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This paper presents new absolute measurements of the thermal conductivity and 
of the thermal diffusivity of gaseous argon obtained with a transient hot-wire 
instrument. We measured seven isotherms in the supercritical dense gas at tem- 
peratures between 157 and 324 K with pressures up to 70 MPa and densities up 
to 32 tool - L -1 and five isotherms in the vapor at temperatures between 103 and 
142 K with pressures up to the saturation vapor pressure. The instrument is 
capable of measuring the thermal conductivity with an accuracy better than 1% 
and thermal diffusivity with an accuracy better than 5%. Heat capacity results 
were determined from the simultaneously measured values of thermal conduc- 
tivity and thermal diffusivity and from the density calculated from measured 
values of pressure and temperature from an equation of state. The heat 
capacities presented in this paper, with a nominal accuracy of 5%, prove that 
heat capacity data can be obtained successfully with the transient hot wire 
technique over a wide range of fluid states. The technique will be invaluable 
when applied to fluids which lack specific heat data or an adequate equation of 
state. 

KEY WORDS: argon; dense gas; heat capacity; thermal conductivity; thermal 
diffusivity; transient hot-wire technique; vapor. 

1. I N T R O D U C T I O N  

A r g o n  is p r o b a b l y  t he  c h e m i c a l  e l e m e n t  s t u d i e d  m o s t  of ten .  T h i s  r a r e  gas  

is t h e  m o d e l  s y s t e m  for  m a n y  t h e o r e t i c a l  a n d  s i m u l a t i o n  s tud ies .  I n  p a r -  

t i cu la r ,  m a n y  of  t he  e f for t s  t o w a r d  d e v e l o p i n g  m o l e c u l a r  t h e o r i e s  of  t h e r -  
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modynamic and transport phenomena and reliable computer simulation 
studies have been based on argon. 

It is not surprising that a number of measurements of the thermal con- 
ductivity of argon have been reported. However, we prefer measurements 
made with the transient hot-wire technique over others because the 
transient hot-wire method, if carefully executed, is expected to have an 
accuracy better than 1%. Unfortunately, previous transient hot-wire 
measurements made on argon at this laboratory [1,2] and at other 
institutions [3-9] cover only the liquid state [2, 4] and the moderately 
dense gas [3, 5-9], and only the measurements made at this laboratory 
extend to pressures of 70 MPa, that is, high densities for the gas. We think 
that there is a distinct need for accurate measurements in the supercritical 
dense gas and in the vapor to complement the high-quality data available 
in the literature for the remainder of the phase diagram. 

In a recent correlation developed under the auspices of the Subcom- 
mittee on Transport Properties of IUPAC for the thermal conductivity sur- 
face of argon [10], the authors report gaps in data coverage, particularly 
for the thermal conductivity below room temperature, and also that it 
would be advantageous to extend the range of the thermal conductivity 
data reported by the transient hot-wire method. 

In addition to the thermal conductivity, thermal diffusivity can be 
measured with transient hot-wire instruments. It has been shown recently 
that, given an appropriate design of the instrument [ 11 ] and a reanalysis 
of the theory of the method [12], measurements of the thermal diffusivity 
for all fluids can be made with a reasonable accuracy over wide ranges of 
density. The heat capacity of fluids can then be obtained from the 
measurements of thermal conductivity and thermal diffusivity, provided 
that the density is known [13]. Heat capacity data for argon in the dense 
gas are rare from direct measurements. At present, the heat capacity of 
argon is obtained from highly accurate P V T  measurements, that is, 
equations of state, using standard thermodynamic relations, which involve 
second derivatives. These values can have an estimated error as large as 
5%. 

We report new extensive measurements of the thermal conductivity 
and thermal diffusivity of argon at several temperatures, from 103 to 
324 K, and pressures up to 70 MPa, covering the supercritical dense gas 
and the vapor. The thermal conductivity data have an accuracy of better 
than 1%, while the heat capacity data have an estimated uncertainty of 
5%. 
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2. WORKING E Q U A T I O N S  

The transient hot-wire technique is now accepted to be the most 
accurate method for the measurement of the thermal conductivity of fluids 
[14]. Its working equation, including the applicable corrections, is well 
established. The working equation for the temperature rise at the surface of 
the wire, where r = ro at time t, is given by 

ATid(ro, t ) = ~ 2 1 n 4 a t  4--~ In ( 4a ) + q---~ ln(t) (1) 
rZC - r ~  4rc2 

In Eq. (1), q is the power input per unit length of wire, 2 is  the thermal 
conductivity, a = 2/pC~, is the thermal diffusivity of the fluid, p is its den- 
sity, Cp is the isobaric heat capacity, and C = 1.781... is the exponential of 
Euler's constant. We use Eq. (1) and deduce the thermal conductivity from 
the slope of the straight line of A Ti~ versus ln(t). 

To obtain the thermal diffusivity, it was necessary to reanalyze the 
theory of the method [12]. According to [12] the working equation for 
the thermal diffusivity is 

rZC [47z2AT~d(ro, t')] 
a = 4t----;- exp (2) q 

The thermal diffusivity is obtained from )o and a value of A T~d at an 
arbitrary time t'; ATid(ro, t') is the intercept of Eq. (1). All sources of 
departure from the ideal values have been investigated recently for both 
thermal conductivity and thermal diffusivity [12, 15]. The thermal dif- 
fusivity calculated from Eq. (2) must be referred to zero-time conditions, 
that is; the bath or cell temperature. In summary, the thermal conductivity 
and the thermal diffusivity evaluated by the data reduction program are 
related to the reference-state variables and to the zero-time cell variables as 
follows: 

2 = J~(Tr, pr) 

pr = P(Tr,  Po) 

a = a(po, To) = - -  

Po = p( To, Po) 

(Cp)o = Cp(To, Po) 

,~( To, Po) 
po( Cp)o 

(3) 

where Po is the equilibrium pressure at time t = 0. 
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3. APPARATUS 

The apparatus used for the measurements is a general-purpose system 
[16]. It includes the following elements: two hot wires, a high-pressure cell 
with wire supports, a Wheatstone bridge, a cryostat, measuring and control 
circuitry, a sample handling system, and a microcomputer. The hot wires 
are platinum wires with diameters of 12.7/~m, and the time of measurement 
extends up to 1 s. The hot wire and a shorter compensating hot wire are 
arranged in opposing arms of the Wheatstone bridge. The cell containing 
the core of the apparatus is designed to accommodate pressures from 
vacuum to 70 MPa at temperatures from 78 to 330 K. The data acquisition 
system is controlled by a microcomputer and includes two programmable 
digital voltmeters. We measure the temperature rise in the hot wire at 250 
fixed times, 4 ms apart, with a modified Wheatstone bridge, and use linear 
regression to arrive at the two coefficients of the straight line. 

