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The transport properties of a fluid show a complex dependence with temperature and pressure due to
the combination of different phenomena occurring at the microscopic scale. The entropy scaling con-
cept aims at describing this complex behavior by expressing reduced transport properties as one-variable
functions of the Tv-residual entropy, a thermodynamic quantity that can be straightforwardly estimated
with an equation of state (EoS). In this work, a reformulated version of Rosenfeld’s original entropy scal-
ing approach is proposed in order to calculate the thermal conductivities of pure fluids. A specifically
developed reduced thermal conductivity expression was correlated to a function of the Tv-residual en-
tropy that was recently proposed by our group to correlate viscosities and self-diffusion coefficients. The
thermodynamic properties involved in the definition of the entropy-scaling variables (that are the resid-
ual entropies, densities, heat capacities) were estimated with either the I-PC-SAFT or the tc-PR equations
of state (EoSs) thus leading to the definition of two different models. Each of them was validated against
a large database of around 90,000 experimental thermal conductivities encompassing liquid, gas and su-
percritical states for 119 chemical species belonging to 11 chemical families such as n-alkanes, alkenes,
alcohols, HFC-CFC etc. For each model, component-specific, chemical-family specific and universal param-
eters were proposed. Working with the I-PC-SAFT and tc-PR EoSs, the obtained MAPEs (Mean Absolute
Percent Errors) are respectively 3.3% and 3.4% when the model parameters are considered as component-
specific, 9.7% and 5.6% when they are selected as chemical-family specific meanwhile they are 11.2% and
9.2% when they are assumed to be universal.
© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Advection and conduction (or diffusion), i.e. convection, are
two mechanisms governing heat transfers in fluids. In the absence
of advection, thermal energy is transferred at the microscopic
scale through displacements and collisions of particles (molecules,
atoms, electrons). The thermal conductivity, often denoted A, is
the corresponding transport property which characterizes the abil-
ity of a material to transfer thermal energy by conduction and is
related to the heat flux through phenomenological laws such as
Fourier’s law. This property is essential for designing industrial op-
eration units in which heat transfers have a central place (e.g.,
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heat exchangers) [1] thus justifying the need for efficient meth-
ods to estimate it. There exist currently various empirical or semi-
empirical methods that allow its estimation with an affordable
time-efficiency/precision compromise:

o Empirical correlations [2] expressing the thermal conductivity
as a function of temperature or density for a given range of
fluid conditions

e Models inspired from cubic equations of state (EoS) and tak-
ing benefit of the geometric similitude observed between the
(P,v,T) and the (T, A, P) behaviors of a pure fluid [3], where P
represents the pressure, T is the temperature and v is the molar
volume.

o Approaches based on a dimensional analysis [4] that correlate
the thermal conductivity of a fluid to other fluid properties, e.g.,
temperature, critical constants, molecular weight etc.
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Corresponding-state methods [5] that predict the thermal con-
ductivity of a fluid from the mere knowledge of its critical con-
stants, acentric factor, molecular weight and ideal gas heat ca-
pacity.

e The scheme by Assael and Dymond [6] in which the thermal
conductivity is defined as a function of the close-packed vol-
ume Vp, the temperature and the number of carbon atoms.
The Friction Theory [7] in which the thermal conductivity is
correlated to the residual entropy stemming from an EoS.

The entropy scaling approach [8-19] which relates the reduced
transport property (the dimensionless thermal conductivity) to
the Tv-residual entropy.

In addition to the above-mentioned approaches, it is worth re-
calling that the kinetic theory of gases [20], which relates trans-
port properties to the dynamics of binary collisions, remains one
of the most physically-sound approaches used today in gases. In
particular, it can be used to ensure a correct zero density limit for
approaches that does not provide direct expressions for the trans-
port property itself but estimate a residual transport property; this
is, e.g., the case with the friction theory [7] or with models based
on the entropy scaling concept [18]. However, it is only applica-
ble to dilute-gas states and suffers from not considering the multi-
ple internal degrees of freedom possessed by polyatomic molecules
that strongly impact the thermal conductivities of dilute gases. It is
well-acknowledged indeed that the derivation of an accurate and
physically-based model for thermal conductivity estimation should
rely on a comprehensive understanding of the actual mechanisms
associated with the different modes of energy transfer in poly-
atomic molecules through the internal translational, rotational and
vibrational contributions.

Despite considerable efforts to develop and extend the scope
of the above-mentioned methods, a model to describe transport
properties behavior, stemming from rigorous theory applicable to
all fluid states and all pure compounds regardless of their chemical
structure is still expected by the industrial and academic commu-
nities. We are however convinced that the entropy scaling concept
[8] is a remarkably robust concept enabling to approach this ob-
jective. It can be applied to the modelling of the following three
transport properties: the dynamic viscosity, the mass diffusion co-
efficient and the thermal conductivity. In brief, the approach is
based on the existence of a functional relationship between a re-
duced (i.e., dimensionless) expression of the transport properties
and the Tv-residual entropy, this latter quantity revealing informa-
tion about the internal structure of fluids. Note that “Tv-residual
entropy”, denoted Sty_res, refers here to the departure entropy be-
tween the real fluid and the corresponding perfect gas having the
same temperature and molar volume as the real fluid. The reduced
transport property is defined as the ratio of a real transport prop-
erty (e.g., a thermal conductivity) and a reference property having
the same unit.

This concept was originally developed by Rosenfeld [8] who
worked on simple fluids and proposed different correlations ap-
plicable either to liquid or gaseous components. Since Rosenfeld’s
pioneering work, several studies investigated this concept to as-
sess its range of applicability or improve it. A literature review on
Rosenfeld’s proposal application to real fluids leads to the follow-
ing observations:

o The relation between the transport properties, specifically the
thermal conductivity, and the Tv-residual entropy is not univer-
sal; it depends on the considered component.

o A systematic divergence of the transport properties is present
at low-density states, regardless of the transport property con-
sidered (starting generally from Sty_res > —0.5).

* By defining an appropriate reference property following Rosen-
feld’s proposition, the monovariable relationship between the
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Tv-residual entropy and the transport properties exists over the
entire fluid region.

After reviewing the main advances in the modelling of thermal
conductivity through the entropy scaling concept, this study pro-
poses a new approach relying on this theory to model the thermal
conductivity of a pure fluid in any physical state condition (lig-
uid, gas or supercritical) through a unique equation. Equations of
state are used to estimate thermodynamic fluid properties that are
the density, heat capacity at constant volume and Sty_res. TWO ver-
sions of this correlation are proposed, one using a SAFT-type EoS,
namely the [-PC-SAFT[21] model, and the second one using a cubic
EoS, the translated [22,23]-consistent [24,25] Peng-Robinson (tc-PR
[26]) model.

The method proposed here has been successfully applied to
a comprehensive database of around 90,000 experimental ther-
mal conductivity data involving 119 chemical components. Differ-
ent model parametrizations are then proposed: model parameters
can be chosen (i) component specific, (ii) chemical-family specific
(i.e., identical for all the species of a same chemical family) or (iii)
universal (i.e., a unique set of parameters is used for all compo-
nents without restriction). These three approaches make it possi-
ble to select the appropriate approach depending on the situation.
Therefore, for estimating the thermal conductivity of a given com-
ponent in given conditions of temperature and pressure:

o the highest accuracy is obviously obtained with component-
specific parameters; this approach can be used provided exper-
imental data are available for the concerned molecule.

o If it is not the case, chemical-family specific parameters can be
used otherwise, provided the component belongs to one of the
chemical family considered in this study.

o If neither of the two approaches mentioned above can be used
(no experimental data are available or the given species does
not belong to a specific chemical family), universal parameters
can be used to calculate the thermal conductivity with reason-
able accuracy.

2. Theoretical background
2.1. Modelling the thermal conductivity of fluids

Various modelling approaches of the thermal conductivity as-
sume that this property aggregates three independent contribu-
tions [27]:

AP, T) = Xo(T) + Ac(p, T) + AA(p, T) (1)
Where

A(p,T) is the thermal conductivity of the real fluid which de-
pends on the temperature T and the density p.

Mo(T) = A(0,T) is the zero-density (or the dilute-gas) contribu-
tion which only depends on the temperature. In addition, only
two-body interactions are considered in this term.

AMc(p, T) represents the critical enhancement contribution re-
sulting from the long-range density fluctuations appearing near
the critical point [28].

AMX(p,T) is a residual contribution accounting for all other
effects. It reveals phenomena arising at moderate to elevated
densities including many-body collisions, molecular-velocity
correlations, and collisional transfers [27].

A similar decomposition can be used for the viscosity. Never-
theless, the following significant differences exist between the two
transport properties [9]:

o While the viscosity critical enhancement is asymptotic and is
restrained to a close region in the vicinity of the critical point,
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the thermal conductivity enhancement is significant over a
larger range of fluid conditions. It has to be noted that de-
spite the considerable effort provided to model the critical en-
hancement of the thermal conductivity [29-31], an efficient and
broadly applicable theory or model is still lacking. For this rea-
son, this phenomenon was not considered in the present study
and the experimental data points in the vicinity of the critical
point were discarded (see section III for more details on the se-
lection of the experimental data).

