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Abstract i

Abstract

This work focuses on thermodynamic modeling of natural gas mixture&eitatiors of
State (EoS)focusing on the midstream and downstreamspof the gas industry.

Natural gas is theleanesamongst fossil fuels. Throughout its production and processing
specifications are set regarding its thermodynamic propeetesrate knowledge of phase
behavior and other thermophysical propertiesaiural gas mixtures enables the compliance
with said specifications, lays the foundation for process optimization of the existing
infrastructure and aids thedesign of new facilitiesApart from phase equilibria, a variety of
thermodynamicproperties are necessary for the aforementioned calculatizugh as
volumetric behavior anderivative thermodynamic propertjgseamelyheat capacityspeed of
sound and Jow&homson coefficient which can be calcuthtey employing an accurate,
robust, and reliablEquation ofState (EoS).

In this work, several EQ®iamelySoaveRedlichKwong (SRK), PengRobinson PR) and
PerturbeeChainStatisticalAssociatirg-Fluid-Theory (PC-SAFT), have been assessed for
their capallities of predicting thermodynamic properties of natural gas mixtietensive
comparisons with literature experimental data have been performed, pointing out the
superiority of the UMR mixing rulesver the one fluid?an der WaalsudW) oneswhen applid
to cubic EoSin the form ofUMR-PRU model| mostly in phasequilibrium. Liquid dropout
predictions reveal that UMIRRU, PR and PGAFT are equally accurate and yield better
predictions thn SRK Eo0S, with higher deviatiorsppearingclose to the upper depointin
theretrogradeegion and especially at near critical temperatures. When it comes to derivative
thermodynamic propertiesubic EoS are less accurass compared toaforementioned
properties and they sometimes fail to capture the experimermahtior,especially near the
critical point

A new model is proposed for the above calculatidhss model is based on PR Ea8ice
SRK ismoresusceptible to cancelation of errors in the prediction of derivative propenties
in mostproperties less accurate than.PR is coupled with a modified Mathi@opemarlJ
function, satisfying consistency constrains to ensure its safe extrapolation to supercritical
temperaturesanda Peneloux volume translatiodowever,it still fails to captire some of the
extrema of derivative propertiesspecially near the critical point.

This EoS is combined with original UNIFAC though the universal mixing rules (UMR)
forming the so-called UMR-MCPRU model which yields very good results in all types of

multicomponentVLE of natural gas and gas condensate mixtures, with a varying degree of
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asymmetry The new model iat least as accurate or superior to the URFRJ modeblnd also
yields acceptablaleviationsin the predictions oflerivative properties and critical points of
multicomponent hydrocarbon mixtures.

Use of anEoS to model real petroleum fluids is more challenging than synthetic mixtures,
since their composition is rarely fully knownh& most commmo casdor reservoir fluids is to
perform detailed analysis for the lighter components, while the heavy end of the fluid is usually
described by a single plus fraction7{}; which has a great effect on phase equilibria and other
properties and needs to loharacterized in ordeto enableany type ofthermodynamic
modelling This procedure is commonly referred to as characterization method of the
unidentified plus fraction and comprises three steypditting the plus fraction, assigning
physical propertieto eachsubfraction and finally regrouping them into pseudocomponents
(lumping) with known propertieand composition. Several splitting schemes and methods for
the prediction of physical properties were evaluated and tested against suitable exgleriment
data.The most adequate characterization method for eENVMKEPRU was proved to bmethod
of Pederseet al, using the critical properties predicted by the method of, Bnd the structure
of the normal alkane with the closest molecular weighis way the UMRMCPRU model
was applied successfully predictgas condensate dew point and liquid dropout.

Last but not least, the new model was usedimulate a typical platform operation
encountered in midstream natural gas processing that &re@ts condensate well stream for
the production of ricmaturalgas anda stabilized condensasgream This was performed by
incorporation of the model intbo he Honey we Iplodess sitdutatphiougtian

application compliant to the CapeOpen stand.
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1. Introduction

The motivatiorand the scopef this thesisarepresentedh thisintroductorychapter,
in order to set the boundaries of #$tediedarea. Moreover, to aid the reader through

this work, its structure is brieflgiscussed

1.1. Motivation

In a worldattached to technology, there is a continuously increasing aeeddrgy. Even
though the recently adopted energy sources are environmentally friendly, clean and renewable,
the predominant source of energyaghis dayfossil fuels. A contributing faor to this is the
low maturity of new technologies thiaduceshigh coss and low efficiency compared to fossil
fuels exploitation Natural gas acts as a compromise betweanflicting approaches, the
environmental and the financial gras itcombinessmnomically efficientenergy production
with the lowest environmental impaatongsfossil fuels.

The beginning of natural gas industry is considered to be a well dug in Americzlihyl8
William Hart and the formation of the firstatural gas distribution compan@urrently, the
natural gasindustry from an engineering point of view covers extracting, refining and
transporting petroleum products and is dividded three main areas: Upstream, midstreand
downstreamThe main field of interest for chemical engineers is midstream and downstream,
which covers all processes that follow the fluid extractianluding its transportation

The natural gas journey from well to consumer entails many ditferenesse$o ensure
that the gas meetherequired specificationgither for further transportaticand processing
or for final sale to the markeAn example of such specificationan be found irthe pipeline
network located in th&orwegianContinernal Shelf, which transports partly processed gas
from offshore installationso onshoretreatment facilitiesOne of the requirements of the
network is that the gas is transported in the dense phase, to ensure unprohibited transportation
and to protect thénfrastructure[1]. To that end,a cricondenbar or a dew point pressure
specification is set by network operatorsand dfshore fadiities are equipped with a
hydrocarbon dew point control unit, in order tongly with this specificgon. This unit
includesa choke valve ttower the pressure of the reservoir flimdorder toseparat gas, ol
and water in @ahreephaseseparatarAfterwards the gas streans cooled and/or expandéal
remove the heavier hydrocarboasd match the dcondenbar specificatiorequired by the

network The gastreamis then recompressdzkfore enteringhe pipeling to ensure no liquid
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will precipitate due to pressure drop until it reaches the onshore fidilit)x reliable
thermodynamic model thaimulates this process accurately amelds good cricondenbar
predictions enablesthe use of lower safety margins from process engineedsthemefore
reduces the pressure at teeompressiostage.The reduction of pressueven for a few bars,
inducesasignificant reduction of the operational cost consideringtheunt of gasbutmore
importantlyenables the transportation of larger gaantityand results in higher production
rates.

Recompression of the gas at evewer pressure will lead taduids precipitating from the
gas phasat the point where thpressure becomes equal or lower thia@ dew point The
existencef liquids can cause significant damage toitlfistructurehowevermanufacturers
usuallyspecify a small range of liquid content that is not harmful to the equipMaking
advantage ofiiis small range can lead to even lower pressures attbenpessionstageand
furtherincreasehepipeline capacityA model that accurately predicts liquid dropout at certain
conditionscan therefore)ead tosignificant profitsand perhaps to different specifications for
the transportation netwoedtogether.

Gas transportatioms not theonly area open for optimization in tlgas industryMore
accurate modeling of theatural gagpropertiesnamelydensity, heat capacitgpeed of sound
andJouleThomsoncoefficients alsoplay a significant part in process desigcurate heat
capacity predictions are useful in the optimization of processes from an energetic point of view
and lead to more accurate sizing of equipmemhile speed of sounds usedin the
determination of ta liquid level in gas wells and can be used to estimate the gas volume flow
[3, 4]. The sign oflouleThomson coefficiententhe other handletermine whether the fluid
will heat or coolduring expansion prosseslike pipeline rapiire, during extaction near the
wellbore or duringthe flow through a valvgs]. Accurate knowledge of all these properiges
very useful when it comes to process modeling and optimization.

Moreover, petroleum fluids contain a variety of different componemtgery small
concentrationsyendering qualitative and quantitative analysifsall of them practically
impossible. The heavier components of the mixture, that are usually found in smaller
compositions,comprise the unidentified plus fraction, which need<é characterized to
enable thermodynamic modeling of such mixtuf@&saracterization methods amployed to
creae the characterizedluid, which shouldhave the same behavior as that of the real fluid,
will contain componentwith known properties andt the same time will be computationally
efficient[6]. These requirements are not easily fulfilled and thus the characterization method

is a crucial step towards accurate thermodynamic modeling of real mixtures.
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To summarize, accurate knowledge of phase behavior and thermophysical properties of
natual gas mixturefays the foundatiofor processoptimizationof the existing infrastructure

and therefore smaller operational gastdmore accurate design case of new facilities.

1.2. Objectives

Themainobjective of this dissertation Beento propose a thermodynamic mogdelibic
with respect to volumesimple yet accurate, predictive and na@amportantly suitablefor
modellingnatural gasnixturesfrom midstream to downstream.

This main objective can be split into the following:

1 Study of the dkct of modificatios of the components afubic Equations of State
(EoS) namely the pure compongdrameterstheUfunction and volume shifgn
phase equilibtim, volumetric and derivative propertj@s order to identify the best
EoS for pure components.

1 Assessment of the most popular EoS on their ability to predict Magord
Equilibrium (VLE), liquid dropout and other thermophysical properties of synthetic
mixtures.

1 Development of an improved meld for prediction of natural gas and gas
condensate phase equililom and derivative properties.

1 Evaluation of characterization methods of thedentifiedplus fraction to extend
EoS in real gas mixtures and modellingsafuration pointand liquid droputs of
such mixtures.

1 Integration of the improved thermodynamic model in process simulators, in order

to test itsapplicationin a real case study of interest to the natural gas industry.

1.3. Structure of the thesis

In this section, the way the thesis igustured will bebriefly described, in ordeguidethe
reader

The motivation and the objectives are presemeefly in Chapter 1, in order to set the
boundaries of the area studied in this w@kRkapter 2 provides averview of reservoir fluids,
typical constituents, their classification and a bdescription of their phase and volumetric
behavior that will be modeled ©hapters 57. This chapter also includediterature review on
characterization methods of the plus fractiarhich will be usedn the prediction of real
mixtures in Chapter 8.
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Chapter 3 deals with the thermodynamic modeling of natural gas and gas condensate
mixtures with equation of state. In the first two sections an extensive literature review of the
models used for the predictiaf the phase behavior and other thermophysical properties is
presented, focusing on multicomponent natural gases and gas condensate mixtures. The rest of
the chapter is dedicated to the theory of equations of stateewatittuscomponent®f cubic
equations of state

In Chapter 4the theory of phase equilibrium and stability is discussed, and schematic
algorithms usedor the calculationsperformed in this worlare presentedVith this chapter
the literature part of this thesis is concluded.

The thermodynamic derivative properties of pureethane and other natural gas
constituentsare investigated in ChaptBr In this chapterthe effect of various modifications
of cubic EoS on the prediction of vapor pressure, density, heat cappeiy & sound and
JouleThomson coefficients examined, to identifgfhe components of cubic EdBat will
ultimately allow for thedevelopment oén improved modeih Chapter 7.

Chapter 6 contains the work on phase equiliori volumetric properties as well as
derivative property calculations for synthetic natural gas and gas condensate mixtures. This
Chapter focuses on the most popular aSed models, to identify the one that will be used
as a base for further improvement.

Chapter 7 is dedicated to the deyghent of an improved modfr natural gas mixtures.

The model development starts from pure component predictismissed in Chapter &nd

is extended to mixtures through the results obtained in Chapter 6. The model is developed and
tested against pka equilibrum, volumetric properties as well as derivative propertigauoé
components, binary mixtures andilticomponensynthetic natural gas and gas conderssate

Chapter 8 focuses on real petroleum fluids. Characterization methods are firsteglaluat
through comparison to experimental compositional data. Afterwards, various correlations for
physical property estimation are evaluated. Ultimately, EoS are coupled with characterization
methods to identify the besbmbinationof E0OS and characterizationethod.

Finally, in Chapter %he application of the new model in a refishoretopside procesis
achievedria a CapeOpen applicationthat allows for the incorporation of the newly developed
model in commercial process simulators.

The conclusions from this work are collectively presented in Chapter 10, while Chapter 11

contains suggestions and thoughts for future work in this area.
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2. Reservoir fluids

This introductory chapteprovides an overview of reservoir fluids, their typical
constituents, their classification and a brief description of their phase and volumetric
behavior. Moreover, a literature review of the characterization adstlf the plus
fraction is attemptedto set the theoreticabackgroundfor the thermodynamic

modelling of real mixturethat is discusseuh Chapter 8.

2.1. Typical constituents

Petroleum reservoir fluids are multicomponent mixtures consistinginly of
hydrocarbons,and some on-hydrocarbon molecules like nitrogesnd carbon dioxide
Depending on thgeological characteristics of the reservoir, petroleum fluids may also contain
hydrogen sulfidehelium,hydrogenpxygen,mercuryand metalborganic compounds)sually,
the petroleum fluids coexist with a watgch phase within the reservoirs and are thus saturated
with water.

Amongst hydrocarbonmethane imcommon component in all reservoir fluids andften
referred to a£:. Ethane () is usually the next in concentration, followed by propa®s.
Hydrocarbons with more than 3 atoms exist in isomeric forms, for exar@andi-Cs4, and
n-Cs and +Cs. Usually, in the compositional analysis of petroleum flyidB isomeric forms
aregrouped together in single carbon number fractions (S0 adutanes Cs), pentanes
(Cs), hexanes@gs) etc.

As the carbon number of petrolewonstituers increasesheir stricture becomes more
complex and identification of all componemighin each SCNbecomeslimost impossible and
definitely impractical for industrial application€ommon practice for petroleum fluids is
grouping all componentseavier than normal hexafgmetimes normal pentang) a single
fraction, the# (or respectively# ) heavy fraction.The heay fraction may contain
hydrocarbons with up to 200 carbon atdms

SCNfractions, arsometimeslivided into three subfractions: paraffins (P), naphthenes (N)
and aromatics (Awhich isreferred to as PNA distribution. Paraffins consist of hydrocarbon
segments (Ck CH, Cy, C) that are linked by single bonds and may be divided to normal
paraffins,that are straight chain alkanes, aménchedparaffins that are branched chain
alkanes. Naphthenes, on the other hand, consist of the same segments as paraffins with the

difference that they contain at least one closed chain ring. Unlike the clasicaiotieof
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naphthenes in organic chemistry, naphthenes in petroleum fluids are linked by single bonds
only, thus they are equivalent to cycloalkanes. The most common cyclic structures are those
with six atoms constituting the naphthenic ring, althougsriwith five and seven carbon
atoms are also frequelM. The last type of hydrocarbons are the aromatics, that are similar to
naphthenes, but with aromatic double bonds instead of single ones. In reservoir fluids,
molecules with one (simplaromatics) and as well as multiple aromatic rings (polycyclic
aromatics) have been identified. Sometimes, heavy aromatic components may also contain

sulfur, oxygen or nitrogen atoms.

2.2.Phaseand volumetric behavior

The composition of a reservoir fluid dates its phasand volumetridbehavior, which is
graphically expressed through its phase envelpe® PVT propertiesDepending on the
characteristics of the phase envelope in conjunction with the reservoir condite@rsservoir

fluids are classifiedn different types.

2.2.1. Phase envelopand liquid dropout curves

The temperature (T) pressure (P) phase diagram of a petroleum fluid is usually referred
to as phase envelope and dependst®mromposition A typical phase envelopéor a gas
condensate mixturé&{gure2-1) encloses the region where gas and liquid coexist in equilibrium
and consists of the bubble and dew point curves, which arméseskeparating the twghase
region from the single liquid and vapor phase respectively. Inside the phase enplebsee
split occurs andsio-quality lines correspond to equal percentage of liguadlucedy the split.
Although isequality lines are uslly expressed in a molar basis, they can alternatively be
expressed on a mass or volume basis.

Both the dew and bubble point lines, as well as thejisdity lines, are connected at the
critical point, which is the state of pressure and temperatur@iehall intensive properties
of the gas and liquid phasecomeequal. Two points of interest the phase envelope are the
cricondentherm and cricondenbar points, the maximum temperature and pressure respectively,
above which liquid cannot be formed redjass of pressure or temperatwariations
Furthermore a noticeable part of the phase envelope is the retrograde condensation region
(encircled with the blue linewhich is the region where pressure drop causes liquid formation.
The line that limitshe retrograde condensation is formed by the critical point temperature, and

the maximum temperatures of the-tpaality lines and the phase envelope (cricondentherm).
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Figure2-1. Typical phase envelope obas condensate mixture.

Inside the phase envelgple mixture splits into two phasesd the isoquality lines (vapor
fraction in a molar basis) are shown Rigure 2-1. In practice, he amount of liquid that
precipitates is usually expressed in dumee basigVolume percentiquid, VpL%) and is
defined byEq. 2-1:

W
W W

w Nk P Eq.2-1
whereV is thetotal volume of the liquid () and vaporV) phases respectively

The liquid dropout curves are usually plotted at constant tempe(gigtee2-2). In case
the temperature of the mixture is in the retrograde region, a maximum is observed in the
dropout curvewhich corresponds to the line enclosing the retrograde region, and two points
of zero liquid are observed, corresping to the upper and lower dew points. If, on the other
hand, the temperature does not allow retrograde condensation, the dropout curve is an
increasing functio from 0% (lower dew point) to 100% liquid (bubble point). In proximity to
the critical pointemperaturgthe properties of the mixture change drastically with very small
fluctuations in pressure¢hisis graphically observed as dense-@gality lines near the critical

pointin Figure2-1, and a very steepigh-pressure pait Figure2-2 (blue lines)
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Figure2-2. Typical liquid dropout curves ofgas condensate mixture.

2.2.2. Types of reservoir fluids

The main types of petroleum reservoir fluids are:
1 natural gas mixtures
1 gas condensate mixtures
1 near critical gas condensatextures or volatile oils
1 black oils

The differentiationbetween the different types of petroleum fluidbased orthe phase
behaviorof the mixture, relative to the reservoir conditions. The temperature of the reservoir
remains constant throughout lifetime and is defined by the geological formation and the
depth of the reservoir. Pressure, on the other hand, drops constantly, as a result of extraction.
Depending on the conditions of the reservoir and the fluid composition, therf&yicgexist as
vapor, liquid or solid, or in some of these phases at equilibriafthough he type of
phase/phases may change during extraciguhase is rarely extinattogethel8].

The composition range of various types of petroleum fluids is preseriagline2-3, while
typicalvaluesare tabulated iffable2-1[7] andtheir correspodingphase envelopes Figure
2-4. Natural gas reservoirs are the ones that will produce only gas from the beginning of the
extraction until their deletion since the reservoir temperature is higher than the
cricondentherm temperature of the gas mixtéi@ the rest of the reservoirs types, at some
point, if not from the beginning of the extraction, the pressure of the reservoir will reach the

saturaion point of the mixture and further pressure drop will result in the formation of a second



Reservoir fluids 33

phase. In case of gas condensates, the second phase has higher density than tipbasiginal
(liquid phase), and for oils lower density (gas phase).

Another caegory of reservoir fluid is near critical mixtures. For these mixtures, the critical
point is close to the reservoir temperature and the properties of both phases are similar. If the
critical point of the mixture is higher than the reservoir temperatieefluid is called near

critical gas condensate, otherwise volatile oil.

Table2-1. Composition of typical reservoir fluids (mol) [7].

Natural Gas Gas Condensate NearCritical Mixture 0]
N2 0.34 0.53 0.46 0.04
CO. 0.84 3.3 3.36 0.69
Ci 90.40 72.98 62.36 39.24
C 5.20 7.68 8.9 1.59
Cs 2.06 4.1 5.31 0.25
i-Ca 0.36 0.7 0.92 0.11
N-Cy 0.55 1.42 2.08 0.1
i-Cs 0.14 0.54 0.73 0.11
Nn-Cs 0.10 0.67 0.85 0.03
Cs 0.01 0.85 1.05 0.2
Cs 1.33 1.85 0.69
Cs 1.33 1.75 1.31
Co 0.78 1.4 0.75
Cio 0.61 1.07 54.89
Cu 0.42 0.84
Ci2 0.33 0.76
Cis 0.42 0.75
Cua 0.24 0.64
Cis 0.3 0.58
Cis 0.17 0.5
Cu7 0.21 0.42
Cis 0.15 0.42
Cuo 0.15 0.37
Coo 0.8 2.6%

2The Gois a plus fraction with MW=39dr/mol and density1 atm 15°C) =0.877 g/cm
b The Gois a plus fraction with MW=391gr/mol and density (1 atm°C$=0.897 g/crm
¢ The Gois a plus fraction with MW=391gr/mol and density (1 atm°C$=0.936 g/cm
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Figure2-4. Types ofreservoir fluids.

2.2.3. Effect of composition on phaséehavior

Many studiesattemptto identify the effect of composition gfetroleumfluids on their
phase envelopd40, 11]. The main trends can beentified bycomparing the different types
of reservoir fluidsin general, lhe cricoxdentherm is mostly affected by the hgaemponents.
Increaseof heavy component&ither their concentration or their molecular weigdltifts the
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cricondentherm tchigher temperature§he cricondenbaron the other hands affected by

both the heavy and the light componetitsnethane composition is high (gas condensates)
the heaier the components of the mixture the higher the cricondenbar. However, as methane
composition decreases so does the cricondenbar of the mixture (oil mixtatesnediate
molecular weight fractions (propane through hexaare)also very important for ¢hphase
envelope predictionas their presence in the mixtwauses a consideralulecrease in thdew

point pressuref a reservoir fluid10, 12, 13].

As far as norhydrocarbon components acencerned, they have the least important
contribution in controlling the envelopgl1Q], mainly due to their small concentrations.
However small their contribution, the presence of nitrogen expands the phase envelope, in
opposition to carbon dioxide and hydrogen sulfite wheduce the saturation press{ité].

The explanaon of the phase behavior of petroleum fluids lies inrthgual solubility of
thecomponerg in the mixtureThe general miscibility ruldictatesthat similar molecules are
more miscible witheachother than with dissimilar ones. For hydrocarbon miguiee main
difference betweerdifferent components is the size of themolecules. Thus, ighly
asymmetric mixtures, like methane with heavy hydrocarduensge wider phase envelopes due
to lower mutual solubility. However, when intermediate molecular weight components are
present in the mixture, they increase the mutual solubility of the light and heavy components

and result in narrower phase envelofe3.

2.2.4. Pressure- Volume - Temperature experiments

Saturation points, as well as liquid dropouts belongrassure-Volume - Temperature
(PVT) properties, a general term that is used to express the volumetric behavior of a reservoir
fluid as a function of pressure and temperature. PVT prepgate used to optimize production
and they are experimentally determined by performing special measurements on reservoir
fluids, commonly referred to as PVT experimefitsese experiments include measurement of
the saturation point, relative volume, liqudropout(or constant composition expansipn)
compressibility, gas gravity, gas and oil formation volume factor, differential liberation gas/oil
ratio and separator gas/oil rafid. In this thesis, twdinds of the PVT experiments are
addressed, the saturation points and the constant composition expansion, which correspond to

the phase envelope and liquid dropout curves described earlier.

2.2.4.1. Saturation point

Saturation poirg are used to draw thég@seenvelopeand their measurementashieved

by various method<Depending on the scope of eperimentand the timdimitation of each
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measurement (as is in operating plants during processing or transportation) different methods
are used, whichroa primary levetan beclassified as indirect and direct.

In the case ofte secalled indirect methodshe hydrocarbon dew point is determined by
combining gas chromatography (GC) for compositional analysis of the gas with a
thermodynamic model for dew point calculatid@his method is very popular in the industry
as it is easilyautomated and relatively fast, although it requires an accurate equation of state
for the calculationsApart from that, one afhe most important factors for accurate dew point
predictions wik the indirect methods is the GC analysis, as shown by Brown[é#jalwvho
compared dew point predictions with the same EoS but different types of GCs, for laboratory
and for industrial use, and found them diverging, doethe inability of the process
chromatograph to detect traces of heavier hydrocarbdmsther important aspect is the
characterization method of the plus fraction that introduces further uncertainty in the
determination of the composition.

Direct dew pint measurements are usually performed in apparati based on the chilled
mirror approach, either automatic or manaald PVT cells eitherwith visual observatioor
by utilization of PVT properties that signify saturation points. The chilled mippaiatirely
upon the detection of the formation of a condenfsiateon the surface of mirror [15, 16].

In PVT cells he determination of the saturation pressteie be determinelly visual
observationywherethe appearance of a new phase can be observed as a bubble (bubble point),
as a drop (dew point) or as a cloud (bubble or dew pflat) Other experimentaliststart
from a two phase region ande the disappearance of one of the two phtasesport the
dew/bubble poinf18]. Recently dew points are measuredPMT cells using an automatic
apparatus based upon the isoGc method, wherpressure versus temperature measurements
along an isplethare conducted and the phase boup@adetected by locating the change in
the slope of the igmeths[19].

Brown et al[14] andPannemaip20] claim that although chilled mirror instruments detect
theonset ofthe condensation process, they depend on the availaifiktyfficient material in
the vapor phase torm a visible droplet or liquid filmThis is quantified by theondensatio
rate of the mixture, which is the potential hydrocarbon liquid confeRL.C (measured
according to ISO 6570)

2.2.4.2. Constant composition expansion

The constant mass or composition exgiam (CCE) is used to determiriee saturation

pressuref the reservoir and theelative volumetric amounts of gas and oil in the reservoir at
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various stages affs lifetime. In detail, CCE experiments measure the volume of the liquid that
precipitates from a fluid mixture relative to the volume of the PVTagallit is schematically
presented irFigure 2-5. When the measurements are conducted under constant temperature
CCE experiments are ustmdraw the liquid dropout cueg

Gas (Gas

T

(T IE'FD

T £
I I-l:-*:IIIIIIIIIIIIIIIIIIIIIIIIIIII =

P, >> pst P, > Pst P, = Pt Pa<Pst  Pg<P,<Pst
Figure2-5. Schematic representation of a CCE experiment for a gas condemdaie] 7] .

Some results from the literatureportthe liquid volume relative to the dew point volume,
instead of the total volume of the PVT cell. In this case a correction factor called relative
volume (defined as the volume of the mixture at a certain pressure divided by the volume of
the mixture at its dew point for the same temperature) is used to appropriately adjust the results.
The important difference of the CCE experiment compared to other P\EFimgnts is that
the initial composition of the fluid remains constant throughout the experiment since no gas is
vented off from the celMost CCE experiment®r gas condensatese conducted in a visual
cell, and the liquid dropout is reported at pressibelow the dewpoint.

2.3.Plus fraction characterization

In paragraph 2.2.3he effect of composition of reservoir fluids in the phase behawior
showcasedl'he most common case of compositional analysis of reservoir fiuide industry
is to perform @tailed analysis up to-nexane, while the heavy end of the fluid is described by
a single plus fractio(C7+). This unidentified fraction needs to be assigned specific composition
and properties to enable thermodynamic calculations.

Most characterizatiomethodscomprise three steps: splitting t@e- fraction into single

carbon number (SCN) fractions, assigning physical properties to each SNC according to
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suitable correlations based on molecular weight, boiling @widtdensity or specific gravity,
and, finally, lumping them together again into multiple carbon number (MCN) fractions for
computational reasofil-23]. Detailed review o¥arious characterization methdds 24, 25|

and physical property correlatiof®4, 26, 27] is available in the literature.

2.3.1. Splitting schemes

Two standard analytical techniqukes the compositional analysisf the plus fractiorare
usually used, true boiling point distillation and simulated distillation by gas chromatography.
Boiling point analysis provides information on weight distributions, specific gravity, molecular
weight and bding point, and therefore molar distribution can be calculated directly. Gas
chromatography on the other hand, only provides the weight fraction of each SCN, and the
molar composition is determined basedaonassignedolecular weight corresponding to the
SCN groufd7, 28]. Therest of the propertiedike density or molecular weighdyrecalculated
by generalized correlains, like the ones of Katz and Firoozabj@$], or considered equal to
those of the assigned comporeRor theg reasons, true boiling point analysis is considered
more accurate method[28], however gas chromatograpls/faster andeasier and thus
commonly used in the industry

The first step towards the characterization of the plus fraésiomsimulation of the
compositional analysis of the fluid. This is donesplitting the fluid into single carbon number
fractions (SCN)using an appropriate splitting schens®veralsplitting schemefave been
proposed in the literatur27, 30-34], which include exponential molar distributiei23],
distributions followinggammdunction[21] andothertypes[35]. Last but not leastontinuous
and semicontinuous distributios| 36, 37] for the plus fraction have also been proposed, which
do not discretize the plus fraction to subfractions

The choice of a characterization method also depends dyptef thereservoir fluid It
has been found thdighter hydrocarbon systemsuch as gas condensatasually exhibit
exponential molar distribution, while heavier systerise oils, show leftskewed molar
distribution[25]. Moreover, it has been shown that the phase behavior of different types of
reservoir fluic exhibits different sensitivity to the heavy componeritee most sensitiveype
beingvolatile oil and gas condensate mixtu[88]. For this reason, the heaviest SCN of the
simulated compositional analysisay vary from0 for ordinary reservoir fluid$23] up to
Coo0 for heavy, aromatic ond89]. Anothe way to express this sensitivity is by choosing a

compositionlimit for the last SCN. For typical fluids a molar fractionof10* [23] has been



Reservoir fluids 39

suggested However for high temperature, high pressure (High TP) resenibiss value

shouldprobablybe lower.

