DETERMINATION OF HEAT CAPACITIES AT CONSTANT VOLUME FROM

EXPERIMENTAL (P-RHO-T) DATA

A Thesis

by

ANDREA DEL PILAR TIBADUIZA RINCON

Submitted to the Office of Graduate and Professional Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

Chair of Committee, Kenneth R. Hall
Co-Chair of Committee, James C. Holste

Committee Members, loannis Economou
Maria Barrufet
Head of Department, M. Nazmul Karim
August 2015

Major Subject: Chemical Engineering

Copyright 2015 Andrea Del Pilar Tibaduiza Rincon



ABSTRACT

This work examines the uncertainty in the determination of the heat capacity at
constant volume from experimental volumetric data. The proposed methodology uses the
experimental (P-p-T) data for a ternary mixture of methane, ethane and propane measured
over a range of temperatures from 140 to 500 K at pressures up to 200 MPa. The resulting
approach determines truly isochoric data and calculates isochoric densities with a
maximum deviation of £ 0.5 % from the predictions of GERG 2008 EoS. Values for the
first and second derivative of the pressure with respect to temperature at constant density
needed for determining the caloric properties come from a fit of the (P-p-T) data using a
rational equation and also from numerical techniques. By transformation of the data, it is
possible to calculate the residual and absolute heat capacities at constant volume with a
maximum uncertainty of 1.5% that results from comparing the differences in the
predictions using analytical and numerical approaches, which reflects the uncertainty of

the experimental (P-p-T) data.
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NOMENCLATURE

Total number of moles (mol)

Density (kg/m?)

Volume (m3)

Temperature (K)

Pressure (MPa)

Heat capacity at constant pressure (kJ/kmol)
Heat capacity at constant volume (kJ/kmol)
Universal gas constant: 8.3144621 (kJ/kmol-K)
Uncertainty (%)

Ratio of heat capacities

Superscripts

*

Reference condition
Calibration condition
True isochore condition

Ideal gas state

Residual property
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Subscripts
c Cell
| Transmission line

t Pressure Transducer
Greek letters
a Thermal expansion coefficient (K™?)

S Isothermal compressibility coefficient (MPa™)

Abbreviations

MSD Magnetic Suspension Densimeter
LPI Low Pressure Isochoric Apparatus
HPI High Pressure Isochoric Apparatus
EoS Equation of State

Eq Equation

oD External Diameter

ID Internal Diameter

PT30K 30,000 psi Range Pressure Transducer
Cu-Be Beryllium Cooper 175 Alloy

Iso Isochore

Rms Root mean square

vii



TABLE OF CONTENTS

Page

A B ST RA T Lottt r e et ae e aaeeannes I
DEDICATION ...ttt bbbttt bbb bt n s ii
ACKNOWLEDGMENTS ... .ottt nee e iv
NOMENCLATURE ...ttt be e Vi
TABLE OF CONTENTS ...ttt e e e nee e viil
LIST OF FIGURES. ..ottt bbbttt bbbt X
LIST OF TABLES ...t nee e Xiil
1. INTRODUCTION ... .ottt sttt e bbb 1
1.1 Economic Impact of Natural Gas..........ccereieiiiiiiiiiiieeee e 1
1.2. Literature Review of Calorimetric MeasurementS..........ccovvererenerenesiesnseerenneens 5
1.2.1 Adiabatic Calorimeter for Heat Capacities Measurements®® ..............c............ 6
1.2.2 Flow Calorimeters for Constant Pressure Heat Capacities Measurements........ 7
1.2.3 Caloric Properties for Natural Gas MiXtUres'2.............cccccoevverereeesreereeneennnn, 8

1.3 Research Proposal and Objectives of the Study..........cccccceevveviiiciiiciiceceeee, 9

2. EXPERIMENTAL CHARACTERIZATION OF NATURAL GAS MIXTURES.....11
2.1 Magnetic Suspension Densimeter (MSD)3? ..o, 11
2.2 Low and High Pressure Isochoric Apparatus®®0............cccccocoevivieviieeieceeee, 14
3. HEAT CAPACITIES FROM EXPERIMENTAL (P-RHO-T) DATA.....ccoeiiieienn. 17
3.1 Stage 1. Experimental Data ACQUISITION .......cc.ooviiiiiiiiiiiisieee s 17
3.2 Stage 2. 1SOChOrIC COITECLIONS ......ccveeeiiieieiie ettt 20
3.2.1 Definition of Reference State .........ccocvvveiiiie i 21
3.2.2 Isochoric Density Determination...........ccccveiieiiieeiie i 23
3.2.3 True 1So0chores DetermMination ...........ccocveveerierieereeie e e se e sre e 35

3.3 Stage 3. Derivative Determination ...........ccccooveiiieiieiie e 37
3.4 Stage 4. Residual and Absolute Properties .........cccovveririnieiene e 55
3.5 Stage 5. Uncertainty ANAIYSIS ........cooiiiiiiiieiie st 64



4. CONCLUSIONS ...t 71

REFERENCES ... ... s 75
APPENDIX A. EXPERIMENTAL ISOTHERMAL AND ISOCHORIC DATA .......... 79
APPENDIX B. ISOCHORIC DENSITY AND TRULY ISOCHORIC DATA............... 89
APPENDIX C. REGRESSION RESULTS OF FITP VS T..oooiiiiiice e 96
APPENDIX D. FIRST AND SECOND DERIVATIVES ..., 97
APPENDIX E. EXPRESSION OF RESIDUAL HEAT CAPACITY ...ccoooiiiiiiiienns 104
APPENDIX F. REGRESSION RESULTS OF INTEGRAND FUNCTION ................ 106
APPENDIX G. IDEAL GAS HEAT CAPACITY DIPPR PROJECT ......cccovvviiiiennns 110
APPENDIX H. RESIDUAL AND ABSOLUTE HEAT CAPACITY ...ccccoviiviiiiinnns 111
APPENDIX I. INTEGRAND FUNCTION OF NUMERICAL DERIVATIVES......... 118
APPENDIX J. MATLAB CODE. ... 120



LIST OF FIGURES

Page
Figure 1. Distribution in consumption of natural gas in U.S. 20132............ccccceeeuerinnnene, 2
Figure 2. Gas demand in AMErican Market® ...........cccoovveeeivieeeeeess e 3
Figure 3. US generation from coal, gas-fired plants and renewable energies® .................. 3
Figure 4. (a) Basic scheme for the MSD?® (b) Operating modes of the MSD?............... 12
Figure 5. Schematic diagram of the isochoric experiment® ............cccccocoeeveeeviccrereennns 14
Figure 6. Isochoric cell cut view for the high pressure equipment®...........c.ccccovevevenne. 15
Figure 7. Methodology to determine (Cy) from experimental (P-p-T) data ..................... 17
Figure 8. Experimental data of residual gas sample..........c.cccoovviveiieveiiciie e 19
Figure 9. Noxious volume in iSOChOrIC apParatus............ccourveieierenenene e, 20
Figure 10. Percentage deviation of density values from MSD.............cccceevveviiiieivennee. 22
Figure 11. Per cent deviation of isochoric densities inthe LPI..............ccccoiiiiiinennn, 29
Figure 12 Layout of high pressure isochoric Cell.............cocoovveiiiiiiiiciiiccece e 32
Figure 13. Percentage of deviation of isochoric densities from HPI...............ccocevenneee. 34
Figure 14. True iSOChOres diagram..........ccccoveiieiiiiie i 36
Figure 15. Strategy to calculate numerical and analytical derivatives.............c.ccccevenee. 37
Figure 16 Residuals in pressure for isochores 1 to 3 using EQ. 25 .......cccccoovevviievivennne. 42
Figure 17 Residuals in pressure for isochores 1 to 3 using EQ. 30 .......ccocoovvviiiiinnennnn, 42
Figure 18 Residuals in pressure for isochores 4 and 5 using EQ. 25........cccccevvvevvieevineenne. 43
Figure 19 Residuals in pressure for isochores 4 and 5 using EQ. 30.........ccocvvvvriinennnn, 43
Figure 20 Residuals in pressure for isochores 6 to 10 using EQ. 25 .........ccoevveivieevinenne. 44



Figure 21 Residuals in pressure for isochores 6 to 10 using EQ. 30 .........cccccoovvvivinennne. 44

