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Thermal Conductivity Modeling of Pure Refrigerants
in a Three-Parameter Corresponding States Format'

G. Scalabrin,>3 L. Piazza,> M. Grigiante,4 and M. Baruzzo?

The potential of the corresponding states (CS) principle for modeling a
pure fluid thermal conductivity surface is studied here. While for thermo-
dynamic properties and for viscosity, successful results have been previously
obtained by directly applying an improved three-parameter CS method, sig-
nificant difficulties were encountered while trying to extend this method to
thermal conductivity and, in particular, it fails if applied without separately
dealing with the dilute-gas term, and the residual and critical enhancement
contributions. These last two parts are also combined in the excess term. It is
shown that the dilute-gas term cannot be expressed in such a format, and it
has necessarily to be individually modeled for each target fluid. On the con-
trary, the excess contribution can be described through a specific conductivity
scaling factor that can be individually determined from a single saturated lig-
uid conductivity experimental value. The model for the excess part is set up
in a three-parameter CS format on two reference fluids, in the present case,
methane and R134a, for which dedicated thermal conductivity equations are
available, and it has a predictive character. The models for the dilute-gas and
for the excess contributions are then combined to give the final TC model.
The model has been successfully validated for two homologous families of
refrigerant fluids obtaining an AAD of 3.67% for 3332 points for haloalk-
anes and an AAD of 2.87% for 354 points for alkanes.
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1. INTRODUCTION

The development of predictive models for thermophysical properties is
always regarded with great interest, particularly where the lack of reliable
experimental data does not allow the development of correlative models
of high accuracy. In the field of transport properties, this is specifically
the case for thermal conductivity (TC) for which, due to the difficulties
involved with the measurement procedures, high accuracy experimental
values appeared only lately in the literature as, for example, for alkanes
(A) and haloalkanes (HA).

The present work examines the corresponding states (CS) technique,
specifically applied to HA, considering the increasing demand of knowl-
edge for refrigerant fluid properties in the last few years. Apart from the
specific technological interest of the new refrigerants, the approach fol-
lowed in this work demonstrates the high potential of the CS principle
when applied to specific families of homologous fluids. At the same time,
this method provides a solution that can be extended to those fields of
thermophysical properties where correlative methods fail due to the incon-
sistency or paucity of experimental data. Besides, it represents an alter-
native approach with respect to the procedure adopted to develop very
precise dedicated equations, which can be followed only when a rela-
tively large quantity of consistent experimental data are available. At the
moment, this procedure has been applied to a limited number of flu-
ids, obtaining dedicated thermal conductivity equations (DTCE) for fluids
mostly belonging to A and HA. The fundamental idea of the present work
consists in the utilization of these specific equations for a couple of ref-
erence fluids, associated with an original analysis of the CS method for
transport properties.

The final results demonstrates that the CS principle can be applied
not only to generalized thermodynamic properties but can be also used for
transport properties and successfully applied to obtain innovative models.

2. CONFORMALITY ANALYSIS OF THE THERMAL
CONDUCTIVITY

The extension of the CS principle to TC can be approached through
a conformality analysis applied at first to thermodynamic properties [1].
Summarizing this concept, a group of fluids are said to be perfectly
conformal if their thermodynamic surfaces f (P, p;, Ty) =0, when expressed
in reduced variables, are perfectly superimposed. As it is well known, this
is true only for noble gases over limited ranges of the reduced thermo-
dynamic variables. This approach is here proposed for the TC surfaces
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f (P, Ay, Tr) =0. It is worth noting that this analysis can be proposed as
DTCEs are now available for a number of fluids, and they can be used
to represent thermal conductivity surfaces with high accuracy. This enables
verification of the degree of the thermal conductivity conformality and,
consequently, it makes it possible to evaluate whether the CS behavior
can be claimed also for this transport property function. In Figs. 1 and 2
the TC functions, presented here (for the sake of clarity) only for satu-
rated liquid and vapor conditions, respectively, are reported as functions
of the reduced temperature for a selected number of A and HA. From
these figures, it can be deduced that, although for liquid conditions the
f (P, Ay, Tr) =0 surfaces do not superimpose, they demonstrate a signifi-
cant parallelism trend, while for the vapor phase, the behavior of the
examined fluids is completely independent of each other. This analysis,
simply deduced from an heuristic point of view, is sufficient to conclude
that the examined fluids have, with respect to the TC, a low degree of con-
formality. The results of the conformality analysis for TC show a relevant
different behavior with respect to that observed for thermodynamic prop-
erties [1] and for viscosity [2]. Going back to such studies, the high degree
of conformality of these properties, enabled the determination of specific
scaling parameters for setting up predictive and generalized models as a
direct application of the CS principle.

