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1 PLASMA FLOW SYNTHESIS

1 Thermal plasmas synthesis of nanoparticles

1.1 Introduction

Thermal plasmas are partially or strongly ionized gases, usually created by electric arcs
at atmospheric pressure. In fact, thermal plasmas can be generated by many methods,
such as direct electrical discharges at current intensities varying from a few amperes
and up to hundreds of amperes, free burning arcs and transferred arcs, non-transferred
plasma torches, either AC or transient arcs and lamps, circuit-breakers, pulsed arcs, RF
and microwave discharges , as well as laser induced plasmas in expansion phase. In the
following text, thermal plasmas will be essentially treated as very hot gases. They are often
qualified as thermal if they are close to, or in LTE (Local Thermodynamic Equilibrium).
This state of equilibrium is obtained when the pressure in the plasma is sufficient to ensure
that the energy is equipartitioned between all molecular and atomic excited states, but
not high enough to ensure that the plasma emits as a blackbody. It is generally accepted
(or at least tolerated) to say that plasma torches operating close to atmospheric pressure
are close to LTE except near the fringes of the plasma where the stronger gradients exist.
As a consequence, in order to obtain a valid description of a DC or a transferred arc
plasma torch, even with the LTE assumption one must take into account the non-LTE
behavior of the plasma near the electrodes. The rf inductively coupled plasma (ICP) is
somehow different, since it has no electrode directly in contact with the plasma.

In thermal plasmas, the electrons are mainly responsible for inelastic collisions, such
as ionization, recombination, excitation, de-excitation, attachment, and detachment. Due
to the high value of the electron density, the inelastic collision frequencies are high, and
thus tend to establish a statistical equilibrium among all particles: the populations of
the excited atoms, molecules and ions tend to obey equilibrium laws, such as the Boltz-
mann, Saha and Guldberg Waage laws. Thermal equilibrium calculation of the transport
and thermodynamic properties is greatly simplified by comparison with non-equilibrium
calculations.

Thermal plasma processing, and in general gas phase syntheses of nanopowders, should
be operated at high concentrations that are necessary for the practical fabrication of nanos-
tructured materials in industry. This present serious difficulties in terms of controlling
the size, morphology, crystalline phase, and composition, which ultimately determine the
properties of the nanostructured materials. To master and optimize the thermal plasma
technologies we should understand not only the mechanisms of generation, growth, and
deposition of nanoparticles, but also the fundamental nature of the transport phenomena
occurring in the plasma during the synthesis. Modern Computational Fluid Mechanics
(CFD) modeling and other computer simulation capabilities such as Monte Carlo methods
prove to be not only useful but essential to the task. The control of the thermal plasma
technologies, which present extreme gradients of all the properties of interest, requires a
good knowledge of nanometer-sized particle generation in terms of size distribution, shape,
composition and phase, and also requires the development of methodology to transport
and deposit particles at specific locations of interest.

A full theoretical description of the aerosol dynamics in plasma processing is very
complex due to the presence of neutral atoms, free electrons and ions, and the presence of
large temperature gradients. A complete model for such a system requires the solution of
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1 PLASMA FLOW SYNTHESIS 1.1 Introduction

the coupled system of Maxwell equations with the Navier Stokes, energy and mass transfer
equations. To this already very complex model describing the LTE plasma must be added
the description of the particulate phases, in other words the micron-sized particles injected
in the plasma as feed material and the equations describing the aerosol dynamics produced
by the condensation. Among the problems related to the modeling of such production,
the calculation of the transport properties is of paramount importance.

In the production of nanoparticles of refractory materials, high temperatures can be
obtained from many different high energy sources, such as hydrocarbon flames, laser beam,
or Joule heating. Nevertheless, with such techniques, production rates are usually low and
therefore industrially restricted to certain types of materials. Plasma reactors in thermal
plasma technology mostly refers to the downstream section of the plasma process where
the hot gas is quenched to freeze the products in the desired thermodynamic state. The
specific characteristics which appeals to material processing and nanopowder production
are mostly their high energy density, from 106 to 107 J/m3, the production of reactive
species through rapid chemical kinetics, direct conversion from electric to thermal energy,
thus providing a better chemical environment control. Thermal plasma jets produced by
dc arcs or RF discharges at pressures close to atmospheric pressure are characterized by
high temperatures (typically between 6000 and 14,000 K) of heavy species and medium
to high subsonic velocities (from a few tens of meters per second up to a few kilometers
per second) of the plasma flow. Nanosized particles will form in the zone of the plasma
reactor where gases have cooled considerably (below 3500 K for the high temperature
refractories) and vapors can condense, predominantly via homogeneous nucleation.

The thermal plasma synthesis of nanopowders is a relatively new technology which has
great industrial potential, although it is almost 30 years ago that Yoshida et al. (Yoshida
et al., 1979) reported using rf inductively coupled plasma to produce 10 nm titanium
nitride in 1979 and in 1981 (Yoshida and Akashi, 1981), as well as earlier works of Troit-
skii et al (Troitskii et al., 1974) in 1974 and Cantaloup and Mocellin in 1975 (Cantaloup
and Mocellin, 1975). But in spite of these pioneering papers, significant industrial break-
throughs have been lagging behind the early researchers enthusiasm. However, the last
decade has seen the interest for nanosized materials grow rapidly and thermal plasma
technology has been proven capable of producing high quality powders with relative ease.
The ultrafine powders are now labeled in the nanotechnology field and their properties
interpreted with new light.

