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Carbon nanoparticles in the radiation field of the stationary arc discharge
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The paper considers a simple theoretical model of heating the nanoparticles, depending on their
size and the parameters of the radiating arc and the surrounding gas. This problem is of interest to
diagnostics and modeling of the dynamics of the nanoparticles formation and their local size
distribution. Heating of nanoparticles by the radiation can affect the process of synthesis. The
degree of heating of the particle is determined by its geometry, which opens, apparently, additional
possibilities for nonintrusive optical diagnostics. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4927137]

INTRODUCTION

The arc discharge between the graphite electrodes burn-
ing in the atmosphere of inert gases is one of the standard
methods of nanoparticle synthesis.'™ Typically, in theoreti-
cal models, it is assumed (see, e.g., Refs. 2, 3, and 5) that the
synthesis starts in the areas where the density of carbon
atoms and the catalyst is still high, and the temperature of a
buffer gas is reduced down to 1000-2000 K.

The arc is a very powerful light emission source, which
is close to the blackbody. This radiation is scattered and
partly absorbed by the nanoparticles. In the areas where a
synthesis can occur theoretically, the radiation intensity of
the arc is still quite high, and therefore, one should expect
that the temperature of nanoparticles that absorb radiation
may considerably exceed the local ambient gas temperature.
The paper considers a simple theoretical model of heating
the nanoparticles, depending on their size and the parameters
of the radiating arc and the surrounding gas. This problem is
of interest to diagnostics and modeling of the dynamics of
the nanoparticles formation and their local size distribution.

By now, the Laser Induced Incandescence (LII) has
become a recognized method of study of nano- and micro-
particles suspended in gas became LII diagnostics.>™"
However, LII studies were conducted mainly for the nano-
particles in weakly ionized plasma of combustion products
with a very low degree of ionization or nonionized gas,
when the effects associated with radiation heating of the
particles are negligibly small. Applying the LII diagnostics
to determine the characteristics of the nanoparticles formed
in the peripheral regions of the arc needs to be justified. It
seems natural to question whether it is possible to use the LII
diagnostics for nanoparticles in the radiation field of the
stationary arc and how much these measurements could be
trusted.

A significant progress in the understanding of the physi-
cal processes inherent to small particles in plasma has been
achieved in the study of dusty plasma.'>'? It is known that
the particles in the plasma are charged to the negative float-
ing potential ~T, when the absolute values of the electron
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and the ion current to the particles become equal to each
other. The electron and ion currents to the particle may affect
the heat balance of the particle. This question is investigated
in detail in Refs. 14—16. However, for the arc burning in a
high pressure buffer gas the degree of ionization is negligible
(<1077) in the peripheral regions where synthesis becomes
possible. Therefore, the role of electrons and ions in the
energy balance of the particle is negligible in comparison
with the processes of radiation heating and cooling by radia-
tion and in collisions with the buffer gas particles. In general,
the presence of plasma, even at a very low degree of ioniza-
tion, can influence the potential of the nanoparticles and,
thus, influence the thermionic emission. However, as we
shall see below, the effect of thermionic emission on the
overall heat balance of the nanoparticles is very small, so
this paper will not consider the plasma effects in the heat
balance of the nanoparticle.

MODEL AND ASSUMPTIONS

According to the numerical modeling,”” the arc plasma
in a buffer helium, in which the synthesis of nanoparticles
takes place, has a complex composition, which contains ions
of C+, Ni+, Y+, and the corresponding neutral atoms and
cluster molecules. However, the concentrations of these
atoms and cluster molecules are very small and, therefore,
we can assume that the collisional cooling of the nanopar-
ticles is determined mainly by the collisions with atoms of
the buffer gas. For simplicity of analysis, we assume that all
nanoparticles are spherical. Also, we will restrict our consid-
eration to the conditions where the ablation and vaporization
of the particles can be neglected in accordance with the
results presented in Refs. 7 and 8.

For a spherical particle with a diameter D = 2a, the
absorption cross section for coherent radiation in the
Rayleigh approximation (1 > a)*'7 is

m2D3E(m 12 D3E(m)v
Cabs = )( ): C( ) 3 (1)

where v = ¢/ is the radiation frequency; E(m) is the func-

tion of the complex refractive index m, E(m) = —Im (’”—_1)
m>+2
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We use the broadband value E(m) ~ 0.35, which is close to
the value estimated in Refs. 7 and 10 for soot particles,
E(m) ~ 0.32 — 0.4.

