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Dominik Krug b, Wolfgang Schröder b,c, Tobias Klein a, Andreas P. Fröba a,*
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A B S T R A C T

This work presents thermal diffusivities a and Fick diffusion coefficients D11 of binary mixtures of the alkanes n- 
pentane, n-decane, n-hexadecane, or squalane (2,6,10,15,19,23-hexamethyltetracosane) with dissolved carbon 
dioxide (CO2) or propane by dynamic light scattering (DLS). The investigations are performed over a temperature 
range from (293 to 393) K and cover a wide composition range from infinite dilution of the dissolved gas up to an 
amount fraction of the gas of 0.69. Using DLS, D11 and a are accessed with average expanded experimental 
uncertainties (coverage factor k = 2) of (6.6 and 7.6)%. The results from this work are compared to the few 
experimental data available in the literature and are used to investigate the influences of the thermodynamic 
state and of the characteristics of the solvent and solute molecules on both transport properties. For all inves
tigated binary mixtures, the influence of the dissolved gas on a is found to be small since most data agree with a 
of the pure solvent within combined uncertainties. The composition-dependent trend for D11 varies strongly for 
the different binary mixtures, where both an increase or decrease with increasing amount fraction of the dis
solved gas can be observed. For D11 at infinite dilution, two prediction models from the literature are tested. 
While both models are able to qualitatively predict the temperature-dependent trend of D11, the relative devi
ation of the predicted D11 from the present experimental results varies strongly for the different mixtures be
tween (9 and 95)%.

1. Introduction

Compressors in the form of rotary positive displacement machines 
are part of many cycles, such as heat pump and refrigeration cycles. 
Since the power requirement of compressors enters directly into the 
calculation of the efficiency of the corresponding cycles, the reliable 
design of compressors is indispensable for the optimization of complete 
cycles. This requires a fundamental understanding of the surge and gap 
flow between the moving rotator and the static housing in rotary posi
tive displacement machines. Therefore, it is the overarching aim of the 
Research Unit “FOR 5595: Oil-refrigerant multiphase flows in gaps with 
moving boundaries – Novel microscopic and macroscopic approaches 
for experiment, modeling, and simulation (ARCHIMEDES)”, which is 
funded by the German Research Foundation (Deutsche 

Forschungsgemeinschaft, DFG), to contribute to a better understanding 
of how the surge and gap flow can be characterized. Assessing this flow 
field experimentally is highly challenging, which makes it necessary to 
use direct numerical simulations to aid in unraveling the complexity of 
the flow. The gas mass flow through the sealing gaps as well as mo
mentum losses due to friction are of particular interest. One key aspect 
of the sealing gap flow is the evolution of entrapped and transported gas 
bubbles. Over the length of the sealing gap, the bubbles experience a 
pressure gradient due to adjacent high- and low-pressure regions, which 
leads to expansion of these bubbles. Additionally, dissolved gas from the 
liquid phase is transferred to the gas phase by diffusion, which further 
enhances the bubble growth. The temperature distribution within the 
gap affects properties such as the fluid’s dynamic viscosity and the gas 
density, making the conduction of heat an important aspect of the 
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problem. To be able to represent these processes accurately in direct 
numerical simulations, the accurate knowledge of thermophysical 
properties and, especially, the transport properties of the fluid present in 
the gap are to be considered. In refrigeration cycles, the fluid in the gap 
is a mixture consisting of the lubrication or refrigeration oil with dis
solved working fluid of the cycle, i.e. the refrigerant. This means that for 
performing direct numerical simulations, the thermophysical properties 
of the refrigeration oil–refrigerant mixture are required, but are often 
not available in the literature, in particular for the model systems 
investigated in the present study.

In this work, experimental data for the transport properties thermal 
diffusivity a and Fick diffusion coefficient D11 are presented for surro
gate refrigeration oil–refrigerant mixtures over wide ranges of temper
ature and composition. These mixtures consist of the alkanes n-pentane, 
n-decane, n-hexadecane, or squalane as surrogates for the refrigeration 
oil and carbon dioxide (CO2) or propane as representatives for the re
frigerants. By this, pairs of varying asymmetry between the molecular 
sizes of the refrigeration oil and the refrigerant can be mapped. Exper
imental results for a and D11 in the liquid phase are obtained at vapor- 
liquid equilibrium by DLS experiments, which allows their reliable 
determination in macroscopic thermodynamic equilibrium without the 
need of calibration by studying statistical fluctuations in temperature or 
entropy and composition. The results from this work are compared to 
the very limited amount of experimental data available in the literature 
and are discussed with respect to the influences of the thermodynamic 
state and characteristics of the refrigeration oil and refrigerant as solvent 
and solute.

2. Methods

2.1. Materials and sample preparation

This study investigates binary mixtures consisting of the solvents n- 
pentane, n-decane, n-hexadecane, or squalane with the dissolved gases 
carbon dioxide (CO2) or propane. The investigations include concen
trations ranging from the infinite dilution of the dissolved gas up to an 
amount fraction of the gas xgas = 0.69 within the temperature range T =
(293.15 to 393.15) K. The purity of the substances studied as well as 
their suppliers are given in Table 1.

In the following, the sample preparation is shortly described. To 
remove particle-like impurities that may be present in the pure solvents 
and could interfere with the reliable determination of the properties of 
interest, the solvents n-decane, n-hexadecane, and squalane were 
filtered using a stack of two poly(tetrafluoroethylene) (PTFE) syringe 
filters with pore sizes of 200 nm and 450 nm at ambient conditions, i.e. 
at a pressure p of 0.1 MPa and a temperature T of 293 K. Since pre
liminary investigations within a cuvette had shown no particle-like 
impurities present in n-pentane, it was used without filtration. After
wards, about 20 mL of the solvent was filled into a stainless-steel sample 
cell with a total inner volume of about 32 mL and four optical accesses. 
To remove highly volatile components such as air, the solvent in the 
sample cell was degassed by reducing p inside the cell using an oil-sealed 
vacuum pump. For n-pentane, which has a relatively high vapor 

pressure, vacuum was applied only shortly to purge the vapor phase. To 
obtained the desired saturation pressure psat, corresponding to a desired 
amount fraction of the gas dissolved in the liquid phase, xgas, CO2 or 
propane was then injected into the sample cell. Here, xgas is estimated 
based on the solubility data available in the literature according to the 
procedure described in Section 3.3.

