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Great interest inthe influence of flights of spacecraft (SC) on the state of the atmosphere has recently
developed in connection with the active conquest of space [1, 2]. This is connected with the fact that during SC
flights large amounts of combustion products are thrown off which can perform various physicochemical actions
on the atmosphere, and this action can be quite significant, since in upper layers of the atmosphere, even when
the combustion products expand to volumes with a linear size of tens of kilometers, their concentration remains
comparable with the concentration of the atmospheric gas.

An SC moves with velocities on the order of several kilometers per second, so that as a result of the
gasdynamic interaction of combustion products with the atmospheric gas they are heated to temperatures of
several thousand degrees. I is very important to estimate the physicochemical interaction of this gasdynamic
stage, since physicochemical processes are sharply activated at high temperatures. The description of the
gasdynamic process of interaction of the combustion products of SC engines with the atmosphere is very com-
plicated and, generally speaking, depends on the concrete conditions. From the point of view of relaxation
processes, however, it has one common feature. Because of the low density, the combustion products are
mixed rapidly with the atmospheric gas. Rapid relaxation of the combustion products with respect to trans-
lational degrees of freedom occurs during mixing, while relaxation with respect to internal degrees of free-
dom is retarded. Such a situation can be modeled by shock heating of a gas mixture containing a polyatomic
gas which relaxes with respect to internal degrees of freedom.

In the present article we examine, within the framework of this model, one example of a physicochemical
interaction — the problem of the vibrational relaxation of H,O molecules in a mixture with N, behind a shock
wave front. At low densities the relaxation of the internal degrees of freedom of molecular gases has a specific
character. The specifics consist in the fact that in this case the relaxation times become longer than the life-
times of the excited levels and emission strongly affects the relaxation process. It should be noted that relaxa-
tion of this character is practically unreproducible under laboratory conditions.

1. Structure of the H,0 Molecule and Propertfies of Vibrational Relaxation

The water molecule is nonlinear and has three fundamental frequencies, corresponding to the symmetric’
(v, deformation (v,), and asymmetric (vy) types of vibrations (Fig. 1). Being confined to temperature on the
order of 4000°K, we shall consider only the lower vibrational levels with energies E; =5265°K, E, =2300°K,
and E5 =5409°K. A diagram of them is also presented in Fig. 1. Emission from the levels v; and v, which
are close to each other, to the ground level takes place at the wavelength of ~2.7 um, while emission from the
level v, takes place at the wavelength of ~6.3 um. The lifetimes of the levels vy, vy, and v4 are 74 = 0.59 sec,
19 = 0.12 sec, and 7, = 0.03 sec, respectively [3]. The levels v, and 2v, can be treated as levels of a harmonic
oscillator {4], so that the lifetime of 2v, is (1/2) 7,.

The vibrational relaxation of the H,O molecule has not been studied sufficiently well. The most reliable
seem to be the experimental data, in agreement W_ith each other, onthe rate constants of the vibrational relaxa-
tion of water obtained in [5], where the emission of H,O vapor upon the passage of a shock wave through a gas
mixture was measured, and in [6], where the velaxation of the HyO molecule with excitation of vibrational de-
grees by a laser pulse was studied. The results of these reports agree with theoretical results for the vibra-
tional relaxation of the deformation mode obtained in [7, 8]. The rate constants of vibrational relaxation for all
possible transitions of vibrational energy between lower levels of the H,0 molecule are brought together in [10]
on the basis of these data and the data from [9]. We note that vibrational relaxation in the collision of water
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Fig. 1

molecules with each other takes place very rapidly. For example, three collisions are sufficient for excitation
of the mode v, from the ground to the first vibrational level. Evidently, this takes place through the active
participation of rotational degrees of freedom in vibrational relaxation [5].

The possible relaxation channels are shown schematically in Fig. 1. Estimates made for a temperature

of 3500°K show that energy transitions between the following levels take place most rapidly: (010) < (000),
{100) «— (020), and (001) — (020). The vibrational relaxation constants for these processes are W%ZO = 3.8 ¢
10710 cm¥/sec, WH© =6 . 10710 cm¥/sec, and WHZ2O =3 - 10719 ¢m3/sec. The rate constants of the remaining
transitions are considerably lower: WE}O =1.5 - 107" ¢m3/sec, Wgzo =1.5 10713 cm3/sec, and Wgzo =
1.7 - 1071 ¢m3/sec. Energy exchange between vibrational levels of the H,0O molecule in the case when the
partners in the collision are Ny, Oy, and Ar molecules takes place about 150 times slower than the exchange
of vibrational energy of water molecules with each other [5, 6]. '

The vibrational relaxation of water molecules in a mixture with N, at a total density n, = 107-10!4 cm™
is analyzed in the report. Estimates show that for n,; ¢ 1010 cm -8 the relaxation times of vibrational levels
considerably exceed the lifetimes of these levels (for n; = 1019 cm™3 the shortest times of energy exchange
between the (100) and (020} levels is about 50 sec). Therefore, at these densities the relaxation process takes
place as follows: All vibrational modes are excited independently, there are no transitions between modes,
and deactivation proceeds through spontaneous emission. For n,; s 10! cm™3 the times of vibrational relaxa-
tion become less than the lifetimes of the excited levels, and energy exchange between modes starts to play an
important role in the process of vibrational relaxation.