To apply a similar procedure to TC, it has then been necessary to
improve the study of the conformality behavior. The present approach
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Fig. 1. Reduced thermal conductivity for saturated liquid conditions
)\lrsa‘ as a function of 7; for the studied fluids.



376 Scalabrin, Piazza, Grigiante, and Baruzzo

°
m C3 [ ]
14| o Ri123 o®
A Ri25 ..' 40
5 12| | v Ri52a o0 00°%s
o o R143a 0®®,0° A
“ ® R245fa e®,0° A v
e® 0 A
g 10 %50 R4
0% o A [u]
g .'..;ooo AA VVI
9 gt e0®®® 00 R vgt®
o o0®® AA ve O
S qevee® 00 ast =" .0
S A o
= 6} OOO AAAA i¥¥ o
8 Ooo AAAAA givi o®
RgiAAAAAAA nnunﬂﬂv DDDD
4 vvvvvvvvvvuquvnﬂﬂ Dnnnnunn
nnnnnnﬂﬂnnnnnnn
DDDDI 1 1 1 1 1 1

0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95
T

r

Fig. 2. Reduced thermal conductivity for saturated vapor conditions
2%t as a function of T; for the studied fluids.

moves from the analysis of the correlation scheme usually assumed for the
transport properties dedicated equation development. This can be seen as
an equation based on the contribution of three terms depending on tem-
perature and density:

A(p, T)=20(T)+Arr(p, T)+AcA (o, T) (D

where Ao (T) is the dilute-gas term, representing the zero-density limit of
TC and depending only on temperature, AgA (p, T) is the residual func-
tion depending on temperature and density, whereas AcA (p, T) is the criz-
ical enhancement function, which is effective in a A, p, T region close to the
critical point.

In the former equation the last two terms are often also written as

ApA (0, T)=ArA(p. T)+Acr(p. T) 2)

where Agh (p, T) is designated as the excess term, or the additional part
of TC with respect to the dilute-gas term.

To apply the CS approach in this field, it is then necessary to ana-
lyze, at first, the conformality behavior of the dilute-gas term A (7) and
then of the excess contribution AgA (p, T). About the critical contribution
term, it should be pointed out that, strictly close to the critical point, the
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experimental TC is measured with great difficulty. To overcome this prob-
lem, a theoretical analysis has been developed to yield the critical enhance-
ment function Aci (p, T) which is valid close to the critical point. As a
consequence, the TC in such a region can be described only through crit-
ical functions specifically obtained for the fluid of interest. The modeling
for this region, directly resorting to the CS approach, does not give sat-
isfactory results. The extension of the proposed CS model to the critical
region has to be presently regarded as a work in progress.

Emphasis is given here to the modeling approach followed for the
dilute-gas term XA (7)) and the excess function representation. As the crit-
ical term AcA (p, T) is effective in a relatively wide domain near the crit-
ical region, omission of this contribution from the TC model gives rise
to a significant error. It is, furthermore, necessary to point out that in a
region very close to the critical point a three-parameter CS method usu-
ally cannot perform satisfactorily, also because the reference equations are
not valid in such a region.

