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Abstract 
With this thesis, I present an experimental study focusing on the provision of 

thermodynamic data of fluids at elevated pressure and temperature conditions. Hereby a 

microcapillary setup that is equipped with an in situ Raman Spectroscopy unit as well as 

with a high-speed camera, was further improved within the scientific employment of the 

author. The setup consists in principle of a fused-silica microcapillary embedded in a heating 

block, which is furthermore connected to high pressure syringe pumps. 

Pure compounds and mixtures were studied with the microfluidic setup and different 

thermodynamic properties were determined. For instance, vapor pressures of 

Poly(oxymethylene) Dimethyl Ethers (OME3 and OME4), a potential class of renewable 

diesel fuels, were the first time measured for temperatures exceeding the atmospheric 

boiling temperature. Hereby the regarded compound is pressurized at constant temperature, 

from what the vapor pressure is determined optically by detecting bubble or film formation, 

indicating the transition from vapor to liquid state. 

The main results of this thesis were however the vapor-liquid equilibria (VLE) of fuel/air-

systems that were determined by in situ Raman Spectroscopy, whereby the Stokes-scattered 

Raman signal can be successfully separated phase-dependently by light barrier technology. 

A further task was the determination of saturated mixture densities of the validation system 

ethanol/CO2.  

With this study, I intend to contribute to the scarce literature data for the studied systems 

and properties. Therewith I want to help to enhance the understanding of microprocesses 

such as the evaporation and mixing formation in diesel combustion engines.  
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Abbreviations and symbols 

symbol description unit 

𝑎 PR-EOS parameter Nm4 ∙ mol−2 

𝐴𝐴𝐷 absolute average deviation % 

𝐴𝐷 absolute deviation % 

𝑏 PR-EoS parameter  m3mol−1

𝑏 Tait parameter variable unit 

𝐵 Tait parameter MPa 

𝑐 Tait parameter variable unit 

𝐶 Tait parameter - 

𝐶2 coefficient of determination - 

𝑑 diameter m 

𝑓 fugacity MPa 

𝑓𝑟 frequency Hz 

𝐹 objective function - 

𝑔𝑘𝑙 pseudo-Voigt parameter - 

𝑔 Molar Gibbs energy kJ mol−1

∆𝑣𝑎𝑝ℎ molar latent heat of vaporization kJ mol−1

𝐻 Henry’s law coefficient MPa 

𝐼 Raman intensity (integrated area) - 

𝑘𝑏 Boltzmann constant 1.380649 ∙ 10−23J K−1

𝑘𝑖𝑗 binary interaction coefficient - 

𝐾𝑖𝑗 binary Raman calibration constant - 

𝐿 adjustable variable - 

𝑚 PC-SAFT parameter (segment diameter) - 

𝑚 mass kg 

𝑛𝑝 number of data points - 

𝑛𝑐 number of compounds - 

𝑛 number (e. g. number of property) - 

𝑁𝐵, 𝑁𝐶 number of Tait parameters - 

𝑀 molar mass kg mol−1

𝑝 pressure MPa, bar 
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𝑝𝑟𝑜𝑝 property - 

𝑟𝑖𝑗 Raman signal ratio - 

𝑅 universal/ideal gas constant 8.31446 J mol−1K−1 

𝑅𝑖𝑗 molar ratio - 

𝑅2 coefficient of determination - 

𝑆 Raman signal - 

𝑡 global fit parameter (film correction) - 

𝑇 temperature K 

𝑢 uncertainty variable unit 

𝑣 molar volume m3mol−1 

𝑉 volume m3 

𝑤 phase-independent mass fraction - 

𝑥 liquid phase mole fraction - 

𝑦 vapor phase mole fraction - 

𝑧 phase-independent mole fraction - 

𝑍 compressibility factor - 

𝛼 PR-EoS pure compound parameter - 

𝜀 PC-SAFT parameter J 

𝜅 PC-SAFT parameter - 

𝜌 density kg m−3 

𝜑 fugacity coefficient - 

𝜔 acentric factor - 

𝜎 PC-SAFT parameter m 

𝜏 PPDS parameter for ∆𝑣𝑎𝑝ℎ - 

𝜆 wavenlength nm 

�̅� Raman shift cm-1 

𝜈 wavenumber cm-1 

𝜇 weighting factor - 

 

Superscript:  

 𝑏: boiling; m: melting; s: at saturation; 𝑣𝑎𝑝: vapor phase; 𝑙𝑖𝑞: liquid phase; exp: 

experimental; cal: calculated; ℎ𝑐, 𝑑𝑖𝑠𝑝, 𝑎𝑠𝑠𝑜𝑐: denotes PC-SAFT contributions; 𝑃𝑅, 𝑃𝐶𝑆: 

referring to PR-EoS or PC-SAFT; *: pure;  
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Subscript: 

𝑎𝑙𝑘: n-alkane; 𝑎: type A; 𝑏: type B; 𝑏𝑢𝑏: bubble; 𝑐: combined (e. g. in 𝑢𝑐); 𝑐𝑦𝑙: cylinder; 

𝑐𝑟𝑖𝑡: critical; 𝐶𝐻 − 𝑠𝑡𝑟, 𝑁2 − 𝑠𝑡𝑟, 𝑂2 − 𝑠𝑡𝑟, 𝑂𝐻 − 𝑠𝑡𝑟: stretching vibrations; 𝑒𝑡ℎ: ethanol; 

𝑘, 𝑙: running variables; 𝑛: repeating units; 𝑜𝑐𝑡: 1-octanol; 𝑟: reduced; sph: spherical; unit: 

unit cell; 𝑣: based on volume; 𝑤: based on weight; 𝑚𝑖𝑥: indicating binary or ternary system; 

𝑟𝑒𝑓: reference condition; 𝑇𝑑: temperature dependent; 𝑂𝑀𝐸: polyoxymethylene dimethyl 

ether; 0: standard / reference condition or variable number; 
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1 Introduction 
How accurately can a chemical plant be designed or a thermodynamic process be modeled? 

One of the answers to this question lies in the thermodynamic data that is considered by the 

engineer for the regarded task. Especially at conditions that deviate from ambient 

temperature and pressure, it can be difficult to find for pure fluids or mixtures either an 

accurate dataset or to choose a suitable model with appropriate input parameters.  

A process that takes place at those elevated conditions is for instance an injection inside a 

diesel combustion chamber, where a fuel that is at the beginning of the process in liquid 

state is heated up, partially evaporated and mixed with the oxidizer air before the fuel/air 

mixture eventually self-ignites. Along these micro processes of injection, heat-up and spray-

formation, different thermodynamic properties are of relevance in order to model and 

understand these phenomena [1,2].  

The determination of thermodynamic data is thus still of high relevance and marks a key 

discipline in Engineering Research [3] due to ongoing process intensification, for the usage 

of new compounds or for the design of all sorts of novel apparatuses [4–6]. 

Thermodynamics per se can be defined as being “the study of energy, including the 

conversion of energy from one into another and the effects that adding or removing energy 

have on a system” [7,8]. In thermodynamics a variety of properties are regarded, that can be 

differentiated by being either intensive, meaning that the property’s magnitude is 

independent of a system’s mass, or extensive with the opposite dependency of the 

beforementioned [7,8].  

In thermodynamic data, which can be also named thermophysical or thermochemical data, 

the properties depend on the studied system, the present temperature and pressure 

conditions, and possibly on the system’s composition. A system can hereby be a single pure 

compound (more clearly: pure substance), or a mixture consisting of two or more 

compounds.  

There is especially a lack of thermodynamic data regarding novel fuels, also referred to as 

e-fuels, that could be synthesized for example by power-to-X production cycles using

renewable energy sources. Those fuels are for example so-called Poly(oxymethylene) 

Dimethyl Ethers or alcohols such as 1-octanol. The lack of data is because these substances 

were not in the focus of researchers providing especially thermodynamic data at elevated 

temperature and pressure conditions, which is the aim of this thesis.  

During my scientific employment at the Institute of Thermal-, Environmental- and 

Resources Process Engineering (ITUN) of the Technische Universität Bergakademie 
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Freiberg (TU BAF), thermodynamic data were determined by the use of a microfluidic 

device. Microfluidics as an alone-standing discipline, mark the carrying out of processes in 

miniaturized systems [9,10], such as capillaries or channels with diameters of typically 𝑑 <

10−3m. There are several advantages arising from the use of microcapillaries compared to

pipes and cells of larger volumes. One of those advantages lies for instance in the easy-to-

achieve optical accessibility, which is especially important for the here carried out optical 

and spectroscopic analysis.  

By using Raman spectroscopy with self-engineered probe heads, compositions at both 

unsaturated and saturated conditions are measured in situ. Thereby it is possible to measure 

accurately the vapor-liquid equilibria of fuel/air systems at elevated pressure and 

temperature conditions, since datasets are here especially scarce in the archival literature. 

Precise calibration measurements and spectral evaluation procedures were applied, while 

for the latter also new methods were developed in order to resolve saturated vapor phase 

spectra that are interfered with by the signal of a liquid film.  

By photo-optical measurements it was moreover possible to determine vapor pressures of 

Poly(oxymethylene) Dimethyl Ethers (OME3 and OME4) at temperatures above the 

atmospheric boiling point and closely up to the critical temperature, which also marked the 

first time that vapor pressure data were determined by the here used microcapillary setup. 

Thermodynamic correlations and models, such as the Peng Robinson Equation of State (PR-

EoS) or the Perturbed Chain Statistical Associating Fluid Theory (PC-SAFT) have been 

furthermore used within this thesis, in order to derive related properties such as the latent 

heat of vaporization or Henry’s law coefficients.  

By connecting both photo-optical and Raman-spectroscopic measurements, it was an 

additional task of this thesis to determine vapor and liquid phase mixture densities. The 

applied experimental procedure is therefore validated for future use.  
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2 State of the art 
This section gives an overview of the archival literature and discusses the motivation for the 

performed experimental studies.   

2.1 Vapor pressure measurements 
For modeling purposes, precise functions of vapor pressure and latent heat of vaporization 

are relevant, especially over the full temperature range up to the compound’s critical 

temperature [11,12]. A large majority of vapor pressure datasets however were measured 

below a compound’s atmospheric boiling point temperature and logically no compounds 

were in the focus that are now being studied for their potential use as an e-fuel.  

Experimental setups that allow the vapor pressure measurements for pressures exceeding 

one atmosphere have been relatively early developed [13,14]. They are in principle based 

on a cell that resists high pressure and temperature conditions. Especially in the time of the 

1960s to 1990s, the vapor pressures and critical properties of a variety of organic compounds 

were precisely studied. For example, the works of Ambrose and Sprake [15,16] or Radosz, 

Lydersen and Tsochev [17,18] can be named hereby. These apparatuses however use 

relatively large amounts of substance, the experiments can result in a potentially long 

experimental time and general setup handling might be difficult. As a consequence, a 

measurement procedure employing a microfluidic setup was developed, with which the 

vapor pressures of pure compounds at elevated temperatures can be determined and the 

experimental time and material consumption are also lower compared to cells. The 

compound class of so-called Poly(oxymethylene) dimethyl ethers (OMEn; H3C − O −

(CH2O)n − CH3) is regarded. These compounds have drawn attention in recent years for

their possible utilization as non-fossil-based fuels in diesel engines [19–21], which is due to 

the potential integration into an electrofuel (e-fuel) production cycle [22–26] and desirable 

diesel characteristics, such as high cetane numbers and soot-free combustion behavior [27–

29]. In this work, the polymers with a repeating unit of 3 and 4 (OME3, OME4) are studied. 

For the usage of OMEn as a diesel fuel, it is of utmost importance to gain knowledge about 

the fuel behavior within the following micro processes: injection, spray formation, fuel/air-

mixture formation, ignition and combustion [30,31].  

The only available dataset of vapor pressures was provided by Richard H. Boyd [32], who 

measured the vapor pressures of these and other Poly(oxymethylene) Dimethyl Ethers, up 

to their atmospheric boiling temperatures. There is furthermore a force field simulation 

carried out by Kulkarni et al.[33], by which the vapor pressures of OME3 were predicted up 
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to a temperature of 543.06 K and in the case of OME4 up to 582.21 K. It is however relevant 

to state that the only vapor pressure dataset that Kulkarni et al.[33] considered for the 

development of their force field is the one of Boyd. The experimental acquisition of 

saturated vapor pressure data, especially for temperatures that exceed the atmospheric 

boiling temperature of the compound, can thus provide the necessary reliable data for the 

earlier mentioned modeling tasks. By using a full temperature range vapor pressure 

correlation, it is furthermore possible to derive therefrom the latent heat of vaporization. 

 

2.2 VLE measurements 
Staying in the context of a fuel injection process, the knowledge of vapor-liquid equilibria 

(VLE) is furthermore relevant regarding the fuel/air phase boundary [34,35]. By accurate 

VLE data, one can relate the amount of air that is dissolving into the fuel-rich liquid droplet 

and vice versa the amount of fuel that is evaporated into the air-rich vapor phase. For the 

determination of elevated pressure and temperature VLE data, mainly pressure cell setups 

can be found in the literature that are technically relatively similar compared to the ones 

mentioned before for vapor pressure data measurements. The same difficulties or 

disadvantages count for those devices. Publications reporting high pressure and high 

temperature VLE data of systems including a fuel and oxygen are however especially scarce, 

due to the potentially ignitable mixture compositions during experimentation. By in situ 

Raman spectroscopy and by microfluidics using only small sample volumes, the personal 

risk and the potential material damage that an explosion would cause is significantly reduced 

compared to high pressure cells.  

Alcohols such as ethanol and 1-octanol are potential drop-in fuels for fossil-based or 

renewable diesel [36–51]. This is mainly due to the possible reduction of particulate matter, 

due to the potentially lowered soot formation during alcohol combustion [51–53], and for 

their possible synthesis by either biomass conversion [54,55] (in the case of ethanol) or by 

power-to-X [56,57] production cycles. The latter counts also for higher n-alkanes, which 

are known as petroleum or fuel ingredients. N-alkanes can be synthesized following the 

routes of Fischer Tropsch chemistry [58].  

Regarding systems that consist of a fuel (here: ethanol, 1-octanol, n-alkane) and a gas (N2, 

O2, synthetic air) there are only scarce data in the archival literature, especially at engine-

relevant pressures in the range of 𝑝 = {1.5 to 9}MPa and for high temperatures.  

For the ethanol/N2 system the only available dataset at elevated pressure, besides 

atmospheric solubility data, is from Fischer and Wilken [59]. Klima and Braeuer were 
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therefore measuring VLE for this specific system [60]. There are furthermore solubility data 

expressed by Henry coefficients, both for the system ethanol/N2 and ethanol/O2, e.g. of 

Schnabel et al. [61] or Malviya and Vrabec [62].  

VLE data of the binary systems 1-octanol/N2, as well as 1-octanol/O2 are available at 

atmospheric conditions for both binary systems [63,64], while data at elevated pressure have 

been only reported for the binary system 1-octanol/N2 by Weng et al. [65] and Lu et al. [66]. 

Lu et al. [66] published liquid phase compositions only, which however deviate from the 

comparable data of Weng et al. [65] (see results section).[67]  

Regarding n-alkane/N2 systems, VLE are investigated with the n-alkane being either n-

tridecane, n-pentadecane, n-hexadecane or n-heptadecane. Unlike for the systems of N2 with 

n-tridecane, n-pentadecane or n-heptadecane, for which VLE data at the here discussed

conditions are not available, datasets of Lin et al.[68], Sultanov et al.[69] and Rowane et 

al.[34] are available in the archival literature for the binary system of n-hexadecane/N2. 

There are further publications of Llave and Chung[70], Gao et al.[71], García-Córdova et 

al.[72] and D’Avila et al.[73] that report VLE data of the binary system n-dodecane/N2, as 

well as of de Leeuw et al.[74] reporting only liquid phase (px) data for the binary system n-

tetradecane/N2. The data that can be regarded for validation are summarized in detail by 

Table 1. The type denotes hereby either saturated liquid and vapor phase data (𝑝𝑥𝑦), 

saturated liquid phase data only (𝑝𝑥) or Henry law coefficients 𝐻. 

Table 1: Data that were regarded for validation of the VLE measurements 

Binary system p / MPa T / K type Reference 

n-hexadecane/N2 2 – 25.5 463 – 703 𝑝𝑥𝑦 Lin et al. [68] 

n-hexadecane/N2 2 – 25.5 423 – 623 𝑝𝑥𝑦 Sultanov et al. [69] 

n-hexadecane/N2 10.9 – 127.6 323 – 536 𝑝𝑥 Rowane et al.[34] 

1-octanol/ N2 1 – 10 333.15 – 453.15 𝑝𝑥𝑦 Weng et al. [65] 

1-octanol/ N2 – 333.15 – 453.15 𝐻 Weng et al. [65] 

1-octanol/ N2 2.495 – 8.369 273.27 – 317.92 𝑝𝑥 Lu et al.[66] 

ethanol/O2 – 273.15 – 473.15 𝐻 Malviya and Vrabec[62] 

ethanol/O2 – 273.15 – 498.15 𝐻 Schnabel et al.[61] 

2.2.1 Spectroscopic determination of fluid phase equilibria 
Methods for the determination of fluid phase equilibria can be very generally classified as 

in a review by Deiters and Schneider [75] published in 1986, defining different types of 

experimental setups that have been developed in order to determine the composition of a 

fluid phase equilibrium. Those are classified as follows: 
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- synthetic methods, where the initial (respectively global) composition of the system is 

precisely known. The temperature and the pressure are adjusted so that the formation of one 

homogeneous phase can be observed. During an experimental run the pressure or the 

temperature is varied until the formation of a new phase is observed. The pressure, the 

temperature and the known mole fraction mark thus a phase equilibrium point.  

- analytical methods, where the initial composition is unknown and the equilibrium 

composition can be determined by sampling or in situ measurements of the two or more 

phases. 

Especially the preparation of the initial mixture for the synthetic method, as well as sampling 

in the case of the analytical method, might be prone to error. As originally stated by Schwedt 

[76] and later cited in a review by Peper and Dohrn [77] “sampling is the step where the 

highest error might occur”. Peper and Dohrn further point out that working steps of which 

sampling is composed of, such as depressurization, might disturb the equilibrium and can 

thus cause an erroneous determination of the equilibrium compositions if not handled 

carefully. It can be derived therefrom that Spectroscopy which allows in situ applications 

can be advantageous to several sampling-dependent techniques, especially at temperatures 

and pressures that differ from ambient conditions.  

The first characterizations of fluid phase equilibria by spectroscopy were the publications 

of Swaid et al. and Nickel et al. [78,79], with both works originating from the same research 

group. In these publications, several systems containing carbon dioxide are studied by in 

situ near-infrared (NIR)-absorption spectroscopy. Schneider was utilizing in consecutive 

works both, in situ NIR- and in situ ultraviolet and visible (UV-VIS)-absorption 

spectroscopy for higher organic molecules and colorants until the early 2000s.  

In the case of in situ Raman spectroscopy it took 12 years after the pioneering publication 

of Diller and Chang [80] in 1980, who reported the quantitative analytical analysis of 

unsaturated natural gas mixtures at elevated pressure, when the method was used by Kaiser 

et al. for the determination of VLE [81]. The reader might generally wonder, why the earlier 

mentioned, conventional measurement techniques still exist, if the preparation (synthetic 

method) or sampling (analytical method) can be avoided with remotely working 

spectroscopic techniques. The reason lies in the precise calibration that is necessary before 

a spectroscopic method can qualify for the quantification of fluid phase equilibria of 

unknown mixtures. Uncertainties in the calibration procedure can thus cause errors that 

might be similar or larger compared to mixture preparation (synthetic method) or sampling 

(analytical method).  
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2.2.2 Raman spectroscopy coupled microfluidic devices 
Microfluidic devices for the determination of thermodynamic data are in general still 

relatively novel, especially when they are coupled with Raman spectroscopy. Comparable 

microfluidic setups that are equipped with an in situ Raman spectroscopy unit for the 

determination of fluid phase equilibria (such as LLE and VLE) are relatively scarce in 

literature. Setups were recently used by Liebergesell et al. [82,83], Liu et al. [84] or Wang 

et al. [85–87] for the determination of VLE respectively solubility data, as well as by Thien 

et al. [88,89] and Kasterke et al. [90] for measurements of liquid-liquid equilibria (LLE). 

The first study carried out with an in situ Raman spectroscopy coupled microfluidic device 

by the research group of this thesis’ supervisor, dates back to the years 2014 and 2015. 

Luther et al. [91,92] determined the VLE of the ethanol/CO2 system at elevated pressure 

conditions. Hereby the Raman signal is taken selectively from either the saturated vapor or 

the saturated liquid phase. The light barrier technology with which the phase-selective 

measurement is realized was later on improved by Klima and Braeuer [60] with the 

introduction of a pulsed fiber switch. This principle is in detail explained in the sections that 

deal with the experimental setup since the light barrier system is unchanged since then.  

Klima and Braeuer [60] introduced furthermore an approach to correct the spectra of the 

saturated vapor phase from the signal contribution that stems from a liquid film that 

surrounds the vapor slugs / bubbles (see details in 4.2.2). It was also applied in this thesis 

for the VLE study of ethanol/N2/O2 systems (see Figure 1). Hereby the phase-dependency 

of the OH-stretching vibration band is exploited. While the OH-stretching vibration band is 

typically broad in spectra of the liquid phase, it is a sharp peak in spectra of the vapor phase. 

This is a direct result of the hydrogen bonding of ethanol molecules in the liquid state.  

Figure 1: Correction of liquid film contribution for the system ethanol/N2/O2 at 𝑇 = 373 K and 𝑝 = 6.5 MPa 
[93]
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By this method, the corresponding (same 𝑝 and 𝑇) saturated liquid phase spectrum 

𝑆𝑂𝐻−𝑠𝑡𝑟−𝑙𝑖𝑞
𝑙𝑖𝑞,𝑠  is fitted by iterating the fit parameter 𝑡 in least-squares sense, to the spectral 

range inside the film-influenced saturated vapor phase spectrum 𝑆𝑂𝐻−𝑠𝑡𝑟−𝑙𝑖𝑞
𝑣𝑎𝑝,𝑠,𝑓𝑖𝑙𝑚  where the 

liquid OH-stretch vibration band would appear.  

 

𝑆𝑂𝐻−𝑠𝑡𝑟−𝑙𝑖𝑞
𝑣𝑎𝑝,s,𝑓𝑖𝑙𝑚

= 𝑡 ∙ 𝑆𝑂𝐻−𝑠𝑡𝑟−𝑙𝑖𝑞
𝑙𝑖𝑞,𝑠  (1) 

 

As it can be seen in Figure 1 the signal contribution of the liquid film can thus be quantified 

in the relevant range of the CH-stretch vibration. The corrected saturated vapor phase 

spectrum 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑠  (red dotted lines) can thus be obtained by the subtraction of the film-

influenced vapor phase spectrum 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑠,𝑓𝑖𝑙𝑚 (red lines) and the fitted saturated liquid phase 

spectrum 𝑡 ∙ 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑠  (blue dashed lines).  

 

𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑠

= 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,s,𝑓𝑖𝑙𝑚

− 𝑡 ∙ 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑙𝑖𝑞,𝑠  (2) 

 

The other spectral parts where the N2- and O2-stretch vibrations appear do not have to be 

corrected, since the film-influence is there only marginal (counts also for the other systems 

studied). In general, this film-correction method can however be regarded critically, since 

the OH-stretching band causes a poorer signal compared to the CH-stretching vibration band 

for instance. This causes a fit in a spectral regime where the signal-to-noise ratio is relatively 

low (compare spectral noise in the OH-stretching vibration band regime in Figure 1). It is 

furthermore clear that this approach is only applicable to OH-group containing molecules, 

such as alcohols, water or ammonia. In the case of n-alcohols however, the signal of the 

OH-stretch vibration band becomes weaker with increasing carbon chain length. Due to the 

given reasons, other methods for the correction of the film-influence were developed and 

introduced that are not any longer dependent on the OH-group.  

 

2.3 Mixture density measurements 
The accurate determination of the saturated mixture densities marks a challenging task due 

to the difficulties that arise from the precise volume determination. Hübner and Minceva 

[94,95] introduced recently a microfluidic platform that allows the determination of liquid-

liquid equilibria (LLE) compositions, as well as the saturated mixture densities of the ternary 

system water/acetone/toluene. The densities are determined by a micro density meter. This 
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experimental approach of Hübner and Minceva is however based on a parallel flow pattern, 

which is formed by two liquid phases in a rectangular capillary. Since such a microfluidic 

flow pattern cannot be obtained for an asymmetric system such as ethanol/CO2 and since 

the microfluidic setup is limited in pressure and temperature conditions, we developed the 

here introduced experimental approach (compare section 4.2.3). The experimentally 

obtained saturated densities can be compared to available literature data listed in Table 2. 

Unsaturated densities or saturated densities at low temperatures were not regarded.  