To obtain accurate results for the thermal diffusivity and ultimately for 
the heat capacity, some changes were made in the original apparatus. 
These changes improved the measurement of resistance for both bridge and 
wires, improved the nulling of the bridge prior to applying the power, 
improved the timing of the experiment, provided some redundancy in the 
measurement capability, and finally, reduced the noise level in the voltage 
measurements across the bridge. In particular, since our first measurements 
of thermal diffusivity [13], a reversing switch driven by the computer was 
added to the system to improve the resistance measurements in the bridge 
arms and the zero offset by eliminating any thermal emfs present in the 
wire and lead connections. 
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Fig. 1. Deviation plot for a run with argon at T r = 2 2 1 . 9 2 K  and 
P0 = 63.542 MPa. 
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The modifications introduced in the equipment were tested in several 
ways. We compared the data obtained for the thermal conductivity at 
300 K with data obtained with the earlier version of the instrument at 
300.65 K; the divergence of the results obtained with different power levels 
decreased from 2 to 0.6%. We found that the deviation of the temperature 
rises from the linear fit decreased from 0.4 to less than 0.2% when the filter 
and the operational amplifier were introduced. Finally, we compared the 
data obtained for the isotherms at 173, 220, and 300 K with data obtained 
in a different laboratory [-3] with a reported accuracy of 0.5%. The maxi- 
mum deviation between the two sets of data was 1.3% at 173 K and low 
densities, and the average absolute deviation was 0.5%. This agreement 
indicates that the data reported here for the thermal conductivity are 
accurate to better than 1%. Details of the tests can be found in Ref. 11. 
Figure 1 shows the scatter of the temperature rises for a run at 
T=221.92K and P=63.542 MPa; the deviations are not larger than 
0.04%. 

The argon used for the measurements had a purity in excess of 
99.999%. A small diaphragm compressor was used. 

4. RESULTS 

A total of 1044 data points was measured along seven supercritical 
isotherms, at nominal temperatures of 157, 173, 203, 223, 274, 302, and 
324 K with pressures up to 70 MPa, and along five vapor isotherms, at 
nominal temperatures of 103, 113, 123, 133, and t42 K. For each pressure, 
four data points with different powers were taken to verify the absence of 
convection. These four points were subsequently averaged, and the 
averages are presented in Tables I and II. The pressure, temperature, and 
applied power were measured directly, while the density was calculated 
from an equation of state [-17]. A complete tabulation of the data is given 
in Ref. 18. The results for the thermal conductivity were adjusted at con- 
stant density to nominal temperatures by using the preliminary surface fit 
given in Ref. 18. These adjustments were always less than 0.2%. The error 
in the thermal conductivity will vary over the entire thermal conductivity 
surface. Along a normal isotherm the error decreases from low to high den- 
sities. If the critical enhancement is appreciable, a curvature in the tem- 
perature rise plots is found, probably because of compressibility effects not 
yet accounted for [-15]. In these circumstances the error will increase from 
low densities to critical density and then decrease at the higher densities. 
Usually the error in thermal conductivity is described in terms of the 
regression statistics obtained during the fitting of the straight lines to the 
data. Statistics for both slope and intercept are recorded in Ref. 18. In our 
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Table I. The Thermal Conductivity, Thermal Diffusivity, and Heat 
Capacity of Argon Vapor 

Pressure 
(MPa) 

Cell Thermal Thermal Heat 
temperature conductivity diffusivity capacity 

(K) (W.m-l.K 1) (m2.s 1) ( J . m o l - l . K - 1 )  

0.193 
0.271 

0.297 
0.458 
0.636 

0.343 
0.598 
0.852 
1.157 

0.286 
0.587 
0.885 
1.150 
1.400 
1.690 
2.014 

0.446 
0.842 
1.159 
1.476 
1.853 
2.244 
2.577 
2.989 

Nominal temperature, 103K 

99.931 0.00703 
99.932 0.00704 

Nominal temperature, l 13K 

109.967 0.00767 
109.974 0.00776 
109.982 0.00800 0.393 • 10 -6 

Nominal temperature, 123 K 

119.978 0.00833 
119.976 0.00844 0.596 • 10 -6 
119.972 0.00877 0.355 x 10 -6 
119.971 0.00936 0.213 x 10 6 

Nominal Temperature, 133 K 

130.144 0.00906 
130.137 0.00904 
130.135 0.00929 0.490 • 10-6 
130.128 0.00961 0.332 x 10 -6 
130.126 0.01002 0.239 • 10 -6 
130.125 0.01067 0.174• 10 6 
130.131 0.01152 0.103 x 10 -6 

Nominal temperature, 142 K 

140.053 0.00960 
140.045 0.00973 0.617 x 10 -6 
140.034 0.00998 0.375 x 10 6 
140.027 0.01036 0.264 • 10-6 
140.021 0.01094 0.179 x 10 -6 
140.017 0.01182 0.124 x 10 6 
140.013 0.01286 0.937 x 10 -7 
140.018 0.01499 0.637 x 10 -7 

24.3 

20.7 
23.9 
29.1 

20.0 
22.5 
25.4 
28.9 
40.3 

19.7 
23.3 
25.9 
30.3 
36.6 
42.6 
56.2 
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Table II. The Thermal Conductivity, Thermal Diffusivity, and Heat Capacity 

of Supercritical Argon 

1147 

Cell Thermal Thermal Heat 

Pressure temperature conductivity diffusivity capacity 
(MPa)  (K) ( W . m - I . K  - l )  (m2-s -1) ( J -mol  1 . K - 1 )  