In most processes using thermal plasma processing of nanopowders, the high energy
densities of thermal plasmas are used to generate high-density vapor-phase precursors
that are rapidly quenched to synthesize nanopowders. In these cases, the thermal plasma
synthesis of nanopowders includes the following stages:

1. injection of the solid reactants in the plasma.

2. heating, melting, vaporization, and dissociation of the solid reactant feed into gaseous
species.

3. reaction between the gaseous reactant to form a new compound.

4. homogeneous nucleation of the new compound, resulting in nanoscale base particles.
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1.2 The Inductively Coupled Plasma (ICP) 1 PLASMA FLOW SYNTHESIS

5. Use of rapid quenching to control the evolution of the morphology of the aerosol
particles through collisions causing coalescence, aggregation, agglomeration, and
formation of complex, fractal shape aggregates.

6. Capture of the nanoparticles by filtration, thermophoretic deposition, liquid scrub-
bing, ...

In the process of nanopowders synthesis using thermal plasmas, in particular those
using evaporation-condensation, the properties of the synthesized particles such as particle
size, size distribution, phases and morphology are affected by various process parameters.
Gas pressure, plasma power, frequency, flow rates of the different torch gases, size of the
precursor powders and powder loading in the plasma are key process parameters since they
control in turn the particles and vapors temperature histories in the plasma. In order to
optimize and control the process for nanoparticle synthesis, it is necessary to understand
the effects of the process parameters on plasma properties and on the plasma-particles
interactions resulting in final properties of the synthesized powders. In the following
sections, we will address the modeling of the induction thermal plasma torches that are
used in the production of nanopowders. The transport and thermodynamic properties of
thermal plasmas will be addressed.

1.2 The Inductively Coupled Plasma (ICP)

Thermal plasma generation devices, often called plasma torches, are extremely diversified,
but roughly they can be classified in three types:

1. The transferred arc torch and free burning arcs, which produces typically plasma
temperatures in the range 10000-20000 K, intermediate plasma velocities, in the 100-
500 m/sec, and large plasma volumes. In the free burning arcs and transferred arcs
the arc is struck between two electrodes, the anode usually being used as the target
which receives most of the heat flux. Transferred arc reactors may vary largely
in power, industrial units in the megawatts have been used in the metallurgical
industry for decades.

2. The DC plasma torch, where the decaying plasma jet has lower temperatures that
the transferred arc, velocities close to or above Ma=1 depending on the geometry
of the torch and nozzle (often the anode itself), and relatively small plasma vol-
umes. The arc is struck between a pointed tip cathode and an annular anode, it is
blown and controlled through the use of the plasma gas flow. The plasma power in
industrial DC torches varies from a few kW up to 8 megawatts.

3. The inductively coupled plasma torch (ICPT), which is an electrode-less discharge
with relatively low velocities (10-100 m/sec), and temperatures that may vary largely
with the type of gas used. This type of torch makes it possible to use (in principle)
any plasma gas because of its independence on electrodes. Widely used in spectro-
chemical analysis in small 1 kw units, industrial inductively coupled plasma torches
have been reported close to the megawatt range, and of course the von Karman
Institute has an ICP of 1.2 Megawatts.
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1 PLASMA FLOW SYNTHESIS 1.3 ICP production of nanoparticles

Combinations of the two main types of arc plasmas, transferred or non transferred,
have been used extensively in attempts to combine the raw power of the transferred arc
with the control of the plasma jet torch. The first industrial use of thermal arc plasma
torches dates as far as 1905, before Langmuir’s denomination of physical plasmas, for
nitrogen oxide generation using the Birkeland et Eyde process. An impressive power of
up to a hundred megawatts is reported to have been used up to 1920, when the process
was abandoned. In 1939, Huls developed 8,5 megawatts torches for acetylene production
from methane and hydrogen gas.

1.3 ICP production of nanoparticles

The industrial interest in nanoparticle production using thermal plasmas has lead, in the
last few years, to a number of scientific papers addressing the possibility of creating various
types of materials using thermal plasma technology[3]. It has brought even more studies
directed to the design of better plasma reactors, with the size, morphology, chemical and
structural aspects of the powders as a function of the operating conditions of the reactors.
Flow rates of powders, reactants, quench configuration, plasma power, frequency, reactor
pressures and other design parameters have been studied using on-line diagnostic of the
plasma reactor, as well as on-line monitoring of the powders. Furthermore, the ICP torch
can be quite easily modified to a supersonic configuration materials. The supersonic
plasma jet obtained is a useful tool used in the spraying technology to produce high-
quality coatings.The supersonic expansion has been used for DC plasma jets for many
years and has been shown to improve material processing applications such as plasma
spraying and the deposition by thermal evaporation. In fact, the low-pressure supersonic
plasma jet is now widely used in plasma spraying to produce high quality coating . This
sprayed particles are accelerated and attain a higher impact velocity, leading to a higher
density of deposit.