While the viscosity of gases is mainly governed by the trans-
fer of a translational energy, thermal conductivity of polyatomic
gases is also considerably affected by vibrational and rotational
degrees of freedom. Consequently, whereas dilute-gas contribu-
tions for viscosity can be limited to expressions accounting for
translational movement using, e.g., the Chapman-Enskog model,
this is not a reasonable assumption for thermal conductivity.

To model Aq(T), the Chapman-Enskog equation for thermal
conductivity, given by Eq. (2), is insufficient and needs to be
completed with rotational and vibrational contributions.

CE _ 75 kT 1
AT = &y mex sran ()

In Eq. (2), k;, is the Boltzmann constant, my is the molecular
mass, o and Q@2+ are the Lennard-Jones characteristic collision
diameter and the Lennard-Jones collision integral respectively.

Empirically, Eucken [2,32] proposed to decompose the dilute-
gas contribution of the thermal conductivity into two indepen-
dent parts: a translational contribution (A¢;) and an additional part
(Aine) characterizing the internal energy transferred through rota-
tional and vibrational degrees of freedom (see Eqs. 3 and 4).

Ao = At + Aine (3)
With:
{ A =0 X for X Cur
Aint = N X fine X Cy int

7 is the dynamic viscosity of the dilute gas, cy ¢ = %R and ¢y jn
are the translational and internal contributions to the specific heat
capacity at constant volume (cy), respectively. These two terms are
making up to total molar heat capacity: ¢y = Cytr + Cy jnt. The fac-
tors fipe and fir are usually fixed to 1 and 3 [2] although those
values are still open to question. Therefore, some authors such as
Chapman and Cowling [20] proposed to modify Eucken’s formula
assuming that the transport of internal energy is governed by a
diffusion mechanism. This assumption led to the introduction of
the self-diffusion coefficient Dy.; in the definition of the factor fi,;

(fine = stelf/,]) thus leading to:

(4)

)‘int = PDselva,int (5)
Eq. (3) can thus be rewritten as:
)LO = )\tr + IODselva,int (6)

2.2. Application of the entropy scaling concept to thermal
conductivity: key advances

The entropy scaling concept is based on the relation be-
tween the transport properties (reflecting the dynamic behavior
of molecules at the microscopic scale) and the Tv-residual en-
tropy (providing information on the structure of the fluid). The
Tv-residual entropy of a fluid can be estimated from an EoS in a
straightforward manner from the following expression:

dary_
STv—res = Sreal(T’ U) — Sperfect gas (T5 U) = _(%)

With : Gy res = — f [P(T,v) — &L ]dv
+o0

v

(7)
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where Sty_res is the Tv-residual entropy, S, is the actual molar
entropy of the real fluid (in a liquid, gas or supercritical state),
Sperfect gas 1S the perfect-gas entropy (note that the term perfect
gas is preferred to ideal gas following the recommendations of Pri-
vat et al.[33]), R is the universal gas constant, dry_es iS the Tv-
residual molar Helmholtz energy, and P(T, v) is the EoS. As men-
tioned in the introduction, the existence of a simple relation be-
tween Sty_pes and transport properties was proposed by Rosen-
feld when working on simple theoretical fluids at dense states.
He pointed out that reduced (i.e.,, dimensionless) expressions of
the viscosity, self-diffusion coefficient [34] and thermal conduc-
tivity [8] can be formulated as monovariable functions of the Tv-
residual entropy. To reduce the transport properties, Rosenfeld di-
vided the actual transport properties by a dimensionally-equivalent
quantity depending on fluid temperature and density which was
defined from elementary kinetic-theory considerations. Concerning
the thermal conductivity, the corresponding reduced property was
defined as:
5\' — )‘real — )‘-rea]

pN% ky, ka/mO (8)

)‘reference

where py = pNy is the molecular density (product of molar den-
sity p and Avogadro’s number N;) and mg is the molecular weight.
According to the entropy-scaling theory, the reduced thermal con-
ductivity and the residual entropy are connected through a simple
relation denoted: A = f(Sty_resiqual)- D0INg so, the actual property
(Areal) is obtained from:

)\real = )‘reference X f(STv—residual) (9)

As pointed out by Rosenfeld [8], this approach, that combines
simplicity and broad applicability, is more a semi-quantitative
model than a real theory. On one hand, it offers many advantages:

e it involves easily accessible and straightforwardly calculable
quantities (the molar density, i.e. the inverse of the molar vol-
ume and the Tv-residual entropy are obtained from an EoS),

e it can be applied to the three transport properties (viscosity,
self-diffusion coefficient and thermal conductivity).

On the other hand, the application of the concept to real sub-
stances suffers of several deficiencies:

o A systematic divergence at low density,

o The non-universality of the function f involved in Eq. (9) (the
mathematical expression of f and/or the numerical values of
the function parameters are component specific)

In the literature, previous studies aimed at improving the mod-
elling of thermal conductivity based on entropy scaling consid-
ered the following directions: (i) modification of the mathemat-
ical formulation of function f in Eq. (9) in order to extend the
model range of applicability and tend to a universal behavior, (ii)
search for a proper expression of the reference property A eference
(appearing in the denominator of the reduced thermal conductiv-
ity in Eq. (8)) with the ambition to improve the description of
low-density data. In particular, several works proposed to specif-
ically account in this term for the translational, rotational, vibra-
tional and internal degrees of freedom characterizing polyatomic
gases.

Inspired by Novak’s proposal [35,36] and the successful use of
the Chapman-Enskog equation [20] as the reference property for
reducing the dynamic viscosity [37,38], Hopp and Gross [10] pro-
posed a new expression for the reference thermal conductivity
where (i) both the segment diameter and the pair energy param-
eter (involved in Eq. (2)) were replaced by the corresponding PCP-
SAFT EoS parameters and; (ii) the molecular mass mgy was divided
by the segment number m. However, in order to take account for
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the rotational and vibrational degrees of freedom in polyatomic
gases, Hopp and Gross added a correction term to the Chapman-
Enskog equation: Aps = ACE + ;. They introduced a temperature-
dependent correlation for A;,; and used an empirical factor (“acti-

,(SvareS/sc )
vation function”) of the form e Tv-res to make A, exist

at low density only. Model parameters were estimated from the
group-contribution concept to make their model predictive [12].
Although the model offers accurate predictions of thermal conduc-
tivity for polyatomic molecules in the low-density region, the pro-
posed temperature-dependent correlation for A;,; remains unsatis-
factory for substances showing a small number of internal degrees
of freedom (e.g., Xenon, Nitrogen). As an alternative, Hopp et al.
[11] proposed to introduce both a temperature and density depen-
dency in the self-diffusion coefficient as well as the total molar
isochoric heat capacity in the expression of A;,; (see Eq. (5)). The
description of the thermal conductivities of simple gases and di-
atomic fluids was thus improved considerably even if the use of
Eq. (5) requires the knowledge of the corresponding self-diffusion
coefficient.

Most of the studies dealing with the application of entropy scal-
ing to thermal conductivities concern refrigerants and their mix-
tures involved in current cooling systems. In this context, sev-
eral authors followed a similar methodology for defining the ref-
erence thermal conductivity. As an example, in their study on
HFC and HFO, Liu et al. [17] used the Eucken’s approach (see
Egs. (3) and (4)) to define A but replaced the translational con-
tribution by the Chapman-Enskog relation reported in Eq. (2) and
correlated f;,; as a temperature-dependent polynomial for each
fluid.

In order to predict the thermal conductivities of hydrocarbon
mixtures and fuels, Rokni et al. [13,14] proposed to use a pseudo-
component approach where the mixture is represented as a unique
substance made up of a hydrocarbon chain. Their model is appli-
cable to dense states and thus, ignores the A;,, contribution to the
reference thermal conductivity. The reference property used for the
reduction is based on the Chapman-Enskog relation (A= At =
ACE); the diameter o and energy & parameters are taken as those
of the defined pseudo component, while the molecular mass mg of
the pseudo is divided by its chain length.

A different strategy was followed by Bell for approaching the
zero-density limit [39]. He fixed A, by referring to Rosenfeld’s
scaling and confirmed this choice by referring to the isomorph
theory [40] which uses the same reference thermal conductivity.
However, he introduced an empirical correction consisting in mul-
tiplying Rosenfeld’s As by a factor (—sNT\,_res)z/3 that “does not
break that scaling while simultaneously fixing the dilute gas diver-
gence”[18]. Highlighted by Galliero [41] as having a positive impact
on the ability of correlating the thermal conductivity at low densi-
ties, Bell replaced the actual thermal conductivity appearing in the
numerator of Eq. (8) by a “residual” thermal conductivity obtained
by subtracting the zero-density value to the actual one. Therefore,
in his approach, Bell correlated a residual conductivity to the Tv-
residual entropy.

While offering generally a better modelling of thermal conduc-
tivities and a better characterization of the low-density limit, Bell’s
approach leads nevertheless to significant deviations at low den-
sity [42]. Recently, this approach was applied to refrigerants and
their mixtures by including a critical enhancement contribution in
the definition of the residual conductivity. The latter contribution
was estimated using the Olchowy and Sengers model [29] and the
dilute-gas contribution was calculated using REFPROP 10.0 soft-
ware package [43]. Following Liu et al. proposal [17], a compo-
nent specific parameter was used to normalize the T-v-residual en-
tropies values and to fit the considered experimental data to a sin-
gle curve.