2.3.1.1. Pedersen et al. splitting scheme

The characterization method proposed by Pedetsaj 23, 27, 40] uses as input variables
the molar fraction(@ ), molecular weigh{0 w ) and densitf” ) of thed fraction
This methodassumes énear relationship between the carbon number of the SCN fractions
and the natural logarithm of the SCN mole fractian () within the plusfraction (Eq. 2-2).
Constants A and B are determined by simultaneous solvieg.@2, Eq. 2-4 andEq. 2-5.
Furthermorethe density of the plus fraction is assumed to be a linear relationship between
the density of the single carbon number fractichs () and the natural logarithm of the
corresponding carbon number (SCNEg( 2-3). In this equation, grameter C corresponds to
the density of the heaviest measured fra¢tiile D is calalated througtEq. 2-3 andEq.
2-6.

YOO O Oa & Eq.2-2
” 0 Oa€Yoo Eq.2-3
o o Eq.2-4
5 6 B a lw
V] ; -
B a Eq.2-5
., B a dw
B ¢ 0w Eq.2-6

whered @ and”  arethe molecular weight and density of the fraction,& ,0 @

and” arethe mole fraction, molecular weight and density of each . SCN

2.3.1.2. Modified Katz splitting scheme

The modified Katzcharacterization methad a modification of the original Katnethod
[41] and is proposed by NdR5]. It uses as input variables the molar fractiégn (), molecular
weight © @ ) and density”( ) of thed fraction. This method is described bBy. 2-7.
Constants A and B are determined by simultaneous solvieg.@&7, Eq. 2-4 andEq. 2-5.

o a 00Q Eq.2-7
whered andd are the mole fraction of the fraction and each SCihspectively.
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2.3.1.3. Ahmed et al. splitting scheme

The characterization method proposeddbynedet al.[35] alsouses as input variablése
molar fraction(@¢ ), molecular weigh{f0 w ) and densitf” )ofthe & fraction This
method is based upon the assumptiontthatatio 0 @  ¥0 @ ) of the molecular weight
of each plus fractig) w hand the molecutaveightof the C7- fraction produces a straight
line against the carbon number of SA&§(2-8) and that this line can be correlateih the
density of theCr.+ fraction Eqg. 2-9). Mass balance equations that complete this method are
presented ifEq.2-10andEq. 2-11.

0 Do p YYO O X Eq.2-8

Y ooydv oo Q@PAp R PpOXPH T Eq.2-9

@ ® @ Eq.2-10

M 0w d Do W) 0 & Eq.2-11

whered w and”  are the molecular weight and density of @Gyefraction,& ,0 w

and” is the mole fraction, molecular weight and density of each.SCN

2.3.2. Physical properties of singe carbon number fractions

Splitting methods require values of molecular weight and density for SCN fraction in order
to calculate the molar fraction of each SGMter the fluid is split into SCNotherphysical
properties are assigned to theramelytrue boiling point (YY), critical temperatur€’Y), critical
pressure({ ) and acentric factory(). Reviews of thecalculation methods of tee properties
can befound in theliterature[6, 24, 26, 27]. The sameapproach is applicable twoncubic
EoS, likePG-SAFT EoS, however, the determination of 8N parameterss a complicated

task and istill under investigatiof42-45].
2.3.2.1. Molecular weight

The molecular weighof the SCN 0 ® canbe calculatedby Eq. 2-12 [46]. In this
equation, the constant 14 accounts for the molecular weight increment from each carbon atom
that is accompanied from two hydrogen atoms and the #raccounts for the presence of
naphthenic andromatic structures in the reservoir fluid.

0w PTYO U T Eq.2-12
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2.3.2.2. Density

The density of SCN fractions” can be either assigned to theneralizedvalues of
Katz and Firoozabadi29], or be calculated from a characterization method, like the aie of
Pederseret al. [27]. The latter option has the advantage that the experimental dentliky of
plus fraction isexactlyreproducedand for this resonit is prefered

In the Pedersemethod, inEq.2-3, parameter C corresponds to the densitgsifmeasured
fraction Since no experimentally determined derestapart from that of th€+ fraction are
usually availablefor parameter @he densityvaluefor the SCN with 6 carbon atomsported
by Katz and FiroozabadR9] can be usedhat isequal t00.685 Kkglt.

2.3.2.3. Critical properties and true boiling point

Pedersemt al.propo®s the use of critical properties regressed from PVTgpegeifically
for each E0S. This results in different correlationsAHBrand SRK 39, designed to enhance
thar performance for gas condensate mixturegile simultaneously rendering them
inapplicable to other EoShesecorrelations are presentedHa. 2-13 throughEq. 2-15 and
their coefficients inTable2-2. A correlation for the true blimg point of SCN fractionsEq.

2-16) is also proposed imatherwork of Pedersen et g123].

. - - (0V)
Y 0w waddo 0wl -
R Eq.2-13
& a qn 29
e o Eq.2-14
a Q Qw Q" Qlw Eq.2-15
Y o opPpod "8 Eq.2-16

whereY and"Y are the critical and true boiling point temperatures i Khe critical pressure
in atm, andd (equivalent toQ) refers toEq. 3-20 andEq. 3-21. 0 @ is in g/mol and’ is in
kgl/lt.

Table2-2. Coefficients ofq.2-13to Eq. 2-15.

SRK E0S
1 2 3 4 5
c 1.63120p 1 8.60520p 1 4.34750p 1 -1.87740p T
d 11.3408dp 1 2.5019 2.0846@0p 1t -3.98720p T p8t
e 7.43100p 1 4.81220p 1t 9.67070p 1t -3.71840p T -
PR EoS
1 2 3 4 5
c 7.340437p 1 9.735620p 1 6.187440p T -2.059327p 1t -
d 7.284627p Tt 2.18811 1.639100p m  -4.04323p it 1/4

e 3.737650p 1 5.49269%p i 1.179340p . -4.930490p m -
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Anothercorrelationof critical properties and boiling point beavypetroleumcuts shown
in Eq.2-17 - Eq. 2-19, has been proposed Retzekas et. a[47]. These correlations can be
used for both SCN and MCN fractions.

Y@@ o wTompd Eq.2-17
Y p@®wry 8 Eq.2-18
0 uvpmepmn’y?s 8 Eq.2-19

where"Y and"Y are thecritical and true boiling point temperatures intKthe critical pressure
in bar, 0 w is in g/mol and’ is in kg/It.

Last but not leasthe critical properties of Twu et §48] are based on the assumption that
the critical propertiesof petroleum cutscan be related to those of normal alkanes by
perturbation expansion. Twaas accurately correlated the critical temperature, specific gravity
and molecular weight of the-alkanes fromCi up to Cioo as functions only of the normal

boiling point:

YO OQOPE PT P W PL XD TR P @ LU W

o@UTT T ¢ Eq.2-20
15 0 ™®C Ty o
oy g "Y uY
YOTRTOUWIPCYOPRT -y OF QP LW -y
y Eq.2-21
POXD @ Y
YO TROCCXR OPTPR T X o@ip Y
TR0 U O 6P T Eq.2-22
T® YT ax e Y .
5 "Y ¥ ..Y
0 CYPOoOoULDPP WP CPW -y oYY y
. . Eq.2-23
Y Y
o wug oV p I WP vy
0 p T[Spwwcpuia)nuwpw"Y"Y
Eq.2-24

y wy
PR QT OPP  ~y  WTUBPTIP vy
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where”Y and”Y arethe critical temperature and normal boilipgint temperature in Rankine,
0 the critical pressuri psia U the critical volume ft3lbmol™), SGthe specific gravity of
the liquid component at 60°F relative to that of water at the same temperatuhd\\atine

molecular weightn g/mol.
The properties of a real system are expanded about the values for the reference system of

n-alkanes estimated fromq. 3-18- Eq.3-22( her e denot ed E@325HBgo 0) US|
2-27.
P ¢Q
p ¢Q
N YO @c TYp mrowycywotr ¢ ayh Yo - EQ.2-25
WwYO Qug YO YO p

vy

; p <O
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Q YOB ¢t T YcTcoBipxEY @Yo o E4226
W Y0 Qaf YO YO p
x ox Y 0 p ¢Q
U ) v L ~
Y Y p <0
Q YO OoCYT @ wdY TBImMpCXWYU p @ CXX
Eq.2-27
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2.3.2.4. Acentric factor

Generally, wo methods are used to predict the acentric factorf{om the critical
temperatureand pressure and the true boiling point, the Edmisky. -28) [27] and the
AmbroseWalton (Eq. 2-29 to Eq. 2-32) [49] methods In this work, the latter was used, as

suggested by Poling et §19].
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where"Y and"Y are the critical and true boiling point temperatures it Khe criticalpressure
in atm.

2.3.3. Lumping schemes angbhysical properties ofpseudocomponents

Since the number of SCHactionsis far too large to use with any EoS for real time
applications, le final step of the characterization methodshis lumping procedure, where
some of the SCN fractions are grouped (lumped) together into multiple carbon number
fractions (MCN) to reduce the number of psewdmponentsused in the calculations
Pedersenet al. [23] recommenda weightbased grouping where each MCébntains
approximately the same weight amo(21].

For the calculation of the properties of MCN fractions, two differenting rulesare
proposed, one by Whitsaat al.[21] (Eq.2-33) and one by Pedersen et[&3] (Eq.2-34)

s, ... .B @ 0ifnQiow
VI €enNQl Oo® B O Eq.2-33

NQB ® 0w 01 énQi 6w
01 € | 0 & — -
f T B O 0w Eq.2-34

Regarding the number of pseudocomponeb®BsMCN pseudecomponentshave been

found sufficient to describiine phase equilibrium of reservoir fluifs0, 50].
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3. Equations of Statefor natural gas

This Chapteis dedicated t&quations of StateE0S. In the first part EoSised in
this workare discussed. ThEmphasiss given in cubidcoS and their components, so
that the theoreticddackgrounds set for Chapters 5 andwvhere these components are
discussed.

In the second part of this Chapter the performance of the most popular equations of
state (E0S) is presented, as discusseckifitdrature. The focus of the literature review
lies on phase equilibrium, volumetric behavior and derivative thermodynamic

properties of natural gas and gas condensate mixtures.

3.1. Equations of State

Equations of State (EoS) are equations ihirrelate the thernmtynamicstatevariables
temperatureT), pressureR), molarvolume §) and compositiorfw). EoSare applicable to
both vaporandbr liquid phasesndcan be used to calculate all thermodynamic properties by
useof simpleequationg51]. Their abilityto describe highly diverse mixtures ranging from
light supercritical gases to heavy liquids, their applicability over wide ranges of temperature
and pressure, their use in the calculation of all types of-fluid equilibrium between two or
more phasesna last but not least their ability to calculate fluid properties, makes them
invaluable tools for both scientific and engineering purposes.

All EoS can be expressed as summationsl@mholtz free energy term¢Eqg. 3-1), 0,
where each term accounts for contributions due to different molecular modetspresents
ideal gas contributions)  represents segmeségment interactions (both dispersiand
repulsive terms), 0 accounts for the formation of chains of segments that are the
monomers of the molecule, accounts for hydrogen bonding sités, accounts for
ionic contribution, etc.

0 O 0 0 0 0 0 E Eq.3-1

This summation may be used to describe both cubic EoS as well as SAFT type EoS, as long
as the appropriate terms are used.

The ideal gas law, which ike& simplest of E0S, considers gas molecules as point particles
that have no volume and do not interact with each other, therefore the only contribution is the

ideal gas termg
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0 0 Eq.3-2
The van der Waal¢vdW) EoS considers molecules to be hard spheres with effective
volumewhich attract each other through dispersion forces, therefore the Helmholtz free energy
of the vdW EoS comprises the ideal gas and segment terms. The segments sphdrasi

(hs), therefored hand the term describing the disperswdV interactions between

segmentsd N [52):

o6 Eq.3-3

Original StatisticalAssociating fluid theoryQAFT) EoS by Chapmafb3], uses terms for

0 0 0

segment interactions (hard sphere term and dispersion forces), chain formation as well as
association between hydrogen bond sites
0 0 0 0 0 0 Eq.3-4

A cubic EoS that accounts also for association phenomena is the Cubic Plus Association
EoS (CPA)[54]. Extra terms accouimg for dipoles and quadrupoles in polar mixtuhes/e
been added to SAFT type modgh, 56], as well as electrostatic interactions in both SAFT
type[57] and cubicEoS[58]. However, these tersdescribe phenomena that are not present
in hydrocarbon mixtures and thus they will not be further discussed.

Apart from clarifying the physical meaning of each t@ontributing to arEoS, the value
of expressing EoS as Helmholtz freeergy summation is mostly shown in conjunction with
Eq.3-5 of classical thermodynamicthat connects EoS written in pressure explicit forms with
the residual Helmholtz energy; since most thermodynamic proparégsartial derivatives of
the residal Helmholtz energy, their calculation is much simplified when EoS are expressed
accordingly.

1o ”
o L Eq.3-5

The traditional use of Gibbs energy function as the measspoaofaneity of a proceasd use
of minimization of Gibbs energy to determine the equilibrium requires the use of temperature
(T), pressure (Pand molesrf) as independentariablesinstead of temperature (T), volume
(V) and molesr{). The residual properties for fluids and mixtsiexpressed in T and P da
found inTable3-1, whereT is temperatureR pressureY total volumen is an array of moles
of each component are the total moles, the subscrips denotes the residual propertyjs
the Helmholtz freenergy Sis entropyH is enthalpyl stands fointernal energyG for Gibbs

free energyp andO forisochoric and isobaric heat capacity respectively.
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Table3-1. Residual poperties of fluids anﬂuig mixtures[51].

6 "D 0 quEY(Mu_w Eq.3-6
w Y'Y
e 1 TTO 5 b e Eq.37
Y ONOR 8 YR Y'Y Yoh £q.38
0 YoR Y YOR Do &Yy £q.3.9
0 Yo 6 YR Go & YUY £q.3.10
6  “YOh YT 0
v Eq.3-11
5 ¥R 6 VR vo LP ey Fq.812
T YR T YR a

The equations used in this work to calculate thermodynamic properties are tabulated
Table3-2. The residual properties can be translated into the total properties by adding the ideal

gas contribution to each property.

Y Va Y e T°0 "Yoh
“e TE - Eq.3-13
6 Yo 6 YO 6 "Ye Eq.3-14
6 " b 6 Yo 6 “Ye Eq.3-15
, 10 W € 060 10
v T ” i I 0 : 6 T (b M Eq3'16
vl o
. ry p Yy YT ®
T Wiy

wherelG theideal gas property the fugacity coefficient of component i in the mixturas
the speed of sound, is the JouleThomson coefficienendMW the molecular weight of the
fluid.
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3.2. Cubic Equations of State

The first EoQusedto describe vapeliquid equilibrium (VLE) and critical phenomenaas
the van der Waals (vdW)dtation of Statén 1873. Because of its simplicityydW EoS can
provide only qualitative description of the thermodynamic properties of real fiMidsy
modifications of this EoS have resultedaitarge family of EoS, cubic with respect to volyme
which can be writta in the following general fornfb1]:

; Y'Y @ Y

0 ® U 1 O0 | ® Eq.3-18
[ T 108 N N T e 13 . o LU Y d) :II)"Y N N l‘) (}‘b
W YO he a8 WYY YYak = a €=
W] L W
Eq.3-19

v .,Y‘G 0
v

whereP is pressureT is temperaturen is the mole numbers,is the molar volumeR is the
universal gas constarik andUe areEoS specific constanta/hile the other two areomponent
specific @ is the energy parameter accounting for dispersion forcesbahe repulsive
parameter, representing the repulsion between molecules when their effective \adjoires
and® is the molar, residual Helmholtz free energ§gveral reviews provide an overview of
cubic Eo§59-61].

In the traditional approachubic EoSare forced to reproduce the critical pdignperature
andpressure by settinge and— equal to zero at the critical point; therefoseandb and are

functions of critical temperaturéY and pressured . Apart fromthe criticaltemperatue
and pressutethe usual formalism of EoS requires another pure component paratheter,
acentric factor«). However, this is not a theoretical restriction and there have been attempts
to fit the pure componentr@messuperandpsaturdted égsid o f
densitied62, 63].

In this work the most widespread cubic EBSngRobinson (PR)64] and Soavdredlich
Kwong (SRK)[65] are usedthe parameters of which are summarize@ahle3-3. PR is used
both with the classical approacthat is pure component parameteeproducingthe
experimentalcritical point, and an alternative one, according to whighure component
propertesarefitted on vapor pressure and saturated ligledsitydata. The latter is hereafter

referred to as PRfit.
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Table3-3. Expressions fow , b, and] for cubicEoS used in this work

EoS ) 1 ) b
Y'Y Y'Y
SRK T p ™ ¢ X T TS Y @ @
— —— Y'Y Y'Y
PR p g p W ™ U X F— T8l X X ’%—H

3.2.1. Ufunctions

The use of different) functions for theenergy parameteof cubic EoS & Y, has been
known to improve vapor pressure predictions of pure compon&hes. most common
formalism ofUfunctions is of polynomial type or exponential tyfiee most popular examples
of polynomial typeUfunctions is that of Soa\®5], Mathias[66] and Mathias and Copeman
[67] and Stryjek and Ver§68], while exponential dependendg adopted byBoston and
Mathias[69], Trebble and Bishngir0], Melhemet al.[71] and Twuet al.[72, 73]. To address
the empiricism of thé& functions, Nasrifar and Moshfeghiff4] came up with atJfunction
by combining the second virial coefficient andsquare well potential function. The same
combination led Nasrifar and Bollafid5] to another form for th&/function which was used
in combination with the Soave function for the subcritical domain.

Usual practice wittiJfunctionsis their paranetrization from subcritical properties (usually
vapor pressure) and extrapolation into the supercritical region. Toséved at the early
attempts of newd functions the Soave expression is parametrized by fitting vapor pressure
(subcritical tempetures) and thus is an example of extrapolation into the supercritical region.

However, in an attempt toceurately describeboth the subcritical and supercritical
domains it is common tautilize different approaches foeach regionThis involves either
using differentJfunctions or different parametrization schemes for subcritical and supercritical
temperatures Examples ofuse of different functions for subcritical and supercritical
temperaturesrethe Mathias and Copem4f7] andBoston and Mathiaf9] which partly
utilize the Soav&Jfunction.

Twu was the first to use diffemé parametrization schemes for the sabd supercritical
domains in the generalization of hidunction[76, 77]. For the subcritical domaijte fitted
vapor pressure data, as is the common practice, while for the superamedie nr y 6 s
constantdor hydrogerhydrocarbon and methaigdrocarbon mixturesvere used instead
Similar is the approach éfloter et al[78] and Morch[16] who usél methane fugacities to fit

the parameters of varioliifunctions at supercritical temperatures
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Theuse of different function or diferent pararaersat suband supercritical regioriead
to inconsistencies near the critical point, whichiargortantin the modelling of pure fluids,
or mixtures with one major component, like natural gas. To address this issue theoretical
criteria have been introducealé@stablish theonsistencyf Ufunctions andafely extrapolate
to the unknown temperature domairhese consistency criteria are described in paragraph
3.4.2.

Alpha functions are usually generalized with the use of the acentric factor. The $oave
function was generalized by PeRgbinson64, 79|, Graboski and Daubel80], and Tassios
and Magoula$81]. The MathiasCopeman has recently generalized@oquelet et al[82],
while the TwuUfunction has been generalized by the respective a[iBpor7].

In this work, he original SoaveJfunction is used for SRK65], while for PRtwo different
optionswere congiered the original Soave function as proposed@ngandRobinsonn the
original PR Eog64] andthe polynomial function oMathias and Cogman[67] with three
component specific parameteasgeneralized by Cocglet et. al.[82]. Table3-4 summarizes

the differentUfunctions used in this work and their generalization with acentric facjor

Table3-4. Temperature dependence’Y hof Ufunctions and their generalizatiovith ¥.

p & p YY
SRK Eq.3-20
a ™ Yrped Xt T X1

p Qp Y'Y
PR . Eq.3-21
Q M&XTOP® T CIC OTR @ WWQ

p Gp YY Op NYY op YY LYY p
p dp XYY LYY p
O THOPO PEMUP W WY

w PO PELYX TWTNPUL TPCPO
O T QPP TW T P

MCPR Eq.3-22

3.2.2. Consistencyof Ufunctions

Twu et al.[73] werethe first to introduce some requirements for a theoretically consistent
U functiort (a) it must be finite and positive for all temperatures, (b) the deviation function

@ "Y must be unity at the critical point and (c) it musacha finite value at the infinite
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temperature limit Additional criteria for a theoretically sound and qtatiliely correct U
function were introduced by Neau et B3, 84], who observed that the first and second
derivative of theJfunction are related to residual enthalpy and residodlaricheat capacity
According to Neau et athe SoaveU function show the most consistent behavior with
temperature and pressure than othmctions which wasattributed tathe characteristics of

its first and second derivatigevith temperaturgbothderivativesshould be continuousyhile

the firstderivativeshouldalwaysbenegative. Following the same path, Le Guec et al[85]
recently added more criterithe second derivative should be positive and the third derivative
should always be negatival| the consistency anstrainsare briefly described ifable3-5.

Le Guemecet al.[86] parametrizedhe Twu U function according to all these constrains
and Mahmoodet al.[87, 88] modified five Ufunctions that change forms at the critical point
to fix the abnormal behavior at the critical point and at the same publication introduced an
exponential form of Soav function with consistent derivatives by means of Taylor series

expansionin Chapter 7a new MathiasCopeman function has been developed according to

the criteria &.

Table3-5. Consistency constrains fakfunctiors [85].

The Ufunctionrepresents thstrength of dispersion forces with

a | continuous :
3 temperaturgthereforeshould be continuous.
b 1 Ei Ho TheUfunction should reach a finite value the infinite temperature
° limit.

Dispersion forces anesponsible for bringing molecules togethbey
decrease the pressure of a system hence the attractive term of the

c | L
2 should always be negative

q Q| Since he| reaches a finite value at the infinteemperature limitits
0Q"Y n derivative shouldecome zero at infinite temperature.

e Q| - Inflection points in the second derivative—— 1T cause crossing
QY ) isobars ini vs T

¢ Q| Wave shape in the vs T plot that does natgree with reference EoS ¢
0"Y T known experimental data.

3.2.3. Volume translation

Volume translationoriginally introduced by Penelowst al.[89], is essentially a shiibf
the EoS predictionsn the volume axislt is usually defined as the deviation of the EoS

calculated volume from the experimental one at a referenqgeetatnreusually at'y 1@

Ty (Eq. 2-23).
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It is a simple and effective method that does not alter the equilibrium condigi®9q].
Many correlation for volume translations have been proposed, sowtaabf aretemperature
and pressure/density dependg®2-94], some only temperature dependfsit, 95-98] and
some temperature independf88, 89, 91, 99]. The use of a temperature dependent translation
incites thermodynamic inconsistency due to crossing isotherms in {iepRne [10Q,
howevercalibrating the volume translation with high pressure liquid densiaesshift the
inconsistency outside the range hctical application$101]. This approach also leads to
improved predictions dfigh temperature and pressuegions[102, 103.

A very informative analysis on the properties that are altered from the incorporation of a
volume translatin in cubic EoS is carried out by Jaubert ef@1], who concludes that a
temperature independent volume translationsdodeed affect somef the EoS properties,
namely the wlume (and density), theugacity and fugacitycoefficient enthalpy, speed of
sound etc., while it leaves unaffected the entropy, internal ertéegipholtzenergy, isochoric

and isobaric heat capégivapor pressure etc.

Table3—§. Volume translations used in this work

EoS @ 0 0 Eq.3-23
A T nnod X @y
SRK Pe[%‘zaoux 0 Eq.3-24
O TR WU @Y XIX U
Y'Y
Peneloux — v T8 T T i
1] = T p TP Eq.3-25
YY mip T TXBrex T oysiyT gug
PR  tmPR[8Y L X ¢ WYTBIp X ¢ ¢ ¢ Eq.3-26
limited to the temperature independent part
Y'Y .
VTPR[99] T8 V& T8 TG P8 T Wy Eq.3-27

Some of the most popular temperature independent translations proposed in the literature
and used in this work are shownTiable3-6, where"YfD andc are the critical temperature,
pressure and compressibility factor, and &0 the acentric factor and the Racket
compressibility factor respectively. SRK asly used with theranslationof Peneloux89],
while three different options are considefedPR, the one proposed by Peneloux and reported
by Jaubert et. dP1], the translation of Magoulas and Tasg®3, which has been limited to

the temperature independent part due to the inconsistency induced Ibgntpherature
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dependency, and the VTPR, which is proposed by Ahlers g%land used in the VTPR

model.

3.2.4. Van der Waals mixing rules

Initially EoS were only applied to pure components, but eventually were extended to
mixturesthough the van der Waals one fluid theory (vdyWIhe vdW1f theory belongs to the
corresponding states theories, which dictates that if two substances obeyrésparating
states principle, then a mixture of these two substances is also expected to obey it. The mixture
is considered as an equivalent fluid, characterized by suitable (compalgpendent) average
potential parametefd.04].

Both PR and SRK are routinely used with the classical vdW1f mixing ratp$8{28 and
Eq.3-29), and the most popular combining ru(€s). 3-30 andEq. 3-31):

® WO Eq.3-28

® WO Eq.3-29

O p Q DO Eq.3-30
. W W

w N Eq.3-31

Wherewft are molar fractions of componeritand;j in the mixture,( and @ are the
pure component EoS parameters famponeni and Q is the binary interaction coefficient,

which is usually fitted to binary VLE experimental data.

3.3.UMR-PRU

TheUMR-PRUmodel, originally proposed by Voutsas et[aD5, belongsto the classof
EoSGE models and combines PR Ew&h Original UNIFAC, through the Universal Mixing
Rules (UMR)[106, hence the abbreviation Univerddixing-Rule-PengRobinsorUNIFAC.
The UMR mixing rulesare modificatiors of the zero pressure mixing rulHV1 [107] and
are presented iBg. 3-32andEq. 3-33.

| pof" of 0
QYY" XYY TQYY Eq. 3-32

Y
Q-
l‘

O BB AGH withd 7 Eq.3-33
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where & isthemolarfractionof component in the mixture, is the EoSattractiveparameter
Ais the coevolume,?2 the universal gas constahtthe absolute temperatur®,an EoS specific
constant(A = -0.53 for PR E09, "on , "O" are theStaverman- Guggenheimand the
residual terms of original UIRAC, respectivelyThe Flory- Huggins term of the UNIFAC
combinatorial term is omitteals explained by Voutsas et f0§.

The StavermanGuggenheinterm of original UNIFAC is calculated throudfqg. 3-34 -
Eq.3-36:

“OF] o
vy U @naEs Eq.3-34

wherew is the molar fractionfj the relative surfacearea parameter—is the surface area
fraction, » thesegmenfraction of componentandNC is the number of components in the
mixture
. Wi P wn
B i B n Eq.3-35
wherew is the molar fraction of compouridandi is the number of segmentwhich are

calculatedoy summation of theespective values of tlgroups each molecule consists of:

~ ~

i OYh 1 L UL Eq.3-36

whereu is the number of groups of kindn moleculei, 2 and1l are the vdW volume and
area parameter of grol@and NG is the number of groups in moledule
The residual term of original UNIFAC is calculatédoughEq. 3-37:
of
vy,

Wl o0& ae Eq.3-37

where@ is the molar fraction of compourid) is the number of groups of kirkdn molecule
i, @ is theresidual activity coefficient of groupin the solution andy is theresidual activity
coefficient of grougk in pure componerit Both these terms are caleied throughEq. 3-38 -
Eq.3-40:

G 0 p at — B — Eq.3-38

For group m:

g

C
C S

B 0w Eq.3-39
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0 o Y v 6 Y v
QN S m’fY < LR Eq.3-40

wheren, m andk are groups, and j components, is the UNIFAC functionbinary
interaction parameterandd M 6  its temperature dependepdrametes, which are
taken fromUNIFAC of Hanseretal [10§. In this model, thénteractions of OrigindUNIFAC

of Hansenret al [10§ are used, whil¢he interactions ofasgroupshave beertalculated by
fitting binary VLE datain the work of Lauli et al.[109. The UNIFAC structural parameters

(Y ,0 )ardIPs ,6 ,6 )aresummarized iliable3-7 andTable3-8 respectively.

Table3-7. UNIFAC structural paramete?d , 0 used in the UMRPRU model.