1.4 Plasma properties

The transport properties for thermal plasma are obtained using the Chapman-Enskog
method. Using a first-order approximation of the Chapman-Enskog method is rather
common in the literature because higher-order approximation of Sonine polynomial ex-
pansion requires numerous collision integrals resulting in a heavy, cumbersome formula.
The first-order approximation gives reasonable enough at temperatures below 9000 K but
becomes increasingly inaccurate especially for electrical conductivity and thermal conduc-
tivity of electron translational contribution at high temperature . Therefore, higher-order
approximations have to be used in order to obtain better precision.

1.4.1 Thermodynamic properties

For such complex mixtures, the thermodynamic properties as well as the transport proper-
ties represent a challenging computational task. However, if the molecular data necessary
for calculation of the partition functions is known (energy levels, degeneracies, etc...),
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1.4 Plasma properties 1 PLASMA FLOW SYNTHESIS

it becomes relatively easily to compute thermodynamic properties through a straight-
forward procedure. Easily applied mixture rules can then be used to obtain easily the
properties of the plasma, once the species concentrations are known. In order to evaluate
the thermodynamic properties, one uses statistical thermodynamic:

E =
∞∑
i=0

εi Ni and N =
∞∑
i=0

Ni (1)

where Ni is the number of particles of energy level i. If the distribution of Ni is known,
it is possible to calculate the energy of the system. For a Boltzmann distribution:

Ni =
N gi exp (−εi/k T )

Q
(2)

with

Q =
∞∑
i=0

gi exp (−εi/k T ) (3)

Q is the partition function, k Boltzmann’s constant and gi the degeneracy of the level
i.

The global partition function Q has the form:

Q =
∞∑

n=1

∞∑
J=0

∞∑
ν=0

∞∑
e=0

gngJgνge exp

[
−(εn,tr + εJ,rot + εν,vib + εe,elec)

kBT

]
(4)

and it can be written as:

Q = Qtr Qrot Qvib Qelec (5)

where the different modes of energy are identified as the translation, rotation, vibration
and electronic modes. The individual partition functions are expressed:

Partition function for translation Qtr:

Qtr =

(
2πmkT

h2

)3/2

V (6)

V is the volume of the system, m the mass of the species and h Planck’s constant.

Partition function for rotation Qrot: If in thermal plasma we consider only diatomic
molecules, a very reasonable hypothesis , the internal energy of the rigid rotator is:

εJ,rot =
h2

8π2Ic
J (J + 1) with J = 0, 1, 2, 3, . . . (7)

where I is the moment of inertia of the molecule, J the quantum number of rotation.
The characteristic temperature for rotational energy is defined as θR:

θR =
hcBe

k
, (8)
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1 PLASMA FLOW SYNTHESIS 1.4 Plasma properties

with Be, a spectral constant, it follows that:

Qrot =
T

σθR

+
1

3σ
+

1

15σ

θR

T
(9)

σ is a parameter included to take into account for homogeneous and heterogeneous
diatomic molecules, it is equal to 2 in the first case and to 1 in the second.

Partition function for vibration Qvib: In a similar way,

εν,vib = hf

(
ν +

1

2

)
with ν = 0, 1, 2, 3, . . . (10)

where f is the frequency of the vibration and ν is the quantum number for vibration,
again, defining a temperature for the vibration mode:

θV =
hcωe

k
, (11)

we can express the vibration partition function,

Qvib =
1

1− exp (−θV T )
(12)

Electronic partition function Qelec: Unfortunately, there is no simple formulation
for the electronic excitation levels, therefore we come back to the definition, using the
characteristic temperature for electronic energy:

Q =
∞∑

e=0

ge exp (−θE,e/T ) (13)

θE,e =
εe

k
(14)

Once the partition functions are evaluated, the evaluation of the thermodynamic prop-
erties is straightforward, for example the internal energies and enthalpy:

E = NkBT 2

(
∂ ln Q

∂T

)

v

(15)

Or, simply defining in terms of molar units, we replace the general N with Avogadro’s
constant NA:

ê = NAkBT 2

(
∂ ln Q

∂T

)

v

= RT 2

(
∂ ln Q

∂T

)

v

(16)

or, replacing R with R so that

R =
R
M

we obtain:
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1.4 Plasma properties 1 PLASMA FLOW SYNTHESIS

e = RT 2

(
∂ ln Q

∂T

)

v

(17)

In the same way, molar enthalpy is expressed:

ĥ = RT 2

(
∂ ln Q

∂T

)

v

+RT (18)

and in molar units:

h = RT 2

(
∂ ln Q

∂T

)

v

+ RT (19)

1.4.2 Transport properties

Transport properties, on the other hand, are much more complex to evaluate and involve
complicated functions of the molecular collision interaction potentials. Their computa-
tion involves approximate solutions of the Boltzmann equation through Chapman-Enskog
theory. Somehow as the partition function is the fundamental element needed for the
calculation of thermodynamic properties, the building block of the transport properties
calculation is the collision integral which is described in a formal way as:

Ω
(l,s)∗
ij =

4 (l + 1)

(s + 1)!
[
2l + 1− (−1)l

]
∫ ∞

0

∫ ∞

0

exp
(−γ2

ij

)
γ2s+3

ij

(
1− coslχ

)
b db dγij (20)

γij is the initial reduced velocity of the colliding molecules i and j:

