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Measurements of the Thermal Conductivity of HFC-134a in the Supercritical

Region'
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Measurements of the thermal conductivity of HFC-134a made in a coaxial cylinder cell operating in steady
state are reported. Measurements were performed along several quasi-isotherms at temperatures ranging
from the critical temperature 7. (~374 K) to 7, + 150 K and in a pressure range from (0.1 to 40) MPa.
Parameters of a background equation were determined from experimental data to analyze the critical
enhancement of the thermal conductivity as a function of temperature and density. An analysis of the various
sources of errors leads to an estimated uncertainty of the thermal conductivity data of + 3 %.

Introduction

In the past years, there has been a great industrial interest in
the determination of the thermophysical properties of alternative
refrigerants. In our laboratory, we have carried out a series of
measurements of the thermal conductivity of several alternative
refrigerants over a large range of temperature (7) and pressure
(p), including the subcritical and supercritical regions."> Among
them, HFC-134a (1,1,1,2-tetrafluoroethane) was considered for
a long time as an environmentally acceptable alternative
refrigerant to CFC-12 (dichlorodifluoromethane). Some previous
measurements® of the thermal conductivity of HFC-134a have
been already performed, along several quasi-isotherms between
(300 and 530) K and from (0.1 to 50) MPa. The present thermal
conductivity measurements of HFC-134a were carried out as a
function of temperature between 7, (~374 K) and 7. + 150 K
and pressures up to 40 MPa, including then the homogeneous
critical region, using vertical coaxial cylinders, operating in the
steady state mode. This method of measurement and the applied
corrections were previously described.* During the experiments,
the stability of the temperature was kept better than 0.05 K,
and the precision of temperature measurements was £ 0.05 K.
The pressure was measured with a precision pressure transducer
with accuracy of 0.02 %. The consistency of pressure and
temperature measurements was checked along the saturation
pressure curve with vapor pressures calculated from the equation
of state developed by Tillner-Roth and Baehr.” The purity of
the sample was estimated to be better than 99.9 % by the
manufacturer’s analysis and appears to conform with the purity
specifications (especially for water contamination) of the Round-
Robin samples of R134a.® New experimental results are reported
in Table 1 for the dilute gas state (near 1 bar pressure) and in
Table 3 to Table 17 for the fluid dense state along 15 quasi-
isotherms, up to 21 MPa. The nominal temperature is the
temperature at the critical density. The density (p) was calculated
with the equation of state developed by Tillner-Roth and Baehr,”
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Table 1. Thermal Conductivity of HFC-134a Near Atmospheric
Pressure

T r Ao(exp) 100-[(Ao(cal) — Ao(exp)l/Ao(exp)
K MPa mW-em !-K! [Ao(cal) from eq 5]
299.29 0.17 12.87 -0.27
299.63 0.17 12.79 0.59
318.97 0.74 14.89 —-1.64
318.97 0.74 14.86 -1.44
319.14 0.16 14.60 0.42
345.58 0.18 17.11 -0.09
346.36 0.18 17.39 -1.28
348.54 0.18 17.32 0.27
351.84 0.64 17.63 0.23
363.88 0.18 18.91 -0.69
365.00 0.18 18.91 -0.15
365.41 0.18 18.93 -0.05
365.69 0.18 18.93 0.08
366.52 0.18 18.92 0.54
366.80 0.18 18.93 0.62
372.42 0.68 19.75 -0.94
372.43 0.17 19.68 -0.58
372.43 0.68 19.65 -0.43
378.07 0.18 20.03 0.28
378.63 0.44 20.17 -0.16
378.74 0.18 20.12 0.13
378.90 0.33 20.26 -0.49
379.17 0.30 20.23 -0.21
379.43 0.15 20.35 -0.69
379.72 0.16 19.96 1.39
392.65 0.18 21.36 0.31
426.86 0.16 24.69 -0.46
436.44 0.18 25.42 0.15
446.25 0.20 26.65 -1.09
446.25 0.76 26.61 -0.94
451.17 0.18 26.83 -0.06
455.69 0.10 26.80 1.60
455.92 0.68 27.19 0.22
466.31 0.65 28.46 -0.89
476.24 0.10 29.22 -0.34
496.18 0.10 31.10 -0.46
515.97 0.10 33.04 -0.80

with accuracy of the order of &+ 0.2 % in the critical region as
stated by the authors. In fact, the accuracy can be much lower,
close to the critical point, and can reach + 2 %. The critical
parameters together with the estimated uncertainties are given
as follows
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T, = (37421 £ 0.06) K, p, = (4.05928 £ 0.016) MPa,
and p, = (511.9 £ 4 kgm > (1)

The measurements were carried out to make an analysis of
the data based on the residual method. The thermal conductivity
data are covering the supercritical region (T > T¢) of the p, p,
T phase surface, corresponding to three main parts, i.e., the
gaseous state (p ~ 0) at p = 1.01325 bar, the moderate (0 < p
=< 1.2p.), and the high (p > 1.2p.) dense states, respectively.
Consequently, the thermal conductivity expressed as a function
of temperature and density was separated into three parts

AT, p) = 2(T) + 04(p) + AL(T, p) b)

where Ao(7) is the dilute gas thermal conductivity which is only
a function of temperature at p = 0, OA(p) is the residual thermal
conductivity which is only a function of density, and AA(7,p)
is the critical enhancement approaching the liquid—gas critical
point. In that description, the two first contributions of eq 2
represent the background thermal conductivity

(T2 p) = 2(T) + 3A(p) 3)

To determine A,(T,p), we have considered the data in the high
dense phase and in the gas phase at atmospheric pressure and
far from the critical temperature (7' > 385 K) region, including
then the related parts of our previous measurements reported
in ref 3. The resulting critical enhancement AA(T,p) of the
thermal conductivity is given in column 5 of Tables 3 to 17.
The uncertainties of the thermal conductivity measurements were
estimated to be of the order of = 3 %. The main error is due to
the measurement of the temperature difference between the
concentric cylinders.

We note that several other measurements of the thermal
conductivity of R134a were performed under pressure, for
instance those of Assael et al.,” with an estimated accuracy of
0.5 %. At supercritical temperatures from (390 to 450) K and
at pressures to 70 MPa, Perkins et al. have reported several sets
of data obtained with a transient hot-wire cell.®*

Dilute-Gas Thermal Conductivity

The thermal conductivity data measured at atmospheric
pressure in the temperature range (299 to 516) K are presented

in Table 1. As a theoretical calculation of the thermal conduc-
tivity of a polar fluid in the dilute-gas region requires several
parameters which are difficult to evaluate with a good accuracy,’
these experimental data were fit to an empirical linear equation

Ao =ay + a,T 4)
where Ay and T are expressed in mW-m ™ 'K™! and K,
respectively. Fitting the complete set of the 37 data of Table 1
and the 32 data given in ref 3, the related values of two
adjustable parameters are ag = —14.7107 mW-m~!-K~! and
a; = 0.0920389 mW +m 'K 2. The relative deviation between
the experimental data and the theoretical values calculated using
eq 4 are reported in Table 1 and shown in Figure 1 for the
complete data set. The related 10-standard deviation of 0.70 %
is also illustrated in Figure 1, which appears within our estimated
experimental uncertainty of 1.5 % (i.e., approximately 20, see
ref 3) in this range of measurement.
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Figure 1. Fractional deviation 100+ Alg/Ag = 100+ [Ag(cal) — Ag(exp)])/Ao(exp)
of the dilute gas thermal conductivity of R134a as a function of temperature.
This work: B (Table 1) and 9 Le Neindre and Garrabos (ref 3), where the
calculated values were obtained from eq 4. From experimental values of
Table 1 and calculated values obtained from the analytical correlations
reported in Table 2: x, Perkins et al.;*° *, Soldner et al.;'° —, Krauss et
al.;;'' A, Hammerschmidt;'? O, Tsvetkov et al.;'*> +, Gross et al.;'* <,
Tanaka et al.;'> O, Yata et al.'® The dashed lines are one standard deviation
of the fit of our complete experimental data set using eq 4 (see text).