International Journal of Heat and Mass Transfer 196 (2022) 123286
2.3. A new approach

Despite all the efforts devoted to improve the entropy scaling
concept in the last few years, its optimal formulation is still open
to question. As shown in Fig. 1-A, Rosenfeld’s proposal was found
to be valid at dense state but shows a diverging behavior at low
density. As pointed by Dzugutov [44], the monovariable relation-
ship observed at dense state ($ty_res < —0.5) can be ascribed to the
strong correlation between the dynamical behavior of molecules,
which is reflected by transport properties, and the structural re-
laxations, which are proportional to the number of accessible con-
figurations per atom, and therefore, to the exponential of entropy
(according to Boltzmann’s formula). By increasing with density and
thus with the absolute Tv-residual entropy, this strong correlation
overrides the effect of the reduction and makes it barely needed
at dense states. As the density decreases and as molecular kinetics
plays a more prominent role, the correlation between the trans-
port property and the residual entropy becomes more complex and
only a reduced transport property can be correlated to the residual
entropy. It is worth recalling that the use of the Chapman-Enskog
(CE) equations for expressing the reference transport properties
(thermal conductivity in the present case) fixes partially the low-
density divergence by inducing a well-defined limit at low density.
However, this choice is not fully satisfactory because:

o The entropy scaling concept has the ambition to be applica-
ble to the entire fluid region while the CE relation only de-
scribes the dilute gas domain. A direct consequence is the ap-
pearance of scattered experimental data at low and moderate
density conditions in the reduced thermal conductivity versus
reduced residual entropy plot. This scattering phenomenon is
particularly visible with argon in Fig. 1-B. This component was
selected as an illustrative example because the CE relation is
acknowledged to be a good approximation to describe the ther-
mal conductivity of monoatomic gases.

This approach requires the preliminary knowledge of additional
component-specific parameters, namely: the collision diameter
and the molecular attraction parameter.

In the case of the thermal conductivity, the CE relation does not
account for the rotational and vibrational degrees of freedom
characterizing polyatomic molecules so that a strong scattering
of experimental data due to the nature of the reduction (i.e.
independent from the experimental uncertainties) is observed
in Fig. 1-B for polyatomic molecules like methane, ethane and
n-hexane at $ty_es > —2.

Such weaknesses persist if one switches to a residual approach
(i.e., when the actual thermal conductivity is replaced by a residual
conductivity obtained by subtracting the zero-density contribution
to the actual property).

Based on the results obtained when working on the viscosity of
simple fluids at dense states, Rosenfeld [8,34] modelled the rela-
tion between the reduced transport property and the Tv-residual
entropy with an exponential function. This empirical choice was
convenient since it can be observed that experimental data align
along straight lines in a semi log scale in a large range of dense-
fluid conditions. For dilute gases, he proposed a power law relation
based on Enskog’s results [8]. Inspired by these results, a new vari-
able, noted Xgs, depending on the Tv-residual entropy was recently
introduced by our group [46] with the ambition to reproduce si-
multaneously the experimental data at low and high-density:

X I STv—res _ ln STv—res I STv_res _ ln STv_res ‘10
ES STy—res STu—res STu—res Stv—res ( )

In Eq. (10), $§§,_. is the critical value of the reduced molar en-
tropy Sty_res = STV%. It can be noted that the 15¢ term is dominant
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Fig. 1. Plot of the experimental reduced thermal conductivity as a function of the reduced Tv-residual entropy using the I-PC-SAFT EoS. Subplot (A): using Rosenfeld’s
original reduction. Subplot (B): using the Chapman-Enskog relation for defining the reference thermal conductivity (data source: Dortmund Data Bank [45]; the data selection

procedure is described in section III).

in dense-fluid condition while the 2" term dominates at low den-
sity. Remarkably, the Xgs variable makes it possible:

e To avoid the low-density divergence and to reach a well-
characterized zero-density limit when the reduced transport
property is defined from Rosenfeld’s reference term,

o To achieve a quasi-universal behavior at low densities for both
the viscosity and the self-diffusion coefficient [47],

« To obtain more closely packed curves since the ;T"ﬂ ratio was

Tv—res

found to take similar values for different chemical species and
was found to slightly depend on the selected EoS.

Our paper devoted to viscosity [46] underlined that numerical
values of sty_res could differ significantly from one EoS to another.
Although dividing the Tv-residual entropy by its value at the crit-
ical point strongly attenuates this difference, we found necessary
to add a temperature-dependent term in the mathematical expres-
sion of the Xgs variable (see Eq. (11)) when the tc-PR EoS is used.
This patch, specific to the tc-PR EoS and only needed at very high
temperatures (4T; < T < 8T, where T; denotes the critical temper-
ature of the fluid) was introduced to keep the same mathemati-
cal expression of the Xgs variable (see Eq. (10)) regardless of the
EoS used to estimate the density, residual isochoric heat capacity
and residual entropy: it is indeed enough to select feorr(T) =1 in
Eq. (11) when one works with the I-PC-SAFT EoS.

To sum up, for heavy molecules for which the temperature do-
main T > 4T; is not of practical interest, a null « value is selected
in Eq. (11). Otherwise, for light molecules (having a low T;) such
as Ar, N, or Krypton for which experimental thermal conductiv-
ities are available at high reduced temperatures (4T, < T < 8T;) a
non-zero coefficient was selected. The influence of this correction
is illustrated with Argon in Fig. 16 of Appendix A.

xgreesh = (222 ) —n( 222 x foon (D))

STv_res
fcorr(T) =1 +a(T%cTC)3

It is worth noting that as long as a given equation of state
qualitatively reproduces the temperature and pressure depen-

(11)

dence of the Tv-residual entropy regardless of the fluid conditions
(as the I-PC-SAFT EoS does), it is not necessary to applies this
patch.

In order to observe how the entropy scaling relation is affected
by the change of variable $§t,_es to Xgs, Fig. 2 illustrates the ap-
plication of the entropy scaling concept defined by the general
relation A = ﬁ = f(Xgs) to 5 molecules (water, argon, methane,

ethane and n-hexane). Subplot A in Fig. 2 shows the curves ob-
tained using Rosenfeld’s definition for A while in subplot B, the
Chapman-Enskog relation was used instead.

Fig. 2 demonstrates that both reductions provide an acceptable
scaling at high densities (i.e., at Xgs < 0). The use of the original
Chapman-Enskog relation (not corrected to account for the many
degrees of freedom possessed by polyatomic molecules) for defin-
ing A results in a scattering of the experimental data in low-
density conditions (see the case of n-hexane and ethane at Xgg > 0
in Fig. 2-B). For the Argon case shown in Fig. 2-B, for which the
contribution of the vibrational and rotational degrees of freedom
to the thermal conductivity is negligible, a horizontal asymptote
appears due to the capacity of the CE relation to satisfactorily re-
produce the thermal conductivity of simple gases at low density
and thus making In(}) tends to 0. However, since the CE relation
is not suitable for moderately dense gases and/or supercritical fluid
conditions, data scatter is visible at Xgg > O.

The use of Rosenfeld’s reduction approach, A = A/ aResenfeld 3150
leads to data scatter for molecules that possess vibrational and ro-
tational degrees of freedom while data align along a master curve
when these degrees of freedom become negligible (see the case of
argon at Xgs > 0 in Fig. 2-A).

To account for these specific phenomena exhibited by poly-
atomic molecules (i.e., the transfer of vibrational energy during
molecules collision) and thus to extend the scope of the entropy
scaling concept to such molecules, it was decided to test out Eu-
cken’s approach along with the Chapman and Cowling assump-
tion (see Eq. (6)) to combine (i) a corrected macroscopic reduc-
tion based on Rosenfeld’s proposal (see Eq. (12)) and (ii) a micro-
scopic corrected reduction based on the Chapman-Enskog relation
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Fig. 2. Plot of the experimental reduced thermal conductivity as a function of the proposed entropy variable Xgs using the I-PC-SAFT EoS. Subplot (A): the reduced thermal
conductivity defined according to Rosenfeld. Subplot (B): The Chapman-Enskog relation is used to define the reference thermal conductivity.

Table 1
Expressions of the reference thermal conductivity, corrected to account for the in-
ternal degrees of freedom encountered in polyatomic molecules

Macroscopic corrected reduction
(Eq. 12)

Microscopic corrected reduction
(Eq. 13)

2
Rosenfeld _ 3 k, T CE 75
A = Pn Koy/ ™ /m, At = 61y mor Orr o
1
Rosenfeld _  ,—3 [KyT Where: CE 3 kp T
Dggitrer * = Pn’y/ 0 /my Ditret = 85 mun ST

_P
( )
gp)=e¢ "o gpy=¢ Flpo

Where:

(see Eq. (13)).