γij =

√
µij

2kT
gij (21)

gij is the initial relative velocity of the molecules i and j and µij is the reduced mass
of molecules i and j:

1

µij

=
1

mi

+
1

mj

(22)

χ is the angle of deviation of the molecules calculated in the coordinate system of the
center of mass of the system:

χ = π − 2b

∫ ∞

rm

dr/r2

√
1− [

ϕij (r) /1
2
µijg2

ij

]− (b2/r2)
(23)

b is the impact parameter. The term rm is the root of

1− ϕij (r)
1
2
µijg2

ij

− b2

r2
m

(24)

and ϕij (r) is the energy potential between the two colliding molecules.
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1 PLASMA FLOW SYNTHESIS 1.4 Plasma properties

The computation of the collision integral is a considerable task, fortunately some
reliable data exists for a few well known systems. For example, one can find the collision
integrals for air plasmas in the following reduced form:

Ω
(l,s)∗
ij =

4 (l + 1)

(s + 1)!
[
2l + 1− (−1)l

]
√

2πµ

kT
Ω

(l,s)
ij (25)

and curve fitted to the following form, the tabulated form (Mason et al., 1967) of the
coefficients for a mixture of oxygen and nitrogen are available in the literature:

ln (Ω∗) = A + B ln (T ) + C ln2 (T ) + D ln3 (T ) + E ln4 (T ) (26)

Viscosity η Using the known collision integrals, the calculation of the individual species
and of the mixtures’ transport properties can be evaluated. The case of viscosity is
simpler, since the contribution of electrons can be neglected, but in principle still requires
the evaluation of a matrix system. Gupta and his collaborators (Gupta et al., 1991)
proposed a formulation using a strong diagonal form with only corrective terms for the
extra-diagonal terms. It is expressed as:

η =

(
nsp−1∑
i=1

xi

Ai + aaν

)(
1− aaν

nsp−1∑
i=1

xi

Ai + aaν

)−1

(27)

with:

aaν =

[
nsp∑
i=1

nsp∑
j=1

xixj

(
1

Ai

− 1

Aj

)2

aij

][
nsp∑
i=1

nsp∑
j=1

xixj

(
1

Ai

− 1

Aj

)2
]−1

(28)

aij =
NA

Mi + Mj

(
2∆

(1)
ij −∆

(1)
ij

)
(29)

Ai =

nsp∑
j=1

xj
NA

Mi

∆
(2)
ij (30)

∆
(1)
ij =

8

3
Ω

(1,1)∗
ij

[
2MiMj

πRT (Mi + Mj)

]1/2

(31)

∆
(2)
ij =

16

5
Ω

(2,2)∗
ij

[
2MiMj

πRT (Mi + Mj)

]1/2

(32)

Thermal conductivity λeff For the case of thermal equilibrium, the thermal conduc-
tivity of the thermal plasma is the sum of three components, translational, internal, and
reaction:

λeff = λtrans + λint + λrea (33)

Using the fact that electron-ion and electron-atom or molecule collisions do not affect
significantly the heavy particles, one can decouple to a certain extent the system:
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1.4 Plasma properties 1 PLASMA FLOW SYNTHESIS

λtrans = λh + λe (34)

Translational thermal conductivity λh Using the same technique as for viscosity:

λh =

(
nsp−1∑
i=1

xi

Ai + aaν

)(
1− aaν

nsp−1∑
i=1

xi

Ai + aaν

)−1

(35)

with:

aaν =

[
nsp−1∑
i=1

nsp−1∑
j=1

xixj

(
1

Ai

− 1

Aj

)2

aij

][
nsp−1∑
i=1

nsp−1∑
j=1

xixj

(
1

Ai

− 1

Aj

)2
]−1

(36)

aij =
2MiMj

15k (Mi + Mj)
2

[(
33

2
− 18

5
B∗

ij

)
∆

(1)
ij − 4∆

(2)
ij

]
(37)

Ai =

nsp−1∑
j=1

xj
2

15k (Mi + Mj)
2

[
8MiMj∆

(2)
ij + (Mi −Mj)

(
9Mi − 15

2
Mj +

18

5
B∗

ijMj

)
∆

(1)
ij

]

(38)

B∗
ij =

5Ω
(1,2)∗
ij − 4Ω

(1,3)∗
ij

Ω
(1,1)∗
ij

(39)

This formulation is not complete but the terms neglected account for thermal diffusion
which is at least an of magnitude lower than the other conduction terms.

Translational thermal conductivity of electrons, λe (Devoto, 1966) demon-
strated that, while a lower order of approximation is sufficient for ions, atoms and small
molecules found in plasmas, for electrons it is necessary to use higher orders. A third or-
der approximation is shown below. In fact, when temperatures are such that electron and
neutrals dominate, this approximation is still inadequate but since for these conditions
λh >> λe, and the overall λtrans therefore remains accurate. The formulation of Devoto
is given below:

λelectron =
75n2

ek

8

(
2πkT

me

)1/2
1

q11 − (q12)2 /q22
(40)

q11 = 8
√

2n2
eΩ

(2,2)∗
ee + 8

∑
i

neni

(
25

4
Ω

(1,1)∗
ei − 15Ω

(1,2)∗
ei + 12Ω

(1,3)∗
ei

)
(41)

q12 = 8
√

2n2
e

(
7

4
Ω(2,2)∗

ee − 2Ω(2,3)∗
ee

)