2.2. Dynamic light scattering

Dynamic light scattering (DLS) analyses the dynamics of the scat
tered light intensity originating from a fluid irradiated with coherent 
laser light at macroscopic thermodynamic equilibrium. The dynamics of 
the scattered light intensity reflect those of microscopic fluctuations in T 
or entropy, p, and, in the case of mixtures, concentration c [1]. Through 
the computation of the normalized second-order correlation function 
(CF), g(2)(τ), as a function of the correlation time τ, DLS provides access 
to the mean lifetime of these fluctuations and, thus, to the associated 
transport properties in an absolute manner without the need for cali
bration. Neglecting fluctuations in p and ensuring a heterodyne detec
tion scheme, where the scattered light is superimposed by a local 
oscillator field of much stronger intensity, the CF related to a binary 
mixture is given by 

g(2)(τ) = b0 + btexp
(
− |τ|

/
τC,t

)
+ bcexp

(
− |τ|

/
τC,c

)
. (1) 

In Eq. (1), b0, bt, and bc are constants and depend on the experimental 
boundary conditions, for instance, the experimental setup, the thermo
dynamic state, and the local oscillator field. The mean lifetimes of 
fluctuations in T and c are represented by τC,t and τC,c, which can be 
related to the thermal diffusivity a and the Fick diffusion coefficient D11 
via a = 1/(τC,t⋅q2) and D11 = 1/(τC,c⋅q2). Here, coupling effects of the 
hydrodynamic modes related to T and c fluctuations are neglected, 
which is safely valid for the present study [2]. q denotes the modulus of 
scattering vector according to q = (4π⋅nfluid/λ0)⋅sin(ΘS/2). With the help 
of the Snell’s refraction law, the scattering angle ΘS can be expressed by 
the incident angle Θi, which is defined by the direction of the incident 
light and that of the detected scattered light. nfluid is the refractive index 
of the fluid at the wavelength of the laser in vacuo λ0. Within this study, 
Θi was varied between (3 and 9)◦. For such small Θi, a change of nfluid 
even by 300% would only change the corresponding diffusivities by 
approximately 0.8% [3], which is clearly within their experimental 
uncertainties. Therefore, nfluid of the pure solvents [4–6] were used for 
the evaluation of D11 and a in the binary mixtures. For a more detailed 
description and the theoretical basis of DLS, the reader is referred to the 
literature [1,7–9].

The experimental and electronic setup as well as the T and p sensors 
used are identical to those described in previous publications, e.g., in 
Ref. [10]. During DLS experiments, T and p were measured continuously 
with absolute uncertainties (k = 2) of 20 mK and 0.008 kPa. The scat
tered light was collected under a heterodyne detection scheme by two 
photo multiplier tubes (PMTs). To limit artefacts like deadtime and 
after-pulsing effects, the two PMTs are operated in a pseudo 
cross-correlation scheme. The CFs are then computed by two correlators, 
which are a linear-tau correlator with 2047 equally spaced channels and 

Table 1 
Specification of the chemical supplier, molar mass M, and mass fraction wi or volume fraction ϕi purities of the solvents and solutes.a

component CAS 
reg. no.

source M / (g⋅mol− 1) purity in w or ϕ

n-pentane (n-C5H12) 109–66–0 Thermo Fisher Scientific 72.15 w ≥ 0.99
n-decane (n-C10H22) 124–18–5 Thermo Fisher Scientific 142.28 w ≥ 0.992
n-hexadecane (n-C16H34) 544–76–3 Thermo Fisher Scientific 226.44 w ≥ 0.985
squalane (C30H62) 111–01–3 Thermo Fisher Scientific 422.81 w ≥ 0.985
carbon dioxide (CO2) 124–38–9 AIR LIQUIDE 44.01 ϕ ≥ 0.99995
propane (C3H8) 74–98–6 TEGA - Technische Gase und Gasetechnik GmbH 44.10 w ≥ 0.995

a Sample purities in form of wi or ϕi are given as specified in the certificates of analysis by the manufacturers.

C.J. Kankanamge et al.                                                                                                                                                                                                                        



Fluid Phase Equilibria 596 (2025) 114429

3

a multi-tau correlator with a logarithmic time structure featuring 263 
channels. The mean lifetimes of the fluctuations, τC,t and τC,c, and the 
experimental constants are determined through least-squares fitting of 
the recorded CFs to Eq. (1). In addition to the experimental signals 
associated with fluctuations in T and c, the recorded CFs may contain 
other disturbing or long-term signals. These can arise from external stray 
light in the laboratory, particle-like impurities in the samples, and/or 
dust on the mirrors. Consequently, additional first-order or second-order 
polynomial functions as function of τ are included in Eq. (1) to account 
for these long-term signals in the CFs if necessary. An example for an 
experimental CF recorded for a binary mixture of n-pentane with CO2 at 
T = 293.08 K, psat = 0.973 MPa, and Θi = 4.469◦ is shown in Fig. 1. The 
measured signal can only be described by a sum of two exponentials 
according to Eq. 1, which reflect the faster signal related to a (green 
dashed line) and the slower signal related to D11 (blue dotted line). The 
residual plot in the bottom part of Fig. 1 indicates that the theoretical 
working equation, Eq. (1), represents the measurement signal 
accurately.

To ensure that the obtained τC data relate to the transport properties 
a and D11, it must be verified that the resolved fluctuations originate 
from hydrodynamic fluctuations. According to the theory of hydrody
namic fluctuations, this is possible through checking the relationship 
between the inverse of the mean lifetime of fluctuations and the squared 
modulus of the scattering vector, q2 [11]. For hydrodynamic fluctua
tions, this relationship is linear and crosses the origin of a corresponding 
diagram, where the slope determines the magnitude of the associated 
transport property. Such a representation is exemplarily shown in Fig. 2
for the mixture consisting of n-decane and CO2 at T = 292.96 K and psat 
= 2.97 MPa. Here, a green solid and a blue dotted line represent the 
linear fits of τ− 1

C,t and τ− 1
C,c with respect to q2. During the fitting procedure, 

the individual datapoints were weighted by the inverse of their un
certainties and the fits were not forced to intersect with the origin. 
Considering the experimental uncertainties, both linear fits pass through 
the origin, confirming that the resolved signals are associated with hy
drodynamic fluctuations. The values for a and D11 calculated from the 
slopes of the two fits are shown in Fig. 2 and deviate by (0.2 and 0.7)% 
from the average values of the five individual measurements.

