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Abbreviations

DC Direct Current
D-Gun Detonation Gun
FTIR Fourier Transform Infra-Red
GLR Gas-to-Liquid mass Ratio
HVAF High Velocity Air Fuel
HVOF High Velocity Oxygen Fuel
i.d. internal diameter
ICP Inductively Coupled Plasma
LTE Local Thermodynamic Equilibrium
PIV Particle Image Velocimetry
RF Radio Frequency
SHS Self-propagation High temperature Synthesis
XRD X-Ray Diffraction
YSZ Yittria Stabilized Zirconia

4.1 Introduction

Thermal spray coatings technology is essentially based on the
in-flight heating, melting and atomization of the material to
be used for the coating followed by the deposition of the
formed molten droplets on the substrates as successive splats,
which pile up forming the coating. A combustion flame or an
electrical discharge is used as the heating medium in which
the coating material is injected in the form of powder, wire,
solution, or liquid suspension. Since the coating material is in
contact with the heating medium for less than a few
milliseconds, the proper control of the trajectories of the
particles or droplets and their temperature history is of critical
importance for the overall success of the operation. A slight
deviation from near-optimal conditions can easily lead to
poor results due to either the lack of melting of particles,
insufficient impact velocities, or the modification of their

chemical composition due to inflight particle evaporation or
unwanted chemical reactions.

This chapter is mainly devoted to a review of the different
fundamental phenomena governing the inflight interaction
between the coating material and the heating medium during
their short contact time. Comprehensive studies on the sub-
ject were reported in the eighties and nineties by Boulos
(1976)(1978)(1985), Mostaghimi J et al. (1984)(1987)
(1989), Proulx P et al. (1985)(1987)(1990)(1991)a,b,
Vardelle M et al. (1983)(1988), Bourdin et al. (1993),
Fauchais et al. (1997)a,b, Chen and Pfender (1982a, b),
Pfender E. (1985) (1989) (1999), Pfender et al. (1985,
1998), Boulos et al (2004)(2016) and Xue S et al. (2001)
(2019). Studies and developments were also published for
cold spray, HVOF, and D-gun and more recently for suspen-
sion and solution plasma spraying. Following a brief intro-
duction of the properties of particles and powders, the basic
phenomena governing the momentum and heat transfer
between a single spherical particle and a high-energy gas
flow is discussed. This includes such phenomena as plasma-
particle momentum and heat transfer, transient heating, melt-
ing and evaporation of particles under plasma conditions,
mass transfer and chemical reactions for liquid or gaseous
phases. Particle trajectory and temperature history
calculations are discussed next for ensemble of particles/
powder injected into the plasma flow under dilute loading
condition, which is limited to situations where the mass feed
rate of particles/powder in the flow is sufficiently low so as
not to have any impact on the plasma flow and temperature
fields. This is followed by a discussion of the treatment of
ensembles of particles/powder in gas flows including particle
injection techniques and thermal loading effects resulting
from plasma–particle interactions under dense loading
conditions, which is of critical importance in any realistic
discussion of the inflight transient heating and melting of the
particles.
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4.2 Overview of Powder Characteristics

Powders are by definition composed of individual particles,
which can be of different sizes, shapes and compositions.
Their properties are closely dependent on their
manufacturing technique and the thermophysical properties
of the material. Particles are generally characterized by the
following:

• Individual particle diameter and morphology, including
their shape, sphericity, and porosity

• Particle chemical composition and crystal structure

Powders on the other hand are characterized by the
following:

• Particle size distribution, mean particle diameter, and
standard deviation

• Apparent density and tap-density of the powder, the latter
corresponding to the highest packing density of the
powder

• Powder flowability (e.g., Hall-flow) reflecting its ability to
free flowing

• Angle of internal friction and angle of repose, both of
which relate to properties of the packed powder

4.2.1 Individual Particle Size and Morphology

Powders used in thermal spray operating are composed of
ensembles of particles, which can have a wide range of
shapes and properties depending on their manufacturing
technique. Typical examples of thermal spray powders are
given in Fig. 4.1. These include the following:

(a) Water-atomized iron powder (Fe-C-Si) with a bulky
rounded edged form (Tsunekawa et al. 2006)

(b) Sintered and crushed tungsten carbide powder (WC-Co-
Cr) which gives rise to bulky, porous, round edged
particles [Starck Amperit 553.065].

(c) Fused and crushed alumina powder (Al2O3) with its
sharp-edged fully dense particles (Laha et al. (2005).

(d) Bulk molybdenum disulfide powder (MoS2) with their
natural flaky structure

(e) Plasma spheroidized molybdenum powder (Mo) with its
generally perfect spherical dense particles (Boulos
2016)

(f) Plasma atomized titanium alloy powder (Ti-6Al-4V)
showing a dense spherical morphology (Polak et al
2017)

It may be noted that the production of dense spherical
metallic powders is generally limited to plasma spheroidized

Fig. 4.1 Examples of plasma-spray powder particles reflecting different manufacturing routes
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or plasma atomized powders, Fig. 4.1e, f, which are formed
in the molten state and acquire their spherical shape through
surface tension effect. A study of the link between the powder
manufacturing technique and the morphology of the particles
obtained for Yttria-stabilized Zirconia (8 wt.% Y2O3) was
reported by Schwier (1986). The results given in Figs. 4.2,
4.3 and 4.4 show agglomerated and sintered powders com-
monly used in plasma spray coating tend to be composed of
porous particles with a rounded shape and a rather fine crystal
structure. Fused and crushed powders, are on the other hand,
are composed of blocky and dense particles with sharp edges,
and medium to coarse gain structure.

A systematic effort has been devoted in literature in order
to develop appropriate parameters to characterize the differ-
ent particle morphologies. According to Reist (1993),
particles with a bulky shape, whether rounded or sharp
edged, can be described by an equivalent particle diameter
and a shape factor, such as “sphericity.” The Feret’s diame-
ter and the Martin’s diameter, illustrated in Fig. 4.5, are
commonly used based on the image analysis of projected
particle micrographs. The Feret’s diameter is defined as the
maximum distance from edge to edge of each particle in the
image along an arbitrary but fixed axis applicable to all
particle. The Martin’s diameter, on the other hand, is the
length of the line that separates each particle into two equal
surfaces. Reist (1993) points out that since these
measurements can vary depending on the orientation of the
particle, they are only valid if averaged over a number of
particles and if all measurements are made parallel to one
another.

Alternately the following definitions of an equivalent par-
ticle diameter are commonly used, such as:

Fig. 4.2 Specific YSZ (ZrO2–8 wt.% Y2O3) powder characteristics depending on their manufacturing route, Schwier (1986)

Fig. 4.3 Powder characteristics, porosity, and particle shape, as a
function of their manufacturing process, Schwier (1986)

Fig. 4.4 Powder characteristics—porosity and structural fineness—as a
function of their manufacturing process, Schwier (1986)
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Equivalent perimeter diameter, dpp, is defined as the
diameter of the circle, which has the same perimeter as that
of the projected particle image:

dpp ¼ Pp

π
ð4:1Þ

where Pp is the perimeter of the projected image of the
particle.

Equivalent projected area diameter, dpa, is defined as the
diameter of the circle having the same projected surface area
as that of the particle.

dpa ¼
ffiffiffiffiffiffiffi
4ap
π

r
ð4:2Þ

where ap is the projected surface area of the particle.
Equivalent volume diameter, dpv, is defined as the diame-

ter of the sphere having the same volume as that of the
particle.

dpv ¼ 6Vp

π

� �1
3

ð4:3Þ

where Vp is the volume of the particle.
The projected area diameter, and the equivalent volume

diameter, are often combined with secondary parameter,
which reflects how close are the particle’s from being a
sphere. These are defined as “Circularity” and “Sphericity.”
The circularity “C” is defined as the ratio of the perimeter of
the circle with the same projected surface area of the particle,
π dpa, to that of the actual projected image of the particle, Pp.

C ¼ π dpa
Pp

ð4:4Þ

The sphericity, ψ on the other hand is defined as the ratio
of the surface area of the sphere of equal volume as the
particle to the surface area of the particle.

ψ ¼ πd2pv
Ap

ð4:5Þ

Obviously both these parameters, C and ψ would tend to
unity for spherical particles. Finally, the “Stokes diameter,
dst,” is defined as the diameter of the sphere of the same
density and the same terminal settling velocity, ut as that of
the particle.

dst ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
18 μ ut
ρp � ρo
� �

g

s
ð4:6Þ

where ρp and ρo are the respective densities of the particle and
the fluid, μ the dynamic viscosity of the fluid and g the
gravitational acceleration.

In the present chapter, unless indicated differently, the
equivalent sphere diameter, dpv will be used for the charac-
terization of non-spherical bulky particles, the subscript “v”
will be dropped for simplicity.

4.2.2 Particle Size-Distribution

When dealing with powders, it is most unlikely to have all of
the particles of the same diameter. Powders are generally
polydisperse when formed, some more than others depending
on their manufacturing process. Proper representation of the
particle size requires a statistical analysis of the particle size
distribution (PSD) of a representative sample of the powder
that could be carried out using optical or electron microscopy
coupled with a detailed image analysis, light diffusion or
instruments based on the particle terminal settling velocity,
or mechanical screening using a set of calibrated sieves. The
results could then be presented in graphical or in terms of key
statistical parameters. Most random phenomena in nature can
be represented by the standard normal distribution shown in
right-hand side of Fig. 4.6 represented by the relationship:

F xð Þ ¼ 1

σx
ffiffiffiffiffi
2π

p exp � x� xð Þ2=2σ2x
� �

ð4:7Þ

where x and σx are, respectively, the mean value and standard
deviation defined as:

x ¼
P1
i¼1

nixi

P1
i¼1

ni

ð4:8Þ

Fig. 4.5 Illustration of Feret’s and Martin’s diameters, Reist (1993)
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and

σx ¼
P1
i¼1

ni xi � xð Þ2

P1
i¼1

ni

� �
� 1

2
6664

3
7775

1
2

ð4:9Þ

Statistically, a variable with a normal distribution will
have a 68% probability to be within �σx, and 95% probabil-
ity to be within�2σx.

For a variable to have a normal statistical distribution, it
has to have equal probability to have a higher or lower value
relative to its mean value (Fig. 4.6a). This condition is rarely
satisfied for particle size distributions of powders that tend
generally to be biased toward the finer size fractions. These
distributions, however, would fit a normal distribution if the
probability is plotted against the logarithm of the particle
diameter giving rise to what is known as “lognormal
distributions” as shown in lower LHS of Fig. 4.6b. The
corresponding parameters for such a distribution are
indicated on the curve.

These can be calculated as follows:
Geometric mean diameter, dg and geometric standard

deviation, σg are defined for a number particle size distribu-
tion as:

log dg ¼
P

ni log diP
ni

ð4:10Þ

and

log σg ¼
P

ni log di � log dg
� �2P

ni � 1

" #1
2

ð4:11Þ

The corresponding values for a particle size distribution in
terms of mass fraction rather than number fraction are given as:

log dg ¼
P

nid
3
i log diP
nid

3
i

ð4:12Þ

and

log σg ¼
P

nid
3
i log di � log dg
� �2P

nid
3
i � 1

" #1
2

ð4:13Þ

It is important to note the fundamental difference between
these two types of particle size distributions since in a number
distribution the fine particles are given the same weight as
any large particles in the powder and the distribution is
accordingly biased toward fine particle presentation. The
effect is clearly demonstrated in Fig. 4.7, which shows the
same particle size histogram or frequency distribution func-
tion, represented both in terms of number fraction and mass
fraction of the particles. For most engineering applications,
the mass fraction distribution is the most pertinent since it
reflects the mass distribution of the powder between different
particle sizes.

