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Transport Properties of
1,1,1,2-Tetrafluoroethane (R134a)’

R. Krauss,? J. Luettmer-Strathmann,> J. V. Sengers,>* and K. Stephan’
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New equations for the thermal conductivity and the viscosity of R134a that are
valid in a wide range of pressures and temperatures are presented. They were
obtained through a theoretically based, critical evaluation of the available
experimental data, which showed considerable inconsistencies between data sets,
in particular in the vapor phase. In the critical region the observed enhancement
in the thermal conductivity is well represented by a crossover model for the
transport properties of fluids. Since thermodynamic properties enter into the
calculation of the critical enhancement of the transport properties, a new
fundamental equation for the critical region was developed also.

KEY WORDS: 1,1,1,2-tetrafluoroethane; correlation; critical region; equation
of state; HFC-134a; R134a; thermal conductivity; transport properties; viscosity.

1. INTRODUCTION

Since R134a (1,1,1,2-tetrafluoroethane) is considered to be an environmen-
tally acceptable alternative to the now commonly used, but ozone depleting
refrigerant R12 (dichlorodifluoromethane), there has recently been a great
interest in its thermophysical properties, including its transport properties.
Unfortunately the amount of experimental data available is still small and
different data sets are often inconsistent. An evaluation and correlation of
the transport properties of R134a was published recently by some of the
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authors [1], but without taking any critical enhancement of the transport
coefficients into account. Since, for the thermal conductivity, the effects of
critical fluctuations extend over a wide range of temperatures and densities
[2, 3], a considerable amount of data had to be excluded from the analysis.
The critical enhancement of the thermal conductivity of R134a was con-
sidered by Laesecke et al. [4] in the evaluation of their own experimental
thermal-conductivity data, but they used a classical equation of state
throughout their analysis. In the meantime new series of measurements of
the transport properties of R134a have become available, so that some data
gaps could be filled. It is the purpose of this work to investigate in detail
the available information for the thermal conductivity and the viscosity of
R134a including data in the critical region.

2. METHODOLOGY

The correlation of the viscosity and thermal conductivity is based on
the residual concept. The viscosity #(p, T) and the thermal conductivity
Mp, T) of a pure fluid at density p and temperature T may be considered
as composed of three different contributions [5, 6]:

(i) a dilute-gas term nq(T) and A4(T), respectively, that depends on
temperature only,

(ii) an excess or residual term Agn(p, T) and dgxi(p, T), respec-
tively, that accounts for the density dependence, and

(iii) a contribution A.n(p, T) and 4.A(p, T), respectively, that
represents the critical enhancement in a region extending around
the vapor-liquid critical point [2].

Some theoretical guidance about the temperature dependence of the
transport properties #o(7") and Ay(7) of a dilute gas can be obtained from
the kinetic theory of gases [7]. A theory for the enhancement A4.5(p, T)
and 4_A(p, T) due to critical fluctuations has been proposed by Olchowy
and Sengers [8, 971. For the excess contributions Axy(p, T) and dgi(p, T)
of a real gas, no reliable theoretical expressions are available, but it has
been found empirically that they depend at moderate pressures only weakly
on the temperature. As was found for other fluids [5, 8], for R134a the
temperature dependence of the excess terms may be neglected in the
pressure and temperature range of interest, because the resulting errors
are smaller than the experimental uncertainties. We thus represent the
transport properties of R134a by equations of the form

n(p, T)=no(T)+ drn(p)+d.n(p, T) (1)
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and
Mp, T)=Ao(T) + dx Mp) + 4. A(p, T) (2)

The dilute-gas and excess terms do not contain any contributions from
long-range critical fluctuations and they together represent what we refer to
as the background transport properties 7§ and A [2]

7=no(T)+ 4rn(p) (3)
A= Ao(T)+ Ag A(p) 4)

It has been established that the critical viscosity enhancement A x(p, T) is
small and becomes relevant only at temperatures and densities extremely
close to the critical point [8]. For R134a no experimental viscosity data
are available so close to the critical point and the background viscosity can
be directly identified with the actual available experimental viScOSity #ey,:

ﬁ(pa T) = rlexpt(ﬂ? T) (5)

However, the critical thermal-conductivity enhancement A4.i(p, T) is
significant in a large range of temperatures and densities and 4 is in
practice deduced from the experimental thermal conductivity A, as

Z(p’ T) = lexpt(p9 T)_Aci(ps T) (6)

The theory of Olchowy and Sengers yields expressions that relate 4.5 and
4.4 to various thermodynamic properties to be deduced from a com-
prehensive equation of state and to the background transport properties 7
and 4, while containing one system-dependent parameter g, that deter-
mines the maximum wave number of the collective critical fluctuations.
Starting from an initial theoretical estimate for 4.4(p, T), the contributions
4 and 4.4 are then determined by an iterative process until a satisfactory
representation of the experimental data is obtained [4, 5, 8].

3. DILUTE-GAS FUNCTIONS

The contributions of the transport properties in the zero-density limit,
#o(T) and A4(7T), may be treated independently from the excess terms and
the critical-enhancement terms. Therefore one usually starts the correlation
procedure with the determination - of the dilute-gas functions. Since
zero-density data of either property are lacking, we used data measured at
atmospheric pressure or below. Due to the scattering of the data sets, this
is justified because the resulting error lies within the precision of the
measurements.
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3.1. Viscosity

Experimental data in the vapor phase at atmospheric pressure were
obtained from the work of Nabizadeh and Mayinger [ 10], Takahashi et al.
[11], and Dowdell and Matthews [12]. Since the data of Takahashi et al.
[11] have been presented only in the form of graphs and equations, we
used their correlation to calculate quasi-experimental viscosity data at the
corresponding temperatures. We have also extrapolated two isotherms of
Ruvinskii et al. [13] to zero density. Both Nabizadeh and Mayinger [10]
and Takahashi et al. [11] used an oscillating-disk apparatus, whereas the
measurements of Dowdell and Matthews [12] and of Ruvinskii et al. [13]
were obtained with a capillary viscometer. In addition, Oliveira and
Wakeham have obtained viscosity data for the saturated vapor with a
vibrating-wire apparatus [14]. Our correlation is based on the measure-
ments of Nabizadeh and Mayinger [107], of Takahashi etal. [11], and of
Dowdell and Matthews [12].

The dilute-gas viscosity #, is represented by an expression derived
from the kinetic theory of gases, -

5 [MKT 10*  0.2696566 /T
Mo - (7)

T16N 7N, 020 (T*) o2Q,(T*)

where M =0.10203 kg -mol~' is the molecular weight, k is Boltzmann’s
constant in J-K !, and N, is Avogadro’s number in mol ~’. The viscosity
1o has units pPa -s, the temperature T is given in K, and the length scaling
factor ¢ in nm. The dimensionless temperature 7* is defined as

T*=kTe (8)

where the energy and length scaling factors ¢/k and o, respectively, were
estimated by means of a least-squares fit:

e/k=279.86 K, o =0.50768 nm )

For the collision integral 2, as a function of T*, we adopted a formula
presented by Bich et al. [15],

InQ,(T*)= i a,(In T*)' (10)
i=0

with coefficients a;

4y =04425728,  a,= —0.5138403,  a,=0.1547566

11)
as= —002821844,  a,=0.001578286
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Fig. 1. The viscosity of R134a in the dilute-gas limit. The
solid line represents the values as calculated from Eq. (7); the
data points are those reported by Nabizadeh and Mayinger
{10], A; Takahashi etal. [11}, O; and Dowdell and
Matthews [12], V.
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Fig. 2. Relative deviations of the experimental viscosity data
of Nabizadeh and Mayinger [10] A, Dowdell and Matthews
[12] V, and Ruvinskii etal. [13] < from values calculated
with the dilute-gas function ny(7T), Eq.(7). The dashed line
represents the correlation of Takahashi etal. [11].
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The viscosity #, in the dilute-gas limit is shown in Fig. 1 as a function
of temperature, while the deviations of the experimental data from the
correlation are shown in Fig. 2. Although the results of Takahashi et al.
[11] are available only in functional form, we have represented them in
Fig. 1 by symbols to show the individual data points used for the present
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correlation. It is obvious that there exist systematic deviations among the
data sets of Nabizadeh and Mayinger [10], Takahashi etal. [11], and
Dowdell and Matthews [12]. Equation (7) represents the available
experimental information for #, within +4% at temperatures from 290 to
430 K. Because of the theoretical basis of Eq. (7), we expect that it can be
extrapolated outside this temperature range with only a modest loss of
accuracy.