Nominal  temperature, 157 K 

1.225 156.798 0.01068 0.426 x 10-6 24.4 

1.732 156.791 0.01116 0.303 • 10-6 24.2 

2.336 156.789 0.01191 0.200 x 10 _6 27.5 

2.650 156.779 0.01235 0.168 x 10-6 29.2 

3.060 156.776 0.01309 0.129 x 10 -6 33.3 

3.385 156.761 0.01374 0.108 • 10 -6 36.5 

3.825 156.760 0.01490 0.855 • 10 -7 41.8 

4.153 156.747 0.01599 0.670 • 10 -7 50.5 

4.519 156.739 0.01758 0.521 x 10 -7 62.0 

4.927 156.745 0.02006 0.398 x 10-7 78.3 

5.174 156.812 0.02207 0.293 x 10 -7 105.0 

5.379 156.812 0.02447 0.223 x 10 -7 137.2 

5.550 156.819 0.02719 0.181 x 10 -7 170.1 
5.687 156.825 0.03012 0.153 x 10 -7 202.3 

5.741 156.815 0.03153 0.129 x 10 -7 240.8 

5.817 156.813 0.03359 0.115 x 10 7 271.4 

5.871 156.808 0.03524 0.112 x 10 7 279.7 

5.950 156.816 0.03738 0.109 • 10 -7 284.4 

6.011 156.828 0.03888 0.110 X 10  - 7  287.6 

6.146 156.890 0.04073 0.922 • 10 -8 321.9 

6.301 156.908 0.04209 0.100 x 10 7 282.3 

6.496 156.796 0.04279 0.149 • 10 7 173.5 

6.785 156.813 0.04350 0.168 x 10 -7 147.8 

7.172 156.817 0.04449 0.203 x 10 7 118.1 

7.664 156.822 0.04572 0.196 • 10 -7 120.5 

8.400 156.833 0.04735 0.233 x 10 7 100.4 

9.403 156.843 0.04939 0.278 x 10 -7 84.1 

10.405 156.849 0.05121 0.311 x 10 7 75.8 

11.792 156.863 0.05354 0.354 x 10 -7 67.3 

13.556 156.874 0.05636 0.402 x 10 -7 60.5 

15.713 156.803 0.05949 0.453 • 10 7 54.8 

18.408 156.810 0.06291 0.494 x 10 -7 51.5 
20.803 156.811 0.06587 0.536 x 10 -7 48.5 

24.081 156.808 0.06931 0.568 x 10 -7 46.9 

29.724 156.799 0.07494 0.629 x 10 7 44.0 
35.752 156.805 0.08017 0.671 • 10 -7 42.7 

42.578 156.809 0.08587 0.709 x 10-7 42.0 

49.464 156.815 0.09120 0.751 x 10 7 41.1 
57.004 156.815 0.09635 0.818 • 10 7 38.9 

67.589 156.797 0.10328 0.831 • 10 -7 39.9 



Table 1I (Continued) 

Pressure 
(MPa) 

Cell Thermal Thermal Heat 
temperature conductivity diffusivity capacity 

(K) (W .m -j  . K - l i  (m2.s -1) (J- tool -1 .K -1 ) 

1.352 
1.933 
2.607 
3.092 
3.573 
4.008 
4.453 
4.799 
5.082 
5.438 
5.745 
5.983 
6.200 
6.473 
6.742 
6.944 
7.214 
7.509 
7.699 
7.868 
8.061 
8.400 
8.652 
8.824 
9.121 
9.418 
9.906 

10.149 
10.504 
10.905 
11.688 
12.323 
12.475 
13.219 
14.155 
16.209 
17.567 
19.820 
21.883 
23.921 
29.429 
35.167 
41.171 
45.408 
53.049 
59.614 
66.115 

171.392 
171.391 
171.396 
171.392 
171.387 
171.410 
171.407 
171.401 
171.397 
171.399 
171.400 
171.397 
171.393 
171.396 
171.386 
171.385 
171.391 
171.395 
171.393 
171.391 
171.391 
171.404 
171.407 
171.327 
171.396 
171.414 
171.421 
171.424 
171.430 
171.434 
172.808 
172.791 
171.420 
172.798 
172.784 
172.795 
172.796 
172,806 
171.423 
171.421 
171.416 
171.422 
171.410 
171.425 
171.415 
171.429 
171.378 

Nominal temperature, 173K 

0.01179 
0.01220 
0.01280 
0.01330 
0.01394 
0.01459 
0.01534 
0.01601 
0.01662 
0.01750 
0.01835 
0.01901 
0.01973 
0.02074 
0.02182 
0.02275 
0.02390 
0.02536 
0.02627 
0.02722 
0.02817 
0.03000 
0.03121 
0.03208 
0.03321 
0.03442 
0.03620 
0.03685 
0.03790 
0.03913 
0.04001 
0.04151 
0.04276 
0.04338 
0.04494 
0.04814 
0.05036 
0.05342 
0.05668 
0.05906 
0.06510 
0.07053 
0.07564 
0.07896 
0.08481 
0.08969 
0.09376 
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Table II  (Continued) 

Cell 
Pressure temperature 

(MPa)  (K) 

Thermal Thermal Heat 
conductivity diffusivity capacity 

( W . m  1 . K - 1 )  (m2.s  1) ( J .mo l  1 .K l) 

