mi, mass of newly formed gas molecule; G, second mass gas flow rate; V., Vv, V,, Projections of
gas velocity vector; P, gas pressure; k, Boltzmann constant; p, density; A, free path length;
Ty, gas temperature at the discharge-chamber inlet; Tg, temperature of inner channel walljq,
qy»loss of heat through cathode and interelectrode insert; d, discharge-chamber diameter; da,
anode diameter; ., distance between electrodes; c¢;, ¢z, ¢n, constant dimensional coefficients.
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SPECIFIC HEAT OF LIQUID CESIUM AT TEMPERATURES UP TO 2000°K
AND PRESSURES UP TO 12 MPa

L. A. Blagonravov, L. P. Filippov, UDC 536.63:621.039,534.6
V. A. Alekseev, and V. N. Shnerko

We present and discuss measured values of the specific heat and resistivity of 1lig-
uid cesium in thé temperature range 1200~1950°K at pressures up to 12 MPa.

Considerable progress has been made in the last decade in the study of the thermodynamic
and electrical properties of liquid alkali metals and mercury over the whole existence domain
of the liquid phase and also in the supercritical region. The results obtained are of in-
terest both from the point of view of understanding the laws of behavior of the thermodynamic
parameters of liquid metals over a wide range of states, and also from the point of view of
clarifying the nature of the metal-dielectric transition in liquid metals. The aim of the
present study is to supplement existing knowledge by data on the caloric properties of the
alkali metals (e.g., cesium) in the existence domain of the liquid phase. The experimental
results in [1] are discussed here together with new data obtained recently.

The measurements at high temperatures under presssure were made by a method based on the
periodic heating of the sample in a high-pressure chamber by an electric current. The mea-
suring cell (sample) was a thin molybdenum tube 150 mm long with a 5.2-mm inside diameter and
a 0.15-0.2-mm wall thickness filled with the liquid metal and pressurized by a bellows welded
onto the upper end of the cell. The high-pressure chamber was provided with leucosaphire-
optical windows which permitted the determination of the reference temperature with an OP-70
optical pyrometer, and the recording of temperature oscillations of the sample surface by a
photoelectric described in more detail in [2, 3].

An important feature of the method used is the fact that the sample under study was in
a gaseous atmosphere. This necessitated estimating the effect of heat transfer on the specific
heat measurements. We also took account of the fact that the sample was a two-layer system
consisting of a liquid metal core in a molybdenum shell, and that the components of the sys-
tem had very different properties. It was necessary to choose and produce experimental condi-
tions to minimize the effect of these factors. To this end we investigated the system of two
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heat-conduction equations for cthe core and shell with boundary conditions taking account of

heat transfer at the shell surface. The solution of this system of equations gave an analy-

tic expression for the amplitude of the temperature oscillarions at the sample surface [4].

This solution can be written concisely in the form

o (Vemm, L, 2 Bk ),
ST £ Ry Ay

Wyt W
(ci+c)o

The factor g is a complicated dimensionless function of five dimensionless quantirites includ-
ing the Predvoditelev number Pd = w?/aiR} (a¢ is the thermal diffusivity) and the Biot number
Bi = aRy;/A;. For values of the variables corresponding to the actual experimental conditions
the factor g is close to unity. At low frequencies heat transfer has a decisive effect on the
behavior of the correction factor and g < 1; at high frequencies the effect related to the
damping of the temperature wave propagating from the wall to the axis of the sample predomi-
nates, and g > 1. Thus, there is a frequency range where these effects compensate one another.
Taking account of the properties of the liquid metal sample and the cell and the geometry, it
was found that the optimum frequency range is 1-3 Hz. Even under the most unfavorable experi-
mental conditions when, for example, the temperature is 1950°K and the pressure is 119 bar,

g = 0.992,

In addition to the effect of heat transfer and damping of the temperature wave, it is
important to determine the effect of convection of the liquid metal within the cell on the
measurement of the specific heat. Therefore, in the last series of measurements the experi-
ments were performed with a cell provided with molybdenum foil baffles 0.05 mm thick. Two
baffles were mounted above the working portion and one below. These should substantially de-
crease convection of the liquid metal in the region of high temperature gradients. A compari~
son of the results obtained with and without the baffles showed that they had little effecrt,
i.e., their effect did not exceed the spread of data attributable to other factors.

