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ABSTRACT

Waxes and hydrates formation are two major flow assurance challenges, imposing
considerable costs for prevention and, in worst case scenario, pipeline blockage removal
and deferred production. Employing remediation and prevention schemes for hydrate
and wx related problems necessitates knowledge of their formation conditions as well
as their amount. The main focus of this work is thermodynamic modelling of phase

equilibria in systems prone to waxes, hy.i

Study of hese complex mixtures requires the development of a robust multiphase flash
calculation algorithm capable of identifying the correct number and nature of the phases
in equilibrium. Such an algorithia devisedn this work based on the Gibbs free energy
minimization concept. The algorithimfirst appliedo complex hydrate forming systems

and then extended to combined waydrate forming mixtures, enabling investigation of

the mutual interactions between hydrates and waxes from the thermodynamicsntiewpoi
The new algorithm is fast and is capable of showing complex behaviours in hydrate and
wax forming systems including stability of several wax phases or more than one hydrate
structure at equilibrium conditions. In this work, an integrated thermodgnaundel

coupling three highly accurate schemes, i.e., the cubic plus association equation of state,
UNI QUAC activity coefficient mod el and v
describe the ncidealities of the fluids, paraffinic solids (waxes) and layes,
respectivel yii s i mpHe ®mationotwiaxes inhighupressbre r mo r
condition is thoroughly investigated, especially for highly asymmetric condéiisate
systems. Accordingly, a modified thermodynamic model is presented for waxitorma

in high-pressure systems.

Comparing with experimental solftbid equilibrium data of synthetic mixtures, the
integrated model presents excellent agreement which demonstrates the reliability of the
approach. Finally, the method available for¢he t ensi on of the i nte
was based on synthetic mixturesito real ¢
evaluated. Based on the analysis presented the best model is chosen and used for

illustrating the combined waltydrate precipation in a real crude oil.
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Chapter 1:Introduction

CHAPTER 1: INTRODUCTION

Petroleum products from a reservaire mixtures of hydrocarbon®f different classes

for the most partand norhydrocarbons including water and ligiteight gaseous
components The phase behaviour ofdbemixtures at equilibrium conditionss defined

by their composition andomeintensive independent thermodynarstateparameters,

of which, temperaturgT) and pressuréP) are the most widely used one¥he crude
mixturein the reservoirsusuwally referred o a s 0 r e which, asthe mamdays,u i d 0
isin the form oftheliquid phase(s)yapour phase or bottepending on its composition
and T/P condition The change in #separametes which define the equilibrium state
may, however result inthe formation of solid phases of complex nature, provided that
the mixture has the required constituentfoton the solid. The conditiors under which

the solids form may bgatisfiedmainly during productiofrom the reservoiand through

the pipelines angdroduction facilities. Formation of solids is well documenteidimose
major costs due to decreasing flow efficiency and, i Worst case, pipeline blockage
and productiorshutdownas a consequence. Removal of the solids formed is not only an

expensie process but algone-consumingwith a lot of technical demands.

The complex solidsvhich make production problem within the pipeline and/or reservoir
include waxesasphalteneshydrates andcales. The remediatiorof these probleftic
solidsi s t he subj ect stodfes, Vinere measuds sraposedrioc e 0

1. Avoid formation (prevention) of these soligsg., bythermal methods to maintain

high temperature for sokgrone to formunderlow-temperature conditian
2. Remove therecipitated and/or deposited solids using mechanical methods.

Due tothe costof the solid removaapproaches fodepgition problem prevention is
always the best option which in turn calls for accurate risk assessment sdlithe
formation problers, i.e. identifying the temperature/pressure conditions under which the
solids form. The feasibility of prevetive measuresignifies the importance dahe
development of accurate thermodynamicdalling approachet® predict preciselythe

conditions undewhich there isa high risk of solid formation.

Among the several types of sqgligvhich can form in crudeswaxes andhydrates

formation is the subject of the currembrk, both of them are of high significeain flow

assurance studieShese two typesf solids are both willing to form at low temperatyres

from a thermodynamics viewpoirdnd there are severnaieces of evidenctr them to

be present at the same conditioxamples of the systems prone to form both of these
1
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solidsarevolatile oils and gas condensaé deep sea lovtemperature pipelinesThe

focus d this work is, thereforeinvestigationon several accepts ahermodynamic
modelling ofsolid-fluid equilibria (SFE) in suclsystemsncluding theanalysisof the

mutual inteactions & these types of solids from the thermodynamics viewpdimthis

chapterfirst, a brief introdiction on hydrates and waxespiesenéd Then, the outline
of the thesis will beletailed

1.2.Waxes Heavy Hydrocarbon Solids

Waxes are simply a high molecular weidigdrocarbonfraction of the petroleum
mixtures which are frozen and precipitated mainly due to decreasing o$ystem

temperature below the melting point temperatureeafvy constituestof the system.

Due to gnificant structural differences between different classes of hydrogs they

do not have the same potigal to form waxes In fact, among different hydrocarbon
classes, normadaraffins(n-alkanes) are the most favourable class to feares, due to

their acyclic structure composed of several ethyl grattechedin the form oflong

chains. This unique structurg@rovides paraffins with very high packing capability.
Hence, paraffins have much higher melting points comparexd other classes of
hydrocabons such as naphthenes and aromatics, in which the presence of cyclic group
act as a hindrance in hydrocarbon molecules packing by temperature redutison.

from the PNA (Paraffinic, Naphénic, and Aromati¢ groups constiting a crude,

aromatics are noiwax formers and are, in fagpodwax solvents.

Depending on the cladisation of wax forming componentswaxes are divided into two

general groupbased on the crystal shape and glz#]:

1. Macrocrystalline (paraffin) waxes which are composed oformal alkane
hydrocarbons They are in the form of elongated rods and plates due to which their
clusiering and depason areenhanced.

2. Microcrydalline (amorphous) waxeghich are mainly composed of naphthenes and

iso-paraffins and have looseunded structures

It is well establishethatwax deposits in the pifiges arefor the most partcomposed
of the paraffin waxes(e.g. [1.2,1.3). Adding to this, the fact thaparaffins are
components of much higher meltingmperaturecompared to naphthenes, similar to

several major modelling works in the litareg, throughout thithesis it is assumed that
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paraffinsare the sole constituent of wax phase formé&terefore, hereafter, the term

Awaxo is equivalent to Aparaffin waxo.

Pure heavy hydrocarbons can undergo several stages of solidificatibndifferent
crystal structure$1.4], while the transition frontheliquid to thestable solid statd&=rom
all of the $ages during this process, the two transgiavith the highest thermal

significancethat shouldbe consideredn equilibrium calculations are

1. The transition from the liquid phase to a higimperature disordered solid phase also
known as rotator or plastphase.In this state, the moleculesill have high rotation
capabilityaroundtheir long axis.

2. The transition from the disordered rotator phase ltmatemperature ordered solid
phase Therefore, this tramgon is, in fact,a crystal-crystal conversion.The phase
in the finalstate can be of orthorhombic, triclimemonoclinic morphologiesased
on the value angarity of the carbon number of pure alkanEhis transition is also

known asorderdisorder solidsolid transition.

It shodd be notedthat not all of ralkanes undergdoth transitionsand again the
solidification stages of aormal alkanedepends on the value and parity of its carbon
number.In fact, the orderdisorder solidsolid transition of high thermalgnificarceonly

occurs inodd alkanes with carbon number larger than 9 and smaller than 45, as well as,
even normal alkanesvith carbon numbergreaer than 20 and smaller than 44.
Furthermore, as mentioned, the stages of structural changes vary significantly from one
alkane to another. These structural differences betweedd and even ralkanes
crystallisation process result in observing different trends of change in the thermnaphys
properties of alkanes based on tlparity. Detailedinformation on thesrystallisation of

pure alkanes cdme foundelsewherdl.4i 1.6].

Experimental evidendeas revealed that the mixtures péraffinscanprecipitate both in
pure solids andolid solutions. In alkane binaries, depending on the carbomber
difference between the constituent alkanes, solid solglidfor small chain length
differences)or two completéy demixedpure solid phaseévhen a significant carbon
number difference exists between the constituent alkgahggd)may form In fact, the
disorders in molecular packing due to sssymmetrybetween alkanes forming a waxy
solution considerablyaffects the nature of the solidified pHrt7]. Spontaneos demixing
of bi nary al k a nnes éxtensivelly istddieds dhle uspectrostopic

measurements of Snyder andworkers (e.g[1.8]).

3
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In binary alkane mixtureghecrystalstructure of the solid solutions formed is a function
of the proportions of theomponerg, temperature and the comporsger@arbon number
parity. However,for these mixturg the structure othe stable solid solution gbw
temperaturas of orthorhombic type even if the stable solid state structure of the both
alkanes constituting the binaly mixture in their pure stateare nororthorhombic.
Furthermore, for multicomponent waryxtures only the lowtemperature orthorhombic

solid solutions are considered to be in equilibrium whialiquid phasg1.9].

In multi-alkane mixturesthe formation of more than one paffinic solid solutions is
confirmed experimentally by -Xay diffraction and spectroscopy analysis (¢1g10i

1.13)) for mixtures of continuous exponential decay distribution of normal alkanes as well
as mixtures where a sufficient gap in the chain length of alkardservedetween the

constituents.

In light of the information providedhermodynamic modeltili sed should, therefore, be
capableof accurately evaluate the nadealities ofthe orthorhombicsolid solution and
to identify if more than onparaffinicsolid solution can formThewaxy solid solutions
are described in this work using an activitgeffident model based on thdocal

composition conceft..14].

1.3.Hydrates: Ice-like Solids

Clathrate hydrates are i&e solid crystalsformed by entrapment of small gaseous
components of low molecular weight inside ttavities formed by hydrogen bonds
between water molecules, under lswmperature and higbressure conditions.
Hammerschmidt[1.15] was the first to observe that the hydrates can be a source of
pipeline blockage during gas transpdrtfact, the chances of formation of hydrate during
production from petroleum reservoicannotbe overlookd as in the reservoir water
normally coexstswith hydrocarbor This water isuswally coming from thereservoir
aquifer.

The hydrate crystals can have different structures, the stability of which is depending on
the size and amount of guest gaseous components consumed to stabilise the davities
until now, three different types of hydrates gy@cally observedi.e., structurs|, Il and

H abbreviated as sl, sll and stdspectivelywhich differ significantly in sizeand shape

Each structure is composeddifferentpolyhedralcavities The schematic representation

of cavities and structuresepresenteds shown irFig. 1.1. By conventionthe caities

are named by "Qformatshowing the presence af ‘@aces withe "€dgesn the cavity.
4



Chapter 1:Introduction

Therefore, for example %2 cavity has 12 pentagonal faces and 2 hexagonal faces (see
Fig. 1.1).

structure | structure Il structure H
2(5') +6(5'%62) 16(5'2) +8(5'26%) 3(5'2) + 2(435%6%)+ 1(5%69)

Fig. 1.1: Schematic representation of hydrate structures (below) and cavity types forming them (above)
(Sum et al[1.16]).

Information on the number and nature of cavities forming espatific structures

presentedn Tablel.1.

Table 1.1: Geometry ottages inthreehydratecrystalstructures |, 1l, and H (Sloai.17])

Hydrate crystal structure I Il H

Cavity Small | Large | Small Large | Small | Medium | Large
Description 512 51262 | 5%2 51%6* 512 435563 54268
Number of cavity per unit cell| 2 6 16 8 3 2 1
Average cavity radius (A) 395 433 |391 4.73 3.9 | 4.08 5.7
Coordination numbér 20 24 20 28 20 20 36
Number of waters per unit ce| 46 136 34

astimates of structure H cavities from geometric models.
bNumber of oxygen atoms at the periphery of each cavity.

As mentioned, the favourable condition fttre formation of hydrates requirethe
presence of sufficient amouott water, guest hydrat®rmer components and proper T/P
conditions. The main hydrateformer components of interest e petroleum industry
which are constituents in the mixtures studied throughout this work are methane, ethane,
propane, dbutane, rbutane, ipentane, nitrogen, daon dioxide, hydrogen sulphide.
There are examplesn this study, where other hydrate formers like benzene and
cyclopentane are preserithe hydrategormersin the mixtures studied here can form sl,
sll or both hydrates.The type of hydrate structure(rmedin the presence of these
componerg is dependent on several factamsaddition to the mixture composition and
T/P condition As an example, not all of thegdrate formers mention@@n accommodate

all sort of caviies. Also, f a hydrate former is capable of residing cavities in both sl and

sll hydrates, it does not necessarily mean that it can form both structures in the pure state.

5
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Detailed information on the hydrate formation specification of each of the guest

component cabe foundelsewhergl.18].

