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Abstract

The use and demand of energy by exploiting fosglsf is increasing. Carbon Capture and
Storage (CCS) may be the solution to achieve deseteamissions, from various emitters of
climate gases such as carbon dioxide. By permasterdge, the emissions of carbon dioxide
will not reach the atmosphere, avoiding the greesbceffect. The C&rich streams resulting
from carbon capture need to be processed befarspmet and storage. Typical @Processing
systems consist of compression, free-water remanaldehydration. The focus of this thesis is

on the processing of captured £f@m natural gas.

Most often, the captured G@ch streams from natural gas are not 100% puré,naay contain
several impurities in addition to water. The presenf impurities like methane and nitrogen
may have a noticeable effect on the choice of desigd process operability of the €O

processing system.

The effect of impurities on the phase behaviourCad-rich mixtures has been analysed.
Predictions from different thermodynamic models éndbeen evaluated and compared with
experimental data from literature. Regression ol interaction parameters has been done
based on the assembled empirical data. Aspen Riepdras been used to perform the

regressions.

The following cases were found relevant for desigd process operability; four-stage system
with reservoir pump, three-stage system with resepump, effect of high level of impurities,
effect of type of impurity, effect of impurity coantration, compression-only system (no pump),

maximum free-water removal and handling of impesit

Technical solutions for dehydration of €fave been discussed. Basic concepts of absorption

and adsorption are given together with relevantibltiagrams and other key information.



Table of contents

e =T = Y o = PP PP PP PPPPPPPRPR
N ¢ 151 4 = (o TP PPPPP PP ii
A [ 011 o o U4 1 o] o [P PPPPP PP 1
1.1 Carbon dioxide and hydrate fOrMAaLtiON ... ooeieeiiiii e e e e e e e e 4
2  Experimental data and model fitliNg ..........ceeeeieiiiiiiiii e 8
2.1 LI =T0 ] Y PP PP TUPPPIN 8
211 THerMOCYNAMIC PrOPENTIES......cuiueieeireeteriete ettt ettt b et e et b ettt b et sb bbbt nnan 8
212 Regression of binary interaction parameter (BIP) ..o 12
2.1.2.1 Proposed procedure of BIP regression in ASPen PHOPE.............ceevruiieeriiieee e 12
213 Pure component parameters of Aspen HYSYS and ASpen PropertieS........ccoveevereeeneennieneneens 14
2.2 Gathering of solubility data and Vapour-Liquid Biiium data ...........cccoccveeiniieieiiiieen e 15
2.3 Evaluation of regression results and model pramhiGh..............coveeeiiiiiieiriieee s e 19
3 Design and SiMUIAtion FESUILS ..............ummmmmeeeeeeeeeeeeeeee e e 23
3.1 (DTS To [ g I eo] g 1SiTo [T =1 (o] o ST UPPPERPRRN 23
311 BASIC CONCEPL ...ttt ettt ettt ettt st b et et et e heeae st e bese e e e neeseeaeseebeseenseneeneeneseeaaeseesennans 23
312 ConVentional ProCESS HESIGNS .....ccuiruirueieeeeeeeeteeieste et e e eese st s teseeseeeese e st sbesaeseesseeeneeneeresbeseeseneanean 23
313 (@0 g o10=S'0 g0 (=T | o HOU ST 26
314 Water content Of COo-TICH QASES. .....ciuiieieueriieiere ettt et e et se e b st te e e e e e eseeneseesbeseeeeneens 26
3.15 Design 0bjeCtives @nd CONSLIAINES.......c.ueiuirieerere ettt st e e e e esesaesee e e e see e eneeneseesbeseeneennens 28
3.2 Case studies Of CAProCeSSING SYSLEIMS.....ceiiiiiiiiiiiieieeeeeeeee e e e e e e e et ee e e e e e e e e anebeeeeeaaaeaennneeeeeas 29
321 Four-stage system without impurities (water saturated pure COy) .......cccoeruirerereeniereeeeeseseseereeene 29
322 Three-stage system without impurities (water saturated pure COy).......ccveeivviinereeeeieeese e 32
323 System with water saturated CO,-rich gas (95 mol% CO,, 2.5 mol% CH,4, 25 mol% N,) ................ 34
324 System with water saturated CO,-rich gas (95 mol% CO,, 5 mol% impurities) ........cccceeevvevenereenene 36
325 System with water saturated CO,-rich gas (CO,-CHy, SYStEM) .....ccvevveieieiiiiisiesieeeeee e 37
3.26 System of compression-only (water saturated pure CO, SYSEEIM) ....oveeeeieieeserieneseeeee e 38
327 Maximum free-water removal without special treatment ...........ccccvvevevieieniciese s 40
3.28 HaNdliNG Of IMPUIITIES ....eveveicicec ettt b e s te b e b e b e s eseenestesbesrensennens 44
3.3 Technical solutions for dehydration of QBS ...........ooviiiiiiiiiii e 46
4 Conclusion and reCOMMENALtIONS..............ommmeeeerieeeeeeiieeeeetieeeeeeiaeeeeraeeeeeraraaeaes 50
LISt Of FEIBIENCES. ...t e e e e e e e e e e s bbb eeeaeas 52
Y o] 0 1= o [ PP PPRPTR PP
Appendix A — Experimental data from literaturé/ater solubility in carbon dioxide.............cccccoeviiiiiiiieiiiieiinnins |
Appendix B — Experimental data from literatufd/ater solubility in methane.............cccoooiiiiiiiiiiieee. \%
Appendix C — Experimental data from literatunater solubility in Nitrogen. ...........cccovviiiiiiiiiee e X
Appendix D — Experimental data from literaturéapour-liquid equilibria of carbon dioxide and methane...... XIV

Appendix E — Experimental data from literatutéapour-liquid equilibria of carbon dioxide and nitrogen... XVIII



1 Introduction

Energy is of global importance. The energy usesactioe world is rising, and it is expected that
increased population and welfare in developing tesmwill raise the demand of energy, even
more. The generation of electricity in power plabtsed on coal, petroleum or other fossil
fuels, is a significant contributor to the increadelimate gases in the atmosphere. Other main
contributors of climate gases are from oil and gstgel and cement production. The
international treaty United Nations Framework Canign on Climate Change and its Kyoto
Protocol has the objective of ensuring stabiligatad greenhouse gas concentrations in the
atmosphere to prevent dangerous interference \ughctimate system (UNFCCC 1992). In
order to achieve the goal set by the UNFCCC, enmssf carbon dioxide must be reduced. The
Norwegian Government has since 1993 had tax omafisCQ emissions, making Statoil's
storage of C@in the Sleipner field (since 1996) economical (gsmes 2008). The UK is the
first country in the world to introduce a guaramteminimum price for carbon under the
emission trading scheme of the European Union;@alled floor-price (Webb 2011). Recently,
the Government in Australia has proposed tax on, €Rissions (Hovland 2011). Carbon
Capture and Storage (CCS) is considered to becoevieig more important in the future.

Simply put, the concept of CCS is to capture angcentrate the carbon dioxide (gQand
store it in a sink that prohibits the gas of emigthe atmosphere. In that way, the environmental
impact due to emissions from exploitation of fods#éls can be diminished.

Several options for permanent storage of carboridioare economical feasible, some are in
demonstration phase or in research phase (IPCC)2008 options are geological storage,
ocean storage, mineral carbonation or for industr&ge. As of today, geological storage
technology are generally more mature than oceanggand mineral carbonation (IPCC 2005).
Examples of forms of geological storage are in f@gsii(e.g. Sleipner field), in depleted oil and
gas reservoirs or in saline formations (IPCC 208&ditional geological options are Enhanced
Coal Bed Methane recovery (ECBM), which is curngntl the demonstration phase (IPCC
2005), or Enhanced Oil Recovery (€@romotes swelling and decreases oil viscosity)clvis
applied in USA and Canada. Both options will giveoanmercial product value of GO

In general, there are three main carbon captuegoges for industrial and power plant usage
(IPCC 2005). These are pre-combustion, oxy-fuel mastion and post-combustion. For pre-
combustion, primary fuels (coal, natural gas, aqil llomass) are processed in a reactor,
producing one waste-stream of £&hd one fuel-stream of hydrogen. With a post-catibn
system, CQis separated from flue gas produced by burningngmy fuels in air. For oxy-fuel
combustion, primary fuels are burnt in oxygen iadtef air, producing a flue gas of mainly £O
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and water. For each category there exist diffel€@@t separation technologies, such as
membranes, physical and chemical solvents, sohidesibs, distillation, and more (IPCC 2005).
Transportation of C@is the CCS stage that links capture and storagieg{distance transport in
large quantities is currently done by pipelinesC@2005). The longest GOipeline in the
USA stretches as far as 808 km and has a capacit.8 MtCQ yr* AIPCC 2005). That
capacity is similar to the GCemissions of three 1-GW coal-fired power statigfCC 2005).
For transportation of large amounts of gas, itdgamtageous to compress the gas in order to
reduce its volume. Further reductions can be obthby liquefaction, solidification or hydrate
formation. Ship transport is practical and econ@ainfor small volumes and/or long distances
for liquefied CQ. Contrary to pipeline CQransport, non-continuous transport of géquires
intermediate storage facilities. Experience from@.lind LPG can be transferred to G@hip
transport (IPCC 2005). Solidification (dry ice) irsferior from a cost and energy viewpoint
(IPCC 2005). Transporting natural gas as hydraeisitended to compete with LNG in the
future, hence, hydrate transport may become ajgpéidar CQ ship transport (IPCC 2005).

Prior to industrial usage or permanent storage (0e needs to be processed. Figure 1-1 is a
process tree of Carbon Capture and Storage, otigmitom fossil fuels and biomass. The tree
shows the location of G&xompression and gas treatment ¢@@cessing).

[ j ( ) ( Coal ) (Blodmass) Source
|

!
¥

Electrici Chemical Cement/steel/ Natural gas e e
. ty . 8 Utilisation
generation plants refineries etc. processing |
| example l example | I
‘i_;)_,_;_._,_i I.;._,; _____ ;| | Y
| - re-combustion ! CO, capture mine absorption o) |
W Oxy-fuel combustion - — - i 2 cap - — | carbon dioxide from 1 co; capture
| Post-combustion teChHOIOgy | natural gas N
L Lo o |
Y
CO, processing

. . eolo ical eolo ical Y
Mineral Industrial g g .
. onshore offshore Sink
carbonation usage
storage storage

Figure 1-1—Process tree of CCS (Carbon Capture and Storage#Beiqg) locating Coprocessing

& Million metric tonnes C@per year ® | jquefied Natural Gas and Liquefied Petroleum Gas
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In general, C@rich streams resulting from capturing processesrait 100% pure, and may
contain several impurities. Depending on the soaf@arbon and capture process, those may be
hydrogen, nitrogen, nitrogen-containing gases, ararbonoxide, sulfur-containing gases, water
and more (Chapoy et al. 2009). Methane and nitragdikely to be present for capture in
association with natural gas processing. The poesefhthese impurities may have a noticeable
effect on the choice of design and process opésabil CO, compression and processing. For
instance, non-considered presence of free-waterreanlt in corrosion or ice/gas hydrate
formation, leading to equipment/pipe rupture orcklige. There exists little information on
dehydration requirements/water specifications (©lagi al. 2009).

Carbon dioxide is commonly transported in subsgeelipies in either dense-phase or liquid
phase for offshore storage (Chapoy et al. 2009j). flesv-assurance purposes, it is highly
desirable to avoid two-phase flow. During most fleitis/ studies of CQ injection, the effect of
the impurities (other than water) have been comstlas insignificant or been completely
ignored (Chapoy et al. 2009). Analogous with theknaf Chapoy et al., this work tries to reveal
that ignoring effects of impurities could lead tpeoating difficulties (such as material or
mechanical failure), e.g. with respect to levetoipression to ensure single-phase flow.

To reveal the significance of impurities, the effetimpurities on the phase behaviour of £0
rich mixtures will be analysed. Predictions fronffetent thermodynamic models will be
evaluated and compared with experimental data fitemature. Regression of binary interaction

parameters will be done based on assembled enmpldta by use of Aspen Properties.

Upon regression, multiple case studies will be grened on the COcompression system. Key
results and discussion will be on design margirg modification of designs. The results and
discussion will be based on the effect of impusitend saturated water content within stated
design objectives and possible constraints. Intesiditechnical solutions for dehydration of

carbon dioxide will be discussed with key inforroati



1.1 Carbon dioxide and hydrate formation

Based on theory given by Helbaek and Kjelstrup llastiative phase diagram (Figure 1-2) was
made for pure carbon dioxide (Helbaek and Kjels0p6). The pressure-temperature diagram
shows the characteristic behaviour of £0ry ice (solid CG) sublimes to carbon dioxide gas
when exposed to ambient temperature at ambiensymesThe triple point is at about 5.1 bar
and —56.4°C (Helbaek and Kjelstrup 2006), hencegvbdd.1 bar there exist only two stable
phases; either solid or vapour. The critical paéntat about 72.9 bar and 31°C (Helbsek and
Kjelstrup 2006), hence, supercritical conditionsse&bove 72.9 bar when temperature is higher
than 31°C. At supercritical conditions, the £® a fluid of dense phase, wherein a higher
density than vapour/gas and lower than liquid.

Dense-
phase

Critical point
(31°C, 72.9 bar)

Solid
phase

Vapour
phase

Triple point
(-56.4°C, 5.1 bar)

Figure 1-2— lllustrative pressure-temperature diagram fop, G@elbaek and Kjelstrup 2006)

The part between liquid and vapour phase in Fidueis further studied in Figure 1-3 and
Figure 1-4, which are generated pressure-temperatiagrams for a C&ich system with
either pure CQ@ 1 or 5 mol% methane. The diagrams are generatethidbuse of simulator
model Aspen HYSYS, SRK. The curve representing @nCQO, and 5 mol% CH (blue,
Figure 1-3) shows a clear two-phase vapour-liquigdetope, marked by “V-L phase”. In
addition, three-phase vapour-liquid-liquid enve®pist (for 1 and 5 mol% methane system),
in the lower left corner without marked bordersisitions. The two and three-phase areas
become more pronounced as the concentration of ametlincreases, which is shown by
comparing Figure 1-4 (1 mol% GHed curve) with Figure 1-3 (5 mol% GHblue curve).
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75 T T
— 95 mol% Cg + 5 mol% CI—Jt

70H 100 mol% CQ

65[
LIQUID

60 PHASE

a1
a1
T

a1
o
T

IS
o
T

VAPOUR
PHASE

Pressure [bara]
w sy
a1 o
T T

w
[=]
T

N
Ul
T

VAPOUR-LIQUID-LIQUID
PHASE
20
15

10

5 1 1 1 1 1 1 1 1
-55 -45 -35 -25 -15 -5 5 15 25
Temperature [°C]

Figure 1-3— Generated pressure-temperature diagram forre® system, either pure or with 5 mol% ¢£H
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Corrosion

Carbon dioxide dissolves in water as carbonic ézadbonates and bicarbonates). Corrosion can
occur in piping and equipment exposed to acidicewdatorrosive solutions can tear down the

layers of iron by oxidation, resulting in weak pmior even rupture. Corrosion occurs over time

and some parts of equipment and piping may be expesed.

A recent article by Cole et al. (2011) addressesptrenomenon of corrosion in pipelines used
for Carbon Capture and Storage (CCS). The autleonank that articles reviewing experimental
testing under conditions directly relating to CO® aery limited, and that significant work
needs to be done to explain relevant fundamentabsion mechanisms (Cole et al. 2011). They
address the “urgent and critical” need to benchnwmkosion levels, thereof estimation of
service life.

Dehydration of the carbon dioxide results in loweel of corrosion. Sufficient dehydration by
adsorption or absorption processes will limit theel, granting use of less expensive materials
(e.g. carbon steel), (Campbell 2005). Before dedtymin occurs, it may be required to use the
more expensive stainless steel piping and equip{@armpbell 2005).

Hydrate formation

Figure 1-5 is a pressure-temperature diagram shypwieasurement points verifying different
phases for a carbon dioxide with free-water systaostegard et al. 2006). The figure shows
that CQ and water can form hydrates at temperatures aranddbelow 10°C, depending on
pressure. C@water hydrates are similar to snow in texture, amdy exist in co-
existence/equilibrium with CQ where CQ is in either liquid or vapour phase. The hydrate
formation temperatures are not exact and hydraig form (or not) above (or below) the
formation line (GPSA 2004). Hydrates can cause gihgyin pipes and equipment, leading to
blockage or even rupture. Precautions should bentaggarding design of systems containing
water and carbon dioxide, since hydrates formaitiohigh-pressure systems may occur when
exposed to sudden pressure drop with an accommamgmperature drop. Water removal or
dehydration may prevent hydrate formations.
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2 Experimental data and model fitting

2.1 Theory
2.1.1 Thermodynamic properties

A gas can be characterised as ideal if (Helbaekgeldtrup 2006):
» the gas molecules occupy no appreciable volume,
* continuous movement of molecules exists (in pogxesd kinetic energy), and
» that there exists no intermolecular forces (neititgaction nor repulsion).

The ideal gas law is an equation of state (EOS)¢ctwtiescribes the nature of an ideal gas. The
pressure is a function of temperature, volume amuber of moles, which can be expressed
according to Eq. 1.1.1,

p =R (1.1.1)

whereP is pressure [N/f}, Ris the universal gas constant [J/(mol K)Js the molar volume of
the gas [fYmol] andT is the temperature [K] (Helbaek and Kjelstrup 2006)

Certain type of gases (small molecules) at certzmmditions (low pressure and high
temperature) can be accurately described by thal igas law. More advanced theoretical
equations are needed in order to describe largmare complex molecules (dipole moment
etc.). The effect of high pressure on the accukay be significant. Application of fugacity
coefficients to liquid and vapour phase can desdhigh-pressure vapour-liquid equilibria well,
also for multicomponent mixtures (Prausnitz et #899). The general thermodynamic
relationship of fugacity and pressure are givercqy1.1.2,

f_f(v_1
|n5_£( de (1.1.2)

wheref is the fugacity of a pure component (Soave 19&R) given condition (temperature,
pressure and total composition), the following s#tian condition can be satisfied (Soave
1972):

f e = f vopor (1.1.3)



An appropriate EOS can be used to calculate fugaoifficients. A perfect single EOS can in

theory, meet the requirements for both liquid amgbour. As of today, there exist no such

perfect equation (Helbeek and Kjelstrup 2006; Prigmset al. 1999). Nonetheless, EOS of

approximate results are available for many mixtRrsusnitz et al. 1999). Prausnitz et al. state
that the simplest procedure for calculating theatiity coefficients is to choose an EOS that
holds for pure fluid 1 and for pure fluid 2, andassume that the same equation holds for all
mixtures of 1 and 2 by interpolation (PrausnitaletL999).

