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Abstract
Wediscuss the inductively heated plasma generator (IPG) facility in application to the generation of
the thermal dusty plasma formed by the positively charged dust particles and the electrons emitted by
them.Wedevelop a theoreticalmodel for the calculation of plasma electrical conductivity under
typical conditions of the IPG.We show that the electrical conductivity of dusty plasma is defined by
collisionswith the neutral gasmolecules and by the electron number density. The latter is calculated in
the approximations of an ideal and strongly coupled particle system and in the regime ofweak and
strong screening of the particle charge. Themaximumattainable electron number density and
correspondingmaximumplasma electrical conductivity prove to be independent of the particle
emissivity. Analysis of available experiments is performed, in particular, of our recent experiment with
plasma formed by the combustion products of a propane–airmixture and theCeO2 particles injected
into it. A good correlation between the theory and experimental data points to the adequacy of our
approach.Ourmain conclusion is that a level of the electrical conductivity due to the thermal
ionization of the dust particles is sufficiently high to compete with that of the potassium-doped
plasmas.

1. Introduction

Dust immersed in aweakly ionized plasma has long been recognized as a ubiquitous state ofmatter throughout
the universe [1]. In space, dusty plasmas are found in protostellar clouds, planetary rings, cometary tails, and the
interstellarmedium [2–4]. On earth, the physics of dusty plasma is important in understanding the glow of a
candleflame, lightning discharges in volcanic plumes [5], plasma processing of siliconwafers for computer
chips [6], and the safety of tokamaks, such as ITER [7]. The basic physics and chemistry of dusty plasmas aswell
as their diagnostics and technological implications have been the subject of numerous papers (see for example
[8] and the references therein) and possible applications such as nanostructuredmaterials, plasma cleaning
devices, adaptive electrodes, particlemanipulation andmodification are actively being investigated [9].

The dust particles in the plasma, ranging in size from tens of nanometers to hundreds ofmicrons, become
charged due to a variety of chargingmechanisms. The amount of charging depends on the grain size,
morphology, and composition, as well as the plasma environment [10–14]. Inmany environments, the
equilibrium charge ismainly a result of the primary charging currents, inwhich electrons and ionswithin the
plasma impinge upon and stick to the dust surface. However, there are some environments where secondary
charging currents are the dominant chargingmechanism: energy absorbed by the dust grain is gained by
electrons, which are then emitted from the grain surface. Thesemechanisms include secondary electron

OPEN ACCESS

RECEIVED

23 January 2015

REVISED

11April 2015

ACCEPTED FOR PUBLICATION

28April 2015

PUBLISHED

27May 2015

Content from this work
may be used under the
terms of theCreative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2015 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft

http://dx.doi.org/10.1088/1367-2630/17/5/053041
mailto:dmr@ihed.ras.ru
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/17/5/053041&domain=pdf&date_stamp=2015-05-27
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/17/5/053041&domain=pdf&date_stamp=2015-05-27
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


emission, photoemission, and thermionic emission [15–18]. It is possible in some cases for these emitted
electrons to bemajor contributor to the electron density within the plasma, such as forUV-induced dusty
plasmas [19, 20], or inflames, where the thermionic emission from carbonaceous soot elevates the electron
density by several orders ofmagnitude [21, 22]. For a comprehensive discussion of these plasma types, see the
review [23] and references therein. Recent studies based on the treatment of quantum states of the surplus
electrons near the surface of charged particlesmake it possible to calculate such quantities as the electron
sticking coefficient and desorption time, to account for the infrared extinction of dielectric particles etc [24–27].

The characteristics of such complex plasmas have implications for applications as disparate as
understanding volcanic eruptions, the explosiveness of dust clouds and powders, communications, wildfires,
rocket propulsion, and fusion energy. Lightning associatedwith volcanic plumes is a direct result of the
electrification of the particulatematter within the plume. As these particles are transported over large distances,
the electric potentials which develop lead to lightning discharges. The electrical activity of volcanic eruptions is a
possiblemethod tomonitor volcanic activity, both here on earth and on exoplanets [28].Many industries
handle large amount of powders such as paint, chemical fertilizer, grain powder, starch, detergent. As airborne
dust particles become charged, a spark introduced into the system can ignite an explosion [29]. Caremust be
taken during transport tomitigate the effects, which can lead to accidental dust explosions [30].Wildfires are
weakly ionized gaswhere the temperatures are great enough to cause thermal dissociation of the inorganic plant
species drawn into the combustion zone. The conductor-to-ground short-circuiting caused by conductive
wildfires is responsible for a number of the power outages inmany countries [31]. The failure tomaintain radio
communication atHF toUHFduringwildfire suppression is also a safety concern for firefighters [32]. In a
similar vein, spacecraft and vehicles traveling at hypersonic velocities within Earth’s atmosphere become
enveloped by a plasma layer which attenuatesmicrowave and radio signals, leading to ‘radio blackout’ [33]. The
ionized exhaust plumes also interfere with radio frequency transmission under certain conditions [34].

