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ABSTRACT

Exper1menta] data for gas hydrate formatlon in the methane-

_lsdbutane water system have been obtained over a range of gas phase

'f> compos1t1ons from 0:4 to 63.6 mole percent 1sobutane ‘The highest

compos1t1on for which data prev1ous1y ex1sted was 4.6 percent isobutane.
The range of exper1menta] pressures was from '23.0 to T, 460 psia and .
the range of temperature was- from 33§) to 68. 8°F. Exper1menta1 data
'Hwere also obta1ned on the initial" hydrate formation cond1t10ns for the
water rich 11qu1d hydrocarbdn rich 11qu1d hydrate equ1]1br1um for -
- 'three m1xtures of light hydrocarbons containing methane ethane,
‘propnne and isobutane. .a .
- A recent]y proposed predrctlon method based on the thara ce]]
_pdtent1a1 model has been used to predvct gas hydrate fonnat1on cond1t1ons
fw1th m1xtures of methane and 1sobutane The predicted pressures agreed
well with exper1méntal va]ues at hlgh 1sobutane concentrat1ons but were
-con51derab1y hlgher than the exper1menta1 values at 1ower compos1t1ons
~ For’ the liquefied hydrocarbon mlxtures. the pred1cted temperatures

'were w1th1n 2. 8°F of the exper1menta1 va]ues at the bubb]e po1nt

pressures. ' - ) o

_' f../\



o

. &

ACKNOWLEDGEMENT. -

) -~
The author w1shes to express his thanks to Dr. D B Roblnson ‘
‘ t
for h1s gu1dance adv1ce and encouragement throughout the course of

this 1nvest1gatlon. S - .

The author a]so apprec1ates the- ass1stance reCEIved from the staff

-of the Chem1ca] Eng1neer1ng machlne and 1nstrument shops who constructed
’ the equ1pment from Mr. J. P Moser who ass1sted w1th the ana]ySIS,

"from Mni Hans Rempls who ass1sted w1th the equ1pment start up, and

from Mrs. M. R. Ruggles who typed the manuscr1pt.

F1nanc1a] ass1stanqe frun the Petro]eum Recovery Research A1d

to Educat1on Plan is gratefu]ly acknowledged



‘.

TABLE OF CONTENTS

»

~LIST OF FIGURES

3.

:&{

4.

5.

Cond1t1ons

EXPERIMENTIAL METHODS '

_ A.

B.

Exper'imental Technigues

Experimental Apparatus and Materlals

(1) Equlpment

(2)" Control and Measurement of Temperature

(3) Measurement of Pressure
(

4) Materials

T

(1) - Preparation of. Mixfures”

Meghéne-lsobutanefwétér System

’ (2) . Hydrate Fonnat1on
PR Y R .
EXPERIMENTAL RESULTS
A.
B

A

=
7

vii

\\\;ﬁ\\.f,

’

{3) Gas Chromatographic Ana]ySIS

3

-

‘Hydrates of Liquefied‘Light Hydrocarbon Mixtures

Page _.

Jix -
© LIST OF TABLES x
INTRODUCTION o 1
"LITERATURE REVIEW - N |
. 2 . :rf:'-
_ THEQRY n. 7
IA. Phase Behavior for- Gas Hydrates oo
B. Use of Statistical Mechanical Theory in Gas Hydrate L 10
Studles 1 . L :
Numerlcal Methpd for the‘Pred1ctlon of . H&drate Fnrmatlon‘

19
19

20
21



K- y L ; _ ‘ | Page
6. THEORETICAL RESULTS B -
- ‘A."Hydrate Format1on Pred1ctlon for Methane Isobutanet g ,

Water System L : L ) 27

) B. Hydrate Fonnataon PredJCtIOH for- L1quef1ed Hydrocarbon
' Gas Mixtures . ' - .27
7. DISCUSSION ANO CONCLUSION ﬁ _ ]v "_;i, o 29
A.4 VaI1d1ty of Exp r1menta1 Data | . ‘ \2§
~B. Methane- Isobuzéfe Nater System f 29
" C.- Liquid Hydrocarbon Mlxtures L . . o | 30
D. Conclusion - O : ‘ T 30
8. FUTURE WORK = o S 3]

_NOMENCLATWRE - ' B

. BIBLIOGRAPHY | o | 35
. " . '»- ( ’ . N 4_' ) .

.APPENDICES . _ _ :

- A, . Data Perta1n1ng to Hydrate Phy51ca1 and Molecu]ar o L
: Structure A A o A .37
B. Experlmental and Pub]1shed Data SR "_ S “’: 40
'\“C{__Computer Pnogram for Gas Hydrate Formation Predlctlon, .. 50 o
s 4
b2 ‘) ) .
. \\
~

viii



LIST OF FIGURES

: Hydrate Format1qn

. Schemdtic Diagfam for the Trunnion.

Qua]itat%ve Representat1on of Phdse Behavior -

of the Ternary, Systgm CH4 - C4H10 H20 for

£

Séhematic'Diagram_for‘the Equipment .

{

Gas Chfomatograph Standardization

A

| Conditiohs for t‘he-Téma‘r,y'CH4 1-CyH 0

4710 2
System in H- L] -G Phase Equ111br1um

Cond1t1ons for the Liquefied L1ght Hydrocarbon

"M1xtures in L] L2 H Equ111br1um

X

. Page

22

-t

24.



S R R

LIST OF TABLES . . L

‘.‘_"' : ‘ S I T . v ) . ~ - . page

"Phyéjéﬁifprdpérpies4of_HydréteiLattjce - - 38

P

Constants: for Calculating Dissociation _
Pressures-of Reference Hydrate . - -~ = .~ .38

_ '3; Thennodynam1c Propertles of Empty Hydrate
. . -(s-phase) and Liquid Water-Relative to Ice " o
N (a-phase) at 0°C.and Zero Pressure - = 39

- . . . Bt

4. . Kihara Parameters for Hydraté—Gas Interactions 39 f

5. "EXpériméq}al Data for. Methane- Isdbutahe
o Mixtures - Hydrate Fonnat1on in H- L] . : S
. Equilibrium . ° e ..M

6. - Cbmparison'of Methane Hydrate Formation
: -‘/’Conditions (H—L]%G) of the Published Data _ B
_and This Work .. - DR - .43

7. - Published Experimental Data of Isobutane
- . " Hydrate Formation Condition in.H- Ly- -G :
’~-Equ1]1br1um C . , . - 44
Lo - Y - _ 4
- 8. - Published Exrevimental Data of Methane-
Isobutane Hy ‘e Formation Cond1t1ons in o
H- L] -G Equ1]1brlum , _ o - 45

o Cqmposition @f Liquefied Hydrocarbon MiXtOres_"z-,v 46

. - 10, ’:3 Hydrate Formation Cond1t1ons for Three L1quef1ed
: - © Mixtures . o _ v 1

b ‘, n. .Pred1cted Hydrate. Formatlon of Hethane Isobutane
j/? ' Mixtures in H- L] ~G Equ111br1um : . - 47

12.  Comparison between Experimental and Calculated
‘Hydrate- Formation Conditions at Bubble Points o
for L1qu1d Mixtures - o L - 49



o CHAPTER 1 =~

INTRODUCTION i o o s
Cgﬁ'hidrates,~re%emblihg gnow‘drvloose'fce'fn dpﬁéaféncé,'afe |
A , .
solid cvystal]xne suh- LANEes h\Vlnq the genera] formu]d u.nHZO, whgre
one or_more hydrate fnrminq mo]eculez H:dsso;iate with n ”host“ waﬁen

b3 -

molecules. The metastehle watey crvitel lattice is stabilized by

physical fnrcci between the "host” .nd “quest™ molecules. )
S S,
th 1mportant role of gas h.dra*es in gas processing industries

- - r

wWas f\r%t redliz in TA34 wnen rammoerionnidt D13 discovered tnat

ot
o
o,

S

hydrates of metndne, etnans, rropane and 1sobutanc were responsible

.

' 2 . : : . : _ -
for the difficwitics In the natural gas industry in the rieasurement

and transportatior of the gei.  The coverent of the aas through the

.pfpe}ihc‘tends‘to'colltct'cnd LGop Yhelhvarate. at IdeSQOFS-uht31
‘the r{né méy.bycomg entively piugéed."?eibar§n for the pféventiun of_
;jdrate formation d"i.' wnucuUcppiy,‘dehydr#ti@h'of the,gaslhas_been
 carried out.§ihcb thaf tﬁ%ei Lonsidefaﬁie‘cffort‘has beeﬁ ekpended
in fxndlng the gondltxons.of .ef> 4tarﬁ and - pveSSJve at which, h)er‘e

_ _ . .
-wi]l form, as-well a5 in «AfeénTwT““/4ne eou111hzxun no1<Lure LcnbenL

o

P . . x .
 datn for the gus. ~ahere'u nodvtxona} 1nterest 1n Qas nvdrate fbrma-

: tlon Lonnected with a ier ies of “lOCcSScb whlgh an@ Ca rr1ed out 1n

.y e “

e v ' T

‘ othqﬁ.zudustaxc>. for-exdmple. R distillation=col ons aue to aucumulat—'
i :

'edwmotsturr 'nd inc neawv water pvoduutlon proce<se> 1nvolv1nq A1xtuve%
S
of hydrogen 5ult*ue dUd Udttl. Severa] prospect1ve applwcat1ons for

N

“the industrial use of gas hvdrate 1nc1ude (]) the de<a]1nat10n of ﬁeq_

..waté;; ) the storage of: QIRQ\ (3) the seéarat1on of gas and - 11qu1d

Tmixtures. Therefore, the,predittion'of‘lnitial hydrate'fonndtion



'tond1tvon he.m:es lmpOttant in relation to severa] 1ndustr1a1 processes}

Al

Thev are many exper1mental data reported in- the ]1terature for

gas hydrate fonnat1on cond1t10ns. By us1n these reported data several ’

I's

pred]ct1on rethods ‘have. been deve]oped and. eva]uated for the1r usefu]—
'ness .Altnough much data ex1sts, that ava11ab1e for mixtures of
methane and 1sobutane is very scanty Therefore, one objettivevof
V{th1> Vorh Was to extend and comp]ete the hydrate format1on data for
”ethane wsobutane m1xture$ .