In Table 2 are listed similar analytic equations (up to the
third order) that have been reported in the literature®'¢ to

Table 2. Representative Equations of the Thermal Conductivity 4y of R134a, at Atmospheric Pressure

equation coefficients T-range/K sd (0) (%) ref

Ao =ay+ aT ap = —14.7107 299 to 516 0.70 (69 data) this work
a; = 0.0920389

Ao =ay + a\T + a,T* ap = 5.79393 200 to 450 2.43 (52 data) 8,9
a; = —0.0283907
a, = 0.176461-1073

Ao =ay + a\T + a,T* ap = —17.314 294 to 363 1.89 (19 data) 10
a; = 0.12048
a, = —0.5926-107*

Ao =ap+ a;T + a,T? ayp = —16.5744 240 to 410 3.12 (41 data) 11
a; = 0.124286
a, = —0.761796-10~*

Ay =ao+ aT ap =—12.68 298 to 463 1.43 (58 data) 12
a; = 0.087

Ao =ap + aiT + aoT* + a;T° ay = —1.203289 240 to 400 2.33 (40 data) 13
a; = 0.020169658
a, = 0.113395-107*
ay; = —0.5232105-1077

Ao = ap + a)t* ap =11.3853 250 to 360 2.42 (18 data) 14
a, = 0.0754957

Ao =ay+ aT ap = —13.39 293 to 363 0.85 (19 data) 15
a; = 0.0872932

Ao = ay + a\(TIT,) + ax(TIT)? ap = —6.3643 200 to 600 1.25 (69 data) 16
a; = 19.099
a, = 6.8704

ar=T-—273.15K. " T, = 37427 K.
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Table 3. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 374.37 K

Table 4. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 374.96 K

T p o A A T p P A A,

K MPa kg'm™ mWem™'-K™! mWem'-K™! K MPa kg'm™3 mWem™'-K™! mWem™'-K™!
379.43 0.154 5.0 23.1 0.1 376.96 2.027 82.2 21.8 —0.2
375.04 0.888 31.6 23.5 0.2 376.51 2.527 111.3 22.9 0.2
376.38 2.200 91.9 25.2 0.2 376.33 3.030 148.0 24.2 0.5
376.23 2.350 100.6 25.6 0.3 375.81 3.534 201.0 27.9 2.8
375.93 2.700 123.4 26.5 0.6 375.46 4.029 312.9 39.7 11.2
375.76 3.000 146.4 27.4 0.8 375.43 4.051 324.8 42.5 13.7
375.59 3.196 164.1 28.7 1.5 375.34 4.085 350.9 51.7 22.0
375.42 3.349 180.1 29.8 2.2 375.30 4.089 356.4 57.3 27.5
375.10 3.544 205.0 32.1 3.7 375.11 4.099 381.3 67.1 36.4
374.92 3.675 225.8 34.2 5.1 375.07 4.097 382.1 71.3 46.6
374.76 3.717 234.2 35.2 5.8 375.03 4.099 389.6 91.0 60.0
375.34 3.828 252.4 36.7 6.6 374.99 4.107 413.7 110.6 78.7
375.14 3.928 280.5 40.9 9.9 374.97 4.112 437.0 117.6 84.9
375.10 3.981 299.7 42.8 11.1 374.96 4.117 470.7 123.2 89.2
375.18 4.030 320.4 47.9 153 374.96 4.119 486.3 124.4 89.7
374.89 4.035 332.3 49.4 16.3 374.96 4.126 543.3 124.4 87.2
374.72 4.049 350.4 52.9 19.1 374.97 4.132 571.9 119.8 81.2
374.66 4.063 369.7 59.3 24.4 375.00 4.149 611.8 101.0 60.4
374.61 4.068 382.1 67.4 31.7 375.03 4.155 616.9 91.0 50.2
374.57 4.073 397.9 76.4 39.8 375.04 4.160 623.0 86.1 44.9
374.54 4.072 400.5 83.1 46.1 375.06 4.168 630.7 79.6 38.1
375.24 4.120 403.9 101.6 63.6 375.10 4.185 643.8 70.4 28.1
374.47 4.071 408.6 109.6 71.1 375.13 4.199 652.6 64.3 21.6
374.39 4.070 436.4 164.4 122.7 375.14 4216 663.2 61.2 17.8
374.37 4.073 529.9 197.4 150.6 375.16 4.244 676.8 58.6 14.5
374.37 4.074 554.1 197.4 149.5 375.17 4.289 694.1 56.5 114
374.38 4.078 584.3 182.8 133.9 375.18 4.340 709.0 55.0 9.0
374.38 4.083 605.8 174.2 124.5 375.19 4.379 711.3 54.6 8.4
374.28 4.085 632.7 141.0 91.1 375.20 4.456 733.5 53.0 5.4
374.31 4.090 635.3 123.3 74.1 375.19 4.458 734.1 54.1 6.5
374.32 4.093 637.9 113.9 64.9 375.19 4.551 748.9 54.5 6.0
374.34 4.097 640.2 105.7 57.0 375.19 4.557 749.8 53.8 53
374.36 4.100 641.2 99.3 50.8 375.18 5.054 799.6 55.7 3.9
374.38 4.105 644.4 91.4 43.0 375.18 5.057 799.6 55.0 3.1
374.40 4.110 647.4 85.1 36.8 375.03 6.045 854.6 57.6 1.8
374.18 4.090 652.3 72.9 25.0 375.01 8.053 915.5 61.5 1.1
374.19 4.100 660.1 70.8 22.6 374.99 10.033 954.6 64.0 0.4
374.21 4.120 672.4 68.0 19.2
374.22 4.142 683.7 65.9 16.6
g;i%g 3{33 gg?g gig gg function that represents A, (see eqs 4 to 6 of ref 3). In spite of
37437 4045 7139 643 133 the difficulty to calculate accurately the contributions from
374.37 4.270 719.6 64.3 12.9 internal degrees of freedom, this theoretical estimation gives a
374.37 4.358 737.9 64.1 11.6 lo-standard deviation of 0.94 % from our Ay(exp) data set.
37450 4.533 761.2 63.7 9.7 However, we note that the correct C$ temperature exponent of
g;igé 3%{1} ;;(l)i g?; 22 the right-hand side of eq 6 given in ref 3 is i, and not i — 1.
374.52 4.759 785.0 61.0 5.5

represent the temperature variation of the thermal conductivity
of R134a at atmospheric pressure. The values of their adjustable
coefficients are reported in column 2, while their respective
temperature range of validity is given in column 3, covering
then the complete temperature range from (200 to 600) K. The
corresponding 1o-standard deviation from our experimental
results given in Table 1 is reported in column 4, which clearly
shows the weakness of some analytic equations.®'""!* These
systematic deviations of the temperature dependence of the
thermal conductivity of the dilute gas are also illustrated in
Figure 1, while this figure simultaneously reveals the noticeable
agreement between the experimental data obtained by static
methods.'>'> As was mentioned in ref 17, the uncertainty at
low densities is much larger than that at higher densities due to
the large inner and outer boundary corrections in transient hot-
wire measurements. Therefore, Figure 1 indicates that the
experimental data generally agree with the linear correlation of
eq 4 within an uncertainty of 20, especially for the temperature
range (300 to 600) K. Such a linear form can be of practical
interest to complement our previous theoretical dilute gas