Group Y V)
CO: 1.2960 1.2610
N2 0.9340 0.9850
CH4 1.1290 1.1240
CoHe 1.8022 1.6960
CHs 0.9011 0.8480
CH: 0.6744 0.5400
CH 0.4469 0.2280
C 0.2195 0.0000
ACH 0.5313 0.4000
AC 0.3652 0.1200
ACCHz3 1.2663 0.9680
ACCH: 1.0396 0.6600
ACCH 0.8121 0.3480

The UMRPRU model has been successfully applied to various hydrocarbon mixtures with
emphasis on dry natural gadd®9, 110, polar and associating mixtur¢411] and quite
recently mixture that contain mercurj112. From binary mixtures tanulti-component
systemssimulating natural gagyjas condensateand oik, this model yields comparable or
superior predictions in various types of vafiquid equilibrium, dew points, K values and
liquid dropoutq109.
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Table3-8: UNIFAC group interaction parameters for UMERU.

n m Anm (K) Bim(-)  Com(KY)  Amn(K) Bmn(-)  Cmn (K™
CO, CH: 68.56 -0.8739 -0.000080 90.68 -0.5714 0.005770
CO ACH 16.20 -2.2538 0.001050 94.49 1.5570 0.007850
CO, ACCH -102.70 -3.0502 0.012000 274.36 15.5931 0.012930

CO, CaoHe 92.20 -0.6847 0 110.50 -0.3805 0
N2 CHq -141.07 -0.8494 0 192.06  0.7909 0
N2 CaHe -157.17 -0.9411 0 308.97 1.0030 0
N2 CO. -128.17 -1.6650 0 366.62 1.5300 0
N2 CHz 833.27 -2.5383 0.036193 -190.64 -0.9754 -0.001980
N2 ACH 363.68 1.8010 -0.006569 37.23 -1.2050 -0.001061
N2 ACCH 264.19 -3.6140 0.015020 122.55 0.5598 -0.003968
CHa CO. 85.80 -0.1959 0 126.21 -0.4439 0
CHq CaoHe 79.06 0.2497 0 -56.01 -0.1798 0
CHa CHz 55548 2.8287 -0.010592 -268.42 -1.2346 0.001094

CHq ACH 108.99 1.6950 0.000509 -63.53 -1.3050 0.002178
CHa ACCH 169.99 -3.1420 0.010180 -88.33 1.3930 -0.008429
CaoHe CHz -73.88 -0.4092 0.000065 61.45 0.1126  0.000955
CaHe ACH -104.18 0.1872 0 171.39 -0.7241 0

CzoHe ACCH -240.46 -1.2151 -0.000086 674.59 2.5318 0.051615

3.4.PC-SAFT

The most recenbreakthrough in the EoS development field was the introduction of the
Statistical Associating Fluid Theory (SAFT), whialses insight gained frorstatistical
thermodynamicso better describBuids that contaimon-spherical moleculeSAFT is based
on the first order perturbation theory of Wertheijhl3 114, and was introduced as a
summatdbn of Helmholtz free energy terms that account for segisegent interactions,
chain formation between segments as@ciation between hydrogen bonding sites.

In most SAFT type modelshe reference term (hard sphere or hard chain) represents the
contiibution to the Helmholtz free energy due to repulsive interactions and the perturbation
part is due to attractive interactions of moleculdge Thain and association terargusually
the samen the different variationand theirdifferences mainly lien the different terms that
constitute the dispersion tefhl5. Detailed review of the SAFT family EoS can be found in
the literaturg 59, 115.

In this work one of the most popular EoS that besdnghe SAFT familythe Perturbed
Chain SAFT (PCESAFT), proposed by Gross and Sadowdkif], is employed Gross and
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Sadwski used a hardhain (HC) reference fluid, instead of the haphergHS) one used in
original SAFT,and assumed a square well potential betweeharachain molecules
0 0 0 0

0 QY 0QYLQYOL QY

The term accounting for the repulsive forces is the reference fluid, which in case of PC

Eq.3-41

SAFT EOoOS is a homonuclear haspghere chainFor mixed chains the PSAFT termsare

shown in the following Equations:

w o .
YUY a YUY W a pa ” Eq.3-42
- p QQ o— QQ C—
o - QQ p - Q Q p - Eq.3-43
- g wal Eq.3-44
Q , p ™QwN Oy Eq.3-45
W p o—— - - 5
YY Zp = T p < — - ®P - Eq.3-46

whereUis the molaHelmholtz energysuperscript hs indicates quantities of the keplere
system,w is the mole fraction of chains of componend i, is the number of segments in a
chain of component i, is the mean segmemumber "Q is the radial pair distribution
function for segments of component i in the hard sphere systesithe gment diametesf
component,iQ is the temperature dependéatrd segmendiameterof component i, is the

total number densitgf molecules.

On the reference fluid, the second argerturbation theory of Barker and Hender§bh7]

was applied to calculate the contribution of the dispersion forces in the total Helmholtz energy.
Second order perturbation implies two terdysandAz in the perturbation contribution to the

Helmholtz energy

0 0 0 0
Y BNy 5 QY G QY Eq.3-47
which for pure components are:
B -
oy & O o e, Eq.3-48
0 Cx aEe wm E o T
5oy “Bo e O & o Eq.3-49
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where the number of segments in the moleailg the chain segment diameten,(artd the
depth of the pair potential Q) are thethree input parameters for each pure component,
'O-h andO -hd  are integralgalculatedy power seriegn densityd, * is the total number

density of molecules andlis the packing fraction (1&s).

To account for association phenomena, an association+term, is added by the same authors

in later publication[118, and two more componenpeacific parameters are required, the
association energy between sitdslike molecules { ) and the volume of association
interactiongll ). Unlike cubic EoS, the usual practice with SAFT models is fitting the pure
component properties orapor pressure and saturated liquid densitthefpure component.
Recently, PESAFT has been rparametrized to reproduce the critical point of pure
componentg119. In this work however this approach is not adopted, due to the popularity
received by the original model.

The dispersion term is extended to mixtufeg. 3-50 - Eq. 3-52) by assuming the van der
Waals ondluid theory approximationwith conventional Bertheldtorentz combining rules
(Eqg. 3-53-Eq. 3-54):

a wa Eq.3-50
& WA & T Eq.3-51
a 6 ” WwWa a TE,Y ” Eq. 3'52
P Eq.3-53

” c ” ” q -
- --p Q Eq.3-54

where™Q is the binary interaction coefficient, which is usually determined byditbinary
VLE experimental data, similarly to cubic EoS.

PCG-SAFT EoS has gained in popularity over the fast years due to its use in asphaltene
precipitation [43, 120-12§. It has been used for phasguilibriumand volumetric properties
of petroleum mixtures, generally with good resuldseof the drawback of PG-SAFT is the

multiple liquid density roots at low temperaturesich has been addressed Byivat et al.

[129.
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3.5. Phaseequilibrium of natural gas with EoS

Accurate knowledge of the phase behavionatural gas andas condensate mixtures is
essential for the unobstructgdstransportation angrocessingas well as theptimizationof
the involved processes. Such an example is the hydrocarbon dew point specification enforced
in the gas transmission lines thatsues single phase flow in pipeline netwdd3(Q. The
evaluation of thermodynamic models in the prediction of phase behavionésimal synthetic
mixtures that simulate real fluids, in order to avoid the propagation of errors caused by the
unknowncomposition of the plus fraction.

Equations of state (EoS) are routinely used for the prediction of phase behavior of
petroleunfluids; cubic EoS, like Penobinson (PR)64] andSoaveRedlichKwong (SRK)

[69], are still very popular for such calculations. Many modifications of cubic EoS have been
proposed over the years, creating families of EoS that differentiate from one another either in
the attractie parameter or the emlume parameter. Modifications of the attractive term
parameter aim to improve vapor pressure predictions of the condensable comf@hH&&s

76, 77, 79-81, 131-136 and supercritical behavior of the supercritical of¥s78, 137, 13§

and are described in detail in paragraphl.

Regarding phase behavior of multicomponent petroleum mixtures, worth mentioning is the
work of Nasrifar et al[50, 139 who evaluate variations of the cubic EoS in dew point
prediction of natural gas mixtures and conclude that the RK family EoS aee ancurate.
Unlike the original PR, its modifications have also been proven quite successful in the dew
point predictions of natural gases, as pointed out by the work of Flotef é8lalSaffari and
Zahedi[132 and Haghtalab et d114Q.

Themostpopular choice of mixing rules for cubic EoS is the traditional van der Waals one
fluid (vdwW1f) ones with binary interaction parameters (BIPs) fitted to binary VLE data.
Daneshet al.[8] showed that theetmperature independent BIPs do not change appreciably
from one cubic EoS to another similar carel various arrelations antbr predictive methods
have been developed for thevaluation141-144]. However BIPs can be used safely omty
the specific temperaturpressure range which they were correlatedo avoid erroneous
extrapolation[13(; even thenthe use of BIPs with the vdWW mixing rules does not
necessarily improve the accuracy of EoS in the dew point predictions of synthetic natural gases,
as showcased by Nafar et al.[50] and Louli et al.[11(. Due to this, whematural gas
mixturesconsist purely of ydrocarbonsbinary interaction parametease usually set to zero

[138 143, except for thosenixturescontaininggases like nitrogen and carbon dioxidier
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gas condensates that have lowm@thaneoncentrations ancbntain heavier hydrocarbotise
useof BIPsis suggesteftl3(.

For asymmetricwith respect to the size of the molecules invoiyadktures,it has been
shown that cubic EoS coupled with the vdW1f mixing and combining rulegL#&8], which
poses a challenge in thermodynamic modeling petroleum fluidsu$e of advanced mixing
rules, such athose derived by combining a cubic EoS and an excess Gibbs energy model, like
UNIQUAC, NRTL, Wilson and UNIFAC, has been known to improve EoS VLE predictions,
even for mixtures containing ngolar components, such as CCBl§ and natural gas
mixtures[109, 110, 147, 148. The most widely known models of this category a@/M
[149, PSRK[15(0, VTPR [99] and UMRPRU [109 11(Q and they present attractive
alternative for industrial applicationsdue to their predictive charact@he work of Louli et
al. [109 shows that irvarioustypes of VLE of multicomponent system#he results of the
UMR-PRU model arecomparable or better than those obtaifsdLCVM and PSRK
Moreover, the superiority of the UMRRU model over the VTPR model in dew point
predictions of natural gas, has recently b&lsmwcased by Jaubert ¢ét[d57]].

Except for the classical twparameter cubic EoS, thrparameter cubic EoRL52-156
have also been used for petroleum fluid modeldgw point predictions however are not
necessarily improved with the addition of a third paramgér 157], as shown by the
comparison oPatelTeja(PT) and PatellejaValderramaPTV) EoS with PR and SRKhe
same applies for thgeneralized threparameter RedlicKkwong/PengRobinson (RKPR)
EoS of Cismondi ash Mollerup[155, that has been used for dew point predictions of natural
gases by Martiez and Hal[158 andrecentlyfor asymmetrianixtures by Tassin el.d159.

Another class of equations of state, of oobic form based on therinciples of SAFT
[16Q (Statistical Associating Fluid Theory)asgained popularityhe last few years. One of
the most popular SAFT type modelshe PerturbeeChain SAFT EoS (PGAFT)[116, 16]].

The use of PEGAFT is recommended by Ting et B82] and Voutsas et. §#3] compared
to PR and other versions of SAFTthre dew point prediction of asymmetric systems. This is
in accordance with Alfradiquand Castief162, who showcased that both EoS have similar
accuracy at low pressures, up to the cricondentherm point (maximum temperature of the phase
envelope), while theericondenbar point (maximum pressure of the phase envelope) was
underestimated by both, with PRAFT being more accurate than Fcently, Yan et ahnd
Regueira et al17, 45] compared dew point predictions of f3AFT with those obtained by
PR and SRK and foundhat for gas condensates @FT yields superior results.
Khoshnamvand et ahlso attempted to model gas condensate fluids witSRET EOS by
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improving its interactiorparameter$163. Similar is the aim oNikolaidis et al [164], who
used Monte Carlo simulation to extend temperature range of binav4LE for fitting binary
interaction parameters with cubic EoS a@®$AFT, and afterwards modeled saturation points
of multicomponent mixtures with similar results.

Critical pointsof multicomponent petroleum fluschave been addressed by various authors
over the years, although the results are limited to-agymmetricor slightly asymmetric
mixtures, due to th&ack of experimental data. The results of Huang and {316&] indicate
that PR and PT EoS are almost equally accurate iprékction of critical temperatureshile
in the case ofritical point pressure predictisnPR yields almost half the deviations of PT.

The predictive version of PRe. PPR78[16€, was compared with PSRK and theshfar-
Bolland EoS and was found superior to both of them, both in temperature and gre4gure
Alfradique and Castietested PR, SAFT and PEAFT E0S[167], and found that PR yields
better predictions of critical point pressures followed bySXFT with double deviations and
SAFT with seven times the deviations of PR. Similarly, for critical point tempesattire
smallest deviations occur when PR is used, closely followed ESARKT, while SAFT again
yields by far the worst predions.

As far as real mixtures are concerned, all reservoir fluids, including natural gassand g
condensateconsist of numeroudifferent components, which makedetailedcompaitional
analysis practically impossibl&he unidentified components are usually heavier than normal
hexane, and are reported as:+ @action This fraction is handled as a number of
pseudocomponents, the properties and composition of which are determined through a
characterization method.

TheEoS preditons for real mixtures are greatly influenced by the characterization method
of theCz+ard the larger th&actionis, the greater the influence of the characterization method
A good coupling of an EoS with a characterization method is very important for accurate results
[10, 50, 130 169, especially for gas condensate mixtufagithermorethe correlation that is
used for the physicgiroperties of the pseudmmponents has a significant effect the EoS
predictions but no one is reported todoasistently superid26).

For this reason, thexpected uncertainties of EoS in PVT and saturation point predictions
of realgas condensatmixturesvary from one author to anothéte general conclusion that
most researcrs agree on is that traditional cubic EoS do not yield accurate phase equilibrium
predictionsfor reservoir fluids unless the fluid is somehow matched to experimental data
[157). These data, such as PVT experiments, saturation points etc., can be used to manipulate
the fluid properties, like the MW of the plus fracti@t§], or the binary interaction paraters
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[29] in order to match the model predictions with the experimental data. This has also been
done indirectlyby calculating EoS dependent psewlitical properties for the plus fraction
regressed on PVT dafh69.

3.6. Volumetric and thermophysical properties of natural gas with EoS

Apart from the acurate knowledge of the phase behavioratfiral gas andas condensate
mixtures the volumetric behavior, as well derivative property predictions are also very
challenging and of great importan&®/T experiments like liquid dropout measureméegis.

2-1), otherwise referred to as constant composition expansion experiments (CCE), are
effectively used to design an efficient extraction process without operational problems and loss
of valuable poduct[7]. Furthermore, the use of liquid dropout as a specification for treatment
facilities can challenge the pressure margin of the pipeline network even further than
cricondenbar or dew point specification, since most units are abladitehgmall amounts of
liquid.

Properties like density, isobaric and isochoric heat capacities, speed of sound, Joule
Thomson coefficients etc., also aid in the optimization of the transportation and processing of
natural gas. Heat capacity is useful in tipéimization of processes from an energetic point of
view and thus leads to more accurate sizing of equipfoenéw units, whilghe sign of Joule
Thomson coefficients, determines whether the fluid will heat or cool during expansion
processes like pip@le rapture, during extraction near the wellbore or during the flow through
a valve. Furthermore, speed of sound is used to determine the level of the liquid phase in gas
wells[170. In the prediction of said properties, the main tool for both scientists and engineers
is Equations ofState (EoS)

Cubic EoS, like PR anfiRK, arenot accurate for density predictions; PR is more reliable
than SRK, althoughtey both fail considerably as the size of the molecule increases. To address
this issue, theo-volume parametesf cubic EoS has been modified, as it is the most relevant
part of cubic EoS regardindensity predictiond131, 14(4. However, the most common
approach towards more accurate density predictisrthe use of a volume translation
proposed by Peneloux et 4B9], which will be described in detail in Paragra?.3.
Introduction of a third parameter (3 parameter EoS) also improves the abilit{zoSao yield
accurate volume predictions for a wider group of compor{d?. This isalso the case for
most models of the SAFT family, which sufficiently describe liquid denditiB especially

when compared with 2 parameter cubic EoS.
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The predictions of saturation density of multicomponent mixtures in high pressures is still
a challenging task, especially since the saturation conditand composition are different for
each model. For natural gases, that are rich in methane, contain a small number of heavy
components and their phase envelopes do not extend to such high pressures, SRK seems to
yield better predictions than PR. Indiwat of this is the work oSalehpoutet al.[177, who
observed that for natural gas mixtures, SRK and PT yield five times better saturation densities
from PTV and ten times better results than PR EoS. Singadts for natural gases are also
reported by Nasrifar et g1139.

However, for gas condensate mixtures, that have lower amounts tbamag higher
concentrations of heavy components and extend to higher pressures, PR, three parameter EoS
(PT, PTV) and PESAFT have an advantage over SRK. ReceMén et at.[45] concluded
thatPG-SAFT yields on average similar results with the untranslated iR highly superior
to those of SRKEvenin thework of Salehpouet al.[172 for gas condensates density, three
parameter EoS (PT and PTV) are the most accurate, while between two parameter EoS, PR is
more accurate than SRK. Similar observations are made by Nasrifaf5 @nd Ahmedet
al. [157].

The difference in the density predictions of various models between natural gas and gas
condensate mixtures is attributed to the ddférmethane concentrations. Regarding the
deviations of the models for each type of fluid, an interesting point is that the predictions of PR
for natural gases and gas condensates yield similar relative deviations of about 10 %, while for
SRK the deviatiorof <2% for natural gases increases to >15% for gas condef3@tds
results that imply that PR is more reliable for density predictions, even if it is not the best option
for lean natural gases, since it iglconstant deviations independently of fluid type.

Liquid dropout predictions are even hazier, since not only densities of both phases and
compositions, but also the equilibrium ratio between them, are involved. Recent work of
Regueira et a[17] indicates that liquid dropout predictions are less accurate near the dew point
pressure, especially close to the critical point, while from the bubble point side the models yield
better results; however, it does not conclude orclwloif the investigated models, including
PR, SRK and P&GAFT, is more accurate. To somewhat reduce the high uncertainties of the
liquid dropout predictions, that are amplified by the unidentified plus fraction of real mixtures,
it is common practice to tenthe model parameters or the properties of the real fluid to a
measured saturation poim.

Although the saturation pressure and volumetric properties are well stthexalibic EoS,
the ability of the models to describe derivative properties is still not that clear. Furthermore,
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most experimental dat a-efxoprertihneesnet aplroo,p ecratliceusl &
EoS[173 or molecular simulationgb, 174, 175.

The derivative properties like heat capacity (both isobari¢ &nd isochoricq )) and
speed of sound (w) present a variety of extrema even far from the critical point, both with
temperature and density. Regaglihe derivate properties, Gregorowicz etf %3 noticed
that he value of0 gererally increases with increasing density, although at-oetcal
temperatures a sharp maximum is obserf@tbwed bya minimum at higher densitieas the
temperature increases both extrema disapaailar is the behavior off( ), while speed of
sound also presents a minimum with density close to the critical point. Most of these extrema
are connected to the critical point.

Furthermore according to Polishuk et 176, at low subcritical temperatures far from
the critical one,6 has a high value which drops with increasing temperature, until it
approaclkesthe value of the ideal gas statehigh temperatures and moderate pressures. At
very high pessures it showslarge discrepancy with the ideal gas behavior, especially at high
temperatures. In the vicinity of the critical point, a maximum with temperataisatound.

Diamantonis and Economofl77] used SAFT and PSAFT for second derivative
propertieof pure components of interest to Carbon Capture and Sequestraiisy &8 well
as vapor pressure and densgglimiet al.[3] calculated speed of sound, isobaric and isochoric
heat capacity calculated with PR and SABACK EoS and reported that cubic EoS are less
accurate in the pdection of second derivative properties.

However, accurate description of some of the aforementioned trends by EoS, even of cubic
form, can be achieved with appropriate modifications. Polishuk ¢1 &) suggest that for
nontassociating fluids, an appropriate temperature dependency of the cohesive parameter may
result in relatively accurate description for low and moderate pressures, althsugfil not
improve the EoS behavior near ttritical pointor at thehigh pressure regiorFurthermore,
Gregorowicz et al[173 suggest that a teperature and pressuce-volume parameter, may
result in better prediction of some of the aforementioned issuleieh howeveris not
suggested since the simple formalism of cubic EoS will beVfodtime translation also affects
some of the derivative pperties of fluids (like speed of sound and Jéthiemson
coefficients), while leaving other unaffected (isobaric and isochoric heat cagditypuch
procedure has been reported for Jothe®mson coefficients with the results indicating that no
modification is altogether superift78-181]. In general, derivative property predictions with

cubicEoS are not satisfactory.
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As far as derivative property predictions of mixtures are concerned, the experimental data
are very few and do not allow the derivation of consistent restdtsbinary CCS mixtures
[187, indicated that PGAFT is, on average, more accurate than cubic EoS and SAFT
however, when a binary interaction parameter fitted to the experimental data is used, model
correlations from SRK, PR, SAFT, and ¥8BFT are of comparable accuracy. Regarding
multicomponent mixtures,@ood attempin modelcomparisons done by Nasrifagt al.[139,
who report that for speed of sound predictions, PR yields slightly better predictions than SRK;
the reverse is observed for isalbaheat capacity, while for JoulBhomson coefficient

prediction, SRK is by far superior to PR with less than half relative deviation.
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4. Phaseequilibrium and stability

In this Chapter the basic concepts of thermodynamic equilibrium and stahilitg, al
with their calculation strategies, are briefly discussed

4.1. Thermodynamic equilibrium

The first law of thermodynamics postulates that, the heat absorbed by the &¥terd
the work performed by the systgiV) are equal to the difference of itdernal energyU):

Eq.4-1
For a closed system, that does not reactiamibt under the influence of a magnetic or
electrical fieldthe internal energy is a function of @gtensivevariablesentropy ), volume

(V) andmolenumbergn). Application of Euleds theorem for first order homegpus functions
and their extensive variablessults in two very important equations:

Y YY& O 3 Eq.4-2

QY 'YQI v Qw Qe Eq.4-3

whereT is temperatureP is pressurand‘ is the chemical potential of each component i.

These properties correspond to the first order partial derivatives of U with respect to its
extensive variableS, V andn, respectively.

The second law of thermodynamics postulates that the total entrapgecbf a system and
its surroundingsdr a reversible process is zero agréater than zero for amreversibleone

For an isolated system thetal entropy change is reduced to the entrgbythe system
therefore:

WY T Eq.4-4

Furthermoreentropy is always increasing, thewee the equilibrium corresponds to the
maximum entropywhere

QY 1

Eq.4-5
and fromEq. 4-3:

Qry EYQ Y Qw —, Q&

dle
Bl

Eq.4-6
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This equationmust stand at equilibrium for any value of the independent extensive
variablesU, V and ¢ , and therefore thequilibrium conditionscan be identifiedrom the
intensive properties of the systefhree types of equilibrium can laentified one for each

property,which must all stand for a system to be atikdopum:

p T = uniformthroughout the system

Y (Thermal equilibrium)

0 P =uniform throughout the system
Y (Mechanical equilibrium)
‘ t = uniformthroughout the system for eacbmponent i
Y (Chemical equilibrium)

The use of entropy maximization as the condition for equilibrium requires Usi@nd
n as independent variables. More convenient independent varizdidse used instead if
another thermodynamic state function is chaestead of entropyGibbs freeenergy had, P

andnas i ndependent variables and therefore
O Y YYuw € Eq.4-7

By manipulation of the aforementioned equations, onedesine that for a closed system
at constant temperature and pressthre entropy increase can be expressed as a Géubs
energy decrease, and thereforegb#icient andnecessargondition for phase equilibrium is

that the Gibbs energy of the systegrat its global minimum:

10, ™ Eq.4-8

4.2.Determination of phase equilibrium: the necessary condition

4.2.1. Basic equilibrium equations
A necessary condition f@any stationary point of the Giblfree energyis:
QO Qe ™ Eq.4-9

This equation should apply for anytherefore:

QR OTHRRGE E G ¢ EQRRNED I Qi Eq.4-10
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Equivalently, br a multiphase’(phases) and multicomponent@mponents) system with
uniform temperature and pressure, a necessary condition for equilibrium is the equality of the

fugacities of the individual components in all phases:
Q Q E Q, /=L2wc Eq.4-11
The fugacity coefficient for component i in phase | is defined as:
Q . @0, /i=L2toc Eq.4-12

and it is calculated from Eof&q. 3-13). U denotes the molar fraction of component i in
phase | and P is pressure.

The most common type daquilibrium is the vapodiquid equilibrium (VLE), where
traditionally x denotes the molar fraction of the liquid phase wride molar fraction of the
vapor phase. Two phase equilibriis conveniently expressed through the K factors:

Q0 Eq.4-13
e w0 + W0, /=L2toc Eq.4-14
L= Eq.4-15

For many calculations it is useful to combinegh@ations for equilibrium withhe material

balancs, whichfor component i yields:
T p I o &, /=L2toc Eq.4-16

whereb is the overall fraction of the vapor phase. the ratio of thenoles of the vapor

phase divided with the total moles of the system vapor plus liquid.

4.2.2. Algorithms for vapor-liquid equilibrium

One of the most significant contributors to the thermodynamic calculation algorithms is
Michael L. Michelsen, whose approaclsheeen used for the calculation of all the results of
this thesig51]. Themain types of VLEcalculation are shown ifiable4-1, and the schematic
algorithms are given &owchart4-1 thoughFlowchart4-3. The nomenclature for this chapter
is tabulated inTable4-2.
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The first two calculations ifable4-1, are modifications of the classical dew and bubble
point pressure and temperature algorithms of Michelsen, that are basétewoa iteration
scheme for the unknown pressure or temperature variable, and an external successive
substitution scheme to iterafevalues (and therefore the compositions of each phase). The
introduction of mass balance equations enables a unified frarkear the calculation of
temperature and pressure that corresponds to fixed values of specific vapor fbaction
(Flowchart4-1 andFlowchart4-2). The limiting cases of dew and bubble points correspond to
values ofb=1 andb=0respectively. For example, a classical dew point temperature calculation
corresponds to specified vapor fractiorbef,, where the calculated pressure is that of the dew
point, the calculated compositiopds equal to that of the feed flug] andx; is the calculated
composition of the liquid phase.

The third calculation is the classical Temperaf@ressure (TP) flash, that is based on a
Newton iteration scheme fé and an external successive substitution scheme to iterafe the

values and compositns of each phase.

Table4-1. Basic types oWVLE calculations.

Calculation Specified Calculated Newton
variables variables variable
Pressure Temperature,
Equilibrium point fluid composition, é'gr‘#dops?t?sr? 5
temperature vaporfraction P L
(P.z, b) vapor phase compositio
o (T, x,y)
Temperature, i PJ%SSE;es’e
Equilibrium point fluid composition, Cgm Ogition T
pressure vapor fraction P L
&2 b) vapor phase compositio
o (P.x,y)
Temperature vapor fraction,
Temperaturgressure pressure, (l:lgrl#dopsf;t?(;sne b
flash fluid composition, P T
(T, P.2) vapor phase compositio

(b, x,y)
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Table4-2. Nomenclature o$chematic flowcharts.

T Absolute temperature (K)
P Absolute pressure (bar)
b Vapor fractions that varies between 0 (for bubble point) and 1 (for dew g

Array variables

z Feed fluid composition array

X Liquid phase composition array

y Vaporphase composition array

K K-factors array

a Fugacity coefficient array. It is a function ©f Pand composition
¥ Acentric factorarray

Subscripts/Superscripts

L Liquid phase
V Vapor phase
[ Component index

c Critical point value
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Flowchart4-1. Schematic algorithm for determinationpressure with specifiegapor
fraction temperature anfiuid compositian.
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Flowchart4-2. Schematic algorithm for determination of temperature with specified v
fraction, pressure and fluid composition.
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Flowchart4-3. Schematic algorithm for determinationwapor fraction, liquicand vapor
phase compositiowith specifiedtemperaturepressure and fluid composition.
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4.3. Determination of phase fability : the sufficient condition

The isefugacity criterion as already mentionedis only a necessary condition for
equilibrium The true equilibrium for a mixture at T and P is when the total Giele€nergy
of the mixture is at its global minimum

To test a phase of compositiarior stability, one shouldest if the Gibbdree energy for
this phase is at its global minimumo do sat is assumed thatrainfinitesimalamount of a
new phase of composition is formedthat is in equilibrium with the original phase with
compositiorz. The phase of compositi, is stable if and only if the Gibbs energy increment
caused by the formation of the new phaseany compositiorw is nonnegative, and thus
preserves or leads to an increase in the Gibbs energy. This is the tangenbphienof
Gibbs:

0 . ) T Eq.4-17

In Figure4-1, the Gibbdree energy of mixing is plotted with composition. In this figure,
a binary mixture with x;=0.2 (circle point) is tested for stability at given temperature and
pressure. If the tayent of the Gibbs energy of mixirag x;=0.2 intersects with the curve, as
shown by the green line, then the mixture is unstakdeually, the mixture is stable only for
compositions corresponding to those outside the range defined by the two ntimésea

minimacorrespond to the equilibrium compositions of the liquid and vapor phase.
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Figure4-1. Gibbs energy of mixindor binary mixtureCH4 17 H>Sat 190 K and 45.6 bar
[183.

