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Abstract
Due to complex interactions among the plasma jet, the coating powder particles and the carrier
gas orthogonally injected into the plasma, the numerical simulation of a plasma thermal spray
coating process is very challenging. In this paper, we numerically solve the system of
nonlinear and coupled partial differential equations expressing the conservation of mass of
species, the total mass, linear momentum and energy, as well as the k–ε turbulence model
under pertinent initial and boundary conditions. The particle–plasma interaction is described
by a drag force acting on particles and an equal and opposite force acting on the plasma. The
lumped capacitance method is employed to model the particle heating and melting. Chemical
reactions among species are considered. Whereas governing equations are written in the
Eulerian description of motion, trajectories of powder particles are tracked using their
Lagrangian description of motion. The mathematical model of the plasma process is validated
by comparing computed results for the plasma, the particle temperature and the particle
velocity with the corresponding test results taken from the literature. Significant contributions
of the work include modelling effects of the carrier gas and the turbulence modulation
introduced by particles which have not been considered in most previous two-dimensional and
many three-dimensional studies. It is found that the consideration of turbulence modulation
reduces the turbulent kinetic energy and its dissipation rate by more than 30% and 40%,
respectively, in regions where particles are concentrated.

Keywords: plasma spray, plasma–particle interaction, turbulence modulation, particle
injection, three-dimensional flow

(Some figures may appear in colour only in the online journal)

1. Introduction

Over the last two decades plasma thermal spray process that
belongs to a large family of thermal spray processes has
become a well-established and widely used technology in
various industrial sectors such as aero gas turbine, automotive
engines, oil and mining. Variants of the plasma spray
process include atmospheric plasma spray (APS), vacuum or

4 Author to whom any correspondence should be addressed.

low-pressure plasma spray (VPS, LPPS), inert plasma spray
(IPS), shrouded plasma spray (SPS) and controlled atmosphere
plasma spray (CAPS) [1, 2]. Here we study the direct current
(dc) APS schematically shown in figure 1.

As shown in figure 1, a mixture of gases (usually Ar, H2,
He and N2) is heated to plasma temperature and is ionized
by a high-intensity arc between the tip of the cathode and
the water-cooled anode nozzle. Consequently, a plasma jet or
plasma flame [3] emanates from the nozzle exit. The coating
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Figure 1. Schematics of a typical dc thermal plasma spray process (top) and its split into two parts (bottom). Here u = velocity,
T = temperature and subscripts f and p stand for plasma flow and particle, respectively.

powder and the carrier gas are injected into the plasma through
a powder port generally oriented perpendicular to the plasma
jet axis. Through interactions with the plasma jet, the particles
are accelerated, heated and partially melted before they strike
the substrate and are deposited on it to form a coating.

A typical simulation of the plasma spray process can be
divided into two parts: (1) plasma generation and formation,
and (2) particle injection, heating and acceleration. Techniques
for simulating the generation of the electric arc, arc fluctuations
and plasma flow inside a dc torch are given in [4–12].
We note that three studies [13–15] predict the temperature
and flow fields both inside and outside of a dc arc plasma
torch. These authors have reported that the local anode
arc-root attachment on the anode inner surface resulted in
non-axisymmetric distribution about the nozzle axis of the
plasma temperature and velocity at the circular cylindrical
exit of the plasma torch. Here we simulate one case which
considers this non-axisymmetric distribution of temperature
and velocity of the plasma flow. However, due to the
complexity of the plasma dynamics inside the torch, we
follow many other published works and do not model the
complex electromechanical interactions occurring within the
gun. Plasma jet formation is simulated by solving the
conservation equations of mass for each species, the total mass,
linear momentum and energy along with transport equations
representing the turbulence model [16–20]. Many phenomena
such as chemical reactions, species mass diffusion, and heat
transfer due to radiation and convection are included in the
mathematical model. After injection into the hot and high-
speed plasma jet, the coating powder is heated and accelerated.

Effects of viscous drag force, particle rotation, thermophoresis,
non-continuum effects, basset history term and turbulent
dispersion exerted on the motion of a particle are summarized
in [21]. However, only the drag force has been considered
as the main driving force in most studies including this one.
Various sources of heat exchange between the powder particles
and the plasma are reviewed in [22], and are incorporated in
the present mathematical model. A comprehensive review
of particle heating, melting, re-solidification, and evaporation
with consideration of the moving interface between the solid
and the melted phases is given in [23]. Here we have employed
the lumped heat capacitance model to simulate the particle
heating because the Biot number in our numerical studies is
expected to vary between 0.0017 and 0.3373. For particles
going through the plasma where the convective heat transfer
coefficient is very high, the particle surface temperature
calculated by the lumped heat capacitance model may have
a relatively larger error. The neglect of particle vaporization
in our work could noticeably affect results for small particles
since they have a high surface temperature. However, the short
residual time in the plasma of these particles, 1–2 ms, due to
their high axial velocities should reduce errors introduced by
neglecting vaporization.

Despite the aforementioned simplifications, the complex
coupling among the plasma jet, the carrier gas and the powder
particles makes the theoretical modelling and numerical
simulation of a dc APS process a challenging problem.
Most earlier mathematical models are built for general three-
dimensional (3D) deformations but the governing equations
are solved by assuming the plasma flow to be axisymmetric
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Table 1. Capabilities and shortcomings of several commonly used 3D simulation codesa.

Ref. CF UF CR MCF TWI CG TM IHC

[32] × × × ×
[13, 33, 36] × ×
[37] × × × ESTET
[35, 38] × × ×
[39] × × × × × × ×
[40] × × × × ANSYS Fluent
[41] × × × × × ANSYS Fluent
[42] × × ×
LAVA-P [28] (2D) × × × × ×
LAVA-3DI (present) × × × × × × × ×
a CF stands for compressible flow, UF for unsteady flow, CR for chemical reaction, MCF
for multi-component flow, TWI for two-way interaction, CG for carrier gas, TM for
turbulence modulation, IHC for either the in-house code or the commercial code listed,
× for the effect modelled.

(i.e. 2D) even when powder particles are injected in a
direction perpendicular to the axis of the plasma flow, e.g. see
[19, 20, 23–29]. Deformations studied in [23, 24, 27, 28]
can be classified as pseudo-3D because they account for
dispersions of the plasma induced by turbulent effects due
to particle injection and predict 3D particle trajectories by
considering plasma flow to be axisymmetric. However, the
axisymmetric assumption is not valid unless the carrier gas
and the powder particles are simultaneously injected all around
the circumference of the plasma jet [13] which is generally
not the case. The errors in the computed particle trajectories
and temperatures introduced by this assumption have not been
quantified yet.