Dense Fluid Thermal Conductivity

To determine the residual density term OA(p) of the thermal
conductivity, we have used our present measurements in the
high dense phase and in the gas phase outside the critical region,
in a temperature range from (300 to 550) K and pressure up to
50 MPa, including some related data already reported in ref 3.
This density-dependent term of the thermal conductivity was
then represented by the following six-order polynomial dimen-
sionless form

6

oMp) _ ,,(ﬁ)" 5
AC ; ' pc ( )

where Ac is the reference value of the critical thermal
conductivity defined as

RY/6p23

Ap= ———— =2053mWm K (6)
C Ti/6 & NK3

By fitting experimental data with eq 5, we have obtained the

following values of the adjustable parameters
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lI = 6.02829, 12 = 2.36295, l3 = —4.43933, Table 6. Thermal Conductivity of HFC-134a along the
uasi-Isotherm 375.28 K
[, = 6.20601, Iy = —2.80918, and [, = 0.451252 Q
T P o A A
wilth {)C :d 51 ld.9 kg°rp’3. T};e }lla-stalndardddev.ia.tions llnetween K MPa kg-m™> mWem-'-K-! mWem-!-K-!
ca t;:Iu atlel: an e).(pern?elrllta thermal con: uﬁtl;fllty values ar(e1 376.07 0200 o6 205 03
within the uncertainty of t e measurements, which was estllmate 376.06 0.524 179 208 05
to £+ 1.5 %. We note that similar dimensionless correlations of 376.05 0.773 27.1 212 0.7
eq 5 with different magnitude of o were reported by Krauss et 376.04 1.048 37.8 21.4 0.6
al.'! and Yata et al.'6 37595 2429 105.6 235 1.0
375.94 2.662 120.7 24.0 1.1
R 375.90 2.970 143.7 25.1 1.5
Critical Enhancement 37587 3.165 160.6 26.1 2.1
The following analysis of the thermal conductivity and 37587 3.264 170.1 26.4 21
. .. . .. . . . 375.80 3.504 197.2 29.0 4.0
diffusivity of Rl3f1a in the critical region was carried qut in 375.76 3.658 2187 30.6 4.9
terms of the effective values of the critical exponents, using a 375.73 3.772 238.2 31.9 5.7
similar approach of the crossover modeling initially proposed 375.69  3.874 259.9 34.3 7.5
by Luettmer-Strathmann and Sengers'® to describe the singular g;ggg ggég 5; é '2 gg é ]gg
behaw.or of Fhe thermal dl'ffuswny Dy = l/.(pCp). C, is the 37561 3.999 2974 39.5 116
isobaric specific heat capacity. As noted previously, the value 375.58 4.040 315.2 42.1 13.6
of the critical enhancement term AAJ(T, p) of the thermal 375.56 4.055 3233 43.4 14.6
375.52 4.086 343.8 475 18.1
375.49 4.097 353.8 50.8 21.0
Table 5. Thermal Conductivity of HFC-134a along the 375.46 4.107 364.8 54.5 24.4
Quasi-Isotherm 375.14 K 37542 4115 376.7 61.1 30.5
375.36 4.121 390.9 72.1 41.1
T p o A Ade 37534 4126 402.6 773 459
K MPa  kgm®  mWem LK mWem K 37532 4134 4260 85.6 53.3
375.29 4.139 452.9 94.3 61.0
37623 3734 228.5 30.1 4.1 37528 4.145 488.8 98.6 63.8
37621  3.800 2403 31.2 4.9 37528 4150 5185 100.2 64.1
37601 3.908 265.0 34.0 7.0 37528  4.156 550.4 100.2 62.6
37599 3936 2724 34.9 7.1 37528 4162 5744 99.4 60.7
37595 3993 289.9 374 9.6 37528 4.167 589.2 98.4 58.9
37565 4.023 306.1 39.3 11.0 37529 4174 6028 95.5 55.4
37561 4.059 324.0 425 13.7 37530  4.181 613.4 927 52.1
37560 4.065 327.6 43.2 14.3 37531 4189 6234 88.9 47.7
37553 4.097 351.8 49.2 19.5 37532 4.197 631.6 84.8 432
37551 4107 361.8 52.1 22.0 37533 4.204 637.7 81.6 39.7
37546 4118 3774 59.1 286 37536 4216 645.4 74.6 322
37540 4.126 395.1 68.3 37.1 37538 4225 650.6 68.6 25.9
37537 4128 402.6 763 49 37539 4235 656.7 66.8 23.8
37533 4129 4106 87.0 55.2 37540 4244 6616 64.5 21.1
37532 4130 4148 91.6 9.7 37542 4265 671.6 60.8 16.9
375.15 4.130 460.7 105.5 71.9 375.43 4.280 678.0 59.6 15.4
37514 4132 4772 107.2 72.9 37543 4290 683.0 538 143
375.14 4.134 490.4 108.0 73.1 375.45 4.349 701.4 56.7 1.1
37514 4136 5042 108.0 72.6 37546 4473 7296 555 g1
375.14 4.138 517.8 108.0 72.0 375.46 4.527 739.0 55.0 71
37514 4140 5309 108.0 71.4 37546 4625 7533 550 6.1
375.14 4.142 543.0 107.2 70.0 375.46 4.681 760.3 552 59
375.14 4.144 553.8 106.3 68.7 375.18 4.942 790.8 55.9 4.6
375.15 4.146 559.1 104.7 66.8
375.15 4.148 567.9 102.4 64.0
375.16 4.150 572.1 100.9 62.3 .. . .
375.16 4.153 582.6 98.8 507 conductivity was estimated by subtracting the background
375.17 4.157 591.3 94.1 54.6 thermal conductivity term Ay(7, p) of eq 3 from the experimental
37518 4.160 596.4 91.6 51.9 data. The above separation of the thermal conductivity into
375.19 4.163 600.9 88.1 48.1 critical and background contributions implies a corresponding
375.20 4.166 605.0 84.9 44.6 . . .. . .. E
37591 4170 610.6 323 418 separation of the thermal diffusivity Dy into a critical contribu-
375.21 4.171 6123 814 40.8 tion AD. = (AA)/(pC,) and a background contribution D, =
375.23 4.178 619.9 71.7 36.7 A/ (pC,), with
375.23 4.181 624.1 76.0 34.7
37524 4189 6324 73.1 314 D, = AD, + D, @)
37528  4.208 646.2 66.7 243 _ N , 0 _
375.30 4.229 659.6 62.7 195 The mode coupling of critical dynamics theory ~ predicts that
375.31 4.254 672.8 61.3 17.4 AD, of a critical pure fluid in the hydrodynamic limit can be
375.31 4.265 671.9 61.0 16.8 written asymptotically near its critical point as
375.31 4.294 689.6 60.5 15.6
375.31 4.307 694.1 60.3 15.1 kB
37531 4341 704.5 60.0 142 AD, = Ry—— 8)
37532 4.389 716.4 59.2 12.7 c 6mné
g;gg% jjgg %2; ggg Hé where 7 is the shear viscosity; and & is the long-range correlation

