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Summary 

This thesis explores the ignition hazards and thermophysical properties of alternative 

refrigerants with low global warming potential (GWP) and efficient heat transfer properties for 

domestic and cryogenic cooling systems. The high GWP of common refrigerants like 

Hydrofluorocarbons (HFCs) used in air-conditioners, like HFC-125 (GWP of 3170) and HFC-

134a (GWP of 1300), make their replacement with low GWP working fluids an urgent task for 

industry to help tackle climate change. The new generation of synthetic refrigerants, called 

Hydrofluoroolefins (HFOs), presents a unique potential to address the adverse environmental 

impacts of the commonly used refrigerants. However, the mild flammability and limited 

available thermodynamic properties for these working fluids hinder their extensive 

employment in the air-conditioning systems. Additionally, the performance of gas liquefaction 

processes using mixed refrigerants (MRs) as working fluids of their cryogenic refrigeration 

cycles can be improved by adding heavy hydrocarbon components like iso-pentane to the MRs. 

However, the presence of such high-boiling compounds in the MRs inherently poses a potential 

risk of freeze-out and/or blockage in the cryogenic sections of heat exchangers. 

Therefore, first, the minimum ignition energy (MIE) and laminar burning velocity (BV) for 

refrigerant/air mixtures of HFC-32 and HFO-1234yf and mixtures of HFC-32 and HFO-1234yf 

with non-flammable refrigerants of HFC-134a, HFC-125 and CO2 were measured. Two pieces 

of new apparatus were designed, commissioned and deployed to measure these flammability 

characteristics of refrigerant mixtures. The measurement setups were successfully validated 

against the literature MIE and BV data for ammonia, which has similar flammability 

characteristics to the refrigerants. The results showed that by adding HFO-1234yf and CO2 to 

HFC-32, the MIE needed to ignite the mixture increased by 40 times relative to the pure HFC-

32. For the BV measurement, adding 5 vol% HFO-1234yf to HFC-32 decreased the BV of the 

mixture by 11 % relative to the pure HFC-32’s BV of 7.4 m/s. Increasing the HFO-1234yf 

fraction to 10 vol% decreased the BV of the mixture below 5 m/s. 

Among the HFO candidates to replace HFC-134a, HFO-1243zf has the lowest GWP of 0.3 that 

can help meet the objectives of the Montreal Protocol and the Kigali Amendment. Mixing 

HFO-1243zf with CO2 can neutralise its flammability with minor reductions in the cooling 

performance of the mixture; however, no experimental data including vapour-liquid-

equilibrium (VLE) were available for this binary system at the time of the thesis publication. 
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Therefore, the VLE of HFO-1243zf and CO2 binary mixtures was measured along five 

isotherms at temperatures between (288 and 348) K and pressures between (0.68 and 

7.69) MPa. The new VLE data are compared with the predictions of Helmholtz free energy and 

Peng Robinson thermodynamic models and the binary interaction parameters (BIPs) were 

adjusted by forcing agreement with the VLE data. These optimisations reduced the root-mean-

square deviation (RMSD) of the data from the calculations by 45 % relative to the default BIPs.  

The HFC-32 and CO2 binary system presents as an eco-friendly and safe transitioning 

refrigerant blend that can help refrigeration industry reduce the GWP of their working fluids, 

while compatible systems with HFO refrigerants are being developed. However, the CO2 

fraction in the refrigerant mixture poses freeze-out risks at low-operating temperatures, which 

can block the cooling system and damage the equipment. Therefore, a visual high-pressure 

apparatus with chemical analysis capability was used to measure the VLE and solid-fluid 

equilibrium (SFE) of the binary system at low equilibrium temperatures between (132 and 

273) K. A thermodynamic predictive model implemented in the ThermoFAST software was 

tuned to the measured SFE data by adjusting the BIP of the model. The optimisation reduced 

the RMSD of the data from the calculations by 60 % relative to the default model.  

Furthermore, this thesis investigated the solid formation of high-boiling point components of 

MRs used in Liquefied Natural Gas (LNG) production. Adding these compounds to MRs can 

promote latent heat transfer from the gas to the coolant over wider ranges of temperature, 

resulting in smaller equipment size, higher gas liquefaction efficiency and reduced power 

consumption. Therefore, freezing and melting points of pure iso-pentane and methane + iso-

pentane binary systems were measured. The iso-pentane melting data measured in this study, 

together with the reported literature data are used to optimise a thermodynamic model 

implemented in the ThermoFAST software package. The optimisation reduced the RMSD of 

the experimental data from the predictions by over 90 % relative to the default model.  

Overall, this work improves the data situation and predictive capabilities of select 

thermodynamic models used to design modern refrigeration cycles across a wide range of 

applications. The results will help industry improve the safety aspects of employing eco-

friendly refrigerants for public usage, aid in the development of new and efficient refrigeration 

systems for both domestic and industrial applications, and enhance solid freeze-out predictions 

in cryogenic refrigeration processes in LNG production and potentially pre-cooling stage of 

liquid hydrogen production.  
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1 Chapter 1│Thesis Introduction 

1.1 Introduction 

Anthropogenic emissions of greenhouse gases (GHGs) in recent decades changed the earth-

atmosphere energy balance and led to global warming as a threat to the world population and 

development [1]. Limiting global warming to less than 1.5 ℃ is a challenging task that requires 

a rapid reduction in GHG emissions across all sectors and regions. Despite constituting a minor 

fraction of the atmosphere, the GHGs absorb a significant portion of the upward flux of 

longwave solar radiations emitted by Earth’s surface [2] and result in a global temperature rise. 

The GHGs emitted by increased industrial activities like refrigeration, power generation and 

steel production escalated global warming, causing shrinking Greenland and Antarctica ice 

sheets (over 420 billion tonnes of ice per year between 1993 and 2019 [3]) and increased ocean 

acidification by about 25 % since the beginning of the industrial revolution [4]. Figure 1.1 (a) 

shows the global warming potential (GWP) of the common GHGs over a time span of 100 

years. The GWP is a measure of the amount of energy absorbed by the emissions of 1 ton of a 

gas relative to the emissions of 1 ton of Carbon Dioxide (CO2) over a specific period [1]. 

Fluorinated gases (F-gases) used as working fluids (refrigerants) in current air-conditioning 

and cooling systems are considered the most detrimental GHGs with global warming potentials 

(GWPs) over 10,000 times that of carbon dioxide (CO2) [5,6]. Eliminating the emissions of 

chemicals like F-gases with their high GWPs is an achievable objective that can significantly 

help mitigate climate change. Therefore, strict global regulations were set to control the 

emissions of high GWP refrigerants by replacing them with alternative and eco-friendly 

options [7].  
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Figure 1.1: (a) The GWP of the common GHGs relative to carbon dioxide; the data were extracted 

from [8]. (b) The key contributors to the total anthropogenic GHG emissions of 52.4 Giga-tonnes of 

CO2 equivalent (GtCO2,eq) in 2019 (excluding land-use change and forestry); the data were extracted 

from [9].  

Despite the lower GWP of CO2, its high global emissions and long lifetime have a significant 

impact on climate change. Figure 1.1 (b) shows that CO2 contributes to 73 % of the total 

anthropogenic GHG emissions of 52.4 GtCO2 equivalent in 2019 compared with the 3 % 

contribution of the F-gases [10]. The CO2 concentration in the atmosphere increased from 

around 277 ppm in 1750 (the pre-industrial era) to over 410 ppm in 2020, which is mostly 

caused by emissions from fossil fuel sources [11]. Among the top five common fuels, coal-

originated CO2 emissions account for 41 % of the total global emissions compared with the 

21% contribution of natural gas, as shown in Figure 1.2. In addition, natural gas emits around 

(50-60) % less CO2 compared with lignite coal for a similar energy unit [12], making it a better 

air-pollution-wise option. Because of its cleaner characteristics than other fossil fuels, natural 

gas is considered as a “bridge energy” to supply the global demand today while renewable and 

green technologies develop on a global scale. The liquefied form of natural gas (LNG) 

facilitated its global distribution from production wells to high demand locations when 

transporting through conventional pipelines is not feasible. However, the cryogenic 

refrigeration processes used in natural gas liquefaction facilities are energy-intensive and can 

undergo plant-shutdown periods, increasing the carbon footprint of LNG and blunting the long-

term potential of the commodity. Reliable and uninterrupted supply of LNG with affordable 

prices can accelerate the transition from coal-fired systems to natural-gas-based power plants 

and iron, cement and steel production facilities. This affordability and reliability of natural gas 

supply will maintain a lasting decline in the demand for coal and help the global community 

tackle a key contributor to climate change.  
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Figure 1.2:  The average global CO2 emissions per person from high-emission sources of coal, oil, 

gas, cement and flaring in 2020 [13].  

1.2 Research focus 

1.2.1 Low GWP refrigerant mixtures of HFOs, HFCs and CO2  

The first and second kinds of F-gases introduced to the refrigeration industry were 

Chlorofluorocarbons (CFCs) and Hydrochlorofluorocarbons (HCFCs). They were stable, 

efficient and safe-to-humankind working fluids that provided significant industrial and social 

development in their own time. However, their ozone layer depleting nature, substantial GWP 

and long lifetime in the atmosphere ended up their applications in the refrigeration system 

through a global ban by the Montreal Protocol (1987) [14,15]. To address the ozone depletion 

potential (ODP), a measure of damage a refrigerant causes to the ozone layer compared with 

an identical amount of trichlorofluoromethane (CFC-11) [1], the third generation of F-gases 

was introduced by substituting the chlorine component with hydrogen, called 

Hydrofluorocarbons (HFCs). Their acceptable heat transfer characteristics, stability over a 

wide operating temperature range, compatibility with the CFC equipment and lack of ODP 

promoted their applications in the domestic cooling systems [16]. Yet, the popular HFCs like 

HFC-143a, HFC-125 and HFC-134a have a GWP of 4470, 3170 and 1300 on a 100-year time 

scale, respectively [17]. Their extreme greenhouse effect and contributions to the total GHG 

Coal
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0.06 tonne

The total global CO2 emissions per person = 4.42 tonnes
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emissions of up to 20 % in the past 20 years urged the world community to reduce the global 

use of high-GWP fluids by 80 % by 2050 [18]. 

The fourth generation of fluorine-based gases is unsaturated HFCs called Hydrofluoroolefins 

(HFOs) [16]. The HFOs have zero ODP and much lower GWP than the HFCs and are excellent 

candidates to replace the commonly used refrigerants like HFC-134a and HFC-125 [19]. 

However, the popular HFOs like HFO-1243zf, HFO-1234yf and HFO-1234ze(E) are mildly 

flammable despite their GWP of less than 5 and their usage in mobile and stationary air-

conditioning systems could be a potential risk [20–22]. The combustion products of the HFOs 

contain toxic and corrosive agents like Hydrogen Fluoride (HF) and Carbonyl Fluoride (COF2) 

are other major safety risks. To mitigate these ignition hazards, HFOs can be blended with non-

flammable refrigerants like carbon dioxide (CO2), HFC-134a, HFC-125 and HFC-152a to 

neutralise their mild flammability characteristics [22]. Unfortunately, the thermodynamic 

property data for the HFO blends are scarce and predictive models perform poorly at simulating 

the cooling processes employing these refrigerant mixtures as their working fluid. Therefore, 

this thesis focused on filling the existing gap of knowledge for the thermophysical properties 

and flammability characteristics of eco-friendly HFO, HFC and CO2 refrigerant mixtures listed 

in Table 1.1  that can contribute significantly to the phase-down of high GWP working fluids. 

Table 1.1: Details of the refrigerants used in the mixtures for thermophysical and flammability 

characteristic studies. 

ASHRAE 

Refrigerant 

Number 

IUPAC name Chemical formula 
Referred 

convention 

Refrigerant 

Type 
GWP Refs 

R774 Carbon dioxide CO2       CO2 Natural 1 
[8] 

R32 Difluoromethane CH2F2      HFC-32 HFC 677 [15] 

R134a 
1,1,1,2-

Tetrafluoroethane 
CH2FCF3    HFC-134a HFC 1300 

[17] 

R125 Pentafluoroethane C2HF5         HFC-125 HFC 3170 [17] 

R1234yf 

2,3,3,3-

Tetrafluoroprop-

1-ene 

C3H2F4             HFO-1234yf HFO 4 [15] 

R1243zf 
3,3,3-

Trifluoropropene 
C3H3F3 HFO-1243zf HFO 0.29 

[23] 

a ASHRAE stands for “American Society of Heating, Refrigerating and Air-Conditioning Engineers”. 
b IUPAC stands for “International Union of Pure and Applied Chemistry”. 
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1.2.2 Cryogenic solid formation for high-boiling components in mixed refrigerants 

A common refrigeration technology used in LNG production facilities is mixed refrigerant 

(MR) cryogenic cooling systems, where a blend of two or more components reduces the 

temperature of natural gas process feed down to 110 K. The advantages of MR cycles to pure 

fluid refrigeration cycles are improved heat transfer properties, adaptability of matching the 

system cooling curve and smaller and cheaper heat exchangers relative to other options. Adding 

high-boiling point components, like iso-pentane and iso-butane, to the refrigerant mixture will 

enhance the overall heat transfer properties of the mixture and promote the latent heat transfer 

from the gas to the coolant over wider ranges of temperature [24]. However, this improvement 

comes with a cost: the heavy components in the MR pose a potential risk of freeze-out and 

blockage that can result in equipment damage and unpredicted plant shutdowns. Such risks are 

similar to those caused by the freeze-out of trace impurities such as benzene, water and CO2. 

[25–29], depositing in cryogenic heat exchangers and blocking the equipment. To understand 

and avoid these risks, this thesis investigates the solid formation and dissociation points for 

heavy components like iso-pentane in binary mixtures with methane (the component details 

are presented in Table 1.2) to mimic similar conditions in the MRs used in LNG production. 

These data sets are crucial to understanding the solidification properties of the concerned 

component and provide an optimised thermodynamic model capable of calculating freeze-out 

free refrigerant mixtures for safe and reliable cryogenic cooling systems.  

Table 1.2: Details of the refrigerants used in the binary mixtures for solid formation studies. 

ASHRAE 

Refrigerant 

Number  

IUPAC name Chemical formula 
Referred 

convention 

Refrigerant 

Type 
GWP Refs 

R601a 
2-methylbutane 

(iso-pentane) 
C5H12    iso-Pentane Natural 10 [30] 

R50 Methane CH4        Methane Natural 25 [8] 

1.3 Thesis Outline 

This thesis is arranged as a series of three peer-reviewed published journal articles, and one 

manuscript under review with the industrial partner (Mitsubishi Heavy Industries) as the lead 

author, corresponding to Chapters 2, 3, 5, and 4, respectively. Also, Appendix B presents a 

peer-reviewed published journal article as a co-author. Each chapter represents a separate 

publication, and the combination of chapters follow the progression of work on thermophysical 

properties of refrigerant mixtures with applications for domestic and cryogenic cooling systems 
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completed during this doctoral research and embody a coherent narrative. This section provides 

a brief introduction to each chapter and how they are related. 

The ignition hazards of mildly flammable eco-friendly refrigerant mixtures were investigated 

in Chapter 2. The minimum ignition energy (MIE) and laminar burning velocity (BV) 

measurement setups development and validation with the pure Ammonia (NH3) were explained 

and the experimental MIE and BV data for refrigerant/air mixtures of HFC-32 and HFO-1234yf 

and mixtures of HFC-32 and HFO-1234yf with non-flammable refrigerants of HFC-134a, 

HFC-125 and CO2 were reported. Chapter 3 presents the measured vapour-liquid equilibrium 

(VLE) data for binary mixtures of the HFO-1243zf and CO2. The experimental VLE data were 

used to tune two thermodynamic models of Helmholtz free energy and Peng Robinson 

equations of state, which can help industry to design safe and efficient refrigeration systems 

employing this low GWP working fluid. Chapter 4 presents experimental phase equilibrium 

data including VLE and solid-fluid equilibrium (SFE) conditions for HFC-32 and CO2 binary 

mixtures as an eco-friendly “bridge refrigerant mixture” to reduce the GWP of the working 

fluids in the cooling systems, while the HFO refrigerant mixtures are being developed.  

In Chapter 5, experimental freezing and melting point data for pure iso-pentane and 

(methane + iso-pentane) binary systems were presented to investigate the solubility of this 

high-boiling point component in lighter compounds like methane for the purpose of more 

accurately assessing freeze-out risks in mixed refrigerants that can used in LNG production or 

the pre-cooling stage of liquid hydrogen production. The new experimental melting data for 

iso-pentane was used to optimise a thermodynamic model with the Peng-Robinson cubic 

equation of state implemented in the ThermoFAST software package.  

Chapter 6 provides a summary of the main conclusions of the research outcomes and 

suggestions for future research to improve the accuracy of the thermodynamic models for 

refrigerant mixtures. Appendix B presents new thermodynamic data for mixtures of CO2 with 

HFCs and HFO-1234yf refrigerant mixtures. The thermodynamic data include vapour-liquid 

equilibrium (VLE), density, and heat capacity properties. The accuracy of reference Helmholtz 

equations implemented in the NIST’s REFPROP 10 software package was assessed for multi-

component mixtures and their performance was optimised. 
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2 Chapter 2 │ Minimum ignition energies and laminar 

burning velocities of ammonia, HFO-1234yf, HFC-32 

and their mixtures with carbon dioxide, HFC-125 and 

HFC-134a 

Forward – The full text of this chapter has been published in the Journal of Hazardous 

Materials in 2021 (DOI: https://doi.org/10.1016/j.jhazmat.2020.124781). It has been 

reformatted with minor amendments to fit style and structure of this thesis. 

2.1 Abstract 

Given the safety issues associated with flammability characteristics of alternative 

environmentally-friendly refrigerants, it is vital to establish measurement systems to accurately 

analyse the flammability of these mildly flammable refrigerants. In this study, a customised 

Hartmann bomb analogue was used to measure the minimum ignition energy (MIE) and 

laminar burning velocity (BV) for refrigerant/air mixtures of pure ammonia (R717), R32, 

R1234yf and mixtures of R32 and R1234yf with non-flammable refrigerants of R134a, R125 

and carbon dioxide (R744). The MIEs of R717, R32, and R1234yf were measured at an 

ambient temperature of 24 °C to be (18.0 ± 1.4), (8.0 ± 1.5) and (510 ± 130) mJ at equivalence 

ratios of 0.9, 1.27 and 1.33, respectively. Adding the non-flammable refrigerants R134a, R125 

and R744 along with R32 at volumetric concentrations of 5% each to R1234yf reduced the 

latter compound’s flammability and increased its MIE by one order of magnitude. The laminar 

burning velocities of pure R717 and R32 were measured at an equivalence ratio of 1.1 using 

the flat flame method and found to be 8.4 and 7.4 cm/s, respectively. Adding 5% R1234yf to 

R32 decreased the laminar burning velocity by 11%, while a further 5% addition of R1234yf 

resulted in a decrease of over 30% in the laminar burning velocity. 
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2.2 Introduction 

Following the adoption of the Kyoto Protocol [1] and changes in the regulations of many 

countries to control the emissions of high global warming potential (GWP) refrigerants [2], 

substantial research has begun to replace the current high-GWP working fluids of the cooling 

systems with alternative refrigerants [3]. Hydrofluoroolefins (HFOs) are the latest generation 

of environmentally friendly refrigerants that can only survive in the atmosphere for merely a 

few days because of the weak double bonds in their structure. As a result, the GWP for HFOs 

is considerably lower (less than 1) than hydrofluorocarbons (HFCs); in contrast, R134a is one 

of the most popular refrigerants with a GWP of ~1330. However, the performance of HFOs in 

current refrigerators is inferior, as they consume larger amounts of energy to deliver a similar 

cooling power [4]. Besides, mild flammability of HFOs poses a risk for their domestic 

applications, such as air conditioning systems, potentially causing fire or emitting hazardous 

combustion products. Blending HFOs with non-flammable refrigerants – including HFCs and 

natural refrigerants – could boost their performance, decrease the mixtures’ GWP, and 

minimise their flammability [5]. For example, R1234yf and R32 are two compounds 

compatible with conventional refrigeration systems, including new automobile air 

conditioners, that can be used to make low GWP refrigerant blends with a reasonable cooling 

performance [6].  

The ASHRAE standard 34, “Designation and Safety Classification of Refrigerants” [7], 

categorises R32 and R1234yf as mildly flammable substances. Table 2.1 presents this 

classification in terms of safety and toxicity, where R32 and R1234yf fall into the A2L 

classification. Risks associated with these refrigerants include a high contribution to the 

accumulation of trifluoroacetic acid (TFA) in the atmosphere [6] and toxic combustion 

products such as hydrogen fluoride (HF) and carbonyl fluoride (COF2) [8,9]. Therefore, the 

flammability characteristics of these refrigerants and their mixtures with non-flammable 

candidates must be addressed carefully and accurately.  
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Table 2.1: Safety classifications of refrigerants: (A) and (B) represent 

refrigerants with lower and higher toxicity, respectively [7]. 

 Safety Group 

Higher Flammability A3 B3 

Lower Flammability 
A2 B2 

A2L* B2L* 

No Flammability A1 B1 

Toxicity Lower  Higher  

* A2L and B2L refrigerants have burning velocities lower than 10 cm/s. 

The flammability characteristics of pure R32 and R1234yf in mixtures with air including their 

lower flammability limit (LFL), minimum ignition energy (MIE) and maximum laminar 

burning velocity (BV) have been investigated and reported in the literature [10–15]. 

Nevertheless, the reported results suffer from a paucity of consistency – caused by a wide 

variety of measurement approaches and procedures – that makes fire risk assessment 

demanding and potentially unreliable. Table 2.2 presents the different MIE values reported for 

refrigerant/air mixtures containing R32, R1234yf and R717. The reported MIE values of R32 

in the literature range from 14 mJ [14] to 26,300 mJ [16]. Similarly, the reported MIE of 

R1234yf varies from (less than) 500 mJ [17] to 10,000 mJ [18]. The MIE of R717 was reported 

between 8 mJ [19] and 300 mJ [18]. Spark specifications were reported to be the main source 

of the variation in the MIE values [20]. Thus, the measured MIE values for a given refrigerant 

obtained with a specific measurement system can at least be compared with the values obtained 

for other compounds using the same apparatus under similar conditions. 
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Table 2.2: Reported minimum ignition energies for R717, R32, and R1234yf. 

Compound Ignition Method Equivalence Ratio* MIE/mJ Ref. 

R717 

Spark Energy (Capacitive) 0.90 8 [19] 

Estimated 1.00 19 [14] 

Estimated 1.00 20 [18] 

Spark Energy (Capacitive) 1.00 50-100 [21] 

Spark Energy (Capacitive) Not given 170 [21] 

Spark Energy (Capacitive) 1.00 100-300 [18] 

R1234yf 

Spark Energy (Capacitive) 1.32 <500 [9] 

Estimated 1.33 780 [14] 

Spark Energy 1.00 1500 [9] 

Estimated 1.00 2000 [18] 

Spark Energy (Capacitive) Not given 5000-10000 [18] 

R32 

Estimated 1.27 14 [14] 

Estimated 1.27 20 [14] 

Estimated 1.00 20 [18] 

Spark Energy (Capacitive) Not given 30-100 [18] 

Bunsen burner, spherical vessel, and particularly vertical tube are the main laminar burning 

velocity measurement systems reported in the literature [13,22,23]. Jabour et al. [12,24] used 

a vertical tube to measure the BV of a series of refrigerants such as R32 and R717. They 

measured the BV at stoichiometric concentrations to be 6.5 cm/s and 7 cm/s for R32 and R717, 

respectively. Takizawa et al. [11] also measured the BV of R32 by the vertical tube method 

and found a maximum value of 6.2 cm/s for an R32 + air mixture at 19.2 vol%. Fuller et al. [23] 

proposed a new approach, known as the flat flame method, which enables a more direct 

measurement of the BV. In this arrangement, the effect of buoyancy on the flame was 

eliminated, and a one-dimensional flat flame was formed after ignition, which propagates 

downward at the mixture’s BV. They used this method to measure the BV of propane + air 

mixture at 4 mol% to be 40 cm/s. For the same mixture and using a similar method, Bockhorn 

et al. [25] reported the BV to be 37 cm/s.  

In this study, the flammability of pure R32, R1234yf, R717 and mixtures of R32 and R1234yf 

with non-flammable refrigerants such as R125, R134a and R774 (CO2) was evaluated by 

measuring their MIE and Laminar BV. The MIE of the pure components of R32, R1234yf and 

R717 was measured using a customised Hartmann bomb analogue. To analyse the MIE of the 

refrigerants, the current and high voltage supplied to the discharge circuit to generate the spark 

were measured precisely during the ignition process. Furthermore, the effect of adding non-
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flammable refrigerants on the MIEs of R32 and R1234yf was investigated. Finally, the laminar 

BV of pure R717, R32 and mixtures of R32 and R1234yf was measured directly with the flat 

flame method, and the results were compared with those in the literature. 

2.3 Experimental 

2.3.1 Minimum ignition energy 

The details of the gases used in this work are presented in Table 2.3.  

Table 2.3: Details of the pure refrigerants and air used in this study. 

ASHRAEa 

refrigerant number 
IUPACb name 

Chemical 

formula 
CAS # Supplier Purityc 

R32 Difluoromethane CH2F2 75-10-5 Core gas 0.995 

R125 Pentafluoroethane C2HF5 354-33-6 Core gas 0.995 

R134a 1,1,1,2-Tetrafluoroethane C2H2F4 811-97-2 Core gas 0.995 

R1234yf 2,3,3,3-Tetrafluoropropene C3H2F4 754-12-1 Core gas 0.995 

R744 Carbon Dioxide CO2 124-38-9 Core gas 0.99995 

R717 Ammonia NH3 7664-41-7 BOC 0.9999 

Air Zero Grade Air O2  + N2 132249-10-0 Core gas 
0.21 ± 0.005 

O2 

a ASHRAE stands for “American Society of Heating, Refrigerating and Air-Conditioning Engineers”. 
b IUPAC stands for “International Union of Pure and Applied Chemistry”. 
c Based on the supplier’s specification (mole fraction). 

The measurement of MIE for the selected refrigerants was conducted by the Hartmann bomb 

approach according to the British Standard EN 1839 [26]. The details of the original Hartman 

bomb setup were described in Appendix A (supplementary information - SI). To safely 

discharge the toxic combustion products, the existing Hartmann bomb setup was adapted to 

use a cylindrical tube vessel. As shown in Figure 2.1, the new setup had a similar configuration 

to the Hartmann bomb, but the ignition vessel is connected directly to a neutralising system, 

which is described in detail in Appendix A. The ignition vessel consisted of a transparent 

vertical tube with 40 mm ID and 1500 mm length, closed at both ends with two caps. The lower 

end cap (ignition cap) was equipped with two tungsten electrodes (3.2 mm OD) providing the 

spark for ignition. It also included a gas inlet connection and an inline pressure transducer (DJ 

Instruments thro-FLU DF2). Both caps had quenching plates to prevent the flame from 

transferring into the gas lines. The commissioned MIE measurement system was validated by 
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measuring pure R717 and R32 and comparing the results with the obtained values using the 

original Hartmann bomb apparatus. 

A gas mixture preparation setup was applied to make mixtures of the refrigerants + air. The 

gas mixing setup consisted of several mass flow controllers (MFCs, Alicat Scientific MCS-

1SLPM-D-IN-5M), where each MFC was connected to a pure gas cylinder. A small cylindrical 

container equipped with a stirrer was linked to the output of the MFCs to make the blends more 

homogenous. By setting the gas flow rates of the MFCs, it was possible to prepare a mixture 

with the desired composition. Before ignition, the prepared mixture flowed through the 

measurement system for 20 minutes, sufficient to purge the vessel’s volume at least eight times. 

The temperature of the gas mixture was maintained constant at around 24 °C by using a heater 

inside the fume enclosure surrounding the ignition vessel and the gas mixing setup (Figure 2.1). 

 

 

Figure 2.1: The schematic of the minimum ignition energy measurement system, including the effluent 

neutralisation and treatment components. 

A high voltage spark generator – similar to that used by Lee and Shepherd et al. [27] – was 

connected to the electrodes in the measurement configuration to enable measurement of the 

minimum energy to ignite the flammable mixture. Further details are provided in Appendix A. 

The top-end cap of the ignition vessel was connected to a 90 L expansion tank to minimise the 

pressure rise in the vessel caused by the ignition. A vacuum pump (Varian SH-110) drew the 
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toxic and corrosive products through the neutralisation system, which included a sodium 

hydroxide solution and a soda-lime tower.  

2.3.2 Laminar Burning Velocity 

The flat flame approach was used for the laminar burning velocity measurements. The ignition 

vessel described in section 2.2 was modified slightly before being used for the BV 

measurements (Figure 2.2). The refrigerant + air mixture, prepared in the gas mixing setup, 

flowed through the ignition vessel from the bottom to purge the system (displacing at least 

eight times the vessel’s volume). Then, the gas inlet and outlet were closed for two minutes to 

stabilise the fluid inside the vessel before opening the gas outlet to the expansion tank followed 

by the ignition of the mixture at the top cap (the ignition cap). The resulting flat flame 

propagated downward while a high-speed camera (Canon EOS M50 with 60 frames per second 

shooting speed) recorded the propagation. The BV of the mixture is equal to the lower luminous 

boundary of the flat flame’s propagation speed [23]. The pressure inside the vessel was kept 

near atmospheric by opening the exhaust line to the expansion tank. The corrosive combustion 

products were neutralised by passing them through a soda-lime tower and NaOH solution in 

the neutralisation section (as described in Appendix A). 
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Figure 2.2: Schematic of the flat flame method configuration for the measurement of laminar burning 

velocity. 

2.4 Results and Discussion 

2.4.1 Minimum Ignition Energy  

2.4.1.1 Pure Refrigerants 

The MIE of the refrigerant/air mixtures was measured against the equivalence ratio to 

determine the lowest energy required to ignite the mixture, which the equivalence ratio is 

defined as follows: 

𝜑 =
(Refrigerant/Air)

(Refrigerant/Air)
𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑖𝑟𝑖𝑐
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The equivalence ratio is used to indicate whether the combustion is stoichiometric (𝜑 = 1), 

lean with excess air (𝜑 < 1) or rich with incomplete combustion (𝜑 > 1). The uncertainty 

calculation methodologies for both minimum ignition energy and equivalence ratio are 

explained in Appendix A. Figure 2.3 (a) shows the measured MIE of R717 at equivalence ratios 

from 0.7 to 1.2. The lowest MIE was found to be (18.0 ± 1.4) mJ at an equivalence ratio of 0.9. 

The MIE values for R32 – measured at three equivalence ratios between 1 and 1.4 – are 

illustrated in Figure 2.3 (b), with the lowest ignition energy of (8.0 ± 1.5) mJ at an equivalence 

ratio of 1.27. As shown in Figure 2.3 (c), the MIE of R1234yf was measured to be 

(510 ± 130) mJ at an equivalence ratio of 1.33. The lower MIEs of R32 show that the risk of 

using it as the working fluid in the cooling systems is significantly higher than the HFO, 

R1234yF, or even R717 given the toxic combustion products. Figure 2.4 shows the propagating 

flame during the MIE measurement for refrigerant/air mixtures of R717, R32 and R1234yf. 
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Figure 2.3: The MIE of R717 (a), R32 (b) and R1234yf (c) at different equivalence ratios. The dotted 

lines represent the trend line of the measured points. 
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Figure 2.4: The propagating flame during MIE measurement of refrigerant/air mixtures for (a) R717, 

(b) R32 and (c) R1234yf. 

A wide variation in reported MIEs for the refrigerants in the literature points to the dependency 

of this property on the measurement characteristics such as the spark gap and duration [20]. 

Takizawa et al. [14] conducted a comprehensive study of MIE measurements for mildly 

flammable mixtures. They used an alternative method based on quenching distance in which 

the minimum distance between two surfaces that allowed self-sustained flame propagation to 

take place was determined. Movileanu et al. [28,29] employed a similar approach to measuring 

the minimum ignition energies for hydrocarbon/air mixtures. Here, the MIEs measured in this 

work were compared with those reported by Takizawa et al.[14] by determining an equivalent 

quenching distance using the following equation: 

𝐸𝑚𝑖𝑛 = (
1

6
) 𝜋𝑑𝑚𝑖𝑛

3 𝜌𝑏𝑐𝑝(𝑇𝑏 − 𝑇𝑢) 2.2 

Here dmin, 𝜌𝑏, cp, Tb and Tu stand for the minimum quenching distance, the burned gas density, 

the burned gas heat capacity, the burned gas temperature, and the unburned gas temperature, 

respectively. Tb is considered equivalent to the adiabatic temperature of the flame, where the 

adiabatic flame temperature is determined by chemical and thermodynamic equilibrium 

reached in the burned gas. The values reported for 𝜌𝑏, cp, Tb and Tu by Takizawa et al. [14] 

were used in Equation 2.2. for dmin is measured by reducing the flame thickness from the 

(a)

R1234yfR717

(b)

R32

(c)
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measured quenching distance between two surfaces (quenching plates equipped on the 

electrodes), as expressed below: 

𝑑𝑚𝑖𝑛 = (𝑑𝑞 − 2𝛿) 2.3 

where dq and 𝛿 denote the measured quenching distance and flame thickness, respectively. 

Takizawa et al. [14] estimated the MIE of R717 at an equivalence ratio of 1 to be 19 mJ, with 

a quenching distance of 7.45 mm. At the same equivalence ratio, the measured MIE for R717 

(24 mJ) in this study corresponds to a quenching distance of (7.75 ± 0.15) mm, which is within 

4% of the quenching distance reported by Takizawa et al. [14]. The corresponding quenching 

distance for the MIE of R32 measured in this work at an equivalence ratio of 1.27 (8 mJ) is 

(5.8 ± 0.2) mm. Takizawa et al. [14] reported the MIE for R32 at this equivalence ratio to be 

14 mJ based on their measured quenching distance of 6.45 mm. Although this difference is 

larger than for R717, the agreement between the two independent determinations is reasonable.  

The measured MIE for R1234yf ‒ (510 ± 130) mJ ‒ corresponds to a quenching distance of 

(23 ± 1) mm at 23 °C. Takizawa et al. [14] reported a quenching distance for R1234yf around 

25 mm, corresponding to MIE of approximately 550 mJ. Again this level of agreement is 

encouraging. However, the MIE for R1234yf was also found in this work to be particularly 

sensitive to ambient temperature, with MIEs measured at 17 °C in the range of 3-4 J, six to 

eight times larger than MIEs at 23 °C. No dependence of the MIE on ambient temperature was 

observed for R32. 

The sensitivity of the MIE to different spark gap sizes was also studied. Figure 2.5 shows the 

MIE of R32 at spark gaps of 5 and 6.5 mm. The MIE of R32 at the spark gap of 6.5 mm was 

measured to be 8 mJ at an equivalence ratio of 1.27. This increased to 31 mJ for a 5 mm spark 

gap because of the excessive flame heat loss to the electrodes and shortage of radicals, which 

increased the ignition energy by four times. Further increase in the spark gaps led to 

unsuccessful sparks, preventing from measuring the MIE with larger gaps. The increasing 

pattern of the MIE by reducing the spark gap is in consistent with trends reported in the 

literature [22]. 
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Figure 2.5: Effect of spark gap size on the MIE of R32: ● 6.5 mm gap and ▲ 5 mm gap. The dotted 

lines represent the trend line of the measured points. 

2.4.1.2 Refrigerant mixtures 

After validation of the measurement system by determining the MIEs of pure refrigerants, the 

effect of adding non-flammable refrigerants like R744, R125 and R134a on the MIE of 

mixtures of R32 and R1234yf was investigated. The minimum ignition energy of a ternary 

mixture of R32 + R1234yf + R744 (28:66:6 wt%) was measured at concentrations of 12, 14, 

and 16 vol% in air (Figure 2.6). The lowest value occurred at a concentration of 14 vol% with 

the corresponding MIE of (330 ± 60) mJ, which is 40 times higher than the MIE of pure R32. 

