THE UNIVERSITY OF CALGARY

THERMODYNAMICS AND NUCLEATION KINETICS OF
GAS HYDRATES

by

VENKATESWARAN NATARAJAN

A DISSERTATION

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF CHEMICAL AND PETROLEUM ENGINEERING

CALGARY, ALBERTA
NOVEMBER, 1993

© VENKATESWARAN NATARAJAN 1993



THE UNIVERSITY OF CALGARY
FACULTY OF GRADUATE STUDIES

The undersigned certify that they have read, and recommend to the Faculty
of Graduate Studies for acceptance, a dissertation entitled, "Thermodynamics and
Nucleation Kinetics of Gas Hydrates" submitted by Venkateswaran Natarajan in

partial fulfillment of the requirements for the degree of Doctor of Philosophy.

ol @”\m

Dr. P.R. Bishnoi (Supervisor)

De rtWent of Chemical and Petroleum Engineering
M‘O,@g/\/o«l/\/\/\)

e ~

Dr. N.E. Kalogerakis

D<7artment of Chemical and Petroleum Engineering

[

T e — .,,,,;_\(\/\., —

Dr. Amit Chakma
Department of Chemical and Petroleum Engineering

TB'F\-CI/GJMM\

Dr. J.A.C. Kentfie“l
Department of Mechanical Engineering

i,

Dr. Y. Paul Handa
National Research Council of Canada, Ottawa

v
M

: 9/ [543

Date



National Library
of Canada

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making

this thesis available to interested .

persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Ottawa (Ontario)

Your file Votre référence

Our file  Notre rélérence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque -maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
théese a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protéege sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent- étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-93996-6

R+l

Canada



name VENK ATES WARMY , NATARATAN

Dissertation Abstracts International is arranged by broad, general subject categories. Please select the one subject which most

nearly cjescribes the content of your dissertation. Enter the corresponding four-digit code in the spaces provided.

ENG\\NEERIM& — CHEMICAL

oslel2] UM

SUBJECT TERM
Subject Categories
THE HUMANITIES AND SOCIAL SCIENCES
COMMUNICATIONS AND THE ARTS Psychology .c...vinicrrsasennninies 0525
Architecture ....covevenisorsicisarennae 0729 Reading ... ..0535
Art HIStory ucueeerenniininscsiesninnnane 0377 Religious ..0527
Cinema 0900 Sciences ..... ..0714
Dance 0378 Secondary ...... ..0533
FING AMS .evvsversereresrerermaseerserss 0357 Social Sciences .. ..0534
Information Science .. ..0723 Socialogy of wcweereeorererueersenrnes 0340
Journdlism ............ ..0391 Special 0529
Library Science ..... ..0399 Teacher Training ...couceiesersisene 0530
Mass Communications .........cueu 0708 Technoltégz\ .0710
Music 0413 Tests and Measurements .
_?L)eech Communicalion ............. 8322 Vocational
I
EDel:C:TION LANGUAGE, LITERATURE AND
General ..0515 ﬂI:GHJS:KS '
Administration .. 0514 B
AdUIf cnd Conﬁn 05] 6 Ancien’ ..............................
Agricultural .ovveene. 0517 . linauisfice: -
rt 0273 Mogdern N
Bilinguul cnd Muhicuhurcl . 0282 v Literature ------------------------------
Business .......ciiivene 0688 Genera
Communi'y College 0275 C'css'ccl ------------------------------
urriculum and Instru 0727 Comparative. :
Early Childhood .... 0518 Mooyl :
Elementary .....cocvveiiensensrsenennns 0524 Meodern .o :
Finance 0277 Alfrican ... :
Guidance and Counseling ......... 0519 ‘American .
Health 0680 Asian .. 10305
Higher 0745 e 038
HiSfOI’)’ OF ................................. 0520 . Ccnudian Frt?nch) - 0355
Home Economics .. ...0278 English 593
dustril 0521 fge]
Industrial ...cvroriiiniinncn. Germani 311
Language and Literature ............0279 Lafin Amer 312
Mathematics ...c.voveivecenninsnnsnnne 0280 Mldd[e Eastern 315
M\?ﬂ(s:ophy of 883% Romance ..... 313
Physiccl --------------------- 0523 Slav'c und Ea 3] 4
THE SCIENCES AND ENGINEERING
BIOLOGICAL SCIENCES Geodesy cuuueurermirririrsisesiarenns 0370
Agriculture Geology ..... ..0372
General ..o 0473 Geophysics ..0373
AGronomy ....verreeeeseensinns 0285 ,‘HX/drology ..... ..0388
Animal Culture and ineralogy .... ..0411
NUFHON erceeerererenerarencens 0475 Paleobotany .. ..0345
Animal Pathology .....cceeucee. 0476 Palececology . ..0426
Food Science and Paleontology ...... ..0418
Technology ........cunueineiens 0359 Paleozoology . 2.0985
Forestry and Wildlife ...........0478 Palynol og,y ........... ..0427
Plant Culiure ........ ...0479 Physical Geography ..... ..0368
Plant Pathology .. ...0480 Physical Oceanography ............ 0415
Plant Physiology .... ...0817
Range Management ............0777 HEALTH AND ENVIRONMENTAL
. Wood Technology ........veue. 0746 SCIENCES
Biolo e);lerc 0306 Environmental Sciences ............t 0768
Anatomy ... ...0287 Healctgllr?é::gnces 0566
Biostatisice *0308 o e — 0566
chny ................................ 8%93 ghe;nc;t erapy . 822;
Ecologyl .............................. 8%5%% Eduveation e 0350
gggg;% ;’97 0369 HospitalDManlcgeme;\t T S;gg
Limnology ...... ..0793 |n.lljnr.?l?r?°]°eve opment .. - 0982
Microbology LOAI0 e i O
Moleculur ..... . ...0307 Mental Healt gery - 0347
Neuroscience . 0317 NULSIAG oo 0569
Qcecnography... 0416 NGAON. s 0570
E aﬁ?ﬁig?,y """ 0821 Obstetrics and Gynecology ..0380
Veterinary & 0778 O%c}:‘upchonal Health an 0354
Zoology - 0472 o h?}:g%él; ........................ 9334
BiOthé’;ieC:a 0786 P::f’t’hologyI g )' 0571
b Pharmaco ..0419
Medical .. 0760 Pmr!'nuc%l ogy ...... ..0572
EARTH SCENCES I
iogeochemistry ......ccoreeereviacnns Radioloay e, 0574
Geochemisiry .-.....ococercmvcernecns 0996 Recreoti%); ''''''''''''''''''''''' 0575

PHILOSOPHY, RELIGION AND
THEOLOGY

Philosophy
Religion
eneral
Biblical Studlies .
Clergy
History of
Philosophy of .
Theology ..uerueiesniserinencisannnne
SOCIAL SCIENCES
American Studies .......o..oeerurennes 0323
Anthropol ogfl
Archaeology ....ereveererereerns 0324
Culturdl ... ....0326
Physical ..eecverecrerenrenreccnnns
Business Administration
General ..cceerineersrereennns 0310
Accounting ....0272
Banking ........ ....0770
Management ....0454
Markefing ..... ....0338
Canadian Studies ....eerrerrseeenes 0385
Economics
Generdl ....couveevenrereserienenns 0501
Agriculturdl ...... ....0503
Commerce-Business . .0505
inance .0508
History .0509
Labor .0510
Theory .0511
Folklore 0358
Geography .. .0366
Gerontology .0351
History
General cuucevecsrcesrereiesecas 0578
Speech Pathology
Toxicology ......ees.. .
Home Economics .....ooecomevennenas
PHYSICAL SCIENCES
Pure Sciences
Chemistry
Generdl .....cceeerieicrenieninnens

Agriculturdl ...
Analytical ....
Biochemistry
Inorganic ..
Nuclear

Mathematics
Physics
Generdl .... .
ACOUSHIES vvcrrvirnrmsencssaiaens
Astronomy and
Astrophysics ....uvererrersenene
Atmospheric Science .

Atomic 0
Electronics and Electricity ..... 0607
Elementary Parficles an
High ERergy ...c..eeeeeerereene 0798
Fluid and Plasma . .
Molecular ........ .0609
Nudlear ...
Optics ......
Radiation ..
Solid State .
SHOHSHES wevvireeraccrarerearseeresnsrans 0463

Applied Sciences
Applied Mechanics- ..
Computer Science ..

SUBJECT CODE

Latin American

Middle Eastern .. ..0333
United States ..... ...0337
History of Science .......c.coverreeene 0585
W 0398
Political Science
General cuuunuvrereereerererirenens 0615
International Law and
Relations . 0616
Public Admi 0617
Recreation .... 0814
Social Work . 0452
Sociology
Generdl .. ..0626
Criminology ...0627
Demography .......c.... ....0938

Ethnic and Racial Studies .....0631
Individual and Family

Studies
Industrial and Labor

Relafions ...ecvereeeeerosererens 0629
Public and Social Welfare ....0630 .
Social Structure and

Development .......cceeeeee
Theory and'Methods ............
Transportation ........ueeveeveecannee
Urban and Regional Planning .... 0999
Women's Studies ........cccrererenrene 0453
Engineerin,
Generdl ....overiiinenstonennne 0537
Aerospace . ...0538
Agricultural ... ..0539

Avutomotive ...
Biomedical .
Chemical
Civil vevrererreeeraricierenns
Electronics and Electrical ...... 0544
Heat and Thermodynamics ... 0348
Hydraulic ..cuecerereerecrcrereennns 0545
Industrial
Marine .........
Materials Science ..
Mechanical .......
Metallurgy .

Packaging .
Petroleum ........cocrusecrererneenes
Sanitary and Municipal .......
System Science .....ouverrrerans
Geotechnology .......
Operations Research ..
Plastics Technology .

Textile Technology .........ooweereenns
PSYCHOLOGY

General ... 0621
Behavioral .......ccocerrerenrcrenrenvens 0384
Clinical

Developmental
Experimental

Industrial .. 0624
Personlity ... 0625
Physiologica 0989
Psychobiclogy 0349
Psychometrics .. .0632
Social . 0451



Nom
Dissertation Abstracts International est organisé en catégories de sujets. Veuillez s.v.p. choisir le sujet qui décrit le mieux votre

thése et inscrivez le code numérique approprié dans I'espace réservé ci-dessous.
UMI

SUJET CODE DE SUJET

Catégories par sujets
HUMANITES ET SCIENCES SOCIALES

"COMMUNICATIONS ET LES ARTS Lecture 0535 PHILOSOPHIE, RELIGION ET ANCIENNE «.ovcrereereerenenenrenns
ArchitecUre ......ovueerroerensrensenens 0729 Mathématiques ....cccceeererrerecane 0280 THEOLOGIE Médiévale ..
Beaux-arts ........ ..0357 Musique ..covverecnees. ..0522 Philosophie ......occveseismerernisennns 0422 Moderne.............
Bibliothéconomie ...c.cceeeveererens 0399 Orientation ef consultation .........0519 Religion Histoire des noirs
Cinéma ....... 0900 Philosophie de I'éducation ..0998 BNEralites ..cuerermnemrencenennne 0318 Africaine ...........
Communication verbdle ............. 0459 PRYSIQUE -vuveirernevsceasnissnanennenanes 0523 Clergé ......ccee... .0319 Canadienne
Communications .....ceceerererecsenes 0708 Programmes d'études et Etudgs bibliques ... .0321 Etats-Unis ......
Danse 0378 enseignement ......oevcsneiernncs 0727 Histoire des religions ...........0320 Européenne ...
Tistoire_ de lart ecveeerererecnnenenee 8%17 gsychologie 8;]23 T Philosophie de E‘: religion ..... gggg ﬁ/\oyen-orienfale .
ournalisme ... . ciences ......... . €ologie ..ocreririiereeirineininane alino-américaine
MUSIQUE ...eveveenensinanane ..0413 Sciences sociales ....... .0534 Asie, Australie et Océanie ....0332
Sci’ehn%es de l'information ........... 0723 Sociologie de I'éducation .. SCIENCES SOCIALES Histoire des sciences .......oeuveneens 0
Thédtre 0465 Technologie .......coreeverermecrecenes 0710 Anﬂxs&oélggeie 0324 lls?tlzsr:irfsicat'on s
, . .o Archéologie ..erreerirerarirines i aine e
EDUCATION LANGUE, LITTERATURE ET Culturelleg... .0326 régionale ...vecrererererrerereernns
Eﬁpﬁ:\ﬂﬁ.onoﬁi . LINGUISTIQUE Dro“hysique ............................. gggg Scie&ﬁgg]lmgge
A G e W e
Colléges communautaires .......... 0275 Anciennes 0 Généralités ....0501 Droit et relations
COMMEICE .vvveeeevercercesseeres ..0688 Linauistique .. " Commerce-Affaires 0505 internationales ...
Economie domestique ... ..0278 M s Economie agricole .0503 Sociologie
Education permanente... .0516 Litiérature Economie du fravai .0510 Généralités ............ "
Education préscolaire 0518 Ganéralités Finances .0508 Aide et bien-atre social .
Education sanitaire ... 0680 Y Histoire .. .0509 Criminologie et
Enseignement cgi_rlcole.. .0517 Comparée . - .. Théorie .. .0511 établissements
Enseignement bilingue e Medizvals 0297 Etudes améric .0323 PENHENHQIres .vvomrrvurerennnes 0627
multiculture o ..0282 Moderne ..o\ 0208 Etudes canadiennes. .0385 DEMOGraphie v.vvvrisvssessssercree 0938
Ense!gnemen: indlustri 82%‘11 Alfricaine " 0316 Ettiﬁles feministes ..... 85123 Ehédels dFe | 'ilndeU et
Ense!gnemen' pnnf\mrp. | 9524 Américaine .. " 0591 GQ' ore e 0398 £ 3 adaml Ie ........... 0628
Enseggnemen' prlq essionnel . o747 Anglaise ... " 0593 Ggogr‘a;i: ie. 0366 tudes ﬁs're ations
Ense!gnement rel lglecl‘JX_ ........ 0255 Asiatique oo 0305 Ger?n_o é)gle v L?teretI niques et | 063
Enseggnement seconddire . ~ 0553 Canadienne ( O 0352 es| éqn ¢ es'_?’ aires 0310 5 es re uhczll':’s rcl:cm es ........ 1
Enseignoment superieur ... 0745 Gonactenne (Fransaise) .- 039 Administration s 0454 ool o 0700
}l;:yaluchon ................ . 8%%3' Lafino-américaine 0312 %cmquiesb i 8;;8 Théorgie et mléll_lodes. ............ 0344
INANCES wuvversreenis SO . Moyen-orientale 315 omptabilité . . Travail et relations
Formation des enseignanis.........0530 orane 313 Marketing .e...cereereerencercrnenes 0338 industrielles ....ocererecrreneens 0629
Histoire de |'éducation ...... ..0520 Slave ef est-ou Histoire Transports ....... .
Langues et littérature .....cccvuvnne 0279 Histoire générale .........cccons 0578 Travail social
SCIENCES ET INGENIERIE
Z(lEN(IES BIOLOGIQUES géololgie 8%;% SCIENCES PHYS!QUES Biﬁn'\édicaleh .......
riculture éophysiqu : Chaleur et f
¥ Géneralitss L0473 Fiydiologie agg  Seiences Pures modynamicue
Agronomie. ..0285 inéralogie 411 '"G"e sralits Condifionnement
Alimentation Océanogra 415 FENETANMES Lovvvvesiresssresenss (Emballage) ....
dlimentaire 0359 Paléobotanique 345 Biochimie...... Génie aérospati
Culture ... Paléoécol ogci‘e — 426 Ehimie ogrilco_le Génie chim?gl?el ‘.:.
Elevage et Paléontologie .. ..0418 Ch!m!e °'3°)"“|4”e Génie civi
Exploitation des péturages ...0777 Paléozoologie . ..0985 imie mincrale ... Geénie électronique et
gqtho ogie cmimalle .............. 821;8 Palynologie ......cccereeerecererenss 0427 Eh:m:g 2;’;1;3:3; é ectrichue ..... T X
athologie végéldle ............. . ki b Génie industriel .....
Physiologie vegeile 0817 SIENCES DE LA SANTE ET DE Ghimie phormeceutique Genie mécorique
ylviculture et faune............. L’ENVIRONNEMENT Génie nucléaire..........
B |Tec‘:hnologle du bois ..ovuvrnnee 0746 Economie domestique .............. 0386 Eggi'g‘%ﬁs' _____ Ingénierie des sy's!éimes.
10! %gélgéroli}és 0306 gciences ge {’environnement ...... 0768 .  Mathématiques mgfﬁmﬁ"iz navale ...
WS crerervrencsesnonsosasane cienCeS e la Scn'é P . LAY connee :... ......
Areloie i 0287 Genralités ... 0566  Ghnérdlites Science des oléricu .
B e e e ™ 0307 Administration des 0769 Acoustique Technique du péirole ...........
Bio ogie moléculaire ...........0307 ‘Alimentation et nutrifion 570 Abonomi Technique miniére ...............
C‘oaﬁjrllque .......... - 0308 Audiologie... 300 astrophysique 0606 Tec 1m_qt_1eslscn|to|res et
cellule.... " 0320 Chimiothérap 992 Electronique et électri '0607 mhunlupg els‘ ......... IR
Eg?omgol o 0353 Dentisterie ... 567 Fluides et plasmg .0759 Mé Tec. n°|°g'e|. yd,mUhque .
Génét:qgg._. 0369 lgévqloppeme' . Oggg Météorologie .0608 - Gggggﬁ:ﬁ:&g Iquee
Limnologie .. ..0793 Ir:;f&%:?;n ?2 0982 l(’)cﬂ;:g::lzsP -0752 Matiéres plastiques
Microbiologie . ..0410 Loisirs 9 0575 Teoi ( ) 0798 {Technologie) ......ececerrereres
Neurologie ... .0317 - Médecine du trava e ™™ thsjic %‘;‘:;0[‘7‘]}“‘[} " ‘0748 Recherche opérationnelle............
g\;i?g,ggggphle ~041¢ ThEIGDIE ..or.ceversevseseresses 0354 Physicue de Iélal soiide 0611~ Texfles et tissus {Technologie) .... 0794
slologle ... - Médecine et chirurgie .......... 0564 Physique moléculaire ........... 0609
Ec.d"’"°":r':':"":" - 8?% Obstétrique et gyngcologie ...0380 Ph;sigue nucléaire..... 0610 PSYCHOLOGIE
Zuencq vétérinaire . 778 Ophtaimologie 0381 Rodiation oo, [0756 O 0621
Biopl;giggs """""""""""""""" g)r't;:o honie ... ggg(]) SIAHSHOUES +verererrerersrraeesereneasens 0463 gf;i’lg alité . 0625
ﬁgg?gg&és ......................... 8;28 Pharoadie ™ " 0572 Sciences Appliqués Et Psychologi -
............................ Pmrmocologie : 0419 'I]'erchnoi!ogle 0984 ll::;c. logie gz é%l\'/fﬁgl’feg‘lnignf...
iothérapie . 70382 Informafique ...eeeeveeeveeesivenenens chologie
SCIENCES DE LA TERRE o Ehysiohéropte -0382  Intormalique : Psychologie expérimentole
Biogéochimie 0425 Sanié mendle . 0347 GENEIaltES ovverervererrsrrsrens 0537  Psychologie indusirielle
Géochimie 996 Santé publigue . 0573 Agricol .. 053 Psychologie physiolog
e T CNnoioyie .
Géographic 0368 omnimiers 0307 HOmOe Psjchomelte .



ABSTRACT

Gas hydrates are industrially important compounds. The conditions and
the rate of formation of gas hydrates need to be well understood to exploit gas
hydrates as an energy reserve or to avoid their formation in gas pipelines. Hence the
aim of the study was to study the thermodynamics and nucleation kinetics of

hydrates.

In the thermodynamics portion of this study, the technique of molecular
simulation was used and the guest (gas) - host (water) interactions were modelled
without resorting to certain simplifying assumptions in the thermodynamic model for
hydrates. The Langmuir constant is an important parameter in the thermodynamic
model for hydrates and characterizes the guest - host interactions. As recent
experiments have shown that argon and krypton hydrates are structure II hydrates,
in this work, the argon and krypton hydrates were simulated as structure II hydrates
and the Langmuir constants were obtained. These Langmuir constants obtained in

the simulation were in agreement with experimentally determined constants.

The technique of molecular simulation itself, was then examined with
regard to certain assumptions that were made to obtain Langmuir constants through
simulation. The commonly made assumption that the fluctuations around the
averaged potential obtained through simulation is uniform, in molecular simulation
work of this kind (Monte Carlo) for hydrates, was found to affect Langmuir constants
computed through simulation. Also the computation of free volume for obtaining
Langmuir constants through simulation was found to affect the computed constants

significantly.

On the kinetic side, the nucleation of gas hydrates was studied in detail,

experimentally. The experiments were conducted as a part of this study to investigate

iii



the effect of water structure on hydrate induction time. The results suggest that water
structuralization as carried out in this work does not affect the induction time. A
model has been developed based on mass transfer and nucleation kinetics
considerations to model the hydrate forming gas consumption and the induction time
in the kinetic experiments. The model was found to agree with the experimental
kinetic data obtained in this study as well as from previously reported data from the
literature. It was shown that the proposed driving force for nucleation is similar to
the driving force for hydrate growth and decomposition thereby enabling a unified

approach to model all the three processes.
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CHAPTER 1
INTRODUCTION
1.1 Background

Natural gas hydrates are non-stoichiometric, crystalline, solid clathrate
compounds. The crystalline clathrate is composed of hydrate forming gas molecules
entrapped in a cage formed by surrounding hydrogen bonded water molecules. The
hydrate forming gas molecules include the lighter alkanes of natural gas (methane

to iso-butane) besides carbon dioxide, hydrogen sulphide, nitrogen and oxygen.

X-ray crystallographic studies of natural gas hydrates (von Stackelberg
and Muller, 1954; Mak and McMullan, 1965; Jeffrey and McMullan, 1967) have
revealed that there are commonly two known characteristic types of hydrate crystal
structures, i.e Structure I (body centred cubic) and Structure II (diamond lattice). The
two hydrate structures are shown in Figure 1.1. The smallest repeating unit of a
crystal structure is called a "unit cell". The unit cell of structure I hydrate consists of
46 water molecules and includes two small and six large cavities. The maximum
linear dimension of the small and large cavities are 5.2 °A and 5.9 °A, respectively.
For structure II gas hydrates, the unit cell consists of sixteen small cavities and eight
large cavities formed by 136 molecules of water. The large cavity of structure II has
a mean diameter of 6.6 °A. The small cavity of structures I and II is a pentagonal
dodecahedron. The large cavity of structure I is a tetrakaidecahedron and that of
structure II is a hexakaidecahedron. The cavities are shown in Figure 1.2. The
structural details of natural gas hydrates are well invéstigated and available in the
literature (Claussen, 1951; von Stackelberg and Muller, 1954; Mak and McMullan,
1965; Jeffrey and McMullan, 1967).



Figure 1.1 Structures of Gas Hydrates
(from Sloan, 1990)

= |

Structure 1 - Body Centered Cubic
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Structure II - Diamond Lattice



Figure 1.2 Cavities of Gas Hydrates
(from Sloan, 1990)

Structures I and II - Small Cavity (Pentagonal Dodecahedron)
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Structure I - Large Cavity (Tetrakaidecahedron)

Structure II - Large Cavity (Hexakaidecahedron)




1.2 Gas Hydrates : Thermodynamics and Kinetics

As hydrates could form at temperatures above the normal melting point
of ice, the formation of gas hydrates may generate complete or partial plugging that
could damage pipelines (Hammerschmidt, 1934), valves and other processing
facilities. Understanding the thermodynamics and kinetics of hydrate formation is
therefore of key importance to the natural gas industry in order to avoid problems
associated with hydrate formation. Knowledge of thermodynamic conditions of
hydrate formation would enable the gas pipelines to be operated outside the hydrate
forming conditions. The thermodynamics of hydrate formation has been investigated
experimentally by several researchers (Bishnoi and Dholabhai, 1993; Dholabhai et
al., 1991b; Englezos and Bishnoi, 1991; Ng and Robinson, 1976, 1983, 1984; Ng et
al., 1985, 1987; Knox et al., 1961; Menten et al., 1981; Roo et al., 1983; Kubota ef al.,
1984; Paranijpe et al., 1987; Makogan, 1981; Reviews by Holder ef al., 1988 and Sloan,
1990). The computational prediction of the hydrate forming conditions using
thermodynamic models were also studied in detail (van der Waals and Platteeuw,
1959; McKoy and Sinanoglu, 1963; Parrish and Prausnitz, 1972; Ng and Robinson,
1976, 1977; Holder et al., 1980; Anderson and Prausnitz, 1986; Song and Kobayashi,
1982, 1987; John and Holder, 1985; Englezos and Bishnoi, 1988a; Bishnoi ef al.,
1989a).