 

Table 2: Available literature data reporting saturated liquid and vapor phase densities for binary system 
ethanol/CO2 

p / MPa T / K type Reference 

1 – 8 291 – 313 𝜌𝑠,𝑙𝑖𝑞 , 𝜌𝑠,𝑣𝑎𝑝 Chang et al. [96,97] 

1 – 6 303, 328 𝜌𝑠,𝑙𝑖𝑞 , 𝜌𝑠,𝑣𝑎𝑝 Kariznovi et al. [98] 

3.3 – 8.1 291 – 323 𝜌𝑠,𝑙𝑖𝑞  Stievano and Elvassore [99] 

0.1 – 11.2 313 – 343 𝜌𝑠,𝑙𝑖𝑞 , 𝜌𝑠,𝑣𝑎𝑝 Seifried and Temelli [100] 

0.6 – 9.4 313, 328 𝜌𝑠,𝑙𝑖𝑞 , 𝜌𝑠,𝑣𝑎𝑝 Tsivintzelis et al. [101] 

0.8 - 8 291 - 313 𝜌𝑠,𝑙𝑖𝑞 , 𝜌𝑠,𝑣𝑎𝑝 Day et al. [102] 

1.5 – 7.8 308 𝜌𝑠,𝑙𝑖𝑞 , 𝜌𝑠,𝑣𝑎𝑝 Tanaka and Kato [103] 

 

In this work a bubble is assumed to consist of two hemispherical caps and a middle 

cylindrical part. This assumption was also chosen in several other works in the field of 

microfluidics [104–109] for systems such as water/CO2, water/air or 

monoethanolamine/CO2. 
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3 Application oriented fundamentals 
In this chapter, the fundamentals that are necessary for the understanding of this thesis’ 

content are covered. These are separated into thermodynamic fundamentals, microfluidics 

and Raman spectroscopy.  

3.1 Thermodynamic fundamentals  

3.1.1 𝒑𝒗𝑻-behavior and equilibrium conditions 
The relation between the state variables pressure 𝑝, temperature 𝑇 and volume 𝑉 (or its 

intensive quantities 𝑣𝑚 and 𝑣) of a pure compound can be visualized in 𝑝𝑣𝑇-diagrams, 

indicating different thermodynamic states.   

The 𝑝𝑣𝑇-diagram, here for a pure compound that does not feature anomaly (for instance 

carbon dioxide (CO2)), shows this relation three-dimensionally. Pure substances or mixtures 

can generally be in solid, liquid, or vapor state of aggregation (phase) or can coexist for 

constant 𝑝𝑣𝑇-conditions in more than one phase at once, a phenomenon known as “phase 

equilibrium”.  

Figure 2: Three-dimensional 𝑝𝑣𝑇-diagram of a pure compound without anomaly (own artwork) 

While within certain areas two states coexist, such as the vapor-liquid equilibrium (VLE), 

three states are in equilibrium along the triple line. A pure compound is furthermore 

supercritical for conditions exceeding the critical temperature 𝑇𝑐𝑟𝑖𝑡 and critical pressure 

𝑝𝑐𝑟𝑖𝑡. The critical point at the top of the vapor/liquid equilibrium regime is thus on the 

critical isotherm (𝑇 = 𝑇𝑐𝑟𝑖𝑡) and the critical isobar (𝑝 = 𝑝𝑐𝑟𝑖𝑡). From the 𝑝𝑣𝑇-diagram of a 
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pure compound, two major two-dimensional projections can be derived, the 𝑝𝑇- and the 𝑝𝑣-

diagram (see Figure 3). [8,110] 

While in the 𝑝𝑣-diagram the phase equilibrium regimes can be seen as areas like in the 𝑝𝑣𝑇-

diagram, those areas are projected on curves in the case of the 𝑝𝑇 diagram. Since within this 

thesis fluids and thus no solids are specifically regarded [8], vapor/liquid equilibria of pure 

substances are in the further considered, while equilibria including the solid state are not. 

When the vapor and liquid phases are in equilibrium with each other, the terms saturated 

vapor and saturated liquid are used in order to describe this specific condition (compare 

labels in Figure 3). 

Figure 3: Two-dimensional 𝑝𝑣- and 𝑝𝑇-projections of a pure compound without anomaly (own artwork); 
nomenclature for saturated curves from Gmehling et al. [8] 

Three equilibrium conditions are necessary in order to define a phase equilibrium (here: 

VLE), beginning with the chemical equilibrium. It is in principle based on the equivalence 

of Gibbs energies 𝑔 that are equal to the chemical potential 𝜇 for a pure substance. [8] 

𝑔𝑙𝑖𝑞 = 𝑔𝑣𝑎𝑝 (3) 

When combining the chemical equilibrium condition of eqn. (3) with the residual function 

of the Gibbs energy given in eqn. (4), 

(𝑔 − 𝑔𝑖𝑑)𝑇,𝑝 = 𝑅𝑇 ln (
𝑓

𝑝
) = 𝑅𝑇 ln (𝜑) (4) 

wherein 𝑅 is the universal gas constant, 𝑓 is the fugacity and 𝜑 is the fugacity coefficient, 

one can obtain with eqn. (5) the isofugacity criterion. Eqn. (6) can be further simplified and 
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in eqn. (7) can be obtained in case a pure compound is regarded. Therein only the fugacity 

coefficients must be considered.  

 
𝑓𝑙𝑖𝑞 = 𝑓𝑣𝑎𝑝 (5) 

 

𝑝𝜑𝑖
𝑙𝑖𝑞

= 𝑝𝜑𝑖
𝑣𝑎𝑝  (6) 

 

𝜑𝑖
𝑙𝑖𝑞

= 𝜑𝑖
𝑣𝑎𝑝 (7) 

 

A phase equilibrium is furthermore defined by its thermal (considering 𝑇) and mechanical 

equilibrium (considering 𝑝) between the here regarded vapor and liquid phases. [8] 

 
𝑇𝑙𝑖𝑞 = 𝑇𝑣𝑎𝑝 (8) 

 
𝑝𝑙𝑖𝑞 = 𝑝𝑣𝑎𝑝  (9) 

 

For a system consisting of more than one compound 𝑖 (e. g. binary or ternary systems or 

generally speaking: a mixture), phase equilibria are not only described by the state variables 

𝑝, 𝑣, 𝑇, but also by the composition. Composition dependent phase diagrams for mixtures 

are therefore introduced at a later point (compare 3.1.5). In this thesis 𝑧 denotes a phase-

independent mole fraction (see eqn. (10); relating molar amounts of substance 𝑛𝑖), while 𝑦 

and 𝑥 refer specifically to the vapor phase and the liquid phase.  

 

𝑧 =
𝑛𝑖

∑ 𝑛𝑖
𝑛𝑐
𝑖=1

 (10) 

 

The isofugacity criterion introduced with eqn. (5) to (7) for pure compounds, is as follows 

provided for mixtures by eqn. (11). 

 

𝑥𝑖𝜑𝑖
𝑙𝑖𝑞

= 𝑦𝑖𝜑𝑖
𝑣𝑎𝑝 (11) 

 

Mixtures can moreover coexist in equilibria between two phases of the same state, e. g. 

liquid-liquid equilibria or vapor-liquid-liquid equilibria. In this thesis however, the vapor-

liquid equilibria (VLE) of pure compounds, as well as of mixtures are of relevance. 



13 
 

 

Eqn. (7) and (11) which are also known by the expression 𝜑 − 𝜑 approach, are especially 

of relevance for in this work applied equations of state (EoS) modeling (see following 

section). [8,111] 

 

3.1.2 Equations of state (EoS) 
Equations of state (abbreviation: EoS) are thermodynamic models that relate the state 

variables 𝑝, 𝑇 and 𝑣 with each other. Since the introduction of the first EoS in 1873 by the 

later Nobel prize winner van der Waals [112,113], a large number of models were 

introduced, as well as extensions and modifications of those [114]. The majority of these 

models are cubic in respect to the molar volume 𝑣 (see relation to density by eqn. (12)) or 

the compressibility factor 𝑍 (see eqn. (13)), just like the van der Waals equation. 

 

𝜌 =
𝑀

𝑣
 (12) 

 

 

 

The cubic character of these EoS results for instance in obtaining three solutions for the 

saturated molar volume 𝑣𝑠, as illustrated in Figure 4 for CO2 at 𝑇 = 278.15K, whereas the 

isotherm predicted by the ideal gas law does not approach a liquid phase regime.  

 
Figure 4: 𝑝𝑣-diagram showing the isotherms of CO2 at 278.15 K predicted by the PR-EoS (passing through 
the vapor phase, vapor-liquid two phase region and liquid phase) and by the ideal gas law 

𝑍 =
𝑝𝑣

𝑅𝑇
 (13) 
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One of the most successful cubic EoS was introduced by Peng and Robinson [115] in its 

original form in the year 1976, which is since then of high relevance for all sorts of fluid 

processes, especially due to its capability in modeling fluid phase equilibria.  

The equation that is abbreviated PR-EoS has been used for modeling in the publications 

[67,93,116] that led to this thesis and is expressed in respect to the pressure 𝑝 as, 

 

𝑝 =
𝑅 ∙ 𝑇

𝑣 − 𝑏
−

𝑎

𝑣 ∙ (𝑣 + 𝑏) + 𝑏 ∙ (𝑣 − 𝑏)
 (14) 

 

with 𝑎 and 𝑏 being the PR-EoS parameters. These parameters are in this work calculated 

according to the van der Waals one fluid mixture rule (vdW1).  

 

𝑎 = ∑ ∑ 𝑎𝑖𝑗

𝑛𝑐

𝑗=1

𝑛𝑐

𝑖=1

∙ 𝑧𝑖 ∙ 𝑧𝑗  ; 𝑏 = ∑ 𝑏𝑖𝑖 ∙ 𝑧𝑖

𝑛𝑐

𝑖=1

 (15) 

 

𝑎𝑖𝑗 = √𝑎𝑖𝑖𝑎𝑗𝑗 ∙ (1 − 𝑘𝑖𝑗
𝑃𝑅) (16) 

 

Therein 𝑘𝑖𝑗
𝑃𝑅 is a binary interaction coefficient between compound 𝑖 and compound 𝑗. The 

binary interaction coefficient can be regarded as both, temperature-independent and 

temperature-dependent. Regarding the latter, a group contribution model introduced by 

Privat et al. [117] as well as Jaubert and Mutelet [118], which is known under the 

abbreviation PPR78, is employed for in this work studied n-alkane/N2 systems, while in the 

other VLE publications (ethanol/N2/O2 and 1-octanol/N2/O2) 𝑘𝑖𝑗
𝑃𝑅 is a self-adjusted fit 

parameter. The PR-EoS pure-compound parameters are obtained from the critical pressure 

𝑝𝑐𝑟𝑖𝑡 and temperature 𝑇𝑐𝑟𝑖𝑡 by eqn. (17) and (18). 

 

𝑎𝑖𝑖 = 𝑎𝑐𝑟𝑖𝑡,𝑖 ∙ 𝛼𝑖 = 0.457235
𝑅2𝑇𝑐𝑟𝑖𝑡,𝑖

2

𝑝crit,i

∙ 𝛼𝑖 (17) 

 

𝑏𝑖𝑖 = 0.077796
𝑅𝑇𝑐𝑟𝑖𝑡,𝑖

𝑝𝑐𝑟𝑖𝑡,𝑖

 (18) 

 

Therein 𝛼𝑖 is calculated by the original functions from 1976 (see eqn. (19); for publications 

[67,93,116]), except for the VLE study of the n-alkane/N2 study, wherein the PPR78 is 

applied that uses a modified function for longer chain molecules introduced by Peng and 

Robinson in 1978 [119] (see eqn. (20); for publication: [120]).  
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𝛼𝑖 = [(1 + (0.37464 + 1.54226𝜔𝑖 − 0.26992𝜔𝑖
2)(1 − 𝑇𝑟,𝑖

0.5)]
2

 (19) 

 

𝛼𝑖 = [(1 + (0.379642 + 1.48503𝜔𝑖 − 0.164423𝜔𝑖
2 + 0.016666𝜔𝑖

3)(1 − 𝑇𝑟,𝑖
0.5)]

2
; 

for 𝜔𝑖 > 0.491; for 𝜔𝑖 < 0.491 see eqn.  before 
(20) 

 

In the 𝛼-functions 𝑇𝑟 is the reduced temperature (𝑇𝑟 = 𝑇 ∙ 𝑇𝑐𝑟𝑖𝑡
−1 ). If a pure compound is 

considered, as in the work regarding the OMEn [116], eqn. (15) and (16) simplify to 𝑎 = 𝑎𝑖𝑖 

and 𝑏 = 𝑏𝑖𝑖. Another group of EoS is formed by models that consider the statistical 

associating fluid theory, in short: SAFT. Here the Perturbed Chain variation (PC-SAFT) is 

used which is expressed in terms of the compressibility factor,  

 
𝑍 = 1 + 𝑍ℎ𝑐 + 𝑍𝑑𝑖𝑠𝑝 + 𝑍𝑎𝑠𝑠𝑜𝑐 (21) 

 

by the sum of different contributions according to Gross and Sadowski [121,122]. In eqn. 

(21) 𝑍ℎ𝑐 denotes the hard-chain term, 𝑍𝑑𝑖𝑠𝑝 the dispersion term and 𝑍𝑎𝑠𝑠𝑜𝑐  the contribution 

due to association. For non-associating molecules (n-alkanes, N2 or O2) the associating term 

becomes 𝑍𝑎𝑠𝑠𝑜𝑐 = 0, since those molecules are solely defined by the number of segments 

per chain 𝑚, the segment diameter 𝜎 and the depth of the pair potential 𝜀/𝑘𝑏, with 𝑘𝑏 being 

the Boltzmann constant [67]. According to the 2B scheme defined by Huang and Radosz 

[123], two further pure-compound parameters are necessary for the associating interactions 

of alcohols, such as 1-octanol [67].  

These are 𝜀𝐴𝑖𝐵𝑖/𝑘𝑏 as the association energy and 𝜅𝐴𝑖𝐵𝑖 as the effective association volume 

between the association sites (𝐴 of molecule 𝑖 and 𝐵 of molecule 𝑖). The mixing rules are 

provided by eqn. (22) and (23), with 𝑘𝑖𝑗
𝑃𝐶𝑆 being a temperature-dependent or temperature-

independent binary interaction coefficient (analog to the PR-EoS). Logically, mixing rules 

do not have to be applied in case a pure compound is regarded.  

 

𝜎𝑖𝑗 =
1

2
(𝜎𝑖 + 𝜎𝑗) (22) 

 

𝜀𝑖𝑗 = (𝜀𝑖 ∙ 𝜀𝑗)
0.5

∙ (1 − 𝑘𝑖𝑗
𝑃𝐶𝑆) (23) 

 

Methods on how to fulfill the isofugacity criterion, more detailed PC-SAFT equations for 

the calculations of the different contributions, as well as more detailed equations for 

obtaining the fugacity coefficient, are here for simplicity not further provided.  
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Besides the PR-EoS and PC-SAFT, the Wagner and Span EoS [124] is applied in this work, 

especially for the density calculations of carbon dioxide (CO2). The data can be however 

directly extracted from the NIST pure fluids database [125] and therefore no equations are 

here given.  

While both PC-SAFT and the PR-EoS can provide accurate results for the molar volume of 

the unsaturated and saturated vapor phase, large errors can result from predicting the 

saturated molar volume of the liquid phase 𝑣𝑙𝑖𝑞, especially with a cubic equation like the 

PR-EoS. Even if the PR-EoS is extended by a Péneloux-style volume translation [126], the 

predicted liquid densities might be still inappropriate. For this specific reason, density 

correlations are in most cases a good choice to reproduce accurately liquid phase densities 

at least for pure compounds.  

Equations of state can be also considered for the calculation of Henry’s law coefficients, 

which describe the temperature-dependent solubility of a considerable low-density 

compound 𝑗 (here e.g.: N2/O2) in a saturated liquid phase that is rich in the high-density 

compound 𝑖 (here e.g.: 1-octanol, ethanol or n-alkane). The Henry’s law coefficient is 

calculated as follows,  

 

𝐻𝑗−𝑖 = lim
𝑥i→1

𝑝→𝑝𝑖
𝑠

[
𝑓𝑗

𝑠,𝑣𝑎𝑝

1 − 𝑥𝑖

] (24) 

 

wherein 𝑥𝑖 denotes the mole fraction of 𝑖 in the saturated liquid phase, 𝑝𝑖
𝑠 the saturated vapor 

pressure of compound 𝑖 and 𝑓𝑗
𝑠,𝑣𝑎𝑝 the fugacity of compound 𝑗 (N2/O2) in the saturated vapor 

phase, that can be computed by an EoS. According to Gmehling et al., “Henry’s law is 

exactly valid only for the case where the partial pressure is identical to the vapor pressure 

of the solvent” [8]. The application of the Henry constant should thus be restricted only to 

low concentrations of the solute 𝑗, but is however also applied for conditions diverging from 

the beforementioned.  

 

3.1.3 Density correlations 
Various approaches exist for the calculation of liquid phase densities, respectively liquid 

phase molar volumes, at both, saturated and unsaturated conditions. With the general 

relationship between molar volume and density already introduced in eqn. (12), most 

correlations regard the liquid density 𝜌𝑙𝑖𝑞 instead of the liquid molar volume 𝑣𝑙𝑖𝑞. An 
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exception is the Rackett Spencer and Danner equation for liquids at saturation [127–130] 

that in its simplified and recently used form [8,26] is expressed by eqn. (25),   

 

𝑣𝑠,𝑙𝑖𝑞 =
𝐿0

𝐿1
1+(1−𝑇𝑟)𝐿2

∙ 10−6 m3mol−1 (25) 

 

wherein 𝐿0 to 𝐿2 are adjustable parameters and 𝑇𝑟 is the reduced temperature. Its 

applicability to polar compounds such as ethers, esters and alcohols, was discussed in detail 

by Spencer and Adler [129]. Another important liquid density correlation is the Tait 

equation [8], which covers liquids at both saturated and unsaturated state and allows 

furthermore the application to mixtures by mixing rules (not regarded however in this 

thesis). The Tait equation is written as follows, 

 

𝜌(𝑇, 𝑝, 𝑐, �⃗⃗�) =
𝜌(𝑇, 𝑝𝑟𝑒𝑓(𝑇))

1 − 𝐶(𝑇, 𝑐)ln [
𝐵(𝑇, �⃗⃗�) + 𝑝 

𝐵(𝑇, �⃗⃗�) + 𝑝𝑟𝑒𝑓(𝑇)
]

 
(26) 

 

with 𝐵(𝑇, �⃗⃗�) and 𝐶(𝑇, 𝑐) being defined as,  

 

𝐶(𝑇, 𝑐) = ∑ 𝑐𝑖 [
𝑇 − 𝑇0

100
]

𝑖
𝑁𝐶

𝑖=0

;  𝑐 = {𝑐𝑖} = {𝑐0, … , 𝑐𝑁𝐶
} (27) 

 

𝐵(𝑇, �⃗⃗�) = ∑ 𝑏𝑖 [
𝑇 − 𝑇0

100
]

𝑖
𝑁𝐵

𝑖=0

;  �⃗⃗� = {𝑏𝑖} = {𝑏0, … , 𝑏𝑁𝐵
} (28) 

 

wherein 𝑐𝑖, 𝑏𝑖 and 𝑇0 (with condition 𝐶(𝑇0) = 𝑐0 and 𝐵(𝑇0) = 𝑏0) are adjustable parameters 

and with 𝑝𝑟𝑒𝑓(𝑇) = 0.1013 MPa (for 𝑇 < 𝑇𝑏) or 𝑝𝑟𝑒𝑓(𝑇) = 𝑝𝑠 (for 𝑇 > 𝑇𝑏). Therein 𝑏𝑖 

should not be mistaken for the earlier introduced PR-EoS parameter.  

The vapor phase density (at both unsaturated and saturated state) of a pure compound or a 

binary system can be well described even for relatively polar compounds (e. g. alcohols) by 

a cubic EoS, such as the PR-EoS. There are however correlations, such as the one described 

by Dillon and Penoncello for the saturated vapor phase density of ethanol. [131] 
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3.1.4 Clapeyron equation and vapor pressure correlations 
The vapor pressure curve of pure compounds ending on the critical point, as shown in the 

𝑝𝑇 diagram in the right part of Figure 3, can be expressed by the equation of Clapeyron,  

 

∆𝑣𝑎𝑝ℎ = (𝑣𝑠,𝑣𝑎𝑝 − 𝑣𝑠,𝑙𝑖𝑞) ∙
d𝑝𝑠

d𝑇
∙ 𝑇 (29) 

 

which relates the latent heat of vaporization ∆𝑣𝑎𝑝ℎ, with the saturated molar volumes of the 

vapor and liquid phases 𝑣𝑠,𝑣𝑎𝑝 and 𝑣𝑠,𝑙𝑖𝑞, as well as with temperature 𝑇 and saturated vapor 

pressure 𝑝𝑠 [8]. Clausius introduced the assumptions to neglect 𝑣𝑠,𝑙𝑖𝑞, due to 𝑣𝑠,𝑣𝑎𝑝 ≫

𝑣𝑠,𝑙𝑖𝑞, and further the description of the saturated vapor molar volume by the ideal gas law. 

These simplifications that lead to eqn. (30), 

 

∆𝑣𝑎𝑝ℎ =
𝑅𝑇2

𝑝𝑠
∙

d𝑝𝑠

d𝑇
 (30) 

 

are well suitable for conditions up to the atmospheric boiling point of a pure compound 

[132,133], but can lead to errors for temperatures and pressures above. For conditions 

exceeding the atmospheric boiling point and for the case that associating compounds are 

regarded, the use of eqn. (29) is recommended [8]. For the computation of ∆𝑣𝑎𝑝ℎ(𝑇), both 

𝑣𝑠,𝑣𝑎𝑝 and 𝑣𝑠,𝑙𝑖𝑞 have to be accurately described. While the latter can be expressed by a 

density correlation, 𝑣𝑠,𝑣𝑎𝑝 can be computed by an EoS. The slope of the vapor pressure 

curve can be either obtained by an EoS, or by a vapor pressure correlation, such as the 

extended Antoine equation that is provided as follows.  

 

ln (
𝑝𝑠

𝑝0

) = 𝐿0 +
𝐿1

𝑇
𝑇0

+ 𝐿2

+ 𝐿3 ∙
𝑇

𝑇0

+ 𝐿4 ∙ ln (
𝑇

𝑇0

) + 𝐿5 ∙ (
𝑇

𝑇0

)
𝐿6

 (31) 

 

The temperature 𝑇 has therein the unit K and the pressure 𝑝 is given in bar. The reference 

conditions are 𝑝0 = 1 bar and 𝑇0 = 1 K and the parameters 𝐿0 to 𝐿6 are adjustable. There 

are several other vapor pressure functions, such as the Tchebychev polynomial correlation 

or the Wagner correlation. The latter is especially interesting since it is dependent on the 

critical point of the regarded pure compound (see eqn. (32)). [8] 

 



19 
 

 

ln (
𝑝𝑠

𝑝𝑐𝑟𝑖𝑡

) =
1

𝑇𝑟

∙ [𝐿0(1 − 𝑇𝑟) + 𝐿1(1 − 𝑇𝑟)1.5 + 𝐿2(1 − 𝑇𝑟)3 + 𝐿3(1 − 𝑇𝑟)6] (32) 

 

 For the calculation of ∆𝑣𝑎𝑝ℎ it has to be taken care of that in the near-critical region the 

difference of molar volumes and thus the Clapeyron predicted heats of vaporization can be 

erroneous. As described by Gmehling et al. [8] this inaccuracy can be avoided if the latent 

heat of vaporization is fitted by the PPDS correlation (see eqn. (33); for 𝑇𝑟 < 0.975), which 

can then be extrapolated up to the critical temperature. Therein 𝜏 is defined by eqn. (34). 

[116] 

 

∆𝑣𝑎𝑝ℎ = 𝑅 ∙ 𝑇𝑐𝑟𝑖𝑡(𝐿0 ∙ 𝜏
1
3 + 𝐿1 ∙ 𝜏

2
3 + 𝐿2 ∙ 𝜏 + +𝐿3 ∙ 𝜏2 + 𝐿4 ∙ 𝜏6) (33) 

 
𝜏 = 1 − 𝑇𝑟 (34) 

 

3.1.5 Vapor-liquid phase diagrams 
With the equilibrium conditions described and the relevant equations and correlations given, 

VLE and their surrounding unsaturated regimes can be presented in phase diagrams that are 

of relevance in this study. If the 𝑝𝑇-diagram of the binary system ethanol/CO2 is regarded 

(see Figure 5), the VLE is located between the saturated vapor pressure curves of the pure 

compounds as well as the critical locus.  

  
Figure 5: 𝑝𝑇-phase envelop of ethanol/CO2 binary system; critical loci data from Ziegler and Dorsey [137]; 
the vapor pressure curves are calculated by the Wagner equation using data of Gmehling et al. [8] (see eqn. 
(32)) 
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The latter consists of an infinite number of mixture critical pressures that depend not only 

on temperature, but also on the composition of the binary system. The critical locus curve 

does thus span the VLE for the ethanol/CO2 system up to mixture’s critical pressures 

𝑝𝑐𝑟𝑖𝑡,𝑚𝑖𝑥 that exceed 𝑝𝑐𝑟𝑖𝑡 of the pure compounds by far.  

There are however a variety of possibilities regarding the shape of critical loci, due to large 

differences in mixtures’ fluid phase behavior. For the complexity of this specific topic, a 

classification considering six different types has been provided by van Konynenburg and 

Scott which is based on the van der Waals EoS [134,135]. Deiters and Kraska carried out a 

deep review in the field of high pressure fluid phase equilibria [136]. The considerations 

and classifications regarding the critical locus described therein, are by far more detailed 

than the relatively simple one provided by van Konynenburg and Scott and are therefore not 

further discussed at this point.  

