STUDY OF THERMAL CONDUCTIVITY OF AN He — Ay
MIXTURE IN THE TEMPERATURE RANGE OF 400-1500°K
ON AN INSTALLATION WITH A MOLYBDENUM MEASURING CELL

E. I, Marchenkov and A. G. Shashkov UDC 536.23

The thermal conductivity of argon—helium mixtures (0.2, 0.4, 0.6, 0.8 He) is studied in
a wide range of temperatures by the heated-wire method with an accuracy of +2-4%. Ex-
perimental data above the temperature of 793°K are obtained for the first time.

The current level of development of vacuum and electronic technology and the metallurgy of refrac-
tory metals and alloys which extensively employ monatomic gases and their mixtures requires knowledge
of the thermal conductivity in a wide range of temperatures, pressures, and concentrations,

The thermal conductivity of mixtures of monatomic gases is insufficiently studied at present. Essen-
tially, these studies in a wide region of the parameters of state are only beginning [1].

The study of the thermal conductivity of an He—Ar mixture in the temperature range of 400-1500°K
at the four concentrations of 0.2, 0.4, 0.6, and 0.8 He were conducted on an installation with a molybdenum
measuring cell which was used earlier to study the thermal conductivity of pure gases — helium and argon
[2, 3]. The method, a schematic diagram of the installation, the design of the molybdenum measuring cell,
and the power and measuring systems were discussed in detail in [2]!

The installation with a molybdenum measuring cell realizes the absolute method of a heated wire (fila-
ment) and differs from those used earlier in the fact that the main element of the measuring cell — a molyb-
denum tube — is heated by the passage of a current, ‘
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Fig. 1. Temperature dependence (a) and concentration dependence
(b) of correction for temperature jump. a: 1) He; 2) 0.8 He; 3) 0.6
He; 4) 0.4 He; 5) 0.2 He; 6) Ar; b: 1) 400; 2) 600; 3) 800; 4) 1000;

5) 12005 6) 1400; 7) 1500°K. 6Ty, %. T, K.
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Fig. 2. Temperature dependence (a) and concentration dependence
b} of fraction of radiation. a: 1) He; 2) 0.2 Ar; 3) 0.4 Ar; 4) 0.6
Ar; 5) 0.8 Ar; 6) Ar; b: 1) 400; 2) 700; 3) 1000; 4) 1300; 5) 1500°K.
Q./Q: %.

The measuring filament was made of MR-50 molybdenum—rhenium alloy, The eccentricity of the
filament within the opaque tube was determined by fluoroscopy of the measuring cell in two mutually per-
pendicular planes on an RUP-200 x-ray apparatus and was no more than 0,23 mm, which introduced a maxi-
mum correction of about 0.2% into the determination of the thermal conductivity.

The use of a current-carrying molybdenum tube led to the fact that the method of temperature mea-
surements was used which made it possible to measure the filament temperature Ty and the temperature
of the tube wall T,,, as well as the temperature drop AT between them using the measuring filament (resis-
tance thermometer) at the "nonheating" and "heating” values of the current [4]. This made it possible to
study the thermal conductivity of the gas mixture in a rather wide range of temperatures with small tem-
perature drops between the filament and the tube wall (not more than 10°).

For the given installation the effect of free convection was excluded by choosing the geometry of the
measuring cell and the temperature drop in the test gas layer so that the Rayleigh number was less than
1000 in the entire temperature range. The use of a measuring filament with three potential leads made
it possible to experimentally take into account the heat removal from the ends of the measuring filament.
The temperature drop in the wall of the metal tube was negligibly small and comprised less than 0.001°,
The correction for thermal expansion of elements of the measuring cell was introduced by means of cal-
culation, while the correction for the temperature jump was introduced experimentally [2]. This correc-
tion as a function of the temperature and concentration for an He—Ar mixture is presented in Fig. 1a, b,
from which it is seen that the correction for the temperature jump increases with an increase in tempera-
ture and, in addition, it is the larger, the smaller the molecular weight of the gas or the mixture, This
correction was on the order of 20% for a gas composition of 0.8 He at 1509°K. The concentration depen-
dence of the correction for the temperature jump for "round” values of the temperature was obtained from
smoothed and interpolated data on the temperature dependence. The correction for the temperature jump
for a gas mixture with a predominance of Ar is small in the entire temperature range under consideration.
Asg for Ar gas alone and a mixture composition of 0,8 Ar, below 800-300°K the accuracy of our measure-
ments did not permit us to reliably obtain this correction for them. Therefore,weestimated it by extrap-
olation from the region of higher temperatures (the section of the curve in Fig. 1 denoted by dashes). At
the maximum temperature of 1516°K for argon the correction for the temperature jump was 1.8% and for
a composition of 0.8 Ar at 1518°K it was 4.3%.

