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PREFACE

In 1967 the first part of the book Thermodynamic and Transport Properties

of Chemically Reacting Gaseous Systems was issued at the "Nauka i Tekhnika"

Publishing House (Minsk), in which the results of the study of the thermo-
physical properties of dissoclating systems of N204, A12016 and AlzBr6 in an
ideal gaseous state were explained. In 195-1970 at the Institute of Nuclear
Power Engineering (IYaE) of the AN BSSR (Belorussian SSR Academy of Sciences),
the Institute of High Temperatures of the AN SSR (USSR Academy of Sciences),
the State Institute of Applied Chemistry, the Odessa Institute for Engineers

of the Maritime Fleet, the Siberian Power Engineering Institute, and others,

a complex theoretical and experimental study of the properties of dissociating
systems of N0, ES 2N02, 149 kilocalories per kg, and ZNO2 + 2NO + 0,5 249 kcal
per kg, was performed. In these years in the IYaE AN BSSR single-circuit
schemes of AES (atomic electric~power stations) with a gas-liquid cycle operat-
ing on N204 were proposed, the possibilities of the development of gas-cooled
fast reactors with intensities of 400-600 kW/kg at maximum gas parameters of
130-170 atmospheres absolute, 480-540° C, and temperatures of the jackets of
the TVEL (fuel elements) of 700~750° C. In recent years, proposals for the
development of the experiment BRG-30 AES with a gas-cooled fast reactor operat-
ing on N204 were developed and accepted. These circumstances caused the neces-
sity of an experimental study of the thermophysical properties of N204 in the
liquid phase, and the development of methods for calculation and experimental
checking of the characteristics of a dissocilating gas with consideration of

its imperfect nature. Many years of research at the GIPKh (State Institute of
Applied Chemistry) made it possible to ascertain an extensive class of con-
struction wmaterials which demonstrated a high corrosion resistance and are

to be subjected to further dynamic tests in a medium of N204 at gas parameters
of up to 200 atm. abs. and 700-750° C.

This book is devoted to a more detailed and deeper study of the thermo-
physical and corrosion characteristics of dissociating nitrogen tetroxide on

the basis of the latest ¢xperimental investigations. Engineering methods of

e .o




calculating the most important properties of chemicslly reacting systems in

a dense gaseous state have been developed and are presented.

Tables of thermophysical properties, results of an investigation on
radiation-thermal resistance, and recommendations with respect to corrosion-
resistant materials in a medium of dissociating nitrogen tetroxide are pre-

sented.

The calculated thermophysical characteristics of N204 presented and their
experimental validation make it possible to perform a thermodynamic analysis
of cycles, thermal and gasodynamic calculations for a nuclear reactor, turbo-
machines, heat-exchange apparatus of power plants, and to determine the techni-

cal and economic indices of an AES operating on a dissociating coolant.

The study of the mechanism of radiation-thermal and thermal dissociation
and recombination of N204 made it possible to refine the constants of the rates
of the reactions, and to develop methods for calculating the parameters of the
cycle and the characteristics of the units with a consideration of the kinetics

of the chemical reactions.

At the present time, a primary check of the methods developed has been
performed and the importance of the consideration of the kinetics of the chemi-
cal reactions in N204 in the development of highly economical AES has been
demonstrated. Probably these results will constitute the basis of a third book

on thermodynamic and transport properties of dissociating gases.

The book was prepared by a collective of authors of the Institute of
Ntvclear Power Engineering of the AN BSSR and the State Institute of Applied
Chemistry. The Preface and Introduction were written by A. K. Krasin and
V. B. Nesterenko; Chapter I by V. B. Nesterenko, M. V. Mal'ko, and G. V.
Nichipor; Chapter II by M. A, Bazhin and V. B. Nesterenkc; Chapter III by
B. G, Maksimov, Yu. G. Kotelevskiy and G. Z. Serebryanyy; Chapter IV by I. K.
Dmitriyeva, L. V. Mishina, and I. I. Paleyev; Chapter V by B. G. Maksimov; and
Chapter VI by A. M. Sukhotin and N. Ya. Lantratova.




o y—

e ot g o e EBOS N G

The authors consider it a pleasant duty to express their gratitude to

mathematical programmers V. N. Pisarchik and V. D. Sviridova for calculations

performed on the Minsk-22 ETsVM (electronic digital computer) .

-yl

v ——




o o

-

JRes S NP

T e VA i s et 5 i i

CONVENTIONAL SYMBOLS

P, V, and T are pressure, volume, and temperature, p and Z are density
and compressibility factors; R 1s the universal gas constant; M and m are
molecular weight and molecular mass; U, H, and S are internal energy, enthalp;,
and entropy; Cp is heat content at constant pressure; Cv is heat content at
constant volume; Kc’ Kp, and KY are constants of equilibrium via concentration,
partial pressure, and volatility of the components, respectively; f, a, and y
are volatility, activity, and activity factor; o and § are degree of dissocia~-
tion and degree of development of the reaction; x and n are the molar fraction
and the number of moles; vy represents stoichiometric coefficienti; Ik is the
rate of the k-th chemical reaction; q is the specific heat flux; j and g are
tne flux of moles; r is the latent heat of evaporation; r/k and ¢ are the
parameters of intermolecular reactions; u is the coefficient of dynamic vis-
cosity; A 18 the coefficient of thermal conductivity; Dij is the coefficient
of binary diffusion; w is the acentric Pitzer factor; and x is the Riedel

factor.

The subscripts i, j represent the i-th and the j~th components of the
nixture; k is the value of the quantity for « pure gas; i is the value for
this gas in the mixture; e is the equilibrium value of the quantity; c is the
value of the quantity for a pure gas having a volume and temperature of the
mixture and the same number of moles as the gas has in a mixture* represents
reduced quantities taken at very low pressures; m means molar [M = m]; s repre-
sents saturation; pl represents melting [M? = pl]}; kip represents boiling
[N = kip]; isp represents evaporation [HCM = isp]; cr indicates a critical
state [HP = cr]; tr.t represents the triple point [TP.T = tr.t]; eff represents
the effective properties; f is the "frozen' component; r, the "reaction' com-
ponent; o represents standard conditions; T = 298.15° K and P = 1 atmosphere;

0, T represent an ideal gaseous state.
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INTRODUCTION

The development of steady-state and tramsport power engineering, including
nuclear engineering, is essentially based on the application of water vapor
(stear) as a working fluid. Technical and economic investigations of recent
yvears have demonstrated that in thermodynamic cycles operating on steam econom-
ically optimum parameters and limiting values of efficiency have been achieved.
Thermodynamic characteristics of cycles and the physical-chemical properties
of steam are such that considerable limitations exist with respect to the unit
capacity of single-shaft turbo units [1].

At the present time, the problem of the search for new coolants for
nuclear reactors crerating on fast neutrons, which would make it possible to
accomplish simpler c-hemes for heat conversion than in nuclear reactors with
sodium cooling, and to have better physical characteristics than in fast re-

actors with steam cooling [2, 3], has become extraordinarily urgent.

Tne Iustitute of Nuclear Power Engineering of the AN BSSR has been
assigned the problem of searching for new gaseous _oolants and working fluids
making it possible to obtain better thermodynamic characteristics of cycles,
a grearer unit capacity of single-shaft turbo units than in use of steam, and
tv develop gas-cooled nuclear reactors operating on fast neutrons with high
shysical and thermophysical characteristics at the level of temperatures and

pressures developed in reactor building and power-machine building [3-7].

As one of such working fluids and coolants, chemically reacting systems
have been proposed, in which reversible chemical reactions occur, accompanied
by thermal effects of chemical reactions and a variation in the number of
moles [8-12]. The increase in the number of moles during heating and the de-~
crease in it during cooling leads to an increase in the efficiency of the
thermodynamic cycle, and the presence of a thermal effect in a chemically
reacting system provides for high thermal properties for it because of the

transfer of a considerable quantity of heat by means of concentration diffusion
[5-7].

"'v,i li-




Out of a large class of chemically reacting systems [5], in which reactions
occur with an increase in the number of moles and absorption of heat in the

dissociation of the gas, the best-;tudied is the system N204 ¥ 2N02 Z 2NO + 02.
In 1963-1969 in the IYaE AN BSSR, IVT (Institute of Water Transport) of the
AN SSSR, the GIPKh, and other organizations, a large complex of theoretical
and experimental works on the study of the thermophysical and physical-chemical
properties cof N204 was performed [7]. This made it possible to determine the
. prospects of the application of dissociating gases as working fluids for power
plants and coolants for nuclear reactors and led to the possibility of the
1 v development of gas—cooled fast nuclear reactors of 1000-1200 megawatt (electri-
cal) capacity operating on N204 with the same specific heat intensities as in
sodium reactors and with better phsyical characteristics, AES with single-

, shaft gas turbines operating on N204 with unit power of 1200-2400 megawatts

' and a metal content is only a fourth or fifth as much as a plant operating on
steam, demonstrated the high thermodynamic efficiency of the gas and gas-liquid 3
cycles on N204 at the level of temperatures and pressures developed in power
engineering by means of a higher regeneration of heat than when operating on

steam, as a consequence of the chemical reactions occuring in the coolant.

i In this monograph a survey is given of the experimental studies of N204
and certain results of further works are expounded in the study of the thermo-

dynamic and the transport properties of a chemically reacting system N, 0, ¥

1 .

]
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Z2NO, ¥ 2N0 + O,..
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Chapter I
GENERAL PHYSICAL~-CHEMICAL PROPERTIES OF NITROGEN TETROXIDE

1. On Experimental Studies of the Thermophysical Properties of N294

At the present time the chemically reacting system N204 < 2N02 2 2N0 + 0

has been experimentally studied in adequate detail to perform a primary check

2

of calculation methods and, with certain assumptions, to calculate the pro-
perties of the system N,0, < 2NO,, & 2NO + 0, in a wide range of temperatures

a2nd pressures, which may be used in thermodynamic investigations of cycles

and engineering calculaticns of the heat-trensfer equipment of atomic power
plants [13].

rpekat wd
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We must note that the basic experimental material was obtained at sub-
critical gas parameters (60-80 ata); as yet experimental data on convective

heat transfer of N204 at supercritical gas parameters are lacking. The accu-

wter o b o R

oo

racy of available experimental data on the thermophysical properties and on

ek, 3 D ek 203

heat transfer is lower than that for water and inert gases (He, C02, N2’ and
others).

s

The basic parameters of the dissociating N204 system are presented in
Table 1.1.

In the works of the IYaE AN BSSR [5, 6] it was demonstrated that the
possible temperature range of the working parameters of thermodynamic cycles

operating on N204 embraces 20-750° C, and 1.1-260 ata with respect to pressure.

At the beginning of works in the IYaE AN BSSR, in spite of the wide field
of application of N204 in the nitrogen industry and in rocket engineering, the
N204 system was inadequately studied in the experimental plan (1-2 ata, 20-150°
C). For validation and refinement of calculated data on the thermophysical
properties of N204 in a wide range of temperatures and pressures, the IYaE AN
BSSR, together with the CIPKh IVP AN SSSR, ITF SO AN SSSR (Institute of Theo-
retical Physics of the Siberian Branch of the USSR Academy of Sciences) and

-1~
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the OIIMF (Odessa Institute for Engineers of the Maritime Fleet) performed much

work on their experimental investigation.

Table 1.1 Physical-Chemical Pruperties of N204
Indices Values
Molecular weight MO’ g/mole 92.02
[+
Normal boiling temperature, Tnormal boiling’ K 294.3
Critical pressure, P__, ata 103.3
Critical temperature, Tcr’ °K 431.35
Critical volume V__, cm’/mole 165.3
Heat of evaporation To94.3° keal/kg 99.4
Melting temperature (melting point), Tpl’ °K 262
Heat of chemical reaction
+ -

N.O, L 2N02 (1) prl’ kcal/kg 149
2NO2 Z 2NO ¢+ 02 (11) - QXPZ’ kcal/kg 293
Temperature range of reaction:

at 1 ata AT, °K 300-1200

at 100 ata AT, °K 450~1500

The physical-chemical properties and the state of the experimental investi-
gation of the thermophysical properties of N204 are prsented in most detail in
the works of the IYaE AN BSSR [2, 5, 7]. At the present time this material

has been supplemented by new and more accurate data.

The P-V-T dependence of a dissociating system of N204 in the liquid phase
was studied by Reamer and Sage [14] at 294-444° K up to 400 ata; in the gaseous
phase by Schlinger and Sage [15] at 294-444° K and 1-130 ata; at higher parame-
ters by Tsymarnyy at the OIIMF [16] at 373-575° K and 60-600 ata. In the IYaE
AN BSSR an investigation of the P--V-T of N204 was accomplished at 373-830° K
and 8-125 ata in the new experimental plant by the ballast-free piezometer
method with a hot membrane and a hot valve [17]. The error of the experimental
data obtained at the IYaE AN BSSR with respect to the P-V-T dependence of N204
is estimated as being £0.5%. With respect to the results of experimental work

-2-
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[14-17] at the IYaE AN BSSR tables of the properties of N204 were compliled,

which are recommended for engineering calculations [18].

Investigations of the enthalpy heat content, thermal conductivity, and
viscosity of N204 were performed by the IYaE AN BSSR jointly with the IVT AN
SSSR.

At the IYaE AN BSSR investigations were made of the enthalpy of liquid
N204 at the isobars of 85, 103, and 115 ata [19], and of heat content in the
liquid [7] and gaseous phases [21].

At the IVT AN SSSR the enthalpy of N204 in the liquid phase was studied
by the method of a coatinuous-flow calorimeter at pressures of 60-300 atmos-
pheres and temperatures up to 158.3° C; part of the experiments were performed
in the gaseous phase up to 170° C, and also the heat content of N20 was

A
measured in the liquid phase at atmospheric pressure.

At the OIIMF and the IYaE AN BSSR with the use of experimental data [11,
17}, calculated tables of the thermodynamic functions of an N204 system in the
liquid phase were compiled [22]. The satisfactory agreement of the calculated
and experimental data obtained with respect to the enthalpy of N204 in the
liquid phase shows the reliability of the calculated values of the enthalpy,

which are recommended for engineering calculations.

The thermal conductivity of N204 at atmospheric pressures was studied in

a wide range of temperatures [25-28]. At the IYaE AN BSSR the thermal conduc-
tivity of N204 was studied in the plant by the method of coaxial cylinders in
a temperature range of 300-800° K and a pressure range of 1-50 ata [29]}. The
experimental data obtained at the IY4aE AN BSSR on tne thermal conductivity of
Nzoa agrees satisfactorily with the calculated data only in the temperature
range of the first stage of the reaction, N204 Z ZNOZ. In the region of the
second stage of the dissociation reaction ZNO2 ¥ 2NO + 02, experimental data
obtained with respect to thermal conductivity agree better with the calculated

data with a consideration of the kinetics of the chemical reaction. At the

-3
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IYaE AN BSSR a method has been developed for calculating the heat transfer of
the system with consideration of the geometry of the heat-conducting clearance
and the rates of the chemical reactions of dissociation and recombination [30].
An investigation of the thermal conductivity of N2 4 by the heated filament
method is being conducted at the IVT AN SSSR.

At first the coefficient of dynamic viscosity of N0, was experimentally

studied at pressures close to atmospheric pressure, in ihz temperature range

of 290-440° K, i.e., only in the range of the first stage of the reaction

Nzo4 2NO [31, 32]. At the IYaE AN BSSR an experimental study of the vis-
cosity of N2 4 in the temperature range of 300 to 800° K and a pressure range
of 1 to 50 ata was conducted by the falling load method in the power plant [33].
The experimental data on the viscosity of N204 obtained agree well with the
most reliable data of Petker and Mason [31] with the calculated data of the
IYaE AN BSSR and the OIIMF within limits of error of the experiments, 3.5% at
atmospheric pressure, and up to 8% at a pressure of 50 ata. At the IV1 AN BSSR
the investigation of the viscosity of the NZOA system is being conducted by

the oscillating disc method. Preliminary experimental data from the IVT AN
SSSR with respect to the viscoscity of N 04 have a degree of accuracy and
confirm the reliability of the results obtained earlier by other methods [33]
An experimental investigation of the viscosity of a dissociating system in the
liquid phase, including the saturation line, was conducted by the authors of
[34] in a temperature range of 273-428° K and a pressure range of 1-400 ata

in the plant by the rolling ball method. This experimental work is as yet the
only one of its type available and it is desirable to obtain data on the vis-

cosity of N in the liquid phase by another method, since the rolling ball

0
274
method does not always give satisfactory results on the viscosity of liquids.

The curve of the vapor tension of N204 was experimentally studied in ade-
quate detail from the temperature of the triple point to the critical point.
At the IYaE AN BSSR work was done on the analysis of experimental data of the

*

At the present time experimental data have been obtained on visccsity in the
temperature range of 253.8-415.1° K and a pressure range of 25-760 ml Hg with
a maximum relative error of 0.9% [46].

-4
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curve of the vapor tension of N204 for the construction of Ps - Ts(dPs/de) -

- Ts-dependences [35]. For the construction of an interpolation generalizing

BERERS R bR

dependence PS - 'I's in reference [35] the most reliable experimental results
were used {14, 15, 36-39]. The maximum deviation of the calculated data with

respect to pressure Ps from the experimental results does not exceed 2% [35].

Lo R g

On the basis of the curve of the vapor ternsion of N204 proposed in refer-
i ' . ence [35], obtained according to experimental data [14] at the IYaE AN BSSR,
the heat of evaporation of N204 140] was calculated with the use of the

Clausius-Clapeyron equation. The calculated value of the heat of evaporation

SRS AU A N G B

of N204 at 1 ata agrees with the experimental results.

The dependence of the constant of equilibrium of the dissociating system
1 N204 x 2NO2 Z 2N0 + 02 was experimentally studied by a number of authors [41-
45] in a wide range of temperatures. The majority of the works includes the gl
range of pressures below atmospheric. At the IYaE AN BSSR experimental data

on the composition of N,0, ¥ 200, Z 2N0 + 0, were generalized, the thermal i

effects were refined with respeci to the fiist and second stages of the reac- %
& tion, In the experimental plan the composition of the dissociating system of
Nzo4 was studied by the spectropliotometric method at the IYaE AN BSSR at P =1
ata in the temperature range of 130-600- C [45]. At the present time experi-
ments are being conducted with respect to the study of the composition of the

N204 system at increased pressures by the same method at the IYaE AN BSSR.

At the present time available experimental data on a dissociating N204
system are adequate for engineering calculations of heat-transfer apparatusses
(heat exchangers) of AES in the temperature range of 2C to 550° C at 1 to 80
ata, A small amount of experimental data ar supercricical pressures made it
possible to refine the calculation methodologles of the thermophysical proper-

; ties of N204 in the preliminacy plan.

A further increase in the accurscy of experimental data 1s necessary, and
also an expansion of the range of experimental investigation of N204 with !
3 respect to temperature "p to 750° C and with respect to pressure up to 260 ata, i
: ]
{
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Experiments of increased accuracy with respect to the enthalpy of N204
in the liquid and gaseous phases at 20~170 ata and 20-200° C must be designated

as the most important experiments.

2. Investigation of the Radiation-Thermal Stability of N

2%

Mathematical nodel of the mechanism of radiation-thermal dissociation of

> -
gzga. The radiation decompositiou of the system N204 Zz 2N02 < 2NO + 02 was

considered at the following conditions: temperature range 440°< T < 800° K,

17 electron—volts/cm3/s, mass flow rate G = 1 kg/s, cross-

power of dose & = 10
section of reactor channel Sr = 0.0017 mz, pressure P = 47 ata, stay time of
the gaseous mixture in the reactor channel £, = 0.04 s, which are optimum for
its application as the coolant of a nuclear reactor. Nitrogen dioxide is
present as a basic component in a wixture in a state of chemical equilibrium.
At the entry to tha reactor channel [NZOA]/[NOZI = 20% at T = 440° K and

P = 47 atmospheres, and at the outlet from it [N204]/[N02] = 0,01% at T = 800°

K and at the same pressure.

The most probabie means of radiation decomposition of nitrogen tetroxide

is the decay of the excited molecules of N204 along the least bond N204~~ >

+ N204. In this case the process of radialysis of nitrogen tetroxide is
reversible. Its contribution to the decomposition of N204 may be ignored be-

cause of the high rate of thermal dissociation of N204.

Experimental investigations of the rrdiation decomposition of nitrogen

dioxide [47-49] make it possible to propose the following radical mechanism:

1) NO, ~~-»NQ +0—172;

2) NO,~ ~->»N+20—222;

3) NO,+0-»NO+-0,--45 kg

4)  NO,+N-»2NO+78 kg

5) NO,+N-—»NO+0+43 ks

6) NO,+N—+N,+-20--3 &4
ga)  NO+N—»N;-+4-0,-}- 120 A,
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7) 0, =-N—» NO+Q-L33 &;;
8)  NO=-N—~N,-1-0-+75 &
9) 280, -~ 2NO+0,—27 &, k_g;
10) N+-0--M—NO+-M--150 &,;
11) NO+0--M- NO,+M-+-72 &,,;
12) NC4-N-+M —» N,O+M+114 &
13)  O5-O+4+M—>O0,+ML117 kyy;
14) N-LN-£M - Nt M4-225 &y
P 15 NO,-»2NO,—139 A, &

~15°

If the process under consideration were determined by reactions 3, 4
and the reaction 2NO + O, 2N02, then the nitrogen dioxide would be quantita-

tively reduced. The irreversible decomposition effect observed in the experi-

!

ment [47, 49] apparently occurs as a consequence of the reactions of nitrogen
atoms 5, 6, and 8, and also as a result of the recombination of the radicals

of one type in the volume and at the wall.

T AR BT

At rates of chemical reaction comparable with the velocities of the flow
of the gas, the distribution of the concentrations of the components in a
unidimensional nonisothermal flow in conditions when these assumptions are
valid:

1) diffusion transfer of the matter has no essential effect on the dis-

tribution of the parameters of the reacting mixture in the direction of the
motion of the flow;

2} rhe density of the axial thermal flow caused by thermal conductivity,

diffusion and turbulent transfer, is small in comparison with the density of
the radial thermal flow; is determined by the correlation of these velocities
and is described by the following equaticns [50-53]:

D C%?%
Cm '——a-i—"-'e—-==1K; (1.1) z
DT .
Cme T{T_ =QGy— hkl X
[CY)
-7
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where D/dt = (§/6t) + W(8/62z is a sub-steady-state derivative; W is the average
velocity of the flow; q is the volumetric density of the thermal flow (heat
flux); Ck’ m > hk represent the concentration, molecular weight, and specific

enthalpy of the k-th component; Tp- is the specific heat content of the mixture;
C =)cm.
o Kk

The quantity of the mass of the k-th component determined by the chemical
reactions is equal to I, = z v, .I,, where v, , is the product of the molecular
k j=1 ki™j ki

weight of the k~th component multiplied by the stoichiometric coefficient in

the equation of the j-chemical reaction, and I, is the rate of the chemical

3

reaction.

The terns Ik and Z thk in equations (1.1) with a consideration of the
(k)

chemical reactions (1-15) have the form

T 00 < 15,0, [has (VO — Ruis (VO3
l:25, = o, l-—"'r"r\o, — ks (NO,)(O) —
ety -y o g ot B JNO) (M) = 25 (NO 4
(i 2 (" DFO 5y (NOYHO) M -
e 0 (M0 — 26y, (KON
o == it [0 - Iy (FOH(0) - 2t (ROHN) -+
L B0 125 0, (RO MR RON)— |
=gy (037 W hy GON0) M~k (NOY M) M)
lo,= i, [/33 (NOL (O)-1- Frgy (NO,) 114)-4- k,(NO,)t—
ety (O5) (N)—k_o (NOF (O) -+ kg (OFM]:
I, <y, [y (NOR) (N) -+ k3 (NO) (N) -+
4 By (NO) (N) -+ Ay (NP M
In,o = o [y (NQH(N) - by (NO) (NYMJ;
Iy = nx [WN — by kgt Rog - RY) (NO,)(N)—
~ £y (03() — kg (NO) (N) —
— By (YO M — &y, (NOY(N) M — 2k, (N M];
lo = o o — £ (NO) (0) — kyy (NO)(O) M —
— gy (N) (0) 5 — 233 (OF M ks (NO) (M) +
42k, {NO,) (N) -+ £ (O;) (N) -+ k5 (NO) (N)]s
z te=— s [kx.'. N0~k (NO,)’] +
Ui - .- . . -

-8
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+qy [Py (NO)* — k? (NOF (Ua)] -+ 95 (NO2) V) =+
+ 94k + ske - Geke -+ Goaea)(NO) (N) = gikr (O (N) (1.2)
+ gy (NOY (N) - q10k30 (N) (O) M+ gk (NOY(O)M -+
+ Gubys (NOY(N) M - 935%15 (OF M == gy, (N)* M}

Having substituted expressions (1.2) into equation (1.1), we find that
the time distribution of the components of the mixture in a unidimensional
flow caused by the occurrence of the chemical reactions (1-15) and by the
effect of these reactions on grad T along the flow, is described by a system
of 9 nonlinear first-order differential equations:

p (0)

Cy,
& =Fk_15 (NO)*—Ey5 (N,O,);

5 (N0

Cn
dt.

- (ka -+ ks + ko -+ koa) (NO;:) (N) - 2k9 (NO.Q"' -+

-+2k_g (NOY*(O,) -+ &y, (NO)(O) M +
-t 2Ry (N,O,) — 2k_4; (NO,)%,
» M0

C

Crn 2" v Wio -+ ky (NOLNO)+ 2%, (NO(N) +

+ &7 (0.} (N) - 25 (NO,)* +- &y (N) (O) M — kg (NO) (N) —
—2k_y (NO)* (O) — k4, (NO) (O) M — ky, (NO) (N) M;

Cm

Cm = WNO: - k:l (NO;) (O) -

» 00
Cn —7$JL- == ky (NO,) (0) -+ kg, (NOp) (N) +

+ By (NO)* — &7 (Oy) (N)—k_ (NOYOp)-+£,,(0)* M;

p
Con

Cm dz

== kg (NOL) (N) + £y (NO)(N) +
+ Ry (NO) (N) -+ &gy (N)* M;

C
T = ky (NO)(N) + 4y, (NOY(N) M;

Cm
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C .
Com "'—[{i‘m”"' . :,W-\' (k- kyetget- K WNOMN) —

— k3 (O)(N) - li', (NO)(N) - &, (N(OIM —
= Ry (NOY ()M — 28, (NP M
n -9

>

’ ! (‘n . \ .
Co ek Wo = ky(ROMO) — £ iNOHOIV M —

: _ (1.3)
— by (RO M — 20 o (O M - &, (NC)N) -

e A (NONN) 4 £y (ONNY 4 B (NOV(NY,
br , . .
Cvcm ‘E‘“ = Gy i ‘{w [/."n('\'zoc)“ "-—xs('\ozﬂ H

+ Gp [ks (NOP* — k_y (NOP(O3)] -i- 94, (NO,) (O) +-
+ [0+ @8 -1 Geks - Gakes] (NO (N) -+
+ :k1(0;) (N) - gyks (NON(N) - g1okio (N) (O) M -+
-F quky (NO) (O) M - gk, (NOY(N) M -
+ ik (OF M -- gy by (NI M,

where (Nzoa), (N02), (NO), (02), (NZ), (NZO)’ (N) and (0) are the current
concentrations of the oxldes of nitrogen,’oxygen; nitrogen, and the atoms of
nitrogen and oxygen; kj is’ the constant of the rate of the j-th chemical re-
L Cs

k’
(k)
sz is the r 'mary rate of the radiolysis of nitrogen dioxide with respect

action; qj is the thermal effect of the j~th chemical reaction; M =

to reactions 1 and 2; WN, Wb, WNO are the rates of the formation of the atoms

of nitrogen, oxygen, .nd nitric oxide according to the same reactions.

Relative to the energy fields G1 and 62 of the decomposition of NO2 with
respect to reactions 1 and 2, on the basis of the calculation given in the
survey, the following assumptions were made: at P 21 atmosphere, Gl = 10
moles/100, G

pressure, the values of G1 and G2 vary inversely proportional to P. Experi-

9 = 1 mole/100. In the range of pressures exceeding atmospheric

mental values of the specific rates of reactions 3-15 are given in Table 1.2.

~-10-
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Table 1.2 Values of the specific rates of chemical reactions used
"in the calculations.

i

h Refer-

. . .

. i ki 7, °K ence

%

3

. 3 |k, = 1,5.10" g/mofe-sce 300 541 o

1 [k = 0366- 100 grndemee 300 55

& 5 [k = 0,476.10'0 g/sodaisec 300 55

‘. 6 |k, -0,144.10'° g/noda-sce 300 35

. 6a | kyy = 0,111.1010 Jimols-ae 309 . 55

v 7 | ky = 501010 exp (—7100:RT) g/mods-gee 412755 |  [50

i 8 (hyx.3.i0"exp (wQOOmTOO’I{T),q/AwIa-wc. 476755 156

¢ ky s 4,7.10% exp (— 26860, RT) g/moke-Gee | 592636 | [57, 58]

¥ 9 lky = 4,0.10° exp (—26900,RT) g/mode-see | 630—1020 9

. 10 |k = 5,4:10° g odeisee 300 60

k 1 &y - 1L.85.10" g wodgisce 203 61

i« 12 [k,  0,36:107 ¢/ sodsiscc 300 47
13 {ky, - 0,97.10° 9%/ sodelece: 300 62
14 |k = 0,62.101° ¢/ nodsen _ 300 63

kyy =~ 10' oxp (=-13000/RT) 1 /sce 253301 | {64

R
-—
(341

In the steady-state case, system of differential equations (1.3) has

the form d_liﬁ?ﬂ_ § l
Cn | I "y A2 . . 3
a7z F— == C. W [’h-ls(‘\oz) - kyy (1\204)] ' f

¢ N0y

Cm ] ! o ' I
iz = T i I Vo, — k(NOYO)— {

e e P

s

.  (ky 4 ky + ko + k) (NO,) (N) — 2k, (NO,J? +
+ 2k_y (NOP*(Oy) -i- £y (NOY (D) M +4-
fi + 2k (NOJ) - 2k _y; (NO-_-)"]I
4 (rc\:O) P
7 T Vet k(N0 O) +

42y (NOL) (N) - k7 (O, (N) - 2ty (NO,)? —
— 2k_g (NO)*(O,) — k5 (NO) (N) +- &y (N) O) M —

=y, (NO) (0) M — ki3 (NO) (N) M]3

d _(02) i

Cm 1 o R J a
—Z— = WMNOIO) =k (0)N) + ]

+ kg (NO)* — k_g (NOJ? () + iy (OFM + kg (NOJIN); |

-11-
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Cm . l \ no. bW ..
d7 - Cm‘v [ko (1\‘02) (r\) \ ksa (:\Oz) (‘\) i
1+ kg (NOY(N) -+ ey, (N2 M];
(B0
Cnl ____! . N \ 'y \]-
— ey (B0 -y (NOXN) MJ;
)
C" l ) 1] t v .
-———-‘-I-Z-——‘—- EE-4 E':;"V“ [\VN — (k.‘ T ks -1 ko - ksa) i4
X (NOy) (N) — %7 (O,) (N) — kg (NO) (N) — ko (N) (O) M —
= Rya (NO) (N) M — 2k, (N)* M]:
o 1+ (NO) (N) W (NN o
d < |
dzm - C “,/ [“70 — k:' \I\'O-_!) (O) ’!“ k5 (N():)(N) +

-1+ 2Ry (NOy) (N) == #3 (Oy) () -i- kg (NO)(N) —
— Ry (N) (O) M — &y, (NO) (O) M -— 2k, (O)* M];
CVC, % = Gyt g [ (NO)=k_y5 (NOP*| +

-+ Gy [ko (NOL* — k_, (NOP* (O-.')] 1 gy (NON(O) +
e (kg Gy Qo Qugkiua) (NOL (N) -
+ gik; (N) (Oy) -+ gghy (NO)(N) -1+ gyftyo (N QY M -
+ Gk (NOY(O) M - g2k, (NO) (N) M -+
+ Guokiy (OF M -k g3k, (NP M.

In the last equation the thermal effects of the chemical reactions are
taken with their own sign: positive if the reaction is exothermic; pegative
if it is endothermic. The velocity of the flow of gas is determined as W =
= G/CmSg, where G is the mass flow rate, Sg is the crosgs-section of the reactor

channel with respect to the gas. The volumetric heat flux q, = qe(Z)/Sg.

The times of occurrence of the chemical reaction (15), (-15), (9), (-9)
as a function of T are given, calculated for an equilibrium gas mixture at
P = 47 atmospheres. As we approach chemical equilibrium, at an unchanged
temperature, the probability of a direct reaction decreases, i.e,, its time
increases, and the probability of a reverse reaction increases, and accordingly

the time of the reverse reaction is decreased.

-12~
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For the molecular reaction 7 = 1/k, i.e., its time, at the moment of

equilibrium is the same as at moments of time preceeding it.

From a comparison of the characteristics of the times of the chemical
rezctioas with the characteristic stay time of the gas in the reaction channel
(‘tn = 0.04 s) we may reach a conclusion concerning the equilibrium occurrence
of reaction 15. Therefore the variation of the concentration of nitroben
tetroxide along the flow is determined by the variation of the concentration

of §€02 and the content of equilibrium of reactions (15) and (~15):

. b .
(N,0,) = ",':H- (0% (1.5)

15

and the distortion of grad T along the flow caused in this case is described
by the product qlSd QCLOL'-)—/dZ.
m

Table 1.3 Time of occurrence of reactions in an equilibrium
mixture NyOy Z 2NO,7?Z 2NO + O, at P = 47 as a function

of T.
N;O+2NO; | 2NO,—N,0, "’NO:;{-,":N‘)‘*' INO-L0; +2NO,

b4
:: T, X
400‘ 1,3.10-? 2.10°* — —
00| 0.5-101¢ | 110 130,00 | 500,000
€00} 1,0.10°1t 1.1010 1,68 21,400
7001 1,0.10-12 1.10-10 0,08 0,164
800| 0,3.10-12 1.10°1e 0,0t 0,010

The derivative d N20u) /dZ is expressed via the derivatives d -————-(NOZ)/dZ,
CCm Cm
dT/dZ and de/dZ:
_Cm Ry mos
" (N?Ef_ k_yy  dCy, - (1.6)
C ky, dZ
(NO)®  k_ys (__1__ s ﬂl
+Cn ""C;z" ks T 1 RT: | dz
-13-
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For de/dZ the equation has the form

dz T dz - P Crn

k=1

8 .
dc,, Cn_ dT _ ChRT 4 -So / dz, 1.7)

where

-]

C.. Cn Ca

K=

+d -(%(-)l/d2+d —‘%’—/dzw —(g‘l/dl+

m m m

NO) S (N / 4z + 4 0L / dz.
+a £ /dz.d c +d -

Having solved equations (1.6) and (1.7) jointly with the second equation
of system (1.4) relative to d Sﬂ%gil/dz, de/dZ and d S%ggl/dz, we find that

m m
4 (N.O,) ,
m ey x
dZ 1 + -.xs (NO) —-15 (AO )8
kys kys
ks g (NOJP dT R_, RT
X e =l (NO, R
by RIT G, dZ Tk, COF X
,C“
.‘

) C—-+[ Eon (NO,)—---‘—'-’-’-(NO,)’RT]
? (1.8)

X ~b£- [-— Wro, — £, (NO,) (O) —
b (8 -k kg - By - Beg) (NO,) (N) — 2k, (NO,)? +-
2+ 2%, (NOR(0.) -+ %, (NO)(O) M} .

Having substituted equation (1.8) into the temperature equation and having

made the appropriate transformation, we obtain

1
c . ¢JRT? X
PG 4 X, — ¢,
(NOy (Nog “”“R

Aar s,
dz =~ G
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4 RT
Ten oy TP
S b i 3 RTF—_ 45'+Qb X
r -+ — .
L (NOY (NO,) P

K [# (NO)* — -2 (NP (Oy)] +

q, 2
+ 1 N 154 __-R_T [ (NO,) [WNO: +
(N.Oy) (NO) P

+ kz (Noe) (O) -+ (k.; + ks - ke + kca) (Noz) (N) -
—  (NOYO)M] + 31 [Vo -+ £, (NO) () —

— 10 (N) (O) M- kn (NO) (0) M— kx: (NO) (N) M—

1.9)
by (OF M— hyy (N2 M]] + 5k (NO (O) +

A ok Gty Geke - 4o B MNOMN) - 1 O (N) +-
-t G2 (NOY(N) - 4,4, (N)(O) M -
- q1k1 (NO) (OYM - g, (WO (W) M -

- 012, (O M - gy & (NEMY .

The second and third terms in the braces of equation (1.5) describe the heat
absorption caused by the effect of the radiation-thermal decomposition of
nitrogen dioxide (nitrous oxide) on the equilibrium occurrence of reactions
(15), (-15), (q55/RT®/[(C_/N,0,) + (4C_/NO,) = (C_/P/RT)]--an addition to the
heat content originating because of the equilibrium occurrence of reactions
(15) and (-15) in the gaseous mixture.

Taking into consideration the fact that C = 2 Ck’ we will assign the
(k)

variation of the concentration of nitrous oxide by tue algebraic equation

(NO,) =C— ﬁ Co

Rl
x#2

.
-15~
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where C = P/RT.
We will consider the recombination of the atoms of nitrogen and oxygen

at the wall and in the volume. The constant of heterogeneous recombination was

approximately estimated under the assumption of axial symmetry of the active

)"

Here S is the diameter of the cylinder; D is the diffusion factor; u is the

particles

8§
k = . L
T ( 8D '

81[{},’

mean square velocity of the recombining particles; is the probability of
recombination, depending upon the material of the wall. The probability of
the recombination of nitrogen atoms on a metallic wall is 0.1-1. The initial
data, accordingly, are equal to: P & 47 atmospheres, T = 600° K, S = 0.14 cm,
and thern the relative velocity of the collision of atoms of nitrogen with N204
= 1,45 lO cm/s, with NO2 9 = 1.11- 105, with NO 93 = 1.17- 10 , with O2
—4 = 1.16 105 cm/s; the velouity of atoms of nitrogen u = 9.45'104 em/s, and

the diffusion factor D =u2/ Z o « 0.02 cm2/s, and consequently, 82/2D =

= 0.1, 28/eu = 3'10 i e., é &i%fision region of recombination with a recom-
bination constant kg = 10 sec -1 occurs. The constant of heterogeneous recom-
bination of the atoms of oxygen is comparable with the constant of heterogenous
recombination of the atoms of nitrogen, since the masses of these atoms are

close to each other.

The concentrations of the atoms of nitrogen and oxygen are determined from

the equations
d(N)

e TN b By g e 1) (NO(N) ~

— £ (0 (N) — &y (NO) (N) — 10 (N (O) M —
— ky, (NO) (N) M — 2%, (NP* M;

40
dv
- 28, (8O (N) + £ (0 (M) = £, (NO) () —
= 30 (N) (0) M = 5, (NO) (0) M — 2, (O M.

~ o — £, (NO (0) - &, (NO) () -+

-16~
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Considering the concentrations of the atoms of N and O as steady-state,

wo arrive at the quadratic equation for their determination

NP+ 0IN]—c=0;
0P+ ,[01—, =0,
wher.

b= —- [(k 4 kg + Ry i kgy) (NO,) =
-k (O:) < (kg + R M) (NO) - kg (0)‘“];

¢ = G,5-107%/2k,M;
1

by = Ey i£;(NO,) - &, € (N) M - £, (NO) M}:
¢ 2...-- [¥o + ths+ 2}:‘)(\0 MN) -+

- by (O (N) + Ay (NO) (N)] ’
Vo (G, 1-2G)5-107%

At values of the constants given in Table 1.2, the concentrations of atoms

of N and O are equal: [N] = 104 moles/cm3, [o] = 104 moles/cm3.

Considering that k[N]zM = 1.7'10-32, if M= N2 [63]), we cbtain V /v

-39 20 . 4 .8 het.’ hom.
= 10/1.7°10 6+10°7+10" < 10", The rate of heterogeneous recombination of
the atoms of oxygen also exceeds the rate of volumetric recombination, but
since the time of diffusion of the radicals to the wall is 0.1 sec and the
stay time of the gaseous mixture in the reaction volume is 0.04 sec, we may
ignore both heterogeneous and homogeneous recombination of the radicals, espe-

cially in comparison with processes (3)-(8):

RN e RaOPM o
(' ks‘,) (I\O ) (N) ka (NO.‘) (O)
kg (N) Q) M ~ 108,

&, (RO (O) 4 25, (RO (N)
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Thus, in conditions when reaction 15 is at equilibrium and we may ignore

recombination of the radicals, system (1.4) has the form

(NOy) == L (NOY;

kls
3
b

NO,) = ——— — Cy
(NO. RT ®

K==]

Ke2

4 (NO)
g = 3 [0+ N0Y O+

= 26, (NO) (N) -+ (0.} (N) — &, (NO) (N) +-

- 25, (N0, — Zk_, (NO)*(O,) —

0,)
d-= , .
____d!Z:'m__ = 2 [BINOY(0) -+ £, (N0 (M) —
— I (0} (N) -+ £, (NOLJ2 — £ _,, (NO}* (O,)]:
4 N ' '
el %:_ [EEON) 4, (KON -4, (NORN):
G . ,
4 Ny
S [k, (MO (N) + Ay (NOYNI M ;
L)

Cr_ .. %L [Wn— (g + by + kg -+ Byg) (NG5 (N) —

dz 3
"'k'l (Oz) (N)"‘ks(No) (N)""kxz (NO) (N)M].
4119
Lo Se [Wo— B (NOY(O) + £ (NOY (M) +
+2k (NO) (N) -y (O (N) +
+ ky (NO) (N) — ,, (NO) (O M};
dar S 1 X
EIZ - —5& ¢/RT?
Cp +—¢ L . G
N0y ' (NO) ~ PRT
{ 4 + RT
Y ”";Z) +| — (‘\(‘)’) 5 d RT Gt

N0) | (NO) P
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(N;O) (NOy) P
# | ¥o, 4B ANONO) ¢ (k- hy R k) A
X (NO.1 4y — &, (NOY{O) ,&1}

i ..%’.'_. W, 4 £, 710, 8) - &, (01 O) M —

— B (NONMNY M -+ 9.4, {NONO) -
gt gy R i Gaaea] (NTRN) i

[‘It '-8 ", 5' [ ‘:I'f:. 'aj( ' 1 (1.10)
4 g7 (03)(O0;) - g3 (NOY(N) -

- gyt (NOYOYM <- g4y, (NO)(N) M} .