Fig. 4.6 Normal and Log-normal particle size distribution, after Reist (1993)

4.2 Overview of Powder Characteristics 89



4.3 Plasma–Particle Momentum Transfer

While particles used in thermal spray tend to be of wide range
of sizes and shapes, analysis of the plasma–particle
interactions is developed for the simple geometry of a spher-
ical particle in an infinite plasma stream. The justification for
such an approach is based on the notion that most particles
used tend to be of a considerably smaller dimension com-
pared with the characteristic dimensions of the plasma and
that once melted the particles acquire a spherical shape due to
surface tension effects. Only during the initial part of the
trajectory of a particle in a plasma its original shape is
maintained. Non-spherical bulky particles could then be
treated using an equivalent particle volume diameter,
Eq. 4.3 combined with a corresponding shape factor if nec-
essary such as the sphericity, given by Eq. 4.5.

4.3.1 Flow around Single Sphere and Drag
Coefficient

The flow around a single sphere or any blunt body has been the
subject of intensive study for many decades mostly with regard
to aerospace, environmental, and chemical engineering
applications. Numerous textbooks on the subject are available
in literature, such as Clift et al. (1978) and Rudinger (1980).
According to these studies, the flow field around a single sphere
is governed by the standard Navier–Stokes (N–S) equations,
which represents a balance between the inertia and viscous
forces characterized by the Reynolds number, Re, in defined as:

Re ¼ ρ uR dp
μ

ð4:14Þ
where

ρ mass density of the fluid (kg/m3)
μ dynamic viscosity of the fluid (Pa.s)

dp diameter or characteristic dimension of the particle (m),
uR relative velocity between the fluid and the particle

defined as

uR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u� up
� �þ v� vp

� �q
ð4:15Þ

With, u and up are, respectively, the fluid and particle
velocities in the axial direction (m/s), while v and vp represent
the corresponding fluid and particle velocities in the radial
direction (m/s).

For a single sphere at very low Reynolds numbers
(RE <0.01), the inertia forces are negligible compared with
the viscous forces, the N–S equation can then be solved
analytically giving rise to a symmetrical streamline upstream
and downstream of the particle, as shown on the LHS of
Fig. 4.8a. With the gradual increase of the Reynolds number
in the range (0.01< RE <1.0) the flow remains dominated by
viscous effects though with a loss of the upstream to down-
stream symmetry of the flow as illustrated by the Oseen
solution given in the RHS of Fig. 4.8b.

With the further increase of the Reynolds number, the
flow on the downstream side of the particle starts to show
the beginning of flow separation at values of RE ¼ 10 with
full wake formation behind the sphere taking place at higher
Reynolds number as shown in Fig. 4.9 after Taneda (1956).
Beyond a Reynolds number of 130–200 vortex shedding
downstream of the sphere starts reaching an intense level at
a Reynolds number above 1000 as shown in Fig. 4.10.

Such important changes in the flow pattern around the
particle have a direct impact on the drag coefficient, CD

between the particle and its surrounding defined as the ratio
of the drag force per unit projected surface area of the particle
(FD/Ap) and the fluid inertia forces (12 ρU2

r ).

CD ¼ FD=ap
� �

1
2 ρu2R
� � ð4:16Þ

Fig. 4.7 Particle size histogram and frequency distribution function presented in terms of number and mass fraction distributions, after Lefebvre
(1989)
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where

FD is total drag force exerted by the fluid on the particle (N),
ap is projected surface area of the particle perpendicular to the

flow (ap ¼ πd2p /4) (m
2).

The evolution of the drag coefficient, CD as function of the
Reynolds number, Re, for a sphere, a circular disc and a
cylindrical object are given in Fig. 4.11. These are mostly
based on flow modeling studies and experimental data under
normal ambient temperatures and pressures. For the case of a

Fig. 4.9 Flow visualization around a spherical solid particle at Reynolds numbers between 9 and 120. Flow from left to right, after Taneda (1956)

Fig. 4.8 Streamlines over a spherical particle at low Reynold numbers (a) Re < 0.01 Stoke’s flow (b) 0.01 < Re < 1.0 Oseen approximation, after
Clift et al. (1978)

Fig. 4.10 Flow visualization of vortex shedding in the wake of a sphere
at ambient temperature

Fig. 4.11 Drag coefficient as function of the Reynolds number for a
single sphere, a cylindrical body, and a disc, after Lapple and Shepherd
1940
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sphere moving in a fluid at Reynolds number less than unity,
known as the Stokes flow regime, the drag on the sphere is
governed mainly by viscous forces, with the drag coefficient
inversely proportional to the Reynolds number (CD¼ 24/Re).
At higher Reynolds number (Re > 1), the increase of the
inertia forces gives rise to what is known as “form drag,”
which is responsible for the deviations of the drag coefficient
from the Stokes flow relationship. Beyond Re ¼103, up to
105, the drag coefficient remains essentially constant at
around 0.44, which is predominantly governed by form
drag. During the plasma spraying of micrometer sized
powders, the range of Reynolds number is rarely above
100 because of the relatively small particle diameter
(10 < dp < 100 μm) normally used. The drag confident over
this range is best evaluated using the curve-fitted correlations
given in Table 4.1. Alternate correlations proposed by
Oberkampf and Talpallikar (1994) for Reynolds numbers in
the range 1–1000 are given in Table 4.2. The correlation
given by Eq. 3.17 was proposed by White (1974) for the
Reynolds number range Re < 100.

CD ¼ 24
Re

þ 6
1þ Re 0:5 þ 0:4 Re < 100 ð4:17Þ

4.3.2 Corrections to the Drag Coefficient

Under thermal plasma conditions whether for plasma
spraying, powder spheroidization, or chemical synthesis,
the presence of steep temperature gradients across the bound-
ary layer surrounding the particle has a significant effect on
the flow field around the particle and consequently on
momentum and heat exchange between the plasma and the
particle. Special attention has, therefore, to be given to the

correction of the drag and heat transfer coefficients predicted
using standard correlations obtained under normal
temperatures and pressures. Other corrections may also be
necessary under rarified flow conditions mostly encountered
during low-pressure plasma spraying. Under these
conditions, the mean free path of the gas molecules at high
temperature can reach a few μm, which starts to be compara-
ble with the characteristic dimension of the particles. Non-
continuum effects, often referred to as Knudsen effect, can be
important in this case and require special corrections to the
drag coefficient predicted using continuum fluid mechanics.

4.3.2.1 Effect of the Temperature Gradients
As discussed by Boulos et al. (1994), the plasma temperature
outside the boundary layer surrounding a particle can exceed
10,000 K, while the particle surface temperature may not
exceed 3000 K. Such a condition will give rise to steep
temperature gradients across a boundary layer over a few
hundreds of micrometers thick, causing strong non-linear
variations of transport properties Lee et al. (1981). As a first
approximation, Lewis and Gauvin (1973) proposed to evalu-
ate the thermodynamic and transport properties used for the
calculation of the drag and heat transfer coefficients based on
the arithmetic mean film temperature, Tf, across the boundary
layer surrounding the sphere:

T f ¼ Ts þ T1ð Þ
2

ð4:18Þ

where Ts is the surface temperature of the sphere and T1 is
the free stream plasma temperature. In a subsequent study,
Sayegh and Gauvin (1979) carried out computations of the
flow and temperature fields surrounding a spherical particle
moving into an argon plasma at a Reynolds number of
50, assuming in one case constant fluid properties across
the boundary layer, and in another case variable properties.
The results presented in Fig. 4.12 were obtained for a sphere
surface temperature, Ts ¼ 0.25 �T1. These are presented in
terms of stream lines, and temperature isocontours, T* is
defined as (T� ¼ T/T1) with the constant fluid property
case presented on the lower part of the figure, while the
variable property results are presented on the upper part of
the figures, respectively.

Based on these results, Sayegh and Gauvin (1979)
recommended the estimation of the fluid properties (kine-
matic viscosity, ν ¼ μ/ρ, and thermal conductivity, κ, at a
reference temperature defined as T0.19, where

T0:19 ¼ Ts þ 0:19 T1 � Tsð Þ ð4:19Þ

Numerous other corrections for the effect of temperature
gradients across the boundary layer on the drag and the heat

Table 4.1 Drag coefficient for a single sphere as function of the
Reynolds number

CD ¼ 24
Re Re � 0.2

CD ¼ 24
Re 1þ 0:1 Re 0:99
� �

0.2 < Re � 2

CD ¼ 24
Re 1þ 0:11 Re 0:81
� �

2 < Re � 20

CD ¼ 24
Re 1þ 0:189 Re 0:62
� �

20 < Re � 500

CD ¼ 0.44 Re > 500

Table 4.2 Correlations for the drag coefficient for a single sphere as
function of the Reynolds number, after Oberkampf and Talpallikar
(1994)

CD ¼ 24
Re Re < 1

CD ¼ 24
Re (1 + 0.15 Re0.687) 1 < re < 1000

CD ¼ 0.44 Re > 1000
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transfer coefficients have also been proposed and widely
accepted in the literature (Pfender 1985). These involved
the use of the mean film temperature defined by Eq. 4.18,
for the estimation of the thermodynamic and transport
properties of the plasma, followed by a further correction of
the drag or heat transfer coefficient obtained. The ratio of
kinematic viscosity estimated at the mean film temperature,
νf, to that estimated at the free stream temperature, ν1, to the
power 0.15 was used giving rise to:

CD ¼ CDf ν f =ν1
� �0:15 ð4:20Þ

where CDf is the drag coefficient evaluated at the mean film
temperature Tf. Lee et al. (1981) proposed a different correc-
tion factor based on their computation’s studies (performed
mostly for argon):

CD ¼ CDf ρ1μ1=ρsμsð Þ0:45 ð4:21Þ

The index “s” means that the plasma properties are
evaluated at the particle surface temperature Ts and “1,”
meaning properties are evaluated at the free-stream plasma
temperature.

The difference between these two corrections, Eqs. 4.20
and 4.21, is well within the experimental error of the avail-
able data (� 25%). Results obtained with different
expressions used for the correction of the drag coefficient in
a DC plasma jet are summarized in Table 4.3. These show
that, for a given Reynolds number, the drag coefficient calcu-
lated by different methods can vary by up to 50% between
different correlations and simulation methods. They also
show a strong dependence on the particle and free stream
plasma temperatures.

Table 4.3 Drag coefficients for an argon plasma calculated using different correction factors Pfender and Lee (1985) and Pfender (1989)

Ts(K) T1(K) Reference

Reynolds number

0.1 1.0 10 20 50

1000 4000 Simulation by Lee et al. (1982) 100.8 15.4 2.9 1.8 1.0

Properties evaluated at film temperature 100.6 12.3 2.4 1.6 1.1

Lee et al. (1981) 115.6 14.2 2.7 1.9 1.2

Lewis and Gauvin (1973) 146.1 17.9 3.4 2.4 1.6

2500 10,000 Simulation by Lee et al. (1982) 151.9 17.6 3.3 2.1 1.2

Properties evaluated at film temperature 112.9 13.7 2.5 1.7 1.1

Lee et al. (1981) 136.9 16.6 3.1 2.1 1.4

Lewis and Gauvin (1973) 164.5 19.9 3.7 2.5 1.7

3000 12,000 Simulation by Lee et al. (1982) 199.9 22.4 4.2 2.6 1.4

Properties evaluated at film temperature 137.6 16.2 2.9 1.9 1.2

Lee et al. (1981) 202.3 23.9 4.2 2.8 1.8

Lewis and Gauvin (1973) 226.8 26.8 4.7 3.2 2.0

Fig. 4.12 (a) Streamlines and (b) temperature isocontours for constant and variable fluid property flows, NRe ¼ 50, Ts ¼ 2500 K, T1 ¼ 10,000 K,
T� ¼ T

T1
, after Sayegh and Gauvin (1979)
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4.3.2.2 Effect of Particle Shape
In all preceding discussion, the particles have been assumed
to be spherical. While this is the case for agglomerated,
spray-dried, atomized or spheroidized powders, it is not true
for fused and crushed particles which, as shown earlier, can
have angular shapes with a low shape factor. The shape of the
particle modifies its drag coefficient (Ganser 1993), which,
for example, can be correlated to the particle sphericity factor
in a limited range of shape effects (Fukanuma et al. 2006). It
must be emphasized, however, that particles when injected
into the plasma are rapidly (~ a few tens of μs) heated to their
melting temperature, thus attaining a spherical shape, which
limits the effect of non-sphericity to the early part of their
trajectory in the plasma close to their point of injection. The
increase of drag force for spheroids compared with those for
spheres with the same volume, may appreciably affect the
particle trajectory, thus its temperature history in the plasma
(Fukanuma et al. 2006; Xu et al. 2002). It is to be noted that
the non-sphericity of the particles may also have a significant
effect on the behavior of particles within the injector. More
work is needed to understand and quantify this effect.
Fukanuma et al. (2006) proposed that the influence of the
shape of the particle on its drag coefficient can be correlated
with the particle sphericity factor for a limited range of
shapes. Equations have also been proposed to calculate the
acceleration of non-spherical particles.

