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The Soviet Union is conducting a successful program for the accelerated development of
atomic power in the European part of the country. The first stage of this program is based
on atomic power stations with thermal-neutron reactors of the channel and shell types. Tak-
ing account of the limited natural reserves of uranium and the low efficiency of its utiliza-
tion in thermal-neutron reactors, the future development rates, scales, and economic charac-
teristics of nuclear power will be determined largely by the success achieved in building
fast reactors which permit realization of the process of expanded regeneration of nuclear
fuel from the tailings of natural uranium and an increase in the efficiency of utilization
of the nuclear fuel by a factor of 30 or 40.

The special properties of the physical processes in fast reactors and the requirement of
accelerated production of secondary nuclear fuel has made necessary an increase in the nu-
clear concentration of fissionable fuel and a considerable increase in the specific heat
generation in the active zone (by a factor of 5-10, i.e., up to 500-1000 kW/liter) in com-
parison with thermal-neutron reactors [1]. The characteristics of the breeding process and
the doubling time are determined to a large extent by the nuclear and thermophysical char-
acteristics with regard to heat removal of the coolant selected. Investigators are familiar
with the results of tests and physical characteristics of experimental atomic power stations
using fast reactors with sodium, and with the difficulties encountered in the heat-conversion
scheme as a result of the incompatibility of sodium with water in steam generators [1,2].

One of the promising ways of constructing gas-cooled fast reactors with low doubling time is
the use of dissociating nitrogen tetroxide as the coolant and the working fluid in single-
loop atomic power station schemes. The presence in the dissociating coolant of the reversi-
ble chemical reactions
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leads to the appearance of an additional concentration mechanism of heat transfer and in-
creases by a factor of 2-3 the heat removal in the active zone of the reactor. The tempera-
ture range of the dissociation and recombination reactions and the comparatively low heat of
liquid—gas phase transition make it possible to realize with N,0, a gas—liquid cycle with
higher heat regeneration than with H;0 or CO,, and consequently to obtain better thermodynam-
‘i¢c indicators. Atomic power stations with gas-cooled fast reactors and dissociating coolant
can be widely used for generating low-cost electric power, producing secondary nuclear fuel,
and supplying heat to industry and general consumers. ~

At the Nuclear Power Institute of the Academy of Scienceg of the Belorussian SSR, in co~-
operation with a number of scientific institutions — the OFTPE of the Ural Science Center of
the Academy of Sciences of the USSR, the Thermophysics Institute of the Siberian Branch of
the Academy of Sciences of the USSR, the High-Temperature Institute of the Academy of Sciences,
the S. M. Kirov Kazakh State University, the Physics Institute of the Daghestan Branch of the
Academy of Sciences of the USSR, and others — there have been comprehensive and continuing
studies of the thermophysical properties of dissociating nitrogen tetroxide in the range of
parameters of its practical use as a coolant and a working fluid for atomic power stations:
at temperatures of 293-820°K and pressures of 1-20 MPa. The result of this investigation,
coordinated by the Working Group on the Thermophysical Properties of Nitrogen Oxides of the
Soviet Commission on Thermodynamic Tables of Technologically Important Gases of the Academy
of Sciences of the USSR and by the State Service of Standard Handbook Data of the USSR, has
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been the publication of surveys and handbooks on the physicochemical and thermophysical prop-
erties of dissociating nitrogen tetroxide [3-5]. The intensity of experimental and theoret-
ical investigation in this area — of the more than 500 publications on this subject known
to the authors, two-thirds have appeared during the past 10 years — makes it desirable to
conduct a systematic analysis of all the results obtained, in order to complete within a
short time the compilation, with accuracy acceptable for practice, of complete tables of the
thermophysical properties of one of the most promising coolants for atomic power stations.

We shall discuss the main results of the investigations already conducted and the problems

to be solved by further investigations.

Thermochemical Constants and Ideal-Gas Functions. The principal thermochemical con-
stants (heats and entropies of formatiom, etc.) of all components of the chemically reacting
system (1) have been established fairly reliably and are given in [3] (see also the survey
[4]). Ideal~gas functions of a mixture have been considered in detail in a study by Bazhin
[6]. In order to calculate the composition of a chemically reacting mixture, polynomials
describing the variation of the equilibrium constants of the first and second stages of the
reaction as functions of temperature have been obtained [5]. A special feature of the chemi-
cally reacting system under consideration is the practically complete equilibrium of the first
stage of the reaction and the serious imbalance in the second. This last fact has necessi-
tated the development of special methods for calculating the thermophysical properties,
taking account of the kinetics of the chemical reactions [7].