Figure 22 First derivative for iSOChOre 1.........ccovivieiieii i 45
Figure 23 Second derivative for iISOCNOIE 1 ........c.cceiiiiiiiiiiiiccee e, 45
Figure 24 First derivative fOr iSOChOIe 2...........ccvieiieii e 46
Figure 25 Second derivative for ISOCNOIE 2 ..........ccooiiiiiiiiiieeee e, 46
Figure 26 First derivative for iSOChOre 3..........ccvieiieiicicce e 47
Figure 27 Second derivative for iISOCNOIe 3 .......cc.coeiiiiiiiiiiecee e, 47
Figure 28 First derivative for iSOChOre 4 ...........cccooveiieieieceece e 48
Figure 29 Second derivative for iISOCNOIE 4 ..........cccooiiiiiiiiiiccee e, 48
Figure 30 First derivative for iSOChOre 5.........cccvieiieiiciccece e 49
Figure 31 Second derivative for iISOChOIe 5 ........c.coviiiiiiiiiieee e, 49
Figure 32 First derivative for iSOChOre 6...........ccceovveiieiiiiccecce e 50
Figure 33 Second derivative fOr ISOCNOIE 6 ..........cccooeiiiiiininieeee e, 50
Figure 34 First derivative for iSOChOIe 7 ...........ccviieiiiiicccece e 51
Figure 35 Second derivative for ISOCNOIE 7 .......ccooiiiiiiiiirieeecee e, 51
Figure 36 First derivative for iSOChOre 8...........cccooveiieviiiccecce e 52
Figure 37 Second derivative for iSOChOre 8 ..........cccooiiiiiiiiiiicccc e, 52
Figure 38 First derivative for iSOChOre 9..........cccvieiiiieccceec e 53
Figure 39 Second derivative for iSOChOre 9 ..ot 53
Figure 40 First derivative for isSoChore 10.........cccovveiieiiiiiciece e 54
Figure 41 Second derivative for iSOChOre 10 ........cccooeiiiiiiiinieeee e, 54
Figure 42. Integrand function of (C,") equation for subset 1...........ccccoovvvviiieiiiicieennee. 57
Figure 43. Integrand function of (C\") equation for subset 2...........ccocevvrviirniniiiiiennnns 57
Figure 44. Integrand function of (C,") equation for subset 3...........ccccoveeveiiieie e, 58

Xl



Figure 45. (C\) for subset 1. (220 — 300 K)....coeriireieiiieceseeieieese e 59

Figure 46. (C\") for subset 2. (310 — 390 K)....oooiiieiieiecieseee e 59
Figure 47. (C\") for subset 3. (400 — 450 K).....cooereiiiiiiceseeieieese e 60
Figure 48. (Cy) for subset 1. Temperatures 220 — 300 K ........ccccveiveieiiieseeie e 63
Figure 49. (Cy) for subset 2. Temperatures 310 — 390 K .......ccoeiiiiiiiinininiseeeeee, 63
Figure 50. (Cy) for subset 3. Temperatures 400 — 450 K ........ccccvevveieiiesieece e 64
Figure 51. Integrand function of Eq. 34 using numerical derivatives.............cc.ccocveveneen. 65
Figure 52. Integrand function of Eq. 34 using analytical derivatives ................cccccveunenne. 66
Figure 53. Integrand function predicted. T =280 K ........ccoiiiiiiiiiieeesceeeee, 67
Figure 54. Percentage of residual heat Capacity ...........cceveveeieiiieiieccece e 70
Figure 55. Integrand function of Eq. 34 for subset 1 using numerical derivatives........ 118
Figure 56. Integrand function of Eq. 34 for subset 2 using numerical derivatives........ 118
Figure 57. Integrand function of Eq. 34 for subset 3 using numerical derivatives........ 119

Xii



LIST OF TABLES

Page
Table 1. Natural gas demand 2010 - 2018 (0CM)3.........coovoicerererereeeceeiee et 2
Table 2. Relative uncertainty in (Cy) experimental values for mixtures and pure fluids
measured with adiabatic calorimeter®®.............cccccooeeiieeecccceeceee s 7
Table 3. MSD SPECITICALIONS ......cveivieiiecie et sre s 13
Table 4. Experimental measurements of density taken in the MSD of TAMU................ 13
Table 5. Low pressure apparatus (LPI) specifications=0 ..............ccccevvvivreeeesieneeenenans 16
Table 6. High pressure apparatus (HPI) specifications®...............ccccovvrvevivccesvevecennnn, 16
Table 7. Experimental measurements taken in the LP1 of TAMU............ccooeiveviiienen, 16
Table 8. (P-p-T) reference values for each isochore. EoS values from GERG-2008 ......23
Table 9. Thermal expansion and isothermal compressibility coefficients...................... 25
Table 10. VOIUMES FOr LPL.......ooiieiiieee s 26
Table 11. LPI values to calculate distortion parameters for stainless steel...................... 27
Table 12. Parameters for Stainless Steel ... 28
Table 13 Lengths for noxious volume estimation in the HPI.............cccoooiiiiiiicincenen, 30
Table 14 Technical specifications for high pressure cross and valve in the HIP............. 30
Table 15 Volumes fOr HP ..o 31
Table 16. HPI values to calculate distortion parameters for Cu-Be..........c.ccocovvivenne. 33
Table 17. Parameters for CU-Be..........coooviiiiiiiiiie e 33
Table 18. Pseudo points in the iSOChOric eXPeriment............ccovvvviineni s 38
Table 19. Outliers in the iSOChOrIC eXPEriMENt .........ccoeviviiieie e 39
Table 20. Subset of temperatures for integral of residual heat capacity ...........cc.ccocveuee. 56

Xiii



Table 21.
Table 22.
Table 23.
Table 24.
Table 25.
Table 26.
Table 27.
Table 28.
Table 29.
Table 30.

Table 31.

Table 32.
Table 33.
Table 34.
Table 35.
Table 36.
Table 37.
Table 38.
Table 39.
Table 40.

Table 41.

Ideal gas heat capacities at constant VOIUME..........cccoocevenieiinienie e 62
Regression results using numerical derivatives. T =280 K.........c.cccceevvvveenenn. 65
Regression results using analytical derivatives. T =280 K .........cccccoevvveennene. 66
Residual heat capacity at T = 280 K from numerical derivatives.................... 68
Residual heat capacity at T = 280 K from analytical derivatives .................... 68
Absolute heat capacity and global uncertainty at T = 280K ..........c.ccccevvvennnne. 69

MSD measurements and compared to values predicted by GERG 2008......... 79

High pressure isochoric apparatus measurements. EoS: GERG 2008............. 82
Low pressure isochoric apparatus measurements. EoS: GERG 2008.............. 85
Isochoric density and (P'-p*-T) data........cccccerereiiriniiiieee s 89
Coefficients, standard error, rms and number of points per isochore (n) for

regression analysis USING EQ. 30 .......ccooiiiiiiiiiiiieece e 96
First and second derivatives for SEt L........ccocooeiiiiiiiiiincncee e 97
First and second derivatives fOr SEt 2..........cccovvviiinieiiiiene e 100
First and second derivatives for St 3., 102
Regression results of Eq. 35 TOr SEt L.......cccoiiiiiiiiiiiicee e 106
Regression results of EQ. 35 fOr Set 2........coviveiiiiiiiece e 107
Regression results of Eq. 35 0r SEt 3.......coviiiiiiiiiiieee e 109
Parameters for EQ. 49.......ooi i 110
Residual and absolute heat capacity for Set L..........ccccoovviiiiinininiiicee 111
Residual and absolute heat capacity for Set 2..........cccceevveviiiivicicieece e 114
Residual and absolute heat capacity for Set 3..........cccceveveriieninienisieeee 116

Xiv



1. INTRODUCTION

1.1 Economic Impact of Natural Gas

Natural gas is a mixture of several hydrocarbons, its composition depends upon
the source and it is consider as the greenest fossil fuel. Natural gases can be classify as:
“wet” when they include significant amount of hydrocarbons other than methane such as:
ethane, propane, butane and pentane; “dry” when the composition is almost pure methane,
and “sour” when it contains significant amount of hydrogen sulfide®. Natural gas is a major
energy source in the United States with consumption of 740 billion cubic meters (bcm)?
and a global demand estimated at 3,500 bcm? in 2013, up 1.2% from 2012 levels.

The global demand for natural gases depends upon the interactions among fuel
supply and all the sectors in the custody chain of transfer, geopolitical and governmental
policies, market forces, and companies’ decisions and investments. These factors play a
role in determining the availability and competitiveness of natural gas in traditional sectors
and its expansion into new ones. The forecast for global gas demand is 3,962 bcm in 2018
as it is shown in Table 1°.

Natural gas is mainly a fuel used to produce steel, glass, paper, clothing, electricity
and to heat buildings and water. It is also a raw material for fertilizers, plastics, antifreeze,
medicines and explosives?. Figure 2 exhibits the distributions for consumption of natural

gas in the U.S. in 2013.



Table 1. Natural gas demand 2010 - 2018 (bcm)?

2010 2012 2014 2016 2018 2018/12 (%)
Europe 567 513 506 518 525 04
Americas 850 893 903 942 977 1.5
Asia Oceania 198 229 238 248 261 22
Africa 105 113 133 146 154 5.3
Asia 283 286 299 333 360 3.9
China* 109 149 189 237 295 12.1
FSU/non-OECD Europe 681 677 688 699 709 0.8
Latin America 152 160 166 178 190 29
Middle East 370 407 433 458 492 3.2
Total 3315 3427 3 555 3759 3962 24

Note: detailed demand data by country and by sector are available in Tables 30 and 31 in the Chapter The Essentials.