In the last decade, simulation codes have been developed
to find more realistic 3D temperature and velocity fields in
the plasma jet [16–18, 30] and improved in-flight particle
characteristics [13, 31–42]. Capabilities and shortcomings of
several commonly used simulation codes are summarized in
table 1. We note that the software LAVA, originally developed
at the Idaho National Engineering and Environmental
Laboratory (INEEL), can be used to analyse 2D axisymmetric
temperature and velocity fields in the plasma jet, which is
modelled as an unsteady, compressible, Newtonian, turbulent
and chemically reacting ideal multi-component fluid mixture
with temperature-dependent thermodynamic and transport
properties [19, 20]. Wan et al [23, 28] developed LAVA-P,
which is a pseudo-3D code to predict the particle temperature
and velocity. However, it does not consider turbulence
modulation that refers to the modification of the gas-phase
turbulence due to the presence of particles. Although
turbulence modulation has been extensively studied in particle-
laden or multi-phase turbulent flows [43–54], only a few
investigators [35, 38] have considered it in an ac APS, and
that too by injecting only ten computational particles into the
plasma flow. However, ten particles are too few due to the
stochastic characteristics of turbulence and particle injection.
Although the model used in [43–54] is 3D, the plasma is
modelled as steady-state incompressible single-phase flow.
Moreover, chemical reactions among species and effects of
the carrier gas injection are neglected. Recently, Xiong
et al [39] developed LAVA-P-3D by extending LAVA-P to
include effects of the carrier gas and entrained particles on the

plasma jet. However, they did not study effects of turbulence
modulation on both plasma and particles.

In order to realistically consider complex interactions
among plasma, particles and the carrier gas, and account for
turbulence modulation we have generalized LAVA-P and call
the modified software LAVA-3DI (3DI for three-dimensional
interactions among the carrier gas, powder particles and the
plasma) to better predict the plasma temperature and velocity,
as well as the particle temperature, velocity, and 3D trajectories
of the powder particles. The so-called ‘standard approach’ of
turbulence modulation has been implemented in LAVA-3DI,
and effects of the carrier gas and the turbulence modulation
on the velocity, temperature and trajectories of particles have
been examined in detail. In results presented herein, 21 969
particles are injected during the simulation of the thermal spray
process, and at any time up to 2854 particles are present in the
computational domain.

The rest of the paper is organized as follows. Various
assumptions made to develop a mathematical model of the dc
APS and the governing equations are summarized in section 2.
Section 3 presents modelling of the motion and the heating
of in-flight particles as well as the carrier gas injection. The
turbulence modulation is introduced in section 4. Numerically
computed plasma flow and particle characteristics using
LAVA-3DI are compared with the corresponding experimental
results in section 5. Detailed discussions of the carrier gas and
the turbulence modulation effects are presented in section 6. In
section 7, conclusions from the current work are summarized.

2. Mathematical model of plasma jet

Assumptions made to simulate the dc APS are summarized
below.

(1) Plasma jet is a 3D unsteady, compressible, Newtonian,
turbulent and chemically reacting ideal multi-component
fluid mixture with only temperature-dependent thermody-
namic and transport properties.

(2) The arc voltage fluctuations caused by the arc fluctuations
are not considered. The mean value of the arc voltage is
adopted, therefore, the amplitude of the temperature and
the axial velocity at the nozzle exit remain constants.
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(3) Plasma is in local thermodynamic equilibrium (LTE) and
optically thin.

(4) Chemical reactions among different species including
ionization, dissociation and recombination are considered.

(5) The effects of gravity and buoyance on the plasma jet and
particle trajectories are neglected.

(6) Turbulence modulation due to the transverse injection of
the powder particles is considered.

One way to distinguish between compressible and incompress-
ible flow in gases is to find the Mach number (speed of the
flow/local speed of sound). For the Mach number greater
than about 0.3, significant compressibility effects may occur.
Fauchais [55] has emphasized that most plasma flow models
assume the flow to be incompressible even though the Mach
numbers of the flow can be significantly more than 0.3. For
the problems studied here, the Mach number in many compu-
tational cells exceeds 0.3 at t = 3.5 ms when the flow reaches
the steady state without particle injection. Accordingly, we
have modelled the flow as compressible.

We use rectangular Cartesian coordinate axes to describe
3D motion of the plasma and the injected particles. The
conservation laws of the mass of each species, the total mass,
the total linear momentum and the total energy of the thermal
plasma are listed below as equations (1)–(4):

∂ρi

∂t
+ ∇ · (ρiuf ) = −∇ · Ji + ρ̇c

i + S
cg
i (1)

∂ρ

∂t
+ ∇ · (ρuf ) = 0 (2)

∂
(
ρuf

)
∂t

+ ∇ · (ρuf ⊗ uf ) = −∇
(

p +
2

3
ρk

)
+∇ · σ + Spm + Scgm (3)

∂ (ρe)

∂t
+ ∇ · (ρeuf ) = −p∇ · σ − ∇ · q + ρε

+Q̇c − Q̇R + Spe + Scge. (4)

Here ρi is the mass density of the species i, t is the time,
uf is the mean plasma velocity, ρ is the mass density of
plasma, Ji is the diffusional mass flux of species i, ρ̇c

i is
the rate of change of ρi due to chemical reactions, ρ is the
total mass density of the plasma, p is the pressure, σ is the
viscous stress tensor, k is the turbulent kinetic energy, ε is the
viscous dissipation rate per unit mass, Spm is the momentum
source/sink term introduced by injected particles described in
the next section, e is the total thermal specific internal energy,
q is the heat flux vector, Spe is the energy source/sink term
introduced by injected particles, Q̇c is the rate of change of
ρe due to chemical reactions [20] and Q̇R is the radiative heat
loss, which is modelled as a simple temperature-dependent
volumetric sink term [56]. Quantities S

cg
i , Scgm and Scge are the

mass, the momentum and the energy source term introduced
by the carrier gas, which will be explained below.

The viscosity and the thermal conductivity of the mixture
are obtained using the rule of mixtures from the mole fractions
of the species and the temperature-dependent viscosity and
thermal conductivities of the species. These values at a

given temperature are interpolated from the tabulated property
values of argon, hydrogen and air at different temperatures.
The reaction contribution to the thermal conductivity is not
included, as it is an indirect effect of species diffusion which
is automatically accounted for in the model as shown in
equation (1). Ionization, dissociation and recombination of
species Ar, Ar+, H2, H, H+, N2, N+

2 , N, O2, O, O+, e−, OH and
H2O are considered. The set of chemical reactions is listed
in appendix B. Details of these chemical reactions are given
in [57]. Whereas the gravity force will bend the plasma jet
downwards, the buoyancy force will bend it upwards. We note
that the mass density of the plasma mixture is less than that of
the air, hence the effect of the gravity force on the plasma can be
neglected as compared with that of the inertia force. The effect
of the buoyancy on the plasma flow is considered in [58, 59],
where it is concluded that the plasma jet is nearly axisymmetric
since the buoyancy force is negligible as compared with the
inertia force [58]. Similarly, the gravity and the buoyancy
forces will have negligible effects on particle trajectories as
compared with that of the viscous drag force.