Thermodynamic Surface of States. Up to the present time the thermodynamic surface of
states of the chemically reacting system (1) has been studied experimentally in considerable
detail: investigators have determined the principal properties in the solid, liquid, and
gaseous phases and established the parameters of solid—gas and liquid—gas equilibria [5].
Parallel with the accumulation of experimental material on the volumetric behavior of the
system in the liquid and gaseous phases, attempts have been made to construct the equations
of state for particular regions of the parameters: A. G. Tabachnikov and S. M. Mezheritskii
(1969); V. P. Bubnov and V. V. Moiseenko (1970); G. G. Kuleshov and E. E. Shpii'rain (1972);
P. M. Klepatskii and V. F. Shankin (1975). In the last interpolation equation of state [8],
high accuracy was achieved in describing the available experimental P-V-T data over the en-
tire experimentally investigated range of parameters in the gaseous phase (Ig=T=570°)
with a maximum error of ~0.5%. At the same time, the problem of constructing the equation
of state in the gaseous phase cannot be regarded as completely solved, since the pressure is
not an analytic function of the density for systems which react according to the scheme of
dissociation with regrouping (the second stage of the reaction); this was shown by Semenov
[9]. Attempts to use the traditional virial expansion on such systems will inevitably lead
to an "infinite" second virial coefficient. In [10] it was shown that this effect can be
experimentally observed in dissociating nitrogen dioxide at T ~ 1000°K and P &~ (.5-5 MPa.

The question of the equation of state in the liquid phase, despite the well-known work of A.
G. Tabachnikov [11], can be solved only by the simultaneous processing of P—V-T and Cv exper-—
imental data, since the curvature of the experimental isochores in liquid nitrogen tetroxide
is commensurable with the error of the P—V-T measurements. Important results concerning the
nature of the chemically reacting system (1) in the region of metastable states were obtained
in [12,13], the authors of which determined the maximum allowable overheat values for a liquid
without formation of a vapor phase, as well as the continuity and momotonicity of the thermo-
dynamic derivatives where the phase equilibrium curves intersect, and also studied the kinet-
ics of the spontaneous and y-ray-induced boiling of overheated dissociating nitrogen tetrox-
ide.

Caloric Properties. Experimental and theoretical investigation of heat capacity at con-
stant pressure cover practically the entire range of parameters for which it is assumed pos-
sible to use a dissociating coolant in the elements of power stations. A detailed survey of
the work done in this field is given in [5]. Among the latest studies we may note [14],
which, on the basis of the theory of scale transformations, determines the critical index
for the isobaric heat capacity and obtains an equation for the slopes of the supercritical
maxima of CP on the basis of experimental data of [15,16]. The only region not covered by
any experiment is the region of the liquid state at high pressure, for which the values of
the heat capacity were determined from enthalpy measurements. There are as yet no experi=-
mental data available on the heat capacity at constant volume, a fact which, as mentioned
earlier, prevents a complete solution of the problem of the equation of state in the liquid
phase, as well as a reconciliation of the data on volumetric behavicr, heat capacity, and
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the velocity of sound in the zone of the liquid—gas phase transition. Independent measure-
ments of Cy are now being made at the Nuclear Energy Institute of the Academy of Sciences of
the Belorussian SSR and at the Physics Institute of the Daghestan Branch of the Academy of
Sciences of the USSR. The enthalpy of dissociating nitrogen tetroxide has been experimentally
investigated mainly in the liquid phase [17], but a limited number of experimental points in
the gaseous phase have been used for verifying the reliability of the enthalpy calculations:
in the temperature range T =T =300°K and pressures of up to 10 MPa, this was done by the
equation of state of [8], for P = 10 MPa and up to 770°K by integrating the heat capacity Cp,
and for temperatures above 770°K by the method of [18]. Calculations for the entropy of N,0,
were -carried out in a similar mamner [5].