375.46 4735 766.6 582 85 length of the density fluctuations. The prefactor Ry, is a universal
375.48 4.848 777.8 56.6 6.1 amplitude combination whose value is close to unity.'> Along
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Table 7. Thermal Conductivity of HFC-134a along the X? = KTchc (11)
Quasi-Isotherm 375.72 K
T p 0 2 Al lies on a single curve when it is plotted as a function of the
K MPa P— Weml K- Wem K- rescaled temperature
37661 3210 1633 24.4 03 =Yt (12)
376.60 3.210 163.4 24.6 0.5
376.59 3.210 163.4 24.8 0.7
37656 3210 1634 25.7 1.6 where
376.55 3.302 172.4 26.3 1.9 T—T
376.53 3.468 190.4 26.9 2.0 = - ¢ (13)
376.51 3.504 194.8 27.5 2.5 Tc
376.50 3.593 206.2 28.1 2.8
376.48 3.675 217.9 28.8 3] is the usual reduced temperature distance to 7¢. In eqs 11 and
376.46 3.783 235.6 29.7 3.5 12
376.44 3.783 235.7 30.3 4.1
376.42 3.872 253.1 31.5 4.8 m.p
376.41 3.872 253.2 31.7 5.0 = __pre (14)
37640  3.872 2533 323 56 ¢ kgT.p,
376.11 3.913 265.2 333 6.3
376.10 3.941 2725 342 7.0 where mj, is the molecular mass and kg is the Boltzmann constant
37608 3975 2824 35.2 7.7 and
376.06 4.011 294.3 36.2 8.3
376.04 4.039 305.0 37.9 9.7 T
37599 4.072 320.6 417 13.0 v = (3_1?) | (15)
375.92 4.120 352.4 48.5 18.8 ¢ oT 0T\ P
375.87 4.132 365.3 54.8 24.7
375.83 4.141 377.5 60.0 294 (0p/dT),, z, is the slope of the critical isochore line at the critical
375.80 4.150 391.9 65.6 34.5 . ot . .
375.77 4161 415.1 731 411 point. kf = kqp. is the usual reduced form of the isothermal
37576 4.161 416.6 759 432 compressibility. A similar analysis*' has also shown that the
375.72 4.178 479.0 85.7 513 rescaled correlation length
375.73 4.179 479.9 83.0 48.5
375.72 4.187 516.7 88.1 52.0
37573 4199 3577 84.1 46.1 Table 8. Thermal Conductivity of HFC-134a along the
37574 4210 5844 79.9 40.7 Quasi-Isotherm 376.02 K
375.76 4.223 604.9 75.2 35.0
375.79 4.241 624.3 67.3 26.0 T 14 p A Al
37582 4254 6340 62.7 20.9 K MPa  kgm®  mWem LK mWem K-
375.84 4.279 651.4 58.9 16.2
37585  4.296 660.9 57.3 14.0 37698  3.510 194.0 27.4 2.3
37586  4.316 670.4 55.8 12.0 37695 3.650 212.2 28.5 3.0
37586 4.334 678.3 55.1 10.8 37692 3.740 225.8 29.5 3.6
37587 4.349 683.6 54.6 10.0 376.90  3.800 235.9 30.4 4.2
375.87 4.363 688.6 53.9 9.0 376.87 3.880 251.3 31.8 5.1
375.88 4.387 695.9 535 8.1 376.81 3.990 277.7 34.6 7.0
375.88 4.432 708.2 32.6 6.5 376.78 4.040 292.9 36.4 8.4
375.89 4.451 712.4 52.1 58 376.73 4.100 316.3 39.5 10.8
375.88 4.461 715.0 32.6 6.1 376.69 4.140 337.1 42.7 13.2
375.88 4.461 715.0 524 5.9 376.21 4.150 363.3 48.0 17.9
375.89 4.630 744.7 32.0 37 376.19 4.160 374.0 50.3 19.7
376.16 4754 755.6 523 32 376.10 4.180 408.5 62.2 30.4
376.15 4.789 759.9 327 33 376.07 4.190 433.5 69.3 36.7
376.15 5.037 784 4 52.9 2.0 376.05 4.198 459.6 75.4 41.7
376.15 5.092 788.9 53.1 1.9 376.04 4.200 468.3 78.4 44.4
376.15 5216 798 4 53.4 1.4 376.03 4.203 481.0 80.7 46.2
376.15 5.296 803.9 33.6 1.3 376.02 4.205 490.7 81.7 46.7
376.14 5.520 818.0 54.0 0.8 376.02 4.207 497.7 82.2 46.9
376.14 5.651 8253 543 05 376.02 4.209 504.7 82.6 47.1
376.14 5740 830.0 54.5 0.4 376.02 4.213 518.6 82.6 46.5
376.02 4217 531.9 82.1 45.3
the critical isochore, eq 8 can be also written as the following 376.03 4.222 544.7 80.6 43.3
approximated form.20 376.03 4.225 553.3 79.7 419
376.04 4.230 564.0 77.4 39.2
kBT 376.04 4.233 571.2 76.6 38.0
AL, = RD—pCf, ) 376.06 4.242 585.9 73.7 34.3
677§ 376.07 4.250 598.0 70.8 30.8
where C is defined as the specific heat difference C, = C, — 376.08 4.260 610.6 08.6 28.0
C,. This latter critical property can be then calculated from the 376.09 4.270 621.0 66.9 25.8
R [ R . 376.09 4.280 630.8 65.6 24.0
1s0thermal compressibility k7 by using the thermodynamic 37610 4.300 645.6 638 213
relation 376.11 4.320 657.3 62.4 19.3
T\ 9p\2 376.26 4.360 668.4 60.8 17.0
C=C —C = (_)(_P) P (10) 37626 4390  680.6 60.0 15.5
P b v \p\aT)p T 376.54 4470 694.8 59.0 13.7
On the other hand, it was found that along the critical i§ozc]h0re g;ggg jggg ;ggg ggg }(l)g
over an extended temperature range of any pure fluid™ the 376.82 4.820 750.8 577 8.9

rescaled isothermal compressibility y# 376.82 4.860 755.6 57.5 8.4



&*=Ela (16)
where
kg T,\13
a =( B ) (17)
Pe

is a single function of 7. Consequently, from eq 9, the rescaled
quantity??

s RD Xﬂ;' _ Mcn

= @E_* =—————PZa (18)
kB(T(aP/E)DpC)

should be also a single function of 7. The validity of eq 18
along the critical isochore can be controlled in the R134a case
by using the critical parameters of eq 1 and (9p/dT),,r. = 0.0831
MPa+K™!. The critical enhancement of the thermal conductivity
data and the shear viscosity data are given in columns 2 and 3
of Table 18, respectively. The values of A, were calculated at
each temperature value reported in column 1 of Table 18, by

Table 9. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 376.27 K
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Table 10. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 377.01 K

T p I3 A Al

K MPa kg'm™ mWem™'-K™! mWem™'-K™!
377.58 4.079 293.7 36.6 8.5
377.55 4.126 310.3 39.0 104
377.51 4.164 327.1 41.5 12.5
377.32 4211 359.9 46.6 16.5
377.29 4.226 372.9 494 18.8
377.27 4.235 382.2 51.3 20.4
377.26 4.241 388.7 529 21.8
377.24 4.249 399.0 55.5 24.0
377.19 4.266 426.9 63.0 30.5
377.18 4.270 434.6 64.8 32.0
377.17 4.275 4447 67.1 339
377.01 4.289 499.9 72.0 36.6
377.01 4.294 511.1 724 36.5
377.01 4.307 538.7 72.4 35.2
377.01 4.309 542.6 72.0 34.7
377.01 4312 548.4 71.7 34.1
377.02 4.322 564.6 70.6 322
377.02 4332 580.1 69.1 30.0
377.03 4.343 593.4 67.4 27.6
377.04 4.356 606.8 66.1 25.6
377.05 4.380 627.0 63.6 22.1
377.05 4.384 630.0 63.4 21.7
377.06 4.397 638.1 62.5 20.4
377.06 4417 649.8 61.7 18.9
377.07 4.439 660.1 60.6 17.2
377.07 4.473 674.0 60.0 15.9
377.08 4.495 681.2 59.5 14.9
377.08 4.538 694.0 58.7 134
377.36 4.613 703.3 58.3 12.4
377.36 4.653 712.0 57.8 114
377.36 4.697 720.4 57.8 10.9
377.36 4.760 731.0 57.6 10.0
377.37 4.836 741.8 56.9 8.7
377.37 4.907 750.8 56.2 7.4

