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The question of high-temperature chemical reactions in plasma
jets at jet temperatures of the order of 10°-10*" K has recently
become the subject of intense study.” These reactions and their appli~
cations are, in fact, a new branch of physical chemistry which might
be described as plasma chemistry, a border discipline with elements
of chemistry, physics and mechanics, from all of which it borrows
ideas and methods. Plasma chemistry may justifiably be regarded as
a separate study because of the various characteristic properties of
plasmochemical reactions. However, it still lacks a proper scientific
basis and the provision of such a basis should be one of the immediate
concerns of the plasma chemist.

The question of the kinetics of plasmochemical reactions was
apparently first raised and studied in [1]. The present paper forms a
continuation of that work.

One of the problems of plasma chemistry is the problem of creat-
ing the conditions for very rapid cooling of the plasma jet in the
course of the reaction (self-cooling) or forced cooling at certain space-
time intervals, which is necessary to preserve the target products, The
study of this question has raised various problems of the hydrodynamics
of high-temperature jets and the related heat transfer processes. This
paper examines one of the possible mechanisms of self-cooling in a
plasma jet. The principal plasmochemical processes are confined 1o
a relatively small part of the jet of length I, which will be referred 1o
as the reactor, Below, a method of estimating the effect dimensions
of the reactor, which are unknown, is proposed and various parameters
of the reactor processes are determined.

§1. Some properties of the kinetics of reactions in
a plasma jet. Consider the following model (see fig-
ure). A plasma jet A enters a cylindrical pipe of di-
ameter d, through an inlet duct (nozzle) of diameter
d < dy at a constant velocity vy; less than the speed of
sound (Mach number M = (0,2~0,5), The temperature
Ty and pressure pg of the gas at the inlet do not vary
with time.

In a certain section of the pipe perpendicular to its
axis and at a distance z, from the nozzle exit (see fig-
ure) there are n openings of diameter § « d; in the
surface of the pipe. Through these openings at a con-
stant considerable pressure and fixed velocity vy, < vy
there is fed a low-viscosity liquid B, such as water, at
temperature Tp,. Moreover, vy L vy. We assume that
when substances A and B meet the following processes
are possible: 1) heating of liquid B from temperature
Tyy to temperature Ty at which the liquid boils and
evaporates; 2) evaporation of liquid B at temperature

*At these temperatures in the absence of external
electric and magnetic fields it is usual to neglect elec-
tromagnetic processes.

Ty; 3) dissociation of substance B; 4) heating of the
vapor of substance B and the products of the reactions
proceeding at the surface of the liquid to the variable
temperature Ty of the gas mixture; 5) chemical reac-
tions leading to formation of the target product; 6) de-
composition of the target reaction products. The ki-
netics of plasma jet processes possess a number of
specific properties.

First, the reactions in the plasma jet proceed
mainly within a relatively short segment of the pipe of
unknown length I, which must be determined; second,
the reactor is an open system; third, the reactions in
the plasma jet are nonisothermal; fourth, in the case
in question nonisothermal conditions are not created
in the reactor by external factors, but arise mainly in
the course of the physicochemical processes that take
place in it and are determined by their kinetics; fifth,
the initial temperature Ty, of the plasma jet corre-
sponds to a very high rate of the chemical reactions in
it; therefore, {o prevent total decomposition of the tar-
get products, extremely high rates of cooling must be
provided in specific parts of the reactor; sixth, both
homo- and heterophase (at the liquid-gas interface)
processes occur in the plasma jet. In addition, it is
also necessary to take into account the influence of a
number of hydrodynamic factors.

1. The hydrodynamic action of the gas stream
causes the jets of liquid to break down into a multitude
of drops of various dimensions. This reacts on the
kinetics of the reaction processes mainly in two ways:
a) it changes the effective surface area of the liquid;
b) the drops of liquid are entrained by the gas flow,
which affects the distribution of liquid in the plasma
jet.

2. The degree of turbulence of the gas flow in the
reactor has an effect on the transport coefficients, the
rate of energy dissipation, the configuration of the jet,
and so on.