Transfer Properties. The viscosity of the chemically reacting system (1) has been in-
vestigated in detail in the liquid phase by the rolling-ball method, and in.the gaseous phase
by the falling-load and oscillating-disk methods and in a spiral capillary [5]. The smoothed
tabulated data on viscosity in the liquid phase have a dispersion of ~8%, but according to
our estimates, we may expect these values to be systematically low by 10-20Z; in the gaseous
phase, for P = 0.1-14 MPa and T = 300-700°K the relative error does not exceed 3%, and the
relative error of the calculated data for T = 1000°K and P = 16~25 MPa may reach 7%.  The
reliability and completeness of the data on viscosity may be considered satisfactory in the
first approximation. The parameters of intermolecular interaction of the components of the
mixture (1) have been determined on the basis of experimental data by the four-parameter
least-squares method in combination with the method of successive approximations [5,19].
Experimental investigation of the thermal conductivity of system (1) are fairly extensive,
and a complete survey and analysis of these is given in [5]. An important feature of the
calculation of the thermal conductivity of chemically reactive systems is the need to take
into account the heat transferred inthe form of chemical enthalpy by concentration diffusion.
And depending on the ratio of the chemical relaxation times and the characteristic diffusion
time, the values of thermal conductivity may vary from frozen to equilibrium values. The
thermal conductivity in the gaseous phase has been calculated with due regard to the effect
of the nonideal nature of the system on the quantities determining the thermal conductivity
of the dissociating gas (density, composition, enthalpy, binary coefficients of diffusion,
frozen component of thermal conductivity) [20]. The relatively high errors in the determin-
ation of thermal conductivity in the liquid (~4%) and gaseous (v8%) phases [4] makes it im-
possible to regard these data as exhaustive, especially because of the use of a modified
coolant (N,0, with admixtures of NO), whose thermal conductivity, as is shown by the first
experimental data, does not differ from the thermal conductivity of pure nitrogen tetroxide
determined with an equal error.

Coolant with Technological Impurities. The practical utilization of dissociating nitro-—
gen tetroxide in the pure state is difficult because it is chemically active and hygroscopic.
This latter feature leads to the formation of nitric acid, whose presence, owing to the large
difference between the boiling points of HNOs; and N,0,, may seriously increase in percentage
terms in zones of phase transition [21], and to a sharp increase in the rate of corrosion of
the structural materials used. The reaction forming nitric acid through the absorption of
atmospheric moisture by the nitrogen tetroxide can be displaced in the direction of the orig-
inal substances by introducing into the coolant a relatively small superstoichiometric
amount of NO, the reaction product. The use of this modified coolant has proved its advan—
tages over pure N,0, from the viewpoint of corrosion properties [5], but this required a
special study of the entire complex of its thermophysical properties. For N,0,~NO solutions
over a wide range of concentrations of nitric oxide (NO) the ideal-gas functions were calcu-
lated, the parameters of the solid—gas and liquid—gas phase equilibria were established, and
the heat capacity Cp, the kinetics of the liquid-gas phase transition, and the thermal con-
ductivity were investigated experimentally [5]. Some estimates (the parameters of the liquid—
gas phase equilibrium, density, viscosity) and experimental results (surface tension) were
also obtained for N,0,~HNOs; solutions over a broad range of concentrations [5,22,23]. A
problem that remains timely is that of the experimental investigation of most of the thermo-
physical properties of an N,0,-based coolant over a wide range of concentrations and over the
entire region of parameters of its practical utilization. A problem of the first importance
is the study of the physicochemical and thermophysical properties of dissociating nitrogen
tetroxide with industrial additives of HNO;, NO, and others in the zone of phase transitions
and the near-critical region. High accuracy in the measurement of the thermophysical prop-
erties in the true sense and the composition of the investigated solutions must be regarded
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as being among the most important aspects of the investigation. A complex program of such
research is now being carried on at the Nuclear Power Institute of the Academy of Sciences
of the Belorussian SSR.