Tge specific isobaric heat content of the mixture Cp is determined as

% = LS 1 = Gpny0,)° G2 = Cpiroy) ot

Since 1g of the ratio of the rates of the primary radiation and thermal
decomposition of nitrous oxide in the temperature range investigated, 440-800°
K, varies from -2.5 to -8 (Fig. 1.1), it i3 apparent that the numerical solu-
tion of system of differential equations (1.10) may be obtained by the method

of successive approximations, dividing the system into the two subsystems (1.11)
and (1.12):

. k "\
NOY= _;—_1_5_ (NO

. P
NO,) = e — Ca
(NO= 77 *
' K=a}
K=2
q 89
C S

-+ £, (NO)(O) -+ 2, (NO () + £, (O) () — &y (NO) (N) —
— by (10)(0) M— Ay, (RO} Y M
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Figure 1.2. Distribution of the
concentrations of nitrogen tetroxide,
nitric oxide, and oxygen with respect

sition of NOyas a function of to Z.
temperature W - .10~5 _ - - -
moles/1l/s. (¥02)=0.187-10 1 NOZ’ 2 NZOA’ 3- NO, 4 02

4 (0

C., S. 1 e
B = 2 [R(NOJP—k_ (NOR(0) +
+ kg (NO,) (O) -+ 4, (NO) (N) — £ (0) (N)];
drT

ar S 1
dz G C. - 4i/RT? X
p —_.C—m—_ + 4Cm. _ Cm
N,0) (NO,) P/RT
_3 . RT
‘!.»(Z) (No'.‘.) ) P - - )
X145 + T4 R qut 9 ] X
M{0) = (NOy P
A MNOJP 0y (O,)l +
| F— UL T A _..._2...._ ¥
S SR Y £ S A Y

G R

‘. v " U
5 (Vo, + G121 (b Hhy o A ) O H(N)~

ey L I "(i' “ [ ’
h FONOIN] # T [Fo b AR

 yy (NO) (O) 1 — g (NOY(N) M]] 1 45 (N0 (O)

4 (g qsity -t gyl - Qeales) (NO,)(N) +
i @ (O (N) 3 Gs%s NO(N) +

«2(=
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4 gy, (NO) (O)M -- g,.k,, (NOY (N MY

Ll
-l = 3 N0+
+ k5o (NO) (N) + &3 (NO) (N)];
‘ o .0
: . (o S, ' " . .
i; —— = g [BNO)(N) + £,y (NO) (N M]:
40
i ) Cm

S .
' —— = o Wk byt Byt k)X
. X (NO) (N) — k7 (0) (N) ~ &y (NO) (N) — &, (NOV(N) M};

(1.12)

K8

—Cn_ _ %r_ [Wo — &, (NOY (0) -+ 4, (NG (N) +

dzZ
'i' 2»"-‘,3 (NO:) (N) ’*' k1 (O,:) (N) +
&+ £ (RO)(N) — Ky, (NOY(O) M].

v At the corresponding initial conditions, we solve system (1.11) under the

i assumption that the rate of radiation decomposition of NO2 is equal to zero.
A knowledge of the values of (N204), (NOZ)’ (N0), 02 and T in the zero approxi-
mation as a function of Z makes it possible to find the solution of system
(1.12).

numerical solution to system (1.1l) was obtained by the Runge-Kutta method
on the Minsk-22 electronic computer under the assumption that at the input
to the reactor channel the chemically reacting mixture of gases N204 e 2NO2 o

Z 2NO + 0, is in equilibrium at T = 440° K and P = 47 atmospheres.

2

The variation of the heat flow along the reactor channel (with respect

to Z) is determined by the equation
-21-
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“ : H_Z k.3l
(7y:-510sin| —£_} 3L
2.(2) Slcenl(l%‘gh) mFec *

“ =0.5m, h - 0.08 m. The cross-section of the reactor channel with respect
20 gas Sg = 0.0017 mz; the mass flow ratg G = 1 kg/s; the primary ratzs of
radiation decomposition are W = 0.17°10 ° sin(nZ/1+2h); W2 = 0.17-10 -
*sin(nZ/1+2h) moles/liter/sec. In the calculation constants of equilibrium
of the systems N0, Z 2NO,, and 2N02 Z 2N0 + 0O

Bodenstein [65]:

were used, as measured by

2 2

gy = — 3%,3‘— 1,75 g T--0,0046T—8,92. 10~°T"-3,934;

Igky = — -§7—7',49- +1,71g T— 0,0005T -- 2,839

in temperature ranges of 282-404° K and 499-825° K. The dependences of the
concentrations of the components of the mixture (NZOA)’ (NOZ)’ (02) and the

temperature of the gaseous mixture upon Z are given in Figs. 1.2 and 1.3.

e

T,'K . o % ) /

g ! LA
, T

=

A W é}—fu o ) 52

Figure 1.3. Variation of the tempera- Figure 1.4. Dependence of the con-

ture of a chemically reacting mixture centration of nitrous oxide and
N0, Z 2NO, Z 2NO + 0, with respect to nitrogen upon Z.
Z. 1~ N0, 2- Np

The thermal decomposition of nitrogen tetroxide and nitrogen dioxide
occurs very rapidly, and at T 2 600° K (NZOA) S 0.0029 moles/l. The dissoci-
ation of nitrogen dioxide at temperatures T £ 600° K is practically lacking

because of the low specific rate of the reaction, but, however, with an

-22-
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increase in temperature the rate constant increases, the reaction time accord-
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ingly is decreased, and when T = 700° K the concentration of NO2 becomes

243

equilibrium.

The solution of system (1.11) obtained makes it possible to find the
distribution of the radicals N and O, nitrogen, and nitrous oxide along the
reactor channel (Table 1.4, Fig. 1.4).

Table 1.4 Distribution of radicals N and O along the reacter channel

Z, m }0,! 0,16] 0.2 |0.26 0,3 0.36!0.\ !0.46 0.5 058

, ! A S
(N)-10, xodyjg-  10,63)0,92 !,0331.29 1.51,1.77!1,70’1 A !1,23 0,73
(0)-10%, woss/g.  10,56,0,83,0,93:1,16!1,37:1,43.1, 120,750, 59 0,32

The nature of the dependence of the concentrations of the atoms of oxygen
and nitrogen upon Z is determined by'the sinusoidal variation of the power of
the dose with respect to Z and the dependence of the degree of dissociation of
nitrogen dioxide upon Z. In the region where Z < 0.4 m the concentration of
the atoms of oxygen is controlled by reaction 3, in the region Z 2 0.4 m process
11 plays the determining role (Fig. 1.5).

,‘i
4 .

: /

LI / 2 :

z / ‘ b /

N y ' / !
[ / ) .
a o Gl Oy 3 5w

Figure 1.5. Dependence of the ratio Figure 1.6. Dependence of the ratio of

of the rates of reactions NO+O+HM> rates of reactions NO,+N>Ny+20 (6),
+NO,+M (11) and N02+0+N0+02 (3) NO+N‘*N2+0 (8), and N02+N'*N+02 (6a)
upon Z. upon Z.
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The formation of nitrous oxide in the system under consideration occurs
as a result of the reaction of atomic nitrogen with N02: the nitrogen is
formed in this same reaction, but with a probability less than a factor of
1.9. This explains the dependence of NZO and N2 upon 2 in the region Z £0.4 m.
When Z 2 0.4 m thermic dissociaiion of NO2 becomes perceptible, the concen-
tration of nitric oxide in the reaction volume increases, as a consequence of
which the formation of nitrogen begins to be entirely controlled by reaction
8 (Fig. 1.6). Aside from this, the rate of reaction 8 in the region Z2.0.46 m
is greater than the rate of reaction 5, and therefore with an increase in Z
the concentration of nitrogen, with respect to magnitude, approaches the con-

centration of nitrous oxide.

The nitric oxide, contained in the gaseous mixture, at the outlet from
the reactor channel is oxidized by the oxygen as a result of subsequent cooling
to a dioxide, and the remaining quantity of oxygen, which corresponds to the
irreversible decomposition of nitrogen dioxide under the effect of the radia-

tion, may be calculated by working from the equation of material balance:
y.N()g ~~—DK‘O. + aN,O + pr

vhere k 1s the quantity of nitrogén dloxide, decomposing irreversibly during
the stay time of the gaseous mixture in the reactor channel; Kys @y and b are
the concentrations of oxygen, nitrous oxide, and nitrogen, which are formed
in this case.

At the outlet from the reactor channel a = 0.2010-8 moles/l, b = 0.16°
10“8 moles/l, and then k = 0.72'10“8 moles/1l, and Ky = 0.62'10'.8 moles/1l, i.e.
the following ratio occurs between the products of irreversible radiolysis:
NOZ:(OZ):(NZO):(NZ) = 1:0.32:0.258. It agrees satisfactorily with the experi-
mental data [66]. With a decrease in pressure, if P is of the order of several
atmospheres, the rate of both the primary and the initial radiation decomposi-
tion of the nitrogen dioxide does not change, but the rate of thermal dissoci-
ation decreases, however, even if P = 5 atmospheres the magnitude of the ratio
of tbe primary rate of radiation decomposition to thermal decomposition does

not exceed 0.3 when T = 440° K. But with a decrease in pressure a certain
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change is possible in the ratio of the quantities of nitrous oxide and nitrogen
toward an increase in the concentration of the latter, caused by an increase
in the degree of thermal dissociation of NOZ' Radiation decomposition of NO2
causes an additional decomposition of N204. But the process of the adsorption
of energy occurring in this case, as a consequence of the low degree of radia-
tion decomposition of NOZ’ cannot play any noticeable part. We also may ignore

the effect of the energy liberated in the reaction volume as a result of the

-exothermic reaction (4)-(8), (11), and (12) initiated by the radiation on the

temperature gradient along the flow, because the magnitude of the ratio
8
(;v'; gVi - quVa ":":'x-zvl:)/ 9oV~
at temperatures of 440 < T < 800° K lies in the region from 0.8'10-'2 to 10_7.
Therefore, the variation of the temperature of the gaseous mixture with respect
to Z is entirely determined by the dependence upon the heat flux and the occur-

rence of the chemical reactions in the gaseous mixture.
Thus, with an adequate degree of accuracy we may affirm that the chemi-

cally reacting system N204 Z ZNU2 Z 2N0 + 02 has a high degree of radiation

resistance as a coolant for a nuclear reactor.

3. Kinetics and Mechanism of the Thermal Reactions Occurring in a

System Containing the Oxides of Nitrogen and Oxygen

Thermal decompositiou of N294' The stoichiometric equation of the thermal

disoociation reaction of nitrogen tetroxide in the gaseous and liquid phases

may be written in the following manner:

'l 1 Py LN
‘.’\.. 3 Seet 2.\0-::

(1.13)

The kinetics of this fast reaction were studied in the gaseous phase in
experiments with respect to the measurement of the dispersion and absorption
of ultrasonic vibrations [184,185,189,195,214] in experiments with expanding
[215] and stopped [218] gas jets and also in experiments with shock waves
(64, 219].

-25~




"As was established in these works, in the region of pressures P £ 1 atmos-

phere and of temperatures of the order of'300f K the decomposition of NZOA is
a second-order reaction

L
N,0, -+ Mz="2NO, -- M,
k.}.].' . ; (1 . 14)

where M is any molecule;“NZOA; NO2 or a molecule of an inert gas aétivating
the N204 in the direct reaction (1.14) and deactivating the shock complex NO,*

2
*NO,, forming in ihe reverse reaction.

In the reglon cf pressures of P > 2 atmospheres and temperatures of T >
> 300° K, according to Carrington and Davidson {64, 219], the decomposition
of N,0, is a first-order reaction

N,0,

ks
;—.='2NO,. (1.15)

The temperature dependence of the constant of the rate of the direct
reaction (1.14) was studied in refetrences [189,195,214,219]. According to the

data of Carrington and Davidson [219], the second-order rate constant k

1.14°
corresponding to the rate equation
— 480 _ k00, (1.16)
is determined by the expression
ky.ye = 2. 10% exp (— 11000/RT) g/node:ses, (1.17)

where R is a gas constant equal to 1.987 calories/mole/degree.

Blend [214] obtained the following dependence for the rate constant k1 14°

ki 21,33 50" exp(— 10240°RT) g, sl ces. (1.18)

At T = 300° K the values of the second-order rate constant, calculated
according to expressions (1.17) and (1.18), are equal to 1.93'106 and

-26-
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4.68°10° 1/mole/s, respectively, i.e., the expression of Carrington and

Davidson gives lower values of the rate constant in comparison with Blend's
expression.

The basis of the non-coincidence of the values of the second-order rate
constant calculated according to expressions (1.17) and (1.18) is apparently

the different efficiency of the molecules M in the process of the activation

of the nitrogen tetroxide. In the conditions of Carrington and Davidson [64,

219], who studied the decomposition of N204 at a considerable excess of nitro-

gen, only the nitrogen molecule may stand out as the M molecule. In the

experiments of Blend [214], who investigated the dissociation of the pure

tetroxide, at M molecules the molecules of N204 and NO2 stand out. It is
known, however, that the efficiency of the N204’ NOZ’ and N

9 molecules in
reaction (1.14) is different.

According to the data of Cher [195], the rela-

tive efficiencies of the N204, NOZ’ and N2 molecules in this reaction amount,

respectively, to: N204 =1, NO2 = 1, and N2 = 0.5.
With consideration of the relative efficiency of the if molecules expres-

sion (1.17) for a case of thermal dissociation of pure nitrogen tetroxide takes
the form

B2 410t exp(-~ 11000/RT) g/uoke: sex. (1.19)
The temperature dependence of the rate constant of the first-order reac-
tion, according to Carrington and Davidson [219], is described by the expression

ky 15 = 10% exp (— 13100, RT)ses~. (1.20)

Dependence (1.20) was obtained on the basis of very rough estimates, and

therefore the values of k1 15 calculated from this dependence give only the

order of magnitude of the rate constant.

The kinetics of the dimerization of NOZ’ of the reaction that is the

reverse to thermal decomposition of N204 was studied in the works of Wegener

27~
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[220, 222]. 1n the first reference {[220] the recombination of NO2 was studied
in an expanding supersonic gas flow, containing small quantities of NOZ’ into
N, - In the second reference [222], the rate of the reaction was determined
from the measurement of the relaxation time of the disturbance caused by
pellets flying with a high velocity in a vessel with N204 and NZ'

The experimental value of the rate constant of the first-order reaction
ONO, -+ M='N,0, - M,

according to Wegener, at a temperature of 296° K is equal to 3°106 1/mole/s.

We may compare this magnitude with the value of the rate constant of
recombination k-l 14° calculated according to the expression

% R4 ry s ns
Vs - g TR K (1.21)

where Rl is a gas constant equdal to 0.0821 atmospheres/1/m/degree/mole, and

Kcl and Kpl are the constants of equilibrium of reaction (1.13), expressed
in units of concentration, moles/liter, and units of pressure, atmospheres,

respectively.

The equilibrium of reaction (1.13) has been adequately fully studied
[41,44,45,57,193]. Calculation works are also available [76, 224]. For
calculation of the constant of equilibrium in an ideally gaseous state, in
the temperature range of 300-1000° K, the following polynomial was proposed
in [2]:

In K, = 5,887 -- 2,77 In T — 6,626+ 10~3T +-

1,851~ 107872 28279 127925
™ RT

(1.22)

The value of Kp1 at T = 300° K, calculated according to expression (1.22)
is equal to 0.166 atmospheres. By substituting this value and the value of
k 147 calculated according to expression (1.17) (the experiments of Wegener
were accomplished at a considerable«?xceSSOf N ), into expression (1.21),
we obtain k—l.14 = 2,86 10 1/mole/s, which agrees well with the experimental
values established by Wegener.
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Table 1.5 Specific rate of the reaction N204 > 2N02 in the
liquid phase

T, °K .f ko, sec
I

313 | 1.1.10%

333 | 6.9.10%

353 | 3.610°

The decomposition of N204 in the liquid phase was experimentally investi-

gated in the work of Bauer and his co-workers [247]. In Table 1.5 experimental

values of the first-order rate constant of the dissociation of N204 in the

liquid phase are presented [247].

The temperature dependence of the first~order rate constant of thermal
decomposition N204 in the liquid phase, according to Bauer and his co-workers
[247], is described by the expression

k. ~IJ.10"cpr—193mfR7) secql. (1.23)

In reference [7], the reaction times tv were calculated, corresponding

to the degree of transformation v, determined by the ratio

= anoneq/aeq (1.26)
where « and a__ are the nonequilibrium and equilibrium degrees of disso-
noneq eq
ciation.
The calculations were performed according to the expressions:
1) for the second-order reaction
K
, K A—v 521 —g)
fas== k of .t ﬂl n o +
o ""( x°“"£K“) , i (1.25)
+ Injl —+vj __ Inj(l—v)--y(1 - v)i=Inj(1 +9))).
[ I 1 . ¥
::l Al - ) Kd(l--y)] Y [x?-— 5 ka(l+y) ]
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2) for the first-order reaction

14.“ vy
toy= ol 1=v" (1.26)
By | 1ty |

where y = /1+16xg/Kcl, and xg is the initial concentration of NZOA’ moles/1.

Expressions (1.25) and (1.26) were obtained as the result of integration
of the second-order rate equation

- 4“%@‘ = Bz (N0 () — kg1 (NOJE (M) (1.27)

and the first-order rate equation

”wft% = by1s (0 — B 19 (RO (1.28)

upon condition that the concentration of NO2 at the initial moment of time is

equal to zero.

The values of the reaction time for the degree oif completion v = 0.99,
calculated according to expressions (1.25) and (1.26), are given in Table 1.6.
The values of the rate constants kl.l& and kl.lS were calculated according
to expressions (1.19) and (1.20).

The data in Table 1.6 demonstrate that the time in which the degree of
decomposition of N204 reaches a value equal to 99% of the equilibrium degree
at T 2 300° K and P 2 1 atmosphere, has an order of magnitude of 1 us, i.e.,
in these conditions the decomposition of N204 occurs in practically a state
of equilibrium.

Thermal dissociation of NOZ' The kinetics of thermal dissociation were

experimentally studied in the temperature range cf 473-2300° K [57-59, 248-
252].

-30-
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According to the data of Bodensten and Ramstetter [57}, who measured the
rate of the reaction in a temperature range of 592-656° K and a pressure range

of NOzfv 10-40 mm Hg by the manometric method, the decomposition of NO, is a

2
bimolecular process:

kg-;
2NO,— 2NO +- O, (1.29)

Table 1.6 Dependence of the reaction time N204 = ZNO2 upon

' P and T (ps)
P, atm
< 1
; 6.01 0,03 0.t [ o3 ! 3 5 l 10 10
] | H
300, 1339,6501 182,517,72,924} 7,609] 2,945 — —_ - —_
320] 529,257 €7,65237,781]4,639]1,796)0,055| — —_ —
3i0; 212,995} 39,48018,281{2,616]1,062]0,029,0,023 — -—
360 92,655| 18,050 8,756] 1,465[0,631{0,017(0,013}0,010} —
380 43,7271 8,639, 4,27810,7870,36210,009{0,008(0,006]0,004
400; 22,250 4,432; 2,205 0,424!0,QOSJ 0,005]0,00410,003} 0,002
]

Rosser and Wise [59] investigated this reaction by the spectrophotometric
method in the temperature range of 630-1020° K. The concentration of NO2 in
the experiments of these authors varied in the range of 10-5-10—4 moles per

liter. For the second-order rate constants

d(NOy)
—— —-‘-!—‘-
PSS (1.30)
kg,.? (NO:F
Rosser and Wise give the expression
By oo - T exp(— 20500-RT) glMole-cec. (1.31)

According to the experimental data of the authors indicated, the inert
gases (Nz, He, COZ) do not have any essential effect on the kinetics of reac-
tion (1.29) at a pressure up to 1 atmosphere, nor do the walls of the reaction

vessel have any such effect. .
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Ashmore and his co-workers [58, 248], in studying the decomposition of

302 by the spectrophotometric method in the temperature range of 473-707° K

'ad the pre.sure range of N02 of the order of several tens of millimeters Hg,
found that the rate of the reaction at the early stages is more than twice as
great as the magnitude expected in accccdance with the data of previous authors
[59]. 1In this case, it was established that the rate of the reaction takes a
normal value after the decomposition of NO2 by 10%Z or with the introduction of

nitric oxide into the reaction vess2l in quantities comparable with the quan-

tity of NOZ'
An additional contribution to the decomposition of nitrogen dioxide at
early stages, as the authors indicated established [58, 248], belongs to a

mechanism wita the participation of an intermediate compound in the nitrate

form

NO, -+ NO, "=’ NO +NO, (1.32)

--(l 32)

NO, -+ NO, gy NO, - NO + O, (1.33)

By applying the method of steady-state concentrations to the intermediate

compound N03, Ashmore and his co-workers [58, 248)] obtained the following
kinetic equation:

d(NO, . (1.34)
- (d: D) _ o5 (NO,JY,
where keff by Ry 3Ry 35 (NO,)

k—-(l.s:) (‘\'O) "%' k] a3 (NO:).
(1.35)

At the early stages of the reaction, when PN03>> PNO’ the dissociation

of N02, as follows from equation (1.35), is a second-order reaction with a

- L
rate constant k of f kl 29 + kl 39° At a later stage, when the condition
PNO 2 PNO’ the second term in the righthand part of equation (1.35) becomes

negllglble in comparison with the first and the rate of the reaction takes

-32-

N AN e v el 4

P N SR




aan e i dih g

‘l

a normal value. The NO3 in the nitrate form

7N
0, 0

is a well-known compound. The absorption spectra of this compound were ob-
served for the first time by Sprenger and Schumacher [253] in the study of
the kinetics of the decomposition of ozone in the presence of NZOS' At a
later time the formation of the nitrate radical was investigated in detail in
the works of Davi.ison and his co-workers [221, 254], who studied the kinetics
of the thermal decompc_ition of N,0. in shock waves. NO, is formed at the

2°5 3
first stage of the decomposition of nitrogen pentoxide:

N.O,—~NO, + NO,. - 1.36)

The NO3 in the nitrate form is also formed in the reaction

0+ NO,— NO,, (1.37)

which was experimentally demonstrated in the work of Husain and Norrisch [225].

The thermodynamic data of NO3 were determined by Schott and Davidson
[221] and by Ray and Ogg [217]. According to the data of Schott and Davidson
AHf =17.1 T 1 kcal/mole, S0 = 60 T 2 cal/degree/mole; according to the data
of Ray and Ogg, Aﬂg = 16.6 * 2 kcal/mole, S0 = 61 T 2 cal/degree/mole.

On the basis of the data indicated and the values of the rate of the
reaction at early stages of dissociation of NOZ’ Ashmore and Barnett [58]

determined the followirng expression for tne rate constants kl 32 k_l 329
k

1.33°
ky 4y == 1088 exp (— 23900/RT) 1/mole/s (1.38)
R_(y.q == 10°82exp(1700/RT) 1/mole/s (1.39)
© Rygg == 10%9%exp (— 3200/RT) 1/mole/s (1.40)

-33-~

. . . e g hVe cq B o O ey I % O
et e ST S 0 Y St i St ndy e Aoy IS oot 2

¢ e ey PSIEAEY > ,

JRR I RN . .

RSN

\geg
i
AL

kT
R

A

'«" -
RS

¥ .

RPN
NS

Sy

o
EA




o e e N P————

and for the rate constant of the reaction

5_q1.30)

:‘:O b 0: ':" l\‘.O: - :\'03 “%‘1\’0:. (1 ul‘l)
!S.k...u.::.,) -- 1,32 +- '2’;:9'" (1.42)

The latter expression was obtained from the condition

kl.:n kl 23

k__u.a;) , k.-‘l.?‘:l)

- Ke (1.43)

where Kc2 is the constant of equilibrium of the summary process

2NO,, = 2NO + O, .

2 2

We should note that the rate constant k1 is determined in accordance

.32
with the equation

d(No:) - .
— v--d-;-*-' = Ry 53 (NOY?, (1.44)

and the rate constant k-(l 32) is determined in accordance with the equation
d(NO. ,
— 2O - k00 (N0 V)

With a consideration of this remark, the equation of the rate of the
reversible reaction (1.32) is written

d(NQ,) - v X
- ,_f_d__t_z_). = By 4 (NOY? = 2k_ 3 500 (NOS)(NO). - (1.45)

The relative contribution of the radical mechanism in the heat composition

of N02, according to Ashmore and Barnett, ie determined by the ratio

radical method - ky Ry 5 N (1.46)
bimolecular method [ - R_iy.am (NO) .
by (NOY

In Table 1.7 the values of the relative contribution of the radical
mechanism to the dissoclation cf NO2 as a function of the degree of dissocia-
tion and the temperature are presented.
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Table 1.7 Contribution of the radical mechanism to the
decomposition of nitrogen dioxide

radical method/bimolecular method

PR

g2y | fom e e ——

(Uoﬂ) 743 K7 -s3ex| T=673°K
P

0 5,00 2,83 1,90

3,01 1,52 i1 0,50

0,1 o7 | 0.2 0,16

0,3 0,09 0,07 6,06

As follows from Table 1.7, the contribution of the radical mechanism
with the participation of NO3 in the nitrate form has an essential value only
in the region of low temperatures and upon fulfillment of the condition PN03>>
>> PNO' This is explained by the high rate of the reaction

h_(1.32)
NO; +NO — 2NO,,

competing with the reaction

by
NO, + NO, — NO, 4 NO 4- O,
In the range of temperatures T > 1500° K with a considerable exceas of

inert gas, according to the data of Huffman and Davidson, the following reac-

tion occurs:

kigr

NOy+ M == NO,+ O+ M,
a7 (1.47)
According to their estimates .
Ria = 10 T2 exp (— 48600/RT) ; /mole/s (1.48)

ve10? :
from wnence, when T = 1750° K, k1 47 = 2107, which is comparable with the
value of k_(1 32) ~ 2.5°107, calculated at T = 1750 according to (1.39).

In conditions when (N02)<<(M) and, consequently (NO)<<(M), reaction
(1.47) replaces the reaction NO + N03 > (NOZ’ which will correspond kinetically
to the decomposition of N02 with the second-order rate constant ké

+ kl.

£f = K9 *

32 -35-




The temperature dependenne of the rate constant k was determined in the

eff
work of Huffman and Davidson [249], kgff = 2.5'1010 exp(-25,000 ¥ 5000/RT)

1/mole/s (1.49), and Fishburne, Bergbauer, and Edse [251], who studied the
dissociation of N02 in shock waves in the temperature range of 1500-2100° K

in conditions analogous to the conditions of the previous authors (PM>>P
give

x0,)"

o 0, Ny a— -4
.’3. :, LR !09._‘47( zaicﬁlkngl.llmole/s (l.so)
The values of the rate constants k1 29° kgff, and kzgéwave’ calculated
according to expressions (1.31), (1.49), and (1.50) at T = 1750° K, are equal
to k = 1.7410°, k8__ = 18.94-10%, and k°:¥8V€ _ 5 54.10%, respectively.
1.29 ‘ * Teff ' K eff * ’

On the basis of these quantities and the ratio

ky.32 = Kegg ™ Ky9 (1.51)

]
at a temperature of 1750° K we will determine the value of kl 32 = 17.20'106

and kI 32 = 3.80-106 liters/mole/s, which with respect to order to magnitude
agrees with the value of k
(1.38).

1.32 ° 0.81°106 1/mole/s, calculated according to

The coincidence of the quantities ki'32, kz.32, and k1'32 should be con-
sidered as satisfactory, especially if we consider the method of determination
of ki.32 and kI.32. Thus, data on the decomposition in shock waves give addi-
tional arguments in favor of the mechanism proposed by Ashmore and his co-

workers [248].

In the region of high temperatures (T > 1500° K), according to Huffman
and Davidson [249], NO2 decomposes to according to reactions (1.29), (1.32),
(1.33), and (1.47), and in parallel according to the mechanism

LITY)
NO, - M > NO 4 O M, (1.52)
kyas ’
0+ NO, - NO -+ 0, (1.53)
-36~
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The kinetics of the decomposition of NO2 in reaction (1.52) was investi-
gated in detail in the work of Troe [252]. According to the data of the last

author, at a general pressure of the order of 300 atmospheres a transition
occurs from the rate equation

(1.54)
— iﬂlﬂl = .52 (NO) (M)
to the equation
! __4MNO) _ 4= (NOy.
dt
(1.55)

The superscripts "0" and "»" in equations (1.54) and (1.55) signify, respec-

tively, the rate constant of the reaction in the regions and of high pressures.
L)
For the rate constant kg 52 Huffman and Davidson [249] give the expression

K] 52 = 101917 exp (- 65400 RT) 41/mole/s (1.56)

According to Troe's data [252],

kLw-'iO"””exp(~—650001?T)?1/m01e/s. (1.57)

/

The temperature dependence of the rate constant k; 59 is described by
the following equation {252]:

ks = 1043exp (— 71860 RT) . goo~t (1.58)

The relative contribution of reaction (+.52) into the summary decomposi-
tion of NO2 when P < 300 atmospheres in pure nitrogen diaxide is determined
by the ratio )

. v :
l/:: 2. sz [0%3 exp (— 38100,RT),
129 (1»59)

which gives a quantity at a temperature of 1000° K that is equal to 1.2-10-5

b

i.e., the contribution of reactions (1.52) and (1.53) to the decomposition of
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NO2 at temperatures T < 1000° K is negligible in comparison with the contribu-
tion of reaction (1.29).

Oxidation of NO by oxygen. The reaction of the oxidation of NO with

oxygen in the gaseous phase

| kl..o
2NO-1-0,7=2N\0, (1.60)
is of considerable theoretical and practical interest.

The kinetics of the given process were studied for the first time by
Bodenstein and his co-workers [186,187,256]. These authors measured the rate
of formation of NO2 by the manometric method in the temperature range 0-389° C
at pressures of NO and NO2 of the order of 10 mm Hg. According to the data
of the authors indicated, at stages that are not very close to completion,
reaction (1.60) is second order wich relationship to NC and first order with
relationship to N02.

The value of the third-order rate constant, corresponding to the equation
of rate

d(NO, .
: (dl - ‘1.0o(NO) (Oy), (1.61)

according to Bodenstein and Wachenheim [18f}, at T = 303° K is equal to 13.24°
3.2 2
*10” 1" /mole”/s.

In the work of the authors named it was also established that the third-
order rate constant decreases with the growth of the temperature and that
during reaction (1.60) the inert gases (802, COZ) the reaction product (N204=
= 2N02), water vapor, and the walls of the reaction vessel have no noticeable
effect.,

After the publication of the results of Bodenstein and his co-workers, a
large number of experimental works were performed in which the effect of inert
gases was studied [190-193, 207}, as s¢ll as the composition of the reaction

-38~
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mixture [191,193,199-201,209,258]1. water vapor [188,194,196-198,202,257], reac-
tion products [200, 201}, the wali of the reaction vessel [188,191,196,197,
202,207], and the catalysts [203-206, 220] on the kinetics of the reaction of
the oxidation of nitric oxide by oxygen (1.60).

The results obtained in these works have a somewhat contradictory nature.

On one hand, there are data confirming the conclusions of Bodenstein and
his co-workers relative to the third-order kineties. Thus, according to the
authors of references [188, 191-193], the inert gased have no effect on the
rate of the reaction of N0 with O0,. The results of references [191, 198, 207]

2
indicate the absence of a wall effect.

According to the data of the authors of refs. [191,193, 199] the effect
of the composition of the reaction mixture was not established. The effect of

the water vapor was not observed [194, 199].

Y Eay

25

On the other hand, results were obtained iundicating a deviaticn from the
third-order kinetics. Thus, according to Tracy and Daniels [198], the order
of the reaction with relationkhip to NO is equal to 2.3, and with relationship
to 02, to 0.8 with a degree of oxidation less than 25%Z, and has a normal value

e 6 ‘f’.«
LN

at later stages.

Scholtz [210] established that the kinetics of the oxidation of NO with
oxygen depends upon the ratio PNO/POZ' According to the data of this author,

0
= (-]
at t 25° C and PNO,OZ

stant with a variation of the ratio P,_./P from 30 to 0.06 decreases from

0" "0y
14.80'103 12/mole2/s to 8'103 12/moleg/s.

= 1-50 mm Hg, the value of the third-order rate con-

Hasche [188) demonstrated that the rate of oxidation of NO with oxygen
decreases by 207 in a case if the walls of the reactor vessel are coatad with
paraffin. The latter also observed the favorable effect of water vapor. This
effect was also observed in [196, 198].
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According to the data of Tiprer and Williams [190], the addition of
nitrogen to the quantity of 100 mm Hg to the reaction mixture, corsisting of
100 mm Hg NO and 50 mm Hg 02, in the temperature range of 20-570° C decreased

the rate of the reaction vo half its previous value.

And, finally, in works performed in conditions close to armospheric con-
ditions (t~ 25° C, Pgenhv 1 atmosphere, PNO"" 0.01 mm Hg, O, -> 20%, N2'~J80%)
higher values of the third-order rate constant were obtained [199,207,211,212,

216].

Deviations from the third-order kinetics, established in refs. [188,190,
196,198,199,207,210,211,212,216] were interpreted on the basis of concepts
of the complex course of the given reaction. Mechanisms were developed with
the participation of intermediate compounds, such as the nitrate radicals
N03, NO3 NO, and the dimer of ferric oxide, N202.
We may demonstrate, however, that such an approach to the explanation of
the divergences in the results of different authors is not the only possible
one. The data in Table 1.8, in particular, indicate this, in which table
for comparison experimental data are given which were obtained by different

authors at a temperature close to room temperature.

As follows from this table, the third-order and the values of the rate
constant close to a maguitude determined by Bodenstein and Wachenheim were
established in the range of variation of pressure from 0.3010-2 to 340 mm Hg
at a variation of the ratio PNO/P02 from 10"'2 to 10-5, and in the presence
of nitrogen in a quantity varying from several tens to several hundreds of

millimeters Hg, and also in the presence and in the absence of water vapor.

From this we may reach the conclusion that the deviations from the third-
order kinetics observed in [188,190,196,198,199,207,210] are caused rather by
some secondary processes, such as absorption of NO and NO2 on the wall of the
reaction vessel or by reactions of NO and NO2 with impurities of foreign

matter and water vapor.
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The data obtained by Greig and Hall [207], in particular, speak in favor
of the latter assumption. These authors found that in the study of reaction
(1.60) in conditions close to atmospheric conditions, the third-order rate
censtant depended upon the method of the control of the course of the reaction.
In a case when the rate of the formation of NO2 was controlled by the measure-
ment of the concentration of NO, the value of k at T = 293° K amounted to
20'103 12!m01e2/sec. If they watched the progess of the process by measuring
the concentration of NOZ’ then with an increase in the pressure of NO within
limits from 0.38'10-'2 to 3.8'1().-2 mm Hg, the value of the rate constant de-
creased from 20'103 12/m01e2/sec to 15'103 12/mole2/sec. The decrease in the

value, as the authors' data established, was caused by absorption of NO, on

2
the walls of the reaction vessel catalyzed by the nitric oxide.

Smith [197], in studying the reaction

2NO + 02 -+ 2N02

in experiments with a large quantity of water, demonstrated that the reaction
begins with a lesser speed and stops long before completion. In the opinfon

of Smith, the stopping of the reaction signifies that the rate of discharge of
NO, with respect to reactions with H

2
formation.

20 becomes comparable with the rate of

Processes of such a type are non-essential for the kinetics of the oxi-
cation of NO with oxygen. The given reaction may occur both in the presence
and in the absence of these processes. In particular, this conclusion is
confirmed by the results of Briner [194], who established the normal occurrence
of the reaction at T = 80°C, i.e., in conditions at which the pressure of the
wat . vapor was negligible. The conclusions of the authors agree with him.

On the other hand, the higher values of the third-order rate constant in con-
ditions close to atmospheric conditions obviously are caused by the catalytic
effect of the walls of the reaction vessel. The data on the kinetics of cata-
lytic oxidation of NO with oxygen [203, 206, 220] and also the data obtained
by Guillory [221] indicate such a possibility. Guillory indicates that the
order of reaction (1.60) is equal to twu with relationship to NO if PNO 2 0.2
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mm Hg, and to one if PNo < 0.2 mm Hg. It is known, however, that the decrease
in the order of the reaction in the transition to the region of low tempera-
tures and pressures characterizes the transition from a homogeneous reaction
to a reaction at the surface. The fact that the contribution of the hetero-
geneous reaction becomes noticeable only in the region of very low pressures
of NO (PNO < 0.02 mm Hg) confirms the conclusions of Bodenstein and his co-

workers [186, 187, 256], that the oxidation of NO with oxygen is essentially

a homogeneous process.

The effect of secondary processes, distorting the kinetics of reaction
(1.60), as follows from the data in Table 1.8 and the data in refs. [186,
187,191,192], is less significant in conditions when the pressure of the NO
and 02 is of the order of 10 mm Hg or higher. In these conditions the reaction
of the oxidation of NO with oxygen precisely fullows the third-order kinetics.
The temperature dependence of the rate constant of the third-order reaction,
constructed according to the data obtained by authors of refs. [186,187,191,
208}, is presented in Fig. 1.7,

Lgﬂevp. A

' 7
- /
3 // o
P

g Z ¥ 5 1T

Figure 1.7. Temperature dependence of the rate constant of the
reaction 2N0+0,+2NO, (1- Matthes' data [38];
2- Bodenstein's data [57]; 3- data obtained by
Ashmore, Barnett, and Tyler [58]).

We may see that the experimental results of different authors lie on the
same curve, the slope of which varies with the growth of temperature. We have

established the fact that the experimental data of the authors of [186, 187,

~42~
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Table 1.8 Third-order rate constants of the reaction 2NO + O2 -+ ZNO2
order of
T T T T reaction with
. respect to |4 o107
K Pror P Py, by, - . nNo P 1.60 ref.
wu gy su My s Hg s, Mg |oww by I’O, No .0, Py no.

303,0 | 10 10 I _ - _ 1 p) t 13,21 | (186)
298,0 ! 5-10 — - 0,59 !0,2--0,05 23 0,8 8,0 | (198]
208,0 10 5 -20 — - 9,59 2.0,5 23 0.8 7.50m | {198}
298,0 10 t 5.0 - - 0,59 2-.0,5 2 ] 13,09 | [198)
298,0 1,66 | 340 — - — 0,487 2 1 12,0 [197]
298,0 150 1--30 - - - 0,06 2 1 8.0 [210]
298,0 150 1-30 - - — 30,0 2 1 14,80 | [210]
296,9 243 2,30 - 241 - 97.2 2 1 13,30 | [193]
296,9 7.% 696 - 37 - 0,01 2 1 14,80 | (193
298,0 | 0,109 8,2 - — - 1,310 2 1 15,30 | [258)
298,0 0,040 7,9 — — —- 0,76 102 2 1 13,68 | 1258}
298,0 | 0,043 8,8 - -- - 0,49 10-2 2 1 14,78 | [258]
298,0 1 00205 | 10,6 - — - 0,1910- 2 1 15,60 | [258]
208,0 10,6~310 |1,06- 31| — - - 10 2 I 13,92 | [209]
208,0 |18,4—130 {18, 4~130] — - - ! 2 1 14,84 | [209)
298,0 | §,1—4,3| 81—130] — — - 0,1 2 1 14,20 | f209]
296,0 10,30810-:] 153 — 603 - 1,99 10-3 2 1 15,9 | [200]
296,0 10,301 102 155 0,7610°7] 605 - 1,96 10-3 2 1 15,20 | [200]
296,0 10,29910-21 453 11,5210 605 - 1,93 10-% 2 I 15,60 1 (200]
206,0 '0,30110-7) 155 2,3810-3 03 — 1,96 10~ 2 1 15,10 | [200]
293,0 io, Hsto-ty 210 - 20 - 1,7510°% 2 1 19,00 | [207]
293,0 10,327100'| 41 | — 191 — 2,32 10-4 2 ! 20,20 | {207}
293,0 10,4000} 100 - 530 - 4,0010-4 2 1 18,20 | [207)
293,0 10,330 10 54 - 579 - 0,47 10 2 1 21,20 | [207]
293,0 0,395 101 20 - G0N - 1,62 10+ 2 1 20,00 | [207]
293,0 10,387 107! 4 - 623 — 0,97 102 2 L 20,00 | 207
292,0 o 35010 0,5 -- 603 - 0,77 10+ 2 1 20,00 | 1207
203,0 {0,3%010°'] 133 — 495 2,6 0,37 10°4 o | 21,00 | 207
293,0 10,350 10° ] 135 - 4495 4,6 0,37 107} p 1 20,80 | 207
298,0 0,02 155 - 605 - 1,29 10+ 2 1 - [211]
298,0 0,02 155 - 603 - 1,29 10-4 ] 1 - (2t
309,06 10,9228102] 130 - 610 - 1,50 10°3 2 ! 30--40 | j210)

a) absence of the effect of water vapor 1if PH20<0'5 mmHg; and

of PH20>0'5 mm Hg;

b) degree of completion of the reaction excead 25%3

c) degree of completion of the reaction less than 25%.
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191, 208] in coordinates (1g k - 1g T) from 1/T lie on a straight line passing
through the beginning of the coordinates (see Fig. 1.8).

4
ik

1 2

-

Ko L7

0 7 7 6 Lo

Figure 1.8. Temperature dependence of the third-order
rate constant 2NO+0,+2N0, (data obtained by:
1- Matthes [208]; 2- Bodenstein and co-workers
(186,187); 3~ Ashmo:e, Barnett, and Tyler [191].

The equation of this straight line has the form

emp

ky .60

= 2T exp(B/RT), (1.62)
where B = 1.925 kcal/mole, so that

kimgo = 2T exp(1.925/RT) 1%/molé?/s. (1.63)

The constant B, entering into the last expression, is determined from the

slope of the dependence (lg kl 60 " lg T) upon 1/T.

In Table 1.9 for comparison the experimental values of the third-order
rate constant established in refs. [186,187,191,208] and the magnitude cal-

culated according to expression (1.63) are presented for comparison.

From Table 1.9 it follows ihat within the limits of experimental data

determined in some conditions, the absolute deviation A% = kixgo - kimgo

4t~
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preserves one sign. The results of Bodenstein and his co-workers [186, 187]
give negative values of Ak, the results of Ashmore and his co-workers [191]

and Matthes [208] give positive values of Ak. It is not clear whether such

a behavior of the magnitude of Ak is caused by systematic errors of the experi-
mental methods or by the contribution of the walls and impurities of foreign

matter manifested differently in the experiments of different authors.