3. The change in gas temperature leads to a change
in the rate of flow v, and kinematic viscosity v, and
hence to a change in the Reynolds number R. It fol-
lows from the above that the construction of an exact
quantitative theory of plasma jet reactions is a very
complex problem, and for the time being we must rest
content with approximate solutions and relations that
can claim only to give a reliable qualitative reflection
of the main features of the phenomena and the correct
order of magnitude of the quantities.

§2. Some laws of atomization and disintegration of
liquid jets in a plasma jet. The jet of liquid B entering
the gas flow A is subjected to the dynamic action of
this flow. This action varies in degree according to
the relative velocity v, of the liquid and the gas. Since
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usually vy » vy, we may assume that vy, ® vy; it is
considered that the condition ,

2a

Ny Y,
%}_>_a__ 4o )/ (2.1)

or v; > (K

is satisfied.*

Here p; is the density of gas A, ¢ is the surface
tension of liquid B. It is known that {2] that, at suffi-
ciently high rates of relative motion of the gas and the
lignid jet, the jet breaks down under the dynamic ac~
tion of the gas into a conglomeration of coarse and fine
drops. The degree of atomization depends on how long
the jet of liquid intersecting the gas stream is sub-
jected to its dynamic action and how this time is re-
lated to the time interval required for total atomiza-
tion. At present, we are not in a position to offer
rigorous quantitative answers to these questions, since
we lack a developed quantitative theory of the corre-
sponding hydrodynamics. However, we can make cer-
tain estimates that throw some light on the qualitative
aspects of the phenomena involved. In this connection,
we make use of the results of [2]. The general quali-
tative picture of the disintegration of the jet is as fol-
lows: perturbations at the surface of the jet produce
short and long (as compared with 6/2) waves.

The instability of the short waves leads to the de-
tachment of fine drops of radius L, «'6/2, while the
instability of the long waves causes the jet to break up
into-coarse drops of radius Ly ® (3—5) §. The time .
required for total atomization and disintegration of the
jet of liquid B and the length L. of the continuous (in-
tact) part can be estimated as

v (B)R (2.2)

L =~ 1tv,, 0> .

p1

If L «< d' (where d' is the diameter of the gas
stream]}, then the jet of liquid is almost completely
broken up into drops of various sizes. If, however,
L> d', then the jet will succeed in crossing the gas,
stream almost:intact. Disintegration of the jet results
in the formaticn of drops of various dimensions. How-
ever, at present we are still apparently unable to de-
termine the drop size distribution function. Roughly
speaking, we can divide all the drops into fine and
coarse and estimate their respective mean sizes from
the formulas [2]
Lo~ (3—15)8 .

fome 2 (2.3)

es®

The above considerations are based on the assumption that the jet
disintegrates owing to the presence at its surface of infinitely small
perturbations [2]. In fact, jets of liquid B are subjected to the action
not of infinitely small, but of finite and even perhaps considerable
perturbations, the more so in that the same jets are also subjected to
specific perturbations resulting from the fact that the liquid and the
gas flow in mutually perpendicular directions. These perturbations
lead to the disintegration of the jet in a time shorter than that calcu-
lated from (2.2). In this case the disintegration time will depend on

*Note that the effect of the high gas temperature
has still not been taken into account. It will be intro-
duced later.
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the specific form of the perturbations and will scarcely be amenable
to exact calculation. It follows that the values of 7 and L computed
from (2.9) are their greatest possible values.

§3. Motion of drops formed upon disintegration of a
liquid jet in a gas flow. The depth of penetration of the
drops of liquid into the gas stream and their distribu-
tion in the gas are mainly determined by the following
factors: a) the retardation of the transverse motion of
the drops in the gas stream and the length of the path
traveled by the drops in a direction perpendicular to
the gas stream; b) the acceleration of thé drops in the
direction of the gas stream and the length of the path
traveled by the drops along the axis of the pipe; ¢} the
possible effect of the turbulent nature of the gas flow
on the motion of drops suspended in the gas stream;

d) the rate of evaporation of the liquid and the time
réquired for total conversion of the liquid to Vapor;
All these effects are discussed below.

