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Abstract 

A specialized apparatus designed for visual measurements of solid-liquid equilibrium (SLE) 

and solid-liquid-vapor equilibrium (SLVE) was constructed and used to measure liquidus 

(melting) temperatures in binary mixtures of cyclohexane (C6H12) and octadecane (C18H38) 

across the entire range of composition and at pressures from about (0.004 to 5.3 ) MPa. A 

Peltier-cooled copper tip immersed in the liquid mixture was used to determine both freezing 

and melting temperatures by varying the temperature of the copper tip relative to the stirred, 

bulk liquid. With the bulk liquid held at the mixture’s SLVE temperature, the induction time 

required to nucleate solid octadecane decreased exponentially as the subcooling of the copper 

tip increased, halving approximately every 0.25 K. At higher pressures, while the melting 

temperature of pure cyclohexane (cyC6) increased by about 0.55 KMPa
-1

, at xcyC6 = 0.5675 it 

increased by only 0.15 KMPa
-1

. The new data were compared with measurements reported in 

the literature, empirical correlations describing those literature data, and the predictions of 

models based on cubic equations of state (EOS), including the Peng-Robinson Advanced 

(PRA) EOS implemented in the software Multiflash. The best description of the data was 

achieved by adjusting the binary interaction parameter in the PRA model from 0 to -0.0324, 

which reduced the deviation of the SLVE data at the eutectic point (xcyC6 0.95) from (12.8 to 

-0.2) K. Although the accuracy of predictions made with the SLVE-tuned PRA EOS 

deteriorated slightly at pressures around 5 MPa, they were still as good as, or better, than the 

empirical correlations available for this system. Furthermore, the SLVE-tuned PRA EOS was 

more accurate at describing literature VLE data for this binary than the default PRA EOS, 

reducing the r.m.s. deviation in bubble temperature predictions from (6.7 to 0.67) K. 

Key Words:  Solid-Liquid Equilibrium (SLE); Hydrocarbon mixtures; Cyclohexane; 

Octadecane; Induction time; Equation of state.  
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1. Introduction 
 

To help mitigate the climatic effects of anthropogenic CO2 emissions it is desirable to 

develop and utilise various energy sources to replace coal or oil.
1
 Natural gas represents a key 

transition fuel that can help meet this objective because it is found in abundance and, when 

combusted, produces about half the CO2 emissions of coal as well as greatly reduced 

particulate emissions.
2
 Accordingly, natural gas production, processing and utilization are 

topics that have been considered extensively
3-9

, including in many studies by Marsh and co-

workers.
10-23

 Liquefied natural gas (LNG) is essential to the intercontinental trade of natural 

gas because the liquid phase has an economically viable energy density. However, the 

production of LNG is technically demanding, as it requires the exploitation and detailed 

understanding of phase equilibrium in multi-component mixtures at high pressure and low 

temperatures.
24-26

 

Avoiding the conditions of solid-liquid equilibrium is particularly important for the multi-

component hydrocarbon mixtures found in the main cryogenic heat exchanger of an LNG 

plant.   Compounds heavier than pentane (C6+), which are normally present only at trace 

concentrations in the methane-dominant liquid mixture, can potentially freeze-out and block 

the narrow tubing networks within the heat exchanger if process upsets occur and/or the 

composition of the feed natural gas changes more than expected. Unfortunately, unplanned 

plant shutdowns caused by such blockages continue to occur throughout the global LNG 

industry, leading to the loss of LNG production and ultimately a loss of revenue.
27-31

 Central 

to the identification and prediction of the C6+ concentration limits above which solids will 

form are thermodynamic models anchored to reliable and relevant SLE data, which are 

sparse.
32

 Models capable of quantitatively describing the stochastic nature of nucleation in 

such systems would further enhance the ability of engineers to predict the risk of cryogenic 

solids formation. Unfortunately the models currently implemented in process simulators used 

across industry
33-35

 are not able to match experimental SLE data reliably for even simple 

systems. To improve the thermodynamic models implemented in existing software tools and 

to develop and validate new models for stochastic nucleation, accurate and relevant 

measurements of solids formation and melting are required.  

There are many different techniques used to measure solid-liquid phase equilibria,
36

 which 

are often referred to by various different names.
37

 In Table 1 the most commonly used 

experimental methods for solid-liquid phase equilibrium determination are summarised. The 
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methods are briefly described together with their advantages and challenges. We categorised 

the methods into two main groups: synthetic and analytic. The former represents the 

methodologies where synthetic mixtures, with known compositions, are loaded in an 

equilibrium cell and the system’s pressure and temperature conditions are changed until the 

mixture undergoes a phase change. The latter signifies the methods where samples are 

acquired from one or more phases and their compositions are analysed. 

For the measurement of SLE in mixtures representative of LNG systems, the amount of the 

solid phase likely to form is small, which presents a significant signal-to-noise consideration 

for any method. Additionally, at low temperatures and high pressures, many systems relevant 

to the description of LNG mixtures can exhibit a variety of phase equilibria such as vapor-

liquid-liquid equilibrium or liquid-liquid equilibrium; the occurrence of such phase 

transitions need to be explicitly identified to ensure they do not cause ambiguity regarding the 

detection of a solid phase. As indicated by the literature overview presented in Table 1, we 

are unaware of any publications describing the use of a Peltier-driven cold spot in binary 

mixture SLE measurements, although cold-finger techniques are used for wax appearance 

temperature studies in multi-component hydrocarbon liquid mixtures. The visual synthetic 

method allows for the exact type of phase equilibria occurring to be identified and, by 

controlling exactly where the solid phase forms, has the potential for an extremely high 

signal-to-noise ratio (SNR). In addition, visually observing the freezing and melting 

processes of mixtures can provide insight into their nucleation behaviour as well as the 

growth and morphology of the subsequent crystals. It is also relatively straightforward to 

include a sampling and analytical capability into a visual equilibrium cell containing a 

synthetic mixture to make the measurement semi-analytic (i.e. capable of determining one or 

more phase compositions) if required.      

Here, we report the development of synthetic visual apparatus for solid-liquid equilibrium 

(SLE) measurements, which utilizes a Peltier element to control the temperature of a copper 

post immersed in the liquid mixture to induce solid formation on the tip of the post. The 

experimental setup, hereafter referred to as the Visual SLE (VSLE) cell, has been developed 

to be used ultimately in a program to measure solids formation and melting in cryogenic, high 

pressure mixtures relevant to LNG production. In this first stage of the research program, we 

demonstrate the apparatus at temperatures near ambient with mixtures of cyclohexane + 

octadecane at pressures to 5 MPa. Some data are present in the literature for this system, 
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which enable the technique to be tested. These data allowed the dependence of SLE on 

pressure to be investigated for these binaries, and enabled the optimisation of thermodynamic 

models used to predict liquidus (melting) temperatures. The VSLE cell was also used to study 

the relationship between subcooling and induction time as these potentially could provide 

some insight into nucleation processes relevant to LNG production. 