Soave-Redlich-Kwong
The Soave-Redlich-Kwong (SRK) equation is a modtfan of the Redlich-Kwong equation of
state (Soave 1972):

P=—r - (1.1.4)

The term co-volume is used for varialbléen the SRK EOS (Eq. 1.1.4.). The molar voluma

the ideal gas law is the third dimensional spadere the gas molecules can move freely (per
number of moles). In contrary to ideal gas, theauoles in real gases do occupy space, thus,
limiting the available space for movement. Henbe, ¢o-volume is subtracted in Eq. 1.1.4. In
contrary to ideal gas, the molecules in real gaeesxperience intermolecular forces. The last
term in Eq. 1.1.4, thereof variabée tries to account for that effect. The pressura afas is
dependent on how often the molecules collide withwall of the container and also the force
equivalent to each collision (Helbaek and Kjelst&{(®6). Attraction between the molecules
reduces the collision frequency and the force gfaat, thus, reducing the pressure.

The Soave-Redlich-Kwong is a cubic equation ofestand can therefore be written on this
polynomial form,

7°-7°+Z(A-B-B’)-AB=0 (1.1.5)

where the compressibility fact@; and parameters andB are given by Eq. 1.1.6-1.1.8 (Soave
1972).

Z = Py/RT (1.1.6)
= aP/RT? (1.1.7)
B = bP/RT (1.1.8)



The fugacity can be calculated by the following &tpn,

nt=z-1- In(Z-B) _A Eﬂn[
P B

(1.1.9)

Z+B
z

which is derived by applying Eq. 1.1.2 to Eq. 1.(Séave 1972).

The mixing rules applied to parameterandb in the SRK EOS are shown by Eq. 1.1.10 and
1.1.11, respectively (Soave 1972).

a =y Y xxaa (1-k) (1.1.10)
[
b =2.xb (1.1.11)
Parametek; is an empirical correction factor, which is deteved from experimental data for

each binary present in the mixture (Soave 1972ncEethis factor is often called a binary
interaction parameter. In addition, for general S&iputations;

ki =K. (1.1.12)

The parameters, and b; are dependent on the critical temperature andcaripressure of
component:

a =a [0.42747TR 07/ p, (1.1.13)
b =0.08664RLT, /p, (1.1.14)

Soave modification

As shown by Eqg. 1.1.13, the paramedgis also dependent on another parametewhich can
be represented by temperature dependent alphadnscEor the Soave modification, the alpha
function is written as followed,

a'?=1+m (1—\/'I'/7T) (1.1.15)

wherem is expressed by an acentric faatgifor pure components (Soave 1972):

m =0.480+ 1.5744g — 0.176f (1.1.16)
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Mathias-Copeman alpha function

Mathias-Copeman alpha function is another methodeftimating the alpha parameters. The
equation is given below (Mathias and Copeman 1988 method drives to provide a more
accurate fit of vapour pressure for polar componéspenTech 2010b).

a?=1+c, (1—\/'I'/_T) +c, (1—\/T/—Td)2 +c, (1—\/T/—Td)3 (1.1.17)

Mathias alpha function

Mathias alpha function is also a method for estingathe alpha parameters. The equations are
given below. This method also drives to provideaearaccurate fit of vapour pressure for polar
components (AspenTech 2010b). The paramgtsrfor polarity and parameten is calculated

by Eqg. 1.1.16. For below critical temperature (Aspech 2010b):

a¥?=1+m (1—\/1'/7Td)—/7i (1-1/1,)(0.7-7/T,) (1.1.18)

For above critical temperature (AspenTech 2010b):

aiW:exp(q 1—(T/Td)d)) (1.1.19)
d =1+m7+0.3ﬂ7i (1.1.20)
c =1—d—1_ (1.1.21)
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2.1.2 Regression of binary interaction parameter (BIP)

Phase equilibria are important in most chemicatgsses (Seider et al. 2008). Thus, process
design teams spend significant time assembling, @a¢a vapour-liquid equilibria (VLE) and
liquid-liquid equilibria (LLE) data (Seider et #2008). Obviously, only assembling data is not
adequate. Proper processing of the data is crinctaider to obtain reliable predictions, e.g. for
phase conditions and separation of specific compsn€&or specific systems and conditions, the
accuracy of different property methods within amdween process simulators can be evaluated
by comparison with experimental data. Furthermargrovement can be done by parameter
regression. Moreover, implementing more complex &@8 better predictions, such as an
association model, are becoming increasingly ingmirfYan et al. 2009).

Interaction parameters are usually regressed frioary VLE data (Englezos et al. 1990). The
data is normally obtained from experimental studidserein temperature, pressure, and vapour
and liquid mole fractions are measured (TPxy dategditionally, the regression is often done
by simple least-squares estimations (Englezos.et980). Seider et al. suggest a regression
method by the use of Aspen Properties (Seider. &08I8), which by default use a maximum-
likelihood objective function and Britt-Luecke algbm (AspenTech 2010c).

Seider et al. showed an example of regression @&iaH,S system with Soave-Redlich-Kwong
EOS by use of Aspen Properties. They adjusted {heegmeters, a binary interaction parameter
(kchanzs) @nd two acentric factorsp, by regression (Seider et al. 2008). Generallye pu
component parameters (eq) should not be adjusted based on binary compotatat That
adjustment could erroneously change the pure coemioproperties (e.g. vapour pressure).
Seider et al. should have limited the regressidhedinary parameter.

2.1.2.1 Proposed procedure of BIP regression in Aspen Propiges

RK-Soave and RK-Aspen were found to be relevantmbdynamic property packages after
evaluation of the Aspen Properties Help manual éa3ech 2010b). The relevancy stems from
using standard Soave-Redlich-Kwong equations. TReABpen was included in the evaluation,

since it was suggested in the manual that the packaith its the Mathias function, could

improve predictions of pure component vapour press(AspenTech 2010b).

According to the manual, the standard Soave-Redlishng equations with Soave's
modification will be used for default RK-Soave asdribed in Section 2.1.1. According to the
manual, the standard Soave-Redlich-Kwong equatigtisMathias alpha function will be used
for default RK-Aspen as described in Section 2.Hawever, both packages also have these
minor differences:

12



(AspenTech 2010b) versus  (Soave 1972)

a =a [D.42748R° 07/ p, instead of g =a, [0.42747TFR 07/ p,

m =0.48508 15517k — 0.1561&F instead of m =0.480+ 1.57429 — 0.17&JF

These key specifications were done in order toaggone binary interaction parameter (BIP)
for two different property packages, namely RK-Snand RK-Aspen:

SI-CBAR as Unit of Measurements,
RK-Soave or RK-Aspen as Property Package,
CO;, CHs, Ny, HO as Components,
TPXY as type of data set with default standard alésfis for measurement data,
(0.1°C, 0.1% (bar), 0.1% and 1% for T, P, liquid enfshction and vapour mole fraction, respectiyely
entered data from each reference as individual skiga
each set were equally weighted,
regression of temperature independent BIR )=
parameter RKSKBV/1 for RK-Soave,
parameter RKAKAO for RK-Aspen,
Maximum-likelihood as Objective Function (default),
Britt-Luecke as Algorithm (default), and
Deming as Initialisation Method (default).
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2.1.3 Pure component parameters of Aspen HYSYS and Aspd®roperties

Pure component parameters for Aspen HYSYS and ABpeperties are given in Table 2-1 and
Table 2-2, respectively. The parameters are critezaperaturesT(), critical pressuredX) and
acentric factorsdf) for components 0, CQ, CH, and N. The parameters do not differ much
between the programmes, and they are consideneids

Table 2-1 —Pure component parameters (AspenTech 2010a)

Simulator: Aspen HYSYS

H,O Co CH, N,
Te 374.149 30.9500 -82.4510 -146.9560
P. 221.200 73.7000 46.4068 33.9487
0.34400 0.23894 0.01150 0.04000

Table 2-2 —Pure component parameters (AspenTech 2010c)

Simulator: Aspen Propertie

H,O CGo CH, N,
Te 373.946 31.0600 -82.5860 -146.9500

P. 220.640 73.8300 45.9900 34.00p0
0.34486  0.22362 0.01155 0.03772
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2.2 Gathering of solubility data and Vapour-Liquid Equilibrium data

Water solubility data and vapour-liquid equilibriyMLE) data from 56 sources were assembled
from literature. The data comprises of measuremiemtfive binary systems, i.e..B in CQO,
H,O in CH,, H,O in N,, CH,-CO, and N-CO,. The first three sets are gathered in effort to
improve prediction of water content in a €@h system, with methane and nitrogen as minor
impurities. The latter two sets are gathered inretb improve prediction of interaction between
carbon dioxide and methane/nitrogen. It was comekifiat the interaction between methane and
nitrogen was less significant, hence, the datanalslyeof the CH-N, system was excluded.

A total of 1011 points were found, analysed anegatised. Table 2-3 shows the total number
of points and sources for each binary system. Measents above about 100°C were excluded

due to irrelevancy.

Table 2-3 —Experimental measurements used in data regression

No. of points / (No. of references)

Co,

CH,

N2

H,O0 202/ (12)

158/ (13) 169/ (10)

CG,

310/ (12) 172/(9)

Table 2-4, Table 2-5 and Table 2-6 show the temperaange and number of experimental
points for each reference found for systera®4€0,, H,O-CH,; and HO-N,, respectively.

Table 2-4 —Solubility of H,O in CQ,

Reference Temp. range  No. of exp. points
[°C] below 100°C
(Tédheide and Franck 1963) [50, 200] 8
(King and Coan 1971) [25, 100] 22
(Gillespie and Wilson 1982) [15, 260] 16
(Song and Kobayashi 1990) [-22 , 30] 11
(Briones et al. 1987) 50 8
(Nakayama et al. 1987) [25] 3
(Mdller et al. 1988) [100 , 200] 7
(King et al. 1992) [15, 40] 41
(Dohrn et al. 1993) [50] 3
(Bamberger et al. 2000) [50, 80] 29
(Frgyna 2004) [-20, 20] 24
(Valtz et al. 2004) [5, 45] 30
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Table 2-5 —Solubility of H,O in CH,
Temp. range  No. of exp. points

Reference

[°C] below 100°C
(Olds et al. 1942) [38, 104] 35 (incl. 104°C
(Culberson and McKetta 1951) 38 15
(Rigby and Prausnitz 1968) [25, 100] 12
(Sharma 1969) [38, 71] 15
(Kosyakov et al. 1982) 0&10 5
(Gillespie and Wilson 1982) 50 & 75 6
(Yarym-Agaev et al. 1985) 40 & 65 10
(Yokoyama et al. 1988) 25 & 50 5
(Bogoya et al. 1993) [5,15] 5
(Althaus 1999) [5,20] 15
(Chapoy et al. 2003) [30, 45] 21
(Mohammadi et al. 2004) [10, 40] 17
(Frgyna 2004) [10, 20] 8

Table 2-6 —Solubility of H,O in N,
Temp. range No. of exp. points

Reference

[°C] below 100°C

(Saddington and Krase 1934) [50, 230] 8
(Rigby and Prausnitz 1968) [25, 100] 13
(Gillespie and Wilson 1980) [38, 316] 10
(Kosyakov et al. 1982) [0, 20] 18
(Bogoya et al. 1993) [0, 15] 8
(Althaus 1999) [0, 20] 22
(Blanco et al. 1999) [1,11] 24
(Chapoy et al. 2004) 38 &93 10
(Frgyna 2004) [0, 20] 21
(Mohammadi et al. 2005) [10, 90] 35

Table 2-7 and Table 2-8 show the temperature rangehe number of experimental points for
each reference found for systems,£IH, and CQ-N,, respectively.
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Table 2-7 -VLE, binary CQ-CH, system
Temp. range

Reference

[°C]

No. of exp. points

below 100°C

(Donnelly and Katz 1954) [-73, -2] 53
(Kaminishi et al. 1968) [-40, 10] 14
(Neumann and Walch 1968) [-100, -87] 36
(Arai et al. 1971) [-20, 15] 2
(Davalos et al. 1976) [-43,-3] 36
(Mraw et al. 1978) [-120, -54] 8
(Somait and Kidnay 1978) -3 10
(Al-Sahhaf et al. 1983) [-53, -3] 30
(Xu et al. 1992) 15& 20 23
(Bian et al. 1993) 28 7
(Wei et al. 1995) [-43, -3] 52
(Webster and Kidnay 2001) -43 & -3 39

Table 2-8 —VLE, binary CQ-N, system

Reference

Temp. range

No. of exp. points

[°C] below 100°C
(Yorizane et al. 1970) 0 12
(Arai et al. 1971) [0, 15] 4
(Somait and Kidnay 1978) -3 34
(Al-Sahhaf et al. 1983) -53 & -33 29
(Yorizane et al. 1985) [0, 25] 34
(Brown et al. 1989) -23 & -3 17
(Xu et al. 1992) 15& 20 20
(Bian et al. 1993) 28 & 30 14
(Yucelen and Kidnay 1999) [-33,-3] 8

y is vapour mole fraction.
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All the collected measurements mentioned aboveghwhiere used for the data regression, are
given in Appendix A — Appendix F. In order to shbew each set of measurements from each
reference were categorised, one set for the-CK) system is given by Table 2-9. is
temperature in degrees CelsiBds total pressure in bar (absolyte)s liquid mole fraction and



Table 2-9 —Example of measured VLE data (Kaminishi et al. 968
T P X X \ y
[°C] [bara] CH, COo, CH, CO,
-40 52.7 0.251 0.749 0.717 0.283
-40 62.0 0.360 0.640 0.727 0.273
-40 719 0519 0481 0.703 0.297
-20 52.7 0.150 0.850 0.515 0.485
-20 62.0 0.213 0.787 0.556 0.444
-20 719 0.294 0.706 0.566 0.434
-20 78.0 0.357 0.643 0.563 0.437
-20 81.1 0.400 0.600 0.540 0.460
0 52,7 0.070 0.930 0.254 0.746
0 77.0 0.204 0.796 0.370 0.630
0 81.9 0.246 0.754 0.367 0.633
10 62.0 0.069 0.931 0.188 0.812
10 719 0.115 0.885 0.240 0.760
10 819 0.177 0.823 0.250 0.750
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2.3 Evaluation of regression results and model prediotins

The gathered experimental data sets were entespi@n Properties (Section 2.2). Regressions
on temperature independent binary interaction patersk; were preformed according to the
procedure given in Section 2.1.2.1. It was intenidedarry out regression on binary interaction
parameters in the SRK property package of Aspen¥& $However, Aspen Properties lack the
possibility of performing regression on the Aspen3YS packages. Instead, two similar Aspen
Properties packages (in terms of EOS), the RK-Sa@enkthe RK-Aspen, were investigated.
RK-Aspen due to its allegedly improved vapour puesgpredictions (AspenTech 2010b). Both
packages can be used in Aspen HYSYS simulations.

The results of regressions lof for the RK-Soave and RK-Aspen property methodgiven in
Table 2-10 and Table 2-12, respectively. The stahdaviations of the parameters are given in
Table 2-11 and Table 2-13 for each interaction mpatars. Please note that since the;-Sk
data set has not been investigated, the valuesechanlktalic were retrieved from the property
packages.

Table 2-10- Regressed binary interaction parameters

Model: RK-SOAVE (Aspen Properties

CO, H;O CH, N,
COo, 0.01392  0.09782 -0.03841
H,O 0.01392 0.44645 0.02416
CH, 0.09782  0.44645 0.02780
N2 -0.03841 0.02416 0.02780

Table 2-11- Standard deviation of regressed binary interagtiemameters

Model: RK-SOAVE (Aspen Properties

CcO, H,0 CH, N,
CO, 0.01488 0.00097  0.00198
H,0 0.01488 0.01159 0.02839
CH, 0.00097  0.01159
N, 0.00198  0.02839

Table 2-12— Regressed binary interaction parameters

Model: RK-ASPEN (Aspen Properties
CO, H,O CH, N,

CO, 0.08070  0.09274 -0.07444

H,O 0.08070 0.45058 0.01047

CH, 0.09274  0.45058 0.00000

N, -0.07444 0.01057  0.00000




Table 2-13- Standard deviation of regressed binary interagtiemameters

Model: RK-ASPEN (Aspen Properties

Co, H,O CH, N,
Co, 0.01275  0.00096 0.00327
H,O 0.01275 0.01115 0.02860
CH, 0.00096  0.01115
N2 0.00327 0.02860

Standard values fdk;, retrieved from the SRK model in Aspen HYSYS, gieen in Table
2-14.
Table 2-14 —Binary interaction parameter, standard values

Model: SRK (Aspen HYSYS)

CGo, H,O CH, N,
CO, 0.03920 0.09560 -0.01710
H,O 0.03920 0.50000 -0.49070
CH, 0.09560 0.50000 0.03120
N2 -0.01710 -0.49070 0.03120

Due to the operating conditions for the systemdghis thesis, the water solubility data is
considered more important than gas solubility interxaThe regressed interaction parameters
should be positive (above zero) when the data vasrvgolubility in CQ, CH, and N. Thek;
resulting from regression of water solubility dataC0O,, CH, and N were all positive values
(e.g. 0.01392, 0.44645, 0.02416 for RK-Soave, respdy). The N-H,O interaction parameter
for SRK in Aspen HYSYS is0.49070, which can indicate that regression on ftataitrogen
solubility in water (the opposite) was done by Aspe

Water solubility predictions

The binary interaction parameters do only haveisogmce for high pressure or relative low
temperature (non-ideality). It does not have sigaiit effect on low pressure and high
temperature, since the SRK EOS (Eg. 1.1.4) themceslto the ideal gas law (Eqg. 1.1.1). Thus,
for low-pressure systems, adjustment of the intemagarameters will not have any relevant
effect. However, the alpha functions are relevanpfediction of the pure vapour pressures, e.qg.
Soave modification (classical SRK) vs. Mathias-Gopr. To analyse the accuracy at low
pressure, some simulation results were comparegebet the predictions of SRK (Aspen
HYSYS), RK-Soave (Aspen Properties) and RK-Aspespgkh Properties), and a known well-
predicting model SRK of the programme NeqgSim (Sal2003). Water solubility in methane at
25°C and one bar was investigated. The resultsgaen in Table 2-15. To eliminate the
possibility of effect caused by different interactiparameterk; or pure component parameters,
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the same parameters were used for the NegSim mactarding to Table 2-15, Table 2-1 and
Table 2-2.