In considering the laws of motion of drops of liquid in a plasma jet
it is impossible completely to disregard the fact that the gas tempera -
ture is quite high, since.this affects the Reynolds number and hence
the structure of the equations of motion of the drops. It is assumed that
the density p; of the gas, the number N of particles in unit volume,
the pressure p, and the molecular weight y of the gas mixture are
giveh by )

pp _ _bp
=R N=7TkrT * 3.1)
1
= Qpp = Dby b= P (3.2)
i i

m == % 2 mN, N o= 2 N, .
i i

Here the summation is taken over all components of the gas mix-
ture, the partial densities, pressures, molecular weights, numbers
of particles in unit volume and molecular masses of which are equal
10 pjs Pi. i Nj, my.

In view of the fact that v ~ TY? [2], an increase in the tempera-
ture of the gas in the plasma jet by a factor of 10-30 as compared
with the ordinary temperatures of the cold gas causes, other things
being equal, an increase in v and a decrease in R by a factor of 30~
150, Accordingly, the R numbers corresponding to gas flow past fine
drops of liquid will be relatively small, which justifies us in assum-
ing that the motion of the drops is Stokesian [4].

The Reynolds number corresponding to the begin-
ning of motion of a fine drop in a direction perpendicu-
lar to the gas stream is R' = v, Ly/v < 1, and the (cor-
responding) equation of motion of the fine drop (which
we assume to be spherical) takes the form

7, srpexp (—t ] t) (to Li%pa, 3000 . (3.3)

From (3.3} it is clear that in the course of a time
interval of the order of t; the fine drops travel a dis-
tance

b
Alq \'r_! di > rata

o
1}

(3.4)

in the transverse direction.
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If (L. + ALy) > d', then the liquid can cross the gas
stream and reach the opposite wall of the pipe. * Oth-
erwise the drops "get stuck" in the gas flow.

We shall now consider the motion of the fine drops
along the pipe axis. The corfesponding Reynolds num-
ber R" = uL/v (u < v, is the relative velocity of drop
and gas in the longitudinal direction) usually satisfies
the condition R" & 1 « R« (R is the critical value of.
R for flow past a sphere); thus we are again able to use
the Stokes equation [5} and obtain for the motion of the
drop in the longitudinal direction

vy =v1[1——exp(——7§—>}, AL, q—Sv”dt vlt°. (3.5)

From (3.3) and (3.5) we can obtain the equation of
the trajectories of the fine drops in a laboratory co-
ordinate system (assuming that the trajectory of each
drop is a plane curve) and also a qualitative picture of
the distribution of the fine drops in the plasma jet.
Each jet of liquid has a continuous (intact) part (of
length L' = (dy—d')/2 + L), which serves as a source
of drops. Initially the drops are located in the periph-
eral part of the plasma jet. Then, in accordance with
(3.3) and (3.5), they penetrate into the gas stream,
reach the axis of the pipe, and then form a divergent
beam.

The motion of the coarse drops can be considered
in much the same way. These drops will have differ-
ent trajectories, since (as L, » L,) the corresponding
Reynolds numbers will considerably exceed those for
the fine drops. However, the qualitative distributions
of drops of both sizes will be similar. In our approxi-
mation it is sufficient to study the behavior of the fine
drops, which obviously make the main contribution to
the effective surface of the liquid.

§4, Estimation of the effective surface of the liquid
in the plasma jet. The number of fine drops formed in
unit time :

dny n 4V (dV n$?

= T =)

gt T al dt (.1)

Here n is the fraction of liquid converted into fine
drops.

Under steady-state conditions a constant spatial
distribution of the drops is established.

