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ABSTRACT

Numerous industrial and academic communities have directed their efforts into
developing technologies for reducing the emission of CO> in the atmosphere. Carbon
dioxide capture and storage (CCS) is one of the most promising technologies that can
eliminate/reduce global warming, helping the world to move towards a low-carbon
society. The process comprises of the separation of CO: from industrial sources,
transport to a storage location and then long-term isolation from the atmosphere. CO»-
rich pipelines are a key part of any carbon capture and storage projects. Modelling of
these types of pipelines are challenging due to the lack of thermo-physical properties of
CO2 in presence of impurities. As these properties, particularly density and viscosity,
have a significant impact on the sizing of equipment, therefore, it is crucial to
investigate the impact of different impurities on the thermo-physical properties of CO»-

rich systems.

Densities and viscosities of pure CO», two CO> — H» binary systems (with 5 and with 10
mol% Hy), and 6 multi-component mixtures (MIX 1 with 5 mol% impurity, MIX 2 with
10 mol % impurity, MIX 3 with 30 mol % impurity, MIX 4 with 50 mol % impurity,
MIX 5 with 4 mol % impurity and MIX 6 with 30 mol % impurity) were measured at
pressures ranging from 10 to 1,400 bar (1 to 140 MPa) and six different temperatures, 0,
10, 25, 50, 100, 150 °C (273.15, 283.15, 298.15, 323.15, 373.15 and 423.15 K) in the
gas, liquid, and supercritical regions using an Anton Paar densitometer and capillary
tube technique for density and viscosity measurements, respectively. The experimental
density data then were applied to evaluate the models using CO» correction volume,
Peneloux shift parameter and original equation of states (PR and SRK). Also, the
obtained viscosity data were employed to tune the correlative Lohrenz-Bray-Clark
(LBC) and CO2-LBC models and to evaluate the predictive models. The predictive
models in this work are based on corresponding states (CS) theory models. The “One
reference fluid” corresponding states model is based on the approach developed by
Pedersen et al. and modified for COj-rich fluids; the “two reference fluids”
corresponding states models are based on the model proposed by Aasberg-Petersen
(CS2) and CO,-CS2 models. Two models based on the extended corresponding states
(ECS) theory, SUPERTRAP and CO>-SUPERTRAP models were also tested.



The densities of 95%C02-5%H2S and 95%C02-5%S0O. systems were measured
continuously using a high temperature and pressure Vibrating Tube Densitometer
(VTD), Anton Paar DMA 512 at pressures up to 400 bar (40 MPa) at five different
temperatures, 0, 10, 25, 50 and 80 °C (273.15, 283.15, 298.15, 323.15 and 353.15 K) in
the gas, liquid and supercritical regions at Mines Paristech, France. The experimental
data then were used to evaluate the new CO; volume correction model by comparing to

the original PR and PR-Peneloux equations of state.

A good understanding of vapour-solid / vapour-liquid-solid / liquid-solid equilibrium of
CO;2 and CO>-mixtures at low temperature is an important issue regarding the safety
assessment of COz pipelines and the possibility of solid or ‘dry ice’ discharge during an
accidental release or rapid decompression. The frost points of some of the above

systems were measured using the SETARAM BT 2.15 calorimeter at various pressures.



Dedicated to my wife and son Azimeh and Aran



ACKNOWLEDGMENTS

This thesis is submitted in partial fulfilment of the requirements for the PhD degree at
Heriot-Watt University. This work has been conducted at the Institute of Petroleum
Engineering (IPE) from December 2010 to May 2015 under the supervision of
Professor Bahman Tohidi and Dr Antonin Chapoy.

I would like to express my sincere gratitude to Professor Bahman Tohidi for providing
me the opportunity to work with such a scientifically interesting project in the Hydrates,
Flow Assurance & Phase Equilibria Group. As second supervisor, Dr Antonin Chapoy
has taken a great deal of interest in my PhD project and I am extremely grateful to him
for reading my draft thesis, his constructive advice and the support and confidence that
he instilled in me throughout the process. Also in this regard, I would like to thank Dr
Rod Burgess for his collaboration and experimental work support. Additionally, I
greatly appreciate the help from Professor Christophe Coquelet at Mines Paristech for
his generous support during the internship. I am also grateful to all the colleagues as
well as friends in the Institute of Petroleum Engineering making my stay in Edinburgh

very pleasant and provided me with any help needed.

I also would like to be grateful to my internal examiner, Professor Mercedes Maroto-
Valer, for her great patient and support, particularly during the corrections. A great
appreciate goes to the external examiners, Professor Martin Trusler from Imperial
College London and Dr Norman Glen from TUV NEL, for their precise comments to

improve the quality of my thesis.

Last but by no means least I am especially grateful for the patience and understanding

shown by my wife Azimeh for her moral support, patience and encouragement.

The project has been financed by grants by a Joint Industrial Project (JIP) “Impact of
Common Impurities on Carbon Dioxide Capture, Transport and Storage” conducted at
the Institute of Petroleum Engineering, Heriot-Watt University. The JIP is supported by
Chevron, Total, Statoil, National Grid, OMV, Petroleum Experts, Linde Group and
Galp Energia which is gratefully acknowledged.



HERIOT

ACADEMIC REGISTRY WATT
Research Thesis Submission

Name: MAHMOUD NAZERI GHOJOGH

School/PGl: Institute of Petroleum Engineering

Version: (e First, | Final Degree  Sought PhD in

Resubmission, Final) (Award and Petroleum Engineering
Subject area)

Declaration

In accordance with the appropriate regulations | hereby submit my thesis and | declare that:

1) the thesis embodies the results of my own work and has been composed by myself

2) where appropriate, | have made acknowledgement of the work of others and have made
reference to work carried out in collaboration with other persons

3) the thesis is the correct version of the thesis for submission and is the same version as
any electronic versions submitted®.

4) my thesis for the award referred to, deposited in the Heriot-Watt University Library, should
be made available for loan or photocopying and be available via the Institutional
Repository, subject to such conditions as the Librarian may require

5) | understand that as a student of the University | am required to abide by the Regulations
of the University and to conform to its discipline.

*  Please note that it is the responsibility of the candidate to ensure that the correct version
of the thesis is submitted.

Signature of Date:
Candidate:
Submission
Submitted By (name in capitals): MAHMOUD NAZERI GHOJGH

Signature of Individual Submitting:

Date Submitted:

For Completion in the Student Service Centre (SSC)

Received in the SSC by (name in

capitals):
Method of Submission

(Handed in to SSC; posted through
internal/external mail):

E-thesis Submitted (mandatory for
final theses)
Signature: Date:




TABLE OF CONTENTS

ABSTRACT

DEDICATION

ACKNOWLEDGEMENTS

TABLE OF CONTENTS ... i

LIST OF TABLES ... e v

LIST OF FIGURES ... e vii

LIST OF PUBLICATIONS ... xi

LIST OF MAIN SYMBOLS ... e xii

CHAPTER 1: INTRODUCTION .....oooiiiiieiieieieeie ettt 1
1.1  Carbon capture and storage (CCS) ......oooouiiriiriiiriieeiieieeee ettt 1
1.1.1 CO2 CAPLUTE ...ttt ettt e ettt e et e et e e sabeesbaeesnbeeesans 2
1.1.1.1 Pre-combustion Capture PIOCESS .......ccveeerurrerrirreririeenreeesereeessreesssseesssneesseeens 3
1.1.1.2  PoSt-cCOMbUSLION CAPLUIE PIOCESS....vveeuvrerrierireeiierieeteenreenseesseeseessneesseesnseans 5
1.1.1.3  Oxyfuel CaptUIING PIOCESS ..eeveeeerieireeiieeiieeieeniiesieeteesaeenseessseeseessneenseesnseens 6
| O G0 58 5 1 1] 010 ARSI 8
113 CO2 SOTAZE ..ttt ettt sttt ettt e nees 10
1.2 THIS WOTK .ottt 10
REFERENCES ...ttt ettt et ettt e sne e seeneeseeenes 12

CHAPTER 2: IMPURITIES IN THE CO2 STREAM.....cccocoviiieiieecieeeieeeeeee e 15
2.1 INEEOAUCTION w.eniiiiiiieieie ettt sttt et 15
2.2 Materials in thiS WOTK .......cooiiiiiiiiii e 17
2.2.1  Pure carbon dioXide ........cooueeiiriiiiiiiiiniiiieeieeeee e 17
2.2.2  BINAIY SYSTEIMS ..eeeuvieiiieiieriieetieniteeteeeteeteesieeeseeseaeeseessseenseesssesseessseenseensns 18
2.2.3  Multi-component MiXture SYSEIMS ......c.eeerveeerreeerieeerreeeireeereeesneeesneeennnes 19
REFERENCES ...ttt ettt et 23

CHAPTER 3: DENSITY MEASUREMENTS AND MODELLING ........cc.ccceevevennen. 24
3.1 INEFOAUCTION ..ttt ettt ettt e 24
3.2 LIETAtUIE TEVIEW ..ueeruieiieiieeiieieeieeitenteenteeieesteetesiteste et entesbeebesatesae e beennesaeenee 25
3.3 EXPEIIMENLS....oiiiiiiiiieiieiie ettt ettt ettt et e st et esaeesaesabeenbeesnseenneas 27
3.3.1 Equipment deSCTIPtION ......ceevviieiiieeiiie ettt e e e e ireeeree e svae e 27
3.3.2  Measurement and calibration procedures .............ccoeeueeriierciienieniieenieenreennen. 28
3.3.3  Density validation........c.coocueiiieniieiiieiieeie ettt 33
3.3.4  Density measurement UNCETTAINTIES .......cccuveerureeruieerreeerireeereeeenreesneeesneens 34
3.4 MOAEIING ...oovvieiieiie ettt ettt ettt e enneas 35
3.5 Experimental and modelling results and diScussions ..........c.ccceccveeveereeeneveennen. 39
3.6 CONCIUSIONS ...ttt ettt ettt ettt et e st e b e saeeeneeas 40



REFERENCES ..ottt 66

CHAPTER 4: VISCOSITY MEASUREMENTS AND MODELLING ........cccceeruenenn. 70
4.1 INOAUCLION ...ttt et s 70
4.2 LIETAtUIE TEVIEW ...ocueiiiiiiiriieieeiienieet ettt ettt ettt sttt st sbe et s e sbeeaesanens 72
4.3 EXPerimental PArt .......ccccccceeercieeiiiieeiieeecteeciee s e st e e e e e e aaeesnne e saeeeenns 77
4.3.1  Experimental €qUIPIMENT.......cccceecuieruireiiienieeiieiieeieeriee e esieesreeeeeseaeeaee e 77
4.3.2  Measurement ProCeAUIE. .........cueeiuieriieiiierieeiierie ettt e ere et eeae e e e 78
4.3.3  Diameter calibration proCedure ...........ccceeeeuiieriiieesiiieeriee e erve e evee e 80
4.3.4  Viscosity VAlIdation .........ccceeviieiiieniieiienie ettt 82
4.3.5  Viscosity measurement UNCETtainties........c.eevueerureeueerieeerieenieeereeniresneeseennns 85
4.4 Viscosity MOAEIIING.......ccccuiiiiiiiiiiieiie et e 86
4.4.1  Residual ViSCOSItY thEOTY .....ccviiiiiieiiiieiierie ettt 86
4.42  Corresponding states (CS) theory........cceevieriiienieiiiiiiecieeee e 88
4.42.1 One reference fluid .........coooiiiiiiiiiiii e 88
4.4.2.2 Two reference fluids ........cocceevieriiiiiiiiinieeeeeeeeeee e 94
4.43  Extended corresponding states (ECS) theory ........c.ccooveveiieniiniiiinieniieiene, 95
4.43.1 CO2-SUPERTRAPP model for miXtures........cccceeevueeneerieeneenieeieenieeieee 97
4.5  Results and diSCUSSION......c..ceviiriirieniieieiiereee e 100
4.5.1  Experimental and modelling results ...........ccccoevieviienieniiienieeieeeeeieeee, 100
4.5.2  Discussions on the correlative models...........ccoooeeriiiiiiiiiniiniieeeee, 102
4.5.2.1 Effect of tuning parameters and mixture density..........ccccceevvervveerieennennnen. 102
4.5.2.2 Predictions of the models in different phases ...........cccceecveerieniieenienneenen. 103
4.5.3  Discussions on the predictive models............cccoveeveiieeriieeniieeieeciee e, 103
4.53.1 The effect of mixture density on the viscosity modelling by CO»-
SUPERTRAPP ...ttt ettt e ae s 104
4.5.3.2 Prediction of the models in different phases..........c.cccccceeerviieeiiieniieencnens 104
4.5.4  The effect of different impurities on viscosity of pure CO; .........c.ccu........ 104
4.6 CONCIUSIONS ..ttt ettt ettt be et eeeas 105
REFERENCES ...ttt ettt ettt e s e nseeneas 144

CHAPTER 5: DENSITY OF ACID GASES AND LIQUIDS ......ccoceoieieiieieeieeenee. 150
5.1 INIFOAUCTION ..ttt ettt e 150
5.2 LIEratUr® TEVIEW ..c.eeeiuieiiiiiiieiieeitteite et ettt e site et e bt e st et e st e e beesaeeenseeseee 151
5.3 EXperimental PArt ..........ccceeviiiiiiiiiieieeieese et 152
5.3.1 Equipment deSCTIPtION ......ccevvieiiiieeiiiecciie et eree e 152
5.3.2  Mixture preparation of CO>+H>S and CO»+SO2 systems ..........ccceeeeveeneee. 154
5.3.3  Safety Consideration..........cccueecuierieerieeniieeiiieniieereeriee e esieeereesieeseseeeeeeene 155
5.3.4  Calibration proCedure ..........cceecuieriieiiienieeieeree ettt 156
5.3.5  Measurement ProCeAUIE........cccvirriiieriiieririeerieeerieeesreeeereeeeeeeeseeessaeeenans 167



5.3.6 Measurement UNCEITAINTIES ....eeeeeeeeieeeeeeeeeee e 167

5.4  Specific heat capacity calculations...........ccccceeeriieeriiieeriie e 167
5.5 Results and diSCUSSIONS ......cc.eeriieiieriiiiiieniieeie ettt sere e 169
5.6 CONCIUSIONS ....oiiuiieiiieiieiie ettt ettt ettt e it e et e essaesabeeteessbeeseesnseenseennne 170
REFERENCES .......ooiiiii ettt ettt s ebe e s ave b e s sseeaaesnaeens 199
CHAPTER 6: FROST POINT MEASUREMENTS .....cccioiiiiiieieieeee e 201
0.1  TNIrOAUCHION ..ottt ettt e eee 201
0.2 LItErature TEVIEW ....ccvieeieiieeiiieeiieeeieeeeieeesteeesiteeeseaeeessaeessaeessaeesnsaeessseeennnes 201
6.3 Experimental Part ...........cccoeviiiiiiiiienie e 203
6.3.1  Equipment deSCTIPLiON .......cccuveeiieriiieiieriieeieeiieeteerite e eiee e eeesere e e 203
6.3.2  Measurement ProCeAUIE........cccuiirriiieriireeiieeereeecieeerreeeereeeeeeeereeesneeeeenns 205
0.4 MOACIING ..ottt ettt e 206
6.5  Results and diSCUSSION.......cccuieiiieciieiiieieeie ettt s 206
0.6 CONCIUSIONS ...veeiuiiieeiiieeiiiee et e ete e ettt e et eeeteeesttaeeseaeeessbaeesseeensseesnsaeessseeennnes 207
REFERENCES ...ttt ettt aae e e saneensees 214
CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
....................................................................................................................................... 216
T.1 CONCIUSIONS ....eiiiieiiieiiieciie ettt ettt ettt e et e e sseeeebeeteessbeenseesnseenseennne 216
7.2 RecOMMENAAtIONS ......ccovuiieeiiieeiieeeiieecieeeeiee et e e e e e e eeaeeereeeenseeessseeennns 220
REFERENCES .......ootioiiieee ettt ettt e ete e s aveebeessseeaaesnneens 222
ADPPEIAIX ..ttt ettt et ettt et e ettt e e bt e b e e be e taeebe e ateenbeesaeenbeebeennbeenraas 224



LIST OF TABLES

Table 1.1 Impurity percentage in different scenarios of oxyfuel at COORAL................. 8
Table 1.2 Existing long-distance CO2 pipelines [10]........ccccveevieriienieniiienieeiieieeeeeeneen 9

Table 2.1 Concentrations of impurities in CO; in vol% (Source: IEA GHG 2003, 2004

AN 2005) ...ttt et sttt st b et e eate bt et eaeen 16
Table 2.2 CO; specifications from the pipeline operators and business agreements...... 17
Table 2.3 Impurities 0f PUre COn........eieuiiiiiiieeiieecee ettt e 18
Table 2.4 Compositions of the binary systems (% mole) .........ccocoeeeiiiniiniiineniieee 18
Table 2.5 Compositions of the multi-component mixture (% mole) .........cccceverveennnnee. 20

Table 2.6 Properties of binaries and multi-component mixture systems using modified

PRUEOS ettt sttt ettt et ettt et e ae et e et e nteenteenean 20
Table 3. 1 Calibration data using pure CO; at low pressures (gas phase) ..........c........... 31
Table 3. 2 Calibration data using pure CO; at high pressures (dense phase).................. 32
Table 3. 3 Calibration Parameters for Anton Paar DMA-HPM Densitometer using pure
L0 PSSRSO 33
Table 3. 4 Parameters G(1) — G(32) in the mBWR equation of state............cccecurennennee. 37
Table 3. 5 Properties of the components in this wWork [30] ........cccceevieriiniiiiniieniiee 38
Table 3. 6 Modified binary interaction parameters in this work for PR EoS [31].......... 38
Table 3. 7 Modified binary interaction parameters in this work for SRK EoS [31]....... 38
Table 3. 8 Experimental and modelling results of BINARY 1......cccccooviiiviiiiiciieiiens 41
Table 3.9 Experimental and modelling results of BINARY 2......cccccovviiniiiinieniininene 42
Table 3.10 Experimental and modelling results of MIX L......c.cccccceviiiiniiiinieninnicnnene 43
Table 3.11 Experimental and modelling results of MIX 2........ccccceeviiiiiiiiniiienieeeieens 45
Table 3.12 Experimental and modelling results of MIX 3........ccccoooiiiiiiiiniiieiieeeies 46
Table 3.13 Experimental and modelling results of MIX 4.........ccccoviiiiniininicniiienene 47
Table 3.14 Experimental and modelling results of MIX 5......c.ccocevviiiininiiniiniienee 49
Table 3.15 Experimental and modelling results of MIX 6.........ccoeevieviiieeciienieeeieen, 51
Table 3. 16 Uncertainties of density measurements for each mixture with 95% level of
CONTIACTICE ...ttt ettt s b ettt st e bt et saeesbeeneeeaeens 53
Table 3.17 AAD and Max. Deviations of this work using PR and SRK EoSs............... 54

Table 3.18 Density reduction of pure CO» at supercritical area, temperature 323.15 K
(50 OC) ettt ettt ettt et e a e et e et e ehe e bt ente st e beenteeneenee 55



Table 4.1 Available experimental viscosity data in the literature.............cccceeveeveeniennnee 77

Table 4. 2 Diameter calibration data using pure CO2 ........coceeeevierieeiiienieeieeiee e 81
Table 4.3 Parameters in the Original LBC Viscosity Correlation ............ccccceevevveeenennnn. 87
Table 4.4 Constants in equations expressing corresponding states model for viscosities
T 10™ CP oottt 91
Table 4.5 Values of Coefficients @i for COz......cceevuerviiriiiiiiiiniereiececceceseeee 92
Table 4.6 Values of coefficients 10 dij.......ccceoveerieriiiiniiiiiee e 92
Table 4.7 E parameters for the Propane reference fluid............cccoeevieviiiiniiienciiennn, 97

Table 4.8 Experimental and modelling results (LBC model) of the viscosity of pure CO2

PUTE Ottt ettt e et e e e et e e e eaete e e e e saaeeeeesstaeeeeansseeesannsaaeesassaeeeannns 116

Table 4.16 Experimental and modelling results (predictive models) of the viscosity of



Table 4.21 Experimental and modelling results (predictive models) of the viscosity of

Table 4. 22 Average and maximum of estimated standard uncertainties of viscosity for
€ACKH MALETIAL ...t 131
Table 4.23 Absolute average deviations between experimental viscosities and
predictions of all fluids investigated in this WOrk ...........cccoeviiiiiiiiiiniiiii 132
Table 4.24 Absolute average deviations between experimental viscosities and
predictions of all fluids investigated in this WOrk ..........ccceeeiiiieiiiiiiiiiieeeeeee 133
Table 4.25 Viscosity reduction of pure CO> in the presence of impurities for each

system in the dense phase (Viscosity will increase in the gas phase)..........c.cccecvenenn. 134

Table 5. 1 Pressure transducer P-301 for pressures from atmospheric pressure up to 10

1 0 USRS 157
Table 5. 2 Pressure transducer P-302 for pressures from 10 MPa up to 30 MPa.......... 158
Table 5. 3 Pressure transducer P-302 for pressures from 10 MPa up to 30 MPa.......... 159
Table 5. 4 Pressure transducer P-303 for pressures from 30 MPa up to 40 MPa.......... 161
Table 5. 5 Temperature probe inside denSimMeter...........cceeeveeerieeerieeeiiee e 163
Table 5. 6 Temperature probe of the bath............coccoeiiiiiiiiiiiiieee, 164
Table 5.7 Constants B through F in the equation by Aly and Lee...........cccceevvvenenennnen. 168

Table 5.8 Experimental and modelling results for CO> + HoS at 0 °C (273.15 K)....... 171
Table 5.9 Experimental and modelling results for CO> + HoS at 10 °C (283.15 K).....173
Table 5.10 Experimental and modelling results for CO; + HzS at 25 °C (298.15 K)...175
Table 5.11 Experimental and modelling results for CO; + HzS at 50 °C (323.15 K)...177
Table 5.12 Experimental and modelling results for CO, + H»S at 80 °C (353.15 K)...179
Table 5.13 Experimental and modelling results for CO, + SO at 0 °C (273.15 K)..... 181
Table 5.14 Experimental and modelling results for CO; + SOz at 10 °C (283.15 K)... 183
Table 5.15 Experimental and modelling results for CO; + SOz at 25 °C (298.15 K)... 185
Table 5.16 Experimental and modelling results for CO, + SO» at 50 °C (323.15 K)... 187
Table 5.17 Experimental and modelling results for CO, + SO» at 80 °C (353.15 K)...189

Table 5.18 Summarised AADs for measured SYStems..........cceecveevveerieeriienieenieenieennen. 191
Table 5.19 Specific heat capacity calculations for CO>+HaS system........ccccevvennnnee. 192
Table 5.20 Specific heat capacity calculations for CO+SO2 system.........ccccceevveeneee. 193

Table 5.21 Estimated dew and bubble point results from density measurement data for

Vi



Table 5.22 Estimated dew and bubble point results from density measurement data for

Table 6.2 List of Sources for Solid-Fluid Equilibrium in mixtures of Carbon Dioxide —
EHRANE. ...ttt 202
Table 6.3 List of Sources for Solid-Fluid Equilibrium in mixtures of Carbon Dioxide —

PIOPANE. ... .eiieiiiiiee et e et e e et e e e et e e e et e e e et eeeeennaeeeeeneaes 202
Table 6.4 List of Sources for Solid-Fluid Equilibrium in mixtures of Carbon Dioxide
SYSTRITIS ..eiiiieiiiee ettt et e et e et e e bt e sttt e saateesnbbeesabaeesabaeesaneeenaseeenns 203
Table 6.5 Experimental Frost Points of MIX 1 using the calorimeter BT 2.15............ 208
Table 6.6 Experimental Frost Points of MIX 2 using the calorimeter BT 2.15............ 208
Table 6.7 Experimental Frost Points of MIX 3 using the calorimeter BT 2.15............ 209
Table 6.8 Experimental Frost Points of MIX 4 using the calorimeter BT 2.15............ 209
Table A. 1 Experimental and modelling results of BINARY 1 using SRK EoS.......... 224
Table A. 2 Experimental and modelling results of BINARY 2 .....cccccoceviiniinininennne. 225
Table A. 3 Experimental and modelling results of MIX 1......ccccoceviiiininiininiinennne. 226
Table A. 4 Experimental and modelling results of MIX 2........ccccooviiiviiieniieencieennen. 228
Table A. 5 Experimental and modelling results of MIX 3........ccccoooiiiiiiiiiiieenieeene, 229
Table A. 6 Experimental and modelling results of MIX 4.........cccovieviiiiniinenienennne. 230
Table A. 7 Experimental and modelling results of MIX 5......ccccooeiiiiiniiniineniinennn. 232
Table A. 8 Experimental and modelling results of MIX 6.........ccccevvveeviiencieenciieennen. 234

Vii



LIST OF FIGURES

Figure 1.1 Schematic view of CCS chain: CO> capture from CO»-generating processes,

tranSPOTt ANA STOTAZE ....eeveeureriiiiieieete ettt ettt ettt et sbe et st e bt e b et e sae e 2
Figure 1.2 Available technologies for capturing CO2 [7] ..cccvveeevieeiiieeieeeieeeeeeeee e 3
Figure 1.3 Pre-combustion process [12] ....cociiieiieeiieeeie et 4
Figure 1.4 Post-combustion process [12]......cociieiieriieriienieeiieeie ettt 5
Figure 1.5 OXY{uel process [12]. ittt ettt 6
Figure 2.1 Phase envelopes for hydrogen-CO> binary Systems.........cccccveeeeuveercvieerneenns 21
Figure 2.2 Phase envelopes for multi-component mixture systems 1,2 and 3............... 21
Figure 2.3 Phase envelopes for multi-component mixture systems 4, 5 and 6............... 22
Figure 3.1 Schematic diagram of the densitometer apparatus .........c.cceeeveeeeveercrieerneeenns 28

Figure 3. 2 Calibration procedure using pure CO, at 373.15 K at low pressures (gas

PRASE) ittt et ettt ettt e e bt et e et e e e ta e e bt e enbeebaenabeenbeennbeenreas 30
Figure 3. 3 Calibration procedure using pure CO> at 373.15 K at high pressures (dense
1018 2 ) PSS 30
Figure 3. 4 Validation data of pure CO; density at different isotherms............c..c..c...... 33
Figure 3. 5 Density validation data at two isotherms for MIX 1 .......ccccooceiviiiinnninnen. 35

Figure 3.6 Experimental and modelling results of pure CO,, experimental / modelling
(PR-CO») results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—_.) at 298.15 K, (®/----)
at323.15 K, (+/—..)at373.15K and (A/_ ) at423.15 K .cccoeiiriiieieeeeeeee 56
Figure 3.7 Experimental and modelling results of pure CO> at low pressures,
experimental / modelling (PR-CO) results: (¢/__) at 273.15 K, (w/....) at 283.15 K, (x/
—)at298.15K, (e/----) at 323.15 K, (+/—..)at 373.15K and (A/____)at423.15K

Figure 3.8 Experimental and modelling results of BINARY 1, experimental / modelling
(PR-CO») results: (¢/__) at 273.15K, (m/....) at 283.15 K, (x/__.) at 298.15 K, (®/----)
at323.15 K, (+/—..)at373.15K and (A/_—— ) at423.15 K .cccooiiroieieieiereeeeee 57
Figure 3.9 Experimental and modelling results of BINARY 1 at low pressures,
experimental / modelling (PR-CO) results: (¢/__) at 273.15 K, (w/....) at 283.15 K, (x/
—)at298.15K, (e/----) at 323.15 K, (+/—..)at373.15 K and (A/____)at423.15K

Vii



Figure 3.10 Experimental and modelling results of BINARY 2, experimental /
modelling (PR-CO») results: (/) at 273.15 K, (w/....) at 283.15 K, (x/__.) at 298.15
K, (o/----)at 323.15 K, (+/—..)at373. 15K and (A/ ) at423.15K....cccecvvruerne. 58
Figure 3.11 Experimental and modelling results of BINARY 2 at low pressures,
experimental / modelling (PR-CO») results: (¢/__) at 273.15 K, (w/....) at 283.15 K, (x/
) at298.15K, (e/----)at 323.15 K, (+/—..) at 373.15 K and (A/____)at423.15K

Figure 3.12 Experimental and modelling results of MIX 1, experimental / modelling
(PR-CO3) results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—_.) at 298.15 K, (®/----)
at 323.15 K, (+/—..)at373.15 K and (A/_—— ) at423. 15 K .cccoiiriiiiiieneeenene 59
Figure 3.13 Experimental and modelling results of MIX 1 at low pressures,
experimental / modelling (PR-CO») results: (¢/_) at 273.15 K, (w/....) at 283.15 K, (x/
—)at298.15K, (e/----) at 323.15 K, (+/—..)at 373.15K and (A/_—___)at423.15K

Figure 3.14 Experimental and modelling results of MIX 2, experimental / modelling
(PR-CO3) results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—_.) at 298.15 K, (®/----)
at323. 15K, (+/—..)at373.15 K and (A/_—— ) at423.15 K .oceooiriiiiiiiciinience 60
Figure 3.15 Experimental and modelling results of MIX 2 at low pressures,
experimental / modelling (PR-CO) results: (¢/__) at 273.15 K, (w/....) at 283.15 K, (x/
— ) at298.15K, (e/----) at 323.15 K, (+/—..)at 373.15 K and (A/_—___)at423.15K

Figure 3. 16 Experimental and modelling results of MIX 3, experimental / modelling
(PR-CO») results: (/) at 273.15K, (m/....) at 283.15 K, (x/__.) at 298.15 K, (®/----)
at323.15 K, (+/—..)at373.15K and (A/_—— ) at423.15 K .cccoiiroiiieieeeeeeee 61
Figure 3.17 Experimental and modelling results of MIX 3 at low pressures,
experimental / modelling (PR-CO) results: (¢/_) at 273.15 K, (w/....) at 283.15 K, (x/
—)at298.15K, (e/----) at 323.15 K, (+/—..)at 373.15K and (A/____)at423.15K

Figure 3.18 Experimental and modelling results of MIX 4, experimental / modelling
(PR-CO») results: (/) at 273.15K, (m/....) at 283.15 K, (x/__.) at 298.15 K, (®/----)
at323.15 K, (+/—..)at373.15 K and (A/ ) at423.15 K .cccoooiriiriiirienieeenee 62
Figure 3.19 Experimental and modelling results of MIX 4 at low pressures,
experimental / modelling (PR-CO») results: (¢/_) at 273.15 K, (w/....) at 283.15 K, (x/
) at298.15K, (e/----)at 323.15 K, (+/—..) at 373.15 K and (A/____)at423.15K



Figure 3.20 Experimental and modelling results of MIX 5, experimental / modelling
(PR-CO») results: (/) at 273.15 K, (m/....) at 283.15 K, (x/__.) at 298.15 K, (®/----)
at323.15 K, (+/—..)at373.15 K and (A/ ) at423.15 K .cccoooiriiniiiiiieneeeeee 63
Figure 3.21 Experimental and modelling results of MIX 5 at low pressures,
experimental / modelling (PR-CO») results: (¢/__) at 273.15 K, (w/....) at 283.15 K, (x/
) at298.15K, (e/----)at 323.15 K, (+/—..) at 373.15 K and (A/____)at423.15K

Figure 3.22 Experimental and modelling results of MIX 6, experimental / modelling
(PR-CO3) results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—_.) at 298.15 K, (®/----)
at 323.15 K, (+/—..)at373.15 K and (A/_—— ) at423. 15 K .cccoiiriiiiiieneeenene 64
Figure 3.23 Experimental and modelling results of MIX 6 at low pressures,
experimental / modelling (PR-CO») results: (¢/_) at 273.15 K, (w/....) at 283.15 K, (x/
—)at298.15K, (e/----) at 323.15 K, (+/—..)at 373.15K and (A/_—___)at423.15K

Figure 3.24 Density reduction of pure CO> at supercritical area, temperature 323.15 K

(50 OC) ereeeeeeeeee e e eee e ees e eees e ee s ees s ee s e s s s e e s s e ees s eee e 65

Figure 4.1 Viscosity of CO2-N2 measured by Kestin et al., at different mole fractions of

L0 OO P RSO UPRURPRRRPRROPON 73
Figure 4.2 Viscosity of CO>-Ar measured by Kestin et al., at different mole fractions of
L0 PSSRSO 74
Figure 4.3 Viscosity of different CO; binary systems measured by Gururaja et al., 1967
......................................................................................................................................... 75
Figure 4.4 Viscosity of different high CO> content mixtures measured by Kestin et al.,
LOT4 ANA 1977 ettt ettt ettt et e et e e e e e neeseenteeaeenee 75
Figure 4.5 Viscosity of CO2-Hz measured by Mal’tsev et al., 2004 ..........cccccevveeennne 76
Figure 4.6 A schematic view of the viscosity experimental SEtUp..........ccceevverveerieennnnnne 78
Figure 4. 7 Calibrating diameter versus temperature...........c.veeeveeerveesrveesiueeesereeesineeenns 80
Figure 4. 8 Viscosity validation using pure CO2 .........cccuveeriieeriieeniie e eee e 83
Figure 4. 9 Deviations of pure CO> viscosity at different isotherms ............cccceveeveennee 83
Figure 4. 10 Viscosity validation using MIX 1 at 2 different isotherms.............cc.c...... 84
Figure 4. 11 Deviations of MIX 1 viscosity at two different isotherms ...........c............. 84

Figure 4.12 The reduced residual viscosity in the LBC model vs the reduced density for
PTOPAIIE; ..t entteeeitee ettt e eitteeeitteesateeeateeessteeensteeeasteesaseeesateeenseeenseeennseesnsbeesnsbeesnseeesaseeas 89



Figure 4.13 Experimental and modelling results (predictive models) of the viscosity of

Figure 4.24 Effects of tuning parameters and density correction in LBC and CO>-LBC
models for MIX 2, Experimental data: (¢) at 0 °C, (A) at 50 °C and (e) at 150 °C,
Modelling: (—. ) LBC with PR, (____) LBC with PR-CO, (.....) CO2-LBC with PR
and (----) CO2-LBC with PR-COn......cciiiiiiiiiiiiiiiiicicicieeeeeeeeeeee e 140
Figure 4.25 Effects of density correction in SUPERTRAP and CO.-SUPERTRAP
models for MIX 2, Experimental data: (¢) at 0 °C, (A) at 50 °C and (e) at 150 °C,
Modelling: (—. ) ST with PR, (——__) ST with PR-COa, (.....) CO2-ST with PR and (-
==-) CO2-ST With PR-CO2 ..c.eeiiiiiiiiiiiiiiiiiietecceeeeese e 141
Figure 4.26 Comparison of the predictive models for MIX 1, Experimental data: () at 0
°C, (m) at 50 °C and () at 150 °C, Modelling: (—__) Ped, (----) CO2-Ped, (.....) ST, (-
-=-) CO2-ST, (——..) CS2 and (——.) CO2-CS2...ccuiiiiiiiiiiireneeeeeeeeee e 141




Figure 4.27 The effect of impurities on viscosity of pure CO at 323.15 K (50 °C),
experimental data / modelling CO»-Pedersen: (¢/—) Pure CO2, (A/....) MIX 1, (®/----)
MIX 2, (w/——__ )MIX 3, (x/—.)BIN T and (+/—..) BIN 2....cccccvvririiiererenen, 142
Figure 4.28 The effect of impurities on viscosity of pure CO» at 323.15 K (50 °C) at low
pressures, experimental data / modelling CO>-Pedersen: (¢/—) Pure CO», (A/....) MIX
1, (8/-—--)MIX 2, (w/——__)MIX 3, (x/—.)BIN 1 and (+/—..) BIN2.....c.ccueen...... 142
Figure 4.29 The viscosity changes from pure CO> for MIX 1 at different temperatures.
Experimental data: (#) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C

and (@) at 150 °C, Modelling results: lines (—) COz-Pedersen ..........ccccceevveevreeennnenn. 143
Figure 5.1 Schematic diagram of the densitometer apparatus ........c..cccceeeveveereeenennennn 153
Figure 5.2 The density measurement SEt-UP ......c.eeeeveeerereeerieeerieeenieeeseeessereesveeesneens 153
Figure 5.3 Flow diagram of the pressure vs period data acquisition .............ccccvveeneee. 154
Figure 5.4 MiXture Preparation...........ccccievieeiienieeiiieniie ettt e e 155

Figure 5. 5 Pressure transducer P-301 for pressures from atmospheric pressure up to 10

1 0 USSP 158
Figure 5. 6 Pressure transducer P-302 for pressures up to 20 MPa.........ccccveevvveennneen. 160
Figure 5. 7 Pressure transducer P-302 for pressures from 20 MPa to 30 MPa............. 160
Figure 5. 8 Pressure transducer P-303 for pressures from 20 MPa to 40 MPa............. 162
Figure 5. 9 Temperature probe inside densimeter............cceccvveevveeerieeecieeecieeeeeeeeeenn 165
Figure 5. 10 Temperature probe of the bath............ccceeeeiiiiiiiiiniiieeeee e, 165

Figure 5.11 Experimental and modelling results of CO>+HzS at different isotherms,
experimental results: (0) 273. 15 K, (0) 283.15 K, (A) 298.15 K, (o) 323.15 K and (x)
353.15 K. Lines are the modelling results using PR-COz.......cccoevvviiiiiiiniinieeiieies 195
Figure 5.12 Experimental and modelling results of CO>+H,S at different isotherms at
low pressures, experimental results: (¢) 273. 15 K, (o) 283.15 K, (A) 298.15 K, (o)
323.15 K and (x) 353.15 K. Lines are the modelling results using PR-CO;................. 195
Figure 5.13 Experimental and modelling results of CO>+SO, at different isotherms,
experimental results: (0) 273. 15 K, (0) 283.15 K, (A) 298.15 K, (o) 323.15 K and (x)
353.15 K. Lines are the modelling results using PR-COn........ccceoviiiviiieiiieniieeiiens 196
Figure 5.14 Experimental and modelling results of CO>+ SO> at different isotherms at
low pressures, experimental results: (0) 273. 15 K, (o) 283.15 K, (A) 298.15 K, (o)
323.15 K and (x) 353.15 K. Lines are the modelling results using PR-CO;................. 196
Figure 5.15 Specific heat capacity for CO2+H2S System........ccocveeeviieecieeniieeeiieeeen. 197

Xi



Figure 5.16 Specific heat capacity for CO2+SO2 SYSteM.......eeevuvieervieeiieeeiieeeiee e 198

Figure 6.1 Cross-sectional view of the SETARAM BT 2.15 ...coooiiiiiiniiniiiieieene 204
Figure 6.2 Phase behaviour and frost points of MIX 1 using calorimeter (A) (Lines:
Model predictions using the PR-E0S)........cccoviiiiiiiiieeeeeeeeeeee e 210
Figure 6.3 Frost points of MIX 1 using calorimeter (A ) at low pressures................... 210

Figure 6.4 Phase behaviour and frost points of MIX 2 using calorimeter (A ) (Lines:
Model predictions using the PR-E0S)........cccoviiiiiiiiieeeeeeeeeeee e 211
Figure 6.5 Frost points of MIX 2 using calorimeter (A ) at low pressures................... 211
Figure 6.6 Phase behaviour and frost points of MIX 3 using calorimeter (A ) (Lines:
Model predictions using the PR-EOS)........cccccoiiiiiiiiiiiiieeeeeeee e 212
Figure 6.7 Frost points of MIX 3 at low pressures using calorimeter (A)................... 212
Figure 6.8 Phase behaviour and frost points of MIX 4 using calorimeter (A) (Lines:
Model predictions using the PR-EOS)........cccciiiiiiiiiiiiiieeeeeeee e 213
Figure 6.9 Frost points of MIX 4 using calorimeter (A ) at low pressures................... 213

Xii



LIST OF PUBLICATIONS

Chapoy, A., Nazeri, M., Kapateh, M. H., Burgass, R. W., Coquelet, C. & Tohidi
Kalorazi, B. “Effect of impurities on thermophysical properties and phase behaviour of
a COz-rich system in CCS”, Int. J. of Greenhouse Gas Control, Vol. 19, Nov. 2013,

Pages 92-100
http://dx.doi.org/10.1016/1.1j22c.2013.08.019

Chapoy, A., Nazeri, M., Kapateh, M., Burgass, R. W., Tohidi Kalorazi, B. & Coquelet,
C. “Thermophysical Properties and Phase Behaviour of a CO:-Rich Natural Gas”, 1

Jan 2014 GPA Annual Convention Proceedings, Gas Processors Association, p. 601-
628

Nazeri, M., Tohidi, B., Chapoy, A., “An Evaluation of Risk of Hydrate Formation at the
Top of a Pipeline”, SPE-160404-PA, Oil and Gas Facilities SPE Journal, Vol. 3, No. 2,
67-72, April 2014

Papers in preparation:
Density measurement and modelling of COz-rich mixtures in CCS
Viscosity measurement and modelling of COz-rich mixtures in CCS

Measurements of the thermodynamic properties of CO2+H2S and CO>+SO» at pressures
up to 40 MPa

Frost point measurements of CO»-rich mixtures in CCS using calorimeter

Density measurements of sulphur dioxide at pressures up to 22 MPa

Xi



LIST OF MAIN SYMBOLS

CCS
CO2-CS2
CO»-LBC
COz-Ped
CO2-ST
Co

CS

CS2

D

ECS

EoS

EXP

fi

SRK
ST

TCF
VTD

X1
AP

Densitometer calibration parameter
Absolute Average Deviation
Densitometer calibration parameter
Binary

Unit conversion factor

Carbon Capture and Storage
Aasberg-Petersen model modified for CO> systems
LBC tuned for CO; systems
Pedersen model modified for CO; systems
SUPERTRAP model modified for CO; systems
Specific heat capacity
Corresponding States
Aasberg-Petersen

Diameter

Extended Corresponding States
Equation of State

Experimental

Reducing ratio

Fugacity

Reducing ratio

Interpolation parameter function
Length

Lohrenz-Bray-Clark

Molecular Weight

modified Benedict-Webb-Rubin
Mixture

Molecular Weight

Pressure

Pedersen

Peng-Robinson

Flow rate

Superecritical
Soave-Redlich-Kwong
SUPERTRAP

Temperature

Trillion Cubic Feet

Volume

Vibrating Tube Densitometer
Composition of component i
Pressure Differential

Xii



Greek Letters

Density

Period of oscillation
Viscosity

Dilute gas viscosity
Viscosity reducing parameter
Acentric factor
Shape factor

Shape factor
hard-sphere diameter
Molar volume
Fugacity coefficient

=S 3 a4 O

*

o6 < a ©6 £ Jn

Subscripts

0 Reference component
C Critical

1 Component i

] Component j

k Component k

m Mixture

mix Mixture

r Reduced

R Reference fluid
sub Sublimation

X pure compound x

xiii



Xiv



Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

The Power and other industry sectors account for more than 60% of the total carbon
dioxide emissions. In these sectors, the carbon dioxide emissions are being generated by
burning fossil fuels in boilers and furnaces. These large scale stationary sources are
potential targets for equipping with capture technologies for reducing CO> emissions.
These large emission sources, emitting above 0.1 MtCO,/yr, can be divided to three
main groups: fuel combustion processes, industrial units and natural gas processing. The
fossil fuel for burning in the power plants can be coal, natural gas and oil. Hydro power,
nuclear and renewables also is considered for power generation. Currently, coal is the
dominant fuel accounting for 38% of the electricity generation, while the natural gas is
17.3% and oil is 9% in the world [1]. Carbon dioxide emissions from industrial
processes can be from the fuel used in petrochemical processes [2], metal production
from ores, calcination of dolomite and limestone in cement industry, converting sugar to
alcohol and a combination of chemical combustion activities like aluminium production
[3]. CO2 is also known as a common impurity in natural gas which should be removed
from the gas stream to avoid corrosion, meeting the transport pipeline criteria and

improving the heating value of the gas [4].

1.1 Carbon capture and storage (CCS)

Climate change mitigation encompasses the actions to limit or prevent emission of
greenhouse gases (GHGs). It can include using renewable energies, improving energy
efficiency of older equipment, switching to less carbon-intensive fuels, changing
consumer behaviour or management practices, or using new technologies to capture and
store carbon dioxide [5]. Efforts around the world can be as complex as a plan for a new

city, protecting natural carbon sinks like forests and oceans, or creating new sinks
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through green agriculture, or as simple as improvements to a cool stove design, creating

bicycling paths and walkways [6].

Carbon dioxide capture and storage (CCS) is one of the most promising technologies for
the reduction of CO> emissions from industries, energy-related sources and human
activities, so that global warming effect can be reduced/eliminated and helping the
world to move towards a low-carbon society. The process comprises of the separation
of CO; from the industrial sources, transport to a storage location and then long-term
isolation from the atmosphere. CCS has the potential to reduce the total CAPEX of
mitigation and increase flexibility in reduction of greenhouse gas emissions [5]. Figure
1.1 illustrates the overview of the CCS chain from power plants or industrial processes

to the storage formation.
Fossil Fuels
Oxygen
CO, Capture
Power Plant =
& Compress
¢ Pipeline
Useful Products CO, Transport * Ship
» Tanker

* Post-combustion
* Pre-combustion
* Oxyfuel combustion

« Electricity

. liuels ‘ * Depleted oil/gas fields
« Chemicals CO, Storage * Deep saline formations
« Hydrogen (Sequestration) *Deep ocean

Figure 1.1 Schematic view of CCS chain: CO: capture from CO:-generating processes, transport
and storage

1.1.1 CO:z2 capture

To reduce the emission of CO., the carbon dioxide in flue gas of the feedstock in
industrial processes must be captured and separated to produce the high-purity CO> for
the storage purposes or enhanced oil recovery. There are various technologies available
to capture and separate emitted CO2 from the flue gas in the industrial scale. Figure 1.2

shows the technical options available for capturing carbon dioxide.
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Figure 1.2 Available technologies for capturing CO2 [7]

1.1.1.1 Pre-combustion capture process

This process captures the CO> from the synthesis gas (syngas) prior to the combustion
of the fuel as the name suggested. At the first step of this process, after separating
nitrogen from oxygen in the air separation unit, partial oxidation process combust coal
at high temperature to provide the heat of gasification reactions in gasifier. During this
process, the coal is chemically broken apart and converted to syngas [8]. The syngas is
mainly composed of hydrogen, carbon dioxide and carbon monoxide. However, the
composition depends on the gasifier conditions and the coal characteristics. After
producing the syngas, a fixed-bed reactor with shift catalysts uses steam to transform

carbon monoxide into a mixture of H> and COs.
Water Gas Shift Reaction: CO + H20 « CO2 + H (2-1)

The concentration of the CO; in this CO,-rich mixture ranges from 15% to 60% (dry
basis) which is higher compared to post-combustion process [9]. The total pressure of
the system can be ranged from 2-7 MPa [10]. Following the shift reactor, CO> and
sulphur compounds are separated from hydrogen in an acid gas removal unit. The
remained H> can be used as a fuel to generate electricity in a combined-cycle gas
turbine (CCGT) or other applications in chemical or oil and gas industry. The captured
COz can be compressed and transported to the storage site. The novel pre-combustion
capture process can be applied to IGCC systems, such as the glycol-based Selexol and

methanol-based Rectisol processes, by employing physical solvents to absorb CO> from

3
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the syngas. For instance, the Dakota Gasification Company’s substitute natural gas plant
in North Dakota uses the Rectisol system to remove 1.5 million tons of CO; per annum
from the syngas. Then, the captured CO; is transported through 320-kilometer pipeline
after purification to be injected into the Weyburn oilfield in Canada [8]. The strong

points of pre-combustion process include [11]:

e (Capturing CO> from the CO>-H; mixture due to the higher partial pressure of
CO3 is easier than capturing it from the flue gas after combustion

e Most advanced capture technology

e Low overall emissions, low fresh-water consumption and high CO; purity

e Hydrogen fuel can be used in other applications or stored
Also the weaknesses of this process are [11]:

e Complex equipment with many individual processes

Unsuitable for retrofit onto existing conventional power plants

Improved thermal efficiency only possible through greater plant complexity

e High complex systems limit operational flexibility

= T

= Air . 0Oil & Gas Fertilizer & Electricity
Air Separation Industry Chemical Industry

Unit
Gas & Transport
q.:. P oo I

Pure Oxygln_>
Gasifier
Fuel
Co,
Steam

Figure 1.3 Pre-combustion process [12]

Shift
Synthesui Reactor Hydrogen




Chapter 1: Introduction

1.1.1.2 Post-combustion capture process

This capture process is a technology widely used to capture CO» for use in the food and
beverage industry as well as in the gas processing units in gas field development
projects. In this process, the flue gas produced by conventional coal combustion in air at
atmospheric pressure has a CO2 concentration of 10-15 volume % [13]. To capture the
COa», the exhaust gas from the boiler enters to the bottom of the column to expose to a
solvent, e.g., amines, to absorb the CO,. The CO;-rich solvent then is piped into a
second fractionating column and heated with steam until the CO: is separated. The
regenerated solvent then is recycled to the first column, resulting a closed scrubbing
cycle. The key research area in this process is to minimise the energy to heat-up the

COas-rich solvent and thus reduce the operating costs.

fhl

Oil & Gas
Industry
Air
Boiler Steam
Fuel > §§ g :l,> i>
Turbine Electricity

& Storage

::> Remaining Exhaust
Exhaust COZ.
Separation Transport
> >
Cco,

Figure 1.4 Post-combustion process [12]

The strengths of post-combustion process include [14]:

e Good prospects for retrofitting

e Robust process with only limited impact on plant availability

e Significant potential for technical optimisation

e Energy required for carbon capture can be offset by advances in the thermal
efficiency of conventional generation

e Flexible operating characteristics

e High degree of CO; purity (>99.5 vol%)

e Commercial rollout likely by 2020
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Can be used in conventional power plants

Several equipment suppliers conducting R&D

The weaknesses of the process are [14]:

Significantly increases operating costs

Capture equipment requires considerable additional space and cooling water
Large amounts of chemicals must be handled

Only limited experience worldwide with capturing carbon from the flue gas of

coal-fired power plants

1.1.1.3 Oxyfuel capturing process

In addition to the pre- and post-combustion processes, the oxyfuel capture process is

another promising technology for coal fired power plants. This process has been

investigated in literature by many researchers [8-16]. In the oxyfuel technology, the

combustion would be with pure oxygen comes from an air separation unit (ASU) and

instead of the air, the flue gas recirculated [24]. This eliminates the nitrogen from the

flue gas. Then after removing the fly ash, only water vapour, CO> and small quantity of

SOx and NOy will remain in the flue gas [7]. Figure 1.5 shows the schematic view of the

oxyfuel process.
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Figure 1.5 Oxyfuel process [12]

The concentration of CO2 in the flue gas of oxyfuel process can reach the values about

80-90 vol% on a dry basis which assist the separation of CO; from the flue gas. The

quality of the separated CO: is influenced by the oxygen purity coming from the air

6
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separation unit, fuel composition and combustion stoichiometry. CO; purities of
85 vol% to high purity of 99.9 vol% are achievable from power plants with oxyfuel
capture process. The amount of the impurity will influence the cost and the capture rate
of the CO». The acceptable amount of the impurities will depends on the pipeline design

specifications and the geology of the storage formation in each project.

Different scenarios have been developed for the oxyfuel process in the COORAL
project [25]. The target of the project is to determine and estimate the CO> purity and

possible impurities in the oxyfuel, pre- and post-combustion processes.

In the first scenario, oxyfuel I - zero emission, it is assumed that the whole flue gas
without any vent gas to the atmosphere is compressed and transported to the storage

formation. In this case, the CO2 purity accounts to 85 vol% with the full capture rate.

In the second scenario, oxyfuel II - concentration, the CO» purity will be increased to
98 vol% by liquefaction. In this case, the concentration of impurities like oxygen,
nitrogen and argon are reduced while the concentrations of impurities like carbon
monoxide, nitrous oxides, sulphur oxides and water remains the same as the first

scenario.

To increase the CO, purity further, the third scenario, oxyfuel III - distillation, can be
applied by an additional distillation of the separated CO> stream. In this case, the CO»
purity can be more than 99.9% and the concentrations of the nitrogen, oxygen and argon
are further reduced. The concentrations of NOx and SOx in the oxyfuel process in all
scenarios can be reduced more by cleaning the flue gas before liquefaction. The
concentrations of the possible impurities at different scenarios of the oxyfuel process

can be found below in Table 1.1.
The strong points of oxyfuel process are [26]:

e Incorporates known, commonly used technologies and processes
e Modifications to power plants are primarily required on the flue gas side
e No solvents needed

e Little space required for additional equipment at power plant site
The weaknesses of this process include [26]:

e Separation of air into pure oxygen and CO; scrubbing are energy intensive
7
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e Low CO; purity; achieving higher levels of purities requires significantly more

energy
e Development phase would require complete pilot and demonstration power plant

e Limited operational flexibility

Table 1.1 Impurity percentage in different scenarios of oxyfuel at COORAL

Impurities Oxyfuel I Oxyfuel 1T Oxyfuel IIT
Zero emission Concentration Distillation
CO» (vol%) 85.0 98.0 99.94
0, (vol%) 4.70 0.67 0.01
N (vol%) 5.80 0.71 0.01
Ar (vol%) 4.47 0.59 0.01
NOx (ppm) 100 100 100
SO: (ppm) 50 50 50
SO; (ppm) 20 20 20
H>0 (ppm) 100 100 100
CO (ppm) 50 50 50

1.1.2 CO: transport

The safe transport of CO from the capture point to the storage location is a crucial step
in the carbon capture and storage chain. Transporting CO, takes place daily in many
parts of the world by truck and ship, however, for CO; captured from large scale power
plants or chemical processes significant investment in transportation infrastructure such

as construction of CO; pipeline networks are required.

For small amounts of CO,, transporting to a nearby storage site by truck or rail can be a
safe and possible option. Also ship transportation can be an alternative option for
medium quantities (around 1,000 tonnes) [27]. Carbon capture is a continuous process
at the plant on land while the ship transportation cycle is discrete. Thus, the temporary
land storage and loading facilities should be considered. Ship transportation of CO; has
large similarities to the liquefied petroleum gas (LPG) transportation by ship which is
widely in use in the oil and gas industry [10].

The desirable condition to transport CO: in pipelines is to transport in supercritical or
dense phase as a combination of relatively high density with a relatively low viscosity
of CO; systems can be found in this state. CO, transport in the gaseous state is

inefficient due to the low density of the CO2 and comparatively high pressure drop in
8
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the pipeline per unit length [28]. However, transporting CO> in the gaseous phase would
be unavoidable when using some of existing infrastructures. To transport the low-
pressure CO; in the gas phase, the operating pressure should not exceed the maximum
pressure of 4.8 MPa at temperature above 20 °C (293 K). Operating CO; pipeline at
pressures above the critical pressure of CO2 of 7.38 MPa, i.e. at supercritical phase, will
eliminate the phase changes and two-phase flow formation with temperature variations
along the pipeline. The operating temperature of CO; pipelines will depends on the
environment temperature. The maximum temperature at the inlet of the pipeline or at
the discharge of the compressor station required to be controlled by the allowable
temperature rating for the pipeline coating of flange temperature rating. The existing
COs pipelines in USA operates at pressures from 8.6 MPa to 20 MPa [29] with ambient
temperature ranging from 4 °C to 38 °C (277 to 311 K). Table 1.2 shows the list of

existing long distance CO2 pipelines.

Table 1.2 Existing long-distance CQO: pipelines [10]

Pipeline Location Operator Capacity  Length  Diameter Year
MtCO»/yr km in finished
Cortez USA Kinder Morgan 19.3 808 30 1984
Sheep Mountain ~ USA BP Amoco 9.5 660 24 -
Bravo USA BP Amoco 7.3 350 20 1984
Canyon Reef USA Kinder Morgan 52 225 1972
Val Verde USA Petrosource 2.5 130 1998
Bati Raman Turkey Turkish Petroleum 1.1 90 1983
Weyburn USA North Dakota 5 328 12-14 2000

Gasification Co.

Total 49.9 2591

The quality specifications for composition of CO; pipelines given for Canyon Reef

project are [10]:

e Carbon Dioxide: The CO; stream shall contain minimum 95 mol% of CO

e Water: The stream shall not contain free water

e Hydrogen sulphide: The stream shall not contain more than 1500 ppmw H>S
e Total Sulphur: Not more than 1450 ppmw of total sulphur

e Temperature: Not more than 48.9 °C

e Nitrogen: Not more than 4 mol%
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e Hydrocarbons: Not more than 5 mol%
e Dew point: Shall not exceed -28.9 °C in the presence of hydrocarbons

e Oxygen: Not more than 10 ppmw

1.1.3 CO: storage

The captured and transported CO> would be effective to the climate protection only if
the CO; can be stored permanently and safely underground. A practical geological
storage location should consist of a porous rock formation and one impermeable cap
rock on top of the formation to prevent the release of stored CO.. Over the next few
millennia, most of the CO; would dissolve in the water among the rock formation. The
dense COz-rich water then would sink to the formation’s floor and the CO, would be

bound to the rock formation after crystallisation by mineral processes.

Saline aquifers with typically more than 800 meters below the surface are suitable for
permanent carbon storage. Depleted natural gas reservoirs also can be suitable option

for storage [30].

1.2 This work

This work is a part of the joint industrial project titled “Impact of Common Impurities
on Carbon Dioxide Capture, Transport and Storage” [31]. The physical properties to be
investigated during the project are phase equilibira, hydrates, solid formation, density,
viscosity, interfacial tension, solubility in brine and pH. The first phase of the project
has been conducted from October 2011 to October 2014. The companies sponsored the
project, which is acknowledged, are Chevron, Total, Statoil, National Grid, OMV,
Petroleum Experts, Linde Group and Galp Energia.

The aim of this work is to investigate the effect of common impurities such as methane,
ethane”, nitrogen, oxygen, hydrogen, argon, carbon monoxide, hydrogen sulphide and
sulphur dioxide on the thermos-physical properties, particularly density and viscosity,

of CO»-rich systems.

In chapter 2, different types of impurities in capture processes and specifications for the
transport of CO2 systems in pipelines would be reviewed. Then, the different CO;

streams containing impurities, which were investigated in this work, will be introduced.

10
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To understand the thermodynamic properties of different COz-mixtures, study of
Equations of State (EoS) is extremely important. In literature several references are
available on CO, and CO> mixture EoS, nevertheless a suitable equation of state for
mixtures in appropriate conditions for pipeline transport, in particular with a high CO»
concentration, has not been clearly defined. The aim of chapter 3 and chapter 5 is to
investigate the density of CO; streams containing impurities. In chapter 3, the densities
of pure CO», for calibration purposes, binary systems and multi-component mixtures
were measured. Then, the generated experimental data were employed to evaluate the
equation of states with new volume correction for CO; systems in our in-house software
package. In chapter 5, the densities of acid gases and liquids, CO> containing H>S and

SO; have been measured.

Estimation of transport properties is of crucial interest to understand and estimate flow
and heat transfer behaviour of fluids. Viscosity is a key transport property for pipeline
systems as well as sub-surface and process systems. There are some methods to predict
the viscosity of fluids in each system. A widely used method to calculate the transport
properties of fluids, particularly viscosity, is based on the corresponding states (CS) and
extended corresponding states (ECS) concepts. Another common concept to determine
the viscosity of fluids is the residual viscosity concept. The aim of chapter 4 is to
investigate the viscosity of CO-rich systems by measuring the viscosity using classical
capillary tube technique. The modified predictive models and correlative models then

would be evaluated using the measured viscosity data.

A good understanding of vapour-solid / vapour-liquid-solid / liquid-solid equilibrium of
CO; and COz-mixtures at low temperature is an important issue regarding the safety
assessment of CO» pipelines and the possibility of solid or ‘dry ice’ discharge during an
accidental release or rapid decompression. In chapter 6, the frost points of some of the

mixtures were measured using a SETARAM BT 2.15 calorimeter at various pressures.

11
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CHAPTER 2: IMPURITIES IN THE CO: STREAM

2.1 Introduction

The main sources of the CO; emissions are power plants in the CCS chain. The
produced CO» in the flue gases before or after the fuel combustion should be captured.
The captured carbon dioxide from the power plants or any other sources may contain
impurities which would have practical impacts on the design and also potential impacts
on health, safety and environmental issues during the transport and storage of the
carbon dioxide. In the CCS chain, the types and concentrations of the impurities will
depend on the type of capture process. Table 2.1 shows the types and quantities of the
possible impurities from different capture technologies. As seen in this table, the post-
combustion process has the lowest impurity content in comparison to the other two
capture technologies. There are many post-combustion capture plants which produce
high purity CO; for use in the food industry.

In a pre-combustion process, CO capture by physical solvent usually contains 1-2
mol% hydrogen, carbon monoxide and traces of hydrogen sulphide. In other pre-
combustion processes impurities like nitrogen, methane, hydrogen and carbon
monoxide may be found. The CO» stream captured by oxyfuel processes contains argon,
oxygen, nitrogen, sulphur dioxide and nitrous oxides. Further reduction of the
impurities in this capture process can be implemented by liquefaction of the flue gas
and distillation process which will increase the cost of capturing process [1].

Apart from the CCS chain, some natural accumulation of COz can happen naturally in
geological structures. Some natural gas reservoirs have a large CO> content up to
70 mol% or more; the higher the concentration of CO», the less possibility the field to
be commercialised. For instance the Natuna gas field in Indonesia with more than 46
trillion cubic feet (TCF) of natural gas reserves is the biggest natural gas field in the
South-East Asia. However, the field gas contains about 70% COz. Thus, the field may
never be exploited for its natural gas without finding a solution for re-injecting for
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enhanced oil recovery or geological storage of the CO,. These types of natural
accumulations of CO» also can be found in Italy, Western United States, and Southern

Australia [2].

Table 2.1 Concentrations of impurities in CO2 in vol% (Source: IEA GHG 2003, 2004 and 2005)

SO: NO H>S H> co CHs N2/Ar/O2 Total

COAL FIRED PLANTS
Post-combustion process <0.01 <0.01 0 0 0 0 0.01 0.01
Pre-combustion process 0 0 0.01-0.6 0.8-0.2 0.03-04 0.01 0.03-0.6 2.1-2.7
Oxyfuel 05 0.01 0 0 0 0 3.7 42
GAS FIRED PLANTS
Post-combustion process <0.01 <0.01 0 0 0 0 0.01 0.01
Pre-combustion process 0 0 <0.01 1.0 0.04 2.0 1.3 4.4
Oxyfuel <0.01 <0.01 0 0 0 0 4.1 4.1

Some technical specifications should be considered for safe and economic transport of
the contaminated CO> with impurities. Nowadays, there are no widely accepted
standards for CO» purity and composition of COz-rich stream for pipeline
transportation. Only few trade agreements and business guidelines are available in some
specific projects in the United States. Table 2.2 shows CO: specifications from pipeline
operators [3]. It is mentioned in these guidelines that the amount of the non-condensable
gases shall not exceed 5 mol% in the design basis and shall not be more than 3 mol%
during pipeline operation.

The techno-economic studies by Yan et al. [4] about the impact of non-condensable
gases produced in the oxyfuel process on CO> transportation shows that the reasonable
purification limit in terms of cost is limited to 4 volume percent. However, for short
distance applications, purification level could be raised up to 10 volume percent. Also in
Dynamis CO:2 quality recommendations [5] the limit of 4 volume percent for non-
condensable gases is set to minimise their impact on the pipeline capacity and
compression costs for the hydraulic behaviour of CO> transport in presence of

impurities.
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Table 2.2 CO: specifications from the pipeline operators and business agreements

Component Kinder Morgan Weyburn Sleipner
Type of project EOR EOR

CO, vol% 95% 96% 93-96%
CH4 ppm 0.70%

CyHs ppm

C;5* ppm

Total hydrocarbons  vol% <5% 2.30% 0.5-2.0%
H» ppm

CO ppm 1000

N» vol% <4% <300 ppm

Other inerts ppm

Total inerts vol% 3-5%
(0)} ppm 10 <50

HoS ppm 10-200 9000 <150
SOx ppm

Total sulphur ppm

H,O lbs/MMcf 30 <20 ppm saturated
Glycol gal/MMcf 0.3

2.2 Materials in this work

The materials include pure CO,, CO;-hydrogen binary systems, CO»-toxic gases
binaries and multi-component mixtures. The mixtures supplied by BOC were certified
on the basis of gravimetry in accordance with ISO 6142 with analytical validation. The
volume of the cylinders is about 2 cubic meters. It is recommended by supplier not to
use the product below 5% of actual contents. According to the suppliers’ instructions to
prevent condensation, the cylinders were kept in the laboratory area with a temperature
of about 20 °C. The reported expanded uncertainties in each table are based on a
standard uncertainty multiplied by a coverage factor k = 2, providing a level of
confidence of approximately 95%. The following pure compounds and mixtures were

used to conduct the density, viscosity and melting point measurement tests.

2.2.1 Pure carbon dioxide

Pure CO; used to conduct the tests has been supplied by Air Products in research grade

(N4.5). Table 2.3 shows the maximum level of impurities in the CO> used in this work.
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Table 2.3 Impurities of Pure CO>

Impurities Quantity (ppm)
0} <10
H>O <7
CO <2
THC (as CHa) <5
N2 <25

2.2.2 Binary systems

Two carbon dioxide binary systems with approximately 5% and 10% hydrogen as the

impurity have been studied.

e Hydrogen-CO> binary system 1, BINARY 1, Supplied by BOC, Research Grade,
uncertainty < 2%, with approximately 5% impurity

e Hydrogen-CO> binary system 2, BINARY 2, Supplied by BOC, Research Grade,
uncertainty < 2%, with approximately 10% impurity

The following chemicals have been used to prepare binary mixtures using gravimetry

technique in the tests conducted in Mines Paristech, Fontainbleau, France. The

compositions of the binary systems are given in Table 2.4.

e Hydrogen Sulphide binary system

*  COg, used in experiments was 99.995% pure, supplied by Air Liquide
» H>S, used in experiments was 99.5% pure, supplied by Air Liquide

e Sulphur Dioxide binary system

*  COg, used in experiments was 99.995% pure, supplied by Air Liquide
= SO», used in experiments was 99.5% pure, supplied by Air Liquide

Table 2.4 and Figure 2.1 show the compositions and phase envelopes of the binary

mixtures, respectively.

Table 2.4 Compositions of the binary systems (% mole)

Components BINARY 1  BINARY 2 CO2 + H2S Cft’;; §82 CO2+ S0
Carbon Dioxide Balance Balance 95.05 94.78 95.03
94.82 89.67 (£0.143%) (£0.180%) (£0.181%)
Hyvdrogen 5.18 10.33 . N .
ydrog (£0.104%) (£0.207%)
. 4.95
Hydrogen Sulphide - - (£0.004%) - -
. 5.22 4.97
Sulphur Dioxide - - (£0.010%) (£0.010%)
Total 100 100 100 100 100
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2.2.3 Multi-component mixture systems

Varieties of multi-component mixtures with diverse impurities and different percentages

have been prepared. Each mixture represents the composition of gas from a specific

source. MIX 1 with approximately 4.4% impurities such as methane, nitrogen,

hydrogen, argon, oxygen and carbon monoxide can show a proper behaviour of the

streams suitable for the carbon capture, transport and storage. MIX 2 with a wider range

of approximately 10% of non-condensable gases, i.e., nitrogen, oxygen and argon, has

been prepared to denote the CCS stream fluids. Mixture 3 with 30% light hydrocarbons

and 70% CO: represents the Natuna gas field composition in Indonesia which is the

biggest gas field in the South East Asia.

e Multi-component mixture 1, MIX 1, supplied by BOC, Research Grade, uncertainty
< 5%, with approximately 4.4% impurities

e Multi-component mixture 2, MIX 2, supplied by BOC, Research Grade, with
approximately 10% impurities of non-condensable gases

e Multi-component mixture 3, MIX 3, supplied by BOC, Research Grade, with
approximately 30% impurities of hydrocarbons, Natuna natural gas offshore field,
South East Asia, Indonesia

e Multi-component mixture 4, MIX 4, supplied by BOC, Research Grade, with
approximately 50% impurities of hydrocarbons

e Multi-component mixture 5, MIX 5, supplied by BOC, Research Grade, uncertainty
< 2%, with approximately 4% of non-condensable gases

e Multi-component mixture 6, MIX 6, supplied by BOC, Research Grade, with
approximately 30% impurities of hydrocarbons and nitrogen

The compositions of the multi-component mixtures are given in Table 2.5. Also,

Table 2.6 shows the molecular weights, critical points, cricondentherm and

cricondenbar for the studied binaries and multi-component mixture systems.
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Table 2.5 Compositions of the multi-component mixture (mole%o)

Components MIX 1 MIX 2 MIX 3 MIX 4 MIX 5 MIX 6
Carbon Dioxide Balance Balance Balance Balance Balance Balance
95.64 89.83 69.99 49.93 95.97 69.99
0.6261 20.02 39.99 7.901
Methane (£0.031%) 0 @0.11%)  (£0.20%) 0 (£0.040%)
6.612 3.510 7.015
Ethane 0 0 (£0.034%)  (£0.018%) 0 (£0.036%)
Propanc 0 0 2.58 1.530 0 4.968
P (£0.013%)  (+0.008%) (+0.025%)
0.3997 0.501 2.067
n-Butane 0 0 (=40 ppm)  (£0.006%) 0 (+0.0011%)
. 0.3998 0.499 2.049
i-Butane 0 0 (+40 ppm) (+0.005%) 0 (£0.0011%)
0.513
n-Pentane 0 0 0 (£0.006%) 0 0
Nitrosen 1.41 5.05 0 3.524 2.028 6.009
g (£0.071%)  (£0.04%) (£0.018%)  (£0.041%)  (£0.031%)
0.8175 0.605
Hydrogen (£0.041%) 0 0 0 (£0.012%) 0
0.08 3.07 0.783
Oxygen (£0.004%)  (£0.10%) 0 0 (£0.016%) 0
1.21 2.05 0.611
Argon *0.061%)  (+0.06%) 0 0 (£0.012%) 0
. 0.2127
Carbon Monoxide (0.011%) 0 0 0 0 0
Total 100 100 100 100 100 100

Table 2.6 Properties of binaries and multi-component mixture systems using modified PR EoS

Material MW Critical Point Cricondentherm Cricondenbar
T/K P/ MPa T/K P/ MPa T/K P/ MPa
CO,+tH,S 435 304.95 7.700 306.36 7.056 304.95 7.700
CO2+S0; 45.0 313.25 7.893 313.45 7.861 313.25 7.893
MIX 1 43.6 301.35 7.982 301.46 7.922 301.17 8.119
MIX 2 42.8 295.03 8.938 297.43 8.587 295.03 8.938
MIX 3 37.6 284.96 7.640 286.33 7.501 284.79 7.667
MIX 4 32.1 264.32 8.781 272.30 7.348 263.20 8.800
MIX 5 433 301.58 7.969 301.74 7.950 301.46 8.081
MIX 6 40.4 296.09 7.932 298.59 7.388 295.95 7.969

20



Chapter 2: Impurities in the CO; stream

30 T
- — - =BINARY 1 !
L — - - BINARY2 ‘
25 [ ----- Pure CO2 ':
i \ |
°l
[ I\
20 F P
- ll \
i ! .
SO ! .
S 15 | | '~
~ i i T~
(a8 B ] C S~~~ .
[ ~ .
10 | P~
| T A
i : e
B ] "/’I'
> : Gt
L | e
| ] ,_u—"
I 4-|—~"‘“/
O ] - sle =T 1 1 L L L 1 1 L 1 1
170 220 270 320
T/K
Figure 2.1 Phase envelopes for hydrogen-CO: binary systems
12 T
F — —MIX1 !
[ - = MIX2 '
- — — —MIX3 !
10 F .. Pure CO2 '
- i
[ i -3
N ! s’
8 T | e,
[ ! e/
© L : Lo v S
[a i : _ - ,// f //,
= 6 f L.-07 B 1)/
~ B 7 0
[} B T e ’7 /.//,/I
B Vg / ’
i ! v , ./(,
4 Lo o
[ : // /.//,41
B /r /'/,I
B ~ - - ] ,.,/,I,
2 : P : é/’//
- ]
= - - l td
- A
0 1 1 L ey X bl L 1 1 1 1 1 1 1 1 1 1
150 200 250 300

T/K

Figure 2.2 Phase envelopes for multi-component mixture systems 1, 2 and 3

21



Chapter 2: Impurities in the CO; stream

12 T
L ceeeeceee MIX 4 :
i MIX 5 |
5 MIX 6 !
10 | ----- Pure CO2 !
- :
L 1 e
L |
8 F |
L ]
- i
/
& i : /
= 6 [ P {
~ - + "
[a : . : ,/’
1 (4
o ' ,I
4T i Ny
L : s
L 1 '.',I
L ! A’
2 = : /’:':
3 ! 77
] P
L N ”1 .
i 1 .-
L ,4l"
0 1 1 A -b—"'-'—“l 1 1 1 1 1 1 1 1 1 1
150 200 250 300

T/K

Figure 2.3 Phase envelopes for multi-component mixture systems 4, S and 6

22



Chapter 2: Impurities in the CO; stream

REFERENCES

IPCC,2005: Special Report on CARBON DIOXIDE CAPTURE AND STORAGE.
2005.

Peter Cook, Clean Energy, Climate and Carbon. CO2CRC Limited, 2012.
E. de Visser, C. Hendriks, M. Barrio, M. J. Mglnvik, G. de Koeijer, S. Liljemark,
and Y. Le Gallo, “Dynamis CO; quality recommendations,” Int. J. Greenhouse

Gas Control, vol. 2, no. 4, pp. 478-484, Oct. 2008.

C. B. Jinying Yan, Marie Anheden, “Impacts of Non-condensable Components
on CCS,” 2008.

B. Wetenhall, H. Aghajani, H. Chalmers, S. D. Benson, M.-C. Ferrari, J. Li, J. M.

Race, P. Singh, and J. Davison, “Impact of CO> impurity on CO, compression,
liquefaction and transportation,” Energy Procedia, vol. 63, pp. 2764-2778, 2014.

23



Chapter 3: Density measurements and modelling

CHAPTER 3: DENSITY MEASUREMENTS AND MODELLING

The aim of this chapter is to investigate the densities of the COx-rich systems. The
densities of pure CO., two CO»-H; binary systems (with 5 and with 10 mol% H>), and 6
multi-component mixtures (MIX 1 with 5 mol% impurity, MIX 2 with 10 mol%
impurity, MIX 3 with 30 mol% impurity, MIX 4 with 50 mol% impurity, MIX 5 with
4 mol% impurity and MIX 6 with 30 mol% impurity) were measured at pressures
ranging from 1 to 120 MPa at six different temperatures, 273.15, 283.15, 298.15,
323.15, 373.15 and 423.15 K (0, 10, 25, 50, 100, 150 °C) in the gas, liquid and
supercritical regions using an Anton Paar densitometer. The experimental data then
were used to evaluate a new CO:2 volume correction model as well as classical cubic

equation of states (PR and SRK) with and without Peneloux shift parameters.

3.1 Introduction

The application of carbon capture and storage becomes increasingly important, from
both scientific and industrial points of view, the overall aim being to reduce CO:
emissions. CCS technology can provide a potential to cut/reduce the large scale release
of CO, emissions to the atmosphere. The process comprises three main steps: capture,
transport and storage. Three capturing technologies are under development: pre-
combustion, post-combustion and oxy-fuel combustion. The aim of each capturing
technology is to capture CO,, preventing it from release to the atmosphere, following
this to transport it to a suitable place of storage. However, the CO> coming from capture
processes will contain a range of impurities as none of the technologies are efficient
enough to produce pure COz. The concentration and type of the impurities will depends
on many factors like fuel type, capture technology and the design of the plant. [1]
Between the capture and storage, the CO; has to be transported by one or a combination
of different means of transport, i.e. road, rail, sea or pipeline. Transport by pipeline is
the preferred option when transporting large quantities of carbon dioxide over longer

distances.[2] Carbon dioxide transport pipelines play a key role in linking the capture
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and storage of CO> systems. Technically, CO: can be transported through pipelines in
the form of a gas, a supercritical fluid or in the sub-cooled liquid state. Operationally,
the most efficient CO» pipelines used for enhanced oil recovery transport the CO; as a
supercritical fluid. [3] As the critical point of CO, (7.38 at 31.1 °C) and triple point
(0.518 MPa at -56.6 °C) are very different from conventional fluids present in transport
pipelines in oil and gas industry, the modelling of these pipelines poses new challenges.
[4] It has been proposed that the operating pressure of CO» transport pipelines should be
above 8.6 MPa to make sure that the fluid will be always in the single super critical
phase over a range of temperatures that the pipeline may encounter. [5] The captured
CO> from the power plants or other energy sources is not pure and contains impurities
depending on the capture technology. The main effect of the presence of impurities,
particularly if hydrogen or nitrogen is present, is to change physical properties of the
stream such as critical pressure, which can have a significant effect on the hydraulic
behaviour of the CO> stream. In addition both the density and viscosity of the fluid will
change. [6]

To understand thermodynamic properties of different CO,-mixtures, study of Equations
of State (EoS) is extremely important. In literature several references are available on
EoS suitable/used for CO; and CO, mixtures [7] [8] [9] [10], nevertheless a suitable
equation of state for mixtures in appropriate conditions for pipeline transport, in

particular with a high CO> concentration, has not been clearly defined [11].