This effect can be put to good use, as the regression rates of solid rocket propellants have beenmeasured
using the attenuation ofmicrowaves passing through flames [35].However, ‘background ionization’ of particles
must be taken into account quantitatively in order to properly interpret the data [21], and amore sensitive
method for obtaining the concentration of electrons in luminous flames is to determine the conductivity of the
flame [22]. Such data can also be used in the design of divertors [36, 37]. Note that carbon particles in the plasma
environment which are to be encountered in these devices are similar to the carbon particles in the complex
plasma offlames investigated in the pioneer works in the field of thermal dusty plasma [21, 22, 38, 39].

The development of the inductively heated plasma generator (IPG) enables the electrode-less generation of
high enthalpy plasmas, such as those found in the divertor region of fusion experiments or plasmawind tunnels,
for the simulation of atmospheric entry in the development, investigation, and qualification of heat shield
materials [40].

The objective of this paper is to develop a theoreticalmethod for the estimation of the electrical conductivity
of the thermal plasma formed by the dust particles and the electrons emitted by them in the state of thermal
ionization equilibriumunder typical conditions of the IPG6-B at BaylorUniversity.Wewill completely ignore
ionization of impurities entering into the carrier gas from the particlematerial, the effect of these impurities on
thework function of the particlematerial, and carrier gas ionization. Themagnitude of the electrical
conductivity in an equilibriumplasma is determined by two factors, namely, the electron number density and
the frequency of collisions with themolecules of the carrier gas and the dust particles. As shown inwhat follows,
the contribution to the total collision frequency from collisionswith the dust particles is inversely proportional
to the particle radius at a constantmass fraction of particles in the plasma.However, even for the smallest
particle size, this contribution does not exceed the contribution due to collisionswithmolecules of the carrier
gas, the frequency of which can be regarded as known (it is determined by the composition of the plasma).
Therefore, the problemof calculating the plasma conductivity is reduced to the problemof calculating the
number density of electrons in the plasma. For different temperatures, pressures, and particle composition,
various plasma states from an ideal to strongly coupled one are realized.However, regardless of the state, an
estimate for themaximumparticle charge can bewritten and, therefore, in view of the condition of
quasineutrality, for themaximumelectron number density aswell. It turns out that this number density
increases dramatically with decreasing particle radius. To reach themaximumconductivity itmakes sense to use
the smallest possible particle radius, which results from the volume condensation of amaterial with a small work
function.We analyze available data on the electrical conductivity of the thermal dusty plasma. The
correspondence between our theory and experiment demonstrates the relevance of our approach. Thismakes it
possible to calculate some reference values of the electrical conductivity typical for the conditions of the hybrid
IPG facility at BaylorUniversity.

The paper is organized as follows. In section 2, the IPG is discussed in detail. In sections 3 and 4, the electron
mean free path and number density are calculated allowing the determination of the plasma electrical
conductivity. In section 5, we demonstrate a good correlation between our calculations and available
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experimental data. In section 5.1, emphasis ismade on a recent experiment with the thermal dusty plasma of
combustion products of the propane–airmixture [41–43]. In section 5.2, we calculate the plasma electrical
conductivity to be expected in experiments with the IPG6-B. The results of this study are summarized in
section 6.

2. The IPG facility

IPGs use the transformer principle to create a plasma. AnRF (radio frequency) current is fed into a coil inducing
a strong electric field in the plasmawhich acts like the secondary coil of a transformer, with plasma heating then
occurring due to the resulting electric current. A rough scheme of the IPG6-Bworking principle is shown in
figure 1 (for details, see [40, 44]). Cold gas is injected into one side of the plasma generator. By adding an
azimuthal component to the gasflow, stabilization of the plasma can be achieved. After injection, the gas enters
the quartz tube discharge channel, which canwithstand both high temperatures and reactive gases. The
discharge channel is surrounded by awater jacket to facilitate cooling. Further it is surrounded by the induction
coil, which heats the plasma. The IPG6 test facilities at theUniversity of Stuttgart (IPG6-S) and at Baylor
University (IPG6-B;figure 2) are small scale versions of the IPGs IPG3, 4, and 5 at IRS [45]. The general setup for
both facilities is similar. The IPG6-B test facility and its schematic setup are shown infigure 2. Important
operating parameters are listed in table 1.