The other area of hydrate research that is of vital importance is the
kinetics of gas hydrate formation. Although not as extensive as thermodynamic
studies, there has been some published data on hydrate kinetics (Barrer and Edge,
1967; Falabella, 1975; Englezos et al., 1987a, 1987b, 1990; Vysniauskas and Bishnoi,
1983, 1985; Sloan and Fleyful, 1991; Bishnoi et al., 1985, 1986, 1989b; Dholabhai et
al., 1993; Skovborg et al, 1993). It has been suggested for a long time that the
hydrate formation is a process of hydrate crystal nucleation and growth of the stable
hydrate crystal nuclei (Englezos et al., 1987a, 1987b, 1990; Englezos and Bishnoi,
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1988b). Falabella (1975) studied the kinetics of hydrate formation from ice whereas
several researchers (Englezos ef al., 1987a, 1987b; Vysniauskas and Bishnoi, 1983,
1985; Dholabhai ef al., 1993) have concentrated on determining kinetics of hydrate
formation from aqueous solutions. The kinetics of hydrate decomposition has been
studied by Kim et al. (1985). Based on crystallization concepts, the hydrate growth
kinetics have been modelled by Englezos et al. (1987a, 1987b). Commonly the time
taken for the formation of stable hydrate nuclei is known as the induction time or
period. Induction periods have been obtained experimentally by Sloan and Fleyful
(1991) for cyclopropane hydrates. Based on a total of 11 experiments, for methane,
ethane and their mixture hydrates, Skovborg et al. (1993) have reported measured
induction periods. The effects of the quality of water used for hydrate formation on
the hydrate induction periods has been studied by Vysniauskas and Bishnoi (1983,
1985). A molecular mechanism to explain the induction phenomena in hydrate
formation has been proposed by Sloan and Fleyful (1991) based on their
experimental data and those obtained by Falabella (1975).

1.3 Scope of this Study

In view of the importance of the thermodynamics and formation kinetics of
gas hydrates as discussed in the previous section, this study is an effort to understand
both the thermodynamic and kinetic aspects of hydrate formation. Accordingly,
Chapter 2 deals with the application of a molecular simulation technique to the
computation of the "Langmuir constant”, which is a key parameter in the
thermodynamic model used for predicting hydrate formation conditions. The
molecular simulation technique as applied to Langmuir constant computations is
examined in Chapter 3. Because of fluctuations in the guest - host potential in a
hydrate cavity arising from hydrate cavity asymmetries, the molecular simulation
technique used for Langmuir constant computations could have some limitations.

These limitations of the molecular simulation technique are examined in this chapter.
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Chapter 4 is devoted to the hydrate nucleation process, wherein both the
experimental and theoretical work related to hydrate nucleation are presented. The
classical crystallization theory as applicable to hydrate formation processes is
reviewed. Then the experimental work carried out to investigate the possible effect
of water structure on methane hydrate formation is presented. The derivation of a
nucleation kinetics model and discussion of model results with experimental hydrate
nucleation data form the substance of chapter 5. The driving force in the proposed
model for hydrate nucleation is shown to be similar to the driving forces used in the
hydrate growth and decomposition kinetic models. Finally, in Chapter 6 the
conclusions and recommendations are presented for future work on gas hydrates

arising out of this study.



CHAPTER 2

Molecular Simulation

2.1 Introduction

Molecular simulation provides a direct link from the microscopic details
of a system to macroscopic system properties of interest. In molecular simulation one
begins with a molecular model and calculates the desired macroscopic properties by
statistically averaging over the molecular positions and motions using the exact
relationships of statistical mechanics. The molecular model includes a detailed
atomistic description of the material to be studied and an equation for the inter
molecular forces acting between the molecules. The desired macroscopic properties
could include the thermodynamic functions such as pressure, free energy besides
other thermodynamic properties, transport properties such as viscosity, optical and
surface properties. A comprehensive summary of the scope of molecular simulation
applications is provided by Gubbins (Gubbins, 1989) and in a review paper by Quirke
(Quirke, 1986) on the subject. A more detailed coverage of molecular simulation is
provided by Allen and Tildesley (1987).

The analytical solutions of the statistical mechanics equations relating
the molecular and macroscopic properties are difficult to obtain except for a few
simple cases. The advent of high speed computers in the recent past has helped a lot
in obtaining an exact numerical solution of these statistical mechanics equations. Two
methods of molecular simulation are common, the Monte Carlo method (MC) and
the molecular dynamics method (MD). In the MC method, the molecules are
randomly moved and the random molecular moves are accepted or rejected
according to a recipe that ensures that the various molecular arrangements are in
conformity with statistical mechanics requirements. By generating a long series of

such molecular arrangements and averaging over them one obtains the various
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equilibrium properties of the system of molecules. In the MD methéd, the molecules
are allowed to move under the influence of their inter molecular forces. The
positions and velocities of each molecule are followed in time by solving Newton’s
laws of motion using standard numerical methods. The macroscopic properties are
then calculated by averaging the appropriate functions of molecular positions and
velocities over time. Though the MC and MD methods have several features in
common the MD method has the important advantage over the MC method in that
it can be used to study time dependent and transport processes (Gubbins and

Panagiotopoulos, 1989).
2.2 Applications of Molecular Simulation to Gas Hydrates

In order to avoid plugging of gas pipelines owing to hydrate formation
during the transportation of gas hydrates, and to exploit the vast natural hydrate
deposits, there is a strong need to compute gas hydrate formation conditions reliably
and well. A fundamental thermodynamic model based on statistical mechanics was
proposed by van der Waals and Platteeuw (van der Waals and Platteeuw, 1959) for
the chemical potential of water in the hydrate phase which is used to compute the
conditions of hydrate formation. A key parameter in the van der Waals and
Platteeuw model is the Langmuir constant. The Langmuir constant is an adsorption
constant and is obtained by the Lennard Jones Devonshire cell theory (1937, 1938)
by using an inter molecular potential function to describe the interactions between
the guest and host molecules. The molecular simulation methods have focused on the
assumptions made by van der Waals and Platteeuw in deriving the expression for
Langmuir constant and on the inter molecular potential models for the guest - host

interactions.

Both the MC and MD methods of molecular simulation have been
applied to gas hydrate systems by several researchers (Tester et al., 1972; Tse and
Davidson, 1982; Tse et al., 1983a,b; Rodger, 1989; Lund, 1990). The MC method was
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first applied to hydrate systems by Tester et al. (1972) to evaluate the Langmuir

constant taking the exact crystallographic structure of gas hydrates into account.
Tester et al. (1972) do not report the Langmuir constant values they calculated but
instead report the values of hydrate formation pressures obtained with Langmuir
constants computed using the MC method. It should be noted that van der Waals
and Platteeuw had made an assumption in their derivation of the Langmuir constant
expression that the hydrate cavity is approximately spherical with a spherically
symmetrical field of force acting on the guest molecule. This assumption of the
spherically symmetrical field in a hydrate cavity is commonly referred to as the
‘smooth cell approximation’ (Holder et al. 1988). Thus Tester et al. (1972) by taking
the exact crystallographic structure of the hydrates in their work took the
asymmetries of the hydrate cavities into account and hence did not need the smooth
cell approximation. For structure I, they computed hydrate formation pressures in
good agreement with experimental pressures for simple molecules like Ar, Kr and
Xe using a Lennard Jones 6,12 potential and a non spherically symmetric Kihara
potential for some linear molecules like CO,, N, and O, hydrates. Tse and Davidson
(1982) also followed the MC method as applied by Tester et al. (1972) but they
focused on examining the effect of an exponential 6-8-10 potential and LJ potential
on Langmuir constant computations. Following the application of the MC method
as suggested by Tester ef al. (1972), Lund (1990) extended it to compute Langmuir
constants incorporating guest - guest interactions directly as he considered the crystal
structure of the entire unit cell for his MC simulation. The MD method was applied
to hydrates by Plummer and Chen (1983). They applied the MD technique to study
water microclusters and focused on the various properties of the micro-clusters like
the pair distribution functions, radial distribution functions and the kinetic and
potential energy of the microclusters. Since their study examines an isolated water
cluster the results may not be applicable to bulk clathrate hydrates. However, their
results showed that the cooperative effects of hydrogen bonding was responsible for

the stability of the microcluster. The structure I methane hydrate and ice (structure
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Ic) were studied using the MD method by Tse ef al. (1983b). In a subsequent paper,
Tse et al. (1984) reported MD simulation studies of structure I clathrate hydrates of
methane, tetrafluoromethane, cyclopropane and ethylene oxide. The simulation
results showed low frequency vibrations associated with the guest molecules in the
hydrate cavities could be responsible for the lower thermal conductivities of the
clathrate hydrates relative to ordinary ices. The thermal expansion of structure I
hydrate, ethylene oxide hydrate, was studied by Tse and Klein (1987). It was
predicted theoretically that the larger thermal expansivity of hydrates as compared
to ice, is a result of guest - host interactions in hydrates. Finally, in a recent paper
by Rodger (1989), the MD method was applied to study the cavity potential in
structure I hydrates. The key result of Rodger’s work shows that the presence of
kinetic energy in the host lattice leads to distortion of the cavities and thereby could
make them anisotrophic. Also the thermal fluctuations of the host molecules around
their mean positions showed that the cavity wall may not be rigid as is assumed often

in hydrate research.

In summary, molecular simulation methods have focused on the assumptions
made by van der Waals and Platteeuw in their thermodynamic model of gas hydrates.
Notably, the molecular simulation methods have examined the effect of cavity
assymetries on the Langmuir constant computations and effect of guest-guest
interactions which were all ignored in the original van der Waals and Platteeuw
model. Also molecular simulation methods have attempted to obtain a more
fundamental understanding of hydrates exploring the effect of hydrate lattice

structure and the interactions between the guest and host molecules.
2.3 Computation of Hydrate Formation Pressure - Molecular Simulation
The knowledge of hydrate formation conditions, formation pressure at

a temperature, is important to avoid problems associated with hydrate formation in

gas transportation as well as to exploit the vast hydrate reserves to obtain natural gas
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for the production of energy. Also as will be discussed later in detail, the knowledge
of hydrate formation conditions is also important in hydrate nucleation studies where
one is interested in the rate of hydrate formation for a given set of operating

conditions.

As mentioned earlier, a very important hydrate model for computing
hydrate formation conditions is the van der Waals and Platteeuw model (1959). The
chemical potential of water in the hydrate phase, p", is an important quantity which

is generally calculated by the van der Waals - Platteeuw model (1959) given below.

2
Wi (TP)= pb-RT Y v; In(1+X Cf, ) 21

j=1

In the equation, u.? is the chemical potential of water in the empty hydrate lattice,
R is the gas constant, T is the absolute temperature, Y, is the number of cavities of
type j, C; is the Langmuir constant for a gas molecule i in cavity j and f; is the
fugacity of the hydrate forming gas i, in the hydrate phase. As seen from equation
2-1, the chemical potential of water in the hydrate phase is a sum of the two terms
on the right hand side. The first term is the chemical potential of water in the empty
hydrate lattice and is obtained through a correlation (Parrish and Prausnitz, 1972;
Holder et al., 1980, 1988) for the chemical potential difference between the empty
hydrate and pure water, apu,. The correlation requires the value of au,, to be known
at a reference state (generally P = 0, T = 273 K). The value of ap,, at the reference
state has been estimated from experimental data and widely different estimates have
been reported by various authors (Parrish and Prausnitz 1972, Holder et al. 1988)
as also mentioned by Englezos et al. (1991) and Handa and Tse (1986). Such
differences in the estimated reference state ap,, affects the computation of formation
pressures severely. The second term in equation 2-1 involves the Langmuir constant
whose computation requires the use of an inter molecular potential to describe the

interactions between the hydrate forming gas molecule in a cavity and the water
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molecules that comprise the cavity structure around the enclosed gas molecule. To
fit experimental equilibrium pressure data the potential parameters of the inter
molecular potential | function were also adjusted arbitrarily (Holder et al., 1988) by
various researchers with the result that the computed Langmuir constants do not
agree with each other. A more serious consequence of arbitrary adjustments of the
inter molecular potential parameters is the fact that these parameters have lost their
physical significance. Perhaps, the adjustments made on the inter molecular potential
parameters were partly necessitated by the differences in the estimated data for
the reference state chemical potential, au, and partly by the inadequacies of the
inter molecular potential function in describing the interactions between the
entrapped gas molecule and the surrounding water molecules in a hydrate cavity.
Besides, as shown later, there are additional arbitrary parameters necessary in the
correlation for ap,, to account for differences in temperature and pressure from the
reference state. Thus, we need a complete set of parameters for ap,, and the inter
molecular potential, arbitrary but consistent, in order to make a good prediction of
hydrate formation pressure. The errors introduced by these empirical parameters in
the model may cancel each other leading to the calculation of formation pressures
in agreement with the experimental pressures. However, the prediction of formation
pressures which are in good agreement with their experimental values, may not be
consistent with hydrate structure. In this regard, the agreement between computed
and experimental Langmuir constants could be expected to be a better indicator of
the hydrate structure because the Langmuir constants are directly based on the
crystal structure of the hydrate. Also the empiricism in the parameters associated

with ap,, does not affect the Langmuir constant computations.

In this work, it is shown that although we get good predictions of hydrate
formation pressures, the chosen hydrate structure for computations could be
inconsistent with the experimentally determined structure. Argon and krypton
hydrates were chosen for study through molecular simulation. Since the structural

aspects of hydrates are the basis of this study the method of molecular simulation
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which takes into account the exact crystal structure of gas hydrates in the calculation
of Langmuir constants is used. The molecular simulation method also obviates the
need for simplistic structural assumptions, making the calculation of the Langmuir

constants more l'igOI'OllS.

Argon and krypton were chosen because the recent work of Holder et al
(1988) and Davidson et al. (1987a, 1987b) indicates that they form structure II
hydrates and not structure I hydrates as believed earlier. It is noted that the
formation pressures, which are in agreement with the experimental values for argon
and krypton hydrates have been computed, by Parrish and Prausnitz (.1972), Holder
et al. (1988) and by Tse ef al. (1982) regarding them as structure I hydrates. The
guest - host potential employed in the present study is the Lennard Jones 6,12

potential which is suited well for spherically symmetric argon and krypton.

The chemical potential of water in the co-existing phase with respect
to the empty hydrate lattice, at the system temperature and pressure could be written

as,

s tap AP Ue @p,en N 22
RT RT - i)

where Au,f1° is only a function of temperature and pressure. The equation for

B-Lo :

Ap,”™° is as follows,

B-Lo
A|J. w _ pr f AhwdT AdeP 2.3
RT RT,, ; RI* ; RT

where Au,° , Ah, and AV, are the reference chemical potential, enthalpy and

volume differences, respectively, between the empty hydrate lattice and pure ice or
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liquid water phases. P, and T, are the pressure and temperature of the reference

state (generally P, ¢ = 0, T, = 273 K). Combining equations 2-2 and 2-3, we get

L
AMB A’ T Ah Fav
W SR [ Zovare [ %P - Ingy ) 2-4
RT RT RT? RT
ref Tmf me

Since Ap, Pl is defined as the difference between the chemical potentials of the
empty hydrate lattice and that of the co-existing phase at the system conditions, we

can write,
p-L _ ,B _ 2-5
Ap ol A
Since u,r is equal to u,” at equilibrium, we can combine equations 2-1, 2-4 and 2-5

to obtain the following equation used for the computation of formation pressure of

a hydrate with single hydrate former,

Ape T an, LAV 2

- ¥dT+ 2dP = In(y x)+Y, v, In(1+X C.f, ) . 2-6
RT, fRza JRT Ly, R Cf

f Top -~

The temperature dependence of Ah,, is given by the relation,

T : .
Ak, = AhJ+ [ [ACPy+B( T-T,,)ldT . 27
Ty

The volume difference, AV, is assumed to be independent of pressure and

taken to be the same as at reference conditions, AV °. The values of reference

(o]

arameters(Ah. °, ACp,°, Aw.° AV.° and B) at reference conditions are regressed
p Pw w w g!
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from experimental hydrate data and several different values are reported by various

researchers as mentioned by Englezos ef al (1991).

As mentioned earlier, the chemical potential of water in the hydrate
phase is calculated using the model of van der Waals and Platteeuw (1959) given by

equation 2-1. The Langmuir constant for the i molecule in j cavity, C;, is obtained

ij?
using a potential function, U, from the following relation.

i

c. - L [ Fay 28
ATy

In the above expression the integral is known as the configurational
integral, V., is the volume of cavity available for the enclatharated guest molecule,
and U is the potential energy of interaction between the guest and host molecules

and k is the Boltzmann constant.

The configurational integral, given in equation 2-8 can be evaluated directly
to obtain the Langmuir constant. The number of integrals to be evaluated is three
for a symmetric guest and a maximum of six for an asymmetric guest. A direct
evaluation of the multi dimensional integral is possible with present day high speed
computers and is discussed later in the next chapter. Although a direct evaluation of
the multi dimensional integral is possible, a simplifying approximation known as the
"smooth cell approximation” is often used. According to this approximation, the
cavities are assumed to be spherical and the water molecules are assumed to be
evenly smeared over the surface of this sphere. With the smooth cell approximation
the configurational integral is simplified and can be evaluated analytically as reported
by van der Waals and Platteeuw (1959), Parrish and Prausnitz (1972) and Holder et
al. (1988). Parrish and Prausnitz (1972) have also proposed an empirical correlation

for calculating the Langmuir constants. The smooth cell approximation, however,
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does not give the true Langmuir constant as all the cavities are to some extent
asymmetric. So a true Langmuir constant could only be obtained by considering the
potential energy of the gas molecule as a function of its angular as well as radial
coordinates. A direct evaluation of the multi dimensional integral should hence be
made preferably using a technique that shall make such an evaluation in an efficient
manner. The technique of Monte Carlo molecular simulation is ideally suited (Wood,
1968; Mueller, 1971) for handling configurational integrals of many dimensions and

has been used in the work presented in this chapter.

The molecular simulation method used in this work follows the Monte
Carlo method first applied to hydrate systems by Tester ef al. (1972) and later by Tse
and Davidson (1982). The potential energy at any point in the cavity is calculated
assuming that the discrete binary interactions between the guest and the host

molecules are pairwise additive as follows,

U-= EE ug(rij) 2-9
i

In equation 2-9, i is the summation index for the guest molecule (i=1), j is the
summation index for the surrounding water molecules in the cavity, and uy(ry) is the
interaction potential energy between a guest molecule i and a host molecule j
separated by a distance r; as obtained using LJ Potential. Simulation takes into
account the actual crystallographic structure of the cavity and hence its asymmetries.
By proper sampling of the various configurations available, to the guest molecule, an
ensemble average of the potential energy is obtained (Metropolis ef al., 1953). For
a cavity j and a guest molecule i, we can write the following expressions for

evaluating the Langmuir constant through Monte Carlo integration
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C. = i‘ﬂ 2-10

Referring back to equation 2-8, we see that

U
Z,, = fe gy 2-11

Vet

The term under the integral in the above relation is approximated as the product of

“U/KT

an averaged energy term, exp™ /<, and an approximated volume term, V. Letting

the quantities enclosed by < > indicate their averaged values, Z is written as,
" -
sy 2-12

Zcell =<e cell

“U/KT > in equation 2-12 is further approximated as exp <V>/¥T, If the

The term < ¢
fluctuations about <U> are uniform then equation 2-12 is a good approximation
(Tester et al., 1972). This approximation was made by Tester et al. (1972) to compute
the configurational integral by the Metropolis Monte Carlo method and would be
unnecessary if one attempts to evaluate the configurational integral directly using a
Monte Carlo or Numerical Integration method. The use of this approximation is not
expected to affect the results of the computations significantly as we are studying
argon and krypton hydrates using a spherically symmetric LJ potential. The effect of

this approximation is further investigated in the next chapter.

The average potential energy <U> is calculated by the Monte Carlo
averaging method and the volume term V,; is computed as reported by Tester et al

(1972). The equation for calculating <U> by the Monte Carlo method is given
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below.

<>= n 2-13

where N is the number of random moves made with the guest molecule and is
typically a large number (5 million). U, is the guest-host interaction energy

calculated using equation 2-9 at move number n.

2.4 Computational Procedure

The computation of a hydrate formation pressure at a given temperature
requires solving equation 2-6 iteratively to compute the hydrate formation pressure,
P. The fugacity of the hydrate forming gas in equation 2-6 can be calculated using
an equation of state and in this work the Trebble - Bishnoi equation of state
(Trebble and Bishnoi 1987, 1988) was used. The values of parameters at the
reference conditions are taken from Holder et al. (1988) and used in equation 2-6.
The Langmuir constants required in equation 2-6 were obtained from molecular

simulation, as described below.

In molecular simulation as suggested by Tester et al. (1972), the guest
molecule is moved randomly with uniform step size to new locations in the hydrate
cavity. At each new location its total potential energy is calculated using equation 2-9
and the move is accepted or rejected on the basis of a criteria given by Metropolis
et al. (1953) so that the energy probability distribution, exp(-U/KT), is sampled
properly. From the mathematical theory of random processes (Metropolis ef al. 1953)
it has been shown that the acceptance or rejection of moves based on the Metropolis
et al. (1953) criteria, would indeed select U’s with a frequency proportional to

exp(-U/KT) as the number of moves becomes large. Hence the ensemble average
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<U> could be obtained using equation 2-13, where the U ’s are selected according
to the Metropolis et al. (1953) criteria. In Fig. 2.1, the movements of argon guest
during the course of molecular simulation are shown for a small cavity. This figure
could be generated if it is imagined that a pen is attached to the center of the argon
guest molecule in a small cavity thus tracing a line as it moves. Approximately 10000
such moves were plotted to obtain Figure 2.1. In an interesting way, Figure 2.1
indeed shows that the free volume (zone in which argon can move freely under inter
molecular forces) is approximately spherical and since these movements are
controlled by inter molecular forces, it also suggests that the potential field around
the argon guest could well be approximated by a spherical field as is done in a
‘smooth cell approximation’. The free volume available for the guest molecule to
move within the hydrate cavity, V,;, is obtained as per the procedure suggested by
Tester et al. (1972). Knowing V., and <U> the Langmuir constant is computed for
the guest in a cavity. For molecular simulation, the guest LJ potential pafameters
were taken from those obtained by matching second Virial coefficient data
(Hirschfelder, Curtiss and Bird 1966) and the host parameters (O, = 2.5 °A,
€.aer/ K = 205.84 K) were obtained as per the procedure suggested by van der Waals
and Platteeuw (1959). The mixture potential parameters were obtained in terms of

the individual guest and host parameters using the following mixing rules,

o = Jsuest * Ohos 2-14
mix 2
and,
emix = €guest ehost * 215

Molecular simulation uses the guest - host potential in a discrete manner.
Hence the crystallography of the hydrates is important. Detailed crystallographic

information about the hydrate structures have been published (von Stackelberg and
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Figure 2.1 Simulated Movements of Argon Guest Molecule

in Small Hydrate Cavity
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Muller 1954; Claussen 1951; Pauling and Marsh 1952; Jeffrey 1962; Mak and
McMullan 1965) and there is a review paper by Jeffrey and McMullan (1967) on the
subject. The coordinates of the oxygen atoms for each cavity is required for the
simulation. For structure I hydrates, this information is available as reported by
Tester et al. (1972). For structure II hydrates, in this work the oxygen atom
coordinates have been calculated for both the cavities from the crystallographic data
presented by Mak and McMullan (1965) using a commercially available software

(XTAL version 2.6). The calculated coordinates are reported in Appendices L.

The molecular simulation was performed on an IBM RISC 6000, model 320

computer. All the computations were performed in double precision.