3.2 Literature review

According to the requirements of engineering applications for design and operation of
COs capture and storage systems, cubic equation of states are preferable to predict VLE
properties and density calculations [9] due to the simplicity and availability in the oil
and gas industry as well as commercial software packages. The systems to be studied
may contain a wide range of components including pure CO>, and mixtures with other
gases, amines, ionic liquids, water, and brines. Some studies have been conducted to
investigate thermodynamic properties of CO2 and CO;-mixture systems using equations
of state.

The SRK EoS was investigated by Frey et al. [12] for density and phase equilibria of
mixtures, including the CO>-H>O and CO»-CHj4 binary systems. They applied a density
and temperature dependant volume translation function on SRK EoS. They found that
selection of mixing rules has a significant influence on the results of their method,

which is abbreviated as DMT. Also, Thiery et al. [13] evaluated the SRK EoS for VLE
25



Chapter 3: Density measurements and modelling

and volume calculations of CO2-N,, CO2-CH4 and CO2-CH4-N». Their results showed
that with the SRK EoS, the average deviation for the saturated pressures is around 1%
in the temperature range of 208.45-270 K for the CO;-CHs system, 4% in the
temperature range of 218.15-273.15 K for the CO2-N; system, and 2-3% for the CO»-
CH34-N2 system.

The PR and Patel-Teja (PT) EoS were investigated by Al-Sahhaf et al. [14] for VLE of
the N»-CO»-CHaternary system. Also, Boyle and Carroll [15] investigated PR, SRK, PT,
PR-Peneloux, SRK-Peneloux and PR-Mathias EoS for density calculations of CO>-H>S.
The results showed that PT is the most accurate EoS in liquid region, supercritical
region, and overall, with an Absolute Average Deviation (AAD) of 2.16%, 2.26% and
1.82% respectively; while SRK is the most accurate EoS in the vapour region with an
AAD of 0.51%. Seven cubic equations of state were evaluated with respect to VLE and
density of CO; mixtures including CHa, N2, Oz, H2S, SO> and Ar using many of the
experimental data presented by Li et al. [9] [11] [16]. The EoS evaluated were PR, RK,
SRK, PT, PR-Peneloux, SRK-Peneloux and the improved SRK. The binary interaction
parameters, k;;, were calibrated with respect to VLE data.

Mantovani et al. [17] presented experimental data for supercritical CO; binary systems
of nitrogen, oxygen and argon used in oxy-fuel capture process with almost 5% and
10% impurities. They have used vibrating tube densimeter (VTD) for pressures ranging
from 1 MPa to 20 MPa at different temperatures from 303 to 383 K. They also have
tuned the binary interaction parameters against experimental data using PR, SRK-
Peneloux and BWRS equations of state. For the CO>-N; systems, they have reported an
AAD of 2.10%, 3.05% and 1.71% for PR, SRKP and BWRS, respectively. Also, the
AAD of 2.37%, 3.92% and 1.97% for those of CO»-O> systems and 2.56%, 4.07% and
1.75% for those of CO2-Ar systems. All the AADs reported using the new regressed k;;
parameters. It can be seen that for each case, BWRS can predicts better than cubic
equation of states. Sanchez-Vicente et al. [1] presented the density data for three CO»-
H> mixtures, as the main impurity of pre-combustion capturing process, with 2%, 7.5%
and 10% as the impurity at 288.15-333.15 K and pressures between 1.5 and 23 MPa.
Then, they have compared their density data with the values calculated by the GERG-
2004 equation of state using the original parameters provided by Kunz et al. [8]. The
deviations between the experimental and calculated density are also calculated and
analysed in the critical and liquid regions of the mixtures. They have concluded that 2%
hydrogen can reduces the molar density of CO2 up to 25% in the critical region which

can significantly affect the compression and transportation developments for CCS. They
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also have found that the GERG-2004 EoS can accurately predict the density of CO»-rich
systems with low H> concentration (2%) with an AAD of 0.6% while for the high H»
concentrations, AADs of up to 4% and 14% were observed for the liquid phase and
supercritical phase, respectively.

Rivas et al. [18] measured density of CO2-CH4 and CO2-CO systems at T = 304.21 and
308.14 K and pressures ranging from 0.1 MPa to 20 MPa and xco2 > 0.97. Then, they
modelled the volumetric behaviour of these systems using the PR, PC-SAFT and GERG
equations of state. The deviations were reported less than 3.5% for PR, 2.8% for

rescaled PC-SAFT and 1.0% for GERG.

3.3 Experiments
3.3.1 Equipment description

The densities of CO»-rich systems were measured using a high temperature and pressure
oscillating U-tube densitometer, Anton Paar DMA-HPM, which consists of a measuring
cell and an evaluation unit. A schematic view of the apparatus is shown in Figure 3.1.
The measuring cell includes a U-shaped Hastelloy C-276 tube that is excited to vibrate
at its characteristic frequency electronically. The DMA-HPM is connected to an mPDS
2000V3 evaluation unit which measures the oscillation period. The resolution of the
unit is seven significant digits.

The temperature of densitometer is controlled by an oven, manufactured by BINDER
GmbH, which can be used at temperatures between -70 ‘C to 200 “C (203 K to 473 K).
The measuring U-shaped cell is insulated from the environment keeping the temperature
stable to £0.01 °C. A built-in thermometer which is connected to the mPDS 2000V3
unit can show the temperature of vibrating tube cell. A hand pump which can inject or
withdraw the mercury to the set-up is used to control the system pressure. Two
Quartzdyne pressure transducer (model: QS 30K-B) with the design pressure up to 207
MPa and standard uncertainty of £0.02 MPa [19] were connected to record the system

pressure.
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Figure 3.1 Schematic diagram of the densitometer apparatus

3.3.2 Measurement and calibration procedures

All the experiments were conducted using the Anton Paar densitometer. In each test,
after applying vacuum to the entire system, the sample was injected through the
injection point on top of the densitometer. It should be pointed out that the sample fluid
during the injection must be kept in single phase to avoid composition change due to
flashing. Then after disconnecting the sample cylinder from the system, it was allowed
to stabilise at the desired temperature. When the temperature of the vibrating tube is

stable, the desired pressure was set using the hand pump. Once conditions had
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stabilized, the oscillation period of the U-tube is determined from the interface mPDS
2000V3 evaluation unit.

The measurement of density with a vibrating tube densitometer is not absolute, thus, the
raw data (period of oscillation) should be further treated to obtain the densities. The
relationship between them is:

p(T,P)=A(T,P)7*(T,P)-B(T,P) (3-1)

where p(T,P) is the sample density at temperature 7" and pressure P, 7(7,P) is the
period of oscillation at temperature and pressure, A(7, P) and B(T, P) are the apparatus

parameters depending on temperature and pressure, and they must be determined from
calibration measurements. For calibration, CO, density can be used as a reference
substance at two different pressures (the lowest and the highest desired pressures in the
system at the same temperature) in gas, liquid and supercritical phases. The apparatus

parameters then were defined as follows:

_ p(T,P)—p(T.P,) )
A(TP)=3 (T,P,)-7*(T,P,) -2

v (T,P,)p(T,P,)—7°(T,P,)p(T,P,) (3-3)

B(T,P)= ©(T,P)-7(T,P,)

During our calibration, the density of pure CO2 have been measured at different desired
pressures for each isotherm. The density data used for calibration were calculated with
REFPROP v8.0 using the Span and Wagner multi-parameters equation of state [20].
Then, the parameters A and B were calculated by plotting the linear trend line for
density versus squared oscillation period measured at different desired pressures at each
isotherm. The procedure has been repeated for each isotherm once at low pressures, i.e.
gas phase, then at higher pressures, i.e. dense liquid / supercritical phases. Figure 3.2
and Figure 3.3 show the procedure to determine A and B parameters at 373.15 K (100
°C) at low and high pressures, respectively. All calibration data for each isotherm at low
pressures (gas phase) and high pressures (dense phase) can be seen in Table 3.1 and

Table 3.2, respectively.
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Figure 3. 3 Calibration procedure using pure CO: at 373.15 K at high pressures (dense phase)
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Table 3. 1 Calibration data using pure CO: at low pressures (gas phase)

No T P Period P REFPROP Period?
K MPa us glee us?
(£0.1) (£0.02) (£0.005)

1 273.27 1.276 2417.372 0.0272 5843687.4
2 273.27 2.075 2419.303 0.0477 5853027.0
3 273.27 3.287 2423.028 0.0887 5871064.7
4 283.32 0.967 2420.026 0.0192 5856525.8
5 283.32 2.085 2422.275 0.0451 5867416.2
6 283.31 3.809 2427.179 0.0999 5891197.9
7 283.29 0.745 2419.422 0.0146 5853602.8
8 283.31 0.986 2419.942 0.0196 5856119.3
9 283.32 2.034 2422.182 0.0438 5866965.6
10 283.30 4.109 2428.783 0.1133 5898986.9
11 298.36 0.669 2423.921 0.0123 5875393.0
12 298.36 1.034 2424438 0.0194 5877899.6
13 298.37 2.080 2426.469 0.0415 5887751.8
14 298.36 5.168 2435.391 0.1387 5931129.3
15 323.46 1.040 2432.229 0.0177 5915737.9
16 323.45 1.705 2433.385 0.0299 5921362.6
17 323.46 2.095 2434.084 0.0374 5924764.9
18 323.47 5.232 2440.921 0.1112 5958095.3
19 323.48 6.923 2446.297 0.1682 5984369.0
20 373.55 1.050 2448.685 0.0153 5996058.2
21 373.55 1.320 2449.071 0.0193 5997948.8
22 373.55 2.082 2450.061 0.0310 6002798.9
23 373.56 5.199 2455.071 0.0842 6027373.6
24 373.56 10.492 2466.093 0.2006 6081614.7
25 423.46 1.314 2465.475 0.0167 6078567.0
26 423.46 2.079 2466.363 0.0268 6082946.4
27 423.46 4.985 2470.217 0.0671 6101972.0
28 423.47 10.376 ~ 2478.314 0.1517 6142040.3
29 423.48 20.820  2497.709 0.3415 6238550.2
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Table 3. 2 Calibration data using pure CO: at high pressures (dense phase)

No T P Period P REFPROP Period?
K MPa us glee ns?
(£0.1) (£0.02) (£0.005)

1 273.07 3.615 2500.031 0.9292 6250155.0
2 273.07 4.958 2500.974 0.9407 6254870.9
3 273.09 10.763 2504.517 0.9786 6272605.4
4 273.10 20.937  2508.752 1.0243 6293836.6
5 273.10 52.060  2516.628 1.1088 6333416.5
6 273.10 103.634  2524.503 1.1907 6373115.4
7 273.10 125.170  2527.011 1.2161 6385784.6
8 283.03 4.597 2497.442 0.8637 6237216.5
9 283.03 5.196 2497.982 0.8724 6239914.1
10 283.03 10.484  2502.835 0.9249 6264183.0
11 283.01 21.329  2508.552 0.9868 6292833.1
12 283.00 51.444  2517.232 1.0803 6336456.9
13 283.03 104.127  2525.886 1.1707 6380100.1
14 283.02 125.563  2528.511 1.1973 6393367.9
15 298.49 4.993 2434.706 0.1304 5927793.3
16 298.48 12.337 2500.926 0.8472 6254630.9
17 298.49 20.395 2507.222 0.9152 6286162.2
18 298.50 50.955 2518.404 1.0358 6342358.7
19 298.50 76.410  2523.778 1.0928 6369455.4
20 298.49 103.645  2528.125 1.1380 6391416.0
21 298.49 124914  2530.945 1.1668 6405682.6
22 298.50 22902  2508.612 0.9302 6293134.2
23 323.67 40.117 2516.382 0.9221 6332178.4
24 323.66 25.518 2508.396 0.8361 6292050.5
25 323.66 76.897 2526.968 1.0352 6385567.3
26 323.65 104.173  2531.985 1.0878 6410948.0
27 323.66 125.526  2535.163 1.1205 6427051.4
28 323.66 125.526  2535.163 1.1205 6427051.4
29 373.45 17.162  2489.108 0.3984 6195658.6
30 373.46 20.837  2493.806 0.5002 6219068.4
31 373.48 35.627 2514.401 0.7198 6322212.4
32 373.49 52.121 2524.656 0.8286 6373887.9
33 373.49 104.283  2540.168 0.9914 6452453.5
34 373.49 125.860  2544.158 1.0325 6472739.9
35 423.37 26.990  2506.068 0.4470 6280376.8
36 423.38 51.343 2529.613 0.6953 6398941.9
37 423.38 75.907  2541.127 0.8158 6457326.4
38 423.38 104.243  2549.567 0.9024 6500291.9
39 423.39 124.656  2554.176 0.9487 6523815.0

Finally, the A and B calibration parameters at low and high pressures at different

measuring temperatures can be found below in Table 3.3.
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Table 3. 3 Calibration Parameters for Anton Paar DMA-HPM Densitometer using pure CO:

Gas Phase Liquid or Supercritical Phase
T/°C T/K A B A B

0 273.15 2.2489E-06 13.1148729 2.11433E-06 12.28403271
10 283.15 2.22815E-06 13.02872592 2.13096E-06 12.42475544
25 298.15 2.25362E-06 13.22771299 2.11904E-06 12.40548964
50 323.15 2.19724E-06 12.98059669 2.10897E-06 12.43289764
100 373.15 2.16346E-06 12.95646413 2.09829E-06 12.54758176
150 423.15 2.02721E-06 12.30358989 2.06409E-06 12.51471964

3.3.3 Density validation

The measured density for pure CO2 and MIX 1 has been compared to the density data

measured by Al-Siyabi et al. Figure 3.4 shows the deviations between the pure CO;

density data calculated using the PR-CO, model and the data from Al-Siyabi et al [21]

and this work at different isotherms. The densities measured by Al-Siyabi et al. [21] are

only in the dense liquid / supercritical phase while in this work, the densities were

measured in both gas and dense phases. Also, the deviations of the measured density of

multi component mixture, MIX 1, from the PR-CO, equation of state can be seen at two

isotherms 283.15 K and 323.15 K. The comparisons demonstrate that the density

measurements are in good agreement with experimental data in literature as well as with

predicted results by equation of state.
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Figure 3. 4 Validation data of pure CO: density at different isotherms
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3.3.4 Density measurement uncertainties

The combined standard uncertainties [22] of density measurements for each measured
quantity have been calculated using the root sum of the squares of uncertainties as

shown in the following equation.

ue(p) = Yus(T? +up(p)? + u3(1)? (3-4)

where, u, (T) is the estimated uncertainties due to the temperature, u,(p) the estimated

uncertainties due to pressure and u5(7) the estimated uncertainties of oscillation period.
The estimated uncertainties due to temperature variations, u,(T), has been calculated

from the equation below:

() = J(Z) um? (-5)

ar
In the above equation, u(7) is the standard estimated uncertainty of temperature probe

and is considered to be +0.1 K [23]. The density gradient due to the temperature

.. d .
variations, (ﬁ), has been calculated from the equation below.

(Z_;)) = #(T)(pT+u(T) - PT—u(T)) (3-6)
The upper and lower limits of densities due to temperature effect, pr, ) and pr_ycr),
were estimated from REFPROP v8.0 [20].
The similar procedures have been followed to estimate the uncertainties due to the
pressure and period of oscillations. The standard uncertainty of high pressure
Quartzdyne pressure transducer (model: QS 30K-B), u(p), is determined +0.02 MPa
[19] and standard uncertainty of oscillation period, u(z), is £0.005 us [24].

uy(p) = (3—5)2 -u(p)? (3-7)
() = 5265 (Prewn = Pr-ut) (3-9)
us (1) = (‘;—’T’)Z u(r)? (3-9)
(?Ti) - f@ (Preue = Pr-uw) (3-10)

Finally, the expanded uncertainty of each measured density, U(p), were calculated by
multiplying to coverage factor, k. In this work, the coverage factor K = 2 has been used

to give a level of confidence of 95% for uncertainty of measurements.

U(p)=k uc(p) (3-11)
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Figure 3. 5 Density validation data at two isotherms for MIX 1
3.4 Modelling

Density prediction using classical cubic equations of state are normally lower than the
real density of fluid particularly in the liquid phase. This is due to the unrealistic critical
compressibility assumption for all compounds in the cubic equations of state [25]. To
improve this underestimation in the density, Peneloux, Rauzy, and Freze [26]
introduced volume translation parameter to the overestimated molar volume predicted
by equations of state. In this work, to improve the overestimation of molar volume by
equations of state, a new volume correction parameter, called CO> volume correction
parameter, were subtracted from the molar volume of carbon dioxide and mixtures
containing high CO: concentrations calculated by the cubic equations of state.

Vi = yES e (3-12)

Fos -

where V**is the molar volume calculated by the desired equation of state. The volume

correction parameter in the Equation (3-12),7¢, is given below:

NComp

Ves 3 Ve (3-13)

z; in the above equation is the composition of component i and V¢ is the molar volume

predicted by Equation of state for each composition in the same phase. As this volume
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correction parameter is applicable for the CO;-rich mixtures, the molar volume of CO»,

V is defined by:
Veo, = Vomco, = Vemeco, (3-14)

The molar volume for pure CO> by mBWR equation of state can be calculated from the

equation proposed by McCarty [27] below.

P= Z a,(T)p" +i a,(T)p™ e ™ (3-15)
n=1

Or in more detailed form:
P=pRT+p’[GT+G2)T"” +G(3)+G(4)/T+G(5)/ T |
+p’[GOT+G(7)+G®)/T+G(9)/ T* |+p* [GAOT +G(11)+ G(12) / T]
+p°[G(13)]+p° [G(14)/T +G(l 5)/T2]+ p’[G(16)/T]
+p*[G(7)/T+G(18)/T* |+p’[ G(19)/ T ] (3-16)
+p’[ G(20)/ T> +G(21)/ T’ Jexp(vp* ) +p* [ G(22)/ T + G(23)/ T* exp(vp’)
+p’[G(24)/ T* +G(25)/ T* Jexp(yp ) +p’ [ G(26)/ T* + G(27) / T* |exp(vp”)
+p"'[G(28)/ T +G(29)/ T |exp(vp’)
+p"[G(30)/ T* +GEBN/ T +G(32)/ T* Jexp(yp’)

where,
V=" (3-17)

The parameters G(1) to G(32) in the equation (3-16) can be found from Table 3.4.

In this work, PR and SRK equations of states were employed to predict the densities.
The properties of components in this work are summarised below in Table 3.5. The
modified binary interaction parameters, k;;, shown in Table 3.6 and Table 3.7 for PR and
SRK equations of state, have been employed to improve the phase equilibrium

predictions.
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Table 3. 4 Parameters G(1) — G(32) in the mBWR equation of state

G CO: [28] CHa [29] C3Hs [29]
G(1) -0.981851065838x10 0.9898937956 x10°% -0.2804337729 x10*
GQ2) 0.995062267309 x107! 0.2199608275 x107! 0.1180666107 x10*°
G@?3) -0.228380160313 x10*! -0.5322788000 x10*% -0.3756325860 x10™!
G@) 0.281827634529 x10*% 0.2021657962 x107 0.5624374521 x107
G(5) -0.347001262699 x10*%5 -0.2234398926 x10** -0.9354759605 x1070
G(6) 0.394706709102 x1074 0.1067940280 x10% -0.4557405505 x10°%
G(7) -0.325550000110 x10°! 0.1457922469 x10°% 0.1530044332 x10*%°
G(8) 0.484320083063 x10° -0.9265816666 x107°° -0.1078107476 x107%
G(9) -0.352181542995 x10*%5 0.2915364732 x10*% 0.2218072099 x10*%3
G(10) -0.324053603343 x107 0.2313546209 x10 0.6629473971 x10%
G@1) 0.468596684665 x10"%° 0.1387214274 x10° -0.6199354447 x10°2
G(12) -0.754547012075 x10%° 0.4780467451 x10°? 0.6754207966 x10*!
G(13) -0.381894354016 x10°% 0.1176103833 x10° 0.6472837570 x10*
G(14) -0.442192933859 x10? -0.1982096730 x10 -0.6804325262 x107!
G(15) 0.516925168095 x10*°! -0.2512887756 x10°! -0.9726162355 x10*!
G(16) 0.212450985237 x10° 0.9748899826 x10 0.5097956459 x102
G(17) -0.261009474785 x10°% -0.1202192137 x107% -0.1004655900 x10*
G(18) -0.888533388977 x10° 0.4128353939 x10°* 0.4363693352 x10!
G(19) 0.155226179403 x10 -0.7215842918 x107% -0.1249351947 x10?
G(20) 0.415091004940 x10%03 0.5081738255 x107% 0.2644755879 x10705
G(Q21) -0.110173967489 x10*7 -0.9198903192 x10*% -0.7944237270 x10*"7
G(22) 0.291990583344 x107 -0.2732264677 x107! -0.7299920845 x107%
G(23) 0.143254606508 x10*7 0.7499024351 x107% 0.5381095003 x107%8
G(24) 0.108574207533 x10*! 0.1114060908 x10 0.3450217377 x10*!
G(25) -0.247799657039 x107% 0.1083955159 x10*°! 0.9936666689 x107%
G(26) 0.199293590763 x10" -0.4490960312 x10% -0.2166699036 x107°°
G(227) 0.102749908059 x10*%2 -0.1380337847 x10™! -0.1612103424 x10%%5
G(28) 0.377618865158 x10°% -0.2371902232 x107 -0.3633126990 x10*
G(29) -0.332276512346 x10 0.3761652197 x10°% 0.1108612343 x10*°!
G(@30) 0.179196707121 x10% -0.2375166954 x10%° -0.1330932838 x10*
G@31) 0.945076627807 x107% -0.1237640790 x1077 -0.3157701101 x10°2
G@32) -0.123400943061 x107 0.6766926453 x10 0.1423083811 x10*°
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Table 3. 5 Properties of the components in this work [30]

Compound MW T Roc Zc Y P
g/mol K mol/L MPa
CO, 44.01 304.128 10.600 0.274 0.225 7.374
CH,4 16.04 190.530 10.150 0.286 0.011 4.599
CoHg 30.07 305.340 6.875 0.279 0.099 4.898
CsHs 44.10 369.850 5.000 0.276 0.152 3.398

i- C4Hyo 58.12 407.810 3.880 0.278 0.186 3.494
n-C4Hio 58.12 425.125 3.923 0.274 0.201 3.796
n-CsHiz 72.15 469.700 3.215 0.268 0.252 3.370

CcO 28.01 132.800 10.850 0.292 0.050 4.872
Ar 39.95 150.687 13.407 0.291 -0.002 4.248
N2 28.01 126.192 11.184 0.289 0.037 3.640
Ha 2.02 33.145 15.508 0.303 -0.217 1.293
02 32.00 154.580 13.630 0.288 0.022 5.043

n-CioH2, 142.29 617.700 1.603 0.256 0.490 2.110

Table 3. 6 Modified binary interaction parameters in this work for PR EoS [31]

COz CO Nz Oz Ar Hz CH4 C2H6 C3Hg SOz st

CO, -0.079  -0.014  0.111 0.129 0.089 0.099 0.129 0.131 0.02 0.082
CcO 0.005 02 0.007 02 0.022  -0.003 0? 0.024 0.085

N2 -0.013  -0.007 0? 0.032 0.039 0.083 0.128 0.174

0, 0* 0* 0? 0? 0.112 0.222 02

Ar 0? 0.026 0.054 0? 0? 0?

H, 0? 0? 0? 02 02
CH4 0.001 0.016 0.129 0.084
C>Hs -0.006 0.11 0.084
CsHs 0? 0.082
SO, 02
H,S

a: The EoS was not tuned for this binary system
Table 3. 7 Modified binary interaction parameters in this work for SRK EoS [31]
CO, Cco N> 0, Ar H, CH4 C,Hs C3Hg SO, H,S

CO, -0.062  -0.046  0.106 0.123 0.2 0.100 0.137 0.139 0.020 0.096
CcO 0.006 0? 0.008 0? 0.030  -0.022 0? 0.000 0.061
N2 -0.014  -0.008 02 0.030 0.032 0.078 0.091 0.157

(@) 0? 0? 0? 0? 0.113 0.219 0?

Ar 02 0.028 0.053 0? 02 02

H, 0? 0? 0? 0? 0?
CH,4 -0.003  0.010 0.119 0.077
CoHg -0.005 0.11 0.087
CsHs 0? 0.087
SO, 0?
st

a: The EoS was not tuned for this binary system
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3.5 Experimental and modelling results and discussions

Densities of pure CO» (for calibration purposes), two hydrogen binary systems,
BINARY 1 with 5% and BINARY 2 with 10% hydrogen, multi-component mixtures,
MIX 1 with 5% impurity, MIX 2 with 10% impurity, MIX 3 with 30% impurity, MIX 4
with 50% impurity, MIX 5 with 4% impurity and MIX 6 with 30% impurity were
measured at pressures ranging from 1 MPa to 120 MPa at six different temperatures,
273.15, 283.15, 298.15, 323.15, 373.15 and 423.15 K in gas, liquid and supercritical
regions. Both experimental and modelling results, using CO: correction volume,
Peneloux shift parameter and original equation of states (PR and SRK), are shown in
Table 3.8 through Table 3.15 and Figure 3.6 through Figure 3.23. In each table, the
measured densities as well as the estimated uncertainties of measurements are shown at
the corresponding pressure, temperature and phase. Also, the calculated density using
CO; correction volume, Peneloux shift parameter and original equation of state (PR) are
presented in these tables. Finally, corresponding deviations of the models from
experimental density for each measurement are also shown in each table. In addition,

the Absolute Average Deviations (AADs) for all data are listed in the tables.

Table 3.16 shows the average and maximum estimated expanded uncertainties of
density measurements in this work. The expanded uncertainties were reported with a
level of confidence of 95% by multiplying the calculated combined standard
uncertainty, u.(p), by coverage factor of K = 2 [22]. The average expanded
uncertainties, U(p), in the gas phase is 1.7% while in the dense phase is 0.1%. The
maximum expanded uncertainty in the gas phase were reported 4.5% for MIX 1 at very
low pressure and temperature while that in the dense phase is 0.7%. Generally, the
uncertainty of the measurements are higher at very low pressures in the gas phase as

well as at points close to the two-phase area in either the gas phase or liquid phase.

Table 3.17 summarises the AAD and maximum deviation of the models with PR and
SRK equations of state using CO> volume correction, original and Peneloux shift
parameters, from experimental data for each material at different regions. As can be
seen, both SRK and PR equation of states using CO> volume correction are in good
agreement with experimental density data. The AADs for PR and SRK using CO:
volume correction are 2.2% and 2.3%, respectively. The original PR also can predict
well compared to the original SRK. The AADs for PR and SRK are 4.4% and 4.9%,

respectively. Using the Peneloux shift parameters to predict the density of CO> systems

39



Chapter 3: Density measurements and modelling

can result in an AAD of 3.0% and 4.0% for PR and SRK, respectively. By comparing
the AADs, it is clear that CO2 volume correction with PR and SRK equations of state
can predict well compared to original of EoSs or those using Peneloux shift parameters

for CO;-rich mixtures.

Increasing the density of CO; fluids will reduce the pipeline size and the running cost.
However, the presence of common impurities in CO; stream will reduce the density of
pure CO>. The amount of reduction is function of the mixture composition, pipeline
operating pressure and temperature. The lighter components will reduce the density
more. Also, the amount of reduction could be high at pressures and temperatures close
to the critical pressure and temperature of the mixture. In order to investigate this effect,
spline interpolation is implemented to the modelling and experimental data. Table 3.18
and Figure 3.24 show the reduction in CO» density for tests conducted at 323.15 K (50
°C). A maximum reduction of the CO: density at a certain pressure for a given
temperature is observed for the CO; mixtures. The maximum reduction is 29.2% in BIN
1 (MW = 41.84), 40.3% in BIN 2 (MW = 39.67), 21.7% in MIX 1 (MW = 43.64),
33.9% in MIX 2 (MW = 42.75), 38.5% in MIX 3 (MW = 37.60), 51.9% in MIX 4 (MW
= 32.00), 21.1% in MIX 5 (MW = 43.31) and 31.4% in MIX 6 (MW = 40.45). The
maximum reduction occurs at pressure around 11 MPa (1600 psia) for BIN 1, BIN2,

MIX 1, MIX 2 and MIX 5, and 12.4 MPa (1800 psia) for MIX 3, MIX 4 and MIX 6.

3.6 Conclusions

Evaluation of the new volume correction model based on EoSs using our in-house
software package and the measured experimental data for binary systems and multi-
component mixtures show that the model is in good agreement with the experimental

data.

A maximum reduction of the density at a certain pressure for a given temperature,
323.15 K (50 °C), at supercritical region was found for CO; in the presence of
impurities. Overall, the lighter molecular weight impurities tend to reduce CO, density

much more than those with a molecular weight close to pure CO».
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Table 3. 8 Experimental and modelling results of BINARY 1

No Phase Temp. Press. Density (kg/m?) Absolute Deviation (%)
K MPa Exp. Up) U(p) PR-CO: PR PR PR- PR PR
(£0.1) (£0.02) kg/m® % Pen CO: Pen
Gas 273.28 1425 29.9 0.91 3.0 29.1 29.1 29.0 2.6 2.7 3.0
Gas 273.28 2.106 46.9 1.03 2.2 45.6 45.6 45.4 2.7 2.9 33
Lig. 273.28 10.730  910.1 1.14 0.1 876.8 887.8 851.8 3.7 2.4 6.4
Lig. 273.28 21.025 968.9  0.81 0.1 946.3 977.1 933.5 2.3 0.8 3.7

Lig. 273.28 51.473 11,0622 0.61 0.1 1,0489 1,107.2 1,051.4 1.3 4.2 1.0
Lig. 273.28 103.269 1,151.9 0.43 0.0 1,141.6  1,213.8 1,147.0 0.9 54 04
Liq. 273.28 124.556 11,1793 0.33 0.0 1,1683 11,2423 1,172.5 0.9 53 0.6

Gas 28335 1438 28.9 0.85 3.0 27.8 28.0 27.9 3.7 30 33
Gas 28333 2.099 41.7 0.94 23 42.6 42.9 42.8 24 3.1 2.7
Gas 28332 4515 1159 175 1.5 119.0 118.2 117.2 2.7 2.0 1.2
Lig. 283.31 10.220 8553 1.47 0.2 800.4 796.9 767.8 6.4 6.8 102
Lig. 283.31 20.702 9343  0.87 0.1 900.4 922.0 883.1 3.6 1.3 5.5

Liq. 283.32 51.487 11,0422 0.55 0.1 1,020.6  1,076.0 1,023.2 2.1 32 1.8
Lig. 283.31 105354 11,1395 0.33 0.0 1,123.1 1,196.3 1,131.3 1.4 5.0 0.7
Lig. 283.31 124983 1,161.9 0.4l1 0.0 1,149.0 1,2243 1,156.4 1.1 54 0.5

Gas 29838  2.189 435 0.86 2.0 41.3 41.7 41.6 52 42 4.6
Gas 29838  5.203 126.3 1.50 1.2 123.1 126.0 125.0 2.5 0.3 1.1
Lig. 298.37 10.096 654.1 3.05 0.5 634.6 612.0 594.6 3.0 64 9.1
Lig. 298.37 20.440 841.7 1.00 0.1 824.9 831.8 799.8 2.0 1.2 5.0
Lig. 298.38 51.445 986.1  0.55 0.1 977.6 1,027.4  979.1 0.9 4.2 0.7
Lig. 298.39 103.469 1,096.2 0.41 0.0 1,088.7 1,161.6 1,100.2 0.7 60 04
Liq. 298.38 124467 1,127.4 0.33 0.0 1,119.0 11,1954 1,130.5 0.7 60 03
Gas 32344 2.051 36.5 0.74 2.0 344 34.8 34.6 5.7 4.8 52
Gas 32347 5.251 104.1 1.02 1.0 102.1 104.3 103.6 1.9 0.3 0.4
Gas 32348 10358  298.8 2.74 0.9 306.7 297.1 292.2 2.7 06 22
SC 32346 20.557 7027  1.28 0.2 685.7 670.3 649.1 24 46 7.6
SC 32344 51982 9143  0.57 0.1 907.4 946.7 905.4 0.8 3.5 1.0

SC 32345 102.822 1,041.4 041 0.0 1,036.3  1,106.6 1,050.6 0.5 6.3 0.9
SC 32345 125382 1,078.7 0.41 0.0 1,072.9  1,149.2 1,089.0 0.5 6.5 1.0

BBEA D D WL LW WWLWWWLWWERNRNINNDININDNDNDNDDNFE = ===
B S e AN N RO RN RE S e AR OO NN, S AN N PEPD O —, OO AW —

Gas 373.54 1.996 27.8 0.60 2.2 28.1 28.3 28.2 1.2 1.8 1.4
Gas 373.54 5210 77.6 0.70 0.9 78.9 79.9 79.5 1.8 3.0 2.4
Gas 373.54 10.392 178.6 091 0.5 179.4 181.4 179.4 0.4 1.5 0.4
Gas 373.55 17.543 356.2 1.20 0.3 356.9 346.5 340.2 0.2 2.7 4.5

SC  373.54 29.181 589.9  0.89 0.2 580.8 564.6 549.0 1.5 4.3 6.9

SC 37355 52.182 7779  0.55 0.1 769.1 787.0 757.8 1.1 1.2 2.6

SC 37355 103.531 9487  0.37 0.0 941.9 1,001.9 955.6 0.7 5.6 0.7

SC 37355 124391 9912 0.34 0.0 984.0 1,052.9 1,001.9 0.7 6.2 1.1
Gas 42345 2.065 28.0 0.51 1.8 25.2 25.3 25.3 9.7 9.4 9.7
Gas 42345 5231 67.1 0.56 0.8 66.7 67.1 66.7 0.6 0.0 0.5
Gas 42345 10475 139.6  0.64 0.5 142.7 143.3 142.0 2.2 2.6 1.7
Gas 42345 20.833 302.1 0.74 0.2 310.9 305.2 300.2 2.9 1.0 0.6

SC 42343 48.610 629.5 0.53 0.1 625.5 625.5 606.4 0.6 0.6 3.7

SC 42345 104.123 8594  0.34 0.0 857.7 905.2 866.9 0.2 53 0.9

44  SC 42346 124288 907.1 0.32 0.0 905.7 963.4 920.3 0.2 6.2 1.5
Absolute Average Deviation (AAD) 2.1 3.6 2.8
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Table 3.9 Experimental and modelling results of BINARY 2

No Phase Temp. Press. Density (kg/m3) Absolute Deviation (%)
K MPa Exp. U(p) U(p) PR-CO: PR PR PR- PR PR
(#0.1) (£0.02) kg/m® % Pen CO> Pen
1 Gas 273.29 1.177 247 0.81 33 22.2 22.1 22.1 10.2 103 10.6
2 Gas 27327 2078 43.0 093 22 41.8 41.7 41.6 2.9 3.0 34
3 Gas 273.28 3.916 93.1 140 1.5 93.4 933 92.7 0.3 0.2 0.5
4 Liq. 27326 20.564 829.8 0.85 0.1 860.5 885.4 844.6 3.7 6.7 1.8
5 Liq. 27327 52.306 9732 052 0.1 990.6  1,042.5 986.0 1.8 7.1 1.3
6 Ligq. 27327 103.290 1,076.7 033 0.0 1,089.7 1,155.1 1,086.0 1.2 7.3 0.9
7 Ligq. 27326 124.687 1,106.6 041 0.0 11,1180 11,1854 1,112.8 1.0 7.1 0.6
8 Gas 283.29 1.383 26.0 0.79 3.0 25.1 25.2 25.1 3.4 2.8 3.1
9 Gas 28328  2.106 39.7 0.86 22 39.9 40.2 40.0 0.6 1.3 0.9

10 Gas 283.31 4.900 1157 153 1.3 119.0 118.3 117.3 2.8 2.2 1.4
11 Liq. 283.30 14412 7944 128 0.2 741.1 747.2 718.3 6.7 59 9.6
12 Liq. 28330 20.241 809.1 093 0.1 808.0 824.7 789.3 0.1 19 25
13 Liq. 28332 52.629 899.0 052 0.1 962.8  1,012.1  958.7 7.1 126 6.6
14 Liq. 283.32 103.634 9928 041 0.0 1,068.8 1,134.7 1,068.0 7.7 143 7.6
15 Liq. 283.32 124467 11,0229 033 0.0 1,098.0 1,166.5 1,096.1 7.3 14.0 7.1
16 Gas 29838  2.058 394 078 2.0 36.1 36.4 36.3 8.5 7.6 8.0
17 Gas 298.37 5210 113.8 122 1.1 110.2 112.5 111.6 3.1 1.1 1.9
18 Liq. 298.37 52.278 773.9 052 0.1 918.4 962.4  914.0 18.7 244 18.1
19 Liq. 29837 102.842 9369 038 0.0 1,036.0 1,101.6 1,038.6 10.6 17.6  10.8
20 Liq. 29838 124735 9795 041 0.0 106093 1,138.7 1,071.5 9.2 163 94
21 Gas 32344  2.058 346 0.69 2.0 325 32.8 32.6 6.2 54 5.7
22 Gas 32347 5237 94.6 090 09 93.2 95.1 94.4 1.5 0.5 0.2
23 Gas 32345 10447 2477 1775 0.7 254.7 247.5 243.9 2.8 0.1 1.6
24 SC 32344 26518 5312 094 0.2 673.8 673.6  649.5 26.8 26.8 223
25 SC 32345 52306  746.6 0.53 0.1 846.5 880.7 839.8 13.4 18.0 12,5
26 SC 32346 104.136 9132 037 0.0 987.5 1,051.0 9933 8.1 151 8.8
27 SC 32347 125.148 9563 034 0.0 11,0232 1,092.1 1,030.0 7.0 142 7.7
28 Gas 373.54 2271 28.6  0.57 20 30.3 30.5 30.4 5.8 6.5 6.1
29 Gas 373.53 5.251 722 064 09 74.2 75.1 74.7 2.8 40 34
30 Gas 373.54 10.392 161.8 0.80 0.5 163.2 164.8 163.0 0.9 1.9 038
31 Gas 373.54 18.513 3328 099 03 335.7 325.7 3194 0.9 2.1 4.0
32 SC 373.53  36.462 5283 0.68 0.1 597.9 593.5 574.1 13.2 124 8.7
33 SC 373.54 52423 6493 051 0.1 712.5 728.0  699.4 9.7 121 7.7
34 SC 37352 104.880 861.1 035 0.0 895.6 949.8 902.2 4.0 103 438
35 SC 37354 125.024 906.0 0.32 0.0 937.4 999.5 947.0 3.5 103 45
36 Gas 42342  2.058 259 048 19 23.8 23.8 23.8 8.4 8.1 8.4
37 Gas 42342 5.224 622 052 0.8 62.5 62.8 62.5 0.5 1.1 0.5
38 Gas 42341 10.379 128.0 058 04 131.1 131.5 130.3 24 2.8 1.8
39 Gas 42341 20420 2679 0.64 0.2 277.3 272.9 268.2 3.5 1.9 0.1
40 SC 42341 38906 4644 0.55 0.1 499.8 4922 4783 7.6 6.0 3.0
41 SC 42343 52.113 5654 046 0.1 600.2 603.4  583.0 6.2 6.7 3.1
42 SC 42345 103999 7839 032 0.0 810.9 853.1 814.0 3.4 8.8 3.8
43  SC 42346  124.659 8362 030 0.0 860.9 912.8 868.4 3.0 9.2 3.8

Absolute Average Deviation (AAD) 5.8 8.1 53
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Table 3.10 Experimental and modelling results of MIX 1

No Phase Temp. Press. Density (kg/m3) Abs Deviation (%)
K MPa Exp. U@p) Up) PR- PR PR- PR- PR PR-

(#0.1) (0.02) kgm® %  CO Pen CO: Pen

1 Gas 27339 1.714 38.4 099 26 377 37.6 376 2.0 2.1 2.2

2 Gas 27341 2072 47.4 1.07 23 47.1 47.0 469 0.6 0.7 0.9

3 Gas 27341 2732 66.4 1.26 1.9 66.6 66.5 66.3 0.3 0.2 0.1

4 Ligq. 27340 6.710 888.0 140 0.2 894.0 893.8 859.8 0.7 0.6 3.2

5 Liq. 27342 11.308 927.8 1.08 0.1 9372 950.6 9123 1.0 2.5 1.7

6 Liq. 273.41 21.803 9839 0.81 0.1 9979 1,032.0 987.0 14 4.9 0.3

7 Liq. 273.42 36.270 11,0342 0.62 0.1 1,051.3 1,102.1 1,050.8 1.7 6.6 1.6

8 Liq. 27342 51.734 1,073.6 0.52 0.0 1,092.6 11,1539 1,0979 1.8 7.5 2.3

9 Lig. 273.43 76.401 1,121.7 041 0.0 1,1422 1,212.6 1,1509 1.8 8.1 2.6

10 Liq. 27341 104377 11,1644 043 0.0 1,1851 1,260.3 1,193.8 1.8 8.2 2.5
11 Liq. 27342 126.015 1,192.1 041 0.0 12119 1,28809 1,2194 1.7 8.1 2.3
12 Gas 28332 1.810 36.5 094 25 38.0 38.0 38.0 4.0 4.1 3.9
13 Gas 283.32 3.365 78.3 1.29 1.6 82.1 81.6 81.3 5.0 4.3 3.9
14 Liq. 28328 6.359 810.8 1.63 02 7979 778.3 7524 1.6 4.0 7.2
15 Liq. 283.27 11.679 8889 126 0.1 881.9 882.9 849.7 0.8 0.7 4.4
16 Liq. 283.28 22.567 956.3 0.84 0.1 960.9 987.7 946.4 0.5 3.3 1.0
17 Liq. 28327 36.414 11,0046 0.72 0.1 1,0194 1,0652 1,017.3 1.5 6.0 1.3
18 Liq. 28328 54.129 1,052.1 0.52 0.0 1,070.7 1,130.6 1,076.8 1.8 7.5 2.3
19 Liq. 28327 77997 1,099.3 052 0.0 1,121.2 11,1914 1,131.8 2.0 8.4 3.0
20 Ligq. 283.27 105.093 1,141.3 043 0.0 1,164.8 1,2409 1,176.3 2.1 8.7 3.1
21 Liq. 283.29 124852 1,167.1 033 0.0 1,190.8 1,269.0 1,201.6 2.0 8.7 3.0
22 Gas 298.29 1.679 32.1 0.84 26 323 32.6 325 0.6 1.4 1.3
23 Gas 298.29 1.961 38.6 0.87 23 383 38.7 38.6 0.7 0.3 0.1
24 Gas 298.29 2.760 57.0 097 1.7 56.7 57.5 574 05 0.9 0.6
25 Gas 298.29 3.076 64.8 1.02 1.6 64.6 65.6 654 0.3 1.3 1.0
26 Liq. 298.33 12.553 7784  1.68 02 7849 767.0 7419 0.8 1.5 4.7
27 Liq. 298.37 20.262 8652 1.02 0.1 876.0 883.0 8498 1.2 2.1 1.8
28 Liq. 298.36 50.117 999.6 0.59 0.1 1,016.8 1,068.2 1,020.0 1.7 6.9 2.0
29 Liq. 29838 75.616 1,061.8 041 0.0 1,080.1 1,147.4 1,092.0 1.7 8.1 2.8
30 Liq. 298.38 103.393 1,111.8 0.43 0.0 1,130.0 1,206.0 1,1449 1.6 8.5 3.0
31 Liq. 298.40 126332 11,1456 033 0.0 1,162.8 12425 1,177.8 1.5 8.5 2.8
32 Gas 32335 1452 24.0 073 3.0 249 25.1 25.1 4.0 4.7 4.6
33 Gas 32335 2.189 37.4 077 2.1 388 39.1 39.1 3.7 4.7 4.5
34 Gas 32334 3.599 66.0 0.89 13 68.0 69.1 68.9 3.1 4.7 4.4
35 Gas 32334 5217 1046 1.07 1.0 1074 109.9 1093 2.8 5.1 4.6
36 Gas 32335 8.266 2095 192 09 2138 219.1 217.0 2.0 4.5 3.5
37 SC 32337 15.884 6424 2.03 03 649.7 617.0 600.7 1.1 3.9 6.5
38 SC 32336 22.595 7585 1.15 02 7678 756.9 7323 1.2 0.2 3.4
39 SC 32336 29.518 822.1 0.88 0.1 8337 840.6 8105 14 2.3 1.4
40 SC 32338 54.067 941.5 0.57 0.1 9575 11,0014 9589 1.7 6.4 1.9
41 SC 32335 77970 1,008.7 0.52 0.1 1,026.1 1,088.4 1,0384 1.7 7.9 2.9
42 SC 32335 106.001 1,065.5 043 0.0 1,082.7 1,157.1 1,100.8 1.6 8.6 3.3
43 SC 32337 126462 1,099.1 033 0.0 1,1152 11,1949 1,1350 1.5 8.7 3.3
44 Gas 37353 2.120 28.0 062 2.1 313 31.5 314 11.8 125 124
45 Gas 37353 2.753 38.0 064 1.6 413 41.6 415 85 9.3 9.1
46 Gas 373.53 3.517 50.3 066 13 537 54.2 54.1 6.6 7.7 7.4
47 Gas 373.53 5.244 79.9 073 09 83.6 84.7 844 4.6 6.0 5.6
48 Gas 373.53 10.613 1914 1.00 0.5 196.2 198.3 196.6 2.5 3.6 2.7
49 SC 37347 26.160 568.5 1.04 02 5762 554.8 5415 1.3 2.4 4.7
50 SC 373.53 53.565 8053 0.57 0.1 8155 836.6 806.8 1.3 3.9 0.2
51 SC 373.54 77.942 900.8 045 0.0 9126 959.0 9200 1.3 6.5 2.1
52 SC 373.55 104.584 9706 038 0.0 9829 1,046.3 1,000.1 1.3 7.8 3.0
53 SC 373.55 123.180 1,008.7 0.41 0.0 1,020.6 1,092.1 1,041.7 1.2 8.3 3.3
54 Gas 42340 0.950 11.4 051 45 119 25.8 12.0 4.6 1253 4.7
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No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)
K MPa Exp. Up) Up) PR- PR PR- PR- PR PR-
(x0.1) (£0.02) kgm* %  CO Pen CO: Pen

55 Gas 42341 2.085 253 053 21 267 47.4 267 52 872 54
56 Gas 42341 3.593 44.5 055 12 469 70.8 471 54 592 57
57 Gas 42341 5.279 66.8 0.58 09 70.6 152.4 70.8 5.6 1281 59
58 Gas 42341 7.743 101.7 0.62 0.6 107.2 152.4 1074 54 500 5.6
59 SC 42341 34.178 5213  0.68 0.1 527.1 514.5 503.0 1.1 1.3 3.5
60 SC 42342 53.524 682.4 051 0.1 692.0 697.6 676.7 14 2.2 0.8
61 SC 42342 76.139 7917 041 0.1 803.6 832.9 8033 1.5 5.2 1.5
62 SC 42342 104.164 880.1 036 0.0 894.1 944.2 9063 1.6 7.3 3.0
63 SC 42342 121.851 9225 033 0.0 937.2 996.5 9545 1.6 8.0 3.5

Absolute Average Deviation (AAD) 2.1 4.9 3.0
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Table 3.11 Experimental and modelling results of MIX 2

No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)

K MPa Exp. Up) Up) PR-CO: PR PR PR- PR PR

(£0.1) (£0.02) kg/m® % Pen CO: Pen

Gas 273.18 1.789 38.4 097 25 38.4 383 382 02 03 0.7

Gas 273.18 2.244 49.8 1.05 2.1 50.0 50.0 497 05 03 0.1

Liq. 273.27 8.796 841.6 1.62 0.2 837.4 842.8 810.0 0.5 0.1 3.8

Liq. 273.28 10.922 867.7 1.36 0.2 865.7 876.1 840.8 02 1.0 3.1

Liq. 273.28 20.998 941.0 0.89 0.1 947.2 975.8 9322 0.7 37 0.9

Liq. 273.29 52.044 1,0489 0.62 0.1 1,064.0 1,119.6 1,062.7 14 6.7 1.3
Liq. 27329  104.164 11,1456 041 0.0 1,163.2 1,232.4 1,1639 15 7.6 1.6
Liq. 273.29  125.705  1,1749 041 0.0 1,191.4 1,262.6 1,190.8 1.4 75 1.4

Gas 283.31 1.741 37.0 090 2.4 35.0 353 352 54 4.6 5.0
Gas 283.30 2.278 46.5 097 2.1 48.3 48.0 478 38 32 2.7
Liq. 283.31 10.674 803.7 1.85 0.2 783.5 781.6 7532 2.5 2.7 6.3
Liq. 283.31 20.840 895.0 097 0.1 899.0 919.2 880.4 0.5 2.7 1.6

Liq. 283.32 52.457 1,012.6  0.62 0.1 1,036.0 1,089.0 1,035.1 23 75 22
Liq. 28332 104.116 11,1144 043 0.0 1,141.3 1,211.2 11,1449 24 8.7 2.7
Liq. 283.31 125258  1,1453 041 0.0 1,170.9 1,243.1 1,1734 22 85 2.5

Gas 298.38 2.078 39.2 0.85 2.2 39.7 40.1 399 1.1 21 1.7
Gas 298.38 3.531 753 1.03 1.4 73.5 74.7 743 24 038 1.4
SC 298.38 12.581 702.1 238 03 684.0 670.9 6495 2.6 44 7.5
SC 298.39 20.805 827.0 1.12 0.1 820.8 827.7 7959 0.7 0.1 3.8

SC 298.40 51.342 9799 059 0.1 988.3 1,0352 9863 09 5.6 0.7
SC 298.40  104.102  1,097.0 043 0.0 1,108.9 1,1787 11,1159 1.1 75 1.7
SC 298.38  125.877 11,1303 043 0.0 1,141.8 1,2152 1,1485 1.0 75 1.6
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Gas 323.49 2.574 453 0.78 1.7 45.0 45.4 453 07 04 0.0
24 Gas 323.50 3.703 67.5 0.86 1.3 67.8 68.8 684 03 19 1.3
25 SC 323.45 12.271 409.1 278 0.7 406.6 383.8 3758 0.6 6.2 8.1
26 SC 323.45 20.908 687.5 1.39 0.2 677.9 665.0 6439 14 33 6.3
27  SC 323.48 51.555 909.3 0.60 0.1 9143 950.9 909.3 0.5 4.6 0.0
28 SC 323.50  105.058  1,047.7 041 0.0 1,058.2 1,126.1 1,0685 1.0 7.5 2.0
29 SC 323.49 125478 1,0824 043 0.0 1,092.9 1,166.0 1,1044 1.0 7.7 2.0
30 Gas 373.57 1.528 20.7 059 29 21.7 21.8 21.8 47 52 4.9
31  Gas 373.58 2.567 34.5 062 1.8 37.3 37.6 374 8.1 838 8.4
32 SC 373.49 17.220 353.9 1.12 03 346.3 337.6 3316 22 46 6.3
33 SC 373.50 21.005 439.7 1.12 03 4359 419.7 410.7 09 4.6 6.6
34 SC 373.53 52.560 777.7 0.57 0.1 776.8 794.1 7646 0.1 2.1 1.7
35 SC 373.55 103.937 951.8 039 0.0 958.3 1,015.8 9685 0.7 6.7 1.8
36 SC 373.55 125.148 996.1 036 0.0 1,003.1 1,069.3 1,017.1 0.7 7.4 2.1
37 Gas 423.48 2.395 30.4 052 1.7 30.0 30.1 30,0 1.2 038 1.2
38 Gas 423.49 3414 43.6 054 1.2 433 43.5 433 0.6 0.1 0.5
39 SC 423.38 18.472 283.7 071 0.2 273.7 270.5 266.5 3.5 47 6.1
40 SC 423.38 21.748 335.5 072 0.2 327.0 320.8 3154 2.5 44 6.0
41 SC 423.41 52.787 660.6 0.51 0.1 657.9 662.1 6413 04 02 2.9
42  SC 423.42 102.774 862.5 0.35 0.0 867.4 912.0 873.5 0.6 5.7 1.3
43  SC 423.42 124.646 915.9 0.33 0.0 922.2 977.5 933.5 0.7 6.7 1.9

Absolute Average Deviation (AAD) 1.6 4.3 2.9
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Table 3.12 Experimental and modelling results of MIX 3

No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)

K MPa Exp. U@p) Up) PR-CO: PR PR PR- PR PR

(£0.1) (£0.02) kg/m® % Pen CO: Pen

1 Gas 273.28 1.067 20.0 0.77 3.8 19.0 19.0 19.0 48 4.8 5.0
2 Gas 273.26 2.127 416 091 22 413 41.3 41.1 0.6 0.7 1.1
3 Liq. 273.23 12.712 6855 1.05 0.2 667.5 6747 641.7 2.6 1.6 6.4
4  Liq. 273.20 20.895 740.2  0.72 0.1 738.5 753.7 7127 02 1.8 3.7
5 Liq. 273.20 52.278 838.1 044 0.1 858.1 889.7 8332 24 6.2 0.6
6 Liq. 273.18 103.765 920.2 033 0.0 947.6 987.6 9185 3.0 73 0.2
7  Liq. 273.20 124.501 9443 030 0.0 971.3 1,012.6 940.1 29 72 0.5
8 Gas 283.32 1.122 187 073 3.9 19.1 19.2 19.2 21 25 2.3
9 Gas 283.32 2.085 36.8  0.84 23 38.0 38.2 38.0 33 3.8 3.5

10 Gas 283.28 4.873 1108 1.60 1.4 117.7 117.1  116.1 62 56 4.7
11 Liq. 283.31 9.518 5647 241 04 531.5 5293 508.8 59 6.3 9.9
12 Liq. 283.32 20.633 701.4  0.77 0.1 697.0 7075 6713 06 09 43
13 Liq. 283.34 51.893 8143 044 0.1 834.0 864.0 8106 2.4 6.1 0.5
14 Liq. 283.34  103.365 902.8 032 0.0 930.4 970.8 9039 3.1 75 0.1
15 Liq. 28332  125.368 929.6 030 0.0 957.1 999.1 9285 3.0 7.5 0.1
16  Gas 298.36 1.101 18.6  0.68 3.7 17.6 17.7 177 54 5.0 5.1
17 Gas 298.36 2.085 36.0 0.76 2.1 352 354 353 23 1.6 1.8
18  Gas 298.38 5.175 1082 123 1.1 108.0 1099 1089 0.2 1.5 0.7
19 SC 298.40 10.964 462.0 284 0.6 438.7 4314 4177 50 6.6 9.6
20 SC 298.29 20.833 6429 086 0.1 636.7 6405 6107 1.0 0.4 5.0
21 SC 298.30 51.734 7799 044 0.1 799.4 8264 7775 2.5 6.0 0.3
22 SC 298.29  102.106 873.8 032 0.0 904.2 9447 8812 3.5 8.1 0.9
23 SC 29830  124.969 903.9 030 0.0 934.4 9773 909.6 3.4 8.1 0.6

24 QGas 323.44 1.218 193 062 32 17.8 17.9 179 76 72 7.3
25  QGas 323.45 2.113 327 0.66 2.0 32.0 32.2 321 23 1.6 1.8
26  QGas 323.44 5.231 90.6 088 1.0 90.9 923 91.7 03 19 1.2

27  SC 323.47 11.810 316.8 1.83 0.6 308.5 296.1 289.6 26 6.5 8.6
28 SC 323.49 20.227 531.8 1.05 0.2 520.9 513.0 493.7 2.0 3.5 7.2
29 SC 323.41 49.821 718.0 0.45 0.1 735.2 7552 7141 24 52 0.5
30 SC 323.43 103.427 837.2 031 0.0 866.4 906.0 8475 3.5 82 1.2
31 SC 323.45 124.838 868.2 0.29 0.0 898.0 9409 8780 3.4 8.4 1.1
32 QGas 373.54 2.099 245 054 22 26.6 26.8 267 88 93 9.0
33  QGas 373.55 5.237 689 0.62 09 71.3 72.0 71.6 35 45 39
34 Gas 373.55 10.427 1563 0.77 0.5 159.4 160.7 1587 19 2.8 1.5
35 SC 373.56 20.730 3642 084 0.2 359.6 3497 3406 12 4.0 6.5
36 SC 373.57 46.524 6013 046 0.1 608.4 614.1 586.6 12 2.1 24
37 SC 373.53 63.338 668.4 038 0.1 684.5 7019 6662 2.4 5.0 0.3
38 SC 373.54 63.159 667.7 038 0.1 683.8 701.1 6655 2.4 5.0 0.3
39 SC 373.55 103.400 767.8 030 0.0 792.4 826.6 7776 32 7.7 1.3
40 SC 373.55 122.278 800.7 0.28 0.0 826.6 865.5 812.0 3.2 8.1 1.4
41 SC 373.56 125292 804.9 0.27 0.0 831.4 871.0 816.8 33 82 1.5
42 Gas 423.43 2.120 232 046 2.0 233 23.4 233 07 1.0 0.8
43  Gas 423.43 5.224 582 050 09 59.8 60.1 59.8 28 33 2.8
44  Gas 423.43 10.358 1205 055 0.5 125.9 1262 1250 45 4.8 3.8
45  Gas 423.44 20.943 2583 059 0.2 271.3 2677 2623 5.0 3.6 1.6
46  SC 423.45 29.078 371.6 054 0.1 370.1 363.0 3533 04 23 4.9
47  SC 423.45 49.869 5272 040 0.1 534.5 5353 5143 14 15 24
48  SC 423.46  103.359 7045 027 0.0 725.8 753.1 7123 3.0 6.9 1.1
49 SC 423.47  124.804 746.2 025 0.0 770.1 803.8 7574 32 7.7 1.5

Absolute Average Deviation (AAD) 3.0 5.0 2.9
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Table 3.13 Experimental and modelling results of MIX 4

No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)

K MPa Exp. U@p) U{p) PR- PR PR PR- PR PR

(£0.1) (£0.02) kgm® % CO» Pen CO: Pen

1 SC 273.24 1.872 305 0.69 23 293 29.3 292 38 39 4.2
2 SC 273.24 2.085 337 071 2.1 331 33.1 330 16 1.7 2.0
3 SC 273.24 2.767 459 0.78 1.7 459 45.9 457 0.0 0.1 0.6
4 SC 273.25 3.469 60.3 086 1.4 60.5 60.4 60.1 04 03 0.4
5 SC 273.25 5.279 1049 121 1.1 107.1 107.0 105.8 2.0 2.0 0.8
6 SC 273.25 7.467 189.7 225 12 1948 1949 1909 2.7 28 0.6
7 SC 273.25 11.404 403.0 196 0.5 3925 3942 3782 26 22 6.2
8 SC 273.27 15.719 509.7 1.05 0.2 4873 4915 4669 44 3.6 8.4
9 SC 273.26 20.730 560.0 0.75 0.1 548.0 5549 5236 22 09 6.5

10 SC 273.26 27.591 601.7 0.58 0.1 6012 6113 5736 0.1 1.6 47
11 SC 273.28 31.094 627.0 0.53 0.1 621.7 633.1 5928 09 1.0 5.5
12 SC 273.29 54.783 699.3 038 0.1 7108 7289 6760 1.6 4.2 33
13 SC 273.30 78.362 7443 031 0.0 762.8 7844 7234 25 5.4 2.8
14 SC 27329 104556 7815 0.28 0.0 8029 8267 7592 27 58 2.8
15 SC 27326  124.102 8043 0.26 0.0 826.1 850.8 7795 2.7 5.8 3.1
16 SC 283.28 1.796 264 0.65 25 26.7 26.7 266 1.1 1.1 0.9
17 SC 283.29 2.072 304 0.67 22 312 31.3 31.1 24 27 24
18 SC 283.27 3.462 546 078 14 56.7 56.5 562 39 3.6 29
19 SC 283.27 5.217 91.9 1.00 1.1 96.0 95.7 947 44 4.1 3.0
20  SC 283.27 9.050 2215 199 09 2282 2277 2223 3.0 28 0.4
21  SC 283.28 14.522 4343 133 03 4141 4154 3976 4.7 43 8.4
22 SC 283.28 20.791 5184 0.79 0.2 5101 5149 4879 1.6 0.7 59
23 SC 283.29 27.908 569.2 0.60 0.1 5724 580.7 5466 06 2.0 40
24 SC 283.30 35.210 6043 049 0.1 6159 6272 5876 19 3.8 2.8
25 SC 283.29 41.941 629.1 043 0.1 6465 6602 6164 28 49 2.0
26 SC 283.28 50.048 653.5 039 0.1 676.0 692.0 644.1 3.4 59 1.4
27 SC 283.32 78.169 7248 032 0.0 7457 767.1 7087 2.9 5.8 22
28 SC 28332 104370  764.1 0.28 0.0 7883 8123 747.1 32 6.3 22
29 SC 283.33 122.650  786.7 0.26 0.0 8113 8363 7673 3.1 63 2.5
30 SC 298.37 2.595 39.0 0.64 1.6 372 37.4 372 47 4.1 4.5
31  SC 298.37 5.403 89.5 083 09 883 89.2 884 14 03 1.3
32 SC 298.34 7.626 141.1 1.08 0.8 143.7 1421 1400 19 0.7 0.8
33  SC 298.35 10.929 251.1 147 0.6 2419 2400 2340 3.7 44 6.8
34 SC 298.30 16.173 399.1 1.15 03 379.6 3789 3641 49 5.1 8.8
35 SC 298.33 20.908 468.6 083 0.2 4557 4573 4359 28 24 7.0
36 SC 298.36 20.661 4659 085 0.2 4523 453.8 4327 29 26 7.1
37 SC 298.35 36.311 5833 049 0.1 5831 5923 5569 0.0 1.5 4.5
38 SC 298.32 51.246 6303 038 0.1 6487 6633 6192 29 52 1.8
39  SC 298.36 54.288 646.5 037 0.1 6589 6744 6289 19 43 2.7
40 SC 298.36 77.619 699.0 031 0.0 7198 7404 6859 3.0 59 1.9
41 SC 298.38 99.036 7347 028 0.0 7588 7823 721.6 33 6.5 1.8
42 SC 298.40  124.026  768.1 0.26 0.0 7933 8188 7526 33 6.6 2.0
43 SC 323.40 2.443 323 056 1.7 313 31.4 313 33 28 3.1
44 SC 323.44 5.203 73.0 0.66 0.9 725 73.3 727 07 04 0.4
45 SC 323.42 9.243 146.2 084 0.6 147.8 1483 1460 1.1 1.5 0.1
46 SC 323.44 20.736 385.6 0.81 0.2 3734 3703 3562 32 4.0 7.6
47 SC 323.45 28.224 4653 0.60 0.1 4598 4606 4389 12 1.0 5.7
48 SC 323.45 35.306 513.8  0.50 0.1 5157 5202 4927 04 12 4.1
49 SC 323.48 53.923 599.8 037 0.1 6089 6212 5823 15 3.6 29
50 SC 323.47 78.534 663.5 031 0.0 6819 7009 6518 2.8 5.6 1.8
51  SC 323.48 104.652 7106 027 0.0 733.1 7565 6996 32 6.5 1.5
52 SC 323.47  119.209 7319 025 00 7552 7803 7199 32 6.6 1.6
53 SC 373.54 2.388 242 046 19 257 25.8 257 6.0 64 59
54 SC 373.37 5.182 55.1 050 0.9 58.4 58.8 583 6.0 6.7 5.8
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No Phase Temp. Press. Density (kg/m®) Abs Deviation (%)
K MPa Exp. U(pp) Up) PR- PR PR PR- PR PR
(£0.1) (£0.02) kgm* % CO; Pen CO: Pen

55 SC 373.42 11.239 1344 058 04 138.1 138.7 1363 28 3.2 1.4
56 SC 373.55 19.931 2665 059 02 2607 2562 2486 22 39 6.7
57 SC 373.56 28.032 3545 052 0.1 3529 348.0 3346 05 1.8 5.6
58 SC 373.57 34.563 4079 045 0.1 4094 407.0 3890 04 02 46
59 SC 373.57 41.397 4523 041 0.1 4566 4574 4350 1.0 1.1 3.8
60 SC 373.56 56.015 5253 033 0.1 5313 5383 5088 1.1 25 3.1
61 SC 373.56 73.579 581.5 029 0.1 5944 6073 5701 22 44 20
62 SC 373.47  105.754 6515 025 00 6719 6924 6444 3.1 6.3 1.1
63 SC 373.47 124350  682.0 023 0.0 7042 7276 6749 33 6.7 1.0
64 SC 423.42 2.512 255 039 15 235 23.6 234 7.7 75 7.9
65 SC 423.39 3.104 307 040 13 292 29.3 29.1 5.0 47 52
66 SC 423.41 5.217 504 041 08 50.0 50.2 498 06 03 1.1
67 SC 423.42 10.599 103.2 043 04 1058 106.0 1046 25 2.7 1.3
68 SC 423.41 20.372 216.5 0.44 02 2098 2081 2029 3.1 39 6.3
69 SC 423.41 28.004 2857 042 0.1 2835 2799 2708 08 2.0 52
70  SC 423.42 34.618 3358 038 0.1 337.6 3340 3214 05 06 43
71 SC 423.42 41.507 3799 035 0.1 3849 3827 3665 13 0.7 3.5
72 SC 423.32 46.676 4135 034 0.1 4151 4145 3968 04 02 4.0
73 SC 423.42 47.983 4149 033 0.1 4222 4219 4036 17 17 2.7
74 SC 423.37 73.971 521.1 027 0.1 531.6 540.1 5105 2.0 3.6 20
75  SC 42340  103.957 5940 024 0.0 6122 6283 588.6 3.1 5.8 0.9
76 SC 42342 124742 659.2 022 0.0 653.0 673.0 627.6 09 2.1 4.8

Absolute Average Deviation (AAD) 24 34 3.5
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Table 3.14 Experimental and modelling results of MIX 5

No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)
K MPa Exp. Up) Up) PR- PR PR PR- PR PR-
(x0.1) (£0.02) kgm®* % CO:» Pen CO; Pen

Gas 27328 1.666 353 099 28 36.2 36.2 36.1 2.6 24 23
Gas 27328 2.127 47.7 1.09 23 483 48.2 48.1 1.3 1.1 0.9
Gas 27329 2815 67.8 1.30 1.9 68.9 68.8 68.6 16 1.4 1.1
Gas 273.28 3.503 93.5 1.67 1.8 94.1 94.0 93.6 0.6 05 0.1
Lig. 273.28 6.084 896.7 1.47 02 884.7 8824 8493 13 1.6 53
Lig. 273.28 10.344 932.4 1.13 0.1 9262 9373 900.1 0.7 05 3.5
Lig. 273.28 20.310 9864 0.84 0.1 9858 11,0177 9739 0.1 32 1.3
Lig. 273.29 34907 1,038.1 0.72 0.1 1,040.7 1,090.2 1,040.1 0.3 5.0 0.2
Lig. 27329 52.168 1,082.1 0.52 0.0 1,086.5 1,147.9 11,0925 04 6.1 1.0
Liq. 27330 77.158 1,130.2 041 0.0 1,135.7 1,206.1 11,1451 0.5 6.7 1.3
Lig. 273.30 100.984 1,166.9 041 0.0 1,172.0 1,246.6 1,181.5 04 6.8 1.3
Lig. 27330 120.234 11,1923 041 0.0 1,196.5 1,272.8 1,205.1 04 6.8 1.1
Liq. 273.29 123957 1,196.8 043 0.0 1,200.8 1,277.4 1,2092 03 6.7 1.0
Gas 28327 1.094 20.7 0.85 4.1 215 21.6 21,6 39 44 43
Gas 283.28 1473 29.0 090 3.1 29.7 29.9 299 25 32 3.1
Gas 28329 2.085 43.0 099 23 442 44.5 444 28 3.5 33
Gas 28329 2.836 63.3 1.14 1.8 65.1 64.7 645 29 22 2.0
Gas 28329 3.544 84.9 1.37 1.6 87.8 87.2 869 34 28 24
Liq. 283.27 6.538 807.8 1.17 0.1 802.8 783.8 7575 0.6 3.0 6.2
Lig. 283.29 10.606 877.0 1.35 02 8669 8643 8325 12 1.5 5.1
Lig. 283.30 21.108 9514 088 0.1 947.6 971.7 9317 04 2.1 2.1
Lig. 28332 36.559 1,013.5 0.64 0.1 1,013.3 1,059.1 1,011.7 0.0 45 0.2
Liq. 283.26 52.450 1,056.1 0.62 0.1 1,0593 1,118.0 1,0655 0.3 5.9 0.9
Liq. 283.29 77915 1,106.5 052 0.0 1,113.0 1,183.0 11,1243 0.6 6.9 1.6
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25 Liq. 283.33 106.490 1,151.7 041 0.0 1,158.1 1,234.1 11,1703 0.6 7.2 1.6
26 Liq. 283.31 126.256 1,178.1 043 0.0 1,183.7 1,261.7 11,1951 0.5 7.1 1.4
27 Gas 29831 1.211 22.7 0.80 35 225 22.7 226 1.0 04 0.5
28 Gas 29830 1.652 31.3 0.84 27 315 31.7 3.7 06 15 1.3
29 Gas 298.30 2.106 41.0 0.89 22 412 41.7 416 07 1.7 1.5
30 Gas 298.30 3.503 75.1 1.10 1.5 755 76.8 76.5 04 22 1.9
31 Lig. 298.29 10.964 7534 211 03 7514 726.6 704.0 03 3.6 6.6

32 Ligq. 298.31 20.268 869.1 1.03 0.1 8723 8794 846.5 04 1.2 2.6
33 Liq. 298.32 34.198 946.6  0.73 0.1 953.1 986.8 9456 0.7 43 0.1
34 Liq. 298.32 52409 11,0089 0.62 0.1 1,0169 1,070.1 1,021.8 0.8 6.1 1.3
35 Liq. 29831 77.509 1,0684 052 0.0 1,076.5 1,1444 11,0893 08 7.1 2.0
36 Liq. 298.30 105.024 1,117.2 043 0.0 1,1245 1,200.5 1,140.1 0.7 7.5 2.0
37 Liq. 298.30 126.008 1,148.0 033 0.0 1,154.0 1,2334 1,169.7 05 74 1.9
38 Gas 32355 1.239 21.8 0.72 33 209 21.0 21.0 4.0 35 3.6
39 Gas 32357 2.113 36.9 0.77 2.1 37.0 373 373 03 13 1.1
40 Gas 323.62 2.822 50.7 0.82 1.6 51.0 51.6 51,5 05 1.8 1.5
41 Gas 32336 3.572 65.8 0.89 14 669 68.0 67.8 1.7 33 3.0
42 Gas 32336 5.327 108.1 .11 1.0 109.7 1123 111.7 1.5 39 34
43 Gas 32337 7323 170.5 1.56 09 1734 1782 176.8 1.7 45 3.7
44 SC 32337 15.864 647.3 204 03 648.7 6156 5993 0.2 49 7.4
45 SC 32336 21.294 747.2 1.25 02 748.6 733.6 7106 0.2 1.8 4.9
46 SC 32338 36910 871.5 0.74 0.1 8769 898.1 863.8 0.6 3.1 0.9
47 SC 32338 52.884 9399 059 0.1 947.1 989.7 9482 0.8 53 0.9
48 SC 32339 77.288 1,009.5 052 0.1 1,017.2 1,079.0 1,0299 0.8 6.9 2.0
49 SC 32335 104.522 11,0654 043 0.0 1,0723 1,146.0 1,090.8 0.6 7.6 24
50 SC 32335 124.019 11,0979 033 0.0 1,103.5 1,1824 11,1238 05 7.7 24
51 Gas 373.53 1.363 19.0 0.60 32 19.6 19.7 19.7 3.1 35 34
52 Gas 373.53 2.099 29.4 062 2.1 30.7 30.9 309 46 53 5.1
53 Gas 373.53 3.496 50.9 0.67 13 53.0 53.5 533 41 5.1 4.9
54 Gas 373.54 5.389 81.8 073 09 85.7 86.8 86.4 4.7 6.1 5.7
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No Phase Temp. Press. Density (kg/m®) Abs Deviation (%)
K MPa Exp. Up) Ulp) PR- PR PR PR- PR PR-
(x0.1) (£0.02) kgm* % CO: Pen CO: Pen

55 Gas 373.53 7.756 127.3 0.84 0.7 1314 1334 1326 32 48 41
56 Gas 373.54 10.454 187.1 099 05 1912 1934 1918 22 34 25
57 SC 373.53 27.743 595.8 1.00 02 597.6 577.8 563.4 03 3.0 54
58 SC 373.53 31452 644.0 088 0.1 6456 631.2 6140 03 2.0 47
59 SC 373.54 43.544 750.3 0.67 0.1 751.8 758.1 7335 02 1.0 22
60 SC 373.54 55.747 8189 055 0.1 821.2 8450 8146 03 32 0.5
61 SC 373.55 76.325 898.1 046 0.1 901.2 946.2 9082 03 54 1.1
62 SC 37355 101411 9656 040 0.0 968.7 11,0304 9855 03 67 2.1
63 SC 37355 116.022 996.6 037 0.0 999.6 1,068.1 1,0200 03 72 23
64 SC 37356 125513 11,0142 041 0.0 1,017.3 1,089.5 1,0394 03 74 25
65 Gas 42343 2.099 26.7 0.53 2.0 266 26.7 267 03 0.1 0.0
66 Gas 42344 3.510 44.9 055 12 454 45.7 456 12 1.8 1.6
67 Gas 42345 5237 67.5 058 09 695 69.9 69.7 29 35 32
68 Gas 42345 7.619 100.8 0.61 0.6 1045 1052 1047 3.7 43 3.8
69 Gas 42345 11.225 155.2 068 04 161.7 1622 161.1 42 45 3.8
70 Gas 42346 17.137 2524 076 03 2634 2609 2579 44 34 22
71 SC 42339 43.778 614.5 059 0.1 6181 6128 596.6 0.6 03 2.9
72 SC 42340 53.799 685.3 053 0.1 6894 6953 6746 0.6 1.5 1.6
73 SC 42341 78.142 800.3 042 0.1 8059 8369 807.1 0.7 4.6 0.8
74 SC 42341 104542  882.1 036 0.0 8888 9389 9015 08 64 22
75 SC 42341 104.845 883.1 036 0.0 889.6 939.8 9024 0.7 64 22
76  SC 42341 94.955 8559 038 0.0 862.0 906.0 8712 0.7 59 1.8
77 SC 42342 126442 9338 033 0.0 9403 1,001.5 9590 0.7 72 27

Absolute Average Deviation (AAD) 1.2 4.1 2.4

50



Chapter 3: Density measurements and modelling

Table 3.15 Experimental and modelling results of MIX 6

No Phase Temp. Press. Density (kg/m3) Abs Deviation (%)
K MPa Exp. U(p) U(p) PR- PR PR PR- PR PR-

(£0.1) (£0.02) kgm® % CO» Pen CO: Pen

1 Gas 273.27 1.198 233 0.86 3.7 235 235 234 08 0.7 0.6
2 GQGas 273.27 2.085 45.7 1.03 23 445 444 443 2.7 28 3.1
3  Lig. 273.29 10.523 7148 1.08 0.2 690.2 6951 6622 34 27 7.3
4 Liq. 273.30 15.747 7499 0.80 0.1 739.7 7506 7123 14 0.1 5.0
5  Lig. 273.30 21.610 7778 0.66 0.1 7773 7934 7508 0.1 2.0 3.5
6 Liq. 273.31 36.077 8257 0.51 0.1 838.0 8629 812.7 1.5 45 1.6
7  Liq. 273.31 53.620 866.2 042 0.0 8857 917.0 860.6 2.2 59 0.7
8 Liq. 273.31 78.541 908.7 036 0.0 932.6 9689 906.1 2.6 6.6 0.3
9 Lig. 273.31 104.852 943.8 033 0.0 968.7 1,007.5 939.8 2.6 6.8 0.4
10 Ligq. 273.31 126.063 967.6 030 0.0 991.8 1,031.6 960.7 2.5 6.6 0.7
11 Gas 283.30 1.239 223 0.82 3.7 231 232 232 35 4.0 3.8
12 Gas 283.32 2.072 403 094 23 414 416 415 2.6 3.1 2.8
13 Gas 283.31 3.145 68.4 1.19 1.7 705 702 69.8 3.0 25 2.0

14 Liq. 283.29 10.461 6582 139 0.2 628.7 6274 6004 45 4.7 8.8
15 Liq. 283.30 14.467 6993 096 0.1 683.6 687.7 6554 22 1.7 6.3
16 Liq. 283.31 21.445 7433 0.70 0.1 7414 753.1 7146 03 13 39
17  Liq. 283.31 35.485 7979 053 0.1 809.8 8319 7851 15 43 1.6
18 Liq. 283.32 53.131 8432 043 0.1 863.1 893.1 8394 24 59 0.4
19 Liq. 283.32 78.052 889.1 036 0.0 914.0 950.0 889.6 2.8 6.9 0.1
20 Liq. 283.31 105.836 928.1 032 0.0 9544 9938 9278 28 7.1 0.0
21 Liq. 28332  126.628 9525 029 0.0 978.1 1,018.8 949.6 2.7 7.0 0.3

22 Gas 298.32 1.342 241 076 32 23.6 237 237 19 14 1.6
23 Gas 298.33 2.092 393 084 2.1 38.6 389 388 1.7 09 1.2
24 Gas 298.34 2.732 535 093 1.7 527 532 53.0 15 05 0.9
25 Gas 298.33 3.937 84.8 1.16 14 83.6 849 843 14 0.0 0.6

26 Gas 298.32 5.279 1313 1.65 13 1293 131.6 1304 15 03 0.7
27  Gas 298.32 6.401 1914 271 14 1952 1894 1869 19 1.1 24
28 Ligq. 298.37 9.498 489.8 329 0.7 4709 459.7 4451 39 6.l 9.1
29 Liq. 298.37 10.723 541.8 220 04 5214 5113 4932 38 5.6 9.0
30 Liq. 298.36 14.632 6213 1.19 0.2 608.8 6044 5793 2.0 2.7 6.8
31 Liq. 298.36 21.149 683.0 0.79 0.1 6833 687.7 6554 0.0 0.7 4.0
32 Liq. 298.36 34.804 751.8 055 0.1 766.6 78377 742.1 2.0 4.2 1.3
33 Liq. 298.36 51.707 803.5 044 0.1 8269 8537 8045 29 6.2 0.1
34 Liq. 298.36 75.320 853.4 036 0.0 882.1 916.7 8603 34 74 0.8
35 Liq. 29836  105.506 900.1 032 0.0 930.8 9705 9075 34 7.8 0.8
36 Liq. 29836  126.373 9262 029 0.0 956.6 9982 9316 33 7.8 0.6

37  Gas 323.36 1.500 250 0.69 2.8 24.1 242 242 36 3.1 33
38 Gas 323.36 2.113 359 073 20 349 351 350 3.0 23 2.6
39  Gas 323.33 3.138 558 080 14 544 550 548 26 1.6 1.9
40 Gas 323.34 4.184 77.0 091 12 76.7 77.7 773 04 09 0.4

41 Gas 323.34 5.292 1032 1.04 1.0 1035 1052 1044 03 2.0 1.2
42 Gas 323.33 7.681 1770 154 09 177.1 180.6 1783 0.0 2.0 0.7
43  Gas 323.34 9.904 2857 220 08 2773 2742 2689 3.0 4.0 59
44 SC 323.44 15.967 5204 138 03 5009 4854 469.1 3.8 6.7 9.9
45 SC 323.44 18.906 569.8 1.07 0.2 5540 543.1 522.8 2.8 4.7 8.3
46 SC 323.44 23.792 6232 080 0.1 6145 6108 5852 14 2.0 6.1
47 SC 323.44 37.591 706.5 054 0.1 7129 7243 688.6 09 25 2.5
48 SC 323.45 53.159 761.8 043 0.1 7774 799.6 7563 2.1 5.0 0.7
49 SC 323.46 78.541 822.0 036 0.0 8447 8774 8256 28 6.7 0.4
50 SC 323.48 105.437 867.8 031 0.0 893.0 932.1 8738 29 74 0.7
51 SC 323.47  127.061 897.5 029 0.0 9229 965.0 902.6 2.8 7.5 0.6

52 Gas 373.53 3.152 427 062 14 445 448 447 44 50 4.7
53  Gas 373.53 4.191 583 065 1.1 609 o614 61.1 44 52 4.8
54 Gas 373.53 5.237 74.6 069 09 782 789 78.5 48 5.8 5.2
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No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)
K MPa Exp. Up) U(p) PR- PR PR PR- PR PR-
(x0.1) (£0.02) kgm* % CO; Pen CO: Pen

55 Gas 373.53 7.626 116.8 0.78 0.7 1214 1227 121.6 39 5.0 4.1
56 SC 373.51 20.819 410.7 089 0.2 401.6 390.1 3795 22 5.0 7.6
57 SC 373.51 27.632 5027 0.70 0.1 498.8 4878 4713 08 3.0 6.2
58 SC 373.53 35.465 5715 056 0.1 5723 5682 546.0 0.1 0.6 4.5
59 SC 373.54 52.787 663.7 042 0.1 6734 6842 6523 15 3.1 1.7
60 SC 373.55 76.277 7382 034 0.0 7558 780.1 7388 24 5.7 0.1
61 SC 373.55 104.529 798.6 030 0.0 820.6 854.8 8055 28 7.0 0.9
62 SC 373.55 126.256 8344 027 0.0 8575 896.6 8425 28 74 1.0

63 Gas 423.43 1.707 197 049 25 202 202 202 26 28 2.7
64 Gas 423.42 2.175 252 050 2.0 259 260 259 28 3.1 2.9
65 Gas 423.42 3.083 36.0 051 14 372 373 372 34 38 3.5
66 Gas 423.43 4.219 497 053 1.1 518 520 51.8 41 4.6 4.2
67 Gas 423.43 5.320 632 054 09 664 66.7 664 50 55 5.0
68 Gas 423.43 7.598 929 057 06 979 983 97.6 53 5.8 5.1

69 SC 423.41 19.243 2820 0.65 02 2733 2703 2652 3.1 42 6.0
70  SC 423.43 28.045 3953 058 0.1 390.7 3831 3729 12 3.1 5.7
71 SC 423.43 38.644 491.0 048 0.1 4926 486.8 4704 03 0.8 4.2
72 SC 423.44 52.202 5724 039 0.1 5803 5827 5593 14 1.8 23
73 SC 423.45 76.882 6659 031 0.0 682.1 698.8 6655 24 49 0.1
74 SC 423.45 104.790 7346 027 00 756.6 7845 7428 3.0 6.8 1.1
75 SC 423.45 125.292 783.4 025 0.0 7972 830.8 784.1 1.8 6.0 0.1

Absolute Average Deviation (AAD) 24 4.1 3.0
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Table 3. 16 Uncertainties of density measurements for each mixture with 95% level of confidence

Average Max

Ulp) Ulp) Utp) Ulp)

Material Phase No kg/m3 % kg/m3 %
BIN 1 Gas 18 1.01 1.5 2.74 3.0
Liquid 15 0.82 0.1 3.05 0.5

SC 11 0.55 0.1 1.28 0.2

Total 44 0.83 0.6 3.05 3.0

BIN 2 Gas 19 0.89 1.4 1.75 33
Liquid 12 0.58 0.1 1.28 0.2

SC 12 0.47 0.1 0.94 0.2

Total 43 0.68 0.7 1.75 33

MIX 1 Gas 24 0.88 1.8 1.92 4.5
Liquid 22 0.75 0.1 1.68 0.2

SC 17 0.65 0.1 2.03 0.3

Total 63 0.77 0.7 2.03 4.5

MIX 2 Gas 12 0.81 1.9 1.05 2.9
Liquid 11 0.87 0.1 1.85 0.2

SC 20 0.84 0.1 2.78 0.7

Total 43 0.84 0.6 2.78 2.9

MIX 3 Gas 18 0.76 1.9 1.60 3.9
Liquid 10 0.71 0.1 2.41 0.4

SC 21 0.62 0.1 2.84 0.6

Total 49 0.69 0.7 2.84 3.9

MIX 4 Gas 25 0.85 1.3 2.25 2.5
Liquid 0 2.00 3.0 0.00 0.0

SC 51 0.48 0.1 1.47 0.6

Total 76 0.60 0.5 2.25 2.5

MIX 5 Gas 33 0.90 1.8 1.67 4.1
Liquid 24 0.75 0.1 2.11 0.3

SC 22 0.62 0.1 2.04 0.3

Total 79 0.77 0.8 2.11 4.1

MIX 6 Gas 30 0.95 1.7 2.71 3.7
Liquid 27 0.76 0.1 3.29 0.7

SC 22 0.53 0.1 1.38 0.3

Total 79 0.76 0.7 3.29 3.7

Total Gas 179 0.89 1.7 2.74 4.5
Liquid 121 0.75 0.1 3.29 0.7

SC 176 0.58 0.1 2.84 0.7

Total 476 0.74 0.7 3.29 4.5
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Table 3.17 AAD and Max. Deviations of this work using PR and SRK EoSs

AAD Max Dev.