Table 11. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 377.83 K

T p P A Al

K MPa kgem™3 mWem '-K™! mWem '-K™!
379.10 4.331 369.9 44.1 13.5
377.97 4.302 404.5 48.7 18.0
377.95 4.301 404.9 50.3 18.5
377.93 4.309 415.6 52.1 19.9
377.91 4.321 4329 55.7 22.8
377.89 4.330 448.2 58.3 24.9
377.87 4.339 464.8 61.7 27.6
377.85 4.351 487.7 65.2 30.2
377.84 4.360 504.5 66.8 31.1
377.83 4.369 521.1 67.8 314
377.83 4.381 540.2 68.1 30.8
377.83 4.390 553.5 68.1 30.2
377.83 4.400 567.0 67.8 29.2
377.84 4411 579.2 66.8 27.6
377.84 4.420 589.1 65.8 26.2
377.85 4.432 599.8 65.2 25.0
377.85 4.441 607.7 64.0 234
377.86 4.451 614.9 63.1 22.1
377.86 4.460 621.5 62.3 20.9
377.87 4.470 627.4 61.4 19.8
377.87 4.479 633.0 60.6 18.7
378.02 4.500 635.5 60.1 18.0
377.89 4518 652.1 58.7 15.8
377.89 4.531 657.7 58.2 14.9
377.90 4.541 661.3 57.5 14.0
377.90 4.551 665.2 57.0 13.3
377.90 4.561 668.8 56.6 12.6
377.90 4.582 675.9 56.3 12.0

T p P A Al

K MPa kgem™3 mWem '-K™! mWem - K™!
376.87 4.101 313.7 45.2 16.7
376.82 4.117 321.8 47.0 18.2
376.68 4.141 338.0 52.4 23.0
376.65 4.147 342.6 54.5 25.0
376.61 4.150 345.9 56.2 26.6
376.58 4.158 352.6 57.9 28.1
376.55 4.165 359.1 59.8 29.7
376.51 4.168 363.5 61.8 31.6
376.48 4.174 370.4 63.9 33.5
376.44 4.178 376.7 66.1 35.5
376.41 4.184 385.4 68.4 37.5
376.38 4.192 398.1 71.2 39.8
376.34 4.199 413.3 74.0 42.0
376.31 4.210 440.0 77.0 44.1
376.29 4214 453.7 78.0 44.5
376.28 4.218 466.9 78.9 44.9
376.27 4.230 535.1 81.1 44.2
376.26 4.264 590.0 81.0 41.4
376.28 4.267 591.7 80.3 40.6
376.29 4.279 607.2 78.6 38.2
376.34 4.305 628.8 74.6 33.0
376.44 4.354 654.7 66.3 23.2
376.52 4.404 673.6 61.2 17.1
376.57 4.451 688.0 58.7 13.7
376.87 4.504 692.2 57.1 11.9
376.89 4.548 703.0 56.2 10.3
377.73 4.701 711.3 55.0 8.6
377.93 4.800 724.0 54.7 7.5
377.93 4.851 731.9 54.7 7.0
377.86 4.997 752.3 54.8 5.8
378.11 5.504 793.3 56.0 4.2
377.96 6.000 824.4 56.9 3.0
378.07 6.502 846.1 58.0 2.5
378.05 7.003 864.9 58.9 2.1
378.18 7.450 878.2 59.7 1.8
378.16 8.004 893.9 60.5 1.5
378.29 8.408 903.3 61.2 1.4
378.27 9.008 917.1 62.0 1.1
378.26 9.506 927.5 62.7 1.0
378.25 9.919 9354 63.2 0.9
378.24 10.507 946.0 64.0 0.8
378.37 10.981 953.2 64.6 0.8
378.36 11.376 959.5 65.0 0.7
378.34 12.420 974.7 66.3 0.7
378.33 13.441 988.1 67.4 0.6
378.31 14.505 1000.8 68.3 0.5
378.29 16.500 1021.8 70.1 0.4
378.27 18.500 1040.2 71.6 0.2
378.25 21.005 1060.4 73.6 0.2

interpolating at the critical density the values of the experimental
data measured at the closest density of p.. The values of 7 at
each temperature were obtained from the NIST Tables for p
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Table 12. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 378.25 K

Table 13. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 379.09 K

T P o A A T P o A A

K MPa kg'm™ mWem™'-K™! mWem'-K™! K MPa kg'm™ mWem™'-K™! mWem - K™!
378.90 3.950 250.2 31.7 4.9 379.50 4.165 293.4 35.5 7.4
378.85 4.050 271.4 33.9 6.5 379.50 4.175 296.2 35.8 7.6
378.83 4.090 281.3 35.1 7.3 379.48 4.200 304.0 36.7 8.2
378.81 4.120 289.5 36.0 8.0 379.47 4.224 311.9 37.6 8.9
378.54 4.130 295.9 36.4 8.2 379.45 4.254 3229 38.9 9.8
378.53 4.140 299.1 36.8 8.5 379.43 4.282 334.6 40.5 11.0
378.53 4.150 302.3 37.1 8.7 379.42 4.288 337.5 40.8 11.2
378.50 4.180 313.1 38.5 9.8 379.40 4.309 347.8 42.2 12.3
378.49 4.200 320.9 39.5 10.6 379.40 4.317 351.8 42.7 12.7
378.47 4.220 329.7 40.8 11.5 379.39 4.330 359.1 43.7 13.4
378.45 4.240 339.5 422 12.6 379.37 4.346 369.2 45.3 14.7
378.43 4.260 350.6 43.8 13.9 379.36 4.355 375.3 46.2 15.4
378.41 4.280 363.4 46.1 15.7 379.34 4.369 385.8 47.8 16.6
378.40 4.290 370.5 47.2 16.6 379.33 4.376 391.5 48.7 17.3
378.38 4.300 378.8 48.8 17.9 379.32 4.386 400.0 50.1 18.4
378.36 4.310 388.0 50.6 19.4 379.30 4.396 409.7 51.6 19.5
378.35 4.320 397.5 52.4 20.8 379.29 4.404 417.7 53.0 20.6
378.33 4.330 408.8 54.7 22.7 379.28 4414 428.3 54.5 21.7
378.31 4.340 421.3 57.0 24.6 379.27 4.424 439.6 55.9 22.7
378.29 4.350 4354 59.7 26.8 379.26 4431 448.2 57.3 23.8
378.28 4.360 449.9 62.2 28.7 379.25 4.442 461.8 59.3 25.2
378.27 4.370 465.4 64.5 30.4 379.23 4.452 475.7 60.8 26.2
378.26 4.380 481.7 65.7 31.0 379.23 4.453 476.9 61.4 26.7
378.26 4.390 497.0 66.4 30.9 379.09 4.452 489.5 62.5 27.3
378.25 4.395 506.0 66.7 30.9 379.09 4.460 499.6 62.7 27.1
378.25 4.400 513.5 66.7 30.6 379.09 44064 504.6 63.0 27.2
378.26 4.410 527.0 66.7 30.0 379.09 4.470 512.0 63.0 26.9
378.26 4.420 541.0 66.1 28.7 379.09 4.475 518.2 63.0 26.6
378.26 4.430 554.1 65.5 27.5 379.09 4.484 528.9 63.0 26.1
378.27 4.440 565.1 64.5 26.0 379.22 4.504 538.6 62.8 25.5
378.27 4.450 576.2 63.9 24.9 379.09 4.500 547.0 62.7 25.0
378.27 4.460 586.4 63.3 23.8 379.23 4.520 554.5 62.0 239
378.28 4.470 594.7 62.5 22.5 379.23 4.530 564.3 61.5 22.9
378.28 4.480 603.2 61.6 21.2 379.24 4.540 572.6 60.9 21.9
378.29 4.490 610.1 61.1 20.3 379.24 4.547 578.7 60.6 21.4
378.29 4.500 617.2 60.8 19.7 379.24 4.560 589.3 60.1 20.3
378.29 4.510 623.8 60.3 18.8 379.24 4.570 596.7 59.9 19.7
378.29 4.520 629.8 60.1 18.2 379.25 4.600 615.6 59.1 17.9
378.29 4.530 635.4 59.8 17.7 379.25 4.620 626.7 58.7 16.9
378.30 4.540 640.0 59.5 17.2 379.25 4.642 637.3 58.4 16.1
378.30 4.550 644.9 59.3 16.6 379.26 4.662 645.5 57.9 15.2
378.30 4.570 653.8 58.8 15.6 379.26 4.680 652.5 57.7 14.6
378.30 4.590 661.7 58.5 14.9 379.26 4.703 660.7 57.5 13.9
378.31 4.620 671.7 58.1 13.9 379.26 4.739 672.0 57.3 13.0
378.31 4.626 673.6 57.8 13.6 379.26 4.766 679.5 57.3 12.6
378.31 4.650 680.9 57.3 12.7 379.26 4.806 689.4 57.0 11.8
378.31 4.688 691.0 57.1 11.8 379.40 4.838 692.4 56.7 11.2
378.31 4.730 700.7 56.9 11.1 379.40 4.888 702.7 56.2 10.2
378.32 4.770 708.7 56.7 10.4 379.41 4.932 710.5 55.8 9.3
378.59 4.860 718.1 56.5 9.6 379.41 5.000 721.6 55.4 8.2
378.59 4.900 724.6 56.5 9.2 379.41 5.051 729.0 55.0 7.3