The above illustrated 𝑝𝑇-diagram of the binary system ethanol/CO2 lacks however 

information on the composition. The VLE of binary systems are therefore visualized in 

isothermal 𝑝𝑥𝑦- and isobaric 𝑇𝑥𝑦-diagrams, that are here obtained by the PR-EoS (see 

Figure 6), showing the lines of the saturated liquid (bubble point curves) and saturated vapor 

phase (dew point curves) that define the vapor-liquid equilibrium regime.  

 
Figure 6: 𝑝𝑥𝑦- and 𝑇𝑥𝑦-diagram of the binary system ethanol/CO2; calculated with the PR-EoS 

 

The differences in the shape of the VLE can be explained, if the critical properties of ethanol 

(𝑇𝑐𝑟𝑖𝑡 = 514.6K; 𝑝𝑐𝑟𝑖𝑡 = 6.23MPa) and CO2 (𝑇𝑐𝑟𝑖𝑡 = 304.2K; 𝑝𝑐𝑟𝑖𝑡 = 7.38MPa) are 

considered. While the isothermal VLE of 𝑇 = 293.15K and the isobaric VLE of 𝑝 = 4MPa 

reach both the vertical axis at 𝑧𝑒𝑡ℎ = 1 and 𝑧𝐶𝑂2
= 1 (equals 𝑧𝑒𝑡ℎ = 0), the same does not 

count for the other shown VLE. Regarding the 𝑝𝑥𝑦-diagram, the VLE of 𝑇 = 333.15K and 
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𝑇 = 373.15K exceed 𝑇𝑐𝑟𝑖𝑡,𝐶𝑂2
 and thus the pure compound (𝑧𝐶𝑂2

= 1) cannot exist in 

saturated liquid and vapor state for the given isotherms. 

These mixture critical points define the beforementioned critical locus curve (compare 

Figure 5) and can be also seen in the 𝑇𝑥𝑦-diagram for the VLE of 𝑝 = 8MPa and 𝑝 =

12MPa. Since both 𝑝𝑐𝑟𝑖𝑡,𝑒𝑡ℎ and 𝑝𝑐𝑟𝑖𝑡,𝐶𝑂2
 are below these pressures, both pure compounds 

can there not exist at saturated state and thus the VLE form and “island-like” shape in the 

𝑇𝑥𝑦 diagram. [8]  

As for the illustration of the saturated composition of VLE before, density curves are 

furthermore of relevance in this thesis and are therefore discussed in the following. If pure 

compounds are regarded, the density curves of the saturated liquid and vapor phase merge 

in the critical density 𝜌𝑐𝑟𝑖𝑡, which is visualized for ethanol and CO2 in the left diagram of 

Figure 7.  

 
Figure 7: The saturated vapor and liquid phase densities and critical densities of the pure compounds ethanol 
and CO2 (left); logarithmic illustration of the unsaturated liquid and vapor phase densities of ethanol and CO2 

along the 303.15K isotherm (right); data for CO2 obtained by the Wagner and Span EoS; 𝜌𝑒𝑡ℎ
𝑠.𝑙𝑖𝑞  and 𝜌𝑒𝑡ℎ

𝑙𝑖𝑞  by 
Tait equation, 𝜌𝑒𝑡ℎ

𝑠.𝑣𝑎𝑝 by Dillon and Penoncello and 𝜌𝑒𝑡ℎ
𝑣𝑎𝑝 by PR-EoS 

 
Figure 8: Saturated liquid and vapor phase mixture densities of binary system ethanol/CO2 along an isobar of 
4MPa (left) and saturated liquid and vapor phase mixture densities along an isotherm of 333.15K (right); 
compare VLE diagrams in Figure 6; calculated by the PR-EoS (just for illustration) 
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Densities at unsaturated state, indicating the saturated state and vapor-liquid phase boundary 

by a strong density increase, are shown for the same compounds in the right logarithmic 

diagram of Figure 7. In Figure 8 the saturated liquid and vapor phase mixture densities of 

the binary system ethanol/CO2 are illustrated. Hereby the earlier shown VLE diagrams can 

be considered for understanding the trend of the curves.  

3.2 Microfluidics 
Microfluidics is a relatively novel interdisciplinary field and can be defined according to 

Whitesides [138] as being “the science and technology of systems that process or manipulate 

small (10-9 to 10-18 liters) amounts of fluids, using channels with dimensions of tens to 

hundreds of micrometers.” Whitesides further points out that for instance, chemical 

analytical techniques belong to the parental group of microfluidics, as gas phase 

chromatography (GPC), high pressure liquid chromatography (HPLC) and capillary 

electrophoresis (CE) are carried out in capillary format. [138] 

Microfluidics is of general interest in chemical engineering, due to enhanced heat and mass 

transfer and interfacial phenomena that cannot be observed usually in macroscale systems. 

This results from a high surface-to-volume ratio, as well as short characteristic lengths when 

multiphase flows in microfluidic systems are handled [9,10,139]. For the here used 

microcapillary setup, a characteristic flow of alternating liquid and vapor segments leads to 

a fast diffusion-based equilibration of both vapor and liquid phases. This is especially 

superior compared to pressure cells used for VLE studies where the phase boundary and 

thus the surface area to volume ratio is by magnitudes smaller compared to the same two-

phase system flowing through a microfluidic device.  

Even though there are publications on microfluidics that regard dimensionless numbers, 

such as the Reynolds, Capillary, Bond or Weber numbers, the study when an appropriate 

segmented flow is formed remains an empirical and mostly qualitative task. One example 

for this procedure is for instance the creation of a flow regime map, as provided by Martin 

et al. for the binary system ethanol/CO2 [140] (see Figure 9). Therein different two-phase 

flows can be distinguished from each other. The formation tends to be restricted for that 

specific system on certain pressure and temperature conditions, but depends highly on the 

capillary diameters, flow rates and the mixing design. For that reason, a more academic 

consideration of Taylor Flows as such is here not provided.  
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Figure 9: Flow regime map of Martin et al. for binary system of ethanol/CO2 [140] 

3.3 Raman spectroscopy 
The exposition of matter to electromagnetic radiation yields a variety of measurable effects. 

The interactions between light and matter that are relevant for spectroscopic applications 

are absorption, absorption-emission and scattering. Infrared (IR) spectroscopy and 

ultraviolet/visible (UV-VIS) absorption spectroscopy share hereby the principle of being 

based on the absorption of incident light by a molecule, that releases the absorbed energy 

radiationless. The latter is in contrary to the absorption-emission process, where light is 

emitted when a molecule is falling back from the vibrational ground level of the excited 

electronic state to the electronic ground state.  

According to Braeuer [141] scattering equals a collision between photon and molecule, 

which might help to better understand the differences to the other named processes. 

Scattering is generally different to the absorption-featured processes, since the molecule 

occupies at no time during the scattering process an excited electronic state. It must be 

generally distinguished between elastic scattering (also known as Rayleigh scattering), 

where there is no difference in wavelength between excitation light and scattered light, and 

inelastic scattering, where the wavelength of the scattered light is different to the wavelength 

of the excitation light. This is visualized in Figure 10, wherein these beforementioned 

scattering interaction mechanisms between light and molecules are illustrated. The working 

principle of Raman spectroscopy lies in the inelastic scattering, which can be also 

understood as the transfer of energy between the photon and the involved molecules.  
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Figure 10: Interaction mechanisms between light and molecules relevant for Rayleigh scattering, Raman 
Stokes scattering and Raman anti-Stokes scattering; vibrational and no rotational levels are shown; graphic 
from Braeuer [141] 

However, not all rotations and vibrations of a molecule are Raman active. Instead, only 

those which change the polarizability of the molecule within the external electric field, that 

oscillates with the frequency of the exciting quasi-monochromatic UV-, VIS- or NIR laser 

light, cause the inelastic Raman scattering effect.  

Compared to the absorption-based infrared spectroscopy, homonuclear molecules such as 

oxygen, nitrogen or hydrogen are Raman-active but not IR-active, since the polarizability is 

affected but not the dipole moment [141] (compare Figure 11).  

 
Figure 11: Comparison between IR and Raman activity regarding the vibration of the hydrogen molecule; 
graphics from Braeuer [141] 

 

This is especially relevant for the amount of nitrogen or oxygen that is quantified by in situ 

Raman-stokes scattering in the VLE studies of this thesis, which could not be determined 

by IR-Spectroscopy.  

Since the Raman-stokes signal intensities are by roughly 3-4 magnitudes weaker than the 

signal intensities from Rayleigh scattering, which in turn are 3-4 magnitudes weaker 
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compared to the incident excitation light [142], the separation of the Raman signal from the 

Rayleigh signal must be achieved by including suitable optical elements such as filters and 

dichroic mirrors (compare build-up of Raman probe head in 4.1.2).  

 

3.3.1 Raman spectra 
Due to the earlier mentioned shift in wavelength of the Raman-scattered light depending on 

the bonds or molecular structure of the scatterer (molecule), a Raman spectrum typically 

shows the intensity (or counted photons) over the Raman shift ∆�̅�. The differences between 

Raman spectra that are based on either wavelength, wavenumber or the Raman shift, are 

visualized in Figure 12. Therein a liquid phase mixture spectrum of the binary system 1-

octanol/N2 is shown, featuring the CH-stretch vibration band, as well as the OH-stretch and 

N2-stretch vibration bands.  

 

 
Figure 12: Raman spectrum of saturated liquid phase binary 1-octanol/N2 system at 613K and 9MPa; plotted 
over wavelength, wavenumber and Raman shift (compare Figure 26 in experimental section) 

 

The Raman shift ∆�̅� in cm-1 can be obtained by the difference between the excitation 

wavenumber 𝜈0 and the wavenumber of the pixel on the detector chip of the spectrometer 

𝜈. The wavenumber is hereby the reciprocal value of the wavelength 𝜆.  

 

∆�̅� = 𝜈0 − 𝜈 = (
1

𝜆0

−
1

𝜆
) ∙ 107 (35) 

 

3.3.2 Quantitative Raman spectroscopy 
Physical sound relations for quantitative Raman spectroscopy of a binary system consisting 

of compounds 𝑖 and 𝑗 are visualized in Figure 13 and are provided by equations as follows, 

 

𝑟𝑖,𝑗 =
𝐼𝑖

𝐼𝑗
= 𝐾𝑖,𝑗 ∙

𝑧𝑖

𝑧𝑗

= 𝐾𝑖,𝑗 ∙ 𝑅𝑖,𝑗  (36) 
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𝑧𝑗 =
1

1 + (𝑟𝑖,𝑗 ∙ 𝐾𝑖,𝑗)
 (37) 

 

wherein 𝑟𝑖𝑗 is the binary ratio of Raman signals 𝐼. These signals 𝐼 that must be clearly 

assignable to either compound 𝑖 or 𝑗 can be correlated with the mole fractions 𝑧 (compare 

eqn. (10)) by the binary Raman calibration constant 𝐾𝑖𝑗, which should not be mistaken for 

the minor-letter binary interaction coefficient of an EoS. The given equations, with eqn. (37) 

being a derived form of eqn. (36), can be considered valid no matter which substances at 

what conditions are studied [83,141]. The relations have to be gained through calibration, 

which marks the beforementioned sensible step in any quantitative Raman spectroscopic 

operation.  

 

 
Figure 13: Linear and nonlinear Raman calibration for a binary system of compounds 𝑖 and 𝑗 

 

If a ternary system with compounds 𝑖, 𝑗 and 𝑘 is regarded, it is possible to calibrate two 

binary systems of the ternary system, since a third binary calibration factor can be obtained 

through division of the other two binary calibration factors, as shown by eqn. (38). The 

compositions of the ternary system can be calculated according to eqn. (39) and (40). 

 

𝐾𝑖,𝑘 =
𝐾𝑖,𝑗

𝐾𝑗,𝑘

 (38) 

 

𝑧𝑖 =
1

1 + (
1

𝐾𝑖,𝑗 ∙ 𝑟𝑖,𝑗
) + (

1
𝐾𝑖,𝑘 ∙ 𝑟𝑖,𝑘

)
 (39) 

 

𝑧𝑗 =
1

𝐾𝑖,𝑗 ∙ 𝑟𝑖𝑗 + 1 + 𝐾𝑘,𝑗 ∙ 𝑟𝑘,𝑗

 (40) 
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In several publications, calibrations are however performed that regard a correlation which 

differs significantly from the given relations, by correlating for instances molalities or 

concentrations with the Raman signal 𝐼. While interpolations and extrapolations of eqn. (36) 

and (37) are feasible due to their physical meaning, the same does not count for alternative 

calibration equations, which can finally lead to erroneous results.  

The signal 𝐼 can be quantified by different methods, that can be distinguished by considering 

either the peak height or the peak area. If spectra of a pure compound or for a constant 

mixture composition are evenly normalized within the same spectral range, the area and 

thus the Raman signal intensity remains constant. This is however not the case for the peak 

height approach, which can be proven in Figure 14, where evenly area-normalized spectra 

of pure 1-octanol at liquid state along the isobar of 3MPa are shown.  

As it can be seen, the peak height of the CH stretching vibration can vary significantly over 

the regarded temperature range and could thus cause an erroneous Raman signal, while the 

Raman signal area 𝐼 remains constant. Therefore in the works that are discussed in this 

thesis, only the Raman signal area is considered.  

 
Figure 14: Evenly normalized Raman spectra of liquid 1-octanol in dependence of the temperature along the 
isobar of 3 MPa  
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4 Experimental 
4.1 Experimental Setup 
The microcapillary setup that is used in this work is shown in detail in Figure 15. The parts 

and devices are listed in detail in Table 3.  

Figure 15: Microcapillary setup for determination of thermodynamic data; the left feed line is in the design for 
the VLE measurements; the feed line and mixing section can differ for other experiments (see Figure 16) 

Figure 16: Configuration for liquid feeding of CO2 regarding mixture phase density measurements (left); right: 
configuration for saturated vapor pressure measurements 

The setup consists of two feed lines and one drain line. The upper feed line is connected to 

a high-pressure syringe pump (Teledyne ISCO 260D) and is used to feed the here regarded 

more-dense compounds (e.g.: OMEn, ethanol, 1-octanol, n-alkane) pulsation-free to a T-

junction. The left feed line is used for the supply of the less-dense (regarding atmospheric 

conditions) compounds. 
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Table 3: List of devices and parts shown in the experimental setup (Figure 15) 

description of part / device Manufacturer and model Features / details 

High pressure syringe pump Teledyne Isco 260D - 

pipes, connectors, T-junctions, 

valves 

Swagelok, HPS, Fitok size of 1/8’’ and 1/16’’; material: 

AISI 316 

microcapillary Molex Polymicro Technologies Material: Fused silica with 

polyimide coating; outer 

diameter: 1/32’’ 

PT-100 FuehlerSysteme eNET four-wired PT-100 sensors 

Pressure transducer Keller PA-33x - 

Steel block self-engineered Material: Steel 1.1740 

Heating cartridges Friedr. Freek Length of 160 mm 

Raman gun self-engineered  

Inorganic foam (insulation) Techno Physik Group 

Multitherm 550 

Material: silicate fibers, alkali 

oxides 

Polymer sleeve Idex H&S different models Materials: PEEK, FEP 

camera Allied Vision Guppy Pro and 

Alvium G1 

Guppy Pro: 656 x 492, 123 fps; 

Alvium G1: 728 x 544, 276 fps 

cw laser Hübner Cobolt Samba Nd:YAG; 𝜆 = 532 nm, 𝑃𝑚𝑎𝑥 =

1000 mW 

Fiber switch Piezzo System Jena - 

oscilloscope Tektronix TBS 2000 - 

Pulse generator Quantum composer 9520 series - 

spectrometer Ocean optics Qepro series - 

It is thus not connected in case of the vapor pressure measurements of pure compounds, 

wherefore the T-junction is closed to that side by a blind plug. For the VLE measurements 

a gas (e.g.: O2/N2/synthetic air), is fed precisely by a Bronkhorst mass flow controller (EL-

Flow Prestige) through the left feed line, while for the mixture density measurements 

another Teledyne Isco 260D is connected for the supply of CO2 at liquid state.  

All experimental procedures have in common that another Teledyne Isco 260D is used as a 

take-up pump, located at the downstream end of the setup. The take-up pump runs in reverse 

mode compared to the feeding pumps, collects the conveyed fluid and keeps thus the system 

pressure stable. The fused silica microcapillary is connected to the steel pipe system via 

polymer sleeves and is embedded in a 350 mm long steel heating block (latest version), that 

is insulated by an inorganic foam. The steel block is temperature conditioned through eight 

160 mm long heating cartridges integrated from both sides on circular path around the 

capillary. The temperature at the regarded measurement spot is taken as the average of four 

surrounding PT-100 thermo-resists. The pressure is taken by a Keller pressure transducer 
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(Keller PA-33x) that is located shortly behind the microcapillary on another T-junction. 

Holes on top and on bottom of the insulation and steel block provide optical access for the 

allied vision camera, the self-engineered Raman sensor and the light barrier technology. 

The “Raman gun” (Raman sensor probe head) can focus 532 nm excitation light from a 

frequency-doubled Nd:YAG Hübner Cobolt Samba continuous wave laser into the 

microcapillary. The light barrier system that consists of an oscilloscope, a photo detector, a 

pulse generator, a fiber switch and a spectrometer is in detail discussed in the following 

section.  

4.1.1 Light barrier system for phase-selective measurement 
The light barrier system enables the phase-selective Raman measurement regarding the 

alternating/segmented flow (compare insert under “two phases” at the bottom right of Figure 

15) of the VLE experiments. Due to the difference in refractive index between the vapor

and the liquid phases, more or less green excitation light is collected by the photo detector 

that is positioned under the heating block. This causes a clearly differentiable signal which 

is visualized by the oscilloscope that is connected to the photo detector (compare oscillation 

shown in yellow in Figure 15). Therewith a pulse frequency can be obtained by the 

connected pulse generator with which the fiber switch, which has one input and two output 

channels, is precisely triggered that only Raman-Stokes scattered signal light (that is guided 

from the Raman gun to the fiber switch) of the investigated phase is transferred further from 

the fiber switch to the spectrometer. The Raman-Stokes scattered signal light of the other 

(not regarded) phase is guided to the second dead-ended channel. For the case of 

investigating the saturated liquid phase composition of a 5 Hz Taylor-Flow for example, the 

spectrometer accumulates Raman signal within the chosen integration time of 4 s of 20 

liquid segments, while all the Raman signal of the 20 saturated vapor phase segments is 

filtered by the photoelectric guard of the fiber switch.  

4.1.2 Raman probe head 
The Raman probe that is used in this work is visualized in sectional view in Figure 17. It is 

a 1-inch type-system that is built in backscattering configuration mainly with components 

from the supplier Thorlabs. The laser light is guided by an optical fiber to the Raman probe. 

When the light beam exits the fiber through the coupling, it diverges and it’s collimated by 

the first of in total three plano-convex lenses in the probe. The light passes then onto a 
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dichroic mirror that reflects light of wavelengths shorter than 550 nm and transmits light of 

wavelengths above. The second plano-convex lens focuses the light onto the measurement 

spot. Rayleigh-scattered light, Raman Stokes-scattered light and Raman anti-Stokes 

scattered light is collected through back-scattering and is collimated when passing through 

the second lens. However, only the Raman Stokes-scattered signal light can pass through 

the dichroic mirror, since its wavelength is mainly larger than the 550 nm cut-on 

wavelength.  

Figure 17: Sectional view of Raman probe head (“Raman gun”) 

In order to ensure that all light of lower wavelengths is filtered, the Raman Stokes-scattered 

signal light further passes through a longpass filter with a cut-on wavelength of 550 nm, 

before it is focused by the third plano convex lens onto the fiber coupling. From there the 

signal light is guided through another fiber to the fiber switch and from there to the 

spectrometer. 

4.1.3 Control of experimental setup 
The system is controlled by a Matlab Graphical User Interface (GUI), that communicates 

with the thermostat, spectrometer and pressure transducers (one indicating the system 

pressure and one that is located prior to valve 1 of the left feed line). The communication 

with the laser, the oscilloscope, the allied vision cameras, as well as the pumps and the MFC 

is provided by synchronously running suppliers’ software.  
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Figure 18 shows the user interface for the last regarded system ethanol/CO2. The Raman 

spectra and Raman backgrounds can be taken by pressing the respective buttons. The 

spectral range, as well as integration time (here: 4 s) and the number of spectra (here: 32) 

can be furthermore adjusted. Additional information, such as pressure, temperature, global 

composition, information on the phase state (here: saturated vapor phase) etc. are moreover 

stored in the spectral data. The steel block temperature can be controlled by assigning a 

value at “Current Setpoint”.  

Figure 18: Matlab GUI for setup control (here: system of ethanol/CO2). 

For the feeding pumps it is of major importance to assign accurate density correlations in 

order to obtain a precise mass flow from the volume flows of the pump. For the here shown 

example, the Tait equation (see eqn. (26)) is used as a density correlation for ethanol, while 

the Wagner and Span EoS is used for CO2. When a gas is fed (N2, O2, synthetic air) instead 

of CO2 that is fed in the liquid state, a precise mass flow is already obtained by the 

Bronkhorst software. The GUI allows furthermore the prediction of the vapor/liquid two-

phase regime by the in the program embedded PR-EoS and visualizes additionally the global 

composition. 



33 

4.1.4 Preparation of microcapillaries 
The Molex Polymicro Technologies fused silica microcapillaries have to be prepared in 

order for being used in the microfluidic setup. The whole procedure is summarized by the 

flow chart in Figure 19 and is in detail described in the further.  

Figure 19: Flow chart describing the preparation of fused silica microcapillaries 

In the first step the microcapillary is cut with a side cutter to match the correct size between 

the two T-junctions shown in Figure 15. Glass fragments that might remain from cutting on 

the ends of the capillary, can be carefully removed with a small pipe deburrer and a tweezer. 

Idex H&S polymer sleeves with an inner diameter that matches the outer diameter of the 

microcapillary are then put over the cut ends of the microcapillary. The region where the 

sleeve sits in its final position is then covered with a fine layer of premixed UHU Plus 

Endfest 2-component glue, which can be but not has to be temperature-conditioned by a 

heat gun. The weight fraction of the hardener in the 2-compound glue can hereby vary 

between 𝑤 = 0.25 − 0.50, in order to obtain a firm material in its final shape. The sleeve 

is then slowly pulled over the glue in rotary motion, stopping a few millimeters from the cut 

end. It must be taken care that glue neither plugs the open end of the capillary nor is left 

excessively on the top end of the sleeve. After a time of 24 hours the connection is hardened. 

In order to obtain optical accessibility for the Raman gun and the camera, the polyimide 

coating of the microcapillary has to be removed for roughly 10 millimeters at the 

measurement spots, by using a Rothenberger industrial burner (model: Gas Turbo). The 

coating-freed spots are then polished with an ethanol-soaked Kimtech cleaning paper. This 

step is especially crucial, since any rests of char cause a Raman signal that interferes with 
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the CH-bending vibration, as well as with the CH- and O2-stretching vibrations, or could 

also disturb the photo-optical evaluation procedure. The capillary can then be connected to 

the T-junctions by 1/16-inch tube fittings and can then be assembled straight or curvy 

between the end of the steel block and the second T-junction. The latter can be advantageous 

especially when the capillary is under high mechanical and thermal stress.  

The in this work prepared fused silica capillary lasted pressures of up to 𝑝 = 30 MPa and 

has been experimentally tested at temperatures of 𝑇 = 673 K with chemically harsh media 

like supercritical water. As proof, Raman spectra that were measured with the microfluidic 

setup showing the OH-stretching vibration band of liquid (for 𝑇 = {473 − 623}K) and 

supercritical water (for 𝑇 = 673K) along the isobar of 25MPa are provided in Figure 20. 

 
Figure 20: OH-stretching vibration band of water in the liquid (𝑇 = {473 − 623}K) and supercritical state 
(𝑇 = 673K) along the isobar of 𝑝 = 25MPa; measured with the microfluidic setup 

 

4.1.5 Microfluidic behavior and segmented flow  
The behavior and flow of a fluid in the fused silica microcapillary are of high importance 

for the measurement result per se. For the vapor pressure measurements, the fluid is at rest 

inside the microcapillary and the transition from vapor to liquid phase is optically detected 

by the formation of bubbles and liquid slugs. In contrary to that a segmented flow pattern is 

set for the VLE and saturated density measurements of binary or ternary systems, to which 

can be also referred to as “Taylor flow”. 

As described earlier in section 4.1, the left feed line is closed for the measurements of the 

saturated vapor pressure of a pure compound, while the way of feeding of the less-dense 
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compounds (N2, O2, synthetic air, CO2; less dense in respect to atmospheric conditions) is 

of decisive importance for the feasibility and the result of the experimental procedure. For 

the VLE measurements of the fuel/air systems, N2, O2 or synthetic air (in the further: gas) 

are fed by the Bronkhorst MFC towards the T-junction. The mixing section between gas 

and fuel is located shortly before the fused silica microcapillary, as visualized in Figure 21. 