3. Themean free path of electrons in a dusty plasma

The electronmean free path is determined by the number of collisions between the dust particles and carrier gas
molecules. Themean free path of collisions with the particles can be estimated using the formula λ σ= n1p p p

where np is the number density of the dust particles, and σp is the electron-particle scattering cross section.
Regardless of whether the plasma formed by the dust particles and the electrons emitted by them is strongly
coupled in the parameter of the particle–particle interaction, the plasma is quasi-homogeneous in the spatial
distribution of the electron number density [46]. Thismeans that the electrostatic potential of a charged particle

Figure 1.Working principle of an inductively heated plasma generator.

Figure 2. Left: IPG6-B test facility in operationwithworking gas helium. Right: block diagramof the test facility.
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is screened at a distance of the order r 2 (see equation (8)), where π=r n(3 4 )p
1 3 is the radius of the cell in a cell

model of the plasma (i.e., r̄ is of the order of the average distance between the particles in the plasma).
Obviously, σp cannot exceed π r 42 . Therefore, one can use σ π= r /4p

2 as a lower bound estimate for λp.We
introduce the quantity κ = n nc g , themole fraction of particulate dustmatter in the combustion products,

where π= ℓn R n n(4 3)c p
3 is the number ofmolecules in the condensed phase per unit volume of the plasma,R

is the dust particle radius, ℓn is the number density ofmolecules in the condensed phase, and ng is the number
density ofmolecules of the carrier gas (i. e., of the combustion products). In this case, the lower bound estimate
for λp,

λ
κ

⩾ ℓR
n

n

16

3
, (1)p

g

1 3⎛
⎝
⎜⎜

⎞
⎠
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is directly proportional to the particle radius.
For collisions with the carrier gasmolecules, we have themean free path

∫λ ε
σ ε

ε=
ε∞ −
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1 e

( )
d , (2)g

g

kT

g
2 2 0

where σ ε( )g is the transport cross section for electron scattering bymolecules of the carrier gas . Consider as
representative example the combustion of hydrocarbon fuels with a temperatureT=2500 K (kT=0.215 eV) at
atmospheric pressure = =p n kT 1 atmg g , where k is the Boltzmann constant, and = ×n 3 10 cmg

18 2.We

assume that themajor components of the combustion products aremolecules of nitrogen (78%), carbon
dioxide (12% ) and oxygen (10%) (excess air). The transport scattering cross sections for thesemolecules are
given in [47]. Under these conditions, σ ∼ −10 cmg

15 2, andwe obtain from equation (2), λ = × −3 10 cmg
4 . To

establish a lower bound of λp, we choose the smallest possible particle size = −R 10 cm6 and the greatest part of
themole fraction attainable for this size κ = 0.02. Thenwe obtain from equation (1) λ ⩾ × −4.2 10 cmp

4 . Thus,
for combustion products λ λ>p g , regardless of the dust particle size and number density. This conditionmeans
thatwhen calculating the plasma conductivity one can always neglect collisions between particles and calculate
the conductivity using the formula [48]
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where σ is the conductivity in S m−1 and other quantities aremeasured inCGSunits, c is the speed of light, e is the
elementary charge,me is themass of the electron, and ne0 is the electron number density.

4. The electron number density in the equilibriumdusty plasma

Consider a complex (dusty) plasma formed by the positively charged dust particles and the electrons emitted by
them and assume the plasma to be in a state of thermal ionization equilibrium. Assuming that the fluctuations of
the particle charge are small (which is true if the charges are sufficiently great), we denote byZ the charge (in
units of e) of a particle with the radiusR. At the ionization equilibrium, the local number density of electrons
ne(r) at the distance r from the center of a particle is defined by the Boltzmann distribution

Table 1. Important operating parameters of the IPG6-B test facility.

Parameter Value Comment

Operating frequency 13.56 MHz —

Vacuum system −160 m h3 1 —

Maximumelectric power 15 kW Amaximumof 5 kWhas been tested.

Volume flow rate 0.35–10 slm Awider range is possible.

Operating pressure >20 Pa Lower limit due to vacuumpump.Upper limit not tested yet.Max-

imumused pressure is 400 Pa.

Gases He, Ar, O2, Air The IPG can theoretically workwithmost gases including oxidizing

gases.

Specific enthalpy He: several 100 MJ kg−1 Air: several

10 MJ kg−1
The specific enthalpy depends strongly on theworking gas, the

respective efficiency andmass flow rate.

Flow velocity Ma< 0.3 A nozzle will allow supersonic flows in future.
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= Φn r n( ) e , (4)e e
r

0
( )

where Φ φ=r e r kT( ) ( ) and φ r( ) is the electrostatic potential of the particle charge at the distance r from the
center of a particle.