1.4.Aims and Scope

In the light of the complexitieof the behaviour of hydraseand waxesas described
accurateand robusintegrated thermodynamapproacheare necessaty describe thee
solid phassin contact with fluidgroperly Thethermodynamic modelling of petroleum
mixtures can haveseveral outconse However,due totheapplication of current study as
apreventive measure to avoid conditiondamationof waxes and hydratethemajor
outpus of the current work, arto calculate the solifluid phase boundaries accurately
aswell as theamount and nature of the solifts#med. Theaccuracy of model results are,

here,checked withthe following experimental data

HydrateDissociationPoints (HDP)

Composition ofthevapour phae in equilibrium with hydrates
Wax PrecipitationCurve (WPC)

Wax composition

ok~ 0N RE

Wax Disappearancd emperature (WDT)

It is worth noting that the evaluation of wax phase boundary calculations throughout this
work are maddor the systems where WRRRre reportecnd notthe Wax Appearance
Temperatures (WAT).This choice is due to the welestablished fact thatVDTs are
indeed better representatives of the true melting points of the miiut€61.21] In

fact, the experimentalineertainties mainly due to superating (only for WAT
measuremengndother experimental erroeffects result in deviation of boitWAT and

WDT from the real thermodynamic melting temperature of the solutitowever the
subcooling effects impose higher degrees of uncertainties compatbeitexperimental

uncertainties

The first aim of the current work is, thereforéop introduce an accurate integrated
thermodynamic model for systems prone to form, waxes, hydoatbeth. The non
idealities of each possibly present phase type in SFE are described using difference
precise thermodynamic model§.he integrated thermodynamic model is not the only
requirement of for accurate SFE calculatioA. multiphase flash caldation is also
requiredwhich should berobustenoughto identify number and nature of the phases
equilibrium, correctly The coupled accurate multiphase flash calculation algorithm and

accurate thermodynamic moddhcilitate the investigation of comiex solid forming
6
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systems which are capable bbth hydrates and waxgwecipitation thus, enables

inspection of their interactions from the thermodynamic viewpoint.
Accordingy, the outline of the current work is as follows:

The thermodynamic models used for describing each phaseaygppsesentenh detail

in Chapter 2. The model selection for eagihasetype is justified. In this work Cubic
Plus Association (CPA) equation of stfite2?2], statistical solid solution model of van
der Waalsand Platteeuw (vdWP]1.23] and the Universal QUAsiChemical activity
coefficient model (UNIQUAC ]1.24] areused to describe fluids, hydrates and waxes
respectvely. These modelsa r e i ntegrat e d-CPAWNWd WP 0fi UNd dQdJl.
abbreviateasUCV. Also, the group contribution method of Jaubert and Muf&l26],
used to caldate thebinary interactions parameter required for CPA EoS calculagon
fully described.The multiphase flash algorithm used for equilibrium calculationthen
absence of hydratds detailedin Chapter 2 The chapter ends with providing some
example calculatiaof multiphase wax formation at lepressure conditions proving the

robustness anccauracy of modetoupledwith the multiphase flash algorithm usid.

Pressure playan important role both on wax and hydrate formatiofifie existing
schemes for extendingw-pressurevax precipitation model® high-pressure conditions

are not perfaming very well for systems d¢@rgesizeasymmetry witHargeproportions

of thelight ende.g.gas condensatgystems Accordingly, Chapter 3 is devoted tioe
evaluation of methods used for extending paraffin precipitation model to high pegssure
and newapproachgare presentetbr this purpose.Based on thassessmestthe bet

approach is selectedrfthe rest of the calculations throughout this work.

A novel multiphase flash calculation algorithm for systems prone to form hydsdbesn
describedin Chapter 4.This algorithm is based on the Gibbs free energy minimization
concept and utided the multiphase flash calculatiortieabsence of hydrates (described
in Chapter 2) as a preliminary stefhe algorithm is used to model sonmeeresting
hydrate forming systems showiegmplexbehavious including the formation of more
than one structure of hydrates in systems where both sl apahsibrm simultaneously,

and retrograde hydrate formation in acid gas systems.

The modificatios requred to extend the multiphase hydrate flash to investigate
combined waxhydrate forming systemis presentedn Chapter 5. The UCV model

coupled with this flash algorithm is used to explorernattions of hydrates and waxes
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a variety of aspects, most of themsipected here for the first timelheseinclude the

mutual effect of hydrate and waxes on their phase boundaries, amount and composition.

The calculations aneévaluationgmadein previous chapterarecarried outfor synthetic
mixtures or mixtures without unknown fracterin Chapter 6, the difficulties of hydrates
and wax modelling in real mixtures constituting unknown plus or pseudo fraetiens
separately discussed Based on thermodynamic models input requiremémta
comparativeapproachthebestmethod available for the extensiditloe integrated model

to real oil systems and especially for wax formanoodelling, isselected The method

is then used along with the integrated UCV modelthie combined wakydrate
precipitation ina real crude oil, confirming the observations made in earlier chapters for

synthetic mixtures.

A summary of me findings of this workand recommendations for the future wosks
finally presentedn Chapter 7.

The algorithms devised and presented in this wark implemented ira standalone
Windows applicationi HY8 o | i d 0 inwDelphi tpregramming lang@ge A
presentation oHW-Solidsis providedin the Appendices. The implemented codes

also addedo the HWPVT software of the Hydrate and Phase Equilibria Research group
of HeriotWatt University.
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CHAPTER 2: SOLID-FLUID EQUILIBRIUM THERMODYNAMIC
MODELLING

2.1.Introduction

Accuratephase equilibrium calculatigin complex multisolid forming systems require
utilisation'development of (i) a combination of precise thermodynamic models each
describinga particularphaseype and (ii) an equilibrium calculation algorithm for phase
equilibria capable of correctly idéfying number and nature of the phases in equilibrium.
This chapter is, therefore, devoted to, first, providingdepth description of the
thermodynamic modelselectedand utilised for the descriptionof each phase type
throughout this work. The spprting reasons for selection of each of the modelsbwill
presentedh details. Secondlyn this chapterthe flash calculation algorithurtili sedfor

the conditionsvhere itis assumethat no hydrateare formeds discussed and is named

t he -Hydkot e Fl asho ( NHF) . This flash cal cu
for the flash calculation algorithm developed for hydrate forming systems detailed in
Chapter 4andnamedast he AHydrate Flasho (HF). E x

accuracy ofthe thermodynamic models combined with the N&E providedn this
chapter for some complex wax forming systems. Special considerationghend
modifications required to extend the HF flash to integratedhyalxate forming systems

are then discussad Chapter 5. Additionally, in this chaptey the method utilised for
calculation of the binary interaction parameteesjuired forthe equationof state (EoS)
modelling of fluid phases, is fully described. Furthermore, as accurate values of
critical/thermghysical properties of pure components is a niasprovide precise
predictions, the databases/correlatiosaduio evaluate these propert@® discusseuh

this chapter.

Depending on temperature/pressure (T/P) conditions and the propertiesnuktine

under investigation different types of phases can form. Accordingly, the phase types
modelled in the current study are:

1. Fluids i.e. Vapour (V), Liquid hydrocarbon (L), Liquid Aqueous (AQ)

2. Solids i.e. Hydrates (structure | (HI) and structure lll{;IMWaxes (S), Ice (1)

The following section provides the description of the magedloitedfor each type
description with full details of the formulations and parametrization of them.

12
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2.2. Thermodynamic Models for Non-idealities

In this study, different type of thermodynamic models are used to desdhieaon
idealities of phases of different nature. Here, the fluid phassedescribed with Cubic
Plus Association (CPA) equation of std®1], hydrates withvan der Waals and
Platteeuw (vdWP) modgP.2] and waxes with the Univers@lUAsiChemical activity
coefficient model (UNIQUAC )2.3]. The implemented modeksre integratednto a
single framewor k-CPAlv.deNP 0t hme d @dbrsviat@ddes QCV
model. The integrated model is used to model wax, hydrate and combindydvate

formation for severainixtures, provingits accuracy and reliability.

2.2.1.Fluid Phases Nonrideality Calculation

In this work, an equation of stateused to describhe non-idealities of the fluid phases
(vapour, liquid hydrocarbon artjuid aqueougphases). Although, both equations of
state and activity coefficient models have been widely used for describing liquid phases,
the choice of an EoS owan activity coefficient model for this purpose is mainly due to
limited applicability of activity coefficient models for high presswanditions[2.4]

which is the case for many of the systems studied in this work.

The nonidealities of the fluid phas are, here, described with the CPA E®Bis chace

Is because significantpart of the current work is devoted ¢tudyng hydrate forming
systems, i.e. systermath water. In factthe associative hydrogen bonds contribution of
water molecules canalie a significant effect on the systems thermodynamic properties
of watercontaining/hydratdorming mixtures.However as the conventional cubic E0Ss

do not take the chemical/quadiemical associative hydrogen bonds contribution into
consideration, theiperformance ipoorin the presence of water (or generally speaking,

an associative compound].o overcome this issue, originally, Kontogeorgis ef{all],
introduced the Cubic Plus Association EoS, which as the name says, consists of two
terms: (i) theCubic term which is described by a cubic EoS and takes contributions of the
physical interactions (generally known as van der Waals forces) into account, and (ii) the
association term which takes the contributions due to chemicaklcpuasiical (strong
hydrogen bonds) into consideration (Kontogeorgis et [all] us e d Wert hei
perturbation theory2.5i 2.8] to formulate the associative part of CPA EoB)erefore,

for CPA EoS:

0 0 0 0 0 2.1)
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Obviously when noassociativecomponents are present in the feed, the CPA EoS is
reduced to the cubic EoS. Using the general fofithe SoaveRedlichKwong (SRK)
[2.9] and Peng and Robinson (PR) cubic EoS, the CPAIi&w8tten as:

24 R ic
C‘YAZoo A ACYA <0 T pB

cubi ea s(snoocnipatritng associating part

0 2.2)

Here,Aand Aaretheattractive anado-volume parameters of the cubic EoS uged, the
universal gas constant adiis the molar volume. ConstaAis a cubic EoS identifier,

i.e. if it is equal tdA, the cubic part would be the PR EoS and if it is equal to 0 the cubic
part would be the SRK EoS.hroughout the thesis, for the most part, the-associative

part of the CPA EoS is described using the SRK EoS. The reason for this choice is the
wide application and robustness of SRK EoS for describing fluid phases ifomairg
systems (see for examf@.10i 2.16]). This is while, oty for the results presented in
Chapter 4, which is focused on hydratdy forming systems, PR Eo0S is used as the cubic
part of CPA ast was observed to provide slightly better results, in terms of matching
with experimental hydrate equilibrium data camgd to SRK EoS.

In the associating padf Eq. (2.2) mis density and;is the radial distribution function

which in the simplified form is defined §2.17]:

p
S — 2.3
¢ pA’@ X A (2:3)

InEq. (2.2)8 is thefraction of the componeiimolecules at site (which can be either
hydrogenrbond donor sites or hydrogérond acceptor sites) which are not bonded to
other active sites The paramete8 is a function of density of th#luid as well as

fractions8 of all other kind of association sitésand the association strength

8 P 2.4
o MBUB 8 ) (24)

Where) is given by

R -
] CA@B—24 HL A (2.5)

Hereris the association energy afiés the volume parameter of CPA whigre square
well model is describing the sitg&.1]. These two parameters are maily adjusted to

matchexperimental data.
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Based on Eg. (2.4), the calculation of the C&¥sociation term requires appropriate
selection of thenumber and type dassociatiorsites in each associating component and

i's refer rassaciatibec hemée 6 s Al n asdodiadorsehentgkee t h e
Huang and Radog2.18]) is chosen for water as represented schematicaiygin2 1.

As shown in this figure, based on the 4C scheme, each watecui® has four
associating bounds (two hydrogen bond donor represented by dashed lines and two
hydrogen bond acceptor represented by dotted lines). Therefore, each water molecule

can form up to four associating hydrogen bonds.

VANEVZN

7N

_H H.
N

H/O’\H H/\O\H

Fig. 2.1: Schematic representation of the d€sociatiorscheme for water

The application ofEqg. (2.2) requiregshe evaluationof the attractive and ceolume
parameters of the pure components A andA , respectively. These values are used, by
applying mixing rules, to calculat®andA of the phase under consideratiofihe pure

nonpolar componentattractiveparameters calculated by:

4 (2.6)
T :

A4 4 p I pz
Where:

24 2.7
1 n 0 (2.7)

Furthermore, the pure ngolar componentso-volume parametdor is calculated by:

R 24
A m 0— (2.8)

In Eq. (2.6) to Eq. (2.8%4 and0 are the critical temperature and critical pressure of
component respectively Also,the constarstn) , m) and theparametef  (which is a
function of acentric factor of componesd ) for nonpolar components are dependent
on the choice athe EoS used for the cubic part of CEAS as listed ifable2.1.

15
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Table 2.1: Parameters for calculation of attractive anevotume terms o€ubic part of CPA EoS

Cubic part

of CPA EoS Parameter Value
m 0.42748

SRK m 0.08664
i T8 YUTIER VP VAW L PO
m 0.47236
= m 0.0778
i T@XTOPD T CEXPR ¢ W > T8 wp
X 0P8 YOI DT T@IpeHPXS T w

For water (which is the only polar component in this work) the valués,of andA
as well asassociation energy and volume paraméteand respectively in Eq. (2.5))
are listedn Table2.2. As shown in this table, the amount adskvalues for water geend

on the choice of the cubic EoS used for the-associating part of CPA.

Table 2.2: CPA E0S parameters for water used in this work

Cubic part 1 A c R

of CPA EoS | (MPa.L2mole?) | (L/mole) ' (MPa.L.mole™) { (x10) Ref.
SRK 0.1228 0.01452 | 0.6736 16.655 69.2 [2.17]
PR 0.2174 0.01519| 0.639 14.639 68.31 | [2.19,2.20]

In mixtures, as mentioned, mixing rules should be applied to calcthlateixture
attractive and coolume parametersA@ndA, respectively) othe cubic EoSs In this

work, the classical van der Waals mixing rules aedfor this purpose:

A oA (2.9)
A DDA (2.10)

Where:
A AA pZE (2.11)

Here,@ is the molar fraction of componefin a phase with number of components,

andE is the binary interaction parameter between comporfamse

For mixtures with more than orassociating compoundjixing rules are required for
calculating association energy and volume parameters between associating corngpounds

calculateparametey defined in Eq. (2.5)
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For this purpose, the following equations can be appbegvaluaé rR and [ between

associating compoundsndE

R S (2.12)
C

I [ (2.13)

Such mixing rules, however, are not required in this work as for all the cases &rdied
the maximum number of associating compaupcesent in the mixture is one (only

water).