2.5 Simulation Results and Discussion

The computed formation pressures of argon and krypton hydrates at 273.16
K are reported in Table 2.1 where the Langmuir constants used in the computations
were obtained using the Monte Carlo molecular simulation. The computed formation
pressures obtained in this work are compared with those reported by Tse and
Davidson (1982). As seen in Table 2.1 the computed formation pressures are in good
agreement with the experimental formation pressures. It is to be noted that the
computations in this work assume that argon and krypton are structure II hydrates
whereas Tse and Davidson (1982) in their computations assume the hydrates to be
of structure I type. The reason for this agreement between computed and
experimental formation pressures regardless of the assumed hydrate structures could
be the variations in the values of the several empirical parameters involved in the
formation computations. Also since the small cavities of both the structures are
structurally similar and equilibrium is to be maintained between the small and large
cavities, the dissociation pressures could also expected to be similar. So it was
decided to compare the computed Langmuir constants from molecular simulation

with those experimentally determined (Barrer and Edge, 1967). The comparison
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Table 2.1 Computed Hydrate Equilibrium Pressures, MPa

T = 273.16 °K, LJ 6,12 Potential

Assumed Pesot.
Structure Guest P van der Waals
in and
Computations This Work | Tse and Davidson Platteuw
(1982) (1958)
I Argon 9.227 9.676
11 Argon 9.200 9.676
I Krypton 1.430 1.469
II Krypton 1.323 1.469
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of experimental and computed Langmuir constants instead of the formation pressures
has several advantages. Firstly, the computation of the Langmuir constants is a
stringent test of molecular simulation because it does not involve the choice of
reference chemical potential parameters (Tse and Davidson, 1982). Secondly,
- Langmuir constants are directly based on the hydrate structural data and therefore
could be sensitive to the hydrate structure. The only problem with the Langmuir
constants is that very few experimental measurements are reported. For argon and
krypton, however, Barrer and Edge (1967) have estimated experimentally the
Langmuir constants, at 263 K. They determined volumetrically at constant
temperature the amount of inert gas consumed for hydrate formation in a mixture
of pre-formed chloroform hydrate and ice. Since chloroform forms structure II
hydrates and stabilizes the large cavities of the hydrate, Barrer and Edge (1967)
argued that the consumption of inert gas in their experiments represents the amount
of inert gas molecules occupying the smaller cavities in the hydrate. By studying the
sorption isotherms at various pressures and temperatures they estimated the
Langmuir constants for the inert gas species in the small hydrate cavity. In Table 2.2,
the computed Langmuir constants for the small cavity, assuming structure II for the
hydrates are compared with the experimentally estimated constants. Other
researchers have computed Langmuir constants for the hydrates assuming structure

I, and these values are also reported in Table 2.2.

As seen in Table 2.2, the Langmuir constants computed by Parrish and
Prausnitz (1972) significantly differ (by 300 %) from the experimental values since
they used the smooth cell approximation in their computations and assumed the
hydrates as structure I hydrates. Although the Langmuir constants computed by Tse
and Davidson (1982) show relatively better agreement with the experimental values
compared to those obtained with the smooth cell approximation, the computed values
are still far from the experimental values. It is noted that the Langmuir constant
computations by Tse and Davidson (1982) also regarded the hydrates as structure I

hydrates. The Langmuir constants obtained in this work assuming structure II, are
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in good agreement with the experimental constants. The better agreement of the
computed structure II Langmuir constants could be expected since it has been

verified experimentally that argon and krypton do indeed form structure II hydrates.

2.6 Conclusions

The structure II molecular simulation of argon and krypton hydrates yields
Langmuir constants that are in better agreement with the experimentally measured
Langmuir constants, compared to structure I molecular simulation of the hydrates.
Thus, the results of molecular simulation are in agreement with the recent
experimental findings that argon and krypton do indeed form structure II hydrates.
However, the computed formation pressures of the hydrates, where the Langmuir
constants were obtained through molecular simulation, were found to be independent
of the hydrate structure chosen for the simulation. The Langmuir constants are
sensitive to the hydrate structure and could therefore be used to predict the structure
of a given hydrate. Such a prediction method is possible only when more

experimental data on Langmuir constants become available.



Table 2.2 Computed Langmuir Constants, (1./MPa)
T = 263 °K, Small Hydrate Cavity, LJ 6,12 Potential

Method Assumed | Argon | Krypton Source
Structure
Smooth Cell I 4.57 30.8 Parrish & Prausnitz
(1972)

MC (exp 6,8,10) I 2.16 184 Tse and Davidson (1982)
MC (LJ 6,12) | 3.93 274 Tse and Davidson (1982)
MC (LJ 6,12) I 1.51 12.6 This Work

Experiment Barrer and Edge
(Structure II) - 1.50 10.9 (1967)

MC - Monte Carlo Molecular Simulation
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CHAPTER 3

Molecular Simulation and Multi-Dimensional Integration

3.1 Introduction

The application of molecular simulation methods as discussed in the
previous chapter have enabled us to examine critically some of the simplifying
assumptions made by van der Waals and Platteeuw (1959) in their thermodynamic
model for hydrates. The Langmuir constant is an important quantity computed in the
van der Waals and Platteeuw model, and is dependent on the partition function of
the solute molecule in a particular cavity. With the help of some simplifying
assumptions, van der Waals and Platteeuw (1959) applied the cell theory, developed
by Lennard-Jones and Devonshire (Lennard-Jones and Devonshire, 1937, 1938) for
the study of liquids, to evaluate the partition function and hence the Langmuir
constant. In particular, one of the simplifying assumptions made by van der Waals
and Platteeuw in their hydrate model relates to the nature of interactions between
the guest and host molecules. They assumed that the hydrate cavities are nearly
spherical and since relatively large number of host atoms comprise the host lattice
the guest - host interactions have a field of spherical symmetry. This resulted in an
approximation known as the ‘Smooth Cell Approximation’ which was widely used by
several hydrate researchers (Parrish and Prausnitz, 1972; Holder et al, 1988).
Although this approximation permitted analytical evaluation of the Langmuir
constant, it did not consider the asymmetries in the hydrate cavities. Hence the
Langmuir constants computed using this approximation were not very accurate
(Holder et al., 1988). As the Langmuir constants are inversely related to the hydrate
formation pressure in the van der Waals and Platteeuw model, errors in computed
Langmuir constants could lead to variations in computed hydrate formation

pressures.
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An important method of molecular simulation, the Metropolis Monte
Carlo method (MMC method), was first applied to hydrates by Tester et al. (1972)
and later by Tse and Davidson (1982). The MMC method as suggested by Tester et
al. (1972) was recently applied by Lund (1990) to hydrates albeit Lund extended it
to take into account the guest - guest interactions in hydrates. Hereafter the MMC
method as applied to hydrates by Tester et al. (1972) is referred to as simply the
MMC method. As the exact crystallographic structure obtained from X-ray studies
of hydrate crystal structures were utilised in an MMC method for calculating the
Langmuir constant, the asymmetries of hydrate cavity were automatically
incorporated in computations. Consequently for the MMC method based Langmuir
constants computation there was no need for the simplifying assumption about a

spherically symmetrical field, arising as a result of guest - host interactions.

In order to use the MMC method for evaluating the configurational
integral, Tester et al. (1972) wrote the Langmuir constant as a product of an energy
and a volume term. As the MMC method is suited for evaluating average properties
rather than a configurational integral, Tester et al. (1972) made an approximation
that the fluctuations of the cell potential about its averaged value, are uniform. With
this approximation, the energy term could be calculated by the MMC method. The
volume term is calculated approximately by dividing the cavity space into several
small spherical sub-volumes of increasing radii and summing up the contribution of
the individual sub-volumes. These volume contributions are weighted in calculations
using the MMC method by the ratio of the number of times the guest molecule could
move successfully into that sub-volume to the number of times the guest molecule

attempts to move into that sub-volume.

Owing to the fact that the hydrate cavities are asymmetric (Holder et
al., 1988) the fluctuations in cell potential about the averaged cell potential could not

be expected to be uniform and therefore the approximation made to simplify the



28
energy term could contribute to erroneous computed Langmuir constant values by
the MMC method. If the cavity asymmetries could affect the computed Langmuir
constants by the MMC method, then, for structure I hydrates, the Langmuir
constants computed for the larger hydrate cavity should be more in error since the

large cavity is more asymmetric than the small hydrate cavity.

In this work, the potential field that would be faced by a guest
gas molecule is examined. The nature of such a field would suggest the asymmetry
effects of the hydrate cavity and hence possible potential fluctuation effects. The
effect of the key approximation of the energy term on the Langmuir constants
computed by MMC method, is then examined for its possible affect on the computed

Langmuir constants.

3.2 Computational Procedure and Results

Since the effect of the fluctuations in the potential field faced by a
hydrate guest molecule is the focus of this study, only the few equations that are
solved to obtain the Langmuir constant by the MMC method are presented. It should
be noted that in these computations, argon, krypton, oxygen and nitrogen are
considered as structure I hydrates while there is theoretical and experimental
evidence, (Holder and Manganiello 1982; Davidson ef al., 1984), to suggest that they
are in fact, structure II hydrates. Since in this work only the numerical aspects of the
methods for evaluating Langmuir constants are considered treating these hydrates as
structure I hydrates does not alter the conclusions derived from this work. Also
regarding these hydrates as structure I hydrates facilitates comparison of this work
with computations reported in the literature (Tester et al, 1972). Also, for these
computations the Lennard Jones 6-12 (LJ) potential is used to model the guest - host
interactions in a hydrate cavity, with the parameters of the potential model taken
from Tester et al. (1972).
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Nature of Potential Field Faced by a Guest Molecule

It is of interest to examine the effect of cavity asymmetries by studying
the potential field encountered by a guest gas molecule in a hydrate cavity. The total
potential energy of interaction between the guest and the host, assuming pairwise
additivity, is computed as the summation of the potential interaction energy between
the guest and each one of the surrounding host water molecules in a hydrate cavity
(equation 2-9). The interaction between the guest gas molecule and a water molecule

is modelled using the LJ potential.

Depending on the location of the guest molecule in the cavity, it faces
an attractive or repulsive field as given by the sign of the total potential energy of
interaction between the guest and the host molecules. This total potential interaction
energy was obtained for each chosen location using equation 2-9. For example, a
guest molecule near the wall of the cavity would face a strongly repulsive field and
at the centre of the cavity the field is attractive. Of interest here, is the point from
the centre of the cavity where the field changes from attractive to repulsive and vice-
versa. If there were no cavity asymmetries, the transition from one field to another
would be smooth and at a location which is a function of only the absolute distance
from the centre of the cavity. However, because of cavity asymmetries, there are
locations in the cavity where the field could be attractive or repulsive depending on
the direction of the radius vector joining the guest molecule’s position from the

centre of the cavity.

In Figures 3.1 and 3.2, there are two plots shown for several guest
molecules in which the radial distance from the centre of the cavity is plotted against
the LJ potential parameter, o, for each guest molecule. The fields that are
encountered by the various guest molecules are marked as attractive, repulsive or
both attractive and repulsive. It should be noted, that on regions which are marked

attractive or repulsive, the field is always attractive or repulsive irrespective of the
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Fig. 3.1 Potential Field in a Structure I, Small Cavity
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Fig. 3.2 Potential Field in a Structure I, Large Cavity
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direction of the guest molecule position from the cavity centre. In the region marked
attractive and repulsive, a guest molecule could face an attractive or repulsive field
depending on the direction of radius vector to its location from the cavity centre. The
width of the attractive and repulsive field, which is the transition region from one
type of field to the other, is a direct consequence of the asymmetries in the hydrate
cavity. As the structure I large cavity is most asymmetric (Holder ef al. 1988), it is
readily seen from Figures 3.1 and 3.2 that the width of field transition is more for the
large cavity than for the small cavity. Also Figures 3.1 and 3.2 suggest that the width
of transition from one field to the other is not the same for all guest molecules. The
width decreases with an increase in the molecular diameter o, used in the LJ
potential model. Hence Figures 3.1 and 3.2 do suggest that the potential minima for
a small molecule (with small molecular diameter, o) is likely to lie away from the
center. Similarly a large molecule (with large molecular diameter, o) is likely to lie

closer to the center.
Computed Langmuir constants - Effect of Cavity Asymmetries

In view of the nature of potential field faced by a guest hydrate
molecule as elucidated above, it is important to see the effect of cavity asymmetries
on Langmuir constant computations. The Langmuir constant, for a gas molecule in
a hydrate cavity or cell, as derived in the van der Waals clathrate model (van der

Waals and Platteeuw, 1959) is given as follows.
1 v
C==[e®av 3-1
kT,
cell

where V, is the volume of the hydrate cavity available for the

enclathrated gas molecule, U is the potential energy of interaction between the
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enclathrated gas molecule and the surrounding water molecules. The integral in
equation 3-1 is a multi-dimensional configurational integral. For a symmetric guest
molecule the number of integrals to be evaluated is 3 and for an asymmetric guest
molecule with three degrees of freedom the number of integrals to be evaluated is
six. Tester et al. (1972) first applied the MMC method to evaluate the multi
dimensional configurational integral. Approximating equation 3-1 as a product of

averaged energy and volume terms, the equation may be written as,

C = <t 32
kT
where,
U
Z,=<e >y 33

cell cell

Z

o IS the approximated integral term in equation 3-1, V is the

volume of space available for the enclathrated guest molecule in a cavity and the
quantities enclosed by < > indicate their averaged values. To solve for the averaged

energy term, Tester ef al. (1972) made the following key approximation,

The <U> was then evaluated using the Metropolis, Monte Carlo
method. The approximation made via equation 3-4 holds well if the fluctuations
about the averaged energy is uniform. Applying MMC method, as suggested by
Tester et al. (1972), for some gas hydrates using the LJ potential we have computed

the Langmuir constants for small and large hydrate cavities. These constants are
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TABLE 3.1 COMPUTED LANGMUIR CONSTANTS (1/ATM)
LJ POTENTIAL, STRUCTURE I, SMALL CAVITY

Temperature = 273 °K
LJ Potential Parameters (from Tester ef al., 1972)

Guest MDI MDI MMC MMC
(IMSL) (Simpson) (Tester) (This Work)

Argon 0.23996 0.24002 - 0.23248 0.23761
Krypton 2.20070 2.19930 2.10052 2.37921
Xenon 39.05800 39.0210 36.93080 133.2260
Carbon dioxide 17.72600 17.6750 31.79290 373.9070
Nitrogen 0.21602 0.21592 0.76466 0.21270

Oxygen 0.18456 0.18459 0.45873 0.18143




TABLE 3.2 COMPUTED LANGMUIR CONSTANTS (1/ATM)
LJ POTENTIAL, STRUCTURE I, LARGE CAVITY

Temperature = 273 °K
LJ Potential Parameters (from Tester ef al., 1972)

MMC

Guest MDI MDI MMC
(IMSL) (Simpson) (Tester) (This Work)
Argon 0.1962 0.1957 0.2507 0.2587
Krypton 1.3181 1.3171 1.7377 1.7801
Xenon 21.0210 21.0390 26.5240 31.5960
Carbon dioxide 87.2870 87.3380 8.8824 364.7900
Nitrogen 0.1954 0.1952 0.4675 0.2585
Oxygen 0.1586 0.1582 0.3795 0.2093

35
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reported in Tables 3.1 and 3.2, for small and large cavities respectively. Although
Tester et al. (1972) do not report the values of Langmuir constants in their results
directly, one can obtain their computed Langmuir constants from their reported
values of equilibrium fugacities and fractional occupancies at a particular
temperature. For the small or large cavity at equilibrium, the fugacity of the guest,
f, is related to its fractional occupancy, § and the Langmuir constant C, by the

following relation,

Thus knowing the reported values of f and 6 in their (Tester et al., 1972) work one

can obtain the Langmuir constants from equation 3-5.

In Tables 3.1 and 3.2, the Langmuir constants computed using the MMC
method suggested by Tester et al. (1972) have been listed along with those constants
obtained in this work using the same MMC method. Also for comparison, the
Langmuir constants that one would obtain by the direct evaluation of equation 3-1
using a multi dimensional integration (MDI) technique are shown. An iterated
integral approach using Simpson’s rule for MDI as well as a standard IMSL routine
(QAND) was used for numerical integration of equation 3-1. The Langmuir constants
were obtained through direct MDI calculations with a tolerance of less than 0.1 %.
It is seen that the computed Langmuir constants for argon and krypton is higher for
small cavity than for the large cavity of structure I. Hence argon and krypton have
a greater stabilizing effect for the small cavity. Since the small cavities of structures
I and II are nearly similar and structure II has a greater ratio of small cavities over
the large cavities, the results for argon and krypton in Tables 3.1 and 3.2 suggest that
argon and krypton could preferentially form structure II hydrates as mentioned

earlier.
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By inspection of results reported in Tables 3.1 and 3.2, it is seen that the two
sets of Langmuir constants computed by the direct numerical integration (MDI)
agree with each other very well (the difference is less than 0.5 %). In contrast, the
constants computed through the MMC method either in this work or by Tester ef al.
(1972) do mot agree so well with those calculated through direct numerical
integration (MDI method). Specifically, for N, in the small cavity the Langmuir
constant computed by Tester et al. (1972) differs from that obtained through MDI
by 253 %. Regarding the Langmuir constants computed in this work using the MMC
method, there is a difference of 2000 % as compared to those obtained by MDI
method for carbon dioxide in the small cavity. Similarly, for xenon in the small cavity
there is a difference of 341 % between the Langmuir constant values obtained using
the MMC method in this work and the MDI method. This large difference in the
case of carbon dioxide and xenon between the Langmuir constants computed by MDI
and MMC methods is probably because the LJ potential model may not work for the
polarizable xenon and for the rod-like quadrupolar carbon dioxide. Thus the energy
function is inadequate to model these two molecules and this inadequacy might
manifest itself differently in the volumes Vyp; and Vyy,c sampled. Also the
differences between computed Langmuir constants by MMC method in this work and
MDI method could be due to restricted movement of the guest in the cavity, and is
discussed later in this chapter. The restricted movement of the guest is suggested by
the differences for xenon and carbon dioxide between the Langmuir constants
computed by MMC method in this work and MDI method is more for the small
cavity (2000 % for CO, and 341 % for Xe) than for the large cavity (418 % for CO,
and 150 % for Xe).

The results reported in Tables 3.1 and 3.2 also show that the computed results
of Langmuir constants by the MMC method in this work does not agree with that of
Tester et al. (1972) results using the same method. As details of <U> and V,,, are
not reported by Tester et al. (1972) we are unable to compare and verify their results

with those computed in this work. However, it is shown further (Tables 3.3 and 3.4)



38

that the <U> computations by the MMC and the MDI methods are the same in this
work and that the MMC method as suggested by Tester et al. (1972) could lead to
incorrect Langmuir constants being computed as was shown for the case of carbon

dioxide in the small cavity.

The fluctuations around the averaged potential arising as a result of cavity
asymmetries probably affects the computed energy and volume terms in equation 3-3,
using approximation 3-4. If Cyp; denotes the Langmuir constant computed by the

MDI method and Cy;yc denotes the Langmuir constant computed by MMC method,

then
Coupr = 7371 Eypr Vi 3-6

and
Come = -kl—T Epyc Ve 3-7

where,

Eypy = < exP_k_l; > >

and
=z 3-9

EMMC = exp

It is seen that if the approximation represented by equation 3-4 holds,
E,mc and Eyp; should be equal. In order to obtain Eyy, we used the MMC method
suggested by Tester et al. (1972) to calculate <U> from which Eyyc was obtained
using equation 3-9. The MMC calculations were performed for over 5 million moves

with the first million moves dropped in the averaging process. The step size of the
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guest molecule in the MMC computations was set to one tenth of cavity radius as
suggested by Tester ef al. (1972). The computation of <U> could also be performed
by the MDI method as defined by the following equation.

U
er Mgy
<U> = e 3-10
U
fe Mgy

Veet

In Tables 3.3 and 3.4, the computed values of <U> by both the MMC
and the MDI methods are shown. It is seen that for all the guests in both the cavities
the agreement in the computed values of <U> by both the methods is very good.
The good agreement in Tables 3.3 and 3.4 between computed <U> values by both
methods supports the usefulness of the MMC method in doing computations of

average properties. It is possible to compute Ey,, independently, using the following

equation
.2U
v fe %
< e-ﬁ > = Vc_cll____l;___ 3'11
fe-TTdV

In Tables 3.5 and 3.6, the ratios Eyp/Eyme Cwmpi/Cumc and
Vupi/ Ve are shown. The reported values of Vyp/Vymc in Tables 3.5 and 3.6
were computed using equations 3-6 and 3-7. The difference in computed Langmuir
constants by both methods, Cyp,; and Cyyyc, could arise owing to three possibilities.
Firstly, approximation 3-4 may not hold as a result of non uniform fluctuations
around the averaged potential energy computed by MMC method. Secondly Vi,

and Vg could be different when approximation 3-4 holds.



TABLE 3.3 <U> BY INTEGRATION AND SIMULATION

STRUCTURE 1, SMALL CAVITY, LJ POTENTIAL

Temperature = 273 °K

LJ Potential Parameters (from Tester et al., 1972)

<U>x 10", J

Cuest MDI MMC
Argon -0.2803043 -0.2803053
Krypton -0.3820076 -0.3818968
Xenon -0.5270555 -0.5270209
Carbon dioxide -0.5493989 -0.5489897
Nitrogen -0.2953383 -0.2952821
Oxygen -0.2732683 -0.2733068




TABLE 3.4 <U> BY INTEGRATION AND SIMULATION

STRUCTURE I, LARGE CAVITY, LJ POTENTIAL

Temperature = 273 °K

LJ Potential Parameters (from Tester et al., 1972)

<U> x 10%, J

Guest MDI MMC
Argon 10.2362629 102362453
Krypton -0.3205913 103205452
Xenon 10.4505324 -0.4503972
Carbon dioxide -0.5479374 105479272
Nitrogen 10.2494333 10.2494277
Oxygen 102302147 102301782
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TABLE 3.5 COMPARISON OF MDI AND MMC RESULTS

STRUCTURE 1 HYDRATES, SMALL CAVITY

42

T =273°K

Guest Epmc Evpr/BEamc Cump1/ Cumc Vpr/ Vamc
Ar 1977.7 1.1646 1.0102 0.8674
Kr 30659.7 1.2151 0.9244 0.7608
Xe 1.58e06 1.3414 0.2929 0.2184

CO, 3.39¢06 1.5847 0.0473 0.0299
N, 3120.9 1.2332 1.0151 0.8231
0, 1659.2 1.1776 1.0171 0.8637




TABLE 3.6 COMPARISON OF MDI AND MMC RESULTS
STRUCTURE 1 HYDRATES, LARGE CAVITY

T = 273 °K

Guest Emmc Evior/Emmc Cwmp1/ Crumc Vvor/ Vime
Ar 597.4 1.1317 0.7564 0.6684
Kr 4945.7 1.1424 0.7399 0.6477
Xe 1.55e5 1.1820 0.6659 0.5634
CO, 20.60e5 1.3385 0.2397 0.1791
N, 748.6 1.1431 0.7553 0.6608
0O, 449.6 1.1311 0.7553 0.6678
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Finally both, Eyp; and Eygyye, and Vyp; and Ve could be different. From Tables
3.5 and 3.6, the values of the ratio Eyp;/Eyuc show that the approximation 3-4 does
not hold. It is possible to modify the Tester et al (1972) method so that Eyp,; could
be computed directly. For example the averaging summation should be carried out

as suggested in the following form,

U-<U> -<U>
kT kT
o e exp 3.12
<exp > = ,
n

where n is any move number, U is the total energy (equation 2-9) computed at move
number n, and <U> is the averaged energy computed through Tester et al. (1972)
method at move number n. Thus there would be no need to make the approximation
through equation 3-4. Also the difference in Langmuir constants computed by both
the methods is shown to be because of the difference in the computed energy and

volume terms by both the methods.

As in Tables 3.1 and 3.2, the Langmuir constants computed by us using
the MMC method do not agree with those computed by Tester et al. (1972). The
MMC method as suggested by Tester ef al. (1972) is for computing <U>, the Monte
Carlo averaged potential energy. It is shown in Tables 3.3 and 3.4 that the values of
<U> computed in this work are in good agreement with the MDI method. As such
the calculations of <U> using MMC method are not in error. The free volume
available for the guest, Vyc, is influenced by the spatial arrangement of the host
molecules and is very sensitive to the cavity asymmetry (Lund, A. 1990). The V¢
results could not be compared with the results of Tester ef al. (1972), since they do

not report <U> or V¢ in their computations.

Finally, it is of interest to note that the deviations between the
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computed values of Langmuir constants by MMC and MDI methods is significantly
high in the case of Xenon and Carbon dioxide. This is especially so in the case of
small cavity than for large cavity despite the fact that the large cavity is more
asymmetric than the small cavity. For Xenon and Carbon dioxide, unlike Tester et
al. (1972), the computed Langmuir constants by us through the MMC method is
always higher than the constants computed using MDI method. One possible reason
for these large differences in the case of carbon dioxide and xenon between the
Langmuir constants computed by MDI and MMC methods is because the LJ
potential model may not apply for the polarizable xenon and for the rod-like
quadrupolar carbon dioxide. Consequently the energy function is inadequate to
model these two molecules and this inadequacy might manifest itself differently in
the volumes Vyp; and Ve sampled. Another reason could be because of restricted
translation of the guest molecule owing to the size of the guest molecules which
could affect the guest free volume computations and hence the methodology
suggested by Tester et al. (1972) is probably unsuited for restricted translation arising
from large sized guest molecules. The computation of guest free volume, Ve, is

obtained as a sum of two volumes (Tester et al. 1972) as written below.