PR SRK PR SRK PR SRK PR SRK PR SRK PR SRK

Material Phase No CO, Peneloux CO, Peneloux
E‘Sj Gas 19 07 07 15 14 13 1.1 22 21 29 87 38 58
Liquid 19 0.1 02 43 7.1 23 42 04 04 71 130 6.0 7.6

SC 15 0.1 0.5 45 6.1 26 4.5 0.3 1.6 74 120 6.6 8.5

Total 53 0.3 04 34 48 20 3.2 22 21 74 130 6.6 8.5

BIN 1 Gas 18 28 27 25 40 27 32 97 100 94 103 9.7 10.1
Liquid 15 2.1 2.5 43 84 3.1 43 64 69 68 162 102 11.6

SC 11 0.8 1.6 46 65 25 4.4 24 32 6.5 130 7.6 8.6

Total 44 2.1 2.3 36 6.1 28 3.9 97 100 94 162 102 11.6

BIN 2 Gas 19 36 33 33 43 33 3.7 10.2 106 103 11.0 10.6 109
Liquid 12 6.3 57 113 56 64 8.6 18.7 177 244 148 18.1 19.8

SC 12 88 7.7 125 34 176 9.5 26.8 256 268 16.0 223 21.7

Total 43 58 52 8.1 44 53 6.7 26.8 256 268 160 223 21.7

MIX 1 Gas 24 3.1 32 38 28 35 3.0 77 76 84 102 83 7.7
Liquid 22 1.5 1.2 59 54 27 4.6 2.1 1.9 87 138 72 9.3

SC 17 14 07 53 50 28 48 1.7 1.2 87 120 6.5 7.9

Total 63 2.1 1.8 49 43 3.0 4.1 777 7.6 87 13.8 83 9.3

MIX 2 Gas 12 24 23 24 25 23 2.4 8.1 7.8 8.8 7.5 8.4 7.8
Liquid 11 1.4 1.2 52 59 25 4.4 2.5 33 87 120 6.3 7.4

SC 20 1.2 1.3 5.1 6.6 3.5 54 35 44 77 124 8.1 94

Total 43 1.6 1.6 43 53 29 43 8.1 7.8 8.8 124 84 94

MIX 3 Gas 18 3.5 30 36 29 32 2.8 8.8 8.2 9.3 8.0 9.0 8.2
Liquid 10 26 2.8 52 64 26 43 59 87 75 140 99 1038

SC 21 2.6 1.9 57 55 28 4.7 50 72 84 13.0 9.6 103

Total 49 30 24 50 46 29 3.9 8.8 87 93 140 99 108

MIX 4 Gas 0 00 00 00 00 00 0.0 0.0 00 0.0 0.0 0.0 0.0
Liquid 0 00 00 00 00 00 0.0 0.0 00 0.0 0.0 0.0 0.0

SC 76 24 36 34 54 35 3.2 77 87 75 114 88 9.1

Total 76 24 36 34 54 35 3.2 77 87 75 114 88 9.1

MIX 5 Gas 33 23 20 29 1.5 26 1.7 47 45 6.1 4.3 5.7 4.6
Liquid 24 0.5 04 49 65 21 4.1 1.3 1.7 7.5 13.0 6.6 8.3

SC 22 05 04 48 57 25 44 0.8 1.0 7.7 129 74 8.9

Total 79 1.2 1.0 4.1 42 24 3.2 47 45 77 130 74 8.9

MIX 6 Gas 30 27 30 29 28 28 2.7 53 104 58 9.2 5.9 7.2
Liquid 27 24 30 49 69 29 4.2 4.5 79 7.8 13,5 9.1 94

SC 2 20 27 46 66 32 4.6 38 6.5 75 137 99 103

Total 79 24 29 41 53 3.0 3.8 53 104 78 137 99 103
Total Gas 173 26 25 29 27 28 2.5 10.2 10.6 103 11.0 10.6 109
Liquid 140 1.9 19 55 66 29 4.7 18.7 177 244 162 18.1 19.8
SC 216 2.1 24 48 57 34 4.8 26.8 256 268 160 223 21.7
Total 529 22 23 44 49 3.0 4.0 26.8 25.6 268 16.2 223 21.7
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Table 3.18 Density reduction of pure CO: at supercritical area, temperature 323.15 K (50 °C)

Material Min Pressure

% psia MPa
BIN 1 -30.7 1600 11.01
BIN 2 -44.6 1600 11.01
MIX 1 -20.1 1600 11.01
MIX 2 -33.9 1600 11.01
MIX 3 -45.9 1800 12.39
MIX 4 -63.9 1800 12.39
MIX 5 -20.1 1600 11.01
MIX 6 -35.1 1800 12.39
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Figure 3.6 Experimental and modelling results of pure CO2, experimental / modelling (PR-CO2)
results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at 323.15 K, (+/—..) at
37315Kand (A/— ) at423.15K
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Figure 3.7 Experimental and modelling results of pure CO: at low pressures, experimental /
modelling (PR-CQO2) results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at
32315 K, (+/—..)at373.15K and (A/— ) at423.15K
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Figure 3.8 Experimental and modelling results of BINARY 1, experimental / modelling (PR-CO>)
results: (¢/—) at 273.15 K, (m/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at 323.15 K, (+/—..) at
373.15K and (A/—__)at423.15K
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Figure 3.9 Experimental and modelling results of BINARY 1 at low pressures, experimental /
modelling (PR-CQO2) results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at
32315 K, (+/—..)at373.15SK and (A/— ) at423.15K
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Figure 3.10 Experimental and modelling results of BINARY 2, experimental / modelling (PR-CO3)
results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at 323.15 K, (+/—..) at
373.15Kand (A/—__)at423.15K
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Figure 3.11 Experimental and modelling results of BINARY 2 at low pressures, experimental /

modelling (PR-CO:) results: (¢/__) at 273.15 K, (u/....) at 283.15 K, (x/___.) at 298.15 K, (e/-—--) at
323.15K, (+/—.) at373.15K and (A/__ ) at423.15K
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Figure 3.12 Experimental and modelling results of MIX 1, experimental / modelling (PR-CO>)
results: (¢/—) at 273.15 K, (m/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at 323.15 K, (+/—..) at
373.15Kand (A/—__)at423.15K
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Figure 3.13 Experimental and modelling results of MIX 1 at low pressures, experimental /
modelling (PR-CO3) results: (¢/_) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at
32315 K, (+/—..)at373.15 K and (A/— ) at423.15 K
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Figure 3.14 Experimental and modelling results of MIX 2, experimental / modelling (PR-CO>)
results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at 323.15 K, (+/—..) at
37315Kand (A/— ) at423.15K
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Figure 3.15 Experimental and modelling results of MIX 2 at low pressures, experimental /
modelling (PR-CQO2) results: (¢/—) at 273.15 K, (m/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at
32315 K, (+/—..)at373.15K and (A/— ) at423.15K
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Figure 3. 16 Experimental and modelling results of MIX 3, experimental / modelling (PR-COz2)
results: (¢/—) at 273.15 K, (m/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at 323.15 K, (+/—..) at
37315Kand (A/—__)at423.15K
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Figure 3.17 Experimental and modelling results of MIX 3 at low pressures, experimental /
modelling (PR-CQO2) results: (¢/—) at 273.15 K, (mw/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at
32315 K, (+/—..)at373.15K and (A/— ) at423.15K
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Figure 3.18 Experimental and modelling results of MIX 4, experimental / modelling (PR-CO>)
results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at 323.15 K, (+/—..) at
373.15Kand (A/— ) at423.15K
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Figure 3.19 Experimental and modelling results of MIX 4 at low pressures, experimental /

modelling (PR-CO:) results: (¢/__) at 273.15 K, (u/....) at 283.15 K, (x/___.) at 298.15 K, (¢/-—--) at
323.15K, (+/—.)at373.15K and (A/__ ) at423.15K
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Figure 3.20 Experimental and modelling results of MIX 5, experimental / modelling (PR-CO>)
results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at 323.15 K, (+/—..) at
37315Kand (A/—__)at423.15K
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Figure 3.21 Experimental and modelling results of MIX 5 at low pressures, experimental /
modelling (PR-CQO2) results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at
32315 K, (+/—..)at373.15K and (A/— ) at423.15K
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Figure 3.22 Experimental and modelling results of MIX 6, experimental / modelling (PR-CO3)
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Figure 3.23 Experimental and modelling results of MIX 6 at low pressures, experimental /

modelling (PR-CQO2) results: (¢/—) at 273.15 K, (w/....) at 283.15 K, (x/—.) at 298.15 K, (e/----) at
32315 K, (+/—..)at373.15K and (A/— ) at423.15K
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CHAPTER 4: VISCOSITY MEASUREMENTS AND MODELLING

In this chapter, the viscosities of CO»-rich systems have been investigated. After a short
introduction about the importance of transport properties, particularly viscosity, and a
comprehensive literature review of the viscosity data available for CO»-rich systems, the
experimental apparatus and measurement procedures has been described and explained.
The viscosities of various binary systems and multi-component mixtures were measured
using the classical capillary tube technique. The tests were conducted at pressures from
1 MPa to pressure up to 140 MPa at various temperatures in gas, liquid and supercritical
regions. In the modelling part, correlative and predictive models were evaluated using
the measured experimental viscosity data. The correlative model, i.e., LBC model, then
was tuned to match the experimental data and predictive models were modified by
replacing the reference fluids. The predictive models in this work are based on
corresponding states (CS) theory models. One reference fluid corresponding states
models are Pedersen and CO:-Pedersen; two reference fluid corresponding states
models are Aasberg-Petersen (CS2) and CO2-CS2 models and two models based on
extended corresponding states (ECS) theory, SUPERTRAP and CO,-SUPERTRAP
models. The experimental and modelling results were reported. As the viscosity is a
function of density, the effect of the mixture density on the mixture viscosity has been
studied. Also, the viscosity reduction of pure CO2 due to the presence of impurities in
each system has been demonstrated. The main important conclusions were then

summarised.

4.1 Introduction

The CCS process comprises of separating CO> from industrial sources, transporting to a
storage location and then long-term isolation from the atmosphere. CCS has the
potential to reduce the total CAPEX of mitigation and increase flexibility in reduction

of greenhouse gas emissions [1].
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Between the capture and storage, the CO> has to be transported by one or a combination
of several transport media like truck, ship or pipelines. Transport by pipeline is
preferred when transporting large quantities of carbon dioxide over longer distances [2].
Carbon dioxide transport pipelines play a key role in linking the capture and storage of
CO; systems.

Existing CO:2 pipelines commonly contains 85-98% CO; with other impurities like
methane, hydrogen sulphide, nitrogen, hydrogen, argon and ethane” light hydrocarbons
depending on the capture technology employed for the CO, removal [3].

COs-rich pipelines are a key part of any carbon capture and storage (CCS) projects.
Modelling phase behaviour, pressure drop and/or heat transfer in these pipelines are
challenging due to the lack of thermo-physical properties of CO> in presence of
impurities. As these properties have a significant impact on sizing of the equipment,
therefore, it is crucial to investigate the impact of different impurities on the thermo-
physical properties of CO:-rich systems.

Accurate experimental data on the transport properties of the CO»-rich systems are
required to develop accurate predictive and correlative models in order to precisely
design carbon capture, transport and storage processes. Transport properties have a
major effect on the sizing of the equipment while the thermodynamic properties
determine the feasibility of a given process. Accurate experimental data and models can
lead to reduction in the CAPEX costs by cost-effective design and sizing of the
equipment.

The importance of transport properties of COa-rich systems could be illustrated by
considering the example of CO» transport pipelines. The power consumption and sizing
of pumps/compressors to maintain flow through the pipelines is directly related to the
pressure drop which is a function of Reynolds number and viscosity. In practice, if a
viscosity model under-predicts viscosity by 20%, this will result in a 20%
underestimation of the pump/compressor power consumption.

Another importance of the thermo-physical properties in CCS is the effect of them on
flow measurements. The European Union Emission Trading Scheme (EU ETS) is an
important plan to control the greenhouse gas emissions [49]. Regarding the safety
concerns for leakage from the storage sites, measurement and monitoring would be a
key element in CCS projects. The EU ETS regulations require an uncertainty of £1.5%
by mass on the quantity of stored CO; [50]. This requires a precise flow measurement
of CO; stream with impurities. Unlike other transportable fluids by pipelines (e.g.

natural gas, water and oil), the CO> critical point is very close to the ambient
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temperature. On the other word, small gradients in pressure or temperature may have a
significant change in the physical properties such as density, viscosity, compressibility
and phase [51]. In this case, it will be difficult to achieve the £1.5% uncertainty target.
Also, there is a risk of phase change and multiphase flow can arise in the pipeline.
Presence of both liquid and gas phases simultaneously may cause serious operational
problems as well as great effect on the fluid physical properties and consequently flow
measurement [52].

Since the CO; captured from power plants always contains impurities and the presence
of these impurities will significantly change the transport properties compared to pure
COg, therefore, the transport properties of CO»-rich mixtures attract more attention in
the industry [4].

Estimation of transport properties is of crucial interest to understand and estimate flow
and heat transfer behaviour of fluids. Viscosity is a key transport property for pipeline
systems as well as sub-surface and process systems. There are some methods to predict
the viscosity of fluids. A widely used method to calculate the transport properties of
fluids, particularly viscosity, is based on the predictions by using the corresponding
states (CS) and extended corresponding states (ECS) concepts. The principle of
corresponding states arises from the fact that properties of many fluids are functions of
critical temperature and critical density. Extended corresponding states models modify
the properties by employing extra shape factors, which are functions of reduced
temperature, reduced density and the acentric factor, to account for deviations from the
corresponding state principle and consequently to improve predictions [5].

Another common concept to determine the viscosity of fluids is the residual viscosity
concept which is based on the observation that the difference between the dense phase
viscosity and the dilute gas viscosity is function of density and approximately

independent of temperature [6].

4.2 Literature review

Viscosity data for binary systems of carbon dioxide and other gases can be found in the
open literature over different temperature ranges and CO; fractions; however most of
the measurements were conducted at atmospheric pressure and in the gas phase.
Furthermore, in the gas phase few data have been reported at pressures higher than 2.53
MPa.

Kestin and Leidenfrost [7] measured the viscosity of the CO2-N2 binary mixture using

an in-house oscillating-disk viscometer at 20 °C (293.15 K) and pressure ranges of 1 to
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21 atm (0.101 to 2.120 MPa). The estimated accuracy of 0.05% was reported for the
measurements. Also, Kestin at al. [8] measured the viscosity of four binary gaseous
mixture including CO2-N»> and CO;-Ar at 20 °C and 30 °C (293.15 K and 303.15 K) and
at pressures from 1 atm (0.101 MPa) to 25 atm (2.53 MPa). The measurements were
performed using oscillating-disk viscometer with the accuracy of £0.10%. Figure 4.1
and Figure 4.2 show the experimental viscosity of CO2-N; and CO;-Ar at various
carbon dioxide concentrations and two temperatures, respectively.

Gururaja et al. [9] measured the viscosity of different CO, binary and ternary gas
mixtures using the same method applied by Kestin et al. They have measured the
viscosity of CO2-O2, CO2-N2 and CO»-Hz at atmospheric pressure (14.2 psia), ambient
temperature (25 °C) and different CO; concentrations. They have also measured the
viscosity of ternary systems CO2-O2-H> and CO»-O2-N> with different CO> mole
percent all below 50% COaz. Figure 4.3 shows the experimental viscosity of the binary

gas mixtures.
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Figure 4.1 Viscosity of CO2-N: measured by Kestin et al., at different mole fractions of CO2
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Figure 4.2 Viscosity of CO2-Ar measured by Kestin et al., at different mole fractions of CO2

Kestin and Ro [10] measured the viscosity of several binary systems including CO> with
No, Ar, H, and CH4 at atmospheric pressure and temperatures from 25 °C to 700 °C.
They also have measured the viscosity of two ternary systems i.e.,CO2-N2-Ar and CO»-
N2-CHs4. The accuracy of measurements was reported as +0.10% at 25 °C and +0.30%
at 700 °C. Figure 4.4 shows the experimental results for high CO; content mixtures at
various temperature ranges.

Kestin and Khalifa [11] performed measurements to obtain the viscosity of eighteen
binary gas mixtures including CO»-O> systems with high CO; contents. Figure 4.4
shows the results. The accuracy of the measurements was believed to be within £0.10%
- £0.20% from room temperatures to 400 °C. Kestin and Ro [12] [13] also measured
viscosity of CO2-N2O and CO,-CO systems, and the results are shown on Figure 4.4,
with an accuracy of £0.30% for CO,-N20 and +£0.10% for CO2-CO mixtures.
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Figure 4.5 Viscosity of CO2-H: measured by Mal’tsev et al., 2004

Mal’tsev et al. [14] carried out viscosity measurements on CO>-H> mixtures at 3x10° Pa
at 500 K, 800 K and 1100 K with different CO, mole fractions with an accuracy of less
than 3%. Figure 4.5 illustrates the results of their measurements.

Table 4.1 summarises the available experimental viscosity data of mixtures containing
CO:z in the literature. The ranges of temperature and pressure, CO; fraction, state of the
fluid and uncertainty are listed in the table. As can be seen, most of the available

viscosity data are in the gas phase and at atmospheric pressure.
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Table 4.1 Available experimental viscosity data in the literature

Year Phase  Substance T (K) P (MPa) E)g(.)‘P(())fin " Uncertainty  Ref.
1936 G CO2-0,-CO-  293.15-1287 17 - [15]
H»- CH4-N»
1959 G CO2-N; 293.15 0.101-2.12 45 +0.05% [7]
1966 G CO2-N 293.15 & 0.101-2.53 12 +0.10% [8]
COz-Ar 303.15
1967 G CO2-0, 295.15-303.15 0.098 7 - [9]
CO2-N 6
CO:-H» 5
C0,-02-H» 12
CO2-02-N» 11
1968 G CO,-CH4 293.15 & 0.101-2.53 32 +0.05% [16]
COx-Kr 303.15 24
1974 G CO2-N; 298.15-973.15 0.101 28 £0.1-£0.3% [10]
CO»-Ar 28
CO,-He 56
CO,-CH,4 20
CO2-Nr-Ar 20
CO,-N»-CH4 12
1977 G CO2-0, 298.15-674.15 0.101 15 £0.1-+0.2% [11]
1982 G CO-N,O  298.15-473.15 0.101 10 +0.3% [12]
1983 G COz-H; 295.15-303.15 0.101 3 +0.10% [17]
1983 G CO,-CO 298.15-473.15 0.101 10 +0.10% [13]
1989 G CO,-Ar 310.15-521.15 0.101 19 +0.7% [18]
2004 G CO:-H 500-800-1100 0.3 15 +3% [14]

4.3 Experimental part
4.3.1 Experimental equipment

All viscosity measurements were conducted using an in-house designed and constructed
set-up, a schematic view is shown in Figure 4.6 below. This setup has been designed to
have a maximum working pressure of 200 MPa/29,000 psia and a maximum working
temperature of 250 °C (523.15 K). The set-up is located inside an oven, manufactured
by BINDER GmbH, capable of being used at temperatures from -70 °C to 200 °C
(203.15 K to 473.15 K).

The set-up is comprised of two small cylinders, with volumes of 25 ¢cm?, connected to
each other through a capillary tube with measured length of 14.78 metres and a
temperature-dependent calibrated internal diameter. An oscillating U tube densitometer
Anton Paar DMA-HPM is connected to the set-up. Two three-way valves, one on top of
the cylinders connected to capillary tube and one on top of the densitometer, are
installed to inject the sample inside the cylinders, tube system and densitometer. The

base side of the two cylinders are connected to opposite sides of a push-pull, motor
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driven mercury pump. This pump can move the sample fluid forwards and backwards
between the two cylinders. There is also a hand pump connected to the system to
control the pressure of the entire fluid system by injection and withdrawal of mercury.
Two Quartzdyne pressure transducer (model: QS 30K-B) with the design pressure up to
207 MPa and standard uncertainty of +£0.02 MPa were connected to record the system

pressure.

mPDS3 2000 V3 ... J

AR R
INVNAVAN

Oven Capillary Tube

Anton Paar
Densitometer

e——@
Il Hand Pump

Figure 4.6 A schematic view of the viscosity experimental setup
4.3.2 Measurement procedure

The capillary tube viscosity measurement method has been employed to measure the
viscosity of CO> systems with impurities. In each test, after applying vacuum to the

entire system, the set-up was loaded with the sample mixtures through the injection
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point at the top of the densitometer. Then after disconnecting the sample cylinder from
the system, the sample fluid was pushed through the capillary tube into the other
cylinder using the push-pull mercury pump. The temperature of the system was set to
the desired condition and the desired pressure was achieved using the hand pump. Once
conditions had stabilized, and after isolating the densitometer by closing the related
valve, the sample was pumped through the capillary tube at a number of flow rates. To
ensure the consistency of the measurements, at each pressure, viscosities were
determined at two or three different flow rates and at each flow rate three readings were
logged, so the reported viscosity data in this study are an average of at least six or nine
separate readings.

Pumping the sample fluid through the capillary tube by piston pump resulted in a
dynamic differential pressure that was monitored and recorded until stable. Then the
pump was stopped to record the static differential pressure. The difference between the
dynamic and static differential pressure was used as the pressure drop across the tube.
To ensure laminar flow conditions, Reynolds numbers were checked for the flow rates
in which the measurements were performed. Poiseuille equation, below, can relate the
pressure drop across the capillary tube to the viscosity, tube characteristics and also

flow rate for laminar flow:

ap=128LQn (4-01)
CnD

Where, AP is differential pressure across the capillary tube viscometer in psi, Q
represents flow rate in cm’/sec, L is length of the capillary tube in cm, D refers to
internal diameter of the capillary tube in cm, 7 is viscosity of the flown fluid in cP and
C is unit conversion factor equal to 6894757 if the above units are used.

The internal diameter of the tube was calibrated. The tube length changes with
temperature but this had no noticeable influence on the measured viscosity. The set flow
rate has no effect on the accuracy of the viscosity measurement. Only differential
pressure as a variable in the above formulation can cause error in viscosity
measurement. The usual variation in differential pressure measurement is 0.01 psi and

this leads to =1% of error in the calculated viscosity for those measured in this study.
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4.3.3 Diameter calibration procedure

The diameter of the capillary tube were calibrated using the viscosity data of pure CO>
from REFPROP v8.0 [19]. First, the pressure drop at desired pressures and temperatures
were measured and the viscosity were calculated using assumed diameter and
employing Hagen-Poiseuille equation. The assumed diameter, 0.29653 mm, were
obtained from the previous experiments for the oil and gas fluids [20]. The new
diameter for each isotherm were optimised by minimising the total deviations of
experimental data from the viscosity data calculated by REFPROP v8.0 [19]. Then, a
correlation were found by fitting a linear trend line on the optimised diameters versus
temperature. Figure 4.7 shows the trend line which fitted optimised diameter on
temperature. The calibrated diameter as a function of temperature can be found from

Equation (4-01a). The results of diameter calibration can be found below in Table 4.2.

D=-1E-06 T + 0.0298 (4-02)
where,

Disincm and T is in K.
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Figure 4. 7 Calibrating diameter versus temperature
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Table 4. 2 Diameter calibration data using pure CO:

Viscosity (uPa.s) Deviation (%)

No Phase T P Calib D Exp. Old D REFPROP Exp.Calib D OldD CalibD

K MPa cm 0.029653
(0.1) (£0.02)

1 Lig 238.2 10.22  0.02956 194.0 195.6 191.6 0.8 2.0
2 Lig 238.2 21.18 0.02956 212.0 214.7 209.4 1.2 2.4
3 Liq 238.2 51.70  0.02956 260.5 261.8 257.4 0.5 1.7
4 Liq 243.2 102.78  0.02956 320.4 313.7 316.3 22 0.8
5 Liq 243.2 126.15  0.02956 354.4 342.6 349.9 3.5 2.1
6 Liq 253.2 50.43 0.02955 218.2 216.9 215.0 0.6 0.9
7 Liq 253.2 102.56  0.02955 285.8 282.6 281.7 1.1 0.3
8 Lig 253.2 150.16  0.02955 348.7 337.7 343.8 33 1.8
9 Gas 273.2 1.05 0.02953 13.9 13.8 13.7 0.7 1.0
10 Gas 273.2 2.05 0.02953 14.1 14.1 13.9 0.5 1.2
11 Lig 273.2 10.47  0.02953 116.5 115.1 114.5 1.2 0.5
12 Liq 273.2 20.13 0.02953 134.0 132.0 131.7 1.5 0.2
13 Liq 273.2 52.05 0.02953 177.1 176.0 174.1 0.6 1.1
14 Liq 273.2 102.61  0.02953 234.5 234.0 230.5 0.2 1.5
15 Liq 273.2 150.44  0.02953 287.0 284.1 282.2 1.0 0.7
16 Gas 283.2 1.09 0.02952 14.6 14.3 14.3 2.1 0.2
17 Gas 283.2 2.07 0.02952 14.6 14.5 14.4 0.8 1.0
18 Liq 283.2 7.89 0.02952 93.1 92.5 91.4 0.7 1.2
19 Lig 283.2 23.07  0.02952 123.1 120.6 120.9 2.1 0.3
20 Liq 283.2 39.85 0.02952 146.5 143.9 143.8 1.8 0.1
21 Liq 283.2 59.01 0.02952 170.5 167.2 167.4 2.0 0.1
22 Lig 283.2 101.38  0.02952 216.6 213.2 212.7 1.6 0.2
23 Liq 283.2 151.26  0.02952 265.3 263.2 260.4 0.8 1.0
24 Gas 293.2 1.13 0.02951 14.9 14.8 14.6 0.7 1.3
25 Gas 293.2 2.05 0.02951 15.0 15.0 14.7 0.4 1.6
26 Liq 293.2 11.47  0.02951 88.3 85.4 86.5 33 1.3
27 Liq 293.2 20.37  0.02951 105.7 102.4 103.6 32 1.2
28 Liq 293.2 36.79  0.02951 132.0 125.9 129.5 4.9 2.8
29 Liq 293.2 68.99  0.02951 169.2 163.1 165.9 3.7 1.7
30 Lig 293.2 101.04  0.02951 199.2 196.0 195.3 1.6 0.3
31 Lig 293.2 141.60  0.02951 239.4 235.0 234.7 1.9 0.1
32 Gas 308.2 1.20 0.02949 15.7 15.5 15.3 0.9 1.3
33 Gas 308.2 2.07 0.02949 15.7 15.7 15.4 0.2 1.9
34 SC 308.2 11.33 0.02949 65.3 63.8 63.9 2.4 0.2
35 SC 308.2 22.09  0.02949 90.3 87.6 88.4 3.1 0.9
36 SC 308.2 3497  0.02949 109.4 106.0 107.0 32 1.0
37 SC 308.2 68.93 0.02949 147.5 143.7 144.4 2.7 0.5
38 SC 308.2 101.20  0.02949 177.4 174.7 173.6 1.6 0.6
39 SC 308.2 150.52  0.02949 227.3 219.0 222.4 3.8 1.5
40 Gas 3232 1.27 0.02948 16.5 16.3 16.1 1.6 0.7
41 Gas 3232 2.05 0.02948 16.7 16.4 16.3 2.0 0.4
42 Gas 323.2 5.04 0.02948 17.8 17.4 17.4 22 0.2
43 SC 323.2 11.44  0.02948 40.7 41.2 39.8 1.1 3.4
44 SC 323.2 20.67  0.02948 72.8 70.5 71.1 33 0.8
45 SC 323.2 50.82  0.02948 114.7 109.9 111.9 4.4 1.9
46 SC 3232 105.53  0.02948 164.5 160.8 160.6 2.3 0.1
47 SC 3232 150.43  0.02948 200.0 198.6 195.3 0.7 1.6
48 Gas 373.2 1.48 0.02943 19.1 18.6 18.6 2.9 0.2
49 Gas 373.2 2.06 0.02943 19.3 18.7 18.7 33 0.2
50 Gas 373.2 5.15 0.02943 20.1 19.3 19.5 3.8 0.7
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Viscosity (uPa.s) Deviation (%)
No Phase T P Calib D Exp. Old D REFPROP Exp.Calib D OldD CalibD
K MPa cm 0.029653
(#0.1) (£0.02)

51 Gas 373.2 8.38 0.02943 21.6 20.8 21.0 4.1 1.0
52 SC 373.2 21.67 0.02943 41.5 41.0 40.2 1.2 1.8
53 SC 373.2 51.46 0.02943 80.7 78.0 78.3 34 0.3
54 SC 373.2 102.71  0.02943 122.9 117.8 119.2 4.3 1.2
55 SC 373.2 149.33  0.02943 154.8 149.9 150.1 3.2 0.1
56 Gas 4232 1.71 0.02938 21.6 20.8 20.8 3.6 0.2
57 Gas 4232 2.06 0.02938 21.6 20.9 20.8 3.6 0.2
58 Gas 423.2 5.13 0.02938 22.3 21.4 21.5 4.5 0.7
59 Gas 423.2 8.12 0.02938 23.1 22.2 22.3 4.3 0.4
60 SC 423.2 51.25 0.02938 61.7 60.6 59.4 1.9 1.8
61 SC 423.2 102.61  0.02938 98.6 94.5 95.0 4.4 0.5
62 SC 4232 148.94  0.02938 125.6 121.0 121.0 3.8 0.0
Absolute Average Deviation (Total) 2.2 1.0
Total Deviations 138.1 59.5

4.3.4 Viscosity validation

The viscosities of pure CO> and MIX 1 have been measured at two isotherms to validate
the experimental procedure by comparing to experimental data obtained by Al-Siyabi et
al. [21] and Pensado et al [22]. They have measured the viscosity of pure CO, and MIX
1 at the desired temperatures at dense phase and at pressures up to 60 MPa. In this work,
the viscosities of pure CO2 and MIX 1 have been measured at two isotherms in gas,
liquid and supercritical phases at pressures up to 150 MPa. The results are in good
agreement with the literature. As can be seen, the accuracy of measurements for pure

CO3 is estimated to be 2% in gas, liquid and supercritical phases.
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4.3.5 Viscosity measurement uncertainties

The type A and type B [23][24] uncertainty of each experimentally measured viscosity
have been calculated. The type A uncertainties of the viscosity measurements, u4(7),
have been calculated from the standard deviations of up to 9 independent
measurements. In general, the uncertainties of viscosity measurements in the gas phase

and at low temperatures are higher than the dense phase CO> mixtures.

us () = = (4-03)

n-—1

where,

s: Estimated standard deviation

x: The mean of viscosity readings

u4: Estimated standard uncertainty type A

n: number of measurements

The type B uncertainty of viscosity measurements were calculated according to the

random error propagation theory.

e = ) aan G-l + [(32)-ao] +[(3) e o

. . . . . ]
In the above equation, the uncertainty of viscosity due to each variable, (ﬁ), can be

calculated from the following equation. The variable M could be pressure drop, Ap,

flow rate, Q, internal diameter, D, or tube length, L.

9
(#) - ZuEM) (Mt +uaay = Mwa-uion) (4-06)

The standard uncertainties for pressure drop, flow rate, diameter and tube length were
estimated to be +£0.01 psi, £0.02 cc/hr, £0.00005 cm and £5 cm, respectively. Standard
uncertainties in temperature and pressure are u(7) = +0.1 K [20] and u(p) = £0.02 MPa
[20] [25].
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4.4 Viscosity modelling

Four models were tested and developed predict the viscosity of CO, dominated systems
with impurities.
e (Correlative models based on residual viscosity theory, i.e., Lohrenz—Bray—Clark
(LBC) and Tuned CO»-LBC
e Predictive models based on one-reference fluid corresponding states (CS)
theory, i.e., Pedersen and CO»-Pedersen
e Predictive models based on two-reference fluid corresponding states (CS)
theory, i.e., Pedersen and CO»-Pedersen
e Predictive models based on extended corresponding states (ECS) theory, i.e.,
SUPERTRAP and CO2-SUPERTRAP
The LBC correlation is a fourth-degree polynomial equation in the reduced density
which can be tuned to match experimental data. The CO>-Pedersen model predicts the
viscosity using the corresponding states theory, while the CO2-TRAPP model predicts

using the extended corresponding states theory by employing shape factors.

4.4.1 Residual viscosity theory

Due to the simplicity, flexibility and consistency, the most common empirical viscosity
calculation method for both gases and liquids in petroleum industry which widely in use
in compositional simulators, based on the residual viscosity concept, is a correlation
derived by Jossi et al. (1962) [26] for pure fluids. The concept of residual viscosity is
based on the experimental observation that the viscosity differences between the dense
phase and dilute gas at a specific temperature is a function of its density [26]. This
correlation is mostly referred as Lohrenz-Bray-Clark or LBC correlation in the oil and
gas industry. Lohrenz et al. (1964) [27] extended the JST method [26] for calculating

the viscosity of mixtures of naturally occurring hydrocarbons. The LBC correlation is a

fourth-degree polynomial equation in the reduced density, p, =£, presented in 1964.

C

The equation is:
* 4 2 3 4
[(n_n )&4_10 ] :al +a2 pr +a’3pr +a4pr +a’5pr (4_07)

where n* is the viscosity of dilute gas, ¢ the viscosity reducing parameter and P, the

reduced density. The constants a; to as, available from Table 4.3, were adjusted by Jossi

et al. [26] using 11 pure compounds for reduced densities of 0.02 to 3.0. The
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compounds were: carbon dioxide, sulphur dioxide, non-condensable gases (oxygen,
argon, nitrogen) and hydrocarbons (methane, ethane, propane, i-butane, n-butane, and n-
pentane). Also, these parameters can be tuned to match to the experimental data of CO»
systems with impurities.

The following mixing rules were applied by Lohrenz et al. (1964) [27] in order to
calculate the viscosity reducing parameter and dilute gas mixture viscosity. Low

pressure mixture viscosity, n*, has been presented by Herning et al. (1936) [15].

Table 4.3 Parameters in the Original LBC Viscosity Correlation

LBC Parameters Constants
aj 0.10230
ay 0.023364
a3 0.058533
as -0.040758
as 0.0093324

1/6
[ZilZiTﬂ}
172
[Z:ZiMi } |: ilZiPci }

. ZN Zn' M,
R I N (4-09)

Ziilzi \/Ml

N is the number of components in the mixture, Te, Pei, Mi and Z; are the critical

&= 7 (4-08)

temperature, critical pressure, molecular weight and mole fraction of component i,
respectively. The critical density of mixtures can be determined from the critical molar
volume.

1 1

_ (4-10)

" Ve ZZIZiVCi

where, Vi is the critical molar volume of component i in the mixture. The density of the
mixture can be calculated by any equation of state. However, as the original model
developed based on the experimental density, the accuracy of the model significantly
depends on the input density. In this work, HydraFLASH 2.2.23 has been used to
calculate the mixture density using the Peng-Robinson equation of state with the

volume correction for CO» systems described in Chapter 3, Section 3.4.

87



Chapter 4: Viscosity measurements and modelling

The dilute component viscosity, T}, , for each component are expressed as a function of

reduced temperature, Tr, by Stiel and Thodos, 1961 [28] as follows:

n, =34x 105%1109“ ; forT. <1.5 (4-11)
N =17.78 x 10‘5%(4.58Tri—1.67)5/8 . forT,>1.5  (4-12)
where,
T
& :W (4-13)

It should be mentioned that the model predicts the natural gas and light hydrocarbons
mixtures viscosity with a reasonable accuracy. This could be due to the fact that the
parameters of the model were adjusted using light hydrocarbons. Dandekar et al. (1994)
[29] showed that the model predicts the viscosity of hydrocarbon systems with a
reasonable range of accuracy when the reduced densities are less than 2.5. The model
under-predicts the fluid viscosity significantly for systems with reduced densities above
2.5. They also have modified the model for heavier hydrocarbon systems by introducing
reduced temperature and molecular weight [29].

Furthermore, the residual viscosity in the main equation is supposed to be a function of
reduced temperature. But, as shown by Vogel et al. (1998) [30] in the Figure 4.12 for
propane, a temperature dependency can be observed for reduced densities above 3. A

similar behaviour can be expected for other systems at higher reduced densities.

4.4.2 Corresponding states (CS) theory

One of the well-known semi-theoretical approaches to predict the transport property of
fluids is corresponding states (CS) theory. The principle of corresponding states arises
from the fact that properties of many fluids are similar as a function of critical

temperature and critical density. [5]

4.4.2.1 One reference fluid

The model has been derived by Pedersen et al. (1987) [31] from the approach of
Christensen and Fredenslund (1980) [32] presented for the thermal conductivity of

gases and liquids. According to the corresponding states principles applied to viscosity,
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the reduced viscosity,n, =

C

r

P T
P =— and reduced temperature, T =?, will be same.

P.T
M, for two components at the same reduced pressure,
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Figure 4.12 The reduced residual viscosity in the LBC model vs the reduced density for propane;
a) Includes all data taken from Vogel et al. (1998) ranging from 90 K — 600 K and up to 1000 bar,

b) Shows the temperature dependency at high reduced densities
nr:f(Pr9 Tr) (4_14)
Based on the dilute gases considerations, viscosity at critical point can be approximated
as:

2/3\ 11/2
P¥*M

. ~T (4-15)

Where, M denotes the Molecular weight. Thus, the reduced viscosity can be expressed
as:

n(P,T) n(P,T) T

N - P2AM2 (4-16)

nr:
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For one component as a reference component if the function f in Equation (4-14) is
known, it is possible to calculate the viscosity of any other components, such as

component X, at any pressure and temperature. Thus,

(P j3 (M jz
P,) (M PP, TT
nx (P,T) — c0 0 no( c0 COJ (4_17)

1 s
T )6
TcO

P T
Where, 0 refers to the reference component. Methane with the viscosity data published

CX CX

by Hanley et al. (1975) [33] has been selected as the reference fluid in the original
Pedersen Model.
Viscosity of methane as a function of temperature and density can be calculated from

the equation below:

ﬂ(p,T)=1‘|0 (T)+HI(T)P+A11'(9,T) (4-18)
Where 1, viscosity of the dilute gas, expressed as:

_GV() GV(2) GV(3) 3
n,(T)= - T T GV(4)+GV()T"” + (4.19)
GV(6)T” +GV(NT+GVE®) T’ +GV(9)T*"

The following empirical equation is employed to obtain n;:
T 2
nl(T)=A+B(C—ln?] (4-20)

Finally, the term An’(p,T) is given by:

A'(p,T) = CXP(JHJ—“j exp| p™ [j2+J—3j +0p™ (j5+1—“+1—72j ~1.0| (4-21)
T T T
The density related parameter, 0, is:

0 PP
P.

The density of the reference fluid methane is calculated by a modified BWR equation in

(4-22)

the 32 term form below.

9 15 N
P=>a (T)p"+Y a,(T)p>" e ™ (4-23)
n=1

n=10
In the equations above, the constants GV(1) to GV(9), The constants A, B, C and F and
j1 to j7 are given below in Table 4.4.
In this work, CO,with the viscosity data published by Fenghour et al. [34] has been

selected as the reference fluid for the CO» systems including impurities. The viscosity
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of CO> as a function of density and temperature can be calculated from the following

equation:
n(p,T)=n,(T)+ An(p,T) (4-24)

Where, ’70(T ) is the zero-density viscosity and can be obtained from the following

equation:

1/2
_ 1.00697 T (4-25)

M, (T) EAGE

n

Table 4.4 Constants in equations expressing corresponding states model for viscosities in 10 cP

Equation Constant Value
4-19 GV(1) -2.090975 x 103
GV(2) 2.647269 x 10°
GV(3) -1.472818 x 10°
GV(4) 4.716740 x 10*
GV(5) -9.491872 x 10
GV(6) 1.219979 x 10°
GV(7) -9.627993 x 10!
GV(8) 4.274152
GV(9) -8.141531x 102
4-20 A 1.696985927
B -0.133372346
C 1.4
F 168.0
4-21 Ji -10.3506
J2 17.5716
3 -3019.39
ja 188.73
Js 0.0429036
J6 145.29
J7 6127.68

In this equation, the zero-density viscosity is in units of puPa.s and temperature, T, in K.

The reduced effective cross section, Wy (T"), is represented by the empirical equation:

4 )
ln‘P; (T ) = Zai (lnT ) (4-26)
i=0
Where the reduced temperature, T™, is given by
T =kT /¢ (4-27)
And the energy scaling parameter, %: 251.196 K . The coefficients, aj, are listed below

in Table 4.5.
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Table 4.5 Values of Coefficients ai for CO2

aj
0.235156
-0.491266
5211155 x 10
5.347906 x 10
-1.537102 x 102

B W N = O -

The second contribution in Equation (4-24) is the excess viscosity, An(p,T), which
describes how the viscosity can change as a function of density outside of the critical

region. The excess viscosity correlation can be correlated as follows:

d64p6 8 dgng

An(p, T)=d,p+d,p’ +F+d81p + T (4-28)

Where, the temperature is in Kelvin, the density in kg/m* and the excess viscosity in
uPa.s. T* can be calculated from Equation (4-27). The coefficients are shown below in

Table 4.6.

Table 4.6 Values of coefficients in d;

dij Value

di 0.4071119 x 1072
dai 0.7198037 x 10
dea 0.2411697 x 1071
dsi 0.2971072 x 1022
ds» -0.1627888 x 1022

The carbon dioxide density is calculated from a modified Benedict-Webb-Rubin
equation of state, known as mBWR, in the form of 32 term equation presented by

Younglove and Ely [35].

P= ZQ: a (T)p" +i a_(T)p> Ve ™ (4-29)
n=1

n=10
The corresponding states principle expressed in Equation (4-17) for the viscosity of
pure components works well for mixtures. Pedersen et al. (1987) [31] have expressed
the following expression to calculate the viscosity of mixtures at any pressure and

temperature.
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2 1
(Pcmix j?) (Mmix jz (amix j
. (P,T) _ Py M, )

1 Mo (PoaTo) (4-30)

where
PP, a TT, a
Po P an ’ To an (4_31)

The critical temperature and pressure for mixtures, according to recommended mixing

rules by Mo and Gubbins (1977) [36], can be found from

3

L 1
N N Tci g TCJ ’
21:12j:1zizj (P ) j + [P] Tcich
ci cj

T - 3 (4-32)

cmix 1
N x~—N T, 3 T,
Zizlzjzlzizj (Pm] + {I_,Cj]

1 1T
T.)} (T,
82212;\;Zi2j (Pc}] +(PJ] \’ ci Q]

c cj

P = (4-33)

N <N
Zi=12j=lzizj ( J

ci

The mixture molecular weight is found from

M, =1.304 x107* (M, - M, *")+ M, (4-34)

where M|, and M are the weight average and number average molecular weights,

respectively.
_ Z ZM/
M, —aTT (4-35)
Zl 1 1
M, Zz M, (4-36)

i=1
The parameter o for mixtures introduced by Pedersen et al. (1987) [31] to account for
the effect of molecular size and density on viscosity. This parameter can be found in

Equation (4-25) from:
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o, =1.000+7.378 x 10°p M7 (4-37)
Also, a for the reference fluid can be found from the Equation (4-37) by replacing the
molecular weight of the mixture with that of the reference fluid, carbon dioxide. The
reduced density, pr, is defined as:

PP, TT,
Polp '

cmix cmix

p = (4-38)
pcO

The critical density of carbon dioxide, pco, is equal to 467.69 kg/m?.

The modified Benedict—-Webb—Rubin (mBWR) equation of state is applied for
computing the reference fluid density, po, at the desired pressure and temperature of
P.T

cmix cmix

. The mathematical equation of the MBWR has been presented by

Younglove et al. [35].
The procedure below should be followed to calculate the viscosity of CO> systems with
impurities by the corresponding state principle of Pedersen Model:

1 Calculate the Temix, Pemix and Mmix from Equations (4-32), (4-33) and (4-34),

respectively.

. . PP, TT,
2 Obtain CO; density at ,—— from the MBWR EOS and calculate reduced

density from Equation (4-38)

3 The mixture parameter, omix, and oo should be calculated from Equation (4-37)

4 The reference pressure and temperature, Po and To, should be calculated from
Equation (4-31)

5 Calculate the CO> reference fluid, M, (PO,TO), in Equation (4-30) from Equation (4-
24)

6 Calculate the mixture viscosity from Equation (4-30)

4.4.2.2 Two reference fluids

A viscosity model based on corresponding states theory with two reference fluids have
been proposed by Aasberg-Petersen et al. [37] to predict the viscosity of both gases and
liquid systems for hydrocarbons. They have selected methane and n-decane as the

reference fluids.
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(4-39)

KCS
MNiix = Nemix n,(T,P) (nz(Tsz)'nc,l ]

(T, P, )-nc,z

where Kcs is an interpolation parameter function of molecular weights of the mixture

Cl

and reference fluids.

wl (4-40)

Et-Tahir (1993) [38] investigated the effect of interpolation parameter, Kcs, by
introducing other parameters, i.e., acentric factor, critical pressure and temperature, as
shown on the equation below.

1 Mwmix_Mw @ . —O P mix_P T mix_T
_[ , 1L O =0 Fe ¢l c c,1] (4-41)
M,,-M_, W, =, o T, T,

KCS - 4
4.4.3 Extended corresponding states (ECS) theory

The method was proposed by Hanley (1976) [39] and also by Mo & Gubbins (1974,
1976) [40] [41]. It led to a computer programme known as TRAPP (TRAnsport
Properties Prediction) [42]. The method is also the basis for NIST Standard Reference
Database 4 (SUPERTRAPP, [43]). The method can predict viscosity and thermal
conductivity of pure fluids and their mixtures over the entire phase range from gas to
dense liquid.

The original version of the TRAPP method [42] was used to estimate the viscosity and
thermal conductivity of fluids and their mixtures and employed methane as a reference
fluid. In the most recent version presented below for pure fluids, propane is the
reference fluid. Other reference fluids can be chosen. For example, Huber and Ely
(1992) [44] use Rl134a as the reference fluid to predict transport properties of
refrigerants.

In the original TRAPP method, the residual viscosity of a pure fluid at density p and
temperature T is related to the residual viscosity of the reference fluid, propane, at a

corresponding state point of (po, To) [5]:
AN, (P TAx}) =20, (p.T) = Ang (P, T, (4-42)

The subscript x denotes the pure fluid of interest while the subscript R refers to the
reference fluid. The state points T and density po are calculated by:

T
T, =— 4-43
0= (4-43)

X
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P, =ph, (4-44)

and F,,
M, " 12\ (273 _
E{[M] JUX)Uk ) (4-45)

R

Where fx and hx are reducing ratios function of critical parameters and can be calculated

by the following equations:

T
f =—* and h =Per (4-46)

© T Pex
Rowlinson and Watson (1969) [45] supplemented significantly the applicability range
of the corresponding states by introducing the concept of extended corresponding states.
In this concept, the reducing ratios are functions of critical temperature, critical density

and acentric factor.

Tc,x
=g 0T (4-47)
h =24 (0, T0,) (4-48)

Where 0x and ¢x are shape factors and functions of reduced temperature, reduced
density and acentric factor. A simplified density independent correlation to determine

the shape factors were presented [5].

0, (PrxsTors0, ) =[1+(0 -0, )(0.05203-0.7498In T, )| (4-49)

b (Pr Toar 0, ) = i“‘ [1-(0-0,)(0.1436-0.2822InT,_ ) | (4-50)

X2
c.X

For propane Younglove and Ely [35] give:

Mr ~Mor = Glexp[pg‘le +py° (pr,R - I)Gz}_ G, (4-51)
Where
p
P = (4-52)
pc,R

ﬂR —HRO is in pPa.s,
pc,r and po are in mols/L
In Equation (4-51), nr is the true viscosity of the reference fluid, propane, at

temperature To and density po, nor is the low pressure viscosity value for propane at
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temperature To. The reference fluid values are evaluated at To and density po not T and

p.
The parameters Gi, G2 and G3 can be calculated from:
E2
G, =exp| E, +=2 (4-53)
T
G,=E,+ 2% (4-54)
T"
E, E
G,=E,+—=%+—L 4-55
3 5 T T2 ( )

E-parameters for the propane are listed below in Table 4.7.

Table 4.7 E parameters for the Propane reference fluid

E Parameters Value (-)
El -14.113294896
E2 968.22940153
E3 13.686545032
E4 -12511.628378
ES 0.01168910864
E6 43.527109444
E7 7659.4543472

4.4.3.1 CO2-SUPERTRAPP model for mixtures

The residual viscosity of the mixture, which is related to the residual viscosity of the
reference fluid, is given by:

M, =M = Fp [0 =" [+ An™x0 (4-56)
The term n® — R0 is for the residual viscosity of the reference fluid which should be
evaluated at temperature of To and density po (not at T and p). In the original
SUPERTRAPP method, propane is the reference fluid which its residual viscosity can
be determined from a method given by Younglove and Ely (Zaytsev and Aseyev, 1992)
[46] as described above for pure components.

In this work, Carbon Dioxide with the viscosity data published by Fenghour et al.
(1998) [34] has been used as the reference fluid. Thus, instead of Equations (4-51) to (4-
55) for the propane viscosity calculation, the viscosity of CO: as a function of density
and temperature can be calculated from the data published by Fenghour et al. [34],
Equation (4-24).

The following mixing rules are applied to determine F,p,,, To and po in the Equation (4-

56):
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hm = Zzyiyjh[j (4'57)
i
fmhm = zzyiy_/fijhg/ (4-58)
i
[(hi )1/3 N (hj )1/3 T
h, = 2 (4-59)
fy = (fif/ )1/2 (4-60)
Where f; and 4; can be calculated by the following equations:
f, = ; [ 140, —0")(0.05203-0.7498In T, ) | (4-61)
pR ZR
h, = _CZ—C[I—(OJZ, ~©")(0.1436-0.28221n T, )] (4-62)
pci ci

To and po are calculated by the following equations:
T

Ty = 0 (4-63)
hm
Po = phyp =7 (4-64)
Finally,
Fin = (M, )71/2 (h;z )Zzyiyj (fz:/Mz:/ )1/2 (htf/ )4/3 (4-65)
i
where
2M M .
= —— (4-66)
M, +M,

The term AnENSKOG accounts for size differences based on a hard sphere assumption

(Ely, 1981) [42] and is calculated by:

ARG _ nZNSKOG _anSKOG (4-67)
where
NSO =S BY +ap* Y > vy 0, g, (4-68)
i i
where
p is density in mols/L, 6 is hard-sphere diameter in A, and n?j and nENSKOG are in uP
48 [2n ’
o= —[—(6.023x 10° )} =9.725x10” (4-69)
257 3
_ 13
o, =4.771h, (4-70)
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Gi +Gj.
0y == (4-71)

n° based on a rigid, non-attracting sphere assumed in the kinetic theory of Chapman and

Enskog can be calculated from

1/2

(M.T)

2
(o0

1

n’ =26.69 (4-72)

where
1 = viscosity, uP
o = hard-sphere diameter, A
For a binary system, the method of Wilke (1950) [47] simplified the kinetic theory

approach. The viscosity of binary systems in this method can be calculated by:

0 0
0 ym;
ng — yznz + J Y (4_73)
it Y, Vit s,
where
/472
I+ j J
¢y == (4-74)
8(1+ H
¢;; is found by:
0
_Lu M 4-75
vl (4-75)
The radial distribution function, gj, is calculated by (Tham and Gubbins, 1971) [48]:
— 3
9y == +3 ;2 6y + - f)3 % (4-76)
6.0, 2.5
e S @77)
20, Z JViOk
M;
Y=y [1+—(6 023 x 10~ 4),02]31] (M +M) f’jgi]-] (4-78)
The n values of Bi can be calculated by solving the n linear equations of the form
2jBii B =Y (4-79)
where
2
Eir M, SM, 2M,
=2 — 1+ 0, — 0, 4-80
B Zy (M+MM( M, ) 3M, * (4-50)
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The parameter nENSKOG in Equation (4-67) is for a pure hypothetical fluid with the same

density as the mixture, which can be determined from the same equation for nENSKOG

with parameters defined by:

o = {ZZyi yjch (4-81)

2
M, = {ZZ%«V./MJ”%“} o (4-82)
P

4.5 Results and discussion
4.5.1 Experimental and modelling results

Most of the available viscosity data are in the gas phase and atmospheric pressure as
discussed in the literature review. There are large gaps between the available
experimental data and the requirements for the viscosity of COz-rich systems in carbon
capture, transport and storage. As the operationally and economically preferred
scenarios to transport captured carbon dioxide in CCS is by pipeline in the dense phase,
liquid or supercritical phase, availability of robust viscosity data at higher pressure and
in the dense phase is of crucial importance.

The viscosities of pure CO2, multi-component mixtures of MIX 1 (with 5% impurity),
MIX 2 (with 10% impurity), MIX 3 (with 30% impurity), MIX 4 (with 50% impurity)
and binary systems of BINARY 1 (5% H» as impurity) and BINARY 2 (10% H> as
impurity) have been measured using the capillary tube technique. For calibration
purposes, viscosity of pure CO; has been measured over a wide range of pressure,
temperature and fluid conditions (62 points). Totally, 329 viscosity data for pure CO,,
MIX 1, MIX 2, MIX 3, BIN 1, BIN 2 and MIX 4 have been measured which 108 points
are in the gas phase, 115 points are in the liquid phase and 106 points are in the
supercritical phase. Average and maximum of the type A and type B of estimated
standard uncertainties of viscosity for each material has been reported in Table 4.22. A
summary of the measurements is listed in Table 4.23.

The experimental data then were employed to tune the correlative LBC and CO2-LBC
models and to evaluate the predictive models. The predictive models in this work are
based on the corresponding states (CS) theory models. One reference fluid models are
Pedersen and CO»-Pedersen; two reference fluid models are Aasberg-Petersen (CS2)
and CO»-CS2 models and two models base on extended corresponding states (ECS)

theory, SUPERTRAP and CO,-SUPERTRAP models. The experimental and modelling
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results are shown in Table 4.8 to Table 4.21 and Figure 4.13 to Figure 4.22. The results
of the correlative models, LBC and CO»-LBC, are shown Table 4.8 to Table 4.14 while
the results of the predictive models are shown in Table 4.15 to Table 4.21.

Tables of the correlative models, i.e., Table 4.8 to Table 4.14, include fifteen columns.
In each table, columns 1 to 7, are showing the experimental conditions, number of
measurements, phase, temperature, pressure, experimental viscosity data, type A and
type B estimated standard uncertainty of measured viscosity, respectively. Columns 8 to
12 show the modelling results of the LBC and CO>-LBC models with and without
density correction term using the Peng-Robinson equation of state. The viscosity
predicted by the LBC models is a strong function of the density of the mixture.
Therefore, to compare the effect of density correction on the viscosity predicted by the
LBC models, columns 8 and 9 show the results with density correction term and
columns 10 and 11 show the results without density correction term. Finally, the last
four columns, columns 12 to 15, show the corresponding deviations of the LBC models
with and without density correction term from the experimental data.

Tables of the predictive models, i.e., Table 4.15 to Table 4.21, include 23 columns. Like
the tables for the correlative models, in each table, columns 1 to 7, showing the
experimental conditions, number of measurements, phase, temperature, , experimental
viscosity data, type A (u4(7n)) and type B (uc(n)) of estimated standard uncertainty of
measured viscosity, respectively. Columns 8 to 15 show the predicted viscosity results
by different predictive models. Columns 7 to 11 show the results of the models based
on extended corresponding states (ECS) theory, i.e., SUPERTRAP and CO»-
SUPERTRAP models with and without density correction term using Peng-Robinson
equation of states. The viscosity predicted by SUPERTRAP models, like LBC, is a
strong function of the density of the mixture. Therefore, to compare the effect of density
correction on the viscosity predicted by the SUPERTRAP models, columns 8 and 9
show the results with density correction term and columns 10 and 11 show the results
without density correction term. Columns 11 and 12 show the results of the models
based on two-reference fluid corresponding states theory, i.e., Aasberg-Petersen (CS2)
and CO2-CS2 models. Columns 14 and 15 show the results of the models based on one-
reference fluid corresponding states (CS) theory, i.e., Pedersen and CO»-Pedersen
models. Finally, the last eight columns, columns 16 to 23, show the corresponding

deviations of the predictive models from the experimental data.
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The summary of the Absolute Average Deviations (AADs) for each mixture in gas,
liquid and supercritical phases are presented in Table 4.23 and Table 4.24 for both

correlative and predictive models, respectively.

4.5.2 Discussions on the correlative models

The LBC correlation based on the residual viscosity theory is one of the most common
correlations in the oil and gas industry to calculate viscosity of fluids. CO2-LBC model
is the LBC correlation with new tuned parameters using the experimental viscosity data
of COz-rich systems generated in this work. The LBC original parameters are available
from Table 4.3. The new tuned parameters for the CO>-LBC model are 0.10799,
0.035452, 0.021269, -0.013284 and 0.0034455 for a; to as, respectively.

As can be seen in Table 4.23, by comparing columns 8 and 9, the AAD for the original
LBC correlation using original Peng-Robinson equation of state without density
correction is 19.9 % while after tuning and applying the predicted mixture density using
the same equation of state with CO2 volume correction (CO2-LBC) is 8.5%. The
application of CO> volume correction has been discussed in chapter 3. The minimum
and maximum AADs for the original LBC correlation are 7.3% and 13.6% for MIX 1
and MIX 3, respectively while those are 6.7% and 16.2% for MIX 1 and MIX 3,
respectively, using the CO,-LBC with density correction.

4.5.2.1 Effect of tuning parameters and mixture density

In part 4.4.1, Equation (4-07) is the main equation for the LBC correlation which is
function of the mixture density and five constant parameters. The original parameters
for the LBC correlation are presented in Table 4.3. There are two methods to improve
the prediction of the LBC correlation. One of the most common methods for this
purpose is to tune the parameters to match to experimental data. Improving the mixture
density prediction can be another method. The effect of tuning can be analysed from
Table 4.23. As can be seen, the AAD has been reduced from 10.8% to 8.5% when the
density correction is considered (comparing columns 5 and 6), while it has been reduced
from 19.9% to 18.1% without applying density correction term (comparing columns 7
and 8). The effect of mixture density on viscosity calculation can be realised by
comparing columns 5 and 7 for original LBC and 6 and 8 for CO>-LBC models. The
table shows that applying density correction term in the original LBC model can reduce
the AAD from 19.9% to 10.8% while those are reducing from 18.1% to 8.5% for the
CO2-LBC model. By comparing these two improving methods, it can be observed that
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applying mixture density correction term would reduce the AAD significantly compared
to adjusting the tuning parameters ai-as. Figure 4.24 graphically show the effects of
tuning parameters and density correction in LBC and CO»-LBC models for MIX 2 at 0,
50 and 150 °C (273.15, 323.15 and 423.15 K).

4.5.2.2 Predictions of the models in different phases

Table 4.23 also can be used to compare the accuracy of the models prediction in
different fluid phases. In the gas phase, the AADs are high for both original LBC and
modified CO2-LBC, i.e., 14.6% and 12.4%, respectively. As can be seen, the accuracy
of the models have not been increased neither using tuned parameters nor applying the
density correction term in the gas phase. It seems reasonable as volume correction term
has mostly an effect on the density in the dense phase, i.e., liquid or supercritical phase.
In the liquid or supercritical phases, the AAD reduces significantly from 28.4% to 8.6%
for the LBC model and from 22.7% to 6.2% for the CO2-LBC model by applying CO-
volume correction term in liquid phase. Those are reducing from 16.0% to 9.2% and
from 18.9% to 6.9% for LBC and CO;-LBC models in the supercritical phase,
respectively. The effect of tuning parameters in the liquid phase can be observed by
comparing columns 5 and 6 or columns 7 and 8 with and without considering density
correction. The AAD reduces from 8.6% to 6.2% when the density correction term is
applied while it reduces from 28.4% to 22.7% without density correction. Tuning
parameters also can reduce the AAD from 9.2% to 6.9% and from 18.9% to 16.0% in

the supercritical phase with and without applying density correction term, respectively.

4.5.3 Discussions on the predictive models

Predictive models in this work are based on corresponding states (CS) theory with one
reference fluid, Pedersen and CO;-Pedersen models, with two reference fluids, Aasberg-
Petersen (CS2) and CO2-CS2 models, and extended corresponding states (ECS) theory,
SUPERTRAP and CO;-SUPERTRAP models. The models were described in the
modelling part. The AAD for each model were summarised in Table 4.24. As can be
seen, the CO,-Pedersen model has the lowest AAD of 3.3% while it is 8.0% for the
original Pedersen model. The significant reduction in the AAD can show the effect of
reference fluid selection on the viscosity prediction accuracy by corresponding states
theory models for different systems. In this work, instead of methane in the original
Pedersen model, the CO» has been selected as the reference fluid in the CO»-Pedersen
model. The original Aasberg-Petersen model with two reference fluids (methane and n-
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decane) has the AAD of 13.5% which is relatively high for CO»-rich systems. However,
changing the n-decane to carbon dioxide could reduce the AAD to 7.1%. As can be seen
in the table, the CO>-CS2 model has more reasonable prediction for the systems with
higher amount of hydrocarbons, i.e., MIX 3 and MIX 4, which the AADs are 7.2% and
3.9%, respectively. The CO2-SUPERTRAP model also has the AAD of 5.5% which is
the best models after CO2-Pedersen model. The effect of the mixture density correction

on the viscosity modelling by this model has been described below.

4.5.3.1 The effect of mixture density on the viscosity modelling by CO:2-
SUPERTRAPP

Unlike CO»-Pedersen model which only requires the density of reference fluid to
predict the mixture viscosity, viscosity prediction of SUPERTRAPP models are a
function of mixture density. In modelling the viscosity using SUPERTRAPP models,
the residual viscosity of any mixture is related to residual viscosity of the reference fluid
at a corresponding state point of (po, To). According to description of the model, also
can be seen on the Equation (4-42), the viscosity of reference fluid should be evaluated
at temperature To and density po, which density po is a function of the mixture density.
However, the mixture density has a significant effect on the mixture viscosity in
SUPERTRAPP models. Table 4.24 and Figure 4.25 show this effect for all conducted
tests.

As can be seen, using the modified density for the CO»-rich systems reduces the
absolute average deviation from 14.0% to 6.0% using the original SUPERTRAPP
model. This amount reduces from 11.4% to 5.5% using the CO2-SUPERTRAPP model.

4.5.3.2 Prediction of the models in different phases

As can be seen from Table 4.24, in gas phase, most of the models, except Aasberg-
Petersen, have acceptable viscosity prediction for CO> fluids containing impurities. The
lowest AAD of 2.3% in gas phase is for the CO;-Pedersen model. In liquid and
supercritical phases, CO2-Pedersen has the lowest AAD of 3.5% and 4.1%, respectively
which is an acceptable viscosity prediction in the dense phase for CO2 with impurity

systems.

4.5.4 The effect of different impurities on viscosity of pure CO2

The presence of impurities can affect the viscosity of pure COa. Table 4.25 shows the

viscosity reduction in the dense phase and viscosity increase in the gas phase for each
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tested mixtures and binaries at different temperatures. The effect of impurities on the
viscosity of pure CO; also can be observed in Figure 4.27 for all tested pressure ranges
and Figure 4.26 at low pressures at constant temperature of 323.15 K (50 °C). In these
figures, the experimental viscosity data and modelling predictions using CO»-Pedersen
model for each system are reported at 323.15 K (50 °C). As expected, the presence of
the tested systems with impurities caused a decrease in the viscosity at higher pressure
ranges, i.e., in liquid and supercritical phases. This reduction can be explained by a
reduction in density and molecular weight of the tested mixtures. The reduction in
viscosity of pure CO> in the presence of impurities for each system can be seen in
Figure 4.27. The lowest viscosity reduction of 9.6% is for MIX 1 with 4.4% impurities,
while the highest reduction of 30.9% is for those of MIX 3 with almost 30.01%
impurities. Also 10.33% hydrogen in the BIN 2 reduces the viscosity significantly
(23.8%). This is due to low molecular weight of hydrogen compare to that of carbon
dioxide.

In gas phase, as illustrated in Figure 4.28, the presence of impurities increased viscosity
(which was expected). The increase in viscosity is due to the increase in kinetic energy
of the system. The lowest viscosity increase of 0.9% is for MIX 1, while that is 8.9% for
MIX 3 which has the highest viscosity increase due to the presence of impurities.

The viscosity changes from pure CO; for MIX 1 at different temperatures were shown
in Figure 4.29. The highest reduction in the viscosity of MIX 1 is happening nearby
critical point, at 25 °C (298.15 K) and at pressures around 8 MPa. At high temperatures
in supercritical phase, viscosity reduction from pure CO; would be smooth. As could be
seen in Figure 4.29, the high reduction of 25% in viscosity of pure COz due to the
presence of MIX 1 impurities were measured at 50 °C (323.15 K) at pressures around 9

MPa.

4.6 Conclusions

Viscosities of pure CO2, two CO—H> binary systems (with 5 and with 10 mol% H>),
and 4 multi-component mixtures (MIX 1 with 5% impurity, MIX 2 with 10% impurity,
MIX 3 with 30% impurity and MIX 4 with 50% impurity) were measured at pressures
ranging from 10 to 140 MPa at six different temperatures, 0, 10, 25, 50, 100, 150 °C
(273.15, 283.15, 298.15, 323.15, 373.15 and 423.15 K) in gas, liquid and supercritical

regions using capillary tube technique.

105



Chapter 4: Viscosity measurements and modelling

The measured viscosity data were employed to tune LBC and CO>-LBC models and to
evaluate the modified predictive models, i.e., corresponding states theory models. One
reference fluid corresponding states models are Pedersen and CO;-Pedersen; two
reference fluid corresponding states models are Aasberg-Petersen (CS2) and CO»-CS2
models and two other models based on extended corresponding states (ECS) theory, i.e.,

SUPERTRAP and CO,-SUPERTRAP models.

New values for the LBC parameters were tuned to experimental data for CO»-rich

systems. The Absolute Average Deviation (AAD) was reduced significantly.

Three predictive models were modified by using pure CO» data as a reference fluid for
COg-rich systems. COz-Pedersen and CO>-CS2 predict well viscosity of COz-rich
systems compared to the original models. The original SUPERTRAPP model over-
predicts viscosity while CO2-SUPERTRAPP model under-predicts.

The mixture density has a significant effect on the mixture viscosity, in a way that using

a modified density for the CO,-rich systems reduces the absolute average deviation.

