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Abstract Experimental data are presented for the thermal conductivity of mixtures
of carbon dioxide and ethane. The thermal conductivity has been measured with a
parallel-plate instrument, as a function of temperature along isochores, so as to obtain
detailed information on the behavior of the thermal conductivity of a mixture near the
locus of vapor-liquid critical points. The experimental results are in agreement with
theoretical predictions from the mode-coupling theory for critical dynamics in binary
mixtures.

Keywords Carbon dioxide - Critical azeotropy - Critical region - Ethane -
Thermal conductivity

1 Introduction

The thermal conductivity of one-component fluids is known to diverge at the critical
point [1,2]. However, the behavior of the thermal conductivity of fluid mixtures near
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the locus of vapor-liquid critical points, also referred to as plait points, is more com-
plex. Early theoretical predictions for the asymptotic critical behavior of the various
transport properties of fluid mixtures have been proposed by Gorodetskii and cowork-
ers [3,4] and by Mistura [5]. The theory for the behavior of the transport properties
in binary mixtures near the vapor-liquid critical line was further pursued by Onuki
with the special aim of interpreting experimental transport-property data for mixtures
of 3He and *He [6]. Mostert and Sengers [7] and Anisimov and coworkers [8,9] have
considered the effects of noncritical contributions to the Onsager coefficients on the
expected asymptotic behavior of the transport coefficients of fluid mixtures in the
vicinity of critical points. Theoretical expressions, which also include the nonasymp-
totic critical behavior of the transport properties of mixtures, have been developed by
Luettmer-Strathmann and Sengers [10] and by Kiselev and Kulikov [11]. An alter-
native theoretical description of the critical behavior of the transport properties of
mixtures has been developed by Folk and Moser [12] on the basis of a dynamic renor-
malization group theory. All theories predict that the thermal conductivity of fluid
mixtures should remain finite on the critical locus except at an azeotropic critical
point.

Early measurements of the thermal conductivity of fluid mixtures near plait points
have been reported by Cohen etal. [13,14] for mixtures of *He and “He and by Friend
and Roder [15, 16] for mixtures of methane and ethane. These measurements showed a
pronounced critical enhancement of the thermal conductivity similar to that observed
in one-component fluids, and any crossover to the predicted finite asymptotic behavior
of the thermal conductivity was not observed even though in the case of mixtures of *He
and “He the measurements included thermal-conductivity data very close to the plait
point [17,18]. The first direct experimental confirmation that the thermal conductivity
does not diverge at the critical point of mixtures but crosses over to a finite limiting
behavior at the vapor—liquid critical point was obtained by Sakonidou etal. [19] for
an equimolar mixture of methane and ethane.

In the present article we report experimental data obtained for the thermal conduc-
tivity of mixtures of carbon dioxide and ethane in the critical region. The CO, + C>Hg
system exhibits critical azeotropy [20] and, hence, we expect the critical behavior of
mixtures of carbon dioxide and ethane to be different from that observed for mixtures
of methane and ethane. The thermal conductivity of the individual components, carbon
dioxide and ethane, in the critical region has been measured previously by us [21,22].

2 Experimental Method

The thermal conductivity of mixtures of carbon dioxide and ethane was measured
with the same parallel-plate apparatus that was used for the determination of the
thermal conductivity of ethane in the critical region [22]. Since this apparatus has been
described in detail in an earlier publication [23], a brief discussion of the experimental
method will suffice. As in all parallel-plate instruments, heat is generated in an upper
plate and transported through a horizontal fluid layer to a lower plate. The upper plate
is surrounded by a guard ring to ensure that heat is transferred through the fluid layer
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only. The guard ring is kept at the same temperature as the upper plate throughout the
measurement. The fluid surrounds the cell and fills the gaps between the plates.