The fuel is flowing through the upper feed line of the setup through the upper part of the T-

junction and around the steel pipe through which the gas is fed. The longitudinal channel of 

the T-junction is bored through, in order to move the gas-feeding pipe further over the point 

where the cross channel ends. At the mixing point, the characteristic flow of vapor and liquid 

segments is formed, since the gas which exits the pipe in a “jet-like” fashion, breaks up the 

fuel to form the described segments.  

Figure 21: Mixing section design for VLE experiments; the 1/16-inch T-junction is presented in sectional view 

This formation of a Taylor flow outside the heating section is fairly easy for the fuel/air 

systems, due to the large differences in viscosity and density of the regarded pure 

compounds, respectively the formed vapor and liquid mixture phases, as well as due to the 

large vapor/liquid two-phase regime at room-temperature where the mixing is performed. 

Even the global composition can vary over a relatively wide range for the fuel/air systems. 

This experimental ease does not necessarily count for the system ethanol/CO2, also due to 

the special properties of carbon dioxide. The global composition is here also more decisive 

for obtaining a segmented flow suitable for measurement. The formation of a Taylor flow 

is also found to be significantly better when the two compounds are mixed at temperatures 

of at least 𝑇 > 303.15 K. As a consequence, the mixing section is transferred into the 

heating block by inserting a smaller CO2-feeding fused silica microcapillary into the larger 

measurement fused silica microcapillary. It should be further mentioned that the mixing 

section has to be designed differently depending on the mixtures that are studied. For 

instance Luther et al. [143] fed CO2 through the larger of two plugged in one another 
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capillaries, while water and ethyl acetate were fed through the smaller one. In a consecutive 

study in which this thesis’ author was involved (not included in this thesis) regarding the 

ternary system n-dodecane/1-octanol/CO2, n-dodecane and 1-octanol were fed together 

through the left feeding line (and thus through the smaller capillary), while CO2 was added 

through the upper feeding line and thus through the larger capillary.  

4.2 Experimental procedure 
The experimental procedures are described as follows. More details are provided in the 

Results and Discussion section.  

4.2.1 Vapor pressure measurements 
A pure compound is fed at elevated pressure in liquid state through the microcapillary and 

is collected by the take-up pump. The temperature of the microcapillary’s heating zone is 

then adjusted by the heating block and remains constant for the acquisition of one 

experimental point. The reverse volume flow of the feed pump is then increased in order to 

lower the system pressure so long until the liquid compound reaches the unsaturated vapor 

state. The take-up pump can then be stopped and valve 3 is closed. The fuel in the vapor 

state is thus at rest inside the heating zone of the microcapillary.  

The isothermal compression is then started by conveying with the feed pump through the 

upper feed line against the closed valve 3 (compare Figure 15), while the left feed line is not 

connected as mentioned earlier. The rate of pressurization lies hereby within the range of 

{0.01 to 0.02} MPa min−1.

Figure 22: Principle of saturated vapor pressure measurements in microcapillary; graphic appeared as cover 
art in [116] 
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The Guppy Pro camera (Allied Vision F-046) records images from the heating zone of the 

microcapillary. The pressure, at which a phase change from vapor to liquid (condensation) 

is visible inside the capillary is taken as the vapor pressure for the measured temperature 𝑇. 

The vapor/liquid phase change is indicated by the formation of droplets or the formation of 

a film on the internal wall of the capillary. [116] 

4.2.2 VLE measurements 
The experimental procedure starts by taking a background Raman spectrum, by adjusting 

the system temperature and by choosing the system pressure, which remains constant over 

an experimental series (isobaric dataset). The system pressure is adjusted by the fuel feeding 

pump of the upper feed line and the take-up pump for constantly opened valves 2 and 3 

(compare Figure 15). When the chosen pressure is reached, the volume flows of fuel pump 

and take-up pump are changed in order to equal each other. Fuel is thus flowing constantly 

at constant pressure through the microcapillary. Then the gas bottle pressure is set 

approximately {0.5 to 1}MPa above the chosen system pressure, in order to feed the 

regarded gas (N2, O2, synthetic air) through the MFC. When a pressure greater than the 

system pressure is reached in the left gas feeding line, valve 1 is opened. Depending on the 

set global composition, either a segmented two-phase flow can be observed in the heating 

zone of the microcapillary (VLE measurements) or a single-phase flow is visible (in the case 

of the calibration series). After the Raman spectra are taken the next higher temperature can 

be set following an isobar, since pressure changes require long-lasting readjustments of gas 

bottle pressure, system pressure and flow ratio.  

For the determination of VLE, spectra of different thermodynamic regimes must be taken, 

as indicated by the example 𝑇𝑥𝑦-diagram in Figure 23. In order to link Raman signal ratios 

of saturated liquid and vapor phases to mole fractions, as visualized by the red and blue lines 

in Figure 23, calibration measurements have to be carried out for a precisely known 

homogeneous mixture (compare section 3.3.2). The calibration is therefore performed inside 

the unsaturated liquid or vapor phase, or if thermally possible in the homogeneous regime 

above the mixture critical temperature for the regarded pressure. Hereby it must be taken 

care of, that the mixture is homogeneous when it reaches the measurement spot, which might 

not occur if the fluid velocity is too high. The homogeneity is ensured by controlling the 

oscilloscope for any sign of oscillation or by observing the homogeneous flow via camera. 
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Figure 23: Example isobaric 𝑇𝑥𝑦-diagram of a fuel/gas system (here: 1-octanol/O2 and 1-octanol/N2) 
indicating different thermodynamic regimes for spectral data acquisition 

Furthermore, the precision boundaries of the devices must be considered. The Isco 260D 

syringe pumps tend to start pulsating for volume flows below 8 µL ∙ min−1, while the

precision of the Bronkhorst MFC is expressed by a “trumpet graph”. By the latter, the 

manufacturer indicates the increasing uncertainty of the device at the lowest flows in 

relation to the calibrated flow range. After well considering these obstacles, 32 single 

spectra are taken per calibration point. Within the calibration campaigns the pump volume 

flows were in the range of �̇� = {8 to 110}µL ∙ min−1, while the mass flow set for the MFC

was ranging within �̇� = {0.4 to 7.5}mg ∙ min−1.

For the VLE measurements a global composition inside the vapor/liquid two-phase regime 

is set and a Taylor flow of alternating vapor and liquid segments is formed. Then the light 

barrier technology is adjusted to acquire either 32 single spectra from the saturated liquid or 

the saturated vapor phase, while the spectra of the corresponding non-investigated phase are 

not saved. Typical flows during the VLE experiments were �̇� = {15 to 60}µL ∙ min−1 for

the feed pump and �̇� = {0.6 to 3}mg ∙ min−1 for the MFC. The whole Raman spectral

evaluation was programmed as a procedural code in Matlab and is summarized by the 

flowchart given in Figure 24 for binary systems fuel/N2 and fuel/O2.  

For a ternary system fuel/N2/O2 the evaluation procedure is applied at once with no 

difference to the binary systems. The principle and the evaluation procedure as such are 
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identical for all fuel/gas systems, except for the liquid film correction, where different 

methods were applied. In the first step, the single Raman spectra are analyzed in order to 

locate the relevant Raman signals (compare Figure 25). The single spectra are area-

normalized (regarding the CH stretch vibration band) and single spectra as well as the from 

the single spectra obtained mean spectrum are baseline-corrected (see Figure 26).  

Figure 24: Flowchart of Raman spectral evaluation procedure (programmed in Matlab); the difference lies in 
the liquid film correction 

The baseline consists of chosen node points, which are located in the spectra at positions 

where the molecules of the system do not feature any Raman signal. The node points are 

connected by cubic piecewise interpolation, except in the range of the O2-stretch and N2-

stretch vibration bands, where slightly better results were obtained for linear connections 

between the node points. 
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Figure 25: Model spectrum showing the relevant Raman bands and Raman signals 𝐼 for the evaluation of the 
systems 1-octanol/N2 and 1-octanol/O2 [67] 

Figure 26: Baseline correction of saturated vapor phase spectra (left) and saturated liquid phase spectra (right) 
of binary system 1-octanol/N2 at 𝑝 = 8 MPa and 𝑇 = 573 K 

Spectra of systems containing oxygen, such as 1-octanol/O2, have to be deconvoluted since 

the O2-stretching vibration band is overlapped by the CH-bending vibration band, as 

visualized in Figure 27. As shown above in the flowchart (compare Figure 24), spectra of 

the pure unsaturated liquid fuel are necessary for the direct hard modeling of the saturated 

liquid phase spectra, while indirect hard modeling using pseudo-Voigt profiles is applied 

for the saturated vapor phase spectra. Regarding the deconvolution of the saturated liquid 

phase spectra of fuel/O2 systems, it is of utmost importance that the spectrum of the pure 

unsaturated liquid fuel is taken at the same temperature as the saturated liquid phase 

spectrum, due to the temperature sensitivity of the Raman bands (compare Figure 14). The 

effect of the pressure on the shape of Raman bands in a liquid phase spectrum was however 

found to be marginal for the bands and pressure range regarded in this work.  
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Figure 27: Deconvolution in order to isolate the O2-stretch vibration band of saturated vapor phase (left) and 
saturated liquid phase spectra (right) of the binary system 1-octanol/O2 at 𝑝 = 8 MPa and 𝑇 = 573 K 

In the following step the saturated vapor phase spectra 𝑆𝑣𝑎𝑝,𝑠 have to be corrected from a

signal contribution that stems from the liquid film 𝑆𝑙𝑖𝑞,𝑠 that surrounds the vapor phase slug

(or bubble) in the microcapillary (see Figure 28). Not considering this film contribution 

would lead to an overrepresentation of the amount of fuel in the saturated vapor phase. 

Hereby different methods are applied to correct 𝑆𝑣𝑎𝑝,𝑠,𝑓𝑖𝑙𝑚 from the liquid film contribution

𝑆𝑙𝑖𝑞,𝑠, that are listed as follows. The first method that is based on the OH-stretch vibration

band was already introduced in section 2.2.2. 

Figure 28: Liquid film contribution 

Direct hard modeling (DHM) CH-stretching band approach 

Another film correction is based on a similarity comparison of the CH-stretch vibration band 

by direct hard modeling (DHM), utilizing slight changes according to the phase state. This 

method was applied for the binary systems 1-octanol/N2 and 1-octanol/O2 [67]. In this 

approach the film influence is quantified by fitting in least-squares-sense the sum of the CH-

stretch vibrations of liquid and vapor phase spectra to the CH-stretch-vibration of the 

original, film-influenced spectrum of the saturated vapor mixture phase (𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑓𝑖𝑙𝑚). Therein

the parameters 𝑡 are varied (see eqn. (41)). The final film-corrected spectrum of the saturated 
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vapor phase is then described by 𝑡2 ∙ 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑚𝑒𝑎𝑛 inside the CH-stretch region, as well as by 

the original (uncorrected) spectrum of the saturated vapor phase outside of the CH-stretch 

region. For the liquid film contribution spectra of pure liquid 1-octanol at same temperature 

(𝑆𝐶𝐻−𝑠𝑡𝑟
𝑙𝑖𝑞,∗ ) or of the corresponding saturated liquid phase can be used (𝑆𝐶𝐻−𝑠𝑡𝑟

𝑙𝑖𝑞,𝑠 ). Hereby no 

difference in the final result was found between these two options.  

The expression of the true vapor phase contribution however is more challenging. Due to 

the high atmospheric boiling temperature of 1-octanol (𝑇𝑜𝑐𝑡
𝑠,𝑏(0.1013 MPa) = 468.3 K) 

spectra of pure vapor 1-octanol for lower temperatures would have to be taken at vacuum 

conditions, making Raman Spectroscopy difficult due to the low density of scattering 

molecules. Spectra were taken from the unsaturated vapor mixture phase (𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝 ) of the 

system 1-octanol/N2 for temperatures ranging from 553K to 613K. Therefrom a mean of the 

CH-stretch vibration (𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑚𝑒𝑎𝑛) was taken that can be considered to assume the CH-stretch 

vibration of vapor 1-octanol, independent from pressure and temperature.  

 

𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,s,𝑓𝑖𝑙𝑚

= 𝑡1 ∙ 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑙𝑖𝑞,∗

+ 𝑡2 ∙ 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑚𝑒𝑎𝑛 (41) 

 

In the considered temperature range from 553K to 613K the therefrom obtained results were 

identical to an approach, wherein the contribution of the CH-stretch vibration of vapor 1-

octanol was assigned temperature-dependently by the respective unsaturated vapor phase 

spectra (𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝 ). The spectral differences of the CH-stretch vibration are indicated in the 

left spectrum of Figure 29.  

 
Figure 29: Comparison of CH-stretch vibration in dependence of temperature; stemming from unsaturated 
vapor mixture phase (1-octanol/N2) or pure liquid 1-octanol (left); liquid film correction of saturated vapor 
mixture phase spectrum for system 1-octanol/N2 at 6 MPa and 453 K (right) [67] 
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Both, a shift and difference in shape are visible, while the temperature tends to have a more 

significant effect on the liquid phase spectra, as the notch between left and right peak 

shoulders change slightly more. This justifies the use of a mean vapor phase spectrum in the 

liquid film correction, which is visualized in the right spectrum of Figure 29. 

 

Indirect and direct hard modeling (IHM-DHM) CH-stretching band approach 

While the liquid phase contribution is described by direct hard modeling (DHM), as in the 

method described above, the vapor phase contribution to the film-influenced vapor phase 

spectrum is found within this method by indirect hard modeling (IHM) using pseudo-Voigt 

profiles, as given by eqn. (42), 

 

𝑆𝐶𝐻−𝑠𝑡𝑟,𝑚𝑖𝑥
𝑣𝑎𝑝,𝑠,𝑓𝑖𝑙𝑚

= 𝑡 ∙ 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑙𝑖𝑞,𝑠

+ 𝑆𝐶𝐻−𝑠𝑡𝑟,𝑚𝑖𝑥
𝑣𝑎𝑝,𝑚𝑜𝑑

; 

with 𝑆𝐶𝐻−𝑠𝑡𝑟,𝑚𝑖𝑥
𝑣𝑎𝑝,𝑚𝑜𝑑

= ∑ 𝑆𝑉𝑜𝑖𝑔𝑡

𝑛

𝑘

{∑ 𝑔𝑘𝑙

4

𝑙

} 
(42) 

 

wherein 𝑆𝑉𝑜𝑖𝑔𝑡 are the pseudo-Voigt profiles with 4 input parameters 𝑔𝑘𝑙 per profile. The 

profiles need to be however pre-parameterized by spectra taken from the unsaturated vapor 

mixture phase (𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝 ). As visualized by Figure 30 the corresponding spectrum of the 

saturated liquid phase  𝑆𝐶𝐻−𝑠𝑡𝑟
𝑙𝑖𝑞,𝑠 , as well as the modeled vapor phase spectrum 𝑆𝐶𝐻−𝑠𝑡𝑟

𝑣𝑎𝑝,𝑚𝑜𝑑, are 

fitted in least-squares sense to the original film-influenced spectrum 𝑆𝐶𝐻−𝑠𝑡𝑟
𝑣𝑎𝑝,𝑠,𝑓𝑖𝑙𝑚 in the CH-

stretching vibration region, by iterating the global fit parameter 𝑡 and the pseudo-Voigt 

parameters  𝑔𝑘𝑙.  

 
Figure 30: Correction of liquid film contribution in saturated vapor phase spectra for the binary system of n-
pentadecane/N2 at 𝑇 = 573 K and 𝑝 = 9 MPa 
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After all evaluation steps (including the liquid film correction in case the saturated vapor 

phase is regarded) are carried out, the signal ratios of the spectra from both saturated and 

unsaturated phases can be calculated according to eqn. (36) to (40). Evaluated saturated 

liquid phase spectra for the binary system n-pentadecane/N2 are as an example visualized 

for an isobar of 6.5 MPa and with rising temperature by Figure 31.  

Figure 31: Evaluated saturated liquid phase spectra of binary system n-pentadecane/N2 along the isobar of 𝑝 =
6.5 MPa; spectra are area-normalized to the CH-stretch vibration band 

In order to obtain the saturated liquid and vapor phase composition, the calibration constants 

𝐾𝑖𝑗 must be known, which can be obtained according to the experimental procedure by the 

fits shown in Figure 13. The calibration spectra must be hereby treated as described above 

and visualized by the flowchart in Figure 24. Since for the calibration experiments single 

phase flows are obtained, there is logically no liquid film-correction necessary for the 

spectra of the unsaturated vapor phase.  

4.2.3 Mixture density measurements 
The experimental procedure starts similarly as in the before described VLE procedure. The 

system is pressurized while valves 2 and 3 are opened (compare Figure 15), by feeding 

ethanol through the upper feed line. Once the system pressure is reached for a before 

adjusted temperature, a blank picture of ethanol in the microcapillary is taken. CO2, which 

is temperature conditioned in the pump of the left feeding line to 𝑇 = 268.15 K and thus at 

unsaturated liquid state, is pressurized against closed valve 1 until the pressure is greater 

than the system pressure before valve 1 is then opened. The global composition can then be 
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adjusted in order to obtain the best suitable Taylor flow. Images and the frequency are then 

recorded over a time of at least 5 minutes.  

The derivation of the equations with which mixture densities can be calculated are provided 

as follows. Considering a microfluidic flow at vapor-liquid equilibrium, the total mass 

passing through the microcapillary is calculated by the sum of both phases’ masses. The 

mass flow of both vapor and liquid phases can be also expressed by the volume flows and 

the saturated mixture densities.  

�̇� = �̇�𝑣𝑎𝑝 + �̇�𝑙𝑖𝑞 (43) 

�̇� = 𝜌𝑚𝑖𝑥
𝑣𝑎𝑝,𝑠

∙ �̇�
𝑣𝑎𝑝,𝑠

+ 𝜌𝑚𝑖𝑥
𝑙𝑖𝑞,𝑠

∙ �̇�
𝑙𝑖𝑞,𝑠 (44) 

Eqn. (44) can then be also written in terms of a compound 𝑖 of the binary system by 

including the mass fraction 𝑤. 𝑤𝑖 refers to the global composition and 𝑤𝑖
𝑣𝑎𝑝,𝑠 to the saturated

vapor phase mass fraction of compound 𝑖.  

𝑤𝑖 ∙ �̇� = 𝑤𝑖
𝑣𝑎𝑝,𝑠

∙ 𝜌𝑚𝑖𝑥
𝑣𝑎𝑝,𝑠

∙ �̇�
𝑣𝑎𝑝,𝑠

+ 𝑤𝑖
𝑙𝑖𝑞,𝑠

∙ 𝜌𝑚𝑖𝑥
𝑙𝑖𝑞,𝑠

∙ �̇�
𝑙𝑖𝑞,𝑠 (45) 

Eqn. (44) and (46) can be equated (see eqn. (47)) and further simplified to yield eqn. (48). 

If the liquid phase is regarded instead of the vapor phase, eqn. (49) can be obtained.  

𝑤𝑖 ∙ �̇� = 𝑤𝑖
𝑣𝑎𝑝,𝑠

∙ 𝜌𝑚𝑖𝑥
𝑣𝑎𝑝,𝑠

∙ �̇�
𝑣𝑎𝑝,𝑠

+ 𝑤𝑖
𝑙𝑖𝑞,𝑠

∙ (�̇� − 𝜌𝑚𝑖𝑥
𝑣𝑎𝑝,𝑠

∙ �̇�
𝑣𝑎𝑝,𝑠

) (46) 

�̇�(𝑤𝑖 − 𝑤𝑖
𝑙𝑖𝑞,𝑠

) = 𝜌𝑚𝑖𝑥
𝑣𝑎𝑝,𝑠

(𝑤𝑖
𝑣𝑎𝑝,𝑠

∙ �̇�
𝑣𝑎𝑝,𝑠

− 𝑤𝑖
𝑙𝑖𝑞,𝑠

∙ �̇�
𝑣𝑎𝑝,𝑠

) (47) 

𝜌𝑚𝑖𝑥
𝑣𝑎𝑝,𝑠

=
�̇�(𝑤𝑖 − 𝑤𝑖

𝑙𝑖𝑞,𝑠
)

�̇�
𝑣𝑎𝑝,𝑠

(𝑤𝑖
𝑣𝑎𝑝,𝑠

− 𝑤𝑖
𝑙𝑖𝑞,𝑠

)
(48) 

𝜌𝑚𝑖𝑥
𝑙𝑖𝑞,𝑠

=
�̇�(𝑤𝑖 − 𝑤𝑖

𝑣𝑎𝑝,𝑠
)

�̇�
𝑙𝑖𝑞,𝑠

(𝑤𝑖
𝑙𝑖𝑞,𝑠

− 𝑤𝑖
𝑣𝑎𝑝,𝑠

)
(49) 

The total mass flow �̇� and the global composition 𝑤𝑖 are computed by using liquid density 

correlations in order to convert the volume flows of the ISCO feeding pumps. These are for 

ethanol the Tait equation and for CO2 the Wagner-Span EoS. The saturated weight 

compositions 𝑤𝑖
𝑣𝑎𝑝,𝑠 and 𝑤𝑖

𝑙𝑖𝑞,𝑠 could be experimentally determined (compare section 4.2.2)

but are however in this study taken from the PR-EoS by considering a large experimental 
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VLE dataset. The only unknown variables are the volume flows of both saturated phases, or 

more precisely the bubble volume flow �̇�𝑣𝑎𝑝,𝑠 and the liquid segment volume flow �̇�𝑙𝑖𝑞,𝑠. 

The vapor bubble volume could be in theory optically determined by computing cylindrical 

bodies from the 2D pictures.  

This is however prone to error, due to the change in the index of refraction of the media the 

light is passing through before it is collected by the CMOS chip, as well as due to the round 

shape of the microcapillary. The taken picture is thus optically distorted in the inner parts 

of the microcapillary. The 2D projections of the bubbles, are for instance expanded 

compared to the real unaffected projection.  

As described earlier in 2.3, a bubble is in this work assumed to consist of two hemispherical 

caps and a middle cylindrical part. Furthermore, the liquid film that surrounds the vapor 

bubbles is neglected, since the film thickness is expected to be in the range of < 1µm. The 

sphere’s diameter 𝑑𝑠𝑝ℎ is identical to the inner diameter of the microcapillary, which is 

known from the manufacturer. The only geometrical information that are necessary in order 

to compute the bubble volume are thus the length of the bubble 𝑙𝑏𝑢𝑏, the length of the unit 

cell 𝑙𝑢𝑛𝑖𝑡 and the outer diameter 𝑑𝑜𝑢𝑡 of the microcapillary. The latter is not optically 

distorted and can be obtained from the information sheet given by the manufacturer. The 

bubble length 𝑙𝑏𝑢𝑏 can then be converted from pixels to meters. The calculations that lead 

to the bubble and liquid segment volumes are summarized by eqn. (50) and (51).  

 

𝑉
𝑣𝑎𝑝,𝑠

= 𝑉𝑠𝑝ℎ + 𝑉𝑐𝑦𝑙 =
𝜋

6
∙ 𝑑sph

3 +
𝜋

4
∙ 𝑑sph

2 ∙ (𝑙𝑏𝑢𝑏 − 𝑑𝑠𝑝ℎ) (50) 

 

𝑉
𝑙𝑖𝑞,𝑠

= 𝑉𝑢𝑛𝑖𝑡 − 𝑉
𝑣𝑎𝑝,𝑠

=
𝜋

4
∙ 𝑑sph

2 ∙ 𝑙𝑢𝑛𝑖𝑡 − 𝑉
𝑣𝑎𝑝,𝑠 (51) 

 

If the bubble frequency 𝑓𝑟 is accurately determined by the oscilloscope-coupled photo-

detector (compare Figure 15), the volume flows can be obtained by equation (52).  

 

�̇�
𝑣𝑎𝑝,𝑠

= 𝑉
𝑣𝑎𝑝,𝑠

∙ 𝑓𝑟; �̇�
𝑙𝑖𝑞,𝑠

= 𝑉
𝑙𝑖𝑞,𝑠

∙ 𝑓𝑟  (52) 

 

The evaluation procedure was programmed in Matlab and consists in short of binarization, 

bubble and unit cell detection as well as length measurement and is briefly summarized in 

Figure 32. Therein the top left picture is taken from a segmented flow, while the top right 

picture is a blank picture (pure liquid ethanol inside capillary). The binarized pictures 

processed therefrom are shown below. In the case of the blank picture the central axis and 
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the capillary’s outer diameter are found by selecting a region of interest for analysis 

(compare red circles in top right picture of Figure 32). For the pictures taken from the 

segmented flow the bubbles can be detected and the lengths of units and bubbles are being 

determined. By the equations introduced before 𝜌𝑚𝑖𝑥
𝑣𝑎𝑝,𝑠 and 𝜌𝑚𝑖𝑥

𝑙𝑖𝑞,𝑠 can be calculated. 

