  hydrates of  pure components

in s t r u c t u re  I ,  but less accurate predic t ions  for  

i n h i b i t o r s  of  hydrates from gas mixture forming 

st ru c t u re  I I .  The reason for  this  inaccuracy is not  

c e r t a i n .

4 . )  Very few data are a v a i l a b l e  for  hydrate i n h i b i t i o n  of  

mixture forming s t ru c tu re  I I  hydrates.
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RECOMMENDATIONS

1 . )  More data are needed on i n h i b i t i o n  of  gas mixture

hydrates,  p a r t i c u l a r l y  those forming s t ru c tu re  I I .

2 . )  With more da ta ,  the reasons fo r  the model's

inaccuracy should be inv est iga ted  thoroughly , e .g .  

with respect  to gas and l i q u i d  phase composit ion.
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APPENDIX A:

C a l i b r a t i o n

The two Heise guages were c a l i b r a te d  a t  the Bureau of  

Standards in Boulder against  a dead weight gauge, in such 

a way tha t  absolute pressure could be read d i r e c t l y .

The Heise gauge was connected to a helium cy l i nd e r  

and to one side of  the pressure sensor membrane. The 

other  side of  the membrane was attached to the Ruska pump 

and dead weight .

The gauge was pressur ized to the desired values,  

unbalancing the sensor's membrane, which was then balanced 

by using the Ruska pump and the dead weight gauge.

The r e s u l ts  of  the c a l i b r a t i o n  are shown in Figure 15 

and ta b l e  10.

A second degree polynomial was f i t t e d  to both sets of  

data and the r e s u l t i n g  equations are:

0-2000 Psia

fa c t u a l  = 2-2608350 + .9965814 Pgauge t  .000007 P ^ g,

0-1000 Psia

fa c tua l  *  - 6801342 + • 993602° fgauge + •0000073 fgauge

Pactual  = True pressure,  Psiâ

Pgauge = Pressure reading on gauge, Psia
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Pressure
Range

0 -  1000

0 -  2000

TABLE 9

HEISE GAUGES CALIBRATION RESULTS

Gauge Gauge Press. True Press. P% 
  (PSIA) (PSIA) ____

994.0 992.0 .201

821.4 821.9 .012

749.0 749.4 .053

599.0 599.6 .100

398.5 398.2 .075

201.3 202.1 .397

1960.0 1963.7 .189

1815.0 1818.9 .215

1614.0 1618.1 .254

1423.0 1427.7 .330

1214.0 1218.0 .329

987.0 992.0 .506

818.5 821.5 .366

747.0 749.4 .321

597.0 599.2 .368

397.0 398.2 .302

200.0 202.1 1.050
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The RTD Plat inum Resistance was c a l i b r a t e d  against  a 

Doric high accuracy Plat inum res is tance thermometer,  

prev iously  c a l i b r a t e d  at  the Bureau of  Standards by 

Johnson ( 7 8 ) .  The resu l ts  of  the c a l i b r a t i o n  are given 

in ta b l e  11 and Figure 17. A second degree polynomial was 

f i t t e d  to the data and the r e s u l t i n g  equation is :

Tactual  = * 17- 72517 + • 557394 TRTD + ' 0000045 TRTD 

^actual  = True temperature,  C°

Trtd = Reading obtained from RTD thermometer F°
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TABLE 10

RTD PLATINUM RESISTANCE THERMOMETER 

CALIBRATION RESULTS

Reference Temp. 
(C)

True Temp. 
1C)

RTD Temp. 
(F)_

T%
*1

30.13 30.14 85.80 .535

20.22 20.25 68.13 .477

10.18 10.21 50.07 .621

0.19 0.20 32.15 .656

- 9.53 - 9.55 14.67 .920

"FT
Percent d i f f e r e n c e  between t rue temperature and RTD 
reading.

* 2
The t rue  temperature was obtained by using the equation :

T - t  = . 994377*10-2 + . 29582*10 '2* t  +

- . 6 6 0 3 0 * 1 0 " 4* t 2 - . 17229*10"3* t 3 +

+ .27143*10"7* t 4 

given by Johnson ( 7 7 ) .

T = t rue  temperature C 

t  = dor ic temperature C
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Primàry Data

The fo l lowing  equations were obtained by f i t t i n g  the 

l i t e r a t u r e  data wi th a t h i r d  degree polynomial

A) Cyclopropane - pure water .  (Hafemann & M i l l e r  (4 9 ) )

log P = 302.5206 -  3.3044T + .0119121T2 -000014T3 

P = absolute pressure KPA 

T = temperature K°

B) Methane - pure water  (Deaton & Frost  ( 2 2 ) )

log P = 219.7814 -  2.352851T + .0082614T2 - .0000095T3 . 

P = absolute pressure MPA 

T = . temperature K°

C) Cyclopropane - SM Methanol -water  (Menten ( 7 5 ) )  

log P = . 04969T - 11.38
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PRIMARY

Components

Cyclopropane,  
pure water

Cyclopropane

16.5 % Wt. 

CH3OH

Methane,  

pure water

TABLE U  
DATA FOR CYCLOPROPANE AND 

METHANE HYDRATES

Temperature
(K)

289.65

281.09

278.93

276.15

282.76  

278.20 . 

276.17

279.28

278.28  

273.83

Exp. Press.  
(KPA)

570.89

192.38

145.45

103.06

466.10

288.78

216.52

4738.00

4225.00  

2723.42
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Cofriputer Ptiogrtàm

The computer program used in b a s i c a l l y  the same as 

Dharmawrdhana1s , wi th several  modi f ica t ions  in the way of  

input ihg data and parameters needed for  the c a l c u l a t io n s .  

The program ca lc u la tes  the d is so c i a t i on  pressure fo r  three  

phase e q u i l i b r i a  given temperature and a f i r s t  guess of  

pressure.

The program is made up of  a main a logar i thm which c a l l s  

the fo l lowing  subrout ines:

A) Subroutine AMUC: Calculates Ay (T ,P)  using a

equation (31b)

B) Subroutine LANG: Calculates the Langmuir constants

using the s t a t i s t i c a l  model.

C) Subroutine LANG 2: Calculates the Langmuir con­

stants using equation ( 35)

D) Subroutine PENG Calculates fug ac i t ies"  f o r  gas

phase component using the Peng-

Robinson equat ion.

E) Subroutine YCube: Solve a t h i r d  degree equation

F) Subroutine Act:  Calculates the a c t i v i t y  of  water

in the absence of  i n h i b i t o r

G) Subroutine Wilson: Calculates the a c t i v i t y  of

water in the presence of  i n h i b i ­

tors .
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H) Subrounti  ne Data : Store a l l  the data needed for

the program

The data stored in subrout ine H are:

I )  C r i t i c a l  temperature,  pressure,  volume, acc ent r ic  

f a c t o r

2) S o l u b i l i t y  parameter fo r  the equation used in 

subrout ine Act

3) Kihara parameters

4) What type of  c a v i t y  w i l l  be f i l l e d  by the guest  

molecule in the c ry s t a l  l a t t i c e .

5) Volume and corresponding temperature of  i n h i b i t o r s  

in order to obtain an expression for  volume as a 

funct ion of  temperature

6) I n t e r a c t i o n  parameters f o r  the Wilson equat ion.

These values are passed from subrout ine data to the

r e s t  of  the program by means of  common statements which., 

pass only the i n d iv id u a l  data requi red in a s p e c i f i c  

subrout ine.  For example:

Corhmon/Pendat/TC, PC, VC, W 

al lows the values of  c r i t i c a l  temperature,  pressure volume 

and acc ent r ic  f a c t o r  to be sent to subrout ine Peng only .  

The f i r s t  three characters of  the work enclosed between 

bars ind i ca tes  to what subrout ine the data are sent .
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The computer program has been modif ied so i t  has become 

i n t e r a c t i v e ,  t h e r e f o r e ,  the re s t  of  the parameters needed 

can be entered through a te rm in a l .  The informat ion  

requi red is asked by the computer and ty p i c a l  values or 

explanat ions are given so th a t  the question are s e l f  explana­

tor y .

The papers used as references fo r  the program are l i s t e d  

at  the beginning of  the a logar i thm.

A general f lowchar t  of  the program, which has been ca l l ed  

FYD.FOR, is given in Figure 18, and a l i s t  of  the main 

var iab les  fo l lows .

A second program was used during the t e s t i n g  of  the 

m odi f ic a t io n  proposed by Menten and th i s  a logar i thm cor res ­

ponds to the one found in Menten's thesis under the name 

MU02.F0R but a l t e r e d  so th a t  hydrates format ion condi t ion  

of  methane in presence of  a e thano l -water  so lu t ion could be 

predic ted.  A f low char t  is given in Figure 19 and a l i s t  

of  va r iab les  and a copy of  the program fo l lows:
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LIST OF VARIABLES FOR COMPUTER PROGRAM HYD.FOR

NCOMP = Type of  components (also used as a counter

f o r  reading data)

PINCX = Pressure increment

NHY = Hydrate s t ruc tu re

NN = Number of  data points to est imate

EP = Kihara parameter e/K |

SIGP = Kihara parameter a ) Must be read in f o r  each

CP = Kihara parameter a J component

SOI = Constant used in s o l u b i l i t y  e q u a t i o n \

SQ2 = Constant used in s o l u b i l i t y  equation f

503 = Constant used in s o l u b i l i t y  equation J read in as

504 = Constant used in s o l u b i l i t y  equation J an array  ( 10)

TC = C r i t i c a l  temperature

PC = C r i t i c a l  pressure

VC = C r i t i c a l  volume

W = Acent r ic  f a c t o r

Y = Mole f r a c t io n s  in vapor phase

NR = Type of  convergency 0 = secant method;

1 = Newton Raphson 

PEXP = Pressure input  at  the beginning of  program

P = F i r s t  guess f o r  d is s o c ia t i on  pressure

T = Temperature at  which d is so c ia t ion  pressure is  to

be found



T-2461 99

CL

ACTI

CSML

CSMLS

CLG

CLGS

DEL

DMCAL

AMU

PR

VINT

VINT1

VINT2

V

AR, BR

DV

DH

? Langmuir constants  

-  RT In Xw

= Cm*fugacity f o r  each component, depends on 

s t ru c t u re  and f o r  small c a v i t i e s  

= Cm*fugacity f o r  each component in case of  a 

mixture ,  depends on s t ruc tu re  and f o r  small 

c a v i t i e s

= Same as CSML but f o r  large c a v i t i e s  

= Same as ÇSMLS but f o r  large c a v i t i e s  

= D i f fe rence  between An from s t a t i s t i c a l  

mechanics and from thermodynamics 

= Ay from thermodynamics 

= An from s t a t i s t i c a l  mechanics 

= Equi l ib r ium pressure f o r  reference hydrate  

c a lc u l a t ed  using data f i t t e d  equat ion.