In our instrument, all sections of the upper plate, lower plate, and guard ring are
made of electrolytic copper. Heater and thermometer wires are made of platinum
and are located in grooves which are fraised in sections of the plates. The wires are
electrically insulated from the copper plates by means of beryllium oxide beads. The
height d of the gap between the upper and lower plates is fixed by three circular glass
spacers. The guard plate is surrounded by a cap made of kufalit. The thermal expansion
coefficient of this material is comparable to that of copper.

The thermal conductivity coefficient X is calculated to first order from the relation

Qd
AAT W
Here, Q is the heat transferred from the upper plate to the lower plate by conduction,
A is the effective area of the upper plate, and AT is the temperature difference between
the upper and lower plates. Some corrections have to be applied to Eq. 1, which are at
most of the order of a few percent [23].

Especially near a critical point, a major source of error in thermal-conductivity
measurements can be heat transported by convection [24]. In order to reduce the
possibility of convection, a small gap distance was used (d = (147 £ 2) wm), while
the temperature difference was varied from values as large as 100mK far from the
critical point to values as small as (1-2)mK very close to the critical point. The
absence of convective heat transfer was checked by measuring with different values
of the temperature difference AT between the upper and lower plates.

The thermal-conductivity cell is located inside a high-pressure vessel that is sur-
rounded by a cryostat which is suitable for temperatures down to the boiling tempera-
ture of liquid nitrogen. For the experiments reported here, the high-pressure vessel was
surrounded by air for measurements above room temperature and by nitrogen vapor
boiled off liquid nitrogen for measurements below room temperature. The temperature
of the thermostat was controlled to within £1 mK. The actual average temperature at
which the thermal conductivity was obtained has a possible uncertainty of £0.01 K.
The pressure of the fluid was transferred to oil via a mercury-piston gas compressor
and measured with a dead-weight gauge. The pressures have been determined with
an uncertainty of £0.005MPa. Further information about the thermal-conductivity
apparatus and the measurement procedure can be found elsewhere [23,25].

The auxiliary system for filling the pressure vessel with the gas mixture could
be heated electrically to a temperature above 315K, which is well above the critical
temperature of the CO, + CyHg mixtures at any concentration. In this way demixing
of the gases in the filling system was avoided. The experiments were performed with
four different mixtures with mole fractions x of CO; corresponding to x =0.2500,
x=0.2604, x =0.5000, and x =0.7398. The mixture exhibits critical azeotropy at
x =~ 0.72 [20,26]. The mixtures were prepared gravimetrically by Matheson from
ethane with a stated purity of 99.99 % and carbon dioxide with a stated purity of
99.998 % and were supplied in 0.050m? cylinders. The composition of the mixtures
prior to the experiments was guaranteed with an uncertainty of £0.02 %.

@ Springer



1208 Int J Thermophys (2008) 29:1205-1221

Table 1 Critical parameters of

—1
xCOs + (1 — x)CoHg from Ref. Te (K) pe (mol - L™7) pe (MPa)
(28] 0.2500 296.239 7.536 5.29
0.2604 295.939 7.567 531
0.5000 291.111 8.346 5.68
0.7398 292.936 9.305 6.24

The experimental information for the critical temperature 7¢, the critical density p,
and the critical pressure p. of mixtures of carbon dioxide and ethane has been reviewed
by Abbaci etal. [27] and, more recently, by Sengers and Jin [28]. The values for the
critical parameters of the mixtures as calculated from the equations recommended by
Sengers and Jin are presented in Table 1.

3 Experimental Results

For each mixture the thermal conductivity was measured as a function of the tempera-
ture T at constant density p. Measurements at near-critical isochores were performed
for all four mixtures. The measurements for the x =0.2500 mixture are the most
extensive and span a reduced density range from p/p. = 0.063 to p/p. = 1.482.
The temperature range extends from 318 K, which corresponds to (T — T¢.)/Tc =~ 0.1,
to slightly below the critical temperature. With the electronic system, it was usually
possible to do two, and occasionally three, partially automated measurements with
different temperature differences AT on a single day.