Figure 32: Evaluation procedure for the determination of mixture densities of ethanol/CO2; the top left picture 
is taken from a segmented flow; the top right picture is from pure ethanol in the microcapillary 

4.3 Deviation and measurement uncertainty 
The experimentally obtained results can be compared to thermodynamic correlations or 

equations of state by the average absolute deviation 𝐴𝐴𝐷,   

𝐴𝐴𝐷(𝑝𝑟𝑜𝑝) =
1

𝑛𝑝
∑ |

𝑝𝑟𝑜𝑝𝑖
𝑒𝑥𝑝

− 𝑝𝑟𝑜𝑝𝑖
𝑙𝑖𝑡

𝑝𝑟𝑜𝑝𝑖
𝑒𝑥𝑝 |

𝑛𝑝

𝑖=1

∙ 100 % (53) 

𝐴𝐴𝐷(𝑝𝑟𝑜𝑝) =
1

𝑛𝑝
∑ ∑ |

𝑝𝑟𝑜𝑝𝑖,𝑙
𝑒𝑥𝑝

− 𝑝𝑟𝑜𝑝𝑖,𝑙
𝑐𝑎𝑙

𝑝𝑟𝑜𝑝𝑖,𝑙
𝑒𝑥𝑝 |

𝑛𝑐

𝑖=1

𝑛𝑝

𝑙=1

∙ 0.5 ∙ 100 % (54) 

wherein 𝑝𝑟𝑜𝑝 denotes the regarded experimentally obtained, calculated or in literature given 

thermodynamic property, 𝑛𝑝 the number of data points and 𝑛𝑐 the number of compounds. 

Eqn. (53) regards hereby the 𝐴𝐴𝐷 for a composition-independent property (e. g. 𝑝𝑠 or 𝐻),
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while eqn. (54) regards 𝐴𝐴𝐷 for the saturated liquid or vapor phase. Regarding a single 

experimental point, eqn. (53) can be further derived to yield the absolute deviation 𝐴𝐷 for 

𝑛𝑝 = 1 in eqn. (e. g. 𝑝𝑐𝑟𝑖𝑡, 𝑇𝑐𝑟𝑖𝑡). The uncertainty of the experimental results in this work is 

furthermore evaluated by the guide to the expression of uncertainty in measurement (short: 

GUM) [144]. Due to the difference in measurements regarded, notes on how the 

uncertainties are calculated, are provided in the results sections.  
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5 Results and discussion 
In this section the results are presented. These are for the majority only shown graphically. 

The main experimental data can be found in tabular form in the respective published works 

or in section 8. Each chapter starts with the section “materials and methods”, followed by 

the presentation of the experimental results, modeling and a discussion.  

 

5.1 Saturated vapor pressure measurements 
The here presented results and discussion are part of the recently published article in the 

Elsevier journal Fuel [116].  

 

5.1.1 Materials and methods 
The fuels that were used in the experiments are listed in Table 4. The main impurities of the 

OME3,4 are from other OMEn. Before every experimental run, the OME3,4 were degassed by 

vacuum-assisted pulsed sonication with a frequency of 0.3 Hz for 10 minutes before they 

were fed into the feed pump. The used fused silica microcapillary that is embedded in the 

microfluidic setup (described in detail in the measurement configuration in section 4.1) has 

the internal and external diameter of 𝑑 ={300 and 800}µm. 

 

Table 4: Compounds with purities stated by the suppliers 

compound CAS Supplier Purity 

ethanol for spectroscopy 64-17-5 Merck KGaA > 99.9 %w 

1-octanol (spectro-photometric grade) 111-87-5 Riedel de Haen > 99 %w 

OME3 (2,4,6,8-tetraoxanonane) 13353-03-2 ASG Analytik Service Gesellschaft 98.07 %w 

OME4 (2,4,6,8,10-pentaoxaundecane) 13352-75-5 ASG Analytik Service Gesellschaft 97.93 %w 

 

5.1.2 Results 
Every carried out experimental run follows the experimental procedure provided in detail in 

section 4.2.1 The alcohols ethanol and 1-octanol are considered as validation compounds 

since the microfluidic setup has not been tested before for the determination of vapor 

pressure data. Pictures taken before, during and after condensation for the validation 

experiments with 1-octanol are provided by Figure 33. 
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Figure 33: Experiments at two different temperatures with 1-octanol [116] 

 

For ethanol a variety of vapor pressure data sets up to the critical point can be found in the 

archival literature [15,16,18,145]. For 1-octanol vapor pressures at temperatures between 

500 K and 𝑇𝑐𝑟𝑖𝑡 were only reported by Ambrose et al. [15] (𝑇𝑚𝑎𝑥 = 554 K), as well as by 

Shakhverdiev et al. [146] (𝑇𝑚𝑎𝑥 = 573.15 K). The Chebyshev polynomial correlations 

provided by Ambrose et al. [15] are considered for comparison with the obtained 

experimental vapor pressure data (shown in Figure 34; tabulated data can be found in 

publication [116]) in terms of average absolute deviation (AAD) by eqn. (53).  

 
Figure 34: Measured vapor pressures and critical points of ethanol (Eth) and 1-octanol (Oct) compared to the 
Chebyshev polynomial correlations of Ambrose et al. [15] (Ambr., Spr.); [116] 

 

For 1-octanol Ambrose’s function was however only correlated to vapor pressure data up to 

554 K and to 𝑇𝑐𝑟𝑖𝑡. The 𝐴𝐴𝐷 of the experimentally obtained vapor pressures is 2.1 % for 

ethanol and 4.1 % for 1-octanol. The critical temperatures and pressures that are found 

experimentally are furthermore compared to other literature data in Table 5, indicating 

relatively small absolute deviations (AD; for 𝑁 = 1 in eqn. (53)) for both 𝑇𝑐𝑟𝑖𝑡 and 𝑝𝑐𝑟𝑖𝑡.  
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Table 5: Comparison of experimental critical temperature and pressure of ethanol and 1-octanol with 
literature data (AD: absolute deviation for the considered single data point) [116] 

compound 𝑝𝑐𝑟𝑖𝑡
𝑒𝑥𝑝

/MPa 
𝑇𝑐𝑟𝑖𝑡

𝑒𝑥𝑝
/K 𝑝𝑐𝑟𝑖𝑡

𝑙𝑖𝑡

/MPa 
𝑇𝑐𝑟𝑖𝑡

𝑙𝑖𝑡 /K 𝐴𝐷(𝑝𝑐𝑟𝑖𝑡)
/ % 

𝐴𝐷(𝑇𝑐𝑟𝑖𝑡) /
% 

reference 

ethanol 6.101 513.54 6.148 513.92 0.77 0.07 Ambrose et 
al.[16] 

“ “ “ 6.14 514.1 0.64 0.11 Rosenthal and 
Teja[145] 

“ “ “ 6.17 515 1.13 0.28 Lydersen and 
Tsochev[18] 

1-octanol 2.782 648.45 2.86 652.5 2.80 0.62 Ambrose et 
al.[16] 

“ “ “ 2.777 652.4 0.18 0.61 Rosenthal and 
Teja[145] 

“ “ “ 2.85 652.2 2.44 0.58 Quadri et al.[147] 

The experimentally obtained vapor pressure data of the OMEn are visualized in Figure 35 

and can be found in tabular form in the published article [116], as well as in section 8. There 

are visible deviations to the Antoine fit of Boyd [32] for both OME3 and OME4, which 

indicates the potential error which can result from the extrapolation of vapor pressure curves 

that have been only fitted to data for temperatures up to the atmospheric boiling point. The 

force field data of Kulkarni et al. [33] supports the trend of the measured vapor pressures of 

OME3, but deviates from the here obtained experimental data of OME4. The critical points 

of both OME3 and OME4 could be however not reached, unlike in the validation 

experiments for ethanol and 1-octanol. This is due to the formation of a solid char-like 

substance which was found to be formed during experiments at 𝑇 > 605 K for OME3 and 

at 𝑇 > 610 K for OME4 and which might be a result of thermal decomposition and 

repolymerization. This substance plugged the microcapillary, which had to be replaced by 

a new capillary for further experimentation.  

The vapor pressure data are fitted by the extended Antoine equation (compare fits in Figure 

35 and see eqn. (31)), since the extended version tends to give more accurate correlations 

over a wide temperature range than the simple Antoine equation (would equal 𝐿3 to 𝐿7 = 0 

in eqn. (31)). In order to achieve an appropriate fit for the full temperature range, the data 

of Boyd [32] were added to our experimental data. The AAD between fit and measured data 

(including Boyd’s data) are 1.77 % (OME3) and 1.58 % (OME4). The obtained Antoine 

parameters are provided in Table 6. 
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Figure 35: Measured vapor pressures and extended Antoine fits (fitted to both measured and Boyd’s data [32]); 
comparison with simulated data (Kulkarni [33]) and to an extrapolation of Boyd’s fits (only for illustration; 
validity up to atmospheric boiling temperatures) [116] 

Table 6: Parameters of the extended Antoine equation for OMEn; compare eqn. (31) and see plotted data in 
Figure 35 

Compound 𝐿0 𝐿1 𝐿2 𝐿3

OME3 -39.2943 -385.525 -190.729 -0.014676

OME4 -21.1755 -969.144 -164.351 −8.1936 ∙ 10−3

𝐿4 𝐿5 𝐿6 

OME3 15.136 -44.955 −1.6671 ∙ 10−3

OME4 11.529 -42.749 −1.4270 ∙ 10−4

The molar latent heat of vaporization ∆𝑣𝑎𝑝ℎ of both OME3 and OME4, are approximated by 

the equation of Clapeyron (see eqn. (29)). Therein the slope (d𝑝

d𝑇
) and the molar volume of

the saturated vapor phase (𝑣𝑣𝑎𝑝,𝑠) are computed with the Peng-Robinson EoS [115] by eqn.

(14) to (19)). The molar volumes of the saturated liquid phase (𝑣𝑙𝑖𝑞,𝑠) are obtained by the

Rackett, Spencer and Danner equation (RSD) that is given by eqn. (25).  

The critical properties 𝑝𝑐𝑟𝑖𝑡, 𝑇𝑐𝑟𝑖𝑡 and 𝜔 that are input values for the PR-EoS could not be 

determined experimentally as mentioned before. As a consequence, a numerical approach 

similar to the one introduced by Moine et al. [148] is used for the determination. Unlike in 

the publication of Moine et al. [148], where there are no boundaries for 𝑝𝑐𝑟𝑖𝑡 and 𝑇𝑐𝑟𝑖𝑡, 

different group contribution methods (GC-methods) are regarded in order to obtain a 

possible range for the critical properties’ values by the predicted maxima and minima 
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values. The maxima and minima critical properties of all used GC-methods are underlined 

inTable 7.  

Table 7: Critical properties predicted by different group contribution methods [116] 

method compound 𝑇𝑐𝑟𝑖𝑡/ K 𝑝𝑐𝑟𝑖𝑡/ MPa

Nannoolal et al. (Na) [149] OME3 608.22 3.227 
“ OME4 657.69 2.878 

Joback and Reid (JR) [150] OME3 605.87 3.206 
“ OME4 649.97 2.832 

Wilson and Jaspersen (WJ) 
[151] OME3 606.99 3.240 

“ OME4 652.81 2.843 
Marrero and Pardillo (MP) 

[152] OME3 603.44 3.114 

“ OME4 646.88 2.701 
Marrero and Gani (MG) [153] OME3 612.61 3.025 

“ OME4 649.16 2.646 
Li et al. (Li) [154] OME3 614.73 3.185 

“ OME4 659.70 2.763 

As visualized in Figure 36, 𝑇𝑐𝑟𝑖𝑡 and 𝑝𝑐𝑟𝑖𝑡 are directly iterated within these upper and lower 

extremes. The final critical properties (given in Table 8) are determined by comparing the 

vapor pressure line of the PR-EoS with the reference vapor pressure curve expressed by the 

extended Antoine equation in least-squares sense. 

Group contribution methods in general depend on simple input information, such as the 

chemical structure and a few thermodynamic data points such as atmospheric boiling 

temperature. The here considered GC-methods can predict in acceptable accuracy the 

behavior of similar compounds such as mono-ethers, but there are to the author’s knowledge 

no available GC-methods that can predict accurately the behavior of poly-ethers such as 

OMEn. The straightforward approach of Burger et al. [26,27] (Marrero and Pardillo [152]) 

or of Li and Jia [155] (Joback), who predicted the critical points of OMEn solely by a 

randomly chosen method, can be considered critically.  

With the determined critical temperatures 𝑇𝑐𝑟𝑖𝑡 the simplified RSD equation was adjusted 

to reproduce measured data, which was in the time of the publication unpublished, but which 

has been recently released by Beutler et al. [156]. The saturated liquid density 𝜌𝑙𝑖𝑞,𝑠 can be

obtained by eqn. (12) using the molar masses of the OMEn (𝑀𝑂𝑀𝐸3
= 0.13614 kg mol−1,

𝑀𝑂𝑀𝐸4
= 0.16617 kg mol−1).
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Figure 36: Estimation of the critical properties for OME3 and OME4 by least-squares-approach; use of GC-
predicted values as boundaries [116] 

Table 8: Final critical properties obtained by the approach visualized in Figure 36 [116] 

compound 𝑇𝑐𝑟𝑖𝑡/ K 𝑝𝑐𝑟𝑖𝑡/ MPa ω

OME3 609.00 3.083 0.5066 

OME4 649.03 2.818 0.6589 

Table 9: Adjusted parameters of the simplified RSD equation (compare eqn. (25)); the necessary critical 
temperature 𝑇𝑐𝑟𝑖𝑡  for the calculation of the reduced temperature 𝑇𝑟 is taken from the by iteration obtained
critical properties given in Table 8 

compound 𝐿0 𝐿1 𝐿2

OME3 1642.24 3.9771 0.28571 

OME4 1914.29 3.9221 0.28571 

PR-EoS modifications such as a different 𝛼-function (e. g. of Stryjek and Vera 

[114,157,158]) were not used, in order not to affect 𝑣𝑣𝑎𝑝,𝑠 which is relevant for the

Clapeyron equation. The fitted saturated liquid phase densities of the Rackett Spencer and 

Danner (RSD) equation, the measured liquid densities of Beutler et al. [156], the force-field 

simulated saturated vapor and liquid densities of Kulkarni et al. [33], as well as the saturated 

vapor phase PR-EoS densities are shown in Figure 37. The RSD equation gives almost 

identical results compared to an older correlation provided by Burger et al. [26,27] (not 
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shown for graphical clarity). Deviations in the shape of Kulkarni’s simulated density data 

rows compared to the RSD and PR-EoS-curves can be seen.  

Figure 37: Saturated liquid and vapor phase densities of RSD equation and PR-EoS compared with data from 
Beutler et al. [156] and Kulkarni et al. [33] [116] 

With all properties in the Clapeyron equation validated and defined, the latent heat of 

vaporization can be calculated. It has to be taken care however, that the Clapeyron-predicted 

heats of vaporization can be erroneous in the near-critical region. This can be avoided if 

∆𝑣𝑎𝑝ℎ are fitted by the PPDS equation (here for 𝑇𝑟 < 0.975), which then can be extrapolated 

up to 𝑇𝑐𝑟𝑖𝑡. The by the PPDS equation (see eqn. (33) and (34)) obtained ∆𝑣𝑎𝑝ℎ are listed in 

Table 10 and shown in Figure 38 compared to extrapolated data of Boyd [32]. The PPDS 

equation reproduces the results of the Clapeyron equation exactly, with only a small 

difference in the temperature region for 𝑇𝑟 > 0.975. [116] 

Table 10: Fitted parameters of the PPDS latent heat of vaporization equation for both OMEn; 𝑇𝑐𝑟𝑖𝑡  for
calculation of 𝑇𝑟 from Table 8; compare eqn. (33) and (34)

Compound 𝐿0 𝐿1 𝐿2 𝐿3 𝐿4

OME3 6.5570 15.1778 -10.1624 -0.83436 14.6898 

OME4 6.2838 21.6155 -16.8720 2.7104 11.7358 
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Figure 38: By PPDS equation computed latent heats of vaporization for OME3 and OME4 in comparison to 
extrapolated data of Boyd [32] [116] 

5.1.3 Conclusion 
Vapor pressures of OME3 and OME4 have been measured for the first time for temperatures 

exceeding the atmospheric boiling point. The Clapeyron equation was used to approximate 

the heats of vaporization of OME3 and OME4 up to the critical temperatures. Both properties 

are necessary input for spray modeling, as described earlier.  

The microcapillary setup’s capacity to measure accurately saturated vapor pressures has 

been tested and validated for the first time. Hereby the saturated vapor pressures and critical 

points of ethanol and 1-octanol could be precisely reproduced. The applied experimental 

method shows however the weakness that the vapor pressure cannot be measured by 

detecting the transition from liquid to vapor phase. This is due to boiling retardation, 

resulting from the liquid being at rest inside the microcapillary. The saturated vapor pressure 

measurements are furthermore limited to pressures significantly higher than one atmosphere 

(approximately 𝑝 > 0.4 MPa). The standard uncertainties that were approximated by 

considering literature critical points of the validation compounds using the guide to the 

expression of uncertainty in measurement (GUM [144]), are at maximum 𝑢(𝑇) = 2.51 K 

and 𝑢(𝑝) = 0.12 MPa. This is less precise compared to setups, where the temperature is 

directly determined inside the vessel that contains the fluid. The latter is the case for classical 

pressure cell setups, as reported by Quadri et al. [147] and Rosenthal and Teja [145] for the 

critical temperature of 1-octanol (𝑢(𝑇) = 0.6 K in both studies).  
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Vapor pressure curves can be measured however up to the critical point as proven by the 

precise validation. An advantage of the described method lies in the small consumption of 

material, low experimentation time, as well as in the relatively precise measurement of 

system pressure. [116] 

 

5.2 VLE measurements 
The here presented results and discussions are part of the published articles [67,93,120] 

Regarding the full data sets including the combined standard uncertainties of the 

vapor/liquid equilibria in tabular form, the reader is also referred to section 8.   

 

5.2.1 Materials and Methods 
The chemicals that were used in the experiments are listed in Table 11. Prior to each 

experimental run, the fuel was degassed under pulsed sonication (frequency of 0.2 Hz; pulse 

duration of 0.5 s) for 5 minutes before it was sucked into the feed pump. In order to remove 

residual air from the feed pump, a small amount of the degassed fuel was fed through a 

valve-controlled bypass, located prior to valve 2 (compare Figure 15).  

 

Table 11: Compounds/chemicals used for the VLE experiments; 1-octanol and ethanol from the identical 
suppliers were also used in vapor pressure studies (compare Table 4)  

compound CAS Supplier purity 

1-octanol (spectro-photometric grade) 111-87-5 Riedel de Haen > 99 %w 

ethanol for spectroscopy 64-17-5 Merck KGaA > 99.9 %w 

nitrogen 5.0 7727-37-9 Nippon Gas 99.999 %v 

oxygen 5.0 7782-44-7 Nippon Gas 99.999 %v 

gas mix*,a (79.7 %v O2, 20.3 %v N2) 7727-37-9, 7782-44-7 Nippon Gas 99.999 %v 

ethanol (for spectroscopy) 64-17-5 Merck KGaA > 99.9 %w 

gas mix 1*,b (20 % O2, 80 % N2)* 7782-44-7 / 7727-37-9 Nippon Gas > 99.999 %v 

gas mix 2*,b (80 % O2, 20 % N2)* 7782-44-7 / 7727-37-9 Nippon Gas > 99.999 %v 

n-tridecane 629-50-5 Riedel de Haen > 99 %w 

n-pentadecane 629-62-9 Riedel de Haen > 99 %w 

n-hexadecane 544-76-3 Riedel de Haen > 99 %w 

n-heptadecane 629-78-7 Riedel de Haen > 99 %w 

*: the composition of the gas mix refers to a condition of 288.15 K and 0.1013 MPa; difference between volume and mole 

fractions is negligible; a: used for VLE study 1-octanol/N2/O2; b: used for VLE study ethanol/N2/O2 
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The used type of fused silica microcapillaries (Molex-Polymicro Technologies) has the 

internal and external diameter of {300 and 800}µm. The experimental procedure is in detail 

described in section 4.2.2. 

5.2.2 Results 
This section begins with the determination of the calibration constants 𝐾𝑖𝑗, as discussed 

earlier in sections 3.3.2 and 4.2.2, followed by the presentation of the VLE results in phase 

diagrams that are shown together with modeled data from the regarded EoS and closes with 

the validation against available literature data. The critical properties and PC-SAFT 

parameters that are necessary model input, are given in Table 12 and Table 13.  

Table 12: Critical properties necessary for PR-EoS 

compound 𝑇𝑐𝑟𝑖𝑡/ K 𝑝𝑐𝑟𝑖𝑡/ MPa ω reference 

1-octanol 652.5 2.777 0.5897 [159,160] 

nitrogen 126.21 3.398 0.0369 [160] 

oxygen 154.65 5.043 0.0213 [160] 

ethanol 514.56 6.226 0.6430 [160] 

n-tridecane 675.67 1.685 0.6006 [160] 

n-pentadecane 722.39 1.448 0.7355 [160] 

n-hexadecane 735.71 1.321 0.7500 [160] 

n-heptadecane 722.39 1.448 0.7355 [160] 

Table 13: PC-SAFT parameters 

compound 𝑚 𝜎/10−10m 𝜀/𝑘𝑏/ K 𝜀𝐴𝑖𝐵𝑖/𝑘𝑏/ K 𝜅𝐴𝑖𝐵𝑖 reference 
1-octanol 4.3555 3.7145 262.75 2754.8 2.197∙10-3 [122] 
nitrogen 1.2053 3.3130 90.96 - - [121] 
oxygen 1.1217 3.210 114.96 - - [161] 

n-tridecane 5.6877 3.9143 249.78 - - [121] 
n-pentadecane 6.2855 3.9531 254.14 - - [121] 
n-hexadecane 6.6485 3.9552 254.70 - - [121] 
n-heptadecane 6.9809 3.9675 255.65 - - [121] 

Calibration 

In the case of ethanol/N2/O2 the calibration measurements are performed inside the 

unsaturated vapor phase (for 𝑝 < 𝑝𝑐𝑟𝑖𝑡,𝑒𝑡ℎ) and the partially supercritical regime. For the 1-

octanol/N2/O2 study, as well as for the n-alkane/N2 systems, the critical loci are located at 

pressures that exceed those of ethanol/N2 or ethanol/O2 by far (compare sketch in Figure 

23). Various temperatures, pressures and different precise global compositions were 



59 

however set throughout the calibration campaign of all studied systems. The calibration 

experiments for the ternary system ethanol/N2/O2 were carried out by feeding gas mix 1 

(compare Table 11) through the left feed line and ethanol through the upper feed line. The 

molar flux of the gas can be obtained from the set mass flow of the MFC, while the feed 

volume flow of the ISCO 260 D can be converted using the Tait density correlation 

(compare eqn. (26) to (28)) of Cibulka and Zikova [162,163]. Since mole fractions across 

the full composition range could be set, the binary calibration constants were computed by 

the linear equation (36), with the linear fits having the forced interception of 0 (compare 

Figure 39).  

Figure 39: Calibration for ethanol/N2 (left diagram) and ethanol/O2 (right diagram) at different pressures and 
temperatures; obtained for experiments with system ethanol/gas mix 1 [93] 

The binary calibration constants obtained from the fits shown in Figure 39 are given in Table 

14. The constant 𝐾𝑂2,𝑁2
 could be obtained by division of the two other calibration constants

𝐾𝑒𝑡ℎ,𝑂2
 and 𝐾𝑒𝑡ℎ,𝑁2

 according to eqn. (38). For this specific case however, a straight line

with the intercept of 0 is fitted against the determined intensity ratios 𝑟𝑂2,𝑁2
 that all match

the same molar ratio of  𝑅𝑂2,𝑁2
= 0.25 (compare gas mix 1 in Table 11). By the following

Figure 40, the evaluated signal ratios 𝑟𝑂2,𝑁2
 are plotted vs. the mole fractions of ethanol that

were set for the calibration experiments. With the decrease in the contents of N2 and O2 and 

with the increasing amount of ethanol in the unsaturated ternary mixture, only a slight 

change of 𝑟𝑂2,𝑁2
 is visible. In respect of this figure, the described spectral evaluation

procedure regarding the isolation of the O2-stretching vibration, can be considered accurate 

for the full composition range.  
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Figure 40: Determined signal ratios 𝑟𝑂2,𝑁2

 vs. set ethanol mole fraction for calibration experiments of 
ethanol/gas mix 1 

 

Table 14: Binary calibration constants found by linear fits for the studied ternary system ethanol/N2/O2 [93] 

𝑖 𝑗 𝐾𝑖𝑗  

ethanol oxygen 0.05816 

ethanol nitrogen 0.05067 

oxygen nitrogen 0.84737 

 

The molar flux that is necessary for the calibration experiments, was obtained for 1-octanol 

as for ethanol by the Tait density correlation (compare eqn. (26) to (28)) of Cibulka and 

Zikova [162,163], while for the n-alkanes the same correlation with the parameters given in 

another work of Cibulka and Hnědkovský [164] was considered. Unlike ethanol, 1-octanol 

or the other n-alkanes, n-heptadecane was fed at 𝑇 = 303.15 K due to its high atmospheric 

melting point of 𝑇𝑛𝐶17
𝑚 (0.1013 MPa) = 295.1 K [165]. A correlation for the unsaturated 

liquid density of n-heptadecane covering the feeding temperature is however not given in 

the work of Cibulka and Hnědkovský [164]. As a consequence, a Tait correlation was 

obtained for the isotherm of  𝑇 = 303.15 by considering available literature data of Bazile 

et al.[166], Luning Prak et al.[167], Brostow et al.[168], Würflinger et al.[169] and Audsley 

et al.[170]. The parameters obtained therefrom are provided in Table 15. The unsaturated 

liquid density is shown graphically in Figure 41. For the binary systems 1-octanol/N2 and 

1-octanol/O2, as well as for the n-alkane/N2 systems the nonlinear calibration approach 

according to eqn. (37) was chosen (compare right graphic in Figure 13), as a result that 

calibration measurements could not be carried out throughout the full composition range. 