2.3. Mixture composition

Although it is not necessary to know the liquid-phase composition of 

a mixture for the measurement of a and D11 by DLS, it must be known to 
identify any relations between composition and the transport properties. 
Therefore, the estimation of the liquid mixture compositions studied by 
DLS based on corresponding solubility data performed within this work 
is explained in the following. Since the amount of appropriate solubility 
data in the literature is limited for the present systems, the estimated 
compositions are subjected to rather large uncertainties. For all results 
from this work, T and p are given aside from the estimated compositions. 
This will allow to determine more accurate amount fractions of the 
components in the future when further solubility data or equations of 
state become available.

For calculating the composition during the DLS experiments, the 
relationship between the partial pressure of the dissolved gas, i.e. the 
solute, and its amount fraction in the liquid phase according to the 
literature data was described at a given T according to 

xgas = H12(p − psolvent). (2) 

Here, H12 is the proportionality constant at a given T, similar to Henry’s 
law constant. The partial pressure of the solute in the gas phase is 
assumed to be pgas = p − psolvent, where psolvent is assumed to be the vapor 
pressure of the pure solvent at T. The data for psolvent were taken from 
equations of state implemented in the REFPROP database [12] in the 
cases of n-pentane [13], n-decane [14], and n-hexadecane [15], or from 
the literature in the case of squalane [16]. The determined values for H12 
were fitted as a function of T for a given mixture according to [7,17] 

H12 = A +
B
T
+ C⋅ln(T). (3) 

Here, the obtained parameters A, B, and C are mixture-specific.
Table 2 summarizes the solubility data from the literature in terms of 

the amount fraction of the dissolved gas in the liquid phase that were 
considered for the determination of H12. The table also shows the cor
responding ranges in T, p, and composition, number of data points, and a 
statistical comparison between the experimental data and the correla
tion according to Eqs. (2) and (3). This comparison includes the average 
absolute deviation (AAD) and the maximum deviation (Δmax) of the 
literature data from the correlation.

For the binary mixtures n-decane/propane, n-decane/CO2, and n- 
pentane/CO2, the available solubility data cover the T and p ranges that 
were investigated in this work and no extrapolation was necessary. In 
the case of n-hexadecane/propane, H12 data were directly provided by 
the literature. These values were used within the specified T range and 
extrapolated from (302 to 293) K. In the case of n-pentane/propane, H12 

Fig. 1. CF recorded for a mixture consisting of n-pentane and dissolved CO2 at 
T = 293.08 K, psat = 0.973 MPa, and Θi = 4.469◦ (top) and the residuals from 
the fit (bottom). The red solid line represents the global fit according to Eq. (1). 
The signals related to a and D11 are shown by a green dashed and a blue 
dotted line.

Fig. 2. Inverse of the mean lifetime of fluctuations in temperature, τ− 1
C,t , or 

concentration, τ− 1
C,c, as a function of the squared modulus of the scattering 

vector, q2, for the mixture consisting of n-decane and dissolved CO2 at T =
292.96 K and psat = 2.97 MPa. Symbols represent the experimentally deter
mined values and error bars indicate their expanded experimental uncertainties 
(k = 2), which are shown only if they are larger than the symbols. The green 
solid and the blue dotted line represent the linear fits of τ− 1

C,t or τ− 1
C,c.

C.J. Kankanamge et al.                                                                                                                                                                                                                        



Fluid Phase Equilibria 596 (2025) 114429

4

was extrapolated from (383 to 393) K. For squalane/propane, the two 
lowest investigated T and, in part, p ranges required extrapolation, as 
these fall outside the ranges of the available literature data. For squa
lane/CO2, H12 was directly provided by the literature but required 
extrapolation to higher T and the lowest T over a wide p range. There
fore, caution is advised for the interpretation of the results for this sys
tem in these extrapolated ranges.

3. Results and discussion

3.1. Summary of the diffusivities measured by DLS

In this work, a and D11 of binary liquid mixtures consisting of the 
solvents n-pentane, n-decane, n-hexadecane, or squalane and the solutes 
CO2 or propane are investigated by DLS experiments at T between 
(293.15 and 393.15) K over a wide composition range. The amount 
fraction of the solute gas in the liquid phase xgas is varied by adjusting 
the saturation pressure psat between (0.1 and 5) MPa. The determined a 
and D11 for all investigated mixtures together with their expanded 
relative experimental uncertainties (k = 2) at each state point are 
summarized in Table 3. The uncertainties for a, Ur(a), vary between (1.6 
and 26)% and are about 7.6% on average. For D11, the uncertainties 
Ur(D11) range between (1.1 and 16)% with an average value of 6.6%. 
Additionally, the results for a and D11 for the binary mixture consisting 
of CO2 and n-hexadecane measured by Piszko et al. [25] using DLS are 
used for the discussion.

For the mixtures based on n-pentane near infinite dilution of the 
dissolved gas, only the hydrodynamic mode related to a could be 
resolved at the highest investigated T. This limitation arises from the 
interplay between the Lewis number Le and the Rayleigh ratio ℛ. Le 
describes the ratio of a to D11, while ℛ represents the ratio of signal 
amplitudes related to fluctuations in c and T, i.e. bc⋅bt

–1. In Fig. 3, Le is 
presented as a function of T for the mixture n-pentane/propane close to 
infinite dilution of the dissolved propane. It can be observed that Le 
decreases with increasing T. Extrapolating these values would yield Le 
values of (3.4 and 2.6) at T = (373 and 393) K, which should in principle 
make it possible to resolve both modes [26]. However, the average value 
for ℛ for this system is found to be approximately 0.06 across the 
investigated T range, indicating that signal contributions related to c 
fluctuations are very weak compared to those associated with T fluctu
ations. As the mean lifetimes of the two modes approach each other in 
the CFs at higher T, the much stronger amplitude of the T mode com
plicates the reliable evaluation of the c mode with much weaker 
amplitude. Therefore, only one mode could be resolved at higher T for 
the n-pentane/propane mixtures. The justification that this resolved 
mode is indeed related to a and not to an effective diffusivity is further 
verified by comparing the determined a values with corresponding data 
obtained from the REFPROP database [12], where details are given in 
Section 3.2.