Recent :ort, notab]y that 3f Parr1sh and Prausnitz EZ], in

evelou1no a prediction method based on the stat1st1ca1—mechan1ca1

;“the ry “f\P\:tate fonnat1on has opened the way to more effect1ve1y

— R

pvea.tf11g nvdrate formatlon in gas 11qu1d systems and has made it

\
1

- posstdxe tovattanpt'the prediction of hydrate formattoh 1n’quu1d4
liguid systers, :Consequentlyt-another objective~ofvthis work was to
z;1nvestxgate the phase behav1or of hydrate format1on cond1t1ons for
.1.”'ef1"d 11qht hvdrccarbons and to determ1 e at what cond1t1on and

~ for nnat kinds of components, in the m1xtures hydrate fonnat1on cond1- .

t1ons ‘can “roperly be . predlcted w1th the new method
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. o CHAPTER 2 . |
\/ : Y / . ‘ R .
LITERATU@E REVIEw L . >

~Von Stackelberg and Mul]er [3 4] C]aussen [5.,6], Pau11ng and

Marsh [7] and Jeffrey and McMu]]an [8] stud1ed the crysta] structures

-, of gas hydratefuand tonc]uded that ¢ most nonpo]ar and some weak]y

po]ar molecules ga3 hydrates crystalllse in elther of two structures,

"referred to'as Structuve I and Structure II -The phySLcal prapert1es

ot these-struetures‘areeg1Ven in TabLe 1. The structure fonhed deponds

.

pr1mar11y on: the size of ‘the guest moletule Mhen the effeftlv

“d1ameter of the hydrate fonn\ng mo]ecules 1s. 1ess tnan 5 1 A, athl the

'cav1t1es and wou]d have the ideal formula M, 772/3 H0- (M, = SO

cav1t1es in nydrate Structure I can be f111ed and the 1deaT fonhu1a

- would be M] 5 3/4 H,0 (M = Ary Xr, ca4, H,S, etc.). -If:the effeltive

O

\

.d‘dlameter of the hydrate fonn1ng mo]ecu]e'ms 1e s nan 5.8 A but greater'tv

. e :
',Jthan 5.1 A then the hydrate fonn1ng mo]ecu]es can f111 only six’ 1arge

27 2

,.tz 4 é é& Clz, Brz,'ett.).' Nhen two types_of molecu]es are-present

" simultaneously in the gas mixture, a so calléd "mixed hydrate with

~less than 6;7 A (-

.1f the effectlve dwameter of~M3 is less than 5’0 A the mlxed

'

the‘idea] formule 2M,.6 ?h 46H70 will forﬁ S1m11arlv, 1f the eTfect1ve

,ed1ameter of the hydrate formvnq mo]ecu1es 1S greater than 5. 8 A but

- ?3 (v,‘ Cl 10" CHZBrZ. etc ) a hydrate\Structure

11 w111 form w1th the 1dea] formu]a M, f?H 0. ‘For a mixture M3.+ Mo

\-'.

hydrate” w111 fonn with the ldeal formula 2M3 M4~]7H20 Both types of
'mlxed hydrates are - cons1dered as sol1d solutlons[q] in wh1ch the. sma]]er

'hmoleculesohelp_to‘stab1]1ze the-hydrate structure, Any gas hav1ng a

‘e



molecular d1mens1on ]arger than 6. 7 A such as n- -butane and larger Ki.v
molecules are too big to form hydrates It has been found that the
quantum- gas molecu]es (hellum, hydrogen, neon) are too small to form
:he1ther hydrates I.or’ II bigause they are. not retalned w1th1r the lat-
t1ce very strongly Byk and Fomina [10] have g1ven a very extens1ve
11terature review on hydrates." . g d' o ”7

. Wilcox, Carson and Katz [11 12] proposed an emp1r1ca] method for
pred1ct1ng hydrate formatxon cond1t10ns through the use of so]1d—

_ vapor egu111br1um rat1os ThlS method ‘supposes that the solid—vapor

equ111br1um ratio is ana]ogous to: the 11qu1d vapor equiTibrium ratio

and based on the idea that’ the hydrates form so]1d solut1ons Further—

-/‘-more the method assumes that ‘the so]1d vapor equ111br1um rat1o is

; 4 :
1ndependent of the overa]] compos1t1on of the m1xture from which the

_hydrate has been formed -Even though 1t is riow known that this

prem1se is erroneous, the equ111br1um rat1o concept is usefp1 in _
dea]1ng w1th m1xtures of reasonab]y un1form compos1t1ons suzh as those ‘
"wh1ch may be found in natura] gas productlon and transportat1on -Un—
re11ab1e ré%u]ts will be obtained whenever the hydrate fonn1ng m1xtures
are great]y d1fferent rom'those for which the so]1d -vapour equ111br1um
ratios. were obta1ned A set of charts presentIng equ1]1br1um ratlos

for methane ethane, propane, 1sobutane carbon dlox1de, and hydrogen
1-su]f1de is available in the Gas Proc. =+ ~s Ass 1at1on Eng1neer1ng Data |
.tBook [137. . The 1ack of exper1menta: data on wh1ch the lsobutane |
’equ1]1br1um ratfos were based tends to make them subJect to ser1ous :fA

error

PRI

Van der Waals and P]atteeuw [9] used stat1st1cal mechan1ca]

Y

]pr1nc1p1es to der1ve the thermodynamlc propert1es of gas hydrates o



from a,simp1e mode | bydapp]ying;Lennard-dones-Devonshire ce]]:theoryt ’
McKoy and Sinanoglu [14] ca]cu]ated and compared'dissocﬁation pressures'
of some gas'hydrates using the Lennard-Jones‘12-6,-28—7 and Kihara
potentia]s in the Lennard-Jones-Deyonshire celi model -'Tﬁéy found
'that the Krhara potent1a1 pred1cted better d1ssoc4at10n pressures
for hydrates formed from rod-shaped mo]ecu]es The LJ 28 7 potentla]
model g1ves only a qua11tat1ve indication of the effect of narrow1ng
the potent1a] bowl on dlssoc1at1on pressures, that 1s, in go1ng from
L ]2 6 to LJ 28 7, the d1ssoc1at1on pressures become h]gher The LJ
- ]246 potent1a1 does not depend on the shape and size of the 1nteract1ng
mo]ecu]es The model predlcts good hydrate dlssoc1at1on pressures
for monatomlc gases Such as xenon and krypton but not. for nonspher1ca]
and d1atom1c gases 11ke COZ’ N2, 0 or C2H4 t | "' A
Kobayash1 and €0- workers [15, 16] modified the equatlons of van
~der Waals and P]atteeuw [9] and proposed a method of caTcu]at1ng several
‘thermodynam1c propertles of qas hydrates above the 1ower quadruple
.“.'jpo1nt by using LJ 12-6 potent1a1 They obta1ned excelgent agreement
4'H?etween the calcu]ated and exper1menta] data for purelgas>hydrates |
' " Later, Nagata and Kobt/ashl []7 18] used the\k1hara potential to make
'r51m11ar caﬂculatlons ‘Jr both pure gas hydrates and mlxtureS'“*For
'th1s work they obta1ned parameters for the K}hara model from the. 11tera4
ture. Thelr resu]ts agree we11 w1th exper1menta] data and are better
than those obta1ned by u31ng the LJ ]2 6 potent1a]
Parrlsh and. Prausn1tz [2] used a 51m11ar approach but they app]1ed
. numergcal methods to f1t a new set of va]ues of ‘the thermodynam1c

propert1es of the empty hydrate 1att1ce and the K1hara parameters for;v

_15 hydrate form1ng gases,. By us1ng th1s method the. agreement between»



ca]culated and exper1menta] data for many gas m1xtures is better than
it is for other previous methods.

The hydrate format1on cond1t10n for the blnary system of methane
and water has been reported in the 11terature by Villard r19 ,20]1,
bDeaton and Frost [21,22], Roberts et al [23,24], Kobayashl and. Katz
,”[25 26] Campbe]] and MclLeod [27] 'Otto and Robinson [28], and.

Marsha]l and co-workers [29]. Deaton and Frost [2]] obtalned the

first re11ab]e 1sobutane hydrate experlmental data. Layano and Utida~;i'

[30], and- Rouher and ‘Barduhn [31] have made a careful 1nvest1gatlon
“ef 1sobutane hydrate and detennlned its composwtlon and quadrup]e
-po1nts Deaton and Frost [21] and Campbel] and McLeod [27] 1nvest1—'

gated hydrate form1ng cond1t10ns 1n the ternary system CH -i- C H

4 410
HZO for a few Iow concentratlans of lsobutane. In a]] cases, the_'

isobutane concentrat1on was ]ess than 4f6 mo]e percent.

i



\ © CHAPTER 3

THEQRY

[y

A. Phase Behavior of»Hydrates "

‘The Phase Ru]e is based on thermodynam1c pr1nc1p1es It was .
f1rst stated by Jos1ah W111ard G1bbs [3?] and 1t re]ates the number L
of phases (P) the number of components (c), and the number of. degrees -
of freedom, or the varlancét ) of a system 1n heterogeneous equ1]1—
br1um by the mathemat1ca] relatnonsh1p ' |

P - Pr2

The on]y measured vtr1ables used in th1s equat1on are temperature,
pressure and compos1t10n ' The re]at10nsh1p dea]s w1th the heterogen-
eous equ111br1um encountered in processes which may be class1f1ed |
e1ther as phy51ca] or chemlcal, as Tong as they are dynam1c and re- .
VEPSlb]e 1n nature. In contrast 1t does not app]y to the typlca1
stat1c equ1]1br1um states found 1n mechan1cs _

The Phase Rule dea]s with the phase behav1or of a system as i
affected by changes 4n- the varwables for temperature pressure, and
vcompos1t1on Compos1t1on refers to the proport1ons of the var1ous
tomponents in the system and not real]y to the number and nature of -
these components In a system where the comp051t1on 1s fixed over a-,

- certa1n reglon of pressure ;nd'temperature the svstem behaves as 1f
N 1t were a s1ngle component system However, 1t does not fo]low that
1t contalns on]y one chem1ca1 spec1es |
| In a two component system for examp]e, cons1st1ng of orie hydro—

carbon and water, the phase 3u1e states that w1th three phase equili-"

br1um such as - hydrate vapor- water rich ]1qu1d there is only one -

"



i~

deoree of freedom If it is cons1dered that one more hydrocarbon may
bea1ntroduced into the above system in variable amounts for the same
three phase equilibrium then. there wou]d be’ two degrees of freedom

' Th1s would be’ represented as a surface on a phase d1agram On the
other hand, 1f the hydrocarbon cor ositicn of this thrée component
system is fixed, that is one’ phase var1ac]evhas beenvspec1f1ed, then
or’y the temperature or‘thebpressure;can be varied independent]y'
Simiiarly, a mu1t1component system in thCh the hydrocarbon compos1t1on
»15 fixed has on]y one rema1n1ng degree of freedom for the three phase_'

equ1]1br1um hydrate water rich liquid- hydrocarbon r1ch l1qu1d .