Even though there are many Reynolds averaged Navier–
Stokes equations (RANS)-based turbulence models such as
the standard k–ε and its extensions, none of them is general
enough to be applicable to every case. Out of these models, the
k–ε model is easy to implement, computationally inexpensive,
relatively robust, and provides useful semi-quantitative results
of acceptable accuracy. Therefore, the standard k–ε model
described by transport equations (5) and (6) is used in this
work to simulate turbulence.
∂ρk

∂t
+ ∇ · (ρkuf ) = −2

3
ρk∇ · uf + ∇ · [(µ + µt)∇k]

+ φ − ρε + Spk (5)

∂ρε

∂t
+ ∇ · (ρεuf ) =

(
c3 − 2

3
c1

)
ρε∇ · uf

+∇ ·
[(

µ +
µt

σε

)
∇ε

]
+

ε

k
(c1φ − c2ρε) + Spε. (6)

In these equations µ is the viscosity, c1, c2, c3 and σε are
the model coefficients which equal 1.44, 1.92, −1.0 and
1.3, respectively, and φ is the turbulence production due to
viscosity. The turbulent viscosity µt is defined as µt =
cµρk2/ε in which cµ = 0.09. Quantities Spk and Spε are
the source/sink terms due to turbulence modulation caused by
the particle–turbulence interaction. Expressions for Spk and
Spε are given in section 4. Supplementary equations to close
the system of equations (i.e. to have the number of unknowns
equal to the number of equations) are listed in appendix A.

We use the finite-difference computational algorithm for
the temporal and the spatial differencing scheme given in
[20] to numerically solve the system of equations under
prescribed initial and boundary conditions (BCs). The
temporal differencing scheme is a first-order conditionally
stable explicit method. The spatial difference approximations
are derived by the control volume or the finite-volume
approach. All terms other than convection are evaluated as
simple centred differences. Convection terms are evaluated by
a weighted average of centred and upwind differencing, with
the option of automatic local computations of the weighting
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factor. The time step for computing a stable solution is given
by equation (47) of [20]. Typically, it is less than the time
taken for a wave to travel across the smallest cell in the mesh.
The order of accuracy of the spatial scheme is not given in [20]
but is anticipated to be 1.

3. Modelling of particle injection

The computation of powder particles’ velocities, temperatures
and trajectories are based on the following assumptions:

(1) The viscous drag force acting on a particle is the only
driving force. The force by the thermal gradient can
be of the same order of magnitude as the gravitational
acceleration, but here both are not considered relative to
the drag force which is three or four orders of magnitude
higher [60].

(2) Particles are spherical.
(3) The lumped capacitance method is adequate to compute

heating and melting of particles.
(4) There is no evaporation of any portion of particles.

3.1. Equation of motion for a particle

Particle’s motion is governed by Newton’s second law of
motion. Thus, the acceleration of a particle equals the drag
force divided by its mass,

dup

dt
= 3

8

ρ

ρp

CD

rp

|urel| urel (7)

urel = uf + u′ − up. (8)

Here ρp is the particle mass density, rp is the particle radius,
up is the particle velocity, urel is the velocity of the particle
relative to that of the plasma, u′ is the turbulence dispersion
and is a random variable, and CD is the drag coefficient. The
expression for the drag force coefficient CD, taken from [21], is

CD =
(

24

Rep

+
6

1 +
√

Rep

+ 0.4

)
f −0.45

prop f 0.45
Kn (9)

Rep = ρpDp |urel|
µ

(10)

where Rep is the Reynolds number of the particle, µ is the
plasma viscosity, Dp is the diameter of the particle, f −0.45

prop is
a correction factor for strongly varying plasma properties, and
f 0.45

Kn is a correction factor that incorporates non-continuum
effects. Expressions for f −0.45

prop and f 0.45
Kn are

f −0.45
prop = (ρ∞µ∞/ρwµw)−0.45 (11)

f 0.45
Kn = 1[

1 +

(
2 − a

a

) (
γ

1 + γ

)
4

Prw
Kn

]0.45
. (12)

Here ρ∞ and µ∞ (ρw and µw) are, respectively, the mass
density and the viscosity of the plasma corresponding to
the free-stream (the wall) temperature, a is the thermal
accommodation coefficient, γ is the ratio of specific heats,

Prw is the Prandtl number of the plasma at the surface
temperature of the particle and Kn is the Knudsen number
based on an effective mean free path length. In equation (8),
the velocity fluctuation u′ represents the turbulence dispersion
and is a random variable. Each component of u′ is distributed
according to a Gaussian distribution, e.g. see [61]. It follows
from equations (7), (9) and (10) that the acceleration of a
particle is inversely proportional to its volume.

The momentum source/sink term, Spm, introduced by the
particle loading is given by

Spm =
NP∑
k=1

3

8

αkρCk
D

rk
p

∣∣uk
vel

∣∣ uk
vel. (13)

Here the superscript k indicates the kth particle, NP equals
the total number of computational particles, and the particle
volume fraction αk is given by

αk = 4

3
π

(
rk
p

)3
/V k

cell (14)

where rk
p is the radius of the kth particle, and V k

cell is the volume
of the cell containing the kth particle. The source term, Spm, is
non-zero only in those computational cells that have the centre
of a powder particle.

3.2. Particle energy transport

Using the lumped capacitance method, the particle heating and
melting is governed by

VpρpCp

∂Tp

∂t
= Ash(Tf − Tp) for Tp �= Tm (15)

VpρpLm

∂χp

∂t
= Ash(Tf − Tp) for Tp = Tm (16)

where Vp is the volume of the particle, Tf is the temperature
of the plasma, Tp is the particle temperature, Cp is the heat
capacity, As is the surface area of the particle, Lm is the latent
heat of fusion, h is the heat transfer coefficient and χp is the
melt fraction of the particle.