The number of drops formed during time ‘At is equal
to An, = (dn;/dt)At. These drops are distributed in'a
volume of gas of the order of AV = nd¥v At/4. Then
the average number of drops in unit volume of the
plasma jet and their surface area are

n&2u1v9p),
i

Am So = 4nli’ng = 2.59

o = %y » (4.2)

Equations (4.1) and (4.2) relate the rate of forma-

*We have still not taken into account the evapora-
tion of the drops or the effect of turbulence of the gas
flow on their motion. The possibility of such an ap-
proximation is examined below.
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tion of drops, their number in unit volume, and the
corresponding surface area with the properties of the
liquid and the gas, the conditions of supply of liquid
and gas to the reactor, and the parameters of the ap-
paratus.*

§5. Nature of gas flow in the plasma jet and trans-
port coefficients. To a considerable extent the kinet-
ics of the reactor processes depend on the nature of
the motion of the gas in the reactor.

First, the transport coefficients depend on the de-
gree of turbulence of the gas stream [4,6]. Second,
the diameter of the jet may vary with distance from
the nozzle, and the law of variation also depends on the
flow regime [4,7]. Third, at a certain degree of tur-

" bulence further disintegration of the drops of liguid

(especially the larger ones) is possible as they enter
the turbulent flow [2]. Fourth, the motion of drops of
liquid in a turbulent flow has a number of characteris-
tic properties [2].

Let us start by considering the degree of turbulence
of the gas stream as it leaves the nozzle. For this
purpose, we estimate R = v;d/v for several typical
values of vy, T, and d. As estimates we take v, =
=4 x 10 cm/sec, d=0.5cm, p=1atm, and T =
=6 x 10 K, Estimating the kinematic viscosity from
the usual formulas [3] (m = 3 x 1078 g, ¢ ~ 107!% cm?),
we get v ~ 40 cm%/sec and R = 500. Evidently, at these
values of R it is possible to assume that the plasma jet
leaving the nozzle has quite a considerable degree of
turbulence beecause of the abrupt change of section. In
these conditions the laminarity of the flow is disturbed
at values of R of the order of 20-50 [2, 4, 5]. The
scale of turbulence in the jet leaving the nozzle is of
the order of d, and the distance z, between the points
where gas and liquid are introduced is also of the or-
der of d. Therefore at distances zy ~ d the turbulent
nature of the gas flow is preserved, and where it
meets the liquid jets the plasma jet is quite turbulent.
Since the liquid jets constitute an additional obstacle
to the flow-of gas, the degree of turbulence of the
plasma jet is not reduced by its encounter with the
liquid.

The subsequent fate of the turbulent jet depends on
the Reynolds number R =~ v,d;/v corresponding to mo-
tion of the gas through a pipe of diameter dy. It should
be borne in mind that on cooling the temperature of the
jet over a length I may be reduced by several times
and the Reynolds number may change substantially.
Hence, in the reactor there is a change in the values of

*Tt is assumed that time At is not long enough for

the drops to evaporate, i.e., At < 7, where 7, is the
mean drop evaporation time; moreover, it was noted
above that the drops are not uniformly distributed
over the cross section of the plasma jet., The number
defined above gives the number of drops in unit volume
that would exist for uniform distribution of the drops
over the section of the gas flow.
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v and R from the initial values vy, Ry to the final val-
ues vf, Rf on leaving the reactor. Two cases are pos-
sible: '

(@) By = dovy; [v; <Ay, R >R, .

Here R, is the critical value of the Reynolds num-
ber corresponding to the flow of gas in the pipe after
leaving the reactor with velocity Vif -

In this first case the turbulence of the plasma jet
will be damped as the gas moves through the pipe, in
the second case the turbulence of the plasma jet will
not be damped.

Let us now consider the transport coefficients. The
thermal diffusivity X', kinematic viscosity v', and dif-
fusion coefficient D' in the turbulent flow are given by

¥Ve=Ytt, VY=v+wv, D =DdID 5.1)
(ya =R, vi=vR, D1=DR) .

Here X, v, and D are the corresponding molecular
transport coefficients in the gas, and ¥4, vy, and D, the
turbulent transport coefficients.

For developed turbulence, the transport coefficients
in the plasma jet exceed the molecular coefficients,
which in a hot gas jet are themselves quite large.* In
this connection it should be noted that the very intense
turbulent exchange that takes place in the reactor en-
sures rapid mixing of the gas and temperature equali-
zation in a direction perpendicular to the gas flow.