Te

F1gure 1 is a qua11tat1ve1y representat1ve phase d1agram for
-.a system of three components w1th methane, 1sobutane and water.
Methane is well above 1ts cr1t1c§] cond1t1ons wh1]e 1sobutane is be]ow ;
: 1ts cr1t1ca] cond1t1on for three phases equ111br1a (H L], );p The
Tine (H II’ L],‘G)B is tenm1nated by the quadruple po1nt (HII’ L]; Ly Gk

, ;w1th the. add1t1on of a new phase, 11qu1d hydrocanbon Start1ng from

o the quadrup1e po1nt the four phase equ111br1um 11ne is tenn1nated by

. v‘the critical locus of methane and 1sobutane because L becomes

1dent1ca1 to. G This four- phase locus can be detenn1ned from the
_1ntersect1on of two three phase equ1]1br1um lines (HII’ ], G)AB and
(L ],1 ’.G)AB as 1nd1cated in thé'd1agram or from d1rect exper1menta1
.measurements a]ong the HII"L1"L2’ G 1ocus. |

Methane can. ex1st in e1ther hydrate Structure I or II or both
'of them. ’hen only hydrate I forming components are present in the
,system,\methane w1]1 form hydrate w1th Structure I But 1f there are -

some hydrate 11 form1ng components in the system methane w111 form
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hydrate IL, Isobutane can on]y,fonn’in hydrate Structure IT ‘and
“consequently in mlxtures of methané and 1sobutanel on]y hydrate ¢
Structure IL exists.

~

B. Use of Stat1st1ca] Mechan1ca1 Theory in Gas Hydrates Stud1es
rs

Van der waals and P]atteeuw [9] der1ved the so]1d so]utlon theory

~of gas hydrates from 4 simple model whlch corresponds to the three
d1mens1onal genera]IZatlon of ideal localized adsorption by us1ng aa
‘ grand part1t1on function. They obtained severa] prlnc1pa1 thenno-
,dynam1c equatIOns for gas hydrates such as the dissociation preSSure.
of the hyurate at-various temperatures, the heats of’ fonnatwon of

hydrates, and tne compos1t70ns of the co- ex13t1ng equilibrium phases.

} The bas1c equat1ons are:

o = - = -RT = w.In (1 - ’ij) ............... (1)
‘ A 1 : J,y' .
L7 Rz (0 f‘;vcij fj) o
ik = Cikfk/(]v+>3.cijfj) tt..t:.....er.;(2[m~h
e e YZ.CVY(T) = ﬂll{‘ex f‘wGﬁ/kT]rzdr el (3)
N ”( B P . P

.wherea;;H‘is'tne difference 1h chem.cal potent1a]s of the empty hydrate
]attice~(;‘) and tha f1]1ed hydrate Iattvce ( ) Us 1s the number of
.cav1t1es of hydrate tyoe i per HZO molecu]e in the 1att1ce, Q"k is the
<probab111ty of" f1nd1no a molecu]e of gas k in a cav1ty of a hydrate
Iatt1ce of - type 1’,Cik 1s the Langmu1r constant for mo]ecules of k in-

cav1t1es 1, w(r) is spherlcal symmetr]ca] potentIa] of mo]ecule k at

_the d1stance
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r from its.centre to the Wall_of the-cavity, and,fj 1s the fugacity of
gas molecules j and. is related to y;, the mole fraction in the gas phase,

“and p, the total pressure by

. Equation (1) is a genera]léatwon of . Raoult S Iaa whlcﬁ is for ’he \
bropert1es of the so]vent in a solut1on where solute- )f}véntv1rferar“6n
can be neglegted7 »EquatLpn (z) s Langmu1r s-lsothenﬁ for'io:“iize¢ '
adsorption without interattion of the adsorbed molecuIé§.-

Van.der Waals and Plattpeuw [9] considered the ges *o]e_,;,'4ev€§;.
about in a spher1ca] cage formed by the water moTeCJles and a§§1i§d the
Lennard-dones-Devonsh1re‘ce]J theory. Mc Koy and S1nauog]u LI#i,lﬁaq‘ te
.and'Kobayashi [17 18], and Lhen Parrlsh and PrausnltL {2] useL QVhara
‘potent1a1 for the force f1e1d in’ the cavxty by con31derat10n of tne
'shape and SizZe of the 1nteract1ng molecu]es  The . L S cell model

" 'w1th K1hara spher1ca1 core potent1a] was’ﬂodrfled as

\\& ) .,,' . E»(nr) = 4. (F—_—Za—) ’v- (m—) r Z3-
'where z.lS the potentldl minimum, - is'the distance-paraneters.whereQ

(r) = 0, and a.is the core vadxus In this Dotevt1a1 model a
: mo]ecule w1th J spnev1c’} gore "e.g., CH 4, of radxus aﬂmnaerart<.wi‘5A
npo1nt mo]ecule ’ lnL >pher1aal core molecu]e represents ‘the solute"
‘molecu1e in the cavaty whx]e the pownt mo]ecu]e represents the waher' .
mo]ecu]e 1n the 1att1ce |
-Summ1ng all of the gasFHZD,interqcfjoné in the celi,'ge §5§ain7

o -



12

, C
~the cell potential (54)

]2 . | 6

’ ' 10, a 14, ¢ 4 a 5
W(r) = 2z, (77 45 Tl (729
R R TR TR
where S R N _ B .
N [(1 - r/R - a‘/R~)'N - (1 + r/R = a’/R)“”J N . (73

Where N =4, 5,10, or il in Equation 6, z 1s the LOOFdlndthn number

and R s the cell vadlas of the cavity. .
U51ng Equations (1), (2) and (6),_we can calculate L,H and then
predict hydrate fprmationvcbnditions, if we know the Kihara:oarametersf‘

and

-
- C. Numer1ca1 Method for ‘the Pred1ct10n of Hydrate Formatlon Condlfﬁons

: For a hydrate to exlst in ey u1]1br1um with he other ceexist: ng

: phases the chemlca1 potentxa] ok each pnase shouid be equt]. In the

case ice 1s,present,

E (Tv'Da ): (T.‘P) ' ,f"-'; _______ e . -~.(8)'

where . (T P) is the chemieal'potential of ice... If liquid water is
present L co , ,
(T P, = ( )/_\RT n X, ereeeieenn ~..(9)

2

““where uF'(T P) is the chem1ca1 potential of pure liquid water at T and :

J P,.and;x is mole fract10n of water in the liquid phase .'(xw is Very,

_»c1ose to unlty for many gases ) When one lets Au’ (T P) = St or
‘F(T, P)e= J‘ff L _,% Su ust1tutes in Equatlon (1), then 1f ice is.
present ; ' ' 4, _
| * T _‘:.N . D CLFL) e U
(T, P) RT iin (1} c]“) eseiens ... (10)

. o R J
Cor 1f 11qu1d water is present -

(T P =RTE i In (1 +72 C,J J) + RT Tnx ;.---.'--'-'Q(Hé) -
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FrOm'Equation (10) or . (1]), we obtained the calcu]ated potentlal d]fference

 J

[34] computer program.' Gas solubilities we;e'e°timated with the Krichevsiy
and Késareevsky equatioh [3 Jo and the method of Morr1son [36]

The chemmcal potential d1fference i or f“L n Equations (10) or
(]1) respectively s o funlt1on of - presgure ena‘temperature on]y When
hydrdtv is-in equ|]1br1um with the other phdses (ice: and 11qu1d wderS
the pressure and temperdture effents on this chemical potential ther
bccome '.  B _ E .t R : Bk

d(u/RT) = ('H)RTZ)dT CV/RTIAP L l.(.;...;.:vr>>
. wherfe :H represents the d1fference between molar entha]py and fvithe_;

d1fference between the mo]ar vo]ume of the empty hydrate 1att1ce and

) 11qu1d weter

é; ® .

Integrat1ng Equatlon (]2) a]onq the equw]1br1um ]1ne, 1t then
jbecomes o S o o ; N e
(T, P)/FT = (TP yRT - T H/D )dT + {1 (:V/RT)-(c“'dT)dT'Q.(13)
_ . at ) S

A o

Where dp in‘Fquatibn (12} is reulaeed by (dP/dT)dT because the system fs_»

,unlvarldnt, “and dP/dT i Lhe rlope of the pressure temperature euullibrium
-curve

Us1ng Equat1on (13), one can ca1cu]ate the chemical'potentia1

dlfference [ (T P) or. n (T, P\7 at rhc q*ver temperature T a"d the .
b "o
refevence hydrate dlxxn(1=t10n pres fure Pq_for the refere”ee hyd = o when
elther'lcv or Ilquld v'ug SR S Hvexent T
Vo ’ 'R

If we let tanperdture be constant and 1ntegrate Equat]on (12)”

wlth reSpect to- PR. we otLa1n

e

\\“Th thxx work fugac1ty coeff]t1ent were ¢ a]culated_by Ghueh'and Prausnitz's

-

A“'(T‘fP)f:'Ap (T?fPR) ;emv (P - pR)?;.\...f;;;if..,g,.;fe.(]4ijv i

VR

o
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e
: The experimenta]'éhemical poten:iq] difference [an ' (T, P) or
;uL (T, P)] can‘beLCd]qu&ted by'using Equations (13) and (]4);,
_For temperature above 0°C methane and natural yas mixtures [22,

27] were chosen as the referg¢nce components for Structuro I and Structure

11 reSpect1vclv For temptrature below 0°C, xehon and hromochlorqdr-

fluoromethane were chosen as the reference hyﬂcdths:fhrubtructure I and
Structure [ respeeLiVQly“ Pressune—temperdture curves were fxtted
.(2) for reference hydrates by the OmplYILdl vquatnyvﬁ

_ In P, AR f,bR/T +Cp 1n‘T
uhEre‘AQ, BR and C -are constants. fitted to represent the experimental
dé}é. These constants dre givenign‘Tah]e 2.

A1l the thennodynam1c propertles needod in Equatlon (13) and»(“ )
are g1ven in Tab]e 3 2V was as;mesto be 1ndependent of temueya ure
and pressure. For tne chem1ga] pOthtld] diffevenue between empty
_hydratesahd.fée‘at Q C and zero pressure Parr1sh [)] used-the report(d‘
e_vaiue~of 211:ca1/mu 1°{37] for gtructuru I1. 'P : Structurc I, the
prev10us va]ue o‘ 167 ca]/mol [9] Wds douoted by_ Allen and Jeffrev [34 ]
. through the1r X- ray study of bromlne hydrate bec;use bromine hydvat( nas
| a tetrdgonal crysta1 JtYULL ire rather,enan {he LUbIL Iutt]ce of Stru%ture
T gas hydratesh, A value o% 302 cal/mo] was. estimated by Parrish'[2].
This.veTue-eomparéd”we11 With'the salue reoﬁrted by ”h11d f39] f For
the gases 1nvo]ved in this 1nvesu1gdt1on._the Y1ha Q. ,)arameterr far | -

gas- HZO 1nteracL1mw ar Viis,ed'1n Tab]e




CHAPTER 4

g;PERIMENTAL METHODS

A:_ Experimental Aggaratus and Hater]a]s .