As a final note in this section, the method of Michelsen and Mollg®i] is used to
calculate the fugacity otomponentsn fluid phases using CPA Eo0S. According to
Michelsen and Mollerug2.21] the fugacity coefficient of componefit 3 can be

calculated by:

o

o p
I

=i

(2.14)

5¢
¢

Here,U is the compressibility factor arld is the residual Helmholtz function, which,
for CPA EoS is equal to:

L ! (2.15)

Therefore, one needs to calculate the partial derivative of the reduced residual Helmholtz

function,&™for both cubic ad associative part of CPA in order to calculate fugacity, i.e.:
& & & (2.16)

According to Michelsen and Moller@.21], for the cubic part:

& & &" &3 (2.17)
Where:
& 4 szg (2.18)
R $
& 4C ZZ/E (2.19)
& as (2.20)
ZZ .
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And:

C ZGL (2.21)

Z

p . 6 ] n
yis I 1 2.22
2 mn .] Z 6 ] mn ( )
E 6 A

£ 7— (2.23)

P
E % 6 ] n 6 ] n (2'24)

In the previous sets of equatkparameter$i' i [' are calculated using the attractive

and cevolume terms of cubic EoSs by:

$ i TA (2.25)
[ ] TA (2.26)

$ ¢ TA (2.27)
" TE G TAZ (2.28)

As theclassicalmixing rules of vander Waalsareused here, in previous equatiofs,
parameter is the same as defined in Eq. (2.11Aanst
A A

A (2.29)
C

In Eq. (2.22)and EQ.(2.24), the parametens and) are the cubic EoS dependant

constants as listed ifable 23.

Table 23: Cubic EoSdependnt constatsy and) usel in B. (2.22) and Eq2.24)

Cubic part

of CPAEoS | ! !
SRK 1 0
PR p WV | paAg
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The associative part of the partial derivative of reduced residual of Helmholtz function,

& in Eq. (2.16) is calculated §%.4]:

P - .. R IC
& 8z I pPBE —J (2.30)
Here:
Hic  p T,
T E: ﬁ (2.31)
Wherewith Cdefined in Eq. (2.3):
L]
-F—C Xo__m (2.32)

ia) M pA@ X U m
Further information on the CPA formulation dae foundelsewherd2.19,2.20,2.22]

2.2.2.Group Contribution Method for Binary Interaction Parameters Calculation

Evaluation of the cubic part of the CPA E0S, requires knowledge of binary interaction
parametersH ) between componentsThe E values are normally tuned to match
experimental equilibrium data. This way the EoSs are no morigfwednodels.In this

work, on the contrarythe binary interaction parameters between -associating
components are calculated by the group contribution method developkditbgrt and
Mutelet[2.23]. They combined their method with a cubic EoS to model ihE& very

large set of equilibrium data including VLE data of complex systems such as highly

asymmetric mixtures.

Originally, Jaubert and Muteld¢2.23] used their method to calculake for PR EoS.

Later, Jaubert and Privgg.24] extended the method to be applicableHoof SRK EoS.
Jaubert and cavorkers found that their group contribani scheme coupled with a cubic
EoS proves accurate for modelling fluid phases and often provides better results
compared to welkknown EoS/G approaches of LCVNR2.25] (which is widely used for
describing fluids nosndealities in paaffinic solid-fluid equilibria of waxy systemi®.26/

2.31) and MHV2[2.32]. This method is applied successfully in some wdtk83,2.34]

for calculating binary interaction parameters of cubic EoSs used for modelling fluid

phases in equilibrium with solid wax phase.
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The Jaubert and Mutel¢R.23] method enables calculation & as a function of
temperature by knowing the functional groupghef components. Therefore, making the
EoS model fully predictive. The functional groups of importance in this study along with
the corresponding references to Jaubert anevariers publications (in which the
specific functional group is studied) arstéd inTable 24.

Table 24: Functional groups defined in the Jaubert and MufgleB] method and used in this study

Family Group Reference
Alkanes | CHs, CH, CH, CH, CHe [2.23]
Aromatics | CHaro, Caro, Crusedaromatic rings [2.39]
Napthenics | CHzcyclicc CHeyclic OF Ceyciic [2.36]

Alkenes CHa, CHa, aik O CHaik, Caik, CHeyclic, aik OF Ceyciicai | [2:37]

Inert gases | CO,, N, H:S, SH, H [2.382.43]

UsingJaubert and Mutel¢®.23] methal, E are calculated as a function of temperature

and in terms of the attragg and cevolume parameters of the cubic EoS used to describe

the nonassociative part of CPA EoS:

X — A4 A 4A4
. & . A4 e ~
5 (@1 y (@1
— — — ~ — 2.
E 4 WZSKZ”AZA x o—ix (2.33)
& (o OQ’ (o}
Where:
C wgpu 7
£ KB BA U ! y (2.34)

Here, 8 is the ratio of number of grouin moleculeEto total number of groups in
moleculeE. is the numbeof functional groups, and and" are group interaction
parameters between functional grof@andi. The values for the last two parameters are
reported in Qian et aJ2.37]. The values of and" are originally evaluated for PR
EoS. In order to use the same parametersand” for SRK E0S, the positive constant

v isintroduced in Eq. (2.34) which, obviously, is equal to 1 for PR EoS and is evaluated
to be equal to 0.807341 for SRK E[fS24].

2.2.3.Hydrate Phase Nonideality Calculation

In this work, the modification of the statistical solid solution model of van der Waals and
Platteeuw{2.2] by Parrish and Prausnif2.44] is used to calculate tHfegacity of the

water in the hydrate phase. The madetnownto bethe most widely used and robust
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method, to date, to describe hydrates. ioelelis in fact used to calculate fugacity of
water in thenydrates Theassignmenof the fugacity of the guest components inside the
hydrate cages at equilibrius discusseth Chapter 4 aa part of the development of the
Hydrate Flash.

UsingthevdWP model, according to Anderson and Praugg8i##5]the fugacity of water
in the hydrate phase can be calculatét:

S’,Z
i /EAQEZ[24

(2.35)

Where/ and/ are the fugacities of water in the hydrate and hypothetical empty hydrate

lattices respectively and Yt % is the difference between the chemical potential of

hydrate and the hypothetical empty lattices which is givel2 12y

Yt 2 24 A 1 Tp #1 A (2.36)

Here £ is the fugacity of the guest component hydmtreicture3 4formerE The

Langmuir constantg |  are a measure of the interaction potentfagjuest molecule

inside the cage and the surrounding water mole@ardsan be expressed [2y2]:

# 4 LA AQRX..—O OAO (2.37)
E 4 E 4
WhereE is the Boltzmann constant and O is the spherically symmetric cell potential
in the cavity (withOthe radial distance from the cavity centre) and depends on the
intermolecular potential function defined betwetre host molecule and a guest
molecule. In the present work, the Kihara nmeld2.46] as described by McKoy and
Sinanoglu[2.47] has ben used to calculate the interaction potential functions, based on
which, the potential energy of interaction between two molecules which are in ditance
3 Ois calculated by:
H . .
50, AZAAZA O 239)
QA @A
HerehA andA are the radius of the guest and host molecules, respectively. In the
current work, Kihara radius of the spherical molecular dofequalto A A 71¢ ,RrR
(characteristic energy) and (collision diameter equivalent to the distance

wheres O ) are obtained by fitting to available hydrate phase equilibrium
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experimental data. The values for these three parameters used in the current work are

presented iTable 25.

Table 25: Kihara potential parameteesnployedin this work

Component A (A RTE (K) | K (A)
Methane 0.2950 3.2512 153.685
Ethane 0.4880 3.4315 183.32
Propane 0.7300 3.4900 189.273
i-Butane 0.7980 3.6000 209.577
n-Butane 1.0290 3.4000 195.359
Carbon Dioxide 0.7530 2.9040 171.97
Nitrogen 0.3350 3.2171 128.39
Hydrogen Sulphide 0.7178 2.8770 210.58
Cyclopentane 0.8961 2.5800 463.650
Benzene 0.9188 3.5900 264.209

Accordingly, in Eq. (2.37) the spherically symmetric cell potertiaD in the cavity is
calculated byl{ere2 is the cavity radius and is the number of water molecules in

cavity):

x O UR ; 2.39
q 5 O ] (2.39)

Where:

o O_A <z OA z L
1\ T P4 4P 54 . Thiptpp (2.40)
Then, the following formula is used to calculate the fugacity ohtjpotheticalempty
hydrate lattice used in Eq. (2.35):
Yt %
£ FEA D Eﬂ (2.41)
Where £ is the fugacity of pure liquid water art % is the chemical potential

difference of the empty hydrate lattice and pure liquid water. This value is given by:

neon Z SJ/EZA4 onAO (2.42)
24 24 24 24 '

Here,2 is the universal gas constaft, and O are the molar enthalpy and volume of

water, respectively, and subscript O refers to the water triple point.
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The enthalpy difference between the pure liquid water and empty hydrate lattice is

calculated by:

Wheres#°

givenin Table 26.

Table 26: Values of reference properties for structures | arydirates

VE ?

3#0

YE

M A4

HP®C X Gl

The values of reference properts , ¥t andYO for hydrate structures sl and sll are

Property | Unit Hydrate sl | Hydrate slI Reference
i J/mole 1297 937 [2.49]
YE J/mole 1389* 1025* [2.49]
76} cm/mole 3.0%* 3.4** [2.44]

* Subtract 6009.5 J/mole froME for liquid water
“*Add 1.601 cm®/mole toY® for liquid water

(2.43)

refers to the molar heat capacity (J/(mole.K)) and is calculat¢2l 48j:

(2.44)

An exhaustivedescription of the model used for hydrate phase equilibrigbeaiound
elsewherd2.50,2.51]

2.2.4.Paraffinic Solid (Wax) Phase Nonrideality Calculation

The dominant approach used in the literature for calculating theleatities of the pure

paraffins

t hi

S

T whi

wor k1 i n

ch
t he

as

di sc

sol id

ussed

state

ar e

i s

assume

to us e

the Gibbs energy change in seliguid phase transition, to indirectly calculate their solid

state fugacity.Accordingly, Prausnitz et gJ2.52] related the fugacity of pungaraffins

in the solid statef& to the fugacity of the pure paraffins in the liquid staf€, through:

Aon

i/E

24 PoE

(2.45)

In Eq. (2.45) the/ is calculated interms of the thermophysical properties vadix

forming components (here onlyaraffing, i.e., fusion temperature4!, solid-solid

transition temperaturd,! ,"enthalpy of fusiors(  and enthalpy of solidolid transition,

3('." A more accurate form of Eq. (2.45) incorporates the enthalpic and entropic

contributions due to heat capacity terms (Gibbs energy variation due to thermal

23



Chapter2: Solid-fluid equilibrium thermodynamienodelling

contribution) of phases during phase change. These contributiomsgiggbleand can
be safely igored[2.11] as confirmed by extensive sensitivity analysis in the literature
(see for examplf2.53]).

Having A& calculated,the fugacity of compoents in the waxy solid phase is then

calculated by:

£ B3 (2.46)

Several models have been proposed in the literatureaioatethe nonidealities of the
waxy solid phase, based on which different approaches have been introduced the activity
coefficients of components in thexysolid phase °>. These models, based on their view

to the waxy part precipitatedan be categorisedto:

1. Single solid solution model
2. Multi-solid solution model

3. Multi-puresolid model

The first two categories consider waxes tosbéd solutions This is experimentally
acceptedas discussed i€hapterl. However,the multi-puresolid model (originaly
developed by LirgGaleana et a[2.54]) assume that waxes are a mixture of several solid
phases, each of which is a pure component. It is, howeverstablishedhat the degree

of demixing of componentsin the solidified waxy part isa strongfunction of the
constitterts carbon number (molecular size) differef@z®&5]. Furthermore, the review
work of Esmaeilzadeh edl. [2.56] has revealed the superigrivf solid solution models

over multipuresolid model which undepredicts wax phase boundary temperatures.

Among the modelling wor ks [2i5h2.58\uas onE ofthes t C «
very early attemptdn his first work{2.57], the waxy paris described by a modified form
of the regular saition theory (RST) model of Hildebrand et §2.59] where the
components solubility parameters were used to evaluate their activity coefficients in the
solid phase. This approach was,well, used in the work of Pedersen efAab0]. The
RST approach, however, has sosignificant physical shortcomirgy In thisapproach
the entropic contributioto excess propertias assumed to be zerd his isparticularly
wrong forwaxy mixture where large differences between sizes of consti#uesult in
significant entropic contributions. Also, according to Ji et[all4], because of the
similarity of the nalkanes solubility parameters, the RSTeslmot differ significantly
from the ideal solution model and would result in overestimatioth@fvax melting
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temperature. Later, Wo[R.58], further modified the RST model by adding up the
entropic contribution calculatedth theFlory-Huggins[2.61i 2.64]model. According to
Coutinho et al[2.65], this modification results in limited improvement in the model
predictions. Furthermore, as discussed by Coutinho ¢R.85] the FloryHuggins
model, on its own, is na@ powerfulactivity coefficient model unlesit is modifiedfor

the system under investigatioh.model with sich a modification, as is madein the
work of Hansen et aJ2.66], is not predictive anymore. €se models, therefoneay not

be applicable for the oil systems whichveenot been usedh its development Further
discussion of the RST and FleHuggins drawbacks for wax phase modelling is provided
by Coutinho et al[2.65]. Some works have assumed #wid solution to behave ideally
(e.g. the works of Erickson et §2.67] and PedersefR.16]), whichis far away from

highly nonideal behaviour of axes.