2.1. Dilute-Gas Term Analysis

In order to investigate the possibility to extend the three-parame-
ter CS approach to the dilute-gas contribution, in Fig. 3 this term is
plotted in its reduced form Ag. (7:) vs the reduced temperature T for
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Fig. 3. Dilute-gas thermal conductivity in reduced form Ao, as a
function of T; for the studied fluids.
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Table I. Coefficients for the Dilute-Gas Term Equation
Coefficients
Fluid A B C D Ref.
Methane 1.892461 x 1073 7.443056 x 103 1.041690 x 10~7  — [3]
Ethane —1.605872 3.312734 x 1072 1471154 x 1074 — [4]
Propane 2.607618 6.024197 x 1073 1.586886 x 1074 — [5]
n-Butane — 3.308681 x 1072 1.219902 x 1074 — [6]
i-Butane —4.588456 3.498096 x 102 1.156719 x 1074 — 7
R22 —5.193255 47416636 x 1072 2.004695 x 1075 — 8]
R32 9.430262 —5.224346x 1072 2077275 x 1074 — 9]
R123¢ - - - - [10]
R124? —15.043 41.146 —36.294 11.192  [11]
R125 7.537477 —3.326057x 1072 1.876806 x 1074 — [12]
R134a —16.57440 0.124286 —7.617690x1075 - [13]
R141b - 2.23430 x 1072 4.15420 x 103 - [14]
R142b —12.215945 8.007880 x 1072 — - [15]
R152a —14.94200 9732830 x 1072 — - [16]
R143a —13.738195 9.155812x 1072 — - [17]
R236fa  —42.212889 0.278064 —3.1499786x107% - [18]
R245fa —2.192724 5247022 x 1072 - - [19]
E-245mc  —11.112550 7.699999 x 1072 — - [20]

aFor R123 the adopted relation is: Aq. (T)=1000 (5.695 x 10~3 T—0.00778).
bFor R124 the temperature variable is: T = 7/298.15.

a selected number of fluids. The reported values originate from existing
Aror (T,) functions, where available; alternatively, these values have been cal-
culated from individual correlations obtained by regressing vapor TC data
at very low pressure. These equations present the same temperature depen-
dence, but they have fluid specific coefficients. The assumed functional
form is

hor (T)=A+BT.T, +C (T.T,)* + D (T.T,)* 3)

and the coefficients are reported in Table I.

As it is well known, the critical values of the transport properties can-
not be used to express the data in a reduced form; theoretically they tend
to infinity. It is then necessary to introduce a pseudo-critical TC parameter
K. defined as

RS/6 P2

Ki=—7r———
R L VIYRVE

(4)
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where T, is the critical temperature, P, is the critical pressure, and M is
the molar mass, while R is the universal gas constant and A is Avogadro’s
number. The reduced form A, is then obtained from

b= — )

The dilute-gas correlations can be likewise expressed in a reduced form
through the previous K. factor obtaining the reduced Ag, (7;) functions
plotted in Fig. 3. This representation clearly demonstrates that the classi-
cal trend expected for quantities expressed in a CS form cannot be claimed
in this case for the dilute contribution terms. Not only is a CS behavior
not observed, but also these functions exhibit diverging trends. These con-
ditions make it impossible to apply the CS principle to these terms and,
consequently, it is also impossible to set up a CS modeling scheme for TC
at low pressures. As a result, it is proposed to assume fluid specific corre-
lations to represent the TC dilute-gas contribution.

2.2. Excess Term Analysis

From Egs. (1) and (2), knowing the TC real value of A (p,T) and
adopting a fluid specific expression for the dilute contribution term Ag (7T),
as those proposed in the previous section, the excess term can also be
expressed as

Aph(p, T)=2(p, T) = 1o (T) (6)

Following the generalization procedure expressed by Egs. (4) and (5), this
term can be expressed in a reduced form. This quantity is plotted in Fig. 4
for saturated liquid conditions of a number of fluids. As shown by the
graph, the reduced excess TC contribution does not rigorously verify the
three-parameter CS criterion, because the curves do not perfectly super-
impose. But, with respect to the dilute-gas contributions represented in
Fig. 3, there is a strong trend for the functions to move away one from
the other in a quasi-parallel mode. This finding can then be assumed as
an extension of the conformality criterion for this property, demonstrating
a high degree of parallelism for the TC surfaces in a CS format.

The problem is to find a property-specific scalar parameter which
allows shifting from the conductivity surface of a reference fluid to one
of interest. The procedure for the determination of the scalar parameters
is similar to that adopted for viscosity [2] and for recent thermodynamic
properties modeling [1].
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Fig. 4. Reduced excess thermal conductivity of saturated liquid AEAIrsa‘
as a function of 7; for the studied fluids.