Rosenfeld,intDoF __ 4 Rosenfeld Rosenfeld ~real
A =AM +8&(p)pD c

self, ref ~Vv

(12)

k CE intDoF k CE

ref + g(p)stelf refCreal (13)

Both of the investigated reductions are reported in Table 1. In
such a table c/® is the molar isochoric heat capacity defined as
creal — cres 4 0 The residual specific heat capacity at constant vol-
ume cfS was obtained from the considered EoS (the I-PC-SAFT or
the tc-PR EoS) while the ideal gas contribution ¢ was estimated
from the correlations provided by the Design Institute for Physi-
cal Properties (DIPPR) [48]. Because of the importance of the ref-
erence term, we believe it is important to provide information on
the ability of the two EoSs to predict heat capacities. Our recent
studies on these 2 EoSs in which the heat capacities of 890 pure
components were predicted lead to the conclusion that the MAPE
on heat capacities returned by the tc-PR and I-PC-SAFT EoSs are
respectively 2.53% [49] and 4.10% [50] what is considered accept-
able. p is the molar density in mol- m~3 and py is the molecular
density in m—3. o and Q*** are the Lennard-Jones characteris-
tic collision diameter and the Lennard-Jones collision integral, re-
spectively. In this paper, the collision integrals Q(1-D* and Q(2-2)*
were estimated using Neufeld’s empirical equation [51] while both
the Lennard-Jones characteristic collision diameter (o) and the
molecular attraction parameter (¢) required to estimate Q(I-D* and
Q@2+ were taken from reference [52]. In both reductions reported

in Table 1, the cf® is considered rather than c? in order to en-
sure a better applicability of the entropy scaling relation in the
whole fluid domain. In addition, while Eq. (6) involves an “inter-
nal” heat capacity defined as ¢, j,; = ¢v — Cy.tr, it was decided to
ignore the translation term (cy () since (i) this term is generally
approximated by the fixed value of %R which is only valid for
simple gases in the ideal gas limit and (ii) neglecting this con-
stant value does not change the qualitative behavior of the ther-
mal conductivity with respect to variable Xgs. Finally, this choice
was confirmed to be more suitable since it allows a more uni-
versal behavior as shown in Appendix B. Similarly to what has
been proposed by Hopp and Gross[10], the g(p) function was in-
troduced in order to limit the effect of the corrections to the
low density region. In the g(p) function, both of the molar den-
sity o and its critical value p. are calculated by the considered
EoS.

It can be observed in Fig. 3 that both of the proposed re-
ductions result in a significant improvement with respect to
Fig. 2 where the internal degrees of freedom are not accounted in
the definitions of Ay Fig. 3 shows that all curves remain closely
packed at dense states (Xgs < 0), except for the case of water.
In dilute-gas conditions (Xgs > 0), it is observed that all curves
align along a well-defined oblique asymptote when using a refer-
ence term ARGenfeldintDoF (see Fig 3-A) whereas a roughly-defined

horizontal asymptote appears if A%E MPOF s ysed instead (see
Fig. 3-B). '

Fig. 3-A clearly shows that the selection of ARGsenfeld:intDof 5
reference term (Eq. 12) makes it possible to achieve a satisfactory
description of the thermal conductivity behavior in the liquid, gas
and supercritical domains since a monovariable relationship be-
tween the reduced thermal conductivity and the Xgs variable exists
over the entire Xgs range. At dense states, although the curves re-
main closely packed, they exhibit all component-specific behaviors
which can be ascribed to the specific interaction and size | shape
effects of each chemical specie.

In conclusion, the reference term A is well cali-
brated for defining an entropy scaling relation and thus, is selected
definitively for the subsequent parts of this study.

ARosenfeld,intDoF
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Fig. 3. Plot of the experimental reduced thermal conductivity as a function of the Xgs variable using the [-PC-SAFT EoS. Subplot (A):
) and Table 1). Subplot (B): using the microscopic corrected reduction (Eq. (13) and Table 1)

reduction (Eq. (12

2.4. Functional form for the calculation of the thermal conductivity
of real pure fluids

Analogously, to what has been observed for the dynamic
viscosity, a quasi-common global minimum is obtained in the

(XEs, ln(x/th}senfeld, intboF)) plane at Xgs~ 0 (see Fig. 3-A). As
re!

pointed out by Rosenfeld and as mentioned later by Bell et al.
[53,54], this minimum reflects a regime changeover between
a liquid-like behavior (predominated by intermolecular interac-
tions/forces effects) and a gas-like behavior (predominated by ki-
netic effects). Following the procedure developed in our study de-
voted to model fluid viscosity[46] and aimed at describing entropy-
scaling curves with a relatively simple fitting function, a decompo-
sition of the reduced thermal conductivity in a logarithm scale into
a dense and a gas parts (see Eq. (14)) is carried out.

ln(i)calc = fdense (§Tv—res) X Zdense T fgas (§Tv—res) X 8gas + d
(14)

In Eq. (14), fgense and fgas are polynomial functions describ-
ing the dense-state behaviour (i.e., for Xgs < 0; note that the term
“dense” refers both to subcritical liquid and supercritical fluids)
and the dilute-gas behaviors (i.e., for Xgs > 0); Zgense and ggas are
damping factors making fyense dominating in the dense region, and
conversely, fgas dominating in the gas region; d is a component-
specific constant. For the thermal conductivity, the following func-
tional forms are proposed:

1
~ /
faense (STv—res) = ((11 + aZXES3 ) Xes

Edense = 1+ees

1
Seas (Stv—res) = <b1 + b X; )XES

8gas = e es

where a;, ap, by, by, c and d are six adjustable parameters.
Eq. (15) differs from the one used to correlate the viscosity data in
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A

T T T T T
=10 -5 0 b 10

Xes= — <5Tv res) —In (STv res)
Sty-res STy res

using the macroscopic corrected

our previous work[46] since it uses the Xgs variable instead of the
Tv-residual entropy in the polynomials. This choice was motivated
by the analysis of the experimental data. In short, since the Xgg
values tend to be similar for different components, the use of this
variable facilitates the correlation of the thermal conductivity data
when chemical-family specific or universal parameters have to be
determined. Indeed, the entropy scaling curves obtained for differ-
ent molecules with the reference thermal conductivity expression
reported in Eq. (12) are closely packed.
Ultimately, the model proposed in this study is defined as:

1
3 3
A a1+a:X, bi+b,X,
ln()\Rt)fSEnfEld.intDnF)calc = 1+efxiz + 1+e’f§l§$ Xgs + d
el

2
)\f:fsenfeld,intDoF :pN/Bkb ka 1+ (c’ﬁ') (’O/pc)i|

Xps = —

Su-res STy-res

—ln{(ﬁ” ‘“)[H—a(T L) ]}forthetc—PREoS

(16)

As previously stated, in Eq. (16), the « coefficient is an op-
tional component-specific parameter to be used with the tc-PR
EoS only, for light components only. It enables to improve thermal
conductivity predictions for reduced temperatures in the range:
4 < T <8.

Fig. 4 shows characteristic vapor—liquid saturation curves as
well as series of liquid, gas and supercritical branches of various
isotherms for the case of methane modelled with the I-PC-SAFT
EoS [21]. These curves are represented in the (P;, Ygs, Xgs) space
(see Fig. 4-A), where P = P/P. denotes the reduced pressure and
Ygs = In(R) is the natural logarithm of the reduced thermal con-
ductivity, in the (P;, Xgs) plane (see Fig. 4-B), and in the (Ygs, Xgs)
plane (see Fig. 4-C). As shown in Fig. 4-C, Eq. (16) achieves an ex-
cellent correlation of the reduced thermal conductivity along all
fluid conditions, when the parameters a;, ap, by, by, c and d are
fitted to experimental data for a given chemical component. More-

Srvtes ln(sT“ res )for thel — PC — SAFTEoS

Sty
XES:_ _'é'v res

STv-res
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Fig. 4. Graphical illustration of the entropy scaling formulation proposed in this paper using the I-PC-SAFT EoS through the representation of isotherms and saturation
curves of pure methane in 3 different diagrams. Reduced temperatures of isotherms range from T, = 0.6 to 1.9 while reduced pressures span from P, = 0.1 to 2. Subplot
(A): representation in the (P, In(X), Xes) space as calculated with the [-PC-SAFT EoS, Subplot (B): representation in the (P, Xgs) plane as calculated with the I-PC-SAFT EoS.
Subplot (C): representation in the (In(), Xgs) plane of the same isotherms and saturation curves and comparison with the experimental data.

over, the combination of the Xgs variable and the )Ll:é’se“feld’imDOF
reference thermal conductivity ensures that the liquid and gas-like
states align along a single curve in the (In(X), Xgs) plane. Accord-
ing to Eq. (10), the critical point is located at Xgg = —1.

3. Results & discussion

A large database of experimental thermal conductivities was ex-
tracted from the commercial Dortmund Data Bank [45] in order to
determine 3 sets of model parameters: (i) component-specific, (ii)
chemical-family specific (i.e., common to all compounds of a given
chemical family) and (iii) universal (i.e., usable for any component
without restriction) for each of the two proposed models obtained
by combining Eq. (16) with either the tc-PR or the I-PC-SAFT EoS.
The database encompasses liquid, gas and supercritical data for 119
chemical components belonging to 11 different chemical families.
Around 90,000 experimental data points were included; their tem-
peratures range from 25 to 3600 K; the pressures range from 10~*
to 10> MPa and thermal conductivities span from 0.004 to 0.78
W.m-1.K1,

Some experimental data points were removed from the
database after application of the following filters:

- Data associated with pressures out of the range
[10~3 MPa; 10> MPa] were considered as potentially inaccurate
and disregarded,

- The present model does not account for the critical enhance-
ment of the thermal conductivity, so that data in the close criti-
cal region (0.95 < T < 1.05 and 0.95 < B < 1.05) were also re-
moved. In addition, data such that T, > 8 were removed when

the tc-PR EoS was used because they are outside the domain of
validity of Eq. (11).