= p.. The corresponding calculated values of R¥ in the rescaled
temperature range (2.6°1073 < 7 = Y.(T — T.)/T.) < 5-107")
covered by the experiments are shown in column 4 of Table
18. The fit of the complete data set by an effective pure power
law with adjustable exponent and adjustable amplitude gives

% = (0.01647 %6192, We have then eliminated in the following
fitting procedures the data point corresponding to the closest
temperature distance to T, due to the large uncertainty in our
estimation of AA. at p = p, and T = 374.26 K. The best fit of
the remaining data set of R¥, was thus

R* = 0.014417 %77 (19)

The latter power law compares favorably (deviations lower
than 2 %) with the single power law R¥ = 0.013977%6% given
in ref 22, which was obtained in a similar rescaled temper-
ature range by the analysis of 14 other pure fluids. The
calculated values of R¥ by using eq 19 are given in column

5 of Table 18. The residuals are lower than 5 % with the
present experimental estimation of this quantity (except the
25 % residual of the eliminated point). The equivalent best
fit of the critical thermal conductivity enhancement in the
reduced temperature range (4.3-107% <t = (T — T)/T.) <
8:1072) gives

AL, (mW'm_]-K_l) = 1.5742¢ 0647 (20)

In egs 19 and 20, the effective values (0.6703 and 0.6437,
respectively) of the critical exponents are significantly different
from their expected asymptotic Ising values (0.61 and 0.57,
respectively). As already noted in ref 22, these non-Ising values
of the exponent means that the experimental data obtained in
our present temperature range can be described only accounting
for the classical-to-critical crossover theories. An alternative
empirical approach consists thus to explicit directly the effective
pure power laws that are only valid in this restricted temperature



Table 14. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 381.53 K

T p I3 A Al

K MPa kg'm™? mW-m !-K™! mW-m !-K™!
381.63 4.490 373.9 46.4 15.4
381.63 4.500 379.1 47.2 16.0
381.63 4.500 379.1 46.8 15.7
381.62 4510 384.9 47.8 16.4
381.61 4.516 388.6 48.3 16.8
381.61 4.520 390.9 48.7 17.1
381.61 4.525 393.8 49.0 17.3
381.60 4.530 397.2 49.5 17.7
381.58 4.569 423.8 51.8 19.0
381.56 4.600 448.0 53.6 19.9
381.55 4.612 458.1 54.2 20.1
381.53 4.627 471.5 55.1 204
381.53 4.640 482.1 555 20.4
381.53 4.650 490.4 56.0 20.5
381.53 4.660 498.6 56.2 204
381.53 4.670 506.7 56.5 20.3
381.53 4.680 514.7 56.5 20.0
381.54 4.700 529.5 56.2 19.1
381.54 4.760 571.0 56.0 16.9
381.55 4.780 582.3 55.8 16.1
381.55 4.800 593.2 555 15.3
381.55 4.815 600.8 553 14.7
381.56 4.830 607.4 55.1 14.2
381.56 4.860 620.5 549 133
381.56 4.900 635.6 542 11.8
381.56 4.920 642.3 54.2 11.4
381.56 4.950 651.6 54.3 11.0
381.56 4.982 660.6 543 10.5
381.56 5.016 669.2 54.3 10.0
381.56 5.068 680.9 54.3 9.4
381.57 5.092 685.6 539 8.7
381.57 5.125 691.9 53.8 8.2
381.57 5.136 693.9 53.8 8.1
381.57 5.169 699.7 53.6 7.5
381.57 5.201 705.0 53.6 72

range. That allows us to obtain more easily each “theoretical”
power law which is equivalent to the experimental power law
of eq 20, in conformity with the single power law that governs
the master behavior of eq 18 for any pure fluid. In the following,
we illustrate this “theoretical” estimation of A4, when we assume
that the knowledge of the specific heat data and the correlation
length data replace the knowledge of the isothermal compressibility
and the slope of the critical isochore in our experimental temper-
ature range. We have thus rewritten eq 18 as follows

kgT

Alc = RD,efané:pc
In eq 21, we have introduced an effective amplitude term R ¢ to
account for the effective values of the exponents that describe the
observed temperature behavior of 1, C, — Cy, and & along the
critical isochore. The viscosity data calculated from NIST tables®
(column 3, Table 18) were fit by the linear equation 5(uPa-s™") =
34.686 (1 + 0.4731¢) in agreement with a small singular behavior
of this transport property (which can be neglected in our temper-
ature range). From the values of C, and C, given in columns 6
and 7 of Table 18, respectively, the values of p.(C, — Cy) were fit
by the power law equation p(C, — Cy) (kJ-m?-K!) =
73.161¢ 193222 n the absence of measurements of the correlation
length of R134a, we have assumed that the theoretical estimation®**>
of the leading Ising power law & = &y~ "%, with & = 1.8785-1071°
m,?* remains valid in our experimental range. Accordingly, the fit
of the prefactor term Rp ¢ leads to the following power law

€, —C) @1

Rp e = 0.4859; 0-23057 o)

Introducing all these previous temperature behaviors in eq 21,
the “theoretical” power law equation of the critical enhancement
of the thermal conductivity reads as follows
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A, (mWem ™ K™') = 1.4954

1+t
1 + 04731t

—0.652
t0658

(23)

The small difference of the exponent values in eqs 20 and
23 is due to the small explicit linear temperature dependences
of eq 23. The calculated values of A/, by using eq 23 (column
8, Table 18) compare favorably with the experimental values
(column 2, Table 18) and with the calculated values using

