LITERATURE CITED

. Z. Parton and E. M. Morozov, Mechanics of Elasto-Plastic Rupture [in Russian}, Nauka, Moscow (1974).

A. A. Samarskii and V. B. Andreev, Difference Methods for Elliptic Equations [in Russian], Nauka, Moscow (1976).

S. N. Vasil’kovskii, “Generalized solutions of plane elastic problems. Equivalence of MKE and MKR,” in: Materials

of the Sixth Scientific Conference on Mathematics and Mechanics [in Russian], Tomsk (1977).

4. N. 1. Muskhelishvili, Certain Fundamental Problems of the Mathematical Theory of Elasticity [in Russian], Nauka,
N

Vv

W

Moscow (1966).

N. Yanenko, Method of Fractional Steps in the Solution of Multidimensional Problems of Mathematical Physics

[in Russian], Nauka, Novosibirsk (1967).

S. K. Godunov and V. S. Ryaben’kii, Difference Schemes (Introduction to the Theory) [in Russian], Nauka, Moscow.

A. A. Samarskii, Theory of Difference Schemes [in Russian], Nauka, Moscow (1977).

N. M. Gorskii and A. N. Konovalov, “On the numerical solutions of a plane problem of elasticity theory in stresses,”

Trans. of Conference on Numerical Methods of Solving Elasticity and Plasticity Theory Problems [in Russian],

Novosibirsk (1969).

9. J. R. Rice, “Mathematical methods in the mechanics of rupture,” in: Rupture [Russian translation], Vol. 2, Mir,
Moscow (1975).

10. G. P. Cherepanov, Mechanics of Brittle Fracture [in Russian], Nauka, Moscow (1974).

% o

EFFECT OF ANGLE OF ATTACK OF A METAL SURFACE
ELEMENT ON THE ENERGY ACCOMODATION
COEFFICIENT OF NITROGEN IONS

V. A. Shuvalov UDC 533.932:533.601.18:539.198

In computing aerodynamic characteristics and heat transfer for vehicles in free-molecular flow it is important to
know the energy accommodation coefficient for incident stream particles and its dependence on the orientation of a
surface element relative to the flow velocity vector. The literature does not have the required volume of information on
the accomodation coefficient as a function of surface orientation for the particle energy range of practical interest, ~1-100
eV. The present paper reports the dependence of the accommodation coefficient a, for nitrogen ions on the angle of
attack of metal targets with atomic weight in the range 27 to 197, measured in a high-speed rarefied plasma flow (up, ™ 10
km/sec).

The experimental investigations were conducted in a gasdynamic piasma facility in a flow of partially ionized gas,
generated by an accelerator in which the working substance was ionized by an electron beam. The accelerated ion flux, of
intensity jo,~ 107 ion/cm2esec was directed into the working chamber, where the residual gas pressure was ~7-1077 —1-10-

torr. The measurements were done at a working chamber pressure of ~(0.87-1.6)'10 torr.

- To measure the accommodation coefficient of the nitrogen ions we used a planar hot wire anemometer probe, in
the form of a disk of thickness 6§ = (.12 mm with a working surface diameter of 3.5 mm, and with current leads and a thermo-
couple attached to its back face. The lateral surface of the sensor, the thermocouple, and the current leads were insulated

from contact with the ceramic plasma tube.

A rake of sensors with working surfaces made of different materials was set up in the high-speed stream of rarefied
plasma. The volt—ampere characteristics 1g [, = (V) had a clearly pronounced straight-line section. Thus, we could deter-

mine the electron temperature T, = 3.54.7 eV (W, = 2KT ) by the usual method [1]. The plasma potential ¢, was deter-

mined by the second derivative method, and also from the electron part of the probe characteristic. This gave high accuracy
in measuring the stream ion energy Wi. The values of W, obtained agree satisfactorily with values found by use of a multi-

electrode analyzer probe, and also with values calculated on the assumption that the accelerating potential is the difference
between the source anode and the local plasma potential . The scatter in the values of W, obtained does not exceed +

4.5%. To check the local values of the flow operating parameters and the orientation of the sensors relative to the flow
vector u,, we used a slender cylindrical probe made of molybdenum wire of diameter 0.09 and length 4.0 mm. The peak

jon current measured by this probe, when rotated about horizontal and vertical axes, corresponds to the probe orientation
in the flow [2], and allows an estimate to be made of the degree of nonisothermality of the flow Ti/Te =~ 0,13.