= / V a r i a b l e s  used to evaluate volume i n t e gr a l

= Number of  c a v i t i e s  of  type m per molecule of  

in hydrate

,CR = Constants in equ i l ib r i um  pressure equation

f o r  reference hydrate.
3-a  

= AV0

a n / -
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DM = AuB"ao
TO = 2 7 3 . 15K

DMUO = AUq”01 a t  To,Pr

HINT = Enthalpy i n t e g r a l

DMPR = Au{j ( T . P r )

DMU2 . = Aujj (T ,P )

A = Cel l  radius

Z = Coordinat ion number of  c a v i ty  type m

BK = Boltzman constant

PHI = Fugaci ty

TR = Reduced temperature

PR = Reduced pressure

CG = Empirical  b inary i n t e r a c t i o n  c o e f f i c i e n t

R = Gas constant

VL = Liquid molar volume ca lcu la ted  using

VL = a + bT + cT2 (equat ion 1)

V1,V2,V3 = Pure components l i q u i d  molar volume used

in above equation to determine constant  

T1,T2,T3 = Temperature corresponding to each of  the

above molar volumes 

A3,B3,C3 = Constants f o r  equation 1 when three molar

volumes are given 

A2,B2 = Constants f o r  equation 1 when two molar

v o l umes are given
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PAIN

X

XLAMDA

GAMMA

TERM1.

TERM2

TERMS

TERM4

NCOMPL

SUMX

XLSUM

XSUM1

XSUM

NC0MP1

= Empir ical  energy iterm used to determine 

binary constant  iin Wilson 

= Mole f r a c t i o n  of  components in l i q u i d  phase 

= Binary constant in Wilson equation 

= A c t i v i t y  c o e f f i c i e n t  ca lc u la t ed  by Wilson 

equation

= Dummy v a r ia b l es  used to c a l c u l a t e  C3.

Number of  components in l i q u i d  phase

Sum of  l i q u i d  mole f ra c t io n s

Sum of  logar i thmic  terms in Wilson equation

Sum of  non-1ogari thmic terms in Wilson equation

Sum in the denominator of  non-1ogari thmic terms

NCOMPL - 1

This is  not a complete l i s t  of  a l l  the var i ab les  in the 

alogar i thm since a l o t  of  terms correspond to equations or  

v a r i a b le s  def ined in the a r t i c l e s  referenced in the begin-n 

ing of  the program l i s t i n g .  However, t h i s  l i s t ,  plus the 

a r t i c l e s  is a l l  tha t  is needed to become thoroughly f a m i l i a r  

with the computer program.
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S T A R T

No

Yes

PRINT P

I <  Deviation ?P= P,

Determine whether structure 1 

or structure 31 is formed

Calculate C*; , 0/ 
freezing p o in t  depression or 

Wilson e q u a t io n ) ,  £S j j (T ,P )  from  

equation (21), A w ( T ,P )  from  equa­

tion '22).

(from

Use N e w t o n - R a p h s o n  methoo  

g = AnG:)-Ap(22)

dTDF

FIG. 15 FLOWCHART FOR COMPUTER PROGRAM PPME.FOR
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TABLE 12

PARAMETERS USED IN COMPUTER PROGRAM
X

Thermodynamic: Constants :

Ay

A h
(3-ci 
0 , 0  
(3 a 
0,0

St ruc ture  I St ruc ture  I I  

CaT/gm mole Cal/gm mole 

310 ± 6  224 ± 7

332 ±12 245 ± 10

Kihara Parameters:

Component

Methane

Ethane

Propane

e /k  K 

156.72  

177.01 

208.45

o
0 A 

3.2000  

3.2444  

3.3111

o
a A 

0.3834  

0.5651  

0.6502

Constants f o r  Langmuir equation :

Small Ca v i t ie s  of  
Structure  I

Large Cav i t ies  of  
Structure I

Gas

Methane

Ethane

Propane

A *  10' 

2.7711 

0 . 0  

0 . 0

B

2752.8047

0 . 0

0 . 0

A *  10' 

1.4865  

0.4071 

0 . 0

B

2878.0682 

3820.7119  

0.0 ,

Small Cav i t ies  of  
Structure  I I

Large Cav i t ies  of  
Structure I I

Methane

Ethane

Propane

2.1778 2713.4259 6.6777 2310.0682

0 .0  0 .0  2.9157 3277.9254

0 .0  0 .0  1.3212 4506.9810
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CHROMATOGRAPH 

OPERATIONAL PROCEDURE * 1

1) Check the leve l  of  dry ice-acetone mixture in cold t r a p .

2) Turn vacuum pump on (swi tch #8 ) » open valves #16 & 15,  

(manometer Hg level  = 12" ) .

3) Open chromatographic He c y l i nd e r  va lve ,  set  pressure at  

90 psig.

4) Open completely valves #9 & 17,  by using valve #12,  

adjust  helium f low so t h a t  the f lowmeter shows a read­

ing of  5%.

5) Wait  5 minutes,  then turn on the thermoconduct ivi ty  c e l l  

power supply,  column temp, bath and mixer (switches  

# 3 , 1 , 4 ) .

NEVER TURN ON POWER SUPPLY IF HELIUM FLOW IS NOT ON.

6) Set therm, c e l l  power supply v o l t  range to the 10-20

reading and turn the cur rent  knob u n t i l  the Ammeter

reads 280 mA.

7) Turn chart  record (swi tch #2) .

8 ) Open valve #13 and push in sampling valve knob, wai t

u n t i l  manometer Hg level  returns to 12".

9) Pul l  out sampling valve knob, close valves #13 then #16.

f low diagram Figure 19
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FIGURE 17 LISTING

A. Thermoconduct ivi ty Cel l

B. Gas Flowmeter

C. Sampling Valve

D. Constant Temperature Bath

E. Packed Column

F. Vacuum Pump

G. Manometer
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10) Open valve #11, then by slowly opening valve #13 drop 

Hg level  in manometer to 7" then close valves #13 and 

#11.
11) Push in sampling valve knob, check response being 

recorded on c h a r t ,  w a i t  1 minute then pul l  out knob.

This step completes the analysis of  the sample; the 

f o l low ing  steps w i l l  prepare the chromatograph to 

receive another sample. (This procedure w i l l  a l low  

to f lush the chromatograph when connected to the 

sampling loop of  the high pressure c e l l ,  in other  

caNses the sampling l i n e  has to be connected to a He

source in order to be able to fo l low the below out l ined

procedure) .

12) Open valve #8 , whi le  chekcing the f lowmeter so t h a t  a

reading of  5h is  kept .  (Use valve #13 to keep read ing) .  

(By opening valve #8 He sweeps the sampling l i n e ) .

13) Open valves B and C, ins ide  temperature bath,  open 

valve #11 and push in sampling valve knob.

14) Wait  5 minutes,  close valves #8 and:B.

15) Open valves #16 and 13,  w a i t  u n t i l  Hg leve l  is  back to

12".

16) Close valves C and #11.

17) Go to step 9 i f  another sample is to be analyzed.
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SHUT OFF PROCEDURE

1) Turn o f f  the therm, c e l l  power supply (swi tch #3) make

sure vol tage switch is back to o f f  posi t ion and th a t

cur rent  knob is turned counter clockwise a l l  the way.

2) Turn o f f  chart  recorder ,  column temp, bath and mixer  

(switches # 2 , 1 , 4 ) .

3) Close valves #11, 10,  16,  13,  pul l  out sample valve  

knob. Shut o f f  vacuum pump.

4) Close chromatographic He c y l i n d e r ,  l e t  f lowmeter read­

ing go to 0 and then close valves #9, 13, 17.

1) NEVER CLOSE He CYLINDER IF THERMOCONDOCTTVITY CELL POWER 

IS ON.

2) DO NOT LEAVE CHROMATOGRAPH ON OVER NIGHT OR FOR LONG

PERIODS OF TIME.
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C O M P U T E R  F I L E  N A M E  : H Y D . F O R

F O R  R E F E R E N C E :

1) D I S S O C I A T I O N  P R E S S U R E  O F  G A S  H Y D R A T E S  F O R M E D  B Y  G A S  M I X T U R E S ,W . R .  P A R R I S H  & J . M .  P R A U S N I Î Z ,  I N D .  E N G .  C H E M .  P R O C E S S  D E V E L O P . ,  V O L  1 1  N O .  1, 1 9 7 2
2) A  N E W  T W O  C O N S T A N T  E Q U A T I O N  O F  S T A T E ,  D . Y .  P E N G  & Û . Ü .  R O B I N ­S O N ,  I N D .  C H E M .  F U N D . ,  V O L  1 5  N O . 1 , 1 9 7 6
3) E X P E R I M E N T A L  T H E R M O D Y N A M I C  P A R A M E T E R S  F O R  T H E  P R E D I C T I O N  O FN A T U R A L  G A S  H Y D R A T E S  D I S S O C I A T I O N  C O N D I T I O N S ,P . B. D H A M A W A R D H A N A ,  W . R .  P A R R I S H  & E . 0 .  S L O A N ,  I N D .  C H E M .  F U N D . ,  V O L  1 9  N O . 4, 1 9 8 0
4) E F F E C T S  O F  I N H I B I T O R S  O N  H Y D R A T E  F O R M A T I O N ,  P . O .  M E N T E N ,W . R .  P A R R I S H  & E . D .  S L O A N ,  I N D .  E N G .  C H E M .  P R O C E S S  D E S .  D E V E L O P . ,  V O L  20 N O .  2, 1 9 8 1
5) P R E D I C T I O N  OF T E R N A R Y  V A P O R - L I Q U I D  E Q U I L I B R I A  F R O M  B I N A R YD A T A ,  M . J .  H O L M E S  & M. V A N  « I N K L E ,  I N D .  E N G .  C H E M I S T R Y ,V O L  62 N O .  1, 1 9 7 0
6) L O W  - P R E S S U R E  S O L U B I L I T Y  O F  G A S E S  IN L I Q U I D  W A T E R ,E. W I L H E L M ,  R. 3 A Î T I N Q ,  R . J .  W I L C O C K ,  C H E M I C A L  R E V I E W S ,1 9 7 7 ,  V O L .  7 7 ,  N O .  2

T H I S  C O M P U T E R  P R O G R A M  P R E D I C T  F O R M A T I O N  P R E S S U R E  F O R  H Y D R A T E S  G I V E N  A T E M P E R A T U R E  A N D  A F I R S T  G U E S S  F O R  P R E S S U R E .