3.2. Thermal diffusivity

3.2.1. Influence of temperature at infinite dilution of the dissolved gas
Thermal diffusivities a for the seven studied mixtures close to infinite 

dilution of the solutes CO2 or propane with xgas ≈ 0.05 are shown in 
Fig. 4 as a function of T. For clarity, error bars, representing the 
experimental uncertainties, that are smaller than the size of the symbols 
are not displayed. Different symbol types and colors indicate mixtures 
with different solvents, while open or filled symbols differentiate be
tween mixtures containing propane or CO2. The comparably larger error 
bars for a in mixtures with n-hexadecane or squalane are attributed to 
adjustments made to the spatial resolution in the CFs, which, in line with 
the objective of this study, maximizes the relevant information needed 
to access D11.

Consistent with previous studies [32–34], a for all systems tends to 
decrease with increasing T. The lowest a at a given T can be observed in 
mixtures containing n-pentane, while the data for the mixtures with 
n-decane are significantly larger. However, clear statements regarding a 
for the mixtures based on n-hexadecane and squalane cannot be given 
due to their rather larger experimental uncertainties. At any given T, 
there is also no discernible difference in a of mixtures of a given solvent 
containing CO2 or propane. Owing to the lack of experimental data in 
the literature for corresponding mixtures, a for the mixtures near infinite 
dilution are compared to a of the pure solvents as shown in Fig. 4. 
Respective values for the solvents n-pentane, n-decane, and n-hex
adecane are obtained with data from the REFPROP database [12] ac
cording to a = λ/(ρ⋅cp), calculated on the basis of density ρ and heat 
capacity cp data from equations of state and of thermal conductivities λ 
[13–15,27–29]. a for the mixture deviates from these pure-solvent data 
with an average absolute relative deviation (AARD) of 2.6%, which 
clearly falls within the experimental uncertainties. Since no literature 
data for a of pure squalane could be found, a data for this solvent at p =
0.1 MPa are also calculated with the help of λ [30], ρ [31], and cp [31] 
data. The calculated a data of squalane are depicted as a dashed line in 
Fig. 4. For squalane, a of the mixture measured by DLS deviates from the 
calculated values of the pure solvent with an AARD of 8.1%. Considering 
the experimental uncertainties for the mixtures containing squalane in 
this study, all data points agree with the pure-solvent data within their 
uncertainties. Near infinite dilution, these agreements further suggest 
that the effect of CO2 or propane on a is negligible, which is consistent 
with findings in the literature [25,32].

3.2.2. Influence of composition
Fig. 5 shows the thermal diffusivity a at T = 293.15 K as a function of 

xCO2 or xpropane for the mixtures based on n-pentane (top), n-decane 
(middle), or squalane (bottom). For illustrating the influence of T on the 
composition dependence of a, results for the mixtures based on n-decane 
or squalane at T = 333.15 K are additionally shown. For comparison, 
Fig. 5 also includes a of the pure solvents, which were calculated as 
described in the previous section. For the mixture n-pentane/CO2, a 
clearly tends to decrease with increasing xCO2. This trend is consistent 
with the findings of Wu et al. [35], who observed a similar behavior for 

Table 2 
Summary of the experimental data considered for the correlation of the solubilities according to Eqs. (2) and (3). The AAD and Δmax represent absolute deviations of 
xgas of the literature data from the correlation.

solvent T / K p / MPa xgas number of data points AAD Δmax Refs.

CO2-based mixtures
n-pentane 252.7–394.3 0.159–5.96 0.006–0.321 65 0.0035 ​ 0.0069 [18]
n-decane 266.5–410.9 0.00003–5.52 0–0.422 25 0.0034 ​ 0.0157 [19]
squalane 298.6–330.2 0.1 - 11 0.0048 ​ 0.0098 [20]
propane-based mixtures
n-pentane 336.6–373.2 0.334–0.59 0.047–0.54 33 0.0052 ​ 0.0090 [21]
n-decane 227.6–410.9 0.00003–1.38 0–0.946 18 0.0099 ​ 0.0157 [22]
n-hexadecane 302.0–391.6 0.205–0.649 0.149–0.172 19 0.0087 ​ 0.0158 [23]
squalane 325.0–400.1 0.039–0.307 0.037–0.135 16 0.0008 ​ 0.0010 [24]
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Table 3 
Thermal diffusivities a and Fick diffusion coefficients D11 as well as their relative experimental uncertainties (k = 2) determined by DLS for binary mixtures consisting 
of the solvents n-pentane, n-decane, n-hexadecane, or squalane and the solutes CO2 or propane at different Ta, pa and Estimated xgas

b.

T / K p / MPa xgas 109 × a / (m2s–1) 100 × Ur(a) 109 × D11 / (m2s–1) 100 × Ur(D11)

n-pentane + CO2

293.10 0.375 0.057 78.1 5.6 9.7 11
293.07 0.973 0.15 76.4 4.5 9.71 4.1
293.06 1.859 0.28 72.1 3.4 8.42 7.3
293.06 3.053 0.46 65.6 4.5 7.47 5.5
313.48 0.476 0.054 72.5 2.5 12.84 6.1
313.42 1.166 0.13 70.0 3.3 11.60 4.7
332.99 0.830 0.075 68.1 4.8 15.8 9.4
333.01 1.375 0.12 66.2 4.5 14.32 4.3
352.82 1.008 0.076 61.1 2.3 17.0 12
352.81 1.621 0.12 61.4 8.1 17.1 12
372.91 1.478 0.10 56.4 4.9 19.9 9.0
373.30 1.908 0.13 55.7 8.5 20.0 11
392.80 1.778 0.12 55.5 6.9 ​ ​
392.86 2.225 0.15 56 21 ​ ​
n-pentane + propane
293.08 0.105 0.054 77.4 2.2 7.06 11
293.06 0.141 0.095 78.0 1.6 7.20 10
293.04 0.287 0.26 78.2 2.5 7.29 8.5
293.07 0.514 0.51 76.8 2.5 7.92 6.1
313.48 0.186 0.056 71.7 2.6 8.4 12
332.94 0.302 0.052 68.0 2.8 10.38 7.2
352.85 0.502 0.057 62.9 2.0 14.1 11
373.63 0.739 0.044 58.1 3.5 ​ ​
393.27 1.055 0.037 52.7 8.5 ​ ​
n-decane + CO2