5 
 

Table 1. Summary of the most commonly used experimental methods for solid-liquid phase equilibria studies. 

Experimental 

Method 

Description Capabilities Challenges Reference 

1. Synthetic  Overall composition is known. 

 A single phase homogeneous 

mixture is prepared; temperature or 

pressure of system in equilibrium 

cell are varied until new phase 

appears. 

 

 No sampling or compositional 

analysis required. 

 Applicable when phase densities 

are similar. 

 Equipment can be small in size. 

 

 Accurate/careful synthesis of mixture. 

 High uncertainties if phase boundaries 

are strongly composition dependent. 

 Measurement rate can be slow. 

 Signal to noise ratio (SNR) can be 

problematic depending on location of 

solids formation.  

 

36, 38
 

1.1. Visual  Phase transition is detected either by 

direct or indirect (e.g. via camera) 

observation. 

 Visual observation provides 

additional information such as 

phase volumes, liquid level 

change, and crystallization 

morphology. 

 No signal analysis or expensive 

optical equipment required. 

 Suitable for phase behaviour of 

unknown or less-studied systems, 

or systems where LLE or VLLE 

may occur. 

 

 Visual observation of phase transition 

is dependent on the observer’s eyesight 

or the resolution of the camera used. 

 Automation of complete system can be 

difficult. 

 Need to know where to look for solids 

and be able to see. 

 

39-46
 



6 
 

1.2.Thermal 

Analysis- 

Differential 

Scanning 

Calorimetry 

(DSC) 

 This technique is based on the 

measurement of the difference in the 

amount of heat absorbed between a 

sample and a reference by 

increasing or decreasing the 

temperature.  

 When the sample undergoes a phase 

transition, the amount of heat 

flowing to the sample depends on 

the exothermal or endothermal 

nature of the process. 

 Applicable where visual 

techniques have limitations or 

fail. 

 Operation under fully automated 

instruments and control.  

 In addition to phase behaviour 

studies, other physical properties 

such as enthalpy or heat capacity 

can be measured concurrently. 

 High sensitivity to the small energy 

changes. 

 Controlling the heating and cooling 

rate of experiment.  

 Signal-to-noise ratio limits the 

experiments for very small sample 

masses and very low scanning rates. 

 Difficult to implement mixing. 

 Interpretation of thermograms. 

 High-subcooling can be required. 

 Limited composition range due to 

scanning and achievable signal-to-

noise.  

 

47-54
 

1.3.Spectroscopic   Raman, ultraviolet, and infrared 

spectroscopy methods used to 

measure compositions and/or nature 

of phases present. 

 Could be considered as a subset of 

visual techniques, although use of a 

spectroscopic probe or lens may 

limit the field of ‘view’. 

 Simultaneous detection of all 

components present. 

 In-situ composition 

determinations possible without 

the need for sampling. 

 Better suited to the study of near 

critical systems. 

 Relatively fast analysis can be 

used for near critical or critical 

regions. 

 

 Time-consuming calibration. 

 Signal evaluation of spectra. 

 Maintaining temperature uniformity. 

 

55-59
 

1.4. Indirect   Effect of change in one system 

variable (p, V, T, etc) on other 

parameters is investigated (eg. p-V 

slope in piston-cylinder system).   

 Ability to run experiments at 

very high pressures (e.g. GPa). 

 Simple equipment design. 

 Relatively easy to automate. 

 

 Indirect measure of potentially long 

equilibration times. 

 High accuracy in pressure or volume 

measurements are required. 

 Blind cells increase uncertainty about 

what’s actually happening: other phase 

60-64
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equilibria can cause false positives. 

 Poor SNR at low solute mole fractions. 

2. Analytical  Overall composition may not be 

exactly known. 

 Samples of one or more phases 

normally acquired and analysed 

(e.g. by gas chromatography 

although characterization of phases 

at equilibrium can be carried out 

without sampling (e.g. via 

spectroscopy). 

 Normally carried out under isobaric 

and/or isothermal regimes. 

 

 Information on tie lines. 

 Particularly suitable for 

multicomponent mixtures. 

 Composition dependent phase 

behaviour can be readily 

measured.  

 Phase composition analysis required. 

 Acquisition of representative samples 

can be problematic. 

36-38
 

2.1. Static  Solute-solvent mixture are in 

contact in a closed cell until 

reaching equilibrium.  

 Usually analysed by 

chromatography or spectroscopic 

methods. 

 Spectroscopy allows in-situ 

analysis with no sampling. 

 Identification of co-solubility of 

a solid solution in liquid. 

 Chromatography requires in-situ 

sampling. 

 

 Sampling for chromatography method 

may disturb equilibrium. 

 Acquiring representative samples can 

be difficult, particularly if cell is blind. 

 Loading or sampling procedures may 

lead to an inhomogeneous solid phases. 

38, 65, 66
 

2.2. Dynamic  Often referred to as flowing or 

isobaric-isothermal methods. 

 One or more fluid streams are 

continuously (re-)circulating 

through or in an equilibrium cell.  

 Pressure control is usually carried 

out via the vapor phase. 

 Can be more representative of 

industrial processes. 

 Relatively larger samples can be 

acquired without disturbing 

equilibrium. 

 Suitable for SLVE 

measurements. 

 Shorter residence time in cell. 

 Sampling must be carried out very 

carefully to achieve higher accuracy. 

 Less accuracy for multicomponent 

systems. 

 Inherent uncertainty regarding whether 

equilibrium has actually been achieved. 

37, 67
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2. Experimental 
 

2.1  Specialized Visual SLE Cell 

Figure 1 shows the 3D drawing for the high pressure equilibrium sapphire cell with some of 

its key dimensions, while the VSLE apparatus setup is shown in Figures 2 and 3.  

Figure 1. Schematic of the high pressure equilibrium sapphire cell with several key 

dimensions. The internal and outer diameters of the sapphire cylinder were 38.30 mm and 

57.22 mm, respectively, while its height was 74.7 mm.
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The VSLE cell consisted of a high-pressure cell with a sapphire tube and high strength 

stainless steel (Nitronic 50) base, top and four guide poles. A high precision zero-degree 

growth sapphire tube (custom made by Rayotek Scientific) with 57.22 mm (±0.02 mm) outer 

diameter, 38.30 mm (±0.02 mm) internal diameter, and 74.7 mm (±0.1 mm) height was 

employed. The sapphire tube burst and maximum allowable working pressures were 

calculated as 124 and 62 MPa, respectively.
68-69

 In this work, a safety factor of 4 was applied, 

setting the maximum allowable working pressure at 31 MPa, although the highest pressure 

studied here was 5 MPa. 