3. PROPOSED CORRESPONDING STATES MODEL FOR
THERMAL CONDUCTIVITY

The first step of the model involves the definition of the scaling
parameter suitable for TC. As a consequence of the former discussion, this
parameter is specifically applied to the excess term contribution and can
be simply drawn examining Fig. 4. Selecting a fluid as the reference, which
in this case is methane, the individual scaling parameter x; can be defined
as

= (apa| — app

ref ) T: (7)

where A E)Llrsz"t|i is the reduced excess TC of the fluid of interest at sat-
urated liquid conditions and A E)»lrsat|ref is the corresponding quantity of
the reference fluid. The subscripts £ and r stand for excess and reduced,
respectively, whereas the superscript [sat stands for the saturated liquid
condition. For the target fluid the AEAIrsat}i value is obtained from an
experimental saturated liquid value, at a selected Ty, through Eq. (6) in
which the dilute term has to be known, as from the general assumptions
of the model. The A E)»f‘“|ref term is instead calculated from the TCDE of
methane, as the reference fluid.

As a general rule, the «; values can be defined at a generic reduced
temperature 7. The only criterion limiting this choice is the availability

i
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of experimental data or individual correlations for the saturated liquid
condition. For the studied fluids, most of the TC saturated liquid data
bracket the range 0.7<7;<0.8. To avoid extrapolation and in order
to refer the scalar parameters to actual experimental values, the selec-
tion of 7 =0.75 looks to be the best compromise to fulfil these condi-
tions.

For the case that the «; scaling factor can be considered in a range
of T; as independent from 7; and that the Agalsat (Tr)]ref function is
known, any other AE)»]rS‘"t (Tr)|i function can be obtained from linear
scaling through «;. Because for conformal fluids at each T7; the satu-
rated liquid thermal conductivity vs «; tends to fall on a straight line,
as shown in Fig. 4, the saturated liquid thermal conductivity of a tar-
get fluid can be obtained through interpolation, by means of «;, of the
thermal conductivity of two reference fluids at the same 7;. Assuming
that the same linear scaling is constant away from the saturated lig-
uid condition, that is, for the liquid, vapor, and supercritical regions,
namely

ki (Tr, Pr)l liq = Ki|”sllr = const (®)
V'dp
scrit
the former results can be extended to the entire A,.T;P. surface. After
determining these values for the homologous families of fluids investigated
here, a CS model for the excess term can then be set up in a classical
three-parameter CS format as follows.
Two fluids of the family have to be chosen as references. At given T,
P values of the fluid of interest, the densities of the two reference fluids
have to be calculated at the same reduced conditions, T and P, of the
fluid of interest by their dedicated equation of state implicitly solved in the
density variable:

Pr:Prl (Tr, prl)
{ Pl‘ — Pirz (TI" pEZ) (9)

where superscripts rl and r2 stand for the reference fluids. These density
values are used as input variables, together with Ty, to calculate the corre-
sponding TC values of the reference fluids, A'! (p”, T”) and A2 (prz, Trz),
respectively, through their DTCEs, where for r1 it is 7" =7, /' and
similarly for r2. Subtracting from these values the dilute-gas contribu-
tions, Afl (T™1) and A}? (T™) for the references r1 and r2, respectively,
the obtained values represent the excess contributions AgA! (prl, T“) and
ApAt? (pr2, Trz) of the reference fluids. According to the former procedure,
Egs. (4) and (5), the reduced forms of the excess contributions are
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AEA.rl (Trl,pﬂ)

Apk!=——m (10)
o AE)LQ(TrZ’prZ)
Aphy = ——a

From these values and the «; value of the target fluid, its excess contribu-
tion AgA; (Tt, py) can be determined in reduced form by solving the three-
parameter CS equation:

K _Krl
Aphs (T pr) = Aph] + s (Apr? = apx') (D)

The excess term of the fluid can then be obtained as a function of tem-
perature and density by

AgX (p, T)i:KciAE)\r (1, pri) (12)

and, given the dilute-gas term Xig (7); of the fluid of interest, its overall A
can be determined as

A, T)i=xo (T)i+ApA (p, T); (13)

For the fluid of interest, besides the individual dilute-gas term g (T'), the
only specific parameters required are then T, P. and a single TC exper-
imental value for the saturated liquid at 7 =0.75 from which to obtain
A E)\lrs"“|i from Eq. (6) and then «; from Eq. (7). In Table II, the «; values
calculated from data of the cited references are reported together with the
assumed critical parameters for the investigated fluids.

3.1. Choice of the Reference Fluids

For the proposed model, the choice of the reference fluids influences
the results and determines the ranges of application of the model. At first,
the selected reference fluids have to fulfil some requirements:

1. Availability of a dedicated equation of state in order to ensure high
accuracy for the required conversion from the 7, P to the T,p
variables.