4.3.2.3 Non-continuum Effect
Other corrections that might be necessary when dealing with
the transport and heating of fine particles (dp < 10 μm) under
plasma conditions, whether at atmospheric pressure or under
soft vacuum conditions, are due to the non-continuum effect.
These can be particularly important when the mean free path
of the plasma, λ, is of the same order of magnitude as the
diameter of the particles, dp. Chen and Pfender (1983a, b)
proposed the following correction to the drag coefficient in
order to take into account the Knudsen effect, in the Knudsen
number range (0.01 < Kn < 1.0),

CD ¼ CDð Þcont:
1

1þ 2�a
a

� � γ
1þγ

� �
4
Prs

Knð Þ

2
4

3
5
0:45

ð4:22Þ

where

(CD)cont. drag coefficient evaluated using standard contin-
uum fluid mechanics,

Kn Knudsen number (Kn ¼ λ / dp)
a thermal accommodation coefficient (�)
dp particle diameter (m)
λ mean free path (m)

γ specific heat ratio (γ ¼ cp/cv)
Prs Prandtl number of the gas at the surface temperature of

the particle

Typical values of the Knudsen number for a 1 μm particle
in an argon plasma at different absolute pressures and
temperatures are given in Table 4.4. Numerical values of
the correction factor, in square brackets, vary from 1.0 to
0.4, with the increase of the Knudsen number from 0.01 to
1.0. The correction to the drag coefficient can be important
when considering particles in the size range 0.1 to 5 μm as
used in suspension plasma spraying. This is illustrated in
Table 4.5 from Fazilleau (2003), related to zirconia particles
immersed in an infinite Ar-H2 (25 vol. % H2) plasma at
10,000 K.

4.3.2.4 Effect of Particle Charging
Particle charging can also have a limited effect on its trajec-
tory in plasma jets, since a particle injected into thermal
plasma will always assume a negative charge due to the
difference between the thermal velocities and mobilities of
electrons and ions. Whether or not this affects particles drag
in thermal plasmas has never been explored. Chen and Ping
(1986), Pfender (1989) and Chyou and Pfender (1989) have
shown that under LTE conditions, particle charging will be of
minor importance, because of the low charge concentration
that can exist in the region near the particle surface. This may,
however, be different for frozen chemistry, under
non-continuum conditions in the case of low-pressure plasma
spraying.

Deviations from LTE conditions in the plasma can also be
important, particularly close to the particle surface. Whether
or not such deviations will substantially affect heat and

Table 4.4 Knudsen numbers (Kn) for a 1 mm particles in plasmas at
different absolute pressures and temperatures

Pressure (kPa)

Temperature (K)

1000 3000 5000 7500 10,000

5 5.26 15.79 26.32 39.48 52.64

20 1.32 3.95 6.59 9.87 13.16

40 0.66 1.97 3.30 4.94 6.58

70 0.38 1.13 1.88 2.82 3.76

100 0.26 0.79 1.32 1.97 2.63

Table 4.5 Correction factor to the Drag coefficient due to Knudsen
effects for small zirconia particles immersed in an infinite Ar-H2 (25 vol.
% H2) plasma at 10,000 K Fazilleau (2003)

dp (μm) 5.0 1.0 0.1

Tp ¼ 1000 (K) 0.33 0.17 0.06

2000 0.28 0.14 0.05

3000 0.26 0.13 0.046
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momentum transfer to particles in the condensed phase,
remains a matter for further study. Studies of momentum
and heat transfer between low-pressure plasma and particles
are generally based on molecular dynamics and they are
beyond the scope of this book. The interested reader can
find information in references Chen and Chen (1989),
Uglov and Gnedovets (1991), Soo (1967).

4.4 Plasma–Particle Heat Transfer

As illustrated in Fig. 4.13, a single spherical particle
immersed in a plasma will exchange heat with its surrounding
by conduction, convection, and radiation. The net energy
received by the particle, Qn, is given by Eq. 4.23, which
represents a simple energy balance between heat received
by the particle from the plasma by conduction and convec-
tion, Qcv, and heat lost by radiation from the surface of the
particle to the surrounding, Qsr.

Qn ¼ Qcv � Qsr

¼ h ap T1 � Tsð Þ � Ap ε σs T4
s � T4

a

� � ð4:23Þ

where

h heat transfer coefficient (W/m2. K)
ap surface area of the particle, for a sphere ap ¼ π d2p (m

2)

T1 the free-stream plasma temperature (K)
Ts the surface temperature of the particle (K)
ε particle emissivity (varies from 0 to 1.0)
σs Stephan–Boltzmann constant (5.67 � 10�8 W/m2. K4)

It is to be noted that any heat received by the particle as a
result of radiation from the hot plasma is neglected since the
plasma is generally considered as optically thin and the
radiation incident angle is small.

The key parameter that needs to be specified in Eq. 4.23 is
the heat transfer coefficient h, which is function of the relative
velocity between the plasma and the particle, the composition
of the plasma and its thermodynamic and transport
properties.

4.4.1 Heat Transfer Coefficient

The heat transfer coefficient, h, between the plasma and the
particle may be expressed in terms of the Nusselt number,
Nu, defined as:

Nu ¼ hdp
κ

� �
ð4:24Þ

where dp is the particle diameter and κ is the thermal conduc-
tivity of the plasma in the boundary layer surrounding the
particle. For a spherical particle immersed in an infinite
plasma of uniform temperature, in the absence of any con-
vention effects, it can be demonstrated that Nu ¼ 2.0. In the
presence of a relative motion between the particle and the
plasma, a boundary layer develops around the sphere as
shown earlier in Figs. 4.8, 4.9 and 4.10 giving rise to the
gradual increase of the Nusselt number as a function of the
Reynolds number, Re, and the Prandtl number, Pr. The data
given in Fig. 4.14. are for heat transfer between a single
sphere and air under normal temperature and pressure
conditions. At low Reynolds numbers, the data can be
correlated by the Ranz–Marshall correlation, Eq. 4.25
which is valid for Re < 200 and 0.5 < Pr < 1.0,

Nu ¼ 2:0þ 0:6 Re 0:5Pr0:33 ð4:25Þ

For gases other than air and in the presence of steep
temperature gradients in the boundary layer surrounding
the particle, a number of corrections have been proposed
to the Ranz–Marshall equation as discussed in the next
sections.

4.4.2 Corrections to the Heat Transfer
Coefficient

4.4.2.1 Effect of the Temperature Gradients
As with the case of corrections to the drag coefficient under
plasma conditions, corresponding efforts were devoted to the
identification of the best approach to account for the signifi-
cant variation of the thermodynamic and transport properties
in the boundary layer surrounding the particle in a plasma
flow and its influence on the heat transfer coefficient. As a
first approximation, Lewis and Gauvin (1973) suggested the
use of the mean film temperature, Tf, defined as,
Tf ¼ (Ts + T1)/2, for the evaluation of the fluid properties
used in the calculation of the Reynolds, Prandtl, and Nusselt
numbers. A correction factor in the form of the kinematic
viscosity ratio to the power 0.15 was also included in a
modified form of the Ranz–Marshall equation for pure
argon as follows:

Fig. 4.13 Schematic representation of the net heat exchanged between
a particle and its surrounding
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Nu ¼ 2:0þ 0:515 Re 0:5
� �

υ f =υ1
� �0:15 ð4:26Þ

Based on their modeling work for an argon plasma,
Fig. 4.12, Sayegh and Gauvin (1979) proposed a similar
approach as that used for the correction of the drag coefficient
correction. This involved the calculation of the fluid
properties at the reference temperature T0.19 defined as
T0.19 ¼ Ts + 0.19 (T1 - Ts) and to use the following rather
complex empirical correlation for the calculation of the
Nusselt number:

Nu ¼ 2:0 f 0 þ 0:473 Re 0:552Prm ð4:27Þ

where

m ¼ 0:78 Re 0:552 Pr0:36 ð4:28Þ

and

f 0 ¼
1� T1þx

0

� �
1þ xð Þ 1� T0ð ÞTx

0

	 
 ð4:29Þ

where x, the value of the exponent of T in Eq. 4.29 relating
the viscosity and the thermal conductivity to the absolute
temperature (x ¼ 0.8 for Ar at T < 10,000 K and
p ¼ 100 kPa).

Fizdon (1979), on the other hand, suggested using the
following simpler correction:

Nu ¼ 2:0þ 0:6 Re 1=2 Pr1=3
� � ρ1μ1

ρsμs

� �0:16

ð4:30Þ

where Re and Pr are calculated at the film temperature, Tf.

Lee et al. (1981) proposed the following slightly modified
correlation:

Nu ¼ 2:0þ 0:6 Re 1=2 Pr1=3
� � ρ1μ1

ρsμs

� �0:6 cp1
cp s

� �
ð4:31Þ

Chen and Pfender (1982a, b), Chen and Pfender
(1983a, b) and Chen (1988) gave in a subsequent study an
even more complex relationship:

Nu ¼ 2:0 1:0þ 0:63 Re1 Pr0:81
Prs
Pr1

� �0:42
ρ1μ1
ρsμs

� �0:52

C2

" #

ð4:32Þ

in which,

C ¼ 1� hs=h1ð Þ1:1
1� hs=h1ð Þ2 ð4:33Þ

where hs and h1, in Eq. 4.33, are the specific enthalpy of the
plasma calculated, respectively, at the particle surface tem-
perature Ts, and the free-stream plasma temperature T1.

The values of the Nusselt number obtained using these
different correlations and computation schemes are given in
Fig. 4.15 for an atmospheric argon plasma at 4000 K, as
function of the Reynolds number (Pfender 1985). While
these are reasonably consistent at moderate plasma
temperatures, significant difference is observed at plasma
temperatures above 10,000 K due to ionization and recombi-
nation effects.

These differences are particularly important when consider-
ing diatomic gases such asAr-H2 (17 vol%H2) mixture. This is

Fig. 4.14 Nusselt number as function of the Reynolds number for a single sphere in air, Pr ¼ 0.7, after Clift et al. (1978)
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illustrated in Fig. 4.16, representing the heat transfer coefficients
calculated by Vardelle (1988) versus temperature for a 50 μm
particle, with a surface temperature, Ts ¼ 1000 K, and relative
velocity between the plasma and the particle of 50 m/s.

The results by Lewis and Gauvin (1988), Fizdon (1979),
and Lee et al. (1981) in Fig. 4.16 were evaluated at Tf and
they exhibit similar evolution with a peak close to 6000 K
corresponding to Tf ¼ (6000 + 1000)/2 ¼ 3500 K, that is, the
dissociation temperature of hydrogen where κ, as well as cp,
exhibit high values. It can be seen that the difference between
the values of the heat transfer coefficient, h, for pure conduc-
tion (Nu ¼ 2.0, Bourdin et al. (1983) in Fig. 4.16) and that
including convection effects (calculated with integrated
properties in Fig. 4.16) is less than 20%.

Because of high temperature gradients and strong
non-linear variations of the thermal conductivity, κ, with
temperature, essentially for plasmas, one of the key
problems for heat transfer coefficient calculations using
the Nusselt number (Eq. 4.25) is to determine at which
temperature the thermal conductivity has to be evaluated.
It can be the film temperature Tf (Eq. 4.26), T0.19
(Eq. 4.27) or any other temperature. This problem is
important when considering diatomic gases for which a
strong peak of κ is observed at the dissociation tempera-
ture of the gas.