Corrosion of Structural Materials in a Coolant Medium. Problems relating to the corro-
sion resistance of structural materials, and especially the jackets of the heat-generating
elements, are very lmportant in the choice of coolant: even for relatively low rates of cor—
rosion, which are not at all dangerous from the viewpoint of the strength properties of the
material, a limiting factor may be constituted by the accumulation of the solid phase in the
coolant, which in turn may cause erosion of the elements of the installation or clogging of
narrow segments of the coolant loop [5]. The corrosion resistance of a broad spectrum of
materials in an N.0,-based coolant for temperatures ranging from room temperature to 950°K
and pressures of up to 16 MPa has been investigated in fairly great detail up to the present
time; under these conditions most stainless steels have a high corrosion resistance and
similar patterns of behavior of the corrosion rate as a function of time, temperature, pres-
sure, and flow rate [5]. Typical data on the comparative rates of corrosion of stainless
steels in an N,0, medium [3] and in air [24] at a temperature of 850°K for 1000 h give con~
vincing evidence in favor of the former. At the same time, there is a relatively narrow
region of temperatures of the phase transition of technological nitrogen tetroxide contain-
ing water or nitric acid as an impurity in which the rate of corrosion of the steels in—
creases by one order of magnitude when the HNO,; concentration in the liquid—gas phase tran-
sition zone increases by a few percent. The corrosion rate in zones of boiling and conden-
sation of the coolant can be substantially reduced, as mentioned earlier, by adding a super-
stoichiometric amount of NO [5]. The problem of the chemical composition of the products of
corrosion of chrome—nickel steels in an N,0, medium remains very important. The few avail-
able investigations in this area [5] indicate that the structure of the oxides and oxy salts
of the metals making up the steels of structural materials becomes more complex as the tem-
perature decreases, from Fe,O0; at T ™ 600°K to Fe,0(NOs), + [NOT1[Fe(N0s)7] at T ~ 300°K for
iron, the main component. Compounds of the form Ni(NOz)., Zr(NO3)., and some others have
also been found. In future investigations of the complex low-temperature structures of the
products (ferrites, nitrate complexes, and mixtures of these) it should be borne in mind that

their formation depends to a large extent on the thermal regime and the characteristics of
the surface layer of the steels,

Thus, it can be asserted that a number of theoretical problems involved in the prepara-
tion of project studies for power installations using dissociating nitrogen tetroxide have
been solved thus far on the basis of the accumulated information concerning its thermophysi-~
cal properties. The solution of most of the problems discussed in this survey should facili-
tate a more careful analysis of some specific technological aspects of the problem of utili-~
zing dissociating gases as coolants in large-scale power generation.

LITERATURE CITED

1. V. B. Nesterenko, Physicotechnical Fundamentals of the Use of Dissociating Gases as
Coolants and Working Fluids at Atomic Power Stations [in Russian], Nauka i Tekhnika,
Minsk (1971).

2. V. B. Nesterenko, A. A. Mikhlevich, and B. E. Tverkovkin, Fast Reactors and Heat-Exchange
Apparatus at Atomic Power Stations with Dissociating Coolant [in Russian], Nauka i
Tekhnika, Minsk (1978).

3. A. K. Krasin and V. B. Nesterneko (editors), Thermodynamic and Transfer Properties of
Chemically Reactive Gaseous. Systems [in Russian], Nauka i Tekhnika, Minsk (Part I,

1967; Part II, 1971).

4. V. B. Nesterenko, A. B. Verzhinskaya, M. A. Bazhin, and V. P. Bubnov, "Thermophysical
properties of dissociating nitrogen tetroxide," in: Thermophysical Properties of Gases
[in Russian], Nauka, Moscow (1976), pp. 18-21.

5. V. B. Nesterenko (editor), Physicochemical and Thermophysical Properties of Chemically
Reactive Systems N,0, = 2NO, = 2NO + O, [in Russian], Nauka i Tekhnika, Minsk (1967).

6. M. A. Bazhin, "Thermodynamic investigations of dissociating gases as working fluids in
nuclear power plants,'" Author's Abstract of Candidate's Dissertation, ITMO Akad. Nauk
BSSR, Minsk (1971).

7. V. B. Nesterenko and B. E. Tverkovkin, "Investigation of the kinetics of chemical reac—
tions of the system N,0, = 2NO, = 2NO + O, in a stream,” Izv. Akad. Nauk BSSR, Ser. Fiz.—
Tekh. Nauk, No. 2, 12-20 (1966).

467



10.
1t.
12.
13.

14.

15.

16.
17.
18.

19.

20.
21.
22.
23.

24,

468

P. M. Klepatskii and V. F. Shankin, "Experimental investigation of P—V-T relations for
dissociating nitrogen tetroxide at P = 5-190 bar and T = 340-580°K," Izv. Akad. Nauk
BSSR, Ser. Fiz.-Energ. Nauk, No. 1, 68-76 (1975).

A. M. Semenov, "Statistical thermodynamics of nonideal chemically reactive gases,”
Author's Abstract of Doctoral Dissertation, IVT Akad. Nauk SSSR, Moscow (1977).