D I M E N S I O N  C L ( 4 , 1 G ) , P H I ( 1 0 ) , Y ( 1 0 ) , D M U ( 2 ) ,1 " E P ( 1 0 ) , S I G P ( 1 0 ) , C P ( 1 0 ) , C B ( 4 , 1 0 ) ,2 T C ( 1 0 ) , P C ( 1 0 ) , V C ( 1 0 ) , W ( 1 0 ) / S 0 1 ( 1 0 ) , S 0 2 ( 1 0 ) , S Q 3 ( 1 0 ) , S 0 4 ( 1 0 ),3 D ( 2 ) , V U ( 2 ) , V L ( 2 . ) , V 1 ( 1 0 > , V 2 ( 1 0 ) , V 3 ( 1 Q ) , T 1 ( 1 Q ) , T 2 ( 1 0 ) , T 3 ( 1 0 ) ,4 A 3 ( 1 0 ) , B 3 ( 1 0 ) , C 3 ( 1 0 ) , A 2 ( 1 0 ) , B 2 < 1 0 ) / A V L ( 1 0 ) , P A I N ( 1 0 , 1 0 ) , X ( 1 0 ) ,5 X L A M D A ( 1 0 ) , G A M M A ( 1 0 ) , T E R M 1 { 1 0 ) , T E R M 2 ( 1 0 ) , T E R M 3 ( 1 0 ) / T E R M 4 ( 1 0 ) ,
6 ACTC(IO)

C O M M O N  N H Y
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C O M M O N V L À N D A T / E P / S I G P / C P / C B  C O M M O M / W I L D A T / V 1 , V 2 , V 3 z T 1 / T 2 / T 3 z P A I N  C O M M O N / P E N D A T / T C , P C / V C / W C O M M O N / A C T D A T / S O I ,  S 0 2 ,  S 0 3 ,  S 0 4CCC T H E  S T A T E M E N T S  S T A R T I N G  A T  L I N E  T O  L I N EC A L L O W  T H E  I N P U T  O F  A L L  T H E  N E C E S S A R Y  D A T AC F O R  R U N N I N G  T H E  P R O G R A M .CCC
c W R I T E  ( 4 , 9 0 1 )9 0 1  F O R M A T ( * 0 * , 2 X , ' D O  Y O U  W A N T  T H E  R E S U L T S  T O  B E  S T O R E D  IN1 ' A D A T A  F I L E  ? V 5 X , ' <  D A T A  F I L E  N A M E  =  F O R 1 0 . D A T  ) ' )R E A D  ( 4 , 9 0 2 )  I A N S 19 0 2  F O R M A T ( A 3 )C W R I T E  ( 4 , 9 0 3 )9 0 3  F O R M A T ( ' O ' , 2 X , ' W H A T  K I N D  O F  C O N V E R G E N C Y  M E T H O D  D O  Y O U  W A N T  ? ' ,1 / 8 X , ' (  S E C A N T  M E T H O D  : T Y P E  0 ) ' / 8 X , '( N E W T O N - R A P H S O N  :2 ' T Y P E  1 )')R E A D  ( 4 , 1 0 0 1 )  N RC W R I T E  ( 4 , 9 0 4 )9 0 4  F O R M A T (  ' 0 2 X , ' W H A T  IS T H E  V A L U E  O F  T H E  C O N V E R G E N C E  C R I T E R I A ' ,

1 '  ? ' )R E A D  ( 4 , 1 0 0 1 )  C CC W R I T E  ( 4 , 9 0 5 )9 0 5  F O R M A T  ( ' 0 ' , 2 X , ' W H A T  P R E S S U R E  I N C R E M E N T  IS T O  B E  U S E D  ? ' )R E A D  ( 4 , 1 0 0 1 )  P I N C XC
W R I T E  ( 4 , 9 0 0 )9 0 0  F O R M A T (  ' 0 ' , 2 X , '  H O W  M A N Y  D A T A  P O I N T S  D O  Y O U  W A N T  T O  E S T I M A T E  ? ' )R E A D ( 4 , 1 0 0 1 )  NN 1 0 0 1  F O R M A T ( G)C W'RITE( 4 , 1 0 0 9 )1 0 0 9  F Q R M A T ( ' 0 ' , 2 X , ' W H A T  S T R U C T U R E  IS E X P E C T E D  T O  F O R M  ? ' )R E A D  ( 4 , 1 0 0 1 )  N H YC
a R I T E  ( 4 , 1 0 0 0 )1 0 0 0  F O R M A T ( ' 0 ' , 2 X , ' W H A T  A R E  T H E  G A S  P H A S E  C O M P O N E N T S  ? ' / 7 X ,1 ' M E T H A N E  =  l ' / 7 X , ' E T H A N E  =  2 ' / 7 X , ' P R O P A N E  = 3 ' / 7 X ,2 ' N - B U T A N S  =  4 ' / 7 X , ' I - B U T A N E  = 5 ' / 7 X , ' P E N T A N S  = 6 ' / 7 X ,3 ' N I T R O G E N  = 7 ' / 7 X , ' C A R B O N  D I O X I D E  = 8 ' / 7 X ,4 ' H Y D R O G E N  S U L F I D E  = 9 ' )R E A D  ( 4 , 1 0 0 1 )  N C O M P
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C * R I T E  ( 4 , 1 0 0 4 )1 0 0 4  F Q R M A T C ' 0 V 2 X ,  ' H O W  M A N Y  C O M P O N E N T S  I N  T H E  L I Q U I D  P H A S E  ? ' )  R E A D  ( 4 , 1 0 0 1 )  N C O M P LCC I F  ( N C O M P L  . S Q .  1) G O  T O  9 9CC * R I T E  ( 4 , 1 0 0 6 )1 0 0 6  F O R M A T ( * 0 * , 2 X , ' W H A T  A R E  T H E  L I Q U I D  M O L E  F R A C T I O N S  ? * / 7 X ,1 ' X ( l )  = M E T H A N O L V 7 X , #X ( 2 )  = W A T E R " )R E A D  ( 4 , 1 0 0 5 )  X ( 1 ) , X ( 2 )1 0 0 5  F O R M A T ( 2 G )CCCCC
cC S T A R T I N G  P O I N T  F O R  T H E  C A L C U L A T I O N S  O F  T H EC D I S S O C I A T I O N  P R E S S U R E  O F  H Y D R A T E S .C
c 
c 99 D O  1 I X = 1 , N NC I F  ( I X  . £ Q .  1) G O  T O  1 0 0  W R I T E  ( 4 , 1 0 1 0 )1 0 1 0  F O R M A T  ( " 0  " , 2 X , " H A V E  T H E  G A S  M O L E  F R A C T I O N S  C H A N G E D  ? " )  R E A D  ( 4 , 9 0 2 )  I A N S 2C IF ( I A N S 2  . E Q .  " N O "  ) G O  T O  1 0 11 0 0  a R I T E  ( 4 , 1 0 0 2 )1 0 0 2  F O R M A T ( " 0 " , 2 X , " W H A T  A R E  T H E  G A S  P H A S E  M O L E  F R A C T I O N S  ? " )  R E A D  ( 4 , 1 0 0 3 )  Y ( 1 ) , Y ( 2 ) , Y ( 3 ) , Y ( 4 ) , Y ( 5 ) Z Y ( 6 ) , Y ( 7 ) , ¥ ( 3 ) , Y ( 9 )1 0 0 3  F O R M A T ( 9 G )C 1 0 1  IF ( I X  . EQ. 1 . O R .  N C O M P L  . E Q .  1 ) G O  T O  1 0 2  W R I T E  ( 4 , 1 0 1 1 )1 0 1 1  F O R M A T  ( "0 " , 2 X , " H A V E  T H E  L I Q U I D  M O L E  F R A C T I O N S  C H A N G E D  ? " )  R E A D  ( 4 , 9 0 2 )  I A N  S3C I F  ( I A N S 3  . E Q .  " N O "  ) G O  T O  1 0 2C W R I T S  ( 4 , 1 0 0 6 )R E A D  ( 4 , 1 0 0 5 )  X ( l )  , X ( 2 )CC 1 0 2  W R I T E  ( 4 , 1 0 0 7 )1 0 0  7 F G R M A T (  "0 " , 2 X , " W H A T  A R E  T H E  D I S S O C I A T I O N  T E M P E R A T U R E  & " /
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1 2 X , ' T H E  F I R S T  G U E S S  F O R  T H E  D I S S O C I A T I O N  P R E S S U R E  ? ' )R E A D  ( 4 , 1 0 0 5 )  î , PCC S U B R O U T I N E  D A T A  S T O R E S  S O M E  O F  T H E  P H Y S I C A LC P R O P E R T I E S  O F  T H E  D I F F E R E N T  C O M P O N E N T SC P R E S E N T  I N  T H E  G A S  A N D  L I Q U I D  P H A S E S .CCCC C A L L  D A T ACC D S = .  0 N G = N G + 1  N S F = 0  C N R = 0
NEWPT=0P E X = PF = P / 1 4 . 6 9 6I = ( T - 3 2 . ) * 5 . / 9 . + 2 7 3 . 1 55 3 0  C O N T I N U ECC C A L L  L A N G ( T , C L , N C O M P )C