To eliminate out-of-chart data, the absolute deviation Yi=
IY! . —Yhol. where Y=InX, was calculated for each data
point of a given component and compared to the corre-
sponding average deviation AY estimated over all the data
points for the species under consideration. It was decided
to disregard data such that: AY!> AY +30 (where o de-
notes the standard deviation). For clarity, it is recalled that

AY! is calculated as: AY'= |1n(%)—ln(%)| where A =
2 moT aeal (P
P k., /M0 /kb[l + (%=)e ~ 'Pc’]is calculated by the EoS.

To determine the values of the 6 parameters defined in
Eq. (16) (aq, ay, by, by, ¢ and d) as well as the « coefficient when
necessary (i.e., for light molecules modelled with the tc-PR EoS),
the following objective function FO)\bj was minimized with respect
to the 6 (or 7, with «) coefficients:

Nbdata

A _ 100 |}‘calc.i*)"exp,i | |yca1c.ifyexp,i|
FObj - Nbdata g 05 )Lexp‘i + 05 Yexp.i (17)

where Nby,., denotes the total number of the considered experi-
mental data and Yeyp; and Y, c; are respectively, the logarithm of
the experimental and the calculated values (according to Eq. (16))
of the reduced thermal conductivity at the temperature and pres-
sure of the experimental data point i, Aexp; and A, ; are respec-
tively the equivalent experimental and calculated values of the
thermal conductivity. Eq. (17) averages relative deviations on the
thermal conductivity (1) but also on Ygs = In(X). MAPE on A is in-
cluded in Eq. (17) since our primary objective is to model accu-
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Fig. 5. Overview of all the experimental data in the (In, Xgs) plane. The thermodynamic properties involved in the calculation were estimated with the I-PC-SAFT EoS in
the left subplot and with tc-PR EoS in the right subplot. Each color corresponds to a chemical family and each symbol corresponds to a given chemical specie.

rately the thermal conductivity. It was decided to add MAPE on
Yes to help the convergence of the minimization procedure. Since
the thermal conductivities undergo an evolution of several orders
of magnitude from dense liquids to dilute gases, the consideration
of the logarithm of the reduced coefficient which evolves under
values having the same order of magnitude ensures that errors on
both the dilute state and the dense state have a similar impact on
the optimization procedure.

The minimization of Eq. (17) was performed using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm, a quasi-Newton opti-
mization method. To ensure the robustness of the optimized pa-
rameter sets by avoiding dependence on initial estimates and con-
vergence to local minima, multiple initialization sets were system-
atically generated using a random process for each compound.

Among all the parameter sets returned by the routine, the op-
timal one was identified as follows:

- At least half of the initial guesses led to the same optimal pa-
rameter set,

- This parameter set was associated with the lowest objective
function value and a nearly-zero gradient norm.

Fig. 5, gathers all the obtained entropy scaling curves, for each
of the EoS considered here, for all chemical components, in the
(In}, Xgs) plane. A detailed description of experimental data is
provided in sections 1.1 and 2.1 of the supporting information file.
As pointed out above, V-shapes curves are obtained for the ther-
mal conductivity with a quasi-common minimum in the vicinity
of Xgs ~ 0 and a quasi-universal linear behaviour at low densities.
In addition, it is also noticeable that entropy scaling curves exhibit
a concave profile at high density.

3.1. Component-specific parameters
The component-specific parameters were obtained by minimiz-

ing Eq. (17) against the experimental data of each chemical com-
ponent. Important details regarding the strategy used to fit model

parameters, depending on the availability of experimental data,
are reported in Table 2 of appendix C. Figs. 6 to 9 show the
results obtained by combining the I[-PC-SAFT and the tc-PR EoS
with component specific parameter sets (a;, a, by, by, ¢ and d).
These parameter sets are provided for all the considered chemi-
cal species in sections 1.2 and 2.2 of the supporting information
file. As observable in Figs. 6 to 9, the functional form proposed
in Eq. (16) is flexible enough to ensure a very accurate descrip-
tion of the thermal conductivity over the whole fluid domain, re-
gardless of the considered EoS and regardless of the chemical na-
ture of species (from non-associating and non-polar compounds
like n-alkanes which reports experimental uncertainties between
5 to 10% to more complex molecules like alcohols or water re-
porting from 5 to 25% of uncertainty in the experimental mea-
sures). As previously observed to predict vapor-liquid equilibrium
properties[50], the 2 considered EoSs that do not contain an asso-
ciation term lead to very similar results. The detailed MAPEs for
several chemical families (calculated by averaging the MAPEs of
all the compounds present in a given chemical family) are shown
in Fig. 10. It can be seen that nearly all the deviations are be-
low 3%, regardless of the considered chemical family. For the stud-
ied species, the deviations obtained by the presented models are
within or below the experimental uncertainties and thus, the mod-
els allow accurate prediction for thermal conductivity. These re-
sults contrast with the findings of Dyre, who pointed out that
the entropy scaling might not work in most systems with strong
directional bonds like hydrogen-bonded or covalently bonded
systems.

3.2. Chemical-family specific parameters

In order to estimate the thermal conductivity of a particular
species for which a limited amount or no experimental data is
available but that belongs univocally to a chemical family consid-
ered in this work (e.g., paraffins, alcohols ...), for which enough
data were available to estimate model parameters, it was decided
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Fig. 6. Results of the combination of the component-specific parameters with the I-PC-SAFT EoS for modelling the thermal conductivity of n-alkanes, branched alkanes,
cycloalkanes, alkenes, aromatics, esters, ethers and HFC-CFCs. Symbols represent the experimental data points; Solid lines represent the calculated values.
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Fig. 7. Results of the combination of the component-specific parameters with the tc-PR EoS for modelling the thermal conductivity of n-alkanes, branched alkanes, cycloalka-
nes, alkenes, aromatics, esters, ethers and HFC-CFCs. Symbols represent the experimental data points; Solid lines represent the calculated values.

to propose chemical-family specific parameters. 10 chemical fam-
ilies including alcohols and amines were selected. Figs. 11 and
12 show the obtained results for the paraffins (n-alkanes and
branched alkanes) and the HFC-CFCs families with both the I-PC-
SAFT and the tc-PR based models.

1

As stated above, parameters (a;, ay, by, by, ¢ and d) were fit-

ted to all the experimental data related to all the compounds of
a given chemical family. A detailed analysis of such figures makes
it possible to draw the following conclusion: regarding the dense
states, it has to be noted that although the same reduction of the
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Fig. 8. Results of the combination of the component-specific parameters with the I-PC-SAFT EoS for modelling the thermal conductivity of alcohols, noble gases, aldehydes

and other chemical species. Symbols represent the experimental data points; Solid lines represent the calculated values.
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Fig. 10. Summary of MAPEs obtained with the I-PC-SAFT and the tc-PR EoS in combination with the component-specific parameters
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Fig. 11. Results of the combination of the chemical-family specific parameters with the I-PC-SAFT EoS for modelling the thermal conductivity of paraffins and HFC-CFCs.
Symbols represent the experimental data points; Solid lines represent the calculated values.

thermal conductivity is applied to both EoS, a different behavior
of the entropy scaling curves (i.e., more or less pronounced curve
slopes, different ordering ...) is observed between both EoS pre-
dictions. This effect is the consequence of the Tv-residual entropy
values returned by each EoS and is revealed by the comparison
between component-specific curves of a same homologous series
that were calculated with the two considered EoS. For illustration,
let us consider the particular cases of the n-alkane and alcohol
molecules. For these 2 chemical families, packed curves were ob-
tained with the tc-PR model (see Figs. 7 and 9) whereas distinct
component-specific curves can be observed at high absolute val-
ues of §ty_res When the [-PC-SAFT EoS is used (see Figs. 6 and
8). This particular I-PC-SAFT behavior has an immediate negative
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impact on the ability of a chemical-family specific set of param-
eters to describe the thermal conductivity of the complete fam-
ily. This impact is depicted in Fig. 13 where the thermal con-
ductivities of paraffins (which encompass n-alkanes and branched-
alkanes) and alcohols respectively exhibit a MAPE of 15.6% and 17
% for the I-PC-SAFT model while these values are respectively 5.9
and 5.5 % with the tc-PR model. For all the other chemical fami-
lies such as HFC-CFCs, the predicted thermal conductivities agree
with the experimental data (see Figs. 11 and 12) and the MAPEs
(see Fig. 13) remain within the experimental uncertainties for both
EoS. Although not more accurate than the I-PC-SAFT EoS, the tc-PR
EoS seems to be better suited to defining chemical-family specific
parameters.
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Fig. 12. Results of the combination of the chemical-family specific parameters with the tc-PR EoS for modelling the thermal conductivity of paraffins and HFC-CFCs. Symbols
represent the experimental data points; Solid lines represent the calculated values.
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Fig. 13. Summary of MAPEs obtained with the [-PC-SAFT and the tc-PR EoS in combination with the chemical-family specific parameters