This mixture requires more energy to generate a self-sustaining flame kernel that would 

continue to propagate after the spark discharge.  

 

Figure 2.6: The MIE of R32 + R1234yf + R744 (28:66:6 %wt) mixture at different concentrations 

(vol%) in air. The dotted line represents the trend line of the measured points. 
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In this work, neither a four-component equimolar mixture of (R32 + R1234yf + R134a + R125) 

at refrigerant concentrations of 25, 27 and 29 vol% in air nor the equimolar five-component 

mixture of (R32 + R1234yf + R134a + R125 + R744) at similar concentrations could be 

ignited, even when the mixture was exposed to 8 J of spark energy. This shows the 

extinguishing effect of R134a, R125 and R744 on the R32 and R1234yf, which makes the 

mixture less risky to the ignition sources. For the five-component mixture, the ignition risk 

threshold concentration of R1234yf was found by increasing it sequentially to 80 vol%, with 

the other four components held at the same ratio (down to 5 vol%). At refrigerant 

concentrations of 12 and 15 vol% in air this mixture could be ignited with MIEs of (4.4 ± 0.8) J 

and (3.8 ± 0.8) J, respectively. Table 2.4 presents a summary of the MIEs measured for the 

multi-component mixtures. Also, the flames produced at these concentrations were weak and 

only propagated around 5 cm along the tube ‒ less than the 30 cm threshold defined by 

EN1839 [26] as the minimum propagation distance required for a successful ignition. Such a 

high MIE and weak flame propagation emphasise the significance of blending refrigerants in 

alleviating the ignition hazards associated with cooling systems. 

Table 2.4: The MIE of multi-component mixtures of refrigerants. 

Mixture Refrigerant/vol% MIE/J 

0.25 R1234yf + 0.25 R32 + 0.25 R134a + 0.25 R125 25, 27 and 29 No ignition (up to 8)  

0.2 R1234yf + 0.2 R32 + 0.2 R134a + 0.2 R125 + 0.2 R744 25, 27 and 29 No ignition (up to 8)  

0.8 R1234yf + 0.05 R32 + 0.05 R134a + 0.05 R125 + 0.05 R744 12  4.4  0.8  

0.8 R1234yf + 0.05 R32 + 0.05 R134a + 0.05 R125 + 0.05 R744  15  3.8  0.8  

2.4.2 Laminar Burning Velocity 

2.4.3 Pure Refrigerants 

Several attempts to measure the laminar burning velocity of R32 and R1234yf were also made 

using the Bunsen burner approach described in Appendix A. However, it was not possible to 

maintain a stable flame with the tested refrigerants unless the oxygen concentration of the air 

was increased to 28 % for R32 and 44.5 % for R1234yf. This confirms that the Bunsen burner 

is not applicable for measuring the burning velocities of 2L refrigerants such as R32 and 

R1234yf with air [21]. 

The vertical tube method was used for the BV measurements of R32 and R1234yf, as explained 

in Appendix A. However, based on Equation A-7 and Figure A.5, the calculation of the flame 
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area is one of the critical sources of uncertainty for a luminous flame, because the accurate 

determination of the flame boundary is a difficult task. Figure 2.7 shows the flame propagation 

of an R717/air mixture at an equivalence ratio of 1.1 in the vertical tube. The area of the flame 

varies by 50 % along the tube while the flame propagation speed was essentially constant 

(around 25 cm/s). 

 

Figure 2.7: Flame propagation of R717 in the vertical tube method (equivalence ratio of 1.1). 

Accordingly, the measurement system was modified by moving the ignition cap from the 

bottom to the top of the vessel to enable the use of the flat flame method and overcome 

problems associated with buoyancy. The flame produced in this approach was a one-

dimensional surface that propagated downward with a velocity equal to the laminar burning 

velocity of the mixture [23]. Figure 2.8 illustrates the flame propagation achieved using the flat 

flame approach for a mixture of R32 + R1234yf (95:5 vol%) and pure R717.   
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Figure 2.8: Flat flame propagation of (a) 0.95 R32 + 0.05 R1234yf  and (b) pure R717. 

Table 2.5 presents the measured BVs for R32 and R717 with the flat flame method, together 

with some results from the literature [10,11,13,24,30,31]. The laminar burning velocity of 

R717 at an equivalence ratio of 1.1 was measured to be (8.4 ± 0.4) cm/s using the flat flame 

method. At a similar equivalence ratio, the laminar burning velocity of R717 was reported to 

be between 6.7 cm/s [30] and 8 cm/s [31] based on measurements using the cylindrical bomb 

method. The laminar burning velocity for R32 at an equivalence ratio of 1.1 was measured in 

this work with a 50 mm diameter tube to be (7.4 ± 0.3) cm/s, which is in excellent agreement 

with the results of Takizawa et al. [10], where a value of 7.3 cm/s was reported using the 

vertical tube method. The results obtained via the flat flame method typically exhibit a 

dependence on the tube diameter; using a 40 mm diameter tube, a laminar burning velocity of 

(6.4 ± 0.3) cm/s was measured for R32 at an equivalence ratio of 1.1. Takizawa et al. [11] also 

used a vertical tube with a 40 mm diameter and measured the laminar burning velocity of 

6.3 cm/s for R32 at a similar equivalence ratio.  

The laminar burning velocity of R1234yf could not be measured because the flame was 

profoundly affected by buoyancy effects even in the flat flame method configuration: the 

induced convective currents in the tube prevented the flame from propagating downwards. 

Measuring the laminar burning velocity of R1234yf via the flat flame method might thus 

require microgravity conditions  [13].  
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Table 2.5: Burning velocities of various pure components obtained with different methods and 

apparatus. 

Refrigerant Equivalence Ratio Method Tube ID/mm BV/cm.s-1 Ref. 

R717 

1.1 Heat Flux - 6.3 [32] 

1.1 Cylindrical Bomb - 6.7 [30] 

1.1 Vertical Tube 40 7.3 [24] 

1.1 Spherical Flame - 7.5 [33] 

1.1 Cylindrical Bomb - 8.1 [31,34,35] 

1.1 Flat Flame 50 8.4 ± 0.4 This work 

R32 

1.1 Vertical Tube 60 7.3 [10] 

1.1 Flat Flame 50 7.4 ± 0.3 This work 

1.1 Flat Flame 40 6.4 ± 0.3 This work 

1.1 Vertical Tube 40 6.3 [11] 

R1234yf 1.33 Microgravity - 1.5 [13] 

2.4.3.1 Refrigerant mixtures 

Determination of the laminar burning velocity of R32 + R1234yf and R32 + R1234yf + R744 

mixtures was also attempted. No propagation could be established using the flat flame method 

for the R32 + R1234yf + R744 (28:66:6 wt%) mixture at refrigerant/air concentrations 

between 12 to 16 vol%. Even using the vertical tube method, no laminar flame propagation 

was observed. These results are consistent with the findings for pure R1234yf and are 

reasonable, considering R1234yf is the dominant component in these mixtures. Based on this, 

a BV value for R1234yf (1.5 cm/s) could be used as a rough estimate of the mixture’s laminar 

burning velocity. 

To cast light on the effect of adding R1234yf to R32 on the BV, binary mixtures of 

R32 + R1234yf at 19 vol% in air were studied. The laminar burning velocity of pure R32 at 

this refrigerant concentration in air was measured to be (7.4 ± 0.3) cm/s using the flat flame 

method with a 50 mm diameter tube. The laminar burning velocity for a mixture of 

R32 + R1234yf containing 5 vol% of R1234yf was then measured to be (6.6 ± 0.3) cm/s. No 

flat flame propagation could be maintained for a mixture containing 10 vol% R1234yf, 

indicating that the laminar burning velocity of such a mixture is below 5 cm/s. The minimum 

laminar burning velocity measured via the flat flame method in this work was 5 cm/s for an 

R717/air mixture at an equivalence ratio of 0.95), as summarised in Table 2.6.  
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Table 2.6: Measured burning velocities of refrigerant mixtures in air. 

Mixture Refrigerant/vol% Method BV/cm.s-1 

R32 + R1234yf + R744 

(28:66:6 wt%) 

12 to 16 Flat flame < 5  

R1234yf  +  R32 (5:95 vol%) 19 Flat flame 6.6  

R1234yf  +  R32 (10:90 vol%) 19 Flat flame  < 5** 

* The literature BV value for pure R1234yf (1.5 cm/s) provides a rough estimate of the mixture’s 

BV. 

** Lower limit of the measurable BV with the apparatus. 

2.5 Conclusions 

Two pieces of new apparatus were designed, commissioned and deployed to measure the 

minimum ignition energy and laminar burning velocity of environmentally-friendly refrigerant 

mixtures. The MIEs of R717, R32 and R1234yf were measured to be (18.0 ± 1.4) at an 

equivalence ratio of 0.9, (8.0 ± 1.5) mJ at an equivalence ratio of 1.27 and (510 ± 130) mJ at 

an equivalence ratio of 1.33, respectively.  

To reduce the ignition risk, R1234yf and R744 were added to the R32/air mixture, which 

resulted in a substantial rise in the MIE to 0.33 ± 0.06 J at 14 vol% in air. Adding non-

flammable refrigerants of R134a and R125 to R32 and R1234yf (an equimolar four-component 

mixture) removed the flammability of the blend. An equimolar five-component mixture of 

(R32 + R1234yf + R134a + R125 + R744) could not be ignited at concentrations from 25 to 29 

vol% in air with spark energies up to 8 J. To ignite the mixtures, it was necessary to increase 

the amount of R1234yf in the five component mixture to 80 vol%, and then apply MIEs of 

(4.4 ± 0.8) J and (3.8 ± 0.8) J for concentrations of 12 vol% and 15 vol% in air, respectively.  

The BV of R32 was measured to be 6.4 cm/s and 7.4 cm/s at an equivalence ratio of 1.1 with 

40 and 50 cm tube IDs. No propagating flame could be established for R1234yf, precluding 

the determination of its BV. By adding 5 vol% of R1234yf to the R32/air mixture at 1.1 

equivalence ratio, the laminar burning velocity decreased by 0.8 cm/s. However, no 

propagating flames could be established for R1234yf + R32 mixtures containing 10 vol% 

R1234yf, indicating that laminar BV for mixtures with 10 vol% or more R1234yf is below the 

measurable threshold of 5 cm/s. 

Mixtures rich with R1234yf and R744 could provide more sustainable refrigerant solutions as 

both have very low global warming potential. This study provided the MIE of those mixtures 

at zero humidity level and room temperature. However, the flammability of R1234yf varies 
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significantly by temperature and humidity. As discussed in [13], the humidity decreases the 

MIE of R1234yf and increases its BV, worsening the overall flammability characterstristic of 

the refrigerant. In future work, a certain threshold value for R744 within a mixture of 

R1234yf/air at different humidity levels and temperatures needs to be determined; a 

concentration above which the MIE energy is high enough that the mixture is considered non-

flammable at various weather conditions across the globe. Also, the rate of pressure rise and 

its maximum value caused by the explosion for different scales of refrigerant mixtures should 

be investigated to address the effect of the confinement as well as the extent of the hazards in 

case of ignition.  
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3 Chapter 3 │ Vapour-Liquid Equilibria for Carbon 

Dioxide (CO2) + 3,3,3-Trifluoropropene (HFO-1243zf) 

Binary Mixtures at Temperatures between (288 and 

348) K 

Forward – Reprinted with permission from the Journal of Chemical Engineering Data (J. 

Chem. Eng. Data 2021, 66, 11, 4044–4055, DOI: https://doi.org/10.1021/acs.jced.1c00297. 

Copyright 2021 American Chemical Society). It has been reformatted with minor amendments 

to fit style and structure of this thesis. 

3.1 Abstract 

Accurate property data for mixtures of hydrofluoroolefins with refrigerants like CO2 are needed 

by industry to design safe and efficient refrigeration systems that employ low global warming 

potential working fluids. However, data available for these mixtures, particularly at conditions 

of vapour-liquid-equilibrium (VLE), are limited. In this work, the VLE of CO2 and 

HFO-1243zf binary mixtures, which has not been studied previously, was measured along five 

isotherms at temperatures between (288 and 348) K and pressures between 

(0.68 and 7.69) MPa. The new VLE data are compared with the predictions of a Helmholtz free 

energy model that utilise GERG-2008 mixing rules. Adjusting the model’s binary interaction 

parameters (BIPs) to force agreement with the new measurements reduced the root mean square 

deviation (RMSD) of the data from the model by 45 % relative to the default BIPs. 

Additionally, the data were compared with predictions from the Peng Robinson Advanced 

equation of state (PRA-EOS) with a one-fluid mixing rule and a fixed binary interaction 

parameter which was subsequently tuned to the experimental data. The tuned PRA-EOS could 

represent the experimental CO2 mole fractions with an RMSD of 0.012, which is more than 

two times larger than the average experimental uncertainty, while the RMSD of the tuned 

Helmholtz free energy model from the experimental data was 0.009. The accurate data and 

improved model presented in this work will aid the development of environmentally friendly 

refrigerant mixtures. 
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3.2 Introduction 

Hydrofluoroolefins (HFOs) are a new generation of refrigerants with much lower global 

warming potential (GWP) than the commonly used hydrofluorocarbons (HFCs). Three HFOs, 

namely HFO-1234yf, HFO-1234ze(E) and HFO-1243zf, are in particular excellent candidates 

to replace HFC-134a, which is widely used in domestic refrigeration systems but has a GWP 

of around 1300 and atmospheric lifetime of 13 years[1]. Of the three HFOs, HFO-1243zf has 

the lowest GWP of 0.29 with an atmospheric lifetime of about six days [2]; such a refrigerant 

could help meet the objectives of the Montreal Protocol [3] and the Kigali Amendment [4].  

One barrier to the uptake of HFO replacement is the scarcity of the existing thermophysical 

property data available for HFOs blends. While the thermophysical properties of HFO-1234yf 

and HFO-1234ze(E) mixtures have been quite well studied [5–12], limited thermophysical 

property data are available for mixtures containing HFO-1243zf, including its binary systems 

with HFC-134a [1,13], iso-butane [14] and propane [15]. However, pure HFO-1243zf has 

demonstrated a higher coefficient of performance when used in an air conditioner than did 

HFC-134a, HFC-22 and HFC-32 [16]. Despite this potential, the experimental data available 

for pure HFO-1243zf and its binary mixtures are limited, as shown in Table 3.1.  

In terms of thermophysical properties modelling, Akasaka and Lemmon [17,18] and Bobbo et 

al. [19] studied the performance of Helmholtz energy equations of state (EOS) for predicting 

the thermodynamic properties of HFO-1243zf. They showed that Helmholtz energy EOS was 

able to represent pure HFO-1243zf at temperatures between 234 K and 440 K and pressures up 

to 34 MPa with estimated uncertainties of 0.1 % for vapour pressure, 0.05 % for liquid density 

and 0.6% for vapour density. 
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Table 3.1: Summary of the open literature of thermodynamic property data for pure HFO-1243zf and its 

binary mixtures. 

System Properties Range (T, p, z*) Reference 

HFO-1243zf Tc, pc, 𝜌𝑐, 𝜔, cp 233-292 K, 0.1-10 MPa, pure [20] 

HFO-1243zf psat 234-373 K; 0.1-3.2 MPa, pure [21,22] 

HFO-1243zf psat 310-375 K, 0.8-3.4 MPa, pure [23] 

HFO-1243zf  psat 278-377 K, 0.8-4.5 MPa, pure [24] 

HFO-1243zf pvT 279-368 K; 0.3-0.9 MPa, pure [25] 

HFO-1243zf ρsat 240-370 K, Not Reported, pure [26] 

HFO-1243zf + HFC-134a VLE 293-323 K, 0.5-1.3 MPa, 0-1.00 [1] 

HFO-1243zf + HFC-134a VLE 243-293 K, 0.08-0.5 MPa, 0-1.00 [13] 

HFO-1243zf + iso-butane VLE 253-293 K, 0.07-0.3 MPa, 0-1.00 [14] 

HFO-1243zf + propane VLE 243-288 K, 0.08-0.7 MPa, 0-1.00 [15] 

HFO-1243zf + iso-butane pvTx 308-383 K, 0.05-0.4 MPa, 0.1-0.78 [27] 

* z represents the mole fraction of the first-named component in the binary mixtures. 

On the other hand, HFOs’ moderate flammability is another barrier to their widespread 

applications in domestic refrigeration systems because it may pose safety risks to users [28]. 

To mitigate this, HFOs can be blended with non-flammable refrigerants like HFC-134a, 

HFC-125 and carbon dioxide (CO2) to neutralise their flammability with only minor cooling 

performance reductions. Carbon dioxide (CO2) is an easily obtained non-flammable organic 

refrigerant with low GWP and zero ozone depletion potential (ODP). Mclinden et al. [29] 

conducted a comprehensive simulation-based study that ranked CO2 next to HFO-1243zf as 

two of the most promising 62 refrigerants based on flammability, GWP and thermodynamic 

parameters. Bell et al. [30] carried out simulations that assessed the best replacements for HFC-

134a, selecting HFO-1243zf and CO2 as key targets of future work.  

While data for binary mixtures of CO2 with HFO-1234yf and HFO-1234ze have been 

reported [11,31,32], no experimental property data have been measured for the CO2 + HFO-

1243zf binary system. Vapour-liquid-equilibrium (VLE) data are particularly important to the 

design and optimisation of cooling systems that utilise alternative refrigerants [33]. In this 

work, the VLE of CO2 + HFO-1243zf binary system was measured at five isotherms between 

(288 and 348) K. The analytical method was employed to generate new VLE data with 

quantitative uncertainty estimates to enable the development of improved models. The 

experimental set-up, materials, calibration and experimental procedures are discussed, and the 

data are compared with the predictions of two thermodynamics models for the mixture, one 

based on a Helmholtz free energy EOS and the other on the Peng Robinson Advanced (PRA) 
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EOS. Finally, both models are tuned based on the acquired experimental data, and their 

performance in properties predictions are compared with the original models. 

3.3 Experimental 

3.3.1 Apparatus 

Two identical apparatus sharing one analysis system, as shown in Figure 3.1 and similar to 

those described in the previous studies [7,11,34], were used in this work to measure the VLE 

of the binary mixtures. Each apparatus consisted of an equilibrium cell machined from single 

stainless steel (SAE316L) billet with an internal volume of 65 ml and a pressure rating up to 

30 MPa, shown in Figure 3.2. The outer surfaces of the equilibrium cells were coated with a 1 

mm thickness of copper to enhance temperature uniformity and heat transfer. A quartz-crystal 

pressure transducer (Digiquartz, Paroscientific) with a full scale of 13.8 MPa and relative 

standard uncertainty of 0.01% of the full scale was used to measure the system’s pressure. A 

magnetic stirrer was placed inside each equilibrium cell and used to ensure the mixture’s 

homogeneity before sampling. 
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Figure 3.1: The schematic diagram of the VLE apparatus (CP: Cooling Plate; DAQ: Data Acquisition; 

GC: Gas Chromatograph, PRT: Platinum Resistance Thermometer; SC: Sample Cylinder; SW: Switch 

Valve; TCD: Thermal Conductivity Detector) [11]. 

 

 

Figure 3.2: Visualisation showing an exploded view of the equilibrium cell. 

Each equilibrium cell was housed inside its own incubator oven (Memmert-UN110) allowing 

it to be controlled at temperatures between (288 and 348) K with a temperature stability of 
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0.05 K over the duration of an isothermal VLE experiment (6 to 10 hours). Temperatures below 

ambient were achieved using a custom cooling system consisting of spiral copper tubes-plate 

placed inside the oven and connected to refrigerated circulators (PolyScience-9502A12E) 

using insulated PVC hoses, similar to the approach taken by Efika et al. [35]. The temperature 

was monitored using two platinum resistance thermometers (NR-141-100S, Netsushin) with a 

standard uncertainty of 0.05 K. These PRTs were calibrated against a standard PRT 

(ASL-WIKA) in a constant temperature bath between 273.15 K and 398.15 K. The average 

temperature difference between these PRTs during the VLE measurement was less than 0.1 K. 

Two remotely controlled electromagnetic sampling (Rapid On-Line Sampling Injectors – 

ROLSITM) [36,37] valves were used to sample the vapour and liquid phases. A stainless steel 

(SAE316L) capillary tube with an ID of 0.1 mm, OD of 1 mm and operating pressure up to 

30 MPa was connected to each ROLSI valve and suspended down into the cell. Samples were 

analysed using an Agilent 7890A GC coupled with a capillary column (Agilent J&W 

HP/PLOT-U) and a thermal conductivity detector.  

3.3.2 GC detector calibration procedure 

The pure fluids used in the VLE measurements were received directly from the suppliers listed 

in Table 3.2 and were used without further purification.  

Table 3.2: Details of chemicals used. 

ASHRAE 

Refrigerant Number 

IUPAC name Chemical 

formula 

CAS # Supplier Mole Fraction 

Purity* 

R744 Carbon Dioxide CO2 124-38-9 Coregas 0.99995 

R1243zf 3,3,3-

Trifluoropropene 

C3H3F3 677-21-4 SynQuest 

Labs 

0.99 

N/A Hydrogen H2 1333-74-0 BOC 0.99999 

* Based on the supplier reports. 

** Referred as HFO-1243zf in this chapter. 

*** The carrier gas of the gas chromatograph (GC). 

Mixtures were made for two purposes: (1) GC detector calibration and (2) VLE measurements. 

For the GC detector calibration, five binary mixtures of CO2 and HFO-1243zf were prepared 

volumetrically, and the exact compositions were determined gravimetrically. The procedure 

began with weighing evacuated 300 mL Swagelok stainless steel cylinders ten times on an 

electronic scale with precision up to 0.01 g. Two separate pressure, temperature and relative 

humidity sensors were used to capture the average ambient conditions of the measuring 

environment before and after weighing the cylinders to correct the measured mass for the 
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buoyancy effect of air [38]. This process was repeated 6 hours after the first measurement to 

obtain an averaged value of the initial cylinder mass. The volumes of HFO-1243zf and CO2 

needed to prepare 10, 30, 50, 70, & 90 mol% of CO2 were calculated according to the 

Helmholtz free energy EOS [17,39]  for the respective pure components. The HFO-1243zf was 

first pressurised using a syringe pump (Teledyne ISCO pump 260D) to 2 MPa, where it was 

held for 12 hours to ensure the sample was in a compressed liquid state. This well-known 

amount of HFO-1243zf was then injected into the empty cylinder, as shown in Figure 3.3. 

Similarly, pure CO2 was then loaded into the (evacuated) syringe pump and pressurised to 

9 MPa before being injected into the cylinder to produce the required mixture. Each cylinder 

was weighted after each injection, as described earlier. 

 

Figure 3.3: The calibration mixture preparation set-up. 

The mixtures prepared for GC detector calibration were transferred into the VLE measurement 

cell for sampling according to the following procedure: after connecting the cylinder to the 

equilibrium cell, all the lines were evacuated via a vacuum pump (RZ6 Vacuubrand). Then the 

temperature of the entire system (cell + cylinder) was increased up to 10 K higher than the 

cricondentherm temperature of the synthetically prepared binary mixture to ensure the mixture 

was in a single-phase condition during the transfer. The bottom part of the cylinder was heated 

using a heating pad up to 10 K higher than the incubator temperature to ensure the homogeneity 

of the prepared mixture by inducing convective mixing inside the cylinder. Additionally, ball 

bearings were placed within the cylinder to mix the prepared binary mixture by shaking the 

cylinder manually 20 times before transferring the mixture into the cell. 
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Table 3.3 presents the prepared mixtures’ calculated cricondentherm temperatures using 

REFPROP 10 software package developed by NIST [40]. Then the connecting valve between 

the cylinder and the cell was opened to release the one-phase mixture into the cell. After 

injection, the cylinder was disconnected, and the mixture in the cell was left to stabilise for 

about 3 h under continuous stirring before any sampling commenced.  

Table 3.3: Gravimetrically prepared mixtures’ composition, molar ratio, critical 

and cricondentherm temperatures calculated using REFPROP 10. 

zCO2  u(zCO2) 𝑧CO2

𝑧HFO−1243zf
 u(

𝑧CO2

𝑧HFO−1243zf
) Tc /K Tcricondentherm /K 

0.0952 0.0007 0.1062 0.0007 378.9 378.9 

0.1909 0.0007 0.2383 0.0007 377.4 377.5 

0.4939 0.0006 0.9858 0.0012 367.9 368.6 

0.6937 0.0003 2.284 0.0016 349.1 350.8 

0.8799 0.0001 7.400 0.0038 321.7 322.6 

 

Once the calibration mixture was at a stable pressure and temperature, at least 30 samples were 

acquired and analysed using three different opening times of the ROLSI valves. For a given 

binary mixture and within the linear range of the TCD detector, the mole fraction, zi, can be 

determined by solving the following system of equations: 

(
𝑧𝑖

𝑧𝑗
) = 𝑘(

𝐴𝑖

𝐴𝑗
) 3.1 

𝑧𝑖 = 1 −
1

1 + 𝑘(
𝐴𝑖

𝐴𝑗
)
 

3.2 

Where Ai and Aj represent the integrated area for components i and j of the binary mixture, 

respectively, and k stands for the calibration response factor of the TCD detector. Figure 3.4 

shows the relationships obtained between the sample’s molar ratios and their corresponding 

area ratios (ACO2/AHFO-1243zf). Table 3.4 presents the optimised GC method conditions used 

during the measurement to separate the CO2 from HFO-1243zf peaks sufficiently. 



40 

 

  

Figure 3.4: Thermal-conductivity detector (TCD) gravimetric calibration data for CO2 + HFO-1243zf 

binary system: (a) gravimetric molar ratios of CO2 to HFO-1243zf against GC area response ratios of 

CO2 to HFO-1243zf, (b) deviation of the calculated molar ratios (zCO2/zHFO-1243zf) based on the 

calibration equation (Equation 3.1) from the gravimetrically measured values against GC area response 

ratios; □ experimental data, (---) Equation 3.1. 

 

Table 3.4: The optimised GC conditions for the separation of CO2 from HFO-1243zf. 

Gas Chromatograph Parameter Optimised Condition 

Detector Conditions 

TCD temperature 443.15 K 

Carrier gas H2 

Carrier gas flow rate 15 mL/min 

Makeup gas flow rate 3 mL/min 

Column Conditions 

Separations column Agilent J&W HP/PLOT-U, 320 µm D, 30 m 

Oven temperature 373.15 K 

Injector temperature 423.15 K 

Split Ratio 100/1 

CO2 retention time 1.5 min 

HFO-1243zf retention time 2.8 min 

3.3.3 VLE measurement procedure 

For the VLE measurements, the equilibrium cell and all connections were vented and evacuated 

before mixture preparation. A predetermined volume of HFO-1243zf was injected into the cell. 

The mixture’s composition was then adjusted by injecting CO2 in increments of 5 to 10% by 

volume to enable the majority of the phase envelope at each temperature to be covered. After 

each injection of CO2, the mixture was stirred for 3 hours at the desired temperature to ensure 

homogeneity. When the sample’s pressure and temperature were stable over a three-hour 

period within 0.005 MPa and 0.05 K, respectively – indicating equilibrium between vapour 
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and liquid phases within the cell – the GC lines were flushed, and the mixture was sampled. 

Sampling was performed 20 times for each phase. 

3.3.4 Uncertainty analysis and validation 

The uncertainty analysis was carried out in accordance with the “Guide to the Expression of 

Uncertainty in Measurement (GUM)” method developed by NIST [41]. Because this study is 

focused on a binary system, the mole fractions x and y are defined here to represent the mole 

fraction of CO2 in the liquid and vapour phases, respectively. The quantities of T, p, x and y 

were determined through the average of N independent samples acquired under almost identical 

measurement conditions. The standard uncertainty of the mole fraction z (representing either x 

or y) is given as follows: 

𝑢(𝑧) = √[(
𝜕𝑧

𝜕𝑇
) 𝑢(𝑇)]

2

+ [(
𝜕𝑧

𝜕𝑝
) 𝑢(𝑝)]

2

+ [(
𝜕𝑧

𝜕𝑘
) 𝑢(𝑘)]

2

+ [(
𝜕𝑧

𝜕𝑅
) 𝑢(𝑅)]

2

 3.3 

The symbols u(T), u(p), u(k), and u(R) stand for the standard uncertainty of temperature, 

pressure, calibration coefficient and measured peak area ratios of two components, 

respectively. The temperature and pressure sensors’ standard uncertainties, including the 

uncertainties of temperature and pressure measurements, were considered to be 0.1 K and 

0.005 MPa, respectively. The uncertainty arising from the GC detector calibration can be 

expressed as follows: 

𝑢(𝑘) = √[(
𝜕𝑘

𝜕𝑍𝑅
) 𝑢(𝑍𝑅)]

2

+ [(
𝜕𝑘

𝜕𝑅
) 𝑢(𝑅)]

2

 3.4 

In Equation 3.4, u(ZR) and u(R) represent the uncertainties associated with the gravimetric 

mixture preparation (the mole ratio of CO2 to HFO-1243zf in each calibration mixture) and 

measured peak area response ratios during the calibration process, respectively. In 

Equations 3.3 and 3.4, u(R) is considered to be equal to the standard deviation of the measured 

area ratios during the VLE and calibration measurements, respectively. The term u(ZR) consists 

of the uncertainties associated with the injected masses of CO2 and HFO-1243zf into the 

cylinders during gravimetric mixture preparation. The standard uncertainty of the mass change 

recorded at each weighing is based on the resolution of the scale (0.01 g). Table 3.3 presents 
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the standard uncertainties of the CO2 mole fraction in the gravimetrically prepared mixtures, 

calculated according to the method described by Arami-Niya et al. [11], which vary between 

0.0001 and 0.0007. The mole fraction uncertainties associated with the VLE measurements are 

reported in Table 3.5 and range from 0.001 to 0.008. 

As a validation of the apparatus readings, the vapour pressures of the pure components injected 

into the equilibrium cell during the sample loading procedure were checked regularly against 

the values expected using the measured temperature and the reference EOS for that compound. 

The differences observed were always smaller than the standard experimental uncertainty in 

pressure. Additional results obtained with this set-up also served to validate the measurement 

technique. Measurements made for binary mixtures containing CO2 and HFC-32, HFC-125, 

HFC-134a or HFC-1234yf [11], as well as for the binary system HFO-1234ze(E) + HFC-134a7 

were consistent with VLE data reported in the literature for the same systems within the 

combined experimental uncertainties. 

3.4 Thermodynamic modelling 

The predictions of two equations of state used commonly for refrigerant mixtures, namely a 

Helmholtz energy model and the cubic PRA EOS, were tested against the obtained 

experimental results. The PRA EOS correlates pressure, temperature and volume as follows 

[42]: 

𝑝 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎

𝑣2 + 2𝑏𝑣 − 𝑏2
 3.5 

The symbol R is the universal gas constant, and 𝑣 is the molar volume. Furthermore, 𝑎 and b 

stand for temperature-dependent energy and co-volume parameters, respectively. The PR-EOS 

can be used for pure fluids as well as mixtures by employing, for example, the van der Waals 

one-fluid mixing rules that incorporate a single binary interaction parameter (BIP). A 

temperature-independent BIP (kij) was used in this study since the measurement temperature 

range was limited.  

𝑎 = ∑ ∑ 𝑥𝑖𝑥𝑗(1 − 𝑘𝑖𝑗)√𝑎𝑖𝑎𝑗

𝑗𝑖

 3.6 
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𝑏 = ∑ 𝑥𝑖𝑏𝑖

𝑖

 3.7 

The PRA-EOS implemented in the MultiFlash software package version 7.0 was used in this 

study to predict the VLE property data. The PRA-EOS describes the pure substance parameters 

𝑎𝑖 and 𝑎𝑗 in  Equation 3.6 in terms of each components’ vapour pressure curve over a range of 

reduced temperatures proposed by Mathias and Copeman [43]:  

𝑎𝑖 = 𝑎𝑐𝑖(1 +  𝜅𝑖1𝑡𝑖 +  𝜅𝑖2𝑡𝑖
2 +  𝜅𝑖3𝑡𝑖

3 +  𝜅𝑖4𝑡𝑖
4 +  𝜅𝑖5𝑡𝑖

5 3.8 

𝑡𝑖 = 1 − √
𝑇

𝑇𝑐𝑖
 3.9 

Here the constants κi1 to κi5 are determined by the linear regression to the vapour pressure of 

component i over a range of reduced temperatures. Further information can be found in the 

MultiFlash user manual [44]. 

The BIP in Equation 3.6 was adjusted by regression to the experimental results measured in 

this work. The best-fit value kij was found by minimising the objective function of (S) defined 

as [45]: 

𝑆 = √
1

2𝑁
∑[(𝑥2,𝑖 − 𝑥2,𝑖,𝑐𝑎𝑙𝑐)2 + (𝑦2,𝑖 − 𝑦2,𝑖,𝑐𝑎𝑙𝑐)2]

𝑁

𝑖=1

 3.10 

The symbol N represents the total number of VLE data points used in the fitting of the EOS. 

The parameters x2,i and x2,i,calc stand for the experimental and predicted bubble point mole 

fractions of HFO-1243zf for the VLE data point “i”. The parameters y2,i and y2,i,calc correspond 

to the experimental and predicted dew point mole fractions of HFO-1243zf for the VLE data 

point “i”.  

On the other hand, the Helmholtz free energy EOS are considered state-of-the-art models for 

predicting the thermodynamic properties of refrigerant mixtures, particularly if sufficient data 

are available at the time of their development. The default GERG-2008 EOS mixing rules [46], 

implemented in the software package NIST REFPROP 10, are shown below: these represent 
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the reducing functions which contain BIPs used to improve the agreement between properties 

measured for binary mixtures and those predicted using the Helmholtz model: 

1

𝜌𝑟(�̅�)
= ∑ 𝑥𝑖

2
1

𝜌𝑐,𝑖
+ ∑ ∑ 2𝑥𝑖𝑥𝑗

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

𝑁

𝑖=1

𝛽𝑣,𝑖𝑗𝛾𝑣,𝑖𝑗 ∙
𝑥𝑖 + 𝑥𝑗

𝛽𝑣,𝑖𝑗
2 𝑥𝑖 + 𝑥𝑗

∙
1

8
(

1

𝜌𝑐,𝑖
1/3

+
1

𝜌𝑐,𝑗
1/3

)

3

 3.11 

𝑇𝑟(�̅�) = ∑ 𝑥𝑖
2𝑇𝑐,𝑖 + ∑ ∑ 2𝑥𝑖𝑥𝑗

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

𝑁

𝑖=1

𝛽𝑇,𝑖𝑗𝛾𝑇,𝑖𝑗 ∙
𝑥𝑖 + 𝑥𝑗

𝛽𝑇,𝑖𝑗
2 𝑥𝑖 + 𝑥𝑗

∙ (𝑇𝑐,𝑖 ∙ 𝑇𝑐,𝑗)1/2 3.12 

here �̅�, 𝜌𝑟 and 𝑇𝑟 are the molar composition vector, the reducing functions of the mixture 

density and temperature; and parameters 𝜌𝑐,𝑖, 𝜌𝑐,𝑗, 𝑇𝑐,𝑖, 𝑇𝑐,𝑗, 𝑥𝑖 and 𝑥𝑗 are the critical density, 

critical temperature and mole fraction of components i and j. The constants 𝛽𝑇,𝑖𝑗, 𝛾𝑇,𝑖𝑗, 𝛽𝑣,𝑖𝑗, 

and 𝛾𝑣,𝑖𝑗 are four independent BIPs that can be adjusted if sufficient experimental data spanning 

a wide range of conditions are available. If the experimental data for the binary mixture are 

limited, the BIPs are set to unity. In this work, only two parameters 𝛽𝑇,𝑖𝑗, and 𝛾𝑇,𝑖𝑗 included 

within Equations 3.11 and 3.12 were adjusted to minimise the objective function shown in 

Equation 3.10, while the other BIPs (𝛽𝑣,𝑖𝑗, and 𝛾𝑣,𝑖𝑗) were set to unity. The two tuned 

parameters are the most appropriate factors for fitting Helmholtz free energy EOS to VLE data, 

as discussed by Bell and Lemmon [47]. 