c C L ( 4 , 4 ) = 4 . 0  4 0 8 1 5 / T * £ 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 C 4 4 / T )CC I F  ( N C O M P L  . G T . l )  C A L L  W I L S O N  ( N C O M P L , X , T , A C T I )C IF ( N C O M P L  . E Q .  1) C A L L  A C T  ( T, A C T I 2 ,  N C O M P , Y )C
c W R I T S  ( 4 , 4 2 )42 F Q R M A T ( #0 ' , 6 X , ' T E M P E R A T U R E # , 3 X , ' E X P .  P R E S S U R E ' , 6 X ,1 ' E S T .  P R E S S U R E ' )CH i  C O N T I N U ECCCC D O  6 6 0  K = l , 2CC1 1 2  C A L L  P E N G ( T , P , N C O M P , Y , P H I )C C A L L  A M U C ( T , P , A M U )
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CC I F ( N H Y . G Î . l )  G O  T O  18CC D O  1 7  1 = 1 , N C O M P  I F ( Y ( I ) « E Q . . O )  G O  T O  6 1 0  C S M L = C L ( 1 , 1 ) * P H I ( I )  C S M L S = C S M L S + C S M L  C L G = C L C 2 , I ) * P H I ( I )C L G S = C L G + C L G S  6 1 0  C O N T I N U E  C C17  C O N T I N U EA M l = 2 . * A L O G ( l . + C S M L S ) / 4 6 .A M 2 = 6 e * A L O G ( l . + C L G S ) / 4 6 .CC IF ( N C O M P L  . E Q .  1) A C T I  = A C T I 2CC 'D M C A L = ( A M 1 + A M 2 ) * 1 • 9 8 7 * T + A C T I  C S M L S = . 0  C L G S = . 0 G O  T O  20CC1 9  D O  19 1 = 1 , N C O M PI F ( Y ( I ) . E Q . . O )  G O  T O  6 2 0  C S ; i L = C L ( 3 , I ) * P H I ( I )C S M L  S =  C S ML S + C  S M L  C L G = C L ( 4 , I ) * P H I ( I )C L G S = C L G + C L G S  6 2 0  C O N T I N U E  C C1 9  C O N T I N U E  A M 1 = 1 6 . * A L 0 G ( 1 . + C S M L S ) / 1 3 6 .  A M 2 = 8 . * A L 0 G ( 1 . + C L G S ) / 1 3 6 .D M C  A L = ( A M I + A M 2 ) * 1 . 9 8 7  * T + A C T I  C S M L S = . 0C L G S = . 020 D E L = A M U - D M C A L  I F ( N R . E Q . l )  G O  T O  7 0 26 9 4  C O N T I N U E  D ( K ) = D E L  6 6 2  D P S = A B S ( D E L ) * 1 0 0 , / A M U  I F ( D P S . L T . C C )  G O  T O  80  P = P + P I N C X  6 6 0  C O N T I N U E
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CCC C O N V E R G E N C E  B Y  S E C A N T  M E T H O D  C.C D P S = ( D E L / A M U * 1 0 0 )1 F ( A B S ( D P S ) , L T . C C )  G O  T O  80 N E W P T = N E W P T + 1  I F ( N E W P T . E Q . l )  G O  T O  8 0 0  N T £ S T = D S / A B S ( D S ) + D E L / A B S ( D E L )I F ( N T E 3 T . E Q . O )  G O  T O  7 0 2  I F ( A B S ( D E L ) , G T . A B S ( D S ) ) G O  T O  7 0 3  8 0 0  P S = PD S = D E LP = P - D E L / ( ( D ( 2 ) - D ( 1 ) ) / P I N C X )
K=CCC G O  T O  1 1 1CC80  T = ( T - 2 7 3 . 1 5 ) * 9 . / 5 . + 3 2 .f = P * 1 4 . 6 9 6D P S U M = D P S U M + A B S ( P E X - P )C * R I T E ( 4 , 4 3 ) T / P E X / P 43 F O R M A T ( 1 X / 3 ( F 1 5 « 3 , X ) )C T S 1  =  ( T - 3 2 . )  * 5 . / 9 .  + 2 7 3 . 1 5  P E X S I  = P E X  * 6 . 8 9 4 7 5 7 2 9 3  P S I  = P '* 6 . 8 9 4 7 5 7 2 9 3C I F  ( I A N S I  . E Q .  ' Y E S '  ) W R I T E  ( 1 0 , 4 2 )IF ( I A N S 1  . E Q .  ' Y E S '  ) W R I T E  ( 1 0 , 4 3 )  T S I  , P E X S I  , P S ICC7 K = 0N - 0  C i\R=0
NC1=0 N U  1=0 N U M = 0N U = 0 N R C = 0C1 C O N T I N U EC C C P D M N = D P S U M / N NW R I T E ( 4 , 3 4 ) P D M H
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3 4  F O R M A T ( 1 X / F 1 C # 2 )S T O PC
cC C O N V E R G E N C E  B Y  N E W T O N - R A P H S O N  M E T H O D .CC7 0 2  C O N T I N U E  D E L = A M U - D M C A L  D P S = A B S ( D E L ) * 1 0 0 . / A M U  I F ( N R . E Q . l )  G O  T O  5151 I F ( D P S . L T . C C )  G O  T O  30 D S A V E = D E L5 2  F O R M A T ( 1 X / 2 ( F 1 0 . 3 / X ) )N R = 1N R C = 1 + N R CI F ( N R C . G T . l )  G O  T O  6 6 8  U 1 = D E L  U 2 = D S  U 3 = P  U 4 = ? S  G O  T O  6 9 0  6 6 3  U 2 = D E LU 4 = PN U M = D E L / A 3 S ( D E L )I F ( N U M ) 6 7 0 , 6 7 2 / 6 7 6  6 7 0  U 1 = A M A X 1 ( V U ( 1 ) , V U ( 2 ) )G O  T O  6 7 5  6 7 6  U 1 = A M I N 1 ( V U ( 1 ) , V U ( 2 ) )G O  T O  6 7 5  6 7 2  'a R I T E C  4 , 6 8 1  )6 8 1  F O R M A T C 1 X , ' C H E C K  C O N V E R G E N C E ' )S T O PCC6 7 5  C O N T I N U ED O  6 8 2  1 1 = 1 , 2I F ( U l . E Q . V U U I ) )  U 3 = V L ( I I )6 8 2  C O N T I N U E6 9 0  P = ( U 1 * U 4 - U 2 * U 3 ) / ( U 1 - U 2 )V U ( 1 ) = U 1V U ( 2 ) = U 2V L ( 1 ) = U 3V L ( 2 ) = U 4CC G O  T O  1 1 1CC7 0 3  T = ( T - 2 7 3 . 1 5 ) * 9 . / 5 . + 3 2 .P = P S * 1 4 . 6 9 6
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C

C

CC

116

w R I T E  ( 4 , 4 2 )  w R I T E ( 4 , 4 3 ) T , P E X , P
I S I  = ( T - 3 2 . )  * S . / 9 .  +  2 7 3 . 1 5  P E X S I  = P E X  * 6 . 8 9 4 7 5 7 2 9 3  F S I  = P * 6 . 8 9 4 7 5 7 2 9 3
IF ( I À N S 1  . E Q .  ' Y E S '  ) W R I T E  ( 1 0 , 4 2 )IF ( I A N S I  . E Q .  ' Y E S '  ) W R I T E  ( 1 0 , 4 3 )  T S I  , P E X S I  , P S I

G O  T O  7S T O PE N D



T-2461 117

SUBROUTINE AMUC(Î/P,DMU2)CC S U B R O U T I N E  A M U C  C A L C U L A T E S  D E L T A M U  U S I N G  I T S  T O T A LC D I F F E R E N T I A L ,CCC C O M M O N  N H YCCC P R ( X ) = E X P ( A R + B R / X + C R * A L O G ( X ) )V I N T = 0 . 0  V I N T 1 = 0 , Û  
VINT2=0,0  1 0  F 0 R M A T C 3 F )I F ( N H Y . G T . l )  G O  T O  20 C C A L C U L A T E  S T R U C T U R E  I P R O P E R T I E SV - 6 , / 4 6 ,G O  T O  30C C A L C U L A T E  S T R U C T U R E  II P R O P E R T I E S20 V = 8 , / 1 3 6 ,30 C O N T I N U EI F ( N H Y , G T , 1) G O  T O  60 C C A L C U L A T E  S T R U C T U R E  I P R O P E R T I E SÀ R = - 1 2 1 2 . 2  B R = 4 4 3 4 4 , 0 C R = 1 S 7 • 7 1 9  D V = 4 . 5 9 81 F ( T , L T . 2 7 3 . 1 5 ) D V = 3 .D H = 3 3 2 .Ü M = 3 1 0 ,G O  T O  70C C A L C U L A T E  S T R U C T U R E  II  P R O P E R T I E S60  A R = - 1 0 2 3 . 1 4B R = 3 4 9 8 4 , 3  C R = 1 5 9 . 9 2 3  0 7 = 4 , 9 9 8I F C T . L T . 2 7 3 , 1 5 ) 0 7 = 3 . 4  D H = 2 4 5 ,D M = 2 2 4 .7 0  ï 0 = 2 7 3 . 1 5CCC . C A L C U L A T E  M U O / R T O  A T  P O , T OÛ M U O = ( D K + D V * P R ( T O ) * . 0 2 4 2 1 5 2 ) / ( 1 . 9 8 7 * T O )C •CC C A L C U L A T E  E N T H A L P Y  I N T E G R A LHIiNT = ( l . / 1 . 9 8 7 ) * ( D H * ( l . / T - l . / T ü )  +  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 0 ) - . 0 2 1 1 6 3 * ( T - T 0 ) )
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I F C T . L T . 2 7 3 . 1 5 )  H I N T = 1 . * D H * ( l . / T - l . / 2 7 3 . 1 5 ) / 1 . 9 8 7CCC C A L C U L A T E  V O L U M E  I N T E G R A LN = A 8 S ( 2 7 3 . 1 5 - T )D O  40 1 = 1 , N + l  D T s l .T I = T I + D T  I F ( I . E Q . 1 ) T I = T 0  D P R D T = ( ( - 3 R / T I + C R ) / T I ) * P R ( T I )  V I N T l = ( D P R D T / T I ) * ( D V / 8 2 . 0 5 6 )  V I N T = . 5 * ( V I N T 1 + V I N T 2 ) + D T * V I N T  V I N T 2 = V I N T 1  40 C O N T I N U EI F ( T . L T . 2 7 3 . 1 5 ) V I M T = - V I N T  D M P R = ( U M U O + H I N T + V I N T ) * 1 . 9 8 7 * T  1 1 5  F O R M A T ( I X , F I S . 2)D M U 2 = D M P R * D V * ' . 0 2 4 2 1 5 2 * ( P - P R ( T ) )R E T U R NE N D

118
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SUBROUTINE LANG<T/CL,NCOMP)CC S U B R O U T I N E  L A N G  C A L C U L A T E S  T H E  L A G M U I R  C O N S T A N T  U S I N GC K I Ü A R A  P A R A M E T E R S .CC 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 )CC C O M M O N / L Â N D A T / E P / S I G P / C P / C BCC N P T = 1 0N P = 5CC D A T A ( X ( J ) Z 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 /D A T A  ( 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 . /D A T A  P I , B K / 3 . 1 4 1 6 , 1 . 3 8 0 4 8 - 1 6 /CC D O  2 2  J = l , N P  X ( J ) ~ - X ( N P T - J + 1 )* T ( J ) = W T ( N P T - J + 1 )2 2  C O N T I N U E
Ü B L O N = 0D O  5 J = l , N C O M P  C O  1 1 = 1 , 4  1 C L ( I , J ) = . 0C = C P ( J )E K = S P ( J )E C = E P ( J ) * B K  R C = S I G P ( J ) * 1 . 1 2 2 4 6 2  D O  5 1 = 1 , 41 F  ( C B ( I , J ) . L T . l . )  G O  T O  5 R C A = R C / A ( I )C A = C / A ( I )C N E W T O N  R A P S O N  M E T H O D  F O R  F I N D I N G  L I M I T S  , Y LC F I R S T  G U E S S  S = . 4S = .4R C A 6 - R C A * * 6  R C A 1 2 = R C A * * 1 2  D O  2 N s i , 20IF ( S . G T . 1 . 0 . O R . S . L E . 0 . 0 )  G O  T O  6 U M = 1 . / ( 1 . - S - C A )



O 
CU 

N
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U P = l . / ( l . + S - C A )U M 5 = U M * * 5  U P 5 = U P * * 5  D A 4 = Ü M 5 + Ü P 5  D 4 5 = U M 5 * U M + U P 5 * U P  D B 6 = D A 4 + C A * D A 5  
UM11=UM**11 Ü P 1 1 - U P * * ! !D A 1 0 = U H 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  C 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  3 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  6 6 = A 4 / 4 . + C A * A 5 / 5 .  B = R C A 1 2 * B 1 2 - 2 . * R C A 6 * 3 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 YI F ( A B S ( ( D S - S ) / D S ) . L T . 0 . 0 1 )  G O  T O  3S = D S  % L = SG A U S S I A N  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 = . 0D O  4 N = 1 / N P T  Y = Y L * ( X ( N ) + l . ) / 2 .U P = i * / ( 1 • + Y - C A )U M = 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 l l = U M * * l i  A 1 0 = U M 1 1 / U M - U P 1 1 / U P  A l i = U M l l - U P l l  6 1 2 = ( . 1 * A 1 0 + C A * A 1 1 / 1 1 . )  B = R C A 1 2 * 8 1 2 - 2 » * R C A 6 * B 6  W = Z ( I ) * E K / ( 2 , * Y * T ) * B4 S Q = S Q + E X P ( - W ) * Y * * 2 * W T ( N )  C L ( I , J ) = P * S Q2 7 0  F O R M A T ( I X / 4 ( F 1 0 • 5 , X ) )5 C O N T I N U E  R E T U R N6 K B L O W = 2  W R I T E ( 4 , 7 )
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7 F O R M A T ( I X / ' P R O B L E M  B L O W  U P ' )R E T U R N  E N D
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SUBROUTINE PENG(TzP,NCOMP,YZPHI)
S U B R O U T I N E  P E N G  C A L C U L A T E S  T H E  F U G A C 1 T Y  OF  A  M I X T U R E  OF G A S E S  U S I N G  T H E  P E N G  - R O B I N S O N  E Q U A T I O N .
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 ( 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 )  .