First we consider the case of a weak interaction between the particles, for which the interparticle interaction
parameter is small: γ = ≪Z e rkT 1pp

2 2 . Since a particle bears typically a great charge ( ≫Z 1), the parameters

of interaction between the particles and electrons γ = Ze rkTpe
2 and γ = Z e rkTee

1 3 2 are particularly small. As

can be seen infigure 3, screening of the particle charge is negligibly small if γ ≪ 1pp (see the discussion below).

Thenwe can neglect the contribution of inhomogeneity of the electron distribution in the vicinity of the particles
to the quasineutrality condition andwrite it as ne0 =Znp [46, 49]. At the particle surface, we have from
equation (4) Φ =R L( ) 1, where =L n nln( )es e1 0 ,

π
= −n

m kT W

kT
2

2
exp (5)es

e

2

3 2

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

is the number density of the thermally emitted electrons near the surface of a particle [39], andW is thework
function of itsmaterial. Here, we suggest thatW is independent ofR. Since φ =R Ze R( ) , we obtain the particle
charge and the electron number density [38, 39, 46, 49]

= =Z
RkT

e
L n

RkTn

e
L, . (6)e

p

2 1 0 2 1

Consider now an opposite case (γ ≫ 1pp ), inwhich, at least, a short-range order in the particle spatial

positionmust take place. Then the plasma is divided in cells with the radius r̄ similar to theWigner–Seitz cells.
The combination of equation (4)with the Poisson equation inside a cell ΔΦ π= e kT n r(4 ) ( )e

2 leads to the
Poisson–Boltzmann equation

Φ Φ λ+ = Φ−

r r r

d

d

2 d

d
e , (7)D

2

2
2

where λ π= kT n e4D e0
2 is theDebye length, with the boundary conditions Φ′ = −R Ze kTR( ) 2 2 and

Φ′ =r(¯) 0 (the latter condition is due to the cell electrical neutrality).
Here, wewill distinguish between the cases of weak and strong screening of the particle charge. As is seen

from (4), the electrons form a layer in the vicinity of the particle surface. If the absolute value of this charge is
much less than the particle charge, theweak screening regime is realized. In addition, if ≪R r̄ then in themost
part of the cell (sufficiently far from the particle), the distribution of electrons is almost uniform, i.e., Φ ≪r( ) 1,
and the solution of equation (7) has the form

Φ
λ

= − +r
r r

r

r

r
( )

¯

3

¯ 3

2

1

2 ¯
. (8)

D

2

2

2
⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

Figure 3.Regions of dusty plasma states forT=2500 K and =W 2.75 eV. Boundaries of the ideal and strongly coupled plasmas are
indicated by curves 1 and 2, respectively; curve 3 indicates the boundary between the regimes of weak and strong screening.
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In the opposite case, a layer of electrons in the neighborhood of a particle screens strongly its charge. One can
assume that this occurs in a thin layer, inwhich the problem is one-dimensional and the condition

λ Φ∣ ∣ ≪r r(2 ) d d 12 , where λ π= kT n r e4 ( )e
2 is the local Debye length, is satisfied.Hence, themaximum

charge that is weakly screened or theminimumcharge that is strongly screenedZ* is defined by the condition

λ Φ =
=R r

2 d

d
1. (9)

r R

2

In the regime of theweak screening, the condition of cell neutrality can bewritten as ≃n Zne p0 . Then it follows
from (8) that near the particle surface, Φ ≃r RL r( ) 1 .We substitute this in (9) to derive L1 = L2 and

=Z RkTL e* 2
2, where the quantity

π= − ( )L n Rln 2 (10)p2
3

is independent of nes, i.e., of the emissivity of the particlematerial [46, 49].

In the regime of the strong screening, we have λ ≫R L2S
2 2

1, where λ π= kT n e4S es
2 is the surfaceDebye

length. In this case, we assume that near the particle surface, Φ r( )decreases with the increase of runtil the
condition (9) is satisfied at some point r=R1 . If − ≪R R R( ) 11 then the total charge inside the spherewith the

radiusR1, which can be termed the effective charge, is Z*. In themost part of the cell ( >r R1), theweak
screening regime still takes place for the effective charge, and the electron number density is defined by the ratio

=n
RkTn L

e
. (11)e

p
0

2

2

Note that (11) is independent of the particle emissivity. The above-discussedmodel reproduces to a reasonable
precision the results of numerical solution of the Poisson–Boltzmann equation (7) [50].