293.07 0.238 0.029 83.3 3.7 4.29 9.9
293.07 0.452 0.054 79.6 4.4 4.23 5.7
292.97 1.004 0.12 79.6 6.0 4.29 2.6
292.98 1.857 0.22 77.4 5.8 4.12 2.8
292.96 2.967 0.36 77.1 2.6 3.85 4.8
313.00 0.490 0.048 77.3 6.8 5.47 7.5
332.77 0.627 0.052 72.5 2.4 7.03 5.2
332.46 1.024 0.085 72.0 5.9 6.93 2.5
332.81 2.073 0.17 71.1 5.2 7.02 2.2
332.49 2.997 0.25 69.0 7.9 6.75 3.6
352.48 0.751 0.053 69.1 2.3 8.79 3.3
371.09 1.054 0.067 65.2 3.1 10.40 5.2
371.33 2.032 0.13 63.5 4.6 10.42 3.7
371.14 3.006 0.19 65.4 3.0 10.36 3.1
373.08 0.859 0.054 65.8 2.5 10.96 3.4
392.86 0.822 0.047 62.4 3.0 13.0 8.1
n-decane + propane
293.09 0.043 0.055 80.7 3.1 2.50 7.9
293.05 0.083 0.11 80.2 4.1 2.50 8.7
293.03 0.124 0.16 80.7 4.2 2.66 4.1
293.07 0.155 0.20 81.1 3.6 2.78 4.5
293.12 0.265 0.34 79.3 9.7 3.03 5.9
313.04 0.065 0.055 75.4 2.5 3.44 7.0
332.82 0.092 0.048 73.1 3.3 4.28 9.3
333.06 0.410 0.22 71.2 3.1 4.76 3.8
333.05 0.212 0.11 71.4 3.5 4.65 4.2
333.07 0.572 0.30 72.2 5.4 5.03 4.6
352.33 0.121 0.04 69.9 2.2 5.91 7.2
372.01 0.217 0.050 64.4 6.0 6.77 11
373.32 0.441 0.10 62.4 6.9 7.15 4.4
373.28 0.822 0.19 64.2 5.9 7.61 6.5
373.52 1.008 0.24 63.5 4.0 7.71 5.5
391.55 0.254 0.050 63.1 5.1 8.73 10
n-hexadecane + propane
293.06 0.052 0.051 87 13 1.112 7.9
313.45 0.073 0.052 83 15 1.71 6.8
332.97 0.092 0.049 75.5 4.9 2.29 12
352.60 0.119 0.048 74.1 6.4 3.08 11
373.18 0.151 0.047 69.8 8.7 4.13 8.4
392.71 0.184 0.049 66.2 9.9 5.23 11
squalane + CO2

293.05 0.222 0.052 77 21 0.755 5.9
293.07 0.677 0.16 78.1 10 0.8987 1.1
293.08 1.230 0.29 79 14 1.009 1.3
293.08 1.693 0.39 72.9 10 1.081 2.5
293.07 2.088 0.48 76.8 10 1.134 2.8
293.13 2.985 0.69 81.8 11 1.2230 3.5

(continued on next page)
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mixtures of CO2 dissolved in 1-hexanol. However, when CO2 is 
substituted by propane in mixtures based on the solvent n-pentane, there 
is no such composition dependence and the values agree within com
bined uncertainties with a of the pure solvent. For mixtures based on 
n-decane or squalane with either CO2 or propane as the solute, no clear 
composition dependence of a can be identified within the investigated 
range due to the larger experimental uncertainties. Additionally, the 
composition-dependent trend of a seems to be independent of T.

3.3. Fick diffusion coefficients

3.3.1. Influence of temperature at infinite dilution of the dissolved gas
Fig. 6 shows the Fick diffusion coefficients D11 for all binary mixtures 

investigated as part of this work at infinite dilution of the solutes, i.e. xgas 
≈ 0.05. In the figure, different symbol types and colors represent mix
tures with different solvents, while open and filled symbols indicate 

mixtures with the solutes CO2 or propane. As a guideline for the eye, 
solid lines showing an Arrhenius-like correlation of D11 with respect to T 
for each mixture are given. For their determination, the data points were 
weighted by the inverse of their uncertainties in the correlation pro
cedure. Fig. 6 further includes D11 data for mixtures consisting of n- 
hexadecane and CO2 at infinite dilution from DLS measurements re
ported by Piszko et al. [25] for comparison. Considering all systems, D11 
exhibits an Arrhenius-like increase with increasing T. For a given solute 
and at a specific T, the highest D11 value can be found for mixtures based 

Fig. 4. Thermal diffusivity a from DLS measurements for binary mixtures 
consisting of n-pentane, n-decane, n-hexadecane, or squalane with dissolved 
CO2 or propane as a function of T near infinite dilution (xgas ≈ 0.05). Open 
symbols represent mixtures with dissolved CO2, while filled symbols denote 
those with dissolved propane. Different symbol types and colors indicate mix
tures with varying solvents. Solid lines illustrate a of the pure solvents at psat 
obtained from equations of states for the solvents [13–15,27–29] taken from the 
REFPROP database [12]. The dashed line represents a of pure squalane, 
calculated using literature values for the thermal conductivity λ [30], density ρ 
[31], and heat capacity cp [31] in the liquid phase.

Fig. 3. Lewis numbers calculated by the thermal diffusivity and Fick diffusion 
coefficient data measured by DLS in this study for the binary mixture containing 
the solvent n-pentane and the solute propane as a function of T near infinite 
dilution. The state points where a reliable separation of the modes related to T 
and c fluctuations is possible are indicated by blue diamonds. The solid line 
represents an exponential fit for the resolved Le, while the dashed line shows its 
extrapolation to higher T. Red squares indicate the extrapolated values from 
the fit.