¢ Vig 3-13

Visac = Vuncond

The unconditionally accepted volume, V.4, is Which is based on the

actual physical size of the guest molecule. The volume, V, is the sum of differential
volumes added to obtain V), and is obtained during the Monte Carlo averaging
process by dividing the cavity into several concentric spherical shells and adding the
contribution of a spherical shell volume to the guest free volume in a discrete fashion
suitably weighted by the ratio of the number of times the guest enters that particular
shell volume successfully as compared to the number of times the guest molecule
attempted to enter that shell (Tester et al. 1972, Lund, A. 1990). For carbon dioxide

in structure I small cavity, since we know the value of <U> either by MMC or MDI
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(Table 3.3), we can compute the value of Langmuir constant taking Vy,,c as the
same as V,,..ng- This has the effect of setting V¢ equal to zero as seen in equation
3-13, and would yield a lower Langmuir constant (see equation 3-7) than that

expected if Vg is not equal to zero. The volume, V.4 is computed as follows,

v m’%”bs 3-14

HNCO,

where ‘b’ is the radius of guest molecule. For Carbon dioxide, b could be
taken as 1.1615 °A (Tester ef al. 1972). The computed value of Langmuir constant
for carbon dioxide, using equations 3-7, 3-9 and 3-13, taking <U> from Table 3.3
(MDI or MMC) and setting Vyyc to be the same as V.4 is calculated to be
approximately 373 (atm™). So if the MMC methodology as suggested by Tester et al.
(1972) were to apply, then the minimum Langmuir constant that could be computed
for Carbon dioxide is approximately 373 (atm™) and the actual MMC computed
Langmuir constant could be higher depending on V4, (>0). It is noted that in Table
3.1, the Langmuir constants computed by Tester et al. (1972) as well as by the MDI
method are lower than 373 (atm™). Since we did see that the MMC and MDI
methods agree in <U> computations, we could say that the MMC method as
suggested by Tester et al. (1972) for the Langmuir constant computations breaks
down, especially for large guest molecules as compared to cavity size. The calculation
of guest free volumes needs to be addressed and Kvamme et al. (1993) suggest that
molecular dynamics simulations would probably give better results for different guest

molecules.
3.3 Conclusions
The computation of the Langmuir constants for the gas hydrate

equilibrium calculations involves the evaluation of a multi dimensional

configurational integral. It has been shown that in the evaluation of the
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configurational integral by MMC method, an approximation in energy term made in
earlier works, does not apply as a result of hydrate cavity asymmetries. Also the
computation of guest free volume, could be affected and as a result the methodology
for Langmuir constant computations as suggested by Tester et al. (1972) is not

recommended.
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CHAPTER 4

Nucleation Kinetics - Gas Hydrates

4.1 Introduction

The kinetics of hydrate formation is an important aspect of research
on hydrates that is not as well understood as the thermodynamics of hydrates. The
reason for this is that it has not received much attention in the early hydrate research
as most researchers focused on the thermodynamics of hydrates. When gas hydrates
were found to form in gas pipelines and block the pipelines (Hammerschmidt, 1934)
for gas transport with potentially serious consequences research on hydrates was
directed towards calculating the thermodynamic conditions of hydrate formation.
Subsequently, as further research showed that hydrates could be used for other
applications like separating gas mixtures (Barrer and Ruzicka, 1962), storing and
shipping natural gas or that their vast reserves could be exploited (Makogan, 1981)
for generating energy the kinetics of hydrate formation began to attract interest in
hydrate circles. The kinetics of hydrate formation is still a challenging research area
today despite growing amount of work. The reason is that the process of hydrate
formation is little understood so far and only recently experiments have begun

probing the hydrate formation process.

In this work on hydrate nucleation the hydrate formation kinetics is
studied in detail from both, an experimental and theoretical, point of view. In this
chapter, the relevant literature is reviewed first followed by the presentation of
experimental work. In the next chapter a model for nucleation kinetics in gas
hydrates is developed and presented. This model has been shown to explain the
amount of gas consumed during nucleation and the induction time for hydrate

nucleation.
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4.2 Hydrate Formation - Comparison with Crystallization

The process of hydrate formation and growth is closely related to
crystallization process. The hydrate formation process leads to the formation of stable
hydrate nuclei. During the hydrate growth process the stable hydrate nuclei grow as
solid hydrates. Kinetic data obtained so far (Dholabhai ez al., 1993; Englezos et al.,
1987a, 1987b; Falabella, 1975; Vysniauskas and Bishnoi, 1983, 1985) includes the

‘nucleation’ stage as this is a pre-requisite for the ‘growth’ stage.

As the hydrate formation process has been suggested to be similar to
crystallization process, it is interesting to compare the formation process of gas
hydrates and salt crystals. Such a comparison between the two processes was not
possible earlier since the hydrate formation process was not well understood.
However as a result of this work, the comparison of the two processes could now be
made as shown In Table 4.1. Some similarities between hydrate nucleation and salt
crystal nucleation are that they both require supersaturation to form stable crystals.
In the case of both processes, the driving force for nucleation is the degree of
supersaturation. Hydrate nucleation phenomena is, however, more difficult to study
than salt nucleation as it is complicated by the hydrodynamics, mass transfer of solute
from the gas phase to the liquid phase and the possibility of localized supersaturation

that could lead to hydrate formation.

4.3 Nucleation Studies - Literature Review

The literature on nucleation processes is not very old despite the
practice of crystallization for a long time, beginning with the manufacture of common
salt or sodium chloride since the dawn of civilization. Crystallization was more of an
art rather than science as it was little understood for a long time. However this
picture rapidly changed as more and more investigators studied the crystallization

processes and the transition of crystallization from being an art to a science is a real
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possibility today despite its yet unresolved complexities. Needless to add that the
nucleation process, which is a fundamental process in crystallization and leads to the
formation of stable crystal nuclei, has also been barely understood till recent times.
Experimentally, nucleation studies require carefully controlled conditions and are to
be studied at low supersaturations over a longer period. On the theoretical side
nucleation is not much understood despite several successful crystallization theories.
The reason for this low level of understanding is that nucleation is a complex process
which can be affected by several factors about many of which we have only a cursory

understanding, thus making nucleation a very challenging research area.

The concept of nucleation is based on the formation and decomposition of
clusters or aggregates of molecules of the dissolved substance as a result of local
concentration fluctuations (Nyvlt ez al., 1985). For each supersaturated solution, there
exists a critical cluster (also called the critical nucleus) that is in equilibrium with the
surrounding medium and has the same probability of growth as of disintegration. For
a cluster of size less than the critical size, the probability of decomposition is very
high while clusters larger than the critical size grow spontaneously. Thus the critical
size represents a size barrier which the growing clusters must attain before

spontaneous growth as solid crystal commences.

The classical theory of nucleation states that clusters of particles are formed
in solution according to the following scheme of step-wise atomic collisions (Frenkel
1946, Turnbull 1956, Melia 1965, Nielsen, 1964)

a+a+=a 4-1

az’+a—-a3 4-2

a.,+a=a 4-3
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Table 4.1 Comparison of Hydrate and Salt Nucleation

SALT CRYSTAL NUCLEATION

GAS HYDRATE NUCLEATION

Leads to the formation of crystalline
salt

Requires Supersaturation with
respect to equilibrium

The driving force for nucleation is
the degree of supersaturation

Nucleation is believed to be the
growth of solute clusters in solution
to critical size

Computation of critical size of nuclei
is in agreement with experimental
findings

Local supersaturation could affect the
nucleation process

Nucleation process is stochastic in
nature

Relatively simple to study
experimentally and analyze the
results.

Leads to the formation of crystalline
gas hydrate

Requires Supersaturation with respect
to three phase hydrate equilibrium

The driving force for hydrate
nucleation is the degree of
supersaturation (£ - f.,)

Nucleation is believed to be the
growth of gas - water clusters to
critical size

Computation of critical size of nuclei
seem to be in agreement with
experimental findings. Needs further
work for confirmation

Local supersaturation could affect the
nucleation process

Nucleation process is stochastic in
nature

Relatively difficult to study
experimentally and analyze. Account
should be taken of hydrodynamics and
mass transfer from gas to liquid
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As soon as these clusters attain a critical size the inter molecular forces of the

particles within the cluster dominate over the intermolecular forces of surrounding

particles and the cluster becomes stable. A number of authors (as mentioned in Nyvlt
et al., 1985) have derived the following relationship for the rate of nucleation

-AG*
R,=Ae T |,

where R, is the rate of nucleation, A is the pre-exponential factor and AG* is the
free energy of formation of the critical sized nucleus. It should be noted that the rate

expression is similar to the Arhenius type rate expression used for chemical kinetics.

During cluster formation, particles of a given substance in the bulk of original
phase form new phase 2. The process is accompanied by a change in the Gibbs free

energy,

AG = AG, + AG, , 4-5

where AG; is the surface free energy change which is a positive quantity and AG, is
the volume free energy change which is a negative quantity. According to the

classical homogeneous theory of nucleation (Nielsen 1964)

AG = —aLaA—:‘ + pL2%,, 46

where oy, is the interfacial tension between the two phases, 1 and 2, @ and g are
constants and L is the size of the nucleus. A typical plot of AG against L is shown
in Figure 4.1. It is important to note that AG goes through a maximum as L is
increased. The maximum value of AG is obtained at L*, which corresponds to the

critical nucleus. For L greater than L* the process is accompanied by a decrease in



53

the Gibbs free energy and hence thermodynamically favourable and spontaneous for
the critical nucleus to grow. For L less than L* owing to higher cluster
decomposition as compared to its formation, the cluster growth process is
thermodynamically unfavourable and can only occur as a result of chance

fluctuations.

Thus AG* represents some sort of Gibbs free energy barrier for the growing
nucleus to cross. The rate of nucleation in equation 4-4 is thus determined with AG*
obtained from equation 4-6 at L=L*. However, the magnitude of the proportionality
constant or the pre-exponential factor in equation 4-4 cannot be obtained from the
thermodynamic theory of nucleation and is determined from the kinetic model of
nucleation. In fact, most work done on the kinetic model of nucleation differ in the

approach for the derivation of the pre-exponential factor.

In the kinetic model of nucleation, the model assumes the formation of an

n atom cluster according to a scheme of step-wise atomic collisions as follows

a +a ~a 4-7
a+a-g 4-8
Reactions of the type and,
na«- a, 4-9
a +a-a, 4-10

where i, j are both greater than 1, are neglected as they are not very likely and hence
unimportant. In a supersaturated solution the cluster growth rate is greater than the

disintegration rate, hence, the cluster size increases with time. If clusters of super
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critical size are removed from the solution, separated into their individual
components and then returned to the solution, a dynamic equilibrium is attained
characterized by a cluster size distribution and a stable cluster size growth through
all the sizes. In such a system the stationary nucleation rate is given by the rate of

growth of clusters to a size above the critical size.

Quantitatively, then for the kinetic theory of nucleation

k+4 k+
&4 = & = =8, 4-11
k_l I

where k+ k-, are the rate constants for the growth and disintegration of clusters of
i atoms. At dynamic equilibrium, dc,/dt is equal to zero which means that the cluster

concentration is constant with time

dc;

at (K+4 Gy + K-pq Cy) - (k+, G + k-, ©) 4-12

Thus the rate of growth of clusters over size i is given by

Ji = k+q Gq - K- G 4-13

hence from equation 4-12

de, .,
7=I/"Im

4-14

Using the kinetic theory of nucleation Nielsen (1964) derived the following

equation for the case of supersaturated solutions.



AG, Gibbs Free Energy

Fig. 4.1 Free Energy Change of Growing Particles

AG
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~-AGx
R, = %‘Q o K 4-15

In a recent paper Rita et al. (1990) have derived the kinetics of nucleation

from an aqueous solution with modifications of Nielsen (1964) development. They

have developed a dimensionless parameter which permits the comparison of the rate

of nuclei formation with that of growth.

In summary it is seen that the rate of nucleation as obtained from purely

thermodynamic or a mixed kinetic-thermodynamic relationship is identical (equations

4-4, 4-15). However the validity of the classical nucleation theory is limited by certain

implicit assumptions (Nyvlt et al., 1985) given below.

a)

b)

It is assumed that thermodynamics is applicable for small systems (clusters of
several dozen particles) and the macroscopic values of the thermodynamic
quantities can be applied to small species. This is a questionable assumption
since the classical theory is derived from the thermodynamics of a continuum,
i.e the size of particles is much greater than the inter molecular distances.
However, this condition is not fulfilled in the case of small clusters and so it
cannot be assumed apriori that thermodynamics is applicable to describe
nucleation. The macroscopic values of quantities like interfacial tension may

not be applicable to small clusters.

The concentration of all cluster sizes are constant during nucleation. This
assumption also known as the stationary state assumption cannot be made as
the nucleation rate cannot attain this stationary state instantaneously. Thus the

time taken to reach the stationary state should be taken into account. The
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non-stationary nucleation rate has been derived by Kaschiev (1969).

c) Classical nucleation theory also neglects the translational and rotational
contributions to the free energy of the cluster. These contributions are

accounted for in a statistical mechanics view of the nucleation process.

The classical nucleation theory despite its several limitations, described
above, is still a successful theory as it has not been conclusively disproved. The
success of the classical nucleation theory comes from the fact that despite its
shortcomings it is derived from fundamental considerations. There are other models
widely used in nucleation studies that are not as fundamentally based as the classical
nucleation theory but are also very successful. One such very popular model is the

power law form (Mullin, 1972) of expressing the rate of nucleation as below.

R, = k(S -1)" 4-16

where S is the supersaturation and k and n are constants. This is one of the widely
used models for nucleation. A derivation of this model from classical nucleation
theory has been suggested by Nyvit (1968). This model is adapted for application to

hydrate nucleation processes as discussed in detail in the next chapter.
4.4 Hydrate Nucleation - Literature Review

The hydrate nucleation process leading to fhe formation of hydrate
nuclei has little published experimental data so far. The experimental study of
hydrate nucleation phenomenon is difficult as the phenomenon is microscopic in
nature involving tens to hundreds of molecules. However, the hydrate nucleation
process has become one of the focal points of current research as shown by
increasing work in this area recently both in terms of modelling and interpreting

nucleation kinetic data available (Sloan ef al., 1991; Skovborg ef al., 1993) so far, as
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well as obtaining more data by sophisticated experimental studies involving laser

scattering experiments (Nerheim et al., 1992).

The Clustering Process in Hydrate Nucleation

The clustering process has been suggested to be the pre-cursor of
hydrate nuclei formation (Makogan, 1981; Vysniauskas and Bishnoi, 1983, 1985;
Englezos and Bishnoi, 1988b). The experimental mole fractions of the solute
molecules (methane) dissolved at the nucleation point were found to be substantially
higher than the two phase vapour-liquid equilibrium value by Englezos and Bishnoi
(1988b), which was also attributed to the clustering mechanism. The critical size of
a hydrate nuclei, which is the stable nuclei size, that continues to grow as a solid
hydrate crystal was first computed by Englezos et al. (1987a). They derived an
expression for the free energy of a hydrate nucleus, as a part of the model they
proposed for the growth of hydrate particles after the nucleation stage. The size of
the critical nuclei for methane hydrates were computed from their hydrate growth
experiments to be of the order of 100 - 300 °A. In a more recent work, Nerheim et
al. (1992), used a laser light scattering technique and experimentally studied the
hydrate nucleation process. They determined the size of the critical hydrate nuclei
to be of the order of 50 - 300 °A.

Although the clustering mechanism has been suggested to explain the
nucleation process the structure of water and the effect of dissolved solute gas
molecules on the water structure are also important in the hydrate nucleation process

as explained below.

Structure of Water

The induction period for hydrate nucleation, could be a function of the

structure of water. Vysniauskas and Bishnoi (1983) measured the mean induction
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periods in a series of experiments with water of different qualities. On Table 4.2, the
mean induction times shown by water of different qualities used for hydrate
formation as mentioned by Vysniauskas and Bishnoi (1983) are shown. The mean
induction period in their study was found to be much less in the case of thawed ice
and water obtained after hydrate dissociation than in the case of hot tap water. Since
thawed ice or cold water would have a tendency to maintain a more ordered
structural arrangement owing to limited molecular activity as compared to pre-heated
water, the results of Vysniauskas and Bishnoi (1983) do suggest a possible effect of
water structure on induction period. The same effect (of structuralized water) has
also been suggested recently by Nerheim et al. (1992) from their laser scattering

studies on hydrate nucleation.

There are a number of models in the literature for the structure of water,
supported by computer simulations and experiments, as water is a widely used
solvent. A popular model of interest especially for understanding of hydrate
formation is the "flickering cluster" (FC) model for liquid water. In accordance with
the FC model for water, developed by Frank and Co-workers (1945, 1957, 1961) and
Nemethy and Scheraga (1962), water consists of an equilibrium mixture of short-lived
hydrogen bonded clusters, with a non-hydrogen bonded dense phase. The number of
such clusters increases rapidly as the temperature is decreased. A third model for
water, of particular interest to hydrates, is the "water-hydrate" (WH) model suggested
by Pauling (1959, 1960). Earlier Claussen (1951) and Pauling and Marsh (1952) had
shown that water molecules can form structures which are looser than ice with
relatively large cavities, while retaining the bond angles and intermolecular distances
that are characteristic of ice. These structures are energetically stable despite their
looseness owing to the hydrogen bonds that holds them together. The WH model was
analyzed by Frank and Quist (1961) using a statistical mechanical approach. In
addition to the models discussed above there are other numerous models for water
in the literature (reviews by Chadwell, 1927; Malenkov, 1962; Hall, 1948; Grunberg
and Nissan, 1949; Haggis ef al., 1952; Eck et al., 1958; Ginell, 1961; Namiot, 1961;



Table 4.2, Induction Time and Water Quality
(Vysniauskas and Bishnoi, 1983)

Water Quality Mean Induction Time, (min)
Cold Tap Water 4.95
Hot Tap Water 18.13
Double Distilled 11.75
Thawed Ice” 0.75
Dissociated Hydrate™ 2.50
Dissociated Hydrate™ 0.0

* - Sample used immediately after ice melted
" . Dissociated hydrate water sample left overnight before using

" . Sample used immediately after hydrate dissociation
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Wada, 1961; Berendsen, 1962; Fisher, 1962). All the models discussed above, have

been able to account for a number of distinctive features of liquid water but are
contradictory in many respects. Hence the problem of liquid water structure is still

considered not conclusively resolved.
Effect of Dissolved Solute Molecules on Water Structure

The structuring of the bulk water molecules around a dissolved apolar solute
molecule (Frank and Evans, 1945) is an important aspect in understanding hydrate
nucleation phenomena. Evidence for this local structuring around the solute molecule
comes from molecular simulation studies (Geiger, Stillinger and Rahman, 1979;
Dang, 1985; Owicki and Scheraga, 1977; Swaminathan ef al., 1977; Anders Wallquist,
1991) as well as from experimental evidence collected for aqueous solutions of
alcohols where the apolar portion of the alcohol molecule has been suggested to
affect the water solvent in much the same manner as strictly apolar solutes
(Alexander and Hill, 1963; Arnett et al., 1969; Krishnan and Friedman, 1969). The
Monte Carlo molecular simulation for the methane and water system by Owicki and
Scheraga (1977) and Swaminathan et al. (1977) show the average co-ordination
number of water molecules around the dissolved methane to be about 23 and 20
respectively, which is closer to the co-ordination number of 21 for a small Structure
I clathrate cavity. In fact the water network arrangement around the dissolved solute
molecule is identified as similar to a clathrate type cavity (Rahman, 1974). From
thermodynamic considerations, the Gibbs free energy of the solution of natural gas
hydrate components is small and positive in accordance with a small solubility, and
is primarily characterized by a negative entropy of the solution (Franks and Reid,
1973). The large negative entropy of solution is considered evidence of the creation
of a structure within the body of water. Also the heat of solution for ten hydrate
formers was found to be the same as the heat of hydrate formation from gas and ice,
thereby suggesting the co-ordination of the aqueous solute with surrounding water

molecules (Glew, 1962). Albeit the experiments of Vysniauskas are preliminary in
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understanding hydrate nucleation, the induction time could be a function of the
quality of water structure and the dissolution phenomena of hydrocarbons owing to

interactions between the dissolved apolar solute and surrounding water molecules.

Although the literature presented so far on the structure of water and
of structural changes that occur locally around a dissolved solute molecule indicates
substantial work in this area, very little work is carried out to understand nucleation
of hydrates. The work by Falabella (1975) represents some of the earliest work on
hydrate induction. In his experiments, Falabella (1975) used a low temperature
reaction vessel in which ice crystals in contact with a hydrate forming gas were
bombarded with metallic balls. The amount of gas consumed in his experiments were
supplied by a volumetric system which also allowed the consumption to be
monitored. Experimentally, it was observed by Falabella (1975) that some hydrates
exhibited induction times during their formation. In particular Falabella (1975)
observed that induction time was observed in methane and krypton and did not
observe any induction time in the case of other hydrates he studied like xenon,

acetylene, ethane, ethylene and carbon dioxide.

Also Falabella’s (1975) data showed no induction time for a 90 % methane
and 10 % ethane mixture hydrate. On the basis of Falabella’s (1975) data Sloan et
al. (1991) proposed that the induction time for a hydrate could be dependent of the
ratio of size of the guest molecule to the size of the small cavities of structures I and
II (size ratio). For example in the case of methane hydrate formation Sloan et al
(1991) observed, the methane hydrate could have an induction period which is
proportional to a periodic oscillation between the small cavities of the two structures
I and II, before the small cavity of structure I achieves the critical nuclei radius
stability. Krypton was also showing induction phenomena owing to periodic
oscillations between the small cavities of both structures before finally forming a
stable structure II hydrate. Sloan ef al. (1991) proposed that a size ratio of 0.81 to

0.89 was responsible for the hydrate to exhibit induction phenomena. Since the
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induction phenomena was as a result of non-discrimination of the two structures
resulting in a periodic oscillation during the hydrate formation, Sloan et al. (1991)
argued that an addition of little ethane to methane should do away with the
induction phenomena as was supported by Falabella’s (1975) data for 90 % methane
and 10 % ethane hydrate. In order to verify the proposed mechanism for induction,
Sloan et al. (1991) also conducted experiments and studied the formation kinetics of
cyclo-propane hydrates, in an apparatus similar to that used by Falabella (1975) for
his experiments. Cyclo-propane can occupy either of the large cavities of structures
I or IT depending on the experimental conditions. Thus if their proposed mechanism
was correct, then they expected cyclo-propane hydrate to exhibit induction during
formation. The induction times they measured were too short to be quantified. They
also modelled kinetically the proposed molecular mechanism for nucleation with

three kinetic constants.

There are some limitations in the work by Sloan e al. (1991). There is no
direct experimental evidence for the molecular mechanism that they have proposed.
The three kinetic constants in their model, were regressed from the experimental
hydrate growth data and could well be co-related. As will be discussed later in this
work the induction phenomena reported in the literature so far including ALL the
supporting data cited by Sloan et al. (1991) could be explained by the approach taken

in this work.

In summary, there is not much information about hydrate nucleation in the
literature. Hence in this work, we focus on modelling hydrate nucleation with the
available kinetic data collected in this laboratory. Also the proposed modelling
approach is compared with other approaches in the literature for modelling hydrate

nucleation.
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4.5 Experimental Objectives & Design

The main objectives of this work is to model the amount of gas consumed
during nucleation and induction time of nucleation. There are some experimental
data already available from part of the systematic study of hydrate nucleation and
growth conducted over many years (Bishnoi ef al., 1985, 1986, 1989b; Vysniauskas
and Bishnoi, 1983, 1985; Englezos et al. , 1987a, 1987b, 1990; Dholabhai et al., 1993).
The available experimental kinetic data includes data for hydrate formation with pure
and mixed gas hydrates, hydrate formation in the presence of inhibitors like salts and
methanol, and hydrate formation in the presence of surfactant additives and other
solvents like heptane. In addition to these existing experimental data, new
experiments were performed in this study to investigate the effect of water structure

and these new experiments are discussed in the remaining portion of this chapter.