The internal energy source/sink term, Spe, appearing in
equation (4), due to heat conduction and exchange of kinetic
energy between the plasma jet and the particles is given by

Spe =
NP∑
k=1

αk

[
h(T k

p − Tf ) +
3

8

ρCk
D

rk
p

∣∣uk
vel

∣∣3

]
. (17)

3.3. Carrier gas injection

The carrier gas injected with the powder particles provides a
sufficiently high velocity to the particles so that they penetrate
into the fast moving and high-temperature plasma field [41].
The carrier gas is modelled as source/sink terms S

cg
i , Scgm and

Scge included, respectively, in the conservation equations of
mass, momentum and energy in the plasma of the cells into
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which the carrier gas and the powder particles are injected:

S
cg
i = ṁ

cg
i /Vtl (18)

Scgm = 1

2
ṁcgvinjθ/Vtl (19)

Scge = 1

Vtl

NSP∑
i=1

ṁ
cg
i e(Tf )

= 1

Vtl

NSP∑
i=1

ṁ
cg
i

[
1

Mi

(
(hi(Tf ) − href

i ) − RgTf

)]
. (20)

Here the subscript i denotes the ith species, ṁ
cg
i is the carrier

gas mass flow rate, Vtl is the sum of the volume of cells that
contain the powder port exit, ṁcg is the total carrier gas mass
flow rate, vinj is the injection velocity of the carrier gas, θ is the
unit vector along the direction of the carrier gas injection, NSP
is the total number of species, Mi is the molecular weight, hi

is the enthalpy taken from the JANAF thermochemical table
that gives hi as a function of temperature, href

i is the reference
enthalpy at 0 K and Rg is the universal gas constant.

The powder port is not modelled in this work. If the
circular exit area of the powder port overlaps more than one
computational cell, then the source/sink term is divided among
these cells based on the area overlapped of each cell. The
temperature and the pressure of the carrier gas equal those of
the ambient air.

3.4. Boundary and initial conditions

A virtual layer is assumed to exist around the boundary of
the computational domain for applying BCs. We recall that
the plasma generation inside the torch has not been simulated.
Accordingly, we assume that profiles of the temperature, the
velocity and the turbulence variables at the nozzle exit are given
by equation (21), and note that the assumed plasma flow and
the temperature profile at the nozzle exit are axisymmetric with
respect to the torch axis. The effects of non-symmetric BCs at
the nozzle exit on the plasma flow and the particles’ trajectories
and temperatures are studied in section 5.3. Even when the
BCs at the nozzle exit are axisymmetric, upon injection of the
powder particles and the carrier gas the axisymmetry of the
flow is lost. Accordingly, we still simulate the 3D flow.


Tf (X, Z) = (T0 − Twi )

[
1 −

(
r

Ri

)nT
]

+ Twi

uY
f (X, Z) = V0

[
1 −

(
r

R0

)nV
]

uX
f (X, Z) = uZ

f (X, Z) = 0

k(X, Z) = κV0

[
∂uY

f

∂r

/(
∂uY

f

∂r

)
max

]

ε(X, Z) = k(X, Z)3/2/(0.0075 δ0.1/c
3/4
µ )(

on plane

Y = 0, r =
√

(X − X0)
2 + (Z − Z0)

2 � Ri

)
.

(21)

Here (X0,Z0) is the nozzle exit centre, T0 and V0 are,
respectively, amplitudes of the temperature and the axial
velocity profiles, and the coefficients nT and nV determine how
fast the temperature and the axial velocity decay in the radial
direction. Values of T0, V0, nT and nV are selected to match,
as closely as possible, the known input gas flow rates and the
torch power. This is accomplished by equating these quantities
to those obtained by integrating the resulting mass and the
energy over the nozzle exit area. Thus, their values depend
on the operating conditions and the torch nozzle diameter, and
are determined using an iterative approach till the difference
between the input and the output mass flow rate and the power
is less than 1%.

We now describe three techniques used in previous works
to determine values of T0, V0, nT and nV . In [29], values of
the four variables are found by curve fitting the experimental
temperature and velocity radial profiles measured close enough
to the torch front face using equation (21). In [28], instead of
the radial profile, only T0 and V0 are measured, and values
of nT and nV are found by matching the total mass and the
energy flow rate out of the torch nozzle with that input into
the torch. In the absence of test data, one can assume values
of either nT and nV [62] or T0 and V0 and determine values
of the other two parameters based on the balance of energy
and the mass flow rate, as was done in [28]. In this paper,
we assumed nT and nV and iteratively found T0 and V0 so
that the input mass rate and the input power differed by less
than1% of their values at the nozzle exit. The BCs for the
turbulence parameter k(X, Z) listed in equation (21) are the
same as that used in [29], (∂uY

f /∂r)max is the largest value of
the axial velocity gradient in the radial direction at the torch
exit, the parameter κ determines the shape of the profile, and
δ0.1 equals the jet width at the location where uY

f = 0.1V0.

The torch wall is treated as a solid boundary where no-slip
condition holds. For Ri < r < Ro and Y = 0, BCs on the
torch wall are given by equation (22). That is, the temperature
varies logarithmically from Twi at r = Ri to T∞ at r = Ro.
T∞ is usually taken as the ambient temperature.




Tf (X, Z) = Twi + (T∞ − Twi )
ln(r/Ri)

ln(Ri/Ro)
uX

f (X, Z) = uY
f (X, Z) = uZ

f (X, Z) = 0
k(X, Z) = 0
ε(X, Z) = 0(
on plane Y = 0, Ri �

√
(X − X0)

2 + (Z − Z0)
2 � Ro

)
.

(22)

On lateral surfaces of the computational domain, depicted
in figure 2, BCs given by either equation (23) or by
equation (24) are applied. For uf ·n > 0, equation (23) holds,
i.e. boundaries are thermally insulated and gradients of uf ,k
and ε are tangent to the boundary. Otherwise, the temperature
is set equal to the ambient temperature, and k = ε = 0.
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Figure 2. Nozzle geometry, computational mesh and BCs applied in (a) case 1 with a coarse mesh, (b) case 1 with a fine mesh, (c) case 2
with a coarse mesh and (d) case 2 with a fine mesh.

Outward flow:


∂Tf (X, Y, Z)/∂n = 0
∂uf (X, Y, Z)/∂n = 0
∂k(X, Y, Z)/∂n = 0
∂ε(X, Y, Z)/∂n = 0(

on planes X = 0; X = XL; Z = 0; Z = ZL;
Y = 0,

√
(X − X0)2 + (Z − Z0)2 � R0; Y = YL

)
.

(23)

Inward flow:


Tf (X, Y, Z) = Tabm

∂uf (X, Y, Z)/∂n = 0
k(X, Y, Z) = 0
ε(X, Y, Z) = 0(

on planes X = 0; X = XL; Z = 0; Z = ZL;
Y = 0,

√
(X − X0)2 + (Z − Z0)2 � R0; Y = YL

)
.

