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SCATTERING AND HEAT EXCHANGE OF DISPERSE IMPU-
RITY PARTICLES IN TURBULENT NONISOTHERMAL GAS
AND LOW-TEMPERATURE PLASMA JETS

K. N. Volkov and G. F. Gorshkov UDC 532.529:536.24

This paper considers issues connected with the simulation of the motion and heat exchange of disperse impu-
rity particles in nonisothermal gas and low-temperature plasma jets under the action of turbulent pulsations
of the carrier flow. The influence of the outflow conditions, the initial parameters of the phases, and the con-
ditions of particle injection into a jet flow on the laws of impurity scattering and heat exchange are investi-
gated. The results of the numerical calculations are compared with the data obtained without taking into
account the influence of turbulent pulsations on the particle motion.

Introduction. The intensification of the transfer properties of a medium in many technical devices (mixing
chambers, gas generators, heat exchangers with a two-phase working medium) and the level of heat loads on the ma-
terial being processed for the tasks of high-intensity technologies based on jet flows (for example, plasma processing
of a disperse impurity and application of coatings) are largely due to the turbulent structure of jet flows and the pres-
ence of force-injected solid particles.

To describe and forecast the properties of such nonisothermal jet systems, the following approaches are used,
as a rule: kinetic, continual, and discrete-trgjectory ones. Practical realization of a particular approach is dictated, in the
first place, by the applicability limits, prospects, the possibility of forecasting various characteristics of the flow, and
the required calculation costs [1].

In modeling rarefied gas-disperse jet systems, where the interaction between particles and their influence on
the carrier flow can be ignored, the application of the discrete-trgectory method of probe particles proves to be con-
venient. In this case, the equations describing the motion and heat-and-mass exchange of the dispersed phase are inte-
grated aong separate trgjectories of individua particles in the known (preliminarily calculated) averaged field of carrier
gas flow.

Depending on the model of interaction of a particle with a carrier medium, in particular, with the pulsation
component of the turbulent flow rate, one distinguishes between the deterministic and the stochastic variant of the dis-
crete-trgjectory approach [1, 2].

In the deterministic variant, the position of the probe particle at the initia instant of time completely deter-
mines its further evolution on the only mechanical trgectory. In this case, the interaction of the particle with the tur-
bulent moles was traditionally excluded from consideration, which is vaid only for fairly inertial particles.

In the stochastic approach, the influence of turbulent pulsations on the impurity motion and heating is taken
into account by introducing into the equation of motion a probe particle of random fluctuations of the carrier flow rate
[2, 3]. The interaction of the particle with turbulent moles leads to a chaotic motion of the impurity, and the position
of the particle at a given instant of time determines only the probability of its staying in an aggregate of possible
states at each subsequent instant. To obtain a statistically reliable picture of the impurity motion, it is necessary to cal-
culate a rather large number of probe particles.

The application of the stochastic variant of the discrete-trgjectory approach for calculating nonisothermal jet
systems makes it possible, in particular, to explain some abnormal phenomena observed in experiment, for example,
such as particle pinching in the near-axis region of the jet (concentration of the disperse impurity in the near-axis zone
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of the turbulent jet) as well as the scattering of particles (carrying out of particles beyond the jet boundaries) when
they are injected longitudinally onto the nozzle exit section [4-6].

Comparison of the calculation results obtained from the point of view of the stochastic and deterministic mod-
els permits answering the question to what extent is the use of a particular approach justified, as well as how strong
is the influence of carrier flow pulsations on the motion and heat-and-mass exchange of the impurity in turbulent gas
and low-temperature plasma jets.

Modeling of the Carrier Phase. Let us consider the scattering and heat-and-mass exchange of spherical im-
purity particles in gas and low-temperature plasma jets (the superheating parameter 9, = hy/hy is of the order of tens
of orders of magnitude). The influence of the impurity on the carrier gas flow is ignored.

The statistical characteristics of turbulence for moderately heated jets (85<2) are calculated by Reynolds
equations written in the approximation of the nonisotherma boundary layer and the differential two-parameter k—€1
Kolmogorov—Prandtl model of turbulence with Launder corrections [7].