Table 1.9 Temperature dependence of the rate constant of the
reaction 2NO + O, -+ 2NO,.

2 2
exp _gemp
7 LO¥P “;'? Y Lli'\‘(g -— Af‘:}(’) _'_(’?_;__ﬁ_i_‘) ref.
160 . J/ . km} no.
‘K 1672 atweas 3okt -~ i -
43,0 APt R Y 279,00 —-9,00 0,032 so8
149,0 115,89 104,00 11,80 0,113 AR
143,0 02,80 345,40 6,50 0,110 283
23,0 31,10 27,7 3,8 0,142 '_’(33
2310 25,40 43,060 2,20 9.928 2..'%.':}
243,0 23,89 16,92 1,¢ 0.032 2R
273,04 , 17,40 16,92 —~1,02 0,054 185
303,01 14,16 14,76 —0,60 0,041 18{}
333,0 il,08 12,16 -1,08 9,050 180_
63,0 9,60 10,42 —1.42 0,lw0 186
377,4 9, 9,84 0,006 0.006 191
414,0 7,94 8,62 —-0,70 0.088 187
470,0 6,68 7,36 —0,68 0.092 187
14,0 6,08 6,76 -0,68 0,010 ISZ
o, 5,68 5.94 —0,56 0,0¢ o7
573,0 7,00 6,20 -+0,80 0,129 191
613,0 5,68 5,94 —0,26 0,410 187
633,0 5,82 5,82 0 0 191
662,0 5,08 5,72 —064 0,112 187
6920 5,92 5,60 -+032 0,057 191
779,0 5,70 5,40 4030 0,035 191

The maximum value of the relative deviation k/k1.60 is of the order of
0.15 and, consequently, the maximum error of the values of the rate coanstant
calculated according to expression (1.63) does not exceed 15%. The mean rela-
tive deviation, as follows from the data in Table 1.9, amounts to a magnitude

of the order of 10%.

By means of expression (1.63) we will calculate the value of the activation

energy of reaction (1.60).
By substituting into the equation

-l G-
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T,T.

~(Ighk,—Igky), (1.64)
Ty

E- 4,57 =0

the values of the rate constant calculated according to (1.63), with k2 and kl

indicating the values of the rate constant at temperatures T2 and T1 in equa-

tion (1.64), we obtain the following ratio:

s Ty g — 1005, (1.65)
7'3—7‘ > 72 E R

The values of the activation energy El 60° calculated according to the

last ratio, are presented in Table 1.10.

Table 1.10 Activation energy of the reaction 2NO + 02 > 2N02

T,—T, Elgo | T 1.60

o |ksadfwoln| K | keailuohe

0—200 | —1,59 | 500—550 | —0,88
530—250 —1,48 | 550—600 | —0,78
950300 | —1,38 | 600—650 | —0,68
300—350 | —1,28 | 650—700 | —0,58
350—400 | ~1,18 | 700—750 | —0,48
400-430 | —1,08 | 750—800 | -9,
450500 | —0,99 — -

‘

As follows from the data in Table 1. 0, the activation energy of reaction

(1.60) in the temperature range of 150-800°K increases from -159 to -0.38

kcal/mole.

We will consider the possible reasons for the negative temperature depen-

dence of the'rate constant and the variation of the apparent activation energy

calculated according to equation (1.65).

Two opposite points of view are known in the explanation of the negative

temperature coefficient of the rate of the given process.

Bodenstein [187], who assumed that the oxidation of NO by oxygen is an

elementary trimolecular reaction, explained the temperature dependence of the

46—
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rate constant by working from the assumption that with a growth in temperature ég

the number of triple collisions Z3 decreases.

The erroneousness of this assﬁmption vas proved by Tolman [259], who cal-

culated the number of triple collisions 23 on the basis of a simple gasokinetic
theory. According to Tolman, Z3rv T, i.e., it grows slightly with a growth of

temperature [207].

Thus, a simple tneory of collisions is in no position to explain the

kinetics of reaction (1.60) even qualitatively.

Kassel' [260] attempted to improve the conclusions of gasokinetic theory
on the basis of consideration of the intermolecular reactions in a real gas.
The latter obtained a negative temperature dependence for a number of triple
collisions. It is true that there is a serious objection to Kassel's theory.
This theory presuppose the effect of the inert gases, which, however, is not \
cunfirmed by experimental data [186]. The absence of the e.fect of the inert
gases on the rate of reaction (1.60) makes the conclusions of the author indi-~

cated unconvincing. !

The given problem has been solved more successfully o- the basis of the
theory of absolute rates of the reactions. Hershinourts and Eyring [261]
calculated the rate constant, assuming that the activated complex has a rec-

tangular configuration

As the oscillatory frequencies of the activated complex, the corresponding

frequencies of the N204 molecules in the gaseous phase were selected. In the

caleulations it was assumed that the activation energy is equal to zero. The

values of the rate constant calculated in these conditions have a negative

P

temperature dependence and agree with the experimental data determined in refs.

{186, 187, 208] with respect to order of magnitude.
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The resulc obtained by Hershinourts and Eyring [261] give the opportunity
to consider reaction (1.60) as an elementary process with a zero activation
energy and a pre-exponential factor decreasing with the growth of temperature.

The authors of refs. [262, 263], for example, hold this point of view.

The opposite approach in the explanation of thc kinetics of the reaction
2N0 + 0, - 2NO,, was proposed by FUrster and Blich [264].

These authors demonstrated that the negative temperature dependence of
the third-order rate constant may be explained on the basis of the following

two-stage mechanism:

NO-+-0,=NO.0,, (1.66)

NO.0,+-NO—>2NO,,
1.67)

where the first stage occurs in a quasi-equilibrium manner and the second

with a measurable rate.

In this case the rate equation is written thus

d (.:tO;) =By e (NO.. 0,)(NO). (1.68)

The concentration of the intermediate compound N0°02 is determined from the
condition of equilibrium of reaction (1.61) with respect to the ratio

(NO-0.) = K, .(NO)(O), (1.69)

where Kl 66 is the constant of equilibrium.
With a consideration of expression (1.69) the rate equation (1.68) takes

the form

aeicy)
). i (5070,

(1.70)

;8=
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where

k (1.71)

eff = F1.67°1.66°
The apparent activation energy in this case is determined by the ratio

E = AH + E

eff 1.66 1.72)

1.67°

Here AH is the thermal effect of the formation of the intermediate com-

1.66

pound NO'OZ, and E is the activation energy of the limiting stage (1.67).

1.67
If reaction (1.66) occurs with a liberation of heat and the condition
IAH1.66| > E1.67 is fulfilled, the apparent activation energy Eeff will have

a negative value.

The effective rate constant in this case will be decreased with a growth

of temperature.

Trautz [265] proposed an analogous two-stage mechanism with the partici-

pation of the intermediate compound NZO

2:
NO+-NO==N,0,, (.73)
N,0,+0;-»2NO,. (1.74)

Trautz's mechanism also leads to third-order kinetics, if reaction (1.73)
occurs in a quasi-equilibrium manner, and reaction (1.78) with a measurable

rate.

Thus, we may explain, with equal success, the negative temperature depen-
dence of the third-order rate constant on the basis cf the proposition of an
elementary reaction and also on the basis of the assumption of a complex

mechanism.
The variation of the activation energy of reaction (1.60) in the first
case, in accordance with the conclusions of Hershinourts and Eyring [261],

should be explained by the temperature dependence of the pre~exponential factor.
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In the second case the variation of the activation energy of reaction (1.60)
may be caused by the temperature dependences of the heat of formation of the

intermediate compound and the activation energy of the limiting stage.

However, we may bring serious objections against the interpretation of

the data with respect to the kinetics of the oxidation of NO by oxygen.

The essence of this objection lies in the following. We may cslculate

the third-order rate constant according to the ratio

cal _
k1,60 = ¥-(1.60) /%2 (1.75)
where k—(l 60) is the rate constant of the thermal dissociation of NO, when
PNO < PNOZ’ Kc2 is the cogstant of equilibrium expressed in concentration
units.

In a case of an elementary occurrence of reaction (1.60), the fact that

the latter ratio can be fulfilled is beyond doubt.

However, it is easy to demonstrate the fact that this ratio can be ful-
filled also for a case when reaction (1.60) occurs according to a two-stage
mechanism with a pre-equilibrium stage of the formation of an intermediate
compound. For an example we will consider a scheme proposed in the work of
FSrster and Blich [264].

The equation of the rate of the rcversible reaction 2N02 Z NO 02 + NO

is written thus:

_dNOy) (1.76)

With a consideration of expressions (1.69) and (1.71), from this we

obtain d(NO,) .
_ __T”_;- = ke 67 (NO® — Ry (NOJ: (O,

. (1.77)
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At equilibrium d(NOQ)/dt = 0, so that

fos _ (090) _
e 00) .78

On the basis of the latter ratio we obtain

k =k

o = Ko167/%02° (1.79)

Here k is the rate constant of the limiting stage of the thermal

-1.67

decomposition of NO, according to the two-stage mechenism, i.e., the experi-

2
mentally established rate constant of the reaction

With a consideration of the latter remark we may write

kcal =k

1.60 = (1.80)

/k

eff = Koy.60'ke2)

The values of the third-order rate constant calculated according to

expression (1.80) are presented in Table 1.11.

In the calculations, as the rate constant k_l 60 2 rate constant was

selected as determined by the expression k_l 60 = kl 29 = 109'6 exp (-26900/RT)

1/mole/s.
The equilibrium constant Kc2 was calculated according to the ratio
c2

K =.Kp2/RlT,

where sz is an equilibrium constant expressed in units of pressure {atmos-

pheras) .

The temperature dependence of sz is described by the polynomial

2T+~ 17,5121 — 0,2079.1074T —
— 1,6017 107°T —0,1183. 1672 T3,

-5]-
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Table 1.11 Specific rate of the reaction 2NO + 02 > 2N02 upon
. >
condition that PNO PNO2
Lem cal ‘ '] 7 Iktl”g; Lf“ﬂ%—
T i %o ! it Ak ! '__,i 100

°K ’ 102 92 ,m(‘_s;_e_:_?;—sec_l %

300 15,18 3,82 11,36 296,0
400 9,02 4,26 4,76 116,0
500 6,80 4,30 2,30 51,0
573 6,22 4,70 1,52 32,0
600 6,02 1,8v 1,22 2,0
700 5,58 5,12 0,46 9,0
800 5,36 5,46 -0,10 2,0
900 5,28 5,78 -0,50 9,0
1000 5,28 5,28 —1,00 19,5

This polynomial is suitable for the calculation of the values of sz in
the temperature range of 300-1000°K for an ideally. (perfect) gaseous state [2].

As follows from Table 1.11, the values of the rate constant k;aéo, calcu~
lated according to expression (1.80), increase as the temperature rises, i.e.,
even a qualitative agreement with the quantities determined according to

expression (1.63) is-lacking.

The divergence in the values of the rate constants kiaéo and k;xgo cannot
be caused by errors in calculation. The following agruments speak in favor

of this given affirmation.

Experimental data are available on the oxidation of NO in the temperature
range of 143-800°K [186, 187, 191, 208]. Reliable data on the decomposition
of NO2 were obtained in the temperature range 573-1020°K [57-59, 248].

At T = 573°K, according to Ashmore and his co-workers [58],

0000 96000 4+ 100 o
Py go =Ry 2y==10 'e°‘°'”exp(-— —-———E—f——")g-uo]a g, (1.82)

which gives an error in the value of k_1 60 that is equal to 2%. The error
of sz, obviously, is of the same order of magnitude., The error of values

of kixgo calculated according to expression (1.63) is no greater than 15%.
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Consequently, the permissible divergence between kl 60 and ki?éo, caused by

exp
-1.60° Kp2» 30d Ky o
20%. However, as we may see from Table 1.11, this divergence amounts to 32%.

inaccuracy of the values of k at T = 573°K must not exceed

More significant is the fact that a definite dependence upon temperature
exists in the ratio of the rate constants kl 60 and k1 60 In the temperature

range of 300-1000°K the quantity k, = kS2%

g = l 60/kexP is determined by the expres-

1.60
sion

kg = 10° %2 exp (—320,RT). (1.83)

In Table 1.12 for comparison, the values of the factor k, are given, as

B
determined according to this expression, and as calculated according to the
ratio
- cal exp
kg = X1 60/%1.60°

The coincidence of the values of k8 calculated ir such a manner indicates the

validity of expression (1.83).

The explicitly expressed nature of the temperature dependence of the

factor kB and the divergence of the values of k1déo nd kixgo, obviously, -
may be explained only by working from the assumption that the reversible
reaction .
200 Ow_- 2NO,
1,60

at stages that are not very close to completion occucs simultaneously, along

at least two reaction channels.

The channel which gives the basic contribution in the region of high
temperatures obviously corresponds to the thermal dissociation of NO2 with
a rate constant determined by expression (1.29). In part? .ular, the coinci-
dence of the values of klaéo and kixgo at T > 600°K indicates this. With a
rise in temperature the rate constant of the high-temperature channel of the

oxidation of NO by oxygeu increases.
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The second reaction channel has a negative temperature dependence of
the rate of the reaction. The contribution of this channel has a greater value
in the region of low temperatures, so that at T < 300°K the oxidatica of NO
by oxygen occurs basically along the second reaction channel. This note may

be used for estimation of the activation energy E and the pre-expo-

low temp.

nential factor A of the low-temperature mechanism of reaction (1.60).
low temp.

Table 1.12 Temperature dependence of the ratio of the rate

emp cal .
constant k1.60 and k1.60

.
T .

T,<K | 300 | 400 | 500 | 373 | GOO . 700 | 800 { 900 | 1000

k;, 0,25210,463]0.662{0,767}0.800 0,918 1,021 1,09 1,19

k;, 0,252]0,438]0,61110,715{ 0,762} 0,890} 1,01 1,09 1,18

At T = 143°K, according to Matthes [208], the value of k, o 18 equal to ;
1.35 10> 1%mole %sec™ . At T = 300°K the value of k, , determined from the
ratio A
- 18xp _ jcal
. kyow temp. = ¥1.60 ~ ¥1.60 (1.84)

1s equal to 5.65 103 lzmole-zsecmz. According to these magnitudes we deter-

mine

K, 10233 exp(1700/RT) 1%mole %571, (1.85)

We cannot explain the temperature dependence of the rate constant kl t
by working from the assumption that E1 ¢ = 0, and Al ¢ is decreased as the .

temperature rises, i.e., on the basis of the assumptions of Hershinourts and

Eyring [261].

In the latter case we had to assume that the normal temperature depen-
dence of the rate has a complex process, giving the basic contribution in

region of high temperatures, since the two reaction channels with positive
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and negative dependences of the rates of the reaction cannot be elementary

simultaneously.

On the other hand, we may assume that both these reaction channels occur
complexly or that in the region of high temperatures the reaction occurs in
an elementary manner, and in the region of low temperatures in a complex

manner.

We will investigate these possibilities in more detail. As follcws from
a consideration of the mechanisms proposed by F8rster and Blich [264], and

also by Trautz [265]}, two-stage mechanisms with pre-equilibrium stages of

the formation of intermediate compounds give a negative temperature dependence

of the rate constant and the third-order kinetics. We may obtain the third-

order kinetics and a positive temperature dependence of the rate of the

reaction in a similar manner on the basis of mechanisms (1.66~1.67) and (1.73-

1.74).

It is easy to demonstrate that at stages that are not very close to com-
pletion only intermediate compounds N202 and the perioxy radical 02N0 may

participate in reaction (1.60).

In the discussion of the thermal dissociatlion of NO2 {t was noted that
the contribution NO3 in the nitrate structure is negligible at comparable
concertrations of NO and N02. On the basis of the principle of microscopic
reversibility from this it follows that in the reaction 2NO + 02 -+ 2N02 this
intermediate ccmpound does not play an essential part at stages that are not

very close to completion. This proposal is confirmed by data on isotope

exchange. The results of the work of Sharma and his co-workers [266]) indicate

the absencr. of molecules l60180 in the system N160 and 1802 at T~ 300°K,

which indicates the absence of the reaction
150
NI‘O-}“O,»b‘le"O'}-"O"O,
g’ Mg (1.86)

i.e., the low probability of the formation of the nitrate radical N03.

-55=

FRRYPS

P

.

L s ne i

et




According to Ray and Ogg [217], the NO3 in the nitrate form is formed

according to the reaction

0,-+NO+NO,==NO,+NO,, (1.87)
NO,--NO->2NO,. (1.88)

At T ~ 300°K the value of the rate constant k corresponding to the

1.87
equation

. dNoy) '
T S=r =k 5(NO) (0 (NO, (1.89)

‘ is equal to 1.36-102 lzmole-zs-l. According to the data of Bodenstein and

Wachenheim {186], the third-order rate constant k at T ~ 300°K amounts

3 2 -2 -1 1.60
to 14.16-107 1°mole “s ~. From a comparison of the values of the rate con-

stant kl 60 and kl 87 it follows that the channel with the participation of

the nitrate radical NO3 competes with reaction (1.60) only at the concluding

stages of the oxidation of NO.

The following fact attracts attention to itself. The NO3 in the nitrate

form is formed according to the reaction NO + O2 + M > NO, + M only in a case

vhen the NO2 molecule is the M molecule. This conclusion3may be made on the
basis of the data obtained by Sharma and his co-workers [266]. It is clear
that the only acceptable explanation of such selectivity of the molecule M
may be the explanation based on the assumption that reaction((1.87) is a

complex process. A possible mechanism of this reaction, according to Benson

[267], is
NO — 0, == CONO, 1.90)
0 ' o) o)
N - CONO~ MW —04N7

where OONO is the perioxy radical 02N0.
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We may explain the low efficiency of the direct reaction

qualitatively in the following manner. Obviously the direct reaction of the
formation of NO3 requires the breaking of a very strong bond in the oxygen

molecule. The energy barrier in such a reaction must amount to several tens
of kilocalories, which makes the occurrence of such a process in the region

of low temperatures scarcely probable.

To the contrary, the interimediate compounds N202 and OZNO, obviously, are
easily formed in the region of low temperatures. We may give a number of
experimental data indicating the formation of the dimer N202 in the gaseous
phase. According to the data in refs. [268-270], the heat of the reaction
N202 Z 2NO amounts to about 2 kcal/mole.

Unfortunately there is no direct experimental data relative to the exis-
tence of the intermediate compound OZNO. It is true that there are a number
of indirect kinetic data indicating the possibility of the formation of this
unstable compound [267].

From the standpoint of the chemical reactinn capa! ility the role of the
perioxy radical OZNO in reaction (1.60) is preferable in comparison with the
role of the dimer N202. The limiting stage in the oxidation of NO by oxygen

in the first case is

: L] . *
02\10 + NO = N02, (*)

and in the second case

N202 + 02 - 2N02.

Here the points over the molecules signify the presence of unpaired

electrons.

In a case of the occurrence of the reaction (*) the activation energy

may be close to zero, but the heat of the formation of 02N0 amounts obviously
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to a magnitude of the order of 1-2 kilocalories (as the non-observability of

the compound O,NO requires this). The effective activation energy of reaction

2
(1.60) in this case may have a negative value of 1-2 kcal/mole.

If we accept the fact that reaction (1.60) in the region of low tempera-
tures occurs with the participation of NZOZ’ then considering the fact that
the heat of the formation of NZOZ is about 2 kcal/mole [268-270], i.e., a
magnitude comparable with the effect activation energy of the total process,
it is necessary to admit that che activation energy in the reaction between

the valently saturated molecule N O, and the chemically low-active molecule

2
O2 [271] must have a value that is close to zero, which is scarcely probable.

We note that in the complex mechanism of the type described by Fdrster
and Blick and by Trautz a negative temperature dependence may be obtained only

from stabilized intermediate compounds, formed according to the reactions

0, + NO==0O,NO',

1 !. A ’ .L‘\
oo ONO' -+ M==O,NO -+ M

NO +NO == N0},
NOY + Me2N,0, 4+ M,
1 1I
where Ozho and NZOZ are unstablized quasi-molecules.

Only in this case is the intermediate compound in equilibrium with the
reagent, and, consequently, the effective third-order rate coustant determined
by ratio (1.71) may have a negative temperature dependence.

. I 11

On the contrary, unstabilized compounds 02N0 and N202 may participate
in the high-temperature reaction channel of the oxidation of oxygen. The
work of Hershbach and his co-workers [272], in which the rate constant for

bimolecular composition of NO, is calculated, gives some information relative

2
to the high-temperature channel. The latter authors found that the decomposi-

tion of NO, with an activation energy equal to 26,900 kcal/mole and a pre-

2
exponent equal to 109'6 1/mole/s occurs via an activated complex of the follow-

ing type:
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This complex is formed if in the collision the molecules of NO2 are so
oriented that two atoms of oxygen of different molecules are located at the
minimum distance, and the two others at the maximum distance, with relationship
to each other, i.e.,

0 N 0
= O
[\

N o
Nt W T N N

0
The reaction of the oxidation of NO by oxygen in the region of high
temperatures, as follows from the principle of microscopic reversibility, must
occur via an activated complex of type A. This complex may be formed in the
following cases. In the first place, as a result of the simultaneous collision
of two molecules of NO and a molecule of 02; in the second place, in the colli-
sion of a molecule of NO with molecules of NO and 02, located in collision;

and in the third place, in the collision of a molecule of NO with an unstabil-

ized quasi-molecule 02N0.

An activated complex of type A, however, cannot be formed in the collision
of a molecule of O2 with an unstabilized quasi-molecule of N?Ogl, and also in
the collision of a molecule of oxygen with two molecules of nitric oxide

located in a double collision.

The data from ref. [272] indicate, consequently, the low probability of
the occurrence of reaction (1.60) with the participation of an unstabilized
quasi-molecule of NzoéI also in the region of high temperatures. From this
we conclude that the most probable intermediate compound in the reaction of
the oxidation of NO by oxygen at stages thatL are not very close to completion

is a compound of NO3 in the perioxide form.
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Chapter 1I

CALCULATION OF THE THERMODYNAMIC PROPERTIES
OF REAL CHEMICALLY REACTING SYSTEMS

It is well known that the thermodynamic properties of real pure gases

may be calculated relative to a selected standard state from ordinary differ-
ential equations of thermodynamics if the heat content of the gas is known at
a very low pressure and its P-V-T data are assigned or in the form of an equa-
tion of state or in the form of tables. The thermodynamic properties of gas~
eous mixtures of constant composition may be calculated relative to the stand-
ard state of the mixture according to the same ratios, if the thermal data of
the components of the mixture are known, as well as the composition and the
data on the compressibility of the mixture. The derivation of these ratios

by means of a general limit mevhod for pure gases [67] is given below in order
to consider further the possibility of the application of them for calculation
of the thermodynamic properties of real chemically reacting systems, for which
data on compressibility or the equation of state of the systems as a whole are

known.

In this chapter, the partial pressure of the gas in the mixture is the
product of its molar fraction in the mixture multiplied by the general pres-
sure of the mixture regardless of whether or not a real or an ideal (perfect)
mixture of gases 1s being considered. The equilibrium pressure of the gas in
the mixture is the pressure of this gas in isothevmal equilibrium with the

mixture through the membrane, penetrable only for this gas alone {232].

In order to distinguish a pure from the same gas in a mixture, the pure
gas is designated by the subscript k, and this same gas in a mixture by the
subscript i. A pure gas having a common veclume, temperature, and chemical
potential as in the mixture is designated by the subscript e. Obviously,
such a gas is in thermodynamic equilibrium with the mixture through the mem-
brane penetrable only for this gas, and the quantities characteristic for
the given gas are "equilibrium quantities." The subscript P denotes the
vaiues of the thermodynamic quantities of the pure gas having a general pres-

sure, temperature, and number of moles as in the mixture.
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In the derivation, the basic attention is paid to the formulas for the

calculation of enthalpy and entropy.

1. The General Limit Method of the Transition for Pure Gases

The procedure called the general limit method by Gillespie [233] assumes
that with a decrease in the pressure of a real gas or a mixture of gases at

a constant temperature and number of moles, definite thermodynamic properties

of a system of real gases approach the ideal gaseous state in a definite manner.

By an ideally (perfect) gaseous state of the mixture, we mean such a state of
it that the equilibrium pressure of the gas in the mixture is equal to its
partial pressure, and the equation of state of the mixture is as follows:

PV = En,RT,

1=l
where n, is the number of moles of the i-th component in the mixture. We will

consider two regions of pressures: low pressures, at which the terms of the
order of P2 are negligible in comparison with terms of the order P or one;
very low pressures, at which terms of the order of P are negligible in compar-

ison with one.

We will assume: 1) at all temperatures the product of the volume multi-
plied by the pressure for a fixed mass of a real gas may be presented at a
constant temperature in the region of low pressures by the following expres-

sion:

PV = F(T, m) - A(T, )P+ O(P),
(2.1)

where F(T, m) and A(T, m) for the given gas depend only upon the temperature
and the mass, and A(T, m) and its derivatives with respect to temperature are
limited, O(PZ) are terms of the order of P2; and 2) at all temperatures the
enthalpy of the fixed mass of the real gas may be presented at a constant

temperature in the region of low pressures by the following expression:

H == [(T. m) + B{T, m)P + O (i), (2.2)

-61~

N s adrtib it s

o
£
oAl

)

G"“M‘-(‘a‘*“i A

3,

s

TS BN A R BTt BT O

K
Yy

By}




————— %

T e e o o o

where £(T, m) and B(T, m) for the given gas depend only upon the temperature

and the mass, and B(T, m) and its derivatives with respect to temperature are

limited.

By substituting equations (2.1) and (2.2) into the well-known differential

ratio of thermodynamics

... ~] iV

=5 ) FEVilemT)

o Jr- X 1
we obtain

0@ = L[t T4 [ame{22) Troe
prom - [r=r(GF) |+ (). oo

This equation is correct if

oF
. 2.1 ==0.
F T(or)m

The integration of this ratio at a constant mass gives
F=1r(mT,

where r(m) depends only upon the mass of the given gas.

Considering this, we obtain from equation (2.1)

PV =r(m)T + A(T, m)+ O (#),

and for the region of very low pressures

PV T =1.

(2.3)

(2.4)

(2.5)

(2.6)

Since the volume is an extensive quantity, then if in equation (2.6) we re-

place V by V/m, r becomes a quantity characteristic for each gas.

If we

express the mass of the given gas in moles, then r will not depend upon the

type of gas and we will designate it as R.

*
The superscript * everywhere signifies that the quantity is considered at

a very low pressure.
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Then

PV_.nRT—r';fP L0(P), .7

where n is the number of moles in the volume V and 8 is a purely temperature

function.

In the integration of the differential ratios for the enthalpy and entropy

ail - (‘”’) (”’;) 29 - CT - [v-r("") ]dP
[4)

. {5 AW C e (a/ ) 4P
"'*”‘(; \) H’(m )r‘ =op AT )

1

we select the following channel from the point of the standard state (PO, TO)
to an arbitrary point (P, T): we change the pressure from P0 to P* at a
temperature that is constant and equal to TO; we change the temperature from
T, to T at a pressure that is constant and equal to P*; we change the pressure

0
from P* to P at a temperature that is constant and equal to T.

We obtain the following:

P

H(P, T)— H (P, Ty) = j [V—-—T(-?-Z-) ]dP+
J, 3T )
T P av
+ [ ncyar+ “v-ur (Ff)pjdp’ (2.8)
T 7Pe .
T
S(P, T)—S(Py Ty) = — f (ar) dP +
TP,
aC’ av
[ G- [ (2 . 2.9
Ta Tpe :

In order to ensure that the definite integrzls with respect to pressure in
formula (2.9) do not diverge when the limit P* tends toward zero, we add the
term nR ln(P/PO) to the integrand expressions and accordingly subtract

* 1n P/P0 from all the terms. We obtain
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P.

S(P. T)—S(Py, To) = \ ["R

TePy

_ ( "V) }dp = S’_q_ dT+
ot J» T

Te
P .
R o '
+ {5’5 — ( ar)P]dp _nRIn PP, .10 |
< 7P,
Let us assume that
r
R=i)+ \ CdT; nh$ = H (P, T) +
» '
oV
B LA PR
+ [V T aT)P‘ (2.11)
ToPo
T . )
50 =83+ S 91; . 183 = S(Py, To)+nR In Pot-
o (TR (2) ] .12
P oT

Ts

v

From equation (2.2) and ratio Cp((SH/GT)p we find that

6= (%) +o@. (2.1

and, consequently C; is a function of temperature alone.

From equation (2.7) we find that

1]
lim S [V—T(i’-‘i) ]dP _hmﬂ“R
PO oT /» Pl P
P.

—(ay) ]dP 0.
éT (2.14)

Definite intetrals with respect to pressure in expressions (2.11) and

(2.12) for a standard pressure of 1 atmosphere are small in comparison with
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H(Po, TO) and S(PO, TO) and usually they are ignored.

Considering expressions (2.11)-(2.14), from equations (2.8) and (2.10)
we obtain the following:

- ._f —T ‘W) }d?.
HE, T = it a‘[v (ar . (2.15)
1R v
S(P T) - nso 5["0 (01 )P}dp anﬂ. . (2.16)
) T
where = H(Py, T + 1 3’ CidT,
o

.
289 == S(Po, To) + 1 5‘97; AT +aRnP,.
Ty

The equations for the calculation of enthalpy and entropy in coordinate
T, V look like the following:

oP (2.17)
H(T.V)==S[P——T(ar ]dl’ PV - neb,.
FaY
' (2.18)
ST nR_ 525) , Y s,
( V) j’[ (()T VdV-r(IR]nnRT +nS

where

T [ ‘e
¢ == e 4 fc;. dT; e} = iy —RTy; 8°=Sp -+

T
Cv a7+ R L.
+.S 7 47+ Ring

2. Calculation of the Thermodynamic Properties of Real Chemically
Reacting Systems According to P-V-T Data

The behavior of real chemically reacting systems does not correspond to

the assumptions made in the derivation of formulas for calculation of the
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thermodynamic properties of real pure gases and real mixtures of a constant
composition and therefore these formulas cannot be extended to the calculation
of the thermodynamic properties of equilibrium real chemically reacting gaseous
systems. This affirmation may also be proved by a method that is formal, but
clearer. For example, we differentiate formula (2.16) with respect to pressure

considering that for an equilibrium chemically reacting system n = Z n, depends
(1)
upon pressure via the constant of equilibrium of the chemical reaction. We

obtain the following expression:

BY_ (VY- ‘3'1) RInPIP, .
(ap),“ (ar)p (aP,r ?

And since ) an
— 0'
(‘"’)r%

then one of the general differential ratios of thermodynamics is violated

é_S.) .__(22)
(aP r ar /e

which also proves the affirmation.

We will derive ratios for calculation of the thermodynamic properties of
a real gaseous mixture in which an equilibrium chemical reaction occurs as
follows: lel + v2R2 + ... +vkak z vk+le+1 + oes + veRe, working from the
following assumption: in the region of very low pressures from zero to P*
the pressure of the i-th gas in the mixture is equal to its partial pressure;
the equation of stave of the i-th component in the region of very low pres-
sures is as follows: P;V* = ngRT. For definiteness, we will consider the
dissociation reaction (the direct reaction occurs with an increase in the
number of moles), and we will limit our derivation to formulas for calculation
of the enthalpy and entropy of the thermodynamic under consideration in T, P-

coordinates.

In the integration of the differential ratios for the enthalpy and entropy
we select the same channel from the point of the standard state of the mixture
(Pom’ T) to an arbitrary point (P, T) as in a case of pure gnses. We obtain
the following:
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p.
; oV
H(P, T)— H (Pom, T) = [v—r(——) dp--
I oT /e
Te Pom
‘ r P .
' fewars [ )}
+ | Cdr V—T —-—)- 5
E Al + o Jey - (2.19)
To TP

' P .

: F oV

: SPD=SPm T =— | (55 4P+

; aT [» .
b To Pom ‘

i 7, P W
| : Comgr 5( ) op
he —— - “orr [ 2.20
’ ’ ij"l' JT /> ( )
T T e

1 where C;m is the heat content of a chemically reacting system at a constant,
f , very low pressure P¥,
{ ' We will determine Cgm when P* tends toward zero.
4 _ It is well known that the volume, enthalpy, and entropy are extensive

properties. For the homogeneous thermodynamic system under consideration,
as a consequence of this, they are first-order homogeneous functions of the

number of moles of the components. According to the Euler theorem concerning

oS
S == n; { ~— = n,S M
2 i(dn, )P.T.n X ‘ (2.21)

(i)

H = Ell,- (?—H—) = 2".‘”1 ; (2.22)
3 ) 6;1, pTn )

(s

V 3= )l'- (—(W—) = ‘n"V1_' (2 '23)
:E] ony Ie.1.a :EJ
{ ) .

()

homogeneous functions

where Vi’ Hi’ and Si are the partial molar volume, enthalpy, and entropy,

respectively, of the i-th component in the mixture.

In the region of very low pressures, accoraing to the assumptions, the

partial molar quantities a.e equal to the corresponding perfect quantities at

5
e

A
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a temperature of the mixture and at the partial pressures of the components.

Therefore,
S(P*T)=S*=3n 83 (2.24)
]
H@P*, T)=H*="Yn, H,;
%‘ ! (2.25)
RT
V{P®t, T)=V* = Vv - " =5,
( 1.) z § (] .PI (2.26)
{0 (8]
where
T
H; = H? +’ C, 4T, 2.27)
4 r.'u ;:‘P.
* e 80 M oT - RWn 24,
8 Sd.+-5,_71“ aT =Rl B 2.28)
and Hg, Sg are the standard enthalpy and entropy of the formation of the i-th

component, respectively, Xy
the mixture, P0 1s the standard pressure of the pure gas.

For convince of subsequent formal transforsations, we will express n

and Xy via £, the degree of completeness of tte reaction:

n,=n?+v,§ mai=12 ..., K

X‘==£1:= 22j;2§;
n n® -} v§

m=vtami=x+1,...,¢;

vif

no-F g’

X; ==

where no is the initial number of moles of the i-th component, v

i

is the molar fraction of the i-th component in

i

(2.29)

(2.30)

(2.31)

(2.32)

represents

the stoichiometric coefficients of the reaction, which are positive for the

x [

_ ?no ' Y == 2‘\7‘ .
reaction procucts, negative for the initial substances, and M= d ! “~
i= =
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From the condition of conservation of the stoichiometric ratios

Rivi=—1 (=12, ..., %. (2.33)

By ccasidering expressions (2.25), (2.27), (2.29), and (2.31), we obtain

I3 - 3 .
C"(‘E’f) e E:nl’(glj) < E Ii‘-'(q.zl.-):
2 of , o I ot Jp
(AR ] -

farks 2.
2 ol (:‘};) . (2.34)
Gl fp

The equation of the constant of equilibrium cf the chemical reaction

under consideration is as follows:

Kp(T) = ﬂ @i = TJwprs =2 T Joor =
i=

(=1 =1

x 13
(A8 T (__v_z’é__)”‘ . (2.35)
=P s\ +% no -+ v

=1 HER R R |

Having reduced it to logarithms, we obtain

13
nXe (N =vInp .- E v, In @ 4+ vE)+
’ i=1
+ z ©'nvE—vin(n® - b, (2.36)

FE Tt |

Having differentiated equacion (2.36) with respect to temperature, after

cartain trans‘ormations we obtain the following expression for (65;/6T)D:

éin KP))
()g . (-*b"}" I .
(ar\;p— A (2.37)
s T

But according to the iosbar equation of van't Hoff
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LTS ey ) = .j—"!—
(--GT . R4 (2.38)
c
where £H = Z viH§ is the thermal effect of the reaction. Fror thence,
i=]

(), g

With the tendency of P* towards zero, from equation (2.35) we may obtain the
following expression, considering ratio {2.33) and the fact that v > 0 (the

dissociation reaction):

e
Wngsr ot i

sl vy (2.40)

From thence, with consideration of expression (2.77)

lim ( ‘(’;‘;: ‘),, = 0, (2.41)

P*-s0

From equation (2.34), with consideration of formulas (2.49), (2.33), and
(2.41), we obtain

[3
lim C;m = ) viCt:l-
Proy - (2.42)

We will now demoustrate that when P* tends toward zevo, the definite
integrals with respect to pressure in formula (2.20), as in a case of pure

gases, diverge at the limit P¥,

We will consider a perfect chemically reacting system, i.e., a chemi-
cally reacting system for which equations (2.24)-(2.28) are fulfilled in the
entire region of the variation of the pressure. For such a system, consider-

ing equalities (2.26), (2.29), and (2.31), we obtain

1 < on
g B S5

(2.43)

x
The subscript u signifies a quantity for a perfect chemically reacting system.
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If we consider equation (2.39), expression (2.43) is rewritten thus:

( oV \“ . AR vAH —
ar j» P pr( Y o\ \.z) (2.44)
C U w T

We will consider the partial derivative with respect to pressure from

the following quantity:

- fnﬂR.thﬁR
=R (2.45)

il

With a consideration 07 fTormulas (?.29) er? (2.21)

Obm . : i '_g'_ﬁ_
(5 )R )

(2.46)
| ;ngv,(_gg_)r, ap s IR
From equations (2.30) and (2.32) we obg;in
(“3,-2’—}, g (:/)P)r (=12 ... (2.47)
. (’%‘)ﬁ%(%)r E=k+1, ..., 0. (2.48)

Having substituted equalities (2.47) and (2.48) ianto formula (2.46), and

considering that xg = n./n,

Wnt—nv)/a
(5), 'RE (3 ),

(2.49)
¢ . ¢
' _Xl’.li. _qg_. (Q;.'_ Z v In x‘ + —B-
TR.E n (OP)régR 0P |z ' P
s=Krl =1
By carrying (R/n)(SE/GP)T from the first two terms we obtain
(4
2 (vn° — n vy - 2 w0 v — v 2 N, (2.50)

1:21 i »rl
The third term of (2.49), with consideration of expression (2.35), looks like

the following:
~-71~
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. % ~ N AW e
Bt v 2] =) iR T,
R(ep),- 2.!"‘ nr ( )r ' (2.51)

and from thence, by using the well-known ratio

K (T) e S _ _AH
In X, (T) =~ R RT (2.52)

c T
where § = Z i[sg + f C;i(dT/T)], the variation of tne erntropy of the progress
i=1 T
of the reaction, we obtain the following
B\ WO i3 AH (&%
R —3—) )JvluxP.—-AS(-—l) —_—— =1
(ap rad p ):~ T \or); (2.53)

Having substituted equation (1.53) int~: formula (2.49), and considering

identity (2.50), ve obtain

as,, % _‘_’i_i”_(f .
(--EF)T=AS(-0P)T' P T ap)’ (2.54)

Having differentiated equaiion (2.36) with respect to pressure, after

certain transformations we obtain the following expression for (GE/GP)T:

(ﬁi" - v
oP Jr 5 ‘V? y2 )
P( ‘n_,““—n‘) (2.55)

2l

Having substituted equality (2.55) into the last term of equation (2.54), we

obtain .
JS 05 ) nR
((7[’ )1 (5? T P
(2.56)

. vAf] 4

"/"" __"..,?.- — ._\.':.)
2 Sy 1
ol

By comparing the two lant terms of expression (2.56) with equation (2.44), we

may obtain the following:

(.f---‘.) = AS (_ig_) ¥ (.;w_‘-)l .
T Iy or Jp (2.57)

0;) L4

AR S




From thence

W\ . (_05,) _.«s(-‘?i) :
('57 ),, \NeéP? r 0P /1 (2.58)
and consequently,
P, - u P
y(_"i’:) 4P =1S,,(°, T) — ASS(P, THE: . (2.59)
[77] 4
Py N

In the region of very low pressures, a real chemically reacting system
becomes perfect according to the assumption, and any of the definite integrals
with -espect to pressure in equatioa (2.20) at the limit P* may be taken accord-

ing to formula (2.59).

By considering expression (2.40), we obtain the following from equality

(2.45):

im(S,, (P*, T) — ASE*] = co.
Po=0

Thus, when P* tends toward zero, the definite integrals with respect to
pressure in formula (2.20) diverge. In the first section a method was de-
scribed which was proposed in ref. [233], by means of which in 2 case of pure
gases and mixtures of constant composition the authors succeeded in avoiding
the divergability of the integrals. For this the terms nR/P were added to the
integrand expressions so that when P* tenas toward zero, when the volume of
the real pure gas approaches the volume of thc perfect gas, (’c)V/aT)P of a real

pure gas approaches nR/P and the integrand expressions tend toward zero, ex-

cluding the diversability.

This method in a case of the calculation of the entropy of chemically
reacting systems does not lead to a positive result, although it does give
the possibility of avoiding the divergability of the integrals. In the region

of very low pressures, considering expression (2.43)

AR [V Y RT (__t_)
':J'“‘(E"r), p \otlp (2.60)
..73_.
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By comparing equation equations (2.37) and (2.55), we obtain

et i) - Alli3y .
o \ar), (op), (2.61)
From thence o 4
m e WAL Hiot
¢ f R i{) ap={ 24 ’_v) QP =
P et lp T \aP/r
P| P‘
A - Py -
=3P, T) (2.62)
T P

and, consequently, considering expression (2.40),

" AH, AH
it1 | —=§¢ T . (2.63)

vl T T

From this it also follows that at P* tending toward zero, the integrals

at this limit in formula (2.20) with the transformed integrand expression tend

toward a finite value.

But, having added nR/P to the integrand expression, we must subtract the

integrals of nR/T from formula (2.20). 1If in a case of pure gases and mixtures

of gases of constant composition the integral from nR/P is selected elementari-
ly, then in a case of chemically reacting systems, when n depends upon the

pressure via the constant of equilibrium (2.35), the integral of nR/P in a
general case is impossible to select analytically. Therefore, this method is

not applicable in a case of the calculation of the entropy of chemically react-

ing systems.

In this case, the addition of ( V/ T)u directly to the integrand expres-
sions gives a positive result. When P* tends toward zero (6V/6T) will tend

towvard (6V*/61) , which coincides in this region of pressures w1th (<SV/<ST)p

because of whlch the integrand expressions will tend toward zero, excluding

the divergability of the integrals.

Having added (GV’GT) to the integrand expressions of formula (2.20) and

deducting from it the 1ntegrals of (oV/él) , we obtain

—F4=
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[(%L—(%)P ]dp_ (2.64)

We will determine the magnitude of the last two integrals when P* tends toward

Zero.

