DYNAMICS OF DUST PARTICLES IN A PLASMA JET
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In this paper carry out the computer simulation of the plasma jet with dust particles, which expands in rarefied
neutral gas. The problem is considered in the framework of multi-fluid hydrodynamic model, which takes into
account the difference in velocity and temperature of the plasma component. Calculations performed using method
“big particles” for different ionization degree of plasma, its density and radii of dust particles. The spatial
distributions of plasma parameters and dust components obtained at different time points after injection plasma jet.
It is shown that at the large ionization degree of plasma (a> 0.001) velocity of the dust particles significantly
decreased compared to the case of weakly ionized plasma stream. This result can be explained by deceleration of
dust particles by an electric field, the effect of which increases with increasing concentrations of electrons and ions.
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INTRODUCTION

The application of nanoparticles is rapidly growing
in nanoscale science and engineering. During the last
years many techniques for nanoparticles synthesis have
been developed, particularly several research groups
worldwide apply plasma processes for the synthesis of
particulate matter [1]. One of the most promising
methods of coating is spraying using plasma jets [2, 3].
Coating quality depends on the physical parameters
such as the velocity of sputtered particles, their charge
and temperature. In this regard, the study of the
dynamics of dust particles in the plasma jets that can be
used for transportation of dust particles to the substrate
is of considerable interest. Unlike gas jets with
dispersed phase, where the drag force determines the
movement of dust particles, dust particles are charged in
plasma and the electric force acts on them too. The
purpose of this work is to study the spatial distribution
of dust particles in the plasma jet and influence of the
electric field on their dynamics.

In this paper carry out the computer simulation of
the plasma jet with dust particles, which expands in
rarefied neutral gas.

1. MODEL AND SIMULATION METHOD

In this paper, we simulate the outflow of the plasma
jet with dust particles through a round hole of radius Ry
in the rarefied neutral gas. It is assumed that the plasma
velocity V, and its density pq are constant at the inlet
during the plasma jet expansion. The plasma considered
in this article consists of four species, namely electrons,
neutral argon atoms, singly ionized argon ions and
nanoparticles. They will be denoted by the subscript
e, a, i and d, respectively. We use hydrodynamic model
to describe the expansion of the plasma jet with dust
particles. In the model ions, electrons and neutral atoms

have the same drift velocity W= (u,v) due to effective
momentum exchange, and dust particles have drift
velocity W, =(ug,V, ). Here u, ug are radial velocity
components and v, vy are axial velocity components.
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The ions temperature equals to neutral atoms
temperature T, but electrons temperature T, can differ
from them.

The continuity equation for heavy plasma
component (ions and neutral atoms) is equal to

%+div(nv‘v):0. (1)

Here n is sum of ion density n; and neutral atom
density n,.
The continuity equation for ions is equal to

S div(nw) =—nin -1, fe, @)

where n. is electron density. The right hand side
describes the ion destruction due to three particle
recombination and recombination at the interaction with
dust particles.

The rate coefficient for three particle recombination
is given [4]

B =1.1107(T,) " (m’s ™). ©)

The ion current on dust particle I; is described by
OLM theory [5] and is equal to

€q, _
4re,t, (m|w|2 /2+kT)

I, = 7r/nelw|| 1-

(4)

Here ry is dust particle radius, T is ion temperature, gq
is dust particle charge, e is proton charge, m is the ion
and neutral atom mass.

The continuity equation for dust particles is equal to

%eriv(ndv‘vd):o, 5)

where ng is dust particles density, W, =(u,,Vvy) isdrift

velocity of dust particles.
The dust particle charge is calculated from the
equation
%+(wd-v)qd:|e+|i, (6)

where electron current on dust particle is equal to
1/2
I, =zr’n, 8T, exp % (7
m, 4re, KT,

159




The momentum equations for heavy plasma particles
(ions and atoms) are given by

—a(nu)eriv(nu\/”\/)z—ia—P—M = iE.. (8)
ot m or m; i
d )+d|v(nvw)—‘iﬁ_nd N O
m. 0z m

where P=nkT is the plasma pressure, E, and E, are
radial and axial electric field components, m; is ion mass
(in our case the neutral atom mass is equal to the ion
mass), f is force of the aerodynamic interaction

between plasma and dust particle (f, and f, — its
components along axis r and z). It consists of a friction

force between dust particles and neutral particles Fdn , as

well as between the ions and the dust particles fdi .

According [5] neutral drag force can be approximate
as

- gJﬁrjnamvTn (W—1,), (10)

where V;, =(W2+8kT/7rm)l/2 is total atom speed (a

combination of directed and thermal speeds). The ion
drag force can be expressed as

col coul \7,

f, =nmV, c®W+nmV, c™'W (11)

where ¢ (™) is the momentum collision cross
section corresponding to the collection of ions by direct
ion impacts (electrostatic Coulomb collisions).

