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Abstract. An experimental installation has been developed to study
the viscosity of alkali metal vapor in a wide range of high (up to 2000 K)
temperatures, which implements the method from a viscometer with an
annular channel. The design of the viscometer of the measuring cell makes
it possible to directly measure the temperature of the working element of
the viscometer. This provides an accurate determination of the temperature
of the investigated alkali metal vapor in the working gap.

The original method of stabilization of the steam generator operation
mode was applied, which allowed to ensure the stationary flow of the
investigated alkali metal vapor in the working element of the viscometer.
Distinctive features of the created installation are high stability of modes of
its work and considerable resource.

An experimental study of the viscosity of rubidium and cesium in the
gas phase was carried out by the method of a viscometer with an annular
channel at the following values of the state parameters:

for cesium T=900 ... 1770 K, P=12 ... 135 kPa;

for rubidium T=1990 ... 1750 K, P=39 ... 135 kPa.

Most of the experimental data obtained are in the temperature range
above 1200 K. The average error of the experimental data is 3%. From the
experimental data on the viscosity of cesium and rubidium in the gas phase,
the values of the effective cross sections of the «atom-atom» collisions and
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the relative cross-sections of the «atom-molecule» collisions were obtained.
Calculated equations and tables of viscosity and thermal conductivity of
cesium and rubidium vapor in the temperature range 700-2000 K and
pressures 1-1500 kPa, including the saturation line, have been developed.

An experimental study of the viscosity of rubidium and cesium vapor at
high temperatures have been conducted with implementation of the method
from a viscosimeter with an annular channel. From the experimental data
on the viscosity of cesium and rubidium in the gas phase, the values of
the effective cross sections of the «atom-atom» collisions and the relative
cross-sections of the «atom-molecule» collisions were obtained. Calculated
equations and tables of viscosity and thermal conductivity in a wide range
of temperatures and pressures have been developed.

1. Introduction

The alkali metal vapor in the state parameters T = 700... 2000K,
P = 1... 1500 kPa available for experimental study consists of atomic
and molecular components with a rather low concentration of clusters
and charged particles. The concentration of diatomic molecules in a pair
is unequivocally determined by the parameters of its state: pressure and
temperature. Thus, the viscosity and thermal conductivity of alkali metals
in the gas phase in the selected temperature range can be considered as the
processes of transfer in a binary mixture of rarefied ideal gases, taking into
account the course of dissociation reactions.

Theoretical methods for calculating the viscosity and thermal
conductivity of alkali metal vapors are significantly limited due to the lack
of sufficiently accurate data on the interaction potentials of «atom-atomy,
«atom-molecule»and «molecule-molecule». The experiment is still the only
source of information necessary for the transfer coefficients of alkali metal
vapor.

Experimental studies of alkali metal vapor transfer processes are
associated with difficulties in the implementation of experimental methods
due to the high chemical activity of alkali metals at high temperatures, and
with the study of cesium there appear a number of additional complications
associated with its specific properties. In real conditions of the experiment,
the processes associated with thermoelectron emission and surface
ionization, photoeffect and photoionization can occur, at high temperatures
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the number of inelastic collisions of atoms increases, and at high pressures
the reality of gases manifests itself. However, it is possible to create such
experimental conditions in which the listed effects are not noticeable,
and to identify the vapor state region in which the ideal gas model can
be used to describe the transfer phenomena, in which molecule formation
and decay reactions take place, which allows to apply the results of strict
kinetic Chapman-Jensky and Hirschfelder-Brokau theories [1] for a mixture
of reacting gases and its specific application for alkali metal vapors [2; 3].
The aim of this work is to establish the dependence of viscosity and
thermal conductivity of rubidium and cesium in the gas phase on temperature
and pressure and to construct calculation equations and tables of viscosity
and thermal conductivity in a wide range of temperatures and pressures.

2. Research method

Experimental methods previously used to study the vapor viscosity of
alkali metals, except for the method of a viscometer with an annular channel
[5; 6; 8], are limited to a temperature of 1200-1300 K.

The annular-channel viscometer method allows experiments with
alkali metal vapors at temperatures well above 1200 K. It was first used by
V.1. Dolgov [8] to study the viscosity of lithium vapor. In [8] the advantage
of this method over the previously used methods of measuring the
viscosity of alkali metal vapors is shown, its disadvantages are considered.
LF. Stepanenko [5] improved this method, developed the original design of
the measuring cell. In [6] the flow of alkali metal vapor in the working gap
of the viscometer was analyzed, the method of calibration of the measuring
element and measurement of condensate flow was improved, accuracy
was significantly increased, lithium vapor viscosity T = 1595 ... 1983 K,
P=15...107 kPa and sodium at T= 1109 ... 1524 K, P=12 ... 100 kPa was
researched.

At temperatures up to 2000 K and pressures of 1 ... 1500 kPa, alkali
metals in the gas phase can be considered as a binary gas mixture consisting
of atoms and diatomic molecules, between which dissociation reactions
take place.

Theoretical methods for calculating the viscosity and thermal
conductivity of alkali metal vapor as a reactive gas mixture of atoms and
diatomic molecules are significantly limited due to the lack of accurate
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data on the potentials of «atom-molecule» and «molecule-molecule»
interaction. Existing calculation methods are connected with a number of
simplifications that reduce the results of such calculations to the level of
estimates. The experiment is still the only source of information necessary
for the transfer coefficients of alkali metal vapor. Theory [2; 3] makes it
possible to obtain the values of the relative cross sections of the atom-
atom and atom-molecule collisions from experimental viscosity data and,
using them, to calculate the coefficients of thermal conductivity and vapor
viscosity in a wide range of state parameters.

One of the most convenient experimental methods for studying the
viscosity of alkali metal vapor is the annular-channel viscometer method.
In such a viscometer, an alkali metal vapor flows through a channel between
two coaxial cylinders. This design of the viscometer makes it possible, in
relation to classical capillary methods, to reduce by an order of magnitude
the linear dimensions of the working element, which ensures the stability of
the vapor temperature and the stability of its composition along the working
element.

An experimental installation for the study of the viscosity of alkali metals
was developed on the basis of [5; 6; 8]. It is a closed circulation circuit, the
high-temperature part of which is made of niobium-zerconium alloy, and
the low-temperature part of stainless steel. The measuring element of the
cell is an annular channel formed by two coaxial cylinders. The measuring
cell is equipped with a drip device that provides high stability of the steam
generator. The design of the viscometer allows you to directly measure the
temperature of the inner part of the measuring element of the viscometer,
which improves the accuracy of determining the temperature of steam in the
annular gap of the cell.

Schematic diagram of the installation is shown in Figure 1.

The measuring cell of the installation (elements 1-7) is placed in the
vacuum chamber 8. The cell consists of an evaporator I, a viscometer
(elements 2, 3), a superheater 4, a pressure tube 5, a refrigerator 6, a drip
device 7. The working element of the viscometer is an annular gap formed
between the inner surface of the pipe 2 and the cylindrical insert 3. The
temperature of the evaporator is maintained by the heater 9, and of the
viscometer by the heater 10. The cell has a system of thermal screens I,
consisting of two packages of end and three packages of radial screens. The
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Figure 1. Schematic diagram of the installation
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upper and lower flanges of the vacuum chamber are connected to its body
by means of a ditch — wedge connection. A condensate collection line 12 is
welded to the lower flange of the chamber. A measuring cell is connected
to its upper part by means of a vacuum connection «ball-cone», and a flow
meter 13 is attached to the lower part of the cell, equipped with a device for
fixing small movements of the flowmeter needle 14.

The flowmeter is connected to a system of liquid taps 15, 16, 17, by
means of which the drain vessel 20 is connected to the flowmeter or ballast
vessel 18. The displacement of the flowmeter needle is measured by a
catheter 19, the moment of contact with the needle of the surface of the
liquid metal in the flowmeter is measured by the value of the electrical
resistance resistance «needle — flow meter». The drain vessel is connected
to the filling device 22 through the pipe 31.

The housing, upper and lower flanges of the vacuum chamber are cooled
by water. The «ball-cone» vacuum connection of the cell is cooled by means
of a copper heat sink connected to the lower flange of the chamber.

The gas system consists of receivers 23, 24 and a high-vacuum pump
25. It serves to create the working pressure in the measuring cell and the
pressure drop in the area of the viscometer. The argon pressure in the
system is measured by a mercury u-like manometer 26, and the pressure
drop between the receivers by an oil u-like manometer 27, the atmospheric
pressure is measured by a mercury manometer (ICB type — 1).

Argon in the gas system of the installation comes from the cylinder
28 through the gas filter 29 filled with liquid alkali metal (respectively
Cs or Rb).

High vacuum P =1-10° millimetres of mercury column) in the chamber
8, and if necessary in the receivers 23, 24 is created by a high-vacuum
system consisting of a vacuum diffusion pump 30 and a vacuum mechanical
pump 31.

The measuring cell, gas and vacuum systems are interconnected by
stainless steel pipes and switched together by means of vacuum valves.

Electric heaters 9, 10 are made of molybdenum foil, powered by AC
mains through low-voltage transformers, the primary voltage of which is
set by a voltage regulator.

The principle of operation of the installation is as follows: the investigated
metal vapor comes from the steam generator to the steam heater, passes
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through the measuring element of the viscometer, condenses in the cold
part of the condensate collection line and is collected in the flow meter. The
pressure drop on the measuring element is created through the intermediate
inert gas — argon.

The viscosity of the vapor is determined by the mass flow rate of the
alkali metal through the annular channel at a given value of the pressure drop
across the measuring element of the viscometer. To do this, the installation
must ensure high stationary flow of steam in the annular channel at constant
values of temperature and pressure of the experiment.

Two measuring cells (Figures 2, 3), which differ in the design of the
viscometer, were used in the work. The measuring cell consists of an
evaporator 1, a viscometer (elements 2, 5), a superheater 3, a pressure pipe
4, a refrigerator 6 with a drip device 7.

The working element of the viscometer is an annular channel formed
between the inner surface of the pipeline 2 and the cylindrical insert 5. The
dimensions of the annular channels of the cells are given in table 1.

Table 1
Cell Ne 1 Ne 2
Internal diameter of a pipe, mm 5,00+ 0,01 6,05 +0,01
Diameter of a cylindrical insert, mm 4,68 0,01 5,73 £0,01
Length of a working site, mm 26,0+0,1 32,0+ 0,01

The cylindrical insert of the cell Ne 2 differs from the cylindrical insert
of the cell Ne 1 (Figures 4, 5) by the geometry of the inlet section, the
method of attachment and has a recess for installing the thermocouple.

The cylindrical insert of the cell Ne 1 was inserted into the tube 2, the
upper struts were welded to its ends. In the cell Ne 2 the cylindrical insert
was inserted into the pipe 2 and welded to the end of the pipe 3, the upper
and lower locking protrusions slide freely on the surface of the pipe.

All parts of the measuring cell, except for the refrigerator and the needle
of the drip device, are made of niobium alloy NbCU and are interconnected
by electron beam welding.

The body of the refrigerator is made of stainless steel, the stainless steel-
niobium connection is made in the cold zone (T < 320 ... 400 K), which
eliminates mechanical loads on the welded joint due to thermal expansion.
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Figure 2. Measuring cell Ne 1
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Figure 3. Measuring cell Ne 2
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of the measuring cell Ne 2
477

Figure 5. Cylindrical insert

Figure 4. Cylindrical insert
of the measuring cell Ne I



478

Viktor Dzis, Olena Dyachynska

The refrigerator of the measuring cell has two sections: low-temperature
(water-cooled), designed to cool the vacuum seal cell-upper flange of the
vacuum chamber and high-temperature (T ~ 400 K), cooled with silicone
oil PFMS-4, designed to cool the drip devise.

The drip device (elements 7, 8, Figure 3) is used for condensation
and return of liquid alkali metal in small portions (in the form of drops)
to the steam generator 1. It is a needle-shaped tungsten rod 7, fixed by
molybdenum heat sink 8 in the refrigerator area. The cell temperature was
measured at control points T1 — T16 by tungsten — rhenium thermocouples
BP5/20-1.

Liquid cranes are intended commutation of mains with alkali metal.
They are (Figure 6) two coaxial tubes 1, 2 with an electric heater 3. In the
main 1 is an alkali metal. The outer tube 2 can be cooled by water or heated
by an electric heater 3.

In the cold state in the inner tube 1 a plug of crystalline alkali metal is
formed — the valve is closed, when heating the section of the main above the
melting point the plug is eliminated — the valve is open.

The real geometric factor of the viscometer with an annular channel
differs from the calculated one. This is due to a number of reasons:
tolerances to the size of the elements, the presence of fasteners and
centering elements, the displacement of the elements of the viscometer due
to thermal deformation and dimensional changes when heated. Therefore, to

Alkaline
metal

Figure 6. Liquid tap
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determine the real value of the geometric factor of the measuring element, it
is necessary to calibrate the viscosity of well-studied gases. In addition, the
local loss factor remains unknown, which depends on the Reynolds number,
geometric dimensions and shape of the annular channel. Theoretically, it is
almost impossible to calculate the value. In most cases, it is determined by
the results of calibration experiments [52; 53].

To determine the characteristics of the measuring element of the
viscometer, stationary and non-stationary calibrations of measuring cells
were performed.

Stationary calibration allows to determine the real value of the geometric
factor f of the viscometer of the measuring cell, as well as to obtain the
dependence f(Re), which takes into account the loss of kinetic energy at the
entrance to the measuring channel [6].

Calibration was performed at atmospheric pressure by the method of
stationary purge of the measuring element with standard gases (dry air, argon).

The viscosity M, of standard gases is taken from [54]. The Reynolds
number was calculated by a known ratio:
2pve

0

where o— the gap value of the channel, v— the average gas flow rate
in the channel.

Before calibration, each measuring cell was annealed in vacuum at
a pressure of P = 1-10”° millimeters of mercury column and temperature
T=1800 ...... 1900 K for 2-3 hours. Stationary calibration was performed
before and after experiments with alkali metal vapors. For calibration cell Ne
1 calibration 4 experiments were performed, and for cell Ne 2-5. Calibration
experiments were performed in a wide range of Reynolds numbers
(Re =10...220), at a close value of Re were taken 3-7 experimental points,
and their total number in the series ranged from 30 to 150. The obtained
experimental values of the geometric factor f' were approximated by a linear
dependence f = f, +A-Re.

The calibration results are shown in table 2, where: N is the number of

R, =

experimental values, & _ the relative value of the relative error, %.

Based on the result{ of stationary calibration, the following conclusions
can be drawn:
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1. Geometric factors of measuring cells did not change during
experiments with alkali metal vapors.

2. The loss of kinetic energy at the entrance to the measuring channel
clearly depends on the Reynolds number. The value of the geometric
factor, taking into account local losses in the range of Reynolds numbers
Re =0 ... 200 decreases for cell Ne 1 by 6 %, and for cell Ne 2 by 2%.

The geometric factor of the measuring element of the viscometer with
an annular channel also depends on the temperature. Its relative change
(hereinafter the correction for thermal expansion is equal to:

Jr

Er =—0>
where f'and f; — the values of the ‘geometric factor at the temperature
of T, and T'.

Table 2
The results of stationary calibration of the measuring cells
£10% = f, + A+ Re,m’
Cell

N fo A-10* N L' Re Gas Calibration time

Before experiments

1 1,206 2,85 146 0,56 [10...220| Air . ;
with cesium

1 1,221 3,17 47 0,74 |[16...178 | Argon
1 1,209 2,90 26 0,80 [20...166 | Argon
1 1,218 3,33 94 0,64 |[18...200| Air

1 1,214 3,00 313 0,46 |10...220

After experiments
with cesium

Generalized
meaning

Before experiments
with cesium

2 0,660 | 0,649 87 0,72 |22...205| Air
2 0,666 | 0,679 58 0,78 |26...110 | Argon

After experiments
with cesium, before
experiments with
rubidium vapor

2 0,668 | 0,685 104 0,66 | 28.210 Air

2 0,660 | 0,633 43 0,88 | 20...85 | Argon
2 0,662 | 0,654 76 0,68 |[18...160| Air

After experiments
with rubidium vapor
Generalized
meaning

2 0,663 | 0,653 368 0,56 |18...210
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To determine the correction, non-stationary calibration of the measuring
cells in the operating temperature range was performed (for the cell Ne 1
T =800 ... 1500 K, for the cell Ne 2 T=800 ... 1850 K). The correction was
determined depending on the time of change of the pressure difference of
the inert gas that passed through the measuring cell of the viscometer.