Preliminarily, we will make the following comment concerning the standard
state of chemically reacting systems. It is well known that a state of the
system, or its component, at which indefinite conditions definite values are
awarded to certain thermodynamic parameters is called a standard state. For
pure gases, a standard state is a state of a perfect gas, i.e., the limit of
a real gas with a decrease in the pressure to zero. Since the entropy of a
pure gas does not tend toward a constant value at a P tending toward zero, we
cannot gelect the state of a perfect gas at low pressure as the standard state
for the entropy of a pure gas. For the standard state for the entropy of pure
gases, the entropy of a hypothetical perfect gas is selected, with the assigned
pressure of one physical atmosphere. From these definitions it follows that,
in the first place, at the standard state point (Pom,TO) a chemically reacting
system is perfect (ideal), and ratios (2.24) and (2.25) are fulfilled in it,
and, in the second place, at the point of the standard state of a chemically
reacting system (as, incidentally, also at the point of the standard state of
a mixture of constant composition) we must assign a pressure Po = 1 atmosphere
as the partial pressure of each component. This leads to the fact that for
chemically reacting systems at a standard point we cannot use the conventional
ratios between the general pressure of the mixture, the partial pressures ot
the components, ani the degree of completeness of the reaction derived from
the condition of thermodynamic equilibrium. If, for example, we consider the
general pressure of the mixture as equal to the sum of the partial pressures
of the components, determine the degree of completeness of the reaction g(Pom,

TO) according to the general pressure of the mixture Pom and the temperature
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of the mixture T, from the equation of the constant of equilibrium (2.35), and
then, knowing the molar fractions of the components of the mixture, find anew
the partial pressures of the companents as the product of the molar fraction

of the components multiplied by the general pressure of the mixture, fhey

of course will not be equal to each other or to 1 atmopshere. Therefore, we

= 1 atmosphere to the pressure of a chemi-

P
"0
cally reacting system at the standard point.
ity of the conclusion, since the thermodynamic functions are determined with

may also assign a value of Pow
This does not violate the commun-

an accuracy up to the constant.,

Considering the well-known ratio

1im P In P = 0
p>0

and equatious (2.29), (2.32), (2.40), and (2.45), we obtain
Lim [Sw(To, P*)-=Su(T, P%)]:=
*-0

. }K: P T,) *
=z ]”n R ,'I‘ ( 2 =
i, [ n, (P*, Tg)n n( P———“-‘" T)

K
— . n (P T) P,
. n, (P£7T) In TN

B < vi(P. T,
-1-2‘ ViE(P. TY In '-:-(—P';:—i:j -
o (2.65)

: - \.::(P"T) ]
- s nn T
ic -1

(P T) =3P T In ;»} =0,

With consideration of expressions (2.65), (2.40), and (2.59)

.

. - £ Ay o 4 oy \ ¢
EL( (&) | Gl
JT Jp pe oT Jp

.o ’ (2.66)
- ASY [gm. T)— 1]—:- AS[n—uP. n]—-

~Spm (P To) =+ Sp (P, T,

where
[4
(]

AS°::}av‘$“

=1
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Considering the fact that at the standard point equalities (2.24) and

(2.25) are fulfilled, by means of ratio (2.33) we obtain

. &
H Pz To)=HPy To)==Zn, (P, Ty Hi=

fe=]

--le i HY E(PLTY), (2.67)
=t 1=}

S(Pem To) = S(Py To) = 2 n:(Ton PIST—

i=1
X
—Rmmmﬂmm+mmm=—zﬁ§+

y =1
£ ASOE(Tyr Po)— S (Poy To) - (2.68)

Shifting to the limit when P* tends toward zero in formula (2.64), we

substitute expressions (2.4%), (2.66), and (2.68) into it, and after a number

of simplifications we obtain the final formula for the calculation of the
entropy of a real chemically reacting system

S°+Asx~(P T)“‘Sm(T Py~

d .,(i’l:\’ lar +
’ P ot Ie)

5(P, T)= -—2 v

{
e 3]
‘2’

a.

-4

:
A
s

——

s

Te -3
P TR M Y in
- PG @

e transition in formula (2.19) to the limit at P* tending toward zero,

Making th
the final formula

we substitute equalities (2.42) and (2.67) into it and obtain

for calculation of the euthalpy of a real chemically reacting system

H(P, T) = ——Z v HY - 8 v HIE(Poy Ta)

ial

ﬂ""’T(%‘;’H ' (2.70)
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The degree of completeness of the reaction in these formulas is determined
at the corresponding parameters via the dependence of an ideal constant of

equilibrium of the chemical reaction upon the temperature.

In a similar manner, by using the well-known differential ratios, we may

obtain equations for calculation for the other thermodynamic properties.

The formulas derived have a limited application in the calculation of the
thermodynamic properties of real chemically reacting systems in view of the
fact that usually the P-V-T data of the systems or the equation of state as a
whole are known or are in a very narrow range, or are entirely lacking. There-
fore, we must turn to other methods of calculation, based on a knowledge of
the behavior of the components of the mixtures for which data with respect
to compressibility are known to a greater degree, rather than the behavior of

the mixtures as a whole. We will consider further the following, most widely

distributed approaches to the calculation of the thermodynamic properties of

real mixtures: the Gibbs-Dalton law, the Lewis~Randall rule, and the general

limit method for mixtures of gases.

3. The Gibbs-Dalton Law

As “he basic principle for the investigation of the thermodynamic proper-

ties of gaseous mixtures, Gibbs [234] proposed the following law: the pressure

of a mixture of various gases 1s equal to the sum of the pressures of these
gases, each existing in itself at the temperature of the mixture and with
those values of the chemical potentials which they have in the mixture.
Gitlespie [235] called this principle the Gibbs-Dalton law, and indicated that

it contained the essential idea of equilibrium necessary for a general thermo-

dynamic investigation of gascous mixtures. It is apparent that various gases,

"each existing in itself at the temperature of the mixture and with the same
values of chemical potentjals which they have in the mixture," are in equilib-

rium with the gaseous mixture through the membrane penetrable only fcr the gas

under consideration alone, The pressure of each such gas is the equilibrium

pressure.
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Thus, the law affirms that when

1) T (of each pure gas)
2) V (of each pure gas)
3) M = Hy

the pressure of the mixture of gases is

T (of the mixture),
V (of the mixture)

(2.71)

P 3 Pu. (2.72)

(%)

The second condition is required only to fix the values of the extensive

properties of pure gases.

We will consider a number of systems:

vidual pure gas composing the mixture. For

dp -§~d7‘+2
14 )
and for each individual gas
From thence
(dP ,_"4 .C,: (QEQL) ..
—a—— =7 e I
o fry V épn Ir
wpy S (2’.’2‘.) »
(07‘ w Vv ' oT  Jn,

From equation (2.72)

.(21)— ) EH ‘__—()PQK) H
(o‘m Tou ( Ope /1

a mixture of gases and each indi-

the mixture of gases

LI
v ]
"-":."ii ~* Cﬂ( ;.
} (2.73)
Sex
4 (2.74)

EIRICR

(n)

From this, with a consideration of ratios (2.73) and (2.74),

(2.75)

My == e, C[ - Cw

5= 3 Su.

&k~
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From the equalities
H=T'+2Pi"tv
. ®

ch == TSQ-K + ZPK Nex
[C3]

with a consideration of expressionz (2.71), (2.75), and (2.76),

H= (Z)H (2.77)

In the same manner, by using the well-known ratios of thermodynamics and equa-
tions (2.71), (2.75), and (2.76), we may obtain the following equality for the

isobaric~-isothermic potential G of the mixture:
G = 9,Gee (2.78)
or

From the Gibbs-Dalton law, it follows obviously that when
1) T (of each pure gas) = T (of the mixture),
2) V (of each pure gas) = V (of the mixture),
n, =mn, or Ck = Ci' (2.79)

From thence, with consideration of equality (2.71), it follows that:

P’“ Pﬂh
(zx) (2.80)
By = Pews (2.81)
S”%'g"" (2.82)
H=Hea,

?.3 « (2.83)
G = Y G (2.84)

Equation (2.20) constitutes the content of the conventional formulation of
Dalton's law. Dalton's law is a consequence of the Gibbs~Dalton law, but the

reverse is not correct, since in Dalton's law the idea of equilibrium is lack-

ing.

The Gibbs-Dalten law leads to a complete solution of the problem of the
determination of the thermodynamic properties of mixtures of gases according

to information concerning the behavior of the pure gases constituting the

-80~




the mixture. By using equations (2.17), (2.18), derived by the general limit
method for pure gases, from equations (2.82) and (2.83), we obtain the follow-
ing final expressions for the enthalpy and entropy of the mixture of gases

subordinate to the Gibbs-Dalton law:

”=§{VI [P'*T(%)v]dv”""z}' (2.85)
sﬂzg{j[%f_(§¥llﬁ@+

V ' &0
4-nxglﬂa§*1; ‘":rx]' . . (2.86)

The general limit method gives the following expre. .on for G and T, V-coordi-
nates:

G(rN= { ;—'ﬂ%’—'}dvmner st

FAV A —T7 8.

From thence for a mixture of gases, consld ~‘ug cspreseion (2.04), we obtain

B v 7™ n
o= B [t
®

)

(2.&7°
: Puv+nx(e?""TS?‘)}‘

From equation (2.80), considering expression (2.79), we find that

()2
ondr.v.a \ O, [rv (2.88)

-

From equality (2.87), considering equation (2.88), we obtain an expression for

the chemical potential of the i-th component

-

S (3) (1), & an
lh"(&HLJ*j[(M)WJ 7 e

|4

- (2.89)
T' K——T‘K .
RT+R %(e )

—RTn

ni(
From thence, for the law of existing masses, from the condition of equilibrium
in the system,

-31~-

A At s e

AN oy 0

* e B




e e W
[

4 A

e T .

A

2 —

cen

¢ S“V =0
Vit (2.90)

we obtain the following expression:

Ky - LY f («2&) _
K,  RT &=} on, [ve. T
' (2.91)
RT ‘o PV
- —‘—T]dV, + Z A In ‘z"“"n‘RT . "

) m

in

where

InK; --%;Z{v,.[hf——rsﬁ }} (2.92)

(8

From equation (2.91) it is apparent that the constant of equilibrium is

a function of the composition of the equlibrium mixture and, consequently, is

not calculated by the direct path. For the calculation of the constant of
equilibrium it is necessary to use the method of successive approximations.

Having at first assumed that Kp = K*, we determine the composition, and then
determine the righthand part of the equation (2.51) and obtain a second approxi-

mation for K_. We repeat the process as long as the composition of the mixture
does not becowme unchanged within the limits of the given accuracy. The process

of the calculations counverges rapidly.

4. The Lewis-Randall Rule

Lewis and Randall [236] proposed the following rule as the basis for
the

investigation of the thermodynamic properties of mixtures of gases:
fugacity fi of the gas in the mixture is equal to the product of the molar
fraction of the gas in the mixture multiplied by the fugacity ka of this

pure gas at the general pressure and temperatur¢ of the mixture:

fo = Foc %o (2.93)
The fugacity of the pure gas is determined via the ratios
= RTInf+ ,
h=K n;,\Y(T) (2.94)
i (2.95)
at all temperatures.
-82~
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We will consider 2 pure gis in isothermic equilibrium with the mixture

through a membrane permeable only for this gas alone. The chemi :al potential

of the gas in the mixture 1if ui and the chemical potential of this same pure

gas is uk, where Ui = uk' According to the Lewis-Randall law, uk and, conse-
quently, ui may be calculated by substitution of the fugacity of the pure gas
at the general pressure and temperature of the .iixture multiplied by the molar

fraction of this ‘gas in a mixture in equation (2.94):

.l‘l - i‘:; - RT!H,)’,‘X, - ‘Y“[T)- (1.96)

The Lewis~Randall rule also, like the Gibbs-Dalton law, contains the essentlal
idea of equilibrium as the basis of the investigation of the thermodynami~

properties of a mixture of gases.

We will substitute ﬁpk into equation (2.94) and, considering expression
(2.96), we obtain !

M W, - R Iny,. (2.97)

We differentiate equation (2.97) with respect to temperature and pressure at
a constant composition ahd, considering the following conditions derived from
the Lewis~-Randall rule:

T (of the mixture),
P (of the mixture),

]

T (of each pure gas)

i)

P {of each pure gas)

= n,, (2.98)
we obtain 113) ==(£Efi) ,
. a T 61’ T

) (2.99)

(2.100)

From general thermodynamics it is known that the lefthand part of equations
(2.99) and (2.100) are equal, respectively, to the partial molar volume and
the partial molar entropy taken with a minus sign of the i-th gas in the

mixture, and the righthand parts are equal to the corresponding molar quanti- .

ties for a pure gas.
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Thus,

(_.6_1.{) o= VP"
ony lp.r.a ny

. S
(QE') -":--fs——R‘nXl'.
ony)prn Oy

According to the Euler theorem of hor geneous functions

Ve 2"1(’0—") ‘:2"?;.
o At lpr.a pry

N aS .
S - E m(:—) :E m;_-E nRIny,
o lp.ra 4 o

(V%] 1%

By using the ratios of general thermodynamics, we obtain

H =S,

(LN

G« 3G D ;.RTlnxl: .

) u?

(2.101)

(2.102)

(2.103)

(2.104)

(2.105)

(2.106)

Having substituted the expression for the corresponding functions of the pure

gases, derived by the general limit method, into equations (2.104), (2.105),

and (2.106), we finally obtain the following:

. Vv, 3|
- — T dP 4+ nhy .
n- BT (ER) )
Mo

P

oy () e

°-'Z\S[m (57) w1
(NY 'y

- 2 a,RnPi;,

)

4

P
. 2{ f [v“ ~5RTYip 4a, 02— TSO+
L3 P J
" 9

+ Y, nRTInPs .

(2.107)

(2.108)

(2.109)

Thus, the Lewis~Randall rule gives a complete solution of the problem of the

determination of the thermodyanmic properties of a mixture of gases with

respect to information concerning the behavior of the components of the mix~

ture. From equation (2.109) we obtain the following expression for the chemi-

cal potential of the i-th component, considering that u
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_f[v. &ry, R Te
b, j’[.n.h_...‘;x_]‘.ph.. RTInPyx, - 8—TS.. (2.110)
[

By substituting equation (2.110) into (2.90), we obtain the following expres-

sion for the law of the existing masses:

P .
K., 1 Y. _RTlap )
to —E; o E:F 2 {v“ { 9 e Pu ]”"]’ (2.111)

0

Expression (2.111) for the constant of equilibrium of a mixture of gases sub-
ordinate to the Lewis-Randall rule is a function only of the temperature and

pressure of the mixture, and does not depend upon the composition of the
equilibrium mixture.

5. The General Limit Method for Mixtures of Gases

We will make the following assumption: at all temperatures the ratio
of the equilibrium pressure of each gas in the mixture to the product of the
molar fraction of this gas in the mixture multiplied by the general pressure :
of the mixture may be represented in the region of low pressures by the e pres-

sion !

P(‘N ’
S DT Ay e )P O(PY,
P i ¢ (2.112)

where Di depends only upon the temperature and composition of the mixture, Di

and their derivatives with relationship to T, My, Ny oo are limited. We

will consider a system of Z ny of the gaseous mixture and .the k-systems of
(1)

each of LI moles of each of the components of this mixture.

At all variations, let us assume that T (of each pure gas) = T (of the

mixture), V (of each pure gas) = V (of the mixture), K= gt

follows that each pure gas will be in equilibrium with the mixture through a

From this it
membrane permeable only for this gas alone, and the properties of this gas

are equilibrium preoperties. Thus tue essential idea of equilibrium is also

contained in this approach.
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Let us assume that T, Hys Hgs oo are independent variables for the
gaseous mixture, and T, W, are independent variables for each pure gas. We

will rewrite equation (2.112) thus:

Pck = Pxi(l + DiP),
from whence
2 Poc=P(1+D,P), (2.113)
($3]
where
. szt‘z.\'lD‘.

0]

By differentiating equation (2.113) according to one of the values of p at

a constant value of T and with all the other values of u, constant, we obtain

(52 G0 om oS,

The pertial derivative (6D, /6P)y | is limited, from whence
9

(85, o (2], (%)
dp, )T.u dy fru\ dP | 14

is the order of magnitude greater than 2PDm, and we 1gnore it in the region

of low pressures being considered. Therefore,

oP,, op
Lo} (Z2) (142D,P).
( iy )r (op, ),,,t‘ +20nP) (2.114)

By differentiating equation (2.113) with respect to T at all the p-constants
we obtain, considering the limitation of’(GDm/GP) ,

~N [ dP,,. oP
L("E'r")"" ('o'r“)“ (1 ++ 2D,,P). (2.115)

(%}

From equation (2.114) it follows that

Ny n,
~ . —b (1 2D, P), (2.116)
v v (1-+ )

and from equation (2.115)

y' S, = S(14-2D,P).
% oK ('* m (2.117)
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Having divided Pck into equation (2.116), wath consideration of equality
(2.112), we obtain

PV .. PV (1 1 (D,—2D,)PI.

Hey }:ni (2.118)
(i)

The lefthand part cof this equation refers to a gas existing by itself, and,

consequently, for i1t equation (2.7) is correct.

This gives the following

. P\
PV .- ¥ RT 4+ == nf,
i RTST P (2.119)
where Bm is a limited function of the temperature and composition of the

gaseous mixture.

By using the well-known thermodynamic ratios, we obtain
NYH . = H(1 - 2D,P),
Awed
()
N'G
ot

(h)

(2.120)

e G(1- 2D,P). (2.121)
If we decrease the pressure of the mixture at a constant temperature and compo-~
siticn of the mixture, then, as is appraent from equatiéns (2.117), (2.119)-
(2.121), PV and H approach a constant value, while S and G decrease or increase
similar to *ln P.

From ratios (2.117), (2.119)-(2.121), with consideration of equation
(2.64), it follows that in the region of very low pressures

__I_J_(_:l_t_ * = } Hon * =]
(px‘ T , ) =0 (2.122)
’.\: Pou ¥
.{.L'-)-—-—- == {°
( > ) 1; (2.123)
§* = ¥ Sk;
o K (2.124)
H* = 3 H,; (2.125)
x)
G* == 36z (2.126)

{x)
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and the equation of state

- L1273
o (2.127)
From equation (2.125)
Cle N L
= (2.128)

In accordance with equations (2.15) and (2.16) for the enthalpy and

entropy of the pure gas we have for the number of moles 2 n, of a gaseous

mixture of constant composition ()
P.
HP,N—HP, Ty = | V=7 3‘1) dP +
. aT P,n
r. PQ
r . P p ) .
-;-yc;:dr+j' [v-r(—"l'-) ]a’P,
fo ™ pe T /o (2.129)
o v
b(P' T)'—S(PO)TO)-: S lzn‘Rl' —(W)P,n]dp—*.
Ty Po 0
7 P nR
. dT (2»‘ ' Y lap—
-~ |\ crll . o —
T P dT /pa
o T P
Y P
“L“*Rl"”ﬁ;“ (2.130)

By considering equations (2.125), (2.122), and (2.15), we obtain

HE T B) Hlbr, T = Y nohl

) 1Y) 4

0 (2.131)
== ";hol .

(£}

From equations (2.124), Q.16), and Q.122),

’ . . }: ¢ 2: )
) (t)z. i 9) c- Sﬂ. (l’n. @) =" ”c,.bo\ -

. (a) ») .
- 2’%.«"“?‘- L 2 1 Set = 2/:,.’3!:) Fex,.
i} Wi 2.132)

t»)
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From equations (2.122) and (2.128)

z.‘; - 20;,‘ a2 znwc;,‘ .. zn,c;l. (2.133)
1]

(LY (%)

Thus, from equations (2.129) and (2.131)

po

(P Ty) + j' [vr(‘i“) }dP:;: " (P*, Ty) =
dT Jp.a '

Ty Py

- En‘hg, : ' (2.134)
(i)

and from equations (2.130) and (2.132)

. P }‘;n,R g}/-) ]dP—'-—
S(povTo)'*‘ X [ . —(dT Pn

P
1'. P.

T Zn,R InP, = S(P* To) + 2 nRInP* =
()

U]
) =2 E n;sgl - :(l; n‘P h?x‘. (2 . 135)
{1)

We will substitute equations (2.133)-(2.135) into equations (2.129), (2.130),
in this case having replaced the limit P* by 0, considering equation (2.119);
we obtain the following expressions finally for the enthalpy and entropy of

the gaseous mixture:

ors v
HP,7‘>=”V—T(-—) ]dP nhg, 2.136
oon- f[i-r(2], o 3 -

Y

P Z"‘R .
dv .
S(°,T) = j‘[ mP "(Tf),,_"] dp._.En,RlnP,\,—}-

() (4)
N
+ %4 nSi. (2.137)

The expression for G way be obtalned by the same means:

P }_: nRT -
G = j [V_.. _‘L'_i)_. ]((p 4 }Jn,RTln Px; 4-
(

(i)

2,138
+4- ; n, (W —18). ( )
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P

- [9G ‘[ oV

(8, -2, ]e
/et gl oy Ipra J2)

+RInPx; -} h)— TS,

(2.139)

The expression for the law of the existing masses, therefore, is as follows:

P

K I | av RT
" Ko RT o K ; ony/ern P

- 5 B, el
———_ﬁ' () {v‘[j[(a”t V.T.n— P Vi +

+ Vi In '—'P"V‘——""'
i " R (2.140)
(i)

This 1s the most common expression for the law of existing masses from
which, with definite simplifying assumptions, expressions are obtained for
the law of existing masses in a case of the fulfillment of the Gibbs-Dalton
law or the Lewis-Randall rule. In view of the fact that the right side of this
equation depends upon the composition, its calculation must be performed by

the method of successlve approximations, as in a case of calculations according
to the Gibbs=Daltou law.

In order to calculate the tnermodynamic properties of gaseous mixtures by
means of the ratios derived by the general limit wethod, it is necessary to
know the equation of state of the mixture in such a form that the number of
moles of the components explicitly enters into it. Usually we give the equation
of state of a gaseous mixture of constant composition the same form as we give
to the equations of state of pure gases, and each parameter of the mixture,
such as Bm’ let us say, is connected with the corresponding parameters of the

components according to the ratio
Bm == 2 ZX‘XJBu.

(LY

The reaction parameters of non-similar molecules Bij are associated with the

parameters of the components according to definite combination rules, serving

as the object of numerous theoretical investigationms.
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The general limit method gives the most accurate presentation of the
properties of the gaseous mixtures. In distinction from the Gibbts-Dalton law
which requires additivity of the pressures in the common volume and temperature
of the mixture of the constants, and the Lewis~Randall rule, which requires
additivity of the volumes with a common pressure and temperature of the mixture
of the constants, the general limit method does not impose such strict limita-

tions on the equation of state of the mixture. It requires only that PV

approach In
w?!
mixture to zero. All three methods may be used in the calculation of the

thermodynamic properties of real chemically reacting systems. But the appli-

RT in a definite manner with a decrease in the pressure of the

cation of the Lewis-Randall rule in this case gives the greates advantages.
This is associat=] with the following.

The general limit method gives the following expresssion for the fugacity
of the pure gas!

AT R B ag o b e i pa TR 3
o s S EOT I 5

r

.1 "\ RT
Mfw e V| —~—"={dP+ WP,
n Rr J‘[ p ¢ !

N

We may express the enthalpy and entropy of the pure gas through the fugacity
factor, which, according to definition, is equal toy = £f/P by means of the
follewing simple dependences:

0h1\)
) . - nh®,
HP. T RT’( (2.141)

S{P, = —RT (Q—lﬂ-\-) — RInyP - nS™
3T I»p

C

(2.142)

From this for the enthalpy and entropy for a real chemically reacting system,
subordinate to the Lewis-Randall rule, we obtain the equations

3 in

HP.T= = 2 rr (), + E:n A (2.143)
Jiny,

S(P. T)=.-§ RT(( \) E|R"‘\P“

£
\ nSs.
3

(18]

(2.144)

The number of moles of each i-th component, n, is determinea from the equation

of the constant of equilibrium (2.111). This equation may also be expressed
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via the fugacity factors of the components. By substituting equation (2.110)
into 2quation (2.90), with consideration of expression (2.94), we obtain

2 wRTInf, + 1 - 1Sy o,

or, considering equality (2.92),

:E:V‘MI, K.

o
From this, considering equality (2.93), we obtain

fr\pe -
2\-; Inf, - 2 viinfr v z v, In ( P~)P.\,

() ()

v.Inyr -Ev,. Py, WK-.
o C o (2.146)
We finally obtain
Kp
R
e K (2.147)
here InK, - v nyn,.
v (2.148)

Thus, both the composition and the thermodynamic properties of the components
of a real chemically reacting system subordinate to the Lewis-Randall rule,

are determined only via one quantity, the fugacity factor. 1In this case, the
composition is determined by a direct method, and not by the method of succes=
sive approximations, as in a case of the calculation of the composition accord-
ing to the Gibbs-Dalton law or on the basis of the general limit method for the
mixture of gases. With all the approaches explained above for the calculation
of thermodynamic properties of mixtures of gases, a knowledge of the volumet-
ric behavior of the components of the mixture is necessary. Usually the volu-

vatric behavior of the components is either known in a very narrow range or

. is not known at all., In this case, for a description of the volumetric be-

havior of the components, the law of the corresponding states is used.

In many cases it is useful to consider the behavior of the substances in

the given independent variables T P, Vg determined by the equation

given’ " g
T =T/T ,P =P/P ,V =V/V_, whereT , P ,andV _ are the critical
g er’ g cr’ g cr er’ Ter cr
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temperature, pressure, and volume of the substance, respectively. The state

of two or several substances in which they have the same values of Tg’ P , and
Vg are called the corresponding states. The law or corresponding states affirms
that 1f two of the given parameters for several substances have the same values,
the third parameter for all the substances also has the same value. The fuga-
city factors of many substances are generalized in tables and curves as a func-
tion of the given parameters of the substances. This makes it possible, if we
know only the critical parameters of the components, on the basis of the Lewis-
Randall rule, to calculate the thermocynamic prOpgrties of real mixtures of

gases, including real chemically reacting systems.

In the discussicn of the law of corresponding states Hougen and Watson
[68] established the fact that the maximum error in the prediction of the volu-
metric behavior of the substances amounts of 15%, while the error in the pre-
diction of other properties lies in the range of 5-35%4. This indicates the
degree to which the real substances are subordinate to the law of corresponding
states.

The law of corresponding states gives better results for groups of similar
substances, each of which corresponds to a quite definite form of the law of
corresponding states. The classification of these substances into groups which
would satisfy the form of the law of corresponding states ihat is common for
each group has only just begun. The principal difficulty lies in the selection
of the basic criteria which would determine most accurately the classification
of the given substance in one group or another. Pitzer [69] proposed the
following semi-empirical modification of the law of corresponding states, which
is widely used at the present time, and includes, aside frem the critical param-
eters, an additional criterion of similarity, and gives results that are an
order of magnitude more accurate than the ordinary form of the law of corre-

sponding states.

Statistical theory has demonstrated [70] that the group of substances will
be subordinate to the principle of corresponding states only when their inter-
molecular potentials are identical in form, although the depths of the minimum

of the potential and the minimum intermolecular distance, associated with the
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critical temperature and critical volume, respectively, are characteristic for
each substance. Intramolecular motions must be classic, i.e., the quantum
effect should be ignored. The only group of substances satisfying these re-
quirements, the heavy inert gases Ar, Kr, and Xe, precisely follow the law of
corresponding states. These gases are called simple gases. We may expect

that different types of the forms of the molecuies and molecular dipole moment
will lead to different deviations from the macroscopic properties of simple
gases. It has been found, however, that the relative second theoretical virial
coefficients of a wide class of the molecular type of substances fall on a
single family of curves which may be characterized by one parameter. The excep=
tion is found in molecules with a large dipole moment. Substances constituting
this class are usually called normal gases. According to the principle of
corresponding states, all the substances must have one and the same saturation
line in relative coordinates. Actually, this is not so. These lines counsti-
tute one family of curves differing from each other in slope. This slope was
also selected as the characteristic parameter in the description of the family
of curves of virial coefficients and as an additional parameter for a more
accurate system of the correlation of the imperfect nature of the behavior of
the substances. T2 this we must add the fact that the saturation line is mea*

sured with great accuracy.

The third correlation parameter w is determined via the following ratio:

u-.:-—lg——’-—- 1
k¥

where Ps/Pcr is taken at a value of Ts/Tcr = 0,7 at a point which is quite

far from the critical point. This formula was selected so that w was equal to
zero for the simple gases Ar, Kr, and Xe with simple spherical molecules.
Normal gases have small positive values of w. The parameter w is called the
acentric factor because of the fact that it demonstrates the measure of devi-
ation of the intramolecular potential function f£rom the potential function of
simple spherical molecules. The P-V-T data of the series of substances were
interpolated by series at equal values of Pg - Tg and were constructed as a
function of w. Such curves demonstrated that the compressibility factors of

the substarces are well described by a linear dependence upon w:

Z Z(") (Pllll‘ Tl.p) : (',Z.h (P:Iln T“,.).
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(0 1 taken from these curves are given in tables
\ .
of Z(o’(P g Z(lj(Pg, Tg) in refs. [69, 71, 72]. The fugacity factors and

& &
log (0}, iag- )

The sxcoth values of Z and Z
were calculated according to these values of the compressi~
bility factor, and also the corrections for the imperfect nature in the enthalpy
of the substances [(HQ-H)I(RIg)}(Q), [(HO-H)/(RTg)](l) [71], corresponding to
the Gependences

logy = log y1® 4 @ logy(,

(m_ﬂ m,m_ﬁm) HO — H\()
) fkn,. ) rol )

LD

6. Calculation of the Thermodynamic Properties of a Real Chemically
Re_cting System N0, 2 2N02 Z 2N0 + O

4 2

The chemically reacting gaseous system N204 < 2N02 2z 2NO + O2 has a

number ¢f features in the behavior of the first stage of the reaction N204 Z

z 2803, which complicate the calculation of .ts thermodynamic properties with

a consideration of its imperfect nature [71, 237, 238]. (Everything said below
about the behavior of the system N?_O4 3 2N02 and its components is also correct

for chemically reacting system A12C16;: 2A1C1., and others, and therefore the

3
behavior of them was not specially considered.

The components N204 and NO, of this system do not exist in the pure form.

They always constitute an equilzbrium mixture of gases in which it is impossible
to distinguish the bonding of NO2 to N204 or the dissociation of N204 into NO2
from the non-ideal nature in their behavior by experimental means. In view of
this, it is impossible to obtain separate experimental data with respect to

the volumetric behavior of these components or to compile equations of state
for them. It is zlso known that a chemically reaction system N204 z 2NO2 be
haves as a single substance, and not as a mixcure of twy types of molecules
having constant melting ..ad Loillng points, critical parameters, and a single
saturation line. At the same time, the volumetric behavior of the system, and
the strong deviaticn from a perfect gaseous behavior of the pure substances
even at insignificant pressures, demonstrates that this is not a single sub-
stance, and therefore its thermodynamic properties cannot be distinguished with
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respect to ratios for simple substances. It also demonstrates that this is
not a simple mechanical mixture of gases. If the experimental P-V-T data

of such a type of systems as a whole are unknown, at least their thermodynamic
properties may be calculated accofding to the ratios given above. If such
data are lacking, we can still work from the assumption of the separateness of
the effect of dissociation or associating of molecules and the imperfect
nature of their behavior on the common behavior of the mixture. In this case
we may apply any of the approaches considered above, based on a knowledge of
the behavior of the components in mandatory combination with the law of corre-
sponding states. Thus, a hypothetical volumetric behavior, assigned in a
definite manner by the selection of similar substances for these components

i¢ ascribed to the components N204 and NOZ'

.

A number of works have been devoted to calculation of the thermodynamic
4 2z 2N02*2
2 2NO + 0,. Furguson and Smith (239] calculated the degree of dissociation,

properties of an equilibrium chemically reacting gaseous system N20

enthalpy and effective heat content at a constant pressure of the first stage
of the reaction N204 2 2N02 to a temperature of ~380°K at pressures slightly
higher than two atmospheres.

In ref. [10] a calculation of the thermodynamic properties of the entire

system N204 z 2N02 2 2NO + 0, is given in the temperature range of 300-1500°K

2
and the pressure range of 1-150 atmospheres under the assumption of a perfect

nature of the dissociating system under consideration.

Stai and his co-workexs [240] calculated the thermodynamic properties of
dissociating nitrogen tetroxide with consideration of its imperfect nature.
Its enthalpy and entropy were calculated by them in the solid, liquid, two-
phase, and gaseous regions up to temperatures of ~500°K at pressures at from
~0.00035 to ~700 atmospheres. The imperfect nature of the substance was con=
sidered by the introduction of correcting factors into the enthalpy and entropy
of the components of the mixture N204 2z 2N02, calculated on the basis of the
law of corresponding states according to generalized diagrams and tables
Z = Z(Tg’ Pg) of Hougen and Watson {68]. According to the affirmation of the
authors of the work, the error in the calculations of the thermodynamic pro-

perties of the system NZOA P 2NO2 Z 2NO + O2 did not exceed 2 Z%.
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We - ist note that the statement of the problem of the magnitude of the
error in the calculation of the thermodynamic properties of real chemically
reacting systems of type N204 e ZNO2 according to methodologies cliecked in

mixtures of constant composition and even in chemically reacting systems with

separating varlables, in our view, is premature. Experimental data on the >
thermodynamic properties of such systems in the gaseous phase at high pressures %3
are lacking. The behavior of them that is known is so specific that estimates %g
obtained according to mixtures of constant composition may not be jhstified. '

Therefore, in the analysis of works on the calculation of the thermodynamic

properties of a chemically reacting system N204 2 2N02 < 2NO + O2 with con-

sideration of its imperfect nature, we will dwell only on the qualitative
evaluation of the calculation methods applied, on their logic construction and

sequence.

In ref. [240] just such an inconsistency was allowed, since, when con-
sidering the imperfect nature of the behavior of the components of the mixture,
the authors did not consider the effect of this imperfect nature in the calcu-
lation of the composition of the mixture. Incidentally, from this work it is
not clear what critical parameters were ascribed to the components N204 and
N02. In ascribing a definite volumetric behavior to these components, we must
also ascribe definite critical parameters to them, in order to make use of the

law of corresponding states in a generalized form.

In ref. [241] the enthalpy and entropy of the system N204 z ZNO2 2 2NO +
+ 02 were calculated in the range of temperatures from 300 to 1500°K and the
range ot pressures from 1 to 300 atmospheres with consideration of the effect
of the imperfect nature of the system, both on the behavior of the components
of the mixture and on its composition. The correcting factors were calculated
according to generalized parameters y = y(Tg, Pg) of Hougen and Watson [68].
The effect of its imperfect nature on the composition was considered according
to the Lewis-Randall rule (ratios (2.147)-(2.148)). In this case, however,
the critical parameters of the components N204 and NO2 were assumed to be the
same and equal to the critical parameters of the mixture N204 Zz 2N02. This
leads to the fact that corrections for imperfect nature in the behavior of
the components N,0, and NO2 and also the effect of their imperfect nature on

274
the composition of the mixture turn out to be the same. The components N204
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and NOZ’ of course, are not similar to each other and therefore are still less
similar to the mixture N204 2 2N02. The mixture N204 z 2NO2 as a single sub-
stance with its own critical parameters is not similar to any of the pure
substances and is not subordinate at all to the law of corresponding states in
the generalized form. Therefore, it is not logical to accept the critical
parameters of the components N204 and NO2 to be the same as in the work under
consideration. But, on the other hand, in the calculation of the thermodynamic
properties of chemically reacting systems of type N204 z 2N02, with a considera-
tion of their imperfect nature, according to the law of corresponding states in
principle we cannot avoid errors and inconsistencies of such a type. They are
caused by the specific behavior of such systems, not as mixtures of two varie-
ties of molecules, but as single substances. As we have already noted above,
according to the law of corresponding states all the substances in relative
coordinates have one common saturation line. From this, ascribing definite
critical parameters to the components N204 and NOZ’ we also ascribe to them
definite saturation lines dif’ering from the saturation line of the system.

The selected critical parameters of the components may occupy a different
position relative to tiie criticel parameters of the system under consideration
in P, T-coordinates. We will assume that both the critical temperatures and
the critical pressures of both components of the mixture obtained by some method
or other of the determination of the critical parameters are higher than the
critical parameters of the system. In this case, at definite values of P and
T, located in the gaseous phase of the system as a whole, corrections for the
imperfect nature of the components are calculated in their liquid phases (the
temperature region between the critical temperaturc of the system and the
critical temperature of any of the components at pressures above the critical
pressure of this component). Such a type of situation also originates in all
other cases of the mutual arrangement of three critical points (saturation line

lines).

We have made an attempt to calculate the thermodynamic properties of the

chemically reacting system N204 Z 2NO2 2 2NO + O2 with a consideration of its

imperfect nature according to the law of corresponding states in Pitzer’s
modification when the components N204 and NO2 have been ascribed their own
pseudocritical parameters, differing from each other and the critical parameters
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of the system N204 - 2N02. The correction factors for the imperfect nature of
the system were calculated according to the Lewis-Randall rule and were intro-
duced both into the behavior of the componeats of the mixture and into its

composition. As a result of the éa]culation, the H-S diagram of the N 04 sys=

2
tem around the line of its saturation was so distorted because of the circum-
stances mentioned above that we were obliged to dispense with this method and

shift to the following one.

In the calculation of the thermodynamic properties of mixtures of a con-
stant composition, the concept of a mixture of a homogeneous substance with
pseudocritical parameters, calculated according to definite combination rules,
turned out to be very useful. Kay’s rule [73] is the simplest and most fre-
quently used, when the pseudocritical parameters of the mixture are considered
to be equal to a linear combination of the critical parameters of the compo-
nents of the mixture and their molar fractions in the mixture. The pseudo-
critical parameters of the mixture found in such a manner make it possible,
according to the law of corresponding states, to then determine the correcting
factor for the imperfect nature of the mixture as a single substance. Pitzer
and Hultgren [74] have extended Kay’s rule to a case of mixtures of substances
subordinate to the law of corresponding states as wodified by Pitzer. With
the variation of the pressure and temperature, a chemically reacting system
may be presented in the form of a set of mixtures of a constant composition at
each fixed point of P and T, the composition being determined via the constant
of chemical equilibrium of the system under consideration. Such a set may be
considered as a single substance with variable pseudocritical parameters.

The molecular weight of such a substance at various points of P and T will
differ, depending upon the composition of the mixture. In ref. [242] the
thermodynamic properties of the system N204 z 2N02 Z 200 + 02 as a single sub-
stance with variable pseudocritical parameters and a variable melecular weight
were also calculated. The law of corresponding states was applied in Pitzer’s
modification. With such an approach to the calculation of the thermodynamic
properties of the chemically reacting system N204 z 2NO2 the correcting factor
for the imperfect nature of the mixture at all pressures and temperatures

turned out to be arranged in the purely gaseous region of the system N204 2z

z 2N02, although in consideratiun of the imperfect nature of the composition
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of the mixture, the distortions indicated above occur as tefore. Such a cal-
culation scheme, generally speaking, is identical to the assumption that cor-
rections for the imperfect nature.of the behavior of all components of the
mixture are the same, but in this case the corrections are sought according to
the current pseudocritical parameters of the mixture. With a total lack of
experimental P-V-T data this methodology for considering the effect of the
imperfect nature of the mixture in the calculation of vhe thermodynamic proper-
ties of real chemically reacting gaseous systems gives the most acceptable
results. It was used by us in the calculation of the thermodynamic properties

of chemically reacting systems Al,Cl, ¥ 2A1,Cl1 A12Br 3 2AlBr3 (40, 49].

2776 277y 6

In ref. [243] the thermodynamic properties of the system N,0, z 2N0,, z
Z 2NO + 02 were calculated according to the equation of state or, more accu-
rately, to the approximation equation describing the known experimental data
according to the volumetric behavior of the system as a whole in the gaseous
phase in the temperature range from the saturation line to 480°K and in the
pressure range from 1 to 500 kg/cmz. In this case the authors of the work do
not give the ratios according to which the eathalpy and entropy of this system
were calculated. We may only assume that these ratios consist of an ideal
part, the sum of the products of the molar fractions of the components multi~
plied by the values of the corresponding thermodynamic functions of the compo-
nents at the current temperature and pressure at 1 atmosphere, and the integrals
with respect to pressure with a lower limit equal to 1. Conventional ratios,
as was demonstrated by us above, are not applicable for the calculation of the
thermodynamic properties of chemically reacting systems, but strict ratios
derived by us have not yet been published. The latest work devoted to the
calculation of the thermodynamic properties of a chemically reacting system
N0 :«tZNO2 Z2N0 + 0

274 2
[244]. The thermodynamic properties of this system were calculated in this

with consideration of its imperfect nature is ref.

work in the temperature range of 480-2000°K and the pressure range of 1:500
kg/cmz. The calculations were performed according to the equation of state

in the form
Z o= 2 Exiszij.
(y )
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where the composition was corrected for its imperfect nature according to the
Lewis-Randall rule. The volatility factors were determined on the basis of
the law of corresponding states according tc generalized dependences derived
by Hougen and Watson [68]. The critical parameters of the components NZOA and
NO2 were determined in the following manner. In the first approximation the
critical parameters were determined from data concerning the properties of the
liquid phaseof N204 according to the well-known ratios [24], and the critical

P ' parameters of NO2 on the basis of the power constants of the Lennard-Johns
potential (6-12). According to the acecepted critical parameters from the
dependence,

V' Z = 22,0, + (1 — 2o, +2¢(1 = %) Zy,0, — oyl

»

(2.149)

where x is the molar content of N204 in the mixture, ZN204~N02

compressibility factor, considering the reaction of N204 with NOZ' The values

of ZN02 were defined, on the isotherms corresponding to the experimental values

represents the

; of Z of the mixture N204 z 2N02, substituted into the lefthand part of the

ZN204 and ZNZOQ'NOz were determined from the generalized dependences

[68] according.to the critical parameters Z

N equation.
according to those accepted
. N20y
for N204, ZNZO“_N02 according to the critical parameters calculated as the

arithmetical mean of the critical parameters N204 and NO2 [245]. The values
obtained for Z made it possible to refine the critical parametexrs of NO

by means of cogggrison of ZNoz with Z = Z(Pg, Tg) co,, accepted as an analgg
for NO2 with respect to the first approximation critical parameters. The
values of the critical parameters of NO2 refined in such a manner made it
possible to refine the critical parameters of N204 also by means of separating
ZN204 from formula (2.142) and the comparison of these values with the general-
ized values Z = Z(Pg, Tg) [68]. We note the following illogicality made in
this case by the authors of the work under consideration. The form of the
initial equation of state was accepted by them, in view of its successful appli-
application in the calculation of the thermodynamic properties of mixtures of
constant compesition also in the assumption that the chemically reacting system
under consideration in each state coincides with the properties of an unreact-
ing mixture of the same real composition. From this also comes the term Z

Z in equation (2.149), considering the effect of the imperfect nature
N,0,=NO,
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of the reaction of N204 with NO2 on the compressibility factor of the mixture.