Michelen [5]] introducedan aternative formulation of théangent planeondition of
Gibbs by using the distance of the tangent from the Gibbs energy of mixing curve:



Phase equilibim and stability 76

onQ 0 a&a  a & T Eq.4-18

which should be nonegativefor every composition in orddor a mixture to be stablén
Figure4-2 the tpd curve corresponding to the mixturd-afure4-1 is shown. This mixture is

unstable becausedhpd curve has negative values atx42.

tpd

10

—0.10

Figure4-2. Tangent plane distance plot far0.2 showing instability 183 .

An alternative formulation that turns the problem into an unconstrained minimization one

is turning mole fractionss into mole numberyV:
0 asf p w a& a& o8& a& » p T Eq.4-19

Location of the minima of the tm function withspect to the mole numbeW¥ should
satisfy that:
roa.,. .. .
W a & ae Tr aag ae Tt Eqg.4-20
A successive substitution method for determamabf thesolutionsof the tm functions

recommended
a & a& a& » a& T Eq.4-21
The swcess of the procedure described abovetl@rdetermination of phase stability
depends on the location of all the minima of the tm fun@rmhtheir sign determinatipwhich

is almost impossible, and surely time consuming. This process can be speed up by selection of

good initial estimates that are most likely to uncover all negatinima
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5. Phasebehavior and thermophysical propertiesof natural gas constituents

The base fothermodynamianodellingof a multicomponent mixture is naturally
the prediction oits constituers, therefore natural gas thermodynamic modegnegtly
depends on ability of equations of state (EoS) to predict pure component pragferties
methaneand other hydrocarbons present in the mixtlige features otubic EoS
described in detail ifParagrapl8.2. can alter the predicte ability of EoS therefore
the objective of this chapter is to identify the effect ofachcomponent ofcubic EoS
in the prediction of saturation, volumetric and derivative properties of pure
hydrocarbons, in order toultimatelydevelopa cubicEoS with improved behavior for
natural gas (Chapter 7).

To that endPengRobinson (PR)is coupled withthe MathiasCopeman(MC) U
function, anddifferent volume translations, namely PeneleRx tmPR and VTPR
Moreover, PR with critical properties and acentric factor fittegpuoe component
density and vapor pressures, called PRditalso compared with the rest oetRR
versions. To avoid the ddition of specific pure component properties, all the
additionallyintroduced parameters ageneralized witlacentric factor

Depending on the temperature of the fluid some of these components may be
supercritical and some subcritichl.natural gas angas condensate mixtures, nitrogen
and methane amostlyfound in the supercritical state, the rest of the hydrocarbons are
usually subcriticalwhile ethane and carbon dioxide caxistin either of these states.
For this reasonsothermabropertiesas wellasproperties at vapdrquid equilibrium,
of selected natural gas constituents are examined, namely density, heat capacity
(isobaric and isochoric), speed of sound and Jobhlmamson coefficients. Special
attention is given in the supercriticaloperties of methane that is a key component in

petroleum fluids, for which the supercritical fugacity is adgamined
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5.1. Saturation properties

5.1.1. Vapor pressure

The most important feature of cubic EoS relative to vapor pressure predictionsUs the
function, since wlume translation does not alter equilibri@onditions Vapor pressur¢Ps®)
deviationswith SRK, PR MCPR and PRfit for some typical natural gas constituents are
presented inTable 5-1, and higher deviations are observed for high molecular weight
components.

SRK yields more accurate predictions than, BBpecially for heavy hydrocarbongo
improve the vapor pressure pretithns of heavier hydrocarbons, Rasn and Peng proposed
a different correlation of KEQ. 3-21) with acentric factor focompoundswith ¥ > 0.491
(acentric factor bnormal decane)which is known as?R78[79]. As shown inFigure5-1,
PR78 improves the vapor pressure predictiorealy alkanesjowevers still not as accurate
as SRK The change ol function to the MC and addition of two more parameters greatly
improves the PR predictions as does the fitting of pure component parameters in vapor pressure
data (PRfit).
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Figure5-1. Vapor pressurpredictionof hexadecane.
Solid blackline: PR =olid red line SRK, solid green line PRfit, dashed black linePR78
markers: gperimental data from DIPPR.84].
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Table5-1. Relative deviatiofiof predictedvapor pressuréor natural gas constituenfiom

triple to critical point temperature

Abbreviation Ty [K] Tc [K] SRK PR MCPR PRfit
CO, 216.6 304.2 0.6 0.4 0.3 0.3
N2 63.2 126.1 14 0.8 0.2 0.6

Overall nonhydrocarbons 1.0 0.6 0.3 0.4
CHa 90.7 190.6 2.0 0.7 0.5 0.4
CaHe 90.4 305.3 3.6 3.7 2.8 2.8

Cs 85.5 369.8 1.7 13.0 4.9 5.2
n-Cs 134.9 425.1 2.5 4.5 2.6 2.7
n-Cs 143.4 469.7 2.1 8.0 1.8 4.0
n-Ce 177.8 507.6 4.6 9.9 3.0 5.2
n-C7 182.6 540.2 1.3 7.0 1.1 2.9
n-Cs 216.4 568.7 1.6 5.2 1.1 3.0
n-Co 219.7 595.7 1.8 8.3 2.1 3.0
n-Cio 243.5 617.7 1.9 5.5 1.2 2.4
n-Ci1 247.6 639.0 2.5 9.9 3.9 4.0
n-Ci2 263.6 658.0 2.0 8.5 3.3 3.5
n-Ciz 267.8 675.0 1.7 10.9 5.1 3.4
n-Ci4 279.0 693.0 2.3 13.1 7.3 3.5
n-Cis 283.1 708.0 0.7 12.4 6.5 2.5
n-Cie 291.3 723.0 3.3 17.7 10.5 3.8
n-Ci7 295.1 736.0 15 15.5 8.5 3.1
n-Cig 301.1 747.0 1.8 17.0 9.3 2.9
n-Cig 305.0 758.0 2.5 22.1 13.0 4.5
n-Czo 309.6 768.0 4.3 22.7 12.9 4.8
n-Co1 313.4 778.0 4.9 25.9 135 9.3
n-Caz2 317.2 787.0 4.5 32.6 18.5 5.7
n-Czz 320.7 796.0 4.9 33.6 20.6 5.4
n-Czs 323.8 804.0 9.4 29.2 16.9 3.7
n-Czs 326.7 812.0 8.4 38.2 21.9 3.8
n-Cze 329.3 819.0 11.3 37.0 20.8 21.4
n-Cozg 334.4 832.0 9.5 62.8 45.0 8.5
n-Cao 338.7 844.0 10.1 83.7 62.8 9.5
Overall straight chain alkanes 3.9 20.0 11.5 4.8
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Table 51. Relative deviatiofiof predicted vapor pressure for natural gas constitdents
triple to critical point temperaturéContinued)

Abbreviation Tir [K] Tc [K] SRK PR MCPR PRfit
i-Cs4 1135 408.1 10.2 22.8 6.7 9.2
2,2-DM-Cs 256.6 433.8 0.9 0.3 0.1 0.3
i-Cs 113.3 460.4 2.7 13.2 5.0 5.8
2,3DM-C4 145.2 500.0 3.9 12.4 0.7 6.1
2-M-Cs 119.6 497.5 2.0 14.9 5.9 4.9
3-M-Cs 153.8 535.3 2.8 13.0 1.6 4.8
2,4DM-Cs 153.9 519.8 4.3 14.5 1.1 5.7
2-M-C7 164.2 559.6 1.9 11.8 2.2 4.1
2,4DM-Cs 272.0 553.5 1.1 1.3 0.5 1.1
3-E-Cs 272.0 565.4 1.5 14 0.5 1.2
2-M-Cg 192.8 586.8 1.8 11.0 2.0 2.8
Overall branched chain alkanes 3.0 10.6 2.4 4.2
cy-Cs 179.3 511.8 1.2 5.5 0.6 2.7
cy-Ce 279.7 553.5 0.7 1.0 0.4 1.2
M-cy-Cs 130.7 532.8 8.9 26.9 1.6 6.6
cy-C7 265.1 604.3 1.4 2.5 0.9 2.3
M-cy-Cs 146.6 572.2 19.1 41.2 9.8 29.7
cy-Cs 288.0 640.0 3.3 2.0 2.2 1.7
Overall cyclealkanes 5.8 13.2 2.6 7.4
benzene 278.7 562.2 0.8 1.7 1.0 1.6
toluene 178.2 591.8 2.5 9.5 1.3 6.7
m-xylene 225.3 617.1 3.8 1.8 3.3 15
p-xylene 286.4 616.3 4.7 2.3 3.5 1.8
E-benzene 178.2 617.2 2.9 11.8 1.9 6.1
o-xylene 248.0 630.4 2.6 2.3 1.7 2.3
Overall aromatic hydrocarbons 2.9 4.9 2.1 3.3
Overall hydrocarbons 3.7 14.8 7.1 4.6
oYW p —B —bp

NP: 30 experimentgboints from DPPR[184], Temperature rang&:001Ty - TJ/1.001
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5.1.2. Liquid volume

The most important feature of cubic EoS relativdigaid volume predictions is theo-
volume parameter and thelume translationDifferent Ufunctions have practically no effect
in thevolumetric behavior of Eo&nd for this reason only the original PR and SRK are coupled
with the different volume translations.

Liquid volume (w*®) deviationsalong thesaturation curvevith SRK, PenelouxSRKPR
PenelouxPR, VTPRmMPR andPRfit for some typical natural gas constituents are presented in
Table5-2 andsimilar calculations in the form aholar density(} ) aregraphicallyshown in
Figure5-2. Again, the higher molecular weight hydrocarbons exhibit higegrations.

SRK is by far the worst model for liquid volume predictioakhough theuse ofthe
Peneloux volume translatioeduces the overall deviations in halhe introduction of the
volumetranslation in PR Eo0S also improves its predictions, howestns drastically as in
SRK E0S. The Peneloux translation for PR is the least accurate whad VTPR andmPR
lead to the best results, with VTPR havargadvantagen straight chain alkanes atrdPRin
branched chain alkandsast but not least,®¥it yields very good predictions and has the lowest
deviations, which is to expected since its pure component parameters are partly fitted on these
data.

Inaccurate volume predictiois a result of thevan der Waals repulsionterm andthe
dependence othe denominator of thettractive term of EoS in molar volum&he vdW
repulsion is correct in the lodensity limit, but as pressufand therefore densityncreases
it fails. However,for densites at low and medium pressures, iasthe case fosaturaibon
densitiesthe reason for inaccurate density predictions it is the dependencalehtirainator
of the attractiveterm of EoS in molar volume, rather than the vdW repul§ioti]. In our
case, bth SRK and PR have two parameter density dependboweever the latter is by far
more accurateéhan the former.

This is also seen in the prediction of critical compressibility fdctothese two EoS; both
predict aconstant value for theritical compressibility factgr0.333 for SRK and 0.37 for PR.
Thevalue ofPR is closer to the experimentalue of the component®nstituting natural gas
(the averagez. of the components in Appendix A is 0.2%han that of SRKHowever, the
critical compressibility factoaloneis not sufficient to dictatthe accuracy of an EoS in volume
predictions[152 185. The actual criterion is both the critical compressibility factor ted
shape of the liquid branch of the coexistence curtie PV cure, depends on the value of the

critical packing fraction g=bc/4vc. It has been shown that the smaller this valuefl#terthe
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liquid density branch on the Ppane[171]. Thereforean indication of good liquid volume
predictions ighe z and y values to be in the range of experimental values of the components
to be studied171], which is the case for P&er SRK.
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Figure5-2. Saturated ensitypredictionof methane (left) and octane (right)
Solid black line PR, solid red line SRK, solid green line PRfit, dashed black linrePeneloux PR
dashededline: PenelouwxSRK, markers: &perimental datarom NIST[186.
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Table5-2. Relative deviatiofof predictedsaturatediquid molarvolumefor natural gas
constituentgrom triple to critical point temperature

SRK PR

Abbrevigion 1t T SRk PR PRfit Penelou Perelou Yoo tMP
Kl [K] N N R R

CO. 216.6 304.2 14.7 4.8 4.4 7.4 4.7 5.5 4.5
N2 63.2 126.1 51 89 6.8 5.0 3.2 58 3.0
Overall nonhydrocarbons 9.9 6.8 5.6 6.2 4.0 57 3.8
CHs 90.7 1906 57 83 8.0 5.2 3.3 36 45
C2Hs 904 3053 78 6.7 6.0 4.2 3.5 28 3.2
Cs 85,5 369.8 9.7 52 49 3.8 3.7 3.3 33
n-Cs 1349 4251 11.2 47 438 4.4 3.3 36 3.1
n-Cs 1434 469.7 136 35 4.3 4.6 3.6 44 3.2
n-Ce 177.8 5076 158 34 38 5.0 3.8 49 34
n-Cz 182.6 540.2 176 44 3.2 4.9 3.7 46 35
n-Cs 216.4 568.7 19.7 6.3 2.9 5.6 3.8 45 3.8
n-Co 219.7 595.7 20.0 6.3 25 5.1 3.0 41 3.0
n-Cio 2435 617.7 225 87 24 5.8 3.8 3.8 3.8
n-Ci1 247.6 639.0 245 106 2.6 5.9 3.9 39 42
n-Ci2 263.6 658.0 255 115 24 6.4 4.3 4.0 4.1
n-Cis 267.8 675.0 27.6 134 26 6.0 4.3 42 4.6
n-Cis 279.0 693.0 304 158 25 6.2 4.3 49 6.1
n-Cis 283.1 708.0 314 168 25 6.7 4.8 50 5.8
n-Cis 291.3 723.0 325 17.8 2.7 7.1 5.2 57 5.9
n-Ci7 295.1 736.0 323 17.7 26 8.5 6.9 6.1 4.7
n-Cis 301.1 747.0 33.4 187 27 9.2 7.8 6.3 4.6

n-Cio 305.0 758.0 341 194 238 10.1 8.9 6.5 45
n-Czo 309.6 768.0 33.1 184 3.0 10.7 10.1 6.2 3.6

n-Cz1 3134 778.0 334 187 3.2 11.7 11.2 6.6 4.0
n-Caz2 317.2 787.0 352 203 3.2 12.1 11.7 6.6 4.1
n-Caz3 320.7 796.0 345 19.7 35 14.3 14.2 7.1 56

n-Caz4 323.8 804.0 344 19.7 3.9 16.0 16.1 75 6.9
n-Czs 326.7 812.0 349 20.2 338 17.3 17.4 81 7.9
n-Cazs 329.3 819.0 351 205 5.7 19.1 19.5 87 94
n-Czs 3344 8320 368 221 41 21.9 22.5 9.2 118
n-Cso 338.7 8440 378 23.0 4.3 24.2 25.0 8.7 13.8

Overall straight chain alkane: 26.1 13.6 3.6 9.4 8.3 55 5.2
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Table 52. Relative deviatighof predictedsaturatediquid molar volume for natural gas
constituentgrom triple to critical point temperaturéContinued)

o - SRK PR VTP tmP
Abbreviaion Ty [K] T¢[K] SRK PR PRfit Penelou Perelou R R
X X
1-Ca 1135 408.1 101 54 5.3 4.7 3.3 5.5 3.1
2,2DM-Cz  256.6 433.8 11.2 5.8 5.6 5.8 3.9 44 4.2
1-Cs 113.3 4604 116 4.3 4.7 4.5 3.3 3.3 3.2
2,3DM-Cs 1452 500.0 12.2 4.0 4.4 4.6 3.2 3.3 3.2
2-M-Cs 119.6 4975 141 3.3 4.0 4.2 3.5 39 33
3-M-Cs 153.8 535.3 16.0 3.9 4.9 6.2 3.9 47 4.0
24DM-Cs 1539 519.8 14.3 3.8 4.9 5.8 3.5 3.6 3.7
2-M-C7 164.2 559.6 186 5.4 3.4 5.0 3.7 56 3.6
2,4DM-Cs 272.0 5535 145 4.0 4.3 6.1 4.4 3.6 4.6
3-E-Cs 272.0 5654 18.1 4.8 4.2 7.1 4.8 5.3 4.9
2-M-Cg 192.8 586.8 19.3 6.0 3.0 5.1 3.5 3.7 35
Overall branched chain alkant 14.6 4.6 4.4 5.4 3.7 43 3.8
cy-Cs 179.3 511.8 11.8 4.6 3.3 4.6 3.9 36 3.2
cy-Ce 279.7 5535 120 5.3 5.1 5.7 3.6 36 3.8
M-cy-Cs 130.7 5328 120 3.9 4.6 4.3 3.4 3.8 3.2
cy-C7 265.1 604.3 115 5.1 4.7 54 3.4 3.5 3.9
M-cy-Ce 146.6 5722 120 3.8 2.0 4.0 3.4 3.3 3.2

cy-Cs 288.0 640.0 88.6 714 36.5 76.3 71.3 715 71.3

Overall cyclealkanes 24.7 157 9.4 16.7 14.8 149 14.8

benzene  278.7 562.2 141 4.4 4.1 6.2 5.0 47 41
toluene 178.2 591.8 16.3 3.6 4.5 55 5.6 46 4.6
m-xylene  225.3 617.1 19.2 5.8 2.4 6.2 5.8 52 5.2
p-xylene 286.4 616.3 91.1 709 645 74.9 70.9 70.6 70.1
E-benzene 178.2 617.2 176 4.4 2.7 5.1 5.3 54 45
o-xylene 248.0 6304 172 4.0 2.5 5.3 4.5 49 3.8
Overall aromatic hydrocarbon 29.2 15,5 135 17.2 16.2 159 154
Overall hydrocarbons 23.3 119 56 11.0 9.4 9.3 8.6
h h
Wwowd p —B ——— b

NP: 30 experimentgboints from DPPR[184], Temperature rang&:001Ty - TJ/1.001
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5.1.3. Isobaric and isochoric heat capacity

Isobaric () and isochoric(® ) heat capacity include the derivatives of the EoS with

temperatur€Eq.3-11andEq.3-12),i.e. —— T e T ﬁtherefore théJfunction

is expected ta@ffect the prediction®f EoS since it changes its temperature depende@oy
the other hath a temperature independemtiwme translation does not altiéve heat capacity
of cubic Eo§91].

Heat capacitydeviations with SRK, PR, MCPR and PRfit feome typical natural gas
constituents are presentedliable5-3 andFigure5-3 - Figure5-4. Isochoric () heat capacity
generally increases with dreasing density, although at neaitical temperatures a sharp
maximum is observedollowed by a minimum at higher densitigs’3. For methane this is
shown inFigure5-3, where the inability ofhe EoS to predidhe maximum ik at the critical
point also observed. This maximum asly qualitdively predicted for ethanewhile this
behaviorimproves with the increase in molecular weight of the alkaas shown by the
comparison of methane anebotane in the arementioned figure.

Theerroneous behavian c, cannot be rectifietdy the Ufunction, the incorporation of the
volume translation or even PRfitvhich is also supported biyolishuk et al[17§. It is
interesting that the MOfunction has the greatest effect in the liquid phase prediciohsiot
the vapor phase as one would expettich are actually worsened as compared to tigenal
PR.Gregorowicz et al[173 suggests that a temperature and pressuk®dlcone parameter,
may result in better prediction of some of the aforementioned jsalsesfor (&), which
however will make the EoS extremely compéad is noexamined in this work.

Similar behavior isalso observed faisobaric (2) heat capacitywith EoS capturing the
correct behavior, but only qualitativelfxgain, for the light components the deviatiodsable
5-3) are largethan the heavier onewhile SRK has worse predictions than those of PR and
PRfit, especially in the liquid phase.

However, die to the maxima near the critical point, the average deviatlonsare not an
indication of the EoS accuracin Figure5-4, it is shown thafor methane the vapor phase
predictions are highly inaccurate with all EoS, especiadlgr the critical point, where PRfit
fails corsiderably compared to the other models, and PRMC also has worse predictions than
original PR. This is less obvious for octaR&fit has an overall better behavior for the liquid

phase than the rest of the Ee#ich is also shown iRigure5-4.
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Table5-3. Relative deviatiofhof predictedsaturatedsobaricand isochoriheat capacity
for natural gas constituents

SRK PR PRfit MCPR
Abbreviation Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
A
CHs 13.3 10.3 8.2 11.1 9.1 12.8 11.1 11.7
CzHe 8.5 12.4 7.2 12.9 7.8 14.9 12.6 12.9
Cs 7.2 9.8 7.1 10.1 6.7 10.3 13.6 10.1
n-Cs 5.7 55 6.5 5.9 7.9 7.3 7.1 5.9
n-Cs 5.9 5.0 6.7 5.3 6.6 6.3 6.3 5.3
n-Cs 14.6 9.9 14.7 9.8 6.3 5.5 12.1 9.9
n-Cio 4.1 2.9 4.6 3.0 3.8 3.5 2.5 3.1
n-Ci2 6.4 4.6 7.0 2.4 4.9 4.6 5.9 2.5
Overal 8.2 7.6 7.8 7.6 6.6 8.1 8.9 7.7
W
CHs 9.7 10.9 4.8 11.3 4.6 11.3 10.1 11.6
CaHe 13.2  13.7 7.9 13.9 8.4 13.9 21.4 14.1
Cs 13.1 10.0 8.4 10.1 9.8 10.1 24.6 10.2
n-Cs 8.8 4.2 5.8 4.3 6.4 4.3 14.6 4.3
n-Cs 7.9 3.4 5.3 3.5 6.1 3.5 13.3 3.6
n-Csg 4.7 14 3.1 14 3.4 14 6.6 15
n-Cio 5.7 1.2 4.3 1.2 4.6 1.2 6.7 1.3
n-Ci2 4.4 15 3.2 15 3.6 15 4.7 15
Overal 8.4 5.8 5.3 5.9 5.9 5.9 12.7 6.0

WwOYOP —B —bP

NP: 30 experimentgboints from NIST[186, Temperature rangd.001Ty - T¢/1.001
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Figure5-3. Saturatedsochoric heat capacipredictionof methane (left) and octane (right).
Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, markers:
experimental datarom NIST[186].
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Figure5-4. Saturatedsobaric heat capacifpyredictionof methane (left) and octane (right).
Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, markers:
experimental datarom NIST[186].
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5.1.4. Speed of sound and Jouldhomson coefficient

Both the speed of soun@v, Eq. 3-16) and JouleThomson coefficien{® , Eq. 3-17)

include derivatives of Eo®ith temperature and volumenamely— and— as well as heat

capaity and volume.Hence, hese properties are affected by both thiinction and the
volume translationwhile it is expected that tlyemight besubjected to cancellation of errors
between heat capacities and density predictions of EoS.

Predictionswith SRK, Peneloux SRK, PR, MCPR, PenelouxPR, VTR and PRfit
for some typical natural gas constituents are presenteabie5-4 - Table5-5 andFigure5-5
- Figure5-6. Since heat capacity predictions with cubic EoS cannot capture the ewfrbps
capacitywith densitynear the critical pointneither can speed of sound and Jdllemson
coefficients.This is noticedor both properties ifrigure5-5 andFigure5-6.

Speed of souhwith untranslated model3 éble5-4) has very low deviation®r the vapor
phaseand it is predicted with an order of magnitude higher accuracy than the liquid phase
the liquid phase PRfit has a small advantage. The differences in overall deviations are marginal
between the untranslated models, although PR and PRMC have slightly lower deviations.

Deviation with volume translated models arewshan Table5-5. TranslatedSRK yields
much higher deviations thats untranslatediersion which is not the case for PR, where the
volume translation improves the light components and slightly worserteettwy ones. The
incorporation of the volume translation proves that the speed of sound predictions, especially
for the liquid phase are a result of cancelation of errors, especially for SRK.

For JouleThomson coefficients, the overall deviations are Jgh, especially for the
liquid phase(Table 5-4). This behavior can bseenalso from Figure 5-6. The volume
translation plays significantrole in the predictionsPredictions with SRK EoS are a result of
cancelation of errors, since the introduction of the volume translation, that significantly
improves the density predictionsas a negative effecin the JouleThomson coefficientas
seen by comparison betweenTable5-4 and Table5-5. On the other hand, PR is improved
for light hydrocarbons, up to@s, while for the heavier onethie samg@henomenon as BRK
is observed regarding the volume translatMuoreover, théJfunctionhas a very small effect,

and he only model for which the results are slightly different is PRfit
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Figure5-5. Saturatedgeed ofsoundpredictionof methandleft) and octane (right)
Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, dashed
black line Peneloux PR, dashedd line Peneloux SRKmarkers: &perimental datérom NIST

[186).



Phase behavior and thermophysical properties of natural gas constituents 90

5 4 3 4
4A
2
3A
2A
1
1 5
o
B
Q
0 - : %%Om% 0
< 5 15 35 55
a
=
o 5 4 3
QA
\
4A
2
3A
2A
1
1 5
<
B
Q
O%OO
ng T Oy 1 O
-5 15 35 55

‘ (KIMPa)

Figure5-6. Saturatedloule Thomsoncoefficientpredictionof methane (left) and octane (right)
Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, dashed
black line Peneloux PR, dashedd line Peneloux SRKmarkers: &perimental datérom NIST

[186).
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Table5-4. Relative deviatiofof predictedsaturategpeed of soundnd JouleThomson
coefficientfor natural gas constituentgth untranslated EaS

SRK PR PRfit MCPR
Abbreviation Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
w
CHs 15.6 2.4 14.9 15 14.9 14 15.1 2.1
CzHe 154 2.0 15.0 15 14.7 14 15.4 1.6
Cs 15.8 1.0 15.9 1.0 155 0.9 16.6 1.0
n-Cs 16.1 1.1 15.4 0.8 15.0 0.7 15.7 0.8
n-Cs 16.3 1.2 15.7 0.5 15.1 0.6 16.0 0.5
n-Cs 14.7 1.8 13.7 0.9 13.2 1.8 13.6 1.1
n-Cio 14.7 1.9 135 1.3 12.2 2.2 13.1 1.5
n-Ci2 14.2 2.9 13.3 15 12.0 2.9 12.7 1.9
Overall 15.3 1.8 14.7 1.1 14.1 1.5 14.8 1.3
&t
CHs 97.2 15.3 89.7 15.2 87.7 15.5 91.3 15.7
C2Hs 136.6 91.7 121.1 911 117.0 92.1 126.9 91.8
Cs 232.7 335 2013 335 1940 325 2055 329
n-Cs 108.9 34.6 92.1 34.5 88.2 34.3 90.1 34.1
n-Cs 294.1 38.1 2489 38.1 2330 385 2421 37.7
n-Cg 246.1 399 202.3 40.0 159.2 43.0 1938 39.6
n-Cio 97.1 44.2 77.4 44.5 55.6 48.0 71.6 44.2
n-Ci2 88.0 45.6 68.3 40.7 42.5 45.6 62.0 40.3
Overall 162.6 429 1376 422 1221 437 1354 420
a0 0O b —B p
a3b0YO P —B p

NP: 30 experimentgboints from NIST[186, Temperature rangd.001Ty - T¢/1.001
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Table5-5. Relative deviatiofof predictedspeed of sound and Joulomson coefficient

(* ) for natural gas constituentsth translated EoS

SRK Peneloux  PRPenéoux VTPR tmPR
Abbreviation Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
w
CHs 16.7 2.3 9.0 1.7 9.6 1.7 8.7 1.8
CzHe 17.9 1.8 12.8 1.6 13.0 1.5 12.8 1.6
Cs 18.9 0.9 14.6 0.9 14.7 0.9 14.7 0.9
n-Cs 21.7 0.8 13.5 0.7 13.4 0.7 13.8 0.7
n-Cs 23.0 0.8 14.6 0.5 14.4 0.5 15.0 0.5
n-Cs 25.4 1.2 15.2 0.8 14.6 0.9 15.2 0.8
n-Cio 28.3 1.4 18.0 11 17.1 1.1 17.0 1.1
n-Ci2 30.0 2.2 20.3 1.2 19.6 1.2 18.3 1.2
Overall 22.7 1.4 14.8 11 14.5 1.1 14.5 1.1
&t
CHa 101.7 15.2 62.8 155 66.7 154 60.3 155
CzHe 151.3 917 99.0 91.0 1025 911 99.5 91.0
Cs 2656 333 1712 336 1742 336 1747 336
n-Ca 1248 344 84.2 34.6 83.7 34.6 85.8 34.6
n-Cs 360.1 379 2311 381 2262 382 2374 381
n-Cs 336.2 396 2178 400 211.8 400 217.7 40.0
n-Cio 126.5 439 85.3 44.4 83.7 44.4 83.6 44.4
n-Ci2 126.1 453 81.4 40.6 79.9 40.6 77.4 40.6
Overall 199.1 427 1291 422 1286 422 1295 422
00O p —B [
200YO0 P —B p

NP: 30 experimentgboints from NIST[186, Temperature rangé&:001Ty - T¢/1.001
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5.2.Isothermal properties

5.2.1. Fugacity of supercritical methane

Several auth&{16, 78] discuss the use of supercritical fugacity as a potential property for
fitting the parameter®f Ufunctions forsupercritical componentsince it carbe usedas an
alternativeto PVT data[78]; hence, itis interesting to investigate the effect of cubic EoS
components in supercritical methane fugacitye evaluation is based on pseudrperimental
values derived by employing the IUPAC equation of stsp@nninga temperature range of
200 K up to 600 K and pressures from 0.25 bar up to S0[1B8d.