Table 2-15 —Prediction of water in methane, 25°C and 1 bar

Model NeqSim — SRK Aspen HYSYS — SRK
Alpha function Classic “Classic”

Interaction parameter (kj = 0.5) (kj =0.5)

Mole fraction of methane 0.976361 0.968953

Mole fraction of water 0.023639 0.031047

Model NeqSim — SRK Aspen Properties- RK-SOAVE
Alpha function Classic Classic

Interaction parameter (kj = 0.44645) (kj = 0.44645)

Mole fraction of methane 0.976434 0.977109

Mole fraction of water 0.023566 0.022891

Model NeqSim — SRK Aspen Properties - RK-ASPEN
Alpha function Mathias-Copeman Mathias function
Interaction parameter (kj = 0. 45058) (kj = 0.45058)

Mole fraction of methane 0.967823 0.976387

Mole fraction of water 0.032177 0.023613

The results show that the classical SRK alpha fandiSoave modification) fails to predict the
molar fraction of water in methane that should lse to 0.03. The RK-Soave and the RK-
Aspen fail, however, the HYSYS - SRK predictiorgmod. According to the help file in Aspen
HYSYS, the SRK should have a classical alpha fonctAspenTech 2010a), however the good
prediction suggests otherwise. Based on the resnttghe limitations of the Soave modification
and Mathias function, the Aspen Properties packggeslictions of water content at low
pressure were questionable (also for the @l N). The package options in Aspen Properties
were further looked at, however, Mathias-Copemaraggns and parameters were not managed
to be included in the models. Hence, further maagirovements were not successfully made.
The accuracy of the models for water content ptexiids investigated further in Section 3.1.4
and Section 3.2.7.

Binary interaction predictions

The binary interaction parameters affect propefoe®perating conditions deviating from ideal
state. To show different predictions for a £X mixture, a pressure-liquid/vapour mole
fraction Pxy) diagram was made for temperature of -3.15°C wiperimental measurements
(references according to Table 2-8). For compareuh in addition to the standard value, the
interaction parameter for SRK (Aspen HYSYS) hasnbe®anged to represent the same values
as the RK-Soave regression and RK-Aspen regresBi@result is shown in Figure 2-1.
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Temperature of -3.15°C

150 I I I T T T T T
145H = = = HYSYS, SRK, k(i))=—0.01710 (stdp - - -+ s
140H = = = Aspen, RK-Soave, k(ij)=-0.03841 (reg) - - -+ .
135H = = =HYSYS, SRK,  k(ij)=-0.03841 : »
1304 HYSYS, SRK, k(ij)=-0.07444 S g
Experimental measurements S-S~

Pressure [bara]

10 i i i i i i i i
0

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Mole fraction of nitrogen — x,y

Figure 2-1— P-xy diagram for C@N, at -3.15°C with experimental measurements

The regressed RK-Soave (Aspen Properties) and atreRK (Aspen HYSYS) give very
similar predictions. All the models seem to predietll at the lowest pressures and lowest
concentration (richest system). However, as the@atnation of nitrogen increases the accuracy
seems to decrease. At the highest concentratiotissiiagram, the interactions parameters do
also have the largest effect, which can be recedgry Eqg. 1.1.10Shown by the red, magenta
and green curves, the two-phase area decrease thbeabsolute value of the interaction
parameters increases.

Further comparisons witR-xy diagrams have not been made. The system investigatthis
thesis is considered to have a concentration ofiiities nitrogen and methane of maximum 5%
on molar basis. The difference between fair ancléxat binary interaction parameters and its
effect on the C@rich system is questionable.
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3 Design and simulation results

3.1 Design considerations
3.1.1 Basic concept

The overall concept of the G@&ompression process is to make the carbon diod@teser
(compact) and to remove water (corrosion/ice/hyramaking it transportable and/or fit for
storage. Contrary to methane, carbon dioxide igee&s liquefy, since the critical temperature
of CG; is roughly 113°C higher (-82°C vs. 31°C, Table)24ence, pumping the liquid to
reservoir pressure is a possibility. Figure 1-5vehthat temperatures below around 0 and 10°C
for pressurised C may lead to dry ice or hydrate formation, whishundesirable for fluid
transport and storage. In addition, supercriti@abon dioxide is also easier to obtain than for
methane, which is a possible option for transpod storage.

The most fit-for-purpose process design depends@source/origin of the GQconcentration,
impurities), capture process and potential pretiexjdransportation systems. According to The
Times existing natural gas pipelines can be usedattsport CQ@ from UK power stations to
geological storage formations in the North Sea (Baggenta 2009). In Lacq (France), existing
pipeline limit the transport to 30 bar (Total 2007)

3.1.2 Conventional process designs

Carbon dioxide can be absorbed from natural gasnbgmine solvent, e.g. by activated methyl
diethanolamine (a-MDEA) solution. The ¢@as will then be stripped off the amine solution i

a stripper column by heat addition at slightly abatmospheric pressure. Conventionally,
excess water is returned to the stripper by codliggas at e.g. 20°C. Thus, the gas exits the
capture process saturated with water.

A flowsheet for a general G@ompression and gas treatment (dehydration) syistesmown in
Figure 3-1.
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| Injection to preceding process
| or flare

Reservoir
oo IO 10 D)
C3 C4 PR

Water treatment

14

Figure 3-1- CQO, compression system; three-stage compressionghdllll), intermediate coolers (C1, C2 and C3),
gas-liquid separators (SO, S1 and S2), dehydratiitn(DeHy), tank (T1), cooler (C4) and reservainp (PR).

The flowsheet (Figure 3-1) shows a system contginthree-stage compression with
intermediate cooling, gas-liquid separation, onkydeation unit, a tank and a reservoir pump.
Detailed information regarding stage pressurestantperature is given in Section 3.2 (Case
studies of C@processing systems).

Water-saturated C&ich gas enters the first compressor stage. Ahitjeer discharge pressures
after stage | and Il, the equilibrium water-conseare lower. Thus, upon cooling, water is
condensed in gas-liquid separators. The water tengmall amounts of soluble carbon dioxide.
The liquid streams from the separators are deprisssuprior to entering a third separator,
which ensures that the gas soluble at higher pregsureed from the liquid streams, and re-
enter the compression system. Water is sent toiezd.

A dehydration unit (DeHy), which is a treatmentgess that removes water soluble in the gas,
is placed before the last compression step. Thecaniprovide a water content of as low as 50
ppm (Maldal and Tappel 2004). Process alternataes be adsorption (e.g. molecular sieve),
absorption (treatment with glycol, etc.), and other

The discharge pressure of the last compressionnstesp be of a certain high pressure. That is,
after condensation the resulting liquid must besdegnough to be further processed by a pump.
Also, hydrate formation must be avoided.

A tank with top outlet and a controlled liquid Iéwmuld possibly reduce the chances of two-
phase flow in an effluent liquid pump. The NPSHt(pesitive suction head) of the pump could
be secured by sufficient static head, to prevenitation (as pressure increases the bubbles
implode) and/or vibrations (efficiency loss). Thisatharged gas could be sent to an earlier stage
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of the plant and/or to flare. Whether the stati@dcds big enough to secure NPSH is
guestionable, and further pre-cooling can havesiaeffect.

For a given bottom hole pressure (BHP) of 285 Bawhvit reservoir), a C{pump pressure of
between 80 and 150 bar can ensure flow, dependinth® CQ injection rate (Maldal and
Tappel 2004). The lower pump pressure than BHPbsamexplained by the hydrostatic €O
column that exists between the pump and the boktol®. The increase of pressure across the
vertical column is dependent on the density oflidned and the height of the column. Thereof,
the required CQpump pressure is also dependent on the changensitg due to change in
temperature. Change in temperature can occur dimjegtion and maintenance (Maldal and
Tappel 2004). Impurities like GHand N will also affect the density of the column. To i
extent the effect will have on the required pumgspure, has not been investigated during this
thesis.

Compression-only

A flowsheet for another CQcompression and gas treatment (dehydration) syistesinown in
Figure 3-2. This system does not contain a resepuainp, and the total pressure increase is
obtained by compressors, only.

DeHy - . - Reservoir
C3

Water treatment

L4

Figure 3-2 —CO, full compression system; four-stage compressiph, (lll, 1V), intermediate coolers (C1, C2 and
C3), gas-liquid separators (S0, S1 and S2) andditetign unit (DeHy).

This compression system has four-stage compresaibnintermediate cooling and gas-liquid

separation. A dehydration unit is placed after #sexond gas-liquid separator (S2) and
compression stage (V) ensure required pressurdldar to reservoir. A fifth stage may be

required.
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3.1.3 Compressor design

In general, during design of multi-stage compressemual ratios of compression per stage are
used (GPSA 2004). If necessary, an allowance foingiand cooler losses is granted (GPSA
2004). Thus, the outlet pressure should be set as,

1/n

P

Pouteti = Prieti EE%] (2.1.1)
inlet,1

wheren is the number of stages and staggean element of [1n]. In practise for high-pressure
work, a lower compression ratio for the higher s&ag used to reduce excessive rod loading
(heavier and more expensive frame) (GPSA 2004).

Since packing life may be considerably reduced wéealing gas of high pressure and high
temperature, a discharge temperature of 125°C &3ICLmay be a practical limit (GPSA
2004). It is economically unfavourable to have &oessive compression ratio. That is, since a
high compression ratio leads to a low volumetriiciency; thus, requiring a large cylinder to
produce the same capacity (GPSA 2004).

3.1.4 Water content of CO,-rich gases

Figure 3-3 show how the water content varies faiewsaturated carbon dioxide. The figure has
a pressure range of 10 to 180 bara for temperafi#e20, 25 and 50°C. Carbon dioxide is in
vapour phase at the lowest pressures and liquideplad the highest pressures. The phase
transition can be observed by a sudden high inaneimevater content. The water contents have
been estimated with an SRK model in Aspen HYSYS. deonparison, experimental data has
also been given for temperatures 20, 25 and 5@feérénces according to Table 2-4).

The water content of gases depends on pressurpetatare and composition. Generally, the
water content of a gas increases with temperatmeh is in agreement with Figure 3-3. For a
given temperature, the content decreases untita fainimum is reached. After the minimum
point, it increases again until a sudden relativegh increment occurs. The sudden increase in
solubility occurs after phase transition to eitliguid (e.g. at about 65 bar for a temperature of
25°C) or dense-phase. The standard SRK model ireA$pYSYS fails to predict the water
content at higher pressures, which can be seerhdylarge vertical distance between the
predictive curves and the experimental points. Tieire is in agreement with the foresight
given by the authors of the GPSA, which also sttpngcommend experimental data
comparison, especially for acid gas purposes (GR&24). Similar model imperfections has
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been found for one adapted SRK-HV Pedersen modestéyard et al. 2006). The sudden
increase of water content is less pronounced dtehitemperatures, which can be seen by the
experimental points for 50°C.

System: 100 mol% C§)+ sat. @o, Model: HYSYS, SRK

Water content, molar ppm

x  Exp., T=50°C|
: : : : : Sim., T = 25°C[]
SRR AR S ERR : +  Exp., T=25°C
: : : : : Sim., T = 20°C|

Exp., T=20°C |
, : , : : , : : , : : , : V| ——sim., T = 12°C]]
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I I 1
10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160 170 180

Pressure [bara]

Figure 3-3— Solubility of water in C@ model prediction and experimental points (refeesntf. Table 2-4)

In general, water is more soluble in carbon dioxiteen methane or sweet natural gas mixtures
(GPSA 2004). In accordance, this is shown by Fidufefor a temperature of 25°C. The water
solubility in CG; is higher throughout the pressure range, and &dlyeat higher pressures,
where the carbon dioxide condenses to liquid phdsethane is in liquid phase only at
temperatures below its critical temperature of wel®2°C (Table 2-1), thus, no phase transition
occurs for methane for this range. The model ptixiis of water content seem to be much
better for CH than CQ. It is considered that a mixture of the two compus will have
intermediate contents of water. Based on the exyerial points, it is considered that a trend
similar to CQ will occur for systems rich in CLand lean in Ci(Song and Kobayashi 1990).
Very few articles were found for G@ich mixtures.
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Temperature close to 25°C
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Figure 3-4— Solubility of water in carbon dioxide or metham®del predictions and experimental points
(references cf. Table 2-4 and Table 2-5)

3.1.5 Design objectives and constraints

The design of a COcompression system should be tailored to meeaicedbjectives within
given constraints. One can specify the number afpression stages, discharge pressures and
intermediate cooling temperature to reach certaalgy The objectives could be:

e minimising overall compressor duty (lower operatigts),

» ideal pressure ratios (as mentioned),

e maximum condensation of water, and

* no dehydration/gas treatment (if possible).

Moreover, the relevant constraints could be due to:
* maximum discharge temperature of each stage (asaned),
* maximum compression ratio (as mentioned)
» available cooling medium (temperature and flow)ate
» corrosion in equipment and piping, and

» cavitation and vibration in effluent liquid G@ump (two-phase).
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3.2 Case studies of C@processing systems

Several case studies have been done in order éstigate sensitivity of key properties of the
CO, compression system. Subsequent sections hightigiat main results and give brief
discussions. The following cases were found relevan

3.2.1 Four-stage system

3.2.2 Three-stage system

3.2.3 Effect of high level of impurities

3.2.4 Effect of type of impurity

3.2.5 Effect of impurity concentration

3.2.6 Compression, only

3.2.7 Maximum free-water removal (without dehydvaji
3.2.8 Handling of impurities

3.2.1 Four-stage system without impurities (water saturatd pure CQ,)

A simple and illustrative four-stage compressiostsm is shown by a flowsheet (Figure 3-5)
and by a pressure-enthalpy diagram for purg E@ure 3-6).

Reservoir

Feed

Water treatment
L4

Figure 3-5— CO; four-stage compression system without dehydrajemtreatment
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System: Pure 09 Model: HYSYS, SRK
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Figure 3-6— P-h diagram for pure COwith four stages, basis: Aspen HYSYS and SRK

The pressure-enthalpy diagram (Figure 3-6) shovesaperation option in agreement with the
flowsheet (Figure 3-5). The diagram represents amarbdioxide without any
contaminants/impurities. The effect of water cohtamthis diagram (also Figure 3-8, Figure 3-9
and Figure 3-11) is considered negligible. The @diag (also Figure 3-8, Figure 3-9, Figure
3-10, Figure 3-11 and Figure 3-13) are calculatedise of the standard SRK model in Aspen
HYSYS (AspenTech 2010a).

CO,-rich gas from the capturing process enters thepcession system at the first compression
stage, indicated by | in Figure 3-5. The gas isp@®sed to 3.4 bara (arrow |, Figure 3-6) and
cooled to 12°C. Subsequently, condensed water #hetbottom of a gas-liquid separator, and
the gas exits at top. It is further compressed & a@ompression stage to 11 bara (Il, Figure
3-6). The gas heats up during compression and akit25°C before cooling to 12°C. Further
compression at stage Ill to 35 bara (lll, Figuré)3and stage IV to 60 bara (IV, Figure 3-6).
After reaching 60 bara, the gas is condensed wdi€€O, at 12°C (P, Figure 3-6). After
condensation, the liquid G@& pumped to a high enough pressure to ensuretfidte reservoir
(Section 3.1.2).
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Prioritised objectives/limitations for this case
1. Coolingto 12°C

2. Gas condensation of 60 bara

3. Maximum compressor discharge temperatures of 125°C
4. Gasl/liquid separation (water removal) at 35 bara

5. Equal compressor pressure ratios

The compressor ratios are set equal to about 8.théofirst 3 stages and about 1.7 for the last
stage. The last ratio is much lower than the prestbree, since gas condensation at 60 bara was
set. Using ratio of 3.2 on the first three stagemdlto maximum discharge temperatures of
125°C, this is within the limits suggested in SewetB.1.3. Setting discharge pressure of stage lll
at 35 bara, can be beneficial in terms of remoasgnuch water as possible (cf. Section 3.2.7).
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3.2.2 Three-stage system without impurities (water saturged pure CO,)

A simple and illustrative three-stage compressigsiesn is shown by a flowsheet (Figure 3-7)
and by a pressure-enthalpy diagram for purg E@ure 3-8).

Reservoir

Water treatment
| 4

Figure 3-7— CQO, three-stage compression system without dehydratsrireatment

System: Pure C9 Model: HYSYS, SRK
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Figure 3-8— P-h diagram for pure COwith three stages, basis: Aspen HYSYS and SRK
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Prioritised objectives/limitations for this case

1.

2.
3.
4

Cooling to 12°C

Gas condensation of 60 bara

Gaslliquid separation (water removal) at 35 bara
Equal compressor pressure ratios

If you compare the three-stageh diagram (Figure 3-8) with the four-stage diagrdfigre
3-6), one can see that discharge temperature @h{@75°C vs. 125°C). Simply put, the higher
temperature is a result of operating the systera higher pressure-ratio without any extra
cooling. As mentioned in Section 3.1.3, the disghatemperature of 175°C can be too high
from a material point of view, and it can be neeeg$o alter the process configuration.
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3.2.3 System with water saturated CQ-rich gas (95 mol% CO,, 2.5 mol% CH,, 2.5 mol% N,)

The effect of impurities on the compression systeas investigated. A pressure-enthalpy
diagram for C@rich gas with 2.5 mol% methane and 2.5 mol% nirog given as Figure 3-9.
The process represents a four-stage compressitemsganilar to Figure 3-5.

System: 95 mol% C9+ 2.5 mol% Clj + 2.5 mol% l\i Model: HYSYS, SRK
100 T

©
@
a ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
[0}
5
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o :
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35H Dew point curve e e SR R AR RETRSOR ‘\ ....... .
Bubble point curve : : : : : :
30 = = - Isotherm = 125°C
25H = = = Isotherm = 75°C
— — =lIsotherm = 27.50°C
20H Isotherm = 20°C
1sH= — - Isotherm = 18°C
— — —lIsotherm = 15°C
10 = = =Isotherm = 12°C
s Operating line (70 barg) -
— Operating line (60 barg) : : - -
0 T 1 1 1 W 1 ‘I
-3.88 -386 -384 -382 -38 -3.78 -3.76 -3.74 -3.72

Molar enthalpy [J/mol] ¥ 10
Figure 3-9— P-h diagram for four-stage 95 mol% GQ.5 mol% CH and 2.5 mol%

Prioritised objectives/limitations for this case
1. Coolingto 12°C
2. Gas condensation at 60 bara
3. Gasl/liquid separation (water removal) at 35 bara
4. Equal compressor pressure ratios

According to Figure 3-9 calculated by the stand&@BK model and Aspen HYSYS,
condensation of the G@ich gas at 60 bara at 12°C (P60, Figure 3-9) didikdely result in

obtaining both liquid and gas (two-phase). Thisassed by the change Bfh diagram due to
introduction of methane and nitrogen, compared witie CQ in Figure 3-6. Two-phase flow is

undesirable since it could lead to subsequent pnoblin the pump or too much bleed (top outlet
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flow) in a subsequent tank (loss of compressed-&D gas). By alternation of the process
design to gas condensation at 70 bara (P70, FRy@)e the two-phase problem can be avoided.
Alternatively, the cooling temperature could be éoed leading to a full condensation.

However, this is not recommended, since hydrateslmeaformed at around 10°C, (Figure 1-5,

Section 1.1) or (Austegard et al. 2006).
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3.2.4 System with water saturated CQ-rich gas (95 mol% CG;,, 5 mol% impurities)

To show the effect of different components on thenpression system,Rxh diagram was made
for 5.0 mol% impurities. Figure 3-10 shows the efffef only methane as an impurity and equal
moles of methane and nitrogen. The critical pressfithe ternary system (78.5 bara) is higher
than the binary system (76.4 bara) and pure sy$té bara, Figure 3-6), which at most is
almost a 5 bar difference.