The quality of water used for hydrate formation has an important effect on
hydrate formation as seen in Table 4.2 (Vysniauskas and Bishnoi, 1983). Let
‘structured water’ be defined as the water that was used to form hydrates before and
obtained after decomposing the formed hydrates, and ‘structuralization’ of water be
defined as the process of making structured water. It is believed that the structured
water could form hydrates easily, probably as a result of trace evidences of hydrate
structures in solution, as compared to fresh water and this effect is called the
‘memory effect’” (Makogan, 1981; Vysniauskas and Bishnoi, 1983; Nerheim et al.,
1992). Since the basic objective of this work was to model the earlier experimental
data collected in this lab, it was decided to conduct more new experiments to
specifically investigate the possible role of water structuralization, if any, in the
kinetics of hydrate formation. This was necessary to incorporate any possible effect
of structuralization in the modelling work, if required. Also of interest was the role
of mass transfer effects, if any, in the induction phenomena observed. The

experimental objectives were thus defined as follows
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a) To study the effect of structuralization of water, if any, on the induction time
for hydrate formation
b) To see if mass transfer plays a role in deciding the induction time for

hydrate formation

In this study the experiments were carried out at three different experimental
pressures, 500, 1000 and 1500 kPa above the corresponding equilibrium pressures.
Very high or very low experimental pressures above the hydrate equilibrium
pressures could complicate studying nucleation phenomena by introducing possible
local supersaturation effects in aqueous solution or take a very long time for
nucleation respectively. Hence it was decided to limit the maximum studied
experimental pressure for nucleation to 15 bars over the corresponding hydrate
equilibrium pressure. Methane was used as the hydrate forming gas at 1 degree
Celsius keeping the RPM of stirrer at 400 and the volume of the solution at 300 cm®

for all the runs.
4.6 Experimental Apparatus

The experimental apparatus used in this study is essentially the same as used
by Vysniauskas and Bishnoi (1983), Kim et al. (1985) and modified later (Bishnoi et
al., 1985, 1986). A schematic diagram of the experimental set-up is shown in Figure
4.2. It can be seen that the principal components of the experimental set-up are a
semi-batch agitated reactor system, the pressure and temperature measuring systems,

the DORIC data acquisition system and several supply and reference gas reservoirs.

The semi-batch agitated reactor system comprises of a stainless steel reactor
with a design working pressure of about 140 bars and with an internal volume of
500x10“® m®. The reactor is fitted with two marine type lucite windows to observe
the presence of gas hydrates in the reactor. In order to avoid the formation of

vortices baffles are placed in the reactor.
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A magnetic stirrer bar coupled to a ceramic magnetic stirrer mounted on a
driver outside the reactor was used to agitate the liquid solution. The stirring rate
could be controlled by a RPM controlled DC motor.

The gas reservoir R1 was used to pressurize the hydrate reactor to the desired
experimental pressure. The reservoir R3 was used to supply the necessary gas, as the
hydrate formation ensued, in order to maintain constant reactor pressure. The
reservoirs R2 and R4 were used to provide reference pressures for different

Differential Pressure or DP transmitters.

The differential pressure transmitters DP1, DP2, DP3 and DP4 were
used to measure the pressures in the reservoirs R1, R3 and reactor respectively. The
bias sides of DP1, DP2 and DP4 were connected to the reference reservoirs R2, R4
and RS, while the bias side of DP3 was open to the atmosphere. The pressure of the
reactor was controlled by a controlling system consisting of a pneumatically activated
pressure control valve, a three mode controller, a pneumatic_ activator and a pressure
transmitter. The reactor was initially pressurized from the supply cylinder. As the
pressure in the reactor decreases due to gas consumption in the reactor owing to
hydrate formation, the control valve opens to admit the gas from the reservoir R1

until the pressure in the reactor is restored to the desired set pressure.

Temperatures inside the reactor were measured by copper-constantan
thermocouples, which were inserted into the reactor at different locations to measure
the bulk gas temperature, gas-liquid interfacial contact and the bulk liquid
temperature. The entire array of reservoirs and the reactor were kept immersed in
a glycol bath whose temperature was controlled using an auxiliary glycol refrigerator.
The glycol refrigerator had a control sensitivity of = 0.02 °C in the temperature

range from -29 to 70 °C.

The temperature and pressure measurements were recorded using a DORIC
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Fig. 4.2 Schematic Sketch of Experimental Apparatus
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data logger and a COMPAQ DESKPRO 8086 personal computer. The on-line

computations of the cumulative moles of the gas consumed were also executed on

the personal computer.

Research grade methane gas (Matheson, Research Purity (99.9995 %) was

used in the experiments.
4.7 Experimental Procedure

As the objective was to investigate the structure of water effect, the procedure
followed in the earlier hydrate formation and growth experiments (Bishnoi et al |
1985, 1986) was modified. The experimental procedure employed in this work is
divided into three parts. It is similar to the experimental procedure followed in
earlier hydrate formation experiments by Bishnoi et al. (1985, 1986) with respect to
the first two parts but differs in the third part. In the first part, the procedure for the
calculation of moles of gas consumed during hydrate formation is mentioned. As this
calculation of the amount of gas consumed needs the volume of the gas supply
reservoir, in the second part the Ruska Pump experiment which was used to obtain
the volume of the gas supply reservoir is mentioned. And finally in the third part,

the new procedure employed to investigate the structure of water effect is elaborated.
Calculation of the number of moles consumed
The cumulative amount of moles of gas consumed at any time t, is computed

during the course of the experiment as the change in total moles in the reactor and

the supply cell combined. Thus if n(t) is the moles of gas consumed upto time t then,

n{t=0) = 0 4-17

and



69

n(t > 0) =(n,,+ns)'_o- (ng + ”9t.r 4-18

which could be written as

P P P P
0) = V. (—— Ty vy vy -
ne0) = Vi) +Vele Ve 55 V( 4-19

Rt=t ZR S,t=t

S,t=0 S,t=0

where subscripts R and S stand for the reactor and the supply cell respectively. The
volume of gas phase in the reactor including tubing is denoted by Vg, which is equal
to the empty reactor volume less the injected water volume during the experiment.
The volume of the empty reactor and the supply cell is determined from the Ruska
pump experiment. The compressibility factor, Z, was determined from an on-line

computer program based on the Peng-Robinson equation of state.
Ruska Pump Experiment

The Ruska Pump Experiment is an experiment performed to determine the
volume of the supply reservoir needed for the calculations of amount of gas
consumed in moles, during a hydrate forming experiment. In the Ruska pump
experiment a known volume of mercury is pumped into the reservoir and the
pressure is measured before and after the mercury is pumped in. Since the number
of gas molecules within the reservoir remain constant, the pressure and volume of

the reservoir have the following relation

PV ZT,
PVy ZT,

4-20

Hence the volume of gas in the reservoir, V; is given by the relation
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v - WVarVe)
V3 = Vs,f - (P' Zf T-f 1) 4_21
F, 2, T,

where i and f denote the initial and final equilibrated states before and after the
mercury injection into the reservoir respectively. The compressibility factor Z was
obtained from the Peng-Robinson equation of state and the volume difference, V; -
V.

. Was measured during the experiment.

Modified Procedure to investigate Structure of Water effect

This modified experimental procedure was divided into two main steps. In the first
step of the experiment, the water used in the kinetics experiment was structuralized.
For this, the reactor was charged always with 300 c.c of fresh water and the reactor
was pressurized to a pressure of about 25 bars over the equilibrium pressure while
stirring at the prescribed RPM. Also the contents of the reactor were monitored
continuously for visual observation of turbidity in the liquid phase. Turbidity is said
to have appeared when the solution becomes translucent owing to the emergence of
hydrate particles. After the appearance of turbidity point, the experiment was stopped
by isolating the gas supply to the reactor, when the number of moles of gas consumed
after turbidity point is 10 to 15 % more than the number of moles of gas consumed
at turbidity point. Then the decomposition of the formed hydrates was carried out
by reducing the reactor pressure to atmospheric pressure. The decomposition was
continued keeping the stirrer on till no more gas bubbles were seen in the liquid.
After this point of time the reactor was left in the same state for 4 hours, with

stirring, before beginning the second part of the experiment.

In the second step of this experimental procedure, before starting the

experiment, it was visually verified to see if the structuralized water was clear and a
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record of the observation was made. The experiment was started by pressurizing the
reactor to the specified experimental pressure. The moles of gas consumed with time
was monitored until the appearance of the turbidity point. After the appearance of
turbidity point a record of it was made and the experiment was stopped by de-

pressurizing the reactor.
4.8 Experimental Results - Discussion

The gas consumption data during hydrate formation as obtained in the
experiments conducted in this study are like those typically obtained in earlier studies
(Bishnoi ef al. 1985, 1986). Such a typical gas consumption data are shown
schematically in Figure 4.3. The "hydrate growth" region is shown in the plot after the
"turbidity time", t,,, when the solid hydrates grow in solution. The moles of gas
consumed at turbidity is denoted as n,,. If P,,;, and T,,, denote the experimental
pressure and temperature respectively and P, represents the three phase hydrate
equilibrium pressure at the temperature T,

Figure 4.3 corresponds to that dissolved at P, T.,,. The region before the time t,,,

is the "solubility region", where the phenomena is one of gas dissolution into the

then the moles of gas n., shown in

liquid and the aqueous solution is not yet saturated. The region between t., and ty,

is the "nucleation region" and t,, - t,, is defined as the induction period (Figure 4.3).

The raw results obtained from the experiments conducted to investigate
the structure of water effect are summarized in Tables 4.3, 4.4, 4.5, 4.6 and 4.7. All
"structured water" runs reported in these Tables have run numbers ending with a "B"
and all "unstructured water" runs have run numbers ending with or without an "A".
For each run, the experimental pressure P, the average experimental temperature,
T,y and the maximum temperature T, are shown. The T, is the average of the
solution temperatures measured during the course of the experiment. In these tables,
ch,

turbidity. Also n,(f) is the final value of moles of gas dissolved in the experiment

is the equilibrium pressure at 274.15 K and ny, is the moles of gas dissolved at
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before decomposing the hydrate in order to begin a structured water run in the
second part of the experiment. It is usually about 10 % higher than n,,. The induction
time defined as t, - t,, (see Figure 4.3), t,, are also shown in the tables.
Approximately three runs were performed for both structured and unstructured water
at each pressure. The experimental results were well reproducible for the runs

performed. The key experimental results are discussed as follows.
Effect of water structuralization

Establishing the effect of water structuralization if any, on hydrate formation
was one of the objectives of the study. After structuralizing the water by forming
hydrates in the first part, the hydrates were decomposed by depressurizing the reactor
to atmospheric pressure with continuous stirring. It was important to ensure that the
hydrates were totally decomposed after the first part of the experiment so that no
hydrate particles (below the visual size) in solution could make it possible to form
hydrates again easily. Hence at the decomposed state, the water was kept for 4 hours
with stirring before it was used to form hydrates again. Identical results were
obtained when in one experiment the water after the first part, was kept overnight
with stirring instead of the usual 4 hours. Thus it is reasonable to say that 4 hours
was sufficiently long enough to permit decomposition of all hydrates produced in the

first part of the experiment.

The results shown in the Tables 4.3 to 4.7 could be viewed in two separate
parts. At high enough pressures (higher than 35 bars) both structured and
unstructured water were found to behave in the same way and all the induction time
results were reproducible as could be seen by comparing runs at similar pressures.
For example, Runs MNK-NO1A, MNK-N02A, MNK-NO3A and MNK-NO4A were

with unstructured water and their induction times are quite in agreement within



Fig. 4.3 Schematic of Hydrate Kinetics Experiment

O Turbidit N
O \'
\®) &§

9

Nucleation

Induction Period —

tip
t -

73



74
experimental bounds. The same agreement is seen in structured water runs as well
as seen from Runs MNK-N01B, MNK-N02B and MNK-NO3B. Further, it could also
be seen at high enough pressures both unstructured and structured water have similar
induction times as could be seen from the Runs MNK-N17, MNK-N18, MNK-N04B
and MNK-NOSB. Thus it is seen that at high enough pressures there is good
agreement between unstructured water runs, structured water runs and between
unstructured and structured water runs when considered together. On the other hand,
at low enough pressures (lower than 35 bars) the differences in induction time results
are larger between unstructured water runs (MNK-N26 and MNK-N23), between
structured water runs (MNK-N25B and MNK-N27B) and between unstructured and
structured water runs considered together (MNK-N23, MNK-N27B, MNK-N25B and
MNK-N26). Thus it is seen that the induction time results at low enough pressures
seem to vary within each other for unstructured and structured water runs carried out
at the same pressure. The greater variation in induction time results at lower
pressures (or at pressures closer to equilibrium pressures) could be expected since
at these pressures the induction time would by and large be characterised by
nucleation processes which are inherently stochastic. At high enough pressures, there
is little variation in induction time results because at these pressures, the chances of
achieving the necessary supersaturation of the gas in the solution (even locally) is
increased as a result of higher mass transfer driving force for the transport of gas into
the aqueous solution. The variation of induction times with experimental pressures
as discussed here is also apparent from the plot of induction time against the
experimental pressure as shown by Figure 4.4. One key finding in these results are
that there does not seem to be a trend in induction time variations for structured
water alone when compared to unstructured water (see Figure 4.4). This could mean
that the structuralization as carried out in this work has no effect on induction time,
or the dynamics of structuralization is very fast compared to that of nucleation
process itself or that the structure of water was destroyed by keeping the solution
stirred for 4 hours before beginning the structured water portion (second step) of the

experimental procedure. Thus to be conclusive about the effect of structuralization
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more studies might be needed. However, the results also show that the hydrate
nucleation modelling of the already available data (Bishnoi ez al. 1985, 1986) and the
data collected in this work could proceed without regard to structuralization effects.
It is noted that some earlier studies (Vysniauskas and Bishnoi, 1983; Makogan, 1981;
Nerheim et al., 1992) have found that structuralization affects hydrate induction
times. However the experimental procedures of all these studies were different. Most
of Vysniauskas results involve cooling water of different qualities (hot water, tap
water) to the desired test temperature, increasing the pressure to test pressure with
stirring. In our case the starting water was invariably of the same quality all the time
and was R.O (Reverse Osmosis) water followed by distillation. The only results of
Vysniauskas and Bishnoi (1983) that could be compared to this work would be those
for which the water was obtained after hydrate dissociation. The mean induction time
in Vysniauskas and Bishnoi (1983) study using water obtained from hydrate
dissociation are indeed low and it is not clear if hydrate dissociation was carried out
completely and with stirring during hydrate dissociation. The experiments of Nerheim
et al. (1992) have been performed without stirring and therefore it is difficult to
conclude whether the memory effect they claim to have observed is after complete
dissociation of hydrates formed earlier. It should be said that the structuralization
study is complex and the phenomena could only be verified conclusively if one can
detect sub-critical nuclei and other sub-structures in solution, using a suitable

technique like laser light scattering studies.

There was no definite effect of structuralization of water on the moles
consumed at turbidity, within experimental errors, for the experimental pressures
studied as seen in Figure 4.5. This is somewhat expected since n, represents an
averaged amount (in moles) of gas in solution it should be nearly the same if there
are no local supersaturation effects. Since local supersaturation effects are not
expected in low to moderate pressure experiments the amount of moles of gas
consumed at turbidity does not show much variation with pressure in these

experiments. It is also interesting to see that the n,, values are the same for both



Table 4.3 Nucleation Kinetics Data - Methane Hydrate

(Only ‘B’ runs - Structured Water runs. All other runs - Unstructured Water runs)

Run # P Tave, Tonax P, ng ng(D Ind. Time
bars °C °C bars moles moles Minutes
MNK-NO1A | 54.15 1.166 1.240 29.1 0.0211 0.0234 2.0
MNK-N01B 43.15 1.160 1.180 29.1 0.0175 25
MNK-NO2A | 54.14 1.089 1.140 29.1 0.0194 0.0215 0.6
MNK-N02B 43.14 1.153 1.180 29.1 0.0206 0.5
MNK-NO3A | 54.14 1.067 1.130 29.1 0.0189 0.0212 0.2
MNK-NO3B 43.14 1.152 1.180 29.1 0.0187 2.5
MNK-NO4A | 54.15 1.065 1.150 29.1 0.0180 0.0200 0.0
MNK-N0O4B 38.15 1.096 1.140 29.1 0.0212 5.7
MNK-NOSA 54.14 1.051 1.090 29.1 0.0172 0.0189 0.0
MNK-NO5B 38.14 1.085 1.110 29.1 0.0183 0.5

oL



Table 4.4 Nucleation Kinetics Data - Methane Hydrate

(Only ‘B’ runs - Structured Water runs. All other runs - Unstructured Water runs)

Run # Peo. Tove, T e | ny n () Ind. Time
bars °C °C bars moles moles Minutes

MNK-NO6A | 54.14 1.049 1.080 29.1 0.0136 0.0153 0.0
MNK-N06B 38.14 1.076 1.080 29.1 0.0205 4.9
MNK-NO7A | 54.14 1.065 1.130 29.1 0.0187 0.0209 0.0
MNK-N07B 38.14 1.068 1.080 29.1 0.0201 34 I
MNK-NOSBA | 54.14 1.127 1.170 29.1 0.0198 0.0219 0.0 "
MNK-N08B 33.14 1.163 1.180 29.1 0.0213 11.5 "
MNK-NO9A | 54.14 1.124 1.180 29.1 0.0210 0.0236 0.0
MNK-N09B 33.14 1.180 1.210 29.1 0.0204 9.0

MNK-N10 33.14 1.162 1.180 29.1 0.0175 0.0

MNK-N11 32.14 1.085 1.170 29.1 0.0205 16.5

LL



Table 4.5 Nucleation Kinetics Data - Methane Hydrate

(Only ‘B’ runs - Structured Water runs. All other runs - Unstructured Water runs)

Run # P Tave, T, P, n, Ny () Ind. Time
bars °C °C bars moles moles Minutes

MNK-N12 26.63 1.145 1.18 29.1

MNK-N13 26.64 1.153 1.18 29.1

MNK-N14 33.64 1.176 1.18 29.1

MNK-N15 33.14 1.042 1.10 29.1 0.0193 6.8

MNK-N16 38.14 1.124 1.18 29.1 0.0213 10.2

MNK-N17 38.14 1.062 1.13 29.1 0.0211 5.7

MNK-N18 38.14 1.114 1.18 29.1 0.0202 4.0
MNK-N19A | 54.14 1.089 1.16 29.1 0.0209 0.0238 2.0
MNK-N19B 26.64 1.171 1.18 29.1

MNK-N20 43.14 1.101 1.16 29.1 0.0217 54

8L



Table 4.6 Nucleation Kinetics Data - Methane Hydrate

(Only ‘B’ runs - Structured Water runs. All other runs - Unstructured Water runs)

Run # Pep. Tave, Toax Py ng, ng () Ind. Time

bars °C °C bars moles moles Minutes
MNK-N21 33.15 1.051 1.08 29.1 0.0212 11.7
MNK-N22 31.15 1.155 1.18 29.1 0.0228 22.6
MNK-N23 30.15 1.023 1.08 29.1 0.0196 34.9
MNK-N24A | 54.15 1.052 1.11 29.1 0.0128 0.0142 0.0
" MNK-N24B 30.14 1.084 1.16 29.1 0.0201 33.2
MNK-N25A | 54.14 1.067 1.14 29.1 0.0207 0.0233 0.0
MNK-N25B 30.14 1.091 1.15 29.1 0.0202 40.8
MNK-N26 30.14 1.024 1.08 29.1 0.0158 0.0
MNK-N27A | 54.14 1.057 113 29.1 0.0221 0.0247 0.0
MNK-N27B 30.14 1.106 1.18 29.1 0.0208 27.0

6L



Table 4.7

Nucleation Kinetics Data - Methane Hydrate

(Unstructured Water runs)

Run # P, Tave, y . P, N, ng,(f) Ind. Time
bars °C °C bars moles moles Minutes
MNK-N28 43.15 1.185 1.27 29.1 0.0220 2.5
MNK-N29 43.15 1.141 1.18 29.1 0.0210 3.5

08
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structured and unstructured water. This could also be expected since structuralization
was not playing a role in induction time observations and the amount of gas
supersaturation needed for formation of critical hydrate nuclei is unaffected by

structuralization.
Role of mass transfer in induction time observations

The role of mass transfer could complicate the interpretation of induction
phenomena in hydrate studies. Rapid mass transfer to the solution from the gas
phase could create local supersaturations of the gas in solution which could trigger
spontaneous nucleation. This would result in obtaining a lower value of n, at
turbidity as the moles of gas consumed is obtained by calculating the moles of gas
lost (and thereby dissolved ) from the gas phase during an experiment. Also for
situations involving rapid mass transfer of the gas to the solution the turbidity time
would be lower thereby resulting in an artificially lower induction time. In particular

the role of mass transfer should be examined for its effect on induction time.

Two different stirrers with different ka (product of the liquid side mass
transfer coefficient "k;" and the interfacial area per unit volume "a") values were used
to study the effect of mass transfer on hydrate induction. In Figure 4.6, solubility
experiments performed for these two stirrers (MNK-N13 and MNK-N30) clearly
reveal the different k;a values as seen by the different initial slope of the cumulative
moles dissolved curve. The plot of two nucleation runs conducted with these two
different stirrers (with two different kjas, same RPM) are shown in Figure 4.7. It was
observed that the induction time is less in the case of the stirrer with the higher ka
as opposed to the one with the stirrer with the lower kja. Thus especially for cases
when the stirring could be inadequate (or low k;a values) the possibility of local

supersaturation is increased. Hence mass transfer phenomena need to be taken into
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account when interpreting induction phenomena observations, because the mass

transfer process does affect the concentration of gas in the solution.
4.9 Conclusions

Based on a review of the literature on crystallization and in particular about
hydrate nucleation, it was decided to investigate the effect of structuralization of
water used for hydrate formation and the role of mass transfer on induction time
analysis. There was no difference observed in terms of moles dissolved at turbidity
or in induction time between structured and unstructured water at high enough
pressures (higher than 35 bars). Some differences were observed in induction time
results for structured and unstructured water separately, as a result of the stochastic
nature of hydrate nucleation. There was no systematic trend between the induction
time results for structured and unstructured watef at low enough pressures (lower
than 35 bars). The experimental results also suggest that mass transfer could play an
important role in the in the study of hydrate nucleation, especially in the case of
rapid mass transfer of gas into the solution. The model for hydrate nucleation is
developed in the next chapter based on mass transfer and nucleation considerations
and the model is applied to predict the amount of gas consumed and the induction

time for several hydrate forming gases in the experiments.
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Fig. 4.4 Induction Time vs Experimental Pressure
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Moles of methane consumed

Fig. 4.6 Solubility Experiment - Effect of ka
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CHAPTER §

NUCLEATION KINETICS MODELLING

5.1 Introduction

Despite the similarity of hydrate formation processes with crystallization
processes and given that the crystallization processes have all been reasonably well
studied, there are not many models of the hydrate nucleation processes in the
literature. As noted in the last chapter, the lack of models for hydrate nucleation is
partly owing to the insufficient published literature data on this subject. Secondly, the
nucleation processes are complex to study both theoretically and experimentally.

However, this picture is rapidly changing thanks to the growing interest in this area.

The first model for hydrate nucleation processes based on a molecular
mechanism was presented by Sloan et al. (1991). The limitations of Sloan’s model
was discussed earlier in the previous chapter. This model will again be discussed in

comparison with the model developed in this Chapter.

5.2 Modelling Objectives

Over the past several years, extensive data on the nucleation and growth of
hydrates have been obtained in this laboratory. The objective is to utilise these
nucleation and growth data (Vysniauskas and Bishnoi, 1983, 1985; Bishnoi et al. 1985,
1986, 1989b; Dholabhai et al., 1993) as well as the data obtained in this work
(Chapter 4) to model the gas consumption during nucleation along with the induction

time. More specifically, the objectives are as follows

a) To model the moles of gas (n in Figure 4.3) consumed with respect to time,

between t,, and t,,, and

cq’



88
b) Model the ‘induction time’ (t,, - t,, in Figure 4.3).

5.3 Development of the nucleation model

The nucleation of gas hydrates is considered in this model to be the result of

a series of sequential steps given below.

a) Dissolution of the solute gas molecule from the gas phase into the aqueous phase,
b) Incorporation of the solute gas molecule into a sub-critical hydrate nuclei,
¢) Growth of sub-critical hydrate nuclei to a stable (critical) nuclei size and

d) Growth of stable (critical) nuclei to solid hydrates of atleast visual size.

The dissolution of a gas molecule from the gas phase into the aqueous phase
is the key first step in the entire process and precedes the nucleation process in
solution. The dissolution process continues when the nucleation process begins in the
solution. The process of hydrate nucleation is considered to begin in the solution
when the concentration of the dissolved gas in the solution just exceeds the amount
that would dissolve at the experimental temperature and corresponding hydrate
equilibrium pressure. When the nucleation process is operative in solution, the
formation and growth of sub-critical hydrate nuclei take place. The nucleation

process is terminated when stable hydrate nuclei form in solution.