The resultspresented iTable5-6 andFigure5-7, prove that dferent Ufunctionsas well
as volume translatiomay significantly affect the fugacity predictionghe lowest deviations
are observed for PR based modelmnelyPRfit, Peneloux PR anthPR whichare superior
to original PR. It seems that fugacity can be improved eithemigroving vapor pressure
predictions, as well athe volumetric behavigrwhile the larger deviationbetween model

predctionsand experimental datae observed at high pressures.

Table5-6. Relative deviatiohof predictedfugacity of supercritical methan:

PR 2.6

MCPR 1.7

PRfit 0.6

SRK 15

SRK Peneloux 1.1
PR Peneloux 0.6
VTPR 1.0

tmPR 0.6

aboyeQq —B ——bp

NP: 195experimentatiata point§187], T=200- 600 K, P=0.25 500 bar
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Figure5-7. Prediction offugacity ofsupercriticaimethane
Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, dashed
black line Peneloux PR, doted black line: tmPRsldedred line Peneloux SRKMarkers:
experimental data from WagnEgt87] at 200 K (diamonds), 250 K (squares), 300 K (circles), ¢
K (crosses), 500 K (x markers).
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5.2.2. Density

Similar to thesaturatediensity predictionsthe Ufunction does nosignificantly affectthe
cubic EoS density predictions, unlike the modificatiohshe cevolume parametemwwhich
improve the predictiamfor both PR and SRKFurthermore SRK yields the worst overall
predictions, even with a volume translatiarhile the translated PR is superldr®Rfit, unlike
what was observed saturatediquid densitiesThe detailed results are presentedatle5-7

andFigure5-8.

Table5-7. Relative deviatiohof predicted density for natural gas constituents.

Abbreviation T (K) NP PR MCPR PRfit SRK PenSRK PenPR VTPR tmPR

CHa 150500 399 4.7 4.5 1.0 21 1.7 0.9 1.0 1.3
CzoHe 150500 397 55 3.2 36 3.7 2.2 1.3 15 1.3
Cs 150500 397 5.7 4.6 7.0 4.7 2.4 1.7 1.8 1.8
n-Cs 150500 397 5.0 5.0 5.2 6.0 2.7 2.1 2.0 2.3
n-Cs 150500 363 4.9 4.9 6.3 8.6 4.1 2.7 2.3 3.3
n-Cs 250500 296 2.3 2.2 36 124 3.7 2.0 1.7 2.0
n-Cio 250500 259 4.6 45 24 147 5.3 29 2.1 2.1
n-Ci2 300500 243 7.7 7.6 21 174 6.5 3.7 2.8 1.9

Overall 50 46 39 8.7 3.6 2.2 1.9 2.0

aib0YyYe —B ——bP
NP: Number of experimentalata pointg18€], P= 10- 500 bar
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Figure5-8. Prediction ofdensity of methane (left) and octane (right)

Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, dashed
dottedblack line tmPR, dashetkd line Peneloux SRKMarkers: experimental data from NIS
[186: 150 K(x), 200K (triangles) 250 K(squares)300 K(circleg, 400 K(diamond$, 500K
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5.2.1. Isobaric and isochoric heat capacity

Isobaric and isochoric heat capagiesent extrema in temperatures close to the critical
point cannot be predicted with cubic EoS, as showRigyre5-9 andFigure5-10, similarly
to what is discussed in the saturation heat capacity. Genesalbaric heat capacity is more
accurately predicted by SRK and MCPR, while isochoric taaécity by PR and PR{iTable
5-8). There seems to be a correlation between isobaric heat capacity and vapor pressure
predictions, since models wdhi yield better vapor pressure predictions are more accurate in
isobaric heat capacities. Similarly, PR and BRithich are more accurate for liquid density

predictions also yieldmproved isochoric heat capacities

Table5-8. Relative deviatiofof predictedsobaric and isochoric heat capacity for natui
gas constituents.

Abbreviation T (K) NP PR SRK PRfit MCPR
@
CHs 150500 399 1.1 1.9 2.5 1.2
C2Hs 150500 397 2.3 1.6 3.8 3.5
Cs 150500 397 3.3 1.9 4.7 3.8
n-Cs 150500 397 3.6 2.2 3.3 3.4
n-Cs 150500 363 6.6 5.3 3.9 3
n-Cg 250500 296 3.9 2.5 3.5 1.1
n-Cio 250500 259 3.6 2.1 3.2 1.6
n-Ci2 300-500 243 4.5 3 3.9 3
Overall 3.6 2.6 3.6 2.6
@

CHs 150500 399 1.6 4 1.2 1.7
C2Hs 150500 397 3.8 7.2 3.2 6.1
Cs 150500 397 4.7 7.9 5.6 9

n-Cs 150500 397 4.9 7.8 5.5 11.7

n-Cs 150500 363 3.4 7.4 5.6 10.5

n-Cg 250500 296 3.5 5.4 3.9 6.8

n-Cio 250500 259 5 6.8 5.3 7.4

n-Ci2 300:500 243 3.9 5.6 4.4 5.6

Overall 3.9 6.5 4.3 7.3
6YPO —B ——bp

NP: Number of experimentalata point§186, P= 10- 500 bar
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Figure5-9. Prediction ofsochoric heat capacityf methane (left) and octane (right)
Solid black line PR, solid red line SRK, solid greenline: PRfit, solid blueline: MCPR, dashed
dottedblack line tmPR, dashetkd line Peneloux SRKMarkers: experimental data from NIS”
[186: 150 K(x), 250 K(squares)300 K(circleg, 400 K(diamond$, 500K (star9.
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Figure5-10. Prediction ofisobaric heat capacitgyf methane (left) and octane (right)
Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, dashed
dottedblack line tmPR, dashetkd line Peneloux SRKMarkers: experimental data from NIS
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5.2.2. Speed of sound and Jouldhomson coefficient

Speed of sound is moeecurately predicted by SRK rather than PR Eo0S, especially for
lighter components The U function does not yield any significant improvement over the
original formof PR unlike the volume translatipas shown iTable5-9. It is again observed
that the translated SRK is less accurate than the originapomeng the cancelation of errors
between SRK components. On the contrary, B& the volume translation impres the
predictionsof speed of sound, whileRfit yields deviation between those of untranslated and
translated PRas showrboth inTable5-9, as well graphicallypresented irFigure5-11 and
Figure5-12.

For JouleThomson coefficientdoth the volume translation and tbéunction affect the
predictions as shown imable5-9; for PR both modifications lead to better predictions, with
the volume translation having a greater effect, while SRK agaworsened by thase of

volume translation.
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Figure5-11. Prediction ofspeed of soundf methane (left) and octane (right)

Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, dashed
dottedblack line tmPR, dashetkd line Peneloux SRKMarkers: experimental data from NIS
[186: 150 K(x), 200 K(triangles) 250 K (squares)300 K(circleg, 400 K(diamond$, 500K

(starg.
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Figure5-12. Prediction ofJouleThomson coefficiendf methane (left) and octane (right)
Solid black line PR, solid red line SRK, solid green line PRfit, solid blueline: MCPR, dashed
dottedblack line tmPR, dasheted line Peneloux SRKMarkers: experimental data from NIS

[186]: 150 K(x), 200 K(triangles) 250 K (squares)300 K(circleg, 400 K(diamond$, 500K
(starg.
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Table5-9. Relative deviatiohof predictedspeed of soundnd JouleThomson coefficientor natural gas constituents
Abbreviation T (K) NP PR SRK PRfit MCPR PenSRK PerPR  VTPR tmPR
w

CHs 150500 399 6.6 4.4 4.5 6.4 4.9 2.5 3.0 2.3
C2Hs 150500 397 9.3 7.8 8.5 9.1 10.2 6.2 6.6 6.3
Cs 150500 397 11.1 9.4 10.7 10.9 13.2 8.9 9.0 9.1
n-Cs 150500 397 12.0 10.2 11.9 12.2 14.4 10.8 10.7 10.9
n-Cs 150500 363 14.0 9.9 11.5 115 16.4 12.6 12.3 13.1
n-Cs 250500 296 8.8 8.0 9.0 8.9 17.5 9.3 9.0 9.3
n-Cio 250500 259 7.8 7.6 7.7 7.9 19.7 9.2 8.6 8.6
n-Ci2 300-500 243 9.1 9.0 8.5 9.4 19.5 8.8 8.3 7.8

Overall 9.8 8.3 9.0 9.5 14.5 8.5 8.5 8.4

&Jr
CHa 150500 399 350.8 236.3 107.9 365.2 260.9 185.5 213.6 166.9
C2Hs 150500 397 66.0 40.3 26.9 24.0 54.9 41.6 45.6 42.2
Cs 150500 397 98.3 62.5 102.3 39.5 92.2 70.1 72.8 73.3
n-Cs 150500 397 79.8 53.5 83.5 77.2 82.1 63.6 62.5 66.9
n-Cs 150500 363 69.1 41.2 53.9 44.9 55.5 64.3 63.2 65.9
n-Cs 250500 296  42.6 51.7 35.9 38.6 49.0 41.7 41.9 41.7
n-Cio 250500 259 34.4 47.9 24.8 31.2 23.6 25.1 26.7 26.7
n-Ci2 300500 243 38.1 51.6 25.5 36.0 10.5 18.6 20.3 23.3
Overall 97.4 73.1 57.6 82.1 78.6 63.8 68.3 63.4
A0 0'Y®PVL —B P,200'YOP —B P, NP: Number of experimentaloints[186], P= 10- 500 bar
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5.3.Conclusions

In this chapter the effect dfi function, volume translation and fitting pure component
parameterss examined in the prediction sturation, volumetric and derivative propertiés
pure hydrocarbons, gsedicted bycubic EoS.

PR is coupled witha differentU function, the MathiasCopeman(MC), and different
volume translations, namely PenelotmPRand VTPR. Moreover, PR with critical properties
and acentric factor fitted to ppicomponent denggsand vapor pressures, called PRfit, is also
compared withthe aforementionedR versions.

SRK yields more accurate vapor pressure predictizaas PR, havever, modificatiors of
PR are equally accurate to SRKR can be greatly improved by using an improvéanction
like MC or by fitting pure component parameteénsvapor pressurdike PRfit. Volume
translation does not alter the equilibrium and therefore has no effebeorapor pressure
predictons contrary to thevolumetric behavigrwhich is greatly improved It has been
observed tha®R is superior to SRKooth in the original and their translafedms while PRfit
is also capable of describing with high accuracy tholumetric behavior, especially at the
saturation.

Both for isobaric and isochoric heat capacéytrema with density arebservedat the
critical point and at slightly supercritical temperatutespecially for isochoric heat capacity,
EoScompletelyfail to predicttheseextremafor methanewhile for isobaric heat capacity the
maximum is predicted but only qualitativel{this behavior is improved for heavier
hydrocarbonshowever none of the modificatianstudied in thisvork wereable to improve
the erroneous behavioEspecially the volume translation does radtect heat capacity
predictions.

SRK and MCPR, mdels with fairly accurate vapor pressure predicti@ng,superioto
the rest for isobaric heat capacity, mostly in the isothepnaglertes rather than the saturation.
At the saturation most models yield similar predictions, with PRfit having a small advantage
in the liquid phaseOn the contrarythe models with good volumetric behavi®tR and PRfit
are the ones with the best behaviorsochoric heat capacity. The difference between PR and
PRfit is marginal, unlike theignificant improvemenbbserved in the volumetric behavior.

Speed of sound and Jotlomson coefficierst are formally affected by both thdJ
function and the volume translatioRrediction of these propertiésherentlyinclude heat

capacity and densitjzence he inability ofcubic EoSto descrile the extrema of heat capacity
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affectsalso the speed of sound and Jelit®mson coefficient prediions For both properties,
the vapor phase is more accurately predicted than the liquid phase.

The translated versions of PR and the untranslated SRK vyield the best overall results for
speed of sound, howevelg model has a significant advantage fdusation properties, apart
from PRfit which yields slightly better liquid phase predictioftse Ufunctionhas a very small
effect on the predictions, unlike tkelume translationwhich is proven very effective.

The translated versions of PR and PRi#ve the bespredictionsof JouleThomson
coefficients Between the original models, SRK is bar far superior to PR, while the MC function
improves PR EoS-or JouleThomson coefficients the overall deviations are very higtile
the modelgifferentiate mostly in the isothermal properties, and not the saturation.

Cancelation of errors is widespread in the calculatiateakative propertiedntrarslated
SRK yieldsthe best speed of souadd JouleThomsorpredictionswhile the incorporatn of
a volume translatioryields worse predictions both for the saturated and the soigise
properties. PR on the other hand is improved with the introduction of the volume translation
proving that PR is a more reliable model both properties.

Lastbut not least,dgacity of supercritical methaman be improved either by modifying a
model for better vapor pressure predictions, as well as better volumetric behavior, and the
improvement is more profound at high pressufdge lowest overall deviatienare observed
for PR based models, PRfit, PenelouxPR @mmeR although oiginal PR is less accurate than
SRK EoS.

Due to the above reasons, PR is considered a more reliable model than SRK and it is used

as a base EoS the development dhenew modein Chapter7.
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6. Thermodynamic modelling of syntheticnatural gas and gas condensate
mixtures

Towards theevaluation of EoS in the prediction of real petroleum fluidss
importart to study the behavior of thermodynamic models with the least possible
uncertainties regarding the mixture composition For this reason,synthetic
multicomponent mixtures simulatirthe composition of real fluids are used

Themodels considered in thehapterthave been thoroughly presentadChapter3.
SoaveRedlichKwong (SRK)[65], PengRobinson (PR)Y79 and PerturbeeChain
StatisticalAssociatingFluid-Theory (PG SAFT) [116, 161] arecoupled with thevan
der Waals one fluid vdW1f) mixing and combining rules using temperature
indepeneént binary interaction parameters (BIPBR has also been coupled with the
universal mixing rules (UMR)in the form ofthe UMR-PRU model[105, 106. The
BIPs of the UMRPRU model are those of by Louli et 109 .

In this Chapter, EoS are primarily evaluated in the prediction of dew pointsof
natural gas and saturation points and liquid dropouts of gas condensateSubic
EoS are afterwards tested in the prediction of critical points, heat capacity, Joule

Thomson coefficients and speed of sound of binary and multicomponent mixtures.
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6.1. Effect of binary interaction parameters onvapor-liquid equilibrium

Binary interaction parameterslevant to reservoir fluid thermodynamic modellsan be
grouped into the following categories: gas/hydrocarbon, hydrocarbon/hydrocarbon and
gas/gaslt is common knowledge thah¢ interaction parameters between two hydrocarbon
componentareusually set to zerfil 6, 45]. Moreover sincemostthe hydrocarboshave small
concentrating the interaction between thepfay no significant part in the EoS predictions.

On the other hand, BIRstweengases, namelZOz, N2, CHs, andhydrocarbons are usually
not zerg[16, 495).

A more thorough study of the effeat binary interaction parameters (BIPS) in {ifease
envelopepredictions ofnatural gas andas condensate mixturesattempted. To thand a
typical exampleof a natwal gas and a gas condensate mixawepresentedn Figure6-1 with
PR Eo0S, where the effect of using different sets of BIPs is showdnseédsiding the
hydrocarbonsHC) into two categoriesThe first category includes HCs lighter thaiCio,
hereby daeoted as HCsetl, and the second, HCs at least as heaGi@slanoted as HCset2.

The following scenarios were examined: if@)+zero BIPs for all binariegb) nonzero BIPs
only between methane and heavy hydrocarleiGset2), (c)nonzero BIPs only between
methane and all HCs, and (d) BIPs equal to zero for all binaries.

For natural gases, it shown thatheBIPshave practically no effect on the phase envelope
with marginal differences between scenarids@ although sometigsutilization of nonzero
kij mayevenworsen the predictions of EG$1(.

For gascondensatge dew point predictions arenainly affected by the BlIPbetween
methane and heavy hydrocarboAstually, theuse of interaction parameters only between
methane with the heavier hydrocarbons yields practically the same dew point predictions with
those obtained when BIPs for all pairs containing methane or the complete set of BIPs.are used
This isalso mentionethy Ungerer et al.13].
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Figure6-1. Phase envelope prediction with PR EoSSNG 6 (left) andSGC 7(right).
Diamondsmarkers experimental dataolid line: nonzero BIPs for all binarieshort
dashed lines: nerero BIPs only between GlandHCset2 long-dashed linenonzero
BIPs only between CkHand all HCsdotted line: all BIPs were set equal to zero.
The BIPs used for C#HCset2 binarieare the ones calculated in this work.

Due tothe sensitivity ofEoS to the BIPs of methane with the heavier Hi@sgas
condensateghe corresponding BIPs were recalculated in this work while the rest were taken
from the literature BIPs for methane with HCsetlalthough not important for dewoint
predictions, were taken from the HYSY Brocess simulator database for PR and SRiile
for PGSAFT, thecorresponding valuewere retrieved fromthe literature[188 189. For
methane with hydrocarbons belonging to HCs#tRinteraction coefficients were determined
by fitting binary vapoiliquid equilibrium experimental datar all EoS The values of the BIPs
are presented imable6-1 and thedeviations in bubble point pressuiiasTable6-2. For two
mixtures CHs with n-CizandCHs with 2,2,4,4,6,8,8M-Cg, no experimental VLE data were
found in the literature. Far-Cy3, the mean value of the BIPs of GRCioand CH-n-Ci4 was
used, which were fitted to VLEata[190-192. For 2,2,4,4,6,8,8’M-Cg, the value of its
isomer,n-Ci6, was used instead. All BIPs used for PR, SRK andSRET are given in

Appendix B.
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Table6-1. Optimum l§ valuesof CHs (1) with heavy hydrocarbons (2

Component (2): SRK PR PGSAFT
n-Cio® 0.0349 0.0388 0.0213
n-Cro? 0.0429 0.0480 0.0217
n-Ci4® 0.02320  0.0248 0.02490
n-Ci6? 0.0558 0.0592 0.0319
n-Cz4? 0.0465 0.0556 0.0383
n-Css?® 0.0189 0.0455 0.0374

1-M-naphthalené 0.0938 0.1009 0.0662
phenanthreng 0.2004 0.2025 0.0854
naphthalené 0.1110 0.1220 0.0537
n-Cas® 0.0330 0.0364 0.0233
2,2,4,4,6,8,8/M-Co° 0.0558 0.0592 0.0319

2 Regressed from experimentalbble point pressudata
b Not available experimental vaptiquid equilibrium data

Pure component parameters needed for SRK, PR and-PRIR were taken from the
DIPPR data compilatiofi84]. For PGSAFT[116, 16]] the three pure component parameters,
were taken from Gross and Sadowdkif and Ting et al[127], except for AC24, N-Cze and
2,2,4,4,6,8,8’M-Cy, which are not available in the literature and were determined in this study
by fitting pure component vapor @m®ure and saturated liquid density data. Pure component
parameters for all EoS used in this work are presented in Appendix A.

Bubble point pressure predictionEbinary mixtureswith EoS, i.e. all ks were set equal
to zero, get progressively worse wititreasing carbon numband n most cases SRK vyields
the best predictions. As far as the correlation ability of the models is concerned, PR and SRK
yield similar results, inferior to RSAFT, which in accordanagith previous studies exhibits
good correl@ion ability independently of chain length and molecule compld®i#y. Similar
work regarding the jkvalues of methane with alkanes is done by Yan d4#4§]. UMR-PRU
offers a very good compromise between accuracy and predictive ability, since its group
interaction parameters between £d Ch groups were fitted to VLE data for alkanes up to
N-Cis.

The mixture CH-n-Css is very challenging for cubic EoS with vdW mixing rules, which
fail for the asymmetric mixturgd.45; for this reason in the fittingrocedure high pressures
were favored, since they are more relevant to gas condensate modélérsyiperiority of the

fitted interaction prameterst high pressures is shown graphicallyigure6-2.
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Figure6-2. Binary Pxy envelopdgor CHs-n-Czs mixture
Blue line:PR, green line: SRKsolid line:zerokjs; dashed line: nererokjs, diamonds
markers experimental datgl93.

Theextension from binary to multicomponent gas condensate mixtures is not an easy task.
Apart from the temperature dependency of ffsd k66, 9gnificant variationsn the prediction
of multicomponent mixtureBavealsobeen reportetletween kregressed from high pressure
data and low pressure ddtB94]. However regression of binary interaction parameters at
correspondingonditionswith the multicomponergas condensatés not always possible due
to the lack of VLE experimental data. Usually the available experimental VLE data for methane
mixtures with heavy Bs are limited to relatively low pressures unlike ttanditions
encountered in gas condensate pleagalibrium[194]. Furthermore, other limitations may be
imposed by different equilibriuntypes like liquidliquid splits[195 and/or solid precipitation
[196-201], that do not allow for a direct correlation of theitk thedesired conditions. In this
work, the ks are calculated, wherever possible, for temperatures close to those of the

experimental data of gas condensate mixtures
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Table6-2. VLE predictions Kij=0) and correlations for binary GHHCset2 systems

. %AARDP” (kjj=0) %AARDP” (opt. ki)  %AARDP®
CHq with Reference NPT T(K) P(an  srk PR PGSAFT SRK PR _PCSAFT _UMR-PRU
n-Cio [202-204] 115 303423 1- 362 82 94 13.4 34 35 4.0 5.9
n-Ci2 [191, 192 40 263373 13495 174 195 15.7 58 5.8 4.2 95
n-Cu4 [190 12 294324 20-95 109 126 159 50 5.3 28 7.2
n-Cis [196 205 206 92 290-360 21-703 234 254 24.1 54 53 3.7 9.5
n-Ca4 [199 207,208 122 330-440 20-971 219 253 27.1 10.0 9.9 2.5 16.0
n-Css [193 52 373453 59993 114 11.8 7.21 13.4 15.1 1.9 8.6
1-M-naphthalene [20§ 7 464 21-251 185 21.8 27.7 14 14 1.3 13.8
phenanthrene [200 209,210 60 380-473 178-960 48.3 51.6 44.2 76 7.5 4.2 13.3
naphthalene [21Q 12 373423 19-87 25.0 29.8 26.1 29 29 2.7 7.1
Overall 20.5 22.8 22.3 70 7.2 3.3 10.5
aNP: Number of experimental data points
b5 6 ‘0O P, where P is the bubble point pressure
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6.1. Dew points of synthetic natural gas mixtures

Thecompositions ofthe synthetic natural gas mixtures (SNGs) used in this work are given
in Table 6-3. The tenperature and pressure ranges of the dew point data are quite wide,
approximatelyfrom 196 to 287 K and from 1 to 106 bar respectively. Regartheg
relationship between the composition of a natural gas and the dew pointlcemeperimental
data follav the expected trends, explained in Chapt2r3.

For the completeness of this work BIPs for the hydrocarbon/hydrocarbon binaries were
alsoused, although it has been proven that they could be set to zero without significant effect
in the predicted envelopes. For PR and SRK, they were taken from the Y8¥&ess
simulator databag@11] and for PCSAFT from the literatur§l16, 189, 2127]. The BIPs used
in the calculations can be found in Appendix B.

Dew pointpredictiors are presented in terms of average absolute devsatiothe dew
point temperature (AADT) iTable6-4, and dew point pressure (AADP) Trable6-5. In the
cases where at a specific pressuréearperaturea model predicts a singjghase region, the
experimental point was omittégbm the calculation of the AAD, whildn¢ number of omitted
points is reported as (NRP). Moreover, Trable 6-7 and Table 6-6 the deviations from the
experimental cricondentherm temperature and cricondenbar pressure, whenever these are
experimentally available, are reportedhel phaseenvelope predictions are also shown
graphically inFigure6-3 up toFigure6-7.

Judging from the deviation both in dew point temperature and presSiable 6-4 and
Table6-5), it is asserted that the introduction of binary interaction parameters in all EoS has
no majoreffect in the dew point predictionshich is in accordance with the literat(ii®, 45],
apart from SNG 10 that contains high amount ob.d%0r this mixture, the introduction ofk
significantly improves the predicted dew poirfsg(ire6-4).

In the same tables, overall deviations without SNG 10 show that SRK vyields the same
overall deviations with and withoutj$ while PR performs worse when thgjkare used.
Moreover, theuse of kjs with PR and SRKresults n an increase of the number of g
points, which are the cases that single phase was predicted instead of algh@ibe spmber
or rejected points for dew point temperature calculationsiisdaration of the performance of
the modelsat high pressures near the cricondenbar, while the rejected points of the dew point
pressure is an indication of the performance of the models at medium pressures, near the

cricondenthermThis is in accordanceith the results of Louli et a[110. For PGSAFT on
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the other hand, the introduction of bipanteractions parameterapart from increasing the
number of rejected points, also results in higher overall deviations, regardless of SNG 10.

To summarize, the best models for dew point predictions, both in dew point temperature
and pressure, are SRKidh UMR-PRU. PR vyields the worst dew point predictions, being
inferior to all the other models examined, i.e. SRK, as already reported by Nasrifg56; al.
139, PGSAFT, as reported by Alfredique and Casfie82, and UMRPRU, as reported by
Louli et al. [11(. Between UMRPRU and SRK, the UMRRU yields more accurate
predictions and in most caskess rejected points than SRKaple6-4 and Table6-5), apart
from dew point pressure predictiowhere SRKwith zero kjs has a superior behavior both in

medium and high pressuregaple6-5).
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Table6-3. Molar composition$%o) of synthetic natural gas mixtur€SNG 130).
SNG 1 2 3 6 7 8 9 10
Source [15] [16] [16] [16] [16] [16] [213 [213 [213 [213
CO; 25.9080
N2 0.6700 0.4800 0.8620 1.5590
CHs 89.00 93505 84.280 96.613 94.085  93.595 89.9584 88.7634 86.4838 69.1140
CzHs 7.00 2.972 10.067 4.468 2.630 8.2200 8.5400 9.8320 2.6200
Cs 1.008 4.028 0.9000 1.6800 2.3880 0.4230
i-Cs4 1.050 0.597 1.527 1.490 0.1100 0.2200 0.1830 0.1050
n-Cs 4.00 1.465 1.028 1.475 1.490 0.1300 0.2900 0.2310 0.1040
i-Cs 0.385 0.795 0.0084 0.0182 0.0139 0.0340
n-Cs 1.447 0.0032 0.0084 0.0063 0.0230
n-Ce 0.1100
Table 63. Molar composition$%) of synthetic natural gas mixturéSNG 130). (Continued)
SNG 11 12 13 14 15 16 17 18 19 20
Source [213 [214] [110 [110 [110 [110 [110 [110 [215 [215
CO: 1.7000 0.2020 0.1870
N2 0.7720 0.4100 0.3481 0.3130 0.6180
CHs 84.4460 96.4654 93.0413 93.1211 93.1757 83.9402 84.0795 84.1136 90.4183 98.9430
C2Hs 8.6830 2.5100 2.9959 3.0483 3.0642 10.0159  9.9730 9.9574 8.0380 0.0820
Cs 3.2970 0.2130 0.9649 0.9936 1.0139 4.1088 4.0365 41112 0.8010 0.0650
i-Cs4 0.2930 0.1840 1.0038 1.0323 1.0266 0.6012 0.6029 0.5762 0.0810 0.0500
n-Cs 0.5890 0.1970 1.3482 1.5099 1.5214 1.0314 1.0122 1.0306 0.1230
i-Cs 0.0840 0.0096 0.0028 0.0100 0.0170
n-Cs 0.0860 0.0100 0.0078 0.0079
n-Cs 0.0500 0.0010 0.0050 0.0047 0.0320
benzene 0.2948 0.2959
cy-Ce 0.2978 0.3025
n-C7 0.1982 0.1954 0.0011 0.0027
n-Cs 0.0033
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Table 63. Molar composition§%) of synthetic natural gas mixtur€SNG 130). (Continued)
SNG 21 22 23 24 25 26 27 28 29 30
Source [215 [215 [215 [14] [14] [14] [14] [14] [216] [19]
CO, 0.2000 0.5100 0.2840 1.7010 0.4030
N2 2.8000 6.9000 5.6510 1.6970 2.0310
CHs 96.6159 88.1882 83.3482  90.2309 89.3411 92.2325 98.6879 97.3065  89.9820 90.9910
CzHe 0.1800 2.7200 7.5260 6.8677 7.7122 6.3712 0.7059 1.6081 3.0090 2.9490
Cs 0.1029 0.8500 2.0090 1.7107 2.2104 1.0492 0.4597 0.8781 1.5060 1.5130
1-Cs4 0.0499 0.1700 0.3050 0.7520  0.7550
n-Cs 0.0095 0.3200 0.5200 0.848 0.5428 0.1582 0.07821 0.09047 0.7530  0.7550
1-Cs 0.0166 0.0850 0.1200 0.3000  0.2990
n-Cs 0.0940 0.1440 0.2653 0.1326 0.09463 0.03582 0.05339 0.3000 0.3040
n-Ce 0.0160 0.1190 0.0680 0.05142 0.03196 0.04404 0.009911 0.02949
benzene 0.006103 0.00419 0.01398 0.003536  0.009786
cy-Ce 0.002463 0.003225 0.008588 0.003005  0.005853
n-C7 0.0054 0.0258 0.0138 0.004523 0.005579  0.005919 0.00316 0.00501
toluene 0.009383 0.0119D 0.0157® 0.005923  0.007274
n-Cs 0.0038 0.0180 0.0110 0.001217 0.001361 0.0032D 0.003486  0.00249
n-Co 0.000003 0.001018 0.001585 0.002175  0.001763
n-Cio 0.000001  0.000003 0.000005 0.000984  0.001175
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Table6-4. Deviation in dew point temperatifor synthetic natural gas mixturg®ADT ® (NRPY).