2. Statement of the Problem

Let us consider the vibrational relaxation of Hy,O molecules behind a shock wave passing through a mix-
ture of gases N; + HyO. As already mentioned, water molecules relax rapidly in collisions with each other.
I order to ignore vibrational relaxation in the shock wave front, we assume that the water vapor concentra-
tion is low (~1%) . At the given concentration the times of vibrational relaxation of H,0O molecules on N, are
comparable with the times of vibrational relaxation in collisions of H,O molecules with each other, so that we
must also allow for relaxation of H,O on Ny. The vibrational relaxation of N, molecules itself can be ignored,
since ~10? collisions are needed for N, relaxation at Tt~ 3000-4000°K, as estimates show.

The system of equations describing the behavior of the gasdynamic parameters and the populations of
vibrational levels behind a shock wave front has the form
(mHZOnHZO + m¥2nN2) y = (mﬂzonfzo + mNznév?) Uy,
(;’,;LHzOnHzo - mNz, Nz) 1;2 KR (nHZO + nNg) kT, — (mﬁzonfgo + mNg,Az(I;'z-) u% + (nx‘;lzo + ntl:lz) kT,
(m™2PnH20 4 epNe) 32 4 nNeue ke Ty 4 n't2%u (cpkTs + Ey) =
= (mHQOnI:‘lO -+ mNZn(‘:IZ) us/2 + n?zuockato + n§12ouocpfkTm —Q,

dai H : )
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where mH20 and mNz are the masses of the H,O and N, molecules; t, u, T, nNZ, and nH20 are the time, velocity,
temperature, Ny density, and H,0 density behind the shock wave; the corresponding parameters ahead of the
wave are marked by the index 0; cp is the heat capacity of Ny; cpy is the heat capacity of water without allow-
ance for vibrational excitation; oj is the relative population of the i-th vibrational level of Hy0; 74 is the life-
time of the i-th level; W?ZO is the rate constant of the energy transition from the i-~th to the j-th level (the
pariner in the collision is given at the top).
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At T§ ~ 3000°K the path length of a quantum is Ly~ 10t7/nH20 [11], while the mean free path of molecules
isl ~ 10¥%/n. Estimates of the characteristic size of a cloud of combustion products give ~10%-10%1 {12],
while the length of the zone of active relaxation is ~10 I, Sucha region can be considered as optically trans-

parent The quantity Q represents the energy losses due to emission, Q = j‘dx (2 E; ) 1% | where x =
S‘udt E; is the energy of the i-th vibrational level, and Ey is the total v1brat10nal energy: E,= Z B,

The system of equations was solved numerically. The calculations were made in the range of densities
n, =n%‘120 + nlo‘Iz =10"-10" cm™3 for different temperatures Ty, and Mach numbers M,. We considered waves
of not too high intensity, such that the temperature of the mixture behind the shock wave did not exceed 3000~
4000°K and the excitation predominantly of lower vibrational levels took place. Typical results of the calcula-
tions (Ty, =600°K, M, =5) are presented below.

3. Discussion of Results

The pattern of behavior of the populations of vibrational levels of the H,O molecule behind a shock wave
for n, =101 cm™ is presented in Fig. 2. The distance from the shock wave front, normalized to the local
mean free path, is laid out along the abscissa. Immediately behind the front the populations of the excited
levels grow sharply, and then at Xx/1 ~ 1 a certain quasistationary distribution is established, determined
by the balance of vibrational relaxation and emission. This quasistationary distribution slowly varies with
time, mainly because the temperature of the mixture decreases due to the removal of radiant energy.

The temperature dependence on the distance behind the shock wave front is presented in Fig. 3. The case
when emission is absent is marked by the letter A (we shall call this case adiabatic). For high densities the
gas temperature behind the shock wave decreases considerably faster than for low densities. This is connected
with the fact that at high densities vibrational relaxation proceeds rapidly and the energy-sink channel through
the levels 2v, and v, is actively engaged. Inthis case, therefore, a relatively larger fraction of the energy is
emitted than in a less dense gas. The gas velocity behind the shock wave front decreases in accordance with
the law of reversal of action, although considerably slower than the temperature.