Thus it is seen that the moles of gas consumed during the nucleation region
is a result of two simultaneously occurring processes, namely, the dissolution of the
gas from the gas phase to the liquid phase and the nucleation process in the liquid
solution. The dissolution process is a process of mass transfer of gas molecules from
the gas phase to liquid phase. The nucleation process is that which occurs in solution
and leads to formation and growth of clusters of gas and water molecules to stable
hydrate nuclei size. The effect of mass transfer on hydrate formation could be

significant as this process is directly responsible for the generation of necessary
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supersaturation in solution. Hence a suitable mass transfer model should be used to
model the transfer of gas molecules into the aqueous phase. It is noted that the
nucleation process occurring in the aqueous solution could affect the gas
consumption curve. The onset of nucleation in solution would deplete the bulk liquid
of gas molecules as these molecules get incorporated into the growing hydrate nuclei.
Thus the nucleation process should aid in the transfer of more gas molecules to bulk

liquid from the gas phase.

Modelling gas consumption during nucleation - Assumptions

Certain assumptions are made in the derivation of kinetic model for hydrate
nucleation. These assumptions are discussed as below. Although both the gas to
liquid mass transfer and nucleation in the aqueous solution occur together, as a first
approximation it is assumed that the nucleation process in solution does not affect
the consumption of gas from the gas phase during nucleation. This means that the
transport of gas molecules from the gas phase to the liquid phase is independent of
nucleation process in solution. There are several reasons for this approximation.
Firstly, the amount of maximum supersaturation of the gas in the liquid phase prior
to the hydrate formation is not large (about 10 % for methane). Since the nucleation
process is entirely based on the supersaturation (being non-existent at zero
supersaturation), the process only affects a fraction of the total gas concentration in
the bulk solution as it proceeds. On a molecular level, a commonly accepted
nucleation mechanism is one via growing clusters of sub-critical hydrate nuclei. The
concentration of clusters is much less when compared to the concentration of the
solute molecules in un-clustered form. Thirdly, it would give us an idea of the extent
to which the nucleation process affects the gas consumption. The task of modelling
the gas consumption would be much simplified by this assumption and would permit
decoupling of modelling the mass transfer and nucleation processes. The film theory
of mass transfer is applicable to describe the gas to liquid mass transfer occurring in

the system. Both the gas phase and the liquid solution are considered well mixed and
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uniform. In a vigorously agitated batch reactor system, this assumption is commonly
made and considered reasonable. The water concentration change as a result of the
nucleation process is considered negligible, since the amount of water consumed for

the process is negligible as compared to the total water used in the experiments

Based on the above assumptions, when there is no reaction on the liquid side,
the mass balance for the gas for a slice of thickness dy and unit cross-sectional area

in the liquid film will give,

e _ 5-1
oy?

where C is the concentration of the gas in the film assumed uniform between y and
y+dy. If the number of moles of water is assumed constant and far greater than the
moles of solute, then the fugacity, f, of the gas is related to its concentration from

Henry’s law as below

= 5-2

where H is the Henry’s constant and C, is the concentration of water. From

equations 5-1 and 5-2, it can be written

# 53
dy?

Equation 5-3 can be integrated with respect to the boundary conditions,
aty = 0, f=1f-1f,
and,

aty =y, f=1f-1,
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where y, is the film thickness. Integration of equation 5-3 leads to,

f-f
f=-22Ly., fo-Toq 5-4
Y
It is to be noted that,
& - & 5.5

oy y=0 0 Y=y,

The rate of change of gas consumption from the gas phase, is given as the flux

times area as follows,

o DOy ary

56
a  H

where A, is the area of gas liquid interface. From a mass balance of gas moles in the

bulk we get,

A
ot

of .
=Da (’a;)y-y/ 5-7

where a is the area of mass transfer per unit volume. It can be seen from equations

5-5, 5-6 and 5-7 that

dn - Cw Agl 5-8
df, aH

Integrating equation 5-8, from the initial number of moles at zero time n, to

moles at any time t denoted by n, we get
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c, A
n-n,-= ——é“i—l_-f—'(fb-fk) - 59

where £, is the bulk fugacity corresponding to n, at zero time. If n, denotes the

moles of water in solution, then equation 5-9 could be modified as,

n-n, - %"! (f-1,) 510

The expression for the bulk fugacity with respect to time could be obtained
from integrating equations 5-4 and 5-7 as follows

-D e,

fo= £+ (f-f) @ 7 >

Since the diffusivity of the hydrate forming gas and the film thickness are

related as follows,

x
il
>|o

_Da 5-12
k a

In the above equation the mass transfer coefficient k, times the area a,
denoted by kja, is determined from a solubility experiment discussed later. With

equation 5-12, we can simplify equation 5-11 as given below.

f, = £, + (fpo-f) 07" 5-13

Thus the use of equations 5-10 and 5-13 allow us to predict the gas
consumption in moles as denoted by n with respect to time. If we take the moles

dissolved at zero time, n,, as zero then f, is also zero. In such a case, the equations
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5-10 could be written as,

n= 5-14

and equation 5-13 becomes,

5-15
f,=f(1-0"""
Combining equations 5-14 and 5-15, we get
n -
n=—l_-l'!fg(1-e"’”) 5-16

If n" is the corresponding moles of gas that would be dissolved, at two phase

equilibrium corresponding to experimental pressure, P, and temperature, T,,., then
equation 5-16 could be written approximately as,
n=n*(1-e*") S-17

It is to be noted that equation 5-17 is an equation used to model the gas
solubility in water and it predicts that the amount of gas dissolved in the solution, n,
would approach n" at infinite time. In order to use this equation we need to know
the value of k;a, which is the liquid side mass transfer coefficient times the interfacial
area per unit volume of the solution for the gas in solution. The kia, is obtained
from a solubility experiment conducted at a pressure below the three phase hydrate
equilibrium pressure at the experimental temperature. It is assumed that kga is
independent of pressure when used for modelling gas consumption during hydrate
nucleation. This assumption is justified as the hydrate forming pressures for an

experiment are not very much above the three phase hydrate equilibrium pressure
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at the experimental temperature. The procedure for determining kja is discussed

below.
Solubility Experiment - Determination of ka

A solubility experiment, is carried out at a pressure, P, slightly below the
three phase equilibrium pressure and at the experimental temperature, T, of
interest. As no hydrates would form, the phenomenon that occurs in this experiment
is simply the dissolution of gas in the aqueous solution. The model equation, 5-17,
developed in the preceding section would apply for this experiment as well where n’
is the amount of gas that would be dissolved in solution at two-phase gas liquid
equilibrium corresponding to pressure P, and temperature T,,,. So for this

experiment,

n= n# (1_e-kﬂt) 5"18

The values of n” and ka are regressed from the experimental moles consumed,
n, versus time, t, data of this experiment. Also, from the volume of solution V, the
equilibrium molefraction x” corresponding to n” is known. Hence from the conditions
of the solubility experiment (P, T,,,) the fugacity of the dissolved gas at two phase
gas-liquid equilibrium could be computed which when divided by x™ gives the Henry’s

constant.
5.4 Modelling moles of gas consumed with time during nucleation - Results

As assumed earlier during model development, the effect of nucleation
kinetics on the gas consumption during nucleation has been neglected as a first
approximation. Consequently, if only mass transfer of gas molecules into the aqueous
phase is responsible for gas consumption during nucleation then the maximum

number of moles, n’, of the gas molecules that could ever be transferred (without
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forming hydrates) to the liquid phase is that corresponding to the two-phase (gas-

liquid) equilibrium conditions at pressure P, and temperature T.,,. However, as
discussed later (Figure 5.7) the moles of gas dissolved at hydrate nucleation point or
turbidity point, n,,, could be less than or greater than n’. Hence it is noted that mass
transfer considerations alone could not help in predicting the actual gas consumption
during hydrate nucleation. Also, the precise mechanism of kinetics of nucleation
process occurring in the liquid is not established from data collected in this lab or
in the literature to permit taking it into account for modelling. In view of the above,
it is noted that the application of the model developed in the previous section for
consumption of gas during nucleation (between times t;, and t.) yielded good
agreement between computed and experimental (Bishnoi ef al. 1985, 1986, 1989b;
Dholabhai et al., 1993) moles consumption for methane hydrate formation as shown
typically in Figures 5.1, 5.2 and 5.3. Hence the assumption made to neglect the effect
of the nucleation process ocurring in the solution on the moles of gas consumed

during nucleation is justified as a first approximation.

The applicability of the model to compute the moles of solute gas consumed
for hydrate formation in the nucleation region was further checked against the
experimental data for other pure hydrates like ethane and carbon dioxide. Plots of
the results of the model against experimental data are shown in Figure 5.4 for ethane
and in Figure 5.5 for carbon dioxide. The experimental procedure for carbon dioxide
was slightly modified. For CO, hydrate formation, the reactor was pressurized first
to a pressure slightly below the three phase hydrate equilibrium pressure at the
experimental temperature. After equilibrium was established, the reactor pressure
was increased to the desired experimental pressure for the kinetic experiment. Hence
the initial number of moles dissolved for CO, hydrate formation is not zero but some
value corresponding to that dissolved at a pressure slightly below the three phase
hydrate equilibrium pressure at the experimental temperature as could be seen on
Figure 5.5. It is seen that the model also applies reasonably well in view of the

assumptions made, for ethane and carbon dioxide hydrates.
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In summary, it could be said that with an assumption that the moles of gas
transferred to the solution from the gas phase is unaffected by the nucleation
processes ocurring in the solution, the model predicts the gas consumption curve in

in reasonable agreement with experimental data in the nucleation region.
5.5 Induction Time

The induction phenomena take place until the formation of critical sized
stable hydrate nuclei. Once stable hydrate nuclei are formed, the hydrate nuclei grow
as solid hydrate particles and the phenomena now is one of "hydrate growth". Strictly
speaking, the time of appearance of stable hydrate nuclei should be prior to the
visually observed turbidity time, t,. If t;,4 is the true induction time and t,,, is the
time taken for the critical hydrate nuclei to grow to the visual size, then the induction

time is given as,

tlnd = tm - t” - thh . 5'19

It was observed during the experiments that the appearance of the turbidity
was quite sudden. It is identified by a sudden switching from a clear solution to a
translucent one. Although the size of a critical hydrate nucleus is smaller than the
particle size visible to the naked eye, the number of the critical sized stable hydrate
nuclei is very large. Because of this large number, the turbidity can be visible even
before an individual nucleus becomes visible. If indeed the critical sized nuclei had
formed much earlier, and t,,, was significant then the turbidity change in solution
would likely not be so swift. Besides, there are other observations that coincide with
the visual observation of the turbidity. There is a slight dip in the reactor pressure
at the onset of turbidity owing to the sudden loss of supersaturation in the liquid.
Also the discontinuity in the gas curve (moles of gas consumed with time) before and
after the turbidity is sharp. Furthermore the temperature of the solution registers a

slight but detectable rise at the turbidity point because of the heat released due to
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sudden formation of the stable hydrate nuclei. Based on the above observations, it

is reasonable to assume that tg,; is negligible and hence, equation 5-19 reduces to,

tlnd o tu, - t,q . 5"20

5.6 Discussion of Results
Supersaturation and Driving Force for Hydrate Nucleation

The hydrate nucleation process is similar to salt crystal nucleation. In Table
4.1, a comparison was made between the processes of hydrate nucleation as
visualized in this work and salt crystal nucleation. As in salt nucleation, the
supersaturation of the aqueous solution by the dissolved gas is responsible for the
hydrate nucleation. Since the minimum fugacity of a hydrate forming gas in the
hydrate phase at which the hydrates could exist is the three phase equilibrium
fugacity, we define the supersaturation for hydrate nucleation as the concentration
of the dissolved gas over that corresponding to the three phase equilibrium. In Figure
4.3, the supersaturation just prior to the turbidity is related to ny, - n... In this work
the driving force for hydrate nucleation is defined as the difference between the
fugacity of the dissolved gas in the liquid, fgL, and the three phase equilibrium
fugacity, f.,, both at the experimental temperature, T,,,,. This definition of the driving
force is consistent with the definition of the supersaturation in the nucleation region
(Figure 4.3) and is similar to the driving force defined by Englezos et al. (1987a) for
hydrate growth. Although there are similarities between hydrate and salt crystal
nucleation, the hydrate nucleation is a more complex process and therefore it is
important to examine the implications of the supersaturation at turbidity with respect

to the hydrate metastable region.

A partial phase diagram of the methane and water system at 274 K was

computed using the Trebble-Bishnoi Equation of State (Trebble and Bishnoi 1987,
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1988) and is shown in Figure 5.6. In the figure L, denotes aqueous solution, H
denotes hydrate phase and G denotes the gas phase. The curve AE represents two
phase gas-liquid equilibrium curve. The composition of methane corresponding to
point E, Xeq, is the equilibrium composition at the three phase equilibrium pressure

Peq. At pressures above P, and overall compositions above X,, only two phases can

eq?
coexist in stable equilibrium - one of which has to be the hydrate phase. In this
region vapor and liquid can coexist only in a metastable equilibrium state. The
computed metastable equilibrium states for the liquid aqueous solution are shown
as curve EC in the figure. The metastable states for the gas phase are not shown on
the diagram as they are very close to the stable gas phase represented by the curve
BF. Thus, the shaded region above and to the right of point E shows schematically

the metastable region from the point of view of the hydrate nucleation.

Since the metastable region and its implications for hydrate kinetic
experiments is of interest in this work, the metastable and other relevant regions are
expanded and shown schematically in Figure 5.7, at a constant temperature. The
composition of the dissolved gas, corresponding to P, is denoted by X.,. At turbidity,
the mole fraction of the dissolved methane is denoted by X,,. The thermodynamic
limit for the maximum composition of the dissolved methane in liquid without
hydrate formation is represented by X, ;. The precise location of the thermodynamic
metastable limit X, is not known. We are, however, convinced that it is greater than
the maximum experimentally observed dissolved gas composition in the liquid

solution, and far less than the gas composition in the hydrate phase.

All the kinetic experiments could be summarized schematically by the three
paths shown in Figure 5.7a. These paths represent the possible course of a kinetic
hydrate formation experiment over a period of time. The change of X with time is
shown for each path in Figures 5.7b, 5.7¢ and 5.7d. The course of an experiment, in
which the experimental pressure P, is lower than P, is shown as path I. As a result

of gas dissolution in liquid, X increases after the start of the experiment
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(Figure 5.7b) until the attainment of an equilibrium when X = X'. Since the
experimental pressure and temperature are kept constant throughout, path I is a
straight line parallel to the X - axis, in Figure 5.7a, and is terminated at the point
where X = X'. When P is greater than P,
and thus there is a driving force for hydrate nucleation as defined before.

it is possible to obtain X greater than X,

Consequently, the metastable region for hydrate nucleation starts after the point
where X = X, . The upper limit for X in the metastable region is X ;. At this point
(X = X_,) the appearance of hydrate phase is spontaneous if it has not occurred
earlier. A typical hydrate formation experiment, is shown along path II for which the
pressure P is constant and greater than P,,. For this path, as seen in Figure 5.7¢, X
continues to increase even beyond X, and into the metastable region as time
proceeds. Once in the metastable region the hydrate formation could occur randomly
at any point of time. The "Possible Hydrate Nucleation Point" (or PHNP) which
could be identified with turbidity points (X = X,) are marked in Figure 5.7a for path
IT as small open circles. Along path II, while it is easy to see that X, could be less
than X', X, could also be greater than X'. The reason for a higher X, than X" has
been suggested before for methane hydrates as the clustering of water molecules
around a dissolved methane molecule which causes the depletion of methane
molecules in the bulk liquid thereby causing more gas to dissolve in the liquid
beyond the two phase equilibrium value (Englezos and Bishnoi, 1988b). Since hydrate
formation is basically a random phenomena occurring as a result of chance
fluctutations amongst the growing sub-critical clusters of water and gas molecules,
there is a distribution of PHNPs on either side of the line defined by X = X', along
path Il in the nucleation region. After hydrate formation, X falls quickly to X, owing
to the release of supersaturation as a result of new (hydrate) phase formation as

shown in Figure 5.7¢ for path IL.
Effect of Local Supersaturation

For the formation of stable hydrate nuclei all that is needed is the necessary
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supersaturation in solution. The upper limit of the necessary supersaturation is the
thermodynamic metastable limit. The supersaturation could manifest locally in the
solution, when the gas is coming into the solution at a high mass transfer rate and
when the mixing provided in the solution is not vigorous enough to destroy the
localised concentration gradients in the solution. So the net effect would be for the
hydrate formation to occur as determined by a higher local supersaturation rather
than the measured (lower) bulk concentration. In cases where the local
supersaturation effect is strong, it is possible to obtain hydrates even when bulk X
is lower than X... The effect of local supersaturation is expected at high pressure
experiments and the possible course of one such experiment is shown in Figure 5.7d
as path IIL. As seen along path III, the PHNPs could even occur apparently outside
the metastable region (or when X is less than X, ). The reason for such an
occurrence of PHNPs before the metastable region is the local supersaturation,
where X is higher than X, locally near the gas-liquid interface while the overall bulk
X is lower than X.. The local supersaturation effect should be taken into
consideration when analysing hydate nucleation data. In Figure 5.7d, it is seen that
local X rises quite rapidly with time and crosses into the metastable region quickly
whereas the bulk X rises very slowly. A distinct point to be noted is that for path III
in Figure 5.7d, the X never reaches a steady value unlike as in path II, before the
formation of hydrates. If the experimental pressure P, is very high then hydrate
formation could occur instantaneously at the gas-liquid interface since the
concentration of the gas near the interface on the liquid side could be near that

corresponding to X, .
Nucleation Driving Force and Induction Time

In Figure 5.8, the experimentally obtained X, points are shown along
with the metastable region. The computed two phase gas-liquid equilibrium curve
defined by X = X is shown as a solid line before the metastable region and as a

dashed line in the metastable region. The computations of the two phase gas-liquid
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Fig. 5.8 Methane Hydrate at 274K - Experimental Hydrate Nucleation Point
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Fig. 5.9 Methane Hydrate - Experimental Hydrate Nucleation Point
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Fig. 5.10 Ethane Hydrate - Experimental Hydrate Nucleation Point
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Fig. 5.11 Carbon Dioxide Hydrate - Experimental Hydrate Nucleation Point
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equilibrium curve both inside and outside the metastable region were done using the
Trebble-Bishnoi Equation of State (Trebble and Bishnoi 1987, 1988). As it was
discussed through Figure 5.7, it is seen that the X, points distribute on either side
of the line given by X = X'. Quite a few X, points are observed before the
metastable solution region, especially at higher experimental pressures suggesting the
possibility of local supersaturation in these experiments. The same behaviour is also
observed for methane at other temperatures and for ethane and carbon dioxide as

shown in Figures 5.9 to 5.11.

Since the experimental X, points are distributed on either side of the two-
phase gas liquid metastable equilibrium line, for modelling hydrate nucleation, X' -

X

e OF equivalently £, - f,, is taken as the driving force rather than f*, - f,.

As in crystallization studies, the rate of hydrate nucleation, R, can be
expressed in a power law form given below,

R=k(S-1)", 5-21

where k and n are constants. Since induction time is inversely related to the rate of

nucleation (Mullin, 1972), we can write,

t.y = «lR", 5-22

where « is another proportionality constant. Since in general the dependence of
induction time on the nucleation rate could be non-linear, r may not be unity. From

equations 5-21 and 5-22, we obtain
tog = B (S - 1), 5-23

where B is a constant and equal to a/k, and m is equal to nr.
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Replacing (S-1), by (fgv/fcq - 1), in equation 5-23, the following equation for
hydrate induction time (Bishnoi et al. 1993) is obtained
AS

tog = K(—f—”-— -1 , 5-24
oq

where "K" and "m" are constants.

As discussed in the previous chapter with respect to Figure 4.3, the available
experimental data consists of moles of gas consumed with time during nucleation and
a record of turbidity time for each experiment. The hydrate formation pressure, P,
was computed at the experimental temperature, T, Then the fugacities of the
hydrate forming gas were computed using an equation of state (Trebble and Bishnoi,
1987, 1988). The fugacity computed at P, T,,, is denoted by fgV and at P, T, by

f.,- The mole fraction of the dissolved gas, x.,, corresponding to P, T, (f.;) was

X

eq
then computed using a suitable model (Henry’s law or an equation of state). Then,
n.q, the dissolved moles of hydrate forming gas was computed from mole fraction x,,

and the volume of solution V. If n, is thus obtained, the time, t.,, when the moles

eq?
of gas consumed in the experiment is n,, is determined. This complete set of data
was then used for the analysis of the induction times. A complete list of all the
experimental data used for analysis in this work is shown in tabular form in Appendix

III and is also made available in a database form on the computer.

The experimentally obtained induction times for methane are plotted against
the driving force expressed as (fg"/f‘,q - 1), in Figure 5.12. Similar results are shown
for ethane and carbon dioxide hydrates in Figures 5.13 and 5.14. The fugacities
shown in Figures 5.12 to 5.14 were calculated using the Trebble - Bishnoi Equation
of State (Trebble and Bishnoi, 1987, 1988). The experimental results show an
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5.12 Induction Time vs Driving Force - Methane Hydrate
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Fig. 5.13 Induction Time vs Driving Force - Ethane Hydrate
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Fig. 5.14 Induction Time vs Driving Force - Carbon Dioxide Hydrate
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exponential dependence of induction time on the driving force. The induction time
goes up very sharply for a low driving force and decreases quite rapidly as the driving
force is increased. The exponential dependence of induction time data with respect
to supersaturation suggests that the logarithm of the induction time should be
examined. The solid line represents the expected values of induction times as

computed by a regression model discussed below.

Based on equation 5-24, a plot of logarithm of t,, against the log of
supersaturation (fg"/feq - 1) should give a straight line relationship of the form,
v
In(t,p = IN(K) - m In(—f‘l- - 1) 5-25
oq

As suggested by Equation 5-25, a linear regression was performed on the
induction time data for methane at all the experimental temperatures. Confidence
interval analysis on the regressed parameters, K and m, at each temperature showed
that within 95% interval limits, the regressed parameters, K and m, could be treated
as independent of temperature. Hence, the induction time data at different
temperatures were combined to estimate the model parameters, K and m. Similarly,
the model parameters for ethane and carbon dioxide were obtained and all the
values of the regressed parameters, K and m, are listed in Table 5.1 for the three
gases. As shown in Figures 5.15 and 5.16, the induction time data for the three gases
can be represented in a linear fashion with a negative slope as expected from
equation 5-25. Also in Figures 5.15 and 5.16, the 95 % interval limits are shown for
the predicted induction times obtained from the regression model. With 95 %
confidence, it can be said that the values of experimental induction times would lie
within the limits shown from the predicted induction times and is seen to include
most experimental data points (Figures 5.15 and 5.16). However, as the induction

times are in logarithmic coordinates (Figures 5.15 and 5.16) it is important to note
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Fig. 5.15 Log Plot - Induction Time vs Driving Force
Methane Hydrate
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Fig. 5.16 Log Plot - Induction Time vs Driving Force
Ethane and Carbon Dioxide Hydrates
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Table 5.1. Induction Model Parameters

Guest Gas Species K s m

Methane 311.64 -1.21
Ethane 42.85 -1.38
Carbon Dioxide 189.56 -0.91

Methane 25 % +
Ethane 75 % 1448.59 -0.80

Methane 75 % +

Ethane 25 % 989.45 -0.76
Methane + 3 % NaCl 407.29 -1.07
Methane + 3 % KCl 509.83 -2.46
Methane + 5 % KCl 76.67 -7.21
Methane + 8 % KCl 339.42 -2.31

CO, + 3 % KCl 62.30 -2.30

CO, + 5 % KCl 188.14 -1.87
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that the deviations from the model could be significant at lower supersaturations.

Since there are a large number of data points available for methane, a
standard model adequacy test was performed using the f-distribution. In particular
the variance obtained by the regressed model was tested to see if it is equal to the
variance computed from independent replicate experiments. The model was found

to be adequate with greater than 95 % confidence.