COMMON/PENDAT/TC,PC,VC,W

D A T A  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 C 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 = 8 2 . 0 5 6  I D = - 1
C D O  97 1 = 1 , N C O M P  D O  97  J = l , N C O M PC G ( J , I ) = C G ( I , J )A ( I , J ) = . 0  A M = .  0 B M = . 0  B ( I )  = .0 A K ( I ) = . 0  97  C O N T I N U ED O  1 1 = 1 , N C O M P  T R ( I ) = T / T C ( I )I F ( Y ( I ) . E Q . .0) G O  T O  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 )3 ( 1 ) = . 0 7 7 8 * R * T C ( I ) / P C ( I )A K ( I ) = . 3 7 4 6 4 + 1 . 5 4 2 2 6 * W ( I ) - . 2 6 9 9 2 * W ( I ) » * 2A K ( I ) = ( 1 . + A K ( I ) * ( 1 . - S Q R T ( T R ( I ) ) ) ) * * 2A ( I , I ) = A K ( I ) * A ( I , I )1 4 9  C O N T I N U E1 C O N T I N U ED O  2 1 = 1 , N C O M PD O  2 J = l , N C O M PI F ( Y ( J ) . E Q . . 0 )  G O  T O  1 4 51 F ( Y ( I ) . E Q . . 0 )  G O  T O  1 4 5A ( I , J ) = ( 1 . - C G ( I , J ) ) * S Q R T ( A ( I , I ) * A ( J , J ) )1 4 5  C O N T I N U E2 C O N T I N U ED O  4 1 = 1 , N C O M P  I F ( Y ( I ) . L E . . O )  G O  T O  41
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41 C O N T I N U EB M = B M + B ( I ) * Y ( I )4 C O N T I N U ED O  7 5  1 = 1 , N C O M P
AK( I ) =•0  7 5  C O N T I N U ED O  3 J = l , N C O M P  D O  3 1 = 1 , N C O M P  I F ( Y ( I ) . E Q . . O )  G O  T O  1 4 8  I F ( Y ( J ) . S Q . . O )  G O  T O  1 4 8  A K ( J ) = Y ( I ) * A < I , J ) + À K ( J )1 4 8  C O N T I N U E  3 C O N T I N U ED O  6 J = l , N C O M P  A K ( J ) = 2 . * A K ( J )6 C O N T I N U ED O  5 1 = 1 , N C O M P  D O  5 J = l , N C O M PA M = A M + Y ( I ) * Y ( J ) * A ( I , J )5 C O N T I N U EC A L L  V C U B E ( A M , B M , P , R , T , V , Z , I D )A B = A M * P / ( R * T ) * * 2
B8=BM*P/(R*T)D O  62 1 = 1 , N C O M PI F ( Y ( I ) . E Q . . O )  G O  T O  61À l = 8 ( I ) * ( Z - l . ) / B MA 2 = À L O G (Z-B3)A 3 = A a / ( 2 * S Q R T ( 2 . ) * B 3 )A 4 = A K ( I ) / A M - 3 ( I ) / B MA 5 = A L O G ( ( Z + 2 . 4 1 4 * B B ) / ( Z - . 4 1 4 * 8 8 ) )P H 1 ( I ) = A 1 - A 2 - A 3 * A 4 * A 5P H I ( I ) = E X P ( P H I ( I ) )P t i I ( I ) = P H I ( I ) * Y ( I ) * P61 C O N T I N U E6 2  C O N T I N U E  R E T U R N  E N D



O 
O 

o 
o
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SUBROUTINE VCUBS(A/B,P/R,T,V/Z/ID)
S U B R O U T I N E  V C U B E  S O L V E S  A T H I R D  D E G R E E  E Q U A T I O N

D = B - R * T / PE = - ( 3 . * B * B + 2 . * R * T * B / P - A / P )F = B * B * B + ( R * T * B * B - A * B ) / PG = ( 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 S . O . )  G O  T O  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 Z 4 . )  I F ( S ) 5 , 6 , 65 S = - ( ( - S ) * * ( l . / 3 . ) )G O  T O  76 S = ( S ) * * ( l . / 3 . )7 I F ( T T ) 8 , 9 , 93 T T = - ( - T T ) * * ( l . / 3 . )G O  T O  1 5  9 Î T = ( T T ) * * ( l . / 3 .  )C S I N G L E  R E A L  R O O T15 V = S + T T - D / 3 .G O  T O  4010 T H E T A  = ( À 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 0 S C T H E T A + 2 . 0 9 4 4 )  V 3 = 2 . * S Q R T ( - G / 3 . ) * C 0 S ( T H E T A + 4 . 1 8 8 3 )I F ( I D ) 2 0 , 3 0 / 3 0  C T A K E  L A R G E S T  V F O R  V A P O R20 V = A M A X 1 ( V 1 / V 2 , V 3 ) - D / 3 .G O  T O  40C T A K E  S M A L L E S T  V F O R  L I Q U I D30 V = A M I N l ( V l , V 2 , V 3 ) - D / 3 .4 0 Z = P * V / ( R * T )
RETURN
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SUBROUTINE ACT (T, ACTI2, NCOMP, Y)
SUBROUTINE ACT CALCULATES THE ACTIVITY COEFFICENT 
OF tfATER IN THE ABSCEHCE OF AN INHIBITOR.

DIMENSION S 0 1 ( 1 0 ) ,S 0 2 ( 1 0 ) ,S 0 3 (1 0 ) ,S 0 4 (1 0 ) ,X ( 1 0 ) ,
1 Y (10 )

COMMON/ACTDAT/ SOI, S02, 503, S04

D O  1 1 = 1  , N C O M P
IF ( I . E Q .  6 ) G O  T O  2
X ( I )  =  S O l ( I )  + S 0 2 ( I ) / T  +  S U 3 ( I ) * A L O G ( T )  ♦ S 0 4 ( I ) * T
X ( l )  =  E X P ( X ( I ) / l . 9 8 7 2 )
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 . 0
C O N T I N U E
X K  = 1. -  X S U MC A C T 12 = 1 . 9 8 7 2  * T * A L O G ( X S )C X S U M  = 0 . 0C I F  ( T . L T .  2 7 3 . 1 5  ) A C T I 2  = 0 . 0C R E T U R N
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SUBROUTINE WILSON (NCOMPL,X,T,ACTI)

T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  A C T I V I T Y  C O E F F I C E N T  U S I N G  W I L S O N ' S  E Q U A T I O N

D I M E N S I O N  V 1 ( 1 0 ) , V 2 ( 1 C ) / V 3 ( 1 0 ) , T 1 ( 1 0 ) / T 2 ( 1 0 ) , T 3 ( 1 0 ) ,1 A 3 ( 1 0 ) / B 3 ( 1 0 ) / C 3 ( 1 0 ) / A 2 ( 1 0 ) / B 2 ( 1 0 ) / A V L ( 1 0 ) Z P A I N ( 1 0 / I 0 ) /2 X ( 1 0 ) / X L A M D A ( 1 0 / 1 0 ) Z G A M M A ( 1 0 ) / T S R M 1 ( 1 0 ) , T E R M 2 ( 1 0 ) , T E R N 3 ( 1 0 ) ,3 T E R M 4 ( 1 0 ) Z A C T C ( 1 0 )

C O M M O N / W I L D A T / V I Z V 2 Z V 3 Z T 1 Z T 2 Z T 3 Z P A I N
S U M X  =  0 . 0
D O  1 2 1  I = l z N C O M P L  S U M X  =  S U M X  + X ( l )C O N T I N U E

DO 111  1=1 ,  NCOMPL
i F  ( V3 ( I ) . L E .  0 . 0  ) GO TO 1 00 0
T E R M l ( l )  = ( T 3 ( I ) - T 1 ( ! ) ) * ( V 2 ( 1 ) - V 1 ( I ) )
T E R M 2 ( I  ) = ( V 3 ( I ) - V 1 ( I ) ) * ( T 2 ( I ) - T 1 ( I ) )
T E R M 3 ( I ) = ( T 2 ( I ) * , 2 . - T 1 ( I ) * * 2 . ) * ( T 3 ( I ) - T 1 ( I ) )
T E R M 4 ( I )  = ( T 3 ( I ) * * 2 . - T 1 ( I ) * * 2 . ) * ( T 2 ( I ) - T 1 ( I ) )

C
C 3 ( I )  = ( T E R M 1 C I ) - T E R M 2 ( I ) ) / ( T E R M 3 ( I ) - T E R M 4 ( I ) )
B 3 ( I )  = ( ( V 2 ( I ) - V 1 ( I ) ) - ( C 3 ( I ) * ( T 2 ( I ) * * 2 . - T 1 ( I ) , * 2 . ) ) ) /

1 ( T 2 ( I ) - T 1 ( D )
A 3 ( I ) = V 1 ( I )  -  B 3 ( I ) * T 1 ( I )  -  C 3 ( I ) * ( T 1 ( I ) * * 2 . )

C
C

GO TO 1 0 0 1
c

1 0 0 0  I F  ( V 2 ( I ) . L E .  0 . 0 )  GO TO 1 0 0 3
C

8 2 ( 1 )  = ( V 2 ( I ) - V 1 ( I ) ) / ( T 2 ( I ) - T 1 ( I ) )
A 2 ( I )  = V K I )  -  B 2 ( I ) * T 1 ( I )