Table 15. Thermal Conductivity of HFC-134a along the
Quasi-Isotherm 385.18 K

T p P A Al

K MPa kg'm™3 mWem™'-K™! mWem™'-K™!
385.78 3.920 213.2 29.3 2.9
385.75 4.060 230.5 30.5 3.6
385.61 4.120 239.3 31.1 4.0
385.59 4.200 251.1 32.0 4.6
385.57 4.260 260.7 32.8 5.1
385.42 4310 270.2 33.5 5.5
385.41 4.360 279.5 34.3 6.0
385.39 4410 289.6 35.2 6.6
385.37 4.460 300.5 36.3 7.4
385.36 4.500 309.8 37.1 7.9
385.34 4.540 320.1 38.2 8.6
385.33 4.580 331.0 39.3 9.4
385.31 4.610 340.1 40.1 9.9
385.30 4.640 349.6 41.1 10.6
385.29 4.670 359.8 42.1 11.3
385.28 4.700 370.7 43.1 11.8
385.26 4.730 382.7 44.6 12.9
385.25 4.760 395.3 45.8 13.7
385.23 4.800 413.8 47.1 14.4
385.22 4.820 423.6 48.0 14.8
385.21 4.840 433.8 48.8 15.3
385.20 4.880 454.7 50.5 16.1
385.19 4.900 465.6 51.2 16.5
385.19 4918 475.2 51.8 16.6
385.18 4.940 487.3 52.2 16.5
385.18 4.959 497.3 52.6 16.5
385.18 4.978 507.2 52.8 16.3
385.18 5.000 518.5 53.0 16.0
385.18 5.022 529.4 53.0 15.5
385.18 5.042 539.0 53.0 15.1
385.18 5.058 546.4 53.0 14.7
385.18 5.080 556.3 53.0 14.3
385.18 5.100 564.8 53.0 13.9
385.18 5.120 573.0 53.0 13.5
385.18 5.151 585.0 52.8 12.7
385.18 5.179 595.1 52.6 11.9
385.18 5.224 609.8 52.4 11.0
385.18 5.254 618.8 52.2 10.3
385.19 5.296 630.1 51.8 9.3
385.19 5.322 636.7 51.8 9.0
385.19 5.358 645.3 51.6 8.3
385.19 5.402 654.9 51.6 7.8
385.19 5.454 665.3 51.4 7.0
385.19 5.513 675.9 51.2 6.2
385.72 5.700 693.8 51.4 5.3
385.72 5.714 695.7 51.6 54
387.25 6.371 740.5 52.7 3.6
387.23 6.650 761.5 53.6 3.1
387.22 7.002 783.2 54.5 2.7
387.20 7.501 808.2 55.9 2.3
387.19 7.800 820.9 56.4 1.9
387.30 8.468 844.2 57.8 1.7
387.27 9.502 874.3 59.7 1.3
387.37 11.008 907.7 61.9 0.9
387.37 11.503 917.1 62.5 0.8
387.34 13.000 942.4 64.2 0.5
387.33 13.500 949.9 64.8 0.5
387.33 14.002 957.1 65.3 0.4
387.32 14.910 969.1 66.3 0.3
387.30 16.290 985.7 67.6 0.3
387.29 17.000 993.6 68.2 0.1
387.28 18.006 1004.0 69.1 0.1
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Table 16. Thermal Conductivity of HFC-134a along the P~ P
Quasi-Isotherm 394.47 K Ap* = (25)
7 » o 7 A, . o . .
= rp— rp— Now the effective function Rp.r(f, Ap*) is an empirical
K MPa kg m mW-m™ K mW-m™ 'K . . .
function which characterizes our extended temperature and
395.24 4.405 2349 309 3.0 density range measured by ¢t and Ap*. Equation 24 is then
395.23 4.495 245.1 31.5 3.4 .. . . . . 1 =
304.95 4583 756.9 322 37 similar to the crossover semiempirical equation Al =
39494 4.649 265.5 32.8 4.1 Rp[(kgT)/(67n&)]pCLF (t, Ap*) proposed by Hanley et al. in
394.93 4.722 275.4 335 4.5 ref 20 where F(z, Ap¥*) is an empirical damping function used
39491 4.821 289.8 34.6 5.1 in their extended critical region.
ggigg jggg g(l)gg 22(3) gg The values of C,(t, Ap¥), C,(t, Ap*) are calculated from
. . . . . . s .
394.88 4.978 3153 36.3 6.1 the equation of state” and 7(¢, Ap*) from the NIST tabulated
39460 5.055 3317 374 6.6 Table 17. Thermal Conductivity of HFC-134a along the
39457 5176 3562 39.0 74 Quasi-Tsotherm 404.36 K
394.56 5.246 371.5 40.0 8.0
394.55 5.300 384.1 40.9 8.4 T p P A Al
394.54 5314 3876 411 8.5 K MPa  kgemo  mWem LK mWem K
394.53 5.366 400.3 41.9 8.8
39452 5428 4162 43.0 9.3 406.09 1.196 39.3 23.6 0.0
394.50 5.527 442.6 44.4 97 405.81 1.930 67.5 24.3 0.0
39449 5583 4579 453 10.0 405.27 2.343 85.3 247 0.0
39449  5.626 469.5 45.7 10.0 405.26 2.524 93.6 24.9 0.0
39449  5.641 473.6 46.0 10.1 405.25 2.700 101.9 25.2 0.1
394.47 5760 505.6 472 9.9 405.25 2.863 109.9 25.4 0.1
394.47 5767 507.5 472 9.8 405.34 3.411 1394 26.4 0.3
394.47 5.800 515.9 47.6 9.9 405.07 3.698 157.1 27.1 0.5
394.47 5811 518.7 47.6 9.8 405.06 3.790 163.0 274 0.6
394.47 5.851 528.6 48.0 97 405.05 3.914 171.3 27.8 0.8
394.47 5.886 337.1 48.0 93 404.77 4.070 182.6 28.3 1.0
394.46 5.940 549.9 483 9.1 404.76 4.201 192.3 28.7 1.2
394.46 5.980 558.9 48.7 9.0 404.76 4.278 198.2 29.0 14
394.46 6.100 583.8 492 83 404.73 4.467 213.5 29.8 1.7
394.45 6.140 591.6 49.4 8.1 404.73 4.523 218.2 30.1 1.8
394.45 6.200 602.5 49.6 77 404.71 4.641 228.6 30.7 2.1
394.45 6.260 612.8 49.8 74 404.70 4.754 240.1 31.2 2.4
394.45 6.300 619.3 50.0 72 404.68 4.909 254.4 32.1 2.8
394.45 6.399 634.2 50.3 6.8 404.67 5.039 268.0 32.9 3.2
394.44 6.457 642.5 50.7 6.7 404.65 5.162 281.7 33.6 35
394.44 6.557 655.5 51.1 6.4 404.50 5.330 302.6 34.9 4.1
394.57 6.665 665.1 513 6.1 404.49 5.419 314.0 35.5 4.4
394.57 6.720 672.4 515 59 404.48 5.494 324.1 36.1 4.7
394.57 6.754 676.0 515 57 404.47 5.579 335.9 36.8 5.0
394.57 6.800 680.8 51.5 5.4 404.46 5.668 348.9 37.5 53
394.56 6.908 691.5 51.9 52 404.45 5.750 361.3 38.3 5.7
394.56 7.067 705.6 523 4.7 404.44 5.814 371.3 38.8 5.9
394.69 7.159 7115 52.6 4.7 404.43 5.860 378.7 39.3 6.1
394.69 7.321 723.8 32.8 4.1 404.43 5.908 386.4 39.6 6.1
394.68 7.457 7334 533 3.9 404.42 5.967 396.2 40.2 6.4
394.68 7.521 737.6 535 39 404.40 6.039 408.5 41.0 6.7
394.68 7.635 744.8 537 3.6 404.40 6.080 415.4 41.3 6.7
394.81 7.706 747.8 53.8 3.6 404.38 6.342 461.1 433 7.0
404.34 6.516 491.5 44.6 7.0
404.36 6.559 498.4 44.9 7.0
404.36 6.640 511.7 45.3 6.9
. . 404.23 6.723 526.8 46.0 6.9
eq 20, except for the closest temperature to 7¢. It is essential 404.23 6.754 531.6 46.1 6.8
to note that a similar approach that starts with the single 403.83 6.852 552.1 46.8 6.6
power law R¥ = 0.013977%%% of ref 21 in place of our above 403.82 6.973 569.4 475 6.4
eq 19 also provides eq 23 with only minor differences in the 403.69 7.105 588.6 43.0 6.0
values of the effective amplitude and the effective exponent 403.68 7.203 600.8 48.4 28
. 405.49 7.506 611.9 49.0 5.6
To calculate AA. outside the critical isochore, we have then 403.69 7.364 619.0 49.0 5.4
generalized eq 21 as the following form 405.48 7.814 642.0 49.9 4.9
405.47 8.558 697.9 51.5 34
405.46 8.835 714.6 52.1 3.0
A ( A *) R ( A *) kBT 407.01 10.638 782.0 55.7 2.1
,Ap*) = 1, AP X 407.00 10911 791.2 56.2 1.9
¢ Dett 67017(t, Ap*)E(t, Ap*) 40699 11426  807.2 56.9 1.6
pLC,(#, Ap*) — C, (1, Ap*™)] (24) 40696 12915 845.6 59.1 1.1
406.94 13.921 866.9 60.3 0.7
where the temperature and density dependences of the different jggg% }gggg Sgg} ggg 82