Non-stationary calibration of the measuring cells was performed on
argon and neon of high purity. Since in the cell Ne 2 the cylindrical insert
of the viscometer (Figure 3) can be shifted in the vertical direction when

Table 3
Results of non-stationary calibrations of the measuring cells
Interval
(o123
CJ:‘.l,l’ temperatures, | a« | b10°| N . L, % | Gas Calibration time
0 X ,

Before conducting
1 800...1500 1,034 | 7,75 | 59 0,80 argon |experiments with
cesium vapor

1 800...1430 | 1,042 | 7,53 | 21 0,98 neon
1 800...1360 | 1,046 | 7,69 | 33 | 0,86 | argon

During experiments
with cesium vapor
After conducting

1 820...1400 1,038 | 7,57 | 64 1,10 argon |experiments with
cesium vapor

1 800...1500 1,040 | 7,62 | 177 0,77 Generalized meaning
Before conducting

2 790...1850 | 1,170 | 2,81 | 81 0,76 | argon |experiments with
cesium vapor

2 830...1840 | 1,163 | 2,98 | 33 | 0,92 neon
2 850...1800 | 1,159 | 3,06 | 42 | 0,86 | argon

During experiments
with cesium vapor
After experiments
with cesium vapor,
before experiments
with rubidium vapor

2 810...1850 | 1,172 | 2,73 | 48 | 0,73 argon

During experiments
with rubidium vapor
During experiments
with rubidium vapor
2 790...1850 | 1,168 | 2,85 |281| 0,63 Generalized meaning

2 960...1810 | 1,175 | 2,80 | 37 1,02 | argon

2 920...1500 | 1,165 | 2,90 | 40 | 0,86 argon
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the cell is heated, the amount of correction ¢, can change with increasing
evaporator temperature. Therefore, for the cell Ne 2 additional calibration
experiments were performed at different temperatures of the steam
generator.

As can be seen from Figure 1, non-stationary calibration can be
performed on the main experimental installation. This allows you to control
the value of the geometric factor f'during experiments with vapors of alkali
metals, without disassembling the installation. To do this, the alkali metal
during the experiment was completely distilled from the steam generator
into the flow meter, where it was frozen, and then there was conducted,
according to the previously described method, a series of reference and
control experiments.

In the temperature range T = 800 ... 1850 K (for the cell Ne 1
T=800... 1500 K) the dependence is described within the error of calibration
experiments by linear dependence:

g =a+bT

The calibration results are shown in table 3, where N — the number of

experimental points; 2% — standard, %.

The relative changzls . in the corrections for the cells in the operating
temperature range are:

— for the cell Ne 1 (€1509 = €509) / Eg09 = 4,8%;

— for the cell Ne 2 (€550 —Es00 ) / €500 = 2,5 %.

Corrections for thermal expansion &, (T) for both measuring cells
changed monotonically, no hysteresis dependences &, (') were observed.

3. Experimental part

Alkali metal in the glass ampoules was placed in the refuelling device
19 (Figure 1). The working volume of the installation was pumped to a
pressure of P ~ 10°-10"° millimetres of mercury column). The gas system,
flow meter, drain and ballast vessel were heated to a temperature of
400 ... 500 K. The working volume of the installation was «washed» several
times with argon, and then filled with high purity argon (P = 100 kPa). The
pressure in the receivers 22 and 23, the cell, the filling device and the
drain vessel was equalized. The temperature of the drain vessel and the
filling device was maintained at 60-80 ° C above the melting point of the
alkali metal.
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With the closed liquid taps 15 and 17 in the filling device the glass
ampoule with alkali metal is crushed, and liquid alkali metal flows into
the drain vessel. The level of metal in the drain vessel is controlled by a
contact needle. The flowmeter is heated, the liquid tap 17 is opened. Excess
pressure of argon is created — between the drain vessel and the flowmeter,
then the initial level of alkali metal in the flowmeter is exposed. The liquid
valve 17 is closed. The drain and ballast vessels, the main pipeline 29, the
steam generator, the pressure pipe, the refrigerator of the measuring cell are
heated. The liquid tap 16 opens. Excess argon pressure is created between
the drain and ballast vessels. With excess pressure, the alkali metal is first
distilled into the ballast vessel 18, and from there flows into the steam
generator 1 of the measuring cell. Liquid valves 15 and 16 are closed, the
pressure in the gas system is equalized.

The alkali metal vapor elasticity curve P=f{T) [51] determines the
temperature 7" and the vapor saturation pressure P of the investigated alkali
metal, which corresponds to the planned parameters of the experiment.
In the gas system of the installation argon P, pressure is created, which
is slightly higher P,. The flow meter, the condensate collection path
(T = 400 ... 450 K) and the refrigerator of the measuring cell
(T=300 ... 400 K) are heated.

The boiler (steam generator) and the viscometer of the measuring
cell are adjusted at the appropriate temperature 7y, 7,. When P, > P;
liquid alkali metal is «crushed» by argon. The pressure in the gas system
is slowly released. When P, = P; the process of boiling alkali metal in
the steam generator of the measuring cell begins. Hot alkali metal vapor
fills the pressure pipe. The boiling moment is recorded by the readings of
thermocouples 7),...7; installed on the height of the pressure pipe of the
measuring cell (Figure 7).

The alkali metal vapor column displaces argon from the hot zone of
the pressure pipe into the refrigerator zone. There is no alkali metal vapor
in the cold zone of the pressure pipe and argon in the hot zone. Thus, the
alkali metal vapor is «locked» by argon, i. e. we have the ability to regulate
the alkali metal vapor pressure through the intermediate inert gas. This
method of setting the pressure has been repeatedly used in thermal and
spectrophysical experiments with alkali metal vapors [6; 24; 27; 34] and
has shown high reliability.
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Figure 7. Temperature distribution by the height of the pressure pipe:
1 — heater, 2 — viscometer, 3 — pressure pipe, 4 — drip device,
T10-T15 thermocouple BP5 /20

Alkali metal vapor condenses on the drip device. It then flows down
the needle of the drip device into the upper part of the hot zone of the
pressure pipe and in small portions (in the form of small drops) returns to
the steam generator, partially evaporating in the counterflow of steam. The
counterflow of steam also carries argon into the cold zone, which is released
from the liquid alkali metal on the needle of the drip device. The alkali
metal condenses on the refrigerator of the drip device and flows down the
needle of the drip device down in small drops. It returns to the evaporator
at a temperature close to the boiling point, which provides high stability of
steam generation. As can be seen from Figure 7. drainage of alkali metal on
the walls of the pressure pipe is impossible, because the wall temperature is
much higher than its boiling point.

After stabilization of temperature modes of the installation between the
receivers 22 and 23 (Figure 1) the pressure difference on the measuring
element is set. Under the action of the pressure drop, alkali metal vapor
passes through the end channel and condenses in the cold part of the
condensate collection line, then flows into the flow meter. In the flowmeter,
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the metal level is controlled by a contact needle. The contact needle is
moved by the device of small displacements 14, the displacement of the
needle is determined by the catheter 19 (Figure 1). Consumption of alkali
metal is determined by the rate of filling the flow meter.

At stable modes of the operation of installation the speed of filling of
the flowmeter p — A/ (Ah-height of rise of level of condensate of the
flowmeter for a period of time Ar) has to be constant, and dependence
h=f(r) — linear:

h=h,+B -t

To increase the accuracy of measuring the flow of alkali metal and control
the process of condensate flow into the flow meter during the experiment,
the coefficients 4,,B and their random errors were calculated 5h°/h OB /p
[26; 63; 69]. The experiments were completed when the required acocuracy

of the coefficient was reached B (in most cases o8B/ B < 1%. If this level
was not reached, the measurement cycle was terminated due to the limited
service life of the installation. Typically, condensate level measurements
in the flowmeter were performed 5-15 times for each measurement cycle.
After full consumption of the alkali metal of the steam generator, the liquid
alkali metal was distilled from the flow meter into the drain vessel and then
into the steam generator, and the measurement cycle was repeated at new
parameter values.

Two series of the experiments with cesium vapor and one series of
experiments with rubidium vapor were performed. The experiments were
performed on isotherms, with the deviation of the points on the isotherm
was 10 ... 15 K.

The first series of the experiments with Cs pairs was performed on the
measuring cell Nel without a drip device. 46 experimental values of viscosity
in the temperature range 900 ... 1250 K at pressures 12 ... 125 kPa were
obtained [65; 69; 74]. At temperatures above 1300 K there was instability
in the operation of the steam generator installation.

The second series of the experiments was performed with a measuring
cell Ne 2, which is equipped with a drip device. The drip device provided
high stability of the steam generator of the measuring cell in a wide range
of temperatures and pressures. 121 experimental values of cesium vapor
viscosity were obtained, the temperature range of 960 ... 1770 K at pressures
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of 19 ... 135 kPa was investigated [59; 69; 70; 71; 72]. The installation
worked stably.

Experiments with rubidium vapor were performed on the cell Ne 2,
61 experimental values of viscosity in the temperature range of
990 ... 1750 K at pressures of 39 ... 135 kPa were obtained [66; 72].

The temperature of the measuring element of the viscometer during the
experiments was maintained with high accuracy. During the experiments, the
temperature variation in the height of the working element of the viscometer
was = 2 ... 5 K (thermocouples T,, T, T,, T,, T,, Figure 7), the temperature
change during the experiments did not exceed 2 ... 3 K. For the cell Ne 2,
the difference between readings between thermocouples T,, T, and central
T,, which is located inside the cylindrical insert of the viscometer, did not
exceed 2 ... 3 K, i. e. was outside the accuracy of temperature measurement
by thermocouples.

The temperature of the steam generator during the experiments was also
quite stable. There was almost no change in the readings of thermocouples
T, — T, over time during the experiment. The temperature difference in the
height of the steam generator did not exceed 10 K. The high stability of
the evaporator cell Ne 2 is primarily due to the high efficiency of the drip
device.

The experiments used alkali metals of the following composition
(according to the passports of the manufacturer):

cesium:

Cs>99,99 %; K < 0,002 %; Na < 0,0005 %; Ca < 0,005 %; Rb < 0,001 %;

rubidium:

Rb >99,97 % ; K < 0,003 %; Na < 0,0003 %; Cs< 0,03 %.

During the experiment, the state of the alkali metal in the installation was
monitored by comparing the experimental viscosity values determined at
close parameters at the beginning and the end of each series of experiments.

Calculation formula of the method:

T .
= 2P, + AP)AP f¢.¢
n 24RTQm( 2 ) fere,

; (1)

2
AP’ = AP—(0.77pV2 - A}I: j

2

)
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Where n —the dynamic viscosity of the alkali metal vapor, 7— the vapor
temperature, AP — the pressure drop across the measuring channel, O, —
the mass flow rate, P, — the vapor pressure at the outlet of the measuring
channel, p — the molar mass, p — the vapor density, ' — the average
vapor flow rate measuring channel, /' — geometric factor of the cell, €, —
correction for the molecular slip, ¢, — correction for the thermal expansion.

Given the composition of the pair, its molar mass is equal to:

=, (1+3,). G)
where X, —the molar fraction of molecules in the pair (1,63 — 1,65);

1, — molar mass of the atom.
Mass costs of steam Qm are:

Ah
Q,=pRi —=pR:B, )
where p, — the density of the liquid phase of the alkali metal at the

temperature 7;
R, — radius of the flowmeter at temperature 7.

R, =R[1+a(T,-T,)]

T, — flow meter calibration temperature;

R — temperature flow meter radius 7;

o — coefficient of linear expansion.

The condensate density was determined from the data [63]:

Pe 1107 =1,9058924 +0,298019897 —0,02852953 17 +4,68101627° +
+4,03618197* +1,7366137° —0,29684317¢°, kg/m*  (5)

P 107 =1,3511203+1,52198887 — 5,416593 17> +7,4152717° —
~5,36068667* —1,96048337° —0,288959997°, kg/m®  (6)

where = TPKIODD
The alkali p metal vapor density was determined by the equation:

Pn =p, (1+x2)£, N

T
_ . - AP
where P — the average pressure of the experiment P=P, +—;
T, — gas vapor temperature in the viscometer channel.
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The effective values of the geometric factors f of the cells and the
correction for the thermal expansion of the measuring elements &, were
determined by the results of the calibrations:

for the cell Ne 1

f=10(1,21443,00- 10™Re) - 1072, ;3 (8)
& =1,040+7,62-10,T, 9)
for the cell Ne 2
f=1(0,663+6,53-105Re)- 10722, w? (10)
er = 1,168+ 2,85-105T. (11)

Reynolds numbers Re were determined by the equation (12 ),

R, = 2pvo ) (12)
n
where ¢ —the magnitude of the gap of the channe;
v — ge average gas flow rate in the chanel.
Correction €, for the molecular slip by equation:

g, =1+ 64 , (13)
o}
where 1 — the average free path of the molecules is three temperatures 7.
The contribution of the correction for the viscosity in rubidium vapors
is 0,2-4,1 %, and for cesium — 0,2-3,1%.
The average free path length of atoms 4 included in the equation (13) is
equal to:

M (14)
0.49pc
where 7, —the viscosity of a monoatomic pair, which in the first
approximation was calculated by [2].
The average thermal velocity 4 of atoms is:

8RT
t= [— (15)
T
The average flow rate of steam in the channel was determined by the ratio:
5= Im, (16)
pS

where S — the cross-sectional area of the channel.
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The constants used in the calculations:

1. Energy of the dissociation of molecules [5]:

Djes= 44380 + 1000 Jix/monb , Doy = 48570 + 1000 J/mol.

2. Molar masses of the monoatomic components [53]:

%es =132,9054 kg/kmol, % = 85,4673 kg/kmol.

3. The oil density of U-manometers was determined experimentally by
comparing the readings of oil, water and mercury manometers:

p, =881 £3 kg/m*—forthe cell Ne 1,1 p, =993 + 3 kg/m® — for the cell Ne 2.

An experimental study of the viscosity of cesium vapor
(T = 900-1770 K, P = 12-130 kPa, two series of experiments,
205 experimental values of viscosity) and rubidium (T = 960-1750 K,
P =35-135 kPa, obtained — 61 experimental value of viscosity) was carried
out and the confidence interval of the error of the experimental values of
viscosity at the confidence level of P = 0,95 is in the range of 2,5 — 3,6%
and averages 3%.