(1) Eq_~pment

|h< eyuipment used in th]s 1nvestlgatlon wWas es cnt1a11j thc |
Canie as th)t used by prevxous workers [28, 40] eycept ior a ncwly
e >.4th tvunnlon used for rétating- thc ce]l and’ xt° coutents -lgHvP
| Do sehengt e dragvan of the cqu1pment and p’p]nq arrangement.

ahe equili br.um cell A was de519ned and Tabr1cuted by the
Department of Chemlcal Eng1neer1ng and was s1m11ar to-a Penberthy
‘i] quvd ]eve] gauge. It was capab]e of wlthstandlng 3, 500 ps1a at ‘1.
1']009F The ce]] body was constructed from type 316 sta1n1ess stee]
.and had an approx1mate volume of 80 cc. -The front and back faces of
,the ce]l contained a pyrex w1ndow wh1ch was manufactured by thq'

.orn1ng G]ass Company and was rated at 9,000 ps1a at 100°F

s The cell A was enc]osed in a ]uc1te shell B. . The cel] and she]]
'.-wene wounted on. the trunn]on C shown to: the rlght of the main ce]]
"A detail of the trunnion 15 g]ven in Figure 3 The coo11ng fluid was

. .
.clxcu]ated 1vto the. space between the 1uc1te she]l and the cel] throbgh ’

N

the trunv}ou and back agaln to a temperature bath to control the ce]]

, taupev tu?e: ~The trunnion was connected to an agltatlon mechanism

: dl}\&ﬂ b) 2 motcv and acEntrlc shaft whlch cou]d be used to rotate the
| cell and 1ts contents back and forth through an angle of approx1mate1y.
130 degree : Ihe cel] was connected to the charg1ng and sampllng ]1ne -
~0” the top and to the tubing line going to the Ruska dlsp]acenent '

nevcury pump D at the bat tom of the cell Mercury was used as the ’

g

15,
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:'confining‘fluid The two tub1ng T1nes,were made from sp1ra] coils of
Autoejavevhighfpressur' tub1ng 1nserted into the luclte she]l at the

*vleft side. A SNAGELOK qu1ck connect1on vaTve which.was rated from
vacuum to 2 500 ps1a was . used at the sampling. po1nt

(2) ControT and Measurement of Temperature

As 1nd1cated ear11er. the temperature of the equ111br1um ceTT
_‘was'COntroTTed by c1rcu1at1ng a coolant’from an aux1]]ary.temperature

bath through the Tucite shell Jacket1ng the ceTT- “Denatured ethano]

was used as ‘the c1rcu1at1ng f]u1d The temperatures 1ns1de and outs1de"
the ce]] were measured. by two copper.constantant thermotoup]es and a
Leeds- Northrup ModeT 8686 m1]T1vo]t potent1ometer The ca]1brat1on of

the thermocoup]es is. shown beTow:

Temp, (°C I Erron;(°C)‘ v
| | Cell - = Bath
0.0 . -077 -0.058
244 0157 Y -0109
S a3z -018 0113
918 .—0'.40"3" - -0.445', | o

The temperature was contro]]ed by ‘an American Instrument Company’bimetaTTiC'

s

str1p contro]]er wh]ch coqu be set to govern evther the refr1gerator
or the heater but not both s1muTtane0usTy By us1ng thws contro]]er,_.

the temperature 1n<1de_the ceTT cou]d be control]ed to w1th1n\+0 1°F

P
o w

g

(3), Measurement of Pressure —

The pressure in the ceTT was generated by a Ruska Instrument

Corporatlon p051t1ve‘d1sp1acement pump Nlth a capac1ty of 25 0 cc and
‘@ o .




‘uate at 10 000 ps1a Two Helse Bourdon tube gauges rated at
?50 psia amd 2,000 p51a were used for pressure measurement ‘The

gauges vere. callbrated w1th a dead we1ght tester. Correctlons for the

measured pressure in the ce]l were made for atmospherlc pressure and
\

19

‘ for'the head of mercury between the gauge and the cel] The accuracy-f“‘

of PdLh gauge was within 0. 05% of fu]J;sca]e,

Y

(a) Hateriais S l"',' el 5 SR

Matheson Incorporated u]tra h1gh grade methane and 1nstrument

. grade propane and isobutane were used They were cert1f1ed to be
99.97, 99 b, and 99 5 mo]e percent chem1cal]y pure respectlvely 'The_
“ethane used was Ph1]11ps research grade with a reoorted ana]y51s of
99 94 mo]e percent ethane The ana]yses were conf1rmed by the fact
jthat no detectable 1mpur1ty peaksbwere observed dur1ng the chromato-

- graphic ana]yses of'the samp]es

ﬁﬁav;grperjmentai Techniques

(l)v PreparatiOn of Mixtures

A
Inxtral]y ‘all the system was evacuated f]ushed wi th the testlng

gas, and. re- evacuated, Valve 7 was c]osed and approx1mate]y 10-15 cc
- of disti]ted water yere 1ntroduced into the’ cell. Valves ]} and 6
fuere tlosed, valve 10 was opened, and the predetenn1ned amoun_ of -each
gas was charged 1nto the cell. The>amount was based on the pressure

, xeadrnq observed on the proper Hewse gauge In mak1ng a mlxture, the
_;gas from the lower pressuré tank was 1ntroduced first. W1th valve 5

~closed, the'cell TE contxnuous]y rocked for approxlmately 30 minutes

P

2



to%ensure that the gases were thoroughly_mixed. A sampTe'of thefmixture
was then taken'for analysis. b - |
" When a condensed 11qu1d samp]e was belng prepared, it was found
_necessary to take severaT samples before cons1stent reproduc1b1e y
ana]yses were obtalned. This was so because‘the contents of the lead
- Yines could not be thorough]y m1xed with the cell contents.
(2) ’Hydrate Formation | , } ‘ L T ' ft yf:' 5 e

The cell: temperature was 10wered to 10 TS°F below the estlmated
hydrated format1on cond1t;3n More a91tat1on‘of the ceT] caused the
_hydrate toiform. Nhen this. had happened the temperature was 1ncreased
sTowTy'untiT’the hydrate began to melt. The temperature was kept at
0. 3 3°F higher than the meltlng poxnt to et almost aT] of the. hydratt
dlssoc1ate  The: temperature was then Towered by 0.5- 3°F to recrystalllze

~the hydrate, A few crystals of hydrate that rema1ned on the glass
: vwindow served as seed crysta]s for. the hydrate formatron. The "tempera-

| ture;was rajsed aoain very‘s]ouly unti] the.hydrate on”the windoﬁ'just

: began‘to'melt.' Hydrate d1ssoc1at10n was always aTso accompanled by a
sharp'rise in pressure The temperature and pressure were recorded at
this_point The physical phenomenon of hydrate fonnat1on.1n the ]1qu1d:'
‘ phase resemb]es that in the gas phase. However when ‘the temperaturé
was 1ncreased very\3ﬂowly to the equ111br1um po1nt at a condltlon c]osei
'to the bubb]e pownt in m1xtures conta1n1ng a re]at1vely h]gh concentraQ__
“tion of methane many bubbles deve]oped in the ]1qu1d water phase no |

matter how - carefu]]y the procedure had been fo]]owed



(3) Gus'Chrmnatographic Analysis'

Samplt analysis was accomplished by uswng a Hewlett- Packard

» Model 57508 gas. chvomatod;;;; Porapak Q co]umns were used w1th
co]umn ]ength of three and six feet The thennal conduct1v1ty cell

was ma1nta1ned at 120°C and 65°C, with 150 ma current and a He11um
-flow rate of 20 cc/min.’ ' _The sample s1ze was measured w1th a d1fferent-
:iai pressure~transducé T The gas chromatograph was connected directly
‘ on—line with the Deparpnent IeM 1800 computer Which'pennitted fastd
;connenientvdata.processing;and'digital fi]tering of data. ~ The
'Lhromatograph Monltorlng Progvam was used to standxrdwzc each component
a investigated in the ana]y51s to obtaln the proper correspond1ng
‘response factor, and: to ana]yZe the resu]ts of the samp]e,.' The
sm60th standardlzat1on curves dre shown in Flgure 4. By usan the
’ChromatOUYaph Monitoring Program ana]yses were - reproduf]b]e to w1th1n

B 00 3“

i
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"qnd‘that of other investfqetdrs~[}9; 20,

in Table 6 and depicted in Figure 5. For isobutane hydrate Rouher

.‘ S _' : o - ’. ) '23,

CHAPTER ‘5

EXPERIMENTAL NESULTS

Thc cxpellmcntd] res ults for thc d1fferent compoaltlonr ‘of the
methane -1 Ohutdnz gas mvturec in the Lhree phdse equ111br1um (H L,'G);'
dare q1ve» i TalLe 5.\'Thu refults'are plotted in Frgur0:5, In order

¥

to verify the expérimental technique the binary system consisting of

pure methane and water woo tested.  Guod agreement betiwcen this work

Aat

o

b, 22, 23, 24] was ottaineds

The experimental deta of thuse sutnor< and this vestigation ere dGLCH

AN

and Bardunn's deta are tabuiated in Table 7 and Hepicted"in Figure 5.

.

The experimentxé Jdoatae ot eaton and Frost LCI] and Niclend and Compbe )

IL/] for >£~er'| methane-isobutane miiturés are givern an

B Hydrates of Liguefizg tight Hydrocarben

Initial mydrate Somation condition; for the-L —LW—H enuilibrium

[

~for these'qumef;ed*hydrucdrbon.gd< wlxtures were detenv1ne The

-+

composition of the mixtures and ha erher1menta1're€u ts are 115ted in

Table 9 and Tabie 13, Smaoth curves - huVL been dv awn through the

’-expevlmenthl ﬁu?hir'ﬁf ERTTI F]gure.6; The bubb]e po1nu 11n

1n the f1gure were pweu.eked Js.ng a computer program based on ‘the Chueh-

' Prausmt7 LOYrG]Jtlon 1t was an 1nterest1ng and s1gn1f1cant d1scovery

to note that whcn the concentration of methane in the- 11quef1ed m1xtures

increased. the pve>suve had more effect on the hydrate fonnatIon



24

Wiz inez aceng o= U waasis o%-Olae L Wy fueuaar s Su0§ipu 13
Lo - YNIvIIIWIL - -
L 89 . ¥9 09 9§ - zg 8y . ¥V oy Z¢
T i I T T =] T T |
. . aseid .mS. |
GioBUBINGOII 0 (Siseg 904 133eM)

= . C3ESa BUL BIDLPU. Saaquny i

C SINLIW SNVINEOS! AN

— ngimé 30 SINIOd MIQ mmmew e

I

| :2 NHNQ¥VE ANV ¥3HNO¥ o

[H'v ™

MIOM SIHL O

(2212) 150¥4

>

ONV NOIv3a ¥

o
a0

00z

09

001

00Y

009

008
0001

—! 0002

| pisd

- NNSSIUd

..



T

,..f.:ﬁTBS.,:-TTI UL SaUNIX| . Uoquar YOUPAY b ?:sz.: YAty WHOLY EpUn

Jo IUNLVYIIWIL

5

— woo_

ooz

o15d ' 3¥NSSId

U 0L 89 99 59 05 gy gy oy gt
T T R T T T T T
INIOd 3188N8 BINIXIW e

— O 3¥NLXIW © -

IO 3¥NLXIW v

_ 1 .m%;_s, o

| i ! _ L | 1 ,_ | L




~ o)
N v &
- N
. o 2 3
. 5
o~ v
s ' oo
7 M Lt . P

e

-:' ’ 3

» temperature, Mixture I, containing no methang;
- ’ " i. 3 \

' Y - ! . oA \\ 'ry
equilibrium curve up to 1,000 psia.&s °i .
n‘:," m:;- : “ €,
* R



L “- | o 3CHAPTER 6.