The high reduction of the viscosity of mixtures compared to that of pure CO> was

observed at points nearby the critical points of each tested system in the dense phase.
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Table 4.8 Experimental and modelling results (LBC model) of the viscosity of pure CO:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / pPa.s Deviation (%)

K MPa | EXP. ua(n) uc(n) LBC E(B)é LBC fgé LBC Egé LBC fgé
C(]?rf:cst‘itoyn? (+0.1) (+0.02) WPas pPas Yes Yes No No Yes Yes No  No
1 Gas 238.2 1.03 12.9 0.2 0.2 12.9 14.2 12.9 14.2 0.1 10.7 0.1 10.7
2 Liq. 238.2 10.22 191.6 0.9 0.9 1595 171.5 1957 202.6 -16.8 -10.5 2.1 5.7
3 Liq. 238.2 21.18 209.4 0.3 1.0 177.7 187.5 229.8 229.7 -152 -10.5 9.7 9.7
4 Liq. 238.2 51.70 257.4 0.6 1.2 2279 2282 3234 29.1 -114 -113 257 15.1
5 Liq. 2432 102.78 316.3 1.7 1.5 293.8 276.2 450.7 3749 -7.1 -12.7 425 18.5
6 Liq. 2432 126.15 349.9 1.3 1.6 328.7 299.7 518.7 4133 -6.1 -14.4 483 18.1
7 Gas 2532 1.03 13.9 0.2 0.2 12.8 14.2 12.8 14.2 -7.4 2.4 -7.4 2.4
8 Liq. 2532 50.43 215.0 0.8 1.0 188.0 196.3 257.7 250.5 -12.6 -8.7 19.8 16.5
9 Liq. 2532 102.56 281.7 0.6 1.3 2644 2554 400.7 3452 -6.1 9.3 42.2 22.5
10 Liq. 2532 150.16 343.8 0.9 1.6 3327 3023 531.3 4202 -3.2 -12.1 54.6 22.2
11 Gas 273.2 1.05 13.7 0.1 0.2 12.8 14.2 12.8 14.2 -6.3 3.6 -6.3 3.6
12 Gas 273.2 2.05 13.9 0.1 0.2 13.2 14.7 13.2 14.7 -5.2 5.7 -5.2 5.7
13 Liq. 273.2 10.47 114.5 0.4 0.6 99.3 1114 103.1 1156 -13.2 -2.7 -10.0 0.9
14 Liq. 273.2 20.13 131.7 0.3 06 113.0 1263 1263 140.0 -14.2 4.1 -4.1 6.3
15 Liq. 273.2 52.05 174.1 1.3 0.8 152.7 1654 199.7 206.0 -12.3 -5.0 14.8 18.3
16 Liq. 273.2 102.61 230.5 1.0 1.1 2154 2185 319.7 2937 -6.5 -5.2 38.7 27.4
17 Liq. 273.2 150.44 282.2 1.1 1.3 2773 264.6 436.8 366.8 -1.7 -6.2 54.8 30.0
18 Gas 283.2 1.09 14.3 0.1 0.2 12.8 14.2 12.8 142 -10.7 -1.3 -10.6 -1.3
19 Gas 283.2 2.07 14.4 0.1 0.2 13.1 14.6 13.1 14.6 -8.7 1.7 -8.6 1.8
20 Liq. 283.2 7.89 91.4 0.7 0.5 82.2 91.5 79.2 87.9 -10.1 0.1 -13.3 -3.8
21 Liq. 283.2 23.07 120.9 0.6 0.6 1045 117.1 1145 1279 -13.5 -3.1 -5.2 5.8
22 Liq. 283.2 39.85 143.8 1.5 0.7 1244 138.1 1499 162.7 -13.5 -4.0 4.2 13.2
23 Liq. 283.2 59.01 167.4 0.4 0.8 146.0 159.1 1904 198.3 -12.8 -5.0 13.8 18.5
24 Liq. 283.2 101.38 212.7 0.5 1.0 1942 201.5 283.8 269.2 -8.7 -5.3 334 26.6
25 Liq. 283.2 151.26 260.4 1.1 1.2 2542 248.0 398.5 3438 2.4 4.8 53.0 32.0
26 Gas 2932 1.13 14.6 0.1 0.2 12.8 14.2 12.8 142 -12.3 -3.1 -12.3 -3.1
27 Gas 2932 2.05 14.7 0.1 0.2 13.1 14.6 13.1 14.6 -11.3 -1.2 -11.2 -1.2
28 Liq. 2932 11.47 86.5 0.3 0.5 76.9 85.1 73.9 814  -11.1 -1.6 -14.6 -5.9
29 Liq. 2932 20.37 103.6 0.6 0.5 90.3 101.1  93.7 105.0 -129 2.5 -9.6 1.3
30 Liq. 2932 36.79 129.5 0.9 0.6 109.6 122.6 1257 1394 -154 -5.3 -2.9 7.7
31 Liq. 2932 68.99 165.9 0.8 0.8 1433 156.6 188.5 196.7 -13.6 -5.6 13.7 18.6
32 Liq. 2932 101.04 195.3 1.1 09 177.1 187.0 2542 248.0 -93 4.3 30.2 27.0
33 Liq. 2932 141.60 234.7 1.2 1.1 221.8 223.6 341.2 3079 -55 4.8 45.4 31.2
34 Gas 308.2 1.20 15.3 0.0 0.2 12.8 14.2 12.8 142 -164 -7.6 -16.4 -7.6
35 Gas 308.2 2.07 154 0.0 0.2 13.1 14.5 13.1 14.5 -15.1 -5.6 -15.1 -5.6
36 Gas 308.2 5.09 18.4 0.1 0.2 14.6 16.5 14.7 16.6 -20.6 -10.6 -20.2 -10.1
37 Liq. 308.2 11.33 63.9 0.4 0.4 59.5 63.8 53.8 56.9 -6.9 -0.2 -159 -11.0
38 Liq. 308.2 22.09 88.4 0.6 0.5 78.5 87.1 78.9 87.5 -11.1 -1.4 -10.7 -1.0
39 Liq. 308.2 34.97 107.0 0.5 0.5 93.3 104.6 101.5 113.8 -12.8 2.3 -5.2 6.3
40 Liq. 308.2 68.93 144.4 0.7 0.7 126.1 139.7 1595 171.6 -12.7 -3.2 10.5 18.8
41 Liq. 308.2 101.20 173.6 0.3 0.8 1563 168.6 218.1 220.7 -10.0 -2.9 25.6 27.1
42 Liq. 308.2 150.52 2224 1.0 1.1 204.8 210.1 314.1 2899 -79 -5.5 41.2 30.4
43 Gas 323.2 1.27 16.1 0.1 0.2 12.8 14.2 12.8 142 205 -12.2 -20.5 -12.2
44 Gas 323.2 2.05 16.3 0.0 0.2 13.0 14.5 13.0 14.5 -20.2  -11.3  -202 -11.3
45 Gas 323.2 5.04 17.4 0.1 0.2 14.3 16.1 14.3 16.1 -17.8 -7.5 -17.5 -7.1
46 SC 323.2 11.44 39.8 0.2 0.3 38.3 39.7 34.6 35.9 -3.8 -0.3 -13.1 -9.8
47 SC 323.2 20.67 71.1 0.3 0.4 64.6 70.0 62.0 66.8 9.1 -1.5 -12.8 -6.0
48 SC 323.2 50.82 111.9 0.6 0.6 96.6 108.3 109.3 1224 -13.7 -3.3 -2.3 9.3
49 SC 323.2 105.53 160.6 0.3 0.8 143.1 1564 195.8 202.7 -10.9 -2.6 21.9 26.2
50 SC 323.2 150.43 195.3 0.4 0.9 182.7 191.9 2747 262.8 -6.4 -1.8 40.6 34.5
51 Gas 373.2 1.48 18.6 0.0 0.2 12.8 14.2 12.8 142 -30.9 -23.7 -309 -23.6
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / pPa.s Deviation (%)

MPa | EXP. ui(n) u(n) LBC (L:gé LBC (ngé LBC (L:gé LBC (ngé

C(])Drf::t‘gn? *0.1) (+0.02) WPas pPas Yes Yes No No Yes Yes No  No
52 Gas 373.2 2.06 18.7 0.0 0.2 129 14.3 12.9 143 -309 -233 -30.8 -233
53 Gas 373.2 5.15 19.5 0.1 0.2 13.8 15.5 13.8 15,5  -29.1 -203 -29.0 -20.2
54 Gas 373.2 8.38 21.0 0.1 0.2 154 17.3 15.5 174 265 -173 -262 -169
55 SC 373.2 21.67 40.2 0.2 0.3 36.5 37.9 34.5 35.8 -9.2 5.9  -142  -109
56 SC 373.2 51.46 78.3 0.2 04 692 75.7 72.2 794 -11.6 -33 -7.7 1.5
57 SC 373.2 102.71 119.2 0.3 0.6 103.2 1157 126.5 1402 -13.5 -3.0 6.2 17.6
58 SC 373.2 149.33 150.1 0.7 0.7 1332 1469 1834 1924 -112 -2.1 22.2 28.2
59 Gas 423.2 1.71 20.8 0.1 0.2 12.8 14.2 12.8 142 -384 -319 -384 -319
60 Gas 423.2 2.06 20.8 0.1 0.2 129 14.3 12.9 143 382 -31.6 -382 -31.6
61 Gas 423.2 5.13 21.5 0.0 0.2 13.5 15.2 13.5 152 -37.1 -295 -37.0 -294
62 Gas 423.2 8.12 22.3 0.1 0.2 14.5 16.3 14.5 16.3 -350 -26.7 -349 -26.6
63 SC 423.2 51.25 59.4 0.2 0.3 52.8 55.7 53.2 56.1  -11.1 -6.2 -10.6 -5.5
64 SC 423.2 102.61 95.0 0.3 0.5 81.9 91.1 933 1045 -13.8 4.1 -1.8 10.0
65 SC 423.2 148.94 121.0 0.5 0.6 1056 1183 1333 1469 -12.7 2.2 10.2 21.4
Average Absolute Deviation (AAD) 13.6 7.7 20.2 14.9

108



Chapter 4: Viscosity measurements and modelling

Table 4.9 Experimental and modelling results (LBC model) of the viscosity of MIX 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / uPa.s Deviation (%)
MPa | EXP. ua(n) uc(n) LBC fgé LBC E(B)é LBC fgé LBC fgé
C(])?‘reencstlitgn? (0.1) (£0.02) pPa.s pPas Yes  Yes No No Yes Yes No No
1 Gas 2432 1.48 12.7 0.1 0.2 15.1 16.5 15.1 16.5 18.5 29.6 18.5 29.6
2 Liq. 2432 21.11 168.6 1.2 08 1542 1664 190.1 1976 -85 -1.3 12.7 17.2
3 Liq. 2432 52.54 2173 1.0 1.0 2043 209.2 279.0 265.1 -6.0 -3.7 28.4 22.0
4 Liq. 2432 103.76 288.1 0.8 1.3 2844 2689 4246 3583 -1.3 -6.7 47.4 244
5 Liq. 2432 151.14 349.8 1.4 1.6 3543 3153 559.0 4335 1.3 -9.9 59.8 239
6 Gas 2532 1.56 13.4 0.0 0.2 15.1 16.5 15.1 16.5 12.9 23.5 12.9 23.5
7 Gas 253.2 2.04 13.4 0.1 0.2 153 16.8 15.3 16.8 14.2 254 14.2 254
8 Liq. 2532 21.53 144.0 0.8 0.7 1357 149.0 161.6 173.1 -5.7 35 12.2 20.2
9 Liq. 2532 52.04 193.9 0.8 09 1804 189.5 240.7 2374 -7.0 2.3 24.1 22.4
10 Liq. 253.2 103.74 260.2 0.9 1.2 256.0 2487 3776 3299 -1.6 -4.4 45.1 26.8
11 Liq. 2532 151.65 314.4 0.4 1.5 325.0 2963 506.0 404.8 34 -5.8 60.9 28.7
12 Gas 273.2 1.73 14.5 0.0 0.2 15.1 16.5 15.1 16.5 39 13.6 39 13.6
13 Gas 273.2 2.11 14.6 0.1 0.2 153 16.7 15.3 16.7 4.8 15.0 4.8 15.0
14 Gas 273.2 345 15.0 0.1 0.2 16.0 17.7 16.0 17.7 7.0 18.4 7.0 18.3
15 Liq. 273.2 10.46 97.6 0.6 0.5 89.4 99.7 92.0 102.7 -8.4 2.2 -5.8 5.2
16 Liq. 273.2 20.94 119.0 0.7 06 1055 118.0 1162 1293 -113 -0.9 2.4 8.7
17 Liq. 273.2 52.10 157.2 0.7 08 1449 1578 1839 1924 -7.8 0.4 17.0 22.4
18 Liq. 273.2 102.75 212.6 0.3 1.0 2074 211.7 2986 2787 -2.5 -0.4 40.4 31.1
19 Liq. 273.2 151.29 262.5 0.9 1.2 2699 2587 413.8 3519 2.8 -1.4 57.6 34.1
20 Gas 283.2 1.81 14.9 0.1 0.2 15.1 16.5 15.1 16.5 1.1 10.6 1.1 10.6
21 Gas 283.2 2.16 15.0 0.1 0.2 15.2 16.7 15.2 16.7 1.4 11.3 1.4 11.2
22 Gas 283.2 3.49 15.5 0.1 0.2 15.9 17.6 159 17.6 2.4 13.1 2.3 13.1
23 Liq. 283.2 10.41 78.5 0.7 0.4 77.0 84.9 76.4 84.2 -1.9 8.2 2.7 7.2
24 Liq. 283.2 21.08 104.4 0.9 0.5 94.2 105.3 100.3 1122 -9.8 0.8 4.0 7.4
25 Liq. 283.2 51.67 145.1 0.7 0.7 130.7 1441 1612 1727 -99 -0.7 11.0 19.0
26 Liq. 283.2 103.18 196.7 0.8 09 189.0 196.7 268.7 257.8 -3.9 0.0 36.6 31.1
27 Liq. 283.2 151.00 242.0 0.4 1.1 246.1 2415 3749 3282 1.7 -0.2 54.9 35.6
28 Liq. 288.2 9.02 67.8 0.7 0.4 67.5 73.3 65.2 70.4 -0.4 8.1 -3.8 39
29 Liq. 288.2 16.58 88.7 0.2 0.5 82.4 91.5 84.0 93.4 -7.0 3.2 -5.2 53
30 Liq. 288.2 34.23 115.6 0.3 06 1053 1177 1186 131.8 -8.9 1.9 2.6 14.1
31 Liq. 288.2 48.29 132.6 0.6 0.7 121.0 1344 145.1 1580 -8.7 1.4 9.5 19.2
32 Liq. 288.2 102.20 186.0 0.6 09 179.5 188.7 252.6 2462 -3.5 1.5 35.8 32.4
33 Liq. 288.2 151.11 230.2 1.0 1.1 2356 2336 3576 3174 2.3 1.5 55.3 37.9
34 Gas 298.2 2.08 153 0.0 0.2 15.1 16.6 15.2 16.6 -0.8 8.7 -0.7 8.7
35 Gas 298.2 4.18 15.9 0.2 0.2 16.1 17.8 16.1 17.9 0.9 11.7 1.2 12.0
36 Liq. 298.2 10.59 59.8 0.3 0.4 59.2 63.1 56.2 59.5 -0.9 5.6 -59 -0.5
37 Liq. 298.2 20.66 81.0 0.5 0.4 79.0 87.3 80.3 88.9 -2.5 7.7 -0.9 9.8
38 Liq. 298.2 51.60 124.2 0.3 06 1139 1269 1347 1480 -83 2.2 8.4 19.2
39 Liq. 298.2 103.07 173.0 0.2 08 1654 176.5 2293 2288 -4.4 2.0 32.5 32.2
40 Liq. 298.2 151.12 213.2 0.3 1.0 2163 218.7 3255 296.7 1.4 2.6 52.7 39.2
41 SC 323.2 2.22 17.0 0.1 0.2 15.1 16.6 15.1 16.6 -10.8 2.4 -10.8 2.3
42 SC 323.2 5.26 17.7 0.1 0.2 16.4 18.1 16.4 18.2 -7.7 2.2 -7.4 2.6
43 SC 323.2 6.97 18.7 0.1 0.2 17.7 19.6 17.8 19.7 -5.5 4.7 4.8 5.5
44 SC 323.2 13.41 38.5 0.1 03 41.0 423 37.8 39.1 6.4 10.0 -1.8 1.7
45 SC 323.2 20.45 60.3 0.3 0.4 58.9 62.7 56.8 60.2 2.3 4.0 -5.7 -0.1
46 SC 323.2 51.13 100.5 0.3 0.5 92.5 1034 1029 115.1 -8.0 2.8 2.3 14.5
47 SC 323.2 103.26 145.2 0.8 0.7 1364 149.7 180.1 189.2 -6.0 3.1 24.0 30.3
48 SC 323.2 151.25 180.8 0.5 09 1783 1877 2603 251.8 -1.4 3.8 44.0 393
49 SC 373.2 2.66 19.3 0.0 0.2 15.1 16.6 15.1 16.6 214  -140 -214 -139
50 SC 373.2 5.22 19.9 0.1 0.2 15.8 17.5 159 17.5 -20.2  -11.8  -20.1 -11.7
51 SC 373.2 24.20 40.7 0.5 0.3 394 40.7 37.6 38.9 -3.2 0.1 -7.7 -4.5
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / puPa.s Deviation (%)

MPa | EXP. ui(y) uc(y) LBC (ngé LBC (ngé LBC (ngé LBC (ngé

Cﬁ:sgitgn? (*0.1) (+0.02) WPas uPas Yes Yes No No Yes Yes No No
52 SC 373.2 52.04 72.6 0.1 0.4 67.5 73.2 70.0 76.4 -7.1 0.8 -3.5 5.2
53 SC 373.2 102.98 110.8 0.4 0.6 100.6 112.5 120.7 1340 -9.2 1.6 8.9 20.9
54 SC 373.2 145.34 137.0 0.3 0.7 1274 140.8 169.0 179.7 -7.0 2.8 23.4 31.1
55 SC 423.2 3.08 21.0 0.1 0.2 15.1 16.6 15.1 16.6 -28.1 -21.3 -28.1 -21.3
56 SC 423.2 5.22 21.5 0.2 0.2 15.6 17.2 15.6 172 274 -200 -274 -20.0
57 SC 423.2 10.41 23.7 0.1 0.2 17.4 19.3 17.4 193 -266 -186 -26.6 -18.6
58 SC 423.2 34.14 41.9 0.1 0.3 38.1 394 37.1 384 -9.0 -5.8 -114 83
59 SC 423.2 51.08 56.0 0.2 0.3 51.8 54.3 52.1 54.6 -7.4 -3.0 -7.1 -2.6
60 SC 423.2 102.22 89.2 0.3 0.5 80.2 88.8 89.8 100.2 -10.1 -0.5 0.7 12.3
61 SC 423.2 152.00 1159 0.4 0.6 105.1 117.5 1304 1438 -93 1.3 12.5 24.1
Average Absolute Deviation (AAD) 7.3 6.7 18.1 17.6
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Table 4.10 Experimental and modelling results (LBC model) of the viscosity of MIX 2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / uPa.s Deviation (%)
K MPa | EXP. wua(n) uc(y) LBC Egé LBC fgé LBC Egé LBC fgé
C(l)?‘rescstlitgn? (#0.1) (£0.02) wPaspPas Yes Yes No No Yes Yes No No
1 Lig. 2432 2140 1622 15 0.8 138.7 151.6 166.1 176.5 -145 -6.5 2.4 8.8
2 Lig. 2432 5195 2075 14 1.0 188.7 1957 2494 242.6 -9.1 -5.7 20.2 16.9
3 Lig. 243.2 10329 260.8 22 12 270.8 258.0 392.1 3369 338 -1.1 504 292
4 Lig. 2432 151.69 3298 24 15 344.6 3074 5283 414.6 45 -6.8 60.2 257
5 Lig. 2532 5288 1794 05 09 1683 1784 2183 2193 -62 -0.5 217 222
6 Lig. 2532 104.06 239.0 1.7 1.1 2445 239.0 350.1 3109 23 0.0 46.5  30.1
7 Lig. 2532 152.66 2893 1.7 14 3162 289.0 478.8 3874 93 -0.1 65.5 339
8 Gas 2732 1.79 145 0.1 02 137 151 137 151 -5.6 4.1 -5.6 4.1
9 Gas 2732 2.26 140 02 02 138 153 138 153 -14 9.1 -1.4 9.1
10 Lig. 2732 21.08 1070 0.9 0.5 934 104.6 101.0 113.1 -12.7 -23 -5.6 5.7
11 Lig. 2732 5231 1429 09 0.7 134.0 1470 1655 1759 -6.2 2.9 15.8  23.1
12 Lig. 273.2 103.39 1956 1.1 0.9 1979 203.2 2769 2623 12 3.9 41.6  34.1
13 Lig. 273.2 151.09 2417 1.3 1.1 2604 250.6 387.7 3342 7.7 3.7 60.4 383
14 Gas 2832 1.74 146 0.1 02 136 150 13.6 150 -69 2.6 -6.9 2.6
15 Gas  283.2 2.28 147 02 02 138 153 138 153 -6.1 3.8 -6.1 3.8
16 Liq. 283.2 20.28 894 06 05 81.6 908 855 954 -88 1.5 -4.4 6.7
17 Liq. 2832 52.66 1250 1.0 0.6 121.0 1342 1456 1581 -32 7.4 16.5 264
18 Liq. 283.2 103.54 187.1 0.9 0.9 1799 188.3 2484 2419 -38 0.7 32.8 293
19 Lig. 283.2 151.55 2308 04 1.1 238.1 2343 3524 3123 3.1 1.5 527 353
20  Gas 298.2 2.08 153 0.1 02 137 151 137 151 -106 -14 -106 -14
21 Gas  298.2 3.53 152 02 02 142 158 142 158 -6.6 3.9 -6.5 4.1
22 Lig. 2982 1042 431 0.2 03 428 444 412 427 -07 3.0 -4.3 -0.8
23  Lig. 2982 2057 738 04 04 685 749 694 760 -7.1 1.5 -5.9 3.0
24  Liq. 2982 5142 1148 0.6 0.6 1046 117.0 121.0 1342 -89 1.9 54 16.8
25 Liq. 2982 10449 1674 0.6 0.8 157.8 169.2 213.0 2152 -57 1.0 272 285
26 Liq. 298.2 15046 2064 0.7 1.0 207.7 211.0 303.3 2804 0.6 2.2 47.0 358
27  Gas 3232 2.57 167 02 02 138 152 138 152 -176 90 -176 -89
28 Gas 3232 3.70 170 0.1 02 141 157 141 157 -168 -76 -16.7 -74
29 SC 3232 1277 297 0.1 03 297 31.1 280 295 -0.1 4.7 -5.6 -0.6
30 SC 3232 2077 534 02 03 509 535 495 519 47 0.2 -7.3 2.8
31 SC 3232 5243 952 02 05 862 963 950 1064 95 1.1 -0.3 11.7
32 SC 3232 103.47 1388 1.1 0.7 1294 142.6 166.6 1769 -6.8 2.7 200 275
33 SC 3232 15125 177.1 1.0 0.8 1714 181.1 2434 2382 -32 2.3 37.5 345
34  Gas 3732 1.53 188 02 02 135 148 135 148 -285 -21.6 -285 -21.6
35 Gas 373.2 2.57 193 02 02 137 151 137 151 -292 -22.0 -292 -220
36 SC 3732 2030 327 0.1 03 289 304 279 294 -11.7 -73 -148 -102
37 SC 3732 5186 683 02 04 621 669 641 695 92 -2.0 -6.2 1.7
38 SC 3732 101.20 1040 0.3 0.5 940 1053 1104 1232 -96 1.3 6.1 18.5
39 SC 3732 15229 1362 0.3 0.7 126.5 139.7 1664 1768 -7.1 2.6 222 298
40 Gas 4232 2.42 209 02 02 136 149 136 149 -352 -288 -352 -28.7
41 Gas 4232 3.57 212 02 02 138 152 138 152 -349 -280 -349 -28.0
42 SC 4232  27.35 349 0.1 03 283 298 277 292 -188 -145 -20.7 -l164
43 SC 4232  51.81 541 0.1 03 483 506 486 508 -108 -66 -10.3 -6.1
44 SC 4232 10345 856 03 05 764 846 850 948 -10.7 -12 -0.8 10.8
45 SC 4232 15171 1110 03 0.6 1004 1124 1224 1356 -9.6 1.2 102 22.1
Average Absolute Deviation (AAD) 9.6 54 211 175
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Table 4.11 Experimental and modelling results (LBC model) of the viscosity of MIX 3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / pPa.s Deviation (%)
MPa | EXP. ua(n) uc(n) LBC Egé LBC fgé LBC Egé LBC fgé
C(]?rf:cst‘itoyn? (0.1) (+0.02) WPas pPas Yes Yes No No Yes Yes No  No
1 Gas 273.2 2.13 13.7 0.2 0.2 13.7 15.1 13.7 15.1 0.0 9.6 0.0 9.6
2 Liq. 273.2 12.92 64.5 0.4 0.4 65.6 72.0 66.9 73.6 1.7 11.6 3.7 14.1
3 Liq. 273.2 20.94 76.8 0.7 0.4 80.2 89.5 84.2 94.1 4.3 16.4 9.5 22.4
4 Liq. 273.2 52.31 109.7 0.5 0.6 126.1 1375 1464 156.1 14.9 253 334 423
5 Liq. 273.2 104.24 156.9 1.0 0.8 201.8 2014 259.6 2432 28.6 28.4 65.5 55.0
6 Liq. 273.2 124.73 167.6 0.5 0.8 2332 2247 307.6 2749 39.1 34.1 83.5 64.0
7 Liq. 273.2 152.00 188.3 0.9 09 276.0 2543 3732 3153 46.6 35.1 98.2 67.4
8 Gas 283.2 2.09 13.7 0.1 0.2 13.7 15.0 13.7 15.0 0.1 9.7 0.2 9.7
9 Gas 283.2 4.89 18.0 0.2 0.2 15.6 17.2 15.5 17.2 -13.8 4.6 -13.9 -4.7
10 Liq. 283.2 9.47 41.4 0.4 0.3 45.8 479 45.5 47.7 104 15.7 9.8 15.0
11 Liq. 283.2 20.76 68.0 0.2 0.4 70.9 78.5 73.1 81.1 4.4 15.5 7.6 19.4
12 Liq. 283.2 52.01 110.7 0.8 06 113.7 1255 129.6 1409 2.7 13.3 17.1 27.2
13 Liq. 283.2 103.54 141.9 0.2 0.7 1823 1863 2324 2241 285 31.2 63.7 57.9
14 Liq. 283.2 125.84 158.6 0.6 0.8 213.8 210.5 280.8 2575 348 32.7 77.0 62.3
15 Liq. 283.2 150.47 183.6 1.8 09 249.8 2364 3363 293.0 36.1 28.8 83.2 59.6
16 Gas 298.2 1.11 13.5 0.1 0.2 13.4 14.5 13.4 14.5 -1.0 7.6 -1.0 7.6
17 Gas 298.2 2.09 14.9 0.2 0.2 13.6 14.9 13.6 14.9 -8.6 0.0 -8.6 0.0
18 Gas 298.2 5.18 15.8 0.1 0.2 15.3 16.9 15.3 17.0 -3.6 6.8 =33 7.1
19 SC 298.2 10.96 34.8 0.3 0.3 36.1 373 354 36.6 3.8 7.3 1.8 53
20 SC 298.2 20.83 58.0 0.5 0.4 59.9 65.0 60.5 65.7 34 12.2 43 13.3
21 SC 298.2 51.93 92.0 0.7 0.5 99.0 1104 110.0 121.8 7.6 19.9 19.5 323
22 SC 298.2 102.59 129.5 0.6 06 1583 1664 1983 198.7 22.2 28.5 53.1 53.5
23 SC 298.2 125.57 149.3 0.7 0.7 1869 189.9 2427 2315 252 27.2 62.5 55.0
24 Gas 3232 2.11 16.6 0.1 0.2 13.6 14.8 13.6 14.9 -18.0 -10.3 -18.0 -10.3
25 Gas 3232 5.23 17.1 0.2 0.2 14.8 16.4 14.8 16.4 -13.6 4.4 -13.4 -4.1
26 SC 3232 11.74 259 0.3 03 25.0 26.4 242 25.6 -3.7 1.7 -6.9 -1.3
27 SC 3232 20.14 43.1 0.3 03 44.6 46.6 437 45.6 3.6 8.3 1.5 5.9
28 SC 3232 49 .94 76.7 0.2 0.4 79.3 88.4 84.5 94.5 34 153 10.2 23.2
29 SC 3232 103.66 112.4 0.7 0.6 131.1 1422 1593 1673 16.6 26.5 41.7 48.8
30 SC 3232 125.00 125.6 0.4 06 152.8 161.7 1933 1949 21.7 28.8 539 55.2
31 Gas 373.2 2.15 18.5 0.2 0.2 13.5 14.7 13.5 14.7 -27.0 -20.3 -27.0 -20.3
32 Gas 373.2 5.24 19.2 0.2 0.2 14.3 15.8 14.3 15.8 252 -174 -25.1 -173
33 Gas 373.2 10.44 20.7 0.1 0.2 17.0 18.8 17.1 18.8 -17.8 94 -17.5 -9.1
34 SC 373.2 20.72 31.8 0.2 0.3 29.1 304 28.3 29.6 -8.4 4.6 -10.9 -7.0
35 SC 373.2 46.22 56.4 0.4 03 55.5 59.5 56.2 60.4 -1.6 5.6 -0.3 7.2
36 SC 373.2 63.26 67.3 0.1 0.4 68.0 75.0 71.4 79.1 1.0 11.4 6.0 17.4
37 SC 373.2 103.20 87.8 0.3 0.5 959 107.1 1094 121.2 9.2 21.9 24.5 379
38 SC 373.2 125.26 102.4 0.2 05 112.0 123.8 1333 1443 93 20.8 30.1 40.8
39 SC 373.2 151.47 119.1 1.1 0.6 132.0 143.1 1644 1716 10.8 20.1 38.0 44.0
40 Gas 4232 5.22 20.7 0.1 0.2 14.1 15.5 14.1 15.5 -32.0 -25.0 -31.9 -25.0
41 Gas 4232 10.36 22.1 0.1 0.2 15.8 17.5 15.8 17.5 284  -20.8 -28.3 -20.7
42 Gas 4232 20.96 26.7 0.2 03 22.8 243 22.5 24.1 -14.7 -8.9 -15.5 -9.7
43 SC 4232 29.11 34.7 0.2 0.3 30.0 31.2 29.5 30.7 -13.5  -10.1  -152 -11.7
44 SC 4232 49.79 48.4 0.2 03 46.2 48.5 46.3 48.5 -4.5 0.2 4.4 0.3
45 SC 4232 102.95 75.1 0.3 0.4 76.5 85.1 83.2 93.0 1.8 13.4 10.8 23.8
46 SC 4232 124.68 84.6 0.3 0.4 88.5 99.0 99.8 111.3 4.6 17.0 18.0 31.5
47 SC 4232 146.38 94 .4 0.6 05 101.1 1126 118.0 129.8 7.1 19.3 25.0 37.5
Average Absolute Deviation (AAD) 13.6 16.2 254 259
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Table 4.12 Experimental and modelling results (LBC model) of the viscosity of BIN 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / uPa.s Deviation (%)
MPa | EXP. uu(n) uc(ny) LBC fgé LBC Egé LBC fgé LBC Egé
C(])?fenftlitgn? (+0.1) (+0.02) WPasuPas Yes Yes No No Yes Yes No No
1 Gas 273.2 2.11 13.7 03 02 147 16.1 14.7 16.1 7.1 17.6 7.1 17.6
2 Liq. 273.2 10.76 94.3 06 05 81.6 90.7 83.8 93.3 -13.5 -3.9 -11.2 -1.1
3 Liq. 273.2 21.31 1171 09 0.6 98.0 109.6 1073 119.7 -16.3 -6.4 -8.4 2.3
4 Liq. 273.2 51.84 161.1 1.1 0.8 1356 1484 1703 1799 -15.8 -7.8 5.7 11.7
5 Liq. 273.2 103.82 210.9 1.5 1.0 197.7 202.7 283.0 266.0 -6.3 -3.9 342 26.1
6 Liq. 273.2 124.87 2282 09 1.1 2237 223.1 330.7 297.8 -2.0 -2.2 44.9 30.5
7 Liq. 273.2 152.64 2532 2.1 1.2 258.6 2489 394.6 337.7 2.1 -1.7 55.8 334
8 Gas 283.2 2.11 14.3 03 02 147 16.1 14.7 16.1 24 12.3 2.4 12.4
9 Gas 283.2 4.51 153 02 02 16.1 17.9 16.1 17.9 5.0 16.6 4.9 16.4
10 Liq. 283.2 10.36 71.9 04 04 688 75.2 68.3 74.5 4.2 4.6 -4.9 3.7
11 Liq. 283.2 20.75 96.1 09 05 864 96.4 91.3 102.1  -10.1 0.3 -4.9 6.3
12 Liq. 283.2 51.78 134.0 1.2 07 1227 1358 150.0 1619 -84 1.4 11.9 20.8
13 Liq. 283.2 105.53 183.0 1.4 09 181.6 189.5 2572 2479 -0.7 3.6 40.6 35.5
14 Liq. 283.2 125.22 201.3 1.8 1.0 204.1 207.8 298.7 276.7 1.4 33 48.4 37.5
15 Liq. 283.2 153.19 227.0 1.3 1.1 236.8 233.0 3592 316.0 43 2.6 58.2 39.2
16 Gas 298.2 2.20 144 0.1 02 147 16.1 14.7 16.1 1.6 114 1.7 11.5
17 Gas 298.2 5.20 16.3 0.1 02 16.2 18.0 16.3 18.1 -0.8 10.1 -0.4 10.6
18 SC 298.2 10.08 44.3 04 03 484 50.6 46.2 48.1 9.4 14.2 4.4 8.6
19 SC 298.2 20.63 86.6 08 05 725 79.6 73.6 81.0 -16.3 -8.0 -15.0 -6.5
20 SC 298.2 51.51 120.4 1.2 0.6 1068 119.2 1252 1382 ~-11.3 -1.0 3.9 14.8
21 SC 298.2 103.85 168.3 1.4 08 1574 168.6 216.7 217.7 -6.5 0.2 28.7 29.3
22 SC 298.2 124.52 187.9 1.0 09 178.1 186.6 255.6 246.7 -5.2 -0.7 36.0 313
23 SC 298.2 152.50 205.0 1.5 1.0 207.2 210.3 310.3 2845 1.1 2.6 51.3 38.8
24 Gas 3232 2.04 17.0 03 02 146 15.9 14.6 159 -144 -6.4 -14.4 -6.3
25 Gas 323.2 5.25 17.5 0.1 02 157 17.5 15.8 17.5 9.9 -0.1 -9.6 0.2
26 Gas 323.2 10.36 24.0 0.1 03 231 249 22.7 24.5 -3.8 3.7 -5.6 2.0
27 SC 3232 20.46 54.5 03 03 537 56.7 51.9 54.6 -1.5 4.0 -4.6 0.3
28 SC 323.2 51.80 97.8 07 05 875 97.7 97.0 108.6 -10.5 -0.1 -0.8 11.0
29 SC 323.2 102.73 142.7 1.4 07 1289 1419 1684 1783 -9.7 -0.6 18.0 249
30 SC 3232 125.38 1599 05 0.8 1475 159.6 2035 2074 -7.7 -0.2 27.3 29.7
31 SC 323.2 153.10 1799 08 09 171.2 180.7 2489 2418 -48 0.5 38.4 34.4
32 Gas 373.2 2.10 19.5 02 02 145 15.8 14.5 15.8 -25.7 -189 -25.7 -189
33 Gas 373.2 5.20 19.9 0.1 02 153 16.9 15.3 16.9 -234 -154 -233 -152
34 Gas 373.2 10.37 22.3 02 02 178 19.7 17.9 19.8 -199 -114 -19.6 -11.0
35 Gas 373.2 17.54 29.8 02 03 26.1 27.7 25.5 27.1 -12.5 -7.0 -14.5 -8.9
36 SC 373.2 51.90 67.9 05 04 63.6 68.7 65.9 71.5 -6.3 1.2 -2.9 5.4
37 SC 373.2 103.05 91.7 06 05 957 107.0 1140 1269 43 16.7 243 38.3
38 SC 373.2 124.10 101.7 0.5 0.5 1083 1209 136.0 1488 6.5 18.8 33.7 46.3
39 SC 373.2 151.81 1224 07 0.6 1254 1384 1674 1774 2.5 13.1 36.8 45.0
40 Gas 4232 5.22 21.6 02 02 15.0 16.6 15.1 16.6 -30.2 -23.0 -30.2 -23.0
41 Gas 4232 10.47 25.2 0.1 03 16.7 18.6 16.8 18.6 -335 -262 -33.5 -262
42 Gas 423.2 20.81 29.8 0.1 03 234 25.2 23.1 249 215 -155 -224 -164
43 SC 423.2 50.81 61.9 02 04 489 51.1 49.1 51.3 -209 -17.3  -20.6 -17.0
44 SC 423.2 104.08 89.2 08 05 773 85.6 86.7 96.7 -13.3 -4.0 -2.8 8.4
45 SC 423.2 124.07 101.7 09 0.5 869 96.9 1014 1134 -14.6 -4.7 -0.3 11.5
46 SC 4232 151.34 111.9 09 05 100.0 1119 1232 1363 -10.7 -0.1 10.1 21.8
Average Absolute Deviation (AAD) 10.0 7.5 19.7 18.9
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Table 4.13 Experimental and modelling results (LBC model) of the viscosity of BIN 2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / uPa.s Deviation (%)
MPa |EXP. ua(n) uc(n) LBC Egé LBC fgé LBC Egé LBC fgé
C(]))rf:;‘gn? (+0.1) (+0.02) WPas pPas Yes Yes No No Yes Yes No  No
1 Gas 273.2 1.22 14.1 0.2 0.2 14.3 15.5 14.3 15.5 1.7 10.5 1.7 10.5
2 Gas 273.2 2.09 14.3 0.1 0.2 14.6 159 14.6 159 2.1 11.6 2.1 11.6
3 Gas 273.2 3.92 15.1 0.1 0.2 15.5 17.1 15.5 17.1 24 13.0 2.3 13.0
4 Liq. 273.2 20.76 86.0 0.6 0.5 81.4 90.6 86.9 97.1 -54 54 1.1 12.9
5 Liq. 273.2 52.93 129.5 1.0 0.6 1204 1329 146.7 157.8 -7.0 2.6 13.3 21.8
6 Liq. 273.2 103.76 172.1 1.2 0.8 1789 1855 247.5 238.1 4.0 7.8 439 38.4
7 Liq. 2732 12490 186.3 0.5 09 204.1 2057 292.1 268.9 9.6 10.5 56.8 443
8 Liq. 273.2 153.11 219.8 1.7 1.0 238.6 231.6 3534 308.2 8.5 54 60.8 40.2
9 Gas 283.2 1.42 15.1 0.0 0.2 14.3 15.6 14.3 15.6 -5.0 33 -5.0 34
10 Gas 283.2 2.11 15.6 0.2 0.2 14.5 159 14.5 159 -6.6 2.1 -6.5 2.1
11 Gas 283.2 4.89 15.6 0.1 0.2 16.0 17.7 16.0 17.7 2.7 13.6 2.6 13.5
12 Liq. 283.2 14.51 67.8 0.3 0.4 61.7 66.7 62.5 67.7 -9.0 -1.7 -7.8 -0.2
13 Liq. 283.2 21.11 76.5 0.6 0.4 72.6 80.1 75.8 83.9 -5.0 4.7 -0.9 9.8
14 Liq. 283.2 52.88 113.9 0.8 0.6 109.1 1214 129.7 141.9 4.2 6.6 13.8 24.6
15 Liq. 283.2 104.03 167.2 0.6 0.8 1629 172.1 2224 219.7 -2.6 2.9 329 31.3
16 Liq. 283.2 124.60 175.8 1.4 0.8 1855 1909 262.5 248.7 5.5 8.6 49.3 414
17 Liq. 283.2 153.17 198.3 2.0 09 2178 2162 3203 287.3 9.8 9.0 61.5 44.9
18 Gas 298.2 2.11 14.2 0.1 0.2 14.5 15.8 14.5 15.8 2.1 114 2.1 11.5
19 Gas 298.2 5.21 16.3 0.1 0.2 15.8 17.5 159 17.6 -2.6 7.7 2.3 8.0
20 SC 298.2 13.67 40.8 0.3 0.3 45.5 474 44.7 46.5 11.5 16.2 9.7 14.1
21 SC 298.2 20.89 63.6 0.6 0.4 60.4 65.1 61.2 66.0 -5.1 2.3 -3.9 3.8
22 SC 298.2 52.39 114.5 1.1 0.6 95.0 106.2 108.7 121.0 -17.0 -7.2 -5.0 5.7
23 SC 298.2 103.26 154.8 0.9 0.7 142.1 153.6 188.9 193.7 -8.2 -0.8 22.0 25.1
24 SC 2982 12489 1673 1.5 0.8 1629 172.1 2263 222.6 -2.6 2.9 353 33.1
25 SC 298.2 153.18 182.1 1.8 09 1913 1956 277.7 259.1 5.0 7.4 52.5 42.3
26 Gas 323.2 2.12 16.8 0.2 0.2 144 15.7 14.4 15.8 -14.2 -6.4 -14.2 -6.4
27 Gas 323.2 5.22 17.8 0.2 0.2 15.5 17.1 15.5 17.1 -13.1 4.0 -12.9 -3.8
28 Gas 323.2 10.44 22.0 0.1 0.2 20.7 22.5 20.4 222 -6.3 1.8 -7.6 0.6
29 SC 323.2 27.26 58.7 0.5 0.4 54.2 57.5 54.2 57.6 -7.8 2.1 -7.6 -2.0
30 SC 3232 5213 8.5 05 05 779 8.5 8.0 948 99 00 -18 96
31 SC 3232 10396 138.7 1.0 0.7 118.0 130.5 150.1 160.8 -14.9 -5.9 8.2 15.9
32 SC 3232 12487 1438 1.4 0.7 1345 1465 179.5 186.0 -6.5 1.8 24.8 294
33 SC 3232 15250 1643 1.4 0.8 157.1 167.0 221.0 218.6 4.4 1.7 34.5 33.1
34 Gas 373.2 2.24 18.7 0.1 0.2 144 15.7 14.4 15.7 -23.1  -162 -23.1 -16.2
35 Gas 373.2 5.25 20.0 0.1 0.2 15.1 16.6 15.1 16.6 246 -170 -245 -169
36 Gas 373.2 10.39 21.9 0.0 0.2 17.3 19.1 17.3 19.1 -21.3  -13.1  -21.1 -12.8
37 Gas 373.2 18.53 28.6 0.1 0.3 24.9 26.5 244 26.0 -13.0 -7.5 -14.9 9.3
38 SC 373.2 37.83 46.9 0.6 0.3 46.5 48.5 46.2 48.2 -0.9 34 -1.5 2.7
39 SC 3732 5190 588 03 04 573 612 590 634 27 41 03 77
40 SC 3732 10486 969 0.6 0.5 88.6 99.0 103.8 115.8 -8.5 2.2 7.2 19.6
41 SC 3732 12483 1094 0.8 0.6 1000 111.7 122.7 135.1 -8.6 2.1 12.1 23.5
42 SC 3732 151.14 131.0 0.7 06 1154 1278 1496 1604 -11.9 -2.5 14.2 224
43 Gas 423.2 2.10 21.0 0.1 0.2 14.3 15.6 14.3 15.6 -32.0 -260 -319 -26.0
44 Gas 423.2 523 22.7 0.1 0.2 14.9 16.3 149 16.4 345 280 -345 -28.0
45 Gas 423.2 10.39 23.6 0.1 0.2 16.3 18.1 16.4 18.1 -30.7 -234 -30.7 -23.3
46 Gas 423.2 20.44 28.2 0.2 0.2 21.8 23.5 21.6 23.3 -22.8 -166 235 -173
47 SC 423.2 51.29 40.3 04 0.3 44.9 46.7 45.1 46.9 11.5 16.0 11.9 16.5
48 SC 4232 10372 793 07 04 713 784 787 875 -102 -1.1  -07 103
49 SC 4232  124.07 88.0 0.9 0.4 80.4 89.5 92.3 103.1 -8.6 1.7 4.8 17.2
50 SC 4232 151.83 979 1.0 0.5 93.0 104.0 1123 124.7 -5.0 6.2 14.8 27.4
Average Absolute Deviation (AAD) 9.8 7.7 17.6 18.1
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Table 4.14 Experimental and modelling results (LBC model) of the viscosity of MIX 4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No Phase T P Viscosity / uPa.s Deviation (%)

MPa | EXP. ua(n) uc(n) LBC Egé LBC fgé LBC fgé LBC Egé
C(izreél;:itgn? (x0.1) (£0.02) pPa.s pPa.s Yes Yes No No Yes  Yes No No
1 SC 273.2 2.59 14.0 0.3 0.2 13.5 14.7 13.5 14.7 4.1 4.5 -4.1 4.5
2 SC 273.2 5.22 15.1 0.1 0.2 15.1 16.6 15.1 16.6 -0.2 9.6 -0.2 9.6
3 SC 283.2 1.75 13.8 0.2 0.2 13.2 14.3 13.2 14.3 4.8 3.2 -4.8 32
4 SC 283.2 2.09 14.0 0.1 0.2 13.3 14.4 13.3 14.4 -5.2 3.0 -5.2 3.0
5 SC 283.2 5.18 15.2 0.1 0.2 14.8 16.2 14.8 16.2 -2.5 7.1 -2.5 7.1
6 SC 298.2 2.05 14.1 0.2 0.2 13.2 14.3 13.2 14.3 -6.1 1.9 -6.0 2.0
7 SC 298.2 5.29 15.5 0.2 0.2 14.5 15.9 14.5 16.0 -6.5 2.7 -6.3 2.9
8 SC 3232 2.00 15.0 0.1 0.2 13.2 14.3 13.2 14.3 -12.5 -5.2 -12.5 5.2
9 SC 3232 5.34 16.4 0.1 0.2 14.2 15.6 14.2 156 -13.5 -5.1 -13.4 -5.0
10 SC 3232 10.60 19.5 0.2 0.2 18.3 19.8 18.1 19.7 -6.4 1.3 -7.1 0.6
11 SC 373.2 2.23 18.9 0.3 0.2 13.1 14.2 13.1 142 -304 -24.6 -304 -24.6
12 SC 373.2 5.23 18.4 0.1 0.2 13.8 15.1 13.8 15.1 -25.1  -18.1 -25.1 -18.0
13 SC 373.2 10.53 20.2 0.1 0.2 159 17.5 16.0 17.5 209  -134 -20.8 -13.2
14 SC 4232 5.23 20.0 0.1 0.2 13.6 14.9 13.6 149 -32.0 -25.7 -32.0 -25.7
15 SC 4232 10.53 21.4 0.0 0.2 15.1 16.6 15.1 166 -293 -224 -293 -223

Average Absolute Deviation (AAD) 13.3 9.9 13.3 9.8
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Table 4.15 Experimental and modelling results (predictive models) of the viscosity of pure CO2

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. w) wufy) ST COyST ST COpST CS2 %222 Ped. (13)(3(21' ST CO»-ST ST CO.-ST CS2 ((::(;22 Ped. (;23'
Cgéfggn? (0.1)  (+0.02) wPas pPas Yes Yes No  No — Yes Yes No No - - o oo
1 Gas 238.2 1.03 12.9 0.2 0.2 12.7 12.3 12.7 12.3 24.4 124 12.9 12.1 1.6 4.3 1.6 4.3 89.3 4.0 0.2 5.8
2 Liq. 238.2 10.22 191.6 0.9 09 182.0 194.0 216.6 231.9 149.7 157.6 171.7 1952 5.0 1.2 13.1 21.0 21.9 17.8 104 1.8
3 Liq. 238.2 21.18 209.4 0.3 1.0 200.1 213.7 245.5 264.0 163.6 182.4 188.2 2146 44 2.0 172 26.0 21.9 12.9 10.1 2.5
4 Liq. 238.2 51.70 257.4 0.6 12 244.1 262.4 313.0 340.0 196.2 230.1 228.5 2632 5.1 2.0 21.6 32.1 23.8 10.6 11.2 2.3
5 Liq. 243.2 102.78 316.3 1.7 1.5 291.2 3134 382.9 419.2 233.8 278.3 275.7 3140 7.9 0.9 21.0 325 26.1 12.0 12.8 0.7
6 Liq. 2432 126.15 349.9 1.3 1.6 313.8 339.3 416.2 458.1 252.8 301.9 300.5 3399 103 3.0 19.0 309 27.7 13.7 14.1 2.9
7 Gas 253.2 1.03 13.9 0.2 0.2 13.3 13.0 13.3 13.0 24.7 13.1 13.6 12.8 3.8 6.2 3.8 6.2 78.4 5.6 1.8 73
8 Liq. 253.2 50.43 215.0 0.8 1.0 208.6 216.7 262.8 278.1 173.9 191.8 198.2 217.3 3.0 0.7 222 293 19.1 10.8 7.8 1.0
9 Liq. 253.2 102.56 281.7 0.6 1.3 267.3 283.4 348.6 379.3 217.7 252.9 2535 2839 5.1 0.6 237 346 22.7 10.2 10.0 0.8
10 Liq. 253.2 150.16 343.8 0.9 1.6 310.7 334.2 410.0 453.7 253.5 298.9 299.7 3346 9.6 2.8 19.3  32.0 26.3 13.0 12.8 2.7
11 Gas 273.2 1.05 13.7 0.1 0.2 14.3 14.0 14.3 14.0 24.9 14.1 14.6 13.8 4.2 2.0 4.2 1.9 82.2 2.8 6.8 1.0
12 Gas 273.2 2.05 13.9 0.1 0.2 14.8 14.2 14.8 14.2 25.6 14.3 15.1 14.1 6.3 2.1 6.3 2.1 84.6 3.0 8.5 12
13 Liq. 273.2 10.47 114.5 0.4 0.6 117.1 114.7 121.7 119.3 106.2 97.2 116.4 1150 2.2 0.1 6.3 4.2 7.2 15.1 1.6 0.5
14 Liq. 273.2 20.13 131.7 0.3 0.6 133.7 131.4 148.7 146.9 120.2 114.4 131.5 131.7 1.5 0.2 12.9 11.5 8.7 13.2 0.1 0.0
15 Liq. 273.2 52.05 174.1 1.3 0.8 175.2 175.4 215.0 220.3 152.8 157.0 169.8 175.5 0.7 0.8 235 265 12.2 9.8 2.5 0.8
16 Liq. 273.2 102.61 230.5 1.0 1.1 226.9 234.1 292.3 313.7 191.8 210.9 218.1 2343 1.6 1.6 26.8 36.1 16.8 8.5 54 1.6
17 Liq. 273.2 150.44 282.2 1.1 1.3 268.0 283.5 349.7 387.3 223.8 255.5 258.7 283.6 5.0 0.5 239 373 20.7 9.5 8.3 0.5
18 Gas 283.2 1.09 14.3 0.1 0.2 14.7 14.4 14.7 14.4 24 .4 14.6 15.1 14.3 2.6 0.5 2.7 0.5 70.3 1.5 53 0.2
19 Gas 283.2 2.07 14.4 0.1 0.2 15.2 14.6 15.2 14.6 25.3 14.8 15.5 14.5 5.6 1.7 5.7 1.8 75.7 2.8 8.0 1.0
20 Liq. 283.2 7.89 914 0.7 0.5 954 92.2 91.3 88.4 89.6 79.1 97.9 92.4 4.4 09 0.1 3.2 2.0 13.5 7.1 1.1
21 Liq. 283.2 23.07 120.9 0.6 0.6 124.2 120.2 135.8 132.0 114.1 105.9 123.5 120.3 2.7 0.5 12.4 93 5.6 12.3 2.2 0.5
22 Liq. 283.2 39.85 143.8 1.5 0.7 146.7 143.4 171.9 170.6 132.3 128.4 144.2 1434 2.0 0.3 19.6 18.6 8.0 10.7 0.3 0.3
23 Liq. 283.2 59.01 167.4 04 0.8 168.2 166.5 206.2 209.6 149.1 150.2 164.3 166.6 0.5 0.5 232 252 109 10.3 1.9 0.5
24 Liq. 283.2 101.38 212.7 0.5 1.0 209.0 212.9 267.5 284.6 180.2 192.7 202.5 212.9 1.7 0.1 258 338 153 9.4 4.8 0.1
25 Liq. 283.2 151.26 260.4 1.1 12 249.9 262.5 324.9 359.7 212.0 237.5 242.6 2625 4.0 0.8 247 38.1 18.6 8.8 6.8 0.8
26 Gas 293.2 1.13 14.6 0.1 0.2 15.2 14.9 15.2 14.9 12.0 15.1 15.6 14.8 4.0 1.9 4.0 1.9 17.7 3.0 6.8 1.3
27 Gas 293.2 2.05 14.7 0.1 0.2 15.6 15.1 15.6 15.1 13.8 15.2 16.0 15.0 5.8 2.2 5.8 2.2 6.3 33 8.4 1.5
28 Liq. 293.2 11.47 86.5 0.3 0.5 89.1 85.3 84.9 81.4 86.2 74.5 92.8 85.3 2.9 1.4 1.9 5.9 0.4 13.9 7.3 1.5
29 Liq. 293.2 20.37 103.6 0.6 0.5 107.0 102.2 111.3 106.5 101.5 90.4 108.5 1022 32 1.3 7.4 2.7 2.1 12.8 4.7 1.4
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)

K MPa  EXP. wi) wufy) ST COyST ST COpST CS2 %222 Ped. (;Sé' ST CO»-ST ST CO,-ST CS2 %(322 Ped. %83‘
C(])?Te:cstlit(})/n? (#x0.1) (£0.02) uPa.s uPa.s  Yes Yes No No - - - -~  Yes Yes No No - - - -
30 Liq. 293.2 36.79 129.5 0.9 0.6 130.4 125.5 148.0 143.9 120.7 112.8 129.8 1254 0.7 3.1 143 11.1 6.8 12.8 0.3 3.1
31 Liq. 293.2 68.99 165.9 0.8 0.8 165.1 162.5  202.7  205.7 148.1 147.5 162.2 1624 0.5 2.1 222 240 107 111 2.2 2.1
32 Liq. 293.2 101.04 195.3 1.1 0.9 193.9 1953 2465  260.0 170.4 177.6 189.5 1953 0.7 0.0 262  33.1 12.8 9.1 3.0 0.0
33 Liq. 293.2 141.60 234.7 1.2 1.1 226.1 2343 2923 320.7 1954 2128  220.7 2342 3.7 0.2 245 36.6 16.8 9.3 6.0 0.2
34 Gas 308.2 1.20 15.3 0.0 0.2 15.9 15.6 15.9 15.6 12.4 15.8 16.4 15.5 3.7 1.8 3.7 1.8 18.9 2.9 6.7 1.3
35 Gas 308.2 2.07 15.4 0.0 0.2 16.3 15.8 16.3 15.8 14.1 15.9 16.7 15.7 5.7 2.4 5.7 2.5 8.6 3.6 8.6 1.9
36 Gas 308.2 5.09 18.4 0.1 0.2 18.2 17.0 18.3 17.1 19.2 17.2 18.5 17.0 1.3 7.6 0.9 73 4.2 6.8 0.4 8.0
37 Liq. 308.2 11.33 63.9 0.4 0.4 66.3 63.5 58.6 56.6 68.6 57.1 74.1 63.4 3.7 0.6 8.4 11.5 7.4 10.6 159 0.7
38 Liq. 308.2 22.09 88.4 0.6 0.5 92.4 87.4 93.0 87.8 91.3 78.5 96.1 87.3 4.6 1.2 5.2 0.6 33 11.1 8.7 1.2
39 Liq. 308.2 34.97 107.0 0.5 0.5 111.6 105.6 121.4 1154 107.3 95.8 1134 105.6 43 1.3 13.4 7.8 0.2 10.5 59 1.4
40 Liq. 308.2 68.93 144.4 0.7 0.7 147.7 143.0 177.7 176.9 136.4 130.8 147.0 1429 23 1.0 23.1 225 5.5 9.4 1.9 1.0
41 Liq. 308.2 101.20 173.6 0.3 0.8 175.0 173.8  219.7  228.7 157.9 159.0 173.1 173.7 0.8 0.1 26.5 31.7 9.1 8.4 0.3 0.0
42 Liq. 308.2 150.52 2224 1.0 1.1 211.0 2176  271.9 2995 186.3 198.8 2082 2175 5.1 2.2 222 347 162 10.6 6.4 2.2
43 Gas 323.2 1.27 16.1 0.1 0.2 16.6 16.3 16.6 16.3 12.8 16.5 17.1 16.2 2.9 1.1 3.0 1.2 20.6 23 6.0 0.7
44 Gas 323.2 2.05 16.3 0.0 0.2 16.9 16.4 16.9 16.4 14.3 16.6 17.4 16.4 3.6 0.8 3.7 0.8 12.6 2.0 6.6 0.4
45 Gas 323.2 5.04 17.4 0.1 0.2 18.5 17.4 18.6 17.5 18.9 17.6 18.9 17.4 6.6 0.4 7.0 0.6 8.7 1.5 9.0 0.0
46 SC 323.2 11.44 39.8 0.2 0.3 41.4 40.0 37.6 36.4 48.7 37.8 52.9 40.0 4.0 0.7 5.5 8.6 22.6 4.9 329 0.7
47 SC 323.2 20.67 71.1 0.3 0.4 74.3 70.2 70.8 67.0 77.3 64.1 80.3 70.1 4.6 1.3 0.4 5.8 8.7 9.8 12.9 1.4
48 SC 323.2 50.82 111.9 0.6 0.6 115.8 109.3 130.0 123.9 112.2 100.5 117.9 109.2 34 2.4 16.1 10.7 0.2 10.2 53 24
49 SC 323.2 105.53 160.6 0.3 0.8 162.3 159.7 2015  208.3 149.6 147.1 162.1 159.7 1.0 0.5 255 29.7 6.9 8.4 0.9 0.6
50 SC 323.2 150.43 195.3 0.4 0.9 192.7 197.0 2464  270.0 174.0 180.9 192.0 1969 13 0.8 26.1 382 109 7.4 1.7 0.8
51 Gas 373.2 1.48 18.6 0.0 0.2 18.9 18.7 18.9 18.7 14.0 18.8 19.5 18.6 2.0 0.6 2.0 0.6 24.4 1.6 5.0 0.2
52 Gas 373.2 2.06 18.7 0.0 0.2 19.1 18.7 19.1 18.7 15.0 18.9 19.7 18.7 2.1 0.1 2.1 0.1 19.8 1.2 5.1 0.2
53 Gas 373.2 5.15 19.5 0.1 0.2 20.3 19.4 20.3 19.4 19.1 19.6 20.9 19.3 43 0.4 4.4 0.3 2.0 0.6 7.2 0.8
54 Gas 373.2 8.38 21.0 0.1 0.2 222 20.8 222 20.8 23.0 20.9 22.7 20.7 5.7 0.9 6.1 0.6 9.8 0.1 8.5 1.3
55 SC 373.2 21.67 40.2 0.2 0.3 42.7 40.6 40.6 38.6 49.6 39.1 479 40.5 6.1 0.9 1.0 4.0 23.4 2.6 19.1 0.8
56 SC 373.2 51.46 78.3 0.2 0.4 82.7 77.3 86.7 81.0 87.2 72.9 88.0 77.3 5.7 1.3 10.8 35 11.4 6.8 12.4 1.2
57 SC 373.2 102.71 119.2 0.3 0.6 122.1 117.1 143.6 142.2 120.6 109.9 125.8 117.1 24 1.7 204 193 1.2 7.8 5.5 1.8
58 SC 373.2 149.33 150.1 0.7 0.7 149.0 148.9 183.4 195.7 143.0 139.1 152.4 149.0 0.7 0.8 222 304 4.7 7.3 1.5 0.7
59 Gas 4232 1.71 20.8 0.1 0.2 21.2 21.0 21.2 21.0 15.2 21.1 21.8 20.8 2.1 0.9 2.1 0.9 27.2 1.4 4.7 0.2
60 Gas 4232 2.06 20.8 0.1 0.2 21.3 21.0 213 21.0 15.7 21.1 21.9 20.9 23 0.9 23 0.9 24.6 1.4 5.0 0.2
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. w(p ufp ST CO-ST ST COST €S2 (05 Ped Q0¥ | ST COST ST CO-ST €S2 ‘Cop Ped. o
C(]))rfélcstlit(})/n? (£0.1) (£0.02) uPa.s uPa.s  Yes Yes No No --- --- - ---  Yes Yes No No --- - --- ---
61 Gas 4232 5.13 21.5 0.0 0.2 22.2 21.5 22.2 21.5 19.5 21.6 22.8 214 34 0.1 34 0.1 9.4 0.5 6.2 0.7
62 Gas 4232 8.12 22.3 0.1 0.2 234 22.3 23.4 22.3 22.5 22.4 24.1 22.1 5.2 0.0 5.2 0.1 0.9 0.6 8.1 0.6
63 SC 4232 51.25 59.4 0.2 0.3 63.6 60.1 64.0 60.5 70.3 57.7 68.9 60.0 6.9 1.1 7.6 1.7 18.3 2.9 15.9 0.9
64 SC 4232 102.61 95.0 0.3 0.5 98.4 94.2 110.5 107.4 102.2 89.5 103.7 94.1 3.6 0.9 16.3 13.0 7.5 5.8 9.2 1.0
65 SC 4232 148.94 121.0 0.5 0.6 122.1 121.1 144.4 150.2 122.5 114.4 127.2 121.0 1.0 0.1 19.3 242 1.3 5.4 5.1 0.1
Average Absolute Deviation (AAD) 3.6 1.3 124 143 188 7.4 6.9 1.3
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Table 4.16 Experimental and modelling results (predictive models) of the viscosity of MIX 1

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. w) wufy) ST COyST ST COpST CS2 %222 Ped. (13)(3(21' ST CO»-ST ST CO.-ST CS2 ((::(;22 Ped. (;23'
Cgéfggn? (0.1)  (+0.02) wPas pPas Yes Yes No  No — Yes Yes No No - - o oo
1 Gas 243.2 1.48 12.7 0.1 0.2 13.7 13.2 13.7 13.2 24.1 12.7 13.5 12.6 7.8 3.6 7.8 3.6 89.2 -0.2 5.8 -0.8
2 Liq. 243.2 21.11 168.6 1.2 0.8 173.9 168.2 206.2 200.2 143.0 169.7 161.0 1742 3.1 -0.2 22.3 18.8 -15.2 0.7 -4.5 34
3 Liq. 243.2 52.54 217.3 1.0 1.0 219.5 213.5 273.3 268.4 175.3 217.2 200.0 221.1 1.0 -1.7 258 235 -193 0.0 -8.0 1.7
4 Liq. 243.2 103.76 288.1 0.8 1.3 278.2 273.5 356.6 355.8 218.4 278.0 254.2 286.1 -34 -5.1 23.8 235 242 -35 -11.8  -0.7
5 Liq. 243.2 151.14 349.8 1.4 1.6 320.6 317.7 417.8 421.2 254.3 323.2 300.4 3358 -8.3 9.2 194 204 -27.3 -7.6 -14.1 -4.0
6 Gas 253.2 1.56 13.4 0.0 0.2 14.2 13.7 14.2 13.7 24 .4 13.2 14.0 13.1 6.4 2.5 6.4 2.5 82.0 -1.3 4.7 -1.8
7 Gas 253.2 2.04 134 0.1 0.2 14.5 139 14.5 13.9 24.7 134 14.3 13.3 8.2 34 8.2 34 84.3 -0.3 6.3 -0.9
8 Liq. 253.2 21.53 144.0 0.8 0.7 155.5 147.7 180.6 172.1 131.6 149.2 146.0 152.3 8.0 2.6 25.5 19.5 -8.6 3.6 1.4 5.8
9 Liq. 253.2 52.04 193.9 0.8 09 198.7 190.0 2447 237.0 162.5 193.1 182.8 195.6 24 -2.0 262 222 -162 -04 -5.7 09
10 Liq. 253.2 103.74 260.2 0.9 12 256.3 249.1 326.2 323.8 203.9 252.9 234.5 2587 -1.5 4.3 253 244 216 -2.8 -9.9 -0.6
11 Liq. 253.2 151.65 314.4 04 1.5 299.0 294.3 385.5 389.1 237.9 298.7 277.8 3089 -4.9 -6.4 22,6 237 -243 -5.0 -11.6  -1.8
12 Gas 273.2 1.73 14.5 0.0 0.2 15.2 14.7 15.2 14.7 24.2 14.2 15.1 14.1 4.6 1.3 4.6 1.3 66.6 2.3 3.5 2.7
13 Gas 273.2 2.11 14.6 0.1 0.2 15.4 14.8 154 14.8 24.5 14.3 15.2 14.2 59 1.9 59 1.9 68.6 -1.6 4.7 2.1
14 Gas 273.2 3.45 15.0 0.1 0.2 16.4 154 16.4 154 25.8 15.0 16.1 14.8 93 3.1 9.3 3.1 72.6 0.0 7.3 -1.0
15 Liq. 273.2 10.46 97.6 0.6 0.5 101.9 94.6 105.2 97.5 94.1 96.9 102.1 97.6 4.4 -3.1 7.7 -0.1 -3.6 -0.7 4.6 -0.1
16 Liq. 273.2 20.94 119.0 0.7 0.6 122.9 113.6 135.1 124.9 110.2 115.3 119.1 116.1 33 -4.5 13.5 4.9 -7.4 -3.1 0.1 24
17 Liq. 273.2 52.10 157.2 0.7 0.8 165.7 154.2 199.2 188.0 141.8 156.4 155.6 1574 5.5 -1.9 26.7 19.6 -9.8 -0.5 -1.0 0.1
18 Liq. 273.2 102.75 212.6 0.3 1.0 217.9 207.6 274.4 269.4 179.5 209.9 201.6 2132 25 2.4 290 267 -156 -1.3 -5.2 0.2
19 Liq. 273.2 151.29 262.5 0.9 12 258.9 252.1 330.3 334.0 2104 254.7 240.4 2612 -14 -4.0 258 272 -199 -3.0 -8.4 -0.5
20 Gas 283.2 1.81 14.9 0.1 0.2 15.7 15.2 15.7 15.2 13.3 14.7 15.6 14.6 5.0 1.9 5.0 1.9 -11.3 -1.6 4.2 2.1
21 Gas 283.2 2.16 15.0 0.1 0.2 15.9 153 159 15.3 13.9 14.8 15.7 14.7 5.7 2.0 5.7 2.0 -7.6 -1.5 4.7 -1.9
22 Gas 283.2 3.49 15.5 0.1 0.2 16.7 15.8 16.7 15.8 16.2 15.3 16.5 15.2 7.7 2.0 7.7 1.9 4.4 -1.3 6.1 2.0
23 Liq. 283.2 10.41 78.5 0.7 0.4 85.9 79.7 85.2 79.0 82.8 84.0 89.4 81.9 9.4 1.5 8.5 0.7 5.5 7.0 13.9 4.4
24 Liq. 283.2 21.08 104.4 0.9 0.5 109.7 100.5 117.2 107.3 101.1 102.5 108.1 1022 5.0 -3.7 12.2 2.8 -3.2 -1.8 3.5 2.1
25 Liq. 283.2 51.67 145.1 0.7 0.7 151.7 139.7 179.6 167.5 132.7 141.5 143.8 1419 45 -3.7 23.7 154 -8.6 -2.5 -0.9 2.2
26 Liq. 283.2 103.18 196.7 0.8 09 202.6 191.5 253.9 248.0 169.9 193.2 188.9 195.8 3.0 2.7 29.1 26.1  -13.7 -1.8 -4.0 -0.5
27 Liq. 283.2 151.00 242.0 0.4 1.1 241.4 233.8 307.1 310.5 198.9 235.8 225.1 2412 -0.3 -3.4 269 283 -17.8 -2.6 -7.0 -0.3
28 Liq. 288.2 9.02 67.8 0.7 0.4 72.8 68.0 69.8 65.5 72.9 75.0 79.4 70.2 7.4 0.4 3.0 -3.4 7.6 10.6 17.1 3.6
29 Liq. 288.2 16.58 88.7 0.2 0.5 94.4 86.6 96.6 88.6 89.8 89.3 95.6 88.1 6.4 2.3 8.9 -0.1 1.3 0.7 7.8 -0.6
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)

K MPa  EXP. wi) wufy) ST COyST ST COpST CS2 %222 Ped. (;Sé' ST CO»-ST ST CO,-ST CS2 %(322 Ped. %83‘
C(])?Te:cstlit(})/n? (#x0.1) (£0.02) uPa.s uPa.s  Yes Yes No No - - - -~  Yes Yes No No - - - -
30 Liq. 288.2 34.23 115.6 0.3 0.6 124.0 113.1 138.7 126.9 112.5 114.8 120.1 1145 73 2.1 200 98 -2.7 -0.6 3.9 -0.9
31 Liq. 288.2 48.29 132.6 0.6 0.7 141.7 129.8 165.1 152.7 125.7 131.3 1353 1314 6.9 2.1 245 152 52 -0.9 2.1 -0.8
32 Liq. 288.2 102.20 186.0 0.6 0.9 194.6 183.1 243.0  236.5 164.7 184.7 182.2 1869 4.6 -1.5 306 271 -114 -0.7 -2.0 0.5
33 Liq. 288.2 151.11 230.2 1.0 1.1 2335 2257 296.6  300.0 193.8 2273 2183 2323 14 20 288 303 -158 -13 -5.2 0.9
34 Gas 298.2 2.08 15.3 0.0 0.2 16.5 16.0 16.5 16.0 14.0 15.5 16.4 15.4 7.9 4.9 8.0 4.9 -8.5 1.4 7.4 1.0
35 Gas 298.2 4.18 15.9 0.2 0.2 17.7 16.7 17.8 16.8 17.4 16.3 17.5 16.1 11.0 5.0 11.3 52 9.0 2.0 9.9 1.2
36 Liq. 298.2 10.59 59.8 0.3 0.4 62.5 58.6 58.7 55.4 65.2 66.5 70.7 60.0 4.5 -19  -1.7 73 9.1 11.3 18.3 0.4
37 Liq. 298.2 20.66 81.0 0.5 0.4 90.7 82.8 92.6 84.5 87.7 85.3 92.3 83.7 119 23 14.3 43 83 54 13.9 33
38 Liq. 298.2 51.60 124.2 0.3 0.6 134.1 122.1 155.0 142.5 121.0 123.4 129.1 1233 8.0 -1.7 248 147 2.6 -0.6 3.9 -0.7
39 Liq. 298.2 103.07 173.0 0.2 0.8 182.3 170.5 2262  219.1 156.9 171.7 171.9 1735 54 -14 307 266 -93 -0.8 -0.6 0.3
40 Liq. 298.2 151.12 213.2 0.3 1.0 218.7 2105  277.1 280.1 1843  211.7 2057 2160 2.6 -1.3 300 313 -13.6 -0.7 -3.5 1.3
41 SC 323.2 222 17.0 0.1 0.2 17.6 17.2 17.6 17.2 14.6 16.7 17.6 16.6 3.9 1.5 4.0 1.6 -141 -1.7 3.9 -2.1
42 SC 323.2 5.26 17.7 0.1 0.2 19.2 18.2 19.3 18.2 19.0 17.7 19.1 17.6 8.6 2.7 9.0 2.9 6.9 -0.1 8.0 -0.8
43 SC 323.2 6.97 18.7 0.1 0.2 20.7 19.4 209 19.5 21.7 19.0 20.6 18.7 10.8 34 11.5 4.0 16.0 1.5 9.8 0.1
44 SC 323.2 13.41 38.5 0.1 0.3 429 40.6 39.7 37.6 47.8 46.7 49.4 392 115 5.5 32 22 243 214 284 1.8
45 SC 323.2 20.45 60.3 0.3 0.4 65.1 60.1 62.5 57.9 68.2 63.3 70.1 60.1 8.0 -0.2 3.8 -3.9 13.1 5.1 16.3 -0.2
46 SC 323.2 51.13 100.5 0.3 0.5 110.1 99.4 122.2 110.6 104.5 100.3 108.8 99.5 9.5 -1.1 215 100 39 -0.3 8.2 -1.1
47 SC 323.2 103.26 145.2 0.8 0.7 155.7 144.0 189.4 180.9 139.4 144.4 149.5 1455 73 -0.8 304 246 -40 -0.5 3.0 0.2
48 SC 323.2 151.25 180.8 0.5 0.9 188.5 1799 2363  238.0 164.6 180.3 180.0 1833 43 -05 307 316 -9.0 -0.3 -0.4 1.4
49 SC 373.2 2.66 19.3 0.0 0.2 20.0 19.6 20.0 19.6 15.9 19.0 20.0 19.0 3.7 1.8 3.8 1.8 -172 -13 4.1 -1.5
50 SC 373.2 5.22 19.9 0.1 0.2 21.0 20.1 21.0 20.2 19.1 19.6 21.0 19.5 5.6 1.5 5.7 1.6 -4.0 -1.4 59 -1.7
51 SC 373.2 24.20 40.7 0.5 0.3 44.8 41.9 429 40.2 49.8 429 479 41.0 10.2 3.0 5.5 -1.3 22.3 54 17.6 0.7
52 SC 373.2 52.04 72.6 0.1 0.4 79.8 72.7 83.3 75.7 81.9 72.9 82.0 72.0 9.9 0.1 14.7 43 12.8 0.4 13.0 -09
53 SC 373.2 102.98 110.8 0.4 0.6 119.4 109.7 138.5 129.8 114.1 109.3 118.2 109.6 7.8 -1.0 250 17.1 2.9 -1.4 6.6 -1.1
54 SC 373.2 145.34 137.0 0.3 0.7 144.4 136.3 174.6 172.3 133.9 135.6 141.4 1373 54 -05 274 257 -23 -1.0 32 0.2
55 SC 4232 3.08 21.0 0.1 0.2 22.3 21.9 223 21.9 17.2 213 22.3 21.2 5.9 4.0 59 4.1 -18.3 1.0 6.2 0.9
56 SC 4232 5.22 21.5 0.2 0.2 22.9 22.2 22.9 222 19.6 21.6 23.0 21.6 6.7 3.5 6.7 35 -9.0 0.6 7.1 0.4
57 SC 4232 10.41 23.7 0.1 0.2 25.1 23.8 25.1 23.8 24.4 232 25.3 23.1 6.1 0.3 6.2 0.4 3.1 -1.9 6.6 -2.4
58 SC 4232 34.14 41.9 0.1 0.3 46.0 43.1 44.9 42.1 50.6 43.1 48.3 42.2 9.8 2.9 73 0.5 20.8 3.0 15.3 0.8
59 SC 4232 51.08 56.0 0.2 0.3 61.6 57.3 62.0 57.6 66.1 57.2 64.5 56.4 10.0 23 10.7 2.8 18.1 2.1 15.1 0.7
60 SC 4232 102.22 89.2 0.3 0.5 96.6 89.5 107.3 100.2 96.8 88.6 97.8 88.8 8.3 0.3 203 123 8.5 -0.7 9.6 -0.5
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)

K MPa  EXP. wi) wufy) ST COyST ST COpST CS2 %222 Ped. (;Sé' ST CO»-ST ST CO,-ST CS2 %(322 Ped. %83‘

C(l)zre:cstlit(})/n‘? (£0.1) (£0.02) uPa.s uPa.s  Yes Yes No No - - - -—- Yes Yes No No - - - -

61 SC 4232 152.00 115.9 0.4 0.6 122.4 116.3 143.2 140.8 117.8 115.0 121.8 1164 5.6 0.3 235 215 1.6 -0.7 5.1 0.4

Average Absolute Deviation (AAD) 6.2 2.5 159 11.6 178 2.4 7.4 1.3
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Table 4.17 Experimental and modelling results (predictive models) of the viscosity of MIX 2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)

