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Abstract
A visual, high-pressure equilibrium cell was used to investigate freezing and melting points for

iso-pentane and its mixtures with other hydrocarbons as a potential component for LNG plants’
mixed refrigerants. The freezing and melting temperatures were measured for highly pure iso-
pentane, industrial-grade pure iso-pentane, and methane + iso-pentane binary systems, at
temperatures down to 87.5 K and pressures up to 13 MPa. A thermodynamic model embedded
in the ThermoFAST software package was tuned to the pure iso-pentane experimental melting
points to address the trending deviation of predicted melting temperatures by the pressure. This
investigation showed that the melting and freezing points of highly purified and industrial-
grade iso-pentane were less sensitive to pressure, increasing with an average rate of 0.2 K/MPa
by the pressure. The experimental melting and freezing points for binary mixtures were

measured as a benchmark to assess the worst-case scenario for designing the mixed refrigerant
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mixtures containing heavy hydrocarbons like iso-pentane. The methane richer mixtures of the
binary system had melting temperatures less than 100 K, while for iso-pentane rich blends, the

melting temperature was limited between (100-105) K.

Keywords: Solubility, Mixed Refrigerant, iso-pentane, Melting Temperature, Freezing

Temperature

1. Introduction
The global decarbonisation process attracted considerable demand for liquefied natural gas

(LNG) as a clean energy source [1] and improved its potential to overtake coal in overall
demand by 2035 [2]. A large amount of power required for treatment, compression and
refrigeration of natural gas makes the liquefaction the most energy-intensive part of the LNG
supply chain [3]. Before the liquefaction step, impurities like heavy hydrocarbons, water, and
acid gasses need to be removed from the natural gas [4-6]. The presence of heavy
hydrocarbons, including heavier components than butane (C5+) in (LNG) production streams
at trace concentration, can pose significant challenges of blockage and plant shutdown [7-9].
Thermodynamic models are crucial to identify and predict those heavy hydrocarbons’
concentration limits. These models are anchored to reliable and relevant solid—fluid
equilibrium (SFE) data; unfortunately, such data are sparse. Robust and reliable data and
models are required to help make informed decisions for either the design or the operation of
LNG facilities. These models determine acceptable limits of solid-forming compounds in the

cryogenic fluids to ensure a negligible risk of freeze-out [10].

The freeze-out risk associated with such heavy hydrocarbons is also essential in refrigeration
units of the LNG plants. While a cascade of independent single component refrigeration loops
remains the most popular option, mixed refrigerant (MR) systems offer an attractive alternative
because of their efficient heat transfer and high energy efficiency [11]. Using heavier

components like iso-butane and iso-pentane in mixed refrigerant can exploit the latent heat
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transfer and reduce the refrigerant circulation rate, resulting in smaller equipment size and
higher liquefaction efficiency [12-16]. In their most advanced form, these mixed refrigerant
systems use a single fluid process stream flashed through several stages of the liquefaction
process, delivering heavy and light fractions with tuneable boiling points [17]. This dynamic
control of the cooling curve inside the primary heat exchangers improves energy efficiency and
decreases the LNG production chain’s unit cost. As these mixed refrigerant systems contain
multiple components, there is a possibility of heavy-species freeze-out, where the exact

freezing curve is not as easily determined as in the case of pure component systems.

Several studies reported the melting point for iso-pentane; Acree [18] measured
thermodynamic properties of organic compounds and noted a melting temperature of 113.25 K
for iso-pentane. Preston et al. [19] studied solubility of iso-pentane in liquid methane and
measured a fusion temperature of 113.2 K for iso-pentane. Parks and Huffman [20] measured
a melting temperature of 112.65 K for iso-pentane, while Schumann et al. [21] reported
113.39 K for iso-pentane melting temperature. No data were reported for melting temperature

of pure iso-pentane and its mixtures with lighter hydrocarbons at elevated pressures.