For low-temperature plasma jets, the averaged flow of the carrier medium is modeled on the basis of the so-
lution of V. V. Golubev-type relations for essentially nonisothermal jets with a changing composition [8]. The statisti-
cal characteristics of turbulence are determined within the framework of an approximate approach based on the
analysis and application of semiempirical relations obtained as a result of the processing of data on the microstructure
of isotherma and nonisothermd flows [9-14] in a wide range of change of the parameter 9, = 1-5.3. Its essence is
as follows.

1. Jet heating strongly influences the averaged field of the carrier gas:

a) the length of the initial portion decreases with increasing superheating of the jet according to [8];

b) the decay of the gas-dynamic parameters along the jet is more intensive than in the case of isotherma jets
with an unchanged composition, and the degree of jet spread considerably increases.

2. Jet heating does not lead to considerable qualitative and quantitative changes in the microstructure of sub-
merged jets [9-14];

a) the maximum value of the longitudina component of the pulsation velocity in the mixing range is, as be-
fore, of the order of 15-17% of the gas velocity on the nozzle exit section;

b) the maximum of the longitudina component of the pulsation velocity on the jet axis is situated at a dis-
tance equal to two distances of the initial portion of the jet and constitutes 13-15% of the corresponding value for un-
heated jets with an unchanged composition;

c) the radia distribution of velocity pulsations in the mixing range is characterized by a maximum shifting to-
wards the jet axis with increasing distance from the nozzle exit section.

Let us give the basic semiempirical relations describing the distributions of the statistical characteristics of tur-
bulence in a submerged jet. Align the x-axis of the cylindrica system of coordinates with the symmetry axis of the
jet. Choose the origin of the coordinate system on the nozzle exit section.

The change in the turbulent velocity pulsations along the jet axis in generalized coordinates U/ Umgx = f(§)
(here & = x/xg for jets with a natural level of initial turbulence on the nozzle exit section (1.5-2.5%) is universal and
approximated by the dependence

u Eo.oe + 288 exp (- 1.358) at 0<E<2,

Urmex 046 12 a 2<E<5. @)

At Mach numbers on the nozzle exit section My = 0.15-0.5, the maximum value of turbulent pulsation is de-
termined by the relation [13]

U _[0155 a 0<x<20,
Uy BBL/X a 20<x<200. )

For nonisotherma gas and plasma jets, the length of the initial portion is calculated by the formula [8]

Xs=6.71-14logd,. 3
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The distribution of turbulent velocity pulsations in the mixing range obeys the dependence

U U e 20700
U U, P (716:50) @U/30), @)

Here (OU/0r)max is the maximum vaue of the mean velocity gradient; n = (r —r5)/d for the initia portion and n =
r/d for the main portion.
The kinetic energy of turbulent pulsations is calculated in the following way:

1, 2 2 2
k=S (U) +(vV) +(W)).
In so doing, it is taken into account that the transverse and circular components of the velocity pulsation constitute
70% of the longitudinal component.

Modeling of the Dispersed Phase. The equations describing the trandatory motion of a spherical probe par-
ticle are of the form

—p:V , (5)

OV -Vp. (6)

The drag coefficient is given in the form

24

(1+0.179Re;” + 0.013Re,) .

The Reynolds number in the relative motion of the particle and carrier gas is derived by the formula

Re = 2rpp v —VpD
T

The equation of the temperature change describing the convective and radiative heat exchange between the
spherical particle and the carrier gas is written in the form

aT, 3

[a (T-Ty) - poTy . @

Ppl

CpPpl'p

The heat-transfer coefficient is expressed in terms of the Nusselt number Nu, = 2rp0/A, to calculate which one uses
the dependence

_ 055 _ 0.33
NuIO =2+0.459 Rep Pr.

Denote by {, = 1 —my/ My the relative molten mass of the particle. When the melting temperature is reached,
the particle temperature T, ,, does not change, dT/dt = O, and the particle melting is described by the equation

%p_

dt - Apgr

[0 (T = Ty~ WOTo ol - ®

Thus, a Ty <Tpm and Ty > Ty the particle temperature is calculated by Eq. (7) and a Tp = Tpmy — by Eq.
(8).
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Fig. 1. Particle-turbulent mole interaction: P1, Py, particles;, Ej, Ep, turbulent
moles.