We can summarize the obtained results as follows. Regardless of the value of the parameter γp, the particle

charge is defined by the expression

=Z
RkT

e
L, (12)

2

and the electron number density is
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For small nes, ≈n ne es, and by virtue of the quasineutrality condition, the particle charge is positive, >Z 0
and <n ne es. Thus, L= L1 . Then, with an increase of nes (due to an increase in temperature or decrease in the
work function) , L1 and L increase until they reach L2. After that, L does not change. Consequently, an estimate
for themaximumnumber density of electrons in the plasma nmax , which is attained at sufficiently lowW and
coincides with that atW=0, is given by the expression

π

κ

κ
=

ℓ

ℓn
p

R e n

n

n

3

4
ln

2

3
. (15)

g

g
max 2 2

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

The difference between the actual and themaximumelectron number density is given by the ratio
=n n L Le max 2.

For the above conditions typical for combustion products of hydrocarbon fuels, κ= =ℓL n nln(2 3 ) 12.7g2 .
When = <L L L1 2, the charges on the particles areweakly screened by the electrons near the surface, while at

= <L L L2 1 ( =n ne max), they are strongly screened. In thefirst case, (12) defines a real dust particle charge,
while in the second case, it defines an effective one, which is equal to the difference between the actual charge of
the particle and the charge of the screening layer of electrons near the surface.

Figure 3 shows the state diagram for the dusty plasmawith respect to the parameter of dust interparticle
interaction. The ideal plasma region is located below curve 1 (γ = 1p ) and a strongly nonideal plasma region

situated above curve 2. Curve 2was calculated for γ = 6.4p , which corresponds to the emergence of a short-

range order in themodel of one-component plasma of electrons and ions [51]. In the region above curve 3
(L1 = L2 ) particles are in the strong screening regime, while below curve 3, they are in theweak screening regime.
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As can be seen in thefigure, at ≳ −R 10 cm4 , the particle charge is strongly screened and the particles
typically form a strongly coupled system,while at ≲ −R 10 cm5 , the particle charge is weakly screened and the
particle system can be strongly coupled only at high particle number densities. At ≲ −R 10 cm6 , the particle
charge is alwaysweakly screened and the particle system is almost ideal.

From formulas (3) and (15), it follows that the theoretical limit for experimentally achievable conductivity of
the plasma formed by the dust particles and the electrons emitted by them is given by

σ κ
σ π κ

=
ℓ

ℓ

c R n

kT

m

n

n

10

2
ln

2

3
. (16)

g e g
max

11

2 2 3

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

It is worthmentioning that the electrical conductivity (16) is weakly dependent on the temperature, since the
ratio σT T( )g is approximately proportional toT, but it is sensitive to the average size of the particles being
inversely proportional to its square. Therefore, to achieve a high electrical conductivity itmakes sense to use only
smaller particles. For conditions of the experiments [41–43] at = −R 10 cm6 , when =T 2500 K, κ = 0.02,

= ×ℓ
−n 3.62 10 cm22 3, and σ = −¯ 10 cmg

15 2, we have = × −n 7.4 10 cmmax
12 3,Z=19, and σ = 2max S m−1.

5. Comparison between the calculation results and experimental data

5.1. Early experiments
Calculation of the electric conductivity of a thermal dusty plasmawith the particles of CaO, BaO, andCeO2was
carried out using equations (3), (13), and (14) for different temperatures and buffer gases. In so doing, we took
into account the dependence of thework function of the particles on the temperature, which significantly affects
the emission properties of theirmaterial. Thework function of the particlematerial was approximated by the
expressionW=A+BTwith the constantsA andB shown in table 2.

In [53], the conductivity ofmethane–air (oxygen–methane) combustion productsmixedwithfine powders
of CaO andBaOwasmeasured. The temperaturewas varied in the range from2200 to 2530 K, and the powder
flow rate, from0.2 to 18%of themass flow rate of combustion products. Themeasured conductivity varied from
0.01 to ca. 0.3 S m−1, and the data scatter was considerable. A considerable uncertainty in the particle radiusR is
characteristic of this experiment.Wewill assume that according to the state classification of section 6, the dust
particles areweakly screened, and, therefore, the electron number density is defined by equation (12) with
L= L1. Assuming in addition that the ratio of themass flow rate of the powder to that of the combustion
products is β ρ κ= ℓ ℓM ng , where ρℓ is the specificweight of the particlematerial andMg is the averagemass of
the combustion productsmolecule, we rewrite equation (3) in the form

β σ
σ π

σ

π ρ σ π

= − −

−
ℓ

c
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c
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where nes (5) is a function ofW. Thus, the dependence β σln (ln ) is almost linear.Wefitted the experimental
data [53] by variation ofW andR in (17). This allowed us to determine these quantities. As a result, for CaO,we
obtained a good agreement between the values ofW obtained by processing the experimental data and
extrapolation to the high-temperature region of the results of thework functionmeasurement for CaO [54] (see

Table 2.Parameters of the work function of dust
particlematerial [52].