C
1 0 0 1  I F  ( V 3 ( I )  . L E .  0 . 0 )  A V L ( I )  = A 2 ( I )  t  B 2 ( I ) * T

I F  ( V 3 ( I )  . G T .  0 . 0 )  A V L ( I )  = A 3 ( I )  ♦ B 3 ( I ) « T  ♦  C 3 ( I ) * ( T * * 2 . )
C

GO TO 111
C

1 0 0 3  A V L ( I )  = V 1 ( I )
C
1 1 1  CONTINUE 
C
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C
C

DO 113  1=1 ,  NCOMPL P A l î U I / I )  = 0 . 0  
11 8  CONTINUE
C

DO 1 22  1 = 1 / NCOMPL 
DO 123  J = 1  ,  NCOMPL
X L A M D A C I / J )  = ( A V L ( J ) / A V L ( I ) ) * E X P ( - P A I N ( 1 / J ) / ( 1 . 9 8 7 2 * T ) )

1 2 3  CONTINUE 
1 2 2  CONTINUE 
C

DO 1 1 4  1=1 ,  NCOMPL 
X L SUM = 0 . 0  
XSUM1 = 0 . 0  
DO 1 1 5  J = 1  ,  NCOMPL

C
XLSUM = XLSUM + X ( J ) * X L A M D A ( I z J )
XSUM2 = 0 . 0

C
DO 116  M=1 z NCOMPL
XSUM2 = XSUM2 + X ( M ) * X L A M D A ( J z M)

1 1 5  CONTINUS 
C

XSUM1 = XSUM1 + ( X ( J ) * X L A M D A ( J Z I ) ) / X S U M 2  
1 1 5  CONTINUE 
C

XLSUM = XLSUM/SUMX
C

GAMMACI) = E X P ( 1 •  -  XSUM1) / XLSUM
C
C

A C T C ( I )  = GAMMACI) *  X ( I )
C
C
114 CONTINUE
C
C

ACTI  = 1 . 9 8 7 2  *  T *  A L Q G ( A C T C ( 2 ) )
C
C

RETURN
END
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SUBROUTINE data
SUBROUTINE DATA STORES ALL THE VALUES OF THE 
D IFFERENT PARAMETERS & CONSTANT NEEDED 
THROUGHOUT THE PROGRAM.

THE VARIABLES ARE STORE IN  SUCH A WAY 
THAT FOR EACH COMPOUNP ALL THE VALUES 
ARE L I S T E D .

DIMENSION B P ( 1 0 ) , S I G P ( 1 0 ) , C P ( 1 0 ) , C B ( 4 , 1 0 ) , V 1 ( 1 0 ) ,
1 V 2 ( 1 0 ) , V 3 ( 1 0 ) , T l ( 1 0 ) / T 2 ( 1 0 ) / T 3 ( 1 0 ) / P A I N ( 1 0 , 1 0 ) / T C ( l û ) /
2 P C ( 1 C ) , V C ( 1 0 ) / K ( 1 0 ) / S 0 1 ( 1 0 ) , S 0 2 ( 1 C ) , S 0 3 ( 1 0 ) , S 0 4 ( 1 0 )

COMMON NHY
C O M M ON /LANDAT/BP ,S ï G P , CP,CB 
C O M M O N / W I L D A T / V I , V 2 , V 3 , T 1 , T 2 , T 3 , P A I N  
COmM O N /P E N D A T /T C ,P C ,V C ,W  
COMMON/ACTDAT/ S O I ,  S 0 2 ,  S Q 3 ,  S04

1 )  METHANE.

DATA E P ( 1 ) , S I G P ( 1 ) , C P ( 1 ) / 1 5 6 . 7 2 , 3 . 2 0 3 0 , . 3 3 3 4 /
DATA C 3 ( l , l ) , C B ( 2 , l ) , C 3 ( 3 , l ) , C 3 ( 4 , l ) / 2 0 . , 2 0 . , 2 0 . , 2 0 . /
DATA T C ( 1 ) , P C ( 1 ) , V C ( 1 ) , W ( 1 ) / 1 9 0 . 6 0 , 4 5 . 4 , 9 9 . 0 , . 0 0 8 /
DATA S D K l ) z S 0 2 ( l ) , S Q 3 ( l ) , S 0 4 ( l ) / - 3 6 5 . 1 8 3 , 1 8 1 0 6 . 7 , 4 9 . 7 5 5 4 ,  

1 - 0 . 0 0 0 2 8 5 0 3 3 /

2 )  ETHANE

DATA S P ( 2 ) , S I G P ( 2 ) , C P ( 2 ) / 1 7 7 . 0 1 , 3 . 2 4 4 4 , . 5 6 5 1 /
DATA C B ( 1 , 2 ) , C B ( 2 , 2 ) , C 3 ( 3 , 2 ) , C B ( 4 , 2 ) / 0 . 0 , 2 0 . , 0 . 0 , 2 0 . /  
DATA T C ( 2 ) , PC( 2 ) , VC( 2 ) , W (2 3 / 3 0 5 . 4 , 4 8 . 2 , 1 4 8 . 0 , . 0 9 8 /
DATA S 0 1 ( 2 ) , S 0 2 ( 2 ) , S 0 3 ( 2 ) , S 0 4 ( 2 ) / - 5 3 3 . 3 9 2 , 2 6 5 6 5 . , 7 4 . 6 2 4 ,  

1 - 0 . 0 0 4 5 7 3 1 3 /

3 )  PROPANE.

DATA S P ( 3 3 , S I G P ( 3 3 , C P ( 3 3 / 2 0 8 . 4 5 , 3 . 3 1 1 1 , . 6 5 0 2 /
DATA CD( 1 , 3 3 , CB( 2 , 3 3 , C 3 ( 3 , 3 3 , C B ( 4 , 3 3 / 0 . 0 , 0 . 0 , 0 . 0 , 2 0 . /  
DATA T C ( 3 3 , P C ( 3 3 , V C ( 3 3 , W ( 3 3 / 3 6 9 . 3 , 4 1 . 9 , 2 0 3 . , . 1 5 2 /
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DATA S ü l ( 3 ) , S 0 2 ( 3 ) , S 0 3 ( 3 ) , S 0 4 ( 3 ) / - 6 2 8 . 8 6 6 , 3 1 6 3 8 . 4 , 8 8 . 0 a 0 8 ,  
1 0. 0/

4 )  METHANOL.

DATA V l ( l ) / V 2 ( l ) , V 3 ( l ) / 3 9 . 5 5 6 , 4 4 . 8 7  4 / 5 7 . 9 3 9 /  
DATA T 1 ( 1 ) Z T 2 ( 1 ) , T 3 ( 1 ) / 2 7 3 . 1 5 , 3 7 3 s 1 5 , 4 7 3 . 1 5 /  
DATA P A I N ( 1 , 2 ) , P A I N ( 2 , 1 ) / 2 0 5 . 3 0 , 4 3 2 . 1 6 /

5 )  WATER.

DATA V I ( 2 ) , 7 2 ( 2 ) , V 3 ( 2 ) / I 3 . 0  6 0 , 1 8 . 2 7 3 , 1 8 . 8 4 4 /  
DATA T l ( 2 ) , T 2 ( 2 ) , T 3 ( 2 ) / 2 7 7 . 1 3 , 3 2 3 . 1 5 , 3 7 3 . 1 5 /

RETURN
END



T-2461 130

DIMENSION A M L ( 2 ) ,  8 M L ( 2 ) , C M L ( 2 ) , C L ( 4 / 1 0 ) / P H I < 1 0 ) / Y ( 1 0 ) ,
1 E P ( 1 0 ) , S I G P ( 1 0 ) ZC P( 1 0 ) ZC B ( 4 y 1 0 ) Z T C ( 1 C ) Z P C ( 1 0 ) ZV C ( 1 0 ) z
2 W(10)

C O M M ü iN /L À N O À T /E P /S IG P /C P /C B  
COiMMON/PEND A T / T C , P C ,  7C,W

C
C

PP.(X) = EXP( A R + B R /X + C R *A L O G (X )  )
5 WRITE ( 4 , 1 5 )
15  FORMAT( '  INPUT T IN  X ,  P I N  MMHG/X1 MOLE FRACT.OF MEüH , m 

1 "Y MOLE FRACTION OF C-C 3  ' )
READ ( 4 , 1 0 )  T , P ,  X I ,  Y ( 1 )10 F O R M A T ( 4 G )

C
P = P / 7 6 0 .

C
« R IT E  ( 4 , 1 6 )

16 FORMAT ( ' 0 ' / 2 X , '  INPUT PRESSURE INCREMENT & NO OF P O I N T S " ,
1 " TO BE PLOTTED ' )

C
READ ( 4 , 1 7 )  P INCX ,  H

17 FORMAT ( 2 G )
C
C wRITE ( 4 , 9 0 1 )
C 901  FORMAT ( " 0 " , 2 X , " PRESSURE ' , 8 X , '  G " ,  8 X , "  DMU1 " ,
C 1 S X , " DMU2 " )
C
C
C

WRITE ( 4 , 8 5 0 )
650  P O R M A T ( " 0 " , 2 X , "WHAT I S  THE VALUE OF NCOMP ? " / 5 X ,

1 " ( T Y P E  1 FOR M ETHANE)"  )
C

R E A D (4 , 8 5 1 )  NCOMP
651  FORMAT(G)
C

« R IT E  ( 4 , 3 5 2 )
852  FORMAT( " 0 " , 2 X , " D Û  YOU WANT TO USE THE S T A T .M E C H .M O D E L " ,

1 / , 3 X , " T O  CALCULATE THE LAMGMUIR CONSTANT ? " / 5 X ,
2 " ( TYPE 1 I F  SO ) ' )

C
READ ( 4 , 3 5 1 )  IAN S

C
WRITE ( 4 , 8 5 3 )

8 5 3  FORMAT( " 0 " , 2 X , " DO YOU WANT TO USE THE P -R  EQUATION " , / 3 X ,
1 'TO CALCULETA THE FUGACITY  ? " , / 5 X , " (  TYPE 1 I F  SO ) " )

C
READ ( 4 , 8 5 1 )  IA N S 1

C
c

I F  ( T .E Q .  0 . 0  ) GO TO 50
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X2 = 1 . 0  -  X I  

CALL DATA

STRUCTURE 1 PROPERTIES 
A M L ( l )  = . 0 0 2 7 7 1 1  
AMLC2) = . 0 1 4 8 6 5  
B M L ( l )  = 2 7 5 2 . 8 0 4 7
B M L ( 2 )  = 2 8 7 8 . 0 6 8 2

DO 9 0 0  I  = 1 , 2

C M L ( I )  = A M L ( I ) / T  *  E X P ( 8 M L ( I ) / T )

900  CONTINUE

I F  (  IAN'S . E Q .  1 ) CALL LANG (  T ,C L ,N C O M P )

WRITE ( 4 , 3 0 0 0 )  C M L (1 ) , C M L ( 2 ) , C L ( 1 , 1 ) , C L ( 2 , 1 )  
0 0 0  FORMAT( 4G)

DO 400 L = 1 ,  N

I F  ( 1 ANSI  . E Q .  1 )  CALL PENG ( T , P , N C O M P , Y , P H I )  
I F  ( I A N S 1  . E Q .  1 )  GO TO 9 99

CALCULATE FUGACITY  USING P IT Z E R  -  CURL CORRELATION
TCP = 1 9 0 . 6
TRP = T /  TCP
«P = . 0 0 7
PCP = 4 5 . 4
R = 8 2 . 0 5 6
S = ( . 0 3 3  -  . 4 2 2 / ( T R P * * 1 . 6 ) > W P * ( . 1 3 9 - . 1 7 2 / ( T R P * * 4 . 2 ) ) ) * R * T C P / P C P  
P H I ( l )  = E X P ( ( P * B ) / ( R * T ) )

CALCULATE A C T I V I T Y

9 9 9  VLH2 = 2 2 . 8 8 6 8  -  . 0 3 6 4 1 6 8  » T ♦ 6 . 8 5 5 7 8 E - 5  *  T * * 2 .  
VLET = 5 3 . 7 0 0 4  -  . 0 3 1 1 0 8  *  T + 1 . 6 0 0 E - 4  *  T * * 2 .