2. Availability of an accurate TC equation with a wide range of valid-
ity in the 7; and P, domain.

3. The TC equations of the reference fluids need to have the crit-
ical enhancement term. In the proposed model, a domain very
close to the critical region has not been considered; the critical
enhancement contribution of the reference equations can be used
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Table II. Critical Data and Fundamental Parameters for the Proposed Model. (Methane is
the reference fluid for the parameter «; calculation)

Fluid Formula T. (K) P.(MPa) M Ki Ref.

Halogenated alkanes

R22 CHF,Cl1 369.29 4.988 86.469 12.5633  [9]

R32 CH,F> 351.25 5.782 52.024 19.2621  [12]
R123 CHCI,CF; 456.83 3.668 152.930 154515 [13]
R125 CHF,CF3 339.33 3.629 120.022  17.9330  [14]
R134a CH,FCF; 374.18 4.056 102.032  18.1325 [15]
R141b CFCl,CHj3 477.35 4.190 116.940  11.5346 [16]
R142b CF,CICH; 410.25 4.123 100.496  11.9805 [21]
R152a CH3;CHF> 386.41 4.495 66.051 13.6459  [22]
R124 CHCICF4 395.42 3.636 136.480 14.9165 [23]
R143a CF;CH3 346.04 3.780 84.048 17.0477  [24]

R236fa 1,1,1,3,3,3-hexafluoropropane ~ 398.07 3.200 152.040  31.0674  [18]
R245fa 1,1,1,3,3—pentafluoropropane ~ 430.75 3.640 134.050  20.9666 [19]

E-245m¢  CF3CF,0CH; 406.83 2.887 150.054  41.6953 [29]
Alkanes

Methane CHy 190.56 4.599 16.0428 ¢ 4]
Ethane CyHg 305.33 4.872 30.07 5.2894 M
Propane  C3Hg 369.85 4.247 44.098 7.0779 [6]
n-Butane  n-C4Hjo 425.16 3.796 58.125 11.6846 [6]
i-Butane  iso-C4Hjg 407.85 3.640 58.125 103124  [7]

4Reference fluid.

to account for possible influences of the critical behavior outside
that domain.

4. Because for most of the fluids the dilute-gas terms have been
obtained from experimental data regression, their 7 validity
domains are different for each fluid and, in some cases, very
limited. As a consequence, the selection criterion imposes that the
dilute-gas terms of the reference fluids bracket the corresponding
terms of the target fluids.

After a detailed analysis of the TC surfaces and according to the
examined constraints, the fluids selected as references were methane and
R134a. For sake of brevity, detailed information on their equations are
omitted here and reference is made to the original publications for meth-
ane [26] and for R134a [27]. This choice has the advantage to set up
a single model, based on the same reference fluids, which can be used
to represent the TC surfaces of both A and HA. Taking into account
the validity ranges of the reference equations, the model is applicable in
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the temperature ranges 0.734 < T; <0.99 below the critical isotherm and
1.01 < T: < 1.095 above the critical isotherm, whereas the pressure range is
up to P.=17.258. As discussed earlier, the use of DTCEs including a crit-
ical enhancement term enables the extension the model validation close to
the critical point.

As the model accuracy depends on that of the reference DTCE:s, val-
idation of these equations needs to be done. The available data, inside the
validity range of the equations, have been divided into different regions,
and the results are reported in Table III.

For methane, the number of sources is limited and the saturated con-
ditions cannot be tested, but for the available data the accuracy is high,
with less reliable results in the near-critical region with data from a single
source. The performance of the R134a DTCE is good over the whole sur-
face with less reliable results for the vapor phase. The overall AAD values
of both reference equations are less than the normal experimental uncer-
tainties, and the bias values are excellent for both fluids demonstrating the
absence of shifting of these DTCEs.

Equation (11) can also be incidentally applied for a preliminary test
checking the conformality of a fluid of interest with respect to a family of
fluids for which a couple of references are already known. Comparison of
the few available data of such a fluid with the corresponding values pre-
dicted by that equation, allows verification of the conformality degree of
the fluid.

4. MODEL VALIDATION AND DISCUSSION OF RESULTS

Some preliminary considerations can be drawn for the validation. At
first, most of the available experimental measurements are limited to the
halogenated alkanes and alkanes considered here. Comparing the quality of
the existing data sets, it clearly emerges that their experimental uncertainty
stands around 3 to 4% and these results represent reference values for the
accuracy of any CS model for TC; this is also the accuracy level of the
available DTCE:s.