+8
∑

i

neni

(
175

16
Ω

(1,1)∗
ei − 315

8
Ω

(1,2)∗
ei + 57Ω

(1,3)∗
ei − 30Ω

(1,4)∗
ei

)
(42)
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1 PLASMA FLOW SYNTHESIS 1.4 Plasma properties

q22 = 8
√

2n2
e

(
77

16
Ω(2,2)∗

ee − 7Ω(2,3)∗
ee + 5Ω(2,4)∗

ee

)

+8
∑

i

neni

(
1225

64
Ω

(1,1)∗
ei − 735

8
Ω

(1,2)∗
ei +

399

2
Ω

(1,3)∗
ei − 210Ω

(1,4)∗
ei + 90Ω(1,5)∗

ee

)
(43)

Internal thermal conductivity, λint The contribution of the internal modes of
energy (rotation, vibration and electronic levels) are given by the formula:

λm = k

nsp∑
i=1

xiĉ
(m)
p,i

R∑nsp

j=1

∑nsp

k=1 xkDjk

(44)

with m stands for the internal mode considered. ĉ
(m)
p,i is the constant pressure specific heat

per unit mole for species i in mode m.

Reactive conductivity λrea The coefficients presented do not take into account
chemical reactions as such. The method proposed by Butler and Brokaw (1957) and
Brokaw (1960) must be used but will not be described here. The thermal conductivity of
reaction is defined for equilibrium and represents the energy transferred by the chemical
reactions in a temperature gradient. For non-equilibrium the term will not be included
as a thermal conductivity but the actual energy flux created will be formulated from the
diffusion fluxes in the transport equation.

Electrical conductivity σ In thermal plasmas, the electrical conductivity is largely
due to electrons, Devoto proposed a third order approximation which is adequate for the
temperature range involved in thermal plasma technology:

σ =
75e2n2

e

2kT

(
2πkT

me

)1/2
1

q00 − (q01)2 /q11
(45)

o e is the electron charge and q00, q01 are defined as:

q00 = 8
∑

i

neniΩ
(1,1)∗
ei (46)

q00 = 8
∑

i

neni

(
5

2
Ω

(1,1)∗
ei − 3Ω

(1,2)∗
ei

)
(47)

Diffusion coefficients Dim In thermal plasmas, due to the presence of the strong
gradients, multicomponent diffusion will cause de-mixing and departure from equilibrium
composition. Evaluation of the multicomponent diffusion may be made through the for-
mulation of the Stefan-Maxwell equations, Hirschfelder et al. (1964):

nsp∑

j=1j 6=i

xixj

Dij

(
~Jj

ρj

−
~Ji

ρi

)
= ∇xi − ∇T

T

nsp∑

j=1j 6=i

xixj

Dij

(
DT

j

ρj

− DT
j

ρi

)
(48)
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1.5 CFD equations specific to thermal plasmas 1 PLASMA FLOW SYNTHESIS

Alternative formulation using Fick’s law and pseudo-binary diffusion may also be used,
but care must be taken in the approximation to account correctly for molar flux conser-
vation Ramshaw (1990).

1.5 CFD equations specific to thermal plasmas

The specific aspects of CFD modeling applied to thermal plasmas are discussed in the
following. With computational packages being more and more accessible, engineers and
scientists working in the field of thermal plasma are inevitably faced with some extent of
mathematical and numerical modeling. The equations presented do not represent a com-
plete mathematical model but rather point out the equations specific to thermal plasma
modeling when non-thermal and non-chemical equilibrium are involved. They are pre-
sented for an axis-symmetrical system for both LTE and non-LTE (two-temperature in
the present case) plasmas and include the electromagnetic coupling specific to inductively
coupled plasmas. In the case of transferred arcs and DC torches, the mathematical mod-
eling should also include the plasma-surface sheaths and the transient aspects of the arc
movement, this aspect is not covered in the following dealing with the electrodeless ICP.

1.5.1 Thermal equilibrium

The total energy equation is written as :

~∇ · (ρHg~u) = ~∇ ·
(

(λh + λe)
eff ~∇Tg −

∑
j

hj
~Jj +

(
τ eff · ~v)

)
)

(49)

+ ~u · ~∇p + PJ + Sh − Srad(T )

it is the sum of the energy equations of the heavy particles and electrons. Hg is the
total enthalpy and can be defined as follows:

Hg = h +
| V |2

2
(50)

The static enthalpy h is defined for ideal gases as :

h =
∑

j

Yjhj (51)

where hj is the enthalpy of species j:

hj =

∫ T

cp,j dT (52)

cp,j is the specific heat of species j.

1.5.2 Thermal non-equilibrium

As the plasma torches and reactors are often operated at the edge of the thermal equi-
librium limits, typically at low pressures, the gradients become more pronounced and
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1 PLASMA FLOW SYNTHESIS 1.5 CFD equations specific to thermal plasmas

the time scales for establishment of equilibrium between the different energy modes and
species populations become larger by comparison with the time scales of the apparatus.
The non-equilibrium is more pronounced near the edges of the plasma, for example near
the cooled walls or in regions of intense quench. The description of the temperature in
these regions becomes problematic since typically the electron temperatures will be higher
than that of the other species. A two-temperature description of the plasmas near but
not at thermal equilibrium has been proposed by (Mostaghimi et al., 1987) for an argon
inductively coupled plasma. The following sections describe a two-temperature model
adapted from (Mostaghimi et al., 1987) and use the method of (Park, 1986) to extend it
to a chemically reactive multi-species plasma.