DE12 = V L H 2 / V L E T * E X P ( - 3 8 2 . 3 0 / ( 1 . 9 8 7 * T ) )
DE21 = V L E T / V L H 2 * E X P ( - 9 5 5 . 4 5 / ( 1 . 9 8 7 * 1 ) )
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GAMM = EXP ( - A L 0 G ( X 2 + D £ 2 1 * X 1 ) - X 1 * ( D E 1 2 / < X 1 + D E 1 2 * X 2 ) - D E 2 1  
1 / ( D £ 2 i * X l + X 2 ) ) )

A = X2 *  GAMM 
C I F  ( T . L T .  2 7 4 . 6 1 )  GO TO 60
C CALCULAT STRUCTURE 1 PROPERTIES

AR = - 1 2 1 2 . 2  
BR = 4 4 3 4 4 . 0  
CR = 1 8 7 . 7 1 9  
DY = 4 . 5 9 8  
DH = 3 3 2 . 0  
DM = 3 1 0 . 0  

70 10 = 2 7 3 . 1 5
C CALCULATEMUO/RTO AT PO & TO.

OMUO = ( D M + D V * P R ( T Q ) * . 0 2 4 2 1 5 2 ) / ( 1 . 9 8 7 * TO)
C CALCULATE ENTHALPY INTEGRAL
C

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 -
l l . / T û ) > 2 0 . 6 1 6 6 * A L O G ( ï / T Q ) - . 0 2 1 1 6 3 * ( T - T O ) )

CALCULATE VOLUME INTEGRAL

V I N T  = 0 . 0  V I N T 1  = 0 . 0  V I N T 2  =  0 . 0CC N = A 8 S ( 2 7 3 . 1 5 - T )D O  40 1 = 1 , N + l  D T = 1 .T I = T I + D T  I F ( I . S Q . 1 ) T I = T Ü  D P R D T = ( ( - B R / T I + C R ) / T I ) * P R ( T I )  V I N T l = ( D P R D T / T I ) * ( D V / 8 2 . 0 5 6 )  V I N T = . 5 * ( V I N T 1 + V I N T 2 ) + D T * V I N T  V I N T 2 = V I N T 1  40 C O N T I N U E  C C I F  ( I A N S  . E Q .  1) G O  T O  8 6 0C C S M L  = C M L ( l )  * P H I ( 1 )  * P * Y ( 1 ) C L G  =  C M L < 2 )  * P H I ( 1 )  * P * Y ( l )C G O  T O  8 6 1CC 8 6 0  C S M L  =  C L ( 1 , 1 )  * P H I ( l )  * P * Y ( l )  C L G  =  C L ( 2 , 1 ) * P H I (1) * P * Y (1)C
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8 6 1  AMI = 2 .  *  À L Û G ( 1 • + C S M L ) / 4 6 • 
AM2 = ô . *  ALOG ( l . + C L G ) / 4 6 .

D M P R = (D M U O + H IN T + V IN T ) * 1 . 9 8 7 * T  
CMU1 = 1 . 9 8 7 * T * ( ( A M 1 + A M 2 ) + A L 0 G ( A ) )  
DMU2 = D M P R > D V * .0 2 4 2 1 5 2 * ( P - P R ( T ) )
G = DMU2 -  DMÜ1
D I F F  = ABS ( G /DMÜ2)  *  1 0 0 .

WRITE ( 1 1 , 2 5 0 )  P ,  G ,  D I F F  , P H I ( 1 ) , A , D M U 1 , D M U 2  
FORMAT(7G)
P = P + P INCX

WRITE ( 1 1 , 2 0 0 0 )  P ,  DMU2 , D M P R , D M U 0 , H I N T , V IN T
. 2 0 0 0  F0RM AT(6G )

400  CONTINUE
C
C

GO TO 5
C
C

50 STUP 
END
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SUBROUTINE LÀNG(T/CL,NCOMP)

SUBROUTINE LANG CALCULATES THE LAGMUIR CONSTANT USING 
KIHARA PARAMETERS.

DIMENSION A ( 4 ) ZZ ( 4 ) / C B ( 4 / 1 0 ) / K S ( 1 0 ) , C L ( 4 , 1 Û ) ,  
1 X ( 2 0 ) / W T ( 2 Û ) / S I G P < 1 0 ) , S P ( 1 0 ) / C P ( 1 0 )

C O M M O N /L A N D A T /E P ,S IG P /C P /C B

i\PT=10
NP=5

D À T A ( X ( J ) / W T ( J ) / J = 6 , 1 0 ) / . 1 4 8 3 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 5 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 22 J = 1 , N P  
X ( J ) = - X ( N P T - J + 1 )
WT( J ) = W T ( N P T - J + 1 )
CONTINUE

KBLO1tw=0
CD 5 J = l ,N C O M P  
CO 1 1 = 1 , 4  
C L ( I , J ) = . 0  
C = C P ( J )
E K = E P ( J )
E C = E P ( J ) * 3 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 z J ) . L T . l . )  GO TO 5 
R C A = R C / A ( I )
CA=C/A(I)
NEWTON RAPSON METHOD FOR F IN D IN G  L I M I T S  ,  YL 
F IR 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 , 2 0
I F  ( S . G T . 1 . 0 . O R . S . L E . 0 . 0 )  GO TO 6
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U M = W ( 1 . - S - C À )
U P = 1 . / ( 1 . + S - C A )
UM5=UM**5  
U P 5 = U P * * 5  
DA4=UM5+UP5 
DA5=UM5*UM+ÜP5*UP 
DB6=DA4+CA*DA5 
UM11=UM**11 
U P 1 1 = U P * * 1 1  
D A 1 0 = U H l1 + U P 1 1  
DA11=UM 11*UM+UP11*UP 
D 9 1 2= D A 1 0 + C A *D A 1 1  
D B = R C A 1 2 * D B 1 2 - 2 e * P C A 6 * D B 6  
A10=UM 11/ UM-UP1 1 / UP 
A11= U M11 -U P11 
a i 2 = ( . l * A 1 0 + C A * A l l / 1 1 . 0 )  
A 4 = U M 5 /U M -U P 5 /U P  
A5=UM5-UP5 
S 6 = A 4 / 4 . + C A * A 5 / 5 .  
3 = 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 ) * G K * D B / ( 2 . * S * T )
D S = S - ( W - 1 0 • ) /DWY
1 F ( A B 3 ( ( D S - S ) / D S ) , L T . 0 . 0 1 )  GO TO 3 
S - D S  
VL=S
GAUSSIAN INTEGRATION 
P = 2 . * P I * A ( I ) * * 3 / ( T * 1 3 6 . 2 ) * Y L  
S Q = .0
DO 4 N = l / N P T  
Y = Y L * ( X ( K ) + l . ) / 2 .
U P = 1 . / ( 1 . + Y - C A )
U M = 1 . / ( 1 . - Y - C A )
U P 5 = U P * * 5  
UM5=UM**5  
A 4 = U M 5 /U M -U P 5 /U P  
A5=UM5-UP5 
B 6 = A 4 / 4 . + C A * A 5 / 5 .
U P 1 1 = U P * * 1 1  
U M 11=U M **11  
A 1 0 = U M 1 1 /U M - U P 1 1 /U P  
A l i = U M l l - U ? l l  
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  
* = 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 70  F O R M A T ( 1 X / 4 ( F 1 0 « 5 / X > )
5 CONTINUE 

RETURN
6 KBLOW=2
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* P 1 T E ( 4 , 7 )7 F O R M A T ( I X / ' P R O B L E M  B L O W  U P ' )R E T U R N  E N D
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SUBROUTINE PEMGtT/P/NCUMP,Y,PHX)C
S U B R O U T I N E  P E N G  C A L C U L A T E S  T H E  F U G A C I T Y  O F  A M I X T U R E  Or G A S E S  U S I N G  T H E  P E N G  -  R O B I N S O N  E Q U A T I O N .

