GENERALIZATION OF EXPERIMENTAL DATA REGARDING THE THERMAL
CONDUCTIVITY OF GAS MIXTURES FROM THE STRUCTURAL POINT OF VIEW

A. V. Andreev and V. L. Mal'ter UDC 536.23

On the basis of theoretical relationships and a generalization of experi-
mental data, an equation is derived for calculating the thermal conductiv-
ity of binary mixtures of nonpolar gases.

Research workers have made repeated attempts at deriving convenient practical
relationships for calculating the thermal conductivity of gas mixtures in a form
simpler than that based on the derivations of the kinetic theory. Authors have
based their considerations on a number of assumptions, for example, additive heat
transfer by molecules of different kinds [6], the adequacy of the structure of the
mixture and a certain ordered geometrical arrangement, etc. [1-3]. An inevitable
result of these attempts has been either simplicity of the computing formula but a
considerable discrepancy between the computed and experimental results or else com-
plication of the computing method (for example, by introducing corrected thermal
conductivities of the components) and an acceptable accuracy of the computed data.
In this paper we shall attempt to derive wvalid computing relationships by general-
lzing experimental data; we consider that this kind of approach will enable all the
special aspects of the transfer process in gas mixtures to be taken into account.

First we shall derive relationships for the thermal conductivity of a two-com-
ponent structured material in which each component comprises inclusions of one
shape or another (with sharp interfaces) and retains its individual transport pro-
perties. Let us consider the transfer of heat through a flat interlayer of such a
material of thickness § with constant temperatures Ty and T;5; at the boundaries. Let
us define the mean thermal conductivity of the layer material along a straight line
parallel to the z axis (the z axis is directed perpendicular to the layer) passing
through the point (x;, y;) in the following way:
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If we divide the integral in (1) into two sums of integrals, according to the
number of inclusions N;, N, of each component, assume that the properties of the
components are independent of the temperature and coordinates, i.e.
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we shall obtain

Toteps = AT, LMAT, b
o+Yo AT1+AT2 l + AT‘2 ! 1 . ATI 4 (3)
AT, " AT,

where AT; + AT, = Ty — Tj.

Assuming that the layer is sufficiently thick relative to the size of the in-
homogeneities in the structure, we may regard kz(xo yo) as independent of the

choice of coordinates (x;, yo) and in view of the isotropic nature of the material
consider that i, is independent of direction, i.e., Az = ipix-

Equation (3) establishes the initial dependence of the thermal conductivities
of the components and contains the only undetermined parameter AT;/AT,. Solving
Eq. (3) for AT,/aT, we obtain

Aﬂ Mmix — As
= ) 4
AT, M —A ' ()

mix

From physical considerations we may expect this ratio to depend on the struc-
ture of the material and the concentrations and thermal conductivities of the com-
ponents. The aim of our subsequent analysis is accordingly to establish qualitative
and quantitative relationships between these parameters.

Figure 1 shows the results of an analysis of the experimental data in the form
of a relationship between the complex (Apix — *2)/(2; — Amix) and the ratio of the
golumetric concentrations of the components c;/c; for 28 mixtures of gases at 90-

00°K.
It follows from Fig. 1 that for every mixture and for a variety of temperatures
this relationship may be approximated to a high degree of accuracy by the equation

_'/"_mix”7"2 =KC_1 (5)
My — Mnix c,

The values of the proportionality factor K for the mixtures under consideration
are shown in Table 1. Mixtures in which an extremum occurs in the Aipix = f(g) rela-
tionships cannot be analyzed in the manner indicated. These include mixtures con-
taining a polar component (for example, water vapor or ammonia). Data relating to
H,-N, and H,—CH, mixtures at high temperatures, and also mixtures containing Ne, are
not described very satisfactorily in the manner indicated. As regards H,-N, this
fact was also noted by other research workers [2].
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TABLE 1. Analysis of Experimental Data Regarding
the Thermal Conductivities of Gas Mixtures