Momentum:

∂ (ρuu)

∂z
+

1

r

∂ (rρvu)

∂r
=

∂

∂z

(
µeff

∂u

∂z

)
(53)

+
1

r

∂

∂r

(
rµeff

∂u

∂r

)
− ∂p

∂z
+

∂

∂z

(
µeff

∂u

∂z

)
+

1

r

∂

∂r

(
rµeff

∂v

∂z

)
+ Fz

∂ (ρuv)

∂z
+

1

r

∂ (rρvv)

∂r
=

∂

∂z

(
µeff

∂v

∂z

)
+

1

r

∂

∂r

(
rµeff

∂v

∂r

)
(54)

−∂p

∂r
+

∂

∂z

(
µeff

∂u

∂r

)
+

1

r

∂

∂r

(
rµeff

∂v

∂r

)
− 2µeff

v

r2
+ Fr

where u and v are the axial and radial velocities, p is pressure, ρ is the plasma density,
Fz and Fr are the axial and the radial components of the Lorentz force, and µeff = µl +µt

is the effective viscosity, which is the combination of molecular µl and turbulent viscosity
µt.

Energy equation of heavy particles: The so-called heavy particles are the ions,
atoms and molecules. The non-equilibrium model used here assumes equilibrium between
the heavy particles translational and rotational modes, while the electrons are in equilib-
rium with the vibrational modes, according to the proposition of (Park, 1986).

~∇ · (ρHh~u) = ~∇ ·
(
λeff

h
~∇Th

)
+

nsp∑

j(j 6=e)

[
~∇ ·

(
ρDm

i hj
~∇Yj

)]
(55)

−
nr∑

r(βf
er·βb

er=0)

∆Qr + Φµ + ~u · ~∇ph − P ech
el

where λeff
h is the effective thermal conductivity of heavy particles, which the combi-

nation of molecular λh and turbulent thermal conductivity λturb. The molecular thermal
conductivity of heavy particles λh is defined as follows:

λh = λtr
h + λrot (56)
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1.5 CFD equations specific to thermal plasmas 1 PLASMA FLOW SYNTHESIS

where the members on the right hand side represent, respectively, the translational
contribution of heavy particles and the contribution of the rotational modes. The last
three terms are, respectively, the viscous dissipation, the pressure work of heavy particles
and the energy exchange between heavy particles and electrons by elastic collisions.

Energy equation of the electrons

~∇ ·
(

5

2
kBneTe~u

)
= ~∇ ·

(
λeff

e
~∇Te

)
−

nr∑

r(βf
er·βb

er 6=0)

∆Qr − Srad(Te)(57)

+ ~u · ~∇pe + PJ + P ech
el

λeff
e represent the effective thermal conductivity of electrons, which is represented in

this model as the sum of the electron thermal conductivity and the vibrational conduc-
tivity. Srad(Te), ~u · ~∇pe, PJ and P ech

el are, respectively, the volumetric radiative losses, the
electron pressure work, the volumetric Joule heating and the energy exchange between
heavy particles and electrons by elastic collisions.

For simplicity, inelastic collisions involving electronic, rotational and vibrational ex-
citation reactions are not taken into account. This may affect plasma behavior at low
temperatures but should not be of importance in the core of the plasma.

Mass conservation of species s

ρ~u · ~∇Ys = ~∇ ·
((

ρDm
s +

µt

Sct

)
~∇Ys

)
+ Rs (58)

where Dm
s is the effective diffusion coefficient. Rs is the net production rate of species

s due to reactions and can be written as :

Rs = Ms ·
nr∑

r=1

(
νb,r

s − νf,r
s

)
(

kf
r

nsp∏

k=1

N
νf,r

k
k − kb

r

nsp∏

k=1

N
νb,r

k
k

)
(59)

Under thermal non equilibrium, the reaction rate depend upon the heavy particle tem-
perature as well as the vibrational temperature. This can be a problem when the heavy
particle temperature and the vibrational temperature are not equal because we do not
know which temperature is controlling the reaction. To treat this problem, we may use
Park (1986) multi temperature approach. Using this approach, the backward and forward
rate coefficients are evaluated with rate controlling temperature Tr. The forward and
backward rate coefficients are evaluated with rate−controlling temperature Tr = Tf and
Tr = Tb, defined as follows:

Tf = T
1−qf

h T
qf
e and Tb = T 1−qb

h T qb
e (60)

The reaction rate kf
r for the forward direction is given by the Arrhenius law :
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1 PLASMA FLOW SYNTHESIS 1.5 CFD equations specific to thermal plasmas

kf
r = alT

bl
r exp (−cl/Tr) . (61)

The constants al, bl and cl are taken from Abeele (2000).
The reaction rates kb

r for the backward direction are calculated by the relationship:

kb
r =

kf
r

Kr
c

(62)

were Kr
c , the equilibrium constant is easily calculated from the statistical mechanics,