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 ( 1 0 )  l / A ( 1 0 0 , 1 0 0 ) / Y ( 1 0 ) / T R ( 1 0 ) z P R ( 1 0 ) z C G ( 1 0 0 z 1 0 0 )

C O M M O N / P E N D A T / T C z P C z V C z N

D A T A  C G ( 1 , 7 ) , C G ( 1 , 8 ) , C G ( 1 , 9 ) , C G ( 2 , 7 ) , C G ( 2 , 8 ) , C G ( 2 Z 9 ) ,  1 C G ( 3 , 7 ) , C G ( 3 , 8 ) , C G ( 3 , 9 ) , C G ( 4 , 7 ) z C G ( 4 , 8 ) , C G ( 4 , 9 ) z 2 C G ( 5 , 7 ) , C G ( 5 , 8 ) z C G ( 5 , 9 ) , C G ( 6 , 7 ) , C G ( 6 , 8 ) , C G C 6 , 9 ) ,  3 C G ( 7 , 8 ) , C G ( 7 , 9 ) z C G ( 8 , 9 ) / . 0 3 6 , . l , . 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 z . 0 9 5 z . l 2 5 , . 0 6 5 / 5 - . 0 2 , . 1 8 , . 1 /  k = ü 2 . 0 5 6  I D = - 1

C O 9 7  1 = 1 , N C O M P  D O  97 J = l , N C O M PC G ( J , I ) = C G ( I , J )A ( I , J ) = . 0  A M =. 0 5 M = . 0  
& (! )  = .0  A K ( I ) = . 0  7 C O N T I N U ED O  1 1 = 1 , NCOMP 
T R ( I ) = r / T C ( I )1 F ( Y ( I ) . E Q . . 0 )  G O  T O  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 )  3 ( 1 ) = . 0 7 7 8 * R * T C ( I ) / P C ( I )  A K ( I ) = . 3 7 4 6 4 + 1 . 5 4 2 2 6 * W ( I ) - . 2 6 9 9 2 * W ( I ) * * 2  A K ( I ) = ( 1 . + A K ( I ) * ( 1 . - S Q R T ( T R ( I ) ) ) ) * * 2  A ( I , 1 ) = A K ( I ) * A ( I , I )4 9  C O N T I N U E  C O N T I N U E  D O  2 1 = 1 , N C O M P  D O  2 0 = 1 , N C O M P  1 F ( Y ( 0 ) . E Q . . O )  G O  T O  1 4 5  I F ( Y ( I ) . E Q . . O )  G O  T O  1 4 5  A ( I , 0 ) = ( 1 . - C G ( I , 0 ) ) * S Q R T ( A ( I , I ) * A ( 0 , 0 ) )  4 5  C O N T I N U E  C O N T I N U E
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D O  4 1 = 1 , N C O M P  I F ( Y ( I ) . L E . . O )  G O  T O  41  41 C O N T I N U EE M = 8 M + B ( I ) * Y ( I )4 C O N T I N U ED O  7 5  1 = 1 , N C O M PA K ( I ) = . 0  75 C O N T I N U ED O  3 J = l , N C O M P  D O  3 1 = 1 , N C O M P  I F ( Y ( I ) . E Q . . O )  G O  T O  1 4 8  i F ( Y ( J ) . E Q . . O )  G O  T O  1 4 8  A K ( J )  = Y ( I ) * A ( I , J ) * A K (  J)1 4 8  C O N T I N U E  3 C O N T I N U ED O  6 J = l , N C O M P  A K ( J ) = 2 . * A K ( J )6 C O N T I N U ED O  5 1 = 1 , N C O M P  D O  5 o = i , N C O M PA M = A M + Y ( I ) * Y ( J ) * A ( I , J )5 C O N T I N U EC A L L  V C U B E ( A M , 8 M , P , R , T , V , Z , I D )A B = A M * ' P / ( R * T ) * * 2B B = B M * P / ( R * T )D O  6 2  1 = 1 , N C O M Pi F ( Y ( I ) « £ Q . e < 5 )  G O  T O  61A 1 = B ( I ) * ( Z - 1 . ) / B MA 2 = A L 0 G ( Z - 8 B )A 3 = A B / ( 2 * S Q R T ( 2 . ) * B B )A 4 = A K ( I ) / A M - B ( I ) / B MA 5 = A L 0 G ( ( Z + 2 . 4 1 4 * B B ) / ( Z - . 4 1 4 * 8 8 ) )P H 1 ( I ) = A 1 - A 2 - A 3 * A 4 * A 5P H I ( I ) = E X P ( P H I ( I ) )6 1  C O N T I N U E6 2  C O N T I N U E  R E T U R N  E N D
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SUBROUTINE VCUBE(A,B,P,R,T,V,Z,ID)

S U B R O U T I N E  V C U B E  S O L V E S  A T H I R D  D E G R E E  E Q U A T I O N

D = B - R * T / PE = - ( 3 . * B * B + 2 . * R * T * B / P - A / P )F = B * B * B + ( R * T * B * B - A * B ) / PG = ( 3 . * E - D * D ) / 3 .n = - ( 9 . * D * S - 2 7 . * F - 2 . * D * D * D ) / 2 7 .  i F ( G * * 3 . / 2 7 . + H * H / 4 . . L E . O . )  G O  T O  10 S = - H / 2 . + S Q R T ( G * * 3 . / 2 7 . + H * H / 4 . )  I T = - H / 2 . - S Q R T ( G * * 3 . / 2 7 . + H * H / 4 . )1 F ( S ) 5 / 6 / 65 S = - ( ( - S ) * * ( l . / 3 . ) )G O  T O  76 S = ( S ) * * ( l . / 3 . )7 I F ( T T ) 8 / 9 / 93 T T = - ( - T T ) * * ( l . / 3 . )G O  T O  1 5  9 T T = ( T T ) * * ( l . / 3 . )C S I N G L E  R E A L  R O O T15 V = S + T T - D / 3 .G O  T O  4010 T H E T A  = ( 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 8 8 8 )  
I F ( I D ) 2 0 , 3 0 , 3 0  C T A K E  L A R G E S T  V F O R  V A P O R20 V = A M A X 1 ( V I , V 2 , V 3 ) - D / 3 •G O  T O  40C T A K E  S M A L L E S T  V F O R  L I Q U I D30 V = A M I N l ( V l , V 2 , V 3 ) - D / 3 .40 Z = P * V / ( R * T )R E T U R NE N D
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SUBROUTINE DATA

S U B R O U T I N E  D A T A  S T O R E S  A L L  T H E  V A L U E S  O F  T H E  D I F F E R E N T  P A R A M E T E R S  & C O N S T A N T  N E E D E D  T H R O U G H O U T  T H E  P R O G R A M .
T H E  V A R I A B L E S  A R E  S T O R E  IN S U C H  A W A Y  T H A T  F O R  E A C H  C O M P O U N D  A L L  T H E  V A L U E S  A R E  L I S T E D .

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 ) / V 1 ( I O ) /1 V 2 ( 1 0 ) / V 3 ( 1 0 ) / T 1 ( 1 0 ) / T 2 ( 1 0 ) / T 3 ( 1 0 ) , P A I N ( 1 0 Z 1 0 ) , T C ( 1 0 ) ,2 P C ( 1 Û ) / V C ( 1 0 ) , W ( 1 0 ) , S 0 1 ( 1 0 ) , S 0 2 ( 1 0 ) , S 0 3 ( 1 0 ) , S Û 4 ( 1 0 )

C O M M O N  N K YC O M M O N / L A N D A T / E P , S I G P / C P / C B  C O M M O N / W I L D A T / V l / V 2 , V 3 , T l , T 2 , T 3 , P A I N  C O M M O N / P E N D A T / T C , P C , V C , W  C O M M O N / A C T D A T /  S O I /  S 0 2 ,  5 0 3 /  S 0 4

1) M E T H A N E .
D A T A  5 P ( 1 ) / 5 I G P ( 1 ) , C P ( 1 ) / 1 5 3 . 1 7 / 3 . 2 3 9 8 , . 3 0 0 /D A T A  C 8 ( l , l ) , C B ( 2 , l ) , C 3 ( 3 , l ) , C B ( 4 , l ) / 2 0 . , 2 0 . , 2 0 . , 2 0 . /D A T A  T C ( 1 ) / P C ( 1 ) , V C ( 1 ) / W ( 1 ) / 1 9 0 . 6 0 , 4 5 . 4 , 9 9 . 0 , . 0 0 8 /D A T A  S 0 1 ( l ) , 3 0 2 ( 1 ) , S 0 3 ( l ) , S 0 4 ( l ) / - 3 6 5 . 1 8 3 , 1 8 1 0 6 . 7 , 4 9 . 7 5 5 4 ,  1 - 0 . 0 0 0 2 8 5 0 3 3 /
T H E  F O L L O W I N G  D A T A  IS B A S E D  O N  D H A R M A W A R D H A N A  D A T A

2) E T H A N E
D A T A  E P ( 2 ) , S I G P ( 2 ) , C P ( 2 ) / 1 7 7 . 0 1 , 3 . 2 4 4 4 , . 5 6 5 1 /D A T A  C S ( l , 2 ) , C B ( 2 , 2 ) , C B ( 3 , 2 ) , C 8 ( 4 / 2 ) / 0 . 0 , 2 0 . , 0 . 0 , 2 0 . /D A T A  T C ( 2 ) , P C ( 2 ) , V C ( 2 ) , W ( 2 ) / 3 0 5 . 4 , 4 8 . 2 , 1 4 8 . 0 , . 0 9 8 /D A T A  S 0 1 ( 2 ) , S 0 2 ( 2 ) , S 0 3 ( 2 ) , S 0 4 ( 2 ) / - 5 3 3 . 3 9 2 , 2 6 5 6 5 . , 7 4 .  6 2 4 ,1 - 0 . 0 0 4 5 7 3 1 3 /

3) P R O P A N E .
D A T A  B P ( 3 ) , S I G P ( 3 ) , C P ( 3 ) / 2 0 8 . 4 5 , 3 . 3 1 1 1 , . 6 5 0 2 /D A T A  C 3 ( 1 , 3 ) , C 8 ( 2 , 3 ) , C B ( 3 , 3 ) , C 3 ( 4 , 3 ) / 0 . 0 , 0 . 0 , 0 . 0 , 2 0 . /



o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

n 
a 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o

T- 2461 141

D A T A  T C ( 3 ) , P C ( 3 ) / V C ( 3 ) , W < 3 ) / 3 6 9 . 3 , 4 1 . 9 , 2 0 3 . , . 1 5 2 /D A T A  S ü l ( 3 ) , S 0 2 ( 3 ) z S 0 3 ( 3 ) , S 0 4 ( 3 ) / - 6 2 8 . 8 6 6 / 3 1 6 3 8 . 4 / 8 8 . 0 8 0 8 ,  
1 0 .0 /

4) M E T H A N O L .
D A T A  V I ( l ) , V 2 ( l ) , V 3 ( l ) / 3 9 . 5 5 0 , 4 4 . 8 7 4 , 5 7 . 9 3 9 /  D A T A  T l ( l ) , T 2 ( l ) , T 3 ( l ) / 2 7 3 . 1 5 , 3 7 3 . 1 5 , 4 7 3 . 1 5 /  D A T A  P A I M ( 1 , 2 ) , P A I N ( 2 , 1 ) / 2 0 5 . 3 0 , 4 8 2 . 1 6 /

5) W A T E R .
D A T A  V 1 ( 2 ) , V 2 ( 2 ) , V 3 ( 2 ) / 1 8 . 0 6 0 , 1 8 . 2 7 3 , 1 8 . 8 4 4 /  D A T A  T l ( 2 ) , T 2 ( 2 ) , T 3 ( 2 ) / 2 7 7 . 1 3 , 3 2 3 . 1 5 , 3 7 3 . 1 5 /

5) E T H A N O L
D A T A  V 1 ( 1 ) , V 2 ( 1 ) , V 3 ( 1 ) / 5 7 . 1 4 1 , 6 0 . 3 5 6 , 6 4 . 3 7 1 /  D A T A  T l ( l ) , T 2 ( l ) , T 3 ( l ) / 2 7 3 . 1 5 , 3 2 3 . 1 5 , 3 7 3 . 1 5 /  D A T A  P A I N ( l , 2 ) , P A I N ( 2 , l ) / 3 8 2 . 3 0 , 9 5 5 . 4 5 /

R E T U R NE N D