2.240 200.576 

2.870 200.621 

3.548 200.629 

4.392 200.630 

4.876 200.623 

5.659 200.626 

6.107 200.627 

6.929 200.627 

7.823 200.629 

8.527 200.624 

9.031 200.630 

9.460 200.636 

10.000 200.637 

10.484 200.637 

11.016 200.630 

11.396 200.622 

11.861 200.616 

12.686 200.619 
13.447 200.621 

13.990 200.650 

14.905 200.695 

15.456 200.726 

16.124 200.605 

16.787 200.638 

17.556 200.628 

18.738 200.616 

20.136 200.623 

21.887 200.604 

24.539 200.651 

26.797 200.641 

30.067 200.641 

33.467 200.622 

37.326 200.636 

41.870 200.649 
47.446 200.637 

53.568 200.637 

58.838 200.641 
63.758 200.625 
67.512 200.586 

Nominal  temperature, 203 K 

0.01396 0.408 x 10 -6 

0.01435 0.296 x 10 -6 

0.01482 0.221 • 10 6 

0.01553 0.170 x 10 6 

0.01597 0.152 • 10 6 

0.01681 0.125 x 10 6 

0.01730 0.114x 10 6 

0.01834 0.969 • 10 7 

0.01964 0.832 • 10 7 

0.02071 0.714 x 10-7 

0.02156 0.665 x 10 7 

0.02225 0.658 x 10 -7 

0.02322 0.592 • 10-7 

0.02409 0.571 x 10 7 

0.02509 0.523 • 10 7 

0.02587 0.513 x 10 -7 

0.02676 0.493 x 10 7 

0.02837 0.454x 10 7 

0.02981 0.447 • 10 7 

0.03082 0.423 x 10 -7 

0.03245 0.447 x 10 -7 

0.03330 0.437 • 10 7 

0.03462 0.450 • 10 7 

0.03566 0.443 x 10-7 

0.03690 0.454 x 10 -7 

0.03858 0.459 • 10 7 

0.04049 0.466 x 10 7 

0.04283 0.493 • 10 -7 

0.04582 0.499 x 10 -7 
0.04826 0.513 x 10 -7 

0.05167 0.525 • 10 -7 

0.05490 0.573 x 10 -7 

0.05838 0.598 x 10 7 

0.06214 0.625 x 10 7 

0.06641 0.654 x 10-7 
0.07105 0.691 • 10 -7 

0.07470 0.717 x 10 7 

0.07800 0.756x 10 7 
0.08051 0.774 x 10 -7 

23.4 

25.4 

27.9 

29.8 

30.3 

32.5 

33.5 

35.6 

38.2 

42.0 

43.6 

42.7 

46.1 

46.6 

49.7 

50.2 

51.4 

54.7 

54.5 

57.1 

53.1 

54.0 

52.4 

52.9 

51.6 

50.8 

50.0 

47.6 

47.3 

46.4 

46.2 
43.2 

42.2 

41.5 

40.8 

39.9 

39.4 
38.2 

37.9 

840/10/6-4 
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Pressure 
(MPa) 

Cell 
temperature 

(K) 

Table II (Continued) 

Thermal Thermal 
conductivity diffusivity 

( W . m  -1 .K -1) (m2.s -1) 

Heat 
capacity 

(J ,mo1-1 .K -1) 

Nominal temperature, 223 K 

1.985 222.822 0,01487 0.594 • 10-6 22.4 
2.699 220.081 0,01521 0.395 x 10 6 24.3 
3.519 220.070 0,01566 0.281 x 10 6 26.5 
4.338 220.065 0,01621 0.223 x 10 -6 27.5 
5.035 220.059 0,01672 0.194 x 10 ~ 27.6 
5.711 220.073 0,01725 0.169 x 10 -6 28.4 
6.356 220.073 0.01779 0.160 • 10-6 27.4 
6.951 220.089 0.01837 0.146 • 10- 6 27.9 
7.705 220.089 0.01905 0.122 x 10 -6 30.9 
8.409 220.061 0.01978 0.109 x 10 -6 32.3 
9.126 220.059 0.02056 0.966 x 10- 7 34.4 
9.697 220.056 0.02120 0.920 • 10-7 34.7 

10.389 220.061 0.02204 0.862• 10 7 35.5 
10.807 220.058 0.02255 0.813 • 10 -7 36.8 
11.467 220.066 0.02337 0.765 x 10-7 37.8 
11.997 220.055 0.02407 0.726 • 10-7 38.9 
12.581 220.057 0.02483 0.704 • 10 -7 39.2 
13.294 220.062 0.02577 0.656 x 10-7 41.0 
13.944 220.059 0.02665 0.631 x 10 -7 41.7 
14,597 220.068 0.02750 0.629 • 10 -7 41.1 
15.312 220.039 0.02845 0.610x 10 7 41.6 
16.007 220.068 0.02938 0.592 x 10-7 42.3 
16,582 220.064 0.03012 0.569 • 10 -7 43.5 
17.259 220.081 0.03105 0.583 x 10 7 42.4 
18.131 220.075 0.03216 0.566 • 10 -7 42.9 
18.780 220.063 0.03298 0.562 x 10 -7 42.9 
19.495 220.079 0.03393 0.562 x 10 -7 42.8 
20.236 220.071 0.03476 0.548 x 10 _7 43.7 
23.128 220.071 0.03821 0.552 x 10-7 43.1 
26.499 220.054 0.04181 0.572 x 10-7 41_5 
29.412 220.068 0.04471 0:585 x 10 7 40.8 
32.406 220.037 0.04734 0.569 x 10 7 42.3 
35.928 220.027 0.05037 0.588 x 10-7 41.5 
39,134 220.030 0.05299 0.614 • 10 -7 40.3 
42.488 220.036 0.05563 0.620x 10 7 40.6 
45.075 219,969 0.05771 0.653 x 10 -7 39.0 
48.821 220.032 0.06056 0.681 x 10 -7 38.2 
52.785 220.097 0.06342 0.697 • 10- 7 38.0 
56.233 220.072 0.06581 0.732x 10 7 36.8 
59.876 219.273 0.06850 0.737 • 10 -7 37.0 
64.383 219.152 0.07158 0.784 • 10 -7 35.6 
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Table II (Continued) 

Cell 
Pressure temperature 

(MPa)  (K) 

Thermal Thermal Heat 

conductivity diffusivity capacity 

( W . m - I . K - ~ )  (m2.s  a) ( J . m o l - l . K  1) 