§6. Effect of turbulence of the plasma jet on the
motion of the drops of liquid and the dimensions of the
jet. It is assumed that it is possible to neglect the ef-
fect of the drops on the motion of the jet. Drops sus-
pended in the jet may be entrained by the turbulent
pulsations and hence describe very complicated tra-
jectories [2]; this entrainment will not be complete
since py, » py [2]. The drop of liquid will be acted upon
by turbulent pulsations of different scales. In §3 above
it was noted that when a stream of gas flows around a
fine drop the corresponding Reynolds numbers are not
large and the flow may be regarded as Stokesian. The
velocity vy, of the turbulent pulsations of scale A does
not exceed v; [4]. Therefore Stokes law is applicable
even in the presence of turbulent pulsations. In this
case the velocity increment Av due to entrainment of
the drop by a turbulent pulsation of scale A will be
governed by an equation of the type (3.5)

Av o (I —elity . (6.1)

Hence it is clear that small-scale pulsations with
period T, < t, will cause practically no motion of the
drop. The disordered motion will be mainly determined

*¥Note that in (5.1), which gives the law of variation
of the corresponding quantities x{, v{, and Dy withvari-
ation of R, the denominator may, in fact, contain a
large numerical multiplier [4]. To write (5.1) more
exactly it is necessary to substitute R/Rx for R [4].
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by large-scale turbulent pulsations with period T =t
(or more) and scale

Az by, = vyt (he = (mate)s /45 (6.2)

If Ax > d', there will be no pulsations in the plasma
jet causing appreciable motion of the drops. In this
case the effect of turbulence on the motion of the drops
can be neglected, and it may be assumed that they
move in accordance with the equations of §3 above.
When Ax « d, there are many pulsations capable of
producing disordered motion of the drops. Estimates
show that as a rule the first condition is satisfied and
the effects of turbulence may be disregarded. The
present study does not consider the further disintegra-
tion of the fine drops in the turbulent flow, since it has
little influence on the results. The diameter d' of the
turbulent plasma jet after it leaves the nozzle varies
[7l over the range d < d' < d,.

§7. Self-cooling. Formulation of the problem. The
plasma jet is the center of complex processes leading
to the formation of the target product and a consider-
able drop in temperature. The detailed description of
these processes presents serious difficulties which
can not yet be completely overcome. Therefore we
shall attempt to estimate the rate of cooling of the
plasma jet during the reaction process without resort-
ing to a detailed examination of all the reactions in-
volved. We shall calculate only the total energy ab-
sorbed from the hot gas during interaction with the
liquid. In order to compute the rate of cooling of the
plasma jet we use the equation of heat transfer with
negative heat sources (sinks), whose volume density is
found by applying the ideas and relations of statistical
physics. The reaction energy is assumed to be small.

We shall consider the steady-state problem in the
cylindrical coordinate system z, r, ¢ with origin on the
axis of the pipe at a distance I/2 from the beginning of
the reactor (i.e., the point of introduction of the liquid
jets); the zz axis is directed along the axis of the pipe,
and ! is the unknown linear dimension of the reactor.

In calculating the rate of cooling of the plasma jet
we start from the heat transfer equation in the form
(4]

088 [0z = div(x¥T)— @ +6—0; . (7.1)

Here S is the entropy of unit mass of gas, « is its
thermal conductivity, ¢ and Gj are respectively the en-
ergy dissipated per unit time in unit volume and the
energy expended in radiation, @ is the energy deliv-
ered to the surface of the liquid drops by molecular
impact (per unit time per unit volume of gas); it is as-
sumed that Q also includes the energy needed to heat
the vapor formed from the liquid to the temperature of
the gas-vapor mixture.

For the case in question, the solution of {7.1) writ-
ten in general form with specific initial and boundary
conditions involves serious mathematical difficulties.
The approximate solution given below is based on the
following simplifying assumptions.
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First, in writing the heat transfer equation we con-
fine ourselves to the incompressible-fluid approxima-
tion [4]. Second, we consider the steady-state problem
in a fixed coordinate system, assuming that the distri-
bution of averaged (with respect to the turbulent pulsa-
tions) temperature and concentration established in the
reactor depends only on the coordinates. Then, as-
suming that the averaged-temperature distribution has
cylindrical symmetry and neglecting the dependence of
the thermal conductivity « on the coordinates, we re-
write (7.1) in the form

18T

T
( r az

il +4 T )

aT
CpP1¥1 5 = ey
(7.2)

— 0z, 1) +8(r)—06i(z7)
Here cp is the heat capacity of unit mass of gas.