quantities are accounted for introducing the reduced quantity ¢ 406.90 16.345 908.5 63.0 03
of eq 13 and the reduced density difference 406.88 18.500 938.0 65.2 0.1
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Table 18. Variation of Al 77, R¥, C,, and C, as a Function of Temperature T along the Critical Isochore

T Al (exp) n R#(exp) R* (cal) C, C, Al(cal)

K mW-m™'-K™! uPass™! eq 18 eq 19 J/g-K J/g-K mW-m '-K ™! eq 23
374.37 151.9 34.693 0.4534 0.7332 409.68 1.2403 236.66
374.96 89.7 34.719 0.2671 0.2603 87.058 1.2343 86.397
375.14 73.1 34.727 0.2175 0.2253 70.299 1.2325 75.097
375.28 64.1 34.733 0.1906 0.2051 61.17 1.2311 68.541
375.72 52.0 34.752 0.1544 0.1628 43.516 1.2268 54.773
376.02 47.5 34.766 0.1408 0.1442 36.407 1.2240 48.682
376.27 45.0 34.777 0.1333 0.1322 32.067 1.2217 44.755
377.01 36.6 34.809 0.1081 0.1077 23.769 1.2151 36.667
377.83 31.4 34.845 0.0924 0.0906 18.543 1.2081 31.042
378.25 30.9 34.863 0.0908 0.0842 16.689 1.2048 28.913
379.08 27.2 34.900 0.0797 0.0743 13.968 1.1983 25.622
381.53 20.5 35.005 0.05945 0.0565 9.5471 1.1815 19.704
385.18 16.5 35.167 0.0472 0.0431 6.6389 1.1612 15.206
394.47 10.0 35.575 0.02757 0.02857 3.9986 1.1279 10.314
404.36 7.3 36.008 0.01939 0.02189 3.002 1.1102 8.058

data.?® The values of the correlation length &(z, Ap*) were
calculated in terms of the cubic restricted model, i.e., &(z,
Ap*) = E(r, 0) = r "BE&F R(0),%° as proposed by Sengers
and Levelt-Sengers.”” In the latter equation, the (r, 6)
parameters are related to (¢, Ap*) by t = r(1 — b*6%) and
Ap* = r3PkO(1 + c6?), while R(0) = 1 + 0.166%.2° The
corresponding values of the model parameters are b*> ~
1.2766 and ¢ ~ 0.055,%° while the values k = 1.1629 and a
= 23.4562"% of the two system-dependent parameters are
obtained for the R134a case.?>*® Then the functional form
of Rp.(t, Ap*) was written as a product of three main
contributions Rpfi(f, Ap*) = Rp eit(t) * Rs ett(IApF]) * Ry cii(Ap*),
where the temperature contribution Rp () is accounted for
by our previous eq 22, while the density contribution was
split into a symmetrical function Rs.(IAp*l) of the cubic
equation

Ry 10p*1) = 16,0180 + 1 (26)

and an asymmetrical function Rx .(Ap*) of the cubic equation

Ry of(Ap®) = 0.9(Ap*)’ + 1 (27)

Accordingly, the calculated values of the critical enhancement
A, of the thermal conductivity using eqs 24 to 27 are in
satisfactory agreement (within the experimental uncertainty) with
the experimental values calculated in the whole density range.
As expected, we have observed that the residuals increase
(overpassing then 50 %) only when AAZ. decrease significantly
to reach a very small part of the total thermal conductivity (i.e.,
when the temperature and density distance to the critical point
increase).

Finally, after estimation of the total thermal conductivity A(7,
p) by using eqs 2, 4, 5, and 24, we have reported the related
residuals (%) = 100+ (Aca/Aexp — 1) (expressed in %) in Figure
2. The standard average deviation between the thermal con-
ductivity calculated by eqs 2, 4, 5, and 24 and the experimental
data is 4.5 % and reduces to 3.73 % when ignoring the isotherm
374.37 K closest to T,. Though some more important deviations
are observed between calculated and experimental values in
limited density ranges, we estimate that they are mainly due to
the fact that the experimental curves of the critical enhancement
of the thermal conductivity and the tabulated values of p.(C, —
C,) are not exactly symmetrical with respect to p..

Conclusion

New measurements of the thermal conductivity of HFC-134a
are presented in the supercritical region, at temperatures from

(370 to 405) K, along 15 quasi-isotherms and at pressures up
to 40 MPa with an estimated uncertainty of £+ 3 %. As expected,
the (background + critical enhancement) additive form of the
thermal conductivity data implies that the determination of the
critical enhancement term is very sensitive to the analytical form
of the background term. After a careful analysis of the
temperature and density dependences of the background term,
we have then shown that the magnitude of the critical enhance-
ment is very large and follows a behavior which can be predicted
from theory along the critical isochore. In this critical isochoric
region, a correlation was developed to represent the variation
of the thermal conductivity in terms of reduced parameters,
which can be thus applied to any fluid. The variation of the
thermal conductivity as a function of density was estimated by
an empirical relation. The average deviations between calcu-
lated and experimental thermal conductivity data are less than
4.5 %, in the whole temperature range from (300 to 550) K
and pressure range from (0.1 to 40) MPa. In the critical region,
the temperature range is restricted to 7 > T, + 1 K. However,
to correlate the critical enhancement of R134a as a function of
density in an extended critical region, a critical evaluation of
other experimental data of R134a, reported in the literature, is
necessary. Moreover, further comparisons with other fluids are
required to develop a universal equation to represent the thermal

20 ;
15}
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0 200 200 600 800
plkgm

1200

Figure 2. Fractional deviation 100+AA/A = 100-[A(cal) — A(exp)]/A(exp)
of the thermal conductivity data of R134a, as a function of density. The
calculated values are obtained using eqs 2, 4, 5, and 24 (see text for details).
<&, 374.37 K (not selected in the fitting procedure, see text); O, 377.83 K;
A, 375.14K; W, 381.53 K; *,379.08 K; O, 374.96 K; +, 375.14 K; -, 375.28
K; —, 375.72 K; @, 376.02 K; +, 376.27; A, 377.01 K; x, 385.18 K; A,
394.47 K; ®, 404.36 K. The dashed-dotted lines are one standard deviation
of the fit of our experimental data set of Tables 4 to 17.
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conductivity of any fluid, in liquid and vapor states, including
the extended critical region.
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