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Abstract  In order to understand the mechanism of the synthesis of particles using a plasma torch, it is necessary to

understand the reaction mechanisms using a computer simulation. In this study, we have developed a simulation

method to combine the Lagrangian scheme to follow microparticles and a nodal method to treat nanoparticles

categorized with different particle sizes. The Lagrangian scheme includes the Coulomb force which affects the

dynamics of larger particles. In contrast, the nodal method is adequate for the nanoparticles because the charge effect

is negligible for nanoparticles but the number of nanoparticles is much larger than that of microparticles. This method

is helpful to understand the dynamics and growth mechanism of micro- and nano-powder mixture observed in the

experiment. 
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I. Introduction

The inductively coupled plasma (ICP) torch is widely

used for nano-powder synthesis, being characterized by

high enthalpy, high reactivity, high process purity, large

plasma volume, and long resident time due to the

comparatively low plasma velocity [1-3]. The experimental

measurement in an ICP torch has a limitation because of

the high temperature [4]. In order to understand the

mechanism of the generation of particles for an intended

size, it is necessary to understand the physics inside of the

ICP torch using a computer simulation. Especially, the

simulation of particle dynamics and transport in the ICP

torch is not widely introduced in the plasma society. The

plasma in the ICP torch system is a kind of thermal plasma,

which is calculated by computational fluid dynamic

models [5-8]. The simulation of the transport and the

growth of the powder in the plasma is also conducted in

some studies. The one-dimensional nodal method is used

for fabrication of silicon-based functional nanoparticles to

clarify the growth mechanism [9]. The nodal method is

based on the concept of nodal discretization [10]. The

moment method which is solving the aerosol general

dynamic equation (GDE) is used for platinum nanoparticle

formation [11]. The two-dimensional nodal method for the

study of the synthesis of Si nano-powders [4]. These

methods mentioned above do not calculate the Coulomb

force among powders which are charged negatively in

the plasma [12]. The Lagrangian simulation is used for

electrospray droplets dynamics to calculate the Coulomb

force [13,14]. However, this particle simulation in the

Lagrangian scheme needs long calculation time compared

with the nodal method if the number of particles is large.

 In this study, we present the method to combine the

plasma chamber simulation and the particle dynamics

calculation. A two-dimensional fluid simulation is used for

the former, and the combined method of a nodal analysis

and the Lagrangian scheme is newly added for the latter.

In this system, the precursor powder is not fully

evaporated but only partially, and the number of the

generated nanoparticles by nucleation is also very large.

In order to take advantage of each method, we have

developed a method to combine the Lagrangian scheme

and the nodal method concerning different particle

sizes. The Lagrangian scheme which follows every

microparticle has the advantage to consider the

Coulomb force influencing their motion within a Debye

length. On the other hand, the nanoparticles are

calculated by nodal method because they are almost

neutral and the number of them is much larger than

microparticles. The charging mechanism, simulation

methods, and simulation conditions are explained in Sec. 2

followed by the simulation results for the variation of

quenching gas in Sec. 3. Finally, the conclusion is

presented in Sec. 4.
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II. Numerical Modeling

1. Simulation Method

Figure 1 shows the simulation chart which is combining

the plasma chamber simulation and particle dynamics

simulation. The RF-ICP torch is calculated by DCPTUN

(DC Plasma Torch in Unstructured Grid System) code

developed by Park et al. [15]. It is based on these

assumptions that the plasma is optically thin, electrically

neutral, turbulent and a local thermodynamic equilibrium

(LTE). It describes the plasma flow in the framework of

magnetohydrodynamic (MHD) equations using semi-

implicit method for pressure linked equation revised

(SIMPLER) algorithm [16] in conjunction with the K-ε

turbulence model [17].

The growth and dynamics of microparticles are

calculated by the Lagrangian scheme which follows every

particle using Newton’s equation of motion and considering

the variation of the size and the charge of each particle. The

calculation of microparticle dynamics includes the Lorentz

force, drag force, gravity, stochastic force and the Coulomb

force. The growth of microparticles is considering the

condensation, evaporation. The transport of monomer is

calculated by a convection-diffusion equation to consider

the gas phase evaporation. And the growth and dynamics

of nanoparticles are calculated by the two-dimensional

nodal method which calculates at discrete nodes [9]. The

dynamics of nanoparticles include the drag force, gravity,

and stochastic force. The growth of nanoparticles is

considering the condensation, evaporation, nucleation, and

coagulation. 

The significant difference of the nodal method from the

Lagrangian scheme is the Coulomb force. For

nanoparticles, the Coulomb force is neglected because the

charge of nanoparticles is very small with the reason as

follows. 

The charge of nanoparticles can be calculated by

following equation [18].

(1)

q, I, Cd, T is the charge of nanoparticle, current from

plasma to the nanoparticle, capacitance of nanoparticle,

and temperature, respectively. The subscript e, i mean the

electron and ion. The current is depend on the plasma

density which estimated by the Saha equation [19]. At this

time, the gas is composed of only singly ionized ions,

electrons, and neutral particles. The same internal function

as that of Drellishak’s paper [20] is used for the calculation

of the Saha equation. The full charging time is calculated

roughly as follow [18]. 

(2)

The charging time is much shorter than the residence

time of the precursor particles at 10,000 K, and much

longer at 500~1,500 K. The charging time becomes similar

to the residence time at 3,000 K.

In the ICP torch, nanoparticles are mainly generated by

nucleation where the plasma temperature is low which

results in very long charging time compared with the

residence time of the nanoparticles. Therefore, the charging

effect of the nanoparticle is negligible, which validate the

nodal method in low-temperature regime. 