The sapphire tube was sealed using a custom trapezoidal o-ring made of a Teflon composite 

containing 25 % glass (supplied by E-Plas), that was compressed between the inner surface of 

the sapphire tube and a re-entrant boss on the stainless steel flange. The cell sealing system 

has been tested successfully at temperatures down to 90 K at pressures up to 10 MPa without 

any leakage detected.  

The VSLE cell was equipped with an automated data acquisition (DAQ) system where all the 

temperature and pressure sensors in this experiment were connected to a digital multimeter 

DAQ unit (Keysight 34970A) with a relative uncertainty of ±0.03 % of the measured voltage 

and current. The DAQ unit was monitored and controlled via a LabVIEW computer program.  

To ensure the system is homogenous and well-mixed, the sapphire cell was equipped with a 

stepper motor mixer (Arun Microelectronics D42.2 ultra-high vacuum motor connected to an 

SMD210 dual stepper motor controller). To determine and pinpoint the crystallisation and 

melting temperatures, a copper element comprising a tip, a post and a base, was used and 

coupled with an 40 Х 40 mm Peltier module (RS Components) to provide the required heating 

and cooling (up to 58.6 W). A DC power supply (Keysight LXI- N5750A) was used to drive 

the Peltier element. The Peltier’s temperature, heating and cooling rates were monitored and 

controlled via a proportional–integral–derivative (PID) algorithm, which was programed and 

incorporated in the LabVIEW software.
70 The PID parameters for the Peltier were tuned in-

situ, using voltage as a manipulated variable, with the proportional gain being 5, the integral 

time 1.8 min and the reset time being 0.2 min; these were kept constant over the course of the 

measurements. A large copper heat sink was attached to the other side of the Peltier to 

prevent the Peltier’s temperature from rising and to transfer of the heat removed from the 

copper tip to the air bath. The imaging and visualization was carried out using a high-

definition CCD camera (Edmund Optics) fitted with a 13-130 mm macro lens (Computar 



10 
 

MLH) with 10Х magnification capability, which was mounted inside the bath. To capture 

precisely the temperature at which solid-liquid transition occurred, a 100 Ω platinum 

resistance thermometer (PRT), labelled as (TT01), was inserted into the copper post to 

monitor the temperature of the copper element’s tip. Another temperature sensor (TT02) was 

also used to capture the temperature of the bulk liquid inside the VSLE cell (Figure 2). In 

addition, wells were bored into the top and bottom stainless steel lids of the VSLE cell to 

house another two 100 Ω PRTs (TT03) and (TT04) to monitor the cell’s vertical temperature 

distribution. Prior to mounting in the cell, all four PRTs were calibrated over a temperature 

range of 220 to 343 K against a reference SPRT (ASL-WIKA) with a standard uncertainty of 

0.02 K. We report herein the temperature of the PRT (TT01), inserted inside the copper 

element, as most representative of the freezing or melting temperature. 

A pressure transducer (Kyowa PHB-A-50MP), labelled as (PT01) was also housed in the lid 

to minimize the associated dead volume. This transducer was suitable for operations at 77 to 

483 K and was designed to measure pressures up to 50 MPa. The transducer was calibrated 

in-situ at different temperatures by comparison with a reference quartz-crystal pressure 

transducer (Paroscientific Digiquartz 9000-6K-101). The resulting standard uncertainty of the 

pressure measurement was estimated to be 0.3 % of the reading above 1 MPa. At pressures 

near or below ambient (0.1 MPa) the uncertainty of this transducer became excessive and 

alternative means were used to estimate the pressure as described in section 2.3. 

The VSLE cell was housed within a fan-forced air bath to control the temperature of the 

system and particularly of the bulk liquid mixture within the sapphire cell.  The air bath was a 

moisture-tight Peltier-cooled incubator (Memmert IPP110) with an operating temperature 

range of 273 to 343 K. A high precision syringe pump (Teledyne ISCO 260D) was utilized to 

provide accurate and predictable flow and pressure control during sample injection, with flow 

rates from 0.001 to 107 ml·min
-1

 and at pressures from 0.07 to 52 MPa. To avoid the effect of 

ambient temperature fluctuations on the solvent’s properties during injection, the syringe 

pump was fitted with a temperature control jacket where distilled water was circulated to 

keep the fluid injection temperature constant at 298 K via a connected benchtop chiller 

(PolyScience LM6). The chiller working temperature was from 263 to 303 K with a 

temperature stability of ±0.1 K. To ensure there was no air in contact with the mixture inside 

the cell, a vacuum pump (Vacuubrand MZ2C) was utilized to provide a vacuum of 0.7 kPa. 

In addition, a total of five manual needle valves (Swagelok SS316-3NS4) labelled as V1 to 

V5 were implemented for system isolation and drainage purposes.   
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Figure 2.  Visual SLE apparatus (VSLE) setup including the location of the temperature and pressure transducers (TT and PT, respectively). The 

available sample volume between V1, V2 and V5 was approximately 55 mL.  
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Figure 3. The front view of the VSLE apparatus with the equilibrium cell placed inside the air bath. The ISCO pump, benchtop chiller and the vacuum pump 

are located behind the air bath. 
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2.2  Materials 

The chemicals used in this study are listed in Table 2, together with their source and purity as 

specified by the supplier. They were used without further purification, apart from being 

degassed directly before being loaded into the VSLE cell. 

Table 2. Chemicals used in this work with their corresponding purities. 

Chemical Name Source 

(Product Number) 

Grade Mole Fraction 

Purity 

CAS Number 

           Cyclohexane (C6H12)    Sigma Aldrich 

(650455) 

 

HPLC ≥0.99 110-82-7   

Octadecane (C18H38) Sigma Aldrich 

(O652) 

- 0.99 593-45-3   

 

2.3  Melting and Freezing Temperature Measurements 

Measurements were carried out in four main stages including (a) mixture preparation and 

injection (b) evacuation, (c) temperature control, and (d) image recording. To prepare the 

mixture, the solute (octadecane) was first manually charged to the cell (i.e. by removing its 

steel top plate). This was because the high molecular weight octadecane (C18H38) was solid at 

ambient temperature and injecting it by use of a syringe pump risked tubing blockages. 