CaO BaO CeO2

A, eV 1.32 1.40 2.75

B, 10−4 eV K−1 4.5 7.0 0.0

Table 3.Electronwork function of CaO.

T, K W, eV, processing the data [53] W, eV, extrapolation of the data [54]

2200 3.35 3.29

2400 3.43 3.42

2530 3.79 3.51
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table 3). Note, however, that at >T 2000 K, there is a considerable discrepancy between the extrapolation of the
data [54] and [52]. The values ofR also derived from the processing of the experiment, are in qualitative
agreementwith the estimate [53]: ± × −(1 0.5) 10 cm5 .

Comparison of the theory and experiment for BaOparticles for the considered experiment is impossible
because in this temperature range, a significant portion of barium is in the gas phase (melting point of BaO is
2196 K), and it can be shown that the ionization of BaOmolecules is comparable with the corresponding
ionization of the dust particles.

In the experiment [55], the electrical conductivity of the plasmawith the particles of BaO in argon at
T=1600 Kwasmeasured. Themass flow rate of BaOparticles with the radius = × −R 3 10 cm5 was β = 0.2 of
the argonmass flow rate (κ = 0.05); themeasured conductivity was 0.1 S m−1. Under these conditions, the
temperature is low, so the ionization of barium compounds is negligible. Calculation of the effective cross
section for electron scattering yields σ = × −¯ 2.49 10 cmg

17 2, and from formulas (3), (13), and (14), we obtain a
theoretical estimate for the electrical conductivity σ = 0.12 S m−1, which is in a good agreementwith
experiment.

5.2. Recent experimental data and prospects
Consider the experiment performed at the Joint Institute forHighTemperatures, RussianAcademy of Sciences,
where the particles of CeO2were injected into the plasma of combustion products of the propane–airmixture.
The experimental facility includes a plasma generator and the diagnosticmeans for determining the parameters
of the particles and gas [56]. Themain part of the plasma source consists of a two-flame propane–airMeeker
burnerwith inner and outer flames. The laminar diffusion flame designwas used to support a premixed
propane–airflatflame and provide a uniform exit profile of the plasma parameters (temperature, velocity, and
electron and ion densities). To shield the flame from entrained roomair, a central region, 25 mm in diameter, of
the burner surface was surrounded by a shroud of combustion gases flowing through an annular areawith inner
and outer diameters of 25 and 50mm, respectively. During operation, the velocityVg of the plasma streamwas
varied over 2 ÷3 m s−1 and the electron number density in theflame, over ÷ −10 10 cm9 11 3. The temperatures of
the electrons and ionswere equal andwere varied over the range = = = ÷T T T 1700 2200 Ki e g , whereTg is the
gas temperature. The spectroradiometricmeasurements of the temperature of the particlesTp [57] showed that
it was close to the gas temperature (Tp≈Tg ). The combustion products were at atmospheric pressure.

We studied thermal plasmawith two types of chemically inert particles, Al2O3 andCeO2 . The dust particles
were slightly impure and contained sodium and potassium. As a result, the spectrameasurements revealed that a
plasma spray of particles contains sodium and potassium atoms, which have a low ionization potential. Typical
plasma spectra include continuous dust radiation andK spectral lines (see figure 2 of [58]).

In our experiments we use the plasma of combustion products of the propane–airmixture in stoichiometry,
sowemay expect that the combustion products will not contain soot (carbon) dust. Thus, themain components
of the plasma in one case were chargedCeO2 particles, electrons, and singly chargedNa

+ ions, and, in the other,
chargedAl2O3 particles, electrons, andNa

+ andK+ ions. Themeasurements of the gas temperature and the
number densities of sodium and potassium atomswere carried outwith the aid of the generalized line reversion
and full-absorption techniques, correspondingly (the errors were less than 1%and 30%, respectively) [56]. The
local density ni of positive ionswas determined by an electrical probemethod [59]. Under typical experimental
conditions, the diagnosticmeasurements showed that the ion number density ( ∼ −n 10 cmi

9 3) appeared to be

almost an order ofmagnitude lower than the electron number density ( ∼ −n 10 cme
10 3). The estimate based on

the experimentally determinedNa andK atomnumber densities and the Saha equation results in the electron
number density, which ismuch lower than themeasured one.Hence, it follows from the plasma quasineutrality
condition that the contribution from the ionization of theNa andK admixtures to the total electron number
density (and, respectively, to the electrical conductivity of the complex plasma) is negligibly small as compared
to that from the electrons emitted by the dust particles. In order to studyCoulomb ordered structures in the
plasma, it is necessary to have data on the charge of the particles, as well as on the basic plasma parameters. An
important feature of this plasma device is that it provides a dusty plasma of large enough dimensions (plasma
columnof 25 mmdiameter and 70 mm long) so that a variety of plasma experimentsmay be conducted. As a
result, various parameters of the gas andmacroscopic particles were determined, such as the electron and alkali
ion densities, the gas temperature, and the size and density of themacroparticles.