* China includes Hong Kong.

Natural gas use, 2013

Vehicle fuel 7 X
<1% Oil and gas industry
Pipeline and Operitions
distribution use 6%
i @

Source: U.S. Energy Information Administration, Natural Gas
Annual (October 31, 2014)

Figure 1. Distribution in consumption of natural gas in U.S. 20132



Americas is the largest natural gas market with a growth rate of 1.5% per year in
terms of volume. Around 53% of this growth comes from the power generation sector

alone (Figure 2) in which the switch from coal to gas continues (Figure 3)3.
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Figure 2. Gas demand in American market®
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Figure 3. US generation from coal, gas-fired plants and renewable energies®
3



In terms of reserves of natural gas, the estimate is that about 190 trillion cubic
meters (tcm)?! of natural gas reserves exit worldwide in conventional sources* (geological
formations that do not require specialized technologies to unlock their potential). However
the reserves from recoverable gas sources (assuming technology becomes available to
produce them) are estimated about 440 tcm®. On the other hand, estimated recoverable
unconventional resources such as Shale Gas®, trapped in reservoirs with low permeability
are around 240 tcm?. Altogether, this would last around 220 years, based upon current
rates of gas consumption®?3,

The forecast of demand suggests that study and research of the properties of natural
gas and a holistic analysis of all the factors that determine its price is crucial. When natural

gas enters to the custody transfer chain, the price is calculated from®:

SREIRY

The first factor on the right-hand side of Eg. 1 is the volumetric flow rate
determined by flow meters (e.g. orifice meters’), the second factor is the density that is
available with high accuracy from volumetric measurements®°. The third factor is the
heating value that is available from calorimetric measurements. The final factor is the price
of the natural gas on an energy basis. From Eq. 1 is clear that the caloric and volumetric
properties for natural gas mixtures are essential information for the gas processing

industry. Several Equations of State (E0S), such as AGA8-DC92!! and GERG-2008%, can



predict the thermodynamic properties of natural gas. The experimental data for energies,
entropies and heat capacities are useful in developing new EoS, for empirical correlations
needed to determine the energy content of the hydrocarbon gas streams, and for use in
conjunction with other sets of experimental data, such as volumetric data (P-p-T), for

developing thermodynamic models®3. On the other hand, knowledge of the experimental

derivatives such as (oP/oT )p and (82P/8T2)p help in evaluating the thermodynamic

consistency of EoS and the impact of using numerical and analytical derivatives during its
development.
An important physical property of the gases is the ratio of the heat capacities at

constant pressure (Cp) and heat capacities at constant volume (Cy) defined as:

k=22 )

The factor k in Eq. 2 appears in the design of components and evaluation of the

overall performance of compressors41°,

1.2. Literature Review of Calorimetric Measurements
The most popular method for determining caloric properties is via calorimetric
measurements, however those properties also can result from using thermodynamic

relationships and volumetric data. This section presents a review of the procedures and



current state of art for calorimetric measurements as well as the specifications and
accuracy for apparatus used to acquire volumetric data.
1.2.1 Adiabatic Calorimeter for Heat Capacities Measurements'®

The National Institute of Standards and Technology (NIST) has used the adiabatic
method to measure heat capacities of liquid and gas mixtures and pure fluids. The adiabatic
calorimeter consists of a twin-bomb arrangement, which allows accurate energy
measurements. It minimizes the heat loss caused by gradients in temperature and radiation
fluxes by an automatic adjustment of the temperature of a cooper case that surrounds the
bomb. The range of temperature is from 20 to 700 K at pressures up to 35 MPa. According

to NIST the heat capacity at constant volume (Cy) is determined from:

Cv — (AQ - AQO )
MAT

3)

In Eq. 3, 40 is the value of the energy absorbed by the fluid, 4Qq is the energy
difference between the empty sample bomb and the reference, AT is the rise in temperature
caused by the energy absorbed by a fluid of mass m contained in the bomb. Typical values
of the relative uncertainty for the measured heat capacities at constant volume appear in

Table 2.



Table 2. Relative uncertainty in (Cy) experimental values for mixtures and pure fluids
measured with adiabatic calorimeter®®

. . Relative
Fluid / Mixture Phase Range Uncertainty (Cy)
Twice Distilled - Temperature: 300-420 K. o 16

Water Liquid Pressure: up to 20 MPa 0.48%
Hydrocarbon'Mlxture Liquid Temperature: 203-342 K. 0.79% 17
(CsHs) and (i-C4H1o) Pressure: up to 35 MPa

Temperature: 114-345 K.

I \% 7% 18

sobutane apor Pressure: up to 35 MPa 0.7%

Propane Vapor Temperature: 85-345 K. 0.79% 19

Pressure: up to 35 MPa
Vapor and  Temperature: 85-345 K. 2% in vapor
Liquid Pressure: up to 35 MPa 0.5% in liquid
Mixture COzand Vapor and  Temperature: 220-340 K. 2% in vapor?!
C2Hs Liquid Pressure: up to 35 MPa 0.5% in liquid

20
Nitrogen

1.2.2 Flow Calorimeters for Constant Pressure Heat Capacities Measurements

Ernest et al.?? constructed a flow calorimeter that accounts for the differences
between the International Practical Temperature Scale 1968 (IPTS-68) and the
Thermodynamic Temperature Scale (TTS) derived from the differences between accurate
values of the isobaric heat capacity using these corresponding scales. The design of the
calorimeter is a U-shaped tube isolated by vacuum, and a radiation shield with platinum
resistance thermometer (PRT) wires that contact the electrically heated flowing gas. The
apparatus operates continuously by recycling the gas that flows to a condenser after the
calorimeter stage followed by heating the condenser to push the liquid into a two—phase
container where the gas flow that goes to the calorimeter results at constant pressure by

evaporating the liquid. The range of operation in temperature is from -20 to 200 °C with
7



pressures up to 1.5 MPa. The experimental heat capacity at constant pressure (Cp) is

calculated from:

C, = @)

In Eq. 4 the mass flow rate m results from weighing the condensate and noting the
collection time. The C, value results from using the difference between a main experiment
(with heating) and a blank experiment (without heating), P is the heating power in Watts.
Use of the blank experiment is convenient because it includes the effect of Joule-
Thompson cooling and changes in potential and kinetic energy, therefore improving the
accuracy of the C.

Measurements of specific heat capacity for Xenon in the gas phase from -20 to 100
°C and at pressures up to 0.4 MPa yield an uncertainty value for Cp of + 0.05 %. Other
applications of flow calorimeters include the determination of enthalpies of absorption??
and enthalpy differences®*.

1.2.3 Caloric Properties for Natural Gas Mixtures?

The GERG-2008 EoS'? for the thermodynamic properties of natural gases is
explicit in the Helmholtz free energy as a function of temperature, density and
composition. This EoS has a database of more than 125 000 experimental data points for
thermal and caloric properties of binary mixtures, natural gases and multicomponent

mixtures. Just 9 % of the database presents caloric properties with a relative uncertainty



ranging from 1 to 2% for isochoric and isobaric heat capacities and relative uncertainty
from 0.2 to 0.5% for enthalpy differences.

The caloric experimental data cover a range in temperature from 250 to 350 K at
pressures up to 20 MPa. However, compared to (P-p-T) data sets, measurements for
caloric properties of natural gases are scarce, especially for mixtures of nitrogen — carbon
dioxide and carbon dioxide — propane. The GERG-2008 EoS reports a percentage
deviation of + 5 % in the values of isobaric heat capacities for ternary and quaternary
mixtures of methane, nitrogen, propane and ethane when compared to experimental
isobaric heat capacities with uncertainty in measurements of 2.5%. No values of

percentage deviation for isochoric heat capacities appear in GERG-2008.

1.3 Research Proposal and Objectives of the Study

After the analysis of the economic impact of natural gas, the importance of
experimental data for fluids and mixtures in modeling EoS is apparent. The lack of
accurate measurements for heat capacities at constant volume directly from calorimetric
measurements, requires alternatives for determining caloric properties. This research
project proposes to expand the scope of the volumetric measurements by applying
thermodynamic principles to provide accurate values of heat capacities at constant
volume.

The main objective of this work is to use (P-p-T) experimental data for a ternary
mixture collected in the apparatus of the Thermodynamics Research Group of Texas A&M

University for calculating the first and second derivatives of pressure with respect to

9



temperature needed for determination of the caloric properties: energies, entropies and
heat capacities. This project seeks to accomplish the following specific objectives:

1. To propose a methodology that integrates the experimental data from three
different apparatus to correct the experimental errors and provide reliable
values for the distortion coefficients for Beryllium Cooper 175 Alloy.

2. To analyze the difference between the numerical and analytical methods for

the repeatability of the results of the second derivatives of pressure with respect

to temperature at constant density(&zP*/ 6T2)p .