Condensing the CE&CH, (binary) system at 60 bara and 12°C result imglsiphase. The point
is very close to the bubble point curve (see P66orap., Figure 3-10), so the margin is very
low, and two-phase can easily arise. As mentioneSeiction 3.2.3, the GECH,-N, system at
60 bara and 12°C is far from the single-phase re@r60, 3 comp.). According to the model,
gas condensation at 70 bara and 12°C is plausibleoth systems.

System: 95 mol% 09+ 5 mol% impurities,  Model: Aspen HYSYS, SRK
100 ! ! ! !

Pressure [bara]

— — - System: 5 mol% C4H
System: 2.5 mol% Ck|+ 2.5 mol% l\i

15 Bubble point curve : : : ] \
10H Dew point curve
1 Isotherm = 12°C
Isobar : : .
T T T 1 1 =
-3.91 -3.89 -3.87 -3.85 -3.83 -3.81 -3.79 -3.77

Molar enthalpy [J/mol] X 10°

Figure 3-10— P-h diagram for 95 mol% C©Oand 5 mol% impurities, basis: Aspen HYSYS and SRK
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3.2.5 System with water saturated CQ-rich gas (CO,-CH, system)

To show the effect of the concentration of an intgua P-h diagram was made for the carbon
dioxide-methane system (Figure 3-11). The systeritlisin CGQ, and the Chklconcentration is
of either one or five mol%.

The critical pressure of the binary system,&@bl, with 5.0 mol% CH (76.4 bara) is higher
than the 1.0 mol% CH(74.3 bara) and pure system (73.7 bara, Figurg 26cording to
measurements of Xu et al., a binary system o%-CB, with 13.2 mol% CH, the critical
pressure is 79.8 bara (Xu et al. 1992). Accordingnéasurements of Bian et al., a binary system
of CO,-CH, with 3.38 mol% CH, the critical pressure is 77.0 bara (Bian et 893). The
location of the 12°C isotherm also change.

System: C(Q—CH4, Model: Aspen HYSYS, SRK
100 ! ! ! ! ! ! ! ! ! ! ! ! ! !
0Ok iy R L o :"95m0I%CO2
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10RH
5H

Figure 3-11— P-h diagram for C@CH,, basis: Aspen HYSYS and SRK
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3.2.6 System of compression-only (water saturated pure C{ystem)

Figure 3-12 is a flowsheet representing the, @@cessing system with compressors-only. The
last compressor delivers a high enough pressurenture flow to reservoir. Figure 3-13
represents a pressure-enthalpy diagram for theepsoc

DeHy - . - Reservoir
C3

Water treatment

L4

Figure 3-12 —CO, compression-only system; four-stage compressidh (lI, IV), intermediate coolers (C1, C2 and ;8as-
liquid separators (SO, S1 and S2) and dehydratitn(DeHy).

System: Pure C? Model: HYSYS, SRK
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Figure 3-13 —P-h diagram for pure CQrompression system without reservoir pump
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Figure 3-13 shows that two-phase problems can b@letely avoided by use of compressors
instead of compressors and a reservoir pumpnibti:iecessary more expensive to add one extra
stage, compared to adding a pump with accomparggogpment. The dimensions of the pipes
may differ due to a different density. The tempematof the fluid after compression will be
higher than for compression and pump, but the pressill be the same.
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3.2.7 Maximum free-water removal without special treatmern

Most acid gas injection systems include dehydrapiomcesses to remove the saturated water
from the gas, to prevent corrosion and hydrate &ion (Clark et al. 1998). A less costly
alternative is to retain the water in the vapouraggh and keep the content at a
thermodynamically minimum by designing an optimiggdction strategy (Clark et al. 1998).

As shown in Section 3.1.4, minimum water contemxistan equilibrium with gaseous carbon
dioxide, dependent on pressure and temperature. effieet of pressure, temperature and
impurity composition on this level has been invgstied.

Figure 3-14 shows the effect of pressure and temtper on a pure carbon dioxide system
saturated with water. The water content decreafie increasing pressure until a minimum is
reached. For a given cooling temperature, thismmn can lead to maximum removal of free-
water in a simple gas-liquid separator. For the l&itemperature range (8°C — 18°C), an
increase from 15 to 23 bara, leads to a clear temucAfter about 30-35 bar, the gain of
pressure increase is relatively low.

System: 100 mol% C?+ sat. I-&O,

Model: HYSYS, SRK
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Figure 3-14 —Water content of pure gaseous carbon dioxide (S®kKen HYSYS)
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By examining Figure 3-15, which is the same diagfanpure methane, the same phenomenon
does not occur. For pure methane, the water couterrieases throughout the pressure range
(15-50 bara). This difference suggested that mggwf carbon dioxide and impurities should be
evaluated. Also here, the effect of pressure is&res largest for about 15-25 bara (all
temperatures). In general, the water is more seliblgaseous carbon dioxide than gaseous
methane.

System: 100 mol% CA—H sat. I-&O, Model: HYSYS, SRK
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Figure 3-15 —Water content of pure gaseous methane (SRK, AspEi3)

Figure 3-16 and Figure 3-17 show the effect of int@ms on the saturated water content of a
CO,-rich system. Figure 3-16 shows the small predictedations for impurity level up to a
maximum of 5 mol%. The system of 5 mol% Os a lower water content than the 2.5 mol%
CH, and 2.5 mol% M Based on these figures, the effect is considierég small.

41



T=12°C
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Figure 3-16 —Effect of impurities on water content of G@ch gas (SRK, Aspen HYSYS)

T=12°C
120 T T I I I I I I I I I I I I
— — - System: 100 mol% CO+ sat. I—&O, Model: HYSYS, SRK
N — — - System: 99 mol% C9+ 1 mol% CI—L+ sat. I—QO, Model: HYSYS, SRK
1100_~‘ — — - System: 95 mol% CO+ 2.5 mol% CH + 2.5 mol% N + sat. HO, ~Model: HYSYS, SR
] N - — - System: 95 mol% CO+ 5 mol% CH + sat. HO,  Model: HYSYS, SRK

1000+ L] N — — - System: 100 mol% CJ‘-H sat. I—io, Model: HYSYS, SRK i
IS ] N
Q. \ EY
= goof * .
[ N 4 '
© N L
e \ ] 5

N N LIS
@ 800f \ Say 4
[e)) A
S S SR S
S ~ N == Ssa
$ 700 ~ S ffreas -
g N TSESSEfzEzssz=E=EFST
g ~ < _=_—sS=s==
3] So
2 600 RN -
m ~
= RN
<.

500 : Sss : .

400F T .

300 1 1 1 1 1 1 1 1 1 1 1 1 1 1

15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Flash pressure [bara]

Figure 3-17 —Effect of impurities on water content of G@ich gas (SRK, Aspen HYSYS)
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Figure 3-18 shows predictions of water contentasfegpus C@at 25°C, for models SRK (Aspen
HYSYS), regressed RK-Aspen (Aspen Properties) agdessed RK-Soave (Aspen Properties).
The HYSYS model seem to predict within appreciablecuracy. The regressed Aspen
Properties models predict overall a lower contéfuwever, the all three models predict the
same trend.

System: 100 mol% Cg sat. I—io, Temperature: 25°C
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Figure 3-18 —Model predictions of saturated water content oegas carbon dioxide at 25°C,
compared with experimental measurements (ref. T2idle

In short, all the models and figures predict a munn water content at a certain pressure for
each temperature. The decrease after about 28-B@arealow compared to 10-20+ bar.

Therefore, it is strongly recommended to set disphg@ressure (with intermediate cooling and
gas-liquid separation) at this pressure leadingnaximum removal of free-water. Possible

effluent dehydration units will have less to remowdich can be cost reducing in forms of

longer cycles for adsorbents or lower recirculatiates (less operating cost, pump/reboiler) for
absorption.
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3.2.8 Handling of impurities

A simple way of handling impurities was proposed uiilising the difference in volatility
without adding major equipment. The flowsheet iggiby Figure 3-19, which shows that it is
located after the tank relative to the general foget given by Figure 3-1.

»
| 4
Injection to preceding

60 bara™\  process or flare
11.5°C

Reservoir

e Nk :

Figure 3-19 —Simple utilisation of difference in volatility, ipurity removal

Figure 3-20 shows the result of a simulation, itigasing the benefit of the impurity handling
for a CQ-rich system containing 2.5 mol% methane and 2.84mttrogen. The mole fraction
of impurities of the entrance stream of the pumgesented by the left vertical axis. The level
of purge (molar flow rate of purge stream relativeexit stream of compressor Ill) in % is given
by the right vertical axis, and the blue line. Tiegizontal axis is temperature of the upper flash
tank (marked with 11.5°C)

System: 95 mol% C9+ 2.5 mol% Clj + 2.5 mol% l\£ Model: HYSYS, SRK Pressure: 60 bara
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Figure 3-20 —Concentration of impurities in liquid GQ@ifter flash
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The results show that with even as high as a 108epand a flash temperature of 11.5°C, gives
only a reduction of impurities from 5 mol% to abauimol%. The system has been further
investigated with no particular good results, inmte of impurity removal. As suggested by
Aspelund and Jordal, distillation can be used awstéAspelund and Jordal 2007). This is
considered straightforward after a dehydration, Unditvever, costs have not been considered.
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3.3 Technical solutions for dehydration of CQ gas

The purpose of a dehydration processes is to remater, in order to achieve:
* water content specification (maximum level resiic},
» prevent corrosion (Chapter 1.1), and
* prevent hydrate formation (Chapter 1.1) and conatems of free water.

Natural gas, natural gas liquids (NGLs) and assedigas condensates are commonly saturated
with water when produced from reservoir (GPSA 200@pmmon technical solutions for
dehydration of these types of mixtures are (GPS@420

» by adsorption/solid desiccants,

» by absorption/liquid desiccants,

» with calcium chloride,

* by refrigeration,

* by membrane permeation,

* by gas stripping (e.g. offshore produced condens#kecounter-current dry gas), and

» Dby distillation.

Carbon dioxide resulting from capture processesftisn saturated with water. According to
John M. Campbell and Company there are severalicajppié dehydration options for GO
(Campbell 2005similar to that of natural gas:

» by adsorption (solid desiccants like molecular egsilica gel etc.)

* by absorption (liquid desiccants like glycerol,@ls such as TEG and DEG, etc.), and

* with calcium chloride.

Smooth operation of the dehydration process igagls, and can be important to consider when
choosing between the different dehydration processe addition, equipment costs and
operating costs should be considered, of course.

In hot climates where hydrate formation is unlikel.g. Abu Dhabi, and if the water
specification is not too strict, a simple open-eyafrigeration is proposed as an adequate option
for dehydration (Kumar et al. 2010). The proposeutess utilises a Joule-Thomson valve, heat
integration and minor pressure losses.
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Figure 3-21— Proposed open-cycle refrigeration system (forclintates) (Kumar et al. 2010)

Absorption process

Using liquid desiccants for dehydration is commuothie oil and gas process industry. Campbell
reports existence of many early plants for,@@hydration, with tri-ethylene glycol (TEG) or di-
ethylene glycol (DEG) (Campbell 2005). Figure 3<t®ws a block diagram representing a
TEG dehydration unit. Due to proximities, the figuslso represents DEG and glycerol units
(Campbell 2005). Nonetheless, the process condita likely to vary.

The concept of liquid desiccants is to utilize theioperty of increased solubility at higher
pressure and lower temperature, and decreased ilépludt lower pressure and higher
temperature. Thereof, contacting the wet gas dt pigssure and low temperature, absorbing
water; hence, leading to a dry gas. Subsequergiyredsurising and heating the rich solvent,
leading to water removal. Thereafter, pressuringl @ooling, making the solvent fully
regenerated. However, some losses are likely tarocc

CO, containing water enters an inlet separator, whitsures knockout of free-water before the
gas enters the contactor. Here, the gas flows ujsyas cooled lean solvent flows downwards.
The contactor has trays or packing, which enhatioesontact area between the two streams
leading to a greater absorption. The counter-ctiffew and continuous absorption, makes sure
that the purest C{at top) is in contact with the driest absorbditte dehydrated C{Centers a
scrubber before exiting the system.

The rich solvent is depressurised before enterifigsh drum, where soluble gas (e.g. £

flashed off. A lean/rich heat exchanger, and furtheat integration, can be used to preheat the

liquid before entering the top of a stripper. le gtripping section, the rich solvent is heated up
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and water is stripped off as vapour. Additionalpgling gas can also be used for enhancement.
As the solvent travels downwards the strippingieacit becomes gradually leaner. At bottom
the lean solvent exits and enter a booster, heggriation and a circulation pump before cooling.
The cooling enhances the absorption capabilitiegieler, if too cold hydrates may be formed,
which is very undesirable.

Dehydrated CO, Off-gas

bt —
STRIPPER

REBOILER
OUTLET
SCRUBBER LEAN ;‘g—‘ﬁii
l COOLER  CIRC. '
pPUMP STRIPPER (2")
Stripping gas
L/RT |
Feed H.EX. -~ H
i E——
ﬁ Iq. .
LEAN
— SURGE TANK
INLET —

SEPARATOR FLASH
DRUM Lean solvent
Rich solv. g 2 <

7
ABSORBER / BOOSTER
CONTACTOR FILTER PUMP

Figure 3-22— DEG/TEG/glycerol dehydration system for carbooxiie

The CQ entering a TEG unit usually contains more watantfor a natural gas system. The
CO, solubility in TEG is significantly higher than GHCampbell 2005). Moreover, TEG is
soluble in supercritical CCampbell 2005). All these properties, complicdtes dehydration
process compared to natural gas dehydration. Nelesthy by oversizing the TEG unit and
taking material constraints into account, it is sidered to be fairly straightforward (Campbell
2005).

Adsorption process

A double bed adsorption process can be used foyddetion of carbon dioxide. Figure 3-23
shows a flowsheet for this double-bed process. §stenters an inlet separator ensuring free-
water removal, before entering the adsorbing bée. @rocess is run until the bed is filled with
water to a specific level (break-through point yetbefore the wet inlet gas stream change
direction to a regenerated bed. One bed is alwaysgeneration by heating a gas purge stream
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from the process. The hot stream will absorb whiten the solid desiccants, and the stream can
be re-introduced to an earlier stage of the conspresystem. The hot stream might need to be
cooled before re-introduced at a place where waemhe knocked out. The solid desiccants in a
regenerating bed also need to be adequately cbelede used as an adsorbing bed. Molecular
sieve is used for dehydration to 50 ppm water @ Snghvit CQ storage process (Maldal and
Tappel 2004).

, Re-introduced

< 4
to compressor system
INLET ADSORBING REGENERATING
SEPARATOR BED BED

Feed

P Dehydrated CO,
s/

—/ DUST
HEATER FILTER

w

Figure 3-23— Double-bed adsorption system for carbon dioxigleydration
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4 Conclusion and recommendations

Experimental data and model fitting

Considerable amount of experimental data were ddsdnfior water solubility in Cg) CH, and

N,, and of vapour-liquid equilibrium data for GOH, and CQ-N, system. Regression of
binary interaction parameters were carried out singi Aspen Properties and packages RK-
Soave and RK-Aspen. The regression seems to bengorl the positive binary interaction
parameters with water in either g@H, or N, seem likely. However, the lack of capability in
the packages on simply including specific alphacfioms (as Mathias-Copeman), makes the
possibility of achieving great improvements leggll. SRK model of Aspen HYSYS seems to
predict the water content at low pressures reltivell.

It has been shown that the regressed RK-Soave &ndsBen seem to fail to predict water
content accurately. In addition, interactions be&tmveompounds in relevant mixtures seem to be
less accurate. It is recommended that further veorknodel improvements should be carried
out. By controlling the use of thermodynamic equadi and special functions like the Mathias-
Copeman alpha function, model improvements arelylikexperimental data like the ones
assembled here can also be used to regress paraiimgpeoving the more advanced models.
Such models can then be used in process simulaitbrgreater modification capabilities.

Nevertheless, it is of belief that the observeddseand the result given are accurate enough to
be of great importance for design and process bjpigya For further work, specific results
should be validated with known well-predicting mtsd@f greater accuracy).

Process operability and design
Different system and process options for,@ocessing thereof compression, maximum free-

water removal, dehydration and impurity removaléhbeen investigated.

Available cooling quality (i.e. cooling temperatyréydrate formation temperature, and the
influence of impurities have been simulated witltu® on number of compression stages,
compression ratios and single-phase flow. Theotig aspects have been found relevant:
* Material constrains on compressor discharge teriypersy can lead to requirement of an
additional compression stage.
* Relevant impurities (ClHand N) at concentration of interest (maximum 5 mol%) can
affect such that the condensation of €quire a higher pressure for a given cooling

temperature, in order to avoid two-phase flow in,@@ection pump.
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» Different impurities (either ClHor N,) have been found to have different effect on the
system, and it seems like nitrogen has more sagmifi affect than methane on two-

phase development in pressure-enthalpy curves.

The effect of pressure and level of impurities oatev content upon free-water removal and
dehydration has been investigated. It seems td¢ axigdeal pressure range, where a minimum
water content exist, which by proper design canimie the removal of free-water and reduce
the requirements and cost of a dehydration systém.minimum level may be low enough that

dehydration may be omitted and further investigata this topic is strongly recommended.
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Appendix A - Experimental data from literature

No. of

Reference Author(s) Yr [C] exp. pts.