Table 3 (continued )

T / K p / MPa xgas 109 × a / (m2s–1) 100 × Ur(a) 109 × D11 / (m2s–1) 100 × Ur(D11)

313.16 0.248 0.047 73.7 11 1.377 6.9
333.14 0.334 0.053 72.0 9.3 2.23 12
332.71 1.068 0.17 74.2 11 2.314 3.8
332.73 2.255 0.36 71.4 9.3 2.445 2.8
332.52 3.195 0.51 71.0 13 2.478 2.2
352.48 0.344 0.048 69.8 11 3.16 4.6
373.34 0.366 0.047 67.7 9.2 4.18 7.3
373.41 1.243 0.16 63.7 6.9 4.26 5.8
372.93 2.163 0.28 66.1 9.3 4.30 2.8
373.44 3.124 0.40 64.0 8.6 4.389 1.2
392.76 0.377 0.046 64 17 5.16 8.4
squalane + propane
293.04 0.039 0.068 73.8 10 0.254 14
293.09 0.100 0.18 77.5 8.1 0.308 5.4
293.05 0.247 0.44 80.6 12 0.496 4.9
313.41 0.054 0.070 75.4 13 0.479 16
332.94 0.068 0.064 71 27 0.870 6.5
332.92 0.142 0.13 70.6 9.7 0.951 5.7
332.92 0.227 0.21 70 17 1.038 4.3
333.20 0.461 0.43 68 26 1.2627 5.7
352.35 0.088 0.061 67.1 11 1.29 15
372.82 0.107 0.056 66.0 8.5 1.97 9.0
372.73 0.213 0.11 66.7 11 2.007 4.5
372.70 0.356 0.19 64.2 7.2 2.08 6.8
373.27 0.716 0.37 68 21 2.43 5.0
392.33 0.127 0.053 62.6 9.2 2.59 6.8

a Expanded uncertainty (k = 2) for T is 0.02 K and for p is 0.008 MPa.
b Amount fraction of the gas xgas in the liquid phase is estimated using solubility data in the literature as detailed in Section 2.3.

C.J. Kankanamge et al.                                                                                                                                                                                                                        



Fluid Phase Equilibria 596 (2025) 114429

7

on the solvent n-pentane, followed by n-decane, and n-hexadecane, 
while the mixtures based on squalane show the lowest D11 values. This 
trend corresponds with the inverse correlation between solvent viscosity 
and D11 that is frequently addressed in the literature [3,36,37]. For a 
given solvent and at a given T, the mixtures containing CO2 show larger 
D11 values than those containing propane. As the molar masses of both 
CO2 and propane are very similar, the latter trend appears to be related 
to the difference in their molecular size. Here, propane possessing a 
larger molecular volume than CO2 exhibits smaller D11 values. Such an 
inverse relationship between the solute volume and D11 has been re
ported in previous studies for systems with solvents in the form of 
n-alkanes [7], alcohols [3], and ionic liquids [33] and is also considered 
in available prediction models for D11 in the infinite dilution regime of 
the solute [38].

The results for D11 from this work can be compared to the results 
from Cadogan et al. [39], Guzmán and Garrido [40], and Grogan et al. 
[41]. Cadogan et al. [39] employed the Taylor dispersion method to 
measure D11 for binary mixtures of CO2 dissolved in n-decane or squa
lane with typical relative uncertainties of 2.6%. Their experiments were 
conducted at T ranging from (298.15 to 423.15) K and p between (1 and 

69) MPa. To allow for a comparison, the D11 data from Cadogan et al. 
[39] as function of p at a given T were extrapolated to the saturation 
pressure, where D11 can be considered to be at infinite dilution of the 
dissolved gas. For the same purpose, the data from DLS at the lowest 
studied xgas of approximately 0.05, as reported in Table 3, were corre
lated as a function of T using an Arrhenius-like fit, i.e. D11 =

A⋅exp–B/(R⋅T), where A and B are fitting parameters and R is the gas 
constant. The obtained D11 data from Cadogan et al. [39] agree with the 
results from this work with an AARD of 4.2%, which is within experi
mental uncertainties. Guzmán and Garrido [40] measured the 
self-diffusivity of CO2 in n-decane using nuclear magnetic resonance 
(NMR) spectroscopy at gas pressures ranging from (0.1 to 0.65) MPa at T 
= 298 K with a relative uncertainty of 0.42%. Assuming that the con
ditions studied by them relate to infinite dilution of CO2 in the liquid 
phase, the self-diffusivity of CO2 can be considered to be equal to D11 
[42], allowing for a valid comparison. Also here, the AARD of 5.5% of 
the literature values from the results measured within this work is within 
the experimental uncertainties of the DLS data. Grogan et al. [41] 
determined D11 of CO2 in different hydrocarbons including n-pentane 
and n-decane from the volume swelling of the liquid phase during the 
solvation process. Since the reported data scatter considerably by up to 
44%, a reliable extrapolation to the limit of infinite dilution of the dis
solved gas was not possible.

3.3.2. Influence of the composition
Fig. 7 presents exemplarily D11 from this work as a function of the 

amount fraction of the dissolved gas xgas for binary mixtures consisting 
of the solutes CO2 or propane dissolved in the solvents n-pentane (top), 
n-decane (middle), or squalane (bottom) at T ≈ 293.15 K. To highlight 
the impact of T on the relationship between D11 and xgas, Fig. 7 also 
includes D11 data at T ≈ 333.15 K. The open and closed symbols in Fig. 7
represent D11 of mixtures containing CO2 and propane, while different 
symbol types and colors indicate different temperatures.

At T ≈ 293.15 K, the system containing CO2 and n-pentane shows 
constant D11 values as xCO2 increases up to 0.15. This behavior is likely 
associated with the limit of the infinite dilution range. Beyond this point, 
D11 begins to decrease with further increases in xCO2. At the highest xCO2 
investigated, D11 is approximately 23% smaller than the extrapolated 
value at infinite dilution. The observed behavior is counterintuitive, 
since the viscosity of the mixture is expected to decrease with increasing 

Fig. 6. Fick diffusion coefficient D11 from DLS measurements for binary mix
tures consisting of the solvents n-pentane, n-decane, n-hexadecane, or squalane 
with dissolved CO2 or propane as a function of T near infinite dilution (xgas ≈

0.05). Solid lines show an Arrhenius-like correlation of the experimental data 
with respect to T as a guideline for the eye. Different symbol types and colors 
indicate mixtures with varying solvents. Open symbols represent mixtures with 
CO2, while filled symbols denote those with propane. Cross symbols indicate 
data from Piszko et al. [25] for the mixture of CO2 and n-hexadecane near 
infinite dilution.