3. To calculate residual and absolute heat capacities from experimental (P-p-T)
data and to claim a value for the global uncertainty.

4. To identify a new, strategic way to develop experimental designs and data
acquisition techniques that allow building a complete thermodynamic
characterization of fluids.

The following sections present the description of the apparatus used for the

experimental characterization of gas mixtures as well as the methodology and results

obtained during the execution of this work.

10



2. EXPERIMENTAL CHARACTERIZATION OF NATURAL GAS MIXTURES

Experimental determination of thermodynamic properties for natural gas mixtures
is essential information for the gas processing industry and the development and
optimization of equations of state. The volumetric (P-p-T) data along with empirical
correlations can determine the energy content of hydrocarbon gas streams and their caloric
properties!,  This work expands the initial scope of the (P-p-T) measurements by
providing a technique to obtain uncertainties for caloric properties.

The experimental data used in this work all were acquired using apparatus located
in the Thermodynamic Research Laboratory at Texas A&M University in College Station,
TX, USA. The equipment explained in this section provides accurate (P-p-T)

measurements of fluids over broad ranges of pressure and temperature.

2.1 Magnetic Suspension Densimeter (MSD)?*°

The MSD uses Archimedes’ principle, which states that the upward buoyancy
force exerted on a body immersed in a fluid is equal to the weight of the fluid that the body
displaces. In this apparatus the buoyant force is related to the density of the fluid measured
by weighing a sinker in vacuum and then in the presence of a fluid under pressure. The
significant feature of the apparatus is that the balance and the sinker have a magnetic
coupling (Figure 4a), thus the apparent mass measurement of the sinker occurs while it is

levitated via a suspension coupling in the pressure cell at a fixed temperature and pressure.
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The system uses two compensation weights made from titanium (Ti) and tantalum (Ta) to

correct for nonlinearity and the effect of air buoyancy on the balance (Figure 4b).

Operating principle
balance of the magnetic
suspension balance = .

tobalance

connection
control system electromagnet ——— Il 5 i)

ﬂ - als _. £ measuring point . z zero point position
A it
set point controller | coupling housing Pe’::;::t —1
-— l— permanent magnet
0
P contoller IR 1 i L
[ sensor core
T il :

position transducer ] I— SNACELO] measuring load

! i —— | pla ey
=Y
B_ measuring -" ;I_ I‘J
load decoupling
|
sample
Measuring Taring and Calibration
b

Figure 4. (a) Basic scheme for the MSD?® (b) Operating modes of the MSD?

Eq. 5 is used to determine the density of the fluid inside the pressure vessel®, in
which my is the mass of the sinker in vacuum, ma is the apparent mass of the sinker in the
fluid, while mri and mra are the masses of the external weights. The volume of the sinker
(Vs) is a function of temperature and pressure. The specifications and accuracy of the MSD
appear in Table 3. The measurements using the MSD for determining the densities of pure

fluids and mixtures along with the uncertainties appear in Table 4.
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p= (mv+rnTi _mTa)_(ma + My _rnTa) (5)

V.

S

Table 3. MSD specifications

Magnetic Suspension Densimeter
(MSD)

Uncertainty in density: 0.0005 kg/m?®
Range of Density: 0- 2000 kg/m?®

Material of the cell: Beryllium- Copper.
Range of Temperature: 193.15 — 523.15 K
Stability in Temperature: £ 5 mK

Pressure Range: 0-200 MPa

Uncertainty in pressure: 0.01% of full scale

Sinker (Titanium Cylinder).
Conditions measured at 293.15K
and 1 bar by Rubotherm.

Volume: 6.74083 + 0.00034 cm3
Uncertainty in volume: £0.05%
Mass: 30.39157 g

Analytical balance (Mettler Toledo
AT 261)

Range: 0-62 g

Uncertainty: 0.03 mg

Table 4. Experimental measurements of density taken in the MSD of TAMU

Fluid /Mixture Range of Uncertai_nty in
temperature Density
SNG 1° 250 - 450 K <0.1 %
SNG (2-4)1° 250 - 450 K <0.2 %
Ternary 1 (Methane, Ethane, Propane)® 300 - 400 K <03%
Ethane® 298 - 450 K <0.03 %
Carbon Dioxide?’ 310-450 K <0.1 %
Methane?® 300 - 450 K <0.03 %
Nitrogen?® 265 - 400 K <0.05%

13



2.2 Low and High Pressure Isochoric Apparatus®®3°

In an isochoric experiment the amount of fluid inside the cell remains constant
while varying both temperature and pressure. Slight changes in the volume caused by
expansion and contraction of the cell material when changing temperature and pressures
along with the effect of mass transport between the cell and the pressure transducer require
correction to determine the density of the fluid. The typical arrangement of an isochoric
apparatus includes temperature and pressure controller systems, vacuum pump and
radiation shields (Figure 5). The arrangement of the radiation shields and the positions of
the thermopiles on the isochoric cell ensure rapid stability in temperature and gradients of

temperature at equilibrium of 0.005 mK53,

@ High pressure vent plq
7 Dead Weight Gauge
— 1

P ressure
Generator

> 9

> 3

Z “Wacuum Vent

P ressure
Transducer
~

ok Mechanical

pump
T b [] Cold Trap
Radiation g
-

Shield
I 5o choric a o
Cell
jcal
i Dittasion Mecharical

ump
Vacuum__,| pump P
Chamber

Figure 5. Schematic diagram of the isochoric experiment°
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Figure 6 presents a general overview of the isochoric cell for the high-pressure
isochoric apparatus. The specifications of the materials, properties and accuracy of the

low and high pressure isochoric apparatus appear in Tables 5 and 6.
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Figure 6. Isochoric cell cut view for the high pressure equipment®
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Table 5. Low pressure apparatus (LP1) specifications®

Low Pressure Isochoric Apparatus (LPI)
Material of the cell, connection line and pressure transducer: Stainless Steel
Temperature: 100 — 500 K. Stability in temperature: £ 5 mK
Pressure: Up to 20 MPa. Uncertainty in pressure: 0.01% of full scale
Calibration values | v° =6.01*10°m? V,° =7.32*10°m3 v, = 2.05*10" m?
To =298.15K. P, =0.101325 MPa
Coefficients® Stainless Steel: a = 4.86*10° K. = 2.53* 10° MPa*!

Table 6. High pressure apparatus (HP1) specifications®

High Pressure Isochoric Apparatus (HPI)
Material of the cell: Beryllium- Copper.
Material of connection line and pressure transducer: Stainless Steel
Temperature: 100 — 500 K. Stability in temperature: £ 10 mK
Pressure: Up to 200 MPa. Uncertainty in pressure: 0.01% of full scale
Calibration values | v° =1.05%10°m? V° = 1.02*107m®, V. = 1.42*107 m?
To =298.15K. P, =0.101325 MPa
Coefficients®: Beryllium Cooper: a = 5.215*10° K. = 3.471* 10° MPa
Stainless Steel: a = 4.86*10° K. p=2.53* 10° MPa!

The experimental data taken with the low pressure apparatus appear in Table 7.
The data presented in the following section represent the first reliable (P-T) data taken

with the high-pressure isochoric apparatus.

Table 7. Experimental measurements taken in the LPI of TAMU

Fluid /Mixture Range of temperature  Range of pressure
SNG 1° 257 - 343 K up to 20 MPa
SNG (2-4)1° 250 - 350 K up to 20 MPa
Ternary 1 (Methane, Ethane, Propane)? 220 - 320 K up to 20 MPa
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3. HEAT CAPACITIES FROM EXPERIMENTAL (P-RHO-T) DATA

The methodology for determining the heat capacity at constant volume from

experimental data has five stages illustrated in Figure 7.

1.(P-p—T)

Experimental
2. Isochoric
Corrections
3. Derivatives
Determinatination

| 4. Residual and

Absolute
Properties
5. Uncertainty
Analysis

Figure 7. Methodology to determine (Cy) from experimental (P-p-T) data

3.1 Stage 1. Experimental Data Acquisition

This work applies the methodology from Figure 7 to a ternary mixture with a
composition similar to a residual gas sample. DCG PARTNERSHIP Inc®? prepared the
mixture gravimetrically with mole fractions of 0.95014 methane, 0.03969 ethane and
0.01017 propane with an estimated gravimetric uncertainty of £ 0.04% NIST- Traceable
by weight. Measurements of temperature, pressure and density of the sample occurred in

the MSD, LPI and HPI apparatus of the TAMU Thermodynamics Group. The set of data

17



appears in Figure 8 and Appendix A. It contains 10 isochores and 5 isotherms covering a
range of temperature from 140 to 500 K at pressures up to 200 MPa.