3.3. Universal parameters or Te, P, ¢ and the three component-specific alpha-function pa-
rameters (L, M, N) for the tc-PR model. These parameters make it
As a last resort for chemical species that do not belong to one possible:
of the ten chemical families previously defined and for which a

limited number of experimental data is available, it was decided « to qualitatively reproduce the temperature and pressure depen-
to fit universal parameters against all the available experimental dence of the pure fluid thermal conductivities.

data of all the compounds as a whole. Some components with a o to predict with a reasonable accuracy the thermal conductivi-
specific behavior like water or noble gases which possess a small ties of any chemical species as reported in Fig. 15 where the
number of internal degrees of freedom were disregarded in order overall MAPEs are respectively 11.2% and 9.2% for the I-PC-SAFT
not to bias the estimation of these parameters. Such universal pa- and the tc-PR models (more detailed information is provided in
rameter sets (one set per EoS) aim to afford a reasonable estima- section 1.4 and 2.4 of the supporting information file),

tion of the thermal conductivity of a pure fluid knowing as sole « to get a continuous representation of thermal conductivity over
ll‘lput data: its critical temperature Tc, critical pressure Pc, acen- the three fluid regions (lquId, gas and Supercritical) for any
tric factor and the volume translation c for the [-PC-SAFT model given component, as shown in Fig. 14

14
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4. Conclusion

In this study, a successful combination between a Tv-residual
entropy dependent function, which was previously derived for the
dynamic viscosity, and a corrected reference thermal conductivity
are proposed for the calculation of the thermal conductivities of
pure fluids through the entropy scaling concept. Two equations of
states (I-PC-SAFT and tc-PR) were used to predict the residual en-
tropy and other needed properties (density, residual isochoric heat
capacity) thus yielding to the definition of two models. The ap-
proach was validated against a large experimental database and
made it possible to conclude that:

¢ using component-dependent parameters, the thermal conduc-
tivities of pure fluids could be accurately correlated with an av-
erage deviation of only 3% which is really promising.

The thermal conductivities can be estimated regardless of the
fluid state: liquid, gas and supercritical. The critical region was
excluded, however, since the critical enhancement of thermal
conductivities was not considered in this study.

o The proposed model follows the general entropy-scaling rela-
tion for thermal conductivity: A es = Areference X f (STv—residual)-
The quantities: Ajeference aNd  f(STy_residuat) are defined by
Eq. (16) and can be straightforwardly estimated from an EoS.
In this paper, both the I-PC-SAFT and tc-PR EoS were used.

To overcome the lack or unavailability of experimental data of
some chemical species, chemical-family specific and universal
versions of model parameter sets were fitted in addition to the
component-specific ones. The overall MAPEs obtained with the
I-PC-SAFT and the tc-PR EoS are respectively 9.7% and 5.6 %
when the parameters are chosen chemical-family specific and
11.2% and 9.2% when they are considered as universal which is
accurate enough for many industrial applications.

As this approach involves only macroscopic thermodynamic
quantities, accessible via an equation of state, it is believed that
it can be straightforwardly implemented.

In a future work, the extension of the proposed model to mix-
tures will be investigated.

5. Notations and Symbols

a Helmholtz energy (J)

cy Specific heat capacity at constant volume (J-mol~1.-K-1)

ky, Boltzmann constant (J-K~1)

Na Avogadro’s number (mol-1)

mg Molecular mass (kg)

m Chain length (molecular parameter used when the fluid is
modelled as a chain of spheres)

P Pressure (Pa)

P Critical pressure (Pa)

P: Reduced pressure P/P:

T Temperature (K)

Tc Critical temperature (K)

T; Reduced temperature T/T;,

v Molar volume (m3-mol-1)

s Molar entropy (J-mol~1-K-1)

s¢ Critical value of the molar entropy (J-mol~1-K-1)

§ Reduced (dimensionless) molar entropy (s/R)

§¢ Critical value of the reduced molar entropy
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Xgs X-coordinate used for the application of our entropy-scaling
(ES) approach Xgs = — (=) — In(FR=tes)
S T

Tv—re: v—res

Xg Critical value of Xgs

XEcg"eCte‘j =Xgs expression including a tc-PR-specific correction
for extending its range of applicability (T; > 4).

Ygs Y-coordinate used for the application of the proposed
entropy-scaling (ES) approach (Ygs = In(R))

&/k, Molecular attraction parameter, used in molecular models
and SAFT-type EoS

A Thermal conductivity (W-m~1.K-1)

Ao Thermal conductivity of a dilute gas (W-m~1-K-1)

AMc Thermal conductivity contribution due to the critical en-
hancement in the vicinity of the critical point (W-m~1.K-1)

A Residual thermal conductivity contribution (W-m~1.K-1)

Areference Reference thermal conductivity (used for thermal con-
ductivity scaling) (W-m~1-K-1)

X Reduced thermal conductivity defined as

n Dynamic viscosity (Pa-s)

D Self-diffusion coefficient (m2-s—1)

© Molar density (mol-m~3)

o~ Molecular density (number of molecules per m~3)

o Segment diameter (at 0 K) or collision diameter (m)

QU9+ Lennard-Jones collision integral

}‘real
reference

5.1. Indices

Tv —res Residual property in (T,v) conditions (difference be-
tween the real-state property and the perfect-gas property at fixed
T and v)

real Real-fluid state

tr Contribution due to molecular translations

int Contribution due to internal degrees of freedom

intDoF Internal degrees of freedom
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Appendix

Appendix A. Graphical illustration of the effect of the tc-PR specific
patch to correlate the thermal conductivity at high temperatures
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Fig. 16. Comparison between the non-corrected version of the Xgs variable (Subplot A) defined in Eq. (10) and the corrected version (Subplot B) given in Eq. (11) in
combination with the tc-PR Eos for the case of Krypton

Appendix B. Comparison between the use of the total specific heat thermal conductivity reported in Eq. (12) and Table 1. As pointed
capacity at constant volume and its contribution due to vibrational out in section ILC, this figure shows that a more universal behav-
and rotational internal degrees of freedom in the definition of the ior is achieved by considering the total specific heat capacity c'¢!
reference thermal conductivity of the real fluid while the qualitative aspect of the curves is only

slightly influenced by this choice. In subplot B, it can be observed

Fig. 17 reports a comparison between the entropy scaling curves that simple molecules like Argon for which ¢ — ¢, ¢ = 3R/2 and
obtained by considering ¢! in subplot A and in subplot B, ¢, iy = thus ¢, jo; — 0, exhibit higher reduced thermal conductivities (y-
creal _ ¢y (with ¢y = 3R/2) for the definition of the reference coordinates) at low densities (Xgs > 0) than other molecules, such
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Fig. 17. Comparison between consideration of the total specific heat capacity at constant volume (Subplot A) and its contribution due to vibrational and rotational degrees of
freedom (Subplot B) in the definition of the reference thermal conductivity reported in Eq. (12) and Table 1. The thermodynamic quantities are generated by the I-PC-SAFT
EoS.
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Table 2
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Strategy for fitting component-specific parameters depending on the availability of experimental data.

Number of experimental data
points at dense state

Number of experimental data
points at dilute state

Values of the a; and a,
parameters

Values of the by, by, ¢ and d parameters

Nbgata(Xgs < 0) =5 Nbgata(Xes > 0) > 3

Nbgata (Xes = 0) <3

Nbgata(Xgs < 0) <5

Specific to the chemical
component

Specific to the chemical component
Fixed to the chemical-family values (fixed to
the universal values when non-available)

Component-specific parameters not ascertained.

as n-hexane, for which c, j; > 0. Therefore, considering c, j,; rather
than c® will induce an up-shifting of entropy scaling curves for
molecules with negligible degrees of freedom like monoatomic and
simple gases.

Appendix C. Optimisation strategy for model parameters

In order to ensure a safe and transparent estimation of
model parameters, especially at low density states where a quasi-
universal behavior is observed (see Fig. 5), the optimization proce-
dure was defined as follows:

o Universal parameters were obtained considering the many com-
ponents reported in Figs. 14 and 15.

o Chemical-family specific parameters were optimized consider-
ing each family as a whole. by, by, ¢ and d parameters were
fixed to the universal values when the number of the available
experimental data points at the low-density states (Xgs > 0) is
less than 3 for the entire family.

« Finally, component-specific parameters are optimized following
criteria reported in Table 2

References

[1] G.M. Kontogeorgis, R. Dohrn, I.G. Economou, J.-C. de Hemptinne, A. ten Kate,
S. Kuitunen, M. Mooijer, LF. Zilnik, V. Vesovic, Industrial Requirements for
Thermodynamic and Transport Properties: 2020, Ind. Eng. Chem. Res. 60
(2021) 4987-5013, doi:10.1021/acs.iecr.0c05356.