61 

Figure 41: Adjusted Tait density correlation of n-heptadecane for the isotherm of 𝑇 = 303.15 K; adjusted by 
considering available literature data [166–170]; [120] 

Table 15: N-heptadecane Tait equation parameters, fitted for an isotherm of 𝑇 = 303.15 (compare Figure 
41); [120] 

𝑐0 𝑐1 𝑏0 𝑏1 𝑏2 𝑏3 𝑇0

0.1249 -0.00035 101.43 -62.46 22.86 23.40 373.32 

For the binary system 1-octanol/O2, calibration results could not be obtained within the 

unsaturated vapor phase, due to repeatedly ignition and rupture of the microcapillary. In 

order to quantify the saturated liquid and vapor phase compositions for the 1-octanol/O2 

system, the calibration factor was finally obtained by the division of 𝐾𝑜𝑐𝑡,𝑁2
 and 𝐾𝑂2,𝑁2

. The

experimental calibration data that was measured and the respective fitted nonlinear 

calibration lines are presented in Figure 42. The results of the calibration for the binary 

systems 1-octanol/N2 and 1-octanol/O2 are given in Table 16. A scattering plot which is 

shown in Figure 43 indicates the goodness of the nonlinear calibration fits, by the small 

deviations between experimentally set and predicted (respectively calculated) N2 mole 

fraction and furthermore by the given coefficients of determination 𝑅2.

The results for the binary n-alkane/N2 systems are only visualized in a scattering plot (see 

Figure 44), since the data points of the different systems and the calibration lines are visually 

only hardly differentiable. The calibration factors are given in Table 17 and are furthermore 

plotted against the chain length of the n-alkane in Figure 45. Hereby it is interesting to note, 

that a linear trend is visible. 



62 

Figure 42: Calibration within unsaturated liquid and vapor phase regimes at various pressures and temperatures 
for the binary systems 1-octanol/N2 and O2/N2 (furthermore given as zoom in the bottom right corner) [67] 

Table 16: Calibration results for the binary systems 1-octanol/N2 and 1-octanol/O2 

𝑖 𝑗 𝐾𝑖𝑗

1-octanol nitrogen 0.01792 

oxygen nitrogen 0.85586 

1-octanol oxygen 0.02094 

Figure 43: Scattering plot for the calibration of 1-octanol/N2 and O2/N2 with coefficients of determination for 
predicted and experimental mole fractions of N2; compare the calibration results in Figure 42 [67] 



63 
 

 

 
Figure 44: Calibration scattering plot for the binary n-alkane/N2 systems; [120] 

 

Table 17: Calibration results for binary n-alkane/N2 systems (compare Figure 44) 

𝑖 𝑗 𝐾𝑖𝑗  

n-tridecane nitrogen 0.01004 

n-pentadecane nitrogen 0.00900 

n-hexadecane nitrogen 0.08527 

n-heptadecane nitrogen 0.08001 

 

 
Figure 45: Linear fit of binary Raman calibration constants over number of carbon atoms in n-alkane [120] 
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VLE results and EoS modeling 

With the calibration constants determined, the compositions of the saturated liquid and 

vapor phases can be calculated according to eqn. (36) for a binary system, or according to 

eqn. (39) and (40) in the case of a ternary system. For the VLE experiments of 

ethanol/N2/O2, ethanol was mixed with gas mix 1, gas mix 2 and with pure oxygen, meaning 

that two ternary systems and one binary system were studied. By including the measured 

data of Klima and Braeuer[60] for the binary system of ethanol/N2, saturated liquid and 

vapor phase compositions along the full composition range for the system ethanol/N2/O2 

could be obtained. Two types of ternary diagrams are shown as follows: with rising pressure 

along the isotherm of 423 K (see Figure 46) and for various temperatures along the isobar 

of 6.5 MPa (see Figure 47). A 𝑇𝑥𝑦-diagram of the binary system ethanol/O2 is furthermore 

given in Figure 48.  

When analyzing the ternary VLE diagrams in general, a higher solubility of O2 compared 

to N2 in the ethanol-rich liquid phase can be observed which tends to increase with rising 

pressure and temperature. The measured compositions of the saturated vapor phase show an 

increasing amount of ethanol with rising temperature and constant pressure, as well as a 

decreasing amount of ethanol with rising pressure at constant temperature. The ethanol mole 

fraction in the saturated vapor phase tends however to be almost unaffected by the gas. The 

dashed lines in Figure 46 and Figure 47 show the bubble and dew point curves calculated 

by the Peng-Robinson EoS with the classical 𝛼-function (compare eqn. (19)). For the 

regarded system ethanol/N2/O2, the binary interaction coefficients were considered to be 

dependent on temperature. As a consequence they are fitted against the isothermal data 

points by minimizing the bubble point pressures as shown by the objective function in eqn. 

(55). Interactions between N2 and O2 were not considered (𝑘𝑖𝑗 = 0). 

𝐹1 = ∑ [
𝑝𝑙

𝑠,𝑒𝑥𝑝
− 𝑝𝑙

𝑠,𝑐𝑎𝑙

𝑝𝑙
𝑠,𝑒𝑥𝑝 ]

2𝑛𝑝

𝑙=1

(55)
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Figure 46: Ternary diagram of ethanol, oxygen and nitrogen (including data of Klima and Braeuer [60]) along 
the isotherm of 𝑇 = 423 K and for various pressures (left); zoom into saturated liquid phase regime (right); 
dashed lines are from the PR-EoS [93] 

 
Figure 47: Ternary diagram of ethanol, oxygen and nitrogen (including data of Klima and Braeuer [60]) along 
the isobar of 𝑝 = 6.5 MPa and for various temperatures (left); zoom into saturated liquid phase regime (right); 
dashed lines: PR-EoS with 𝑘𝑖𝑗,𝑇𝑑

𝑃𝑅  [93] 

 
Figure 48: 𝑇𝑥𝑦-diagram of binary system ethanol/O2; several data points of the saturated vapor phase are left 
out compared to the publication [93], due to the reassessment of measurement uncertainty; dashed lines: PR-
EoS with 𝑘𝑖𝑗,𝑇𝑑

𝑃𝑅  
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The adjusted 𝑘𝑖𝑗,𝑇𝑑
𝑃𝑅  can in return be fitted by straight lines for the binary systems ethanol/N2 

(data of Klima and Braeuer [60]) and ethanol/O2. In eqn. (56) 𝐿0 is the intercept and 𝐿1 is 

the slope. The results of the fits are given in Table 18 and are shown in Figure 49. 

Table 18: Intercepts, slopes and the coefficients of determination for the temperature dependents fits of the 
PR-EoS binary interaction coefficients [93] 

𝑖 𝑗 𝑅𝑖𝑗
2 𝐿0,𝑖𝑗

𝑃𝑅 𝐿1,𝑖𝑗
𝑃𝑅

ethanol oxygen 0.9841 -0.4830 1.789 ∙ 10−3 

ethanol nitrogen 0.9587 -0.6562 1.976 ∙ 10−3 

oxygen nitrogen - 0 0 

𝑘𝑖𝑗,𝑇𝑑
𝑃𝑅 = 𝐿0,𝑖𝑗

𝑃𝑅 + 𝐿1,𝑖𝑗
𝑃𝑅 ∙ 𝑇 (56) 

Figure 49: Fits of PR-EoS interaction coefficients for binary systems ethanol/O2 and ethanol/N2 [93] 

When comparing the data of the model with the experimental results in terms of the 𝐴𝐴𝐷 

(see eqn. (54)) for the binary system ethanol/O2, the PR-EoS is in the widest ranges in good 

agreement with the measured data. The temperature-dependent consideration yields hereby 

significantly better results in terms of 𝐴𝐴𝐷 (compare Table 19) than the temperature-

independent one with 𝑘𝑒𝑡ℎ,𝑂2

𝑃𝑅 = 0.2001. 

Table 19: 𝐴𝐴𝐷 between experimental results and PR-EoS with temperature-dependent and temperature-
independent consideration (only data points are considered that are shown in Figure 48 

System 𝐴𝐴𝐷𝑇𝑑
𝑃𝑅(𝑦)/% 𝐴𝐴𝐷𝑇𝑑

𝑃𝑅(𝑥)/% 𝐴𝐴𝐷𝑃𝑅(𝑦)/% 𝐴𝐴𝐷𝑃𝑅(𝑥)/%

ethanol/O2 11.8 3.3 11.7 10.1 
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The VLE results of the two binary systems 1-octanol/N2 and 1-octanol/O2 are shown as 

follows in 𝑇𝑥𝑦-diagrams (see Figure 50 for 1-octanol/N2 and Figure 51 for 1-octanol/O2) 

and 𝑝𝑥𝑦-diagrams (see comparison between two binary systems in Figure 52). When 

comparing the two binary systems with each other the higher solubility of O2 in the 1-

octanol-rich liquid phase becomes obvious, while the saturated vapor phase compositions 

are however only hardly differentiable (as for the system ethanol/N2/O2). Also, the 

beforementioned trends of rising N2- and O2- solubility with increasing system pressure and 

temperature are visible. The trend of a higher 1-octanol mole fraction in the saturated vapor 

phase with an increase in temperature is furthermore obvious, as a direct result of the 

increasing vapor pressure of 1-octanol. Modeled data of the PR-EoS and the PC-SAFT are 

moreover plotted in the diagrams shown in Figure 50, Figure 51 and Figure 52. For the PR-

EoS, the classical 𝛼-function was used, as for the system ethanol/N2/O2. 

Figure 50: 𝑇𝑥𝑦-diagram of binary system 1-octanol/N2 with PC-SAFT with 𝑘𝑖𝑗
𝑃𝐶𝑆 (continuous lines) and PR-

EoS (dotted lines) with zoom of saturated liquid phase [67] 

Figure 51: 𝑇𝑥𝑦-diagram of binary system 1-octanol/O2 with PC-SAFT with 𝑘𝑖𝑗
𝑃𝐶𝑆 (dashed lines) and PR-EoS 

(dashed dotted lines) with zoom of saturated liquid phase [67] 
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Figure 52: 𝑝𝑥𝑦-diagram (left graphic) and zoom of saturated vapor (middle) and liquid phases (right); 
comparison of 1-octanol/N2 and 1-octanol/O2; compare Figure 50 and Figure 51 [67] 

The binary interaction coefficient was considered both, dependent as well as independent 

of temperature, when minimizing the objective function (57). Another objective function 

that was tested is given in eqn. (58), including the saturated vapor phase composition 𝑦. 

This 2nd term in eqn. (58) was however only considered for experimental points where vapor 

phase compositions could be measured (compare missing data points of saturated vapor 

phase in Figure 50 and Figure 51). 𝐹3 leads logically to a lower 𝐴𝐴𝐷(𝑦), but the sum of 

𝐴𝐴𝐷(𝑥) and 𝐴𝐴𝐷(𝑦) turns out to be higher compared to 𝐹2 (compare definition of 𝐴𝐴𝐷 in 

eqn. (54)). As a consequence, 𝐹2 was chosen as the objective function.  

𝐹2 = ∑ ∑ [
𝑥𝑖,𝑙

𝑒𝑥𝑝
− 𝑥𝑖,𝑙

𝑐𝑎𝑙

𝑥𝑖,𝑙
𝑒𝑥𝑝 ]

2𝑛𝑐

𝑖=1

𝑛𝑝

𝑙=1

(57) 

𝐹2 = ∑ ∑ [
𝑥𝑖,𝑙

𝑒𝑥𝑝
− 𝑥𝑖,𝑙

𝑐𝑎𝑙

𝑥𝑖,𝑙
𝑒𝑥𝑝 ]

2

+ [
𝑦𝑖,𝑙

𝑒𝑥𝑝
− 𝑦𝑖,𝑙

𝑐𝑎𝑙

𝑦𝑖,𝑙
𝑒𝑥𝑝 ]

2𝑛𝑐

𝑖=1

𝑛𝑝

𝑙=1

(58) 

The temperature-dependent fit yields moreover only a slightly enhanced model accuracy for 

both the PC-SAFT and the PR-EoS. This is why in the diagrams shown above (Figure 50, 

Figure 51 and Figure 52), only modeled data are plotted that are obtained by using the 

temperature-independent 𝑘𝑖𝑗. In the following the final temperature-independent 𝑘𝑖𝑗 are 

listed in Table 20, with the 𝐴𝐴𝐷 given in Table 21. The 3rd-order polynomial parameters 

(compare eqn. (59)) of the temperature-dependent 𝑘𝑖𝑗 are given for completeness in Table 

22, while the corresponding 𝐴𝐴𝐷 are provided in Table 23. 



69 

Table 20: Obtained temperature-independent PR-EoS and PC-SAFT binary interaction coefficients of the 
binary systems 1-octanol/N2 and 1-octanol/O2 [67] 

System 𝑘𝑖𝑗
𝑃𝐶𝑆 𝑘𝑖𝑗

𝑃𝑅

1-octanol/N2 0.1551 0.2943 

1-octanol/O2 0.1681 0.2936 

Table 21: 𝐴𝐴𝐷 of temperature-independent consideration of 𝑘𝑖𝑗 for binary systems 1-octanol/N2 and 1-
octanol/O2 [67] 

System 𝐴𝐴𝐷𝑃𝐶𝑆(𝑦)/% 𝐴𝐴𝐷𝑃𝐶𝑆(𝑥)/% 𝐴𝐴𝐷𝑃𝑅(𝑦)/% 𝐴𝐴𝐷𝑃𝑅(𝑥)/%

1-octanol/N2 8.85 3.23 9.53 2.04 

1-octanol/O2 6.32 4.23 6.74 1.95 

𝑘𝑖𝑗,𝑇𝑑 = 𝐿3 ∙
𝑇3

𝑇0
3 + 𝐿2 ∙

𝑇2

𝑇0
2 + 𝐿1 ∙

𝑇

𝑇0

+ 𝐿0 (59) 

Table 22: 3rd order polynomial parameters for the description of temperature-dependent binary interaction 
coefficients for binary systems 1-octanol/N2 and 1-octanol/O2 [67] 

system 𝐿0
𝑃𝐶𝑆 𝐿1

𝑃𝐶𝑆 𝐿2
𝑃𝐶𝑆 𝐿3

𝑃𝐶𝑆

1-octanol/N2 -2.4709 ∙ 10−3 2.8664 ∙ 10−4 6.8094 ∙ 10−7 -1.1313 ∙ 10−9

1-octanol/O2 -0.23407 2.1572 ∙ 10−3 -3.8797 ∙ 10−6 2.7181 ∙ 10−9

𝐿0
𝑃𝑅 𝐿1

𝑃𝑅 𝐿2
𝑃𝑅 𝐿3

𝑃𝑅

1-octanol/N2 -1.1438 0.010444 -2.5257 ∙ 10−5 2.0404 ∙ 10−8 

1-octanol/O2 -1.0817 9.9136 ∙ 10−3 -2.4060 ∙ 10−5 1.9871 ∙ 10−8 

Table 23: 𝐴𝐴𝐷 of temperature-dependent consideration of 𝑘𝑖𝑗 for binary systems 1-octanol/N2 and 1-
octanol/O2 [67] 

system 𝐴𝐴𝐷𝑇𝑑
𝑃𝐶𝑆(𝑦)/% 𝐴𝐴𝐷𝑇𝑑

𝑃𝐶𝑆(𝑥)/% 𝐴𝐴𝐷𝑇𝑑
𝑃𝑅(𝑦)/% 𝐴𝐴𝐷𝑇𝑑

𝑃𝑅(𝑥)/%

1-octanol/N2 8.97 1.38 9.77 1.35 

1-octanol/O2 7.19 1.21 7.20 1.08 

Last but not least the VLE data of the n-alkane/N2 systems are presented as 𝑇𝑥𝑦-diagrams 

in Figure 53 and a comparison between the different systems is provided in Figure 54. When 

comparing the bubble point curves of the different binary systems, hardly any differences 

of the N2-solubility can be observed. The binary systems are however clearly differentiable 

by their saturated vapor phase compositions, as a result of the decreasing volatility of n-

alkanes with rising chain length.  

In the phase diagrams shown here the solely predictive Peng-Robinson EoS with a 

temperature dependent interaction coefficient (PPR78) is used. The differences of the model 
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which has been introduced by Jaubert, Mutelet and Privat [117,118], compared to the 

original PR-EoS are discussed in section 3.1.2 (compare eqn. (20)). The binary interaction 

coefficients of the PC-SAFT are obtained analog as for the systems 1-octanol/N2 and 1-

octanol/O2 by minimizing the objective function 𝐹2 given in eqn. (57).  

Figure 53: 𝑇𝑥𝑦-diagrams of the regarded binary n-alkane/N2 systems; PPR78: dashed-dotted lines; PC-SAFT 
with 𝑘𝑖𝑗

𝑃𝐶𝑆: dashed lines; [120] 

Figure 54: 𝑇𝑥𝑦-diagrams for comparison between different n-alkane/N2 systems; PPR78 at 3MPa dotted lines 
and at 9 MPa dashed-dotted lines, PC-SAFT with 𝑘𝑖𝑗

𝑃𝐶𝑆 at 3 MPa continuous lines and at 9 MPa dashed lines;
[120]
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The results are also given in Table 24. Therein are also listed the polynomial parameters for 

the calculation of 𝑘𝑖𝑗,𝑇𝑑
𝑃𝐶𝑆 , that are however not relevant for the n-alkane/N2 phase diagrams. 

The 𝐴𝐴𝐷 between model and experimental data are given in 

Table 25. 

Table 24: Binary interaction of PC-SAFT for n-alkane/N2 systems; temperature-dependent parameters for 
computation of 𝑘𝑖𝑗,𝑇𝑑

𝑃𝐶𝑆 (compare eqn. (59)) and temperature-independent 𝑘𝑖𝑗
𝑃𝐶𝑆 obtained from minimizing 𝐹2

in eqn. (57) 

system 𝑘𝑖𝑗
𝑃𝐶𝑆 𝐿𝑖𝑗,0

𝑃𝐶𝑆 𝐿𝑖𝑗,1
𝑃𝐶𝑆 𝐿𝑖𝑗,2

𝑃𝐶𝑆 𝐿𝑖𝑗,3
𝑃𝐶𝑆

n-tridecane/N2 0.1782 -0.0458 1.411∙10-3 -3.167∙10-6 2.596∙10-9 
n-pentadecane/N2 0.1963 -0.0582 4.987∙10-3 -1.064∙10-5 7.678∙10-9 
n-hexadecane/N2 0.1872 -0.3536 3.371∙10-3 -7.019∙10-6 5.003∙10-9 
n-heptadecane/N2 0.1784 -0.4726 4.198∙10-3 -8.748∙10-6 5.944∙10-9 

Table 25: 𝐴𝐴𝐷 between models (PPR78 and PC-SAFT) and experimental data for regarded binary n-
alkane/N2 systems 

system 
𝐴𝐴𝐷𝑇𝑑

𝑃𝐶𝑆

(𝑥)/% 
𝐴𝐴𝐷𝑇𝑑

𝑃𝐶𝑆

(𝑦)/% 
𝐴𝐴𝐷𝑃𝐶𝑆

(𝑥)/% 
𝐴𝐴𝐷𝑃𝐶𝑆

(𝑦)/% 
𝐴𝐴𝐷𝑇𝑑

𝑃𝑅

(𝑥)/% 
𝐴𝐴𝐷𝑇𝑑

𝑃𝑅

(𝑦)/% 

n-tridecane/N2 1.75 6.08 2.52 6.57 9.06 9.22 
n-pentadecane/N2 1.44 15.20 3.02 14.63 11.04 12.36 
n-hexadecane/N2 1.97 21.11 3.00 20.59 8.25 19.30 
n-heptadecane/N2 3.69 19.87 4.13 19.82 7.98 17.97 

Validation 

Since no comparable VLE data for the ternary system ethanol/N2/O2 or the binary system 

ethanol/O2 are available in the archival literature, Henry coefficients from the works of 

Schnabel et al. [61] (adjusted and predictive modes) and Malviya et al. [62] were regarded 

for validation (compare Table 1). The literature data are shown in Figure 55 together with 

the Henry coefficients obtained in this work by eqn. (24), for which the PR-EoS using the 

fitted 𝑘𝑖𝑗,𝑇𝑑
𝑃𝑅 was applied. When comparing the obtained Henry coefficients with the 

literature data, generally good agreement can be seen, with the biggest deviation in the lower 

temperature range. As it can be seen by the right diagram of Figure 56, the obtained saturated 

liquid phase data for the binary system of 1-octanol/N2 show good agreement with the 

experimental data of Weng et al. [65], while the data of Lu et al. [66] tend to diverge from 

Weng’s and the here obtained data. Good agreement can be also seen for the saturated vapor 

phase compositions (left diagram of Figure 56), where two isotherms can be compared with 

the data of Weng et al.  
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Figure 55: Comparison of the Henry coefficients for the binary system ethanol/O2 with literature data from the 
works of Schnabel et al. [61] and Malviya et al. [62]; [93] 

Figure 56: Validation of VLE data for binary system 1-octanol/N2 with available literature data of Weng et al. 
[65] and Lu et al. [66]; [67]

Figure 57: Henry’s law coefficients obtained by the PR-EoS in comparison with the data published by Weng 
et al. [65]; [67] 
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Henry’s law coefficients for the binary system 1-octanol/N2 are also in good agreement with 

Henry’s law coefficients given by Weng et al. [65] (obtained by the Krichevsky-Ilinskaya 

equation [171]; see Figure 57). Figure 57 indicates further the beforementioned higher 

solubility of O2 compared to N2 in the 1-octanol-rich liquid phase. 

The experimentally obtained VLE data of the binary system n-hexadecane/N2 are compared 

to literature data of three publications in Figure 58. As stated earlier for the other binary 

systems, the obtained data for n-hexadecane/N2 agree also well with the available literature 

data. PC-SAFT modeling for the binary system n-hexadecane/N2 has been also done by 

Madani et al. [172], Rowane et al. [34] and García-Sánchez et al. [173]. Madani et al.[172] 

do however not tabulate any 𝑘𝑖𝑗
𝑃𝐶𝑆 obtained by a machine-learning algorithm, while the 𝑘𝑖𝑗

𝑃𝐶𝑆 

of Rowane et al.[34] is not comparable to our fitted 𝑘𝑖𝑗
𝑃𝐶𝑆, since the pure compound 

parameters 𝑚, 𝜎 and 𝜀 stem from a group contribution method. García-Sánchez et al.[173] 

included the VLE data of only Lin et al.[68] for their fit. They report values of 𝑘𝑖𝑗
𝑃𝐶𝑆 =

0.1816 and 𝑘𝑖𝑗
𝑃𝐶𝑆 = 0.1860, obtained by two different objective functions. Those are well 

comparable to the obtained 𝑘𝑖𝑗
𝑃𝐶𝑆 = 0.1872 of this study. [120] 

 
Figure 58: Validation of VLE data for binary system n-hexadecane/N2 with available literature data [34,68,69]; 
[120] 

 

Uncertainties 

As stated earlier, the guide to the expression of uncertainty in measurement (GUM) was 

considered, in order to determine combined standard uncertainties of the experimentally 

obtained equilibrium molar compositions 𝑧. “Type a” uncertainties stem from measurement 

repetitions, while “type b” uncertainties are measurement uncertainties of the used 

measurement devices (and which don’t have a repetitive character). Among other 

uncertainties, contributions from the measurement of pressure and temperature are included. 

The combined pressure uncertainty (𝑢𝑐(𝑝); see eqn. (60)) combines the uncertainty interval 
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of the device (𝑢𝑏(𝑝) = 0.05% ∙ 𝑝; Keller PA-33x) with the deviation between set and 

measured pressure (𝑢𝑎(𝑝)). The combined temperature uncertainty (𝑢𝑐(𝑇); see eqn.(60)) 

includes the manufacturer’s uncertainty (𝑢𝑏(𝑇) = 0.1K + 0.0017 ∙ 𝑇) and the standard 

deviation of the temperature values that come from 4 different PT-100 resists (𝑢𝑎(𝑇)). For 

the VLE study of ethanol/N2/O2 type K thermocouples were used instead of PT-100 resists 

(𝑢𝑏(𝑇) = 1.1K or 𝑢𝑏(𝑇) = 0.4% ∙ 𝑇; whatever is greater) and the pressure was measured 

by the pressure transducer of the Isco reverse pump (𝑢𝑏(𝑝) = 0.5% ∙ 𝑝).  

 

𝑢𝑐(𝑝) = √(𝑢𝑎(𝑝))2 + (𝑢𝑏(𝑝))
2

  ;  𝑢𝑐(𝑇) = √(𝑢𝑎(𝑇))2 + (𝑢𝑏(𝑇))
2

   (60) 

 

In order to state databank-requested combined uncertainties in the unit of the experimental 

result (mol ∙ mol−1), the partial derivatives (𝜕𝑧

𝜕𝑇
)

𝑝
 and (𝜕𝑧

𝜕𝑝
)

𝑇
 were determined numerically 

by using the Peng-Robinson EoS (using 𝑘𝑖𝑗
𝑃𝑅 in publication [67]) and the PPR78 (in 

publication [120]). The combined uncertainties of temperature 𝑢𝑐,𝑇(𝑧) and pressure 𝑢𝑐,𝑝(𝑧) 

in the unit of mol ∙ mol−1 can then be obtained by a Gaussian-type error propagation (see 

following eqn. (61)).  