Besides the limited availability of data, there are two other reasons to
focus the present study to these two families. The first is that the effec-
tiveness of the CS principle is highly improved if applied to homologous
families such as these ones. The second is that testing the model both on
regular fluids as the alkanes and on polar fluids as the haloalkanes is an
important challenge for the model validation.

The validity ranges of the reference fluid dedicated equations limit
the model range which then restrains the number of experimental data to
use for validation. For this reason in Tables IV and V the data inside



Thermal Conductivity Modeling of Pure Refrigerants in CS Format

385

Table III. Validation Results of the Methane and R134a DTCE’s Selected as Reference
Fluids®
NPT

Range P Range T Inside model AAD  Bias Max
Phase (MPa) (K) NPT range (%) (%) (%) Ref
Methane
1 2.583-70.083 140.07-320.07 188 127 1.474 0.990 9.793  [28]
1 0.357-69.419 144.02-312.21 225 210 0.879 —0.493 71.40 [29]
v 0.103-0.103  140.49-324.00 18 12 2203 —2.203 2.853 [30]
v 1.864-6.130  323.15-325.15 15 4 0.889 0.640  1.538 [31]
v 0.101-20.610 314.26-314.26 12 12 1.467 —1.467 2.963 [28]
v 0.101-19.292  325-93-325-93 14 14 1.037 —0.947 2246 [32]
v 0.101-78.500 298.45-307.35 193 31 1.370 —1.370 2.834 [33]
v 0.101-0.101  323.15-32.15 5 1 1.395 1.395  1.395 [28]
sc 0.116-33.866 277.59-310.92 25 10 3.439 3.086 5.835 [34]
Overall 695 421 1.218 —0.120 71.4069
RI134a
1 0.135-6.097  253.25-363.15 46 46 3.024 -3.024 8.040 [3]
1 0.622-26.169 249.24-292.29 293 189 1.119 1.091 2217 [35]
1 0.752-5.962  301.07-371.65 547 547 2.060 —1.079 6.957 [35]
1 2.000-50.000 299.18-399.22 243 243 1.926 0.968 31.353  [36]
1 0.964-45.480 302.04-349.38 150 84 0.685 —0.273 1417 [36]
1 1.318-5.177  240.87-303.04 48 32 0.708 0.103 1.583 [9]
sl 0.693-0.697  301.26-303.27 28 28 1.125 —1.125 2347 [6]
sl 0.091-0.519  290.06-244.92 19 8 0.600 0419 2374 [6]
sl 0.075-0.702  240.00-300.00 21 13 2.838 2.838 4.004 [37]
sV 0.132-2.625  253.10-353.00 38 38 7.215 7.215 18.570  [37]
v 0.130-1.300  272.99-333.45 19 19 1.710 1.710  3.012 [38]
v 0.096-2.585  273.75-354.15 42 42 1.976 —1.304 5.766 [3]
v 0.100-0.100  303.00-383.00 5 3 2.092 0.346 2.618 [39]
v 0.102-0.974  301.22-391.27 338 239 3707 —1.087 13.127 [35]
v 0.021-1.743  241.21-341.78 417 417 5.646 5.391 24234 [35]
v 0.102-3.487  301.48-373.35 944 944 3.584 1.857  9.626  [35]
v 0.101-0.101  299.18-405.82 32 15 3.201 0.742  4.825 [36]
v 0.101-0.101  299.18-405.82 27 15 3.159 —-0.700 3.843  [40]
v 0.101-0.101  303.15-343.15 5 5 3.887 —3.887 6.326 [I]
v 0.100-0.100  298.15-343.15 6 6 3.827 -—3.827 6.481 [40]
v 0.027-0.030  294.50-363.20 8 8 1.355 1.025 3407 [41]
v 0.100-0.100  250.00-400.00 9 9 0.772 —0.105 1.626 [42]
v 0.050-0.200  235.33-439.51 21 16 1.878 0.795 3.863 [42]
v 0.100-3.050  273.15-363.15 38 38 7.215 7.215 18.57 [43]
Overall 3344 3004 3.278 —0.097 31.353
“Phase: | = liquid, sl = saturated liquid, v = vapor, sv = saturated vapor, sc =