Fig. 5. Thermal diffusivity a from DLS experiments for binary mixtures based 
on n-pentane (top), n-decane (middle), or squalane (bottom) with dissolved CO2 
or propane as a function of xgas at different T. Dashed lines indicate a of the 
pure solvents. Different symbol types and colors represent different T, while 
open and filled symbols refer to the solutes CO2 or propane.
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xCO2 according to calculations within the REFPROP database [12]. 
Usually, a decrease in viscosity suggests decreasing strength of molec
ular interactions, which in turn may be expected to lead to an increase in 
D11. Therefore, the decrease of D11 with increasing xCO2 is likely due to 
distinct structural changes in the liquid phase. Previous studies have 
documented a similar decrease of D11 in mixtures of CO2 dissolved in 
various alkanes with low carbon numbers, such as n-hexane [43] or 
cyclohexane [25]. Using Raman spectroscopy and molecular dynamics 
(MD) simulations, these studies have linked this behavior to the for
mation of CO2 clusters in the liquid phase, which hinders the Fickian 
diffusion process.

Considering the mixtures containing n-decane and CO2 at T ≈ 293.15 
K, D11 shows nearly constant values over the investigated composition 
range, with a slightly decreasing tendency with increasing xCO2 above 
xCO2 = 0.12 within the experimental uncertainties. At elevated T, D11 is 
independent of the composition within the investigated xCO2 range. 
These behaviors are likely due to a complex interplay between fluid 
structures and system dynamics as observed for mixtures containing CO2 
and alkanes like n-hexadecane by Piszko et al. [25]. In comparison to 
short-chain alkanes like n-pentane, a greater reduction in mixture vis
cosity by the solvation of CO2 can be expected in n-decane due to the 
larger difference in the pure-component viscosities. This is supported by 

the viscosity data of Kian and Scurto [44] for the mixtures of n-decane or 
n-hexane with dissolved CO2. Even though CO2 clusters may form in 
n-decane, which potentially hinders the diffusion process, the consid
erable reduction in η of the mixture can facilitate mass transfer. These 
opposing effects seem to compensate for each other and lead to nearly 
invariant D11 values across the investigated range of xCO2 in mixtures 
based on n-decane.

In contrast to the two mixtures discussed before, D11 of the binary 
mixture of squalane with dissolved CO2 increases with increasing xCO2. 
At T ≈ 293.15 K, D11 at xCO2 ≈ 0.70 is approximately 62% larger than 
that at infinite dilution. Also this trend may be explained with the 
interplay of the two opposing effects of the mixture viscosity and the 
formation of CO2 clusters. Since squalane has the largest pure- 
component viscosity of all investigated solvents, it seems reasonable 
that the influence of decreasing mixture viscosity with increasing xCO2 
dominates over the effect of CO2 clustering and, consequently, leads to 
an increase of D11. This agrees with previous experimental in
vestigations by Piszko et al. [25] who have reported similar increasing 
trends for D11 in binary mixtures of CO2 dissolved in long linear alkanes, 
such as n-octacosane. Based on the analysis of Raman spectra and the 
calculation of the thermodynamic factors, they have attributed the in
crease of D11 with increasing xCO2 to the breakdown of the solvent 
network, facilitating the diffusion process. The observations also agree 
with the results of Zabala et al. [45], who calculated the thermodynamic 
factors via the PC-SAFT equation of state in connection with their study 
of diffusion in mixtures of CO2 dissolved in various alkanes ranging from 
n-dodecane to n-tetracontane. With increasing xCO2, the authors found 
increasing thermodynamic factors from values below unity for the 
mixtures with n-dodecane to values above unity for those with long 
linear alkanes like n-octacosane or n-tetracontane, which also indicates 
an increasing D11 with increasing xCO2 as it was observed for the mixture 
of squalane and CO2 in this work. A comparison of the 
composition-dependent trend for D11 of this mixture at the two inves
tigated T indicates a negligible influence of T.

The filled symbols in Fig. 7 indicate that for all mixtures containing 
the solute propane, D11 tends to increase with increasing xpropane at a 
given T. Thus, it seems that the inverse relation between the 
composition-dependent mixture viscosity and D11 observed in previous 
studies on similar systems [6] also applies here. In comparison to CO2, a 
clustering of propane in the solvents studied is much less likely due to 
their similar molecular characteristics. Among the corresponding mix
tures studied, the influence of xpropane on D11 tends to increase from the 

Fig. 8. Comparison of D11,calc data calculated using the prediction models given 
by Wu et al. [3] (blue color) and Lenahan et al. [38] (red color) and D11,DLS data 
from the present DLS measurements near infinite dilution of the dissolved gas. 
The solid line indicates a perfect agreement while dashed lines denote de
viations of ±30% of D11,calc from D11,DLS.

Fig. 7. Fick diffusion coefficient D11 from DLS experiments for binary mixtures 
containing the solvents n-pentane (top), n-decane (middle), or squalane (bot
tom) and the solutes CO2 or propane as a function of xgas at different T. 
Different symbol types and colors represent different T while open and filled 
symbols refer to the solutes CO2 and propane. Solid lines represent fits of 
polynomial functions up to second order to the experimental data. Dashed lines 
show the extrapolation of the fit to infinite dilution.
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systems containing n-pentane over n-decane to squalane. This is 
reasonable since the difference between the viscosities of the pure sol
vent and propane increases in the same order. Also for mixtures con
taining propane as the solute, the influence of T on the 
composition-dependent trend of D11 is negligible.

3.3.3. Prediction of the Fick diffusion coefficient at infinite dilution
To test whether the D11 data at infinite dilution of the dissolved gas 

for the binary mixtures studied in this work correspond with respective 
prediction methods, two such models were tested. Both models were 
developed at the Institute of Advanced Optical Technologies – Ther
mophysical Properties (AOT-TP) specifically for predicting D11 in mix
tures consisting of liquids with dissolved gases and have shown a good 
prediction performance for a large variety of different solute-solvent 
combinations [3,38].