<=100C
(Tdédheie and Frank 1963) Tédheide, K., and E. U. Franck 1963 [50, 200] 8
(King and Coan 1971) King, A. D., and C. R. Coan 1971 [25,100] 22
(Gillespie and Wilson 1982) Gillespie, P. C., and G. M. Wilson. 1982 [15, 260] 16
(Song and Kobayashi 1987) Song, K. Y., and R. Kobayashi 1987 [-22,30] 11
(Briones et al. 1987) Briones, J. A., J. C. Mullins, M. C. Thies, and B. U. Kim 1987 50 8
(Nakayama et al. 1987) Nakayama, T., H. Sagara, K. Arai, and S. Saito 1987 [25] 3
(Muller, Bender, Maurer 1988)  Miiller, G., E. Bender, and G. Maurer 1988 [100, 200] 7
(King et al. 1992) King, M. B., A. Mubarak, J. D. Kim, and T. R. Bott 1992 [15,40] 41
(Dohrn et al. 1993) Dohrn, R., A. P. Biinz, F. Devlieghere, and D. Thelen 1993 [50] 3
(Bamberger et al. 2000) Bamberger, A., G. Sieder, and G. Maurer 2000 [50, 80] 29
(Frayna 2004) Froyna, E. W. 2004 [-20,20] 24
(Valtz et al. 2004) Valtz, A., A. Chapoy, C. Coquelet, P. Paricaud, and D. Richon 2004 [5, 45] 30

Water solubility in carbon dioxide



(Toédheie and Frank 1963)
(Toédheie and Frank 1963)
(Toédheie and Frank 1963)
(Toédheie and Frank 1963)
(Toédheie and Frank 1963)
(Toédheie and Frank 1963)
(Tédheie and Frank 1963)
(Todheie and Frank 1963)

Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(Gillespie and Wilson 1982)

T P y y
T bar H,0 CO,
100 200 0.029 0.971
100 500 0.030 0.970
100 1000 0.030 0.970
100 1500 0.029 0.971
100 2000 0.029 0.971
100 2500 0.029 0.971
100 3000 0.028 0.972
100 3500 0.028 0.972
T P y y
T bar H,O CO;
15.56 50.68 0.000819 0.999181
25.00 50.68 0.001280 0.998720
29.44 55.16 0.001570 0.998430
31.06 6.90 0.006940 0.993060
31.06 25.34 0.002390 0.997610
31.06 50.68 0.001630 0.998370
75.00 6.90 0.060140 0.939860
75.00 25.34 0.018160 0.981840
75.00 50.68 0.010870 0.989130
75.00 101.36 0.007270 0.992730
75.00 202.71 0.009380 0.990620
93.33 6.90 0.120300 0.879700
93.33 25.34 0.034710 0.965290
93.33 50.68 0.019700 0.980300
93.33 101.36 0.013740 0.986260
93.33 202.71 0.014320 0.985680

II

(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)
(King and Coan 1971)

Song and Kobayashi 1987

T

T

25
25
25
25
25
50
50
50
50
50
50
75
75
75
75
75

100 36.78
100 37.19
100 44.79
100 44.79
100 561.47
100 51.47

T

21.10

P y

bar H,O
22.70
29.79
29.99
37.29
37.39
17.33
25.53
25.84
36.38
36.38
46.31
23.31
37.39
37.49
51.27
51.47

P y

H,O
0.0043276

bar
6.90

0.00195
0.00163
0.00167
0.00145
0.00149
0.00841
0.00595
0.00598
0.00466
0.00463
0.00396
0.02000
0.01250
0.01260
0.01040
0.01020
0.03280
0.03230
0.02770
0.02740
0.02480
0.02510 0.97490

( )
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)
(Song and Kobayashi 1987)

2.00
15.56
12.00
20.00
17.00
25.00
15.56
20.20
26.67
29.50

13.79
20.69
34.48
34.48
48.27
48.27
52.40
57.92
66.88
71.71

0.0006836
0.0010656
0.0006030
0.0010010
0.0008229
0.0012787
0.0006400
0.0008999
0.0012700
0.0014981

y
CO;
0.99805
0.99837
0.99833
0.99855
0.99851
0.99159
0.99405
0.99402
0.99534
0.99537
0.99604
0.98000
0.98750
0.98740
0.98960
0.98980
0.96720
0.96770
0.97230
0.97260
0.97520

y

CO;,
0.9956724
0.9993164
0.9989344
0.9993970
0.9989990
0.9991771
0.9987213
0.9993600
0.9991001
0.9987300
0.9985019



T P y y

T bar H,O CO,
(Briones etal. 1987) 50.00 68.20 0.00339 0.99661
(Briones etal. 1987) 50.00 75.30 0.00345 0.99655
(Briones etal. 1987) 50.00 87.20 0.00364 0.99636
(Briones et al. 1987) 50.00 100.60 0.00429 0.99571
(Briones et al. 1987) 50.00 101.30 0.00436 0.99564
(Briones etal. 1987) 50.00 122.10 0.00543 0.99457
(Briones et al. 1987) 50.00 147.50 0.00608 0.99392
(Briones et al. 1987) 50.00 176.80 0.00643 0.99357

T P y y

T bar H,0O CO,
(Nakayama et al. 1987) 25.05 36.30 0.0014 0.9986
(Nakayama et al. 1987) 25.05 64.20 0.0011 0.9989
(Nakayama et al. 1987) 25.05 64.10 0.0014 0.9986

T P y y
T bar H .0 CO;
(King etal. 1992) 15 51.70 0.00222 0.99778
King etal. 1992) 15 76.00 0.00235 0.99765
King etal. 1992) 15  101.30 0.00241 0.99759
Kingetal. 1992) 15  126.70 0.00255 0.99745
King etal. 1992) 15  152.00 0.00262 0.99738
King etal. 1992) 15  177.30 0.00272 0.99728
King etal. 1992) 15  202.70 0.00280 0.99720
King etal. 1992) 20 58.80 0.00261 0.99739
King etal. 1992) 20 70.90 0.00272 0.99728
King etal. 1992) 20 76.00 0.00276 0.99724
King etal. 1992) 20 81.10 0.00278 0.99722
King etal. 1992) 20  101.30 0.00293 0.99707
King etal. 1992) 20  126.70 0.00287 0.99713
King etal. 1992) 20  141.90 0.00307 0.99693
Kingetal. 1992) 20  152.00 0.00320 0.99680
King etal. 1992) 20  177.30 0.00322 0.99678
King etal. 1992) 20  202.70 0.00334 0.99666
King etal. 1992) 25 65.90 0.00300 0.99700
King etal. 1992) 25 70.90 0.00307 0.99693

(
(
(
(
(
(
(
(
(
(
(
(
T P y y (
€ bar H,O CO; :
(Miiller, Bender, Maurer 1988) 100  3.25 0.288 0.712 (
(Muller, Bender, Maurer 1988) 100  6.00 0.155 0.845 : '90 0. )
(Miller, Bender, Maurer 1988) 700  9.20 0.107 0.893 (King et al. 1992) gg ;?gg 388233 883:2;
King et al. 1992) . . .

(Miller, Bender, Maurer 1988) 100 11.91 0.077 0.923 Krpeta 192) 25 10130 0.00927 0,99673

(ot Sendr, s 1589) 100 1462 0,069 0.931 5 1 otour samn
(Mdiller, Bender, Maurer 1988) 700 18.16 0.054 0.946 (

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

King etal. 1992) 25  141.90 0.00344 0.99656
i . . . 99641
(Muller, Bender, Maurer 1988) 100 23.07 0.045 0.955 King etal. 1992) 25  152.00 0.00354 0.99646

King etal. 1992) 25  177.30 0.00369 0.99631
King etal. 1992) 25  202.70 0.00378 0.99622
King etal. 1992) 35 91.20 0.00384 0.99616
King etal. 1992) 35 101.30 0.00407 0.99593
King etal. 1992) 35 111.50 0.00414 0.99586
King etal. 1992) 35 126.70 0.00435 0.99565
King etal. 1992) 35  136.80 0.00440 0.99560
King etal. 1992) 35  152.00 0.00457 0.99543
King etal. 1992) 35 202.70 0.00498 0.99502
King etal. 1992) 40  101.30 0.00428 0.99572
Kingetal. 1992) 40  111.50 0.00440 0.99560
King etal. 1992) 40  126.70 0.00467 0.99533
King etal. 1992) 40  152.00 0.00507 0.99493
King etal. 1992) 40  177.30 0.00543 0.99457
Kingetal. 1992) 40 202.70 0.00580 0.99420

I



(Dohrn et al. 1993)
(Dohrn et al. 1993)
(Dohrn et al. 1993)

(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Freyna 2004)
(Freayna 2004)
(Froyna 2004)
(Fregyna 2004)
(Fregyna 2004)
(Fregyna 2004)
(Froyna 2004)
(Fregyna 2004)
(Fregyna 2004)
(Fregyna 2004)
(Fregyna 2004)
(Fregyna 2004)
(Fregyna 2004)

P y

T bar H,O

50 101
50 201
50 301

bar
15.00
5.00
15.00
5.00
5.00
5.00
15.00
15.00
5.00
5.00
15.00
15.00
5.00
5.00
15.00
15.00
40.00
40.00
15.00
5.00
15.00
15.00
40.00
40.00

y
Hzo
0.0000718
0.0002856
0.0001189
0.0006342
0.0005583
0.0007888
0.0002030
0.0002144
0.0011736
0.0012100
0.0004099
0.0004351
0.0021799
0.0024046
0.0007800
0.0008436
0.0004901
0.0005537
0.0010328
0.0045340
0.0015785
0.0013382
0.0008677
0.0007500

y
CO;

0.00547 0.99453
0.00682 0.99318
0.00782 0.99218

y
CO;
0.9999282
0.9997144
0.9998811
0.9993658
0.9994417
0.9992112
0.9997970
0.9997856
0.9988264
0.9987900
0.9995901
0.9995649
0.9978201
0.9975954
0.9992200
0.9991564
0.9995099
0.9994463
0.9989672
0.9954660
0.9984215
0.9986618
0.9991323 IV

0.9992500

(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.
(Bamberger et al.

(Valtz et al.
(Valtz et al.
Valtz et al.

Valtz et al.

Valtz et al.

(
(
(
(
(
(
(Valtz et al.
(
(
(Valtz et al.
(Valtz et al.
(Valtz et al.
(Valtz et al.
(Valtz et al.
(Valtz et al.
(Valtz et al.
(Valtz et al.
(Valtz et al.
Valtz et al.
Valtz et al.

Valtz et al.

Valtz et al.
Valtz et al.
Valtz et al.

(
(
(
(
(
(
(
(
(
(

Valtz et al.

2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)
2000)

2004)
2004)
2004)
2004)
. 2004)
2004)
. 2004)
. 2004)
2004)
. 2004)
. 2004)
2004)
2004)
2004)
2004)
2004)
2004)
2004)
2004)
2004)
2004)
2004)
2004)
. 2004)
. 2004)
. 2004)
2004)
2004)
2004)
2004)

T
T
50.05
50.05
50.05
50.05
50.05
50.05
50.05
50.05
50.05
50.05
60.05
60.05
60.05
60.05
60.05
60.05
60.05
60.05
60.05
60.05
79.95
79.95
79.95
79.95
79.95
79.95
79.95
79.95
79.95

T
T
5.07
5.07
5.07
15.11
15.11
15.11
25.13
25.13
25.13
25.13
25.13
35.06
35.06
35.06
35.06
35.06
35.06
35.06
35.06
35.06
35.06
35.06
45.07
45.07
45.07
45.07
45.07
45.07
45.07
45.07

P
bar
40.50
50.60
60.60
70.80
80.80
90.90
100.90
111.00
121.00
141.10
40.50
50.60
60.60
70.80
80.80
90.90
100.90
111.00
121.00
141.10
40.50
60.60
70.80
80.80
90.90
100.90
111.00
121.00
131.00

P
bar

y y
H,O CO;
0.0046 0.9954
0.0036 0.9964
0.0037 0.9963
0.0034 0.9966
0.0034 0.9966
0.0041 0.9959
0.0045 0.9955
0.0050 0.9950
0.0055 0.9945
0.0061 0.9939
0.0066 0.9934
0.0055 0.9945
0.0055 0.9945
0.0051 0.9949
0.0050 0.9950
0.0047 0.9953
0.0049 0.9951
0.0053 0.9947
0.0058 0.9942
0.0078 0.9922
0.0143 0.9857
0.0109 0.9891
0.0104 0.9896
0.0097 0.9903
0.0092 0.9908
0.0093 0.9907
0.0090 0.9910
0.0096 0.9904
0.0100 0.9900

y y

H,O CO;

5.017 0.0015 0.9985
7.55 0.0011 0.9989
10.16 0.0007 0.9993
4.96 0.0031 0.9969
11.03 0.0014 0.9986
19.41 0.0009 0.9991
5.04 0.0065 0.9935
10.07 0.0038 0.9962
14.96 0.0028 0.9972
24.83 0.0014 0.9986
34.91 0.0013 0.9987
5.82 0.0096 0.9904
8.19 0.0079 0.9921
18.89 0.0034 0.9966
29.70 0.0023 0.9977
30.29 0.0023 0.9977
40.05 0.0020 0.9980
49.85 0.0017 0.9983
59.49 0.0016 0.9984
70.56 0.0017 0.9983
79.30 0.0023 0.9977
79.63 0.0025 0.9975
4.64 0.0250 0.9750
10.44 0.0125 0.9875
18.63 0.0065 0.9935
30.01 0.0044 0.9956
39.80 0.0038 0.9962
49.56 0.0035 0.9965
59.92 0.0033 0.9967
69.30 0.0029 0.9971



Appendix B - Experimental data from literature

T No. of

Reference Author(s) Yr [Tl exp. pts.

<=100C
(Olds, Sage, and Lacey 1942) Olds, R. H., B. H. Sage, and W. N. Lacey 1942 [38,104] 35 (incl. 104T)
(Culberson and McKetta 1951) Culberson, O. L., and J. J. McKetta. 1951 38 15
(Rigby and Prausnitz 1968) Rigby, M., and J. M. Prausnitz 1968 [25, 100] 12
(Sharma 1969) Sharma, S. C. 1969 [38, 71] 15
(Kosyakov, Ivchenko, and Krishtopa 1982) Kosyakov, N. E., B. I. Ivchenko, and P. P. Krishtopa 1982 0& 10 5
(Gillespie and Wilson 1982) Gillespie, P. C., and G. M. Wilson 1982 50&75 6
(Yarym-Agaev et al. 1985) Yarym-Agaev, N. L., R. P. Sinyavskaya, . |. Koliushko, and L. Y. Levinton 1985 40 & 65 10
(Yokoyama et al. 1988) Yokoyama, C., S. Wakana, G. Kaminishi, and S. Takahashi. 1988 25 & 50 5
(Bogoya, Miiller, and Oellrich 1993) Bogoya, D., C. Miiller, and L. R. Oellrich 1993 [5, 15] 5
(Althaus 1999) Althaus, K. 1999 |5, 20] 15
(Chapoy, Coquelet, and Richon 2003) Chapoy, A., C. Coquelet, and D. Richon 2003 [30, 45] 21
(Mohammadi et al. 2004) Mohammadi, A. H., A. Chapoy, D. Richon, and B. Tohidi 2004 [10, 40] 17
(Frgyna 2004) Froyna, E. W. 2004 [10, 20] 8

Water solubility in methane



(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)
(Olds, Sage, and Lacey 1942)

71

T
T
37.75
37.75
37.75
37.75

Sharma 1969)
Sharma 1969)
Sharma 1969)
Sharma 1969)

A1
104.44
104.44
104.44
104.44
104.44
104.44
104.44
104.44
104.44
104.44
104.44
104.44
104.44
104.44

(

(

(

(

(Sharma 1969)
(Sharma 1969)
(Sharma 1969)
(Sharma 1969)
(Sharma 1969)
(Sharma 1969)
(Sharma 1969)
(Sharma 1969)
(Sharma 1969)
(Sharma 1969)
(Sharma 1969)

37.75
54.45
54.45
54.45
54.45
54.45
71.15
71.15
71.15
71.15
71.15

P y
bar H,O
83.11 0.001278
86.16 0.001467
134.86 0.000671
137.16 0.000671
208.19 0.000645
208.63 0.000630
279.19 0.000423
346.66 0.000506
417.13 0.000484
485.24 0.000423
553.65 0.000427
623.47 0.000408
26.73 0.013350
62.90 0.006417
96.45 0.004503
144.00 0.003394
210.64 0.002721
282.06 0.002301
351.53 0.002128
417.95 0.001890
681.57 0.001692
29.87 0.04281
65.91 0.020690
93.16 0.01545
138.11 0.011200
209.24 0.008459
279.02 0.007123
354.13 0.006253
417.83 0.005788
482.62 0.005336
547.27 0.005238
558.82 0.004943
622.56 0.004882
623.34 0.004620
683.90 0.004722

P y
bar H,O
14.8 0.00516
42.3 0.00188
69.9 0.00134
104 0.00092
139 0.00075
14.8 0.01130
42.3 0.00430
69.9 0.00279
104 0.00193
144 0.00171
14.8 0.02565
42.3 0.00933
69.9 0.00550
104 0.00425
139 0.00368

y
CH,
0.998722
0.998533
0.999329
0.999329
0.999355
0.999370
0.999577
0.999494
0.999516
0.999577
0.999573
0.999592
0.986650
0.993583
0.995497
0.996606
0.997279
0.997699
0.997872
0.998110
0.998308
0.957190
0.979310
0.984550
0.988800
0.991541
0.992877
0.993747
0.994212
0.994664
0.994762
0.995057
0.995118
0.995380
0.995278

y
CH,
0.99484
0.99812
0.99866
0.99908
0.99925
0.98870
0.99570
0.99721
0.99807
0.99829
0.97435
0.99067
0.99450
0.99575
0.99632

\4

T P y y
€ bar H,0 CH,
(Althaus 1999)  5.05 5 0.001750 0.998250
(Althaus 1999) 5.05 15 0.000616 0.999384
(Althaus 1999)  5.05 40 0.000250 0.999750
(Althaus 1999) 10.06 15 0.000851 0.9997149
(Althaus 1999) 10.056 40 0.000357 0.999643
(Althaus 1999) 10.05 60 0.000251 0.999749
(Althaus 1999) 15.05 15 0.001180 0.998820
(Althaus 1999) 15.05 40 0.000485 0.999515
(Althaus 1999) 15.05 60 0.000350 0.999650
(Althaus 1999) 15.06 80 0.000284 0.999716
(Althaus 1999) 15.05 100 0.000244 0.999756
(Althaus 1999) 20.05 40 0.000665 0.999335
(Althaus 1999) 20.05 60 0.000470 0.999530
(Althaus 1999) 20.05 80 0.000386 0.999614
(Althaus 1999) 20.05 100 0.000332 0.999668
T P y y
T bar H.0 CH,
(Yarym-Agaev et al. 1985) 40.05 25 0.003030 0.996970
(Yarym-Agaev et al. 1985) 40.05 50 0.001870 0.998130
(Yarym-Agaev et al. 1985) 40.05 75 0.001340 0.998660
(Yarym-Agaev et al. 1985) 40.05 100 0.001120 0.998880
(Yarym-Agaev et al. 1985) 40.05 125 0.000926 0.999074
(Yarym-Agaev et al. 1985) 65.05 25 0.009830 0.990170
(Yarym-Agaev et al. 1985) 65.05 50 0.006090 0.993910
(Yarym-Agaev et al. 1985) 65.05 75 0.004480 0.995520
(Yarym-Agaev et al. 1985) 65.05 100 0.003480 0.996520
(Yarym-Agaev et al. 1985) 65.05 125 0.002980 0.997020



Yokoyama et al. 1988) 25.05
Yokoyama et al. 1988) 25.05

Yokoyama et al. 1988) 50.05

(
(
(Yokoyama et al. 1988) 50.05
(
(

Yokoyama et al. 1988) 50.05

Rigby and Prausnitz 1968)
Rigby and Prausnitz 1968)
Rigby and Prausnitz 1968)
Rigby and Prausnitz 1968)
Rigby and Prausnitz 1968)
Rigby and Prausnitz 1968)

Rigby and Prausnitz 1968)
Rigby and Prausnitz 1968)

Rigby and Prausnitz 1968) 100.0
Rigby and Prausnitz 1968) 100.0
Rigby and Prausnitz 1968) 100.0