To calculate the impurity concentration, the continuity egquation written in the Lagrangian coordinates

Ny (o 1) 4 org (ryo 1)
o) = M wy =gt ©
p \' p0r pj \'p0r

is used.

Equations (5)—9) are integrated along the trajectory of an individual particle and require specification of only
the initial conditions — coordinates, velocity, temperature and concentration of particles at time t = 0. The carrier-gas
velocity and temperature are thereby random functions of the spatial coordinates and time.

Influence of Turbulence on the Impurity Motion. The influence of the jet-flow turbulence on the behavior
of a disperse impurity is taken into account by introducing random fluctuations of the carrier-medium velocity into
Egs. (5)—9). The gas velocity is given in the form of the sum of the averaged component and the random variable,
which within the framework of the local-isotropic approximation is selected from the normal distribution law with a
zero mathematical expectation and a standard deviation of (2k/3)0'5.

The turbulence field is modeled by an aggregate of spherical vortices of different sizes, and the velocity fluc-
tuation of interest is assumed to be unaltered inside a vortex during its lifetime. Let, at time tj, particles P, ad P, be
in vortex E;, whose sizes are characterized by an integral scale of turbulence (Fig. 1). The gas mole, when moving,
carries away the particles that have gotten into it. With regard for the relative motion of the vortex and particles at
time tj4+1, three situations are possible: 1) the particles remain within the initial turbulent mole and move together with
it (particle P1, and r < Lg thereby); 2) the particles leave the initial mole (particle Py, and r > L, thereby); 3) the life-
time of the vortex expires and it loses its individuality (tj+1 —tj > ©g), and the particles thereby get into a new turbu-
lent mole and a new interaction process begins.

As soon as the particle leaves the vortex or the lifetime of the vortex expires, a new fluctuation is generated
[2, 3]. The vortex lifetime and size, with which the fluctuation is associated, are determined by the local characteristics
of the jet-flow turbulence. The turbulence characteristics are calculated by relations (1)—(4).

As a time criterion for the generation of a new fluctuation, the minimum from the lifetime of the vortex Og
and the time of particle passage through the vortex O is used, namely,

0oL O L M
O =min O, O H=min = ,—Tvlng—iem].
Fe T T s 5 OV-v,Op

The dynamic relaxation time of the particle is calculated by the relation

As a spatia criterion, the integral scale of turbulence is used. In the cross sections of the jet, it is assumed to be con-
stant and equal to the axial vaue. To calculate the scale of turbulence, we have obtained an empirical dependence of
the form
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Fig. 2. Redlizations of random particle trgectories (Y = 0.5). Influence of the
particle size and blowing velocity: rp = 10 um (a b), rp = 50 pm (c, d) and
Upa = 0 m/sec (g ¢), Upa = 500 m/sec (b, d).

E0.0ZGX +0.056 a 0<x<135,
L.=00.009x + 0.28 at 13.5<x<40,
%).016x at 40<x.

If Le>T1[V =V, then the expression for ©¢ loses meaning. This means that the particle does not leave the vortex
and remains within its limits as long as it exists. In so doing, the time criterion of the generation of a new veocity
fluctuation is assumed to be equa to Oe.

Results of the Calculations and Discussion. To describe the behavior of an impurity in a turbulent jet on the
basis of the stochastic model, it is necessary to calculate the trgjectories of a large number of probe particles. In the
calculations, from 1000 to 8000 trajectories of probe particles depending on their size were modeled. The integration
step along each trajectory was restricted by the temporal and spatial scales of turbulence. A decrease in the particle
size led to an increase in the number of realizations needed for obtaining a statisticaly reliable picture of the impurity
motion as a result of the increased contribution of the particle interaction with vortices of ever decreasing sizes.

Some of the results of the numerical calculations of the aluminum oxide impurity scattering and heating in a
submerged air plasma jet at a longitudinal blowing of particles onto the nozzle exit section are given in Figs. 2-5. The
initial parameters of the gas and dispersed phases are as follows: ry = 3 mm, U, = 500 mi/sec, T, = 4700 K, Upa =
0-500 m/sec, Tpa = 300 K, rp = 550 pm. The thermophysical properties of the gas and particles are the reference
ones (with alowance for the temperature dependence). As characteristic scales for variables with a length dimension,
the radius of the nozzle outlet section is taken, and for variables with velocity and temperature dimensions the gas ve-
locity and temperature on the nozzle exit section are taken.