THEORETICAL RESULTS

A computer program based on the numer1ca} procedure proposed by
' Parrlsh -and Prausn1tz [2] was wr1tten The deta11ed procedure was
descrlbed in Chapter 3, Sectlon c. Th1s program is glven in Append1x C.

At a later date, and through correspondence with Prbfessor Prausnltz

fa copy of the progra% which had been used in -the or1g1na1 paper was

obtalned ‘Both programs were used 1n.carry1ng.out the theoreticallca]—
»v'cu]ationsf-_
LY

A. Hydrate Formation Prediction fOr‘Methane-Isobutane~water Systeme

.Predicted’resu]ts‘compared uith experimenta] data for methane and |
isobutane mixtures’are given‘tn Table'Tl The program pred1cts we]] 'h.\\

for hlgher mo]e percent 1sobutane mixtures but not so we11 for Tower |
concentratIOns No gas so]ub1]1ty data are aya11ab1e for lsobutane in

" water 1n the 11terature In prepar1ng the program, it was assumed tnat

B the gas so]ubr]]ty of 1sobutane is approx1mate1y the same as that of

\\ " n- butaheuﬂ The gas so]ub1l1ty data obtalned by Morr1son [36] for methane

and n- butane in water was used for the predlctlons of the methane iso~ "

butane m1xtures

un’

ﬂB."Hydrate Eormation Predfction<for Liquefied-Hydrocarbon-Gas Mixtures -

; At ‘the hydrocarbon bubble point, o]t shou]d be poss1b]e to predlct
i initial hydrate format1on condltlons in the liquid system because ‘the

vapour phase ex1sts and is in equ111br1um with 11qu1d phase and h@§§ate

\

phase The hydrate fonnat1on equ1]1br1um llne in, the 11quef1ed phase”°’$ ‘
i e £
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is extended’to intersect the bubble point locus.. The quadruple point,

. (L], LZ; H,G) were*lOcated in Figure 6. The compos1t1on in the vapour .~;.
:phase at the bubb]e ‘point was used to predict hydrate formation cond1—
tiops. A compar1son between zxper1menta] and calcu]ated hydrate forma-

. tion cond1t1ons is. g1ven in Tab1e 12. The program pred1cted the hydrate
fromat1on ‘condition reaconab]y well with a maximum deviation in tempera-
ture of -2.8°F, In a 11quef1ed light hydrocarbon mixture containing a
1ower concentrat1on of methane thgﬁhydrate format1on cond1t1on in. the

11qu1d m1xture can be estimated w1thout ser1ous error.
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CHAPTER 7 -

- a
%

DISCUSSIONS AND CONCLUSIONS .”

A.  Validty of Experimental Data

Temperature measurements were dc¢urate to w1th1n"031°r. PreSsure:
cou]d be determined to accurac1es of ] 0 psi Nlth the 2 000 psi1 Heise
gauge and :0.125 ‘psia with the 250 psi Helse gauge Byvu51ng the
Chromatogrdph Honltorlng Program the scmp]e ana]yses were detenm1ned.‘
w1th an accuraLy with -0.3 ; For the’.ower mole - percent lsobutane

mixtures a Heu]ett Packard Pode] 17503A Pecorder wds used The'énalyaes

were reproduc: ble to w1th1n O 02

B. Vethane IsobuLane Water System'

From the theuvetlcal mode] we ' flnd the composition in the hydrate
lattice 1s dlfferent from Lhat in the ge; phase. . Therefore, the amouef
L;ef hydrate remaining in the cei] will effect tne 2a43 phase ¢ composition
and Lonsequently ehdnge the h/drate .Oﬁnatlon Lonu1t1on it becbwes
very important to allow only fe: ny: :ate Lr)sta]f to exist when the
-p01nt of incipient hydrate fon-qt‘on 1 ‘vcor”cﬁ VZr this Qeyi-rﬁe'ges?
phase composition uxil keep approxlmate]/ Lonstant at dxr.erenu cond1;10ns

.

-,for €1Lh mixture. For lower LOhLOW’!dTIOHS of IbObbthL. the effect of

thg amount -of Nydvdte ex.st.ne becomes even more )1gn1r1pant, [t was

f0und necessary te analyse the vapour phase composition for cach different © -

. condition.

The data.bbtdineu byioedton-and Frost [21] deVlate cons1derab]y

from -hlS 1nvestlgat10n " One of the reasons for the dev1at10n m1ght

be th fthe equ111br1um gas phase concentrat1on of- lsobutane 1nMDeaton and‘

|l



»

=

'Ffost 'S work- was actua]ly somewhat less than that in the - or1glna]
'mlxture compos1t1on of 1.1 mole %. Another reason cou]d poss1b1y
.be errors 1n the analysis of the gas mlxture

e

C. Liqufd(HyHrocarbon Mixtures

From‘the experimental results it was. found that methane has a
s19n1f1tant effect on the nature of hydrate format1on for a 11qu1d

hydrocarbon mixture. In other words, in a m1xture conta1n1ng a relative

Tow concentratlon of methane, the hydrate equ1]1br1um ]1ne in the ]1qu1d

-,

. regibn will be nearly vertlcal Therefore, 1f\we can pred1ct hydrate

format1on condition at the bubble point, we can est1mate the hydrate

* formation at- hlgher pressure for ]1qu1d mlxtures w1thout serlous error
.The exper1menta] resu]ts COnf1rmeg the fact that the theoret1ca1 pre-g
.d]ct10¢xnethod cou]d also be used for ]1qu1d hydrate formation. A

A

max imum: E%mperature deviation of 2 8°F was found for a m1xturé contain-

'i 1ng methad@ﬁ etnane, propane and 1sobutane

s ) o RN
iDL Conclusion - '\ -
The study of-" hydrate of the methane 1sobutane wate$>595tem has

| cortr1buted to the ava1lab]e data on’ natura] gas hydrate formlng systems.

Isobutane has been shown to exert a cons1derab]e lnfTuence on 1n1t1a1
hydrate forma ion- condltlon even. when 1t 1s present 1n a co centratlon
as 1ow as 0 4 moles. . Vo

The 1nvest1ga§xon of hydrate formatlon in 11quef1ed 11 ht hydro-
carbon ‘mixtures. ver1f1ed that the theoretlca] pred1ct1on meth d cou]d

be! used for representat1ve m1xtures contalnlng varlable amounts of

‘ methane ethane, propane and 1osbutane

730

ly
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CHAPTER 8

- FUTURE WORK |

.

the hydrate formation pred1ct1on program With the bubb]e

The determlnat1on of the effect of carbon d1ox1de hydrogen

su]flde, and some of the non-hydrate fonn]ng heav1er hydrocarbons

on the L] L2 -H equ1]1br1um
(’\\’ v 4

The ¢0mp]et10n of a computer program to predlct hydrate

--po1nt predlctlon program

n o
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‘Hydrate‘phase with Structure 11

Boltzmann's constant, 1. 38 X IO

: Integer constan

~Total pressure; gtm S
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NOMENCLATURE

[s]

Core radius, A

Fitted constants for calcu]atlng d1550c1at1on pressure

of a reference hydrate
5

Number of components

Langmlur constant: for components k 1n cavity i o

Number of degrees of freedom 7

4

Fugacity of component J

'Hydrate phase B R

Hydrate:phase with Structure I

~ Molar enthaIpy; cal/mole S a B

Ga’s phase

° érg/?K

L1qu1d water r1ch phase
L1qu1d hydrocarbon r1ch phase
Number of hydrate formlng moIecuIes'

Number of hydrate form1ng me]ecu]es in sma]]er cavities

- of Structure I

Number of hydrate form1ng moIecuIes in Iarger cavftieS"
of Structure I - o

Number of hydrate fo:.>
Cof Structure II e,

in smaller cavities

Number of nydrate fonn1ng molecules in larger cavities
of Structure II » . g

:_,.
s E.-

{ Equation (7)

-Number of'"host"-Water moIecuIes
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¢
'4P; 'Dissociatioh pressure at ice poinp, atm  T | o
PR\  | Dissociafionipreésure of'reference‘hydréte, atm
or : .: Radial coordinate A
R e '-t éas c@hstaﬁt, 1;982 ca]/moIeéK; Ce]i radius, K
 T‘  : 4,,: Température, °K
To o - fémperature at ice pbint; 27%#15°K
v o Mo]ar"vb]ume; cc/mole - - | )
w_w(r)A> : *?Spher1ca11y symmetr1c cell- potent1a1, ergsb
‘Xw.. ‘ Mole fract1on of 11qu1d water ' |
yj | : Mo]e fraction of’cgmponenﬁ.g in gas phase
Z o : Coordination numbér of'céyity‘fybe m
‘ .Gfeek'LetteEs ;
‘.r(r}f  j..'.'K1hara,p0Lent1a1, ergs . .
6‘ o Po]ynomla] defined byzgguat1on (7)
RS 5-_Q: TDepth of 1ntermo]ecu1ar-pbtentiél\wé11, érg
oij.i' _;  ‘Fract1on of cav1t1es type i occup1ed by component J
K ‘; SR Chemical potent1a1, cal/mole
ui v.‘;; . Number of cav1t1es type i per water mo]ecu1e in the hyd%ate_ ’
g D*stance parameter, point at wh1ch “(r) = 0, A
¢Jv. ‘ ‘1 Fugac1ty_coeff1g1ent._
Supérscripts  N \
d o f'A.o R e .
o v Property at ice point’ ‘f
o A o

H _ _Hydrate phase .



v

Liquid water phase
Reference hydrafe_'

Ice phase -

;Empty hydrate phase

Compdnent\

Cavity type i

34
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DATA PERTAINING TO HYDRATE PHYSICAL
AND MOLECULAR STRUCTURE
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TABLE ]

" PHYSCIAL PROPERTIES OF HYDRATE LATTICE (32)

38

‘ * Struycture I Strqpture I
No.}Of wafer molecules/ - o o
unit cell. 46
No. of.cavftieé/unit‘céll 2 6 16 8
Cell diameter, A (9) - 7.95 8.60 7.82 9.46 B
. ;Lprrdtnétion ”0;., :  , o 20 24 | 20 28
TABLE 2

CONSTANTS FOR CALCULATING DISSOCIATION
PRESSURES OF REFERENCE HYDRATES (2)

(PR is in atmospheres and .T .is in °K)

A, B, . o C,

R . R R
‘ Structure_l" , | R  ,. R

Xenon . 23.0439  -3357.57  -1.85000

‘Methane -1212.2 . 443880 187.719
Structqre 11 |

-Bfochhloro— | )

difivoromethane 11.5115 = .4092:37  0.316033

Natural .Gas o o R
Mixture . -1023.4- - 34980.3 ,‘159.923

Natural Gas = n
Mixture © . 4071.64 - —193428 8" -599;755

v

b {

' - Tenperature

-Range, °K

211-273
*273-300 -
253-273
273-291.