These experimental measurements of the correction for the temperature jump have an independent
value for estimating the accomodation coefficients of helium, argon, and their mixture at the surface of
a molybdenum—rhenium filament,

The effect of radiation and the correction connected with it are important in a study of the thermal
conductivity of gas mixtures at high temperatures. The heat transferred by radiation was taken into ac-
count by means of calculation by the Stefan—Boltzmann equation. The temperature dependences of the
integral hemispherical emissivity and of the ratio of the resistance of the filament to its resistance at 20°C
were obtained in special experiments at the All-Union Scientific-Research Institute of Aviation Materials
on an installation of V. A. Vertogradskii [5]. The error in the determination of the temperature dependence
of the resistance ratio was 0.3% at a confidence probability of 0.95.
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Fig. 3. Temperature dependence (a) and concentration depen-
dence (b and ¢) of thermal conductivity of He—Ar mixture and
comparison of experimental values obtained with the data of
other authors and with the data of graphic correlations. a: 1)
[14]); 2) Saxena; 3) [15]; 4) Gambhir and Saxena; 5) Rychkova
and Golubev; 6) [11]; 7) [12]; 8) our data; 9) graphic correlation
of [17]; 10) graphic correlation of [8]; b: 1) 400; 2) 500; 3) 600;
4) 700; 5) 800; 6) 900; 7) 1000; 8) 1100; 9) 1200; 10) 1300; 11)
1400; 12) 1500°K; c: 1) 793°K [14]; 2) 589°K [15]; 3) 390°K [12];
4) our data. A -10°, W/m . deg.

The temperature and concentration dependences of the ratio of the radiant flux to the effective heat
flux for the pure gases and an He—Ar mixture are presented in Fig. 2a, b. It is seen from these graphs
that the fraction of radiation in the overall flux increased with an increase in temperature and reached a
maximum value on the order of 33% for the heavy gas argon at 1516°K, while for the light gas helium it
was only 6% at a temperature of1413°K, Inadditiontothese factors, thermal diffusion has a certain effect
in measurements of the thermal conductivity of gas mixtures [6].

We calculated the correction for thermal diffusion for the maximum temperature of 1500°K by the
method of [7] using the modified Buckingham potential (exp-6). The calculation showed that the corrections
7\DT/)L for the four concentrations of 0.2, 0.4, 0.6, and 0.8 He are 1.44, 1.82, 1.55, and 0.9, respec-
tively, i.e., it does not exceed 2%. Only the effect of thermal diffusion can be judged on the basis of these
calculations. It is impossible to calculate this correction exactly in a quantitative respect, since a com-
parison of experimental data (concentration and temperature dependences) on the thermal diffusion con-
stant for an He—Ar mixture [18] with the theoretical data showed that the calculated o data obtained with
the use of different potential functions are not in satisfactory agreement with the experimental data. More-
over, the experiment of {18] showed that the temperature dependence of e does not agree even qualitatively
with that given by a calculation based on strict kinetic theory.

In order to decrease the effect of thermal diffusion in our installation with a molybdenum measuring
cell the measurements of the thermal conductivity of gas mixtures were performed with small temperature
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drops between the filament and the wall of the molybdenum tube. In addition, the molybdenum tube, heated
by the passage of an electric current, was surrounded by coaxial finned shields with a gap of no more than
5 mm between them. The number of shields was chosen so that the temperature difference between shields
was no more than 50°." The entire "hot" volume of our installation, divided by the shields into separate
"hot" volumes, was greater than the cold volume. The vacuum valves discomnecting the communicating
vacuum hoses were placed directly on the housing of the installation, thereby obtaining the minimum Fcold"®
volume for the construction. In experimentally determining the correction for the temperature jump it
was important to keep the composition of the test mixture constant at all pressures. Therefore, in the
study of gas mixtures, in contrast to pure gases, when changing from one pressure to another the housing
of the installation with the measuring cell was carefully evacuated to 10~ mbar, and only then was it filled
with a mixture of the same composition but different pressure. The installation was filled with gas from
tanks through a reducer and the pressure was measured with an MBP vacuum manometer with an accuracy
of £0.05 mbar,