(
(
(
(
(
(
(Rigby and Prausnitz 1968)
(
(
(
(
(

T P y
T bar H,O
30 0.001181
50 0.000741
30 0.004476
50 0.002789
80 0.002105
T P y
T bar H,O
25.0 23.54 0.001483
25.0 30.51 0.001175
25.0 40.55 0.000915
50.0 30.74 0.004474
50.0 48.38 0.002921
50.0 68.17 0.002185
75.0 31.21 0.01335
75.0 54.73 0.00803
75.0 67.27 0.00671
57.41 0.01992
71.89 0.01643
93.47 0.01309

y
CH,
0.998819
0.999259
0.995524
0.997211
0.997895

y
CH,
0.998517
0.998825
0.999085
0.995526
0.997079
0.997815
0.98665
0.99197
0.99329
0.98008
0.98357
0.98691

VI

T
T

P y
bar H,O

(Culberson and McKetta 1951) 37.75 52.3 0.001770
(Culberson and McKetta 1951) 37.75 110.3 0.000762
(Culberson and McKetta 1951) 37.75 163.8 0.000745
(Culberson and McKetta 1951) 37.75 249.2 0.000483

Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)
Gillespie and Wilson 1982)

—~ e~~~ o~ o~

T
T
50.00
50.00
50.00
75.00
75.00
75.00

p y

bar H,O

13.79 0.00964
62.06 0.00245
137.90 0.00136
13.79 0.02935
62.06 0.00710
137.90 0.00366

Y
CH,
0.998230
0.999238
0.999255
0.999517

y
CH,
0.99036
0.99755
0.99864
0.97065
0.99290
0.99634



T P y y

T bar H,O CH,
Chapoy, Coquelet, and Richon 2003) 29.96  11.00 0.004440 0.995560
Chapoy, Coquelet, and Richon 2003) 29.96  60.60 0.000771 0.999229
Chapoy, Coquelet, and Richon 2003) 29.96  98.40 0.000478 0.999522
Chapoy, Coquelet, and Richon 2003) 29.96 175.00 0.000290 0.999710
Chapoy, Coquelet, and Richon 2003) 29.96 250.60 0.000196 0.999804
Chapoy, Coquelet, and Richon 2003) 29.96 345.60 0.000151 0.999849
Chapoy, Coquelet, and Richon 2003) 34.96  11.00 0.005820 0.994180
Chapoy, Coquelet, and Richon 2003) 34.96  59.90 0.001020 0.998980
Chapoy, Coquelet, and Richon 2003) 34.96  98.40 0.000680 0.999320
19.86 9.92 0.002410 0.997590 Chapoy, Coquelet, and Richon 2003) 34.96 174.90 0.000424 0.999576
Chapoy, Coquelet, and Richon 2003) 34,96 250.90 0.000334 0.999666
19.86  5.10 0.004640 0.995360 Chapoy, Coquelet, and Richon 2003) 34.96 345.80 0.000280 0.999720

T P y y (
(
(
(
(
(
(
(
(
(
(
(

19.96  9.90 0.002400 0.997600  (chapoy, Coquelet, and Richon 2003) 39.97  11.00 0.007460 0.992540
(
(
(
(
(
(
(
(
(
(
(

T bar H,O CH,

9.83 11.47 0.001143 0.998857
9.93 10.05 0.001240 0.998760
10.00 70.03 0.001260 0.998740
14.96 70.00 0.001780 0.998220
15.00 70.05 0.001770 0.998230
19.86 20.57 0.001170 0.998830

(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004
(Mohammadi et al. 2004

24.82 5.63 0.005690 0.994310 Chapoy, Coquelet, and Richon 2003) 39.97  60.56 0.001520 0.998480
24.85 16.97 0.001959 0.998041 Chapoy, Coquelet, and Richon 2003) 39.97  99.80 0.000972 0.999028
2486 6.08 0.005193 0.994807 Chapoy, Coquelet, and Richon 2003) 39.97 174.70 0.000588 0.999412

Chapoy, Coquelet, and Richon 2003) 39.97 251.70 0.000484 0.999516
24.86 28.46 0.001218 0.996782 Chapoy, Coquelet, and Richon 2003) 39.97 346.70 0.000424 0.999576
24.96 10.10 0.003270 0.996730 Chapoy, Coquelet, and Richon 2003) 44,97  10.03 0.009890 0.990710
29.96 70.30 0.004400 0.995600 Chapoy, Coquelet, and Richon 2003) 44.97  60.17 0.002180 0.997820
34.96 9.90 0.005820 0.994180 Chapoy, Coquelet, and Richon 2003) 44.97 100.10 0.001280 0.998720
39.97 10.90 0.007340 0.992660 Chapoy, Coquelet, and Richon 2003) 44.97 175.00 0.000791 0.999209
Chapoy, Coquelet, and Richon 2003) 44,97 251.20 0.000644 0.999356
Chapoy, Coquelet, and Richon 2003) 44.97 346.10 0.000560 0.999440

T P y y T P y y

T bar H,0  CH, T bar  H0 CH.
(Kosyakov, Ivchenko, and Krishtopa 1982) 0.05 10.10 0.000650 0.999350 (Bogoya, Miiller, and Oellrich 1993)  5.05 30.00 0.000299 0.999701
(Kosyakov, Ivchenko, and Krishtopa 1982) 0.05 20.30 0.000340 0.999660 (Bogoya, Miiller, and Oellrich 1993) 10.05 30.00 0.000435 0.999565
(Kosyakov, Ivchenko, and Krishtopa 1982) 10.05 20.30 0.000640 0.999360 (Bogoya, Miiller, and Oellrich 1993) 10.05 60.00 0.000234 0.999766
(Kosyakov, Ivchenko, and Krishtopa 1982) 10.05 40.50 0.000346 0.999654 (Bogoya, Miiller, and Oellrich 1993) 15.05 30.00 0.000606 0.999394
(Kosyakov, Ivchenko, and Krishtopa 1982) 10.05 60.80 0.000220 0.999780 (BOgOya, Midiller, and Oellrich 1993) 15.05 60.00 0.000325 0.999675

Vil



(Frgyna 2004)
(Frgyna 2004)
(Frgyna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frgyna 2004)

T

T bar

10
10
10
20
20
20
20
20

P y
H,O
15 0.0008530
40 0.0003139
60 0.0002402
15 0.0015029
40 0.0005935
60 0.0004281

100 0.0003031
180 0.0002544

y
CH,

0.9991470
0.9996861
0.9997598
0.9984971
0.9994065
0.9995719
0.9996969
0.9997456



Appendix C - Experimental data from literature

No. of

Reference Author(s) Yr [T] exp. pts.

<=100C
(Saddington and Krase 1934) Saddington, A. W., and N. W. Krase 1934 [50, 230] 8
(Rigby and Prausnitz 1968) Rigby, M., and J. M. Prausnitz 1968 [25, 100] 13
(Gillespie and Wilson 1980) Gillespie, P. C., and G. M. Wilson 1980 [38, 316] 10
(Kosyakov, Ivchenko, and Krishtopa 1982)  Kosyakov, H. E., B. I. Ivchenko, and P. P. Krishtopa 1983 [0, 20] 18
(Bogoya et al. 1993) Bogoya, D., C. Miller, and L. R. Oellrich 1993 [0, 15] 8
(Althaus 1999) Althaus, K. 1999 [0, 20] 22
(Blanco et al. 1999) Blanco, S. T., . Velasco, E. Rauzy, and S. Otin 1999  [1,11] 24
(Chapoy et al. 2004) Chapoy, A., A. H. Mohammadi, B. Tohidi, and D. Richon 2004 38 & 93 10
(Frgyna 2004) Froyna, E. W. 2004 [0, 20] 21
(Mohammadi et al. 2005) Mohammadi, A. H., A. Chapoy, B. Tohidi, and D. Richon 2005  [10, 90] 35

Water solubility in nitrogen



y (MASS) y (MASS)

T P
T bar H.0
(Saddington and Krase 1934) 50.0 707.33 0.00118
(Saddington and Krase 1934) 50.0 202.65 0.00085
(Saddington and Krase 1934)  50.0 303.98 0.00073
(Saddington and Krase 1934)  75.0 303.98 0.00262
(Saddington and Krase 1934)  80.0 707.33 0.00403
(Saddington and Krase 1934) 85.0 202.65 0.00290
(Saddington and Krase 1934) 100.0 707.33 0.00726
(Saddington and Krase 1934) 100.0 303.98 0.00372
T P y
T bar H,O
(Blancoetal. 1999) 1.0 89.11 0.00008
(Blancoetal. 1999) 1.0 39.89 0.00014
(Blanco etal. 1999) 1.2 59.75 0.00010
(Blanco etal. 1999) 2.0 24.71 0.00026
(Blancoetal. 1999) 2.1 99.71 0.00008
(Blanco etal. 1999) 2.4 45.56 0.00014
(Blancoetal. 1999) 2.7 69.61 0.00010
(Blanco etal. 1999) 3.0 109.60 0.00008
(Blancoetal. 1999) 3.6 49.99 0.00014
(Blanco etal. 1999) 4.0 79.65 0.00010
(Blanco etal. 1999) 4.3 29.53 0.00026
(Blancoetal. 1999) 4.8 54.47 0.00014
(Blanco etal. 1999) 5.3 89.77 0.00010
(Blancoetal. 1999) 5.6 60.00 0.00014
(Blanco etal. 1999) 6.2 34.55 0.00026
(Blancoetal. 1999) 6.5 100.60 0.00010
(Blancoetal. 1999) 6.6 64.46 0.00014
(Blancoetal. 1999) 7.5 69.76 0.00014
(Blancoetal. 1999) 7.8 39.44 0.00026
(Blanco etal. 1999) 8.4 74.86 0.00014
(Blancoetal. 1999) 9.2 44.44 0.00026
(Blancoetal. 1999) 9.4 84.91 0.00014
(Blanco etal. 1999) 10.1 49.21 0.00026
(Blanco etal. 1999) 10.8 99.22 0.00014

N
0.99882
0.99915
0.99927
0.99738
0.99597
0.99710
0.99274
0.99628

y
N
0.99992
0.99986
0.99990
0.99974
0.99992
0.99986
0.99990
0.99992
0.99986
0.99990
0.99974
0.99986
0.99990
0.99986
0.99974
0.99990
0.99986
0.99986
0.99974
0.99986
0.99974
0.99986
0.99974
0.99986

Xl

(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968

(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968
(Rigby and Prausnitz 1968

(Rigby and Prausnitz 1968

Althaus 1999
Althaus 1999
Althaus 1999
Althaus 1999

Althaus 1999
Althaus 1999
Althaus 1999
Althaus 1999
Althaus 1999
Althaus 1999
Althaus 1999
Althaus 1999
Althaus 1999

Althaus 1999
Althaus 1999
Althaus 1999
Althaus 1999

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(Althaus 1999

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

)
)
)
)
)
)
(Rigby and Prausnitz 1968)
)
)
)
)
)
)

T

T
T
25.0
25.0
25.0
50.0
50.0
50.0
50.0
75.0
75.0
75.0
100.0
100.0

P

T bar

0.05
0.05
0.05
0.05
0.05
0.05
5.05
5.05
5.05
5.05
5.05
10.05
10.05
10.05
10.05
10.05
10.05
20.05
20.05
20.05
20.05
20.05

5
15
40
60
80

100

5
15
60
80

100

5

15
40
60
80

100
15
40
60
80
100

P y
bar
22.49
30.90
38.70
21.09
37.42
59.82
77.00
42.21
61.15
89.73
57.17
79.48

100.0 107.52 0.01218

y
H,0
0.0012450
0.0004266
0.0001708
0.0001268
0.0001063
0.0000907
0.0017800
0.0006007
0.0001775
0.0001511
0.0001220
0.0025030
0.0008380
0.0003542
0.0002482
0.0002045
0.0001756
0.0016320
0.0006535
0.0004672
0.0003752
0.0003265

H,O
0.001529
0.001149
0.000941
0.00626
0.00368
0.00242
0.001956
0.01009
0.00721
0.00523
0.01994
0.01503

y
N,
0.998471
0.998851
0.999059
0.99374
0.99632
0.99758
0.998044
0.98991
0.99279
0.99477
0.98006
0.98497
0.98782

y
N
0.9987550
0.9995734
0.9998292
0.9998732
0.9998938
0.9999093
0.9982200
0.9993993
0.9998225
0.9998489
0.9998780
0.9974970
0.9991620
0.9996458
0.9997518
0.9997955
0.9998244
0.9983680
0.9993465
0.9995328
0.9996248
0.9996735



Gillespie and Wilson 1980
Gillespie and Wilson 1980
Gillespie and Wilson 1980
Gillespie and Wilson 1980
Gillespie and Wilson 1980)
Gillespie and Wilson 1980)
Gillespie and Wilson 1980)
Gillespie and Wilson 1980)
Gillespie and Wilson 1980)
Gillespie and Wilson 1980)

)
)
)
)

(Freyna 2004) 0
(Frgyna 2004) 0
(Frgyna 2004) 0
(Frayna 2004) 0
(Frayna 2004) 5
(Freyna 2004) 5
(Frayna 2004) 5
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frayna 2004)
(Frgyna 2004)
(Frgyna 2004)
(Frgyna 2004)
(Frgyna 2004)
(Fregyna 2004)
(Frgyna 2004)
(Frgyna 2004)
(Frgyna 2004)

15
15
20
20
20
20
20

T P

T bar
37.78
37.78
37.78
37.78
37.78
93.33
93.33
93.33
93.33
93.33

13.79
31.03
65.50
137.90

13.79
31.03
65.50
137.90

P y
bar  H,O
5 0.0014668
25 0.0002960
50 0.0001424
100 0.0001011
5 0.0018393
25 0.0004284
50 0.0002228
5 0.0025568
25 0.0005228
50 0.0003161
75 0.0002279
100 0.0001823
200 0.0001050
5 0.0034773
25 0.0007218
50 0.0003912
5 0.0047236
25 0.0009852
50 0.0005303
75 0.0003901
100 0.0003095

3.45 0.02020
0.00502
0.00236
0.00122
0.00069
3.45 0.23300
0.06050
0.02770
0.01370
0.00747

y y
H,O N,
0.97980
0.99498
0.99764
0.99878
0.99931
0.76700
0.93950
0.97230
0.98630
0.99253

y
N
0.9985332
0.9997040
0.9998576
0.9998989
0.9981607
0.9995716
0.9997772
0.9974432
0.9994772
0.9996839
0.9997721
0.9998177
0.9998950
0.9965227
0.9992782
0.9996088
0.9952764
0.9990148
0.9994697
0.9996099
0.9996905

(Chapoy et al. 2004)
(Chapoy et al. 2004)
(Chapoy et al. 2004)
(Chapoy et al. 2004)
(Chapoy et al. 2004)
(Chapoy et al. 2004)
(Chapoy et al. 2004)
(Chapoy et al. 2004)
(Chapoy et al. 2004)
(Chapoy et al. 2004)

Bogoya et al. 1993)
1993)
1993)
1993)
1993)
1993)
1993)

1993)

Bogoya et al.
Bogoya et al.
Bogoya et al.
Bogoya et al.
Bogoya et al.
Bogoya et al.

~ o~ o~ e~ o~~~

Bogoya et al.

XIl

T
T
37.8
37.8
37.8
37.8
37.8
93.3
93.3
93.3
93.3
93.3

P y
bar H,O
13.80
31.00
65.50

103.40
137.90

3.40
13.80
31.00
65.50

137.90

P y
bar H,O
30 0.000218
30 0.000309
30 0.000433
30 0.000599
60 0.000116
60 0.000162
60 0.000225
60 0.000314

0.00502
0.00236
0.00122
0.00085
0.00069
0.23300
0.06050
0.02770
0.01370
0.00747

y

N
0.99498
0.99764
0.99878
0.99915
0.99931
0.76700
0.93950
0.97230
0.98630
0.99253

y

N
0.999782
0.999691
0.999567
0.999401
0.999884
0.999838
0.999775
0.999686



(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,
(Kosyakov,

Ivchenko,
Ilvchenko,
Ilvchenko,
Ivchenko,
Ilvchenko,
Ilvchenko,
Ivchenko,
lvchenko,
lvchenko,
Ivchenko,
lvchenko,
Ivchenko,
Ivchenko,
Ilvchenko,
Ivchenko,
Ivchenko,
lvchenko,

Ivchenko,

and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)
and Krishtopa 1982)

P y
bar H,O
10 0.000660
20 0.000346
41 0.000180
61 0.000138
81 0.000110
101 0.000090
121 0.000083
20 0.000725
41 0.000398
61 0.000282
81 0.000226
101 0.000190
121 0.000155
41 0.000776
61 0.000552
81 0.000427
101 0.000371
121 0.000288

y
N,
0.999340
0.999654
0.999820
0.999862
0.999890
0.999910
0.999917
0.999275
0.999602
0.999718
0.999774
0.999810
0.999845
0.999224
0.999448
0.999573
0.999629
0.999712

X1

(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)
(Mohammadi et al. 2005)

T
T
9.7
9.8
9.8
9.9
20.0
20.0
20.0
20.0
30.9
31.2
314
31.5
40.2
40.0
40.1
40.0
49.7
50.0
49.8
49.8
59.4
59.3
59.4
59.4
69.2
69.2
69.2
69.3
69.2
78.7
79.0
78.8
78.8
89.9
89.9

p y
bar H,O
6.07 0.002040
17.99 0.000714
30.36 0.000446
44.08 0.000317
5.58 0.004250
18.28 0.001360
29.91 0.000844
48.10 0.000558
5.78 0.007930
12.57 0.003700
25.39 0.001880
46.38 0.001120
4.98 0.015300
12.46 0.006090
28.36 0.002780
47.81 0.001750
4.99 0.024000
14.20 0.008720
33.97 0.003960
48.41 0.002920
4.61 0.042700
14.48 0.013400
24.54 0.008550
43.58 0.004880
4.25 0.071900
4.62 0.065800
14.66 0.021900
28.99 0.010300
49.62 0.006660
5.40 0.084900
14.80 0.033500
29.57 0.016200
47.97 0.011100
5.55 0.126000
48.74 0.016100

y
N
0.99796
0.99929
0.99955
0.99968
0.99575
0.99864
0.99916
0.99944
0.99207
0.99630
0.99812
0.99888
0.98470
0.99391
0.99722
0.99825
0.97600
0.99128
0.99604
0.99708
0.95730
0.98660
0.99145
0.99512
0.92810
0.93420
0.97810
0.98970
0.99334
0.91510
0.96650
0.98380
0.98890
0.87400
0.98390



Appendix D - Experimental data from literature

T No. of

Reference Author(s) Yr (<] exp. pts.