3.2. Thermal Conductivity

Data at atmospheric pressure or below have been reported by Ross
et al. [16], Ruvinskii et al. [13], Laesecke et al. [4], Gross et al. [17], and
Taxis and Stephan [18]. These data seem to be the most reliable ones in this
region and therefore they were used to determine the dilute-gas function Ag-
Additional data have been reported by Shankland et al. [19], Tanaka et al.
[20], and Yamamoto etal. [21]. With the exception of Ruvinskii et al.
[13], who used a steady state hot-wire apparatus, and Tanaka et al. [20],
who used a coaxial-cylinder apparatus, the measurements have been
obtained with a transient hot-wire apparatus. As both Laesecke et al. [4]
and Gross et al. [17] have established a dilute-gas function based on their
own measurements, we used these correlations to calculate quasi-experi-
mental thermal-conductivity data at the corresponding temperatures.

Since a theoretical treatment of the dilute-gas function is complicated
by contributions from internal degrees of freedom [5], we represent 4, by
an empirical equation of the form

Jo= —16.5744 + 0.124286T — 0.761796 x 10~ *T> (12)

with 4, in mW-m '-K~! and the temperature 7 in K. The thermal
conductivity A, in the dilute-gas limit is shown in Fig. 3 as a function of
temperature. The data of Laesecke etal. [4] and Gross etal. [17] are
represented by symbols, although they are available in functional form, to
demonstrate the individual data points that were used for the present
correlation. Equation (12) is valid at temperatures from 240 to 410 K, but
we had to use it for temperatures up to 425K in the remainder of this
work. Figure 4 shows the deviations of all experimental data relative to the
dilute-gas function 4, as given by Eq. (12). The data of Shankland et al.
[19], Yamamoto etal. [21], and Tanaka etal. [20] show appreciable
systematic deviations.

The correlation has an uncertainty of 1.5% except at the lower
and upper temperature ranges, where the uncertainty rises to 3 and 5%,
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Fig. 3. The thermal conductivity of R134a in the dilute-gas
limit. The solid line represents the values as calculated from
Eq. (12); the data points are those reported by Laesecke et al.
[4], V; Ruvinskii et al. [13], A; Ross etal. [16], [J; Gross
etal. [17], <; and Taxis and Stephan [18], O.
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Fig. 4. Relative deviations of the experimental thermal-conduc-
tivity data of Ruvinskii etal. [13] A, Ross etal. [16] O3, Taxis
and Stephan [187 O, Shankland etal. [19] +, Tanaka etal.
[20] *, and Yamamoto et al. [21] — from the values calculated
with the dilute-gas function A4(7), Eq. (12) for the thermal con-
ductivity. The dashed line represents the correlation of Laesecke

ctal. [4]; the dotted line, the correlation of Gross etal. [17].
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respectively. It is obvious that there exist discrepancies especially at
higher temperatures that are well beyond the precision of the individual
measurements.

4. EXCESS FUNCTIONS

In order to calculate the residual part Agn(p) of the viscosity or
AgA(p) of the thermal conductivity, the dilute-gas term and the critical-
enhancement term must be subtracted from the total quantity. The residual
or excess quantities thus found mainly depend on density, and only weakly
on temperature. As for other substances [5, 6], the temperature dependence
may be neglected in the case of the excess viscosity and the excess thermal
conductivity of R134a, because the resulting error lies within the experi-
mental accuracy.

Whenever possible, we used dilute-gas data or data at atmospheric
pressure reported by the authors themselves. The critical enhancement
of the thermal conductivity will be treated in Section 5.2. As already
mentioned, a critical enhancement has not been observed in the viscosity
data available for R134a.

In order to avoid exorbitant deviations that are due to the extremely
small excess values at low densities, the deviations in the following
subsections were calculated after adding the corresponding dilute-gas
contribution to each excess value. That is, the deviations refer to the
background transport properties 7 and A rather than to Agn(p) and

Ax Ap).

4.1. VISCOSITY

The correlation of the residual viscosity or excess viscosity, respec-
tively, is based on the data of Takahashi etal. [11] in the vapor phase
and the measurements of Oliveira and Wakeham [22] and Okubo et al.
[23] in the liquid phase. Oliveira and Wakeham used a vibrating-wire
apparatus, whereas Okubo et al. used a capillary viscometer. The reduced
viscosity can be represented as a function of the reduced density by a
third-order polynomial with a hyperbolic term that accounts for the steep
increase of the viscosity at high densities [6]. Hence

Agy 3 (P)i €4 €4
= el —)+———+— (13)
Hc ,-gl Pe p/pc'_eS €s
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where p. = 515.25 kg -m 3 is the critical density [24] and H_ is a so-called
‘pseudo-critical viscosity [6] defined as

M 1/2P2/3
H = ——7—2=2521 yPa-s (14)
R1/6N“§/3T3/6
In Eq. (14) R is the universal molar gas constant, P, = 4.065 MPa the criti-
cal pressure, and T, =374.274 K the critical temperature. The coefficients
in Eq. (13) are

e, = —~189758,  e,=0256449,  e;= —0.301641

(15)
eq=—23.1648,  e5=3.44752

Equation (13) is valid in the temperature range from 290 K to 430 K and
up to 1400 kg -m >,

Figure 5 shows the selected excess data together with the correlation
function that is represented by a solid line. The corresponding deviation
plot, shown in Fig. 6, reveals an uncertainty of approximately 2% in the
vapor phase and 3% in the liquid region. In the vapor phase a temperature
dependence of the excess values implied by the data of Takahashi et al.
[11] is recognizable, but it lies within the overall uncertainty of the
correlation of the viscosity.

Figure 7 shows deviations of the experimental data sets that were not
used for the correlation. Although the data of Nabizadeh and Mayinger

16 v T T T T T T

Fig. 5. The excess function for the viscosity of R134a. The
solid line represents values calculated from Eq. (13); the data
points are those reported by Takahashi etal [11], A;
Oliveira and Wakeham [227, [J; and Okubo etal. [23], V.
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Fig. 6. Relative deviations of the experimental data of
Takahashi et al. [11] A, Oliveira and Wakeham [227] O, and
Okubo etal. [23] V from values calculated with Eqgs. (7) and
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Fig. 7. Relative deviations of the experimental data of
Nabizadeh and Mayinger [10] <, Ruvinskii etal. [13] A,
Wakeham and Oliveira [14] +, Shankland etal. [19] O,
Kumagai and Takahashi [25] V, Diller etal. [26] O, and
Ripple and Matar [27] * from values calculated with Egs. (7)
and (13) for the background viscosity 7 =7+ 4g7.
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[107] in the dilute-gas region seem to be reliable, the density dependence of
their data turned out to be too strong. This is also the case for the
saturated-liquid data reported by Shankland et al. [19] and by Kumagai
and Takahashi [25] and for the data of Diller etal. [26] in the liquid
phase. The saturated-liquid data reported by Ripple and Matar [27] is
about 5% higher than the correlation, whereas the accuracy of their
apparatus is approximately 3%. The data of Ruvinskii et al. [13] and the
data of Oliveira and Wakeham [14] near saturation agree quite well with
the correlation.

References reporting experimental data are compiled in Table T
together with the name of the first author, the physical state and the total
pressure and temperature range of the reported experimental data, the
number of points used for comparison, the experimental method, the
absolute mean error, and the maximum error of each data set relative to
the present correlation. Please note that we have compared only those
experimental data points that are within the range of validity of the
correlation and that are shown in the deviation plots. The temperature and
pressure ranges listed in Table I are the ranges which experiments were
carried out by the individual authors and are therefore sometimes wider
than the range of comparison.

In a viscosity—density and a viscosity—pressure diagram, respectively,
the slopes of the isotherms in the vapor phase become negative at tem-
peratures that are lower than a specific inversion temperature. The negative

Table I. Comparison of Experimental Viscosity Data with the Correlation®

Mean Maximum
Physical P.;.  Prax  Tmin Tmax  Points €ITor  error
Ref. No.  Author state (MPa) (MPa) (K) (K) compared Method (%) (%)

10 Nabizadeh v 0.1 64 303 424 41 od 4.7 15.
11 Takahashi v 0.1 55 298 423 71 od 30 44
12 Dowdell \% 0.1 0.1 308 403 6 4% 2.9 —34
13 Ruvinskii v, 1 0 64 258 405 29 cv 14 —4.0
14 Oliveira sV 0.1 21 243 343 6 vw 0.8 —-24
19 Shankland sl 0.1 21 251 343 7 cv 16. 32,
22 Oliveira I sl 0.1 51 238 343 49 VW 1.1 3.6
23 Okubo 1 1.6 302 213 423 39 cv 1.3 -32
25  Kumagai sl 0.3 21 273 343 6 cv 6.5 14.
26  Diller 1, sl <0.1 337 175 320 27 tc 8.1 12,
27  Ripple sl 0.1 08 250 306 5 cv 4.7 7.0

¢v, vapor; 1, liquid; sl, saturated liquid; sv, saturated vapor; cv, capillary viscometer; od,
oscillating disk; tc, torsional crystal; vw, vibrating wire.