(24)
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Initially, the computational domain is filled with quiescent air
at ambient temperature. Thus




Tf (X, Y, Z, t = 0) = Tabm

uf (X, Y, Z, t = 0) = 0

k(X, Y, Z, t = 0) = 0

ε(X, Y, Z, t = 0) = 0.

(25)

4. Turbulence modulation

The effect of injected powder particles on the turbulence kinetic
energy and the energy dissipation is significant, and should be
considered when the volume fraction αp of particles is between
10−6 and 10−3, e.g. see [46, 63]. Furthermore, for αp > 10−3,
collisions among particles should be considered. We plan
to consider collisions among powder particles in a future
work.

Four mechanisms for turbulence modulation are:
(i) transfer of energy through the drag force, (ii) particle
interactions with turbulent eddies, (iii) turbulence production
from wake formation and vortex shedding, and (iv) energy
transfer arising from the crossing trajectory effect. Although
turbulence modulation has been studied for a long time, there
is no generally accepted model that is applicable for all flow
conditions [49]. The turbulence modulation algorithms have
been classified into two categories [50]: standard method [48]
and consistent method [49]. The standard method considers
the turbulent fluctuations as a sink, while the consistent method
can predict both the turbulence augmentation and attenuation.
In most cases, the transfer of energy through the drag force acts
as a sink of turbulent kinetic energy and is studied using several
turbulence modulation models [51]. A recently proposed
standard approach [51] that accounts for the change in the fluid
velocity correlation as a result of the crossing trajectory effect
is adopted in this paper. In this model, the source/sink term,
Spk , in the turbulent kinetic energy equation (5) is given by

Spk = 2k

NP∑
k=1

[
αk

τ k
p

(
1 − τ ∗

k

τ ∗
k + τ k

p

)]
(26)

τ k
p(CD) = 4

3µ

ρp(Dk
p)2

Rek
pCk

D

(27)

1

τ ∗
k

= 1

0.135k/ε
+

|urel|
0.22k3/2/ε

(28)

where τ k
p is the response time of the kth computational particle.

The turbulent kinetic energy k in equation (26) should not be
confused with the sub- and the superscript k. The source term
Spε in the ε-equation (6) is taken to be proportional to Spk , i.e.

Spε = Cε3
ε

k
Spk. (29)

The suggested value of Cε3 in the standard method [64] is 1.1;
however, this value is not universally accepted [65].

Table 2. Values of operating parameters.

Case 1 Case 2
(Miller (Sulzer Metco

Parameter SG-100 torch) 9MB torch)

Current (A) 900 500
Voltage (V) 15.4 70
Power 70 70

efficiency (%)
Ambient gas Air Air
Ambient gas 300 300

temperature (K)
Ambient gas 85.5 85.5

pressure (kPa)
Primary gas and flow rate 35.4 Ar 40 Ar

(standard litre
per minute, slm)

Secondary gas and flow 12 H2

rate (slm) N/A
Carrier gas and 5 Ar

flow rate (slm) N/A
Carrier gas injection N/A 67.93

velocity (m s−1)
Torch wall 700 700

temperature (K)
Nozzle 4 3.75

radius (mm)
Torch outer 33.3 15

radius (mm)
Spray 10 15

distance (cm)
Feed rate N/A 20

(g min−1)

Table 3. Values of parameters in inlet BCs.

Case 1 Case 2

T0 (K)a 11 000 13 000
Twi (K) 700 700
T∞ (K) 300 300
nT 2.3 6.0
V0 (m s−1)a 1100 3000
nV 1.4 1.2
κ 0.000 15 0.015

a Initial input value of T0 and V0.
Converged values of T0 and V0

output from LAVA-3DI equal
12 913 K and 1092 m s−1,
respectively, for case 1, and
13 092 K and 3056 m s−1 for
case 2.

5. Comparison of computed and experimental
plasma jet formation and in-flight particle
characteristics

5.1. Processing parameters, geometry, computational mesh
and BCs

Two different commercial torches, Miller SG-100 (hereafter
referred to as case 1) and Sulzer Metco 9MB (case 2), are
considered. Since the plasma formation in the torch is not
simulated, only dimensions of the torch at the exit of the plasma
play a role in our work. Values of operating parameters adopted
in this work and listed in table 2 and of those in the BCs

8
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Figure 3. Contour plots of the computed (a) temperature, and (b) axial velocity, uy , at the mid-plane ABCD, X = 6 cm. Cross-section AA
is at Y = 0.2 cm and BB at Y = 2 cm. Temperature and velocity profiles on these cross-sections are plotted in figure 4.

in table 3 are the same as those used by other investigators.
The carrier gas injection velocity equals the average velocity
determined from the carrier gas flow rate Q̇cgand the exit area
Ainj of the injector [62]:

vinj = Q̇cg

Ainj
. (30)

The geometry of the simulation domain, its discretization into
cells and BCs are exhibited in figure 2. For case 1, see
figures 2(a) and (b), the size of the computational domain is
XL = YL = ZL = 10 cm. The computational domain is
divided into 161 448 (652 688) cells in the coarse (the fine)
mesh with the number of cells in X, Y and Z directions
given by nX = 62(76), nY = 42(113) and nZ = 62(76),
respectively. For case 2, see figures 2(c) and (d), the size of the
computational domain is XL = 12 cm, YL = 15 cm and ZL =
12 cm. We set nX = 62, nY = 42(83) and nZ = 62, resulting
in 161 448 (319 052) computational cells in the coarse (the
fine) mesh. For both problems studied, the cell size is smaller
near the torch outlet and the entrainment regions than that
away from these regions. It enables one to better capture
the large gradients in the solution variables that are likely to
occur in these areas. Since we solved the 3D problems using
rectangular Cartesian coordinates, rectangular cells are used
to approximate a disc area of the nozzle exit. The maximum
difference between the physical and the approximated areas is
1.6% in current studies. This difference can be further reduced
by refining the mesh in the region of the nozzle exit. As
mentioned in section 3.4, the iterative approach will tuneT0 and
V0 to match the torch power and mass flow rate to their values
at the nozzle exit. Therefore, the difference in the simulated
and actual areas of the nozzle exit should not have noticeable

effect on the computed results. In order to delineate the effect
of the size of the computational domain upon the solution,
we compute results for three domain sizes for case 2, namely,
9.48 cm × 10.56 cm × 9.48 cm, 12 cm × 15 cm × 12 cm and
16.2 cm×17.1 cm×16.2 cm. The maximum differences in the
temperature and the magnitudes of the velocity distributions on
the central axis and the radial profiles at 0.25 cm and 1.96 cm
away from the nozzle exit between the largest and the smallest
computational domains are, respectively, 3.82% and 2.59%.
Thus, the intermediate size computational domain listed above
should give reasonably accurate results.

