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MIXING OF FINELY DISPERSED VAPORIZING PARTICLES
WITH A DEFLECTING GAS STREAM

V. I. Garkusha, V. M. Kuznetsov, UDC 533.6.071.08.632.57
G. V. Naberezhnova, and A. L. Stasenko

In a number of problems of aerogas dynamics it becomes necessary fo introduce finely dispersed par-
ticles into a gas stream. Such problems are connected, for example, with the design of prospective cryogenic
and high-enthalpy wind tunnels [1, 2], visualizing devices [3, 4], accelerators of macroscopic particles for the
investigation of surface erosion, the creation of active media for gasdynamic lasers using multiphase mixing
[5, 6], etc. In this case certain demands may be placed on the distribution of parameters in the mixing zone,
such as the macroparticies or the mass density of the gas formed as a result of their vaporization, the mo-
mentum of the particles, or any other aspect of their mass spectrum. In particular, the investigation of the
conditions required to realize the advantages of multiphase mixing in gasdynamic lasers (GDL) [5, 6] led to the
need to solve new gasdynamic problems which did not arise in the traditional devices for amplifying radiation
[7, 8]. The statement and solution of a number of these problems are given in [9-11]. They include the problem
of the maximum possible acceleration of aerosol particles by different gases, the problem of determining the
depth of penetration of particles into a comoving stream and the time of their vaporization as a function of
diameter, and problems of the influence of compression shocks and viscous effects, including detachment zones,
the mutual influence of vaporization and vibrational relaxation, and some others. One of the central problems
is the obtainment of the flow field in the mixing zone which is closest to uniform, since constancy of the gas-
dynamic parameters and concenfrations of the components of the gas mixture is very important, for example,
in the zone of action of a GDL resonator.

In [6, 10] the mixing problem was considered in an integral statement based on the use of conservation
laws with allowance for the supply of a certain mass, momentum, and energy to the working stream. Such an
approach makes it possible to determine the variation of pressure, temperature, and other parameters as a
result of mixing, although the flow structure directly in the mixing zone remains indefinite. The detailed in-
vestigation of this structure is needed in connection with the finiteness of the vibrational relaxation time 7,
and hence with the boundedness of the region of mixing of two streams in which population inversion and ra-
diation amplification can occur. Equalization of the profiles of different parameters across a mixing zone must
take place just in a region of 1 ¢ ur, where u is the characteristic velocity in the mixing zone. And the present
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report is devoted to an investigation of the structure of the mixing zone for a given particle size distribution
function and to finding the conditions making the flow in this region approximate uniform flow.

Let us consider the flow scheme presented in Fig. 1. Info the supersonic working stream 1, which in-the
case of a GDL can consist of vibrationally excited nitrogen with a small admixture of water, aerosol particles
are introduced, carbon dioxide, for example, accelerated by stream 2 to the maximum pogsible velocity. As
shown in [11], the velocities of different fractions in the exit cross section of the acceleration nozzle differ
considerably. No explicit form of the distribution function of these fractions is known from the literature for
this class of problems; moreover, it varies in the process of acceleration and vaporization of the particles.
Inthose cases when the mass of the particles comprises several percent of the total mass of the working mix-
ture and thé counter-influence of the particles on the parameters in the mixing zone can be neglected, it is
expedient to set up the problem as follows. The magnitudes and directions of the velocities of particles of dif-
ferent diameters are assigned in the exit cross section (the O—x in Fig. 1) on the basis of data obtained on
acceleration [9-11]. From these dataone can assign one or another form of the size distribution function (&)
or use an experimental dependence for this function. Then the particle trajectories up to total vaporization
are calculated in stream 1. From the aspect of the minimization of disturbances it is advisable to consider
conditions when the shock wave due to the interaction of the gaseous phases is located in stream 2 [9].