The semi-empirical model proposed by Wu et al. [3] was originally 
developed to estimate D11 in binary mixtures of primary alcohols and 
linear alkanes with the dissolved gases hydrogen (H2), helium (He), 
nitrogen (N2), carbon monoxide (CO), and CO2 at infinite dilution. As 
input properties, only T, the molar masses of the solvent and the solute, 
the kinematic viscosity and dipole moment of the pure solvent, and the 
acentric factor of the solute are required. Here, the acentric factor was 
incorporated to account for the sphericity of the solute and the fact that 
H2, even though it is lighter than He, often diffuses more slowly due to 
its larger size. For the application of this model for the systems studied 
here, the dipole moments for n-pentane and n-decane were set to 0.07 
Debye and those for n-hexadecane and squalane were set to 0 Debye 
following the recommendation of Harvey and Lemmon [46]. Data for 
the kinematic viscosity of n-pentane, n-decane, and n-hexadecane were 
obtained from the REFPROP database [12] based on Refs. [47–59]. For 
squalane, the kinematic viscosity was calculated via density and dy
namic viscosity data from Mylona et al. [60]. The acentric factors of the 
solutes were taken from the REFPROP database [12].

The second model considered here was introduced by Lenahan et al. 
[38], after a comprehensive review of existing models for predicting D11 
in binary mixtures of liquids with dissolved gases at infinite dilution 
with a special focus on asymmetric mixtures. This transferable model is 
based on a dataset of 451 experimental measurements across a wide 
range of solvents, including hydrocarbons, alcohols, acids, ethers, and 
ionic liquids, and of solutes, including He, H2, N2, CO, CO2, and some 
refrigerants. As input parameters, the model requires T, the density, 
dynamic viscosity, and molecular mass of the solvent, and the molar 
core volumes of the solvent and solute. The molar core volume reflects 
the effective three-dimensional space occupied by a molecule, deter
mined based on its structure and interactions. For the present mixtures, 
the molar core volumes for n-decane, n-hexadecane, and CO2 were taken 
from Lenahan et al. [38], while values for propane, n-pentane, and 
squalane were calculated on the basis of overlapping spheres repre
senting the atom core volumes, as detailed in the aforementioned 
publication.

Fig. 8 presents a parity plot comparing the predicted D11,calc values 
from the models proposed by Wu et al. [3] and Lenahan et al. [38] with 
the experimental D11 data from this work at xgas ≈ 0.05.

The model by Wu et al. [3] achieves an overall AARD from the 
experimental data of 41%, with clearly different performances for the 
different solutes. While the AARD is only 18% for the CO2-based sys
tems, it is 61% for the propane-based mixtures. Individual deviations 
range from 0.26% for n-decane/CO2 at T = 293 K to as high as 91% for 
squalane/propane at T = 352 K. The better agreement for CO2-based 
mixtures can be explained by the fact that mixtures consisting of alkanes 
with dissolved CO2 were part of the training set. Notably, all D11 values 
for the CO2-based mixtures are underpredicted. In contrast, the model 
shows a consistent overprediction for propane-based mixtures. The 
larger deviations for the propane-based mixtures might be related to the 
fact that only smaller solutes were part of the training set and that the 
model does not consider the volume of the solute molecules explicitly.

In contrast, the model given by Lenahan et al. [38] shows better 
overall performance, where the total AARD is 27%. It achieves AARDs of 
30% for CO2-based mixtures and 25% for propane-based mixtures. The 
deviations range from 0.65% for n-hexadecane/propane at T = 392 K to 
99% for n-pentane/CO2 at T = 373 K. The large deviations observed 
within group of CO2-based systems are primarily due to the mixture 
consisting of CO2 and n-pentane, where the model predicts D11 with an 
AARD of 71%. For n-decane/CO2 and squalane/CO2, the AARD is 9.5% 
and, thus, significantly lower.

In summary, the comparison shows that the model proposed by Wu 
et al. [3] performs well in predicting diffusion coefficients in CO2-based 
mixtures, but shows considerable deviations for the propane-based 
systems. Although the model given by Lenahan et al. [38] exhibits 
larger deviations for specific cases like for the n-pentane/CO2 system, it 
provides more consistent and accurate predictions across the studied 
systems.

4. Conclusions

The present work reports thermal diffusivity a and Fick diffusion 
coefficient D11 data measured by DLS experiments in the saturated 
liquid phases of binary mixtures consisting of the solvents n-pentane, n- 
decane, n-hexadecane, or squalane with dissolved propane or CO2 at T 
between (293 and 393) K and xgas between 0.029 and 0.69 with average 
expanded experimental uncertainties (k = 2) of 7.6% and 6.6%. For a, 
the results for the binary mixtures agreed in most cases within combined 
uncertainties with literature data for the pure solvents. Only for the 
mixture consisting of n-pentane and CO2, a significant decrease of a with 
increasing amount of dissolved CO2 with a maximum reduction of 15% 
at xCO2 = 0.46 was observed. For D11, good agreement with the scarce 
amount of experimental data available in the literature was found. At a 
given T at infinite dilution of the dissolved gas, D11 in CO2-based mix
tures is larger than in propane-based mixtures in the same solvent, 
which may be explained by the larger size of propane that hinders the 
movement of propane molecules within the fluid structure. For mixtures 
with the same solute at infinite dilution in different solvents at a given T, 
the inverse relationship between D11 and the solvent viscosity that is 
often reported in the literature was confirmed [3,36,37]. The 
composition-dependent trend of D11 varies for the different systems 
studied, which can be explained by the superposition of two opposing 
effects. These are decreasing mixture viscosities with increasing xgas, 
associated with an increase in D11, and the increasing formation of so
lute clusters with increasing xgas, which is much more relevant for the 
solute CO2 and leads to a decrease in D11. The experimental D11 data at 
infinite dilution of the gas from this work were further used to evaluate 
the performance of two corresponding prediction models. Here, the 
model proposed by Lenahan et al. [38] performs best and yields an 
AARD of 27% from all infinite-dilution D11 data from the present study.
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liquid cyclohexane, n-decane, n-hexadecane, and squalane at atmospheric pressure 
up to 353 K determined with a steady-state parallel-plate instrument, Int. J. 
Thermophys. 45 (2024) 93, https://doi.org/10.1007/s10765-024-03383-7.

[31] V.I. Korotkovskii, A.V Lebedev, O.S. Ryshkova, M.F. Bolotnikov, Y.E. Shevchenko, 
Y.A. Neruchev, Thermophysical properties of liquid squalane C30H62 within the 
temperature range of 298.15–413.15 K at atmospheric pressure, High Temp. 50 
(2012) 471–474, https://doi.org/10.1134/S0018151X12040116.

[32] F.D. Lenahan, M. Piszko, T. Klein, A.P. Fröba, Diffusivities in binary mixtures of n- 
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