291-313



TABLE 3

THERMODYNAMIC PROPERTIES OF EMPTY HYDRATE ( - Phdse)
AND LIQUID WATER RELATIVE.TO ICE (. - Phase)
AT 0°C AND ZERO PRESSURE (2) '

. Structure 1° + Structure II
“Q S cal/mole o ©302 211
'HQ -VH;,_cgl/mqle 275 123
v - v, and/mole | 30 T 3
W w’ T o :
HE H*, cal/mole . Yoo 1436.3
W W e » R
c; - Cycal/mole 901 - 0.0336 (T - 273.1)
2z .
TABLE 4
KIHARA PARAMETERS FOR HYDRATE-GAS INTERACTIONS (2}
“Gas 20, A A KK
Methane S 006000 3.23% 153017
Ethane = . 0.800 . - 3¢2941 173.97
~Propane 1.360 ©3.3030 200.93
Isobutane 1,600 31238 L orols2
~ Nitrogen S 0.700 . 3.e1a2 127.65
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APPENDIX B
EXBERTRENTAL AND PUBLISHED DATA
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TABLE 5

{ XPCRIMENTAL DATA FOR METHANE-ISOBUTANE MIXTURES "-
HYDRATE FORMATION IN HL]G EQUIL]BRIUM

Composit‘ion.(Mole % of

OO W NWLWWWLW

3 B i-C4) - psia '- °_F
0.40 : 262 37.5
0.3 811 53,0
0.46 | . 457 469
0.82° 84 36.0
- - 317. 444
485 C50.6
855 57.8
1,456 639
1.2 T 137.5 - 34.2
. 201~ 40.2
261 - 44.1
. \ : - 391 < 88.0
5 S . 503, 53.2
S : 707 5708
1,008 62.3
2.5 101.6° 34,
. 157.3 40,
201 a3,
32 50.
398 53.
501 57.
662 - 6l.
1,460 68.
*,0 733 34.9
147.0 45.0
245 . 52.5
4¢9 59ig
. 15.2 441 33.6
- . 81.8 4.3
149.7 - ‘ﬁ%.s
295 60.3
28.6 - 29.7 33.4
‘ 51.7 39.2
69.2 - .42.8
N _ . 87.3 45.7
- 1141 49.2

‘@



TABLE 5 -

Composition (Mole % of

63.6

continued’
1—C4) 51§
) oo
23.0
32.0
41 .1



LOMPARISON OF METHANE HYDRATE FORMATION CONDITIONS (HL]G)

@

TKBLE 6

OF THE. PUBLISHED LATA AND THIS WORK

- ' Deaton and o
“Villard (19, 20)  Frost (21, 22) .
psia  °F psia  °F
390 32.0 401 33.0
481 " 34.0 421 34.0
690 41.9 470 36.0
934 © 47.3 496" 37.0
1,002 49.8 553 39.0
1,220 51.4 692° 43.0
1,813 57.7 7767, 45.0
2,235 61.0 828" 46.0
2,650  63.1 879 47.0
3,410 66.7 1982 49.0
3,900  68.5 ‘17118 s2.0
1,419 55.0

- This

Roberts et al-

(23, 24) Work

psia °F psia
1383 32.0 408
848 . 46.0 509
1,452  56.0 578
1,567 56.4 668
S N3

o 794

- 874

© 926

1,050
1,150

1,293

1,465

33,

43

. of .
LN
] 53\.___

38.
40.
42.
44.
45.
47.
48.
50.
51.
53.
56.

O 0 W U W WP~ 0~ O



TABLE 7

PUBLISHED EXPERIMENTAL DATA OF ISOBUTANE-
HYDRATE FORMATION CONDITIONS
IN HL,G_EQUILIBRIUM (30)

psia .
167 32.7
17.9 ' 32.8
. 19.5 33.5

20.8 34.7 -
- 22.8 34.7
‘244

35.4

4



" TABLE 8

- PUBLI§HED EXPERIMENTAL DATA OF METHANE - 1SOBUTANE

HYDRATE FORMATION. CONDITIONS
* IN HL,G EQUILIBRIUM

Authors Composition (mole %)

* + Deaton and

Frost (20)~ . 1.1 (in i-C,)
McLeod and
Cainpbel1-(27) 1.4
‘ 4.6
L4

192
267

935
3055
4875

- 5005

6915
7125
9025

975
975

s
<1535

2015
2025
2025

3375
-3455

5015

"7015
7115

9185

QS&I

76.

&a.

59.
76.

80.
80.

70.
69.
70.
71.
74.

- 74.

75.

- 77.

77.
81.
84.
85.

89.

H =B O~

W= ONWODWDOD OO
. < :

/

45



- TABLE 9
COMPOSITION OF LIQUEFIER HYDROCARBON MIXTURES
(mol 2) - -
o Liquids
1 I nr
Ni trogen 0.25 0.24 0.2
Methane - 2.23 21.94
Ethane 31.32 30.63  24.67

Propane’ 51.53 50.73 40.76 &

i-Butane 0 16.90 16:17 12.42

| | \
* TABLE 10 |
EXPERIMENTAL HYDRATE FORMATION CONDITIONS FOR
FOR THREE LIQUEFIED MIXTURES
» “ Mixture I E Mixture 11 Mixture I11
- psia °F ‘psia °F “psia - SF
C720 0 a0.2 235 -+ T486.5 . 760 65.6
So2120 . s02 7 357 46.6 ~ 856 66.0
324 40.2 553 46.9 1,086 . 66.8"
L. 656 -40.2 885 £ 3 1,421 68.0
1,026 40.3. 1.194 47.8 1,976 -~ 69.3
1,409 40.4 8 48.2
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- TABLE 11
PREDICTED HYDRATE FORMATION CONDITIONS
FOR METHANE - 1SOBUTANE. MIXTURES
IN HL,G-EQUILIBRIUM
Composition. Rarrish and Pr"ausnitz',s “ .
mole 7 of , . Program (2) A This Work Experiment
1’-C4 , . oF _ . psia - ’ psia psia
0.40 " Cws 33 325 262.0
0.43 53.8 975 95 811.0
0.46 . 46.0 544 542 857.0
- 0.8 . 36.0 229 230 184.0
- | 44.4 . 400 | 399 317.0
50.6 616 - 609 485.0
57.6 1,063 o 1,019 855.0
63.9 1,915 714w 1,456.0
1.2 - 34.2 175.6° 176.0 - 137.5°
40.2 260 | e 261 201.1
44.1 338 338 261.8
50.0 509 . 502 391:0
52.2 o642 628 503.0
57.8 7923 . 883 707.0
62.3 1,388 1,274 1,008.0
2.5 34.3 o291 129.7 101.6
40. 3 ©193.7 | ~ 193.5. -157.3
. 43.9 247 . S 2T I 201.0 "
50.3 v 382 . | 376 312.0
53.7 Y487 - 473 398.0
57.3. 636 . 608 501:0
o 61.0. 858 . 797 1 662.0
: 68.8 1,936 1,417 1,460.0
6.0 34.9 904 905 73
- -45.0 182.6 . 7M180.4 147..0
52.5 - 306 297 :
| 59.8 -519 | O 483
5.2 .0 . 336 52.2° | o522
- VR 100:7 99.5
50.5 81,9 o 176.0
60.3 i0 339
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TABLE 11 - continued
Composition ‘ _ “Parrish and Prausnitz's - :
‘mole ¢ of . : By Program (2) " This Work Experiment
i~C4 °F psia ' ‘ psia . _psia_
28.6 . 3384 - 370 7 3700 29.7
S 392 60.0 - . 59.4 - 51.7
©42.8 80.0 L 78.7 - 69.2
45,7 100.3 " | . 98.0 87.3
49.2 1311 12627 14
53.6 33.2 2378 R 23.7 ©23.0
: w3602 32.2 | : 31.9 32.0
8 41.6° - : 51.0 41.1

38.
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TABLE 12 T :

" COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED HYDRATE - FORMATION CONDITIONS
AT_BUBBLE POINTS FOR LIQUID MIXTURES

!

Experimenta] . Calculated - . Deviation of
' Esia\\ WY - psia ¢ "jf: - Temperaturé, SF

LA

8-
N

Liqyideixture :
CTo 89 a04 1t 376 g
227 465 228t gsg -1.5

B A 65.1 659 630 2.
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COMPUTER PROGRAM FOR GAS HYDRATE

FORMATION PREDICTION -
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Assume H,

PrreP

I

" Present:

< Present

No

‘ ”il>“
AssUmed

»F]ow Chart of Computer Program

;ft“ .;‘.L"(V

&

'ﬁﬁ_ .

——-——Yes -

LoJdes

‘f r Pr

Read Pure Component .

Pr

operties,

T-and all yj

R

ts

Assume H

timate P
or !

Present

I I

!

Set PF: p
: CaTc_‘fJ..and‘xw ,
g at T.and P~
4 i
lSo]ve Eq. (14) an

d tq.

1 (10) or {11) for New P;

lYéé

NO - e o

,///;i:;:\\\ :

4
2 H
il

N
pAand Hyp >

~_Possible

AN

e

e

N
N

No .

int T; P,
all y .
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- . . MAIN PRCGRAM

o

THIS PROGRAM CAN BE UCED"O PRZ DICT THE HYCRATE
FORMATICN CCNDITICNS AS8VE ICE POINT FOR THE
NULTICCMFCN:NT SYSTEM AND CALCULATE THE COMPOSTIDV
IN HYDRATE PHASE AT TPAT C”NuXTION

“

THE INPUTY DATA STATEV:NTS AFE D= SCRIECD AS E3LLOWS o
NCOMP = NUME S/ oF CCVPON-NTc . 1
KHC " = CHOICE OF HY DR AE COLPOSITION COGMPUTATIGN |

SEY KHC=0 FCR GAS. FHASE CALCULATION CNLY

NTC = CHCICE OE FIX=D TEMPE RATun-wﬁy .
SET NTC=C FOR ONE TEMPZRATURE CA_ CJLATION

DT = INCREMENT CF TEVMFERATURE WwHEN NTC NJE. 9

AL = NAME QF CCMEONENT ’ ' :

PC = CRITICAL PRESSURE

VC . = CRITICAL TEMPSRATUFE

W = ACENTIC FACTCR

ClRKV ANC C2RKV = DIMENSICNLESS CONSTANTS IN REDLICH-
, KW3NG EQUATIGN
CORIJ . = CHARACTSERISTIC CCNSTANT FOR 1<y IMT"RACTI“N
SAs SBs AND SC = SGLUBILITY CONSTANT
ALT, BLIv AUTI AND BLII = LANGMUIR CONSTANT FOR
- HYDRATE STRUCTURE I- AND STRUCTURE 11
Y = comeo SITIGN CF GAS PHASE )

v

DIMENSICN AL(4,.5), XM(AI.XS(A).SA(“):SE(é)oSC(d).%O(L)
1.HENRS(4),HEN(4) .PMILV (), ALI(Q-Z).ALII(ch)cBLI(Q 2).