supercritical.
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and outside the model range have been designated as “inside model range”
and “outside model range”, respectively, but the analysis of the validation
results obviously pertains only to the data inside the model range. It is
important to stress that no preliminary screening of the used data has
been done and that the obtained accuracy is then directly related to the
experimental uncertainty. This can be seen, for instance, by observing the
results of the different experimental data sets tested against DTCEs specifi-
cally for R123 and R152a. However, the fluids for which these equations
are available with a complete formulation including the critical enhance-
ment are very few: R123, R152a, and R134a among HAs, and methane
and ethane among As. R134a and methane, being used as references, have
been validated separately. For this reason the comparison of the present
model with DTCEs of refrigerants is so limited.

4.1. Validation for Haloalkanes

Together with the model results, Table IV reports also the experimen-
tal data sources presently available for HAs, fluoropropanes (FP), and a
fluoroether (FE). The data for R123, R152a, R142b, R22, R124, R141b,
R143a, R125, and R32 comprise a total of 5598 points, but considering
the model validity range, a total of 3106 experimental points have been
used. For the FPs R245fa and R236fa and the FE, the total data are 318,
of which 226 are here examined. In spite of the limited number of TC
data, the available sources span liquid, vapor, and supercritical regions,
in addition to saturation conditions. For this reason, the obtained results
have been separately reported according to their phases.

4.1.1. Liquid Region

For all the fluids the proposed model attains results of good accu-
racy and comparable with that claimed for experimental measurements.
For those fluids with a significant number of sources, the results in terms
of AAD (Absolute Average Deviation) are within 2 to 3%. These results
are confirmed, in particular, for R123 and R152a, which is comparable
with the corresponding performances of the dedicated equations. Not only
is the overall AAD practically the same between the two, with similar bias
levels for each of the sources, but also the least reliable results correspond
to the same sources, as, for example, the R152a liquid data set of Ref. 56,
for which the bias value confirms an evident shifting of data.

In Fig. 5, the deviations of the model for a number of HAs are plot-
ted as a function of reduced temperature, and they are confined within a
+4% error band. The results for three polar fluids with six different data
sources are represented by the model without any significant trend in the
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Table V. Model Validation for Alkanes

NPT AAD (O 0) Bias (0 0) Max (0 o)

inside mod.
Phase Range P (MPa) Range T (K) NPT range This model Ref.
Ethane
1 0.11-34.7 277.6-310.9 28 12 3.134 3.134 5589  [75]
1 0.10-78.5 306.5-309.3 113 15 1.584 —0.475 3.024 [33]
v 0.99-3.99 325.0-325.0 5 5 1.611 —1.611 2587 [31]
v 0.10-19.8 315.1-329.8 79 67 2.932 0.747 13976  [32]
sc 1.94-17.2 33.1-33.2 11 11 2760 —1.881 8.752  [76]
v 0.10-19.6 41.9-67.2 13 0 Outside model range [77]
Overall 249 110 2,692 0471
Propane
1 1.58-67.5 296.2-301.4 400 68 0.920 —0.284 2.043 [78]
1 5.61-34.6 2717.6-377.6 24 18 4.152 3.663 10.145  [79]
1 1.87-27.7 323.2-360.4 40 40 1.977 0.594  7.848  [80]
1 3.22-67.5 298.3-299.5 70 10 0921 —-0473 1.738  [81]
1 1.50-29.9 274.2-315.7 16 12 0.875 0.699 1465 [82]
sl 1.65-4.25 322.0-369.8 7 7 2.290 0.547  4.092  [80]
v 0.12-4.18 277.6-377.6 9 7 5.413 5413 14.137  [79]
v 0.10-3.12 323.2-360.4 11 11 2.787 0282  7.524  [80]
v 0.10-0.10 323.2-3982 5 4 0.626 0.235  1.665  [83]
sV 1.65-4.25 322.0-369.8 7 7 9.060 9.060 14.884 [79]
sC 0.10-28.5 378.7-369.2 32 19 7.493 —2.228 39.023  [80]
1 0.10 93.1-223.1 14 0 Outside model range [84]
Overall 635 203 2.605 0.464
n-Butane
1 0.80-20.0 316.0-335.6 15 6 0.490 —0.517 0.900 [18]
1 0.11-36.7 344.3-444.3 45 30 5.868 5.391 10341  [85]
v 0.10-0.10 323.2-423.1 5 5 2.619 2,619  3.485 [86]
1 0.10 143.1-272.6 14 0 Outside model range [84]
sl 0.00-0.04 148.2-252.2 36 0 Outside model range [87]
Overall 115 41 4.684 4.188
Overall alkanes 354 2.873 0.898
“Phase: 1 = liquid, sl = saturated liquid, v = vapor, sv = saturated vapor, sc =
supercritical.

error deviation, showing that the existing scatter is largely dependent on
the experimental uncertainty of the data.