§8. Estimation of the relative magnitude of the
terms in the heat transfer equations. The quantity on
the left in Eq. (7.2) and the term in parentheses on the
right can be estimated using the relations

€0 Uy g—?—z CoP1 T"ll ;]Tf > e T:—;(;(—:)Y_f’ (8.1)
?92721 6 TOIL/hTf ’
T % aT Ty —Ty %
Frie el ra r’pldz/z% (X’:(",E>’ (8.2)
T(T) = 10eB%T ,
Here T is the final temperature of the gas on

leaving the reactor, T, is the temperature of the gas
at the pipe wall, x4 is the thermal diffusivity of the gas,
7(T) is the relaxation time with respect to decomposi-
tion of the target product at temperature T.

From the inequalities

nl > % v <€ B/y,
using (8.1) and (8.2), we get the relations

or A2/ 4y > 1/ vp(8.3)

otT w OT

L N TR » (8.4)

o7 or
Ao < CP1 5 ;{)1”1
which enable us to discard the terms in parentheses in
the right side of (7.2). We now estimate the quantity
6 (r) which is of the same order as [4]

8 4pyvey?
2 o (g ) e B

0=~ P1 (8.5)
Since v;d' » 4v, we can immediately discard the
second term of (8.5). Comparison of the first term in
(8.5) with (8.1) leads to the conclusion that for our case
fxe pv18T/8z and hence the term 8 (z,r) in (7.2) can
be dlscarded thus (7.2) may now be rewritten in the

simplified form

ity e = — Q () — 8; () » (8.6)

assuming that the functions Q(z) and GJ- (z) depend only
~on the coordinate. ’
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In view of the fact that the negative heat sources
that provide for cooling of the plasma jet act on a seg-
ment of the z axis equal to !, the function Q(z) satisfies
the conditions

0 at 2L 1,
Q(z= {Qu (z) at —l <<z Yals (8.7)
0 at 2>l

Conditions (8.7) will be automatically satisfied if we
represent Q in the form

Q) = Q(2) A(z/ 1), (8.8)

where A(z/l) is the discontinuous Dirichlet coefficient

. __1_ T sin(1/elQ) (i02 i for — Yol <z Yol
A(z/l) =~ S —g el = {o otherwise.

—00
The quantities T, Cp» P and u satisfy the conditions
T("‘l/zl) = Tula

p (— Y3l) = pg1

where all the quantities with subscript ““01’’ relate to
the gas at the beginning of the reactor. The conditions
for the function Bj (z) can be written down in the same
way.

ey (— Val) = cqps (8.9)

pA{="10 =py ..

§9. Estimation of the volume density of the nega-
tive heat sources (sinks) in the reactor responsible for
rapid cooling of the plagma jet. We shall estimate the
energy delivered in unit time to the surface of the
liquid drops by collision with molecules from unit vol-
ume of gas, assuming that close to the drops the ve-
locity distribution of the gas molecules is Maxwellian.

If the gas consists of molecules (of mass m) of one
type, then the number of collisions per unit surface
and unit time and the kinetic energy of the impacting
molecules will be, respectively, (8]

izl )’ 9.1)

— P N
fﬁ_ SaiTm | EO‘p(mn

VeqkTm
If the gas consists of molecules of different types,
with masses mj, equations (9.1) remain valid, if the
quantities f, p, €y, m, fy, €y are determined from the
relations

- 1 1 P;
f:._l‘fiz, p—‘hlplr &p = ZISOH T:_ZT—"
i " (9.2)
ji= S )
T VZm‘chi 4 o VJITn_ ’

where the summation is taken over all the components
of the gas mixture.