3.5 Results and discussion 

3.5.1 VLE data 

The VLE of the CO2 + HFO-1243zf binary system was measured at five temperatures between 

(288 and 348) K and pressures from (0.68 to 7.69) MPa. Table 3.5 presents the average of the 

measured temperature, pressure, relative volatility and composition of the liquid and vapour 

phases at each equilibrium condition. Figure 3.5 shows the experimental pressure and 

composition data, together with values calculated using the two tuned models.  
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Table 3.5: The experimental liquid (x) and vapour (y) phase mole fractions of CO2 in 

binary mixtures with HFO-1243zf mixtures at equilibrium temperatures (T) and 

pressures (p)*.  

T/K p/MPa x y α12
** u(x) u(y) u(α12) 

289.6 0.680 0.0606 0.3226 7.39 0.0020 0.0080 0.38 

288.9 0.861 0.1134 0.4875 7.44 0.0030 0.0074 0.31 

289.3 1.127 0.1820 0.6138 7.14 0.0041 0.0066 0.28 

289.2 1.428 0.2589 0.7063 6.88 0.0052 0.0057 0.27 

288.9 1.851 0.3638 0.7879 6.49 0.0062 0.0045 0.25 

288.7 2.305 0.4688 0.8434 6.10 0.0067 0.0036 0.23 

288.5 3.146 0.6460 0.9070 5.34 0.0063 0.0023 0.21 

288.5 3.612 0.7364 0.9305 4.79 0.0054 0.0018 0.19 

288.5 4.012 0.8044 0.9499 4.62 0.0045 0.0014 0.19 

288.9 4.291 0.8576 0.9619 4.19 0.0037 0.0011 0.18 

298.1 0.820 0.0569 0.2834 6.56 0.0015 0.0071 0.29 

297.1 0.938 0.0898 0.3914 6.52 0.0025 0.0073 0.28 

298.2 1.276 0.1616 0.5473 6.27 0.0038 0.0069 0.25 

298.2 1.669 0.2467 0.6631 6.01 0.0050 0.0061 0.23 

297.3 2.099 0.3437 0.7499 5.73 0.0060 0.0050 0.22 

297.3 2.665 0.4515 0.8147 5.34 0.0067 0.0040 0.20 

298.2 3.398 0.5738 0.8639 4.72 0.0066 0.0032 0.18 

297.3 4.205 0.7167 0.9117 4.08 0.0056 0.0022 0.16 

297.3 5.151 0.8493 0.9501 3.38 0.0039 0.0014 0.14 

297.2 5.660 0.9018 0.9704 3.57 0.0029 0.0010 0.17 

317.7 1.140 0.0281 0.1228 4.84 0.0012 0.0051 0.32 

317.8 1.514 0.0950 0.3339 4.78 0.0025 0.0064 0.19 

317.8 1.804 0.1455 0.4413 4.64 0.0034 0.0068 0.18 

317.8 2.257 0.2205 0.5549 4.41 0.0046 0.0066 0.17 

317.7 2.876 0.3166 0.6558 4.11 0.0058 0.0060 0.16 

317.7 3.604 0.4193 0.7307 3.76 0.0065 0.0053 0.14 

317.8 4.392 0.5241 0.7906 3.43 0.0066 0.0045 0.13 

317.7 5.647 0.6724 0.8491 2.74 0.0060 0.0035 0.10 

317.8 6.927 0.8037 0.8809 1.81 0.0043 0.0028 0.07 

318.2 7.651 0.8611 0.8688 1.07 0.0078 0.0030 0.08 

333.4 1.905 0.0706 0.2185 3.68 0.0019 0.0052 0.16 

333.5 2.239 0.1174 0.3202 3.54 0.0029 0.0061 0.14 

333.4 2.666 0.1766 0.4251 3.45 0.0039 0.0066 0.13 

333.5 3.197 0.2460 0.5088 3.17 0.0049 0.0067 0.12 

333.4 3.724 0.3128 0.5760 2.98 0.0057 0.0065 0.11 

333.6 4.380 0.3898 0.6297 2.66 0.0063 0.0062 0.10 

333.6 5.357 0.4987 0.6928 2.27 0.0066 0.0057 0.09 

333.4 6.437 0.6129 0.7573 1.97 0.0063 0.0049 0.07 
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333.3 7.693 0.7353 0.8016 1.44 0.0052 0.0043 0.06 

348.3 2.307 0.0423 0.1113 2.84 0.0014 0.0035 0.14 

348.2 2.228 0.0324 0.0885 2.90 0.0012 0.0032 0.16 

348.2 2.863 0.1127 0.2602 2.77 0.0028 0.0054 0.11 

348.2 4.031 0.2550 0.4389 2.29 0.0050 0.0067 0.09 

348.1 4.644 0.3218 0.5008 2.11 0.0058 0.0067 0.08 

348.1 5.326 0.3930 0.5536 1.92 0.0063 0.0066 0.07 

348.2 6.145 0.4864 0.5704 1.40 0.0066 0.0065 0.05 

348.5 7.112 0.6128 0.6198 1.03 0.0062 0.0061 0.04 

* The standard uncertainties in temperature, u(T), and pressure, u(p), are 0.1 K and 

0.005 MPa, respectively. 

** The relative volatility of CO2 (1)  to HFO-1243zf (2) in their binary system. 
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Figure 3.5: VLE data and calculated phase envelopes for the CO2 + HFO-1243zf system at 288 K, 

298 K, 318 K, 333 K and 348 K: (blue - ⸳ -) PRA-EOS (tuned); (---) Helmholtz free energy EOS 

(tuned); ■ this work (hollow symbols show the measured compositions in the dense phase region, 

acquired to check the Helmholtz energy EOS prediction of a two-phase condition).  

3.5.2 Relative volatility and thermodynamic consistency  

The relative volatility of a binary mixture at a certain temperature is defined as the ratio of K 

factors for the two components as follows: 

𝛼𝑖𝑗 =
𝐾𝑖

𝐾𝑗
=

𝑦𝑖

𝑥𝑖

𝑦𝑗

𝑥𝑗
⁄ =

𝑦𝑖𝑥𝑗
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Here, yi and xi are the mole fractions of component i in the vapour and liquid phases of the 

mixture. Figure 3.6 shows experimental and predicted relative volatilities (α12) of CO2 (1) to 

HFO-1243zf (2) at the five temperatures between (288 and 348) K. The relative volatility (α12) 

decreased with increasing overall CO2 mole fraction and temperature.  

 

Figure 3.6: The relative volatility (α12) of CO2 (1) to HFO-1243zf (2) for experimental equilibrium 

points (□) and the values predicted using the tuned Helmholtz Energy EOS (---); black , T = 288 K; 

red, T = 298 K; blue, T = 318 K; brown, T = 333 K and green, T = 348 K. 

 

The measured VLE data were assessed for thermodynamic consistency by the point test method 

presented by Fredenslund et al. [48–50]. To determine the data's consistency, the following 

statistics were calculated: 

∆𝑦𝑖 = (𝑦𝑒𝑥𝑝,𝑖 − 𝑦𝑐𝑎𝑙𝑐,𝑖) 3.14 
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Each value of ycalc was calculated using the untuned Helmholtz energy model implemented in 

REFPROP 10, with the measured temperature and liquid phase composition as inputs. 

According to Fredenslund et al. [49,50], the VLE data set is considered consistent if the average 

absolute deviation of the dew points (AADyi) is less than or equal to 0.01 mole fraction. They 

also recommended the use of polynomial expansions to determine activity coefficients needed 

to estimate ycalc. However, an EOS was used in this work because at (318, 333, and 348) K, 

pure CO2 is supercritical. Table 3.6 presents the values of the statistics calculated for each 

isotherm of the measured VLE data. For the (318, 333 and 348) K isotherms, the closest point 

to the critical pressure was excluded. More important than the average absolute deviation 

(AAD), however, is the degree of scatter present in the trend of the deviations with pressure; 

the AAD will necessarily have a finite value if the untuned EOS is used to determine ycalc, but 

if the data are thermodynamically consistent, they will deviate from the ycalc in a smooth trend 

with pressure. The STD∆𝑦𝑖 quantifies how scattered the data follow that smooth trend; in all 

cases its value is less than or comparable with the estimated experimental uncertainties.  

Table 3.6: The thermodynamic consistency test results for the 

CO2 + HFO-1243zf binary systems. 

 Helmholtz energy EOS 

T/K STD∆𝑦CO2 AADyCO2 

288 0.003 0.003 

298 0.004 0.004 

313 0.004 0.003 

333 0.005 0.009 

348 0.005 0.010 

Average (all VLE data) 0.004 0.006 

 

Additionally, the measured VLE data's thermodynamic consistency was assessed further by 

analysing the vapour enhancement factors of HFO-1243zf in the CO2 + HFO-1243zf binary 

systems. The enhancement factor is equal to the quotient of the experimental partial pressure 

of HFO-1243zf and the saturation vapour pressure of pure HFO-1243zf at the same equilibrium 

temperature, which is as calculated as follow: 

𝑓 =
𝑦HFO−1243zf𝑝𝑒𝑥𝑝

𝑝HFO−1243zf
𝑠𝑎𝑡  3.18 
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Here, the parameters yHFO-1243zf and pexp are the measured mole fraction of HFO-1243zf in the 

vapour phase and the pressure of the equilibrium mixture, while 𝑝HFO−1243zf
𝑠𝑎𝑡  is the saturation 

vapour pressure of HFO-1243zf at the equilibrium temperature calculated using the reference 

EOS in REFPROP 10. For each isotherm, the enhancement factor will approach unity in the 

limit of zero equilibrium pressure. Figure 3.7 shows the enhancement factor for the measured 

VLE data. It can be seen that the enhancement factor approaches unity at low pressures for all 

the VLE data and varies smoothly with pressure at a constant temperature, indicating that the 

data quality is reasonable. 

 

Figure 3.7: The enhancement factor for HFO-1243zf in the CO2 + HFO-1243zf binary systems on five 

isotherms of 288 K (black), 298 K (red), 318 K (blue), 333 K (brown) and 348 K (green). 

3.5.3 Model tuning 

Figure 3.8 (a), (b) shows the differences between the experimental results and the liquid and 

vapour compositions predicted by the original (un-tuned) Helmholtz energy and PRA EOS. In 

these plots, the abscissa is the measured saturation pressure, and the ordinates are the 

differences between the measured and predicted mole fractions of CO2. The mole fractions for 

each phase were computed by performing a flash calculation at the corresponding experimental 

pressure and temperature. The bulk (overall) composition of the binary mixture used as input 

to the flash calculation was taken to be the experimental value. Generally, the Helmholtz 

energy EOS provided a better representation of the VLE data than the PRA-EOS, with the 

deviations of both models being about 3 to 4 times larger than the experimental uncertainty. 

The variation between the experimental and predicted data for the bubble points increased with 

pressure for both models. The Helmholtz EOS provided a better representation of the dew 

points data at low pressure than the PRA EOS, but at high pressure, the performance of the two 

models in predicting the dew point condition was reversed.  
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Figure 3.8: Absolute differences between the measured mole fraction (xexp, yexp) and the predicted values 

(xcalc, ycalc) by the original and tuned PRA-EOS (□) and Helmholtz Energy EOS (×) for the first 

component (CO2); (a) bubble points – original models; (b) dew points – original models; (c) bubble 

point – tuned models and (d) dew points – tuned models; navy blue, T = 288 K; red, T = 298 K; green, 

T = 318 K; brown, T = 333 K and dark grey, T = 348 K. The average experimental uncertainty for all 

the experimental VLE data was a CO2 mole fraction of 0.005. 

When fitting the PRA-EOS and Helmholtz EOS binary interaction parameters, the four 

experimental data points acquired closest to the critical point at 318, 333 and 348 K were 

omitted from the regression as the models failed to follow the measured phase envelopes at 

those conditions. Tuning the PRA-EOS (with an initial BIP of zero) to the experimental data 

allowed the root mean square deviation (RMSD) – equivalent to the objective function in 

Equation 3.10 – to be decreased from 0.019 to 0.012 with an optimised BIP of kij = 0.0254. For 

the Helmholtz EOS, the fitted binary interaction parameters of (𝛽𝑇,𝑖𝑗 = 1.009 and 𝛾𝑇,𝑖𝑗 = 0.992) 

decreased the objective function from 0.013 to 0.009. The RMSD of the experimental phase 

compositions from those predicted by the model was significantly improved for both models 

by this optimisation. For the tuned Helmholtz EOS, the RMSD is less than two times the 

average experimental uncertainty (CO2 mole fraction of 0.005), indicating that the fitted model 

represents the data reasonably well considering their uncertainty.  
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Figure 3.8 (c), (d) shows the differences between the experimental and predicted liquid and 

vapour compositions by the tuned Helmholtz EOS and PRA-EOS. The deviations of the bubble 

points decreased significantly for both models after tuning, particularly at lower pressures. 

Table 3.7 presents RMSD and maximum deviation values for the original and tuned EOS. The 

tuned Helmholtz energy model represents dew and bubble points with lower RMSDs (0.009 

for each phase) than the tuned PRA-EOS (0.012 for each phase). The maximum deviation 

between the experimental and predicted dew and bubble points by the Helmholtz free energy 

EOS decreased from 0.042 and 0.034 to 0.034 and 0.030, respectively, after tuning the model. 

The tuned PRA-EOS represents the mole fractions for the liquid phases better than the original 

PRA-EOS, where the RMSDs decreased from 0.024 to 0.012. It was noted that the RMSD for 

the vapour phase increased from 0.011 to 0.012 after tuning the PRA-EOS, even though the 

total RMSD decreased from 0.019 to 0.012. Further optimisation of Helmholtz energy EOS 

would require more extensive experimental data for other properties such as density and heat 

capacity. 

Table 3.7: Model deviations for the original and tuned PRA-EOS and Helmholtz free energy EOS* 

Error 
PRA-EOS 

(original) 

PRA-EOS 

(tuned) 

Helmholtz Free energy 

EOS (original) 

Helmholtz Free energy 

EOS (tuned) 

Total RMSD 0.019 0.012 0.013 0.009 

RMSD (y) 0.011 0.012 0.011 0.009 

RMSD (x) 0.024 0.012 0.015 0.009 

Max. Deviation (y) 0.029 0.042 0.042 0.036 

Max. Deviation (x) 0.052 0.039 0.034 0.030 

* The average experimental uncertainty for all the VLE data was a CO2 mole fraction of 0.005. 

3.5.4 Comparison between HFO-1234yf, HFO-1234ze(E) and HFO-1243zf 

In this section, the phase behaviour of three HFO candidates of replacing HFC-134a in 

equimolar mixtures with CO2 is compared. Figure 3.9 (a) shows the phase diagrams for the 

binary mixtures predicted by optimised Helmholtz Energy EOS. The optimised model for the 

HFO-1243zf + CO2 binary system was based on this work, while for the binary systems 

HFO-1234yf + CO2 and HFO-1234ze(E) + CO2 were based on Arami-Niya et al. [11] and 

Lemmon et al. [51]. The HFO-1234yf and HFO-1243zf binary mixtures with CO2 have almost 
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identical bubble point pressures, while the bubble and dew point curves of the latter mixture 

are separated by between (0.4 and 4.2) K more in the pressure range (5.7 to 0.3) MPa. Figure 

3.9 (b) shows the calculated p-H diagrams for the binary mixtures with the HFO-1243zf + CO2 

equimolar binary system being (0.7 to 1.4) kJ/mole wider than the other two binaries in the 

pressure range (5.7 to 0.3) MPa. 

    

Figure 3.9: (a) p-T and (b) p-H diagrams of three equimolar binary mixtures of CO2 + HFO-1243zf 

(red  ̶ ), CO2 + HFO1234yf (green ---) and CO2 + HFO-1234ze(E) (blue - ⸳ -), predicted by the 

optimised Helmholtz energy EOS.  

3.6 Conclusions 

New experimental vapour-liquid equilibrium data for CO2 + HFO-1243zf binary mixtures are 

reported at temperatures from (288 to 348) K, and pressures between (0.68 and 7.69) MPa. 

Data presented in this work were compared with the predictions of a Helmholtz free energy 

model that utilises the GERG-2008 mixing rule and the Peng-Robinson Advanced EOS with 

van der Waals one-fluid mixing rules. Both models’ binary interaction parameters were 

determined by fitting to the experimental data. The PRA-EOS with the tuned binary interaction 

parameter provided a slightly better representation of the data than the original untuned 

Helmholtz free energy EOS. However, the tuned Helmholtz free energy EOS represented the 

experimental bubble and dew points with an RMSD of 0.009, 33 % better than the tuned PRA-

EOS and 45 % better than the un-tuned Helmholtz free energy EOS. The phase behaviour of 

three popular HFO-1234yf, HFO-1234ze(E) and HFO-1243zf in equimolar mixtures with CO2 

were compared. The binary mixture studied in this work has (0.7 to 1.4) kJ/mole wider enthalpy 

difference between bubble and dew point curves in the pressure range (5.7 to 0.3) MPa. This 

work provides new accurate VLE data that will aid in designing and simulating refrigeration 

processes utilising working fluids with low global warming potential.  Further experimental 
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thermophysical data, in particular density, should be acquired to enable further improvements 

in the performance of engineering models.   
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4 Chapter 4 │ Cryogenic Vapour and Solid Solubility 

Measurements for CO2 + HFC-32 Binary Mixtures at 

Temperatures between (132 and 273) K 

4.1 Abstract 

Accurate phase equilibrium data for mixtures of eco-friendly but mildly-flammable refrigerants 

with inert components like CO2 will help industry safely employ working fluids with 80 % less 

global warming potential than the current options. In this work, a visual high-pressure 

measurement setup with analytic capability was used to measure the vapour-liquid equilibrium 

(VLE) and solid-fluid equilibrium (SFE) of HFC-32 + CO2 binary systems at temperatures 

between (132 and 273) K. The measured VLE data in this study together with the literature 

data are compared with values calculated using a previously optimised Helmholtz energy 

model. The model represented the VLE data with a root mean square deviation (RMSD) of 

0.02 CO2 mole fraction for the liquid and vapour phases. The solid-liquid-vapour equilibrium 

(SLVE) and solid-liquid equilibrium (SLE) data were used to tune a thermodynamic model 

implemented in the ThermoFAST software package by adjusting the BIP in the Peng-Robinson 

equation of state. The tuned model represents the measured melting points for binary mixtures 

with an RMSD of 3 K, which is 60 % less than when the model used the default BIP. The 

accurate property data and improved model presented in this work will help avoid solid 

deposition risk in cryogenic applications of the HFC-32 + CO2 binary system and promote 

widespread applications of environmentally-friendly refrigerant mixtures. 

4.2 Introduction 

The hydrofluorocarbons (HFCs) of HFC-32, HFC-134a and HFC-125 are refrigerants 

commonly used as working fluids in domestic air-conditioning systems, with global warming 

potentials (GWPs) of 677, 1300 and 3170 over a 100-year time scale, respectively [1]. Of the 

three HFCs, HFC-32 has the lowest atmospheric lifetime of 5.2 years (80% less than the other 

HFCs) and better heat transfer properties [1]. However, its moderate flammability and toxic 

combustion products pose safety hazards to public users and are barriers to its widespread 
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replacement [2]. Therefore, HFC-32 is often blended with non-flammable HFC-125 in binary 

mixtures of HFC-410A (HFC-32/HFC-125: 50/50 wt%) and HFC-410B (HFC-32/HFC-125: 

45/55 wt%) to neutralise its flammability and be safely used in the domestic refrigeration 

systems [3]. These blends, however, have GWPs of 2235 (HFC-410A) and 2328 (HFC-410B) 

that does not satisfy the refrigerant regulation objectives of the Montreal Protocol and the 

Kigali Amendment [4]. 

Carbon dioxide (CO2), as a natural refrigerant, can be blended with HFC-32 to neutralise its 

flammability and significantly reduce the overall GWP of the mixture with minor reductions 

in HFC-32's cooling performance. To efficiently use the HFC-32 + CO2 binary system as the 

working fluid of the refrigeration systems, reliable predictions of its thermophysical properties 

in a wide range of working temperatures and pressures are necessary. The thermophysical 

properties of this binary mixture have been well studied at relatively high operating 

temperatures, as shown in Table 4.1. However, limited studies have been conducted at low 

temperatures, which hinders the ability to assess thermodynamic model predictions at these 

conditions. Additionally, CO2 with a triple point of 216.55 K at 0.518 MPa [5] poses a freeze-

out risk at low temperatures, with solid crystals potentially damaging equipment or blocking 

flow [6]. Therefore, solid formation at low temperatures needs to be investigated. Although 

some solid-fluid equilibrium (SFE) data for HFC-32 + CO2 binary mixtures has been reported 

at the vapour pressure of the binary mixture [7], no experimental SFE data have been reported 

at elevated pressures for this system.  

Table 4.1: Summary of the thermodynamic property data available for 

HFC-32 + CO2 binary mixtures 

Properties Range (T, p, z)a Ref. 

pvTx 303-343 K, 0.14-4.6 MPa, 0.17-0.8  [8] 

VLE 289-290 K, 1.4-3.6 MPa, 0.04-0.8 [9] 

VLE 280-310 K, 1.7-6.4 MPa, 0.21-0.8 [10] 

VLE 222-283 K, 0.1-4.5 MPa, 0-1.0 [11] 

VLE 283-343 K, 1.1-6.6 MPa, 0-1.0 [12] 

VLE 293 K, 1.8-4.8 MPa, 0.09-0.89 [13] 

SLVE 137-217 K, 0.03-0.5 MPa, 0-1.0 [7] 

a z represents the mole fraction of CO2 in the binary mixtures. 

In this work, the VLE of the HFC-32 + CO2 binary system was measured along three isotherms 

of (273, 238 and 223) K using an analytical method similar to that described previously in 

Chapter 3 [14]. The new VLE data, together with their quantitative uncertainty estimates, are 

used to check the reliability of a Helmholtz energy equation of state (EOS) [15] tuned by 
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Arami-Niya et al. [13] (Appendix B) to thermodynamic data measured at higher temperatures 

for phase equilibrium predictions at the low-temperature conditions. The SFE of the HFC-32 

+ CO2 binary mixtures were also measured at CO2 concentrations between (0 and 100) mol% 

at pressures up to 11 MPa using the synthetic method [16,17]. A thermodynamic model 

consisting of a Peng-Robinson EOS for the fluid phase and a reference Helmholtz energy EOS 

for the CO2 solid phase (I) [18] implemented in the ThermoFAST software package [19] was 

tuned to the SFE data. 

4.3 Experimental 

4.3.1 Apparatus overview 

The measurement setup, shown in Figure 4.1 (a)-(b) and described previously [20–23], was 

upgraded to incorporate an analytic measurement capability to the equilibrium cell, augmenting 

the synthetic technique previously used for SFE determinations at cryogenic conditions. The 

experimental setup consists of a visual equilibrium cell that includes a transparent sapphire 

tube and two stainless steel (SAE316L) flanges, as shown in Figure 4.2 (a)-(b). The cell has an 

internal volume of 75 mL and a pressure rating of 31 MPa. A Digiquartz Paroscientific pressure 

transducer with a full scale of 41 MPa and relative standard uncertainty of 0.01 % of the full 

scale is used to measure the system's pressure. A magnetic stirrer, driven by a stepper motor 

(Arun Microelectronics), is placed inside the cell to ensure the mixture homogeneity during the 

phase equilibrium measurements. 
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Figure 4.1: (a) Schematic diagram of the VLE & SFE apparatus; (b) photograph of the measurement 

setup. 
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Figure 4.2: (a) Visualisation of the equilibrium cell showing an exploded view and (b) a photograph. 

A cryogenic environmental chamber (M170J-13100) with an operating temperature range of 

(87 to 473) K housed the visual cell and controlled bulk fluid temperature (Thermal Solution 

Series - KTS6310AB). To minimise thermal shock risk for the sapphire tube, the cooling and 

heating rates of the chamber were controlled to a maximum of 1 K·min-1 by adjusting the liquid 

nitrogen flow from a high-pressure Dewar. Three fast-response 100 Ω platinum resistance 

thermometers (PRT NR-14, Netsushin) were employed to measure the cell temperature and 

were placed into holes bored on the top and bottom flanges and the copper tip inside the cell. 

The PRTs were calibrated against a reference standard temperature sensor (ASL-WIKA) with 

0.02 K standard uncertainty over temperatures between (100 and 273) K. The mean 

temperature difference between these PRTs at the top and bottom of the cell was less than 0.1 K 

during the equilibrium condition. For the SFE measurements, the copper tip temperature was 

taken as the measure of the observed freezing and melting points. A Panasonic high-definition 

(HD) camcorder (HCV 180) captured and recorded observations of solid freezing and melting.  

Two remotely controlled rapid online sampling injector (ROLSI) [24,25] valves were used to 

take samples from the vapour and liquid phases during the VLE measurements. Two stainless 

steel (SAE316L) capillary tubes with an i.d. of 0.13 mm, o.d. of 1.6 mm and length of 250 mm, 

connected the ROLSI valves to the top and bottom flanges of the cell. The taken samples were 

analysed using an Agilent 7890A Gas Chromatograph (GC) with a thermal conductivity 

detector (TCD) and a capillary column (Agilent J&W HP/PLOT-U). 
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4.3.2 GC detector calibration procedure for VLE measurement 

The pure fluids used in the VLE and SFE measurements were received directly from the 

suppliers listed in Table 4.2 and were used without further purification.  

Table 4.2: Details of chemicals used. 

ASHRAE 

Refrigerant Number 

IUPAC name Chemical 

formula 

CAS # Supplier Mole Fraction 

Purity* 

R744 Carbon Dioxide CO2 124-38-9 Coregas 0.99995 

R32**  Difluoromethane  CH2F2 75-10-5 Coregas 0.995 

N/A Hydrogen*** H2 1333-74-0 BOC 0.99999 

* As stated by the supplier. 

** Referred as HFC-32 in this chapter. 

*** The carrier gas of the Gas chromatograph (GC). 

The GC detector calibration procedure used in this study is similar to the one described 

previously in Chapter 3 [14], so only a brief explanation was provided here. Four binary 

mixtures of HFC-32 + CO2 were volumetrically prepared with CO2 fractions of 20, 40, 60 and 

80 mol% in sample cylinders (300 mL Swagelok stainless steel) using the mixture preparation 

setup described in [14]. The composition of the prepared calibration mixtures was 

gravimetrically determined.  

For this purpose, the evacuated sample cylinders were weighed 20 times over six hours on an 

electronic scale with a precision of 0.01 g to obtain an averaged value of the initial cylinder 

mass. The average ambient conditions of the measuring environment before and after weighing 

were captured by two separate temperature, pressure and relative humidity sensors and used to 

correct the apparent mass for the effect of air buoyancy [26]. The CO2 and HFC-32 volumes 

needed to prepare binary mixtures of (20, 40, 60 and 80) mol% CO2 were determined from the 

pure fluid densities calculated using each component's reference Helmholtz energy EOS 

[21,22]. The pure HFC-32 and CO2 samples were pressurised by high precision syringe pumps 

(Teledyne ISCO 260D) at (6 and 9) MPa, respectively, and were held for 12 hours to ensure 

the samples were in a compressed liquid state. Then, each component was injected into the 

cylinders, and the cylinder was weighed after each injection to determine the mass of the 

injected samples. 

The prepared mixture for the GC detector calibration was transferred into the equilibrium cell 

for sampling as a single-phase mixture. For this purpose, the cylinder was placed inside the 

chamber and connected to the VLE cell, and all lines were evacuated using the vacuum pump 

(RZ6 Vacuubrand). Then, the temperature of the entire system (cylinder + VLE cell) was 
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maintained at 10 K higher than the cricondentherm temperature of the prepared binary mixture 

to ensure the mixture remained in a single-phase condition during the transfer. Table 4.3 

presents the prepared mixtures' composition, molar ratio and calculated critical and 

cricondentherm temperatures using the REFPROP 10 software package developed by NIST 

[27]. The cylinder was disconnected from the cell after transferring the mixture, and the 

mixture in the cell was left to stabilise for about 3 hours under continuous stirring before 

sampling the mixture.  

Table 4.3: Gravimetrically prepared mixtures' composition, molar 

ratio and cricondentherm temperatures calculated using 

REFPROP 10. 

zCO2 u(zCO2) 
𝑧CO2

𝑧HFC-32
 Tcricondentherm /K 

0.214 0.0004 0.272 344.6 

0.397 0.0002 0.658 337.5 

0.592 0.0002 1.451 328.3 

0.796 0.0001 3.892 317.2 

 

Once the transferred mixture was stabilised, at least 30 samples were taken from the top and 

bottom part of the VLE cell and analysed using different opening times of the ROLSI valves. 

Within the linear range of the TCD detector, the mole fraction, zi, for a given binary mixture 

can be determined by using the following equations: 

(
𝑧𝑖

𝑧𝑗
) = 𝑘(

𝐴𝑖

𝐴𝑗
) 4.1 

𝑧𝑖 = 1 −
1

1 + 𝑘(
𝐴𝑖

𝐴𝑗
)
 

4.2 

Here, Ai and Aj stand for the peaks' areas for components i and j of the binary mixture, 

respectively. The parameter k represents the calibration factor for the GC TCD detector. Figure 

4.3 shows the relationships between the sample's molar ratios (zCO2/zHFC-32) and the 

corresponding area ratios (ACO2/AHFC-32). Table 4.4 presents the GC method used during the 

measurement, which was able to sufficiently separate the HFC-32 and CO2 peaks in each 

sample. 
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Figure 4.3: Thermal-conductivity detector (TCD) gravimetric calibration data for HFC-32 + CO2 binary 

mixtures: (a) gravimetric molar ratios of CO2 to HFC-32 against GC area response ratios of CO2 to 

HFC-32, (b) deviation of the calculated molar ratios (zCO2/zHFC-32) based on Eq. 4.11 from the 

gravimetrically measured values against GC area response ratios; □ experimental data, 

(---) Equation 4.1. 

 

Table 4.4: The GC method used for separating CO2 and HFC-32 peaks. 

Gas Chromatograph Parameter Optimised Condition 

Detector Conditions 

TCD temperature 453.15 K 

Carrier gas H2 

Carrier gas flow rate 15 mL·min-1 

Makeup gas flow rate 3 mL·min-1 

Column Conditions 

Separations column Agilent J&W HP/PLOT-U, 320 µm D, 30 m 

Chamber temperature 323.15 K 

Split Ratio 100/1 

CO2 retention time 2 min 

HFC-32 retention time 3.5 min 

 

4.3.3 VLE measurement procedure 

Before preparing a mixture for the VLE measurement, the visual cell and all connections were 

cleaned and evacuated using the vacuum pump (Varian SH-110). Predetermined HFC-32 and 

CO2 volumes were injected into the cell using two high-precision syringe pumps (Teledyne 

ISCO 260D) at ambient temperature (measured by an independent 100 Ω PRT) for an in-situ 

mixture preparation. After the injection, the mixture was stirred for 3 hours at the desired 

temperature to ensure the mixture was homogenous. The pressure and temperature fluctuations 
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of the sample within 0.008 MPa and 0.1 K over three hours indicated equilibrium between 

vapour and liquid phases within the cell. Then, the GC lines were flushed, and both vapour and 

liquid phases were sampled 20 times. 

4.3.4 Mixture preparation for SFE measurements 

For the SFE measurements, the HFC-32 + CO2 binary mixtures were prepared in two different 

approaches. For binary mixtures of (80 to 95) mol% CO2, a predetermined volume of pure 

HFC-32 was injected into the cell, and the mixture composition was then adjusted by injecting 

CO2 in increments of 5 mol%. Additionally, the mixtures with CO2 compositions of (11, 28, 

51 and 72) mol% were prepared by injecting the predetermined amounts of HFC-32 and CO2 

into a high-precision syringe pump. The prepared mixtures were pressurised at (8 and 11) MPa, 

higher than the mixture's cricondenbar pressure (calculated using REFPROP 10 [27]), to ensure 

the samples were in a single-phase condition during the storage and transfer to the cell. The 

bottom section of the syringe pump's cylinder was also heated at 328 K to ensure the mixture's 

homogeneity by allowing convective mixing inside the syringe pump. The cell was connected 

to the syringe pump and the single-phase mixture was injected into the cell while the syringe 

pump remained pressurised at 8 MPa at all times. Once the pressure in the equilibrium cell had 

reached 8 MPa, it was left to stabilise at constant pressure for 6 hours while being stirred. At 

this high pressure, samples taken using the ROLSI valves would saturate the GC column, 

meaning that the analytical method could not be used to verify the overall mixture. Instead, the 

bubble point of the sample was measured and compared with the prediction of the tuned 

Helmholtz energy EOS [13] to confirm that the mixture was well-mixed and sample 

composition is close to the volumetrically determined value. To synthetically measure the 

sample’s bubble point, the cell was isolated, and the mixture was cooled down at a controlled 

rate of 0.8 K·min-1 as shown in Figure 4.4. The measured bubble points corresponded to CO2 

mole fractions that were consistent with the values determined volumetrically within the 

combined uncertainty in the overall composition of the synthetic binary mixtures (0.01 CO2 

mole fraction). 
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Figure 4.4: The pressure-temperature (PT) diagram during the isochoric cooling of the HFC-32 + CO2 

(28:72 mol%) binary mixture to synthetically determine the bubble point. The red square corresponds 

to the predicted bubble point. 

4.3.5 Melting and freezing measurement procedures 

After loading the cell, the cooling chamber temperature was reduced with a cooling rate of 0.8 

K·min-1 until stabilised by control algorithms at the desired set-points. Then, the cell 

temperature gradually reduced at a rate between (0.1 and 0.25) K·min-1 until the solid crystals 

were formed. The observed temperature and pressure of this point were recorded as the freezing 

point (Tf and pf) of the sample. After forming the solids in the cell, the temperature was 

increased at steps of (0.1 to 1) K every 20 minutes (corresponding to a heating rate between 

(0.005 and 0.05) K·min-1 due to the thermal lag of the system) until complete melting was 

observed. The temperature and pressure of this point were recorded as the melting point (Tm 

and pm) of the sample. Each melting point measurement was repeated three times.  

4.3.6 Uncertainty analysis 

The uncertainty analysis for the VLE and SFE measurements was conducted based on the 

"Guide to the Expression of Uncertainty in Measurement (GUM)" method described by 

National Institution of Standards and Technology (NIST) [28]. For the VLE measurement, the 

mole fractions x and y are defined here to represent the CO2 mole fractions in the liquid and 

vapour phases, respectively. Each of the quantities T, p, x and y used are the average of N 

independent samples obtained under similar measurement conditions. The standard uncertainty 

of the mole fraction z (which represents either x or y) is given as follows: 
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𝑢(𝑧) = √[(
𝜕𝑧

𝜕𝑇
) 𝑢(𝑇)]

2

+ [(
𝜕𝑧

𝜕𝑝
) 𝑢(𝑝)]

2

+ [(
𝜕𝑧

𝜕𝑘
) 𝑢(𝑘)]

2

+ [(
𝜕𝑧

𝜕𝑅
) 𝑢(𝑅)]

2

 4.3 

The symbols u(T), u(p), u(k), and u(R) represented the standard uncertainty of temperature, 

pressure, GC detector calibration response factor, and measured GC response peaks area ratios 

of two components, respectively. The standard uncertainties of the temperature and pressure 

sensors were estimated to be 0.1 K and 0.008 MPa, respectively, based on both the standard 

uncertainties of the sensors and the stability of temperature and pressure under equilibrium 

conditions. The uncertainty of the GC detector calibration response factor can be expressed as 

follows: 

𝑢(𝑘) = √[(
𝜕𝑘

𝜕𝑍𝑅
) 𝑢(𝑍𝑅)]

2

+ [(
𝜕𝑘

𝜕𝑅
) 𝑢(𝑅)]

2

 4.4 

In Equations 4.3 and 4.4, u(R) is determined through calculating the standard deviation of the 

measured area ratios during the VLE measurement and calibration process, respectively. The 

parameter u(ZR) represents the uncertainty in the molar ratio of CO2 to HFC-32 for each 

gravimetrically prepared mixture used to calibrate the GC detector. The combined uncertainties 

associated with the injected masses of HFC-32 and CO2 into the sample cylinders during 

gravimetric mixture preparation were also considered in u(ZR). Table 4.3 presents the standard 

uncertainty of the CO2 mole fraction for the gravimetrically prepared mixtures, determined 

based on the method explained by Arami-Niya et al. [29], which varies between 0.0001 and 

0.0004 CO2 mole fraction. As reported in Table 4.5, the mole fraction uncertainties of the VLE 

data measured analytically range from 0.002 to 0.02 CO2 mole fraction. 