Table 4
Experimental values of cesium viscosity in the gas phase
. 107 107
N | T | | | X% oy | % TR | gy s | o | 5%
1 2 3 4 5 6 7 8 9 10 11 12
I series of experiments I series of experiments

11903 | 12,0 | 2655 | 1,49 | 3,9 | 44 | 1227 | 42,9 | 330,0 [ 0,98 | 3,9
2 1906 | 13,4 | 2644 | 1,62 | 3,1 |45 |1233] 25,6 | 342,7 | 0,57 | 3,1
3| 911 | 158 | 263,5 | 1,84 | 3,1 | 46 | 1254 | 48,7 | 348,1 | 1,00 | 3,0
4 | 917 | 26,5 | 264,0 | 2,90 | 3,7 11 series of experiments

5916|404 | 2536 | 431 | 2,7 | 1 [ 964 | 60,7 | 2696 [4,70] 3.4
6| 914 | 402 | 251,2 | 434 | 35 | 2 | 972 | 80,1 | 263,8 | 5,78 | 2,8
7 1916 | 48,6 | 2522 | 510 | 2,8 | 3 | 973 | 27,3 | 2734 | 2,11 | 2.8
8 1921 | 56,2 | 246,0 | 5,64 | 34 | 4 | 974 | 30,5 | 277,7 | 2,34 | 2,7
9924|521 ] 2502|517 42| 5 |975| 4422719 [330] 2,7
10| 920 | 51,7 | 251,2 | 527 | 32 | 6 | 975 | 36,2 | 273,6 | 2,73 | 2,8
11| 972 | 86,4 | 264,8 | 6,18 | 2,8 | 7 | 975 | 20,8 | 282,6 | 1,61 | 2,9
12| 973 | 43,7 | 273,0 | 3,30 | 2,9 | 8 | 977 | 71,0 | 2652 | 5,05 | 2,7
131038 46,7 | 2882 [ 247 | 27 | 9 [ 977 | 883 | 263,2 | 6,13 ] 2,7
14| 1057 | 73,8 | 288,9 | 3,46 | 43 | 10 | 978 | 58,0 | 268,5 | 4,17 | 2,8
151056 | 91,5 | 286,3 | 4,24 | 2,8 | 11 | 978 | 33,7 | 276,3 | 2,51 | 2,8
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(Continuation of the Table 4)
1 2 3 4 5 6 7 8 9 10 11 12

16] 1040 | 20,1 | 310,5 | 1,08 | 43 [ 12 ] 978 | 93,9 | 2646 | 6,44 | 2,7
171040 | 67,1 | 286,7 | 3,45 | 2,8 | 13 ] 980 | 74,4 | 2692 [5,18] 2,7
18] 1031 ] 522 | 288,7 | 2,85 | 3,5 | 14 [ 1040 | 70,8 | 2846 [3,62] 2,8
19] 1054 | 88,0 | 287,0 | 4,13 | 3,0 | 15 [ 1046 | 38,0 | 293,7 [ 1,95] 2,8
20] 1052 108,7 | 278,8 | 5,06 | 3,5 | 16 | 1047 [106,9 | 283,0 | 5,11 3.1
21]1048 | 39,0 | 2954 | 1,98 | 3,0 [ 17 [ 1048 75,8 | 291,0 [ 3,71 2,6
22]1055| 76,5 | 282,5 | 3,61 | 4,5 [ 18 | 1048 | 43,7 | 2962 [ 220 2.8
23] 1052 | 122,6 | 2751 | 5,64 | 2,8 | 19 [ 1049 | 54,5 [ 2900 [ 2,71 3.1
2411059 [ 101,0 | 280,6 | 4,58 | 2,9 [ 20 | 1049 [ 133,7] 278,1 | 6,18 | 2,7
25[1057 | 76,6 | 282,7 | 3,58 | 2,7 | 21 [ 1050 | 84,5 | 2802 |4,06| 3.5
261045 47,7 | 2848 | 2,43 | 3.2 [ 22 [ 1052 [ 122,1 ] 272,0 | 562 2,9
27 1128 [ 119,7 ] 3042 | 3,92 | 3,0 [ 23 [ 1068 | 80,3 | 2922 [ 3,55 2.8
28| 1129 | 87,3 | 299,0 | 2,91 | 3,4 |24 [ 1128 | 58,6 | 305,7 [ 2,00 2,7
29[ 1139 | 66,8 | 307,5 | 2,16 | 3,0 [ 25 [ 1129 [ 112,7] 3059 [ 3,69 2,7
30 ] 1121 ] 50,8 | 306,0 | 1,80 | 3,1 |26 [ 1129 ] 453 | 316,6 | 1,55 3.5
31[ 1134 | 184 | 318,0 | 0,63 | 2,9 [ 27 | 1130 | 86,4 | 309,1 [ 2,89 2,9
3211381292 | 3073 | 0,97 | 32 [ 28 [ 1134 75,9 | 312,5 [ 249 2,7
331143 | 748 | 3134 | 2,36 | 3,3 [ 29 | 1134 | 41,1 | 3124 [ 138] 3.2
341152 ] 52,6 | 308,5 | 1,62 | 32 [ 30| 1136 [103,2] 3124 [330] 2,7
351133 [ 1329 3956 | 423 | 2,7 [ 31 | 1138 58,0 | 318,0 [ 1,89 | 3.2
36| 1143 [ 112,8 | 3002 | 3,48 | 3,0 |32 | 1144 | 72,6 | 3108 [ 229 2.7
3701139 69,8 | 303,6 | 2,25 | 2,7 [ 33 [1225] 98,8 | 333,1 [221] 2,7
381139 | 314 | 316,01 | 1,04 | 2,9 [ 34 [1225] 76,4 | 3414 [ 1,73 2.8
39 [ 1245 [ 109,8 | 330,3 | 2,27 | 3.3 |35 | 1226 [ 106,7 | 3253 [ 237 3.2
401235 132,2] 323,7 | 2,81 | 2,9 [ 36 [ 1228 | 66,8 | 3490 [ 1,50 | 2.8
411234 [ 1169 | 3253 | 2,51 | 2,9 [ 37 [ 1229 [ 131,6 | 332,5 [ 2,86 2,7
4201239 91,2 | 3342 | 1,94 | 2,8 [ 38 [ 1231 51,3 [ 3489 | 1,15 2,7
43 (1240 [ 107,1 ] 319,6 | 2,26 | 3,0 [ 39 [ 1231 [ 124,8 | 336,6 | 2,70 2.8
40| 1231 ] 29,4 | 346,0 | 0,66 | 3,4 | 81 [ 1499 [ 1138 | 410,1 | 1,04 | 2,7
41]1233] 58,0 | 343,8 | 1,28 | 2,8 [ 82 | 1500 35,9 | 432,1 [033] 2.8
421234 395 | 348,7 | 0,88 | 2,8 | 83 [ 1501 | 75,0 | 418,7 [0,69] 3,0
431236 | 1154 | 347,6 | 2,46 | 3,0 | 84 [ 1503 | 94,0 | 410,0 [ 0,86 3.1
441236 | 85,7 | 340,5 | 1,85 | 2,8 [ 85 [ 1504 | 30,5 | 430,7 028 2.8
45(1237| 43,8 | 3433 | 0,96 | 3,8 | 86 | 1504 | 134,1 | 4143 | 121 2,8
461239 | 38,0 | 349,0 | 0,83 | 2,7 [ 87 [ 1505 | 57,9 | 420,1 [ 0,53 3.2
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(End of Table 4)
1 2 3 4 5 6 7 8 9 10 11 12
47 113251] 39,0 | 3755 | 0,62 | 2,9 | 88 | 1506 | 98,8 | 426,3 | 0,89 | 2,7
48 | 1326 | 79,7 | 372,7 | 1,25 | 3,0 | 89 | 1508 | 43,8 | 426,4 | 0,40 | 2,8
4911328 | 80,2 | 367,7 | 1,25 | 2,6 | 90 | 1508 | 131,3 | 423,3 | 1,17 | 2,9
50 | 1328 | 100,6 | 367,0 | 1,56 | 3,1 | 91 | 1508 | 121,3 | 410,2 | 1,09 | 3,0
511329 | 113,8 | 366,6 | 1,75 | 3,4 | 92 | 1510 | 83,4 | 427,2 | 0,75 | 2,6
521329 | 133,8 | 364,1 | 2,04 | 2,8 | 93 | 1513 | 47,8 | 430,1 | 0,43 | 2,6
5311329 | 120,7 | 366,8 | 1,85 | 3,4 | 94 | 1596 | 58,8 | 4594 | 0,42 | 2.8
5411330 | 88,1 | 367,5 | 1,36 | 2,7 | 95 | 1597 | 117,3 | 450,6 | 0,83 | 2,9
5501330] 58,5 | 3729 | 0,91 | 42 [ 96 [ 1598 [ 1143 | 446,0 [ 0,81 | 2.6
56 1332 | 58,0 | 368,3 | 0,90 | 2,8 | 97 | 1598 | 19,4 | 435,1 | 0,14 | 2,7
571332 | 43,5 | 3714 | 0,68 | 2,9 | 98 | 1600 | 90,9 | 448,1 | 0,64 | 2,8
581334 | 72,6 | 372,0 | 0,11 | 2,9 | 99 | 1601 | 106,4 | 457,1 | 0,75 | 2,7
591334 | 48,7 | 368,7 | 0,75 | 3,3 |100| 1603 | 99,3 | 452,1 | 0,70 | 3.4
60 | 1335 | 31,2 | 376,3 | 0,48 | 4,2 [101| 1605 | 83,8 | 451,9 | 0,59 | 2,6
61 | 1335 |127,0 | 373,3 | 1,90 | 2,7 |102]| 1607 | 72,0 | 442,9 | 0,50 | 2,9
62 | 1336 | 44,2 | 377,1 | 0,68 | 3,2 |103| 1607 | 38,4 | 442,8 | 0,27 | 2,8
63 | 1337 | 99,1 | 374,2 | 1,49 | 2,7 [104| 1608 | 30,4 | 464,0 | 0,21 | 3.0
64 | 1338 | 69,2 | 370,1 | 1,05 | 2,8 |105]| 1609 | 20,3 | 460,8 | 0,14 | 2,9
651343 | 91,9 | 372,2 | 1,36 | 2,7 |106| 1609 | 36,0 | 429,3 | 0,25 | 2,7
66 | 1350 | 121,2 | 367,2 | 1,73 | 3,4 [107| 1610 | 45,8 | 459,3 | 0,32 | 2,6
671427 | 57,3 | 395,8 | 0,65 | 3,1 |[108] 1610 | 26,3 | 465,0 | 0,18 | 2,9
68 | 1429 | 98,8 | 391,6 | 1,11 | 3,2 [109] 1691 | 101,6 | 452,8 | 0,58 | 2,7
69 | 1429 | 130,4 | 392,8 | 1,46 | 2,7 [110] 1693 | 119,1 | 454,7 | 0,67 | 2.8
70 | 1430 | 68,0 | 404,0 | 0,77 | 2,9 |111]| 1696 | 112,4 | 452,6 | 0,63 | 2,7
711430 [ 1205 | 3958 | 1,34 | 2,9 [112]1729 | 84,2 | 4684 | 044 | 3.1
721430 | 28,8 | 404,6 | 0,33 | 2,7 |[113| 1747 |102,2 | 469,0 | 0,51 | 2,8
731431 | 73,2 | 387,0 | 0,82 | 2,9 |[114| 1751 | 86,1 | 466,9 | 0,43 | 2,9
741433 | 113,8 | 397,5 | 1,26 | 2,8 |[115]| 1752 | 108,7 | 475,6 | 0,54 | 2.9
751434 | 20,0 | 413,9 | 0,28 | 2,9 |[116| 1758 | 74,9 | 4684 | 0,37 | 2,9
76 | 1435 | 89,3 | 402,8 | 0,99 | 3,0 [117] 1763 | 35,9 | 482,6 | 0,18 | 3,2
771437 | 117,4 | 405,6 | 1,28 | 3,1 [118] 1764 | 53,3 | 486,0 | 0,26 | 2,8
78 | 1446 | 95,8 | 405,3 | 1,03 | 2,6 |[119]| 1767 | 42,9 | 480,2 | 0,21 | 2,9
79 | 1498 | 100,9 | 424,5 | 0,93 | 3,3 [120| 1770 | 98,1 | 4649 | 0,47 | 2,8
80| 1498 | 71,3 | 416,8 | 0,66 | 2,8 |121|1770 | 64,6 | 4754 | 0,31 | 3,1
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Table 5
Experimental values of rubidium viscosity in the gas phase
P, |n-10%,| X, | Ae P, |[n-10%,] X, | Ae,
M| T,K kPa z’a ) "/|2) % M| LK kPa ’z"a ) "/«2> %
1 2 3 4 5 6 7 8 9 10 11 12
1] 989 | 41,9 | 2559 | 3,41 | 2,9 |32 | 1312 | 111,2| 3354 | 1,87 | 2,7
2| 995 | 1142 2359 | 8,10 | 3,0 |33 | 1313 | 59,2 | 334,6 | 1,01 | 3,1
3199 | 59,5 | 251,1 | 4,52 | 3,3 |34 | 1322|1359 323,7 | 2,19| 2,9
4 | 998 |105,6| 232,1 | 7,45 | 2,7 | 35| 1437 | 117,6 | 363,6 | 1,28 | 3,1
S5 998 | 87,0 | 242,8 | 6,29 | 3,0 | 36 | 1438 | 108,9| 372,5 | 1,19 | 3,1
6 | 1010 | 110,4| 233,8 | 7,25 | 3,1 |37 | 1440 | 75,5 | 355,7 | 0,82 | 3,0
7 | 1096 | 132,7| 262,9 | 5,51 | 3,0 | 38 | 1443 | 90,2 | 361,2 | 0,97 | 3,0
8 | 1098 | 100,8 | 275,3 | 4,25 | 3,0 | 39 | 1444 | 118,1 | 358,7 | 1,26 | 4,2
9 | 1098 | 126,7 | 259,1 | 5,24 | 2,8 | 40 | 1444 | 39,6 | 364,7 | 0,43 | 3,2
10| 1100 | 86,0 | 277,1 | 3,64 | 3,7 | 41 | 1445|1359 | 354,2 | 1,44 | 3,1
11 1102 | 60,2 | 281,0 | 2,50 | 2,9 | 42 | 1447 | 65,3 | 369,2 | 0,70 | 3,0
12| 1103 | 103,5| 278,4 | 425 | 2,9 | 43 | 1447 | 52,8 | 366,0 | 0,57 | 3,7
13| 1104 | 79,3 | 281,2 | 3,31 | 3,0 | 44 | 1449 | 56,2 | 364,7 | 0,60 | 3,2
14| 1104 | 124,6 | 262,3 | 501 | 3,5 | 45 | 1450 | 39,6 | 372,0 | 0,42 | 3,0
15| 1105 | 76,5 | 278,8 | 3,18 | 3,0 | 46 | 1452 | 46,8 | 361,1 | 0,49 | 3,9
16 | 1105 | 63,0 | 283,5 | 2,65 | 3,3 | 47 | 1563 | 106,3 | 409,0 | 0,80 | 4,0
17| 1112 | 43,1 | 284,3 | 1,78 | 3,3 | 48 | 1563 | 104,6 | 400,4 | 0,79 | 3,1
18| 1115 | 35,1 | 287,4 | 1,43 | 4,7 | 49 | 1578 | 121,5 | 400,7 | 0,87 | 3.6
19 1122 | 1163 | 271,4 | 432 | 4,0 | 50 | 1580 | 90,4 | 404,3 | 0,65 | 3,2
20 | 1231 | 70,4 | 316,9 | 1,65 | 3,0 | 51 | 1582 |126,3| 396,8 | 0,90 | 3,1
21| 1236 | 43,5 | 316,5 | 1,01 | 3,6 | 52 | 1583 |102,5| 401,3 | 0,73 | 3,1
22| 1237 | 79,7 | 316,5 | 1,82 | 3,6 | 53 | 1584 | 80,2 | 414,0 | 0,57 | 3,5
2311240 | 114,1 | 297,5 | 2,54 | 3,1 | 54 | 1584 | 134,8 | 401,6 | 0,95 | 3,1
24| 1246 | 120,7 | 315,0 | 2,61 | 2,7 | 55 | 1591 | 125,7 | 400,2 | 0,87 | 3,0
25| 1249 | 126,7 | 306,6 | 2,70 | 3,1 | 56 | 1734 |105,3 | 451,9 | 0,51 | 3,1
26 | 1299 | 120,6 | 324,6 | 2,12 | 2,8 | 57 | 1736 | 80,3 | 450,4 | 0,39 | 3,9
27| 1300 | 78,8 | 333,8 | 1,40 | 3,3 | 58 | 1739 | 134,0 | 442,4 | 0,64 | 4,2
28 | 1300 | 86,4 | 330,1 | 1,53 | 3,0 | 59 | 1740 | 94,9 | 453,5 | 0,45 | 2,9
29| 1301 | 102,8 | 331,0 | 1,81 | 3,1 | 60 | 1746 | 123,8 | 445,5 | 0,58 | 3,0
30| 1308 | 126,3 | 321,7 | 2,15 | 3,9 | 61 | 1751 | 125,4| 449,1 | 0,58 | 3.3
31| 1311 | 112,7 | 321,7 | 1,90 | 3,1
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where: T — alkali metal vapor temperature, K;

P =P, + AP — average pressure, kPa;

n — experimental value of viscosity, Pa - s;

AP — pressure drop at the measuring section, kPa;

x, — molar fraction of diatomic molecules in the alkali metal vapor, %;

A¢ — the confidence limit of the error of the experimental value of the
viscosity at a confidence level of P = 0,95.