K MPa  EXP. w(p ufp ST CO-ST ST CO-ST €S2 (QF Ped Q0¥ | ST COST ST CO-ST CS2 oy Ped. oo
Cgﬁgj&tgn? (0.1)  (+0.02) wPas pPas Yes Yes No  No —  Yes Yes No No == - e e
I Liq 2432 2140 1622 1.5 0.8 1586 1473 184.6 171.7 1334 1702 1485 1563 22 -92 139 59 -17.8 50 -84 36
2 Lig 2432 5195 2075 14 1.0 2041 1903 2488 234.1 1644 2164 1857 2003 -17 -83 199 128 208 43 -10.5 -3.5
3 Liq 2432 10329 2608 22 12 2629 2480 3302 3165 2063 277.5 2379 2639 08 -49 266 213 209 64 -88 1.2
4 Lig. 2432 151.69 3298 24 1.5 3057 2914 3904 3792 2414 323.6 2827 3145 -73 -11.7 184 150 268 -19 -143 -4.6
5 Liq 2532 5288 1794 05 09 1862 1712 2250 2092 1537 1942 1714 1794 38 46 255 166 -143 83 -45 0.0
6 Liq 2532 10406 2390 17 11 2428 2271 3029 2893 1934 2532 2205 2395 1.6 -50 267 210 -19.1 59 7.7 02
7 Liq. 2532 15266 2893 1.7 14 2852 2707 360.7 3513 2265 299.6 2624 289.5 -14 -64 247 214 217 36 93 0.
§ Gas 2732 179 145 01 02 152 147 152 147 131 142 153 144 50 17 50 17 94 -17 56 -08
9  Gas 2732 226 140 02 02 155 148 154 148 139 144 155 145 100 56 100 56 07 23 104 3.1
10 Lig. 2732 21.08 1070 09 05 1098 987 1192 1069 1020 1155 1093 1039 2.6 -7.8 114 -0.1 -46 80 21 -29
11 Lig. 2732 5231 1429 09 0.7 1542 1388 182.1 1656 1339 1566 1456 1444 79 29 274 159 -63 96 19 1.0
12 Lig. 2732 10339 1956 1.1 09 2065 190.1 2552 2417 1709 2105 190.5 1984 56 -2.8 305 23.6 -12.6 7.6 2.6 14
13 Lig. 2732 15109 2417 13 1.1 2460 231.6 308.0 300.8 2002 2545 2269 2440 1.8 -42 274 245 -172 53 -61 1.0
14 Gas 2832 174 146 01 02 156 152 156 152 132 147 157 148 68 38 68 38 99 04 76 13
15  Gas 2832 228 147 02 02 159 153 159 153 141 148 160 150 80 41 80 41 -40 08 87 16
16 Liq. 2832 2028 894 06 05 955 856 100.6 90.0 92.1 1012 975 899 68 -42 125 07 29 132 90 05
17 Liq. 2832 5266 1250 1.0 0.6 1419 1267 1654 149.1 1260 1432 1355 1314 135 14 323 193 08 146 84 5.1
18 Liq. 2832 103.54 187.1 09 09 1918 1755 2359 2224 1618 193.6 1785 1824 25 -62 261 189 -13.5 35 46 -2.5
19 Lig. 2832 15155 2308 04 1.1 2298 2158 287.0 2807 189.9 2362 2133 2262 -04 -65 243 216 -177 23 -6 2.0
20 Gas 2982 208 153 01 02 164 160 164 160 140 155 166 156 72 42 73 43 86 10 84 19
21 Gas 2982 353 152 02 02 172 164 172 164 163 159 173 160 127 74 129 75 68 46 136 52
22 Lig. 2982 1042 431 02 03 457 431 440 415 519 661 572 444 62 00 2.1 37 206 534 327 32
23 Lig. 2982 2057 738 04 04 790 71.1 804 723 80.1 852 8.6 742 71 36 89 21 86 155 133 0.6
24 Liq 2982 5142 1148 0.6 0.6 1240 1099 141.1 1258 1141 1233 1207 1134 80 -43 229 95 07 73 51 -13
25 Lig. 2982 10449 1674 0.6 0.8 1734 1576 2115 1983 1503 1739 163.6 163.1 3.6 -59 263 184 -103 39 -23 -26
26 Lig. 2982 15046 2064 0.7 1.0 207.5 193.8 2580 2522 1756 2112 1946 2022 05 -6.1 250 222 -149 23 57 2.0
27 Gas 3232 257 167 02 02 177 172 177 172 151 167 180 169 60 3.1 60 31 94 01 75 1.1
28 Gas 3232 370 170 01 02 182 175 182 175 167 170 185 172 73 31 74 31 -15 04 87 1.1
29 sC 3232 1277 297 01 03 337 316 321 300 382 442 366 302 137 63 83 12 289 488 233 19
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. w(p ufp ST CO-ST ST COST €S2 (05 Ped Q0¥ | ST COST ST CO-ST €S2 ‘Cop Ped. o
C(]))rf:(ftlitgn? 0.1)  (£0.02) wPas pPas Yes Yes No  No —  Yes Yes No No = = o -
30 SC 3232 2077 534 02 03 572 524 555 510 624 639 634 539 72 -17 40 -44 170 197 189 1.0
31 SC 3232 5243 952 02 05 1032 913 113.6 100.6 99.8 1015 1032 935 84 41 193 56 48 66 84 -1.9
32 SC 3232 10347 1388 1.1 07 1473 1328 1761 1632 1332 1446 1419 1367 6.1 -44 269 176 -40 42 23 -15
33 sC 3232 15125 1771 1.0 08 1792 166.6 220.7 2154 157.5 1803 1712 173.0 12 -59 246 21.7 -11.1 18 -33 2.3
34 Gas 3732 153 188 02 02 196 194 196 194 143 188 199 191 39 30 39 30 240 01 58 12
35 Gas 3732 257 193 02 02 199 195 199 195 159 190 202 192 30 12 30 12 -176 -1.6 49 -05
36 SC 3732 2030 327 01 03 356 331 346 321 400 363 375 327 89 1.1 58 -1.8 222 11.0 144 -02
37 SsC 3732 5186 683 02 04 741 668 769 69.1 77.6 728 713 676 84 23 125 12 135 64 131 -1.0
33 SC 3732 10120 1040 03 05 1117 1007 127.6 1167 1084 108.1 111.7 1028 7.4 3.1 227 122 43 40 74 -1.1
39 SsC 3732 15229 1362 03 07 1409 1309 1684 1632 1315 1398 1386 1350 3.5 -39 237 199 34 27 18 -08
40  Gas 4232 242 209 02 02 220 217 220 217 164 212 224 214 51 37 51 38 215 11 70 22
41  Gas 4232 357 212 02 02 223 219 223 219 179 213 227 215 55 34 55 34 -156 09 75 19
42 sC 4232 2735 349 01 03 374 348 367 342 413 365 391 347 72 -03 53 21 185 46 121 -07
43 sC 4232 5181 541 01 03 587 541 591 545 639 577 622 545 84 00 91 06 180 65 148 0.7
44 SC 4232 10345 856 03 05 923 844 1017 93.6 937 893 945 858 78 -l14 188 93 95 43 103 02
45 sC 4232 15171 1110 03 0.6 1163 1088 1343 1292 1135 1149 1170 1117 48 2.0 209 164 22 35 53 06
Average Absolute Deviation (AAD) 57 41 159 101 124 7.1 8.8 1.7
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Table 4.18 Experimental and modelling results (predictive models) of the viscosity of MIX 3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. w(p ufp ST CO-ST ST CO-ST €S2 (QF Ped Q0¥ | ST COST ST CO-ST CS2 oy Ped. oo
Cgéfggn? (+0.1)  (+0.02) wPas pPas Yes Yes No No - - Yes Yes No No == = o= -
1 Gas 273.2 2.13 13.7 0.2 0.2 14.3 15.6 14.3 15.6 12.7 13.5 13.8 13.0 43 13.5 4.3 13.5 -7.6 -1.5 0.6 -5.2
2 Liq. 273.2 12.92 64.5 0.4 0.4 68.6 58.5 70.3 59.7 77.0 73.2 81.8 76.3 6.4 -9.2 9.0 -7.4 19.3 13.4 26.8 18.2
3 Liq. 273.2 20.94 76.8 0.7 0.4 86.9 70.7 91.6 73.8 88.5 86.0 93.8 894 13.1 -8.0 192 -4.0 15.1 11.9 221 16.4
4 Liq. 273.2 52.31 109.7 0.5 0.6 133.2 100.7 149.7 111.3 118.1 121.9 127.0 126.9 214 -8.3 36.4 1.4 7.6 11.1 15.7 15.6
5 Liq. 273.2 104.24 156.9 1.0 0.8 186.5 135.1 217.3 1554 153.0 166.1 168.1 177.5 189 -13.9 38.5 -1.0 -2.5 59 7.2 13.1
6 Liq. 273.2 124.73 167.6 0.5 0.8 204.2 146.6 239.2 169.8 165.1 181.6 182.6 196.0 21.8 -12.6 42.7 1.3 -1.5 8.3 8.9 17.0
7 Liq. 273.2 152.00 188.3 09 09 2253 160.5 265.1 187.2 180.4 200.8 201.0 219.7 19.7 -14.8 408 -0.6 4.2 6.7 6.8 16.7
8 Gas 283.2 2.09 13.7 0.1 0.2 14.7 16.1 14.7 16.1 12.8 14.0 14.2 13.4 7.6 17.6 7.6 17.6 -6.2 2.1 4.1 -1.6
9 Gas 283.2 4.89 18.0 0.2 0.2 16.7 17.3 16.6 17.3 17.3 15.7 16.2 150 -7.6 -4.1 -7.8 -4.2 4.1 -129 -10.1 -16.6
10 Liq. 283.2 9.47 41.4 0.4 0.3 44.6 41.3 443 41.0 60.0 59.9 64.3 55.9 7.5 -0.5 6.8 -1.0 44 .8 44.6 55.2 34.9
11 Liq. 283.2 20.76 68.0 0.2 0.4 76.2 63.6 78.9 65.5 80.8 77.0 84.9 78.7 12.2 -6.4 16.0 -3.6 18.9 13.3 249 15.8
12 Liq. 283.2 52.01 110.7 0.8 0.6 121.9 93.8 135.6 102.9 110.8 111.4 118.0 1154 10.1 -153 225 -7.1 0.1 0.6 6.5 4.2
13 Liq. 283.2 103.54 141.9 0.2 0.7 172.8 127.4 200.6 146.2 144.5 153.3 157.4 163.2 21.7 -10.3 41.3 3.0 1.8 8.0 10.9 15.0
14 Liq. 283.2 125.84 158.6 0.6 0.8 191.0 139.6 2233 161.7 157.0 169.5 172.3 1824 204 -12.0 40.8 1.9 -1.0 6.8 8.6 15.0
15 Liq. 283.2 150.47 183.6 1.8 09 209.3 152.0 246.0 177.3 170.2 186.3 188.1 2029 140 -17.2 340 -34 -7.3 1.5 2.5 10.6
16 Gas 298.2 1.11 13.5 0.1 0.2 15.0 16.6 15.0 16.6 11.6 14.4 14.5 13.9 10.7  23.1 10.7  23.1 -142 6.7 7.1 3.0
17 Gas 298.2 2.09 14.9 0.2 0.2 15.3 16.8 15.3 16.8 13.1 14.6 14.8 14.1 2.6 12.4 2.6 124  -124 -2.1 -0.5 -5.6
18 Gas 298.2 5.18 15.8 0.1 0.2 17.1 17.8 17.1 17.9 17.4 16.0 16.7 15.5 8.0 12.6 8.3 12.8 9.8 1.0 5.7 2.3
19 SC 298.2 10.96 34.8 0.3 0.3 353 33.8 34.6 33.2 49.1 51.3 52.2 42.7 1.5 -2.8 -0.5 -4.5 41.3 47.7 50.2 22.7
20 SC 298.2 20.83 58.0 0.5 0.4 63.3 54.8 64.0 553 70.7 66.1 73.3 65.7 9.1 -5.5 10.3 -4.6 22.0 13.9 26.3 13.3
21 SC 298.2 51.93 92.0 0.7 0.5 107.9 85.2 118.2 92.2 101.4 98.5 106.5 101.3  17.2 -7.4 28.4 0.2 10.1 7.0 15.7 10.1
22 SC 298.2 102.59 129.5 0.6 0.6 155.0 117.3 178.8 133.9 133.3 137.1 143.5 1452 19.7 -9.5 38.1 34 29 59 10.8 12.1
23 SC 298.2 125.57 149.3 0.7 0.7 172.5 129.4 201.1 149.7 145.5 152.7 157.9 163.7 155 ~-13.3 34.6 0.2 -2.6 2.3 5.7 9.6
24 Gas 3232 2.11 16.6 0.1 0.2 16.3 17.9 16.3 17.9 13.5 15.7 15.9 15.1 -1.4 8.3 -1.4 8.3 -182 =53 -4.0 -8.5
25 Gas 3232 5.23 17.1 0.2 0.2 17.7 18.7 17.8 18.7 17.3 16.6 17.4 16.1 3.6 9.2 3.8 9.3 0.8 -2.8 1.6 -5.8
26 SC 3232 11.74 259 0.3 0.3 26.7 26.2 26.0 25.6 323 32.8 30.6 26.1 2.9 1.1 0.2 -1.4 24 .4 26.2 18.1 0.6
27 SC 3232 20.14 431 0.3 0.3 46.0 42.3 45.0 41.5 54.9 50.5 55.5 479 6.9 -1.8 4.5 -3.7 27.4 17.3 28.9 11.1
28 SC 3232 49.94 76.7 0.2 0.4 87.5 72.3 93.1 76.4 87.0 80.5 89.5 81.9 14.1 -5.6 21.5 -0.4 13.4 5.0 16.7 6.9
29 SC 3232 103.66 112.4 0.7 0.6 133.6 105.0 152.0 118.7 119.4 117.8 126.4 1242 18.8 -6.6 35.2 5.6 6.2 4.8 12.4 10.4
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. wi) wufy) ST COyST ST COpST CS2 %222 Ped. (;Sé' ST CO»-ST ST CO,-ST CS2 %gzz Ped. %23‘
C(]))rfélcstlit(})/n? (£0.1)  (£0.02) uPa.s uPa.s  Yes Yes No No - - - -—- Yes Yes No No - - - -
30 SC 323.2 125.00 125.6 0.4 0.6 148.1 115.6 171.0 132.8 129.9 130.9 138.5 1395 180 -79 362 5.8 34 4.2 10.3 11.1
31 Gas 373.2 2.15 18.5 0.2 0.2 18.4 20.2 18.4 20.2 14.5 17.8 17.9 172 -0.7 9.1 -0.7 9.1 -21.7 -39 -3.1 -6.9
32 Gas 373.2 5.24 19.2 0.2 0.2 19.4 20.7 19.4 20.7 17.7 18.4 19.1 17.8 1.1 8.0 1.2 8.0 -7.8 -3.9 -0.5 -6.9
33 Gas 373.2 10.44 20.7 0.1 0.2 22.1 22.6 222 22.6 22.8 20.7 222 20.3 6.9 9.1 7.1 9.3 10.2 0.0 7.0 -2.1
34 SC 373.2 20.72 31.8 0.2 0.3 32.8 31.7 32.1 31.1 37.8 32.6 36.0 31.6 3.1 -0.2 0.9 2.2 18.8 24 13.0 -0.7
35 SC 373.2 46.22 56.4 0.4 0.3 61.0 54.6 61.8 553 65.7 57.4 65.3 57.8 8.2 -3.1 9.7 -1.9 16.5 1.8 15.9 2.6
36 SC 373.2 63.26 67.3 0.1 0.4 75.6 65.8 79.3 68.7 71.5 68.8 78.1 703 122 23 17.7 2.0 15.2 2.2 16.0 4.4
37 SC 373.2 103.20 87.8 0.3 0.5 103.1 86.9 113.8 95.5 98.5 91.5 101.4 95.7 174 -1.1  29.6 8.8 12.1 4.2 15.4 9.0
38 SC 373.2 125.26 102.4 0.2 0.5 115.9 97.0 130.3 108.8 108.1 102.8 112.3 1089 13.1 -53 272 6.2 5.5 0.4 9.6 6.3
39 SC 373.2 151.47 119.1 1.1 0.6 129.5 108.0 147.8 123.5 118.4 115.7 124.1 1243 8.7 93 241 3.6 -0.6 -2.9 4.2 43
40 Gas 4232 5.22 20.7 0.1 0.2 21.2 22.7 21.2 22.7 18.3 20.3 20.8 19.7 24 9.9 2.4 99 -11.7 -2.0 0.6 -4.9
41 Gas 4232 10.36 22.1 0.1 0.2 23.0 23.9 23.1 239 22.3 21.7 22.9 21.2 43 8.3 4.4 8.4 1.1 -1.8 3.8 -4.1
42 Gas 4232 20.96 26.7 0.2 0.3 29.4 29.1 29.1 28.9 31.8 27.7 30.4 27.5 10.1 9.0 9.3 8.4 19.2 3.8 14.0 3.0
43 SC 4232 29.11 34.7 0.2 0.3 35.8 34.7 352 343 39.9 342 38.2 34.1 3.0 0.0 1.5 -1.4 149 -1.6 100  -19
44 SC 4232 49.79 48.4 0.2 0.3 52.0 48.6 52.0 48.7 56.8 48.9 55.6 49.5 7.5 0.4 7.6 0.6 17.5 1.1 14.9 23
45 SC 4232 102.95 75.1 0.3 0.4 84.5 75.4 90.8 80.7 84.6 76.1 85.4 793 125 0.4 20.9 7.5 12.6 1.3 13.7 5.6
46 SC 4232 124.68 84.6 0.3 0.4 95.4 84.5 104.4 92.4 93.2 85.7 95.0 90.4 12.7 -0.1 233 9.1 10.1 1.2 12.2 6.8
47 SC 4232 146.38 94.4 0.6 0.5 105.2 93.1 116.9 103.4 100.9 94.9 103.7 1013 115 -14 239 9.6 6.9 0.5 9.9 7.4
Average Absolute Deviation (AAD) 10.5 7.8 17.3 5.8 11.8 7.2 12.5 9.1
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Table 4.19 Experimental and modelling results (predictive models) of the viscosity of BIN 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. w(p ufp ST CO-ST ST CO-ST €S2 (QF Ped Q0¥ | ST COST ST CO-ST CS2 oy Ped. oo
cggf&tgﬂ? (=*0.1) (£0.02) uPa.s uPa.s  Yes Yes No No - --- - -—- Yes Yes No No - - - -
1 Gas 273.2 2.11 13.7 0.3 0.2 15.1 16.1 15.0 16.1 13.6 14.3 15.3 14.4 9.6 17.3 9.6 17.3 -0.8 43 11.2 4.6
2 Liq. 273.2 10.76 94.3 0.6 0.5 91.2 89.2 94.1 91.9 85.9 97.5 92.5 86.6 -34 -5.4 -0.2 -2.6 9.0 34 -2.0 -8.2
3 Liq. 273.2 21.31 117.1 09 0.6 111.8 107.5 122.5 117.3 102.7 115.9 109.9 105.7 4.5 -8.2 4.6 0.2 -12.3  -1.0 -6.2 -9.7
4 Liq. 273.2 51.84 161.1 1.1 0.8 151.6 143.9 181.3 172.3 133.5 156.1 144.9 145.1 -59 -10.7 12.6 6.9 -17.1 -3.1 -10.0 -10.0
5 Liq. 273.2 103.82 2109 1.5 1.0 201.5 192.0 252.9 2443 171.0 211.0 190.1 199.9 45 -9.0 199 158 -189 0.0 9.8 -5.2
6 Liq. 273.2 124.87 228.2 09 1.1 218.8 209.2 277.0 269.1 184.2 231.0 206.4 2204 4.1 -8.3 214 179 -193 1.3 -9.5 -3.4
7 Liq. 273.2 152.64 253.2 2.1 1.2 239.7 230.4 305.2 299.3 200.8 255.9 227.0 2464 -53 9.0 20.5 18.2 -20.7 1.1 -104 2.7
8 Gas 283.2 2.11 14.3 03 0.2 15.5 16.6 15.5 16.6 13.8 14.8 15.7 14.8 8.0 159 8.1 159 -39 32 9.9 35
9 Gas 283.2 4.51 15.3 0.2 0.2 17.2 17.8 17.1 17.8 17.9 16.2 17.2 159 119 16.1 11.7 16.0 16.5 5.6 124 3.7
10 Liq. 283.2 10.36 71.9 0.4 0.4 74.9 74.4 74.3 73.8 73.6 83.9 79.2 70.7 4.2 3.5 34 2.8 2.4 16.8 10.2 -1.6
11 Liq. 283.2 20.75 96.1 09 0.5 98.2 94.9 104.4 100.5 93.1 102.0 98.6 91.9 2.2 -1.2 8.6 4.6 -3.1 6.2 2.6 4.3
12 Liq. 283.2 51.78 134.0 1.2 0.7 139.0 132.0 163.6 155.7 125.2 141.6 1344 1314 3.7 -1.5 22.1 16.2 -6.5 5.7 0.3 -1.9
13 Liq. 283.2 105.53 183.0 1.4 09 188.3 179.7 2354 228.3 162.8 195.5 179.4 1852 29 -1.8 28.7 248 -11.0 6.9 -2.0 1.2
14 Liq. 283.2 125.22 201.3 1.8 1.0 203.7 195.3 256.7 251.2 174.6 213.4 193.8 203.5 1.2 3.0 276 248 -133 6.0 -3.7 1.1
15 Liq. 283.2 153.19 227.0 1.3 1.1 223.9 216.1 284.2 281.1 190.5 237.7 2134 2285 -14 -4.8 252 238 -l6.1 4.7 -6.0 0.6
16 Gas 298.2 2.20 14.4 0.1 0.2 16.2 17.4 16.2 17.4 14.2 15.5 16.5 15.6 12.1 204 12.1 205 -1.8 7.5 14.4 79
17 Gas 298.2 5.20 16.3 0.1 0.2 18.0 18.7 18.1 18.7 18.8 17.1 18.3 16.8 10.2 14.3 10.7 147 153 4.4 11.7 2.9
18 SC 298.2 10.08 44.3 0.4 0.3 49.4 51.1 46.8 48.6 514 65.2 56.9 44.2 11.6 155 5.7 9.8 16.2 47.3 28.6 -0.2
19 SC 298.2 20.63 86.6 0.8 0.5 81.1 79.3 82.5 80.8 80.6 85.3 84.1 754 -64 -8.4 4.7 -6.7 -6.9 -1.5 29 -129
20 SC 298.2 51.51 120.4 1.2 0.6 122.5 116.7 140.8 134.3 114.1 123.4 120.6 114.3 1.7 -3.1 169 11.5 -5.3 2.5 0.1 -5.1
21 SC 298.2 103.85 168.3 1.4 0.8 168.2 161.0 208.0 202.6 149.6 172.4 162.5 163.3 -0.1 44 236 204 -11.1 2.4 -3.5 -3.0
22 SC 298.2 124.52 187.9 1.0 09 183.3 176.5 229.3 226.1 161.4 190.0 176.7 181.1 -24 -6.1 22.1 203 -14.1 1.1 -5.9 -3.6
23 SC 298.2 152.50 205.0 1.5 1.0 202.3 196.4 255.6 255.5 176.3 212.9 195.0 2045 -13 -4.2 247 246 -14.0 38 -4.9 -0.2
24 Gas 323.2 2.04 17.0 0.3 0.2 17.2 18.6 17.2 18.6 14.3 16.6 17.6 16.7 1.0 9.1 1.1 9.2 -159 22 3.4 -1.7
25 Gas 3232 5.25 17.5 0.1 0.2 18.7 19.5 18.8 19.6 18.7 17.7 19.1 17.6 7.0 11.8 7.4 12.1 7.0 1.4 9.4 1.0
26 Gas 3232 10.36 24.0 0.1 0.3 25.8 26.6 254 26.1 28.8 29.3 25.9 23.3 7.3 10.6 5.7 8.6 19.7 22.1 7.9 -3.2
27 SC 323.2 20.46 54.5 0.3 0.3 57.9 58.2 55.7 56.3 62.1 63.4 63.2 54.0 6.3 6.9 2.3 33 14.1 16.3 16.0 -0.8
28 SC 323.2 51.80 97.8 0.7 0.5 101.2 97.5 112.0 107.7 99.2 100.9 102.5 93.5 35 -0.3 146 10.2 1.4 3.2 4.8 4.4
29 SC 3232 102.73 142.7 1.4 0.7 142.6 137.6 172.7 169.4 132.5 144.1 140.9 136.7 -0.1 -3.6 21.0 18.7 -7.2 09 -1.3 4.3
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. wi) wufy) ST COyST ST COpST CS2 %222 Ped. (;Sé' ST CO»-ST ST CO,-ST CS2 %gzz Ped. %23‘
C(]))rfélcstlit(})/n? (£0.1)  (£0.02) uPa.s uPa.s  Yes Yes No No - - - -—- Yes Yes No No - - - -
30 SC 323.2 125.38 159.9 0.5 0.8 157.6 153.2 194.3 193.6 144.4 161.3 155.1 1541 -14 -42 215 211 -9.7 0.9 -3.0 -3.6
31 SC 323.2 153.10 179.9 0.8 0.9 174.4 1712 218.0 2214 158.0 181.7 171.4 1748 -30 -48 212 231 -122 1.0 -4.7 -2.8
32 Gas 373.2 2.10 19.5 0.2 0.2 19.4 21.0 19.4 21.0 15.2 18.9 19.9 19.0 -0.6 7.6 -0.6 76 220 -3.0 2.0 -2.5
33 Gas 373.2 5.20 19.9 0.1 0.2 20.4 21.6 20.5 21.6 18.9 19.6 21.0 19.6 2.5 8.4 2.6 8.4 -5.0 -1.8 53 -1.6
34 Gas 373.2 10.37 22.3 0.2 0.2 233 23.9 234 24.0 24.5 222 24.0 21.9 4.7 7.5 5.0 7.8 103 -03 7.7 -1.8
35 Gas 373.2 17.54 29.8 0.2 0.3 18.9 31.7 18.9 31.2 35.0 314 325 289 -364 6.6 -364 4.6 17.7 5.5 9.2 -2.9
36 SC 373.2 51.90 67.9 0.5 0.4 73.0 72.5 75.9 75.3 77.4 72.8 77.2 67.9 7.5 6.8 11.8  11.0 14.1 7.3 13.7 0.1
37 SC 373.2 103.05 91.7 0.6 0.5 109.7 108.3 126.7 126.5 109.0 109.4 112.2 1043 196 181 381 379 188 19.2 223 13.7
38 SC 373.2 124.10 101.7 0.5 0.5 121.7 120.8 143.9 145.8 119.0 122.7 123.7 117.7 19.6 188 41.4 433 169 20.6 21.6 157
39 SC 373.2 151.81 122.4 0.7 0.6 135.9 136.5 164.2 170.3 130.8 139.6 137.6 1349 11.1 115 342 39.1 6.9 14.1 12.5 10.2
40 Gas 4232 5.22 21.6 0.2 0.2 22.4 23.8 22.4 23.8 19.5 21.6 23.0 21.7 4.1 10.4 4.1 104 95 0.3 6.8 0.7
41 Gas 4232 10.47 25.2 0.1 0.3 24.4 25.3 245 253 24.2 232 25.2 232 3.0 0.4 -2.9 0.5 -4.1 -7.7 -0.1 -8.0
42 Gas 4232 20.81 29.8 0.1 0.3 31.0 31.6 30.7 314 34.0 30.2 324 29.2 39 6.0 3.0 5.1 14.0 1.1 8.5 -2.3
43 SC 4232 50.81 61.9 0.2 0.4 56.8 57.9 57.0 58.2 62.9 57.0 61.1 539 -8.1 -64 -78  -6.0 1.6 -7.9 -1.2 -129
44 SC 4232 104.08 89.2 0.8 0.5 90.0 91.1 99.8 101.6 93.6 89.7 94.3 86.2 0.9 2.2 11.9 140 5.0 0.6 5.7 -3.4
45 SC 4232 124.07 101.7 0.9 0.5 99.9 101.7 113.5 117.0 102.3 100.5 104.0 97.0 -1.7 0.0 11.6  15.1 0.6 -1.1 23 -4.6
46 SC 4232 151.34 111.9 0.9 0.5 112.2 1154 130.6 137.5 112.9 114.8 116.1 111.5 03 3.1 16.7 228 0.8 2.5 3.7 -0.4
Average Absolute Deviation (AAD) 5.9 7.8 145 147 10.7 6.1 7.6 4.4
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Table 4.20 Experimental and modelling results (predictive models) of the viscosity of BIN 2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. w(p ufp ST CO-ST ST CO-ST €S2 (QF Ped Q0¥ | ST COST ST CO-ST CS2 oy Ped. oo
cggf&tgﬂ? (=*0.1) (£0.02) uPa.s uPa.s  Yes Yes No No - --- - -—- Yes Yes No No - - - -
1 Gas 273.2 1.22 14.1 0.2 0.2 15.0 17.1 15.0 17.1 12.1 14.1 15.1 14.5 6.4 21.6 6.4 21.6 -13.8 0.2 7.3 3.0
2 Gas 273.2 2.09 14.3 0.1 0.2 153 17.3 15.3 17.3 13.6 14.3 15.4 14.7 7.4 21.1 7.4 21.1 49 0.3 8.3 2.8
3 Gas 273.2 3.92 15.1 0.1 0.2 16.4 18.0 16.4 18.0 16.3 15.4 16.4 15.3 8.6 19.1 8.5 19.1 8.3 2.0 8.9 1.4
4 Liq. 273.2 20.76 86.0 0.6 0.5 90.3 86.4 97.1 92.1 84.6 115.0 88.7 82.0 5.0 0.5 12.9 7.0 -1.6 33.8 3.1 4.6
5 Liq. 273.2 52.93 129.5 1.0 0.6 132.4 121.2 154.8 140.2 117.3 157.4 124.6 121.6 2.2 -6.4 19.5 8.3 94 21.5 -3.7 -6.1
6 Liq. 273.2 103.76 172.1 1.2 0.8 178.3 160.0 218.5 195.3 151.6 210.9 165.0 170.1 3.6 -7.0 27.0 135 -11.9 226 -4.1 -1.1
7 Liq. 273.2 124.90 186.3 0.5 09 194.3 173.9 240.0 214.6 163.8 231.1 179.7 188.9 423 -6.6 289 152 -12.1 24.1 -3.5 1.4
8 Liq. 273.2 153.11 219.8 1.7 1.0 213.8 191.0 265.8 238.0 179.2 256.3 198.3 213.1 2.7 -13.1 209 8.3 -18.5 16.6 -9.8 =31
9 Gas 283.2 1.42 15.1 0.0 0.2 15.5 17.7 15.5 17.7 12.7 14.6 15.7 15.0 2.7 17.0 2.7 17.0 -16.0 -3.2 3.8 -0.5
10 Gas 283.2 2.11 15.6 0.2 0.2 15.8 17.8 15.8 17.8 13.8 14.8 15.9 15.1 1.4 14.5 1.4 145 -114 -50 2.4 -2.6
11 Gas 283.2 4.89 15.6 0.1 0.2 17.5 19.0 17.5 19.0 17.8 16.8 17.5 16.2 12.1 21.7 12.0 21.7 14.4 8.0 12.2 4.0
12 Liq. 283.2 14.51 67.8 0.3 0.4 65.6 69.9 66.7 71.1 69.2 91.6 72.8 642 32 3.1 -1.6 4.8 2.1 35.1 7.3 -5.3
13 Liq. 283.2 21.11 76.5 0.6 0.4 79.9 77.7 84.0 81.2 77.2 102.6 80.1 72.3 4.6 1.6 9.9 6.1 1.0 342 4.8 -5.4
14 Liq. 283.2 52.88 113.9 0.8 0.6 121.5 112.4 140.2 128.5 110.1 142.9 115.9 110.8 6.6 -1.3 23.1 12.8 =33 254 1.7 2.7
15 Liq. 283.2 104.03 167.2 0.6 0.8 165.9 150.6 202.2 183.2 143.8 194.1 155.2 1574 -08 -10.0 209 9.6 -14.0 16.1 -7.2 -59
16 Liq. 283.2 124.60 175.8 1.4 0.8 180.8 163.8 222.6 201.8 155.2 212.9 168.9 1747 2.8 -6.8 266 148 -11.7 21.1 -4.0 -0.6
17 Liq. 283.2 153.17 198.3 2.0 09 199.8 180.9 247.9 225.4 170.1 237.7 186.8 198.1 0.8 -8.8 250 136 -142 198 -5.8 -0.1
18 Gas 298.2 2.11 14.2 0.1 0.2 16.4 18.6 16.4 18.6 14.1 15.5 16.6 15.9 156 30.8 156 308 -1.0 9.0 17.2 11.8
19 Gas 298.2 5.21 16.3 0.1 0.2 18.0 19.6 18.1 19.7 18.2 17.1 18.2 16.9 10.8  20.8 11.2  21.1 12.1 5.0 12.1 4.0
20 SC 298.2 13.67 40.8 03 0.3 46.5 48.3 45.6 47.5 48.0 73.2 493 40.4 13.9 18.4 11.8 16.4 17.6 79.5 21.0 -1.0
21 SC 298.2 20.89 63.6 0.6 0.4 65.1 65.0 66.1 65.9 65.9 85.7 67.4 59.0 2.4 2.1 3.9 3.5 3.6 34.7 6.0 -7.3
22 SC 298.2 52.39 114.5 1.1 0.6 107.0 100.8 120.8 112.9 100.3 124.3 104.1 97.0 -6.5 -11.9 5.6 -1.3 -12.3 8.6 9.0 -153
23 SC 298.2 103.26 154.8 09 0.7 149.1 137.7 180.1 166.2 133.0 171.9 141.7 140.5 -3.7 -11.1 163 7.3 -14.1 11.0 -8.5 93
24 SC 298.2 124.89 167.3 1.5 0.8 163.8 151.0 200.4 185.4 144.4 190.3 155.3 1574 -2.1 -9.7 19.8 10.8 -13.7 13.8 -7.2 -59
25 SC 298.2 153.18 182.1 1.8 09 181.5 167.3 2243 208.4 158.3 213.4 171.8 179.0 -0.3 -8.1 23.2 145 -13.1 17.2 -5.6 -1.7
26 Gas 3232 2.12 16.8 0.2 0.2 17.5 19.8 17.5 19.8 14.5 16.6 17.8 17.1 4.0 17.9 4.1 180 -13.6 -1.1 5.9 1.4
27 Gas 3232 5.22 17.8 0.2 0.2 18.8 20.6 18.8 20.7 18.3 17.7 19.1 17.8 5.6 16.0 5.9 16.2 29 -0.5 7.6 0.4
28 Gas 3232 10.44 22.0 0.1 0.2 239 253 23.6 25.0 25.6 299 23.7 21.6 8.3 14.8 7.1 13.5 16.1 35.6 7.6 -1.8
29 SC 3232 27.26 58.7 0.5 0.4 58.7 59.3 58.8 59.5 61.8 73.7 61.6 53.7 0.0 1.0 0.2 1.2 5.1 254 49 -8.6
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
No Phase T P Viscosity / pPa.s Deviation (%)
K MPa  EXP. wi) wufy) ST COyST ST COpST CS2 %222 Ped. (;Sé' ST CO»-ST ST CO,-ST CS2 %gzz Ped. %23‘
C(]))rfélcstlit(})/n? (£0.1)  (£0.02) uPa.s uPa.s  Yes Yes No No - - - -—- Yes Yes No No - - - -
30 SC 323.2 52.13 86.5 0.5 0.5 88.4 85.7 96.4 92.9 87.2 101.3 88.7 80.1 2.1 -1.0 114 73 0.7 17.0 2.4 -7.4
31 SC 323.2 103.96 138.7 1.0 0.7 128.1 121.5 152.0 1443 119.2 145.0 124.8 1203 -7.6 -124 9.6 4.1 -140 4.6 -100 -133
32 SC 323.2 124.87 143.8 1.4 0.7 141.0 133.6 170.0 162.1 129.5 160.9 136.8 1350 -19 -71 183 12.7 -10.0 119 -49 -6.1
33 SC 323.2 152.50 164.3 1.4 0.8 156.6 148.6 191.4 183.9 142.0 181.2 151.5 1539 -47 95 165 119 -13.6 103 -7.8 -6.3
34 Gas 373.2 2.24 18.7 0.1 0.2 19.7 22.4 19.7 22.4 15.6 18.9 20.2 19.4 5.5 19.5 5.5 195 -16.6 1.3 7.7 3.8
35 Gas 373.2 5.25 20.0 0.1 0.2 20.6 22.9 20.7 22.9 18.9 19.6 21.1 19.9 32 14.3 33 144 58 -2.1 5.7 -0.3
36 Gas 373.2 10.39 21.9 0.0 0.2 23.0 24.8 23.1 248 23.7 222 23.7 21.8 5.1 12.9 54 13.1 8.0 1.2 8.0 -0.6
37 Gas 373.2 18.53 28.6 0.1 0.3 30.2 31.8 29.7 31.2 33.1 332 31.1 28.0 5.5 10.9 3.7 9.1 154 158 8.5 -2.2
38 SC 373.2 37.83 46.9 0.6 0.3 52.0 53.6 51.7 533 56.6 59.9 55.0 484 108 141 10.1 13,5 206 277 17.1 32
39 SC 373.2 51.90 58.8 0.3 0.4 64.7 65.8 66.9 67.9 68.7 72.8 67.8 60.1 10.1 11.8 13.7 154 168 238 152 2.2
40 SC 373.2 104.86 96.9 0.6 0.5 99.9 99.5 113.8 113.4 99.2 110.5 101.1 943 3.1 2.7 175  17.1 2.5 14.1 4.4 -2.6
41 SC 373.2 124.83 109.4 0.8 0.6 110.4 109.9 128.3 128.5 108.0 123.1 111.1 106.0 1.0 0.5 173 17.5 -1.2 12.6 1.5 -3.1
42 SC 373.2 151.14 131.0 0.7 0.6 123.0 122.7 145.8 147.4 118.5 139.2 123.1 121.0 -6.1 -6.3 11.3 125 95 6.2 -6.1 -7.6
43 Gas 4232 2.10 21.0 0.1 0.2 21.9 24.7 21.9 24.7 16.3 21.1 22.3 21.7 4.2 17.5 4.2 176 -227 04 6.1 2.9
44 Gas 4232 5.23 22.7 0.1 0.2 22.6 25.1 22.7 25.2 19.5 21.6 232 221 -03 107 -03 107 -14.0 -48 2.0 -2.9
45 Gas 4232 10.39 23.6 0.1 0.2 24.3 26.4 24.4 26.4 23.6 232 25.0 233 32 11.9 33 11.9 0.1 -1.6 6.2 -1.2
46 Gas 4232 20.44 28.2 0.2 0.2 29.7 31.4 29.5 31.2 31.7 29.9 30.8 28.0 5.1 11.1 4.4 104 122 5.8 9.0 -0.7
47 SC 4232 51.29 40.3 0.4 0.3 52.2 54.6 52.4 54.8 57.2 57.3 554 496 295 354 300 360 419 423 375 23.0
48 SC 4232 103.72 79.3 0.7 0.4 81.9 84.7 89.7 92.9 85.1 89.5 85.1 78.5 32 6.8 13.0 17.1 73 12.9 73 -1.0
49 SC 4232 124.07 88.0 0.9 0.4 91.3 94.5 102.2 106.4 93.4 100.5 94.2 88.6 3.7 7.4 162 209 6.1 14.2 7.1 0.7
50 SC 4232 151.83 97.9 1.0 0.5 102.9 106.9 118.0 124.0 103.4 115.0 105.5 102.2 5.1 9.2 205  26.7 5.6 17.5 7.7 44
Average Absolute Deviation (AAD) 5.4 115 123 14.1 10.8 15.6 7.9 4.3
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Table 4.21 Experimental and modelling results (predictive models) of the viscosity of MIX 4

1 2 3 4 5 5.1 5.2 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
No Phase T P Viscosity / pPa.s Deviation (%)
CO»- CO»- CO»-
MPa  EXP. un) u(n) ST CO-ST ST CO»-ST CS2 oo Ped 0" | ST CO»ST ST CO»ST CS2 5 Ped. CO»-Ped

Cg:j:fgn? (+0.1)  (£0.02) WwPas uPas Yes Yes No  No ——  Yes Yes No No - o o o
1 Gas 273.2 2.59 14.0 0.3 0.2 14.2 149 14.2 14.9 12.8 13.5 13.6 129 1.5 6.2 1.5 6.2 -8.9 -4.0 -2.8 -8.0
2 Gas 273.2 522 15.1 0.1 0.2 159 15.6 15.9 15.6 159 14.7 15.3 14.1 5.1 33 5.1 33 5.0 2.7 1.4 -7.1
3 Gas 283.2 1.75 13.8 0.2 0.2 14.3 15.3 14.3 153 12.1 13.7 13.7 13.2 3.6 104 3.6 104 -124 -1.2 -0.8 4.7
4 Gas 283.2 2.09 14.0 0.1 0.2 14.4 15.3 14.4 15.3 12.5 13.7 13.8 13.2 32 94 32 94 -10.8 -1.8 -1.1 -54
5 Gas 283.2 5.18 15.2 0.1 0.2 16.0 16.0 16.0 16.0 15.8 16.1 15.5 14.3 59 53 5.8 53 4.0 6.3 2.3 -5.9
6 Gas 298.2 2.05 14.1 0.2 0.2 15.0 16.0 15.0 16.0 12.8 14.3 14.4 13.8 6.7 13.5 6.7 13.5 9.2 2.0 2.6 -1.5
7 Gas 298.2 5.29 15.5 0.2 0.2 16.4 16.5 16.5 16.5 159 15.7 16.0 14.8 6.0 6.5 6.1 6.5 2.6 1.1 2.8 -4.9
8 Gas 323.2 2.00 15.0 0.1 0.2 16.0 17.1 16.0 17.1 13.3 154 154 14.9 6.2 134 6.2 134 -11.7 2.1 2.5 -1.1
9 Gas 3232 5.34 16.4 0.1 0.2 17.2 17.5 17.2 17.5 16.2 16.3 16.7 15.6 4.5 6.5 4.6 6.5 -1.3 -0.5 1.9 -5.1
10 Gas 323.2 10.60 19.5 0.2 0.2 20.9 19.5 20.8 194 21.7 24.2 20.7 18.5 7.0 -0.3 6.4 -0.7 11.2 23.7 6.1 -5.2
11 Gas 373.2 2.23 18.9 0.3 0.2 18.0 19.2 18.0 19.2 14.6 17.4 174 16.9 4.8 1.7 4.8 1.7 -22.8 -7.9 -7.6 -104
12 Gas 373.2 5.23 18.4 0.1 0.2 18.7 19.5 18.8 19.5 16.9 18.0 18.3 17.3 1.6 55 1.7 5.5 -8.4 2.4 -0.6 -59
13 Gas 373.2 10.53 20.2 0.1 0.2 20.9 20.5 20.9 20.5 20.7 20.1 20.7 19.0 3.6 1.5 3.7 1.6 2.5 -0.3 2.8 -5.9
14 Gas 423.2 523 20.0 0.1 0.2 20.5 214 20.5 214 17.8 19.8 20.0 19.2 2.3 7.0 24 7.0 -11.1 -1.3 0.1 -4.3
15 Gas 423.2 10.53 21.4 0.0 0.2 22.0 22.1 22.0 22.1 209 21.1 21.8 20.3 3.1 34 3.1 34 2.0 -1.0 2.1 -5.1

Average Absolute Deviation (AAD) 4.3 6.3 4.3 6.3 8.3 3.9 2.5 5.4
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Table 4. 22 Average and maximum of estimated standard uncertainties of viscosity for each
material

Estimated Standard Uncertainty

Estimated Standard Uncertainty

Type A Type B
No Material Phase explzr(;r?li(;n s ua(n) uc(n)
Average Maximum Average Maximum
nPa.s % uPa.s % pPa.s % pnPa.s %
Gas 22 0.2 1.1 1.4 6.2 0.4 1.1 0.2 1.8
Liquid 31 0.6 1.0 1.4 0.8 0.8 0.7 1.6 0.6
1 PureCO: g0 12 1.0 12 4.4 4.0 0.5 0.5 0.9 0.7
Total 65 0.6 1.0 4.4 6.2 0.6 0.8 1.6 1.8
Gas 11 0.1 0.5 0.2 1.0 0.2 1.6 0.2 1.9
Liquid 29 0.7 0.4 1.4 1.0 0.8 0.5 1.6 0.6
2 MIX1 SC 21 0.2 0.5 0.8 1.3 0.4 0.8 0.9 1.4
Total 61 0.4 0.5 1.4 1.3 0.6 0.8 1.6 1.9
Gas 12 0.2 0.1 0.2 0.1 0.2 1.4 0.2 1.7
Liquid 20 1.1 0.4 2.4 1.0 0.9 0.5 1.5 0.7
3 MIX 2 SC 13 0.3 0.1 1.1 0.4 0.5 0.6 0.8 0.9
Total 45 0.6 0.2 2.4 1.0 0.6 0.8 1.5 1.7
Gas 14 0.4 0.6 0.2 1.3 0.3 0.7 0.3 1.7
Liquid 12 0.7 1.2 1.8 1.0 0.8 1.5 0.9 0.7
4 MIX 3 SC 21 0.2 0.4 1.1 1.0 0.2 0.5 0.7 1.0
Total 47 0.4 0.6 1.8 1.3 0.4 0.8 0.9 1.7
Gas 15 0.5 0.7 0.3 1.9 0.4 0.7 0.3 1.7
5 BIN 1 Liquid 12 1.3 1.3 2.1 0.9 1.0 1.3 1.2 0.6
(5.18% H2) SC 19 0.4 0.4 1.5 1.1 0.3 0.4 1.0 1.2
Total 46 0.7 0.7 2.1 1.9 0.5 0.8 1.2 1.7
Gas 19 0.3 0.4 0.2 1.6 0.3 0.5 0.3 1.7
6 BIN2 Liquid 11 1.3 1.4 2.0 1.0 0.9 1.7 1.0 0.6
(10.33% H2) SC 20 0.3 0.4 1.8 1.2 0.3 0.5 0.9 0.7
Total 50 0.5 0.6 2.0 1.6 0.4 0.8 1.0 1.7
Gas 15 0.1 0.8 0.3 1.8 0.2 1.5 0.2 1.7
Liquid --- --- --- --- --- --- --- --- ---
7 MIX 4 SC N N N N N N N N N
Total 15 0.1 0.8 0.3 1.8 0.2 1.5 0.2 1.7
Gas 108 0.3 0.6 1.4 6.2 0.3 1.0 0.3 1.9
Liquid 115 0.8 0.8 2.4 1.0 0.8 0.9 1.6 0.7
TOTAL SC 106 0.4 0.5 4.4 4.0 0.4 0.6 1.0 1.4
Total 329 0.5 0.6 4.4 6.2 0.5 0.8 1.6 1.9
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Table 4.23 Absolute average deviations between experimental viscosities and predictions of all
fluids investigated in this work

1 2 3 4 5 6 7 8
. Absolute Average Deviation (%)
No Material Phase Data No IBC CO,-LBC g LBC CO>-LBC
Density Correction? Yes Yes No No
Gas 22 19.9 13.1 19.9 13.1
1 Pure CO, Liquid 31 10.2 5.6 23.1 16.0
Supercritical 12 10.6 3.0 13.6 15.1
Total 65 13.6 7.7 20.2 14.9
Gas 11 6.2 16.4 6.2 16.5
Liquid 29 4.9 3.1 254 20.7
2 MIX 1 .
Supercritical 21 11.2 6.4 14.3 13.8
Total 61 7.3 6.7 18.1 17.6
Gas 12 16.6 11.8 16.6 11.8
Liquid 20 6.0 2.7 293 22.5
3 MIX 2 Superecritical 13 8.6 3.7 12.5 14.8
Total 45 9.6 5.4 21.1 17.5
Gas 14 14.6 11.1 14.6 11.1
Liquid 12 21.0 24.0 46.0 42.2
4 MIX 3 .
Supercritical 21 8.7 15.2 20.9 26.3
Total 47 13.6 16.2 254 25.9
Gas 15 14.1 13.0 14.4 13.1
5 BIN 1 Liquid 12 7.1 3.5 27.4 20.7
(5% H2) Superecritical 19 8.6 5.7 18.9 22.3
Total 46 10.0 7.5 19.7 18.9
Gas 19 13.7 12.3 13.9 12.3
6 BIN 2 Liquid 11 6.4 5.9 31.1 28.2
(10% H2)  Supercritical 20 8.0 44 13.7 18.1
Total 50 9.8 7.7 17.6 18.1
Gas 15 133 9.9 13.3 9.8
Liquid --- 0 0 0 0
7 MIX 4 .
Supercritical --- 0 0 0 0
Total 15 13.3 9.9 13.3 9.8
Gas 108 14.6 12.4 14.7 12.4
Liquid 115 8.6 6.2 28.4 22.7
TOTAL .
Supercritical 106 9.2 6.9 16.0 18.9
Total 329 10.8 8.5 19.9 18.1
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Table 4.24 Absolute average deviations between experimental viscosities and predictions of all
fluids investigated in this work

Absolute Average Deviation (%)

Data

No Material Phase CO»- CO2- CO»- CO2-
N
0 ST ST ST ST CS2 CS2 Ped Ped
Density Correction? YES YES NO NO -—- - - -
Gas 22 3.9 1.8 3.9 1.8 31.6 1.3 6.0 1.6
Liquid 31 3.5 1.1 17.8 22.7 13.1 10.3 6.2 1.2
1 Pure CO2 .
Super Critical 12 34 1.0 14.3 15.8 9.8 6.3 10.2 1.0
Total 65 3.6 1.3 124 14.3 18.8 7.4 6.9 1.3
Gas 11 7.2 2.9 7.3 2.9 45.8 1.2 5.9 1.6
Liquid 29 4.8 2.8 21.1 17.2 12.0 2.8 6.7 1.5
2 MIX 1 .
Super Critical 21 7.6 1.8 13.2 8.5 11.1 2.5 9.2 0.9
Total 61 6.2 2.5 15.9 11.6 17.8 24 7.4 1.3
Gas 12 6.7 3.7 6.7 3.7 10.8 1.2 8.0 1.8
Liquid 20 43 5.3 21.6 14.7 13.6 9.1 8.2 2.0
3 MIX 2 .
Super Critical 13 7.1 2.8 15.5 8.8 12.1 9.5 10.4 1.1
Total 45 5.7 4.1 15.9 10.1 124 7.1 8.8 1.7
Gas 14 5.1 11.0 5.1 11.0 10.4 3.6 4.5 5.5
Liquid 12 15.6 10.7 29.0 3.0 10.3 11.0 16.3 16.0
4 MIX 3 .
Super Critical 21 11.1 4.1 18.8 3.9 13.5 7.3 15.7 7.6
Total 47 10.5 7.8 17.3 5.8 11.8 7.2 12.5 9.1
Gas 15 8.2 10.8 8.1 10.6 10.9 4.7 8.0 3.2
5 BIN 1 Liquid 12 3.6 5.5 16.2 13.2 12.5 4.7 6.1 4.2
(5% H2) Super Critical 19 5.6 6.7 18.5 18.9 9.3 8.1 8.4 54
Total 46 5.9 7.8 14.5 14.7 10.7 6.1 7.6 4.4
Gas 19 6.1 17.1 5.9 16.9 11.0 54 7.7 2.5
6 BIN 2 Liquid 11 33 5.9 19.7 10.4 9.1 24.6 5.0 3.3
(10% Hz) Super Critical 20 5.9 9.3 14.3 13.4 11.5 20.3 9.6 6.5
Total 50 5.4 11.5 12.3 14.1 10.8 15.6 7.9 4.3
Gas 15 43 6.3 43 6.3 8.3 3.9 2.5 54
Liquid -—- -—- -—- -- -—- -—- -—- -—- -—-
7 MIX 4 .
Super Critical - - - - - - - - -
Total 15 4.3 6.3 4.3 6.3 8.3 3.9 2.5 5.4
Gas 108 5.7 7.9 5.1 6.9 17.1 2.8 5.8 2.3
Liquid 115 5.2 4.2 20.5 15.7 12.2 9.3 7.6 3.5
TOTAL .
Super Critical 106 7.1 4.6 15.9 11.2 11.3 9.1 10.7 4.1
Total 329 6.0 5.5 14.0 114 13.5 71 8.0 33
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Table 4.25 Viscosity reduction of pure CO: in the presence of impurities for each system in the

dense phase (Viscosity will increase in the gas phase)

T T Phase Viscosity Reduction (%)

°C K MIX 1 MIX 2 MIX 3 MIX 4 BIN 1 BIN 2
0.0 273.15 Dense 11.2 18.1 38.5 --- 12.6 28.4
10.0 283.15 Dense 11.5 17.8 38.0 --- 17.9 29.1
25.0 298.15 Dense 13.0 21.4 37.8 --- 16.5 27.5
25.0 298.15 Dense 10.6 19.8 32.6 --- 14.0 21.3
100.0 373.15 Dense 6.5 10.8 21.4 --- 16.3 18.7
150.0 423.15 Dense 4.5 7.8 17.3 --- 52 17.6
Impurity (%) 4.4 10.2 30.01 50.07 5.18 10.33

Total Gas -0.9 2.3 -8.9 -33 -1.8 -3.7

Dense 9.6 16.0 30.9 --- 13.8 23.8
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Figure 4.13 Experimental and modelling results (predictive models) of the viscosity of MIX 1
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...): Original SUPERTRAP and dash lines (---) CO:-
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Figure 4.14 Experimental and modelling results (predictive models) of the viscosity of MIX 1
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...): Original SUPERTRAP and dash lines (-—-) CO2-
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Figure 4.15 Experimental and modelling results (predictive models) of the viscosity of MIX 2
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...): Original SUPERTRAP and dash lines (---) CO:-
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Figure 4.16 Experimental and modelling results (predictive models) of the viscosity of MIX 2
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...): Original SUPERTRAP and dash lines (---) CO2-
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Figure 4.17 Experimental and modelling results (predictive models) of the viscosity of MIX 3
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...): Original Pedersen and dash lines (---) COz-Pedersen
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Figure 4.18 Experimental and modelling results (predictive models) of the viscosity of MIX 3
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...): Original Pedersen and dash lines (---) CO2-Pedersen
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Figure 4.19 Experimental and modelling results (predictive models) of the viscosity of BIN 1

Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...): Original Pedersen and dash lines (---) COz-Pedersen
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Figure 4.20 Experimental and modelling results (predictive models) of the viscosity of BIN 1
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...):Original Pedersen and dash lines (---) CO2-Pedersen
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Figure 4.21 Experimental and modelling results (predictive models) of the viscosity of BIN 2

Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...):Original Pedersen and dash lines (---) CO2-Pedersen
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Figure 4.22 Experimental and modelling results (predictive models) of the viscosity of BIN 2
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C Modelling results: Round dot lines (...):Original Pedersen and dash lines (-—-) CO2-Pedersen
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Figure 4.23 Experimental and modelling results (predictive models) of the viscosity of MIX 4
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
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Figure 4.26 Comparison of the predictive models for MIX 1, Experimental data: (¢) at 0 °C, (m) at
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Figure 4.27 The effect of impurities on viscosity of pure CO: at 323.15 K (50 °C), experimental data
/ modelling COz-Pedersen: (¢/—) Pure CO2, (A/....) MIX 1, (¢/----) MIX 2, (w/— ) MIX 3, (x/
—)BIN1and (+/—..) BIN 2

20

19

=
co

=
(o))

Viscosity / uPa.s
= =
(0] ~

14 N N I T N [N SN T N [ Y N N N N S T Y T Y T S T N Y TN Y T [ TN Y T Y N T |

1 2 3 4 5 6 7 8
Pressure / MPa

o

Figure 4.28 The effect of impurities on viscosity of pure CO: at 323.15 K (50 °C) at low pressures,
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Figure 4.29 The viscosity changes from pure CO: for MIX 1 at different temperatures.
Experimental data: (¢) at 0 °C, (m) at 10 °C, (x) at 25 °C, (A) at 50 °C, (+) at 100 °C and (e) at 150
°C, Modelling results: lines (—) CO2-Pedersen

143



Chapter 4: Viscosity measurements and modelling

REFERENCES

[5]

[7]

[9]

H. Rubin, E., de Coninck, “IPCC Special Report on Carbon Dioxide Capture and
Storage,” Cambridge University Press, Cambridge, 2005.

J. Koornneef, M. Spruijt, M. Molag, A. Ramirez, A. Faaij, and W. Turkenburg,
“Uncertainties in risk assessment of CO2 pipelines,” Energy Procedia, vol. 1, no.

1, pp. 15871594, Feb. 2009.

W. Jung and J.-P. Nicot, “Impurities in CO2 - Rich Mixtures Impact CO2
Pipeline Design: Implications for Calculating CO2 Transport Capacity,” in
Proceedings of SPE International Conference on CO2 Capture, Storage, and
Utilization, 2010.

J. Gale, C. Hendriks, W. Turkenberg, J. Wang, D. Ryan, E. J. Anthony, N.
Wildgust, and T. Aiken, “Effects of impurities on CO2 transport, injection and
storage,” Energy Procedia, vol. 4, pp. 3071-3078, 2011.

C. A. Millat, J., Dymond, J.H., Nieto de Castro, Transport Properties of Fluids,

Their Correlation, Prediction and Estimation. 2005.

Z. K. S. Al-Siyabi, “The contact angle, interfacial tension and viscosity of
reservoir fluids: experimental data and modelling.” Petroleum Engineering,

2000.

J. Kestin and W. Leidenfrost, “The effect of pressure on the viscosity of N2CO2
mixtures,” Physica, vol. 25, no. 1-6, pp. 525-536, Jan. 1959.

J. Kestin, Y. Kobayashi, and R. T. Wood, “The viscosity of four binary, gaseous
mixtures at 20° and 30°C,” Physica, vol. 32, no. 6, pp. 10651089, Jun. 1966.

G. J. Gururaja, M. A. Tirunarayanan, and A. Ramachandran, “Dynamic viscosity

of gas mixtures,” J. Chem. Eng. Data, vol. 12, no. 4, pp. 562-567, Oct. 1967.

144



Chapter 4: Viscosity measurements and modelling

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

J. Kestin and S. T. Ro, “The Viscosity of Nine Binary and Two Ternary Mixtures
of Gases at Low Density,” Berichte der Bunsengesellschaft fiir Phys. Chemie,
vol. 78, no. 1, pp. 20-24, Jan. 1974.

J. Kestin, H. E. Khalifa, S. T. Ro, and W. A. Wakeham, “The viscosity and
diffusion coefficients of eighteen binary gaseous systems,” Phys. A Stat. Mech.
its Appl., vol. 88, no. 2, pp. 242-260, Aug. 1977.

J. Kestin and S. T. Ro, “The Viscosity and Diffusion Coefficients of Binary
Mixtures of Nitrous Oxide with Ar, N2, and CO2,” Berichte der
Bunsengesellschaft fiir Phys. Chemie, vol. 86, no. 10, pp. 948-950, Oct. 1982.

J. Kestin and S. T. Ro, “The Viscosity of Carbon-Monoxide Mixtures with Four
Gases in the Temperature Range 25-200°C. Supplement,” Berichte der
Bunsengesellschaft fiir Phys. Chemie, vol. 87, no. 7, pp. 600-602, Jul. 1983.

V. A. Mal’tsev, O. A. Nerushev, S. A. Novopashin, V. V. Radchenko, W. R.
Licht, E. J. Miller, and V. S. Parekh, “Viscosity of H 2 —CO 2 Mixtures at (500,
800, and 1100) K,” J. Chem. Eng. Data, vol. 49, no. 3, pp. 684—687, May 2004.

L. Herning, F., Zipperer, “Calculation of the viscosity of technical gas mixtures
from the viscosity of the individual gases,” das Gas- und Wasserfach, vol. 79, pp.

49-54, 69-73, 1936.

J. Kestin, J. and Yata, “Viscosity and Diffusion Coefficient of Six Binary
Mixtures,” J. Chem. Phys., vol. 49, no. 11, p. 4780, Sep. 1968.

J. Kestin, S. T. Ro, and W. A. Wakeham, “The transport properties of binary
mixtures of hydrogen with CO, CO2 and CH4,” Phys. A Stat. Mech. its Appl.,
vol. 119, no. 3, pp. 615-638, May 1983.

A. Hobley, G. P. Matthews, and A. Townsend, “The use of a novel capillary flow
viscometer for the study of the argon/carbon dioxide system,” Int. J.

Thermophys., vol. 10, no. 6, pp. 1165-1179, Nov. 1989.

M. M. Lemmon EW, Huber ML, “NIST standard reference database 23:
reference fluid thermodynamic and transport properties — REFPROP version 8.0.

145



Chapter 4: Viscosity measurements and modelling

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Gaithersburg: National Institute of Standards and Technology, Standard
Reference Data Program.” 2007.

K. Kashefi, A. Chapoy, K. Bell, and B. Tohidi, “Viscosity of binary and
multicomponent hydrocarbon fluids at high pressure and high temperature
conditions: Measurements and predictions,” J. Pet. Sci. Eng., vol. 112, pp. 153—
160, Dec. 2013.

I. Al-Siyabi, “Effect of Impurities on CO2 Stream Properties,” Heriot-Watt
University, 2013.

A. S. Pensado, A. A. H. Padua, M. J. P. Comuiias, and J. Ferndndez, “Viscosity
and density measurements for carbon dioxide+pentaerythritol ester lubricant

mixtures at low lubricant concentration,” J. Supercrit. Fluids, vol. 44, no. 2, pp.

172-185, Mar. 2008.

Barry N. Taylor, Guidelines for Evaluating and Expressing the Uncertainty of
NIST Measurement Results. DIANE Publishing, 2009.

S. Bell, Measurement Good Practice Guide No. 11 (Issue 2), A Beginner’s Guide
to Uncertainty of Measurement. National Physical Laboratory, 2001.

B. Tohidi, R. W. Burgass, A. Danesh, and A. C. Todd, “Viscosity and Density of
Methane + Methylcyclohexane from (323 to 423) K and Pressures to 140 MPa,”
J. Chem. Eng. Data, vol. 46, no. 2, pp. 385-390, Mar. 2001.

J. A. Jossi, L. I. Stiel, and G. Thodos, “The viscosity of pure substances in the
dense gaseous and liquid phases,” AIChE J., vol. 8, no. 1, pp. 59—63, Mar. 1962.

J. Lohrenz, B. G. Bray, and C. R. Clark, “Calculating Viscosities of Reservoir
Fluids From Their Compositions,” J. Pet. Technol., vol. 16, no. 10, pp. 1171-
1176, Apr. 1964.

L. I. Stiel and G. Thodos, “The viscosity of nonpolar gases at normal pressures,”

AIChE J., vol. 7, no. 4, pp. 611-615, Dec. 1961.

A. Y. Dandekar, “Interfacial Tension and Viscosity of Reservoir Fluids, PhD

thesis,” Heriot-Watt University, 1994.
146



Chapter 4: Viscosity measurements and modelling

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

E. Vogel, C. Kiichenmeister, E. Bich, and A. Laesecke, “Reference Correlation
of the Viscosity of Propane,” J. Phys. Chem. Ref. Data, vol. 27, no. 5, p. 947,
Sep. 1998.

K. S. Pedersen and A. Fredenslund, “An improved corresponding states model

for the prediction of oil and gas viscosities and thermal conductivities,” 1987.

P. L. Christensen and A. A. Fredenslund, “A corresponding states model for the
thermal conductivity of gases and liquids,” Chem. Eng. Sci., vol. 35, no. 4, pp.
871-875, 1980.

H.J. M. Hanley, W. M. Haynes, and R. D. McCarty, “The viscosity and thermal
conductivity coefficients for dense gaseous and liquid methane,” J. Phys. Chem.

Ref. Data, vol. 6, no. 2, p. 597, Apr. 1977.

Fenghour; A.; Wakeham; W.A.; Vesovic;, “The Viscosity of Carbon Dioxide,” J.
Phys. Chem. Ref. Data, Vol. 27, No. 1, 1998.

B. a. Younglove and J. F. Ely, “Thermophysical Properties of Fluids. II.
Methane, Ethane, Propane, Isobutane, and Normal Butane,” J. Phys. Chem. Ref.
Data, vol. 16. pp. 577-798, 1987.

S. Murad and K. E. Gubbins, “Corresponding states correlation for thermal
conductivity of dense fluids,” Chem. Eng. Sci., vol. 32, no. 5, pp. 499-505, Jan.
1977.

K. Aasberg-Petersen, K. Knudsen, and A. Fredenslund, “Prediction of viscosities

of hydrocarbon mixtures,” Fluid Phase Equilibria, vol. 70. pp. 293-308, 1991.

A. Et-Tahir, C. Boned, B. Lagourette, and P. Xans, “Determination of the
viscosity of various hydrocarbons and mixtures of hydrocarbons versus
temperature and pressure,” Int. J. Thermophys., vol. 16, no. 6, pp. 1309-1334,
Nov. 1995.

H. J. M. Hanley and E. G. D. Cohen, “Analysis of the transport coefficients for
simple dense fluids: The diffusion and bulk viscosity coefficients,” Phys. A Stat.
Mech. its Appl., vol. 83, no. 2, pp. 215-232, Jan. 1976.

147



Chapter 4: Viscosity measurements and modelling

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

K. C. Mo and K. E. Gubbins, “Conformal solution theory for viscosity and
thermal conductivity of mixtures,” Mol. Phys., vol. 31, no. 3, pp. 825-847, Mar.
1976.

K. C. Mo, K. E. Gubbins, G. Jacucci, and I. R. McDonald, “The radial
distribution function in fluid mixtures: Conformal solution theory and molecular

dynamics results,” Mol. Phys., vol. 27, no. 5, pp. 1173—-1183, May 1974.

J. F. Ely and H. J. M. Hanley, “Prediction of transport properties. 1. Viscosity of
fluids and mixtures,” Ind. Eng. Chem. Fundam., vol. 20, no. 4, pp. 323-332,
Nov. 1981.

J. F. Huber, M. L. and Ely, “NIST Standard Rejerence Database 4: NIST
Thermophysical Properties of Hydrocarbon Mixtures,” U.S. Department of
Commerce, Washington, DC, 1990.

M. L. Huber, D. G. Friend, and J. F. Ely, “Prediction of the thermal conductivity
of refrigerants and refrigerant mixtures,” Fluid Phase Equilib., vol. 80, pp. 249—
261, Nov. 1992.

I. D. Watson and J. S. Rowlinson, “The prediction of the thermodynamic
properties of fluids and fluid mixtures-II Liquid-vapour equilibrium in the system
argon + nitrogen + oxygen,” Chem. Eng. Sci., vol. 24, no. 10, pp. 1575-1580,
Oct. 1969.

Ivan D. Zaytsev, Georgiy G. Aseyev, “Properties of Aqueous Solutions of
Electrolytes - CRC Press Book,” CRC Press, 1992.

C. R. Wilke, “A Viscosity Equation for Gas Mixtures,” J. Chem. Phys., vol. 18,
no. 4, p. 517, Dec. 1950.

K. E. Gubbins, W. R. Smith, M. K. Tham, and E. W. Tiepel, “Perturbation theory
for the radial distribution function,” Mol. Phys., vol. 22, no. 6, pp. 1089-1105,
Jan. 1971.

EU Emissions Trading Scheme — established under Directive 2003/87/EC.

148



Chapter 4: Viscosity measurements and modelling

[50] European CCS Directive — Directive of the European Parliament and of the
council on the geological Storage of Carbon Dioxide Amending Council Directives
85/337/EEC, 96/61/EC, Directives 2000/60/EC, 2001/80/EC, 2004/35/EC, 2006/12/EC
and Regulation (EC) No 1013/2006 — Brussels 23.1.2008.

[51] Glen, N. F., CO2 Fluid Properties and Flow Calculations for Operational and
Measurement Purposes, TUV NEL technical report, NEL, East Kilbride, Nov 2012.

[52] Leslie, G., CCS Metering Challenges and Options, TUV NEL technical report,
NEL, East Kilbride, June 2009

149



Chapter 5: Density of acid gases and liquids

CHAPTER 5: DENSITY OF ACID GASES AND LIQUIDS

The aim of this chapter is to investigate the densities of acid gases and liquids. Densities
of 95 mol% COz - 5 mol% HzS and 95 mol% COz - 5 mol% SO: binary systems were
measured continuously using a high temperature and pressure Vibrating Tube
Densitometer (VTD), Anton Paar DMA 512 at pressures up to 40 MPa at five different
temperatures, 273.15, 283.15, 298.15, 323.15 and 353.15 K (0, 10, 25, 50 and 80 °C) in
gas, liquid and supercritical regions. The experimental data then were used to evaluate a
new CO2 volume correction model as well as classical cubic equation of states (PR and
SRK) with and without Peneloux shift parameters. The specific heat capacity, dew point
and bubble point of the systems also could be estimated using the experimental density

data.

5.1 Introduction

One of the most common impurities in natural gas is carbon dioxide. Most reservoirs
around the world contain carbon dioxide. For instance, one of the biggest gas resources
in Prudhoe Bay Alaska with more than 20 trillion cubic feet associated gas (with the oil)
contains roughly 12 mol% carbon dioxide and over 10 ppmv hydrogen sulphide. Similar
acid gas content can be found in the Tangguh field in the South-East Asia, Indonesia.
The In Salah gas field in Algeria also contains typically 10 mol% CO,. In the Middle
East, there are some gas fields typically containing 3 mol% HS and 5 mol% COa. A
comprehensive survey by Weeks et al. [1] shows that acid gas content composition can
span from a few ppm to 90 mol% for carbon dioxide and from 0 to 60 mol% for

hydrogen sulphide.

CO: content in natural gas pipelines should not be more than a specific amount which is
typically 2 - 2.5 mol%. Any extra carbon dioxide from natural gas reservoirs, therefore,

should be first removed and then transported to either re-injection to oil fields for
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enhanced oil recovery or should be stored in a non-oil formations (e.g., Sleipner field

[2] in the Norwegian North Sea or aqueifer in In Salah gas field [3] in Algeria).

The pressure-volume-temperature behaviour, thermal properties and densities of sour
gas mixtures are essential to proper design of sour natural gas systems and CO>

transport and injections scheme.

5.2 Literature review

Despite the importance of the volumetric behaviour of acid gases and liquids, there are
very few experimental data available in the literature on the density of CO>-HaS binary
systems. The first study on the pressure-volume-temperature behaviour of the CO»-HoS
systems has been conducted by Bierlein and Kay [4] for saturated state of eight
mixtures of CO2-HoS from 273.15 K (0 °C) to critical temperature of hydrogen
sulphide. Mole fractions of CO> in this study are 0.0, 0.0630, 0.1614, 0.2608, 0.3759,
0.4728, 0.6659, 0.8292, 0.9009 and 1.0. Sobocinski and Kurata [5] experimentally
studied the CO»-H»S systems at lower temperatures, i.e., below 273.15 K, to cover the
data obtained by Bierlein and Kay. They studied seven mixtures from solid-liquid-
vapour region to the critical region. A research report from the Gas Processors
Association about thermodynamic properties of CO2-H>S mixtures [6] includes the
density measurements for four mixtures. The systems in this study were 93.93 mol%
CO; + 6.07 mol% H>S, 90.45 mol% CO; + 9.55 mol% HaS, 70.67 mol% CO; + 29.33
mol% H2S and 50.01 mol% CO; + 49.99 mol% H>S. The performed experiments for
each mixture are Burnett and Burnett-isochoric measurements at temperatures ranging
from 200 K to 450 K and at pressures from 0.1 to 23 MPa. All the results of this
research report were also published by Stouffer et al. [7]. The phase behaviour of CO»-
H>S also has been studied by Chapoy et al. [8] in order to improve the design of acid
gas injection in CCS scheme. The measurements included VLE tests at 258.41 K,
273.15 K, 293.47 K and 313.02 K at pressures from 1.0 to 5.5 MPa. They also have
mentioned that both PR and SRK equation of states with classical mixing rules and
proper binary interaction parameters can well predict the phase behaviour of CO>-H»>S
systems.

The lack of experimental data for CO2-SO: systems is certainly due to toxicity of the
system. The first available data for this system is reported by Caubet [9]. A
comprehensive thermodynamic behaviour of CO>-SO> mixture has been studied

experimentally by Coquelet et al. [10], [11] for transport purposes of CO> mixtures in
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CCS context. Only VLE data are available at 263.15 K and 333.21 K and at pressures
ranging from 0.1 to 8.8 MPa.

5.3 Experimental part
5.3.1 Equipment description

Densities of CO»-rich systems were measured using a high temperature and pressure
Vibrating Tube Densitometer (VTD), Anton Paar DMA 512 and using forced path
mechanical calibration (FPMC) model which is well described by Bouchot et al. [12]
and Coquelet et al. [13]. A schematic view and picture of the apparatus is shown in
Figure 5.1 and Figure 5.2, respectively. A detailed description of a typical vibrating-
tube densitometer is given by Bouchot and Richon [14]. The main part of the set-up is
the Anton Paar DMA 512 densitometer. The U-shape vibrating tube made from
Hastelloy which can work up to 70 MPa pressure and temperature range of 263.15 K to
423.15 K (-10 °C to 150 °C). Temperature of the densitometer can be set by a liquid
bath (model: Lauda RE206) keeping the temperature stable to £0.01 K. The setup is
fully immersed in a liquid bath (model: West P6100) to keep the temperature constant
during the test. Temperature in the vibrating tube part and liquid bath is measured using
four-wire 100-Q platinum resistance probes (Pt100) which were calibrated against a 25-
Q reference thermometer of Tinsley Precision Instrument. The period of the vibration, T,
is recorded with a HP53131A data acquisition unit. The uncertainty of the vibrating
period values is £10® seconds. Three pressure transducers (model: Druck PTX611) with
different complementary ranges of 0-10 MPa, 10-30 MPa and 30-70 MPa were used to
record the pressure data by connection to the HP34970A data acquisition unit. All the
pressure transducers were calibrated by means of an electronic balance (model: GE
Sensing PACE 5000) for pressures up to 20 MPa and a dead weight pressure balance
(model: Desgranges & Huot model 5202S) for higher pressures up to 40 MPa. All the
parts of the apparatus are connected together by 1/16 inch lines.

The uncertainty on the measured density data because of the uncertainties of the
mechanical parameters used in the FPMC model is calculated in gas and liquid phases
[13]. Total uncertainties on temperature after calibration are estimated to be +0.02 K.
Also uncertainties on pressure measurements after calibration are +0.002, +£0.005 and
+0.005 MPa for the pressure transducers ranging from 0-10 MPa, 10-30 MPa and 30-70
MPa, respectively.
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Figure 5.1 Schematic diagram of the densitometer apparatus

Figure 5.2 The density measurement set-up

The proposed apparatus is designed for quasi-continuous data acquisition. Near the
saturation points a great number of data are recorded so subsequent graphical
determination of the exact saturation point is accurate. Pressure is recorded as the output
tension of the pressure transducer measured by a digital voltmeter (Schlumberger model
7081). This tension is converted into pressure values by a direct calibration described
before. The vibration period measurement is made by means of a periodmeter
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(Universal Counter Schlumberger model 2721; resolution, 10 ms). The voltmeter and
the periodmeter are equipped with a parallel GPIB/ IEEE488 standard interface. A
computer is used to communicate with them through a serial COM port via a

RS232/IEEE488 interface cable (see Figure 5.3).

PERIOD-METER | | VOLT-METER

=6 |
‘ PRESSURE | || @ e
PARALLEL / SERIAL | TRANSDUCER -

INTERFACE )
.

DIRECT CURRENT
D ]' ALIMENTATION

g e |

DMA 512 CELL DMA COMMAND BOX

Figure 5.3 Flow diagram of the pressure vs period data acquisition

5.3.2 Mixture preparation of CO2+H:S and CO2+SQOz2 systems

The mixtures were prepared gravimetrically. First, the component with the lowest
vapour pressure at laboratory condition was injected to the pressure vessel. At about 20
°C (293 K), vapour pressure of the H>S, CO; and SO, are 1.78, 5.73 and 0.33 MPa,
respectively. Therefore, for preparing the CO>+H>S mixture, first HoS was injected
while for preparing the CO>+SO> mixture, first SO, was injected to the high pressure
vessel. The exact weight of the injected pure component was measured using a four
digit balance three times (see Figure 5.4). The average of the readings was calculated
and accordingly the calculated amount for the second pure component was injected to
the high pressure vessel. After injecting both pure components, weight percent and mole
percent of the mixture were calculated. Then, the pressure of the mixtures was increased
to 40 MPa by injecting nitrogen to the other side of the piston in each pressure vessel.
As the components in the mixture are toxic and corrosive, proper O-rings for the pistons

of the pressure vessels were selected.
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Figure 5.4 Mixture Preparation

5.3.3 Safety Consideration

Hydrogen sulphide, HzS, is a colourless, flammable and extremely hazardous compound
which can cause a wide range of health effects. The characteristic of the gas is a
pungent odour of rotten egg which irritates the eyes, nose and throat even in very low
concentrations. It destroys the sense of smell rapidly and can cause unconsciousness and
death at higher levels of concentrations [15].