Accordingly, for each measurement (apart from those with pure cyclohexane), the desired 

amount of octadecane (ranging approximately from 1 to 30 g) was accurately weighed using 

a precision balance (A&D GH-252) with 0.01 mg resolution, and placed in the cell. The cell 

was re-assembled and evacuated to remove any air before the solvent (de-gassed 

cyclohexane) was injected using the volume-calibrated syringe pump to achieve the required 

composition (in the case of measurements with pure octadecane, no cyclohexane was 

injected). For the low-pressure measurements, approximately (0.5 to 20 mL) of cyclohexane 

was injected, which raised the level of the liquid-vapor interface to approximately that of the 

stirrer bar, as shown in Figure 4(a). Strictly, this meant that the low pressure measurements 

were actually of solid-liquid-vapor equilibrium (SLVE) rather than SLE because the interface 

and stirrer ensured there were no significant mass transfer resistances between the three 

phases. We note that in the past this distinction has not been made in some of the literature 

describing SLE measurements, possibly because melting temperatures depend weakly on 
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pressure. However, specifying clearly whether melting temperature measurements correspond 

to SLVE or SLE conditions is particularly important when tuning thermodynamic models 

intended to predict such phase equilibria. 

The pressure of the SLVE measurements was essentially set by the vapor pressure of the 

liquid mixture, which was much lower than the resolution of the pressure transducer 

connected to the VSLE cell (full scale 50 MPa). Accordingly, the pressure in the cell during 

the SLVE measurements was estimated from the measured bulk liquid temperature and 

known mixture composition using a thermodynamic model as described below. The predicted 

vapor pressures were not sensitive to the choice of the thermodynamic model. The largest 

variation occurred at 300.49 K for the composition xcyC6 = 0.1004, for which Raoult’s law 

predicted 1.5 kPa while the Peng Robinson Advanced (PRA) equation of state implemented 

in the software package Multiflash 
71

 using the binary interaction parameter, kij = -0.0324, 

predicted 1.3 kPa. (The development of the PR EOS is detailed in Peng and Robinson
72

 with 

the advanced form extended to improve mixture density calculations as outlined in Peneloux 

and Rauzy
73

 and Mathias et al.
74

.)  

Following solvent injection and initiation of mixing, the bath temperature was reduced to 

about 0.2 - 0.5 K above the estimated melting point, where it was held constant. Once the 

bulk liquid temperature sensor had stabilised at the bath set point (where it remained constant 

throughout the measurement), the copper post temperature was reduced automatically with 

the Peltier element. A scan rate of 0.01 K·min
-1

 was used to freeze-out the solid on the tip of 

copper element as it cooled slightly relative to the bulk. Following the freeze-out, the 

temperature at the tip of the copper element (captured by TT01 sensor) was increased to the 

point where no solid phase remained (as shown in Figure 4(b)). The fitted CCD camera was 

then utilized to visualize and record the images to allow the observation of the very small 

crystals being formed and melted. These measurements were carried out over a complete 

range of cyclohexane mole fraction from 0 to 1 in the same fashion. The melting points are 

usually considered as the equilibrium temperatures as opposed to the freezing temperatures, 

which are generally lower than the equilibrium condition due to subcooling as discussed 

further in Section 3.1. 

The minimum amount of solid detectable with the VSLE cell is determined by the copper 

tip’s surface area (50 mm
2
), the camera’s resolution (5 megapixels), and the lens 

magnification factor ( 10). When the entire cone of the copper tip is covered, the amount 



15 
 

of solid visible was estimated to be 20 mg (using a conservative assumption about the solid 

thickness of 0.5 mm and density of 0.77 g·cm
-3

 appropriate to the temperatures studied), 

whereas the smallest amount resolvable (upon melting) was estimated to be 3 mg. The 

minimum detectable amount would thus be in the range (3 to 20) mg to account for cases 

where solid was present on the hidden side of the copper tip. 

 

 

 

 

Figure 4. (a) Wide-field image of the cell during a low pressure measurement. (b) Melting of 

the solid phase from the copper tip as captured by the 10Х camera fitted with a macro lens. 

 

2.4  Experimental Uncertainty and Standard Deviation 

The standard experimental deviations as well as the standard uncertainties were determined 

using the Guide to the Expression of Uncertainty in Measurements (GUM).
75

 The former is 

referred to as Type A uncertainty while, according to the latter, the standard uncertainty u(f) 

of a quantity f(x1, x2,. . .,xn) is obtained from: 

2 2

1 1

( ) ( , )
n n

i j

i j i j

f f
u f u x x

x x 

 


 
                                                       (1) 

where xi and xj are binary input variables from which f to be obtained, ( f / ix ) represents 

the sensitivity coefficient of  f  with respect to xi, and u
2
(xi , xj) is the covariance (i ≠ j) or the 

variance (i = j) for xi and xj. The term u
2
(xi , xj) has been simplified to u

2
(xi) as the diagonal 

terms (i = j) are only retained.
76

 

To calculate the uncertainty associated with the mass of cyclohexane injected to the cell, 

mcyC6, via the ISCO syringe pump, the following equation was used: 

(a) 

(b) 
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6

2 2 2

EOS( ) ( ) ( )r cyC r inj ru m u V u               (2) 

Here ur denotes the relative standard uncertainty of the quantity in brackets. The uncertainty 

in the amount of cyclohexane originated from the volume of the solvent injected (Vinj) and the 

equation of state (EOS) used to estimate the solvent density (EOS) as part of the mass 

calculation. The density of cyclohexane was obtained from the Helmholtz EOS of Zhou et 

al.
77

 with a relative uncertainty of 0.1 %. The uncertainty of the solvent injected volume was 

estimated by combining in quadrature the 0.5 % relative uncertainty of the syringe pump’s 

volume read-out stated by the manufacturer, with the standard uncertainty of the volume 

calibration conducted using reference fluids to determine the dead volume in the pump and 

connecting lines (0.25 mL). The binary mixture composition was then calculated using: 

   
6 6 6

6

6 18 6 6 18 18

cyC cyC cyC

cyC

cyC C cyC cyC C C

n m M
x

n n m M m M
 

 
      (3) 

where ncyC6 and nC18 are the number of moles of cyclohexane and octadecane loaded into the 

cell, respectively, which were estimated from the loaded masses, mcyC6 and mC18, and the 

molar masses McyC6 and MC18 of these compounds, respectively.  The standard uncertainty in 

mole fraction composition was thus estimated using: 

6 6 6 6 18

2
2 2 2

cyC cyC cyC r cyC r C( ) (1 ) ( ) ( )u x x x u n u n        
                    (4) 

The standard uncertainty in nC18 was estimated by combining in quadrature the uncertainty of 

the octadecane mass measurement and the purity of the compound as specified by the 

supplier (see Table 2). Similarly, the standard uncertainty in ncyC6 was estimated by 

combining in quadrature the value of u(mcycC6) calculated using eq (2) and the solvent’s 

purity.  