For the SFE measurement, the temperature and pressure measurements' experimental 

uncertainty assessment was detailed by Siahvashi et al. [16,17]. The standard uncertainties in 

the measured melting and freezing temperatures were estimated to be the standard deviation of 

the repeated measurements (in the range of ± 0.3 K) covering the standard uncertainty of the 

PRT sensors (0.05 K). The estimated standard uncertainty in pressure measurements was 

0.02 MPa, calculated by taking temperature and pressure fluctuations into account. The 

standard uncertainty in the overall composition of the synthetic binary mixtures is mainly 

affected by the uncertainties in the injected volumes from the syringe pumps and the pure fluid 

densities under the syringe pumps' conditions. The standard uncertainties in the densities of the 
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pure samples in the syringe pumps' conditions were estimated to be around 1 % considering 

the temperature and pressure measurement uncertainties for the syringe pumps and using the 

Helmholtz energy equations of state implemented in REFPROP 10 [5,30]. The overall relative 

standard uncertainty associated with the syringe pumps' injected volumes was 0.3 % [22]. 

Considering all the mentioned uncertainties, the combined uncertainty in the overall 

composition of the mixtures used for the SFE measurements had an average of 0.01 CO2 mole 

fraction. 

4.3.7 Apparatus validation 

The Paroscientific pressure sensor's readings for the pure N2 gas at pressures between (0.1 and 

23) MPa were validated against the values measured by a reference pressure transmitter 

(Mensor/Wika CPT9000). The Mensor CPT9000 pressure transmitter was calibrated and 

certified by the accredited Australian Pressure Laboratory over a pressure range of (0.1 and 

41) MPa with a standard uncertainty of 0.004 MPa. The difference in the reading of the two 

pressure sensors for the investigated pressure range was within the standard uncertainties of 

the sensors.  

Further validations of the apparatus involved comparing the measured vapour pressure of pure 

CO2 at a temperature range of (240 to 300) K with those predicted by the CO2 reference EOS 

developed by Span and Wagner [5]. Figure 4.5 shows the deviations between the measured 

pressure (pexp) and the predicted pressure (pcalc) by the EOS while the measured temperatures 

were the input to the EOS. The deviations did not exceed the standard uncertainty of the 

experimental data. 
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Figure 4.5: Deviation ∆p = (pexp – pcalc) between the experimental vapour pressure of pure CO2 (pexp) 

and the reference values (pcalc) from the Helmholtz EOS [5] as a function of the observed temperature 

(T): ∆, this work. The error bars show the standard uncertainty of the experimental data, while the 

dashed lines represent the uncertainty of the calculated CO2 vapour pressures as specified by Span and 

Wagner [5].  

To validate the visual melting point measurement method, the triple point of the pure CO2 was 

measured to be 216.6 K at 0.53 MPa, which is in good agreement with the reference triple point 

temperature of 216.55 K at 0.518 MPa reported by Span and Wagner [5]. Additionally, the 

triple point temperature of pure HFC-32 was measured to be 135.3 K, around 1 K lower than 

the reported triple point temperatures by Di Nicola et al. [36] and Lüddecke and Magee [37]. 

Those studies used a visual evaluation of the experimental pressure-temperature profile for the 

fluid to locate the triple point of HFC-32 by noting a sharp break in the temperature rise rate, 

assuming the solid melting process was started. However, in this study, the triple points of the 

pure CO2 and HFC-32 were measured visually when complete melting was observed, as shown 

in Figure 4.6. 
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Figure 4.6: The triple point measurement procedure for pure CO2 (a-c) and HFC-32 (d-f): (a) freezing 

point of CO2 (p = 0.518 MPa, T = 215.7 K), (b) sub-freezing point (p = 0.48 MPa, T = 215.6 K), (c) 

melting point of CO2 (p = 0.526 MPa, T = 216.6 K); (d) freezing point of HFC-32 (p = 0.02 MPa, 

T = 134.4 K), (e) sub-freezing point (p = 0.02 MPa, T = 134 K), (f) melting point of HFC-32 

(p = 0.02 MPa, T = 135.3 K). 

4.4 Thermodynamic modelling 

In this work, the measured VLE data are compared with predictions of the Helmholtz energy 

EOS implemented in REFPROP 10 as these are the state-of-the-art models available for 

representing the thermodynamic properties of refrigerant mixtures. The Helmholtz EOS uses a 

multi-fluid Helmholtz-energy approximation to express the dimensionless reduced Helmholtz 

free energy (𝛼 =
𝐴

(𝑅𝑇)
) as a function of temperature (T), molar density (ρ) and molar 

composition vector (�̅�) [31]: 

𝛼(𝜏, 𝛿, �̅�) =  [∑ 𝑥𝑖{𝛼𝑖
𝑖𝑑(𝑇, 𝜌) + ln 𝑥𝑖}

𝑁

𝑖=1

] + [∑ 𝑥𝑖𝛼𝑖
𝑟(𝑇, 𝛿) + ∆𝛼𝑟(𝜏, 𝛿, �̅�)

𝑁

𝑖=1

] 4.5 

𝜏 =
𝑇𝑟

𝑇
 and 𝛿 =

𝜌

𝜌𝑟
 4.6 

Here, 𝜏 and 𝛿 represent the inverse reduced mixture temperature and density, respectively. The 

terms 𝛼𝑖
𝑖𝑑(𝑇, 𝜌), 𝛼𝑖

𝑟(𝑇, 𝛿) are the ideal-gas and residual parts of the reduced Helmholtz energy 

for the component i, and ∆𝛼𝑟(𝜏, 𝛿, �̅�) is the departure function. The reference Helmholtz EOSs 

(e) (f)

(b) (a)(c)(a)

(d)

Solid HFC-32

Solid CO2
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of Span and Wagner [5] for CO2 and Tillner-Roth and Yokozeki [30] for HFC-32 were used to 

describe the thermodynamic properties of the pure components. The quantities 𝑇𝑟 and 𝜌𝑟 are 

determined from the composition-dependent reducing functions for the temperature and 

density of the mixture, which can be expressed as follows: 

𝑇𝑟(�̅�) = ∑ 𝑥𝑖
2𝑇𝑐,𝑖 + ∑ ∑ 2𝑥𝑖𝑥𝑗

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

𝑁

𝑖=1

𝛽𝑇,𝑖𝑗𝛾𝑇,𝑖𝑗 ∙
𝑥𝑖 + 𝑥𝑗

𝛽𝑇,𝑖𝑗
2 𝑥𝑖 + 𝑥𝑗

∙ (𝑇𝑐,𝑖 ∙ 𝑇𝑐,𝑗)1/2 4.7 

1

𝜌𝑟(�̅�)
= ∑ 𝑥𝑖

2
1

𝜌𝑐,𝑖
+ ∑ ∑ 2𝑥𝑖𝑥𝑗

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

𝑁

𝑖=1

𝛽𝑣,𝑖𝑗𝛾𝑣,𝑖𝑗 ∙
𝑥𝑖 + 𝑥𝑗

𝛽𝑣,𝑖𝑗
2 𝑥𝑖 + 𝑥𝑗

∙
1

8
(

1

𝜌𝑐,𝑖
1/3

+
1

𝜌𝑐,𝑗
1/3

)

3

 4.8 

Here 𝑇𝑐,𝑖, 𝑇𝑐,𝑗, 𝜌𝑐,𝑖, 𝜌𝑐,𝑗, 𝑥𝑖 and 𝑥𝑗 stand for the critical temperature, critical density and mole 

fractions of components i and j. The constants of 𝛽𝑇,𝑖𝑗, 𝛾𝑇,𝑖𝑗, 𝛽𝑣,𝑖𝑗, and 𝛾𝑣,𝑖𝑗 are four independent 

binary interaction parameters (BIPs) that can be adjusted if sufficient sets of experimental data 

for a wide range of conditions are available; otherwise, they are set to unity. In this work, a 

Helmholtz EOS for the HFC-32 + CO2 binary system, tuned by Arami-Niya et al. [13] to the 

available experimental thermodynamic data (mostly at atmospheric or higher temperatures), 

was used to represent the VLE data measured in this work at cryogenic conditions. 

At SFE the fugacity of the CO2 fraction in the fluid mixture is equal to the fugacity of CO2 in 

the solid phase: 

𝑓𝐶𝑂2
S (𝑝, 𝑇) = 𝑓𝐶𝑂2

fluid(𝑝, 𝑇, 𝑧𝐶𝑂2) 4.9 

Here, zCO2 is the CO2 mole fraction in the fluid mixture. The fugacity of pure solid CO2 may 

be calculated the reference Helmholtz EOS for the CO2 solid phase (I) developed by Trusler 

[18] as follows: 

𝑓𝐶𝑂2
S (𝑝, 𝑇) = 𝑓𝐶𝑂2

fluid(𝑝𝑒𝑞 , 𝑇, 𝑧𝐶𝑂2) ∙ 𝐸𝑥𝑝 (
𝐺(𝑝, 𝑇) − 𝐺(𝑝𝑒𝑞 , 𝑇)

𝑅𝑇
) 4.10 

𝐺(𝑝, 𝑇) = 𝐴(𝑝, 𝑇) + 𝑝𝑣 4.11 

where R is the universal gas constant, peq is equilibrium pressure for CO2 solid at the 

experimental temperature T, and 𝐺(𝑝, 𝑇) represents the molar Gibbs energy of the pure solid 
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CO2 at the melting point of p and T. The molar Helmholtz energy, A(p,T), can be used to 

calculate the molar Gibbs energy by Equation 4.11, where v and p are the molar volume and 

pressure at the melting point. The term 𝑓𝐶𝑂2
fluid is calculated using the cubic equation of state 

proposed by Peng and Robinson [32] in 1976  (PR-EOS). The PR-EOS correlated pressure, 

temperature and volume as follows [32]: 

𝑝 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎

𝑣2 + 2𝑏𝑣 − 𝑏2
 4.12 

Here, v is the molar volume and parameters a and b represent the temperature-dependent energy 

and co-volume parameters, respectively. The van der Waals one-fluid mixing rules that 

incorporate a single temperature-independent BIP (kij) can be used to correlate the mixtures' 

thermodynamic properties.  

𝑎 = ∑ ∑ 𝑥𝑖𝑥𝑗(1 − 𝑘𝑖𝑗)√𝑎𝑖𝑎𝑗

𝑗𝑖

 4.13 

𝑏 = ∑ 𝑥𝑖𝑏𝑖

𝑖

 4.14 

This SFE model was implemented in the software package ThermoFAST, which has a default 

BIP (kij) of zero for the HFC-32 + CO2 binary systems. This BIP was adjusted by regression to 

the experimental SFE data measured in this work. The best-fit value of the BIP was determined 

by minimising the root mean square deviation (RMSD) of the experimental (Texp) and 

calculated (Tcalc) melting temperatures as follows: 

𝑅𝑀𝑆𝐷𝑇 = √
∑ [𝑇𝑒𝑥𝑝,𝑖 − 𝑇𝑐𝑎𝑙𝑐,𝑖]

𝑁
𝑖=1

𝑁
 4.15 

Here, N is the total number of the points used in optimising the BIP and i stands for an 

individual data point.  
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4.5 Results and discussion 

4.5.1 VLE measurement data 

The VLE analysis of the HFC-32 + CO2 binary system was conducted at three temperatures of 

(273, 238 and 223) K. Table 4.5 presents the average values for the measured temperature, 

pressure, and composition of the liquid and vapour phases at each equilibrium condition. Figure 

4.7 shows the experimental pressure and composition data together with the predictions of the 

tuned Helmholtz energy model of Arami Niya et al. [13].  

     

 

Figure 4.7: VLE results and phase envelopes of the HFC-32 + CO2 binary system at (223, 238 and 

273) K: (---) REFPROP (Helmholtz energy model [13]) predicted phase envelope, ■ experimental 

bubble and dew points. 
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Table 4.5: Experimental liquid (xexp) and vapour (yexp) phase mole fractions of CO2 in binary mixtures with 

HFC-32 mixtures together with the calculated values (xcalc and ycalc) by the Helmholtz EOS [13] at equilibrium 

temperatures (T) and pressures (p)*. 

T/K p/MPa xexp yexp u(x)** u(y)** xcalc ycalc xexp - xcalc yexp - ycalc 

274.0 1.112 0.1063 0.2935 0.0031 0.0071 0.0918 0.2805 0.0145 0.0130 

273.9 1.558 0.2720 0.5617 0.0039 0.0046 0.2527 0.5406 0.0192 0.0211 

273.8 2.036 0.4345 0.7265 0.0045 0.0034 0.4362 0.7043 -0.0017 0.0222 

273.8 2.723 0.6895 0.8687 0.0046 0.0024 0.7052 0.8602 -0.0157 0.0085 

238.2 0.318 0.0986 0.3582 0.0069 0.0209 0.0784 0.3391 0.0202 0.0191 

238.2 0.505 0.2885 0.6621 0.0083 0.0090 0.2500 0.6401 0.0385 0.0220 

238.2 0.718 0.4937 0.8206 0.0096 0.0052 0.4713 0.8029 0.0224 0.0177 

238.3 0.929 0.7053 0.9110 0.0098 0.0037 0.7022 0.9022 0.0030 0.0088 

223.2 0.288 0.3039 0.7080 0.0138 0.0134 0.2607 0.6932 0.0432 0.0148 

223.3 0.400 0.4943 0.8389 0.0156 0.0076 0.4591 0.8248 0.0352 0.0141 

223.2 0.527 0.7007 0.9246 0.0162 0.0051 0.7075 0.9188 -0.0068 0.0057 

223.1 0.578 0.7987 0.9517 0.0159 0.0045 0.8123 0.9498 -0.0135 0.0019 

* The standard uncertainties in temperature, u(T), and pressure, u(p), are 0.1 K and 0.008 MPa, respectively. 

** The average experimental uncertainty for the VLE data measured analytic was a CO2 mole fraction of 

0.008. 

4.5.1.1 Thermodynamic consistency 

The measured VLE data for the HFC-32 + CO2 binary system were assessed for 

thermodynamic consistency using the point test method described by Fredesnlund et al. [33–

35]. The following statistics were calculated to determine the consistency of the VLE data: 

∆𝑦𝑖 = (𝑦exp,𝑖 − 𝑦calc,𝑖) 4.16 

∆𝑦𝑖
̅̅ ̅̅ =

1

𝑁
∑ ∆𝑦𝑖

𝑁

𝑖=1

 4.17 

AAD𝑦𝑖 =
1

𝑁
∑|∆𝑦𝑖|

𝑁

𝑖=1

 4.18 

STD∆𝑦𝑖 = √
1

𝑁
∑[∆𝑦𝑖 − ∆𝑦𝑖

̅̅ ̅̅ ]2

𝑁

𝑖=1

 4.19 

The default Helmholtz energy model implemented in REFPROP 10 was used to calculate the 

values of ycalc based on the experimental temperature and liquid phase composition as the inputs 

to the model. Fredenslund et al. [34,35] used polynomial expansions to determine activity 

coefficients needed to estimate ycalc and consider a VLE data set thermodynamically consistent 
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if the AADyi is less than or equal to 0.01 mole fraction of the component i. However, in this 

work, a Helmholtz EOS was used to calculate ycalc and AADyi for each isotherm of the 

measured VLE data, presented in Table 4.6. The AADyi is less or equal to 0.01 for all 

isothermal data sets. Additionally, thermodynamically consistent VLE data will have a smooth 

trend of deviation from the ycalc with pressure. The STD∆𝑦𝑖 values quantifies the dispersion of 

the data and their smoothness. For each isotherm, the STD∆𝑦𝑖 is less or comparable with the 

estimated experimental uncertainty, indicating that the measured VLE data all satisfy this 

thermodynamic consistency test. 

Table 4.6: The thermodynamic consistency test results for the HFC-32 + CO2 

binary systems. 

 Helmholtz energy EOS 

T/K STD∆𝑦CO2 AADyCO2 

273 0.008 0.010 

238 0.006 0.004 

223 0.007 0.005 

Average (all VLE data) 0.007 0.006 

4.5.1.2 Comparison with Helmholtz energy EOS 

Figure 4.8 (a)-(b) shows the differences between the experimental liquid and vapour 

compositions of the equilibrium HFC-32 + CO2 mixtures measured in this work together with 

the data reported by Adams et al. [11], Rivollet et al. [12] and Arami Niya et al. [13]  from the 

tuned Helmholtz energy EOS's calculated values [13]. The abscissa and ordinates in these plots 

are the experimental equilibrium pressure and the differences between the measured and 

predicted mole fractions of CO2, respectively. The overall experimental composition of the 

binary mixture was used as input to perform the flash calculations at the corresponding 

measured temperature and pressure and compute the mole fractions for each phase. The 

average RMSD of all VLE points from the Helmholtz EOS calculations was around 0.02 CO2 

mole fraction, 2.5 times larger than the average experimental uncertainty. In general, the 

deviations from the model decrease with pressure. Additionally, the deviations are smaller for 

dew points than they are for bubble points. These deviations indicate a need to further optimise 

the predictions of the Helmholtz model to accurately describe this binary system's VLE at low 

temperatures. However, before such tuning is implemented, it would be advisable to acquire 

single-phase density data at similar low temperatures to ensure that any further adjustment of 

the BIPs do not cause a deterioration of the model’s predictions for other properties.  
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Figure 4.8: Absolute differences between the measured mole fraction (xexp, yexp) and the predicted values 

(xcalc, ycalc) by the tuned Helmholtz energy EOS [13] for the component (CO2) of the HFC-32 + CO2 

binary system: □ this work, × Adams et al. [11], ∆ Rivollet et al. [12] and ○ Arami Niya et al. [13]; 

equilibrium temperature: purple (T = 223 K), blue (T = 238 K), green (T = 244 K), gold (T = 266 K), 

brown (T = 273 K), red (T = 283 K) and black (T = 293 K). 

4.5.2  SFE measurement data 

The melting and freezing temperatures of the HFC-32 + CO2 binary system were measured for 

mixtures with CO2 compositions between (0 and 100) mol%. Table 4.7 presents the average 

freezing and melting temperatures and pressures at different overall compositions of the binary 

mixtures measured in this study.  
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Table 4.7: Measured SFE data for the HFC-32 + CO2 binary 

mixtures at different CO2 mole fractions and operating pressures*. 

Phase XHFC-32 xCO2 Tf /K pf /MPa Tm /K pm /MPa 

SLVE 0.00 1.00 216.0 0.518 216.6 0.53 

SLVE 0.05 0.95 214.2 0.461 214.9 0.47 

SLVE 0.10 0.90 212.1 0.405 212.6 0.41 

SLVE 0.15 0.85 209.2 0.350 210.2 0.36 

SLVE 0.20 0.80 207.1 0.299 208.0 0.31 

SLVE 0.28 0.72 201.3 0.203 201.9 0.21 

SLE 0.28 0.72 203.0 8.090 203.7 8.09 

SLE 0.28 0.72 204.2 11.083 204.5 11.08 

SLVE 0.49 0.51 186.2 0.060 187.5 0.07 

SLE 0.49 0.51 187.7 8.083 189.2 8.09 

SLE 0.49 0.51 187.3 11.063 189.7 11.07 

SLVE 0.72 0.28 162.4 0.02** 165.5 0.02** 

SLE 0.72 0.28 161.3 8.062 166.3 8.07 

SLE 0.72 0.28 165.0 11.006 167.1 11.05 

SLVE 0.89 0.11 128.9 0.02** 131.9 0.02** 

SLE 0.89 0.11 129.9 8.062 132.7 8.09 

SLE 0.89 0.11 130.9 11.064 133.0 11.07 

SLVE 1.00 0.00 134.4 0.02** 135.3 0.02** 

* The standard uncertainties in temperature, u(T), pressure, u(p), 

and CO2 mole fractions, u(zCO2), are 0.3 K, 0.02 MPa, and 0.01, 

respectively. 
** The resolution limit of the pressure measurement is 0.02 MPa 

when performing cooling/heating ramps. The actual pressure is 

likely to be close to the vapour pressure of HFC-32. 

 

At the SLVE, the freezing and melting temperatures were measured isochorically at the vapour 

pressure of the mixture, while at the SLE, the measurements were carried out isobarically at 

pressures of (8 and 11) MPa. Figure 4.9 (a)-(c) show the freezing and melting measurements 

for the HFC-32 + CO2 (72:28 mol%) mixture at SLVE, and Figure 4.9 (d)-(f) shows the 

measurements at 8 MPa when the mixture was at SLE. The HFC-32 + CO2 binary systems 

generally needed an average sub-cooling (cooling the sample below the melting temperature) 

of 1.7 K to initiate solid formation.  
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Figure 4.9: The freezing and melting points measurement for the HFC-32 + CO2 (72:28 mol%) at the 

SLVE (a)-(c) and SLE (d)-(f) conditions: (a) sub-cooled VLE (p = 0.02 MPa, T = 162.4 K); (b) freezing 

point – SLVE (p = 0.02 MPa, T = 162.4 K); and (c) melting point – SLVE (p = 0.02 MPa, T = 165.5 K); 

(d) sub-cooled liquid (p = 8.1 MPa, T = 161.3 K); (e) freezing point – SLE (p = 8.1 MPa, T = 161.3 K); 

and (f) melting point – SLE (p = 8.1 MPa, T = 166.3 K). 

Figure 4.10 shows the melting temperature of solids in the HFC-32 + CO2 binary system 

against the different CO2 compositions measured in this work, together with the reported data 

by Di Nicola et al. [7]. The melting temperature of CO2 decreased from (216.6 to 165.5) K with 

the addition of 72 mol% HFC-32 to the pure CO2 sample. Increasing the fraction of HFC-32 to 

89 mol% resulted in complete freezing of the fluid phase at temperatures below 129 K, with 

complete melting of the solids achieved at 131.9 K under SLVE. This melting temperature is 

lower than pure HFC-32 (135.3 K) and CO2 (216.6 K) melting temperatures, showing the 

presence of a eutectic [7]. 

(e) (f)

(b) (c)(a)

(d)
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Figure 4.10: The temperature-composition (T-zCO2) diagram for the experimental melting points of the 

CO2 in the HFC-32 + CO2 binary system: this work (□); Di Nicola et al. [7] (○). 

4.5.2.1 Model tuning 

Figure 4.11 (a) shows the measured melting points for the HFC-32 + CO2 binary system, 

together with the predictions of the default ThermoFAST model. The melting data measured 

at SLVE (Figure 4.11 (b)) follow the pure CO2 sublimation curve. Using its default BIP of zero 

in the PR-EOS for the HFC-32 + CO2 binary system the untuned ThermoFAST model 

represented the measured melting points with an RMSD of 7.3 K. Additionally, the Helmholtz 

energy EOS [13] was used for the fluid phase calculations in the ThermoFAST model along 

with the Helmholtz EOS for the CO2 solid phase [18], resulting in an RMSD of 9.1 K from the 

measured melting data. In this study, the ThermoFAST model with PR-EOS for the fluid phase 

was tuned to the measured SFE data (the melting temperatures). The measured freezing 

temperatures cannot be used for this purpose due to the stochastic nature of nucleation.  
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Figure 4.11: (a) The pressure-temperature (P-T) data for the melting points of the HFC-32 + CO2 binary 

system. The insert (b) shows the SLVE data, together with the reported data by Di Nicola et al. [7]: this 

work (□), Di Nicola et al. [7] (○) --- melting temperature predicted by ThermoFAST using the default 

BIP of zero; compositions: black (100 mol% CO2), grey (95 mol% CO2), red (90 mol% CO2), brown 

(85 mol% CO2), yellow (80 mol% CO2), green (72 mol% CO2), light-blue (51 mol% CO2), dark-blue 

(28 mol% CO2), purple (11 mol% CO2).  

Tuning the model to the measured melting data by adjusting the BIP decreased the RMSD by 

60 %, from (7.3 to 3) K, with an optimised BIP of (kij = -0.024). Figure 4.12 shows the 

differences between the experimental melting points and predicted values by the default and 

tuned ThermoFAST models. In this plot, the abscissa is the CO2 mole fraction in the HFC-32 

+ CO2 mixture and the ordinate is the difference between the measured and calculated 

equilibrium melting temperatures. For mixtures with the CO2 fraction over 11 mole% (eutectic 

composition), the tuned model represents the melting point data with an RMSD of 0.5 K that 

is 87 % lower than the default model. For the eutectic composition (11 mol% CO2), the tuned 

model correlated the melting temperature of the mixture with an RMSD of 7.6 K against the 

default model's RMSD of 16.3 K. Finally, the RMSD of the model calculations from the 

experimental melting point data reported by Di Nicola et al. [7] was improved by 46 %, from 

(9.1 to 4.9) K, by this optimisation.  

0

2

4

6

8

10

12

120 155 190 225

p
/ 
M

P
a

T / K

(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

120 155 190 225

p
/ 
M

P
a

T / K

(b)



82 

 

  

Figure 4.12: Absolute difference between the measured melting temperature (Texp) and correlated values 

(Tcalc) by the default (black) and tuned (red) ThermoFAST models for the HFC-32 + CO2 binary system: 

this work (□), Di Nicola et al. [7] (○). 

4.6 Conclusions 

A new set of experimental vapour-liquid equilibrium (VLE) data for the HFC-32 + CO2 binary 

system is reported at equilibrium temperatures between (223 and 273) K and pressures between 

(0.3 and 2.7) MPa. Data presented in this study and the literature data were compared with the 

predictions of a Helmholtz free energy model with the binary interaction parameters tuned by 

Arami-Niya et al. [13]. The tuned Helmholtz EOS represented dew point data better than the 

bubble points, with the deviations between the measured and calculated mole fractions for both 

phases being about 2.5 times larger than the average experimental uncertainty. These 

deviations decrease with increasing pressure and temperature.  

New solid-fluid equilibrium (SFE) data for the HFC-32 + CO2 binary system were also 

measured at CO2 concentrations between (0 and 100) mol%. The experimental data reported 

in this study and the literature data show a eutectic composition of around 11 mol% CO2 with 

a eutectic temperature of 131.9 K at an SLVE condition. The measured melting data were 

compared with the predictions of a thermodynamic model using the Peng-Robinson EOS with 

van der Waals one-fluid mixing rules for the fluid phase and a reference Helmholtz EOS for 

the CO2 solid phase. The binary interaction parameter of the model was adjusted by fitting to 

the measured melting data. The tuned model represented the melting data with an RMSD of 

3.2 K, 60 % better than the default model. The RMSD for the mixtures with the CO2 fractions 

over 11 mol% was 0.5 K for the tuned model against an RMSD of 3.4 K for the default model. 

This work provides new VLE and SFE data for the HFC-32 + CO2 binary system that will help 
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design refrigeration systems utilising eco-friendly refrigerant mixtures with up to 80 % less 

GWP than currently-used working fluids.        
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5 Chapter 5 │ Prediction of Solid Formation Conditions in 

Mixed Refrigerants with iso-Pentane and Methane at 

High Pressures and Cryogenic Temperatures 

Forward – The full text of this chapter has been published in the International Journal of 

Energy in 2022 (DOI: https://doi.org/10.1016/j.energy.2022.123789). It has been reformatted 

with minor amendments to fit the style and structure of this thesis. 

5.1 Abstract 

High boiling-point components in mixed refrigerants can improve the performance of natural 

gas and hydrogen liquefaction facilities. However, such heavy compounds can freeze out from 

the refrigerant mixture, posing blockage and plant shutdown risks for cryogenic heat 

exchangers. To improve the predictions of these conditions, freezing and melting temperatures 

of pure iso-pentane and (methane + iso-pentane) binary systems were measured at 

temperatures down to 87.5 K and pressures up to 13 MPa. The iso-pentane melting data are 

compared with predictions of a thermodynamic model embedded in the ThermoFAST software 

package. Adjusting the model's fusion molar volume change parameter to force agreement with 

the measurements reduced the deviations of the experimental data from the model by over 90 % 

relative to the default parameter value. The measured melting data for binary mixtures were 

used to confirm solubility predictions for iso-pentane in mixed refrigerants. Adding 20 mol% 

iso-pentane to a methane-rich refrigerant increases the available duty for cooling natural gas or 

hydrogen from (313 to 123) K by a factor of three. This improvement outweighs the risk of 

freeze-out in this refrigerant with the melting temperature being 98 K, which is 15 K lower 

than the minimum temperature needed for LNG production. 

5.2 Introduction 

Liquefied natural gas (LNG) can help drive global decarbonisation efforts by displacing 

emissions from coal, particularly as hydrogen and green technologies are developed 

commercially and at scale [1]. The increased global demand for cleaner energy carriers has 

considerably enhanced LNG's potential to overtake coal in the overall market by 2035 [2,3]. 

However, the liquefaction process is energy-intensive with a large amount of power required 
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for treatment, compression and, particularly, refrigeration processes [4]. Mixed refrigerant 

(MR) liquefaction systems have high thermodynamic efficiencies because their composition 

can be adjusted to match closely system cooling curves [5]. Using high boiling-point 

components like iso-butane and iso-pentane in mixed refrigerants can also increase the 

refrigerant mixture’s enthalpy of vaporisation and promote latent heat transfer from the gas to 

the coolant over wider ranges of temperature, reducing the refrigerant circulation rate. This can 

result in smaller equipment size, higher liquefaction efficiency, and ultimately reduced 

operating and capital costs [6–10]. In sophisticated applications, mixed refrigerants may start 

as a single-phase fluid which is then flashed through several stages of the liquefaction process, 

delivering heavy and light mixtures with tuneable boiling points [11]. This dynamic control of 

the cooling curve inside the primary heat exchanger improves the energy efficiency and 

decreases the LNG production costs.  

However, the presence of high-boiling components such as iso-pentane in the MR inherently 

poses a potential risk of freeze-out and/or blockage in the cryogenic sections of the heat 

exchanger, with the potential for inefficient operations, unwanted plant shutdowns or even 

equipment damage. Such risks are similar to those caused by the freeze-out of trace impurities 

such as heavy hydrocarbons, water, and CO2 [12–16] within the process stream during natural 

gas liquefaction. To understand and thereby avoid these risks in both cases, accurate 

thermodynamic models are crucial for estimating heavy compound concentration limits at 

cryogenic pressures and temperatures [17]. Reliable and relevant solid−fluid equilibrium (SFE) 

data for pure and multi-component mixtures (including MR systems) are needed to verify 

and/or improve the prediction of the thermodynamic models used for such calculations. 

Table 5.1 presents a literature survey of the fusion and melting property data for pure iso-

pentane. These data give an average normal melting temperature for pure iso-pentane of 

113.1 K with a standard deviation of 0.4 K, which reflects the experimental uncertainty of such 

measurements. 
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Table 5.1: Summary of the literature data for fusion and 

melting properties of pure iso-pentane. 

T / K p / MPa ∆H / J·mol-1 Reference 

112.05 a - - [18] 

112.65 a 0.1 5105 ± 100 [19] 

113.15 - - [20], [21] & [22] 

113.15 0.1 - [23] 

113.2 - - [24] 

113.25 - 5150 [25] 

113.25 - 5146.84  [26] 

113.26 0.1  - [27] 

113.3 - 5200  [28] 

113.37 0.1 5155.5 ± 4.2  [29] 

113.39 0.1 5134 ± 2.1  [30] 

120.15 50 - [23] 

126.15 100 - [23] 

133.15 150 - [23] 

139.65 200 - [23] 

145.15 250 - [23] 

151.15 300 - [23] 

119.3 80.4 - [31] 

141.4 273.7 - [31] 

158.7 431.4 - [31] 

176.4 610.7 - [31] 

185.9 700.3 - [31] 

206.6 962.6 - [31] 
a Triple point 

A literature survey found limited data available for the thermophysical properties of pure 

iso-pentane at pressures relevant to mixed refrigerant cycles. Furthermore, no experimental 

data are available for mixtures of methane and iso-pentane; this binary system will largely 

determine the solubility of iC5 in any mixed refrigerant of light hydrocarbons.  

In this work, freezing and melting points for pure iso-pentane and binary mixtures of (methane 

+ iso-pentane) were measured at cryogenic conditions relevant to LNG production. Below, 

experimental set-up, procedure and thermodynamic modelling are discussed, and then the 

measured melting temperature data are compared with the predictions of a thermodynamic 

model embedded in the ThermoFAST software package [32]. The measured data are then used 

to tune the model and its improved performance in predicting the melting temperatures is 
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shown. Finally, the addition of iso-pentane to methane-rich mixtures as a refrigerant is 

discussed in terms of its impact on the liquefaction capacity and specific energy consumption 

of the refrigeration system and solid formation risks.  

5.3 Experimental 

5.3.1 Apparatus overview 

A visual high-pressure sapphire cell, as shown in Figure 5.1 and similar to those described in 

previous publications [14,16,33,34], was used in this work to conduct the freezing and melting 

temperature measurements. The measurement set-up included a gas mixing and dosing system, 

a high-pressure sapphire cell located inside an environmental cooling chamber and a data 

acquisition system. The environmental cooling chamber (M170J-13100) with a Thermal 

Solution Series controller (KTS6310AB) housed the equilibrium cell and had an operational 

temperature range of (87 to 473) K. A high-pressure Dewar supplied liquid nitrogen (LN2) to 

the chamber, providing the required cooling load at cryogenic temperatures. A quartz-crystal 

pressure transducer (Digiquartz, Paroscientific) with a relative standard uncertainty of 0.01 % 

of the full scale (41 MPa) was used to measure the system's pressure. A stepper motor (Arun 

Microelectronics D42.2) drove a magnetic stirrer bar inside the equilibrium cell to ensure the 

thermal homogeneity of the sample during cooling and heating processes. 

 

Figure 5.1: Schematic diagram of the CryoSolids apparatus (not to scale). 

TT

01

TT

02

PT

01

TT

03
Motor

Vaccum 

Pump

Liquid N
2

Tank
Copper Heat Sink

2xPeltier 

Elements

Copper 

Tip

High Pressure 

Sapphire Cell

Magnets

V1

V2

V6

V5

V3

V7

V8

Syringe 

Pump

Exhaust

Environmental 

Chamber

V4

Union 

Fittings

Mixture 

Preparation Unit

Syringe 

Pump



90 

 

Figure 5.2 shows the visual high-pressure sapphire cell, which has a 75 mL internal volume 

and is capable of measurements at temperatures down to 85 K and pressures up to 30 MPa. 

Fast response 100 Ω platinum resistance thermometers (PRT NR-14, Netsushin) were 

employed to measure the cell temperature. All PRTs were calibrated against a reference 

standard PRT sensor (ASL-WIKA) with a standard uncertainty of 0.02 K over a temperature 

range of 100 - 273 K. The PRTs were placed into holes bored on the bottom and top flanges 

and the copper tip inside the equilibrium cell. In this study, the copper tip temperature was 

taken as the measure of the observed freezing and melting points.  

 

Figure 5.2: The visual cell assembly's exploded view. A photograph of the cell is shown in 

Siahvashi et al. [16]. 

The maximum cooling or heating rate applied to the CryoSolid apparatus was limited to 

1 K·min-1 to minimise the risk of thermal shock or damage to the system, especially to the 

sapphire cell. Only the bulk fluid temperature was controlled and adjusted to determine the 

freezing and melting points in this work. Each experimental point was repeated three times to 

ensure the reliability of the measurements. A Panasonic high-definition (HD) camcorder (HCV 

180) was employed to capture and record freezing and melting processes. In addition to the 
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chamber's built-in illumination, extra lights were used to achieve sufficient background lighting 

for high-quality imaging.  

5.3.2 Materials and sample preparation procedure 

Details of the pure fluids purchased directly from the suppliers are listed in Table 5.2, which 

were used without further purification. 