Sulphur dioxide, SO», is a corrosive and colourless gas and well-known air pollutant
causing winter smog [16]. The inhalation of the pungent odour toxic SO> can irritate the
nose and throat at low concentration. The higher concentrations may cause stomach
pain, vomiting and corrosive damage to the lungs [17].

From health and safety perspective, the recommendations at work by INRS (Health and
Safety - INRS) have been implemented in this work. Health and safety training about
toxic gases has been provided. Personal Protective Equipment (PPE) i.e., safety glasses,
laboratory coats, safety shoes and masks with specific filter, has been used in the
laboratory to be protected against safety and health risks during the tests.

To reduce the exposure to toxic gases and inhalation in the case of leakage, all the work
from preparing the mixtures to conducting the tests has been performed under properly
designed and operated fume-hood. Fume-hood includes two double-glazed sashes
which can move either vertically or horizontally. Vertical sashes can increase the safety
of operations as a safety shield during conducting tests and the horizontal sashes can

reduce the cost for energy of HVAC system [19]. During the test, the fume-hood must
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not be kept in a fully open position. Vertical sashes must be kept down as much as
possible and horizontal sashes, which move from side to side only, could be used to
operate the valves during the tests [20]. The airflow inside the fume-hood also must be
checked from control panel to have adequate flow.

Hydrogen sulphide is a colourless highly toxic gas with rotten egg odour. To detect
H»S, odour is unreliable and proper portable atmospheric gas detector has been
provided. HoS at approximately 5 ppm level has moderate odour and can be easily
detected. However at 10 ppm level will irritate the eyes. To personal protection, the
workplace exposure limits (WELSs) for HoS at long term (8-hour time weighted average
(TWA)) are 5 ppm and 10 ppm for short term (15-minute TWA) [21]. Also, the long
term exposure limit (LTEL) of sulphur dioxide, SO», is 2 ppm and the short term
exposure limit (STEL) is 5 ppm [22].

The design pressure of the lines and valves in the set-up is 100 MPa and that of
densitometer is 120 MPa. The maximum desired pressure to conduct experiments was
40 MPa. Thus, the leak test has been performed before starting the main experiments.
The entire system was under pressure by nitrogen at 150% of operation pressure, i.e., 60
MPa, for 48 hours to find and resolve any possible leakage in the system with helium
and a specific detector.

The vessel for the mixture preparation has 150 ml volume and the design pressure is 70
MPa. It also includes a piston to isolate the mixture from the gas injected to pressurise
the system. Proper NBR O-rings have been selected around the piston to isolate the
mixture from the nitrogen side. These types of O-rings are suitable for both carbon
dioxide and hydrogen sulphide or sulphur dioxide. Three valves have been mounted in
the connection line in order to proper control of the gas flow from pressure vessel

containing the prepared mixture to the densitometer circuit.

5.3.4 Calibration procedure

First, three pressure transducers and temperature sensors were calibrated. The model of
pressure transducers is Druck PTX611 with different ranges of 0-10 MPa, 10-30 MPa
and 30-70 MPa. The pressure transducers were calibrated using an electronic balance
GE Sensing PACE 5000 for pressures up to 20 MPa and a dead weight tester
Desgranges & Huot 5202S for pressures from 20 MPa to 40 MPa. For P-302,
calibration from atmospheric pressure up to 20 MPa has been conducted by Electronic

device and those for pressures from 20 MPa up to 30 MPa has been calibrated using

156



Chapter 5: Density of acid gases and liquids

dead weight tester. The results of both calibrations can be found below. Transducer P-303
has been calibrated against dead weight tester from pressure of 20 MPa up to 40 MPa. The
calibration data for the pressure transducers are available in Table 5.1 to Table 5.4 and Figure
5.5 to Figure 5.8.

Two temperature probes in the vibrating tube part and liquid bath were calibrated
against a 25-Q reference thermometer (model: Tinsley Precision Instrument). The
calibration data are available in Table 5.5 and Figure 5.9 for densimeter temperature

probe and in Table 5.6 and Figure 5.10 for the bath temperature probe.

Table 5. 1 Pressure transducer P-301 for pressures from atmospheric pressure up to 10 MPa

Linear Regression Order 2 Regression
P imposed P imposed P Read P Read?

Pcal Err Pcal Err

MPa bar bar bar bar MPa bar MPa
0.10085 1.0085 0.8098 0.6558 1.0400 -0.0031 1.0274 -0.0019
1.000 10.00 9.7293 94.6593 9.9855 0.0015 9.9800 0.0020
1.900 19.00 18.6954 349.5180 18.9777 0.0022 18.9779 0.0022
2.800 28.00 27.6721 765.7451 27.9806 0.0019 27.9849 0.0015
3.700 37.00 36.6497 1343.2005 36.9844 0.0016 36.9913 0.0009
4.600 46.00 45.6264 2081.7684 45.9872 0.0013 45.9954 0.0005
5.500 55.00 54.6004 2981.2037 54.9874 0.0013 54.9953 0.0005
6.400 64.00 63.5797 4042.3783 63.9929 0.0007 63.9989 0.0001
7.300 73.00 72.5578 5264.6343 72.9971 0.0003 72.9999 0.0000
8.200 82.00 81.5360 6648.1193 82.0015 -0.0001 81.9995 0.0000
9.100 91.00 90.5154 8193.0376 91.0071 -0.0007 90.9988 0.0001
10.000 100.00 99.4920 9898.6581 100.0098 -0.0010 99.9938 0.0006
9.100 91.00 90.5148 8192.9290 91.0065 -0.0006 90.9982 0.0002
8.200 82.00 81.5403 6648.8205 82.0058 -0.0006 82.0038 -0.0004
7.300 73.00 72.5643 5265.5776 73.0036 -0.0004 73.0064 -0.0006
6.400 64.00 63.5885 4043.4973 64.0017 -0.0002 64.0078 -0.0008
5.500 55.00 54.6125 2982.5252 54.9995 0.0000 55.0074 -0.0007
4.600 46.00 45.6400 2083.0096 46.0009 -0.0001 46.0090 -0.0009
3.700 37.00 36.6679 1344.5349 37.0026 -0.0003 37.0096 -0.0010
2.800 28.00 27.6907 766.7749 27.9992 0.0001 28.0036 -0.0004
1.900 19.00 18.7230 350.5507 19.0054 -0.0005 19.0056 -0.0006
1.000 10.00 9.7657 95.3689 10.0220 -0.0022 10.0165 -0.0017
0.10091 1.0091 0.7892 0.6228 1.0193 -0.0010 1.0067 0.0002
Max Error / MPa 0.0022 0.0022
Min Error / MPa -0.0031 -0.0019
Error / MPa +0.002
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Figure 5. 5 Pressure transducer P-301 for pressures from atmospheric pressure up to 10 MPa

Table 5. 2 Pressure transducer P-302 for pressures from 10 MPa up to 30 MPa

Linear Regression

Order 2 Regression

P imposed P imposed P Read P Read?
Pcal Err Pcal Err

MPa bar bar bar bar MPa bar MPa

0.10092 1.0092 0.3464 0.1200 0.9602 0.0049 1.0046 0.0005
1.095 10.95 10.3544 107.2136 10.9159 0.0034 10.9462 0.0004
2.090 20.90 20.3678 414.8473 20.8769 0.0023 20.8947 0.0005
3.085 30.85 30.3797 922.9262 30.8364 0.0014 30.8433 0.0007
4.000 40.00 39.6222 1569.9187 40.0305 -0.0031 40.0287 -0.0029
5.000 50.00 49.6791 2468.0130 50.0348 -0.0035 50.0250 -0.0025
6.000 60.00 59.7327 3567.9954 60.0358 -0.0036 60.0196 -0.0020
7.000 70.00 69.7806 4869.3321 70.0311 -0.0031 70.0101 -0.0010
8.000 80.00 79.8300 6372.8289 80.0279 -0.0028 80.0037 -0.0004
9.000 90.00 89.8845 8079.2233 90.0298 -0.0030 90.0040 -0.0004
10.050 100.50 100.4116 10082.4894 100.5018 -0.0002 100.4759 0.0024
11.045 110.45 110.4240 12193.4598 110.4618 -0.0012 110.4375 0.0013
12.040 120.40 120.4367 14504.9987 120.4221 -0.0022 120.4009 -0.0001
13.035 130.35 130.4491 17016.9677 130.3821 -0.0032 130.3656 -0.0016
14.030 140.30 140.4473 19725.4441 140.3280 -0.0028 140.3178 -0.0018
15.025 150.25 150.4396 22632.0732 150.2680 -0.0018 150.2656 -0.0016
16.020 160.20 160.4295 25737.6245 160.2056 -0.0006 160.2126 -0.0013
17.015 170.15 170.4126 29040.4542 170.1364 0.0014 170.1543 -0.0004
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18.010 180.10 180.3910  32540.9129 180.0626 0.0037 180.0930 0.0007
19.005 190.05 190.3633 36238.1860 189.9827 0.0067 190.0271 0.0023
19.005 190.05 190.3653 36238.9474 189.9847 0.0065 190.0291 0.0021
18.010 180.10 180.3955 32542.5364 180.0671 0.0033 180.0975 0.0003
17.015 170.15 170.4166  29041.8176 170.1404 0.0010 170.1583 -0.0008
16.020 160.20 160.4338 25739.0042 160.2099 -0.0010 160.2168 -0.0017
15.025 150.25 150.4460  22633.9989 150.2743 -0.0024 150.2720 -0.0022
14.030 140.30 140.4473 19725.4441 140.3280 -0.0028 140.3178 -0.0018
13.035 130.35 130.4387 17014.2545 130.3717 -0.0022 130.3553 -0.0005
12.040 120.40 120.4298 14503.3367 120.4152 -0.0015 120.3941 0.0006
11.045 110.45 110.4143 12191.3176 110.4521 -0.0002 110.4278 0.0022
10.050 100.50 100.3905 10078.2525 100.4808 0.0019 100.4549 0.0045
9.000 90.00 89.8772 8077.9111 90.0225 -0.0023 89.9967 0.0003
8.000 80.00 79.8142 6370.3065 80.0122 -0.0012 79.9880 0.0012
7.000 70.00 69.7559 4865.8856 70.0065 -0.0007 69.9856 0.0014
6.000 60.00 59.6990 3563.9706 60.0022 -0.0002 59.9861 0.0014
5.000 50.00 49.6612 2466.2348 50.0170 -0.0017 50.0072 -0.0007
4.000 40.00 39.6150 1569.3482 40.0233 -0.0023 40.0215 -0.0022
3.085 30.85 30.3467 920.9222 30.8035 0.0046 30.8105 0.0040
2.090 20.90 20.3615 414.5907 20.8706 0.0029 20.8884 0.0012
1.095 10.95 10.3528 107.1805 10.9143 0.0036 10.9446 0.0005
0.1009 1.0094 0.3783 0.1431 0.9920 0.0017 1.0363 -0.0027
Max Error / MPa 0.0067 0.0045
Min Error / MPa -0.0036 -0.0029
Error / MPa +0.005
Table 5. 3 Pressure transducer P-302 for pressures from 10 MPa up to 30 MPa
Linear Regression Order 2 Regression
P imposed P imposed P Read P Read?

Pcal Err Pcal Err

MPa bar bar bar bar MPa bar MPa
20.101 201.01 201.4562  40584.6005 200.9583 0.0052 200.9872 0.0023
21.101 211.01 211.4733 44720.9566 210.9912 0.0019 210.9958 0.0014
23.101 231.01 231.4809  53583.4071 231.0305 -0.0021 231.0051 0.0005
25.101 251.01 251.4597  63231.9807 251.0409 -0.0031 251.0105 -0.0001
27.101 271.01 271.4143 73665.7222 271.0271 -0.0017 271.0163 -0.0006
29.101 291.01 291.3327 84874.7421 290.9771 0.0033 291.0105 -0.0001
29.101 291.01 291.3292 84872.7028 290.9736 0.0036 291.0069 0.0003
27.101 271.01 271.4071 73661.8139 271.0199 -0.0010 271.0091 0.0001
25.101 251.01 251.4567  63230.4720 251.0379 -0.0028 251.0074 0.0002
23.101 231.01 231.4823 53584.0552 231.0319 -0.0022 231.0065 0.0003
21.101 211.01 211.5132  44737.8338 211.0312 -0.0021 211.0357 -0.0026
20.101 201.01 201.4953 40600.3559 200.9975 0.0012 201.0262 -0.0017
Max Error / MPa 0.0052 0.0023
Min Error / MPa -0.0031 -0.0026
Error / MPa +0.003
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Figure 5. 6 Pressure transducer P-302 for pressures up to 20 MPa
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Figure 5. 7 Pressure transducer P-302 for pressures from 20 MPa to 30 MPa
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Table 5. 4 Pressure transducer P-303 for pressures from 30 MPa up to 40 MPa

Linear Regression

Order 2 Regression

P imposed P imposed P Read P Read?
Pcal Err Pcal Err
MPa bar bar bar bar MPa bar MPa

20.101 201.01 198.1558 39265.7211 201.0143 -0.0005 201.0256 -0.0016
21.101 211.01 208.1310 43318.5132 211.0260 -0.0016 211.0333 -0.0024
23.101 231.01 228.0621 52012.3215 231.0300 -0.0020 231.0307 -0.0021
25.101 251.01 248.0080 61507.9681 251.0489 -0.0039 251.0447 -0.0035
27.101 271.01 267.9442 71794.0943 271.0580 -0.0048 271.0507 -0.0041
29.101 291.01 287.8691 82868.6187 291.0558 -0.0046 291.0470 -0.0037
31.101 311.01 307.7860 94732.2218 311.0456 -0.0036 311.0370 -0.0027
33.101 331.01 327.7095 107393.5164 331.0419 -0.0032 331.0354 -0.0026
35.101 351.01 347.6321 120848.0770 351.0374 -0.0028 351.0346 -0.0025
37.101 371.01 367.5440 135088.5919 371.0222 -0.0012 371.0247 -0.0015
39.101 391.01 387.4539 150120.5246 391.0049 0.0005 391.0146 -0.0005
40.101 401.01 397.4042 157930.0982 400.9916 0.0018 401.0055 0.0004
39.101 391.01 387.4370 150107.4290 390.9879 0.0022 390.9976 0.0012
37.101 371.01 367.5150 135067.2752 370.9931 0.0017 370.9956 0.0014
35.101 351.01 347.5972 120823.8134 351.0024 0.0007 350.9995 0.0010
33.101 331.01 327.6673 107365.8595 330.9996 0.0010 330.9930 0.0017
31.101 311.01 307.7302 94697.8760 310.9896 0.0020 310.9810 0.0029
29.101 291.01 287.7963 82826.7103 290.9827 0.0027 290.9739 0.0036
27.101 271.01 267.8639 71751.0689 270.9774 0.0032 270.9701 0.0040
25.101 251.01 247.9267 61467.6486 250.9673 0.0042 250.9631 0.0047
23.101 231.01 227.9951 51981.7656 230.9628 0.0047 230.9635 0.0046
21.101 211.01 208.1003 43305.7349 210.9952 0.0015 211.0025 0.0007
20.101 201.01 198.1321 39256.3291 200.9906 0.0019 201.0018 0.0008
Max Error / MPa 0.0047 0.0047

Min Error / MPa -0.0048 -0.0041

Error / MPa +0.005
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Figure 5. 8 Pressure transducer P-303 for pressures from 20 MPa to 40 MPa
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Table 5. 5 Temperature probe inside densimeter

T real T read T2 read T cal Err. Abs. T cal Err. Abs.
278.23 278.22 298.85 278.23 0.00 278.21 0.01
278.24 278.22 298.85 278.23 0.01 278.21 0.02
278.25 278.24 299.06 278.25 0.00 278.23 0.02
283.23 283.23 374.76 283.23 0.00 283.22 0.01
283.23 283.23 374.76 283.23 0.00 283.22 0.01
287.42 287.44 477.35 287.43 -0.01 287.43 -0.01
287.44 287.46 477.93 287.45 -0.01 287.45 -0.01
293.28 293.29 678.77 293.27 0.00 293.27 0.00
293.29 293.30 679.17 293.28 0.00 293.28 0.00
293.29 293.30 679.17 293.28 0.00 293.28 0.00
298.21 298.24 902.66 298.21 -0.01 298.22 -0.01
298.29 298.32 906.68 298.29 0.00 298.30 -0.01
298.32 298.36 908.69 298.33 -0.01 298.34 -0.02
303.20 303.22 1177.35 303.19 0.01 303.20 0.00
303.20 303.23 1177.96 303.20 0.00 303.21 -0.01
303.21 303.24 1178.56 303.21 0.00 303.22 -0.01
308.20 308.24 1504.46 308.20 0.00 308.21 -0.01
308.20 308.24 1504.46 308.20 0.00 308.21 -0.01
308.20 308.24 1504.46 308.20 0.00 308.21 -0.01
313.21 313.25 1881.16 313.21 0.00 313.22 -0.01
313.21 313.26 1881.96 313.22 0.00 313.23 -0.02
313.22 313.26 1881.96 313.22 0.00 313.23 -0.01
318.22 318.27 2308.96 318.22 0.00 318.23 -0.01
318.23 318.27 2308.96 318.22 0.00 318.23 -0.01
323.23 323.28 2786.17 323.23 0.00 323.24 -0.01
323.23 323.28 2786.17 323.23 0.00 323.24 -0.01
328.24 328.29 3313.57 328.24 0.00 328.25 -0.01
328.24 328.29 3313.57 328.24 0.00 328.25 -0.01
333.23 333.29 3889.97 333.24 0.00 333.24 -0.01
333.26 333.31 3892.38 333.26 0.01 333.26 0.00
338.25 338.31 4518.98 338.25 0.00 338.26 -0.01
338.26 338.32 4520.28 338.26 0.00 338.27 -0.01
343.27 343.33 5198.38 343.27 0.00 343.28 0.00
343.28 343.33 5198.38 343.27 0.00 343.28 0.00
348.27 348.33 5924.43 348.27 0.00 348.27 0.00
348.29 348.34 5926.69 348.28 0.01 348.28 0.01
348.30 348.35 5928.19 348.29 0.01 348.29 0.01
353.28 353.33 6701.98 353.28 0.01 353.27 0.01
353.29 353.35 6705.19 353.30 -0.01 353.29 0.00
358.27 358.32 7527.08 358.27 0.00 358.26 0.01
358.29 358.34 7530.49 358.29 0.00 358.28 0.02
363.25 363.31 8401.98 363.26 -0.01 363.24 0.01
363.28 363.34 8407.39 363.29 -0.01 363.27 0.01
363.30 363.35 8408.29 363.30 0.00 363.28 0.02
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Table 5. 6 Temperature probe of the bath

T real T read T? read T cal Err. Abs. T cal Err. Abs.
273.22 273.19 273.15 273.22 0.00 273.22 0.00
278.23 278.21 298.75 278.23 -0.01 278.23 0.00
278.24 278.21 298.75 278.23 0.00 278.23 0.00
278.25 278.22 298.85 278.24 0.01 278.24 0.01
283.11 283.08 371.75 283.10 0.01 283.09 0.01
283.23 283.21 374.35 283.23 0.00 283.22 0.00
283.23 283.21 374.35 283.23 0.00 283.22 0.00
287.42 287.42 476.78 287.43 -0.01 287.43 -0.01
287.44 287.44 477.35 287.45 -0.01 287.45 -0.01
288.30 288.28 502.07 288.29 0.01 288.29 0.01
293.28 293.28 678.37 293.28 0.00 293.28 0.00
293.29 293.28 678.37 293.28 0.01 293.28 0.01
293.29 293.28 678.37 293.28 0.01 293.28 0.01
298.21 298.22 901.65 298.21 -0.01 298.21 -0.01
298.29 298.31 906.18 298.30 -0.01 298.30 -0.01
298.30 298.32 906.68 298.31 -0.01 298.31 -0.01
303.20 303.21 1176.75 303.19 0.00 303.19 0.00
303.20 303.22 1177.35 303.20 0.00 303.20 -0.01
303.21 303.23 1177.96 303.21 -0.01 303.21 -0.01
308.20 308.22 1503.05 308.20 0.00 308.20 0.00
308.20 308.22 1503.05 308.20 0.01 308.20 0.01
308.20 308.22 1503.05 308.20 0.01 308.20 0.01
313.21 313.25 1881.16 313.22 -0.01 313.22 -0.01
313.21 313.25 1881.16 313.22 -0.01 313.22 -0.01
313.22 313.25 1881.16 313.22 0.00 313.22 0.00
318.22 318.26 2308.06 318.22 0.00 318.22 0.00
318.23 318.26 2308.06 318.22 0.00 318.22 0.00
323.23 323.27 2785.16 323.22 0.00 323.22 0.00
323.23 323.28 2786.17 323.23 0.00 323.23 0.00
328.24 328.29 3313.57 328.24 0.00 328.24 0.00
328.24 328.29 3313.57 328.24 0.00 328.24 0.00
333.23 333.30 3891.17 333.24 0.00 333.24 0.00
333.26 333.32 3893.58 333.26 0.01 333.26 0.00
338.25 338.32 4520.28 338.25 0.00 338.25 0.00
338.26 338.33 4521.58 338.26 0.00 338.26 0.00
343.27 343.35 5201.19 343.27 0.00 343.27 0.00
343.28 343.35 5201.19 343.27 0.00 343.27 0.00
348.27 348.35 5928.19 348.27 0.00 348.27 0.00
348.29 348.37 5931.20 348.29 0.00 348.29 0.00
348.30 348.38 5932.70 348.30 0.01 348.30 0.01
353.28 353.37 6708.40 353.28 0.00 353.28 0.00
353.29 353.38 6710.00 353.29 0.00 353.29 0.00
358.27 358.37 7535.60 358.27 -0.01 358.27 -0.01
358.29 358.39 7539.01 358.29 0.00 358.29 0.00
363.25 363.36 8410.99 363.26 0.00 363.25 0.00
363.28 363.39 8416.41 363.29 0.00 363.28 0.00
363.30 363.40 8417.31 363.29 0.01 363.29 0.01
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The Calibration method for the vibrating tube densitometers using a forced path
mechanical calibration (FPMC) model for the Anton Parr DMA 512 densitometer were
well described by Bouchot and Richon [12]. The U-tube of the DMA 512 densimeter
cell can be modelled by means of a linear hollow vibrating system whose internal
volume is Vi = Vi(T,P) and total vibrating mass is (Mo+pVi). My is the proper mass of
the tube under vacuum and p the density of the inner fluid to be determined. This
system has a natural transversal stiffness K = K (T, P) and is vibrating with a period (1)
in an undamped harmonic way under the effect of a mechanical excitation.

The relation between these quantities can be written in the following general form:

HEE

where Ko and 7o are the transversal stiffness and the vibrating period of the evacuated
tube, respectively.
The term K/Ky is calculated as:

£_L(ﬁf
K, I,\L (5-2)

The first term in the equation above is expressed as:

(5-3)
The second term of the equation is the relative inverse cubic length change expressed
by:
3
(%j =exp(-3y,P)
(5-4)

vt is one of the two unknown parameters that remain in the FPMC model.
The term (Mo/V;) can be expressed as:

M, M, M 1
VT,P) wr’L Ly \ #r?SL

(5-5)
where (Mo/Loo) is the second unknown parameter of these equations.

The complete FPMC model can be formulated as:

M, | A (T, P) ~ (T.P) | _
PR =7 [Niz(T,P)cSL(T,P)H( A7 (T) ]exp( 37TP){ 7, (1) } 1}

(5-6)
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The two unknown parameters of yt and (Mo/Loo) were optimised using the density data
of pure CO; from REFPROP v8.0 [23] at the fully across desired pressure ranges and at

each measured isotherms.

5.3.5 Measurement procedure

All the experiments were conducted using the Anton Paar DMA 512 densitometer.
Before starting the main tests, the pressure transducers and the temperature probes were
calibrated against a dead weight pressure balance and reference thermometer,
respectively. Then, after stabilising the desired temperature the entire system was
vacuumed. The vacuumed vibrating period, vacuum pressure and temperature then were
recorded at desired temperatures of 273.15, 283.15, 298.15, 323.15 and 353.15 K.

In each test, after temperature stabilisation and vacuuming the entire system, the sample
was injected through the pressurised vessel into the densitometer as a gas phase by
opening a regulated valve in a very slow rate till reaching the dew point pressure at
desired temperature. For measuring the density in the liquid phase, the pressure was
increased to the maximum desired pressure, i.e., 40 MPa, then the pressure reduced
slowly by opening the outlet valve till reaching the bubble point. The toxic outlet gas
during the depressurisation was neutralised in the column containing the basic solution
(Sodium Hydroxide, NaOH). During the injection and depressurisation, pressure,
temperature and period were recorded to be able to calculate the density. Also, to find
dew point of the system during the injection of the sample, as the first bubble should be
produced inside the densitometer, the temperature of the bath controlling the
densitometer temperature were set to be slightly lower (0.2-0.3 K) than the temperature
of the liquid bath for the entire system. However, to find the bubble point, the
densitometer temperature was set to be slightly higher than the entire system

temperature.

5.3.6 Measurement uncertainties

The combined uncertainties of the measured densities were calculated according to the

procedure explained in chapter 3.

5.4 Specific heat capacity calculations

The residual specific heat capacity can be calculated using the data from density

measurements by the following procedure:
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8Cp _ o%v )
= lF) &

The molar volume is a polynomial function of temperature at each constant pressure:
v=aT’+bT +c¢ (5-8)
Or,

ov
—=2aT+b —»> —=2a 5-9

By replacing Eq. (5-9) in Eq. (5-7) and integrating, the specific heat capacity can be
calculated from the following equation:
aC 2 Cp P
[ pj ——T[a \;J =—2aTJ—>I dC, =-2aT j dp
aP aT P C : P=0 (5‘10)
C,—C, =-2aT(P)+C

T pi

The constant C can be calculated from the reference fluid experiments, i.e. pure CO>, by

the following equations:

aC 2 Cp P
[ P j _— [6_\2}} =-2aT —>I I dC, =-2aT J- dp

aP T aT P Cpi P=0 (5‘ 1 1 )
C,—C, =2aT(P)+C=>C=C g, —(C,; +(-2aTP))

Where C,; is the ideal gas specific heat capacity and can be calculated from the equation
presented by Aly and Lee (1981) [24]:
2 2
D F
C,=B+C % +E 47} (5-12)
smh( 4,) cosh( A)
The constants B through F in this equation can be found from Table below for the pure

components CO>, H>S and SO..

Table 5.7 Constants B through F in the equation by Aly and Lee

Cyi constants B C D E F Unit
CO, 2.94E+04 345E+04  -1.43E+03 2.64E+04 5.88E+02  J/Kmol.K
H>S 3.33E+04 2.61E+04 9.13E+02 -1.80E+04  9.49E+02  J/Kmol.K
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SO; 3.34E+04 2.59E+04  9.33E+02 1.09E+04  4.24E+02  J/Kmol.K

The ideal gas heat capacity for the mixtures can be calculated using the following

mixing rule:

N
Corrie =2 VC, (5-13)
i=1

5.5 Results and discussions

The densities of CO»-rich systems were measured continuously using a high
temperature and pressure Vibrating Tube Densitometer (VTD), Anton Paar DMA 512.
First, pure CO> were used to calibrate the densitometer. Then, the densities of two
binary systems (95.05 mol% CO2 + 4.95 mol% H>S; and 95.03 mol% CO2 + 4.97 mol%
SO,) were measured at pressures up to 40 MPa at five different temperatures, 273.15,
283.15, 298.15, 323.15 and 353.15 K (0, 10, 25, 50 and 80 °C) in gas, liquid and
supercritical regions. The experimental data then were used to evaluate the new CO»
volume correction model by comparing to the original PR and PR-Peneloux equations

of states.

Both experimental and modelling results, using the CO2 correction volume, Peneloux
shift parameter and original equation of state (PR), are shown in Table 5.8 to
Table 5.17. Also, Figure 5.11 to Figure 5.14 show the results for CO>+H,S and
CO2+S07 systems at all the measured temperatures. In each table, the measured density
is shown on the corresponding pressure, temperature and phase. Also, the calculated
density using CO; correction volume, Peneloux shift parameter and original equation of
state (PR) and their deviations from experimental density for each measurement are
presented in these tables. In addition the Absolute Average Deviations (AADs) for all
data are listed in the tables. Table 5.18 summarises the AAD for the measured systems.
As can be seen, by employing the CO> volume correction using the PR EoS, the AAD
reduces for both the CO>+H,S and CO»+SO, systems. Also, it can be seen that CO»
volume correction predicts well comparing to Peneloux shift parameters for both

mixtures.

The specific heat capacities were calculated using Equations (5-7) through (5-13) at
different pressures of 40, 35, 30, 25, 20 and 15 MPa at five measured temperatures.
Table 5.19 and Table 5.20 and Figure 5.15 and Figure 5.16 show the calculated specific
heat capacity for CO; + H»S and CO; + SO» systems, respectively.
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The numerous data points were measured on both parts of the dew and bubble points at
each temperature. Analysis of the measured data points can be used in determination of
the break points, which correspond to dew and bubble point of the mixtures at measured
temperatures. The importance of the large number of recorded data points is that it
allows fitting the representative correlation to the experimental data in order to find the
precise location of dew and bubble points. Table 5.20 and Table 5.21 show the
calculated dew and bubble points for CO> + HoS and CO» + SO, systems.

5.6 Conclusions

Evaluation of the new volume correction model based on EoSs using our in-house
software package and the measured experimental data for CO>+H>S and CO2+SO» show

that the model predictions are in good agreement with the experimental data.

In addition the specific heat capacities of the systems were calculated from the
measured density data at different pressures and temperatures using a thermodynamic

equation.

Analysis of the numerous measured density data on both sides of dew and bubble points
resulted in determination of the break points which correspond to dew and bubble points
of the mixtures at measured temperatures. Dew and bubble points for CO> + H>S and
CO; + SOz systems were obtained from the measured density data for each system and
then compared to the predictions from our software package. The comparison shows
that the model predictions are in good agreements with the measured dew and bubble

points.
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Table 5.8 Experimental and modelling results for COz + HzS at 0 °C (273.15 K)

No Phase Temp. Press. | Density (kg/m®) | Abs Deviation (%)
K MPa Exp. ucp) uc.p) PR- PR PR- PR- PR PR-
(£0.02) (£0.005) kgm®* % CO: Pen CO: Pen
1 Gas 272.55  0.100 1.9 0.07 3.68 1.9 1.9 1.9 24 24 23
2 Gas 272.55  0.151 2.8 0.10 3.62 29 2.9 2.9 43 42 42
3 Gas 272.55 0.205 4.0 0.10 2.58 4.0 4.0 4.0 04 04 04
4 Gas 272.55  0.301 5.9 0.10 1.76 5.9 5.9 5.9 03 04 04
5 Gas 272.55 0.402 8.0 0.11 133 8.0 8.0 8.0 0.1 00 0.0
6 Gas 272.55  0.501 9.9 0.11 1.09 10.0 10.0 10.0 0.7 07 0.6
7 Gas 272.54  0.603 12.1 0.11 090 12.1 12.1 12.1 04 04 03
8 Gas 272.54  0.892 18.5 0.12 0.62 184 18.4 18.3 05 06 07
9 Gas 272.54  1.006 20.9 0.12 0.56 20.9 20.9 20.9 0.1 02 03
10 Gas 272.56  1.104 23.0 0.12 052 23.1 23.1 23.1 05 05 04
11 Gas 272.56  1.296 27.7 0.12 045 27.6 27.6 27.6 00 01 03
12 Gas 272.56  1.499 324 0.13 040 32.6 32.6 32.5 05 04 02
13 Gas 272.55 1.696 37.5 0.14 036 37.6 37.5 37.5 02 01 0.0
14 Gas 272.56  1.905 42.8 0.14 034 43.1 43.1 43.0 07 06 04
15 Gas 272.56  2.003 45.2 0.15 033 458 45.8 45.7 1.3 1.2 1.0
16 Gas 272.56  2.205 51.1 0.16 031 51.6 51.5 51.4 1.0 08 0.6
17 Gas 272.56  2.407 56.8 0.17 029 57.7 57.6 57.5 1.6 14 12
18 Gas 272.56  2.502 59.8 0.17 029 60.7 60.6 60.4 14 13 1.0
19 Gas 272.55  2.709 66.4 0.19 028 67.5 67.4 67.2 1.6 15 12
20 Gas 272.56  2.906 73.0 0.20 028 744 74.3 74.0 1.9 17 14
21 Gas 272.55  2.996 76.3 021 028 77.7 77.6 77.4 1.9 17 14
22 Gas 272.55  3.196 83.9 0.24 0.28 85.6 85.5 85.1 20 19 1.5
23 Gas 272.55  3.402 92.7 0.38 041 944 94.3 93.9 1.8 1.7 13
24 Liquid 272.57 41.417 1058.1 0.22 0.02 1078.2 1134.2 10799 19 72 2.1
25 Liquid 272.58 41.400 10582 0.12 0.01 1078.2 1134.1 1079.8 1.9 72 20
26 Liquid 272.57 40955 1057.0 0.22 0.02 1077.1 1132.7 10786 19 72 2.0
27 Liquid 272.57 40.046 10549 022 0.02 10749 11299 1076.0 19 7.1 2.0
28 Liquid 272.58 39.463 10532 0.22 0.02 1073.5 1128.0 10742 19 7.1 2.0
29 Liquid 272.57 39.008 1052.0 0.22 0.02 10723 1126.6 10729 19 7.1 2.0
30 Liquid 272.56 38.445 1050.7 0.22 0.02 10709 1124.7 10713 1.9 7.0 2.0
31 Liquid 272.56 38.049 1049.5 0.22 0.02 10699 11234 1070.2 1.9 7.0 20
32 Liquid 272.56 37.557 1048.1 0.22 0.02 1068.7 1121.8 10686 2.0 7.0 2.0
33 Liquid 272.56 36.988 1046.6 0.22 0.02 1067.2 1119.8 10669 2.0 70 19
34 Liquid 272.56 36.561 10455 0.22 0.02 1066.1 1118.4 10656 20 7.0 1.9
35 Liquid 272.57 36.058 1044.1 0.22 0.02 1064.8 1116.6 10640 20 7.0 1.9
36 Liquid 272.57 35.493 10423 032 0.03 1063.3 1114.7 10622 20 69 19
37 Liquid 272.56 35.060 1041.1 0.32 0.03 1062.1 1113.2 1060.8 20 69 19
38 Liquid 272.57 34.499 1039.5 0.22 0.02 1060.6 1111.1 1059.0 2.0 69 19
39 Liquid 272.57 33.999 1038.0 0.22 0.02 1059.3 1109.3 10574 2.1 69 19
40 Liquid 272.57 33.498 1036.6 0.32 0.03 10579 1107.5 1055.7 2.1 6.8 1.8
41 Liquid 272.58 33.011 10349 0.22 0.02 1056.5 1105.7 1054.0 2.1 6.8 1.8
42 Liquid 272.57 32499 1033.1 0.22 0.02 1055.1 1103.8 10523 21 6.8 1.9
43 Liquid 272.58 31936 1031.5 0.22 0.02 1053.5 1101.6 10504 2.1 6.8 1.8
44 Liquid 272.58 31.446 1030.1 0.32 0.03 1052.1 1099.7 1048.7 2.1 6.8 1.8
45 Liquid 272.57 31.002 1028.8 0.22 0.02 1050.8 1098.0 1047.1 2.1 6.7 1.8
46 Liquid 272.57 30.442 1027.2 0.22 0.02 1049.2 10959 1045.1 2.1 6.7 1.7
47 Liquid 272.57 30.022 1025.6 0.22 0.02 1048.0 1094.2 1043.6 22 6.7 1.8
48 Liquid 272.58 29.540 10239 0.22 0.02 1046.5 1092.2 1041.8 22 6.7 1.7
49 Liquid 272.58 29.015 1022.3 0.22 0.02 10449 1090.1 10399 22 6.6 1.7
50 Liquid 272.58 28.510 1020.5 0.22 0.02 1043.4 1088.0 10379 22 6.6 1.7
51 Liquid 272.58 28.014 10189 0.22 0.02 10419 10859 1036.0 23 6.6 1.7
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No Phase Temp. Press. | Density (kg/m’) Abs Deviation (%)
K MPa Exp. ucp) u.p) PR- PR PR- PR- PR PR-
(£0.02) (0.005) kg/m* % CO; Pen CO: Pen

52 Liquid 272,58 27.519 1017.1 0.22 0.02 1040.3 1083.8 10342 23 6.6 1.7
53 Liquid 27259 26955 10152 0.22 0.02 1038.6 1081.3 10319 23 65 1.6
54 Liqud 272,59 26.517 1013.8 0.32 0.03 1037.2 1079.5 10302 23 65 1.6
55 Liquid 272.58 26.025 1012.1 0.27 0.03 1035.6 1077.3 10282 23 64 1.6
56 Liquid 272.58 25470 1010.3 0.32 0.03 1033.8 1074.8 10259 23 64 15
57 Liquid 272.58 24975 1008.5 0.32 0.03 1032.2 10725 10239 23 64 1.5
58 Liquid 272.58 24.527 10069 0.22 0.02 1030.7 1070.5 10220 24 63 1.5
59 Liquid 272.58 23.985 10049 022 0.02 10289 1067.9 1019.7 24 63 1.5
60 Liquid 272.58 23.514 1003.2 0.22 0.02 1027.2 1065.7 1017.6 24 62 14
61 Liquid 272.58 23.027 1001.3 0.32 0.03 10255 1063.4 10155 24 62 14
62 Liquid 272.58 22532 9995 032 0.03 1023.8 10609 10133 24 62 14
63 Liqud 272.58 22.003 9974 0.22 0.02 1022.0 10583 10109 25 6.1 13
64 Liquid 272.58 21.490 9953 0.32 0.03 1020.1 1055.7 10085 25 6.1 13
65 Liqud 272.58 20990 9932 032 0.03 10183 1053.1 1006.1 25 6.0 1.3
66 Liquid 272.58 20.515 9914 032 0.03 1016.5 1050.6 10039 25 6.0 1.3
67 Liquid 272.58 20.011 989.1 0.32 0.03 1014.6 10479 10014 26 59 12
68 Liquid 272.58 19.576  987.6 032 0.03 1013.0 1045.6 9993 26 59 12
69 Liquid 272.58 19.012 9852 0.27 0.03 1010.8 10424 9964 26 58 1.1
70 Liquid 272.58 18540 9833 0.32 0.03 1009.0 1039.8 9940 26 57 1.1
71 Liquid 272.58 18.046 9813 032 0.03 1007.0 10369 9914 26 57 1.0
72  Liqud 272.57 17.556  979.1 0.27 0.03 1005.0 10342 9888 27 56 1.0
73 Liqud 272.57 17.016 976.8 0.27 0.03 1002.8 10309 9859 27 55 09
74 Liquid 272.58 16.524 9745 031 0.03 1000.7 1027.9 983.1 27 55 09
75 Liquid 272.58 16.022 972.1 031 0.03 998.6 1024.8 9802 27 54 0.8
76 Liquid 272.58 15502  969.5 032 0.03 9963 10215 9772 28 54 0.8
77 Liquid 272.58 15.013 967.1 032 0.03 9942 10183 9743 28 53 0.7
78 Liquid 272.59 14.525 9644 032 0.03 9919 10150 9713 28 52 0.7
79 Liquid 272.58 14.024 962.0 033 0.03 989.6 1011.7 9683 29 52 0.7
80 Liquid 272.59 13.502 9594 033 0.03 987.2 1008.1 9649 29 51 0.6
81 Liquid 272.58 13.010 956.8 0.34 0.04 9849 10046 961.8 29 50 0.5
82 Liquid 27258 12.531 9543 034 0.04 9825 1001.1 9586 3.0 49 04
83 Liquid 27259 11.999 9512 034 0.04 979.8 997.1 9549 3.0 48 04
84 Liquid 27259 11.511 9484 036 0.04 9773 9934 9515 31 47 03
85 Liquid 27259 11.005 9451 036 0.04 9747 9894 9478 3.1 47 03
86 Liquid 272.59 10.504 9423 037 0.04 972.0 9853 9441 3.1 46 02
87 Liquid 272.59 10.064 9394 037 0.04 969.6 981.7 9408 32 45 0.1
88 Liquid 272.60 9.499 936.2 029 0.03 9664 976.8 9363 32 43 0.0
89 Liquid 273.23 8.730 9292 030 0.03 958.7 9658 9262 32 39 03
90 Liquid 27329 8.504 926.7 030 0.03 957.0 9633 9238 33 39 03
91 Liquid 273.30 7.996 9229 031 0.03 953.8 9584 9193 33 38 04
92 Liquid 27331 7.524 9194 031 0.03 950.7 953.6 9149 34 37 05
93 Liquid 27331 7.043 9159 032 0.04 9475 948.6 9103 34 36 0.6
94 Liquid 27331 6.504 911.6 033 0.04 943.8 9428 9050 35 34 0.7
95 Liquid 27332 5.999 907.1 034 0.04 940.1 937.1 8997 36 33 08
96 Liquid 27331 5.510 902.8 034 0.04 9365 9314 8945 37 32 09
97 Liquid 27334 5.004 8974 036 0.04 9324 9250 8886 39 31 1.0
98 Liquid 27333 4.504 892.6 037 0.04 9285 918.6 8827 40 29 1.1

Absolute Average Deviation (AAD) 22 47 1.2
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Table 5.9 Experimental and modelling results for CO: + HaS at 10 °C (283.15 K)

No Phase Temp. Press. | Density (kg/m%) | Abs Deviation (%)
K MPa Exp. ucp) ucp) PR- PR PR PR- PR PR

(£0.02) (£0.005) +0.05% kg/m’ % CO: Pen CO: Pen

1 Gas  282.69  0.600 11.8 0.11 0.89 115 11.6 1.6 23 20 21

2 Gas 282.70 0.820 16.6 0.11  0.65 16.0 16.1 16.0 37 33 34

3  Gas 282.70 1.004 20.1 0.11 056 19.8 19.9 199 15 1.0 1.1

4 Gas 282.70 1.194 25.0 0.12 046 239 240 240 45 40 4.1

5 Gas 282.69 1.405 29.0 012 041 286 288 287 14 07 09

6 Gas 282.70 1.631 35.0 0.13 036 340 340 340 28 27 29

7 Gas 282.69 1.794 39.0 0.13 033 378 380 379 31 27 28

8 Gas 282.70 2.040 45.1 0.14 030 444 441 440 18 23 25

9 Gas 28271 2.196 49.1 0.14 029 484 482 481 13 19 21

10  Gas 282.70 2423 553 0.15 027 546 543 542 1.1 1.7 19
11 Gas 28271 2.634 61.3 0.16 026 60.7 604 602 09 15 18
12 Gas 28271 2.835 67.2 0.17 025 66.8 664 662 06 12 15
13 Gas 28271 3.018 72.9 0.18 024 726 722 719 04 10 13
14 Gas 28271 3.243 80.2 0.19 024 80.2 79.7 794 01 07 1.0
15 Gas 28270 3.401 85.8 021 024 858 85.3 85.0 0.1 06 09
16 Gas 28271 3.592 92.8 022 024 93.1 92.5 921 03 03 0.7
17  Gas 282.71 3.803 1012 025 025 101.7 101.1 100.6 05 0.1 0.5
18 Gas 28272 4.012 1103 028 026 111.1 1104 1099 0.7 0.1 04
19 Gas 28272 4.099 1143 029 026 1153 1146 1140 09 02 03
20 Gas 28271 4.201 1194 032 027 1205 1197 1191 09 02 03
21 Gas 282.70 4.303 1253 035 028 126.0 1252 1245 06 0.1 0.6
22 Gas 28273 4.361 1339 045 034 1293 1284 1277 34 41 46
23 Liquid 283.47 40.443 10415 0.22 0.02 1043.7 10943 1043.6 0.2 51 02
24 Liquid 283.47 40.004 10403 0.22 0.02 1042.5 1092.6 10422 02 50 0.2
25 Liquid 283.47 39.503 10389 022 0.02 1041.1 1090.8 1040.5 0.2 5.0 0.1
26 Liquid 283.46 39.000 10375 0.22 0.02 1039.7 1089.0 1038.8 0.2 5.0 0.1
27 Liquid 283.47 38528 10362 0.22 0.02 10384 1087.1 1037.2 0.2 49 0.1
28 Liquid 283.46 38.004 1034.6 0.22 0.02 10369 10852 10354 02 49 0.1
29 Liquid 283.47 37.525 1033.1 0.22 0.02 10355 10833 1033.6 02 49 0.
30 Liquid 283.47 37.000 1031.5 032 0.03 10339 1081.2 1031.8 02 48 0.0
31 Liquid 283.46 36.513 1030.0 022 0.02 1032.6 1079.3 1030.1 02 48 0.0
32 Liquid 283.47 36.014 10283 0.22 0.02 1031.0 10773 1028.2 03 4.8 0.0
33 Liquid 283.46 35.507 1026.8 0.22 0.02 1029.5 10753 10264 03 4.7 0.0
34 Liquid 283.46 35.004 10252 022 0.02 1028.0 1073.2 1024.5 03 4.7 0.1
35 Liquid 283.46 34.516 1023.7 0.22 0.02 1026.5 1071.2 1022.6 03 4.6 0.1
36 Liquid 283.47 34.012 1022.0 022 0.02 10249 1069.0 1020.7 03 4.6 0.1
37 Liquid 283.47 33.525 10203 022 0.02 10234 1067.0 1018.8 03 4.6 0.2
38 Liquid 283.47 33.004 1018.6 022 0.02 1021.8 1064.7 1016.7 03 45 0.2
39 Liquid 283.47 32470 1017.0 022 0.02 1020.1 10624 10146 03 45 0.2
40 Liquid 283.46 32.001 10154 0.22 0.02 10185 1060.3 10128 03 44 03
41 Liquid 283.46 31.532 1013.7 0.22 0.02 1017.0 1058.2 1010.8 03 44 03
42 Liquid 283.46 31.005 10119 032 0.03 10153 1055.8 1008.6 03 43 03
43 Liquid 283.47 30.502 1010.1 0.22 0.02 1013.5 10534 10064 03 43 04
44 Liquid 283.47 30.014 1008.2 0.22 0.02 10119 1051.2 10044 04 43 04
45 Liquid 283.46 29.517 10064 0.22 0.02 10102 10488 10023 04 42 04
46 Liquid 283.47 29.025 1004.6 0.22 0.02 1008.5 1046.4 1000.0 04 42 0.5
47 Liquid 283.47 28508 1002.7 0.22 0.02 1006.7 1043.9 997.7 04 41 05
48 Liquid 283.48 28.010 1000.7 0.27 0.03 1004.8 1041.4 9954 04 41 0.5
49 Liquid 283.47 27.510 9989  0.27 0.03 1003.0 10389 9932 04 4.0 0.6
50 Liquid 283.47 27.006 9969 027 0.03 1001.2 10363 990.8 04 4.0 0.6
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No Phase Temp. Press. | Density (kg/m3) Abs Deviation (%)
K MPa Exp. ucdp) ucp) PR- PR PR PR- PR PR
(£0.02) (+0.005) +0.05% kg/m’ % CO: Pen CO: Pen

51 Liquid 283.46 26.500 9949 028 0.03 9993 1033.7 9884 04 39 0.7
52 Liquid 283.47 26.012 993.0 028 0.03 9975 1031.1 986.0 05 38 0.7
53 Liquid 283.47 25518 9910 028 0.03 9956 10284 9836 0.5 3.8 0.8
54 Liquid 283.47 25.000 9889 029 0.03 993.6 10255 981.0 0.5 3.7 0.8
55 Liquid 283.47 24503 9869 029 0.03 991.6 10228 9784 0.5 3.6 09
56 Liquid 283.47 24.005 984.8 029 0.03 989.6 1020.0 9758 0.5 3.6 09
57 Liquid 283.47 23.501 982.6 029 0.03 987.6 1017.1 9732 05 35 1.0
58 Liquid 283.47 23.016 980.5 030 0.03 9856 10142 970.6 05 34 1.0
59 Liquid 283.47 22501 9783 030 0.03 9834 1011.1 967.8 05 34 1.1
60 Liquid 283.47 22.004 976.1 030 0.03 9812 1008.1 9650 05 33 1.1
61 Liquid 283.47 21.510 973.8 031 0.03 979.1 10050 962.1 05 32 1.2
62 Liquid 283.47 21.001 971.5 031 0.03 976.8 1001.8 9592 05 3.1 13
63 Liquid 283.47 20.508 9692 031 0.03 9746 998.6 9563 0.6 3.0 13
64 Liquid 283.47 20.010 966.8 032 0.03 9724 9953 9532 06 29 14
65 Liquid 283.47 19.503 9645 032 0.03 9700 9919 9501 0.6 28 15
66 Liquid 283.47 19.008 962.0 032 0.03 967.6 9884 947.0 0.6 27 1.6
67 Liquid 283.47 18.516 9594 033 0.03 9652 9850 9438 0.6 27 1.6
68 Liquid 283.47 18.016 957.0 034 0.04 9627 9814 9405 06 25 1.7
69 Liquid 283.47 17.517 9545 034 0.04 9602 977.7 9371 0.6 24 1.8
70 Liquid 283.47 17.011 951.8 035 0.04 9576 973.8 9335 06 23 19
71 Liquid 283.47 16.506 9490 035 0.04 9550 9699 9299 06 22 2.0
72 Liquid 283.48 16.008 9462 036 0.04 9522 9659 9262 0.6 2.1 2.1
73 Liquid 283.47 15509 9433 036 0.04 9495 9619 9226 0.7 20 22
74 Liquid 283.47 15.004 9404 037 0.04 9466 9577 9187 0.7 18 23
75 Liquid 283.48 14.511 9373 037 0.04 9437 9533 9147 0.7 17 24
76 Liquid 283.47 14.002 9344 038 0.04 940.7 9489 9106 0.7 15 2.6
77 Liquid 283.47 13.504 931.2 039 0.04 9376 9443 9064 0.7 14 2.7
78 Liquid 283.47 13.000 9280 039 0.04 9345 939.6 9020 0.7 12 28
79 Liquid 283.47 12.500 9247 041 0.04 9312 9347 8975 0.7 1.1 29
80 Liquid 283.48 12.002 9213 042 0.05 927.8 9296 8928 0.7 09 3.
81 Liquid 28348 11.502 917.6 043 0.05 9244 9244 888.0 0.7 0.7 32
82 Liquid 283.49 11.002 914.1 043 0.05 920.7 9189 8829 07 05 34
83 Liquid 283.48 10.503 9104 045 0.05 9171 9134 8778 0.7 03 3.6
84 Liquid 283.48 10.062 907.0 046 0.05 913.7 9082 &873.1 0.7 0.1 3.7
85 Liquid 283.49 9.506 903.0 047 005 909.2 9014 866.7 07 02 4.0
86 Liquid 283.49  9.003 898.8 049 0.05 9050 8949 860.8 0.7 04 42
87 Liquid 283.49 8.504 8943 050 0.06 900.7 8882 854.6 0.7 07 44
88 Liquid 283.49 8.001 889.8 052 0.06 896.1 8812 848.0 0.7 1.0 47
89 Liquid 283.49 7.466 884.7 054 0.06 891.0 8732 840.7 0.7 13 5.0
90 Liquid 283.49 7.137 882.0 056 0.06 887.7 8681 8359 06 16 52
91 Liquid 283.48 6.383 8759 0.60 0.07 879.7 8555 8242 04 23 59
92 Liquid 283.47 5.962 8715 0.63 0.07 8750 8479 8172 04 27 6.2
93 Liquid 283.47 5.586 867.8 0.66 0.08 8704 840.7 8105 03 3.1 6.6
94 Liquid 283.52 5.041 812 070 0.08 863.0 8288 7994 02 38 72
95 Liquid 283.57 4.945 8599 0.71 0.08 8614 826.1 7969 02 39 73
96 Liquid 283.92 4.600 826.5 0.77 0.09 8535 8137 7854 33 15 50

Absolute Average Deviation (AAD) 07 27 1.8
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Table 5.10 Experimental and modelling results for CO2 + H:S at 25 °C (298.15 K)

No Phase Temp. Press. | Density (kg/m®) | Absolute Deviation (%)
K MPa  Exp. u{p) ufp) PR- PR PR  PR- PR PR

(£0.02) (£0.005) kgm' % CO: Pen  CO: Pen

1 Gas 297.50 0.030 0.5 0.02 4.40 0.5 0.5 0.5 3.1 3.1 31
2 Gas 297.51 0.320 5.7 0.10 1.69 5.7 5.7 5.7 0.1 03 03
3 Gas 297.51 0.652 11.8  0.10 0.85 11.9 11.9 11.9 0.2 0.6 05
4 Gas 297.50 0.710 13.0 0.10 0.78 13.0 13.0 13.0 0.6 02 03
5 Gas 297.50 0.878 16.3 0.10 0.64 16.2 16.3 16.2 0.9 04 05
6 Gas 297.50 1.019 19.5 0.11 0.54 18.9 19.0 19.0 2.9 24 25
7 Gas 297.51 1.232 23.7  0.11 0.46 23.2 23.3 23.3 2.3 1.7 1.8
8 Gas 297.51 1419 27.5 0.11 0.40 27.0 27.2 27.2 1.9 1.2 13
9 Gas 297.51 1.601 313 0.11 0.37 30.8 31.1 31.0 1.5 0.8 0.9
10 Gas 297.51 1810 358 0.12 0.33 353 35.6 35.6 1.3 04 05
11 Gas 297.51 2.003 40.0 0.12 0.31 39.6 40.0 39.9 1.1 0.1 03
12 Gas 297.51 2.203 44,6  0.13 0.28 44.1 44.6 44.5 1.1 0.0 0.2
13 Gas 29751 2413 49.5 0.13 0.26 49.0 49.6 49.5 0.9 03 00
14 Gas 297.50 2.616 544  0.14 0.25 54.0 54.7 54.6 0.8 05 02
15 Gas 297.50 2.810 594  0.14 0.24 58.8 59.7 59.5 0.9 05 02
16 Gas 297.50 2998 64.3 0.15 0.23 63.7 64.7 64.5 0.9 0.6 03
17  Gas 297.50 3.212 70.1 0.16 0.22 69.5 70.6 70.4 0.8 0.8 0.5
18 Gas 297.51 3.399 75.3 0.16 0.22 74.7 76.0 75.8 0.8 09 0.6
19 Gas 29750 3.611 81.5 0.17 0.21 80.9 82.4 82.1 0.7 1.1 0.7
20  Gas 297.50 3.810 87.7  0.18 0.21 87.0 88.7 88.4 0.7 1.2 0.8
21 Gas 297.51 4.001 93.7 0.19 0.21 93.2 95.1 94.7 0.6 1.4 1.0
22 Gas 297.50 4.206 100.8  0.21 0.21 100.1 102.2 101.8 0.6 1.5 1.0
23 Gas 297.51 4.402 107.8  0.22 0.21 107.1  109.5 109.0 0.6 1.6 1.1
24 Gas 297.50 4.609 115.8 0.25 0.21 115.1  117.7  117.1 0.7 1.6 1.1
25 Gas 297.51 4.802 1237  0.26 0.21 1229 1259 1252 0.6 1.8 1.2
26  Gas 297.50 4.999 1324 0.29 0.22 131.7 1349 134.1 0.6 1.9 13
27 Gas 297.50 5204 1424  0.33 0.23 141.5 1451 1442 0.6 1.9 13
28 Gas 297.50 5.404 153.1  0.38 0.25 1522 1562 155.1 0.6 20 13
29  Gas 297.50 5.604 1653 0.45 0.27 1643 168.6 1674 0.6 20 1.2
30 Liquid 298.06 40.253 9924 0.24 0.02 998.9 1041.6 995.6 0.7 50 03
31 Liquid 298.07 39.735 991.0 0.24 0.02 997.2 10393 993.5 0.6 49 03
32 Liquid 298.06 39.498  990.0 0.25 0.03 996.4 10383 992.6 0.6 49 03
33 Liquid 298.06 39.023 988.6 0.24 0.02 9949 1036.1 990.6 0.6 48 0.2
34 Liquid 298.07 38510 986.9 0.25 0.03 993.1 1033.7 988.5 0.6 47 0.2
35 Liquid 298.05 37.999 9852 0.25 0.03 991.4 10315 986.4 0.6 4.7 0.1
36 Liquid 298.06 37.004 982.1 0.25 0.03 987.9 1026.7 982.0 0.6 45 0.0
37 Liquid 298.06 36.016 978.6 0.26 0.03 984.5 10219 977.7 0.6 44 0.1
38 Liquid 298.06 35.006 9749 0.26 0.03 980.8 10169 973.1 0.6 43 02
39 Liquid 298.07 34.449 973.0 0.26 0.03 978.7 1014.1 9704 0.6 42 03
40 Liquid 298.06 33.955 9712 0.26 0.03 976.9 1011.5 968.1 0.6 42 03
41 Liquid 298.07 33.502 9695 0.27 0.03 975.1 1009.1 965.9 0.6 41 04
42 Liquid 298.06 33.000 967.6 0.27 0.03 973.2 1006.5 963.5 0.6 40 04
43 Liquid 298.07 32.526 965.7 0.27 0.03 971.3 1003.9 961.1 0.6 40 05
44 Liquid 298.06 32.025 963.8 0.28 0.03 969.4 1001.2 958.6 0.6 39 05
45 Liquid 298.07 31.546 961.8 0.28 0.03 967.4 9984 956.1 0.6 3.8 0.6
46 Liquid 298.06 31.090 960.2 0.28 0.03 965.6 9959 953.8 0.6 3.7 0.7
47 Liquid 298.06 30.499 957.6 0.29 0.03 9632 9925 950.7 0.6 36 0.7
48 Liquid 298.07 29.996 9554 0.28 0.03 961.0 989.5 948.0 0.6 36 0.8
49 Liquid 298.08 29.493 9532 0.29 0.03 958.8 986.5 945.1 0.6 35 08
50 Liquid 298.07 29.029 951.1 0.29 0.03 956.9 983.7 942.6 0.6 34 09
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No Phase Temp. Press. | Density (kg/m?) Absolute Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR PR- PR PR
(£0.02) (+0.005) kg/m’ Y% CO: Pen CO: Pen
51 Liquid 298.06 28.538 9489 0.30 0.03 9547 980.7 939.9 0.6 34 1.0
52 Liquid 298.07 28.032 946.6 0.30 0.03 952.4 9775 9369 0.6 33 1.0
53 Liquid 298.06 27.528 9443 0.30 0.03 950.2 9743 934.0 0.6 32 1.1
54 Liquid 298.06 27.004 941.7 0.31 0.03 947.7 9709 9309 0.6 31 1.2
55 Liquid 298.08 26.531 939.6 0.31 0.03 9454  967.7 927.8 0.6 30 1.3
56 Liquid 298.06 26.004 937.0 0.31 0.03 943.0 9642 9247 0.6 29 13
57 Liquid 298.06 25499 934.6 0.32 0.03 940.5 960.7 921.5 0.6 28 14
58 Liquid 298.07 25.023 932.1 0.32 0.03 938.1 9573 9183 0.6 27 1.5
59 Liquid 298.07 24.506 929.6 0.33 0.04 9355 9535 9149 0.6 26 1.6
60 Liquid 298.07 24.008 9269 0.32 0.03 9329 9499 09115 0.6 25 1.7
61 Liquid 298.07 23.511 9242 0.33 0.04 930.2 946.1 908.0 0.7 24 1.7
62 Liquid 298.07 23.013 9215 0.33 0.04 927.6 9423 904.5 0.7 23 1.8
63 Liquid 298.07 22.513 918.8 0.34 0.04 924.8 9383 900.9 0.7 21 1.9
64 Liquid 298.07 22.015 915.8 0.34 0.04 922.0 9343 897.2 0.7 20 20
65 Liquid 298.07 21.500 9129 0.35 0.04 919.0 930.1 8933 0.7 1.9 22
66 Liquid 298.06 21.003 910.0 0.36 0.04 916.1 9259 889.4 0.7 1.7 23
67 Liquid 298.08 20.503  907.0 0.37 0.04 913.0 921.4 885.2 0.7 1.6 24
68 Liquid 298.06 19.999  903.9 0.37 0.04 910.0 917.0 881.2 0.7 1.5 25
69 Liquid 298.07 19.497  900.5 0.38 0.04 906.7 9124 876.9 0.7 1.3 26
70 Liquid 298.06 19.001 897.3 0.38 0.04 903.5 907.7 872.6 0.7 1.2 2.7
71 Liquid 298.08 18.497 893.7 0.39 0.04 900.0 902.7 868.0 0.7 1.0 29
72 Liquid 298.08 18.006 890.4 0.41 0.05 896.6 897.7 863.4 0.7 0.8 3.0
73 Liquid 298.07 17.508  886.9 0.42 0.05 893.1 892.6 858.7 0.7 0.7 32
74 Liquid 298.08 17.005  883.1 0.42 0.05 889.3 887.2 853.6 0.7 05 33
75 Liquid 298.08 16.505 8793 0.43 0.05 885.5 881.7 848.5 0.7 03 35
76 Liquid 298.07 16.004 8753 045 0.05 881.6 876.0 843.2 0.7 0.1 3.7
77 Liquid 298.07 15.503 871.1 0.46 0.05 877.5 870.0 837.7 0.7 0.1 38
78 Liquid 298.07 15.005 867.0 047 0.05 873.3 863.8 832.0 0.7 04 4.0
79 Liquid 298.07 14.504 8624 0.49 0.06 868.9 8574 826.0 0.7 0.6 42
80 Liquid 298.08 14.002 857.8 0.50 0.06 864.2 850.6 819.7 0.7 0.8 44
81 Liquid 298.07 13.633  854.0 0.51 0.06 860.7 845.5 8149 0.8 1.0 4.6
82 Liquid 298.07 13.024 848.3 0.54 0.06 854.7 836.5 806.6 0.7 1.4 49
83 Liquid 298.07 12.512 8433 0.56 0.07 849.3 828.6 799.3 0.7 1.7 52
84 Liquid 298.08 11.996  837.8 0.58 0.07 843.4 820.0 791.3 0.7 2.1 56
85 Liquid 298.07 11.500 832.0 0.61 0.07 8377 811.5 7833 0.7 25 59
86 Liquid 298.08 11.013 8259 0.64 0.08 831.5 8023 774.8 0.7 29 62
87 Liquid 298.08 10.511  819.3 0.67 0.08 824.8 7924 7655 0.7 33 6.6
88 Liquid 298.07 9.998 812.8 0.72 0.09 817.5 781.5 7553 0.6 39 7.1
89 Liquid 298.07 9.500 804.5 0.77 0.10 809.7 769.9 744.5 0.6 43 175
90 Liquid 298.08 9.001 7959 0.84 0.11 801.1 757.0 732.4 0.7 49 8.0
91 Liquid 298.08 8.504 786.3  0.93 0.12 791.7 7428  719.1 0.7 55 86
92 Liquid 298.07 8.003 7752  1.04 0.13 781.1 726.6 703.9 0.8 63 92
93 Liquid 298.07 7.503 7622  1.20 0.16 768.9 707.6 686.1 0.9 7.2 10.0
94 Liquid 298.08 7.001 746.0 1.48 0.20 7543 684.1 664.0 1.1 83 11.0
95 Liquid 298.07 6.900 7423 1.55 0.21 7513  678.8 659.0 1.2 85 11.2
96 Liquid 298.06 6.801 7383  1.63 0.22 748.2 673.4 6539 1.3 88 11.4
97 Liquid 298.06  6.700 733.8 1.74 0.24 7447 6672 648.0 1.5 9.1 117
98 Liquid 298.08  6.600 729.1  1.87 0.26 7409 660.1 6413 1.6 9.5 12.0
99 Liquid 298.06  6.500 7239 2.02 0.28 737.8 653.4 635.0 1.9 9.7 123
100 Liquid 298.08  6.450 7209 2.11 0.29 7358 649.0 6309 2.1 10.0 12.5
101 Liquid 298.08 6.401 7183 221 0.31 7342 645.0 627.1 2.2 10.2 12.7
102 Liquid 298.10 6.354 716.1 2.34 0.33 732.5 640.5 6227 2.3 10.6 13.0
Absolute Average Deviation (AAD) 0.8 3.0 3.0
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Table 5.11 Experimental and modelling results for CO: + HzS at 50 °C (323.15 K)

No Phase Temp. Press. | Density (kg/m®) | Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR PR- PR PR
(£0.02) (0.005) kg/m® % CO: Pen CO: Pen
1 SC 32240 40.495 9103  0.27 0.03 922.5 951.0 9125 13 45 0.2
2 SC 32240 39.992 908.1 0.27 0.03 920.3 948.0 909.8 13 44 0.2
3 SC 32242 39.502 9060 0.27 0.03 918.1 945.0 907.0 13 43 0.1
4 SC 32241 39.014 903.8 0.27 0.03 916.0 9422 9044 13 42 0.1
5 SC 32241 38.492 9012 0.28 0.03 913.6 9389 9014 14 42 0.0
6 SC 32242 38.008 899.1 0.28 0.03 911.4 9359 8986 14 4.1 0.0
7 SC 32242 37.495 896.5 0.28 0.03 909.0 932.7 8956 14 4.0 0.1
8 SC 32241 37.001 894.2  0.29 0.03 906.7 929.5 8927 14 4.0 0.2
9 SC 32242 36.519 891.6  0.29 0.03 904.3 9263 889.8 14 39 0.2
10 SC 32242 36.000 889.0 0.29 0.03 901.8 9229 886.6 14 3.8 0.3
11 SC 32241 35495 886.3  0.29 0.03 899.3 919.5 8835 1.5 3.8 0.3
12 SC 32242 35.002 883.6  0.30 0.03 896.8 916.1 8803 1.5 3.7 0.4
13 SC 32242 34.503 880.8  0.30 0.03 894.2 912.6 877.1 1.5 3.6 0.4
14 SC 32242 34.004 878.0 0.31 0.04 891.6 909.0 873.8 1.6 3.5 0.5
15 SC 32242 33.498 8752  0.31 0.04 888.9 9053 8704 1.6 3.4 0.5
16 SC 32242 33.004 8724 0.31 0.04 886.2 901.7 867.1 1.6 3.4 0.6
17 SC 32243 32.503 869.6  0.32 0.04 883.4 8979 8635 1.6 3.3 0.7
18 SC 32243 32.002 866.5 0.32 0.04 880.6 894.0 8599 1.6 3.2 0.8
19 SC 32242 31.506 863.7 0.33 0.04 877.8 890.2 8563 1.6 3.1 0.8
20 SC 32243 31.004 860.5 0.33 0.04 874.8 886.1 852.6 1.7 3.0 0.9
21 SC  322.43 30.505 857.5 0.34 0.04 871.8 882.0 8488 1.7 29 1.0
22 SC 32243 30.006 854.1 0.34 0.04 868.7 877.8 8449 1.7 2.8 1.1
23 SC 32243 29.502 850.6  0.35 0.04 865.6 873.5 8409 1.8 2.7 1.1
24 SC 32242 29.009 847.7 0.35 0.04 862.5 869.2 837.0 1.7 2.5 1.3
25 SC 32242 27425 837.1  0.37 0.04 851.9 854.7 8235 1.8 2.1 1.6
26 SC  322.43 27.003 833.6 0.37 0.04 848.9 850.6 819.7 1.8 2.0 1.7
27 SC 32244 26506  829.2 0.38 0.05 845.2 845.6 8150 19 2.0 1.7
28 SC 32243 26.031 8249  0.39 0.05 841.7 840.8 8106 2.0 1.9 1.7
29 SC 32242 25.008 817.6 041 0.05 833.9 830.1 800.6 2.0 1.5 2.1
30 SC 32243 24.503 813.0 041 0.05 829.8 8244 7954 2.1 1.4 2.2
31 SC 32244 24134 809.6 0.42 0.05 826.7 820.2 7915 2.1 1.3 2.2
32 SC 32243 20.544 7803 0.52 0.07 792.5 7739 7482 1.6 0.8 4.1
33 SC 32240 20400 7754 0.52 0.07 791.1 7719 7464 2.0 04 3.7
34 SC 32243 20.014 767.7 0.53 0.07 786.5 7659 7408 24 0.2 3.5
35 SC 32243 19480 761.0 0.55 0.07 780.3 757.5 7329 25 0.5 3.7
36 SC 32243 19.007 754.0 0.57 0.08 774.4 749.7 7256 277 0.6 3.8
37 SC 32244 18728  748.8 0.59 0.08 770.8 7449 721.1 29 0.5 3.7
38 SC 32242 18.005 740.8  0.62 0.08 761.2 732.1 709.1 2.7 1.2 4.3
39 SC 32243 17.599 7352 0.64 0.09 7553 7244 701.8 27 1.5 4.5
40 SC 32243 17.106  726.5 0.68 0.09 7477 714.6 6926 29 1.6 4.7
41 SC 32243 16.502 7145 0.72 0.10 737.8 701.7 680.6 33 1.8 4.7
42 SC 32244 16.031 705.9  0.77 0.11 729.3 6909 6704 33 2.1 5.0
43  SC 32243 15744 699.2 0.80 0.11 7239 684.1 6640 35 2.1 5.0
44  SC  322.43 15.001 682.0 0.89 0.13 708.5 665.0 6459 39 25 53
45 SC 32242 14.515 671.3  0.96 0.14 697.1 651.2 633.0 39 3.0 5.7
46 SC 32244 14019 6555 1.06 0.16 683.9 6357 6182 43 3.0 5.7
47 SC 32242 13.503 640.1 1.18 0.18 668.6 618.2 601.7 44 34 6.0
48 SC 32243 12996 6209 1.34 0.22 650.7 598.6 583.1 48 3.6 6.1
49 SC 32244 12562 601.0 1.53 0.25 632.5 579.7 5652 53 3.5 6.0
50 SC 32244 12.023 577.0 1.85 0.32 605.0 553.0 5398 49 42 6.4
51 SC 32242 11.519 546.6  2.28 0.42 5722 523.8 5119 47 42 6.3
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No Phase Temp. Press. | Density (kg/m’) Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR PR- PR PR
(£0.02) (+0.005) kg/m’ % CO: Pen CO: Pen

52 SC 32242 11.009 4989 294 0.59 528.1 488.0 4776 59 22 43
53 SC 32240 10.500 4483 3.64 0.81 472.1 4449 4364 53 08 2.7
54 SC 32238 10.005 4015 3.78 0.94 409.0 3964 3895 19 13 3.0
55 SC 32239 9.505 3415 1.19 0.35 346.5 3453 340.1 15 1.1 0.4
56 SC 32243 9.001 280.6  0.83 0.30 2944 298.8 2949 49 6.5 5.1
57 SC 32245 8.500 2472 0.59 0.24 254.1 2603 2573 28 53 4.1
58 SC 32246 8.000 2179 045 0.21 2220 2283 2261 19 48 38
59 SC 32246 7.503 1927 0.36 0.19 195.6 2014 1996 15 45 3.6
60 SC 32247 17.001 170.9  0.30 0.17 172.8 1779 1765 1.1 4.1 3.3
61 SC 32247 6.501 1515 0.25 0.17 153.0 1573 1562 09 38 3.1
62 SC 32247 6.004 1339 0.22 0.16 1354 1389 1381 1.1 3.8 3.1
63 SC 32247 5.503 118.8 0.19 0.16 1193 1222 1216 05 29 24
64 SC 32248 5.004 103.9  0.17 0.17 104.7 107.0 1065 0.7 3.0 25
65 SC 32248 4.501 90.7  0.16 0.17 91.1 929 926 04 24 20
66 SC 32248 3.994 771.8  0.14 0.18 784 798 795 07 25 22
67 SC 32248 3.544 66.6 0.13 0.20 678 688 686 18 34 3.1
68 SC 32247 3.003 55.8  0.12 0.22 558 565 564 00 14 1.1
69 SC 32248 2.803 515  0.12 0.23 515 522 520 00 13 1.0
70 SC 32248 2.504 453  0.11 0.25 453 458 458 0.0 1.2 1.0
71 SC 32248 2.249 40.2  0.11 0.27 40.2 406 406 0.1 1.1 0.9
72 SC 32249 2.003 353  0.11 0.30 354 357 357 03 12 1.1
73 SC 32249 1.749 30.7  0.10 0.34 30,5 308 307 06 02 0.1
74 SC 32248 1.500 259 0.10 0.39 259 261 261 00 06 05
75 SC 32249 1.306 22.1  0.10 0.45 224 225 225 1.1 18 1.7
76 SC 32248 1.002 16.8  0.10 0.57 169 17.0 17.0 0.6 1.1 1.0
77 SC 32249  0.801 13.5 0.09 0.70 134 135 135 08 05 05
78 SC 32249 0.602 10.1  0.09 0.91 10.0 100 100 12 09 09
79 SC 32249 0498 8.0 0.09 1.14 8.2 8.3 83 30 32 32
80 SC 32248 0.395 6.4 0.09 1.41 6.5 6.5 65 12 13 1.3
81 SC 32248 0.298 4.5 0.09 2.00 4.9 4.9 49 86 87 87
82 SC 32248 0.201 34 0.09 2.62 33 33 33 33 33 3.3
8 SC 32248 0.109 1.7 0.07 4.11 1.8 1.8 1.8 1.7 1.7 1.7

Absolute Average Deviation (AAD) 21 27 2.4

178



Chapter 5: Density of acid gases and liquids

Table 5.12 Experimental and modelling results for CO2 + H:S at 80 °C (353.15 K)

No Phase Temp. Press. | Density (kg/m?) |Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR- PR- PR PR-

(£0.02) (£0.005) kg/m® % CO: Pen CO: Pen

1 SC 35298 40.721 8149 0.30 0.04 823.2 8343 8046 1.0 24 1.3
2 SC 35299 40.702 8144  0.30 0.04 823.1 8342 8044 1.1 24 1.2
3 SC 35297 40.515 813.3 0.30 0.04 822.0 8328 803.1 1.1 24 1.2
4 SC 35298 40.059 810.8 0.31 0.04 819.3 829.1 799.8 1.0 23 1.4
5 SC 35298 39.509 807.3 0.31 0.04 8159 8248 7957 1.1 22 1.4
6 SC 35298 39.054 803.9 0.31 0.04 813.0 821.1 7922 1.1 2.1 1.5
7 SC 35295 38517 800.4 0.32 0.04 809.8 816.7 7882 12 2.0 1.5
8 SC 35296 38.004 797.0 0.32 0.04 806.4 8124 7842 12 1.9 1.6
9 SC 35296 37.470 794.1 0.33 0.04 8029 807.8 7799 1.1 1.7 1.8
10 SC 35296 37.004 790.2 0.33 0.04 799.8 803.7 776.1 12 1.7 1.8
11 SC 35296 36.555 786.3  0.34 0.04 796.7 799.8 7724 13 1.7 1.8
12 SC 35296 35917 782.8 0.34 0.04 7922 7939 7670 12 1.4 2.0
13 SC 35293 35.508 779.2  0.35 0.04 7894 7903 7635 13 1.4 2.0
14 SC 35296 35.000 774.5  0.35 0.05 785.5 7854 7590 14 14 2.0
15 SC 35296 34514 770.9  0.35 0.05 7819 780.7 7546 14 13 2.1
16 SC 35296 33.999 767.0 0.36 0.05 778.0 775.6 7498 14 1.1 2.2
17 SC 35294 33.504 763.1  0.37 0.05 774.1 7707 7452 14 1.0 2.3
18 SC 35296 33.000 758.5 0.38 0.05 770.0 7654 7403 1.5 09 2.4
19 SC 35296 32.501 7539 0.38 0.05 7659 760.1 7354 16 0.8 2.5
20 SC 35296 32.001 749.7  0.39 0.05 761.7 7547 7303 16 0.7 2.6
21 SC 35296 31.506 745.0 0.40 0.05 7574 7493 7252 1.7 0.6 2.7
22 SC 35296 31.043 741.1  0.41 0.06 7533 7440 7203 16 04 2.8
23 SC 35297 30.503 735.1  0.41 0.06 7482 737.8 7144 18 04 2.8
24 SC 35297 30.006 7302  0.42 0.06 743.5 731.8 7088 1.8 0.2 2.9
25 SC 35297 29.502 7247  0.44 0.06 738.6 7257 703.1 19 0.1 3.0
26  SC 35298 29.007 719.7 0.44 0.06 733.6 7194 6972 19 0.0 3.1
27 SC 35298 28.505 7144 045 0.06 7284 7130 691.1 20 0.2 33
28 SC 35299 28.006 708.6  0.47 0.07 723.0 7063 6849 20 03 33
29 SC 35297 27.507 702.5 0.47 0.07 717.5 699.6 6786 2.1 04 34
30 SC 35298 27.002 696.2  0.49 0.07 711.7 6925 6719 22 0.5 3.5
31 SC 35298 26.504 690.1  0.50 0.07 705.7 6853 665.1 23 0.7 3.6
32 SC 35298 25.999 683.7 0.52 0.08 699.5 677.7 6580 23 09 3.8
33 SC 35297 25.500 676.5 0.53 0.08 693.1 670.1 650.8 24 09 3.8
34 SC 35297 25.005 669.8 0.54 0.08 6864 6623 6434 25 1.1 3.9
35 SC 35296 24.499 6624  0.57 0.09 679.3 6540 6355 25 13 4.1
36 SC 35298 24.005 654.6  0.58 0.09 6719 6455 6275 26 1.4 4.1
37 SC 35298 23.503 646.1  0.60 0.09 664.2 636.6 619.1 28 1.5 4.2
38 SC 35298 23.002 637.9 0.63 0.10 656.0 6274 6104 28 1.6 43
39 SC 35299 22.505 6294  0.65 0.10 647.5 6179 6014 29 1.8 4.4
40 SC 35298 22.006 619.7 0.68 0.11 638.6 608.1 592.1 3.1 19 44
41 SC 35298 21.508 610.3 0.70 0.12 629.1 5979 5824 3.1 2.0 4.6
42 SC 35296 20.999 599.7 0.74 0.12 6189 587.0 572.1 32 2.1 4.6
43 SC 35296 20.506 5894  0.77 0.13 608.3 5760 5616 32 23 4.7
44 SC 35296 19.998 5775 0.81 0.14 596.7 564.1 5503 33 23 4.7
45 SC 35297 19.503 564.8 0.85 0.15 584.5 5519 5388 35 23 4.6
46 SC 35296 19.005 5512 0.89 0.16 571.6 5393 5267 3.7 22 4.5
47 SC 35298 18.502 536.7 0.93 0.17 557.4 5257 5137 38 2.1 43
48 SC 35298 18.005 522.1  0.97 0.19 542.5 511.7 5004 39 2.0 4.2
49 SC 35296 17.499 505.7 1.03 0.20 5264 497.0 4863 4.1 1.7 3.8
50 SC 35297 17.001 488.9 1.07 0.22 509.2 481.6 4715 42 1.5 3.6
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No Phase Temp. Press. | Density (kg/m3) Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR- PR- PR PR-
(£0.02) (0.005) kg/m’ % CO: Pen CO: Pen