Experimental values of Notation in
Composi- _— thermal conductivity, X the figures Reference
tion of the ’ W/(m .deg)
mixture Ae1r | a0
He—Xe 273 143 5,1 0,265 1 14]
773 304,4 13,5 0,310 2 {4]
He—Ar 273,2 140,5 16,3 0,357 3 [4]
. 308,2 151 18,4 0,358 4 [10]
310,9 150,4 18,04 0,361 5 {91
374,2 179 21.4 0,370 6 {9]
He—Kr 308,2 151 9,65 0,329 7 [10]
363,2 167,5 11,20 0,342 8 [10]
Ar—Kr 308,2 18,4 9,61 & 0,619 9 [10]
0O,—Kr 308,2 27 9,44 0,610 10 [11}
318,2 28,1 9,78 0,620 11 11}
Op—Xe 308,2 27 5,43 0,525 12 [11}
318,2 28,1 5,69 0,540 13 {11}
He—0, 308,2 152,5 27 0,360 7 [11]
318,2 158 28,1 0,365 15 [11]
Ne—0O, 308,2 48,7 27 0,77 16 [11]
318,2 50,5 28,1 0,560 17 [11]
Hy,—CO, 273 169,2 15,07 0,360 18 4]
893 433,8 63,5 0,460 19 [4]
Hy—N;0 273 169,2 15,9 0,370 20 141
H,—Ar 273 169,2 16,34 0,470 21 [4]
H;—C.H, 298 183,1 22,1 0,43 22 141
H,—CO 273 169,2 22,2 0,43 23 [4]
He—Ne 300 179,9 25,9 0,413 24 [71
H,—O, 273 167,5 24,9 0,57 25 [4]
H,—D, 273 169,2 129 0,81 26 4]
Np—Ar 273 23,7 16,1 0,92 27 14]
90 9,61 5,82 0,83 28 5]

Equation (5) is valid both for limiting structures with maximum (K = 1) and
minimum (K = 2,/1;) conductivities (alternating plane layers oriented in a particu-
lar manner), and also for complicated compositions [K = 2/3 + (1/3)(x,/21)118}; it
may accordingly be regarded as a phenomenological relationship. This assertion is
at the moment based on experimental data; however, if it is true, it should be pos-
sible to achieve a purely phenomenological derivation.

Figure 2 shows the next stage in the analysis of the same data in the form of
a relationship between the complex K = [(pix — 22)/ (31 — Mpix)] * (c2/cy) and the
ratio of the thermal conductivities of the components A,/A;. An analysis of Fig. 2
shows that the experimental points are best described (with a scatter of :8%, apart
from four mixtures) by the equation

2
e 2 3
fmix—h & 9081 | }'2) . (6)
hy— . \ %

mix

1

In Table 2 we compare the calculated and experimental values of the thermal
conductivity for 47 mixtures of nonpolar gases. The mean-square deviation for these
data is 4.37% (maximum deviation 13.7%).

Thus Eq. (6), which was obtained as a result of the generalization of experi-
mental data, may be recommended for engineers' calculations of the thermal conduc-
tivity of mixtures of nonpolar gases over a wide range of temperatures and composi-
tions. A comparison with the method of calculating the thermal conductivities pro-
posed by Vasil'eva and Dul'nev [2, 6] shows that the method proposed here is simpler
but gives the same accuracy.

The very fact of the correlation existing between experimental data regarding
the thermal conductivity of binary gas mixtures when considered on the structural
basis supports the existence of an analogy between heat transfer in the mixture and
a certain geometrical arrangement, which we may fairly call the equivalent structure
of the mixture.
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TABLE 2. Comparison between the Calculated and Ex-
perimental Values of the Thermal Conductivities of
Gas Mixtures with the Same Concentrations of the

Components (¢; = ¢»

=0.5; », W/ (m + deg)