But the correction for the imperfect nature of the reaction of NZO4 with NO2
is not considered and cannot be considered in the calculation of the composi-
tion of the mixture according to the Lewis-Randall rule. In this lies the

logical ambiguity of the calculation scheme accepted by the authors.

Thus finding the critical parameters of N204 and NOZ’ the authors calcu-

lated that the critical parameters of NO, were more reliably determined than

the critical parameters of NZ?A’ althougi they had determined everything only
so that the equation of state in the previously selected form satisfactorily
described the experimental data with respect to the system N204 pY 2N02. Arriv-
ing at such an opinion, the authors decided to calculate the thermodynamic
properties only in the temperature range of 800-2000°K, where at all pressures
in the mixture, according to their estimate, the component N204 is lacking.
Here, as in a previcus work [244] of these same authors, in the calculation
according to the equation of state (P<V-T) nothing was said of the form of

the formulas with respect to which the enthalpy and entropy of the mixture
were calculated. In the temperature 480-800"K data on enthalpy and entropy
were obtained by means of graphic interpolation between the data calculated

in ref. [244] and the data obtained in the work under consideration. Although
the interpolation was conducted in deviations from the ideal properties simul-
taneously wich respect to the isobars and isotherms, and the quantities ob=-

i) - TS ) = [V, )ap,
this did not exclude, in principle, arbitrariness in internolation., With

tained were checked by means of the identity (i-i

precisely determined righthand part the identities (i-iid) and (S-Si ) may

d
be determined with such an error that they mutually compensate each other in
the fulfillment of the identity as a whole. Such a type of calculations, of
course, cannot be carried over to other chemically reacting systems and are

of no value, generally speaking, from the methodological standpoint.

For a chemically reacting system N,0, z 2N0,, Z 2NO + 0, in a quite wide
range of temperatures and pressures, experimental data with respect to the
volumetric behavior of the system as a whole in the gaseous phase are known.

The equation of state given in ref. [244] describes them in the region of
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temperatures up to 480°K. But it is so compiled that it cannot be realized on
the Minsk-22 ETsVM (electronic digital computer), which is at ocur disposal.
Therefore, in the calculation of the thermodynamic properties we used the P-V-T
data in the form of tables. They iaclude P-V-T data processed and matched for

a system up to 580 K in the entire range of pressures of interest to us.

The calculation method developed and expounded by us for the thermodynamic
properties of chemically reacting systems with respect to P-V~T data as a whole
gives the opportunity to calculate the thermodynamic propetrties of the system
N204 e 2N02 Z 2NO + 02 also, according to its P-V-T data. It is true that the

derivation of the formulas for it is somewhat complicated in view of the fact

g .
S

that in the system under consideration two reactions occur in sequence.

5, o
2%

%
4.

The equation of state of the chemically reacting system N204 Z 2N02 Z 2NO +

W

o
et
ra

+ 02 which is perfect in the sense of the assumptions, is as follows:

HEETR

oo

ye. RT{1 -+ “i + % @s0)
MpP !

%

(2.150)

e 2

T R
iy AN A
"{g?jﬁ%‘y“{;

1es

where ayq is the ideal (perfect) degree of dissociation of the first stage of

8

s
e

the reaction, o,, is the ideal degree of dissociation of the second stage of

20
the reaction, M is the molecular weight of 1 mole of initially nondissociated

N,0,s and M = 92 g/mole.

23

i ”E fgli ﬁ;; jw{i’.fv*gﬁz:? ,;E e
kTS

The degrees of dissociation of a,, and ayq are determined from the joint

10
solution of the equations of the ideal constants of chemical equilibrium of
the first and second stages of the reaction as a function of the temperature,

with a concideration of their occurrence in sequence:

e

4od (1 —ay)* P :
. bl — ) , 2,151 5
Kl-lu( ) (1 -— oy (] -5 ey - awa'-"’) ( ! \)
’ e3P %
Kol D) = (= T o) (2.152) 1§
Bv considering equations (2.150), (2.152), and (2.38), we obtain %%
N R (1 -+ @y -+ Uge%s) -+ {fg !
oT J» MP :
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(2.153) é
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where

LR I ol =) [AH, (3 - 3oyp— @0 T Oty ag)
k JgT Jp 6RT? . _
e AH 2, (2 - 3y - %ol (2.154)

g_f'}_\) . ._E‘__-:.’._(.l.:.:—’:!:‘.:")-. L‘.H’.('Z - '1,,,’/-.-.., -
( ar Ip 6RT?

- .\Hl(l "‘alu)]' (20155)

AHl is the thermal effect of the first stage of the reactionm, AH2 is the ther-

mal effect of the secoud stage of the reaction.

From equations (2.151) and (2.152) we obtain

Oy \
P Jr

. (2.156)
am.“ - alﬂ:} (3 + a__’-’_‘j\'.,(_l + al" 't g',".,ﬁ'.'l— N
e (2.157)
M, e % (1 - - ctay) (1 42 t Syl
P Jr fp

By considering equalities (2.153), (2.156), and equation (1.52), for the system
nnder consideration we obtain %he following comnection of Sm with (GV/GT)::

S, v\ 91,
m = e AS —_— +
(op ),'M oT )-‘p+ ‘(OP )r-

+ AS: ( 0‘3‘10'120 )‘r .

P

where ASl is the variation of the entropy in the course of the first stage of
the reaction, AS2 is the variation of the entropy in the course of the second
stage of the reaction. Fvom this

Py
M\ —Ql-/--)u dP = [Sp Py T)— 5%~
aT e

, (2.158)
- AS),A: ,bu:()] IP:’

Since, co- sider mg exrression (2.15%) and (2.152),

limea, =1, lima,==1,
P T pao ?
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For C* of the system under consideration we obtain the following expression
{the subscript i here and later on signifies the components N204, , NO, and

02 of the mixture under consideration with respect to sequence):

s
® ‘ L L] *
Cpm = ;vicpl == 2Cp.3 " Cp4.
Ignoring the constants, )

[ [
ov \v v\ 1
v—1 () |apn ( (‘) ( )Jdp,
aT Ip J aT /e oT

o Fe TOPO
after a number of transformations we obtain tke following final expressions
for calculation of the entropy and enthalpy of the chemically reacting system
2 4 P ZNO2 Z 2NO + 02

data of the system as a whole:

in the region of known experimental values of P-V-T

S(P! T)" l { '*‘SI(T "aw \ J""maooAS —

—R [(1 — ay ) In (1 — et) -+ 2y (1 — 2tap) I 2050 (L — cty0)+

-0y o8ag 1N €y %sg — (1“; Gyt Clyiag) ln(l—.‘am:a,oam)“ +
P
L v v
e AN
A OH( oT )p ( T -)P]d‘o' (2.159)
l 1
HP, T) == o 2+ H
L v
cee VWV =T [ , .
T ” ( oT )Jdp (2.160)
0

Here Sg, Sl(T) are the standard entropy of N204 and the entropy of N204 as a
function of temperature, respectively; H3 and H4 are the enthalpy of NO and
0, as a function of temperature, respectively; A is the mechanical equivalent

2
of the heat.

In the region where the P-V-T data of the system NZOA pa 2N02 2z 2NO '+ 02
are lacking, the thermodynamic properties of it were calculated according to
the methodology already explaired for the representation of a chem?:ally re-

acting system by a homogeneous substance with a variable molecular weight,
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with the application of the law of corresponding states in Pitzer’s modif ica-
tion with pseudocritical parameters sought according to Kay’s rule. The depen-
dence of the ideal constant of equilibrium of the first stage of the reaction
N204 P4 2N02 upon the temperature was accepted according to ref. [76], and that
of the second stage 2N02 Z 2NO + 02 according to ref. {77}. In accordance with
these dependences, the heat of the first stage of the reaction at the point of

the standard state is equal to AH = 13,680 calories/mole. The variation

0
1298.15
of the entropy in the progess of this reaction at the point of the standard

0
state is equal to A51298.15

= 42.06 cal/mole/g. For the second stage of the
0 = 0 =
reaction, accordingly, AH2298.15 17,200 cal/mole, A82298.15 34.86 cal/M/g.

The dependence of the enthalpy and entropy of the component N204 upon the
temperature was obtained according to the dependence of the heat content of
the component upon the temperature, given in ref. [2]. Analogous dependences

for the enthalpy and entropy of the component NO,, NO, and 02 were accepted

2’
according to ref. {79]. The critical parameters of NO and O2 are in accordance
with ref. (246]. The acentric factors of these components were determined

from data according to their saturation lines, as given in ref. [216].

The critical parameters and the acentric factors of the components N204
and NO2 were determined in the following manner. From the methodology for a
homogeneous substance with a var:able molecular weight, explained above, the
density of the mixture N204 2z 2N02 was calculated with the application of
Pitzer’s tables with respect to the compressibility factor on fixed isobars
(100-150 atmospheres) from the saturation line of the mixture to a temperature
of 580°K, i.e., in the range of the experimental P~V-T data of the mixture
known on these isobars. In the first approximation, the critical parameters
and the acentric factors were accepted fcr the components of N204 and NO2 as
the same and as equal to the parameters of the mixture N204 z 2N02. Then by
variation of one of the parameters with the others constant, we achieved a
great coincidence of the calculated and experimental data. Thus, in sequence,
all the parameters were sorted to the best coincidence of the quantities being
compared. The critical parameters found for N204 and NO2 do not, c¢f course,
correspond to any physical sense, but are simply a set of quantities most ac-

curately describing the experimental P-V-T data of the mixture under considera-

tion determined in accordance with the accepted calculation methodelogy (in
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Chapter III

TRANSPORT PROPERTIES OF N204

1., Viscosity of Dissociating Nitrogen Tetroxic

The chemical reaction has only an insignificant effect on the transport
of an impulse in intermolecular reactions [20]. The effect of the chemical
reaction on viscosity is manifested basically in the fact that the composition

of the chemically reacting mixture varies as the external parameters vary.

In a case of fast (equilibrium) reactions, the composition at any point
in the cross-section of the chanmel 1s in local equilibrium with the given
temperature. The variation of the composition follows the variation of the
temperature practically instantaneously at a constant pressure. In this case,
the rates of the direct and reverse chemical reactions are equal to each other,

so that in the consideration of problems of transport: the equations of chemical
kinetics are omitted.

Therefore, if a mixture of chemlcally reacting gases is in a state of
thermochemical equilibrium (it is assumed that thLermodynamic equilibrium in
the internal degrees of freedom is established much faster than chemical
equilibrium), its composition 1s unambiguously determined by the parameters of
state P and T, In a case of nonequilibrium chemical reactions the composition
of the mixture will also depend upon hydrodynamic conditions. 1In this case,

the hydrodynamic equation of the flow must be solved together with the equation
of chemical kinetics.

But in any case, such a mixture may be represented for calculation of
viscosity in snv state ry a definite mechanical mixture. Since, so far, no
satisfactory theoretical formvlas exist for calculation of the viscosity of
dense gaseour systems, and the semi-empirical ratios using the theory of
thermodynamic similarity of the substances, were obtained for dense homogeneous
(individual) gases, a mixture of gases, as a rule, is represented by a hypothe-

tical ‘homogeneous’ substance.
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Historically, such an idea was used on the basis of Kay’s postulate [73]
that a gaseous mixture follows the behavior of = ‘homogeneous’ (individual)
substance with its ‘effective’ (pseudocritical) parameters. The pseudocritical
paraneters of the mixture are assoclated with the critical parameters of the
ccmponents by definite combination rules, explained in monograph [118]. For
exaxple, according to Joffe’s rules,

Trsct‘.’ x,-—l—g';.!-o
P;':Cl‘ ==l PCIr:‘
- a_ _a T 13 Tees \W T
Bt ) R (65 I v I
Pl’scr 8 G=1 g1 vt ! '

With reference to a definite class of chemically reacting mixtures, dis-
sociating systems of typ=z N204 z ZNOZ, the model of a ‘homogeneous’ substance
with ‘effective’ parameters of the intermolecular reactions serves somcwhat
detter [141]. This metiiod 15 good if the microparameters are found from ex-
perimental data with respect to viscosity. Besides this, such systems consist
of components which, 2s a rule, it is impossible to separate, no matter what
the external P and T parameters are. Therefore, it is not possible to deter-

mine the critical paramzters of such coi:ponents by experimental means.

The combination rules for finding the ‘effective’ parameters of the inter-
mlecular reactions were obtained from combination rules for finding pseudo-
critical parameters and checked in twelve mechanical mixtures in a dense gase-

ous state [155]: . oa s 32
(€K O = D, %i (/)" 07,
i=1

r
3 ——

3
To =* xix[o”"

b

£

-

fut
1 (3.2)

G,y = (0,4 9))-

A characteristic of both methods of the representation of a chemically
reacting mixture by a ‘homogeneous’ substance is the fact that both the pseudo-
critical parameters and the ‘effective’ parameters of the intermolecular reac-

tions will be variables: functions of temperature and pressure (for a mixture
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in chemical equilibrium) or, in a general case, functions of the composition.
With reference to the second method the physical model lies in the fact that
intermolecular reactions in such systems will be described by a set of poten-
tial curves so that each composition will correspond to its own potential of
intermolecular reactions, with its own power parameters. For a mixture of
variable composition these potential curves make a smooth transition one to

the other, composing a potential reaction surface.

Thus, in principle, any generalized dependence of the viscosity obtained
in dense homogeneous gases and chacked in dense mechanical mixtures, may be
extended to a dense chemically reacting mixture, if we represent it by a
‘homogeneous’® hypothetical substance with a variable molecular weight N204 Z
2 2N02 or with ‘effective’ pseudocritical parameters (combination rules (3.1)),
or with ‘effective® parameters of the intermolecular reactions (combination
rules (3.50)) [sic], depending upon the form in which the reduction parameter

is used (via the macroparameters or via the microparameters) [146].

The effect of the composition on the viscosity of a chemically reacting
mixture in an ideal (perfect) gaseous state uO,T is entirely considered either
by a formula obtained on the basis of the molecular=-kinetic theory for a
homogeneous (individual) rarefied gas,

- VM T (k) sk NSEC
po.r = 026098107 —oris - W (Te) =5 (3.3)
or according to the'Dean-Stiel expressions [118]
Yy Q0%
Posrs -034.107¢ _f_r_“) zu/m-——f-—a,s. (3.4)
ps-or 7¥&~r
. - -~ T 5.8
ford O01778.10 ’[0,!338(—-———-—-)-—-0.0932]
7 \ e Lp
when —~—— 1,5, (3.5)
1}Gcr

As for the basic effect of the pressure on the viscosity of a chemically
reacting mixture, it may be considered by applying one of the following gen-

eralized dependences obtained for dense homogeneous gases.
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The law of corresponding states, using the method of reduction to a dimen-

sionless form by means of the microparameters e/k and o, was developed in refs.
2 [148, 149, 154]:

Mor | Bar vs"w 3 S (3.6)

TR Y ILTC T
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' ? The method of reduction to a dimensionless form by means of the macro-

parameters P . and Tcr was applied in refs. [158, 159]:

—EETT“-“’-— - 5,33 — 0,087 L2 _ (3.9)
AR AP PM
(3.10)
Here . §~ 0,108-107* fexp (J ,43w) — exp(— 111220 Ay,
M pptigrs @ o TMTUPG
Pl’p

We may demonstrate that both methods of the application of the law of

corresponding states must lead to one and the same results with a definite

degree of accuracy, i.e., we may accomplish the mutual transition of formulas

(3.6)-(3.10).

We will consider these depc..dences in the coordinates Ap* and p*. After
some simple transformations, expressions (3.6) and (3.7) take the form

n n
A 3 Dy g TV 0 = S8 a0 (3.11)
e 1y

1-1;0
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By using the connection between the critical parameters and the molecular con-
stants [118]

4 g, y .
+— =077T,; 02=0841V,7; (e/) o> = 8,197P,,,

. (3.13)

we obtain for dependences (3.9) and (3.10), with the accuracy of combination
rules (3.13), the following expressions
- 2,706-1073p*43

.

Ap* -
5,33 — 5,02p* (3.14)

Ap' EX4 0.03778 [Cxp (4, 126[)*) —— exp (——.83202‘)* f.&'ﬁ)l' (3 . 15)

Dependences (3.8), (3.11), (3.12), (3.14), and (3.15) are presented in
Fig. 3.1. The dashed lines bound the region of experimental points of 25
homogeneous dense gases and 12 dense gaseous mixtures, information concerning
which was assembled in refs. [154-157]. Dependences (3.11) and (3.12) were
taken at values of the given temperature T* = 1. Although the coefficients
Aij and Bi are strong functions of the given temperature T*, the general re-
sults with respect to Au* varies only very weakly and in the region of 0.9 <
< T% £10 and 0 ¢ p* £ 0.6, which according to the conventional parameters
amounts to 0.7 < T/Tcr < 8 and 0 < p/pcr < 23 these variations lie within the
limits of scattering of the experimental values.

Thus, both methods of the presentation of a chemically reacting mixture
for calculation of the viscosity by a ‘homogeneous’ hypothetical substance

lead to one and the same results, with a definite degree of accuracy.

For calculation cf the coefficient of dynamic viscosity of the dissociat-
ing system N204 z 2N02 2 2NO + 02 in a dense gaseous state, the method of

presentation of such a mixture by a ‘homogeneous’ hypothetical substance with
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a variable molecular weight and with ‘eff .ctive’ parameters of the intetmolecu-

lar reactions was used [142].
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Figure 3.1. Comparison of various generalized dependences of the
viscosity of a dense gas in coordinates: 9
given excess viscosity Au% = (uP "% T) X O /ﬁﬁg and
3 ?

given density p* = p 0 /m (generalized dependences:
1- Dean and Stiel [159]; 2~ according to this work;
3- Trappeniers and Botzen [148]; 4~ Kessel’man and
Kamenetskiy [149}; 5- Filippova and Ishkin [158]).

The results of a calculation of the viscosity of dissociating uitrogen
tetroxide in an ideal gaseous state according to formula (3.3) are given in
Fig. 3.2. The indirect effect of the pressure on the viscosity of the mixture
via the variation of the composition is apparent. With an increase in pressure
the equilibrium of the reaction N204 2:2N02 Z 2NO + 02 shifts to the left toward
the less viscous component, to the NZO4 side according to the first stage of

the reaction and to NO2 according to the second stage (Fig. 3.3).
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Figure 3.2, Viscosity of dissociating nitrogen tetroxide in an
ideal gaseous state:

i
1- 1 bar; 2- 10 bars; 3- 50 bars; 4- 100 bars; 5- 200 T
bars; 6~ 300 bars; 7- 500 bars. ;

The basic effect of the pressure on the viscosity was considered by the !
generalized dependence (3.8). The viscosity of nitrogen tetroxide in a dense

gaseous state is presented in Fig. 3.4.

: ]
w1y

'd"
D% .
/4

.i

=27 57 1% Tk

Figure 3.3. Viscosity of the components of the system N,O0, 2 2NO, 2
274 2
] Z 2NO + 0, a: atmospheric pressure:

1- 0,5 2- NO; 3= NO,3 4- mixture; 5- NO,.
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Figure 3.4, Viscosity of the dissociating system N204 P ZNO2 P4
< 2NO + O2 in a de.se gaseous state.

The calculation of the viscosity of the system under consideration was
also conducted according to other generalized dependences (3.6), (3.7), (3.9),
and (3.10). A satisfactory agreement of all the methods listed is observed
within limits of the expected error of 6-8%.

In the calculation of the coefficient of viscosity of a dense chemically
reacting mixture, both with respect to the first and with respect to the
second methods of representation by a ‘homogeneous’ substance, we may note

several nodal moments, which also determine the accuracy of the data obtained.

Both methods claim universality, since the generalizations are applied
to homogeneous substances, mechanical mixtures, and mixtures of chemically
reacting gases. But they are obtained in individual substances under the
assumption that all the gases which were used for the construction of the
single dependences are thermodynamically similar. Because of the phase sepa-
ration of the values of the coefficient of viscosity of individual substances
from the averaged curve, and because of the experimental error of the data
themselves, the error of generalization amounts on the average to 5-6%. 1In
the extension of the method to mechanical gaseous mixtures the viscosity of

the latter is plotted around the generalizing curve by the same scattering.
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The application of these generalizations to dense chemically reacting
mixtures causes a deterioration in accuracy because of the approximate con-
sideration of the imperfect nature of the components in the calculation of
the composition. Since the theorétical estimate is difficult, the non-strict
nature of the consideration of the imperfect nature of the components in the

composition may be determined in each specific case.

Such a calculation was performed for the system N204 e 2N02 < 2NO + 0,-
As is apparent from Fié. 3.5, the variation of the molar fraction x, even
by 30Z introduces an error of about 6% into ¥y p and an error of the order of
’

5% into Mp The error in the determination of Xy has a very small effect
b4
on the excess viscosity Ap.

AL,

T /1 /}/’3
: // :

At

N

¢

T

Figure 3.5. The error introduced into the magnitudes of Au,
Ho 9 and Hp p because of the possible error in
’ ]

the determination of the composition.

] 1- Ay 2= wp o3 3¢ Mo T
b

According to preliminary estimates, in the use, for example, of Watson’s
diagram with respect to volatiliries we may err in x by a maximum of 7-8%,
which gives a contribution of 1.5+2% to ¥p,T° In the use of Pitzer’s dia-
grams [71] this error is decreased. The non-strict nature of the consideration
of the imperfect nature of the components in the composition on the viscosity
of any chemically reacting syst:m will be felt to a greater degree if the

difference in the viscosity of the components of the mixture is greater.

~116~

e vy




] _
T At s - - R e e L MM.@J’W' g i
|

The viscosity of nitrogen tetroxide in a dense gaseous state was experi-
mentally studied in ref. [33]. The data were obtained by the falling weight
method in a range of variations of temperature from 300 to 850 K and in a
pressure range of 1 to 50 bars with a maximum relative error of 5%. Within
the limits of the guaranteed accuracy of the calculation and experimental

methods, a satisfactory agreement is observed between the calculated and

Lo 2a g oaan

experimental data, and the maximum divergence does not exceed 8%.

! This method of calculating the viscosity of dense chemically reacting
mixtures may be extended to any chemically reacting systems. For calculation

; of the viscosity of dense dissociating systems it is necessary to know the

‘ density and the composition, and also the intermolecular constants of the

components of the mixture.

2. Thermal Conductivity of Nitrogen Tetroxide

The effective coefficient of thermal conductivity of a reacting mixture
of gases is, as is well known [2], the sum of two components describing the
two methods of heat transfer in such a mixture: A = A

eff f £?
the ‘frozen’ component, describes heat transfer by ordinary molecular thermal

+ A, where A
r

conductivity, and Ar, the reaction component, describes the transfer of enthalpy

of the components of the mixture by means of concentration diffusion.

The expanded expression for the effective coefficient of thermal conduc=
tivity has the form [132]

AHYA,, — 28H AH A, — “l{ AHEA,,

i
Mg =4y _

RT* Apdsy-— 240
1 {(2% 4 x.)? X, X
A, = 1 Xe 3 3 4

" by [ AL xDy, i %Dy i
4z, 4x, )
_*_ 3 . 4 } .
XaDig " EALY
1 2 2x 2x 2
A =~__{ X___ + 3 ' 3 !
“T P LAV %Dy N %,D., v Dy *
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Tte quantities entering into these expressions signify the following: P molar
wensity; Xy molar fraction of the i-th component in the mixture; Dij represents
the binary coefficients of the difrusion of the corresponding pairs of compo~
nents; Ale and AHP2 are the changes of the total enthalpy of the system as a
result of the chemical reaction AH_, = 2H2 . H1 (stage I), AH , = 2H, + H, =

pl P2 3 4
- 2H2 (stage II). The subscripts 1, 2, 3, 4 correspond to N204, N02, NO, and

02.
The difficulties of the calculation of the thermal conductivity of a
dense reacting mixture lie basically in the absence of a good method of calcu-
lating the coefficients of thermal conductivity of ordinary non-reacting dense
mixtures and the binary coefficlents of diffusion of mixtures of gases in a
dense state. Both in one and in the other case up to the present time too
little experimental data have been accumilated to permit us to construct any
empirical generalizations or formulas making it possible to calculate these
coefficients. The theory of transport (iransfer) in dense mixtures of gases
is still inadequately developed in order to give reliable results in the cal-
culation. Therefore, for the calculations we ordinarily use indirect methods
such as, for example, the method of representation of a mixture by a certain
homogeneous substance, in the calculation of ccefficients of thermal conduc~
tivity, and theoretical formulas corrected by means of experimental data in the

calculation of diffusion factors.

Calculation of the frozen component of the thermal conductivity of dissoci-

ating gases. For the calculation of the frozen component of thermal conductiv-
ity at increased pressures, two methods are ordinarily used. The first i«
calculation according to formulas available for rarefied mixtures, in which
data for compressed components are substituted. The second method is based on

the representation of the mixture by a certain homogeneous substasrce with sing'o
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critical parameters. This makes it possible to use generalizations and formulas
that are valid for homogeneous substances for calculation of the thermal con-
ductivity of the mixture. Usually in this case generalizacions are used which

are constructed on the basis of the law of corresponding states [24, 176].

Both methods give the same errors on the average. In individual cases
these errors reach almost 50% [24]. The second method gives greater opportun-
ities for refinement of the calculations, since as new and more reliable ex-
perimental data for homogeneous gases appear, new and more accurate generali-
zations may be constructed. For example, a calculation performed by means of
a generalization that recently appeared for homogenous substances, found by
Stiel and Thodos [177], gave a maximum error of approximately 25% in the there-

mal conductivity of the mixture.

Attempts to decrease the error of calculations have led to the use of a
formula somewhat altered by N. B. Vargaftik for homogeneous gases [178]. The

formula
' C.10* P
ptor e 1+ S (1 ]

3
Zer Yerr

describes the thermal conductivity of homogeneous gases up to p/pcr = 1.8 with

an average error of 5-6%. In this formula X is the thermal conductivity

P,T
at the pressure P and temperature T; AO T is thermal conductivity at P = 1
L

atmosphere and at temperature T.

The quantity B can be calculated according to the formula

3
5 ™
B=C[ ]r

Ui o
C = (33,4 + 0,24M) 10,

The exponent n is expressed by the dependence n = 1.16 + 0.0024M [179]; Pop?

Tcr’ and Zcr are, respectively, the density, temperature, and compressibility
at the critical point, and M is the moiecular weight of the substance. p/pcr=
= pg is the ratio of the density at P aad T to the density at the critical
point.
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As is appafent, in the use of the given formula for calculation of the
thermal conductivity of the substance, it is necessary to know its critical

parameters and for the mixture its pseudocritical parameters.

Prausnitz and Gunn [118] demonstrated that we may calculate the pseudc-

critical parameters with a good accuracy according to the formulas

]
Vapscr = 2 “Vucrss
i=1

. 8 -
Zpscr= Z.Xazem.
. {2}

oo a
Tpscx= z XTepse

i}

Here V =M /o
m ps.cr cm'Fps.cr

is the molar critical volume of the component of the mixture, and Mcm =

is the molar pseudocritical volume; V er - M/pcr

=i§1xiMi is the molecular weight of the ‘mixture.

The calculation of the thermal conductivity of the ﬁixture according to
the formula gave a maximum deviation from the experimental results that was
only approximately half as much as results by means of the generalization of
Stiel and Thodos [177]. ,

At present the theory of rarefied gases has been so well developed that
the transport properties of the gases and unreacting mixtures may be con-
sidered adequately accurately at moderate pressures [160]. Several simplified
semi~empirical and empirical formulas have also been proposed [24, 160, 180],
with respect to which the thermal conductivity of rarefied mixtures is calcu-

lated with an accuracy that is entirely acceptable for engineering purposes.

The thermal conductivity of mixtuces consisting of multi-atomic molecules
depends both upon the translational and upon the internal degrees of freedom.

Brokaw [160] proposes to calculate the thermal conductivity of such mixtures

= A"+ ACT.
0,T 0 in
the translational degrees of freedom (or the thermal conductivity of the

according to the formula A A component depending only upon

mixture of monoatomic gases) may be calculated according to the formula
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¥y =0, l 1+ 2,41 W= 1) (M, — 0,14241)
(l”‘ 4";) !

[ (&-)l/:’(M’) }

P,y = L Hs

iy ’ [ ,_A_l_" ' i
o)

The coefficient of thermal conductivity of pure monoatumic gases and the

coefficients of viscosity of the components are calculated according to the
well~known formulas of the kinetic theovy

————

T
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W - 19801107 — XL 22 e L
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o TP
- 25,683,107 bl
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Aiken [120] introduced the correction for the monoatomic nature of the gases

(consideration of the internal degrees of freedom) for the first time.
it was refined by Hirschfelder [164].
monoatomic gas is

Later
The thermal conductivity of a pure

c
A" = 370,885 =~
albe

Brokaw [160] proposes to consider the contribution of the ‘internal’ thermal

conductivity of the components to the thermal conductivity of a multi-component
mixture in the following manner:

n

;'(n“'

Calculation of the binary diffusion factors of dense gaseous mixtures.

For calculation of the reaction component of the thermal conductivity, it is

necessary to know the binary diffusion factors of the pairs of components
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participating in the reaction. Their calculation presents special difficul-
ties, since there are no generzlizations for them based on experimental data.
Experimental works are basically concerned with the determination of self-
diffusion factors. The only work . by Slettery and Bird [181], generalizing
these data makes it possible to. ¢c3lculate the self-diffusion factors of dense
gases and that only in a-range of given pressures from 0.1 Pg to 4 Pg and
given temperatures from 1 Tg to 3 Tg‘ By means of Slettery’s diagram the
diffusion factors of certain mixtures were calculated and compared with the
experimental data [182]. A satisfactory dgreement was obtained. In the con-
struction of the diagram, Slettery and Bird used generalized data on compres-
sibility given by Hougen and Watson [68]. As is well known, they give great
errors. It was possible to attempt to improve Slettery’s diagram by using

the generalized data on compressibility of dense gases given by Pitzer [69],
which are an order of magnitude more accurate than the data of Hougen and
Watson. However, the introducticn of a third correlation parameter, the
acentric factor w leads to great difficulties in the realization of this
method. A method for the calculation vf the binary diffusion factors of dense
gases is explained below, which retains the approach of Slettery, but excludes
the numerical differentiation of tables with respect to compressibility.

According to Enskiy’s theory for the diffusion factor we have

Dp’ bp -2
P)e bpw '
where (ok) L -
12 opP
f L T IR 1
L R oT )‘

or in dimensionless coordinates,

by Z——‘-( 0'1-) -1
. 2 .

Here

T Py n

In order to avoid differentiation of tables with respect to compressi-
bility, we will determine bpk from experimental data on the vifcosity of deuse
gases, having used Golubev’s equation [183], which describes them with a high

degree of accuracy.
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In the dimensionless form, Golubev’s equation has the following form:

Bo p— g a| Do (_‘_’1) ]’ .
- u T Var
The quantity (53/5T)v§1 =, in the dimensionless coordinates © and T
characterizes the dip of the buoyancy curve at the critical point. As Pitzer
demonstrated [69], a, . tne Riedel factor, is associated with the acentric
factor = in the following manner: or = 5.808 + 4.93 . After certain trans-

formations, we may obtain the following dependence:
a
Mp 7 == Mup [-i:-‘—] .

a:p Jgt 1y

If we assume, as Golubev does, that n = 1.115, then

;_d= A \0.8%86 - z
o)
LY 1 4 Ap"p %
0
l’p:{ =. 2 T a“'p _A_y,_- 0,89%86 -— »
T . Ay'};p
Then for the diffusion factor we cbtain
DPp 7
b " T A |0.89686 -
z— a,‘_p( ¢ ) 2
r : A!ll:p

We calculate the quantity bP according to the following formula:

b Mo I

For 1 _ 1 0,.8000--0,7614 box
bpu )
The quantity (DP)* may be calculated according to the formulas of the kinetic
theory of gases or according to Slettery’s formula [181]. Finally, for cal-
culation of the mutual diffusion factors of the components of the mixture,
we obtain the following expression:
POy = D?i -‘\'
_ Zey (00)gu
- j ) (3.808 4 4,93..)”)(-“—“-)0'5%*"-1

r oM Mty

where D0 represents the diffusion factors of a perfect gas at 1 atmosphere:

ij
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We should be~r in mind the fact that the extrapolation of the formulas given
above for calculation of the diifusion factor in the region of moderate pres-
sures is incorrect and leads to conmsiderable errors. At moderate pressures (in
the given case up to 30 atmospheres) the calculation was performed according

to the formulas of the kinetic theory of rarcfied gases.
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Figure 3.6. C‘Effective’ thermal conductivity of the system
N204 2z 2N02 Z 2NO + 02.

Thus, the quantities causing the basic difficulties in the calculation
of the effective thermal conductivity of a compressed reacting mixture (the
‘frozen’ component and the binary diffusion factors) may be calculated by the
methods given above. The other variables (the composition, variation of en-
thalpy, density, and others), upon which the effect thermal conductivity de-
pends, are calculated by the methods explained in Chapter II.

The results of the celculations are presented in Fig. 3.6.
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= Chapter IV

THE EFFECT OF THE KINETICS OF THE CHEMICAL REACTION
ON HEAT TRANSFER AND MASS -TRANSFER IN STATIC STEADY-STATE
CONDITIONS (HEAT~-CONDUCTING GAS) IN A SYSTEM
N204 z 2N02 Z 2NO + 02

? 1. The Effect of Chemical Reactions on the Thermal Conductivity of a
g Mixture of Reacting Gases. The Theory of Local Chemical Equilibrium

A feature of heat transfer in a non-isothermic mixture of chemically

s e NI g 3 TR T L a7 B0 AV S Pl
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’ * reacting gases at rest (a heat-conducting gap) lies in the fact that aside from
o the ordinary molecular thermal conductivity an additional quantity of heat is
transferred (transported) in the form of chemical enthalpy by means of molecu=
lar concentration diffusion. Thus, the total ‘effective thermal conductivity’
of the mixture of reacting gases is determined by the thermal conductivity
itself (the ‘frozen® component Aj) and the diffusion component (the ‘reaction’

component At), which depends upon the thermal effects of the reactions and the

L TEY
SR

gradients of the concentrations of the components.

e

P A e *e
-

The contribution of the diffusion transfer to the general heat flux de-~

éﬁ pends upon the ratio of the rate of the chemical transformations in the gas
% and the rate of the process competing with them =~ diffusion equalization of
% concentrations in the heat-transfer gap.

If the rates of the chemical transformations of the components are much
greater than the rate of the latter, the composition of the mixture is in
local equilibrium with temperature. Theretore, the total ‘thermal conductiv-
ity’ of an equilibrium mixture is an unambiguous function of the external
parameters (it is assumed that in the internal degrees of freedom equilibrium
has been established). Such a mixture behaves like a homogeneoué (individual)
substance with a general thermal conductivity Ae, the values of which in cer-

tain range of the variation of the external parameters (P, T) may exceed the

R o Lo Fron P20 T 2 SN 8 Siger  sats iy
S S LN Mt EA A LA, g re N P E Y R AR, DR skl o 4 i
" BLE 2 Ao A

magnitude of the thermal conductivity of an inert mixture of gases by an order

ety

of magnitude.
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Nernst [161] obtained an expression for the ‘effective thermal conductivity’

of a binary reacting mixture A2

Ae, for the first time. But in the notztion of the equation of diffusion in

Z 2A in a state of thermochemical equilibrium,

the form of Fick’s law he used a éonventional coefficient of binary diffusion
of the unreacting gases, D = D12'

However, in distinction from conventional diffusion in the presence of
chemical transformations in the mixture the average rate of diffusion of indi-
vidual components of the mixture in a steady state are not equal to zero, al-
though the average mass velocity is equal to zero. Having taken this into
consideration, Haase [132, 162] obtained

Dl-t 1 ]
= =~_'D.| l"f'd.‘.o
o, 2 s (1 + %)

Dell =

[N

We should note that Nernst himself expressed doubts of the correctness
of the identity of D with a conventional binary diffusion factor. It was
possible to check that D # Dle in a mixture with a low degree of dissociation,
@00 where this distinetion is noticeable. But the only experimental data
available at that time, those of Magnanini and Zunino [143] with respect to
A* of the mixture N204 z 2NO2 embraced a region of high values of R 2 0.5,
where (1/2)(1+a1e) varies within 1limits of the 0.75-1. Also, these data were
obtained with a great error: the deviation of the experimental values at the
same parameters of P and T amounted to up to 30%. Probably the effect of con-
vection as a consequence of a large experimental gap (Fig. 4.1) was felt on

the results at low temperatures.

Subsequent experiments confirmed the correctness of Haase’s conclusion

concerning the ‘effective’ diffusion factor of a mixture of reacting gases.

Later Butler and Brokaw [132] obtained a general expression for the
thermal conductivity of a mixture consisting of any number of reagents and
inert components with an arbitrary number of equilibrium chemical reactioms.
This expression was then simplified [160], which later made it possible for
Brokaw [151] to make an excellent transition in the derivation of a ratio for

the average ‘thermal conductivity’ of a nonequilibrium mixture.
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Figure 4.1. Experimental values of the ‘thermal conductivity’

of the mixture N204 2N02 at atmospheric pressure.

1- Magnanini-Zunino [143]; 2- Coffin-0’Neal [25];

3- Dresvyannikov [145]; 4- IYaE AN BSSR [29];

5- values from ref. [25], corrected by Brokaw (170,
171]; solid line represents calculated values of Xelg
dashed line represents calculated values of Afl

(in this work).

Prigogine and his colleagues [163] and Haase [136] investigated heat
. transfer and mass transfer in a non-isothermic mixture of reacting gases at
rest from the standpoint of the thermodynamics of irreversible prrcesses. The
same expression was obtained for the Ae of the system A2 Z 2A, as by Hirschfel-
der [164, 165] and by Butler and Brokaw [132] in the assumption of thermo-
chemical equilibrium. 1In this case Prigogine with his colleagues analyzed the
effect of the thermal-diffusion term and arrived at the conclusion that its

contribution to equilibrium thermal conductivity is non-essential.

Verba and Portnov [166] obtained an expression for Ae of a multicomponent

mixture by the method of thermodynamics of the irreversible processes.
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The theory of local thermochemical equilibrium successfully expalined ex-
perimental data with respect to the thermal conductivity of certain mixturec.
In particular, the experimental values of the thermal conductivity of hydrogen
fluoride with two parallel reacti&ns {2HF (HF)Z, AHp2 = 7400 calories/mole
and 6HF I (HF)6, Hp6 = 40,500 calories/mole] agree well with the calculated
equilibrium values of Ae [167]. And the latter are 33 times higher than Af

and almost 3 times as high as A The experimental data of Chakraborti [169]

H2®
with respect to the thermal conductivity of the system PCl5 Z PCl3 + Cl2 at

pressures below 1 atmosphere also agree well with le.

2. Experimental Investigations of the ‘Thermal Conductivity’ of the

—)»
System Nzg4 z 2N02 Z 2NO + o2

Experimental data on thz thermal conductivity of dissoclating gases are
few in number. It is possible that this is connected with methodological
difficulties of the investigation of the thermal conductivity of aggressive
media at comparatively high temperatures. Probably for this reason those
dissociating gases are more thoroughly studied whose rhermal decomposition
occurs at lower temperatures. As a consequence of the aggressive of the
majority of dissociating gases the range of pressures being studied is limited

to 1 atmosphere, when glass apparatus may be used.

Nitrogen tetroxide, N204, is just such a low=bciling substance, the
thermal decomposition of which in the gaseous phase begins at comparatively

low temperatures.

The investigation of the thermal conductivity of the system N204 z ZNO2
was attempted for the first time by Magnanini and Zunino [143, 150] (Table
4,1). We do not have information concerning the details of the experiment or
the geometrical dimensions of the apparatus, but the anomalous fluctuation of
the curve at P = 1 atmosphere and at low temperatures (see Fig. 4.1) makes it
possible to assume that the heat~transfer gap was too great so that in these
conditlions convection was mixed with true thermal conductivity. The exaggera~

tions of Aexp at T < 330°K speak in favor of this explanation, and also the
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r fact that the anomaly disappears with an increase in temperature at P = 1 atm

and with a decrease in pressure.

\

Feliciani [168], wishing to refine the experimental values of thermal
conductivity obtained by Magnanini and Zunino, attempted the investigation
of the thermal conductivity of the mixture by the unsteady-state method. He
does not give a diagram of his apparatus but, judging by the brief description,
the experimental part consisted of a glass flask inside of which the bulb of

oy Sy

a thermometer was placed coaxially. The flask, filled with pure N204, was
heated in a chermostat to a temperature exceeding the highest temperature of

. the range being investigated by 20-30°. Then it was momentarily submerged in
another thermostate and an observation was made of the ‘time of cooling of the

thermometer by steps of 5°’. The pressure was recorded by an aspirator con-

gt s b

nected with the flask.

The processing of the results of the observations was conducted to an

approximate formula of unsteady-state thermal conductivity obtained for the

ot I g g o

cooling of a solid in the zone of a linear regular regime. The fact sticks

out In the description that the average rate of cooling was determined from

all the measurements in the selected range of temperatures, while at first the
cooling occurs in a disordered unsteady-state regime. In this case, convection
continuously originates in the layer of gas, which will facilitate the equali-
zation of the temperatures. Probably partly due to this and partly due to the
method of processing we may explain the extraordinarily high values of Ae ob-
tained by Feliciani (Fig. 4.2). The fact that in an investigation with a

large flask large values of Ae were obtained speaks in favor of the argument

of the effect of convection. In Fig. 4.2 for comparison equilibrium values of

Ae at P = 0.4 and 0.7 atm are given.

Later the coefficlent of f‘thermal conductivity’ of the system N204 P 2N02
was investigated by Coffin and O’Neal {25] by the heated filament method.
The experimental values [25] are given in refs. [151,167,147,170,171] (see
Table 4.1). In this case the error of the experimental data in the range of
; low pressures P = 0.05«0.2 atm, in the opinion of Coffin [147], reaches 10%

H because of the effect of thermal accommodation.
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Figure 4.2. Experimental values of the ‘thermal conductivity’

of the mixture N204 122N02 obtained by Feliciani {168].