This study extends the experimental data body for pure iso-pentane melting and freezing points
to LNG facilities’ process conditions by using the specialised CryoSolid apparatus developed
at the University of Western Australia (UWA). Therefore, a total of 20 freezing and melting
points for pure iso-pentane, and 8 freezing and melting points for binary mixtures of methane
+ iso-pentane were measured. The experimental results were compared with the predictions of
ThermoFAST; a software package developed at UWA, which uses Peng-Robinson equation of
state (PR-EOS) model together with an equation for predicting the solid’s fugacity to estimate
melting temperatures. Ultimately, this work seeks to decrease the uncertainty associated with
determining the freeze-out possibility for mixed refrigerants containing iso-pentane as their

heavy component.



2. Material and Methods
A visual method of solid identification similar to the one described in our previous publications

used in this study [6,8]. The measurement setup includes an injection system, a high-pressure

sapphire cell located inside an environmental cooling chamber and a data acquisition system.

2.1 Material

Details of iso-pentane and methane components (their sources and purities) used in this work
to prepare the binary mixtures were summarised in Table 1. The liquid iso-pentane was used
without further purification. However, upon loading the solute before starting the
measurement, the liquid was degassed by evacuating any dissolved gas present using a vacuum

pump (Vacuubrand MZ2C).

Table 1: Details of the chemicals used in this work with the corresponding grade, specified purity, and specified
dominant impurities.

Chemical Name Supplier Grade and Impurities CAS Number

Purity Mole Fraction

Iso-pentane Merck Anhydrous <0.02% Water
(2-Methylbutane) (Sigma Aldrich) >0.995 <0.0003% Evap. 78-78-4
Residue
Iso-pentane CoreGas Pressurised liquid <1.00 % benzene
Australia
(2-Methylbutane) — >0.99 < 5 ppm water 78-78-4

industrial grade
< 0.5 ppm sulphur

Methane CoreGas Compressed Gas - 74-82-8

Australia
>0.999995

2.2 CryoSolid Apparatus Overview

Figure 1 illustrates the schematic diagram of the measurement system, called CryoSolid setup.
A transparent equilibrium cell capable of operating at pressures up to 31 MPa was connected
to a mixture preparation unit. The environmental cooling chamber (M170J-13100) with a
Thermal Solution Series controller (KTS6310AB), hosted the equilibrium cell, had an

operational temperature range of (87 to 473) K, which a high-pressure liquid nitrogen (LN>)
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Dewar supplied the required LN to the chamber. Figure 2 shows the transparent high-pressure
equilibrium cell as the central component of the CryoSolid setup that consisted of a high
precision sapphire tube with 70 mL volume. The cell was fitted with a copper cold finger, used
when the compound’s concentration under study is not in excess. In this work, only the bulk

fluid temperature was adjusted to determine the freezing and melting measurements.

The maximum cooling or heating rate applied to the CryoSolid apparatus was limited to
1 K/min to minimise the risk of thermal shock or damage to the system, especially to the
sapphire tube. Fast response 100 Q platinum resistance thermometers (PRT NR-14, Netsushin)
was employed to measure the temperature of the main body, top flange and copper tip. Only
the copper tip temperature was reported in this study, which the temperature sensor was bored
into the copper post through a blind well. All PRTs were calibrated by a reference standard
PRT sensor (ASL-WIKA) with a standard uncertainty of 0.02 K over a temperature range of
100-273 K. A quartz-crystal pressure transducer (Digiquartz, Paroscientific) with a full scale
of 30 MPa was employed to measure the pressure of the mixture inside the cell. A stepper
motor (Arun Micro-electronics D42.2) drove the stirrer bar by coupling to a custom-made

magnetic shaft.
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Figure 1: Schematic Diagram of the CryoSolids apparatus.
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2.3 Mixture Preparation Unit

The mixture preparation unit included two syringe pump: (1) a high-pressure syringe pump
(Teledyne ISCO 500 HP) with an external stirrer (Buchiglassuster Cyclone-075) and volume
of 500 mL; (2) a high precision syringe pump (Teledyne 1ISCO 260D) with 260 mL volume.
The mixture preparation process started with injecting the heaviest component of the mixture
and proceeded to lighter components. ISCO 260D syringe pump was used to inject the
predetermined volumes of components at constant pressure into the stirred syringe pump to
prepare the target mixtures. The syringe pumps were capable of injection at flow rates ranging
from 0.01 to 107 ml/min under controlled pressures ranging from 0.07 to 52 MPa. Then, the
final mixture left under continuous stirring during the measurement inside the syringe pump to

ensure the synthesised mixture’s homogeneity.