3.266 270.198 

4.596 270.198 

5.954 270.197 

7.434 270.192 

9.224 270.190 

10.598 270.165 

11.981 270.204 

13.453 270.201 

14.875 270.220 

16.452 270.195 

18.019 270.200 

19.477 270.208 

21.275 270.192 

22.768 270.215 

24.342 270.248 

26.041 270.231 

27.612 270.195 

29.060 270.222 

30.612 270.188 

31.858 270.222 

33.310 270.225 

34.671 270.225 

36.245 270.221 

37.918 270.220 

39.356 270.217 

41.321 270.216 
43.136 270.211 

45.308 270.215 
47.397 270.219 

49.264 270.208 

51.136 270.205 

53.905 270.216 

57.467 270.111 

60.785 270.094 

64.307 270.105 
67.468 270.106 

Nominal  temperature, 274 K 

0.01807 0.612• 10 6 

0.01852 0.393 x 10-6 

0.01919 0.302• 10 6 

0.01997 0.234• 10 6 

0.02103 0.182 x 10 -6 

0.02186 0.157 x 10 -6 

0.02280 0.139 x 10 -6 

0.02385 0.126 • 10-6 

0.02489 0.117 • 10 6 

0.02605 0.105 x 10 6 

0.02721 0.944 x 10 -7 

0.02838 0.923 x 10-7 

0.02979 0.890 x 10-7 

0.03097 0.853 • 10 7 

0.03223 0.841 x 10 7 

0.03349 0.812 • 10-7 

0.03468 0.783 x 10 -7 

0.03572 0.772 • 10 -7 

0.03693 0.764 • 10 -7 

0.03780 0.771 • 10 7 

0.03887 0.762 x 10 -7 

0.03972 0.739 x 10 -7 
0.04085 0.734 x 10 v 

0.04186 0.725 x 10-7 

0.04286 0.736 • 10-7 

0.04416 0.737 • 10-7 

0.04541 0.717 x 10 -7 

0.04688 0.738 x 10 -7 
0.04823 0.743 x 10 7 

0.04936 0.761 • 10 7 

0.05051 0.745 x 10 7 

0.05228 0.755 x 10 -7 

0.05437 0.760 x 10 7 
0.05631 0.781 x 10 -7 

0.05833 0.802 • 10-7 

0.06012 0.804 • 10 -7 

19.5 

2118 
22.5 

23.8 

25.7 

26.7 

27.8 

28.4 

28.8 

30.2 

32.1 

31.7 

31.8 

32.4 

32.3 

32.9 

33.6 

33.7 

33.9 

33.4 

33.6 

34.5 

34.6 

34.9 

34.4 

34.4 

35.4 

34.5 
34.5 

33.7 

34.6 

34.4 

34.5 
33.9 

33.4 
33.6 
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Table II (Continued) 

Pressure 
(MPa) 

Cell Thermal Thermal Heat 
temperature conductivity diffusivity capacity 

(K) ( W . m - i  .K 1) ( m 2 . s - l )  ( J . m o l - i  . K - l )  

4.432 
6.312 
7.851 
9.573 

10.974 
12.340 
14.449 
16.464 
18.551 
23.050 
25.149 
27.467 
29.622 
31.771 
33.875 
36.018 
38.586 
40.776 
42.820 
44.891 
47.308 
49.788 
52.321 
54.745 
56.927 
58.867 
61.171 
63.274 
65.449 
67.301 

Nominal temperature, 302 K 

298.555 0.01955 0.483 • 10 -6 
298.562 0.02032 0.340 • 10-6 
298.575 0.02103 0.269 )< 10 6 
298.582 0.02185 0.217 • 10 6 
298.576 0.02261 0.195 • 10 -6 
298.573 0.02345 0.175 x 10 6 
298.576 0.02453 0.144 • 10-6 
298.567 0.02573 0.133 • 10 -6 
298.620 0.02698 0.114 • 10-6 
298.677 0.02975 0.101 x 10 -6 
298.664 0.03107 0.900• 10 7 
298.658 0.03260 0.921 • 10 -7 
298.815 0.03388 0.937 • 10 -7 
298.814 0.03520 0.941 • 10 -7 
298.812 0.03651 0.931 • 10 7 
298.816 0.03774 0.873 • 10-7 
298.836 0.03929 0.864 • 10-7 
298.842 0.04055 0.859 • 10-7 
298.837 0.04183 0.861 • 10 -7 
298.832 0.04309 0.852 • 10-7 
298.837 0.04440 0.833 • 10-7 
298.847 0.04588 0.844• 10 7 
298.994 0.04721 0.845 • 10 -7 
298.999 0.04862 0.851 x 10 -7 
298.999 0.04977 0.825 • 10 -7 
299.001 0.05074 0.850 • 10-7 
299.003 0.05206 0.851 • 10 -7 
298.993 0.05318 0.877 • 10 -7 
298.991 0.05431 0.873 • 10 -7 
298.997 0.05520 0.846 • 10-7 

21.9 
22.5 
23.6 
24.7 
24.7 
25.4 
27.5 
27.4 
29.8 
30.4 
32.9 
31.3 
30.0 
29.3 
29.2 
30.8 
30.8 
30.8 
30.7 
31.0 
31.7 
31.3 
31.3 
31.2 
32.2 
31.3 
31.5 
30.7 
31.0 
32.0 
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Table II  (Cont&ued) 

Cell 

Pressure temperature 

(MPa)  (K) 

Thermal Thermal Heat 

conductivity diffusivity capacity 
( W . m  1 .K t) ( m 2 . s - l )  ( J . m o l - l . K - 1 )  