840/14/4-23



962 Krauss, Luettmer-Strathmann, Sengers, and Stephan

slope increases with decreasing temperature. Then the isotherms of the
excess viscosity no longer coincide and the residual concept used for
the present correlation procedure is no longer applicable because the
temperature dependence becomes significant. For R134a the inversion
temperature below which the slopes become negative seems to be between
290 and 300 K [10, 11]. Hence below that temperature in the vapor phase
the correlation function should not be used.

4.2. Thermal Conductivity

The excess function of the thermal conductivity is based on the
measurements of Taxis and Stephan [187], Ross etal. [16], and Kruppa
and Straub [28] in the vapor phase and of Schmitt [29], Ross et al. [16],
Yata etal. [30], Ueno etal. [31], Oliveira etal. [32], Leipertz and
Kraft [33], and Kruppa and Straub [28] in the liquid phase. Kruppa and
Straub [287 and Leipertz and Kraft [33] actually measured the thermal
diffusivity D by means of dynamic light scattering. We calculated the
corresponding thermal conductivity 4 using the relation A= pcp D1, Where
cp is the isobaric specific heat calculated from a fundamental equation to
be presented in Section 5.1. In order to fill the data gaps in the extended
region around the critical density, we used selected data of Kruppa and
Straub [287] at about 370 and 393 K. For details on the calculations in the
critical region see Section 5.2.

The excess data can be represented by a fourth-order polynomial of
the form

ARit_ 2

=2, (;i)' (16)

where p.=515.25kg-m ? is the critical density as in Eq. (13), while 4, is
a so-called pseudo-critical thermal conductivity defined as [6]

5/6 p2/3
RP;

A.= TV M 2N

=2055mW -m~!.K! (17)

The coefficients /; in Eq. (16) are
{,=0.0579388, [,= —0.254517, [;=3.52171, [l,= —0.371906 (18)

Equation (16) is valid in the temperature range 240 K to 410 K at densities
up to 1500 kg -m .

Figure 8 shows the selected excess data with the correlation function
that is represented by a solid line. The corresponding deviation plot is
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Fig. 8. The excess function for the thermal conductivity of
R134a. The solid line represents values calculated from
Eq. (16); the data points are those reported by Ross etal.
[16], A; Taxis and Stephan [18], [J; Kruppa and Straub
[28], O; Schmitt [29], *; Yata etal. [30], V; Ueno etal.
[31], ©; Oliveira etal. [32], +; and Leipertz and Kraft
[33], —.
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Fig. 9. Relative deviations of the experimental data of Ross
etal. [16] A, Taxis and Stephan [18] O, Kruppa and Straub
[28].0, Schmitt [29] *, Yata etal. [30] V, Ueno etal. [31]
<&, Oliveira etal. [32] +, and Leipertz and Kraft [33] —
from values calculated with Egs. (12) and (16) for the back-
ground thermal-conductivity 1 =17, + A 1.
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shown in Fig. 9. In both the vapor and the liquid phase the uncertainty is
about 5%. In the critical region the uncertainty rises up to nearly 10 %.
The deviations between the values of the thermal conductivity
calculated from Eq. (2) and the values reported in the experimental data
sets that were not used for the correlation are shown in Fig. 10. The data
of Ruvinskii etal. [13], Tanaka et al. [20], and Gross etal. [17] show
deviations up to 18, 10, and 9 %, respectively. The saturated-liquid data of
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Fig. 10. Relative deviations of the experimental data of
Laesecke etal. [4] A, Ruvinskii etal.. [13] *, Gross etal.
[17] O, Tanaka etal. [20] O, Yamamoto etal. [21] <,
Heide and Lippold [34] +, Ueno etal. [35] V, Papadaki
etal. [36] —, and Assael and Karagiannidis [37] x from
values calculated with Eq. (2) for the thermal conductivity A.
(a) Results for the lower densities; (b) Results for the higher
densties.
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Table II. Comparison of Experimental Thermal Conductivity
Data with the Correlation?

Mean Maximum
Physical P_in  Prax  Tmin Tmex  Points error  error
Ref. No.  Author state (MPa) (MPa) (K) (K) compared Method (%) (%)

4 Laesecke v,Lsv,sl <01 684 203 393 201 hwt 4.0 —13.

13 Ruvinskii v, 1 0.1 89 253 400 44 hws 4.1 18.

16 Ross v, sl <0.1 46 241 373 14 hwt 23 6.2
17 Gross v,1,sv,sl 0.1 6.1 253 363 83 hwt 2.6 8.8
18  Taxis v 0.1 40 279 389 45 hwt 20 7.3
20 Tanaka v 0.1 25 293 353 33 cc 4.1 10.

21  Yamamoto v, sv 0.1 32 273 363 44 hwt 7.1 ~20.

28  Kruppa v,1,8v,sl 08 127 303 412 45 dls 3.6 9.0
29  Schmitt sl 0.1 03 243 272 4 hwt 12 1.5
30  Yata 1 0.6 304 254 335 20 hwt L1 22
31  Ueno 1, sl <01 30 194 353 31 hwt 1.1 5.9
32 Oliveira sl <Q.1 21 227 343 6 hwt 31 6.2
33 Leipertz sl 0.8 3.7 303 369 9 dls 1.8 4.2
34  Heide sl 0.1 1.7 233 333 10 ce 44 11.

35  Ueno sV 0.1 26 253 353 34 hwt 22 —3.5
36 Papadaki sl <0.1 09 240 307 5 hwt 0.7 13
37  Assael Isl,v 0.1 224 253 333 41 hwt 12 =21

v, vapor; 1, liquid; sl, saturated liquid; sv, saturated vapor; cc, coaxial cylinder; hwt, hot wire
(transient); hws, hot wire (steady state); dls, dynamic light scattering.

Heide and Lippold [34] show good agreement at high densities with
increasing deviations in the direction of the critical point, whereas the
saturated-vapor data of Yamamoto et al. [21] become up to 20% too low
with increasing density. The data of Ueno et al. [35] agree fairly well with
the correlation. Although they had not been used in the correlation, the
data of Papadaki etal. [36] and Assael and Karagiannidis [37] are in
excellent agreement with the present work. The data of Laesecke et al. [4]
in the vapor phase and the 393 K isotherm run systematically lower than
the values calculated from the present correlation, whereas most of their
data in the liquid phase agree fairly well with it. We return to a discussion
of the comparison with the data of Laesecke et al. in Section 5.2. -

Just as for the viscosity, we present a compilation of the references on
thermal conductivity in Table II.

5. THE CRITICAL REGION

The transport properties of fluids are influenced by long-range fluctua-
tions in the critical region. In Section 2 we decomposed the thermal conduc-
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tivity and the viscosity so that one term, namely, the critical enhancement,
contains the effect of the critical fluctuations, and the other two terms, which
constitute the background, are independent thereof. We now describe the
critical enhancement of the transport properties using the crossover theory
of Olchowy and Sengers [8,9]. In this model the critical enhancement
depends on the temperature and density through thermodynamic properties
such as the specific heats and the compressibility; hence we first need to
specily a fundamental equation.

5.1. Fundamental Equation

Since the critical enhancement of the thermal conductivity extends
over a wide range of temperatures and densities around the critical point,
we need to be able to calculate thermodynamic properties very close to the
critical point as well as far away from the critical point. A fundamental
equation that describes both the critical region and the classical region is
not available. Instead we need to combine two equations. For temperatures
and densities far away from the critical point, we use the modified BWR
equation of Huber and McLinden [387], which is applicable in the vapor
and liquid phases at pressures-up to 70 MPa and in a temperature range
from the triple point (=170 K) to 450 K. In the critical region we use a
crossover equation, that is, an equation that properly describes the critical
behavior of the thermodynamic properties and that has a range of validity
large enough to overlap with that of a classical equation. In order to avoid
large jumps in the calculated properties at the boundary where we switch
between equations, we need to establish a region where both agree well and
then define a switching boundary within that region. Recently, Tang et al.
[24] proposed a crossover model for the thermodynamic properties of
R134a in the critical region. We use that model, but we modify the system-
dependent parameters in order to obtain better agreement with the classical
equation of Huber and McLinden [38] in the switching region. The
temperatures in the equation of Huber and McLinden are on the ITS-90
temperature scale, which gives us the opportunity to put the new cross-
over equation on this temperature scale by using the I'TS-90 value for the
critical temperature and converting the experimental temperatures using
the representation given by Rusby {39].