The molar fraction of diatomic molecules was calculated according to [2].

=1l A2 (17)

b
{ 4p
1+ [1*101325K,

where P — the pressure of vapour; K, — equilibrium constant.

K = gx %_% (18)
p= P17 RT RT

where T — temperature vapour;

Dj — dissociation energy of the molecules;

R — universal gas table;

@ and @’ — respectively isobaric — isothermal potential of the atomic
and molecular components [44]:

O =f+f-Iny+f,-y2+f, -yt +f x+6L- 2+
where y = 7'/ 1000, and the values of the coefficients f; are given in table 6.

Table 6
Coefficients of equation 1.65 [44]

Cesium Rubidium

f 20 - @) 20 - @)
298,6 <T<1500 K| 1500 <T <6000 K | 298,6 <T <1500 K | 1500 < T <6000 K

fo 121,649 444,587 112,349 370,373
f 17,1427 224,653 13,8048 190,8541
1> -1,2241-10-3 -0,6190364 -1,0199-10-3 -0,6288884
1 0,26749 27,35144 0,19684 25,54826
fi -271,4918 -790,859 -194,6768 -589,339
5 1062,86 644,888 750,05 419,334
£ -1694,904 -230,756 -1135,468 -129,528
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For cesium and rubidium in the temperature range T = 900 ... 1800 K
and pressures P =10 ... 150 kPa at D; = 44380 J/mol, Dy, = 48570 J/mol

ORb
[45] the molar fraction of the molecules isx,=0.1...10 %.

4. Calculation of the collision cross sections

The viscosity of the alkali metal vapor can be expressed through two
parameters [2]: the effective cross-sections of the «atom-atom» ;,Q>"
collisions and the relative cross-section of the «atom-molecule» Bi,
collisions. The effective cross-sections of «atom-atom» o7, Q" (T)
collisions characterize the dependence of the viscosity of a monoatomic
pair on temperature, and relative 7, — the dependence of viscosity on the
concentration of the diatomic molecules, which is a function of pressure.

The viscosity of a two-component mixture is determined from the ratio
[2; 3]:

1_ Xty (19)
n 1+Zy
1 23 1
Xg=—x% + 2 +—x2
Ukl M= Moo (20)
3 x M 2x, %, (M, +M. )2 13 xs M
Yn:TA*;-Z{J. Loy ZHa¥e M 2 1z +_z_z}
2 N Mz Miz 4M; M; mymzz nz M, , (21)
EJ M (M, +M,)?
Z.I.I = TAIE {Xl — + 2X1X2 " [ - (1112 1112) 1] + I
5 M, 4M Mz Amy M2z ,(22)
my 107 = 266933&2'?’%& =172)Pa-s o)
N1 = Ni,Naz = Naz, 034 = 03,03, = 03 (24)

where M,, M, — the mass of the atom and the molecule of the alkali
metal, respectively;

Xx,, X, — molar particles of the atoms and molecules;

n, — viscosity of the monoatomic gas;

n, —viscosity of the diatomic gas;

n,, —the viscosity of a hypothetical gas consisting of molecules by mass
2M M, T /(M + M,) , interacting on the potential curve of the atom-molecule;

7, jOff 2" — effective cross sections of the gas particle collisions.
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Given that 2M, = M,, and introducing the concept of the relative cross
section of the particles B7,87,,83 V.S. Yargin [2; 3] for a pair of alkali

metals received:
Nem = M2 1+am-x2+a2n-x§’ (25)
where 96
v * :
3111 =2 (0,5‘\/?5%2 + EAJ-E BEZ_l) /(l + 0,3A12) ’ (26)
tpy = —( a3+ 1)+ 05VZ(1+ 124,)82/(1+0345,),  (28)

biy = ~1843, (1 - 05VZBE, — T ) /(1 +0347). (29)
by, = —by, + 0,943, (1 +0,34},) (30)

2z nlzz)

2 _ Tiziiys (31)
2 __ 9izts ) (32)

T (33)

Bl =Bi-PB3, (34)
2B, = B2 +1, (35)
Subsequently, given that the alkali metals in the gas phase, the molar

fraction of molecules x, << I, having decomposed (25) in a row on a small
parameter x, in [2; 3], we obtained:

NGy, T) =y (T(1+ X0 A3 (36)

n=

where 4, it is determined by the ratios:

A= -2y, + bmi A, = —alnAl + b2n—az11
Ap = a3yAns-agnAng; N =3 } (7
Given that 47, = 1,2 [5; 22], we have:
a;, = 1,2735p2, + 0,9724p2-2, (38)
az, =—( @y, +1)+1,2866% (39)
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by, = +1,5852+ 1,3754B2 + 0,9724872 — 2, (40)
by, = 0,794~ by, (41)

From (36) we have that the excess viscosity due to the contribution of
the diatomic vapor molecules is:
T ST A, (42)
Limiting in the equation (42) the first term, we have:
oA, (43)
M1
The first approximation (43) has a clear physical meaning: the viscosity
phenomenon is determined by the cross sections of the «atom-atom» and
«atom-molecule» collisions, and the difference between the viscosity of the
mixture and the viscosity of a monoatomic pair is determined only by the
relative cross sections of the «atom-molecule» collisions B;,. The sign 4 of
the coefficient characterizes the effect of viscosity pressure (dependence of
viscosity on pressure, i. €. on the concentration of molecules). If 4 <0, then
with increasing (greater pressure) viscosity increases Ay > 0. When 4 <0
viscosity decreases with increasing pressure Ay < 0. If 4 = 0, regardless of
the pressure, at the same time g7, = f7, . It follows from the equations
(37) and (43):
2 =1.21, (44)

12critikal

The second term of the equation (42) takes into account the contribution
of the intermolecular interactions that are determined f;,, and the third and
subsequent terms of the equation refine the physical picture without making
qualitative changes [3].

Thus, the obtained theoretical results determine the viscosity of the
alkali metal pair as a function of the absolute cross sections of the «atom-
atom» ¢2,9%?” collisions and the relative «atom-molecule» collisions /3 5
Thus, the series according to x, (42) is a very convenient mathematical tool
that allows processing, comparison and analysis of the various experimental
data on the viscosity of alkali metals in the gas phase.

The viscosity of a single-volume pair 1, in a wide temperature range is
linearly dependent on temperature:

n,(T)=mn,+4(T-1000) . (45)
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The viscosity of a monoatomic pair 1, (7) and the effective cross sections
of the atomic o},Q{}?" (T) collisions are related by the ratio:

26,693 /uT
T)10" = = . 46
T]I( ) G]Z]Qﬁ’z) (T) ( )
To determine the unknown parameters n,, 4,8;,, you need to minimize
the target function v
F(ﬂo,A,sz): ;A_nz
where 1, — is the experimental viscosity value, An, — is the i viscosity

error, My, — is the viscosity value calculated from the ideal dissociating gas
scheme [2].

(n-mn) . 47)

1+b,x, + banf

Ny =] Mo +A(T_1000) 5 (48)

1+ a, X, + aan§

o, Q3 where x, — the molar fraction of diatomic molecules in the
pair a,,a,,,b,,b, — coefficients determined by the cross sections of the
collisions «atom-atom» and «atom-molecule» Br, [2].

The results of minimizing the target function F (nO,A,sz) for
experimental data [59; 69] at the dissociation energy of molecules of
cesium D, =44380+1000 J/mol [45] and rubidium D!, = 48570 +1000
J/mol [45] are shown in the table 7.

Table 7
The results of the experimental data processing
Coefficients of the equation 3
Metal TR 107, A- 107’ ﬂ1zz An, % AA, % Aﬁlzz’ %
Pa-s Pa-s/K
Cs 2924 0,256 2,2 1,8 24 5,2
Rb 268.4 0,233 2,3 2,1 3,0 6,5

The viscosity of a monoatomic pair in the temperature range 700-2000 K
is described by the equations:

N, (T),, =292,4+0,256(T ~1000), Pa-s, (49)
n(7),, =268,4+0,233(T ~1000), Pa-s. (50)
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Let’s calculate the effective cross sections of the collisions of the atoms
o, (T) for the pair Cs and Rb. According to the equation (5) we have:

T, K 700 | 900 | 1000 | 1100 | 1200 | 1300 | 1500 | 1700 | 1800
Cs | 37,8 |34,6 | 33,3 | 32,1 | 31,0 | 30,1 | 28,4 | 26,9 | 26,3
Rb | 329 |30,2]29.1| 28,1271 |263|24,8 ]| 23,6 | 23,0

2,2 2
G”Q( ) Ac

In the temperature range 700 ... 2000 K, the dependence of the effective
cross sections of the «atom-atom» collisions on the temperature is
approximated by the equations:

2 3 o
QY (T, =547 3251413, 29( T j _2.22£L), P
1000 1000 1000

2 3 o |
o, QT =41.7— 268—+1050[ r J 1.69(Lj, A
1000 1000 1000

The dependence of the relative cross sections of the «atom-molecule» 8
collisions on the temperature could not be established because the error AB;, is
too large. It is easy to show that to reduce it to 5 %, it is necessary to significantly
expand the investigated pressure range AP~1..2 mPa and increase the
accuracy of the input experimental data of the alkali metal vapor viscosity to

2 %, which is currently a rather complex scientific and technical problem.

5. Generalization of the experimental results

According to the theory of the transfer phenomena, the viscosity and
thermal conductivity of the alkali metals in the gas phase are a function of
the absolute cross sections of the collisions «atom-atom» 0'115")(2 2 and
relative — «atom — molecule» PB;,. Thus, the theory [2; 3] makes it possible
to process, compare and analyze a variety of experimental data on the
viscosity of the alkali metals in the gas phase.

The theory of the thermal conductivity of the chemically reactive gas
mixtures is based on the fact that the thermal conductivity of such a mixture
is given in the form [2]:

A=A+ A, (5D
where: 4, the component of the thermal conductivity without taking into

account the effect of the chemical reaction on the heat transfer process (the
frozen component of thermal conductivity), 1. the component of the thermal
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conductivity due the energy transfer as a result of the reactions («reaction»
component of the thermal conductivity).
The «reaction» component of the thermal conductivity is [2]:

_ Dy, PrDo (T) 7 XX 52
T ( RT ) (1+x,)2 2
Do (T) = Dg + 2H, (T)-H,(T), (53)

where Dj the energy of dissociation at the temperature 7 = 0, H,(7)
and H,(T) — the enthalpy of the atomic and molecular components at the
temperature 7.

The «frozen» component of the thermal conductivity of the alkali metal
vapor is served as a sum

}l‘f = ltr + Jl"int > (54)

where /., the thermal conductivity due to the internal degrees of freedom

of'the interacting particles; 4, thermal conductivity due to the energy transfer
caused by the translational degrees of freedom.

According to [2]

5
nDzz(Cp.z‘j R)
e =% Dy
1+=1222
%Dy,

; (55)

where C,, the specific heat at cansed by the constant pressure, R cansed
by the universal gas constant.

i:X)‘ +Y)" (56)
A 1+7,
1 2%, X 1
X, =—x2 +—224 = 2, (57)
VPR W W
Y, _ 1y 4 %y, +LX§.V<23, (58)
;’Lll 12 122
Zy = x, VO + 2%, 0,V 4+ x2v @) (59)

s TM, +M;) 1 .
A;;-10* =833 M, afjgff'”" (i,j =1,2),W/(m-K), (60)
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where:
V¥ = 0,34, i —_y@
A A, .
4 1
W= = g
v 15A 10012t 5
1
y@ ——A* gL > (61)
15 51 12
3B, 251 1
(3]:_ * 1z - + —
v 53”+16A;2+64A;2 12
v = 4A* +1B* + !
1571 571 12
(2.2
* Ql?
A, = pang (62)
=12
(1.2)* (1,2)%
B;c_z _ 5912 '4)53-12 (63)

es
The thermal conductivity associated with the transfer of energy due to
the translational degrees of freedom of the particles is [2; 3]:

1+ bl}‘XQ + bg;‘X% (64)

A = A

1 2
1+a;x, +agx;

where 4, the thermal conductivity of the monoatomic vapor.
The thermal conductivity due to the contribution of the internal degrees
of freedom of the particles is [2; 3]:

43 ., 2C,.-5R X

me = A , 65
;‘L]nt 1 25 12 2R 1. (1 D21X ) ( )
D,
Dy _V6A, 1 (66)
D22 2 A;Q [3?.2
The «reaction» component of the thermal conductivity is:
_, 0277143, (DO (T))Z x,(1—x5) 67)
Tt B, RT / (1+x,)2
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Where
443 1.V
an=— Tyo b +03Ve 5 Vm BY
1+V<2]
AR vs L I (68)
Vi oy AL,
— -2
b= 2T v +O'3‘E1+V(1JB”
Vv _y@)
b2 =\ P T
(2.2)
- _ 2 69
Az =G (%)

=2

When 47, = 1,2 and B}, = 1,2 we have:

aj; = 1,3359B%, + 0,6262p2-2
ag; = -(as, + 1) +0,927283 , (70)
by, = 1,4936 + 0,44282 + 0.6262B7
by = -(byy + 0,3445)

Having laid out expressions (64) and (65) in a row on a small parameter
x, Yargin V.S. received [2, 3, 24, 68]:

m
T,\” %, (1-%,)
n p 2 2 ,
?L(XQ,T)=11(T)[1+ E B,x} +B, (—T) A +a?

(71)

n=1

where
B, = 0,3335B3, (72)
B, =By +BY, (73)

@
Bl

B(ﬂ

=-a;; + by,

au.B az).bzi.

+a,, Bff;] =30 (74)
C,, 5
( 2
BE® — o 3325312 (%'E)

@m _
Bn - ali\Bn 1

BEH _ B(BH (1 1 224882)“ L
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D, (D)
—

Equations (70) — (75) show that the coefficients B of the series for x, the
viscosity and thermal conductivity of the alkali metal vapors depend only
on the absolute cross-sections of the «atom-atom» 9(121-23* collisions and the
relative cross-sections of the «atom-molecule» collisions B, .

Thus, the theory we considered [2; 3; 24; 68] makes it possible to
process and compare the results of the experimental studies of the viscosity
and thermal conductivity of the alkali metal vapor. Excess relative viscosity
and thermal conductivity can be given as functions of the molar fraction
of the molecular component x,, and the coefficients of the approximating
polynomial are known as the functions of the collision cross sections.
Approximating equations (36), (71) make it possible to carry out a
reasonable extrapolation of the coefficients of the viscosity and thermal
conductivity of the alkali metal vapor outside of the experimental studies,
as well as to establish the relationship between the viscosity and thermal
conductivity through the particle collisions. For a monoatomic pair of the
alkali metals from (1.5) and (1.35) we have [2; 24].

A (T) 0,312-10°
M:(T) M

We compare our cross-sections of the particle collisions with the
literature data on the viscosity and thermal conductivity of cesium and
rubidium in the gas phase.

A large number of works performed by various methods have been
devoted to the experimental study of the alkali metal vapor viscosity.
Almost all of them are limited to a temperature of 1800 K. The viscosity
of steam at high temperatures was studied in only two studies [6; 8]. The
analysis of the results of studies of the viscosity and thermal conductivity
of cesium and rubidium vapor was performed in [2; 3; 68]. Most alkali
metals with increasing pressure are characterized by an increase in thermal
conductivity and a decrease in viscosity. The data of different authors on
these coefficients, as a rule, agree well with each other. And only cesium
falls out of the general picture, for him the results of experimental studies
on the viscosity of different authors differ in the sign of the pressure effect,
and in the thermal conductivity — in the magnitude of this effect.

Tp = (75)

(76)
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The work is devoted to the experimental study of the viscosity of the
cesium vapor [2; 3; 14; 18; 19; 20; 21; 22; 23; 48; 65; 71; 72].

Henson R. M., Stratton T. E., Toodd J. [22] conducted a study of the
viscosity of the cesium vapor by the method of a straight capillary at
T =600 ... 1000 K, the experimental data are described by the equation:

0.7

T
n=(25+05)-107 (@) ,Pa-s (75)

According to the authors, the error is + 20%, the obtained experimental
values of the viscosity are not given. The method of the experiment and the
design of the installation are not described.