3.710 321.825 

5.306 321.863 

7.537 321.892 

8.691 321.095 

11.400 321.093 

13.592 321.084 

15.669 321.101 

17.795 321.089 

19.831 321.106 

22.068 321.115 

24.985 321.114 

26.686 321.114 

28.943 321.129 

31.312 320.815 

33.677 320.797 

36.266 320.788 
38.341 320.776 

40.694 320.749 

43.223 320.748 

45.509 320.765 

47.771 320.682 

49.863 320.678 

52.141 320.680 

53.909 320.662 
56.219 320.635 

58.588 320.730 
60.566 320.715 

62.737 320.706 
65.562 320.734 

67.919 320.851 

Nominal  temperature, 324 K 

0.02032 0.687 x 10 6 

0.02074 0.451 x 10 6 

0.02172 0.313 x 10 -6 

0.02220 0.262• 10 6 

0.02324 0.196 x 10 -6 

0.02441 0.170 • 10 -6 

0.02539 0.146 • 10 6 

0.02644 0.129 x 10 -6 

0.02756 0.120 x 10 6 

0.02875 0.106 x 10-6 

0.03008 0.105 x 10-6 

0.03133 0.995 x 10 -7 

0.03262 0.952x 10 7 

0.03399 0.945 x 10 -7 

0.03526 0.889 x 10 7 

0.03664 0.857 x 10 7 

0.03772 0.862 • 10 -7 

0.03918 0.874• 10 7 

0.04030 0.890 x 10 -7 

0.04209 0.894 • 10-7 

0.04271 0.773 x 10 -7 

0.04383 0.768 x 10 7 

0.04508 0.784 • 10 -7 

0.04601 0.768 x 10 -7 
0.04717 0.792 x 10 7 

0.04832 0.790 x 10 7 
0.04921 0.794 x 10 7 

0.05037 0.825 • 10 7 

0.05161 0.772 x 10 -7 
0.05293 0.809 x 10 -7 

21.0 

22.7 

24.0 

25.2 

26.9 

27.2 

28.7 

29.8 

30.0 

32.1 

30.2 

31.4 

31.9 

31.3 

32.6 

33.1 

32.5 

31.9 

30.9 

31.0 

35.2 

35.4 

34.7 

35.4 

34.3 

34.4 
34.3 

33.1 

35.4 
34.1 



1154 Roder, Perkins, and Nieto de Castro 

case, however, a better measure of the error is the dispersion of the results 
obtained with the four different power levels. This dispersion includes the 
effect of the statistics above. Considering the variation in power levels, the 
errors in thermal conductivity are 0.6% for the lowest densities along an 
isotherm, decreasing to 0.2% for liquid densities. If there is an appreciable 
critical enhancement the error will increase at intermediate densities, up to 
3% for 157 K at the critical density. 

Figure 2 displays the variation of the thermal conductivity with den- 
sity for the different isotherms. The lines in Fig. 2 correspond to the values 
calculated from the IUPAC correlation [10]. The average absolute devia- 
tion between the new measurements and the correlation is 4.9% for the 287 
points shown. The deviations are pronounced in the region of the critical 
enhancement and for all vapor isotherms; they range up to 28%. The 
nominal deviation at the highest densities is about 2% for most super- 
critical isotherms. The correlation also shows negative slopes for all vapor 
isotherms. 
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Fig. 2. Thermal conductivity of argon as a function of 
density for the different isotherms, Each isotherm is 
displaced by 0 , 0 1 W - m  ~ .K -x from the adjacent 
isotherms. Lines are from the correlation of Ref. 10. 
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The values of the measured thermal diffusivity refer to the cell tem- 
perature and are displayed in Tables I and II. The heat capacity was 
obtained from the values of thermal diffusivity, thermal conductivity 
adjusted to the cell temperature and pressure, and density from the equa- 
tion of state [17] .  Tables I and II show the values of the heat capacity 
corrected to the nominal temperatures using the equation of state [17] .  
Errors for the thermal diffusivity exhibit a pattern similar to that of the 
thermal conductivity. Considering the variation in power levels, the errors 
in thermal diffusivity are 5% for densities above 1 mol .  L -1 along an 
isotherm, decreasing to 3 % for liquid densities. If there is an appreciable 
critical enhancement the error will increase at intermediate densities, up to 
___ 10% for 157 K at the critical density. 

Figure 3 displays the results obtained for the heat capacity of argon, 
as a function of density, for the different temperatures in the dense gas and 
vapor phase. The error in the heat capacity measurements was estimated in 
two different ways, fully described in Ref. 11. First, the extrapolation of the 
heat capacity data to zero density has shown an average agreement of 
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Fig. 3. Heat capacity of argon as a function of 
density for the different isotherms. Lines are from 
the equation of state of Ref. 17. 
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4.4% with the theoretical value of 20.786 J .  tool 1. K-1.  Second, the root- 
mean-square deviation between the experimental data and the values 
obtained from the equation of state [17] was about 5%, except for the 
173 K isotherm. We trace the larger deviations for the 173 K isotherm, the 
first isotherm for which we measured the thermal diffusivity, to the absence 
of the reversing switch. The data for this isotherm were obtained before this 
device had been introduced in the measuring system. For this reason the 
data for thermal diffusivity and heat capacity for this isotherm are omitted 
in Table II. Data in the vapor phase, especially for densities lower than 
0.6 mol.  L - l ,  also have a large uncertainty in thermal diffusivity due to a 
low signal-to-noise ratio in the amplifier. These data are also omitted from 
the tables. 

The heat capacities presented in this paper, with a nominal accuracy 
of 5%, prove that heat capacity data can be obtained successfully with the 
transient hot-wire technique over a wide range of fluid states. The techni- 
que will be invaluable when applied to fluids which lack specific heat data 
or an adequate equation of state. 

5. DATA ANALYSIS 

The data presented in Tables I and II cover a large part of the thermal 
conductivity surface of argon. The data analysis performed on this surface 
concentrated on two specific aspects, the extraction of the thermal conduc- 
tivity values at zero density and the evaluation of the critical enhancement. 
Both of these aspects are discussed in more detail below. 

To obtain a value at zero density from the experiment, we must 
extrapolate the measurements at low density to zero density, usually with 
a low-order polynomial. For  the supercritical isotherms, a linear extrapola- 
tion in density was sufficient. However, the vapor isotherms exhibit sub- 
stantial curvature, as can be seen in Fig. 2. Because of this extreme cur- 
vature, we used a graphical extrapolation procedure. We superimposed the 
vapor isotherms to form a single curve and obtained the curvature with a 
single fixed spline. The spline was then used to extrapolate each isotherm 
individually. The results obtained, together with their uncertainty, are 
shown in Table III. The extrapolation degrades the accuracy of the 
tabulated values to about 1%, especially in the vapor phase. 