Considering the arc radiation as a blackbody radiation
with a certain known emissivity { < 1 and the Planck black-
body radiation spectral intensity

2nhy? 1
- e/kT _ 17 @)

where I(v)dv is the radiant power per unit area of radiating
surface in the frequency range from v to v + dv, we find the
total rate of absorption of the radiation energy by a spherical
particle of the diameter D at a distance r from the boundary
of the arc with the temperature T,

i 8 n'DE(m)T5, 1}
Qabs = C j CabsI(V, V)dV = CBTF_Z
0
o C4n2D3E(m)O-SBkBT21‘Cﬁ (3)
- hc r2’

o5 = 255 ~ 5.670373 x 105 Wm K™ is the Stefan-
Boltzmann constant. Formula (3) takes into account that
in the experiment>*> and the computational models (e.g.,
Ref. 3), the interelectrode gap is small (~2-3 mm), as com-
pared to the distance from the arc > 1.5 cm, wherein the
gas temperature is reduced to a level where synthesis
becomes possible. Therefore, it is natural to assume that the
radiation intensity of the arc decreases with distance as
o< 1/r%. For a typical arc discharge used for the synthesis of
carbon nanoparticles, the emissivity is { ~ 0.8.*°

The heated particle is cooled by radiation with the radia-

tive heat losses, determined by the expression’*®

o0

2nhcd)!
Oraa = 4nd’ [ & e

Ve lexp(he/2 kgT,) — 1] 7
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where ¢, = 8naE(m)// is the emissivity of the particle.
Integrating in Eq. (4) over the entire frequency spectrum, we
find a convenient formula for the power of the radiation
energy losses

16n2D3E(m)aSBkBT5
he '

rad — %)
Along with the radiation cooling, a particle with an absorp-
tion coefficient (1) is heated by the thermal radiation from
the background gas with the temperature T, and the emissiv-
ity {, < 1. Taking this into account, the rate of radiative
losses

47'52D3E(m)0'53k3 5 5
Oraa = T (4Tp — Cng)

16n2D3E(m)aSBkBTS
~ . .

(6)

The particle is also cooled in the collisions with the buffer
gas atoms (conduction conductivity). The rate of heat loss in
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these collisions with the buffer gas atoms (conductive cool-
lng) iS Qg,8,17,18

27‘[(120(Tpg Ry T, (v+1
= T, —T,). 7
Qg Tg 27‘[,“ ,y o 1 ( 14 g) ( )

For helium as a buffer gas: uy, =4g/mol; y=1.66;
R,, = 8.314 J/mol K. a7 is the thermal accommodation coef-
ficient of ambient gases with the surface of a particle. The
exact value of the accommodation coefficient can be deter-
mined only by comparison of the theoretical calculations
with the results of measurements. In this paper, we take
ar ~ 0.1, given in Refs. 19 and 20 for the carbon nanopar-
ticles in helium.

The heating of the particles to high temperatures is
accompanied by the thermionic emission, which reduces the
intensity of heating. In plasma, where the particles are nega-
tively charged, taking into consideration the Schottky effect,
the thermionic emission current is>'

I = 47'ca2ATp2 exp[—(w, — Ad’)/kBTl’]v ®

where A = 120 A/cm® K2, w, = 4.7 eV is the work function

1/2
for the carbon nanoparticle; A¢ = ( 4En|g; L) is the reduction

in the work function at the negative potential of the particle,
¢ < 0. However, in the non-ionized gas or, for typical condi-
tions of weakly ionized plasma, at the distances of centi-
meters from the arc discharge when the electron current
from the plasma on the particle is negligible as compared to
the current thermionic emission, the particle loses electrons
through the thermionic emission, acquiring a positive charge

q= J lepdt, )

t

and the potential
»=4q/C>0, (10)

where C = 4mepa is the capacity of the particle.
In this case, the positive potential suppresses the thermi-
onic current and is equal to

It = 4na2ATZ exp[—(wa + @) /kT,). (11)

The thermionic emission results in an additional cooling of
the nanoparticles, because each “evaporating” electron car-
ries away the energy (w, + ¢). The corresponding power of
heat loss is

Ore = —(llexl/e)(Wa + @) [eV/s]. (12)

The energy balance of the particle is determined by the
equation

dr,

MPCPI

= Qabs - QTE - Qg - Ql'ad- (13)
Here, M, = %nppcﬁ is the mass of the particle. The local
quasi-stationary temperature of the particle is determined by
the condition
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Qaps = Qe — Qg — Qraa = 0. (14)

The heat balance equation (13), together with Egs. (3), (6),
(7), (9), (10), and (12) was solved for the initial conditions at
t=0:9=0,0=0,T,=T,.