Table 5.2: Details of the chemicals used  

Chemical Name Supplier Purity Mole Fraction Impurities CAS Number 

iso-pentane  

(2-Methylbutane) 

Merck  

(Sigma Aldrich) 

Anhydrous 

≥0.995 

<0.02 % Water 

 

 

78-78-4 

Methane CoreGas Australia Compressed Gas 

≥0.999995 

- 74-82-8 

Binary mixtures of (methane + iso-pentane) were prepared in a custom mixing unit consisting 

of two high precision syringe pumps (Teledyne ISCO 260D) each with 260 mL volume. The 

syringe pumps were capable of injection at different flow rates ranging from 0.01 to 

107 mL·min-1 under controlled pressures ranging from 0.07 to 52 MPa. The syringe pumps 

were loaded with pure iso-pentane and methane then connected to the bottom and top flanges, 

respectively, of the equilibrium cell. Six binary mixtures were prepared in situ using this 

synthesis technique. The pre-calculated amounts of each component were injected into the 

equilibrium cell at ambient temperature (measured by an independent 100 Ω PRT) and constant 

pressures. The actual injected volumes were recorded to determine the overall composition of 

the mixtures. First, iso-pentane was injected into the cell, and then methane was added to 

prepare the target mixture. Once inside the cell, the synthesised mixture was repeatedly stirred 

on an intermittent basis (20 seconds stirring at 300 rpm, 20 seconds of no stirring) to ensure 

the mixture remained homogenous throughout the measurement. At solid-liquid equilibrium 

(SLE) conditions, for both the pure iso-pentane as well as the methane + iso-pentane binary 

mixtures, sample pressure was controlled using the syringe pump. At solid-liquid-vapour 

equilibrium (SLVE) conditions, both the liquid and vapour phases were visually observed 

together with the solid, and the pressure of the sample was the vapour pressure of the fluid 

phase. At higher pressures, the fluid phase existed only as a liquid and as at SLE when the solid 

phase appeared. 



92 

 

5.3.3 Melting and freezing measurement procedures 

Before commencing the measurements, the equilibrium cell was cleaned with appropriate 

solvents (including Toluene, Methanol, Ethanol and Acetone) and evacuated using a vacuum 

pump (Varian SH-110). After loading the cell, the cooling chamber temperature was decreased 

at a controlled rate of 0.8 K·min-1 while the sample inside the cell was stirred. The cooling 

chamber and the equilibrium cell temperatures were stabilised by control algorithms at the 

desired set-points and then reduced gradually at a rate between (0.3 and 0.8) K·min-1 until the 

first solid crystals formed. This point was recorded as the freezing point (Tf) of the fluid. 

Following the formation of solids in the cell, the temperature was first increased at a rate 

between (0.1 and 0.2) K·min-1 to about 2 K below the expected melting point. Then the 

temperature of the cooling chamber increased in steps of (0.5-1) K every 20 minutes until 

complete melting was observed. This temperature was recorded as the melting temperature 

(Tm) for the pure fluid and the liquidus temperature (Tliquidus) for the mixtures [35]. The term 

liquidus corresponds to the condition at which the last solid crystal melts into the bulk fluid of 

a mixture [36–39]. In this study, the melting temperature was used as an equivalent term for 

the liquidus temperature of the methane + iso-pentane binary mixtures. 

5.3.4 Experimental Uncertainty 

The uncertainty of the experimental melting properties was carried out in accordance with the 

"Guide to the Expression of Uncertainty in Measurement", developed by the National Institute 

of Standards and Technology (NIST) [40]. The experimental uncertainty assessment for the 

synthetic mixture composition, temperature and pressure measurements were detailed in the 

previous publications [34,41]. The standard uncertainty of the iso-pentane mole fraction (z1) is 

calculated as follows: 

𝑢2(𝑧1) = 𝑧1(1 − 𝑧1)[𝑢𝑟
2(𝜌1) + 𝑢𝑟

2(𝜌2) + 𝑢𝑟
2(𝑉1) + 𝑢𝑟

2(𝑉2)] 
5.1 

where ρ1, ρ2, V1 and V2   are the molar density and cumulative injected volumes for iso-pentane 

and methane samples, respectively, at the syringe pumps condition. The density standard 

relative uncertainty, ur(ρ), for each component is obtained from the equations of state 

embedded in the software package REFPROP 10 [42] with an estimated value of 1 % 

considering the uncertainties in temperature and pressure measurements in the syringe pumps. 
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The volume standard relative uncertainty, ur(V), was found to be 0.3 % for both syringe pumps 

[16]. The standard uncertainty in the measured melting temperature was estimated by 

considering the standard deviation of the three repeated measurements (± 0.3 K) together with 

the estimated standard uncertainty of the PRTs (0.05 K). The standard uncertainty in pressure 

measurements was estimated to be 0.02 MPa by considering fluctuations in temperature and 

pressure. The mole fraction uncertainty associated with the binary mixtures was estimated to 

be 0.01.  

5.4 Thermodynamic Modelling 

The ThermoFAST software package was used to predict the solid-fluid-equilibrium (SFE) for 

iso-pentane and (methane + iso-pentane) binary mixtures. At SFE, the fugacity of the individual 

component i that forms the solid phase is equal to the partial fugacity of the same component 

in the fluid phase as follows: 

𝑓𝑖
solid(𝑝, 𝑇) = 𝑓𝑖

fluid(𝑝, 𝑇, 𝑥𝑖) 5.2 

Here, p and T are the melting pressure and temperature, respectively, and xi represents the mole 

fraction of component i in the fluid phase. The partial fugacity of the fluid phase can be 

calculated using thermodynamic models such as cubic or Helmholtz energy equations of state. 

The Peng-Robinson cubic equation of state (PR EOS) implemented in ThermoFAST was used 

to calculate the partial fugacity of iso-pentane in the fluid phase at melting conditions. The PR 

EOS correlates temperature, pressure and molar specific volume as follows [17,43]: 

𝑝 =  
𝑅𝑇

𝑣 − 𝑏
−

𝑎

[𝑣 + (1 + √2)𝑏][(𝑣 + (1 − √2)𝑏)]
 5.3 

Here, the symbol R is the universal molar gas constant, and 𝑣 is the molar specific volume. 

Parameters a and b represent the temperature-dependent energy and co-volume constants. The 

PR EOS can be used for both pure fluids and mixtures by employing mixing functions like the 

van der Waals one-fluid mixing rules that incorporate a single binary interaction parameter 

(BIP). In this study, a temperature-independent BIP (kij) was used for (methane + iso-pentane) 

binary mixtures as follows: 
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𝑎 =  ∑ ∑ 𝑥𝑖𝑥𝑗[(1 − 𝑘𝑖𝑗)√𝑎𝑖𝑎𝑗]

𝑗𝑖

 

𝑏 = ∑ 𝑥𝑖𝑏𝑖

𝑖

 

5.4 

ThermoFAST has a default BIP of (kij = 0.0286) for the SFE calculations involving (methane 

+ iso-pentane) binary systems, which was determined by regression to the available 

experimental thermodynamic data available in the literature [17]. 

The fugacity of the pure solid was calculated using a standard model implemented 

ThermoFAST and described by Prausnitz et al. [38]: 

𝑓𝑖
𝑠

𝜑𝑝𝑢𝑟𝑒,𝑖
𝐿 𝑝

= 𝑒𝑥𝑝 [(−
 ∆𝐻𝑖

𝑓𝑢𝑠

𝑅𝑇𝑚,𝑖
) (

𝑇𝑚,𝑖

𝑇
− 1) +

∆𝑐𝑃,𝑖
𝑓𝑢𝑠

 

𝑅
(

𝑇𝑚,𝑖

𝑇
− 1 + ln (

𝑇

𝑇𝑚,𝑖
)) −

∆𝑣𝑖
𝑓𝑢𝑠

(𝑝 − 𝑝𝑚,𝑖)

𝑅𝑇
] 5.5 

Here, 𝑓𝑖
𝑠 and 𝜑𝑝𝑢𝑟𝑒,𝑖

𝐿  stand for the fugacity and fugacity coefficient of the pure solid and liquid 

phases of component i, respectively, while Tm,i and pm,i are the normal melting point 

temperature and the reference pressure for the given melting temperature, respectively. The 

constants ∆𝑐𝑃,𝑖
𝑓𝑢𝑠

, ∆𝐻𝑖
𝑓𝑢𝑠

 and ∆𝑣𝑖
𝑓𝑢𝑠

 are the molar heat capacity, molar enthalpy and molar 

volume changes upon fusion at the melting point of component i, respectively. The term ∆𝑣𝑖
𝑓𝑢𝑠

  

reflects the effect of the pressure on the solid fugacity and melting temperature of the pure 

component i. In this work, the iso-pentane molar volume change upon fusion (∆𝑣𝑖𝐶5
𝑓𝑢𝑠

 ) was 

treated as an adjustable parameter to improve the agreement between the model predictions 

and the melting temperature data for pure iso-pentane. Table 5.3 lists the parameters for iso-

pentane used in ThermoFAST's default solid fugacity model together with the optimised value 

of ∆𝑣𝑖𝐶5
𝑓𝑢𝑠

 determined in this work. 
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Table 5.3: Pure iso-pentane fusion parameters used in the ThermoFAST model. 

Parameter → 𝑇𝑖𝐶5
𝑓𝑢𝑠

/ K ∆𝐻𝑖𝐶5
𝑓𝑢𝑠

/ J·mol-1 ∆𝑐𝑃,𝑖𝐶5
𝑓𝑢𝑠

/ J·(mol·K)-1 ∆𝑣𝑖𝐶5
𝑓𝑢𝑠*/ m3·mol-1 

Default value  113.2  5147 32.194 1.34E-5 

Reference  [24] [30,44] [30] [45,46] 

Optimised value 

(this work) 
   (5.6 ± 0.7**)E-6 

* The default molar volume change on fusion is calculated using the solid [45] and liquid [46] 

density differences at the melting point temperature.  

** The uncertainty for the optimised ∆𝑣𝑖𝐶5
𝑓𝑢𝑠

 was estimated by considering the standard deviation 

of three ∆𝑣𝑖𝐶5
𝑓𝑢𝑠

 determined separately by tuning the model to each melting point dataset reported in 

this work, Würflinger [23] and Reeves et al. [31]. 

5.5 Results and Discussion 

5.5.1 Pure iso-pentane 

Figure 5.3 (a)-(d) show observations of solid formation in pure iso-pentane. In liquid alkanes 

like iso-pentane, the molecules are bound together by the van der Waals (London dispersion) 

intermolecular forces [47]. These intermolecular forces generally become stronger with a 

higher molecular mass and colder operating conditions, at which the molecules are frozen and 

locked in positions relative to their neighbours [48]. On the other hand, the energy penalty 

associated with forming new interfaces between the bulk liquid and the more stable solid phase 

represents an activation energy barrier to nucleation. Sub-cooling of the fluid phase is needed 

to overcome the activation energy required to form the solid phase. Figure 5.3 (a) shows the 

iso-pentane liquid sub-cooled by up to 7 K below the melting point without freezing, even with 

the liquid being stirred. Figure 5.3 (b) shows the first solid iso-pentane forming at a sub-cooling 

of 7 K, followed by Figure 5.3 (c) and (d) with further conversion of the bulk liquid into solid. 

In this study, an average sub-cooling temperature (Tf – Tm) of (6 to 8) K was observed in part 

as a result of using an average cooling rate of 0.8 K·min-1 to induce the solid formation for the 

pure iso-pentane and its binary mixtures with methane. The cooling rate adapted in this study 

was close to the average cooling rate of 0.6 K·min-1 used by Di Nicola et al. [49] to measure 

the triple point of CO2, which was resulted in an average sub-cooling temperature of 10 K. 

Unlike the melting (equilibrium) data points, different freezing points were obtained for repeat 

measurements at the same pressure condition due to the stochastic nature of nucleation [50].  
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Figure 5.3: Freezing process of the pure iso-pentane at (p = 13 MPa, T = 108.3 K): (a) 7 K sub-cooled 

iso-pentane liquid (no solids); (b) and (c) SLE mixtures of iso-pentane;(d) solid iso-pentane. 

The freezing and melting temperatures of the pure iso-pentane samples were measured 

isobarically at pressures between (0.25 and 13.06) MPa, as presented in Figure 5.4. The average 

cooling and heating rates to obtain the freezing and melting temperatures were 

βf,ave= 0.8 K·min-1 and βm,ave= 0.2 K·min-1, respectively. Figure 5.4 (a) shows that the freezing 

and melting temperatures increased linearly with pressure; however, their pressure sensitivity 

was insignificant with slopes of 0.28 K·MPa-1 and 0.14 K·MPa-1, respectively, as expected 

given the incompressible nature of liquids.  

Table 5.4: Measured freezing and melting temperature (Tf, and Tm) and pressure (pf and 

pm) data together with the differences between the experimental and calculated melting 

temperatures by the default (def) and optimised (opt) ThermoFAST model for pure iso-

pentane.  

pf  / MPa Tf  / K pm  / MPa Tm / K (Tm,exp - Tm,calc)def  / K (Tm,exp - Tm,calc)opt / K 

0.25 104.5 0.27 113.4 0.2 0.2 

1.88 105.2 1.89 113.6 -0.1 0.2 

5.05 106.1 5.06 114.0 -0.7 0.2 

7.04 106.7 7.06 114.3 -1.0 0.2 

13.04 108.3 13.06 115.2 -1.9 0.3 

* The overall uncertainties in the temperature, u(T), and pressure, u(p), measurements 

were 0.3 K and 0.02 MPa, respectively. 

(a) (b)

(c) (d)
Solid phase 

molecular 

structure

Liquid phase 

molecular 

structure

Carbon Hydrogen
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Figure 5.4: (a) Phase diagram showing the freezing and melting temperatures measured for pure iso-

pentane: (∆, black) experimental freezing temperature, (□, red) experimental melting temperature, (---) 

melting temperature predicted by default ThermoFAST model and (—) melting temperature predicted 

by the optimised ThermoFAST model. (b) Deviations of the measured melting temperatures (Texp) from 

the predictions of ThermoFAST, (Tcalc), with the default and optimised solid fugacity models, Equation 

5.5, as a function of pressure (p); (c) Deviations of the measured melting temperatures by Würflinger 

[23] (black) and Reeves et al. [31] (red) from the predictions of ThermoFAST with the (○) default 

and (×) optimised models. 

The reported triple point of iso-pentane in the literature varies between 112.65 K and 113.39 K 

[24,30,51,52]. Extrapolating the data obtained in this work beyond the lowest measured 

pressure (0.27 MPa) resulted in a triple point temperature estimate of (113.4  0.4) K, which is 

in good agreement with the value of 112.65 K reported by Parks and Huffman [19,52].  

The measured melting temperature data were also compared with the predictions of 

ThermoFAST. Figure 5.4 (b) and (c) show the deviations of the experimental data measured in 

this study (0.3-13 MPa) and by Würflinger [23] and Reeves et al. [31], which were acquired 

over the pressure range of (0.1-300) MPa and (80.4-962.6) MPa from the prediction of the 

default ThermoFAST SFE model, respectively. The default model systematically deviated 

from the experimental melting temperature data with average root mean square deviations 
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(RMSDs) of (1.0, 22.7 and 69.1) K, respectively, for the melting data measured in this study, 

by Würflinger [23] and by Reeves et al. [31]. These systematic deviations suggested that the 

default molar volume change on fusion for the pure iso-pentane in the freeze-out model 

(∆𝑣 𝑖𝐶5
𝑓𝑢𝑠

 = 13.4×10-6 m3.mol-1) was inaccurate and needed adjustment. Tuning the model to the 

experimental melting points of this work and those of Würflinger [23] and Reeves et al. [31] 

considerably decreased the RMSDs between the calculated and the reported melting data: from 

(1 to 0.2) K for this work, and from (22.7 to 2.7) K and (69.1 to 2.1) K for the data of 

Würflinger [23] and Reeves et al. [31], respectively. The optimised value obtained for the 

fusion molar volume change, ∆𝑣𝑖𝐶5
𝑓𝑢𝑠

 = (5.6 ± 0.1)×10-6 m3.mol-1, was in a good agreement with 

Würflinger’s reported value based on the Clausius-Clapeyron equation [23,53].  

5.5.2 Methane + iso-pentane binary mixtures melting points 

The melting temperatures of iso-pentane in a binary mixture with methane were measured and 

compared with predictions of the default and optimised ThermoFAST models. Figure 5.5 

(a)-(f) show the solid formation and melting processes of the (methane + iso-pentane) 

(61:39 mol%) binary mixture. The mixture was cooled to 94 K to induce solid formation. The 

binary mixture was then heated until all solids had been melted at 99.6 K. 

 
Figure 5.5: Solid formation and melting processes of (methane + iso-pentane) binary mixture 

(61:39 mole%) at 0.03 MPa and: (a) T = 94.2 K (sub-cooled mixture); (b) T = 93.9 K (SLVE); 

(c) T = 93.5 K; (d) T = 98.8 K; (e) T = 99.3 K; (f) T = 99.6 K (no solids). A clear phase boundary 

between vapour and liquid phases was observed for the fluid phase within the cell, which is not shown 

in these photos due to the angular view of the camera. The minimum particle size for the visual detection 

of the solid phase was estimated to be over 50 microns. 

The measured freezing and melting temperatures, pressures and overall compositions of the 

(methane + iso-pentane) binary systems studied in this work are presented in Table 5.5 

(a) (b) (c)

(d) (e) (f)

Freezing
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and Figure 5.6 (a). The iso-pentane melting temperature decreased from (114 to 101) K with 

the addition of approximately 60 mol% methane to the pure iso-pentane sample. Increasing the 

fraction of methane to 85 mol% decreased the melting temperature further to 96 K. 

 

Table 5.5: Measured freezing and melting temperatures for binary mixtures 

of (methane + iso-pentane) *. 

ziC5 
Equilibrium 

Type 
pf / MPa Tf / K pm / MPa Tm / K 

0.15 SLVE 0.02 92.5 0.04 96.3 

0.20 SLE 10.05 93.3 10.07 98.2 

0.24 SLE 7.55 92.8 7.57 98.5 

0.25 SLVE 0.04 93.1 0.11 96.9 

0.39 SLVE 0.03 94.1 0.04 99.6 

0.41 SLE 6.05 95.4 6.07 100.6 

* The overall uncertainties in the temperature, u(T), pressure, u(p), and iso-

pentane mole fraction, u(ziC5), were 0.3 K, 0.02 MPa and 0.01, respectively. 

   

Figure 5.6: (a) The temperature-composition (T-z) phase diagram for the melting temperatures of 

(iso-pentane + methane) binary mixtures: (∆, orange) experimental SLVE data, (□, red) experimental 

SLE data, (×) melting temperatures calculated using the optimised model. (b) Deviations of the 

experimental melting temperatures (Texp) from the calculations of the default and optimised 

ThermoFAST models (Tcalc) as a function of iso-pentane mole fraction: (○) default model and (×) 

optimised model. 

The experimental melting data for the (methane + iso-pentane) binary systems were compared 

with values calculated using the default and optimised ThermoFAST models. The default 

model had an RMSD of 0.9 K which decreased to 0.5 K with the optimised model. Figure 5.6 

(b) illustrates the deviation of the experimental melting points from the predicted values using 

the default and optimised freeze-out models. The pressure dependence of the solid iso-

pentane’s fugacity is more accurately represented by the optimised model and this is reflected 

92

96

100

104

0.1 0.2 0.3 0.4 0.5

T
m

e
lt

in
g
/ K

ziC5

(a)

-2.0

-1.0

0.0

1.0

2.0

0.1 0.2 0.3 0.4 0.5

(T
e

x
p

-
T

c
a

lc
) 

/ 
K

ziC5

(b)



100 

 

by the better representation of the measured melting temperatures at (10, 7.6 and 6) MPa, with 

an RMSD of 0.4 K that is 64 % less than that for the default model. No further improvement 

in the agreement between the model and experimental data could be achieved by adjusting the 

default BIP used in ThermoFAST (kij = 0.0286) for solid-fluid equilibrium calculations. 

5.5.3 Operational impact of iso-pentane addition to cooling performance in MR systems 

High boiling-point components like iso-butane and iso-pentane have been used previously in 

mixed refrigerants to reduce LNG production operating and capital costs [6–10,54]. However, 

limited information is available for the associated iso-pentane freeze-out risk in such MR 

systems. In this section, the freeze-out risk and impact of adding iso-pentane to a single mixed 

refrigerant (SMR) used as the working fluid in a simulated LNG liquefaction cycle was 

investigated using VMGSimTM simulation software with the PR EOS fluid package [55]. 

Methane and iso-pentane binary mixtures were considered as simple representations of the 

refrigerant mixtures used in industrial liquefaction processes because experimental melting 

data are available. The SMR process, shown in Figure 5.7 and similar to the LNG processes 

described in [56,57], was used to simulate the liquefaction of a natural gas feed at 305 K and 

8 MPa, with an effluent condition of 123 K prior to expansion across a Joule-Thomson valve 

(JT-NG). The minimum approach temperature and pressure drop of the main cryogenic heat 

exchanger (MCHE) were set to 4 K and 0.01 MPa, respectively. The refrigerant (MR-1) with 

a flow rate of 10 kg·s-1 left the air-cooled condensers (AC-2) at 313 K and 5 MPa and was pre-

cooled to 123 K by also passing through the MCHE. Upon flashing to 0.13 MPa via the Joule-

Thomson valve (JT-MR), a two-phase refrigerant was produced to provide the necessary 

cooling duty. After leaving the MCHE, the refrigerant entered the compression train consisting 

of a trim heater (to ensure full vaporisation), two dynamic compressors (CM-1 and CM-2) and 

two inter-coolers (AC-1 and AC-2), which returns the refrigerant to 5 MPa. The adiabatic 
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efficiencies of the compressors were considered to be 80 % and a pressure drop of 0.01 MPa 

was assumed across the inter-coolers and the trim heater.  

 

Figure 5.7: Process flow diagram of the SMR process. 

 

In this study, specific energy consumption (SEC) was used to evaluate the liquefaction process 

performance at different iso-pentane fractions, which can be expressed as follows: 

𝑆𝐸𝐶 =  
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝐿𝑁𝐺 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
=

�̇�CM−1 + �̇�CM−2 + �̇�TH

�̇�PRDT
 5.6 

Here, �̇�PRDT is the produced LNG flow rate, while parameters �̇�CM−1, �̇�CM−2 and �̇�𝑇H 

represent the power consumptions of the compressor 1 (CM-1), compressor 2 (CM-2) and the 

trim heater.  

Figure 5.8 (a)-(b) shows the impact of adding iso-pentane to the refrigerant (initially pure 

methane) on the cooling performance of the liquefaction process when all other process factors 

were kept constant. Adding 15 mol% iso-pentane to the refrigerant increased �̇�PRDT from (0.5 

to 1.4) kg·s-1. This improvement derives primarily from four factors: an increase in the 

refrigerant dew point temperature with the addition of iso-pentane (Tdew, iC5 = 308.2 K, 

Tdew, C1 = 114.7 K and Tdew, 15% iC5, bal. C1 = 259.8 K – calculated by ThermoFAST [32]) at 

0.13 MPa (after the Joule-Thomson valve); a better match between hot and cold temperature-

heat flow composite curves in the MCHE (Figure 5.9), where the average temperature 

difference between the hot and cold streams decreased by 33 %, from (44.5 to 29.8) K; the iso-
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pentane’s higher latent heat of vaporisation (∆Hvap, iC5 = 25 kJ·mol-1 [30], 

∆Hvap, C1 = 8.5 kJ·mol-1 [58] and ∆Hvap, 15% iC5, bal. C1 = 17.5 kJ·mol-1 [42]); and improved overall 

heat transfer coefficient by 36 % compared with pure methane. Additionally, the higher molar 

mass of iso-pentane improved the compressibility characteristics of the refrigerant and 

decreased the overall SEC by about 80 % from (5.7 to 1.2) kWh·kgLNG
-1. The lowest SEC of 

1.1 kWh·kgLNG
-1 was achieved with 20 mol% iso-pentane in the refrigerant. The melting 

temperature measured for a 20 mol% iso-pentane in a methane mixture in this work was 

98.2 K, which is still 12 K lower than the coldest temperature experienced by the refrigerant in 

the LNG cycle.  

 

Figure 5.8: (a) The variation of the specific energy consumption (SEC) as a function of iso-pentane 

mole fraction in a binary mixture with methane. (b) The impact of iso-pentane mole fraction on the 

produced LNG flow rate (�̇�PRDT).  

   

Figure 5.9: Temperature – heat flow diagram of the hot and cold composite curves (THCC) of (a) pure 

methane refrigerant and (b) iso-pentane + methane (15:85 mol%) refrigerant mixture (b). The pinch 

points were adjusted to be in the warm end of the heat exchangers as recommended by 

Venkatarathnam [59]. 
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However, increasing the iso-pentane concentration to 40 mol% decreased �̇�PRDT by 50 % 

relative to that achieved at 20 mol%. This reduction in produced LNG flow rate determines the 

optimum fraction of iso-pentane to use in the refrigerant, rather than the melting temperature 

which remains below 101 K at 40 mol%. These results illustrate the advantage of using iso-

pentane in mixed refrigerant cycles and confirm that the risk of freeze-out associated with its 

use is negligible.  

5.6 Conclusions 

New experimental freezing and melting point data for pure iso-pentane and (methane + iso-

pentane) binary systems are reported for the purpose of more accurately assessing freeze-out 

risk in mixed refrigerants that may be used in LNG production or potentially the pre-cooling 

stage of liquid hydrogen production. The data measured in this study were compared with the 

predictions of the ThermoFAST software package and used to improve the model’s accuracy. 

The optimised ThermoFAST model was able to represent iso-pentane melting temperatures 

measured in this work and reported in the literature with an RMSD of 0.2 K for the pressure 

range between (0.1 and 300) MPa. The melting temperatures measured for the (methane + iso-

pentane) binary systems showed that adding 85 mol% methane to iso-pentane reduced the 

melting temperature from (114 to 96) K.  

A simulation of a single mixed refrigerant (SMR) natural gas liquefaction process investigated 

the effect of adding iso-pentane to mixed refrigerants together with the associated freeze-out 

risks on the cycle’s energy consumption and LNG production rate. Binary mixtures of iso-

pentane + methane were chosen as simple representations of the mixed refrigerant in the 

liquefaction processes because relevant experimental melting data for this binary are available. 

An iso-pentane fraction around 15-20 mol% produced an optimum in both quantities, while 

having no significant risk of freeze-out. Further melting data for rich iso-pentane binary 

mixtures with methane and multi-component mixtures containing components with high-

boiling points should be measured to ensure that predictions made with models are reliable 

over this extended range of composition. 
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6 Chapter 6 │ Conclusions and Future Work 

6.1 Conclusions 

International governments and organisations pledged to reduce greenhouse gases (GHGs) 

emissions to a level that will limit the global temperature rise by 1.5 ℃ above pre-industrial 

levels. Two significant contributors to global GHG emissions are fluorinated gases (F-gases) 

employed as the working fluid of cooling systems and massive CO2 emitted by using high-

emission fuels in industry. The main objective of this work was to improve the safety and 

thermodynamic knowledge for eco-friendly and energy-efficient refrigerant mixtures that can 

reduce the ecological footprint of domestic cooling systems and improve the viability of natural 

gas in replacing coal by reducing its liquefaction costs. To achieve this objective, this work 

investigated the thermophysical properties and flammability characteristics of alternative 

refrigerant mixtures and optimised the thermodynamic predictive models in REFPROP, 

Multiflash and ThermoFAST software packages. Additionally, the freeze-out risk of iso-

pentane in mixed refrigerants used in LNG production was studied to fill some of the existing 

literature gaps for solid-fluid equilibrium data (SFE), which was accompanied by detailed 

uncertainty analysis and thermodynamic model optimisation. The research outcomes of this 

thesis will help the energy and refrigeration industries enhance the sustainability of their 

products and operations and develop reliable new domestic and cryogenic cooling systems 

compatible with efficient and eco-friendly refrigerant mixtures. 

To investigate the flammability characteristics of alternative refrigerants, two pieces of new 

apparatus were designed, commissioned and deployed to measure the minimum ignition energy 

(MIE) and laminar burning velocity (BV) of Hydrofluorocarbons (HFCs), Hydrofluoroolefins 

(HFOs) and CO2 mixtures. The MIEs of NH3, HFC-32 and HFO-1234yf were measured to be 

(18.0 ± 1.4), (8.0 ± 1.5) and (510 ± 130) mJ at equivalence ratios of 0.9, 1.27 and 1.33, 

respectively. To reduce the ignition risk of HFC-32, HFO-1234yf and CO2 were added to the 

HFC-32/air mixture, which increased the MIE of the mixture by 40 times relative to the pure 

HFC-32. To reduce the flammability of the refrigerant mixture, non-flammable refrigerants of 

HFC-134a, HFC-125 and CO2 were added to HFC-32 and HFO-1234yf (an equimolar five-

component mixture), where no ignition was observed with spark energies up to 8 J. The BV of 

HFC-32 was measured to be 6.4 cm·s-1 at an equivalence ratio of 1.1, while no propagating 

flame could be established for HFO-1234yf, precluding the determination of its BV. Adding 5 
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vol% of HFO-1234yf to the HFC-32/air mixture at a 1.1 equivalence ratio decreased the 

laminar burning velocity of the mixture by 0.8 cm·s-1 compared with the pure HFC-32. 

However, no propagating flames could be established for HFO1234yf + HFC-32 mixtures 

(10:90 vol%) indicating the laminar BV for binary mixtures with 10 vol% or more 

HFO-1234yf is below the measurable threshold of 5 cm·s-1. These results show that refrigerant 

mixtures rich with HFO-1234yf and CO2 could provide safe and sustainable refrigerant 

solutions for domestic air-conditioners. 

After observing the effectiveness of CO2 in suppressing the flammability of HFOs, the vapour-

liquid equilibrium (VLE) of CO2 + HFO-1243zf binary mixtures was studied as the eco-

friendliest HFO refrigerant that is available commercially. As the first experimental 

thermophysical property data in the open literature, the VLE data presented in this work were 

compared with the predictions of a Helmholtz free energy model that utilises the GERG-2008 

mixing rule [2], implemented in the REFPROP software package [3], and the Peng-Robinson 

Advanced EOS with van der Waals one-fluid mixing rules, implemented in Multiflash software 

package [4]. Both models’ binary interaction parameters (BIPs) were determined by fitting to 

the measured VLE data. The PRA-EOS with the tuned BIP represented the VLE data slightly 

better than the original untuned Helmholtz free energy EOS. However, the tuned Helmholtz 

energy EOS provided 33 % better representation of the experimental bubble and dew points 

than the tuned PRA-EOS and 45 % better than the untuned Helmholtz energy EOS. The 

comparison of the pressure-enthalpy diagrams of three equimolar mixtures of CO2 with HFO-

1234yf, HFO-1234ze(E) or HFO-1243zf showed that the latter binary mixture has a wider 

enthalpy difference between the saturated liquid and vapour curves (from 0.7 to 1.4 kJ·mole-1) 

in the pressure range of (5.7 to 0.3) MPa. The reported experimental VLE data and optimised 

thermodynamic models will aid in designing and simulating refrigeration processes utilising 

working fluids with low global warming potential.  

HFC-32 has a lower GWP than other commonly used HFCs and is more compatible with 

current cooling systems than most HFOs. This makes it a suitable refrigerant for transitioning 

domestic and industrial applications towards lower environmental impact while HFO 

compatible cooling systems are being developed. HFC-32 can be blended with CO2 to 

neutralise its flammability and further reduce the refrigerant’s overall GWP with minor cooling 

performance reductions. New sets of experimental vapour-liquid equilibrium (VLE), solid-

liquid-vapour equilibrium (SLVE) and solid-liquid equilibrium (SLE) data were measured for 

the HFC-32 + CO2 binary system at temperatures between (131.9 and 273) K to test the 
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reliability of existing predictive models in representing the thermodynamic properties, in 

particular, solid formation points at low-temperature conditions. The VLE data presented in 

this study, together with the literature data [5–7] measured at similar temperatures, were 

compared with the predictions of a Helmholtz energy EOS [7]. This Helmholtz EOS [7], 

presented in Appendix B, represents the dew point data better than the bubble point data, with 

the deviations between the experimental and predicted mole fractions  for the liquid and vapour 

phases being about (2.8 and 1.9) times larger than the average experimental uncertainty, 

respectively. The SLVE data reported in this study together with the literature data [8] showed 

a eutectic temperature of 131.9 K around 11 mol% CO2 for this binary system. The SFE data 

were compared with the predictions of thermodynamic models using the Peng-Robinson EOS 

(PR-EOS) [9] and Helmholtz EOS [7] for the fluid phase and a reference Helmholtz EOS for 

the CO2 solid phase [10], implemented in the ThermoFAST software package. The 

thermodynamic model with the default PR-EOS represented the SFE data with an RMSD of 

7.3 K, while the model with the Helmholtz EOS [7] for the fluid phase had an RMSD of 9.1 K 

from the measured SFE data. In this study, the binary interaction parameter of the model with 

the PR-EOS was adjusted by fitting to the experimental data. The tuned model represented the 

experimental melting points for the binary mixtures with CO2 concentrations of over 11 mol% 

with an RMSD of 0.5 K, 85 % better than the untuned model. The new VLE and SFE data for 

HFC-32 + CO2 binary systems will help design refrigeration systems utilising refrigerant 

mixtures with up to 80 % less environmental impact compared to the conventional options.  

New freezing and melting point data were measured for pure iso-pentane and (methane + iso-

pentane) binary systems to verify and/or improve the prediction of the thermodynamic models 

used for MR systems containing iso-pentane fractions. The measured melting data in this study 

together with the literature data [11,12] were compared with the predictions of a 

thermodynamic model implemented in the ThermoFAST software package [13], using the 

Peng-Robinson EOS for the fluid phase and the classical pure substance fugacity correlation 

for the solid phase [14,15]. Melting point predictions of pure iso-pentane data were optimised 

by adjusting the fusion molar volume change within the solid fugacity model by fitting it to the 

pure iso-pentane experimental melting data. The optimised ThermoFAST model calculated the 

iso-pentane melting temperatures measured in this study together with the literature data 

[11,12] with an RMSD of 2.1 K at pressures between (0.1 and 962.6) MPa compared the 

RMSD of 69.1 K for the default model. The optimised model represented the binary mixture 

melting temperatures measured in this work with an RMSD of 0.5 K, 45 % less than the RMSD 
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of the default model. For mixed refrigerant applications, the effects of adding iso-pentane to 

methane as working fluid of a single mixed refrigerant (SMR) liquefaction system were 

investigated. Adding 15 mol% iso-pentane to methane increases the LNG production capacity 

of the SMR cycle by three times and reduces the specific energy consumption of the process 

by 80 %, relative to pure methane. The melting temperatures measured for the (methane + iso-

pentane) binary systems showed that with the addition of 85 mol% methane to iso-pentane, the 

melting temperature decreased from (114 to 96) K. These new, accurate melting point data will 

aid in the design and simulation of cost-effective cryogenic refrigeration processes for natural 

gas and, potentially, hydrogen liquefaction facilities.  

The measured flammability and phase equilibrium properties of eco-friendly refrigerants 

provide a better understanding of physical behaviour and safety hazards associated with these 

working fluids. The tuned thermodynamic models presented in this thesis will help air-

conditioning industry design safe and compatible refrigeration systems with these eco-friendly 

refrigerants and accelerate the replacement of the current high GWP working fluids. The new 

experimental data on iso-pentane solubility in mixtures with light hydrocarbons like methane 

along with the optimised solid fugacity model for pure iso-pentane will enable improved 

predictions of the iso-pentane freeze-out points in cost-effective mixed refrigerants for efficient 

natural gas and hydrogen liquefaction processes. 