5.1.1. Crossover Model for the Thermodynamic Properties

From the temperature T, the pressure P, the density p, the chemical
potential y, and the Helmholtz free energy 4 per unit volume ¥, we define
the following dimensionless variables, where a subscript c indicates the
value at the critical point:
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N T
AT=T+1=—2541, Aj=p-1=2_1
T ' Pe
(19)
- T.A - pTop
“pyvr HTPT

The dimensionless Helmholtz free-energy density and chemical potential
are further decomposed as

A=44+ (D) + AT, 4i=ji—py(T) (20)

where A,(T) and fio(T) are analytic functions of the reduced temperature
so that A,(—1)= —1 and A4ji=0 at the critical temperature. We represent
these background functions by truncated Taylor expansions in the reduced
temperature with adjustable expansion coefficients:

j=1

4 5
Ao(D= -1+ Y 4,4TY,  fo(D)= Y m;(4TY (21)
: o

The coefficients i, and /i, are related to the zero points of energy and
entropy and do not change the value of any measurable quantity. We
therefore do not consider them any further. The term A4 in Eq. (20)
contains the effect of the critical fluctuations and is nonanalytic at the
critical point. In the crossover theory of Tang et al. [24], it is represented
by the following expression:

.1 { { 1
AA=5IM*T D + 3w GAM DU + 55 aos MDY U + 5 ao M DU

[ 4 ap2ay1/2 1
+Z—!a14tMﬂ'9”2l +2!2!

1
an M T GU ™~ P H (22)

where the temperature-like variable ¢ and the density-like variable M are
related to the physical variables A7 and 47 through the following relations
with system-dependent constants ¢, c,, and d;:

t=c AT, M=c,(4p—d, 4T) (23)

The functions F, 2, %, ¥", and A can all be expressed in terms of a cross-
over function Y,

T = Y(2~v—1)/w, Y = Yl/w, P = Y_”/w
v (24)

4 = Y(w371/2)/w’ A = (YO _
oud ( )
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where v, , 2, w, and w, are critical exponents and therefore universal
constants, and where # is the ratio of the system-dependent coupling
constant u# and the universal fixed-point coupling constant u*, #=u/u*
The crossover function Y is given implicitly by

AD\12
1+(a—1)Y=ﬁ<1+F> y'e (25)

with
K:=tT + u*udM>*GU (26)

The other constants in Eq. (22), namely, A, ays, dgs, @14, and a,,, are
system dependent.

To obtain this crossover model, Tang et al. [24] simplified the earlier
proposed six-term crossover model of Chen et al. [40] by setting ¢=0 in
the so-called mixing transformation for ¢ and M,

N 044 - 044
=c, AT -— =c, (4p — -
t=c, +c<a )t, M=c,(4p dIAT)+c< E” >M 27

We can calculate all thermodynamic properties from the Helmholtz frec-
energy density 4 in Eq. (20) using the expressions given in the Appendix of
the paper by Chen et al. [40] with ¢=0.

In our application of the model to R134a we continue to use the
values adopted by Tang et al. [24] for the universal constants and the criti-
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Fig. 11. Region in the temperature-density plane (C) for
which values of the specific heats and the pressure were
generated from the equation of Huber and McLinden [38].
The asterisk marks the critical point.
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cal parameters. The adjustable parameters of the crossover model were
determined from a fit to experimental data that we supplemented with
values for the pressure and the specific heats generated from the equation
of Huber and McLinden [38 ]. The region in the temperature-density plane
for which values were calculated from the classical equation is shown in
Fig. 11. The experimental data used in the fitting procedure are the Pp-T
and coexistence data of Piao etal. [41], Weber [42], Basu and Wilson
[43], and Tillner-Roth and Baechr [44], the vapor-pressure data of
Kubota et al. [45] and Morrison and Ward [46], and the coexistence-
density data of Kabata etal. [47] and Maezawa et al. [48]. The values
obtained for the system-dependent coefficients are presented in Table III
along with the universal constants of the crossover model. In Figs. 12-14
we present the deviations of the experimental pressure data from the values
calculated with the new crossover equation for R134a. Figure 15 gives the
comparison for the vapor pressure. Figure 16 shows the experimental
values for the coexistence densities along with the coexistence values as
calculated from our crossover model and from the classical equation of

Table ITI.  Constants in the Thermodynamic Crossover Model for R134a

Universal critical region constants

v=0.63, n=0.0333, w =0.80952, @, =21, u*=0472

Critical parameters

T,=374274K, P,=4065MPa, p.=51525kg-m™?

Crossover parameters

i =045359, A=2.3087

Scaling-field parameters

¢, =2.7272, ¢, =2.2757, d, = —0.26669

Classical parameters

ags= —1.526,  ao=21498,  a,,=030007,  a,=0.1768

P-p-T background parameters

A, = —66795, A,=485620, A,= —46132, A,=89002

Caloric background parameters

fy= —28496,  fi,=—18.465  j§,=2089, ;= —575
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Huber and McLinden [38]. The two calculated curves differ considerably
because the equations are of a different type, classical and scaling,
respectively, and because Huber and McLinden used different values for
the critical parameters, namely, 7,=374.179K, p.=51329 kg-m 3, and
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calculated with our crossover model.

P.=4.056 MPa, compared to our values presented in Table III.

Due to a lack of experimental data in the range of validity of the
crossover model, the only caloric-property values that we used in the deter-
mination of the adjustable parameters of the model were those generated
from the classical equation of Huber and McLinden [387]. Therefore a
comparison with experimental caloric-property data provides a useful
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Fig. 13. Percentage deviations of the experimental pressures
obtained by Weber [42] (V, p=197kg-m~3; A, p=
238kg-m~3) and by Basu and Wilson [43] (O, p=
520kg-m % 7, p=360kg-m~3; O, p=260kg-m ?) from the
values calculated with our crossover model.
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check of the model. In Fig. 17a we present sound-velocity data by Guedes
and Zollweg [49] along with values calculated from the crossover model;
in Fig. 17b, we present the corresponding deviation plot. The data on the
360 K isotherm are just outside the range of the model, as is the only
experimental c¢p value, obtained by Saitoh et al. [507, with which we can
compare our theory. The deviation between the experimental and the
calculated cp value is —0.02%; therefore the curve of calculated values in
Fig. 18 goes right through the experimental point. Based on Figs. 17 and
18, we conclude that the crossover model yields a satisfactory representa-
tion of the caloric properties of R134a in the critical region. But there
remains an urgent need for additional measurements of the specific heats,
especially for temperatures above 356 K.

A comparison with the original parameters of Tang et al. [24] shows
that the new values are very close to the earlier ones except for the back-
ground parameters. Thus, the two versions of the crossover equation agree
in the near-critical region but differ in the extended critical region where
the background coefficients are important. This is due to the different data
sets that were used to determine the adjustable parameters of the model.
Tang etal. [24] had to determine the caloric background coefficients f;
from only one isotherm of sound-velocity data [49] in the range of their

374 -
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364 ! i 1
200 400 600 800
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Fig. 16. The curve of coexisting vapor and liquid densities for
R134a. The symbols indicate experimental values reported by
Piao etal. [41], O; Weber [42], [1; Basu etal. [43], O;
Morrison et al. [46], V; Kabata et al. [47], *; and Maezawa
et al. [48], A. The solid curve represents the values for the
coexistence densities as calculated from our crossover model;
the dashed line represents the values from the equation of
Huber and McLinden [38].
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Fig. 17. (a) The velocity of sound of R134a on two isotherms as
a function of pressure. The symbols indicate experimental values
obtained by Guedes and Zollweg [49] (O, T=36001K; <,
T=380.17K). The solid curve represents the values calculated
from the crossover model. (b) Percentage deviations of the
experimental sound-velocity data from the calculated values.

model, whereas in this work we calculated values for the specific heats in
a whole range temperatures from the equation of Huber and McLinden
[38]. Consequently the agreement between the crossover equation and the
data of Guedes and Zollweg is better in the version of Tang et al. [24],
whereas the new version allows for a reasonable switching to the classical
equation. The deviations between experimental and calculated values for
the data of Piao et al. [41] and Weber [42] are also somewhat larger than
for the earlier crossover equation. This is probably due to the fact that we
included in the fitting procedure more experimental data than Tang et al.
[24] did and included the values calculated from the equation of Huber
and McLinden [38].
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the liquid phase as a function of pressure. The open circle
indicates an experimental value obtained by Saitoh et al. [50]; the
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for easier orientation.
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5.1.2. Switching Between the Classical and the Crossover Equation

In order to find a suitable boundary for switching between the classi-
cal equation and the crossover equation, we concentrate on two properties
in particular. First, since transport properties are often measured as a func-
tion of temperature and pressure, whereas they are calculated as a function
of temperature and density, a good agreement between the values of the
density as calculated from temperature and pressure is essential. Second,
deviations between the values for the isobaric specific heat on the boundary
need to be small in order to avoid jumps in the calculated thermal-conduc-
tivity enhancement.