A statistical analysis of the properties measured over 20 minutes of stability for
each experiment indicates the set of data with the lowest standard deviation to define the

(P-T) points for each isochore and isotherm.
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Residual Gas Sample. CH, = 0.95014, C,H; = 0.03969, C;Hg = 0.01017
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Figure 8. Experimental data of residual gas sample
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3.2 Stage 2. Isochoric Corrections

At this stage, it is necessary to consider factors that cause slight changes in density
along the experimental path. First, the volume of the cell varies with temperature and
pressure, and second, part of the volume occupied by the fluid is external to the cell and
at a different temperature. The external volume is “noxious volume” and corresponds to

the amount of gas located in the transmission line and the pressure transducer as shown in

Figure 9.

Transmission Line ’ '“\I Pressure
_/ Transducer

T~

Interchange of
gas moles

C i

-
~
S

ISOCHORIC | T
CELL

Figure 9. Noxious volume in isochoric apparatus
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3.2.1 Definition of Reference State

Along the “isochoric” path the values of density differ because of changes in
temperature and pressure, however the total number of moles for an isochoric line must
be constant, in the absence of leaks, in a closed system as shown in Figure 9. Section 3.2.2
describes the determination of the isochoric density based upon the total number of moles

in an isochore being constant and defined as:

n=n,+n+n (6)

pV = pcvc + ,0|V| + ptVt (7)

The subscripts ¢, | and t in Egs. 6 and 7 and throughout this thesis, correspond to
the cell, connection line and pressure transducer respectively.

Determination of the density on the left-hand side of Eq. 7 requires a reference
state. Using the data from the MSD, it is possible to determine a (P-p-T) value that
corresponds to a (P-T) point on an isochore. The reference state, denoted by (P*- p*-T*)
for each isochore is the starting point for determining the isochoric density for each (P-T)
pair on its isochoric line.

The reference density results from using the percentage deviation in density values

from the MSD:

%deviation :100-(MJ 8)
Pwmsp
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The Equation of State (EoS) used in Eq. 8 is GERG-2008 because it appears to
provide accurate values for densities of natural gas mixtures. Figure 10 shows the %

deviation of density for the five isotherms measured in the MSD for the residual gas

sample.
0.10
0.05 4 é é o ) e 8 e x x ®
[ ]
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E BT =350K
3
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Figure 10. Percentage deviation of density values from MSD

From Figure 10, the % deviation in density has a maximum value of = 0.05% from

20 to 200 MPa, this information along with Eq. 8 enable calculation of the reference

density (p*):
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*

100 pegs

¥~ 100—%deviation

(9)

Table 8 summarizes the reference condition values for the ten isochores measured

in the high and low pressure isochoric apparatus for the residual gas sample.

Table 8. (P-p-T) reference values for each isochore. EoS values from GERG-2008

sochore T p* % deviation P eos p*

(K) (MPa) P (kg/m?) (kg/m?3)
1 300.00 199.871 0.044 418.852 419.037
2 350.00 174.109 0.011 382.630 382.671
3 350.00 138.193 0.011 359.043 359.081
4 350.00 101.041 0.008 326.413 326.439
5 300.00 35.793 0.028 248.113 248.183
6 300.00 20.567 0.015 172.917 172.942
7 350.00 15.446 -0.001 99.564 99.563
8 350.00 7.871 0.027 49.116 49.129
9 350.00 6.383 0.022 39.374 39.383
10 350.00 4534 0.016 27.522 27.526

3.2.2 Isochoric Density Determination

This section shows the algebraic arrangements, assumption and equations needed

to determine the isochoric density, which is the density of gas inside the isochoric cell

when at equilibrium conditions in (P-T). The isomolar characteristic of the isochoric

experiment and the reference state can correct for the noxious volume effect when

calculating the isochoric density.
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From Eq. 6, the number of moles in the cell is

n,=n-n—n, (10)
Replacing the total number of moles at reference conditions:

N =(n;+n +n’)—-n—n (11)

Organizing the terms in Eq. 11 for the line and pressure transducer

*

n,=ng+(n =n)+(n —n,) (12)

Dividing Eq. 12 by the moles of the cell at reference conditions

n (nl*_nl)_i_(n:_nt) (13)

—=l+— ;
n n n

Writing Eq. 13 in terms of density

oV, . (AVT=pV) (A -pV)
VA VA VE

c c

(14)

The assumption in the determination of isochoric density is that the main
contribution to the mass transport in the system is the expansion and contraction of the
volume of the cell when varying temperature and pressure. Furthermore, the temperature
of the connection line and pressure transducer are constant during the isochoric
experiment. Therefore, the changes in the external volume is meaningless compared to the

changes in the volume of the cell, and Eq. 14 becomes:

(15)




Solving for the isochoric density of the cell (pc)

2 Z\\//—ip§+\v7l(pf—p|)+\v7;(pf—pt) (16)

The volume for each subsystem in Eg. 16 has the general form

V =V exp(a(T-T")+p(P-F")) (17)

The distortion parameters a and S in Eq. 17 are the thermal expansion and
isothermal compressibility coefficients respectively®. Table 9 contains the values of  and

/3 for stainless steel and Cu-Be.

1(0oV
0(=\7£8—ij (18)
1(0oV
%) 4

Table 9. Thermal expansion and isothermal compressibility coefficients

Parameter Stainless Steel Beryllium Cooper
Stouffer Lau® Cristancho®
a (K% 4.86E-05 1.85E-06 1.60E-04
B (MPa') 2.53E-05 3.37E-05 2.53E-05
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Eqgs. 16 and 17 are the key equations to determine the isochoric density. Because
of the different design specifications for the isochoric apparatus, the effect of the noxious
volume in the isochoric determination is analyzed separately in the following sections.
3.2.2.1 Isochoric Density for Low Pressure Isochores

The noxious volume in the LPI is mostly the volume of the pressure transducer.
The assumption is that the effect of the change in the volume of the gas when it passes
through the transmission line is negligible because the line is at the same constant
temperature as the pressure transducer, and its volume is small compared to those of the
cell and pressure transducer. Using information from Table 10, it is possible to calculate
the noxious volume for the LPI which is 0.34% of the volume of the cell. Therefore,

calculation of the densities for isochores 6 to 10 follows from:

P, Z\\//pr\VT;(pf—pt) (20)

Table 10. Volumes for LPI

Low Pressure Isochoric Apparatus (LPI)
Material: Stainless Steel
Cell Volume: 6.01-10°m?®
Temperature of operation: 200 - 500 K
Material: Stainless Steel
Transmission Line Volume: 7.32:10° m3

Temperature of operation: 350.45 K
b Transd Material: Stainless Steel
ressure Transducer _ 7
(43K - 101) Volume: 2.05-10"m
Temperature of operation: 350.45 K
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This research work requires validation of the parameters « and £ reported in Table
9. This requires two assumptions: the total number of moles for a single isochore is
constant, and values from the MSD and GERG 2008 can provide the density in the cell
and in the pressure transducer, respectively. A system of three equations with three
unknowns (n, « and p) results from choosing three different points (P-T) on an isochore,
and determining their densities from the MSD data using the procedure outlined in Section
3.2.1. Table 11 presents the three (P-T) pairs and their density values for isochores 7, 8
and 9. By way of illustration, Egs. 21 to 23 were used for isochore 7. Similar fashion

systems for isochores 8 and 9 provide values for n,a and f. The values appear in Table 12,

Table 11. LPI values to calculate distortion parameters for stainless steel

Isochore T d pe P
(K) (MPa) (kmol/m3) (kmol/md)
300.00 11.962 5.909 4518
7 350.00 15.446 5.897 5.885
400.00 18.790 5.864 7.143
300.00 6.421 2.915 2.343
8 350.00 7.871 2.910 2.904
400.00 9.291 2.902 3.461
300.00 5.262 2.338 1.901
9 350.00 6.383 2.332 2.328
400.00 7.481 2.326 2.752
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n=(5.909*6.01-10" )exp| (2 (300-350)+ (11.962-15.446)) |+

21
(4.518%2.05-10 ") exp| ((350.45-350) + B(11.962-15.446) ) e
n=(5.897*6.01-10 )exp| (o (350 -350)+ 3(15.446 —15.446)) | +
22
(5.885*2.05-10 ) exp| («(350.45—350)+ 3(15.446 —15.446)) )
n=(5.909*6.01-10° )exp| (e (300-350) + 3(11.962-15.446)) | + -
23

(4.518*2.05-10 °) exp[ (x(350.45-350) + /3(11.962—15.446) )

Table 12. Parameters for stainless steel

Isochore " a g
(mol) (K1) (MPa)
7 0.355 4.88E-05 2.55E-05
8 0.175 4.86E-05 2.53E-05
9 0.141 4.86E-05 2.53E-05

The values for « and S reported in Table 12 validate those reported by Stouffer,
therefore Egs. 20 and 17 along with the parameters for stainless steel reported in Table 9
are used to calculate the isochoric densities from the LPI. Figure 11 shows the % deviation
of the isochoric densities in the LPI compared to GERG 2008 using Eq. 8. The numerical

values are in Appendix B.
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Figure 11. Per cent deviation of isochoric densities in the LPI

3.2.2.2 Isochoric Density for High Pressure Isochores

The quantification of the noxious volume and new values of « and S for the high-
pressure isochoric apparatus are new contributions from this research. To determine the
noxious volume, it is necessary to estimate the volume of the transmission line that
connects the isochoric cell to the pressure transducer. This line is stainless steel and has a
working pressure of 60,000 psi, 1/8” OD and 0.020” ID. The lengths of the each segment
of the transmission line were measured to determine the volumes reported in Table 13.
The high pressure cross and valve manufactured by HiP Co and their respective volumes
come from the technical information in Table 14. The pressure transducer, Model 430K-

101 manufactured by Paroscientific Inc., has a range of operation up to 30,000 psi and an
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internal volume of 0.142 cm?®. Table 15 summarizes the operationing conditions and
volumes for the HPI. The initial values for determining the parameters a and f for the Cu-
Be cell are those calculated by Lau and reported in Table 9. Figure 12 illustrates the three

systems involved in the transport of mass in the HPI.