It is known that, generally speaking, not all the en-
ergy of the gas molecules colliding with the surface of
the drops is transmitted to the surface of the liquid
{3, 91.

We shall denote by w the dimensionless coefficient
of energy transfer given by w = £/¢,, where € is the
energy transmitted by the gas molecules in unit time
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to unit surface of liquid;* we isolate in the reactor the
cylindrical volume element of gas dV = 7d'*dz/4 and
calculate the energy dE(z) transmitted to the liquid in
unit time by gas molecules colliding with the surface
dS = 8,dV of the drops in this volume; the value of 8,
is obtained from (4.2).

The energy transmitted in unit time to the surface
of the liquid by the impact of gas molecules dE(z) =
= £dS. Then, assuming that the energy dE(z) is im-
parted to the surface of the liquid uniformly from the
entire volume element of gas dV, we obtain an equa-
tion for the energy absorbed at the surface of the
drops per cm? of gas per second:

PR C n&voriprp [ET \'e .
Q (5)= dr T ne ad’? ( m ) (9.3)

In calculating the energy absorbed by the drops

from the gas it is necessary to keep in mind the energy

Tl
) S e {1)dT

To3

(9.4)

expended on heating the vapor formed as a result of
evapbration of the drops from the temperature Ty; to
the temperature of the gas-vapor mixture; here the
quantity

d jdmg Q (z)
77 T) L&) (9.5)

represents the mass of evaporating liquid per unittime
and per unit volume; A is the specific heat of vaporiza-
tion; and ¢,(T) is the heat capacity of unit mass of va-
por. We consider that Tyy « Ty, that the interval AT =
= Ty - Ty = T, is quite large, and that at high tempera-
tures C,(T) is also large. The result is that in a num-
ber of cases Q' (z) and Q"' (z) are commensurable.
Therefore

vj‘l
Oz -G =0 (z) = Q’(z)[L.’i + ,i\ e, (1) dT]- (9.6)
Formally this may be taken into account by introducing
the multiplier

5
o w1\ e () dl] L o

Iy

9.7)

We now consider the energy transmitted by the gas
to the drops of liquid in the form of radiation, assum-
ing that the drops constitute a black body. The energy

*Note that the accommodation coefficient g 3, 9] is
related to w as follows

Here € is the mean energy of thermal motion of
the molecules of the tiquid surface, £,. is the mean ki-

netic energy of the gas molecules
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received in unit time by the drops occupying the vol-
ume element dV is de = JdS, where J is the energy
radiated by the gas per second per cm?; this is equal
to :

sy (9.8)

£l

for optically thick {r > A;) and optically thin (r « A,)
bodies, respectively, [10].

Here Ay and A, are the mean free paths of the radi-
ation in the gas, and r its linear dimensions. The en-
ergy loss per second from-unit volume of gas by
transfer to the drops of liquid is equal to

dw, z{l[

O o= o aSo  (9.9)

for r >» A and r «< A,, respectively.

The condition 9 (z) < Q(z), for which the energy
losses due to radlauon are smaller than the losses due
to the impact of gas molecules against the drop sur-
face, may be written in the form

~worp fk

W
P ) >
N (9.10)
3.5 WylNep 7 kN2 =
T < “rs (\ﬂm) URS

§10. Estimation of the rate of cooling of the plasma
jet. From Egs. (8.6), (9.3), (9.8), and (9.7), provided
that radiation can be neglected, it follows that there
exists in the reactor along the zz axis a stationary
temperature gradient

(10.1)

= = N0y

ol ndue P LTV 15\
0z g ) A Vet

= epad™® \m
The total change of temperature on the length ! is

1/.1
AT =\ w“dﬂv(i’\ l,

\dz )

(10.2)

iy

where (8T/8z)* is determined from the mean value
theorem. Equations (10.1) and (10.2) link the cooling
rate and the total temperature change in the reactor
with the quantities characterizing the gas (p, T, m, cp),
the liquid (x, ), its vapor lc,(T)], the operating condi-
tions (vg, vy), the gas-liquid interaction (., n), and the
design of the apparatus (6,d,n,dy).