The limitations of the models discussedrethe motivation for Coutinho et dR.68] to
develop models for describirwgaxy solidsolutions based diocal composition concept,
originally presented by Wilsof2.69]. In a serieof publications, Coutinho and €o
workers proposethe application of thpredictive Wilson[2.68], UNIQUAC [2.70,2.71]

and NRTL[2.71] activity coefficient models for this purpasémong thesenodels the
predictive Wilson and predictive UNIQUAC are currently the most widely used
approaches to describe waxy solutions, both capable of predicting the wax phase
bounday and amount accurately, while the UNIQUAC model is providing slightly better
results[2.10]. Among these two modgl however, only UNIQUAC is capable of
representing multsolid solution behaviour of wax precipitataadin this respegctis the
bestapproacho showthe real behaviour affaxes formed.

In the light of the discussion provided, in this work, the UNIQUAC activity coefficient
model, wasisedto describe the waxy phasddNIQUAC is proven to be one of the most
accurate and widely used thermodynamic models, to date, for thisosau
[2.13,2.34,2.53,2.71,2.72] This modelwas originally developedy Abrams and
Prausnit42.3] and, as mentioned, latatilised by Coutinho[2.70] to describe the nen
ideality of orthorhombicparaffinic solidphase(s). In addition to its high accuracy, the
UNIQUAC model offers twamajor advantages over other activity coefficient models.
First, it is capable of representing the possible formation of more than one paraffinic solid
phases as confirmed experimentally byay diffraction and spectroscopy (see for
example[2.732.76]), as discussed It is also observedhat by usingthe predictive

UNIQUAC, better predictions of sohliquid equilibriaof binary eutectic systems can be

25



Chapter2: Solid-fluid equilibrium thermodynamienodelling

obtained[2.70]. The capability of the UNIQUAC model coupled with cubic EoSs has
also been the subject of many papers and tested for seystams irthe presenceof

wax in the literaturg¢2.13,2.34,2.53,2.72]Therefore, the UNIQUAC activity model (in

its original form) is applied in the present work for modeltimgnortideality of thewaxy

solid phases. The UNIQUAC model takes into account the combinatorial and residual
contibutions on excess Gibbs free energy which are representative of entropic and
enthalpic deviations from ideality in the mixture, respectively. Accordintiig,
UNIQUAC modelcalculates the combinatorial, and residuat, parts of the activity

coefficient by:

i B LRI Of Szow
g ¢ 13_ q
(2.47)
z% o ON 20D
And:
i R opdl ¢ ‘2
r p4 z Z m (2.48)

WhereO andN are structural volume and area parameters of comp@mespectively,
andthe adjustable parameter is representative of the pair interaction energies between
componentEandE Also, : is the lattice coordination number aigd and§ are the

fractional volume and area of componBand are defined by:

N@

¢ —_—
B NO (2.49)
And:
. 0]
B o0 (2.50)

Combining Eqg. (2.47and Eq(2.48), the UNIQUAC activity coefficient is calculated by:

1 1r I 1r 1 1r (2.51)
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Several modified versions of the UNIQUAC modeé implementedbr charactesing

the paraffinic solidphase (see for examgd213,2.14,2.53,2.70] The modifications, for

the most part, include changing standard segment definition (which, accordingly, changes
the values ofOand N parameters), and revising tlae term. In the current work, as
suggested by Qudinho et al.[2.13], the UNIFAC parameter table is used to directly
evaluateDandN parameters for each component as a function of alkane carbon number,
# ., by:

e

®W. T®P @ (2.52)

And:
O TX . T8 LOC (2.53)

Also, thez terms are related to pair interaction energy paramétey:

4
24

]
z A QEZN (2.54)
Coutinho et al[2.68] assumed that of two nortidentical components can be set equal
to 1 ,whereEis the component with the shorter chain length in the pafasfd E
Furthermore, accordingo Coutinho et al.[2.68] 1 can berelated to the pure

component 6s subl i mation d268r gy of orthor|
C S u
1 ZZ 324 (2.55)

In Eq. (2.55), sublimation energg/calculatedh s t h e s u nvaporkatign aalida f f i n

solid transition and fusion enthalpies, i.e.:
3(SUP (T gt (VAP (2.56)

The vaporiation enthalpy of components:( ¥ 2,"in this work is calculateavith the
correlations of Morgan and Kobaya$Bi77] described in AppendiA. The method for
calculation of fusion and transition enthalpies of vi@xning components( fanda( ' f

respectivelyare described later on.

To sum up, the combination of Eq. (2.4&80d Eq.(2.46) (Prausnitz et al2.52]
formulation)with the activity coefficients evaluated by UNIQUACusli sedto describe
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paraffinic solidsystens in this work. Despite the excellent performance of Prausnitz et
al.[2.52] approach at low pressures, it is not intendedhigin-pressureonditions[2.78]

and results in poor predictions of wax phase boundarguatrand composition at high
pressures. In fact, this approach requires an egtemddel so that it cabhe appliedor

high pressures. Several attempts have been made so far, resuhiedenelopmenof
different models for this purpose. Each ofsthemodels had a degree sdccess
However their performance is limited, especially for mixture where high size asymmetry
in the constituents is present and the amotight-end components is higluchasgas
condensates and volatile oils. In this resp€ttapter 3 islevoted to a comprehensive
study of paraffinic solifluid equilibria underhigh-pressureconditions, where the
evaluation of thexistingmodels, development for new schemes and selectithre best

methodis discusseth detalil.
2.2.5.Calculation of Thermophysical Properties of WaxForming Components

As mentioned earlier, throughout this work, it is assumed that nqranaffinsare the
only waxforming components in the mixture. Therefdog,thesecomponentsaccurate
evaluation of thermophysical properties is vitelxperimental evidence has shown that
similar to pure odd alkanes, the dominant crystalline structunesiiticomponent solid
solutions isan orthorhombicstructure[2.76,2.792.81] This observation is also valid
for cases wherthe paraffinic solidsolution consists only ahore than oneven alkanes
[2.82]. In this regard, except for cases where the solid solution is a pure even heavy
paraffin, the thermophysical properties pafraffing i.e., fusion temperata, 4/, solid
solid transition temperature' " enthalpy of fusiors( F and enthalpy of soligolid
transition,3( ' "are evaluated using the correlations of Coutinho and Daf&i88]. In
these set of correlations, the odd paraffins properties are extepdetidpolation to the

even alkane properti¢8.13] and are as follows:

4% TCPDWoQAPRYPwTH.D ° (2.57)
4 1+ TCHPoTXNNEABD T #. oD wcd (2.58)
(018 a(% (O og x 6pD @ Ut @59
(% i+'l'*i TIMoH.VAR oo X8 LD ®PT (2.60)
3( 00 o( OA(* (2.61)
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According to Coutinho et aJ2.13] these set of correlations can be applied to calculate
thermophysical properties of-alkanes heavier than-pentane. Furthermore, as
mentioned earlier, the solid phase transitions occur for ealdlames between-monane

and nhentetracontaneand even alkanes betweeneigosaneand ntetracontane

Therefore, for the rest of alkaneg, O equal to zero ang( olig equal tes{( ‘B

In the cases of binary asymmetric systems, where the solid phase is a pure even paraffin,
the thermophysical properties of the paraffin used here are those reported in the

comprehensive work of Dirand et {2.84].

There are some works in the literature thadwever, propose different set of
correlatiors for thermophysical properties ofalkanes based dhe alkanes chain length
parity[2.14,2.15,2.85] These separate set of céat®n not only overlook the structural
behaviour ofthe wax solidsolution but also would result in stranigehaviourdan wax

calculation results as will be shown fImexample case later in this chapter.

2.2.6.Ice PhaseFugacity Calculation

There are few occasions in this study where ice is present. By applying the Poynting
correction term, one can calculate the fugacity of #£ethrough modifying pure water
fugacity at the same temperat{@e52]:

O 0D

£ 3 0 AQDT (2.62)

Here,0 and3 are the ice vapour pressure and the fugacity coefficient of water at
the ice vapour pressure, respectively. Also, the molar volume dic@ (m*mol) is
calculated by2.86]:

O p@&@Bqwpfh ¢ o1 fi 4Z XU (2.63)
In Eq. (2.62)0 s calculated by Wagner et §.87] correlation.

2.2.7.Pure Components Critical/Physical Properties

The critical and physical properties of pure components used in thiswarektaken
from the DIPPR[2.88] database. Also, Twi2.89] correlations focritical properties and
Magoulas and Tassiq2.90] correlation fo acentric factor (based on the suggestion of
Kontogeorgis and Tassi¢2.91]) are used focharactesing the heavynormalparaffins
absent in the DIPPRhe complete formulation of Twj2.89] and Magoulas and Tassios
[2.90] correlationsare presenteith AppendixA.
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2.3.Multiphase Flash Calculations in Absence of Hydrates

For the systems prone to form waxes lapdrates, the multiphase equilibrium calculation
can be cumbersomeThis issueis partly due tathe difficulty of devising a multiphase
flash algorithm that can identitye formationof highly norideal hydrates (of different
structures). Furthermores @iscussed, waxes can precipitate in several separate solid
solutions at T/P condition inside the paraffinic solid phase boundary. Such complexities
necessitatéhe development of a robust multiphase flash calculation for conditioee

no informationaboutnumber and nature of phases in equilibrium is known beforehand
In thissectionthe multiphase flash calculation implementedtf@monhydrateforming

systensis detailed.

For the case of multiphase flash in complex systems where the numbeatarelof the
incipient phases in equilibrium is not known a priori, a flash calculation algorithm based
on the fAGi bbs free energy mi ni mdaleukation o n o
shouldbe coupledvith a stability analysis routine. Trstablity analysis will check if

the compositions in solution are the real stable solutions i.e. they are corresponding to the
global minimum of the Gibbs surface energy. If the solution is not a stable one, the
stability analysis can provide initial guess quositions to start a new flash calculation.

In fact, a coupled Gibbs free energy minimization approach and tangent plane distance
stability analysis isa widely usedoutine for determining the solution afmultiphase

flash problem as stated by Micheld@m02]. In what follows the details of the general

multiphase flasls presented

The equilibrium calculation routines, traditionally, involve two sequential iterative
processes, namely, the inner and the outer loops as shown schemati€ady 22.

Providing the initial guess of the composition for each phase, thédeality of each

phaseis calculatedin terms offugacity coefficients in the outer loop. The fugacity
coefficients ¢ften in the form of equilibrium ratigre then fednto the inner loop where

a multiphase solution algorithm is devi s
constantequilibrium ratios. After convergence achievedin the inner loop, the
cdculated phase fractions are used in the outer loop to update phase compositions. The
new compositions will again be useddalculatenew fugacity coefficients in the outer

loop whichare again fedhto the inner loop.
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Yes

Stability of feed is
checked.lIs stable?

SetReset iniial estimates for
compositionof phases

A 4

Calculate fugacity and
type of each phase

Inner D A
Loop *

\l
Multiphase flash i - )
is performed ] En = Eq 1
]
1)

_____________________

Check stability o
results. Stable?

Yes

( Fir:ish )
Fig.222Fl ow c¢ har HydateFlasiih e A No

When the fugacitiemare calculatedn the outer looppefore redoing the inner loop
calculations, therrorfunction, representing the isofugacity criteria, is calculatéthe
valueof the objective function isiore tharthetolerancethe convergenas not achieved

and the inner loop calculations is done again with the new phase compositions.
Otherwise the stability analysis will check whether the solution is staddeshown in

Fig. 22. If not, the number of phases present at the initialization is increased by one and
NHF is restarted A similar approach has also beetilisedby some authorf.21,2.93]

The whole process discussed is presenteHign 22. As shown inFig. 22, at the
beginning of each NHF a stability analysis is also performed upofeed composition

at the given T/P condition. If the feed was stable, i.e. it was corresponding to a single
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phase with the minimum energy in Gibbs energy surface, no flash calcutatione
Otherwise, compositions and phase fractions are initialipedhe first inner loop
calculation of the NHF.