Table 13 Lengths for noxious volume estimation in the HPI

Length Length Volume
From -To )
(in) (cm) (cm?3)

Transducer — HIP Cross 3 7.62 0.0154
HIP Cross — HIP Valve 1 2.54 0.0051
HIP Cross —Aluminum Plate 7.75 19.69 0.0399
Aluminum Plate — Isochoric Cell 5 12.7 0.0257
Total 16.75 42.55 0.0862

Table 14 Technical specifications for high pressure cross and valve in the HIP

High Pressure Cross

Model 60-24HF2 E—

. . o]
Working pressure: 60,000 psi 5

Connection: Tube 1/8” OD

Length (E): 1.5 =3.81 cm
Volume: 0.0077 cm?®

High Pressure Valve

Model 30-11HF2

Working pressure: 30,000 psi
Connection: Tube 1/8” OD
Length (E): 1.5 =3.81 cm
Volume: 0.0077 cm?®
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Table 15 Volumes for HPI

High Pressure Isochoric Apparatus
Material: Beryllium Cooper 175
Cell Volume: 1.05-10°m?

Temperature of operation: 200 - 500 K
Material: Stainless Steel

Transmission Line Volume: 1.02-107 m3

Temperature of operation: 333.15 K

Material: Stainless Steel

Volume: 1.42-10"m?®

Temperature of operation: 309.15 K

Pressure Transducer
(430K - 101)

From Table 15, the volume of the transmission line is approximately equal to the
volume of the pressure transducer. In addition, the temperature of operation is different
for the two systems. Consequently, both contributions must be taken into account when

calculating the noxious volume and isochoric densities from the HPI.
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Figure 12 Layout of high pressure isochoric cell

The noxious volume for the HIP corresponds to 2.3% of the volume of the cell.
Due to the broad range in temperature and pressure in the HIP and with the aim to
determine the isochoric densities as accurate as possible, it is imperative to consider the
whole noxious volume and to determine new distortion parameters for this particular

experiment. The procedure for calculating the parameters a and g is the same as the one
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explained in section 3.2.2.1 for the LPI isochores. Table 16 presents the pairs (P-T) and
density values for isochores 2, 3 and 4. The densities of the transmission line and pressure
transducer come from GERG 2008 and the densities of the cell come from MSD data.
Table 17 has the values found for n, a and . Compared to those presented in Table 9,
parameter o differs by two orders of magnitude from the value reported by Lau, however
the value of the parameter g is fairly close. The new parameters seem to be more nearly in
agreement with those reported by Cristancho. The average in the values of « and g for

isochores 2, 3 and 4 will be used.

Table 16. HPI values to calculate distortion parameters for Cu-Be

Isochore T P pe P P
(K) (MPa) (kmol/md) (kmol/m3)  (kmol/m3)
300.00 138.909 22.830 22.529 21.792
2 325.00 156.694 22.742 23.200 22.498
350.00 174.109 22.664 23.786 23.115
300.00 107.927 21.448 21.114 20.294
3 325.00 123.137 21.348 21.855 21.080
350.00 138.193 21.267 22.500 21.761
4 350.00 101.041 19.333 20.740 19.896
400.00 124.565 19.202 21.920 21.148

Table 17. Parameters for Cu-Be

n o S
Isochore
(mol) (K1 (MPa?)
2 0.355 1.240E-04 3.370E-05
3 0.175 1.520E-04 3.380E-05
4 0.141 1.220E-04 3.370E-05
Average 1.327E-04 3.373E-05
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Determining the isochoric densities from the HPI requires Egs. 16, 17 and the
parameters for stainless steel and Cu-Be. Three different cases analyzed using the
parameters a and £ for Be-Cu reported by Cristancho, Lau and the new parameters that
appear in Table 17. Figure 13 shows the % deviation of the isochoric densities from the
HP1 with respect to GERG 2008 using Eq. 8. The new parameters for Be-Cu and the effect
of the noxious volume allow calculation of the gas densities from isochoric (P-T) data
with an uncertainty of + 0.5% from 150 to 450 K at pressures up to 200 MPa. The
numerical values for the isochoric densities from the HPI using the new parameters a and

/5 appear in Appendix B.
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Figure 13. Percentage of deviation of isochoric densities from HPI
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3.2.3 True Isochores Determination

The last step in the isochoric corrections consists of transforming the experimental
pressure into values that conform to true isochores at constant densities (p*). To achieve
this, it is necessary to quantify the difference between the reference density (p*) and the
isochoric density (pc) along the isochoric path, then multiply this difference by the change
in pressure with respect to the change in density at constant temperature. This final value
corresponds to the correction for the experimental pressure to account for the noxious
volume effect and the not truly isochore nature of the experimental data. The corrected

pressures from the isochoric experiments, denoted as (P’) are:

, oP .
P :PJ{@O*l (P -p.) (24)

Because the changes in the fluid densities are small (up to 3.5%), Eq. 24 provides
sufficiently accurate pressure adjustments when using values of derivatives from an
accurate EoS such as GERG 2008. With the true isochoric set of data (P'-p*-T), it is
possible to determine the first and second derivatives of pressure with respect to
temperature for the 10 isochores from the LPI and the HPI. Appendix B report the values
of the derivatives used in Eq. 24 as well as the new values of (P°). Figure 14 presents the
lines that corresponds to true isochores. It is noteworthy that the change in the slopes for
the isochores from the HPI is more significant than the isochores from the LPI for which

the true isochore line lies almost on top of the experimental values.
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3.3 Stage 3. Derivative Determination
After determining the true isochoric pressure (P'), the first and second derivatives
of temperature with respect to pressure at constant density come from applying the

strategy outlined in Figure 15.

Identify and
determine
pseudo
points

Calculate
analytical

derivatives

Calculate
numerical

derivatives

Identify and

remove
outliers

Figure 15. Strategy to calculate numerical and analytical derivatives

The initial fit of pressure as function of temperature is a 5" degree polynomial for

isochores 1 to 3 and a 3" polynomial for isochores 4 to 10.
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T (25)

Although the isochoric experiment provided measurements of P-T in 10 K
increments, some points were not measured. Thus, the next step is to establish the missing
temperatures for every isochore, the missing P-T are called “pseudo points”. This project
required three pseudo points whose values of temperature and predicted pressure using

Eq. 25 are reported in Table 18.

Table 18. Pseudo points in the isochoric experiment

Isochore P
(K) (MPa)
7 410 19.542
10 250 3.014
10 230 2.702

The next step is to determine the numerical derivatives for evenly spaced
temperatures. The central differences®® method provides the numerical approximation of

the first and second derivatives

f f —f
a _f-f (26)
dx|,_, 2AX

2

d :| _ f+—2f02+t 27)
o, ()



Because the isochoric experiment contain fluctuations in temperature, pressure,
transport of gas in the noxious volume and human error, some data points are “outliers”
that are statistically inconsistent with the rest of the data®. Identification of the outliers
for this work uses subjective criteria for choosing the points that deviate from the random
or systematic tendency in the plots of the residuals in pressure (Figures 16, 18 and 20)
after fitting the data using Eq. 25 and the plots of the numerical derivatives (Figures 22 to
41) using Egs. 26 and 27. By definition the residual of a property X is the difference

between the experimental value and the value predicted by the fit:

Residual X = X — Xsit (28)

Because the central differences method for determining the numerical derivatives

always involve three points, it is possible to identify the outliers in each isochore (Table

19) that affect the calculations associated with high uncertainty in the data.