 

𝑢𝑐,𝑝(𝑧) = (
𝜕𝑧

𝜕𝑝
)

𝑇

∙ 𝑢𝑐(𝑝); 𝑢𝑐,𝑇(𝑧) = (
𝜕𝑧

𝜕𝑇
)

𝑝
∙ 𝑢𝑐(𝑇)   (61) 

 

Uncertainties of the Raman analysis are also included. In detail from the calibration 

(𝑢𝑎,𝑐𝑎𝑙(𝑧)), by regarding the standard deviation of all differences between experimental and 

predicted values (compare validation section; e. g. Figure 44) as well as from the combined 

uncertainty regarding the Raman measurement and spectral evaluation at each experimental 

point (𝑢𝑐,𝑟𝑒𝑝(𝑧)). The latter can be obtained by eqn. (62). Therein 𝑢𝑎,𝑠𝑖𝑛𝑔 is the standard 

deviation of the 32 mole fractions of the single spectra obtained at each experimental point. 

𝑢𝑎,𝑔𝑙𝑜𝑏 marks the averaged standard deviation of global experimental repetitions performed 

for various temperatures and pressures of 3 MPa and 9 MPa for the VLE study of the 1-

octanol/N2 system. For 𝑢𝑎,𝑠𝑖𝑛𝑔 a weight 𝜇 is included, that was found by comparing 𝑢𝑎,𝑠𝑖𝑛𝑔 

with 𝑢𝑎,𝑔𝑙𝑜𝑏 at the same pressure and temperature conditions. Therefrom it could be derived 

that on average 5.2 single spectra are representative for the liquid phase (𝜇𝑙𝑖𝑞 = 0.19), while 

8.3 single spectra are representative for the vapor phase (𝜇𝑣𝑎𝑝 = 0.12).  
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𝑢𝑐,𝑟𝑒𝑝(𝑧) = √(𝜇 ∙ 𝑢𝑎,𝑠𝑖𝑛𝑔(𝑧))
2

+ (𝑢𝑎,𝑔𝑙𝑜𝑏(𝑧))
2

(62) 

By the calculated uncertainties 𝑢𝑐,𝑝(𝑧), 𝑢𝑐,𝑇(𝑧), 𝑢𝑎,𝑐𝑎𝑙(𝑧) and 𝑢𝑐,𝑟𝑒𝑝(𝑧) the final combined

standard uncertainties 𝑢𝑐(𝑧) can be obtained by eqn. (63) as the root-sum of different 

squared uncertainties. This principle of calculating combined standard uncertainties is also 

used in other methods, such as in the guidelines for evaluating and expressing the 

uncertainty of NIST measurement results [174]. In eqn. (63) 𝑧 stands for the saturated liquid 

or vapor phase mole fraction.  

𝑢𝑐(𝑧) = √(𝑢𝑐,𝑝(𝑧))2 + (𝑢𝑐,𝑇(𝑧))2 + (𝑢𝑎,𝑐𝑎𝑙(𝑧))2 + (𝑢𝑐,𝑟𝑒𝑝(𝑧))2 (63) 

For the precise values of 𝑢𝑐(𝑧) per measurement point, the reader is referred to the 

publications [67,120]. The uncertainties for the VLE study of ethanol/O2 [93] were however 

reassessed for this thesis and the maxima and minima obtained therefrom are included in 

Table 26.  

Table 26: minima and maxima combined uncertainties of temperature, pressure and saturated liquid 𝑥𝑖 and
vapor phase mole fractions 𝑦𝑖; obtained by the uncertainty evaluation for different fuel(i)/gas systems

system 𝑢𝑐(𝑇)/K 𝑢𝑐(𝑝)/kPa 𝑢𝑐(𝑥𝑖)/mol ∙ mol−1 𝑢𝑐(𝑦𝑖)/mol ∙ mol−1

n-tridecane/N2 0.62−2.28 0.77−8.15 0.0036−0.0078 0.0046−0.0716 
n-pentadecane/N2 0.63−2.26 1.10−9.72 0.0036−0.0065 0.0048−0.0668 
n-hexadecane/N2 0.62−2.13 0.90−22.16 0.0037−0.0121 0.0055−0.0692 
n-heptadecane/N2 0.62−2.28 0.75−7.72 0.0036−0.0140 0.0076−0.0802 

1-octanol/N2 0.63−1.95 2.00−20.40 0.0028−0.0046 0.0030−0.0273 
1-octanol/O2 0.63−1.43 2.24−31.14 0.0028−0.0045 0.0028−0.0034 
ethanol/O2 1.36−1.98 29.15−47.17 0.0010−0.0016 0.0078−0.0452 

5.2.3 Conclusion 
In this section, VLE data that were obtained experimentally by the microcapillary setup 

were presented. Calibration measurements were performed, in order to obtain the final 

saturated liquid and saturated vapor phase compositions. The PR-EoS and PC-SAFT were 

used to model the VLE. Good agreement was generally found between experimental results 

and model data using fitted temperature-dependent or temperature-independent binary 

interaction coefficients, as well as data available from the literature. During the spectral 

evaluation procedure (compare 4.2.2), the earlier introduced correction methods regarding 
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the liquid film contribution, were applied. For future works regarding VLE studies with the 

microcapillary setup, the author suggests to only consider correction methods that use the 

CH-stretching vibration band. The DHM approach including the OH-stretching vibration 

band tends not to be suitable for systems including alcohols that have a higher chain length 

than ethanol. This results directly from the low signal-to-noise ratio.  

The combined standard uncertainties for the VLE data obtained by the microcapillary setup 

can only be compared partially with the available literature data, since the majority of the 

authors didn’t follow an uncertainty evaluation method. For instance Lin et al. [65] state a 

“reproducibility” for the saturated liquid phase of 𝑢(𝑥𝑖) = 0.01 and for the saturated vapor

phase of 𝑢(𝑦𝑖) = 0.01 − 0.03  (for the n-hexadecane(i)/N2 system). Rowane et al. [34]

(only 𝑝𝑥-data) state for the same system a “maximum mole fraction expanded uncertainty” 

of 𝑢(𝑥𝑖) = 0.001, while uncertainties of Sultanov et al. [69] could not be accessed. The

values of Lin et al. and Rowane et al. tend to be however lower than the combined 

uncertainties obtained here, even though they are not directly comparable. From the 

publications of Weng et al. [65] and Lu et al. [66] regarding the binary system 1-octanol/N2 

an uncertainty cannot be directly extracted.  

5.3 Mixture density measurements 

5.3.1 Materials and Methods 
CO2 used in the experiments was purchased from Nippon Gas with a purity of 99.999 %v, 

ethanol is listed in Table 11. The microcapillary used in the study is also identical to the one 

used in the VLE and vapor pressure experiments.  

5.3.2 Results 
By following the experimental procedure in section 4.2.3 the mixture densities of the 

saturated liquid and vapor phases were obtained for different pressure and temperature 

conditions. The therefrom latest obtained results are graphically shown in Figure 59. As it 

can be seen, the densities lie at some conditions close to the comparable literature values 

(for instance saturated vapor phase data at 𝑇 = 303.15K), but do diverge significantly for 

the majority of the obtained data points. It can be therefrom extracted, that the proposed 

experimental procedure does not yet qualify for the determination of saturated mixture 

densities.  
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Figure 59: Experimentally obtained mixture densities for saturated vapor (left side) and liquid phases (right 
side) compared to literature data (compare Table 2) for 3 isotherms; top: 303.15 K, middle: 308.15 K and 
down: 313.15 K 

5.3.3 Conclusion 
It was further analyzed, where the strong deviations between the experimental data 

compared to the literature data might stem from. It can be seen by plotting the obtained 

bubble volumes and frequencies over the number of pictures of an experimental run (see 

Figure 60) that both frequency and volume show relatively high fluctuations. It is assumed 

that these fluctuations come from instationarities that are possibly a result of an uneven 
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bubble formation in the mixing section. The image treatment procedure itself might be 

furthermore problematic. Hereby the assumption of considering a bubble as a body 

consisting of a cylinder and two hemispheres might be not correct, due to the highly non-

ideal behavior of the ethanol/CO2 system regarding density, viscosity etc., especially at 

elevated pressure conditions, compared to flows of e. g. water/air at atmospheric conditions. 

It is therefore currently still being analyzed which measures to take in order to obtain more 

satisfactory experimental results.  

Figure 60: Obtained bubble volume and frequency over an experimental run 
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6 Summary 
I presented experimental procedures for the determination of saturated vapor pressures, 

vapor/liquid equilibria and saturated liquid and vapor phase mixture densities by the use of 

a microfluidic setup. The data that were acquired are especially interesting since they cover 

elevated temperature and pressure conditions, for which the majority of experimental setups 

in use are not designed for. 

The employed photo-optical methods as well as in situ Raman Spectroscopy are hereby 

suitable tools for the determination of the beforementioned properties. Regarding the latter, 

new evaluation techniques regarding the correction of the film-influence on the saturated 

vapor phase spectra, as well as general procedures regarding the isolation of the O2-

stretching band from the CH-bending vibration were developed. By the use of Raman 

spectroscopy, I moreover achieved to determine vapor/liquid equilibria of systems including 

oxygen. This is especially worth mentioning, when knowing of the potentially ignitable 

mixture compositions at which I operated, for what such studies were only carried out by a 

limited number of researchers in the field.  

Throughout the thesis different equations of state and thermodynamic correlations have 

been employed. Especially the adjusted binary interaction coefficients for the EoS are of 

relevance, since VLE can be calculated for conditions that exceed those that were studied 

in this work.  

7 Perspective 
E-fuels will remain important for transport processes in aviation, seafaring, mining and other

heavy-duty applications, where electric-battery drives are ruled out in near future. In the 

passenger car sector however, public interest in e-fuels might decrease due to the already 

available electric alternatives. The microfluidic setup should therefore also be used in order 

to determine the properties of compounds and mixtures that are especially relevant for other 

promising future applications. Those might be the investigation into thermodynamic data of 

novel cooling agents in heat pumps, or for example relevant phase equilibria for CO2- 

storage or hydrogen applications. The microfluidic setup could be in the further also 

equipped by a Coriolis densometer, in order to measure unsaturated liquid and vapor phase 

densities, both of mixtures and pure compounds. It remains however of high interest, to 

obtain mixture densities at saturated conditions at high pressure and temperature and 

especially of asymmetric thermodynamic systems. 
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8 Tabulated experimental data 
Table 27: measured vapor pressures of ethanol and 1-octanol (for validation) with maximum standard 
uncertainty of 𝑢(𝑇) = 2.51 K and 𝑢(𝑝) = 0.12 MPa 

compound 𝑇/ K 𝑝𝑠/MPa compound 𝑇/ K 𝑝𝑠/MPa

ethanol 423.12 0.961 ethanol 510.92 5.840 

“ 428.28 1.098 “ 512.01 5.906 

“ 433.03 1.267 “ 513.13 6.012 

“ 438.78 1.386 “ 513.54 6.101 

“ 443.86 1.508 1-octanol 544.79 0.496 

“ 448.95 1.735 “ 555.06 0.557 

“ 455.02 1.939 “ 565.47 0.704 

“ 459.20 2.137 “ 575.73 0.924 

“ 464.50 2.361 “ 586.31 1.105 

“ 469.68 2.691 “ 596.59 1.284 

“ 474.76 3.041 “ 606.61 1.480 

“ 479.99 3.316 “ 616.54 1.670 

“ 485.22 3.661 “ 626.95 1.963 

“ 490.36 3.966 “ 637.07 2.248 

“ 496.53 4.524 “ 642.25 2.449 

“ 501.62 4.957 “ 646.36 2.632 

“ 506.87 5.395 “ 647.41 2.714 

“ 509.00 5.593 “ 648.45 2.782 

Table 28: measured vapor pressures of OME3 and OME4 with maximum standard uncertainty of 𝑢(𝑇) =
2.51 K and 𝑢(𝑝) = 0.12 MPa 

compound 𝑇/ K 𝑝𝑠/MPa compound 𝑇/ K 𝑝𝑠/MPa

OME3 490.26 0.439 OME3 587.72 2.320 

“ 495.22 0.490 “ 592.39 2.509 

“ 500.43 0.518 “ 597.68 2.652 

“ 505.66 0.606 “ 603.01 2.886 

“ 513.11 0.668 OME4 543.09 0.520 

“ 517.53 0.778 “ 548.12 0.565 

“ 522.67 0.876 “ 551.72 0.625 

“ 527.50 0.953 “ 558.58 0.684 

“ 532.78 1.041 “ 563.22 0.740 

“ 538.48 1.117 “ 567.11 0.816 

“ 543.13 1.197 “ 573.82 0.925 

“ 546.78 1.278 “ 578.91 0.999 

“ 553.39 1.386 “ 583.86 1.049 

“ 556.80 1.443 “ 588.82 1.174 

“ 563.86 1.627 “ 593.92 1.275 

“ 567.11 1.654 “ 599.15 1.374 

“ 572.18 1.777 “ 604.14 1.501 

“ 577.37 1.993 “ 609.40 1.656 

“ 582.47 2.095 

Table 29: revised vapor-liquid equilibrium data and combined standard uncertainties for binary system 
ethanol/oxygen; with 𝑢𝑐(𝑝) = {0.029 − 0.047} MPa and 𝑢𝑐(𝑇) = {1.36 − 1.98} K; for ternary VLE data of
ethanol/nitrogen/oxygen see publication 

𝑝 / MPa 𝑇 / K 𝑥𝑒𝑡ℎ 𝑦𝑒𝑡ℎ 𝑢𝑐(𝑥𝑒𝑡ℎ) 𝑢𝑐(𝑦𝑒𝑡ℎ) 
3 303 0.9831 - 0.0011 - 
5 303 0.9703 - 0.0011 - 
6 303 0.9638 - 0.0011 -



81 

6.5 303 0.9615 - 0.0011 - 
8 303 0.9537 - 0.0012 - 
3 313 0.9832 - 0.0012 - 
5 313 0.9698 - 0.0012 - 
6 313 0.9655 - 0.0010 - 

6.5 313 0.9621 - 0.0012 - 
8 313 0.9540 - 0.0012 - 
3 323 0.9826 - 0.0012 - 
5 323 0.9683 0.0148 0.0012 0.0078 
6 323 0.9637 0.0113 0.0011 0.0080 

6.5 323 0.9618 0.0058 0.0011 0.0176 
8 323 0.9512 0.0079 0.0012 0.0148 
3 333 0.9806 - 0.0011 - 
5 333 0.9679 - 0.0011 - 
6 333 0.9630 0.0126 0.0011 0.0088 

6.5 333 0.9606 - 0.0011 - 
8 333 0.9506 0.0078 0.0012 0.0146 
3 343 0.9836 - 0.0011 - 
5 343 0.9691 0.0252 0.0011 0.0111 
6 343 0.9636 0.0326 0.0010 0.0075 

6.5 343 0.9611 0.0305 0.0011 0.0097 
8 343 0.9508 - 0.0012 - 
3 353 0.9827 - 0.0011 - 
5 353 0.9696 0.0347 0.0011 0.0137 
6 353 0.9629 - 0.0011 - 

6.5 353 0.9601 0.0452 0.0012 0.0071 
8 353 0.9507 - 0.0012 - 
3 363 0.9872 - 0.0011 - 
5 363 0.9717 0.0682 0.0012 0.0125 
6 363 0.9641 0.0652 0.0011 0.0090 

6.5 363 0.9626 0.0544 0.0012 0.0128 
8 363 0.9522 0.0014 0.0011 0.0150 
3 373 0.9837 0.1097 0.0016 0.0276 
5 373 0.9693 0.0811 0.0012 0.0124 
6 373 0.9647 0.0671 0.0010 0.0087 

6.5 373 0.9622 0.0667 0.0011 0.0110 
8 373 0.9516 - 0.0012 - 
3 383 0.9857 0.1596 0.0011 0.0116 
5 383 0.9709 0.0839 0.0012 0.0175 
6 383 0.9646 0.0701 0.0011 0.0099 

6.5 383 0.9619 0.0881 0.0012 0.0111 
8 383 0.9501 0.0643 0.0011 0.0098 
3 393 0.9852 0.2118 0.0013 0.0156 
5 393 0.9690 0.1343 0.0012 0.0160 
6 393 0.9636 0.0958 0.0011 0.0098 

6.5 393 0.9609 0.1308 0.0011 0.0144 
8 393 0.9481 0.0981 0.0012 0.0217 
3 403 0.9864 0.2346 0.0011 0.0182 
5 403 0.9702 0.1701 0.0012 0.0188 
6 403 0.9645 0.1654 0.0011 0.0120 

6.5 403 0.9584 0.1447 0.0016 0.0142 
8 403 0.9492 0.1212 0.0011 0.0140 
3 413 0.9871 0.3466 0.0015 0.0234 
5 413 0.9713 0.2515 0.0014 0.0369 
6 413 0.9641 0.1991 0.0011 0.0134 

6.5 413 0.9580 0.1968 0.0014 0.0139 
8 413 0.9487 0.1420 0.0012 0.0131 
3 423 0.9892 0.4448 0.0014 0.0296 
5 423 0.9698 0.3173 0.0013 0.0202 
6 423 0.9636 0.2843 0.0011 0.0151 

6.5 423 0.9606 0.2461 0.0013 0.0117 
8 423 0.9484 - 0.0012 - 
3 433 0.9897 0.5741 0.0015 0.0297 
5 433 0.9713 0.3758 0.0012 0.0202 
6 433 0.9642 0.3515 0.0011 0.0168 

6.5 433 0.9595 0.2916 0.0014 0.0293 
8 433 0.9481 - 0.0012 - 
3 443 0.9920 0.6999 0.0014 0.0452 
5 443 0.9715 0.4758 0.0016 0.0256 
6 443 0.9648 0.4310 0.0011 0.0271 

6.5 443 0.9588 0.3620 0.0015 0.0313 
8 443 0.9466 - 0.0016 - 
3 453 0.9900 0.8471 0.0040 0.0320 
5 453 0.9746 0.5602 0.0016 0.0456 
6 453 0.9665 0.4992 0.0013 0.0297 

6.5 453 0.9584 0.4556 0.0013 0.0237 
8 453 0.9460 0.3324 0.0016 0.0286 
5 463 0.9754 0.6530 0.0023 0.0331 
6 463 0.9671 0.6029 0.0015 0.0264 
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6.5 463 0.9570 0.5442 0.0015 0.0229 
8 463 0.9448 0.4654 0.0014 0.0488 
6 473 0.9693 0.7021 0.0025 0.0337 

6.5 473 0.9626 0.6286 0.0021 0.0232 
8 473 0.9432 0.5581 0.0013 0.0464 

Table 30: obtained vapor-liquid equilibrium data and combined standard uncertainties of binary system 1-
octanol/nitrogen; the combined standard uncertainties of pressure and temperature range between 𝑢𝑐(𝑝) =
{0.002 − 0.020} MPa and 𝑢𝑐(𝑇) = {0.63 − 1.95} K

𝑇/ K 𝑥𝑂𝑐𝑡 𝑦𝑂𝑐𝑡  𝑢𝑐(𝑥𝑂𝑐𝑡) 𝑢𝑐(𝑦𝑂𝑐𝑡) 𝑇/ K 𝑥𝑂𝑐𝑡 𝑦𝑂𝑐𝑡  𝑢𝑐(𝑥𝑂𝑐𝑡) 𝑢𝑐(𝑦𝑂𝑐𝑡) 

3 MPa 6 MPa (continued) 

303.88 0.9840 - 0.0029 - 473.70 0.9393 0.0391 0.0030 0.0048 

313.41 0.9830 - 0.0030 - 493.88 0.9337 0.0595 0.0029 0.0044 

333.64 0.9827 - 0.0029 - 514.01 0.9286 0.0923 0.0029 0.0059 

353.61 0.9815 - 0.0029 - 534.23 0.9224 0.1336 0.0034 0.0088 

373.47 0.9802 - 0.0030 - 554.49 0.9179 0.1956 0.0030 0.0075 

393.14 0.9771 0.0059 0.0030 0.0050 574.84 0.9109 0.2620 0.0030 0.0100 

413.58 0.9759 0.0120 0.0030 0.0063 595.08 0.9046 0.3520 0.0032 0.0143 

432.81 0.9736 0.0186 0.0030 0.0068 615.49 0.8944 0.4502 0.0037 0.0255 

453.20 0.9712 0.0334 0.0030 0.0083 7 MPa 

473.30 0.9713 0.0581 0.0030 0.0063 303.39 0.9639 - 0.0029 - 

493.43 0.9681 0.0974 0.0030 0.0080 313.35 0.9637 - 0.0030 - 

513.30 0.9670 0.1465 0.0030 0.0084 333.46 0.9629 - 0.0028 - 

533.41 0.9623 0.2185 0.0031 0.0131 353.39 0.9599 - 0.0029 - 

553.44 0.9584 0.3144 0.0032 0.0147 373.16 0.9564 0.0012 0.0028 0.0031 

573.59 0.9621 0.4181 0.0034 0.0164 393.30 0.9534 0.0034 0.0028 0.0035 

593.67 0.9548 0.5477 0.0035 0.0211 413.24 0.9492 0.0058 0.0028 0.0037 

613.89 0.9607 0.6682 0.0046 0.0273 432.80 0.9448 0.0112 0.0029 0.0038 

4 MPa 452.94 0.9389 0.0193 0.0029 0.0040 

303.30 0.9799 - 0.0029 - 473.31 0.9345 0.0345 0.0029 0.0037 

313.40 0.9800 - 0.0029 - 493.76 0.9287 0.0550 0.0029 0.0041 

333.39 0.9780 - 0.0029 - 513.17 0.9229 0.0843 0.0029 0.0047 

353.36 0.9760 - 0.0029 - 533.33 0.9145 0.1234 0.0030 0.0054 

373.15 0.9735 - 0.0029 - 553.37 0.9075 0.1766 0.0031 0.0079 

393.25 0.9729 0.0044 0.0029 0.0043 573.80 0.8989 0.2361 0.0031 0.0086 

413.74 0.9700 0.0072 0.0029 0.0043 594.12 0.8938 0.3179 0.0034 0.0127 

433.01 0.9670 0.0145 0.0030 0.0039 614.41 0.8749 0.4073 0.0035 0.0160 

453.79 0.9633 0.0269 0.0030 0.0040 8 MPa 

473.04 0.9615 0.0464 0.0030 0.0037 303.38 0.9613 - 0.0028 - 

493.07 0.9561 0.0787 0.0031 0.0033 313.44 0.9598 - 0.0028 - 

513.24 0.9546 0.1202 0.0031 0.0036 333.46 0.9577 - 0.0028 - 

533.40 0.9542 0.1793 0.0032 0.0036 353.38 0.9546 - 0.0029 - 

553.65 0.9510 0.2526 0.0036 0.0042 373.23 0.9514 0.0015 0.0028 0.0036 

573.98 0.9442 0.3420 0.0032 0.0043 393.34 0.9456 0.0019 0.0029 0.0035 

594.34 0.9426 0.4550 0.0036 0.0053 413.03 0.9423 0.0046 0.0029 0.0037 

614.20 0.9396 0.5764 0.0045 0.0053 432.74 0.9371 0.0100 0.0029 0.0036 

5 MPa 453.10 0.9309 0.0169 0.0029 0.0042 

303.41 0.9747 - 0.0029 - 473.22 0.9242 0.0298 0.0029 0.0040 

313.74 0.9741 - 0.0029 - 493.44 0.9172 0.0489 0.0029 0.0044 

333.29 0.9715 - 0.0029 - 513.13 0.9093 0.0737 0.0029 0.0046 

353.29 0.9715 - 0.0029 - 533.21 0.9021 0.1054 0.0029 0.0060 

373.02 0.9677 0.0020 0.0029 0.0032 553.54 0.8930 0.1549 0.0030 0.0119 

393.04 0.9658 0.0046 0.0029 0.0038 573.80 0.8833 0.2070 0.0032 0.0095 

413.03 0.9634 0.0069 0.0029 0.0038 593.96 0.8706 0.2816 0.0033 0.0118 

433.64 0.9582 0.0137 0.0030 0.0047 614.26 0.8505 0.3612 0.0038 0.0184 

453.05 0.9560 0.0243 0.0029 0.0041 9 MPa 

473.39 0.9518 0.0405 0.0029 0.0041 303.42 0.9538 - 0.0029 - 

493.47 0.9484 0.0650 0.0029 0.0046 313.21 0.9544 - 0.0029 - 

513.65 0.9441 0.1037 0.0029 0.0065 333.47 0.9503 - 0.0028 - 

533.69 0.9403 0.1546 0.0029 0.0064 353.25 0.9469 - 0.0029 - 

553.94 0.9353 0.2141 0.0029 0.0076 373.07 0.9425 - 0.0029 - 

574.17 0.9313 0.2921 0.0029 0.0102 393.03 0.9372 0.0016 0.0029 0.0030 

594.41 0.9276 0.3918 0.0030 0.0126 413.05 0.9314 0.0049 0.0029 0.0037 

614.73 0.9228 0.5012 0.0034 0.0155 433.13 0.9269 0.0094 0.0030 0.0033 

6 MPa 453.09 0.9189 0.0165 0.0029 0.0020 

303.19 0.9683 - 0.0029 - 473.71 0.9109 0.0284 0.0030 0.0036 

313.61 0.9674 - 0.0029 - 493.91 0.9038 0.0451 0.0029 0.0040 

333.36 0.9668 - 0.0029 - 513.97 0.8944 0.0689 0.0029 0.0040 

353.27 0.9652 - 0.0029 - 534.12 0.8850 0.1016 0.0031 0.0049 

373.11 0.9620 0.0022 0.0029 0.0039 554.08 0.8748 0.1440 0.0031 0.0056 

393.18 0.9579 0.0041 0.0029 0.0044 574.67 0.8631 0.1994 0.0032 0.0082 

413.43 0.9542 0.0063 0.0029 0.0036 594.76 0.8481 0.2691 0.0035 0.0115 

433.63 0.9489 0.0135 0.0028 0.0068 614.98 0.8230 0.3464 0.0043 0.0153 

453.57 0.9448 0.0214 0.0029 0.0072 
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Table 31: obtained vapor-liquid equilibrium data and combined standard uncertainties of binary system 1-
octanol/oxygen; the combined standard uncertainties of pressure and temperature range between 𝑢𝑐(𝑝) =
{0.002 − 0.031} MPa and 𝑢𝑐(𝑇) = {0.63 − 1.43} K