51 SC 35297 16500  471.0 1.12 0.24 490.8 4654 4560 42 12 32
52 SC 35298 16.003 4522  1.16 0.26 471.5 448.7 4399 43 08 2.7
53 SC 353.00 15.503 4329 1.20 0.28 4509 431.0 4230 42 04 23
54 SC 35299 15.001 4125 1.22 0.30 429.5 4129 4055 41 0.1 1.7
55 SC 35298 14500  391.7 1.23 0.31 407.5 3942 3875 4.0 0.6 1.1
56 SC 35298 14.003 3716 1.23 0.33 3852 3752 369.1 37 1.0 0.7
57 SC 35298 13.497 3502 1.20 0.34 362.4 3555 3500 35 15 0.1
58 SC 35297 13.007 3294 1.17 0.35 340.5 3364 3314 34 2.1 0.6
59 SC 353.00 12.511 3088  1.12 0.36 3186 3169 3125 32 2.6 1.2
60 SC 35299 12.007 288.6 1.06 0.37 2972 2974 2936 3.0 3.1 1.7
61 SC 35298 11.500 2689 1.00 0.37 276.6 2783 2749 29 35 22
62 SC 35298 10.998 250.1 0.94 0.37 257.1 259.7 256.8 28 38 2.6
63 SC 35299 10504 2328 0.88 0.38 238.8 2420 2395 25 40 28
64 SC 35299 9.987 2177 0.27 0.13 220.6 2243 2221 14 3.0 20
65 SC 35299 9.504 2024 0.25 0.12 204.6 2083 2064 1.1 29 20
66 SC 35299 9.009 187.0 0.23 0.12 189.0 192.7 191.1 1.1 3.0 22
67 SC 35298 8504 172.4  0.21 0.12 173.9 1774 176.1 09 29 21
68 SC 353.00 8.009 158.7 0.19 0.12 1599 163.1 1620 08 28 2.1
69 SC 35299 7.526 1457 0.18 0.13 1469 1498 1489 08 29 22
70  SC 353.00 7.006 1328 0.16 0.12 1335 1362 1353 05 25 1.9
71  SC 35298 6.499 120.5  0.15 0.13 121.1 1235 1228 0.6 2.5 1.9
72 SC 35298 6.017 1093  0.14 0.13 1099 1119 1113 06 24 1.9
73 SC 35298 5511 98.1 0.14 0.14 98.6 1003 998 05 22 1.8
74 SC 35299 5.014 873 0.13 0.15 879 893 890 07 24 20
75 SC 35298 4.496 772  0.12 0.16 713 784 782 0.1 1.6 1.2
76  SC 35298 4.015 67.8 0.11 0.17 67.8 687 685 0.1 14 1.1
77 SC 35298 3.498 57.6  0.11 0.19 58.0 587 585 06 19 1.6
78 SC 35297 3.004 48.9  0.10 0.21 489 495 493 01 12 09
79 SC 35298 2.801 448  0.10 0.23 453 458 457 1.1 20 1.8
80 SC 35297 2517 40.0 0.10 0.25 40.3 40.7 406 08 1.7 1.5
81 SC 35297 2253 355  0.10 0.27 358 361 36.0 0.7 15 1.4
82 SC 35297 2.019 31.5  0.10 0.30 31.8° 321 320 1.0 1.7 1.6
83 SC 35298 1.745 27.0  0.09 0.34 273 274 274 12 18 1.7
84 SC 35299 1.523 233 0.09 0.39 23.6 238 237 15 20 1.9
85 SC 35298 1.267 19.0  0.09 0.47 195 196 196 25 30 29
86 SC 35299 0.998 15.1  0.09 0.58 152 153 153 12 1.6 1.5
87 SC 35299 0.754 11.4  0.09 0.76 114 115 115 00 03 0.3
88 SC 353.00 0.502 7.6 0.08 1.12 7.6 7.6 76 05 03 0.3
89 SC 35299 0.399 59 0.08 1.42 6.0 6.0 60 07 09 09
90 SC 353.00 0.304 44 0.08 1.91 4.5 4.6 46 39 40 40
91 SC 353.00 0.202 3.0 0.08 2.77 3.0 3.0 30 05 06 0.6

Absolute Average Deviation (AAD) 20 1.7 2.4
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Table 5.13 Experimental and modelling results for CO2 + SO; at 0 °C (273.15 K)

No Phase Temp. Press. | Density (kg/m®) | Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR- PR- PR PR-
(£0.02)  (£0.005) kg/m?3 % CO: Pen CO: Pen
1 Gas 272.65 0.226 4.8 0.11 2.23 4.6 4.6 4.6 40 4.0 4.0
2 Gas 272.65 0.407 8.5 0.11 1.28 8.3 8.3 8.3 20 20 2.1
3 Gas 272.65 0.503 10.6  0.11 1.05 10.4 10.4 104 2.0 2.1 2.1
4 Gas 272.65 0.752 16.2  0.12 0.71 15.9 15.9 15.8 2.1 22 2.3
5 Gas 272.65 1.013 22.1  0.12 0.55 219 219 218 1.0 1.0 1.1
6 Gas 272.65 1.252 279  0.13 0.46 277 276 276 1.0 1.1 1.2
7 Gas 272.65 1.506 344 0.14 0.39 34.1 34.1 340 09 1.0 1.1
8 Gas 272.65 1.752 409 0.15 0.35 40.7 40.7 406 05 0.6 0.8
9 Gas 272.65 1.998 479 0.16 0.32 478 477 476 03 04 0.6
10 Gas 272.65 2.258 56.8  0.23 0.40 557 556 555 19 21 2.3
11 Gas 272.66 2.505 67.2 031 0.47 63.9 638 63.6 49 5.1 5.3
12 Liquid 273.54 41.723 1110.7 0.22 0.02 1110.6 1168.1 1115.0 0.0 5.2 0.4
13 Liquid 273.56 41.601 11104 0.22 0.02 1110.3 1167.7 11147 0.0 52 0.4
14 Liquid 273.55 41.016 1109.0 0.22 0.02 1109.0 1166.0 1113.1 0.0 5.1 0.4
15 Liquid 273.55 40.508 1107.8 0.22 0.02 1107.8 11644 1111.7 0.0 5.1 0.4
16 Liquid 273.55 40.023 1106.6 0.12 0.01 1106.7 11629 11103 0.0 5.1 0.3
17 Liquid 273.55 39.553 1105.7 0.22 0.02 1105.6 1161.5 1109.0 0.0 5.0 0.3
18 Liquid 273.55 38.992 1104.0 0.22 0.02 1104.2 1159.7 11074 0.0 5.0 0.3
19 Liquid 273.54 38.558 1103.1 0.22 0.02 1103.3 11583 1106.2 0.0 5.0 0.3
20 Liquid 273.54 38.033 1101.8 0.22 0.02 1102.0 1156.7 1104.7 0.0 5.0 0.3
21 Liquid 273.54 37.529 1100.5 0.22 0.02 1100.7 1155.1 1103.2 0.0 5.0 0.2
22 Liquid 273.54 37.047 1099.0 0.22 0.02 1099.6 1153.5 1101.7 0.1 5.0 0.3
23 Liquid 273.54 36.490 1097.6 0.22 0.02 1098.2 1151.6 1100.1 0.1 4.9 0.2
24 Liquid 273.54 36.045 1096.7 0.22 0.02 1097.1 1150.2 1098.7 0.0 4.9 0.2
25 Liquid 273.54 35.534 1095.1 0.22 0.02 1095.8 1148.4 1097.1 0.1 49 0.2
26 Liquid 273.54 35.043 1093.9 0.27 0.03 1094.6 1146.7 1095.6 0.1 4.8 0.2
27 Liquid 273.54 34.491 1092.3 0.22 0.02 10932 1144.8 10939 0.1 4.8 0.1
28 Liquid 273.54 34.032 1091.1 0.22 0.02 1092.0 1143.3 10924 0.1 48 0.1
29 Liquid 273.54 33.521 1089.7 0.22 0.02 1090.7 1141.5 1090.8 0.1 4.8 0.1
30 Liquid 273.54 33.027 1088.3 0.22 0.02 1089.4 1139.7 1089.2 0.1 4.7 0.1
31 Liquid 273.54 32.491 1086.7 0.27 0.03 1088.0 1137.8 1087.4 0.1 4.7 0.1
32 Liquid 273.54 31.975 1085.1 0.22 0.02 1086.6 11359 1085.7 0.1 4.7 0.1
33 Liquid 273.55 31.482 1083.6 0.22 0.02 1085.3 1134.0 1084.0 0.1 4.7 0.0
34 Liquid 273.55 30.952 1082.2 0.22 0.02 1083.8 1132.1 10822 0.1 4.6 0.0
35 Liquid 273.54 30.524 1080.9 0.22 0.02 1082.7 1130.5 1080.8 0.2 4.6 0.0
36 Liquid 273.55 30.026 1079.4 0.27 0.03 1081.2 1128.6 1079.0 0.2 4.6 0.0
37 Liquid 273.54 29.514 1077.7 0.22 0.02 1079.9 1126.6 1077.2 0.2 4.5 0.0
38 Liquid 273.54 29.024 1076.3 0.22 0.02 1078.5 1124.7 10754 0.2 4.5 0.1
39 Liquid 273.55 28.539 10749 0.22 0.02 1077.1 11227 1073.6 0.2 44 0.1
40 Liquid 273.55 28.041 1073.0 0.27 0.03 1075.7 1120.7 1071.8 0.2 4.4 0.1
41 Liquid 273.55 27.554 1071.7 0.22 0.02 1074.3 1118.7 1070.0 0.2 4.4 0.2
42 Liquid 273.54 26.999 1069.9 0.22 0.02 1072.7 1116.5 1068.0 03 4.4 0.2
43 Liquid 273.55 26.484 1068.3 0.22 0.02 1071.1 11143 10659 03 43 0.2
44 Liquid 273.55 26.016 1066.9 0.32 0.03 1069.7 11123 1064.1 03 43 0.3
45 Liquid 273.54 25.506 1065.1 0.22 0.02 1068.2 1110.2 10622 0.3 4.2 0.3
46 Liquid 273.55 25.039 1063.6 0.27 0.03 1066.8 1108.1 1060.3 03 4.2 0.3
47 Liquid 273.55 24.523 1061.9 0.22 0.02 10652 1105.8 10582 03 4.1 0.4
48 Liquid 273.55 24.032 10604 0.27 0.03 1063.7 1103.7 1056.2 03 4.1 0.4
49 Liquid 273.56 23.496 10584 0.32 0.03 1061.9 1101.2 10539 03 4.0 0.4
50 Liquid 273.57 23.015 1056.6 0.32 0.03 1060.4 1098.9 10519 04 4.0 0.5
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No Phase Temp. Press. | Density (kg/m’) Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR- PR- PR PR-
(£0.02) (£0.005) kg/m?3 % CO: Pen CO: Pen
51 Liquid 273.56 22.501 10549 0.22 0.02 1058.8 1096.6 1049.7 04 4.0 0.5
52 Liquid 273.56 21.993 1053.0 0.27 0.03 1057.1 1094.1 1047.5 04 39 0.5
53 Liquid 273.56 21.519 1051.3  0.32 0.03 1055.6 1091.9 10454 04 39 0.6
54 Liquid 273.56 21.029 1049.7 0.27 0.03 10539 1089.4 10432 04 3.8 0.6
55 Liquid 273.55 20.535 1047.9 0.22 0.02 1052.3 1087.1 1041.0 04 3.7 0.7
56 Liquid 273.56 20.028 1046.0 0.32 0.03 1050.6 1084.4 1038.6 04 3.7 0.7
57 Liquid 273.56 19.509 1044.0 0.22 0.02 1048.8 1081.7 1036.1 0.5 3.6 0.8
58 Liquid 273.56 19.000 1042.1 0.32 0.03 1047.0 1079.1 1033.7 0.5 3.5 0.8
59 Liquid 273.56 18.515 1040.1 0.32 0.03 10453 1076.5 1031.3 0.5 3.5 0.8
60 Liquid 273.56 18.049 1038.2 0.27 0.03 1043.6 1074.0 1029.0 0.5 34 0.9
61 Liquid 273.56 17.514 1036.2 0.27 0.03 1041.7 1071.1 10263 0.5 3.4 1.0
62 Liquid 273.57 17.024 10342 0.32 0.03 1039.8 1068.2 1023.7 0.5 3.3 1.0
63 Liquid 273.57 16.500 1031.9 0.32 0.03 1037.9 1065.3 1021.0 0.6 3.2 1.1
64 Liquid 273.57 15.999 1029.8 0.27 0.03 1036.0 1062.3 10183 0.6 3.2 1.1
65 Liquid 273.58 15.602 1028.1 0.32 0.03 1034.4 1060.0 1016.1 0.6 3.1 1.2
66 Liquid 273.57 14.951 1025.4 0.32 0.03 1032.0 1056.0 1012.5 0.6 3.0 1.3
67 Liquid 273.57 14.518 1023.6  0.27 0.03 1030.3 10534 1010.0 0.6 29 1.3
49 Liquid 273.56 23.496 1058.4 0.32 0.03 1061.9 1101.2 10539 03 4.0 0.4
69 Liquid 273.56 13.506 1019.3  0.32 0.03 1026.2 1047.0 10042 0.7 2.7 1.5
70 Liquid 273.56 13.012 1017.2  0.32 0.03 1024.1 1043.7 1001.2 0.7 2.6 1.6
71 Liquid 273.56 12.509 1014.7 0.32 0.03 1022.1 10403 998.0 0.7 2.5 1.6
72 Liquid 273.57 12.005 1012.2  0.32 0.03 1019.9 1036.8 9948 08 24 1.7
73 Liquid 273.57 11.502 1009.5 0.32 0.03 1017.7 10332 991.5 0.8 24 1.8
74 Liquid 273.57 11.003 1007.0 0.32 0.03 1015.5 1029.6 9882 0.8 23 1.9
75 Liquid 273.57 10.516 1004.5 0.37 0.04 1013.3 1026.0 9849 09 2.1 1.9
76 Liquid 273.57 9.944 1001.9 0.32 0.03 1010.7 1021.7 9809 09 2.0 2.1
77 Liquid 273.58 9.518 999.7 0.37 0.04 1008.7 10183 9777 09 19 2.2
78 Liquid 273.58 9.008 996.7  0.37 0.04 1006.3 10142 9740 1.0 1.8 2.3
79 Liquid 273.58 8.503 993.8 0.37 0.04 1003.8 1010.0 970.1 1.0 1.6 2.4
80 Liquid 273.60 8.003 990.6  0.38 0.04 1001.3 1005.6 966.1 1.1 1.5 2.5
81 Liquid 273.60 7.688 987.5 0.38 0.04 999.7 10029 963.6 12 1.6 2.4
82 Liquid 273.60 7.034 984.6  0.39 0.04 9964 997.0 958.1 12 13 2.7
83 Liquid 273.60 6.503 981.9 0.40 0.04 993.7 992.0 9535 12 1.0 2.9
84 Liquid 273.60 6.005 978.7 041 0.04 991.1 987.2 949.1 13 09 3.0
85 Liquid 273.60 5.521 9755 042 0.04 988.5 9824 9446 13 0.7 3.2
86 Liquid 273.61 5.013 972.1 043 0.04 9857 977.0 9396 14 05 3.3
87 Liquid 273.61 4.518 968.2 0.44 0.05 983.0 971.7 9347 15 04 3.5
88 Liquid 273.60 4.001 964.9 045 0.05 980.1 9659 9293 1.6 0.1 3.7
Absolute Average Deviation (AAD) 0.6 34 1.1
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Table 5.14 Experimental and modelling results for CO: + SOz at 10 °C (283.15 K)

No Phase Temp. Press. | Density (kg/m?) | Abs Deviation (%)
K MPa Exp. uc(p) uc(p) PR- PR PR- PR- PR PR
(£0.02) (£0.005) +0.05%  kg/m’® % CO: Pen CO: Pen
1 Gas  282.66 0.120 2.5 0.10 4.13 2.3 2.3 2.3 55 55 5.5
2 Gas 282.66 0.211 4.3 0.10 2.37 4.1 4.1 4.1 54 53 53
3 Gas 282.66 0.301 6.1 0.10 1.69 5.9 5.9 5.9 42 4.1 4.1
4 Gas 282.66 0.408 8.5 0.11 1.24 8.0 8.0 8.0 53 52 5.2
5 Gas 282.66 0.511 10.6 0.11 1.01 10.1 10.1 10.1 43 4.0 4.1
6 Gas 282.66 0.608 12.3 0.11 0.88 12.1 12.2 122 14 1.1 1.2
7 Gas 282.65 0.800 16.5 0.11 0.68 16.2 16.2 162 19 1.5 1.6
8 Gas 282.66 1.009 21.1 0.12 0.55 20.7 20.8 208 19 14 1.5
9 Gas 282.65 1.249 26.3 0.12 0.46 26.1 26.3 262 0.6 0.0 0.1
10 Gas 282.66 1.509 32.8 0.13 0.39 322 324 324 1.8 1.1 1.2
11 Gas 282.66 1.705 37.5 0.13 0.35 37.2 37.3 373 0.7 04 0.5
12 Gas 282.66 1.909 42.7 0.14 0.33 42.3 42.6 425 09 02 0.4
13 Gas 282.66 2.010 45.2 0.14 0.32 45.5 45.3 452 07 02 0.0
14 Gas 282.66 2.199 50.5 0.15 0.29 50.8 50.5 504 0.5 0.1 0.3
15 Gas 282.66 2.508 59.6 0.16 0.27 59.8 59.5 594 03 0.2 0.5
16 Gas 282.66 2.702 65.5 0.17 0.26 65.9 65.5 654 0.7 0.1 0.2
17 Gas 282.66 3.008 76.0 0.19 0.26 76.3 75.8 756 03 03 0.6
18 Gas 282.66 3.206 84.3 0.33 0.39 83.5 83.0 82.7 10 1.6 1.9
19 Gas 282.66 3.305 89.3 0.38 0.43 87.3 86.8 86.5 22 28 3.1
20 Gas 282.66 3.403 94.6 0.45 0.48 91.3 90.7 903 3.6 42 4.5
21  Gas 282.66 3.503 100.0 0.56 0.56 95.4 94.8 945 45 51 5.5
22 Gas 282.67 3.602 104.8 0.72 0.69 99.7 99.1 98.7 48 54 5.8
23 Liquid 283.32 40.729 1080.4 0.22 0.02 1079.9 11324 1082.5 0.1 48 0.2
24 Liquid 283.33  40.700 1080.6  0.22 0.02 1079.8 11322 1082.4 0.1 4.8 0.2
25 Liquid 283.33  40.601 1080.3  0.22 0.02 1079.5 11319 1082.1 0.1 48 0.2
26 Liquid 283.33  40.145 1078.8  0.22 0.02 1078.3 1130.3 1080.6 0.0 4.8 0.2
27 Liquid 283.32  39.558 1077.4  0.22 0.02 1076.8 1128.3 1078.7 0.1 4.7 0.1
28 Liquid 283.32  39.056 1076.1  0.22 0.02 1075.5 1126.5 1077.1 0.0 4.7 0.1
29 Liquid 283.32 38.461 1074.6  0.22 0.02 1074.0 11244 1075.1 0.1 4.6 0.1
30 Liquid 283.31 38.061 1073.3  0.22 0.02 1072.9 11229 1073.9 0.0 4.6 0.1
31 Liquid 283.31 37.578 1072.1  0.22 0.02 1071.6 1121.2 10722 0.0 4.6 0.0
32 Liquid 283.32 37.026 1070.5 0.22 0.02 1070.1 1119.1 1070.3 0.0 4.5 0.0
33 Liquid 283.31 36.515 1068.6  0.22 0.02 1068.7 1117.2 1068.6 0.0 4.5 0.0
34 Liquid 283.31 36.037 1067.5 0.22 0.02 1067.4 11154 10669 0.0 4.5 0.0
35 Liquid 283.31 35.516 1065.8  0.22 0.02 10659 11134 1065.1 0.0 4.5 0.1
36 Liquid 283.32  34.989 10643  0.22 0.02 1064.4 1111.3 1063.2 0.0 44 0.1
37 Liquid 283.31 34.500 1062.8  0.22 0.02 1063.0 1109.4 10614 0.0 44 0.1
38 Liquid 283.32 33.995 1060.8  0.22 0.02 1061.5 1107.3 1059.6 0.1 44 0.1
39 Liquid 283.32  33.527 1059.6  0.22 0.02 1060.2 11054 1057.8 0.1 43 0.2
40 Liquid 283.32  33.032 1057.9  0.22 0.02 1058.7 1103.4 1056.0 0.1 43 0.2
41 Liquid 283.32 32.516 1056.2  0.22 0.02 10572 1101.3 1054.0 0.1 43 0.2
42 Liquid 283.32  32.033 1054.6  0.32 0.03 1055.8 1099.3 1052.1 0.1 4.2 0.2
43 Liquid 283.32  31.500 1052.8  0.22 0.02 10542 1097.0 1050.1 0.1 4.2 0.3
44 Liquid 283.32  31.007 10509 0.32 0.03 1052.6 1094.8 1048.1 0.2 4.2 0.3
45 Liquid 283.32  30.506 1049.6  0.32 0.03 1051.1 1092.6 1046.1 0.1 4.1 0.3
46 Liquid 283.32  30.008 1047.3  0.27 0.03 1049.5 10904 1044.1 0.2 4.1 0.3
47 Liquid 283.32 29.470 1045.7 0.22 0.02 1047.9 1088.0 10419 0.2 4.1 0.4
48 Liquid 283.32  29.081 1044.1  0.32 0.03 1046.6 1086.2 1040.2 0.2 4.0 0.4
49 Liquid 283.32 28.527 10424  0.22 0.02 1044.8 1083.7 10379 0.2 4.0 0.4
50 Liquid 283.32  28.043 1040.7  0.22 0.02 1043.2 10814 10358 0.2 3.9 0.5
51 Liquid 283.31 27.537 1038.9  0.22 0.02 1041.6 1079.1 1033.7 03 3.9 0.5

183



Chapter 5: Density of acid gases and liquids

No Phase Temp. Press. | Density (kg/m3) Abs Deviation (%)
K MPa Exp. uc(p) uc(p) PR- PR PR- PR- PR PR
(£0.02) (£0.005) £0.05% kg/m’ % CO: Pen CO: Pen

52 Liquid 283.32  27.023 1037.0  0.22 0.02 1039.8 1076.6 1031.3 03 3.8 0.6
53 Liquid 283.32  26.503 10349 0.32 0.03 1038.1 1074.0 1029.0 03 3.8 0.6
54 Liquid 28332 26.038  1033.5 0.22 0.02 1036.5 1071.7 10269 03 3.7 0.6
55 Liquid 28332 25509 10313 0.27 0.03 1034.7 1069.1 10244 03 3.7 0.7
56 Liquid 28332  25.025 1029.4  0.32 0.03 1033.0 1066.5 10222 04 3.6 0.7
57 Liquid 283.32 24.535 1027.4  0.32 0.03 1031.2 1064.0 1019.8 04 3.6 0.7
58 Liquid 283.33 24.074 10253  0.22 0.02 1029.5 1061.5 1017.6 04 3.5 0.8
59 Liquid 283.32 23.509 10233 0.22 0.02 1027.6 10585 10148 04 34 0.8
60 Liquid 283.32 23.052  1021.8 0.32 0.03 1025.8 1056.0 10125 04 34 09
61 Liquid 283.32  22.565 1019.8  0.32 0.03 1024.0 1053.3 1010.0 04 3.3 1.0
62 Liquid 28332 22.046 1017.6 0.22 0.02 1022.1 1050.4 1007.3 04 3.2 1.0
63 Liquid 28332 21.504 10153 0.27 0.03 1020.0 10473 10044 05 3.2 1.1
64 Liquid 28332 21.035 1013.2  0.22 0.02 1018.1 1044.5 10019 0.5 3.1 1.1
65 Liquid 28332 20.507 1011.0 0.27 0.03 1016.1 10413 999.0 0.5 3.0 1.2
66 Liquid 283.32  20.038  1008.7  0.32 0.03 1014.2 10385 9964 05 29 1.2
67 Liquid 283.32 19496  1006.2  0.27 0.03 1012.0 1035.1 9933 06 29 1.3
68 Liquid 283.32 19.016  1004.1  0.27 0.03 1010.0 1032.1 9905 0.6 2.8 1.4
69 Liquid 283.32 18.520  1001.7  0.27 0.03 1007.9 10289 9875 0.6 2.7 1.4
70 Liquid 283.33  18.078 999.5 0.32 0.03 1006.0 10259 984.8 0.6 2.6 1.5
71 Liquid 28332 17.551 996.8  0.33 0.03 1003.7 10224 9815 0.7 2.6 1.5
72 Liquid 283.32  17.047 9947  0.33 0.03 1001.5 10189 9783 0.7 24 1.6
73 Liquid 283.32 16.561 992.4 034 0.03 999.3 10155 9752 0.7 23 1.7
74 Liquid 283.32  16.044 989.5 0.34 0.03 997.0 1011.8 971.7 0.8 22 1.8
75 Liquid 283.32  15.505 986.8  0.35 0.04 9945 1007.8 968.1 0.8 2.1 1.9
76 Liquid 283.32  15.011 984.1 0.34 0.03 992.1 1004.1 9646 08 20 2.0
77 Liquid 283.32  14.496 980.8  0.36 0.04 989.7 1000.1 9609 09 20 2.0
78 Liquid 283.33  14.003 9782 036 0.04 9872 996.1 9573 09 1.8 2.1
79 Liquid 283.32 13.536 975.3 0.37 0.04 9849 9923 9538 10 1.7 22
80 Liquid 283.32  13.000 972.6 037 0.04 982.1 987.8 9496 10 16 24
81 Liquid 28332 12.514 969.7  0.38 0.04 979.6 983.6 9457 10 14 25
82 Liquid 283.32  12.009 966.2  0.39 0.04 9769 979.1 9416 1.1 13 2.5
83 Liquid 283.33 11.512 963.0  0.39 0.04 9742 9745 9373 12 1.2 2.7
84 Liquid 283.32  11.007 9599  0.40 0.04 9714 9698 933.0 12 10 28
85 Liquid 283.32  10.507 956.6  0.41 0.04 968.6 9649 9284 13 09 29
86 Liquid 28332  9.995 9533 0.41 0.04 965.6  959.7 9236 13 0.7 3.1
87 Liquid 283.32  9.510 949.7 043 0.05 962.7 9546 9190 14 05 32
88 Liquid 283.33 9.019 946.2  0.44 0.05 9598 9492 9139 14 03 3.4
89 Liquid 283.33 8.543 9428 045 0.05 956.8 9439 9090 1.5 0.1 3.6
90 Liquid 283.32  8.008 938.7  0.47 0.05 9535 9377 9032 1.6 0.1 3.8
91 Liquid 283.32  7.506 93477 048 0.05 9503 9315 8974 1.7 03 4.0
92 Liquid 283.32  7.000 929.5 0.49 0.05 947.0 9250 8914 19 05 4.1
93 Liquid 283.32  6.507 925.6  0.50 0.05 9438 9183 8852 20 0.8 4.4
94 Liquid 28332  6.002 920.8  0.52 0.06 940.4 911.1 8785 2.1 1.0 4.6
95 Liquid 28332  5.506 916.4  0.55 0.06 937.1 903.7 8716 23 14 49
96 Liquid 28332  5.005 9104  0.57 0.06 9339 8957 864.1 2.6 1.6 5.1
97 Liquid 28333  4.499 904.4  0.61 0.07 930.8 887.0 8560 29 19 5.4
98 Liquid 283.33  4.307 902.3 0.62 0.07 929.7 883.5 8528 3.0 2.1 5.5

Absolute Average Deviation (AAD) 1.1 2.8 1.7
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Table 5.15 Experimental and modelling results for CO: + SOz at 25 °C (298.15 K)

No Phase Temp. Press. | Density (kg/m?) | Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR- PR- PR PR
(£0.02) (0.005) kg/m’ % CO: Pen CO: Pen
1 Gas 297.42 0.051 1.0 0.04 4.40 0.9 0.9 0.9 28 28 2.8
2 Gas 29741 0.100 1.8 0.07 3.72 1.8 1.8 1.8 2.7 2.7 2.7
3 Gas 29741 0.200 3.6 0.10 2.69 3.7 3.7 3.7 1.0 1.1 1.1
4 Gas 29742 0.397 7.5 0.10 1.34 7.4 7.4 7.4 1.8 1.6 1.6
5 Gas 297.42 0.502 9.4 0.10 1.08 9.4 9.4 9.4 0.3 0.0 0.1
6 Gas 29742 1.817 376 0.12 0.33 37.0 37.3 373 1.5 06 0.8
7 Gas 29741 2.012 42.1 0.13 0.30 41.5 42.0 419 13 03 0.4
8 Gas 297.4l1 2.215 472  0.13 0.28 46.4 46.9 469 1.7 0.6 0.7
9 Gas 29742 2421 53.0 0.14 0.26 51.5 52.2 521 2.8 1.6 1.8
10 Gas 297.42 2.588 57.0 0.14 0.25 55.8 56.6 565 19 0.7 0.9
11 Gas 297.42 2.854 64.1 0.15 0.24 63.0 63.9 63.7 1.7 03 0.6
12 Gas 297.44 3.064 70.1 0.16 0.23 68.9 70.0 698 1.7 0.2 0.4
13 Gas 297.43 3.223 74.6  0.17 0.23 73.5 74.7 745 14 02 0.1
14 Gas 29743 3.396 79.8  0.18 0.22 78.8 80.2 799 12 05 0.1
15 Gas 297.42 3.638 87.4  0.19 0.22 86.5 88.2 87.8 1.0 0.8 0.5
16 Gas 297.42 3.822 93.7 0.20 0.22 92.8 94.6 942 09 1.0 0.6
17 Gas 297.42 3.996 99.9  0.22 0.22 99.0 101.0 100.6 0.9 1.1 0.7
18 Gas 297.43 4.206 107.7 0.24 0.22 1069 109.2 1088 0.7 1.4 1.0
19 Gas 297.42 4.401 115.6  0.26 0.23 1149 1175 1169 0.6 1.7 1.2
20 Gas 297.42 4.507 120.1  0.27 0.23 1194 1222 121.6 0.5 1.8 1.3
21  Gas 297.42 4.600 1244  0.29 0.24 123.6 1265 1259 06 1.8 1.2
22 Gas 297.42 4.703 129.2  0.31 0.24 1284 131.6 1309 06 1.8 1.3
23 Gas 297.40 4.803 1344  0.55 0.41 1334 1367 136.0 0.7 1.8 1.2
24  Gas 297.42 4.903 140.8  0.65 0.46 1385 142.1 1413 16 09 0.3
25 Gas 297.42 5.001 148.3  0.77 0.52 1439 1477 1468 30 04 1.0
26 Gas 297.4l1 5.101 155.0 0.95 0.61 149.8 1537 1528 34 0.8 1.4
27 Gas 297.41 5.200 1629 1.21 0.74 156.0 1602 159.1 42 1.7 2.3
28 Liquid 298.12 40.411 1032.1 0.22 0.02 1036.1 1080.5 10350 04 4.7 0.3
29 Liquid 298.11  40.060 1031.1 0.27 0.03 1035.0 1079.0 1033.7 04 4.6 0.2
30 Liquid 298.11 39.519 1029.5 0.22 0.02 1033.4 1076.7 10315 04 4.6 0.2
31 Liquid 298.11 38.913 1027.8 0.27 0.03 1031.5 1074.1 1029.1 04 45 0.1
32 Liquid 298.11 38.545 1026.6  0.27 0.03 1030.4 1072.5 1027.7 04 4.5 0.1
33 Liquid 298.11 37.960 1024.8 0.22 0.02 1028.5 1070.0 10253 04 44 0.0
34 Liquid 298.11 37.574 1023.6 0.22 0.02 1027.3 1068.3 1023.7 04 44 0.0
35 Liquid 298.10 37.078 1022.0 0.22 0.02 1025.7 1066.0 1021.7 04 423 0.0
36 Liquid 298.10 36.493 1020.2 0.32 0.03 1023.8 1063.3 10193 04 4.2 0.1
37 Liquid 298.10 35.971 1018.4 0.22 0.02 1022.1 1061.0 1017.0 04 4.2 0.1
38 Liquid 298.11 35.494 1016.9 0.22 0.02 1020.5 1058.7 10150 03 4.1 0.2
39 Liquid 298.10 35.077 1015.5 0.22 0.02 1019.1 1056.7 1013.2 04 4.1 0.2
40 Liquid 298.10 34.441 1013.3 0.32 0.03 1016.9 1053.7 10103 04 4.0 0.3
41 Liquid 298.11  33.949 1011.6 0.22 0.02 10152 1051.2 1008.1 04 3.9 0.3
42 Liquid 298.10  33.435 1009.8 0.32 0.03 1013.4 1048.7 10058 0.4 3.9 0.4
43 Liquid 298.10  33.068 1008.6  0.22 0.02 1012.1 1046.8 1004.1 04 3.8 0.4
44 Liquid 298.10  32.518 1006.5 0.22 0.02 1010.1 1044.0 1001.5 04 3.7 0.5
45 Liquid 298.10 32.016 1004.6 0.22 0.02 1008.3 10414 999.1 04 3.7 0.5
46 Liquid 298.11 31.516 1002.6 0.22 0.02 1006.5 1038.7 996.6 04 3.6 0.6
47 Liquid 298.11  30.997 1000.7 0.22 0.02 1004.5 10360 9940 04 3.5 0.7
48 Liquid 298.11  30.505 9989 0.28 0.03 1002.7 10333 9916 04 34 0.7
49 Liquid 298.11  30.013 996.8 0.28 0.03 1000.8 1030.5 989.1 04 34 0.8
50 Liquid 298.11 29.543 994.8 0.28 0.03 999.0 10279 986.7 04 33 0.8
51 Liquid 298.11  28.987 993.1 0.28 0.03 996.8 1024.8 983.7 04 32 0.9
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No Phase Temp. Press. | Density (kg/m3) Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR- PR- PR PR
(£0.02) (+0.005) kg/m’ Y% CO: Pen CO: Pen

52 Liquid 298.10  28.400 990.6  0.29 0.03 9945 10214 980.6 04 3.1 1.0
53 Liquid 298.10 27.973 988.6  0.29 0.03 9927 10189 9783 04 3.1 1.0
54 Liquid 298.10  27.508 986.6  0.29 0.03 990.8 1016.1 9758 04 3.0 1.1
55 Liquid 298.10 27.025 9843  0.29 0.03 9889 1013.1 973.0 05 29 1.2
56 Liquid 298.09 26.503 982.1 0.30 0.03 986.7 10099 970.1 0.5 28 1.2
57 Liquid 298.09 26.076 980.0  0.30 0.03 9849 10072 9676 0.5 28 1.3
58 Liquid 298.10  25.593 9779 031 0.03 982.7 1004.1 964.7 0.5 2.7 1.4
59 Liquid 298.10  25.050 975.1 031 0.03 980.3 10005 9614 05 2.6 1.4
60 Liquid 298.10  24.505 972.6 031 0.03 9779 996.8 9580 05 25 1.5
61 Liquid 298.10  24.029 970.2  0.32 0.03 97577 993,66 9550 06 24 1.6
62 Liquid 298.10  23.522 967.7 0.32 0.03 9733 990.0 9517 06 23 1.6
63 Liquid 298.11 23.041 965.2 0.33 0.03 971.0 986.6 9485 0.6 22 1.7
64 Liquid 298.10  22.537 962.6  0.33 0.03 968.6 983.0 9452 0.6 2.1 1.8
65 Liquid 298.10 21.994 959.8 0.34 0.04 966.0 9789 9414 0.6 20 1.9
66 Liquid 298.11  21.501 957.0 0.34 0.04 963.5 9751 9379 07 19 20
67 Liquid 298.10 21.016 9545 035 0.04 961.0 9714 9344 0.7 1.8 2.1
68 Liquid 298.11  20.492 951.5 035 0.04 9583 967.1 9305 0.7 16 22
69 Liquid 298.11  20.051 9489 036 0.04 9559 9635 9272 0.7 15 23
70 Liquid 298.11  19.477 945.6  0.36 0.04 952.8 958.7 9228 08 14 24
71 Liquid 298.11  19.025 9429  0.37 0.04 9503 9548 9192 08 13 2.5
72 Liquid 298.11  18.527 939.8 0.38 0.04 9475 9504 9151 0.8 1.1 2.6
73 Liquid 298.11 17.978 936.5 0.38 0.04 9443 9455 9105 08 1.0 28
74 Liquid 298.11  17.492 9333 0.39 0.04 941.5 9409 9062 09 0.8 2.9
75 Liquid 298.11 17.024 930.2 0.40 0.04 9387 9364 9020 09 0.7 3.0
76 Liquid 298.11 16.534 926.8 041 0.04 93577 931.6 8976 10 0.5 32
77 Liquid 298.11 16.016 923.0 041 0.04 9324 9263 8927 10 04 3.3
78 Liquid 298.11  15.500 919.1 042 0.05 929.0 920.8 8876 1.1 02 3.4
79 Liquid 298.11  15.011 9152 043 0.05 92577 9155 8826 12 0.0 3.6
80 Liquid 298.12  14.500 9109 045 0.05 9222 909.7 8772 12 0.1 3.7
81 Liquid 298.12  14.006 906.7 0.46 0.05 9188 903.8 871.8 13 03 3.9
82 Liquid 298.11  13.500 902.3 047 0.05 9152 897.7 866.1 14 0.5 4.0
83 Liquid 298.11 13.010 897.8 048 0.05 911.5 8915 8603 1.5 0.7 42
84 Liquid 298.12  12.503 8929  0.50 0.06 907.6 884.7 8540 16 09 44
85 Liquid 298.12  12.000 8879 0.51 0.06 903.6 877.7 8474 1.8 1.2 4.6
86 Liquid 298.12  11.504 882.9  0.53 0.06 899.7 870.5 8407 19 14 48
87 Liquid 298.11  11.004 877.7 0.56 0.06 895.6 8629 8336 20 1.7 5.0
88 Liquid 298.11  10.505 872.1  0.58 0.07 8913 8548 826.1 22 20 5.3
89 Liquid 298.12  10.039 866.6  0.60 0.07 8873 846.8 8186 24 23 5.5
90 Liquid 298.12  9.508 860.5 0.64 0.07 882.6 837.1 8095 26 2.7 59
91 Liquid 298.10  9.007 854.0 0.66 0.08 8783 8274 8005 2.8 3.1 6.3
92 Liquid 298.11 8.501 846.7 0.71 0.08 874.0 816.6 7903 32 3.6 6.7
93 Liquid 298.11 8.006 838.7 0.77 0.09 870.2 8052 779.7 38 4.0 7.0
94 Liquid 298.11 7.503 829.8  0.83 0.10 8673 7925 76777 45 45 7.5
95 Liquid 298.10  7.001 819.7 0.92 0.11 867.0 7784 7544 58 5.0 8.0

Absolute Average Deviation (AAD) 1.2 2.2 1.9
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Table 5.16 Experimental and modelling results for CO2 + SO: at 50 °C (323.15 K)

No Phase Temp. Press. | Density (kg/m?) | Abs Deviation (%)
K MPa Exp. ucp) ucp) PR- PR PR- PR- PR PR
(£0.02) (0.005) kg/m’ % CO: Pen CO: Pen
1 SC 32247 40.947 956.3 0.26 0.03 960.1 990.5 952.1 04 36 04
2 SC 32248 40.902 956.7 0.27 0.03 959.9 990.2 951.8 0.3 35 05
3 SC 32248 40.153 9539 0.26 0.03 956.8 986.0 9479 0.3 34 0.6
4 SC 32248 39.641 951.7 0.27 0.03 954.7 983.1 9452 0.3 33 07
5 SC 32247  39.200 950.0 0.27 0.03 9529 980.6 9429 0.3 32 07
6 SC 32247 38.434 946.6 0.27 0.03 949.7 976.1 938.8 0.3 3.1 0.8
7 SC 32247 38.091 945.0 0.28 0.03 948.3 9740 9369 0.3 3.1 09
8 SC 32246 37.561 9424 0.28 0.03 946.0 970.8 9339 04 30 09
9 SC 32246  37.005 940.1 0.28 0.03 943.5 9674 9308 04 29 1.0
10 SC 32246 36.509 937.7 0.28 0.03 941.3 9643 9279 04 28 1.0
11 SC 32246 36.061 9354 0.29 0.03 939.3 961.5 9253 04 28 1.1
12 SC 32246 35.500 933.0 0.29 0.03 936.7 957.8 9219 04 27 1.2
13 SC 32246 34.988 930.2 0.29 0.03 9343 9545 9188 04 26 1.2
14 SC 32247 34511 928.0 0.30 0.03 932.0 9512 9158 04 25 1.3
15 SC 32247 34.062 925.5 0.30 0.03 929.8 9482 9129 0.5 24 14
16 SC 32247 33.539 9232  0.30 0.03 9272 9446 9096 04 23 15
17 SC 32247 33.070 920.6 0.31 0.03 924.8 9412 9065 0.5 22 1.5
18 SC 32247 32.536 917.5 0.31 0.03 922.1 9374 9029 0.5 22 1.6
19 SC 32248 32.039 9146 0.32 0.04 919.5 933.7 899.5 0.5 2.1 1.6
20 SC 32247 31.517 9120 0.32 0.04 916.8 929.8 896.0 0.5 20 1.8
21  SC 32247 31.027 9089 0.33 0.04 9142 926.1 8925 0.6 1.9 1.8
22 SC 32246 30.511 905.8 0.33 0.04 9114 922.1 888.8 0.6 1.8 1.9
23 SC 32247 29.929 9024 0.33 0.04 908.1 917.5 8844 0.6 1.7 2.0
24 SC 32249 29.507 899.6 0.34 0.04 905.6 914.0 881.1 0.7 1.6 2.0
25 SC 32249 29.025 8964 0.34 0.04 902.8 910.0 877.5 0.7 1.5 2.1
26 SC 32248 28.501 892.7 0.35 0.04 899.8 905.6 8734 0.8 14 22
27 SC 32249 28.018 889.5 0.35 0.04 896.8 901.3 8694 0.8 1.3 23
28 SC 32249 27.508 886.3  0.36 0.04 893.7 896.8 8652 0.8 1.2 24
29 SC 32248 27.026 8829 0.37 0.04 890.6 8925 861.2 0.9 1.1 25
30 SC 32249 26.517 878.8 0.37 0.04 887.3 887.7 856.8 1.0 1.0 25
31 SC 32249 26.001 8754 0.38 0.04 883.9 882.8 8522 1.0 0.8 2.7
32 SC 32248 25.500 8714 0.39 0.04 880.5 8779 8476 1.0 0.7 2.7
33 SC 322,50 25.003 867.7 0.39 0.05 877.0 872.8 8428 1.1 0.6 29
34 SC 32250 24.497 864.4 0.40 0.05 873.4 867.6 838.0 1.0 04 3.1
35 SC 32249 24.003 860.4 041 0.05 869.8 862.4 833.1 1.1 02 32
36 SC 32249 23.500 856.5 0.42 0.05 866.0 8569 828.0 1.1 0.0 33
37 SC 32248 23.049 8533 043 0.05 862.5 8519 8233 1.1 02 35
38 SC 32249 22.496 8482 043 0.05 858.1 8454 8173 1.2 03 3.6
39 SC 32249 22.009 8439 044 0.05 854.1 839.6 811.8 1.2 0.5 3.8
40 SC 32249 21.533 839.7 0.46 0.06 850.0 833.7 8063 1.2 0.7 4.0
41 SC 32249 21.007 834.7 047 0.06 8454 8269 800.0 1.3 09 42
42 SC 32248 20.496 8292 048 0.06 840.7 8202 7937 1.4 1.1 43
43 SC 32249 20.012 8243  0.50 0.06 836.1 8135 7874 1.4 1.3 45
44 SC 32250 19.491 818.5 0.52 0.06 8309 8059 7803 1.5 1.5 47
45 SC 32249 19.008 812.8 0.53 0.07 826.0 798.7 773.6 1.6 1.7 48
46 SC 32250 18.503 806.6  0.55 0.07 820.5 790.8 766.1 1.7 20 50
47 SC 32249 18.008 800.3 0.57 0.07 815.0 7828 758.6 1.8 22 52
48 SC 32250 17.499 793.5 0.60 0.08 808.9 7739 7503 1.9 25 54
49 SC 322,51 17.005 786.2  0.62 0.08 802.7 765.0 7419 2.1 27 5.6
50 SC 322,51  16.502 779.1  0.65 0.08 796.0 7554 7328 22 30 59
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No Phase Temp. Press. | Density (kg/m3) Abs Deviation (%)
K MPa Exp. ucp) ucp) PR- PR PR- PR- PR PR
(£0.02) (0.005) kg/m’ % CO: Pen CO: Pen
51 SC 32252 16.003 7709  0.69 0.09 7889 7453 7233 23 33 62
52 SC 32252 15.501 761.8  0.73 0.10 7813 7345 7132 2.6 36 64
53 SC 32252 15.012 7532 0.77 0.10 7733 7233 7026 2.7 40 6.7
54 SC 32252 14.504 7429  0.83 0.11 7642 710.8 690.8 29 43 7.0
55 SC 32252  14.000 7319 0.89 0.12 7542 6974 678.1 3.0 47 74
56 SC 32253 13.501 720.4  0.98 0.14 7429 682.8 6643 3.1 52 178
57 SC 32254 13.000 706.7  1.08 0.15 729.7 666.6 649.0 3.3 57 82
58 SC 32253  12.505 691.1 1.21 0.18 7144  649.1 6324 34 6.1 85
59 SC 32251 12.003 6723 139 0.21 695.0 629.1 6134 34 64 88
60 SC 32251 11.504 649.9 1.65 0.25 669.0 6058 591.3 29 6.8 9.0
61 SC 32249 11.003 621.1 2.05 0.33 633.2 5783 5650 2.0 69 9.0
62 SC 32247 10.501 585.0 2.74 0.47 583.6 5442 5324 0.2 7.0 9.0
63 SC 32246  9.992 538.0 1.98 0.37 517.3 4987 488.8 3.8 73 9.1
64 SC 32245 9.501 460.8 2.52 0.55 441.0 4393 431.6 43 47 63
65 SC 32241 9.006 371.0 1.85 0.50 362.2 368.6 363.1 24 0.7 2.1
66 SC 32241 8.521 3072 1.06 0.35 2994 307.6 303.8 2.6 0.1 1.1
67 SC 32241 8.037 254.6  0.68 0.27 2539 261.8 259.0 03 2.8 1.7
68 SC 32239 7.504 2184  0.47 0.22 2164 2233 2213 09 22 13
69 SC 32239  7.009 189.5 0.37 0.19 188.7 1946 193.0 04 27 19
70 SC 32241 6.514 166.3 0.29 0.18 1654 1703 169.1 0.5 24 1.7
71  SC 32239  6.019 1457 0.24 0.17 1453 1493 1484 03 25 1.8
72 SC 32239  5.528 1279 0.22 0.17 127.7 1309 1302 0.2 23 1.8
73 SC 32239 5.017 111.5  0.19 0.17 111.1 1137 1132 03 20 1.5
74 SC 32239 4519 96.9  0.17 0.17 96.5 98.5 981 05 1.6 12
75 SC 32239  4.009 82.8 0.15 0.18 82.7 842 839 0.2 1.6 13
76 SC 32239  3.512 70.9  0.14 0.20 70.2 713 71.1 1.0 06 03
77 SC 32240  3.008 58.8  0.13 0.22 58.3 59.1  59.0 0.7 06 04
78 SC 32240  2.511 48.1  0.12 0.25 474 479 478 15 04 0.6
79 SC 32239  2.008 37.0  0.11 0.30 36.9 373 372 03 0.7 0.5
80 SC  322.39 1.707 317  0.11 0.34 30.9 31.2 311 24 1.7 1.8
81 SC 322.40 1.509 275  0.11 0.38 27.1 273 272 14 0.8 09
82 SC 32239 1.252 222 0.10 0.46 22.2 223 223 02 04 03
83 SC 322.40 1.002 179  0.10 0.55 17.6 176 176 19 14 15
84 SC 32240  0.749 13.6  0.10 0.73 13.0 13.0 13.0 43 4.0 4.0
8 SC 32239  0.392 7.0 0.10 1.42 6.7 6.7 6.7 4.0 39 39
Absolute Average Deviation (AAD) 1.3 24 3.1
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Table 5.17 Experimental and modelling results for CO: + SOz at 80 °C (353.15 K)

No Phase Temp. Press. | Density (kg/m®) | Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR- PR- PR PR
(£0.02) (£0.005) kg/m® % CO: Pen CO: Pen
1 SC 352.98 39.330 850.5 0.31 0.04 850.7 859.7 830.6 0.0 1.1 2.3
2 SC 352.98 39.300 850.2 0.31 0.04 850.5 859.5 8304 0.0 1.1 2.3
3 SC 352.97 39.009 848.1 0.31 0.04 848.9 8572 8283 0.1 1.1 2.3
4 SC 352.97 38.520 845.7 0.32 0.04 8459 8533 8246 00 09 25
5 SC 352.98 38.023 842.1 0.32 0.04 842.8 849.2 820.8 0.1 08 25
6 SC 352.97 37.499 838.7 0.33 0.04 839.6 844.8 816.7 0.1 0.7 2.6
7 SC 352.96 36.996 8352 033 0.04 836.4 840.6 812.8 0.1 06 2.7
8 SC 352.97 36.496 831.8 0.34 0.04 833.1 836.2 808.7 0.2 0.5 2.8
9 SC 352.98 36.013 828.1 0.34 0.04 829.8 8319 8047 02 0.5 2.8
10 SC 352.97 35.510 8247 0.34 0.04 826.5 8274 8004 02 03 2.9
11 SC 352.97 35.014 821.4 035 0.04 823.0 8229 7962 02 02 3.1
12 SC 352.98 34.563 818.1 0.35 0.04 819.8 818.6 7922 02 0.1 32
13 SC 352.97 34.055 814.5 0.35 0.04 816.2 813.8 787.7 02 0.1 33
14 SC 352.96 33.519 809.8 0.36 0.04 812.2 808.6 782.8 03 0.1 33
15 SC 352.96 33.014 805.8  0.37 0.05 808.4 803.6 778.1 03 0.3 34
16 SC 352.97 32.552 802.4 0.38 0.05 804.8 798.8 773.6 03 0.5 3.6
17 SC 352.96 31.993 797.6  0.38 0.05 800.4 793.0 7682 04 06 3.7
18 SC 352.95 31.494 793.2  0.39 0.05 796.4 7877 7632 04 0.7 3.8
19 SC 352.96 31.058 789.4  0.39 0.05 792.6 7829 7586 04 0.8 39
20 SC 352.97 30.512 784.7  0.40 0.05 7879 7767 7529 04 10 4.1
21 SC 352.96 29.991 779.0 0.42 0.05 7833 770.7 7473 0.6 1.1 4.1
22 SC 352.96 29.492 773.9 042 0.05 7787 7648 7417 06 12 42
23 SC 352.97 29.001 768.7 0.44 0.06 774.0 758.8 736.0 0.7 1.3 43
24 SC 352.96 28.507 764.2 045 0.06 769.3 7527 7303 0.7 15 44
25 SC 352.96 28.006 758.3  0.46 0.06 7642 7463 7243 08 16 45
26 SC 352.96 27.501 752.6 047 0.06 759.0 739.6 718.0 0.8 1.7 4.6
27 SC 352.98 27.043 7474 048 0.06 754.0 7333 7120 09 19 47
28 SC 352.97 26.597 742.8  0.49 0.07 749.0 727.1 7062 0.8 2.1 4.9
29 SC 352.96 26.036 736.4  0.50 0.07 742.6  719.1 698.6 08 24 5.1
30 SC 352.96 25.555 7312 0.52 0.07 736.8 7119 6919 08 26 54
31 SC 352.95 25.002 723.7  0.53 0.07 729.8 703.5 6839 0.8 28 5.5
32 SC 352.95 24.538 717.4  0.55 0.08 7237 696.1 6769 09 30 56
33 SC 352.96 24.023 7104  0.57 0.08 716.6 687.6 6688 09 32 58
34 SC 352.96 23.524 703.1  0.58 0.08 709.4 679.0 660.7 09 34 6.0
35 SC 352.95 23.011 694.8 0.61 0.09 701.6  670.0 6522 1.0 3.6 6.1
36 SC 352.95 22.493 686.4  0.63 0.09 6932 6604 06432 10 38 63
37 SC 352.95 21.993 6772  0.66 0.10 684.7 650.8 6340 1.1 39 64
38 SC 352.96 21.521 668.5 0.68 0.10 676.1 6413 6250 1.1 4.1 6.5
39 SC 352.96 20.999 6579 0.72 0.11 666.0 6304 06146 12 42 6.6
40 SC 352.96 20.490 647.4  0.75 0.12 6555 6193 6040 13 43 6.7
41 SC 352.96 20.014 6369 0.78 0.12 645.0 608.4 5937 13 45 6.8
42 SC 352.95 19.511 624.5 0.83 0.13 633.2 596.4 5823 14 45 6.8
43  SC 352.96 19.011 611.7 0.87 0.14 620.4 5837 570.1 14 46 68
44  SC 352.97 18.500 597.8  0.92 0.15 606.3 570.1 5572 14 46 68
45 SC 352.97 18.007 5833 0.97 0.17 591.6 5563 5440 14 46 6.7
46 SC 352.95 17.520 569.4  1.03 0.18 576.0 5422 5304 12 438 6.8
47 SC 352.96 17.006 552.6  1.10 0.20 558.1 526.1 5151 1.0 48 6.8
48 SC 352.95 16.515 535.1  1.16 0.22 539.7 510.1 499.7 09 47 6.6
49 SC 352.96 16.004 5147 1.24 0.24 5189 4923 4826 08 44 62
50 SC 352.95 15.497 4932  1.30 0.26 497.1 473.8 4648 0.8 3.9 5.7
51 SC 352.96 15.003 470.1 1.36 0.29 4743 4547 4465 09 33 5.0
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No Phase Temp. Press. | Density (kg/m?) Abs Deviation (%)
K MPa Exp. ucp) uc(p) PR- PR PR- PR- PR PR
(£0.02)  (£0.005) kg/m’ % CO: Pen CO: Pen

52 SC 352.95 14.502 4473 141 0.31 4503 4346 4271 0.7 28 45
53 SC 352.96 14.004 4223 143 0.34 4255 41377 4069 0.8 2.0 3.7
54 SC 352.96 13.501 397.6 143 0.36 400.1 392.0 3858 0.6 14 3.0
55 SC 352.96 12.998 371.8 1.40 0.38 3746 3698 3643 0.7 05 20
56 SC 352.95 12.505 346.8 135 0.39 3499 3479 343.1 09 03 1.1
57 SC 352.95 12.000 3219  1.27 0.40 3253 3255 3213 1.1 1.1 0.2
58 SC 352.97 11.505 298.8 1.19 0.40 302.0 3039 3002 1.1 17 05
59 SC 352.96 11.001 2764 1.11 0.40 279.5 2825 2793 1.1 22 1.1
60 SC 352.97 10.506 2553  1.03 0.40 2585 2622 2594 12 27 1.6
61 SC 352.96 10.075 238.1  0.96 0.40 2412 2453 2428 13 3.0 2.0
62 SC 352.95 9.230 2095  0.26 0.13 2099 2140 2122 0.2 2.1 1.3
63 SC 352.94 9.008 2019 0.26 0.13 202.2 2063 2045 0.1 22 1.3
64 SC 352.96 8.507 1855 0.23 0.13 1855 1893 1879 0.0 2.1 1.3
65 SC 352.94 8.038 1703  0.22 0.13 170.8 1744 1732 03 24 1.6
66 SC 352.94 7.498 154.1 0.20 0.13 154.8 158.0 157.0 05 25 1.9
67 SC 352.94 7.017 1409 0.18 0.13 1414 1442 1434 03 23 1.8
68 SC 352.94 6.516 1277 0.16 0.13 128.1 130.6 1299 03 22 1.7
69 SC 352.93 6.001 1148 0.15 0.13 1152 1173 11677 03 22 1.7
70  SC 352.95 5.490 102.6  0.15 0.14 1029 1047 1043 03 2.0 1.6
71  SC 352.95 4.997 91.5 0.13 0.15 91.7 93.2 928 03 19 1.5
72 SC 352.94 4.493 80.5 0.13 0.16 80.7 81.9 81.7 03 1.8 1.4
73 SC 352.94 4.003 70.6  0.12 0.17 70.5 71.5 713 01 12 09
74 SC 352.96 3.495 60.3  0.11 0.19 60.4 61.1 609 0.1 13 1.1
75 SC 352.95 3.009 51.0  0.11 0.21 51.0 51.6 5.5 01 12 09
76  SC 352.95 2.800 472  0.11 0.23 47.1 476 475 01 09 07
77  SC 352.94 2.504 41.8  0.10 0.25 417 421 420 03 06 05
78  SC 352.95 2.248 37.0  0.10 0.27 37.1 374 373 04 12 1.0
79  SC 352.95 2.002 33.0 0.10 0.30 32.8 33.0 329 0.8 0.1 0.2
80 SC 352.94 1.742 28.6  0.10 0.34 282 284 284 12 06 0.7
81 SC 352.95 1.507 243 0.09 0.39 242 244 244 01 05 04
82 SC 352.96 1.248 19.9  0.09 0.47 199 200 200 01 04 03
83 SC 352.96 0.982 151  0.09 0.60 15.5 15.6 15.6 27 3.1 3.0
84 SC 352.95 0.740 11.4  0.09 0.77 11.6 11.6 11.6 15 1.8 1.7
85 SC 352.95 0.511 7.6 0.09 1.14 8.0 8.0 80 42 44 44
86 SC 352.95 0.402 6.0 0.09 1.45 6.2 6.3 62 45 47 47
87 SC 352.95 0.306 4.6 0.09 1.86 4.7 4.7 47 28 30 29
88 SC 352.93 0.202 3.0 0.09 2.87 3.1 3.1 31 51 52 52

Absolute Average Deviation (AAD) 0.8 2.1 3.5
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Table 5.18 Summarised AADs for measured systems

Material Temperature AAD (%)
°C PR-CO; PR PR-Peneloux
0 2.2 4.7 1.2
10 0.7 2.7 1.8
25 0.8 3.0 3.0
COHS 50 2.1 2.7 2.4
80 2.0 1.7 2.4
Average 1.6 3.0 2.2
0 0.6 34 1.1
10 1.1 2.8 1.7
25 1.2 2.2 1.9
02450, 50 13 24 3.1
80 0.8 2.1 3.5
Average 1.0 2.6 2.3
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Table 5.19 Specific heat capacity calculations for CO2+H:S system

T P Density v: Molar Vol Cpi: CO2  Cpi: HoS Gt CO+H,S  Calced C, REFPROPP Dev.
K MPa  kg/m® m*/mol  J/molK  J/mol.K J/mol.K JmolK  JmolK %
40 MPa
272.57 40.046 1054.95 4.1251E-05  35.88 33.91 35.78 73.27 78.25 6.8
283.47 40.004 1040.33 4.1831E-05 36.47 34.02 36.35 73.34 78.58 7.1
298.06 40.253 99241 4.3851E-05 37.24 34.19 37.09 73.42 79.02 7.6
322.40 39.992 908.08 4.7923E-05  38.45 34.49 38.25 74.01 80.10 8.2
352.98 40.059 810.79 5.3674E-05 39.82 3491 39.58 74.00 80.87 9.3
35 MPa
272.56 35.060 1041.12 4.1799E-05  35.88 33.91 35.78 74.86 79.50 6.2
283.46 35.004 1025.18 4.2449E-05 36.47 34.02 36.35 75.19 80.07 6.5
298.06 35.006 974.89 4.4639E-05 37.24 34.19 37.09 75.78 80.97 6.8
322.42 35.002 883.60 4.9251E-05 38.45 34.49 38.25 77.01 82.73 7.4
352.96 35.000 774.52 5.6187E-05 39.82 34.91 39.58 78.03 84.47 8.3
30 MPa
272.57 30.022 1025.61 4.2431E-05 35.88 33.91 35.78 77.03 81.05 5.2
283.47 30.014 1008.20 4.3164E-05 36.47 34.02 36.35 77.64 81.95 5.5
298.07 29.996 95545 4.5547E-05 37.24 34.19 37.09 78.87 83.42 5.8
322.43 30.006 854.09 5.0953E-05 38.45 34.49 38.25 81.42 86.43 6.2
352.97 30.006 730.17 5.96E-05 39.82 34.91 39.58 84.11 89.83 6.8
25 MPa
272.58 24975 1008.49 4.3152E-05 35.88 33.91 35.78 79.89 83.01 3.9
283.47 25.000 988.85 4.4009E-05 36.47 34.02 36.35 80.97 84.40 4.2
298.07 25.023 932.12 4.6687E-05 37.24 34.19 37.09 83.34 86.77 4.1
322.42 25.008 817.64 5.3224E-05 38.45 34.49 38.25 88.23 92.17 4.5
352.97 25.005 669.79 6.4973E-05 39.82 34.91 39.58 93.93 98.62 5.0
20 MPa
272.58 20.011 989.08 4.3998E-05  35.88 33.91 35.78 82.07 85.53 4.2
283.47 20.010 966.84 4.5011E-05 36.47 34.02 36.35 83.86 87.77 4.7
298.06 19.999 903.89 4.8145E-05 37.24 34.19 37.09 87.85 91.84 4.6
322.43 20.014 767.74 5.6683E-05  38.45 34.49 38.25 98.41 102.28 3.9
352.96 19.998 577.46 7.5361E-05 39.82 3491 39.58 108.87 114.56 5.2
15 MPa
272.58 15.013 967.11 4.4998E-05  35.88 33.91 35.78 88.80 89.05 0.3
283.47 15.004 94037 4.6277E-05 36.47 34.02 36.35 92.27 92.83 0.6
298.07 15.005 867.00 5.0194E-05 37.24 34.19 37.09 100.54 100.68 0.1
32243 15.001 682.02 6.3807E-05 38.45 34.49 38.25 131.03 130.06  -0.7
352.99 15.001 412.49 0.0001055 39.82 3491 39.58 126.51 130.32 3.0

AAD 5.1
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Table 5.20 Specific heat capacity calculations for CO2+SO: system

T P Density v: Molar Vol C,i: CO,  Cpi: HoS  Cpit CO2+H,S  Calced C, REFPROPP Dev.
K MPa  kg/m’ m*/mol  J/mol.K  J/mol.K J/mol.K JmolK  JmolK %
40 MPa
273.55 40.023 1106.61 4.0671E-05 35.93 39.01 36.08 76.66  79.28 34
283.33 40.145 1078.76 4.1721E-05 36.46 34.02 36.34 76.54  79.51 3.9
298.11 40.060 1031.14 4.3648E-05 37.24 34.19 37.08 76.92  80.05 4.1
322.48 40.153 953.87 4.7184E-05 38.45 34.49 38.25 77.63 81.00 43
35298 39.330 850.47 5.292E-05 39.82 3491 39.58 78.39  82.41 5.1
35 MPa
273.54 35.043 109391 4.1143E-05 35.93 33.92 35.83 80.66  80.47 -0.2
283.32 34989 1064.30 4.2288E-05 36.46 34.02 36.34 81.21 80.95 -0.3
298.10 35.077 1015.50 4.432E-05 37.24 34.19 37.08 82.07  81.79 -0.3
322.46 34988 930.22  4.8383E-05 38.45 34.49 38.25 83.86  83.57 -0.4
352.97 35.014 821.42 5.4792E-05 39.82 3491 39.58 85.51 85.47 -0.1
30 MPa
273.55 30.026 1079.37 4.1697E-05 35.93 33.92 35.83 82.95 81.93 -1.2
283.32 30.008 1047.27 4.2976E-05 36.46 34.02 36.34 83.82  82.68 -1.4
298.11 30.013 996.85 4.5149E-05 37.24 34.19 37.08 85.34  84.07 -1.5
322.47 29929 902.37 4.9877E-05 38.45 34.49 38.25 88.50  87.09 -1.6
35296 29991 77896  5.7779E-05 39.82 34.91 39.58 91.81 90.71 -1.2
25 MPa
273.55 25.039 1063.62 4.3152E-05 35.93 33.92 35.83 87.42  83.74 -4.2
283.32 25.025 1029.35 4.4009E-05 36.46 34.02 36.34 88.89  84.91 -4.5
298.10 25.050 975.15  4.6687E-05 37.24 34.19 37.08 91.66  87.09 -5.0
322.50 25.003 867.65  5.3224E-05 38.45 34.49 38.26 97.26  92.27 -5.1
352.95 25.002 723.72  6.4973E-05 39.82 3491 39.58 103.82  99.40 -4.3
20 MPa
273.56 20.028 1046.04 4.3026E-05 35.93 33.92 35.83 91.74  86.08 -6.2
283.32 20.038 1008.74 4.4617E-05 36.46 34.02 36.34 93.99  87.89 -6.5
298.11 20.051 94890 4.7431E-05 37.24 34.19 37.08 98.42  91.49 -7.0
322.49 20.012 824.32  5.4599E-05 38.45 34.49 38.26 109.99 101.39 -7.8
35296 20.014 63690 7.0666E-05 39.82 3491 39.58 121.49 116.09 -4.4
15 MPa
273.57 14951 102538 4.3893E-05 35.93 33.92 35.83 102.28  89.31 -12.7
283.32 15.011 984.11  4.5734E-05 36.46 34.02 36.34 106.18  92.24 -13.1
298.11 15.011 915.17 4.9179E-05 37.24 34.19 37.08 115.12  98.79 -14.2
322.52 15.012 753.20  5.9754E-05 38.45 34.49 38.26 146.76  123.24  -16.0
352.96 15.003 470.12  9.5734E-05 39.82 3491 39.58 143.82 144.44 0.4
AAD 4.7
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Table 5.21 Estimated dew and bubble point results from density measurement data for CO2>+H.S

Calculation Experimental Model (PR-CO») Deviations

T T P Density P Density P Density

°C K MPa kg/m® MPa kg/m® % %

Dew Point -0.60 272.55 3.487 97.7 3.379 933 -3.1 -4.5

Dew Point 9.57 282.72 4.364 124.2 4.387 125.6 0.5 1.1

Dew Point 24.35 297.50 6.166 225.0 6.232 236.0 1.1 4.9

Bubble Point -0.57 272.58 4.044 907.1 3.382 923.6 -16.4 1.8

Bubble Point 10.75 283.90 4.621 861.4 4.537 850.5 -1.8 -1.3

Bubble Point  24.92 298.07 6.320 714.3 6.313 731.9 -0.1 2.5

Absolute Average Deviation (AAD) 3.8 2.7

Table 5.22 Estimated dew and bubble point results from density measurement data for CO2+SO2

Calculation Experimental Model (PR-CO2) Deviations
T T P Density P Density P Density
°C K MPa kg/m3 MPa kg/m3 % %
Dew Point -0.50 272.65 3.129 106.2 3.225 89.8 3.1 -15.5
Dew Point 9.51 282.66 3.835 1253 4.153 122.8 8.3 -2.0
Bubble Point 0.41 273.56 3.484 964.4 3.303 976.4 -5.2 1.2
Bubble Point 10.18 283.33 4.304 908.4 4.221 929.2 -1.9 2.3
Absolute Average Deviation (AAD) 4.6 53
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Figure 5.11 Experimental and modelling results of CO2+H:S at different isotherms, experimental

results: (0) 273. 15 K, (0) 283.15 K, (A) 298.15 K, (©) 323.15 K and (x) 353.15 K. Lines are the
modelling results using PR-CO>
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Figure 5.12 Experimental and modelling results of CO2+H:S at different isotherms at low
pressures, experimental results: (0) 273. 15 K, (0) 283.15 K, (A) 298.15 K, (©) 323.15 K and (%)
353.15 K. Lines are the modelling results using PR-CO:
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Figure 5.13 Experimental and modelling results of CO:+SO: at different isotherms, experimental

results: (0) 273. 15 K, (0) 283.15 K, (A) 298.15 K, (©) 323.15 K and (x) 353.15 K. Lines are the
modelling results using PR-CO:
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Figure 5.14 Experimental and modelling results of CO2+ SO: at different isotherms at low
pressures, experimental results: (0) 273. 15 K, (0) 283.15 K, (A) 298.15 K, (©) 323.15 K and (x)
353.15 K. Lines are the modelling results using PR-CO>
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CHAPTER 6: FROST POINT MEASUREMENTS

This chapter presents the frost point of CO2 mixtures containing impurities. Frost points
were measured for multi-component mixtures with various impurities using a
SETARAM BT 2.15 calorimeter. In the modelling part, a model based on classical

thermodynamics was implemented and tested with the new experimental data.

6.1 Introduction

A good understanding of vapour/liquid-solid equilibrium of CO, and CO>-mixtures at
low temperature is an important issue regarding the safety assessment of CO; pipelines
and the possibility of solid or ‘dry ice’ discharge during an accidental release or rapid
decompression. Furthermore removal of CO> from high carbon dioxide content natural
gas fields is important to the gas industry development since some undeveloped gas
fields can have high CO, content. One challenge in developing such gas fields is the
economical separation of CO, from the feed gas. A technique has been suggested based
on frosting CO; at low temperature and separating the CO> solid from the natural gas,
hence technologies are being developed to efficiently separate CO> especially in high
CO» content feed gases. Therefore better understanding of vapour-solid equilibrium at

low temperature is critical in designing such separation processes.

6.2 Literature review

Existing experimental data on CO frost from CO»-rich mixtures are scarce and
normally focused on low CO; content systems. Pikaar [1] measured frost points in CO>-
methane systems for 1 to 20 mol% CO; concentration range. Agrawal [2] measured
frost points in the CO2-N2-CH4 system for 0.12 to 10.67 mol% CO: concentration
range. And more recently, Le [3] measured the frost points in CO»-CH4, CO2-CH4-N>
and CO,-CH4-C2Hg systems for 1 to 2.93 mol% CO: concentration range. No data were

found for systems of interest in CCS.
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A literature review on solid-fluid equilibrium for systems containing carbon dioxide has
been carried out. Data are widely available for carbon dioxide with methane, however
very scarce for other hydrocarbon systems and not available for many of the other

systems relevant to CCS.

Table 6.1 List of Sources for Solid-Fluid Equilibrium in mixtures of Carbon Dioxide -

Methane
Temperature Range / K CO2/ mole fraction Reference Ref.
195 -215 04-0.9 Donnelly and Katz, 1954 [4]
174 - 210 0.01-0.2 Pikaar, 1959 [1]
166.48 -177.59 0.019 - 0.052 Sterner, 1961 [5]
129.65 - 201.26 0.0016 - 0.205 Davis et al., 1962 [6]
110 -195 0.001 - 0.126 Cheung and Zander, 1968 [7]
126 - 138 0.0007 - 0.0024 Preston et al., 1971 [8]
138 -198 0.0012 - 0.11 Agrawal and Laverman, 1974 [2]
168 - 188 0.01-0.03 Le and Trebble, 2007 [3]
191 -210 0.1-0.54 Longman et al., 2011 [9]
112 -169.9 0.0002 - 0.02896 Shen et al., 2012 [10]
113.15 - 169.85 0.000172 - 0.02896 Gao etal., 2012 [11]
90.92 -215.37 0-1 Brewer and Kuarata, 1958 [12]
111.5-128.0 0.00027 - 0.00148 Boyle, 1987 [13]
110 - 218.30 0.00031 -1 Streich, 1970 [14]

Table 6.2 List of Sources for Solid-Fluid Equilibrium in mixtures of Carbon Dioxide — Ethane

Temperature Range / K CO2/ mole fraction Reference Ref.
130 - 170 0.02 - 0.067 Clark and Din, 1953 [15]
164 -180 0.025-0.076 Cheung and Zender, 1968 [7]
105 -213 0.0001 - 0.91 Jensen and Kurata, 1971 [16]
130 -170 0.002 - 0.031 Brewer and Kuarata, 1958 [12]

Table 6.3 List of Sources for Solid-Fluid Equilibrium in mixtures of Carbon Dioxide — Propane

Temperature Range / K CO2/ mole fraction Reference Ref.
87-180 0.00001 - 0.057 Cheung and Zender, 1968 [7]

108 - 212 0.00025 - 0.82 Jensen and Kurata, 1971 [16]

105.0 - 180.2 0.00009 - 0.057 Brewer and Kuarata, 1958 [12]
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Table 6.4 List of Sources for Solid-Fluid Equilibrium in mixtures of Carbon Dioxide Systems

System Temperature/ K COz/ mole fraction Reference Ref.
CO,-N» 220 - 344 --- Brown et al., 1989 [17]
CO; - Ar 109 - 116 0.00008 - 0.0002 Preston et al., 1971 [8]
CO2 -0, 90 5 ppm McKinley and Wang, 1960 [18]
CO; -0, 91 - 107 >40 ppm Rest et al., 1990 [19]
CO; -0, 90-110 >100 ppm De Stefani et al., 2002 [20]

CO; - HoS 180 - 215 0.11-0.90 Sobocinski and Kurata, 1959 [21]

6.3 Experimental part
6.3.1 Equipment description

The SETARAM BT 2.15 calorimeter comprises of a calorimetric chamber, electrical or
pneumatic peripherals and a liquid nitrogen supply. The calorimeter can work at
temperatures from -196 °C to 200 °C with scanning rate of 0.01 to 1 K/min and cooling
rate of 1 °C/min with liquid nitrogen. The calorimetric chamber can receive different
types of experimental cells depending on the experiment to carry out. The calorimetric
block is located in a vacuum-tight cylindrical chamber which is 1000 mm high and 360
mm in diameter.

Figure 6.1 represents a cross-sectional view of the instrument: the core is made up of
the calorimetric block in which two cylindrical cavities are located inside, each one
containing a calorimetric element: socket and flux-meter. The couples are built and
arranged in such a way that they have good thermal contact with both the socket and the
block.