Table 19. Outliers in the isochoric experiment

Isochore T P Isochore T P Isochore T P
(K)  (MPa) (K)  (MPa) (K)  (MPa)
1 260 157.011 3 290 97.209 6 220 8.08
1 250 146.157 3 280 90.161 7 270 9.819
1 200 90.42 3 270 83.088 8 410 9.564
2 325 153.941 3 260 75.309 8 360 8.131
2 300 133.775 3 170 11.355 9 220 3.432
2 270 108.796 4 420 138.429 9 215 3.319
3 400 171.827 5 270 26.888 10 330 4.214
3 300 104.212 6 260 14.318 10 320 4.084
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It is valid to remove the outliers to improve the overall performance in the fit of
pressure as a function of temperature to determine the analytical derivatives. The rounded
evaluation of polynomial, exponential and rational equations used the following criteria:

1. The model must be straightforward in representing the isochoric behavior but also
determine precisely the first and second derivatives.

2. The scatter band in the plot of the residuals of pressure.

3. The coefficient values and their standard deviations.

4. The root mean square (rms) value.

fl n ?
rms == >"|P'=Py| (29)
N

The rational equation expressed as Eq. 30 appears to be the most appropriate

equation for modeling the (P'-T) data throughout the isochoric experiment.

p_ 2+t +a,T?
b, +b,T +hb,T?

(30)

The values of the coefficients, standard error, rms and number of points used per
isochore for modeling the data appear in Appendix C. The residuals in pressure calculated
using Egs. 28 and 30 appear in Figures 17, 19 and 21. Besides the numerical and analytical

derivatives, the results of this stage indicate that the reproducibility in the values of
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pressure is £ 0.1 MPa and + 0.01 MPa for the measurements from the high and low
pressure isochoric apparatus respectively.
Finally, the analytical first and second derivatives of Eq. 30 appears in Egs. 31 and

32 respectively:

[apj _(—q—aﬂ*—%Tﬂ(@+2QJ)+@&+@T+QJZXa[+Z%T) an
or ), (b+b,T +b,T2)
(bf+@T+QJZY[2Q(—q—£yT—aJQ)+2%(Q+bJV+QT2ﬂ—
b,+2bT)(-a, -aT -aT’
2(@+2QJ)OH+@T+QJ2)(2+ T)(-a-aT -aT’)
+(b, +b,T +b,T2)(a, +2a,T) @

(ﬁpj ~
CLE (b, +b,T +b,T2)’

Because of extension of the data, the results of this section appear as plots and the
numerical values for the first and second derivatives appear in Appendix D. Figures 22 to
41 show the tendency of the first and second derivatives as functions of temperature for
the ten isochores. Furthermore, three sets of points appear per graph: the numerical

derivatives, the analytical derivatives and the values predicted by GERG 2008 EoS.
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Figure 16 Residuals in pressure for isochores 1 to 3 using Eq. 25
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Figure 17 Residuals in pressure for isochores 1 to 3 using Eq. 30
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Figure 21 Residuals in pressure for isochores 6 to 10 using Eg. 30
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Figure 23 Second derivative for isochore 1
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3.4 Stage 4. Residual and Absolute Properties
A residual density function is the difference between the value of a property for a
real fluid and the value of the same property for an ideal gas at the same temperature and

density:

X"(T,p)=X(T,p)-X"(T,p) (33)

By transformation of thermodynamic properties (Appendix E), it is possible to
have an expression for the residual heat capacity at constant volume as function of the
second derivative of pressure with respect to temperature at constant density and the

inverse of the square of the density:

C (8P dp
cvz_Tj(asz dp (34
el

The integration indicated in Eq. 34 proceeds along isothermal paths, so it is
necessary to reorganize the isochoric data into isothermal sets to perform the integration.
Because the experimental matrix for this residual gas mixture has 10 isochores measured
at evenly spaced temperature, it would seem that every isothermal set would contain 10
pairs of points of the second derivative and the square of the molar density. Unfortunately,
the isochores do not overlap the whole range of temperature as seen in Figure 14. Table
20 presents the number of pairs and the corresponding isochores for the 24 set of isotherms
analyzed in this section.
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Table 20. Subset of temperatures for integral of residual heat capacity

Subset 1 Subset 2 Subset 3
Temperature
220 - 300 310-370 380 - 390 400 - 420 430 - 450
Range (K)
Pairs of points 9 7 6 5 4
(d2P/dT2) - (p*?)
Isochores 1,2356,789 234,789 2,3,4,7,8 34,78 3,48
and 10 and 10 and 9 and 9 and 9

Table 20 has three subsets of temperature depending upon the inclusion of the high
density isochores, i.e isochores 1 to 3. The pair of points correspond to the square of the
reference molar density (p*?) and the analytical second derivatives (d?P/dT?) obtained from
stage 3. The residual heat capacity calculated in this stage uses only analytical integration
of Eq. 34. The use of numerical second derivatives is usless here because of significant
scatter and no clear tendency along isotherms. Stage 5 contains an analysis of the
uncertainty in the residual heat capacity.

Figures 42 to 44 represent the integrand of Eq. 34 as a function of the reference
molar density for the three subsets of temperatures in Table 13. The integrands appear to

dictate a quadratic model represented by Eq. 35.

aZPI
oT? , ,
- C,p" +Cp+C; (35)
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The values of the coefficients, standard error, rms, and interval of confidence of
the integrand function represented by Eq. 35 for each isotherm appear in Appendix F. The

residual heat capacity that results after analytical integration of Egs. 35 is:

C,=-T (& P+ C—22 P+ Cspj (36)

The residual values of the heat capacity calculate with Eq. 36 are compared to the
predictions from GERG 2008 EoS and appear in Figures 45 to 47 for subsets 1 to 3

respectively.
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The last step in stage 4 consists of determining the absolute value for the heat

capacity at constant volume (Cy) using residual properties:

C.(T.p)=C;(T,p)+CA(T,p) (37)

The ideal gas heat capacity at constant volume (Cig ) is a function only of

temperature, for a mixture of n components with mole fraction (yi) is the weighted sum of

the individual heat capacities:
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co =3 ycl @)
i=1

The Thermodynamics Research Center (TRC) has published heat capacities at

constant pressure in the ideal gas state (CI";g ) for methane, ethane and propane and other

components, which appear several databases and EoS such as DIPPR Project 801 and

GERG 2008 EoS. The relationship between ideal gas, heat capacities and gas constant is:

C9=CY-R (39)

v p

Complete expressions and parameters for ethane, propane and methane from the
DIPPR Project 801 appear in Appendix G. The heat capacities at constant volume

predicted by DIPPR Project 801 and GERG 2008 EoS appear in Table 21, the difference
in the values of ( Cf”) from both sources is about 0.05%. The values of ( Cv"g) from GERG

2008 EoS along with the Eq. 36 provide the absolute values of (Cy) shown in Figures 48
to 50. The numerical values of the residual and absolute heat capacities determined in this

stage are reported in Appendix H and their uncertainty will be analyzed in stage 5.
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Table 21. Ideal gas heat capacities at constant volume

C/9 (kJ / kmol-K)

T (K)

GERG 2008 DIPPR
220 26.085 26.186
230 26.281 26.356
240 26.507 26.559
250 26.764 26.797
260 27.054 27.070
270 27.375 27.378
280 27.727 27.720
290 28.109 28.095
300 28.520 28.502
310 28.958 28.938
320 29.422 29.402
330 29.909 29.891
340 30.418 30.404
350 30.947 30.937
360 31.493 31.489
370 32.055 32.058
380 32.631 32.640
390 33.219 33.235
400 33.818 33.841
410 34.425 34.455
420 35.041 35.077
430 35.663 35.704
440 36.290 36.335
450 36.921 36.971
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3.5 Stage 5. Uncertainty Analysis

The last step in this methodology consists of estimating of the uncertainty in the
values of the residual and total heat capacity at constant volume. A rigorous analysis of
the numerical second derivatives would provide an estimate of the uncertainty in the
residual (Cy) from experimental (P-p-T) data. Even though the analysis of the data
provided values for first and second derivatives in stage 3, it was not possible to calculate
the (C\") from those values because their scatter (shown for every isochore in Figures 22
to 41) increases significantly when the data are available on isothermal paths.
Consequently, the numerical integration of such random data (Appendix I) is very

inaccurate for the purpose of this project and was not implemented in stage 4.
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However, if it is necessary to estimate the uncertainty from the data, then at least
one isotherm with smooth behavior in the integrand function of Eq. 33 using the numerical
derivative must be available. The numerical derivatives at 280 K in Figure 51 resembles

the tendency from the analytical derivatives in Figure 52.
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Figure 51. Integrand function of Eq. 34 using numerical derivatives

Table 22. Regression results using numerical derivatives. T = 280 K

Standard

Coefficient Error Lower 95% Upper 95%
C1 -1.46E-08 4.72E-10 -1.86E-08 -1.06E-08
C2 3.86E-07 1.02E-08 2.80E-07 4.91E-07
Cs -2.50E-06 1.50E-07 -2.98E-06 -2.03E-06
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The approach to determine the uncertainty in (Cy) starts with the fit of the integrand
function in Figure 51 and 52 using the same quadratic expression as in Eq. 35. The results
of the regression appear in Table 22 and 23 and Figure 53 shows the fits of the integrand

function using both numerical and analytical derivatives.
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Figure 52. Integrand function of Eq. 34 using analytical derivatives

Table 23. Regression results using analytical derivatives. T =280 K

Coefficient Sté?rdoarrd Lower 95% Upper 95%
C1 -1.30E-08 4.25E-10 -1.66E-08 -9.41E-09
C2 3.53E-07 9.14E-09 2.58E-07 4.48E-07
C3 -2.36E-06 1.35E-07 -2.78E-06 -1.93E-06
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The area under the curves of Figure 47 represents the C’ for both sets of data
calculated using Eq. 35 and reported in Tables 24 and 25 for the numerical and analytical
fit respectively. The difference between the values of C’ isan indication of uncertainty of
the analytical method used in Stage 4.