We represent our data and all other data obtained with the transient 
hot-wire method [1, 3, 5-9] with the form of the equation used in the 
IUPAC correlation [10], 

9 
20= Z ai T(i 4)/3 (4) 

i=1 
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Table IlL The Zero-Density Thermal Conductivity Values for Gaseous Argon 

T(K)  2 o i a  ( m W . m - l . K  1) 

103.00 6.81 _+ 0.07 
113.00 7.42 + 0.07 
123.00 8.04 4- 0.08 
133.00 8.69 +_ 0.09 
142.00 9.26 • 0.09 
158.00 10.07 • 0.10 
171.60 10.80 • 0.07 
203.63 12.53 4- 0.09 
223.50 13.70 _.+ 0.11 
270.20 16.09 __+ 0.17 
298.79 17.64 • 0.19 
320.96 18.77 • 0.12 

In Eq. (4), T is expressed in K and  20 in m W - m  - 1 . K  1. Us ing  all 29 
poin ts  the coefficients were found to be 

a l  = 4.82935 • 10 +4 

a2 = - 7 . 2 0 9 4 0  • 10 +4 

a 3 =4 .93535 x 10 +4 

a4 = -1 .97168  • 10 +4 

a5 = 4.92040 • 10 +3 

a 6 = -7 .74316  • 10 +2 

a 7 = 7.45021 • 10 +1 

a s = -3 .97878  

a 9 = 9.00908 • 10-2  

and the s t anda rd  dev ia t ion  of the fit was 0.06 m W . m  - ~ . K  -~. This 
s t anda rd  dev ia t ion  is equiva lent  to a devia t ion  of 0 .9% at 100 K and  0.3 % 
at 425 K. 

F igure  4 shows the devia t ions  from Eq. (4) of all da t a  poin ts  inc luded 
in the fit; all devia t ions  are less than  1%. Also in Fig. 4, in the curve 
labeled 1, are  the devia t ions  between Eq. (4) and  the I U P A C  cor re la t ion  
[10] .  The  range of  this cor re la t ion  is 90 to 500 K, and  it is cons t ra ined  to 
the di lute  gas values of Kes t in  et al. [19] ,  which were es tabl ished using an 
ex tended  law of  co r re spond ing  states. There  are large depar tu res  for tern- 
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Fig. 4. Devations between Eq. (4) and the experimental data points. 
The lines describe the correlations: (1) Kestin etal. [19]; (2) 
Rabinovich et al. [23]; (3) Trappeniers [24]. 

peratures lower than 180 K, for example, 6% at 100 K, while the agree- 
ment is within 1% at the higher temperatures. The excellent agreement 
obtained with Refs. 10 and 19 for temperatures greater than 180 K leads us 
to examine the much larger deviations at the low temperatures. Kestin 
et al. [19] did not select any primary data for either viscosity or thermal 
conductivity of argon, krypton, or xenon 4 at temperatures below 300 K. 
The authors did consider the viscosity data obtained with the capillary 
tube method by Clarke and Smith [20] as secondary data. These viscosity 
values [20] are 2% larger at 114 K than the correlated values of Kestin 
et al. for all three noble gases. 

The low-temperature viscosity data of Johnston et al. [21, 22], not 
considered in Ref. 19, agree well with the present thermal conductivity 
values. Eucken factors of 1.013 were calculated at 103 and 113 K; this 
implies an agreement of 1.3 % between our thermal conductivity values and 
the viscosities of Ref. 22. Johnston et al. obtained their values with an 
oscillating disk viscometer, and their values are about 3% higher than 
those reported by Clarke and Smith [20] at 114K. The differences 
between the two sets of viscosity data decrease to less than 1% for tem- 
peratures between 130 and 300K. Rabinovich etal.  [23] also noted the 
discrepancies between these two sets of viscosity data. By considering inter- 
nal consistency with thermal conductivity data, these authors preferred the 
viscosity data of Johnston et al. [21, 22]. Their tables for the thermal 

4 Argon at 100 K corresponds to krypton at 139 K and xenon at 192 K. 
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conductivity of dilute gaseous argon agree with our data to within 1.3% at 
the lowest temperature and are shown in Fig. 4 as the curve labeled 2. 

Finally, we show in Fig. 4, in the curve labeled 3, the deviations 
between Eq. (4) and the equation proposed by Trappeniers [241. Trap- 
peniers correlated his measurements obtained with the parallel-plate 
apparatus for temperatures above the critical point. Deviations between his 
representation and Eq. (4) are as large as - 2 %  at a temperature of 200 K 
and increase to - 3 %  at a temperature of 150 K. 

We conclude that the correlations given in Refs. 10, 19, and 24 for the 
zero-density thermal conductivity of argon are in error for temperatures 
below 180 K. We suggest that Eq. (4), which has a maximum uncertainty 
of 1% at a 99 % confidence level, is the best empirical representation of the 
zero-density thermal conductivity of argon over the temperature range 
from 100 to 450 K. 

The second part of the data analysis concerns the evaluation of the 
critical enhancement. The dependence of the thermal conductivity on tem- 
perature and density in tke supercritical region is usually expressed as 

2(p, T) = 20(T) + 32(p, T) + 32o(p, T) (5) 

where the first term is the zero-density gas thermal conductivity, 34 is the 
excess thermal conductivity over the dilute-gas value, and A2c is the critical 
enhancement. The first two terms on the right-hand side of Eq. (5) are 
collectively referred to as the "background" thermal conductivity. Since 
large systematic deviations are evident between our results and the most 
recent correlation of the thermal conductivity surface of argon El0], we 
could not use this surface to evaluate the critical enhancement. Instead we 
used the preliminary surface fit given in Ref. 18, which has an average 
absolute deviation of 1.15% for the 287 points presented in Tables I and II. 
The maximum deviation is 8.9% at 142 K in the vapor phase near satura- 
tion pressure. The surface fit of Ref. 18 is based on experimental data for 
argon measured with the present instrument: included are the seven super- 
critical isotherms, three of the five vapor isotherms, 113, 123, and 142 K, 
and the three liquid-phase isotherms, 111, 125, and 140 K, from Ref. 2. The 
zero-density thermal conductivity is given by Eq. (4). The remainder of the 
surface is described in more detail below. 