The gas mixtures were prepared in the measuring cell and the housing of the installation with an ac-
curacy no worse than +0,5%. High-purity helium (99.993%) and argon (99.957%) were used in the experi-
ments. The measurement of the thermal conductivity of argon and an He—Ar mixture was performed on
a measuring cell with the following parameters: inner diameter of tube dy=5,700 + 0.005 mm, outer diam-
eter of tube D =6.300 = 0.001 mm, diameter of measuring filament d; =0,100 + 0,001 mm, length of long
section of filament I7=96.516 = 0.001 mm, length of short section of filament 7 =37.117 + 0.001 mm, ec-
centricity @ =0.23 mm, resistance of long section of filament at 20°C R}’ =2.4136 +0.0004 Q, resistance of
short section of filament at 20°C R’ =0.9282£0.0002 Q, effective length Iyp=} —15=59.399 0,001 mm,
and effective resistance at 20°C R3;=R% —R%’ =1.4854 +0.0003 0.

The results of the measurements are presented in Table 1.

The temperature dependence of the thermal conductivity of an He—Ar mixture for four concenfra-
tions and the concentration dependence of the thermal conductivity at different "round" values of the tem-
perature every 100° in the temperature range of 400-1500°K are presented in Fig. 3a, b, ¢. The experi-
mental data obtained on the thermal conductivity of am He—Ar mixture were compared with the experimen-
tal values of other authors both for the temperature dependence (Fig. 3a) and for the concentration depen-
dence (Fig. 3c), as well as with the data of a graphic correlation {8] and with the theoretical values of [9].

The graphic correlation of [8] did not include more recent works [10-13]; the other works of authors
indicated in Fig. 3a are presented in the bibliography of [8]. Of experimental works on the study of the
thermal conductivity of this mixture at elevated temperatures we know of only [12, 14, 15]. The thermal
conductivity of this mixture has been measured on shock tubes starting practically with temperatures of
1200-1500°K and above [16, 13], i.e., the temperature interval of 860-1500°K has not been studied at all,
At the same time, the graphic correlation of [8] showed that the data of [14] are systematically overstated,
and our experiments confirmed this (Fig. 3c). The data of [14] in comparison with our data are over-
stated by an average of 9,3% for the four concentrations at a temperature of 793°K. The experimental
values of [15], onthe other hand, are understated by an average of 4.4% at a temperature of 589°K. In com-
paring the data of [15] with our experimental data we obtained a result almost analogous with that of a com-
parison of their data and the data of the graphic correlation of [8]. As for the data of [14], in a comparison
with our experiments their average deviation was found to be 3.4% lower than in a comparison with the re-
sults of a graphic correlation. The deviation of the values of [14] from our experimental values for the
concentration of 0,8 He is the lowest and comprises 1,5%, whereas for the other concentrations the devia-
tions are seven to eight times larger. The curve of the graphic correlation of [8] passed in such a way
that the point of [14] for this concentration lay 7.7% higher. The present experiments showed that this
point [14] lies closest of all to our experimental data in the size of the deviation. This fact indicates the
inconsistency of the absolute values of the deviation of the data of [14]. At the same fime the large de-
crease in the deviation of these data from 7.7 to 1.5% indicates that our experimental points for this tem-
perature are somewhat overstated for a content of 0.8 He.

A comparison of our data and the values of [12] at a temperature of 390°K shows that our results
agree well with [12] for concentrationsof0,2 and 0.4 He, and somewhat worse for 0.6 and 0.8 He. For
these two concentrations the data of [12] are higher than ours by 7.5 and 5.5%, respectively.