𝑇/ K 𝑥𝑂𝑐𝑡 𝑦𝑂𝑐𝑡  𝑢𝑐(𝑥𝑂𝑐𝑡) 𝑢𝑐(𝑦𝑂𝑐𝑡) 𝑇/ K 𝑥𝑂𝑐𝑡 𝑦𝑂𝑐𝑡  𝑢𝑐(𝑥𝑂𝑐𝑡) 𝑢𝑐(𝑦𝑂𝑐𝑡) 

3 MPa 6 MPa (continued) 

303.31 0.9756 - 0.0029 - 413.24 0.9362 0.0056 0.0029 0.0028 

313.31 0.9740 - 0.0030 - 432.87 0.9332 0.0097 0.0029 0.0028 

333.41 0.9741 - 0.0029 - 453.19 0.9317 0.0196 0.0029 0.0028 

353.37 0.9727 - 0.0029 - 473.76 0.9271 0.0318 0.0030 0.0029 

373.14 0.9715 - 0.0030 - 493.92 0.9234 0.0560 0.0029 0.0031 

392.86 0.9723 - 0.0030 - 7 MPa 

412.54 0.9678 0.0072 0.0030 0.0028 303.25 0.9388 - 0.0029 - 

432.15 0.9692 0.0136 0.0030 0.0029 313.31 0.9373 - 0.0029 - 

453.66 0.9654 0.0304 0.0030 0.0031 333.37 0.9380 - 0.0029 - 

473.77 0.9642 0.0523 0.0030 0.0033 353.34 0.9361 - 0.0029 - 

4 MPa 373.14 0.9351 - 0.0029 - 

303.27 0.9633 - 0.0029 - 393.46 0.9320 0.0020 0.0029 0.0029 

313.45 0.9639 - 0.0030 - 413.28 0.9267 0.0052 0.0030 0.0029 

333.44 0.9639 - 0.0031 - 433.01 0.9233 0.0088 0.0033 0.0029 

353.40 0.9631 - 0.0032 - 453.11 0.9190 0.0177 0.0029 0.0028 

373.27 0.9627 - 0.0034 - 473.80 0.9151 0.0314 0.0029 0.0029 

392.89 0.9607 - 0.0034 - 493.78 0.9076 0.0508 0.0029 0.0030 

413.08 0.9590 - 0.0045 - 8 MPa 

432.91 0.9562 0.0128 0.0029 0.0028 303.29 0.9304 - 0.0029 - 

452.92 0.9535 0.0226 0.0029 0.0029 313.34 0.9302 - 0.0029 - 

473.81 0.9518 0.0410 0.0029 0.0031 333.40 0.9297 - 0.0029 - 

493.88 0.9496 0.0662 0.0029 0.0034 353.34 0.9289 - 0.0029 - 

5 MPa 373.16 0.9273 - 0.0028 - 

303.29 0.9542 - 0.0029 - 393.54 0.9227 - 0.0029 - 

313.41 0.9555 - 0.0029 - 412.93 0.9194 0.0053 0.0029 0.0028 

333.38 0.9557 - 0.0029 - 432.30 0.9127 - 0.0029 - 

353.41 0.9538 - 0.0030 - 453.36 0.9085 0.0177 0.0029 0.0028 

373.12 0.9538 - 0.0030 - 473.71 0.9037 0.0299 0.0034 0.0030 

392.86 0.9514 0.0035 0.0030 0.0028 493.86 0.8984 0.0500 0.0030 0.0031 

413.27 0.9497 0.0062 0.0031 0.0028 9 MPa 

433.08 0.9441 0.0115 0.0031 0.0028 303.29 0.9240 - 0.0029 - 

452.93 0.9436 0.0207 0.0032 0.0029 313.35 0.9240 - 0.0030 - 

473.76 0.9413 0.0356 0.0036 0.0030 333.42 0.9227 - 0.0033 - 

493.87 0.9367 0.0592 0.0032 0.0034 353.31 0.9181 - 0.0029 - 

6 MPa 373.36 0.9163 - 0.0029 - 

303.20 0.9464 - 0.0036 - 393.28 0.9121 - 0.0029 - 

313.32 0.9472 - 0.0045 - 413.11 0.9060 - 0.0029 - 

333.37 0.9472 - 0.0029 - 432.84 0.9017 - 0.0029 - 

353.36 0.9453 - 0.0029 - 453.51 0.8962 0.0165 0.0029 0.0028 

373.12 0.9439 - 0.0029 - 473.81 0.8896 0.0292 0.0029 0.0028 

393.53 0.9400 0.0031 0.0029 0.0028 493.85 0.8828 0.0458 0.0029 0.0029 
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Table 32: VLE data for the binary system n-
tridecane(i)/N2 with combined standard uncertainties 
𝑢𝑐; combined standard uncertainties for pressure and
temperature lie within 𝑢𝑐(𝑝) = {0.0008 − 0.0082}
MPa and 𝑢𝑐(𝑇) = {0.62 − 2.28} K

𝑝/ MPa 𝑇/ K 𝑥𝑖 𝑦𝑖  𝑢𝑐(𝑥𝑖) 𝑢𝑐(𝑦𝑖) 

1.5 303.23 0.9835 - 0.0036 - 

1.5 333.47 0.9775 - 0.0037 - 

1.5 363.66 0.9789 - 0.0039 - 

1.5 394.13 0.9747 - 0.0042 - 

1.5 423.51 0.9710 - 0.0042 - 

1.5 453.34 0.9757 - 0.0043 - 

1.5 484.69 0.9652 0.0379 0.0042 0.0129 

1.5 514.44 0.9694 0.0702 0.0042 0.0115 

1.5 544.63 0.9730 0.1441 0.0055 0.0067 

1.5 575.11 0.9655 0.2296 0.0073 0.0072 

1.5 605.63 0.9682 0.3812 0.0071 0.0078 

3 303.28 0.9652 - 0.0041 - 

3 333.59 0.9619 - 0.0037 - 

3 363.66 0.9594 - 0.0038 - 

3 393.63 0.9574 - 0.0038 - 

3 423.59 0.9512 - 0.0038 - 

3 453.41 0.9486 - 0.0038 - 

3 483.65 0.9439 0.0185 0.0040 0.0349 

3 513.96 0.9291 0.0428 0.0042 0.0097 

3 544.45 0.9341 0.0819 0.0045 0.0068 

3 574.87 0.9343 0.1356 0.0049 0.0066 

3 605.36 0.9307 0.2240 0.0049 0.0053 

3 635.91 0.9120 0.3348 0.0059 0.0056 

5 303.16 0.9448 - 0.0037 - 

5 333.48 0.9396 - 0.0036 - 

5 363.54 0.9361 - 0.0037 - 

5 394.15 0.9310 - 0.0036 - 

5 423.45 0.9253 - 0.0036 - 

5 453.42 0.9183 - 0.0037 - 

5 484.46 0.9090 0.0146 0.0037 0.0334 

5 514.97 0.9032 0.0322 0.0039 0.0058 

5 544.38 0.8913 0.0575 0.0044 0.0057 

5 574.97 0.8841 0.0981 0.0044 0.0076 

5 605.38 0.8703 0.1599 0.0046 0.0056 

5 635.41 0.8346 0.2446 0.0072 0.0063 

6.5 303.16 0.9294 - 0.0037 - 

6.5 333.64 0.9252 - 0.0036 - 

6.5 363.63 0.9180 - 0.0038 - 

6.5 394.46 0.9139 - 0.0037 - 

6.5 423.83 0.9065 - 0.0038 - 

6.5 453.75 0.8953 - 0.0037 - 

6.5 484.09 0.8874 0.0123 0.0038 0.0163 

6.5 514.73 0.8770 0.0264 0.0040 0.0069 

6.5 544.58 0.8628 0.0481 0.0042 0.0061 

6.5 575.09 0.8504 0.0795 0.0046 0.0057 

6.5 605.80 0.8309 0.1374 0.0049 0.0063 

6.5 635.57 0.7912 0.2063 0.0070 0.0055 

8 303.54 0.9164 - 0.0037 - 

8 333.71 0.9087 - 0.0037 - 

8 363.90 0.9033 - 0.0036 - 

8 393.71 0.8948 - 0.0036 - 

8 424.33 0.8851 - 0.0036 - 

8 454.31 0.8738 - 0.0036 - 

8 484.79 0.8615 0.0124 0.0039 0.0207 

8 514.35 0.8532 0.0263 0.0039 0.0054 

8 544.73 0.8314 0.0461 0.0044 0.0054 

8 574.65 0.8213 0.0755 0.0048 0.0053 

8 605.71 0.7920 0.1236 0.0051 0.0046 

8 634.89 0.7365 0.1975 0.0074 0.0053 

9 303.21 0.9054 - 0.0036 - 

9 333.60 0.8982 - 0.0036 - 

9 363.86 0.8912 - 0.0036 - 

9 393.57 0.8841 - 0.0036 - 

9 423.26 0.8734 - 0.0036 - 

9 453.47 0.8636 0.0067 0.0037 0.0132 

9 484.34 0.8503 0.0131 0.0037 0.0208 

9 514.83 0.8346 0.0265 0.0040 0.0265 

9 545.41 0.8143 0.0475 0.0043 0.0475 

9 576.12 0.7967 0.0750 0.0048 0.0750 

9 605.16 0.7696 0.1257 0.0053 0.1257 

9 635.24 0.6999 0.1950 0.0078 0.1950 

Table 33: VLE data for the binary system n-
pentadecane(i)/N2 with combined standard uncertainties 
𝑢𝑐; combined standard uncertainties for pressure and
temperature lie within 𝑢𝑐(𝑝) = {0.0011 − 0.0097}
MPa and 𝑢𝑐(𝑇) = {0.63 − 2.26} K

𝑝/ MPa 𝑇/ K 𝑥𝑖 𝑦𝑖  𝑢𝑐(𝑥𝑖) 𝑢𝑐(𝑦𝑖) 

1.5 303.26 0.9809 - 0.0040 - 

1.5 333.50 0.9814 - 0.0039 - 

1.5 363.75 0.9789 - 0.0037 - 

1.5 393.11 0.9770 - 0.0039 - 

1.5 423.36 0.9765 - 0.0039 - 

1.5 453.11 0.9743 0.0089 0.0037 0.0096 

1.5 484.32 0.9702 0.0235 0.0042 0.0106 

1.5 514.30 0.9676 0.0451 0.0043 0.0121 

1.5 544.32 0.9643 0.0950 0.0058 0.0247 

1.5 574.50 0.9576 0.1863 0.0054 0.0268 

1.5 605.05 0.9598 0.3077 0.0062 0.0367 

1.5 635.30 0.9675 0.4790 0.0065 0.0668 

3 303.26 0.9651 - 0.0036 - 

3 333.57 0.9648 - 0.0036 - 

3 363.45 0.9632 - 0.0036 - 

3 394.06 0.9586 - 0.0036 - 

3 423.32 0.9566 - 0.0036 - 

3 453.34 0.9513 0.0077 0.0037 0.0055 

3 484.09 0.9483 0.0170 0.0037 0.0062 

3 514.18 0.9417 0.0327 0.0039 0.0084 

3 544.47 0.9387 0.0652 0.0041 0.0111 

3 574.81 0.9300 0.1134 0.0043 0.0138 

3 605.32 0.9290 0.1866 0.0041 0.0148 

3 635.45 0.9233 0.2973 0.0042 0.0281 

5 303.85 0.9443 - 0.0037 - 

5 333.64 0.9414 - 0.0037 - 

5 364.14 0.9383 - 0.0036 - 

5 394.19 0.9327 - 0.0037 - 

5 423.78 0.9282 - 0.0036 - 

5 454.38 0.9238 0.0069 0.0037 0.0051 

5 484.64 0.9139 0.0148 0.0037 0.0064 

5 514.84 0.9034 0.0267 0.0043 0.0077 

5 545.14 0.8976 0.0513 0.0046 0.0140 

5 575.53 0.8929 0.0853 0.0044 0.0122 

5 605.40 0.8831 0.1353 0.0047 0.0132 

5 635.61 0.8635 0.2211 0.0045 0.0159 

6.5 303.33 0.9312 - 0.0037 - 

6.5 333.93 0.9277 - 0.0037 - 

6.5 364.11 0.9212 - 0.0037 - 

6.5 394.11 0.9177 - 0.0036 - 

6.5 423.45 0.9091 - 0.0036 - 

6.5 453.58 0.9024 0.0058 0.0036 0.0051 

6.5 484.47 0.8918 0.0130 0.0037 0.0058 

6.5 514.64 0.8838 0.0220 0.0040 0.0076 

6.5 544.94 0.8718 0.0392 0.0042 0.0106 

6.5 575.31 0.8532 0.0738 0.0044 0.0084 

6.5 605.86 0.8440 0.1193 0.0044 0.0108 

6.5 635.74 0.8298 0.1895 0.0048 0.0124 

8 303.29 0.9161 - 0.0038 - 

8 333.65 0.9103 - 0.0036 - 

8 363.76 0.9010 - 0.0040 - 

8 393.73 0.8967 - 0.0036 - 

8 423.42 0.8853 - 0.0038 - 

8 454.23 0.8774 - 0.0037 - 

8 484.36 0.8668 0.0073 0.0037 0.0048 

8 514.61 0.8560 0.0166 0.0038 0.0070 

8 545.03 0.8435 0.0286 0.0039 0.0075 

8 575.23 0.8273 0.0535 0.0042 0.0058 

8 605.69 0.8087 0.0895 0.0044 0.0068 

8 635.76 0.7815 0.1402 0.0048 0.0084 

9 303.33 0.9094 - 0.0037 - 

9 333.61 0.9006 - 0.0036 - 

9 363.64 0.8928 - 0.0036 - 

9 393.60 0.8841 - 0.0036 - 

9 423.47 0.8749 - 0.0038 - 

9 453.64 0.8635 - 0.0036 - 

9 484.29 0.8513 0.0077 0.0037 0.0051 

9 514.48 0.8352 0.0146 0.0037 0.0051 

9 544.92 0.8239 0.0270 0.0040 0.0084 

9 575.22 0.8036 0.0473 0.0044 0.0069 

9 605.58 0.7846 0.0762 0.0044 0.0073 

9 635.19 0.7510 0.1140 0.0051 0.0116 
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Table 34: VLE data including the additional validation 
datapoints for the binary system n-hexadecane(i)/N2 
with combined standard uncertainties 𝑢𝑐; combined
standard uncertainties for pressure and temperature lie 
within 𝑢𝑐(𝑝) = {0.0090 − 0.0222} MPa and 𝑢𝑐(𝑇) =
{0.62 − 2.13} K 

𝑝/ MPa 𝑇/ K 𝑥𝑖 𝑦𝑖  𝑢𝑐(𝑥𝑖) 𝑢𝑐(𝑦𝑖) 

1.5 303.17 0.9797 - 0.0047 - 

1.5 333.33 0.9721 - 0.0048 - 

1.5 363.33 0.9735 - 0.0050 - 

1.5 392.78 0.9763 - 0.0057 - 

1.5 422.17 0.9756 - 0.0056 - 

1.5 451.98 0.9729 - 0.0052 - 

1.5 482.77 0.9662 - 0.0064 - 

1.5 509.47 0.9610 - 0.0069 - 

1.5 543.55 0.9670 - 0.0073 - 

1.5 573.92 0.9552 - 0.0076 - 

1.5 604.33 0.9603 0.2642 0.0083 0.0525 

3 303.18 0.9661 - 0.0037 - 

3 333.35 0.9630 - 0.0040 - 

3 363.18 0.9619 - 0.0037 - 

3 392.81 0.9587 - 0.0037 - 

3 422.24 0.9558 - 0.0037 - 

3 451.91 0.9497 - 0.0039 - 

3 483.47 0.9426 0.0132 0.0042 0.0145 

3 513.26 0.9377 0.0294 0.0060 0.0271 

3 543.77 0.9329 0.0607 0.0063 0.0320 

3 574.17 0.9250 0.0916 0.0054 0.0308 

3 604.19 0.9210 0.1423 0.0055 0.0185 

5 303.32 0.9434 - 0.0044 - 

5 333.33 0.9376 - 0.0039 - 

5 363.38 0.9367 - 0.0038 - 

5 392.96 0.9287 - 0.0040 - 

5 422.20 0.9248 - 0.0039 - 

5 452.02 0.9213 - 0.0040 - 

5 483.28 0.9162 0.0111 0.0046 0.0141 

5 513.68 0.9050 0.0267 0.0055 0.0199 

5 544.04 0.8993 0.0379 0.0054 0.0279 

5 574.51 0.8822 0.0608 0.0053 0.0195 

5 605.06 0.8734 0.1049 0.0063 0.0191 

5 635.44 0.8601 0.1552 0.0073 0.0229 

6.5 303.19 0.9295 - 0.0042 - 

6.5 333.45 0.9239 - 0.0045 - 

6.5 363.48 0.9185 - 0.0046 - 

6.5 392.81 0.9145 - 0.0041 - 

6.5 422.26 0.9005 - 0.0040 - 

6.5 452.06 0.8931 - 0.0046 - 

6.5 483.15 0.8880 0.0087 0.0053 0.0164 

6.5 513.55 0.8767 0.0185 0.0060 0.0245 

6.5 543.79 0.8672 0.0337 0.0055 0.0221 

6.5 574.33 0.8587 0.0543 0.0053 0.0142 

6.5 605.29 0.8421 0.0870 0.0051 0.0134 

6.5 635.00 0.8248 0.1386 0.0054 0.0133 

8 303.12 0.9167 - 0.0040 - 

8 333.47 0.9119 - 0.0040 - 

8 363.47 0.9011 - 0.0038 - 

8 393.19 0.8930 - 0.0039 - 

8 422.70 0.8810 - 0.0038 - 

8 452.58 0.8736 - 0.0042 - 

8 483.36 0.8630 0.0094 0.0049 0.0150 

8 513.87 0.8528 0.0173 0.0046 0.0164 

8 544.01 0.8402 0.0301 0.0046 0.0154 

8 574.47 0.8299 0.0474 0.0048 0.0104 

8 604.95 0.8047 0.0778 0.0053 0.0118 

8 635.39 0.7820 0.1303 0.0053 0.0120 

9 303.16 0.9092 - 0.0043 - 

9 333.38 0.8982 - 0.0042 - 

9 363.43 0.8942 - 0.0040 - 

9 392.78 0.8860 - 0.0039 - 

9 422.20 0.8737 - 0.0037 - 

9 451.90 0.8618 - 0.0039 - 

9 482.82 0.8538 0.0070 0.0041 0.0103 

9 513.41 0.8362 0.0151 0.0050 0.0135 

9 543.67 0.8205 0.0243 0.0046 0.0158 

9 574.13 0.8103 0.0426 0.0049 0.0090 

9 604.58 0.7882 0.0716 0.0054 0.0106 

9 634.91 0.7573 0.1152 0.0053 0.0088 

2 463.07 0.9585 0.0072 0.0053 0.0129 
3 462.96 0.9468 0.0054 0.0047 0.0085 
3 625.63 0.8751 0.1263 0.0121 0.0471 
5 463.00 0.9156 0.0038 0.0040 0.0066 
5 524.63 0.8957 0.0250 0.0068 0.0188 
5 625.18 0.8437 0.1112 0.0062 0.0230 
10 462.85 0.8417 0.0022 0.0040 0.0055 

10 524.59 0.8071 0.0128 0.0046 0.0079 
10 626.01 0.7173 0.0677 0.0062 0.0255 

Table 35: VLE data for the binary system n-
heptadecane(i)/N2 with combined standard uncertainties 
𝑢𝑐; combined standard uncertainties for pressure and
temperature lie within 𝑢𝑐(𝑝) = {0.0008 − 0.0077}
MPa and 𝑢𝑐(𝑇) = {0.62 − 2.05} K

𝑝/ MPa 𝑇/ K 𝑥𝑖 𝑦𝑖  𝑢𝑐(𝑥𝑖) 𝑢𝑐(𝑦𝑖) 

1.5 303.25 0.9801 - 0.0042 - 

1.5 333.59 0.9787 - 0.0040 - 

1.5 363.47 0.9754 - 0.0043 - 

1.5 394.03 0.9728 - 0.0045 - 

1.5 423.36 0.9677 - 0.0046 - 

1.5 454.08 0.9636 - 0.0048 - 

1.5 484.32 0.9590 - 0.0057 - 

1.5 514.56 0.9507 - 0.0074 - 

1.5 544.04 0.9476 - 0.0082 - 

1.5 574.43 0.9435 - 0.0078 - 

1.5 605.08 0.9377 0.1895 0.0087 0.0550 

1.5 635.44 0.9334 0.3125 0.0140 0.0802 

3 303.55 0.9606 - 0.0036 - 

3 333.28 0.9592 - 0.0039 - 

3 363.33 0.9567 - 0.0038 - 

3 393.90 0.9558 - 0.0037 - 

3 423.23 0.9518 - 0.0043 - 

3 453.01 0.9477 - 0.0040 - 

3 484.24 0.9405 - 0.0052 - 

3 514.55 0.9323 - 0.0048 - 

3 544.88 0.9242 0.0445 0.0062 0.0181 

3 574.37 0.9132 0.0750 0.0078 0.0249 

3 605.83 0.9025 0.1314 0.0092 0.0468 

3 635.30 0.8784 0.1974 0.0133 0.0430 

5 303.27 0.9435 - 0.0039 - 

5 333.45 0.9386 - 0.0038 - 

5 363.54 0.9333 - 0.0037 - 

5 394.08 0.9274 - 0.0039 - 

5 423.38 0.9236 - 0.0037 - 

5 453.02 0.9182 - 0.0041 - 

5 483.36 0.9115 - 0.0043 - 

5 513.52 0.9000 - 0.0052 - 

5 544.07 0.8904 0.0340 0.0059 0.0143 

5 574.47 0.8820 0.0501 0.0055 0.0143 

5 605.10 0.8707 0.0830 0.0070 0.0163 

5 635.19 0.8655 0.1337 0.0066 0.0237 

6.5 303.18 0.9267 - 0.0041 - 

6.5 333.25 0.9204 - 0.0039 - 

6.5 363.13 0.9179 - 0.0037 - 

6.5 393.49 0.9104 - 0.0039 - 

6.5 422.86 0.9042 - 0.0037 - 

6.5 452.45 0.8925 - 0.0039 - 

6.5 483.27 0.8785 - 0.0053 - 

6.5 513.62 0.8700 0.0135 0.0053 0.0123 

6.5 544.01 0.8605 0.0268 0.0060 0.0119 

6.5 574.30 0.8565 0.0449 0.0073 0.0180 

6.5 604.83 0.8398 0.0959 0.0092 0.0253 

6.5 634.94 0.8230 0.1185 0.0110 0.0399 

8 303.28 0.9157 - 0.0036 - 

8 333.18 0.9083 - 0.0037 - 

8 363.30 0.8988 - 0.0037 - 

8 393.94 0.8949 - 0.0038 - 

8 423.31 0.8841 - 0.0039 - 

8 453.06 0.8732 - 0.0039 - 

8 484.31 0.8663 - 0.0040 - 

8 514.73 0.8473 0.0095 0.0047 0.0098 

8 544.10 0.8368 0.0194 0.0050 0.0090 

8 574.61 0.8167 0.0332 0.0047 0.0078 

8 604.99 0.8066 0.0606 0.0058 0.0122 

8 635.33 0.7803 0.0975 0.0064 0.0129 

9 303.29 0.9061 - 0.0039 - 

9 333.52 0.8988 - 0.0037 - 

9 363.42 0.8908 - 0.0037 - 

9 394.00 0.8791 - 0.0037 - 

9 423.45 0.8683 - 0.0038 - 

9 453.08 0.8601 - 0.0038 - 

9 484.41 0.8493 - 0.0038 - 

9 514.48 0.8287 0.0118 0.0045 0.0076 

9 543.98 0.8180 0.0204 0.0052 0.0080 

9 574.48 0.8041 0.0353 0.0057 0.0105 

9 604.58 0.8087 0.0595 0.0058 0.0126 
9 634.72 0.7873 0.1016 0.0069 0.0180 
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