Lee D.I., Bonilla S.F. [18; 19] measured the viscosity coefficient of
cesium vapor in the temperature range of 950 ... 1280 K at pressures of
40 ... 500 kPa using the spiral viscometer method. Two series of experiments
were conducted, more than 70 experimental points were obtained, which
are presented in the graphical form. The dependence of the viscosity
on pressure is ambiguous. At the temperatures below 1080 K the vapor
viscosity decreases with increasing pressure, and at the high temperatures
increases. The authors point to a large scatter of experimental data of about
20 %. The smallest deviation is characterized by the points obtained at the
atmospheric pressure, for which the smoothed data are described by the

equation: ,

T T
107 — -648,14+ 1511.52(—)-628.65(—) Pa-
n 1000 1ooo/ 'Fa's (76)

In the experiments [18; 19], the pressure drop across the capillary was set
using an intermediate inert gas and measured with a differential manometer.
The investigated cesium vapor came from the evaporator into the capillary,
and then condensed in the flow meter. The measured volume of the flowmeter
was pre-calibrated according to the height of the working area.

The geometric factor of the capillary was determined after its installation
on the set place on experiments with argon. The viscosity of the cesium
vapor was calculated by the Poiseuille formula taking into account:

a) correction for the curvature of the capillary;

b) slip correction;

¢) correction for thermal expansion of the capillary;

d) correction for energy losses at the input.
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To reduce the correction for the curvature of the capillary experiments
were performed at the pressure drops in the working area, ensuring
compliance with the Dean criterion:

Re-\[d/D < 6, (78)
where Re — is the Reynolds number,

d — 1is the inner diameter of the capillary,

D —is the average diameter of the spiral.

In the first series of experiments, a capillary made of S 304 steel with an
inner diameter of 0,822 mm was used. The viscosity of the cesium vapor
in the temperature range 950 ... 1210 K at the atmospheric pressure was
studied. Since the installation did not provide a system for distilling the
liquid alkali metal from the flowmeter into the evaporator, after each cycle of
experiments, the metal was distilled from the flowmeter into the evaporator
— through a capillary. The second series of experiments provided a system
for the distilling condensate from the flow meter into the evaporator, which
in general increased the service life of the installation. A capillary made
of Haines-25 alloy was used. In this series of experiments, the main array
of the experimental viscosity values was obtained. In the installation, as
the authors point out, during the second series of experiments there was a
microcrack, the capillary was subjected to corrosion.

Tippetsckirch H.V. [21] studied the viscosity of the cesium vapor at the
temperatures of 1602-1622 K and a pressure of 3,95 mPa. 4 experimental
points near the saturation line were obtained. In the experiments [21], the
purified cesium was placed in a vessel made of tungsten-rhenium alloy. The
inner diameter of the vessel is 6,755 + 0,005 mm, the height of the working
part is 13,032 £+ 0,01 mm. The mass of the filled metal was determined by
weighing the vessel before and after filling and was 0,0913 + 0,005 g. Then
the vessel was mounted on a suspension, heated and brought to a state of
torsional vibrations. The vapor viscosity was determined by the magnitude of
the decrement of the damping attenuation of the vessel with the cesium gas.

The pressure in the experiments [21] was determined by the elasticity
curve, the errors of the experimental data according to the authors are 5 %.

In the group of thermophysics MAI under the leadership of the Professor
Vargaftik N. B. the viscosity of the cesium vapor in the temperature range
900 ... 1200 K at pressures of 50 ... 250 kPa was studied by the method
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of a straight capillary [2; 3; 20; 25; 23; 25]. The installation was a closed
circulation circuit made of stainless steel. The investigated metal vapor from
the evaporator through the steam heater entered the steam dehumidifier,
took the temperature of the experiment and passed through the capillary.
After leaving the capillary, the steam condensed in the refrigerator and
flowed into a U-shaped flowmeter. The flowmeter temperature was kept
constant by means of a liquid thermostat. Condensate flow was determined
by the time of passage of the metal level between the two contact needles
of the flow meter, which were at different heights. The pressure difference
at the measuring section of the viscometer was set through the intermediate
inert gas and was measured with an oil manometer. Capillary outlet pressure
was measured with a mercury manometer. The installation provided the
ability to control the geometric factor of the capillary during experiments
without draining the metal from the measuring element. The calculation of
the viscosity of the cesium vapor was performed according to the Poiseuille
formula with the corrections for the gas compressibility, inlet pressure loss,
molecular slip and thermal expansion of the capillary.

32 experimental points were obtained in the work, experiments were
performed on isobars. As a result, the viscosity of the cesium vapor
decreases with increasing pressure. The authors estimate the accuracy of
the obtained data at 2,5 %. Processing the results [2; 14; 25] gives:

1, - 107 = 258 4+ 0,220(T-900),Pa- s
(79)
n =1, (1-1.65x, + 3x3),Pa-s

that corresponds B, .

At the Moscow Aviation Institute under the direction of Professor
Vargaftik N. B. the viscosity of the cesium vapor was studied by means
of a viscous meter with an annular channel. 167 values of the vapor
viscosity in the temperature range 900-1770 K at pressures of 12-135 kPa
were obtained (Vargaftik N. B., Dzis V. G., Stepanenko I. S., Yargin V. S.)
[59; 65; 69; 70; 71; 72; 74; 77].

According to [18; 19], the viscosity of the atomic component is 12-15 %
lower than according to the results [24; 25]. The intersections of the
collisions of atoms, calculated by [18; 19], increase with temperature,
which indicates a qualitative illegality of the dependence #(7).
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Figure 8. The viscosity of cesium in the gas phase according
to the works [18; 19; 22; 23; 24; 25]

The negative effect of pressure [19] at T > 1050 K corresponds Br, >2,
and its positive sign at T > 1080 K — By, <1,2.

Rubidium. Two works have been devoted to the experimental study of
the viscosity of rubidium in the gas phase [28; 34].

In [19] Bonmilla C.F., Lee D.I. eliminating the shortcomings and
methodological inaccuracies of the installation, diskovered during the
experiments with the cesium vapor, conducted a study of the viscosity of
the rubidium vapor in the temperature range of 930 ... 1230 K at pressures
of 47 ... 200 kPa. The capillary of the viscometer was calibrated with argon
before and after the experiments with the rubidium vapor. No changes in
the geometric factor of the capillary during the experiments were detected.
In [19], 49 experimental values of the viscosity of the rubidium vapor were
obtained, which are shown graphically.
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Atapressure of 100 kPa, the dependence of the viscosity on temperature,
the authors [19] describe with the equation:

107 — . T T Y
n-107 = 850,381 + 1644,192_— 575,617( )’ Pa-s  (80)

1000

The negative effect of the pressure is established and the tables
of the viscosity of the rubidium vapor in the temperature range
700-1500 K at pressures up to 500 kPa are developed. The dependence
of the viscosity of a monoatomic pair on the temperature is described by
the equation:

n.-107 = 241+ 0,300(T-1000), Pa-s (81)

Processing of the experimental data of the work considered above in [5]
gives:

N, - 107 = 241+ 0,300(T-1000),Ta-c
An = -2.08x, + 4,2x2-8 4x3 : (82)
1, =24

M.L. Sidorov, Yu.V. Tarlakov, V.S. Yargin [25] conducted a study of
the viscosity of the rubidium vapor by the viscometer with a straight line.
27 experimental values of the viscosity at T = 900 ... 1180 K and
P =40 ... 150 kPa were obtained, the authors estimate the accuracy of the
obtained data at + 2,5%.

The experiments [25] were performed on isobars 39, 76, 153 kPa. When
processing the experimental data by extrapolation from the isotherms of the
dependence at x, — 0, the viscosity of the monoatomic pair was determined
5, and the dependence was found, “lexen—71), which was approximated by a

second-order polynomial. The results of the processing give:
M, - 107 = 239—0,210("['—900),1'[51-(:} ' (83)
n = n,(1-2.25x, + 5x3)

More accurate data processing [25] in [2; 3; 14] at the dissociation
energy of the molecules Dy = 48570 J/mol gives:

Ny - 107 = 259 —0,202(T — 1000), Ma-c

Y _2.13x, + 4,42 — 93
m

that corresponds B}, = 2,44.

; (84)
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Thus, in [19; 25] similar values of the cross sections of the «atom-
molecule» collisions were obtained, and the values 7, and their dependence
on temperature differ slightly. The difference between #, in the above
mentioned works does not exceed 9 % (Figure 9).

Later, the Moscow Aviation Institute conducted a study of the viscosity of
the cesium vapor using a annular-type viscometer. 61 values of the viscosity
of the rubidium vapor in the temperature range 990-1750 K at pressures of
39-135 kPa (Vargaftik N.B., Yargin V.S., Dzis V.G., Stepanenko 1.S.) were
obtained [66; 69; 72; 71; 77].

The viscosity and thermal conductivity of the alkali metal vapors are
uniquely related through the cross sections of the collisions of the particles

", and Br,. This allows us to jointly consider the experimental work with

n-107, Pa‘s Lo~ mi [19]
N1 [25]
ST s 9]
300 |- ’
20%
e s [25]
200 — .7
100 | | | | |
800 1000 1200 1400 1600 T, K

Figure 9. The viscosity of rubidium in the gas phase according
to [19; 25]
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these coefficients. Therefore lets consider the results of the experimental
studies of the thermal conductivity, which can be used in the analysis of the
viscosity data.

Information on experimental studies of the thermal conductivity of
cesium in the gas phase are shown in the table 8.

Table 8
Experimental work on the thermal conductivity of cesium vapor
Lit Interval
Authors ° | Temperature, | Pressure, Method
source K KPa

Gottlieb M., Combined method of flat
Zollweg R.1. [27] 930...1150 5.1 layer and heated thread
Kitrilakis S., .

Meeker M. [28] 1100...1400 to 67 Flat thermoionic converter
Martini W.R. [29] 1240...1260 to 4 Flat thermoionic converter
Zarkova L.P., Modified method of heated
Stefanoy B.1 [12] 1000...2400 1...7 thread
Zarkova L.P., Modified method of heated
Stefanov B.1. [30] 600...1600 1.7 thread

Lee D.I, [31] | 820..888 | 98..216 Periodic heatin

Bonilla C.F g

Vargaftik N.B., . .
Kerzhentsev V.V. [32] 680...1080 | 10...130 Coaxial cylinders
Timroth D.L.,
Makhrov V.V, Heated thread with zero
Sviridenko V.L, [33] 800...1100 | 1.4...247 arca
Reutov B.F.
Vinogradov Yu.K., L. .
Veryugin A.V. [13] 1120...1170 |100...150 Periodic heating
Vinogradov Yu.K. | [34] 998...1707 | 12...195 Monotonous heating
. Monotone thermal mode
Vinogradov Yu.K. | [39] 1000...1600 | 5...200 method (automated version)

According to the results of [39], the dependence of the thermal
conductivity of the cesium vapor on temperature is described by the

equation:
A, - 10% =152+ 59,7T,W/(m-K)

212 = 1-8.
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The effect of pressure and magnitude B;, can be judged by the data
of works [13; 32; 34; 39], and the thermal conductivity of the atomic
component by works [13; 32; 34; 39]. Dependencies 4,(T) and A(T) are
shown in Figure 9.

The effective cross sections of the collisions of the atoms in works [22;
33; 34] are well coordinated with each other. The largest discrepancy in
the cross sections is 5,5 %, i. e. is within the experimental errors. The data
of the works [12; 30] differ by 10 ... 12% from the data [22; 33]. This
discrepancy is explained by the fact that at the pressures of the experiments
[12; 30] the free path length of atoms is close to the radius of the filament
of the experimental installation and even exceeds it. Under such conditions,
the Fourier heat equation needs to be clarified.

A1-10% ﬂ
‘m-K
100 |-
75
50 | | | | | | | | | |

700 800 900 1000 1100 1200 1300 1400 1500 1600 T,K

Figure 9. Thermal conductivity of cesium in the gas phase according
to [2; 30; 32; 39; 33; 35; 34]
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The value of the relative cross section B, , determined by the effect of pressure
according to [32], is 2,08, i. e. coincides within the errors with the results [34;
39]. The results [13] also confirm the data [32]. In [33] B, it obviously depends
on the temperature and varies from 2,57 at T =800 K to 0,96 at T= 1100 K.

Rubidium. Experimental work on the thermal conductivity of the
rubidium vapor is shown in the table 9, the results are presented in Figure10.

Table 9
Experimental work on the thermal conductivity
of the rubidium vapor
. Interval
Authors Lit. Temperature, | Pressure, Eroror, Method
source %o
K kPa
. Combined method
g(?ltlt\}v‘zb glf [27] | 950...1150 | t02.9 30 |offlat layer and
gL heated thread
Lee D.I., . .
Bonilla C.F [31] 1045...1099 | 84...89 6 Periodic heating
. oaxial cylinders
;’f‘édgﬁlflfngE]i’ [36] | 800...1110 | 5..150 | 4 |Coaxial cylind
Timroth D.L., .
Makhrov V.V, | [37] | 900..1100 |1.4..130| 7 |Hcated thread with
Reutov B.F. zero area
Monotone thermal
Vinogradov Yu.K. | [39] 970...1715 1,5...75 5-6 | mode method
(automated version)

The first experimental works [27; 31] have methodological inaccuracies,
which have been repeatedly discussed in the literature [2, 4]. The results of [36;
37; 39] with an accuracy of 2 ... 3% are consistent with each other, which is much
less than the error of the experiments. The effective cross sections of the atoms
aflﬂ(ﬁ’z ]*, the temperature dependence 4,(T) and the value of the relative cross
section «atom — molecule» B}, according to the data of these works are close.

Analyzing experimental work on the thermal conductivity of cesium
and rubidium in the gas phases, preference should be given to the work of
Vinogradov Yu.K. [39]. The dependence of the thermal conductivity of the
monoatomic vapor on temperature is described by the equation:
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A,-10* =49+ 895T,W/(m-K).
The relative cross sections of the «atom molecule» collisions depend on
the temperature:

T
1000

efZ =2,24—0,1-

150

100

70 8(T)O 990 lOpO 1190 1290 13‘00 1490 T,K

Figure 10. Thermal conductivity of rubidium
in the gas phase according to [2; 36; 37]

We compare the obtained cross sections of the cesium and rubidium
vapor microparticles with the literature data (Figure 11).

Figure 11 shows that the obtained cross sections of the «atom-atom»
c;, Q%" collisions of our work for the Cs pair at T < 1200 K almost coincide
with the results [33] and agree well with the data of RSD 81 [68] tables and
average cross-sectional values based on joint processing of the experimental
viscosity and thermal conductivity data [2; 3]. With an accuracy of
4 ... 7 %, 1. e. within the total error are consistent with the data [25]. At the
temperatures up to 1300 K, the cross sections o,Q\*" agree within the total
error with the data [34], but with increasing temperature they diverge, and
at T = 1800 K the discrepancy is 13%. This discrepancy can be explained
by the fact that at the temperatures above 1300 K for the cesium vapors
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Figure 11. Effective collision cross Figure 12. Effective sections of
sections atoms in the cesium pair collisions rubidium pair atoms

-1 / .10 % [2], and in the field of the experimental parameters

[34] (A —22) 2,~10...3,0%, with the total error of the experiment 4 ~ 6%
and a small array of the experimental values, it is impossible to obtain
sufficiently accurate intersections of collisions o, Q"

In addition, as shown in the paragraph 1.4, at high temperatures in
the experiments on the thermal conductivity, it is necessary to introduce
many different corrections, taking into account a number of side effects,
which reduces the accuracy of the final results. In general, the results [34]
qualitatively correctly reflect the general patterns of the transfer processes
in the cesium vapors.

The effective collision cross sections o;,Q>?" for the Rb pair (Figure 12)
according to the results of this work are consistent in the common areas
of experiments at T < 1200 K with the results of [18; 25; 39; 45] and
differ from some of them in the field of extrapolation. Depending on the
temperature of the collisions o;,Q{*" for all works on the viscosity and
thermal conductivity of the Rb vapor are different. This is due to the fact
that they are all made in a narrow range of temperatures, which does not
allow to reliably establish the temperature dependence o, Q" (T).
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From the experiments on the viscosity of this work we can clearly
ascertain a negative effect of the pressure for Cs and Rb (7, > 1,21). For all

experimental points ((4 _ll)/;t < 0), 1. €. the viscosity decreases with the
1

increasing pressure (increasing concentrations of the diatomic molecules x,).