SRK SRK PR PR PGSAFT PCGSAFT
System NP' 4i=0) (k) (i=0) (ki) (ki=0) (ki) UMR-PRU
SNG1 100 1.9(0) 20(0) 35(0) 3.7(0) 27(1) 3.6 (3) 1.6 (0)
SNG2 18 16(2) 1922 33(2) 37(2) 24() 2.5 (3) 1.2 (1)
SNG3 18 12(2) 15(2 22(2) 26(2) 12(2 2.2 (3) 1.4 (1)
SNG4 16 08(0) 09(0) 26(0) 27(0)  15(0) 5.0 (0) 0.6 (0)
SNG5 23 25(0) 25(0) 42(1) 43(1) 35(1) 3.8 (1) 1.7 (0)
SNG6 20 1.2(0) 13(0) 32(0) 33(0) 25(0) 8.2 (0) 0.5 (0)
SNG7 15 1.2(3) 13@3) 15(3) 19(3) 12(3) 1.9 (3) 1.1 (2)
SNG8 19 10(2) 11(3) 1.6(3) 20(3) 1.1 (3) 2.1(3) 1.4 (1)
SNG9 22 13(4) 16(4) 22(4) 27@4) 194 2.3 (6) 1.3 (4)
SNG10 63 45(0) 1.1(0) 29(0) 09(©0)  7.9(0) 1.3 (0) 0.9 (0)
SNG11 47 1.4(0) 0.8(0) 1.4(0) 22(8)  1.1(0) 1.7 (12) 2.3 (0)
SNG12 14 1.1(2) 11(3) 203) 26(@3) 1.3 (2) 2.2 (3) 1.4 (2)
SNG13 20 23(0) 24() 22(0) 19(0)  3.4(0) 3.5 (0) 2.8 (0)
SNG14 13 36(0) 33(0) 23(1) 21(1)  38(1) 3.3 (1) 1.5 (0)
SNG15 18 2.8(1) 28(1) 15(1) 15(1)  31(1) 3.3 (1) 3.8 (0)
SNG16 25 29(3) 28(3) 23(4) 21(5  3.8(4) 4.1 (4) 2.1 (1)
SNG17 28 52(2) 45(3) 403) 36(4) 55(3) 5.5 (4) 2.6 (1)
SNG18 26 28(3) 28(3) 20(5 22(5  35(4) 3.1 (5) 1.8 (1)
SNG19 17 15(3) 18(4) 21(@4) 28  11(4) 2.0 (4) 2.0(3)
SNG20 18 10(0) 13(0) 22(4) 21(4)  10(1) 1.1 (0) 1.9 (0)
SNG21 17 1.2(0) 15(0) 22(2) 21(2)  10(0) 0.7 (0) 1.8 (0)
SNG22 36 32(8) 36(7) 54(9 52(9)  3.9(9) 4.0 (9) 2.9 (4)
SNG23 27 11(3) 13(3) 30(5) 33() 15(5) 2.2 (5) 1.5 (0)
SNG24 4 09(0) 06() 11(0 15(0)  0.9(0) 0.7 (0) 0.8 (0)
SNG25 4 1.1(0) 08(0) 1.2(0) 19(0)  15(0) 1.0(0) 1.0(0)
SNG26 4 15(0) 10(0) 1.2(0) 16()  20(0) 1.8 (0) 1.3 (0)
SNG27 4 1.8(0) 1.9(0) 1.9(0) 1.7(0)  2.2(0) 2.5 (0) 1.2 (0)
SNG28 4 17(0) 16(0) 18(0) 1.9(0)  2.3(0) 2.4 (0) 0.5 (0)
SNG29 9 1.3(2) 1.7(2) 26(2) 38(2) @ 25(2 1.9 (4) 2.2 (0)
SNG30 6 33(0) 32(0) 22(0) 21(0)  1.8(0) 4.0 (2) 6.2 (0)
Overall 649 2.2 (40) 1.9(43) 2.8(58) 2.7(68) 3.0(52) 3.0 (76) 1.8 (21)
Overall 586 20(40) 2.0(43) 27(58) 29(68) 2.5(52) 3.2(76) 1.9(21)
2NP is the number of experimental data points.
b5 6 0"Y B YooY

°®NRP is number of rejected data points since a single phase is predicted.
d Overall deviation without SNG 10
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Table6-5. Deviation in dew point presseifor synthetic natural gas mixturg®ADPP

(NRPY).
SRK SRK PR PR PCGSAFT PGCGSAFT
System NP i=0) ) =0) (k)  (ki=0) (k)  OMR-PRU
SNG 1 100 4.6 (30) 4.9 (32) 6.6(46) 6.8(47) 3.9(32) 6.5 (44) 4.2(28)
SNG2 18 55(5) 6.6(5) 81(9 89(9 68(5) 948 3.1(@3)
SNG3 18 3.0(4) 35(5 52(5) 6.2() 30(4) 59() 35(3)
SNG4 16 2.8(4) 30(4) 59(8) 6.2() 51(5 9.8(10) 2.4 (0)
SNG5 23 40(4) 40(4) 75(8) 75() 46(B) 79(B) 24(3)
SNG6 20 30(3) 26(4) 7.1(7) 75(7) 23(5 84(11) 08(@3)
SNG7 15 15() 16(6) 20(6) 24(7) 16() 27(6) 16(5)
SNG8 19 1.1(4) 18(4) 26() 33(6) 24(1) 44() 15(4)
SNG9 22 32(3) 43(4) 40(7) 48(7) 49(2) 54(7) 2.6(@3)
SNG 10 63 14.5(0) 6.9(0) 9.4(0) 2.7(16) 20.8(0) 12.2(0) 2.7 (16)
SNG11 47 1.2(0) 07(4) 1.7(4) 28(7) 42(0) 43(4)  18(4)
SNG12 14 21(0) 23(2) 37(B) 49(B) 18(0) 38(4) 28(2)
SNG13 20 7.2(0) 7.5(0) 40(0) 38(0) 7.4() 82(0) 88(0)
SNG14 13 7.4(0) 7.3(0) 48(0) 48(0) 6.6(0) 7.4(0)  29(0)
SNG15 18 84(0) 84(0) 43(0) 41(0) 92(0) 86()  10(0)
SNG16 25 6.7(0) 6.3(0) 51(0) 49(0) 76() 7.6(0) 5.1(0)
SNG17 28 96(0) 87() 7.7(0) 7.1(0) 92() 93(0)  6.0(0)
SNG18 26 6.7(0) 6.3(0) 48(0) 47(0) 72(0) 75(0)  50(0)
SNG19 17 44(2) 56(7) 57(8) 57(9) 41(1) 63(7) 48(98)
SNG20 18 20(0) 2.3(0) 30(5) 28(5) 60(0) 51(0)  23(0)
SNG21 17 20(0) 25(0) 41(4) 37() 28(©) 31(0) 24(0)
SNG22 36 59(0) 56(0) 108(7) 105(7) 88(0) 88(1)  3.9(0)
SNG23 27 21(1) 23(4) 46(8) 51() 29(4) 34(4) 21(6)
SNG24 4 39(1) 22(1) 17() 41(2) 24(0) 12(1) 15(2)
SNG25 4 55(0) 50(0) 07(3) 31(3 86(0) 77(0 12(3)
SNG26 4 64(0) 50(0) 7.9() 57(3) 84(0) 81(0) 53(3)
SNG27 4 69(0) 7.4(0) 99(2 95() 96(0) 11(0)  6.4(0)
SNG28 4 7.1(0) 7.0(0) 110(3) 11.6(3) 104(0) 11.1(0) 3.5(0)
SNG29 9 33(0) 36(0) 50(1) 7.0(1) 42(0) 800)  3.3(0)
SNG30 6 23(2) 19(2) 09(2) 12(2) 06() 20(2) 6.9(2)
Overall 649 55 (68) 4.8 (88) 5.8 (157) 5.3 (181) 7.0 (71) 7.3 (124) 3.7 (98)
Overalf 586 4.5(68) 4.6(88) 53(157) 55(165 5.4(71) 6.6(124) 3.8(82)

NP is the number of experimental data points

b5 600

B

~

0

0

°NRP is number of rejected data points since a single phase is predicted
d Overall deviation without SNG 10
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Cricondentherm predictior{3able6-7) are slightly improved with the introduction of BIPs
for PR and SRK, while for PGAFT they are slightly worse. Again, SRK and UNPRU yield
more accurate predictions than PR and3XFT, with the predictions of UMAPRU being
superior to SRK. Cricondenbar predictiofiEable 6-6) for all EoS are worse with the
introduction of BIPs, with UMRPRU yielding thebest results, followed by SRK with zero
BIPs. PR and PGAFT vyield the worst cricondenbar predictions, and in ntases, they
underestimate it. The superior performance of URRRU in cricondentherm and cricondenbar
predidions complies with the deviatisnin dew point temperature and pressure, and more

specifically with the number of rejected poiimiseach calculation.

Table6-6. Deviation$ in cricondenbar pressufer synthetic natural gas mixtures
Experimental SRK SRK PR PR PGSAFT PGSAFT

SYSEM oo (bar) (ki=0) (ki) (ki=0) (ki)  (ki=0) (k)  UMRPRU
SNG 7 66.7 33 36 37 40 41 4.6 2.7
SNG 8 71.2 16 20 23 27 26 3.8 0.3
SNG 9 77.7 58 61 65 68 7.1 8.2 4.3
SNG11  81.8 12 01 00 11  -02 2.6 27
SNG12 584 22 28 28 33 20 3.4 2.0
SNG15  105.2 31 29 61 61 6.0 5.9 -4.0
SNG16 986 39 46 56 66 52 5.8 1.6
SNG17 955 15 25 31 41 32 3.9 0.6
SNG18  97.2 23 29 43 50 40 5.4 0.0
SNG19  69.7 67 72 72 76 7.4 8.1 6.4
SNG20  63.9 06 -08 19 18 0.1 0.2 1.8
SNG21  64.1 12 17 14 11 -06 -0.9 2.8
SNG22  106.0 10.9 100 142 133 13.3 13.4 3.8
SNG23  92.3 24 26 45 46 48 5.9 0.5
SNG29 915 09 17 28 36 23 5.2 2.9
SNG30  88.4 25 23 -06 -03 -04 1.6 7.4
Overall 31 34 42 45 40 4.9 2.7

P 61 BOE 61 QOE U
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Table6-7. Deviation$ in cricondentherm temperatuii@ synthetic natural gas mixtures.

Experimental SRK SRK PR PR PGSAFT PGSAFT

System "N 0 ¢ (ki=0) (ki) (ki=0) (ki)  (ki=0) k) UMR-PRU
SNG 1 273.3 1.1 1.3 2.7 2.9 1.2 2.4 1.0
SNG 2 256.3 0.7 0.9 2.1 24 0.6 1.5 0.2
SNG 3 262.2 15 1.9 2.8 3.1 1.5 2.7 1.4
SNG 4 268.3 0.7 0.7 2.4 25 1.0 4.4 -04
SNG 5 276.8 0.7 0.7 2.7 2.7 1.1 1.4 0.4
SNG 6 278.4 0.8 0.8 2.6 2.7 1.0 5.8 0.2
SNG 7 226.9 1.9 2.4 2.8 3.3 1.5 3.1 2.0
SNG 8 237.7 0.7 1.2 1.8 2.3 0.3 2.1 0.8
SNG 9 240.8 0.9 1.3 1.9 2.3 0.5 2.1 0.7
SNG 10 252.2 -6.9 -0.9 5.1 0.9 -13.9 -1.7 1.0
SNG 11 261.4 -0.3 0.7 1.3 2.2 -1.2 0.9 0.8
SNG 12 218.9 -0.2 0.2 1.2 1.7 -0.2 1.1 0.7
SNG 13 281.4 -3.2 -3.3 -1.0 -1.1 -3.4 -4.0 -2.9
SNG 14 280.1 4.7 -4.6 -7.8 -2.8 -4.7 5.1 -1.0
SNG15 2866 36 35 -13 -12  -36 3.3 33
SNG 16 282.1 4.1 -3.7 2.2 -15 -5.0 -5.2 -2.9
SNG 17 277.3 -7.8 -7.0 -6.0 -5.3 -8.2 -8.3 -3.9
SNG 18 286.3 -4.2 -3.8 -20 -1.6 -4.8 -4.1 -2.9
SNG 19 229.1 0.5 1.4 2.0 2.9 0.1 1.6 1.8
SNG 20 2455 -1.1 -1.2 1.5 1.5 -0.9 -0.9 -04
SNG 21 246.5 -0.9 -1.0 1.8 1.7 -0.7 -0.7 -0.1
SNG 22 277.3 -0.3 -0.3 2.2 2.2 -0.1 0.1 -0.2
SNG 23 273.5 0.1 0.5 2.4 2.7 0.3 0.6 1.1
SNG 24 267.1 0.1 0.6 2.0 25 -0.1 0.8 1.4
SNG 25 264.2 -0.8 -0.1 1.4 2.1 -1.3 -0.6 1.1
SNG 26 266.4 -1.7 -1.3 0.9 1.3 -2.3 2.1 1.1
SNG27 266.5 -2.5 -2.6 0.6 0.6 -2.9 -3.0 -1.4
SNG 28 269.2 2.1 -2.0 1.0 1.1 -2.6 -2.8 -0.6
SNG 29 264.4 1.7 -1.1 0.0 0.6 2.2 -0.1 -1.4
SNG 30 267.1 1.3 1.5 3.0 3.3 1.2 2.6 1.1

Overall 1.9 1.7 2.3 2.2 2.3 2.5 1.3

Overall® 1.7 1.8 2.2 2.2 1.9 2.5 1.3

2T 61 OHE 61 QOE Y

b Overall deviation without SNG 10
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A special case of natural gas mixtures are the ones measured in the framehienvarik
by Skylogianni et al[147]. These mixtures are real natural gas mixtures; howavarecific
characterization scheme is already applied and the resulting compositions are those of a
synthetic mixture. The compositions are reported ifable 6-8, dew point temperature
deviations inTable6-9 and cricondentherm and cricondenbaf able6-10. These gases also

prove theconclusions of the synthetic natural gases.

Table6-8. Molar composition$%) of real natural gas mixtures (NG6}.

NG 1 2 3 4 5 6
Source [147]

N2 1.6992 1.89224 1.78914 1.67151 2.41947 2.55101
CQO; 0.62462 0.51076 0.50552 0.62276 0.72766  0.71519
CH4 88.39031 86.62955 85.44976 88.16604 83.01782 82.67253
CaHe 5.34631 6.19028 7.08992 5.48476  7.79299 7.76674

Cs 2.22515 2.79406  2.93022 2.31347 3.79525 3.90102
i-Cs4 0.38658 0.46346  0.55347 0.36385 0.52174  0.53663
n-Cs 0.61403 0.75236  0.84967 0.6252 0.98078  1.06467

2,22DM-Cz  0.01341 0.01601 0.0173 0.01129 0.02551 0.02681
i-Cs 0.17903 0.21094 0.23616 0.18616 0.21128 0.22701
n-Cs 0.16064  0.18366 0.2181 0.1743 0.21808 0.2341

2,2DM-C; 0.00491 0.00553 0.00883 0.00519 0.00305 0.00324

cy-Cs 0.0148 0.01644  0.01522 0.01665 0.0131 0.01374

2,3DM-C;, 0.00865 0.00943 0.01719 0.00896 0.00626  0.00662
2-M-Cs 0.03813 0.04019 0.04735 0.0421 0.04106  0.04354
3-M-GCs 0.02105 0.02211 0.02498 0.02291 0.02128  0.02245

n- Ces 0.04976  0.05026  0.05355  0.05531 0.054 0.05694
n- Cz 0.03293 0.02974 0.03923 0.03304 0.03244 0.03381
cy-Ce 0.08713 0.08656  0.09285 0.09323 0.05629  0.05847
benzene  0.03558 0.03616 0.00834 0.03993 0.01629 0.01771
n-Cs 0.00495 0.00394 0.00718 0.00408 0.00566  0.00609
cy-C7 0.0356 0.03171 0.03547 0.03388 0.02422  0.02492
toluene 0.02286  0.02088 0.0048 0.02199 0.01023 0.01067
n-Co 0.00072 0.00063 0.00164 0.00051 0.00121 0.00132

cy-Cs 0.00098 0.00078 0.00242 0.00075 0.00169 0.00192
m-xylene  0.00267 0.00232 0.00117 0.00213 0.0021 0.00223
n-Cio 0.00052 0.00053  0.00061
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Table6-9. Deviation in dew pointemperatue for real natural gas syster@sAD T°

(NRPY).
PC
SRK SRK PR PR  PGSAFT
k0 k) k0 () (gm0 ST OMRERY
NGl 13 3.7(3) 3.6(3) 44(4) 43(4) 51(3) 51(3) 35(1)
NG2 15 3.6(4) 35(4) 39() 27(6) 43(5) 44(5) 26(2)
NG3 18 1.8(5) 2.0(5) 45(6) 52(6) 22(6) 27(6) 2.1(3)
NG4 12 32(3) 3.0(3) 33(4) 34(4) 32(4) 3004 27(2)
NG5 25 4.8(12) 4.7 (12) 2.9 (14) 3.2(14) 5.0(12) 4.5(14) 3.5(8)
NG6 26 3.1(10) 3.4 (10) 2.8 (12) 3.2 (12) 4.4(10) 3.9(12) 2.9 (6)
Overall 109 3.4 (37) 3.4 (37) 3.6 (45) 3.7 (46) 4.0 (40) 3.9 (44) 2.9 (22)

NP is the number of experimental data points.

b8 & 0"Y

B

oy

oy

°“NRP is number of rejected data points since a single phase is predicted.

Table6-10. Deviations in cricondentherm temperafimad cricondenbar pressbifer real
natural gas systemith non-zeroBIPs.

Experimental SRK PR UMR-PRU PGSAFT

cricoT  cricoP @& o@P ¢ oP o opP o opbP

(K) (bar) (K) (bar) (K) (bar) (K) (bar) (K) (bar)

NG1 291.6 1083 -41 3.0 -1.7 6.2 -2.2 1.1 -4.6 4.5
NG2 291.2 1076 -44 38 -21 6.5 -25 1.6 -5.0 53
NG3 297.1 109.0 -0.7 4.8 1.7 7.6 0.1 1.7 -1.3 6.7
NG4 293.2 1096 -25 41 -0.2 7.2 -0.6 2.0 -3.1 5.6
NG5 291.4 1050 -35 42 -12 6.5 -2.2 1.7 -4.2 6.2
NG6 292.5 1059 -39 39 -16 6.2 -2.7 1.3 -4.7 5.9
Overall 3.2 4.0 14 6.7 1.7 1.6 3.8 57

“pT 61 OHE 61 QOE Y

bR 61 AOE 61 QOE D

To summarize, P the worst model for dew point and cricondenbar predictions, followed
by PG-SAFT. SRK and epecially UMRPRU, have the best overall behavior, with UMFRU

yielding superior results
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Figure6-8. Phase envelopes fbiG 1-6.
Markers: experimental datalue line: PRblack line: PEGSAFT, green line: SRKred line:
UMR-PRU, solid line: k=0, dashed line:j O
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6.2. Saturation points of synthetic gas condensate mixtures

The compositions othe syntheticgas condensaimixtures (S&s) used in this work are
givenin Table6-11. The temperature and pressure of the dew pointrdatgfrom 278to 485
K and from93to 536 bar respectively.

For the completeness of this work BIPs for the hydrocarbon/hydrocarbon binaries were
also useand theBIPs used in tacalculationsof this paragraplean be found in Appendix B.

The saturationpoint predictios are presented in terms of average absakltgive deviation
in the saturationpoint pressure(AARDP%) in Table 6-12 and he correspondingphase
envelopsin Figure6-9 upto Figure6-11.

The introductiorof nonzero BIPsn PR, SRK and PGAFT shifts the dew point branch
to higher pressure@-igure6-2), which becomes more pronounced at high molar fractions of
heavy HC, and usually leads to better dew point predictions than usingIPsto

In Figure6-9 the phasenvelope®f SGC 16 are presented. FBGCL1 that contains4C24
is better described by UMRRU followed by PESAFT, while cubic EoS underestimate the
experimental data. For SGLthat is actually the same gas as SGCL1 but contains naphthalene
instead of ACy4, although all models can capture the change of aromaligifyredicting a
narrower phase envelope than that of SGey overestimate the experimental data with PC
SAFT EoS yielding the best results. For S&that contains both-@24 and naphthalene, SRK,
PC-SAFT and especially UMRRU predict more accuratellge dew points than for SGZ
However, both cubi€oS particularly PR, underestimate the experimental data of E&Gr
SGC4 that contains phenanthrene, UNPIRU gives very good results, unlike S&FT and
cubicEoSthat yield poor predictions. In thegse of SGG that contains the same components
as SGC4, but the aromatic phenanthrene that is replaced®@y,AJMR-PRU stillgives very
good results. Satisfactory results are also obtained by SRK and especially PR, in contrast to
PG-SAFT that highly ovepredicts the dew points.

SGCs 6 and,7/shown inFigure6-10, are practically identical. For these mixtures, cubic
EoS are more accurateas both UMRPRU and especially RSAFT overpredict the
experimental dew points. For SGC 8, UNFRU vyields very good predictions, while cubic
EoSand, especially PGAFT overshoothe phase envelope. SGC 9 and 10 contalzsrand
are also shown ifigure6-10. For both these mixtures, the specifidde the binary mixture
CHa-n-Css that wascorrelated in order to improve the highessure behavior yieddrerygood

predictions with cubic EoS. For PERAFT however, it results in a significant overprediction of
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the saturation points. UMMRRU yields inferior predictionsad cubic EoS, although beit than
PG-SAFT. For mixture 11 the same as for SGC 6 and SGC 7 are observed.

Predictions for mixtures 136 with PR, SRKand simplified PESAFT have been reported
in the literaturd17] andthus they were not recalculatedthis work. The results presented in
Figure6-11 and Table 6-12 for those models are the ones reportedRiegueira et al.The
interesting observation for these mixtures is that all models apart from SRK capture the
asymmetriamixtures 15and 16, while the advanced models UMHRU and PESAFT fail to
accurately predict SGC 13, which has as heavier compor@nt Also, thedeviations from
the dew point data become larger with decreasing temperahisdehavior is improved when
the amount of methane is decreased, as shown by mixture S@riLat al[45] also report
that modeling of a fluid similar to fluid 13 is very challenging, and that no model can capture
the wholephase envelope with accuracy. Similarly to their observations, in this work PR is
superior to the rest of the modébs this mixture The same is also observed for mixtures. 6

To summarize, PGAFT systematically overpredicts the dew point branch yhasetric
gas condensates especially whe@ipor n-Cgzes are presentwhile cubic EoS fail to describe
gas condensate mixtures that contain polyaromatic compo@antise other hand)MR-PRU
does not present any systematic deviations, apart from mixtmésing RCze, and exhibits
the lowest overall deviation in saturation point predictidinis interesting to observe thall
models apart from PRare challenged when it comes to the prediction of SGC 13 that contains
n-Ci0 as heavier componerand forsuch mixtures the deviations of the models decrease with

increasing temperature or decreasing methane concentration.
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Table6-11. Molar compositions asynthetic gas condensatextures(SGC1-16).

SGC 1 2 3 4 5 6 7 8
Source [217] [217] [217] [13] [13] [218 [218 [219
CHs 0.7905 0.7905 0.7905 0.7581 0.7472 0.8232 0.8205 0.7297
C2Hs 0.1132 0.1097
Cs 0.0871 0.0895 0.1771
n-Cs 0.0488 0.0442
i-Cs 0.0023 0.0023 0.0023
n-Cs 0.1999 0.1999 0.1999 0.0505 0.0500
n-Cs 0.0023 0.0023 0.0023 0.0458
n-Cs 0.0268 0.0387
toluene 0.0199 0.0272
n-Cio 0.0198 0.0199
n-Cis 0.0133
n-Cis 0.0230 0.0330 0.0194 0.0201
n-Cza 0.0050 0.0020
phenanthrene 0.0102
naphthalene 0.0050 0.0030
1-M-naphthalene 0.0254

2,2,4,4,6,8,8'M-Co 0.0087
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Table 611. Molar compositions of synthetic gas condensate mixtures (SI&L (Continued)
SGC9 SGC10 SGC1 SGCPr SGC B SGC U SGC b SGC b
[13] [13 [22G [18] [17] [17] [17] [17]

CHa 0.7630 0.7560 0.8031 0.600 0.8119 0.8512 0.7 0.8997
C2Hs 0.1140 0.1130
n-Cs 0.0490 0.0490 0.1365 0.310 0.1385 0.0991 0.12 0.03
n-C, 0.0403
n-Cs 0.0270 0.0270 0.07 0.0297
toluene 0.0200 0.0200
n-Cio 0.0141 0.09 0.0496
n-Ci2 0.0497 0.0499 0.0207
N-Cia 0.0060
n-Cie 0.0230 0.0230 0.0301 0.0149
n-Czo 0.03 0.005
n-Css 0.0040 0.0120
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Table6-12. Relativedeviation$ in saturation point pressure for synthetic gas condens

mixtures.
NP2 SRK PR PGSAFT UMR-PRU
SGC F 8 10.2 15.1 6.9 4.2
SGC X 12 12.6 10.4 7.9 13.1
SGC & 7 5.6 10.6 5.9 3.7
SGC & 12 69.3 58.8 31.2 2.4
SGC & 7 5.9 2.0 15.9 2.4
SGC ¢ 2 3.1 0.9 15.9 11.4
SGC T 4 6.2 2.0 13.0 6.7
SGC & 3 22.4 18.3 26.3 8.9
SGC & 7 2.4 5.9 14.2 10.4
SGC 10 10 4.7 2.9 14.4 13.1
SGC 11 14 10.1 7.1 18.0 19.1
SGC 1Z 15 10.0 4.4 2.9 6.4
SGC 13 13 14.4 8.6 10.3 12.9
SGC14¢ 11 13.5 8.2 6.7 10.6
SGC15¢ 10 29.5 3.5 3.0 3.7
sGc1e¢ 10 13.3 5.1 5.1 8.2
Overall 145 16.3 11.2 11.5 9.0

aNP: Number of experimental data points;

606 YOO —B

ks for SRK, PR and RSAFT were found iditerature with the exception of those for

CHa/heavy HCs which were calculated in this work.

4PR, SRK and PSAFT predictions are obtained from the work of Regueira §1 3.
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Figure6-9. Phase envelopes f8GC 16.
Markers: experimental dafalpe line: PRplack line: PCSAFT, green line: SRKred line:
UMR-PRU.
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Figure6-10. Phase envelopes f8GC 712
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Figure6-11. Phase envelopes f8IGC13-16.
Markers: experimental datalpe line: PRfrom Regueira et a[17], black line:simplified PG
SAFT from Regueira et a[17], green line: SRKrom Regueira et aJ17], red line: UMRPRU.
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6.3. Liquid dropout

The database used for the evaluation of the models in liquid dropout predictions of synthetic
mixtures is presented ifable 6-13. Unfortunately, experimental data areailable only for
gas condensate mixturegberefore the database is less diverse than the one developed for
saturation points. Methane molar concentration ranges from 0.63 up to 0.82 and temperatures
from 310.9 to 394.3 K
The liquid dropout on a volumieasis is defined b¥q. 2-1. Since liquid molar volume is
involved in the calculations, volume translation should be used with cubic EoS andPBMR
However, voluméranslation does not significantly affect the liquid dropout predictions, as its
effect is almost canceled dogtween numerator and denominafoypical examples with and
without Peneloux volume translati¢@l] are showrin Figure6-12 for PR and UMRPRU.
The results for both models are almost identical with and without volume translation, and,
therefore, no volume translation was used in the rest oCtiapter.