The momentum equations for dust particles are
given by

o(nyu
M_Fdiv(ndudwd):—a_da_P_Fnd_ﬂ_F
ot m, or m,
+q—dndEr, (12)
md
o(nyVv,
M+div(ndvdv”vd)=—ﬁ@+n"—fz+
ot my 6z  m,
+q—dndEZ, (13)
md

where aq is volume fraction of dust particles.
Equations for internal energies ions and atoms e,
electrons ¢, and dust particles &4 are given by

%+div(pgv”v)+ Pdiviw=Q, +Q_-n,Q, (14)

o(pe,)

+div(pe,W)+ P, divw+dive, =

_Qei - Qen —Ny Qed '

@mw(p@dm )=n,Q+n,Qq +Qq. (16)

Here the heat flux is given by g, =—x(T,)VT,,
where (T,) is the coefficient of electron thermal

conductivity, Q, Qe Qiq are the energy exchanges
between a dust particle and neutral atoms, electrons and
ions [5], Q. is the energy exchange between electrons
and ions, Q. is the energy exchange between electrons
and neutrals.

(15)
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The equation of conservation of momentum for
electrons if we neglect their inertia, as well as the force
of friction of the electrons with atoms, ions and dust
particles has the form

en,E=-VP,. 17)
This relation expresses the electric field E .
The system of equations (1-17) is solved
numerically by the method of large particles [6].
2. RESULTS AND DISCUSSION
The calculations were performed for various

densities of plasma p, and dust component pqo at the
inlet, various values of ionization degree of plasma a
and radius of dust particles ry. Simulations continued
until a steady-state flow of plasma. As results, spatial
distributions of the plasma parameters and disperse
phase  parameters  (densities, drift velocities,
temperatures and the plasma pressure) were obtained in
various times after the start of injection of the plasma jet
into the space filled with gas.

An example of the spatial distribution of the plasma
density is presented in Fig. 1 at t=10 ms after the jet
injection. It is seen, that the shock wave is formed
during the plasma jet expansion into a neutral gas.

Fig. 1. Spatial distribution of plasma density at t=10 ms
after the plasma jet injection

The spatial distributions of the dust particles velocity
along the symmetry axis of the jet are shown in Fig. 2
for r;=100 nm, p,=0.006 kg/m®, V,=40 m/s. The solid
curve corresponds to the plasma ionization degree
0=0.001, the dash curve correspond to a=0.05 and the
dot curve corresponds to a=0.1. We can see that dust
particles are accelerated in the stream in the region

z<3R, to a velocity vy, which remains almost

constant with further increase of coordinate z. The
reason for this effect is the rapid reduction of the
frictional force F, between dust particles and the
plasma with increasing z due to the reduction of plasma
density at the jet expansion (Fig.3). Our model also
takes into account the effect of the electric force on dust
particles. Its action is directed against the movement of
dust particles, as they have a negative charge.
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Fig. 2. Spatial distributions of dust particles velocity
along z-axis for various plasma ionization degrees at
t=5x107s

Note, that the increase of ionization degree reduces
the velocity of the dust particles, because the effect of
the electrical force on their dynamics increases.
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Fig. 3. Spatial distributions of the plasma density and
the frictional force along z-axis

Fig. 4 shows distributions of dust component density
in the expanding plasma jet along the axis of symmetry
z at different radii of dust particles. It is seen that the
density of dust particles with greater radius decreases
with increasing of coordinate slower. The maximum
velocity, to which the dust particles are accelerated, also
depends on their radius and the plasma density in the
flow. Appropriate dependences are shown in Fig. 5.

Curve 1 represents the dependence of v on ry in semi-

logarithmic scale at V,=40 m/s, p,=0.00122 kg/m?,
a=0.001. It is seen that with the increase of the dust
particles radius their velocity decreases. Curve 2

represents the dependence of vy, on the plasma density

at the inlet in semi-logarithmic scale. The plasma flow
velocity is much greater than velocities of dust particles
and is about the same in all variants calculations. For
example, the axial component of the plasma flow
velocity is va14-v, (m/s) at z=5-R,. It indicates the need
to use a two-speed hydrodynamic model describing the
plasma jet with dust particles. An increasing of plasma
density leads to an increase of the frictional force
between the plasma and dust particles and to the
increase of the dust particles velocity.

ISSN 1562-6016. BAHT. 2017. Nel(107)

pd /po rd:40 nm
0,08+ ‘ --- rd:l()() nm
0,04
0,00 : T . .
0 2 4 6 8

Z/R0

Fig. 4. Spatial distributions of the dust component
density along z-axis for various radii of dust particles at

t=5x107s
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Fig. 5. Maximum velocity of dust particles in the plasma
jet as a function of their radius (curve 1) and the plasma
density at the inlet (curve 2)

Radial distributions of the axial flux of dust
component are presented in Fig. 6 for the different radii
of dust particles at the distance z=0.06 m from the
inlet. Our results demonstrate significant heterogeneity
dust flow radially. First, the dust particles are distributed
only within a certain channel, the radius of which is
smaller for larger dust particles. The axial flow of the
dust component has a maximum near the axis of
symmetry of the plasma jet, and tends to zero with
increasing radius.
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Fig. 6. Radial distributions of the axial flow of the dust
component at z=0.06m and various dust particles
radii
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The plasma jet with dust particles has been
investigated using a multi-hydrodynamic model, which
takes into account the effect of the electric field on the
dust particles dynamic. We studied spatial distributions
of dust particles and their velocities in the plasma jet at
different plasma ionization degrees, plasma densities at
the inlet and radii of dust particles. It is shown that at
the large ionization degree of plasma (o> 0.001)
velocity of the dust particles significantly decreased
compared to the case of weakly ionized plasma stream
due to their deceleration by electric field.