The random error of a single measurement of the total heat capacity of the sample, in~
cluding the heat capacity of the cell wall, was ~57 on the average. The random error of the
determination of the heat capacity of the liquid cesium itself was V107 because of the un-
favorable ratio of the heat capacity of the liquid metal to that of the cell wall. The sys~
tematic error of the measurement of the specific heat of cesium was 11-14%. The largest con-
tributions to this error were from the measurement of the average rempevature, the specific
heat of the cell wall material, and its thickness. The error in the determination of the
average temperature makes two contributions to the error of the determination of the heat
capacity. Depending on the experimental conditions, these contributions are either subtracted
or added, and this determines the limits of systematic error mentioned above. It should be
emphasized that the error is not overly large, if the unfavorable experimental conditions are
taken into account. It should be added that the use of ten different cells in the experiments
to a large extent randomizes the contribution of the error in the determination of the dimen-
sions of these cells to the systematic error, and reduces it by 27 to 9-12%,

The arrangement permitted the direct measurement of the volumetric heat capacity epd
(cP is the specific heat and d is the density). The measurements were performed at tempera-
tures from 1200 to 1950°K and pressures from 4.5 to 13.6 MPa.

Measurements of the resistance showed that cesium retains its metallic conductivity
character up to 1950°K, since over the whole remperature range studied its resistivity re-
mained below the limit of metallic conductivity for the alkali metals, which, according to
estimates in [5], is 3000-5000 uQ-cm. This confirms Hensel's view that the metal—dielectric
transition in alkali metals is near the critical point.

Another result obtained from the measurement of the resistivity of liquid cesium at
various temperatures and pressures should be noted. It is known that the disordered set of
curves of the temperature dependence of the resistivity of metals becomes orderly if the
specific volume instead of the temperature is used as the independent variable [6-8]. The
data presented below show that the dependence of the resistivity on volume also gives the de-~
pendence on temperature and pressure, which confirms the view that volume plays a special
role as a geometric factor in the physics of a liquid. This factor is plotted in Fig. 1 (the
density was determined from p—VT data in [9]). The unsmoothed experimental peints plotted
on the figure were obtained at widely different temperatures and pressures, In spite of the
spread of the points, a rather simple nearly linear dependence of p on the density can be
traced.
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Fig. 1. Resistiyity p (0m) of liquid cesium as a function
of density d (kg/m®). Experimental points were obtained at
various pressures and temperatures.

Fig. 2. Smoothed temperature dependences of volumetric heat
capacity cpd (kJ/m®*K) of liquid cesium.

TABLE 1. Polynomial Coefficients Aij

z
i
0 1 2 i 3

|
0 —1111,861 ! 0,389580-10 —0,342469-102 I 0,980765. 108
1 —0,785359- 102 ’

0,132217 —0,554079- 104 ‘ —

The volumetric heat capacity of liquid cesium at constant pressure was measured over the
same range of temperatures and pressures used in measuring the resistivity. More than 100 ex-
perimental points were obtained. The values of cpd were smoothed by the least-squares method,
using the double polynomial

n

k(3

cp(p, T)d = 2 AT D, . @
i=0 j=0

where T is the absolute temperature (°K); p, pressufe (MPa); d, density (kg/m®); and cp,

specific heat (kJ/kg-X).

Table 1 lists the values of the coefficients Aij of the polynomial (1). The mean-square
deviation of the experimental points from the smoothed values is ~10%, The main contribution
to the random error comes from the fluctuations of the emittvance of the sample due to the
convection of argon.