P. M. Klepatskii and A. M., Semenov, "Thermodynamic properties of the equation of state
of dissociating nitrogen tetroxide," in: Dissociating Gases as Coolants and Working
Fluids in Power Plants, Authors Abstract of Candidate's Dissertations, ITMO Akad. Nauk
BSSR, Minsk (1973), pp. 134-140.

A. G. Tabachnikov, "Thermodynamic properties of chemically reactive real gas systems,"
Author's Abstract of Doctoral Dissertation, OTIKhP, Odessa (1971).

G. G. Kuleshov, "Thermodynamic properties of dissociating nitrogen tetroxide. III.
Surface of metastable states,”" Izv. Akad. Nauk BSSR, Ser. Fiz.-Energ. Nauk, No. 1,
77-82 (1972).

V. E. Vinogradov, E. N. Sinitsyn, and V. P. Skripov, "Kinetics of spontaneous and y-
ray-induced boiling of superheated dissociated nitrogen tetroxide," Izv. Akad. Nauk
BSSR, Ser. Fiz.-Energ. Nauk, No. 1, 117-121 (1977). )
Yu. D. I1'yukhin, G. G. Kuleshov, and G. P. Povedailo, "Isobaric heat capacity of N,0,
in the region of supercritical maxima,"” in: Dissociating Gases as Coolants and Working
Fluids of Power Plants. Part 1 [in Russian], ITMO Akad. Nauk BSSR, Minsk (1976), pp.
169-173.

A. B. Verzhinskaya, A. N. Dashuk, Yu. D. Il'yukhin, A. A. Raiko, A. Zh. Greben'kov and
V. P. Povedailo, "Experimental investigation of the isobaric heat capacity of equilib-
rium-dissociating nitrogen tetroxide in the gaseous phase with small admixtures of NO
on the 150, 75, and 25 kg/cm® isobars at temperatures of 80-500°C," in: Dissociating
Gases as Coolants and Working Fluids of Power Plants, Part 1 [in Russian], ITMO Akad.
Nauk BSSR, Minsk (1976), pp. 113-121.

V. B. Nesterenko, A. M. Sirota, and Yu. D. Il'yukhin, "Experimental investigation of
the caloric properties of equilibrium—dissociating nitrogen tetroxide at pressures of
50-175 kg/cm?® and temperatures of 140-500°C," Teploenergetika, No. 7, 54-57 (1973).

A. E. Sheindlin, N. I. Gorbunmova, and Yu. A. Sarumov, "Experimental investigation of
the enthalpy of a chemically reactive system," Dokl. Akad. Nauk SSSR, 186, No. 4, 817-
819 (1969).

M. A. Bazhin, V. P. Bubnov, V. B. Nesterenko, and N. M. Shiryaeva, Optimization of the
Parameters of Power Plants Using Dissociating Working Fluids [in Russian], Nauka i
Tekhnika, Minsk (1970).

G. Z. Serebryanyi, "Determination of the parameters of interaction of the chemically
reactive mixture N0, = 2NO,," Theses of the Reports at the Third All-Union Conference
on "Dissociating Gases as Coolants and Working Fluids of Atomic Power Stations" [in
Russian], ITMO Akad. Nauk BSSR, Minsk (1972), p. 32.

Yu. G. Kotelevskii, "Investigation of the thermal conductivity of dissociating nitrogen
tetroxide in the dense gaseous and liquid states," Author's Abstract of Candidate's
Dissertation, ITMO Akad. Nauk BSSR, Minsk (1973).

L. I. Kolykhan and A. S. Sen'ko, "Experimental investigation of the amount of impurities
in the wall layer of a vapor—liquid stream of N,0.," Izv. Akad. Nauk BSSR, Ser. Fiz.-
Energ. Nauk, No. 4, 71-75 (1974).

E. F. Chang and N. A. Gokcen, "Thermodynamic properties of gases in propellants and oxi-
dizers. 1. Solubilities of He, N,, 0., and N,0s in liquid N.0,," J. Phys. Chem., 70,
No. 7, 2394-2399 (1966).

A. J. Vosper, "Dinitrogen trioxide. Part 5. A spectrophotometric study of liquid mix~
tures of nitrogen dioxide and nitric oxide: the stability of liquid dinitrogen tri-
oxide,”" J. Chem. Soc., No. 11, 1759-1764 (1966).

Properties of Steels and Alloys Used in Turbine Construction [in Russian], Mashino-
stroenie, Leningrad (1966).