_48LII(4 2),CLI(6:2)oCLII(Ag2)oCL(4 2),TEW9(C) TEMPY(4),

BSUM1(2)oSUMc(¢)U(2)oSY(4).AN(4) Y(a).F(a).SCF(z).CF(a.

82) JSMLUALZ)HM(S)aUT(2) UTT(2) s PHF (4)

COMMCN PC(&).VC(A)oTC(Q)-w(a)-ClRKV(A).CchKV(a) TCIJV

208281 2PCIJIV(44+4) s CORIIC( S, 4)-NCOMP.PHI(4)

pcAD(S-lCC) NCOMP;KHC.NTC oT

C ‘RIT (6.1C0) NCGMP.KHC-NTCvDT - s

DO 1 I=1., NCOMP
FEAD(S.lCl) (AL(I.Ih).xN 1.5

T SWRITE(6+41C1) (ALCIS IN) . INS 1.+5)

READ(S+112) PCI)sVC(IDaTCOI)sWlI)sCIRKV(T),C2RKYV(T],



1

1

VSR
O W

C

1

Y]

0

.
1conxJ(1.I).SA(Il.so(t).sctl) ¢
WRITE(6+114) PC(I)sVvC(1}, TC(!).*(I).Clﬁ&v(
CORIJ(I.I).SA(!)-SB(I).S;(I)
IF(NCCMP=-1) 7,8,7
11=1+1 , : S -
D3 ‘1 J=11,NCOMP ’ : ‘ o R

—

",

e

F READ(S,104) CORIJ(1.,0) = : 8

WRITE(64104) CORIJL(TI,.) : ’ ‘
CONTINUE ’ :

CONTINUE

DC 2 I=1.NCOMP

DO 2 J=1,2 '

 REAC(S.103) ALI(I.J)»%LI(I.J)
READ(S41032) ALIIC(I4d)o8LIIC1,3)

CWRITE(6.,103) ALI(I.J).aLx(I.J).ALEL"

CONTINUS
TC=2732.15

H=-2616, 38

-DAH=20.61¢&¢ - *
DBH=-0.0211¢34 '
‘DELVF=C,.0387

ur(l)=1.,/23,

Ul z2)=z.725.

UILT(1)=2./717.

uri(z2)=1.717, .
READ(S5.102) TF

IF(TF) 11,1001,11 :
PEAC(S,1CS) (Y(1)slI=1.NCOMP)

WRITE(5,1C5) (Y(I)sI1=1,NCCUP)

DO 332 1=1,NCaOMP

COTEMPY(I)=v(1) ‘ C

CIONT INUE,
HI=0.0C

HI [=0,0

NOL=0. ‘ : e '
ITER=1 . - - ‘ o ’ O - .
TR=TF+456, 69 : : : o
 Tk=TR/1.8

-

a

 CALCULATE THE PARTIAL MCLAR VCLUME OF 34SZS5 IN THE waT:zc

\
PH2O=EXP(~2.42647.0363% (TF ac°.)) ¢
PSCOL2=14,6GE~PHZO - - , : -
DO 31 1=1.NCOMP ’

S SY(1)=1.0

DO €00 J=1.NCOMP



51C  SY(J)=C.0
600 CONTINUE \

70C  CONTINUE - o o /

710  IF(CLIIMC,2)) 730,740,730

740 HII=-2.0

C
C
C

54

IF(J-I“? 6’»0 6'3(‘.&6§1C

N

CALL PHIX(PSOL2+TR+ZV+SY)
SO(1)=EXP(Z, 3C46*(-SA(I)+SB(I)ITK+°C(I)=AL”G(TR)/

1 2.2026)) Cw :
AN(T)=SO(1)/(82.0¢%xZvaTy ¢ N +
XM(I)=AN(1)/55,.51 3 :
H~NRS(11~PSOL2*9HI(I)/xm(x)
PMCLVII)=(C.0558+3, 7E€*TR=PC(I)/

1 TC(I)/sPC(1))

31  CONTINUE

DO 222 I=1,NCCMP
YUI)=TEMPY(I) B

DO 222 J=1,2
CLICIZJ)=ALICIJ)/ATKSEXP(BLI(T )/ TK) _ N
CLII(I’J)‘ALII(I.J)/TK*EXP(BLII(I'J)/Tk),_ : ‘
CINTINUE

M
N
N

TEST IF IT IS A PURE CCMFCNENT
DG 7CC I=1,.NCOMP
MD=1 "
IFCY(I)-1.0) 7290,710,71¢C
Go To 720 , .

73C HI==-2,0 . : C
GO TO a8

GO TO 201 ’ o B I -
?EST,I# HYCRATE [ WILL FORM

72C DO 23cC I—I.NCDMP
IF(CLI(I.2)) zoo.c“l.zoo

200 CONTINUE

NN NN

HI=-2,0 C : _ : ,
GJ TO a8, ' ) o

ASSUME HYDRATE I PRISENT IN WATER
48  PG=pP

HI=HI+1 .0
P11=pP



C
C
C

(2 Xaalis]

O3 S1 I=1.NCOMP
DO 51 'J=1,2 ‘
CLIZD)ECLI(T,0)

€1  CAONTINUE
PDELU=302.
DELHI=275,
DELHF==1476,3
DELVI=2

. DELVF=1,62€
AR=-1212.2
BR=64344, C
CR=187.71¢
UC1)=UI(1) . . !
u2)=urcz) - &
GQ To 3¢

ASSUME HYCRATE I1 PRESINT Ih WATEF

2C1  hII=HII+1.0

DO 4 1=1,NCCMP
DC 4 J=1,2
CL(I+J)=CLITET D)

a4  CONTINUE

' RODELU=211.
DELHI=197,
DELHF=-1436,2
DELVI=3,.4 .
DELVF=1.626
UC1)h=uli(l)
u(z)=uric¢zc)

L IF(TK=291.) 5.5,&

S  AR=-1023.1a
BR=34584, 3 .
ce=1509,323 S ,
GG TO 3n ‘ '

& AR=4371.64
BR=-19342R_¢&
CR=-35C3,75¢

CALCULATE TkE- CHENICAL PbT*hTIAL DIFG oNCE
; FEFERENCE HYDRATC '

R
O

%PGA CXP(AR+EQ/TK+CR*ALCG(TK)) ‘
PR=PGA- .
C GALL OGIO(TC'TK,AP.BR,CR,FI)

FII=DELHIX(1,0/TK~1.0/7G)
k3

N
. .

OF THE

55



R

FIl= FII+DAH*ALOC(TK/TC)+DEH*(TK—TO)-H*(1 0/TK~1.0/TO)
Po-rxp(AR+8Q/T0+CR*ALCG(TD)) .

RDELU= QDELU+(DELVI+DELVF)*DO*O c2a4214

EDEL=TK%(RD= LU/TO+F11+(Dch1+DELVF)*r1*3.:2431a)
P=PGA%X14 .66 '
PA=PGA

\ - o
CALCULATE GAS SOLUBILITY IN WATER

EPS=0.21
SUMXS=¢,0
NCL=NCL +1
CALL PHIX(P,TR, ZV,Y)
DO Z2 I=1,NCOMD :
HFN(I)—EXP(ALPG(HEch(I))+PMOLV(I)*(P PHcC)/(l -7
1. TrR))
PHF (I )= PHI(I)*Y(I)*D
FUI)=PHF(I)/14,6%9¢
XS(I)=PHF(TI)/HEN(T) S
su~x3=SUst+xS(I)
CONTINUS . A _
XW=1,C-SUMXS » R
DO a0 y=i,2 *° -
TEMFE(J)=0,0
D2 40 I=1,NCONMP
- JTEMP(J )= TEMP(J)+CL(I.J)*PHI(I)*Y(I)
40 CCNTINUE

93]
[9Y]

x

(!

{y
n

USING NEWTCN- RAPHS']N METHCD TC oOLVE P

(s

8 ASUMI—O ¢
ASUM2=0,0 o
DO . 22 J=1.2 o : ' -
SUMI(J)=U(J)*ALOG(1.0+TEMP(J)*PA)
ASUMI=ASUM1+SUMI(J)
SUM2(J)=UCI)*TEMP(I)/(1 0+TEMP(J)*PA)
ASUM2=ASUM24+SUM2( J)
29  CONTINUE :
S RP1=1, 9&7*TK*(A5UM1+ALCG(xu)) RDEL-(DaLVIfDELVFl*(PAfPQ'
1 )*0.,024214 . . : '
R2=1, 987*TK*ACUM2 (DELVI+DCLVF)*C 024414
R=R1/P2 . o T _ R
PA=PA-R » -S‘ : T
RA=R/PA L . : B
ITER=ITEF+1 ' . R ‘ R
IF(ITER-200) 680, 690.690 ‘

°



689
<1
«2

"KIND e

. * . ST

CALCUL aTE HYCRATE CCMPOSTICN

Fa=cA
IF(LMT~2C2) 94,€1,cq4

o IFCASS(RA)-EPS) 432,43,41

IF(PA) 4z.82,78"
Pa=0C, GtPGA 4 . : b
G2 T3 28 '
R8=(PA-PGA} /P A
P=14,656%PA o ,
IF(ASS(RE)-C.CT2) G€sabLbe
GA=PA S, '
IFCITER-20C) &£S,45,04
EPS=AES(0,.1%3E)
IF( PS-2.C1) 32,232,a7 .
EPs=3.¢ o
G YOJ =3
IF(HII) <8,49,4 3
IF(HL) 3$545C,.80
LMT=203 .
GC TO 48 -
IF(P-PYT} - 9?.76-01
P=pPIL .
wIT= (5.xce) TF Py lT_h.NLL
KIND=
@po‘ra <3
RE=RE*xp
_wR!T_(e.lx<)}
GO TO &g g o
WEIT= (6.11?) TF.P,IT=F, NIL

52

GO Ta S NI
hP!T (6s111) TC.P.ITﬁﬂiNOL

S8 1o g9 :

WRITZ(6,113) TF,@«?TE:fN:L

KIND=1 : J: ’

"GO TO 99

WRITZA(6,10€) TF,p »ITER (N

KIND=2 , ‘

B2 17¢ I=1.NCOMP

WRITE(ES121) YOI) o CALCTLIN) . INZ], S)
IFAKHC) 2cc,sc2,.200
IE(NTC) 100C.1C,1C007
TE=TF-DT ' =
IF(T=-32_) "19,6¢q, Cs“<

“57



58

PA
G

209  IF(KIND—=1) 235,205,207
2CS DD .Z0E& 1=1.NCOMP
B Do 20& U=1,2
206 CL(I,J)=CLICI%Y) _ o
ul1)=uI(1) , : ' : -
ucz)=vrcz) ' T ' '
GJ TQ 240
2C7 DO 2Ce I=1,NCOvP
DO 228 u=1,2
208 CLUIZJ)=CLII(1,44)
»UC1)=UTICY)
utz2)=utir¢zy
: P=PIT . - . b
240 B3 212 J=1.2 . '
SCFR({J)=1.0C _ : o
DO 210 I=1,NCOMP S
- FOI)=PHI(I)*Y(I)*Pr14,.506 - ’ : "
CECLa IV =CLAT,3)%F (1)
CF(J)HCF(T,9) v

z1¢

_Do 212 I ‘1 + NCOMP
SSML(I)—I.Cv—a - v ‘

. DO 211 J=1,2 : e S o .
ﬁﬂ@%SML(I.J)—CF(I'J)/SCF(JI ' ' '
e j%SML(I)‘SQNL(I)+QML(I-J)*U(J) :
2 B éIONTINU— . . ’ ' -

: ”ié ch—ss~+scmg(1) :

\\oo 22067 1=1;KCOMP
-2 HM(I)PSSML(!NISSM ‘ . .
;“ CWRITZ(64120) " . o | : -
'.j' D2 230 I=1,NCOMP" : ' ‘

S B3C WRITSE(6,121) HM(l)s(AL(I-IN).IN 1+5).