According to the relative intersections of the collisions B, in the pair Cs
(Table 10), the data of this work are consistent with the data [25; 32; 34; 39].
Exceptions are works [18; 19; 33], at the temperature T ~ 1080 K there is a
sharp change in B7,. The data from this work do not confirm this effect (see
tables 10, 11).

The relative collisions of B;, for the pair Rb according to the results of our
work are consistent with the literature data obtained from the experimental data
on the viscosity and thermal conductivity at 7= 700 ... 1200 K (Table 12).

Table 10
Relative cross-sections of the B}, cesium collisions in the gas phase
based on the results of the viscosity and thermal conductivity works

(ABL~20%)
Source | [18,19] | [25] [32] [33] [34] [39] [69]
Br, | 25-1,0 | 2,08 2,1 256096 2,1 1,8 2,2

Table 11
Relative cross-sections of the 7, cesium in the gas phase according to
the results of the experimental viscosity research [69] (487;~30%)

T, K 914 975 1050 1135 1235 1330
Numeric points 10 15 23 21 23 14
B, 2.4 1,9 2.3 2,1 2,6 1,9
Table 12

Relative cross-sections of the B, rubidium collisions in the gas phase
based on the results of the viscosity and thermal conductivity works

(ABZ~20%)
Source [19] [25] [36] [37] [39] [69]
B2 2,44 2,4 2,21 2,17 |224—01——| 23
12 1000
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Thus, the intersections of the collisions o], Q{7*" and B, in the pair Cs

and Rb for T < 1200 K obtained in this work are in good agreement with
most of the experimental works on the viscosity and thermal conductivity.
The cross sections o;,Q"?" were obtained by us from the processing of
the viscosity experiments performed in a wider range of temperatures,
which increases the reliability of the dependence o Q?"(T). These
circumstances allow us to use the cross sections o;, Q7" and B;, obtained
in this paper to develop the recommended tables of coefficients of the
viscosity and thermal conductivity of cesium and rubidium in the gas phase.
Cesium and rubidium have rather low ionization potentials, so various
ionization processes can take place in their pair [10; 40; 41; 43]. Let us
estimate the contribution of the electronic component 4, to the thermal
conductivity of steam and the ionic component to the viscosity.
In order of magnitude, the effect of the electronic component 4, on the
thermal conductivity is [42]:
b _N.oy [M

= > s
7\’1 Na Gel mt

(85)

where m, — the mass of electrons, M — the mass of the atom, N, and N, —
the concentration of electrons and atoms in the alkali metal vapor, o2, and
o}, the effective cross sections of the collisions «atom-electron» and «atom-
atomy. For rough estimates we accept -, = c;, and we receive (table 13).

Let’s evaluate the viscosity of the weakly ionized alkali metal vapor

[41;42]: IT- M
N, (86)
012] + cf) L
‘ Table 13
Influence of electronic component on the vapor thermal conductivity
Cs and Rb
Cesium Rubidium
T,K 4,12, % A Ay, %
P=1kPa P =20kPa P =1kPa P =20kPa
1500 0,8 0,5 0,2 0,15
1800 7,8 1,8 2,6 0,6
2000 40 33 16,9 12,0
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where, o, — the effective cross section of the resonant ion recharging on
the neutral atom, N, and N, the concentration of,ions and atoms in the pair.

At an ion energy 0,1-0,2 eB o) ~450+500 4> [41; 42; 43], therefore,
according to the equations (3, 21) the effect of the ionic component on the
viscosity of cesium and rubidium vapor at low pressures is:

Table 14
Influence of the ionic component on the vapor viscosity
Cesium Rubidium
T,K n/My % n,/M,%
P=0,1kPa P=1kPa P=0,1kPa P=1kPa
1800 1 0,5 0,4 0,2
2000 6 2 3 0,9

Tables 13 and 14 show that at temperatures up to 2000 K and pressures
P>10 xlla the influence of the ionization processes on the transfer
coefficients of the cesium and rubidium vapor can be neglected, and the
vapor of these metals can be considered as a reactive two-component
mixture of atoms and diatomic molecules.

Based on the parameters 1, 4,B;, obtained in this work, according to
the method [2; 3] of equation (19—42, 51-76) the tables of the viscosity and
thermal conductivity of the rubidium and cesium vapor in the temperature
range 700-2000 K at pressures 1-1500 kPa, including the saturation line
were developed the vapor pressure at the saturation line was determined
by [51], the vapor composition x, (molar concentration of two-volume
molecules) by equation [2].

The coefficients of the thermal conductivity and viscosity of cesium
vapor are in a good agreement with the data of [2; 3; 14; 32; 36; 39; 46]
in their common temperature ranges, the maximum discrepancy does
not exceed 5%. Within the total error, the tabular values of 7 and A of
our studies are consistent with [75], and #, and A, for temperatures of
700... 1500 K. The maximum deviation is 12% at T > 180 K.

The tabular values of the coefficients of the thermal conductivity and viscosity
of the rubidium vapor within the total errors are consistent with the data of
[3;5; 14; 25; 35; 37, 38; 39; 46], the maximum deviation does not exceed 6%.
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Thus, the obtained in this paper tabular values of the coefficients of the
viscosity of cesium and rubidium vapor in the gas phase, are quite consistent
with the literature data for temperatures up to 1500 K.

The tables of the transfer coefficients developed by us are based on
the experimental data on viscosity of the cesium and rubidium vapor the
experiments have been carried out in a wide range of temperatures 900...
1750 K, which increases the reliability of extrapolation to high temperatures
up to 2000 K. These circumstances recommend the developed viscosity and
thermal conductivity tables for practical engineering calculations, and the
values of the cross sections of absolute collisions «atom-atom» c7,Q>?"
and relative collisions «atom-molecule» PB;, for research.

The calculated values of the coefficients of viscosity and thermal
conductivity are given in the table 15 ... 25, Figures 13-16 (where #, and
A, — viscosity and thermal conductivity of the monoatomic vapor; 7, and
Ag—viscosity and thermal conductivity at the saturation line; A;— components
of thermal conductivity at the saturation line; 4, — «frozen» component of
thermal conductivity; 4. — conductive component; x, — mole fraction of
molecules; P, — vapor pressure at the saturation line).

Table 15
Viscosity of cesium in the gas phasen - 107, Pa-s
P, kPa
TK| n s
1 10 25 50 | 100 | 400 | 600 | 1000 | 1500

700 |215,6(215,7 203,6
750 |228,4(226,6]212,6 2124
800 |241,2|240,0|230,2 220,6
850 |254,0|253,2|246,1 |236,0 228,4
900 |266,8(266,2|261,0(253,1[242,1 235,9
950 1279,6(279,1|275,2(269,0|260,0 | 245,4 243,1
1000 |292,4(292,0 | 288,9 |284,1|276,7 | 264,1 250,2
1050 | 305,2|304,9 [302,4|298,5|292,4|281,7 2572
1100 (318,0|317,8|315,8|312,5(307,4|298,3 264,1
1150 |330,8|330,6329,0(326,3|322,0|314,1]279,8 271,0
1200 |343,6|343,4|342,0|339,8|336,1|329,3|298,1|283,5 2779
1250 | 356,4|356,3 | 355,1 |353,1 {350,0|344,1|315,8|301,8 2849
1300 | 369,2 |369,1 | 368,1 | 366,4 | 363,7 | 358,4 |332,8(319,6(299,2 291,9
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(End of Table 15)

. P, kPa
’ M ITT T 10 [ 25 [ 50 | 100 | 400 | 600 | 1000 [ 1500 | s
1350 |382,0 |381,9|381,0379,5 [377.2 [ 372.6 | 349.3 | 336,9 | 317.2 299.0

1400 | 394,8 [394,7(393,9(392,6[390,5 | 386,4 [ 365,3 [ 353,7[334,8 | 316,7] 306,2
1450 | 407,6 [ 407,5 [ 406,8 [ 405,7 [ 403,8 | 400,1[380,9[370,1 [352,0[334,3[313,6
1500 |420,4[420,3 [419,7]418,7[417,0[413,7(396,1|386,0368,9[351,7(321,1
1550 |433,2[433,1[432,6431,7[430,1 [427,2]411,0[401,6 [ 385,3 | 368,7]328,6
1600 | 446,0 [445,9 [ 445.4 [ 444,6 [ 4432 |440,5 ] 425,6 [ 416,8 [ 401,4 | 385,4]336,4
1650 | 458,8 [468,7458,3(457,5[456,3 |453,8]440,1[431,8[417,3 |401,8]344,2
1700 | 471,6 [471,6 |471,1]470,4 [ 469,3 | 467,0 | 454,3 [ 446,6 | 432,8 |417,9]352,2
1750 | 484,4 | 484,4 | 484,0(483,3[482,3[480,2468,4 | 461,2 [448,1|433,8]360,3
1800 | 497,2497,2[496,8 [ 496,6 | 4952 [493,3 | 482,3(475,5 [ 463,1 [ 449,5(368,5
1850 [ 510,0[510,0509,6 [ 509,1 [ 508,2 | 506,4 | 496,1 [ 489,7[478,0 | 464,9]376,7
1900 | 522,8[522,8(522,5(521,9[521,1[519,4]509,8 [ 503,8 [492,6 | 480,1]384,9
1950 | 535,6 [ 536,6 | 535,3 | 534,8 [ 534,0 [ 532,4(523,4[517,7[507,1 [495,1] -

2000 | 548,4 | 548.4|548,1(547,7]546,9|545,4]536,9]531,5[521,5[510,0] -

Table 16

Thermal conductivity of cesium in the gas phase A - 104, W/(m - K))

K| A P, kPa i

1 10 25 50 | 100 | 400 | 600 | 1000 | 1500
700 | 50,6 | 53,7 62,9
750 | 53,6 | 55,3 | 67,2 67,4
800 | 56,6 | 57,5 | 64,9 71,5
850 | 59,6 | 60,2 | 64,8 | 70,9 75,3
900 | 62,6 | 63,0 | 65,9 | 70,2 | 75,7 78,6
950 | 65,6 | 65,8 | 67,8 | 70,7 | 74,8 | 80,8 81,6
1000 | 68,6 | 68,8 | 70,1 | 72,2 | 75,1 | 79,8 84,4
1050 | 71,6 | 71,7 | 72,6 | 74,1 | 76,3 | 79,9 86,9
1100 | 74,6 | 74,7 | 75,3 | 76,4 | 78,0 | 80,8 89,2
1150 | 77,6 | 77,7 | 78,1 | 78,9 | 80,1 | 82,2 | 89,8 91,3
1200 | 80,6 | 80,6 | 81,0 | 81,6 | 82,5 | 84,1 | 90,3 | 92,6 93,4
1250 | 83,6 | 83,6 | 83,9 | 84,3 | 85,0 | 86,2 | 91,3 | 93,3 95,3
1300 | 56,6 | 56,6 | 86,8 | 87,1 | 87,7 | 88,6 | 92,7 | 94,5 | 96,6 97,2
1350 | 89,6 | 89,6 | 89,8 | 90,0 | 90,4 | 91,2 | 94,5 | 95,9 | 97,8 99,1
1400 | 92,6 | 92,6 | 92,7 | 92,9 | 93,2 | 93,8 | 96,5 | 97,7 | 99,3 | 100,4 | 100,9
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(End of Table 16)

T, K

4

P, kPa

1

10

25

50

100

400

600

1000

1500

s

1450

95,6

95,6

96,7

95,8

96,1

96,5

98,6

99,6

101,0

102,0

102,7

1500

98,6

98,6

98,7

98,8

99,0

99,3

101,0

101,8

102,9

103,8

104,6

1550

101,6

101,6

101,7

101,7

101,9

102,2

103,5

104,1

105,1

105,7

106,5

1600

104,6

104,6

104,6

104,7

104,8

105,0

106,1

106,6

107,3

107,9

108,4

1650

107,6

107,6

107,6

107,7

107,8

107,9

108,7

109,1

109,7

110,1

110,4

1700

110,6

110,6

110,6

110,7

110,7

110,8

111,4

111,7

112,2

112,5

112,4

1750

113,6

113,6

113,6

113,6

113,7

113,8

114,2

114,4

114,7

114,9

114,3

1800

116,6

116,6

116,6

116,6

116,7

116,7

117,0

1172

117,4

117,5

116,3

1850

119,6

119,6

119,6

119,6

119,6

119,7

119,9

120,0

120,1

120,1

118,7

1900

122,6

122,6

122,6

122,6

122,6

122,6

122,8

122,8

122,8

122,8

1950

125,6

125,6

125,6

125,6

125,6

125,6

125,7

125,7

125,6

125,6

121,1

2000

128,6

128,6

128,6

128,6

128,6

128,6

128,6

128,5

128,5

128,3

Table 17

The reaction component of the thermal conductivity Cs in the gas

phase .- 10*, W/(m - K)

P, kPa ,
LK 4 1 ] 10 | 25 | 50 | 100 | 400 | 600 | 1000 1500 * s
700 | 50,6 | 3,7 | 17,1 14,9
750 [ 53,6 | 2,1 | 10,8 17,3
800 | 56,6 | 12 | 7,0 19,5
850 59,6 | 0.8 | 47 [ 154 21,3
900 [ 62,6 | 0,5 | 32 [ 10,7 | 18,6 22,6
950 [ 656 03 | 23 | 7.6 | 13,7 ] 22,7 24,0
1000 | 68,6 | 02 | 1,7 [ 55 [ 102 ] 17,6 25,0
1050 | 71,6 | 02 | 1,3 [ 41 | 7,7 | 13,7 25,8
1100|746 | 0,1 | 1,0 [ 3.1 | 59 | 108 26,4
1150 [ 77,6 | 0,1 | 0,8 | 2.4 | 46 | 86 | 23,6 26,8
1200 80,6 | 0,1 | 0,6 [ 1,9 ] 3,7 | 69 [ 20,1254 27,1
1250836 01 | 05 [ 1,8 | 29 ] 56 |172]222 274
1300 | 86,6 | 0,1 | 0,4 | 12 [ 24 | 46 | 147]193 [ 256 27,6
1350 [ 89,6 [ 0,0 [ 03 | 1,0 [ 20 | 3,8 [ 12,7 ] 169 | 23,0 27,6
1400 | 92,6 | 0,0 [ 03 [ 0.8 | 1,7 | 3.2 [ 10,9 [ 148 [ 206 | 26,3 | 27.7
1450 [ 956 | 00 [ 02 [ 07 [ 14 | 27 [ 95 [13,0] 1842311277
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(End of Table 17)

P, kPa 4
1 [ 10 [ 25 ] 50 [ 100 [ 400 | 600 | 1000 [ 1500 | **s
1500 | 98,6 | 0,0 | 02 | 0,6 | 1.2 | 2.4 | 83 [ 11,5 [ 16,5 | 21,1 | 276
1550 | 101,6] 0,0 | 02 | 0,5 | 1,0 | 20 | 7.3 [ 102 [ 149 | 192 ] 276
1600 | 104,6] 0,0 | 02 [ 05 [ 09 | 1,8 [ 64 | 90 [ 134 | 17,6 | 27,5
1650 | 107,6] 0,0 | 0,1 | 04 | 08 | 1,6 | 57 | &1 [ 12,1 | 16,0 | 274
1700 [ 110,6] 0,0 | 0,1 | 03 [ 0,7 | 1.4 [ 51 | 7.2 [ 109 | 14,6 | 27,3
1750 [ 113,6] 0,0 | 0,1 | 03 | 0,6 | 1.2 | 45 | 65 | 99 [ 134|272
1800 | 116,6] 0,0 | 0,1 | 03 | 05 | 1,1 | 41 | 58 [ 90 | 123] 27,1
1850 [ 119,6] 0,0 [ 0,1 [ 02 [ 05 | 1,0 | 3,7 [ 53 | 82 | 11,3 26,1
1900 [122,6] 0,0 [ 0,1 [ 02 [ 04 | 09 [ 33 [ 48 | 7,5 | 10,4 ] 26,0
1950 [125,6] 0,0 [ 0,1 | 02 [ 04 | 08 | 3,0 [ 44 [ 69 | 96 | -
2000 [128,6] 0,0 | 0,1 | 02 [ 04 [ 07 27 ] 40 63|88 -