To determine the density of each isochore, the pressure p was measured at a tem-
perature of about 318K, which is about 22K above the critical temperature of the
x = 0.2500 and x = 0.2604 mixtures and about 25 K above the critical temperature
of the x = 0.5000 and x = 0.7398 mixtures. At this temperature the density was
calculated from the observed pressure and temperature with the aid of an equation of
state. For this purpose, we have used a fundamental equation for the Helmholtz free-
energy density developed by Jin [29]. This equation, which is an improved version of
an earlier fundamental equation [30], satisfies the theoretically predicted scaling laws
for binary fluid mixtures and incorporates crossover to analytic behavior far from the
critical point. At the lowest density of the mixtures, the density is outside the range of
validity of the equation for the critical region, and here we used an analytic equation
of state, called DDMIX, developed by Ely and coworkers at the National Institute of
Standards and Technology [31,32]. The values, thus obtained for the isochoric den-
sities, together with the corresponding temperatures and pressures, are presented in
Table 2.

The experimental values obtained for the thermal conductivity of the four mixtures
are presented in Tables 3—6. The first column in these tables gives the isochoric density
p, the second column gives the temperature 7', the third column gives the measured
thermal conductivity A at this temperature, and the last column gives the smallest
temperature difference AT employed in the measurements.
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Table 2 Tsochoric densities of

2COs + (1 — x)CyHg x T (K) p (MPa) p (mol -L™1)
0.2500 318.133 1.109 0.446
0.2500 318.157 5.204 2.94
0.2500 318.264 7.098 5.68
0.2500 318.131 7.593 6.83
0.2500 318.139 7.608 6.87
0.2500 318.136 7.860 7.45
0.2500 318.126 7.878 7.49
0.2500 318.230 8.371 8.45
0.2500 318.130 10.523 10.78
0.2604 318.066 1.970 0.877
0.2604 318.393 5.277 3.09
0.2604 318.172 7.587 6.71
0.5000 318.126 1.091 0.435
0.5000 318.122 5.483 2.94
0.5000 318.127 7.831 5.65
0.5000 318.107 8.563 6.96
0.5000 318.139 8.864 7.53
0.5000 318.098 8.965 7.73
0.7398 318.125 8.711 6.63
0.7398 318.037 9.939 9.12

The estimated accuracy of the experimental thermal-conductivity data is the same
as the accuracy of the thermal-conductivity date for ethane [22] at the same reduced
temperatures and densities. Hence, also for the mixtures the uncertainty of the thermal-
conductivity not close to the critical point is of the order of 1 % and increases to about
5 % near the critical point. The increase of the experimental uncertainty in the near
vicinity of the critical point has several origins. First, the uncertainty in A increases,
because of the necessary use of very small values of AT. Second, the assumption that
the density p at which the thermal conductivity is measured equals the density deter-
mined at the reference temperature of 318 K is only approximately valid. In principle,
near the critical point the density should be corrected for a gravitationally induced
density gradient and a temperature-gradient induced density gradient, as in the case
of a one-component fluid [22,23]. Also, gravitationally induced concentration gra-
dients and temperature-gradient induced concentration gradients may be considered.
The effect on the density is roughly of the same magnitude as in the case of one-
component fluids [22], which gives very close to the critical point an uncertainty in the
density of about 0.1 mol - L™!. The gravitationally induced concentration gradients
for our mixture, which exhibits critical azeotropy, are very small. Model calculations
of Chang etal. [33] have shown that at the critical isochore of the equimolar mixture
the predicted concentration difference is still only 0.001 at T — 7, = 2mK.