The absolute heat capacity (Cy) results from using Eq. 36 and the (ng ) at 280 K

from GERG 2008 EoS are reported in Table 2. The global uncertainty in the value of the

absolute heat capacity (Ucy) as percentage deviation is:

P CVanalytical - Cvnumerical
U, =%deviation = c *100 (40)
Y Vv

numerical
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Table 24. Residual heat capacity at T = 280 K from numerical derivatives

T=280K
1 * r

Isochore (Mppa) oy FPATE (@PATE /k(;]vol_K)

1 178.880 24817  -125E-03  -2.02E-06 4.969

2 117.143 20664  -7.31E-04  -142E-06 4.014

3 90.161 21267  -2.35E-04  -5.19E-07 3501

5 29.861 14699 223605  -1.03E-07 2.962

6 17.442 10242 -199E-05  -1.90E-07 2,977

7 10.517 5807  -226E-05  -6.49E-07 2534

8 5.817 2910  -135E-05  -1.59E-06 1616

9 4.793 2332 T74E-06  -1.42E-06 1.358

10 3.475 1630  -554E-06  -2.08E-06 1.005

Table 25. Residual heat capacity at T = 280 K from analytical derivatives

T=280K
: * r

Isochore (MPPa) (km/()) ) d?P/dT2  (d?P/dT?)p2 (K] /kcriwvoI-K)
1 178.880 24.817 -9.67E-04 -1.57E-06 4.474
2 117.143 22.664 -5.25E-04 -1.02E-06 3.685
3 90.161 21.267 -3.45E-04 -71.62E-07 3.342
5 29.861 14.699 -1.75E-05 -8.10E-08 2.867
6 17.442 10.242 3.48E-06 3.31E-08 2.873
7 10.517 5.897 -3.01E-05 -8.65E-07 2.420
8 5.817 2.910 -9.82E-06 -1.16E-06 1.531
9 4,793 2.332 -7.91E-06 -1.45E-06 1.285
10 3.475 1.630 -5.70E-06 -2.14E-06 0.949

Table 26 contains the absolute heat capacity (Cy) with a maximum uncertainty

(percentage deviation) of 1.5%. This estimation is an indication of the error in the
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analytical method used to determine the residual values without including the uncertainty

of the ideal gas heat capacity.

Table 26. Absolute heat capacity and global uncertainty at T = 280K

T=280K
Isochore p' p* Cvig Cv (kJ/kmol-K) %
(MPa) (kmol/m3)  (kJ/kmol-K)  Analytical ~ Numerical ~deviation
1 178.880 24.817 27.727 32.696 32.201 1.514
2 117.143 22.664 27.727 31.740 31.411 1.037
3 90.161 21.267 27.727 31.318 31.068 0.796
5 29.861 14.699 27.727 30.689 30.594 0.307
6 17.442 10.242 27.727 30.704 30.600 0.337
7 10.517 5.897 27.727 30.261 30.147 0.378
8 5.817 2.910 27.727 29.342 29.258 0.288
9 4.793 2.332 27.727 29.085 29.012 0.250
10 3.475 1.630 27.727 28.732 28.676 0.193

Finally, the values of the (C,") calculated in Stage 4 correspond up to 15% of the

total (Cy) as shown in Figure 54.
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4. CONCLUSIONS

This thesis reports highly accurate experimental (P-p-T) data for a ternary mixture
of methane, ethane, and propane measured with the Magnetic Suspension Densimeter
(MSD) and isochoric apparatus at Texas A&M University. The set of data contains 10
isochores and 5 isotherms covering a range of temperature from 140 to 500 K at pressures
up to 200 MPa. The relative uncertainty in pressure is 0.02 MPa for measurements up to
20 MPa, and 0.2 MPa in measurements for 20 to 200 MPa. The uncertainty in temperature
is 10 mK. From the specifications of the MSD, the relative uncertainty for density
measurements is < 0.05%.

A rigorous technique allows combining the experimental data from the MSD with
the isochoric data to determine the isochoric density was proposed. This new technique,
based upon selection of a constant reference density (p*) for each isochore, corrects for
the effect of the noxious volume in each isochoric apparatus.

The analysis of the noxious volume for the high pressure isochoric apparatus (HPI)
is one of the main contributions of this research work. The volume of the pressure
transducer and the connection line comprise 2.3 % of the volume of the cell. New
distortion parameters for the beryllium copper alloy result from the mass balance and
algebraic manipulations of the volume expressions. The final values for the thermal
expansion and isothermal compressibility coefficients are 1.327-10% K and 3.373-10°
MPa respectively, which, along with the new methodology, allow determination of the
isochoric densities from the HP1 within a band + 0.5% when compared to values predicted
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by the GERG 2008 EoS. Furthermore, the distortion parameters found in the literature
review for stainless steel were validated and allowed calculation of isochoric densities
from the low pressure isochoric apparatus (LPI) within a band of + 0.2% for temperatures
removed from the phase loop of the ternary mixture.

The isochoric densities are not truly isochoric from the measurements. Adjusting
the data (P'-p*-T) such that they correspond to truly isochores is necessary when
determining the first and second derivatives of the pressure with respect to temperature at
constant density for both analytical and numerical techniques. A rational equation of
second order in both numerator and denominator fits the truly isochoric data with residuals
in pressure of £ 0.1 MPa (data from HPI) and + 0.01 MPa (data from LP1). Moreover, this
equation could calculate derivate values having the same tendency as those predicted by
the GERG 2008 EoS.

The method of the central differences used for determining the numerical
derivatives enabled identifying those data that deviates from the tendency a result of the
experimental errors. The values of the second derivatives are about two orders of
magnitude smaller than the first derivatives and have a band of scatter of + 0.0003 MPa/K?2.
Because of the small values, the sensitivity to fluctuations of temperature and pressure of
the experimental data is noticeable. Consequently, it is important to improve the
methodology of data acquisition to ensure not only evenly space data to reduce the error
for the numerical method, but also to select accurate (P-T) points for purposes of heat

capacity determination.
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It was possible to apply thermodynamic relationships to calculate an expression
for the residual heat capacity at constant volume that requires an isothermal integration of
the second derivative of the pressure with respect to temperature at constant density.
Twenty four isotherms covering a range from 220 to 450 K resulted from adjusting the
experimental data to true isochores. The values in the integrand function clearly reveal a
quadratic tendency when are plotted as function of the molar density. The quadratic model
agrees with the tendency in predictions from the GERG 2008 EoS and applies to all the
isotherms, even those with insufficient data. The values of the residual heat capacity result
from analytical integration of the quadratic function. Finally, the absolute heat capacities
result from using residual gas properties and ideal gas values predicted from the GERG
2008 EosS.

Although the main purpose of the (P-p-T) measurements is to provide accurate
data for the primary properties, it is possible to expand the initial scope and to calculate
values for the residual and absolute heat capacity at constant volume. The uncertainty
estimation requires a rigorous analysis of the numerical second derivatives because they
provide a connection to the uncertainty of the raw data. In this project, it is not possible to
calculate the residual values of the heat capacity from the numerical derivatives because
of their significant scatter on isothermal paths. Only numerical derivatives for one
isotherm (T = 280 K) were used to determine the residual heat capacity and compare them
with the values predicted from the analytical approach. The difference between both

values is an indication of the uncertainty of the (P-p-T) data when calculating the absolute
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heat capacity. The maximum uncertainty in the absolute heat capacity is 1.5% with
residual values up to 15% of the absolute heat capacity at constant volume.

The value of the uncertainty in the absolute heat capacities agree with those in the
literature review for binary mixtures in the vapor phase (around 2%). Apparently, the
whole set of (P-p-T) data along with the numerical derivatives and heat capacities
constitute valuable input for developing equations of state such as GERG 2008, for
example, to optimize the mixing rules and parameters used in the prediction of natural gas
properties.

Finally, for future gas (P-p-T) measurements, the experimental design should
provide evenly spaced data in temperatures and densities to facilitate calculating
numerical derivatives and integration methods. Furthermore, a truly isochoric behavior is
achievable using a single apparatus, such as the Magnetic Suspension Densimeter (MSD),
by installing a means (e.g. hand pump) to make fine pressure adjustments and essentially

dial in the density.
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