The expression for the excess thermal conductivity was previously used 
for methane [25] and it is 

32 = ~( T) p + fi( T) p,(T) (6) 

with 32 expressed in W . m  1 .K-1,  p in m o l . L  -1, and T in K. The 
parameters ~, /~, and n are functions of the temperature. The ~ was deter- 
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mined from the slopes of the isotherms at low density and was found to 
vary linearly with temperature: 

~ = ~ 1 + ~ 2 T  with cq = 5.2 x 10 -4 and ~2= 1.6x 10 -6 (7) 

The coefficient n can be represented by a low-order polynomial in tem- 
perature, 

/7 = n I + rt 2 T +  It3 T 2  (8 )  

while fl, varying through an order of magnitude, is better expressed by 
fitting the logarithm of fl, 

ln fl = j~ l --b fl 2 T -b fl 3 T 2 -b fl 4 T3 (9) 

The coefficients ni and fli were determined in a single surface fit: 

nl = 3.391792 

n2 = -3.138159 x 10 -3 

n3 = 5.773095 x 10 6 

//1 = -1.425607 x 10 +1 

/~2 = 1.007190 x 10 2 

/~3 = -1.906250 x 10 -5 

/~4 = -2.651697 x 10 9 

An approximation to the critical enhancement A2o can now be 
obtained from Eq. (5) by subtracting values from Eqs. (4) and (6) from the 
experimental thermal conductivities. The remainders are plotted in Fig. 5 
for nominal temperatures. All isotherms reported here are outside the criti- 
cal region proper as defined by Sengers et al. [26], and therefore, there was 
no need to use a scaled equation of state. For  argon, To = 150.86 K and 
Pc = 13.41 m o l - L  -1 [17], and the boundaries of the critical region proper 
are 146.33 ~< T~< 155.4 K and 10.06 ~< p ~ 16.76 mol �9 L -  1. 

To represent the critical enhancement we have followed a procedure 
similar to that used for methane [25] and oxygen [27], because the 
behavior of argon was similar to that of these gases. The critical enhance- 
ment extends to quite high temperatures, >2To,  confirming the data 
previously reported [1].  Also, the critical enhancement is centered on a 
density Pcenter, which is different from the critical density po and slightly 
temperature dependent. Finally, the data proved to be slightly asymmetric 
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about  Pcenter' The expression used to represent the critical enhancement is 
given by 

A2~(p, T) = A M P L e  -x2 (10) 

with 

and 

or  

C1 
A M P L  - - -  + C3 + C 4 T  (11) 

T +  C 2 

P center = P c -}- f 5( T -  Tc ) 15 (12) 

X = C 6 (  p - -  Pcenter) for  p ~ Pcenter (13) 

x = C7(p - Pcenter) for p ~ Peenter 

The coefficients Ci, as determined by the surface fit, are given by 

C1 = 1.115727 • 10 -1 

C 2 =  -1 .49  • 10 +2 

C3 = 4.059586 • 10 -3 

C4 = -1.280545 • 10 -5 

C5 = -9.918980 • 10 -4  

C6 = -1.5230 • 10 -1 

C7=  1.6494• 10 1 

(14) 

A2~(p~, T ) = A ( A T * )  ~ (15) 

for temperatures very close to the critical point. For argon, Trappeniers 
[24] proposed an asymptotic value ~b~ of 0.57, and a value 
~bemc = 0.635 __+ 0.015 based on a variation of the extended-mode-coupling 
theory. 

again with T i n  K, p in m o l - L  -1, and A2o in W . m  1 . K - 1  
Values calculated from Eqs. (10) to (14) are shown as continuous lines 

for the isotherms 157 to 324 K in Fig. 5. 
Values of A2c(pc ,  T)  can now be obtained from Eq. (14), using p = Pc. 

The variation of A2c(p~,  T)  with A T *  = [ ( T -  To) /Tc]  follows a power law 
of the type 
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Fig. 5. The critical enhancement function 
A2c(p, T). The lines are given by Eqs. (10) to (14). 
Isotherms are separated by 0.001W-m-I-K 1. 
The curve to the left of Pc is the locus of values of 
flcenter" 

Figure 6 shows the data of Trappeniers [24], Bailey and Kellner 
1-28, 29], Ikenberry and Rice [30], and Nieto de Castro and Roder [ 1 ] ,  
along with the present data, for A2o(pc, T) as a function of AT*. There are 
systematic deviations among the different sets of data, most likely caused 
by differences in the "background" thermal conductivity. The value of the 
critical enhancement is quite sensitive to the background, and the way in 
which the background is determined often depends on the amount of data 
available and its range in both density and temperature. Ideally, all of the 
data given in Fig. 6 should have been reduced using a single thermal 
conductivity surface. 

The critical enhancement in argon extends to temperatures of 
AT* = 1.15. At the highest temperature, 324 K, the enhancement is about 
0 . 5 m W . m - l . K  -x or 1.7% of the total conductivity. If our 324K 
isotherm were taken unchanged as an approximation for the background 
of the other isotherms, an uncertainty of about 2% would be introduced 
into the derived critical region data. 
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The variation of A2c(po , T) with respect to AT*.  

6. CONCLUSIONS 

The correlations given in Refs. 10, 19, and 24 for the zero-density ther- 
mal conductivity of argon are in error for temperatures below 180 K. We 
suggest that Eq. (4), which has a maximum uncertainty of 1% at a 99% 
confidence level, is the best empirical representation of the zero-density 
thermal conductivity of argon over the temperature range from 100 to 
450 K. 

We recommend that a new effort to correlate the thermal conductivity 
surface of argon be undertaken, since, in our opinion, neither the IUPAC 
correlation [10] nor our preliminary surface [18] is an adequate represen- 
tation. 
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