A detailed theoretical analysis of the problem of pure
conduction by Bourdin et al. (1983) showed that the standard
heat transfer equation, Eq. 4.25 holds even under plasma

Fig. 4.15 Nusselt number derived by different authors and by computer simulation, after Pfender (1985)

Fig. 4.16 Heat transfer coefficient for a 50 μm diameter particle travelling at 50 m/s with Ts ¼ 1000 K in an Ar-H2 (17vol.%) plasma calculated by
Vardelle (1988)
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conditions, provided that the properties are evaluated as an
integrated mean value defined as:

κ ¼ 1
T1 � Tp

� � Z T1

Tp

κ Tð ÞdT
" #

ð4:34Þ

It is interesting to note that if the thermal conductivity, κ is
a linear function of temperature, Eq. (4.34) reduces to the
commonly used practice of evaluating the property values at
the arithmetic mean, that is, κ Tð Þ ¼ κ T f

� �
, or film

temperature.
The application of Eq. (4.34) can be considerably

simplified by splitting the integral with respect to some
reference temperature, To ¼ 300 K, as follows:

κ ¼ 1
T1 � Tp

� � Z T1

300
κ Tð ÞdT �

Z Tp

300
κ Tð ÞdT

� �
ð4:35Þ

κ ¼ 1
T1 � Tp

� � S T1ð Þ � S Tp

� �	 
 ð4:36Þ

where S(T) is the heat conduction potential. Values of κ and
S(T) are given in Fig. 4.17 for different plasma gases at
atmospheric pressure as a function of temperature.

It should be noted that the analysis of Bourdin et al. (1983)
is limited to pure conduction, which provides a reasonable
estimate of the heat transfer to the particles considering that
in most practical cases for plasma spraying (Re < 20 and
Pr < 1) the convection term contributes less than 25% to the
total heat transfer to the particles. Examples of the mean
integrated thermal conductivity of Ar/H2 and Ar/He plasmas
at atmospheric pressure as function of temperature are given
in Figs. 4.18 and 4.19, respectively. A comparison of the data
for Ar/H2–30 vol.% and Ar/He-60 vol.% is given in

Fig. 4.17 Thermal conductivity (a) and heat conduction potential (b) for different gases at atmospheric pressure as function of temperature, after
Bourdin et al. reprinted with kind permission from Elsevier for Journal of Heat and Mass Transfer Bourdin et al. (1983)

Fig. 4.18 Mean integrated thermal conductivity of Ar/H2 plasmas at
atmospheric pressure as function of temperature

Fig. 4.19 Mean integrated thermal conductivity of Ar/He plasmas at
atmospheric pressure as function of temperature
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Fig. 4.20, showing a high mean thermal conductivity for the
Ar/H2 mixture (30 vol.%) compared with Ar/He (60 vol.%),
in the 3000–6000 K temperatures range.

4.4.2.2 Non-continuum Effect
The effect is quite similar to that observed for the drag
coefficient using Eq. 4.22 with a thermal accommodation
coefficient of 0.8. A corresponding correction to account for
non-continuum effects in plasma–particle heat transfer over
the same Knudsen number range (0.01 < Kn < 1.0) has also
been proposed by Chen and Pfender (1983b). In this case,
they made use of the concept of temperature jump, resulting
in the following correction:

q ¼ qcont:
1

1þ 2 Z�=dp
� �

" #
ð4:37Þ

where (q)cont is the heat flux calculated using an available
correlation for continuum flow and Z* is the jump distance.
Typical numerical values of the correction factor in square
brackets in this case could be as low as 0.4 to 0.5 for a
Knudsen number of about 0.1. It is important to note that
the Knudsen effect is stronger for plasmas with higher
enthalpies Chen and Pfender (1983b). For small particles
(e.g., 0.1–5 μm), corrections with a magnitude similar to
those already presented for CD have to be made (Fazilleau
2003).

4.4.3 Radiation Energy Losses from the Surface
of the Particle

As stated earlier, Eq. 4.23, the net energy that contributes to
the transient heating of the particle, is the difference between

the heat received by the conduction and convention from the
plasma, Qcv, and heat lost by radiation from the surface of the
particle to its surrounding, Qsr.

Qn ¼ Qcv � Qsr

¼ h ap T1 � Tsð Þ � ap ε σs T4
s � T4

a

� � ð4:230Þ

Because of the dependence of the radiative energy losses
on T4

s � T4
a

� �
, Qn decreases rapidly with the increase of the

particle surface temperature Ts and eventually can be equal to
zero or even acquire a negative value even when the particle
temperature is lower than that of the surrounding plasma. At
this point the particle temperature will remain constant (for
Qn ¼ 0) or start cooling down (Qn < 0). A conservative
estimate of the limiting temperate that a particle can reach
is obtained by equating the conduction heat transfer between
the plasma and the particle (Nu¼ 2.0) with radiation losses as
function of the surface temperature of the particle. Assuming
the particle emissivity to be equal to unity allows for the
calculation of limiting particle temperature that could be
achieved as function of the plasma composition and temper-
ature for particles of different diameters. Typical results
obtained for an atmospheric pressure argon plasma are
given in Fig. 4.21 Boulos (2004). These show for each
particle diameter the gradual increase of the limiting particle
temperature as function of the plasma temperature. The rela-
tionship is almost linear for particles of diameters less than
10 μm. With the increase of the particle diameter, radiation
losses increase, requiring a higher plasma temperature to
compensate for the increase of radiation losses. In specific
terms if we consider, for example, a molybdenum particle
with a diameter of 10 μm, immersed into an argon plasma,
there would be no difficulty to melt the particle with a plasma
temperature of about the same temperature as the melting

Fig. 4.20 Mean integrated thermal conductivity of Ar/H2 and A/He
plasmas at atmospheric pressure as function of temperature

Fig. 4.21 Limiting temperature for metallic particles immersed in
atmospheric pressure Ar plasma, particle emissivity assumed to be
unity, after Boulos (2004)
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temperature of molybdenum (2890 K). In contrast, for a
molybdenum particle with a diameter of 100 μm, the plasma
temperature necessary for its melting would be 4500 K.
Corresponding values for particles of diameters of 200 μm
and 500 μm would be 6000 K and 8300 K, respectively. It is
to be noted that these are asymptotic limiting temperatures in
which the time of contact between the particles with the
plasma is not limiting.

The limiting role of radiation losses from the surface of the
particle becomes increasingly more important with the
increase of the melting temperature of the material. A
500 μm tungsten particle (melting temperature 3680 K)
would accordingly require an argon plasma temperature of
more than 11,000 K to reach its melting temperature
(Fig. 4.22). Corresponding data for an Ar/H2 10 vol.% H2

plasma given in Fig. 4.22 reveal essentially the same trends,

though the effect is significantly reduced for materials of low
to medium melting temperature such as Ni and Mo due to the
high thermal conductivity of the Ar/H2 plasma requiring a
smaller temperature difference for compensating for radiation
heat losses from the surface of the particle.

Similar effects are also observed in Fig. 4.23 for ceramic
particles in an air plasma with the extended range of the
required plasma temperature for melting of the ceramic
increasing significantly for high temperature ceramic
materials such as zirconia (ZrO2) compared with Alumina
(Al2O3) or Silica (SiO2).

4.5 Transient Heating and Melting
of a Particle

This section deals exclusively with the transient heat conduc-
tion inside a single spherical particle immersed in a thermal
plasma. The analysis is largely based on the work of Chen
and Pfender (1982a, b) and Bourdin et al. (1983), who were
the first to address this relatively complex problem. For
simplicity, the analysis is limited to conduction heat transfer
between the plasma and the particle surface, which corre-
spond to the case of a stationary particle inside an infinite
plasma volume. The model formulation used is based on the
following assumptions:

• Spherical particle immersed in an infinite plasma volume
• Negligible radiation losses and vaporization from the sur-

face of the particle
• Conduction heat flux to the surface of the particle (Nu¼ 2)

The assumption that Nu ¼2, implies the absence of con-
vective heat transfer between the plasma and the particle and
that the boundary layer relaxation time around the particle is
short in comparison to the heating required for melting the
particle.

Chen and Pfender (1982a, b) and Bourdin et al. (1983)
independently further extended their analysis to the moving
boundary problem during the melting phase of the particle.
While the proposed model was solved for a dense spherical
particle, it is equally applicable to porous particles through
the use of an equivalent effective thermal conductivity of the
particle material.

4.5.1 Spherical Particle with Infinite Thermal
Conductivity

For a metallic particle with a high thermal conductivity, it is
reasonable to assume the internal temperature gradients in the
particle to be negligible and the particle is essentially at a
uniform temperature. The evolution of the temperature of a

Fig. 4.22 Limiting temperature for metallic particles immersed in
atmospheric pressure Ar/H2 10 vol.% plasma, particle emissivity
assumed to be unity, after Boulos (2004)

Fig. 4.23 Limiting temperature for ceramic particles immersed in
atmospheric pressure Air plasma, particle emissivity assumed to be
unity, after Boulos (2004)
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particle in this case, when suddenly immersed in a plasma
environment, can be calculated by a simple energy balance
on the particle as follows:

dTp

dt
¼ �12 κ

ρpcpsd
2
p

Tp � T1
� � ð4:38Þ

where

Tp particle temperature
T1 free-stream plasma temperature
κ integral mean thermal conductivity of the plasma
ρp density of the particle
cps specific heat of the particle
dp particle diameter

Assuming constant thermodynamic properties of the
material (ρp, cps) and transport properties of the plasma (κÞ,
it is possible to obtain an exact solution to Eq. 3.38, as

follows:

Tp � T1
T0 � T1

¼ exp
12 κ t

ρpcpsd
2
p

 !
ð4:39Þ

As expected, Eq. 4.39 gives rise to as faster increase of the
particle temperature with the increase of the thermal conduc-
tivity of the plasma, and the decrease of the specific heat of
the particle material. The effect of the different simplifying
assumption on the predicted temperature history of a 100 μm
alumina particle immersed in nitrogen plasma at 10,000 K
can be identified in Fig. 4.24 where the transient temperature

rise of the particle is plotted as function of time using
assumptions Bourdin et al. (1983).

4.5.2 Effect of Internal Heat Conduction

The following assumptions are made:

• The particle is spherical with finite but constant specific
heat and thermal conductivity.

• The particle has a uniform initial temperature, T0 before
being suddenly immersed in a plasma of a temperature
T1.

• Negligible radiation losses from the particle surface.
• The particle temperature is followed only to the point

where its surface reaches the melting point of the material.

Bases on the above assumptions, the equation governing
the transient heat transfer in the particle can be written as:

1
αp

∂T
∂t

¼ 1
r2

∂
∂r

r2
∂T
∂r

� �
ð4:40Þ

where

αp thermal diffusivity of the particle material (αp ¼ κp/ρpcps)

Equation 4.40 can be solved with the following boundary
conditions:

t ¼ 0, 0 < r < R0, T r, tð Þ ¼ 300 K

t > 0 r ¼ 0,
∂T
∂r


r¼0

¼ 0

r ¼ R0 κ
∂T
∂r


r¼R0

¼ q

where q is the external heat flux to the surface of the particle
given for Nu ¼ 2, as follows:

q ¼ 2κ
d0

T1 � Tsð Þ ð4:41Þ

The results obtained for the same conditions as those used
in Fig. 4.24, that is, 100 μm diameter alumina particle sud-
denly immersed in a 10,000 K nitrogen plasma are given in
Fig. 4.25. The computation is carried out in this case,
included internal heat conduction into the particle. For com-
parison, the results obtained assuming a “uniform tempera-
ture of the particle” are superposed on the figure identified as
the “simple case.”

It is to be noted that when the surface temperature of the
particle reaches its melting point 2326 K, the temperature of

Fig. 4.24 Temperature history for a 100 μm alumina particle immersed
in a nitrogen plasma at 10,000 K, assuming infinite thermal conductivity
of the particle, Bourdin et al. (1983)
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the center of the particle will be lagging behind at 1075 K,
which is 1251 K lower than that of the surface temperature.
Obviously the so-called simple case, assuming an infinite
thermal conductivity of the particle, while representing
reasonably well the mean temperature of the particle, would
be seriously an error in terms of internal temperature distri-
bution in the particle.