In the present work we use the model of phase transitions and the program for numerical solution of the
equations of particle dynamics of [12, 13], extrapolated to the case of a multicomponent mixture under con-
sideration. In this model the fluxes of mass, momentum, and energy to a vaporizing or condensing particle in
the free-molecule regime of streamline flow are obtained under the assumptions of a locally Maxwellian ve-
locity distribution function of gas molecules in the vicinity of the particle and of total equilibrium with respect
to all degrees of freedom in their colligion with the particle surface. In the continuous regime of streamline
flow a model of diffusional vaporization of particles is adopted which allows for semiempirical information
about the influence on this process of the blowing over the paxrticle of the carrier gas and the influence of its
compressibility. To describe the dynamics and heat and mass exchange of particles at arbitrary Knudsen num-
bers we adopt Sherman interpolation equations of the tparallel conductivity® type, which change asymptotically
for f{ni « 1 and Kn; > 1 into expressions for the continuous and free~molecule regimes of streamline flow.
In extrapolating this mode! to the case of a multicomponent medium we allow for the fact that the density of
vapors of particle material is much less than the density of the passive carrier gas. We note that in the ex-
ample under consideration even the largest particles in the plane-parallel stream 1 at once proved to be un-
der conditions of free-molecule streamline flow. As an example, in Fig. 2 we present the results of a numeri-
cal investigation of the dynamics and heat and mass exchange of carbon dioxide particles with eight fractions
(&i =1, 3, 5, ..., 15 ym) accelerated by hydrogen in the acceleration nozzle 2; the values of their parameters
obtained in [11] are taken as the initial values. Here we assigned the following values of the gasdynamic quan-
tities in stream 1: stagnation parameters p, =7 MPa, T, = 3000°K, speed of sound in the critical cross section
ay =1020m/sec,y =7/5, A = u/ax =2.33, ¥4 =1 mm, molecular mass M =28 - 1073 kg/kmole. The above
example corresponds to an injection angle o =45°. The trajectories y;(x) of several fractions, the variations
along stream 1 (x axis) of particle sizes «;, temperatures Ty, and longitudinal velocity components ﬁi are
shown. We note the nonmonotonic character of the particle temperature variation: First they are heated by the
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stream without vaporizing, andthen they are cooled as a result of vaporization. The finest particles with

?zi =1um are already fully vaporized not far from the injection point (in Fig. 2 the point of vaporization at
y/¥+ =100 is marked by a light circle). Large particles can reach the opposite wall of the stream; the dashed
lines are their trajectories in the case of specular reflection. The dash—dot curves connect the particle pa-
rameters a; and y; at the instant of striking the wall. Since the trajectories of the vaporizing particles were
calculated independently for each type i, in determining the total concentration in the mixing zone it was as-
sumed that different types are not influenced by each other's vaporization. To avoid difficulties connected
with the transition of particles from one fraction to another during vaporization, the summation was also carried
out independently over all types i, assigned preliminarily with one or another weight in the inifial cross sec-
tion. The condition of the absence of a counterinfluence of particles on the gas parameters was also important
for the application of the ®superposition principle® in the indicated sense.

The results of the numerical investigation indicate that the particle radius a@ 0 ¥) is a complicated func-
tion of the initial value and the coordinate.

First let us consider the approximate statement and solution of the inverse problem, according to which
the particle size distribution function is chosen from the requirement of uniformity of the vapor concentration
in a certain cross section of the working zone. Let particles with a radius a g be introduced into the stream
in the plane y = 0 along the section Xyj(a () with a normal velocity vgi(a i) (see Fig. 1). Then, neglecting frag-
mentation and coagulation, we can write the equation of conservation of the number of particles a; of each type
in the form

voitoi Xo; = vi()r: (1) X (y),
where n; is the number of particles of type i per unit volume.

Then the density distribution p(y) in a plane y = const of the vapor formed as a result of the vapor-
ization of all fractions has the form

om, om;
@ u=— X7 )i ) Xi ) = — 27 nowoiXor

i

Changing from a discrete distribution to a continuous function f(z) =dn /da, we obtain

a;)max a,\ o~
~ Om{a, ¥} ~ ~ ~ o~
pou=— | X,@ LN 5 Gy G day @
ag (@)

where the integral is taken over the entire set of particles which were unable to vaporize up to the plane y.
This information is obtained preliminarily from a calculation of the trajectories of the vaporizing particles.
To obtain the analytical form of the function f, (@ in the insertion cross section we assume for simplicity that
all particles are accelerated to the same initial velocity v, = v, and the angles of their insertion into the
working stream are the same. We designate X = L, and then Eq. (1) takes the form