2.3 Measurement Procedures

Before starting the measurements, the equilibrium cell was pre-cleaned with appropriate
solvents and evacuated using a vacuum pump (Varian SH-110). The desired amount of the
binary mixture or pure iso-pentane was injected into the cell by the stirred syringe pump at
ambient temperature (measured by an independent 100 Q PRT) to achieve the target pressure
in the cell. The internal temperature of the environmental cooling chamber was declined
through supplying LN2 from the high-pressure Dewar at a controlled rate of 1 K/min. This
cooling rate decreased the cell content’s temperature at a rate below 0.8 K/min while the
mixture was under continuous stirring. Ultimately, the cooling chamber and the equilibrium
cell temperatures were stabilised by PID control algorithms at the desired set-points. The
temperature in the cell, measured by sensor TT01 and TTO02, was then reduced in steps by

adjusting the chamber cooling rate until the first solid crystals formed. This point was noted as



the freezing point (Tf). Following the compound freeze-out, the temperature was increased at a

rate between 0.1 and 0.2 K/min to the point where all last solid crystal melted (Tm).

2.4 Solid Formation and Dissociation Process

The physical state of a substance dictates its thermophysical properties; generally, chemical
properties, bond energies and molecular shape of a substance are determined by covalent bonds
(chemical bonds), while boiling and melting points, density, and solubility depend upon the
intermolecular forces between the substance’s molecules [22]. Molecules of alkanes are
bonded to each other by weak van der Waals’ forces; which the strength of these intermolecular
forces increases by the molecular mass of the alkane. Figure 3 shows the freezing process of
iso-pentane inside the visual cell along with the molecular structure of each phase. In liquid
iso-pentane, the attractive intermolecular forces can keep the molecules close together, while
upon freezing, the strength of the van der Waals’ forces increases and keep the molecules
locked in positions relative to their neighbours. Figure 4 indicates the solid nucleation and
dissociation processes of iso-pentane + methane binary mixture (41.48:58.52 mole%). A
supercooling of 5.6 K was required to induce the nucleation process in this binary mixture.
Each experimental point repeated 3 times to ensure the reliability of the measured freezing and
melting temperatures. Panasonic high-definition (HD) camcorder (HCV 180) was employed to
capture and record the solid freezing and melting points. In addition to the chamber’s build-in
illumination, extra lights were used to achieve sufficient background light levels for high-

quality image capture by the camera.
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Figure 3: Freezing process of pure iso-pentane: (a) subcooled iso-pentane liquid (p=13 MPa, T =108.8
K); (b) and (c) solid-liquid equilibrium (SLE) mixtures of iso-pentane (p =13 MPa, T = 108.3 K); (d)
solid iso-pentane (p =13 MPa, T = 108.3 K).
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Figure 4: Solid nucleation and dissociation processes of iso-pentane + methane binary mixture
(41.48:58.52 mole%) at 0.03 MPa: (a) T = 94.1 K (supercooled liquid); (b) T = 93.9 K (solid-liquid
equilibrium); (c) T=935K; (d) T=98.8K; () T=99.3 K; (f) T =99.5 K (no solids).

3. Model

3.1 Experimental Uncertainty
Contributions to the combined standard uncertainty in the measured melting and freezing

temperatures (Tm and Tr) were considered according to the outlines of the “Guide to the

Expression of Uncertainty in Measurement” [23], developed by NIST:



n P i 2
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where z;_, , , denote the n independent variables that x; depends upon, each associated with
variance of u?(z;). The experimental uncertainty assessment for the temperature and pressure
measurements were detailed in our previous works [8,24,25]. To sum up, the standard
uncertainty in the measured dissociation temperature was estimated by considering the standard
deviation of the repeated measurements (in range of £ 0.3 K) along with the standard
uncertainty of the PRT sensors (estimated to 0.05 K). The standard uncertainty in pressure
measurements was estimated to be 0.02 MPa, taking into account temperature and pressure
fluctuations. The standard uncertainty in mole fractions of the prepared refrigerant mixtures
was estimated by considering the cumulative effects of uncertainty in the injected volume,
pressure and temperature of the syringe pump along with the uncertainty of the density of the

equation of state embedded in the NIST software package REFPROP 10 [26].