Bourdin et al. (1983) carried out a systematic study of the
transient heating of spherical particles of different materials
(Ni, Si, Al2O3, W, SiO2) and different particle sizes
(dp¼ 20–400 μm) as they are suddenly immersed in different
plasmas (Ar, N2, H2) at atmospheric pressure and
temperatures varying between T1 ¼ 4000 and 10,000 K.

Typical results obtained for alumina particles of different
diameters immersed in a nitrogen plasma at 10,000 K are
given in Fig. 4.26. These show that the heating time of the
particles depends strongly on the particle diameter with the
surface temperature of the particles increasing at a much
faster rate than its center. This gives rise to the development
of significant internal temperature gradients in the particle
with temperature differences between the surface of the par-
ticle and its center of the order of 1000 K independent of the
particle diameter. As shown in Figs. 4.27 and 4.28, the effect
is strongly dependent on the external heat flux to the particle,
the lower the plasma temperature or the thermal conductivity
of the plasma gas, the more uniform will be the temperature
distribution in the particle. As noticed in Fig. 4.29, the effect
is also dependent on the thermal conductivity of the particle
material. The higher is the thermal conductivity of the parti-
cle the more uniform its internal temperature distribution.

Based on the above results Bourdin et al. (1983)
concluded that a good estimate of the relative importance of
the phenomena of internal heat conduction in the particle can
be made based on the value of the Biot number, Bi, which
represents the ratio of the mean integral thermal conductivity
of the plasma across its boundary layer surrounding the
particle, κ and the thermal conductivity of the particle mate-
rial, κp defined as:

Bi ¼ κ=κp ð4:42Þ

As a general rule it was observed that important
differences can exist between the surface temperature of the
particle and that at its center, when the Biot number is larger
than 0.03.

Fig. 4.25 Temperature history for a 100 μm alumina particle immersed
in a nitrogen plasma at 10,000 K, including internal heat conduction,
Bourdin et al. (1983)

Fig. 4.26 Temperature history of alumina particles of different
diameters suddenly immersed in a nitrogen plasma at 10,000 K, after
Bourdin et al. (1983)

Fig. 4.27 Temperature history of 100 μm diameter alumina particles
immersed in nitrogen plasma at different temperatures, after Bourdin
et al. (1983)
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4.5.3 The Moving Boundary Problem

In the previous section dealing with internal heat conduction
in the particles, results were given in which computations
were limited to particle surface temperature below the melt-
ing point of the material. To take the computation beyond
this point to include particle melting, the model formulation
has to be modified including the propagation of the melting
front as semantically represented in Fig. 4.30. The radius of
the melting front, rm defines the boundary between the solid
core of the particle (0 < r < rm) and molten region
(rm < r < R0). The governing equations, after Murray and
Landis (1959), can be written for both regions of the particle
as follows:

1
αp

∂T
∂r

¼ 1
r2

∂
∂r

r2
∂T
∂r

� �� �
ð4:43Þ

1
αℓ

∂T
∂r

¼ 1
r2

∂
∂r

r2
∂T
∂r

� �� �
ð4:44Þ

With αp, and αℓ are, respectively, the thermal diffusivities
of the particle material in the solid and liquids states, defined
as (αp ¼ κp/ρpcps) and (αℓ ¼ κℓ/ρℓcpℓ).

The boundary conditions for Eqs. 4.43 and 4.44 are:

at r ¼ 0
∂T
∂r


r¼0

¼ 0 ð4:45Þ

and

at r ¼ R0
∂T
∂r


r¼R0

¼ q ð4:46Þ

at the solid–liquid interface, r ¼ rm, the velocity of propaga-
tion of the melting front is given by the equation:

∂rm
∂t

¼ 1
ρHm

κℓ
∂T ℓ

∂r


r¼rm

� κp
∂Ts

∂r


r¼rm

" #
ð4:47Þ

where

Fig. 4.28 Temperature history of 100 μm diameter alumina particles
immersed in different plasmas at 10,000 K, after Bourdin et al. (1983)

Fig. 4.29 Temperature history of 100 μm diameter particles of different
materials immersed in a nitrogen plasma at 10,000 K, after Bourdin et al.
(1983)

Fig. 4.30 Boundary conditions for the propagation of a melting front
within a spherical particle Bourdin et al. (1983)
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Hm latent heat of fusion of the particle material
κp thermal conductivity of the particle material in solid state
κℓ thermal conductivity of the particle material in liquid state

Typical results reported by Bourdin et al. (1983) given in
Fig. 4.31 show the evolution with time of the temperature
profile across an alumina and a tungsten particle suddenly
immersed into a nitrogen plasma at 10,000 K. Figure 4.31a
shows that during the transient heating and melting of an
alumina particle with a diameter of 100 μm, the surface temper-
ature of theparticle can reach the boiling temperature of alumina
(3800 K) before the solid core of the particle is molten. In this
particular case the radiusof the solid core is 20μm,at the time its
surface reaches 3800 K, corresponding to 6.4% of the mass of
the particle still notmolten. The effect is a direct consequence of
the high heat flux to the surface of the particle and the relatively
low thermal conductivity of alumina. Figure 4.31b shows that
the situation is quite different for a metallic particle, such as
tungsten, where internal temperature gradients during the tran-
sient healing and melting of the particle are considerably lower
than those observed for alumina.

Chen and Pfender (1982a, b) reached a similar conclusion
in their study of the unsteady heating of small particles in
thermal plasmas. Typical results given in Figs. 4.32, 4.33 and
4.34 show the evolution with time of the temperature of the
surface and center of a 100 μm diameter. Alumina particle

Fig. 4.31 Transient heat propagation and melting of a solid spherical particle. (a) Alumina, (b) tungsten Bourdin et al. (1983)

Fig. 4.32 Temperature history of a 100 μm alumina particle exposed to
an argon plasma at 10,000 K, after Chen and Pfender (1982a, b)

Fig. 4.33 Temperature history of a 100 μm alumina particle exposed to
a nitrogen plasma at 10,000 K, after Chen and Pfender (1982a, b)

Fig. 4.34 Temperature history of a 100 μm alumina particle exposed to
an Ar/H2 plasma at 10,000 K, after Chen and Pfender (1982a, b)
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suddenly immersed in a plasma of different compositions at
10,000 K. Superposed on the figures is the corresponding
temperature evolution of the same alumina particle assuming
a “uniform particle temperature,” which is equivalent to
assuming an “infinite thermal conductivity” of the particles.
The results show for an argon plasma (Fig. 4.32), which is
characterized as being a “low-thermal conductivity plasma,”
the uniform particle temperature assumption is quite accept-
able with relatively small internal temperature gradients
observed during the melting phase of the particles. The situa-
tion is different, however, with a nitrogen or an Ar/H2 plasma
(25 vol. % H2) (Figs. 4.33 and 4.34) with significant
differences observed between the temperatures of the surface
and that of the center of the particles. While the assumption of
uniform particle temperature is not acceptable in this case, the
approach can still be used as a first approximation for the
estimation of the time required for the heating and melting of
the particle. It should be pointed out that in the case of the
treatment of an alumina particle in an argon plasma, the Biot
number, defined by Eq. 4.42, was 0.019, while it was equal to
0.16 and 0.28 for the nitrogen andAr/H2 cases, respectively. It
should be stressed that the phenomenon of internal heat prop-
agation in the particle should be taken into account mostly in
the case of low thermal conductivity ceramic particles injected
in high thermal conductivity plasmas for which the Biot
number is larger than 0.03.

4.5.4 Transient Heating and Melting of Porous
Spherical Particle

With porous particles such as those obtained by the agglom-
eration of finer particles, or the atomization of a melt, as
shown in Figs. 4.1 and 4.2, the particle can have a void
fraction as high as 45% or more with a significant impact
on its effective thermal conductivity compared with that of a
dense material. Heat propagation phenomenon in such
particles during heating and melting steps can be particularly
important (Hurevich et al. 2002; Vardelle et al. 1990; Diez
et al. 1993). The heat transfer process as schematically
represented in Fig. 4.35 involves the transfer of heat through
contact points between individual particles in the early stages

of the heating followed by a gradually improved transfer
through the partially melted external shell of the particle.
Typical results showing the temperature profile in a 60 μm
diameter zirconia (ZrO2) particle immersed in Ar/H2 (17 vol.
% H2) plasma at 10,000 K are given in Fig. 4.36. The profiles
given in Fig. 4.36a were computed for a fully dense particle,
while those in Fig. 4.36b correspond to a porous particle
(45% vol.) with a mean pore diameter of 50 nm.

As shown by Hurevich et al. (2002), the effect of porosity
is taken into account by reducing the effective thermal con-
ductivity of the bulk material. Experiments have shown,
however, that the phenomenon is more complex since the

Fig. 4.35 Schematic representation of the progression of the heating and melting of a porous agglomerated particle

Fig. 4.36 Transient temperature profiles for a 60 μm diameter ZrO2

particle in an Ar/H2 (17 vol.%) plasma at 10,000 K, (a) dense particle (b)
agglomerated particle with 45% void fraction and a mean pore diameter
50 nm Vardelle et al. (1990)
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gas in the pores, or that created by the evaporation of an
organic binder in agglomerated particles, must find its way
from the particle. This is relatively easy when spraying small
particles (dp ~ 30 μm) where the molten shell reaches
temperatures beyond 3500 to 4500 K, thus allowing the gas
to escape through the low viscosity liquid meniscus (Vardelle
et al. 1990) giving rise to the formation of dense spherical
droplets, which can be recovered as dense particles once they
cool down and solidify. In contrast, larger porous particles
(d � 60 μm) might not have the time to be sufficiently heated
to allow the entrapped gas to escape through the molten shell.
The collected particles in this case would have residual
porosity and could constitute hollow spheres containing
unmolten grains of the finer unmolten particles Diez and
Smith (1993) and Chang and Khor (1996) reported similar
results in a study of heating and melting of agglomerated
hydroxyapatite powders. However, in most of these cases,
dealing with agglomerated large particles, the powders are
treated in a furnace to get rid of the binder material before
being used in a plasma spraying operation. It should be
pointed out that full densification and melting of powders is
not required for the spraying of nanometer-sized
agglomerated particles where it is important to limit the
heating in order to achieve only partial melting of the powder
to protect the nanostructure of the material in the coating
(Fauchais et al. 2011).

4.6 Particle Vaporization Under Plasma
Conditions

4.6.1 Basic Mechanism of Particle Vaporization

Particle evaporation under plasma conditions can be either a
result of an undesirable side effect during the treatment of
powders in a thermal plasma due to the overheating and
vaporization of the finer size fractions or an integral part of
the process for the synthesis of nanopowders. In the first case,
especially for powders with a broad particle size distribution,
the treatment will result in the overheating of the fine powder
fractions before the large[-size fractions can receive the
energy required for their heating and complete melting.
Moreover, when processing alloys composed of elements
with a wide range of thermophysical properties, the treatment
can result in the partial loss of the lighter elements through
in-flight vaporization. Processes developed for the synthesis
of nanopowders of metals and alloys rely, on the other hand,
on the complete vaporization of the precursor in the form of
fine powder followed by the condensation of the formed
vapor as a fine nanopowder with the required particle size
distribution. In either case, it is essential for optimal process
control to have a fundamental understanding of the basic

phenomena involved and their impact on process efficiencies
and product quality.

A schematic representation of the basic phenomena
involved in-flight particle heating, melting, and vaporization
of a spherical particle is given in Fig. 4.37. This shows that
the particle receives heat from the plasma by conduction and
convection, Qcv. The particle, in turn, losses heat to the
surrounding by radiation from its surface Qsr. The net energy
received by the particle, given by Eq. 4.23, Qn¼ (Qcv � Qsr),
is responsible for the heating, melting, and eventually the
vaporization of the particle material. Since conduction is
generally the predominant heat transfer mechanism for parti-
cle heating, the analysis given in this section will also be
limited to pure conduction for which Nu¼ 2.0. It is important
to note, however, that the value of Qcv evaluated on the basis
of pure conduction to the particle surface, will be reduced in
the presence of particle evaporation due to the local cooling
of the boundary layer surrounding the particle by the vapor
species liberated at the surface. In the case of metallic
particles, the heat transfer to the particle surface is further
significantly reduced as a result of the intense volumetric
radiation losses emitted from the hot vapor cloud surrounding
the particle, Qvr.