The experimental data in Tables 35 are close to, but not completely identical to, the
values in the original thesis dealing with this research [25]. First of all, the temperatures
have been converted from IPTS-68 to ITS-90. Second, the isochoric densities were
calculated from an improved equation of state for CO, + C,Hg in the critical region
[29]. Finally, subsequent recalibration of some of the instrumental constants led to a
lowering of the original thermal-conductivity values by about 2 % (H.R. van den Berg
and E.P. Sakonidou, 1993, private communication).
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Table 3 Thermal conductivity
of xCOy 4+ (1 —x)CyHg at x =
0.25(AT represents the smallest
temperature difference
employed in the measurements)

@ Springer

p (mol -L™1) T (K) A@mW-m- 1K AT (mK)
0.446 318.152 23.2 224
0.446 308.075 21.9 20.8
0.446 302.023 21.4 22.1
0.446 299.020 21.2 40.6
0.446 299.010 21.1 413
0.446 297.517 21.0 41.8
0.446 296.880 21.0 40.7
0.446 296.565 20.9 40.2
0.446 296.125 20.9 41.0
2.94 318.164 31.6 115
2.94 308.149 31.0 20.9
2.94 302.041 30.7 20.5
2.94 298.996 30.5 4.89
2.94 297.470 30.5 11.1
2.94 296.864 30.6 20.0
2.94 296.516 30.8 20.3
2.94 296.242 31.2 5.34
2.94 296.141 30.4 3.59
5.68 318.272 48.1 10.3
5.68 308.701 51.6 9.05
5.68 302.017 56.0 4.54
5.68 298.992 62.3 3.97
5.68 297.459 67.7 9.04
5.68 296.847 72.9 3.96
5.68 296.451 71.9 3.95
5.68 296.293 75.7 435
5.68 296.188 75.1 4.08
5.68 296.183 75.0 5.14
6.83 318.139 53.2 5.09
6.83 308.011 56.7 4.80
6.83 302.035 65.8 9.25
6.83 301.995 65.8 4.61
6.83 298.988 77.9 4.64
6.83 297.467 102 8.60
6.83 297.465 102 2.19
6.83 297.456 110 4.46
6.83 296.842 142 1.53
6.83 296791 218 3.25
6.83 296.741 199 1.68
6.83 296.656 138 2.00
6.83 296.461 102 1.97
6.83 296.221 85.5 6.76
6.83 296.197 90.9 4.30
6.87 296.826 157 2.20
6.87 296.800 168 1.94
6.87 296.766 195 1.69
6.87 296.764 189 1.84
6.87 296.748 204 1.62
6.87 296.733 195 1.64
6.87 296711 214 3.53
6.87 296.703 188 3.40
6.87 296.701 177 1.91
6.87 298.685 169 3.77




Int J Thermophys (2008) 29:1205-1221

1211

Table 3 continued

p (mol -L™1) T (K) A@mW-m- 1K AT (mK)
7.45 308.060 64.6 2.24
7.45 298.954 81.0 2.25
7.45 296.881 145 1.85
7.45 296.755 157 1.95
7.45 296.737 145 2.48
7.45 296.721 166 2.00
7.45 296.716 164 1.48
7.45 296.708 175 3.51
7.45 296.699 154 2.30
7.45 206.687 186 1.67
7.45 296.646 183 1.66
7.45 296.640 186 1.55
7.45 296.620 184 1.57
7.45 296.579 157 1.91
7.45 296.524 131 2.12
745 296.406 117 2.18
7.45 206.402 124 1.84
7.45 296.222 99.0 2.07
7.45 296.218 88.8 2.08
7.45 296.072 88.8 2.26
7.45 295.975 88.1 3.78
7.45 295.871 83.3 2.71
7.45 295.756 84.3 4.10
7.45 295.606 79.5 3.65
7.49 318.135 55.9 5.46
7.49 308.020 61.4 5.61
7.49 302.060 69.9 4.54
7.49 298.989 81.1 4.05
7.49 297.481 111 3.79
7.49 296.880 139 3.64
7.49 296.541 166 8.64
7.49 296.442 130 2.13
7.49 296.441 124 4.16
7.49 296.397 114 2.08
7.49 296.337 107 4.16
7.49 296.306 102 2.26
7.49 296.183 91.4 4.06
8.45 318.164 49.0 2.74
8.45 308.226 61.7 4.48
8.45 302.049 67.6 9.16
8.45 297.443 82.1 427
8.45 296.802 92.1 2.38
8.45 296215 107 2.45
8.45 296.106 110 2.20
8.45 296.057 112 2.12