3.2 Freeze-out Model
This section describes the utilised thermodynamic model for the freeze-out model and solid-

liquid-equilibrium (SLE) calculations as implemented in ThermoFAST software package;
Peng-Robinson cubic equation of state (PR EQOS) is used to predict the SLE conditions for

single or multi-component solutions [27,28]:

_ RT A
P Y " bn [0+ A+ V2)bo][(@ + (L= V2)b)]

here, p, T, R, and v stand for the pressure, temperature, universal molar gas constant, and molar
volume. The am and bm parameters represent the mixing parameters, which can be calculated

through the van der Waals mixing rules:
am = Z Z xl-xj [(1 — kij),/al-aj]
i
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where x;, x;, and k;; are the mole fraction of component i and j, and the binary interaction
parameter (BIP); the last parameter is a tuning constant that can improve the consistency of the
model’s prediction to the experimental values. Parameters a; and b;, standing for temperature-

dependent energy and co-volume parameters, can be determined for a single-component fluid

by:

2
RT,;
ai=0.457235( C",) a;

Pert

RT,;
b =0.077796 :

pc,i

;= [1+mA T/

m; = 0.37464 + 1.5226w; — 0.26992w?

where w;, T.; and p.; are the acentric factor, critical temperature, and critical pressure of
component i, respectively. The partial fugacities for the individual component i that forms the

solid phase should be equal for both phases as follows:

fipure,s (p’ T) — fimix,l(p’ T, ximix,l)

In the present study, the solid phase is considered as a pure component and the liquid phase as
either a single component, binary or multi-component mixture. The solubility of component i

could be obtained by a thermodynamic model endorsed by Prausnitz et al. [29] as:

TifusAcgrs —AHiqu l_ 1 ACIJ:,I;S . T B (P —Po)AVif“S
R T Tifus R Tifus RT

here, £, ' stand for the fugacity of the pure solid and liquid phases of component i, while

Tif”S, P, and y; represent the normal melting point temperature, the atmospheric pressure and
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the liquid phase activity coefficient of component i. Ac}:"i‘s, AHT™ and Av/™ are the molar
heat capacity, molar enthalpy and molar volume changes of fusion at the melting point of
component i, respectively. Table 2 lists the experimental and calculated value for iso-pentane

fusion properties in the literature.

Table 2: Pure iso-pentane fusion parameters used in ThermoFAST freeze-out model

Parameter  T/US/K AHZS/3molt ALY .(molK)T  Av/%/ mimolt

iSo-pentane 113.2 5147 32.194 1.34E-5

Ref. [19] [21,30] [21] [31,32]

* This particular property is calculated using the difference in density of the solid and the

liquid at the melting point temperature based on the mentioned references.

The molar volume change on fusion was optimized based on the experimental data of pure iso-
pentane by using Generalised Reduced Gradient (GRG) algorithm encoded within the solver

tool of Microsoft Excel software [33].

4. Results and Discussion
4.1 Pure and industrial iso-pentane

Freezing and melting temperatures for the pure and industrial-grade iso-pentane samples were
measured at isobaric pressures between (0.25 and 13.04) MPa. After charging the cell with
liquid iso-pentane to a target starting pressure, the sample was stirred continuously at 300 RPM
to assure the mixture remained in a thermally homogenous state as the cell was cooled. A total
of ten data points for each type of iso-pentane were obtained for the freezing and melting
temperatures as a function of pressure, presented in Table 3. Figure 5 (a) illustrates the
measured freezing and melting temperatures at different pressures. The average cooling and
heating rates to obtain the freezing and melting temperatures were S ave= 0.5 K/min and fm ave=

0.1 K/min, respectively. The average undercooling (Tt — Tm) for the entire data set was down
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to 8 K to form a seed solid or nucleus around which a solid structure can form. Absence of any
such nuclei can lead the supercooled liquid phase stable down to the temperature at which
homogeneous nucleation undertakes. Opposite to freezing point, solids almost always melt at

the same temperature for a given pressure.