[2] B.E. Poling, J.M. Prausnitz, J.P. O’Connell, The properties of gases and liquids,
5th ed, McGraw-Hill, New York, 2001.

[3] L. Cardona, L.A. Forero, J.A. Veldsquez, Correlation and Prediction of Thermal
Conductivity Using the Redlich-Kwong Cubic Equation of State and the Geo-
metric Similitude Concept for Pure Substances and Mixtures, Ind. Eng. Chem.
Res. 58 (2019) 23417-23437, doi:10.1021/acs.iecr.9b04974.

[4] D. Roy, G. Thodos, Thermal Conductivity of Gases. Organic Compounds at
Atmospheric Pressure, Ind. Eng. Chem. Fund. 9 (1970) 71-79, doi:10.1021/
i160033a011.

[5] J.E. Ely, HJ.M. Hanley, Prediction of transport properties. 2. Thermal conduc-
tivity of pure fluids and mixtures, Ind. Eng. Chem. Fund. 22 (1983) 90-97,
doi:10.1021/i100009a016.

[6] MJ. Assael, J.H. Dymond, M. Papadaki, P.M. Patterson, Correlation and predic-
tion of dense fluid transport coefficients. I. n-alkanes, Int. J. Thermophys. 13
(1992) 269-281, doi:10.1007/BF00504436.

[7] S.E. Quifiones-Cisneros, S. Pollak, K.A.G. Schmidt, Friction Theory Model for
Thermal Conductivity, ]. Chem. Eng. Data. 66 (2021) 4215-4227, doi:10.1021/
acs.jced.1c00400.

[8] Y. Rosenfeld, A quasi-universal scaling law for atomic transport in simple flu-
ids, J. Phys. 11 (1999) 5415-5427, doi:10.1088/0953-8984/11/28/303.

[9] G. Galliero, C. Boned, Thermal conductivity of the Lennard-Jones chain fluid
model, Phys. Rev. E. 80 (2009) 061202, doi:10.1103/PhysRevE.80.061202.

[10] M. Hopp, J. Gross, Thermal Conductivity of Real Substances from Excess En-

tropy Scaling Using PCP-SAFT, Ind. Eng. Chem. Res. 56 (2017) 4527-4538,

doi:10.1021/acs.iecr.6b04289.

M. Hopp, ]. Mele, R. Hellmann, ]. Gross, Thermal Conductivity via Entropy

Scaling: an Approach That Captures the Effect of Intramolecular Degrees of

Freedom, Ind. Eng. Chem. Res. 58 (2019) 18432-18438, doi:10.1021/acs.iecr.

9b03998.

M. Hopp, J. Gross, Thermal Conductivity from Entropy Scaling: a Group-

Contribution Method, Ind. Eng. Chem. Res. 58 (2019) 20441-20449, doi:10.

1021/acs.iecr.9b04289.

H.B. Rokni, J.D. Moore, A. Gupta, M.A. McHugh, R.R. Mallepally, M. Gavaises,

General method for prediction of thermal conductivity for well-characterized

hydrocarbon mixtures and fuels up to extreme conditions using entropy scal-

ing, Fuel 245 (2019) 594-604, doi:10.1016/j.fuel.2019.02.044.

H.B. Rokni, ].D. Moore, M. Gavaises, Entropy-scaling based pseudo-component

viscosity and thermal conductivity models for hydrocarbon mixtures and fuels

[11]

[12]

[13]

[14]

18

containing iso-alkanes and two-ring saturates, Fuel 283 (2021) 118877, doi:10.

1016/j.fuel.2020.118877.

W.A. Fouad, Thermal Conductivity of Pure Fluids and Multicomponent

Mixtures Using Residual Entropy Scaling with PC-SAFT—Application

to Refrigerant Blends, J. Chem. Eng. Data. 65 (2020) 5688-5697,

doi:10.1021/acs.jced.0c00682.

W.A. Fouad, LF. Vega, Transport properties of HFC and HFO based refrigerants

using an excess entropy scaling approach, J. Supercrit. Fluids 131 (2018) 106-

116, doi:10.1016/j.supflu.2017.09.006.

H. Liu, F. Yang, X. Yang, Z. Yang, Y. Duan, Modeling the thermal conductivity of

hydrofluorocarbons, hydrofluoroolefins and their binary mixtures using resid-

ual entropy scaling and cubic-plus-association equation of state, J. Mol. Liquids

330 (2021) 115612, doi:10.1016/j.molliq.2021.115612.

X. Yang, D. Kim, E.F. May, LH. Bell, Entropy scaling of thermal conductivity:

application to refrigerants and their mixtures, Ind. Eng. Chem. Res. 60 (2021)

13052-13070, doi:10.1021/acs.iecr.1c02154.

W.A. Malatesta, B. Yang, Aviation Turbine Fuel Thermal Conductivity: a Pre-

dictive Approach Using Entropy Scaling-Guided Machine Learning with Exper-

imental Validation, ACS Omega 6 (2021) 28579-28586, doi:10.1021/acsomega.
1c02934.

S. Chapman, T.G. Cowling, The mathematical theory of non-uniform gases:

an account of the kinetic theory of viscosity, thermal conduction, and diffu-

sion in gases, 3rd ed, Cambridge University Press, Cambridge ; New York,

1990.

E. Moine, A. Pifia-Martinez, J.-N. Jaubert, B. Sirjean, R. Privat, I -PC-SAFT: an

Industrialized Version of the Volume-Translated PC-SAFT Equation of State for

Pure Components, Resulting from Experience Acquired All through the Years

on the Parameterization of SAFT-Type and Cubic Models, Ind. Eng. Chem. Res.

58 (2019) 20815-20827, doi:10.1021/acs.iecr.9b04660.

[22] J.-N. Jaubert, R. Privat, Y.L. Guennec, L. Coniglio, Note on the properties altered
by application of a Péneloux-type volume translation to an equation of state,
Fluid Phase Equilibria 419 (2016) 88-95, doi:10.1016/j.fluid.2016.03.012.

[23] R. Privat, J.-N. Jaubert, Y.L. Guennec, Incorporation of a volume translation in
an equation of state for fluid mixtures: which combining rule? Fluid Phase
Equilibria 427 (2016) 414-420, doi:10.1016/j.fluid.2016.07.035.

[24] Y.Le Guennec, S. Lasala, R. Privat, J.-N. Jaubert, A consistency test for o-

functions of cubic equations of state, Fluid Phase Equilibria 427 (2016) 513-

538, doi:10.1016/j.fluid.2016.07.026.

Y.Le Guennec, R. Privat, S. Lasala, J.-N. Jaubert, On the imperative need to use a

consistent «-function for the prediction of pure-compound supercritical prop-

erties with a cubic equation of state, Fluid Phase Equilibria 445 (2017) 45-53,

doi:10.1016/.fluid.2017.04.015.

Y.Le Guennec, R. Privat, ].-N. Jaubert, Development of the translated-consistent

tc-PR and tc-RK cubic equations of state for a safe and accurate prediction

of volumetric, energetic and saturation properties of pure compounds in the

sub- and super-critical domains, Fluid Phase Equilibria 429 (2016) 301-312,

doi:10.1016/j.fluid.2016.09.003.

S.K. Mylona, M.J. Assael, W.A. Wakeham, Transport Properties of Fluids, in:

Reference Module in Chemistry, Molecular Sciences and Chemical Engineer-

ing, Elsevier (2014) B9780124095472110000, doi:10.1016/B978-0-12-409547-2.

11001-7.

Experimental Thermodynamics Volume IX, in: M.,J. Assael, ARH. Goodwin,

V. Vesovic, W.A. Wakeham (Eds.)Advances in Transport Properties of Fluids,

Royal Society of Chemistry, Cambridge, 2014, doi:10.1039/9781782625254.

[29] G.A. Olchowy, ].V. Sengers, A simplified representation for the thermal con-
ductivity of fluids in the critical region, Int. J. Thermophys. 10 (1989) 417-426,
doi:10.1007/BF01133538.

[30] S.B. Kiselev, V.D. Kulikov, Crossover behavior of the transport coefficients of
critical binary mixtures, Int. J. Thermophys. 15 (1994) 283-308, doi:10.1007/
BF01441587.

[31] RA. Ferrell, Decoupled-Mode Dynamical Scaling Theory of the Binary-Liquid
Phase Transition, Phys. Rev. Lett. 24 (1970) 1169-1172, doi:10.1103/PhysRevLett.
24.1169.

[32] A. Eucken, Allgemeine Gesetzmdfigkeiten fiir das Warmeleitvermogen ver-
schiedener Stoffarten und Aggregatzustande, Forsch. Ing.-Wes. 11 (1940) 6-20,
doi:10.1007/BF02584103.

[33] R. Privat, J.-N. Jaubert, E. Moine, Improving students’ understanding of the con-
nections between the concepts of real-gas mixtures, gas ideal-solutions, and
perfect-gas mixtures, ]. Chem. Educ. 93 (2016) 2040-2045, doi:10.1021/acs.
jchemed.6b00553.

[34] Y. Rosenfeld, Relation between the transport coefficients and the internal en-
tropy of simple systems, Phys. Rev. A. 15 (1977) 2545-2549, doi:10.1103/
PhysRevA.15.2545.