1- P = 0.733 atm; 2= P = 0.413 atm; 3- P = 0.078 atm;
solid lines represent large flask; 4- Ael at ? = 1.7
atmj 5= Ael at P = 0.3 atm.

Relative to the values of ‘thermal conductivity’ at P = 1 atm, given
in the drawings of Brokaw [170, 171] as experimental values of Coffin and
0°Neal, we should note the following. Two corrections were introduced by

Brokaw into the experimental values of ref. [25].

The first is associated with the fact that for the calibration of the
apparatus in ref. [25] the experimental values obtained by Kannuluik and
Karmen with respect to A, were used, which, according to his opinion, are

He

understated in comparison with the ‘true values’ [173] by 3-4%.

The experimental values of Kannuluik and Karmen actually lie below the
values of AHe of Zaytseva [174] (at 500°K by 5.3%, and at 580°K by 6.6%).
Probably this is associated with the inaccurate consideration of the effect
of radiation: because of the use of a thick heated filament (1.5 mm) in the
experiments of Kannuluik and Karmen, the correction for radiaticn amounted to
20% at 600°K. But the experimental values of AHe of other authors also lie
1-2% below the calculated curve [173] in the region of T = 300-370°K. Thus,

although the experimental values of Kannuluik and Karmen at high temperatures
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are also explicitly understated in comparison with the data of other autors
[174, 175] in the region of temperatures investigated by Coffin and O°Neal,
they agree satisfactorily with the latter, within the limits of error of the
experiment. Thus, in the correction of the values of Aexp [25] with respect

to AH Brokaw somewhat exaggerated A _ .
e exp

Table 4.1 Experimental investigation of the ‘effective thermal
conductivity’ of the system N,0, z 2N0, Z 2N0 + O,

| . Ref. Dimensions of

Researchers' Year {P,atm {T, K [Source gap, cm
Magnanini- |Ita i 298—472
gZunino 150%y 0,34 273—428 {[143, 150}| not given
Feliciani |1 1y 0,07
16887 | 0413 |am—ior| (168 | not given
2100 b
Coffin- USA [ 0331 [295—100] (25, 147]| Ry=6.48.10-3
0’Neal 195 0,02—1 | 295350 (170, I71]{ R, --0,2405
' 1 294—-388{ (147] | A=R,—R = %
0,02—1° 351.5 =:0,234 B
8184—: 296 151 lG Rz/Rl =37, 1 '\:'w‘:‘,
05— 300 31, 167 5
Srivastava- |India | 135 305,318 [ a[:’ﬁ] "l Ry=:5.10°3 X
Barua [1961 | _p69 | 333,348 Ry=0,144 N
363 A=0,139 o
R/R =288
Barua- |India l0,2-0,87 373—a93 (27} |R,=3.75.10? &
Chakraborti | 1962 :0,2—0,87] 413,433 R,==0,161 5
453,373 A=0,1573 :
Ro/Ry=-43 &
Dresvyannikov |USSR, | 0,263; |206—871 {144, 145] R,=3,025.10-? b
ui 'l e
and others , 78, =0, 1567
1965 | o'9g7 Ry/R, 32,3 £
Bilyk, [USSR [l &; 10 [29] [ R=0,4 iy
Timofeyev,| IYaE (20, 30; 50; 301—780 Ry=:0,48 s
AN BSSR R:/R, =1,2; %
and others A Ry 0,49; ®
1967 Ry/R,> 1,325 S
Dastidar- | India|0,06i— {303; 323| ()72] |not given o
Barua 1967 —0.8

The second correction is associéted with the effect of the final »ate
of the reaction N?.O4 P 2N02 on Aexp' Brokaw corrected the experimental values
[25] on the basis of his formula for nonequilibrium ‘thermal conductivity’.
That is, having excluded the effect of the rate of the reaction, he thus de-
termined the values of equilibrium thermal conductivity, which now are called
‘experimental’ equilibrium values. Precisely with these ‘experimenta.’ data
of Coffin and O’Neal are the values of Aexp compared at P = 1 atm in ref.

[145].
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The difference of the experimental data [25] from the calculated value

of the equilibrium ‘thermal conductivity’ mixture N204 Z 2N02, Ael,‘observed'
by Brokaw at P = 1 atm, in our view is basically explained by the fact that in
the calculation of Ael he usaed the parameters of the intermolecular reaction,

determined from experimental data Mem {31]. As later investigations [46] dem-
onstrated, the experimental data of Vem obtained by Petker and Mason [31] are

somewhat exaggerated in the low-temperature region. The experimental data of

Coffin and O0’Neal agree satisfactorily with the values of Ael'at P =1 atm if
in the calculations we use the parameters of the reaction determined from the
values of em [46] (Fig. 4.1).

Coffin and 0’Neal observed a noticeable decrease of Aexp in comparison
with Ae at low pressures. But since their experimental data at low pressures
were obtained with a comparatively large error, Srivastava and Barua {26]
decided to repeat the experiment with respect to .the determination of the
thermal conductivity of the system N204 pa 2N02.

The researchers, as in ref. [25], accepted the heated filament method
which was well worked out by Kannuluik and Martin. The experimental gap, to
avoid natural convection, was reduced in comparison with the one used by

Coffin and O’Neal (Table 4.1), and the pressure did not rise above 0.69 atm.

To avoid the chemical reaction of the N204 with the mercury, the pressure
was measured by a glass diaphragm manometer designed by Daniels. The re-
searchers [26] took care to purify the N204 thoroughly. Srivastava and Barua
introduced corrections for radiation, excentricity, temperature difference at
the wall, and temperature jump at the wall at low pressures into the experi-

mental values obtained.

While Coffin and O’Neal did not take the natural experimental data at
P < 1/3 atm info consideration, assuming that the sharp decrease in Aexp in
comparison with Ae at low pressures was a consequence of the effects of thermal
accommodation that were not considered, after the experiments of Srivastava
and Barua already no doubts remained that this is to a greater degree a con-

sequence of the relaxation of chemical energy if alse after the introduction
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of the correction for the temperature jump the tendency in the behavior of
Aexp with relationship to Ae at very low pressures remained as before. The
problem of the accuracy of the va%ues of Aexp obtained by the authors [26]
was not discussed. As calibration values, the values obtained by Kannuluik
and Karmen were used.

i The work of Barua and Chakraborti [27], where the temperature range was
expanded to 200°C, which made it possible to capture the initial region of

the thermal dissociation of N02 as well, was a continuation of investigation
in ref. [26]. It was observed that Aexp in the region of stage II of disso-
ciation is close to the ‘frozen’ thermal conductivity of the mixture with
respect to values, But since in the region of temperatures investigated even
equilibrium valuss of the degree of dissociation did not exceed 0.01-0.02
according to the results obtained it was difficult to make a general conclusion
concerning the effect of the kiuetics of stage II of disgsociation on ‘thermal

conductivity.’

Dresvyannikov [145] expands the range of temperatures with respect to
stage II to 600°C, and performs a quite detailed investigation of ‘thermal
conductivity’® of stage I of the dissociation of N204 also, as a function of
P and T (see Table 4.1). The researcher constructed an experimental apparatus
similar to the nne described in [26], and accepted approximately the same gap.
In the course of the processing of the results corrections were introduced for
radiation, heat transfer from the ends, the effect of excentricity, and the
temperature difference at the wall. The jump of temperature at the boundary
between the wall and the gas was not considered. Gupta and Sachsen established
that when P > 0,1 atm in the investigation of X by the heated filament method
the effect of the temperature jump need not be considered. It is true that
the investigations were concerned with low temperatures (T = 93.5°C) and com-
paratively simple gases (Ne, Ar, H2, 02). But since Dresvyannikov conducted
his experiments at P 2 0.263 atm, then, probably, the failure to comnsider the
temperature jump in these conditions did not introduce any noticeable error

into Aexp’

-133-




According to the estimates of the author of ref. [145], the total error
of the experimental values of Aexp did not exceed 2.9%Z. We note that although
the control measurements of Mo [145] did not differ by more than 2% at moder-
ate temperatures from the values obtained by Johnston and Greeley, at high
temperatures the values of o (145] are 4-67 above the calculated values

obtained with Suyetin’s reaction parameters [153].

It is possible that this was caused by the non-strict consideration of
the effect of radiation or by failure to consider thermal accommodation at

high temperatures.

The experiments of Dresvyannikov confirm the conclusion that at low pres-

sures stage II is a ‘slow’ reaction.

The work of Dastidar and Barua [172] supplemented the data with respect
to thermal conductivity of the system N204 s 2N02. The authors estimated the

error in the values obtained as 12%.

But all the reliable experiments [26, 27, 145, 172] were conducted at

pressures P $ 1 atm and by one method, with a heated filament. As a heater,

a platinum wire was used by everyone. However, according to the reports of

the authors of ref. [225], platinum plays the role of a catalyst in the reaction
of the oxidation of NO to N02. For example, an addition of 0.5% Pt by weight

to the glass surface on which the oxidation of NO is conducted increases the
vield of NO2 to 21% at 255 C, and the addition of 0.5% Pt to the surface of

Al,0, made it possible to achieve 100% yield of NO, from a mixture of NO and

273 2
NO., at t = 315°C. It is true that these works were not conducted with a

stiichiometric mixture, but with a mixture with a low content of 02. Conse-
quently, the quantitative results of this work cannot be applied to the given
system. But at low pressures, when the probability of a trimolecular homoge-
neous reaction is small, we may entirely assume the effect of the catalytic

action of Pt.

In any case, in the discussion of experimental data with respect to

thermal conductivity obtained by the heated filament method, the problem
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unavoidably arose as to heterogeneous reactions were not also being mixed

with homogeneous reactions, and what the role of the heterogeneous reactions

‘might be.

In order to exclude the possible effzct of surface reactions, at the IYaE
AN BSSR for investigaiion of the ‘thermal conductivity’ of the system Nzo4 Zz
b4 2N02 Z 2N0 + 0, in a wide range of tempeiitures (258-773°K) and pressures
of 1-50 atm, the coaxial cylinder method was used [29]}. The basic design
material selected was stainless steel Khl8N10T, which is entirely corrosioa-

resistant with respect to dried nitroger tetroxide.

As also in the previous work [144, 145], in the investigations [29] it
was establishe« that the ‘thermal conductivity’ of the mixture 2N02 Z 280 + O

2
at P = 1 atm in practice does not differ from the ‘frozen’ component.

The experimental values [29] at a pressure of 50 atm in the region of
temperatures corresponding to stage II lies approximately 30-40% above Af,
corresponding to P = 50 atm. An increase of such an order of magnitude cannot
be.explained by the effect of the pressure on the thermal conductivity of the
individual substances, as follows from an analysis of the values of A(m, 7).
At the same time the values of Aexp obtained for the mixture 2N02 T 2N0 + 0
differed strongly from the asymptotic equilibrium values.

2

This shows that in practice the condition of thermochemical equilibrium
for the mixture under consideration is not always realized, and in the investi-
gation of heat transfer and mass transfer in the heat-transfer gap at different
values of P and T we should consider the rate of the chemical transformations

of the componeuts of the mixture.

3. The Effect of the Kinetics of Chemical Reactions on the ‘Thermal

Conductivity’ of the Reacting Mixture

The effect of the kinetics of the chemical reactions on the average
‘thermal conductivity’® i* in the gap was studied by several authors |137,150,
151,225,226].
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Meixner [137] obtained an approximate analytical expression for j* of a
binary mixture placed in a heat~transfer gap of plane geometry by the method
of the thermodynamics of irreversible processes.

Frank and Spalthoff [150] investigated the effect of chemical relaxation
(¢incomplete estalishment of equilibrium’) on the average ‘thermal conductivity’
of the mixture A2 Z 2A, placed in a gap of cylindrical geometry with a heating
filament as the internal cylinder (R2/R1>>1). In this case the authors [150}
used a two-temperature scheme accepted by Scheffer-Rating-Aiken in the inves-
tigation of the effect of retarded transfer of translational and oscilliatory
energy on the thermal conductivity of a multiatomic gas. In the construction
of the analytical expressions for X* the authors of refs. [137, 150}, follow-
ing Nernst, in the equation of diffusion identified the ‘effective’ diffusion
factor of the components in the reacting mixture with the ordinary binary
diffusion factor. Besides.this, in the final expression for A* [150], the
length of the free path of the molecules is included, the magnitude of which
is determined within the limits of the order of magnitude.

The authors of refs. [137, 150] during adjustments used simplifications
assuming that the temperature difference in the gap is small and the deviation
of the steady-state composition from the equilibrium value is not great.

Spalding [226] in the derivation of an expression for the 1* of an ideal
dissociating Lighthill gas, placad in a heat ~onducting gap of plane geometry,

aside from these assumptions, assumed a ‘frozen’ Lewis number Lu_, equal to

f
one. Although Luf is actually close to 1 with respect to order of magnitude,
for a mixture of reacting gases it may vary strongly with the composition

(from 0.8 to 1.2 for the cystem under consideration).

Brokaw [151] generalized the experience of previous investigations [137,
150]. He obtained a single expression for the average thermal conductivity
of a mixture not in chemical equilibrium with one reaction of arbiirary stoich-
iometry, placed in a gap of any single-parametric geometry (between parallel

plates, coaxial cylinders, or concentric spheres).

-136~




From a qualitative analysis of the approximate analytical expressions
{137, 150, 151, 226] it was established that the ‘effective thermal conductiv-
ity” of a mixture with finite rates of chemical transformations cf the compo-
nents is not an unambiguous function of the external parameters P, T, but also
Cepends upon the width and geometry of the gap and upon the properties of the
surface (thermal accommodation, chemical and catalytic activity).

Below, for brevity, we will cail A% ‘thermal conductivity’, including in
it the sense of a certain summary characteristic of heat transfer and mass
transfer in the rescting mixture in static steady-state conditions, i.e., in

a heat-transfer gap.

We will construct a closed system of differcntial equations and boundary
conditions, connecting the basic processes: thermal conductivity, molecular

diffusion, ard chemical transformations (in the gas and at the surface).

The equation of motion {227] in static steady-state conditions is trans-
formed into P = const.

From the general condition of non-accumulation of mass Zg = 0 [227]

M
()3 3
with reference to the mixture under consideration, we will determine the con-

nection of the molar diffusion flows of the components

I 1
g:+-2—g,+-2—g3- 0, (4.1)

g "“l“ﬂ
g B (4.2)

Stoichiometric ratio (4.2) is valid, since for the given mixture with a good
degree of accuracy we may assume that D23 = D24, D13 = D14’ i.e., in the
four~component mixture being investigated we may define two independent com-

porents, for example N204(g1) and NO(gB).

The equation of continuity of the j-th component of the mixture in a

nonisothermic mixture at rest is written thus

I d \ Y
—-r—- -Jr-' (r[”l) = 2 \‘IZIZ Z" \'/‘ (le-y""'vycv )v (4‘3)
(2 )
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where ij is the stoichiometric coefficient of the j-th component in the z-th

reaction; Iz is the total rate of the z~th reaction. The rates of the direct

and reverse reactions Vdi(rev)z’ according to the law of existing masses, is

determined as:

Vd)r . kdir ﬂ ”l—'-‘.i; Vt'ev ==

§i imtic)
=Ry M 071 (Y10 <O; Vipret > 0), (4.4)
(i preduc 1]
where pj is the molar density of tne j-th component, which is expressed via

the molar density of the mixture and the molar fraction of the component, as
= PX, . (4.5)
P17 P

The molar fractions of the components of the mixture being studied are
connected with each other by the ratio

x—_-:]—.._s..x_--x—-._l_x
3 2 37T N 3+

(4.6)

Having used expressions (4.4)-(4.6), we write the equation of continuity
(4.3) for the independent components:

1 d
— (rg)) = — k.0 [ Xy —

_(]_._:i_x_\')z_f_ '-

‘2 ’ -ll Klrl ’
d

——l- ——(rgy) = kcr':.‘)n[(l"'

rodr

: r
S _”f_xg}, 4.7
2 2Kye

where kdil(Z) is the rate constant, and Kpl(2) is the constant of equilibrium
of stages I and II, respectively.

The equation of multicomponent concentration diffusion for the j-th ccmpo-
nent of the mixture in the form derived by Stefan and Maxwell [20], obtained
by ignoring the effect of thermal diffusion on mass transfer, will be written

in the form of Fick’s first-order law, using expressions (4.1), (4.2), and
(4.6).
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When X3 = X, ° 0 (the reaction N204 2N02), as follows from ratios (4.8):

D [ dx dx,
g =0 & = —p _._‘l-" - (-__.‘_) z —pD —2-
1+ x dr dr
When X, = 0 (the reaction 2NO2 2NO + 02), we obtain
‘ZD” (l:g‘_ - D d.\,—a
g 0g--—p '5'_:“‘\':' ( ar | g dr

Here Dl and D2 are the ‘effective’ diffusion factors of the j~th component in
a binar";‘r reacting mixture, differing from the ordinary ones in an inert mix-
ture because of the appearance of a Stefan flow as a consequence of the varia-

tion of the volume in the course of the chemical reaction.

The differential equation of energy [227] in static steady-state conditions
is reduced to

Lo
Lo e,
P (4.9)

It is supplemented by the phenomenolog.cal equation of dz2nsity of the heat
flux q. If we ignore the effect of the diffusion thermal effect and exclude
the contribution of radiation, we obtain
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Expression (4.10) may be written in the form of a Fourier equation:

dT

zn— ¥
9 dr

, (4.11)

where the summary ‘thermal conductivity’ of the mixture under consideration

is determined via the thermal effects of the corresponding reactions [274]:

) dT \™? 1 dT
Mo=2 - g0H), (7) 2 8\, (7) . (4.12)

Boundary conditiong. The first pair of boundary conditions (first order)

are conditions with respect to temperature at the surface:
Tie o~ T Tl o Ty (4.13)

The other conditions are relative to the flows of matter from the surface.

In a general case these conditions must consider all the chemical and physical

phenomena originating at the surface: thermal accommodation (which has a

noticeable effect at low temperatures P<<l atm); physical and chemical adsorp-

tion and chemical reactions, both with participation of the wall material and ;
those of a merely catalytic type.

But no matter in what form these conditions are written, the conditions i
of the balance of mass at the boundary between the eolid surface and the gas :
are always these: the flow of matter from the surface is compensated by its
diffusion removal:

sur _ ;
Ij B gj dit.sur (4.14) 4

In a general case of an arbitrary reversible reaction, at the surface the
boundary conditions (4.14) are nonlinear, since I;ur is a complex function i

of the compcsition, temperature, and properties of the surface.

In a case when the rate of one of the processes (diffusion in the gas
or chemical transformations at the surface) is great in comparison with the

rate of the other, boundary conditions (4.14) are essentially simplified.

pe———
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Let us consider, for example, the limiting boundary conditions for the

Rk

mixture ZNO2 2NO + 02. Since there are no factual data concerning the rate

of the surface catalytic reactinn for the decomposition of NO2 and, this means,

oF
i
o
Lo
P

%

that in a general case y will be formally constructed, this is convenient

to do under the following assumptions. We will assume that the catalytic sur-

face reaction of the decomposition of NO, proceeds in accordance with the same

2
bimolecular scheme as in the homogeneous phase. Then I;ur is determined so £

B,

)

that it will satisfy the same condition of equilibrium with respect to x, as

2

for homogeneous reactions.

"Thus, we write the boundary condition in the dimensionless form:

X

e e

Dsp d,\'a ' "—’-f(x)' , (4.15)

g dy !sur sur

where kzgr, naturally, has the dimensionality of the rate constant of the

surface reaction (in moles/cmz/sec), y = r/s.

The criterion

sur

D3p/5kdi =k, (4.16)

characterizes the ratio of the rates of the processes of diffusion in the
gas and the chemical transformations at the surface with an accuracy up to
the coefficient. If koor

a1 is great, then kx << 1, f(x)|sur+ 0, so that at
the limit

xjlsur - xelst (4.17)
In this case the rate of the entire process is determined by *he rate of
diffusion as the slower process. In a very thin layer at the wall x = Xy
and outside it xj is determined by the rate of homogeneous transformations.

If k59T {5 small, then

di
k >> 1, (4.18)
so that at the limit
dx
i = 0.
dy |sur




In the absence of a chemical reaction in the gas this would signify that the
composition in the gap xj = const (if we ignore thermal diffusion). But in

the presence of a chemical reaction in the gas the variation of the composition
throughout the gap is determined by the rate of homogeneous chemical trans-
formation. Strictly speaking, the definition of the concept of a ‘entirely
catalytic surface’ (4.17) and an ‘inert surface’ (4.18) in the presence of
homogeneous chemical transformations should be given not only with respect to
the magnitude of kx but in comparison of the rates of the chemical reactions

at the surface in the gas and the rate of diffusion.

We will construct general boundary conditions for the surface of an
arbitrary catalytic activity, relative to an independent component of the

mixture, formally up to a certain degree.

Following Brokaw, we will define the concept of catalytic activity as
follows: ej - (gj ine - gj ref)/(gj inc gj ref) is the number of moles of
the j-th component incident per unrit of surface in a unit of time and reflected
from a unit of surface per unit of time; gj ref e is the same thing with

equilibrium ( omposition at the surface.

Then the flow of moles of the j=th component from the surface of the

e-th activity g1 sur and the equation of the balance of

= gj inc gj ref’
energy at the surface (4.14) is written thus

gj inc gj ref .ODdexj/drlsur (4.19)

At the limit when € = 0 or dx,/dr =0
] Isur

37 o, 8y inc ~ B4 ref’ 8§ sur
(the inert surface). When g, = 1, gj inc ~ gj ref e

3

(a complutely catalytic surface).

, 1.e., xj sur = xje

From the condition of the balance of mass at the surface of the internal
and external cylinders, it was established that for the independent component
of the mixture, the concentration of which in the progress of the reaction is
increased, the ‘minus’ sign is preserved in equation (4.19) at both surfaces,

i.e.,
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(31nc ~ B3ree) R, = ~oD3|dxy/dr|p
Ry Ry

For a component, the ccncentration of which in the progress of the reaction
is decreased, the ‘minus’ sign is preserved only on the internal surface

(Brokaw considered precisely such a case [151]):

- = +
(g1inc g?ref)lRl "pDBidx3/dr‘R1
Ry Rz

Having expressions for the incident and reflected fluxes, according to

the Hertz~-Knudsen equation, and introducing the function Y

i
28} Vj [ = /'-.S—R'T_‘.)
= —d e d |V, = —_,
Y 2—¢, 4D, ( =y aM, (4.20)
we obtain the boundary conditions in the form shown by Brokaw:
-1 . ] (4.21)
(«‘. —-X) - ‘—[wal ( il ] ; .
e dr i
(xw““xﬂkl” + [er—%&—]R.. (4.22)
R: . ‘r R'

Closed system of differential equations (4.7)-(4.9), (4.11), (4.12), and
boundary conditions (4.13), (4.21), and (4.22) determines the heat transfer
and mass transfer in static steady-state conditions in the mixture N204 2z

b 2NO2 7 280 + 02, when both homogeneous reactions proceed with finite rates.

4, Composition and ‘Thermal Conductivity® of a Nonequilibrium Reacting
Mixture

As follows from the analysis of the experimental data, the effect of the
rate of the chemical reaction of stage I is felt on the ¢thermal conductivity’
only when P < 1 atm, so that when P *# 1 atm, the mixture N,0, - 2N02, in prac-
tice, may be considered as ‘equilibrium’. At the same time the rate of the
dissociation reaction with respect to stage II is so small that when P S 1 atm

the mixture 2NO2 Z 2NO0 + O2 may be considered as ‘frozen’. Thereforé, the
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effect of the kinetics of the chemical reactions on the ‘thermal conductivity’

of these mixtures may be investigated individually.

Composition of a nonequilibrium mixture. After substitution of (4.8) into
(4.7) and (4.11) into (4.9), we obtain the connected system of nonlinear dif-
ferential equations following for the mixture 2NO, 2NO + 0,:

&y,  dxy 1 dhpDﬂ) 1 dx, -
drt ' dr ( r * dr + 2—yx, dr
Ryps ) [( 3 N P 3],
=— M2 5(2—x, ] = —x, | — —x31;
D, o ( 2) \ g ) K,s
&7 1 4T\ . 4ar_ 1 da»~ 0 (4.23)
arr ' r dr dr A¥ dr '

which may be solved only numericaily; With certain simplifying assumptions,

the problem permits an analytical solution.

We will use two simplifications: the temperature difference in the gap
is small and the deviation of the composition from an equilibrium value is not

great.

The first assumption makes it possible, with adequate accuracy, to use
thermophysical and chemical constants that are averaged throughout the gap.
Aside from this, having assumed, in the first approximation, that * is a
weak function of the temperature in the gap, and having integrated the equa-
tion of thermal conductivity, we determine that

AT r
T, SO ol JUNEIN 1 U
o0) - T, in(RJIR) i R, (4.24)

In this approximation we will solve the equation of continuity of the compo-
nent regardless of the equation of thermal conductivity, i.e., we will open
system (4.23).

We will linearize the equation of continuity of the component, using
Brokaw’s method [151]. By expanding expressions (2—x3)”1 in equation (4.8)
and Vdi(rev)z in equation (4.3) into a Taylor series around the equilibrium

value of the composition, and limiting ourselves to the first terms, we obtain
Ly 1 dy
2 ' :  dz

—yy =0,
Y . : (4.25)

S

W




where
Y3 5= Xag—— Xgz 2= Qa1

Y — 4.26 iz
@, == AT == const; m, = 6, = const; ( ) f_;;{
2 s %%%
5 . P i; s
arwonga[ (1= 3 ) g ] 5
: o : .27y | :%g
2y
S5
The solution of equation (4.25), via the modified first and second order bt
&
° Bessel functions, is written thus: f
.. 1, = l 4 + C 2). ‘:?2\7
% =Cide@ + o) (4.28) &

Boundary conditions (4.21) are rewritten relative to y3:

[ B dy.
!/3'5 =¥3 : [“l + 9 —"“] ’
ur r P Lur

where
-
Bz = }."2 2AT( PD:u:Asz In -g—z-) .

1

(4.29)

The integration constants are determined trom the system of linear alge-

braic equations

¢, [/o(?:) - -%; I, (zo] +C, [ Kofz) -+

e .??. { - B, 4 ‘
"y K, (2)].“ vt i Yaolos s
L3 1ady . raRy

c{mwﬁﬁawluﬁ&@+

(4.30)
+ B K; (’5)] - .
v, V,R,

[
.

Performing similar reasonings relative to the mixture N204 2 2N02, from the

equations

1 d
— e ([ =—-—-k . 'x —
, df ( gl) dtlp[o 1

— (1 —x)

dx
 m=—p
Km]-gl Pldr

we obtain the same expression (4.28) for the nonequilibrium composition

y =Xy T Xy with the constants
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A = kd-,-,p[ 1 -:-(1-:&“)3’—]; = (D
K
, 1T, . AP (4.31)
Bx = Pt AT [PDleAle In —R;"] r = S .
: ’ ; Rl . m,

The dimensionless compiex ¢§ characturizes the ‘reaction capability’ of
the gaseous phase. The introduction of the function ¢ by dependences (4.27)
and (4.31), differing from Brokaw’s method, made it possible, by using the
expressions obtained for the time of chemical reaction~rchem {288] and the
scale of the time of the diffusion process, Taif [231] to determine the ratio

of the times of the competing processes

v = l/":‘ii (4.32)

where § = Rl ln(RZ/Rl) is the characteristic linear dimension in cylindrical
geometry.

Average and local ‘thermal conductivity’ of a nonequilibrium mixture.

According to definition (4.12), the local ‘thermal conductivity’ of the mix-
ture is

hnd |
A" A+ —é—pD:Asz (_‘_’;‘Ea_.) (.‘.‘I.) _

dr dr (4.33)
L}
From condition (4.9) it follows that rq = const = Q, i.e.,
ar = Q
T T e (4.34)
Having integrated equation (4.34), we obtain
_ __AAT.
In(RJRyy. (4.35)

Having substituted expressions (4.35) and (4.34) into formula (4.33), we ob-

tain an expression for the local ‘thermal conductivity’
A L1t
R T I (4.36)
. J
Having integrated equality (4.36) from R, to R, with a weight r-l, we obtain

1 2

)T* = ;1 _— )trcG. (4- 37)
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In the expressions obtained the functions

&%
£
8

%
28
i": =
- |
s
fd

G=— ___.éy_..__ =
BlitR,/R)
f——— -———-—l ) —
= BI(RJR) .{Cx {1 (2) — Iy (z)] +
-+ Cz lKo(zz) - Ko (21)”, (4 . 38)
1 d .
V== === GL O~ CK @ (4.39)

depend upon the ratio of the rates of the chemical transformations in the
gaseous phase (¢) and at the surface (¥) upon the geometry of the gap (RZ/Rl)

and the characteristic dimension §.

Having made the limiting transitions (¥ = 0 or ¥ + «) in equations (4.30),

(4.38), in particular cases we obtain the function G:

1) both surfaces are chemically and catalytically inert (Wl(Z) + 0)
, R
6 = fitse) —ly(e) [x\, @ 2K, (zz)]} +

2

-+ {(Ko (2) — K, ()] [lx (2) '%’ -1, (21)]} X

X @8 {l1(2) Ky (2) — I, (2) Ky (2l ™5
2) the internal surface is inert, and the external surface is entirely

catalytic (Wl + 0, ¥V, + )

2
Iy (22) Ky (1) — 14 (2) K, (2,)

®81/4(2) Ky (2) -+ 1, () K, (2,))

3) the internal surface is entirely catalytic, and the external surface

is inert (¥, + =, ¥, > 0) 6 1, 2) Ko (1) — 1y (21) K, (22)
@b 22 (Ko (20) 4y (22) + Ky (2) [ (2,)]
1

4) both surfaces are entirely catalytic (Wl e, ¥, > ®) G = 0.

The Bessel functions for the values of the argument 0.02 < z < 10 are
tabulated in ref. [229]. At values of z > 10 in the calculations of G, we
should use expansions of the Bessel functions into series [230]. For the

heat-transfer gap between ihe coaxial cylinders (the ratio R2/R1 of order 1)
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when both zy and z, 2 20, the expressions for the function G are rewritten
thus:

: 1. R _9
o (2B
oo RyIn(Ry/Ry) { R, ¥,Y,

1° R Q .
Hlsh(z— 2 | — ] 2y
Hsh iz, 2‘”[‘1'. R-.,%] o, (

P\ 2
+.._1.)ch (2s—2)} {sh(za—2) (‘P(p — l) +

R, e
' |3 1 W
&y — — ;
| 4 Jch{zg — ) ‘?[ v, W, ]}
il B
R |
¢ ot i, | th (23— 7) -
[ad R ,n ALY 3 1,
. PRy 2,
. 2 *
- R '
‘/ .%2- (l %":é:) sale, — z,)}
s s
G:gl_*o = th (Z, — 2',);
7 pR It
‘? b § ‘el

Gupe = e th(z,—2,).

Y,-0
: Ry In—%
Q : 4 R‘
If 2 and z, arc so great (at great values of ¢ or §) that z, = 2, 2 4, the
expressions obtained above are simplified:
R LR
R, Ry, .
G‘i’;.“’l = R = 4
R,In =% w8
@l R, 1
1
G - == om— ;
= g:"o- wﬁl
1 R
ey S5 e ) 8§, =RIn -t
G“;":“‘o q)&z : Rl

In the heat-transfer gap of cylindrical geometry with a heated filament as
the internal cylinder (R?-/R1 >> 1) the funct_on G should be calculated accord-

ing to the common formulas (4.38) when 2y < 4,
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When z, > 4 the following inequalities are valid: I,(z,) >> I (z,);
1,(zp) >> T,(2)); K (2)) (R /R)) >> K (z,)5 I;(z,) >> I,(z,)(R;/R,); Ky(z,y) <<
<<K0(zl). In this case expressions (4.38) are simplified:

G%-o - {Io (22) -RL e -!S'o—(ﬂl N
- ¥ieo QR IN(RR) I,(2) R) K@)’ -
Gy = — l K’n(zl) .
. ¥iex QR IR(R/R) K (z)
Gyyno == l o) ;
¢ V=0 @R, In(R, R I, (2)

(w‘bﬂ g le—-—" :z;";= 1 )
' 1{&
The function G varies in the range [0.1] (Fig. 4.3). When G » O (a high

N rate of reaction in the gas or a large width of the gap, A = R2-Rl) X*, accord~

i, 2

ing to equation (4.37), tends toward the maximum possible value of Ae. In
the othe extreme case, when G + 1 (low rates of the reactions or small values

of 4), A% -+ Age

The width of the heat-transfer gap in the experiment is limited to avoid
convection. Therefore, an increase in the average ¢‘thermal conductivity’ may
be achieved basically by an increase of the ‘reaction capability’ of the gas
as a consequence of an increase in P and T. The limiting values of FLE Ae
at a width of the gap of 1 mm is realized for stage II at P = 500 atm and
T = 1000 K (Fig. 4.4), while for stage I it is already achieved at P < 1 atm
(Fig. 4.5).

g:.’:.‘ PRV

The second limiting case A* = A_ for stage II is realized at P = 1 atm

. f
E at all temperatures (Fig. 4.4), and for stage I at the same gap, only at

very low pressures P << 1 atm.

Since with an increase in the width of the gap the characteristics time
of the diffusion process is increased, then it is qualitatively clear that
with a noticeable increase in A, even at rates of the chemical transformations
that are not very high, we may achieve an increase in A* and even obtain LR
= Ae only as a consequence of a perceptible increase in LI Or, by a de-
crease in A, \* »+ Af is achieved. But for this (at high values of Tchem) we

must change A by orders of magnitude.
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Figure 4.3, Variation of the function G as a function of the ‘reaction
capability’ of the gaseous phase (coaxial cylinders R;=0.4 cm,
A =Rp=Ry, I) Ry/R; =1.0025, A=0.001 cm; II) 1.025, 0.01;
III) 1.25, 0.13 IV) 3.5, 1.0. 1) both surfaces inert, ¥;>0,
¥,+0; 2) surface of internal cylinder inert, external entirely ‘
catalytic, ¥120, Yoso; 3) ¥, Yoa0; 4) Yyro V¥pow),

It is practically impossible to establish such special experiments with
respect to checking the effect of the width of the gap on ‘thermal conductiv-
ity’ siunce the limiting high values of A must nevertheless be such as to ex-
clude the effect of convection in the heat transfer gap, and the lower limit
of the width of the gap is dictated by design possibilities. But, other things g
being equal, we may investigate the effect of A on Ak by calculation methods.

Cases with extreme values of A are also of practical interest: 1) at forced ‘
convection with a high rate, in the pipe the heat boundary layer, through !
which the heat is transferred basically by thermal conductivity, is very thin, i
of the order of tenths or hundredtisof a millimeter, Amin; 2) in natural con- !
vection, around pipes of large diameter the boundary layer is very thick

(tens of millimeters), Amax' The effect of the width of the gap on 3 is

given in Fig. 4.6.
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Figure 4.4. Variation of the average ‘thermal conductivity’ of
the mixture ZNO, ¥ 2NO + O, in the gap as a function
of the pressure and temperature (R;=0.4, Rp=0.5 cm,
both surfaces inert):

1- T = 670°K, 2- 700°, 3- 800°, 4= 900°, 5- 1000°;

dashed line Ae2’ dash-dot line Afz'
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Figure 4.5. Effect of the width of the gap on the ‘theiunal
conductivity® of the mixture N0, ¥ 2NO, (T = 300°,
Ry = 5°10~3 cm, inert surfaces):

1- R2-Rl=1 cm, 2= 0.1 cm, 3= 0.01 cm, 4= 0.001 cm.

We will also dirvect attention to the fact that A¥*, calculuted for differ-
ent geometries (R2/R1 = var) at the same values of P, T, and A, will differ
somewhat (Fig. 4.7). We must rememter this in the comparison of the experi-

mental data obtained by the heated filament method and by the coaxial cylinder
method.

If one of the surfaces is catalytically active, this has a noticeable
effect on the average ‘thearmal conductivity’. The effect of limiting activi-
ties of the surface (¥ » 0 or ¥ » =) and the finite catalytic activity of
each of them on \* was investigated in detail in ref. [225]. From an analysis
of the general expression for G (4.38), (4.30) it was established that if

chemical transformations occur in the gas with a finite rate, the definition
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Figure 4.6, Effect of the width of the gap on the ‘thermal
conductivity’ of the mixture 2NO, Z 2NO + O
(R1 = 0.4 cm, P = 50 atm).
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Figure 4.7. Effect of the geometry of the gap on the ‘thermal
conductivity’ of the mixture NpOy 2 2NO, (T=300°K):

1- Ry=0.4 cm, Ry/Ry=1.25, A=0.lcm; 2- 6.48+1073;
37.1; 0.2339 [25]; 3- 5:1073, 32.2; 0.162 [145];
4= 5+1073, 21; 0.1.
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of the concepts of ‘inert’ and ‘entirely catalytic’ surface should not be
given according to the absolute value of ¥, but in a comparison of the rates
of the chemical transformations in the gas and at the surface, i.e., accord-

ing to the ratio ¢/¥.

From the estimates of the contribution of individual terms in formulas
(4.38), (4.30), it was found that when ¢/¥ 2 30 the surface may be considered
‘inert’. If ¢/¥ < 0.05, the surface may be considered as ‘entirely catalytic’.
Working from this conclusion, we selected the ranmge of variation of ¢ j in the
investigation of the effect of the finite catalytic activity of the surface
on A% (Fig. 4.8).

Investigations similar to those which were performed with G may also be
performed with the function A [231]. In perticular cases A{r) is determined

according to the formulas:

[K, (29— Ky () -g—] @) — [ll () — 1, (2) —:}2'-] K@

L@K @) — L)K@ | ,
Pyes = 1 K@) 1,@) - 15 (2) K, (2) ;
Wiee Ry [1(@) Ko (a) - 13 (2) Ky (2)
=__l__ Ko (2) 1, (2) -+ 1[4 (2)) K, (2)
=0 Ry 1,(z)Ko(2) + K@) o (2)

X

At large values of the argument z > 10, in the coaxial cylinder method the

function (r) are determined by the expression:

Yo, 0 - _.!._.{ V}‘T.ﬂlglﬂ - &. VE—'E}.L(Z_’-:%)_'-

o R roshiz,—z) R, rohizp—2z)I

/ v —
o L l/ Ry ch(z,—2) |
Yun o Tt ) et
s Ry rooch{n--2)
o ! l/ 2, ci(—2z)
Yty e 7 = ""'"" TTTT Tmmmm emesme———,
Moo R, roochz—z)

In the heated filament method, with simplifications accepted in the derivation

of the expression for G, the following formulas are valid:
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When z, 295 2, 10, these latter formulas are simplified:

RS

e ——- =+ {cxp[ (z,-z‘] el — )+
+exp[— (e~ 2,)]};

e = o [/ R {e\p [~e—zlexp| e — 2)] +

+exp [ (5 — z)]}-

In Fig. 4.9 the variation of the local thermal conductivity *(r) in a gap
with inert surfaces is given. It is apparent that the higher the ‘reaction
capability’ of the gas, the less is the region of wall effects.

:

e

78§92 Ty

~
3 QJ‘-"V:&E&':S 4,

Figure 4.8. Effect of the finite catalytic activity of the surface of
the surface of a cylinder on the f‘thermal conductivity’
of the mixture 2NO, 7 2NO + 02 (P=100 atm, R;=0.4 cm,
Ry=0.5 cm, the surface of the external cylinder being
chemically and catalytically inactive, €2=10 )

1- T=600°K, 2- 700°, 3- 900°, 4- 1000°, solid line represents A¥ :

dot-dah line represents X% . ¥y, ¥50

P ¥,%0,¥,20
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At small temperature differences in the gap (of the order of 5°), in the
calculation of the local ‘thermal conductivity’ according to formula (4.36),
we may use the value ¢ = ¢(T) = const with an adequate degree of accuracy. At
values of AT of the order of 20° and T = 1000°K, such an averaging with respect
to temperature ¢(T) leads to an error of the order of 7-9% in A* by r=%(Rl+R2).
This is associated with the fact that the rate constant of the reaction enter-
ing into ¢(T) depends exponentially upon the temperature. Consequently in the
calculation of A*(r) at large values of AT in a heat-transfer gap (or in a

boundary layer) we must use the mean integral magnitude ¢(T).

3

Figure 4.9. Variation of the local ‘thermal conductivity’ in
the gap of the mixture 2N0, Z 2NO + O;. Both
surfaceés are inert; T = 950°K (T = 960, T = 940°K);
R1 = 0.4 cmy R, = 0.5 cm.

2
The results given in the brief communication [277] are surprising. With

correct general reasonings, the authors give very strange qualitative results.
On the basis of the dependence derivea for A*(y) the authors established the
fact that when P = 1 atm and t = 600 C ot a distance y = 5010"3 cm from the
surface, the ‘thermal conductivity’ reacnes the equilibrium value Ae. From
the results given (the analytical and numerical solution) it follows that even
when 4 = 0.1 cm, A* and A* at these parameters are equal to the ‘frozen’

thermal conductivity. This is even more valid in a layer with a thickness of
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5~1()-3 cm. Our conclusion is thus confirmed by the experimental values of the

average ‘thermal conductivity’ Aexp [29, 144].

The authors do not give the values of 41 at which they made these esti-
mates. If the values of AT accepted were groat (oi the order of AT in the
boundary layer) then the cause of such results may be the incorrect averaging

of the coefficients in the equation of continuity.

If we consider the two terms for the equilibrium composition and the
average °‘thermal conductivity’ of the mixture 2N02 Z 2NO + O2 in expansion
1
@ - x3) and Vdi(rev)Z’
tion II) [274]. 1In the heat transfer gap, in view of the smallness of the

we may obtain the analytical expression (approxima-

temperature difference AT, the contribution of these terms is not great, but
it may turn out to be noticeable in the investigation of heat transfer in the

boundary layer.

5. Comparison of Nonequilibrium Values of the ‘Effective Thermal Con-

ductivity’ with the Experimental Data

A validation of the chemical kinetic constants used in the calculations

of A* was performed in ref. [228].