These results show that although a linear relationship exists between the melting (and freezing)
temperatures and pressures, the freezing and melting temperatures are relatively less sensitive
to pressure because of liquids’ incompressibility. The rate at which the freezing and melting
temperature increased with pressure was approximately 0.28 K/MPa and 0.13 K/MPa,
respectively. Also, by adding impurities to iso-pentane, the solids were formed at higher

temperatures than the pure iso-pentane and melted at lower temperatures.

The reported triple point in the literature varies between 112.65 K and 113.39 K [19,21,34,35].
According to Schumann et al. [21], the triple point of iso-pentane is 113.39 (+0.05 K).
Extrapolating our data from the lowest pressure measured (0.27 MPa) results in a triple point

value of 113.41 K. The 0.02 K difference is well within our experimental uncertainty of 0.3 K.

Table 3: Measured freezing and melting temperature data for pure and industrial-grade iso-pentane.

Pure iso-pentane Industrial iso-pentane
pp/MPa Tt /K  pn/MPa Tw/K | pr/MPa T:/K  pn/MPa  Tn/K
0.25 104.55 0.27 113.45 0.20 106.1 0.21 112.9
1.88 105.20 1.89 113.64 2.05 106.3 2.07 113.3
5.05 106.12 5.06 114.04 4.35 106.6 4.37 113.5
7.04 106.72 7.06 114.33 7.06 107.1 7.07 113.9
13.04 108.32 13.06 115.17 13.05 109.1 13.06 114.6

* The overall uncertainties in the temperature and pressure measurements were 0.3 K and 0.02
MPa, respectively.
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Figure 5: (a) Phase diagram showing the freezing and melting temperatures measured for pure and
industrial-grade iso-pentane: A experimental freezing temperature (pure iso-pentane), e experimental
freezing temperature (industrial iso-pentane), ¢ experimental melting temperature (pure iso-pentane),

m experimental melting temperature (industrial iso-pentane), --- melting temperature predicted by

default ThermoFAST (pure iso-pentane), and --- melting temperature predicted by optimised

ThermoFAST (pure iso-pentane) ; (b) deviations of the measured melting temperatures, Texp, from

those calculated by ThermoFAST software package, Tcai, as a function of pressure, p: ¢ pure iso-

pentane (default Av/%"), e pure iso-pentane (optimised Av/%"), and m industrial iso-pentane (default

Avifclés .
The measured melting temperature data were also compared with the predictions of
ThermoFAST. Figure 5 (b) shows the deviation of the experimental data from the ones
calculated using ThermoFAST model with fusion constants listed in Table 2. This graph shows
that ThermoFAST systematically deviates from the experimental melting temperature data
with average root mean square (RMS) values of 0.98 K and 1.22 K for pure and industrial iso-
pentane, respectively. Such deviations were expected as no literature data exist on iso-pentane

melting temperature as a function of pressure. A possible cause for this linear deviation could

be the inaccurate estimation of the fusion molar volume variation for pure iso-pentane in the
freeze-out model (Av’ls = 13.4E-6 m®mol?). An optimised value of (Av/'e = 6.94E-6
m3.mol™) was calculated for the fusion molar volume variation of iso-pentane by tuning the
freeze-out model according to the experimental melting points. This value is close to the
reported value of (Av/Y = 7.3E-6 m®mol™) by Wurflinger and Kreutzenbeck [36]. The
optimisation enabled ThermoFAST to represent the experimental melting points with an

improved average RMS of 0.1 K for the pure iso-pentane.
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4.2 iso-pentane + methane binary mixtures

No experimental data are available in the literature on solid-liquid-equilibrium of methane +
iso-pentane binary mixtures. We attempted to measure the melting and freezing temperatures
of this binary at different compositions and pressures. Table 4 presents the measured freezing
and melting temperatures, pressures and overall composition of methane + iso-pentane binary
mixtures. Figure 6 (a) shows the freezing and melting temperatures for the binary mixtures of
methane + iso-pentane at different mole fractions of the latter component and pressure levels
up to 10 MPa. The melting temperature of methane + iso-pentane binary mixture increases

from 98.24 K to 105.45 K by increasing the iso-pentane mole fraction from 0.1988 to 0.5713.