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[25]

[26]

[27]

[28]


https://doi.org/10.1021/acs.iecr.0c05356
http://refhub.elsevier.com/S0017-9310(22)00756-6/sbref0002
https://doi.org/10.1021/acs.iecr.9b04974
https://doi.org/10.1021/i160033a011
https://doi.org/10.1021/i100009a016
https://doi.org/10.1007/BF00504436
https://doi.org/10.1021/acs.jced.1c00400
https://doi.org/10.1088/0953-8984/11/28/303
https://doi.org/10.1103/PhysRevE.80.061202
https://doi.org/10.1021/acs.iecr.6b04289
https://doi.org/10.1021/acs.iecr.9b03998
https://doi.org/10.1021/acs.iecr.9b04289
https://doi.org/10.1016/j.fuel.2019.02.044
https://doi.org/10.1016/j.fuel.2020.118877
https://doi.org/10.1021/acs.jced.0c00682
https://doi.org/10.1016/j.supflu.2017.09.006
https://doi.org/10.1016/j.molliq.2021.115612
https://doi.org/10.1021/acs.iecr.1c02154
https://doi.org/10.1021/acsomega.1c02934
http://refhub.elsevier.com/S0017-9310(22)00756-6/sbref0020
https://doi.org/10.1021/acs.iecr.9b04660
https://doi.org/10.1016/j.fluid.2016.03.012
https://doi.org/10.1016/j.fluid.2016.07.035
https://doi.org/10.1016/j.fluid.2016.07.026
https://doi.org/10.1016/j.fluid.2017.04.015
https://doi.org/10.1016/j.fluid.2016.09.003
https://doi.org/10.1016/B978-0-12-409547-2.11001-7
https://doi.org/10.1039/9781782625254
https://doi.org/10.1007/BF01133538
https://doi.org/10.1007/BF01441587
https://doi.org/10.1103/PhysRevLett.24.1169
https://doi.org/10.1007/BF02584103
https://doi.org/10.1021/acs.jchemed.6b00553
https://doi.org/10.1103/PhysRevA.15.2545

A. Dehlouz, ].-N. Jaubert, G. Galliero et al.

[35] L. Novak, Self-Diffusion Coefficient and Viscosity in Fluids, Int. J. Chem. React.
Eng. 9 (2011), doi:10.1515/1542-6580.2640.

[36] L.T. Novak, Fluid Viscosity-Residual Entropy Correlation, Int. J. Chem. React.
Eng. 9 (2011), doi:10.2202/1542-6580.2839.

[37] O. Létgering-Lin, M. Fischer, M. Hopp, J. Gross, Pure Substance and Mixture
Viscosities Based on Entropy Scaling and an Analytic Equation of State, Ind.
Eng. Chem. Res. 57 (2018) 4095-4114, doi:10.1021/acs.iecr.7b04871.

[38] O. Lotgering-Lin, J. Gross, Group Contribution Method for Viscosities Based
on Entropy Scaling Using the Perturbed-Chain Polar Statistical Associating
Fluid Theory, Ind. Eng. Chem. Res. 54 (2015) 7942-7952, doi:10.1021/acs.iecr.
5b01698.

[39] LH. Bell, R. Hellmann, A.H. Harvey, Zero-density limit of the residual en-
tropy scaling of transport properties, J. Chem. Eng. Data. 65 (2020) 1038-1050,
doi:10.1021/acs.jced.9b00455.

[40] ].C. Dyre, Perspective: excess-entropy scaling, J. Chem. Phys. 149 (2018) 210901,
doi:10.1063/1.5055064.

[41] G. Galliero, Equilibrium, interfacial and transport properties of n-alkanes: To-
wards the simplest coarse grained molecular model, Chem. Eng. Res. Des. 92
(2014) 3031-3037, doi:10.1016/j.cherd.2014.05.028.

[42] LH. Bell, R. Messerly, M. Thol, L. Costigliola, J.C. Dyre, Modified Entropy Scaling
of the Transport Properties of the Lennard-Jones Fluid, J. Phys. Chem. B. 123
(2019) 6345-6363, doi:10.1021/acs.jpcb.9b05808.

[43] M. Huber, A. Harvey, E. Lemmon, G. Hardin, I. Bell, M. McLinden, NIST Refer-
ence Fluid Thermodynamic and Transport Properties Database (REFPROP) Ver-
sion 10 - SRD 23, (2018). https://doi.org/10.18434/T4/1502528.

[44] M. Dzugutov, A universal scaling law for atomic diffusion in condensed matter,
Nature 381 (1996) 137-139, doi:10.1038/381137a0.

[45] Dortmund Data Bank, (2021). www.ddbst.com.

19

International Journal of Heat and Mass Transfer 196 (2022) 123286

[46] A. Dehlouz, R. Privat, G. Galliero, M. Bonnissel, J.-N. Jaubert, Revisiting the
Entropy-Scaling Concept for Shear-Viscosity Estimation from Cubic and SAFT
Equations of State: application to Pure Fluids in Gas, Liquid and Supercriti-
cal States, Ind. Eng. Chem. Res. 60 (2021) 12719-12739, doi:10.1021/acs.iecr.
1c01386.

[47] A. Dehlouz, ]. Jaubert, G. Galliero, M. Bonnissel, R. Privat, A new entropy-
scaling based model for estimating the self-diffusion coefficients of pure fluids,
Ind. Eng. Chem. Res. (2022), doi:10.1021/acs.iecr.2c01086.

[48] DIPPR Data Compilation of Pure Chemical Properties, Design Institute for Phys-
ical Properties, (2021). https://dippr.byu.edu.

[49] A. Pina-Martinez, R. Privat, ]. Jaubert, Use of 300,000 pseudo-experimental
data over 1800 pure fluids to assess the performance of four cubic equations
of state: SRK, PR, tc-RK, and tc-PR, AIChE J. 68 (2022) e17518, doi:10.1002/aic.
17518.

[50] N. Ramirez-Vélez, R. Privat, A. Pina-Martinez, ]. Jaubert, Assessing the per-
formance of non-associating SAFT-type equations of state to reproduce vapor
pressure, liquid density, enthalpy of vaporization, and liquid heat capacity data
of 1800 pure fluids, AIChE ]. 68 (2022) e17722, doi:10.1002/aic.17722.

[51] P.D. Neufeld, A.R. Janzen, R.A. Aziz, Empirical Equations to Calculate 16 of the
Transport Collision Integrals €2 (¢ 9+ for the Lennard-Jones (12-6) Potential, J.
Chem. Phys. 57 (1972) 1100-1102, doi:10.1063/1.1678363.

[52] L.D. Smoot, D.T. Pratt, Pulverized-Coal Combustion and Gasification: theory and
Applications for Continuous Flow Processes,.

[53] LH. Bell, G. Galliero, S. Delage-Santacreu, L. Costigliola, An entropy scaling de-
marcation of gas- and liquid-like fluid behaviors, J. Chem. Phys. 152 (2020)
191102, doi:10.1063/1.5143854.

[54] LH. Bell, S. Delage-Santacreu, H. Hoang, G. Galliero, Dynamic Crossover in Flu-
ids: from Hard Spheres to Molecules, J. Phys. Chem. Lett. 12 (2021) 6411-6417,
doi:10.1021/acs.jpclett.1c01594.


https://doi.org/10.1515/1542-6580.2640
https://doi.org/10.2202/1542-6580.2839
https://doi.org/10.1021/acs.iecr.7b04871
https://doi.org/10.1021/acs.iecr.5b01698
https://doi.org/10.1021/acs.jced.9b00455
https://doi.org/10.1063/1.5055064
https://doi.org/10.1016/j.cherd.2014.05.028
https://doi.org/10.1021/acs.jpcb.9b05808
https://doi.org/10.1038/381137a0
http://www.ddbst.com
https://doi.org/10.1021/acs.iecr.1c01386
https://doi.org/10.1021/acs.iecr.2c01086
https://dippr.byu.edu
https://doi.org/10.1002/aic.17518
https://doi.org/10.1002/aic.17722
https://doi.org/10.1063/1.1678363
https://doi.org/10.1063/1.5143854
https://doi.org/10.1021/acs.jpclett.1c01594

	Combining the entropy-scaling concept and cubic- or SAFT equations of state for modelling thermal conductivities of pure fluids
	1 Introduction
	2 Theoretical background
	2.1 Modelling the thermal conductivity of fluids
	2.2 Application of the entropy scaling concept to thermal conductivity: key advances
	2.3 A new approach
	2.4 Functional form for the calculation of the thermal conductivity of real pure fluids

	3 Results & discussion
	3.1 Component-specific parameters
	3.2 Chemical-family specific parameters
	3.3 Universal parameters

	4 Conclusion
	5 Notations and Symbols
	5.1 Indices

	Declaration of Competing Interest
	CRediT authorship contribution statement
	Supplementary materials
	Appendix
	Appendix A Graphical illustration of the effect of the tc-PR specific patch to correlate the thermal conductivity at high temperatures
	Appendix B Comparison between the use of the total specific heat capacity at constant volume and its contribution due to vibrational and rotational internal degrees of freedom in the definition of the reference thermal conductivity
	Appendix C. Optimisation strategy for model parameters

	References