Supersaturation and Supercooling

Supercooling is a long recognised process of creating supersaturation in
solution and the degrees of supercooling could be used to express the driving force
for nucleation (Mullin, 1972). As described before, in our experiments the aqueous
solution was supersaturated with the hydrate forming gas at a temperature T, by
the mass transfer of gas from the gas phase to the aqueous solution to a higher
dissolved gas concentration (corresponding to pressure P,,) than that of equilibrium
concentration (corresponding to P.,). In other words, the supersaturation was
achieved by "super-pressurizing" the reactor well above the corresponding hydrate
equilibrium pressure at the experimental temperature. It is possible to create this
supersaturation by a process of supercooling as well, at a constant pressure. For
instance, if we let T., to denote equilibrium temperature corresponding to
there

experimental pressure P, then at a temperature higher than T, and at P

exp? expy
would be no hydrates. We can slowly then cool the system at constant pressure P,,,
to a final temperature of T,,,. The degrees of supercooling then would be T, - T,
which would correspond to the same supersaturation that was obtained earlier by
super-pressurizing at P.,, and T, Consequently, in terms of driving forces, the
degrees of supercooling would be the driving force for hydrate nucleation. This
driving force expressed in terms of degrees of supercooling corresponds to the driving
force expressed earlier in terms of fugacities. Hence we could expect the hydrate

induction time data could also be interpreted with respect to the degrees of



Ind. Time, min

1800
1600
1400
1200
1000
800
600
400
200

Figure 5-17. Induction Time vs Supercooling Driving Force

Methane Hydrate Formation

> 0O < O
=AW
20000

el

1 - Texp/Tf

122



123

supercooling. A detailed derivation of the induction time model in terms of degrees
of supercooling as the driving force is given in Appendix II. As shown in Figure 5.17
for methane hydrate formation, we find that our hydrate induction data are
supported by our analysis based on degrees of supercooling (T, - Ty, see appendix)

as well.
Application of Induction Time Model to Mixtures

The induction time model has been developed and shown to model the
induction times observed in the kinetic data of pure hydrate formation. However,
such a model would apply only to hydrate formation from a pure gas. In order to
extend the model, the kinetic data for a hydrate forming gas mixture was analysed
to see if the induction times observed could also be represented by a driving force
similar to that defined earlier. The induction time for a mixture is again defined as

the difference between the turbidity time, t,;, and the time, t.., when the moles of gas

q’

mixture consumed, n,,, corresponds to the three phase equilibrium pressure, Peq, at

eq’
the experimental temperature. If the composition of the gas mixture is given in terms

of its molefraction, y, then n., for a mixture is obtained from the following relation.

Mg = zl: y, ﬁoq,l 5-26

where n,g;, is the moles dissolved of the component i in the mixture, at P, and T,

eqiv
and y; is the mole fraction of that component. The summation in equation 5-26 is
performed for all the components in the gas mixture. Similar to the form of
dependence suggested by equation 5-24, the modified driving force for a gas mixture
is taken as fg"/fcq - 1, where the fugacities now represent the fugacities of the
component in the gas mixture. It is to be noted that the representation of the driving

force in the form of component fugacity ratio, takes into account implicitly the
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Fig. 5.18 Induction Time vs Driving Force
Methane 25 % Ethane 75 % Mixture
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composition of the mixture. The induction time data for the case of two gas mixtures
analysed are shown in Figures 5.18 and 5.19 with respect to the driving force for
methane (i.e fg"/fcq - 1 for methane) and the corresponding model parameters are
given in Table 5.1. The dependence of induction time on the defined driving force
seem to follow the same type of exponential dependence as discussed in the case of

hydrate formation by single gas species.
Application of Induction Time Model to Systems Containing Electrolytes

The induction time model as in equation 5-24, was also applied to examine
the dependence of the induction time with the nucleation driving force for gas
hydrate formation from aqueous electrolyte solutions. The three phase equilibrium

pressure, P, is higher for the case of hydrate formation derived from electrolyte

eq
solutions, as compared to formation from pure water at the same temperature. The
increase of the thermodynamic three phase equilibrium pressure by electrolytes
enables them to act as inhibitors of hydrate formation. On a molecular level,
dissociated electrolytes are known to interact with the hydrogen bonding water
molecules in solution. Since hydrate nucleation requires the hydrogen bonding water
molecules to form clusters with gas molecules in solution thereby leading to stable
critical sized nuclei, addition of electrolytes could be expected to make hydrate
formation more difficult from a kinetic viewpoint as well. The induction time, for
methane hydrate formation from aqueous electrolyte solutions with compositions 3,
5 and 8 weight percent KCL and 3 weight percent NaCl were analysed. Also the
induction times of carbon dioxide hydrate from 3 and § weight percent aqueous NaCl
solutions were examined. The dependence of the induction times against proposed
driving force (equation 5-24) are shown in Figures 5.20 to 5.25. It is seen that the
induction time dependence on the nucleation driving force is similar to the form of
dependence observed in the cases before for non-electrolyte aqueous solutions. The

parameters of the model for these electrolytes are also given in Table 5.1.
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Fig. 5.22 Induction Time vs Driving Force
Methane + 5 % KCl

200
o EXptl.
i —Model
150
c
=
q)" -
£ 100
'.._ X
S
£
50
0 ' [

05 06 07 08 09 1 1.1 1.2
f\g/;/feq-1



Ind. Time, min

130

Fig. 523 Induction Time vs Driving Force
Methane + 8 % KCl
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Fig. 5.24 Induction Time vs Driving Force
CO, + 3 % KCI
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Fig, 5.25 Induction Time vs Driving Force
CO, + 5 % KCl
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5.7 Factors Affecting Nucleation

In this work, the nucleation driving force is defined and identified as a key
factor affecting hydrate nucleation. The induction time data are dependent on the
nucleation driving force as seen in the preceding section. However, in addition to the
driving force the hydrate nucleation phenomena could be affected by other factors
like surface heterogeneities of the reactor wall and stirrer, presence of impurities and
thermal histories of water. Hence the experimental observations only serve to isolate
the key factors that affect hydrate nucleation and the model parameters ‘K’ and ‘m’
shown in Table 5.1, could be equipment dependent. Most of the available
information on hydrate nucleation are at a macroscopic level and very little is known
experimentally about the sub-critical nuclei in solution. As such a detailed molecular
modelling of hydrate nucleation is at present difficult and the mechanism of hydrate
nucleation needs to be studied experimentally and understood before any modelling

at a fundamental level could be accomplished.

Skovborg et al. (1993) have measured induction times for methane, ethane and
their mixture hydrates. The experiments reported by them are very limited in number
(total of 11) and the definition of induction times as suggested by them includes the
solubility region as well. It was not possible to extract the information on induction
times, defined here, from their (Skovborg et al, 1993) presented data for the
application of the model developed in this work. Hence the model developed in this
work could not be applied to explain the limited experimental data measured by
Skovborg et al. (1993).

Recently Sloan and Fleyful (1991) proposed a model based on the
experimental data of Falabella (1975). It was observed from the data that methane
and krypton hydrates exhibited induction times during their formation, whereas other
gases like xenon, acetylene, ethane, ethylene and carbon dioxide did not show any

induction times. Also Falabella (1975) data showed no induction time for a mixture
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Table 5.2 Fugacity Ratios for Induction Time Observations

\'
Gas f',kPa | T, K | f. kPa £, /feq Remarks
Methane 100.04 183 54.71 1.830 Induction Observed
Krypton 99.79 183 39.17 2.548 Induction Observed
Xenon 12.96 183 0.782 16.578 Induction Not
Observed
Acetylene 80 183 4.405 18.160 Induction Not
Observed
Ethylene 78.44 183 2.70 29.063 Induction Not
Observed
Ethane 97.88 183 1.87 52.454 Induction Not
Observed
CoO, 78.62 183 10.74 7.322 Induction Not
Observed
Methane 90.05 183 12.15 7.411
90 % (CH) (CH,)
+ Induction
Ethane | 4 ¢4 183 135 7.289 Not
10 % Observed
(CHy) (CHy)
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of 90 % methane and 10 % ethane. A cavity discrimination mechanism was

proposedby Sloan and Fleyful (1991) to account for the induction behaviour.

As was shown with our induction data, the driving force, expressed as the
difference of fgv and f,, at the experimental temperature, affects hydrate nucleation.
Hence, qualitatively we can expect to observe induction if the ratio of fg"/fcq is low
and observe practically no induction time if the ratio is very large. In Table 5.2, we
have calculated and shown the fg"/fcq values along with the experimental
observations made by Falabella in the remarks column in the same table for
methane, krypton, xenon, acetylene, ethylene, ethane and carbon dioxide. From the
table, it is seen that the observations of Falabella (1975) regarding the presence or
absence of induction is in agreement with what we could expect based on computed
values of the fgv/feq ratios. It should be noted that Falabella (1975) studied hydrate
formation from ice whereas our study is confined to hydrate formation from aqueous

solutions.

The data obtained by Falabella (1975) show that the mixtures of methane and
ethane do not show induction whereas pure methane exhibits induction during
hydrate formation. As we have only modelled the induction exhibited by single
hydrate formers in this work, the driving force proposed here cannot be directly
applied to the mixture data. In a preliminary sense, however, we have computed
fgv/f‘,q ratios for methane and ethane in the mixture studied by Falabella (1975),
where the fgV and f,, now represent fugacities of a component in a mixture. Thus it
is seen from Table 5.2 that the addition of even 10% of ethane to pure methane
increases substantially the fg"/feq ratio for the components, and therefore induction

is not expected for the methane-ethane mixture.

Sloan and Fleyful (1991) suggested that a guest:cavity size ratio between 0.81
and 0.89 for the small cavities is responsible for exhibiting the induction phenomena.

Accordingly, carbon dioxide should not exhibit induction as the size ratio for carbon
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Table 5.3. Comparison of model and Sloan et al. (1991) model

Gas Hydrate Nucleation Mechanism

Proposed by E.D.Sloan et al.
AIChE, Sept. 1991

This Work
Model

Proposed for nucleation from ice

Key nucleation parameter is size of the
guest gas molecule to cavity diameter
ratio (size ratio)

Size ratio between 0.81 and 0.89 for
small cavities is susceptible to the
induction time

Could explain the observance of
induction time in Falabella’s kinetic
data (Falabella, 1975) for methane and
krypton

Could explain the non observance of
induction time in Falabella’s kinetic
data for xenon, acetylene, ethylene,
ethane and carbon dioxide and
mixture of ethane and methane

Could not be applied to explain the
induction time exhibited by carbon
dioxide hydrate nucleation from
aqueous solutions

Proposed for nucleation from ice and
aqueous solutions

Key Nucleation parameter is f,/f.,
corresponding to experimental
hydrate kinetic run temperature
(fugacity ratio)

Low values of fugacity ratio could
result in the observance of induction
time

Could explain the observance of
induction time in Falabella’s kinetic
data (Falabella, 1975) for methane

and krypton

Could explain the non observance of
induction time in Falabella’s kinetic
data for xenon, acetylene, ethylene,
ethane and carbon dioxide and
mixture of ethane and methane

Could explain the induction time
observed for carbon dioxide hydrate
nucleation from aqueous solutions
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dioxide is clearly outside the prescribed range. However, as discussed before in the
present work for low values of the fgv/feq ratio carbon dioxide hydrate could exhibit
induction. In Figure 5.14, our experimental data for carbon dioxide hydrate kinetics
does show observed induction time as high as 185 minutes. A summary of the
comparison of the model proposed in this work with Sloan et al. (1991) model is
shown in Table 5.3.

In summary, it is shown that the nucleation model satisfies the
objectives set out for modelling as elucidated in the beginning of this chapter.
However, although the model is successful in modelling the nucleation region data
collected in the laboratory, it does not provide much insight into the nucleation
process itself. At this juncture it is felt there is need for more microscopic data on

nucleation phenomena for developing a more fundamental nucleation model.
5.8 Unified Treatment of Hydrate Nucleation, Growth and Decomposition

It is possible to provide a unified approach to understanding the kinetics of
hydrate formation and decomposition in aqueous liquid solutions including the
phenomenon of hydrate nucleation. The approach is based on the fact that the
hydrate formation or decomposition kinetics depends on the conditions like pressure
and temperature relative to the hydrate equilibrium curve. The driving force based
on the difference between the dissolved gas fugacity and its equilibrium value is used
for the formation and decomposition kinetics. A partial schematic three phase
(hydrate-liquid water-gas) equilibrium curve, B-A-C-F, is shown in Figure 5.26. A
hydrate formation experiment would need to be conducted above the equilibrium
curve, whereas a hydrate decomposition experiment would be conducted below the
curve, after initially forming the hydrates. Let E and D denote the conditions of a
hydrate formation experiment (P,T,,;) and a hydrate decomposition experiment
(Py Teyp) respectively. Since the minimum fugacity at which the hydrates can exist is

the three phase equilibrium fugacity, the conditions at the particle surface move
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along the equilibrium curve during its growth or decomposition. If the experiment is
conducted isothermally and the particle is maintained at the experimental
temperature (T,,;), point A represents the conditions of the growing or decomposing
hydrate particle. In a hydrate formation experiment, if the heat transfer resistance
around a particle is significant the temperature of the particle would move on the
equilibrium curve to point C which is higher than T,,,. In a similar manner, for a
hydrate decomposition experiment if the heat transfer resistance is significant the
temperature of the particle would move on the equilibrium curve to point B which

is lower than T,

The kinetics of hydrate nucleation has been discussed in detail before
in this chapter and the induction times of several hydrates were shown to be
dependent on the proposed nucleation driving force (£ - £..). The kinetic models of
hydrate growth and decomposition are reviewed very briefly, below, to illustrate the

similarity of the driving force in them.
Hydrate Growth Model

The kinetics of hydrate growth has been successfully modelled for hydrate
formation from pure gases and gas mixtures by Englezos et al. (1987a, 1987b). The
model considers the difference in fugacities of the dissolved gas in the liquid and the
equilibrium fugacity at hydrate surface temperature as the driving force. The hydrate
formation is visualized as a two step process. In the first step, the dissolved gas
diffuses from the bulk of the solution to the crystal-liquid interface through the
laminar diffusion layer around a particle. In the next step, an adsorption ‘reaction’
occurs at the interface that incorporates the gas molecules into the clustered water
molecule network and subsequently stabilizes the network. The gas consumption rate

for hydrate growth is given as follows,



140

Ny Ny
dn _« 9 A (FL_ 5-27

where Ig and (fgL-feq)j are the individual rate constants and driving forces. The
fugacity (f\g")j is the dissolved gas fugacity of the component in the solution and f;
is the fugacity of the component j at the three phase equilibrium pressure for the gas
mixture. In equation 5-27, N, is the number of hydrate forming gases. With N, equal
to unity, Equation 5-27 could be used to model hydrate formation from pure gases.
The rate constants Kj's, are obtained from modelling experimental data for hydrate
formation from pure gases and have been determined for methane, ethane and
carbon dioxide hydrates. Using these rate constants, Equation 5-27 was successfully
applied by Englezos et al. (1987b) to predict the hydrate growth kinetics for mixtures
of ethane and methane. Recently, Dholabhai ef al.(1993) have shown that Equation
5-27 could be also applied for methane hydrate formation in the presence of
electrolyte solutions, using the rate constant for methane as determined before from

pure water data.
Hydrate Decomposition Model

The decomposition of hydrates were studied by Kim et al. (1985). The process
was visualized as the destruction of the clathrate host lattice at the surface of the
particle followed by the desorption of the guest gas molecule from the surface. As
a result of decomposition occurring at the surface of the particle the particle shrinks
as decomposition proceeds. As their system was well stirred the driving force for
hydrate decomposition becomes the difference in fugacities of the gas at three phase
equilibrium pressure and the value in the bulk gas phase. This driving force for
hydrate decomposition is shown in Figure 5.27. For an isothermal decomposition

kinetics experiment the driving force for decomposition would correspond to the
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Fig. 5.27 Hydrate Decomposition Driving Force
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fugacity difference between points A and D ib Figure 5.26. The rate of decomposi-

tion for a hydrate particle is given by,

-—H _ KdAp(f’q_fg") . 5-28

The kinetic constant K;, was obtained by fitting experimental methane hydrate
decomposition data and was found to have an Arrhenius type temperature

dependence.
5.9 Conclusions

In conclusion, it is said that the nucleation model was developed to satisfy the
modelling objectives set out earlier. Specifically, the gas consumption during
nucleation and the dependence of induction time on supersaturation are modelled.
It is also shown that the approach proposed by the model could successfully account
for the induction phenomena observed by Falabella for hydrate nucleation from ice.
The proposed nucleation model could also be looked at in a unified perspective with
other hydrate models for hydrate growth and decomposition. Such a unification is
shown possible due to the similarity of the driving forces defined for hydrate
nucleation, growth and decomposition. It is mentioned that the model, should be
considered as a preliminary model for hydrate nucleation based on observed kinetic
data available so far. As more and more microscopic experimental nucleation kinetic
data for hydrates become available, there would be a possibility of developing a more

fundamentally based model for modelling hydrate nucleation.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

a) It is found that Langmuir constants are more reliable indicators of hydrate
structure than computed hydrate formation pressure. Constants obtained through
simulation of Argon and Krypton as Structure II hydrates using the Metropolis
Monte Carlo method are found to be in agreement with experimentally obtained

constants.

b) The method of Monte Carlo simulation applied to Langmuir constant
computations as suggested by Tester et al. (1972) is not recommended as the results
obtained using this method are found to be incorrect for guest molecules with a high
LJ potential parameter, o. The direct numerical multi-dimensional integration should

instead be used for computing Langmuir constants.

¢) In this experimental study of hydrate formation kinetics conducted with a well
stirred system, it is found that the structure of water has no noticeable effect on

hydrate induction times.

d) It was observed that there is a greater variation in induction times at lower
supersaturation than at higher supersaturation for hydrate formation kinetics

experiments with both structured and unstructured water.

e) The induction time model proposed in this work based on hydrate formation data
from aqueous solutions also qualitatively explains the observed induction times for

hydrate formation from ice reported in the literature.
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f) The proposed induction time model also accounts for induction time variation with

the driving force expressed in terms of supercooling rather than supersaturation.

g) As a result of this work, it is now possible to view the modelling of hydrate
nucleation, growth and decomposition processes in a unified manner through the

similarities in the driving force for all these processes.

6.2 Recommendations

a) The parameters used in the correlation of chemical potential of water needs to be
rationalised. Currently one needs a set of consistent parameters in order to obtain
the chemical potential of water required in the computation of hydrate equilibrium

pressures.

b) Efforts should be focussed on a more rational way of obtaining the inter molecular
potential parameters used in the Langmuir constant computations. At present most

of the published work have their own set of potential parameters.

¢) Hydrate nucleation experiments should be conducted preferably at low
supersaturation conditions to suppress mass transfer effects and enhance nucleation

effects.

d) Experimental data on sub-critical hydrate nuclei are needed. There is a strong
need to make more microscopic experimental observations regarding nuclei particle
size distributions, nuclei composition, growth of nuclei in solutions and the memory

effect as related to "structures" existing in solution.

e) The induction time model proposed in this work should be extended to hydrate

formation from gas mixtures and to formation from electrolyte solutions.
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f) Further experimental study is needed to understand the effect of other factors on
nucleation. In particular the effect of impurities, thermal history of water, surface

heterogeneities of the reactor wall and stirrer should be studied.
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Computed X,Y,Z Co-ordinates of Oxygen Atoms
Using Crystallographic Data of Wak and McMullan(1965)
Structure II Hydrates
Pentagonal Dodecahedron Centered at (1.125, 1.125, 1.125)

X Y Z Distance from
Cell Center, °A
1.0000 1.0000 1.0000 3.7477
0.9077 1.0923 1.0923 3.8457
0.9426 1.0574 1.2449 3.9555
1.2500 1.2500 1.2500 3.74T1
1.3423 1.1577 1.1577 3.8457
1.3074 1.1926 1.0051 3.9555
1.0923 0.9077 1.0923 3.8457
1.0574 0.9426 1.2449 3.9555
1.1577 1.1577 1.2.3423 3.8457
1.0923 1.0923 0.9077 3.8457
0.9426 1.2449 1.0574 3.9555
1.2449 1.0574 0.9426 3.9555
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Computed X,Y,Z Co-ordinates of Oxygen Atoms
Using Crystallographic Data of Wak and McMullan(1965)
Structure II Hydrates
Pentagonal Dodecahedron Centered at (1.125, 1.125, 1.125)

X Y zZ Distance from

Cell Center, °A
1.1557 1.3423 1.1577 3.8457
1.1926 1.3074 1.0051 3.9555
1.0574 1.2449 0.9426 3.9555
1.1926 1.0051 1.3074 3.9555
1.3074 1.0051 1.1926 3.9555
1.2449 0.9426 1.0574 3.9555
1.0051 1.3074 1.1926 3.9555
1.0051 1.1926 1.3074 3.9555




APPENDIX I (Continued)

Computed X,Y,Z Co-ordinates of Oxygen Atoms
Using Crystallographic Data of Wak and McMullan(1965)

Structure II Hydrates

Hexakaidecahedron Centered at (-0.25, -0.25, 0.75)

165

X Y Z Distance from

Cell Center, °A
-0.0923 -0.0923 0.9077 4,7281
-0.0574 -0.0574 0.7551 47157
-0.3074 -0.1926 1.0051 4.6340
-0.0923 -0.4077 0.5923 4,7281
-0.0574 -0.4426 0.7449 4.7157
-0.0574 -0.2449 0.9426 4.7157
-0.1926 0.0051 0.6926 4.6340
-0.2449 -0.0574 0.9426 4.7157
0.0051 -0.3074 0.8074 4.6340
-0.4077 -0.4077 0.9077 4.7281
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Computed X,Y,Z Co-ordinates of Oxygen Atoms
Using Crystallographic Data of Wak and McMullan(1965)
Structure II Hydrates
Hexakaidecahedron Centered at (-0.25, -0.25, 0.75)

X Y Z Distance from

Cell Center, °A
-0.4426 -0.2551 0.9426 4.7157
-0.4077 -0.0923 0.5923 4.7281
-0.2551 -0.0574 0.5574 4.7157
-0.5051 -0.1926 0.8074 4.6340
-0.1926 -0.1926 0.4949 4.6340
~0.4426 -0.4426 0.7551 4.7157
-0.4426 -0.0574 0.7449 4.7157
-0.3074 -0.3074 0.4949 4.6340
-0.1926 -0.3074 1.0051 4.6340




167
APPENDIX I (Continued)

Computed X,Y,Z Co-ordinates of Oxygen Atoms
Using Crystallographic Data of Wak and McMullan(1965)
Structure II Hydrates
Hexakaidecahedron Centered at (-0.25, -0.25, 0.75)

X Y Z Distance from

Cell Center, °A
-0.0574 -0.2551 0.5574 4.7157
-0.4426 -0.2449 0.5574 4.7157
-0.1962 -0.5051 0.8074 4.6340
-0.3074 -0.5051 0.6926 4.6340
-0.3074 0.0051 0.8074 4.6340
-0.2551 -0.4426 0.9426 4.7157
-0.2449 -0.4426 0.5574 4,7157
-0.5051 -0.3074 0.6926 4.6340
0.0051 -0.1926 0.6926 4.6340
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APPENDIX II

Supersaturation and Supercooling
Derivation of Induction Time Model with Supercooling

In this appendix, the induction time model as derived already in Chapter S is
(Equation 5-24) is expressed equivalently in terms of supercooling as nucleation

driving force with the help of the three phase hydrate equilibrium curve.

Let P, T, be the experimental pressure and temperature and P, be the

hydrate equilibirum pressure at temperature T,,. Let T, be the hydrate equilibrium
temperature corresponding to P,,... Also let £, to denote the fugacity of the hydrate

Tex- From Equation 5-24 we have for

forming gas at P, T, and f,; at P .

Cq’
induction time, t, as below

f -m
t= K(=2 -1) All-1

foq

where "K" and "m" are constants as defined in Equation 5-24. Now since f, is a

hydrate equilibrium fugacity computed at P, T, the dependence of f,, on

temperature T, could be expressed by the following equation

B
T

oxp

In(f,) = A - All-2

in which "A" and "B" are fitted constants using hydrate equilibrium data.

If T; be the temperature corresponding to equilibrium fugacity of f,,, then the
degrees of supercooling is given by T, - T; for a fugacity change £, - £.,. T; would

be higher than T, but lower than T,. Similar to equation AIl-2, since the point f,,,
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T corresponds to equilibrium we can write,

() = A - 2 All-3
T;

Since B is the slope of the linear relationship represented by equations AII-2

or AIl-3, combining equations AII-2 and All-3 we get

1 1
B(— - —/—
foo _ e T T All-4
feq

From equations All-1 and AIl-4 we get for t as given by equation AII-5.

1 -m

1
YA All-5
t=K@ " ™ _1)

If we expand the term in the exponential in the above equation and drop terms with

powers higher than 1, we can write the above equation as

B, T 7"
t=K(= (=L-1) All-6
Tf 7;xp

Equation AIl-6 could then be written in the final form as given below.

B\ T, -
t=K(2) (=--1) All-7
Tf Texp

Equation AIl-7 represents the necessary model relation between induction time and

the nucleation driving force expressed in degrees of supercooling.