1
5 o8 |
: ; E
Composi- T,°'K | A-l08 Ay 108 g § "5?24 3 Reference
tion of the g . . 5 ¢C
mixture R X 2K
E £ EEE
~ < < <
i
: |
He—Xe 273 143 5,1 33,8 35 —3,43 [4]
773 304,7 | 13,5 81,6 78,8 +3,3 4]
He—Ar | 273,2 | 1405 | 16,3 49,2 50,6 —2,78 4
308,2 | 151 18,4 53,5 55,4 —1,62 10]
310,9 | 150,4 | 18,04 | 52,08 55 —5.41 | [9]
374,2 | 179 21,4 64,0 65,4 ~2.14 | [9]
He—Kr 308,2 | 151 9,65 | 44,7 44,0 1,59 [10]
363,2 | 1675 | 11,2 51 4974 +3,24 110]
Ar—Kr 308,2 18,4 9,61 | 13 13,2 —1,54 10]
O,—Kr 308,2 27 9,44 | 16,1 15,7 255 1]
18,2 | 28,1 9,78 | 16.75 16,2 3.4 1]
0,—Xe 308,2 27 543 | 12,80 12,3 4,07 [y .
318,2 28,1 5,69 | 13,45 12,85 4,66 1]
He—O, 308,2 | 182,5 | 27 61,5 65,4 ~6,1 11
318,2 | 158 28,1 62,9 68 -7.35 [1]
Ne—0, 308,2 | 487 1 97 | 36,4 36,4 0 [11]
3182 | 50,5 | 281 i 362 37.6 —3,73 [
Ne—Xe 291,2 |, 485 552 | 16,7 17,3 | =35 5
Ar—Xe 291,2 | 17,4 5.52 945 983 | —4 5
Ne—Ar 291,2 52,5 | 17,5 2,92 3.0 —2.,5 5
Kr—Xe 302,2 9.7 6 7.8 7.62 2,2 5
He—CO, 273,2 | 123 14,2 45,7 443 +2,94 5]
Dy—Ar 308,2 | 13 18,3 54,4 51,8 1-4,25 5]
363,2 | 134 21 63 59,3 26,25
Hy,—Ne 303,2 | 192 46 85,7 945 —9,32 5
He—N, 303,2 | 152 25,2 58,7 63,8 5
N,—Xe 303,2 21,7 7 11,75 12,3 -4 .43 5
Ne—CO, 273,2 44 14,3 251 25,1 0 5
Ar—CgH, | 398.2 22,6 | 19,1 19,65 20,7 5 5
N;—CO, 300 25,1 16,7 18,8 20,4 —7,85 5)
N,—N,0 205,2 26,5 | 19 20,9 22.3 6.26 5
NO—N,O | 323,7 | 27.5 | 19,8 22,6 23,3 3 5
O,—Ar 311,92 271 18,2 21,1 22°1 4,53 5
0, —N, 6922 48,6 | 4.6 | 46 46,5 1,08 5]
CeHy—CeH, | 361 18,8 | 154 17,1 17 -0.59 5]
—N, 305,2 26,7 | 26,5 26,0 16,6 2,25 13
N,—CO 2742 23,5 | 23,3 23,4 23,48 —0,426 5
H,—CO; 2732 | 169,2 | 15,07 | 55,7 55 1,27 4
893 433,8 | 63,5 | 175 173 41,15 4
H,~N,O 273 69,2 | 15,9 57,1 56,3 ~1,42 "
H,—Ar 273 169,2 | 16,3 56,8 65 —~12.6 4
Hy—N, 300 1799 | 26,9 71.3 71 --0,5 7
H,—C,H, | 298 183,1 | 221 70,7 69 ~2,3 1
+—CO 273 169,2 | 22,1 66,2 64,1 -4-3,28 4
H,—0, 273 167,56 | 24,9 76,2 67,0 4137 4
H,—D, 273 169,2 | 129 146,8 147,5 —0,5 4
N,—Ar 273 23,7 | 16,1 19,75 19,6 40,765 4
90 9.61| 5.8 7.8 7.9 —1,27 5

Mnix "Ae -

TN b dD °; Fig. 2. Experimental dependence of the com-
P — 80/ plex K = [Qmix — 22)/ (31— dmix)] -+ (ca/
: NG c,) on the ratio of the thermal conductivi-
P % ties of the components for various mixtures

- of gases (notation as in Fig. 1): a) aver-
—7 age curve; b) curve of maximum conductivity;
a2 . - ii formula [8].
e o % 7 7 % e d) curve based on the Odelevski ormula [8]
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NOTATION
Tz(x y, ). mean thermal conductivity of the interlayer along a straight line
9 Yo .

parallel to the z axis and passing through the point (xq, yo); A(Xp, Yo, 2z),current
thermal conductivity; A;, A,, thermal conductivities of the components; ijn, Aon,
thermal conductivities of components 1 and 2 in the n-th inclusion; §, thickness of
the interlayer; Ty, Ts, temperatures at the boundaries of the interlayer; z, direc-
tion along which the thermal conductivity of the interlayer is defined; n, serial
number of inclusions of components 1, 2 along the straight line under consideration;
N;, N, number of inclusions of the components; 8;pn, S,n, extent of the inclusions
of components 1, 2 along the straight line; ATi;n, AT,p, temperature drop in the n-th
inclusion of components 1, 2; aAT;, AT,, total temperature drops in the components
along the straight line; ipix, thermal conductivity of the mixture; c;, c», volu-
metric concentrations of components 1, 2.
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MEASUREMENT OF THE THERMAL ACTIVITY OF LIQUIDS IN THE
METASTABLE REGION

B. I. Il'in, A. V. Gurskaya, V. F. Salokhin, UDC 536.22
and G. G, Spirin

A method of measuring the thermal activity of superheated liquids is de-
scribed, Transition through the saturation line is effected under iso-
baric conditions by the pulsed heating of a thin layer of liquid border-
ing the resistive element used as the heater.

Owing to the instability of liquids in the region beyond the saturation line,
any experimental analysis of their properties is very difficult. The specific vol-
umes [1l-3] and viscosity [4] of a number of liquids have been measured, but the lit-
erature contains no data at all regarding the thermophysical characteristics of
superheated liquids. Yet the properties of liquids in this region need to be known
for a whole series of theoretical and practical reasons. At present, such data are
usually obtained by extrapolating the results obtained in the stable region. The
validity of this extrapolation lacks experimental verification.

We have accordingly developed a pulse measuring method in which shock heating
of the liquid briefly realizes the superheated state and at the same time enables
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