This part is devoted to detailed formulations of the steps required in the Ni¢Fnner

loop algorithm of the multiphase flash calculations throughout this work is the robust
method of Michelsef2.94] and is the sami®r both NHF and HF ani detailedn the

next section. The complete description of the initialization of the compositions and phase
fractions for NHF and the flash calculation outer l®®presentedfterwards. Details of

the stability analysis method implemented reeethen explaineith Section2.3.5

2.3.1.Flash Calculation Inner Loop

Theinnerloop multiphase flash calculation in the current work (for both HF and N$1F)
performedby applying the approactevelopedby Michelsen[2.94]. This method was
proven to be robust and efficient and can Alse@xtendetb negative flasf2.95]. In this

work this method, for the first time, was applied for flash calculation with hydrate phases
(HF). As thiswork focuses on regions constrained twxmegative phase amounts, the
method in its original form is exploited as detailed beloBimilar to the derivation
presented in the work of Yan afdenby[2.96], for a given feed compositidowith T

components antl phases at equilibrium condition, the mbaaance constraint requites

Uf U E pBH (2.64)
HereU is the composition of componéfh the phas& Based orihe isofugacity criteria
for each component in multicomponent mutegge system in equilibrium
U330 U3z 0 U30E U 3 0 AEE pighoBA (265
Where 3 is the fugacity coefficient of componein the phaeE and/&Hs the fugacity
of componen&n the equilibrium condition. Combining Eqg. (2.64) and Eq. (2.65) gives:

£

- g - hors H (2.66)
E U E phcfof8 A

Now by defining functior?eas:

% — E phghoB A (2.67)
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Eq. (2.67) would be rarranged as follows:

£ _ U Y kiish
0 5 ] % phe (2.68)
3

Then, the mole fraction of compondfin phaseEat the equilibrium is:

U E pkghotBH  E phghot8 A (2.69)
3 %

Writing the overall Gibbs energy of a multiphase system at equilibrium:

_ P
24 24

p

- ) ﬂ - 2.70
> | uJ t U (70

I Ut 4

Where the chemical potential of componEat equilibrium is:

t t 24 (2.71)

Then the overall Gibbs for the whole system at equilibrium can be written as:

p P .
L - (2.72)
24 224 Y 32 UV ul &

Substituting Eq(2.68) into Eq. (2.72) one can find:
' L

2 . Y

1 1C JI 1% 2.7
> uo Zz Ul 1% (2.73)

Where the first term afight-handside representing the ideal mixing contribution which

is constant for a given composition at isotherisabaric flash. Thereforeninimizing

the Gibbs free energy is equivalentrtonimizing the second terran theright-handside

for phase fractions. Finally, by avoiding to treat phase fractions as dependent variables
Michelsen[2.94] devised a réormulation of phase equilibrium calculation in terms of a

minimization problem where the objeatifunctionl is defined as:

1 [ Z Ul 1% (2.74)

Subject to nomegativity of phase fractiong at global minimum [( 1. The

minimization ofl is equivalent to solving:

H PRGN
" pZ n E phchot8 h (2.75)

Then, as mentioned, at the solutibh, UT%3 is used to calculate the value of mole

%3

fractions (these new compositions are in fact calculated in the outer loop). An interesting
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feature of the objective functidnis that its Hessian is at least pogtsemi definite. The

Hessian ofl is:

( _J (2.76)
%3 3
Michelsen[2.94] states that (witlhare exceptions) the Hessian matrix is positive definite
whenthe number of phases is less than or equal to the number of companghish
casel would become strictly positive definite hence have a unique minifaL8#]. This
will guarantee a descent step which matkesNewton method coupled with a proper
line search algorithinan excellent candidate to solve Eq. (2.75). Details of a proper line
search algorithm can be found elsewHer83,2.98] Based on the Michelsen method
the presence or absence of a phase in equilibrium is specified by:
o DEAGDOAOAIT @ -
H ©n DEABOIEOAOAT 6
In fact at the solutioriflj §j  mtfor an absent phaggs equivalentt® U  p which
does not meet the stability criterig®.99] hence the phasEwould becore absent.
Therefore, the method checks the presence of phases by evaluating a term equivalent to
stability constraint. If the constraint is not met the absent fheseld be reactivated in
the next iteration of the outer loop. It should be pointedtibat by imposing the
constraint on the unity summation of phase fraction, one can also reduce the number of
equations td zp. This in turn increases the complexity of the algorithm as care should
be taken while the dependant phase is disappearej@ (@84£.96]for more details). This
is an important issue with some other existing models (models based Gutzeet al.
[2.100] formulation) where considerationsahd be taken when the reference phase is
disappeared. However, as shown, here no reference phase is required. An in depth

description of the Michelsen algorithm can be found elsewRe2é].
2.3.2.Flash Calculation Outer Loop

As shown schematically iRig. 22 the outer loop of the flash involves calculating the
fugacity coefficient of each phase and feeding the inner loop. When the fugamities
calculated the objective errod OgFcalculated as the summation of relative error in

fugacities with respect to an arbitrary active ph&sé

AZE

P
AO A%— — (2.78)
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If the calculated error is less than the tolerance (hér€), the flash calculation is
stopped. Otherwise, the next inner loop multiphase flgsérisrmedand compositions
are updated using Eq. (2.69n order to do a multiphase flash in systems with phases of
different nature wherdlifferent thermodynamic maels (equation of state/activity
coefficient model) are used to describe the-m@alities of the phases here (CPA for
vapour, |liquid and aqueous phases, vdWP
procedure which identifies the nature of a givdrage composition in the way that
guarantees the minimization of overall Gibbs energy of the sys®emilar to the overall
Gibbs free energy of a systefibbs free energy of a single ph&san be written as:
' o 1
24 Y24
The first term of the righhand side of Eq(2.79) is representing the ideal mixing

ui k& (2.79)

contribution which is constant for a given composition at isotheisodlaric flash.
Therefore, in the current work, the type of the given fluid phase is identical tgpehe
assigned by the thermodynamic model for which the second term olitdandside
equations minimisedand this routine enables reverting the wrongly assigned fluid phase
types in the initialization to the correct phase typ€his phase type idenitfation
algorithm is the same for both NHF and HF.

As mentioned, féer convergence in the inner loop, the compositions should be updated
in the outer loomf NHF for the next iteration which is achieved by using Michelsen
formulation (Eq. (2.69))

2.3.3.Initialization of Compositions and Phase Fractions

Initialization of thecompositionsaand phase fractions the multiphase flash calculation
algorithmsis amajorstep ineach flash calculation algorithm (deig. 22). For the initial
guess of compositions in presence of water, it is assufoedhe first flash calculation

in the NHF stepthat at least 4 phases should be initialized correspondingpour
hydrocarbon (V), liquid hydrocarbon (L), liquid agueous (Aq) and a single solid wax
phase (S).The firstphasefor which the initial compositionare evaluateds the liquid

hydrocarbon phase by observing mass balance criteria, i.e.:

U
° T+ 2 5+ 5+ B (2.80)

In Eq. (2.80),Uis the overall compositiotf, is the molar phase fraction of phdsand

@ is the mole fraction of componeBin the liquid hydrocarbon phase. The method of
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Ballard and Sloafi2.101]is used to evaluate equilibrium constants between liquid and
vapour phases; .Aqueous to liquid equilibrium ratios, ,issetequalto+ j+

where+ is the vapour to aqueous equilibrium ratio calculated by the method of Ballard

and Sloanj2.101] The paraffinsdé solid to |iquid
m B | xAgl OIA&Nicel T AT
+ 3k 4 (e _4 (2.81)
AoB PZr S a P Bx A @l Of AiTiceT DA '

The method of calculating the thermophysical properties in Eq. (&8he same as
discussed earlierHaving calculate® , the composition of the remaining phases for the

initial flash calculation are evaluated by:

g + @ (2.82)
1) + O (2.83)
u + o (2.84)

Where@ and @ are the mole fractions of compondfh the solid vax and iquid
aqueous phases, respectively, &his the mole fractions of componein the vapour
phase. The initial molar phafeactions can be estimated by:
u ED NOADPBAOA
p4 e e 2.85

J T 2 ED. TANOAD ®BOOA (289
Here,U is the mole fraction of water in the feed dndis the initialized number of
phases which for the initial flash is set equal to four. Obviously, in absence of water in
the system (which is the case for the systems studied in this chapter and Ghapter
is zero and the phase fractions are iniidi equally. Also, if waorming components
are not present in the mixture (which is the case for the systems studied in Chapter 3) it
is only required to s¢t equal to zero. As mentioned, when convergence is achieved in
the inner loop, the stabilitynalysis is performed to check whether the solution is
corresponding to the Gibbs energy surface global mininsesHg. 22). If not, forthe
next flash calculatioh is increased by one and this new phase is assumed to be a waxy
solid phase with the composition calculated by:
ow g E E

1] 8t dJ £ g (2.86)
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Here,E is the heaviest paraffinic component for which the Eq. (2.86) composition is not
created. Therefore, for example, if the flash results where again unstable, for the next
flash, E would be the penultimate heavy component, and so on. This way the presence
of more than one waxy solid phase can be safely modelled. This is similar to the
initialization scheme of Phoenix and HeidemgRri02], except that in their work the
compositions defined by Eq. 88) are treated as liquid phases. For subsequent flashes,

Eq. (2.85) is again used for initializing the molar phase fractions.

2.3.4.Considerations for Northydrate and Nonwax Formers

The nonsolid (wax and hydratesjormers present in the mixtures studied hexee
categorsedinto two groups: (i) nothydrateformers (ii) noawax formers. The second
group is itself divided into nenormalalkanesandalkaneswith carbon number less than
or equadf ft oCdicCudn clumber 6 ( CN

It is indeed of higlmportance to introduce a reasonablecoNPartly, if all the paraffinic
fractions are allowed to lrecipitableit would result in an overestimation of the amount

of precipitates[2.54]. Also, as confirmed by experimental evidences, even for wax
precipitation in a miture with a broad range of alkanes, e.g. a mixturelwxane to n
hexatriacontane in the work of Pauly et[al28], where partial miscibility exists between

all constituents due to the continuous distribution of alkanes in the mixture, the
components ligter than Atridecane are not present in wax precipitates even at low
temperaturegaround 250 K More experimental works confirming the absence of light

components in the waxy solid precipitates can be found else{zhg&gg

To avoid norsolid-formers to be precipitable (i.prohibiting nonhydrateformers to be
present in the hydrate phase and-m@x-formers in the wax phasa is just required to
assigna very large(say 10%°) value for their fugacity coefficient in the phase type in
which they shouldeabsent This wg they do not contribute to the value %fof that
component, defined in the inner loop of the flash Gextion2.3.1).

2.3.5.Stability Analysis

Stability of the incipient phaseslculated with thenultiphase flash iberechecked using
the algorithmdeveloped by Michelsen[2.99] which is basedon the concept of Gibbs
TangentPlane Distance (TPDJ2.103] Given the overall feed/phase compositipthe
algorithm tries to find all stationary points thie Gibbs energy hypersurfaty solving
the Michelsen TPD functiostarting from a set of trial compositions. It is proved that in

order for feefphasecompositionUto be stable it is necessary the TPD function ofU
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to be nonnegative in all trial compositionsThe TPD is defied as a function of trial

compositiondJof I components in the following way:

409 Ut Uz U Ul i&EU 4 1&£U (2.87)

Where theight-handside equation represertke TPD function in fugacityvhereUis the
feed composition antl and Zare the chemicgbotential and fugacity of componéat
Michelsen[2.99] presented a modified versionthie TPD function which has the same

stationary poits as the TPD function and is expressed as follows:

4 0%9 9119 1139 zIU 113 U
% 3972 3 pZ 2.88)

Where:

9 UAg@gbiU 11z UzIiU 113 U0 (2.89)
The values 09 can be formally viewed as mole numbg®9]. Therefore, the stationary
points need to fulfil the following equation:

Ad40% . . .

59 119 113 9 Z1IU 113 U T (2.90)

The traditional approach tolving the above equation is to use successive substitution

algorithm (SSI) which provides new guesses of trial solutions by rearrangement of the

above equation in the following form:

119 113 9 z11U 113 U (2.91)
It is noteworthy that although the SSI methasdncredidy powerful in finding the
stationary points, it is very slow and is not feasible for many practical PVT calculations

([2.104,2.105). An obvious way to increase the convergespeed is to apply the

Newtan method, i.e., through the following equation:
(Y9 n 4 0%9 (2.92)
Where the components of the Hessian mdtrace:

h40%
™ T

LU B 2.99
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Here) is the Kronecker delta. It is not, however, always feasible or even possible to
evaluate derivatives othe logarithmic fugacity function[2.105] A very good
workaround to this problem is to calculeaa approximate Hessian matmsing the
Broydern Fletchet Goldfarli Shanno (BFGS) algorithm which is a very strong strategy
for quasiNewton approach with a superlinear convergencq2até6]. UsingtheBFGS
method, the value of which is an alternative form & and is defined agl19 by
Michelsen[2.99] is updated through

1 1 C"? (2.94)
WhereE s the iteration indexHere" is the approximate Hessian matrix and its inverse

can be directly calculated in an iterative manner from:

IIZ IIZ

OCc c"4¢c 00 Z"ch’) oc"?

, (2.95)
ocC OoC
Where:
O | 2 (2.96)
And:
C & & (2.97)
Where:
T 0%9 — . . .. L o
T 9119 13 9 z1IU 113 U (2.98)

Therefore byutilising this method no derivatives othe fugacity functionsare required
Obviously the direct calculation dheinverse approximate Hessian is another advantage
of using BFGS method. For every step of the Newton/@Quasiton approach to be a
descentstep, it is required for the Hessian/approximate Hessian matrix to be positive
definite. Unlike some Quadiewton[2.107] methods, this feature is guaranteed for the
BFGS algoribm. It is provedthat the" matrix in each iteration inherits positive
definiteness from thé matrix in previous iteratiof2.98]. It is sufficient for" (initial
estimate for approximate Hessian matrix) to be set equal to the identity [Rat(%]

which also meets the positive definiteness need for theligtiess of approximate

Hessian.
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To identify trivial solutions Michelsen[2.99] defined a convergence teiand stated
that if the absolute value opZ) becomes smaller than 0.2 the corresponding trial
composition is a trivial solution and should be eliminated from the set of trial

compositions. The convergence tetis defined as follows:

‘ 4 0%9
9 c4a0%
5 om AA0S (2.99)
z A9

After convergencés achieved the feed compositiollis stable only when for all trial
compositiondB 9  p [2.99]. In the current work a combination of trial compositions
calculate using thewilson correlatiorj2.108]and those suggested by Li and Firoozabadi
[2.109] are usedAs suggested by Li and Firoozabddi1l09]it is sometimessufficient

to check the stability of the phase with highest molecutightto see if the solution is
stableas according to Li and Firoozabaf.109], if the low molecular weight pha&

at equilibrium are chosen as the stability test phase, an incpatbabfiterations may be
taken. This choicewould alsofurther increaséhe speed of calculations.