The standard uncertainty of the temperature at which crystals were observed to appear or 

disappear from the copper tip was estimated by combining in quadrature the standard 

deviation of three repeat measurements (Type A uncertainty in GUM) with the standard 

uncertainty of the thermometer’s calibration (0.022 K). The standard uncertainty of the 

thermometer calibration was considered to be the only significant contributor to the Type B 

uncertainty. Other contributions such as heat dissipation via the test leads, the uncertainty in 

the multimeter and temperature gradients in the copper tip were negligible in comparison 

with the standard deviation of the three repeat measurements. 
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Similarly, for the high-pressure SLE measurements, the standard uncertainty in the 

experimental pressure was estimated by combining in quadrature the standard uncertainty of 

the transducer’s calibration and the standard deviation of the three repeat measurements.   

3. Results and Discussion 
 

3.1. Heating Rate and Induction Time Experiments 

In solute + solvent systems, the temperature at which the solute crystalizes (Tfreeze) upon 

cooling is observed to be lower than the temperature at which the last crystal disappears 

(Tmelt). When the phase transition occurs during a time dependent temperature ramp, neither 

of these temperatures corresponds to the equilibrium temperature of the phase transition, 

Teqbm. The difference between freezing and melting temperature is dependent on a) the 

induction time associated with the nucleation of a new phase and b) the heat transfer 

limitations associated with the temperature scanning rate. The former means that Tfreeze < 

Teqbm, while the latter means Teqbm  Tmelt, where the equality applies only when the heat 

transfer limitations associated with the scan rate are negligible. The relative magnitudes of 

these two effects were explored for the current experiment in a set of preliminary 

experiments. 

Prior to the commencement of the SLE measurements, an optimum value for the cooling or 

heating rate was determined first for use as practical basis for the entire set of freezing and 

melting temperature measurements. Figure 5(a) represents an example of a PID temperature-

programed Peltier ramp used to provide cooling or heating at a required scan rate. To test 

their repeatability, the measurements were conducted in a two-stage loop (I and II). Figure 

5(b) shows freezing and melting temperatures as a function of Peltier scan rate (  ), 

indicating that in the limit of zero scan rate, Tfreeze and Tmelt converge to (286.82 ± 0.15) K and 

(287.58 ± 0.08) K, respectively, for xcyC6 = 0.6581, and (279.10 ± 0.14) K and (279.83 ± 

0.09) K for pure cyclohexane, respectively. The results also revealed that at a scan rate of 

0.01 K·min
-1

 the difference between the measured melting temperature and the value 

obtained when the Tmelt data are extrapolated to scan rate is negligible. We therefore used the 

optimum scan rate of 0.01 K·min
-1

 throughout the entire set of measurements.  
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Figure 5. (a) An example of Peltier dual-loop temperature-programed profile at 0.01 K·min
-1

 

during the low pressure SLVE experiments with xcyC6 = 0.6581. (b) Effect of Peltier heating 

and cooling rates (  ), on freezing and melting temperatures at two different compositions.  
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To investigate the stochastic nature of induction time as a function of subcooling, the bulk 

liquid was cooled down from the usual (0.2 to 0.5) K above the pre-measured equilibrium 

temperature of (298.67 ± 0.04) K for
6cyC 0.2351x   so that Tbulk = Teqbm, where it was held 

constant for the duration of the remaining induction time experiments. The temperature of the 

copper tip was then reduced at 0.01 K·min
-1

 to a temperature below Tbulk but above the Tfreeze 

of 297.74 K measured during the initial scans at this composition. The time was then recorded 

until the first crystals were visually observed on the copper tip. The results are presented in 

Figure 6 and show that increased subcooling exponentially shortened the induction time, 

halving approximately every 0.25 K. These observations are consistent with those generally 

observed in the nucleation experiments
78

 where formation of a new condensed phase requires 

to overcome an activation energy barrier associated with the interfacial energy between the 

new and parent phases; no such energy penalty exists for the melting process where the 

energy bound in the interfacial region is released.
79-83

 

 
 

Figure 6. Induction time, tinduct, profile as a function of subcooling temperature (Teqbm- Tfreeze) 

for the SLVE measurements with
6cyC 0.2351x  . The bulk liquid was held constant at the 

equilibrium temperature, Teqbm, determined from melting measurements, while the copper tip 

has held constant at a lower temperature, Tfreeze, until solids eventually formed.  
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3.2. SLVE & SLE Measurements of cyC6+C18 

3.2.1. Low pressure SLVE measurements  

Figure 7(a) shows results from the low pressure experiments regarding the SLVE for the 

binary mixture of cyclohexane and octadecane. The results are consistent with the SLE data 

measured at 0.1 MPa by Domanska et al.,
61

 which confirms that solid equilibria are 

comparatively insensitive to pressure. For simplicity, and because our focus is on the 

solubility of solid compounds, in Figure 7(a) we neglect the existence of the vapor phase in 

our measurements to enable representation of the new data together with those from the 

literature. Four regions are present in this simplified T-x diagram, labelled by Roman 

numerals: region I corresponds to a single liquid mixture, consisting of a mixture of two 

components (cyC6+C18), whereas at lower temperatures in region IV, only solid phases exist 

(assumed to be pure cyC6 and pure C18). The other two regions (II and III) correspond to a 

single liquid phase mixture in equilibrium with either pure C18 or pure cyC6 in the solid 

phase, respectively. Starting from the melting temperature of pure C18 at 301.37 K , the 

observed melting temperatures decrease as the mole fraction of cyC6 increases until a eutectic 

point is reached at Te = 265.51 K and xe = 0.9499. The eutectic point corresponds to the 

minimum temperature at which a liquid phase exists. Further increasing the mole fraction of 

cyclohexane causes the liquidus temperature to increase to the melting temperature of the 

pure cyclohexane at 279.83 K. Figure 7(b) shows how the hysteresis between the measured 

melting and freezing temperatures varies as a function of cyclohexane mole fraction at a 

constant scan rate of 0.01 K·min
-1

. The highest hysteresis observed is 0.93 K at cyC6 mole 

fraction of 0.2351, while the lowest is 0.43 K at the eutectic composition. At this low 

temperature scan rate, the magnitude of the hysteresis in temperature essentially corresponds 

to the induction time required for nucleation (e.g. a range from 93 minutes to 43 minutes). 