14

VPL 5, 338.7 K 30 - VPL 6, 310.9 K
12 -

10 A

vpl%

0 100 200 300 0 100 200 300 400

P (bar)
Figure6-12. Effect of volume translation on liquid dropout predictions.
Blue line: PRred line: UMRPRU, solid line: vpl% without volume translatiolross
markers: vpl% with Penelix volume translatiofEqg. 3-25), damond markers:
experimentatiata

Isothermal liquid dopout predictions arebtained from isothermal flash calculaticarsd
are presented graphically Figure6-13 andFigure6-14. In these figures it is shown thduet
predictions for PR, PGAFT ard UMR-PRU are very satisfactory for the lgwessure paxf
theVpL curveandup to the maximum VpL, with no model having@wviousadvantage over

the others. PGAFT yields the lowest maximum VpL predictions between the models, and
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SRK the highest. Theorst results are obtained in most cases by SRK, which was expected
since SRK yields worse liquid molar volume predictions for hydrocarbon mixtures than the
other modelg445]. For lower temperatures, that are usually closer to the critical point of the
mixtures, deviations from the experimental data areerpoonounced both at maximum liquid
dropout and at thieigh-pressurepart of the curve, since the predicted upper-gewmt pressure

lead to substantial error in the VpL (VPL1, VPL2, VPL6 and 8). Moreover, the effect of
temperature on liquid dropouts (VRLto 10) is qualitatively captured by all models, with
higher maximum dropouts as temperature decre8gadar observations regarding the liquid
dropout are also reported Regueira et al.17] who stateghat generally, the liquid dropout

is more accurately predicted in the low pressure range (up to 80% of the saturation pressure),
while near the saturation point the accuracy of the predictions is much Ibthermodels do

not predict the critical potrwithin reasonable accuracthe saturation point of the mixtures
mayeven be predicted as bubble points instead of dew,pesuilting in 100% instead of 0%

liquid dropout at the saturation.

Table6-13. Molar compositions of synthetic gas condensate mixtures with measured

dropout
VPL 1 2 3 4 5 6 7 8-9

Source [221] [22]] [22]] [22]] [22]] [22]] [22]] [218
333.2
T (K) 366.5 338.7 366.5 366.5 338.7 3109 3943 353.2
383.2

N2 0.0049 0.1274 0.1519

CO, 0.0021 0.1506 0.0019

CHs 0.7635 0.8069 0.8159 0.8097 0.8134 0.549 0.6388 0.8205
CzoHe 0.0568 0.0602 0.0595 0.0566 0.0601 0.0359 0.0422
Cs 0.0295 0.0304 0.0298 0.0306 0.03 0.0258 0.0308 0.0895
n-Cs 0.0529 0.0356 0.0339 0.0457 0.041 0.0256 0.0309 0.05
n-C7 0.0373 0.0265 0.0249 0.033 0.0278 0.0173 0.0213
n-Cio  0.0304 0.0202 0.0173 0.0244 0.0208 0.0135 0.0159 0.0199
toluene 0.0296 0.0202 0.0187 0.0548 0.0664
n-Cie 0.0201
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Figure6-13. Liquid dropout curves fayntheticgas condensate mixtures.
Diamond markers: experimental ddtaie line: PR black line: PCSAFT, green line: SRKred

line: UMR-PRU.
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6.4. Critical points
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Figure6-14. Liquid dropout curves fosyntheticgas condensate mixtures.
Diamond markers: experimental ddtaie line: PR black line: PESAFT, geen line: SRKred
line: UMR-PRU.

PR, SRK and UMRPRU modelsare also evaluated in the prediction of critical point

temperature and pressure of multicomponent mixtsiase as stated in the previous paragraph

they are important for accurate liquid dropout predictibhe composion of the studid

mixturesis given inTable6-14 and the deviations in critical point temperature and pressure in

Table6-15. Critical points are calculated from interpolation polynomia¢sed on points on

each side of the critical, a procedure usually accurate to 0.01 K/0.0lasitpnpposed by
Michelsen[222.
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Critical point temperature is more accurately predicted than critical point préssale
models.PR yields the overall best results for critical point pressure, as well as critical point
temperature, both with and withoujsk PR alsoyields better predictions of critical point
pressuresand temperaturehan PG-SAFT, as reported bylfradique and Casti€l67]. For
PR and SRK the introduction ofik positively affects the overall critical point predictions,
especially for critical point pressure.

The most chllengingmixtures for critical point predictiorexe thel 7 and 18 that are closer
to the fluids examined in this work,ith relatively high methane concentration and some
heavier hydrocarbondNo specific tend with compositions can be identified apart from
mixtures 17 and 18pr which the introduction okijsimproves the critical point temperatyre

while simultaneously worsémng the predictions of critical point pressure.

Table6-14. Molar compositions of multicomponent mixtures with measured critical pc

System N2 CH4 CoHe Cs n-Ca n-Cs n-Ce Source
1 0.8330 0.1300 0.0350 [223
2 0.8000 0.0390 0.1610 [223
3 0.1930 0.4700 0.3370 [224
4 0.0070 0.8790 0.1140 [224)
5 0.0400 0.8210 0.1390 [224
6 0.4610 0.4430 0.0950 [225
7 0.1960 0.7580 0.0450 [225
8 0.0490 0.4345 0.0835 0.4330 [229
9 0.2019 0.2029 0.2033 0.2038 0.1881 [227
10 0.3910 0.3540 0.2550 [224)
11 0.043 0.415 0.542 [22§
12 0.095 0.36 0.545 [228
13 0.0465 0.453 0.5005 [22§
14 0.0855 0.4115 0.503 [22§
15 0.1015 0.3573 0.2629 0.1794 0.0657 0.0322 [22§
16 0.022 0.316 0.388 0.223 0.043 0.008 [228
17 0.6626 0.1093 0.1057 0.0616 0.0608 [22§
18 0.7075 0.0669 0.0413 0.05058 0.1353 [228
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Table6-15. Relativedeviationsin critical pointtemperaturgand critical point pressute

ARDTc%? ARDPc%®
System Experimental SRK PR UMR-PRU Experimental SRK PR UMR-PRU
Tc (K) ki=0 ki kj=0 Kkj Pc (bar) kij=0 ki kij=0 Kkj
1 227.6 01 02 04 05 0.3 68.9 21 18 15 11 3.6
2 255.4 1.4 17 19 22 1.6 89.6 29 27 17 16 7.5
3 354.3 18 17 14 13 2.5 76.4 4.7 4.4 52 49 51
4 324.5 1.5 14 14 1.2 1.9 54.8 24 21 20 1.7 4.1
5 323.7 28 27 26 25 3.3 57.9 22 19 17 14 3.9
6 310.9 00 04 07 11 0.3 103.4 05 06 19 2 0.8
7 310.9 03 01 00 0.2 0.3 68.9 02 07 10 14 0.8
8 313.7 1.4 13 08 0.8 1.6 89.6 05 09 11 o04 0.1
9 387.0 23 23 19 18 2.6 72.2 26 22 30 25 3.4
10 331.5 22 21 16 14 2.7 97.2 56 52 64 59 6.6
11 3220 23 23 18 1.8 2.3 86.7 1.3 01 18 04 0.1
12 3220 25 25 19 20 2.5 920 20 01 24 o012 0.2
13 313.7 31 31 25 25 3 92.3 23 09 28 13 0.5
14 313.7 32 33 26 26 3.2 98.0 41 21 46 25 1.8
15 376.4 1.6 15 12 1.1 2.1 65.4 10 09 16 14 1.9
16 313.7 19 18 15 14 2.5 78.5 0.3 0.7 0.4 0.1 0.7
17 310.5 49 41 36 27 4.2 137.5 76 92 55 7.2 8.5
18 308.4 51 45 38 3.1 4.6 1370 82 102 6.3 84 10.7
Overall 21 21 18 1.7 2.3 28 26 28 25 3.4
25 Y OBG

bS5 YOB o
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6.5. Derivative properties

PR, SRK and UMRPRU modelsare also evaluated in the prediction aferivative
properties, namely isobaric heat capacity, isochoric heat capacity; TJouteson coefficients
and speed of sounén evaluation in binary mixtures isitially attempted ancfterwards

multicomponent mixtureareexamined.

6.5.1. Binary mixtures

The deviations in various thermophysical propertmsPR, SRK and UMRPRU are
shown inTable 6-17, while Table 6-18 reports the deviationsf speed of sound and Joule
Thomson coeffi@ntswith the Peneloux volume translation for PRy(3-25) and SRK Eqg.
3-24).

Generally, the effect of BIPs is very smaobably due to the fact that most of the
available mixtures are size symmetric hydrocarboxtures However, even fothe mixtures
containing RC1e and CQ, kj does not necessarily improve ttherivative property predictions
(Table6-17).

From the dehations ofTable6-17 it can be derived thdor isochoric heat capacity no EoS
is consistently bettealthough the lowest overall deviations are observed with UNRR).

SRK is more accurate than PR in the prediction of isobaric heat capabigh is in
accordance with the pure component evaluation of Chapigresuperiority of SRK is located
at low temperatures and at the maximungofith temperature as shown kigure6-15.

In the same figurghe prediction of the UMAPRU model for the mixture CHCs does not
follow the experimental trendf heat capacityat low temperatures. The temperature of these
mixturesis outside the correlation range of the Bii*eposed by Louli et a[.109 for the
UMR-PRU modehnd the VLE predictions are highly inaccurate, as seEigure6-16, where
for the low temperature the UMRRU modeldoes not have a correct trenshile for the

higher temperature the prediction of the binary VLE is very good.
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Figure6-15. Isobaric heat capacity for binasystemsCHs-CoHs andCHa-Ca.
Solid red line: UMRPRU, Solidgreenline: SRK (kj=0), Solidblueline: PR (k=0),
markers experimental data) Left: CH4-C2Hse, z1= 0.85[229: T:=250 K (diamonds),
T.=275 K (squares),3E300 K (circle$, T4=350 K (crosses)) Right: CHs-Cs, z3= 0.49
[23Q: Pi=1.7 MPa (diamonds),-P3.5 MPa (squares) 6.9 MPa (circles), £10.3 MPa
(crosses), $13.8 MPa (x markejs
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To improve the VLE and test whether the UNPRU model is incapable of accurate heat
capacity predictions at low temperatures, or if éheneous temperature extrapolatafrits
parameters induces this problematic behavior, new BIPs were corrdat€dts-Cs, in a
temperature range of 130.4382 K, based on the experimental data of Wichterle ¢23l].
The new interaction parameters are presentdélote6-16 and the VLE predictions become
very accurate at low temperatures, as seéfigare6-16. The new BIPgreatlyimprove the

prediction of heat capacity of tl@Hs-Cs at low temperaturess seen ifrigure6-17.

Table6-16: New group interaction parameters for UNFRU for CH-C3, at130.4 K
158.2K
n m Anm (K) Bnm (-) Chm (K_l) Amn (K) Bmn (-) Cmn (K_l)
CHs CH> 136.70 0.42277 -2.3268E003 -92.13 -0.80353 -1.0083E003

JouleThomson coefficients al low pressures, as shown ffagare 6-18 (top) are more
accurate with SRK EoS rather than PR and URHRRU, while as pressure increases the models
converge. IrFigure6-18 (bottom) and comparison betweEable6-17 andTable6-18, reveals
that PR, UMRPRU, are improved with the improvement of the volumetric behavior via

volume translation, in opposition to SRK.
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Figure6-16. VLE for the CH:i-Cz at low temperaturesith the UMRPRU model
Solid line:Interaction parameters of Louli et H109, Dotted line:lnteraction parameters
of Table6-16, markers experimental dataf Wichterle et al[231].
a) Left: T1=130.4 K (diamonds),2F158.2 K (squaresh) Right: Tz=213.7 K (circles).

140

130 -
120 -
110 -
100 -
90 -
80
70

Co (J/mol K)

60 -

50

60 160 260 360 460

T (K)
Figure6-17. Isobaric heat capacity property predictions for the binary mix@ite Cs with
UMR-PRU at low temperatures.
Solid line:Interaction parameters of Louli et fL09, Dotted line: Interaction parameter
of Table6-16, markersexperimental data:;= 0.49[23(0: Pi=1.7 MPa (diamonds),2P3.5
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Figure6-18. JouleThomson for binary systems Gi€2¢ s and CH-Cas.

Solid red line: UMRPRU, solid greenline: SRK (kj=0), solid blueline: PR (kj=0),
markers: experimental datBop figures: untranslated EoRBottom figures: Peneloux
translated EoSa) Left: CH4-Cag 6 [229: T1=250 K (diamonds), 275 K (squares),
T3=300 K (circles), 7=350 K (crosses)) Right: CH4-Cs: 21=0.49,T1=172 K[23(

(diamonds)z2=0.24, T>=202 K[2327 (squares).
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In Figure6-18 (right) for the mixture CkCs the same erroneous behavior is observed for
the UMRPRU model, again due to the false temperature extramolat its parameterd.he

improved parameters are showrFigure6-19.
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Figure6-19. JouleThomsoncoefficient predictions for the binary mixtu@Hs-Cz with
UMR-PRU (Left) and PenelouXJMR-PRU (Right)at low temperatures
Solid line:Interaction parameters of Louli et fL09, Dotted line: Interaction parameter
of Table6-16, markers experimental data;=0.49,T1=172 K[23( (diamonds)z>=0.24,
T»>=202 K[237 (squares).

Speed of soundeviatiors (Table6-17) of all models are similar, with PR having a small
advantageSRK consistetly overpredics the speed of sound for a given pressure, and this
effect is more pronounced as the pressure ineseasd for low temperatureshile PR and
UMR-PRU have a more consistent behavior with pressure increments for all tempeFfdures.
the mixture CH-n-Ci6, N0 model can accurately capture the effect of temperature of pressure.
Incorporation of volume trahation results to more similar predictions by the models examined
(Table6-18 andFigure6-21), apart from mixtures containing@ue. For these mixtures the use
of volume translation mostly worsens the speed of sound predictions apart from the mixture n
Cs-n-C16 With PR and UMRPRU. The averagealeviationsindicatethat PenelowPR is the

most accurate model, closely followed by UNPRU.
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Figure6-20. Speed of sound predictiof@ binary system&Ha-CO», CHs-N2, CH4-Cs, CHa-n-
Ciewith untranslated models
Solid red line: UMRPRU, solid greenline: SRK (kj=0), solid blueline: PR (kj=0), markers:
experimental data) Top Left: CH4-CO2, z;= 0.95[233: T1=250 K (diamonds), 275 K
(squares), F300 K (circles), 1=325 K(crosses), =350 K (x markers)p) Top Right: CHs-
N2, z2= 0.95[233: T1=250 K (diamonds)T>=275 K (squares),3E300 K (circles), =325 K
(crosses), =350 K (x markers)g) Bottom Left: CH4-Cs, z:= 0.90[233: T1=250 K
(diamonds), 7=275 K (squares),3E300 K (circles), 1=325 K (crosses),sE350 K (x markers),
d) Bottom Right: CH4-n-C16 z1= 0.68[234]: T1=292 K (diamonds), 2313 K quares),
T3=340 K (circles), 7=373 K (crosses),sF413 K (x markers).
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Figure6-21. Speed of sound predictiof binary system&Hs-CO», CHs-N2, CH4-Cs,

CHas-n-Ciewith translated models

Solid red line: UMRPRU, solid greenline: SRK (kj=0), solid blueline: PR (kj=0),
markers: experimental dat). Top Left: CH4-CO2, z;= 0.95[233: T1=250 K

(diamonds), =275 K (squares),3E300 K (circles), 3=325 K (crosses),sE350 K (x

markers)p) Top Right: CH4-N2, z;= 0.95[233: T1=250 K (diamonds), 275 K
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(squares), B=300 K (circles), =325 K (crosses),sE350 K (x markers)g) Bottom Left:
CH4-C3 2= 0.90[233: T1=250 K (diamonds), 275 K (squares),sF300 K (circles),
T4=325 K (crosses),sE350 K (x markers)d) Bottom Right: CH4-n-C16 z1= 0.68[234]:

T1=292 K (diamonds), 313 K (squares),3E340 K (circles), =373 K (crosses),
Ts=413 K (x markers).
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Table6-17. Relative deviatiokin thermophysicaproperty predictions for binamixtures
SRK SRK PR PR
System (Property) Source NP2 T (K) P (MPa) X1 (ki=0) (ki) (ki=0) (ki) UMR-PRU
CHa-C2Hs (cp) [229 56 250- 350 0.6-30.0 0.85 1.1 1.1 1.7 1.7 1.7
CHs-Cs(cp) [230 232 429  100- 422 1.7-13.8 0.230.48 2.4 2.5 3.0 3.1 43.6(3.7)°
Overallcy 2.3 2.3 2.8 2.9 38.8(3.5f
CHs-C2Hs (cv) [235 31 1017 323 4.7-18.4 0.35 7.4 7.4 3.8 3.8 3.8
CoHe-n-Cs (Cv) [236] 57 30971 309 3.1-7.1 0.680.99 10.5 10.5 111 111 10.7
Overallcy 9.4 9.4 8.5 8.5 8.3
CHas-CoHs (W) [233 237 425 25071 350 0.0-20.1 0340.95 2.5 2.5 1.6 1.4 15
CHs-Cs(w) [233 75 25071 350 0.5-10.5 0.90 1.8 1.8 0.9 0.9 0.9
CHas-n-C16 (W) [234 396  292-413 6.3-66.2 0.320.68 9.7 9.3 8.2 7.8 6.5
CHs-COz (W) [233 239  250-350 0.5-10.8 0.700.95 1.6 1.8 1.1 0.8 0.8
CHa-N2 (w) [233 253 25071 350 0.1-10.7 0.710.95 1.0 1.0 0.6 0.6 0.8
COz-N2 (W) [233 65 25071 350 0.5-10.3 0.50 2.1 2.0 0.4 0.4 1.0
COo-n-C16(W) [234 404  293-333 2.2-55.6 0.220.90 134 15.9 15.0 164 16.6
Nn-Ce-n-C16 (W) [234 340 2987 373 0.1-70.0 0.200.80 15.0 14.9 14.7 145 14.1
Overallw 3.7 3.9 3.5 3.6 3.5
CHa-C2Hs (ga7) [229 48 25071 350 0.5-30.0 0.85 5.8 5.8 121 121 125
CHs-Cs(ga1) [230, 237 19 1727 202 2.1-13.8 0.420.49 19.0 19.2 18.0 18.2 51.7(21.7°
Overallesr 9.5 9.6 13.8 138 236(15.9°

6 6 'YFO —

NP is the number of experimental data points.

%

°The unbracketed value is calculated with the original BIR$@4|; the bracketed one with the BIPsTatble6-16
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Table6-18. Relative deviatiofin thermophysicaproperty predictions for binamnixtures
with volume translated EoS.
SRK SRK PR PR

System (Property) Peneloux Peneloux Peneloux Peneloux Upl\gﬁjoil;
(ki=0) (ki) (ki=0) (ki)

CHa-CoHs (W) 2.2 2.2 1.8 1.7 1.8
CHas-C3(w) 15 15 1.1 1.1 0.9
CHa-n-Cy6 (W) 194 19.8 9.3 9.9 14.6
CH4-COz (W) 1.3 15 1.0 0.9 0.9
CHa-N2 (w) 0.8 0.9 0.3 0.4 0.3
COx-N2 (W) 15 15 0.8 0.8 0.6
COx-n-Cy6 (W) 25.3 28.2 16.6 18.4 21.2
Nn-Ce-n-C16 (W) 15.4 15.7 8.4 8.5 8.1
Overallw 5.6 6.0 3.3 3.5 4.2
CHa-C2Hs (€37) 6.6 6.6 7.3 7.3 7.5

CHs-Cz(ea7) 18.5 18.7 19.6 19.7 43.1(17.6¥f

Overallesr 10.0 10.0 10.8 10.8 17.6 (10.4°¢

20 0 'O — %

NP is the number of experimental data porefsorted inTable6-17.
“The unbracketed value is calculated with the original BIR$@4]; the bracketed one with
the BIPs ofTable6-16.

6.5.2. Multicomponent mixtures

The compositions of thetudiedmixturesareshown inTable6-19, while the deviations with
PR, SRK and UMRPRU model are shown iifable 6-20. Deviations for Jouldhomson
coefficients and speed of sound with the Peneloux translated models\ararsiable6-21.

Introduction ofk;; does nogffect significantlythe predictions of the multicomponent mixture
properties apart from the mixture of Ernghere it improves the predictions of both &Rl SRK.
SRK again yields the best overall predictionsJoule Thomson coefficients, while PR is superior
for speed of sound predictions, as in binary mixt(feble6-19). The UMRPRU model yields
better predictions than PR but inferior to SRK for Jeti®mson coefficients, and slightly worse
than PR for speed of sound. For isobaric heat capathifiR-PRU yields the best overall
predictions due to the good predion of the maximum with pressurgigure6-24). When volume
translation is used with PR and UMMRU the Jouldhomson predictions are improved, in
contrast withSRK (Table6-20 and Table6-21). Moreover as observed for th@nary mixtures,
the predictionsof the modeldbecome more similawhen the volume translation is introduced.
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Table6-19. Molar compositions of multicomponent mixtures with measdegd/ative properties.

System Ernst Amarillo Costa Gulfcoast Statoildry Statvordgass Ernst GasA GasH
(Property) (ea7) (w) (w) (W) (W) (W) (Co) (Co) (Co)
Source [229 [233 [237] [233 [233 [233 [229 [238 [238
NP2 39 82 39 83 91 44 54 30 30
T (K) 250-300 250-350 250-350 35-350 250- 350 300- 350 250- 350 308-406 308-406
P (MPa) 0.5-30.0 0.5-234 0.0-20.2 0.4-10.7 0.4-10.4 0.4-10.4 0.6-30.0 14.9-40.0 14.9-40.0
N2 0.09939 0.03113  0.09922 0.00262 0.00718 0.00537 0.099390 0.00496 0.031870
CO 0.02090 0.00500  0.02000 0.00597 0.00756 0.01028 0.02090 0.014900
CHa 0.79942 0.90708  0.80051 0.96561 0.83980 0.74348 0.79942 089569 0.884050
C2He 0.05029 0.04491  0.05023 0.01829 0.13475 0.12005 0.05029 0.08348 0.0561660
Cs 0.03000 0.00815  0.03004 0.00410 0.00943 0.08251 0.03000 0.01197 0.011760
1-Cs4 0.00106 0.00098 0.00040 0.00149 0.001490
n-Cs 0.00141 0.00098 0.00067 0.03026 0.00226  0.002260
I-Cs 0.00027 0.00046 0.00013 0.00015 0.000560
n-Cs 0.00065 0.00032 0.00008 0.00575 0.000490
2-M-Cs 0.000216
n-Ce 0.00034 0.00067 0.00230 0.000136
benzene 0.000272
cy-Cs 0.000065
2-M-Cs 0.000100
n-C7 0.000041
M-cy-Cs 0.000052
toluene 0.000030
2-M-Cy 0.000029
n-Cs 0.000008
2-M-Cg 0.000009
n-Co 0.000002

aNP: number of experimental data points.
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Table6-20. Relative deviatiofin thermophysicaproperty predictions fomulticomponent

mixtures.
SRK SRK PR PR
System(Property)  (kj=0) (kij) (kij=0) (kij) UMR-PRU
Ernst €37) 5.7 5.5 13.2 12.4 10.8
Amarillo (w) 1.4 1.4 0.8 0.8 0.9
Costa(w) 2.1 2.1 1.4 1.4 1.9
Gulfcoast(w) 1.6 1.6 0.8 0.7 0.7
Statoildry(w) 1.8 1.8 0.9 0.9 0.9
Statvordgas$w) 2.0 2.1 0.8 0.8 1.3
Ernst(cp) 4.5 3.6 4.2 3.8 3.6
GasA(cy) 15 15 1.0 1.0 1.0
GasH(cp) 0.6 15 14 1.0 15
20 0 ' Y¥FO — %

Table6-21. Relative deviatiofin thermophysicaproperty predictions fomulticomponent
mixtures with volume translated EoS.

SRK SRK PR PR
System Peneloux Peneloux Peneloux Peneloux UPI\QS(;:ZE)L(J

(Property) (kij=0) (ki) (kiji=0) (kij)
Ernst €1) 6.6 6.3 8.3 7.8 7.1
Amarillo (w) 1.2 1.2 0.7 0.7 0.6
Costa(w) 1.7 1.7 1.2 1.3 0.9
Gulfcoast(w) 1.4 1.4 0.8 0.8 0.8
Statoildry(w) 1.6 1.6 1.1 1.1 1.0
Statvordgaséw) 1.6 1.7 1.0 1.0 0.7

20 0 ' 'O — %
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Figure6-22. Speed of sound predictiof the Amarillo mixture[233.
Solid red line: UMRPRU, solid greenline: SRK (kj=0), solid blueline: PR (k=0),
markers: experimental dataeft: untranslated modelRight: translated model§.1=250
K (diamonds), $=275 K (squares),3E300 K (circles), =350 K (crosses).
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Figure6-23. JouleThomson coefficient predictiorier the Ernst mixtur¢229.

Solid red line: predicted curves with UMRRU, Solidgreenline: predicted curves with
SRK (kj=0), Solidblueline: predicted curves witRR (k=0), Left: untranslated models
Right: translated model®oints: experimental datd;=250 K (diamonds), 275 K
(squares), 300 K (circles), 1=350 K (crosses).
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Figure6-24. Isobaric heat capacifpr the Ernst mixturg¢229.
Solid red line: UMRPRU, solid greenline: SRK (kj=0), solid blueline: PR (k=0),
markers: experimental datts=250 K (diamonds), 275 K (squares),sF300 K
(circles), =350 K (crosses).
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6.6. Conclusions

In thischapter synthetic mixtures simulating natural gases and gas condensates are used for
the evaluation of phase behavior, in terms of saturgtiams(dew and bubblekritical points,
volumetric behaviomnainlyliquid dropout, and other properties, namsbbaric and isochoric
heat capacity, speed of sound and Jdilemson coefficients.

By examining the effect of binary interaction parameters on the phase beltawias
concluded thatdr natural gase®IPs have practically no effect on the phaseedope, apart
from CQ rich mixtures. Dew points of natural gas mixtures are more accurately predicted by
UMR-PRU, followed ly SRK, while PCSAFT and especially PR yield higher deviations, both
in dew point temperature and pressure. The same is observed for cricondenbar pressure that is
more accurately predicted by the UMIERU model, which in most cases predicts higher values
than the rest of the models that underestiniate

Saturation points of gas condensate mixtures are greatly affected by the BIPs between
methane and heavy hydrocarbons, especially for size asymmetric miXteemtroduction
in PR, SRK and PGAFT of nonzero BIPs shifts the dew point branchhigher pressures
and usually leads to better dew point predictimmnpared tozero BIPs. PGSAFT
systematically overpredicts the dew point branch of asymmetric gas condewsaltesubic
EoS fail to describe ga®uodensate mixtures that contain polyaromatic compon@mntghe
other hand,UMR-PRU does not present any systemat&viations, apart from mixtures
containing RCzs, and exhibits the lowest overall deviation in saturation point predictions.
Moreover, all nodels are challenged when it comes to the predicticeerafrycondensate
mixtures that contailCHs - n-C4 - n-Cy10 in methanemolar concentrations of about G(/8,
apart from PR, which captures this behavior with reasonable accuracy. For such rinetures
deviations of the models decrease with increasing temperature or decreasing methane
concentration.

Liquid dropout predictionhavea maximum with pressure that corresponds to the highest
possible amount of liquid formation. For retrograde gases after the maximum, the liquid
dropout starts reducing with increasing pressure until the pressurestechpper dew point.

The predictios from the maximum up to the saturation point are more challenging than those
from the lower dew point up to the maximumspecially for near critical mixtures, a small
deviation inthe predicted upper depoint pressure leadto substantial error in the pL

calculations.
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The predictions for PR, RSAFT and UMRPRU are very satisfactory for the lgwessure
partof theliquid dropoutcurve up to the maximum, with no model having an advantage over
the others. PGAFT yields the lowest maximum VpL prediat® between the models, and
SRK the highestOverall, he worst results are obtained by SR¥ile the rest of the models
are equally reliable.

The determination of both critical point temperature and pressure with EoS is sufficiently
accurate, althoughritical point temperature is more accurately predicted than critical point
pressurdor all models.For PR and SRK the introduction ofskpositively affects the overall
critical point predictions, especially for critical point pressurmwever, br mixtures
simulating natural gasethe introduction of ks improves the critical point temperatuvehile
simultaneously worsesrthe predictions of critical point pressure.