JTAHAMHWKA IBUIEBBIX YACTHII B IVIASMEHHOM CTPYE
A.JO. Kpaguenko, H.C. Mapywak

IIpoBoanTCS KOMIBIOTEPHOE MOJECIUPOBAHHME PACIIMPEHHs IMIIa3MEHHOM CTPYH C IBUIEBBIMH YacTUIAMU B
pa3pek€HHBIN HEWTpaJIbHBIN Tra3. 3ajaya paccMaTpUBAEeTCS B paMKax MHOTOKHUIKOCTHOH THIPOJUHAMHYECKON
MOJIENIM, KOTOpasl TO3BOJISACT YUHTHIBATh Pa3IM4Ms CKOPOCTEH M TeMIlepaTyp KOMIIOHEHT IUIa3Mbl. Pacuérsl
BBINOJIHEHBI METOAOM “KPYIHBIX YaCTHIL” JUIS Pa3lWYHbIX 3HAYCHHUH CTETIeHH MOHM3AIUH IUIa3MBbl, €€ IUIOTHOCTH U
pannycoB MBUIEBBIX YacTUIl. llomydeHBl NMPOCTPAaHCTBEHHBIE pAcCIpeleNeHUs MapaMeTpoB IUIA3Mbl M IBUICBOH
KOMIIOHEHTHI B Pa3JIMYHBIE MOMEHTHI BPEMEHH TOCIIe MH)KEKIIUHU IUTa3MeHHO! cTpyH. [loka3zaHo, 9To mpu OOJIBIION
creneny nonuzanuu miasmel (o > 0,001) ckopoCTH MBUIEBBIX YaCTHI] B CTPYE 3HAYUTEILHO MEHBIIIE, YEM B CIIydae
C1a0OMOHM3NPOBAHHOTO TI0TOKA IUIa3MBL. JTOT Ppe3yiabTaT MOXXHO OOBSCHUTH TOPMOXKCHHEM IBIIIMHOK
3NEKTPUUECKUM IOJIEM, BIUSHNAE KOTOPOTO YBEIHMUUBAETCS IIPU YBEIMUEHUN KOHLEHTPAIUI 2IEKTPOHOB U HOHOB.

JUHAMIKA ITHWJIOBUX YACTUHOK Y IINIASMOBOMY CTPYMEHI
O.10. Kpasuenxo, 1.C. Mapywax

[IpoBoanTbCS KOMIT'IOTEpHE MOJEIIOBAHHS PO3MIMPEHHS IUIa3MOBOTO CTPYMEHIO 3 NMWJIOBHMH YaCTHHKAMH B
po3pivkeHHi HEHTpaJbHUIl Ta3. 3ajava pO3rIISIAEThCSI B paMKax 0araTopiUHHOI TiApOAMHAMIYHOI MOJEN, sKa
JI03BOJISIE BpaXyBaTH BIIMIHHOCTI IIBHJKOCTEH 1 TeMIepaTyp KOMIIOHEHT Iia3Mu. Po3paxyHKH BUKOHAHI METOJIOM
“KpyIMHHX YaCTHHOK™ JJIS Pi3HMX 3Ha4eHb CTYINEHS 10Hi3amii Iu1a3MH, ii TYCTHHH Ta pajiyciB MHMJIOBHX YaCTHHOK.
OneprkaHi IPOCTOPOBI PO3MOIIN TApaMETPiB TUIA3MH 1 MUIIOBOI KOMIIOHEHTH B Pi3HI MOMEHTH Yacy MiCIIsl 1HXKEKIii
1a3MoBoOro crpymento. [lokaszaHo, 1o npu BelMKoMy cryreHi ioHizamil mia3mu (o > 0,001) mBuAKOCTI MHIIOBUX
YaCTHMHOK B CTpyMEHI 3HAUHO MEHIII, HDK Y BUIAJKy claOKO10HI30BaHOTO IMOTOKY IIa3Mu. Lleid pe3ysiprar MoxHa
MOSICHUTH TAJIbMYBaHHSM IIMJIMHOK EJIEKTPUYHHM TIOJIEM, BIUIMB SIKOTO 30UIBIIYEThCS TpH  30iIbLICHHI
KOHIICHTpAIIi} eJISKTPOHIB Ta 10HiB.

162 ISSN 1562-6016. BAHT. 2017. Ne1(107)


http://iopscience.iop.org/journal/0963-0252
http://iopscience.iop.org/journal/0963-0252