The maximum populations (along x) of the excited levels and the minimum population of the ground level
as functions of the initial density of the mixture are shown in Fig. 4a. The effective vibrational temperature
Ty as a function of the initial density n, of the mixture is also presented in Fig. 4b as an illustration. The ef-
fective vibrational temperature was defined as the temperature corresponding to a given relative population of
the level with respect to the Boltzmann distribution. At low densities (<101t cm'3), when the times of vibra-
tional relaxation are longer than the lifetimes of the corresponding levels, the influence of emission on the
process of vibrational relaxation is great and the levels are strongly depleted in comparison with the adiabatic
case. The effective vibrational temperature naturally proves to be considerably lower than the translational
temperature. From this, in particular, we get the importait result that at such densities, despite the high
translational temperature, dissociation of molecules behind the shock wave will be unlikely, since digsociation
takes place through cascade excitation of molecules to high vibrational levels [13].
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For densities n, = 10Y em™3 and higher the populations of the vibrational levels and the vibrational tem-
perature approach their values in the adiabatic case. This happens because the times of vibrational relaxa-
tion become small compared with the lifetimes of the corresponding levels, and the levels depleted through
emission are rapidly restored through collisions of molecules.

The channels of vibrational relaxation are different in these two limiting cases of low and high densities.
At low densities the times of transitions between modes in collisions of molecules are considerably longer
than the lifetimes of the excited levels, so that the relaxation of each mode takes place independently. At high
densities the opposite situation is observed, and in this case the following relaxation channel becomes dom-
inant: stepwise excitation of the mode v, to the level (020), then energy exchange (020) — (001), and emission
(001) — (000). The variations of the emission intensgities I of the different modes (Fig. 5a and b) can serve as
an illustration of the different character of the relaxation in these two limiting cases. Data for a mixture den~
sity ng = 10° cm™? are presented in Fig. 5a. The vibrational modes are excited independently of one another
and the emission intensity in each mode is proportional tothe population of that mode, so that emission occurs
with the maximum intensity in mode »,, which has the highest value of aj/7j. At the density n, = 10% cm™3
{see Fig. 5b) the character of the emission is sharply altered. The level (001), which has the shortest lifetime,
mainly radiates owing to the short lifetime and the strong connection with other modes.
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ELECTRIFICATION IN TUBE FLOW OF ORGANIC LIQUIDS
WITH AN ADMIXTURE OF STRONG ELECTROLYTE

V. N. Pribylov and L. T. Chernyi UDC 532.54:541.13

The electrification of weakly conducting organic liquids is investigated within the framework of con-
tinuum mechanics [1]. When such liquids (e.g., hydrocarbons) flow through tubes they acquire an electric charge
[2-5]. This leads to the risk of electric discharges and explosions [4]. The conductivity of the considered
liquids is due to a small amount of impurity electrolyte, whose molecules dissociate into positive and negative
ions. According to recent ideas [2-5], the electrification of organic liquids is due to electrochemical reac-
tions occurring on the tube walls, as a result of which the positive or negative ions of the impurity electrolyte
are converted to neutral molecules. The problem of electrification of a liquid in the case of a completely dis-
sociated electrolyte was examined in [5], where the effect of the electric field was ignored. The electrification
of a weakly conducting liquid, inthe case where the impurity electrolyte dissociates slightly and the dissocia~
tion can be regarded as an equilibrium reaction, was investigated in [6].

In this paper we examine the problem of electrification of an initially unchanged weakly conducting or-
ganic liquid in laminar flow in a metal tube, where the impurity electrolyte molecules are completely dis-
sociated, and the electric field produced has a significant effect on electrification. The diffusion coefficients
and charge numbers of the positive and negative ions are assumed to be equal. I addition, for definiteness
we assume that only negative ions are involved in the electrochemical reactions on the tube walls, and the neu-
tral molecules formed are present in excess in comparison with ions. The solution obtained can easily be ex-
tended to the case of arbitrary ion charge numbers and electrochemical reactions involving ions of both kinds
on the tube walls.

1. The system of differential equations and boundary conditions at the tube entrance B and on the wall S,
describing the electrification of an organic liquid, has the form

div (niu + ’—:12 n.E— 'DVn:t) =0,
edivE = 4nez(ny —n_), 10t E=0, ny|p=no, (1.1)

([%l—,? n,E— DVn+] -v)‘s =0, ([— %,D— n_E— DVn.,]w)lS =K (n_—ne) [,

where n, is the concentration of positive and negative ions; u, liquid velocity; e, proton charge; z, D, charge
number and diffusion coefficient of the ions; k, Boltzmann constant; T, temperature of the liquid, which is as-
sumed to be constant; E, electric field; ¢, dielectric constant of the liquid; n®, concentration of positive or
negative ions at the tube entrance; n,), equilibrium concentration of negative ions at the tube wall, which is at-
tained at the end of an infinitely long tube; K, constant of electrochemical neutralization of negative ions; v,
normal to the inside surface of the tube.

The last boundary condition (1.1) is fulfilled in the case where the neutral molecules formed by neutraliza-

tion of negative ions on the tube walls are present in the solution in concentration ng, which is much greater
than the ion concentration. We then have the relation

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 3, pp. 32-37, May-
June, 1982. Original article submitted April 3, 1981.

342 0021~8944/ 82/ 2303-0342 $07.50 © 1982 Plenum Publishing Corporation