The ion energy accommodation coefficient &, was determined, using the technique of [31, from the relation

by A i : 7 B
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Dnepropetrovsk. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 3, pp. 31-35, May-
June, 1980. Original article submitted July 6, 1979.

920 0021-8944/80/2103-0320%$07.50 © 1981 Plenum Publishing Corporation



0, 75'“6

0,70

\

| | &, mi]

0,65 !
! 10 127

ey N
AN [N

0 30 60 8 ‘ o 30 60
Fig. 2 Fig. 3

obtained from the energy balance equation for points on the temperature characteristic T, =T (V) with equal tempera-
tures at different probe potentials 73 (V* << 0) = 7o (V"> 0). Here £ = h —nis the difference between the ionization
energy and the work functi?n ; 7, is the secondary emission coefficient; V is the potential difference traversed by the particle
in the near-electrode layer; Ii,e is the probe current; flnd Wi’e is the energy of particles transported to the plasma-electrode
layer interface. In determining the electron current Iﬁ, as is usual in electric probe theory [1], we used a linear extrapolation
of the ion branch of the probe characteristic. Points on the curve TW = TW(V) were chosen in such a way that ¢|VA} <« W,.

The ion current in Eq. (1) was determined in accordance with the theory of current to a planar probe in a moving plasma
(4, 5]

In addition, the accommodation coefficient #, was also determined as the ratio of the power received by the probe
to the nominal ion flux power
IB(W,+ x| VE])/e
0= 5= = ¢ ¢ 7, —, (2)

where P, = I,,W,/e; and im is the saturation current for 6 = 0. The received power was determined, as before, from the
energy balance equation for two points with equal surface temperatures on the temperature characteristic. The values of
a, measured in this way agree with values found from Eq. (1). For example, for tin, with 8 = 0 (normal incidence) use of
the two relations gave ag 2 ~ 0.68 4= 0.025 . This value is evidence in favor of a mechanism for neutralizing ions which
come close to the metal surface, and which is the basis of the method of measurement of the energy accommodation co-
efficient of ions o, using hot wire anemometer probes.

The sensor operating surfaces corresponded to Class 7 in cleanliness. Immediately prior to taking the measurements
the sensor surfaces were exposed to the plasma stream, and were also subjected to electron bombardment for 15-20 min at
high positive probe potential, and heated to femperatures at which there was no breakdown of the probe surface material.
Figure 1 shows the results of measuring o; on Mo for 65 min after heating the probe to temperature ~1500°K. The data of

Fig. 1 mdlcate a comparatively weak variation of ¢, during the measurement time. It should be noted that in the measure-
ment of cxNz the target surface was subjected to intense bombardment by particles of the incident plasma stream.
Flgures 2-6 show the results of measuring the accommodation coefficient «, as a function of the angle of attack for

metal targets with atomic weight in the range 27 to 197. The work function # for the clean metals was determined from
tables [6], and the data of [7, 8] were used to estimate the secondary emission coefficient v,. The probe surface tempera-

ture in the measurement of o, was T = 304-318°K. To monitor the probe surface temperature in the measurement of
o, , the sensors were calibrated in a thermostat before conducting the experiments; the relation T = TW(E),_ was determined,
where E is the thermocouple emf.
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For practically all the materials examined, within the measurement error limits, we find that the approximation
# =2 0.26 (1 corresponds to normal incidence), determined from the data of several series of experiments, and shown by
the bars in Figs. 2-6, for p = 0.26 (u is the ratio of the gas particle mass to the target atomic weight) and for § < 75°
we find that the approximation «; o agcos 6 is valid (o, corresponds to normal incidence), and for u < 0.17 the value
of o begins to deviate from the values characterized by the relation @ cos 8, for angles 6 = 60°. This evidently stems
from capture of particles by the target surface [9, 10]. The crosses in Figs. 2-6 show values of ¢, found from Eq. (2).