5.2. Plasma jet formation

For problem 1 we study the discharge into ambient air of pure
argon (Ar) plasma formed within the torch. Results for the
axial velocity and the temperature variation within a small
region of the mid-plane ABCD, computed without powder
particle injection and using the fine mesh, plotted in figure 3
are for t = 4 ms when the flow has reached steady state. The
variations of the temperature and of the axial velocity on the
centreline at t = 4 ms are compared in figures 4(a) and (b) with
the corresponding experimental data taken from [29]. Without
particle injection and the carrier gas flow, the plasma jet is
axisymmetric. The decaying trends of the temperature and
the axial velocity are well captured, and the computed results
agree with the corresponding test values. Computed variations
of the temperature and the axial velocity in the radial direction
at two different axial locations, i.e. cross-sections AA and BB,
are compared with the corresponding experimental values in
figures 4(c)–(f ). It is clear that the two sets of results agree
well with each other. By comparing the two sets of results

9



J. Phys. D: Appl. Phys. 47 (2014) 405206 S Shang et al

Figure 4. Comparison between the computed and the experimental results [29]: (a) centreline temperature, (b) centreline axial velocity uy ;
(c) radial variation of the temperature on cross-section AA, (d) radial variation of the axial velocity uy on cross-section AA, (e) radial
variation of the temperature on cross-section BB and (f ) radial variation of the axial velocity uy on cross-section BB.

plotted in figure 4 one can conclude that both the coarse and
the fine meshes give results close to each other.

5.3. Plasma flow with injection of particles

In problem 2 we simulate the injection of ZrO2 particles into
the plasma for the Sulzer Metco 9MB torch for values of
operating parameters listed in table 2, of parameters appearing
in BCs given in table 3, and those of ZrO2 particles provided
in table 4. The computed species distributions are plotted in
figure 5 at t = 3.5 ms for the case of no particle injection, no
arc fluctuation, and both axisymmetric and non-axisymmetric
inlet BCs depicted in figure 6. For the particle diameter varying
between 30 and 100 µm, probabilities of having particles of
diameter in different ranges, taken from [23], are plotted in
figure 8.

Table 4. Values of parameters for ZrO2 particles.

Value

Mass density, ρp (g cm−3) 5.89
Particle size range (µm) 30–100
Mean particle diameter, Dp mean (µm) 58
Injection velocity, vinj (m s−1) 14.5
Melting temperature, Tm (K) 2950
Thermal conductivity, kp (W m−1 K−1) 2.0
Heat capacity, Cp (J kg−1K−1) 580

With time reckoned from the instant of turning on the torch
and particles injected at t = 6 ms, the computed temperature
and axial velocity distributions of the plasma on two different
cross-sections away from the nozzle exit are shown in figure 7
at t = 18 ms. One can observe that the plasma flow is affected
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Figure 5. Species distributions of (a) Ar+, (b) H2, (c) N and (d) H2O.

by the non-axisymmetric BCs. The computed temperature and
the axial velocity of three groups of particles at t = 18 ms are
exhibited in figure 9 for the axisymmetric BCs at the nozzle
exit, and solid curves are least-squares fit to the computed
values. It can be observed that the computed temperature and
velocity of particles having diameters in the range 30–42 µm
are closer to the test data of [66] than those of particles of
other diameters. As mentioned in [66], the average particle
trajectory patterns were obtained with a spray pattern trajectory
(SPT) sensor and the average velocity of the particles was
measured with a laser Doppler velocimetry system. Since
the SPT sensor was focused on a very small region near
the nozzle axis, velocities of small particles, which moved

close to the axial axis, are captured. Therefore, the computed
axial velocity of smaller particles is closer to those measured
experimentally. The mean particle temperature is measured
by IPP 2000, which measured the temperature of particles
moving through the focused cross-section [23]. The computed
particle surface temperature with the lumped heat capacitance
and without evaporation model compares reasonably well with
the experimental findings. The particles of diameter greater
than 42 µm have both lower computed temperature and axial
velocity than their respective test values. In the absence of
gravity, the axial acceleration of a powder particle is inversely
proportional to the square of the particle radius. The particle
axial velocity should decrease with an increase in the particle
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Figure 6. (a) Axisymmetric and (b) non-axisymmetric BCs of temperature; (c) axisymmetric and (d) non-axisymmetric BCs of velocity at
the nozzle exit.

diameter. The axial velocity and the temperature of powder
particles also depend on their trajectories in the 3D space
since the temperature and the axial velocity of the plasma
monotonically decrease in the axial and the radial directions.

The computed particle mean temperature and axial
velocity for axisymmetric and non-axisymmetric BCs at the
nozzle exit are compared in figure 10. The closeness to each
other of the two results implies that the non-axisymmetry in
the BCs has no significant effect on particles’ temperature and
axial velocity. In figure 10, the simulation results with the
axisymmetric BCs and the fine mesh shown in figure 2(d)
are compared with those obtained using the coarse mesh
depicted in figure 2(c). It is clear that the coarse mesh
has enough resolution to adequately capture the particulate
behaviours.

5.4. Effects of turbulence modulation on plasma flow with
particle injection

We first consider the case when only carrier gas is injected
into the plasma jet and then when both powder particles
and the carrier gas are simultaneously injected. Results

are computed both with and without considering effects of
turbulence modulation.

The carrier gas is injected at a steady rate of 5 slm for
t > 3.5 ms after the plasma jet has reached a steady state in
3.5 ms. The computed temperature and axial velocity fields
at the mid-plane ABCD at t = 6 ms both with and without
modelling the carrier gas injection are compared in figure 11.
The temperature and velocity fields with and without the carrier
gas injection are noticeably different near the injector nozzle
exit as the injection of the carrier gas moves downwards the
plasma near the point of injection. One can also conclude from
results shown in figure 11 that regions of high temperature
and axial velocity are slightly narrower when the injection
of the carrier gas is considered than those when it is not
considered. The plasma spreads less in the radial direction
with the consideration of the carrier gas flow.