2.4.Model Evaluations

As mentioned, the thermodynamic models describegationO are integrated to form
the UCV model. The evaluation of the UCV model for hydrate forming systems is the
subject of Chapter 4, where the development of the Hydrate BSlatailed Also, as
mentioned earlier, a thorough investigation of the models to eRenitz et a[2.52]
formulation (Eq. (2.45) and Eq. (2.46) combination) for wax formadtdngh pressures

is discusedin Chapter 3For all the cases studied in this chapter andp@hna, the term
solid is referringonly to paraffin wax.Furthermore, the mutual interaction of waxes and
hydrates are thoroughly discussed in ChapterTherefore,in what follows in tls
chapter,in a few examples the robustness of the UCV model for modelling wax

formation intheabsencef water atthe referenc@ressure of 0.1 M#®is represented

2.4.1 . Wax-Formation in Absence of Water at Reference Pressure

The UCV modeis reducedo the UNIQUAC-SRK model for the wax forming systems

in the absenceof polar component (in this work only water). The application of this
model coupled with the Nblydrate Flash detailed iBection2.3 will be presented here

with some examples with a focus to prove the accuracy of the model as well as the flash
calculation robustness. The accuracy of the model to quantify theleality of the

paraffinic solidpha®sis tested usinghreemixtures BIM3, BIM5 and BIM9 for which

40



Chapter2: Solid-fluid equilibrium thermodynamienodelling

theamount and composition tie precipitatedolid waxes are availabj@.110] These
systems havebeen selectedhs t hei r heavy component so
significantn-alkane gaps, which as discussed earlier, results in the possibility of forming
two separate paraffinisolid solutions at sufficiently low temperaturesFig. 23
represents the application of the model to evaluate the Wax Precipitation Curve (WPC)
for these systems compared to experimental [@atd0] As seen irFig. 23 the model
predictions are in good agreement with expemntaldatg and the UNIQUAC model is
capable of showing the singularity in the WPC attributed to the appearance of the second

lighter wax solid phase.

® BIM 3 (Experimental)
30 e @ BIM 5 (Experimental)
.......... O BIM 9 (Experimental)
—— BIM 3 (Calculated)
---------- BIM 5 (Calculated)

......... BIM 9 (Calculated)

20 -

Weight percent of solid part

255 265 275 285 295 305

Fig. 2.3: Overall weight percent gdaraffinsprecipitated (including albaraffinic solidphases) by
decreasing temperatua¢ 0.1 MPdor three mixtures BIM 3, BIM 5 and BIM 9; Lines: Calculated using
UNIQUAC for nortideality of the solid phass; CirclesExperimental dat§2.110]

Examples of multiphase flash calculation results ugieg CV model for BIM 9 at two
temperatures (285 K which is above the inflation temperature and, 280 K, which is below
the inflation temperatujeare presenteih Table 27. As can be observed in this table the
multimodal composition of BIM 9 mixture (which has the alkane gap betweecasane

and ndotriacntang would result in two separate solid solutions to form at sufficiently
low temperature (T = 280 ihable 27) each one is rich in a series of neighbouring alkanes
with high degree of csolubility.

Furthermore, examples of the calculated weight percent of components in the overall
waxy solid part (cluding all paraffinic solid phases identified) for two different
temperatures in BIM 5 are shownhkig. 24. Similar tothepreviousexample, the chosen

temperatees cover conditions where both single (298.15 K) and two (273.45 K)
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paraffinic solid phases form. Agaam excellentagreement between experimental and
modelling resultsn terms ofthe paraffinsdistribution in thewaxy solidpart is observed
which demastrates the accuracy of UNIQUAC tbaractese the nonideality of the

paraffinic solid phase in the integrated UCV model.

Table 2.7: Exampleflashcalculation results of UCV model for BIM[2.110].

T=280K T=285K
Phase type L S S L St
Molar Fraction 0.9530 0.0257 0.0213 | 0.9792 0.0208
Phase Compositions

n-Decane 0.8392 0.0122 0.0080 | 0.8171 0.0070
n-Octadecane 0.0493 0.0190 0.0015 | 4.84E02 | 0.0012
n-Nonadecane 0.0398 0.1044 0.0033 | 4.15E02 | 0.0023
n-Eicosane 0.0308 0.2139 0.0043 | 3.56E02 | 0.0033
n-Heneicosane 0.0228 0.3159 0.0053 | 3.05E02 | 0.0045
n-Docosane 0.0178 0.3341 0.0070 | 2.61E02 | 0.0063
n-Dotriacontane 0.0001 0.0003 0.2542 | 3.17E04 | 0.2520
n-Tritriacontane 6.98E05 | 9.90E05 0.2211 | 1.60E04 | 0.2219
n-Tetratriacontane | 3.61E05 | 3.98E05 0.1904 | 8.52E05 | 0.1925
n-Pentatriacontane| 2.45E05 | 2.09E05 0.1639 | 5.91E05 | 0.1659
n-Hexatriacontane | 1.48E05 | 1.48E05 0.1409 | 3.67E05 | 0.1431

It is also worth noting here that using set of correlations which calculate
thermophysical properties as a function of carbon number parity, such as J2€t4al.
method, would result in oscillations observed in the overall composititewiaxy part.

This issueis notedin some modelling works (see for examp®l14,2.34). This
behaviour does not have aplgysicalmeaningas shown for an example kig. 2.5. In

this figure, the composition of BIM 0 mixtuf2.110]waxy part at 285 K and 0.1 MPa is
calculated and compared to experimental data. The calcdai@made with the
thermoghysical properties evaluated biging theCoutinho and Daridof2.83] method

and Ji et al[2.14] method. Apposed to Ji et §R.14] method no oscillation is observed

in the results obtained using thermophysical properties evaluated by Coutinho and
Daridon [2.83] method which agrees with the real behaviour (see experimental
compositionFig. 2.5). Furthermore, as observedhiyg. 2.5, application of Coutinho and
Daridon correlatios [2.83] for this cas gives abetter match with experimentally

measured composition.
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Fig. 24: Weight percent distribution of components in the overall paraffinic solid part of BIM A at
MPa andwo different temperatures compared to experimental [@at40]
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Fig. 2.5: Weight percent distribution of components in the overall waxy part of BIM 0 at 283.5 K and 0.1
MPa with thermophysical properties ofitkanes calculated by Coutinho and Dari@@83] correlations
(solid line) and Ji et a[2.14] correlations (dashed line) compared to experimental data (Cif2|28]
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2.5.Conclusions

Evaluation ofcomplex wax and hydrates forming systems requires the application of
robust multiphase flashigorithms and accurate thermodynamic models. Due to the
presencef associative hydrogen bonds between water molecules, the CPALEtiSad

here to model the fluid phase. The fdeality of solid waxy phasese describeaith

the UNIQUAC activity oefficient model which offers several advantages over other
models for describingaraffinic solidprecipitation, including the capability to show the
precipitationof wax in the form of more than one solid phase. The most widely used
model to describe meideality of hydrate phase, i.e. the vdWP model is atdsedhere

for calculating fugacity of water in the hydrate phases. The detailed description of these
models as well as the complete formulation of the multiphase flash algorithm i non
hydrateforming systemsyas presenteith this chapter. The robustness of the integrated
model, in this chapter, was checked for some-feaming systems in thabsenceof

water and at low-pressure The flash calculation based on the Gibbs free energy
minimization concept proved robust in identifying presence of more than one wax phase.
The comparison of the results obtained with éRperimental wax phase boundary and
amount data proves the accurafythe combination of UNIQUAC with a cubic EoS

T with binary interaction parameters evaluated by a group contribution niefibiogiax

precipitationmodelling.
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CHAPTER 3: WAX PRECIPITATION AT HIGH -PRESSURE
CONDITIONS

3.1.Introduction

The pressure can have a significant effect on the wax phase boundary (see for example
[3.1,3.2). In fact, as outlined by Pauly et E8.3], in mixtures with significant light end
proportions, e pressure change can considerably affect the chance of wax formation
through retrograde condensation, depressurization and Tbaiason effed Several
thermodynamic models havbeen proposedn the literature for estimating wax
precipitation onset ahthe amount of wax formed inside the walxase boundary at
pressures higher than the reference state pressure. As mentioned earlier in Chapter 2, the
performance of existing models are (as will be shown laga3onablet low-pressure
conditions as log as accurate thermodynamic modelstfar descriptiorof fluid and

solid phases as well asprecisecorrelation for calculating thermophysical properties of
alkanesare utilised However, @mraffinic solid-fluid equilibrium SFE calculations at

high pressures using existing methodologies may show high deviations compared to
experimental data, more visibly in systemsigh asymmetry witHarge proportions of
thelight end which are the main subjecttbfs chapter The main motive for studying
suchsystems is their resemblance of volatile oils and gas condensates which might form
wax [3.1,3.4} With similar intention, a handful of experimentakearchn the literature,

mainly on binaries, have been focused on SFE in higlyiyametric systems.

The purpose ofthis chapteis the development of a new thermodynamic model for the
extension of theccurateexisting scheme described in Chapteio2 SFE modelling to
high pressures.The conventional methods fdigh-pressureSFE malelling use the
thermophysical properties of constituents defined in the reference pressure state to
evaluate the fugacity afomponents ithe solid phase in the reference pressure. These
fugacities are then used, by using an estimate of the Poyntirag wodlime integration
term, to calculate the paraffin solid phase-mgality at high pressures. Here, in cortras
with a different strategy tapproach the problem, tlievelopedmethod exploits the
values of thermophysical properties of importanc&kE modelling (temperatures and
enthalpies of fusion and solgblid transition) evaluated at timgh-pressurecondition
using a new insight to the wékhown ClausiugClapeyron equation. These modified
parametersare then usedor evaluation of the fugacity in the solid phase at higher

pressure using the fugacity of pure liquid at the same pressure and applying the well
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established formulation of the Gibbs energy change during melting. Despite those
approaches in the literaiwhich have used the Clausi@fapeyron formulation to
modify the Poynting term, here, this equation is usedccurately estimate the high
pressure enthalpies of fusion and saddid transition Therefore, the approadevised
doesnat require a Poyting correction term. A modification of another existing approach
(which as well d o e s n 0 tis alsogpsentedere. FPhe ightyi n g
accurate model presented, howevatls for anadjustable parametésr whichcommon
valuesare prowded The devised approacthe revisited model and the other existing
methodsare all coupled with thermodynamic models described in Chapter 2 for
calculating nondealities of differenhighly assymetric systente perform evaluations.

The next sectioprovides the background on the modelling wax precipitation at high
pressures and the complete formulation of the developed rmodalmodification of an
existing method An extensivecomparison of the devised methodology with the existing

modelsis thenprovidedin theResults and Discussiossctionof this chapter

3.2.Modelling Wax Formation at High Pressures

As described earlien Chapter 2, assuming that the Gildb=e energy change due to
thermal contributions during phase chan@lesat capacity effect) are negligible, the
fugacity of paraffinsin the solidsolution /£ are wellestablished to bealculatedby
[3.5]:

SR AL G
/A BEC P AEA@E24pZ4/E > PZ450 (3.1)

Using Eq.(3.1)as well as an accurate thermodynamic model to describe fluid phases and
a robust activity coefficient model to calculate activity coefficient of components in the
solid solution, S, one can easily specify the sefidid equilibrium state characterissic

by applying a robust multiphase flash algorithm. The application of Et). requires
accurate values of thermophysical properties which are normally measured at components
triple point pressure. Therefore, precise evaluation of wax phase bounslaffjcagntly

low pressures near to the reference state pressure (in this work 0.1 MPa) is an easy task,
provided that a combination of strong thermodynamic models are utilized. One such
combination, as applied in the current warld detailed extensively in Chapter 2 consists

of: (i) CPA-SRK E0S[3.6] (which is reduced to SRK E0[3.7] when no polar

components are present in the mixture as it is the case for this chapter vesighsis
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used to describe fluid phassgh binary interaction parameters calculated by Jaubert and
Mutelet[3.8] group cantribution scheme as presented by Qian €ef3a®] (i) Coutinho

and Daridor{3.10] correlation for evaluation of thermophysical properties-afkanes

at reference pressui@, (for systems in whiclthe solid phase is a pure even paraffin, the
thermophysical properties are those reported by Dirand [& AL]) (iii)) the UNIQUAC
activity coefficient model in its original form as developed by Abrams and Prausnitz
[3.12] whichis used to evaluate paraffinic solid components activity coefficients in solid
solution,r 5. The detailed description of these models along with examples totkow

robustnessf their integratiorare previously presented in Chapter 2.