10.78 318.145 65.0 9.20

10.78 308.116 65.9 9.88

10.78 298.988 68.4 8.50

10.78 297.499 67.1 481

10.78 296.143 69.2 3.82
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Table 4 Thermal conductivity

of xCOy + (1 — x)CoHg atx = P (mol - L™ 1) T (K) A@mW-m- 1K AT (mK)

0.26 (AT represents the smallest

température I()iifference 0.877 318.193 236 787

employed in the measurements) 0.877 308.095 22.8 5.1
0.877 302.009 22.2 36.4
0.877 296.870 21.7 70.2
0.877 293.153 21.3 35.6
3.09 318.165 31.8 40.7
3.09 308.158 31.4 18.7
3.09 302.105 31.1 38.1
3.09 297.156 31.3 37.6
3.09 293.641 31.4 17.4
6.71 318.207 50.3 10.0
6.71 308.182 54.0 19.1
6.71 301.934 62.4 9.10
6.71 296.866 110 4.28
6.71 296.844 111 3.61
6.71 296.816 118 8.60
6.71 296.516 135 9.20
6.71 296.435 167 4.24
6.71 296.396 180 3.70
6.71 296.394 166 8.26
6.71 296.381 193 3.57
6.71 296.381 172 3.40
6.71 296.375 147 4.12
6.71 296.362 166 8.04
6.71 296.343 159 3.83
6.71 296.236 118 8.45
6.71 296.096 95.8 4.27
6.71 296.054 101 7.25
6.71 296.053 99.0 4.53
6.71 295.732 84.5 9.02
6.71 294.960 75.0 4.15
6.71 293.082 68.7 4.73

The thermal-conductivity measurements for a number of the isochores for the
x = 0.25 mixtures are shown as a function of temperature in Figs. 1 and 2. As can be
seen from Fig. 1, at the lowest and highest densities the thermal conductivity varies only
slowly with temperature and any critical enhancement is small. However, as shown in
Fig. 2, at densities near the critical density, the thermal conductivity increases rapidly
when the temperature approaches the critical temperature. The same phenomenon is
observed for the near-critical isochores of the other mixtures as shown in Figs.3-5.
As to be discussed in the next section, we expect the thermal conductivity to diverge
at the critical point for mixtures with a concentration near x = (.72 corresponding
to the critical azeotropic concentration, but the thermal conductivity is expected to
go to a finite limiting value at the critical point for mixtures with a concentration
that differs from the azeotropic concentration. Originally we appeared to observe that
the thermal conductivity of the x = 0.25 and x = 0.50 mixtures tended to increase
rapidly upon approach to the critical temperature, but then after going through a finite
maximum in the one-phase region would decrease very close to the critical temper-
ature; we interpreted this observation as evidence for a finite thermal-conductivity
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B T 10 T o KD o7
at x = 0.50 (AT represents the 0.435 318.110 21.8 23.0
smallest temperature difference 0.435 308.087 20.7 20.7
employed in the measurements) 0.435 308.074 20.7 21.5
0.435 301.977 20.3 20.1
0.435 296.055 19.6 20.5
0.435 293.155 19.3 20.8
0.435 292.083 19.2 19.5
0.435 291.505 19.2 20.0
0.435 291.336 19.2 39.8
0.435 291.085 19.1 40.6
2.94 318.143 29.3 20.9
2.94 307.987 27.9 9.90
2.94 302.010 28.1 20.9
2.94 296.073 27.8 19.4
2.94 293.130 27.7 19.6
2.94 292.109 27.6 20.5
2.94 291.547 27.4 8.60
2.94 291.340 27.4 9.10
2.94 291.055 27.6 9.27
5.65 318.149 39.8 4.04
5.65 318.132 41.1 10.0
5.65 308.062 41.0 9.79
5.65 302.433 43.6 5.45
5.65 296.035 47.0 11.3
5.65 293.144 52.0 4.69
5.65 292.093 54.6 9.49
5.65 291.569 553 4.54
5.65 291.350 54.2 4.30
5.65 291.072 55.4 4.16
6.96 318.128 42.5 9.82
6.96 308.016 46.8 4.85
6.96 301.958 53.1 4.65
6.96 296.073 62.0 441
6.96 295.697 63.9 4.62
6.96 293.086 86.1 2.18
6.96 292.054 99.0 4.24
6.96 292.054 91.3 2.20
6.96 291.347 111 4.28
6.96 291.341 110 2.02
6.96 291.178 108 2.01
6.96 291.172 110 1.99
6.96 291.112 104 2.12
6.96 291.058 99.0 1.95
7.53 318.115 44.5 4.04
7.53 308.029 46.9 4.89
7.53 301.946 50.5 2.38
7.53 296.022 64.2 4.17
7.53 293.083 83.3 4.21
7.53 292.052 106 1.78
7.53 291.567 139 3.88
7.53 291.347 172 1.59
7.53 291.333 206 0.67
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Table 5 continued