The plasmawas diagnosed by probe and optical techniques. The arrangement of the probemeasurements is
shown infigure 4. The density ni of the positive alkalimetal ionswasmeasuredwith an electrical probe [41, 42].
The random error in ni results in an uncertainty of 20%. The local electron number density newas determined by
amethod based onmeasuring the current I and longitudinal electric field E in the plasma [59]. An electrode at
constant voltage relative to the burner was placed in the plasma flow to determine the current I. Two probeswere
introduced into the plasma to determine the tangential component E of the electric field. The electrical
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conductivity of the plasma σ= ne eμewas determined on the basis ofOhm’s law σ=j E (j is the current density
and μe is themobility of the electrons). The electron number density was found fromknown μe. The uncertainty
in the electron number density ne did not exceed 30%.The original lasermethod is used for characterization of
themean diameter and density of dust particles in the plasmaflow. Themethod is based on themeasurements of
transmittance (extinction of a light beampassing through a dispersedmedium) at small scattering angles. This
technique is intended for determining the characteristics of particles with sizes of μ÷0.5 15 m. The setup for
measuring the extinction of optical radiation includes a rotating diskwith aperture stops of various diameters
located in front of a photodetector (figure 5). AHe–Ne laser (λ μ= 0.633 m) is used as the light source. For an
error in themeasurement of the extinction of about 2%, the errors in recovering the particle sizes and density
were about 3% and 10%, respectively. The ordered structures were analyzed using the binary correlation
function [41] obtainedwith a laser time-of-flight counter (figure 5). Themeasurement volume is formed by
focusing the beamof anAr+ laser (wavelength λ μ= 0.488 m) onto the axial region of the plasma stream.
Radiation scattered by individual particles at the angle of 90°when they cross thewaist of the laser beam is
collected by a lens and directed onto the μ15 m-widemonochromator entrance slit. The diameter of the
measurement volumewas less than μ10 m. The resulting pulsed signals were then processed to calculate the pair
correlation function g(r), which characterizes the probability offinding a particle at a distance r=Vp t from a
given particle. Here, t is the time andVp is the average particle velocity ( ≈V Vp g formicron-sized particles

Figure 4.The arrangement of the probemeasurements. It includes (1) the electrical probe tomeasure the number density of the
positive alkalimetal ions ni and (2) the upper electrode at constant voltage relative to the burner and twomovable probes to determine
the current I and the tangential component E of the electricfield, respectively (for the electron number density characterization).
Open dots are holes in the top of the burner and filled dots are the dust particles.

Figure 5.The setup for the opticalmeasurements of the sizes, density, and spatial structures of themacroparticles.
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[41, 42]). An analysis of g(r)makes it possible to describe the spatial structure and interparticle correlations of
the particles.

If we estimate the average radius of CeO2 particles as × −8 10 cm5 and take into account that their number
density ranges from ×0.2 107 to × −5.0 10 cm7 3 then at = ÷T 1700 2200 K, the particle charge is weakly
screened according to the condition L1 < L2 (equation (14).Hence the electron number density estimated by
formulas (13) and (14)which yield ≃ ÷ × −n (2.2 4.2) 10 cme

10 3. This result agrees well with the

experimentally determined value of ÷ × −(2.5 7.2) 10 cm10 3. Based on the thermodynamic data [60] it can be
shown that the equilibrium ionization of CeO2molecules in the gas phase is negligibly small as comparedwith
the ionization of the dust particles. Thismeans that themain contribution to the electron number density is that
from the electrons produced by thermonic emission from themacroparticles. According to the state
classification of section 4, the dust particles form a strongly coupled system, i. e., the particle positionsmust be
noticeably correlated. This also agrees with the correlations registered in the above-discussed experiment.