Figure 2 shows the smoothed temperature dependences of the volumetric heat capacity cpd
for pressures of 6, 9, and 12 MPa. In the temperature range investigated the effect of pres-
sure on heat capacity increases with temperature, This permits a comparison of data on the
caloric and thermal equations of state by using the well-known thermodynamic relation

(3013) T ( 2% )
o it aT? |p’
where V is the specific volume. A comparison of the values of (3cp/3p)r obtained from our
data on cpd and dara on d from [9] with values of the derivative C—l)T(Bzv/BTz)P found from
the p—V-T data of Korshunov et al. [9] showed that in spite of the large spread of values of
(—1)T(3?V/3T*)p resulting from the loss of accuracy in the double differenmtiation, there is
qualitative agreement of the values obtained from caloric and thermal data.

The values of the volumetric heat capacity determined from Eq. (1) and tables can be
converted into values of the molar heat capacity by using data on the equation of state of
liquid cesium [9]. The isobars of the molar heat capacity corresponding to pressures of 6,
9, and 12 MPa are shown in Fig. 3. Using Eq. (1) and the p—V-T data, the values of the molar
heat capacity cp on the saturation line (curve 1 of Fig. 3) were found also. Data on the
vapor pressure [10] and density [10, 11] of liquid cesium on the saturation line were used
to refine the parameters. Curve 2 of Fig. 3 corresponds to values recommended in [12] for
temperatures up to 1500°K. Experimental data obtained at temperatures up to 1300°K were used,
and therefore the part of the curve between 1300 and 1500°K is extrapolated. It is clear
from Fig. 3 that our data in the low-temperature region are in fair agreement with the recom-
mended values.
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Fig. 3. Molar heat capacity on the saturation line and
isobars of molar heat capacity: curve 1 and isobars 6, 9,
and 12 MPa — or data; 2) values recommended in [12].

Fig. 4. Specific heat cy of cesium at constant volume on
the saturation line: 1) according to data in [14]: 2) our
resules; 3, 4) cy of argon and krypton [15, 16].

To determine the specific heat at constant volume cy, it is necessary to use results for
the isothermal compressibility Bp = (1) (1/V)(3V/3p)p and the coefficient of the thermal ex-
pansion ap = (1/V)(3V/3T)p in addition to data on cp. There are not data on the compressibil-
ity of liquid cesium at temperatures above 1300°K, but by using the p~V-T data in {9], values
of the compressibility and also the coefficient of thermal expansion can be found. Using the
approximate values of op and By obtained in this way, the specific heat of cesium at constant
volume can be estimated from the formula

ey =cp—TVal ipy.

If the electron specific heat is subtracted from the specific heat of a liquid metal at
constant volume, the difference will represent the specific heat of the ionic subsystem at
constant volume, and this should be compared with the specific heat of monatomic dielectric
liquids (e.g., liquefied inert gases) to determine the similarities and differences in the
behavior of metallic and nonmetallic monatomic liquids. The electron specific heat was es=-
timated from the formula co] = YI. Since there are no data on cgj for liquid cesium, we used
the value of y obtained for the solid phase in [13]: y = (3201 % 1047) x 107° kJ/Kekmole.
Figure 4 shows our values of the specific heat ¢y = cy — ce1 of liquid cesium in the range
1400-1950°C.  Estimates of c = for liquid cesium in the range 400-1100°K can be found
in the literature. In [l4]values of c, were found by using known data on ¢ and
the coefficient of thermal expansion on the saturation line, and also by using values
of the adiabatic compressibility of 1liquid cesium obtained by the authors from a mea-
surement of the speed of:ultrasound. Figure 4 shows these values after the subtraction of
the electron contribution to the specific heat (curve 1).