With this in mind, we compared values for the pressure and the
isobaric specific heat as a function of temperature and density, and values
for the density as.a function of temperature and pressure, as calculated
from each of the equations. We were able to establish a boundary with a
simple geometry in the p—T plane (Fig. 19), where the deviations in general
are within 0.2% for the pressure and density values and 1% for the
isobaric specific-heat values. The exception to this is the neighborhood of
the low-temperature boundary, where the proximity of the coexistence
curve makes the deviations too large to be ignored. In order to connect
smoothly the equations near the lower boundary, we introduce a simple
switching function for densities between 220 and 880 kg -m~—> and
temperatures between 365 and 371 K and calculate all thermodynamic
properties x(7, p) as

x(T, p)=w(T) x(T, p)+ (1 —w(T)) x5(T, p) (28)
with
w(T)=1—(T—365)/6 (29)

where the temperature 7 is in K and where x,(7, p) and x,(7, p) are the
values calculated from the classical and the crossover equation, respectively.

5.2, Transport Properties in the Critical Region

In the critical region we write the thermal conductivity and the
viscosity as

A=A+4.4 (30)
n=n+4d.n (31)

where 4.4 and 4.7 are the critical enhancements of the thermal conduc-
tivity and the viscosity, respectively, and where A and # are their back-



976 Krauss, Luettmer-Strathmann, Sengers, and Stephan

grounds. The critical enhancement A A of the thermal conductivity is
related to the critical part 4, D+ of the thermal diffusivity D= 1/pcp by

AA=pcpA.Dy (32)

where p is the density and ¢p is the specific heat at constant pressure.
Asymptotically close to the critical point the thermal diffusivity satisfies a
Stokes—Einstein relation of the form [2]

R,kT
A D ==2
c~T 67”76

(33)

where k is Boltzmann’s constant, & is the correlation length, and where R,
is a universal amplitude R,=1.01+0.04 [51]. The viscosity # diverges
asymptotically as ‘

n=A.n+7=7(Q) (34)

where Q is a system-dependent amplitude and z = 0.065 1 0.005 is a univer-
sal critical exponent [52, 53]. In this work we adopt the values Ry =1.03
and z=0.063 for these universal constants.

In the crossover theory of Olchowy and Sengers [8] the asymptotic
expressions (33) and (34) are generalized to

_ RokT
4Dy =2 5 (2-2) (35)
n=1exp(zH) (36)

where the crossover functions Q —Q, and H depend on thermodynamic
properties, on the background contributions 4 and 7, and on a cutoff
wavenumber ¢,. The crossover functions are presented in their most
convenient form in the Appendix of the paper by Mostert et al. [54] The
correlation length ¢ is calculated from the dimensionless susceptibility ¥,

. _pP.(dp
A0 =2 (3) (37)
in the following way:
50 ~ ~ Tref K
_50 _ L] 38
é ]‘v X(T’ p) X(Trehp) T ( )

where " and &, are system-dependent amplitudes, and v and y are universal
critical exponents. The reference temperature T, is chosen so that for
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temperatures greater than T, the critical enhancement in the thermal
conductivity is negligibly small.

The crossover model for the transport properties has been used to
represent the transport properties of various fluids in the critical region
[4-6, 55-57]. For R134a we determined the amplitudes from the thermo-
dynamic crossover model with the result I"=0.0496, ,=1.94x 10" m.
Based on past experience we chose T, =(3/2)7T. for the reference
temperature. The cutoff wavenumber g, has to be determined from a
comparison with experimental data.

There is only one set of experimental data for R134a in the near-
critical region. Kruppa and Straub [287] used light scattering to measure
the thermal diffusivity on six isotherms, on the liquid and the vapor side
of the phase boundary and along the critical isotherm. From their data
they deduced a critical temperature of T, =374.064 K (ITS90), which is
well below the value of 7,=374.274 K that we adopted. Therefore we
shifted their temperatures by +0.21 K. Since the density values in their
work are actually calculated from reduced densities, p/p., with the aid of
a literature value of 512.2kg-m~* for the critical density [43], we
recalculated the densities using the value of p,=515.25 kg -m 3. With the
aid of our fundamental equation, Section 5.1, we calculated the thermal
conductivity A from the experimental thermal diffusivity D through

A=pcp(T, p) D (39)

The uncertainty of the values for the thermal conductivity calculated
from the thermal-diffusivity data can be estimated in the following way.
Kruppa and Straub [28] quote uncertainties of 0.5 to 2% for their thermal-
diffusivity values, of less than 20 mK for their temperature values and of
0.3% for their density values. Since there are no experimental isobaric
specific-heat data available for temperatures above 356 K, we estimate the
uncertainty in the values calculated from our crossover equation through
a comparison with isobaric specific-heat values calculated from the
equation of Tang et al. [24] in the region where Kruppa and Straub [28]
measured the thermal diffusivity. The deviations between the two equations
are very small in the near-critical region, are in general smaller than 3%
and rise up to 4% for data points on the 411 K isotherm and for very high
and low densities. We therefore assigned a value of 3% to the uncertainty
of the specific-heat values from the crossover equation. Combined with the
errors in the temperature and density as quoted by Kruppa and Straub
[28], the total uncertainty in the cp values, used to convert the thermal dif-
fusivities into thermal conductivities, varies from about 3.2% away from
the critical point to about 8% on the 374.47 K isotherm. With an error of

840 14'4-24
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1% for the thermal diffusivity and 0.3% for the density, the estimated
uncertainties in the thermal conductivity are only slightly higher. We deter-
mined the cutoff wavenumber ¢, from a comparison of the experimental
data with the theoretical expression:

A=A+ A, A=do(T)+ dg Mp) + pcp 4. D1 (40)

where Ao(7) and AgA(p) are the background functions of the thermal
conductivity presented in Eqs. (12) and (16), respectively, and where 4_D
is given by Eq. (35). In the fitting procedure we used data in the one-phase
region with densities between 130 and 800 kg -m >, except on the 411 K
isotherm, where we excluded the data with densities higher than
520kg-m~> In this way we excluded the data that are likely to have
higher experimental errors due to the lower intensity of the scattered light.
The resulting value for the cutoff wavenumber is ¢5'=19%x10"""m.
The constants in the crossover model for the transport properties are
summarized in Table IV. In Fig. 20 we show a comparison between the
thermal-conductivity values calculated from the crossover theory presented
here and the thermal-conductivity data, calculated from Kruppa and
Straub’s [287 thermal-diffusivity data, that we used in the fitting proce-
dure. We present a comparison between all experimental thermal-diffusivity
data and the theory in Figs. 21 and 22. The agreement between theory and
experimental data in the critical region is satisfactory.

The thermal-conductivity measurements reported by Laesecke et al
[4] contain data points for which a significant critical enhancement is
expected. This holds in particular for their only supercritical isotherm at

Table IV. Constants in the Crossover Model for the
Transport Properties of R134a

Universal constants

R=103, z=0.063, =1.239

System-dependent amplitudes
I'=0.049¢, £6=194x10"9m

Reference temperature

T=(3/2) T,

Cutoff wavenumber

gp'=19x10""m
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Fig. 20. The thermal conductivity of R134a in the critical region
as a function of density. The symbols indicate values calculated
from the experimental thermal-diffusivity data of Kruppa and
Straub [28] (O, T=412K; V, T=393K; O, T=378K; ©,
T=374.65K; A, T=374K; %, T=370K); the solid curve
represents the values calculated from the crossover model for
transport properties.