Table 6 Thermal conductivity
of xCOy 4+ (1 —x)CoHg at x =
0.74 (AT represents the smallest
temperature difference
employed in the measurements)

p (mol -L™1) T (K) A@mW-m- 1K1 AT (mK)
7.53 291318 210 1.48
753 291.294 158 1.87
7.53 291.257 159 1.70
753 201.200 144 1.60
7.53 291.067 114 2.41
773 318.131 40.3 5.41
7.73 308.005 46.2 6.10
7.73 301.907 493 2.56
773 296.021 59.5 4.67
7.73 293.111 79.8 2.39
7.73 292.051 102 2.24
7.73 291.551 128 1.46
773 291.336 203 1.43
7.73 291.236 151 2.02
p (mol -L™1) T (K) A@mW-m-1.K™ 1 AT (mK)
6.63 318.111 38.2 10.4
6.63 308.179 413 21.2
6.63 302.253 43.6 9.67
6.63 299.010 46.7 9.4]
6.63 296.055 50.6 9.56
6.63 296.050 50.7 477
6.63 293.153 57.8 9.86
6.63 292.638 59.3 5.06
9.12 318.038 35.4 11.0
9.12 308.064 48.5 9.56
9.12 298.485 60.0 472
9.12 296.032 66.3 2.76
9.12 294.723 82.4 2.52
9.12 294.325 84.2 1.59
9.12 293.952 101 5.23
9.12 293.531 116 2.30
9.12 293339 135 2.34
9.12 293239 156 2.49
9.12 293.168 160 1.44
9.12 293.154 213 2.52

value near criticality for these mixtures [7,25]. However, it was realized subsequently
that this phenomenon could be attributed to a small change of the actual composition
of the mixture in the layer between the two plates caused by preferential absorption
of the carbon dioxide into the kufalit insulation gap. A quantitative analysis of this
absorption effect was made by Sakonidou etal. [19], who showed that it could readily
account for an increase of the critical temperature in the layer between the plates by
an amount comparable to the small temperature range in which a decrease of the ther-
mal conductivity had been observed. We, thus, concluded that the two-phase region
had been entered at a slightly higher temperature than the nominal critical tempera-
ture attributed to the mixture. The few data points that, in retrospect, correspond to
temperatures below the transition temperatures have not been included in Figs. 1-5.
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Fig. 1 Thermal conductivity of T T T T T
a.ml?(ture of 25 mol% carbon 100 - o 2.94 mol L _
dioxide and 75 mol% ethane 568 p
along three off-critical isochores v 1 0 8 m°||' II:"
as a function of temperature. - o -78 mol-
Symbols indicate the ¥ 75 —R B
experimental data, and curves . = 0 O
represent values calculated from IS Y
the mode-coupling theory by ; 50
Luettmer-Strathmann and b 4
Sengers [10] 8
< @o—6—o —— O |
250 -
x(CO,) = 0.25
0 1 1 1 1 1
295 300 305 310 315 320 325
T,K
Fig. 2 Thermal conductivity of T T T T 1
a mixture of 25 mol% carbon 200 B |
dioxide and 75 mol% ethane 7 x(CO,) =0.25
along near-critical isochores as a S .
function of temperature. L © gg? moll II:'1
Symbols indicate the . 150 & v oermo 4 .
experimental data and the curve S B 745mol- L_1
1S A 7.49mol- L
represents values calculated . 753 mol - L =
from the mode-coupling theory = 100 - f>omo L |
by Luettmer-Strathmann and X
Sengers [10] -~
< A
50 —
1 Il 1 1 1
295 300 305 310 315 320 325
T,K
250 T T T T T
< 200 -
x x(CO,) = 0.26
T 150 F =0.89 -
E p p c
; 100 -
IS
< 50F Q =
0 I I I 1 I
295 300 305 310 315 320 325
T, K