Table 4: Measured freezing and melting temperature data for
binary mixtures of methane + iso-pentane.

Xics Uxics pf/ MPa Te/ K pm/ MPa Tm/ K

0.1988 0.0050  10.05 93.28 10.07 98.24
0.2426  0.0050 7.55 92.76 7.57 98.52
0.4148  0.0050 0.02 93.71 0.04 100.07
0.5713  0.0023 0.03 95.15 0.06 105.45

* The overall uncertainties in the temperature and pressure were
0.3 K, 0.02 MPa and, respectively.
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Figure 6: (a) The freezing and melting temperatures of methane-iso-pentane binary mixtures in terms
of iso-pentane mole fraction: --- melting temperature predicted by default ThermoFAST, --- melting
temperature predicted by optimised ThermoFAST ¢ experimental melting temperature and A
experimental freezing temperature; (b) deviations of the experimental melting temperatures, Texp, from
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those calculated by the ThermoFAST software package, Tcai, as a function iso-pentane mole fraction:
m default Av/“*and e optimised Av/ %

iC5 *

This set of experimental data enable more accurate modelling of the relevant LNG / Mixed
Refrigerant multi-component mixtures’ properties because they allow confirming the
predictions of the solubility of a heavy compound in a solvent mixture. The experimental data
were used to double-check Peng-Robinson EOS (embedded in ThermoFAST) predictions for
iso-pentane solubility in methane with the default and optimised fusion molar volume variation
of pure iso-pentane. The default fusion molar volume variation results in an RMS deviation of
1 K with the experimental data, while the optimized value decreases the RMS deviation to 0.8
K. Figure 6 (b) illustrates the deviation of the experimental melting points from the predicted
values by the default and optimized freeze-out models of ThermoFAST. The optimised freeze-
out model represents methane rich mixtures (the first two points) accurately, with (0.2 and 0.1)
K deviations; where the cell’s pressure was at 10 and 7.5 MPa, respectively. However, the
optimised model predicted iso-pentane richer mixtures with higher deviations of -0.5 and 1.5
K because the equilibrium pressure was insignificant at these points. While further experiments

are needed to tune the model for the richer iso-pentane mixtures, those mixtures are out of the

scope of the current research study.

5. Conclusions
The CryoSolids apparatus was deployed to determine the freezing and melting temperatures of

six mixtures of interest experimentally: i) pure iso-pentane; ii) industrial-grade pure iso-
pentane; and iii) binary mixtures of iso-pentane + methane at temperatures down to 87.5 K and

pressures up to 13 MPa.

ThermoFAST with default freeze-out model constants described the melting temperature data
measured for pure and industrial iso-pentane within RMS deviations of 0.98 and 1.22 K,
respectively. The RMS deviation for pure iso-pentane decreased to 0.2 K by optimising the iso-

pentane fusion molar volume variation based on the experimental points. Also, the industrial-

16



grade iso-pentane melted at slightly lower temperatures than pure iso-pentane because of the
impurities (such as nC5, nC4, etc.), decreasing iso-pentane melting temperature. The
measurements showed that the melting and freezing points of the liquid industrial grade and

pure iso-pentane were less sensitive to pressure due to liquids’ incompressible nature.

For a binary system of methane + iso-pentane, the methane richer mixtures had melting
temperatures less than 100 K (98.5 K), which the optimised freeze-out model represented the
experimental points accurately. However, the iso-pentane richer mixture with melting
temperatures of 105.4 K had higher deviations from the predicted values. The overall deviation
observed in methane + iso-pentane binaries had RMS values of (1 and 0.8) K for the default

and optimised freeze-out models, respectively.
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