The 3D trajectories of three different groups of particles
and their distributions on the substrate are computed with
and without considering the carrier gas flow. For t =
18 ms, these are shown in figure 12. These plots reveal
that particles are more dispersed and located lower on the
substrate with the consideration of the carrier gas flow than
those without considering the carrier gas flow. The carrier gas
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Figure 7. Contours of (a) temperature and (b) axial velocity at Y = 0.6 cm, (c) temperature and (d) axial velocity at Y = 0.9 cm under
axisymmetric (dashed curves) and non-axisymmetric (solid curves) BCs at the nozzle exit.

changed the plasma temperature and velocity, as well as the
particle trajectory. The particle mean axial velocity and the
temperature calculated without and with the consideration of
the carrier gas flow are compared in figure 13. Due to the
injection of the carrier gas, the mean axial velocity and the
temperature of particles are decreased.

We have computed results with and without turbulence
modulation to evaluate effects on both the plasma jet and the
particles characteristics. As listed in equation (26) the particle
volume fraction αk influences the source terms Spk and Spε. In
order to obtain realistic results and draw reliable conclusions
when considering turbulence modulation, sufficiently large
number of computational particles must be injected into the
plasma. Results presented herein are at t = 18 ms with the
maximum number of computational particles that had reached
the substrate for 3.5 < t < 18 ms equal to 12 693 with and
12 734 without considering turbulence modulation.

Figure 8. ZrO2 particle size distribution.
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Figure 9. Comparison of the computed and the experimental values of (a) the axial velocity and (b) the temperature of powder particles
(dashed curves pass through the mean values) for the axisymmetric BCs at the nozzle exit.

Figure 10. Comparison of the computed axial velocity and temperature of powder particles for axisymmetric and non-axisymmetric BCs at
the nozzle exit and for the fine and coarse meshes, t = 18 ms.

Figure 11. On the mid-plane, contours of (a) the temperature and (b) the axial velocity with (solid curves) and without (dashed curves)
carrier gas injection.
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Figure 12. Particle distributions on the substrate (a) without, and (b) with the consideration of the carrier gas flow.

Figure 13. Comparison of the particle mean (a) axial velocity, and (b) temperature with (dashed line) and without (solid lines) the
consideration of the carrier gas flow.

In figure 14 we have compared the turbulent kinetic
energy and its dissipation rate within a small region of the
mid-plane computed with and without considering turbulence
modulation. The percentage reduction in the turbulent kinetic
energy, dk , and the dissipation rate, dε, are defined as dk =
100

(
kw/o − kw

)
/kw/o and dε = 100(εw/o − εw)/εw/o, where

subscripts w/o and w denote, respectively, values of the
variable computed without and with the consideration of
turbulence modulation. Positive values of dk and dε indicate
the relative reduction in the turbulent kinetic energy and the
dissipation rate, respectively. As should be clear from results
depicted in figures 14(c), (f ) and (g), the consideration of
turbulence modulation reduces the turbulent kinetic energy and
its dissipation rate by more than 30% and 40% , respectively,
in regions where particles are concentrated. In order to show
the 3D effect of the turbulence modulation, variations of
kw/o, kw,εw/o and εw in the radial direction, and contour plots
of the percentage reduction within the zone of interest (ZOI) at
two different axial locations are exhibited in figures 15 and 16.
At both locations the reductions in the turbulent kinetic energy
and its dissipation rate exceed 15%. Although the effect of

turbulence modulation on plasma turbulent kinetic energy and
its dissipation rate are notable, the variations of the plasma
temperature and the axial velocity are very small as shown in
figure 17.

Even when identical particles are injected through the
powder port, they will have different trajectories and traverse
through different regions of the plasma jet because the velocity
fluctuation u′ is randomly assigned through a Gaussian
distribution. It is thus very arduous task to study the
turbulence modulation effect on two identical particles due
to the randomness in u′. Thus, only statistical information
of particles can be utilized to draw reasonable conclusions.
The particle distributions on the substrate with and without
considering turbulence modulation are plotted in figures 18(a)
and (b). The temperature and velocity distributions are
plotted in figures 18(c) and (d) within the ZOI 1 cm × 2.5 cm
located at (X = 6 cm, Z = 3.75 cm). The contours are
plotted by interpolating values of parameters for the individual
particles.

In figure 19, the probabilities of temperature and axial
velocity of all particles having given values of the temperature
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Figure 14. Fringe plots of the turbulent kinetic energy (a) without
and (b) with the consideration of turbulence modulation, (c)
difference in the turbulent kinetic energy for cases (a) and (b); the
rate of turbulence kinetic energy (d) without and (e) with turbulence
modulation, (f ) difference in the rate of turbulence kinetic energy
for cases (d) and (e); (g) particle distribution at the mid-plane
X = 6 cm (size of a particle is magnified 400 times).

and the axial velocity are compared with and without
considering turbulence modulation for three different particle
sizes dp = 30–55 µm, 55–80 µm and 80–100 µm, labelled as
groups 1, 2 and 3, respectively. The mean and the standard
deviation of the particle temperature and the axial velocity
are listed in table 5. Results are compared by listing the
differences, d = (φw − φw/o)×100/φw/o, where subscripts w
and w/o denote the particle characteristic when it reaches the
substrate computed with and without turbulence modulation.
From the summary of results provided in table 5, we conclude
that the influence of turbulence modulation on the mean values
of particles’ temperature and axial velocity is small. The mean
values of particles’ temperature and axial velocity increase
with an increase in the turbulence modulation for all three
groups of particles. The larger value of the standard deviation
indicates a wider distribution. For group 1, the temperature and
the velocity distributions are narrower than those for groups 2
and 3.

In figure 20 we have plotted probabilities of the X- and
the Z-coordinates of particles when they strike the substrate,
and have listed in table 6 the mean and the standard deviations
of these values. From values listed in table 6, we conclude that
the influence of turbulence modulation on the mean value of
particles’ X-coordinate is small. However, there is notable
difference between Zw

mean and Z
w/o
mean for the three groups

of particles, and particles’ Z-coordinate moves up with the
consideration of the turbulence modulation. This relative
displacement in the Z-direction increases with an increase in
the particles’ diameter.