For high pressuresgenerally,two approaches can hdilised to evaluate fugacity of

components in the solid solutions in complex multicomponent waxy mixtures:

1. Poynting term modeld$n these models, the fugacities of the solid phase(s) evaluated
at the reference pressure (using 1)) are translated to higher pressures using a

Poynting correction term i.e.:
. . o . s o .
A0 A 40 AGD 540 FESADD 540 (3.2)

Here,O is the molar volume of componein solid solution an@ is thereference
pressure (0.1 MPa)Examples of this type are the works of Pauly eff&il3],
Morawski et al[3.14], Ghanaei et a[3.15,3.16]and Nasrifar et a[3.17]. Correct
calculation of the Poynting correction term requires an accurate model to evaluate
the molar volume of components in the solid solution. Due to scarcity of
experimental data to develop such a model, different authoeginasented a variety

of methods to estimate the Poynting terRauly et al[3.13] haveassumed that the
molar volume of components in sodlution is equal to theure componestmolar
volume in the liquid state multiplied ey pressure independent consteatiabler

through:

OAO rC")AO 1 1£ 0
2 4 2 4 riT/EO (3.3)

WhereO® andO are the molar volume of the purermalalkaneEin the solid and

liquid states, respectivelyThe assumption of aonstant presswi@adependent

contradictghe fact that by increasing pressure, reductiaménliquid molarvolume
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of a component is to higher extents than in the solid stdt@awski et al[3.14]
used Clausiu€lapeyron equation to modify, though agairny is considered to be
pressure independenthey also assumed that enthafpof fusion and soliesolid
transition of normal alkanes are pressure independemthermoreMorawski et al.
[3.14] model requires evaluation of a compositiependant adjustable parameter
and in this sense is not fully predictivehél works of Nasrifaand FaniKheshty
[3.17]and Ghanaei et dB.15] aremodificatiors of the Morawski etla[3.14] model,
attempting to remove the adjustable paramet&ccordingly, Nasrifarand Fani

Kheshty[3.17] proposedhe following formulation for the Poynting term:

O 4o 7 2C CASIO
740 A —5 (34)

Here,) is aconstant equal to 0.002tkmol obtained by fitting WDT of pure normal
paraffins. HoweverGhanaei et al[3.15], by assuming constant slopes toe
change offusion and soliesolid transitiontemperaturesof pure paraffins by
increasing pessure, developed the following formulation for the Poynting term:

O . 0D 3" '
22470 27 TRe TRoe (55
AL AL

Based orGhanaeet al.[3.15], with an accurate estimate and regardless of the carbon
number of the pure alkane the values of 4.5 MPaikd 3.5 MPa.K canbe assigned

to the slope of change of their saturation pressuth temperatures dision,

A0S A4 , and solidsolid transition A0% A4 , for all pure heavy alkaned o obtain

these valueghe authors have assessed a large database of experimental fusion and
solid-solid transitiontemperature®f pure alkanes dtigh pressure reported in the
literature[3.11,3.18 3.24] Based orthe current studgvaluationsand some work

in theliterature (e.g[3.14]), thisassumption is indeed precisewitl be shown later

on, utilized in a diferent scheme)lhis way they removed the need for paramgter
defined in Nasrifaland FaniKheshty[3.17] work. However in both methods the
same assumptions, as that of Morawski ef3al5] hold. It should be noted that
Ghanaei and cauthors have also presentetbther higlpressure wax modg3.16],

again by devising a formulation for the Poynting term, developed a few years prior

to their latest approach described hehe the evaluationspresented herenly the
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performance of themostrecent model is assessed. Finally, there are other works in
the literature estimating the Poynting term by assuming the solid phase to be
incompressible and the liquid molar volumes are evalwstaerage pressureBue

to these questionable assumptions, especially in the cases studied here, such works

are not assessed here.

2. No-Poynting term modelsin the second approach, the pure compansnotid
fugacities are calculated at high pressure qugtn. (3.1) with the thermophysical
properties evaluated at the samgh-pressurd, i.e. no Poynting correction term is
required. The methaaf Ji et al[3.25] belongs to this group. In this method, a linear
correlation is used to evalua#é of alkanes at higher pressure, with an accurate
estimate that the slope of change of fusion temperafyrere alkaneby increasing
pressured0®j A4 is a constant valudor heavy alkanes (as discussed earlier).

Therefore, one can write:

0D
A0S
AL

(3.6)

A constant of 5.0 MPa.Kfor A0S A4 is suggested by Ji et &B.25]. In the original
work of Ji et al[3.25] the paramete#rt is the only thermophysical property of pure
heavy alkane for which updated values@raluated at higher pressures and the rest
are held constanindeed,if 4 istheonly thermophysical propertienodified atO,

the model deviations from experimental behaviour can be significant at high
pressures. The same observation is made in theatiors made by Nasrifar and
FaniKheshty[3.17]. Therefore, here, apart from the new model develdijrst, as
amodified method, a revisagersion of Ji et all3.25] modelis proposd, in which

not only the fusion temperatures but alke solidsolid transition temperatures of

pure alkanes angpdated at high pressure similarly by:

0D
A0S
A

(3.7)

In the modified Ji modelhere it is proposed thétte value of slopes0® A4 and
A0S A4 as suggested byhanaei et al[3.15] i.e. 45 MPa.K! and 3.5 MPa.K,

respectively are utilised It will be shownlater that despite the simplicity of the
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approach, the modified Jnethod provides better results compared to that of
APoynti ng t Aganidal notetb theondethods in the second category, it
Is assumed that the activity coefficient of components in the solution is fairly constant
with pressure. This is a reasonable assumptiofn fact, differentiation of the
logarithm of activity codfcient with respect to pressure yiel®s5]:

hi

irS
O .

&
. 2

> (3.8)
To see the effect of pressure on the activity coefficidat example case of binary
n-pentane + fhexadecanés considered For thishighly asymmetric system, the
absolute value of excess molar volumehe liquid stateés reported3.26] to be as

high as-1.1581 cm.mol? (for 0.7034:0.2966 molar ratio)sing this value in Eq.

(3.8), at room temperature, a pressure change oMI4s translated into only about
4.5% change in activity coefficientFurthermore, the volume effect of mixing is
decreasindpy increasing pressure in paraffinic systems (see for exdfgig) and,

of course, the excess molar volume of solid solutions are smaller than that of liquid
solutions. Therefore one would expect even much smaller changes in activity
coefficient in the solid solution at high pressures, and hence the assumption of

independeneof activity coefficient from pressure is plausible.

Based on several investigations, (anavaidbe shown fomodified Ji, Pauly et a]3.13],
Nasrifar and FarKheshty[3.17] and Ghanaei et d13.15] modelg the performance of

the methods in both categories are comparatively acceptable for mixtures of low
asymmetry with overall compositions hiag a low amount of light endsThe efficiency

of the aforesaid methods$however, is poor in mixtures of high asymmetry which have
high proportions of light ends, as will be presented later on. The deviations become even
more as the pressure increasHsis issue is addressed in some w¢83] and seemingly

has prevented the authdrem accurately mtchingthe experimental dataith existing
models In thischapterthe aim is to tackle the problem of wax phase boundary estimation
at higher pressure, especially for highly asymmetric systems, by developing a new model.
Therefore, in this chaptetywo new solidfluid equilibrium high-pressuranodels based

on {fMynting t eremrésentede (i) thamaddified Ji model, described
earlier and (ii) a new accurate scheowtlinedin the next section. The reason why two
new methodsre presentedere willbe discusseith the resultssectionof this chapter
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3.3.New Proposed Method

Inthischapter a new met hodP obyansteidn go nt eerhnedo fAaNpop r o0 a

model the nondeality of paraffinic solidphases at high pressures. The aim is to have
accurate estimations of thermophysical propertigaadffinsat high pressure, using their
values in the reference state and a proper formulation to modify them to accahet for
high-pressureeffect. Prior to discussing thelevelopmenbf the model, to have a better
understanding the of sofitlid equilibrium behaviour of highly asymmetric systems,
investigations are first carried out for simple binary systems of high asymmetry, for which
experimental sadl-fluid phase boundary data are availabkccording to Seiler et al.
[3.28] Eg. (3.1)canbe extended tthe high-pressure@ange if the pressure dependence of
both enthalpiesof fusion and thesolid-solid transition is takeninto consideration.
Therefore first the change of thenthalpy of fusion by pressure in asymmetric systems
is investigated For a binary system of a light nqmecipitating component and a heavy

alkane which does not shdhe solid-solid transition, Eq(3.1) is reduced to:

f f
£ 0 AQ&( 4 A®3“( P, P

£ 0 P27 P40 B2 44

4747 0 (3.9)

Here, subscrip{ denotes the heavy alkane in the binary mixture. Obviously, in the case

of such system, the solid phase is a pure heavy alkane. Therefore:

£ £ (3.10)

For the case of solitiquid equilibria, the equality of fugacities of the heavy component
in solid and liquid state, combined with the fact that at the solid formation boundary the
composition of the liquid is the same as the feed composition, results in:

£ /FE AU (3.11)

Here,U is the mole fraction of heavy alkane in the feed. Combining(E§) to Eq.
(3.11) having T/Pexperimentatiata on th&FEboundary, the enthalpy of fusion of pure
heavy alkane can be obtained by:

. /£ 0

(1 21 e

P, P

Using Eq.(3.12) and the experimental melting T/P data for sdibdid equilibria
measured by Glaser et §B.29] for methane + thexadecane and van der Kaai al.
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[3.24] for methane + +eicosane, where the mixtigdave very high proportions of
methane (greater than 70 mol%), and (Eq. (36)}alculate4’ at the experimental
pressures, the values®f ' are calculated and the rati§ ' tos( " (fusion enthalpy

of heavy alkane at the reference pressure) is evdlu&i® the special case of calculating
3( ' in the aforesaid binary mixtures, the binary interaction parameters used in SRK are
tuned to adjust experimental saturation pressures of the selected sgtgemeyorted in
the same workf3.24,3.29] The tuning o is done in order taccurately calculate®
and to avoid possible errors duepoor fluid phase descriptions and it should not be
confused with th& cdculated by Jaubert and Mute[&t8] group contribution scheme
to describe the fluid phase using SRK in the proposed modekexXgeimental bubble
point data as well as the SRK EoS model results with matéhade presented iRig.

3.1. Inthis manner, all the parameters in E3j12)areprecisely evaluated.

130
0.0492 mol frac. nC20
0.059 mol frac. nC20
0.099 mol frac. nC20
110 + 0.177 mol frac. nC20

0.252 mol frac. nC20
0.113 mol frac. nC16
0.176 mol frac. nC16
0.297 mol frac. nC16
—— SRk with tuned kij

50 1T TTTTT————oooo—o— o

OOk X 0.

90 -

P(MPa)

30

285 305 325 345 365
T(K)

Fig. 3.1: Experimental bubble point pressure data for binary systems of methahexadecan{8.29]
and mehane + reicosand3.24] and the SRK EoS results with tunédfor each system. The tuned
model is then used to calculate fusion enthalpiestwxadecane andeicosane using Eq. (3.12).

The calculated ratios of( F ¥3( T are presnted inFig. 3.2. Basedon the results

presented inhis figure for a fixed composition, a decreasing trena@<{n by increasing
pressure is noticed. In fact, for pressures as high as 100 MPa, up to ~15% decrease in
3( compared toe( " is observed. Accordingly, the modificatiaf 3( , and with
analogys( , of heavy alkanes as a function of pressure can be proposed as a possible
remedy for the problem of inaccurate wax phase boundary calculations of highly

asymmetricsystems at high pressures.
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1

x C1-C16 (0.887:0.113 mol frac)
0C1-C16 (0.824:0.176 mol frac)
+C1-C16 (0.703:0.297 mol frac)
= C1-C20 (0.9508:0.0492 mol frgc)
% - ©C1-C20 (0.941:0.059 mol frac)
0C1-C20 (0.901:0.099 mol frac)
A C1-C20 (0.823:0.177 mol frac)
e o % x C1-C20 (0.748:0.252 mol frac)
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©
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Fig. 3.2: The ratio of fusion enthalpy of heavy alkane at high pressure to the same parameter in the
reference pressure (@H/ HO) evaluated by Eq.
binary systemsnethane + fhexadecang8.29]and methane +-aicosang3.24]

Here, the Clausiu€lapeyron equatiof3.30] is used to take the dependency¢f to
pressure into consideran. Using Clausiu€lapeyron equation, for the fusion, one can
write:

y P Ao*

4 -—

Y( O O 0 O 0 i (3.13)
As mentioned, for yalkanes, with an accurate estimate, the fusion temperatthianges
linearly with pressure and the slope is a constahtevandependent of pressure and the
carbon number of the pure paraffin. Therefore, usindE®f3) one can easily relate the

enthalpy of fusion at high pressui¢o the same property in reference presutey:

Y( 0 O 0D 0 40
Y( O O 02D 0 40

(3.14)

Here, as described, the fusion temperature of pure alkane at reference pdesgure (
is calculated by the correlations proposed by CoutaritbDaridor{3.10] except for the
cases of binary asymmetric systems where the solid solsteopure even normal alkane

in which case for the heavy alkaiid 0 is takerfrom the work of Dirand et a]3.11].
Eq. (3.6) with—G of 4.5 MPa.K!assuggested b@hanaei et a[3.15]is used to calculate

fusion temperature of pure alkaBat high pressureg, 0 .
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As mentioned, ésed on Pauly et g3.13] one can relate the molar volume of heavy
alkanes in the liquid state to tlsame value in the solid state by multiplying it wéh

constant value, i.e.:
O 10 (3.15)

Where, acording toPauly et al[3.13], for pure alkaneg is equal to 0.86 and is assumed

to be pressure independent. For mixtures, due to excess volfece teey have
suggested the value of 0.9 far A constant, pressure independent value, assigngd for

is questionable as obviously the effect of compaction due to high pressure is less in the
solid state compared to liquid state. Hence, one would exipacby increasing the
pressure the value ¢fshould increase. Accordingly, in this work,s defined to be
pressure dependent, hereafter denotgd fs fusion assuming to increase linearly with

pressure (in the simplest possible way) i.e.:
r O [ O 1 0D (3.16)