Infigures 6 and 7, the conductivity of the plasma combustion products of hydrocarbon fuels withCeO2 and
CaOparticles is comparedwith the electrical conductivity of the combustion products when dopedwith
potassium atT=2000 K. Similar plasma parameters are expected for the IPG facility discussed in section 2. The
component composition of the combustion products was calculated using [60]. In these figures, the lower limit
of the range of np is defined by theminimumelectrical conductivity that can be reliablymeasured in experiment.
An upper limit corresponds to themole fraction of particulatematter in the combustion products κ = 0.52,
which can be considered themaximumattainable in the experiment. The seed ionizationwas calculated by the
Saha equation. It is seen that for the particles with the radius −10 cm6 at sufficiently large np, the electrical
conductivity of dusty plasma has the same order ofmagnitude as the potassium-doped combustion products
even for equalmass fraction of particles and seed in the combustion products, andwhen na= np , where na is the

Figure 6.Conductivity of the combustion products plasmawith the dust particles of the radius −10 cm5 (blue solid line denotes the
CaOparticles and red solid line, theCeO2 particles) and of the combustion products plasma dopedwith potassium seed: dashed line
corresponds to equalmass fractions of the particles and the seed and dashed–dotted lines, to the condition na= np.

Figure 7. Same as in figure 6 for the particles of the radius −10 cm6 .
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number density of seed atoms, the electrical conductivity of dusty plasma exceeds that of the combustion
products significantly.

6. Conclusion

In this paper,wehavediscussed the IPG facility anddevelopeda theoreticalmethod for the estimationof the electrical
conductivity of the thermalplasma formedby thedust particles and the electrons emittedby themunder typical
conditionsof the IPG facility. To this end,wefirstfind thatunder these conditions, the electronmean freepath is
definedbycollisionswith theneutral gasmolecules rather thanwith chargedparticles.Thenwecalculated the
equilibriumelectronnumberdensity anddemonstrated that for anygivendust particle radius there existed anupper
bound for the electronnumberdensity,which is reachedwhen the electronwork function fromtheparticlematerial is
sufficiently low, and theparticle charge is strongly screenedby the electrongas in the vicinity of theparticle surface.
Correspondingly, there is a similar upperbound for the electrical conductivity of theplasma. In the vicinity of this
upperbound, the conductivity is independentof the electronwork function anddependsweaklyon the temperature.

To verify our calculation formulas, we analyzed available experimental data on the conductivity of thermal
dusty plasma and discussed in detail a recent experiment, where particles of CeO2were injected into a plasma
consisting of the combustion products of a propane–airmixture. A good agreement between the theory and
experiment testifies to the relevance of our theoretical approach. Employing this approachwemake the
estimates for future experiments on the IPG facility and show that the level of attainable electrical conductivity is
competitive with that of the plasmas dopedwith potassium.

Although our theory is in satisfactory agreement with available experimental data, these data are currently
too few in number to draw definitive conclusions. Calculation of the conductivity of a dusty plasma is also
complicated by a considerable uncertainty in thework function of the particlematerialW, the particle radiusR,
and the effective transport cross section for electron scattering by the carrier gasmolecules σ̄g involved in the
calculation formulas. Large scatter in the values ofW for the same substance at the same temperature (about
1 eV) available in the literature has already been discussed above. In particular, this scatter can be due to the
admixtures adsorbed on the particle surface. Values ofR, which are not always precisely known even for the
powder used in the plasma of combustion products, can vary significantly due to cracking of the particles during
thermal shock at themoment of their introduction into the plasma and due to partial evaporation of the particle
material and its subsequent nucleation to form a newfine fraction. Calculation of σ̄g in the combustion products
requires a detailed calculation of their component composition, which is a separate problem.

Despite thedifficulties of theory andexperiment,we can conclude that themaximumelectrical conductivity,
which is proportional toR−2 (see (16)), canonlybe achieved in aplasmacontaining extremely small particles.As such,
itmaymake sense to create experimental conditions suitable for initial particle evaporation and subsequentnucleation
of the substance.Note that in some technologies, the effect of enhancing the electrical conductivity due to theparticles
maybeundesirable. It is known that during theprocess ofnucleation in the combustionproducts,microdropletswith
a characteristic size ∼ −R 10 cm6 are formed [61].Their ionizationcan lead to large values ofσ.Apparently,BaO
particles shouldbe regardedasmost promising for suchpurposes. Formore conventional experiments,where the size
rangeof particles tobe injected into theplasma is assumed tobe controlled, itmakes sense touseLaB6 .

Themodel introduced in this papermay be a simplified approach due to its equilibrium assumptions.
However, for equilibrium conditions it has to be considered as acceptable assessment and,moreover, as
adequate point of departure for furthermodeling and calculation. Furthermore, it is evident that verification
activities—also on basis of academically reduced experiments—can be performedwhich in turnwill strengthen
the sustainability of the approach. In addition, relevant sensitivities can be derived from this assessment, which
will provide a feedback to the experiments and their potential layout.
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