Fig. 3 Thermal conductivity of a mixture of 26 mol% carbon dioxide and 74 mol% ethane along a near-
critical isochore as a function of temperature. Symbols indicate the experimental data, and the solid curve
represents the values calculated from the mode-coupling theory by Luettmer-Strathmann and Sengers [10]
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250 T T

L 200 x(CO,) =0.50 N
F‘E 150 O 0.83p, N
. — Vv 0.90p,
; 100 0O 0.92p, -
S
< 50 © 5

0 1 ! !

290 300 310 320

T, K

Fig. 4 Thermal conductivity of a mixture of 50 mol% carbon dioxide and 50 mol% ethane along near-
critical isochores as a function of temperature. Symbols indicate the experimental data, and the solid curve
represents the values from the mode-coupling theory by Luettmer-Strathmann and Sengers [10]

350 -
& 300~ x(CO,) = 0.74 7
- 250 O 0.71p, 7
€ 200} v 0.98p, -
< 150 -
i, 100 -
501 @ Cb—g——p— > -
1 | 1
%90 300 310 320
T

Fig. 5 Thermal conductivity of a mixture of 74 mol% carbon dioxide and 26 mol% ethane along two
isochores as a function of temperature. Symbols indicate the experimental data, and solid curves represent
values calculated from the mode-coupling theory by Luettmer-Strathmann and Sengers [10]

4 Comparison with Theory
For a theoretical interpretation of the critical behavior of transport properties, one
needs to decompose all kinetic coefficients into a critical enhancement and a non-

critical background contribution [2]. Specifically, for the thermal conductivity of a
one-component fluid, this decomposition leads to an expression of the form [2]

A= AA+ Ap. (2)

Mode-coupling theory predicts that asymptotically close to the critical point the critical
thermal-conductivity enhancement A satisfies a Stokes-Einstein relation of the form
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AN = MCW 3)
6mrné

where Rp >~ 1.05 is a universal dynamic amplitude ratio [34,35], kg is Boltzmann’s
constant, 7 is the shear viscosity, & is the correlation length, and c, is the isobaric
specific heat capacity. In a one-component fluid ¢, diverges much faster than the
product n& and the thermal conductivity diverges at the critical point [22].

For a binary fluid one starts from the linear relations relating the diffusion current
Ja and the heat current J,; to the chemical-potential gradient V u and the temperature
gradient VT':

Jo=—-aVu—BVrT, “)

J;=-8Vu—yVT + pda, )
where «, B, y, and § are Onsager kinetic coefficients and where u is the chemical-
potential difference between the two components [36]. Note that, because of the

Onsager reciprocal relations, § = TB. The thermal conductivity A of the mixture
is defined by

Jg=—-AVT, Ja=0, (6)
such that the thermal conductivity is related to the Onsager kinetic coefficients by
A= (ay — o) /a. N
The kinetic coefficients are to be separated into a critical part and a noncritical
part similarly to the decomposition of the thermal conductivity coefficient of a one-
component fluid, given by Eq.2 [7-11]:
a=Aa+ap, B=A8+Pp, Yy =AYy + w. 3)