Here) is a positive constant. Despite the simplicity of E2316) as will be presented

later on, the formulation devised proves very accurate. Using the data reported by
Schaerer et al[3.31] an average value of 0.895 is assigngd t® which is representing

the ratio of pure alkane liquid state to solid state molar volume at reference p(essure

similar to Pauly et a[3.13] value off ). In this way Eq(3.14)can be reduced to:

Y( O pZ 0 4 0
Y( 0 pZ 0 4 0

(3.17)

Using the same approach, however with a different variable ngametb make a
distinction, for alkanes showing ordelisorder soligsolid transitions, the following

formula can be written to upda¥  at high pressures

YO O pZ 0 4 0
) pZ 0 4 O

(3.18)

Again by usingSchaerer et aJ3.31] data the value of 0.958 is assigneg toO which
represents the ratio of pure alkane disordered to ordered solid state molar volume at
reference pressureSimilar to fusionas mentionedhe same trend ichange o#4 of a

pure alkane by pressure is observed, inereasing witha constantA0% A4 of 3.5
MPa.K! as suggested by Ghanaei et @.15]. Therefore, Eq. (3.6) is used to
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evaluated 0 . With the same approach applied for fusion as presented {8 E§)

for solid-solid transition it is proposed that:
r O [ O 1 040 (3.19)

In theory, the value of in Eq. (3.16) should be different from that of E¢3.19)
However, the aim here is to have one adjustable parameter, and as will be shown later on,
a single value of for both of the equations can accurately modehlyigasymmetric
systems. Having one adjustable parametty model solidfluid equilibrium at high
pressures is acceptable (see for example Morawski[8t1] andRodriguezReartest

al. [3.32] models for paraffinic binary systemsjo sumup in thenew approach the
following steps should be taken to calculate Hdmality in thesolid phase ahigh

pressuré:

1. Using proper correlations/database the thermophysical properties of pure
components i.e4’, 4t "3( f, 3( ! Gre evaluated at the reference preséure

2. With values of 6 MPa.K*for A0%j A4 and 3.5 MPa.Kfor A0% A4 , Eq.(3.6)and
Eq.(3.7)are used to evaluatd and4' ' respectively, at high pressuie

3. Adjusting the value of and using values of 0.895 fgr 0 and 0.958for O ,
Eq. (3.16) and Eq. (3.1%re used to evaluate andy , respectively, at hig
pressurd. Guidelines for assigning a correct value fowill be presented in the
results section.

4. Using (i) the values o' and 4! &t reference pressur@ and their values at high
pressured (calculated in Step)2(ii) the values off andy at reference pressure
0 (i.e. 0.895 and 0.958) and their values at high presfufesiculated in Step 3)
and (iii) 3( "anda( ! &t reference pressui@, (calculated in Step 1), E(.17) and
Eq.(3.18)are used to evaluas " anda( ! 'respedvely at high pressurés

5. Having calculated the value of all thermophysical propertibsghtpressurd®, Eq.
(3.1) isdirectly used to evaluate the fugacity of components in the solid solution at

high pressure.

As described earlier, for the modificatiohJi method, steps 3 and 4, are not required. In
fact, the modified Ji method is a special form of the, more general, new model proposed
here for which:
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)”/( 0 (3.20)

v o P |
And:

}”/( 0 3.21

As both modified Ji and the new model are proposed here, to maldistimetion
hereafter, the term At his wornethothmotlteel 0 r e
modified Jimodel

3.4.Results and Discussions

In this section, the performance of the devetbmodel is compared with et al.[3.25]

(with the modification proposed in thchapter), Pauly et al3.13] Nasrifar and Fani
Kheshty[3.17] andGhanaekt al.[3.15] models. It will be showrthatthe performance

of all of these existing models in systems with lower proportions oflighé end in
moderate pressure rangegood. Therefore, the main focus here is on highly asymmetric
systems of high pportions of thdight end at high pressuregsembling gas condensates
and volatile oilsfor which experimental wax phase boundary data are availBial& on

such systems are scarcéhe uncertainty in the experimental wax phase boundary data
used hez to evaluate models low as they are corresponding to WDTs which as
discussed earlier in Chapter 1 are well established to be better representadhiedsuef
thermodynamic melting point compared to Wf3[33,3.34] The evaluations are first
carried out for binary asymmetric systems, then synthetic multicomponent asymmetric
wax mixtures and are graphically represented for selected systems with |derateo

and high proportions of methane.

Furthermore, reporting model errors from low High-pressurerangeusing Average
Relative Error (ARE) percent, i.e.byB 4 2z 74 p maan be misleading

as the high temperature ranges would resubmall AREs regardless of the model
utilized. Therefore, instead, the Average Absolute Error (AAE) is used for the

comparisons which is defined by:(number of points):

'l %b P 4 4 pTT (3.22)
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3.4.1.Binary Methane + HeavyAlkane Mixtures

Here, the models results for binary asymmetric systems (with experimental wax phase
boundary data available) methane -hexadecang3.29], methane + iheptadecane
[3.20], methane + teicosane[3.24], methane + focosang[3.35], methane + n
tetracosan§3.36] and methane +-triacontang3.37] are presented. A total of 457 data
points of WDT in binary asymmetric mixturage usedor evaluations.Here, the WDT

data of asymmetric systems for which the data are not reported at high pressures of at
least 50 MPa (e.¢3.38 3.43]for which the soliefluid phase boundary data are reported

up to 12 MPa), or the systems for which the uncertainty in the critical/physical properties
of the heavy end component is high (¢3344]) are not used in euations.In all the
systems evaluated wax phase boundary data in low to very high proportions of methane
with avariety of molar ratiosvere measuredThe graphical comparisoase showrfor
selected low, moderate and high proportions of methane in egamry mixtures
methane + theptadecane, methane -eicosane and methane -triacontane irfFig. 3.3

to Fig. 35. As the deviations of existing models are very high in the casenafy
systems of methane +triacontane, depicting evaluation results in all proportions in a
single graph makes terpretationsdifficult. Thereforeit was decided to show them
separately in the way presentedrig. 3.5. As the first major observation in the model
evaluations (and as observed Rig. 3.3 to Fig. 3.5), for the binary systems tested,
adjusting a single value qf can accurately model the wax phase boundary, in a fixed
binary system regardless of the proportion of the methane in the mixture. Xenaple,

as shown irFig. 3.5, the| equal to 1.38x1 MPa? gives an accurate match in low to

high proportions of methane in binary mixture methanetracontane. The adjusted
value of) for each case is presentediable3.1. As shavn in this table, except for the

case of methane +mexadecane system the value|dhave almost the same order of
magnitude in albf the binary systems. The models deviations are preseniadlie3.2

in terms of AAE for all the data points.
model 0 wi g foreaeh case imgdrydowo very high proportions of light end
(methane) are accurate. The superiority of the proposed nwdédarer in binary
systems of higher asymmetry (see results for methantetratosane and methane-+ n
triacontane inTable 3.2 where the deviation of existing models are very high at high

pressures. Interestinglgven if theaverage value of over thebinary systems i.e.

67



Chapter 3: Waxprecipitation athigh-pressureconditions

1.23x10* MPal is used for all the cases, still the performance of the proposed method is

much better than the alternative methods.

100
80 A
< 60 O 80.09 mol% C1-Experimental
% ¢  60.14 mol% C1-Experimental
~ 0 20.21 mol% C1-Experimental
o
40 1 This work model
----- Modified Ji model
©! & S T Pauly et al. model
- - - - Ghanaei et al. model
----------- Nasrifar and Fani-Kheshty model
0 T T T
285 295 305 315 325
T(K)
Fig. 3.3: Binary methane +4heptadecane sokfi | ui d phase boundary. The re
areshownby adjusted of 1.18<10* MPa?
100 7
80 A
O 9.9 mol% nC20-Experimental
60 A ¢ 36.3 mol% nC20-Experimental
g O 84.8 mol% nC20-Experimenta
§, A Experimental SLVE data
40 1 This work model
----- Modified Ji model
0d 00N £ Pauly et al. model
- - - - Ghanaei et al. model
------------- Nasrifar and Fani-Kheshty mogel
o T T T T T T T T T
300 305 310 315 320 325 330 335 340 345 350
T(K)
Fig. 34: Binary methane ++eicosanesolid | ui d phase boundary. abe res

shownby adjusted of 1.34x10* MPa*
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It is important to note that the value of AAEsported inTable3.2 may seento be at

odds with those reported for similar systems in Pauly ¢8.413] work for methane -
tetracosanandmethane + fdocosaneystems.However, in their evaluations for these
mixtures Pauly et a[3.13] ignored the data points of more than 90% methane in these
mixtures which correspond to region of high deviation with existing models, whereas,
here the models are evaluated with systems (binary and multicomponent) having as high
as 97 mol% light endTha is why forthese two mixturethey have obtained smaller
values of AAEs. If the same data poiare usecere similar AAEs will beachieed

This choice may be due to higher deviations in modelling VLE of asymmetric systems of

thehigherlight end agointed out by Jaubert andutelet[3.8].

Table 3.1: The adjusted values of parameteiMPa?l) for the binary asymmetric systems investigated

Binary system C1-nC16 C1-nC17 C1-nC20 C1l-nC22 C1-nC24 C1-nC30
Adjusted 4 0.74x10 1.18x10* 1.34x10* 1.34x10* | 1.43x10° 1.35x10*
Average 1.23x1¢*

Table 3.2: Average Absolute Error (AAE) of wax phase boundary calculated by different models
compared to experimental values for binary asymmetric sgstem

AAE (K)

a = —
o | 8 Q 3 £= o | 3| = o,
5 |3 = 2 | 2% 2lo|ls| o2
= Y— s © i — ] = c <
= ) ~x @ ~ X = [ ) S B
= o © 5% | 52 | 28 | 5 | ® = 2
- @ = = N QD o © I T 7
- 2 9 0T = T s o E g > c = X
s E < oo @2 ® @ 82 | 2| S @
c g @
) z 2 =3 = E o S | o o Z L

C1-nC30 | 115 | 3.18386.80 | 1.07 1.17 2.76 3.95| 3.02| 3.00

C1-nC24 | 136 | 1.82095.62 | 0.67 1.18 4.34 3.97| 4.38| 4.06
ClnC22 | 13 | 4.52097.68 | 0.19 0.72 5.75 5.32| 6.79| 6.24
C1-nC20 | 81 | 95.66160.19| 0.44 0.47 1.12 1.57| 1.64| 2.26
ClnC17 | 49 | 10.11257.50| 0.53 0.54 1.16 1.65| 1.74| 1.87
C1-nC16 | 63 | 6.540193.10| 0.25 0.43 0.34 0.51|0.84| 1.43
Total 457 | Average 0.53 0.75 2.58 2.83| 3.07| 3.14

3.4.2.Multicomponent Mixtures

Similar to binary systems, here the evaluations are made only for systems of high
asymmetry, where the liglendis methane, as all of the existing models perféairly

well for low asymmetric systems. For multicomponent systems again it is observed that
a constant value gf is capable of accurately representing the wax phase boundary in a
system with fixed lightind heavy ends, regardless of their proportions. This is shown for

selected systems of different low to high proportion of methane combined with (i) a
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ternary mixture of rfhexadecanéo n-octadecandexperimental data frorRauly et al.

[3.45]) in Fig. 36 and (ii) two multicomponent waxes of-tiidecaneto n-docosane
("wax2' with expeimental data taken from Pauly et [d.3]) presentedn Fig. 3.7. For

all the systems tested, the complete results are preserifiatleB.3. A set of 403 data

points for 5 highly asymmetric mixtures are used faleations. As it is shown in this

table, by assigning a speciglfor each system, compared to other models, very small
values of AAE would be achieved. For all the data points for multicomponseinsy,

a common value of 0.95x%0s assigned tp. Usng this value, again very small values

of overall AAE are achieved as showriable3.3. Furthermore, according to the results,
similar to what wa®bserved for binary systems, the modified Ji model performs much
better than the other model s.-Poylrhtiisn g i tgen
model s over APoynting termo model s, when
(most significantlyfusion and soligsolid transition temperatures) are correctly evaluated

at high pressures.

Table 3.3: Average Absolute Error (AAE) of wax phase boundary calculbyedifferent models
compared to experimental values foulticomponent asymmetric systems

AAE (K)
2 —_
S < —
2| & % x| £ I I B et
g | g o |3 |38 o 3 | 2|8
Mixture S G = g g |_2| & |=® 'g':!
© = -~ x x = © D T 2
s | S 8 |5 |5 |88 5 |8 |52
9 ? B = s = 9 > g | £ =
Sl ¢ 5 |2 |2 38| 3| £ 82
z a < F |F |22 | o O | z2¥
4.22
Cl1l+(nCl6tonC18)[3.45] | 41 - 1.71x10% | 0.34| 1.09| 1.81 |5.03 | 2.66| 3.19
95.94
96.96
C1+(nC22+nC24}3.35] 119 - 1.36x10% | 1.32| 2.22| 529 |851 |6.82]|6.82
171.4
103.1
C1+(nC24+nC30}3.23] 105 - 1.1710% | 1.16| 1.99| 6.22 | 11.24 | 7.69| 6.22
193.1
0.1
C1+(nC13tonC22)[3.3] | 99 - | 0.55¢10% | 1.10| 1.44| 1.15 | 1.67 | 1.69| 1.72
98.59
0.1 0.8
C1+(Multi-paraffin)[3.46] | 39 - | 0.3210* | 0.38| . | 0.49 |0.93 |1.03|1.03
45
0.1
Total 403 - Average | 0.86| 1.68| 2.99 | 5.48 | 3.99]| 3.80
193.1

*Adjusted for eachcase
*Common 4 equal t00.95x10*MPa?
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