In Fig. 3a we also present data on the thermal conductivity obtained through the graphic correlations
of [8]and [17], for which we made a detailed comparison in [8]. If should be noted that in the temperature
region above 1000°K the correlation of [8] is based on experimental data obtained on a shock tube with an
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accuracy of +15-20% [16]. A "matchup" of the unequally accurate experimental data of the two temperature
intervals of 300-800°K (2-3%) and 1000-5000°K (15-20%) was performed in [8]. It is seen from Fig. 3a that
the data of the graphic correlation and the experimental values obtained in the range of 400-700°K agree

well with each other for all the concentrations. As for a range of 700-1500°K, here the results of the graph-
ic correlation are systematically understated. A quantitative estimate of the deviations of the data of

the graphic correlation from the experimental values shows that for the concentration of 0.2 He the average
deviation calculated for the eight "round" temperature values starting with 800°K is 3.8%, for 0.4 He it is
4.5%, for 0.6 He it is 4.4%, and for 0.8 He it is 9.1%. For a composition of 0.8 He we obtained an average
deviation about two times larger than for the other compositions. This evidently indicates that our experi-
mental data for this concentration are somewhat overstated. This overstatement of the values of the ther-

- mal conductivity for the concentration of 0.8 He can be explained in part by the effect of the thermal diffu-
sion and the eccentricity, which lead to overstatement of the experimental values of the thermal conduc-
tivity. At the same time, the values obtained above for the deviations of the data of the graphic correla-
tion from the experimental data indicate that the graphic "match" of unequally accurate (having different
"weights") experimental data for the two temperature ranges was performed rather successfully.

A comparison between the experimental data obtained on the thermal conductivity of an He — Ar mix-
ture and the theoretical values of [9] showed that our experimental values of the thermal conductivity of
an He—Ar mixture at temperatures above 1000°K are in satisfactory agreement with the theoretical values
calculated using the modified Buckingham potential (exp-6) and the Morse pote'ntial. The comparison in
[9] of the experimental values with the calculated data of other authors showed that the (9-6) potential is
not at all acceptable for calculating the thermal conductivity of the given mixture in the indicated tempera-~
ture range.

On the basis of the equation
AL _ A AQ n A(ATy)
* Q, ATy

A A
an estimate was made of the maximum relative error of the thermal conductivity values for helium, argon,
and their mixture for the initial and final temperatures of the measurement range, and it showed that with
an increase in the temperature the average value of the maximum error increases from +2% at 400°K to
+4% at 1500°K. .It is interesting to note that for the temperature of 400°K the limiting errors of the ther-
mal conductivities of helium, argon, and their mixtures differ little from the average value of +2%, which
for these temperatures is determined mainly by the error in measuring the temperature drop in the gas
layer. At high temperatures the maximum error increases with an increase in the argon concentration in
the mixture. This is explained by the fact that the error in determining the radiant flux, which increases
when the heavy gas predominates in the mixture because of the increase in the radiation fraction in the
effective thermal flux, has a considerable effect through AQ;/Q¢ on the maximum error of the thermal con-
ductivity at high temperatures. A calculation showed that at 1500°K the maximum relative errors of the
thermal conductivities will be +3% for He, +3,2% for 0.2 Ar, +3.3% for 0.4 Ar, +3.4% for 0.6 Ar, +4.1%
for 0.8 Ar, and £5,3% for Ar,

NOTATION

d;, diameter of measuring filament, mm; d,, inner diameter of tube, mm; D, outer diameter of
tube, mm; I, , length of long section of filament, mm; l5, length of short section of filament, mm; R2°,
resistance of long section of filament at 20°C, Q; RESO, resistance of short section of filament at 20°C,
le: effective length, mm; Ref’ effective resistance at 20°C, Q; I;, value of ™nonheating™current, A; Rl ,
resistance of long section of filament with "nonheating" current, 2; R, resistance of short section of fila~
ment with "nonheating" current, @; R;, resistance of long section of filament with "heating" current, Q;
Rg, resistance of short section of filament with "heating™ current, Q; Ref’ effective resistance with "non-
heating" current, Q; Reg. effective resistance with "heating" current, @; T, , wall temperature of molyb-
denum tube, °K; Ty, temperature of measuring filament, °K; AT, temperature difference between filament -
and wall, °K; AT, true temperature drop in gas layer, °K; T, mean temperature, °K; Q, effective heat
flux, W; Q, hea%ﬂux transferred by thermal conduction, W; Qy, heat flux transferred by radiation, W;

I value of "heating" current, A; §Ty,, correction for temperature jump, %; Qp/Q. radiation fraction, %

DT/)L correction for thermal diffusion, %; o, thermal diffusion constant; A, thermal conductivity of gas
mixture, W/m . deg; A\/A, relative error of measured values of thermal conductivity; AA/A, relative
error of continucus-measurement molybdenum cell; AQ,./Qyp. relative error of value of heat flux trans-
ferred by thermal conduction; A(ATg)/ ATg, relative error of truetemperature drop in gas layer,
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