<=100C
(Donnelly and Katz 1954) Donnelly, H. G., and D. L. Katz 1954 [-73,-2] 53
(Kaminishi et al. 1968) Kaminishi, G.-I., Y. Arai, S. Saito, and S. Maeda 1968 [-40, 10] 14
(Neumann and Walch 1968) Neumann, A., and W. Walch 1968 [-100, -87] 36
(Arai, Kaminishi, and Saito 1971) Arai, Y., G. Kaminishi, and S. Saito 1971 [-20, 15] 2
(Davalos et al. 1976) Davalos, J., W. R. Anderson, R. E. Phelps, and A. J. Kidnay 1976 [-43,-3] 36
(Mraw, Hwang, and Kobayashi 1978) Mraw, S. C., S.-C. Hwang, and R. Kobayashi 1978 [-120, -54] 8
(Somait and Kidnay 1978) Somait, F. A., and A. J. Kidnay 1978 -3 10
(Al-Sahhaf, Kidnay, and Sloan 1983) Al-Sahhaf, T. A., A. J. Kidnay, and E. D. Sloan 1983 [-53, -3] 30
(Xu et al. 1992) Xu, N., J. Dong, Y. Wang, and J. Shi 1992 15& 20 23
(Bian et al. 1993) Bian, B., Y. Wang, J. Shi, E. Zhao, and B. C. Y. Lu 1993 28 7
(Wei et al. 1995) Wei, M. S. W., T. S. Brown, A. J. Kidnay, and E. D. Sloan 1995 [-43, -3] 52
(Webster and Kidnay 2001) Webster, L. A., and A. J. Kidnay 2001 -43 & -3 39

Vapour-liquid equilibria of carbon dioxide
and methane
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T P X x y y

T bar CH, CO; CH, CcO;
(Donnelly and Katz 1954) -73.33 44.89 0.7770 0.2230 0.9260 0.0740
(Donnelly and Katz 1954) -73.33 44.89 0.7650 0.2350 0.9250 0.0750
(Donnelly and Katz 1954) -73.33 50.47 0.9100 0.0900 0.9410 0.0590
(Donnelly and Katz 1954) -73.33 50.47 0.9220 0.0780 0.9500 0.0500
(Donnelly and Katz 1954) -63.89 51.23 0.5180 0.4820 0.8790 0.71210
(Donnelly and Katz 1954) -63.89 52.06 0.6110 0.3890 0.8780 0.1220
(Donnelly and Katz 1954) -63.89 52.06 0.5960 0.4040 0.8800 0.71200
(Donnelly and Katz 1954) -63.89 53.51 0.6420 0.3580 0.8820 0.1180
(Donnelly and Katz 1954) -63.89 55.50 0.7820 0.27180 0.8960 0.1040
(Donnelly and Katz 1954) -63.89 55.50 0.8010 0.7990 0.9030 0.0970
(Donnelly and Katz 1954) -53.89 45.44 0.2610 0.7390 0.8130 0.1870

(Donnelly and Katz 1954) -53.89 53.30 0.3440 0.6560 0.8150 0.1850 T P X X y y
(Donnelly and Ktz 1954) -53.89 53.30 0.3500 0.6500 0.8200 0.1800

(Donnelly and Katz 1954) -53.89 64.26 0.6610 0.3390 0.8360 0.1640 € bar CH, CO, CH, CO,
(Domnelly and Katz 1954) -53.89 64.26 0.6640 0.3360 0.8300 0.1700

(Donnelly and Katz 1954) -49.44 14.82 0.0435 0.9565 0.5090 0.4910 Kaminishi et al. 1968) - ) A i A
(Domnelly and Katz 1954) -49.44 34.34 0.1465 0.8535 07510 0.2490 ( 40 52.7 0.251 0.749 0.717 0.283
(Dommellyand kaiz 1954) -49.44 40.06 0.1720 0.8280 0.7770 0.2230 (Kaminishi et al. 1968) -40 62.0 0.360 0.640 0.727 0.273
(Donnelly and Katz 1954) -49.44 40.40 0.1945 0.8055 07720 0.2280 o

(Domnelly andKatz 1954) 49.44 53.92 03090 0.6910 07920 0.2080 (Kaminishi etal. 1968) -40 771.9 0.519 0.481 0.703 0.297
(Domnelly and Ktz 1954) -49.44 53.92 0.3150 0.6850 0.8000 0.2000 A

(Domely and katz 1954) -49.44  60.12 0.3920 0.6080 07970 0.2030 (Kaminishi et al. 1968) -20 52.7 0.150 0.850 0.515 0.485
(Domnelly and Katz 1954) -49.44  60.12 0.4360 0.5640 07960 0.2040 b _

(Domely and Kaiz 1954) -49.44  61.99 0.4650 0.5350 0.8050 0.1950 (Kaminishi et al. 1968) -20 62.0 0.213 0.787 0.556 0.444
(Donnelly and Katz 1954) -49.44 63.71 0.4830 0.5170 0.7830 0.2170 (Kaminishi etal. 1968) -20 77.9 0.294 0.706 0.566 0.434

(Donnelly and Katz 1954) -49.44 65.43 0.5250 0.4750 0.7900 0.2100
(Donnelly and Katz 1954) -31.67 23.93 0.0413 0.9587 0.4040 0.5960 (
(Donnelly and Katz 1954) -37.67 31.03 0.0860 0.9740 0.5210 0.4790
(Donnelly and Katz 1954) -31.67 40.75 0.1370 0.8630 0.6050 0.3950 (
(Donnelly and Katz 1954) -31.67 47.02 0.1660 0.8340 0.6290 0.3710
(Donnelly and Katz 1954) -31.67 52.67 0.1910 0.8090 0.6520 0.3480 (
(Donnelly and Katz 1954) -31.67 62.68 0.2860 0.7140 0.6760 0.3240 (
(Donnelly and Katz 1954) -31.67 66.74 0.2730 0.7270 0.6790 0.3210
(
(
(
(

)

)

)

)

)

)
Kaminishi et al. 1968) -20 78.0 0.357 0.643 0.563 0.437
Kaminishi etal. 1968) -20 87.7 0.400 0.600 0.540 0.460
Kaminishi etal. 1968) 0 52.7 0.070 0.930 0.254 0.746
Kaminishi etal. 1968) O 77.0 0.204 0.796 0.370 0.630
Kaminishi etal. 1968) O 871.9 0.246 0.754 0.367 0.633
Kaminishi etal. 1968) 10 62.0 0.069 0.937 0.188 0.872
Kaminishi etal. 1968) 10 771.9 0.115 0.885 0.240 0.760
Kaminishi etal. 1968) 10 871.9 0.177 0.823 0.250 0.750

(Donnelly and Katz 1954) -31.67 68.40 0.3220 0.6780 0.6860 0.3140
(Donnelly and Katz 1954) -31.67 75.71 0.4260 0.5740 0.6800 0.3200
(Donnelly and Katz 1954) -371.67 79.02 0.5010 0.4990 0.6720 0.3280
(Donnelly and Katz 1954) -13.33 31.92 0.0315 0.9685 0.1885 0.8115
(Donnelly and Katz 1954) -13.33 34.68 0.0360 0.9640 0.2350 0.7650
(Donnelly and Katz 1954) -13.33 36.89 0.0510 0.9490 0.2660 0.7340
(Donnelly and Katz 1954) -13.33 40.34 0.0530 0.9470 0.3060 0.6940
(Donnelly and Katz 1954) -13.33  50.54 0.1095 0.8905 0.4250 0.5750
(Donnelly and Katz 1954) -13.33 60.33 0.1640 0.8360 0.4850 0.5150
(Donnelly and Katz 1954) -13.33 60.33 0.1690 0.8370 0.4830 0.5170
(Donnelly and Katz 1954) -13.33 68.12 0.2240 0.7760 0.5050 0.4950
(Donnelly and Katz 1954) -13.33 68.47 0.2230 0.7770 0.5090 0.4910
(Donnelly and Katz 1954) -13.33 70.87 0.2350 0.7650 0.4950 0.5050
(Donnelly and Katz 1954) -1.67  50.54 0.0675 0.9325 0.2530 0.7470
(Donnelly and Katz 1954) -1.67  55.92 0.0840 0.9760 0.3000 0.7000
(Donnelly and Katz 1954) -1.67  59.99 0.1030 0.8970 0.3290 0.6710
(Donnelly and Katz 1954) -1.67  68.12 0.1600 0.8400 0.3670 0.6330
(Donnelly and Katz 1954) -1.67  68.40 0.1570 0.8430 0.3690 0.6310
(Donnelly and Katz 1954) -1.67 ~ 72.54 0.1650 0.8350 0.3870 0.6130
(Donnelly and Katz 1954) -1.67 ~ 76.40 0.1910 0.8090 0.3900 0.6100

T P X X y y
€ bar CH, CO, CH, CO,

(Neumann and Walch 1968) -99.8 27.26 1.00000 0.00000 7.00000 0.00000
(Neumann and Walch 1968) -99.8 27.176 0.99850 0.00150 0.99947 0.00053
(Neumann and Walch 1968) -99.8 27.05 0.99685 0.00315 0.99892 0.00108
(Neumann and Walch 1968) -99.8 26.95 0.99500 0.00500 0.99837 0.00169
(Neumann and Walch 1968) -99.8 26.85 0.99270 0.00730 0.99759 0.00241
-99.8 26.75 0.99015 0.00985 0.99686 0.00314
-99.8 26.65 0.98710 0.01290 0.99608 0.00392
-94.4 32.83 1.00000 0.00000 7.00000 0.00000
( -94.4 32.73 0.99955 0.00045 0.99982 0.00018
( -94.4 32.53 0.99850 0.00150 0.99942 0.00058
( -94.4 32.42 0.99795 0.00205 0.99921 0.00079
( -94.4 32.22 0.99670 0.00330 0.99874 0.00126
( -94.4 32.02 0.99500 0.00500 0.99871 0.00189
(Neumann and Walch 1968) -94.4 31.82 0.99300 0.00700 0.99737 0.00263
(Neumann and Walch 1968) -94.4 31.67 0.99035 0.00965 0.99642 0.00358
(

(

(

(

(

(

(Neumann and Walch 1968
(Neumann and Walch 1968
(Neumann and Walch 1968
Neumann and Walch 1968
Neumann and Walch 1968
Neumann and Walch 1968
Neumann and Walch 1968
Neumann and Walch 1968

Neumann and Walch 1968) -94.4 31.41 0.98525 0.01475 0.99477 0.00523 T P x x y y

Neumann and Walch 1968) -89.9 38.20 1.00000 0.00000 7.00000 0.00000 € bar CH, CO, CH, CO,
Neumann and Walch 1968
Neumann and Walch 1968

-89.9 38.00 0.99920 0.00080 0.99967 0.00039 (Arai, Kaminishi, and Saito 1971) -20 82.9 0.444 0.556 0.499 0.501

-89.9 37.90 0.99875 0.00125 0.99940 0.00060 et .
1971 . )
Neumann and Walch 1968) -89.9 37.69 0.99770 0.00230 0.99892 0.00108 (Arai, Kaminishi, and Saito 1971) 0 85.2 0.276 0.724 0.321 0.679

Neumann and Walch 1968) -89.9 37.49 0.99655 0.00345 0.99840 0.00160
(Neumann and Walch 1968) -89.9 37.29 0.99530 0.00470 0.99783 0.00217
(Neumann and Walch 1968) -89.9 37.09 0.99390 0.00610 0.99719 0.00281
(Neumann and Walch 1968) -89.9 36.88 0.99235 0.00765 0.99650 0.00350
(Neumann and Walch 1968) -89.9 36.68 0.99030 0.00970 0.99558 0.00442
(Neumann and Walch 1968) -89.9 36.48 0.98550 0.01450 0.99368 0.00632
(Neumann and Walch 1968) -87.0 41.65 1.00000 0.00000 7.00000 0.00000
(
(

Neumann and Walch 1968) -87.0 41.54 0.99925 0.00075 0.99956 0.00044
Neumann and Walch 1968) -87.0 41.44 0.99840 0.00160 0.99909 0.00091
(Neumann and Walch 1968) -87.0 41.34 0.99745 0.00255 0.99857 0.00143
(Neumann and Walch 1968) -87.0 41.14 0.99535 0.00465 0.99746 0.00254
(Neumann and Walch 1968) -87.0 40.94 0.99330 0.00670 0.99638 0.00362
Neumann and Walch 1968) -87.0 40.73 0.99105 0.00895 0.99527 0.00473
Neumann and Walch 1968) -87.0 40.53 0.98870 0.01130 0.99417 0.00583
Neumann and Walch 1968) -87.0 40.33 0.98625 0.01375 0.99327 0.00679 XV
)

(
(
(
(Neumann and Walch 1968) -87.0 40.73 0.98325 0.01675 0.99208 0.00792
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-3.15
-3.15
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-3.15
-3.15
-3.15
-3.15

T

T
-120.00
-120.00
-80.00
-80.00
-70.00
-70.00
-70.00
-53.89

P

bar
11.89
11.95
43.09
46.20
51.71
53.11
53.45
64.87

X X
CH, CO;
0.000 1.000
0.027 0.973
0.050 0.950
0.115 0.885
0.170 0.830
0.235 0.765
0.318 0.682
0.397 0.603
0.394 0.606
0.472 0.528
0.534 0.466
0.526 0.474
0.543 0.457
0.561 0.439
0.584 0.416
0.000 71.000
0.010 0.990
0.023 0.977
0.053 0.947
0.105 0.895
0.166 0.834
0.237 0.763
0.326 0.674
0.400 0.600
0.405 0.595
0.446 0.554
0.000 1.000
0.014 0.986
0.018 0.982
0.032 0.968
0.040 0.960
0.077 0.923
0.113 0.887
0.166 0.834
0.260 0.740
0.319 0.681

x x

CH, CO,
0.99410
0.99895
0.89170
0.91360
0.82290
0.85930
0.87840
0.74830

0.00590
0.00105
0.10830
0.08640
0.17710
0.14070
0.12160
0.25170

y y
CH,
0.000
0.399
0.525
0.683
0.728
0.751
0.764
0.752
0.762
0.757
0.751
0.732
0.730
0.725
0.716
0.000
0.104
0.223
0.361
0.491
0.575
0.605
0.615
0.605
0.564
0.558
0.000
0.083
0.108
0.162
0.190
0.282
0.353
0.405
0.411
0.375

y
CH,
0.99901
0.99984
0.94900
0.96690
0.89750
0.89360
0.87840
0.74830

CO;
1.000
0.601
0.475
0.317
0.272
0.249
0.236
0.248
0.238
0.243
0.249
0.268
0.270
0.275
0.284
1.000
0.896
0.777
0.639
0.509
0.425
0.395
0.385
0.395
0.436
0.442
1.000
0.917
0.892
0.838
0.810
0.718
0.647
0.595
0.589
0.625

y
CO;,
0.00099
0.00016
0.05100
0.03310
0.10250
0.10640
0.12160
0.25170
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XVI

P
bar

31.99
38.35
43.93
48.79
52.69
60.80
66.27
77.01
82.48
84.32

0.1
0.1

-3.15

CH,
0.0000
0.0237
0.0455
0.0666
0.0838

0.2224
0.2740
0.3060

X X
CO;,
1.0000
0.9763
0.9545
0.9334
0.9162
0.8774
0.8467
0.7776
0.7260
0.6940

226
533

x x
CH,
0.0000
0.0339
0.0579
0.0859
0.1308
0.1923
0.0000
0.0328
0.0761
0.1315
0.2074
0.2873
0.3475
0.4016
0.4315
0.4525
0.4914
0.5048
0.5475
0.0000
0.0183
0.0235
0.0457
0.0793
0.1167
0.1261
0.1785
0.2463
0.2737
0.3060

CO;
1.0000
0.9661
0.9421
0.9141
0.8692
0.8077
1.0000
0.9672
0.9239
0.8685
0.7926

0.7127
0.6525
0.5984
0.5685
0.5475
0.5086
0.4952
0.4525
1.0000
0.9817
0.9765
0.9543
0.9207
0.8833
0.8739
0.8215
0.7537
0.7263
0.6940

y
CH.,

0.0000
0.1269
0.2082
0.2629
0.2962
0.3519
0.3774
0.4006
0.3895
0.3726

y

CH,
0.000!
0.545
0.649
0.710
0.759
0.789
0.0001
0.348
0.516
0.605
0.655
0.674
0.677
0.672
0.667.
0.662:
0.647
0.638;
0.619
0.000!
0.104
0.127
0.208!
0.288
0.345
0.354
0.390
0.398
0.391
0.374

y
CO;
1.0000
0.8731
0.7918
0.7371
0.7038
0.6481
0.6226
0.5994
0.6105
0.6274

y
CO;
0 1.0000
7 0.4543
3 0.3507
3 0.2897
2 0.2408
0 0.2110
0 1.0000
0 0.6520
0 0.4840
0 0.3950
0 0.3450
2 0.3258
1 0.3229
8 0.3272
2 0.3328
4 0.3376
3 0.3527
8 0.36712
9 0.3801
0 1.0000
8 0.8952
3 08727
6 0.7914
5 0.7115
1 0.6549
3 0.6457
1 0.6099
0 0.6020
6 0.6084
2 0.6258
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P
bar
51.20
55.90
62.10
66.00
66.10
71.10
75.10
78.20
78.70
81.50
57.30
61.40
62.30
63.20
66.40
68.20
71.80
73.20
74.00
74.30
77.20
78.90
79.80

P
bar
8.92
10.78
14.53
17.86
20.92
25.51
29.16
35.03
39.68
45.65
51.16
56.40
58.85
60.86
63.53
65.86
66.63
67.36
69.01
69.91
17.83
19.67
20.71
23.15
24.88
27.59
29.64
31.31
34.46
38.36
42.00
47.92
53.78
61.50
67.15
73.99
76.84
79.83
80.53
32.09
35.58
36.73
38.83
41.46
45.06
49.15
58.51
70.93
78.68
81.97
82.82
83.81