At equilibrium, depending on the thermophysical properties
of the particle and the nature of the evaporated elements, the
process can be either mass-transfer or heat-transfer controlled.
Mass-transfer controlled, in which the evaporation rate is con-
trolled by the diffusion rate of the vapors across the boundary
layer, will be favored for non-metallic, low boiling point
materials, and materials with a low latent heat of vaporization.
Heat transferred controlled, on the other hand, in which the
particle evaporation rate is controlled by the heat transfer rate,
will be the dominating mechanism for metallic materials with a
high melting and vaporization temperatures. In the latter case,
the particle vaporization rate is given by the following energy
balance equation:

Fig. 4.37 Schematic representation of the basic phenomena involved
during in-flight particle heating, melting and vaporization under plasma
conditions

106 4 Plasma–Particle Momentum and Heat Transfer



dmp

dt
¼ Qn

Hv
ð4:48Þ

where mp is the mass of the particle and Qn is the net heat
exchange between the plasma and the particle, and Hv is the
latent heat of vaporization of the particle material.

4.6.2 Effect of Vaporization on Heat Transfer

For an evaporating particle, the vapors liberated at the surface
will diffuse through the boundary layer surrounding the par-
ticle resulting in the significant cooling of the boundary layer
and the corresponding increase of its thickness with the
combined effect of reducing the heat flux to the particle.
With the further increase of the evaporation rate, the heat
transfer coefficients continue to decrease giving rise to a
strong non-linearity in the transport equations. According to
Chen and Pfender (1982a, b and Chen et al. (1985), the heat
received by a spherical particle immersed in a uniform tem-
perature plasma in the absence of evaporation, neglecting
radiation exchange from and to the particle, can be written as:

Qo ¼ 2πdp ST1 � STsð Þ ð4:49Þ

With

ST ¼
Z T

T0

κ dT ð4:50Þ

T0 is a reference temperature, STs and ST1 are the values of
the heat transfer potential at the surface of the particle and far
away from the particle. The corresponding value of the heat
flux to the particle per unit surface area, q0, is inversely
proportional to the particle diameter, as given by Eq. 4.51:

qo ¼
2 S1 � Ssð Þ

dp
ð4:51Þ

In the presence of evaporation from the surface of the
particle, an additional assumption has to be made that the
density of the gas phase is considerably lower than that of the
condensed phase, and consequently that mass transfer can be
treated as quasi-steady processes. The total heat transfer rate,
Qe, and the corresponding heat flux values, qe, to the particle
surface are given by:

Qe ¼ 2πdp Hv

Z T1

Ts

κ1 dT
h� hs þ Hv

ð4:52Þ

qe ¼ 2 Hv

dp

Z T1

Ts

κ1 dT
h� hs þ Hv

ð4:53Þ

Dividing Eq. 4.53 by Eq. 4.51 gives:

qe
qo

¼ Hv

S1 � Ssð Þ
Z T1

Ts

κ1 dT
h� hs þ Hv

ð4:54Þ

With the integral being only a function of plasma temper-
ature for a given plasma composition and particle material.
Calculations of the heat transfer ratio (Qe/Q0) for water
droplets, alumina, graphite, and tungsten in a pure argon
plasma were reported by Chen and Pfender (1982a) using
the thermophysical material properties listed in Table 4.6.
The results given in Fig. 4.38 show the strongest effect of the
evaporation on the heat flux to the particles at high plasma
temperatures, and for materials with low latent heat of evap-
oration such as water.

Chen and Pfender (1982a) developed further their anal-
ysis of the quasi-steady evaporation of particles under
plasma conditions in order to calculate the evaporation
time, te, of a particle with an initial diameter of dpo,
which they gave as:

te ¼
d2po
4K

ð4:55Þ

With

K ¼
2
R T1
Ts

κ dT
h�hsþHvð Þ
ρp

ð4:56Þ

Table 4.6 Thermophysical properties, after Chen and Pfender (1982a)

Material Water Alumina Graphite Tungsten

Ts (K) 370 3800 4100 5950

Hv (MJ/kg) 2.26 24.7 59.7 4.62

Fig. 4.38 Effect of evaporation (or sublimation) on the heat flux to a
spherical particle for Re ¼ 0, Qe: heat flux in the presence of evapora-
tion, Qo heat flux in the absence of evaporation, after Chen and Pfender
(1982a)
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It is to be noted that the evaporation time calculated using
Eq. 4.55 does not include the time required for the initial
heating and melting of the particle and the subsequent heating
of the liquid droplet up to its vaporization (boiling) tempera-
ture. Eq. 4.55 also shows that, K, is a function of the
thermophysical properties of the plasma and the particle,
and the vaporization time for a given material and plasma
system is directly proportional to the square of the initial
particle diameter. Variations of the value of K with tempera-
ture for atmospheric pressure argon plasma are given in
Fig. 4.39 for water, alumina, graphite, and tungsten.
According to Eq. 4.55 and using the corresponding values
of the vaporization constant, K, the vaporization time for a
100 μm water droplet in a 12,000 K argon plasma would be
2.43 ms. Corresponding values for an alumina, graphite or
tungsten particles of the same diameter would be 41.5, 60.1,
and 50.2 ms, respectively. As mentioned earlier, these values
do not include the initial particle heating, melting, and
subsequent liquid superheating time to bring the particle
temperature to its evaporation (boiling) temperature. More-
over, the heat transfer mechanism involved in these
calculations was limited to pure conduction between the
plasma and the particle surface.

The effect of the composition of the plasma gas on the
evaporation rate of different materials, and subsequently on
the ratio (Qe/Q0) as function of the plasma temperature, was

further investigated by Chen and Pfender (1982a). Typical
results obtained for water droplets and tungsten particles
immersed in an Ar, A/H2 (1:4 molar ratio) and N2 are
presented in Figs. 4.40 and 4.41. These show a significant
reduction of the ratio of the heat rate to the particle with the
increase of the vaporization rate. The effect is more pro-
nounced for an Ar/H2 and N2 plasma compared with that
for a pure Ar plasma.

The corresponding vaporization constant, K, for these
two materials in Ar, Ar/H2 (1:4 molar ratio) and N2 plasmas
are given in Fig. 4.42. In contrast to the effect of vaporiza-
tion on heat transfer, which was observed in Figs. 4.40 and
4.41 to be stronger for materials with a lower latent heat of
evaporation, the vaporization constant seems more depen-
dent on the density of the condensed phase (Figs. 4.43 and
4.44).

Fig. 4.39 Vaporization constant for different materials in an atmo-
spheric pressure argon plasma, After Chen and Pfender (1982a)

Fig. 4.40 Effect of evaporation on heat transfer to a water for Ar, N2,
and Ar/H2 20 vol.% H2 plasmas at atmospheric pressure, after Chen and
Pfender (1982a)

Fig. 4.41 Effect of evaporation on heat transfer to a tungsten particle
for Ar, N2, and Ar/H2 20 vol.% H2 plasmas at atmospheric pressure,
after Chen and Pfender (1982a)
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4.6.3 Effect of Radiation on Particle
Vaporization

As illustrated in Fig. 4.37, radiation effects can have an
impact on particle heating and vaporization through:

• Radiation exchange between the surface of the particle
and its surrounding

• Volumetric radiation losses from the vapor cloud
surrounding the particle

As mentioned earlier, the heating of the particle through
radiation received from the surrounding can generally be
negligible. On the other hand, heat losses by radiation from
the surface of the particle can be significant, limiting the
ability of heating the particle to reach its melting or vapori-
zation temperature, as discussed earlier in Sect. 4.4.3. Chen
and Pfender (1982b) integrated in Eqs. 4.52 and 4.53 radia-
tion heat losses from the surface of the particle, giving rise to
Eq. 4.57:

Qsr ¼ 2πdp Hv

Z T1

Ts

κ1 dT
h� hs þ c

ð4:57Þ

with

c ¼ Hv þ
2π d2p ε σs T

4
s

dm
dt

ð4:58Þ

where h is the plasma specific enthalpy at T, while hs is the
plasma specific enthalpy at Ts. This expression has been
deduced assuming that the plasma thermodynamic and trans-
port properties (h, κ) are not modified by the vapor diffusion.

Fig. 4.42 Effect of the plasma composition on the vaporization constant as function of the plasma temperature for water and tungsten Chen and
Pfender (1982a)

Fig. 4.43 Volumetric emission for an argon plasma in the presence of
1% molar fraction of different metallic vapors, plasma radius ¼ 1 mm,
after Essoltani et al. (1994)

Fig. 4.44 Volumetric radiation losses for an Ar/Fe plasma as function
of temperature and the molar fraction of iron vapor, plasma radius
R ¼ 1 mm, after Essoltani et al. (1990)
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Assuming κ=cp ¼ κ=cp
� �

in the boundary layer, Eq. 4.57
applies:

Qsr ¼ Hv

h� hs
ln 1þ h� hs

Hv

� �
2π dp κ=cp

� �
h� hsð Þ

ð4:59Þ

Equation 4.57 is equivalent to the introduction of a cor-
rection factor λc to the thermal flux due to the plasma,
Borgianni et al. (1969):

λc ¼ Hv

h� hs
ln 1þ h� hs

Hv

� �
ð4:60Þ

Volumetric radiation losses from the plasma surrounding a
particle can also result in a significant cooling of the bound-
ary layer and the reduction of the heat transfer rate to the
particle. The effect is particularly important for metallic
particles since radiative energy losses from the metal vapors
under plasma conditions can be important as reported by
Cram (1985), Essoltani et al. (1990), Essoltani et al. (1991),
Essoltani et al. (1994), and Vardelle et al. (1996). The effect
is illustrated in Fig. 4.46, after Essoltani et al. (1990) shows
that in the temperature range from 3000 to 8000 K the
radiation losses of the vapor in the presence of only 1%
molar of concentration of metallic vapors (Si, Al or Fe) can
be several orders of magnitude higher than that of pure argon
plasma. In this figure the effective radiation (including self-
absorption) has been calculated for volume element of 1 mm
in radius. The effect increases rapidly with the increase of
the metal vapor concentration as illustrated in Fig. 4.47 for
the Fe/Ar system (Essoltani et al. 1994). A detailed discus-
sion of the effect of metal vapors on volumetric radiation
losses under plasma conditions can be found in Boulos et al.
(2021), Handbook of thermal plasmas, Part I,
“Fundamentals of thermal plasmas,” Chap. 8, “Plasma radi-
ation transport.”

A study of the effect of the radiative energy losses from
the vapor surrounding an evaporating particle on the heat
transfer rate to the particle was reported by Essoltani et al.
(1993). The proposed transient model follows the develop-
ment of the thermal boundary layer surrounding a single,
100 μm diameter, spherical iron particle suddenly immersed
in a pure argon plasma at atmospheric pressure and a temper-
ature of 10,000 K. The particle was assumed to be at the
boiling temperature of iron, 3000 K and the relative velocity
between the plasma and the particle was 10 m/s. The model is
based on the solution of the corresponding 2-D continuity,
momentum, energy, and mass transfer equations. The

computation was limited to a short time period of the order
of 100 μs, over which the particle diameter was assumed to be
constant.

Typical results showing the temperature contours around
the particle are given in Fig. 4.45. The results given in the
upper part of the figure (Fig. 4.45a) were obtained taking
into account radiation losses from the iron vapor
surrounding the particle. The corresponding isocontours
obtained neglecting radiation effects are given in the lower
part of the figure (Fig. 4.45b). The importance of the radia-
tive cooling of the plasma close to the surface of the particle
is clearly demonstrated by the displacement of the high
temperature isotherms away from the surface of the particle
giving rise to smaller temperature gradients and lower heat
transfer rates to the particle. Due to convective effects, the
vapor concentration and temperature profiles in the bound-
ary region surrounding the particle on the upstream and
downstream side of the particle are different as shown in
Fig. 4.46. The time-dependent variation of the temperature
profile at 90� from the stagnation point of the flow (θ ¼ 90
�) as function of the reduced radius (r/rp) is given in
Fig. 4.47a. The corresponding variation with time of the
average Nusselt number over the entire surface of the parti-
cle is given in Fig. 4.47b. This shows a rapid drop of the Nu,
from its pure conduction value of 2.0 to almost 0.6 in less
than 10 μs due to the establishment of an iron vapor-rich
boundary layer surrounding the particle responsible for the
significant local cooling of the plasma due to radiative
effects.