It follows from the mode-coupling theory that A« , AB, and Ay satisfy Stokes-Einstein
relations similar to the one given by Eq.3 [5]:

kgT 0
o=2 p(—x) , ©)
6rng \du
kgT 0
Ap=2C(2) (10)
6wng \oT ),
ksTp
Ay = ;TTCM, (11)
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where ¢, , is the isobaric specific heat capacity at constant field 1 and where we have
approximated the constant Rp in Eq.3 by unity. Substituting the equations for the
kinetic coefficients into Eq.7 and using some thermodynamic relations, one obtains
for the thermal conductivity [7],

kB Tp
 6mnE

A T By
( Cp.x + Cp /L) - T(ZAﬂ_'_ﬁb)—"_%’ (12)

We note that the asymptotic expressions in Eqs.9 and 10 are not independent, but
related by A = —(0u/3T)p,x A [10]. For the interpretation of Eq.12, one can
distinguish between two regimes. Away from the critical point (Ao < oy, AB <K Bb),
the expression for the thermal conductivity reduces to

ksTp T,Bg
_ BIP i T 13
6 ngcp,u Vb (13)

The first term on the right-hand side (RHS) of Eq. 13 diverges like the thermal con-
ductivity of a one-component fluid, because ¢, of a mixture diverges like c), of a
one-component fluid [37]. Very close to the critical point (Ax > oy, AB > Bp), one
obtains

T T

O
The first term on the RHS of Eq. 14 vanishes as the critical point is approached, since
the isobaric specific heat capacity at constant pressure and concentration diverges
only weakly at the critical point [36]. An exception is an azeotropic critical mixture in
which ¢,  continues to diverge like ¢, of a one-component fluid [38]. The third term
represents a background contribution like in a one-component fluid. The second term
goes asymptotically near the critical point to a finite value.

Equations 9-11 represent predictions of the mode-coupling theory for the asymp-
totic critical behavior of the critical enhancements of the kinetic coefficients. Just as for
a quantitative interpretation of the thermal-conductivity data of one-component fluids
in the critical region [22,34], one needs to extend the mode-coupling theory to include
non-asymptotic critical contributions to the enhancements as well as a crossover to
non-critical behavior of the transport properties far away from the critical point, where
the kinetic coefficients should approach their background values. An analysis of our
experimental data in terms of such a more general mode-coupling theory, which asymp-
totically near the critical point reduces to Eq. 12 for the thermal conductivity, has been
made by Luettmer-Strathmann and Sengers [10] and also by Kiselev and Huber [39].
There is no reason to repeat the analysis here. Instead, we simply show in Figs. 1-5 the
values calculated for the thermal conductivity by Luettmer-Strathmann and Sengers
[10] with system-dependent background contributions appropriate for CO, + CoHg.
We conclude that the observed temperature dependence of the thermal conductivity
is well described by the mode-coupling theory of critical dynamics in mixtures. In
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Fig. 6 Temperature dependence T T T T
of the critical enhancement A
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Fig.6 we show the thermal conductivity calculated from the same mode-coupling
theory as a function of 1 — 7/ T; for the x = 0.25, x = 0.50, and x = 0.74 mix-
tures. It is seen that at x = 0.74 the thermal conductivity continues to diverge, but at
x = 0.25 and x = 0.50, the thermal conductivity indeed crosses over to a finite limit,
as indeed predicted by the asymptotic theory. However, this crossover behavior to a
finite limit occurs at temperatures a bit closer to the critical temperature than those
readily accessible with our instrument.

5 Conclusion

We have measured the thermal conductivity of four mixtures of carbon dioxide and
ethane in the critical region as a function of density and temperature. The experimental
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data agree with the behavior of the thermal conductivity calculated from the mode-
coupling theory of critical dynamics for the mixtures and are consistent with the
theoretical prediction of a divergent thermal conductivity at the azeotropic critical
temperature and a crossover to a finite limiting value at nonazeotropic critical temper-
atures.
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