The SLVE data measured in this work have been tabulated in Table 3, and are accompanied 

by the estimated experimental uncertainties. The pressures reported for these SLVE data were 

calculated with the Peng-Robinson Advanced EOS implemented in the software package 

Multiflash
71

 , using a tuned binary interaction parameter (BIP) of kij = -0.0324. As discussed 

below, this tuned value of the BIP improved both the description of the melting temperature 

data measured in this work, and VLE data for this system reported in the literature.
84
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Figure 7. (a) T-x diagram of equilibrium melting temperatures measured visually for binary 

mixtures of cyclohexane + octadecane at pressures of 0.1 MPa or below and (b) the variation 

in temperature hysteresis as a function of mole fraction of cyclohexane at constant scan rate 

of 0.01 K·min
-1

.  
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Table 3. Measured data for the freezing and melting temperatures of cyC6+C18 binary 

mixture. 

6cyCx  
6cyC

( )u x a
 Tfreeze / K  u(Tfreeze) / K 

b
 Tmelt / K  u(Tmelt) / K

b
 pvap /kPa 

c
 

0.0000 0.0023 300.63 0.13 301.37 0.11 3.5 x 10
-5

 

0.1004 0.0050 299.79 0.25 300.49 0.20 1.3 

0.2351 0.0045 297.74 0.13 298.67 0.04 2.8 

0.3574 0.0036 295.45 0.20 296.26 0.13 3.8 

0.4312 0.0051 293.64 0.15 294.36 0.16 4.3 

0.4986 0.0024 291.95 0.18 292.73 0.12 4.7 

0.5535 0.0053 290.26 0.23 291.02 0.14 4.8 

0.5937 0.0046 288.72 0.21 289.37 0.11 4.7 

0.6213 0.0042 287.68 0.20 288.46 0.18 4.7 

0.6728 0.0051 285.60 0.16 286.49 0.09 4.6 

0.7062 0.0036 284.60 0.14 285.24 0.11 4.5 

0.7613 0.0033 281.80 0.15 282.58 0.16 4.5 

0.7951 0.0045 279.56 0.19 280.36 0.17 4.3 

0.8367 0.0027 277.37 0.14 278.02 0.13 4.0 

0.8837 0.0045 273.82 0.23 274.71 0.06 3.6 

0.9231 0.0035 270.03 0.12 270.69 0.10 3.0 

0.9393 0.0031 267.09 0.28 268.01 0.14 2.6 

      0.9499 
      (Eutectic) 0.0024 265.08 0.17 265.51 0.10 2.3 

0.9605 0.0026 267.01 0.12 267.84 0.16 2.6 

0.9718 0.0026 269.59 0.13 270.43 0.07 3.1 

0.9805 0.0043 272.91 0.18 273.46 0.17 3.7 

0.9891 0.0035 275.47 0.20 276.22 0.13 4.4 

1.0000 0.0028 279.10 0.14 279.83 0.09 5.3 
 

a
 The total standard uncertainty in the mole fraction of octadecane and cyclohexane calculated using eq (4) (see 

section 2.4). For these SLVE measurements, the maximum change in xcyC6 due to the presence of a vapor phase 

was calculated as 4.8 x10
-4

, which is negligible in comparison with the uncertainty reported above. 

b
 u(T) is the standard uncertainty of measured temperatures which was calculated from the quadrature 

combination of sensor calibration uncertainty and the standard deviation of three repeat measurements.  

c 
 The vapor pressure of the mixture was estimated using the tuned PRA EOS (kij = -0.0324) in Multiflash. 
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3.2.2. Equation of State Modelling 

Equation of state (EOS) based models are often utilized to predict SLE between a pure solid 

and a liquid solution. The approach is the equality of partial fugacities be satisfied for the 

individual component i that forms the solid phase: 

    pure,s l l, , ,i i if P T f P T x                      (5) 

For the present binary system, the solid phase can be considered as a pure component and the 

liquid phase is a binary mixture. The ratio of fugacities ( pure,s

if / l

if ) or the solubility of 

component i (xi) may be obtained by a thermodynamic path described by Prausnitz et al. 
85

 as: 

  
 fus fuspure,s

, ,

l fus fus

1 1
exp ln

i i p i p i o ii
i i

i i i

H T c c P P Vf T
x

f R T T R T RT


        
             

                

(6)  

where pure,s

if  is the fugacity of pure solid component i; l

if  is the partial fugacity of the same 

compound in the liquid phase at the same pressure and temperature; i  is the liquid phase 

activity coefficient of that compound; fus

iH , ,p ic , and iV  are the changes in molar 

enthalpy, molar heat capacity and molar volume, respectively, on fusion at the melting point 

of component i; fus

iT  is normal melting point temperature of component i; and P0 = 0.1 MPa. 

Central, then, to the calculation of the solubility, xi, of the pure compound (i) in the liquid 

mixture are the properties of the pure component to evaluate the right side of eq 6 (parameter 

values are shown in Table 4), and a mixture model to calculate the activity coefficient. 

 

Table 4. Cyclohexane and octadecane parameters used in Multiflash
71

 for eq.6 and EOS. 

Parameter Cyclohexane Octadecane Unit 

Tc 553.56 747.41 K 

Pc 4.07 1.27 MPa 

Vc 308 1061 cm
3
·mol

-1
 

 0.209 0.812 

 fus

iT  279.62 301.31 K 
fus

iH  2677 61706 J·mol
-1

 

∆cp,i 14.63 72.31 J·mol
-1

·K
-1

 

∆Vi 8.30 46.7  cm
3
·mol

-1
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 In this work, the Peng Robinson Advanced 
72

 (PRA) and Predictive Soave-Redlich-Kwong 

(PSRK)
86

 equations of state implemented in the software package Multiflash 4.4
71

 were used 

together with eq 6 to predict the SLVE and SLE of the cyclohexane + octadecane system for 

comparison with the result measured in this work. The results of the comparisons between 

our data and the model predictions are depicted in Figure 8(a), while in Figure 8(b) the 

deviations of the melting temperatures from those calculated with the tuned PRA EOS are 

plotted as a function of mole fraction of cyclohexane. The default PRA EOS predicts values 

of Tmelt which are systematically larger than those calculated by the tuned PRA EOS for xcyC6 

> 0.5, reaching a maximum deviation of 12.8 K near the eutectic composition. The default 

PSRK model appears to describe our data relatively well especially at 0.5 < 
6cyCx < 0.85. This 

may be due to the inclusion of the excess Gibbs energy in the model’s mixing rule with 

parameters determined by the UNIFAC method. Coutinho et al. 
87, 88

 also observed 

enhancements in the SLE prediction of n-alkane mixtures while using UNIFAC-derived 

models. However, the model still struggles to accurately describe the region near the eutectic 

point, with a maximum (absolute) deviation of approximately 3.7 K. 
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Figure 8. (a) Model performance and data comparison for the binary mixture of cyC6+C18, 

and (b) deviations of melting temperatures (T) from values calculated with the tuned PRA 

EOS (kij= -0.0324), Tcalc. 
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The Tmelt predictions of the PRA EOS were improved substantially by adjusting the binary 

interaction parameter (BIP) kij from its default value of 0 to -0.0324. This relatively small 

amount of tuning allowed the simple cubic to outperform the PRSK model. For 0.0 < xcyC6 

< 0.4, the differences in the predictions of all three models are similar. However, the tuning 

improved the predictions of the PRA EOS at higher concentrations of cyclohexane, with 

deviations changing from 1.0 K to -0.2 K at xcyC6  0.5 and from 12.8 K to -0.2 K at the 

eutectic point. 