3

T\

f\)\"

' * . 6G.T0 s50C .,
©1C01  CALL EXIT T '

. © 100 - FOPMAT(ZIS,F10.C)"
" 101 FORMAT(SAa)
1C2 FORMAT(F1C. o)
103  FORMAT(4EZ0,5)
. 104 FORMAT(Z2F10.5) -
J1c¢8 FORMAT(8F10.5)

ot

1ce FORMAT(/CX.'HYDKATE I1 WILL_FORM AT . T=% F6als?
o AFTL,aX,0P=e JFBI14t PSIAT,37X4 LT=0,15; 3X.%0D=", 14)
112 FORMAT(/SX,*HYDRPATE 1. WILL FORM AT T=0 ,F6.1,"

AT, AX. TE=Y,F8.1st PSIAT V37X IT=0,15,3Xs 302", 14)
111 FORMAT(/‘X"BOTH FYORATE I AND 1: WILL FORM AT

1
1
- i
i




o

[aNeNaNaNeNa el

112
114
120
121
11

1T='-F6.1- * F'.AX-‘D:"FE.I.'-FSIA"20X.'If='oIS.3X.

2'0D="*,15) o ' '
FORMAT(7F10.3/3F10.9)

FORMAT(7F10.5/3F10, sr7) i
FORMAT(//1GX, " THE HYDRATE CQMPOSITION IS'/)

FORMAT (68X +F1C.5,2X,544)

FORMATI//10X,* THE PROGRAM couLe NOT CONVERGE AFTES
1 ITERATIONSC® /15X,9DE VIATO I'S *,F5.,2,¢ RBS1av)
"END ! :

«

SUBROUTINE QG1C(XL s XUy ARsER 4 CS.FI') : , "
FCY(T)= rXP(AQ+BP/T+C“*ALDG(T))*(-dk/ T *ZEIAR/TexZ)
A= o SHE{XU+XL) < "

L BEXU-XL oA
C=.4869S33%E

'x_.03333=e7*(Fcr(A+c)+FcT(A =¢)) : N
C=,432531 7% ' o '

Y=Y+, c747c<67*(FCT(A+C)+Fc.(A -C))
C=,3229704ExE

Y=Y+, 109=432*(FCT(A+C)+FCT(A c))
C=,2166577*x8 .
Y=Y+, 1346’34*(FCT(A+C)+FCT(A c))
C=.07443717%8

Y=8%(Y+, 1a77621*(F(T(A+c)+CcT(A C)))
RETURN

. END

-

] .

pacd

SUBFOUTINE PHIX(P4TezVsY)

DIMENSICN ARKV(Q.Q)-BEKV(A).AIPKV(Q) DHILN(“)-A(&)y

i Z(3), Y(c).VCIJV(A.a)'WIJ(a.A).ZCIJ(a.a)
" COMMON DC(A).VC(A).TC(a).w(al.C1RKV(c).C<~Kv(4).u
lTCIJV(&,Q)oPCIJV(Q.Q)-CORIJ(u.»).NCOMP PHI(L)

CALCULATE VAPOR - DHAQE FUGALITY Cu;“FILICVTQ USINb’F

' QEV1¢ED PEDLICH AND KNONu EhUATIPV e

CALCYL ATE A AND B IN MODIFIED Rk ZGN FOR WMIXTURE.

DO 100 I=1,NCOMP :
AQKV(I.I)“LIRKV(I)*IO z_licn(TC(I):v~.y)/P”(I)

by
4

N

)

[w)

59

"D

e



0

<

& - : . . i

BRKV(I)= czaxv(x)*xo 73*TC(I)/PC(I) . A
IF (NCCMF -1) 111.110.111 . . :
111 II=1+41 ‘ L
DO 19C J=113NCOMP L
TCIJV(I-J)-(TC(I)*TC(J))**V.-*(I G—-COR1 (I.J))
WIJ(I s J)=(WCTI)+W(I))}=D, t
LECTIC1+9)=0.291-0. OS*WIJ(I-J) ’ ’
vc1Jv(1.J)=(VC(1)+VC(J))*c - _—
PCIOV(ILJ)=ZCIJ(I,4)2%10 7’*TCIJV(I.J)/VCIJV(I.J)
AQKV(I'J)—(ClRKV(I)fClRKV(J))*D LS*10,73%¥2xTCIIV( L, )
1%%2 ,5/PCIJV(1,J) ”
L ARKVI(J,1)= ARKVA. T14.4) : e ’
100 CONTINUE
11C CONTINUE
T AMRKV=0.0 .
BMRKV=0,0 , ; . .
‘DO 12C 1=1;NCCMp ' ’ ’
AIRKV(1)=C, ) o
BMRKV= BMRKV+Y(I)*ERKV(1) e ‘
D3, 12£ J=1,NCOMP ‘ o ' R
AIRKV(I)—AIRKV(I)+Y(J)*AQKV(I-J)
120 AMRKV=AMRKV+Y(I)2Y{(J)*ARKV(Esd):

-

- CALCULATE VADOR -MOLAR VOLUME FOR MIXTUFRE,

A(1)=1,0 ' - '
CA(Z2)=-1.0 : ‘
RT= 10.73 T -
 PERT=P*8MAKV/RT - , o
ABRT= AMKKV/(BMQKV*I-.7’*T**1.3) - N o
A(Z)=PBRT* (ASRT ~1 «&sPEFT)
A(4)—7AEFT*(PEQI*:§J

~, RN

o

CALL CUBZ=G (A.MTYPE »2)

IF(NMTYPE) 13 .lao.lac -
1320 IF (ZC€1) -2(2)) 131+131+133"
131 IF (Z(2)— Z(3}) 134,124,132 y
134 "2zv=2(3) g EE e Y
GO -TO 156 ' ) ‘
“122 zv=z(2) s : B
‘ Gd TO 1s¢ - - e
A33 IF (Z(1)-Z(3)) 134,134,13¢ .
135 zv=z(1) Lo ) - i
" 60 TO 150 o o
140 zv~2(1)

) S



S aNa s

e}

15C VW=ZV%RT/pP _ B . @

I'caLcuLaTe FUGACITY COcFFICIENTS wITH MODIFIED FRK
SQUATION.. :

Ovva%ﬁLoc(VV/(vv EMRKV) ) Sa o

Q1VB=1,0/(VV=BMBKV ) . - o )

Q2RTB=2,0/(10 73*T**1.S*BMQKV) o

Qvev= ALOG( (VV+BMRKV )/VV ) '

" QARTB=AMRKV/(10. TIHTHE] (SHBMAKYRR2)

QBVB=BMRKV/ (VV+BMRKY )

DO 160 I=1,NCOMP : .

TPHILNC(I)=QVVB+BRKV(I1)*Q1VEa- AIPKV(1)*02~Tsxcvev+~RKV(I)

1 *QARTB*(QVEV~ -QBVB)~ALOG(ZV)

1-0BVB)-ALOG(ZV )

16C PHI(I)=EXP(PHILN(I)) =
RETURN S v - K
END i B '

SUBROUT INE CUSEO;(A.MTYPE.Z) '

SOLVES CUETIC R EDLICH-KWGONG tOUATION = CF CCMP(C%\IUIL'—

TY FACTOR o : . . . e
DIMENSION B(3).A(a).2(3)- : 4 .

S
B(1) = A(Z)/A(1) R ' :
B1CV3 =‘B(1)/3.0,wff«fq. T
B(2) = A(3)/A(1) & o
B(3) = A(a)/A(l) s . : : _ :
ALF = 8(2) - b(l)*ﬂﬁOv? : - ' o ' .
BET = 2.0%B10V3%%3 < t(2) %810V3 + 1(32)
BETOV = BET/2,0 v A
ALFOV = ALF/3.0 ‘ : :
CUAOV = ALFOV =#%x3 . o N v
_SQHOV = BETOV =xx2 . : R , T

DEL = SQBOV 4 CUACV.
. IF (DEL) 40+.20,30
20 MTYpE = 0

@AM = SQRT (=ALFOV )
. IF (BET) 22,22,21 _ ‘ ) S Lo
S22 ge1) = ;Z.O*GAM -Brovs . o i T
Z(2) = GAM -B10OV3 : ‘

.o Z€3) = zd2)y o R S . . SO



LW W

& C

4.1

'1 /3.

[ S
(G N

1511
(o]

SIR=1,0

JIF {sScu):

E PV

£ GUCT =

GO TO 50 ,

Z(1) = 2,C*GAM.~810V3

Z(2) -GAM =B1oV3

Z(3) z(2)

GO TO 350

MTYPE = 1 :

EPS = SQRT (DEL) . ’
TAU = -BETOV .
RCU=TAU+EPS.

SCU=TAU-EPS

It

SIS=1.0
IF (RCU)
SIR=~1,0

31+32,.32

32,344,348
SIS==1,C =
R=SIR*(SIG*PCU)#%5 23333333
S=SIS*(SIS*SCU)**{ , 23333332
Z{1) = R + S = B1OV2 . - .
Z2(2) = -(R+S)/2.0 = B1OVR

Z(3) = C.E6ECZE40%(R=-S) S
GC .TC 590 :
MTYPE = -1 .
SCBOV /CUon‘
ROCT = SQRT . (-QuoT)
IF(BET) 4Z2.41,41

PE1 ='(1.

G2 TO 43
PEL =
FACT = 2,0%SQRT (-ALFOV )

;2(1) = FACT*C0OS (PEI) - 810V3
TPEISPEI+Z, tsazssq

2(2) = FACT*QOSW(PETL)
PEI=PEI+4,1887902 _
Z(3) = FACT*COS (PEI) - B1CV3

|
@
(2]
<D
<
(

“CONTINUE
.PcTURN ’
END

ATAN (SQRT (1.0 - RCQT*22} / m-

S707962 + ATAN (ROCT / SART (1.7 - R30T==2)))

By

3T) 7 2.0

62