A combination of our results with data of [14] in the low temperature region shows a
minimum of ¢y as a function of T in the range T/Tgopjr = 0.5-0.6.% At the same time the mini-
mum of the specific heat of argon and krypton at constant volume on the saturation line occurs
near T/T.ri¢r = 0.9 (curve on Fig. 4 drawn through points 3 and 4 [15, 16]). The increase in
the specific heat of these substances as the critical point is approached is related to cri-
tical fluctuations. For cesium there is no basis for assuming that the increase of ¢y at
T/Tepir = 0.6 can be the result of critical fluctuations. This behavior of the specific heat
of cesium at constant volume may be related to the nature of the interatomic interaction in
liquid metals. It is known that in liquid metals the depth of the potential well of the
effective pair interionic potential increases by & considerable factor for a decrease in dens-
ity from values corresponding to the triple point to values near the critical demsity [17, 18],

According to [19], an approximate expression for cy which takes account of pair correlations
only has the form

*Theoretical calculations confirming the existence of a minimum of cy{T) for the alkali
metals have just been published. (A. M. Bratkovskii, '"The theory of structural and thermody-
namic properties of the liquid phase and the melting of the alkali metals," Author's Abstract
of Candidate's Dissertation, Moscow (1982), p. 20.).
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Since the integrand contains $°(r), there is a basis for assuming that the strong de-
pendence of the depth of the potential well on the density, which is peculiar to metals, may
be due to the difference in the nature of the temperature (density) dependence of the specific
heat of metallic and nonmetallic monatomic liquids at constant volume.

NOTATION

8, amplitude of temperature pulsations; w, modulation frequency; wi, power (amplitude
of variable power component) liberated by cesium; w., power liberated by molybdenum tube; r,,
regsistance of cesiumj r., resistance of molybdenum tube; c¢,, total heat capacity of part of
cesium measured; ca, total heat capacity of part of molybdenum tube measured; R, and R, in-
side and outside radii of molbydenum tube, respectively; A;, thermal conductivity of cesium;
Az, thermal conductivity of molbydenum; &, heat-transfer coefficient; ¢y, specific heat at
constant volume; ap, coefficient of thermal expansion; Bp, isothermal compressibility; cej,
electron specific heat of cesiumj; p, resistivity of cesium; @(r), effective pair potential;
g(r), radial distribution function.
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STUDY OF MODEL INTERACTION POTENTIALS OF MULTIATOMIC MOLECULES
IN LIQUIDS BY PERTURBATION THEORY II., MODEL POTENTIALS FOR CCl,

D. A. Tolstunov UDC 536.75;539.196.3

The results of calculation of thermodynamic properties of liquids with intermole-
cular potentials modeling CCl, are presented,

The possibility of using perturbation theory in the Verlet—Weis formulation for the
study of effective pair interaction potentials of molecules in liquids has been considered in
[11. Below we use this metrhod to study various model potentials whose parameters correspond
to the characteristics of the CCl, molecule. The term model, as also used earlier im [2-4],
is understood to comprise potentials where all parameters are determined from the molecular
structure and the physical interaction model under consideration, and do not contain adjust-
able parameters. Methods of determining model potential parameters from the molecular struc~
ture have been discussed in [2]. The molecule CCl, i1s particularly suitable for this tvpe
of analysis since it has been studied in detail [5, 6] and hence there is abundant data for
comparison; also the symmetry of the molecule eliminates certain ambiguities in what is meant
by “peripheral atoms'' and "center of the molecule” which occur in the determination of model
potential parameters in [2, 4, 7). Also the CCl, molecule significantly differs from a point
force center as can be seen by the value determining the similtude number A [8, 9] which is
equal to 2.06 for this material (recall that A=4 for an inert gas).

In the present paper, we study potentials selected from a number of forms considered
earlier [2, 4] by different methods [7]. The potentials considered here have the form

'E—:fl‘l (_{..._’ a)"—*z/cG (‘I*, a) 3 :1>
& (¢} a

where f;2(t, 0) = t™*%*; f4(t, 0) = t™°%, The parameters e, 0, and o correspending to the CCl,
molecule are given by

0 =0 = 3.554 [7], (2)
deci = 17664,
o = dfo = 2dc_ci /o = 1,00, (3
& = ¢fo8,
c=4Vea+ Vi),
Veer = 2.36; Vee = 1.14 (7], (4)
and hence
e/k = 6726 K.

The following functions were taken for f,:

ss ! (n—3)
T =9 —3) R PR )

(spherical shell potential)
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