The aforementioned BIP (kij = -0.0324) was obtained by tuning to the experimental data by 

minimizing the r.m.s deviation between the SLVE data and the EOS predictions.  The group 

contribution method developed by Vitu et.al. (2008)
89

 provides a method for estimating  BIPs 

as a function of temperature. Over the temperature range studied the BIPs calculated by this 

group contribution method were between -0.0296 and -0.0343, which is in good agreement 

with our regressed value. 

Prior to their measurements of SLE for this binary mixture, Domanska and co-workers
84

 also 

reported pTx data for its vapor-liquid equilibrium. This provided the opportunity for us to test 

the impact of the BIP tuned to SLE data on the EOS predictions of the system’s VLE. 

Remarkably, tuning the EOS to the SLVE data substantially improved the accuracy of its 

VLE predictions.  For 0.23 < xcyC6 < 0.74, the measured bubble pressures and temperatures 

ranged from (2.5 to 4.8) kPa and (297.70 to 284.20) K, respectively. Using the experimental 

compositions and pressures as inputs to the EOS, the bubble temperatures predicted with the 

default kij = 0 were systematically high, ranging from (288.38 to 281.07) K, with an r.m.s. 

deviation of 6.77 K. In contrast, the bubble temperatures predicted with the SLVE-tuned BIP 

kij = -0.0324 were in excellent agreement with the measured values, ranging from (296.75 to 

284.28) K, with an r.m.s. deviation of 0.67 K. This result suggests that there could be some 

advantage in tuning EOS to sufficiently reliable SLE or SLVE data and using the resulting 

model to predict the mixture’s VLE, particularly in cases where bubble pressures are difficult 

to measure (e.g. because they are very low) with high uncertainties. Potentially, in cases 

where scatter in the literature VLE data for a binary mixture obscures the optimization of the 

BIP such as those described by May et al.,
9
 tuning to sufficiently accurate SLE data may 

provide an alternative approach, assuming the resulting model can be shown to represent the 

VLE data with comparable accuracy.  Along these lines, Marsh and co-workers
90

 suggested 

that while it was best to calculate the excess Gibbs free energies of mixing using high quality 

VLE data, if these were not available then SLE data could be used to provide reasonable 
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values provided that accurate melting temperatures, enthalpies of fusion and excess 

enthalpies are available.    

3.2.3. High pressure measurements  

The effect of pressure on the melting (liquidus) temperature was also investigated for two 

binary mixtures and pure cyclohexane, with results listed in Table 5. To conduct these high 

pressure measurements, pure liquid cyclohexane was injected into the cell containing 

octadecane with valve V2 open, displacing the vapor-liquid interface out the sapphire cell. 

Once the interface passed V2, the valve was closed and the syringe pump was placed in 

constant pressure mode, with a set-point of approximately 1, 3 or 5 MPa. Valves V1 and V4 

remained open during these measurements. Stirring was initiated and the mixture 

composition calculated from the volume of cyclohexane within the sapphire cell (i.e. the 

unstirred volumes of cyclohexane in the lines above and below the sapphire cell were not 

included in the calculation of xcyC6 using eq (3)). Accordingly, these determinations of Tmelt at 

high pressure correspond to SLE measurements.  

 

Figure 9 shows a comparison between the present high-pressure measurements and those 

available in the literature. For pure cyclohexane, many high-pressure data sets are available91-

98; several were measured over the same pressure range as the present measurements, and in 

these cases the agreement is within the combined uncertainty of the data. In contrast, for the 

binary system there is only one published work,
60

 which focused on significantly higher 

pressures (100 to 300 MPa) than considered in this work. Nevertheless, a simple linear 

correlation of the present data and those of Domanska and Morawski
60

 indicates a good 

degree of consistency, with R
2
 values of 0.9996 and 0.9999 for mixtures with xcyC6 = 0.5675 

and 0.8573, respectively. 
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Figure 9. Comparison of pressure-dependent literature SLE data 
91-98

 with this work for (a) pure 

cyclohexane and (b) binary mixtures of cyC6+C18 (literature data extracted from Figure 6 of ref. 60). 
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Table 5. Experimental freezing and melting temperatures measured as a function of pressure for 

cyC6+C18 binaries at SLE conditions. 

6Cx  
6tot cyC

( )u x a
 Tfreeze / K  u(Tfreeze)/ K 

b
 Tmelt / K  u(Tmelt) / K

b
 p /MPa u(p)/MPa

 b
 

0.5675 0.0041 289.94 0.20 290.80 0.14 1.33 0.06 

0.5675 0.0041 290.13 0.23 291.02 0.15 3.40 0.05 

0.5675 0.0041 290.62 0.24 291.41 0.18 5.34 0.08 

0.8573 0.0032 275.69 0.16 276.26 0.08 1.32 0.05 

0.8573 0.0032 276.17 0.19 276.83 0.11 3.42 0.04 

0.8573 0.0032 276.55 0.21 277.17 0.13 5.30 0.07 

1.0000 0.0027 279.35 0.15 280.31 0.10 1.31 0.05 

1.0000 0.0027 280.61 0.21 281.53 0.14 3.43 0.05 

1.0000 0.0027 281.64 0.24 282.52 0.18 5.31 0.07 
a
 The total standard uncertainty in the mole fraction of octadecane and cyclohexane calculated using eq (4) (see 

section 2.4). 

b
 u(q) is the uncertainty of quantity q which was calculated from the quadrature combination of the RTD sensor 

calibrations (for temperature uncertainties), or the Kyowa pressure transducer calibration (for pressure 

uncertainties), with the standard deviation of three repeat measurements.  
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Figure 10. (a) Experimental p-x-T diagram for cyC6+C18 system at different pressures and (b) 

deviations of the experimental melting temperatures from those predicted using the tuned 

PRA EOS (kij = -0.0324) as a function of pressure. 
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Figure 10(a) shows the high pressure SLE data together with the corresponding predictions of 

the PRA EOS tuned to the SLVE data. The melting temperatures increase monotonically with 

pressure at a rate that is composition dependent, ranging from approximately 0.55 KMPa
-1