RESULTS AND DISCUSSION

As already mentioned, we consider spherical soot par-
ticles, assuming non temperature dependent value of density
and heat capacity: p, = 2660 kg/m?; cp =1900 J/kg/K,%® for
the sake of simplicity. The calculations were performed for
pressure p = 68 kPa, as in Ref. 3, and the two values of the
background gas temperature: T, = 1000 and 1500K. We
assumed that the equilibrium temperature at the center of an
arc with a radius of 7o = 5 mm was T,,. = 7000 K, which is
close to the data obtained in the calculations® and the experi-
mental works.*>

The results presented in Fig. 1 show that in the radiation
field of the arc, the temperature of the particles becomes
very different from the background temperature, and
depends on their sizes. The quasi equilibrium temperature of
the particle is higher, the closer this particle is to the arc.
Thus, the particle temperature T,(r, a) is established for the
time of the order of 10 ms. Fig. 2 shows an example of the
calculation of the transitional regime for the particles of
different sizes. In the presence of a convective flow of the
buffer gas, the particles are not static and move with the
flow. However, for the characteristic time for the establish-
ment of a quasi-stationary temperature, the convective
displacement of the particles is negligible, ~1 mm or less.
Figure 3 shows some examples of the quasi-stationary tem-
perature of the particles with the radii 25 and 50 nm, depend-
ing on the distance from the arc at the same background
temperature T, = 1500 K.

Under our considered conditions, the nanoparticles’
temperatures are a function of their sizes, because electro-
magnetic energy absorption in the Rayleigh regime is
volume dependent, and cooling (dominated by thermal con-
duction to the ambient gas) is area-dependent. Therefore,
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FIG. 1. Stationary temperature of particles, depending on their radius for
two positions of the particles r=1.5 and 3 cm; and for two values of the
buffer gas temperature 7, = 1000 and 1500 K.
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FIG. 2. Establishment of a quasi-stationary temperature for the particles of
different sizes: a=>5, 25, and 50 nm, at a distance of 1.5 cm from the arc axis.

larger particles are heated to higher temperatures, than small
particles.

An example of the contribution of various components
of the heat balance at a steady-state regime, depending on
the size of the particles at the distance of 1.5cm from the
center of the arc and the assumed background temperature
T,=1500K, is shown in Fig. 4.

Although we considered the impact of arc radiation on
carbon nanoparticles, our results and conclusions may be ap-
plicable to other types of nanoparticles if the radiation
absorption is in the Rayleigh regime.

CONCLUSIONS

e The influence of arc discharge radiation with graphite
electrodes on the synthesis of carbon nanoparticles in the
helium buffer gas was analyzed.

It is shown that the nanoparticles are heated by the black-
body radiation of the arc and their temperatures signifi-
cantly exceed the local temperature of the buffer gas.

The heating of nanoparticles by the radiation can affect
the process of synthesis.
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FIG. 3. Stationary temperature of particles of radius a=25 and 50 nm,
depending on distance from the center of the arc.



073303-4 M. N. Shneider
7
810 T_.=7000 K; T _=1500 K; r,=5 mm; r=1.5 cm; He
i |
6x10"{ —e—q__ %
€ wact] ™" % ./'/
= ! J=*=q, ./0/
OE 21074 —F— Q¢ /./o/
3 d-.".’.’.
o 04 u—o—O—-Q-QEQ_*_—_g:::. ;
C  2x107-
3 !
o 7|
-4x10 1\*
i N
6x107 *

T T T T T T T T T T
0 10 20 30 40 50 €60 70 80 90 100
a (nm)

FIG. 4. Quasi-stationary sources of heating and cooling of particles, depend-
ing on their radius, at a distance r = 1.5 cm from the center of the arc and the
background temperature T, = 1500 K.

* The degree of heating of the particle is determined by the
particle’s geometry, and that opens additional possibilities
for nonintrusive optical diagnostics.
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