Fig. 4.45 Temperature contours around a 100 μm iron particle
immersed in argon plasma at 10,000 K with a relative velocity of
10 m/s, (a) Considering radiation from the iron vapor and (b) neglecting
radiation effects, after Essoltani et all (1993)
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4.6.4 Effect of Mass Transfer and Chemical
Reactions

In the case of metal particles injected in a plasma flow in an
open-air atmosphere, such as in atmospheric plasma spraying
(APS) operations, particle vaporization can be controlled by
transport process involving the diffusion of oxygen from the
plasma to the particle and chemical process leading to homo-
geneous oxidation reaction, which consumes the metal vapor
and thereby increases the evaporation rate from the liquid
surface. Above a critical value of oxygen partial pressure, the
flux of oxygen molecules toward the particle is greater than
the counter flux of metal vapor away from the particle. A
solid or liquid oxide layer may then form on the particle
surface reducing significantly the rate of vaporization.

The effect of chemical reaction on the vaporization of
metallic particles was demonstrated by Vardelle et al.
(1996), comparing the evaporation rates of iron particles
injected into an Ar/H2 plasma jet in an inert atmosphere,
with that in the presence of ambient air. When operating in

an inert atmosphere, the vapor atoms/molecules produced by
particle vaporization diffuse without reacting through the
boundary layer surrounding the molten metal droplet, reduc-
ing the heat transfer rate to the droplet, as discussed earlier in
Sect. 4.6.2, “Effect of vaporization on the heat transfer to a
spherical particle,” and Sect. 4.6.3, “Effect of radiation on
particle vaporization.” In the presence of oxygen in the ambi-
ent atmosphere, the counter diffusion of oxygen towards the
surface of the evaporating droplet and its reaction with the
metal vapor results in a decrease of the metal vapor concen-
tration at the surface of the particle, which helps to sustain the
higher rate of the evaporation. The proposed mechanism was
supported by measurements of the radial density profile of
iron atoms at a distance of 80 mm from the plasma jet exit
nozzle, for an Ar/H2 (25 vol.% H2) plasma jet in which iron
particles (15–45 μm) are injected at a rate of 50 g/h. The
results given in Fig. 4.48. show that with air as ambient gas
the density of iron atoms in vapor phase is almost two orders
of magnitude higher than that measured in an argon
atmosphere.

Fig. 4.46 (a) Local iron vapor concentration and (b) temperature radial profiles at different angles from the stagnation point of the flow (θ ¼ 0 �) at
t ¼ 1 μs, after Essoltani et al. (1993)

Fig. 4.47 (a) Transient temperature profiles at θ ¼ 90 �, and (b) Corresponding variation with time of the Nusselt number, after Essoltani et al.
(1993)
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In the case of nonmetallic particles, particle evaporation
can also be associated with chemical decomposition of the
particle material, giving rise to more complex mechanisms
controlling the evaporation rate. A typical result is illustrated
in Fig. 4.49 after Humbert (1991) for the evaporation of SiO2

particles, 100 μm in diameter, immersed in Ar/H2 plasma
(20 vol. % H2) at 5800 K. The results given in this figure
show that close to the particle surface, the vapor comprises
mostly of SiO, which is further reduced by H atoms as the
vapor diffuses away from the particle surface.

4.7 Chemical Reactions and Melt Circulation

4.7.1 Diffusion Controlled Reaction

When the partial pressure of the reacting gas in the bulk of the
hot gas surrounding a particle reaches a specific value,
defined as the critical pressure, the flux of reacting species
toward the surface of the droplet exceeds the counter flux of
metal vapor, and a liquid or solid oxide, nitride or carbide
layer (depending on the hot gas forming gas composition and
ambient atmosphere) forms on the surface of the droplet.
Typical values of the critical pressure of oxygen for an
oxidation reaction can be calculated from:

pO2max ¼
pi

αs hO2

ffiffiffiffiffiffiffiffiffiffiffi
RT
2πMi

r
ð4:61Þ

where αs is the number of g-atoms of metal vapor required to
combine with 1 mole of oxygen at the surface of the droplet,
hO2 is the mass transfer coefficient of oxygen (m/s), Mi is the
atomic mass of the metal (kg) and pi is the partial pressure of
the vapor.

Under typical plasma spraying conditions, oxidation of
the sprayed metal can take place either in the vapor phase
surrounding the droplet, or at the surface of the droplet. In the
latter case the formed oxide layer can result in a considerable
reduction of the evaporation rate from the droplet surface.
The effect is strongly dependent on the particle diameter, as
illustrated in Fig. 4.50, for iron particles of diameters 40 and
80 μm, injected at 10 m/s into an Ar/H2 DC plasma jet
(conditions same as that of Fig. 4.48). The results are given
in terms of molar ratio of the evaporated to the oxidized
fraction of the iron particle as function of its axial position
on its trajectory.As expected the smaller particles, dp¼ 40μm,
evaporate at a faster rate compared to the larger 80 μm
particles, with comparable in-flight oxidation. This implies
that if the trajectory of the 40 μm particle is optimum, the
80 μm particle will cross earlier the jet and thus is less heated.
This results in a much lower evaporation in the latter case
with a strong oxidation, while the opposite is true for the
smaller particle.

At the end of the trajectory of the particle in the plasma,
the composition of its surface depends on its temperature
history, and the reactive species present in the plasma,
provided that they can reach the particle surface. Thermody-
namic equilibrium calculation can serve for the calculation of
the chemical composition of the particles prior to their impact
on the substrate. While the plasma conditions often deviate
from equilibrium, the knowledge of phases which are ther-
modynamically stable under given conditions, and how they
compare with those present in real systems, is very

Fig. 4.48 Radial profiles of iron atom distribution in an Ar-H2 plasma
jet in which iron particles are injected, issuing into air or argon atmo-
sphere, after Vardelle et al. (1996)

Fig. 4.49 Evolution of the molar fraction of the different chemical
species around a 100 μm diameter SiO2 particle in an Ar/H2 (20 vol.
%) plasma at 5800 K, calculated according to data of Humbert
(1991)
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informative. This has been demonstrated, for example, for the
oxides in plasma-sprayed chromium steel (Volenik 1997).

The next step is to calculate the diffusion phenomena
occurring at the interfaces, diffusion of the reactant through
the shell formed at the particle surface (in liquid or solid
state), diffusion of gaseous reaction products formed
(if any) through the shell and then through the boundary
layer (see the shrinking core model described Asaki et al.
(1974), Arnauld et al. (1985), and Amouroux et al. (1985)).
The diffusion coefficients can be strongly affected by the
expansion mismatch between the non-reacted particle core
and the reacted shell formed around the core, which can be
easily broken if it is in the solid phase.

A few examples of oxidation reactions can be found in the
following references: Essoltani et al. (1990),� Vardelle et al.
(1996), Li et al. (1995), Vardelle et al. (2002), Volenik et al.
(1997), Vardelle et al. (1998), Espié et al. (2001), Volenik
et al. (2003), Espié et al. (2005), Seyed et al. (2005). Pertinent
references for other reactive systems, such as TiC + Ti, SiC +
Si,W +WxCy,Mo +MoC2, NiCr/Ti + TiC + CrxCy, FeCrAlY
+ CrxFey + FexCy, Mo +MoSi2, and Ti + TiB2 can be found in
Smith andMatasin (1992), Dallaire (1992), Jiang et al. (1994),
Eckardt et al. (1994), Fauchais et al. 1997a, b), Dai et al.
(1998), Fan and Ishigaki (1998), Denoirjean et al. (2003)).

4.7.2 Reactions Taking Place Between
Condensed Phases

In this case, the basic reactants are in the solid phase either as
cladded or agglomerated particles (Dallaire 1992; Borisov
and Borisova 1993; Shaw et al. 1994; Deevi et al. 1997;
Haller et al. 2004; Bach et al. 2001; Haller 2006) (see
Fig. 4.51). The most common cladded particle is the Ni–Al
where an Al core is surrounded by a Ni shell. Upon melting,
Al reacts with the Ni creating intermetallic species such as

Ni3Al, NiAl. The same holds for agglomerated particles of Ti
and C, for example, (Dallaire 1992). Hot gases heating of the
particle triggers the reaction and initiates the self-propagation
high temperature synthesis (SHS). The reaction depends
strongly on the size of agglomerated particles and the possi-
bility to heat the agglomerated particles without destroying the
agglomerates by the produced gas expansion. As the speed of
SHS is typically between 1 and 150 mm/s, the SHS reaction
propagation is not necessarily completed during theflight time
of the particles and may proceed after their impact resulting in
very dense and hard coatings (Haller 2006).

Numerous coatings have been produced using the follow-
ing approach:

• Transition metal/non-metal refractory compounds with
mixtures of Cr and SiC or B4C, Ti and SiC or B4C or
Si3N4 producing coatings with silicides, carbides, borides,
which show excellent resistance to wear (Cliche and
Dallaire 1991; Dallaire 1992; Dallaire and Cliche 1992;
Borisov et al. 1986; Legoux and Dallaire 1993; Shaw et al.
1994)

Fig. 4.50 Molar ratio of evaporated and oxidized fractions of an iron particle along its trajectory in an Ar/H2 plasma jet. (a) dp ¼ 40 μm, (b)
dp ¼ 80 μm, after Vardelle et al. (1996)

Fig. 4.51 (a) Cladded or (b) agglomerated, composite particles, which
can be used for SHS plasma spraying Borisov and Borisova (1993)
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• Copper-TiB2 coatings starting from agglomerated
particles of Ti-bronze and boron, the TiB2 particles in
coatings increase considerably the hardness of copper
(Legoux and Dallaire 1993)

• TiB2 or TiC particles in ferrous matrices to increase their
hardness and wear resistance (Dallaire and Champagne
1984; Cliche and Dallaire 1991; Dallaire and Cliche
1992)

• Al and metal oxides to produce intermetallic compounds
with aluminum particles (Bach et al. 2001)

4.7.3 Reactions Controlled by Convection
Within Liquid Phase

Such reactions within droplets occur only in DC plasma jets
as well as in wire-arc spraying where the shear stress at the
surface of the molten droplet created by the large velocity
difference between the molten particle in flight and the
plasma flow induces a convective motion within the droplet.
The phenomena is observed when the ratio of the kinematics
viscosities of the plasma and the droplet is greater than 50 and
the Reynolds number of the flow relative to droplet greater
than 20 (Neiser et al. 1998). The motion inside the droplet
can be represented by a Hill vortex that is an inviscid axi-
symmetric vortex (Espié et al. 1999). For a low carbon 60 μm
iron droplet in a DC Ar–H2 plasma jet, time-dependent
computations performed by using a commercial code,
FIDAP7-62, dedicated to the materials processing field
[FIDAP code], indicated the formation of internal convection
motion in the molten iron particle with oxide penetration
inside the droplet caused by the spherical Hill’s vortex as
shown in Fig. 4.52.

The internal circulation in the liquid metal droplet con-
tinuously sweeps fresh liquid to its surface and makes it
available for oxidation. As a result of this circulation,
portions of the outer layer or of the dissolved oxygen at
the droplet surface are entrained and transported to the core
of the droplet. For a low-carbon iron particle, the oxide
formed at the surface is liquid FexO. Liquid iron and liquid
FexO are not miscible due to the significant difference in
their surface tension (1778 mJ.m2 for pure iron and 585 mJ.
m2 for the wüstite Volenik et al. (1997)). Upon cooling,

both phases separate and spherical FexO nodules are formed
within the solidified particle, as shown in Fig. 4.53. Such
recirculating flow within the droplet gives rise to an
increase of the oxygen content in the solidified particle
compared with that estimated by assuming a pure diffusion
model Espié et al. (1999). For the iron particles shown in
Fig. 4.53, the captured FeO corresponding to a mass per-
centage is 15 wt. %, while diffusion calculations estimate
the Fe2O3 and Fe3O4 concentration to be less than 3 wt. %.
The oxide shell formed at the surface of particles, with no
inside convective movement, is made of Fe2O3 and Fe3O4.
Such oxides are observed in the thin shell surrounding the
particle formed at the end of the particle trajectory when the
particle velocity is about the same as that of the
surrounding plasma plume (no more convective effect).
The same effect was observed with stainless steel particles
plasma sprayed with Ar–H2 plasma forming gas (Seyed
et al. 2005).