n [11] an empirical dependence of @, on the angle of attack of a metal target relative to the flow vector was found

omOB=0, 0LO0sp, - 3
o‘i(e):{cz‘,cos(ﬁ—ﬁ), Pt ”

from the results of experimental investigation of scattering of cesium, potassium and rubidium ions with u,, = 8.5 km/sec
by clean surfaces of tungsten and molybdenum [12], and of potassium ions with u,, > 10 km/sec by contaminated surfaces
of tungsten, nickel, aluminum and stainless steel [13]. Here § was assumed to be = 25°.

In the present series of experiments o; was measured in conditions where the target surfaces were not subjected to
any type of process to achieve cleanliness, apart from natural irradiation by the incident plasma stream. The values of aN

obtained on a Nb surface are shown as the broken line in Fig. 6. Similar measurements were also obtained for the other
materials used in the series. From the results of the measured o, in a nitrogen plasma flow, we find the value of § in Eq.
(3) to be f= 18°.
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COMPUTATION OF GASDYNAMIC AND KINETIC PROCESSES
IN HYPERSONIC WAKES BEHIND AEROSOL PARTICLES

L. M. Dmitriev and Yu. E. Markacheyv UDC 533.6.011.8

In many technical problems one is interested in achieving fast mixing of the reacting components in times comparable
with the characteristic chemical reaction time. One possible method of achieving fast mixing of reacting substances is that
described in [1], where one of the components is sprayed as an aerosolinto a hypersonic stream of the other reacting
component.

The chemical and gaskinetic processes occurring in the wakes behind aerosol particles are difficult to describe
theoretically.

The difficulties stem from the fact that the flow of a gas mixture behind the particles, because of the small particle
size, comparable with the molecular mean free path, varies over wide limits, from continuum flow described by the Navier-
Stokes equations, to free-molecular flow described by the Boltzmann equation. The flow region near the particle and be-
hind it is conventionally divided into two zones (Fig. 1, 1) a particle; 2) shock wave; 3) wake). In Zone I the flow is
described by the Boltzmann equation, and in Zone II by the continuum equations. At a sufficient distance from the
particle (x 3> d) the transverse velocity components will be much less than the longitudinal, and in that case in Zone II
the flow is described by equations of boundary layer type.

If we neglect the variation in particle velocity due to stagnation, on a scale in which the perturbations behind the
particles in the gas are damped, then, in the coordinate system moving with the particle, the equations have the form [2]

ap 1 4 . 3 =

5 =0, —5(pvr) + 5~ (ou) =

9 8 1 8 ou
pudt oot = 5 (urde). W

ol OH 19 GH 3, 4 D, oF;
P o G = g e [ ey ) 3 (1) Tcpi”“??”*E@*
3 J

Equations (1) must be supplemented by the transfer equations for the various components of the mixture

oF,; aF, (g OF _
ot 5 +P”?7:“75;@DWEF/+P”1 2
and the equations of state
p=pRT X F;, 2ZMF =1 3

The enthalpy H is determined by the relation
H=23MF;cpT -+ u2. )]

In addition, the terms appearing in Egs.(1) and (2) —Qj, corresponding to the heat release per unit volume due to the

reaction of type j, and Wi, corresponding to the variation in the component Fi due to all the chemical reactions — must be
determined from the chemical kinetic equations.
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