393 K. Kruppa and Straub [28] obtained thermal-diffusivity data for the
same isotherm that we converted to thermal-conductivity values. In Fig. 23
we present the thermal-conductivity results of Laesecke et al. [4] and of
Kruppa and Straub [28] along with the values calculated from the cross-
over theory. As can be seen from the figure, the experimental thermal
conductivities differ systematically by more than 10% for all data with
densities less than 650 kg -m~3 Of course, in order to make this com-
parison, we used calculated ¢p values to convert the thermal diffusivities
obtained by Kruppa and Straub into thermal conductivities. However, we
believe that at most 5% of the discrepancies can be attributed to a possible
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Fig. 21. The thermal diffusivity of R134a in the critical region
as a function of density. The symbols indicate the experi-
mental thermal-diffusivity data obtained by Kruppa and
Straub [28] (O, T=412K; V, T=393K; 0J, T=378K; O,
T=37465K; A, T=374K; », T=370K); the solid curve
represents the values calculated from the crossover model for
transport properties.
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Fig. 22. The thermal diffusivity of R134a on the critical isochore
and on the phase boundary as a function of the reduced tem-
perature. The symbols indicate the experimental values obtained
by Kruppa and Straub [28] (O, critical isochore; A, liquid
phase; V, vapor phase); the solid curves represent the values
calculated from the crossover model for transport properties.
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Fig. 23. The thermal conductivity of Rl134a on the T'=393K
isotherm as a function of density. (V) values calculated from the
experimental thermal-diffusivity data of Kruppa and Straub [28];
(x) experimental data of Laesecke etal. [4]. The solid curve
represents the values calculated from the crossover model for
transport properties.

uncertainty in cp, and we are unable to reconcile the two data sets on the
basis of the currently available information. We conclude that additional
measurements of the thermal conductivity in this region are desirable.

6. RESULTS

The viscosity # of R134a can be calculated from Eq. (1), where the
correlation for the dilute-gas function #4(7) is presented by Egs. (7)(11)
and the correlation for the excess function Ag#(p) is presented by Egs.
(13)-(15). An estimate for the critical enhancement 4.5 can be obtained
from the crossover theory for transport properties Eq. (36). The correlation
for the viscosity is valid for temperatures from 290 K to 430 K and for
densities up to 1400 kg-m . The thermal conductivity 4 is given by
Eq. (2), where the correlation for the dilute-gas function Ay(T) is presented
by Eq.(12), the correlation for the excess function 4gA(p) is presented by
Egs. (16)-(18), and the critical enhancement 4_4 can be calculated from
Eq. (32). The correlation for the thermal conductivity is valid for
temperatures from 240 to 410 K and for densities up to 1500 kg -m 2.

We present tables of values for the viscosity and the thermal con-
ductivity calculated from Egs. (1) and (2), respectively, in Tables V--VII.
Table V contains the saturation properties as a function of temperature,
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Table V. Saturation Properties of R134a

T P p P’ 7 7' ” e
(K) (MPa) (kg-m~3) (kg m~3) (uPa-s)(uPa-s) mW.-m '.K!) mW-m~1.K1)
240 0.0724752 1395. 3.837 108.1 8.866
242 0.0798549 1389. 4.203 107.3 9.041
244 (0.0878133 1383, 4.596 106.4 9.216
246 0.0964010 1378. 5.018 105.5 9.390
248 0.105641 1372, 5470 104.7 9.642
250 0.115568  1366. 5.953 103.8 9.824
252 0.126216  1360. 6.470 102.9 10.01
254 0.137623  1354. 7.021 102.1 10.19
256 0.149823  1348. 7.609 101.2 10.37
258 0.162856  1342. 8.235 100.3 10.55
260 0.176759  133S. 8.902 99.43 10.74
262 0.191571 1329, 9.610 98.56 1092
264 0.207332 1323, 10.36 97.69 11.10
266 0.224083  1317. 11.16 96.81 11.29
268 (0.241864  1310. 12.01 95.93 11.48
270 0.260718  1304. 12.90 95.06 11.66
272 0.280687 1297, 13.85 94.18 11.85
274 0301815 1291, 14.85 93.30 12.04
276 0.324144 1284, 1591 9241 12.23
278 0.347720 1278. 17.03 91.53 1242
280 0.372588 1271. 18.22 90.65 12.61
282 0.398794  1264. 19.46 89.76 12.81
284 0426384 1257 20.78 88.87 13.00
286 0.455368  1250. 2217 87.98 13.20
288 0.485879  1243. 23.63 87.09 13.40
290 0.517915  1236. 2517 216.8 11.77 86.20 13.60
292 0.551524 1229. 26.79 211.6 11.86 85.30 13.81
294 0.586756 1222, 28.49 206.5 11.95 84.40 14.02
296 0.623662 1214, 30.29 201.6 12.04 83.50 14.23
298 0.662293  1207. 32.17 196.7 12.14 82.60 14.44
300 0.702702  1199. 34.16 1919 12.23 81.70 14.66
302 0.744940 1192. 36.24 187.2 12.33 80.79 14.88
304 0.789066 1184. 38.44 182.7 1243 79.88 15.10
306 0.835118 1176. 40.75 178.1 12.52 78.97 1533
308 0.883166 1168. 43.17 1737 12.63 78.05 15.57
310 0933261 1160. 45.73 169.4 12.73 77.14 15.80
312 0985456 1151, 48.41 165.1 12.83 76.22 16.05
314 1.03981 1143. 51.23 160.9 12.94 75.29 16.30
316 1.09637 1134, 54.20 156.8 13.05 74.37 16.56
318 1.15520 1125. 57.33 152.8 13.16 73.44 16.82
320 1.21643 1117. 60.62 148.8 13.28 72.51 17.09
322 1.28003 1107. 64.09 144.9 13.40 71.58 17.38
324 1.34608 1098. 67.74 141.0 13.52 70.65 17.67

326 1.41462 1088. 71.59 1372 13.65 69.72 17.97
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Table V. (Continued)

T P p’ p’ n n" Al AY
(K) (MPa) (kg-m~3) (kg-m~3) (uPa-s)(uPa-s) (mW.m™* . K~!) (mW.m~'. K1)
328 1.48581 1079. 75.66 133.5 13.78 68.78 18.28
330 1.55965 1069. 79.95 129.8 13.92 67.84 18.60
332 1.63622 1058. 84.50 126.2 14.07 66.90 18.94
334 1.71558 1048. 89.30 122.6 14.22 65.97 19.30
336 1.79782 1037. 94.40 119.0 14.38 65.03 19.67
338 1.88301 1026. 99.81 115.5 14.55 64.09 20.06
340 197124 1014. 105.6 112.0 14.73 63.16 20.47
342 2.06250 1003. 111.7 108.6 1492 62.22 20.91
344 215707 990.3 118.2 105.2 15.12 61.30 21.37
346 2.25492 977.6 125.2 101.8 15.35 60.37 21.87
348 2.35615 964.3 132.7 98.38 15.58 59.46 2240
350 2.46086 950.5 140.8 9501 15.84 58.55 22.98
352 2.56916 936.0 149.6 91.64 16.13. 57.66 23.61
354 2.68116 920.8 159.0 88.26 1645 56.78 24.30
356 2.79699 904.7 169.4 84.85 16.80 5591 25.08
358 291678 887.6 180.8 81.41 17.20 55.05 25.94
360 3.04066 869.2 193.5 7792 17.65 54.21 26.94
362 3.16880 849.2 207.8 7433  18.18 53.39 28.10
364 3.30138 827.3 2240 70.62 18.81 52.60 29.51
366 3.43842 802.8 2434 66.75 19.60 51.86 32.53
368 3.58016 775.0 266.8 62,66 20.61 51.24 36.22
370 3.72746 742.0 295.7 58.20 2196 50.98 40.28
372 3.88128 697.9 336.2 52.82 2407 51.98 4745
374 4.04227 604.9 4259 43.85 30.13 75.02 9531

where a single prime and a double prime indicate values on the liquid and
on the vapor side of the coexistence curve, respectively. The critical enhan-
cement of the viscosity as estimated from our crossover model is included
in the values; its contribution to the total viscosity exceeds 1% on the
coexistence curve for temperatures above 372K, and on the critical
isochore for temperatures below 379 K. In Tables VI and VII we give the
values for the viscosity and the thermal conductivity, respectively, as a
function of temperature and pressure. Please note that for any data in-
the vapor phase at atmospheric pressures or below only the dilute-gas
functions are used. Because of inconsistencies in the data sets used, the
overall uncertainties of the present correlations cannot be better than
approximately +5% for the background terms.