4.1.2. Saturation Conditions

The former comments for the liquid phase results can be like-
wise extended to those at coexistence conditions, and specifically for the
saturated liquid. On the other hand, for the saturated vapor the data are
so limited that conclusions cannot be drawn.
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Fig. 5. Thermal conductivity deviations of pure fluids in the liquid region
as a function of T;.

4.1.3. Vapor and Supercritical Regions

The model performance shows very interesting results in this case too.
Worse results are obtained for supercritical conditions, evidently because
the model cannot properly account for the critical enhancement contribu-
tion. In the vapor phase, the model performs very well with an accuracy
level similar to that of the dedicated equations as in the case of R123 and
R152a. Excluding some references with a marked bias, such as Ref. 13 for
R22 and Ref. 39 for R143a, the results for these conditions are also within
the experimental uncertainty. Considering that the scaling parameters are
calculated at saturated liquid conditions, the results obtained for the vapor
phase demonstrate the high potential of the CS model approach.

In Fig. 6, the deviations are now plotted as a function of 7; for the
same group of HAs formerly examined for the liquid. In this case, the
deviations are confined in a £10% error band which is more than twice
the span for the liquid region. Also, in this case the data are represented
without an evident bias.

Summarizing the results, the overall AAD obtained for all the 3332
points of the HAs and FPs is 3.67% which is comparable with the average
value of the claimed experimental uncertainty and demonstrates the high
accuracy of the model.
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Fig. 6. Thermal conductivity deviations of pure fluids in the vapor region
as a function of T;.

4.2. Validation for Alkanes

For this family of fluids it is more difficult to sum up a general per-
formance of the model because of the limited amount of available data
sources. Excluding methane used as a reference component, only propane
provides a significant number of experimental values as shown on Table V.
Apart from the data sets pertaining to the saturated vapor and super-
critical regions, the results obtained for propane in the other regions are
similar to those reached for HAs and the results for ethane are of a sim-
ilar level. Considering all the regions, the overall AAD for a total of 354
points for ethane, propane, and n-butane is 2.87%, exhibiting a high accu-
racy level also for these fluids.

5. CONCLUSIONS

Through an innovative analysis the potential of the CS principle
is examined to extend to TC the three-parameter modeling techniques
recently implemented for thermodynamic properties and viscosity. The
proposed method extends the classical concept of CS conformality to
TC and defines for this quantity a new fluid-specific scaling parameter
of high effectiveness for the development of predictive schemes. A sin-
gle experimental value of the saturated liquid TC is required to calculate
such a scaling parameter. For a target fluid the proposed model requires
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the critical parameters 7. and P, a single saturated liquid TC value,
and the dilute-gas term XA (7), and it can be consequently considered as
semi-predictive.

The initial improvement of the present model consists in adopting a
simple CS format model for the excess TC term, based on high accuracy
dedicated equations with a wide range of validity. Since the model is devel-
oped using reduced variables, it enables, on one hand, to transfer the per-
formances of the reference fluid equations to the target fluids and, on the
other hand, to be applied over a complete AT P surface, excluding a region
close to the critical point. Due to its CS structure, the model attains suc-
cessful results when applied to specific family of homologous fluids. It
has been accordingly applied to both HAs and As. The range of validity
of the model is limited by the ranges of validity of the dedicated equa-
tions adopted for the reference fluids, methane and R134a. As a conse-
quence, only experimental data included in these ranges have been selected
for model validation. For the HAs, based on a total of 3332 points the
model gives an AAD of 3.67%, whereas for 354 points of As the cor-
responding value is 2.87%. Considering that no preliminary data screen-
ing has been performed and that the model accuracy is comparable with
the uncertainty claimed by the measurements, the present model can be
regarded as a valuable application extending the potential of the CS anal-
ysis to TC.
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