Similar results have been observed when spraying
Ti-6Al-4V particles in a DC nitrogen plasma under controlled
atmosphere or in ambient air. TiN and TiO2 contaminants are
formed, in the particles with significantly less TiO2 in con-
trolled atmosphere spraying (Ponticaud et al. 2001).

Fig. 4.52 Time-resolved modeling of internal convection and oxide penetration by a spherical vortex of Hill in a molten iron particle Espié et al.
(1999)

Fig. 4.53 Cross sections of a low carbon steel particle collected at
z ¼ 100 mm after its flight in a DC plasma jet: Ar 50 slm, H2 10 slm,
I¼ 500 A, nozzle i.d. 7 mm. SEM analysis at 30 keV. Scale 20 μm Espié
et al. (1999)
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4.7.4 Nano- and Micrometer-Sized Particles
and Coating Structures

Over the past three decades, the interest for developing and
studying nanostructured coatings has grown from about
300 peer-reviewed published in the 1980s to more than 2000
in the 1990s and about 28,000 in the last decade (Fauchais
et al. 2011). This was mostly motivated by the superior
properties of nanostructured coatings compared with those
where the structure is micrometer-sized. Reducing the scale
of the coating structure down to the nanometer level gives rise
to an increased strength, improved toughness, and increased
coefficient of thermal expansion while reducing apparent
density and elastic modulus and lowering apparent thermal
conductivity, among other numerous potential improvements
(Gell 1995). Among the thermal routes, plasma spraying
micrometer-sized particles, essentially ceramics, made of
agglomerated nanometer sized particles is a possible way.
Figure 4.54a (Lima and Marple 2008) shows a spray-dried
“nanostructured” agglomerated Al2O3–13 wt.% TiO2

(alumina–titania) powder (Nanox S2613S, Inframat Corp.,

Farmington, CT, USA). Examining the microstructure of
these particles at higher magnification (Fig. 4.54b), it is pos-
sible to observe that the agglomerate is composed of individ-
ual particles varying from about 15 to 300 nm.

Complete melting of such particles during conventional
plasma spraying operation will result in a complete loss of their
initial nano-structure. Obviously, the spraying parameters have
to be optimized to produce conditions (particle temperatures and
velocities) that are limited to the partial melting of the
agglomerates (to avoid the complete loss of the nanostructure)
whilemaintaining a sufficiently high degree ofmelting to ensure
effective deposition on the substrate and the formation of
so-called nanozones (Lima et al. 2007). One of the critical goals
of parameter optimization is to control the density of nanozones,
that is, the density of the semi-molten nanostructured
agglomerates embedded in the coating microstructure. This is
achievedbyfinding theconditionsneeded toadjust theamountof
the molten part of each semi-molten particle that penetrates into
the capillaries (i.e., the non-molten particle core) of the
agglomerates (Fig. 4.55) during flight within the thermal spray
jet and/or at impact on the substrate surface and subsequent

Fig. 4.54 (a) Spray-dried agglomerated Al2O3–13 wt. %TiO2 particle. (b) Higher magnification view showing the “ultra-fine” character of the
agglomerate Lima and Marple (2008)

Fig. 4.55 (a) Plasma-sprayed coating (cross-section) engineered from the nanostructured-agglomerated YSZ particles. (b) High magnification view
showing a semi-molten nanostructured agglomerate (porous nanozones) embedded in the coating microstructure Lima and Marple (2008)
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re-solidification. It is important to point out Fauchais et al. (2011)
that by introducing porous or dense nanozones throughout the
coating microstructure it is possible to engineer coatings with
very different and even opposite properties for a variety of
purposes. For example, for thermal barrier and abradable seal
applications, the presence of porous nanozones is paramount.On
the other hand, for anti-wear applications, dense nanozones are
absolutely required to induce high levels of wear resistance. The
main technique employed for optimizing the spray parameters to
engineer coatings produced from nanostructured-agglomerated
particles is in-flight particle temperature andvelocitymonitoring.
Moreover, theuseof largeagglomerates isparamount toengineer
architectures that exhibit porous nanozones embedded in the
coating micro-structure. For more details, see Lima and Marple
(2008), Fauchais et al. (2011).

4.8 Summary and Conclusions

Three-dimensional simulations with full coupling between a
single particle and gas flow, employing a Lagrangian particle-
tracking frame coupledwith a steady-state gas flow, have been
developed to examine particle motion and heat transfer. These
models, when necessary, are compressible and consider the
effect on particles of compression and expansionwaves. Since
the 1990s’models have shown the importance of the different
corrections adopted to the process for flames, HVOF or
HVAF, D-Gun, and plasma spraying processes: high temper-
ature gradients, particle evaporation or vaporization, rarefac-
tion effect (Knudsen effect), shock waves, supersonic flow
effect, such models have shown the drastic influence of the
particle injection (position, velocity vector) on its velocity and
temperature at impact. Different effects such as loading effect,
particle morphology, and shape have been considered. How-
ever, the way the particle velocity vector distribution at the
injector exit is calculated is still in its infancy in spite of its
drastic influence on the particle treatment within the hot or
cold gas flow. The first studies of the interaction between hot
gas flows and a liquid (solution or suspension spraying) have
also been presented; this technique is very promising for the
deposition of finely or nanostructured coatings with
thicknesses between a fewmicrometers and hundreds of them.

Nomenclature

Units are indicated in parentheses; when no units are
indicated, the parameter is dimensionless.

Latin Alphabet

a accommodation coefficient, Eq. 4.22
ai sound velocity (m/s)

ap surface area of particle ap ¼ π d2p

� �
(m2)

Ap particle projected surface area perpendicular to the flow (Ap ¼
πdp

2/4) (m2)
Bi Biot number (Bi ¼ κ/κp)
c molar density of the bulk gas (mol/m3)
C circularity of a particle, Eq. 4.4 (-)
CD drag coefficient, Eq.4.16 (FD/ap)/(0.5ρv

2)
ci mass fraction of metal vapor at the location i
cps specific heat of the particle
cpi specific heat at constant pressure in the state i (J/kg.K)
cvi specific heat at constant volume in the state i (J/kg.K)
dd drop diameter (m)
dl drop or liquid jet diameter (m)
dp particle diameter (m)
dpp equivalent particle perimeter diameter, Eq. 4.1 (m)
dpa equivalent particle projected area diameter, Eq. 4.2 (m)
dpv equivalent particle volume diameter, Eq. 4.3 (m)
dst Stokes diameter, Eq. 4.6 (m)
Dvg diffusion coefficient of metal vapor through the surrounding gas

(m2/s)
FB Basset history term (N)
Fc Coriolis force (N)
Fb body force per unit particle mass (N)
Fd force related to the pressure jump in the detonation wave

Fd ¼ π d2p
4 Δp

� �
(N)

FD drag force exerted by the fluid on the particle (N)
Fg gravity force (N)
Fi inertia force (mp	γp) (N)
Fp pressure gradient force (N)
FS surface tension force (N)
FT thermophoresis force (N)
g gravitational acceleration (g ¼ 9.81 m/s2)
h heat transfer coefficient (W/m2	K)
hg specific enthalpy (J/kg)
h0i specific enthalpy of the plasma calculated at i (J/kg)
I arc current (A)
Kn Knudsen number (Kn ¼ λ/dp)
kd mass transfer coefficient (m/s)
L mixing length in turbulent model (m)
mo

cg carrier gas mass flow rate (kg/s)
mp particle mass (kg)
M molecular weight (kg/mol)
Ma mach number (Ma ¼ vg/ag)
Nmax maximum molar flux of vaporization from a droplet (m2/s)
Nu Nusselt number (Nu ¼ hd/κ)
Nv molar flux of vapor (mol/m2	s)
Oh Ohnesorge number Oh ¼ μl=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρl � dl � σl

p� �
p total pressure (Pa)
pi partial pressure of species i (Pa)
po saturation vapor pressure of a liquid (Pa)
P torch power (kW)
Pl splat parameter (m)
Peff torch effective power (kW)
Pr Prandtl number (Pr ¼ μ	cp/κ)
Pp Perimeter of the projected image of the particle (m)
q heat flux (W/m2)
Q heat transferred to a particle (W)
Qcv heat transferred to a particle by conduction and convection (W)
Qsr heat lost from the surface of the particle by radiation to

surrounding (W)
Qvr volumetric radiation losses emitted from the hot vapor cloud (W)
Qn Net energy received by the particle, Eq. 4.23 (W)
r plasma or particle radius (m)
rd liquid droplet radius (m)
rs initial liquid drop radius (m)
R plasma torch internal or particle radius (m)
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R0 universal ideal gas constant, (R0 ¼ 8.32 J/K 	 mol)
Re Reynold’s number, (Re ¼ ρ uRdp/μ)
Rinj internal radius of injection tube (m)
S cross section of injection tube (m2)
ST heat conduction potential, Eq. 4.50 (W/m)
Sc Schmidt’s number (Sc ¼ ν/Dv,g)
Sh Sherwood’s number, (Sh ¼ kd.dp/Dv,g)
St Stokes number (St ¼ ρp d

2
p vp/μglBL)

Ste Stephan’s number; (Ste ¼ cpi(Tm � Ts)/ΔHm)
td drop fragmentation time (s)
tr time of flight of particles (s)
ts vaporization time (s)
Ta ambient temperature (K)
Tf mean film temperature, Eq. 4.18 (Tf ¼ (Ts + T1)/2) (K)
Ts particle surface temperature (K)
T1 free stream plasma temperature (K)
U mean arc voltage (V)
U(t) transient arc voltage (V)
u gas velocity component in the axial direction (m/s)
up particle velocity component in the axial direction (m/s)
uR relative velocity between the particle and its surrounding (m/s)
ut terminal settling velocity (m/s)
v gas velocity component in the radial direction (m/s)
vp particle velocity component in the radial direction (m/s)
V volume (m3)
Vp particle volume (m3)
Vs liquid drop volume (m3)
ws work resulting from the drag force (J)
We Weber number We ¼ ρgu

2
r dl=σl

� �

Greek Alphabet

αp thermal diffusivity of the particle material (αp ¼ κp/ρpcps)
αl thermal diffusivity of the molten particle material (αl ¼ κl/ρlcls)
αs atoms of metal vapor required to combine with 1 mole of

oxygen
δ boundary layer thickness (m)
ΔEs variation of surface energy (J)
ΔHm latent heat of fusion (J/kg)
ΔHv latent heat of vaporization (J/kg)
ε particle emissivity (integrated over all wave lengths)
ϕ(r) function representing temperature, enthalpy, velocity
γ specific heat ratio (γ ¼ cp/cv)
γp particle acceleration (m/s2)
ηth torch thermal efficiency (%)
κ thermal conductivity of the fluid (W/m K)
κp thermal conductivity of the particle (W/m K)
κ mean integrated thermal conductivity, Eq. 4.34 (W/m K)
λ plasma mean free path (m)
μ dynamic viscosity (Pa	s)
νcg carrier gas velocity (m/s)
ν kinematic viscosity (ν ¼ μ/ρ) (m2/s)
ρg gas mass density (kg/m3)
ρo fluid density or specific mass (kg/m3)
ρp particle density or specific mass (kg/m3)
σ droplet surface tension (N/m)
σs Stephan–Boltzmann constant (σs¼5.670�10–8W/m2	K4)
σx standard deviation
ξ ratio of splat to droplet diameter (ξ ¼ Dp/dp)
ψ sphericity of a particle, Eq. 4.5 (m)
ψ particle vaporization constant, Eq. 4.56 (m2/s)
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