6.2 Recommendations for future work 

In general, further experimental investigations on the flammability characteristics and 

thermodynamic properties of alternative refrigerant mixtures are recommended. This 

information would improve the safety and technical knowledge of eco-friendly refrigerants and 

help them find global market acceptance. Additionally, further solubility measurements are 

recommended for high boiling-point components in mixed refrigerants at cryogenic 

temperatures to improve the solid formation predictions and reduce the blockage incidents in 

natural gas and potentially in hydrogen liquefaction plants. These general recommendations 

are discussed in more specific detail below.  
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6.2.1 Improved understanding of minimum ignition energy and burning velocities in 

HFOs with CO2 at different temperatures and humidity levels 

For the flammability characteristics measurement of HFOs, future research should focus on the 

minimum ignition energy (MIE) and burning velocity (BV) measurements of HFO-1243zf, 

which has the lowest GWP potential relative to other HFOs. Unfortunately, no experimental 

MIE and BV data are available in the open literature of this refrigerant. Also, the CO2 

concentration limits in binary mixtures with HFO-1243zf to neutralise the flammability 

characteristics of the refrigerant mixture need to be investigated. The flammability of HFOs 

like HFO-1234yf and HFO-1243zf varies significantly with temperature and humidity. In 

future work, threshold values for CO2 within mixtures of HFO-1234yf/air or HFO-1243zf/air 

at different humidity levels and temperatures needs to be determined; a concentration above 

which the MIE energy is high enough for the mixture to be considered effectively non-

flammable at various weather conditions across the globe. Also, the rate of pressure rise and 

its maximum value caused by the explosion for different scales of refrigerant mixtures should 

be investigated to address the effect of the confinement as well as the extent of the hazards in 

case of ignition. 

6.2.2 Improved thermodynamic descriptions of HFO mixtures with CO2 for further 

optimisation of engineering models. 

For the thermodynamic property data of HFO-1243zf + CO2 binary systems, more 

experimental data, in particular density, vapour-liquid equilibrium (VLE) and solid-fluid 

equilibrium (SFE), should be acquired in low-temperature conditions (down to the 

HFO-1243zf triple point of 122.8 K [16]) to enable verification and further improvements in 

the performance of engineering models with deviations similar in magnitude to the 

experimental uncertainties. Unfortunately, no experimental data are available for this binary 

mixture with exception of this thesis. Further optimisation of Helmholtz energy EOS would 

require more extensive experimental data for other properties such as density, speed of sound 

and heat capacity. For the solid freeze-out predictions and thermodynamic calculations 

including the solid phase, new experimental data should be provided to enable verification of 

the accuracy of predictive models and their optimisation if necessary.  
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6.2.3 Improved solid formation predictions in mixed refrigerants with heavy compounds 

used in cryogenic liquefaction systems 

Further experimental melting data for multi-component mixtures of iso-pentane with lighter 

components like nitrogen, methane, ethane, propane and iso-butane, as the main components 

in the mixed refrigerants of an LNG production plant, should be measured to enable further 

improvement in the performance of the predictive models. While the effect of adding methane 

on the melting temperature of iso-pentane was investigated in this thesis, the impact of 

nitrogen, ethane, propane and iso-butane in a multi-component mixture has not been explored 

in the open literature. Such measurements can verify the accuracy of the solid formation 

predictions and improve the confidence in using iso-pentane in cryogenic refrigeration systems 

used for LNG production and the pre-cooling refrigeration cycles of liquid hydrogen 

production systems.  

Similar to LNG, liquid hydrogen could a viable method to store and transport this clean energy 

carrier across wide ranges of locations. However, to produce liquid hydrogen, the liquefaction 

system must decrease the temperature of the hydrogen feed down to 20 K, which those 

cryogenic refrigeration cycles are extremely energy-intensive and expensive-to-operate 

systems. Adding high-boiling components like methane, ethane, propane and nitrogen to the 

refrigerant mixtures in different stages of the hydrogen liquefaction processes can improve the 

heat transfer properties of the coolant and decrease the overall power consumption while posing 

a freeze-out risk at extreme cryogenic temperatures. The mixed refrigerants including these 

heavy compounds in mixtures with lighter components like hydrogen, helium and neon should 

be investigated for the purpose of freeze-out risk assessments. These investigations will help 

verify the solid formation predictions of the thermodynamic models and ensure the reliability 

of cryogenic refrigeration cycles that can reduce the overall costs of liquid hydrogen 

production. 
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Glossary 

 

Term Definition 

Average absolute deviation (AAD) 
A statistical value showing the average distance between 

each data value and the mean of a particular data set. 

Binary interaction parameter (BIP) 

A BIP represents the nature of molecular interaction 

between various substances of a mixture in thermodynamic 

predictive models. 

Burning velocity (BV) 
The speed at which a flame propagates in comparison with 

the unburned gas. 

Chlorofluorocarbons (CFCs) 

Synthetic, non-toxic, non-flammable gases containing 

atoms of carbon, chlorine, and fluorine, which are used in 

the manufacture of aerosol sprays and former generation of 

refrigeration systems. 

Equation of estate (EOS) 
A thermodynamic expression or model that correlates 

pressure, temperature and volume.  

Fluorinated gases (F-gases) 

Synthetic gases including hydrofluorocarbons, 

hydrofluoroolefins, perfluorocarbons, sulphur 

hexafluoride, and nitrogen trifluoride that are emitted from 

a variety of household, commercial, and industrial 

applications and processes.  

Gas Chromatograph (GC) 

An analytical technique to separate the chemical 

substances of a sample mixture and determine their 

quantity (fraction in the sample mixture).  

Global warming potential (GWP) 

A measure of the amount of energy absorbed by the 

emissions of 1 ton of a gas relative to the emissions of 1 

ton of Carbon Dioxide (CO2) over a specific period. 

Greenhouse gases (GHGs) 

Gases with the ability to absorb and emit radiant energy 

usually within the thermal infrared range that can cause the 

greenhouse effect. 

Hydrochlorofluorocarbons (HCFCs) 

Synthetic substances consisted of hydrogen, chlorine, 

fluorine, and carbon with 1-17 years of stay length in the 

atmosphere and are used as the working fluids of domestic 

refrigeration systems. 
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Hydrofluorocarbons (HFCs) 

Synthetic gases with atoms of hydrogen, fluorine and 

carbon and are commonly used in refrigeration, air-

conditioning (AC), building insulation, fire extinguishing 

systems. 

Hydrofluoroolefins (HFOs) 

Unsaturated organic gases composed of hydrogen, fluorine 

and carbon that are of interest to be used as the working 

fluid of modern refrigeration systems.   

Liquefied Natural Gas (LNG) 

Natural gas that has been cooled down to its liquid form 

for ease and safety of non-pressurized storage or global 

transport. 

Minimum ignition energy (MIE) 
The minimum amount of energy is needed to ignite a 

refrigerant/air mixture. 

Mixed refrigerant (MR) 
A mixture of various chemicals is employed as the working 

fluid of refrigeration systems. 

Ozone depletion potential (ODP) 

A measure of damage a refrigerant causes to the ozone 

layer compared with an identical amount of 

trichlorofluoromethane (CFC-11)  

Root mean square deviation (RMSD) 

A statistical value showing the square root of the sum of 

the squares of the deviations between the calculated and 

measured property divided by the number of the 

deviations. 

Solid-fluid equilibrium (SFE) 
A state at which both the fluid (including vapour/liquid) 

and solid phases of a mixture exist.  

Thermal conductivity detector (TCD) 
A universal, non-destructive, concentration-sensitive 

detector used in gas chromatography. 

Vapour-liquid equilibrium (VLE) 
A state at which both the liquid and vapour phases of a pure 

component or mixture exist.  
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A Appendix A │ Supplementary information for 

Chapter 2  

Forward – The full text of this appendix has been published as the supporting information (SI) 

in the Journal of Hazardous Materials in 2021 (DOI: 

https://doi.org/10.1016/j.jhazmat.2020.124781). It has been reformatted with minor 

amendments to fit style and structure of this thesis. 

A.1 Hartmann bomb 

Figure A.1 shows a schematic of the Hartmann bomb apparatus as a recommended 

configuration for the minimum ignition energy measurement by EN 1839 [1], according to 

which a semi-closed tube can be used to measure the minimum ignition energy of a combustible 

mixture. The Hartmann bomb used in this work (Figure A.1) is a vertical cylindrical vessel 

with 1.4 L volume (70 mm diameter and 370 mm height) with perforated aluminium foil placed 

across the top end and closed bottom end of the cylinder. These holes ensure the pressure 

remains at atmospheric conditions. 

 

Figure A.1: A schematic of the Hartmann bomb apparatus configuration and photographs of the 

experimental set-up 
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A.2 Neutralising the combustion products 

The combustion of either R32 or R1234yf generates hydrogen fluoride (HF) gas as one of the 

products. The combustion reaction of R32 with dry air is as follows: 

CH2F2 + (O2 + 3.77N2)  =  CO2 + 2HF + 3.77 N2 

The combustion reaction of R1234yf is as follows: 

CF3CF=CH2 + 2.5(O2 + 3.77N2)  =  2CO2 + COF2 + 2HF + 9.425N2 

Thus the primary mitigation of the hazard required in this work was the containment and 

neutralisation of the hydrogen fluoride (HF) combustion product. The arrangement of the 

specific minimum ignition energy measurement configuration is shown in Figure 2.1. The 

flammable mixtures of R32, R1234yf, or their blends with air were prepared in the gas mixing 

section (located on a manifold in the lab outside the main enclosure), connected to the 

combustion tube. The cylindrical tube was located within a custom enclosure purged with a 

continuous stream of N2 to ventilate any possible leak from the system that might occur during 

the experiment. The outlet stream from the cylindrical tube was vented to the expansion tank, 

followed by two cylinders containing a soda-lime tower and a sodium hydroxide (NaOH) 

solution. The volume combusted was 2 L, and thus, in each experiment with R32 up to 0.6 L 

of HF (0.72 g) was produced. For experiments with R1234yf, 0.3 L (0.33 g) HF and 0.14 L 

(0.43 g) carbonyl fluoride (COF2) were produced. The local partial pressure of the HF or COF2 

in the gas phase did not exceed 35 kPa for either reaction, being well below the vapour 

pressures of these compounds at 20 °C (104 kPa and 5530 kPa, respectively). These products 

were neutralised by a Soda-Lime Tower and a NaOH solution through which the effluent gases 

were forced to flow. The combustion products left the cylindrical tube due to their expansion 

after combustion, the purging flow of nitrogen, and the presence of a vacuum pump connected 
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to the lower side of the soda-lime tower and NaOH solution. Soda Lime consisted of calcium 

hydroxide (Ca(OH)2), and thus the neutralising reactions were: 

NaOH+ HF = NaF + H2O 

Ca(OH)2 + 2HF = CaF2 + 2H2O 

4NaOH + COF2 = Na2CO3 + 2NaF + 2H2O 

To neutralise the combustion products of a single batch experiment, 1.33 g Ca(OH)2 was 

needed. Therefore, the 2 L size of the soda-lime tower, containing 1500 g of soda-lime granules 

of 75 % Ca(OH)2 had more than eight times the amount of material needed to complete 100 

batch experiments. The purpose of the NaOH solution was to neutralise COF2, which can pass 

through the soda-lime tower. To neutralise the amount of COF2 produced in a single batch 

experiment, 0.71 g NaOH was needed. Thus 2 litres of the two molar NaOH solution was able 

to neutralise products from more than 210 experiments.  

The CaF2 product of the neutralisation reaction in the soda-lime tower was insoluble in water, 

posing no further health or environmental hazard and can be disposed of in the landfill. The 

NaF solution can be treated by combining it with additional soda-lime Ca(OH)2 to form CaF2. 

The corrosion rate of gaseous HF in continuous contact with carbon steel is less than 0.25 mm 

per year; furthermore, to achieve this, a continuous flow velocity of 1.5 m/s was required to 

remove the protective film of iron fluoride that would form on the carbon steel. Thus corrosion 

of the stainless steel tubing was highly unlikely. 

A.3 Spark Generation System 

Figure A.2 illustrates the electrical circuit employed to generate a spark within the ignition 

vessel. First, a high voltage power supply (GLOW 28720 Digit H.V Source Meter generator, 

up to 20 kV) charged a capacitor bank (ranged between 0.3 nF and 20 nF) to a requisite voltage 
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that would be sufficient to breakdown the dielectric barrier of the air gap between two 

electrodes in the cylindrical vessel (typically higher than 6 kV). In the second step, a relay 

connected the capacitor to the discharge circuit containing the electrodes, equipped with a 

known high-power resistor, R2 (in range of 0.35-27 Ω), an inductor (1 mH), a current probe 

(Pearson, Model 6595) and a voltage probe (Pintek, Model HVP-39pro) for measuring the 

current and high voltage present in the circuit. These probes were connected to a digital 

oscilloscope (Keysight, Model DSOX3022T). Resistance (R2) affected the oscillations of the 

spark voltage and current signals by damping them. Also, it reduced the energy and duration 

of the spark. The inductor increased the spark duration by order of magnitude relative to a 

circuit without any inductor and made the associated voltage and current oscillations more 

regular and easier to integrate. Figure A.3 indicates the voltage and current oscillations 

measured for a spark discharge with 8 mJ energy. 

 

Figure A.2: The electrical circuit used to generate and monitor a spark in the Hartmann bomb. 
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Figure A.3: The real-time voltage and current oscillations during a spark discharge with 8 mJ energy. 

The spark is the energy dissipated during the electrical breakdown between electrodes. To 

calculate the spark energy, the time-dependent voltage v(t) and current i(t) needs to be 

monitored during the spark, from which the spark energy, Espark, can be calculated [2]: 

𝐸𝑆𝑝𝑎𝑟𝑘 = ∫ 𝑣(𝑡)𝑖(𝑡)𝑑𝑡
𝑡

0

− 𝐸𝑐𝑖𝑟𝑐𝑢𝑖𝑡 (A-1) 

Here Ecircuit is the energy dissipated by the impedance in the circuit containing the electrodes. 

Given the resistance, R, of the circuit, the energy dissipated in it can be calculated by [3]: 

𝐸𝑐𝑖𝑟𝑐𝑢𝑖𝑡 = ∫ 𝑅𝑖(𝑡)2𝑑𝑡
𝑡

0

 (A-2) 

Alicat Scientific mass flow controllers were used to prepare the mixture via an inline mixer. 

The uncertainty of these mass flow controllers is as below: 

𝑢𝑓𝑙𝑜𝑤 = (0.8 % reading value + 0.2 % of Full Scale)    (A-3) 

Guide to the Expression of Uncertainty in Measurements (GUM) method was used for 

determining standard uncertainties for the experimental quantities [4]. The uncertainty 
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associated with the equivalence ratio determined by the mixture preparation is then derived 

from the uncertainties of the two mass flow controllers: 

𝑢2(𝜑) = [
𝜕𝜑

𝜕𝑣𝑓𝑢𝑒𝑙
× 𝑢(𝑣𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡)]

2

+ [
𝜕𝜑

𝜕𝑣𝑎𝑖𝑟
× 𝑢(𝑣𝑎𝑖𝑟)]

2

 (A-4) 

Here, 𝑣𝑓𝑢𝑒𝑙, 𝑣𝑎𝑖𝑟 and 𝜑 stand for standard volumetric flow of the refrigerant, standard 

volumetric flow of air and the equivalence ratio. A similar expression can be written for 

standard uncertainty associated with the refrigerant concentration in a refrigerant/air mixture.  

For spark energy measurements, a Pearson current monitor (Model 6595) and a Pintek high 

voltage probe (Model HVP-39pro) with a relative uncertainty of 1% in the measured value 

were used for the current and voltage measurements, respectively. The standard uncertainty in 

the spark power (𝑃𝑠𝑝𝑎𝑟𝑘 = 𝑉𝐼) is then given by: 

𝑢2(𝑃𝑠𝑝𝑎𝑟𝑘) = [
𝜕𝑃𝑠𝑝𝑎𝑟𝑘

𝜕𝑉
× 𝑢(𝑉)]

2

+ [
𝜕𝑃𝑠𝑝𝑎𝑟𝑘

𝜕𝐼
× 𝑢(𝐼)]

2

 (A-5) 

from which the standard uncertainty in the spark energy can be obtained: 

𝑢(𝐸𝑆𝑝𝑎𝑟𝑘) = ∫ 𝑢(𝑃𝑠𝑝𝑎𝑟𝑘)𝑑𝑡 (A-6) 

The final uncertainty for spark energy was either the calculated standard uncertainty or the 

standard deviation of the measured values, whichever was more significant. Fuller et al. [5] 

assumed a relative uncertainty of 4.25% to address the effect of the heat loss to the wall and 

upturned edge of the flat flame in the laminar burning velocity measurement. In this study, 

either a similar relative uncertainty or the standard deviation of the measured laminar burning 

velocities were used to determine the overall uncertainty, whichever was higher. 
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A.4 Bunsen Burner and Vertical Tube Burning Velocity Measurement 

Methods 

In Bunsen burner method, a burner with a stainless steel tube with an ID of 10.3 mm and a 

length of 520 mm was coupled with a Z-type Schlieren imaging technique [6,7]. After 

maintaining a laminar flame on the tip of the burner, the volumetric flow rate of the 

refrigerant/air mixtures (Q) together with the flame surface area (Au) were measured and the 

laminar burning velocity is calculated via: 

𝑆𝑈 =
𝑄

𝐴𝑢
 (A-7) 

Figure A.4 shows a schematic diagram of the Vertical Tube configuration used in this work for 

the BV measurements, which is similar to the approach followed by Jabbour et al. [8]. The 

flame propagated from the bottom end of the 1.5 m long tube (50 mm ID) to the top end in an 

upward direction. The velocity of the flame (tip), Sflame, was then determined from data 

recorded with a high-speed camera. The observed flame tip velocity, however, was increased 

by the effects of buoyancy, causing it to propagate up the tube at a rate higher than the burning 

velocity, SU. A correction for the effects of buoyancy must, therefore, be applied via [8]: 

𝑆𝑈 = 𝑆𝑓𝑙𝑎𝑚𝑒(
𝑎

𝐴𝑓𝑙𝑎𝑚𝑒
) (A-8) 

Here Aflame is the flame’s surface area, and a is the flame’s cross-sectional area; these 

geometrical features of the flame were derived from images captured by the video camera, as 

shown in Figure A.5.  
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Figure A.4: photographs (a) and Schematic (b) of the Vertical Tube apparatus used for the burning 

velocity measurements. 

 

Figure A.5: Flame cross-sectional and surface area of the ammonia/air mixture. 
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B Appendix B │ Measurement and modelling of the 

thermodynamic properties of carbon dioxide mixtures 

with HFO-1234yf, HFC-125, HFC-134a, and HFC-32: 

vapour-liquid equilibrium, density, and heat capacity 

Authors: Arami-Niya, A., Xiao, X., Al Ghafri, S. Z. S., Jiao, F., Khamphasith, M., Sadeghi 

Pouya, E., Seyyedsadaghiani, M., Yang, X., Tsuji, T., Seiki, Y., May, E. F. 

Forward – The full text of this chapter has been published in the International Journal of 

Refrigeration in 2020 (DOI: https://doi.org/10.1016/j.ijrefrig.2020.05.009). Mirhadi’s 

contributions can be summarised as follows: Commissioned VLE measurement setups; 

Developed VLE measurement procedures; Calibrated the Gas Chromatograph detector; 

Executed VLE experimental work. The full text of the publication has been reformatted with 

minor amendments to fit style and structure of this thesis. 

B.1 Abstract 

Measurements of the thermodynamic properties for a series of more environmentally-friendly 

refrigerant mixtures containing hydrofluorocarbons (HFCs), hydrofluoroolefins (HFOs), and 

carbon dioxide (CO2) were conducted. These new property data help increase confidence in 

the design and simulation of refrigeration processes that use CO2 + HFO + HFC refrigerant 

mixtures. The HFCs of interest were R32, R125, and R134a and the HFO tested was R1234yf. 

The measurements collected were prioritised to fill gaps in the available literature data. 

Vapour-liquid equilibrium plus liquid-phase density and heat capacity data were collected for 

different binary mixtures containing HFCs, HFOs and CO2, with the liquid phase 

measurements spanning (223 to 323) K and (1 to 5) MPa. The measured data, as well as data 

from the literature, were then used to tune the mixture parameters in the models used by NIST’s 

REFPROP 10 software package to improve the prediction of thermodynamic properties for 

these fluids. To test the predictive capabilities of the models tuned to the binary mixtures, 

thermodynamic property data were also measured for four ternary mixtures and a five-

component mixture of HFCs, HFOs and CO2. The new models developed in this work 

significantly improved the root mean square deviations of the predicted properties for these 

multi-component mixtures: the most significant reductions were about a factor of two in 

density. 
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B.2 Nomenclature 

A the GC peak area Tstep  temperature step of calorimetry experiment 

cp  isobaric specific heat capacity  ρ  density 

Ntuned  number of data points used in fitting of 

Helmholtz model binary interaction 

parameters  

  

k GC response factor  

p  pressure   

R GC peaks areas ratio of 2 components Subscripts 

T  temperature   

u  absolute uncertainty c  at the critical point 

x liquid mole fraction cal  calculated 

y vapour mole fraction i integer counter representing a component number in a 

mixture 

z overall mole fraction j integer counter representing a component number in a 

mixture 

α the relative response factor in GC 

calibration 

liq liquid 

βv  Helmholtz energy model binary 

interaction parameter 

n integer counter for data point number 

βT  

 

Helmholtz energy model binary 

interaction parameter 

r relative 

γv  

 

Helmholtz energy model binary 

interaction parameter 

sat under saturation 

γT  

 

Helmholtz energy model binary 

interaction parameter 

vap vapour 

 

B.3 Introduction 

The global warming potential (GWP) of dominant hydrofluorocarbon refrigerants (HFCs) such 

as R134a motivate the search for new refrigerants with a lower effect on climate that can 

efficiently work in current refrigeration cycles. Hydrofluoroolefins (HFOs) are a new 

generation of refrigerants with a much lower global warming potential than conventional HFC 

refrigerants. However, the performance of HFOs in existing refrigeration cycles is generally 

inferior, with a higher amount of energy required for the same cooling power. Another concern 

about HFOs relates to their Standard 34 classification by the American Society of Heating, 

Refrigerating and Air-Conditioning Engineers (ASHRAE) as “marginally flammable”[1,2]. 

Blending these new types refrigerants with existing ones offers a way to improve the 

performance and decrease the GWP of the working fluid simultaneously [3].  

The low GWP and suitable phase behaviour of fluids such as carbon dioxide (R744), propane 

(R290), and ammonia (R717), make them promising candidates for reducing the environmental 

impact of industrial refrigerants. Among this class of refrigerants, R744 is more suitable for 



 

129 

 

use in HFO-containing refrigerant blends because of its lower flammability and toxicity 

compared with R290 and R717, respectively [4,5]. Non-ignitable HFC compounds such as 

R125 and R134a can also reduce the flammability of HFOs and improve the mixture’s 

performance. Mixtures of HFOs, HFCs and CO2 are thus promising candidates for refrigerants 

to be used in air conditioning and building cooling applications; these blends present high 

working capacity with low GWP and flammability. However, to design and simulate a 

refrigeration system, property data for the fluid mixtures need to be measured at relevant 

conditions of pressure, temperature and composition so that equations of state and transport 

property models can be anchored to them. Recently, Bobbo et al.[6] reviewed the state of the 

art for experimental thermophysical properties of low GWP halocarbon refrigerants, with May 

and co-workers [7,8] subsequently reporting data and tuned Helmholtz models for binary 

mixtures of HFOs and HFCs. Nevertheless, still there is still a significant need for new 

experimental data for a wide range of both properties and conditions to tune the models used 

by engineers for refrigerant design and optimisation. 

The current study aims to provide the reference quality thermodynamic property data for the 

binary, ternary and multi-component mixtures of HFO-1234yf with HFC-32, HFC-125, 

HFC-134a and CO2 (R744) listed in Table B.1. Vapour-liquid equilibrium, as well as density 

and heat capacity data in the liquid phase region of the refrigerant binaries, were measured at 

different temperatures and pressures. The acquired data, as well as available literature data, 

were then used to validate and, if required, improve the Helmholtz energy equations of state 

(EOS) available in the software package REFPROP 10 [9]. After improvement of the model’s 

representation of the binary systems, the predictive capability of the model for the ternary 

(CO2 + R1234yf + R32) and five-component (CO2 + R1234yf + R32 + R125 + R134a) 

mixtures were tested against the new experimental data.  
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Table B.1: Details of the refrigerants used in the mixtures studied. 

ASHRAE 

Refrigerant 

Number 

IUPAC name Chemical formula CAS # 
Refrigerant 

Type 
Supplier 

Supplier 

Purity (%) 

R774 Carbon dioxide CO2       124-38-9 Natural Core gas 99.95 

R32 Difluoromethane 
CH2F2      

75-10-5 HFC Core gas 
 

99.5 

R134a 
1,1,1,2-

Tetrafluoroethane 
CH2FCF3    

811-97-2 HFC Core gas 
 

99.5 

R125 Pentafluoroethane 
C2HF5         

354-33-6 HFC Core gas 
 

99.95 

R1234yf 

2,3,3,3-

Tetrafluoroprop-

1-ene C3H2F4             
754-12-1 HFO Core gas 

 

99.99 

 

B.4 Material and methods 

 Materials 

The refrigerants investigated in this study and their supplied purity are given in Table B.1. The 

reference Helmholtz-free energy equations of state (EOS) implemented in the REFPROP 10 

software that were used to describe the thermodynamic properties of the pure refrigerants 

considered in this study are listed in Table B.2. The expected uncertainties of the reference 

EOS for each of these various thermodynamic properties are also included in Table B.2. In 

addition to being the basis of the mixture models, these reference EOS for the pure refrigerants 

were used for the necessary mixture-preparation calculations.  
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Table B.2: Components studied in this work, sources of their pure fluid equations of state 

(EOSs) in the software REFPROP 10 and expected standard relative uncertainties for 

thermodynamic properties as indicated by summary of the original reference given in 

REFPROP 10. 

Component Reference equation of state 
Expected relative 

uncertainty (%) 

CO2 Span and Wagner, 1996 [10] 

ρ = 0.03-0.05 

psat = 0.012  

cp,liq = 1.5  

R1234yf Richter et al., 2011 1[11] 

ρvap = 0.5  

ρliq = 0.1 

 psat = 0.1 

cp,liq = 5 

R32 Tillner-Roth and Yokozeki, 1997 [12] 

ρ = 0.05 

psat = 0.02  

cp,liq = 0.5-1  

R134a Tillner-Roth and Baehr, 1994 [13] 

ρ = 0.05  

psat = 0.02  

cp,liq = 0.5-1  

R125 Lemmon and Jacobsen, 2005 [14] 

ρ = 0.04-0.5  

psat = 0.2 

cp,liq = 0.5 

Al Ghafri et al. [7] described the procedure used to volumetrically prepare and transfer binary 

refrigerant mixtures into various apparatus that were also used here for the density and heat 

capacity measurements. In summary, the procedure consisted of transferring measured 

amounts of each pure component from one high-pressure syringe pump into another high-

pressure syringe pump that also contained a mixing capability. Once all the components had 

been loaded, they were then mixed at high-pressure (5 MPa) under liquid phase conditions. 

This homogenous liquid mixture was then transferred into the apparatus at constant pressure 

by first back-filling and pressurising (to 5 MPa) the apparatus and lines connecting it to the 

mixing pump with a pure component contained in a third syringe pump. The mixing pump was 

then used to displace the pure component with the synthetically prepared mixture by injecting 

at a fixed, slow flow rate while the third syringe pump was maintained the system pressure by 

withdrawing the pure component as the mixture was injected. To ensure any impact on the 

composition of the mixture in the apparatus was negligible, the displaced volume was at least 

several times that of the apparatus volume. Specific details of the syringe pump arrangements 

and connections to the various apparatus are shown in Sections B.4.3 and B.4.4. 

The formula provided by Al Ghafri et al. [7] for estimating the standard mole fraction 

uncertainty u(xi) of each component in the synthetic binary is extended here to the general case 

of a multi-component mixture preparation. For component i in an N component mixture, the 

standard uncertainty in the mole fraction of xi is given by: 
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2 2

1 ,  where  i i i r i r k k jj i
u x x x u n u N N n


     B.1 

Here ur denotes the standard relative uncertainty of a quantity and ni is the molar amount of 

component i added to the mixture. From Equation B.1 it apparent that in general, the 

uncertainty in xi depends on the uncertainties in the amounts of all the components added to 

the mixture. For the special case of the binary mixture, it can be shown that Equation B.1 

implies u(x1) = u(x2). However, for a multi-component mixture, each component’s mole 

fraction has an uncertainty that differs from those of the other components. For example, a 

ternary mixture with components i, p and q has u(xi) given by 

         
2 2

2 22
1

p q

i i i r i r p r q

p q p q

n n
u x x x u n u n u n

n n n n

   
               

 B.2 

In this work, the uncertainties in the amounts of each component transferred into an apparatus 

arise principally from the uncertainties in displacement volumes measured by the syringe 

pumps used in the preparation process. 

 

  Vapour-liquid-equilibrium 

B.4.2.1 Apparatus overview 

The vapour-liquid equilibrium (VLE) apparatus employed in this study is illustrated in Figure 

B.1. Two systems (called System 1 and System 2 henceforth) were used in parallel to improve 

the data collection rate. System 1 and System 2 shared one gas chromatograph (GC, Agilent 

7890A) and were otherwise fundamentally the same as the system described by May and co-

workers [7,15]. The main difference between the current set-up and those detailed previously 

was the use of a thermal conductivity detector (TCD) instead of a flame ionization detector for 

the GC measurements. The VLE cells were placed in Memmert ovens (UN110) with a normal 

operating temperature range from 5 °C above ambient to 300 °C. To achieve lower 

temperatures, a copper plate-spiral tubes-plate was designed, positioned under the cells and 

connected to refrigerated circulators following an approach to that of Efika et al. [16]. Two 

fans inside the ovens were also responsible for circulating the air, thereby making the 

temperature profile more uniform. 
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Figure B.1: Schematic diagram of the VLE apparatus (CP: Cooling plate; DAQ: Data acquisition; GC: 

Gas chromatograph, PRT: Platinum resistance thermometer; SC: Sample cylinder; SW: Switch valve; 

TCD: Thermal conductivity detector). SW 3 was used to shift from Cell 1 to Cell 2 (or vice versa). 

SWs 1 and 2 were used to shift from the vapour ROLSI® sampler [17,18] to the liquid ROLSI® sampler 

(or vice versa) for each cell. 

For the VLE experiments, a capillary column (Agilent J&W HP/PLOT-U) was used to separate 

the components of the sample and adjust the requisite retention time between the GC peaks for 

most of the mixtures, except for five-component mixture and binary mixture of  

R32 + CO2. In those cases, a packed column (Shinwa Express Sunpak-H 80/100 Glass) was 

employed to improve separation of the components. 

B.4.2.2 GC calibration 

To calibrate the GC, binary mixtures of the refrigerants with CO2 as the common compound 

(i.e., CO2 + the other refrigerant), were volumetrically prepared at different ratios in sample 

cylinders. Additionally, for the 5-component experiments, two ternary mixtures with R125 as 

the common compound (CO2 + R32 + R125 and R134a + R1234yf + R125) were 

volumetrically prepared at different concentrations of the components. The exact composition 

of the prepared calibration mixtures was gravimetrically determined, as described in the 

Supporting Information section.  
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Each calibration mixture was transferred to the VLE cell after it was heated to the temperature 

at least 10 K above the mixture’s calculated cricondentherm (THeated) to make sure there was 

only one phase in the cylinder. The VLE cell was also heated to THeated and after reaching a 

stable temperature and pressure, samples were taken from the single-phase mixture. Different 

opening times of the ROLSI® IV electromagnetic sampling valve [17,18] were selected to 

ensure that a broad enough range of GC peak areas was covered.  

The average of the peak areas obtained for each component, Ai, were combined in a ratio Ai / Aj 

and plotted against the known mole fraction ratio zi / zj. The calibration data were fitted to a 

linear equation with the intercept constrained to zero: 

(𝑧𝑖 𝑧𝑗⁄ ) = 𝑘𝑖𝑗 × (𝐴𝑖 𝐴𝑗⁄ ) B.3 

where kij denote the relative response factor for the two compounds. In Equation B.3 

component j was CO2 for binary and ternary experiments, while it was R125 for the 5-

component experiments. To convert the integrated GC peak areas to mole fractions, Equation 

B.3 and the normalisation requirement, ∑ 𝑧𝑖
𝑛
𝑖=1 = 1, were solved simultaneously. 

The GC calibration results (Figure B.10 and Figure B.11), the details of the GC temperature 

programs for the GC calibration and the VLE experiments (Table B.12), and the relative 

response factors (Table B.13) are reported in the Supporting Information. 

B.4.2.3 Measurement procedure 

After evacuating the VLE cell and the connection lines, the predetermined volumes of the pure 

refrigerant(s) were injected to the cell separately to achieve a target overall mixture 

composition. Then the cell was heated in the oven to a temperature 10 K above the predicted 

critical temperature of the injected mixture while the stirrer was on to produce a homogenous 

one-phase mixture. The overall composition of the mixture was confirmed by analysing 

samples taken from the top and bottom of the cell while it was still at the supercritical 

temperature. Then the oven’s temperature was set to the desired measurement temperature with 

the stirrer on. Upon reaching an equilibrium condition, the vapour and liquid phases were 

sampled and the composition of each phase was determined by the GC. 

B.4.2.4 Uncertainty calculation 

The method used for the uncertainty estimation is similar to the method reported previously 

[7]. The only minor change was use of a relative calibration instead of an absolute calibration 
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for the GC’s detector response. The combined uncertainty in the mole fraction is the sum of 

the contributions of the uncertainty in the temperature, pressure, GC’s detector response factor 

and the area ratios used to determine each component molar fractions. Hence the following can 

be written for a binary system: 

𝑢2(𝑥𝑖) = (
𝜕𝑥𝑖

𝜕𝑇
)

2

𝑢(𝑇)2 + (
𝜕𝑥𝑖

𝜕𝑝
)

2

𝑢(𝑝)2 +  (
𝜕𝑥𝑖

𝜕𝑘𝑖𝑗
)

2

𝑢(𝑘𝑖𝑗)
2

+ (
𝜕𝑥𝑖

𝜕𝑅𝑖𝑗
)

2

𝑢(𝑅𝑖𝑗)
2
 B.4 

Here kij is the chromatographic response factor and Rij  (Ai / Aj) is the area ratio of the 

chromatographic peaks for component i and component j. The uncertainty of the mole fraction 

arising from the peak area ratios and the detector calibration factor were determined from the 

standard deviation of the peak area ratios obtained during sampling, the uncertainties during 

calibration of both the peak area ratios, and the uncertainties of the measured pure substance 

masses from the gravimetric preparation. Although the manufacturer reported uncertainties for 

the PRTs and pressure transducers were 0.02 K and 0.01 % of the full-scale range (13.8 MPa), 

respectively, the thermal stability of the ovens meant these were increased to 0.1 K and 

0.005 MPa, respectively. 

 Density method 

B.4.3.1  Apparatus overview and experimental procedure 

The density measurements were conducted with a commercial, high-pressure vibrating tube 

densimeter [7] (VTD), (Anton Paar, DMA HPM). The experimental setup was as described 

previously [7] except that the temperature control system was upgraded to a Weiss 

Environmental Chamber with a working temperature range of (203.15 to 453.15) K. A 

schematic of the entire system is shown in Figure B.2.  

Before loading the mixtures prepared in ISCO Syringe Pump 1, the system up to V0 (Figure 

B.3) was flushed at least 3 times, evacuated and then pressurized with pure CO2 to above the 

mixture’s saturation pressure using ISCO Syringe Pump 3, with ISCO Syringe Pump 2 in an 

empty condition (minimum volume). To displace the mixture through the VTD and avoid any 

phase change or fractionation, ISCO Syringe Pump 3 was set in constant pressure mode, ISCO 

Syringe Pump 1 was placed in constant flow mode and set to a low flow rate (1 ml·min-1 or 

less), and valve V0 was opened. The displacement of the refrigerant mixture continued until at 

least three times the total volume of the VTD and transfer lines (V ≈ 10 ml) had been injected 

from ISCO Pump 1.  
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Figure B.2: Schematic diagram of the VTD assembly. 