Zymax e :
L ~ mi{a,, Yy -~ ~
ow=—=25 [ ZCod G, @
a*(y) N

This is a homogeneous integral equation of the Volterra type for the unknown function £(Z,). Its solution de-
pends on the entire collection of physical processes taking place with the aerosol particles as they move in
stream 1. The function fn(?zo, y) of interest to us for the example presented in Fig. 2 is shown in Fig. 3. It
is seen that in the initial section of insertion into the supersonic stream 1 the intensity of vaporization of all
particles is negligibly small owing to their low initial temperature (Tyj ~ 100°K). Then in the course of heat-
ing (upper part of Fig. 2) the pressure of saturating vapor above the particles grows sharply and the vapor-
ization process accelerates. & follows from Fig. 3 that the functions a;(y) can be approximated by different
functions. A parabolic function which allows for the initial section of particle heating almost without vapor-
ization is qualitatively suitable. For example, let the particles vaporize in accordance with the law

@ = ay — a, (). a5 (y) = B

Then 9m/ 8y = —87p%a, — £y)2ty, where p!is the density of the particle material. Further, we assume that
the maximum radius &imax goes to infinity, while particles which have struck the wall are out of considera-
tion. Then Eq. (2) has the form
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We shall seek its solution in the form f(a o = Bal. Performing the integration, we obtain the expression

' _ gatnyetan grbnyatan
p) = — by (ST — oy BT et

1+ﬂy2+2n
)

from which it follows that for the condition of independence of the vapor density on y we must set n = —7/2.
In this case

6L ~ = '
p=pe =15 vanp® VEP @

where p . is a quantity which is known from the initial conditions.

Having determined the scale factor 3 from Eq. (3), we obtain the final expression for the distribution
function .

150 u

R Y Y (4)
27J1:Lv0p° Vel

f [ (Eo) =

It follows formally fromthe means of obtaining Eq. (4) that uniformity along y is reached asymptotically, i.e.,

X — . The values of x which are closest to the point of particle insertion satisfying the condition x < ur for
the class of problems under consideration, where 7 is the time of vibrational relaxation of the working gas
mixture, are of practical interest. Nevertheless, the result obtained is interesting in that it shows the funda-
mental possibility of achieving uniformity in a vaporizing disperse medium without the mechanism of molec-
ular diffusion. X is clear that if the particle size distribution function differs strongly from (4), then in the ab-
sence of diffusion there willl be no uniformity along y, generally speaking, even as x — ». If we allow for the
results of [11] on the insignificant variation in particle size during motion in the acceleration nozzle, then the
mass spectrum which must be obtained before acceleration will differ from the distribution (4) just found only
by a scale factor (constant for all particles).

The function (4) grows sharply in the direction of small particles. The distribution function f; of alumi-
num oxide particles [14] which was used earlier [9] in an analysis of the acceleration problem is shown in
Fig. 4 for comparison. It differs sharply from the function (4) in the region of small sizes, but one must not
forget that the causes of particle formation are entirely different in the case of [14]. As shown in [11], with a
decrease in the initial size the vaporization intensity in the acceleration nozzle grows, which can result in
degradation of the carrier properties of the light gas. Therefore, it is desirable to limit the particle spectrum
on the side of small values to a certain least radius @ymin (possible limits on &,max are discussed in [9]).
Such a limit results, in turn, in the fact that a thin layer near the wall in the vicinity of insertion into the mixing
zone will not be "seeded® if the effect of fragmentation of larger particles in the region of the insertion section
is insignificant. On the whole, the absence of fine particles is favorable, since dissipative phenomena exist in
the layer near the wall (boundary layer, detachment zones, etc.), andthis region is excluded from the main work-
ing core anyway. )
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We note that the above procedure also contains the solution of the direct problem, since the concentration

distribution of the vaporizing component in different cross sections of the working zone can be determined on
the basis of calculations analogous to those presented in Figs. 2 and 3, in which each particle type i can be
taken into account with a different weight, which corresponds to different size distribution functions assigned
in the initial cross section O—x (see Fig. 1).

Thus, the results of the present work and [9-13] allow. us to formulate the variational problem of deter-

mining the set of conditions f{the initial mass spectrum of the dispersing particles and the parameters of the
gas in the subsonic part of the acceleration nozzle, the angle of encounter with the main stream, etc.) providing
an extremum of a certain functional of the parameters of the physical situation occurring in the mixing of high-
velocity two-phase streams.
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