6. Conclusions

We have studied the effect of turbulence modulation on three-
dimensional (3D) trajectories of powder particles injected with
the carrier gas normal to the dominant plasma flow direction.
The interactions among the particles, the carrier gas and the
plasma make the plasma flow non-axisymmetric about the
nozzle axis and necessitate the analysis of the 3D problem. The
standard method of turbulence modulation has been adopted
in this work. It is found that the consideration of turbulence
modulation segregates particles striking the substrate into
different locations depending on their mean diameters, and
noticeably affects the turbulence kinetic energy. However, the
mean temperatures and the mean axial velocity of particles
are not influenced much by the turbulence modulation. We
note that the particle volume fraction, the Reynolds number,
the drag coefficient, the viscosity, the turbulent kinetic energy
and its dissipation rate, and the relative velocity between
a particle and the plasma in equations (26)–(29) vary from
point to point in the computational domain. It is hard
to ascertain the effect of each parameter on turbulence
modulation directly from the equations even after the variables
have been non-dimensionalized. In order to ascertain these
effects, a comprehensive parametric study based on numerical
simulations needs to be carried out and is left for a future work.
Also the heat conduction within a particle, the particle melting
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Figure 15. Fringe plots of the turbulent kinetic energy (a) without and (b) with the consideration of turbulence modulation, (c) difference in
the turbulent kinetic energy for cases (a) and (b); turbulent dissipation rate (d) without and (e) with turbulence modulation, (f ) difference in
the turbulent dissipation rate for cases (d) and (e); (g) particle distribution at Y = 0.64 cm (size of a particle is magnified 400 times).
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Figure 16. Fringe plots of the turbulent kinetic energy (a) without and (b) with the consideration of turbulence modulation, (c) difference
between turbulent kinetic energies for cases (a) and (b); dissipation rate of turbulence kinetic energy (d) without and (e) with turbulence
modulation, (f ) difference between dissipation rates of turbulence kinetic energy for cases (e) and (f ), (g) particle distribution at
Y = 0.9 cm (size of a particle is magnified 400 times).
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Figure 17. On the mid-plane, contour plots of the (a) temperature and (b) the axial velocity with (solid line) and without (dashed line) the
consideration of turbulence modulation.

and likely evaporation of the material should be included to
improve upon predictions from the model.

Appendix A. Supplementary equations

The diffusional mass flux, Ji , of species i is given by

Ji = −pMi(Di + Dt)

RgTf

∇
(

pi

p

)

+
ρi

ρ

∑
j �=e

pMi(Dj + Dt)

RgTf

∇
(

pi

p

)
+ Ai (A1)

Ai = 1

RgTf


Miqiρi(Di + Dt)− ρi

ρ

∑
j �=e

Mjqjρj (Dj + Dt)




× ∇ρe

qeρe

(A2)

where subscript e denotes the quantity for a free electron,
Di is the laminar effective binary diffusivity of species i,
Dt = µt/(ρ Sct) is the turbulent diffusivity, µt is the
turbulent viscosity, Sct is the turbulent Schmidt number, pi

is the partial pressure of species i, p is the total pressure,
Ai is the ambipolar forced diffusion flux, qi is the electric
charge per unit mass of species i,and a repeated index is not
summed.

The viscous stress tensor, σ, is given by

σ = (µ + µt)
[
∇uf +

(∇uf

)T
]

+ (λ + λt)(∇ · uf )I (A3)

where µ is the molecular viscosity, λ is the second viscosity,
λt = −(2/3)µt , and I is the identity tensor.

The heat flux vector, q, is given by

q = −
(

Kh +
cphµt

Prt

)
∇Tf +

∑
i

hiJi (A4)

whereKh is the laminar thermal conductivity, cph is the mixture
specific heat at constant pressure and Prt is the turbulent
Prandtl number.

The turbulence production, φ, due to viscous effects is
given by

φ = µt

[
∇uf · (∇uf + ∇uT

f ) − 2

3
(∇ · uf )2

]
. (A5)

Appendix B. Chemical reactions

The chemical reactions considered among the species Ar, Ar+,
H2, H+

2 , N2, N+
2 , N, N+, O2, O, O+ and e−are listed below.

These have been incorporated in the software LAVA-3DI

Dissociation (kinetic reactions):

H2 + M = 2H + M (B1)
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Figure 18. Particle distributions on the substrate (a) with and (b) without considering turbulence modulation; particle temperature (c) with
and (d) without considering turbulence modulation; particle axial velocity (e) with and (f ) without considering turbulence modulation.

20



J. Phys. D: Appl. Phys. 47 (2014) 405206 S Shang et al

Figure 19. Probabilities of particle temperature (left) and axial velocity (right) with (solid line) and without (dashed line) considering
turbulence modulation: dp = (a) 30–55 µm, (b) 55–80 µm and (c) 80–100 µm.

N2 + M = 2N + M (B2)

O2 + M = 2O + M (B3)

where M is the third body defined in [57].

Electron impact and associative ionization (equilibrium
reactions):

Ar + e− = Ar+ + 2e− (B4)

H + e− = H+ + 2e− (B5)

N + e− = N+ + 2e− (B6)

O + e− = O+ + 2e− (B7)

N + N = N+
2 + e−. (B8)

Charge exchange reactions (equilibrium reactions):

N2 + N+ = N+
2 + N. (B9)

21



J. Phys. D: Appl. Phys. 47 (2014) 405206 S Shang et al

Table 5. Comparison of statistics of particles’ temperature and axial velocity when they reach the substrate with and without considering
turbulence modulation.

Diameter (µm) No of particles Tmean (K) Tstd (K) Vmean (m s−1) Vstd (m s−1)

w 8183 2964 31.9 129.2 16.9
dp 30–55 w/o 8190 2961 32.5 127.2 16.6

d (%) 0.1 −1.8 1.6 1.8
w 3366 2936 52.8 89.9 12.2

dp 55–80 w/o 3244 2934 55.3 88.5 11.9
d (%) 0.1 −4.5 1.6 2.5
w 1185 2584 154.2 59.2 8.4

dp 80–100 w/o 1259 2567 148.1 58.2 8.0
d (%) 0.7 4.1 1.7 5.0

Figure 20. Probabilities of particle locations on the X- (left figure) and the Z- (right figure) axes with (solid line) and without (dashed line)
considering turbulence modulation; dp = (a) 30–55 µm, (b) 55–80 µm and (c) 80–100 µm.
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Table 6. Comparison of statistics of particles’ dispersion on the substrate with and without considering turbulence modulation.

Diameter (µm) No of particles Xmean (cm) Xstd (cm) Zmean (cm) Zstd (cm)

w 8183 5.98 0.22 4.52 0.24
dp 30–55 w/o 8190 5.98 0.23 4.49 0.25

d (%) 0.0 −4.3 0.7 −4.0
w 3366 5.99 0.22 3.91 0.33

dp 55–80 w/o 3244 5.98 0.23 3.87 0.33
d (%) 0.2 −4.3 1.0 0.0
w 1185 5.99 0.28 2.94 0.48

dp 80–100 w/o 1259 5.99 0.29 2.8 0.47
d (%) 0.0 −3.4 5.0 2.1

Molecular reactions (equilibrium reactions):

H + O2 = OH + O (B10)

H2 + O = OH + H (B11)

H2O + O = 2OH (B12)

H2 + OH = H2O + H. (B13)
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