2. Simulation conditions

Figure 2 shows the simulation domain. The chamber

pressure is 1 atm. The flow rates are 15 slpm (Ar), 85/10

slpm (Ar/H2) and 5 slpm (Ar) for the central gas, sheath

gas, and carrier gas, respectively. The flow rate of

quenching gas (Ar) varies from 50 to 250 slpm. The RF-

ICP power is 20 kW with a driving frequency of 3 MHz.

The feeding nozzle position is 11.5 cm. The time step of

nanoparticle calculation is 10 µs. The mass flow rate of
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Figure 1. Simulation scheme used in this study is composed of a two-dimensional plasma fluid simulation and two methods to
calculate the dynamics of microparticles and nanoparticles together. 
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silver precursor is 0.001 kg/m3. The initial size of

nanoparticles has Gaussian distribution with an average

diameter and a deviation of 5.0 µm and 0.2 µm. The

volume of the first node is 10 times larger than the

monomer volume, and the volume of the next node is

multiplied by a factor of 1.8 to the volume of the previous

node. The number of nodes is set to be 33, which diameter

ranges from 0.71 to 400 nm. 

III. Results

Figure 3 shows the profiles of the plasma temperature

and the axial plasma velocity from the feeding probe to the

downstream area. The flow rates of the quenching gas are

50 slpm (top figures) and 250 slpm (bottom). The precursor

particles passing through the feeding probe are evaporated

by the high temperature plasma, up to 2,400 K. The boiling

temperature of silver is 2,435 K which is slightly higher

than the maximum plasma temperature. It means that the

precursor particles are evaporated slowly in a state of liquid

rather than a liquid-gas state as shown in Fig. 4. 

Figure 4(a) shows the size distribution of the particles

along the axial position. The precursor powders move

following the plasma flow and pass through the high-

temperature region. The precursor powders with a diameter

of 5 µm evaporate at the high-temperature region at

z=350 mm and decrease its size to 3.8 µm in the region

from z=300 to z=400 mm. This evaporation becomes the

source of the monomer as shown in Fig. 4(b). The

monomers are generated by the evaporation of the

precursor particles from z=300 to z=400 mm and diffuse

along the plasma flow. The maximum monomer mass

density exists at z=430 mm. The reason for the decreasing

mass density of monomer after z=430 mm despite the

slowed-down plasma flow is the consumption of monomer

by the condensation and the nucleation.

Figure 5(a) shows the size distribution of precursor

particles with the variation of the flow rate of the

quenching gas. The average diameter of the precursor

particles passing through the hot temperature region

decreases because of the evaporation process. The higher

flow rate of the quenching gas results in the smaller average

diameter because the plasma temperature is high as the flow

Figure 2. The RF-ICP torch system considered in this study.

Figure 3. The profiles of the plasma temperature and the axial
plasma velocity from the feeding probe to the downstream
area. The flow rates of the quenching gas are 50 slpm (top)
and 250 slpm (bottom). 

Figure 4. Shown are (a) the size distribution of the particles
along the axial position and (b) the profiles of the monomer
mass density with a flow rate of the quenching gas of 50 slpm
(top figures) and 250 slpm (bottom). 
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rate of quenching gas increases at the z range 300 to

410 mm. Figure 5(b) shows the size distribution of

nucleated nanoparticles with the variation of the flow rate of

the quenching gas. The average diameter of the nucleated

nanoparticles is about 200 nm, and the nanoparticles grow

up to 400 nm by coagulation process. The total amount of

nanoparticles is larger with a higher flow rate of the

quenching gas. A large amount of quenching gas decreases

plasma temperature in region I shown in Fig. 3(a), but the

plasma temperature in region II increases slightly with the

flow rate of 250 slpm compared with 50 slpm because of

turbulence effect near region II. 

Figure 6 shows experimental observation of the

considered system in our. As shown in the figure, there are

large size particles with a diameter of 4~5 µm and small

size nanoparticles of which diameter is about 200~300 nm.

The tendency of the simulation results agrees well with the

experimental observation.

IV. Conclusions 

We simulated the micro- and nano-powder synthesis in

RF-ICP thermal plasma system using a two-dimensional

fluid simulation code, DCPTUN, which analyzes the

thermal plasma. For particles, a combination of a particle

method (for microparticles) and a nodal method (for

nanoparticles) are utilized to explain the behavior and

growth of nanoparticles in the ICP torch. The precursor

microparticles are injected from the feeding probe and

evaporate partially. The simulation of microparticles in the

Lagrangian scheme calculates the Coulomb force among

negatively charged precursor particles. However, the

Coulomb force is not effective in the considered cases

because the dominant force for the precursor powder is

drag force. In contrast, the nucleation nanoparticles cannot

obtain the charge because they are generated at low

temperature. It is easy to calculate nucleation nanoparticles

using the nodal method because the number of nucleation

nanoparticles is large. The combined method clarifies the

generation of micro- and nano-powder mixture. The

precursor powder evaporates partially to generate the

smaller micro-powder. Nucleation process generates the

nanoparticles which grow up to 400 nm by coagulation and

condensation. The increase of the quenching gas increases

the weight ratio of nano-power because the plasma

temperature is high where the precursor powder

evaporates. 

The effect of Coulomb force does not stand out in this

system. Some experiments observed the positively

charged nanoparticles in the plasma [22-24]. However, the

mechanism of positively charging is unknown. If the

nanoparticles obtain the positive charge, they can grow by

coagulation with negatively charged nanoparticles. Future

work will clarify the effect of positively charged

nanoparticles and Coulomb force. 
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