The nonisothermality of the flow leads to a more intensive, compared to the incompressible flow, decay of
the gas-dynamic, thermal, and pulsation parameters throughout the spreading portion of submerged gas and plasma jets.
However, in this case, too, the kinetic energy grows downstream with its subsequent fall and a shift of the maximum
values towards the jet axis.
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Fig. 3. Redlizations of random particle trajectories along the jet axis (Y = 0) at
rp = 10 pm. Influence of the blowing velocity: Upa = 0 (a); 125 (b); 500
m/sec (c).
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Fig. 4. Realizations of random particle trajectories at rp = 10 um at Up 5 = 125
m/sec. Influence of the place of blowing particles onto the nozzle exit section:
Y =0 (a; 05 (b); 1 (c).

The results pertaining to the impurity scattering by the spreading portion of the jet depending on the size of
the particles and the place (coordinate Y) and velocity of their blowing onto the nozzle exit section are given in Figs.

2-4. Solid lines correspond to the results averaged over the ensemble of realizations.

In modeling the impurity motion within the framework of the deterministic approach, the trgjectories of heavy
particles are lines paralel to the symmetry axis of the jet (the transverse component of the jet flow rate does not ap-

preciably influence the motion of heavy particles).

The stochastic model takes into account the interaction of particles with turbulent moles. In so doing, the in-
homogeneity of the turbulence field of the gas phase with the presence of a substantial minimum of kinetic energy in
the near-axis region of the jet for particles of small fractions (rp ~ 10 um) leads to the appearance of a turbulent mi-
gration of a particle (turbophoretic force) directed towards a decrease in the pulsation energy of the gas — towards
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Fig. 5. Veocity (a) and temperature (b) of particles aong the jet axis (Y = 0
and rp = 10 pm): Upa = 0 (1); 125 (2), and 500 misec (3).
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Fig. 6. Veocity (a) and temperature (b) of particles along the jet axis (Y = 0.5
and rp = 10 pm): Upa = 0 (2); 125 (2), and 500 m/sec (3).

the jet axis (Fig. 2a). In the main segment of the jet the kinetic energy gradients of turbulence near the jet axis are
small; therefore, the influence of the turbophoresis decreases.

For particles of large fractions (rp ~ 50 um), the velocity pulsations have no appreciable effect on the impurity
motion throughout the spreading portion of the jet by virtue of the inertia of such particles. However, in this case
there is dso a weak migration of particles directed towards a decrease in the gas pulsation energy (Fig. 2¢).

A decrease in the initia rate of particle motion (from U, to 0) leads to a stronger scattering of the impurity
(Fig. 3). Such a behavior of the impurity is due to the fact that particles with an initial rate of motion lower than the
flow rate move for a longer time in the region with the maximum level of turbulent pulsations (in the zone of the
initial portion of the jet). A change in the position of the point Y at which particles are blown onto the nozzle exit
section shows that the strongest scattering of the impurity takes place when particles are supplied in the range of co-
ordinates 0<Y<0.5, and the weakest scattering — at Y = 1 (Fig. 4).

As one moves away from the nozzle exit section, not only migration of the impurity towards the jet axis but
also its scattering into the peripheral zone of the jet takes place. In the far region of the jet, where the migration trans-
fer is small, the disperse impurity scattering is largely determined by the turbulent diffusion processes.

The influence of turbulent velocity pulsations on the motion of the particle begins to show up when it gets
into the turbulent region of the jet. The dynamic behavior of the particle in the turbulent flow is determined by a pa-
rameter equa to the ratio between the dynamic relaxation time of the particle and the Euler time integral scae of tur-
bulence @ A change in ©¢ due to the jet spread causes a nonmonotonic change in the degree of involvement of the
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particle in the pulsating gas flow. The influence of particle inertia on its scattering in the cross section of the jet mani-
fests itself indefinitively, since particles with a different mass execute motion in regions with a different turbulence in-
tensity.