Krauss, Luettmer-Strathmann, Sengers, and Stephan

984

TYOL STIT 9611 +'8TI TS8El 88vI 9091 9€LI 6L81 S€0T +TIT VIIZ 606C OIvT 9IST 8797 LpiT €L8T 1767 8S¥IE  00€
€666 TLOL TSI 6€71 S€el I'vbl 8SSI L'891 6T81 L861 1L0T -1'9IT §STC §SET O9¥C TLST 689 VIS8T T98T 980 08
9S6 9701 SOIT T6IL 88TL £6£l 601 LE91 SLLI +'E€61 10T LOIZ 10T 00£C YOV +1ST 1'€9T ¥SLT TO8T +206 (9
6L06 88L6 LSOL Il 6ETL CbEl 6SPI 98ST 9TLI 1881 ¥961 €507 SPIT €¥CT LYEC 9SPT TLST v69T VLT 196T O
98'S8 6876 LO0T €601 %8I T6ZI LOVI €€S1 TL91 9T81 016l L661 6807 LSIT 68IC 86£T TIST €€9T 089C 68T 0
7908 09L8 LES6 OPOl ¥EIl €Tl €SEI 6LP1 8191 TLLI vS8I b6l TEOT 6TIT 1'€TT S€EC TSWT TLST 6190 SE€8T 00T
98'LL TSYS LST6 TIOL 90IT O1TI STEL TSPl 0651 €PLI ST TI6L €00C 001 10TC 0T TIVC TYST §8ST €08C 061
L6YL 1618 8968 8T86  SLOT TSIL L6T1 TTHY T9SI FILT 96Ll €881 +vL6l OLOZ TLIT 8LZT T6€L TIST 9SST T'LLT 08I
S6IL 888L $998 8TS6 SPOL €SI L9TI €6£1 CTEST 891 LOLT €681 ¥v6l OVOT IvIT 8PCZ 096 6LV STST 6€LC  OLI
LL'8Y 69SL 8YE8 91T6 LTOL TTIL L€l +9€1 TOSL SS91 LELl €T81 +¥16l OI0Z 11T LITC 6TEC Svbe €6¥bC 90LT 091
6€S9 1€TL PI08 L8888 1586 1601 90TI €E€E1 TLPL ST9L LOLL €6L1 881 6L61 080T 98IT 86IC 9IVC TOC VLT 061
8L19 6989 8S9L OVS8 bIS6 SO YLIT TOEl 1vbl +6ST 9L91 TILL €681 8¥6l 6v0T $SIT 99TC +8€C OCHT 19T  OFl
68LS 6LYV9 SLTL OLI8 LS16  vTOL I¥I1 6971 60b1 €951 S¥91 T€Ll TT8L L1161 L10T €TIT VEIT TSET L6£C §09T  O€l
69°€S TS09 8589 OLLL 9LL8 €486 9OLI 9€Tl 9LEl O€ST €191 6691 O6LI 6881 €861 1607 TOIT 0TI S9T §LST 0TI
687 €8SS S6E9 ICEL SUE8 L8Pe  OLOL  TOTI  €¥EL  L6bT  O8ST 9991 LSLI €S81 €S61 8S0T 691T L'8IT CTEET I¥ST Ol
6SEr  OV0S SL'8S LE89 TI6L OL06 €0l #911 LOEL €9¥1 9pST €€91 7Ll 081 0T61 ST0T 9€IT €STC $6IT 80ST 001
L0V €CLP 085S T9S9 +99L 9¥88 QIO SHIl 68T 9vbl  6TSI. 9191 LOL1 €081 €061 600C OTIT L€C TYT I'6HT 6
69°LE 00VY ¥STS 6979 66€L 1198 T6E86  STIT VLTI STY1 TIST 6651 0691 98LL 9881 T661 €0IT 0T S9TT ¥LVT 06
99vE 6£0F 688 theS TUIL T9E€8 0L96  SOII TSTI OIvl vebl 1861 €L91 69L1 6981 SL61 980T €0TC 8¥IT 9SHT S8
ILTIE 099E €Lbb PLSS 9619 608 9€v6 801 TETL U6El  9LPL +¥9ST 9591 TSLI TS8L 8661 6907 98IT 1€ 6€bT 08
86'8C 18TE €OOF OVIS 6¥P9 SO8L 0616 T901 TICL - €LEL LSVL 9PST  §€91 #ELl €81 Tv6l TSOT 6917 €1TC TWT SL
8597 0£6T 96VE OI'9v 9¥09 S8pL 8T68 6€01 TOLI €SE1 6€pl LTSL 0791 9ILL L181 €761 +€0T 1S1T 961T +Ove  OL
SSPT TEYT OI0E 0S6¢ ISSS 8TIL SH98  STI01 OLIL vEEl OTPL 60SL TO91 8691 0081 9061 L1107 +EIT 6LIT L8ET S9
88°CC VY6ET YI9T 80°TE €88y 91L9 9CE8 6686 8PII CIEL OOVI O6bl €81 0891 TSBLI 888 6661 9IIZ 19IC 696T 09
€517 01T 9TET €1'9T €£8E TOTY TO66L 6796 STIL €6C1 08€l OLPL +9ST T991 €9LI OL81 1861 660C €¥IT TSET S§
LVOT 6907 £TIT SYTCT €997 O0S¥S €09L 6£€6  'OLL  I'LTI 6SEL I'Shl SPST €991 SbLl TSSL €961 180T 9TIT V€T  0S
€961 $961 0861 9T0T 9S1C 8FIE VvTIL TTO6 SLOI 6%Ct €€l O€hl STST +T91 9Tl €€81 Sv6l €90C §01Z 91T S
S6'81 €981 8L8I 9881 IT61 PHOT LSV9 L9998  §POI  9TT1 L€l 60vT SOSI #091 LOLI STI81 LT6I +HOT 680C 861 OF
781 IT8I €081 T6LL O6LL OUSI SO6I S$ST8 6101 TOTI +6T1 88l S8Y1  ¥'8S1 8891 96L1 8061 90T T1L0T 08T S¢€
66L1 €LLL SVLL STLI LOLT S691 L69L EFLL 6L86  LLIN TLTE 996l v9P1  +9SI 991 L'LLI 6881 LO00T €S0T 192 O€
99°LL 9CLL 90L1 8L91 0§91 STIL #0991 16S1 0£56  OSIT 9Pl €vel TPl +vSl 8991 LSLI OL8I 6861 +€0T €4HT ST
OFLL 8OLT SLOT €491 TI'9L 08SI 0SSl TSl L6wL  TTII 1Tl OTEL OTPI TIST $T91 LELL TS8L OL6l SI10T ¥7C 0T
ITLT U891 €591 6191 S¥ST 0SSI OIST gzl 6FPI LIVI 10%I 98€l  L6€1 10SI L091 LILI TE€81 OS61 9661 0T Sl
LOLT TLOT LEIT TO9L L9ST IE€ST S6vl  6SHI  TTHL 98ET 89€l 6F€l 1€l €I'€El S6T1  L691 1181 1'€6l 9L6l 9817 01
8691 €991 LTIT 16SI SSSI 6UST TP Syl LOPL OL'€l 1S€l TE€El TSl €6T1 vLTI $STI €Tl SI'Tl 80T 9L11 S0
€691 LS91 TT91 S¥ST 6VST TUST SLPT 8E¥L 00PI T9EL €VEl €TEL HOEL $8TL S9TY SYTL STTL 90TL 8611 S9I1 10
0t 0Ty Ol 00F  O6E 08¢  OLE 098  0SE  Obe  SE€  OEE  STE  OTE  SIE  OI¢ SOE  00¢ 86T 06z (BdW)d
DL
(s-edn) epg1y JO ANSOISIA  TA dqBL