The values of K* of the mixture N204 z 2N02 obtained and the experimental
data of Coffin and 0’Neal, Srivastava and Barua, Barua and Dastidar, and
Dresvyannikov at P < 1 atm, within the limits of the error of calculation and
of the experiment, agree (Fig. 4.10) if we use the parameters of the inter-
molecular reaction of the components determined from experimental values Mem
in the calculations [46]. The agreement of the calculated equilibrium values

of A
el
though in the region of the peaxk of thermal conductivity Aexp is systematically

with the experimental data [29] at P > 1 atm is also satisfactory, al-

lower (by 10-«20%). It is probable that this is associated with the error of
measurement by the spring thermocouples of several differences T ¥ 5° in this
region., At higher temperatures, where T ¥ 10-20° was maintained, this error

is decreased and A 2.
exp el
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Figure 4.11.

L b 65 W % A

Comparison of the calculated and experimental values of

the thermal conductivity of the mirture 2N02 Z 28O - 02:

1) smoothed values [29]; 2) experimental data {145];
solid line, ‘frozen’ thermal conductivity.
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We will note that the system N204 2z 2NO2 is not the most fortunate selec-

i

tion from the standpoint of checking the effect of the rate of the chemical
reaction on the ‘thermal conductivity’. The effect of chemical relaxation on
X* of this mixture is felt noticeably when P << 1 atm, where accommodation
surface effects are manifested. But when P = 1 atm the nonequilibrium nature
of the chemical reaction N,0, Z 2N02 decreases the ¢‘thermal conductivity”’ in

274

comparison with Ae by not more than 1.5-2%. Thus, the range of pressures

1
being investigated is very narrow.

The experimental [29, 144] and the calculated values of A* of the mixture
2N02 2 2NO + 02, obtained analytically from formula (4.37) and by numerical
solution of system of equations (4.23) on an ETsVM, at P = 1 atm, are practi-

cally equal to the ‘frozen’ thermal conductivity (Fig. 4.11).

The experimental values of A* [29] at P > 1 atm at the present time are
the only ones. Since in the determination of the ‘thermal conductivity® [29]
the method of coaxial cylinders was used as relative, the dimensions of the
heat-transfer gap were not accurately determined. With an external diameter
of the internal cylinder of 0.8 cm, the width of the gap amounted hypothetically
to 0.6-0.8 cm, if, of course, there was no noticeable excentricity in the
apparatus. When P = 5 atm and 10 atn the calculated values of A* agree satis-
factorily with the experimental data [29] (Fig. 4.12). But when P = 30 and
50 atm and T > 650 K the difference in the calculated and experimental data
exceeds 20% and increases as the temperature rises. At the same time, the
behavior of Aexp(ﬂ, 7) at high pressures Ls not subordinate to the dependences
established for an inert (‘frozen’) mixture or an individual substance. Usually
the effects of the pressure on the thermal conductivity of the latter (Asmooth -
- Aid)/xid amounts to not more than 5-77% aF the saTe gilven critical parameters
of m, . However, the increase in the ‘thermal conductivity’ of the mixture

under consideration when P = 50 atm (Aexp - Af)/kf amounts to approximately
30-40% (Fig. 4.13).

If in the course of the experiments or in the processing of the results

[29] no methodologicai er1 ¢ was committed, a hypothetical explanation of the

‘'vergences between the experimental (29] and the calculated values at high
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values of P may be the variation of the mechanism of the decomposition of

NO2 with an increase in P.

However, in that region of temperatures and pressures where a divergence
between the calculated and experimental values of A* is observed, the experi-

was not conducted (Fig. 4.14).

mental investigation of the rate constant kprZ
l)': .'[ “Z. ] ) T
i 3 e e .
Cﬂ‘ﬂ':@ﬁ/ /s N
7 N
/ 1
/
/
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. /
// ol
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Figure 4.12. Comparison of calculated and experimontal values of
thermal conductivity of the mixture 2NO, ¥ 2NO + O

2 2

at P = 10 atm.

1) experimental data in section 1, 2) in section 2;
solid line represents calculated values for gaps of
dif ferent widths, R1 = 0.4 cm,

30 = Figure 4.13. Effect of pressure on the

70 ‘thermal conductivity’ of the mixture
207 2NO, % 2NO + 05, observed in the experi-
| ment [29].
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The thermal decomposition of NO, according to the scheme 2NO, Z 2NO + O

2 2
is referred by Laidler [275] to the class of clementary gaseous reactions.

2

And this entirely agrees with the' investigations of Bodenstein and his co-
workers [43] and those of Rosser and Wise [59], at P = 1~2 atm the rate of
., according to the law of a

2
simple second-order reaction. From thence the conclusion is suggested that

the reaction varies with the concentration of NO
such a reaction is a simple bimolecular reaction.

Strictly speaking, many compléx reactions in limited boundaries of the
variation of the parameters P, T are subordinate to simple kinetic laws. But
in a wide range of P, T the orders of magnitude of these reactions vary, which
speaks of the complex natura of the latter.

Relative to the decomposition of NO2 it was also established [252] that
at high temperatures (T = 1450-2000°K) and at high pressures a change of the
order of the reaction from second to first occurs. Troe [252] investigated
the decomposition of NO2 in a medium of Ar (the concentration of NO2 amounted
to 0.05-2%) in a high-pressure shock tube at a general concentration of the
diluent of 1.5-107 € p, € 2.5 107

general pressure 2 € P ¢ 400 atm. When P > 300 atm, a deviation of the re-

S el

A%

moles/cm3, which corresponds to the

oA R
ey

action from the secord order was observed, although the decomposition of NO2
according to the strictly first order scheme may occur at very high pressures

(P >>1000 atm), as follows from the arguments given abeve.

Following the Lindemann-Hinshelwood theory, we assume that the mechanism

of the decomposition of NO2 through the activated complex is as follows:

Kp
NO: - NO, = NO, -+ (N0,

-1

Relative to the activated complex (NOZ)* the equation of kinetics is written:

. k!
(NO,)* == NO + O,
-3 *
On the basis of the method of steady-state [275] (dpact/dt = 0), we will

determine the concentraiion of the activated complex
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(kprzci f )Py =

Here kﬁrz = 10]'4'3exp(--71860/RT)séc.'1 is the expression for the first-order

rate constant obtained by Troe by extrapolation to high pressures.

= = "
At low densities kpr2eff kl kprZ' And thus,
k k2
Y § Bt )
prazti Ry b1 (*)
Ro ™

16'05exp(-65000/R'I.‘)(cm"/mole/sec) is the second-order rate

where k;rZ = 10
constant obtained by Troe in the range T = 1450-2000°K up to pressures P = 80
atm. This latter essentially differs from the constant kprz’ obtained by
Rosser and Wise and by Bodenstein [43, 59], since the decomposition of NO2
at moderate temperatures occurs, although in accordance with a second-order

scheme with a somewhat different mechanism.

From the ratio (*) i: follows that the magnitude of P at which the
decomposition will occur according to the serond-order scheme is determined

by the condition

5&&%>!Q

Ria -
At T = 1500°K this condition is fulfilled when P > 1000 atm. At a pressure
P =1, 10, 80, 100, 300, 400, and 1000 atm, the values of k;rZ = 6,77 10-3/sec
and the values of K )0 = 26.3; 263; 2.1-10%; 2.63-10%; 7.88-10%; 1.04-10% and
2.63°104, respectively.

The extrapolation of Troe’s formula k;r to the region of moderate temper-

2
atures (Fig. 4.15) investigated by Rosser and Wise and by Bodenstein, demon-
strated that the contribution of this mechanism in the range T = 600-1000°K

is negligible.

Mal’ko assumed that thermal decomposition at moderate temperatures occurs

with the formation of the intermediate substances NO3 and N2022

0
NO, -+ NO, =0 — N(o+ NO,
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Figure 4.15. Temperature dependence of the second-order rate constant
of the reaction of thermal decomposition of NO, (1- is
the constant determined by Rosser and Wise and by Boden-
stein kpr2 = (1/2)1012+6exp(-26900/RT), 2- is Troe’s

constant k;rz = 1016'05exp(-65000/RI) cm3/mole/sec).

The effective rate constant of the decomposition of NO2 of the second-order,
obtained from such a scheme,
P pria = 5,575. 15T exp {(—24600/RT),
Ranptss = T exp (1925/RT)

within limits of *3«4% coincides with the constant kpr2’ i.e., on the basis

of available information concerning the mechanism of the decomposition of NO2
‘in the gaseous phase we cannot mgke either a qualitative or even a quantitative
conclusion conerning the variation of the constant kpr2 [43,59] at P = 10-50
atm, and T = 650-800°K., For the final explanation of the divergence of the
experimental data [29) from the calculated values of \* of the mixture 2NO2 2
Z 2NO0 + 02, at the IYaE AN BSSR a repetition of the experiments was attempted.
In the course of the processing of the results of the experiment on calibrated

gases 1t was established that in an apparatus of the type described in ref.

=164~
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[23] conditions of isothermicity are not observed along the length of the
cylinders in tie working section. This cconsiderably complicated the process-
ing of the results of the experiment. After consideration of the corrections
associated with the overflows of heat along the cylinders, the constants in
tze working formula were determined on the basis of data with respezct to the
rhermmal conductivity of He and Nz, which were then used in the determination
of the ‘thermal conductivity’ of the mixture N204 2z 2N02 < 2NO + 02. These
nev exparizental values of the ‘thermal conductivity’ agree, with an error no
higher thaa ¥2-37 with the calculated values of A* obtained according to the
foraulas described above in the entire range of P and T investigated (1-150
ata, and from T_ to 750°K). Only in the region of the peak of the thermal

conductivity in the first stage of the reaction do the divergences increase
to 5-7%.

€. Generalization of the Values of the Nonequilibrium Composition and
tne Thermal Conductivity

From an analysis of the functional form of the expressions obtained for
the ncnequilibrium compositisn (4.28) and the average ‘thermal conductivity’
(4.37) it follows tha. aside from the conditious P = idem; T = idem, for
similar.ty of the processes of heat transfer and mass trarsfer io the heat-
transfer gap in a mixture with finite rates of the chemical transformations

it is nectssary cthat the following condition be fulfilled:

T, . . .
~if ... item for .8.-.. = idem.
Tolwer 1

By means of this additional criterion of similarity, the values of the

)

- 4 3 4 4 . A - - -
nonequilibrium composition »ve generalized: Ax/.x2 = (xRl xRZ)/(xeRI xeR2
and also the. average ‘thermal conductivity’ of the mixture N204 < ZNO2 p
Z 2N0 + 02‘ We note that the generalized curves given in Fig. 4.16 determine
the ‘therm.. conductivity’ also of another different nonequilibrium mixture,

placed in tie heat transfer gap of thr geometry under consideration.

At the characteristic time of the chemical transformations, here the

chemical r«lazation time T hem is used, which in distinction from the time
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of the establishment of equilibrium, does not depend upon the inittal deviation,
but is determined only by the physico-chemical properties of the system and
by the external parameters. With reference to the mixtures under consideration

the foll ving expressions were obtained for T hem [228]:

Tehem = {kpnt [1 - ;ip (! —-X,c)]} 1;

pl

3 -
Tiwms = {3[”?‘,,,; [2(1-—- -2—x,,c ) - _.1_)_ xsc][ 1.

Ayt qJ\ LM 25
5005 7%\ \f'am
qs - :

-q2

T 7 7] m@,ﬁq

Figure 4.16. Generalized dependence (Ae-A*)/Are = f(Tdif/Tchem)
The time scale of the diffusion process is determined by the method of
the theory of similarity from the differential equation of diffusion of the

reacting gases, T

mixture II (4.8).

Y = =
dif = 8 /Dj’ where Dj Dle for mixture I, and Dj D3e for

The characteristic dimension in the heat-transfer gap of cylindrical

geometry is 6 = Rl ln(RZ/Rl)‘ If the gap between the cylinders, 4 = R, - R1

is small in comparison with Rl and R2 (in the investigation of the ‘thermal

conductivity’ by the coaxial cylinder method at large values of P), then

o - .
§ 2R, - R,. : :

-166-




p—

Chapter V

THERMOPHYSICAL PROPERTIES OF N, O

204 IN THE LIQUID PHASE

1. Degree of Dissociation of the System N,0, ¥ ZNO2 in the Liquid Phase

The experimental study of the equilibrium of the reaction N204 < 2NO2

in the liquid phase was conducted at atmospheric pressure at temperatures

TS Tnatural boiling = 294.5 K [109]112]. Duncall [109] studied the dissoci-
ation cf nitrogen tetroxide only for three temperatures by means of the visual
calorimetric method, with a gas flame as the light source. According to Sone
[111], from measurements of the magnetic susceptibility of nitrogen tetroxide
it follows that in the liquid phase 0.7% NO2 is contained. However, his work
contains an inaccuracy in the determination of the magnetic susceptibility.
The most reliable data were obtained by the spectrophotometric method in ref.
[112]. The concentration of the NO2 component in the liquid was determined

by means of comparison of data with respect to adso>rption in the liquid phase
with adsorption of a known concentration in the vapor phase. The results give

a linear dependence between 1lg Kx and 1/T.

Since a knowledge of dissociation is necessary in the solution of many
protlems, such as, for example, those associated with the variation of the
aggregate state of the substance, a calculation was made of the degree of
dissociation of nitrogen tetroxide in the region of temperatures from the
melting point to the critical point in the vapor phase and the liquid phase at
at the saturation line {113].

A feature of the system under consideration is the inseparability of the
components N204 and NOZ’ no matter what the external parameters P and T may
be. At a liquid-vapor equilibrium, the variation of the system or its number

of degrees of freedom, according to the Gibbs phase rule, is equal to
W=2+c-r=~-9¢=2+2-1-2=1

i.e., only one independent parameter exists, such as PS, Ts, OT U, for ex-

ample, which hampers the opportunity of the application of many ratios obtained
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in the theory of solutions. In other words, it is impossible to trace the

property-composition dependence without variation of P and T.

In considering the dissociation reaction N204 P ZNO2 as an equilibrium
reaction (actually, at pressures P -~ 1 bar the time of the establishement of
chemical equilibrium in the system is 10”4-10-5 sec in tha gaseous phase [114];
in the liquid phase equilibrium is established much more rapidly: the lifetime
of NO2 in a medium of N204-§t a temperature T = 283.2 K and at atmospheric
pressure amounts to 0.2 10 = sec according to the data in ref. [115]), we may
demonstrate that to each pair of values of P and T its own composition of the

mixture corresponds.

The dugree of dissociation of the vapor at the saturation line was deter-

mined according to the methodology explained in Chapter II.

The activity factor Y" of the entire system was found according to the
general rule as a measure of the deviation of the real molar volume from the

molar volume of an ideal (perfect) gas at the same values of P and T:
' . P
RTInvs, = — [ ¥ig — Ve dP.
d -

The real molar volume is determined with a knowledge of the degree of
dissociation and of the experimental data with respect to the density of the
system in the gaseous phase [15, 16] and on the saturation line [116]. The
P-V-T data were taken from ref. [35]. .

In this case the activity factors Y; are:
log y; = log 'g;‘ +xY;
logy; = log ¥, — xY;
( AH ) Togi— Tent 20— 8 @To—Ten—Terd) |

RT.. 2,305 Tp
Pcrz—' Pcm ':"2(1"“"';) (Qpcrf—' c;l_ Pcrz) .
+ o) 5,503 P,y

— log ?_g.’ (0g — @)
Thus, cne composition of the vapor at the saturation Jine is calculated

by the method of successive approximations. For the zero approximation the
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value of o, at yg = 1 is selected. Then by calculating y;m and y; in the first

approximation, we find a'. Two or three approximations are sufficient.

This method of calculating Yg is very laborious. With a sufficient degree

of accuracy we may use the expression log y' = log yio) il)

i + Wy log v

The degree of dissociation at the critical point determined according to

the first method amounts to @ = 0.321 and according to the second method,

@ = 0.30, which is entirely adequate for engineering calculations.

At equilibrium on the curve of the co-existence of liquid and vapor,

because of the equality of chemical potentials of the components in both phases

and with the same selection of the standard state of the activity of the i-th

1

component in the equilibrium phases are the sawe: a! = a; = a

n_n

= wly! =
5 o A X3V < ¥4y
| . = ! = = ! =
Since y; =P, /P, ., P, . = %P/, aP =P, and P (g)xipi P/Z_, by the

selection method we may determine the composition in the liquid phase at the
saturation line.

At low temperatures the connection between the compositions of the equi-
librium phase is described by the following expression [117]:

For the calculation of Pg we may use a generalized Riedel formula, estab-

lishing the dependence between the given value of the pressure of the saturated

vapor of the i-th component ng = Pg/Pcrl upon the magnitude of the critical

meter and the given temperature 7, = T/T
para Xopy R given temp tur i Iter

0 _
1 log LM ¢(Ti) +
- {
+ (Xcrl 7)‘”\71) .

The values of the functicns ¢(1) and v(1) are given in ref. [118]. The

Riedel parameter is associated with the acentric factor w by the equation

Xepl = 5.808 + 4.930wi, and wy = (0.291-Zcr1/0.08), where Zcr = (P /Vcr )/

1 crl 1
/RTcr1°

For the component N204, oy = 0.350, and for N02u)2 = 0.375.
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Figure 5.1, Degree of dissociation of the system N,0y, ¥ 2NO,
in liquid and in vapor at the saturaticn line.
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Tigure 5.2. Dependence of the constant of equilibrium of the

dissociation reaction N,04 Z 2NO, in the gasecus
and in the liquid phases at the saturation line
upon the magnitude of the reverse temperature l/TS:

- t . - " . - ' . - '
1- kYL (B,T)5 2= KU(P, ) 3= KI(2,T)5 4= KI(T).
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The calculated data concerning the degree of dissociation of the liquid

and vapor at the saturation line from the melting point to the critical point
are given in Fig. 5.1.

In Fig. 5.2 a curve of the dependence of the constant of equilibrium
Kx = x%/xl is shown in the gaseous and in the liquid phases, respectively;
where 1) is K; id(P,'I‘) in an ideally (perfect) gaseous state; and 4) shows

the plotting of the experimental values of K;(T) [112] from the triple point

to the normal boiling point. From the boiling point to the critical point the

values shown by the dashed line are extrapolated. The experimental point of

K;(T) at a temperature T = 293.2 K according to data from ref. [109] is desig-
nated by a circle.

Table 5.1 Degree of dissociation of liyuid and vapor of the system

N204 Zz ZNO2 at the saturation line.
L Py bars o a”
251,9 0,192 0,0M170 0,056
270.0 0,320 | 0,630235 0,659
223,0 0,059 ] 0,0600512 0,111
223,0 0,854 ] 0,093310 0,133
291,0 1,028 1 0,05137 0,142
309,0 1,342 { 0,00352 0,154
310,0 2,037 1 0,c0521 0,170
320,0 3,003 0,00580 0,186
330,0 4,378 | 0,0142 0,200
340,0 6,329 ] 0,0219 0,213
350,0 9,694 0,031 0,225
360,0 12,94 0,0493 0,238
370,0 18,13 0,0714 0,252
33,0 | 24,98 | 0.0962 0,264
3.0 | 3366 | 0,127 0.275
400,0 44,66 0,161 0,287
410.0 5848 | 0,199 0,298
420,0 76,05 0,244 0,310
430,0 08,88 0,303 0,319
431,35 102,4% 0,321 0,321

In Table 5.1 the calculated values of the degree of dissoclation of

liquid and vapor at the saturation line from the melting point to the critical
point are given.

2. Curve of the Vapor Tension

In the literature two works are known which generalize numerous experi-
mental data with respect to the curve of the vapor tension [35, 119].
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numerical values of the saturation pressure in beth works agree within the
limits of accuracy of the experiment, in the range of the variation of the
temperature from the triple point.to the critical point. The magnitude of the
derivatives (dP/dT)s calculated according to the polynomial proposed in ref.
[119] practically coincide with the data in ref. [35] from the triple point to
410°K. At higher temperatures the derivatives in ref. [119] lie lower and at
the critical point the divergences reach 5%Z. If we use the Planck-Gibbs rule
for analysis of the reliability of these data near the critical point, it turns
out that from the volumetric behavior of nitrogen tetroxide even a slightly
greater value of (dP/dT):r follows than in ref. [35], which shows the prefer-
ability of these data.

In Table 5.2 the values of PS - TS are given, obtained by a generalization
of the data in refs. [14,15,36,37,38,41,55].

3. Curve of Orthobaric Densities

The analysis and processing of experimental data with respect to densities
of liquid and vapor at the saturation line were given in ref. [116]. The
values of the density of the liquid and vapor obtained by the same means as
the values of Ps - Ts according to the data in [14, 36, 37, 38] are given in
Table 5.3.

4. Density of NZQ14

The density of the liquid phase of N204 was measured by Reamer and Sage
[14] and by Tsvmarnyy [16]. Tsymarnyy’s processed data agree well with the
data in ref. [14). The matched data are given in Table 5.4.

5. Surface Tension

For a description of the dependence of surface tension upon temperature,

l-nc-—-

the Guggenheim equation was used [23]: P ( ¢ T 172
= U, .
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Table 5.4 Density p of N,0, in the liquid phase, g/cm3.

‘. °C P, gma
' v s e | s o ] s | ow | s | e 150
—10 15050 1,5055 | 15060 | 1,5065 = 1,5070 | 1,5080 - - - —
1,4815 1,4815 | 1,4850 | 1,4860 | 1,4870 | 1,4880 | 1,4000 | 1,4920 - —_
10 1,4630 1.4635 | 1,4640 | 1,4650 | 1,4660 | 1,4580 | 1,4700 | 1,4720 - —
1,4415 1,4420 | 1,4430 | 1,440 | 1,4950 | 1,4470 | 1,4490 | 1.4510 | 1,4590 | 14630
30 - 1,4190 | 14200 | 1,4210 | 1,4220 | 51,4240 | 14260 | 1.4280 | 1,4365 | 1,4430
40 - 1,3960 1,3070 | 1,3980 | 1,3900 { 1,4010 | 1,4030 | 1,4050 | 1,4125 | 1,4203
50 - 1,3710 | 1,3720 | 1,3730 | 1,370 | 1,3760 | 1,3780 | 1.,3%00 | 1,3880 | 1,3970
60 — - 1,3460 | 1,3470 | 1,3480 | 1,3500 | 1,3520 | 1,3540 | 1,3635 | 1,3730
70 — - — 1,390 | 1,3200 ; 1,3220 | 1,3210 | 1,3260 | 1,3370 | 1,3470
80 - - — - 1,2875 | 1,2900 | 1,2925 | 1,2950 | 1,3085 | 1,3200
%0 - - - - - 1,2560 | 1,2585 | 1,2615 | 1,2780 | 1,201
100 - - — - - 1,2180 | 1,2210 | 1,225 | 1,2450 | 1,2605
110 — — - - - 1,1750 | 1,1780 ; 1,1826 | 1,2065 | 1,2255 <
120 - - - ~ - — | 1,265 | 1,1305 | 1,1620 | 1,1865 g
130 - - - - — - - 1,0635 | 1,1080 | 1,1400 :
140 - 1 - - - - - - — | 1,030 | 1,0810 ;
150 - - - - - - - — | 0,935 | 1,012 3.
160 - — - - - - - -- - 0,9145 ’:g; '
!
P. sma i '
t, °C ‘g
200 250 300 350 400 450 500 550 €00 g
20 14705 | 1,4765 1,4825 1,4890 1,4945 - — - — g,
&N 1,450 1,4560 1,4620 1,469 1,4750 - - - - 3
40 1,4285 1,4355 1,4120 1,485 11,4550 | 1,4615 | 1,4680 | 1,4740 | 1.4800 3
50 1,4050 1,4130 1,4205 1,4270 1,4310 | 1,4410 | 1,4470 | 1,4530 ' 1,4585 g
60 1,3820 1,390 1,3980 1,4050 14125 | 1,4200 | 1,4270 | 1,4310 | 1,4305 ‘§
70 1,3575 1,3660 1,3750 1,3830 1,310 | 1,3990 | 1,4065 | 1,4130 | 1,4200 3
80 1,3320 1,3115 1,3515 1,3600 1,3690 | 1,3770 | 1,3360 | 1,3920 | 1,399 :’%‘
90 1,3046 1,3155 1,3265 1,3365 1,165 | 1,3585 | 1,3645 | 1,37i0 | 1,373
100 1,2755 1,2875 1,3005 1,3120 1,320 | 1,3320 | 1,315 | 1,3495 ‘ 1,3365
110 1,2430 1,2570 1,275 | 11,2815 1,2060 | 1,3070 | 1,3170 | 1,3260 ¢ 1,330
120 1,206 1,2235 1,2100 1,2645 1,2680 | 1,2800 | 1,2900 | {,3600 { 1,3100
130 1,1650 1,1855 1,2055 1,2210 1,2370 | 1,2505 | 1,2620 | 1,2750 | 1,2815 :
1O | LI 1,1420 1.1655 11815 1,202 | 1,2180 | 1,232 | 1,2460 | 1,2370 ;
150 1,0580 1,0010 1,1150 1,035 L1635 11,1820 | 1,0030 | 1,2040 § 12200 :
100 0,9550 1,035 1,0050 1,0050 11200 1 otoad05 11,0600 11780 | 11030 .
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The quantity % entering into this equation is determined according to experi-
mental data {122] (i = 1.6, 19.8, and 20°C; o = 29.52, 26.50, or 25.58 dynes

per cm and is assumed to be equal to 102.34 dynes/cm.

The value of ¢ at a temperature of 19.8°C was not assumed in the consider-
¢ .ion, since it does not correspond to the fluctuation of the dependence ¢ =
= £(T). The values of the surface tension calculated according to Guggenheim’s
equation are as follows: at t = 0, 20, 40, 60, 80, 100, 120, 130, 140, 150°C;
o = 30, 25.5, 21, 16, 8, 12.7, 8.8, 5.25, 3.65, 2.15, 0.8 dynes/cm.

6. Heat of Vaporization

The results of the calculation of the heat of vaporization of N204 are
given in refs. (2, 40] and in Table 5.5.

7. Equation of State

The equation of state of 1liquid N204 2z 2NO2 up to 431.4°K and 500 atm
[22) 1s as follows:

P =AY +BMY+CMV,

where

A(T) =--0,085207 - 1,279672 6™ — 6,955565 62 4
+ 16,46577207%—15,560336 6 - 3,8701836~%; . ,
B(T)-10° = 0,047883 — 0,7330550™! + 4,025217 6% —
— 9,380285 9™ 4- 7,573269 64,
C(T)-10* = 0,003775 — 0,020625 01 4
-1- 0,079741 671 — 0,038026 92,
0 = T/100°K.

and y is the density in kg/m3.
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The mean deviation of the densities calculated according to the equation

from the data given by Reamer and Sage amounts to 0.13%.

Table 5.5 Values of the heat of vaporization of liquid N,0y
obtained according to the Clausius-Clapeyron equation.

P' a’" r. L) H‘ o H
1,0 | 2043 9, 1 16.6

1.4 29,9 100'5 19.8 ggg?z }83;
1.7 3054 102)7 23,4 377, 1021
2.2 | aito 1041 27,7 | 3832 1000
2.7 316,92 106, 4 32,6 | 3892 9714
3,39 | 32 105.6 as’e 394,2 912
4,2 327,2 105.9 44,8 | 1002 90,0
5.2 333.2 103,14 52,3 | 4052 85,3
3,4 3392 106, 1 60,7 | 4112 78,9
78 | 2 | 1062 70,6 | 4162 70,8
| 5 350,2 10,2 81,5 | 4922'2 58.7
lég gg?,z 106.0 93,9 | 427.2 39,9

. )2 1054 | 103,3 | 43104 0,0

8. Heat Content

The experimental resulte of the measurements of the heat content of
1liquid NZOA
heat content of liquid N204 at higher pressures was calculated by graphic

at atmospheric pressure [21, 41] agree well with each other. The

differentiation of data with respect to enthalpy calculated according to the
equation of state of the liquid phase given above (Table 5.6).

9. Enthalpy

The enthalpy of the liquid phase of N204 was measured at the IYaE AN BSSR
(19]. A satisfactory agreement was demonstrated between the calculated and

experimental data.

10. Thermal Conductivity of N294

In the published literature there is only one work concerning the thermal

conductivity of nitrogen tetroxide in the liquid phase [125]. It is devoted
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to an experimental investigation of A at pressures up to 340.2 atm and in the
temperature range of 4.44-71°C. In order to avoid heat losses from the edges
of the flat slab (the method of parallel plates) or end losses from the cylin-
drical experimental section (the coaxial cylinder method), the authors of this
work [125] applied the spheriicl Baume method. The experimental gap between
the two working surfaces amounted 1> 0.508 mm, which was refined in calibrated
experiments with mercury. The maximum temperature difference amounted to 2°F
and 4°F, depending upon the volumetric behavior of the nitrogen tetroxide.
Free convection was insignificant, since even for the saturation temperatures
the product GrePr was less than 1000 [126]. Nitrogen tetroxide of 98% indus-
trial purity was then purified in a laboratory rectification column, and the
impurities amounted to less than 0.002 molar fraction. From a measurement of
the electrica power fed to the system, the temperature difference, and the heat
losses the error of measurement of thermal conductivity was estimated by the
authors as 0.0022 kcal/m/hr/degree and the experimental points lay around a
smoothed curve with a deviation of 0.00086 kcal/m/hr/degree. The data on
thermal conductivity are given in Table 5.7.

Table 5.6 Heat content Cp of 1liquid nitrogen tetroxide kcal/kg/degree

t, °C 100 Ho 180 220 260 300

20 | 0,334 | 0,311 | 0,3% | 0,318 | 0,306 | 0,208
3 | 0,370 | 0,359 | 0347 | 0,33 | 0324 | 0315
40 | 0,38 | 0,375 | 0365 | 0:353 | 0311 | 0,33
5 0,405 | 0,393 | 0,32 | 0.370 | 0.360 | 0,331
60 | 0,422 | 0,410 | 0,40 | 0,388 | 0.378 | 0.37¢
70 | 0,438 | 0,420 | 0419 | 0,106 | 0'397 ' 0389

80 0,455 0,116 0,436 0,424 0,415 | 0,407
W0 0,471 0,465 0,455 0,440 0,434 0.4"5
100 0,486 0,480 0,47} 0,460 0,453 0,445

110 0,532 0,526 0,508 0,000 0,493 0,485
120 0,691 0,612 0,536 0,587 0,578 0.567
136 0,532 0,183 0,746 0,733 0,708 0,699

140 1,185 1,051 0,976 0,934 0,890 0,866
150 2,263 I,CSF 1,312 l 182 1,15 1,062
155 3,110 2,195 1,665 1, 1320 1,232 1,162
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Table 5.7 Thermal conductivity A of nitrogen tetroxide in the
liquid phase, kcal/m/hr/degree

t.°C
P, am ¢ 10 20 30 LD S0 I 60 70
1
1 lo.1221]0, 118510, 44 l
5 0,1223]0,1186 0,145 [0, 11030, 1057100007
10 {0.1224,001187 0,146 0, 1101 0, 1038/0.099910,0035/0,0845
15 10,120 0,118810,1147 [0,1105 10.10380,1000,0.0935,0.0817
20 10,1227 10,1189 0,148 10,1106 0,1059,0, 1002:0.0935'0, 0849
30 0,123:!0,1191!0. 1151 Jo, 1108 |0; 1061'0; 1005°0,0911 0.0852
10 [0,1233:0.119¢ 0,11540,1110,0, 10610, 1008 0.0911,0.0836
50 {0,123 '0.1197 10,1157 10,111310,1019,0,1011]0,9917(0, 0850
75 0.1213,0,1205,0.1163 [0.1121 0, 107,/0, 10190.09550,0868
100 10,1250 0,12130.117310,1129 0, xos4|o 1027]0,0963,0,0877
150 10,1205 {0,1228 0,1189 0, 1145 [0,1099/0,10130,0978/0,0895
200 foi1270l0]12 w,o 120310.1,2" |0, 1114'0, 1057/0,0994]0°0913
250 10,1294,0,1257 10,1218 10,1177 0, 1130]0,1072/0, 10091p,0032
300 lo,1300%, 12730012330, 1192 0] 1145 0,10870 1023]0, 0950
350  10.°324 10,1280 [0) 1248 [0, 1207 o,non 0,1103/0,1042(0.0067
400 o, 339]0;1304 [o] 12630, 1222 |0, 1176[0, 1117]0, 10590, 0084

11. Viscosity of the Liquid Phase of Nzg4

5

v

The values of the viscosity of the liquid phase of N204 [2] are given b
in Table 5.8.

Table 5.8 Viscosity of nitrogen tetroxide in the liquid phase
p+10%, kcal/sec/m?.

I 1, °C
P, am ! R B U N L
I
| l-")..'i'.?l !4.77] l'v.’)b! ; ' . ! |
5 aaadl LI E2e) DB i 470y 2,071 | ! :

0 5 T, 270 AN 1580012, 07R12.635, 2,300 :

15 G007 FALR0L LA 1Y 13,405 2,05 ] 2.610] 2,821

20 Soad o LA22 140002 PR ans 1Y 3, 2,962+ 2,645 2,43 7

1) 5308 L4 812 14,307 [ 2en0 b 2a 3007206051 2,057 3

40 5423 4862 [4.022 | 3,879 |3, oy 3028 2.0 2,340 ;

50 5,465 [4,598 |4.363 13,919 13, m: 3,033 2,603 2,303 :

7 5.530 [4.939 {4,414 £ 3,965 13,516}3,08012 724!2 % :
100 5,59 15.007 14,470 4,000 13,55213,12012,77812,477
150 5.717 15,112 14,567 14,077 [3.00313,10612,836,2.53) .
200 [5.826 13224 14,674 | 4,159 13.67013,242{ 2,895 ; 2,571 §
50 5,913 15,331 14,771 14 235 13,726 3,203 | 2,921 |2.610 4
300 — 5,484 | 4,893 '4 an2 |3.78713.3331 2,051 {2,051 §
350 w | e 140000 14,375 | 3,813 3,334 | 31017 | 2,608 ;
400 U U A 1599[3 120{3,053 12,747

] ]
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Table 5.7 Thermal conductivity A of nitrogen tetroxide in the
liquid phase, kcal/m/hr/degree
" t.5C
*“ P.am ¢ ' 10 20 30 40 50 I 60 70
3 '
1 0,122110,1185]0,° .44
5 0,12230,18G:0,:1460,1103 0, 10»7,0 0997
10 0,1224,0,1187,0,1146 .0,1104 0, 1058 0,0999:0, 0935;0,0845
o 15 10,1226,07118810,1147 lO,”Oa l0. 10380, 1000/0.0935/0.0817
& 20 0,127 o 1189 '0,1148 10,1106 0, 10»90 loo"o 093%'0,0849
3o v 0,123} .o 1191 10,1151 Io,lmslo 1061'0, 1003'0,0911 0.08532
% 10 0,1233.0,1191 ;o,ll',;'o,lllo’o 1064.0,1008,0.0944,0.0836
%l 50 0, 123 '0, 1197 (10,1157 0,!1!3,0 1068.0,1011 o 094,|o 0860
Wi 75 0,1213:0,1205,0, 1165 10,1121 {0, 10760, 1019,0,0955(0,0868
- 100 0,1250,0,121310,1173 10,1290, 108410, 102710,0963,0,0877
150 0.12650,1228 0, 118910, 1 145 0, 109910, 1013'0,0978!0,0895
200 '0.1279 .0.1242 ’0,!203 0,1,:110,1114:0,1057;,0 0994'0 0913
. 20 10,1294 0,1257 0’1218 }0,1177 Jo. 11300, 1072]0; 1009}, 0932
, 30 |0,130900,1273:0,1233 10,1192 o,mso 1087]0. 1025(0,0950
\ 350 0,7324 {0,128910,124810,1207 [0, 11610 ll030 1042i0, 10067
. 400 0, 339 0 1304 0 1263 0 122210,1176/0 lll70 1059|0.0984
11. Viscosity of the Liquid Phase of N,0,
‘, The values of the viscosity of the liquid phase of N204 [2] are given
Y in Table 5.8.
Py
%2 Table 5.8 Viscosity of nitrogen tetroxide in the liquid phase
& u105, kcal/sec/m?.
;%“ { oG,
:E:’ P, an Ill‘ a0 l 20 "' 10 | 50 ‘ 6n ‘ 70
4 _—— ) ‘ ) ‘ . R S S
% ! ‘4.771 4,256
* 5 Vsl 1 on) (3,808 13,479 2,971
o 10 CETan LT (AR TS890 2,078 12635 2,300
15 CALEOL 4,201 T3, 13,4007 2,685 2,640 2,321
20 v ke Tt B3 a0k D413 12,0921 2,645 2,05
’ 30 P4L81 L4307 13,860 s.l‘.!.’)\.'l.()lT 2,60512,357
40 4.862 4,322 12,879 13, 44013,0241 2,67 . 2,350
50 4,808 14,363 13,919 13,48119,053 2,693 : 2,3
75 4,039 [4,414 13,965 13,5161 3,08012,72412,445
100 5.007 {4,470 | 4,006 13,55213,129]2,773: 2,477
150 5,112 14,567 14,077 [3.60313,186) 2,836, 2,53
200 51201 14,674 4,159 13.67013.242] 2,895 | 2,571
o250 . 5,83 14,771 14,235 13,72613,293 12,9211 2,610
300 7 | 50ase | 40003 14,302 | 3,707 |3.333] 2,951 | 2,651
350 - e [ 4,060 14,375 13,84313,344 13,0171 2,698
400 - - -- -- |3.49913,4203,053 12,747
]
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Table 5.8 (continued)
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1
5
10
15 {2,018
20 }2,039)1,753
: 30 {2,069]1,796}1,509}1,218
40 |2,098|1,827{1,549]1,266{0,984
60 {2,120]1,860!1,595]1,330]1,055]0.780
) 7% 12,17611,927{1,690(1,434| 1,180{0,919 0,601
100 §2,22711,993[1,76¢]1,524{1,295}1,050{0,775
150 |2,27512.064|1,853{1,641]1,437}1,223(0,917
’ 200 |2,32412,120]1,908{1,713}1,51111,295|1,086}0,87210 765
250 [2.40112,16111,947{1,753|1,560}1,366]1,172]0,979} 0 887
300 |2,4262,192|1,99311,789)1,606|1,417{1,233]1,052/0.9%68
350 |2,459]2,217(2,029}1,8201] 1,631 {1,450} 1,279 1,111}1,000
400 |2,49312,27312,074,1,850} 1,672 1,498]1,333]1,193] 1,091
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} Chapter VI

THE CORROSION OF CONSTRUCTION MATERIALS IN A MEDIUM OF N204

In the selection of a coolant, problems of the corrosion resistance of
construction materials in the entire range of working temperatures and pres-

sures are essential.

Special requirements from the standpoint of corrosion resistance are

1 imposed upon materials used in reactor building. The most rigid requirements
( are imposed upon the material of the TVEL jacket, and the permissible level

’ g of corrosion is not higher than 0.02-0.05 mm per year [82].

3.10°% mm

pex year, which are not hazardous at all from the standpoint of the strength

However, even at comparatively low rates of corrosion of 10

properties of the material, the problem of the accumulation of the solid phase
in the coolant because of corrosion during prolonged operating periods of
AES 1is esseatial.

The solubility of the salts and oxides of metals in N204 is negligible
[83], and therefore corrosion products are precipitated from the solution in
the form of a solid phase and during prolonged vperation of the plant are
accumulated in the circuit. The solid particles in the circuit may also apprar
as a result of the separation of films, if the protective films formed on the
surface of metals in the process of operation ara inadequately thin and are

not firmly meshed with the metal.

The accumulation of noticeable quantities of the solid phase is intoler-
able in AES. The solid particles may create & clogging of the clearances
between the TVEL jacket, which in turn leads to local overheatings and to
the jackets being burnad through, and, consequently, to the breakdown of the
reactor. At a high flow velocity, the solid particles may have an erosion
effect on indjvidual parts of the plant, and especially on the turbine blades.
Besides this, corrosion products may be carriers of radioactivity throughout
the circuit.
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In connection with this, very rigid requirements are imposed on the

corrosion resistance of materials for AES operating on N204’

1. Experimental Data Concerning the Corrosion Resistance of Construction

Materials of Power Plants in a Medium of Nzga

At ordinary temperatures, a number of alloys based on aluminum, iron, and
nickel exist, having a high degree of resistance with respect to nitrogen

oxides, which are used in the storage and transportation of nitrogen tetroxide
[83'86] .

Such materials include stainless steels, aluminum, and many alloys based
on it. Non-ferrous metals, such as silver, copper, zinc, and cadmium are not
resistant at these temperatures. Carbon steel and nickel have only a low
degree of resistance. In the presence of teflon [86] an intensification of

the corrosion of stainless and carbon steels is observed.

Extensive material on the study of the reaction of metals with individual
nitrogen oxides at increased temperatures and at atmospheric pressure was
collected in refs. [87, 88] and in later works [89, 90].

The investigation of corrosion resistance of construction materials in
an equilibrium mixture of nitrogen oxides at temperatures of 100-700°C and
a pressure up to 150 atmospheres was conducted in the plants represented in
Figs. 6.1-6.3 [91].

Short-term tests with a soaking time of 350 hours were conducted in the
plant represented in Fig. 6.1.

In autoclaves 3 fabricated from stainless steel Kh18N10T, the specimens
being tested were placed on metal suspensions. The autoclave was hermetically
sealed and nitrogen was blown through it, the heating was switched on and
the temperature in the autoclave was brought up to the given magnitude. Then

to remove the nitrogen, the autoclave was blown through with nitrogen tetroxide
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and the pressure in it was brought up to the given value. At these parameters,
the specimens were kept for a definite time. The tests were conducted in a

temperature range of 100-700°C at pressures of 20-150 atmospheres.

ke
2
ket Nitroren 250 cm®
Nitroren 3 cm? 35 —>7
Lg o
r_bii[%],l 2 J
5§
1 g
i —pd—

Figure 6.1, Diagram of a plant for performing short-term corrosion
tests at high temperatures and pressures:

1- service tank; 2~ evaporator; 3= autoclave;
4- refrigerator; 5~ neutralizer.

Long-term tests, with a duration up to 11,000 hours, were conducted at

a temperature of 500°C and a pressure of 50 atm in the autoclaves represented
in Fig. 6.2.

I the lower part of the autoclave was located liquid nitrogen tetroxide,
and in the part the specimens being tested. After the loading of the speci-
mens and the nitrogen tetroxide, the autoclave was sealed. Electric furnaces

were placed on the upper and lower parts of the autoclave.

For the development of a constant pressure in the autoclave, the tempera-
ture in its lower part, for the entire experiment, was maintained at 130%5°C.
At this temperature, the tension of the saturated vapors of nitrogen tetroxide

was equal to approximately 50 atm.