The dynamic and thermal characteristics of the particle along the jet axis averaged over the ensemble of re-
alizations are given in Figs. 5 and 6. Points correspond to the results obtained from the viewpoint of the deterministic
model (without taking into account the particle interaction with the pulsating structure of the flow). If, in the initia
cross section of the jet, Upa = Ug, then subsequently the velocity of particles, because of their inertia, does not man-
age to decrease along the jet length as rapidly as the carrier flow rate. In the main segment of the jet, the particle
temperature exceeds the temperature of the carrier phase. Because of their higher thermal inertia, the particles cool
down more slowly than the gas. The character of the above distributions in nonisothermal jets depends on the initia
conditions and is determined by the diffusion and migration transfer mechanism.

Analysis of the data obtained shows that a a given initial disbaance of flow rates (Ua# Up4 curves 1 and
2 in Figs. 5a and 6d) an increase in the particle size from rp = 10 to r, = 50 um leads to a worsening of its melting
(see, for example, curves 2 in Figs. 5 and 6). It should be noted that the rise of the particle temperature curve T, after
it has gotten onto the "shelf" corresponding to the melting temperature of the aluminum oxide particle T, = 0.484
points to the particle’'s complete melting (its phase state is liquid).

An increase in the initial velocity of the particle being blown also worsens its heating. At high initial veloci-
ties of blowing (equilibrium flow U, = Up,, curves 3 in Figs. 5 and 6) for a given fractional composition of the im-
purity, the particle temperature does not even reach its melting temperature.

The account of turbulent pulsations leads to the fact that not al particles blown from the nozzle exit section
turn out to be melted (with their equal initial size). Part of them thereby either do not melt at al or their melting ra
dius undergoes a nonmonotonic change over the course of time.

The dynamic state of the particle aong the jet axis from distances x > 10 is characterized by a practically uni-
form velocity.

CONCLUSIONS

Simulation of the processes of turbulent momentum and heat transfer in nonisothermal dispersion gas and
low-temperature plasma jets within the framework of the stochastic variant of the discrete-trajectory approach shows
that pulsations of the jet flow rate strongly influence the impurity scattering and heat-and-mass exchange, and the
model constructed leads to satisfactory results agreeing with the known data of numerical and physical experiments.
The outflow conditions and the conditions of injection of particles into a jet flow largely determine the character of
the motion, heating, and scattering of a disperse impurity due to the migration transfer mechanism.

NOTATION

Cp, Specific heat capacity of a particle, J(kglK); f, functional dependence; h, enthapy, Jkg; k, kinetic energy
of turbulent pulsations, mz/secz; m, mass, kg; n, concentration, m_3; r, radia coordinate, m; r, radius vector, m; ry,
radius of the outlet nozzle section, m; rp, particle radius, m; t, time, sec; u, v, and w, rms vaue of the longitudinal,
radial, and circular components of pulsation velocity, m/sec; x, longitudinal coordinate, m; Cp, drag coefficient; L, spa-
tial scae, m; M, Nu, Pr, and Re, Mach, Nussdlt, Prandtl, and Reynolds numbers; T, temperature, K; U, longitudinal
averaged velocity, m/sec; V, velocity vector, m/sec; Y, coordinate of particle injection onto the nozzle exit section; q,
heat-transfer coefficient, W/(mZEE(); ®, mixing-range thickness, m; €, dissipation rate of kinetic energy of turbulence,
mz/secs; (p, relative molten particle mass, &, superheating parameter; A, heat-conductivity coefficient, W/(m(K); p, dy-
namic viscosity, kg/(miSec); &, n, self-simulated variables; p, density, kg/ms; 0, Stefan-Boltzmann constant,
W/(mz[K4); Ty, particle relaxation time, sec; ), emissivity factor of the particle surface; ©, characteristic time scale,
sec; /\, specific melting heat, Jkg; <...>, time averaging. Subscripts: a, nozzle exit section; c, time of particle-vortex
interaction; e, turbulent vortex; i, j, tensor indices; I, jet axis; m, melting point; max, maximum; p, particle; s, starting
segment of the jet; v, velocity characteristics; 0, zero time.
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