 

for pure cyclohexane, to 0.22 KMPa
-1

 for xcyC6 = 0.8573, and 0.15 KMPa
-1

 for xcyC6 = 

0.5675. This reflects the melting temperature’s insensitivity to pressure. As shown in Figure 

10(b), the predictions of the PRA EOS become slightly poorer as the pressure increases. For 

the two mixtures with xcyC6 = 0.5675 and 0.8573, the Tmelt deviations from the SLVE-tuned 

PRA EOS increase from -0.3 K and -0.2 K at about 4 kPa to -0.6 K and -0.9 K at 5.3 MPa, 

respectively. In contrast the deviations for pure cyclohexane increase from 0.2 K at 4 kPa 

to -1.54 K at 5.3 MPa.  The fact that the deterioration in the prediction is worse for the pure 

fluid suggests that the cause is be related to the structure of the Peng Robinson EOS and its 

ability to describe correctly the pure liquid’s fugacity as a function of pressure, rather than 

being due to the mixing rule or the BIP. In fact, for these two binary mixtures, the tuned BIP 

offsets some of the error of the PRA EOS associated with predicting partial liquid fugacities 

at higher pressures.  

One alternative to cubic EOS for predicting SLE at high pressures is the use of semi-

empirical relations, such as the power law proposed by Simon and co-workers.
99, 100

 

  p T                                                      (7) 

Domanska and Morawski
60

 measured the SLE of pure cyclohexane, pure octadecane, and 

their binary mixtures at pressures to 260 MPa over the temperature range (293.15 to 353.15) 

K. They correlated the measured melting temperatures and pressures for the pure fluids using 

eq (7), while using the following empirical relation for the cyclohexane + octadecane 

binaries.   

  
18

18

3 2

C

0 0 fus,C

1 1
ln

i

j

ij

i j

x D p
T T 

  
    

  
                        (8) 

Here p and T are the mixture’s melting (liquidus) pressure and temperature, respectively, 

Tfus,C18 is the normal melting temperature of pure octadecane (301.2 K from reference 60), 

and the Dij are a set of twelve constants determined by regression to the data. Two sets of Dij 

were used, however, one for each side of the eutectic composition, bringing the total number 

of parameters in eq (8) to 24.  Furthermore, since the eutectic composition varies with 

pressure, the model must be used in conjunction with Table 9 of reference 60.  



32 
 

The empirical nature of eqs (7) and (8), means that predictions of SLE data not within the set 

used to determine the adjustable parameters risk being inaccurate; this is particularly true of 

eq (8) given the high order of the nested polynomials. Although the data set by Domanska 

and Morawski
60

 used for regressing these empirical models included measurements at 

0.1 MPa, the next lowest pressure used was 11.3 MPa for octadecane, 23.39 MPa for 

cyclohexane and 17.23 MPa for the binary system. All three of these are above the highest 

pressure measured in this work: for the pure cyclohexane experiments reported here, solving 

eq (7) for Tmelt based on the measured pressures results in an over-prediction by 2.5 to 3.1 K. 

Such systematic errors are higher than those of the pure fluid PRA EOS predictions. The 

performance of eq (7) using the pure cyclohexane parameters recommended by Domanska 

and Morawski 
60

 is even worse if the experimental Tmelt are used as independent variables 

with the predicted SLE pressures being unphysical (-9 to 1.4 MPa). Clearly those parameters 

should not be used for melting temperature predictions at pressures below those correlated by 

Domanska and Morawski 
60

.  

Similarly, the predictions of the mixture SLE data measured in this work using eq (8) with 

parameters for the cyclohexane + octadecane binary determined by Domanska and 

Morawski
60

 are poor. Inverting eq (8) to estimate Tmelt from the measured composition and 

pressure gives excessively lower temperatures. Using the measured pressure and temperature 

as the independent variables in eq (8) produces predictions of xC18 that are below the 

experimental values by mole fractions of 0.04 to 0.08. At 5.3 MPa, the errors in the 

compositions predicted with eq (8) would correspond to under-predictions of Tmelt by 

approximately 1.8 K at xcyC6 = 0.5675, and 6.3 K at xcyC6 = 0.8573. These are, respectively, 

comparable to and significantly worse than the corresponding predictions made using the 

SLVE-tuned PRA EOS.   

4. Conclusions 
 

A special visual apparatus, developed for measurements of SLE and SLVE in hydrocarbon 

mixtures, was used to study and improve the models available for the octadecane + 

cyclohexane binary system across the full composition range at pressures from about (0.004 

to 5) MPa. The use of a Peltier-cooled copper tip containing a temperature sensor immersed 

in the stirred liquid mixture enables sensitive determinations of freezing and melting 

temperatures. Induction times associated with appearance of octadecane on the copper tip 
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were measured as a function of subcooling, demonstrating that the apparatus is also capable 

of providing insight into nucleation within liquid hydrocarbon mixtures.  

New SLVE data for this binary mixture measured at about 4 kPa across the entire 

composition range were found to be in good agreement with the SLE data reported by 

Domanska and co-workers61 at 0.1 MPa. The other SLE data available for this binary exist at 

pressures above 17 MPa, and the empirical correlations developed to describe those available 

literature data do not describe accurately the data measured in this work over the pressure 

range (0.004 to 5.3) MPa, which is generally the range of most interest to engineering 

applications. Predictions made using cubic EOS were compared with the new low pressure 

SLVE data, with maximum deviations occurring at the eutectic composition, xcyC6  0.95. By 

adjusting the binary interaction parameter kij from 0 to -0.0324, the deviation of the Peng-

Robinson Advanced EOS from the measured eutectic melting temperature decreased from 

(12.8 to 0.2) K. 

By tuning the binary interaction parameter to the SLVE data, the predictions made with the 

PR EOS of experimental bubble point temperatures reported in the literature improved by an 

order of magnitude. At 5.3 MPa, the SLVE-tuned PR EOS was also able to describe liquidus 

(melting) temperatures of two binaries with xcyC6 = 0.5675 and 0.8573 to within 0.9 K. This 

performance is better than that achieved with the 24-parameter empirical model, and is 

despite the limited ability of the PRA EOS to describe the pressure dependence of pure 

cyclohexane’s melting temperature, which deviates by 1.5 K at 5.3 MPa. In future work, the 

visual SLE cell will be integrated into a cryostat to allow operation at temperatures around 

100 K, and combined with a sampling system to allow the liquid composition to be 

monitored. This will enable the acquisition of new data and improvement of models able to 

describe SLE and related phenomena in mixtures directly relevant to LNG production. 
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