In the upper part of the autoclave, where the specimens being investigated
were placed, a tcmperature of 500110°C was maintained. The temperature was
automatically reguiated by means of an electronic potentiometer,
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Figure 6.2. Autoclave for the performance
of long-term corrosion tests at high
temperatures and pressurecs:

1- autoclave; 2~ suspensions for specimens

For corrosion tests in conditions of a taroughflow of N204 ar. apparatus
was developed whose simplified diagram is shown in Fig. 6.3.

P_i’”’ ¢
© B ueirp p—
-
N !
>
- >1
X A <)
<7 ¢ l
: % 2 3>
¢ <\> =
2, rd
<
ne * S
2

Figure 6.3, Diagram of an apparatus for performing corrosion tests
in a flow of N204 at high temperatures and pressures:

1- service tank; 2- pump; 3~ flowmeter; 4- heater; 5- low-temperature regen-
erator; 6- high-temperature regenerator; 7- high-temperature working section;
8- electric heater; a,b,c- working sections in the zone of temperatures of
80-100°C; d- working section in gaseous phasz at temperatures of 300-350°C;
e- working section in gaseous phase at temperature of 350°C; f,g~ working
sections in liquid phase after condensation.
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From a barrel, by means of nitrogen with a pressure of 1.5 atm, liquid
nitrogen tetroxide was transported to the service tank 1. The filling of the

service tank occurred through a connecting piece with open drainage from above.

In the filling of the tank by 90%, the excess liquid was removed via a
siphon pipe and passed through a monitoring device, by means of which the f£ill-

ing was visually monitored.

The circulation of the N204 iv the circuit was accomplished by a pump.
The nitrogen tetroxide passed, in sequence, into a heater 4 with steam heating,
to low-temperature regencrators 5 connected in series, a high-temperature

regenerator 6, and an electric heater 8.

Seven working sections were arranged in the path of the motion of the
coolant: sections a, b, ¢ in liquid N204 in the zone of temperatures of 800
to 100°C [sic]; d in the gaseous phase in the zone of temperatures cf 300 to
350°C; e in the gaseous phase at a temperature of 500°C; and f, g in the liquid

phase after condensation at a temperature of 100-110°C.

If we assume the profile and cross-sections through which the fluid must
pass in the working sections, it is possible to test specimens of various

types (round and flat) and to provide any velocity of the flow of the coolant.

The neces.ery pressure in the system was created by means of feeding

nitrogen into the service tank 1 from an external additional high-pressure line.

The monitoring of the pressure was accomplished according to a whole seriles

of acid-resistaut nanometers, installed at various points in the system.

The flow rate of the nitrogen tetroxide entering into the system was

monitored by a calorimetric flowmeter.

The investigation of the corrosion resistance of metals in industrial
nitrogen tetroxide at high temperatures was performed by the weight method. How=

ever, this method does not make it possible to determine the rate of cecrrosion
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with an adequate degree of accuracy or to study the kinetics of the corrosion
processes at temperatures of 20-50 C. For these purposes, a methodology of the
resistometric determination of very small rates of corrosion of wire specimens
in nitrogen tetroxide was developed [91, 92].

The resistometric method of determining the rate of corrosion lies in
the measurement of the electrical resistance of specimens with a small cross=

section, placed in a corrosive medium.

The range in the resistance of a wire.specimen as a function of its cross-
section is e,pressed by the formula ’
R=p-, (6.1)
: st
where R 1s the resistance of the specimen in ohms; p is the specific resistance
of the metal in ohms/cm/mmz; 1 is the length of the specimen, in cmj and r is
the radius of the specimen, in mm.

Consequently, corrosion losses of metal in the process of testing may be
determined as the difference of the radii before and after testing and thay
may be calculated accovding to the formula

Ar——-ro(l—- 'er)' (6.2)

Here R0 and R( are the resistance of the specimen at the initial moment and
at moment of time 7.

Thus, by meazuring the resistance of the specimens located in a corrosion
medium, we may, according to the variation of the resistance, determine the

magnitude of the variation of the radius of the specimen, i.e., the corrosion

losses.

Among the undoubted advantages of this methced is the possibility of watch-
ing the course of the corrosion process without withdrawing the specimen from
the medium being investigated and without removal of the ccrreosion products in

industrial plants.
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Among the shortcomings of this method is its limited applicability: it
can be applied only for media with low and medium electrical conductivity.

Another limitation is associated with the high degree of sensitivity of this
method to temperature oscillatioms.

At the present time measurements of small resistances are technically
possible with a high degree of accuracy (0.03-0.05%), which makes it possible

to use the resistometric method for studying small rates of corrosion.

s - o———— - =" - !
T I S e

S — g

-

e e et
At ol h |

Figure 6.4, Cell for measuring the rate of
corrosion:

1~ current leads; 2~ measuring cell; 3- specimen;
4~ casing; 5- packing.

The investigation was conducted on wire specimens with a diameter of 0.1
to 0.2 mm. After degreasing, the wires were twisted into a coil and placed in
the cell (Fig. 6.4). The fastening of the specimen to the platinum current
leads was accomplished by means of contact welding for stainless steel and with
an aluminum i-termediate plece in a case of aluminum. The currept leads of the
cell were connected with the wires of the measuring circuit by means of silver-
plated contacts. To decreasc the resistance of the connecting wires to the
maximum, PShch-6 was used, the resistance of which did not exceed 4-103 ohms

per meter. For monitoring the effect of temperature on accuracy of measurement
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of the resistance in the thermostat empty sealed cells with specimens of the
material being investigated (standards) were installed in the thermostat. The
resistance of these specimens remained practically unchanged in the entire
course of the experiments, which testified to the satisfactory accuracy of the

measuring system and the thermostat ccupling.

A diagram of an apparatus for studying the kinetics of the corrosion

process of metals by the resistometric method is given in Fig. 6.5.

ik

Figure 6.5. Diagram of an apparatus for studying the kinetics of
the corrosion of metals by the resistometric method:

1- measuring cell; 2- thermostat; 3= electric hesters;
4= small turbine; 5- contact thermometers.

The specimens being investigated, in cells 1 filled with NZOA’ were placed
in a thermostat 2, the temperature of which was maintained by means of electric
heaters 3, contact thermometers 5, electronic relays 18, and solution mixing
turbines 4 at a constant level, with an accuracy of *0.01°C. The resistance

0. the specimens was measured by means of a direct-current single-double bridge

of type R-329 10.

The methodology described made 1t possible to perform a long-term contin-
uous study of the kinetics of corrosion processes and to measure a rate of
corrosion of the order of 10-'4--10-S mm per year with an accuracy up to 1-10“6
mn per year., A condition of the achievement of such an accuracy is the ade-
quate uniformity of corrosion and invariability of the specific resistance of
the specimens during the experiment.
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By means of the methodology developed, the kinetics of the rate of corro-
sion of stainless steels and aluminum in nitrogen tetroxide at a temperature
of 50°C was studied |92]. In Fig., 6.6 the characteristic kinetic curves of the
rate of corrosion of s-ainless steel Khl8N10T in gaseous nitrogen tetroxide
at a temperature of 50°C are presented. In all the cases investigated, the
kinetic curves have the same nature. The rate of corrosion at first drops

sharply and then remains constant.

90 1 ARAY ays

Figure 6.6. Kinetics of the corrosion of steel Khl8N10T in
N,0, at a temperature of 50°c.

Such a fluctuation of the kinetic curves testifies to the formation of
passivating ~xide films on the metal surface, which determine the corrosion

resistance of the aluminum and the stainless steel in nitrogen tetroxide.

The kinetic curves may be described by a single empirical equation
V= (Vo — Vo) exp(— at) -+ Vg, (6.3)

where V is the rates of corrosion at moment of time Tt} V0 is the rate of

corrosion at the initial moment; and Vst is the steady-state rate of corrosion.

Equation (6.3) demonstrates that

1]

a
’2'35'3"' (6.4)

Ig(V— V)= lg(V,—V,)—
i.e., the dependence of 1g(V-Vst) upon 1T must have thz form of a straight 1line
with 2 aip at a/2.303. A check demonstrated that linearity is observed in

nimost all the cases investigated.
-189-




Films formed at a temperature of 50°C on the surface of stainless steel
are quite thin and are not observed visually. Only in solutions containing
HNO3 are dark films, the surface of which is less than 0.5 micron, formed on
the surface of the steel after prolonged contact with N204. Films formed on
aluminum and its alloys during prolonged contact of these materials with NZOQ
at a temperature of 50°C may reach several microns. The thickness of such
films may easily be determined under the microscope. For the determination
of the thickness of thin oxide films on aluminum and its ailoys an impedance

method has been developed [93].

;%!m”
&

52

Figure 6.7. Kinetics of the corrosion or steel Khl8N1QOT in liquid
N20,, containing small quantities of HNOj3, at a
temperature of 50°C.

In the liquid phase of N204 containing a small admixture of HN03, the
kinetic curves of the corrosion of stainless steel Kh18N1OT have the form
given in Fig. 6.7. The rate of corrosion at first increases, passes through
a maximum and decreasing, approaches the steady-state value. Apparently, at
the first moment in the contact of the air-oxide surface of the steel with
N204 nitric acid hampers the formation of the protective film [92]. Only
after 100-250 days does the formation of an equilibrium protective oxide film
in the given conditions end, after which the corrosion process becomes steady-

state.
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A considerable share of the corrosio.. losses during the test fall in the
pre~steady-state period, the duration of which depends upon the conditions of
the fabrication and treatment of the spzcimens. For the purpose of decreasing
the deration of the unsteady-state regime and decreasing corrosion losses in
this period, different methods of preliminary passivation, as given in Table
6.1, were tested.

Table 6.1 Conditions of preliminary passivation of specimens of
Kh18N10T steel.

Passivation Passivation
Composition of passivating solutions temperature time,
°c hours
307 HNO3 + 27 K2Cr207 18-20 4
57% HNO3 18-29 4
5% HNO3 + 0.5 K20r207 i8-20 4
30% HNO3 18-20 4
Oxidation in the air 300 240

After the appropriate passivation, kinetic curves of the corrosion of

stainless steel In the same conditions were taken.

As is apparent from Fig. 6.8, all forms of preliminary passivation gave
the expected effects. The magnitudes of the maximum rate of corrosion in the
pre-steady-state period, the duration of this period, and the steady-state

rate of corrosion decressed considerably.

Thus, in the process of preliminary treatment, a passive film is formed
on the surface of stainless siecl, wiicch has good protective properties and
~.makes it possible to decrease corrosion losses in the, pre-steady-state period
considerably at a temperaEPrP of 50°C. Liquid NZOA’ apparently, not only pro-
vides conditions for the stability of this film, and consequently also of the
passive state, but also improves its protective properties. The decrease of
the steady-state rate of corrosion to a fraction of its former figure is a

favorable consequence of passivationm.
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Figure 6.8, Kinetics of the corrosion of preliminarily passivated
Kh18N10T steel in liquid N0, containing HNO; at a
temperature of 50°C:

along the vertical, rate of corrosion mm/yr+10%; along the horizontal,
duration of tests, days; A- passivation in 57% HNO3 at 18-20°C, 4 hrs;

B~ passivation in 30% HNO3 + 2% K,Cr,0, at 18-20°C, 4 hrs; C- passivation
in 5% HNO3 + 0.5% KyCrp07 at 18-20°C, 4 hrs; D- passivation in the air

at 300°C, 10 days.

With an increase in temperature, the rate of corrosion of stainless steels
increases somewhat [94-96]. At a temperature of 100°C a loss of weight within
limits of 0.0005-0.003 g/mz/hr (Table 6.2) is observed. In the transition to
higher temperatures, losses of weight are replaced by a gain (Figs. 6.9, 6.10).

Aoove 350°C the corrosion resistance of stainless steels varies but little.

In the region of temperatures 100-700°C a whole number of stainless steels
and alloys based on nickel exists, all having high corrosion resistance. The
surfaces of these materials, when in contact with nitrogen oxide, are coated
with dense oxide films. The corrosion of stainless steels at temperatures of
500-700°C amounts of 0.0002-0.002 g/m*/he.
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Table 6.2

Corrosion resistance of metallic materials in Ny0, at
high temperatures and pressures. Duration of tests,
360 hours.
2
Temper~ R2te of corrosion, g/m"/hr
Material at‘,}ge’ 20 atm lso atm [150 atm
Armco ‘iron 500 — ‘ —0,036 -
Steel St.3 100 -0,22 — -
700 -+0,18 - -
Steel 18KhNVL 100 —0,0047 | 40,000 -
o I -
—_ 064 -
Steel 20SGL 100 —0,73 +._ -
. 2(5)8 - «3.29 —
- 51 —
Steel 2Kh13 100 ~-0,0025 0 -
350 -+-0,0005 +0,4615 -+0,0040
500 40,0005 | 6,002 | -0.0013
%0 | +oome| Tome | =
,0012 +0,000 —
Steel 3Kh13 350 = 10,0003 | -+0.013
ggg +0,0006 —_— —_
Steel Kh25 100 | —o00i7| — +0,0084
350 -+0,0008 { -+0,0022 +0,0040
500 -+0,0008 0,0006 | -+-0,0002
600 - +0,0002 -
700 --0,0008 -— -
Steel Kh28 100 —0,0007 — -
350 +0,0006 - -
R e - | =
+ s 7 - -
Steel IKh17N2 | 500 . 400001 | -0, i
Steel Kh18N1ZM2| 200 | So'ogn | TO:0006 | +0,0019
Steel B} '
IKh12N2VMF | 350 - +0,0014 —
500 " &)07 40,0017 —_
Steel Kh18NIOT | 100 | 0,003 | — -
350 --0,0006 -4-0,0017 -+0,0055
500 +0,0003 -+0,0013 -+0,0008
o | oo | TR | o
Steel 0,005 ke -
Kh16N15MZB 500 —0,0002 40,0022 +0.,0010
Steel Kh18N11B 500 —0,0003 | +-0,0007 -
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Table 6.2 (continued)

Temper< Rate of corrosion g/m2/hr
Material atgée’ 20 atm | 50 atm | 150 atm

y
Steel e -0,6322 —_ -—
D ~0,6.23 46,0315 -2.0%9
KhisNi2wer 553 40,0024 40,0015 | -;-0,(.-3.}3
84 ] - -i-0,0aOi i
7 40,0207 | 4-0,0.52 --
Steel Kh20N14S2| coy | _gcos3 | 0,002 -
Steel ) ' ol
329 -0,004 —_ —
(KH2IN6M2T & i 00084 = -
Steel Kh2INS5ST 500 40,6010 — —
Steel Kh23N18 350 -0,0003 | 40,0022 | 4-0,0030
500 40,0003 -+0,0013 +-0,0008
Steel
Kh23NZ8MZDZT | - 100 —0,0012 - —
350 ~0,0003 —0,0019 40,0042
500 | 40,0003 | -—0,0007 -
600 - - +v,0035
Steel . 700} +0,0006 - -
OKh23N28MZDZT | 332 -~ —0,000; -
Steel Kh25" [L 350 - -+0.0061 | 40,0045
600 — - - ~0,0010"
Steel Kh32N8 350 —_ +0,0008 -
Steel Kh12N20TZR g0 —0,0009 — -
gosg +0,0016 +8.%§g -+-0,0055
Steel KhN35VT 00 | —ocosk | TOu -
350 — -}-0,0004 40,0064
500 — +0,0004 —-
Steel 600 I +0,004
OKh20N10MZDZS5 | 50 +0.0074 -
Alloy KhN73T2YUB{ 359 - 40,0011 -
500 - 40,0016 —
Alloy KhN78T 100 —0,0057 — -
5 | oo | fooom | =
Alloy KhN54VI5T | 350 | —0,0006 | --0.0019 | -+0,0040
500 - - +0,0022
Nickel N-1 100 —0,16 — -
350 —~0,0017 —0,001] 40,0014
500 40,0006 -0, —
700 | +0.0090 | -0,0033 -
Pig iron I )
Schl5-32 100 -1, 14 - -
Chrome=~nickel
cast iron 350 —0,53 - -
Cobalt 500 — +0,03 -
Stellite 550 — -+0,04 —_
Molybdenum 500 - -+0,18 -
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In conditions of a throughflow of nitrogen tetroxide, the rate of corrosion
of these steels is somewhat higher tharn in static conditioms, but at 500°C, %
25 atm, and a flow velocity of 25 m/sec does not exceed a magnitude of 0.005 g i
per m2 per hour (Table 5.3), which is permissible for the materials of TVEL :

jackets. Alszo, the fact that oxide films formed on the surface of stainless

steels are preserved in flow‘thipugh conditions, which testifies to their firm
meshing with the surface of the metal, is essential.

8/m2/hr o 3 j
am o7 04 ;
e S $ é i %
-qmz " w 900 o ‘t :

] 3
Q03 :

Figure 6.9. Dependence of the rate of corrosion of stainless steels g
ia N,0, upon temperature at a pressure of 20 atm:

1- steel Kh18N1OT; 2- Kh25; 3- Kh28; 4= 2Khl3.

g/?zlhr of o3 %
qo09 2 4 §
- 1

“ T
i 00 7 L
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Figure 6.10. Dependence of the rate of corrosion of stainless steels 4

in a medium of N,0, upon the temperature at a pressure %
of 50 atm: '

1- Kh18N10T; 2- Khl6N15MZB; 3- 2Khl13; 4- Kh25. 3

In Fig. 6.11 the comparative characteristics of the resistance of stainless é
steels at a temperature of 600°C in N204 and in air are given [97]. As is %
apparent from Fig. 6.11, the resistance of stainless steels in N204 at high é
temperatures is above the resistance of these materials in the air at the same k
temperatures. ;

The high corrosion resistance of c~tainless steels in N204, both in static ’é
conditions and in conditions of a throughflow of the coolant, is preserved for %
a long time (Figs. 6.12, 6.13). The nature of the dependence of the corrosion é
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Table 6.3 Corrosion resistance of metallic materials in a flow of N O :

500°C, 25 atm, 28 m/sec. 24
mn/yr
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upon time at 500 C remains the same as at 50 C (Fig. 6.6). Such a nature of
the dependence testifies to the formation of passive oxide films on the sarface
of the steel in the reaction with N204. The steady-state value of the rate of
corrosion of steel Kh18N1OT at 500 C and 50 atm for static conditions is equal
to +0.0008 g/mz/hr. In conditions of a throughflow the steady-state value of

the rate of corrosion is equal to +0.002 g/mzlhr.
mn/yr
“1 C

27 —
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Figure 6.11. Rate of corrosion of stainless steels in the medium
of N,0, and in the air at a temperature of 600°C,
in a time of 10,000 hours:

1- air, 1 atmj 2~ NZOA’ 30 atm.
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With an increase in the velocity of the flow, the corrosion of stainless

steels increases somewhat (Fig. 6.14). A similar picture is observed with an

increase in pressure {6.15).
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Figure 6.12. Dependence of the corrosion resistance of stainless
steel Kh18N1iOT upon the soaking time in N,0, in static
conditions at a temperature of 500°C and a pressure of

50 atm.
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Figure 6.13. Dependence of the corrosion resistance of stainless
steels upon soaking time in a flow of N0, at a
temperature of 500°C, a pressure of 25 atm, and a
velocity of 25 m/sec.

1- 'h18N1INT; 2- Kh16N15MZB; 3- 1Kh14N18V2B
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Figure 6.14, Effect of the velocity of the flow on the corrosion
of stainless steels in N,0, at 500°C, 25 atm, 400 hrs:

1- Kh18N10T; 2~ Kh16N15MZB.
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No noticeable variation of the mechanical properties of Kh18N10T and

————

OKh18N10T steels after prolonged soaking of them in nitrogen oxides at 500°C
and at 50 atm is observed (Table 6.4).

’1
jMN hr o
(74
9 Al
¥ :
%, ' i
I ’ 3
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Figure 6.15. Effect of pressure on the corrosion of stainlesgs
steels in N0, in static conditions at 500 C:

1- Kh18N10T; 2~ Kh16N15MZB; 3- 2Kh13; 4- 1Kh17N2.

L am o

The satisfactory corrnsion resistance of stainless steels in a medium of
nitrogen oxides at high temperatures and pressures is confirmed by experience
of the operation of a number of plants and test stands. Thus, apparatuses for
making corrosion tests in static conditions, fabricated from Khl8N1OT steel,
operated at temperatures up to 600°C and at pressures up to 150 atm for a
number of years without noticeable changes and continue to operate. at the
present time, An apparatus for the investigation of corrosion resistance in
flow-through conditions operates in a medium of nitrogen oxides at a tempera-
ture of 500°C and a pressure of up to 28 atm for 5000 hours. A necessary con-
dition of the corrosion resistance of the evaporators and condensers is a high

degree of purity of the nitrogen t.troxide.

Table 6.4 Variation of the mechanical properties of steels after
tests in N,0, at 500° and 50 atm.

274
Duration of Ultimate strength Yield point Relative
Material test, hours kg/mm? kg/mm? elongation
%
Kh18N10T Initial 63.6 31.2 34.5
the same 5070 62.7 30.8 29.0
the same 6100 64.0 30.3 33.4
OKh18N10T Initial* 50.2 20.0 40.0
the same 5070 61.3 26.4 36.8
the same 6100 61.3 28.2 42.3

*
Data taken from handbook ([98].
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A number of other apparatuses and test stands for the investigation of
the thermophysical properties of nitrogen tetroxide fabricated of stainless
steel Kh18N10T have been operating for 500-1500 hours. Duiing the operating
time of the apparatuses av primarf corrosion of the welded joints has been

observed.

The corrosion of welded connections was checked in special nhollow thin-
walled welded specimens, filled with helium, in conditions of a flow through
them of gaseous nitrogen oxides at 500°C and 25 atm for 2000 hours. After the
tests no leaks of helium were observed, which testifies to the complete preser-

vation of hermetic sealing of welded connections in the process of the tests.

In distinction from stainless steels, carbon and low-alloy steels do not
have adequate resistance to nitrogen oxides. At a temperature of 100°C a con-
siderable loss of weight is observed in these materials. The rate of corrosion
of carbon steel St.3 and low-alloy steel 20SCL reaches a magnitude of 0.21 and
0.73 g/mzlhr, respectivelv (see Table 6.2). And on the specimens, together with
oxide films, friable, powdery, and resin~like sediments form. With an increase
in temperature, the loss of weight is replaced by a considerable gain. The
surface of these materials is coated by a thin friable layer of corrosion

products.

The rate of corrosion at 500°C and 50 atm amounts to +0.03 g/m2/hr for
carbon steel St.3, and for steels 20SGL and 18KhNVL, +0.05 and +0.06 g/mZ/hr,

respectively.

Carbon and low-alloy steels are not recommended for use in AES using N204
as a coolant, since their corrosion in the entire range oi operating tempera-

tures occurs with the formation of powdery sediments and resin-like substances.

Nickel and alloy KhN78T are also unsuitable for operating in nitrogen
tetroxide. The corrosior of these materials at temperatures of 50-100°C occurs

with the formation of salus.

Armco iron is even less resistant, as thick, easily-removed layers of

oxides of iron are formed on its surface. The rate of corrosion amounts to
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-0.036 g/m2/hr at 500°C and 50 atm. Cobalt and an alloy based on it, stellite,
show a considerable gain in weight in these conditions. The rate of corrosion
is equal to +0.05 and +0.04 g/mzlhy, respectively. The surface of the spaci-
mens is coated with a black film. The corrosion is irregular.

Molybdenum is subjected to considerable corrusion in N204 at 500°C and

2
50 atm. Its rate of corrosion amounts to +0.18 g/m /hr. The surface of the

specimens is coated with yellowish hummocky sediment.

Grey cast iron, the rate of corrosion of which is equal te 1.2 g/mz/hr,

also has little resistance at 100°C. The corrosion is point-like in nature.

In the region of temperatures of 100-150°C at a pressure of 20 atm, alumi-
num and alloys based on (Table 6.5) have a high resistance with respect to
gaseous oxides of nitrogen. Their rate of corrosion does not exceed 0.002 mm
per year. Anodized alumiuum D16 is an exception, as its rate of corrosion at
100°C is equal to 0.01é mm/year. The surface of the majority of the alloys,
after testing at 100°C, remaine unchanged; after tests at 150°C the specimens

are coated with bluish films of iridescent colors.

Table 6.5 Corrosion resistance of aluminum and aluminum alloys in
N,0, at high temperatures and pressures (test duratiom,
360 hours, copverted to mm/year).
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20 atm 50 atm
Material

163 °C 159 °C 200 °C . 200%C

4DI — - - 0,9-102
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With an increase of temperature to 200°C the rate of corrosion of certain
aluminum alloys increases insignificantly, but on the surface of the specimens
grey, friable films, easily washed away, are formed. An increase in pressure

from 20 to 50 atm increases the rate of corrosion by tens of times.

Thus, the application of aluminum alloys is possible only up to tempera-
tures of 100-150°C.

Titanium and titanium alloys (Table 6.6) are very resistant in an equilib-
rium mixture of gaseous oxides of nitrogen at 200°C and 20 atm. The rate of %g
corrosion of all the materials tested is less than 1°10“3 mm/year. The surface £
of the.specimens after testing remains without visible changes. Oxide films ;

are formed on specimens of all~r OT4 and a gain in weight is observed. g :

Table 6.6 Corrosion resistance of titanium alloys in N 04 at
200°C and 20 atm (test duration, 360 hours)

Material Rate of corrosion, mm/year
VT1-1 1.0-1073

VT1-5 1.0-10°3

AT6 1.0-10°3

OT4* 7.5-1073

*
The tests were conducted at a temperature of 600 C.

Titanium alloys, in distinction from aluminum alloys, are not sen:itive

to the water content in nitrogen tetroxide.

As packing and sealing materials, aluminum, fluoroplast (polyfluoroethy-

lene resin) and mica have shown good results.

For friction pairs at temperatures of 50-100°C, steels, ceramics, certain

carbon-graphite materials, cytale plastics, and others may be used.
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2. Study of the Structure and Composition of the Solid Phase of Corrosion

Products of Construction Materials in a Medium of Nzgﬁ

As was noted above, one of the important problems in the question of
selecting construction materials for AES using N204 as a coolant is the forma-

tion of the solid phase of the corrosion products.

While at temperatures of 500-700°C the reaction of the metals with N O4
proceeds with the formation of oxide films, providing high resistance of a
large number of stainless steels and alloys based on nickel, in the low tempera-
ture part of the circuit this reaction occurs bascially with the formation of
salts ang resin-like substances, although together with this on the surface of
the metals oxide films are also formed. The accumulation of these salts in the
course of time may lead to stopping up the pipes of the heat-transfer apparatus

(heat exchanger) in the low-temperature region of the circuit.

Aside from this, the salts carrizd away by the flow of coolant into the
zone of high temperatures, decomposing there, are transformed into the corre-
sponding oxides and in the Jorm of solid particles may spread throughout the
circuit, causing erosion of the apparatus and increasing the radioactivity of

the coolant.

For reliable forecasting of the accumulaticn of the solid phase in N2 4
according to data concerning the kinetics of the corrosicn process, it is

necessary to kncw the chemical nature and prunerties of the substances formed.

The solid products of the corrosion of steel Kh18N10T formed in the N204
in the process of corrosion tests at a temperature of 50°C, depending upon the
ratio of iron and chromium compounds in them, change their color from light
brown to emerald green. In a dry atmosphere they are stable, but in the
presence of moisture they decompose with the liberation of brown vapors of

nitrogen oxides.

For the purpose of identification of the compounds entering into the
composition of the products of the corrosion of steel Kh18N10T, their infrared
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spectra were studied.* The IR spectra of the products of corrosion are charac-
terized by very clear absorption bands at 1018-1030, 1043-1060, 1280-1292, 1300~
1310, 1425-1440, 1460-1490, 1510, 1540-1550, 1560-1585, 1610-1614, 1680-2250-
2260 cm-l. As a result of the comparison of the spectrum with the characteris=
tic absorption frequencies of a number of molecules and groups of atoms, the
presence of which was assumed in the compositicn of the products of corrosion,

the following facts were established.

The corrosion products do not contain absorbed N204 or absorbed HN03 in

themselves [99-100). 1In the spectrum of the corrosion products the absorption

bands which are characteristic for ion nitrates and nitrites, according to the

data in refs. [101, 102] are absent.
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The absence of nitrite ions in the composition of the specimens investi-

B P R o

gated is also confirmed by the method of microcrystoloscopic analysis. In the

<t

IR spectra the absorption bands of the ions NOZ and No; are also not observed
[101}. The strong absorption observed at 1280-1292 and 1610-1650 cm-1 is char-
N acteristic for symmetrical (1255-1300 cm'l) and asymmetrical (1610-1655 cm-l)
' valency oscillations of the group oNO, of covalent nitrates [101, 102]. The

SN

strong absorption bands in the region of 1460-1600 cm“1 are also characteristic
for this group {103].

The absorption bands of average intensity at 2250-2260 cm.1 deserve special
attention, as they are proper to the nitroso ion NO+ {101, 104].

Thus, the analysis of the infrured absorption spectra of the corrosion
products unambiguously testifies to the presernce of covalent nitrates of the

metals and nitroso ions in their compesition.

According to data from cmission spectral analysis, iron, chromium, and

nickel are present in the corrosion products.

*
The investigations explained below were performed by A. M. Sukhotin, P, P.
Samoylyuk, V. P. Istomina, V. P. Istomina, N. Ya. Lantratova, G. A. Rubinchik,
and 0. G. Antropova.
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In the comparison of the absorp*ion freaquencies of the corrosion products
with available data concerning the IR spectra of individual compounds of these
metals, the presence of the tetranitroferrate ion was established [105]. With
a consideration of the absorption band at 2250-2260 crn.1 of the nitroso ions,
which may be proper to complexe. of other components of the mixture and not
merely to iron complexes, we may assume that the corrosion products of Kh18N10T
steel are a mixture of anhydrous nitroso nitrate complexes of metals: (N0+) X
x [Fe(0,),17; {(NO)[CrNo,), 1 W,0,5 (oh),macmo,),172,

The corrosion products of nitroes:. tetroxide are identical in the liquid

and gaseous phases.

For the purpose of ceufirming the assumptions expressed with respect to
the results of the study of the IR spectra, certain properties of the corrosion
products were investigated: hygros.opicity, thermal stability, solubility in
polar and non-polar solvents, and others. It was established by x-ray struc-

tural analysis that the corrosion products have a crystalline structure.

In thé absorptioa orf moisture, the crystals are transformed into a resinous
mass, to which the amorphous halo uf the x-ray photographs of the specimens
being flooded with wrt.- cesrifies. In the procetss of further absorption of
moisture, the nitrate complexes are reformed into crystalline hydrates of the

ion nitrates.

The thermal stability of the corrosion products was studied by the thexmo-
gravimetric method. On the differential thermal analysis curve of anhydrous
corrosion products, consisting primarily of iron compounds, three endoeffects
are observed which are characteristic for the thermal decomposition of the
nitroso tetranitroferrate [105]. The curves of the thermogravimetric analysis
testify that the process of decomposition is completed at a temperature of 220°
~. Ta this case, the weight losses of the specimens amount to 83-86%Z. No
‘plateau’ i- observed on the curves, which is also proper to the decomposition

of nitrate complexes of the nitroso ions of iron and chromium.
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The existence of corrusion products in the form of nitroso nitrate com-

plexes is also indicated by their solubility.

Corrosion products rapidly dissolve in polar solvents (nitromethane,
dioxane, acetonitrol), forming stable yellowish-brown solutions. The stability
of the tetranitroferrate and nitroso ions in these solutions, which is a char-
acteristic feature of the solutions of these compounds in polar solvents, is
confirmed by the IR spectra. In non-polar sclvents (such as carbon tetrachlor-

ide, for example), the corrosion produccs do not dissolve.

The dehavior of the compounds with relationship to aromatic hydrocarbons
is unique. In the introduction of the corrosion products into benzene, on
the bottom of the vessel a thick red oily mass is formed. Later it slowly
dissolves in the hydrocarbon, with the formation of a precipitate. A similar
picture is observed in the introduction of nitroso tetranitroferrate into

benzene [105].

The corrosion products, like the nitrate complexes, react energetically
with diethylene ester [105, 106]}. In introduction i.to water, it rapidly dis-
solves with the liberation oﬁ brown vapors of nitrogen oxides. Later the solid
phase is separated and precipitated from the solution, which 1is explained by
the hydrolysis of the corrosion products, with the formation of the hydrates
of the oxides of the metals.

Thus, the investigations made of the composition and the study of certain
properties of the corrosion products give grounds to assume that they consist
primarily of nitrate complexes of the basic components of the stainless steel:

iron, chromium, and nickel.

Together with the investigation of the chemical nature of the corrosion
products, the picture of their formation and the kinetics of thelr accumulation

in the system were studied.

For performing, the investigation, hermetically sealed glass vessels were

developed, the external shape and diagram of which are presented in Fig. £.16.
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Figure 6.16., Digtam of a vessel for studying the kinetics of the
accumulation of the solid phase of corrosion products:

1- body of the vessel; 2~ specimen; 3- bleed; 4= tube
for £filling; 5- volumetric expansion compensator;

6- point of seal; 7- level of solution in vessel;

8- microscope subject stage; 9= objective lens of
micruscope; 10= particles of solid phase.

The vessel was fabricated frou molyhdenum glass and consists of a body 1, a
bleed 3, and a tube 4, with a volumetric expansion compensator, 5. The body
of the vessel (cuvette) is made in the form of a cylinder with a height of

10-12 mm with two plane~parallel optically transparent bottoms, with a thick-
ness of 1-1.5 mm. The bleed (tap), intended for placing a specimen into the
cuvette, is sealed into the shell of the body of the vessel. For filling the

cuvette with nitrogen tetroxide, a tube 4 is sealed into this tap at an angle
of 60°,

Specimens fabricated from sheet steel Khl8N1OT, with a thickneis of 0.1
mm in the form of corrugated bands with a height of 10 mm and a lenzth of 250
mm, One degreased specimen each was placed into each cuvette, after which the
tap 3 was sealed. In the cuvette the specimen was placed spirally along the
generatrix of the body, and in this case a view of more than 80% of the surface
of the bottom of the cuvette was provided. After pressuriziug the vessel with
inert gas at a pressure of 4 atm, it was washed with alcohol and dried. The
cuvettes prepared for the tests were filled with nitrogen tetroxide containing
a small admixture of acid and were sealed.
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The accumulation of the corrosion products in the course of the experiment
was monitored by the microscopic method of the determination of the granulo-
_metric composition of the particles contained in it [107, 108]. The dispersion
analysis was performed by means of a biologically inert MBI~12 microscope by
means of photographing the bottom of the cuvette, with random selection of the

field of view.

After the determination of the granulometric composition of the particles
contained in the initial N204, the cuvettes were placed in a thermostat and

were kept there at a temperature of 5013°C.

The photography was accomplishea at a temperature of 18-20°C every 15 P
days. For a uaiform distribution of the particles in the volume, before the ’

cuvettes were photographed, they were shaken for 3 minutes and then allowed

NENEETE
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to settle on the specimen stage.
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- The completeness of the precipitation of the particles was monitored by %%
means of visval inspection of the entire layer of N204 under the microscope. %%
The magnification of the microscope during photographing of the specimen §§
amounted to X27. The quantity of fields to be photographed wa- determined gg
according to the formula 5%

2

2 = 10/0-785d¢4014 of view %

and at the magnification accepted amounted to 6 fields; dfov is the diameter ?%
of the field of view. For the purpose of increasing the accuracy of the %E
results obtained, the quantity of fields photographed was increased to 30-36. ??
The count of the particles in the dispersivity intervals was accomplished by fi
the method of projecting the negatives of the microphotographs onto a screen gr
with a total magnification of X200. The greatest length of the crystal or unit é“
was accepted as the dimension of the particies. The content of the particles ‘g
in dispersivity intervals of 1 ml of nitrogen tetroxide served as the compara- %
tive accumulation characteristic. %
The calculation of the quantity of particles in this volume was performed {§
according to the formula f%
-207- i
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N = (A 1000) /zpthovh

where A is the total quantity of particles of the given interval of dimensions
in all the fields of vies Ffov is the area of the field of view of mm?; and
h is the height of the layer of 1liquid in the cuvette in mm.

In the inspection of the precipitates under the microscope it was establ-
lished that the precipitating solid phase of the corrosion products is a mix-
ture of individual crystals of various dimensions and units (aggregates),
partially consisting of a large central crystal overgrown with small crystals.

In the initial stage of the process of corrosion, crystals with a dimen-
sion of 5-30 microns accumulate most rapidly in the system. Together with
this, the distribution of the particles in the 5-200 micron range beginning
at 15 days is described satisfactorily by a single curve, which testifies to
the uniform nature of the relative growth of the quantity of particles in each
interval of dimensions. After 45-60) days the content of the particles in this
range remains approximately constant. However; in connection with the continu-
ing corrosion of the steel, the general mass of the crystals increases continu-
ously because of the growth of the large defect crystals. The increase in the
general mass of the crystalline solid phase in the same period of the corrosion
process corresponds with respect to order of magnitude to the expected accumu-

lation according to data from corrosion losses.

Thus, the process of the corrosion of Kh18N10T steel at 50°C in a limited
volume of nitrogen tetroxide is acccmpanied by the saturation of the liquid
phase byssoluble corrosion products and by the precipitation of the crystalline
solid phase into a precipitate. The kinetics of the crystallization of the
solid phase at the initial stage of the process are characterized by a sharp

increase in the total quantlity and dimensions of the crystals.

Later a stabilization of the dispersed composition of the particles
having dimensions of 5-200 microns is observed. A growth of individual large
crystals is also observed. Such a plcture, apparently, will be observed in
the corrosion of materials in the entire low-temperature part of the circuits

of AES.
-208-
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On the basis of the data obtained with respect to the kinetics of corro-
sion and the chemical composition of the corrosion products, we may determine
the general quantity of the solid phase in the process of prolonged contact of
steel with nitrogen tetroxide. Data on the kinetics of the accumulation ard
the dispersed composition of the corrosion products make it possible to make
a rational selection of the filters in the system.

The process of corrosion of stainless steel in this range of temperatures

may be represented in the following manner.

In the reaction of the steel with the nitrogen tetroxide, on its surface
an oxide film is formed, which also determines the magnitude of the steady-
state rate of corrosion. An insignificant part of the metal going into solution
enters into the formation of this film. The basic fraction of the metal makes
the transition to a solution in the form of a crystalline solid phase of the
corrosion products, which consists primarily of a mixture of nitrate comple'.es
of the metals of type M(NO ) 0,
of the metal. 1In particular, iron, chromium, nickel, and titanium, probably,
form the compounds (NO') [Fe(N,),17; {o*y [ermo,),17}; (N0+)2[N1(N03) .

where M is the metal and n is the valency

The mechanism of the processes leading to the formation of the solid
phase in nitrogen tetroxide, depending upow: its composition, may be described
by the following equations:

the system M-NZO4

M+ ( X + %n )Nzo.—vM(NO,),,XN,O.—i—nN,O,;

the system M- N204 HNO3

M+ ( X + -;— n ) N,0,-+nHNOy-> M(NO,), XN,0, -

—l--—-nNO+l

aN,Oy; — nH,O+nNO -
or, in summary, M + (X + n) N2 4" M(NO3)nX N204 + nN203.
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Tnus, in the system M-N204-HN03 the total resaction of the process is the

same as in a case of M-NZOA'

These equations generally reflect the mechanism of the process of the
formation of the corrosion products. Actually, this process occurs via a
number of intermediate stages, including, probably, the reaction of the nitrogen
tetroxide with the oxide film,

In the region of high temperatures (above 200 C) the formation of the
complex compounds of the metals with nitrogen tetroxide is impossible because
of their thermal inetability. In this range of temperatures, the corrosion
of steel occurs with the formation of only the oxides of the metals: either
in the form of protective oxide films, firmly meshed with the metal, or in the
form of powdery corrosion products. The corrosion of the metals in this case

is entirely determined by the protective properties of the oxide films.

3. Discussion of the Results of Corrosion Tests of Construction Materials

in a Medium of N224

Experience in the operation of AES with two-circuit schemes using water,
COZ’ and especially single-circuit schemes with a boiling-water reactor, have
demonstrated that construction materials may be used if the rate of their

corrosion does not exceed 0.02-0.05 mm/year [82].

The investigation of the corrosion resistance of the materials Khl8N10T,
EI-847, EI-654, EI-629, EI~-432, Kh-25, 3Khl13, aluminum and titanium alloys,
graphite AG-1500, high-chrome cast iron, fluoroplast, and others, as used in
modern reactor construction, in a medium of NZOA’ demonstrated that the rate
of corrosion of the materials indicated amounts to a magnitude of the order of
0.001-0.01 mm/year.

In the temperature range of 100-700°C a large number of stainless steels
and alloys based on rickel exists, having a high degree of corrosion resistance.

The surfaces of these materials, in contact with nitrogen oxides, are coated
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by dense protective oxide films. The fact that the oxide films formed on the
surface of the construction materials in a medium of N204 are preserved in
flow conditions (at a velocity of 25-40 m/sec), which testifies to their fimm
meshing with the surface of the metal, is essential. In the tests of welded
joints no intercrystallite or pitting corrosion was established, and their
corrosion resistance is the same as that of the basic material; in preliminary
strength tests no change in the mechanical properties of steels Kh18N10T or

OKh18N10T was ascertained after their prolonged soaking in Nzo4 at 50 atm and
500°cC.

Comparisons made of the corrosion of stainless alloys at 600°C in N204
in the air also demonstrated that in a medium of N204 stainless alloys have
a greater resistance thaa in air.

The presence of low-t:perature corrosion (up to 150°C) of stainless steel
Kh18N10T required the study of the structure and composition of the solid phase
of the corrosion products. The experimental data made it possible to give
prelininary recommendations with respect to the selection of the type of filters
and the purification system for a N204 coolant. These filters are being tested
and have shown positive results in test stands during 1966-1970. As with any
other new coolant, a thorough and careful treatment of the technology of disso-

clating nitrogen tetroxide as a coolant and working fluid for atomic electric-
power stations is required.

The investigations made of the corrosion resistance of a large quantity
of conventionally used construction materials in reactor and power machine-=
building demonstrated that for all units of AES operating on N204 for a tempera-
ture level of 200-750°C and at pressures of 1-170 atm.ab. corrosion-resistant
construction materials produced by Soviet industry are available, which can pro=
vide reliable and long-term operation of pcwer plants using N204. This conclu-
sion is confirmed also by the results of tests of a model gas turbine operating
on N204 in 1969-1970 on an experimental power test stand with a gas-liquid cycle
having a thermal capacity of 1050 kilowatts.
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