The block and its thermostat form a compact assembly, heated by a peripheral coiled
heating element. The regulation temperature sensor embedded in the thermostat inner
wall controls this coil. The assembly is suspended from the upper part of the calorimeter
through the metal pipes providing access to the cells. A composite tank, fixed
hermetically to the upper part of the apparatus defines the calorimetric chamber. This
chamber is kept under controlled atmosphere.

The high pressure cells are made of Inconel 265 which has working pressure of 600 bars
and working temperature of -196 °C to 200 °C. The outside diameter of each cell is
16.92 mm, the height is 17 mm and the internal volume is 3.6 ml. The access to the cells
is blocked with lids fitted with gaskets to ensure the sealing of the calorimetric chamber.

This sealing is cancelled when the experimental cells are introduced, the chamber being
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then set to the atmospheric pressure, while an appropriate gas flow prevents the entry of
ambient air. Sealing must be restored during operation of the instrument. The cells are
removable: the experimental setup is therefore prepared outside, and then introduced
into the set-up when measuring. It remains accessible from the outside with rods or
connecting tubes that penetrate into each corresponding pit. This provides the
possibility of intervening the setup during the experiment, for mechanical control

(valve), introduction of gas or liquid, etc.

/ Jauge de niveau LN2
!: LN2-level gauge
(

Vide
vacuum

Introduction LN2
| I — 1J LN2 inlet

/ i Enceinte calorimetrique étanche
Vanne - event % . 2 Vacuumtight calorimetric tank

Gas vent - valve
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LN2 LEVEL

Isolant thermique
Heat insulation

Enceinte exterieure
External enclosure

- Bloc calorimetrique

Calorimetric bloc

> = | =

== o | == ~ Fluxmetre

; i o ,: Heat flox detector

SFES|E

> el i Thermostat
Thermostat and resistance winding
Cuve LN2
LN2 tank

o =

Debit si vanne sur event ouverte
Flow only if lateral exhaust valve is opened

Vanne d'isolement d'enceinte
Vacuum stop cock

Figure 6.1 Cross-sectional view of the SETARAM BT 2.15
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Pneumatic peripheral consists of vacuum pump and gas circuit. Vacuum pump is used
to evacuate gas from the calorimetric chamber (air purging or gas changing). The
calorimeter cannot operate satisfactorily in the presence of condensable compounds like
water at temperature of liquid nitrogen. In addition, the choice of gas filling the
calorimetric chamber enables the calorimeter specifications to be optimally adapted to

the desired operating conditions.

6.3.2 Measurement procedure

First, the sample can be injected to the vacuumed cell by connecting the cylinder
containing sample fluid through a valve on top of the calorimeter and connecting tubes
inside the calorimeter. The mass of the injected sample should be measured by
weighing the sample cylinder before and after injection into the cell. After reaching the
desired pressure and disconnecting cylinder from the calorimeter, vacuum should be
applied inside the chamber using the vacuum pump. Then, helium should be injected
into the chamber up to 200 mbar. To make sure of the vacuum conditions inside the
chamber, the process of vacuuming and helium injection can be repeated. Then, to cool
down the chamber temperature to the desired temperature (about -70 °C to make sure
that the sample is frozen), liquid nitrogen can be injected at constant flow rate from the
fully insulated tank containing liquid nitrogen by opening the two valves on top of the
tank. The injected liquid nitrogen then flows through the tube connected to the jacket
surrounded the chamber. The Calisto data acquisition programme installed on the
system can control the process of heating up. First, to reach equilibrium in both the
sample and furnace, the temperature should be kept constant for 3 hours at -70 °C. The
furnace then can be heated up with scanning rate of 0.05 °C/min till reaching -40 °C and
after that the temperature should be kept constant at -40 °C for another 3 hours. The

total time of the test would be 16 hours.

In order to find the pressure of the system at the frost point, the pressure of the cell also
should be recorded. Sample and furnace temperatures versus time and heat flow can be
monitored directly from the programme during the test. When the sample starts to melt,
the heat flow reduces sharply due to melting of the sample. By processing the data using
the programme, the onset point of the sample and the corresponding time can be

obtained.
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6.4 Modelling

A full description of the model can be found in Longman et al. [4]. In summary the
model is based on the equality of fugacity in all phases where the fugacity of solid CO»

is calculated from:

Solid

VCOZ Sub
Solid _ pSub Sub ,"RT (P=Fco2)

co2 C0o27COo2

where I?;;‘; is the sublimation pressure of CO2, (Dggzis fugacity coefficient of CO> at the

sublimation pressure at the system temperature T, VCSOUT is the CO; solid specific

volume at the triple point temperature.

6.5 Results and discussion

The measurements were carried out in the calorimeter for MIX 1, MIX 2, MIX 3 and
MIX 4. The experimental data and modelling results for the measured systems are
reported in Table 6.5 for MIX 1, Table 6.6 for MIX 2, Table 6.7 for MIX 3 and
Table 6.8 for MIX 4 and plotted with the predicted vapour-solid, vapour-liquid, liquid-
solid and vapour-liquid-solid zones in Figure 6.2 and Figure 6.3 for MIX 1, Figure 6.4
and Figure 6.5 for MIX 2, Figure 6.6 and Figure 6.7 for MIX 3 and Figure 6.8 and
Figure 6.9 for MIX 4. In these graphs, the first figure for each mixture shows the
measured and predicted frost point for the all pressure ranges and the second figure
illustrates those at lower pressures. The absolute average deviations (AAD) of the
thermodynamic model predictions from the experimental data of frost points measured
in calorimeter are 0.5%, 0.4%, 0.2% and 0.6% for the MIX1, MIX 2, MIX 3 and
MIX 4, respectively. The frost points of the mixture also were measured using an
equilibrium set-up at lower pressures which is in good agreement with both model
predictions and calorimeter experimental data. The circle points with pink colour in
Figure 6.2 to Figure 6.9 show the results measured by the equilibrium set-up. Also as
seen in the figures, for these systems the thermodynamic model using Peng-Robinson
equation of state with k; tuned on VLE data [22] is in good agreement with the new
experimental data. The blue square points and yellow diamond points show the
measured bubble and dew points, respectively [22]. For this system, we have first a
vapour + solid CO; line (P is more or less exponentially increasing with T), then a
vapour +liquid + solid line (the pressure has a high temperature dependency and is
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decreasing with increasing temperature) and finally a solid + liquid line where the
pressure has also high temperature dependency but is increasing with increasing

temperature.

6.6 Conclusions

Frost point for multi-component mixtures (MIX 1, 2, 3 and 4) were measured with the
high pressure calorimeter.

The predictions of the developed model are compared against independent experimental
data and the data generated in this work over a wide range of temperature, pressure and
CO: concentration. A good agreement between predictions and experimental data is

observed, demonstrating the reliability of the developed model.
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Table 6.5 Experimental Frost Points of MIX 1 using the calorimeter BT 2.15

T/K T/°C P / psia P /bar P/ MPa T/K Deviation
(£0.01) (£0.01) (z0.1) (£0.007) (£0.0007) PR-CO: %
215.59 -57.56 92 6.34 0.634 216.24 0.3
215.62 -57.54 102 7.03 0.703 216.19 0.3
215.49 -57.66 126 8.69 0.869 216.08 0.3
215.65 -57.50 147 10.14 1.014 215.99 0.2
215.77 -57.38 154 10.62 1.062 215.96 0.1
215.73 -57.42 304 20.96 2.096 215.51 -0.1
213.44 -59.71 740 51.02 5.102 215.22 0.8
213.99 -59.16 809 55.78 5.578 215.31 0.6
212.86 -60.29 971 66.95 6.695 215.54 1.3
215.02 -58.13 1029 70.95 7.095 215.62 0.3
213.90 -59.25 1245 85.84 8.584 217.39 1.6
217.03 -56.12 1451 100.04 10.004 217.70 0.3
Absolute Average Deviation (AAD) 0.5

Table 6.6 Experimental Frost Points of MIX 2 using the calorimeter BT 2.15

T/K T/°C P / psia P/ bar P/ MPa T/K Deviation
(£0.01) (£0.01) (x0.1) (£0.007) (£0.0007) PR-CO: %
215.64 -57.51 116 8.00 0.800 216.12 0.2
215.06 -58.09 268 18.48 1.848 215.39 0.2
214.67 -58.49 418 28.82 2.882 214.73 0.0
213.98 -59.17 863 59.50 5.950 213.04 -0.4
212.46 -60.69 1490 102.73 10.273 213.75 0.6
212.54 -60.61 2538 174.99 17.499 215.06 1.2
Absolute Average Deviation (AAD) 0.4
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Table 6.7 Experimental Frost Points of MIX 3 using the calorimeter BT 2.15

T/K T/°C P / psia P/ bar P/ MPa T/K Deviation

(£0.01) (£0.01) (£0.1) (#0.007) (£0.0007) PR-CO: %
212.63 -60.52 106 7.31 0.731 212.37 -0.1
211.63 -61.52 142 9.79 0.979 211.67 0.0
210.54 -62.61 190 13.10 1.310 210.84 0.1
209.20 -63.95 945 65.16 6.516 208.73 -0.2
208.89 -64.26 945 65.16 6.516 208.73 -0.1
208.16 -64.99 1160 79.98 7.998 208.95 0.4
208.52 -64.63 1230 84.81 8.481 209.02 0.2
207.88 -65.27 1430 98.60 9.860 209.22 0.6
Absolute Average Deviation (AAD) 0.2

Table 6.8 Experimental Frost Points of MIX 4 using the calorimeter BT 2.15

T/K T/°C P/ psia P/ bar P/ MPa T/K Deviation

(£0.01) (£0.01) (0.1) (£0.007) (£0.0007) PR-CO: %
205.21 -67.94 80 5.52 0.552 206.86 0.8
211.33 -61.82 130 8.96 0.896 211.86 0.2
211.67 -61.48 142 9.79 0.979 211.83 0.1
211.22 -61.94 218 15.03 1.503 210.99 -0.1
208.87 -64.29 350 24.13 2.413 209.17 0.1
207.95 -65.20 640 44.13 4413 205.58 -1.1
208.84 -64.32 672 46.33 4.633 205.31 -1.7
206.72 -66.43 1490 102.73 10.273 205.63 -0.5
Absolute Average Deviation (AAD) 0.6
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Figure 6.2 Phase behaviour and frost points of MIX 1 using calorimeter (A) (Lines: Model
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Figure 6.3 Frost points of MIX 1 using calorimeter (A) at low pressures
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

7.1 Conclusions

In order to proper design and sizing of the equipment and pipeline to transport carbon
dioxide containing impurities from the captured point to storage/injection site, as
mentioned in the early chapters, the availability of accurate models to predict the
thermo-physical properties of high CO> content fluids is of crucial. The existing
equations of state and transport property prediction models, available in the oil and gas
industry, may not be accurate for the high CO: concentration fluids in the carbon
capture and storage. On the other hand, evaluation of these existing models is
challenging due to the lack of experimental data of CO; systems with impurities.
Therefore, the primary aim of this work was to generate numerous experimental density
and viscosity data over wide pressure and temperature ranges to be able to evaluate /
modify the existing equations of states and transport property prediction models. The
particular emphasis of this work was focused on the impact of impurities such as
hydrocarbons, non-condensable gases and toxic gases on the thermo-physical properties
of the COy-rich fluids. The importance of these properties is evident in the CO;
transport pipelines because of their impact on the sizing of equipment as well as health,

safety and environmental issues.

The type and concentration of the impurities in CO»-rich fluids depends on the source
and process of the capture part. Also, apart from the CCS chain, some accumulation of
high CO> concentration fluids can be happen in geological structures. Different binary
and multi component mixtures have been suggested in chapter 2 to cover the possible
compositions of the streams producible from various sources and deployed capturing
technologies. The impurities, which have been investigated in this work are methane,
ethane, propane, iso-butane, n-butane, n-pentane, hydrogen, nitrogen, oxygen, carbon
monoxide, argon, hydrogen sulphide and sulphur dioxide. The concentration of the

impurities varied from as low as 4 mol% to as high as 50 mol% in multi component
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mixtures. In pre-combustion capturing technology, hydrogen could be one of the
impurities in the COz fluid. Due to the small size of the hydrogen molecule in
comparison to carbon dioxide molecule, two particular hydrogen binary systems have

been investigated.

Undoubtedly, thermodynamic properties of CO, mixtures play an important role in the
design and modelling of CO; infrastructures. Chapter 3 concentrated on the density
measurement and modelling of the suggested binary and multi component mixtures.
The densities of the mixtures were measured in the gas, liquid and supercritical regions
after calibrations using pure CO» at each desired isotherm. It has been concluded that
the uncertainty of measurements in the gas phase is much higher than dense liquid /
supercritical phase. The standard uncertainty of pressure transducer in the lower
pressure can result in the high expanded uncertainty of the measured density in the gas
phase. Also, it is obvious that the uncertainties of the measurement at few points which
are closed to the two-phase region are high due to the sharp changes of densities with

pressure changes.

The importance of equations of state to predict the thermodynamic properties,
particularly density, is evident. In the density modelling part of this work, two cubic
equations of state, Peng-Robinson and Soave-Redlich-Kwong, have been studied. These
two equations have been selected due to the popularity in the oil and gas industry and
availability in commercial software packages. Also, CO; volume correction has been
introduced to these cubic EoSs to improve the density prediction in the dense phase. It
is concluded that generally both PR and SRK with CO2 volume correction have
acceptable predictions with Absolute Average Deviation (AAD) of 2.2% and 2.3%,
respectively. The predictions by SRK in the gas phase are slightly more accurate than
PR, while in the dense liquid / supercritical phase, predictions by PR are better than
SRK. It also has been concluded that introducing the CO> volume correction to the
original equations can improves the density predictions significantly in the dense liquid
/ supercritical phases. Overall, the AAD for PR has been reduced from 4.4% to 2.2% by
introducing the CO2 volume correction. That’s for SRK has been reduced from 4.9% to
2.3%. The other conclusion worth noting is that the accuracy of predictions using CO»

volume correction is higher than that of using Peneloux shift parameter.

Moreover, the reduction in density of pure CO> due to the presence of impurities in the

supercritical phase also has been investigated for each mixture. It is concluded that a
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maximum reduction of the pure CO: density at a given temperature of 323.15 K (50 °C)
has been observed at pressures approximately 11 to 12 MPa depends on the composition
of mixtures. Overall, lighter molecular weight impurities tend to reduce CO; density

much more than those with a molecular weight close to pure CO».

Estimation of transport properties is imperative to analyse fluid flow behaviour and heat
transfer from fluids to the environment. Viscosity is a key transport property for
pipeline systems as well as sub-surface and process systems. Chapter 4 has focussed on
the viscosity of CO»-rich mixtures. Both experimental measurements and modelling
practices are covered. The viscosities of proposed mixtures have been measured in the
gas, liquid and supercritical phases. It has been concluded that, as expected, the
uncertainty of measurements in the gas phase is higher than dense liquid / supercritical
phases. Results from the measured viscosity data showed that presence of the impurities
reduces the viscosity of the mixture compared to pure carbon dioxide in the dense liquid
/ supercritical phases. Conversely, the viscosity increases in the gas phase due to the
presence of impurities. The extent of the reduction / increase depends on the type and
concentration of the impurity. Generally, it concluded that the lighter the molecule, the

higher the reduction in the viscosity of pure CO..

Extensive tuning and modifications also has been performed on the existing viscosity
models available in the literature as well as in the oil and gas industry and commercial
packages. The obtained viscosity data were employed to tune the Lohrenz-Bray-Clarck,
(LBC) model, to match the experimental data. New parameters were calculated by
optimising the parameters and the model with the specific set of parameters for CO2
fluids was renamed CO,-LBC. The absolute average deviations (AAD) were calculated
for both models and it has been concluded that the CO2-LBC model has a lower AAD
than original LBC as expected. The prediction improvement could be seen on the gas
phase as well as in the dense liquid / supercritical phases. Moreover, the effect of
density correction on the viscosity prediction using LBC and CO-LBC has been
investigated. The conclusion comes from comparing the AAD of the models from
experimental data. By applying the CO; volume correction to the Peng-Robinson
equation of state, the AAD for the CO»-LBC model were reduced from 18.1% to 8.5%
while that of original LBC reduced from 19.9 to 10.8%.The conclusions drawn during
the course of this study show that as the correlative LBC models are strong function of

the mixture density, improving the density prediction using the CO> volume correction
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can improve the viscosity predictions significantly. This improvement is more evident
in the dense liquid / supercritical phases as the CO2 volume correction is suitable to
improve the density prediction in the dense phase. In the gas phase, as mentioned above,

density predictions has been not effected by applying the CO> volume correction.

The predictive models investigated in this thesis were based on the corresponding states
theory. The one reference fluid corresponding state model, Pedersen, has been modified
by selecting pure CO; as a reference fluid for CO»-rich systems. It is concluded that the
modified model, COz-Pedersen, improved the viscosity predictions significantly. The
absolute average deviation was reduced from 8.0% to 3.3%. The improvements in the
viscosity predictions were in all phases. The two reference fluid corresponding state
model, Aasberg-Petersen, also has been modified for CO,-rich systems by changing the
reference fluid from n-decane to carbon dioxide. The results show that the new model
after modification, CO;-CS2, predicts with greater accuracy particularly for
hydrocarbon — carbon dioxide systems in the gas phase. The SUPERTRAP model,
based on extended corresponding states (ECS) theory, has also been modified by
changing the reference fluid from propane to carbon dioxide. It has been concluded that
the new model, CO,-SUPERTRAP, predicts well the viscosity of CO» systems in the
liquid phase. The AAD of this model in the liquid phase is 4.2%. Totally, the original
SUPERTRAP model over-predicts the viscosity while CO2-SUPERTRAP model under-
predicts the viscosity. In addition, the effect of density correction on viscosity
prediction using this model has also been investigated. The SUPERTRAP model,
similar to LBC, is a strong function of mixture density. The conclusion from the results
is that applying the CO> volume correction can improve the viscosity prediction in the

liquid phase significantly.

As a result, CO-Pedersen has been recommended to predict the viscosity of CO»-rich
systems in the gas phase as well as it is recommended for the dense liquid / supercritical

phase.

Some natural gas reservoirs contains high amount of carbon dioxide and hydrogen
sulphide. To transport / re-injection of these gases, as discussed in Chapter 5, the
concentration of these gases should be limited. Therefore, to proper design of the
facilities, access to reliable properties such as density, viscosity, specific heat capacity,
etc. is imperative. Due to the toxicity of CO>+H>S and CO>+SO; systems, there is no

experimental data available in the literature. Therefore, in the experimental part, the
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densities of above systems have been measured in the gas, liquid and supercritical
phases. The uncertainty of the measurements also reported and concluded that it can be
high in the gas phase and in area close to the phase boundary of two phase region. It
also has been concluded that applying CO> volume correction to equations of states can
improve the prediction accuracy for the acid gas and liquid systems. Moreover, by
applying thermodynamic equations, the residual specific heat capacities of above
systems were calculated from measured densities at different pressures and isotherms.
By comparing the calculated properties to the predictions from software it has been
concluded that there are a good agreement between the measured and predicted results.
Numerous measurements of the density on both sides of dew and bubble point resulted
in calculating the dew and bubble points for above systems. The comparison of the
measured dew / bubble points to the predicted values by software shows that there is a

good agreement between model data and experimental data for dew / bubble points.

Rapid release due to the leakage from CO> transport pipelines can make major safety
problems. Due to the Joule-Thomson effect, solid CO> or dry ice can be formed. The
frost point of the mixture has been measured using calorimeter and the results has been
reported and discussed earlier in chapter 6. The results have been employed to evaluate
the thermodynamic package predictions and it has been concluded that there is a good

agreement between experimental data and model predictions.

7.2 Recommendations

Densities of MIXs 1, 2, 3, 4, 5 and 6 and CO;-H: binaries were measured in this work.
It is recommended to measure density and viscosity of COx+brine for storage purposes.
In the modelling part, other equation of states can be studied using the generated
experimental data. One of the best models to predict the density of the CO> mixtures
can be Benedict-Webb-Rubin-Starling (BWRS) equation of state [1], which is
recommended to use in oil and gas industry with satisfactory prediction of density. The
other equation of state which is recommended is multi parameter equations of state, for

instance, the GERG equation of state [2].

In this work, viscosities of MIXs 1, 2 and 3 and CO;-H> binary systems were measured
at various pressure and temperature ranges. It is recommended to measure viscosity of
MIXs 4, 5 and 6 to cover a wider range and concentrations of impurities. In the
modelling of viscosity both correlative and predictive models can be improved by some

modifications. Viscosity in the LBC model is a strong function of reduced density of the
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mixture and is not a function of temperature. The temperature dependant term, i.e.,
reduced temperature can be applied to consider temperature as well as the mixture
density in the LBC model [3]. In SUPERTRAPP predictive model, mass shape factor
can be applied to improve the model prediction [4]. Mass shape factor for the mixtures
is a function of viscosity of each pure compound. In viscosity modelling using friction
theory (f-theory), the friction law based on classical mechanics has been connected to
the Van der Waals repulsive and attractive pressure terms. These repulsive and
attractive pressure contributions may also predictable using other equations of state, e.g.
SRK and PR. The friction theory already applied to predict viscosity of hydrocarbon
systems [5]. This method also applied to predict viscosity of carbon dioxide +
hydrocarbon systems [6]. It is recommended to evaluate this method further using the

experimental data generated in this work.

During continuous density measurement using FPMC method [7], as described in
chapter 5, heat capacity as well as dew and bubble points of the mixtures could be
calculated and estimated from the measured density data. It is recommended that the
Joule-Thomson coefficient also be calculated by equation below using the measured

density data at various isotherms.

_(a:rj 1 { (avj }
Up === | =——=|v-T| =
oP), C, oT J, (7-1)

The frost points of several CO>-rich gas mixtures were measured using a SETARAM
BT 2.15 calorimeter which has been discussed in chapter 6. The other property which
can be measured using this calorimeter is the specific heat capacity of CO>-rich
mixtures. It is recommended to measure specific heat capacity of CO,—-rich mixtures

which could provide vital information for thermal modelling
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Appendix
Table A. 1 Experimental and modelling results of BINARY 1 using SRK EoS

No Phase Temp. Press. Density (kg/m?) Absolute Deviation (%)
K MPa Exp. Up) Up) SRK-CO: SRK SRK SRK- SRK SRK

(£0.1) (£0.02) kg/m® % Pen COs Pen

Gas 27328 1425 29.9 0.91 3.0 29.0 28.8 28.9 3.1 3.7 3.5

Gas 273.28 2.106 46.9 1.03 2.2 453 44.9 45.1 3.5 43 4.0

Lig. 27328 10.730  910.1 1.14 0.1 872.2 793.8 841.2 4.2 128 7.6

Lig. 273.28 21.025 968.9  0.81 0.1 942.0 874.3 932.1 2.8 9.8 3.8

Lig. 273.28 51.473 11,0622 0.61 0.1 1,044.9 993.0 1,068.3 1.6 6.5 0.6
Lig. 273.28 103.269 1,151.9 0.43 0.0 1,137.4  1,091.2 1,182.8 1.3 5.3 2.7
Liq. 273.28 124.556 11,1793 0.33 0.0 I,164.1  1,117.6 1,213.8 1.3 52 29

Gas 28335 1438 28.9 0.85 3.0 27.8 27.7 27.8 39 40 38
Gas 28333  2.099 41.7 0.94 23 42.5 423 42.5 2.0 1.6 1.9
Gas 28332 4515 1159 175 1.5 117.3 114.4 115.4 1.2 1.3 0.5
Lig. 283.31 10.220 8553 1.47 0.2 796.7 716.5 755.7 6.9 162 11.6
Lig. 283.31 20.702 9343  0.87 0.1 896.6 827.3 880.1 4.0 115 58

Liq. 283.32 51.487 11,0422 0.55 0.1 1,016.6 966.2  1,038.9 2.5 7.3 0.3
Lig. 283.31 105354 11,1395 0.33 0.0 1,119.0 1,0763 1,167.4 1.8 5.5 24
Lig. 283.31 124983 11,1619 041 0.0 1,1449 1,102.1 1,197.8 1.5 5.1 3.1

Gas 29838  2.189 435 0.86 2.0 41.2 41.2 41.3 54 5.5 52
Gas 29838  5.203 126.3 1.50 1.2 122.8 121.7 122.8 2.8 3.7 28
Lig. 298.37 10.096 654.1 3.05 0.5 633.1 560.3 584.8 32 143 10.6
Lig. 298.37 20.440 841.7 1.00 0.1 821.1 750.3 794.9 24 109 5.6
Lig. 298.38 51.445 986.1  0.55 0.1 973.5 924.4 993.0 1.3 6.3 0.7
Lig. 298.39 103.469 1,096.2 0.41 0.0 1,084.4  1,046.2 1,135.0 1.1 46 35
Lig. 298.38 124.467 1,127.4 0.33 0.0 1,1147  1,077.1 1,171.5 1.1 4.5 39
Gas 32344  2.051 36.5 0.74 2.0 344 343 34.4 59 6.0 5.7
Gas 32347 5.251 104.1 1.02 1.0 101.7 101.1 102.0 23 2.8 2.0
Gas 32348 10358  298.8 2.74 0.9 300.8 278.6 2848 0.7 6.8 4.7
SC 32346 20.557 7027  1.28 0.2 680.2 611.5 642.4 32 13.0 8.6
SC 32344 51982 9143  0.57 0.1 902.4 854.9 916.5 1.3 6.5 0.2

SC 32345 102.822 1,041.4 0.41 0.0 1,031.6 998.5 1,083.6 0.9 4.1 4.1
SC 32345 125382 1,078.7 0.41 0.0 1,0683  1,037.2 11,1293 1.0 3.8 4.7

BB D D WL LW WUWLWWWWWERNRNINNDNNDNDNDNDDNFE /===
B, S O AN N RO RN R S e AN R OO NN, S AN PEPD O OOTRN N R W~

Gas 373.54 1.996 27.8 0.60 2.2 28.0 28.0 28.0 0.9 0.7 0.9
Gas 373.54 5210 77.6 0.70 0.9 78.6 77.9 78.5 1.3 0.5 1.1
Gas 373.54 10.392 178.6 091 0.5 177.7 173.0 175.6 0.5 3.1 1.7
Gas 373.55 17.543 356.2 1.20 0.3 351.0 323.7 333.0 1.4 9.1 6.5

SC 373.54 29.181 589.9  0.89 0.2 572.9 519.7 544.1 2.9 119 7.8

SC 37355 52.182 7779  0.55 0.1 762.2 717.1 764.4 2.0 7.8 1.7

SC 37355 103.531 9487  0.37 0.0 936.1 908.4 985.5 1.3 4.3 3.9

SC 37355 124391 9912 0.34 0.0 978.5 954.1 1,039.6 1.3 3.7 4.9
Gas 42345 2.065 28.0 0.51 1.8 25.2 25.1 25.2 10.0 10.3  10.1
Gas 42345 5231 67.1 0.56 0.8 66.4 65.7 66.1 1.0 2.1 1.5
Gas 42345 10475 139.6  0.64 0.5 141.6 137.9 139.7 1.4 1.3 0.0
Gas 42345 20.833 302.1 0.74 0.2 306.7 286.9 294.8 1.5 5.0 2.4

SC 42343 48.610 629.5 0.53 0.1 617.8 575.6 608.5 1.9 8.5 33

SC 42345 104.123 8594  0.34 0.0 851.2 825.1 894.2 1.0 4.0 4.1

44  SC 42346 124288 907.1 0.32 0.0 899.5 877.0 955.6 0.8 3.3 5.3
Absolute Average Deviation (AAD) 2.3 6.1 3.9

224



Appendix

Table A. 2 Experimental and modelling results of BINARY 2

No Phase Temp. Press. Density (kg/m3) Absolute Deviation (%)
K MPa Exp. U(p) Up) SRK- SRK SRK SRK- SRK SRK

(x0.1) (+0.02) kg/m® % CO: Pen CO: Pen

Gas 273.29 1.177 247 0.81 33 22.1 22.0 22.0 10.6 11.0 10.9

Gas 27327  2.078 43.0 093 22 41.5 41.1 41.3 3.7 44 4.1

Gas 273.28 3.916 93.1 140 1.5 92.2 90.8 91.4 1.0 2.5 1.8

Lig. 27326 20.564 829.8 0.85 0.1 852.2 795.9 842.1 2.7 4.1 1.5
Liq. 27327 52306 9732 052 0.1 982.4 936.9 1,001.6 1.0 3.7 29
Liq. 27327 103.290 1,076.7 033 0.0 1,081.4 1,039.6 1,1199 0.4 34 40
Liq. 27326 124.687 1,106.6 041 0.0 1,109.7 1,067.5 1,152.3 0.3 3.5 4.1
Gas  283.29 1.383 260 0.79 3.0 25.0 25.0 25.0 3.7 3.8 3.6
Gas 283.28  2.106 39.7 0.86 2.2 39.8 39.6 39.7 0.2 0.1 0.2
Gas  283.31 4.900 1157 153 1.3 117.3 114.5 115.4 1.3 1.0 02
Lig. 28330 14.412 7944 128 0.2 734.7 677.1 711.1 7.5 14.8 10.5
Liq. 283.30 20.241 809.1 093 0.1 800.7 744.5 785.7 1.0 80 29
Liq. 283.32  52.629 899.0 052 0.1 954.9 910.9 973.5 6.2 1.3 8.3
Liq. 28332 103.634 9928 041 0.0 1,060.8 1,022.2 1,101.6 6.9 30 11.0
Liq. 28332 124467 11,0229 033 0.0 1,090.0 1,051.2 1,1353 6.6 28 110
Gas 29838  2.058 394 078 2.0 36.0 359 36.0 8.7 8.8 8.6
Gas 29837  5.210 113.8 122 1.1 109.9 109.0 109.8 3.4 4.2 34
Liq. 29837 52.278 773.9 052 0.1 910.9 868.4  927.0 17.7 122 19.8
Ligq. 29837 102.842 9369 038 0.0 1,0281 993.7 1,071.1 9.7 6.1 143
Liq. 29838 124735 9795 041 0.0 1,001.4 11,0273 1,110.3 8.4 49 134
Gas 32344  2.058 346 0.69 2.0 32.4 324 324 6.4 6.5 6.2
Gas 32347  5.237 94.6 090 09 92.8 92.4 93.1 1.9 24 1.7
Gas 32345 10447 2477 1.75 0.7 250.0 2340 2383 0.9 5.5 3.8
SC 32344 26.518 5312 094 0.2 667.2 616.1 646.6 25.6 16.0 21.7
SC 32345 52306 746.6 0.53 0.1 838.9 798.0 850.0 12.4 69 139
SC 32346 104.136 9132 037 0.0 979.6 950.1 1,024.6 7.3 40 122
SC 32347 125.148 9563 034 00 1,0152 9872 1,067.9 6.2 32 117
Gas 37354  2.271 28.6  0.57 20 30.2 30.1 30.2 5.5 53 5.6
Gas 373.53 5.251 722 064 09 73.9 73.3 73.8 2.3 1.5 2.2
Gas 373.54 10.392 161.8 0.80 0.5 161.8 157.8 160.0 0.0 24 1.1
Gas 373.54 18.513 3328 099 03 330.0 305.5 3135 0.8 8.2 5.8
SC  373.53  36.462 5283 0.68 0.1 589.8 546.6  573.0 11.7 3.5 8.5
SC 37354 52423 6493 051 0.1 704.4 666.1 705.6 8.5 2.6 8.7
SC  373.52 104.880 861.1 0.35 0.0 887.6 863.0  930.6 3.1 0.2 8.1
SC  373.54 125.024 906.0 0.32 0.0 929.4 907.5 982.4 2.6 0.2 8.4
Gas 42342  2.058 259 048 19 23.7 23.6 23.7 8.6 8.9 8.7
Gas 423.42 5.224 622 052 0.8 62.2 61.6 62.0 0.1 09 04
Gas 42341 10.379 128.0 058 04 130.1 126.9 128.4 1.6 0.8 0.3
Gas 42341 20420 2679 0.64 0.2 273.6 257.8 264.0 2.1 3.8 1.4
SC 42341 38906 4644 0.55 0.1 4923 457.0  477.0 6.0 l.e 2.7
SC 42343 52.113 5654 046 0.1 592.1 556.8 586.7 4.7 1.5 3.8
SC  423.45 103.999 7839 032 0.0 802.7 779.5 839.5 24 06 7.1
43  SC 42346  124.659 8362 030 0.0 852.8 832.7 901.5 2.0 04 78
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Absolute Average Deviation (AAD) 5.2 4.4 6.7
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Table A. 3 Experimental and modelling results of MIX 1

No Phase Temp. Press. Density (kg/m3) Abs Deviation (%)

K MPa Exp. U(p) Up) SRK- SRK SRK SRK- SRK SRK

(#0.1) (0.02) kgm® %  CO» Pen CO: Pen

1 Gas 27339 1.714 38.4 099 2.6 375 37.2 373 24 3.1 2.8
2 Gas 27341 2072 47.4 1.07 23 468 46.4 46.6 1.2 2.0 1.7
3 Gas 27341 2732 66.4 1.26 1.9 66.1 65.3 65.6 04 1.5 1.1
4 Ligq. 27340 6.710 888.0 1.40 0.2 8902 797.0 8445 02 102 49
5 Liq. 27342 11.308 927.8 1.08 0.1 9335 848.6 902.6 0.6 8.5 2.7
6 Liq. 273.41 21.803 9839 0.81 0.1 9943 922.6 9869 1.1 6.2 0.3
7 Liq. 273.42 36.270 11,0342 0.62 0.1 1,047.5 986.7 1,060.6 1.3 4.6 2.6
8 Liq. 27342 51.734 1,073.6 0.52 0.0 1,088.7 11,0345 1,1159 14 3.6 3.9
9 Liq. 273.43 76401 1,121.7 041 0.0 1,1382 1,088.7 1,1793 1.5 2.9 5.1
10 Liq. 27341 104377 11,1644 043 0.0 11,1809 1,1329 12313 14 2.7 5.7
11 Liq. 27342 126.015 1,192.1 041 0.0 1,207.6 1,1594 12627 1.3 2.7 5.9
12 Gas 28332 1.810 36.5 094 25 377 37.6 377 32 3.0 3.3
13 Gas 283.32 3.365 78.3 1.29 1.6 815 79.9 804 4.1 2.1 2.7
14 Liq. 28328 6.359 810.8 1.63 0.2 7950 698.5 7355 19 138 93
15 Liq. 283.27 11.679 8889 1.26 0.1 8789 791.2 839.0 1.1 11.0 5.6
16 Liq. 283.28 22.567 9563 0.84 0.1 9575 885.1 9453 0.1 7.4 1.1
17 Liq. 283.27 36.414 1,004.6 0.72 0.1 1,0158 9552 1,025.8 1.1 4.9 2.1
18 Liq. 28328 54.129 1,052.1 0.52 0.0 1,066.9 1,0149 1,0949 14 3.5 4.1
19 Liq. 28327 77997 1,099.3 0.52 0.0 1,117.2 1,070.7 1,160.1 1.6 2.6 5.5
20 Liq. 283.27 105.093 1,141.3 043 0.0 1,160.7 1,116.2 1,213.8 1.7 2.2 6.3
21 Liq. 28329 124.852 1,167.1 033 0.0 1,186.6 1,142.2 12446 1.7 2.1 6.6
22 Gas 298.29 1.679 32.1 0.84 2.6 323 323 323 0.6 0.5 0.7
23 Gas 298.29 1.961 38.6 0.87 23 383 383 384 0.7 0.8 0.5
24 Gas 298.29 2.760 57.0 097 1.7 56.7 56.6 56.8 0.5 0.7 0.3
25 Gas 298.29 3.076 64.8 1.02 1.6 64.6 64.5 648 03 0.5 0.1
26 Liq. 298.33 12.553 7784 1.68 0.2 7822 693.3 7309 05 109 6.1
27 Liq. 298.37 20.262 8652 1.02 0.1 8725 795.0 8448 0.8 8.1 2.4
28 Liq. 298.36 50.117 999.6 0.59 0.1 1,012.8 960.5 1,0342 1.3 3.9 3.5
29 Liq. 298.38 75.616 1,061.8 041 0.0 1,076.0 1,0324 1,118.1 1.3 2.8 5.3
30 Ligq. 298.38 103.393 1,111.8 043 0.0 1,125.8 1,086.0 1,181.1 1.3 2.3 6.2
31 Liq. 298.40 126332 11,1456 0.33 0.0 1,158.5 11,1194 1,2209 1.1 2.3 6.6
32 Gas 32335 1452 24.0 0.73 3.0 249 24.9 250 4.0 3.9 4.1
33 Gas 32335 2.189 37.4 077 2.1 387 38.7 38.8° 3.6 3.5 3.8
34 Gas 32334 3.599 66.0 0.89 13 679 67.7 68.1 3.0 2.7 3.3
35 Gas 32334 5217 1046 1.07 1.0 107.2 106.7 107.6 2.5 2.0 2.9
36 Gas 32335 8.266 209.5 192 09 2126 208.1 2115 15 0.7 1.0
37 SC 32337 15.884 6424 2.03 03 644.1 565.3 5913 03 120 79
38 SC 32336 22.595 758.5 1.15 02 7624 687.4 7263 0.5 9.4 4.2
39 SC 32336 29.518 822.1 0.88 0.1 8285 760.9 808.8 0.8 7.4 1.6
40 SC 32338 54.067 941.5 0.57 0.1 952.6 903.6 972.0 1.2 4.0 3.2
41 SC 32335 77970 1,008.7 0.52 0.1 1,021.3 981.7 1,063.0 1.2 2.7 5.4
42 SC 32335 106.001 1,065.5 043 0.0 1,078.0 1,043.9 1,1363 1.2 2.0 6.6
43 SC 32337 126462 1,099.1 033 0.0 1,110.6 1,0783 1,177.1 1.0 1.9 7.1
44 Gas 37353 2.120 28.0 062 2.1 313 31.2 31.3. 7.6 7.4 7.7
45 Gas 37353 2.753 38.0 064 1.6 412 41.1 412 2.6 2.3 2.6
46 Gas 373.53 3.517 50.3 066 13 536 534 53.6 6.5 6.0 6.5
47 Gas 373.53 5.244 79.9 073 09 834 82.7 833 43 3.5 4.2
48 Gas 373.53 10.613 1914 1.00 0.5 194.6 189.0 1921 1.7 1.2 0.4
49 SC 37347 26.160 568.5 1.04 0.2 568.1 511.5 5349 0.1 10.0 5.9
50 SC 373.53 53.565 8053 0.57 0.1 808.7 761.4 8143 04 5.5 1.1
51 SC 373.54 77.942 900.8 045 0.0 9064 870.2 940.0 0.6 3.4 4.3
52 SC 373.55 104.584 9706 038 0.0 977.1 948.3 1,031.7 0.7 2.3 6.3
53 SC 373.55 123.180 1,008.7 0.41 0.0 1,015.0 989.3 1,080.5 0.6 1.9 7.1
54 Gas 42340 0.950 11.4 051 45 119 11.9 11.9 45 4.4 4.5
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No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)
K MPa Exp. U{p) U{p) SRK- SRK SRK SRK- SRK SRK
(x0.1) (£0.02) kgm* %  CO; Pen CO: Pen

55 Gas 42341 2.085 253 053 2.1 266 26.5 26.6 5.1 4.7 5.0
56 Gas 42341 3.593 44.5 055 12 468 46.5 46.7 52 4.5 4.9
57 Gas 42341 5.279 66.8 058 09 704 69.6 70.1 5.3 4.2 4.8
58 Gas 42341 7.743 101.7 0.62 0.6 106.7 104.8 105.8 5.0 3.1 4.1
59 SC 42341 34.178 5213  0.68 0.1 519.7 47677 498.7 0.3 8.6 43
60 SC 42342 53.524 682.4 051 0.1 6843 640.5 6809 0.3 6.1 0.2
61 SC 42342 76.139 79177 041 0.1 7964 761.0 818.7 0.6 3.9 3.4
62 SC 42342 104.164 880.1 036 0.0 8875 860.2 9345 0.8 23 6.2
63 SC 42342 121.851 9225 033 0.0 930.8 906.9 990.1 0.9 1.7 7.3

Absolute Average Deviation (AAD) 1.8 4.3 4.1
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Table A. 4 Experimental and modelling results of MIX 2

No Phase Temp. Press. Density (kg/m3) Abs Deviation (%)
K MPa Exp. Up) Up) SRK-CO: SRK SRK SRK-SRK SRK
(£0.1) (£0.02) kg/m® % Pen CO: Pen
Gas 273.18 1.789 38.4 097 25 38.1 37.8 379 09 1.6 1.3
Gas 273.18 2.244 49.8 1.05 2.1 49.6 49.2 494 04 12 0.9
Liq. 273.27 8.796 841.6 1.62 0.2 828.1 756.8 798.5 1.6 10.1 5.1
Liq. 273.28 10.922 867.7 1.36 0.2 856.2 786.1 8312 13 94 4.2
Liq. 273.28 20.998 941.0 0.89 0.1 937.5 874.9 931.1 04 7.0 1.1

Liq. 273.29 52.044 1,0489 0.62 0.1 1,054.0 1,005.1 1,080.1 0.5 4.2 3.0
Liq. 27329  104.164 1,145.6 041 0.0 1,152.7 1,108.6 1,200.5 0.6 3.2 4.8
Liq. 27329 125705  1,1749 041 0.0 1,180.8 1,136.4 1,2332 05 33 5.0

Gas 283.31 1.741 37.0 090 24 34.9 34.9 35,0 56 5.7 5.5
Gas 283.30 2.278 46.5 097 2.1 47.3 47.3 47.5 1.6 1.7 2.0
Liq. 283.31 10.674 803.7 1.85 0.2 776.9 707.0 7440 33 120 74
Liq. 283.31 20.840 895.0 097 0.1 890.5 827.0 8782 0.5 7.6 1.9

Liq. 283.32 52.457 1,012.6  0.62 0.1 1,026.4 979.1 1,051.7 14 33 39
Liq. 28332 104.116 11,1144 043 0.0 1,131.1 1,090.4 1,181.1 1.5 22 6.0
Liq. 283.31 125258  1,1453 041 0.0 1,160.5 1,L119.7 11,2156 13 22 6.1

Gas 298.38 2.078 39.2 0.85 22 39.6 39.5 39.6 09 0.8 1.1
Gas 298.38 3.531 75.3 1.03 1.4 73.3 73.1 735 26 29 24
SC 298.38 12.581 702.1 238 0.3 680.9 615.1 643.8 3.0 124 83
SC 298.39 20.805 827.0 1.12 0.1 813.9 749.7 7929 1.6 93 4.1
SC 298.40 51.342 9799  0.59 0.1 979.2 9329 1,000.7 0.1 438 2.1

SC 298.40  104.102  1,097.0 0.43 0.0 1,099.0 1,062.6 11,1514 02 3.1 5.0
SC 29838  125.877 11,1303 043 0.0 1,131.7 1,095.8 1,190.5 0.1 3.1 53
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Gas 323.49 2.574 453 0.78 1.7 44.8 44.8 44.9 1.0 1.1 0.7
24 Gas 323.50 3.703 67.5 0.86 1.3 67.5 67.4 67.7 00 02 0.3
25 SC 323.45 12.271 409.1 2.78 0.7 401.8 360.6 3708 1.8 11.8 94
26 SC 323.45 20.908 687.5 1.39 0.2 672.2 610.6 6404 22 112 69
27 SC 323.48 51.555 909.3  0.60 0.1 905.7 860.9 9212 04 53 1.3
28 SC 323.50  105.058  1,047.7 0.41 0.0 1,048.7 1,017.5 1,1029 0.1 29 5.3
29 SC 323.49 125478  1,082.4 043 0.0 1,083.2 1,053.4 11,1453 0.1 2.7 5.8
30 Gas 373.57 1.528 20.7 0.59 29 21.7 21.6 217 45 44 4.5
31 Gas 373.58 2.567 34.5 0.62 1.8 37.2 37.1 372 78 175 7.8
32 SC 373.49 17.220 353.9 1.12 03 341.9 317.8 3264 34 102 78
33 SC 373.50 21.005 439.7 1.12 03 430.2 392.7 4059 22 107 77
34 SC 373.53 52.560 7777  0.57 0.1 768.9 726.5 7733 1.1 6.6 0.6
35 SC 373.55 103.937 951.8  0.39 0.0 949.3 923.0 999.7 03 3.0 5.0
36 SC 373.55 125.148 996.1 0.36 0.0 993.9 970.7 1,0559 02 25 6.0
37 Gas 423.48 2.395 30.4 052 1.7 29.9 29.8 29.9 1.5 19 1.6
38 Gas 423.49 3414 43.6 0.54 1.2 43.2 429 43.1 09 14 1.1
39 SC 423.38 18.472 283.7 0.71 0.2 271.1 256.8 2629 44 95 7.4
40 SC 423.38 21.748 3355 0.72 0.2 3235 303.1 3116 3.6 9.7 7.1
41 SC 423.41 52.787 660.6  0.51 0.1 650.9 611.9 6476 15 74 2.0
42 SC 423.42 102.774 862.5 035 0.0 859.2 834.0 901.8 04 33 4.6
43  SC 423.42 124.646 9159 0.33 0.0 913.7 892.2 9703 02 2.6 5.9

Absolute Average Deviation (AAD) 1.6 5.3 4.3
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Table A. 5 Experimental and modelling results of MIX 3

No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)

K MPa Exp. U(p) Up) SRK-CO: SRK SRK SRK-SRK SRK

(£0.1) (£0.02) kg/m® % Pen CO: Pen

1 Gas 273.28 1.067 20.0 0.77 3.8 18.9 18.9 189 53 5.6 5.5
2 GQGas 273.26 2.127 41.6 091 22 40.9 40.6 407 1.7 23 2.0
3  Liqg. 273.23 12.712 6855 1.05 0.2 642.4 608.6 637.0 63 112 7.1
4 Liq. 273.20 20.895 7402  0.72 0.1 710.7 678.0 7134 40 84 3.6
5 Ligq. 273.20 52.278 838.1 044 0.1 827.1 800.1 8499 13 45 1.4
6 Liq. 273.18 103.765 920.2 033 0.0 914.3 889.4 9513 0.6 33 34
7  Liq. 273.20 124.501 9443 030 0.0 937.5 9123 9776 0.7 34 3.5
8  Gas 283.32 1.122 187 0.73 3.9 19.1 19.0 19.1 1.7 1.6 1.8
9 GQGas 283.32 2.085 36.8  0.84 23 37.7 37.6 377 25 22 2.5

10 Gas 283.28 4.873 1108 1.60 14 115.1 1129 1139 39 1.9 2.7
11 Liq. 283.31 9.518 5647 241 04 515.9 485.8 504.0 8.7 14.0 10.8
12 Liq. 283.32 20.633 701.4  0.77 0.1 671.9 6389 670.7 42 89 4.4
13 Liq. 283.34 51.893 8143 044 0.1 804.3 778.1 8259 12 45 1.4
14 Liq. 283.34  103.365 902.8 032 0.0 898.0 875.0 9359 05 3.1 3.7
15 Liq. 28332  125.368 929.6 030 0.0 924.0 9009 9656 0.6 3.1 39
16  Gas 298.36 1.101 18.6  0.68 3.7 17.5 17.5 176 5.8 5.8 5.7
17 Gas 298.36 2.085 36.0 0.76 2.1 34.9 34.9 350 29 3.0 2.7
18  Gas 298.38 5.175 1082 123 1.1 106.7 106.0 1069 14 2.0 1.2
19 SC 298.40 10.964 462.0 284 0.6 428.8 401.8 4145 7.2 13.0 103
20 SC 298.29 20.833 6429 086 0.1 615.3 582.0 609.1 43 95 53
21 SC 298.30 51.734 7799 044 0.1 771.5 7459 790.8 1.1 4.4 1.4
22 SC 298.29  102.106 873.8 0.32 0.0 873.2 8524 9117 0.1 24 43
23 SC 298.30  124.969 903.9 030 0.0 902.5 882.0 9456 02 24 4.6

24 Gas 323.44 1.218 193 0.62 32 17.8 17.7 17.8 8.0 8.0 7.9
25  Gas 323.45 2.113 327  0.66 2.0 31.8 31.8 31.9 28 29 2.6
26  Gas 323.44 5.231 90.6 088 1.0 89.8 89.4 90.1 09 13 0.6

27  SC 323.47 11.810 316.8 1.83 0.6 299.2 2778 284.1 56 123 103
28  SC 323.49 20.227 531.8 1.05 0.2 504.7 471.8 490.1 5.1 113 7.8
29 SC 323.41 49.821 718.0 0.45 0.1 710.1 684.4 7238 1.1 47 0.8
30 SC 323.43 103.427 837.2 031 0.0 837.2 819.2 8762 0.0 2.2 4.7
31 SC 323.45 124.838 868.2 0.29 0.0 867.7 850.7 9123 0.1 2.0 5.1
32 Gas 373.54 2.099 245 054 22 26.5 26.5 265 82 8.0 8.2
33  Gas 373.55 5.237 689 0.62 09 70.6 70.1 70.6 24 1.8 24
34  Gas 373.55 10.427 1563 0.77 0.5 156.3 1533 1553 0.0 2.0 0.7
35 SC 373.56 20.730 3642 084 0.2 348.5 326.1 3354 43 105 79
36 SC 373.57 46.524 6013 046 0.1 588.4 562.1 5905 21 6.5 1.8
37 SC 373.53 63.338 6684 038 0.1 661.9 6399 6770 1.0 43 1.3
38 SC 373.54 63.159 667.7 038 0.1 661.2 639.2 6762 1.0 43 1.3
39 SC 373.55 103.400 767.8 030 0.0 766.3 750.8 8024 02 22 4.5
40 SC 373.55 122.278 800.7 0.28 0.0 799.4 785.6 8423 02 19 52
41 SC 373.56  125.292 804.9 0.27 0.0 804.1 7905 8479 0.1 1.8 53
42 Gas 423.43 2.120 232 046 2.0 232 23.2 232 02 0.0 0.2
43  Gas 423.43 5.224 582 050 09 59.3 58.8 59.1 1.8 1.1 1.6
44  Gas 423.43 10.358 120.5 055 0.5 123.8 1214 1228 2.8 0.8 1.9
45  Gas 423.44 20.943 2583 059 0.2 264.2 2519 2579 23 25 0.2
46  SC 423.45 29.078 371.6 054 0.1 359.0 3386 3495 34 89 6.0
47  SC 423.45 49.869 5272 040 0.1 517.5 4935 5169 1.8 64 2.0
48  SC 423.46  103.359 7045 027 0.0 702.4 687.5 733.8 03 24 4.2
49 SC 423.47  124.804 746.2 025 0.0 745.4 73277 7855 0.1 1.8 5.3

Absolute Average Deviation (AAD) 24 4.6 3.9
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Table A. 6 Experimental and modelling results of MIX 4

No Phase Temp. Press. Density (kg/m3) Abs Deviation (%)
K MPa Exp. U(p) Up) SRK- SRK SRK SRK- SRK SRK
(£0.1) (£0.02) kgm® % CO Pen CO: Pen

SC 273.24 1.872 30,5 0.69 23 29.1 29.0 29.0 46 5.0 4.8
SC 273.24 2.085 33.7 0.71 2.1 328 32.7 327 27 3.1 2.8
SC 273.24 2.767 459 078 1.7 454 45.1 453 12 1.7 1.4
SC 273.25 3.469 60.3 0.86 1.4 595 59.1 594 13 19 1.5
SC 273.25 5.279 1049 121 1.1 1045 1034 1042 04 14 0.7
SC 273.25 7.467 189.7 225 12 1883 1852 1876 0.7 24 1.1
SC 273.25 11.404 403.0 196 0.5 379.0 3684 378.0 6.0 8.6 6.2
SC 273.27 15.719 509.7 1.05 0.2 4652 4515 466.0 8.7 114 8.6
SC 273.26 20.730 560.0 0.75 0.1 521.0 5060 5243 7.0 9.6 6.4
SC 273.26 27.591 601.7 0.58 0.1 5704 5550 5772 52 78 4.1
SC 273.28 31.094 627.0 053 0.1 589.6 5741 5979 6.0 84 4.6
SC 273.29 54.783 6993 038 0.1 673.7 6589 6904 3.7 58 1.3
SC 273.30 78.362 7443 031 0.0 723.1 708.7 7452 29 48 0.1
SC 27329 104556 7815 0.28 0.0 7614 746.8 787.5 2.6 4.4 0.8
SC 27326  124.102 8043 0.26 0.0 7834 768.6 8l1.8 2.6 4.4 0.9
SC 283.28 1.796 264 0.65 25 264 26.4 265 02 0.1 0.3
SC 283.29 2.072 304  0.67 22 309 30.9 309 1.8 1.6 1.8
SC 283.27 3.462 546 0.78 1.4 559 55.4 556 24 14 1.8
SC 283.27 5.217 91.9 1.00 1.1 939 92.7 933 21 09 1.5
SC 283.27 9.050 2215 1.99 09 221.7 216.7 220.1 0.1 2.1 0.6
SC 283.28 14.522 4343 1.33 03 398.0 3858 396.6 84 112 8.7
SC 283.28 20.791 5184 0.79 0.2 4865 471.8 488.0 6.2 9.0 59
SC 283.29 27.908 569.2  0.60 0.1 5442 529.0 5494 44 7.1 3.5
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24 SC 283.30 35.210 6043 049 0.1 5848 569.7 5934 32 57 1.8
25 SC 283.29 41.941 629.1 043 0.1 6135 598.7 625.0 25 48 0.7
26 SC 283.28 50.048 653.5 039 0.1 6413 6269 6557 19 4.1 0.3
27 SC 283.32 78.169 7248 032 0.0 707.3 693.8 7293 24 43 0.6
28 SC 28332 104370  764.1 028 0.0 7479 7344 7744 2.1 39 1.3
29 SC 283.33 122.650  786.7 0.26 0.0 769.7 756.1 7985 22 39 1.5
30 SC 298.37 2.595 39.0 0.64 1.6 369 36.9 369 54 55 53
31 SC 298.37 5.403 89.5 0.83 09 87.0 86.5 87.1 28 33 2.7
32 SC 298.34 7.626 141.1 1.08 0.8 139.8 1362 1375 09 3.5 2.5
33 SC 298.35 10.929 251.1 147 0.6 2342 2272 2309 6.7 95 8.0
34 SC 298.30 16.173 399.1 1.15 0.3 3653 3530 3622 85 115 9.2
35 SC 298.33 20.908 468.6 0.83 0.2 436.2 4219 4351 69 10.0 7.2
36 SC 298.36 20.661 4659 0.85 0.2 433.1 4189 4319 7.0 10.1 7.3
37 SC 298.35 36.311 5833 049 0.1 5548 5399 561.6 49 74 3.7
38 SC 298.32 51.246 6303 038 0.1 6163 6023 629.6 22 44 0.1
39 SC 298.36 54.288 646.5 037 0.1 6259 6122 6403 32 53 1.0
40 SC 298.36 77.619 699.0 031 0.0 6834 6709 704.8 22 4.0 0.8
41 SC 298.38 99.036 7347 028 0.0 7204 7083 7463 19 3.6 1.6
42 SC 298.40  124.026  768.1 0.26 0.0 7532 7412 7829 19 3.5 1.9
43 SC 323.40 2.443 323 056 1.7 31.1 31.0 31.1 3.8 39 3.7
44  SC 323.44 5.203 73.0 0.66 09 715 71.3 717 20 23 1.7
45 SC 323.42 9.243 146.2 0.84 0.6 144.0 141.7 1433 15 3.0 2.0
46 SC 323.44 20.736 385.6 0.81 0.2 3583 3445 3535 7.1 107 8.3
47 SC 323.45 28.224 4653 0.60 0.1 439.6 424.6 4385 55 8.7 5.8
48 SC 323.45 35.306 513.8 050 0.1 492.0 4772 4948 42 7.1 3.7
49 SC 323.48 53.923 599.8 037 0.1 579.5 5662 591.1 34 5.6 1.5
50 SC 323.47 78.534 663.5 031 0.0 6483 636.8 668.5 23 4.0 0.8
51 SC 323.48  104.652 710.6 027 0.0 696.8 6864 7233 19 34 1.8
52 SC 323.47  119.209 7319 025 0.0 717.8 707.7 747.1 19 33 2.1
53 SC 373.54 2.388 242 046 19 255 25.5 255 54 53 5.5
54 SC 373.37 5.182 55.1 050 09 57.6 57.4 57.6 46 4.1 4.6
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No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)
K MPa Exp. U(p) Ulpp) SRK- SRK SRK SRK- SRK SRK
(£0.1) (£0.02) kgm* % CO; Pen CO: Pen

55 SC 373.42 11.239 1344 0.58 0.4 1345 1325 1339 01 14 0.4
56 SC 373.55 19.931 266.5 0.59 0.2 250.5 2404 2451 6.0 98 8.0
57 SC 373.56 28.032 3545 052 0.1 337.7 3237 3322 47 87 6.3
58 SC 373.57 34.563 4079 045 0.1 3912 376.6 38383 41 7.7 4.8
59 SC 373.57 41.397 4523 041 0.1 436.0 421.7 4363 3.6 6.8 3.5
60 SC 373.56 56.015 5253 033 0.1 507.0 4941 5143 35 59 2.1
61 SC 373.56 73.579 581.5 029 0.1 566.6 5554 581.1 26 45 0.1
62 SC 373.47  105.754 6515 0.25 0.0 6399 631.1 6644 18 3.1 2.0
63 SC 373.47 124350  682.0 0.23 0.0 670.5 6625 6994 1.7 29 2.6
64 SC 423.42 2.512 255 039 1.5 233 233 233 85 87 8.5
65 SC 423.39 3.104 30.7 040 13 29.0 28.9 29.0 57 59 5.7
66 SC 423.41 5.217 504 041 08 494 49.2 494 19 25 2.1
67 SC 423.42 10.599 103.2 043 04 103.6 1022 103.1 04 1.0 0.1
68 SC 423.41 20.372 216.5 044 02 2028 196.6 2000 63 92 7.6
69 SC 423.41 28.004 2857 042 0.1 2724 2622 268.1 4.7 82 6.2
70 SC 423.42 34.618 3358 038 0.1 3235 3112 319.7 37 73 4.8
71 SC 423.42 41.507 3799 035 0.1 3683 3552 3663 3.1 6.5 3.6
72 SC 423.32 46.676 4135 034 0.1 3974 3843 3972 39 7.1 3.9
73 SC 423.42 47.983 4149 033 0.1 404.1 391.0 4044 26 58 2.5
74 SC 423.37 73.971 521.1 027 0.1 507.7 496.7 5185 2.6 4.7 0.5
75 SC 423.40  103.957 594.0 024 0.0 584.0 5754 6049 1.7 3.1 1.8
76  SC 42342 124.742 659.2 022 0.0 622.7 6152 649.1 55 6.7 1.5

Absolute Average Deviation (AAD) 36 5.4 3.2
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Table A. 7 Experimental and modelling results of MIX 5

No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)
K MPa Exp. Up) Up) SRK- SRK SRK SRK-SRK SRK
(x0.1) (£0.02) kgm® % CO» Pen CO: Pen

Gas 273.28 1.666 353 099 2.8 36.0 35.8 359 21 14 1.7
Gas 273.28 2.127 47.7 1.09 2.3 48.0 47.6 478 07 02 0.2
Gas 27329 2815 67.8 1.30 1.9 683 67.6 679 07 04 0.1
Gas 273.28 3.503 93.5 1.67 1.8 93.2 91.8 924 04 19 1.2
Liq. 273.28 6.084 896.7 147 0.2 8813 786.5 8333 1.7 123 7.1
Lig. 273.28 10.344 9324 1.13 0.1 923.1 8364 889.5 1.0 103 4.6
Lig. 273.28 20.310 986.4 0.84 0.1 982.6 909.5 9726 04 78 1.4
Liq. 273.29 34907 1,038.1 0.72 0.1 1,0374 9759 1,049.0 0.1 6.0 1.0
Liq. 273.29 52.168 1,082.1 0.52 0.0 1,083.0 1,029.0 1,110.6 0.1 4.9 2.6
Liq. 27330 77.158 1,130.2 0.41 0.0 1,132.1 1,082.8 1,173.5 02 42 3.8
Lig. 273.30 100.984 11,1669 0.41 0.0 1,168.3 1,120.3 1,217.8 0.1 4.0 4.4
Liq. 273.30 120.234 11,1923 041 0.0 1,192.7 1,144.7 1,246.6 0.0 4.0 4.6
Liq. 273.29 123957 1,196.8 043 0.0 1,197.0 1,1489 1,251.6 0.0 4.0 4.6
Gas 283.27 1.094 20.7 0.85 4.1 215 21.5 21,5 39 38 39
Gas 283.28 1473 29.0 090 3.1 297 29.7 298 25 23 2.5
Gas 283.29 2.085 43.0 099 23 44.1 43.9 44.1 26 22 2.5
Gas 283.29 2.836 63.3 1.14 1.8 62.7 63.6 639 1.0 05 1.0
Gas 283.29 3.544 84.9 1.37 1.6 870 85.3 8.8 2.6 05 1.1
Liq. 283.27 6.538 807.8 1.17 0.1 8003 7029 7409 09 130 83
Lig. 283.29 10.606 877.0 135 0.2 8644 7743 820.7 14 11.7 64
Liq. 283.30 21.108 9514 0.88 0.1 9447 870.6 9296 0.7 85 23
Liq. 283.32 36.559 1,013.5 0.64 0.1 1,010.0 949.6 1,0203 03 6.3 0.7
Liq. 283.26 52450 1,056.1 0.62 0.1 1,0559 1,003.4 1,082.6 0.0 5.0 2.5
Liq. 283.29 77915 1,106.5 0.52 0.0 1,1094 1,063.1 1,1523 03 39 4.1
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25 Liq. 283.33 106.490 1,151.7 041 0.0 1,1544 1,110.2 11,2079 0.2 3.6 4.9
26 Liq. 283.31 126.256 1,178.1 043 0.0 1,1799 1,135.6 1,238.1 0.2 3.6 5.1
27 Gas 29831 1.211 22.7 0.80 3.5 225 22.5 22.5 1.0 1.1 0.9
28 Gas 298.30 1.652 313 0.84 2.7 315 31.4 3.5 0.6 05 0.8
29 Gas 298.30 2.106 41.0 0.89 2.2 412 41.2 413 06 0.5 0.8
30 Gas 29830 3.503 75.1 1.10 1.5 755 75.2 75.6 04 0.1 0.7
31 Lig. 29829 10.964 753.4 211 03 7494 657.8 692.0 05 127 82

32 Lig. 29831 20.268 869.1 1.03 0.1 869.1 7915 8415 0.0 89 32
33 Liq. 29832 34.198 946.6  0.73 0.1 949.7 887.1 9505 03 63 0.4
34 Liq. 29832 52409 1,0089 0.62 0.1 1,013.3 9622 1,037.1 04 4.6 2.8
35 Liq. 29831 77.509 1,0684 0.52 0.0 1,072.8 1,029.7 1,116.0 04 3.6 4.5
36 Lig. 29830 105.024 1,117.2 043 0.0 1,120.7 1,081.0 1,176.6 03 3.2 53
37 Liq. 29830 126.008 1,148.0 0.33 0.0 1,150.1 1,111.1 12123 0.2 3.2 5.6
38 Gas 32355 1.239 21.8 0.72 33 209 20.9 209 41 41 39
39 Gas 32357 2113 36.9 0.77 2.1 370 36.9 37.0 03 0.2 0.5
40 Gas 323.62 2.822 50.7 0.82 1.6 509 50.8 51.0 04 02 0.6
41 Gas 32336 3.572 65.8 0.89 14 668 66.7 67.0 16 13 1.9
42 Gas 32336 5.327 108.1 .11 1.0 109.5 1089 1099 13 0.8 1.6
43  Gas 32337 7.323 170.5 1.56 09 1727 1705 1728 13 0.0 1.3
44 SC 32337 15.864 6473 2.04 03 6432 563.7 589.9 0.6 129 89
45 SC 32336 21.294 7472 125 0.2 7434 666.8 703.8 0.5 10.8 58
46 SC 32338 36.910 8715 074 0.1 8722 8115 866.9 0.1 6.9 0.5
47 SC 32338 52.884 9399 059 0.1 9425 8929 960.5 03 5.0 22
48 SC 32339 77.288 1,009.5 0.52 0.1 1,012.8 973.2 1,054.0 03 3.6 4.4
49 SC 32335 104522 11,0654 043 0.0 1,068.0 1,033.8 11,1256 0.2 3.0 5.6
50 SC 32335 124.019 11,0979 033 0.0 1,099.2 1,0669 1,1649 0.1 28 6.1
51 Gas 373.53 1363 19.0 0.60 3.2 19.6 19.6 196 30 29 3.1
52 Gas 37353  2.099 29.4 062 2.1 307 30.7 307 45 43 4.6
53 Gas 373.53 3.496 50.9 0.67 13 529 52.6 529 39 35 39
54 Gas 373.54 5.389 81.8 073 09 854 84.7 853 44 35 4.2
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No Phase Temp. Press. Density (kg/m®) Abs Deviation (%)
K MPa Exp. Up) Up) SRK- SRK SRK SRK-SRK SRK
(£0.1) (0.02) kgm* % CO: Pen CO: Pen

55 Gas 37353 7.756 1273 084 0.7 130.8 128.7 1302 2.7 1.1 22
56 Gas 373.54 10.454 187.1 099 0.5 189.8 184.5 1875 14 14 0.2
57 SC 373.53 27.743 5958 1.00 0.2 589.7 531.8 5574 1.0 107 6.4
58 SC 373.53 31452 644.0 088 0.1 6379 5792 609.7 09 10.1 53
59 SC 37354 43.544 7503  0.67 0.1 7448 691.7 7355 07 7.8 2.0
60 SC 373.54 55.747 8189 055 0.1 8147 768.7 8233 05 6.1 0.5
61 SC 373.55 76.325 898.1 046 0.1 8953  858.6 9273 03 44 32
62 SC 373.55 101.411 9656 040 0.0 9632 9338 10156 02 33 52
63 SC 37355 116.022 9966 037 0.0 9943 967.7 11,0558 02 29 59
64 SC 37356 125513 11,0142 041 0.0 1,012.1 986.8 1,078.7 0.2 2.7 6.4
65 Gas 42343 2.099 26.7 0.53 2.0 26.6 26.5 266 04 0.7 0.5
66 Gas 423.44 3.510 44.9 055 12 453 45.1 453 1.0 04 0.8
67 Gas 42345 5237 67.5 058 09 693 68.5 69.0 26 15 2.2
68 Gas 42345 7.619 100.8  0.61 0.6 104.1 1023 1032 32 14 2.4
69 Gas 42345 11.225 1552 0.68 04 160.6 1558 1581 35 04 1.9
70 Gas 42346 17.137 2524 076 03 2605 2468 2526 32 22 0.1
71 SC 42339 43.778 6145 059 0.1 6104 564.6 596.1 0.7 8.1 3.0
72 SC  423.40 53.799 6853 053 0.1 681.8 6383 6788 05 6.9 0.9
73 SC 42341 78.142 8003 042 0.1 799.0 7643 8233 02 45 2.9
74 SC 42341 104542 8821 036 0.0 8825 8553 9298 0.0 3.0 54
75 SC 42341 104.845 883.1 036 0.0 8833 856.1 930.8 0.0 3.1 54
76  SC 42341 94.955 8559 038 0.0 8555 8259 8952 0.0 35 4.6
77 SC 42342 126442 933.8 033 0.0 9343 9112 996.2 0.0 24 6.7

Absolute Average Deviation (AAD) 1.0 4.2 3.2
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Table A. 8 Experimental and modelling results of MIX 6

No Phase Temp. Press. Density (kg/m3) Abs Deviation (%)
K MPa Exp. U{) Up) SRK SRK SRK SRK- SRK SRK

(£0.1) (£0.02) kgm® % CO:2 Pen CO: Pen

1 Gas 273.27 1.198 233 086 3.7 234 233 233 03 0.1 0.1
2 GQGas 273.27 2.085 45.7 1.03 2.3 441 438 440 3.6 4.2 39
3  Liq. 273.29 10.523 7148 1.08 0.2 6624 6262 6579 73 124 79
4 Lig. 273.30 15.747 7499 0.80 0.1 709.7 6749 7119 53 10.0 5.1
5 Liq. 273.30 21.610 777.8 0.66 0.1 7459 713.0 7544 4.1 8.3 3.0
6 Liq. 273.31 36.077 8257 0.51 0.1 804.6 7755 8248 2.6 6.1 0.1
7 Liq. 273.31 53.620 866.2 042 0.0 8509 8247 880.6 1.8 4.8 1.7
8 Liq. 273.31 78.541 908.7 0.36 0.0 896.4 872.1 9349 14 4.0 2.9
9 Liq. 273.31 104.852 943.8 0.33 0.0 9314 9075 9757 1.3 3.8 34
10 Ligq. 273.31 126.063 967.6  0.30 0.0 953.8 929.6 10013 14 3.9 3.5
11 Gas 283.30 1.239 223 0.82 3.7 231 231 231 33 3.2 34
12 Gas 283.32 2.072 403 094 23 412 41.0 411 2.0 1.7 2.0
13 Gas 283.31 3.145 684 1.19 1.7 674  68.7 69.0 1.5 0.4 0.9

14 Liq. 283.29 10.461 6582 1.39 0.2 606.2 569.7 5962 79 135 94
15 Liq. 283.30 14.467 6993 096 0.1 657.7 621.7 6534 59 11.1 6.6
16 Liq. 283.31 21.445 7433 0.70 0.1 712.6 6789 7169 4.1 8.7 3.5
17  Liq. 283.31 35.485 7979 0.53 0.1 7782 749.0 7955 2.5 6.1 0.3
18 Liq. 283.32 53.131 8432 043 0.1 829.7 804.1 858.1 1.6 4.6 1.8
19 Liq. 283.32 78.052 889.1 036 0.0 8789 8558 9172 1.1 3.7 32
20 Liq. 283.31 105.836 928.1 032 0.0 918.0 8958 963.2 1.1 3.5 3.8
21 Liq. 283.32  126.628 9525 0.29 0.0 9409 918.6 989.7 1.2 3.6 39

22 Gas 298.32 1.342 241 076 3.2 235 235 236 22 2.2 2.0
23 Gas 298.33 2.092 393  0.84 2.1 384 384 385 21 2.2 1.9
24 Gas 298.34 2.732 535 093 1.7 524 523 525 20 2.2 1.8
25 Gas 298.33 3.937 84.8 1.16 14 83.0 82.7 833 22 2.5 1.9

26  Gas 298.32 5.279 1313  1.65 13 128.0 127.0 1283 2.5 3.2 22
27  Gas 298.32 6.401 1914 271 14 1715 181.7 1843 104 5.1 3.7
28 Liq. 298.37 9.498 489.8 329 0.7 462.5 4295 4448 56 123 9.2
29 Liq. 298.37 10.723 541.8 220 0.4 508.2 4727 4912 62 128 94
30 Liq. 298.36 14.632 6213 1.19 0.2 588.7 551.6 577.0 53 1.2 7.1
31 Liq. 298.36 21.149 683.0 0.79 0.1 658.5 6235 6562 3.6 8.7 39
32 Liq. 298.36 34.804 751.8 0.55 0.1 737.7 707.8 7503 19 5.8 0.2
33 Liq. 298.36 51.707 803.5 044 0.1 7956 7702 820.7 1.0 4.1 2.1
34 Liq. 298.36 75.320 853.4 036 0.0 8489 827.0 8856 0.5 3.1 3.8
35 Liq. 29836  105.506 900.1 0.32 0.0 895.8 8758 941.7 0.5 2.7 4.6
36 Liq. 29836  126.373 926.2 0.29 0.0 920.7 9009 970.8 0.6 2.7 4.8

37 Gas 323.36 1.500 250 0.69 2.8 240 24.0 240 39 3.9 3.8
38 Gas 323.36 2.113 359 0.73 2.0 347 347 348 34 3.5 32
39 Gas 323.33 3.138 558 0.80 1.4 54.1 54.0 542 32 3.3 29
40 Gas 323.34 4.184 77.0 091 1.2 76.0 758 763 1.3 1.6 0.9

41 Gas 323.34 5.292 1032  1.04 1.0 102.3 1019 102.8 0.8 1.2 0.3
42 Gas 323.33 7.681 1770  1.54 09 1745 1726 1751 14 2.5 1.1
43 Gas 323.34 9.904 285.7 220 0.8 271.7 2595 2652 49 9.2 7.2
44  SC 323.44 15.967 5204 1.38 0.3 4864 449.2 466.6 6.5 13.7 103
45 SC 323.44 18.906 569.8 1.07 0.2 536.6 4994 5209 58 124 8.6
46 SC 323.44 23.792 6232 0.80 0.1 593.7 5582 5853 47 104 6.1
47 SC 323.44 37.591 706.5 0.54 0.1 687.2 6575 6953 2.7 6.9 1.6
48 SC 323.45 53.159 761.8 043 0.1 7489 7241 7703 1.7 5.0 1.1
49 SC 323.46 78.541 822.0 036 0.0 813.6 793.6 8494 1.0 3.5 33
50 SC 323.48 105437 867.8 0.31 0.0 860.1 8427 9059 0.9 2.9 4.4
51 SC 323.47  127.061 897.5 029 0.0 888.9 8724 9404 1.0 2.8 4.8

52 QGas 373.53 3.152 4277 0.62 14 443 441 443 3.7 3.4 3.8
53 Gas 373.53 4.191 583 0.65 1.1 604  60.1 604 3.5 3.1 3.6
54 Gas 373.53 5.237 74.6 0.69 09 774 71.0 77.5 3.8 3.1 3.8

234



Appendix

No Phase Temp. Press. Density (kg/m?) Abs Deviation (%)
K MPa Exp. U() Up) SRK SRK SRK SRK- SRK SRK

(£0.1) (£0.02) kgm* % CO2 Pen CO: Pen

55 Gas 373.53 7.626 116.8 0.78 0.7 119.7 1183 119.6 2.5 1.3 2.4
56 SC 373.51 20.819 410.7 0.89 0.2 3899 3639 3760 5.1 11.4 8.5
57 SC 373.51 27.632 502.7 0.70 0.1 482.8 4512 470.0 3.9 102 6.5
58 SC 373.53 35.465 571.5 0.56 0.1 553.1 5225 5478 3.2 8.6 4.1
59 SC 373.54 52.787 663.7 042 0.1 650.0 6249 661.5 2.1 5.8 0.3
60 SC 373.55 76.277 738.2 0.34 0.0 729.1 709.8 7575 1.2 3.8 2.6
61 SC 373.55 104.529 798.6 0.30 0.0 791.4 7764 833.7 0.9 2.8 4.4
62 SC 373.55 126.256 8344 027 0.0 8269 813.7 8769 0.9 2.5 5.1
63 Gas 42343 1.707 19.7 049 25 20.1 20.1 20.1 2.3 2.1 2.3
64 Gas 423.42 2.175 252 050 2.0 258 257 258 24 2.2 2.4
65 Gas 423.42 3.083 36.0 051 1.4 370 369 37.0 2.8 2.4 2.8
66 Gas 423.43 4.219 49.7 053 1.1 514 51.1 514 34 2.8 33
67 Gas 423.43 5.320 632 054 09 658 653 65.7 4.1 3.2 3.9
68 Gas 42343 7.598 929 0.57 0.6 96.7 954 96.3 4.1 2.7 3.7
69 SC 423.41 19.243 282.0 0.65 0.2 266.7 255.1 2614 54 9.5 7.3
70  SC 42343 28.045 3953  0.58 0.1 379.4 357.8 3703 4.0 9.5 6.3
71 SC 423.43 38.644 491.0 048 0.1 477.1 451.1 4712 28 8.1 4.0
72 SC 423.44 52.202 5724 039 0.1 561.2 536.6 5652 2.0 6.3 1.3
73 SC 423.45 76.882 665.9 0.31 0.0 659.0 639.8 6809 1.0 3.9 2.3
74 SC 423.45 104.790 734.6 0.27 0.0 730.6 7159 767.8 0.5 2.5 4.5
75 SC 423.45 125.292 783.4 025 0.0 769.7 757.1 8154 1.7 33 4.1
Absolute Average Deviation (AAD) 2.9 5.3 3.8
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