Bottin (1999). It is defined as follows:

Kr
c (T ) = Kr

p(kbT )−
P

νr
s (63)

Kr
p(T ) = exp

(
−

nsp∑
i=1

νr
i µ̂

0
i

kBT

)
(64)

The chemical potentials are given by:

µ̂0
i = µ̂0

i,tr + µ̂0
i,rot + µ̂0

i,vib + µ̂0
i,el (65)

where

µ̂0
i,tr = kBTh,e ln p0 − kBTh,e ln

[(
2πmi

h2

) 3
2

k
5
2
B

]
− 5

2
kBTh,e ln Th,e (66)

µ̂0
i,rot = −kBTh ln

(
Th

σθrot,i

)
− kBTh ln

(
1 +

θrot,i

3Th

)
(67)

µ̂0
i,vib = kBTe ln

[
1− exp

(
−θvib,i

Te

)]
(68)

µ̂0
i,el = −kBTe ln

[ ∞∑
e=0

ge exp

(
− εe

el,i

kBTe

)]
(69)

Where Th,e represents Te if a species i or j is the electron, otherwise Th.

1.5.3 Auxiliary relations

The model is completed with the usual definitions and constraints:

Total enthalpy of heavy particles

Hh = hh +
| V |2

2
(70)

with

hh =
∑

s6=e

Yshs, hs =
1

ms

(
5

2
kBTh

)
(71)
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1.5 CFD equations specific to thermal plasmas 1 PLASMA FLOW SYNTHESIS

Mass fraction
Yj =

mjnj

ρ
(72)

Equation of state In order to close the system, the perfect gas law is used to determine
the density :

ρ = ρe + ρh ≈ ρh =
ph

rTh

≈ p

rTh

(73)

with

r = R

nsp∑
j=1

Yj

Mj

(74)

Charge neutrality (specific to an air plasma)

Ye

me

=
YN+

2

mN+
2

+
YO+

2

mO+
2

+
YN+

mN+

+
YO+

mO+

(75)

Balance of mass fraction

YN2 = 1−
nsp∑

j(j 6=N2)

Yj (76)

Exchange due to elastic collisions The elastic energy exchange between electrons
and heavy particles is computed by a mean collision frequency approach, Charrada et al.
(1996) :

P ech
el =

(3/2)nekB (Th − Te)

τeh

(77)

where τeh is the elastic relaxation time, Ferziger and Kaper (1972):

1

τeh

= (8/3)
∑

j 6=e

(
me

mj

νej

)
(78)

with
νej = vth−enjΩ̄11

ej (79)

vth−e is the thermal velocity of electrons and can be calculated by the following ex-
pression:

vth−e = (8kBTe/πme)
1/2 (80)

1.5.4 Radiation

In general, the effective radiation emission is computed by subtracting spectrally inte-
grated emission and absorption:

Srad(Te) = 4π

∫

λ

ελdλ−
∫

λ

aλdλ (81)
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1 PLASMA FLOW SYNTHESIS 1.5 CFD equations specific to thermal plasmas

An effective net radiation emission coefficient as described by Lowke (1974) may be used,
but should be considered as only approximate. The radiation loss function Srad(Te) was
computed by taking account the atomic and ionic spectral lines and continuous spec-
tra. The continuum radiation arises from recombination (free-bound) and bremsstrahlung
(free-free) transitions:

Srad(Te) =
4π

(4πε0)
3

16πe6

√
6πm3

ekB

∑
ion

nenion√
Te

z2
ion

4kBTe

hp

(82)

+
∑

all−lines

hpc

λki

nj
gk

Uj

exp

[
− Ek

kBTe

]

1.5.5 Electromagnetic equations: vector potential formulation

The vector potential formulation of Xue et al. (2001) may be used to describe the elec-
tromagnetic fields:

∇2A = −µ0 (jcoil + jind) (83)

where A is the vector potential, jcoil is the current density induced in the coil by the
voltage applied to the ends of the coil and jind is the current density developed in the
plasma and the coil by the induced electric field. If jcoil is given, A can be calculated,
since jind can be expressed in terms of A. Assuming that all the fields A, E and H are
sinusoidal with a frequency f in the r.f. plasma, the time variation of A and J can be
omitted and the equation (83) remains the same but A and J will not change with time.
Assuming that the coil is made of parallel rings (an hypothesis necessary to keep the sym-
metry, the vector potential A and the electric field E has only an azimuthal component
A = (0, Aθ, 0) and E = (0, Eθ, 0).
Aθ is a phasor quantity and has a real and an imaginary part :

Aθ = AθR + iAθI (84)

The magnetic field intensity and the electric field can then be determined using:

Eθ = −iωAθ (85)

µ0Hz =
1

r

∂

∂r
(rAθ) (86)

µ0Hr = − ∂

∂z
(Aθ) (87)

These equations are coupled to the plasma flow and energy equations, through the
radial and axial components of the Lorentz force and through the Joule heating rate:

Fr =
1

2
µ0σRe [EθH

∗
z ] (88)

Fz = −1

2
µ0σRe [EθH

∗
r ] (89)
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PJ =
1

2
σRe [EθE

∗
θ ] (90)

where the superscript ∗ denotes the complex conjugate.