985

Transport Properties of R134a

88°L9 0€0L TBTL THSL T1I'SL 8R08 ¢€L€¢8 P998 T9Y68 L9T6 BLS6 P686 E€S66 <TTO1 +'SO1  9L01 L8801 TTII 8SIT S6I1 0'0¢
99 8889 SYIL QI'vL V89L L96L LST8 +SS8 LS8 L9T6 €8v6 SO8 S98 €101 9v01 6901 6L01 ST I'SIT 8811 08¢
88P9  6£L9 T100L TLTL TSSL OF8L 9¢€18 6E¥8 6FL8 V906 98€6 ¢€I'L6 VLLe S001 8€0l 1901 TLOI LOI1 +#vil T8I 0'9Z
CTE9 1869 8Y89 9TIL TIYL LOLL OF08 OTE8 9¢98 868 9876 819 1896 9566 OE0L €501 +#901 6601 LEIT SLIL [l 74
7819 PI'P9 L899 TL69 99TL 89SL 8L8L S618 8I'S8 LY88 1816 1ITS6 V8S6 S986 2ol 901 9601 1601 6TIL 8911 0TT
LI6S YET9 STS9 8089 OTIL ITYL 6€LL P908 S6'€8 TEL8 €L06 61'v6 Vv8P6 OLL6  TIOL L€0l 8¥0I €801 TTIT 0911 0'0C
698C OV'19 STYI 1TL9 8TOL PY¥eL LY9L 966L TTER €L98 BI06 LYE6 EEV6 1TL6 8001 ¢€¢€01 ¢¥0I 0801 SITI LSIT 061
LYLS TV09 0€€9 TE99 69 VvITL TESL LT6L L9T8 TI98 1968 SI't6 08¢6 TLI6 €00l 870l OP0l 9LOT V11T €6I1 081
T99S 6£6S €€T9 6£S9 9589 TSIL 9I'SL SS8L 00T8 0SS8 €068 19C6 LTE6 TT96 9866 +TOI S€0l TLOT OTIT 611 oL
1666 TE8S Q19 P9 S9L9 L6OL 9¢vL I8LL TEI8 98¥8 PFB8 90C6 €006 1L66 6866 6101 T'€0l 8901 9011 9+l 091
9E'YS 0TLS €T09 I¥E9 0L99 600L ¥SE€L SOLL 1908 ITH8 ¥8L8 0S16 8I'T6 61'S6 0686 S10I L7201 #901L TOIl TVII (1Y
STES €098 1166 SE€TY ILS9 LI69 69TL LTIL 886L vse8 TTL8 TE06 1916 99¥6 1¥86  O101 TT01 0901 L6001 8€II (41
LIS 6LVS TOLS €TI9 L9PV9 1T8Y IFIL SPSL PI'6L SBT8 8S98 P06 V016 TIve 16L6  S001 LTI0T 9601 €601 ¥EIT 0¢l
€5°0S  LYPES L99S 9009 8S€9 0TL9 880L I9vL 9¢€8L PIT8 €658 vL68 SP06 95€6 OFL6 0001 €101 1'SOI 060T O€ILI 0Tl
60'6F 80TS bLSS I88C €VT9 S99 T669 E£LEL 9SLL THI8 9T €168 868 00€6 6896 9566 8001 L+vOT 9801 9TII o1
LY 850S 16€S LVLS OT19 €0S9 1689 TRTL €L9L 9908 BSP8 0588 <€T68 €VT6 996 9066 €00l €¥01  TROT TTII 001
0L9Y TL6Y SUES LL9S 9509 SHP9 8E89 veTL 1€9L LTO8 €TH8 8I'88 1688 €IT6 6096 0886 00T O¥0T (0’801 0TI S'6
6L'Sy 0687 LETS P09S 6865 +8E9 +8L9 98IL LBSL 886L LSES 98L8 6588 P8I6 TRS6 SS86 1866 8E01  §LOT §IIL 06
9Lyy TO8Y $SIS 8TSS OT6S TTEY 6TL9 OLIL EVSL 8Y6L 1GE8 €SL8 LT88 F#S16 S566 6786 9566  9€01  9L01 1ML S8
Sey SOLY 1905 8PvS 8Y'8S 8ST9 TL99 - S®OL LO6PL LO6L PI'E8 O0TL8 S6L8 VTI6 LTUS6 €08 0£66 €0l ¥LO0T Pl 08
96’1y T6'SY 696v S9ES TSLS 1619 TI'99 E€€0L [ISPL SY8L LLT 9898 19L8 €606 66V6 LLL6 SO66 redl  TLOl TIII SL
€668 ISVP 898y OLTS P6OS ITI9 1§59 6469 €OPL ETBL 6LT8 TS98 8TL8 1906 ILve 1SL6 6086  6T01 6901 OIII oL
SELE LSTY TSLY LLIS T1'9S 6V09 88V9 PT69 +SEL O%LL 0078 L1988 698 1€06 ¢t¥v6e +vULe €586  9TOL L9901 80I1 9
€S've  vheE 809y SLOS PTSS €L6S TTYY L9889 VOEL SELL 1918 TYS8 698 6668 PIv6e L696 LT8G  vTOI  S$901 SOIT 09
€61 0TSE Poty 1960 I€PS €685 PSt9 LOBY €STL 069L 1ITI8 9¥S8 PTI98 L9688 S8E6 6996 0086 201 €901 €011 g'¢
8L°67 ISIE PI'LE PESY 6TES 608 T8T9 9W'L9 O00TL ¥¥9L 0808 OI'S8 6858 pvEe68 SS€6 V96 ¥vLL6 6101 1901 TOLI [0S
TYLT PL8T 660t S8y 8I'TS O0TLS LOT9 €899 SHIL L6SL 8£08 €LP8 TSS8 1068 STE6 196 9¥L6  L'101 8601 6601 194
SE€9T IL9T 6SLT ¥TOL O0IS 9T9S 6T19 L1999 680L BYSL 966L SE€P8 9I'S8 888 S6T6 9866 6I'L6 VIO 9S0I L601 (1h4
91'ST 8I'ST T1¥ST +U'9T L68T €TSS 909 8YS9 T€0L 86FL €56L L6E8 8LPR PE88 S9C76 LSS6 T696  TIOL #9001 9601 Se
6I'vC 66€T 88EC POEC OVYT 1€9T LS6S OLV9 IL69 LYvL 806L 8SE8 OVP8 66L8 PET6 6056 ¥996 6001 TSSOl ¥601 (3%
6L€T SOET PLTT 6¥TTL 9ETT LYTT €985 00V 6069 Vv6EL €98L 61't8 T0P8 P9L8 T0T6 00S6 9£96  L0O0OI 6401 T601 ST
SLTT 1€ 88IT 9Y'IT LOTT SLOT ¥SOT 0TE9 P¥89 OVEL LI'8L 8LT8 TYE8 6TL8 IL16 OLv6 LO96 001  L'vOI 6801 0T
§TTC PLIT TTIT 0OL0T 81'0T L96T -8U'61 ¥HL8] 8CST V8TL 69LL LET8 TTE8 T698 6£16 OFP6 8LS6 1001 §+01 L'80T 1
6817 1€1T €L07T PVOT SY61 S681T PE8L  ELLL E€TLT ¥S91 OTLL S6I8 I8T8 9598 9016 OI'v6 60VS6 L866 0l £°801 o1
9917 SOIT TYOT 6L61 ¥vI6l 8¥8I I8LI €L €F91 €LST TOSE O€Pl 9I'PL LSEL €L06 08¢6 0CUS6 1966 0v01 €801 so
8C'IT S6'0T 1£0T S961 8681 0€8T 6SLT 8891 +I9T OPSI  €9P1T  O8€T IL€T 90€l STTL 6911 <EFIT 6501 9tL'6 ['801 o
(1184 ooy 06¢ 08¢ 0LE 09¢ 0S¢ (1123 0€e 0zg olg 00¢ 86T 06C 08T €LT 0LT 09T 0sT oz (ed)d
oDz
(3w ) BRETY Jo Ayanonpuo)) [euridoyl, CIIA 21qEL



986 Krauss, Luettmer-Strathmann, Sengers, and Stephan

7. CONCLUSION

Based on a critical review of the available experimental data, and on
as much theory as realistically possible, equations for the viscosity and the
thermal conductivity of R134a were dcveloped. The existing, somewhat
contradictory situation of the transport propertics of R134a could be
clarified only to some extent. We need more precise measurements of both
the viscosity and the thermal conductivity in nearly the entire fluid region.
Measurements. of the specific heats for temperatures above 356 K are also
urgently needed.

In the case of the viscosity, systematic dcviations between the
experimental results of different authors arc evident in the entire density
range of the correlation (Fig.7) and even at ambient pressure (Fig.2).
Measurements are also needed to fill the data gap in the vapor phasc
(Figs. 6 and 7). For the thermal conductivity in the dilute-gas region the
biggest inconsistencies exist at the lower and upper ends of the range of
validity of Eq. (12) (Fig. 4). For the excess thermal conductivity systematic
deviations between different data sets are evident in the entire density range
(Fig. 10). Experimental data are lacking in particular in the critical and
supercritical region. It is very promising that the Subcommittee on Trans-
port Properties of the Commision 1.2 of the International Union of Pure
and Applied Chemistry has recently started a project to investigate the
phenomena in detail that occur in the measurements of the thermal con-
ductivity of refrigerants in the vapor phase. This will certainly contribute to
clarify the above-mentioned situation.
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