171

APPENDIX III



Appendix II1. Methane Hydrate - Nucleation Data Table

Run # l;c;g %cxp mr(l)tlbes mlz)iqes nttlfn r:leiqn (\:,ISI(; o bl}rqs bf:rls bfg‘r,s
MTH100-01 | 83.58 8.86 | 0.0389 | 0.0242 90.5 14 | 300 400 63.03 | 53.87 68.46
MTH100-02 | 89.03 8.98 0.032 | 0.0244 35.5 16.5 | 300 400 63.8 | 5444 72.14
MTH100-03 85.9 8.98 | 0.0439 | 0.0244 41 9.5 | 300 400 63.8 | 54.44 70.04
MTH100-04 80 9 | 0.0561 | 0.0253 140 245 | 300 400 63.92 | 54.53 66.04
MTH100-09 50.5 0.87 | 0.0236 | 0.0182 23 134 | 300 400 28.79 | 26.51 4391
MTH100-10 | 37.44 0.87 | 0.0249 | 0.0183 56.5 19.8 | 300 400 28.79 | 26.51 337
MTH100-11 | 34.87 0.87 | 0.0211 | 0.0183 535 324 | 300 400 28.79 | 26.51 3161
MTHI100-12 | 32.94 1| 0.0232 | 0.0185 | 15.35 44 | 300 400 29.16 | 26.82 30.02
MTH100-14 | 72.53 6 | 0.0356 | 0.0241 45 125 | 300 400 4746 | 41.87 60.41
MTH100-15 | 83.98 5.88 | 0.0291 | 0.0242 21 14.8 | 300 400 4691 | 4144 68.18
MTH100-16 | 63.95 5.88 | 0.0329 | 0.0238 96 22 | 300 400 4691 | 41.44 54.31
MTH100-17 | 57.94 5.88 | 0.0321 | 0.0237 74 18 | 300 400 4691 | 4144 4991
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Appendix III. Methane Hydrate - Nucleation Data Table (Continued)

Run # Poo!| Tep| Do N, te teq Ve | RPM|{ P, £, £y

bars | °C moles | moles min min Cm bars bars bars
MTH100-18 | 53.93 5.88 | 0.0408 | 0.0236 498 36.5 | 300 400 4691 | 41.44 46.9
MTH100-21 | 4857 2.75 0.025 | 0.0206 38.5 18 | 300 400 3456 | 31.38 42.58
MTH100-22 | 48.58 2.75 | 0.0395 | 0.0208 300 11.5 | 300 450 3456 | 31.38 42.58
MTH100-23 | 48.57 2.75 | 0.0273 | 0.0208 49.5 23 | 300 350 3456 | 31.38 42.58
MTH100-24 | 4857 2.88 | 0.0233 | 0.0201 64.5 48 | 300 300 35 | 31.75 42.58
MTH100-25 | 4857 2.88 0.027 | 0.0212 30 15.5 | 300 400 35 | 31.75 42.58
MTH100-26 | 48.58 275 | 0.0153 | 0.0207 28 35 | 300 400 34.56 | 31.38 42.58
MTH100-29 | 93.05 8.86 0.037 | 0.0243 53.5 14.5 | 300 400 63.03 | 53.86 74.77
MTH100-31 | 89.11 8.86 0.04 0.024 117 23.5 | 300 400 63.03 | 53.86 72.17
MTH100-32 | 84.07 6 | 0.0352 | 0.0241 72 18.51 | 300 400 4746 | 41.87 68.27
MTH100-33 | 66.04 0.87 | 0.0242 | 0.0183 21 14 | 300 400 28.79 | 26.51 55.19
MTH100-34 50.5 0.87 | 0.0319 | 0.0185 75 20.5 | 300 400 28.79 | 26.51 43.91
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Appendix III. Methane Hydrate - Nucleation Data Table (Continued)

Run # Peso Terp 1y, n,, to teg Vg, RPM feq ng

bars | °C moles | moles min min Cm bars bars bars
MTH100-35 | 65.96 1 0.02 | 0.0187 55 45 { 300 400 29.16 | 26.82 55.15
MTH100-39 | 37.03 275 | 0.0407 | 0.0207 | 1226.5| 48.75 | 300 400 3456 | 31.38 33.45
MTH100-40 | 36.96 2.88 0.032 0.021 415 66 | 300 400 35 | 3175 334
MTH100-41 | 36.96 275 | 0.0391 | 0.0208 642 315 | 300 450 3456 | 31.38 33.39
MTH100-42 | 36.96 275 | 0.0402 | 0.0207 | 1073.5 39 | 300 425 34.56 | 31.38 33.39
MTH100-43 36 29 | 0.0133 0.022 | 2025 285 | 300 350 35.06 | 31.81 32.61
MTH100-44 | 36.93 3.01 | 0.0145 | 0.0136 | 1875 95.5 | 190 550 3544 | 3212 33.38
MTH100-45 36 29 | 0.0236 | 0.0134 | 926.5 22 | 190 525 35.06 | 31.81 32.61
MTH100-46 36 29 | 0.0216 | 0.0134 | 267.5 525 | 190 500 35.06 | 31.81 32.61
MTH100-47 36 29 0.022 | 0.0134 411 375 | 190 450 35.06 | 31.81 32.61
MTH100-48 36 2.9 0.025 | 0.0134 | 320.5 3.75 | 190 400 35.06 | 31.81 32.61
MTH100-49 36 29 | 0.0194 | 0.0137 | 226.5 15 | 190 350 35.06 | 31.81 32.61
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Appendix III. Methane Hydrate - Nucleation Data Table (Continued)

Run # Poo| Tew| Do n, t teg Ve, | RRM| P, foq A
bars | °C moles | moles min min Cm bars bars bars
MTH100-50 | 36.96 275 | 0.0172 0.013 | 180.75 | 1425 | 190 300 34.56 | 31.38 33.39
MTH100-51 | 36.94 2.88 | 0.0189 | 0.0134 84.5 375 | 190 550 35 | 31.75 33.38
MTH100-52 | 36.87 2.88 | 0.0217 | 0.0134 | 3295 21 | 190 525 35 | 31.75 33.32
MTH100-53 | 48.49 3.01 | 0.0173 | 0.0155 285 2 |1 190 550 3544 | 32.12 42.53
M100-103 43.41 1.1 | 0.0204 | 0.0188 24 21 | 300 400 29.64 | 27.23 3847
M100-104 38.28 1.1 | 0.0177 | 0.0188 215 25 | 300 400 29.67 | 27.26 34.39
M100-105 32.84 1.1 0.02 | 0.0188 70 49 | 300 400 29.67 | 27.26 29.94
M100-106 35.69 1.1 | 0.0204 | 0.0188 61 38 | 300 400 29.67 | 27.26 32.29
M100-107 33.97 1.1 | 0.0201 | 0.0187 53 39.5 | 300 400 295 | 27.11 30.87
M100-108 53.83 1.2 | 0.0174 | 0.0191 15.1 17 | 300 400 29.67 | 27.26 46.43
M100-109 50.71 1.1 | 0.0179 | 0.0192 14.5 16 | 300 400 29.67 | 27.26 44,08
M100-111 38.33 1.1 | 0.0209 0.019 26.5 21 | 300 400 29.67 | 27.26 3443 |
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Appendix II1. Methane Hydrate - Nucleation Data Table (Continued)

Run # Peo Texp 0, n,, t teg Vg RPM P feq fgV
bars | °C moles | moles min min Cm bars bars bars

M100-112 32.81 1.1 | 0.0216 0.019 107 34 | 300 400 29.67 | 27.26 29.91
M100-113 58.82 1.2 | 0.0156 | 0.0194 11 14 | 300 400 29.67 | 27.26 50.09
M100-114 58.78 1.2 | 0.0301 | 0.0193 | 39.75 16 | 300 400 30.05 | 27.58 50.06
M100-115 53.8 1.2 | 0.0179 0.019 18 205 | 300 400 29.96 275 46.4
M100-116 50.77 1.3 | 0.0235 | 0.0193 275 18 | 300 400 30.08 | 27.61 44.14
M100-117 53.88 14 | 0.0236 | 0.0191 225 155 | 300 400 29.99 | 27.58 46.48
M100-118 53.81 12 | 0.0214 | 0.0209 23 22 | 300 400 30.05 | 27.58 46.41
M100-119 60.7 1.1 | 0.0294 | 0.0193 41 145 | 300 400 29.96 275 51.43
M100-120 64.7 1.1 0.017 | 0.0193 10.5 12 | 300 400 29.96 275 54.28
M100-122 53.76 1.1 | 0.0194 | 0.0188 14 135 | 300 400 29.64 | 27.23 46.37
M100-123 43.8 1.2 | 0.0227 | 0.0204 26.5 23.5 | 300 400 29.38 | 27.01 38.78
M100-124 43.88 1.1 | 0.0217 | 0.0189 25.5 19 | 300 400 29.38 | 27.01 38.83
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Appendix III. Methane Hydrate - Nucleation Data Table (Continued)

Run # Poo|l Tep| Do n, te teq Vg | RRM| P foq A
bars | °C moles | moles min min Cm bars bars bars
M100-125 4391 1.1 | 0.0191 | 0.0187 14.5 14 | 300 400 29.16 | 26.82 38.86
M100-126 403 | 1.1 | 0.0204 | 0.0186 | 26.24 22 | 300 400 29.38 | 27.01 36.01
M100-127 38.87 1.1 | 0.0206 0.019 20.5 155 | 300 400 29.38 | 27.01 34.86
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Appendix II1. Ethane Hydrate - Nucleation Data Table

v
Run# br;;g %cxp mrcl)tlbes mr(l)thes ntl?n I:fﬁl (\Z/; KM bPécl?s bfaurls bfgrs
ETH100-02 | 1891 8.86 | 0.0116 | 0.0108 | 51.6 37.6 | 300 400 1499 | 12.74 1541
ETH100-6A | 1492 | 588 | 0.0071 | 0.0089 21 282 | 300 400 10.33 9.22 12.66
ETH100-07 12.82 5.88 | 0.0077 | 0.0095 45 51.6 | 300 400 10.33 9.22 11.14
ETH100-08 11.8 | 5.63 | 0.0099 | 0.0087 63 40.8 | 300 400 10.02 | 897 10.37
ETH100-09 | 10.83 | 5.75 | 0.0124 | 0.0102 | 199.2 151.2 | 300 400 10.17 | 9.09 9.63
ETH100-11 | 17.88 | 2.88 | 0.0025 0.007 6 18 | 300 400 717 | 6.62 14.56
ETH100-12 | 1283 | 2.88 | 0.0076 | 0.0072 | 306 | 28.82 | 300 400 717 | 6.62 11.1
ETH100-13 9.79 | 2.88 | 0.0072 0.007 39 384 | 300 400 717 | 6.62 8.78
ETH100-14 826 | 275 | 0.0071 | 0.0069 63 612 | 300 400 7.06 | 652 7.54
ETH100-15 73 | 3.01 | 0.0057 | 0.0071 260 | 307.8 | 300 400 729 | 6.72 6.73
ETH100-17 | 16.83 1 | 0.0028 | 0.0028 7.8 13.8 | 300 400 572 54 13.83
ETH100-18 | 12.82 | 0.87 | 0.0056 0.006 16.8 18.6 | 300 400 563 | 528 11.06
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Appendix I11. Ethane Hydrate - Nucleation Data Table (Continued)

Run # Pool Teop| Do N, te teq Vo | REBM | P feq £V
bars | °C moles | moles | min min Cm bars bars bars
ETH100-20 9.86 0.87 | 0.0044 | 0.0067 12.6 174 | 300 400 5.63 5.28 8.81
ETH100-21 7.62 1 | 0.0063 | 0.0061 | 342 324 | 300 400 5.72 54 6.99
ETH100-22 6.36 1 { 0.0066 | 0.0076 | 58.8 726 | 300 400 5.72 54 5.92
ETH100-23 5.63 1.12 | 0.0079 | 0.0076 240 133.8 | 300 400 58 | 543 5.29
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Appendix II1. Carbon Dioxide Hydrate - Nucleation Data Table

Run # Pey Teyp n, n, ty teg Ve, RPM | P, feq ng
bars | °C moles | moles min min Cm bars bars bars
RCO2-08 | 15.88 1.1 | 03016 | 0.2799 234 7 | 300 400 14.1 | 12.65 14.07
RCO2-09 [ 14.68 1.4 | 03117 | 0.2897 13.5 8 | 300 400 14.6 | 13.05 13.13
RCO2-10 | 19.88 1.59 0.302 | 0.2942 7.2 6.5 | 300 400 149 | 13.29 17.07
RCO2-11 | 21.88 1.59 | 0.2753 | 0.2753 4.75 9 | 300 400 149 | 13.29 18.49
RCO2-12 | 23.88 1.5 | 02754 | 02754 5.65 85 | 300 400 14.7 | 13.13 19.84
RCO2-40 | 19.88 1.2 0.291 | 0.2825 9.35 85 | 300 400 142 | 1273 17.06
RCO2-41| 18.88 1.2 | 02826 | 02826 | 4.25 45 | 300 400 142 | 12.73 16.33
RCO2-42 | 17.88 1.2 | 0.2857 0.281 | 12.25 11.5 | 300 400 142 | 12.73 15.59
RCO2-17 | 19.88 3.08 | 0.3413 | 0.3094 215 6.5 | 300 400 17.7 | 1547 17.11
RCO2-18 | 21.88 3.38 | 03685 | 0.3685 | 39.25 8.5 | 300 400 18.4 16 18.55
RCO2-19 | 23.38 3.18 | 03789 | 03104 | 24.75 55 | 300 400 18 | 1547 19.57
RCO2-20 | 24.88 3.18 | 0.3755 | 0.3098 12,5 3.5 | 300 400 18 | 1547 20.58
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Appendix IIl. Carbon Dioxide Hydrate - Nucleation Data Table (Continued)

Run # Poo| Tep| my D, te teq Ve | RRM| P, feq £y
bars | °C moles | moles min min Cm bars bars bars
RCO2-38 | 23.88 3.18 | 03403 | 0.3109 11.5 6 { 300 400 18 | 1547 19.91
RCO2-39 | 21.88 3.18 | 03696 | 0.3094 | 49.75 55 | 300 400 18 | 1547 18.54
RCO2-24 | 24.38 5.16 | 04163 | 0.3624 200 13.5 | 300 400 229 | 19.27 20.33
RCO2-25 | 26.38 5.16 | 04018 | 0.3641 49 10.5 | 300 400 229 | 19.27 21.65
RCO2-26 | 29.38 5.16 | 0.3546 | 0.3642 9.3 11 | 300 400 229 | 19.27 23.54
RCO2-27 | 27.88 5.16 | 0.4088 | 0.3648 19.5 9 { 300 400 229 | 19.27 22,61
RCO2-32 | 26.88 586 | 04114 0.391 44.8 14 | 300 400 25 | 20.72 22.0ﬂ|
RCO2-33 | 28.38 5.86 | 0.3974 | 0.3916 17.4 15 | 300 400 25 | 20.72 22.96 "
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Appendix II1l. Methane 25 % , Ethane 75 % Mixture Hydrate - Nucleation Data Table

Run #

Dy,

n

RPM

bars| °C | moles moles min min | Cm bars
M25E75-01 | 23.91 8.11 0.0147 0.007336 | 155 14.8 | 300 400 14.67
M25E75-02 | 21.67 7.99 0.01571 0.007253 97 11.6 | 300 400 14.47
M25E75-03 19.92 8.11 0.01328 0.007344 212 14 | 300 400 14.67
M25E75-04 17.83 7.99 0.01448 0.00725 232 19 | 300 400 14.47
M25E75-07 | 19.87 1.12 0.01225 0.005552 13 13.8 | 300 400 6.68
M25E75-08 12.8 1 0.01084 0.005482 21 11 | 300 400 6.59
M25E75-10 729 0.87 0.01021 0.005399 56 17 | 300 400 6.49
M25E75-11 6.82 0.87 0.01011 0.005403 230 20 | 300 400 6.49
M25E75-13 19.88 5.01 0.01315 0.005459 13 58 | 300 400 10.351
M25E75-14 16.88 5.01 0.01146 0.005459 24 64 | 300 400 10.351
M25E75-24 9.45 3.01 0.0101 0.005525 163 12.8 | 300 400 8.267
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Appendix II1. Methane 25 % , Ethane 75 % Mixture Hydrate - Nucleation Data Table (Continued)

Run# od I B O I

M25E75-01 5.87 13.83 3.61 942
M25E75-02 5.32 12.86 3.56 9.32
M25E75-03 4.89 12.07 3.61 942
M25E75-04 438 11.06 3.56 932
M25E75-07 4.87 11.85 1.65 4.65
M25E75-08 3.15 8.31 1.63 4,59
M25E75-10 1.8 5.04 1.61 453
M25E75-11 1.69 474 1.61 4,53
M25E75-13 4,88 11.96 2.55 6.95
M25E75-14 4.15 10.52 2.55 6.95
M25E75-24 2.33 6.39 2.04 5.67
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Appendix III. Methane 75 % , Ethane 25 % Mixture Hydrate - Nucleation Data Table

Run # P Texp D N tw teg Vg RPM |

bars | °C moles moles min min Cm bars
M75E25-01 61.02 | 10.86 | 0.04049 0.009794 78 8 | 300 400 35.33
M75E25-02 56 | 1133 | 0.02024 0.010286 32 94 | 300 400 37.28
M75E25-03 51.08 11.2 | 0.01237 0.010149 0.8 6.01 | 300 400 36.73
M75E25-04 46.04 | 11.08 | 0.01414 0.01002 9 6.01 | 300 400 36.23
M75E25-05 41 11.2 | 0.02424 0.010149 | 104.5 105 | 300 400 36.73
M75E25-07 40.9 8.36 | 0.01953 0.009905 81.4 106 | 300 400 26.78
M75E25-12 28.95 8.11 0.0261 0.00966 | 693.5 16 | 300 400 26.06
M75E25-13 35.98 8.11 | 0.02307 0.00966 34 9 | 300 400 26.06
M75E25-17 25.89 5.25 0.015 0.008719 130 106 | 300 400 19.16
M75E25-18 23.91 5.13 | 0.01338 0.008613 47 11.6 | 300 400 18.92
M75E25-21 21.93 5.13 | 0.01372 0.008613 355 12 | 300 400 18.92
M75E25-22 20.99 525 | 0.01325 0.008714 41 15 | 300 400 19.16
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Appendix III. Methane 75 % , Ethane 25 % Mixture Hydrate - Nucleation Data Table (Continued)

Run# bfﬁfé barig’cz tf;g’f; %3?3
M75E25-01 | 40032 | 8692 24.42 6.407
M75E25-02 | 37.121 839 25.67 6.651
M7SE25-03 | 34.182 801 25.32 6.583
M75E25-04 | 31119 756 |  24.997 6.52
M75E2505 | 2801 | 7.062 25.32 6.583
M7SE25-07 | 27.853 | 6.967 18.82 5222
M75E25-12 | 20243 | 5527 1835 5.115
M75E25-13 | 24762 | 6421 1835 5.115
M75E25-17 | 18191 | 5051 | 13.685 3.991
M75E25-18 | 16879 | 4755 | 13521 3.949
M75E2521 | 15556 | 4446 | 13521 3.949
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Appendix II1. Methane Hydrate + 3 % NaCl - Nucleation Data Table

Run# lfz;rxg °'(I;exp mrtl)tfes mI:)iqes rfltfn xiiciqn (\3’1?; ke bl;elt'ls bfacgs bfgzs
MNAOQ03-22 | 53.98 1.1 | 0.01021 | 0.01636 | 38.5 0 | 300 400 33.18 | 30.18 46.44
MNA03-25 | 47.88 1.2 | 0.01893 | 0.01651 97 28 | 300 400 | 33.51 | 3046 41.87
MNAOQ03-26 | 47.93 1.1 | 0.01829 | 0.01636 28 23 | 300 400 | 33.18 | 30.18 419
MNAOQ03-27 | 40.81 1.2 | 0.01946 | 0.01651 | 198 37 | 300 400 | 33.51 | 3046 36.37
MNAQ3-28 | 53.82 1.3 | 0.01959 | 0.01666 | 26.5 19.5 | 300 400 | 33.84 | 30.74 46.34
MNAO03-29 | 63.95 1.1 | 0.02315 | 0.01636 | 235 13 | 300 400 | 33.18 | 30.18 53.63
MNAO03-30 | 58.71 1.1 | 0.01945 | 0.01636 24 16 | 300 400 | 33.18 | 30.18 49.9
MNAO03-31 | 43.86 1.1 | 0.01985 | 0.01636 [ 29.5 19.5 | 300 400 | 33.18 | 30.18 38.76
MNAO03-32 | 38.83 1 | 0.01926 | 0.01621 | 455 22 | 300 400 | 32.85 | 29.91 34.78
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Appendix III. Methane Hydrate + 3 % KCI - Nucieation Data Table

v
I TG 3 B R . VR - B R 0. vl W L
MKO03-02 52.61 1.02 0 0.02019 0 22.8 300 400 32 292 45.5017
MKO03-12 | -48.87 1.02 | 0.03506 0.02025 246 205 300 400 32 29.2 42.6804
MKO03-03 62.68 1.02 | 0.03445 0.02102 .52.88 14,22 300 400 32 29.2 52.8383
MKO03-11 52.87 1.12 | 0.02244 0.02092 31 27 300 400 3232 2947 45.7043
MKO03-10 55.82 1.12 | 0.02493 0.02077 23 15.5 300 400 3232 29.47 47.89
MKO03-14 50.76 1.22 | 0.02850 0.02059 100 20.5 300 400 32.65 29.75 44,1287
MKO03-06 50.78 3.01 | 0.03067 0.02243 | 332.12 31.5 300 400 38.99 35 442827
MK03-08 70.79 3.01 | 0.03548 0.02269 68.5 13.5 300 400 38.99 35 58.7771
MKO03-07 60.71 3.11 | 0.02889 0.02270 56 26 300 400 39.38 35.32 51.658
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Appendix III. Methane Hydrate + 5 % KCI - Nucleation Data Table

Run # Peop Terp N N, ti teg Vg RPM | feq fgv
bars °C moles | moles min min Cm bars bars bars
MKO05-01 | 55.79 1.12 | 0.0284 | 0.0197 139 185 | 300 400 34.46 31.24 47.8679
MKO05-02 | 60.78 1.12 0.025 | 0.0199 38 215 | 300 400 34.46 31.24 51.4929
MKO05-03 | 60.75 1.12 | 0.0289 { 0.0197 69.5 17.5 | 300 400 34.46 31.24 514714
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Appendix ITI. Methane Hydrate + 8 % KCl - Nucleation Data Table

Run # Po ! Tep| Do n., t teg Ve | REM| P, foq A

bars | °C moles | moles min min Cm bars bars bars
MKO08-10 50.8 1.22 | 0.0081 0.02 10 35 | 300 400 38.57 34.58 44.1588
MK08-09 57.56 1.22 | 0.0252 | 0.0203 26 20 | 300 400 38.57 34.58 49.1739
MKO08-11 50.76 1.12 | 0.0328 | 0.0198 300 28 | 300 400 38.18 34.26 44,1208
MKO08-12 50.76 1.22 | 0.0226 | 0.0202 102 49 | 300 400 38.96 349 44,1287
MKO08-13 54.74 1.32 0.026 | 0.0205 277 345 | 300 400 38.96 349 47.1117
MKO08-15 70.71 1.12 | 0.0265 0.02 38 18 | 300 400 38.18 34.26 58.4513
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Appendix III. Carbon Dioxide in 3 % NaCl Hydrate - Nucleation Data Table

Run # Poo| Tepp| Do N, te teq Ve RPM P, feq A
bars | °C moles moles min min Cm bars bars bars
CO2NA3-4 | 24.88 1.1 | 0.3213 0.2764 9.7 5 300 400 | 16.15285 | 14.25 2043
CO2NA3-5 | 21.88 1.1 0.352 0.2764 31 4.5 300 400 | 16.15285 | 14.25 18.42
CO2NA3-6 | 18.88 1.1 | 0.3251 0.2764 150 7 300 400 | 16.15285 | 14.25 16.3
CO2NA3-7 | 26.88 1.1 | 0.3417 0.2764 11.2 5 300 400 | 16.15285 | 14.25 217
CO2NA3-11 | 25.88 348 | 0.3751 0.3297 975 8.5 300 400 | 21.86234 | 185 21.19
CO2NA3-12 | 2888 3.28 | 0.3794 0.3227 26.5 8.5 300 400 | 21.31757 | 18.11 23.04
CO2NA3-14 | 22.88 1.1 | 03506 0.2764 27 4 300 400 | 16.15285 | 14.25 19.11
CO2NA3-15 | 20.88 1.1 | 0.2962 0.2764 7.17 0 300 400 | 16.15285 | 14.25 17.73
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Appendix III. Carbon Dioxide in 5 % NaCl Hydrate - Nucleation Data Table

Run # lfaeg °r{3cxp mlcl)tfes mI(l)elqes n&fn r:;iqn (\3,;1 M lfacx('ls bf:rls lfg‘rls
CO2NAS-4 | 22.88 1.1 0.3311 0.2741 55 0 300 400 | 18.79991 | 1624 | 19.11
CO2NAS-5 | 25.88 1.2 0.3675 0.2772 84 3.5 300 400 | 19.03816 | 1642 | 21.07
CO2NAS-7 | 28.88 1.2 0.3533 0.2772 14 3.5 300 400 | 19.03816 | 1642 | 2292
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