1.6 Application of the equilibrium model model

The model described in the previous section can be used as the basis for modeling a
nanoparticle reactor. Injection of the reactants, either as solid precursors or combinations
of solid, gas or liquid flows can be considered. In the case of solid precursors, the de-
scription of the secondary phase has to be taken into account, heating and evaporation
of the precursor, as well as the subsequent transport and diffusion, has to be considered.
In particular, when the secondary phase is concentrated enough to produce two-way in-
teractions, as would be the case in many industrial applications, the interaction between
the particulate and the plasma phase have to be taken into account (for example using
the PSI-Cell algorithm).

1.6.1 Computational domain and boundary conditions

The geometry of a commercial inductively coupled plasma torch is used in this study. A
schematic of the calculation domain of the induction plasma torch with the supersonic
nozzle and its major components is shown in figure 1. A summary of the plasma operating
conditions is presented in table 1. Passing trough the convergent-divergent nozzle the
plasma flows into the working chamber where partial vacuum. The chamber pressure
is Pch = 5000Pa. The outlet static pressure Pin is found in the present model to be
higher than Pch; therefore the plasma jet is underexpanded. In the present work, the
plasma generation as well as the expansion nozzle and discharge zone, are modeled and
simulated.

The vector potential equations are solved only in the discharge region (Zone I), the
quartz tube (Zone III and IV), the coil (Zone II) and the outer zone (Zone V).

The mathematical model is solved in the present case using a commercial package
(Fluent).

Table 1: Characteristics of the torch, principal dimensions and operating conditions.

d0 = 0.00982(m) dc = 0.003(m) dch = 0.2(m) dind = 0.006(m)

L = 0.0326(m) Lch = 0.5(m) Lcon = 0.025(m) Ltot = 0.8076(m)

r1 = 0.004(m) r2 = 0.013(m) Rch = 0.1(m) Rext = 0.12(m)

Rtor = 0.025(m) Z1 = 0.05(m) Z2 = 0.057927(m) Z3 = 0.09(m)

Z4 = 0.134763(m) δw = 0.0035(m) POhmic = 10.7kW f = 3MHz

Q1 = 10−4 Kg
s

Q2 = 1.74 ∗ 10−3 Kg
s

Q3 = 1.74 ∗ 10−3 Kg
s
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1 PLASMA FLOW SYNTHESIS 1.6 Application of the equilibrium model model

Figure 1: The geometry of the induction plasma torch with the supersonic nozzle
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The boundary conditions used are as follows:
At the inlet:

Q1 = 10−4Kg/s, Q2 = Q3 = 1.74 ∗ 10−3Kg/s, T = 300K (91)

At the wall(r = Rtor):

u = v = 0,
∂ (ρYs)

∂r
= 0, λ

∂T

∂r
=

λc

δw

(T − TW0),
∂Te

∂r
= 0 (92)

where λc = 1.05W/mK is the quartz thermal conductivity and TW0 = 300K.

At the center(r = 0 m):

∂u

∂r
= 0, v = 0,

∂H

∂r
= 0,

∂Ys

∂r
= 0. (93)

At the boundaries labeled (WI , WII):

u = 0, v = 0, T = 700K, ∇, ∇ (ρYs) · ~n = 0 (94)

At the boundary labeled (WIII):

u = 0, v = 0, T = 300K, ∇ (ρYs) · ~n = 0 (95)

1.6.2 Results

In the following we examine briefly a few results obtained with the current model applied
to the supersonic ICP reactor. First, the temperature and velocity profiles in the dis-
charge region are presented and compared with the case when there is precursor powder
present at a relatively small flow rate. It can be observed that the isotherms are displaced
downstream due to the two-way coupling. It can also be observed on figures 2 and 3 that
the separation occurring on the wall of the plasma torch at the lower part of the coil
expands both upstream and downstream.

The iso-concentration of the evaporated silica precursor powder is shown next for
two different precursor loading mass rates of 0.3 and 0.9 gpm, on figure 4. Finally, the
temperature and Mach number profiles are presented downstream of the plasma torch on
figure 5

1.7 Conclusion

A mathematical model of the synthesis of nanoparticles in a radio frequency (RF) induc-
tively coupled plasma (ICP) with a supersonic nozzle is developed. It can be used to
describe the flow, temperature, concentration fields of the reactor that is used to produce
nanoparticles. The presence of the supersonic nozzle is proposed as a tool to increase the
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Figure 2: Temperature and stream lines in the discharge without precursor powders

Figure 3: Temperature and stream lines in the discharge with precursor powder (0.9 gpm)
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Figure 4: Concentrations of Silica vapor in the discharge region with 0.3 and 0.9 gpm

Figure 5: Temperature and Mach number in the nozzle and discharge region
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1 PLASMA FLOW SYNTHESIS 1.7 Conclusion

rate of cooling of the flow, thus leading to faster quenching of the nanoparticle distribu-
tion. The model can be used in conjunction with the nanoparticle nucleation, coalescence,
coagulation and transport models that are further developed and explained in the follow-
ing sections of the present Lecture Series on Modeling and Computation of Nanoparticles
in Fluid Plow. It can further be used in order to optimize the conditions for obtaining
nanoparticles of a particular size distribution and morphology, and to understand the
complex relationship between the operating conditions of the ICP reactor and the powder
produced.
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