TK | 4

Table 18
«Frozen» component of the thermal conductivity Cs in the gas
phase 2, 10°, W/(m - K)

TK| J P, kPa 2

1 10 25 50 | 100 | 400 | 600 | 1000 | 1500 s
700 | 50,6 | 49,9 47,9
750 | 53,6 | 53,2 | 50,1 50,1
800 | 56,6 | 56,3 | 54,1 52,1
850 | 59,6 | 59,4 | 57,8 | 55,6 54,0
900 | 62,6 | 62,5 | 61,3 | 59,5 | 57,1 55,8
950 | 65,6 | 65,5 | 64,6 | 63,2 | 61,1 | 58,1 57,5
1000 | 68,6 | 68,5 | 67,8 | 66,7 | 65,0 | 62,2 59,4
1050 | 71,6 | 71,5 | 70,9 | 70,0 | 68,6 | 66,2 61,1
1100 | 74,6 | 74,5 | 74,1 | 73,3 | 72,1 | 70,0 62,8
1150 | 77,6 | 77,5 | 77,2 | 76,5 | 75,5 | 73,6 | 66,2 64,5
1200 | 80,6 | 80,5 | 80,2 | 79,7 | 78,8 | 77,2 | 70,2 | 67,2 66,2
1250 | 83,6 | 83,6 | 83,3 | 82,8 | 82,1 | 80,6 | 74,1 | 71,2 67,9
1300 | 86,6 | 86,6 | 86,3 | 85,9 | 85,3 | 84,0 | 78,0 | 75,1 | 71,0 69,7
1350 | 89,6 | 89,6 | 89,4 | 89,0 | 88,4 | 87,3 | 81,8 | 79,0 | 74,8 71,4
1400 | 92,6 | 92,6 | 92,4 | 92,1 | 91,6 | 90,6 | 85,5 | 82,9 | 78,7 | 75,1 | 73,2
1450 | 95,6 | 95,6 | 95,4 | 95,1 | 94,7 | 93,8 | 89,1 | 86,6 | 82,6 | 78,9 | 75,1
1500 | 98,6 | 98,6 | 98,4 | 98,2 | 97,8 | 97,0 | 92,7 | 90,3 | 86,4 | 82,7 | 77,0
1550 |1101,6|101,6 | 101,4|101,2|100,8|100,1 | 96,2 | 94,0 | 90,2 | 86,5 | 78,9
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(End of Table 18)

T, K

4

P, kPa

1

10

25

50

100

400

600

1000

1500

’
Ay

1600

104,6

104,6

104,5

104,

3(103,9

103,3

99,6

97,5

93,9

90,3 | 80,9

1650

107,6

107,6

107,5

107,

31107,0

106,4

103,0

101,1

97,6

94,1 | 83,0

1700

110,6

110,6

110,5

110,

31110,0

109,5

106,4

104,5

101,3

97,9 | 85,1

1750

113,6

113,6

113,5

113,

31113,1

112,6

109,7

107,9

104,8] 1

01,5] 87,1

1800

116,6

116,6

116,5

116,

41116,1

115,6

113,0

111,3

108,41

05,2 | 89,3

1850

119,6

119,6

119,5

119,

41119,2

118,7

116,2

114,7

111,91

08,8] 91,8

1900

122,6

122,6

122,5

122,

4]1222

121,8

119,4

118,0

115,4

112,4] 94,4

1950

125,6

125,6

125,5

125,

411252

124,8

122,6

121,3

118,8

116,0| -

2000

128,6

128,6

128,5

128,

4]128,2

127,9

125,8

1245

122,21

19,5| -

Table 19

Molar fraction of the diatomic vapor molecules Cs X,,%

At saturation

T, K P, kPa curve

1 10 | 25 | 50 | 100 | 400 | 600 | 1000 | 1500 | X, P, kPa
700 | 0,775 3,33 4,524
750 | 0,456 | 4,22 4,29 10,15
800 | 0,286 | 2,72 5,31 20,59
850 | 0,130 | 1,82 | 4,33 6,36 | 3634
900 | 0,163 | 127 | 3,06 | 5,78 743 | 66,56
950 |0,093|0,92|2,23|4,27|791 8,50 | 1,090-10%
1000 | 0,069 | 0,68 | 1,66 | 3,22 | 6,07 9,56 | 1,696:10°
1050 | 0,052 | 0,52 | 1,27 | 2,48 | 4,74 10,58 | 2,536°10%
1100 | 0,040 | 0,40 | 0,99 | 1,95 | 3,75 11,57 | 3,649-10?
1150 | 0,032 | 0,32 [ 0,79 | 1,56 | 3,02 10,33 12,51 | 5,687-102
1200 | 0,026 | 0,26 | 0,64 | 1,26 | 2,46 | 8,65 | 12,03 13,40 | 6,896°102
1250 | 0,021 [ 0,21 | 0,52 | 1,04 [ 2,04 | 7,29 [ 10,25 14,23] 9,119-102
1300 | 0,018 | 0,18 | 0,44 | 0,87 | 1,70 | 6,20 | 8,79 | 13,26 15,01 | 1,180°10°
1350 | 0,015 0,15 0,37 0,73 | 1,44 | 5,31 | 7,59 | 11,58 15,73 | 1,496°10°
1400 | 0,013 0,13 [ 0,31 0,62 | 1,23 | 4,68 | 6,59 | 10,16 [ 13,97 [ 16,39 | 1,864°10°
1450 [ 0,011 [ 0,11 0,27 0,53 [ 1,06 | 3,98 | 5,75 | 8,95 |12,42]16,99] 2,285:10°
1500 | 0,009 | 0,09 | 0,23 | 0,46 [ 0,92 | 3,48 | 5,05 | 7,92 | 11,08 |17,54| 2,760°10°
1550 { 0,008 | 0,08 | 0,20 | 0,40 | 0,80 | 3,07 | 4,47 | 7,05 | 9,93 | 18,04 | 3,291:10°
1600 | 0,007 | 0,07 { 0,18 | 0,36 | 0,71 | 2,71 | 3,97 | 6,30 | 8,92 | 18,47 | 3,877°10°
1650 | 0,006 | 0,06 | 0,16 | 0,32 | 0,63 | 2,42 | 3,54 | 5,68 | 8,04 18,87 4,519°10°

521



522

Viktor Dzis, Olena Dyachynska

(End of Table 19)

At saturation

T, K P, kPa curve
1 10 | 25 | 50 | 100 | 400 | 600 | 1000 | 1500 | X, P, kPa

1700 | 0,006 | 0,06 | 0,14 | 0,28 | 0,56 | 2,16 | 3,18 | 5,09 | 7,28 |19,21| 5,215°10°
1750 | 0,005 | 0,05 | 0,13 | 0,25 0,50 | 1,94 | 2,86 | 4,60 | 6,61 |19,52| 5,96710°
1800 | 0,005 | 0,05 | 0,11 | 0,23 | 0,48 | 1,78 | 2,59 | 4,17 | 6,02 | 19,80 | 6,776°10°
1850 | 0,004 | 0,04 | 0,10 | 0,20 | 0,41 | 1,69 | 2,36 | 3,80 | 5,50 |20,06 | 7,644:10°
1900 | 0,004 | 0,04 | 0,09 | 0,19 | 0,37 | 1,45 | 2,14 | 3,47 | 5,04 20,31 | 8,577-10°
1950 | 0,003 | 0,03 | 0,08 | 0,17 [0,34| 1,32 | 1,96 | 3,19 | 4,64 | — -
2000 | 0,003 | 0,03 | 0,08 | 0,15 0,31 | 1,21 | 1,80 | 2,93 | 4,27 — —

Table 20

Viscosity of rubidium in the gas phasen- 10", Pa-s
P, kPa
TK | ns
1 10 25 50 | 100 | 400 | 600 | 1000 | 1500

700 |198,5]194,2 186,2
750 |210,1|207,6 193,7
800 |221,8|220,2(207,4 200,8
850 [233,4(232,4(223,4|211,1 2074
900 |245,1|244,3|237,9|228,5(215,8 2139
950 |256,7]256,2(251,4]244,2]233,8 220,1
1000 |268,4 [ 268,0 | 264,3 | 258,7|250,3 | 236,5 226,2
1050 |280,0 (279,7|276,9 |272,4|265,6 | 253,8 232,2
1100 [291,7 [291,4 | 289,2 | 285,6 | 280,0 | 270,0 238,2
1150 (303,3(303,1 [301,3 {298,4|293,7|283,3 | 249,8 2442
1200 (315,0(314,8{313,3|310,9|307,0 |299,8 | 267,7 | 253,0 250,2
1250 |326,6 | 326,5 [ 325,3|323,2|319,9|313,7 | 284,8|270,8 256,3
1300 |338,3 (338,2|337,1335,4|332,6(327,2|301,2|288,0|267,9 2624
1350 |349,9 349,8348,9[347,4|345,0(340,4[317,0 | 304,6 | 285,3 268,6
1400 (361,6 [361,5|360,7 | 359,4|357,3 |353,2(332,2|320,7|302,2|284,6 | 274,8
1450 |373,2(373,2|372,5(371,3|369,5|365,9|346,9 | 336,3|318,7|301,5|281,1
1500 (384,9 (384,8 |384,2|383,2|381,6|378,4(361,2|351,3|334,7|318,1 | 287,6
1550 [396,5(396,5 [ 395,9 |395,1393,6390,7 | 375,1 | 366,0 | 350,3 | 334,3 | 294,1
1600 |408,2 [ 408,1 | 407,7 | 406,9 | 405,5 | 403,0 | 388,7 | 380,3 | 365,6 | 350,2 | 300,8
1650 (419,8 (419,8419,4|418,6|417,5|415,1 [402,1|394,3|380,4|365,7|307,5
1700 (431,5(431,5[431,1|430,4|429,3|427,2|415,3|408,0|395,0|380,9|314,5
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(End of Table 20)

T, K

U

P, kPa

1

10

25

50

100

400

600

1000

1500

Ns

1750

4431

443,1

442,8

4422

4412

439,2

428,2

421,5

409.,3

395,9

321,5

1800

4548

4548

454.4

4539

453,0

4512

441,0

434,8

4233

410,5

3287

1850

4664

466,4

466,1

465,6

464,8

463,1

4537

4479

437,0

4249

336,1

1900

478,1

478,1

4778

4773

476,6

475,0

466,3

460,8

450,6

439,1

343,7

1950

489,7

489,7

489,5

489,0

488.,3

486,9

478,8

473,6

464,0

453,1

2000

501,4

501,4

501,1

500,7

500,1

498.,8

491,1

486.,3

4772

466,8

Table 21
Thermal conductivity of Rb in the gas phase A - 104, W/(m - K)

T, K

2

P, kPa

1

10

25

50

100

400

600

1000

1500

Zs

700

72,4

79,9

93,4

750

76,7

80,5

100,2

800

80,9

83,0

98,8

106,4

850

85,1

86,4

96,1

108,4

111,9

900

89,4

90,1

96,3

104,7

115,2

116,7

950

93,6

94,1

98,1

103,9

111,7

121,0

1000

97,9

98,2

100,9

104,9

110,5

119,1

124.,8

1050

102,1

102,4

104,2

107,0

111,1

117,7

128,3

1100

106,4

106,5

107,8

109,8

112,8

117,9

131,4

1150

110,6

110,8

11,6

113,1

115,3

119,1

132,6

134,3

1200

114,9

115,0

115,6

116,7

118,3

121,2

132,3

136,3

137,0

1250

119,1

119,2

119,7

120,4

121,7

123,9

132,9

136,5

139,5

1300

123,4

123,4

123,8

124.4

1253

127,0

1343

1374

141,2

142,0

1350

127,6

127,71

127,9

128,4

129,1

130,4

136,3

139,0

142,4

144,7

1400

131,9

131,9

132,1

132,5

133,0

134,0

138,8

141,0

144,0

146,1

147,1

1450

136,1

136,2

136,3

136,6

137,0

137,8

141,5

143,3

145,8

147,7

149,2

1500

140,4

140,4

140,5

140,7

141,0

141,6

144,5

146,0

148,1

149,7

151,5

1550

144,6

144,7

144,7

144.,9

145,1

145,6

147,9

149,0

150,7

152,1

153,8

1600

148.9

148,9

149,0

149,1

149,3

149,6

151,4

1523

153,7

154,8

156,2

1650

153,1

153,2

153,2

153,3

153,4

153,7

155,1

155,8

156,9

157,8

158,7

1700

157,4

157,4

157,4

157,5

157,6

157,8

158,8

159,4

160,2

160,9

161,2

1750

161,6

161,7

161,7

161,7

161,8

161,9

162,7

163,1

163,7

164,2

163,7

1800

165,9

165,9

165,9

166,0

166,0

166,1

166,7

166,9

1674

167,7

166,3
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(End of Table 21)

P, kPa
LK 4 1 10 25 50 | 100 | 400 | 600 | 1000 | 1500 %
1850 (170,1(170,2|170,2|170,2|170,2|170,3|170,7{170,9|171,1|171,3|169,1
1900 (174,4 (174,4174,4|174,4|174,4|174,5|174,7|174,8|175,0|175,0 | 171,9
1950 | 178,6 (178,7 | 178,7|178,7|178,7|178,7|178,8|178,8|178,9|178,8| -
2000 | 182,91182,9(182,9|182,9|182,9(182,9|182,9|182,9|182,8|182,7| -

Table 22
Reaction component of the steam thermal conductivity Rb
A, 104,W/(m - K)

P, kPa ,
LK\ 4 1 10 25 50 | 100 | 400 | 600 | 1000 | 1500 4 's
700 | 724 | 9,1 25,3
750 | 76,7 | 4.8 29,3
800 | 80,9 | 2,7 | 23,0 32,6
850 | 85,1 | 1,6 | 14,6 | 31,1 35,7
900 | 894 | 1,0 | 9,5 | 21,3 | 36,0 38,1
950 [ 93,6 | 0,7 | 6,4 | 14,8 | 26,2 40,0
1000 [ 97,9 | 05 | 44 [ 105 ] 192|325 41,4
1050 [102,1| 0,3 | 3,2 | 7,6 | 142 | 25,0 42,5
1100 | 106,4| 0,2 | 23 | 5,6 | 10,7 | 19,3 43,3
1150 | 110,6 | 0,2 1,8 | 43 8,2 | 15,1 | 40,6 43,9
1200 | 114,9| 0,1 1,3 1 33 | 64 | 12,0343 | 428 44,3
1250 [119,1] 01 [ 1,1 [ 26 | 50 | 9.6 [ 29,0 ] 37,1 445
1300 | 123,4| 0,1 0,8 | 2,1 4,0 | 7.8 | 24,5 ] 32,1 | 42,2 44,6
1350 | 127,6| 0,1 0,7 1,7 | 33 | 64 |209 279|376 44,9
1400 | 131,9| 0,1 0,6 1,4 | 2,7 | 53 | 17,9 | 24,2 | 38,6 | 41,3 | 45,0
1450 [136,1] 0,0 | 0,5 | 1,1 | 23 | 44 [ 153 ] 20,9 [ 29,7 | 37,2 | 44,7
1500 | 140,4| 0,0 | 04 1,0 1,9 | 3,7 | 13,1 | 18,2 | 26,3 | 33,6 | 44,5
1550 | 144,6| 0,0 | 03 | 0.8 1,6 | 32 | 11,4 | 159 ] 23,4 ] 30,3 | 443
1600 | 148,9| 0,0 | 0,3 | 0,7 14 | 27199 | 140 (208|274 | 44,1
1650 | 153,1 0,0 | 0,2 | 0,6 1,2 | 24 | 87 | 12,4 ] 18,6 | 24,6 | 44,0
1700 | 157,41 0,0 | 0,2 | 0,5 1,0 | 2,1 7,7 | 11,0 | 16,7 | 22,6 | 43,8
1750 | 161,6] 0,0 | 0,2 | 0,5 | 0.9 1,8 | 6,8 | 9.8 | 15,0 | 20,4 | 43,6
1800 | 1659 0,0 | 0,2 | 04 | 0,8 1,6 | 6,0 | 87 | 13,5 18,5 | 43,3
1850 | 170,1| 0,0 | 0,1 04 | 0,7 14 | 54 | 7.8 | 12,2 ] 16,9 | 43,1
1900 | 174,4| 0,0 | 0,1 0,3 | 0,6 1,3 149 | 7,1 | 11,1 | 154 | 42,8
1950 [178,6] 0,0 | 0,1 | 03 [ 0,6 | 1,1 | 44 | 6,4 10,1141 ] -
2000 [ 182,9] 0,0 | 0,1 0,3 | 0,6 1,0 | 40 | 58 | 92 [ 129 -
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Table 23