X X

CH, CO;
0.000 1.000
0.015 0.985
0.042 0.958
0.061 0.939
0.061 0.939
0.086 0.914
0.112 0.888
0.128 0.872
0.129 0.871
0.175 0.825
0.000 1.000
0.017 0.983
0.020 0.980
0.025 0.975
0.039 0.961
0.050 0.950
0.063 0.937
0.071 0.929
0.076 0.924
0.079 0.921
0.097 0.903
0.113 0.887
0.132 0.868

x x y
CH, CO. CH,
0.0000 17.0000 0.0000
0.0070 0.9930 0.1553
0.0221 0.9779 0.3480
0.0365 0.9635 0.4550
0.0503 0.9497 0.5218
0.0730 0.9270 0.5929
0.0920 0.9080 0.6320
0.1269 0.8731 0.6770
0.1577 0.8423 0.7005
0.2042 0.7958 0.7237
0.2560 0.7440 0.7368
0.3171 0.6829 0.7449
0.3416 0.6584 0.7466
0.3805 0.6795 0.7461
0.4187 0.5813 0.7448
0.4523 0.5477 0.7411
0.4762 0.5238 0.7369
0.4952 0.5048 0.7338
0.5407 0.4593 0.7247
0.5814 0.4186 0.7004
0.0000 17.0000 0.0000
0.0065 0.9935 0.0782
0.0106 0.9894 0.1174
0.0201 0.9799 0.1952
0.0269 0.9731 0.2408
0.0379 0.9621 0.3001
0.0465 0.9535 0.3381
0.0536 0.9464 0.3655
0.0676 0.9324 0.4090
0.0863 0.9737 0.4533
0.1041 0.8959 0.4855
0.1368 0.8632 0.5262
0.1715 0.8285 0.5559
0.2246 0.7754 0.5812
0.2711 0.7289 0.5914
0.3366 0.6634 0.5856
0.3718 0.6282 0.5761
0.4163 0.5837 0.5523
0.4252 0.5748 0.5408
0.0000 7.0000 0.0000
0.0151 0.9849 0.0766
0.0198 0.9802 0.1047
0.0305 0.9695 0.1461
0.0377 0.9623 0.1778
0.0504 0.9496 0.2203
0.0724 0.9276 0.2661
0.1154 0.8846 0.3372
0.1834 0.8166 0.3942
0.2407 0.7593 0.4061
0.2696 0.7304 0.3952
0.2803 0.7197 0.3887
0.2995 0.7005 0.3782

y
CH,
0.000
0.052
0.108
0.137
0.138
0.167
0.185
0.195
0.194
0.175
0.000
0.040
0.048
0.058
0.086
0.094
0.115
0.122
0.126
0.128
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0.132
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0.6520
0.5450
0.4782
0.4071
0.3680
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0.2539
0.2552
0.2589
0.2631
0.2662
0.2753
0.2996
1.0000
0.9218
0.8826
0.8048
0.7592
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0.6619
0.6345
0.5910
0.5467
0.5145
0.4738
0.4441
0.4188
0.4086
0.4144
0.4239
0.4477
0.4592
1.0000
0.9234
0.8953
0.8539
0.8222
0.7797
0.7339
0.6628
0.6058
0.5939
0.6048
0.6113
0.6218
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0.833
0.815
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0.942
0.914
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0.865
0.865
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(Webster and Kidnay 2001)
(Webster and Kidnay 2001)
(Webster and Kidnay 2001)
(Webster and Kidnay 2001)
(Webster and Kidnay 2001)
(Webster and Kidnay 2001)
(Webster and Kidnay 2001)
(Webster and Kidnay 2001)

P
bar

68.60
70.30
71.90
73.60
74.70
75.60
77.00

0.0338

X

CH,
0.0000
0.0053
0.0120
0.0175
0.0216

X
CH,
0.0000
0.0213
0.0307
0.0441
0.0597
0.0714
0.1199
0.1994
0.3093
0.3404
0.4010
0.4323
0.4530
0.4862
0.4815
0.5201
0.5208
0.5302
0.5393
0.5521
0.5682
0.5774
0.5888
0.0000
0.0264
0.0276
0.0342
0.0477
0.0640
0.0723
0.0919
0.1479
0.1739
0.1949
0.2435
0.2602
0.2688
0.2901
0.2991

X
CO;

1.0000

x
CO;
1.0000
0.9787
0.9693
0.9559
0.9403
0.9286
0.8801
0.8006
0.6907
0.6596
0.5990
0.5677
0.5470
0.5138
0.5185
0.4799
0.4792
0.4698
0.4607
0.4479
0.4318
0.4226
0.4112
1.0000
0.9736
0.9724
0.9658
0.9523
0.9360
0.9277
0.9081
0.8521
0.8261
0.8051
0.7565
0.7398
0.7312
0.7099
0.7009

y
CH,

0.0000
0.9947 0.0099
0.9880
0.9825
0.9784
0.0254 0.9746
0.9662

0.0210
0.0277
0.0325
0.0355
0.0338

y
CH,
0.0000
0.3385
0.4196
0.4900
0.5512
0.5851
0.6670
0.7199
0.7432
0.7454
0.7443
0.7442
0.7422
0.7371
0.7382
0.7312
0.7314
0.7286
0.7245
0.7222
0.7156
0.7102
0.7066
0.0000
0.1352
0.1402
0.1680
0.2093
0.2517
0.2706
0.3085
0.3702
0.3847
0.3945
0.3977
0.3934
0.3894
0.3762
0.3704

y
CO;

1.0000
0.9901
0.9790
0.9723
0.9675
0.9645
0.9662

y
CO;
1.0000
0.6615
0.5804
0.5100
0.4488
0.4149
0.3330
0.2801
0.2568
0.2546
0.2557
0.2558
0.2578
0.2629
0.2618
0.2688
0.2686
0.2714
0.2755
0.2778
0.2844
0.2898
0.2934
1.0000
0.8648
0.8598
0.8320
0.7907
0.7483
0.7294
0.6915
0.6298
0.6153
0.6055
0.6023
0.6066
0.6106
0.6238
0.6296



Appendix E - Experimental data from literature

No. of

Reference Author(s) Yr [T] exp. pts.

<=100C
(Yorizane, Yoshimura, and Masuoka 1970) Yorizane, M., S. Yoshimura, and H. Masuoka 1970 0 12
(Arai, Kaminishi, and Saito 1971) Arai, Y., G. Kaminishi, and S. Saito 1971 [0, 15] 4
(Somait and Kidnay 1978) Somait, F. A., and A. J. Kidnay 1978 -3 34
(Al-Sahhaf, Kidnay, and Sloan 1983) Al-Sahhaf, T. A., A. J. Kidnay, and E. D. Sloan 1983 -53 & -33 29
(Yorizane et al. 1985) Yorizane, M., S. Yoshimura, H. Masuoka, Y. Miyano, and Y. Kakimoto 1985 [0, 25] 34
(Brown et al. 1989) Brown, T. S., V. G. Niesen, E. D. Sloan, and A. J. Kidnay 1989 -23&-3 17
(Xu et al. 1992) Xu, N., J. Dong, Y. Wang, and J. Shi 1992 15&20 20
(Bian et al. 1993) Bian, B., Y. Wang, J. Shi, E. Zhao, and B. C. Y. Lu 1993 28 & 30 14
(Yucelen and Kidnay 1999) Yucelen, B., and A. J. Kidnay 1999 [-33, -3] 8
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(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,
(Yorizane,

(Somait and Kidnay 1978)
(Somait and Kidnay 1978)
(Somait and Kidnay 1978)
(Somait and Kidnay 1978)
(Somait and Kidnay 1978)
(Somait and Kidnay 1978)
(Somait and Kidnay 1978)
(Somait and Kidnay 1978)
(Somait and Kidnay 1978)
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
(Somait and Kidnay 1978)
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978
Somait and Kidnay 1978

( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )

( )
( )
( )
( )
( )
( )

Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)
Yoshimura, and Masuoka 1970)

-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.156
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15
-3.15

cocoocoocoocooococoococo &+

bar

31.99
34.25
36.28
38.00
39.52
41.22
42.05
42.81
45.90
47.60
47.75
51.52
56.99
60.49
64.44
70.93
77.21
83.80
86.13
89.83
92.92
96.26
102.05
107.14
110.53
112.52
115.49
118.87
118.87
119.49
120.25
120.73
121.35
123.42

P X
N
0.000
0.011
0.031
0.051
0.071
0.101
0.126
0.158
0.200
0.251
0.272
0.297

bar

34.9
40.5
50.7
60.8
70.9
81.1
91.2
101.3
111.5
116.5
117.5
118.2

X X
N
0.0000
0.0040
0.0078
0.0108
0.0135
0.0168
0.0182
0.0197
0.0263
0.0289
0.0292
0.0368
0.0476
0.0545
0.0630
0.0778
0.0921
0.1080
0.1142
0.1231
0.1319
0.1430
0.1585
0.1769
0.1904
0.1986
0.2142
0.2332
0.2360
0.2486
0.2454
0.2505
0.2556
0.3530

0.84

CO;
1.0000
0.9960
0.9922
0.9892
0.9865
0.9832
0.9818
0.9803
0.9737
0.9711
0.9708
0.9632
0.9524
0.9455
0.9370
0.9222
0.9079
0.8920
0.8858
0.8769
0.8681
0.8570

0.8231
0.8096
0.8014
0.7858
0.7668
0.7640
0.7514
0.7546
0.7495
0.7444
0.6470

x y
CO: N
1.000
0.989
0.969
0.949
0.929
0.899
0.874
0.842
0.800
0.749
0.728
0.703

0.091

0.0000
0.0472
0.0851
0.1140
0.1331
0.1598
0.1683
0.1783
0.2156
0.2323
0.2325
0.2674
0.3069
0.3280
0.3473
0.3770
0.3961
0.4126
0.4139
0.4190
0.4173
0.4210
0.4188
0.4134
0.4094
0.4061
0.3986
0.3800
0.3808
0.3762
0.3720
0.3664
0.3640
0.3530

15

0.000

0.215
0.300
0.347
0.375
0.392
0.397
0.390
0.356
0.338
0.297

y
CO;
1.000
0.909
0.785
0.700
0.653
0.625
0.608
0.603
0.610
0.644
0.662
0.703

i, Kaminishi, and Saito 1971)
and Saito 1971)
and Saito 1971)
and Saito 1971)
, and Saito 1971)
i, Kaminishi, and Saito 1971)
, and Saito 1971)
and Saito 1971)

i, Kaminishi,
i, Kaminishi,
i, Kaminishi,
i, Kaminishi

i, Kaminishi
i, Kaminishi,

(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)
(Al-Sahhaf, Kidnay, and Sloan 1983)

XIX

P X x

bar N, CO,
51.2 0.000 71.000
51.0

118.0 0.254 0.746
90.9 0.103 0.897
97.6 0.155 0.845
118.0
97.6
90.7

P X X
N, CO;
0.0000 1.0000
0.0132 0.9868
0.0362 0.9638
0.0601 0.9399
0.0883 0.9117
0.1209 0.8791
0.1742 0.8258
0.2016 0.7984
0.2324 0.7676
0.2771 0.7229
0.3155 0.6845
0.0000 1.0000
0.0129 0.9871
0.0307 0.9693
0.0454 0.9546
0.0734 0.9266
0.0838 0.9162
0.1022 0.8978
0.1297 0.8703
0.1592 0.8408
0.1775 0.8225
0.1958 0.8042
0.2165 0.7835
0.2296 0.7704
0.2696 0.7304
0.2944 0.7056
0.3491 0.6509
0.3816 0.67184

161.47 0.4777 0.5223

y y
N, CO:

0.000 1.000

0.306 0.694
0.173 0.827
0.202 0.798

y y
N, CO;
0.0000 1.0000
0.5518 0.4482
0.7423 0.2577
0.7974 0.2026
0.8214 0.1786
0.8281 0.1719
0.8165 0.1835
0.8028 0.1972
0.7869 0.2131
0.7516 0.2484
0.7215 0.2785
0.0000 1.0000
0.3312 0.6688
0.5151 0.4849
0.5890 0.4110
0.6572 0.3428
0.6710 0.3290
0.6873 0.3127
0.6981 0.3019
0.6992 0.3008
0.6960 0.3040
0.6897 0.3103
0.6806 0.3194
0.6745 0.3255
0.6517 0.3483
0.6288 0.3712
0.5929 0.4071
0.5633 0.4367
0.5202 0.4798



(Yorizane et al. 1985
(Yorizane et al. 1985

(Yorizane et al. 1985

)
)
(Yorizane et al. 1985)
)
)

(Yorizane et al. 1985
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985

(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985)
(Yorizane et al. 1985)

(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985
(Yorizane et al. 1985

(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.
(Xu et al.

)
)
)
)
)
)
(Yorizane et al. 1985)
)
)
)
)
)
)

)
)
)
)

1992
1992
1992
199
199
199
199
199
199
199
199
199
199
199
199
199
199
1992
1992
1992

N N NN N NN

N N N NN

DREDPDDRPMREBNDINMRENRINDRNRINDNDNRENDNDRDRNRDR

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
20.05
25.05
25.05
25.05
25.05
25.05

15.15
15.15
15.15
15.15
15.15
15.15
15.15
15.15
15.15
20.15
20.15
20.15
20.15
20.15
20.15
20.15
20.15
20.15
20.15
20.15

bar
45.00
45.10
50.90
57.10
66.10
67.00
78.30
83.90
99.50
99.90

109.20

114.50
65.90
66.00
75.60
75.90
83.10
83.30
83.50
83.70
84.30
85.30
88.60
89.10
92.60
93.20
93.70
95.50
96.00
74.00
74.10
81.40
81.70
85.10

P
bar
51.10
66.10
67.00
76.10
76.30
83.80
90.10
95.90
97.00
57.20
60.00
64.70
64.90
69.80
74.20
81.00
87.00
89.00
90.30
91.10

X X

N, CO;,
0.1540 0.8460
0.1580 0.8420
0.2140 0.7860
0.2640 0.7360
0.2980 0.7020
0.3180 0.6820
0.3560 0.6440
0.3750 0.6250
0.3970 0.6030
0.3860 0.67140
0.3780 0.6220
0.3680 0.6320
0.0670 0.9330
0.0660 0.9340
0.1170 0.8830
0.1180 0.8820
0.1380 0.8620
0.1390 0.8610
0.1400 0.8600
0.1400 0.8600
0.1390 0.8610
0.1430 0.8570
0.1420 0.8580
0.1450 0.8550
0.1450 0.8550
0.1470 0.8530
0.1490 0.8510
0.1500 0.8500
0.1480 0.8520
0.0580 0.9420
0.0570 0.9430
0.0840 0.9160
0.0880 0.9120
0.0980 0.9020

X X
N, CO;
0.000 1.000
0.035 0.965
0.036 0.964
0.062 0.938
0.064 0.936
0.088 0.912
0.107 0.893
0.140 0.860
0.148 0.852
0.000 1.000
0.005 0.995
0.017 0.983
0.017 0.983
0.029 0.971
0.041 0.959
0.061 0.939
0.076 0.924
0.086 0.974
0.096 0.904
0.116 0.884

y
N
0.0200
0.0190
0.0370
0.0540
0.0660
0.0720
0.1050
0.1100
0.1560
0.1470
0.1840
0.2140
0.0210
0.0210
0.0500
0.0490
0.0680
0.0700
0.0700
0.0700
0.0730
0.0770
0.0930
0.0930
0.1020
0.1110
0.1140
0.1180
0.1230
0.0260
0.0270
0.0530
0.0500
0.0670

y
N
0.000
0.125
0.127
0.172
0.180
0.202
0.204
0.193
0.192
0.000
0.023
0.057
0.059
0.088
0.111
0.136
0.137
0.133
0.129
0.116

CO;,
0.9800
0.9810
0.9630
0.9460
0.9340
0.9280
0.8950
0.8900
0.8440
0.8530
0.8160
0.7860
0.9790
0.9790
0.9500
0.9510
0.9320
0.9300
0.9300
0.9300
0.9270
0.9230
0.9070
0.9070
0.8980
0.8890
0.8860
0.8820
0.8770
0.9740
0.9730
0.9470
0.9500
0.9330

CO;
1.000
0.875
0.873
0.828
0.820
0.798
0.796
0.807
0.808
1.000
0.977
0.943
0.941
0.912
0.889
0.864
0.863
0.867
0.871
0.884

(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989

(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989
(Brown et al. 1989

Bian et al
Bian et al
Bian et al
Bian et al
Bian et al
Bian et al

Bian et al

Bian et al
Bian et al

Bian et al.
Bian et al.
Bian et al.
Bian et al.

XX

)
)
)
)
)
)
)
)
(Brown et al. 1989)
)
)
)
)
)
)
)
)

(
(
(
(
(
(
(
(Bian et al.
(
(
(
(
(
(

.1993)
.1993)
.1993)
.1993)
.1993)
.1993)
.1993)

1993)

.1993)
.1993)

1993)
1993)
1993)
1993)

T
T
-23.15
-23.15
-23.15
-23.15
-23.15
-23.15
-23.15
-23.15
-23.15
-23.15
-23.15
-23.15
-3.156
-3.15
-3.15
-3.15
-3.15

28.15
28.15
28.15
28.15
28.15
28.15
28.15
30.15
30.15
30.15
30.15
30.15
30.15
30.15

P
bar

17.84
25.99
36.88
45.89
55.41
65.97
75.32
96.32
111.51
119.36
134.16
140.66
32.00
48.57
60.84
76.50
91.02

bar

X
N
0.0000
0.0136
0.0331
0.0488
0.0664
0.0870
0.1069
0.1532
0.1931
0.2173
0.2708
0.3008
0.0000
0.0316
0.0561
0.0901
0.1279

X
N2

68.80 0.0000

72.20
73.30
76.10
79.00
80.10
80.50
72.70
74.40
75.30
75.40
76.10
77.30
77.90

0.0069
0.0101
0.0182
0.0258
0.0348
0.0379
0.0013
0.0060
0.0086
0.0090
0.0107
0.0147
0.0184

X
CO;
1.0000
0.9864
0.9669
0.9512
0.9336
0.9130
0.8931
0.8468
0.8069
0.7827
0.7292
0.6992
1.0000
0.9684
0.9439
0.9099
0.8721

X
CO;
1.0000
0.9931
0.9899
0.9818
0.9742
0.9652
0.9621
0.9987
0.9940
0.9914
0.9910
0.9893
0.9853
0.9816

y
N
0.0000
0.2561
0.4239
0.5001
0.5494
0.5849
0.6049
0.6223
0.6163
0.6063
0.5727
0.5437
0.0000
0.2423
0.3309
0.3942
0.4205

y

N
0.0000
0.0152
0.0206
0.0326
0.0390
0.0389
0.0379
0.0023
0.0096
0.0133
0.0136
0.0153
0.0189
0.0184

y
CO;
1.0000
0.7439
0.5761
0.4999
0.4506
0.4151
0.3951
0.3777
0.3837
0.3937
0.4273
0.4563
1.0000
0.7577
0.6691
0.6058
0.5795

y
CO;
1.0000
0.9848
0.9794
0.9674
0.9610
0.9611
0.9621
0.9977
0.9904
0.9867
0.9864
0.9847
0.9811
0.9816



(Yucelen and Kidnay 1999)
(Yucelen and Kidnay 1999)
(Yucelen and Kidnay 1999)
(Yucelen and Kidnay 1999)
(Yucelen and Kidnay 1999)
(Yucelen and Kidnay 1999)
(Yucelen and Kidnay 1999)
(Yucelen and Kidnay 1999)

-
C

-33.15

-33.15

-33.15
-3.15
-3.15
-3.15
-3.15
-3.15

P X
bar N,

12.85 0.0000
109.30 0.1830
130.00 0.2467
32.09 0.0000
35.67 0.0064
37.19 0.0088
50.76 0.0358
119.70 0.2456

XXI

b ¢
CO;

1.0000
0.8170
0.7533
1.0000
0.9936
0.9912
0.9642
0.7544

y
N
0.0000
0.6977
0.6692
0.0000
0.0759
0.1036
0.2629
0.3822

CO;

1.0000
0.3023
0.3308
1.0000
0.9241
0.8964
0.7371
0.6178
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