 

Once the displacement process was completed, V7 was closed and ISCO Pump 2 was set to 

refill at the same flowrate as ISCO Syringe Pump 1 (1 ml·min-1 or less) until the desired volume 

of mixture had been transferred into ISCO Syringe Pump 2. Then, V3 was closed and ISCO 

Syringe Pump 2 was set to constant pressure mode at the desired pressure for a few hours 

allowing the mixture inside the VTD to stabilize before the measurement was recorded. 

The calibration of the VTD was extended to lower temperatures than previously reported for 

such instruments [19], and is detailed further by Jiao et al. [20]. The VTD was connected to a 

system controller (Anton Paar, Davis) which displayed the measured parameters including the 

pressure, p temperature and the tube’s resonant period of oscillation (). These quantities were 

used to calculate the fluid mixture density (F) according to the model described by May et al. 

[21]: 
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 B.5 

Here t is the difference between the system temperature and a selected reference temperature 

(273.15 K); S00 is the geometric sensitivity factor of the evacuated tube at the reference 

temperature; 00 is the resonance period of the evacuated tube at the reference temperature; 1 
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and 2 are the linear and quadratic temperature response coefficients of the spring constant, 

respectively;  is the pressure response coefficient of the spring constant; and V and V are 

the linear temperature response and pressure response coefficients of tube volume, 

respectively.  

The three parameters describing the vacuum resonance and its variation with temperature, 00, 

1 and 2 were determined by linear least squares regression to data measured with the 

evacuated VTD while the remaining four parameters were determined by regression of pure 

methane and propane data measured over a wide range of pressure and temperature conditions, 

as shown in Figure B.12 of the SI section. The relative deviations between the fitted values and 

those predicted by the corresponding reference EOS implemented in REFPROP 10 [22,23] 

were between (-0.5 to 0.5) kg·m-3, respectively, which is excellent considering the wide 

temperature range considered in the calibration. 

B.4.3.2 Uncertainty calculation 

The combined standard uncertainty in density is estimated by Equation B.6: 

 

B.6 

The variables that contribute primarily to the overall uncertainties in the density measurements 

are uncertainties associated with calibration and the reproducibility of the measured period of 

oscillation. The effect of the temperature, pressure and mixture composition uncertainties on 

the density measurements were also considered when evaluating the combined uncertainty. 

The relative standard uncertainty associated with the calibration was estimated to be 0.3 %, 

based on the calibration and validation measurements conducted with pure methane and pure 

propane.  

Partial derivatives of pressure and temperature were estimated using REFPROP 10 [9]. The 

overall standard uncertainty of the cell temperature was estimated to be 0.1 K, taking into 

account temperature gradients and fluctuations, while the global standard uncertainty of the 
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pressure measurement was estimated to be 0.01 MPa. The uncertainty in density attributed to 

the measured period of oscillation,, was estimated to be the difference between the density of 

the mixture calculated with exact measured period of oscillation, , and that calculated with 

+u(); the standard uncertainty of the measured period of oscillation, u(), was previously 

estimated to be 0.02 μs [7]. The uncertainty in density due to the uncertainty in the composition 

of the sample was estimated to be the difference between the density of the mixture with the 

specified composition and that varied by its standard uncertainty, as estimated using the default 

models in REFPROP 10 [9]. Equation B.1 was used to estimate the standard uncertainties of 

the mixture mole fractions, which were 0.005 for the equimolar binary mixtures considering 

the contributions to the uncertainties in the amounts of each component added due to fluid 

injection, mixture preparation, mixture transfer, mixture purity and homogeneity. Taking all of 

this into account, the combined standard relative uncertainty of the measured densities ranges 

between (0.30 and 0.45) %, as shown Figure B.13 of the SI for all mixtures; the primary 

contribution to the final uncertainty being the quality of the calibration.  

 Isobaric heat capacity method 

B.4.4.1 Apparatus overview and experimental procedure 

Isobaric heat capacities, cp, were measured via a commercialised differential scanning 

calorimeter (Setaram DSC BT 2.15) described previously [7]. For this work, liquid nitrogen 

was used instead of water as a coolant to cover the required temperature range of the 

measurements. Refrigerant mixtures were loaded into the DSC following the procedure 

described by Al Ghafri et al. [7] Pure CO2 was used to backfill the DSC measurement cell up 

to valve 7 in Figure B.3, at a pressure of 10 MPa or more. To flush the mixture through the 

cell, pump 2 was set to maintain constant pressure (10 MPa). ISCO Pump 1 (Floxlab, 

BTs605/606-0 / SS / 500cc / SN 4342) was then set to constant flow mode at a low flow rate 

(2 ml·min-1 or less) and valves 7 and 8 were simultaneously opened. This ensured the 

displacement of the mixture through the DSC cell without any inadvertent phase change, 

thereby avoiding fractionation of the mixture. The displacement continued until at least 40 ml 

of volume passed through the cell, which is much larger than the volume of the DSC cell ( 

9 ml). Once the displacement process was complete, valve 2 was closed and pump 1 was set to 

constant pressure mode at the desired pressure of the measurement. 
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Figure B.3: Differential scanning calorimeter (Setaram DSC BT 2.15) used for measurements of the 

isobaric heat capacity of refrigerant mixtures.  

The isobaric heat capacity was measured by the step method with the DSC’s reference cell 

filled with dry nitrogen at atmospheric pressure. Following an initial isothermal equilibration 

period of 4 h, the DSC furnace temperature was increased by 10 K at a constant rate of 

0.15 K·min-1. A final isothermal period of 6 h followed the temperature ramp. To account for 

the heat capacity of the DSC cell itself, a series of blank experiments with dry nitrogen gas 

under atmospheric pressure in the measurement cell were also performed. The isobaric heat 

capacities were then calculated from 

s b

cell step

d d
p

t t
c

V T

  




   B.7 

where 
sdt is the integrated heat flow difference between the measurement cell filled with 

sample and the reference cell containing dry N2 at atmospheric pressure over the temperature 

step (scan), 
bdt  is the integrated heat flow difference for the calibration scans where both 

the measurement and reference cells were filled with dry N2, ρ is the fluid density (tuned in this 

work for the refrigerant mixtures), Vcell is the volume of the cell and ΔTstep is the temperature 

step (10 K). The volume of the cell was determined to be (8.947 ± 0.043) cm3 using propane 

at a pressure of 2 MPa as a reference fluid. 
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B.4.4.2 Uncertainty calculation 

The uncertainty of a heat capacity measurement was estimated via the GUM method [24] from 

the following equation: 

𝑢2(𝑐𝑝) = ∑ ∑
𝜕𝑓

𝜕𝑦𝑖

𝑛

𝑗=1

𝑛

𝑖=1

𝜕𝑓

𝜕𝑦𝑗
𝑢(𝑦𝑖 , 𝑦𝑗) 

B.8 

where yi and yj are the input variables, (∂f/∂yi) is the sensitivity coefficient for yi, u(yi, yj) is the 

covariance (i ≠ j) or the variance (i = j) of variables yi and yj, and u2(y) is the variance of y. 

The measurement of heat capacity is also dependent on temperature, pressure and mixture 

composition. With 𝑄 = ∫ 𝛷𝑠d𝑡 − ∫ 𝛷𝑏d𝑡, Equation B.8 becomes: 

𝑢2(𝑐𝑝) = (
𝜕𝑐𝑝

𝜕𝑄
)

2

𝑢2(𝑄) + (
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)

2

𝑢2(𝜌) + (
𝜕𝑐𝑝

𝜕𝑉
)

2

𝑢2(𝑉) + (
𝜕𝑐𝑝

𝜕∆𝑇
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2

𝑢2(∆𝑇)
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𝜕𝑐𝑝

𝜕𝑇
)

2

𝑢2(𝑇) + (
𝜕𝑐𝑝

𝜕𝑝
)

2

𝑢2(𝑝) + (
𝜕𝑐𝑝

𝜕𝑥
)

2

𝑢2(𝑥) 

B.9 

 

where  
𝜕𝑐𝑝

𝜕𝑄
= (

1

𝑉𝜌∆𝑇
)

2

, 
𝜕𝑐𝑝

𝜕𝑉
= (
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2

, 
𝜕𝑐𝑝

𝜕𝜌
= (

𝑄

𝜌2𝑉∆𝑇
)

2

, and 
𝜕𝑐𝑝

𝜕∆𝑇
= (

𝑄

∆𝑇2𝑉𝜌
)

2

, and 𝑢𝐵(𝑐𝑝) is 

any Type-B uncertainty. The Type-B uncertainty is an estimate of the systematic uncertainty 

compared with independent measurements or a well-defined equation of state of lower 

uncertainty as discussed by Tay and Trusler [25]. In this work, pure methane [26] was measured 

for the validation of the Type-B uncertainty with a Helmholtz energy EOS from Setzmann and 

Wagner [23]. No systematic error was observed and thus the Type-B uncertainty was taken to 

be negligible. For each term in Equation B.9, a summary of the method of estimation and a 

representative value are listed in Table B.3. 
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Table B.3 List of the estimation method and representative values for the uncertainties and the 

derivative terms in Equation B.9. 

Term Estimation method Value 

u(Q) The standard deviation of Joule-effect 

calibration measurement from the fitted 4th 

polynomial curve 

0.30 J 

u(𝜌) The estimated uncertainty in the new 

regressed equation of state  
0.5 %∙ 𝜌 

u(𝑉) The standard deviation in the three 

effective cell volume measurements 

0.028 mL 

u(∆𝑇) and u(𝑇) The standard deviation for temperature in 

the melting point measurement 

0.15 K 

u(𝑝) Combined from pressure stability in the 

measurement and the pressure transducer 

calibration 
√(0.005 ∙ (

𝑝

MPa
))

2

+ 0.0052 MPa 

u(𝑥) Combined from all the factors in the fluid 

injection, mixture preparation, density 

obtained from REFPROP 10, mixture 

transfer and mixture homogeneity 

0.005 

𝜕𝑐𝑝

𝜕𝑇
, 

𝜕𝑐𝑝

𝜕𝑝
 and 

𝜕𝑐𝑝

𝜕𝑥
 Estimated by the EOS implemented in 

REFPROP 10 

 

𝑢𝐵(𝑐𝑝) The systematic uncertainty of pure 

methane measurements compared with the 

reference equation of state 

0 

 

 Helmholtz energy mixture method 

The state-of-the-art approach for predicting the thermodynamic properties of refrigerant 

mixtures is based on fundamental Helmholtz equations of state. As part of this work, the 

capability of existing models to predict the experimentally-determined data for refrigerant 

mixtures was assessed, and then these models were tuned to data available for binary mixtures 

where applicable. The multi-component mixture data were used to verify the predictions of the 

models with the tuned binary interaction parameters.  

The mixing rules for Helmholtz equations describing refrigerant mixtures are the same as those 

utilized in the GERG-2008 EOS [27] To describe binary mixture thermodynamic properties, 

reducing functions containing binary interaction parameters are used to tune to available 

experimental data:  
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1

𝜌𝑐,𝑖𝑗
=  𝛽𝑣,𝑖𝑗𝛾𝑣,𝑖𝑗

𝑥𝑖 + 𝑥𝑗

𝛽𝑣,𝑖𝑗
2 𝑥𝑖 + 𝑥𝑗

⋅
1

8
(

1

𝜌𝑐,𝑖
1 3⁄

+
1

𝜌𝑐,𝑗
1 3⁄

)

3

 

B.10 

𝑇𝑐,𝑖𝑗 =  𝛽𝑇,𝑖𝑗𝛾𝑇,𝑖𝑗

𝑥𝑖 + 𝑥𝑗

𝛽𝑇,𝑖𝑗
2 𝑥𝑖 + 𝑥𝑗

(𝑇𝑐,𝑖𝑇𝑐,𝑗)
1 2⁄

 
B.11 

The parameters 𝜌𝑐,𝑖 and 𝑇𝑐,𝑖 are the critical density and critical temperature of pure fluid 𝑖, 𝛽𝑣,𝑖𝑗, 

𝛾𝑣,𝑖𝑗, 𝛽𝑇,𝑖𝑗 and 𝛾𝑇,𝑖𝑗 are binary interaction parameters (BIPs) between fluids 𝑖 and 𝑗, and 𝑥𝑖 is 

the mole fraction of component 𝑖 in the mixture. The BIPs can be set to unity for binaries with 

very few or no data. In cases where large numbers of accurate data are available or the BIPs 

alone cannot describe the available thermodynamic data well, a departure function (linked with 

an adjustable factor, Fij) might be used. Mixtures with more than 2 components are calculated 

using the binary interaction models with no further terms incorporated.  

In this work, only the binary interaction parameters within the reducing functions were tuned; 

no departure functions were adjusted. The binary interaction parameters were tuned by 

minimising the root mean square (RMS) deviations between the selected experimental data and 

the model. The RMS deviations were calculated via the following equations for the three types 

of thermodynamic properties considered: 

RMS(VLE) = (
1

𝑁
∑[(𝑥1,𝑛 − 𝑥1,calc,𝑛)

2
+ (𝑦1,𝑛 − 𝑦1,calc,𝑛)

2
]

𝑁

𝑛=1

)

1
2
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RMS(𝜌) = 100 (
1

𝑁
∑ (

𝜌𝑛 − 𝜌calc,𝑛

𝜌𝑛
)

2
𝑁

𝑛=1

)

1
2
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RMS(𝑐𝑝) = 100 (
1

𝑁
∑ (

𝑐𝑝,𝑛 − 𝑐𝑝,calc,𝑛

𝑐𝑝,𝑛
)

2𝑁

𝑛=1

)

1
2

 

B.14 

where x1 and y1 are the mole fraction of component 1 in the liquid and in the vapour at 

equilibrium, respectively. Values of xi and yi were obtained from the specified overall 

composition of the mixture zi by calculating the properties of the equilibrium liquid and vapour 

phases, respectively, at the experimental temperature and pressure (flash calculation).  
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In this work the number of thermodynamic data available for a given binary mixture was 

limited. Thus, it was only necessary to tune two BIPs from their standard value (unity) to 

achieve acceptable fits to the data. Weighting factors were given to different properties 

following a method similar to that detailed by Kunz et al. [28]. The tuning procedure minimised 

the following objective function: 

𝜒2 = 𝑊1RMS(VLE)2 + 𝑊2RMS(𝜌)2 + 𝑊3RMS(𝑐𝑝)
2
 B.15 

where 𝑊1 to 𝑊3 are the weighting factors applied to the different properties as considered in 

Equations (B.12)-(B.14). The values of the weighting factors are empirical and are determined 

by the scale of the RMS deviation, the uncertainty of the experimental data, and the importance 

(or sensitivity) of each property. The tuning of each binary used slightly different weighting 

factors according to the available data situation but typically 𝑊2 was 2-5 times larger than 𝑊1 

and 5-10 times larger than 𝑊3. This reflects the fact that density data have the both the smallest 

uncertainty and the greatest influence on EOS tuning [29]. Heat capacity data have relatively 

large uncertainties and limited influence on EOS predictions, although they can provide good 

checks of mixing rule formulations as demonstrated by Syed et al. [30] and Rowland et al. [31]. 

For completeness, it is noted that Jaubert and co-workers [32] recently added six fluorinated 

groups to the well-known Enhanced-PPR78 model [33] allowing for the estimation of the 

temperature-dependent binary interaction parameters kij(T) in the Peng-Robinson equation of 

state. While not as accurate as Helmholtz models that are adequately anchored to experimental 

data, the group-contribution approach allows for the prediction of the phase behaviour and 

thermodynamic properties for systems that are not yet measured and can thus be extremely 

useful to the design of very new processes and/or products. It would be interesting to apply and 

compare the recent extension of this group contribution scheme to the prediction of the mixture 

properties measured in this work. 

B.5 Results 

 Experimental measurements 

The experimental data measured in this work are presented in both Tables and Figures either 

in this Section or in the Supporting Information. 
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B.5.1.1 Vapour-liquid equilibrium 

Measurement of four binary systems of (CO2 + R32), (CO2 + R134a), (CO2 + R1234yf), and 

(CO2 + R125) were made at constant temperatures around 293 K. Five different composition 

of CO2 from (8 to 81) % were studied in each binary system. After the preparation of each 

mixture, the overall composition of the mixture was examined at a temperature at least 10 K 

above the mixture’s calculated cricondentherm to ensure the presence of a single phase. For 

the isothermal measurements, the mixture was stabilized at a temperature of around 293 K and 

then the composition of the vapour (yi) and liquid (xi) phases were measured by sampling each 

more than ten times, with the average reported here. The initial composition, the saturation 

pressure (psat) and the equilibrium liquid and vapour compositions (x, y) for each binary at the 

experimental temperature (T) are listed in Table B.14. The (p-x,y) phase envelopes of the binary 

mixtures are presented in Figure B.4 (a) –(d), where the mole fraction of CO2 (1) in the liquid, 

x1, and vapour phases, y1, respectively, are plotted versus the saturation pressure. 

The results were compared to values reported in the literature and those that are calculated with 

the default Helmholtz equation of state (EOS) as implemented in REFPROP 10 [9], based on 

the experimental pressure, temperature and overall composition using the method described by 

May et al. [15]. The deviations between the data and model predictions are shown in the form 

of mole fraction deviation plots in Figure B.16 to Figure B.19 of the SI. In these plots, the 

abscissa is the measured saturation pressure and the ordinates are the deviation of the measured 

mole fraction of CO2 (x1,exp, y1,exp) from the value calculated with the default Helmholtz 

equation of state (EOS) for that component (x1,cal, y1,cal). 
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Figure B.4: VLE results and phase envelope of (a) CO2 (1) + R32 (2) at 292.98 K, (b) CO2 (1) + R134a 

(2) 292.88 K, (c) CO2 (1) + R1234yf (2) at 293.13 K, (d) CO2 (1) + R125 (2) at 302.89 K from available 

experimental data and the EOS in REFPROP 10 using the default binary interaction parameters (BIPs). 

Symbols refer to the measurements at different pressures, and the solid curves refer to the model 

predictions. Symbol list: (, blue) Bubble point measured in this work (, red) Dew point measured in 

this work (, purple) Bubble point from Rivollet et al.[34] (, green) Dew point from Rivollet et al. 

[34] (∆, purple) Bubble point from Duran-Valencia et al. [35] (∆, green) Dew point from Duran-

Valencia et al. [35] (, purple) Bubble point from Juntarachat et al. [36] (, green) Dew point from 

Juntarachat et al [36]. 

The ternary mixture of (CO2 + R1234yf + R32) was prepared by the addition of CO2 to a near 

equimolar mixture of R1234yf + R32 with zR1234yf/zR32=0.45. The VLE measurements were 

made at four different mixture compositions and two temperatures near 284 and 312 K. The 

results are presented in Figure B.5 and Figure B.20 and tabulated in Table B.14 of the SI. 

Before commencing each measurement, the overall composition of the mixture was measured 

by GC at the single gas phase condition (Table B.14). Similar comparisons to values calculated 

with the default Helmholtz EOS implemented in REFPROP 10 are shown for the ternary 

mixture in Figure B.21 of the SI. Comparisons of the ternary mixture VLE data with predictions 

made using the EOS tuned to the binary data are presented in Figure B.5. 
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Figure B.5: Measured (symbols) and predicted (curves) bubble and dew pressures at T=284 K and 

T=313 K for the CO2 (1) + R1234yf (2) + R32 (3) ternary systems (zR1234yf/zR32=0.45) as a function of 

the measured liquid and vapour mole fractions of each component: (, blue) Bubble point measured in 

this work (, red) Dew point measured in this work (filled symbols for T=284 K, and empty symbols 

for T=313 K). The dew and bubble curve predictions were made with the EOS in REFPROP 10 using 

the default binary interaction parameters. 

A near-equimolar mixture of five-components, 

[CO2 (1) + R1234yf (2) + R32 (3) + R125 (4) + R134a (5)], was prepared gravimetrically then 

injected to the VLE cell under single-phase conditions. The overall composition of the mixture 

was confirmed by GC analysis. Three VLE measurements at (273, 312 and 333) K were made 

(Table B.4) and the deviations of the results from the prediction of the default Helmholtz energy 

mixture model are shown in Figure B.6. 

 

Figure B.6: Deviations (xi-xi,EOS) and (yi-yi, EOS) of the measured compositions from those predicted with 

the default Helmholtz energy mixture model for [CO2 (1, , green)+ R1234yf (2, ▲, red)+ R32 (3, , 

blue) + R125 (4, , purple) + R134a (5, ×, black)] system. Left axis: filled symbols, deviations for 

liquid; Right axis: empty symbols, deviations for vapour. 
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Table B.4: Measured p, T, x and y data for a five component mixture of CO2 (1) + R1234yf (2) + R32 (3) + R125 (4) + R134a (5) with the global composition of 

z1=0.1994 ± 0.0045, z2=0.2002 ± 0.0045, z3=0.2015 ± 0.0045, z4=0.2016 ± 0.0045, z5=0.1974 ± 0.0009. 

T/K p/MPa x1 u(x1) y1 u(y1) x2 u(x2) y2 u(y2) x3 u(x3) y3 u(y3) x4 u(x4) y4 u(y4) x5 u(x5) y5 u(y5) 

273.48 0.98 0.1812 0.0022 0.4916 0.0036 0.1974 0.0011 0.0826 0.0014 0.2066 0.0008 0.1971 0.0015 0.2068 0.0008 0.149 0.0015 0.2081 0.0012 0.0797 0.0014 

312.79 2.42 0.1607 0.0055 0.3425 0.0022 0.2112 0.0055 0.1311 0.0011 0.1989 0.0054 0.2155 0.0009 0.2065 0.0005 0.1807 0.001 0.2227 0.0055 0.1303 0.0011 

333.5 3.6 N/A* 0.2644 0.0018 N/A* 0.1663 0.001 N/A* 0.213 0.0008 N/A* 0.1915 0.0008 N/A* 0.1648 0.001 

*At 333.5 K, a liquid phase was present but the volume available was insufficient to reliably sample and analyse its composition 
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B.5.1.2 Density 

Single-phase densities for the binary mixtures (0.50 CO2 + 0.50 R125), 

(0.50 CO2 + 0.50 R1234yf), (0.50 CO2 + 0.50 R32), and (0.50 CO2 + 0.50 R134a), a ternary 

mixture (0.09 CO2 + 0.48 R1234yf + 0.43 R32) and a 5-component mixture (0.20 CO2 + 0.20 

R1234yf + 0.20 R32 + 0.20 R125 + 0.20 R134a) were measured at temperatures between (223 

and 323) K over the pressure range of 1.0 MPa to 5.0 MPa. A total of 58 density data were 

acquired, ranging from (892 to 1404) kg·m-3. A summary of the measurement pressure and 

temperature conditions is shown in Figure B.14, along with the phase envelope for each 

mixture predicted using the default reference model implemented in the software REFPROP 

10 [9]. For every isotherm, density measurements were performed for a minimum duration of 

3 hours at every pressure. A repetition of one pressure value was also conducted to check the 

measurement reproducibility. 

Single-phase densities measured for the binary mixtures (0.50 CO2 + 0.50 R32), (0.50 CO2 + 

0.50 R134a), (0.50 CO2 + 0.50 R125) and (0.50 CO2 + 0.50 R1234yf) at pressures between 

(1.5 and 5.0) MPa are shown in Table B.5 and Figure B.22 to Figure B.25 of the SI. As an 

example of the binary results, Figure B.7shows (0.5 CO2 + 0.5 R1234yf) density results and 

the deviations of the results from the prediction of the default Helmholtz energy mixture model. 

In all cases the measured values follow the same trend as the calculated values. The relative 

deviations between the present measurements and the values predicted with the default EOS 

for each system span the range (-1.77 to +1.65) %, with the relative deviations being 

systematically dependent on temperature.  

 

Figure B.7: Comparisons of 0.5 CO2 + 0.5 R1234yf density results for the experimental data measured 

in this work and various models from default binary interaction parameters (BIPs). Deviations are 

shown of experimental data from those calculated with the default BIPs. Symbols refer to the 

measurements at different pressures ( 5.09 MPa,  3.56 MPa and  2.04 MPa), and the solid curves 

refer to the model prediction. 
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Table B.5: Measured density data for the refrigerant equimolar binary mixtures (CO2 + R32), 

(CO2 + R134a), (CO2 + R125) and (CO2 + R1234yf) and combined standard uncertainty uc(ρ) as a 

function of temperature and pressure. The standard uncertainties in the mole fractions of the binary 

mixtures were u(z1) = u(z2) = 0.005. 

T/K u(T)/K p/MPa u(p)/MPa z1 z2 ρ/ kg·m-3 uc(ρ)/ kg·m-3 

CO2 (1) + R32 (2) 

293.3 0.1 5.11 0.01 0.501 0.499 921.2 3.0 

273.3 0.1 5.03 0.01 0.501 0.499 1019.5 3.2 

223.3 0.1 4.98 0.01 0.501 0.499 1195.0 3.6 

273.3 0.1 3.51 0.01 0.501 0.499 1012.6 3.1 

253.2 0.1 3.58 0.01 0.501 0.499 1093.8 3.3 

243.3 0.1 3.46 0.01 0.501 0.499 1127.8 3.4 

243.3 0.1 1.26 0.01 0.501 0.499 1122.0 3.4 

243.3 0.1 1.50 0.01 0.501 0.499 1123.2 3.4 

223.3 0.1 1.53 0.01 0.501 0.499 1186.8 3.6 

CO2 (1) + R134a (2) 

283.3 0.1 5.05 0.01 0.500 0.500 1137.1 3.9 

303.1 0.1 5.06 0.01 0.500 0.500 1045.5 3.9 

253.2 0.1 3.56 0.01 0.500 0.500 1242.5 4.0 

273.3 0.1 3.54 0.01 0.500 0.500 1168.4 3.9 

233.3 0.1 3.98 0.01 0.500 0.500 1310.0 4.2 

253.2 0.1 2.23 0.01 0.500 0.500 1238.1 4.0 

233.3 0.1 2.31 0.01 0.500 0.500 1306.0 4.2 

283.3 0.1 5.05 0.01 0.500 0.500 1137.1 3.9 

303.1 0.1 5.06 0.01 0.500 0.500 1045.5 3.9 

CO2 (1) + R125 (2) 

293.2 0.1 5.10 0.01 0.500 0.500 1098.3 4.2 

273.3 0.1 5.10 0.01 0.500 0.500 1201.9 4.2 

253.1 0.1 5.06 0.01 0.500 0.500 1289.7 4.3 

243.2 0.1 5.09 0.01 0.500 0.500 1328.4 4.4 

223.3 0.1 5.13 0.01 0.500 0.500 1404.6 4.6 

293.3 0.1 3.60 0.01 0.500 0.500 1070.1 4.3 

273.3 0.1 3.59 0.01 0.500 0.500 1190.9 4.1 

253.1 0.1 3.61 0.01 0.500 0.500 1283.7 4.3 

243.2 0.1 3.57 0.01 0.500 0.500 1323.9 4.4 

223.3 0.1 3.72 0.01 0.500 0.500 1402.6 4.5 

243.2 0.1 1.41 0.01 0.500 0.500 1314.9 4.3 

223.2 0.1 1.73 0.01 0.500 0.500 1396.7 4.5 

223.2 0.1 1.52 0.01 0.500 0.500 1396.1 4.5 

CO2 (1) + R1234yf (2) 

303.1 0.1 5.10 0.01 0.501 0.499 978.0 3.4 

283.2 0.1 5.07 0.01 0.501 0.499 1066.4 3.5 

273.3 0.1 5.09 0.01 0.501 0.499 1104.2 3.5 

253.2 0.1 5.08 0.01 0.501 0.499 1172.4 3.7 

233.2 0.1 5.10 0.01 0.501 0.499 1233.5 3.8 

303.1 0.1 3.58 0.01 0.501 0.499 961.0 3.5 

283.2 0.1 3.55 0.01 0.501 0.499 1056.3 3.5 

273.3 0.1 3.56 0.01 0.501 0.499 1096.1 3.5 

253.2 0.1 3.58 0.01 0.501 0.499 1166.9 3.7 

233.2 0.1 3.55 0.01 0.501 0.499 1229.3 3.8 

253.2 0.1 2.11 0.01 0.501 0.499 1161.3 3.6 

233.2 0.1 1.97 0.01 0.501 0.499 1224.8 3.8 
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Single-phase densities at pressures of (1.7, 3.0, and 4.5) MPa were measured for the ternary 

mixture (0.09 CO2 + 0.48 R1234yf + 0.43 R32), and the data are shown in Table B.6. As it was 

shown in Figure B.26 in the SI, the measured values follow the same trend as the calculated 

values. The relative deviations between the present measurements and the values predicted 

with the default EOS span (-2.77 to -0.78) %, with the relative deviations systematically 

dependent on temperature.  

 

Table B.6: Measured density data for the CO2 (1) + R1234yf (2) + R32 (3) ternary systems with the 

global composition of z1=0.093 ± 0.010, z2=0.477 ± 0.008, z3=0.430 ± 0.009 and combined standard 

uncertainty uc(ρ) as a function of temperature and pressure. 

T/K u(T)/K p/MPa u(p)/MPa z(CO2) z(R32) z(R1234yf) ρ/ kg·m-3 uc(ρ)/ kg·m-3 

324.1 0.1 4.53 0.01 0.092 0.434 0.474 891.1 3.7 

303.5 0.1 4.53 0.01 0.092 0.434 0.474 1001.3 3.5 

303.5 0.1 3.00 0.01 0.092 0.434 0.474 987.1 3.5 

282.9 0.1 3.03 0.01 0.092 0.434 0.474 1070.2 3.6 

275.2 0.1 3.09 0.01 0.092 0.434 0.474 1101.3 3.6 

273.3 0.1 1.75 0.01 0.092 0.434 0.474 1109.6 3.6 

253.2 0.1 1.70 0.01 0.092 0.434 0.474 1175.1 3.7 

Single-phase densities at pressures of (1.5, 3.5 and 5.0) MPa were measured for the 5-

component mixture (0.20 CO2 + 0.20 R1234yf + 0.20 R32 + 0.20 R125 + 0.20 R134a) and the 

data are tabulated in Table B.7 and shown in Figure B.27. The measured values follow the 

same trend as the calculated values. The relative deviations between the present measurements 

and the values predicted with the default EOS span (-1.09 to -0.57) %, with the relative 

deviations systematically dependent on temperature.  

Table B.7: Measured density data for the refrigerant a five component mixture of 

CO2 (1) + R1234yf (2) + R32 (3) + R125 (4) + R134a (5) with the global composition of 

z1=0.200 ± 0.007, z2=0.200 ± 0.004, z3=0.200 ± 0.007, z4=0.200 ± 0.005, z5=0.200 ± 0.006. 

and combined standard uncertainty uc(ρ) as a function of temperature and pressure. 

T/K u(T)/K p/MPa 
u(p)/ 

MPa 
z(CO2) z(R32) 

z(R1234y

f) 
z(R134a) z(R125) ρ/ kg·m-3 uc(ρ)/ 

kg·m-3 

323.1 0.1 5.06 0.01 0.200 0.200 0.200 0.200 0.200 971.1 4.35 

303.1 0.1 5.07 0.01 0.200 0.200 0.200 0.200 0.200 1079.5 3.97 

283.3 0.1 5.04 0.01 0.200 0.200 0.200 0.200 0.200 1162.7 3.95 

243.3 0.1 5.02 0.01 0.200 0.200 0.200 0.200 0.200 1298.8 4.14 

243.3 0.1 5.07 0.01 0.200 0.200 0.200 0.200 0.200 1299.0 4.14 

303.1 0.1 3.53 0.01 0.200 0.200 0.200 0.200 0.200 1065.1 4.01 

283.3 0.1 3.54 0.01 0.200 0.200 0.200 0.200 0.200 1154.1 3.95 

243.3 0.1 3.51 0.01 0.200 0.200 0.200 0.200 0.200 1294.3 4.13 

263.2 0.1 1.43 0.01 0.200 0.200 0.200 0.200 0.200 1219.8 4.01 

243.3 0.1 1.45 0.01 0.200 0.200 0.200 0.200 0.200 1287.9 4.12 



 

151 

 

B.5.1.3 Isobaric heat capacity 

Heat capacity data for the binary refrigerant mixtures are reported in Table B.8. The deviations 

of the measurements from the default model implemented in REFPROP 109 which are shown 

in Figure B.28 to Figure B.31 are within the estimated experimental uncertainties for (CO2 + 

R125) and for most of the (CO2 + R1234yf) data. Figure B.8 illustrates an example of heat 

capacity measurements results of (0.5 CO2 + 0.5 R1234yf) and their deviations from the 

REFPROP 10 predictions. Relatively large deviations (up to 4.9%) were observed for (CO2 + 

R32) and (CO2 + R134a). For the mixture of (CO2 + R32), the data were all 3% higher than the 

predictions. All the measured data follow the same trends with temperature and pressure 

predicted by the default model in REFPROP 10.  

For the ternary and five-component mixtures, the measured data still follow the same trend as 

the values predicted by REFPROP 10. The relative deviations of the experimental data from 

the REFPROP 10 models vary from (-4.0 to 2.0) %, which is within the experimental 

uncertainty for most of the points (given the increased uncertainty from the mixture 

composition). As shown in Figure B.32 and Figure B.33 of the SI, the binaries involved in 

these multi-component mixtures show positive and negative deviations from the default model 

predictions. These positive and negative differences among the different binaries mostly cancel 

out when the components are combined; thus, the relative deviations turn out to be relatively 

small for the multi-component refrigerant mixtures. 

 
Figure B.8: Heat capacity measurements of 0.5 CO2 + 0.5 R1234yf. a: Absolute cp as a function of T 

(temperature), symbols correspond to the measured values ( 5.09 MPa,  3.50 MPa and 2.07 MPa) 

and the solid coloured lines correspond to the predictions from REFPROP 10. b: Relative deviations of 

the measured cp (using average fitted cell volume) from that calculated using the default model in 

REFPROP 10 (cp,cal) at different pressures ( 5.09 MPa,  3.50 MPa and 2.07 MPa) as a function 

of temperature. 
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Table B.8: Heat capacity cp, and its combined standard uncertainty uc(cp) as a function of 

temperature T and pressure p. At all temperatures, u(T) = 0.2 K, u(x) = 0.005 for binary 

components, and the u(x) for multi-component mixtures are given in the table. 
T/K p/MPa u(p)/MPa cp/ (kJ∙kg-1∙K-1) uc(cp)/(kJ∙kg-1∙K-1) 

0.500 CO2 + 0.500 R32 

272.98 5.00 0.03 1.989 0.036 

282.96 5.00 0.03 2.098 0.038 

292.93 5.00 0.03 2.257 0.041 

253.05 3.52 0.02 1.898 0.034 

263.00 3.52 0.02 1.937 0.035 

272.98 3.52 0.02 2.013 0.036 

223.13 1.50 0.01 1.803 0.033 

233.09 1.50 0.01 1.833 0.033 

243.06 1.50 0.01 1.871 0.034 

0.501 CO2 + 0.499 R134a 

283.08 5.00 0.03 1.682 0.030 

293.02 5.00 0.03 1.744 0.031 

303.02 5.00 0.03 1.833 0.033 

253.01 3.50 0.02 1.567 0.028 

263.00 3.50 0.02 1.581 0.028 

233.07 2.00 0.01 1.504 0.027 

243.02 2.00 0.01 1.526 0.027 

253.02 2.00 0.01 1.567 0.028 

0.500 CO2 + 0.500 R125 

272.99 5.10 0.03 1.531 0.028 

282.93 5.10 0.03 1.587 0.029 

292.90 4.92 0.03 1.732 0.032 

253.04 3.52 0.02 1.440 0.026 

263.00 3.52 0.02 1.487 0.027 

272.97 3.52 0.02 1.541 0.028 

223.13 1.50 0.01 1.352 0.024 

233.08 1.58 0.01 1.370 0.025 

243.05 1.60 0.01 1.421 0.025 

0.499 CO2 + 0.501 R1234yf 

282.94 5.10 0.03 1.508 0.027 

292.92 5.10 0.03 1.579 0.029 

302.89 5.08 0.03 1.681 0.031 

253.02 3.50 0.02 1.416 0.025 

262.99 3.50 0.02 1.456 0.026 

272.95 3.50 0.02 1.487 0.027 

233.06 2.07 0.01 1.378 0.025 

243.04 2.07 0.01 1.409 0.025 

253.02 2.07 0.01 1.433 0.026 

(0.093 ± 0.010) CO2 + (0.477 ± 0.008) R1234yf + (0.430 ± 0.008) R32  

302.98 4.50 0.02 1.610 0.030 

322.90 4.55 0.02 1.817 0.036 

283.04 2.98 0.02 1.502 0.028 

293.04 2.98 0.02 1.560 0.029 

242.69 1.55 0.01 1.361 0.025 

252.64 1.55 0.01 1.379 0.025 

(0.200 ± 0.007) CO2 + (0.200 ± 0.004) R1234yf + (0.200 ± 0.008) R32 + (0.200 ± 0.006) R125 + 

(0.200 ± 0.006) R134a 

302.79 5.00 0.03 1.564 0.030 

322.73 4.90 0.03 1.773 0.035 

272.88 3.58 0.02 1.409 0.026 

302.80 3.58 0.02 1.531 0.029 

252.95 1.50 0.01 1.351 0.025 

262.91 1.50 0.01 1.384 0.026 
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 Modelling 

B.5.2.1 Parameter tuning results 

In this work the number of thermodynamic data available for a given binary mixture was 

limited. Thus, it was only necessary to tune two BIPs from their standard value (unity) to 

achieve acceptable fits to the data. A summary of binary mixture tuning is shown in Table B.9. 