«Frozen» component of the steam thermal conductivity of Rb
A+ 104,W/(m - K)

T,K

4

P, kPa

10

25 50

100

400

600

1000

1500

}'I

3

700

72,4

70,9

68,1

750

76,7

75,7

70,9

800

80,9

80,3

75,8

73,6

850

85,1

84,8

81,5

77,3

76,1

900

89,4

89,1

86,8

83,6 | 79,2

78,6

950

93,6

93,4

91,7

89,1 | 85,5

81,0

1000

97,9

97,7

96,4

944 | 91,4

86,7

83,4

1050

102,1

102,0

101,0

99,3 | 96,9

92,7

85,7

1100

106,4

105.3

105,5

104,1102,1

98,5

88,1

1150

110,6

110,6

109,9

108,8107,1

104,0

92,0

90,4

1200

114,9

114,8

114,3

113,4 | 111,9

109,3

98,1

93,5

92,7

1250

119,1

119,1

118,6

117,9|116,6

114,3

104,0

99,4

95,0

1300

1234

1234

123,0

122,3]121,2

119,2

109,8

105,3

98,9

97,4

1350

127,6

127,6

127,3

126,7(125,8

124,0

115,4

11,1

104,5

99,7

1400

131,9

131,9

131,6

131,1]130,3

128,7

120,9

116,8

110,4

104,9

102,1

1450

136,1

136,1

135,9

135,41 134,7

133,3

126,2

1223

116,1

110,5

104,6

1500

140,4

140,4

140,1

139,81 139.1

137,9

131,4

127,8

121,8

116,1

107,0

1550

144,6

144,6

144,4

144,11 143.,6

142,4

136,5

133,1

127,4

121,8

109,5

1600

148,9

148,9

148,7

148,41 147,9

146,9

141,5

138,3

132,9

127,4

112,1

1650

153,1

153,1

153,0

152,71152,2

151,3

146,3

143,4

136,3

132,9

114,7

1700

157,4

157,4

157,2

157,0(156,6

155,7

151,2

148,4

143,5

138,4

117,4

1750

161,6

161,6

161,5

161,3]160,9

160,1

155,9

153,4

148,8

143,6

120,2

1800

165,9

165,9

165,8

165,5]165,2

164,5

160,6

158,2

153,9

1492

123,1

1850

170,1

170,1

170,0

169,8 169,5

168,9

165,3

163,0

158,9

154,4

126,0

1900

174,4

174,4

174,3

174,1|173,8

173,2

169,9

167,8

163,9

159,6

129,1

1950

178,6

178,6

178,5

178,41178,1

177,6

174,4

172,5

168,5

164,7

2000

182,9

182,9

182,8

182,61182,4

181,9

179,0

177,1

173,7

169,8
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Table 24
Molar fraction of the diatomic vapor molecules of Rb X,,%
At saturation

P, kPa

T, K curve

1 10 | 25 | 50 | 100 | 400 | 600 | 1000 | 1500 | X, P, kPa
700 | 1,153 3,44 3,132
750 0,646 4,42 7,399
800 |0,3873,62 5,46 16,66
850 10,245(2,35(5,51 6,53 30,27
900 |0,163(1,59|3,79|7,07 7,60 54,31
950 {0,113 [1,11]2,69]5,11 8,66 91,63
1000{0,081]0,80(1,95(3,76 (7,03 9,70 | 1,463-10%
1050{0,060|0,59|1,46 (2,83 (5,38 10,70 | 2,235-10?
11000,045]0,45 (1,11 (2,18 [ 4,18 11,67 | 3,284-10°
1150(0,035|0,35(0,87 (1,70 3,30 | 11,14 12,58 | 4,666°10?
1200 {0,028 10,28 (0,69 | 1,36 | 2,64 | 9,20 | 12,74 13,45| 6,436°10?
1250(0,022(0,22{0,55(1,10{2,15| 7,65 | 10,73 14,26 | 8,651-10?
1300{0,018]0,18{0,45{0,90 | 1,77 | 6,42 | 9,08 | 13,65 15,03 | 1,137-10°
1350(0,015]0,15|0,38{0,75|1,47| 5,42 | 7,74 | 11,79 15,74 1,463-10°

1400{0,013{0,13]0,32|0,63 | 1,24 | 4,62 | 6,64 | 10,23 | 14,06 | 16,40 | 1,849°10°

14500,011 (0,11 (0,27 (0,53 |1,05| 3,96 | 5,73 | 8,91 [12,37|17,01| 2,298:10°

1500 {0,009 {0,09]0,23|0,45]0,90| 3,43 | 497 | 7,80 10,93 (17,56 | 2,816°10°

15500,008 | 0,08 0,20 |0,39|0,78| 2,98 | 4,36 | 6,87 | 9,69 |18,08| 3,400-10°

1600 | 0,007 (0,07 (0,17 | 0,34 | 0,68 | 2,61 | 3,82 | 6,07 | 8,62 |18,54| 4,057-10°

1650 0,006 (0,06 |0,15|0,30|0,60| 2,30 | 3,38 | 5,40 | 7,70 | 18,95| 4784-10°

1700 | 0,005 | 0,05 (0,13 0,26 | 0,53 | 2,04 | 3,00 | 4,82 | 6,91 [19,31| 5,562:10°

17500,005(0,05(0,12|0,23|0,47| 1,82 | 2,68 | 4,32 | 6,22 [ 19,63 | 6,448:10°

1800 | 0,004 (0,04 |0,10|0,21|0,42| 1,63 | 2,40 | 3,88 | 5,62 [19,90| 7,360-10°

1850 ] 0,004 [0,04]0,09]0,19]0,37] 1,46 | 2,16 | 3,61 | 5,09 [20,12] 8,372-10°

1900 | 0,003 0,03 0,08 0,17|0,34| 1,32 | 1,96 | 3,18 | 4,63 [20,29| 9,420-10°

1950 (0,003 {0,03{0,08|0,15]0,30| 1,20 | 1,78 | 2,89 | 4,22 |20,42 | 0,1051E+05

2000 (0,003 |0,03|0,07|0,14|0,28| 1,09 | 1,62 | 2,64 | 3,86 |20,50 | 0,1165E+05

The errors of the tabular values of the coefficients of the viscosity and
thermal conductivity are (estimation of errors was carried out according to
the method [56; 57]):
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for cesium:

at 7 <1600K, 1, =3%, n, =5%, A, =4%, A, =6%;

at T<1750K,n, =4,5%, n, =7%, A, =5%, A, =8%;

at 7 >1750K, n, =5%, n, =10%, A, =8%, A, =10%;

for rubidium:

at T <1600K, n, =3,5%, n, =5%, A, =4,5%, A =6%;

at T<1750K, n, =5%, n, =7%, A, =5,5%, L, =8%;

at 7>1750K, n, =6%, n, =10%, A, =7%, A, =10%.

In practice, the coefficients of the thermal conductivity and viscosity

of the alkali metals in the gas phase can be conveniently calculated by the
ratios [2]:

n(T.x,) =", (T)[l £y A,,x;’j

n=1

107, Pass 2104, W/(mK) /

/

(87)

600 KPa

%3, Satufated vapour

N, 200 kBa

/
00 kP2
1506 1Pa
1. Monoatomic gas

1l 000| 1Pa

\ /{ 25kPa
400 1Pa _

N\

a1

200 kPs

y 100 kPa —
5 kPa % 9
\h gas

5/4Pa

.. Saturated Yapour Sipa

TE TK
00 800 1000 1200 100 1600 1200 2000 "800 00 1000 1200 1400 1600 1800 2000

Figure 13. Viscosity of the cesium  Figure 14. Thermal conductivity
vapor of the cesium vapor
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1-107, Pas :10%, Wi(m'K)
47

; /

600 P2

\
5 75 saturated vapou ﬁy/

\ | 200 k2
32 R
100 kPa

. gas 5 /
/ ", Saturated vapour 50 V
N 90 kPa

1 kPa
2 1P 10 kP:
00 kPa
5 kBa
22! TPa
A‘
5kPa 1 kPa
17 NS gas

T.K

TX

! 800 200 100 1200 1400 1600 1200 2000 600 800 1000 1200

1400

1600

1200

2000

Figure 15. Viscosity of rubidium  Figure 16. Thermal conductivity
vapor of the rubidium vapor

n=l1

MT,x,) = xl(T)[HZ(Bf” +B)x; + B (AH / RT) x,(1-x,)/ (1+x,)*

Mgy (x,, T) =1, (T)z BnBHx; >
n=1
b (3, T) = (D)4 B, X))
n=1
}\’x(x25 T) = XI(T)(1+ZBHX;) >
n=1

A, (x,, T)ZXI(T)(1+ian;),
2]2 x,(1-x,)

A (x,,T)=B :
(%, T) ”(T (1+)

j(88)

(89)

(90)

1)

92)

(93)
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where x, — is the molar fraction of the diatomic molecules in the
alkali metal vapor, AH — the thermal effect of the dissociation reaction of
molecules at temperature 7', coefficients: 4,,B,”.B,’,B, are given in the
table, they are determined by the relative collisions and thermodynamic
constants of the alkali metal vapor, their numerical values are given in the
table 25.

Table 25
Coefficients of equations (87-93)
n 1 | 2 | 3 1 | 2 | 3
Coefficient Rubidium Cesium

A, -1.916 3.594 -6.615 -1.762 3.073 -5.256
B, -2.172 4.171 -7.903 -1.987 3.571 -6.316
B -2.374 4414 -8.195 -2.231 3.852 -6.640
B, BH 0.202 -0.243 0.292 0.244 -0.281 0.324
B, 0.145 0.151

The coefficients of the viscosity and thermal conductivity of cesium and
rubidium in the gas phase on isobars are quite accurately approximated by
polynomials of the third degree:

3

n10"=>c", Ha-c, (94)
0
3 Bm

r100=> b1, —, 95
Zo“ ! m-K ©3)

where t=—— , T=T"..2000K .
1000

The approximation error is less than 1%, which is much lower than the
errors of the tabular values n and A. The coefficients of equations (94, 95)
are given in table 26.

Tables 18 and 23 show that the «frozen» component of the thermal
conductivity 4, for cesium and rubidium vapor decreases with increasing
concentration of molecules, and the «reaction» 4, component increases
(Tables 17, 22). Their total contribution depends on the magnitude B;, and
values the of thermodynamic constants. For steam Cs and Rb the maximum
value, the pressure effect for thermal conductivity (g —24,)/A, ~10+30%
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acquires at 7 =700..1300K (Tables 16, 21, Figures 14, 16, 17), so
outside the specified temperature range, determining the relative cross
sections of collisions Bf, from the experimental data on the thermal
conductivity is associated with significant difficulties. The viscosity
depending on the pressure (concentration of molecules) for the alkali
metal vapor varies significantly over a wide range of temperatures. For
T =800..2000K the effect of pressure for the vapor viscosity Cs and Rb
is(n, —My)/ms #10+40% , therefore, in determining Bj, the preference
should be given to the experimental data on the vapor viscosity of the alkali
metals.

Table 26
Coefficients of equations (94, 95)
P,kPa| T, K ay a a, a; bo b, b, bs
1 2 3 4 5 6 7 8 9 10
Viscosity Thermal conductivity

Rubidium
25 850 | -157.5| 593.6 | -225.1 | 46.5 | 260.5 | -401.6 | 314.5 | -66.7
50 900 |-233.6| 717.1 | -293.2 | 59.2 | 324.5 |-508.5| 3734 | -77.4
100 1000 |-298.9 | 800.2 | -327.5| 63.5 | 325.7 | -477.8 | 336.9 | -66.9
200 1050 | -380.6 | 891.4 | -358.7 | 51.2 | 387.2 |-562.5| 3742 | -72.1
400 1150 |-444.2| 928.7 | -353.2| 61.4 | 421.0 |-591.2 | 376.8 | -70.4
1000 | 1300 |-508.6 | 923.7 |-317.7| 51.2 | 442.7 | -582.5 | 350.8 | -62.9
Ps 700 64.0 | 223.8 | -85.5 | 23.8 | -60.9 | 337.1 |-195.0| 43.2

Cesium

25 850 | -114.7 | 536.5 | -174.5 | 36.0 | 123.0 | -163.7 | 143.9 | -30.7

50 900 |-180.0 | 641.3 | -232.3 | 457 | 157.0 |-219.5| 174.1 | -35.8

100 1000 | -247.4 | 730.9 | -271.6 | 52.2 | 193.0 |-274.4| 201.6 | -40.3

200 1050 |-341.2| 861.4 | -337.0| 54.2 | 1985 | -264.1 | 185.1 | -353

400 1150 |-522.1|1139.9|-494.5| 95.1 | 175.7 | -198.1 | 133.5 | -23.2

1000 | 1300 |-257.6 | 501.8 | -56.3 | 0.04 | 304.9 |-417.7 | 260.5 | -47.9

P 700 59.7 | 2649 | -103.1 | 28.4 | -49.8 | 248.8 | -149.2 | 345




Chapter «Technical sciences»

6. Conclusions
The monograph is devoted to the experimental study of the viscosity
of cesium and rubidium in the gas phase in unexplored regions of high
temperatures, as well as the development of calculation equations and tables
of transfer coefficients of these substances at temperatures up to 2000 K.
Main results of the work:

=

=
=
e

_Cs

=
=

i
01 /
T, K
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Figure 17. The effect of pressure in the pair
of cesium and rubidium

An experimental installation for the study of the viscosity of the
alkali metal vapor in a wide range of high (up to 2000 K) temperatures,
implementing the method of a viscometer with an annular channel.

Have been developed high-temperature measuring cell, the design
of which allows you to directly measure the temperature of the working
element of the viscometer. This provides an accurate determination of the
temperature of the investigated alkali metal vapor in the working gap.

The original method of stabilization of the steam generator operation
mode was applied, which allowed to ensure the stationary flow of the
investigated alkali metal vapor in the working element of the viscometer.
Distinctive features of the created installation are high stability of modes of
its work and considerable resource.

A large array of experimental data on the viscosity of the cesium vapor
(167 points) and the rubidium vapor (61 points) at the following values of
state parameters:

for cesium T=900 ... 1770 K, P=12 ... 135 kPa;

for rubidium T=990 ... 1750 K, P=139 ... 135 kPa.
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Most of the obtained experimental data do not lie in the previously studied
temperature range above 1200 K. The average error of the experimental
data is 3%.

On the basis of the received experimental data dependences of the
viscosity of steam of cesium and rubidium on temperature and structure
(pressure) are established. The cross-sections of the «atom-atomy collisions
and the relative cross-sections of the «atom-molecule» collisions are
calculated.

Equations and tables of the viscosity and thermal conductivity of cesium
and rubidium in the gas phase at T = 700 ... 2000 K and P =1 ... 1500
kPa, including the saturation line were calculated. Obtained on the basis
of experimental data [59; 61; 62; 65; 66; 69; 71; 72; 73; 74; 77; 80] on
the viscosity of the rubidium and cesium vapor, the cross sections of the
collisions agree well with the literature data, have high reliability and
accuracy, so developed on their basis calculation equations and tables for
the viscosity and thermal conductivity can be recommended for practical
use in the scientific and engineering calculations by specialists in the
field of research of properties of metals in the gas phase, creation of new
types of the heat carriers and development of high-temperature power and
technological equipment.
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