The prediction of thermophysical properties with cubic EoS is a eeajlenging task,
subjected to a great extend to cancellation of eris. expected deviations are <5% for
isobaric heat capacitfor which all models yield similar predictiora;ound 9%or isochoric
heat capacitywith a small advantage of UMRRU am PR and SRK, arouri&20% for Joule
Thomson coefficientswvhich are more accurate with SRK, Penel@RK, PenelowsPR and
PenelouxUMR-PRU. Last but not leastpeed of sound is predicted with relative deviation
<2% for light gas mixtures, andn average H6% that can go as high as 15% for mixtures
containingn-Cie. For these mixtures, PR and UMMRU have a significant advantage over
SRK.

In more detail, introduction of binary interaction parameterstsalways in favor of the
models for thermophysicalrgperties predictionsalthough the erroneous behavior of the
UMR-PRU model at low temperaturissattributedo erroneous extrapolation of its BIPs with
temperatureand is greatly improved with a new set of BIFRegardingJouleThomson
coefficients theyare more accurately predicted by SRK EoS, whichasly attributed to low
pressure predictionsiowever with Penelou$RK this advantage is lessen@®Rk and UMR
PRU vyield similar predictionsalthough for multicomponent mixtures UMPRU has a small
advantage Speed of sound is more accurately predicted bsRRPenelowPR, in compliance
with the previously mentioned results for pure componettisough its advantage over UMR
PRU is marginalSRK overpredicthe speed of sound for a given pressaggeciallyas the
pressure increases temperaturadrops while PR, UMR-PRU and their translated versions

have a more consistent behavior with pressure increratsitsemperatures.
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7. Development of an improved UMRPRU modet The UMR-MCPRU
model

Based on the work presented in Chaptewiere the effect of each term of cubic
Equations of StateEQS in the prediction of saturation, volumetric and derivative
properties of pureomponents wasxaminedan improvedviathiasCopemar(MC) U
function for PengRobinson (PR) EoS is proposed andnew parametrition is
performed, whichensurs its safe extrapolation to supercritici@mperatures A
correlation of the MC parameters of hydrocarbons with acentric factsagroposed.
Furthermore the Peneloux volume translation is used for impngvthe volumetric
behaviorof themodified PR EoS.

The work on mixtures presented in Chaptewbere ©©S were evaluated in their
ability to predict varioushermodynamigroperties of natural gas and gas condensate
mixtures,showed that the UMPRU model isa very good model for natural gas and
gas condensate mixturemndthat the UMR mixing rules are sepor to the van der
Waals ones for Peng Robinson EoS.

Since the need for increased property estimation is alp@gent the aim of this
Chapter is the development of such a modleglew and improved modelkeferred to
as UMR-MCPRU is developed, which utizes a modified MathiasCopeman(MC)
function for the PengRobinson (PR) EoS and the Peneloux volume translation,
coupled with the Universal Mixing Rules (UMR) when applied in mixtures. This
model focuses on thermodynamic modelling of natural gas and gas condensates,
and is tested in the prediction of phasequilibrium , liquid dropouts, critical points,
as well as derivative thermodynamic properties, namely heat capacity, speed of

sound and JouleThomson coefficients
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7.1. Consistent MathiasCopeman (MC) Ufunction

The original MathiasCopeman functiongq. 3-22) is reduced to the expression of Soave
at supercritical temperatures. This implietiscontinuity at the critical poirior theUfunction,

as well as its derivatives with tempera(figure7-1).
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Tr
Figure7-1. Methane Mathias Copemaifunction and its derivatives with temperature
showing discontinuity at the critical point
Dasheded line:MathiasCopeman function reducing to the Soave expression at
supercritical temperaturgSolidblack ine: MathiasCopeman function used for both
subcritical and supercritical temperatures.

To avoid abnormal behaviat the criticalpoint, unlike the original version of Mathias
Copeman the MC polynomial expression is usdmbth at subcritical and supercritical

temperatures:

w’yY p 0 p Y 0 p Y o p Y Eq.7-1

for all temperatures

Even s the polynomial form of th&C function with temperaturee(). 3-22) implies a
minimumof the Ufunctionwith temperatur@nd therefore cannot comply with the consistency
criteria (af) described in paragrap®.2.2. In this work, the consistency of the Mathias
Copeman function is achieveoly ensuring the satisfaction of theffeconstrains withirthe
temperature range of practical applicatidhs, ipper limit ofwhich has been arbitrarily set to
1000K

New, consistentMC parameters areleterminedfor PR Eo0S,using a least squares
unconstrained minimizatioscheme wherethe consistencyconstrainsof Table 3-5 were
enforced bymeans of the interngenalty methogdwith the objective functionshown inEq.
7-2. The vapor pressure experimental data (30 data points) taleza from DIPPR[184]

spanning the triple point temperatui® ( up to the critical point temperaturéyY . Critical
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properties and acentric factors are also taken from the DIPPR database and are presented in
Appendix A.
0O B — aQ¢ Eq.7-2
The MC parameters are tabulatedTable7-1 for the light components present in natural
gas, while for the redtydrocarbons (HC) are given AppendixC, along with the average

absolute relative deviation ¥ vapor pressure.

Table7-1. Component specific MathigSopeman parameters for light components with PR |

Abbreviation  Te[K]  Tc[K] C1 Cz Cs AARDPY%
CHa 90.69 190.56 0.41169 -0.07105 0.00338 0.51
CoHe 90.35 305.32 0.53176 -0.00610  0.05378 1..09
N> 63.15 126.10 0.44213  -0.01390 0.01435 0.11
CO, 216.58 304.19 0.69775 0.04926 0.08945 0.40

96O b —B —bp

NP: 30 experimentgboints from DPPR[184], Temperature rangé&:001T¢y - To/1.001

For generalization purposebetspecificparametertabulatedn theAppendixC have been
used for the correlation of the MC parametefshydrocarbons heavier thgmopanewith
acentric factarThe resulting equations are the followirkeg( 7-3a-C):

0 ™T™WwEPd @T T
0 TBIWE T UL WO P8TX WO Eq.7-3ac

0 TOLEBTPTIW PP P T W

To the best of our knowledgehe only generalized form of Mathi&opeman in the
literature is the one proposed by Coquelet §828]. The comparisobetween thgeneralized
functionof this workwith those ofSoave and Coqueletseiownin Table7-2. The results with
the new correlation are superito those of Coquelet, especially for high molecwagight
alkanes|t should be noted that the MC pastars for RC21 up ton-Cgzo in this work were not

used in the correlation and theported deviationare purely predictions.
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Table7-2. Relative deviation irvapor pressufgredicted by the new M paranetergEq.
7-3a-c), the parameters @oqueletet al.and Soavevith PR E0S.

Abbreviation Soave 64 Coquelef82] This work
Cs 13.05 4.9 0.7
1-Cs4 22.9 6.7 10.1
n-Cs 4.5 2.6 1.8
2,2DM-Cs 0.3 0.2 0.4
cy-Cs 5.5 0.6 1.2
i-Cs 13.2 5.0 2.4
n-Cs 8.0 1.8 1.0
2,2DM-C4 4.7 0.7 1.0
2,3DM-C4 12.4 0.7 2.0
2-M-Cs 14.9 5.9 3.9
3-M-Cs 25.0 1.6 5.9
n-Ce 9.9 3.0 3.5
cy-Ce 1.0 0.4 0.4
M-cy-Cs 26.9 1.6 5.7
Benzene 1.7 1.0 0.8
n-C7 7.0 1.1 1.4
3-M-Cs 13.0 1.6 1.0
2-M-Cs 19.0 2.7 3.2
2,4DM-Cs 14.5 1.1 1.8
2,3DM-Cs 10.5 2.3 1.2
cy-C7 2.5 0.9 1.0
M-cy-Ce 41.2 9.8 15.3
Toluene 9.5 1.4 0.8
3,3DM-Cs 10.3 5.5 3.9
n-Cs 5.3 1.1 1.3
2-M-Cy 11.8 2.2 2.7
3-M-Cy 19.7 1.3 1.7
2,4DM-Cs 1.3 0.5 0.4
m-xylene 1.8 3.3 3.8
E-benzene 11.8 1.9 1.4
o-xylene 2.3 1.7 2.3
2-M-3-E-Cs 17.3 0.6 0.9
3-E-Ce 1.4 0.5 0.9
3,3DM-Cs 21.9 0.7 15
2,2-DM-Cs 21.6 2.0 2.4

N-Co 8.3 2.1 0.7
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Table 72. Relative deviation irvapor pressufgredicted by the new M paraneter§Eq.
7-3a-c), the parameters @oqueletet al.and Soavevith PR EoS(Continued)

Abbreviation Soave 64 Coquelef82] This work
2-M-Csg 11.0 2.0 1.8
3-M-Cs 15.1 3.0 4.0

2,2-DM-C7 30.3 5.7 4.7
2,6:DM-C7 22.3 5.2 3.6
Nn-Cio 55 1.2 1.8
n-Ci1 9.9 3.9 1.2
n-Ci2 8.5 3.4 0.8
Nn-Ci3 10.9 5.1 0.7
N-Cia 13.1 7.3 2.6
n-Cis 12.4 6.5 1.1
N-Cis 17.7 10.5 4.1
n-Ci7 15.5 8.5 0.7
N-Cis 17.0 9.3 0.8
N-Cio 22.1 13.0 2.5
Nn-Czo 22.0 12.6 1.4
n-Cx1 25.1 13.1 2.3
n-Ca2 31.6 17.9 4.7
n-Cas 33.7 20.6 2.6
N-Cz4 29.2 16.9 3.7
n-Cas 38.2 21.9 3.2
n-Cos 37.0 20.8 45
n-Cazs 62.8 45.0 7.0
N-Cazo 83.7 62.8 13.2
Overall 15.8 6.4 2.6
6O p —B —bp

NP: 30 experimentgboints from DPPR[184], Temperatureange:1.001Ty - TJ/1.001
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7.2.Prediction of pure compound properties with MCPR

Volumetric and derivative property predictions, namely densgijtyigobaric heat capacity
(cp), isochoric heat capacitg, speed of soundM andJouleThomson coefficientsegr), of
pure components: (a) along the saturation line and (b) for 8 isotherms between 550 K
and 10 bar 500 bar, have been performed. The deviations with the Soave expression and the
new MCUfunction have been calculated for the saturated liquid and vapor graseq-3).
Corresponding values with translated models for density, speed of sound aRrt@ihtoukon
coefficients are given iable7-4. Moreover, thasothermal properties #te aforementioned
isothermsareshown with the untranslated models able7-5, andtheir corresponding values
with the Penelouxvolume translation inTable 7-6. Properties of methane are of great
significance since it is the major component of natural gas mixtures and their prediction is also
graphically shown ifrigure7-2Figure7-4 throughFigure7-5.

Along the saturation curve the saturation pressure is naturally better predittétewC
expression than Soave when compared with the original PR E0S. For the liquid phase, the
accuracy of the density predictions is practically the same forllfatictions, forc, the Soave
expressionsd more accate than MC up to-€z but worse ér the heavier HGdor ¢, the Soave
expression is always better than MC,idboth expressions give very similar results, while for
eJ7, although both expressions give poor results, the MC expression has the advantage,
especially for the higher MW alkasid-orthe vapor phase propertiéise MC expressiolyields
either similar or slightly superior predictiotisan Soave for all properties.

Regarding the addition of the volume translation in the models, as expected, the saturation
pressure is not changed with volume translation, density is greatly improved, especially for the
liquid phase, and heat capacities are left unchanged. Speed of @ednJouleThomson
predictions of light gases are favored by the volume shift, while the opposite behavior is
observed for heavier hydrocarbons. This is contradictory considering that for higher molecular
weight alkanes, where the translation has thetgseanpact on the density predictions, worst
property predictions are calculated for both models.

Outside the saturation line, the densities of the subcooled liquid are of similar accuracy,
is greatly improved with MC yielding almost half the deviai@f the Soave expressianjs,
similarly to the saturated liquid, worse with MC, while ¥oandejtthe deviations are similar.

Moreover, an improvement is observeguremethane fugaties[187] with the new MC
parameter§AARD%=1.9%) over the Soave expression (AARD%=2.6%) at the temperature
range from200 Kto 620 K andpressure range from25 bamup to500 bar(Figure7-5).
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Table7-3. Relative deviatiofin the prediction of various saturatiproperties with MCPR and PR E&® natural gas constituents.

Psat ] Cp

L PR MCPR PR MCPR
Abbreviation T (K) P (bar) PR MCPR Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
CHs 90.8 190.4 0.7 0.5 9.1 15 9.2 1.3 8.2 11.1 9.1 11.3
CaHe 90.5 305.1 3.9 0.4 7.0 4.2 7.0 0.8 7.2 12.9 7.6 12.9
Cs 85.5 366.8 13.2 5.2 5.3 13.1 53 5.4 7.1 10.1 13.8 10.2
n-Cs 1349 4249 5.0 1.6 4.6 5.3 4.7 2.1 6.5 5.9 4.8 5.8
n-Cs 143.5 469.2 6.7 2.1 3.4 6.9 3.4 2.5 6.7 5.3 4.4 5.3
n-Cs 216.4  568.5 5.5 1.2 5.5 5.5 5.5 14 14.7 9.8 12.2 9.7
n-Cio 243.6 6174 5.2 2.3 7.3 5.5 7.2 2.7 4.6 3.0 2.6 3.0
n-Ci2 263.6  656.8 8.9 0.8 10 8.7 9.9 15 7.0 2.4 4.6 2.4
Overall 6.1 1.8 6.5 6.3 6.5 2.2 7.8 7.6 7.4 7.6

Cv w &iT

Abbreviation . . PR , .MCPR . PR . .MCPR o PR : .MCPR
Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
CHs 4.8 11.3 5.7 11.6 14.9 15 13.7 1.6 89.7 15.2 86.5 15.3
CaHe 7.9 13.9 13.8 13.9 150 15 15.3 15 1211 911 1234 915
Cs 8.4 10.1 24.9 10.2 15.9 1.0 16.4 1.0 201.3 335 2039 328
n-Cs 5.8 4.3 11.3 4.2 15.4 0.8 15.6 0.8 92.1 34.5 89.2 34.1
n-Cs 5.3 3.5 10.8 3.5 15.7 0.5 16.0 0.5 2489  38.1 246.2  37.7
n-Cs 3.1 14 6.7 14 13.7 0.9 13.8 0.9 202.3 400 200.5 39.6
n-Cio 4.3 1.2 7.6 1.2 135 1.3 15.3 1.3 77.4 44.5 73.9 44.0
n-Ci2 3.2 15 6.0 15 13.3 15 13.3 1.6 68.3 40.7 64.5 40.2
Overall 5.3 5.9 10.8 6.0 14.7 1.1 14.9 1.1 1376 422 136 41.9

29 6 'Y0O ¢ n'Qibd w0—B =

NP: 30 experimental points from NI$T86, Temperature range: 1.00% T T/1.001
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Table7-4. Relative deviatiofin the prediction of various saturatiproperties withvolume translateMCPR and PR Eo®r
natural gas constituents.

| w &iT

Abbreviation .PR' Peneloux I\/!CER Peneloux ‘PR. Peneloux I\/!CPR Peneloux .PR. Peneloux MCER Peneloux
Liguid Vapor Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
CHa 2.9 1.1 2.8 1.0 9.0 1.7 8.3 2.0 62.8 15.5 62.5 155
CzHs 3.2 4.1 3.2 0.7 12.8 1.6 13.1 1.6 99.0 910 95.9 91.4
Cs 3.2 130 3.1 5.3 14.6 0.9 15.2 0.9 171.2 33.6 165.3 330
n-Cs 3.0 5.2 3.0 2.0 135 0.7 13.8 0.7 84.2 34.6 80.2 34.2
n-Cs 3.3 6.8 3.3 2.4 14.6 0.5 150 0.5 231.1 381 2280 37.8
n-Cs 3.3 5.5 3.3 1.4 15.2 0.8 15.2 0.8 2178 400 2164 39.6
n-Cio 2.8 5.3 2.8 2.6 180 1.1 19.7 1.1 85.3 44.4  82.7 43.9
n-Ci2 3.8 8.4 3.9 1.2 20.3 1.2 19.7 1.2 81.4 40.6 78.5 40.0
Overall 3.2 6.2 3.2 2.1 14.8 1.1 15 1.1 129.1 422 126.2 41.9

25 6 WA £ nQibPo w—B =

NP: 30 experimental points from NI$TI86, Temperature range: 1.00% F T¢/1.001
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Introduction of volume translation also reducesftigacity deviations of the two models
to 0.6% for PRPeneloux and 0.8% for MCPReneloux, i.e. it is shown that the volume
translation has a greateffect on the fugacity predictions, than tdéunction. Note that all
these modifications mostly effect higher temperatures and higher pressures.

To conclude, it is shown that the new MathiZgpeman parameters have a neutral or
positive effect on the pdiction of all the studied properties apart from isochoric heat capacity
which is more accurately predicted by the Soave expression, while the Peneloux volume
translation improves the accuracy of both URRU and UMRMCPRU, wherever relevant.

Table7-5. Relative deviatiofin the prediction of various isothernyaoperties with
MCPR and PR Eo$r natural gas constituents.

. } Cp
Abbreviation T (K) NP PR MCPR PR MCPR
CHs 150500 399 4.7 3.9 1.1 1.4
CoHe 150500 397 55 55 23 1.6
Cs 150500 397 5.7 5.7 33 1.9
n-Cs 150500 397 5.0 5.0 3.6 15
n-Cs 150500 363 4.9 4.9 6.6 3.7
n-Ce 250500 296 23 22 3.9 0.8
n-C1o 250500 259 46 45 36 05
n-Crz 300500 243 7.7 7.6 45 1.2
Overall 5.0 4.9 3.6 1.6
. Cv w &iT
Abbreviation PR MCPR PR MCPR PR MCPR
CHa4 16 16 6.6 56 350.8  389.9
C2H6 3.8 4.7 9.3 9.2 66.0 68.5
c3 47 7.9 11.1 11.1 98.3 99.4
n-C4 4.9 9.2 12.0 12.2 79.8 76.1
n-C5 3.4 5.1 14.0 14.1 69.1 65.0
n-C8 35 7.2 8.8 9.1 42.6 38.3
n-C10 5.0 8.6 7.8 8.1 34.4 29.9
n-C12 3.9 75 9.1 9.6 38.1 33.1
Overall 3.9 65 9.8 9.9 97.4 100.0

a0 0 'YSO —B p
NP: Number of experimentalata pointsrom [18€], 50 points per isothern®= 13500 bar
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Table7-6. Relative deviatiofin the prediction of various isothernaoperties with
volume translateMCPR and PR Eofr natural gas constituents.

. J w &t

Abbreviation oo MCPR PR MCPR PR MCPR
CHa 0.9 15 25 25 1855 2224

CoHe 13 1.4 6.2 6.2 416 434

Cs 17 1.7 8.9 8.9 701 704

n-Ca 21 21 10.8 11.0 63.6  59.6

n-Cs 27 27 12.6 12.8 643  60.0

n-Ca 2 1.9 9.3 95 4.7 374

n-Cio 2.9 2.9 9.2 9.1 251 208

n-Ciz 3.7 3.7 8.8 8.6 186 137

Overall 22 22 85 8.6 638 66.0

B 0O —B b

NP: Number of experimentalata pointsrom [18€], 50 points per isotherm, P=-800 bar

5,
4,
—~ 3
©
o
=
o 2 7
ot
+
ok |
0 30

} (mol/lt)

Figure7-2. Saturated (left) and isothermal (right) dengtgdictionfor pure methane.
Solid black line: MCPRsolid red line: PRdashed black line: MCPRenelouxdashed rec
line: PRPenelouxmarkers experimental data from NISIL86 at the saturationt), 150K

(x), 200K ¢riangleg, 250 K gquarey 300 K ircleg, 400 K @diamond$, 500 K ¢).
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Figure7-3. Saturated (left) and isothermal (righspbaric €,) and isochoricd,) heat capacity
predictionfor pure methane.
Solid black line: MCPRsolid red line: PRdashed black line: MCPIRenelouxdashed red line
PR-Penelouxmarkers experimental datttlom NIST[1864 atthe saturation (+), 150K (x), 200l
(triangles), 250 K (squares), 300 K (circles), 400 K (diamonds), 500 K (*).
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Figure7-4. Saturated (left) andsothermal (rightspeed of soundyd) and JouleThomson

coefficient €,7) predictionfor puremethane.

Solid black line: MCPRsolid red line: PRdashed black line: MCPRenelouxdashed rec
line: PRPenelouxmarkers experimental data frofNIST [18€] at the saturation (+), 1501
(x), 200K (triangles), 250 K (squares), 300 K (circles), 400 K (diamonds), 500 K (*
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Figure7-5. Supercritical fugacitypredictionof methane.
Solid black line: MCPRsolid red line: PRdashed black line: MCPRenelouxdashed rec
line: PRPenelouxmarkers experimental data from/agner{187] at 200 K (diamonds),
250 K (squares), 300 K (circles), 400 K (crosses), 500 K (x markers).
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7.3.New UNIFAC interaction parameters for gases withthe UMR-MCPRU model

UMR-MCPRU, is proposed as an improved version of the UFIRU model. UMRPRU
[105, 109 belongs to the class of Eo$/@odelsandcombines PR EoS wittOriginal UNIFAC
[108 by utilizing the Universal Mixig Rules (UMR) presented imletail inChapter3.3.

For the determination of the interaction parameters (IPs) of the new model the same
procedure as with UMRRU & usedsince @seslike CHs, CoHe, N2, COz are not included in
the UNIFAC tablesthey are considered as separate UNIFAC groups faid ihteraction
parameters with thaydrocarbon groups (GHACH, ACCH) covering linear and branched
chain alkanes, cyshlkanes and aromatics, as well as-gasgroupsinteractionparaneters,
are determined in this workhe vdW volume and area parameterdflIFAC groups, Y and
0, are tlose of the UMRPRU model, reported ihable3-7.

The IPs of original UNIFAQ] function ofEq. 3-40, which has 6 adjustable parameters for
the interadbns between groups m and(@ hd hé hé hé hd ) arefitted to
isothermal VLE experimental data feinary mixturegpresented idetail inAppendixD, using
the objective functionf Eq.7-4. Depending on the temperature ran§theVLE experimental
datg linear or quadratic IPs are determinedhich can be found imable7-7.

0 0

0 b o _
z Eq.7-4

Due to theuncertainty of the critical properties of higher MW alkapnaly alkanes up to
n-Czowere usedn the correlation. For the same reasmmponents containing fused aromatic
rings were alsmot employed in correlation of the ACH and ACCH groups.

The total AARDP% per group is presentéd Table7-8 and some indicative VLE results
are presented ifrigure 7-6 throughFigure7-8. Both symmetric systems like methagthane
(Figure7-6 a), methangropane [figure7-6 b), ethangoropane figure7-8 a) and asymmetric
mixtures like methandecane and hexadewa (igure 7-6 ¢ and d), ethandecane and
eicosaneKigure7-8 b and c) araccuratelyescribedt various temperaturégsood agreement
with the experimental data is also observed for mixtures of gases with bratidees cyclic

and aromatic hydrocarbonBigure7-7 a-d andFigure7-8 d).
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Table7-7. IPs of the UMRMCPRU model.
n m Anm (K) Bnm () Com (K™ Amn (K) Bmn () Cimn (K
CO, N2 349.28 1.16856 0 -125.06 -1.52736 0
CO; CHa 144,97 -0.16801 0 64.36 -0.43602 0
CO, CzHs 74.70  -0.25787 0 128.85  -0.97745 0
CO; CH: 75.65 -0.16063 0.009400 75.78 -1.18162 -0.003070
CO, ACH 43.21  -0.71323 0.002012 60.86 -0.45651 0.001283
CO ACCH  -210.24 -1.02582 -0.000679 601.83 15.33254 0.140106
N2 CHa -80.21  -0.51612 0 129.53  0.44367 0
N2 C2Hs -156.37 -0.90370 0 302.45  0.93365 0
N2 CH: 266.49 6.08555 0.027083 -93.34  -3.00993 0.005237
N2 ACH 140.62 -0.68638 -0.001617 141.78 -0.72501 0.004422
N2 ACCH 246.52 -0.26071 -0.008579 191.30 0.46784 0.005875
CHa C2Hs 65.38 0.37581 0 -67.30  -0.49062 0
CHa CH: 425.11 2.76663 0.001441 -252.68 -1.40663 -0.000282
CHa ACH 21.16 0.28044 0.017254 37.38 -1.90988 -0.002139
CHs  ACCH 13.90 -1.45341 0.008336  -59.15 0.95152 -0.007210
C2Hs CH: 14520 0.18139 -0.003316 -133.10 -0.46544 0.002289
CzHs ACH 17257 1.39270 0.009278 -114.95 -1.01380 -0.004638
C:Hse ACCH 2.11 0.57891 0.009681 61.07 -2.71912 0.005606
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Table7-8. Relative deviation in bubble point presstaaddeviation in vapor phase compositidar binary mixtures with UMR
MCPRU and UMRPRUmodel.

Mixture NP Ny°  Trange (K) P range (bar) X range AARDPY% my % AARDPY% oy %
UMR-PRU UMR-MCPRU
CHs-CoHe 216 216 130.37-283.15 1.230- 66.570 0.00600- 0.99560 1.3 0.4 1.3 0.5
COx-CoHe 343 343 207.00- 298.15 3.290- 66.300 0.01500- 0.98910 0.8 0.9 0.9 0.8
CHs-CO 700 592 173.15-301.00 10.780-85.210 0.00240- 0.99950 2.0 1.2 1.6 1.1
N2-CHa 363 341 88.71-183.15 0.960- 50.620 0.00170- 1.00000 1.0 0.5 0.9 0.5
N2-C2He 207 197 120.00-290.00 3.450-134.650 0.00360- 0.99500 2.5 0.9 2.5 0.9
N2-CO 160 160 218.15-298.20 12.770-167.260 0.00400- 0.35300 1.7 0.9 1.7 1.0
CHgs-alkanes 2204 1832 130.37-703.55 0.000-703.460 0.00000- 1.00000 6.9 1.8 5.7 1.6
CHs-aromatics 387 258 295.00-582.35 3.450-527.000 0.00967- 0.82590 8.5 1.9 6.6 1.9
CoHe-alkanes 1274 775 144.26-510.93 0.0- 158.90 0.00000- 1.00000 3.9 1.1 4.0 1.0
CoHg-aromatics 146 122 293.15-473.10 4.500-132.800 0.10170- 0.95540 3.0 4.7 3.8 4.9
COz-alkanes 2423 1610 177.20-510.93 0.210-344.100 0.00000- 1.00000 53 0.9 52 1.0
COz-aromatics 566 508 273.15-573.15 3.100-172.900 0.01270-0.98120 3.5 0.5 4.0 0.5
No-alkanes 817 721 223.15-543.50 2.500-997.000 0.00100- 0.69910 7.1 1.9 7.2 1.7
No-aromatics 156 156 303.20-544.00 20.210-1,001.000 0.01800- 0.39000 5.6 2.2 5.4 2.0

NP is the number of experimental bubble point pressata
b Ny is the number of experimental vapor phase compositions

‘66 YBO —B —P
dsUP —B ® ® b
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Figure7-6. Prediction of isothermal dew and bubble curves for binary systems containing m
(1) with theUMR-MCPRU model.
Solid line: UMRMCPRU, markers experimental data. a) Top Left: Gi&.He: ¢1=130.47 [239,
#-=190.97 [239, g3=227.61 [223, ¢4=270.0 K[24(. b) Top right: CH-Cs: ¢1=144.3F [231],
#:=192.3F [231], ¢3=213.7F [231], ¢4=277.6F [241], ¢5=344.3T [241], c) Bottomleft: CHs-n-
Cio: 1= 244.3F [242, ¢o= 310.9F [204], ¢3= 410.9% [204], ¢4= 510.97 [204], ¢5= 583.1F
[202, d) Bottomright: CHs-n-Ci6: 1= 290.0F [19€], ¢-= 350.07 [19€], ¢3= 462.5T [20€], ¢4=
542.7F [20€], ¢s= 623.27 [2049.
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Figure7-7. Prediction of isothermal dew and bubble curves for binary systems containi
methane (1) with the UMRMCPRU model.

Solid line: UMRMCPRU, markers experimental data) Top Left: CH-i-Ca: g1= 310.97
[243, ¢o= 344.3F [243, ¢3= 377.6 K[243, b) Top right: CH-cy-Cs: ¢1=294.3T [244],
#.=344.3T [244), ¢3=444.3 K[244], c) Bottom left: CH-benzenegi= 323.2F [210, 245, ¢-=
421.1F [202, ¢3= 461.9 K[202, ¢4= 501.5 K[20Z], d) Bottom right: Ch-toluene:gi= 233.2
K [246], ¢>= 313.2T [247, 248, ¢3= 442.3 K[202.

























































































































































































































































































































