The results of reviewing the literature for the thermodynamic properties of the refrigerant 

mixtures investigated in this work are shown in Table B.10. Almost all of the reported literature 

data were included in the new model fitting. Significant improvements were achieved for the 

mixtures of (R32 + CO2) and (R134a + CO2): the RMS deviations decreased for all the 

properties. For the mixtures of (R125 + CO2) and (R1234yf + CO2), the regression mainly been 

focused on density as the default model was only fit to the VLE data available at the time. For 

all the mixtures, the heat capacity predictions were insensitive to changes in the BIPs.  

Table B.9: Overview of the binary interaction parameters from the Helmholtz energy models 

tuned in this work and implemented as the default in REFPROP 10. The adjustable parameter Fij 

associated with the departure function was not varied for any binary. 

 Default in REFPROP 10 Values after tuning in this work 

System 𝛽𝑇,𝑖𝑗 𝛾𝑇,𝑖𝑗 𝛽𝑣,𝑖𝑗 𝛾𝑣,𝑖𝑗 Fij 𝛽𝑇,𝑖𝑗 𝛾𝑇,𝑖𝑗 𝛽𝑣,𝑖𝑗 𝛾𝑣,𝑖𝑗 Fij 

CO2 + R32 1 0.99782 1 1.0059 0 1 0.992 1 0.9786 0 

CO2 + R134a  1 1.008 1 1 0 1 1 1.016 1.027 0 

CO2 + R125  1.0115 0.96741 1 1 0 1 0.9871 1 1.0311 0 

CO2 + R1234yf  1.017 1 1 1.015 -0.657 1 1 1.125 1.051 -0.657 

 

The quality of the literature VLE data was checked via comparisons of the vapour-liquid 

equilibrium ratio Ki. As a result, not all the literature data were used in the regression process. 

In Figure B.16 and Figure B.18, the tuned models from this work represent the VLE of 

(CO2 + R32) and (CO2 + R125) with small deviations. Fewer outliers can also be observed in 

the corresponding isotherms. In Figure B.17 and Figure B.19 of the SI, for the binaries of 

(CO2 + R134a) and (CO2 + R1234yf), the tuned models exhibit the same quality as the default 

REFPROP 10 models in the isotherms and the deviation plots. For these two mixtures, better 

performance in VLE was not achieved because the default models were tuned to VLE data 

only, while in this work, the models were also tuned to density data.  
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Table B.10: Sources of data for mixtures with the type of reported data, the number of measured 

data (N), the (percentage) RMS deviations between the default and tuned Helmholtz energy 

mixture models calculated using Equations (B.12)-(B.14), and the number of data used for 

tuning in this work (Ntuned). 

Reference Type N RMS (default) Ntuned RMS (tuned) 

CO2 + R32 

Diefenbacher and Türk[37] VLE 9 0.018 8 0.012 

Rivollet et al.[34] VLE 45 0.018 43 0.008 

Stein and Adams [38]  VLE 48 0.009 0 0.019 

Di Nicola et al. [39] VLE 5 0.45 0 0.27 

This work ρ 9 1.08 9 0.15 

Di Nicola et al. [39] ρ 65 1.17 0 0.77 

This work cp 9 3.20 9 2.90 

This work VLE 5 0.018 4 0.008 

CO2 + R134a  

Duran-Valencia et al.[35] VLE 27 0.007 27 0.007 

Lim et al.[40]  VLE 37 0.026 36 0.024 

Silva-Oliver and Galicia-

Luna [41] 

VLE 23 0.017 23 0.016 

This work ρ 7 1.67 7 0.34 

This work cp 8 3.94 8 3.80 

This work VLE 5 0.010 5 0.008 

CO2 + R125  

Di Nicola et al. [39] VLE 5 0.052 3 0.008 

Jeong et al. [42] VLE 19 0.019 15 0.018 

This work ρ 13 1.19 13 0.55 

Di Nicola et al. [39] ρ 65 1.08 65 0.42 

This work cp 9 1.18 9 2.10 

This work VLE 5 0.031 5 0.010 

CO2 + R1234yf  

Juntarachat et al.[36] VLE 65 0.028 54 0.032 

Di Nicola et al. [43] VLE 110 0.20 0 0.21 

This work ρ 12 1.38 12 0.18 

Di Nicola et al. [43] ρ 73 0.91 0 1.02 

This work cp 9 0.83 9 0.84 

This work VLE 5 0.018 5 0.021 

 

Figure B.22 to Figure B.25 in the SI show that the density measurements are not well-

represented by the REFPROP 10 default model. Systematic offsets occur between the 

measurements and the model mainly due to a lack of available density data for the binary 

mixtures during the default model’s development. In this work, for almost all the 

measurements, the density RMS deviations are within the experimental uncertainties because 

density had the highest weighting of all the properties. Significant improvements were achieved 

with deviations having been reduced from (54 to 87) %.  
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For the mixture of (CO2 + R1234yf), the RMS deviation in heat capacity is smaller than the 

experimental uncertainty (1.8 %). A modification in the departure function might significantly 

decrease the deviations in heat capacity. However, there are not enough data to reliably tune 

the departure function and all the adjustable parameters (Fij) remains unchanged from the value 

used in the default model.  

 

B.5.2.2 Validation of the model 

The thermodynamic models were regressed to the binary data detailed above and used without 

further adjustment to predict the properties of the ternary and five-component mixtures at the 

measurement conditions. Interaction parameters have been tuned for most of the other binary 

subsystems by Akasaka (R32 + R1234yf) [44], Al Ghafri et al. (R125 + R1234yf) [7] and 

Lemmon and Jacobsen (R134a + R125, R134a + R32 and R125 + R32) [45]. For the mixture 

of (R134a + R1234yf) there are no thermodynamic property data available in the literature to 

the authors’ knowledge and the default BIPs in REFPROP [9] were used. The statistical results 

of these predictive comparisons are shown in Table B.11. 

 

Table B.11: Summary for the multi-component mixture comparisons, the number of 

measured data, the RMS deviations between the default and tuned Helmholtz energy 

mixture models calculated using Equations. (B.12)-(B.14). 

Property Data points RMS (default) RMS (tuned) 

Ternary mixture 

ρ 6 1.67 0.85 

VLE 8 0.05 0.02 

cp 6 1.15 1.08 

Five-component mixture 

ρ 6 0.79 0.42 

VLE 3 0.005 0.004 

cp 6 1.65 1.68 

 

Compared with the default parameters set used in REFPROP, the densities predicted for the 

multi-component mixtures are significantly improved using the tuned BIPs determined in this 

work. As shown in Table B.11, the deviations decrease by 49 % and 47 % for the ternary and 

five-component mixtures, respectively. The same applies to the VLE results for the ternary 

mixture, where the deviations have decreased by 60 %. The RMS deviation of the VLE results 

was calculated by Equation B.12, where the composition of R32 was used as x1 and y1. The 

deviation of the VLE results from the predictions of default Helmholtz energy mixture model 
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with tuned BIPs are shown in Figure B.9 (a). As can be seen by comparing Figure B.6 and 

Figure B.9 (b) for the five component mixture, the deviations between the VLE data and the 

default model predictions are similar to those between the data and the optimised model. There 

is not much change in the heat capacity predictions, which reflects the situation for the binary 

mixtures that this property is relatively insensitive to the change in BIPs over the measured 

conditions, and it lacks sufficient data to alter the departure functions. 

 

Figure B.9: Deviations (xi-xi,EOS) and (yi-yi,EOS) of the measured compositions from those predicted with 

the Helmholtz energy mixture model using the tuned binary interaction parameters (BIPs) for (a) the 

ternary mixture of (CO2 + R1234yf + R32) and (b) the five-components mixture of [CO2 + R1234yf + 

R32 + R125 + R134a]: CO2 (), R1234yf (▲), R32 (), R125 (), R134a (×). Left axis: filled 

symbols, deviations for liquid; Right axis: empty symbols, deviations for vapour. 

 

B.6 Conclusion 

In this work, new data for the thermodynamic properties of carbon dioxide mixtures with HFCs 

(R32, R125, and R134a) and HFO-1234yf were reported. In summary, the following properties 

were measured: 
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1. Vapour-liquid equilibria (VLE) for twenty binary mixtures of CO2 + [R1234yf, R32, 

R125, R134a] with molar compositions of (10, 20, 30, 50 and 70) % CO2 measured by 

the analytic method (sampling with gas chromatography) at 20 ºC and pressures from 

(0.82 to 4.80) MPa. 

2. Liquid densities of four equimolar mixtures CO2 + [R1234yf, R32, R125, R134a] 

measured by vibrating tube densimetry at temperatures between (-50 and 30) °C and 

pressures from (1.52 to 5.11) MPa. 

3. Liquid heat capacity of four equimolar mixtures CO2 + [R1234yf, R32, R125, R134a] 

by differential scanning calorimetry at temperatures between (-50 and 30) °C and 

pressures between (1.50 and 5.08) MPa. 

In addition to the data collected in this work, literature data for VLE, density, and heat 

capacities were used to tune the mixture parameters in REFPROP 10 and improve the 

prediction of these thermodynamics properties. There were significant improvements in the 

prediction of thermodynamic properties, particularly the density where, for example, the root-

mean-square (RMS) of the relative deviation between the model and the experimental data for 

the (CO2 + R1234yf) mixture was decreased from (1.38 to 0.18) %. The tuned REFPROP 

models were then evaluated in terms of their ability to predict the thermodynamic properties 

of several ternaries and a five-component mixture of HFCs, an HFO, and CO2. The following 

mixtures and properties were measured: 

1. Vapour-liquid equilibria (VLE) of four ternary mixtures of CO2 + R1234yf + R32 with 

respective component compositions of (10, 45, 45) mass%, (20, 40, 40) mass%, 

(30, 35, 35) mass%, and (50, 25, 25) mass% at T = (10, 40) ℃ and an equimolar five-

component mixture of CO2 + R1234yf + R32 + R125 + R134a at T = (0, 40, 60) ℃. 

2. Liquid densities of a ternary mixture of CO2 + R1234yf + R32, with respective 

component compositions of (5, 67, 28) mass % and an equimolar five-component 

mixture of CO2 + R1234yf + R32 + R125 + R134a at temperatures between (-30 and 

50) °C and pressures between (1.43 and 5.07) MPa. 

3. Liquid heat capacities of a ternary mixture of CO2 + R1234yf + R32, with respective 

component compositions of (5, 67, 28) mass % and an equimolar five-component 

mixture of CO2 + R1234yf + R32 + R125 + R134a at temperatures between (-30 and 

50) °C and pressures between (1.50 and 5.00) MPa. 
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The multi-component mixture measurements showed that the tuned REFPROP models give 

significantly better predictions of the refrigerant mixtures’ thermodynamic properties. 

Density predictions were improved by a factor of 2. These improved thermodynamic 

models will help make simulations of refrigeration processes involving these mixtures 

more reliable.  

B.7 Supporting Information 

 Experimental method 

B.7.1.1 GC calibration 

For the GC calibration experiments and also for the five-component VLE experiments, a 

typical gravimetric method was used to find the exact composition of the mixtures prepared 

volumetrically. For this purpose, sample cylinders were used for the preparation of the 

mixtures. As the first step, the sample cylinders were put under vacuum overnight (to reach a 

vacuum level lower than 100 Pa). This was followed by weighing each cylinder 10 times using 

a three-digit balance, leaving them for 24 h, and weighing them again 10 other times. After, 

the desired volume of the first refrigerant (the heavier one) in its subcooled condition was 

injected into the sample cylinder by Teledyne ISCO pumps (260D). The sample cylinder was 

then left for 24 h for temperature and pressure stability, weighed 10 times, left for 24 h, and 

weighed again 10 other times. Subsequently, the second refrigerant was injected into the 

cylinder and the cylinder was weighed using the same process as for the first refrigerant (the 

same procedure was followed for the next refrigerants if there was any). Calculating the 

average weight of each refrigerant injected and using the molar mass of the refrigerant, the 

composition of the fluid in mole percentage was calculated. 

The weights recorded by the balance were also corrected by the air buoyancy effect using the 

following equation: 

𝑊Actual = 𝑊Balance + 𝑉Cylinder × 𝜌Air  B.16 

In Equation B.16, WActual is the corrected weight, WBalance is the weight shown by the balance, 

VCylinder is the volume of the cylinder and ρAir is the density of humid air. VCylinder was calculated 

by the water displacement method and an average value of three measurements was used as 

the volume of the cylinder. The laboratory conditions, including temperature, atmospheric 

pressure, and relative humidity, were recorded during weighing and used to calculate ρa by the 

method reported in P. Giacomo [46]. 
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Table B.12: The GC temperature program for the VLE experiments. 

Experiment GC column GC temperature program 
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Heater Temperature (Inlet) 150 ºC 

Pressure (Inlet) 4.98 psi 

Total Flow (Inlet) 152.5 mL/min 

Septum Purge Flow (Inlet) 1.5 mL/min 

Split Ratio 100/1 

Column Flow 1.5 ml/min 

Temperature (Oven) 60 ºC 

Equilibration Time (Oven) 0 min 

Heater Temperature 
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180 ºC 

Reference Flow (Detector) 15 mL/min 

Makeup Flow 3 mL/min 
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Table B.13: The relative response factors for the GC calibration. 

Experiment  Component  αi 

Binary / Ternary Mixtures 

R32 0.9594 

R134a 0.7047 

R1234yf 0.6239 

R125 0.6612 

5-Component Mixture 

CO2 1.4191 

R32 1.4087 

R134a 1.0319 

R1234yf 1.0070 

 

 

 

Figure B.10: The calibration results used for VLE binary / ternary experiments. 
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Figure B.11: The calibration results used for VLE five-component experiments. 
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a b 

  

Figure B.12: (a) Resonance period of the evacuated tube (𝜏0) at different temperatures and (b) 

deviations of the measured densities for , methane and , propane in this study; and literature 

densities (, methane and , propane) from those calculated using reference EOS implemented in 

REFPROP 10 [39,47–77]. 

 

 

 

Figure B.13: Combined uncertainty with experimental measured densities 
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a 

 

b 

 
c 

 

d 

 

e

 

f 

 

Figure B.14: Pressure and temperature conditions of (a) binary mixture (0.50 R32 + 0.50 CO2), (b) 

binary mixture (0.50 R134a + 0.50 CO2), (c) binary mixture (0.50 R125 + 0.50 CO2), (d) binary 

mixture (0.50 R1234yf + 0.50 CO2), (e) ternary mixture (0.09 CO2 + 0.43 R32 + 0.48 R1234yf) and 

(f) 5-component mixture (0.20 CO2 + 0.20 R32 + 0.20 R1234yf + 0.20 R134a + 0.20 R125) at which 

the density data were measured. Phase envelopes calculated using the default EOS implemented in 

REFPROP 10 [9] are also shown for each mixture. Symbols correspond to:  experimental data; ● 

predicted critical point; ▬▬ predicted phase envelope. 
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Figure B.15: Pressure and temperature conditions of (a) binary mixture (0.50 R32 + 0.50 CO2), (b) 

binary mixture (0.50 R134a + 0.50 CO2), (c) binary mixture (0.50 R125 + 0.50 CO2), (d) binary mixture 

(0.50 R1234yf + 0.50 CO2), (e) ternary mixture (0.09 CO2 + 0.43 R32 + 0.48 R1234yf) and (f) 5-

component mixture (0.20 CO2 + 0.20 R32 + 0.20 R1234yf + 0.20 R134a + 0.20 R125) at which the heat 

capacity data were measured. Phase envelopes calculated using the default EOS implemented in 

REFPROP 10 [9] are also shown for each mixture. Symbols correspond to:  experimental data; ● 

predicted critical point; ▬▬ predicted phase envelope. 
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 Results 

 

Figure B.16: Comparisons of CO2 (1) + R32 (2) VLE results from available experimental data and 

various models: Data and phase envelope at 293.0 K from the EOS in REFPROP 10 [9] using the (a) 

default and (b) tuned binary interaction parameters (BIPs). Deviations are shown of the measured x1 

from those calculated with the default (c) and tuned (d) BIPs. Deviations are shown of the measured y1 

from those calculated with the default (e) and tuned (f) BIPs. Symbols refer to the measurements at 

different pressures, and the solid curves refer to the model predictions. Symbol list: (a) and (b), (, 

blue) Bubble point measured in this work, (, red) Dew point measured in this work (, purple) Bubble 

point from Rivollet et al. [34] (, green) Dew point from Rivollet et al. [34]; (c), (d), (e) and (f): (, 

blue) This work (293 K), (, blue) (283 K), (, purple) (293 K), (, red) (303 K), (, light-green) 

(305 K), (, grey) (313 K), (, black) (323 K), (, brown) (333 K), (, green) (343 K) of Rivollet 

et al. [34], (, blue) (280 K), (, green) (295 K), (, red) (310 K) of Diefenbacher and Türk [78]. 
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Figure B.17: Comparisons of CO2 (1) + R134a (2) VLE results from available experimental data and 

various models: Data and phase envelop at 292.9 K from the EOS in REFPROP 10 [9] using the (a) 

default and (b) tuned binary interaction parameters (BIPs). Deviations are shown of the measured x1 

from those calculated with the default (c) and tuned (d) BIPs. Deviations are shown of the measured y1 

from those calculated with the default (e) and tuned (f) BIPs. Symbols refer to the measurements at 

different pressures, and the solid curves refer to the model predictions. Symbol list: (a) and (b) (, blue) 

Bubble point measured in this work (, red), Dew point measured in this work (∆, purple) Bubble point 

from Duran-Valencia et al. [35] (∆, green) Dew point from Duran-Valencia et al. [35]; (c), (d), (e) and 

(f): (, blue) this work (294 K), (, red) (330 K), (, green) (339 K), (, brown) (354 K) of Silva-

Oliver and Galicia-Luna [41], (, pruple) (323 K), (, light blue) (328 K), (, red) (333 K), (, blue) 

(338 K), (, black) (343 K) of Lim et al. [40], (∆, green) (253 K), (∆, red) (273 K), (∆, black) (293 K) 

of Duran-Valencia et al. [35]. 
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Figure B.18: Comparisons of CO2 (1) + R125 (2) VLE results from available experimental data and 

various models: Data and phase envelop at 302.9 K from the EOS in REFPROP 10 [9]using the (a) 

default and (b) tuned binary interaction parameters (BIPs). Deviations are shown of the measured x1 

from those calculated with the default (c) and tuned (d) BIPs. Deviations are shown of the measured y1 

from those calculated with the default (e) and tuned (f) BIPs. Symbols refer to the measurements at 

different pressures, and the solid curves refer to the model predictions. Symbol list: (a) and (b) (, blue) 

Bubble point measured in this work (, red) Dew point measured in this work; (c), (d), (e) and (f): (, 

blue) This work (303 K), (, light blue) (283 K), (, purple) (293 K), (, green) (299 K) of Di Nicola 

et al. [36], (∆, green) (313 K), (∆, red) (323 K), (∆, black) (333 K) of Jeong et al. [42]. 
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Figure B.19: Comparisons of CO2 (1) + R1234yf (2) VLE results from available experimental data and 

various models: Data & phase envelope at 293.13 K from the EOS in REFPROP 10 [9] using the (a) 

default and (b) tuned binary interaction parameters (BIPs). Deviations are shown of the measured x1 

from those calculated with the default (c) and tuned (d) BIPs. Deviations are shown of the measured y1 

from those calculated with the default (e) and tuned (f) BIPs. Symbols refer to the measurements at 

different pressures, and the solid curves refer to the model predictions. Symbol list: (a) and (b) (, blue) 

Bubble point measured in this work, (, red) Dew point measured in this work, (, purple) Bubble 

point from Juntarachat et al. [36], (, green) Dew point from Juntarachat et al. [36]; (c), (d), (e) and 

(f): (, blue) This work (293 K), (, light blue) (283 K), (, purple) (293 K), (, green) (298 K), (, 

red) (308 K), (, light green) (323 K), (, black) (338 K), (, red) (353 K) of Juntarachat et al. [36]. 
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Figure B.20: Measured (symbols) and predicted (curves) bubble and dew pressures at T=284.1 K and 

T=312.8 K for the CO2 (1) + R1234yf (2) + R32 (3) ternary systems (zR1234yf/zR32=0.45) as a function of 

the measured liquid and vapour mole fractions of each component: (, blue) Bubble point measured in 

this work, (, red) Dew point measured in this work. The dew and bubble curve predictions were made 

with the EOS in REFPROP 10 using the default binary interaction parameters.  
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Figure B.21: Deviations (xi−xi,EOS) and (yi-yi, EOS) from the default Helmholtz energy mixture model for 

the CO2 (1) + R1234yf (2) + R32 (3) ternary systems plotted against the liquid and vapour mole fraction 

of each component. Left axes: (, blue), deviations for liquid; Right axes:, (, red) deviations for 

vapour. Experimental points with an arrow indicating “single phase” are points where the model 

predicts a single phase, but two-phases were measured in this work. 
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Table B.14: Measured VLE data and the estimated uncertainty for the refrigerant mixtures 

CO2 (1) + R32 (2) 

Global composition T/K p/MPa xi u(xi) yi u(yi) 

z1 = 0.1089 ±0.0010 292.53 1.84 0.0931 0.0018 0.2269 0.0041 

z1 = 0.2000 ±0.0020 293.06 2.17 0.1729 0.0023 0.3721 0.0034 

z1 = 0.3116 ±0.0025 293.21 2.58 0.2687 0.0032 0.5059 0.0044 

z1 = 0.6360 ±0.0024 292.67 3.89 0.5945 0.0046 0.7681 0.0040 

z1 = 0.8099 ±0.0017 292.66 4.80 0.8023 0.0016 0.8934 0.0010 

CO2 (1) + R1234yf (2) 

Global composition T/K p/MPa xi u(xi) yi u(yi) 

z1 = 0.0828 ±0.0008 293.08 0.82 0.0619 0.0017 0.2718 0.0054 

z1 = 0.1799 ±0.0011 293.00 1.08 0.1274 0.0018 0.4514 0.0037 

z1 = 0.2836 ±0.0014 292.99 1.39 0.2043 0.0018 0.5835 0.0027 

z1 = 0.4907 ±0.0016 293.02 2.23 0.3992 0.0025 0.7632 0.0016 

z1 = 0.6996 ±0.0013 293.12 3.48 0.6492 0.0024 0.8782 0.0012 

CO2 (1) + R134a (2) 

Global composition T/K p/MPa xi u(xi) yi u(yi) 

z1 = 0.0864 ±0.0006 295.39 0.92 0.0779 0.0015 0.3376 0.0047 

z1 = 0.1856 ±0.0011 293.35 1.24 0.1668 0.0018 0.5528 0.0037 

z1 = 0.2821 ±0.0017 294.52 1.66 0.2497 0.0023 0.6681 0.0025 

z1 = 0.4696 ±0.0018 292.53 2.41 0.4334 0.0027 0.8102 0.0016 

z1 = 0.6939 ±0.0020 292.73 3.38 0.6213 0.0026 0.8884 0.0010 

CO2 (1) + R125 (2) 

Global composition T/K p/MPa xi u(xi) yi u(yi) 

z1 = 0.1073 ±0.0007 302.89 1.84 0.0787 0.0018 0.1641 0.0036 

z1 = 0.2028 ±0.0011 302.85 2.14 0.1456 0.0021 0.2943 0.0038 

z1 = 0.3090 ±0.0014 302.88 2.51 0.2332 0.0024 0.4109 0.0032 

z1 = 0.5485 ±0.0018 302.88 3.62 0.4656 0.0027 0.6495 0.0024 

z1 = 0.7234 ±0.0014 302.91 4.79 0.6720 0.0025 0.7865 0.0018 
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CO2 + R1234yf + R32 

Global composition T/K p/MPa xCO2 u(xCO2) yCO2 u(yCO2) xR32 u(xR32) yR32 u(yR32) xR1234yf u(xR1234yf) yR1234yf u(yR1234yf) 

zCO2 = 0.1292 ±0.0011 

zR32 = 0.6006 ±0.0030 

zR1234yf = 0.2702 ±0.0025 

284.03 1.39 0.1342 0.0011 0.3212 0.0031 0.5971 0.0027 0.5409 0.0027 0.2688 0.0022 0.1379 0.0014 

zCO2 = 0.2688 ±0.0025 

zR32 = 0.5042 ±0.0032 

zR1234yf = 0.2270 ±0.0022 

284.42 1.78 0.2539 0.0029 0.5028 0.0046 0.5160 0.0029 0.3963 0.0030 0.2301 0.0025 0.1009 0.0011 

zCO2 = 0.3985 ±0.0033 

zR32 = 0.4172 ±0.0027 

zR1234yf = 0.1843 ±0.0017 

284.19 2.23 0.3888 0.0038 0.6483 0.0039 0.4250 0.0029 0.2799 0.0025 0.1861 0.0018 0.0718 0.0010 

zCO2 = 0.6195 ±0.0033 

zR32 = 0.2634 ±0.0023 

zR1234yf = 0.1171 ±0.0011 

283.70 3.03 0.6191 0.0043 0.8083 0.0023 0.2691 0.0030 0.1539 0.0017 0.1118 0.0015 0.3265 0.0006 

zCO2 = 0.1292 ±0.0011 

zR32 = 0.6006 ±0.0030 

zR1234yf = 0.2702 ±0.0025 

312.88 2.71 0.1197 0.0015 0.2383 0.0032 0.5970 0.0026 0.5857 0.0029 0.2834 0.0024 0.1760 0.0022 

zCO2 = 0.2688 ±0.0025 

zR32 = 0.5042 ±0.0032 

zR1234yf = 0.2270 ±0.0022 

312.68 3.24 0.2243 0.0022 0.3936 0.0040 0.5233 0.0027 0.4624 0.0028 0.2522 0.0020 0.1440 0.0013 

zCO2 = 0.3985 ±0.0033 

zR32 = 0.4172 ±0.0027 

zR1234yf = 0.1843 ±0.0017 

312.78 3.99 0.3538 0.0032 0.5353 0.0040 0.4387 0.0026 0.3526 0.0025 0.2076 0.0016 0.1121 0.0010 

zCO2 = 0.6195 ±0.0033 

zR32 = 0.2634 ±0.0023 

zR1234yf = 0.1171 ±0.0011 

312.74 5.54 0.5954 0.0037 0.7221 0.0028 0.2844 0.0023 0.2110 0.0018 0.1203 0.0011 0.0669 0.0006 
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CO2 + R1234yf + R32 + R125 + R134a 

   
R125 CO2 R32 

Global composition T/K p/MPa xi u(xi) yi u(yi) xi u(xi) yi u(yi) xi u(xi) yi u(yi) 

zR134a=0.2015 ± 0.0045 

zR1234yf=0.2002±0.0045 

zR125=0.2016 ± 0.0045 

zR32=0.1994 ± 0.0045 

zCO2=0.1974 ± 0.0009 

273.48 0.98 0.2068 0.0008 0.1490 0.0015 0.1812 0.0022 0.4916 0.0036 0.2066 0.0008 0.1971 0.0015 

312.79 2.42 0.2065 0.0005 0.1807 0.0010 0.1607 0.0055 0.3425 0.0022 0.1989 0.0054 0.2155 0.0009 

333.50 3.60 N/A* 0.1915 0.0008 N/A* 0.2644 0.0018 N/A* 0.2130 0.0008 

 

   R134a R1234yf 

Global composition T/K p/MPa xi u(xi) yi u(yi) xi u(xi) yi u(yi) 

zR134a=0.2015 ± 0.0045 

zR1234yf=0.2002±0.0045 

zR125=0.2016 ± 0.0045 

zR32=0.1994 ± 0.0045 

zCO2=0.1974 ± 0.0009 

273.48 0.98 0.2081 0.0012 0.0797 0.0014 0.1974 0.0011 0.0826 0.0014 

312.79 2.42 0.2227 0.0055 0.1303 0.0011 0.2112 0.0055 0.1311 0.0011 

333.50 3.60 N/A* 0.1648 0.0010 N/A* 0.1663 0.0010 

*At 333.5 K, a liquid phase was present but the volume available was insufficient to reliably sample and analyse its composition. 
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Figure B.22: Comparisons of 0.5 CO2 + 0.5 R32 density results for the experimental data measured in 

this work and various models from (a) default and (b) tuned binary interaction parameters (BIPs). 

Deviations are shown of experimental data from those calculated with the default (c) and tuned (d) 

BIPs. Symbols refer to the measurements at different pressures ( 5.00 MPa,  3.50 MPa,  

1.50 MPa and ∆ 1.25 MPa), and the solid curves refer to the model prediction.  
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Figure B.23: Comparisons of 0.5 CO2 + 0.5 R134a density results for the experimental data measured 

in this work and various models from (a) default and (b) tuned binary interaction parameters (BIPs). 

Deviations are shown of experimental data from those calculated with the default (c) and tuned (d) 

BIPs. Symbols refer to the measurements at different pressures ( 5.05 MPa, ∆ 3.98 MPa,  3.55 MPa 

and  2.27 MPa), and the solid curves refer to the model prediction.  
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Figure B.24: Comparisons of 0.5 CO2 + 0.5 R125 density results for the experimental data measured in 

this work and various models from (a) default and (b) tuned binary interaction parameters (BIPs). 

Deviations are shown of experimental data from those calculated with the default (c) and tuned (d) 

BIPs. Symbols refer to the measurements at different pressures ( 5.10 MPa, 3.72 MPa,  

3.59 MPa, + 1.73 MPa, 1.52 MPa and ∆ 1.41 MPa), and the solid curves refer to the model prediction.  
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Figure B.25: Comparisons of 0.5 CO2 + 0.5 R1234yf density results for the experimental data measured 

in this work and various models from (a) default and (b) tuned binary interaction parameters (BIPs). 

Deviations are shown of experimental data from those calculated with the default (c) and tuned (d) 

BIPs. Symbols refer to the measurements at different pressures ( 5.09 MPa,  3.56 MPa and  

2.04 MPa), and the solid curves refer to the model prediction. 
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Figure B.26: Comparisons of 0.09 CO2 + 0.48 R1234yf + 0.43 R32 density results for the experimental 

data measured in this work and various models from (a) default and (b) tuned binary interaction 

parameters (BIPs). Deviations are shown of experimental data from those calculated with the default 

(c) and tuned (d) BIPs. Symbols refer to the measurements at different pressures ( 4.53 MPa,  

3.01 MPa and 1.72 MPa), and the solid curves refer to the model prediction. 
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Figure B.27: Comparisons of (0.20 CO2 + 0.20 R1234yf + 0.20 R32 + 0.20 R125 + 0.20 R134a) density 

results for the experimental data measured in this work and various models from (a) default and (b) 

tuned binary interaction parameters (BIPs). Deviations are shown of experimental data from those 

calculated with the default (c) and tuned (d) BIPs. Symbols refer to the measurements at different 

pressures ( 5.06 MPa,  3.53 MPa and 1.44 MPa), and the solid curves refer to the model 

prediction. 
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Figure B.28: Heat capacity measurements of 0.5 CO2 + 0.5 R32. a: absolute cp as a function of T 

(temperature), symbols corresponds to the measured values ( 5.00 MPa,  3.52 MPa and 

1.50 MPa), and the solid coloured lines correspond to the prediction from REFPROP 10 [9]. b: 

relative deviations of measured cp
 (using average fitted cell volume) from that calculated using the 

default model in REFPROP 10 [9] (cp,EOS) at different pressures ( 5.00 MPa,  3.52 MPa and 

1.50 MPa) as a function of temperature. 

 

 

 

Figure B.29: Heat capacity measurements of 0.5 CO2 + 0.5 R125. a: absolute cp as a function of T 

(temperature), symbols corresponds to the measured values ( 5.04 MPa,  3.52 MPa and 

1.56 MPa), and the solid coloured lines correspond to the prediction from REFPROP 10 [9]. b: 

relative deviations of measured cp
 (using average fitted cell volume) from that calculated using the 

default model in REFPROP 10 [9] (cp,EOS) at different pressures ( 5.04 MPa,  3.52 MPa and 

1.56 MPa) as a function of temperature. 
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Figure B.30: Heat capacity measurements of 0.5 CO2 + 0.5 R134a. a: absolute cp as a function of T 

(temperature), symbols corresponds to the measured values ( 5.00 MPa,  3.50 MPa and 

2.00 MPa), and the solid coloured lines corresponds to the prediction from REFPROP 10 [9]. b: 

relative deviations of measured cp
 (using average fitted cell volume) from that calculated using the 

default model in REFPROP 10 [9] (cp,EOS) at different pressures ( 5.00 MPa,  3.50 MPa and 

2.00 MPa) as a function of temperature. 

 

 

 

Figure B.31: Heat capacity measurements of 0.5 CO2 + 0.5 R1234yf. a: Absolute cp as a function of T 

(temperature), symbols correspond to the measured values ( 5.09 MPa,  3.50 MPa and 2.07 MPa) 

and the solid coloured lines correspond to the predictions from REFPROP 10 [9]. b: Relative deviations 

of the measured cp
 (using average fitted cell volume) from that calculated using the default model in 

REFPROP 10 [9] (cp,EOS) at different pressures ( 5.09 MPa,  3.50 MPa and 2.07 MPa) as a 

function of temperature. 
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Figure B.32: Heat capacity measurements of 0.09 CO2 + 0.48 R1234yf + 0.43 R32. a: absolute cp as a 

function of T (temperature), symbols corresponds to the measured values ( 4.52 MPa,  2.98 MPa 

and 1.55 MPa), and the solid coloured lines correspond to the prediction from REFPROP 10 [9]. b: 

relative deviations of measured cp
 (using average fitted cell volume) from that calculated using the 

default model in REFPROP 10 [9] (cp,EOS) at different pressures ( 4.52 MPa,  2.98 MPa and 

1.55 MPa) as a function of temperature. 

 

 

 

 

Figure B.33: Heat capacity measurements of (0.20 CO2 + 0.20 R1234yf + 0.20 R32 + 0.20 R125 + 0.20 

R134a). a: absolute cp as a function of T (temperature), symbols corresponds to the measured values ( 

4.95 MPa,  3.58 MPa and 1.50 MPa), and the solid coloured lines corresponds to the prediction 

from REFPROP 10 [9]. b: relative deviations of measured cp
 (using average fitted cell volume) from 

that calculated using the default model in REFPROP 10 [9] (cp,EOS) at different pressures ( 

4.95 MPa, 3.58 MPa and1.50 MPa) as a function of temperature. 
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