The estimates given in (10.1) and (10.2) show that
the self-cooling mechanism considered above will op-
erate to cool the plasma jet at a rate fast enough to
ensure preservation of the target products.

It should be stressed that in examining this mech-
anism we have not taken into account the heat effeet of
the chemical reactions in the gas phase. This approx-
imation is valid lor processes in which the heat effeet
of the reaction is small compared with the quantities
considered. In particular, this will be the ecase when
the concentration of the reactants in the gas is rela-
tively low.

In a4 number of cases when the heat effect of the re-
action is large, at a certain stage of the reaction self-
cooling can be ensurced at the expensce of the heat ab-
sorbed during the reaction. But this case requires
speeial investigation.
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§11. Estimation of effective reactor dimensions and
rate of evaporation of the drops. By the term ‘‘effec-
tive reactor dimensions’’ we understand the part of the
plasma jet or pipe of length ! within which more or
less all the chemical reactions of any importance are
completed, while the temperature of the gas changes
from the value Ty to a certain value Ty (for example,
that below which decomposition of the target product
ceases). This definition shows that | depends on the
nature of the process, its end purpose and the condi-
tions under which it proceeds. When the entire seg-
ment [ is characterized by a2 monotonic decrease in
temperature due to cooling (and hence the function
dT/dz < 0 does not change sign), the value of I is given
by (10.2), where we set ATy = Ty — Ty.

We will now show under what conditions we are jus-
tified in making the above assumption that the drops of
liquid are not able to evaporate completely in the re-
actor,

The mass of liquid supplied to the reactor, calcu-
lated per unit time and per unit volume, may be esti-
mated from the relation

d dM __ py ni8®

~ﬁd03 \
T I T, (vom 231

il (11.1)
Here V, is the volume of the reactor.
.The rate of evaporation is given by (9.5); therefore
the fraction of liquid evaporated in the reactor is

(11.2)

T~ o vap1 de?lp (kT )l/z

Tapedh \'m

The estimates show that usually ¥ < 1; this also
justifies the assumption made above. Settingy <1 in
(11.2), we can establish the conditions for the satisfac-
tion of this inequality. We can also estimate the time
of evaporation of a drop 74. In view of the fact that
liquids of the water type are poor heat conductors, the
drops are not heated through, and hence evaporation
proceeds mainly from the surface. Then

L
e S dey Apely (11.3)
Q

(de [ dt) [aI)

Here de¢; = Ap,47R%dR is the energy required to
evaporate the surface layer of the drop, R is the ra-
dius of the drop, de/dt = wgy4mR? is the energy sup-
plied to the drop per second by molecular impact,
Estimates show that the time 7, is usually greater than

the time taken by the drop to pass through the reactor,

which may be estimated from (3.3)—(3.5) and (10.2).
This conclusion is in accord with the condition y < 1,
which allows us to assume that the drops are not com-
pletely evaporated in the reactor.

The above discussion shows that one of the charac-
teristic features of plasmochemical processes is the

complex interweaving of the various mechanical, phys-
ical and chemical effects. Therefore the analysis of
such processes demands the combined application of
the ideas and methods of various branches of mechan-
ics, physics and chemistry.

It is a specific feature of these processes that the
chemical reactions and self-cooling exert a consider-
able effect on the hydrodynamic parameters of the
system: density, flowrate, kinematic viscosity, etc.
This means, in particular, that there is a change in the
Reynolds number of the plasma jet in the reactor.
Then the gas flow in-the reactor is characterized by
nonuniform turbulence.

Thus, plasmochemical reactions are nonisothermal
reactions proceeding in a flow whose Reynolds number
is a function of the coordinate.

In view of the fact that it is still virtually impossi-

- ble to construct a rigorous theory of plasmochemical

processes, we may expect significant results from ap-
plication of the methods of dimensional analysis and
similarity theory not only to the mechanical and physi-
cal phenomena but also to the chemical processes (see,
for example, [11]).

In conclusion the author thanks Professor L. S.
Polak and the participants in the seminar he conducted
for very useful discussion of the questions raised in
this paper and valuable comments.
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